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MMPETNCJIOBRE

3aMeicen 3Toi KHUTM BO3HMK B 1966 r., Korma s GuI npuriaincH
OprromuteroM «CoBEemMaHHA IO HOBHEIM HANDAaBJICHAAM B aKYCTHKE»
(JIemunrpam, 1966) coenaTs HoKJIaf IO TEOPUH M DKCIEPIMEHTAIHHEIM
pesyabTaTaM B 00JaCTH SePHOTO aKYCTHYECKOr0 pe30HAHCA.

3a NATHAANATH JeT, HPOmeJAX ¢ TOr0 MOMEHTa, KOorjga AJbLTIOY-
aepoMm m Kacriepom Gpia BECKa3aHA HEA aKYCTHIECKOTO pesoHAHCa,
B 9TOM HampaBieHUX OHUIO HpOBeNeHO (ojee CTa TEOPETHYECKUX U
HKCIEePUMEHTAJbHKX MCCIAE[OBAHMIA.

B mociegHme TONH YBEIMYMBAETCS YHCIO MCCIENOBATENBCKUX
IpyNN, 3aHAMAOMUXCS aKyCTHYECKAM DPE30HAHCOM, M pacHuMpsercs
TeMaTHKa MX MCCIEOBAHWI. AKYCTHYECKUA DPE30HAHC IPEBPATHICA
celigac B CaMOCTOATENBHYI0O HAYYHYI 00JaCTh CO CBOMME CpeJCTBAMH
MCCAeOBAHUN M 3afadaMu.

OKCIePUMEHTAJIPHEE METOAH AKYCTHIECKOTO pPEe3OHAHCA, BEPOAT-
HO, ABJIAKTCA CAMBIMA TOYHHIMA X YNOGHBIMU [JISL IETAJbHOTO H3yde-
HAA B3aHMOJEHCTBHH KoXe6amMii PemeTKH ¢ APYTHMH IIO[CHCTeMAaMU
B TBepAHIX TelaX. B gwacTHOCTH, yiHe Hm0aydeH GONBINOA ¥ MHTEPECHLIR
MarepuajJ O OPAPOJE MEXaHM3MOB CHMH-QOHOHHON CBASH B pas3iny-
HOT'O pOfia BJIEKTPOHHHX W ANEPHHX mapamarHermkax. CpepcrBamu
aKyCTHYECKOr0 PE30HAHCA OCYIMECTBIEHO HECKOJIbKO UpPEe3BHIYAHHO
WHTEPECHHX ONBITOB, JaBIMIMX PN HOBHX (U3MYECKWX PE3yIbTATOB
ob6mero xapakrepa (raasa VII).

Yro6s COCTABUTH MOCTATOYHO IIOJHOE TpencTaBieHme o6 smep-
HOM aKyCTM4ECKOM PEe30HAHCe 10 CTAThAM, OMYGINKOBAHHEM B 6OJIb-
oM KoimuecTBe (U3MYECKUX JKYPHAIOB, B HACTOAMEe BpPEMS IIPU-
XOMTCA 3aTPAYMBATH MHOTO ycuauil. [[oaToMy Bo3HUKIA TOTPEGHOCTD
H3JI0KATH BTH Pe3yAbTaThl B Bujge MoHorpadum. ITepBoil (HackoabKo
MHE U3BECTHO) IONKTKON TaKOTO POJia M ABISETCH 9Ta KHUTA, B KOTO-
poil M3IaralTCsa OCHOBHHE TEOPETHYECKNE M DKCIEPHMEHTAIbHEE pe-
3YJBTATH 10 ANEPHOMY aKyCTHYECKOMY PE30HAHCY, OMYyGIMKOBAHHEIE
BILTIOTH 70 KoHma 1967 r.



Axycruueckuii pe3oHAHC, KAaK OPaBHWI0, HAGIIONAIOT HA TpyIne
DHEPreTUYeCKAX YPOBHEH, NPEeJBAPUTENBHO MCCIENOBAHHEIX METOJa-
MH MarHMTHOrO pe3oHaHca. TaxkuM o0pas3oM, B3ajaun HaXOMACHUA
CIEeKTPOB, NpPUYMH YUIMPEHWA JWHAH, MEXaHM3MOB YCTAaHOBIEHHSA
TEILNIOBOTO pPaBHOBECHS KA YPOBHAX... B 000MX CIyuasgx COBIAJAIOT,
Bce 311 BOmpocH H0CTATOYHO XOPOIIO ¥ MOJHO Pa3pafoTaHH B TEOPHU
MarsHMTHOT'O PEe30HAaHCA.

JInA 1mesoCTHOCTH M3N0KEeHAS M yHOOCTBA YUTATENs TaKue BOIPO-
CHl BKJIOUEHHI B JaHHYI0 KHUTY., OZHAKO H3JaraiTcsa OHU II0 BO3MOK-
HOCTH YIPOMEHHO M MIUIIOCTPAPYIOTCA TOJABKO Hamboiee BayKHEIMU
npuMepamu. Bo BceX ciaydasx yKaseIBaeTCcd JHTeParypa, B KOTOPOI
oHN Golee MCYEPNHIBAIOME PAacCMATpPUBAKTCA. Bompoch, aTpuGyTus-
HEIE [JIA aKyCTMYECKOTO Pe30HAaHCa, MBIATAIOTCA IOAPOOHO.

Ha nporssxenun Bceit KHUTH aKyCTHIECKVWe KoieGaHUS OUUCHIBA-
I0TCA CPEfCTBAMH KJIACCHYECKOll (UBMKM, TaK KaK aKyCTHYECKHH pe-
30HAHC MMeeT JeJ0 ¢ JOCTATOYHO MHTEHCMBHBLIMU 3BYKOBHIMH IIOTOKA-
Mu, 9UCI0 OHOHOB B KOTOPHIX HACTOJIBKO BEIHKO, YTO MOYKHO IIpe-
HeOpeyb KBAHTOBHIMU dPPerTaMu.

B orauume oT 3TOr0 COUH-CHCTEMA ONMCHIBAETCA METONAMHU KBAHTO-
BOll MEXaHHKHM B COOTBETCTBUHU C JIOTHIECKON HEOOXOAUMOCTBHIO M Tpa-
OUIEei, coKUBINEMCA B MaTHATHOM pe3oHaHce. Hiaccmueckme Mo-
JIeJI TPOIECCOB, NPOUCXONAMUX NPUA MArHUTHOM pPE30HAHCEe, He Ha-
IUIA IMPOKOTO PACIPOCTPAHEHNS, HECMOTPA HA MX OYEBUAHYIO IOJIb-
3y BeiIefcTBUE HATIAAHOCTH. Jlemo B TOM, 4TO WX yjaeTcAa NMOCTPOUTH
TOJBKO /I CPABHUTENHHO NPOCTHX ciiydaeB. dacTo mpu 3TOM OKash-
BaeTcsA IMpolle CHAYajJa HOJYIATH KBAHTOBOMEXaHHYECKOE DeileHue
3ajaun, a 3aTeM HPHUAYMATh KIAacCHUYECKyo Mojesnb. Ilo sToit mpuam-
He, HApUMep, B KHUTY He BRJIYEHA BHIIAA0IAs n3 00mero miaga
usnoxenus pabora [11] (cMm. cmmcox aureparypmt k «Bémenuio»),
B KOTOPOH pAa3BUBAETCA KIACCHUECKHI TOJAXON K TEOPUH aAKYCTH-
9eCKOTO Pe30HaHCA.

Boéabimaa yacts Marepuajia KHATH MOYKET OBITH JOCTYIIHA IJIHMIAM,
BJIQJICIOIUM OCHOBAMH KBAHTOBOW MEXaHHMKU U QUBMKH TBEPIOro Teja.
Ucrmouenne cocraBiaser raasa 1V, yrenue Koropoit TpeGyer 3Ha-
KOMCTBA ¢ HEKOTODPHIMU CIENMAJBHEIMI BOIPOCAMU KBAHTOBON TEOPHHU
TBEPIOr0 Tejla U TeOpUuu HeoGPATHMBIX IIPOIECCOB.

Cuurtaio cBOMM NMPUATHHM posiroM mobmaromaputrs B. A. Tomennu-
mesa-Kyrysosa, Y. X. Konsuiema, . B. Opuunnurosa u B. A.
IllyTunoBa, MPOYUTABLIMX OTHENbHBIE PABMEILI PYKOIMCH BTON KHU-
I'fl, 3a MHOTOYHCJIEHHbIE IOJE3HBIE COBETH W 3aMeYaHU.

IexaGpn 1967 . A, P. KRecceav



BBEJIEHUE

§ 1. fAnepusiii akycruueckuit pesoHaHc

fAnepurM arycrudgeckmM pesoHancoM (fIAP) mpmusATO HasmHBaTH CO-
BOKYIHOCTb fB.JIEHUI, CBABAHHHX C M30MPaTENbHHM aKyCTHYECKUM
BO30YIKIEHNEM IePeXO0J0B MEeKIY YPOBHAMH DHEPIHM, KOTOPHIE 00yc-
JIOBJIGHBl PABJIMYAEM B OPUEHTAIMH SIE€P B IOCTOAHHHIX MaTCHUTHEIX
¥ 9IEKTPUYECKUX LONSAX, U WHTEPBAJNB MEKIY KOTOPHIMU pPaBHE
KBAHTAM DHEPIMM aKYCTHYECKUX KOJeGaHwmil.

Axycrugeckmit pesonanc (AP) — AmepHHIE ¥ BIEKTPOHHHINA —
BO3BHUK NOJ BIUSHNEM WHTEHCHBHOT'O Pa3BUTUS METOIOB MarHHTHOIO
Pe30HAHCA U ABJIAETCA AKRYCTHYECKON aHAJIOTHMel MAaTHUTHOTO Pe30HAaH-
ca (MP). HaganpHoe mpeacrasiaenue 06 AP M0KHO mOJyYdTh U3 Ka-
yecTBeHHON KapTuHbl MP, B KOTOPYI0 BHECEHH KBAHTH aKyCTHYECKHAX
KosebaHuit — (GOHOHK — BMECTO KBAHTOB BHEIIHETO BJIEKTPOMAr-
HUTHOTO MO — (HOoTOHOB. XapaKTepHO, 4TO BOHPOC O moucKax AP
crasuica E. K. 3asoiickuM yxe BcKope mocie OTKpuTua MP.

ITepBrie pabotsi, comepsramue upgero AP u yraswHBaomue Mexa-
HA3M B3aHMOJEACTBUSA 3BYKa C IMAaPAMAaCHATHHIMU YaCTHIIAMH, OBLIA
HesaBucuMo omybaukosamsl B 1952 r. C. A. Axstmynepom [1] u
A. Kacraepom [2]. B mocnenyromux pa6orax Amprmysnep [3] mpous-
BeJ KBAHTOBOMEXAHMYECKNE PACUETH BEIMYAH KOIPPUIIMEHTOB II0-
[JIOLEHNA B PA3IUIHOIO PORA DIEKTPOHHEIX DapaMarHETHKAX M Jal
rpybymo oueHry adderrta gus smep.

OGHapy:xuTh dKcuepumentanbao AP ymamoch B 1955 r. IIpoxropy
uw Tamrunmne [4], KoTropme HacHmANIM YIBTPA3BYKOM YacCTOTH V =
=~ 30 Meay avHAI0 ANEepHOro KBaApynoabaoro pesonaunca Cl3® B mono-
rpucranie NaClOg. Coycrs gersipe roga [IsxexoGcon, Illaiiper u Ta-
kep [5] obmapy:xunu snexrpomamii AP ma F-meHTpax B KBapie.

OTtHIONb He caydaeH ToT ¢akr, aro AP Opu cHagama oOGHapysKeH
Ha sAfpax, XOTsA BeanunHa 3PQeKTa B DIEKTPOHHKIX NapaMarHeTHKaX
HA HECKOJIBKO MOpPsAKoB Goubime [3, 6]. 1o obbsaAcHsAETCA TPYHHOCTA-
MH TeHepanuu u BBefeHds B obpaser rumepaByka wactothl 10—
10* Mey, He06GXOENMOTO IS HIEKTPOHHOTO PE30HAHCA, B TO BPEMs KaK

SIePHBIA PEe30HAHC OGHYHO WMEeT MeCTO B WHTepBaje dYacTor 1—
100 Mey.
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VIMeEHO TaKOMY YaCTOTHOMY WHTEPBAJY COOTBETCTBYET DHEPTHA
B3aWMOJIECTBUA Sflep ¢ SIEKTPUYECKUMH NONAMA KpPHCTANINICCKOM
POIIETKU ¥ IOCTOSTHHHIMY BHEITHWMU MAaTHUTHRIME HOJSAMH B HECKOJIb-
Ko Kuioapcren. (Pmamueckasa IpUPONA STUX BBAUMOJEHCTBHH Gymer
obcyxpmarbea B caenyomeM maparpade. 3geck HeOOXORAMO JHMIL OT-
METHTh, 9TO PeYb HJET 00 YPOBHAX 9HEPIHM, CBA3AHHHX C OpHEHTa-
mueil HeCPEePHIECKOTO AAPA OTHOCHTEIHHO BHEHMIHET0 MAarHMTHOIO IO-
IS A KPACTAJINYECKO# pemeTkH. (DHEPTUs KYyJOHOBCKOIO B3amMOieii-
CTBHA 3apAfa AAPAa ¢ OKPY/KAIUMH 3apAJaMu, 3aBUCAINAS TOJBKO
OT PacCTOSAHAA MEKAY 3apAfaMu, HO He OT OPHEHTANAN SAApPa, COOTBET-
CTBYeT KBAHTAaM pEHTTeHOBCKOTO MBJYdYeHHSA M BHJEMOTO CBeETa.)

Husa mabniomenmsa AP DoOriomeEHss B BEIECTBO BBONAT YJibT-
PasBYK, 9acTOTa KOTOPOTO vV COBIAZaeT ¢ Pa3HOCTHIO DHEPTUHN MEKAY
Kakoi-HHGynb mapoit yposHeit E m E' wmcciaenyeMHX uacTum: hv —
= |E — E'|(h — mocrosaEBaa IlnaEka). AKyeTnueckme KomeGanust
IPHEBOJAT B BUKEHNE DJIEKTPHUECKEE 3aPANK M MAarEATHHE [UNOJA,
EMeIOImuecA B BeIeCTBe, B Pe3yJabTaTe 4ero B HeM BO30YKfaeTcs
mepeMeHHOe 3JIeKTPOMAarENTHOE Iojde 9acToTel v. OHO M BHIBHBAaeT
mepexofiHl MCCIeYeMHEX 4acTui ¢ ypoBHA E ma yposemb E’ m o6par-
HO, IpHYeM BePOATHOCTh W WHAYOHPOBAHHHX 3BYKOM IE€PEXO0[0B
(xax ¥ n0OO0KX MEAYONUPOBAHHHX TEPEXOMOB) OTHEIBLHOTO Apa HE 3a-
BHCHAT OT HampamieHuA mepexoja: Wg_ g = Wg k.

Ilormomenre aKycTAYeCKO# SHEPTHE BEMECTBOM IPOMCXOMHT II0-
TOMY, 9TO IIDH KOHEYHHIX TeMIepaTypax Ha HIJKHUX YPOBHAX BHEp-
I'MA HAXONUTCA GONBIIEe YaCTHI[, 9Y€M HA BEPXHUX, M YMCIO IEPeXO0joB
BBEDX IPEBHIIAET 9MCI0 OOPATHHX IepexofoB. IIpum 3ToM BO3HMKAaeT
TeH[IHI[MA K BHPABHUBAHMIO 8aceleHHOCTeil ypoBHed E u E' u, cue-
JOBaTeJIbHO, K IPEKpPAINEe N0 NoTIomenEnsa. IloJHOMY BEHpaBHUBAHWIIO
33CENEHHOCTEe]l MPENATCTBYIOT IPOHCXORAMYE B BEmECTBE IIPOIECCH
pelraxcanun, KOTOPHE CTPEMATCA YCTAHOBUTH PaBHOBECHOE paclpeje-
JieHNe 110 YPOBHAM 3HEPTUHA, COOTBETCTBYIOMEE TEMIEPATYPE PeIeTKy.
Ilom meiicTBMEM 3TUX [BYX HPOTHBOIOIOKHO HANPABJIEHHHX IIPO-
IeCCOB yCTAaHABIWBaeTCA cTamumoHapHOe AP moriomeHme, mpu KoTo-
POM pasHOCTH 3acejenHocTell yposHed E m E’ ocraercs HemaMeHHON
(7, BooOme roBops, He COOTBETCTBYIOmEl TeMIepaType DeINeTKH), a
BCSI MOIVIOMEHHAS aKyCTHYeCKas 9HEPIUsS IePeXOAUT B PENIeTKY, KO-
TOpas BHIOJHSET IPH STOM DPOJB (TEPMOCTATay.

9TO NOrNomenre NPOABIAETCA Ha (OHE HePEe30HAHCHOW AMCCHIIA-
OuA SHEePIHM KAaK HesHAYNTeJbHAas [0o6aBKa B TOT MOMEHT, KOTJa
9aCcTOTa AKYCTHYECKUX KoJieGaHuii IPOXOAuT gepes pesoHaHc. IIpoxosx-
JeHne 1epes Pe30HAHC OOKYHO OCYINECTBISETCA MOCPEAICTBOM MeMJIeH-
HOM MORYJANWY BHEITHETO MarHATHOTO IOJIS, BHSBHBAKMeH Iepuoan-
94ecKEe M3MEHEHHS WHTEPBAJOB MEKAY YPOBHAMU DHEPIWH, HAa KOTO-
PHX HaOMOJAaeTCA pPE3OHAHC.

Iuas saGaopenas AP noraomennsa Boxedom m Menecom [7] G
CKOHCTDYHPOBAaH CHENWAJbHEIE CHEeKTPOMETD, Y[AA9HO COYeTABINWIA
gyscrBuTeNbHOCTE IMP cmekTpoMerpa ¢ HEOOXOMMMHMM 3jeMeHTa~



MM aKyCTMYeCKOM TeXHUKM. ITOT HPUGOP I03B0aNI HAZEKHO N3MEPATH
koopdunuentnn IAP mormomerus wmopsaxa 107° cu™?

Ilpyroit (xocBeHHHiT) cmoco6 permcrpamuu AP cocromt B Habuio-
HEeHNH W3MeHeHWi B KpuBHX MP, KoTophe mpomsBogAT aKkycTHUECKHE
Kojie0aHNsA PE30HAHCHOH 9acTOTH. BcuepmcrBue OTHOCUTENBHOH Ipo-
CTOTH 3TO#i METONUKY pPA3JIUYHEIE €e BAPHAHTH HANIJI¥ IMMPOKOE IpU-
MeHeHVWe B HCCIEJ0BAHMAX. B dYacTHOCTH, WMEHHO TAaKOH MeTOAMKOI
6bi1 BepBee oOHapyskeH AP.

Ha ocHoBaHmuM HakomieHHOro B obmactu AP ommita cefizac yme
‘MOJKHO 3aKJIOYNTH, YTO M3-3a TPYAHOCTEHl, CBASAHHHX C BBeJleHHEM
B 00pasmsl JOCTATOYHO MHTEHCHBHHX AKYCTHYECKAX IOTOKOB BHCOKOM
gactoTs, AP He cMOJKeT cTaTh TaKMM YHWEBEPCAJbHHM METOJOM HCCle-
HOBaHMA MUKPOCKONMYECKNX CBOMCTB TBepamix Tein, Kak MP. Tem e
MeHee dKCIepUMEeHTaJbHEIME MeTomaMu AP yike BHIOJHEHH MCCIENO-
BaHMA HA IIMPOKOM KJIacce BEMECTB (HA ANpax B MOHHHX KPHCTAJILIAX,
aHTHdeppOMaTHETHKAX, Ha F-IeHTpaX U NPEMECEHX IapaMarHHT-
HHX aTOMaX B MOHHHX KpucTamiax u T.7.). Medopmanus, oy yJen-
Hasg NpPH 5TOM, OTHOCHTCA He TOJNBKO K NPHPOJE B3aMMOJEHCTBUs
M3y9aeMbIX YaCTHI[ CO 3BYKOM, HO W K TAKHM CBOMCTBaM BemeCTBa,
KaK KOJIMYEeCTBO [UCIOKAIN{, MeXaHWSMH peJaKCanuu, IPHPOJIa
XNMHMYECKO# CBSASH aTOMOB M T. [.

Oxasanoch ynoOubnM couerath naMepenus AP m MP. B stom cay-
Yae B PyKaX SKCIEPUMEHTATOPa OOKYHO OKAa3HBAKTCHA TPH PE30HAHC-
Hble KPUBEIE, iB€ 3 KOTOPHX ABIAITCA KpuskMu AP, o6xagaromero
MeHee KeCTKEMMY, 9eM MP, nmpaBunamu orGopa [jisi mepPeXO[0B MeK-
/iy CIVHOBHIME YDOBHSMU DHEDIWH.

Meroasr AP 061a1a10T X0POIINMHA IOTEBIAANIBHEIMEA BOBMOMKHOCT -
MH [JIf W3yYeHWSA METaJJOB ¥ CBePXIPOBOMHMKOB. B aTHX BemecTBax
IUIA  aKyCTHYECKHX METOJ0B OTHajal0T TPYAHOCTH, CBASAHHEE CO
CKUH-3¢PeKTOM, M TAaKMM 00pa3oM OTKPHBAETCS NIEPCIEKTHBA H3Y-
9aTh MacCHBHBIEe 06pasIH.

Yposens OKCIePUMENTAILHBIX nccnenonannn AP onpepensercsa
YPOBHEM Da3BUTHA aKyCTHUECKOH TeXHHKHA. B cBOIO 0uepeys, paspuTne
SKCIePHMEHTaNbENX MeTonoB AP oxasmBaer of6paTHoe BiusHmEe Ha
AKYCTHYECKYI0 TEXHHKY.

B mocaepmme romsr morpeGEOCTH AP cTMMymmpoBanm 3aMeTHEHIR
Iporpecc B BONpPOCaX TeHEPAlUM ¥ Iepefauu 3BYKAa BEHICOKOil uac-
TOTH (THIEP3BYKa) B TBepAble 00PasNbl, B TEXHAKE aKyCTHYECKAX W3-
MepPEeHHil NpU TeJIMeBHX TeMIOepaTypax.

Hanpumep, HeflaBHO OfHON W3 IPyNN, 3aHUMAKMUXCA U3YYEHHEM
AP, ypanoch monyunth runepssyk (v = 10'° 2y) npn KoMHATHON TEM-
Ieparype HOCPEJCTBOM BO30YIKIEHNS NHE303JIEKTPHICCKOTO KPHCTAJ-
ada (Emobar amtusa) MomunMu CBY mmnyascamm [8].



§ 2. BzanmopeiicrBue Afep ¢ IEKTPHYECKAMU
H MAUrBEATHBIMO IOJAMM

PasMepH Afep B ACATKU THCAY Pa3 MEHBIE PACCTOAHAN MEKILY HAMMA
B KOHJEHCHPOBAHHHIX Cpefax, IMOdTOMY BBaMMO/EiCTBHE smpa C OK-
PY/KeHHeM MOKeT GHTH IPECTaBIEHO KAK B3aUMOJEHCTBUE €ro 3JeK-
TPAYECKUX M MATHUTHHIX MYJIbTUOOIBHEIX MOMEHTOB. YK€ 0TMEeYajoch,
YT0 DHEPIUs KYJI0HOBCKOrO B3aUMO/ENCTBHA 3aPAAA AAPA C OKPYIKaI0-
MUMA 3apAJaMUA COOTBETCTBYET ONTHYECKOMY AUAMA30HY M, CJIEI0Ba-
‘TeILHO, HEeMOCTYNHA [JIs aKycTHdecKoro pesomanca. Kpome rtoro, B
TEOPHH AAPA HA OCHOBAHNY COXPAHEHNS B JJIEKTPOMATHUTHHIX B3aMMO-
JeACTBUAX UYETHOCTH IOKA3aHO, 9TO DIEKTPUUYECKUN [JUIIONbHEIA W
MArHUTHHIH KBagpPYIOJBHEI MOMEHTH sajep paBHe Hyxwo. G apyroi
‘CTOPOHEI, OI[EHKU MOKA3HIBAIOT, YTO B3aMMOJEHCTBIE MYJIbTUMOJBHEIX
MOMEHTOB Afiep 6oiee BHICOKOTO MOPAJKA, 9eM BTOPOH, C IEKTpoMar-
HATHLIMA IIOJISIMH, CYI[ECTBYIOIGUMKM B KOHJEHCHPOBAHHHIX cpefax,
oueHb Maasl (cM. § 39).

TaxuM 00pa3oM WHTEpeC MPeJCTABIAET TOAbKO dHEPIUA B3aUMOIeH~
CTBUS A{€PHOT0 MAaCHATHOT'O IMIIOTBHOTO MOMEHTA | ¢ MarHUTHHIM IIO-

e d .
gieM H u ero aieKTprIecKoro KBafpyInobHOTO MOMeHTa D ¢ rpajueH-
«——>
TOM 3jeKTpuaeckoro mouas VE:

% = pH +DVE 2.1)

> 1
(aBHB# Bup cBepTku TeH3opoB DAE Gymer pmam mHimke). Mopmyna
(2.1) sBasgerca Hamboxee obmedl mias smepHOro pesoHaHca (opmoi
BalMCH DHEPTHH AApA.

VlcTOYHMKA MATHUTHOTO W SJIEKTPUIECKOTO MOJEH IPH 9TOM MOIYT
OHITH CaMBLIMA Pa3HOOOPA3HHIME: BHELNIHHE MOCTOSHHBIE M IIePeMEeHHEe
1OJA, JIEKTPAYECKHE IMOJA KPUCTAJIMYECKOHR PEImeTKH, MarHUTHEHIe
TOJIA MapaMarHUTHEIX MPAMECeR u T. [i. _

OnHoil U3 BAYKHEHNIAX XAPaKTEPUCTHK AApPA ABIACTCA BeIMIMHA
-ero couua I.

MareuTHHE OANONBHEIA MOMEHT sifpa | CBSA3AH C ero MOMEHTOM
KoamuecTsa fBusKerus h 1 (n gepe3 Hero ¢ BEKTOPOM CIIMHA i) TUpo-
MarHATHHIM OTHONICHUEM Vg

B =Tﬂhiv (22)

rme i = h/ 2n. CuemosaTenbHO, dHEPrMA B3aMMOIEHCTBHA Anpa C
'MAaTHUTHBIM II0JIeM pPaBHA

[y = — vah1H. (2.3)
Appa co cumaoM [ > 1/, 0061agan0T 3IEKTPUYECKUM KBAAPYHOJIHHBIM
'MOMEHTOM, SIBIAIIUMCA MepPO# OTKIOHEHHA DACIpefeieHHsA ero 3a-

paga ot chepudeckoit popmer. Tar Kak 9TO OTKIOHEHHE OIpEfeNeH-
HEIM 06pPa30M OPUEHTHPOBAHO 110 OTHOUIEHH0 K BHYTPEHHEMY MOMEHTY
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KOJINIeCTBA JBIDKEHNA AApA /l, To KOMIIOHEHTH TEH30pPa DIEKTPHIeC-
KOTO KBAaJ[PyHOJBHOTO MOMeHTa Dg—g,41,+2 OKA3aJI0CH BO3MOMHBIM
BHPASUThL 4Uepe3 KOMIIOHeHTH COWHOBOro Bekropa I, =z, Yy, z.
CBf3b 9Ta YCTAHABIMBAETCA NPH TOMOIMMU TEOPETAKO-TPYNIOBHX CO-
obpaskennit u mmeer sup [9, 10]

Dy = AQsq, A =eQ/[21 (2] —1)], (2.4)
Qoo =312 —T(T+1), Qy 4o=V,I%
02,11=iV%,(j$fz+jzii), -i:t=:jx:tifyy

rjie e — 3apAn 3JEeKTPOoHa, a.BeauyYuHa Q Ha3bIBACTCA KBAAPYNOJaAb-
HBIM MOMEHTOM sfAqpa. Omna ompenensaercda BhIpayKeHueM

Q = <Y1,=1|322 — |y 1) = S [pr =1 [? (322 — r?) dV,

rae ¥ 1 (|‘I’12=1 [*) — BonHoBasg ¢yHKUUA (LIOTHOCTH pacupepese-

HUA 3apAfga B AJpe) IUIA COCTOAHHA, B KOTOPOM z-KOMIOHEHTA CIH-

Ha Axpa paBHa [; WHTErpupoBaHUe NMPOBORUTCA MO o6BEMY sAmpa.
OO6BIYHO KBaAPYMOJBLHBI MOMEHT fAgpa OIpPefelIAeTCH BhIpasKe-

HUeM
Qi = 1(21—1) [3

rae Q; NPEeACTaBIAIOT OOLIYHBIE KOMIIOHEHTHl TEH30Pa KBafpyIOJib-
HOro MOMeHTa Qyy, Quy...(i, =z, ¥, 2). IIpu aTOM, TaK Kak KOMIIO-
HEHTH I KOMMYTUDPYIOT OPYT C APYLOM, TO

Qxy = Qyx ® T. Z.
Kpowme Toro, SpQ,; =0, 1. e

Qxx [ vi sz - 0

TakuM o6pa3oM, TEH30DP KBaApPYIOJIHHOIO MOMEHTA COLEPIKUT D He-
3aBUCHAMEIX KOMIIOHEHT (B Hammx obosmayemuax ¢ =0, 1,—1, 2,--2;
cM. gopmyay (2.4)).

CooTBercTByOIEie KOMIOHEHTH TeH30pa-TPafHeHTa dIEKTpUIec-
KOr0 HOJA pPaBHE

@M, ); +(I @;

- 6i512] ’

1

o 1 .
VL';O = "2— V = '2" 9z (2.-5)
AB V— [Vt ley]a
VE.-L—2 = 9 V_ Vxx Vyu:l:izvzz] =

1 [8Ex o, (aE,c 3Eu>
“SVelaw oy T %)

1



roe V,y=0°V /0xz 0y, V(z, y, 2) — DOTERIWAX 3JEKTPHIECKOIC
10JIfA, COBJABAaEMOro OKPYIKAIOMWUMH 3apANAMH B MecTe PaCIOJIOKe-
HESA ARpa.

JHeprusa B3aMMOJEHCTBUA AApa C  DUEKTPUTECKAM NOTeM BHpaKa-

€TCA Yepe3 KOMIOHEHTH TEH30POB DuVE caepyomaM o6pasoM:

2
He=uA D (—1)? QVE.,. (2.6)

g=—2

JnexTpHUeCKue U MarHUTHELIE IOJA, Bxoasamue B (2.1) u mocuemyro-
mue opMyasl, yaoOHO pasmennTh Ha YeTHPE TPYNIH B COOTBETCTBHEH C
HX pOJNBI0 B PE30HAHCHHX IIPOIECCaX:

E=FE,+E + E () + £, 2.7)
H=H,+H, +H (t)+H". (2.8)

B xauecrBe BenmumH E, u H, 6ygeM moHmMaTh IOCTOAHHEIE BO
BCEM HcciaeyeMoM o0pasie dJeKTpHuYecKre M MarHUTHHIE IOJIfA, MMe-
IOIUecs B pelleTKe WM NPUJIOKeHHHEe u3BHe. BaamMopeiicrBue 5THX
moxeit ¢ agpamMu o6pasyer 6eCKOHEYHO y3KMEe YDPOBHU 9HepPruu, Ha KO-
TOPHX U HAOIONAIT Pe30HaHC. JTH YPOBHU yRoOHO Kiaccrduumupo-
BaTh NIpPHM IOMOMY KBAaHTOBHIX YHCEN CIMHA SAPa, W IOITOMY OHM
HABHBAIOTCA CHOWHOBHEIMM. lIpMEATO Ha3HBaTh CHWH-CHCTEMOH COBO-
KYOHOCTH I€PEMEHHBIX BceX sAjep o0pasna, OnpPefesAmuX NX OpHeH-
TanuIo.

Ilog E;, u H; OynmeM moppasymeBaTh BHEHHWE IepeMeHHEIE NOJH
PaAMoYacTOTHOIO JWama3oHa. B ciydyae aKyCTHYecKOro Pe30HAHCA
Ha o0pasel BO3EACTBYIOT yIBTPA3BYKOM IOAXOJAIIEH YaCTOTH. AKy-
cTHYeCKHEe Kone0aHWs MOPOKIAIT IEePUOJMYECKOe [BYUKEHWe 3aps-
JIOB U MaTHUTHEIX MOMEHTOB 00pasma u, clefoBaTelbHO, HHAYOUPYIOT
mepemerrsie moias (E; m H;) Toit ke uwacroTs. dTU moisA M UTPAIOT
POJIb BHENIHNX IlepeMeHHHX HoJeil.

3asucsamue or Bpemeru wierEk E(f) u H(f) o6o3ragaoT oTKiIOHE-
HOA DJIEKTPHYECKMX W MAaTHUTHHX IoJel oT cpefuux sHauenuit E, n
H,, Bu3BammEme TemnoBuM pasumykenmeM (ormeruM, uro E(f) u H(t)
MOryT GHITh OTJAMYHH OT HYJNsA npd paBHuX Hynwo E, man Hy). Ilona
E(t) u H(f) aBasoTCca IPUYNHEOH CIMH-PEMeTOYHON pelaKkcanud, T. €.
mpomecca NpmOnuKeHUA Axep o6pasma K DaBHOBECHOMY pacmpenene-
HWIO O CBOMM COMHOBEIM YDOBHSM DHEDPIUHU B COOTBETCTBHY C TeMIlepa-
Typoi pemerku. VIHHIME cI0BaMu, IOCPEACTBOM 9THX IoJieil AfepHaA
COMH-CHCTEMA NPUXOAUT K CBOEMY TePMOAMHAMHMYECKOMY PAaBHOBECHIO,
78 KOTOPOI0 OHA MOTJa OHTH BHIBENE€HA BHENIHNMH IepeMEeHHHIMH IIO-
agMu wiau apuabaTmuecky GEICTPHM M3MeHEHUEM TePMOJIMHAMY YeCKUX
IapaMerpos. Ilpum sTOM cnmE-cmcreMa oGMeHWBaeTcs DHEPIHeHd ¢ pe-
meTKoi, KoTopas BIIOTH 70 cBepxHuakmx Temmeparyp (I'<< 1° K)
BeJIeT ceba Kax TEPMOCTAT.
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Haxomen, E' u H' 6yayr o6o3mauath pasbpoc CT4THYECKHX JIO-
KaJbHHIX DJEKTPHYECKHX M MATHUTHHIX IOJNEH OKOJNO PA3NHYHEIX Ia-
PaMaTHATHBIX YacTAI[ 00Pasma, a TaK:Ke OKONO Ae()eKTOB KPHCTAJIA-
qecKAX moieil (gucioxkammm, mpuMecu u T. fA.). CpepHiue 3Hagenmst
E’ m H', Baarse mo BceM sfpaM o0pasna, PaBHH HYI (B IPOTHBHOM
caydgae omn BHOcATcA B Ey m Hy). It mocrossHHEE JOKAlIbHKE IOIA
ABIAIOTCA TIJABHHIM MCTOYHAKOM INAPHHHE pPE30HAHCHHX JIMHMIA,

Jo cEX mop ymOMHHAQINCH TOABKO OJHOYACTHYHEIE B3AAMOLEHCT-
BUsA, T. €. B3aEMOJEHCTBAA, KXKAHN WIEH KOTOPHX 3aBUCAT OT CIHA-
HOBHIX IIepEeMeHHHX TOJIbKO OJHOTO fAApa. JTO CIPAaBEIIUBO, €CIH
uctounnkn noieit E u H npu gaggo0il TeMoepaType MOTYT HaXOIMUTbCS
TOIBKO B ofHOM cocrosamm, Torga E- u H-moasa onpegenAorca KBaH-
TOBO-MEXAHMIECKAMU CPEJHUMH II0 3THM COCTOAHHAM.

Ecan jke MCTOYHMKH 3JIEKTPHYECKAX W MAaTHATHHX IOJEH B yCI0-
BUAX OOKITA MOIYyT HAXORUTHCI B HECKONBKUX COCTOAHHUAX (KakK,
HaIpUMep, MAarHUTHEE [UIIOJbHbBIE MOMEHTH COCEHAX YaCTHI)), TO B
BHIDAKEHUAX [JIA MOJe OHM JOJKHBL OHITHh IIPEICTABJEHH COOTBET-
CTBYIOIUMU OHNEPATOPAMH, a YCpPeJHeHHMEe IIPOBOJATCA Ha Gojee
MO3HAX JTamax pacuera.

B wacrHOCTH, MarHUTHHE RAIOJH |L, CO3[AIOT HA AAPE j JIOKAIb-
HOe MATHUTHOE II0Je

. “{ [ 3k (4 Ty)
j= 2| e g e
Tik ik

} y g = TPy, (2.9)

rje rj, — PacCTOAHME MERAy AAPOM j M gAmONeM k, a CyMMHpPOBa-
HEe IPOBOSATCA WO BCeM aumonsaM obpasma. IlogcramoBka (2.9) B
(2.3) maer »HEPrHI0 MATHATHHIX AANOAb-KAOOJIBHEIX B3aMMOJEHACTBUI,
KOTOPaA ABIAETCA OMHON M3 [NIABHHEIX NPUYAH YIIAPEHAA JUHAN AXED-
HOTO pPe30HaHCA.

Ecnm B xagecrBe MCTOYHAKA BIGKTpUHYecKoro moisa E;' Ha sAmpe j
B3ATh KBagPYIOJbLHEE MOMEHTH COCETHHX HAMIep

Ei=— Z grad,.jkchk,
k

1 92 1 k 1 ( a2 1 . 02 1\ Ak
= e— — —_— —_ - _ ———l ¥
(ka 16 022 rjk 02'0 + Vﬁ 0z ox rjk 0z ay rjk )02'1 +
1 2 1 0r 1 a2

, 1 k
> V5 \oa T, o T i P50y r—]k-> Q2,2 + rommi, comp.,

10 mocxe mopcranoBku E;’ B (2.5) u (2.6) MOXKHO MOMYIATH DHEPTHIO
KBaAPYHOOJb-KBAafPYIONIbHEX B3aUMOJEeHCTBUA s7ep.
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CymecTBeHHOE BIUsSHUAE HA OPMY PE3OHAHCHHIX JUHWUI B HEKOTO-
PHX CIy4asgX OKAa3hHBAalT O0OMEHHHE B3aMMOJEACTBUA ANEP

Foom =21 D AWIEIL (2.10)

i<k «,B=x,Y,z

rne A — o6memmsiii wHTerpai.

COomE-COWHOBEHE B3aMMOMEHCTBUS MOTYT HPHUBOJAUTH HE TOJBKO K
ymmpeHno, HO W K pacmemiennio guauit AMP. 910 o6cToATERBCTBO
TI03BOJIAAET MCCIAEROBATh CHVH-COMHOBHIE B3AMMOMEHCTBUA C XOpomeit
TogHOCTHI0O MeTomaMu fIMP BricOKOro paspemeHMA M mOJYdYaTh Bask-
HHE [ANSA XUMUYECKHX NPUIOKEHUN [aHHEBIE.

CHexTp COUH-CHCTEMBI M IPOIECCH CIMH-PEIIeTOYHON peaKcaiun
OIIPEJIENIAOTCA TOJBKO CBOMCTBAMH BEIIECTBA, B KOTOPOM HIPOBOJATCH
¥CCIeToBaHNA, U M03TOMY NaeHTHuHH A AP u MP, npugem onm yixe
XOPOIIo M3ydeHH (¥ ONMUCaHH) B cBA3M ¢ morpe6HOocTAaMu MP. Hampo-
THB, BEPOSATHOCTH PE30HAHCHBIX IEPEXOM0B MEMKIY CIMHOBHIMU YPOB-
HAME ¥ ¢opMa Pe30HAHCHHIX JMHUAH CYUIECTBEHHHIM 00pasoM 3aBHCAT
oT croco6a Bo30YKIeHUST PE30HAHCHBIX NEPeX00B U, CIeLOBaTEIBHO,
pasaugaiorca aass AP u MP. Tlo aroit mpuunHe HUKe JOBOJBHO HOJ-
pPoGHO paccMaTPUBAIOTCA BOMPOCH B3AaUMOLEUCTBUA AEp € HOAAMU
BTOPOil W 4eTBEPTO#l Tpynm u yHesnserca Gojsee CKPOMHOe BHEMaHME
DOJIAM mepBoil u TpeTheil rpynn (cM. dopmyas (2.7) u (2.8)).
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FTNABA MEPBAA

TEOPETUMYECKNE OCHOBBI

§ 3. CrexTpsl AEPHOrO pe3oHaHCA

OmnepaTop 9HEPTUH A7pa, HAXOMAMETOCA B IOCTOAHHOM MAaTHUTHOM
mone H, (2.3), umeer Bupg

gz'm = — TﬁhHojz == — k(l)oiz, (3.1)

€CJIM HalpaBJieHUue MaTHUTHOTO MOJA Bm6pano 3a ochb 2. Yacrora w, =
= TYuH, ABAsETCA KPYyroBoil wacroroii Jlapmopa.

Kax u3BecTHO M3 KBaHTOBOI MexaHuKH, omeparop I, mmeer 21 + 1
TIeJBIX MJIM MOJYIENbX COOCTBEHHBIX 3HAYEHUA M — —I ,—I +1,...
..., I —1, I. IloaTOoMy B mOCTOSAHHOM MarHuTHOM moae H,anpo obua-
maer 2] 4+ 1 ypoBuamu sHepruu E,, = — fo,m, pacIioioKeHHEIMY HA
OJMHAKOBOM paccToAHHU (Zw,) APYr or mpyra. Taxoit SKBUAUCTAHT-
HEIIl CHEKTD Ha3hBaeTcsA CIEKTpPoM 3eeMaHa WM CIEeKTPOM MarHHUT-
HOTO pe3oHaHcA.

CoGcTBeHHEE (yHKIUK %(, m) wampmoro us yposueil E,, ommchH-
BAIOT COCTOSIHUE AAPA, B KOTOPOM €ro IOJHH CINH paBeH I, a IpoeK-
nua cuouea I, Ha H, paBua m, . e.

P, m) = T3+ Bt Bynd, m)= 1A+ D, m, (3.2)

zx I, m) =my (I, m).

Oyuxuuu y(I, m) (vacro oHu OyayT 0603HAYATHCA (Y m)) HABHBAIOTCA
cOOCTBEHHEIME (JYHKIWSIMY CIIMHA APa HJIM IPOCTO CHVMHOBEHIMH QYHK-
LUAMH.

Jlaus sHepreTHyecKUX ypOBHEH, 00yCIOBIEHHHX B3aUMOMEHCTBUEM
(2.6), B mTepaType NPHHATO Ha3BaHUE (CIEKTPH YUCTO KBaAPYHOIb-
HOTO pe3oHaHca». BripaskeHne (2.5) Ay KOMIIOHEHT T€H30pa I'pajMeH-
Ta DIEKTPHUecKoro mouxs VE, oTHOCHTCA K IIPOM3BOJNBHON cucTeMe
roopauHat. Ecam B KadecTBe ocedl KOOpAWHAT BHIOpPATh IIaBHEIE OCH.
CIMMETPHH TeHsopa Vg, TAe CMeIIaHHEE IPOMSBONHEIE ITOTEHIHAJA
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(Viy, Vyz Vi) paBHH HYIIO, TO TaMaabronnal (2.6) npmo6peraer Go-
Jiee IpOCTOH BHJ:

e =1 (glq—'g'i—) (312 —1 (T + 1)+—;—n(7i+ 1. (3.3)

3pgech mpuHEATO 0G03HAYCHHO
=V, N=Vea—Vy)V.

m ocu X, Y, Z Bubpams Tar, 9ro0s |V, |>|V,.| > |Vyl-

ITapaMeTp 1 Ha3nBaeTcA mapaMeTPOM ACHMMETDHH; [JIA AKCHAJIb-
HO-cHMMeTprYHOro moisa 1 = 0.

Ecan none B MecTe pacmonoxeHns saapa obaagaer KyOudecKkoi cuM-
merpmeit, To V,, =V, = V,,. 9ro ycroBue B coueTaHNM ¢ ypaBHE-
ameM Jlamaaca Vi + Vi, + V,, =0 osragaer, 9ro KBagpynoasHoe
B3aUMOJeHCTBIE C DIEKTPAIECKUM IOJNeM KyOHIeCcKoil CAMMETPIM paB-
HO HYJIIO,

CHoexTp KBafpYNOIBHOTO PE30HAHCA CYMIECTBEHHKIM 0Gpa30M 3aBH-
CHT OT TOT'0, ABIIFETCA JH CHOAH SAApa IEJIKM UK HOJymeasM. B cay-
9ae IOJIYMesoro comHa, cormacuo reopeMe Kpamepca [25], snmexrpuge-
CKOe IIoJle He MOKeT CHATHh ABYXKPATHOIO CONHOBOT'O BEIPOKJCHUS, U
KBaJ[PYOOJBHHHA COeKTp Axpa cocronT u3 [ - 1/, nByXKpaTHO BHpPOMK-
JIeHHHX ypPOBHei#, Ha3HBAEMHIX KpaMepcoBuMu nyb6aeramu., Ecau mpu
DTOM BIEKTPHUECKOe MoJe obaagaer akcuaxbHoO# cammerpuei (n = 0),
TO KOKAOMY AyOnery HpaMepca cOOTBETCTBYET [Ba CHOUHOBEIX COCTOSI-
HAA ¢ coOcTBeHHNME ¢ymrmuamu ¥ (I, m) u y(I, — m), a sHeprusa
Taxkoro mybiera paBHA

E, = E_m=7‘7(;;LS1)_ [Bm? — I (I +1)] (3.4)

{cm. pme. 1, a)l

IIpa m #= 0 mpoucXoAUT mepeMemuBaHMEe COCTOSHHN C PaBIMYHEI-
MH m, U KOKAaA M3 BEIPOKJEHHHIX COOCTBEHHHX (QYHKOUR nydiera
CTaHOBUTCA ONpefeleHHOA KOMOHHATUER COCTOAHMI C Pa3INIHEIMA M,
4 YDOBHH DHEPTUMU CIOKHO 3aBHCAT OT KBAHTOBHIX 4MCEN M mapaMerpa
acummerpun 1 [8]. Kpamepcoso Bupo&eHne TeM He MeHee COXpaHA-
€TCS M B 9TOM CIIydae. ‘

IIpE meno4@cIeHHOM CIMHE JIEKTPHYECKOE II0Je HU3KOM CHMMeT-
pun (] 5= 0) moIHOCTHIO CHAMAET BHIPOKICHAE, KAK 9TO M300paykeHO
Ha puc. 2, 8. Boree caMMerpudHOe — aKCHAIHPHOE — IIEKTPHIECKOE
moje OCTaBIAEeT BHIPO)KAEHWE CIWHOBHX YDPOBHEH W B ciydae smep
€ OEJ0YNCIeHAKM CINHOM. B 9TOM ci1ygae ypOBHA DHEDPIUA ¥ BOJIHOBEE
QYHKOUE JAOTCA TEMH jKe COOTHOMEHHAMH, YTO M IS HMONYIENOro
CIMHA B AKCHAJIBHOM IIOJIe, 34 WCKIIYEHNEM OJHOTO HEBEIPOIKICH-
Horo yposHs sHeprud Ey = — e2qQ(I + 1) / 4 (2 — 1) ¢ BoxHOBOI
¢$ynxnueit y(I, 0) (puc. 1, 6).

[
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Puc. 1. IIpuMepsl CHEKTPOB M BOTHOBBIX (YHKIMIA YMCTO KBafpYNOJABHOTO PE3OHAHCA Afep
A =e? Qq./2I (2I—1)

a — Aafpa C IOJIyLieJbIM CIIMHOM B aKCHAJbHO CHMMMETPUYHOM HOJe; 6— ANpa C HeJOYUCIIeH-
HBIM CITMHOM B aKCHMaJIbHO CMMMETPUYHOM II0JIe, ¢ — fApa C LeJOYUCIIEHHBIM CITMHOM B DJIEK -
TPUYECKOM II0JIeé HM3KON cuMMeTpuUM

Bume pas  wagocTpamMd BHAA CHEKTPOB SAEPHOTO PE30HAHCA
Oblmy paccMOTpeHK Hambojee MpOCTHIE W Ba)KHHE ciydau. CIEKTph
Anep, HAXONAMMXCA ONHOBPEMEHHO B IIOCTOSHHBHIX MArHUTHBIX WU
BIEKTPNIECKUX IOJAX, 3HAYUTEIBHO CIOKHEe., X OpOIIee M3I0MKeHune
METOJ0B ¥ pPe3yJbTaTOB pacdera SHEPTUXM M COOGCTBEHHHX (YHKOBH
AJEPHBIX CIMHOBHX YpPOBHEH wMeeTca B 00630pHHX crarhax [1, 2].
Husxe mo Mepe HamodHOCTH I BTHX CiaydaeB OyAyT IPHBIEKATHCH
M3 JITepaTypnl TOTOBHIE AAaHHBE OTHOCHUTENBHO YPOBHEH 3HEPIHHM M
BOJIHOBHIX (YHKIUH.

§ 4. Omneparop ciua-PouoHIOH CBA3K

Bonpoc o mexaHmaMe B3aMMOAefICTBUA WAPAMATHUTHBEIX YaCTUI[ C
AKYCTUYECKAMM KOJe0AHWAME $BIAETCH ONHAM W3 BaKHeHIInX B
AP. ’

AKycTUUeCKHE KOJIe0aHUsA MPOMBBOJAT IEPHONUYECKHE CME|eHH s
gacTHIl BeliecTBa

U; = e;A, sin (wt — kr;), (4.1)
rac A,, € 1 kK — aMnuTyna, BeKTOp MOJAPU3AIUYN H BONHOBON BEK-
top wonebaumit, |K| =2x/A, A — paumea BoxHBI, ¥; — pajgmyc-
BEeKTOP paccMaTPUBAEMON YaCTHIH i.

Bussannoe 3BykoM n3merenue Uj; OTHOCMTENBHOTO PACCTOSHUSA
rj; = Tr; — T; MeKy TaCTHIAMH j ¥ {  DaBHAETCA

Uj;; = U; — U; =~ eA, krj; cos (ot — kr;). (4.2)
TlocienHee paBeHCTBO MOJYYEHO B IPEANONOMKEHMH MaJOCTH pPaBHO-

BECHOTO OTHOCHTEJIbHOTO PACCTOSHAA I'j; IO CPABHEHUIO C [JIMHON aKy-
CTHYECKOHN BOJIHBI

rp<€<h mm kr;; <€ 1. (4.3)
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J9ro npubaMyKeRNe XOPOINO BHIOJHSAETCS B TBEPAHX TejaX, TaK KaK
npu rj; ~ 10® — 107" cm u cxopocrax sByka v ~ 10° cm / cex mmu-
Ha BOJIHHL A, DaBHAA I'j;, COOTBETCTBYeT aKYCTHIECKUM JaCTOTAM OKOJIO
102 — 10" 2y (B HacTOAmEe BpeMA ymaercs Bo30YKOAaThb 3BYKOBHE
KoneGanusa ¢ gacroroii He Berme 10 zy). Ecam k ToMy ke aMImauTyma
Kolle6aHMii MHOTO MeHbIe [JIMHHK aKycrnaeckoil Bomue, A << A,
9T0 NPAKTUIECKHA BCET[a HMEET MecTo B YJIbTPas3ByKoBoit obmacru,
TO OTHOCHTEIbHEIE CMEINEHNA OKA3HBAIOTCA MAlNBIMU IO CPABHEHIIO C
OTHOCHTEJILHEIME PACCTOAHUAMHA MEKIY YaCTHIAMA

Ujifrii =~ 2ndo/h < 1. (4.4)

dror darT GymeT MUPOKO MCIONH30BATHCS B JaJbHENIIEM.
HedopManuu, MponsBoAUMEIE B KaskIol TOYKe BEMmECTBA I, aKy-
cTuyeckuMu KouneGamumamu (4.1), ymoOHO XapaxkTepu3oBaTh TEH30POM

nedpopmaruii
oU,;,  0U,,
Eap (r;) = 112( axﬁl i

Eo = 21‘7:40 y {eaxﬂ} =1, (eaxﬁ -+ eB"'a)’

> = E, cos (ot — kr;) {eahg}, (4.9)

oz,

roe A= k/|Kk| — eIUHMYHEII BEKTOpP, OPHEHTUPOBAHHLIN BOJb
HANpaBlIeHUS PACHPOCTpPaHerUsa 3ByKa. [us crogumX axycruuec-
KUX BOJH

U; = e 4, coskr; cos ot (4.1a)

BMecTO BHIpaskeHuit (4.2) u (4.5) umeem
U;; =~ e 4, kr;j;sin kr; cos ot, (4.2a)
E.g = — E;sin kr; cos ot {e,, Ag}. (4.5a)

MeTonuka HaXOMKAEHUS OIEPATOPOB CHMH-QOHOHHO# CBABM, YyKa-
3aHHadg eme B IepBux pabGorax mo AD, cocrout B cuaemynomem.

Oycts H;= D H#; (lir;;) — raMuIbTOHMAH B3aMMOJEHCTBHA IHapa-
i

MarHUTHOM YACTUIE! i ¢ OKPYIKeHUEeM, 3aBUCAMUNA OT CIMHOBBIX Iepe-
MEHHBIX YaCTULLI { M OTHOCHTENBHHIX PACCTOSHUN Tj; MEKIAY Hel u
cocepunMu vactunamu. IIpm axycTmaeckoil MOAYISAUMU OTHOCHTENb-
HLIX DACCTOAHMI T';, 9HEPTUA Ff; MepHOAUIECKH 3aBUCHT OT BPEMEHH.
ITonwaysace ycunoBusamu (4.3) u (4.4), 3Ty 3aBUCHMMOCTD MOKHO BEIZe-
JIUTH ABHO:

2 5, (L, vy +Uj) = Z s (Livs;) + 2 gradrﬁfigi (Lirji) Uji. (4.6)
J J J

Jdueprus Hf; GHICTPO yOBIBAET C POCTOM Tj;, II03TOMY B CYMMY BHOCHT
BKJIAJ TONbKO OJuKafilme COCEfN, PACIONOMKEHHHe Ha PaCCTOAHHN
HECKOJIbKMX TIOCTOAHHHIX PEIIeTKH. JTO OIPaBALIBAET HCIIONL3OBA-
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HHe ycaoBusA (4.3), Tak Kak OHO B 9TOM CJIy4ae HAUMHAET HapyIIAThCA
B 00JacTH IPEJeJbHBIX [ TBEPAHX TEX AKYCTHYECKMX dYaCTOT, JIe-
JKAIUX [AJeKo 3a IpefelaMH 9YacTOT SAEPHOTO (M BJIEKTPOHHOTO)
pesoHaHCca.

Omneparop

= D grad,, #: (I, ;1) Uy (4.7)
J

SIBJISIETCS OIEPATOPOM B3AMMOMNEHCTBMA CIMHA YaCTHUIH [ C AKYCTH-
9eCKUMH KOJEe0aHUAMH — omepaTopoM cOUH-QOHOHHON CBA3M.

KHasxkpgomy Ttumy B3aMMOJIeACTBH it :%’ YACTUIBL [ C OKPY)KeHueM
COOTBETCTBYET CBOi omeparop 4. O6LIqu OfMH M3 OIEepaTopoB
TIPEBOCXOMIUT [0 BEJIMYNHE BCE OCTAJbHBIE U Onpenesser npomeccsl AP
norsnomenus. Hanpumep, y sagep co cuunom I > 1/, B GoabiuuucTBe
CIyYaeB BJIEKTPUTIECKOE KBaJpPYIOJbHOE B3AaUMOMEHCTBHE B3HAYU-
TEJIBHO CUJIbHEee BCeX OCTAIbHHIX. BEUMCIUM s mpuMepa omeparop
i, oGyCHOBIEHHBI DIEKTPHYECKHMH KBAaJPYHOJbHBIME B3AMMO-
neiicrBusaMu agep (2.6) B monHoM KyOuueckoMm Kpucrajiae tama NaCl
[3]. ByaeM yuuThBaThL TOJNBKO MEPBYI KOOPAMHALMOHHYIO cdepy, Tie
OKOJIO KaKJ[0T0 Apa PACIION0KEHH HIECTh OIIKANMNX cocefei ¢ Ko-
opmnuaramu ( == a, 0,0) (0 4= a, 0) u (0, 0, 4- a) B mexaproBOi cucre-
Me 0TCueTa, COBIAfAIMENd ¢ KyOMYeCKMMM OCSAMH KpPUCTAJLIA.

JHeprus KBaApPYMoOJbHOTO B3auMomeincTsus (2.4) — (2.6) ompe-
TelsAeTCA B BTOM Cilydae JIEKTPOCTATHYECKUM IOTEHIHMAIOM, CO3/aBa-
eMBIM TIeCThio MoHaMHU ¢ 3QQeKTHBHHIME 3apaxaMu Zyge:

vevi=3 2,

=1 i

rme Z — 3apsAf MoHA, Yo — 0e3pa3MepHEIl MHOMKUTENb, Ha3HIBAEMHI
mapaMeTpoM aHTUIKPAHHPOBKM. OH BBOJUTCS [JIA TOTO, YTOGH yuecTh
MOJAPUBAINI0 BIEKTPOHHOT0 00jlaKa aToMa i, BHIBBAHHYIO €ro KBaj-
PYIOALHLIM MOMEHTOM ¥ OKpYyKawmuMmu sapsamamu (cM. § 30).

ITopcraBus aToT mMoreHuMax B (2.4)—(2.6), moayIuM sHEPruio ﬁt’i,
KOTOPYIO 3aTE€M HMCIOJIb3yeM B BuipaskeHun (4.7) [is HaXOMKCHUSA Ole-
paropa COMH-QOHOHHON CBA3H

6 2
He.o=2 D (—1)Qiqgrad (VE,(r;)U;,  (4.8)
j=19=—2
rie
3z
grad VE, (1) Uy = — & (Uyr; + 2,0 — 5230 515"),

grad VE . (r;) U; = F 5— [(x; & iys) UzJ + 2; (Uxj £1U0y;)],

2rj
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3z7pe
gl'ad VE:tg (rj) Uj = r05.

4
T

[2 (x; +iy;) U —

. 503U . —523U _;
_2(yi:lej)Uw'+ 1 w2 J xa]

i

3mech pagE IPOCTOTH ONYMEH HHAEKC pacCMaTPHBAEMOro AApa i
¥ He OPHBOJATCA GIEHH, NPOMOPIUOHAJILHEE CMEIIaHHKEM IIPOM3Be-
NeHUAM KOODAWMHAT  I;Yj, Y;3; U 2;T;, KOTOPHe A mecTy OiausKaii-
mux cocepeit B kpacrasie tuna NaCl pasan mymio.

IMomcraBum BHIPAKeRNe Uj(= Uy, us (4.2) B (4.8) u, nposens
CYMMHDOBaHHE II0 j, HaiimeM

~ 3ze1,Q onA : Ai
et = grar—tya g cos (ot —kr) X (—1)"Qafer)-q (49)

=—2

rie
{er}y = Ae — 3Me,,

(M) = FY 2l ki) b+ (ukihy) ],
(M )ae = 1/ 5[5 (ks — eche) 1 Oy + 1),

aQ}] onpenensiercsi mo (2.4). Omeparop (4.9) Buipaskaercs uepes
trersop pmedopmanmm (4.5) ciaexyromuM obGpasom:
. 2
P = hoa 20 (—1)7Qig {E)-q, (4.9a)
qg=—2

Y

? B N il .
{E}O == Exx + Eyy - 3Ezz, {E}tz = l/’g‘ [7 (E‘uy - ]'Jxx) + tZExy];

) i v?;z‘{ eQ
{E}i = q:‘/?[EMizluw], fw, = 2)(70—1—)?‘

HysxHo oTMeTHTB, 4YTO omepaTrop CHNMH-QOHOHHON CBA3M UMeeT
dopmy (4.9) u (4.9a) TorBKO B cHCTEME KOOPAMHAT, COBIAJAOLIEH ¢
KyOHYECKUMH OCSIMM KDHCTajna. OTH KOOPAHHATHL BIIOJHC €CTECTBEH-
HBl U ymoOHE fAasA 3amaHuA ned@opMaIlMil, IPOU3BOTUMLIX 3BYKOM.
OpHaxo s 3aBHCAMMX OT KOMIOHEHT CIHMHA ONEpaTopoB 02_q aTa
cuCcTeMa [ajeKo He Bcerma Oniaer ymo6Ha. Jleno B ToM, YTO BOJHOBBIE
dyuxuun (I, m) COMHOBHIX YpOBHEH BHEPrMHM B MAaTHUTHOM IoJje '
ABNAIOTCA COGCTBeHHHIMA (YHKLMAME TPOEKIUA |3 BeKTOpa CINHA

1 ma MarauTHOE IOJE. ROI‘JI& HaIPAaBJEHNO BHEUIHEIr0o MarHUTHOIO II0-

1 KBajgpynoabHOe B3aMMOAEHCTBHE AIPA C IEKTPAYECKMM HOJICM KYyOluec-
KO CHMMeTpHH PaBHO HYJIO, IO3TOMY CIIEKT] CliHH-CHCTEMBHI, B KOTOPOM OIlepaTop
(4.9) mpusBaH BO30YKIATH MEPEXOIE], ONpeJieiseTca SHEPTuell 3ecMaHa.
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MU COBIAJACT C OJHOM U3 KyGHYeCKUX ocell anc'ramla (upuENMaeMoit
B DTOM CIyuae 3a 0Chb z), ONEPATOPHI Iz wu I, conagator n MaTpUYIHEIE

AIEMEHTHL OIlepaTOpPOB QM HaxoAATcA mpocro (cM. (3.2) m dopmymy
(A.4) Ilpunosxenus A):

(| Qg m”> = [3m2 — I (I +1)] 8, (4.10)
| Qo 111"y = F VY 2 bz mrsns
TP T VAR S S
Emomgs = 2mFA) Y T £m)T Fm + 1),
Enge =V I xmT £m — DI Fm + DI F m +2),

re BBeleHO CcoKpamieHHoe o6osHauenue <{m|Q,q|m’y =<y, m)

|Q2q I X(I1 m')>

B rex cayuasax, Korja HanpaBieHNe MaTHATHOTO HOJSA HE COBIAfa~
€T HU ¢ OJHOM N3 KyGMYeCKUX oceil KpUCTaLia, OHepaTophl @2& HYX-
HO cHawaja npeoOpa3oBaTh K HOBOU cHCTeMe KOOPAMHAT, OCh Z KOTO-
poH coBIIaiaeT ¢ HAaNpaBJeHNEM MATHUTHOIO IOJs, & 3aTeM ysKe II0JIb-
30BaTbCA BhipaskenuaMu (4.10) pas matpuannx saementoB. Heob6xo-
muMBie GOpMYITH 1S 1peoGpa3oBaHUs OEPAaTOPOB Oz,q B HOBYIO CHCTe-
My KooppuHar uMelorcsa B Ilpumomenun A.

ITycre HanmpasieHne MAarHUTHOTO IOJA B cCUCTeMe KyOMYecKux oceit
Kpucrasia onpepenserca yraamu 0, ¢ (cM. puc. 4). [lusa BomonHeHns
YKa3aHHOTO NpeoOpasoBaHNA HYKHO HOABEPTHYTH CHCTEMY KOOPMIH-
HAT DHJEPOBLIM BpalleHNAM Ha yras @, 0, ¥ = 0, mocie uero omepa-
Top (4.9) mpuobGperaer ¢opMmy

o = hoa 2 (— 170 p (B}, (4.96)
p

'l _ (2) i
{E}.p == 2 d2g, »(0) e {E}.q,
a-
rae Qy,p, — OIEpaTopul KBAJIPYIONBHOTO MOMEHTA B Honoﬁ cucremMe
KOOp/HAT (Bmpama}onmeca gepes I~ TOYHO TaK JKe, Kak sz qepes
I, a MaTpHIA d( (0) mana B Ilpunoxennu A.

13 cBoiicTB (4. 10) MATPUTHHIX BJIEMEHTOB 0IepaTopos (O, , BHJIHO,
qTO TIPH B3AMMOJEUCTBHM 3BYKA C ANPAMH Yepes WX 3JIEKTPLYeCKUe
KBaJIpyNoIbHble MOMEHTH BO30YIKAAIOTCH HEPeXosl MEKIY CIIHOBBI-
MHI YPOBHAMY, MAarHHTHBIE KBAHTOBBIE UHCJIA KOTOPHIX PAa3JIHYAIOTCA
Ha -1 uw 2.

Ipyroit mpnMep — cnuu-pOHOHHAS CBA3bH, NOPOKIEHHAsA Mar-
HUTHRIMA JINIOOJBHEIME B3auMopgeiicTBusaMu. OmepaTrop B3amMOmencT-
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BMA [BYX MArHUTHHIX AUIOJEH JeTKo MOIYYHTh IIOJICTAHOBKOHM (2.9)
B (2.2). IIpegcraBuM ero B gopme
2

His = 'rm-h?qZ 295% {ii}-a» (4.11)
% = (1 — 3 cos? 0;) 1, (Y =10l — 2 (T + 110,
P == % sin 0;; cos 0;;,6 %1137, (ijYer =1L+ TL T,
PP = — Z—sin2 0,043} {ij}so = ILT,,

Ifie y; U y; — CAPOMArHUTHEIE OTHOINEHMA M 4acTUL § W J, Tj,,
0ji, @i — chepuueckme KOOPAMHATH COE[UHAIOMIEr0 UX paiuyca-
BexTopa {rj;}. [IpegcraBnenne raMuaIbToHIAHA .%’]k B BUJIe KOMOGUHAIUI
oneparopoB {ji}, CBA3aHO ¢ TeM, YTO HA CHMHOBHIX COGCTBEHHBIX QYHK-
OUAX ONEepPATOPH {ji}, UMEIOT OTIMIHBEIE OT HYJIA MATPUYHEIE 3JIEMEH-
THl TOJbKO MEMIY TeMH COCTOSHHAME, MJIS KOTOPHIX M3MEHEHUe Mar-
HUTHBIX KBaHTOBHIX umcea oboux cmunHoB A(m; 4 m;) pasHo q. Ecian
COEKTP 11apaMAaTHUTHBIX YaCTHUI[ ONpEeAeNdeTcsa TOJIbKO B3aUMOjeiicT-
BHEM C BHEIIHNM IOCTOSHHHIM MarHUTHEIM IIOJIEM, TO B COOTBETCTBUU
¢ tmMu mpaBuaamu or6opa omepartopst {jk},, {jk}iy, {jk}s+, BB
BBIBAIOT NEPEXOfbl MKy YPOBHAMM YHEPrHU [ABYX CIMHOB, Dasfie-
JIGHHHIMM ~ DHEPTLeTHYeCKUMH HHTepBanamu —+ 7 (030 — 0 ), -+ hoy,
u—+ hwo,—l— h',(a)o + 030), COOTBETCTBEHHO (wo U o) — 9acToTh Jlap-
Mopa 9acTHi i H j).

OnepaTop cnuH-QOHOHHONA CBA3H, OOYCIOBJIEHHHI B3aMMOEN-
crBueM (4.11), HaXomuTcs COTNIaCHO YKa3aHHOMY peIenTy:

Wi = VR U5 = 1113824, cos (of — kry) (krjy) 2 €VPLif}-q »
q=—2
(4.12)

rge Ay, 0, k ¥ € — aMmuIuTynma, 9acToTa, BOJHOBOW BEKTOP U OPT IIO-
JApU3ANME AKYCTHYECKMX KoaeGaHmii. B gacrHOM ciyuae mpomosb-
HBIX aKyCTHYeCKUX Koae0aHWH, pacHpOCTPAHAMUXCHA, HAIpPUAMEp,
BIOIb ocn z, Popmyma (4.12) ceomgmtesa

q‘

6.97°
,%’n = 1;7iF*Eyy (1) 4 Tij z]}_q , (4.13)

Iie €.(t) = Aok cos(wt — kz,) — equACTBeHHaA OTIMYHAA OT HyJAA
KOMIIOHEHTA TeH30Da ;[ed)opmaunu

Ecan AJePHBIH CIUH 1; = I BsaumopeficTByer ¢ 2I6KTPOHHBIM CIIH-

HoM ] j= — S, To ANEPHOMY AKYCTHYECKOMY DPeSOHAHCY COOTBETCTBYIOT
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TOJNBKO YJIEeHH, NPOMOPIMOHATIbHEIE :S'Ji(q = 4-1):
Hii = (o1l Exs (1) F (733, 033. 939) S I, + womm. comp., (4.14)

F (r3;, 055, 9;;) == 35in 0;; cos 6;; cos @3 (5 sin (-)ije"i"ii — 1)/2r?i.

OcTajbHEE YWIeHbl BHIBHIBAIOT IEPEXOJH He TOJIBKO B SAJAEPHOU, HO U B
9JIEKTPOHHOU CIOMH-CHCTEME M, 4TO caMoe TJIaBHOE, TPEOYIOT I ocy-
MECTBJEHNA pe3oHaHca MPUOINBUTENBHO B THCAYY pas GoJjiee BHICO-
KHIX 4acTOT 3BYKa.

§ 5. denomenonoruueckas gopmMa omeparopa
cnuH-(POHOHHOI CBA3M

PaccMarpuBaBIIMiicss MeTOH IIOCTPOEHUSA OIEpPaTopa COUH-QOHOHHOK
CBsAA3BM MOXHO Ha3BaThb MHUKDOCKOIHYECHKHM. Hecxkonbpko omo3aHee Ha-
mej IMMPOKOe IPUMEHEeHHEe APYToil MeTox — (eHOMEHOIOTMYeCKi,
OCHOBAHHBI HCKIIOYUTEIHFHO HA TEOPETHKO-TPYNNOBHX COO0paske-
HUAX.

TlomyyuM 3TMM METOLOM BHIDAKEHUE A OIeparopa CIMH-QOHOH-
HOH CBA3M, MOPOMKIEHHOTO DIEKTPUIECKHM KBAAPYHOJIBHHM B3aMMO-
meiicteueM amep ¢ pemerkoit (2.4)—(2.6). Axycrmueckme KoneGaHUA
npoussogAr pmedopManun E, KoToprie NepuoguYecKd BO3MYIIAIOT
3JIEKTPHIECKOE KPUCTAIIMYECKOE ToJie pemieTku. Ilo aHamoruum ¢ mia-
HeliHOM Teopueil ympyrocru TEH30P-TPAfUEHT 3JIEKTPUICCKOTO IIOJIA
Vas MOMHO cBA3ATH ¢ TeH30poM gmedopmanuit E.s mocpemcTsoM Ten-
30pa 94eTBEPTOro paHra Sqpys:

VGB = 2[ SaaysEys. (5.'1)

v, 8=x,y,2

Benepcerpue cuMmMerpus TeH30poB Ey = Esy m Vg = Vo S-TeH30D
o61agaeT cIegyOMUAMI CBOXCTBAMA CHMMETDPUH:

Sapys = Spavsy Sapys = Sapsy.
Coornomenue (5.1) B obosnagennax @orra
zz=1, yw=2, 22=3, yz=4, zr=>5, xy=06 (5.2)
uMeer Gojiee IPOCTOH BHUA:

6
Ve =) SasEs. (5.1a)

B=1
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HaMeneHne DHEPTHH 3JIEKTPHIECKOTO0 KBAAPYHOJIBHOTO B3aMMOAEH-
CTBUA fAMEP ¢ KPHCTANIUIeCKMM IojeM pemerku (2.6), BHB3BaHHOE
akycrudeckuMu jedopManmuaMu pemeTrka E.s, B 3THX 0603HaueHMAX
uMeeT BUJT,

2
R =A D) (—1)7 05, VEq (B), (5.3)
g=—2
6
1
VE,(E) = 5 > SyBp, VEu (B)=+ V_2<Sssizs4a>hﬁ,
B=1
VEs (B) = e gl(sls—SzﬂiﬂSeB)Ea

Tens3op S«gys HA3HBAETCS TEH30POM AMHAMHYECKON KBagpyIOJIb-
HO#t cBaA3u., HamGospIuM d9KMCIOM HE3aBUCHUMBIX KOMIIOHEHT — TpPH-
nmaThio — S-TeH30p o6jafaeT B KPUCTANIAX € TPUKJIMHHON CUMMET-
pHefI. OCTaJIbHBIe ImecTh ero KOMIIOHEHT OKa3bhIBalTCsA 3aBUCUMBIMU.

JedcTBUTEIBHO, I TMOTEHIHNAJA DIEKTPUYECKOro mojasa V, cos-
JAHHOTO OKOJIO ApAa BHEIIHWMH 3apANaMU, BHIIOJHAETCH yPaBHEHUE
Jlamnaca

-

3
AV =V Vyy + V= 2 , aBEB = 0. (5.4)

Tax kak gepopmanuu E cospaorcs BHEMIHMME CHIaMU M HO3TOMY
MOr'yT OHTH IPOM3BOJBHEIMH, ypaBHeHHE (D.4) SKBHBAJEHTHO LIECTH
COOTHOMIEHWAM

2 Sag = 0. (5.9)

=1

B xpucranmax ¢ Gosee BBHICOKOIT CHMMETpHEH BIEKTPUYECKOTO MO-
JIST 9HCJI0 HE3AaBUCHMBLIX KOMOOHEHT S-MaTpPUIbl OKa3bIBAeTCA 3HAUM-
TEJIBHO MEHbIIe.

PacceMorpuM pmoia mpuMepa KpHCTALI KyOMYECKOH CHMMETDUHH.
Ilycrs cucreMa KOODIMHATHHEIX OCeil COBIAMAeT ¢ OCAMH BpaIieHMA
gerpepToro nopsagxa C,. CoBepmuM IMOBOPOT CHCTEMBI KOOpPAMHAT HA
90° Boxpyr ocm Z, Tak, 9To0H KoOpA@HATa r npeoGpa3oBatach. B
y', ay B — z'. KoMnoHenTH TeH30pa mpeobpasyloTcA KAk NpPOU3Be-
JeHUs COOTBETCTBYIOMHUX KoopamHaT. If09TOMYy KOMIOOHEHTH TE€H30Da
S, comepskamue KOOPAWHATY Yy HEYETHOE YUCJIO pas3, B HOBOil cucreme
KOOPAMHAT OYyAyT UMETh OPYroil 3HAK:

.
Szzxy g Sz'z’u'x' = - ‘Sz’z'x'y' nrT o[,

a BCe€ OCTaJIbHbIe 3HAKAa HEe M3MEHAT.

24



C apyroit cropoHs, mpeoGpasoBaHusd, BXO/AMUe B IPYNNY CHM-
MeTpMM KDHUCTAJIa, He MOTYT MEHATH €r0 CBOMCTB: Sagys = Sa'gvs’-
IloaToMy BCe KOMIOHEHTH TeH30pa S, colep;Kamue HHAEKC Y Hedyer-
HOE€ YHCJIO0 Pas, PaBHH HYJIW.

AHanOruuHOE yTBEP)KICHHE I MHICKCOB X W Z JIETKO JOKA3HBa-
eTCA IPYW PACCMOTPEHHM BpAMmEeHW# OTHOCHTEIbHO ApPyrux oceir C,.
Takum 06pa3oM, OKa3HIBAIOTCA OTIHMIHHIMH OT HYJA TONbKO 12 KoM-
mMOHEeHT S-TeH3o0pa:

Sllv S22v S38: ‘544’ SBB’ SOGt

S12$ S231 Ssh S211 S32’ Sls'
I[anee, B CHIY Ry6nqecxoﬁ CHUMMETPUHU KPHCTAJJIUIECKOIO0 II0JIA
HamnpasjaeHuda x, Y, U z DOJIKHEBI OHITH (1)1431’1‘160!(?[ YKBUBAJIEHTHH. JTO

03HAYaeT, 4TO MEKAYy HEePABHEIMH HYJI0 KOMIOHEHTaMH S-TeH30pa
IOJPKHEL CYIIECTBOBATH COOTHOINEHMSA

811 = Sag = Sss, S1g = Sps = Sy, (5.6)
Saa = Ss5 = Ses, Sy = 830 = S1s.

Ncnonp3ysi, kKpoMe TOro, paBeHCTBa (9.4), HAXOAUM, 4TO HE3aBUCUMbI~
MH ABJAITCA BCEro TPH KOMIIOHEHTH, a MaTpuna S,g MMeeT BHJ

(5.7
Su S1e —@u+S8e) 0 0 0
— (Suu+ S12)  Su S1s 0 0 0
S1s — (811 + S12) Su 0 0 0
ISI=] o 0 0 Sa 0 0
0 0 0 0 Sy 0
0 0 0 0 0 S

IpemmecTByomee paccMOTPEHHE OTHOCHJIOCH K KJIaccaM CHMMeT-
pua T n T, wyOumueckoili rpynmsl. [{omONHUTEIbHEIE DJIEMEHTHI CHV-
merpuun B Kiaaccax [Ty, O m O, m03BONAIOT BHIPASHTh Sy, uepe3d S;;:

S1s = — Sy3/2. CaegoBaTenpHO, B KpHCTALIAX 9STHX KJIACCOB S-
TeH30p 00Jafaer TONBKO [BYMA HE3aBHCUMEIMH KOMIOHEHTAMH:
Sll n S44

Marpuns || S| AusA pasIMYHEIX KIACCOB TOYEIHBIX TPYIII CUMMET-
pun moayuénsl B paGore Jo6Gposa [4]. Ouu mpusemensr B Ilpumosxe-
mnun B.

Comocrasienue omeparopa #Ey, DPACCUMTAHHOTO HA OCHOBAHWE
TO4EYHOH MOJeNH B3aMMOAEHCTBHA sPA C MOHAMM TOIBKO HepBOH
KOOPANHATMOHHON cdepnl (4,9), ¢ HeHOMEHOMOrHYECKUM OLMEePATOPOM
(5.3), (5.7) mo3BossieT BHIPABUTH KOMIOHEHTH S-MaTPUIE Y€pe3 MHK-'
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POCKOIIM4YEeCKNe mapaMeTpHI:
—_ Sll = 2512 = Lg44 == [_I:h(l)Q = 12TQZ3200,- . (5.8)

IIpuBemeM BhHIpasKeHHS olepaTopa ﬁt’Et I OBYX YacTHHIX CIy-
9aeB, COOTBETCTBYIONWX OPHUEHTANWV MAaTHUTHOTO IIOJIfA, a TaK:Ke Ha-
NpaBieHNI0 MOJAPH3AIMHE M PACIHPOCTPAHEHHS 3BYKA II0 OTHOMIEHWIO
K KPHCTAINIOrpadu9ecKUM OCAM, KOTOpPAs MCIOIH30BANACH NPU DKC-
nepuMeHTAIbHHX HcciaegoBamusax fIAP B kyOuueckuXx KpHcTajLjiax.

B onmitax Boseda u Mereca [5, 6], a Takmxe B apyrux mcciaemosa-
HUAX TPONONBHEE aKyCTHYeCKUE KOiIeGaHUSA BBOUMIMUCH BIOIbL OCH
BpaIleHUA YeTBEPTOTOo INOpAAKa KyOmdgeckoro Kpucranina. Ecam ato
HallpaBleHNEe OPUHATH 33 KOOPAUHATHYI OCh Z, TO €fUHCTBEHHOI OT-
JUYHON OT HYJIA KOMIOHEHTOo# TeH3opa mepopmanuit 6ymer E,, = E,.
Torga, cornacuo (5.1) u (5.7), OKA3HBAIOTCS PABHLIME HYJII0 BCE KOMIIO-

HeHTH TeH3opa V., =&pome V, = — 2V, = — 2V, = S;;E,;, a
oIIepaTop COMH-POHOHHOTO B3aWMOEHCTBIA IPUHIMAET BN
: Hs: = 5 ASuEs [BIE — 1 (I + 1)]. (5.9)

O6pasen; B sxcnepuMenTax Boaeda u Meneca moBopagmBajca B Mar-
HuTHOM moxe. Ilosromy ymoO6HO mpeoGpa3oBaTh CHMHOBYIO 4acCTh OIle-
paropa (5.9) or cucTeMBl KOODAMHAT, COBIAJAMEil ¢ KyOMIeCKUMH
OCSAMH KPUCTAJJIMIECKOTO MOAA %, I, 2, K 1a60paTOpHO# cCHCTeMe KO-
oppunar ¥, ¥, Z,0ch Z KOTOPOM COBIIaflaeT ¢ HaOpaBIeHHEM MarHWUT-
Horo mous. Bemmumma 315 — I(I + 1) ABaserca HyNeBOil KoMIo-
A ~
HeHTOi (),,, HeIPUBOAMMOTO TEH30PA BTOPOTO PaHTa (J2,), HOCTPOEHHOTO
13 npoeknuil Bekropa cumua (cM. IIpunoxenue A). Ilpm BpameHumax
TeH30p (J,,) Ipeobpasyercss TOUHO TaK Ke, KaK cdeprnIecKkne rapmo-
HUKM Broporo mopaaka. IIpoBemsa mocimemoBaTenbHO TPH JHIEPOBHIX

Bpamenus P, 0 u ¢, B 1aGopaTOpHOHN cucTeMe KoOopauHAT BMecTO (5.9)
TONyINM

fto =5 ASuEs :2_2 (— 1)?0s,0/2" ®, @), (5.10)
o= B —1d 11,  AO9 — 2 (3c0s*0— 1),
Qonr=7F ‘/% (T:I:Tz +71,71.), 10, 9) =:F‘/% sin 0 cos fexi®,
'(.52. e = l/gﬁ_u 220, @) = —;—l/%-sinseeim ,

rae 0 — yroa Mesxqy HAIpaBIeHHEM PacIpPOCTPaHEHHS 3BYKA M Mar-
HUTHBIM IIOJIEM.

B sxcnepumente Teitnopa u BiomGeprena [7] mpoponbame arycTu-
yeckue Kosebamnsa BBommiauch B Hampasienud [110] mo orHOmeRHO K
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KyOugeckuM ocam Monoxpuctajma NaCl, xoropoe mpumuManzoch 3a
ocp T mabopaTopHOil cAcTeME orcueTa. MaruuTHoe mose (ochk Z) Gbu10
OpPHEHTHPOBAHO MEPHEHAMKYISAPHO HANPABIEGHHIO PacIpoCTpPaHEHUA
sByka mop yraom [0] k mampasmenuo [110].

B measx wmuniocTpanmuu gpPyroro OyTH HAX 07 /ICHHU L oIepaTopos
¢NUH-QOHOHHON CBA3U BHBOJ omepaTopa Fg:, COOTBETCTBYIOINETO
omniTy Teitsiopa u BioMGeprena, Gymer IpoBefeH METOLOM, KOTOPBLA
daKkTHUECKM sABIAETCA OOPATHRIM MeTOAY, UCHOJb30BAHHOMY NpH
BEiBofte Bhipakenus (5.10). .

B skcmepumenre [7] o6pasen mogseprajicsa medcTBUIO 3BYKa YOBO-
eHHOM JacToThl JlapMopa s Bo30yKEeHUA mepexomoB ¢ Am = - 2.
Taxue mepexos Bo30yRIAIOTCA TOR JaCTHIO DIEKTPHIECKUX KBALPY-
HNONBHEIX B3aumMojeiictBuil (2.6), KoTopag B cHCTeMe KOOPAMHAT C
0CBI0 Z, TapajienpbHOii MATHATHOMY IIOJIO, IPOIOPIMOHAIBHA OIe-

paropy I%- B maGoparopHoii cucreMe oceit ¥, ¥, Z aTa 4acTh OIepPaTo-
pa (2.6) mmeer Bump !

~ 1 ~ .
Gt = o AT (Vas — Vg T i2Vay). (5.11)

B cucreme koopmuuar Z, Y, Z TeH30p MpOUBBOAUMBIX 3BYKOM [Ie-
JdopMaIuit uMeer OXHY OTIWYHYIO OT HYNS KOMIOHEHTY E.,., min E;
B o6o3rauenusx Dorra. IlosToMy He paBHHIE HYII0 KOMIIOHEHTHI TEH30-
pa TpafiueHTa DJIEKTPUIECKOTO IOJNA PaBHHL

7= S7zET. (5.12)

Temeps 0CTaNOCh TOABKO BEIPA3HTh KOMIIOHEHTH! S~1; (a=1, 2, 6)
TeH30pa AMHAMUYECKHX KBAJPYIOJbHHIX B3aUMOREHCTBUII dYepes ero
KOMIIOHEHTHl B CHCTeMe KyOuuecKuX oceil zyz kpumcraiama. Ha puc. 2
n306parkeHo moyoenne nabopaTopHOR CHCTEMH oTCIeTa ZYZ HO OT-
HOIUEHHWIO K KPUCTAINWIECKAM ocaM xyz. CoBMelneHNe 3THX KOODHAU-
HATHHIX CHCTEM MOKeT ObITh OCYMECTBJIEHO IYTeM 3iIePOBHIX BpaImme-
HUi Ha yroae ¢ = 5/ 2 m 0. Marpuma nmpeoGpasoBaHuA JEKAPTOBBIX
KOOpAMHAT [JIA TAKHX BpameHWii paBHA

1/V2 11V2 0
la| =| —sin®/y2  sin6/)2  cosB|. (5.13)
cos8/Y2 —cosO/Y2 sind

Hemnocpencrsennsiii pacaer mo ¢gopMmyie mpeodpasoBaHNA TEH30DOB

STETT = D GaT0gEAT5% Sapys,
a,B,y,5=x,,z

1 Oneparop TaMuipTOHA — WHBApHAHT TPYyNNH BpAIleHWA, MOO3TOMY OH
¥IMeeT OJVMHAKOBHI BUJ BO BCeX CHCTeMaX KOODAHWHAT.
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P uc. 2. Pacnonoxenne oceli Koop-
nauHAT Ja6OpaTOPHON cucTeMbl a:yz
M KpUCTalIa ®y2 B DKCHEPUMEHTe [7]

Tie a,; — dJeMeHTH Marpuisi (5.13), maer

STT=%‘S11+S44, Nees =—Su(3c0529———2)——544sm 0, ST¢=0.
(5.14)

ITopcrapaas (5.14) u (5.12) B (5.11), oxoHYATEABHO IOMYyYaeM

WD =+ ATLSuEz [5444 2+ (gﬁ ——-Z—)sm’ﬁ] (5.15)

B Tex clIyyasax, Korga KBanpynoanmﬁ MOMEHT sAapa MaJj ujau COoB-
CceM OTCYTCTBYET, aKyCTHUYECKUe Kouebauus MOryT BO3JIBI7'ICTBOBal‘b Ha
AOPO 9epes3 ero MarHATHBHIA MOMEHT. OnepaTop TaKorI'o BBaI/IMOJIeI/ICTBPIﬂ

moJi3keH OHTH NPONOPIMOHAJNEH KOMIOHEHTAM CIMHA 1% pacemarpu-
BaeMoro sapa. TakuM mpAMepoM MOKeT CIYKATH OLEepaTop CHuH-o-
HOHHOM cBA3U (4.12), 06ycioBmeHRHI AUIONb-AUIOIBHEIMII B3aNMO-
neiictBuAMu. (DEHOMEHONIOTMYECKH OHO MOKET OHITH NPEfiCTaBJeHO B
dopme
N
=2 D FigaSiEs (ry), (5.16)

<
i=1 a,B,v,5=x,y,2

rge Sh — G-KOMIOHEHTa CIHHA cOCegHero (j) Afpa WM SJIEKTPOHA.

§ 6. BeposarnocTi mepexonoB MeKAY CHUHOBBIMHU YPOBHAMU
nof ReficTBHEM YIbTpasByKa

B xBamTOBOIl MeXxaHHKe IIOKAa3pIBaCTCA, YTO BEPOATHOCTH ’nepexoua
MeXy YPOBHAMU M W N HOL HeﬁCTBHeM OepuoaMYeCKU 3aBUCAMEro OT

BpPEMEHH BOBMyINeHus F; = H* cos wi cuMMeTpHYHA 110 MHACKCAM
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m u n u pasaa [8]

ga (V) Ay
Pl =5 | Cbm | | 9> P, (6.4)
rge ¥,, m ¥, — coGcTBeHHEe YHKOUM yPOBHEH dHEPrud m W R,

ga(v) — HOPMaJIM30BAHHAA dopmMa TmMHWU nepexoma m = n NIA AaH-
HOTO BO3MYINEHHUS 5.

Ilormomerue 3ByKa B BelecTBe YHOOHO XapaKTepuaoBaTh KodPdu-
H{eHTOM MOTJIOMEHNs ¢, PABHHIM OTHOWMEHUIO 9Hepruu E,, HOTJIOMmeH-
HO#l B eUHUIY BpPeMeHW B €IWHUYHOM o0BEMe BemecTBa, K MOTOKY
sEeprau J, OPOXOAAMmEMY 8a TO jKe BPEeMsA Yepes IIOMANKY B 1 cm?,
PACHIONIOKEHHYI0 TEPHeHAUKYJASPHO BOIHOBOMY BEKTOPY B3BYKa:

hwAn “,‘ wAn. g ( v)
=B = = S S | O H P (62)
?dvaEg

3mecy v u E; — uacrtora sByka u ammautyna mepopmamuu, du v —
NJIIOTHOCTh BEM[ECTBA M CKOPOCTH 3BYKA B HeM, An,, — u30HTOK
Aiflep HA HIDKHEM W8 yPOBHeil B eUHNIHOM 00beMe, iw — KBAaHT 3HED-
Ml akyctudeckux KoxeGamumit. OnpepfeneEHH TaKEM o06pas3oM
K09 PUIIEHT MOTJIOMEHNsA 0 MMeeT PasMepHOCTh cu ™}, a PmanmuecKui
CMEICJI €T0 COCTOUT B TOM, 9TO o0paTHad ero BeIWYMHA 0 ' YKa3hBaeT
PACCTOfAHME, IO MPOXOKICHMIO KOTOPOTO 9HEPIHA aKyCTIHIECKHX KOJIe-
Ganuit yOuBaer B e (~2,73) pas.

HosdpduiyenTs: akycTHYeCKOT0 NOTJIOMEHUS TPOJOIBHEIX M IO-
IIePeYHHIX AKYCTHYECKHX KOoNeGaHWil, PacCIHpOCTPAHAIOMUXCA HPOHU3-
BOJBHHIM 00pa30M 110 OTHOIIEHHIO K TJIABHEIM OCSAM KDHCTAJIa KyOH-
geckoit cummerpuu (kiaaccel Iy, O u Op) m B3auMOfefiCTByIOmMUX ¢
ANPaMH TOCPEACTBOM MONYJISIHMM 3IEKTPHIECKOH KBAAPYIOIbHON
9HEPrAM, PacCYUTAHHI B pa60Te [4]. Amamornummnie pesyun’ra’rm s
KDHCTAJIJIOB TPHTOHANbHON cuMMeTpuu (Kaaccsl Cg,, D3, Dgq) moay-
ueHsl B paGore [9]. Huxe GyayT mpoBeens BHUMCIEHAA KO3 U IHeH-
TOB O AJfA HECKOJBKHUX YaCTHEIX CJIydaeB, KOTOPHE MOHAmOOATCA B
JaNbHeHNIeM A aHanu3a ONBITHBIX TaHHKIX.

CnerTp CHUH-CHCTEMBI A7lep KYOGHYIECKOro KPUCTAJIA ONpEefelser-
cAl B3aMOJIEMICTBUEM C BHEIIHNM MArHUTHBIM mojieM. CIIMHOBEE yDPOB-
HHU 3Hepruy B MarHATHOM moJe H, pasfeneHs OJWHAKOBHIMEH dHepre-
TUYeCKUMH WHTePBAIaMu Yalily = Aw, ¥ ONMCHBAITCA coGcTBeH-

uoMu Gyrrmuama y(f, m) oneparopa I,
PaBHoBecHOe pacmpenenenre Agep MO0 CIHHOBHIM YPOBHAM JHEp-
THH COOTBETCTBYET CTATHUCTUKE BojbiMaHa:

-E - k
Nm —- Ne m/kT/ 2 e Em’ kT — Nem”“"’/”/ 2 emhmo/kT’
m m
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rge N — monHOe uducao sAmep, I' — TeMmeparypa KpHcTajuia, k —
nocrogEHan BoabsimMana. Bce maMepenns samepHOTO pedoHaHCa 00BIY-
HO IIPOBOJIATCA B YCIOBHAX, KOTMA fiw, << kT. IlosToMy pasHOCTD 3a-
CeNIeHHOCTe# yPOBHEH ¢ KBAHTOBEIMU YHCIIAMH M U M — ¢ MOKHO CUH-
TaTh PaBHOI

N 1 20]
Ang =N, — Np, m-q =457 kT? (6.3)
(2 4+ 1 — umcno CHMHOBHIX YPOBHEi 9HEPrHU Apa).

Omnepatop cnue-poHOEHOH cBA3u (5.1C). coorBercTByIOmMUM ycio-
BUAM onbiTa Bomepa m Meneca [5, 6], umeer 1a ¢ymxmmax y(I, m)
OTJIMYHEE OT HYJIA MATPUYHbIE DIEMEHTH JJIA NePeXOoi0B MeKIY ypPOB-
HAME m u m -+ 1, a Taxyke m u m -+ 2. IT0 03HAYAET, UTO PE3OHAHC-
HEE Tepexois Bo30yXmIanTcsa, KOIla 9acToTa yJabTpasByKa o mpub-
NIKAETCA K g UIH 2W,.

Ilna HaxoKMeHHS HTUX BEPOATHOCTEH mepexoja MONCTABUM Mar-
puunbie 31eMeHTH omeparopa (5.10) B (6.1):

g ASZEZ | 26 :
Pfrl:,m-q = 558 +8 sin? (_q—) Efzn. m-g8q (V)s
s = @ — D2 (T £ m) (T F m 4 1), (6.4)

Eomg=L+m)I£m—1)IFm+2)(I 5 m+1).

3neck gq(v) — dopMa JMHHU aKYCTHYIECKOTO PE3OHAHCA C IPABUIAMU
orbopa Am =gq.

s nonyuenus Kod¢PUINEeHTOB NOTIOMEHNA JOCTATOIHO MOJCTa-
Buth (6.3) m (6.4) B (6.2) u mpocymmupoBats mo m or 1 mo —1:

024252

52 |
60 = o I (I + 1) (2L —1)(2I + 3) 2L g (v) sints (%) . (6.5)

520

rne ¢ =1 u 2.

Koapdunuent mnormomeHns ¢, B MOHHBIX Kpucrajnax tuma KJ,
KBr, NaJ wu 1. 1., cormacHo uamepenuaM Bonaeda u Meneca [6], nme-
eT NOPAMOK Bemuuunbl 1078 eyt

BripaskeHue miisg akycTUYECKON BEPOATHOCTH Iepexoja, Bo30yKaa-
eMoii 3ByKoM B ombite Teitnopa n BaomGeprena [7], nerko momyuurs
us (6.1) u (5.15):

3 AS|E - ~(r)

S
Phy, sy, = P%y, s, = 1w [z + —S:i +
+ <E_ 'z) sin e-l g2 (v), (6.6)

rae E~~ (r) — ammuuryna axycruueckoiil megopammuu  E~~ (f) =
= E 75 (r) cos ot B TOUKE T.
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BeposaTHOCTH IEpEX0J0B MY CIUHOBHIMU YPOBHAMY ANpA, BHI3-
BAaHHHX AKYCTAYECKHM BO3MYyIMIeHMEM ero MAarHUTHOTO JAUIIOJILHOTO
B3aMMOJIEACTBAA ¢ NMAPAMATHATHHEIMU OpuMecaMu, cormaceo (6.1) u
(4.14), pasHa

PA oy = 15 THASIER. (M) ma D/ (P O3 @) . (B.7)
J

2
mmsr = (I £m) (I F m+ 1),
]

o2 S‘ 2 2

rre S;= 2 my=3S8(S+1)/3— cpennee snauenne S;, m, —
my=— 8§ '
MarHuTHOE KBaHTOBOe uncio »3iaexkTpona. CymMuposaume B (6.7)
o j mpocTMpaeTcsi DO BCeM IlapaMarHUTHHIM IIeHTpaM oGpasma.
Ipu6amsxenno V)| f|* Moser Gurs samemena Ha N, |f[t, rae No—
i

9uCciI0 TapaMarHMTHRIX IIpuMeceir B ofOpasie, a | f[2 — cpenHee
snavenve |f[?>. B mpeAmosnoKeHNN OFHOPOXHOTO PACHOJOMKEHUS TIPH-
Meceit mo o6veMy V oOpasma mmeeM

N . L3 ' 2n
No TFF = 32§ rhdrissin 0303, § dgin 7 (7, 031, @00 P =
0 0 .

0

328 m 0
=315 o Vo (6.8)

Ile @ — NMOCTOSHHAA pemeTk:, Ny — UMCI0 NapAMATHUTHHX HO-
HOB B efuHUIle o0BeMa.

Hdpyroe mpubnnixeHne COCTOUT B TOM, YTO BMECTO CYMMBI IO j
paccMaTpMBAETCA B3aMMOJENCTBHE TONBKO ¢ OJHHUM OGuusxaiflluM uo-
HOM, PacIOJ0keHHEIM Ha HEKOTOPOM CpefHeM paccToAHuu R — |NJ |-
Takoit moAXOX BO3MOKEH BCIeACTBHe Toro, uro |f|[? 6Hc'rpo
yObIBaeT ¢ pocroM rj.. llpm He cammkoM GonbIIMX KOHIEHTPALWMAX
NJ ManoBeposATHO, uTOGH Ha fAPO 3aMETHOE BIMSAHME OKA3HIBAIM
Golee ymaneHHbIe MOHB, 4eM OmKaiimil, cpegHee paccTosHHE [0
Koroporo paBHo R. O6a mpubansKeHUs [Al0T COBIAJAIOIIYE O MOPAL-
KY BEJUYMHE Pe3YJIBTATHL.

TTopcrasasin (6.8) B (6.7), oKOHYATENHFHO HAXOAUM

41 - ] .
P, moy = g YaYah®a™S (8 + 1) EiNaga (V) nmos . (6.9)

BriuncauM Taxyxe BepOSATHOCTh CIIMHOBOTO Iepexoma my <> m, — 1
Anpa k mpU aKyCTHYECKOH MONYMAIMH €r0 MAarHUTHOTO MUIOJBLHOTO
B3aHMOJEHCTBUA C COCEJHUMHU SAPAMHU, COCTABIAIOMUME PEryIAp-
Hylo pemerky. Paccmorpum ryGmueckmit wpumcramn tuma NaCl, u
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uycTh offHa W3 ero Kybuueckux oceil (Z) opueHTHpOBaHA BHOAb MHO-
CTOSHHOTO MAarHUTHOTO moud. Ilycrb BRoab apyroil kybuueckoit ocn
z BO30YHAATCA NONepeYHHe aKyCTHIeCKHe KoaeGaHWs, IOIApU30-
BaHHBIE B HANPAaBJICHUH 2. ,[[Jm 9TOTO caydas, coraacHo (4.7), (6.1)
m (4.11), umeem

972 2}‘zzE g, (V) @
pa mk-l——"f—ﬁ%zm Mgy m3 | 5T | mog — 1, mipay

i (B3 — 033
X{ ik Jkﬁ ik }
rjk
9h*12g, (v) s @k + k)
— kba 2 onzZT m 2 ik\"ik ik

16 m m-=1 r1°
ik

0
Bz X

B cuay Gpicrporo yOnBaHUA Baanmoneﬁcmnﬂ (4.11) ¢ pocrom ri
OrpaHAYHEMCA HPU BHYUCICHHH CYMMH 0 j OamalmuMu cocemsaMu,
KOTOpHIE HMeloT KoopauvaTH (4 a, 0, 0), (0, 4-a, 0), (0, 0, -+ a),

3 7% T in?
Pmk, mk_l 8 i EOxZIJ (IJ + 1) Tl’mk My ga (V) (6°10)

rae Egx, — ammmmryma medopmamum, _n_zf = %—I i(;+1).

Bruncierne BepoATHOCTEN IepPexomoB, OOYCIOBIEGHHHIX TEM e
B3anMojeificTBUeM, HO C APYrUMH mnpasmnamu or6opa (Amy =1,
Am; =1 nmm Amy =1, Am; = —1 u r. f.), Malxo oTIMYaeTCA OT
NPUBEJEHHEX BHIIIE.

Orromenue sepositaocteit (6.9) u (6.10) paBHO

2
P4 (mo (6.9 nl g3 Av .
— ( (6 13) ~1,6 —zﬁ_A 2, (6.11)

(mo (6.10)) Py Va
rme Av, u Avi — mupurn aueuit SIAP B oTcyTcTBMe W mpm Haam-
Yypy TapaMarHUTHHX IpuMeceil. _

Hannune mapaMarEWTHHIX IpUMecedl He YBENIUUMBAET CYIIECTBEH-
Ho BepositHOCTH (6.9) MHZYIUPOBAHHHIX 3BYKOM CIOMHOBHIX II€PEXO-
I0B, HECMOTPA HAa TO, 9TO MATHUTHEI MOMEHT IIPUMECH W, B CPELHEM
B 1000 pa3 Goublme AAepPHOTO MOMEHTA |g. ITO OGBACHAETCS NBYMs
npuyuHaMu: GOJBIINM CPENHUM pACCTOSHHEM OT AApa A0 TPHMECH
R — (N3 u 3HaudTeNbHHMH yumpeHuamu muami AP Av3,
MpPOU3BOAUMEMA IpuMecAMu (cM. § 22).

Tlose3H0 CPaBHUTH BEPOSATHOCTH aKYCTHYECKUX IEPEXOIOB MEKIY
CIUHOBHIME YPOBHSME OJHOTO U TOTO K€ SApa IPU MaTHUTHON JUIIONb-
HOW U 3JIEKTPHIECKON KBAJPYIONbHON CBA3M COMHOB €O 3BYKOM. Ote-
HuUM oTHOomenue BeposarHocTedr (6.10) u (6.4) mas samep co cnmuHOM
5 B TIPEeANoJIoKeHNY, 4YTO MAPUHEE JUHUH B 000X CIydasgX COBHAga-
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T 1 0 =n/ 4

‘DA
(S8
M. X

™

PA )
( T ML 3. K.

\mk

Tk‘h
e

WL+ ) (6.42)

HIpr 9y~ 7y; =2n - 10° pad/cex, Q ~10"% cu?®, ormOme-
Ene (6.12) oxasmBaerca paBERM ~ 3.107¢I;(I; 4 1)yg, oTkyna
BHJHO, 9YTO BEPOATHOCTh AHIOJAB-AAIOJBLHOTO AMEPHOTO Iepexofa
3HATATENbHO MEHBIIe KBAJADPYHOJIBHOH BEPOATHOCTH.

B panbHeifmeM raxe mMOHAZOOMTCA BHpAa’KeHWe JiIA BEPOATHO-
CTefi IePexofoB MeK[y YDOBHAMY S/EPHOTO CHEKTDA 3eeMaHa, BEY
3BAHHHIX NEepPeMeHHHM MAarHEUTHHM moxeM 2H, cos ot

P o = %ﬁHinﬁ.,m_l sin®6g,, (v). (6.13)

3mech gy (1Y) — dopMa IMHME MATHATHOrO pesoHaHca H 0 — yrox
MEK(y IHOCTOAHHKIM ¥ IEePOMOHHKHM MATHHTHRIM IIOJIeM,

§ 7. ®ononni. IIpomecch CHMH-pemIeTOuHON pelaKcaman

B ¢$eHOMEHONOIMUECKAX BHPAKEHHWAX ONEPATOPOB CHHH-GOHOHHOMN
CBASH, PACCMATPHBABIIXCA B § 6, H6 KOHKPETH3WPOBAICA HCTOTHHAK
AedopManuit, HOATOMY OHE MOIYT HCIOXb30BATHCH VIS ONMCAHMA B3a-
HMOJSHCTBAA ANEP C TEILIOBHM JBAKEHHOM DEIIeTKH, T. €. [JIA H3y-
JeHHs IPOIECCOB CIMH-DEMETOYHOH perakcammu. Hymmo nums Haii-
TH HPOMSBOAUMES TEIIOBHM JBHK6HHEM NegopMamum.

BecmopAmoIHLIe TEIUIOBHE CMEMEHHs ATOMOB DPEIeTKH TBEpOro
TeJa OKA3aJ0Ch BOBMOKHHEIM DABIOMATH HA CYMMY TAK HA3HBAEMEIX
HOPMAaIBLHEX KoneGaHH{, WAEHTHYHHX KONeGaHMAM TIapPMOHMYECKHX
ocmmaiorpagos. B TeopmEm TBepmoro Tena IIOKABKBAETCA, UTO G-
KOMIoHeHTa cMemeHHA U,(r) Ipon3BOILHOR TOYKE I KPECTANIA Hpef-
CTABJIAETCA B BH® CYMMH HOPMANBLHEIX KojeGaHWil ciemyomum 00-
pazom [10]:

Us(r) = 1/ %2 o hepa (9, + gi) cos(pr + Ap),  (7.4)
. P

Ile P — BOJIHOBOA BEKTOD HODMAJIbHOrO KOJeGaHWA YaCTOTH @p,
¢pa — O-KOMIOHOHTA BEKTOPA HOIADH3ANUE ey, Ap —npomsBoabHAA
$asa HOpManbHOrO KoNeGaHHA P, §p B Jj — DPMATOBO-CONPAIKEH-
HEE OmepaTopH HODMalbHHX KoxebaHmil, M — Macca BCero KpHC-
TajIa.
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KangoMy Tuny KonebaHUE COOTBETCTBYET PEIIETOYHHH OCIUINA-
TOpP 9YacCTOTH ®p ¢ HAGOpOM SKBHAMCTAHTHEIX YPOBHEH SHEPrum

Eny = hop (np + *a), /

rge np — 0, 1, 2... — xBaHTOBOE wHcHO ocmuiiaaropa p. Hampomy
noneﬁaTenLHOMy YPOBHIO SHEPTHAH En npnnan.uemm' cobcTBeHHAA
¢yErnus |np|. OtE dyEKODUE BMecTe C onepaTopaMn gp M §§ ompene-
JIGHHl. TAKAM 00pa3oM, 9TO €IAHCTBEHHHIME OTJIUYHEIMA OT HYJS Mar-
PUYHEIME 3JIEMEHTAMH SBIAITCSH

(np|d,Imp+ 15 <np + 1| g5 |np> = Vmp + 1. (7.2)

IIpuaATO TOBOPUTH, YTO B KPHCTAJIE HMEIOTCA Ny KBAHTOB AKYCTH-
geckuX KoinebaHWit WM Ny POHOHOB C BOIHOBHM BEKTOPOM P, Kor/zia
OCIIJIATOP P HAXOAUTCA,; HA yponne En, = hwp(np + 1). U3 cBoiicT
MaTPUYHEIX 9I€MEHTOB OIIEPATOPOB § U §* BEAHO, 9TO II€PBHIA IEPEBO-
OUT OCIYIIATOP U3 cocTosiEMsA |n -+ 1) B cocrosHume |n), T. e. yHHU-
qTOKaeT ofjuH $OHOH, a BTOPOH, HANPOTHB, IEPEBOUT COCTOSHNE |n)
B cocTosfHME |n - 1), WIN HOpOsKmaeT omdH GoHOH. B coorBercTBHT
C BTUM OIEPATOPH § ¥ ¢+ HA3KBAKTCA ONEPATOPAMH YHUYTOMKEHUS W
poaeHns (OHOHOB.

DoHOHH NOJYMHAIOTCA CTaTHCTHKEe Bose, m, ciaemoBareiIbHO, Cpel-
Hee ymcao (OHOHOB THIA P B KpHCTaxiae mpu TeMmmeparype I paBHO

{npy = {exp%’ — 1}_1,E (7.3)

rae k — mocrosnHas, BoabmMaHa.

Eme oHO# BayKHOH XapPAKTEPHCTUKON TENJIOBOIO JIBHKEHHS KpH-
CTaJIIOB ABNAETCA YHCIO0dZ(®) PasIMIHKIX THUIOB HOPMAJNBHHIX KoJe-
GaHMil, 9aCTOTA KOTOPHIX JIEIKUT MOKIY @ U ® -+ dw®, a BOJHOBOM BEK-
TOpP HAIDaBJEH B TelecHHH yrox . 9Ta 3amada pemieHA TONBKO s
HECKOJIBKMX NpocTedmux tumoB pemerok. CymecrByer, ogHAaKo, X0-
pomumii npubmusxenanin MeTox Jlebast, B KOTOpOM KoJeGaHUSA KpHCTal-
Jia pacCMaTPUBAIOTCA KaK KoNe0aHWA HEIPEPHBHON CPesi, & CKOPOCTE
pacopocTpaHeHUA Koie0aHmil ¥ CUNTAETCA He 3aBHCAMEH OT BOJIHOBO-
ro BEeKTOpa M Nojspusanmu Konebammit. B sToM npubnm:xenunu

dZ(0) = p(w)de, p(o) = 3Ve?2n%?, o < op, (7.4)
a CBA3H BONHOBOIO BEKTOPA C 9aCTOTOM [[A€TCS BHIPAKEHHEM

1
0p=—|pl|, e — =—?+—t—
3

¥, ¥ V;, — CKOPOCTH IPONONBHEX W HONEPEYHHX KoaeGaHW#l, wp =
= kO / 7i — npenenvHad wactoTa KoneGamuit, 6 — remmeparypa [le-
6asi, @ — NOCTOsAHHAA pemeTku, V — o6beM Kpucraiia.
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ITosesHo 0TMETHTD Pa3iMYUA B CBOMCTBAX TEINOBHX M BHHYKICH-
HHX KojebaHmii pemerxu. IIpesxae Bcero oGpamaer BHEMaHHE OTCYT-
CTBHE y TEIIOBHX (OHOHOB KOT€PEHTHOCTH KaK INPOCTPaHCTBEHHOMH
(Bce HampaBIeHWsA P DPAaBHOBEPOATHH), TaK M BpeMeHHOH ($asu Komde-
Gammit A, mpomsBoxbHH). Jlamee, 9Heprma TemaOBHX KoaeOaHmil
paccpefioToueHa MO BCEMY YaCTOTHOMY CHEKTDPY 0T HYJEeBOH 9acTOTH
no upepensroir wacrorer JleGas wp ~ 10 pad/cek, B To BpeMA Kak
BBOIMAA B KPUCTAJI aKyCTHIECKAf SHEPIHA OOHYHO JOKAJAHSOBAHA
B focTaTo9HO ysKoil momoce Aw < 10% pad/cex. Bayrpn 9T0it moio-
CH YHCIO KOrepeHTHHX (OHOHOB B MHJIJIHAPAH Pa8 IPEBOCXOAHT
9HCIO0 TEMJIOBHX OHOHOB B TOM K€ YaCTOTHOM HHTepBajae. Hampumep,
B Kpucrajae ooseMoM B 1 cu® B momoce Aw = 10%pad/cex Ha wacrore
® = 107 pad / cex mpy KOMHATHON TEMIEPATYPO CONEPKATCA

Ni = 710 (0) A0 = 5520 Ay ~ 40°

TemnmoBHX GorOHOB (mpu v =~ 3.10° cm/cex). Unmeno KOrepeHETHHX aKy-
CTHMYECKAX KojieGaHWil TOM ke JacToTH B 1 cx® BemecTBa mpm aMIIH-
ryne KomeGamuit A, ~ 1078 cx pasHO

Ny = -5 dA30® | o =~ 21015,
re smeprusa B 1 ca® U =1/, Ajo? (mrorrocTs Bemectsa d B3aTa pas-
HOH 2). ‘

IedopMarmsa, OpousBOAUMASA TeIIOBHIM JBWIKeHHEM B TOUKe T
KpHUCTAIIa, PaBHA

Er ) "
Eep(t) =— V/ 2 322 (g, + q2)sin (pr + Ap) {egs, Mg}, (7.5)
p
rme

{eper Mg} = (eps Ao+ epp)y A=D/|p.

Wcnonpaya pesyabrathl § 4 m Bmpakenme (7.5), Aad JIEHEHXHOTO
mo jAedopMamuaM OIepaTopa.cHuH-POHOHHOH CBA3H HAXOJUM

FO () = Yy Sapys{Iala}Eaa =D HP (), (7.6)
P

«, B, v, 8=x, v, z
0 1) = Zha, t)sin (pr 4 Ap) X

X SaBYB {I,fp}{e,,a, Aa}. (1.7)

«Byd

BepoarHocTs mepexoma CHWHA AApPa ¢ HEKOTOPOTO YPOBHA m
Ha ypoBeHR m' UOJ BIUSHHEM OfHOTO HOPMAJXBHOTO KoJeOaHAA P
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pasHa [8]
Y ST -
U%Zn' = '2|<m ’ nplgfg)(t\)lm' nP>I26(Em +Eﬂp_E’"'—En;,) =

h
28 myng+ 1| D (1) | 70, 1y (20 (BOmme — Fiop)
npu E, En,
1 o n=> | (7.8)
TI (m, np — 1 IMD (t) I m'a nP> |26 (h(‘)mm' - h‘ﬂp)
npu E,, < Ep,

I8 Omm: = B YE,, — Em') — paccrosiEne My COMHOBHIMH yDOB-
HAMH 9HEPTUM B YaCTOTHHIX ENUHALAX.
ITonp3ysace meGaeBCKoO# CHEKTPATBHON INIOTHOCTHIO P(®) HIA CyM-
MADOBAHAA JEHCTBHA BCEeX TUNOB KoJjeGaHMil, HAXOMAM
©p
Wi = SUmm' (0p) p (@p) dadp =

2 ’ A’
= 250 (Omm) [ (', np, 1|y (2) |m, mp) 2, (7.9)

rge p, OIDEefeNAeTCa YCAOBHEM ©p, = Wpy,. llofcraBuM copa (7.7)
m (7.2) m mocne ycpepmenus mo dase A, maa Em > E,. mnoxywum

W 30),me 4
mmt = —z= [<np,> + 1] 44,

A =| D Seps<m|{Lalg}|m'y {ephs} f,  (7.10)

a, B, Y, 8

rpge d — IJIOTHOCTHL BEmECTBa, a YepTa CBEPXY O3HAYAET yCPeIHEHHe
0 HaIPaBJIeHHIO PACIPOCTPAHEHAA 3BYKA U €r0 MOJADU3AIMM.

EqnACTBeHHKEIM OTIAYAEM BEPOATHOCTH PEIaKCAIMOHHOIO Iepe-
X0fa ¢ HMKHEEro yposHa E,, Ha BepXHA#H K, COCTOUT B TOM, 9TO B Bhi-
paenmn (7.10)] Bmecto (np> + 1 oxasmBaerca (np). Takum 06-
PasoM, BHIIOJHAETCA COOTHOIIEHHE

W | Wy = eomm/iT (7.11)

Kak aTo B Tpe0yeTcs, COIVIACHO NPHHIUIY IeTAIbHOTO DPAaBHOBECHS
(cM. § 9).

dmepreruuecKoe PacCTOAHUE MeK[y CONHOBHIMA YDOBHAMHA Agpa
IIpaKTHYeCKHE Bcerja MHOro MeHbme, 9eM k7, moatomy

302 kT
Wk, =W, = Al%";_d . (7.12)



Bupasxerne (7.12) o6namaer obme#t AnA ogHOYOHOHHEIX Ipomec-
coB (IpPH IPOM3BOJILHOM MeXaHM3Me DeJaKCanud) JNNHEHAHON BaBHCH-
MOCTBIO OT TEMIEPATYPH M -KBAJIPATHYHOM 3aBECAMOCTBHIO OT YaCTOTH
mepexofa (0T MarEATHOTO WOJs, €CIM CHEKTD 9KBHAUCTAHTHHIN). BH-
paskeHze, crosdmee IOJ 3HAKOM CYMMH (A,), oIpefenserca MeXaHH3-
MoM penakcanud. OHO JaeT 3aBHCAMOCTH BEPOATHOCTH DEJaKCAIEOH-
HEIX IIePeXof[0B OT OPMEHTAIMH OCY KBAHTOBAHWA (IOCTOSHHOTO Mar-
HATHOTO IIOJIA) IO OTHOUIEHHIO K KPHCTAJIAIECKAM OCHM.

MaTpudHEEE 3J€MEHTH OT {IAJ g} ¥ CpEfHME 3HAYEHUSA {epy, As}.
JIETKO HAXOJATCA W JAIOT YHCIGEHHEe K0od(PUIUeHTH NOpAAKa emd-
muns. IlosToMy BenuunnEa A, ¢aKTHUeCKM ompefielisieTcA HE3aBUCH-
MuME KoMmoHeHTamu S-TeH3opa. Hoadpdumuentn AP moraome-
HUA O X BEPOATHOCTH PE30HAHCHHIX IE€PEXONOB IOJ AeHCTBHEM 3BYKa
PA (cM. § 6) rake mpomOPUMOHAJIBHE S2. ITOT PaKT mO3BOJAET LO-
Jy4aTh HHTEPECHEE COOTHOMEHN S MKy o uiaa P4, ¢ ofHOR CTOPOHH,

u WO — ¢ ppyroit [11]. TlogpoGHOEe TeopeTudecKoe W BKCIEPAMEH-
TaTBHOE MCCIE0BaHME Takoro poia Ommo mposepmeHo Jomoxo [12]
nas monoB Cr®+ B xopyapme. OfHAKO I AMEPHHX HapaMarHETHKOB
BT COOTHONIEHMS HE IPEeACTABIAKT GONBIIOro MHTEpeca, TaK Kak Be-
POATHOCTA CHOHH-DPENIETOYHHX pEeNaKCAIMOHHHX IepexofioB SAAep
OPAKTHYECKA BCEIAa ONpefeNAlTCcs IPOIeccaMu, OTAHIHHMEA OT pac-
CMOTPEHHHIX OXHOQOHOHHHX IIPOIECCOB.

OnHOQOHOHHHIME 3TH LPOIECCH HABHBAKTCA IOTOMY, 4TO Iepe-
XOf MeKAY CONHOBHIMHI YDOBHAMHI fApa CONPOBOKIAETCSA HOIJIOIe-
HAEM WIHN UCHyCcKaHmeM ofgHoro ¢gomona (cM. (7.8) um (7.9)). 3ro, B
CBOI0 OYepefb, CBA3aHO C MCHOOJIb30BaHMEM OMEPAaTopa, IPOMOPIAO-
HaJXBHOTO NepBOi cremeHwm TeH3opa pepopmanuu. Taxum oOpasoMm, B
PaccMaTpuBaeMoM IpPUOGIMIKeHAN DPEJaKCANEOHHLHE IEePEXOfH BH3H-
BAIOTCS TOJBKO PE30HAHCHEIMH (OHOHAME (Wp, = Wmm'), KOTOPHE
COCTABIANT HUYITOKHYIO 9acTh (JOHOHHOTO CIEKTpA.

B Teopmu cnmm-pemerounoit pemakcammu [13] morasmBaercs, dro
OnHOPOHOHHKE NPOMECCH HAYMHAOT HMrPaTh CYMECTBEHHYIO pOJb,
KOTJa BHIOOJXHAETCA YCIOBHE A, S kT. Ilpm ucmonbsyeMux cei-
9ac A CO3JAHAS COHHOBHX DACMEIVIEHHH MACHMTHHIX IOJAX 3TO
ycaoBue coorBerctyer temmeparype I' =~ 1° K pana amnekTpoHHHX
HapaMarHETHKOB U OPAGIMSHTENBHO B THICAYY Pas MeHbIIE JJIA Afep-
HEHIX.

IIpu Gonee BHICOKMX TeMIepaTypax AfepPHHIE PellaKCanioHHEE Hepe-
XOIH OOPefeNsa0TCA IPOoNeccaMn KOMOMHAMORHOIO pacceannsa $omo-
HOB, T. €. MEPeXOfaMHi MEKIy COAHOBHMH YPOBHAMH C OJHOBpPEMEH-
HEIM IOTJIOMEHNEeM OfHOT0 W UCOYCKAHAEM Apyroro JoHOHA, IPA ITOM
pasHOCTh Hepruu POHOHOB paBHA DHEPTETHUECKOMY MHTEPBATY MEK-
Ay CHUHOBHIMA ypPOBHAMH. ['aMUIBTOHHAH TaKHX HMPONECCOB IPOMOP-
OUOHANEH KBajgpary pepopMamum U MOKeT OHTh IHOJAYy4eH B TO-
9egroit Mopmenu, moao6uo (4.7), pasnoeHmeM B pAN IO CMEMEHAAM
Zi0 BTOpOro mopsaka mo U; geHOMEHOIOrHYecKn oH MOKeT G6HTh mpej-

37



CTaBlI€H B BHUJE

g"fﬂ)(t) = 2 GGBYSEﬂ{jGiB}EYﬁ Es-n- (713)

aByden=x, ¥, 2z

BeposTHOCTD TIEpexopa Anpa ¢ YPOBHA m Ha ypOBeHb m', COUPOBO-
maomasgcAa KoMOMHAmMOHHBIM paccesiaueM (oHOHOB copra p W p',
paBHa

v, — 2%2— [<m', np,—1, ny+ 1:%2(t)|m, Np, R PO+ 0p— @),
(7.14)

IMopcrasaas cioga (7.13), (7.5) u (7.2) u mcuwonb3ya miId CyMMUPOBa-
amA mo ponoHam npubiamxenue JleGasa (7.4), mocre ycpennenns mo da-
3aM HAXORUM
op
@ _ 94 ka1 T
mm = @apdet § (FOIT gy (FedkT 1) o, (7.15)
0

S Gapeen <N Ta} > {er o} {20, 0 Aa} |

aByden

w

A2 =5

I8 ®; = Opmm’ -+ ®, & YepTa CBepPXy o3HadaeT yCPeJHEHHe IO Ha-
OpaBJeHMAM pacHpocTpaHeHHsa u mosaspusanuu GoHoHOB. Bo Bxoma-
mait B (7.15) mATErpax OCHOBHOM BKJIAJ BHOCAT 4aCTOTH , OIMBKHe
K npemenbHOR wp =~ 102 + 10" pad / cex. Ha sroM ¢oHe MOKHO
npereGpeds AfepHOM PE3OHAHCHON 9ACTOTON Wmm/, TUNUTHOE 3HAYE-
aue xortopoit 107 pad/cex. B pesdyasrare sTOro moxygaeMm

Ko/n
R T

- S _0e T do.  (7.16)

9A4,J ¢
Je ( GPofRT 1)

r(2)
W imm: = (2nydz

IIpuGanxennoe BuuucieHNe HHTerpana Je faer

Jo = 720 (%)’ npr T <<6,
Je = -;—(%\)765T2 npu I'>6,

TaxuM o6pasoM, TeMIepaTypHAA 3aBIUCHMOCTh BEPOSTHOCTH PelaK-
CalMOHHOro0 mepexoxa W®) mo-cymecTBy, OMpeeiAerca COOTHOUICHMN-
em mexkny I u 0. BepostHocts W okasasnach He 3aBUCAINEH OT DHEP-
reTHIeCKOT0 WHTEPBANA MEKAY CUUHOBHIMH YDOBHAMH M, CIEIOBa-
TeJIbHO, OT MAarHATHOTO mojasA. IIpUYmHA 3TOTO COCTOMT B TOM, 9TO B
KOMOMHAIMOEHOM pAacCegHNM yJacTBYIOT He TOJXbKO pe3oHAHCHHE $o-
HOHH (Wp, = Opm’), & Bce POHOHH, KaK BTO OTYETINBO BUAHO M3 Ha-
auqusa B gopmyie (7.15) uHTErpasa mo cuexkTpy GOHOHOB.
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OpueHTamMOHHAS 3aBUCHMOCTh BEpOATHOCTH W? 3axioyeHa B
MHOKuTene A,. OHA BHAYNTENHHO CIOMKHEe, 9eM IpU OJHOPOHOHHHIX
mpoiueccax.

Brimte mompo6HO paccMaTpUMBAINCh DPeNaKCAIOHHBIE ITPOIECCHI,
cBsi3aHHBIe ¢ (JOHOHAMM, TAaK KaK OHM MMEIOT MHOTO O0WEro ¢ Ipo-
meccaMy Tepefgadd aKyCTHYeCKOdl DHepPrHu CHMH-cucreMe. BrisBie-
Hue Haubojyee GricTpOro ogHOPOHOHHOTO MeXaHM3Ma pejgarcanuu dax-
THYECKN O3HA4YaeT oONpejeieHne Hau(ojee CHIBHOTO KAaHAJNA CBA3H
Agep co 3ByKoM. HekoToprle KadecTBeHHHBIE 32 KIIOYEHNS TAKOT'O Poaa
MOKHO CAeJaTh M OO0 ABYX(OHOHHKM HPOIECCaM.

OnHaKo pelaKCAaNUOHHBIE IPOMECCH OTHIOAb HE HCYEPIEIBAIOTCA
¢oHOHHEIME MexaHHW3MaMu. Bo MHOrMX ciyyasx paBHOBecHe B fjep-
HOil CIIUH-CHCTEME [IOCTUTAETCs MyTeM o0MeHa dHeprueil ¢ [pyrumMu (He
¢$oHOHHBIME) HofcHcTeMaMH. Ponbp TakUX TOACUCTEM MOT'YT HTPaTh
CIIMH-CUCTEMEl MapaMarHATHHX IIPEMeceil, SIeKTPOHL IPOBOIMMOCTH
B MeTaJjljIaX ¥ HOJYHPOBOMHUKAX, BpamaTeabHble KOIeOaHusA MOJEeRYI
B MOJEKYJIAPHHIX KPUCTAJIAX M T. N. JTH MEXaHN3MHl pelaKCcarun
Xopomo ocBemeHbl B MoHorpaduu AGparama [14] u B 0Gsope Ilaca u
Xama [2]. Hexoropse m3 mux Gymyr paccmarpusaThcea B rii. IV B
CBfI3H ¢ mpobieMoil BIMAHUA ABIKeHUA Ha dopmy maummuit AP.

§ 8. ®opma pezonancueIx auHmii. Merox mMomenToB

®opMa Pe30HAHCHOMN JUHAK IS HePEXOL0B MeAY CIMHOBHIMH YPOB-
HAMU 00YCIOBIEHA HE TOJNBKO CBOMCTBAMH 3THX YDOBHe#l U OKpYyIKe-
HUs MapaMarHUTHOM YaCTHUILI, HO TAK;Ke 3aBUCHT OT CIoco0a BO30Y K-
JeHUs DPe30HAHCHOTO mepexofa. JToT $aKT, CIegyoIUil, BooOme To-
.BODA, W3 TeOpWM IOMPUHH PE30HAHCHHIX JHHWIl, HE BHI3BIBAJ TNPH-
CTaJIbHOTO BHUMAHWUA HCCIEIOBaTeNel AMePHOT0 MaTHUTHOIO PE30HAH-
ca, MOCKOIBKY B MAarHNTHOM DPEe30HAHCE eCTh TOJABKO OJUH CIIOCO0 BHI-
3HIBATh DPE30HAHCHHE IEDPEXOH — Yepe3 B3amMofeiicTBHe IepeMeH-
HOTr0 MArHUTHOTO OOJSA C MAarHATHHEIM MOMEHTOM Ampa.

B akycrudyeckoM pe3oHaHCE IIPH B3aMMOJEHCTBHM ANEP CO 3BYKOM
gepe3 KBAJPYHONbHHEI MOMEHT OABIAETCSA BO3MOMKHOCTH BHI3BATH [[BA
THAIIa PE3OHAHCHBIX nepexo;[c')B C U3MEHeHneM MATrHUTHOT0O KBAHTOBO-
ro uncia Ha 1 u 2. [loaToMy comocTaBieHue MUPHH PE30HAHCHBIX JIH-
Hnit AMP u IAP oTKprBaeT BO3MOKHOCTD IOJY4YaTh WHTEPECHEIE CBe-
JIeHUA O B3aWMOJEACTBUAX MapaMarHATHHIX YACTUI[ B TBEPIHX TeJaXx,
0 medeKTax pemieTKd M T. A,

Tounnit pacuer GopME PE3OHAHCHBIX JMHHUM IPAKTAYECKH HEBHI-
noxHuM. B Tex caygasx, xorma ¢opMa JMHWM OHNpERENseTcH IBYX-
9aCTUYHHMHA B3aMMOAeACTBUAMY (JUIIOTb-TUIOIBHEEIMY, HAIPHMED),
Tpe0oBalioch OB BHYUCIATH CHEKTDP CHCTEMBI 0OJHLIOTO THCIA B3aM-
MopeficTBylomux gacTun. Ecau jxe dopMa nmHMm 00yciaoBIeHA OJHO-
9aCTHYHEIME B3amMOfeiicTBUAMA (pPa3bpocoM JIOKANBHEIX IOJei), TO
IUIA TOYHOTO €€ BOCHPOU3BENeHNsI HeoOX0auMo 10 KpaliHeil Mepe 3HATh
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KOHI[EHTPANUI0 W pAacCIpejleiieHne X0 00pasiy BCeX THIOB AedexToB
(m@ciokanuA; BaKaHCHM, OPUMECHBIE aTOMH M T. [.) M CO3JaBaeMBIX
mmu moieit. Ompenenenne 3TUX MAHHHIX TAKMKe SBIAETCA Ypes3BHIYAM-
HO TpynmHOi 3apmadeii. [109TOMy BO BCEX CIy9asiX NPUXOAUTCA TOBOJbB-
CTBOBaThCH IPHUOIMIKEHEHM ONNCAHWEM (OPMEl DE30HAHCHHIX JIHHMIA,
9T0, BOPOYEM, COOTBETCTBYET TOTPEGHOCTAM B3KCIEPUMEHTa, KOTO-
PHI IIO3BOJIAET HAJIEIKHO NBMEPATH TOJIbKO HEKOTODPHIe HanGoiee Bark-
HEIE€ TapaMeTpsl (GOpMLI JIAHAH.

HanGosee pacupocTpaHEHHHEM METONOM TEOPETHIECKOT0 HMCCHE0-
BaHEUA GOPMH JMHAA PE3OHAHCHOrO IOTJIOMEHHA ABJIAETCA Pa3BHTHIA
Ban-®uaexom [15] meron MomenToB. OH IpUMEHNM 1A aHAJIM3a BKIA-
Ja B IIMPHHY JUHAN KaK OMHOYACTUYIHEIX, TAK U IBYXYACTHIHHIX B3aW-
MojeficTBH#A, IPUYeM B ITOCHETHEM ClIydae faeT 60IbINoi BEIUTPHIIN, TO-
CKOJIbKY II03BOJIAET BMECTO pelueHWsA 3aJaud O CIHEKTPe MHOTHX dJac-
THI OPOBOAATH BEIYMCIEHAE CIEHOB OT COMHOBHIX OIEPATODPOB.

Ilo ompepeneruio, k-M MOMEHTOM JMHAW PE30HAHCHOTO IIOTJIOMIE-
HAS HA 49aCTOTe v, SBIAETCSA BENIWYMHA

©o o0
Mi= § v—wygamav, { amav=1, (8.1)

r7ie gq(v) — HopMupoBaHHasA GopMa JMHAN A NEPEXOR0B, BO30OY:Kaa-
eMuX B3amMopieiicTBieM ff. BHaHHe BCeX MOMEHTOB BKBHBAIEHTHO
TOYHOMY 3HAHHWIO ¢opMut amuEun. OGHYHO 0 PopMe CYAAT IO HECKOIb-
KM IePBHM MOMEHTaM, KOTODHE YHAeTCA PacCUUTATh.

W3 onpepenernns (8.1) BEaHO, 9TO HeYeTHHE MOMEHTHL CHMMETDUY-
HHX JUEU@A paBHH HYX0. IlepBH# MOMEHT DPE30HAHCHOH JWHWH fB-
JIfieTCA CABAIOM DPe30HAHCHOH dacToTH. IlosToMy, ecinm mepBHE Mo-
MEHT OTJIMYEeH OT HYJS, BCE IOCIEXYIOMHAEe MOMEHTH OOKYHO BEIUHMC-
JAIOTCA O OTHOINEHWIO K Vv, + My, a He K Vv,, KaK 3TO 3aIHCAHO B
(8.1). Taxume MoOMeHTH HA3HBAKTCA NEHTPAJbHEIMA. BTOpOi. MOMEHT
PEe30HAHCHON JWHUYM C TOYHOCTBHIO [0 MHOKHTENIS COBIAMAET C KBaj-
paToM (Vvs,)? MUPMHH pPE3OHAHCHON JHHMM HA DOJYBHICOTE VvY/y.

BaxanM mapaMeTpoM (OPMEL JUHAH ABJIAETCSA OTHOIIEHHE % ee
4eTBEPTOr0 MOMEHTa K KBajpary BToporo. ITapamerp ¢opMH % rayc-
COBHIX KpHBHX paBeH 3. Ecim %<3, ¢opMa KpuBOil OTKJIOHAETCH B
CTOPOHY IPAMOYTOJBHOM, TP % > 3 ¢opMa JMHAN OTKIOHAETCA B CTO-
pory KpmBoi JlopeEna. HampuMmep, mua xpmBoil rayccoBoin ¢opME

1 (v — vo)?
ge(v) = mexp{— “_2670‘}

YKa3aHHHE BHIIIE IapaMETPH PaBHH

_,M1=0’ 1”2:_:02’ M‘=304‘ vl/g=2]/21n26, % =23



Y KpuBHX JOpPEHMOBO# (HOpMH

_ A 1
LV = Ty

BTOpPOil ¥ BHICIIME MOMEHTH pacXofATcd, Tak Kak gr(v) yOmBaer He-
mocraTouHo GmicTpo. IlnsA Takmx nHHWHA BBOOAT mapaMeTp oGpesaHus
a, nprEnMas, 49ro g(v) = 0 mpm |v| > o. B arom caygae

A — 223 A M3 o

21
.M]_:O, Mg—- M¢ 31‘ y ‘V;/Z——:IT. m—:, X=E-,
Cnenya Bam-®uaexy [20], monyaum paboayio dopmyny miaa BUmcIe-

uFA BTOPOr0 MOMEHTa pesonancHoi umun. ITycrs omeparop A, onpe-
neJAeT CIEeKTP HapaMarHNTHOM YaCTHIH, T. €. GECKOHEIHO Y3KHEe yPOB-

s sneprin  E. Ipnmen, uro BsanMopedicTsue 52’, BrBrBaomee yIm-
PeRye 9THX JIMENH, BHAYNTEIBHO MEHBIIe Jf, U, CIeOBATENBHO, YPOB-
HU XOpOWIO pasjielieHsi. B mepBoM mpuGmmikenmum mo 5’ BRIag B mo-
J0’KeHne yPOBHeH DHEPTHY JaeT TOJBKO UATOHANBHASA B Ho = mpef-

A 1 ’
crapiennd gactb H’ : EY = Homm + Hmm.
BripasKeHne [ BTOPOr0 MOMEHTA MOET OHTh NPEICTABICHO B
HECKOJIbKO MHON dopMme:

D (Vmn — V22| <m | F2F | n) |2
My =3 (Vimn — Vo) Wn =

=T = 8.2
m,n 2|(m|ﬂ?|n)|2 ( )
mn

pAe CyMMHDOBaHNE MIET 0 BCEeM YPOBHAM 9HEePray raMAJbTOHMAHA
5{ = wo :I— .%', h’\’sg?m= E(#;) —_— E(:), h’an-= Ea,s;l) -—E%l) u
a | <m|52¢ | n>|®

YA ALIE
mn

MKy YPOBHAMH m W n IOJ BAMAHEEM B3anMopeiicTusa #:. B Bu-
pakenmn (8.2) mpemmosnaraercs, 9TO BCe COMHOBEE YDPOBHU DPaBHO-
3aceJeHHE. JTO CHpaBeIABO UPH YCIOBUH hv,,, << kT, xoropoe B
ciIydae AMIEPHOIO PE3OHAHCA WMEET MECTO BILIOTH /IO TEMIGPATYp WO-
102 — 10 °K.
pAfRKa
@opMmyna (8.2) merko mpeoGpas3yercsa K BHPaKeHUIO

My = — Sp{l5¥', #i12Yyr Sp{Hiy, (8.3)

— HOPMHDOBaHHAS BEPOATHOCTh IIepexofa

JIA HAXOXJEHWA KOTOPOTO JOCTATOYHO YMeTh BEIMHCIATH TOIBKO
ciefn oT cnmEOBHX omeparopos. ([eficTBuTensHO, B J,-IpefcTaBiIe:

41



HUI MMeeM

— Sp{18e, 12y = D) <m | (B — Bto) ot — i (B — o) | > X
X <n|(%—§£0)3??~ ﬁ?(ﬁ—ﬂo)|m> =
= 2L <m | T — Frolmy—<n|Ft — Ty | n12 Cm | B | ny <n | B | mdy =

= 2 D (Viun — Voun)2| < | 7 | ) |2,
mn

Sp{g?i’}z=Z(mlﬁt’?lnxnl.ﬁ’?lm)=Z|<ml.7?’?|n>|2,

mn nm

4ro moraswBaer Tommectso (8.2) u (8.3)).
CxomeEEIM 00pasoM jyis 9eTBEPTOT0 MOMEHTA MOMyJaeTcsa GopMy-
aa [15]

M§ = Sp{1%', 1%, #NYSp{H:). (8.3a)

B Ilpnnoxenun B B kKagecTBe MIMIOCTPANMK PACUETOB IO HOPMyJIaM
(8.3) u (8.3a) mposemeHo moppobHOE BHYUCIEHHE BTOPOrO MOMEHTA
auanu SIAP mormomenus, o6yclIoBI€HEOr0 H30TPONHEIM OOMEHHEIM

B3aUMOJIEHCTBHEM ANEp Z A”‘(i ’*?’) I caydas, KOTAa B Amep-
k<j
HOM cHeKTpe 3eeMaHa 3BYKOM BO30YHIAITCA Pe30HAHCHHE Iepexokl
¢ M3MEHEeHHEM MaTHUTHOTO KBAHTOBOLO ducia Ha —+2.
Brime yke 0TMeuanmoch, 9TO PAcYeTHl METOJOM MOMEHTOB IPOBO-

IATCA ¢ JuaroHanbHoil B J,-npencrasiennn yactbio . Ecau H, —
omepaTop 3€eMAHOBCKOIl DHEPTHH, TO AMATOHAJBHON YaCTHIO HUIONb-
AUIONBLHEIX B3aMMOJEHCTBUIl ABIAETCH ONUH YieH CyMMel (4.11),
coorBeTcTBYyIOIUi g = 0, a H3oTpOmHEE OOMEHHBIE B3aUMONEACTBUA

MR
Agep Z A”‘(I’f") meanKoM auaroHanbHe !. Ecam e cmexktp He

i>k
36eMAHOB, TO BHpAKEHMe [UATOHATBHOM 4acTH J¢’ CTAHOBHTCA CIOM-
HEIM M TpeGyeT HpuMeHEeHWs 0COGHX TpPHEMOB (HANDHMED, TEXHUKH
IpoeKTHBHHX omepaTopos Ilpaiica m Crasenca [16].)

B Tex caydadax, Korga omepaTop CHEH-QOHOHHOH CBA3M IPOIOP-
OUOHAJNEH IEePBOH CTeNleHM CINWHOBHIX omepaTopoB (4.14), Hmkakoro
orauana B MoMentax nuuuit IMP n SIAP me cymectsyer. Ilostomy
mox MmomeRTamu Jgunnii AAP Huse Gynyr mogpasyMeBaThCA MOMEHTH
Pe30HAHCHHX IWHUA IS IEePeXOof0B, OUpPefelseMHX CONHE-(POHOH-
HEIM OIIePATOPOM, OMINMHEHHHM IO KOMIIOHEHTaM CIIMHA.

Pacuerst ¢popmer munnit IAP, ymupeHHNX CHMH-CONHOBEIME B3am-
MopeficTBuAME, 65itu mposeaers Komockosoit n Komsmanemonm [17, 18]

1 Peus mAeT 0 B3aEMOJEHCTBMH SAeP OLHOIO COPTA.
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u Jloymonom [19]. B kagecTBe MCTOYHMKA YIIMpEHWA JUBHA OHM
Opasum  omeparop

B =2 1y I*Y + ")+ DliHI=2 D PHIEL.

k<j k<ja,f=x,y,z
(8.4)

Ecau cnouH-CIHHOBBIE B3aMMOMEHCTBUS TOJBKO U3 AUOOJb-TUNOIb-
HHX (4.11) m usorpomHHIX OOMeHHHX B3amMopeiicTBuit spep (2.10),

k.
10 KoHCTAaHTH Cpj, Dyj, U Papp OKABHBAIOTCA PAaBHEIMU

Cix = — Yaxah® rjx (1 — 3cos?05) + Vo Ay, (8.4a)
Dy = 1ah® ik (1 — 3cos?0;) + Ay,
dp = AR 17 (i — 3Tik, a Tk, p/T5H) + Ajy.

IIpuBomuM pe3ynbTaTH pacdeToB BTODHX MoMeHTOB aumpmit AP,
YIMEDPEeHHKX COWH-COAHOBHIMA B3aWMOIEHCTBHAMY.

A.DKBUJUCTAHBETHHH CHEKTDP COHHH-CHCTEMH

B paborax [17—19] monyuenn caegyoomue BHpAaMKEBUA AJaA BTO-
pux MomentoB. Jlumuna fAMP

N
Ma= g AR T (1 1) 3 i (3 cos o — 1), (8.5)

i—1

Jluana AP, nepexompt Am = -1

N
My=131(I+1)3 [20Ch + Dil o5 . (8.6)

i=t

JIlneus AP, mepexomsr Am = -2

N
My="/s1(I+1) }12Ck + Dl - 8.7)

j=1

B pa6ore [19] nony4ens TakKe BHpasKeHUA [JIA YeTBEPTHIX MOMEHTOB
auanu JAP.

W3 upEBeeHHHX Pe3yJbTATOB MOKHO CHEIATH DA HMHTEPECHHX
BHBOIOB. Bo-mepBHX, M30TPONHEE OOMEHHEE B3aMMOMEACTBAA yIII-
pawor auenu SIAP (BHOcaT BKaapy Bo BrOphHe MoMeHTH). C pgpyroi
CTOPOHH TEOPETHYECKH M YKCIEPUMEHTAJIbHO YCTAHOBJEH (GaKT Cy-
JKeHUA JMHEHA MAarHATHOTO Pe30HAHCA IIOf BIMAHMEM OOGMEHHHIX B3au-
mopeiicremit [20]. Oro pasnmume menmaeT MePCHEKTHBHEIM HCCIETOBa-
HOe 00MeHHHX B3amMopeiicTBuit Metomamu fAAP.
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Bo-Brophix, Brpaskennd (8.5) — (8.7) mokaswBaoT, 9TO €CIH MC-
TOYHHKOM YIIMPEHWS JUHAA ABIAITCA MATHATHHE IRIOIBL-THIONb-
HEIe B3aHMOJENCTBHA, TO Bropuie MoMeHTH Jupmil fIAP (mepexopm
Am = 4-1) u IMP coBmapmaror, a BTopoit MoMerT anEEH AP c mepe-
xomamu Am = -2 B gBa pasa Goubme. ITO 06CTOATEIHCTBO HCIOIb-
3yeTcs IPH aHAJW3€ BEJIMYMH BKJIANOB, BHOCHMHX Da3jINYHKIMA B3a-
MMOMIeACTBEAME B SMOHpPHYECKUE MUPHEH JIUHHAM.

Haxomen, B-TpeTpMX, W3 BHYUCIEHAN, NIPOBEAEHHHX B pabote
[19], BmgHO, 9TO mpPH pacCMOTPEHHHIX MCTOYHMKAX yIHApeHHH dopMa
Pe30HAHCHHX JWHW GJIA3Ka K raycCoBO#l ¢ OTKIOHEHWSAMHA B CTOPOHY
npsamoyronsHo#t. Hanpmmep, paa awemu fIAP ¢ mepexomamu Am =
= - 1 B Kpucraiie ¢ IpoCTOi KyOMYeCcKoil pemeTKo#, KOTOPHH moMe-
IMeH B NOCTOSAHHOE MAarHATHOE Hoje, NapajjiejbHOe HAOpaBIEHHIO
[100], mapamerp % paBen

. ) 0,034
" — 3{1 — 0,348 "umT)} <3,

€CJIH MCTOYHHKOM YIINDPEHUS }IBJIHIOTC}I MAarHUTHHE OUOOJb=AANOb-
HEIe B3aMMOJEHCTBUA, N

% =3{1 —0,390_,(‘}‘:ﬂ51)}<3

€CIM MCTOYHMKOM YUIAPEHHAS ABJIAITCA W30TPONHHE oOMEHHHE B3au-
MOJeHCTBAA MEKIYy ONMKARIMMEA COCEISAMH.

Bropnie Momerntu toHma (8.9) — (8.7) mas maMHAH, yIAPEHHRX
COMH-COMHOBHIM KBaJpYyHOIb-KBAAPYIOAbHKEM B3auMOMECTBHEM ATED,
paccumTaHK B paGore [21].

B, ComHE-cHCTEMH C HADKBAZUCTAHTHHM CIeEKTPpOM

B oroM ‘ciyuae pe3oHAHCHEHIE IepeXoAnl BO30YKAAITCA TOJBKO
MeKAY OIpefeleHHOH mapoil ypoBHe#l, mpmdeM ¢opma (MOMEHTH)
KQKI0# Tako#l amHMH, BooOmEe roBops, oridIaerca or GopMH Jn-
HAM HA IPYroM MEPEXofie, HO He 3aBUCHAT OT BHAA IEPEMEeHHOrO IOJA,
BHI3HIBAIOINETO LEPEXOMbL.

Pacuers BTODHX MOMEHTOB AJaf HESKBHAMCTAHTHHX CIEKTPOB,
YDOBHSM 3HEPIHA KOTODPHX E, COOTBETCTBYIOT COMHOBHE COCTOAHHA
%m C OIDPEXEICHHHM m, 6mm punonnens Homockosoir [22].
Husa Gomee CIOKHHIX CHEKTPOB, I'fe coOCTBeHHHE (YHKOHAA ypOBHER
9HePrUH ABJIAIOTCA KOMOMHANUWAMYA CIMHOBHX QYHKOUHE X, C Pasiamd-
HHIMH m, pacdeTH He mpoBopuadack. B paccMorpemroM Komocko-
Boii [22] cryaae Bropoit Moment maanu AAP ¢ mepexomamm Am = + 1
BCerAa COBHAfaeT cO BTOPHIM MoMeHToM nuamd fIMP mas stmx skxe
ypoBHe#t. [{1 pesoHaHCHHX IepexXofoB Me:xny ypouamu E,, u E,
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OH paBeH

M, h”z {I(I+1)(ga:;z)z m(m+1)’—1(1+1)gg§(gag+ga%)+

P 2T +1)

FRUT D =mm+ DF I T+ —m(m =) +
(P + P

LI+ —(n—m—2p) G=T" L s

Bropoizt Moment auEMM fIAP gas nepexoma E,, <> E,_, paBeH

N
My=w2 {51 +1)(PEP+ e+ 1P+ {I (T +1) —m X

i=1

. 2 ('@xx-'-@ )
X (m—OF +{TUI+H1) —(m +2) (m + |52 e T 69

(B KauecTBe NPUYMHH YIIMPEHAS PacCMATPHBAINCh COAH-COMHOBEHIG
B3amMopeiicteus B dopme (8.4)).

Uccnemosanne mupus guauid IMP mokasano, 9To Bo MHOTHX CIy-
9aAX IHPHHA ONPE/eNACTCA HO BYXYACTHYHKME CIHH-CIMHOBEIME
B3aUMOJIEHCTBHAMA, a QAyKTyanquaMd JOKAABHHX 3JIeKTPAIECKAX
moneit oxomo Apmep. I'aMUIbTOHMAH B3aMMOMEHCTBHS, YIIMPAIOIIErO
PesoHAHCHHE JUHAU B 3TOM CiIydae, mMeeT BHJ (cM. § ).

() = 5 AL — T+ 1)1V, (8.10)
V:I = Z‘Szzyb E%S’
£% .

rze Eﬂa — TeH30p [pedopManmum, HTPOM3BOAUMEIX JedeKTaMm pemer-
KM OKOJIO Afpa j.

PeayJILTaTm pacueros [18, 22] BTOpEX MOMEHTOB pe30HAHCHBIX JM-
HUil, ynmmperaux B3amMmopercreaeM (8.10), Moryr GmTH TpepcTaBie-
HH B BUJIE

My= - A% f(I)V;;, Vi = —2 Vi, (8.11)

j=1
rpe f(I) = % 147 (I +1)—3] s AMP Ha 5KBULMCTAHTHHX YPOBHAX,
J(I) =120 ([ +1)+17] gaa AAP (Am = 1) ma oxmu-
OUCTAHTHHX yPOBHAX,

f{)= -%[I(I—[— 1) — 2] pna IAP (Am = 4-2) Ha aKBHAuC-
TAaHTHHX YDPOBHAX,
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f(I) =|my* — my?| nna pesoHaHCA Ha HEYKBHMCTAHTHHX YDPOBHAX
C MarHUTHHIMH KBAaHTOBEIMA YHCJIAMU m, U m,. B Bupakerun (8.11)
He KOHKDeTH3WPOBAaH BHJ fedeKToB pemerku. VcciaemoBanue BIMAHASA
ogHOpOAHHX NedopMammit m AucIokamuii Ha GopMy JWHME aKycTHIE-
CKOT0 W MaTHUTHOTO pe3oHaHCAa OHUIO BHINONHEHO B paGorax [23, 24].
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FMABA BTOPAA

ARYCTUYECKOE HACBINIEHUE AJTEPHBIX
CIINH-CUCTEM

§ 9. Hacelierne yibTpasByKOM 3KBUAMCTARHTHBIX
CIHHOBBIX YPOBHeit

HauGomee pacmpocTpaHeHHOH  METOAWKON  9KCIEPUMEHTAJIBHOIO
uccaegoBannsa AAP sapaserca Meroq HacwHmeHnA. B rakoro poga omsi-
Tax B o0pasme BO30OYHIAIOTCA WHTEHCHBHHE AKYCTHYECKHE Koaefa-
HHS PEe30HAHCHOH 4YacTOTH, KOTODHE BHIBHIBAIOT OTKJIOHEHUA OT
PaBHOBECHS B DPacUpefeleHNH sep IO CIMHOBHM YPOBHAM DHEPTHUH.
JTO OTKIOHEHUE 3aTEM M3MEPHAETCA CTANMOHAPHHMH WMJIM MMITYJbCHEI~
MH MeTOJaM{ MAarHATHOTO pe30HaHca. 3ajjaueil TEOPUHA ABIAETCH yCTa-
HOBJI€EHUE CBA3H BEJWINH, XaPAKTEPUIYIOMAX HACHINEHME, C M3ydae-
MHMH IIapaMeTpaMH BeImecTBa.

TpagunuoHAH#A cHoco6 PACCMOTPEHHS HACHINEHHA ANEPHOro (u
BJIEKTPOHHOI'0) Pe30HAaHCA COCTOHT B COCTABICHAW W PENIEHWE YpPaB-
HeHU OasaHca Jid 3aceqenHocreir N, cNHHOBHX ypoBHei. HsMmene-
HU€ 3aceJeHHOCTeH YPOBHEH CIMH-CHCTEMH OMUCHBAETCS ypPaBHEHWEM

il;l—zm ZZI(Wﬁm_l‘an)Nn_(Wmﬁ +Pmr;)N‘m]7 (91)

rie Wypn ¥ P, — BEPOATHOCTH IIEPEXO0JA ONHOTO COWHA B eJUHULIY
BPEMEHN MEXIY ypOBHAME 9Heprau K, u E, oo BINAHNEM pejaKca-
LUOHHLEIX HPOIECCOB ¥ BHEIFHEI0 ME€PEMEHHOTO HOJA COOTBETCTBEHHO;

2 Np= N, rge N — DomHOe TACIO CIMHOB.
m

B orcyrcreme BHemHero mepeMeHHOTo BospeiictBua (P, = 0)
B COHH-CHCTEME YCTAHABIUBAETCA TEPMOAMHAMAYECKOE paBHOBeCHe,

IIPU KOTODPOM 3aceeHHOCTH ypoBHedl (NY,) IOCTOSHAH W MOTIAHEHHI
cratucTure Boapnmana. Ypapueaue 6amamca (9.1) mus aTmx ycaosuit
naer

W ran! W am = Na/Nop= eA™, (9.2)
rge A = (E,, — E,) / kT u T — reMueparypa pemerkw.
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Paccuurannse B § 7 BepoATHOCTH 0ZHOYOHOHHHX IPOLMECCOB YAOB-
aersopsanT ycaosuio (9.2). O cBas: ¢ ycaosueM (9.2) HONTyIeHHHX B
§ 7 BepoaTHOCTER NBYX(POHOHHHX IPOIECCOB HEAb3d HUYETO CKAa3aTh,
IOCKOJBKY IPHA HX BRYACIEHAN OHRIIA CHEeNTaHH NPHOIMKEHAS, COOT-
ercTByomue A,, = 0. OgEako u3 BechMa 00muX cooGpajkeHAN cie-
ayer, aro ycaosme (9.2) Bcerga Bumonasercs [1].

Hanporms, BepOATHOCTs HHAYOWPOBAHHOTO II€pexXoia LOJ BIUA-
HEEM HEKBAHTOBAHHOTO (KJIACCAYECKOro) moJis ! He 3aBHCHT OT Ha-
IpaBIeHAA HEpexofa ‘

Pppn = Ppp. (93)

Ecau cnmHOBHE YPOBHA JHEPTHU JIKBAXACTAHTHH, TO PE30HAHC-
HOE BHENIHee IEePHOJAYECKOe BOSMYIMIEHAE BHIBHIBAET IEPEXO/EI
MEe;KIy BCeMd IapaME YPOBHEH ¢ MOAXOAANMEAME HmpaBHiIaMH 0TGOpa.
Ecnm e ypoBHA HEIKBAAWCTAHTHE, TO BHEMHEe IePEMEHHOE IOoJe
B030Yy»KIaeT MepeXOoqsl TOAbKO MEKAY ONHOH mapoil ypoBHEM, AIA KO-
TOPO# BHIIOJIHAETCA yCIOBAE pPe30HAaHCA. Pemenume ypaBHeHHs OamaH-
ca CymecTBeHHHIM 00pasoM 3aBHCAT KaK OT CHEKTDPA CIMH-CHCTEMSI,
TAK H OT CBOMCTB BO30Y)KJAIOMEro IEepPeXOo/fs BHENIHET0 MePEeMEeHHOIO
nois. '

VYie HmHATepmperamus IEPBOr0 JKCIEPAMEHTANBHOrO HCCIEf0Ba-
msua AP [2] morpeGoBana maiiTm pemenume ypaBHeHumii Gamanca s
aKYCTAYECKOr0 HACHMIEHAA YPOBHEH YACTO KBaAPYHOIBHOTO Pe30HAH-
ca cmmHa %y B AaKCHQJIBHOM 3JIEKTPHYECKOM moie pemerxd. Ilpu oum-
CaHHHA IOCTeAYOI[AX dKCIEPAMEHTOB OHIIM HMOJAYIEHH pEINeHns ypaB-
HeHW# GajaHCa A HACHIIGHHS YJIBTPAa3BYKOM YABOGHHON 9aCTOTH
Jlapmopa yposmeit 3eemana smep co cumuoM 2/, [3, 4] m 5/2 [5]. IIpo-
BOJICHO TaKKe TEOPeTHYEeCKOe MCCIeHOBAaHAE BIAAHHUA YIBTPA3BYKO~
Boro (Am = --2) HacHmeHrEA Ha OTAENbHHE IAPH YPOBHEH CHEKTpa
3eeMaHa CIEHOB %[y, %/, ?/5 U °/g [6], KoTOpOE mOKa3am0, 4TO pasHOCTH
3aceleHHOCTEH OTHeJIbHHX Hap yPOBHEH MOKeT OPH HACHMEeHUH He
TOJIBKO YMEHBIIATHCA, HO M BO3PAacrarh, XOTA CyMMapHHI 3gderT or
BCEX YDOBHEH HEMSMEHHO IPABOAAT K HAJCHAI0 BEIMINHH CHTHAJA.

IIpz pacyeTax aKyCTHYECKOro HACHIIEHAS ypOBHeil JeeMaHa cIm-
Ha 3/3 A6paramom u IIpoxropom [7] G mcmonb3oBaH M3AmMHLI IpU-
eM ydYera pelaKCaNWOHHHX WIEHOB, I03BOJHBIIAX BHOCIEHCTBAH
Asep6yxy m IIpokropy [8] monyumts BHpaskeHms miIs HacHIEHAA
yasTpassykoM (Am = --2) ypoBHeil 3eeMaHa IPOW3BOJIBLHOTO CIH-
Ha I. AmanormuHme pacgeTsl Onam mposegeHn ['pmropsesnm u Ca-

1 U3 omeHOK, MpOM3BefCHHKX B § 7, BAJHO, YTO IPX MHTEHCHBHOCTAX 3BYKa,
OGHIYHO MCHONB3yeMHX B AP, amcio GoHOHOB 1, B 00pasnax IpesBHYANHO BEIMKO
0 cpaBHEHHIO ¢ equHENEit. [I0aToMy KBaHTOBaHME (OHOHHOTO IOTOKA, OIaromaps
KoTopoMy cooTHomenme (9.3) samenserca Ba P, /P, .. = (n,+ 1)/n,, He Raer
CYMECTBeHHKX OTJIMYAN OT KIACCHIECKOT0 PacCcMOTPeHHA. TaK Kak 4HCIO TEIIo-
BHX (JOHOHOB, OmpejeiseMHX BupaskemmeM (7.3), mpm Rw/kT ~ 1 cramoBmTCA
CPABHAMHIM C e[HHALEH, TO B TOOPHA PeJaKCAMAN OOETHO MCIOAB3YeTCs KBAHTOBO-
MexaHMYeCKOe ONHMCAaHHWe KoJebaHmid.
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30HO0BEM [9], BKIIOUMBmUMY B paccMOTpeHME OTHOBPEMEHHO C YIbTpAa-
8ByKoM (Am = -4-2) pgeiicTBEe Pe3OHAHCHOTO LIEPEMEHHOTO MATHATHO-
ro moid. \

He mpepcraBisier Tpyga BRJIYKTH B 9TY CX€My M YJABTPa3BYKO-
Bee mepexomul ¢ A m = --1. J{as 8TOro paccMoTpUM IOMEMIEHHEIA
B DOCTOSTHHOE MATHATHOe moie H, KyOmdueckmii KPHCTaJLI, COAeprHa-
muit agpa co cimAoM I >>1,. Tlycrs Ba KpuCTaXa OXHOBPEMEHHO
AeficTByer mepeMeHHoe MarguTHOe noje H,—= 2H, cos oyl pesonadc-
HOM 9aCTOTH @y = ®, = Yaly B aKycTHUeCKHe KOJe0aHUS ABYX
YACTOT Wa = Wy U W2 = 2®,. DBepoATHOCTH PE30HAHCHHX HEpe-
XOIOB MEKAY YpPOBHAMEH m ¥ m' HOX jelicTBEEM IepeMeHHOTO0 Mar-
HATHOrO mois paBHa (6.10)

Pl = B|<m| 1| mP) 2, (9.4)
ne
1 .
B = T (TaH, sin 0)2 gy (v).

AHalorn4Has BePOATHOCTH JIJS YAbTPA3BYKA, BH3HBAKMEro nepexo-
o Am =g, paBHa

PA o =Cy|<m| QY m — q)|20m’, meqs (9.5)
rne A A A A A A
Q' =1.1,+ 1.1, Q¥ =1I%.
Hanpumep, [jis OPOZOIBHHX aKyCTHYECKHX KoleGaHmil, pacIpocTpa-

HAOMEXCA BAOJb OCH CHMMETDHZ Y€TBEPTOr0 IOpAAKA KyOmueckoro
Kpmcramia,l KoHcramtaMu C, sBusioTcA Benmunesl (cM. (6.4))

9 fASHE)\? . 20
=C_p = —~ in2lal (2= V).
Co=0C4 256\ & )S Te1 gia (V)
VYpaBEeHne Gamanca, ONMCHBAKIEe M3MeHeHHe 3aCeNIeHHOCTH Np
3eeMaHOBCKOTO YPOBHs, COOTBercTByiomero I, — m, MokeT OHITH
opeficTaBieHo B dopMe

L =28 3 m|Talm> P +
m’ B=1
4+ 3 Colm| QY M!S [Pm, mog) (New— Nomr) -+
g==1, +2
4 Fon(N) + G (W) (9.6)

Yners! Fpp(Npy) ¥ Gp(N,,) DPEACTABIANT BKJAJ CUMH-DEIIETOYHOM
pelaKcanui U CHOHHE-CIMHOBHIX B3aMMOJEMCTBUA B CKOPOCTh H3MEHE-
HeHEs BacenenHocTeli. KOHKpeTHbIe BHIpasKeHHA [IA HUX He IOTpe-
6yIoTCA, TAK KaK MX BKJIAJ MOKeT OHTH OIEHEH IPY IHOMOINM CJefy-
JomuX 06mux coobpaskenuit [7].
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Cnue-cACTeMa HAXOMUTCA B DAaBHOBECHH, €CIE B3aCeJIeHHOCTH ee
yposreit E,, coOTBeTCTBYeT pacmpefielieHn0 BoabsnMana

N,, = NCexp{— En/kT,}, ¢t = Dlexp{— E,/kT,}, (9.7)

a HAMATHAYEHHOCTH B TOCTOSIHHOM MarHATHOM IO/ NOXTAHATCH 3a-
xomy HKriwopm

M, = %oH,, %o =Rl (I 4 1) N/3kT,. (9.7a)

Ilapamerp 7T, HaskBaeTcs CHOMHOBOW TeMmepaTypoii. BooGme ro-
BOpPs, COMH-CHCTEMa MOKeT IIPH 3TOM He OHITh B PABHOBECHH C pelier-
KOil, a CHMHOBAasA TeMIepaTypa He COBIAJaTh C TeMIepaTypoil pelmeT-
K T. ,

IOna comEa /s, 061aKAIOMEro TONBKO ABYMS YPOBHAME 9HEPIHH,
MOKHO OIPEJeJATHh CONHOBYI0 TeMmeparypy I, mpu ia060M MIHOBEH-
HOM 3HA9YeHWH B3aCelIeHHOCTell:

Ty = (Ev,— Ey,)JkIn{Ny,JN_}. (9.8)

Ecau amcao ypoBHel mpeBhimaeT 2, TO BHBEIEHHYIO 13 PaBHOBE-
CHA NMEepPeMEHHHIMHA BHEMIAEUMY IIOJIAMI CIWH-CUCTEMY B O0MmMEM Ciy-
gae HEBOSMOKHO O0XapaKTepmaoBaTh eAuHO TemMmeparypoir T,.
Hasmpmoit mape COMHOBHIX YPOBHEH MOYKET COOTBETCTBOBATL CBOS TeM-
neparypa T,, ompepenseMas gopmynoi Tuma (9.8).

HccnemoBaEre SKBUAWCTAHTHEIX ANEPHHIX CIWH-CHCTEM IIOKA3aJI0
(BasKHBIT 9KCIEPUMERT GBI OCYINECTBJIEH HDH IIOMOIMY TEXHUKH pe-
30HAHCHOTO aKycTUIecKoro morsomenns [7], cm. § 33), uro B BHBEeH-
HOJ M3 PaBHOBECHA CIMH-CHCTEME YCTAHABIHUBACTCS €INHAA CIHHOBAA
reMneparypa I, B TedeHHe HEKOTODOI'0, XapPaKTEPHOTrO A HaHHOM
cOomHE-cHCTeMbl BpeMeHH 1',, HasHBAaeMOI'0 BpEeMEHEM CHWH-CIFHOBOU
peraxcamuy. JTO OCYMECTBIAAETCH 3a CIET TeX WIEHOB CIIMH-CIIMHO-
BHX B3aMMOJEHCTBHIM, KOTOpPHE NPONOPLHOHAJIBHEL OIepaTopaM
I+I:|:, COOTBETCTBYIOMUM O/IHOBDEMEHHOMY IEPEXOJy CIHHA j ¢ ypos-
HA m Ha ypoBeHb m —- 1 u cuuna k ¢ yposua m’ ma m' - 1; _HeprusA
COMH-CHCTEMbI IIPDH 9TOM He MeHseTcs. BpeMsa CIMH-COMHOBO# pellak-
camud CBA3aHO IPOCTHIM COOTHOIIEHMEM CO BTOPHIM MOMeHTOM M,,
00yCIOBIEHHNM B3aNMOJEHCTBHAMN, NPUBOAALMMA K YCTAHOBJE-
HHI0O €JUHON CHMHOBOA TeMIepaTypH,

T2 = BM;‘/”

T7ie &€ — YNCJIeHHAS BEJIWYUHA IOPAAKA eIWHUIIHL.

TIpomeccs CHWHE-PEITETOYHON pelaKCaIMy IIPUBOJAT K YCTAHOBIIE-
HUI0 PaBHOBECHOTO DACHPENENIeHAS 3aCeNeHHOCTel CIMHOBEHIX YpPOB-
Beir (9.7), cooTBercrBylomero Temmeparype pemerku I, = 7. drtu
IPOMECCH OCYMECTBIAKTCSA MYTEM HePeXof0B OTAENBbHHIX sep C Of-
HOTO CIMHOBOTO YPOBHA 9HEPIHH HA APYrofl, mpu 5TOM MBGHTOK HIH
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HEe[[OCTAaTOK DHEPIMHM KOMIEHCHDPYeTCS pelieTKod. BpeMsa ycramosie-
HIS TAKOTO paBHOBecHs I'; Ba3HBaeTCsi BpeMEHEM CIIMH-PEIIeTOYHOMH
peraxcanuu.

Eciu come-cucTreMa MosKeT OHTH OXapaKTepu30BaHA CIOHHOBOH
remmepatypoit T, (s~7), To mpomeccH CINMH-PemeTOYHON - pejaKca-
nuu HampasjieHn Ha npubmmwenne I', mw M,k T w M,, npuuem mo-
clefiHee IPOUCXONAT IO BaKOHY

M, M, — M,

at T 9.9

rge M, = %oH, — paBHOBecHOe npu TeMmneparype /I 3HaueHWe HaMa-
THUYEHHOCTH B IOCTOAHHOM MarsuTHOM noje H,. Taras cumryamusa
09eHb TaCTO peanrsyeTcAd B TBEDAHX Telax, IJe, KaK NPABHIO, BPEMA
T, oxasuBaerca B 10—1000 pas xkopoge T, U M03TOMY CUMHOBAsA TEM-
mepatrypa yCTaHaBJIWBAeTCA 3HAUYATENBHO OHICTpPEe, UYeM DPaBHOBECHE
C pemeTKo.

Ilycte B paccmarpmsaeMoM obGpasume T > T,. Ecam warepeco-
BATHCSA WBMEHEHNWAMH B COMH-CHCTEMe 33 MHTEDPBAIH BPEMEHH IOPAAKa
T, TO MOKHO NIPEAIONOKHATH, YTO B KaKIblii MOMEHT BDEMEHH CHOUH-
clCcTeMa ONNMCHBAaeTCA HEKOTOPO# cmmHOBOI Temneparypoit T, T. e.

1 3M,
N = NCexp{— mhioy/hT,} ~ 57 [N— T 1)] , (9.10)
o

rae m -— MAar"auTHoOe KBAaHTOBOE 9YHUCJIao, Wy = ‘YﬂHo — YacToTa
Jlapmopa, M, = k.2 I(I +1) NH,/ 3kT, — paBHOBeCHOe 3Ha-
ueHMe AMePHO HaMarHMYeHHOCTH OpH Temmeparype I’y B IOCTOSHHOM

A A
none H, HKsagpaTs MaTpUYHEX DdleMeHTOB omepaTopoB [, m (%
MOJKHO IIPEJCTaBUTH B NPYroit gopme:

Km+ 41T myP = Cm + AL Im) Cm 4| F | my" = (9.41)
=(m|I_|m+1)<m+1|1,|m) = (m|1.1,|m),
[<m =4 | I_|my P = <m | 1,1 |m),
[<m + g1 Q¥ m) [P = (m | Q72Q7 | m).
Iopmcerasum (9.10) m (9.11) B (9.6):

de 3Mz Iy A
@t AT +FDEIF) {B<m| U, L]|m) +
4 C{m | [Q1Q 7 [ my + 2C; (m | [Q%, Q7% |m)) +
4 Fy(Np) + G (Np). (9.12)

ITocne ymuosxenus (9.12) Ha 5 im = yafi { M If ;| m> m cyMMupoBanEAsA
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oo m moJiydaeTrcsa

2 Srahim|Fmy Ny =22 — s S [Fon (N ) + G (V)] —

3Mz F -] " A A A
—Tarnersn (BSPL L, L1} + CSp{L [QY Q7'1} -+

-+ 202817 {jz [@21 é’2]}}.

Bume ye 0TMEYaJoChb, YTO COHMH-COMHOBEE B3aMMOMENCTBHA,
OPHEBOAANME K YCTAHOBIEHUIO CIMHOBO! TeMIepaTypH, He H3MEHSAIOT
sHepruy. Ilonb3ysace 3THMEH COOODayKEHWAMH, LOCJIE€ BHYNCIEHAA
CIIe[iOB OT COHHOBHIX ONEPATOPOB IOJYydaeM CIIeqyIOIee BHIPaKeHHe
JJIA WSMeHEeHUs SAAePHOA HAMAaTrHMYEHHOCTH B IPHCYTCTBAW IepeMeH-
HOTO MaTHHTHOTO NOJA M aKYCTHYECKUX KoJeOaHmii:

M, M,—M - 2 :
O = — MMy, 2B+ 2 (014 4Co) (412 + 41— 3)] =

M,—M pM (2T 43)PA A
———-M l—' -I—(21—T+5(2 3/I)P2],
(9.13)

rae PM — BepoATHOCTH IepeXxofa IOf [eiicTBHEM IepeMeHHOTO Mar-

HUTHOTO moaA Me:ny yposaamu [ u ] — 1, P:,4 — BEPOATHOCTH mepe-

Xofla IIOf AEWCTBHEM aKYCTHYECKMX KOJIeGaHMH MeAy YPOBHAMHE
ITul—gq.

Pemenme ypasuenus (9.13) musa craguomapHOro pexuma dM,/
] dt = 0 maer TMOEYHOE ANA TEOPHH HACHIIEHUSA BHIPayKeHNEe

M
M = 1+]°-,1P. (9.14)

rjie poJib BEPOATHOCTH MHAYUNPOBAHHOI'O Iepexofa UI'paeT BEJIHIMHA
pM 21 4 3) 3 A
P—T+ Gk pt o+ 22+ )t (9.15)

TakuM 06pa3oM, Bce TPH BEPOATHOCTH INEPeXofa AT aXJWTHBHEIMA
BKIAN B HACHIIEHUE.

B Tex cayuasx, korga B o0pasue Bo30OY:RIAIOTCA CTOAYNE aKyCTH-
gecKkme KojeOaHMsA (HaIpaBleHHe KOTOPHX BHOepeM 3a och z), Bepo-
ATHOCTb AKYCTHYECKHMX NepexofoB P4 A sgep, UMEIIIX KOOpau-

. . o 2TC
HATy &, OKAQKeTCsA NPONOPUUOHAJBHOMA sin® Tx, rae A — pamHA

akycrmueckoir BoxmH. Ilostomy dopmyna (9.14), cumpasemnmsas
Ana GerymuXx BOJH WJINM AJA y4acTKoB o6pasma ¢ Az << A, Mo/mKHA
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OnTh ycpemueHa mo o0BeMy o0pasma

l
d:q M

_ 0
0 1 —I— PoT]_ sin? (2’3;'—:”> Vi + T1Po

|
M, =M,+ v (9.14a)

rae I, paBEas n A /2 (ycioBume CTOAYMX BOJH), — JJAMHA 06pasma B
HAaOpaBJEHNH pAacHpOCTpaHeHWsA B3ByKa, P, = P4 sin~%(2mnz / A).
Pamu npocrotst npu noxygennu (9.14a) mpepmomaramocs, ato P = 0.
Bemnunna M, ABIAETCA ONHON M3 CAMBIX BayKHEIX XapaKTepuC-
TAK cnuH-cHcTeMEl. ‘HampuMep, pasHOCTH 3aceMeHHOCTEN IIPOU3BOIb-
HOH Haps COHHOBEIX ypoBHed, coriacHo (9.10), mpomopnuoHanabHA
M,
3

N = N = (" —m) or T D 71

M,

SHepI‘I/IH BHEIIHEro NepeMEeHHOI'0 II0JIA, MOIVIOmEeHHadA COMH-CUCTEMOM
B €IMHULlYy BPEeMeHH, TaKKe BEIPAKaeTCA dYepes

P = D) hommPram: (N oy — Np) = const M,. (9.16)

mm’

B mpucyTcTBUM pe30HAHCHHIX BHEIDHWX moseit M, Bcerjga MeHbIIe
M,. C pocToM HHTEHCHBHOCTH HePEeMEHHHX IOJEH yBeJnImBAETCA Be-
poATHOCTH mepexopa P, a HaMarHWdYeHHOCTH M, U BMecTe C HEd pas-
HOCTb 3aCEJEeHHOCTeH M MOMHOCTH P CTPEMATCA K HYIIO.

910 sABJeHME M OLLIO HasBaHO HachHmeHneM. OHO CTAHOBUTCA 3a-
meTHHM, Korga PT; > 1, T. e. KOrja BepOATHOCTH MHIYIAPOBAHHHX
mepexofioB P Goxpme BepoATHOCTeH pelaKCAIWOHHHX IEPeXooB
1/T,, B pesyabraTe 9ero B COMH-CHCTEME HE YCIIEBAeT yCTAHOBUTHCA
paBHOBecHe, TaK 9YTO TOIVIOINEHWE YMEHBIIAeTCH.

Tlocne mpexpameHNsA JAeACTBHA mepeMeHHHX moneid M,(f) Bos-
BpamaeTcs K CBOEMY DaBHOBeCHOMY B3HaueHWI0 M, 10X BiAAHEEM
COMH-PEMIETOYHRX B3aWMMOAEACTBHA. 3aKOH BOCCTAHOBIGHHS DPaBHO-
BecHs faeTcA pemenueM ypaBHennd (9.13) mpm paBHHX HyIH mapa-
Merpax P, Pf u P4: .

t—t

M, (t) = Mo+ [M, (t) — M,] e Tr, (9.17)
rje i, — Hadajo IpoIecca BOCCTAHOBJEHWUA PaBHOBECHA.

§ 10. Hacepimenne yipTpa3ByKOM HEIKBUJICTAHTHBIX
CHHHOBBIX YPOBHeil

B rex caywasx, xorga ypoOBHM HEIKBUAWCTAHTHH, IIOBefleHHE CIUH-
CHCTeMbl OpH HACHINEHHH He MOKeT OHTH aJeKBaTHO OTOOpaKeHO
mOBEEeHMEM OJHOr0 Kakroro-HuGyap mnapaMerpa (mampuMmep, [,).
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B stHx caygasx HeoOXoguMO PacCMAaTPUBATHL 3aCEIEHHOCTh KaMKIOro
YPOBHA B OTAEIbHOCTH. ECTECTBEHHO, UTO 3TO IPUBOMUT K I'POMO3[-
KAM De3yJIbTaTaM, CJIOKHOCTH HOTOPHX OBICTPO BO3PACTaeT C yBEJH-
9deHWeM 9Ymcia ypoBHeil (cnmHA). IIpm 3TOM Kaskgasa cucTeMa ypoBHER
Tpe6yeT OTAEIBHOrO PAacCMOTDEHHA.

Jusa npmMepa paccMOTPUM HACHINEHNE YPOBHEH SHEPTHU AHEp CO
COEHOM %/y, PACHONOKEHHNX B aKCHAJIBHO-CAMMETPHIHOM 3JIEKTPUIEC-
KOM II0JIe PeIleTKM KPMCTaJIa M BO BHEIIHEM HOCTOSHHOM MAaTHUTHOM
mone H,. B rnasanx ocax wpucrammageckoro moasa X, Y, Z sHeprus
KBaJpyIOJbHOTO B3aMMOIEHACTBUA B dTOM CiIydae ONPENeIseTcs BEIpa-
sxeHneM (3.4), a monHAS CHWHOBAA DHEPTUA pPaBHA

= — yzhlH, +vr‘°’—6‘?[3?§_1(1+ 1)]. (10.1)

roe wq = 3¢%qQ/2I(2I — 1)A.

IIpexmonossuM, 910 sHeprus 3eeMaHA BHAYNTEIHHO HPEBOCXOLHUT
KBaIpyUONBHYI0 d9Hepruw. Jliasa HAXOKAEHUS YPOBHEH raMUJIbTOHMA-
Ha (10.1) B aToM cayuae yao0HO mepeidTH K cuCTeMe KOOPOUHAT ZYz,
0Ch Z KOTOPO#l HapajiieJbHa MACHATHOMY HOJIO, a OCh Y COBHAfaer

¢ HanpasiaenuneM Y. Omnepatop f, B HOBOH CHCTeMe KOODJUHAT paBeH
I,= f, c0s 0 -+ I,sin@,,
rae 0 — yrom Memgy ocAMdA Z ¥ 2z, a TaMIIBTOHMAH LpHOOpeTaer
$opmy
o A 11/3 9 1 A9 .
B = — hool, + F[(Tms 0— ) BI—1( 1))+

+ %sinze(ﬁr +I%) + -g-sin 8 cosd (1,1, + 'LJ;)] Fog.

PaccMarpmBas KBaApyHOIbHYI0 DHEPIHI0 KaK BO3MYMEHWE, C TOYHO-
CTBIO JI0 BTOPOTO IOPSAKA MOKHO moay9uts [10—12] ciegyromee Brpa-
JKeHWe A WHTEPBAJIOB ME;KAY CIHHOBHIMH YPOBHAMU DHEPILUU:

2

[0)
s/, -1, = Oy + Oq [% cos?0 — -;—] + % z)%sin”(—)cosze,
32 1 . \
Oy, vy, = O —z—mf (sin2 6 cos?0 — o sin* 6) , (10.2)
2
. (D .
Wy, 3, = Wy — WQ (—;— cos? 0 — -12—> -+ —”;'—m—? sin? 0 cos? 0,

rige
Oy = (Em - En) [

Taxum 06pasoM, paccMaTpHBaeMas COMH-CHCTEMa HMeEeT TPU pas-
JUYHHE Pe3OHAHCHEIE JaCTOTH [IA IePEeXOf0B ¢ M3MEeHEHNEM MaTrHHT-
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P uc. 3. BepoATHOCTH Iepexo- Ve
OB M€ BHAMHM 3eeMaHa = -
::lmma ’;‘/J;),' »cmennux caabbIM - ‘?— _f' - 3/2
KBa/lpYNOAbHBIM B3anMopelicTBneM P’
IITPUXOBHE JIMHUN — IIOJIOMKEHNE { {' Z
HECMEIEHHHX YpOBHeH; P4 M
P4, — BepOATHOCTH HMHAYLUMDO-
BaHHBIX 3BYKOM NepeXonoB Am ==
=41u Am=42; W, exp
{Batxopy MW eXP(ALy,; g, o — — r———t—t—

+%:} — peposTHocTH  penaxca- }
LMOHHHX IIepexonoB Am = P,
A

1
=+1 1 Am =4 2. B ob6oux W, .
CIIy9aAx OpefuojiaraeTcsa KBaupy- - ‘l— + —————— + - + -
TONIbHEI MeXaHM3M CBA3U C KO- . 3/2
J1e6aHNAMA pemerkn

HOT'0 KBaHTOBOro umciaa Ha emummny. Jlmama fAMP, mampmmep, B
9TOM CIYydYae pacmenuTcA HA TPH JAMHHA — OEHTPAIbHYI0, Pe30HaHC-
HaA 9acToTa KOTOPOH ®_i,y, TOABKO BeJINIAHAME BTOPOTO MOPAAKA
OTIINYAETCA OT (), M JiBe CATEJNIATHHX HA JACTOTAX -3/, 1/, H O, 3.
YacroTH MEHTPaNbHOM M CATENATHHX JAHAN CYymeCTBEHHHM 00pasoM
8aBHCAT OT OPHEHTANMH MATHATHOT'O IOJA IO OTHOIEHHIO K IJIABHHIM -
0CAM KPUCTAIIAIECKOT0 MO,

Ha puc. 3 mdobpaskens: ypoBHE HEPTHH PAacCMaTPHBAEMOH CIOMEH-.
CHCTEMH DA HEKOTOPOM 3HaueHHU O M BepoATHOCTH MHAYNHDOBAHHEIX
8BYKOM (P{4 " P;‘) u cnur-pemerounnx (W, m W,) nepexonos » mpep-
DOJIOKEHNU, 9T0 06a BTH IPOILECCA OCYIEeCTBIAITCA depes BIEeKTpHU-
9ecKWe KBaJpynoabHHe B3amMopeiicTBusa spep. IlomcramoBrRa yKa-
8aHHHX Ha DAC. 3 BEPOATHOCTEH MEPexofoB (C yUeToM COOTHOIIEHHSA
9.2)) 3 ypasHenue Gamanca (9.1) maer ciegyomylo cHCTeMy ypaBHe-
it [12]:

4 -
(P —n% = —Q2W, + W) (ny —n°) + Wy (g — n°) —
— (2P + Po)n_y + (Py — Py)ng + Pyny,
d .
—7 (o — n®) = (Wy+ W) (n_y + ny — 2n°) — 2Wy (no — n°) +
+ (Py— Pi)n_, — (Py+ P3)ng + (Py — Py) ny, (10.3)
d
-7 (e — n%) = — (2Wy 4 Wy) (ny — n%) + Wy (n_y — n°) —
— (2P + Py)ny + (P;—'Pz)no + Pony,
ng = N‘/ﬂ - N’/z? ny = N'/z - N-‘/zv n_y = N—‘/z - N-’/z?

N h(l)o
A 1%T ,
ypOBHEil BHEPIHA IPH TEPMOAWHAMIIECKOM DABHOBECHH C DPeMIeTKOK
(KBagpPYNONbHKE CMEIMEHHUS YPOBEH 31eCh He YIUTHIBAIOTCH).

rnoe n?= —Pa3HoCTh 3aCeJIEHHOCTEN - COCeIHNX COMHOBHX
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IIpuseneM Heckonbro pemennit cucremst (10.3), xoTopiie moHAmO-
6aTca B ganbHelmeM ana o6bacHeHua skcuepuMenta [12]. IIyers 06-
paser TakaM 06pa3oM OPHEHTHPOBAH B MAarHWUTHOM IIOJ€, 9TO €r0 Ca-
TeJINTHHE JIWHAYM CIWINCh B ONHY, M OYCTh NPOU3BOJHTCA CTAIHO-
HapHOE (dn';/ dt = 0) AKYCTHYECKOE HACHIICHNe COBMCMEHHBIX CaTel-
amtos: Py’ =P, =0, P, =P,/ =0. Pemenue cucrems (10.3)
AaA sToro ciydas seiasercsa [12]:

a) 1A MeHTPATBHON JHHAK

ny=n{1 + B (1 %)‘1} , (10.4)
0) [IA CATeJIUTOB \
my=ny =01 — B[t + %)“}, (10.5)

rae B — oTHomeBHme MONEPEYHOTO CEUEHMS AKYCTHYECKOT'O0 IMOTOKA K
cedennio ofpasma, MepHEHAUKYJIADPHOMY HAIPABIEHAIO PacIpPOCTpa-
HeHHA 3ByKa. liA crogumx axkycTudecKuX BoXH Bupamenusa (10.4)
z (10.5) my;®HO ycpegEHUTH MO 06BEMY, KaK 9TO HENAJOCh BEINE NIPU
monyuennn BupaskeHusa (9.14a). Ilocme rakoro ycpegmeHums mosyda-

eM
ny=n'{1+ B[1 — (1 + i)"”]} \ (10.4a)
ng =nft—B[1 —(1+ 757"t (10.46)

Ecau carennuTHEeE JUEAE OTHENGHH APYr O APYra M OT IIEHT-
PalbHOH JWHAW M HACHIIAETCA TOJbKO ORWMH M3 caremndToB (P, =
= P,’ = P, =0), To cranmoraproe pemenue cucrems (10.3) gua cros-

9@x KoixeGaHmi mMeer Popmy

ming=1—Bs={t —[1+ =12, (0.6)
no/n?=1—|—B;i:{1 —[1 +2P—11’fi§]"’2}, (10.7)
n_y/nd =1 —-B{i — [1 +§P—t‘f1‘§]“"’ , (10.8)

rae a= W,/ W,.

ITonesno Taksxe moayaurs pemenue ypasuenuii (10.3), ommcrsaio-
Imee BOCCTAHOBJIEHNME PAaBHOBECHSA B IOJHOCTHIO HACHIIEHHHIX CATEJ-
aarax (n(t =0) =0, n_; (¢t =0) =0) mocie BHKIOYEHHA HACH-
mapomux noxeid npm ¢ = 0:

ny () = n_g (f).= no (1 — e72W), (10.9)



§ 11. Akycrmuecroe Hachlmende ypopHeil
KBaZPyIOJIBHOr0 Pe30HaHCA

Axycraueckoe HaCHIIEHHe YPOBHEH KBAADPYIONBLHOTO pe3oHaHCA Gy-
JeT PacCMOTPEHO Ha HIPHMEpEe Afep CO CHUHOM 3/,, HAXONAMUXCA B
KPHCTAJJIAIECKOM IOJIe aKcHalbHON cuMMerpuu. Takaa curyamms
uMena Mecro B sKcmepumenre IIporropa m Tamtmaam [2]. B arom
crydae sappa o6iIafaioT ABYMA ABYKDPATHO BHPOKIEHHEIMA YDPOBHSMH
9HEPIUH

Eim=hogQ0 Q0=3m—I(I+41), m=—5 ,>, (11.1)

KOTODHIM COOTBETCTBYIOT cHHOBEIE cobcTBeHHEE GyERmmm y(I, 4= m)
(cM. § 3). BemnunmHa ¢ ABIAETCA YACTOTOH KBAfPYIOJBHOTO DPe3o0-
HaHCa.

Ilycts B oGpaser BBOUTCS MePEMEHHOE MATHATHOE [OJI€ K aKYCTH-
qecKre KoJeGaHusa PesOHAHCHOH JacTOTH O, Wa ~ ®g. Bo36yxmae-
MEE MMH BEPOATHOCTH PE30HAHCHHX IEPEXOM0B MY CIOMHOBHIMU
YPOBHAMH m W n 0003HAYUM COOTBETCTBEHHO P%n u P,‘:‘m (puc. 4).
B cmny ocoGemHoCTe#l CcIeKTpa KBafgpyHOJIHHOTO PE30HAHCA AKyCTH-
gecKne KoaeGaHUS BHBOBYT OJHOBPEMEHHO IEPEXONH C M3MEHEHMEM
MargUTHOTO KBaHTOBOIrO 4ncia W Ha —-1, m Ha 4-2, B T0 BpeMa Kak
nmepeMeHHOe MAarHATHOE IIONE IO-IPesKHEMY BO30Y:KAaeT NepeXOopkl
Tonbko Am = 1.

Ncnonrsys supaenue (9.4) nus seposaTHOCTEH PY.. a ramxe pa-
BEHCTBA

Km|l,|m—1y|2=<m|L,|m—1y{m — 1| |md=Km —1| I_|m)}e,
(11.2)
(m I jm—13p =< —m| | —m41>]2,
OPAXOAUM K BHIBOAY, 9TO B pPacCMaTpPHBAEMOM CJly4ae BCE OTJIUYHEIe
OT HYyJIA BepOHTHOCTI/I nepexop;on P,L,{n OJJMHAKOBHI:
Py, yy= P%, _y, = Py, yy= P, v, = P". (11.3)

AHaornuHNe PacCyKEeHHA MO3BOJIAT CBECTH BCE BEPOATHOCTH aKy-
CTHYECKUX HEepPeXOf0B K ABYM BeIHYMHAM:
A A _pA A A
Pij, s, = P2y, = Pij, 3, = P%, s, = PY, (11.4)
A _pA —PA_ _pPA  _PpA
P'/z.;-‘/a P—’/s, 1/, P'/z.l—’/z P—‘/x. 3y P2 °
Ina BepoATHOCTeHl pelaKCaNWOHHHX NepPexomnoB W, mmomgo6-
HEe PACCYKIEHUS IOJHOCTHI0 HEMPUMEHUMEL. J[es0 B TOM, 49TO B BH-
paxenuax tuoa (9.4) gus W, mocrosEaasg B okashBaeTca 3aBHCH-
me# OT ®pn, B pe3yibTaTe 4ero mMeeT MecTo coorHomenme (9.2).
YunteBaa (9.2), a Taxme coorHomenms (11.3) u (11.4), momyuum
9TO IS OFHOI'0 M TOTO Ke MEeXaHW3Ma CHWH-PEeNmeTOYHOM peiaKcamuu
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Pnc. 4 BepoATHOCTH HEPEXOJ0B MERXY YPOBHAMM THCTO

KBaJIpYHOJIbHOTO pe30HAHCA CIMHA 3/; B aRCHATBHOM JJEeRTPpH=
YECKOM moxe

L0 —

Gep 211312

Py u P, — BEDOATHOCTU UHAYRUPOBAHHKX nepexonon ¢ Ipasu-;
naMu 0T60pa Am = 4t U Am = 2. Wiek 82y w,eFA
BePOATHOCTH DeaKCALMOHHNX IePEeXON0B, COOTBETCTBYIOme
npasmiaM ot6opa Am = £ 1 u Am’= + 2

VVn/,, 3/, eAl: = W._x/g, -3/, eAlr = W’/z. 1/, el = W_s/f. —1/, e~Ah = Wl,

(11.5)
e_A/z = W—’/z. 1, e_A/' = Wﬂ!
rae A = hwo/kT, T — TeMueparypa pemerkwd.

VYpasmerma GanaHca A pacCMaTpABAEMHX CIAHOBHX ypOBEHeI
¢ yaerom (11.3)—(11.5) mmeer Bup

dN

Wx/z, —3f, ebl = ”/‘__1/2' a/; €Al = Wa/z‘ —1f,

ﬂ:’/z

= (Wyed: 4 P PAY Ny, + (Wae 2 4 PA) Ny, —

— (Wyedls - Waedh - PM 4 P 4 PAYN ., (11.6)
INEL — (Wye s PY A PL) Ny, + (WaeAh + PE) Noy, —
— (Wie8h + Woe a4 P¥  P{ + PEY N .

CpepHee 3HaueHWE oIepaTopa C)O IO OIpefeeHni0) PaBHO
N
(Quy = C 3 Sp{eBntTs Q1) = 22%<m|021m> =
i=1 i
jfogy
= 3(Ny,+ Ny — Ny — Noy) = — 3V thigd L

BriuncauM n3MeHeHHEe BO BpeMeHH (@‘)} ncxona us ypasaeanit (11.6):
T _ 34 (N, 4 Ny, — Nyy— Noy) = — 2P (G0 + 6 X

X [e72 (Ny, + Noop,) — €4/ (Noy, + Ny, (11.7)
TIe

P=P:ypPA+DPW=W,+ W,
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B orauune OT CHMHOBOIL TeMIIepaTypsl, s roropoit kT, Moer
OHTH cpaBHEMOI M MEHbINeH BeIMYUHOM, 9eM /g, IJIA TeMIoepaTyph
pemerkn mnpaktudecku Bcerga kT > haog. H09TOMy B ypaBHEHWH
(11.7) M0KHO OrPAHMYIUTHCA PA3NOKEHHEM N0 JHHEHHHIX TIeHOB 1o A,
n Torp;a 0HO mpmoOpeTaeT BHJ

<0®-—-—2P<Q%-—2WW<Q”-—<Q%p]=-—2P<Q%-

<@ —<Quy®
e
k h
Tt = 2W = 2(Wy + W), a<Q0® = —3Nth 9~ — 2 N9

€CThb cpepHee 3HaueHme omeparopa (Q°) [JIf CIEE-CHCTEMH, HaXOfd-
meiics B DAaBHOBECHH C DPeNeTKO.

Ypasrernne (11.8) cosmapgaer mo ¢opme ¢ ypaBueHmeM (9.13), m
mosToMy pemenue (11.8) mna crammoHapHOro pe;kmMa Haxopmurcs 6es

TpyAa:
QP <Qn?®
0
@0y = T+2PT;  1+P/W* (11.9)
[Tpomecc BoccraHOBIEHMSA PABHOBECHA MOCHE BHIKIKICHHA HIEpeMeH-
HHX BHemHUX moixed (P = 0) omucwiBaerca cxopusM ¢ (9.16) 3axonoMm
t—to

Q1) =<Q P +1<Q0(to)y —<QWPle T, (11.10)

N
Insa paccmarpuBaemoil comuE-cucteMnl BeqmumHEa Q% urpaer Ty
e poxb, 4T0 M, INA COMH-CUCTEM C SKBHAMCTAHTHEIM CIEKTPOM:
PasHOCTH 3acejieHHOCTeil ypoBHe# Eisy, u Ky, W NoriomaeMas OT

BHEIIHETO TeHepaTopa MOIMHOCTh IPOMOPINOHAIbHBI (0?). IToatomy
(11.9) ecrp pemennme s crammoHapHOro Hachmenzs, a (11.10) omn-
CHIBA€T WPOIECC NPHOIMKEHAS PA3HOCTH 3aCENeHHOCTEH ypOBHeH
9HEPI'MM KBafipYNOJbHOTO PE30HAHCA COMHA %3 K TEPMOLHHAMIIECKO-
My paBHoBecuio.
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FTNABA TPETbHA

BO3BY/RAEHUE NEPEXONHBIX INPOIIECCOB
B AJEPHBIX CIINMH-CUCTEMAX
ARYCTNYECKIMHU UMITYJIbCAMHI

§ 12. IToBopoT MarHUTHOr0O MOMEHTA AJpa BO
BpEMA AKYCTHYECKOr0 MMIYIbCa

CraguoHAapHEIE METOAH MATHATHOTO M aKYCTHYECKOTO PEe3OHAHCA IIu-
SBONAIOT M3YdYaTh CTATUIECKUE XaPAKTePUCTUKHU BemectBa (COGCTBEH-
HBEle 9acCTOTH, MUPHUHH DE30HAHCHEIX JUHHA u T. A.). HauecrBemmo
Ipyrae CBeNEeHMs MOJKeT [aTh HCCIEfOBAaHWE MEPEeXONHHX IPONECCOB
B COAH-CHCTeMaX (Q{MHAMUKA YCTAaHOBIEHHWS DaBHOBECHA HA YpPOBHAX,
MeXaHHSMH pelaKCamuu, CKOPOCTH XMMAYEeCKOro o6MeHa u T. I.).
Ilpm DoMomu HecTAaMAOHAPHEIX METOXOB MATHHTHOIO pe30HAHCA K
HACTOAMEMY BPEeMEHN IOJIydeHa OOmMMPHAS WHPOPMAIMA TAKOTO Poja.
IlpeacraBasier MATEPEC YCTAHOBUTH BOBMOKHOCTH aKyCTHYECKOT'O pe-
80HAHCA B 3TOM 06GaacTH.

Teoperudeckoe HUCCIENOBAHHE NEPEXONHBHIX HPOMECCOB B CIHH-
cacreMax, IOABEPKEHHHX [eHCTBUI0 PE3OHAHCHEX aKYCTHYECKUX
MMIOYJIBCOB MAajoil [IMTEJIBHOCTH, OBJIO mpoBemeHo HKomockoBoii,
Komsmanemom u Keccenem [1]. B mx paGorax GmIO IOKa3aHO, 49TO
B030y:KIeHHEE YALTPa3BYKOM IEePEXOXHEE HPOINMECCH B CHUH-CACTE-
MaX 00mafaloT WHTEpECHRMHE ocobGeHHOoCTAMH. OfHAKO caMo BO30Y:x-
JeHne M3MEPUMEIX NMEPeXOJHHX CHUI'HAJIO0B TPeOyeT ImpeofoieHus PAfa
CepbE3HHX TPYMHOCTEH, ¢ KOTOPHIMH He HIPUXOJHUTCA CTAJIKABATHCA
IpA BO3MEACTBMM HA CHOAH-CHCTEMBI YJIEKTPOMATHHTHHEIMA MM IYJIb-
camu. VHTepecHEIe CBOMCTBA SABJIEHWA OHRUJIM YCTAHOBJIEHH B paGoTax
Kousuanema c corpymumkamu [2—5]. Oxcnepumenranbunie paGoTs B
B 9TOi 00JaCTH OTCYTCTBYIOT.

BospeiicTBre aKyCTHYECKOT0 HMIYJbCA HA SNEPHHN CIOUH MOKHO
HATIAMHO OPEJCTABUTH, €CJIM YUeCTh, 9TO, COTJACHO 3aKOHAM KJac-

«>
CHYecKoil MEXaHWKM, BIEKTPHIECKHMHl KBaApyHmoJabHH# MoMmeHT D,
IoMemeH b B HEOMHOPOAHOE dJeKTpuueckoe moiae E, mpmxoaur Bo
BpameHue ¢ HEKOTOPOH 4acToTO# wg, HOKO0HO TOMY KaK MarHHTHHIA
MOMEHT IpelecCHpyeT BOKPYI' HaIpaBIeHWS IOCTOSHHOI'O MarHHT-
HOro mosis ¢ wacroroit Jlapmopa wr. Tak, Hampumep, wgacToTa Ipe-
IeCCHM KBAAPYNOJA- BOKPYI aKCHAIbHO-CHMMETPHUYHOIO TpajieHTa
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anexrpudeckoro mona VE = eq,(3/, cos*0 — /,) pasna [6]
wg = (3Deqy/4%T) cos 0,

rme 6 — yroa MesREy OCBIO CHMMETDHH 3JIEKTPHYECKOTO IOJA M MO-
MEHTOM KONMYEeCTBA ABUIKEHUS 7] (cmumHOM).

Ilycrs kyOuMueckmit KpHCTAXN, copep:Ramuil Axpa co couaoM I u
<>

KBaJIPYIOJBHBIM MOMEHTOM D, IOMeIneH B HOCTOSIHHOe MarHEATHOE II0-
ne Hy(0,0, Hy). B xpucrann B HanpaBlieHUN OCM I BBOJUTCH aKyCTH-
9eCKH# PE3OHAHCHHH (0 = 2mg) mMOyasc gmmreasHocT: f,. Ilpo-
MoNBHLIE AKYCTHYeCKHEe KoJeOaHHSI CO3ZANyT 3aBUCAIUA OT BPEMEHH
rpajuenT aieKTpideckoro moass VE4, = VE.) cos ot.

IlepeiimeM Bo Bpamamomyioca ¢ dacroroit JlapMopa BOoRpyr Ha-
npasaernns H, cacreMy KoopauHaT, Tle MATHATHHI MOMEHT AAPA HEMO-~
nueH, a s¢dexTuBHOEe MarauTHOE moxe paBuo Hyawo [7]. Ilpm Bpa-
MEHuAX KOMIOHEeHTH TeH30Da-IPajieHTa sIeKTprueckoro moasa VE .,

npeobpasyorca Kak chepuueckue PyHRmuEm Y F3(0, ¢), TO3TOMY BO
BpPAIIAMCHCA CHCTEME OTCYETA HMEEM

. . N
(VEs)ap = ¥ Bha ™0 cos0t = - VE, 4 5 V B ™0,

YneHsl, TPONOPOUOHAIBHEE eXp{-- i4wrt},MokHO oTGpocHTh, mO-
CKOJBKY U3-3a OHICTPOTO H3MEHEHWS 3HAKA WX JeliCTBUME Ha KBaupy-
MONbHEI MOMEHT Maxo. TakuM oGpasoM, BO BpamamoIeiica cmcreMe
KoOpAuHAT AApo 3dPeKTHBHO B3AMMOJEHCTBYET TOJBKO ¢ HOCTOMH-
muM rpagmertoM Y/,VE.) u, cliefoBaTeNbHO, IPENECCHPYET ¢ HEKO-
TOpO# 9acTOTO# ®¢g. 3a BpeMd {, BIEKTPUIECKMI KBAaAPYHOJIb-
HHIi MOMEHT HOBEDHETCA Ha Yol ¢ = ogl;. ONHOBpPEMEHHO IOBO-
PAYMBAETCA KECTKO CBABAHHHA € HAM MarHMTHHHA MOMEHT.
3ajgaya cocToUmT B TOM, 4TOGH momoGpaTh YCAOBHA M KOMOHHAIMM
HMIOYJIBCOB, KOTOPHE IMOBEPHYT MAarHATHHIA MOMEHT TaK, 4To B jalo-
paTopHOii cucreMe KOODAUHAT OH OymeT HpemeccHpoBaTh B HEPIEH[Y-
rynsapHoi kK H, nnockocTy 1 HABOAUT: M3MEPUMYIO 5.71.C. MEIYKIWH.
Bos6y:xgeEne MMOYNBCAMH IEPEXOJHHX IPOMECCOB, MOPOMIAK-
MEX JOCTATOTHO 0oNbLine, MOCTYNHHE A JeTeKTHPOBAHNUA CATHAH,
BO3MOKHO JIUIOD NPY BHIIOJHEHNW PAAA YCIOBHil, KOTOPHE ABHO WK
HesABHO OyAyT IOApPasyMeBaThCA B CIEAYIOIEM HIKE PacCMOTDEHWH.
Cpennee BpeMa pacmajia IONEPEYHHX KOMIIOHEHT HaMarHHYEHHO-
cta T, panHO HpHOIM3UTENBHO OGPATHON BeJIWYVHE IMHPHHE Pe3o-
HaHCHOH MuEAA Vy,: Ty = 1/vy,. [nurexvEocT;H mMMIynbCOB ¢, HOMMK-

HH OHTBL 3HaYUTENbHO Kopoue I, WHaUe CHIHAJ MCUE3HET paHbIIe,
geM OyAeT BaKOHYEH MOBOPOT:

t; < T (12.1)

O6ruE0 y Azmep, o6najalomuX KBaJADYHOABHHM MOMEHTOM, Vi, Je-
sxaT B upenenax 1—100 xey, caegoBaTenbHO, AMUTENHHOCTH NMIYIIh-
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COB FOJKEH cocTaBiaATh He Gonee 1—100 mkcer. Temepanusa akycra-
9eCKUX MMOYJIbCOB YKA3aHHOM [IATENBHOCTU BO3MOKHA.

Illupura pesoHaHCHOH JMHMA +Viy,, KaK H3BECTHO, COCTOAT U3
CYMMH AaJfUTHBHHX BKJAZ0oB pasdpoca moranpHOrOo mons (o),
cune-pemerounsx (/7)) n cumB-comuoBHX (1/Ts) B3amMopmehcTBHA.
JIBa mociemEMX Ipomecca HIPHBOJAT K HeoOpaTHMOMY pacmajpy mo-
IEPEeYHKX KOMIIOHEHT HaMarHWYeHHOCTH. Pasbpoc NOKaJdbHHIX IIOJeiH
TOKe HPUBOMAT K NCUYESHOBEHWIO MONEPEYHHX KOMIIOHEHT HaMAarHH-
9eHHOCTH, BOSHUKAIOMUX LOCIE MMIYJbCa, HO STOT pacmaj obparH-
Mutit. TIpy mopgxogsimax yCAOBHAX MOCHELYIOMUN MMITYIbC MOKET BOC-
CO37aTh WMCYE3HYBIIYI0 HAMATHUYEHHOCT:L — B BTOM 3aKJII0UAETCH
upes sddexra cnuHOBOTO 9xa. II0dTOMY WA OCYMECTBIEHAA YKCIIE-
PEMEHTA THOA CIHHOBOTO 3Xa HYJKHO, 9TOGH BKJIAM ¢ B INHPUHY IIpe-
ob61agan HAJ OCTAJIbHEIMA

o> 1/T,, 1/T,. (12.2)

N3 Toro ¢axrta, YTO COIMHOBOE DXO OT BIEKTPOMATHUTHHIX MMIIYIbLCOB
HAGII0IaI0Ch B OFPOMHOM KOJNYECTBE BEIMECTB, MOKHO 3aKIIOUNTD,
qT0 HepaBeHCTBO (12.2) gacTo BHIOMIHAETCH.

Hpyras mpo6iema COCTOMT B TOM, 4YTO 3a BpeMsA MOPAMNKA ¢, aKy-
CTHYECKHMI MMIIYJIbC [OJKEeH IOBEPHYTh MATHUTHHIN MOMEHT HA Yroi
mopsAfaka /2, T. e. HEOOXOZUMO, dTOGH!

O)'Qtl == J‘t/2.

Ecnu mopcraBuTh CI0fja KBAaHTOBO-MEXaHMUECKOE BHIPAyKEHWE A
0g, KoTopoe Gynmer momyuzeno Hmxe (13.3), To 3TO ycaoeme paer

a4 3 2 . oq 20 .
5 = Bo = bgli = 20—y - ?qu Eoli szq(T) - 29

UcmonpsyeM usMepeHHEE B psAfe KYyOMUYECKMX KDHCTAJLIOB 3HA-
ueHnsa napamerpoB e€Qq, / i apep J**7 [8] musa monydvenms coorHOmIE-
HUA MERIY [UINTEIBHOCTHI0 MMIYJIbCA W aMIUTYA0M medopMaruu
E,, xoropas tpebyercs mas ocymecrBiaerusa 90-rpagycHOro moBopora
cinHa sAxpa J1%7 B sTMx BemecTBax,

Eoti = %1078 cex.

YucaeHHani mapaMerp % paBeH 2 B MoHoKpuctaimae NalJ, 46 — B
KJ,22 — B PbJ u 0,8 — B CsJ (mpegmomaranocs, aro sin??(26/q) =1).
CrnemoBaTenbHO, NTPH IATENBHOCTAX wuMOyabca mopsarka 107¢ —
1075 cex myxHO co3maBarh mefopMmanuu mopsara 1074—1073, Iro
TpynHasA 3amada. JledopManum Taxoil BEIMYHHH B CTALMOHAPHOM pe-
ykuMe OBIM  JOCTUTHYTH, HampuMep, IlyrunoBeiM m  AHTOKOJB-
ckmM [9] mpm HachmeRWEM AfEPHEIX CHUBE-CHCTEM YABTPA3BYKO-
Boit MomuocThi0 mopsaaka 100 em/cm®. B umnyancuoMm pesrmme (&; <
< 107 cek) aTH MOIOHOCTH, IIO-BHIUMOMY, MOTYT GHITh IIPEB3OMEHEI.
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Boo6iue rosops, ycaosue (12.1) B pafe cayiaeB oKa3HBaeTCH UBIUIIHE
JKECTKEM. DHUIM BHIIOJIHEHH SKCIEPHMEHTANbHEE U TEOPETHIECKUO
nceaegoapusa [10], xoropee morasamu, 9T0 CuTHAXE CBOGOTHOM
ImpemeccHH W CIMHOBOTO 3Xa, 4 TAKIKe PAX APYIUX WHTEPECHHX Ie-
PEXOIHKIX NPOIECCOB BO3HMKAKT U IIPH YCIOBHA

G-l<ti<<T1, Ts . (12.4)

B BemecTBax, B KOTOPHIX CIPaBeINBO HepaBeHCTBO (12.2), ycaoBue
(12.4) smaumTenpHO Jerue yaomiaeTBopuTh, ueM (12.1), a 90-rpagyc-
HEIf IOBOPOT IPA JUIATEJIBHOCTAX HMIyJIbCa f; > 0. JOCTUTAeTCH
Ipd 3HAYATEIHBHO MEHbIONX HedopMamusax.

CepbesHoit npobeMoil ABIAETCA COBTAHME aKYCTUIECKUX UMILYJIb-
coB HY:xHOA (opME. Huske B TeopeTMYecKHX pacderax HMIYJIbCHL
OpefIoNaraloTCA NPAMOYronbHEsMI. Takoe MpubHKeHHe OOPABIAHO,
eciid BpeMeHa HapacTaHus (Iy) ¥ cnafa (f;) PpOHTOB UMIYIBCOB MHOTG
MeHbIIE WX JJIMHH

tu, tc<t{. ° ('12.5)

Jiis 9IIeKTPOMAaTHATHHX HMIYJbCOB 3TO YCJIOBUE AOCTATOYHO JETKO
OCYIIECTBHMO.

NMnyabe Gerymux aKyCTHYeCKHX BOJH JOBOJBHO XOPOLIO HIOBTO-
pser ¢opMy Bo30OyKIAIOMEro ero sJeKTPOMarHEUTHOTO AMIyabca. s
VMITYJIbCA CTOAYNX AKYCTHIECKHX BOJH fy €CTh BPeMs YCTaHOBIEHUA
CTOAYUX aKycThueckuX Koiuebammit. Ilo mOpsAAKy BeJWYWMHBI OHO
JIOJUKHO OHTH PAaBHHIM y[BOGHHOMY BPeMEHH IIPOXOKIEHUS 3BYKa ge-
pes3 obpasem, T. €. [id 00pasmoB ¢ JUHEHHHIMH pPa3MepaMé OKOJIO
1 em cocraBiATH BEIMYNHY TMOPARKA HECKOJIBKMX MUKDOCEKYHI.
3aganii GPOHT MMIYJbCA CTOSYMX BOJNH CIAfaeT 3HAYUTENHHO MeN-
neHHee. Bpemsa cumapma ¢, ompepensierca HoGpoTHOCTHIO o6pasma M co-
CTaBIAET HECKOJBKO MUJIIMCEKYHJ 1A o6pasmoB ¢ Xopomreir fo6por-
HOCTHI0. I103TOMY MCHOONB30BaHEE CTOAIMX AKYCTHIECKUX KoiebaHumit
B mMOyiabce TpeOyeT IOHCKAa CHOCOG0B YKOPAUMBAHUA €T0 BaJHErO
¢poHTa (0€3 CYmECTBEHHOI'0 YMEHBINEHWS aMIUIMTYAH KojebaHuil B
HMIYIbCE).

OcHOBHBIE UePTH HEPEeXORHHIX IPOIECcOB OyAYT MPOCIEKEHH Ha
npuMepax AeidicTBUA HA CIOMH-CHCTEMY OJHOIO M ABYX aKyCTHYECKHX
MMIynsCcoB (IOCTeqHee SIBASETCA aHAJIOIOM MeTOfa CHOMHOBOTO 9Xa
Xana [11]). Caenyer, ogHaKO, OTMETHTH, YTO UPA OOMENPHHATOH Me-
TOMUKE BO30YsIeHNA OerymyX aKyCTHIECKMX MMIYJIbCOB OHM OTpa-
MaoTCA OT rpapeil o0pasma M MPOXOAAT HECKOJIBKO pa3 deépes obpa-
serm 0e3 3HAYATENBHOTO VIBMEHEHMA aMOIuTyabl konebammit. Taxas
Irpynna MMIOYJIbCOB HATIOMHUHAET CEPHI0 3JIEKTPOMATHUTHEIX HMITYJb-
coB Happa — Ilapcena, KoTopas yCHemHO IPUMEHsAETCS IJIA HCCie-
ZOBAaHWA METOJAMHA CHUHOBOTO dXa uddysuum m oGMEHHOTO B3aMMO-
meiicteua amep [11]. Pacuer pmeiicTBus Ha CHAH-CHCTEMY LOCHEHOBA-
TeJBHOCTH aKyCTHIeCKMX wmMmyiabcoB tuma Happa — Ilapcena 3sma-
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YUTENBHO CIOKHEE W BPAJ JU MMEeT CMBICI OT[ENbHO OT IIOCTAHOBKH
DKCIIEPAMEHTA.

Humxe Gyger mokasaHO, YTO IPH IOMOMY HIOAXONAMEX KoMOWHA-
quit aKyCTHYEeCKAX W SJIEKTPOMAaTrHATHHX MMIYJIBCOB B SIAEPHHX CIMH-
CHCTEMaX MOKHO B IPHEOWANE BO30YIATH HePeXORHEE mMPOMECCH, KO-
TOpPHE HECYT CJIe[sl AKYCTHYECKOTO BO3ENCTBUA M JAIOT CHTHAJH Ta-
KOl K€ BeJIMYMHEI, KAK IPA YACTO aKYCTHIECKOM BO3OYIKIeHHH, T. €.
BIIOJIHE JOCTYOHHE g naMeperus. llosTroMy raasHo# npoGreMoit mius
IIOCTAHOBKE TAKOTO POJA OIBITOB SBJISETCA IPEOJOJNEHAEe TEeXHATIEC-
KAX TPyZHOCTE#, CBABAHHHX C BO30Yy:KHeHHeM B 00pasmax axycTH-
9eCKMX HMIOYIbCOB ¢ TpedyeMoin HepaBemcrBamm (12.1)—(12.5)
WHTEHCHBHOCTBI0 M [IHATEIBHOCTHIO.

§ 13, Ypabuenus JABUKEHHA A1 MArHUTHOIO
O KBaJ(pyHOIbHOr0 MOMEHTOB AMpa,
YY4aCTBYIOLIEr0 B AaKYCTHYECKOM pe30HaHCe

CymecTByeT HECKOIBKO CIOCOOOB KBAaHTOBOMEXAHHYECKOrO  ONM-
CaHNA WMIYJAbCHOTO BO3AEACTBUA HA cumBE-cucreMy. HauGomee nHa-
TJIANHO 3TO MOKHO CAeJaTh IPY MOMOINY KAHETHYECKAX ypaBHEHHH TH-
ma Bioxa, KOTOpEIe MOKHO BHBECTH HE TOJBKO [JIs MarHATHOTO, HO 1
JWIA aKyCTHYEeCKOro pe3oHaHCa. JlJasg 9TOTO HYKHO BOCIOIb-
30BaThCsA NONYYeHHERM BamrcmeccoMm m Baoxom [12] kmBetmdecrum
Y paBHEHHEM

BB — — L0, B+ 20> + R (D), (13.1)

A

OUNCHBAIIMZM H3MEHEHHe BO BPEMeHU CpefHero 3HaueHus {Q)> mnpo-
M3BOJBHOTO CIMHOBOTO omeparopa () CIHMH-CHCTEMEI, CIEeKTD KOTOpOil
ompefensgeTcd TaMHIBTOHHAHOM H5f,, a B3auMojeHcTBUE ¢ mepeMeH-
HEIM BHEIIHAM II0N€M — TaMmabToHWAaHOM Jf;. Uner R(Q) yuurhiBaer
BKJIAJ] OPOIECCOB CIMH-COMHOBOH M CHWH-PEIIETOYHON peraKcamui.

HanGoapmue TPyAHOCTH HPH HOJYYeHAM KOHKPETHHIX ypaBHE-
HU [y COHH-CUCTEM TBEPAHIX TeJ CBASAHH ¢ 0G0CHOBaHHEM IpUMe-
HUMOCTH W pacieToM perarcamuoHHOro wieHa R(Q). Jlxsa mmpoxroro
Kpyra IepexofHHX HPOIEecCOB 3Ta TPYAHOCTH OTHAMIAET, TaK KaK PAMN
WHTEPECHEX SBJICHAA BO3HNKAET WMEHHO TOT[A, KOTJA CINH-COUHO-
BHIMU U CIHMH-PEIIETOYHHIMM B3aMMOMEACTBHAMEH MOMHO IpeHe6peun
[0 CPAaBHEHHIO CO CTATHYECKUM YIIMPEHWEM DPe30HAHCHHX JWHAHN (CM.
ycaosme (12.4)). B rakmx 3agagax craTmueckue B3aMMOEHCTBUS
BRIUatoTea B ,, a wieH R(Q) B ypaBrennu (13.1) Moxer He yuuTs-
BaThCA.

TaxkuM o6pasoM, 1A HAXOKJAEHAA NBMEHEHHIl BO BPEMEHH Cpe[-

A
HHX 3HaveHm# {()> AOCTAaTOYHO BEHIYUCIUTH KOMMYTATOP @ c ﬁt’o +
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--%,. Dna magana B KagecTse ) Gepercs ONUHE U3 OIEPATOPOB, CPEHEE
3HaYeHUE KOTOPOTO IPeCTaBIAeT HHTEPEC FIsI pacCMaTpuBaeMoi 3aja-
ug. [locne BEINOMHeHMA KoMMyTanmum ciipaBa B ypasHemuu (13.1)
OKaXyTCsH, BoOOIIe T0BOPSA, CPej{HIe BHAYEHHA OT APYIUX, He PABHEIX
Q, cuumnoBHx omeparopos (', (" ... CefoBaTeabHO, B OXHOM yDaBHE-
Hua OyjaeT HECKOJBKO Hem3BeCTHHIX (yHKIui. UroOH moompemenauTs
3TO ypaBHEHHeE, HY;KHO IOJYIUTh ypaBHeHHA mxa {Q'), (O"} yeeo
puist aToro omeparophi O, Q'... HOACTABIAIOTICA B (13.1) B ragectse .
Takas mpouemypa moBTOPAETCH [0 T€X MOP, MOKA HE MOMYUYATCH 3aMK-
HyTasa cucreMa ypapHeHmil. Ha ocHOBaHMM TeOpUH I'PYIO MOKHO IIO-
Kasath [13—15], yTo 3aMKHyTas cmcTeMa ypapHeHu# mid cunua I me
MoxeT copepxkarh Gombpme deMm (2] -+ 1)2 HesaBUCHMEIX ypaBHEHHI,

OcramoBuMca mompoOHO Ha Hambojee IPOCTOM CiIy4ae SIep cO
cumHoM I = 1 B KyGm4ecKoM KpHCTaJjuie, IOMEMEHHOM B IMOCTOSHHOE
MarguTHOe moine H, (HampaBieHme KOTOPOIO COBIAJAET € OCHIO-Ja-
GopaTopHOil cucTeMbl KOOPAMEAT). B 9T0OM ciy%ae cHexTp CIMH-CHCTE-
ML OOpefiesieTcss omepaTopoM

= hﬁ)ofz, wy = TaH (13.2)

Ilycrs B kpucrain B HallpaBIeHHH OCH CUMMETPHH 9eTBEPTOTO HOPS/-
Ka BBOMATCS IPOJOIBHEIE CTOAYNE AKYCTHIECKHE KoneOaHnus, KOTOPHe
npoussonsar pepopmanuo E (1) =E, sin kr cos (ot — V). Ecam oce
z n1abopaTOpPHOH CHCTEMH O0TCYeTa BEIOPATH TaK, 4TOOH HAIPABIEHUE
pacupocrpanenuss 3Byka (k) nejkamo B IIIOCKOCTH %z, TO OLEpATOP
CcIuH-QOHOHHOTO B3AMMONEHCTBMA MJS DTOTO Ciydas NOPUMET BHA:

(eM. (5.10))
HM = — hE! = — Ry [Q94 Q9 cos (0t — ) (13.3)

aq = besinkyr, by = (*/sh) ASuEo S‘n”q‘( 7] )

A A S

Q0= Qoo =312+ 1(I+1), @il:zF]/—?,— Q= T4l +1 1.,
=) & Q=1

Nnnexc ¢ npuHUMaer asa 3uagenus (1 u 2) aad omepaTtopoB, BHISHBAIO-
IEX CIAHOBLIE MEPEXOME ¢ M3MeHEeHHEeM MAaTHUTHOTO KBAHTOBOTO UHC-
na Ha 1 u Ha 2.

s pacemorpenuss Gerymux akyCTHIECKHX BOIH JOCTATOYHO II0-
noxuth sin k;r = 1 u pEectn 3amospanme kor B dasy y,.

OmepaTop B3aMMONIEHCTBUA ¢ IMEPEMEHHHIM MATHUTHHEIM IIOJIEM
2H cos (ot — F,,), UpuioKeHHEHM HepueHAUKyAdpHo K H, moxg yr-
JIOM ¢ K OCH %, PaBeH

' = — REY = — hay(Ipe7'o + T e'%)cos (ot — Fy), (13.4)
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rae ay =9ysH, 1 Fy — $a3a nepeMeEHOro MarHATHOTO IOJA.
Oneparops 'amumibrona (13.2)—(13.4) BrpaskeHs 9epe3 HeIPHBOU-

MHEe CORHOBEE TeH30pH 'y, ., (cM. IIprnosxerne A). YcioBEMcs B ypaBHe-
A

mnu (13.1) B xagecrBe omepaTopoB () Tak;Ke MCIOJH30BATH CHMHOBHIE
TeH30pH. PacueTn cymecTBEeHHO YIpPOIMAITCH, e€CiId nepeliTtm K Ho-

BHM omeparopaM Iy, ., OpH HOMOIH COOTHOLIEHWA
Tim= o]y eiotl, T datl, T g-iotl (13.5)
Bnarogapsa mpocTtoMy IpaBHIy KoMMyTamua ouepartopoB Ip, ¢ I,

[fzv fLm] =mem

JIerK0 HaWTH BHpakeHWe Npeo0pasoBaHHHX omepaTopoB ueped Tp..
Ils aroro pasmoskuM T'r,, B pAf mo ¢

- 0 g dk'j? © oV - N -
TLm=Z F(.—dt‘l’l‘—m) =2 (lk('l)) (Tim, 1111 ...] Iz]k933=
k=0 t=0 k=g

oo . k R
_ 2 (— l]r:luot) T im = eimot Py (13.6)
k

AnvamormuEEM 06pa3oM mMeeM

T im=emotTr,, . (13.7)

Temepp HETpymHO yOemuThCHA, UTO J{peo6pa30013anne (413.5) ects Bpa-
menme Boxpyr H, (ocm z) ¢ gacroroit w. [leiicrButensHo,

A

I.,=Rel, =1, cosat + Isin otu . .

Ilopgcrasum B ypasHerume (13.1) mus O: Tim = emot ?‘Lm BEIpa-
menne (13.2) m ymHOMHM ypaBHEHHMe Ha ¢ 'm*!, B pesyabraTe 3TOro
DO YIAM

a<t, > . 2 LA A
— = = imA (T + i [Tim, Ei), (13.8)

& a
rge A =w, — w, a E; o6o3mauaer omneparop E; Bo Bpamaromeiicsa
CHCcTeMe OTCYera.

IIpeoGpasosanue (13.5) mepesomuT omepaTopH B3aMMoeiCTBHA
ImepeMeHHEMEA BHEIIHAMY mOonAMA F; B

— REl = — ah [.é"e'iqwf + Q%"19u!] cos (ot — ) =

3 A g | A i | F (ot
2 [Qqe“"q _ Q q —1¢q] fq(e izqmt), (13.3a)
A ﬁ T m 7 + A"
EtM aM [I e‘i(F - 49) - l , ei(Fm-‘P) ] :f (ei’uo’t), (1 3.43.)
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OTcmna BU[{HO, 9TO BO BPAINAIOIeHCA CHCTEMe KOODAWHAT OLepaTOPH

40, comep:xaT mOCTOAHEHE ¥ GHCTPO MBMEHSAIOMUECS BO BPEMeHHA uie-
HH. JleraabHHE pPacdeTH IOKa3HBAIOT, 4T0 3QPEKT OT MOCHeAHAX He-
3HAYATEJIEH, W II03TOMY HIKE OHH He OYIAyT YYUTHBATHCA.
IlonyunM ypaBHEHHS [BYKEHAS CIHHOBHX ONEPATOPOB MOJ BJMA-
HUEM 9eKTPOMArHHTHOTO MMIyabca. J[Ja 8TOro mofcTraBuM omepaTop
(13.4a) B (13.8) m mpm moMomu YKA3aHHOH BHIIE METOJMKH IOIYIMM
3aMKHYTYI0O CHCT€MY YPaBHEHHMI, ONMCHBAKIIMX [BAKEHAE KOMIO-
HEHT COMHA OTHEJBHOTO SPa BO BPAIAIOMEACA CHCTeMEe KOODIAMHAT

2Ty = +ir T4 iauFu Dy, (13.9)
LTy = g e Ty — e (T,

rae Yy = Fu—

VYMuoKeHVE HA Y5/ I cyMMEpoBaHHe IIO BCeM AApaM o6pasma mpe-
ppamaer ypasuenus (13. 9) B B3ATYIO [UIA HMIYJbCAa CACTEMY (eHoMe-
Homorudyeckux ypasHenuil Bmoxa [16] pgma BekTopa nHamarmmuem-

HOCTH
N

M =1k X <D,
i=1
J{Bi)keHWe KOMIIOHEHT KBagpYIOJBHOTO MOMEHTa fAfpa IOA meli-
CTBAEM JJIeKTPOMAarHNTHOTO HMIyJbCa IIOAYMNHSAETCA YDPaBHEHHAM

% i3aM < s 2 A
S = (@D e < e, (13.9a)
d<6i1> Y . Z . ; 5 )
—g =T IACQE)Y 4 lqM{<Qi > et 4 (0°) eFiu},
4¢Q+»

GO%7 — £ i2A Q) - day (1 ¥,

VYpasrerma (13.9) m (13.9a) moxasmBaioT, 4TO B PaCCMOTPEHHOM
ciydae 9DIEKTPHYIECKMH KBAaAPYHONbHHA W MATHUTHHN [AIONbHBIHA
MOMEHTHl Sipa [BUTAIOTCS HE3aBHCUMO JPYr OT ApyTa.

3aMKHEYTadg CHCTEMa YDAaBHEHHM s aKYCTHYECKOT0 HMIyJabca,
BH3BBaRIMEro A m = —l— 1 TEPEXOJIE, HMeeT BI/L

Ly = B Gy e — i (0], (13.10)
<Qﬂ> — +za1 Ty Fin L in (P,
0% =i a (KT e — Ty e,
Q> = 02 Q= F iay T ) T,
2Ty = iA Ty - ia (@0 Fil — {QEyexin).  (13.40a)
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AHaJIOTUYHAA CHCTeMa A aKyCTHYeCKOTO MMIOYIbCa, BEI3BIBAIO-
mero Am = -~ 2 mepeXofs, COCTONT H3 TPEX CHCTEM ypaBHEHWI:

d ~ . 2 . 2 »
T<Iz> == la2{<Q2>e’L¢z__<Q 2>e ‘sz}’ (13.11)
QD 128 Q) & i2a, T,y T,
jt <?_> = i iA <ft> i ias <6¢1> e¢i¢z’
0Ty = b (O iy T e, (13.41a)

Ypasrerus (13.10), (13.10a) u (13.11), (13.11a) aBaawTCa cucre-
Mamu ypaBHeHui Tuna Bioxa (6e3 perakcanuOHHHX WIEHOB) A aKy-
CTHYECKOT0 pe3oHaHca. B oramame or cmeremsr (13.9) omm me Moryt
OHITH CBEJEHH K YPABHEHWAM [BIIKEHHSA TOJIHKO MaTHATHOIO MOMEHTA
o6pasma, MOCKOIBKY aKyCTH4ecKue Koae(aHUs IPUBONAT B JBHIKE-
HAe BMeCT€ ¢ MATHUTHHIM DJIEKTPHYECKUA KBAaAPYHOJBHBIA MOMEHT
o0pasma, u, KaKk moxassBaioT ypasHeHus (13.10), (13. 11a), ux msu-
JkeHMe B3auMo3aBucuMo. Ilpu mepexofie B 9THX ypaBHEHUAX OT CHOU-
HOBHIX MEPEMEHHHIX K (M3MYECKUM BeJIMIMHAM HMeeM

aM, _ zgl % [ei Dy — e D],

LDy = iAD i (M= M) 5% w1 g, (13.106)

rne Dy, = eQE?% eCTh CYMMa CpefHHX S3HAUYeHAN KOMIOHEHT
=

DIIEKTPUIECKUX KBAJPYIOJIbHHX MOMEHTOB Amep obpasma,

®="Yal|A, A=eQ/2] (2] —1).
B orcyrcrBue BHemEHEMX TepeMeRHEX moxeidr (E' = 0) pemenme
cucremur (13.8) maxomurcsa Ges Tpyma:

Trrm (1) = (Trm(to)y emd 1), (13.12)

rfie t, — MOMEHT BHIKJIIOUEHNS BHEIIHUX IEPEMEHHHIX IIOJeif.
Jnsa BaxoK[eHNA penreHuil B umMnyiabce ypapaerns (13.8)—(13.11)
MOKHO YIPOCTHTE, MOJOKUB A = (. IT0 cOpaBemInBo B TeX CayJasax,

KOTIa MMIIYJIBC JOCTATOYHO KOPOTKMUII, YTOOH BHIIOJHAIOCH YCIOBHE
(12.1),

[Alt:<< 1, (13.13)

rae t; — pauTenbHOCTh mMIOyabca, a|A|=T}[w, — o[?ectb Ko~
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peEb HW3 CpefHero KBagpaTa OTKJIOHEHWS PEe30HAHCHOH YaCTOTH
OT/IEIBHOTO APA ®, OT CPEIHEr0 BHAYEHUS .
Pemenue cucremn (13.9) B umnyasce (A = 0) umeer Bupg

<7-J: () = (fi (t0)> cos? O;“ + (?; (to)> €Fi2¥u sin? }21- +

=+ <7z(t0)> eTHmsin o, (13.14)

i

<?, (t)) = (zlz(t0)> COS Oy + —5- Sin oy [(Ii. (o)) €'¥m — (f‘ (to)> €],

rme oy = aw(t — %), t, — Havamo MMIOYJIbCA.
Pemenue ypaBmemmit (13.10) m (13.11), mMenmux cxogEyn ¢
(13.9) crpyxrypy, moayuaerca u3 (13.14) myrem 3aMent

o> Q£9, Yy —> gy t —> qag (£ — o). (13.15)

Cucrema martu ypasuenwit (13.10a) mocae mpoctex mpeoGpasoBa-
HU# paclnajiaeTcd Ha ABe CUCTEMEl, KOTOPHE MMEIOT Clefylomee peme-
HEE:

@ (t)> = <z (to)y cosay — i v (to) Ysinay, (13.16)
<O (£)> =<D (to)) cos ay — i < (£;)) sinay,
G (8)> = <Y (tp) c08 20ty =~ CT_ (t,)> sin 2a,

CU_(t)y = <U_(t,)> cos 20 + i2 <Y (£,)} sin 2ay,

U, @)y =<U, (t,)> — <U_(t,)y sin? o, — i <y (t,)) sin 20,
rae

5 = T_'_ e‘Nh _l_7_ e‘i*b:’ [j:t j— 260 iei%b‘ 62 __'__ e‘i2¢16‘2’
Y= I, e —T_ e, v = 62 eiedr — ~Q’2 e2%: ay =ay (t —t,),
IIpm 3amemne
T:l:-—>~Q’:l:1, QAﬂ:z—é — QA‘_"_2, ay, 'lpl-—>au, 'll?M (13.17)

cucrema (13.10a) mepexopmur B cucremy (13.9a); moatoMy pemenue
(13.16) momer ¢ yuserom samens (13.17) cay:xuTp pemennmeM ypaBHe-
mmit (13.9a).

He mpejcrasiser Tpyja HaiiTi pelmeHde ABYX CHCTEM ypaBHEHAMN
(13.11a) pmaa mMoyasca

ﬁ:l: (&) = <f:|; (8,)> cosag + i (Qc:Fl (2,)> €Fi¥: sinai,,

<6:Fl )y = <QQ=F1(‘t0)) coso, =41 (i': (2o) exi¥: sina,, (13.18)
TAe @, = ay(t — ty).
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HaiineEHsie 3mech pemeHNs KHHETUIECKUX ypaBHEHWi GyayT mpu-
MeHEeHH B CIefyIOmuX maparpadax fis ONNCAHHA DPEaKOUHu ANEPHOR
cumH-cucteM (/ = 1) Ha pe3OHAHCHOE WMIOYJILCHOE BO3[EHCTBHE.

§ 14. Bo3Oy:rmenue cBOGOXHON mpeuneccud CIOMHOB
aKyCTHIECKUMU MMOYIbCAMU

PaccmorpuM peficTBHe Ha CIOHH-CHCTEMY OQHOrO mMumyiabca. [lo mm-
OyJbCa CINH-CHCTEMa HAaXOAHUTCSA B TEePMOAUHAMUYECKOM PABHO-
BeCHH, TDH KOTOpPOM e€e Marpuia IIOTHOCTHM paBHa [ = eXp
{— H,/kT})Sp{exp(— H,/kT}, a cpepEme 3HAaUEHMA OT OIepa-
TOPoB, He WMEWIUX [UATOHAJLHEIX MAaTPUIHHIX 3JE€MEHTOB, Pas-
HBL gHyn10:

(T LmdP2®8 = Sp{Tpmeod:/¥T}/Sp {etod AT} = 0 (14.1)
npu m == 0).
OTiaduHH OT HYJIsA CpegHue 3HAYeHUA JUArOHAJBHBEIX OIIepaTOPOB:
I
7 1 /2 ho
(Iypaes = —2,—+—1 ;I%’—W = — g [ +1) =
- NTH Hy=1I" (14.2)
I
00>panﬂ—_21+1 g‘l{\ >m2[37n2—1(1+1)]=
1 % 2
—— ( Lo > I(I 4 1) —1)(2I + 3), (14.2a)
N (hyg I(I +1)
THe %o = T — mapaMarHMTHAs BocupuuMuuBocTs Hiopn.

Bupamenusa (14.2) u (14.3) moaydeHH ¢ TOYHOCTHIO [0 NEPBHX He-
ucyesaromux wieHoB mo & = hwy/kT. Tark xak § gna agep Bcerna
MajIo, MOJKHO CYHTaTh, 9T0 1 {Q0)PasE — (),

HO}IGT&BJIHH (14.1) m (14.2) B (13. 14) B KagecTBe HAYAIBHOTO yC-
JIOBUS, HAXOIWAM, YTO HEHOCPEICTBEHHO IOCHE 3IEeKTPOMATHHTHOTO
UMOyIbCa CpeJHHE 3HAYeHWsS KOMIOHEHT CIIMHA AApa PaBHBI

?Iz-(t1)> = I° cos oy,
<?i(t)> = 4 iI°sina, et (14.3)

I Gy = auly, & I — [VIATEABHOCTH MMIYIbCA.
Cpenuye 3HA9eHUA KOMIOHEHT KBa/IPyIOIBHOT0 MOMEHTA SAPA IPH

YKa3aHHBIX BEIIE HAYaJbHBIX yCIOBUAX ((()")10aBH = 0) paBHH HyiIO.
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JlBu:KeHVEe KOMIOHEHT COWHA OTHENBHOTO ANpAa MOocie OKOHYAHUSA
vMnyabca (upu ¢ > ;) ompepensercd ypasHerneM (13.2) m Hawamb-
HuMA yemosuama (14.3)

~
~

.0y = T, (t)> = I cosa, (14.4)
<?:I:'(t)> = 4 il%sino, gHiAtEiby

(upu momyueHMm aToro pesyabratal yumreBasoch yciaosme (13.13)).

Yro6H ompenennTh OBUKEHAE BeKTOpAa HaMarHWYeHHOCTH o0pas-
1ma, HY)XHO mpocyMMupoBath (14.4) mo BceM smpaM M YMHOKHTH HA
vafi. Or agpa Kk Anpy B Bepaskenuu (14.4) MeHserca Tonbko A — or-
KJI0HeHHe Pe30HAHCHOH 9JacTOTH ®, OT CPefHero 3HA4eHWA . ag
OpPOBEJEHUS CYMMHDOBAaHAA OOBIYHO [EJXAETCA IPEANONOKEHHEe, UTO
pasépoc pe3oHaHCHHX 9acTOT paclpefeleH M0 HOPMAJIbHOMY 3aKOHY

N

Z %N—V;Tc-' S 6‘—A2/2°2dA, {(14.5)

i=1 —00

COOTBETCTBYIOIEMY PE30HAHCHEIM KDWBHM rayccoBoii GOPMEL CO BTO-
PHIM MOMEHTOM O, OOGYCIOBJICHHHM HEOXHOPOTHOCTHIO JIOKAJIBHOTO
moJiA Ha Agpax. Bo3HUKawmui# IPH yCpPe{HEENN HHTEIPAJ JIETKO BhHI-
9UCIAETCA:

¢ A e _for(—tye
-V—Z—Ec— S e 202 - dA =e ¢« 2 . (14.6)
—o0

ITocne Bemommenuss cymmumpoBaHHA (14.5) B BeipaskeEmm (14.4)
cosepmnM mpeoGpasosanme (13.7), B pesyaprare gero mMoIydnM 3aKOH
IBWKEHWA HaMaTHHYeHRocTH obOpasma M B JgaGopaTopHOM cucreMe
KOODAHHAT IOCIE OSHOTO 9JIEeKPOMArHUTHOr0 HMIYIBCA:

M, (t) =: Mg cos oy,

oztz

; i
M (t) = My (t) == iMy(t) = 4+ iM,sinoy e™ (@) ;2 , (14.7)

roe M, = yoH, — cratmueckasg HaMarHMYeHHOCTh o0pasma B IO-
CTOSHEHOM MAargUTHOM IIOJe.

Juas wATepnperanuy [ABUKEHHS BEKTODA HAMArHUYeHHOCTH BO
BpeMsa 3JIeKTPOMATHATHOTO HMOYJILCA DPACCMOTPUM IIPOCTEHIIYIO CH-
Tyamuio, KOT[a IepeMeHHoe MAarHATHOE II0jieé IIapajienbHe OCH %
71a60paTOPHOR CHCTEMBI 0TCYETA (cp =0), a ero HagambHag ¢aza Fy
paBHa myIo. Torga Bo Bpamamomeica cucreMe KOOPAUHAT K MOMeHTy
OKOHYaHAA mMmnoyuabca (f = t;) mMeeM

1171,, =0, ]17_7,, = M, sin oy, JTI', = M cos dy.
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9TH 3HAYEHNs KOMIOOHEHT HAMATHUYEHHOCTH IO3BOJIAIT MHTEPOpPETH-
PoBaTh MIENCTBHE DIEKTPOMATHATHOIO WMIOyJahca HA BEKTOp M Kak
OOBOPOT BOKPYT OCH X HA YIOd Oy = ayf,. Jlpyrumm cioBaMu, mpo-
HCXOIUT mpemecchs ¢ acToroil JlapMopa wy = yxH; BOKpyr Hampas-
JeHAs IEePEeMEHHOT0 MAaTHUTHOTO Hmoiaf. B wacTHOCTH, WMIYJbC IpH-
HATO HasHBaTh J0-TpajgycHHIM, ecaum oy — 90° m M, — 0. Ilocuen-
Hee 03HAYaeT, 9TO BEKTOD HAMATHHYEHHOCTH IOBEPHYT HA TPAMOR
YTOJ M JIE;KUT B NEPHEHAUKYISAPHON MOCTOSHHOMY MArHUTHOMY HOJIO
OJI0CKOCTH.

Ecan paccmarpuBaeMeiii o6pasen HaXOIATCA BHYTPH IIPUEMHON Ka-
TymKy (0Ch KOTOPOil cOBHAfaer, HaPEMep, ¢ HANpaBJIEHWEM OCH Y),
To npu uaMeHeHmM M (f) Karymry mnpoHu3mBaerT moTok ® BexTopa
rENyknan B

Oy, =nnSB, = &nS4nM,,

rage n @ S — YWCJIO BUTKOB M NJOM@AAh ONHOTO BHTKA KATYIIKH,
7 — Ko3¢dunmeHT BalOJHEHUA, YKABHBAIOIUNA, KaKyH dacTh 3¢-
¢exTHBHOr0 00'beMa KaTyUIKM 3aHUMaeT o0pasel. OJIeKTPOJBIKYINAS
cHJIa MEIYKOUM, KOTOpas IPH BTOM Bo30yrkmaercs, paBHA

c2t2

= 4nEnSwM, sin oy sin (of — P)e 2 (14.8)

— dDy
By=——54
9Ty 3. M. ¢. ¥ PUKCEPYIOT SKCHEPUMEHTAIbHEE YCTAHOBKH.

Ilepropugeckoe paBmKeHNe mepHeHAUKYAAPHHX K H, xoMmoHeHT
HaMarHAYeHHOCTH IIOCJHE BHKJIIYEHWSA NEDPEMEHHOTO IOJs IIPAHATO
Ha3EBaTh cBobopEON (H,; = 0) mpemeccueil, a WOPOMKIEHHBIN STHM
IOBIKEHWEM CUTHAJ — CHIHAJIOM CBOGOTHON WpEeIeccHu.

PaccMoTpuM Temephr JedCTBHE HA CHAH-CUCTEMEl aKyCTHYECKOTO
EMOyabca miauTenpHOCTH fy. Vcmonwsays HadanbHEE ycmosusa (14.1)
7 (14.2) qnsa akyCcTAYECKOTO MMIYIBCA, BHBHBAIOMEr0 CINHOBEE epe-
xomet Am = - ¢q, us (13.14) u (13,15) maxomum

T, (t)> = I°cos(q a,), (14.9)

(Q#9(t)> = 4 il°sin (gag) e e,
rneq =1m 2.

Hecmorpa Ha ¢opmanbHOe cxoxmcTBo BhpaskeHmit (14.9) m (14.4),
melicTBEEe aKyCTHYECKOTO HMIYJbCca HA MArHUTHH MOMEHT (HA BEK-
trop I) mpuEmUNMansHEO He cBoAmTCA K mOBOpOTY. [leficTBHTENBHO,
xota I, nu3aMeHsAeTCA TOYHO TAK, KaK OyATO HPOMCXOFUT IOBOPOT BO-
KpYyr OCH, TNEpHeHAUKYASAPHOA K [,, HIKaKMX KOMIIOHEHT BekTopa I
B HepOeHAUKYIApHOX K I, mmockoctu He obpasyerca. CiemoBarens-
HO, m3MeHseTcH abconioTHaA BenmamHA BekTopa I. Ilemo oberomt Tak,
Kak GyATO BO BpeMs HMIIYJI5CA MATHUTHHN AUOOJbHKN MOMEHT «Hepe-
XOJIATY B DJAEKTPHYECKUHA KBAXPYIONBHHN, MOKHO COXDAHHUTH TEDMAH
«moBOpoT» 1A 0603HAUEHAs CTENEeHW M3MeHeHNd [, HOJ BiINAHAEM

72



aKyCTAYEeCKOr0 MMIOYJbCa, HO TEPMHUH TepseT IIPH 3TOM TreoMeTpude-
CKHH CMBEICI.
IIpeneccupyromue KOMIIOHeHTH HAMAarHAYEHHOCTH, BEpHee WX Ji-

HeiiHasA KOMOMHATHA Y = < g >eh— <I > ¢4, MoryT GHITH BO30OYIK-
[€HHl AKYCTHIECKUM HMIIYJIbCOM, BHBHBaomuM Am = -+ 1 mepexopsr;
OHH paBHH

<Y (1)) = i (Q°yParrisin 2. (14.10)

CpaBuenue (14.10) m (14.3) mokasmBaer, 9dTO AaKyCTHUeCKHil
UMIOYIbC €O37aeT B § — fiw,/kT pa3 MeHpIIME IIpemeccUpyomue
KOMIIOHEHTH HAMarHW9eHHOCTH, deM dIeKTpoMarHuTHHEA. OpHako,
Kak OkIo orMedeHo B paGorax Homockosoit m Homsmimema (11, ¢

TOHMKEeHNEM TeMmepatypsl {()0)PaBH pacrer GricTpee, 9eM [0, u moa-
romy BenmauHa (14.10) mpu 7 ~ 0,1 —+— 19K pgocruraer sHageHuil Be-
anauH (14.3) npu KoMHaTHON Temueparype. Huske paccMarpwBalTCs
a¢PeKTH, MPONOPUUOHAIbHEE IIEPBOA CTENEHH &.

CymecrByer W papyras IpuWdWHA, CBSA3aHHAS C MAJOCTHIO [JINHEL
aKyCTHIeCKON BOJHH II0 CPAaBHEHUIO ¢ pasMepaMu o6pasna, B Pe3yib-
TaTe KOTOPOW CHTHAJN ANEPHON WHAYKIUH HOCIEe aKyCTHIECKOI'O MM-
IyJbCa OKA3HBAETCS 3HAYMTENbHO MEHBUIE, Y€M IIOCIEe BIEeKTpOMar-
HATHOTO. JPPerT MaroCcTH [IMHB aKyCTHIeCKoii BOIHH GymeT o0Cyk-
JaThCA HUJKe TMOApPOOHO B CBA3BK C OIEHKOHW CHI'HajJa CIMHOBOI'O 3Xa
OT aKYCTHYeCKMX MMOYJIbCOB.

B pa6ore [4] Ghun mpegupUHATH pacdeTsH OTHOBPEMEHHOTO JEHCT-
BUS AKYCTHIECKOTO U 3JIEKTPOMATHATHOTO MMIYJIBLCOB HA ANEPHEIE
comH. Oxasanock, 9To Grarojaps OPHCYTCTBHI0O IEPEMEHHOTO Mar-
HATHOTO HOJA MHEYOUPYIOTCA IpPenecCHpYyIomue KOMIOHEHTH HaMar-
HAYeHHOCTH, NPONOPIMOHAJbHEE §, IpHIeM OHA HECYT CIENH Hei-
CTBHA aKYCTHYECKOTO MMIYIbCa M TAKAM 00pa3soM B IpPHMHIUIE HO3BO-
JAIOT M3Y9ATh B3aMMOJEACTBHE AJEp CO 3BYKOM. PeayabraTe paGoTh:
[5] orHOCATCE K AEpaM ¢ 9MCTO KBafPYNOALHEIMA CIMHOBHIMA YDOB-
HAMA 9HEPruH. 374ech Gy[eT NpUBEIEH AHAJOTHIHHIA Pe3YNbTAT NIA
SKBH[ECTAHTHOI'0 CHEKTpa Afep co cnmHoM 1. Pacuer mokasmBaer, 4ro
ecr Ha AApo (I = 1) ojlHOBpEMEHHO [EefCTBYIOT 3JIeKTPOMATHUTHHIA
M aKyCTHYeCKU! MMIYJAbCH, BH3mBaomue Am = --1 mepexopsi, TO
CpefHHe 3HAYCHHS KOMIOHEHT COMHA BO BPAIIAIOIMEdcA CACTEMe KO-
OPAWHAT PAaBHH

T, (1)> = I°(ak + @) [(al+0d) cosa + ok a? (2sin® 2 +costa)],
(14.11)
éi (2)> = F I°ay (a4 a})": [(a} —a%) sin o — a?sin 2],
e o= (ax -+ ai) ;.

OcraHOBEMCA B 3aK/I0UeHNe Ha QH3EYECKAX CJIEICTBAAX Iperec-
¢l KOMIOHEHT, KBafpymoiabHOro MoMerTa axapa {Q%>. Ilepuogmaeckoe
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©
JBHKEeHHEe 3JIEeKTPUYECKOr'o KBagpymoJabHOI'O MOMEHTAa D:I:q =

eQ(Qi'lD HOpOKJaeT B OKPY’KalomeM IPOCTPAHCTBE IEPHOAMIECKOE
anexkTpoMarHuTHoe moxe. Ha paccrosEmax R mopsgka pasMepoB 00-
pasma, MEOTo GobIIEX pasMepoB manydapomeil cmcreMsl (pasMepoB
A7pa), HO MEOTO MEHBIINX [JINHEl BOJHH H3JIYyI€HUS, DIEKTPUIECKOE
mojie PaBHO
© 3z, x,— R?2§
Eq(t) = —4 3 Dup(t)grad| o2 0es |

5
a,B=x,,z R

rae Dqp — /eKapTOBH KOMIOHEHTH CPETHWX BHAYEHHIl 3JIEKTPHYIEC-
KOT0 KBaJpPyIOJBbHOT'O MOMEHTa SApa.

HccnemoBaEne 3IEKTPUYECKOTO MOJS, CO3HAHHOTO IIpemeccuei
BJIEKTPUYECKOTO KBAAPYIOJIBLHOTO MOMEHTa sfep o0pasma (dIeKTpHU-
gecKoll KBaAPYHNOJbHON ANEPHOH MHIYKIWN), B IPHHOUIE MOTJIO OB
JaTh He MeHee WHTepecHY HHYOpPMamui, 9eM smepHAas WHIYKIWA,
IOpOKOeHHasA Ipeleccreii MarHUTHRIX AWIIOJBHBIX MOMeHTOB. H co-
sxanenno, noie Eg cammkoM Mamo. OIeHKH IOKAa3HBAT, 9TO IPH
Q~ 102 em®, N~102 cm™3, 0y~ 2n-10° pad/cek un
R ~ 1 cm oro mone paBHO Eg~ 1078 6/ cn npm KoMHATHHIX TeM-
neparypax u okoxo107® mke / cm mpm TeMmeparType KHAKOTO TEJNHA.

§ 15. Boz0y:xnenue cnumHOBOro 3Xa
aKyCTHYECKIMH HMIYIbCaMI

JlBa DIeKTPOMATHHTHEIX HMIIYJbCA, IPHIOKEHHHX K CIHH-CHCTEMe
8 MoMeHTH BpeMenu { — 0 ¥ { = T, IOMHMO CUTHAJOB AAEPHON WH-
IYRIUM, CJAEOYIIMAX HEIOCPEACTBEHHO II0CHe KAaMKIOT0 HMIYJIbCa,
fIpH NOAXONAMUX YCAOBUAX (OPMUPYIOT TPETHHl CUTHAI NpH [ —
'= 2T, KOTOPH# HaswBaeTca COUHOBHIM 9Xo0. Ha ocHoBaHMu u3mo-
KEHHOHN BHINE TEOPUHU 3[1eCh OYAYT PacCMOTPEHH Pe3yNbTATHl BO3MEi-
CTBHA HA CIVH-CUCTEMY HECKOJBKUAX MMIIYJIHCOB, OJUH U3 KOTOPLIX 11O
KpaiiHeil Mepe siBisgeTcd akycradeckuM. OgHAKO JjiA CPaBHEHUSA U BHI-
ABJEHNMA CYTH [eJia CHAdaJja II0JIE3HO MOJYYUTh BEIPAIKEHNUE IS CUT-
HaJa COUHOBOTO 3Xa, BO30Y/KIaeMOT0 OBYMs 3JIEKTPOMATrHUTHBIMH
FIMITYJIBCAMH.

A. JIlBa DIeKTPOMATrHUTHHX HMIOIYyJIbca

IleiictBme  mepBOTO  HMIIYTBCA  yiKe pPACCMATPHBAIOCH BHIIIeE.
Y1066 MOMYINTh HATAIBHEIE YCIOBUA JJISA OHEPATOPOB CIHMH-CHCTEMEL
K HAYaJdy BTOPOTO HMMIyJabca, BOCHOXb3yeMcs BeipaskeHHsaMu (14.3)
n (13. 12):

A () =T, (4) = I?COSO‘M,

T (0)> = (T i (b)) exid Gt = [sin,, 2?4 C—0 Fiou (15.1)



IMopcraBnasa (15.1) B (13.14), mad KoHHmA BTOPOro MMIyJabca [ =
= 1 + t, monyJaem

<7'+ (T 4 13)) = iI°{cosay sin By e"¥" | sina,, cos? _B_g‘_ X

it i i s Bu 8 (et (e
X b G—t—t _ gin g, sin® - g-ia (i u—tla)} (15 9)

The Py = Guls, & fu €CTHh BeXWYWHA Py AIA BTOpOro mMmyiabca. Ha-
ganpHaA (asa KoiaeGaHWil mepeMeHHoro MarHuTHoro moas (13.4)
F,, mosxeT GHITH B3ATA PAaBHOH HYJIO [JIA NEePBOrO UMIYJbCa, TOTAA
A Broporo Fy = 0T, 1 mo3TOMY

Yy = —@, fu=0T —Q. (15.3)

A

[na DonydeHus BpeMeHHo# BsaBucuMocTH ([,) Iocie BTOPOro
umnyabca (t > 1 + f,) HYXKHO BHOBb BOCIIOJb30BAaTbCA peleHHeM
(13.12) ¢ nmaganpEBEIMM ycaoBusamu (15.2):

KT (2)> = iI° {COS ty Sin By it (1—51—i (@7 —0) (15.4)

. By iar_i . o By .
+ sin oy cos?—5¢iA!#® — sin oy sin?—5— elAU—EHIEeT 0N},

Ha ocmoBamum HepasencrBa (13.13) B Brpaskemmm (15.4.) mpu-
paBHEHLI HYII0 BenwuuHH Af, m Atf,.

IloBTOpsA BEHYMCIEHUs, KOTOpHe Aenanuch B § 14 pua mepexopa
or (14.4) x (14.7), nonyauM 3aKOH ABIKEHHA IPENECCHPYIOMUX KOM-
NMOHEHT HaMarHW4YeHHOCTH o0pasna B 1aGopaTOPHOI cHCTeMe KOODPAu-
HAT, OCh Z KOTODOIl pPaji IPOCTOTH BHIOMpaeTCsA B HANPABJIEHUHU Iiepe-
MeHHOTO Toas (¢ = 0):

M (t) 4 iMy(t) = iM, [sinoy cos?

—+ cosay sin By @ (t—) —sina,, sin? BZM Q(t — 27)]. (15.9)

QOyHKROUA

@ (t — nt) = exp {ico(t—nr)—:cz(t—;n-fﬁ} (15.6)

mpefcraBieHa Ha puc. 5. OHa DpaKTH9eCKH BCerfa paBHA HYJ, 3a
UCKIIYEHNEM MOMEHTOB BpeMeHN £, 6JII/13HI/IX K NT, [y KOTOPHX yIOB-
aeTBopsieT yeiaosue ¢%(t — nt)? < < 1.

Pesynwrar (15.5) mpepcraBiaser co0oif BepasKeHHAE OIS XOPOLIO
U3YYEHHOT0 OTKJIMKA CIHH-CHCTEME HA JBA 3JIEKTPOMATHUTHHX HM-
nyasca. Ilepsrrit u Bropoi wiens! (15.5) OmHCHBAIOT ALEPHYO MHIYK-
MU0 IOCJe HePBOT0 I BTOPOTO MMIIYJIbCA COOTBETCTBEHHO, & TPETHIi
WIeH — CIMHOBOE X0 IpH ¢ = 27. ’
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Puc. 5 Tpapux dyuruuu dopmer (15.6)

Puc. 6. CurHaasi cBoGOQHOI NpeleccMy m CIMHOBOTO
9Xa IDOTOHOB BOJBI; BO30Y)KAEHHbIE ABYMA dIEKTPOMA-
THUTHBIME MMIYJAbCaMHA

TIepBHIK MMITYJIBC OCYOIECTBIIAET I0BOPOT MAarHATHBIX MO~
MeHTOB Ha 90°, BTOpOif — NMOBOPOT OPHUMEPHO HA
140° (doTo M. X. My3eeBa)



Ha puc. 6 usobpakeH cWrHAJ COXHOBOTO 9Xa MPOTOHOB (I =
=1/,) BOJIbl, BOSHUKAIOMII IOCIIE [BYX DIEKTPOMATHATHHIX AMITYIbCOB,
KAKIBIA M3 KOTOPHIX COIPOBOKIAETCA CUTHAJIOM CBOGOMHOU mpemec-
cun, Tlepmomnaeckve N3MEHEHWS CATHAJOB C 9ACTOTOM o HE BUIHHL.
Kpussie npepicraBisoT co6oil 3aTyxXaHue aMILITATY] CATHAJIOB CBOGON-
HOU mpemeccun ¥ GOPMY BXa W COOTBETCTBYIOT (YHKIAAM

exp {_ 6221:2 } exp {_ cz(tz—,r)“ }.Eexp{_ c%(tz—zr)Z}

COOTBETCTBEHHO.

B. lBa aKycTHYeCKHMX MUMIyIXIbca

Yxe Oblo MOKA3aHO, 4YTO ONWHOYHHIM AaKYCTUYECKHH WMMITYJIbC
TIpY SKBUIUCTAHTHOM CIIEKTPE COMH-CHCTEMEl He GOPMAPYET IIPemeceH -
PYIOILMX KOMIOHEHT HaMarHWYeHHOCTH C TOYHOCTHIO /IO WICHOB, MPOIOp-
UOHAJIBHBIX LePBOM CTemeH: Mamoro mapamerpa & = fimo/kT. Ama-
M3 UpUBeJeHHHIX pelleHHA ypaBHeHmWI Tmma Bioxa mokassiBaer, 9To
U I0Cjie [ABYX OJMHAKOBEIX AKYCTWYECKHX HMIYJHCOB HE BO3HH-
Kaer TpeneccHpyroinux KOMIOHEHT MarHATHOTO MOMEHTA, TaK Kak B
U BTOM Ciy4ae HavyaibHBIE ycaoBus B pemenmax aas {Ji(f)) Bcerma
paBHHL Hy10. [lo3TOMY MMeeT CMEICT paccMaTpUBaTh efiCTBEE HA COUH-
CHUCTEMY PpasHHX aKYCTHYECKHX HMIYJIbCOB MM AKYCTHYGCKHE M
9JEeKTPOMATHUTHEIE UMITYJIbCH COBMECTHO.

ITycts mepBHIM HA CHMH-CHCTEMY, HAXONAMYIOCA IO TOTO B PaB-
HOBeCHU, MIeHCTBYeT aKYCTUYECKUN WMMIYJbC, BHB3HBAamMuUit Am =
=-4-1 mepexonsl. Torga, cornacuo (14.9) n (13.12), K MoMeRTY T > f;
(t, — IIUTENBHOCTh MEPBOTO MMITYJIbCa) OTIAYHHIME OT HYJA OYAyT
cleylmue CpeJHNe 3HAYEHUS CIMHOBEIX OINEPATOPOB:

<72 (T)> = <Tz (t1)> - IO CcO0Ss al,
Q£ (1)) = = iI° sinay etidE—toFib (15.7)

Ecau BTOpHM Ha COHH-CHCTEMY B MOMEHT ! = T IeHCTBYeT aKkyCTu-
YeCKU# UMIynbe, Bo3Oy»maromuid Am = —4- 2 mepexomsl, TO UCXOIA
u3 (13.18) u magwanpEEIX ycuoBuil (15.7) mmeem

(I (v + 1)) = sina, sin oy eTiAC—tFilb—b) |

Orciofa s MoMeHTa BpeMeEHm ! > T - f, B nma6opaTopHO#l cucreme
oTcyera mosydaeMm

(I, (£)> = I° sin oy sin ay elot-Hat—20)+ilbi—b), (15.8)

Ilpn HaxoMmeHWM CyMMapHOTO MAaTHHTHOTO MOMEHTa o0pasia He-
06XOMMO YUHATHBATH, 9YTO MJIMHA AKYCTHIECKOH BOJHEL OOBIYHO BO
MHOTO pa3 MeHbINe pasMepoB o0pasma. [luxs sroro Ha maHHOM dTame

77



pacuera HY;KHO yKa3aTh, CTOsAYMe WJIH Gerympme akyCTHYECKHE KOJe-
GaHEA BO30YKAAIOTCA B MMIyiabce. PacCMOTPEM CHadaJja IIOCTEIHHE.
B arom caygae, kKak oTMedasoch B § 13,

oty = boty = —ﬂSqu sin ( ) = B,, (15.9)

a (asH MEPBOTO M BTOPOTO MMIYJILCOB COOTBETCTBEHHO PaBHEL
¥, =kyr, ¥y = kgr + 20r, (15.10)

rme T — pajguyc-BeKTOpP paccMarpuBaeMoro sAxpa, k, — BOIHOBOI
BEKTOP aKYCTHUECKUX KoJebanuit mMmynbca . Takum o6pasoM, B BEIpa-
smepnn (15.8), moMuMo caydgaiiHOro pasbpoca A or sgpa K Apy, Me-
mserca asa P, (15.10). IloaToMy pmsa HaXOKOEHHA OTKIMKA BCeil
CIOMH-CHCTEMBl BMecTo cyMMupoBamusa (14.5) momxHO GHTEH mpoBeme-
HO CyMMHPOBAHHE C YCPEIHEHWEM 10 00BeMYy:

N “+oo
j%l——)N—le V S V_

IMocne cymmumposamua (15.11) m yMHOMKeHMS Ha Yy A BHpaKeHHE
(15.8) mpuoGperaer BHf

M (t) + M (t) = M sin By sin B @ (¢ — 2) exp {7 (k; — kg)r}. (15.12)

JTor pesyabrar GmI moxydeH B pabore [5].

Ilna yopomeHHs 0GBEMHOTO WHTErpaja IPEAIOJOMKHAM, YTO Cede-
Hne o6pasma, NePIeHAMKYJIADHOEe HANDPABIEHWIO DPaCOpOCTDPAHEHUsT
spyka (K,), mocrosHHO. B cBsA3aHHOH ¢ 06pasmoM cmcreMe KoOpAd-
Hat z'y’z’ (pme. 7) uMeeM

e-8120% A, (15.11)

o

0
roe | — pasmep ofpasma B HampaBleHNN pacIpOCTPAaHEHMS 3BYKa,
a A, — [UIMHA AKyCTHYECKOH BOJHE HMIyJbca q. [laa paccMoTpe-

HOM mapH aKYCTUYECKHX HMMIYILCOB A, == A;, IOITOM
2 2 19

,"l . , _1—_];_
exp{(ki— k) T} = Seukt—kz)rdV— %—%emm(h %) do', (15.13)
\4

exp { (k1 —_— kz) l‘}t: ﬁ —A'll— [e+’i2nl/)q _ 1] .

Ecau Ha pauee [ yRiIafEBaeTCsA 4eTHOE YHCJIO N HONYBOJIH [ = n*l/,,
puipaskenne (15.13) o6pamaerca B Byldb, IPU HEYETHOM 7 OHO PaBHO
(— i/m)(Ay/l). 3nadvermsa (15.13) mpu APYTUX COOTHOMEHHMAX MEMIY
A m 1 mexar Mexpy HyideMm H (— i/n) (M/l). Orcropa MosxHO 3aKIO-
9UTH, 4TO BKJAJ B CyMMapHB# MarHATHHH MOMEHT OT IPOH3BOJb-
HOTO CJOA TOAMUHON B IIMHY AKYCTHYECKOH BOJHH A; DPaBeH HYJIO.
OrnuuHOEe OT HyJsA 3HaYeHHme M, (f) moiaydaercsa, ecadm jiaumHa 06-
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Pnc, 7, PacunoloKeHMe MarHUTHBIX MOMEHTOB fijiep, Je:Ka-
wux B cioe Az’, mocie sJedicTBHA Ha CIMH-CHCTEMY DPe30HaHC-
HOT0 AKYCTHYECKOTO MMITyIbhca

a) z3—z3 = MA/2; 6) zy—2=23M2;, 6 znn—2z=A\
(t-const). HupHOK CTpelKoll yKasaHO HaINpaBJeHUE CYM~
MapHOI'0 MATHUTHOTO MOMEHTa CJOA

pasia He KpaTHA [IJUHE aKyCTHYeCKO# BonHH: [ = n), + U'. Bruags
M ,(¢) BHOCHT TONBKO HeGompmoi caoit I’ < A,.

OrmeuenHH# (akT mMeeT HariAxHOe o0bsacHeHme. [leiicTBHe aKy-
CTHYECKOM BOJHH B TOYKE 2, B TOYHOCTH IOBTODSET ee [elicTBHe B
2(2,>2) (cM. pme.  7), HO ¢ OmO3JaHEEM Ha BpeMs At — (23 —
— 2,")/v = Az, /v, THe v — CKOpOCTH 3BYKa. 34 BTO BPEMS MAarHUTHEIA
MoMeHT sAfgpa 1, pacmomosKeHHOTro B INIOCKOCTH x'z'r, coBepmas Impe-
eccuio, OOTOHUT MOMEHT fAApa 2 Ha Yol @, = wAl = 2mAzy/A,.
MarauTHBI# MOMEHT HEKOTODOIO TPETHEro sApa, PACHONOMKEHHOTO
mexpy Humu (z," < z5' < z,'), onumer MeEpmHUN yrox @z < ¢,. Tarum
o6pa3oM, B n10060it MOMEHET BPeMeHHN ! MAarHHTHBIE MOMEHTH AMiep, Je-
;RamuXx B cioe A z', paBHOMEDHO PaCIpPENeNATCA BHYTPH Yria ¢ =
= 2 ntAz’/A; m npum Az’ =), cyMMapHas HaMarHMYEHHOCTH CJIOA PABHA
Hyawo (puc. 7, 6).

Iasa croAdmx axKycTm4eckux kojeGammit P, =0, P, = 20T
u a, oupepensiercss BhipakeHmeM (13.3). Ilocie mpoBemenms cymMmnd-
posanus (15.11) us (15.8) B sTOoM cayzae HaxogmMm

M, (t) = Mysina, sina, @ (¢ — 21), (15.14)
%
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sina, sinay = —2%—1— S sin (B, sin U) sin (B, sin 2U) dU, (15.15)
0

rae o = Pq sin (2ngz’/A;) m P, cosmapmaer c Bmpaskermem (15.9).
MosHo moKasaTh, 9ro upu | = nh,/2, roe n — 1enoe 9NCI0, UHTErpal
(15.15) o6pamaerca B HyJdb. JTO 06BACHAETCA TeM, 4TO PacCMOTDEH-
Hafg KOMOMHANUA aKYCTHYECKUX HMIYJIBCOB MOBOPAYMBAET B IPOTHBO-
fIOJIO’KHbIE CTOPOHLI MATHATHEIE MOMEHTHI SANED, HAXOMALWMXCA HA
pacCTOAHAM B TOJBOJHE, TaK 9TO B CyMMe HX MOMEHTHI DaBHH HY-
JI10.

Ecan e axycTuYecKHe WMOYJAbCH NPHKJIAIHBAIOTCA K CIHH-
cucreMe B o0paTHOM IIOCIAENOBATENBHOCTH, T. €. CHadaja BO30Yk-
naorea Am = -+ 2 mnepexonil, a 3aTeM mepexomn Am = 4-1, To
CHrHAJ XA OKA3HIBAETCA PAaBHBEIM

M, () = M, sina, sin® St sinay® (¢ — 3v) exp {i (ky - 3ky) 1} (15.16)

mag OGerymux akycruueckuXx Kouaebamumii. V3-3a mpucyTeTBms dKCImo-
HEHTH

exp{i (ky — 3k;) r} = exp{— i2nz'/M } < Ay/ml.  (15.17)

supaskenue (15.16) oxasmBaercda 3HaumTeabHO MeHbBIme, ueM (15.5).

i cToAYMX aKyCTHIECKUX BOXH B Bhipaskenuum (15. 16) skcmo-
nerra (15.17) papHa eguHUILlE, HO YCPEJHEHWIO IO KOOPAWHATE IOJJIe-
JKUT BEJIMIMHA

. <9 [+ 5 N d 1 . 1 . .
sin o, sin® 5-sino, = - [sm oy — 5 sin Zal] sina,,
roropas, Kak ¥ Beamamsaa (15.15), obpamaercs mpm 3TOM B HYIb.

WsnoMeHHOE BHIIE NTOKA3KHBAeT, Wro CHTHAN CIHHOBOLO 9Xa,
€03aBaeMBIl BYMA aKYCTUIECKUMU MMIOYJIbcaMu, Ju6o paBeH HYJIIO,
nu6o okaswBaercs B A; / [ pas MeHbIIE 5Xa OT ABYX 3JIEKTPOMATHHT-
HBEIX UMIYJIBLCOB.

Bupamenus (15.12) u (15.16) momckassBanoT myTh, II0 KOTOPOMY
ciemgyeT UATH B IMOMCKAX CUTHANIA 3Xa: HYKHO HCKATh YCIOBHUA, IIPH
KOTOPHIX 3ama3[HBaHUe OT OFHOT0 MMIYJIbCA KOMIEHCHPYET 3aNa3ikl-
Banue orT BToporo. Hue Oymer moxkasaHo, 9TO BTO MOYKHO OCYIIECT-
BUTH, KOMOWHUDYS SIEKTPOMATHUTHHIA M AKYCTHYECKNE MMITYJIhCHL.
3nech MBI JUITH OTMETHM ONMH IIPOCTOW WIyTh, CPasy HANPAIIABAIO-
muiics Ipu paccMoTpeHNu Brrpaskennit (15.12) u (15,16), Ho uMeroUUi,
OfHAaKO, TOJBKO TEOPETHUECKUA WHTePeC BCAEACTBUE GONbMAX TPY/A-
HOCTEH ero JKCIEePMMEHTANbHOTO OCYIIECTBICHU.

1 Tpe6GyeTca MMEHHO TaKO€ COOTHOMIEHWE MeKIY [ 1 A, utoOm B o6pasne yc-
TAHOBUJINCL CTOA9WEe BOJIHEI.
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Puc. 8. 3aBuCHMOCTh BHEMHEro MarauTHoro noias H, or Bpemenn
t, U t, — [INTEIIBHOCTN NMITYJIBCOB, T — WHTEPBAJ MEXAY HUMM

//f Hy

- — — —

Npesa cocTouT B BO3MEHCTBHN HA CHNH-CHCTEMY ABYMA OJUHAKOBHI-
MH aKyCTHYeCKHMM MMITyJIbCaMA; IPX 9TOM B MOMEET JeiCTBUSA BTOPO-
ro WMIIyJIhCa MarHUTHOE IIOJ€ JOJKHO OHTh B JBAa pasa YMeHBIIEHO
(puc. 8 a) Tak, uroGH BTOPOH MMIYJIEC BO3OY:KIAN mepexomsl Am —
=-+2, Torga k, = k,, n sxcmorerTa (15.13) o6pamaerca B equanny,
a curdaia sxa (15.12) mo mopAZKY BeTMYMHE CTAHOBUTCS PABHBIM CHT-
Hally 9Xa OT 3JIEKTPOMATHHTHHX MMIyiabcoB (15.5). AHamormausrit
pe3yabTaT HmOJNyJaercs| W AiAA CTOAYMX BONH B MMIOyabce. B arom
caysae smecto (15.15) cuTHaZ 5Xa NPONOPIMOHANEH BHPa;KEHIIO

kil

sin o, sin og= g sin (B, sin U) sin (By sin U) dU =
0

A
kql
== %[Jo (Br—B2) — Jo (By -+ B2l

(Jo(z) — dpynrmus Beccenst HyneBoro mopsgka), KoTopoe 1Mo MOPAAKY
BEIMYAHE MOKeT OLITH PABHO eIWHIUIIE.

Ecau MarHuTHOe IoJe MOCie OKOHYAHHA BTOPOr0 HMIYJbCA He
OpUHUMaeT IepPBOHAYAJIbHOE B3HAUeHWE, a OCTAETCA  HEM3MEHHEIM
(puc. 8, 6), To BO30Y:REaeTcsA CUTHAJX 9Xa OpH §{ = 3 T

M, (t) = My sinay sinay® (’ 33") . (15.18)

Otauune (15.18) or (15.12) obGycioBieHO TeM, 4YTO TPH HONYYECHHU
(15.18) yumThBamOCh, YTO HAYMHASA C MOMEHTAa { — T YacToTa mpe-
IecCuu COUHOB COCTABJISAET MNOJOBUHY IEPBOHAYAIBHOM YACTOTH
Jlapmopa.

ITo amamorum jerko B3aKaIOUMTh, ITO 9KcmoHeHTa (15.17) B BHIpa-
seruu (15.16) o6paruTca B efWHULIY, €CIH FACTOTA IEPBOTO MMIYIb-
ca (Am = - 2) Gyger B 3 pasa Goxbime gacToTs Broporo (rorga k, —
=3 k,). UroGr Opu 510M B 060UX cIyIasax Bo30yKIAIACH PE3OHAHCHEIE
Iepexofqs, BO BpeMd [efCTBHS BTOPOTO HMMIIYyJIbCA MArHUTHOE II0JIE
JONKHO COCTABJIATH 2/; MepBOHAYANBHON BemmuuHE. Eciaum ke Tome
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mocjie OKOHYAHHSA [eHCTBHS BTOPOTO HMOYIbCA HE BO3BpAIaeTcd K
mepBOHAYAIBHOMY 3HAUYEHHMIO, TO CHTHAJI 5Xa Bo30yMmaerca IpB
t =77 ® paBeH

M, (t) = Mysina, sin _2;_15in RO (t—271) .

B o6omx Cciay4asaXx CHIrHaJ 6yneT COBIIAAATh IO HOPAAKY BEIHMYUHEL C
(15.5).

B.3nexTpoOMaAarEaTHH i I AaKYCTHYECKHE
EMMIOYIbCH

Ilycts mepBHM HAa COHH-CACTEMY, HAXONMBIOYIOCH [0 3TOTO B PaB-
HOBECHH, JIeHCTBYeT aKyCTHYeCKUH MMIYJI5C, BHI3HBAOMMAA IepPexXOo/bE
Am = gq. Torpa, cornacmo (13.14), (13.15) m (13.12), umeem

<fz‘(T)> = <I~;(t1)> = I%cos (o). (15.19)

HeficTBHe 3IeKTPOMarHETHOI0 MMIYJIbCA, OPHIOKEHHOTO IpH ¢ =T,
TamKe ompepenserca pemenmeM (13.14), HO ¢ HaYanIBHHEIM ycCaoBHEM

(15.19): ]
(T, (% 4 ty)) = iI° sin oy cOS (qorg) 7%,

Orciopa gas t > + 1,, cormacueo (13.12), maxommm

<ﬁ (t)> = ZI? sin oy cOS (qaq) e‘iA(t-r—tz)—iq.M,

(15.20)
rie ¢, — MAIHTEAbHOCTh DJIEKTPOMATHATHOIO HMIyJabca. Tak Kak
9JIEKTPOMArHATHHA HMOYJAbC NPHIOMEH CIYCTA BPEeMA T Iocie Ha-
gama orcdera, ero ¢asa Fy paBHa 0T, a Py = OT — Q. YMHOKUM
(15.20) Ha y5% u mopmcraBEUM Tyma ¢asy Py, TOTKA IOCIE CYMMHAPOBA-
gaA (15.11) mo axpam ob6pasua m mepexoja kK jaGopaTopHO# cmcTeMe
OTCYETa MONYIUM

M, (t) = iMycos (qey) sinay €2 @ (¢ — 7). (15.21)

9TOT pe3yiabTAaT HOKA3HBAET, YTO HIEKTPOMATHHTHHIHA HMIYJIbC, Clie-
AyIOmMmuii 3a aKyCTUYECKMME, He Bo30OyKHaeT curHana sxa. Bosuumka-
eT JWIOb CUTHAJ SANePHON WHAYKIOWM IOCJHe BTOPOTO MMOYJbca, IPH-
5eM aMIIUTYJa 9TOTO CHTHAjJa HeceT Ha cebe «cuemnly JeficTBmA mpeq-
HIeCTBYIOMEro aKyCTHYECKOTO HMIYJbCA B BUJE MHOMKUTEIA COS (Gag)s

Ecnim mepBrM Ha CHOMHE-CHCTEMH [eHCTBYET SJIEKTPOMATHHTHHIA
EMOYJAbC, TO HAYAJIbHEE YCIOBHA [JIfA AKYCTHIECKOIO0 HMMIYJbCa,
IPWIOKEHHOTO Hpm ¢ =T, OHpeAedAnTCcs BopaskenmeM (15.1).
Ilpogenas HeoGxommMmeie pacyeThl, MOKHO yOEIUTHCSA, 9TO aKycTHIE-
CKH{ HMOYJIbC, BHIBHBAIENA Am = —-2 mepexojsl, He cO3/IaeT HE-

82



2~

QN

*———t’—hﬂ
L—;"—h‘

Puc. 9. IlocreRoBaTeIbHOCTh aKycTHyeckux (1) (Am =
=- 2) "W JAEKTPOMATHMTHBIX (2) uunym.con. dopmupyio-
OMX CMTHAX 3Xa mpm ! = 27471

KaK\X MJOHNOJHWTENbHHX CUTHAJOB, a HMIOYJbC CTOSYUX AKYCTHYO-
CKEHX BOJH, BH3HBalommx Am = -1 mepexoms, Bo30Oy:KmaeT cur-
HAQJ 9Xa OpH I = 271:

M, (t) = — iMosina,sin 3 sin 23 e-io @ (¢t — 21), (15.22)

i
sin —-sin 3%— = —:—Ssin (B—Z’- sin klz) sin ( % sin klz) dz =
)
nr

Znn S [cos (B, sin U) — cos (2B, sin U)] dU =

0

= 5 o (B) — Jo (2By)],

Ifle, KaKk W Ipesxae, mojaraxock k= nx, a J, (x) — ¢pynkmua Bec-
CeJifA HYJIEBOro IOpPAAKA.

NMoynse Gerymux aKycTHIECKHX KOJEOAHHE W B 9TOM CIAydae
He []aeT CHTHAJNA 9XA, TAK KAK COOTBETCTBYIOMIEe BHIPA/KEHME OKABEL-
BaeTcA NPONOPIHOHAJBLHKIM MHEMOM wactm exp { — i2 kir}, Kotopas
npa k! = nx obpamaercs B HYIb.

B sarmogenwme ocTtaHOBHMCSA HAa ORHOM, IO-BHAEMOMY, HauboJee
OOCTYIHOH JJsi SKCIEePEMEHTANIBHOTO OCYIMECTBIEHUSA KOMOMHANHA
MMIYJIbCOB, NPHBONAMUX K 3PdeKTy cOMHOBOTO dXa faKe B ciaydae
Gerymmx aKycTMYecKMX BONH. PaccMorpuM feficTBue HA CIWH-CHCTE-
MY ABYX IPHJIOKEHHLIX 9€De3 MATePBAI T; AKYCTHICCKUX WUMIYJIHCOB,
BH3HBaMuX Am—-2 Hepexofs, W 9JIEKTPOMATHMTHOIO WMMIIYJECA,
IPWIOMKEHHOT0 MEKAY HEME Ipu ¢ = T <7, (pmc. 9).

OTamuHEe OT HYJsA CpefHHEe B3HAYEHWS COXHOBEIX OHEPAaTOPOB
mocie JedicTBHA HA CIMH-CHCTEMY AKyCTHYECKOro mMOyibca Am = 2
npu ¢ = 0 mgarorea gopmymamu (14.9). K MoMeHTy BRINOUEHHS 9IEK-
TPOMAarHATHOTO MMIYAbCA HOPH = T OTH CPEJHME 3HAYCHHUS OKA3HI-
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BAaTCA pPaBHHIMHA
(I, (1)) = I cos (2ag), <Q**(v)) = £ il°sin (2ay) XPAG-1Ti,

a HEmOCPEeJCTBEHHO HOCHe 3JIEeKTPOMArHHTHOTO MMIYJIhCA, COIIACHO
(13.14), (13.16) = (13.17), nmeem

(I (¢ + to)y=—Hil° cos (2a) sin o™ ™,

[0} —_—
Qi" (v 4 5)> = 1°sin 205 sin oy [sm2 —5 TS dri2A-t0]

2
— €O0s y

M :I:‘L[dJM ¢;+2A(r-t1)]]
2

rje ¢, 4 l; — JAJIUTEIBHOCTH II€PBOTO M BTOPOI'0 MMITYJBCOB. ¥ MHOKUB
T BHpasKeHHA Ha exp {4 iA(t; — v — 1,)}, DOJAYyIEM HAYATIHHEI®
YCIOBHA K MOMEHTY BKJIIOUEHHA TPETheTo MMIyabca (f = T;), Pe3yib-
Tar JefCTBUA KOTOPOr0 HA CIMH-CHCTEMY OIPEJeNsieTcs COOTHOIIe-
muem (13.18):

F e+ te)> = (T, (1) cos @y + i Qs (1)) €% sin

rpe ts, Oy M VP, — IJIUTEIBHOCTH, YIoJ IOBOpPOTa U das3a TPeThero uM-
nyabca. [{aa mpousBOJLHOTO MOMEHTA BPeMeHH ! IOCJe TPeThero mM-
IIyabca OTCIOA HAXO[UM

KT, (1)) = eiot <T (1)) = eiotriat=-t) (T (1, + t5)) =
= 1" cOs (20ly) Sin oty COS Qge 74w

a
— I°sin 20, sin oty sin ol [cos2 — HO1-Fim by ) A=) +
o4 . ~ ) .
+ s in? _Zl. et(wt—d);—lbg-k 3¢M)+1A(t—2r+3r,):| (15 . 23)

(Manple Benm4YMHBI Af; B 9KCIIOHEHTaX OIIYIIEHSI).
Dassl 1 PacCMOTPEHHEIX MMIIYJILCOB PaBHSL:

Py = kor, Py = 0T — @, Py = 207, + kor.

KoM0uHUDpYS uX COOTBETCTBYMOIIMM 00pasoM, HaXOAHMM, YTO IOCJIE-
Hee cjlaraeMoe mpaBoil gactu (15.23) mpomopumonansuo exp (i2k,r),
a OCTAJbHBIE YIEHH He 3aBHCAT OT IOJOKeHWs sAgpa B obpasue.
IlosTomy mpu cymmupoBammu (15.11) mo ob6pasmy exp {i2k,r}
obparurcsa B HYJIb, a OCTAIbHEIE WIEHH AafgyT (t > 2t; + 1)

M, (t) = iM, cos (2a,) sin oty COS 0lg €19 (t—1)—

— M sin (2d,) sin oy cos? -azi sin ap® (t— 2t —1)e*. (15.24)

~
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ITepBriit wnen Bripaskenus (15.24) onmcHBaeT curHaN AfepPHON MHIYK-
OEA IoCie BTOPOTO, 3JIeKTpOMarHuTHoro mMmuyiabca. OH coBmagaer
¢ BupaskeHneM (15.21), 3a MCKIIOUeHEEM MHOIKUTENS COS 0Ly, KOTOPHIA
YKa3HBaeT, BO CKOIBKO pa3 TpPeTHl MMOYJIBC YMEHbUIAET CHTHAJ
HHAYKOHEA LOCIE BTOPOTO HMOyiabca (PaKTHIecKu m3-3a yOHBaHUA
@(t — 1) K HAYAJIY TpeThero MMIYJIbCA STOT CUTHAJ y:Ke HCUYe3aer.

Unen, npomopumonanbueii O(f — 2t; — 1), Kaer curEa;x »xa
opa ¢ = 2ty + t (pmc. 9), uMeOmuA TOT JKe MOPAMOK BEJIHMIMHEL,
9T0 M X0 OT 3JIEKTPOMATHUTHHIX MMIYJIBCOB.

Jasg akycTMYeCKHMX WMMIOYJIBCOB CO CTOAYNMH BOJIHAMH BCe TPH
aieHa BoipaskeHus (15.24) oKaswHBawTCA OTIMIHBIME OT HYyJIA. B
oToM ciydae K,r He BXOAMT B BHparkeHHe Ans (GasH, a CPefHHMe THIA
sin(f, sin k,r) sin(2B,sink,r) mam cos (Bysin k,r) cos (2B, sin k,r),
KaK OBJIO MOKa3aHOo BHIIE, cBOAATCA K QpyEKumaM Beccensa myiaesoro
mopsAnKa oT P, &2 PB,. Amamormumsie, XoTA u Goiee TIPOMOBLKHUE,
Pe3yabTaTh MOJNyYaloTcAa A CAydas, KOIfa NEePBHIl M TPETHH aKy-
CTHYECKMEe HMIYyJbCH BO30ykpaior mepexopbnt Am = - 1.

IIpenmecTByiomee paccMOTPeEAE OTHOCHIOCH K SZPAM CO CHUHOM
I =1 nm 3SKBUAHMCTAHTHEIM CIEKTDOM.

B nurupoBanusx Brime paGorax [1, 2, 5] Obuium modydeHH TaK ke
TEOPETHIECKHe Pe3yIbTATH, KAcAIOMUecs IePeXOfHHX NPOMECccOB B
CIHH-CHCTeMaX C OKBUAUCTAHTHHIM U HESKBHIUCTAHTHHIM CIIEKTPOM
agep co cmmroM | 1. He uamaras mofpo6HO 9TH pesyabTaTH, OCTAa-
HOBWMCS JHIIb HA HEKOTODHIX BHIBOJAX.

a) PeaynbraTsl [Aiaa DKBHAMCTAHTHHIX YPOBHEH IIPOM3BOJIBHOLO
CIMHA KAUeCTBEHHO COBHAMAIOT C WBJIOKEHHKIMI.

6) HesxBuamcraHTHEIN cIeKTp IpejicTaBiaser O0oJibIie pPasHO00-
PAa3HEIX BO3MOKHOCTEH A MOCTAHOBKY SKCIEPUMEHTA XOTA OH IOTO-
My, 4TO IpHM IOAXORAMmEM BHOOpe BeJMIUHH M HANPABIEHUSA BHEII-
HEr0 MarHMTHOTO IIOJISI MOYKHO JOOMTHCS Hamepex 3agaHHOTO COOT-
HOLIEHUSA MeKAY 10607 mapoil pe3oHAHCHHIX 9YaCTOT.

B) Y3Ke IOCJe OJIHOTO aKYCTHIECKOTO MMIYJIhCA B HEOKBUAUCTAHT-
HOM CIEeKTpe B030y)KHaerTcs CATHAN SANePHOH WHIYKIMM, IPOIOPIHMO-
HanbHHU § = Kwy/kT B mepBoil cTeNeHH; ONHAKO OH IO-TIPEIKHEMY
B A/l pa3 MeHbIIE COOTBETCTBYWOIEr0 CUIHANA OT BIEKTPOMATHUT-
HOTO MMIYIbCA.

B saxiawuenue ocTaHOBAMCA HA OJHON WHTEPECHOW BO3MOMKHOCTH
IONYYeHNS KOTePEeHTHOR Ipeneccnu MATHUTHREIX MOMEHTOB fJep IIocie
JefiCTBHMSA Ha CIMH-CHCTEMY MMIIyJbca Oeryumx BOJH, IPEIJI0KeHHOM
IyranoseiM u  AmrokoasckmMm [17[. Wpmea cocromtr B mpm-
JokeHEM K 06pasiy IMOCTOAHHOI'O MATHATHOTO MOJA ¢ TIpagueHToM (7
cpasy ke Iocie INPOXO:KOeHWs MMITyJabca deped obOpaszern. Ilpmuem
rpajueHT KojykeH OHITH HANpaBieH TaKuM ob6pasoM, 4rolHl Afpa, 10
KOTOPHIX 3BYK JOXOMANT C 3aMa3IHBAHUEM, OKA3aIuCh B GOJBIIOM Mar-
HHTHOM Iojile M TpemeccupoBanu Geictpee. B pesymbrare sToro pas-
JWaue B yriax mpemeccuy, KoTopoe OyyT MMeTh K MOMEHTY BPeMeHH.
t anpa a U b, pacmoNoKeHHbe HA PACCTOAHAA X, M T OT AaKycruye-
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CKOTO TeHepaTopa, OKakeTca PaBHEM AQu, = (iya G — ;”)(.1:,, — I,).

B MoMmeHT BpeMeHH f, = ®©, ] vysG BeamumEa AgQ,, o0pamaercsa B
HYJIb [Js AI00KX 3HAYEHUH £, U Zp, T. €. OPH ¢ = t, BCE COMHEL OKa-
MYTCSA OPUEHTUDPOBAHHHIMHU B OJHOM HampaBieHmd. M ecim B 3TOT
MOMEHT OTKJIIYUTH TPAJMEeHT MArHATHOTO HOJfA, TO Aajablle COHHE
6yIyT mpemeccmpoBaTh HAPALIEIBHO APYT APYLY.

Yro6nr 3a BpeMs 3TOr0 CXo:kueHHsa (f,) He mpomsomuia pacdasu-
POBKAa CHHMHOB IO ADPYrAM HOPUYWHAM, HY/KHO, YTOOH HMEJIO MecTo
BepaBeHcTBO £, <_ I',. BrimosHeHuUe sTOro HepaBeHcTBa TpeGyer coO3-
maHmA GOBIIMX MMIYJBCHHX IPAJUMEHTOB MarEATHOro moas. Hampm-
Mep, 9100 ¢, g saxep Na2® paBusnoch 1074 ces mpm nmpemeccum HA
gacrore 107 2y, B BemecTBe CO CKOPOCTBIO 3BYKa v = 3.10° ¢ / cer
rpebyercsa G =~ 300 ec/em. B nureparype ommcana ammaparypa [18],
MO3BOJIAINASA HOJYYIaTh UMIYJIbCHBE T'PAJMEHTH MArHATHOTO IOJA
mopanka 100 zc/em. IlosroMy TexHEMYeCKoe BONIOMEHWE UIEH
$OKYCHPOBKY NIpemeccHy CIMHOB I'DAJWEHTOM MATHUTHOTO HOJA AB=
JAeTCA, BePOSATHO, JOBOJBHO CJOKHOH 3amageil.
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FTNABA YETBEPTAA

KBAHTOBOCTATHCTUYECKAA TEOPUA
ARYCTHYECKOI'O PESOHAHCA

‘§ 16. Peammﬂ COMH-CHCTEMBI Ha aKycTHYecKoe Bo3feiicTBue
B JIMHEHHOM NPHOIUKEHUN

B pamrax numueiiHo#l teopuu HeobparuMrix mpormeccoB HyGo m To-
muta [1] manu o6myio TeopH0 MATHUTHOTO PE30HAHCA, IO3BOJUBIIYIO
¢ eIMHOM, KBAHTOBOCTATACTHIECKON TOYKHM 3PeHUSA OXBATUTh HIMPOKHUI
Kpyr pe3oHaHCHHX sABaeHEN. OHE CBA3aJX MAarHUTHEIE XapPaKTepPHCTH-
KM BemecTBa ¢ QYHKIUMeH pelaKcalliy MAarEMTHOTO MOMEHTa ¥ JAlH
cooco6 ee Borumciaenusa. Ilosguee KyGo [2] Bripasma wepes dymrumm
pelakcanuy M3MeHeHWe IPOW3BOJbHOU ¢(mamuecKoil BeJWIUHBI, Xa-
paxTepmsyomeil cucreMy ©Hoj JelicTBHeM BHEIIHUX CHI.

OOmHuEOCTh TEPMOAVMHAMUIECKOTO IONX07a M yHA0O0CTBO IpHU OIH-
CAaHUM MarHETHOTO PEe30HAHCA HABOJAT HA MEICIb, 9TO IMOHOOHAA TEo-
Pus HacT XOpoIIue Pe3yJbTATH M AJIA PONCTBEHHOTO ABIEHHUS — AKY-
cTudecKoro pesonanca. Toamo Tak e, Kak B paGore [1] Gbura Brrame-
JieHa QYHKIMA PeJaKCAMUU MATHATHOTO MOMEHTA, MOKHO BEIYHCJIHTH
(YHKIMIO pelaKcamud IPOM3BOJABHON (H3MIECKON BEJMIMHE CHOHH-
‘CHCTEMHI, IIO[[BeP/KeHHOH [eHCTBHI0O BHEIMHWX CHJI. JTH Pe3yJIbTaTh
JIETKO MOryT OHTHh IDPHMEHEHH AJS OHUCAHUSA CBOUCTB CIXH-CHCTE-
MH BeImecTBa, B KOTODOM TIeHEPHPYIOTCA arycrmiecKme Kouaeda-
woa [3,4].

Ilycrs =ma HB0JIHPOBAHHYI CHCTeMY (IapaMarHeTHK), Xapak-

Tepu3yeMyl0 TaMIIbTOHHAHOM Jf, [efcTByeT mepuofmIecKas BHEITHAS
cana Fu(t) = F°4 cos o @ omeparop SHePrEA B3aWMOJEHCTBHSA C
BTON CcHJIOHN ecTh

Hy=—AF, (1), (16.1)
npmaeM X, << & (AA B, ¢ — OIePaTOPH (H3MICCKEX BEIWIHH CH-

cTeMH) Cornacuo teopuz KyGo [2], mamerenne AB dmanqecnou BeJIH-

auEH B paccMaTpEBaeMoii CHCTEMS B IMHEHHOM 0 5, IpUGIMKeHAR.
paBHO

AB (B (t)y — (BY = Reypa (0) ¢t FY, (16.2)
87



rae <...) = Sp{...e®*} Sp{ef* }, B =1/kT, T — remnepa-
Typa CHCTEMHI.

NMmnenanc cucreMs X * g4 (0) Boipakaercs depes yHKIMIO pesaKca-
IAM CHCTEMEI

B
®pa (t) = 5 S A CAB (£ 4 iid) + B (t — il A> — (BYA%  (16.3)
1]

!

IoCpefcTBOM COOTHOIIEHHSA
8]

Xy (@) = A p () — i 0 (0) = Dpa (0) — i g (Beietdt, (16.4)

0

A 1o Aot A A
rme B(t) = I7*#Y" Be'#*h, B0 A _ nmaroHambHbE OTHOCHTENb-
A A ~
HO TaMAJIbTOHMAHA CHCTeMH J{ dYacThm omeparopoB B m A, y'm %" —
JeficTBUTENbHbIE (QYHKIOWH.
* »

Temsop (3, (@) AaBuAerca QyHKOEEHA JaCTOTH BHEIIHETO MepeMeH-
HOTO 10JsA, COGCTBEHHHX YaCTOT CHCTEMH W, W APYTUX IIapaMeTpoB.
Ecanm o6beM o6pasija NPAHEATH PABHKEM €WHUIE, TO B NPUIOKEHUHN K
TEOPHM MAarHeTMsMa X, , (@) ecTh He 94TO MHOE, KAaK TEH30D MAarHMT-

kv *
Hoif BOCHPEAMYHBOCTH, B TEOPHH DIIEKTPONPOBOJHOCTH X, (w) ectn
TEH30D SJIEKTPONpPOBOJHOCTH  T. X. Bemmumia @), sBaserca cra-
TAYE€CKOX MATHHTHOM BOCHPMHMYMBOCTBIO, CTATHYECKOM 3JIEKTPOIPO-
BOHOCTHIO H T. H.

Oynknma perakcanum obiamaer caepylomumu cBoitctBamu [1,2]:

a) %im (DBA (t) = 0; ('165)
6) ¢yHRIUA pelrakcanum AeHCTBHTENbHA:

Dp4 (t) = Dpa (1); (16.6)
B) ®pa(— ) = Dan(t); (16.7)

T) ecIM HMHTEPBAJH MEKIYy YPOBHAMM SHEDPIWH, CBASAHHEIMA C

¢usmuecknmMu BesmuuHamMu B m A, MEOrO MeHsbine, ueM kT, To pyRKIuA
penakcanmuE IPOCTO BHPasKaeTCsA

D34 (t) =5 [bsa (t) — <BOA] (16.8)

A

gepes PYyHKImIO Koppeiasnuu ¢uawdecKux Bejamumn B u A

Pea () =<B@)A + AB(t)y = (B (), A}); (16.9)



1) ¢ypbe-mpeobpaszoBaHusa (YHKOUHE KOPPEIANHNE W DPeaKCAmum

oo

884 (0) = 5 _Soo erl Ppa (1) dt, (16.10)
1 ¢ .
fBa(®) = T S eiot @y (1) dt

CBSI33aHLI COOTHOIMEHWEM

g54(0) = Ep(0) /54 (0), Ep(0) =22 cthBro), (16.11)
npuueM
lim Eg (0) = —[‘3— — kT.
B—0

JHeprus BHEITHETO IIO0Js, IOTJOMEHHAS 3a OJUH MepHoj KoaeGa-
HAH, paBHA
1/v

Ey = Fa()d<A(t)y =y, | FP.
0

HoaTOMy B eIMHUIy BpeMeHH IOIIOMAeTCsA 3YHEPrHsa, paBHAS
vy aa () | FO?, a kosddunuenT morioleHns paBeH

(16.12)
awv | Fy 2, mo2|F nw?| FY |2
°A=—_JAL a4 ()= —3;3 fAA( )-—mgm(w),

rme J4 — IUIOTHOCTH IIOTOKA 9HEPrmH (BeKTOpP YMOBA), CBA3aHHAS
¢ BHemHe#A cunoit Fu. @opmyna (16.12) noayuaerca mecxomna m3 om-
penenenus §” (o) u cBoiicrs (16.6), (16.7) n (16.14). IeitcrBuTens-
HO,

'X':A.A(‘”):“)S AA(t)coscotdt=%X(DAA(t)e"’“"tdt E((o)gAA()
0 —o0

Bripaenne (16.12) moxassiBaer, 4T0 COeKTPaJdbHAA INIOTHOCTD MOTIIO0~-

meHnsl 042 (0)/(w)? mpomopumoHaNbHA (yphe-00pasy QYHKIUH

penakcanmu faa(®). HopMmpoBanrHas Ha efWHEIYYy BeamUmHA fa4(0)
(o0}

g4(0) = Caa(®), € = f44(0) do (16.13)

0

ApjgercA QyAEKnmed GOPMH JHHWE TOTJOMEHMA.
TaxuMm oOpasowm, (bymm;na PeJaKcanuu XapaKTepuayeT HOBefe-
HHME CHCTEMH, IOABEPKEeHHON ciaGoMy BHEIIHEMY BO3HEHCTBHIO B:

8%



JuIeHHOM IO 3TOMY BO3[eHCTBHI0 LpumOimwKeHEH. TOYHOE €e BHIIHC-
Jenue, pasyMeercsA, HEBO3MOMKHO, TaK KAaK 3TO SKBHBAJEHTHO pemie-
BuI0 3amaud MEOrmx Teix. CymecTByer xopommil MeTOX IpUGIMIKEeH-
HOTO BHYHCIeHAA QYHKOUU pelaKcanuy, IPMMEHAMHN [AA IITPOKO-
ro Kiacca CHCTeM C JHCKPeTHBIM cmeKtpoM [1]. 9ror unpuGamsxeHHEA
MeToJ{ OCHOBAH HA CIENYIOIMX AONYMEHHAX.

1. Teopua nuHefiHA N0 HepeMEeHHOMY BHEUIHEMY IIONI0 U IO3TOMY
OpUrofHA TONBKO ANA cirabux nepeMeHHmx mnoieit. Taxum oGpasom
WMCKII0YA0TCA M3 PACCMOTPEHMs IMepeXOXHHe IPOIeCcCH, Bo30yKmae-
Mble EMOYJIBCAMH HePeMEeHHOTO HOJs, HPOIECCH HACHIIEHUS H T. I.

2. Cumraercsi, 9T0 TaMHIBTOHHAH CHCTEMEL MOKeT GHTH IpejcTaB-
JeH B BHfE

9=+ %, Ry = Hy + Ho, (16.14)
[y, Hal =0 w0 [<m| R | nd| << | <k| Hoa| 1))

A
TavMmubroHEAE #{, 3a/jaeT CIEKTDP M3yJaeMoil moACHCTEMH (COHH-CH-
CTeMH) ¢ XapaKTePHHME [JIA NaHHOM 3a7a9u y3KMMH, XOPOLIO pasfe-
JICHHHIME YPOBHSIMHE DHEPTMH, MHTE€DPBAJK MEKIY KOTOPHME OyayT 060~
3HAUATHCA AWy, AWs A T. §. H, — raMuUIbTOHHAH OCTAJBHLIX CTelle-
Hedl cBobopmul obpasma. Ilpm comocraBierum sToro cmocoba pasbue-
HES FaMIJIBTOHHAHA ¢ KiIaccmpuKanuell CIMHOBHIX B3aMMOJEHCTBHIA,
JAaHHOA B§2, Nerko BHAETH, 4To B omeparop #, m3 (16.14) Bxomar
A

B3aEMOMEHCTBHA HePBOH I'PYINH (4f;), 3afaomue TUCKPETHHIN CIEKTD
M3ydaeMoil CHCTEMH, W He paccMarpuBaBinuiica B § 2 raMmibTOHHAH
«pemerkm» (#,). BsammopeiicTBus Tperseil m 9eTBepTON TpymIm, OT-
BETCTBeEHHE 3a (OPMY JIMHUE U IPOLECCH YCTAHOBJIEGHUA TePMo/HA-
MUYECKOT0 paBHOBeCHS HA [ACKPETHHX CIWHOBHIX YDPOBHAX, OTHE-
«eHsl B rammibToHHane) (16.14) B ', a B3auMopeiicTBue ¢ mepeMeH-
#uM HoneM mMeer Bmpm (16.1).

3. Hcnoap3yeTcs BRICOKOTEMIEPATypHOE IPHOIMIKEHIe, BEIPasKaio-
meecsi B HEPAaBEHCTBE

[<m | B\ m> — (n| Gy |nd | = o, < kT.  (16.15)

910 mpeAmoNioKeHHe HMO3BOJAET MPOBOAMUTH (ojiee IMPOCTHE PacdeThl
$yuxmma xoppeasanuu (16.9) BMecTo pacueroB QyHKIWE .penaKcanuy.
4, dmeprusa ' He cyllecTBeHHA IJIA PAaBHOBECHOTO paclipefele-

HHAA CHCTEMEI
(D) = Sp{DeB% }| Sp {e-p%> }, (16.16)

9T0 fmoUymeHMe MOMKHO paccMaTpuBaTh Kak ciaexcrsue (16.14) =
(16.15). OHO mo3BOJIAET HE3aBHCHUMO YCPENHATH IEPEMEHHbe, OTHOCSH-

ImMuecA K AWHAMAYECKOH moxcmcreMe (¥;) M K OCTANILHBHIM CTEIeHAM
cBoOOSIEL (H5).
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5. Ilpepmonaraercs, 9T0 BCJIEACTBEE MAJOCTH SHEPIHE ' mo
CPABHOHHIO C .%0 B Pa3lOKeHUE QYHKIAK KODPPEJIANMA MOKHO Orpa-
AEIUThCA WIEHAMH, IPOIOPIMOHATHLENME (’)?, H BOCCTAHOBHTDH IO
BnM BuA QyHKNUA Koppeasnu: B ¢opme (16.19).

Inn BuunciaeEns ¢pyBExmum Koppenanmu (16.9) mHeoGxommmo Haii-

TH S3aKOH H3MeHEHWs BO BpeMeHH omeparopa B(t). Ilpmbmmmennas
MeToMKa pacuera, HpegIokeHHas B pabore [1], cocromr B peme-

HAW ypaBHeHAs [ABIWKEHHWA AIA omeparopa B

2 =B, %+ 5 (16.17)

MeTOJIOM HTepamumi

o 0]

B =2 B™®),
n=0
t ot th—1

WmaWWWM@m S%[P%%%MWMAﬂM,
BOt) = gm.,t/n B e—'l,?fol/fi’ 5 (t ) = iy /h dprg=idet i (16.18)

¥ B BOCCTAHOBJIGHUH BUAA QYHKIME KOPPEJISANHEE IO IePBHM TPEM 4ie-
HaM Geckomewnoro psapa (16.18) B ¢opme

0= (B @), Ap 1+ ELO A | aBB0. A | 7
Paa(t) = (B (), }>[ + A+ ey ]

e f DO BY 1), Ay, (B ), Ap
~{B (t)A})exp[({Bw)(t)’ ST oy 21»]' (16.19)

~ A A
Bes orpaEmienns obmuocte omeparopul A, B u ' MoryT GuTh mpep-
CTaBJeHH B BHJE

A=24, =2 4", B 233 —23 be, ' "ZP‘Y —ZPYPY,
[ 2 o

16.20)

{Aa’ ﬂi] = [AEB$ 3‘2’2] = [ﬁY, ,’}Ale = 0’ [aa, gfl] = [/BB) ggl] =
= [py, gfl] =0,

rne A« B8 pr — OIepaTOPH JWHAMHUYECKON MOJACHCTEMH (CHHH-
CHCTeMH), MMeollue. e[UHCTBEHHH He pAaBHHE HYJII0 MaTPHUHHIA
3JIeMeHT ME;KAy YDOBHAME SHEPTMH TIaMHIbTOHHAHA éft’l, paspjeien-
HHIMH HHTePBAIaME /., Qg Foy; G AbB,ApY — OIepaTopl, 3aBHCA-
m@e OT TeX cTemeHedl cBOGOXEI, KOTOpHe oTHocATcA K Hf,. Cioma, B
9acTHOCTH, MOTYT OHTHh OTHECEHH CHMHOBEIE ONEPATOPH JJIEKTPOHOB
(Anep) mpu m3yYeHHWA SHEPHOTO (IEKTPOHHOTO) Pe30HAHCA, a TAKIKe

o1



KOODAHMHATH M CKOPOCTH IApaMaTHUTHHIX YacThl. DBymeM ycaosHO
Ha3HBATh OHNEPATOPH AA“, ﬁﬁ, PY comEOBHME onepaTopaMﬁ, a Gy,
55, EY — KOOpJWHATHHMHA.

PaccMoTpmM BajKHH# YacTHHIE ciaydaid, B KOTOPOM KOOpAHHAT-
HHE 9aCTH 0IepaTopoB AuB MOT'YT CUHTATHCHA MOCTOSHHHIMHA

@y, bg-= const. (16.21)

VYcxosue (16.21) mmeer MecTo B MArHETHOM Pe30HAHCE, a TAKIKe B aKy-
CTHYeCKOM Pe3oHAHCe B TBepALIX Tenax. B arom ciygae B pacgerax

yA00HO HCHOOMB30BATEH OMEPATOPH A 4, Ba, cumTas, 9T0 MX JIBHKEHHE
OIPE/eNACTCA TONLKO TaMUIBTOHHAHOM ., a He paccMaTpEBaTh OT-
JeJIbHO [BMKEHNe CIMHOBHX (A4-, BB) H KOODAMHATHHX (dy, bp) ome-
pPaTopos.

Ncemonnaysn oGosnavenns (16.20) u ycaosme (16.21), BripaskeHme
(16.19) MoxxHO mpexcTaBHTH B Gojiee YHOOHOM JJA PacyeToB W AHAIM-
sa Bmpe [1,4]:

2

Ppa(t) = 2 ({Ba, fia}> (1 — 2 °‘2Y )exp X

Y(wy5%0) Y

x it (0 —8P) — D2 S —v,@erart.  (16.22)

Beanunra

~

A[B,, PP, A_Ip ( ho,
I 1 1 0(
v R B, A TO\r

c

2
a

): M= lpl
| (16.23)

IO CBOEMY CMBICIY ABIIACTCH 0600 MeHARIM BTOPEIM MOMEHTOM Pe30HAaHC-
HO#l (HA "acToTe o)a) JEHAHE, O0YCIOBIGHHNM YMUMPAIMEM B3aHMO-
peiicremeM H’, = PYp,. CXOmCTBO O CTAHAPTHHIM OIpefedeHHeM
BTOPOTO MOMEHTa JHHUHE Pe30HAHCHOTo moriomernnsa (8.3) craHoBUTCA
OUeBUHEIM, CIIH PACCMOTPETh Gqy JIA ABTOKOPPEIANMOHHON PyHK-

nun (B A), onmcHBalomei GopMy JMHUE HOTIOMECHHA:

2 _ KA, F 152, A p _ A, A5, ADFS
“ B Ay, 4D B (A, A FY -
(52, 531152, 23D
K2 (LT, ST ’
rue 5?;" — dacTh omepaTropa % 1» BO30Y;KIa0mMas pesoHAHCHHE Iepe-

XOfIbl M}y CIVHOBEIMA YDOBHAMM 3HEPTHH, Pa3jeleHHEMH HHTEp-
BaioM Fw,.
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N

ITapamerp ‘

B, 51, A o> U[B,, P, A_.}>
{[By, 7,) o> _ <po> {[B,, P°] o) (16.24)

oL — 0 -
BBy, A B ({B,, ALY

. =

oIpeJieNifeT CABHT NEePBOrO HOPAAKA K PESOHAHCHOH YaCTOTE M.
OB oTnHYeH OT HYJA, €CIU KOOPAMHATHAA 9acTh omeparopa J'y He AB-

JigeTcsl caydaitHoil Benmummoil. B mpormeBHOM cayuae J’y BHOCHT
BKJIAJ] TOJBKO JHIIb B IIAPHAY JINHAHR.
Haxoren, ¢yaxmus

“€p, (), P A
fv(v) = p*(n P m =P, (16.25)
' Y

e f),,(t) = exp {iffzt / h}ﬁYexp{ — iyt ] BY, aBuAeTcA HOPMEpO-
BaHHOH (yHKOUWEA KoppeiaAnuu KOODPAMHATHOH dYacTH omeparopa
H'« B ero gBWEeHEH, OIpeeaseMOM IaMEILTOHHAHOM Hf,.

QDypre-o6pas ¢yuxmum (16.12) ompemenser cormaceo (16.9) m
(16.13) pysrOuUio popMEr mpouecca, mpudeM opma BOAE3E LEHTPA pe-
B30HAHCHOH JUHHAYA ONPeeIsAeTcs aCHMITOTAICCKAM moBeileHneM Ppa(t)
opm ¢ —- oo.

Briuncienne xoopAamHATHBIX QYHKOEHA Koppeasammm [ (t) mpea-
craBiager Ooxpmue TpygHOocTH. lloatomy, mcxoms u3 ¢usmIECKOro
CMHICIIA, B KOHKDETHHX 3afauax nofbmpawT A f.(t) yOmBawomume ¢
poctoM T pyrrnuu. Uccaegosanne KyGo m Tomurs [1] mas wacrEOrO
B2 GyEEmEm xoppexanuu fi(t) = exp {— |7|/t.} mokasamo, uTO
OPA KOPOTKUX BpPEMEHAX KOPPEJANHH Tc, COOTBETCTBYOIXHX  HH-
TeHCHBHOMY O0ecHopsAjouHOMY [BUKeHMIO, upeoGpasoBanme Dypbe
or (16.12) maer pesomancuyio aumm0 TEOA Jlopenma. C pocroM T,
T. €. IPH 3aMOPAKMBAHUY [BWKEHWSA, HA KPHUIbAX JUHUE BOSHAKA-
10T OTKJIOHEHUS B CTOPOHY TayccoBoil OopMbI, B IpH T, — 00 JHHUSA
mepexonuT B KpuBylo Iaycca.

HeficrBurensro, A cpel ¢ WHTEHCHBHEIM 660HOpH}IO‘IHI>IM oBH-
sKenmeM f, (t) 6brcTpO yOBIBaeT, ¥ MOITOMY, €CIM HHTEPECOBATHCA $op-
MO# JIHHWE OKOJIO IleHTpa, PyHKumsA penaxcaumum (16.22) mpmamMaer
BHL '

Vo (l) = Z.<{Ea, Ap(t— 3 o) explit(o. — 80 +

Y(w)y70)
Zow 1) =1 |2% ), (16.26)
rae

t oo
lim (=07 @ dorar~i§ 1, @) éor av =t (¢, + ix).
=00 g 0
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dJypbe-npeoﬁpaaoBaHne ot (16.26) maet pacupepenenue JIopelma ¢ mu-
pmHOlE A, = 2 Cay T, W C/IBETOM 8y = — Of + 2 2 Toe

ITapamerp mnpnnm Ao 0OHYHO TOXBKO qncnennm\{ MHOKHATEIeM
HNOPAAKA eMHUIE OTIMYaeTcsa oT 06paTHO# BeJIMYMHH BPEMEHH YCTa-
HOBJIGHHA TEPMOJMHAMHYIECKOTO DABHOBECHS HA YPOBHAX DHOPTHD
mopcmcTeMH 1 Do BIMAHEEM B3amMofeiicTBHA £’ ¢ mopcmcTeMoi

2 [11:
_.1_. — 1 ¢ ‘iw,T [‘%’1' ” ()] [W_Y. 3%1])
= ont S Ze Y AT dr. (16.27)

—co ¥

Kax cnepyer ma (16.27), Bpema come-pemerounoii penaxcanmu T, B
OTIMYHEe OT HapaMeTpa IDWPHHH A,, OIpPENeaseTCH TOJIBKO CBOMCTBA-
ME HCCiIe/[yeMOll HOJCHCTEME M He 3aBHCHT OT cIoco6a BhBeleHHs
ee W3 PABHOBECHA, T. €. 0T ;.

B mnpeniente wxecTkoit pemeTkm» (OTCYTCTBHE JABUIKEHUSA) [y () =1
u pyBKOUA KoppenAnmd npu Goxbmux ¢ mMeeT HOpPMy

Pa(t) = D (Ba, A}y (1— 3 GRijod)exp x

Y(@,0)

2 2 t2
X {it(ma—éil)—l- > —"m—*)— °“g } (16.28)

Y(0y740)

NPHBOAAINYI0 K pacOopefieieEdmio I'aycca cO BTOPEIM MOMEHTOM OZqp

u cppEroM 8, = — 8 4 Dl ok /w k.
Y

Cymma 2 G/ ®31 ABIAIOMAACA IO CPABHEHNIO C eJINHATICH BeANYH-
h
HO# BTOPOro IOPAJKA MAaJOCTH IIO R / 320, HIDKE, Kak IpaBmio,
Oymer omycKarhCA.

BsauMopeiicTBua, KoTophe mo Kiaccmpmeamumu § 2 OTHOCATCA K
9eTBePTOHM Ipymnne, T. €, CBABAHH CO CTATHIECKHM Pa36pocoM 9iIeKTpH-
9eCKEX W MarHATHHIX IOJell Ha OTAeJIbHHX ANpax, B 9TOX TeopHH pac-
CMATPHUBAITCA B NPUOIMKEHHH KECTKOM PEIIeTKA U NIPHUBOJAT K rayc-
coBoil hopMe PE3OHAHCHHX JHMHMI.

BsamMojieiicTBus Tperheil IPYNNB, CBA3AHHEE C JJIEKTPOMATHHT-
HBIMA IIOJIIMH, 3aBUCAIIAMHA OT BPEMEHH BCJIEICTBHE TEIJIOBOTO JBH-
JKeHWs, [OJUKHBl pPAacCMaTPUBATLCA B NPUONIIKEHAN WHTEHCHBHOIO
IBIKEHHSI, ¥ NOITOMY OHM JAAIOT JIOPEHHOBY (OPMY KOHTYpa peso-
HAHCHBIX JUHUWM.
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OGHYHO B BemecTBe IPUCYTCTBYIOT B3avMOJENCTBHA 000MX THIOB
¥ QYHKOUA KOPPeNAnMM uMeeT Gojiee CIOMKHHN BHJ:

Ppa (£) = D) <{Bx, A_a}) exp {it (0 — 8) — | | S0ty —

o2, 2
Sy } (16.29)

KOTOPHIil IPHBOJUT K KOBOJBHO T'POMOBJKOMY BHIDAKEHWIO AJA QyHK-
nun GoPMH, OKa3HBaIOmMeNca IPOMEeKYTOYHOM MeKAY KpuBHMHE JIopen-
ma m I‘aycca. OJJ;HaKo B KOHKDETHHX 3afadaX, KaK IPaBUJIO, ONHO U8
B3aEMOJIefiCTBYI OKasHBaercA GoxbIme APYroro, W modToMy QyHKIuUS
KoppeJAnuy OprOImKeEHO MoKeT OHTL mpepicTaBieHa JmGo B BHAE
(16.27), au6o B Bupe (16.28).

IIpomaniocTpupyeM H3JI0KeHHHE BHIe B aGcTpaxTHo# gopme pe-
3yJIbTaTH KOHKPETHHM pacdeToM Kod(mumenTa mOriomeHns 3BYKa B
Ky06u4ecKoM MOHHOM KPHMOTaJie, B KOTOPOM B3amMOJEHCTBHE CO 3BY-
KoM TIPOMCXOAMT depe3 fAfiePHHeE KBajgpymoibEme MoMmenTH (5.10), a
CIIEKTP Aflep CO37aeTcs IOCTOSHHHM BHEITHAM MarEUTHHM moieM H..
B stoM ciyuae wa = a@y = oysH, B B obGo3mauenmax § 5 mmeem

2 2
= D Ao= 2 A%a,, F4 = FY cos ot
a=—2 =2
= Qs 0 = (—M)* i) Sufi’ (0, 9), Fa = — Eysinkry ,
(16.30)
e Eg(t) = 2E, sin kr; cos ot — gedopmanunm, HPOM3BOJHMEE CTOA-

YUME aKYCTHYECKUMH KoJe0aHUAMU OKOJO AApa i, r; — KOOpAUHATA
anpa i. B mpepene mecmon pememn (16.27) gna aBTOKOpPpEAALMOH-

HOUl (yHKOWE omepaTopa A2 = (', mMeeM

s . 2
quQQ, 0Q2,~a (t) = I Gy |2 <{Q;,a7 Q;,-¢}> [exp {l (d’(‘oo - 2 :;:) t—
Y70

— -%— cﬁotz} + KOMILT. conp.], (16.31)
a ee pypre-06pas3 paBeH
3 . 2
8y 104, (©) =75 1 (I + 1) @1 — 1) (21 + B)sin?( 2 )x
X [ga (0) +'g—a (@)1 , (16.32)

rfe g«(®) — rayccoBa QyEKOEA HOPME

ga(0) = V';?Ga exp {—— (co— amy -+ Z o0 ) /2610} (16.33)

Y70
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Briqucienue BTOPHX MOMEHTOB

’

s Q3. NIF,, Q) b
o 12 (0% o0 QL o1

(16.34)

TPOBOAUTCA IO CXeMe, HMYeM NPUHIMOMAILHO He OTJIMYAIEeicAa oT
nposegeHEnx B Ilpmaoxenmu B pacgeroB BTOpOro MoMeHra JIMHEH
AAP, 00ycioBJIeHHOr0 H30TPONHEIM OOMEHHEIM B3aUMOJEHCTBHEM.
W3 supasxennit (16.29), (16.31) u (16.33) BugHO, YTO POIAB BTOPOTO
MoMeHTa 0% (HasnBaeMoro aguabaTM4eCKUM) CYIIECTBEHHO OTJIAYa-
€TCA OT POJIH OCTANBHHIX MOMEHTOB B opme nmHMH. AfumabaTudeckue
MOMEHTH 00yCI0BIeHH Toi gacTbio (#'g) raMuiIbTOHNaHA B3amMopei-
crBuii #’, KoTOpas He BHIBHIBAET IEPEXOJ0B MEKAY YPOBHAMU raMUIIb-
ToEMaHa Jf,, & IPOMBBORUT ajfuabaTudecKue CHABUTH ypPOBHeH. 3Ha-
geHus aguabaTHIecKuX BTOPEX MOMEHTOB /IJid HEKOTOPHIX 4aCTO BCTpe-
9aOUUXCA UCTOYHUKOB YIIMPEHUs Pe30HAHCHHX JIMHAN IPUBEIEHH B
§ 8 1. Bupamenusa pua meagmabatuyeckux (wy == 0) BTOpHX MoMeH-
TOB JIMHWII aKyCTHIECKOT0 Pe30OHaHca, paccuuTaHHEE B pabore [26],
npusenensr B Ilpumoskenuu B.

IMopcraBasia B (16.12) seipasxenns (16.32) u (16.30), a Taxke B~
paskeHMe I IJIOTHOCTH IIOTOKA DHEPIMH CTOSAYUX 3BYKOBHIX BOJH

J = dv’E3, m mpoBefs cyMMupoBaHIUe IO AAPaM (2 sin?kr; = -;_) ,

i=1
HaxomuM Kodpdunuent JAP mormomenms:
3 NeroA2s? N
Sa= gl (1 + D@ =1 @1+ 3) e 3 sines (%)
[8a (V) 4 ga (V)] . (16.35)

B ornuume or BHpakenus (6.5), HalileHHOTO APYrUM HyTeM, HpU HO-
ayuennu Boipaskenus (16.35) Opiia aBTOMATHYECKM BHYHCICHA QYHK-
nusa ¢opMer (16.33). Oma sBasercss HopMHUpOBAaHHOW KpuBoil aycca
€O BTODHIM MOMEHTOM 02%,. Takroil Bug ¢pyHKIuUE PopMbI 00yCI0BICH
TIPUHEATHM Ipu BEBoAe Beipaykerus (16.31) nmpubnusxenumem kecTroit
PeLIeTK.

§ 17. Anepnaa mHAYRNUsA, B0O30Y:KJaeMas CTALMOHAPHDLIME
aKycTHYeCKIMH KoixebaHuamu [4]

Ilog peitcrBueM yabTpasByKa HapsAAy C IMOTIOUEHWEM B CIIMH-CHCTEMAaX
TIIPOMCXORAT W pApyrue mpoueccH. WHTepecHo, B gacTHOCTH, 3HATH,
MOTYT JIM aKyCTHIeCKHe KojiebaHus BO30YOUTh HPEIEeCCHOHHOEe IBM-

1 QnpepesnernHil B § 8 BTopoii MOMeHT M junun AP noriouieHns, cooTseT-
cTByIoel mepexomaM Am = -4 2, paBen 630/431’,2.
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JHeHIe TePHeHfUKYIAPHHX IOCTOAHHOMY MAarHNTHOMY IIOJNI0 KOMIIO-
HEHT AfepHOil HAMATHWYEHHOCTH, KaK 9TO IPH IOAXOJAINMX YCIOBH-
AX JeNaeTcs ¢ IOMOIIBI0 HePEeMEHHOTO MAaTHWUTHOrO moid. JlpyruMm
cjIoBaMu, BO3MOKeH Ju 3¢deKT THHA AxepHoil mHTYKmuA Bioxa mHa
yaAbTpasByKe?

PaccMoTpuM cHoBa KyOMUecKHil KPHCTAJI: DHEPTeTHIECKUI CIIEKTD
(e = 0L@o) W omepaTop B3aMMONEHCTBHS CO 3BYKOM OCTAlOTCHA TaKH-

Mu e, Kak B § 16, 7. e. omepaTop 4 W conpsyKEHHAA €My BHEMHAA
cmma ompenensawrca BuHpakermaMma (16.30). Opgmaxo B ormmume oT
npeAmecTByomero naparpada sgeck HeoOX0omMMO HPOCHETUTH 3a W3-
MeHEHUEeM BO BpeMeHH KOMIOHEHT SAMICPHON HAaMarHWYeHHOCTH
M' (¢) = yaI'(t) obpasua, T. e. sa '

A2 AL Al Ar s A A A

My = B (00y) = Yalilg, Io= 17, [+, = 1.+ il,

Ipepmonomum, wro GopMa IMHME ONPERENAETCA CTATHYECKUMH JO-
KaJbHBIMA IOJAAMH, TOTJa B 11p1716Jmme1mn JKECTHKOMN pemeTHn nMeeM
P My (8) = Yali (— 13 (8, 9) AS1 {{{aQ2-a]) €Xp {i0at — Caot¥/a} ,

(17.1)
rae

% —‘ 2
©a = 00 -+ ) Ga. /1Oy .
Y70

TMopcrasaaa (17.1) u (16.8) B (16.4), naa ArHAMEYECKOHE BOCTIpUUIM-
9UBOCTY HAXOJAM

* A (("):;_("))2
Yorso, @ = V 5T <(1i Q> o exp { _2_}><

{z L (1*/35 w)] (17.2)

x

rie @D (z) = 2/VnQe‘”dt — HHTErpajl BePOATHOCTH,

Cpennue 3Haqennﬂ AT laQ.‘z, _¢}> ONUMHAKOBH JUIA WH/IEHTHY-
HbHIX fAEP ¥ PAaBHH

A5G4 = da g T (1 + 1)(20 — 1) (2] + 3),
dy = —, dﬂ=:t]/%. (A1.3)

Broprie MoMeHTH
cow - <{ [Ia gf.{] [gZ-Y,Qg.;ﬂi}>/h2{<ia,b2,—l}>
TaKyKe HE 3aBHCAT OT umHAeKca gacruisl (cM. Ilpunomenme B) u, Ha
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npuMep, B T€X CIYyIasax, KOTAA MAPHHH JUHUNA 00yCIOBJICHKE MarHUT-
HEIMH JWIOJb-JUOONBHHMYA R3aMMONEACTBUAME, PaBHE

ol = 21 (1 + 1) by )| PF: |2,
J
e
8 4
bj:l,-_!-_l = 30 b:tl,O = 1, bo,iv = 3 (1 - ‘57,0)1
b:l:l,:l:l = b:tl.:l:? = b:tl,Iz =0.

Ilocne momcramosku (17.3) B (17.2) mns MHEMMOH M HeHCTBHTENLHOM
gacreil TeH30pa X*M¢Q2.-a (0) mmeem

) w2 — 1) @I +3)d,, 2,0 1
AMy 43-a (@)= — SNKT %o Ho V2xn %x
(m:’_—c.n)2
i = L (17.4)
e 2000 @
: )=—0 (e ) v )
XMCI.:QZ,—G- (0) = - ,/2 Ga() )XI\IUJQ'Z,—O! ( ’

e Yo = Nyzr2I(I + 1) / 3KT — craruyeckass  BOCHPHUUMYUBOCTH
obpasua, N — umcno smep, H, — NOCTOSIHHOe MAarHUTHOE IOIe.
ITpocroTsl pajgu cmcrema KoopAumHAT BHOpaHAa Tak, 9To0Bl yrom ¢
ObLI paBeH HydO, a f, (0,9) — meicrBurennuo. OTcIofa BUAHO, 4TO B
pesonance (o = ;) ¥'(0) =0, a x"(w) cTpemurca K CBoeMy Mak-
cUMaIbHOMY B3HaueHMI0. Bmamm or pesoHaHca, kKorja|ew — o[>
>> Gao, 00€ BeIWIMHE cTpeMATCA K Hyd0. IIoCKoIbKYy o) = aw, +
-+ 84, TO PEBOHAHCHOE YCIOBUE MOKET OBITH BEIIOJIHEHO TOJABKO IId Of-
HOIl KOMIIOHEHTH BeKTopa cmmHa — [, CooTBercTByMpOmEeR o = -+ 1.
Hpyrue xomnomenTtHt (/,, /_) mamT mpeneGpe;KuMo Majble 3HAYCHUSA
X'I,Q2-2) (®). IlosToMy mua mexapTOBHIX KOMIOHEHT MArHHTHOTO MO-
MEHTA HMeeM

M 1 M * 1 * -

A 1,0 (@) = 51X 41,Qa0mt (0)-1- X' M=,.0,,(0)] = X 43, Qe (@), (17.5)
. 1 o«

X"ZV‘I'U,Q ((0) = T XM+1,Qz,-1 (0*))1

'X.;WZ,Q (0) =0,

Ucnonwsya (16.2), (16.30), (17.4) u (17.5) muaa KoMOOHEHT sAjepHON
HaMarHN9eHHOCTH 00pasua, moJTydaeM
N

1 . "
Mx (t) = T [XM:,Qz.—t ((D) cos ot + XM:, Q:v—1 (('0) sin (")t] EO 2 sin kri?
i=1
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N
My(8) = 5 [— Xirs.@u-s (9) €05 OF + %o, ,,-, (0) sin ot] Eg D sinkr;,

i=1
(17.6)
M,=My=x%H,.
N
Briuncaenne cymm tama I' =2 sin kr; y:xe npoBopunocs s raase IT1,
i=1

HNusa obpasma, 00mafaomero DOCTOAHHEIM CEYEHHEM B IJIOCKOCTH,
nepneEAuKyAApHoii K,
N

A n
(=1, (17.7)

I' = Nsinkr; =

rme n = 2!/ A — uncno (Hes0e) MOJIYBOJIH, YKIAAHIBAIOIMUXCH Ha
nnune obpasua. CiemosaressHO, I' OTAWYHO OT HYNsA, €CIM k HeEYer-
HO, 1 BKJIaJ B HaMarHMIEeHHOCTb o0pasma JaeT TOAbKO CJIOH, TOJMH-
HOil B TOJOBHHY aKyCTUYeCKOH BOJHEL.

Ucnonwsys (17.7), sraipaxenme (17.6) MOKHO mpemcTaBuTh B

dopme

My, = [X;‘lx,y’E () cos ot -} X;{x’y .5 (0)sin ot] E,, (17.8)
rne
” . 3@I—1)@I 43 A AS
Y, (0) = — %X, B (0) = ( 4)(5 +3) - k;m My x
_ @ogy
. 2020
X ———1/:2 sin 26,
2ncsa0
’ ” ” 0 — m:
Xz E (©) = Xy, B (0) = Xy, 5 (0) D (T}
a0

Io cBoemy cmbicay TeH80p X*M, g (©) = X'M, 5 (0) — X My g (@)
ABJsieTCs MarHeToneopPManOEHON BOCHPHUMMYMBOCTHIO, YCTAHABIHU-
BAIONIEeH B JMHEHHOM HPUOIMIKEHAN CBA3H MEKAY HAMATHUYEHHOCTHIO
sgep obpasma u aMIuTyAoit AedopManmil, Co3aBaEMEIX BHEIIHUMH
CHIIaMu.

He mpoBofs MOBOJIBHO CIOKHHX PACueTOB JJisi AMEPHHX CHCTEM
C HeOKBUIUCTAHTHHIMY CIMHOBHIME yPOBHAMY [4], orMeTuM 3pech numpb
OJJHO KaueCTBEHHOE OTIMIHe. Buipaskerue (17.3) maa cpepmero sHa-
geuusi {{ly, Qs,_a}) TPU DKBUJUCTAHTHOM CIIEKTpE N PONOPHNOHAIb-
HO Mauoli BenrnunBe & = 7iw,/kT. Ecau nuaTepBANb MEKIY CHIHOBHIMU
YPOBHAMHU He OJMHAKOBH M pPE30HAHCHEE IePEXofbl BO3OYKAA0TCA
TOJBKO MeKIy YPOBHAMU m u 1, To BMecto (17.3) B Teopuio BxomuT
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opousBeeHNe MAaTPUYHBIX SJIEMEHTOB

(m|Io|ny<n| O_s |m), (17.9)

ABJIAIONIEECA YHCJIOM HOPAAKA €JUHHIBL.
CpaBHI/IM SANePHYI0 HAMarsu4eHHOCTH, CO3JAHHYIO auycmqecxnmn
KOJeOaHUAMA U HepeMEHHHM MaI‘HKTHHM moJieM.

B6ansu pesomanca ¥"y o, Sy, ,Qa,_p T09TOMY, HAIpUMeD,
o M, us (17.8) maxopmm

3@I—1)2rI 43 A SnE
M(ty= 2CL=DCIED) 5y b ASubo

\

wg; (0 — (o;) sin 20 sin ot,
(17.10)

rae g;(0) — HopMupoBaHHasA QYHKIUA (GOPMEL.

flnepHas HaMarEMYEHHOCTH, CO37AHHAs PE30HAHCHHIM IepeMeH-
HHEIM MArEMTHHM moxeM 2H, cos f, KoTopoe HepHOeHAUMKYJIApPHO IO-
crosaHoMy mosio H,, Moker OHITH IOJTy9eHA U3 pelleHusT ypaBHeHUH
Bmoxa gma crammomapHoro peykmma [5]. B ycaoBusx, mamexux or
 HACHIIEHHWs, OHA paBHA

Mﬂt):%xo 0y Hyg1, (0 — ) sin ot, (17.11)

rae gr(o) — HopmmpoBaHHas ¢ynxuus gopms Jloperna.
IIpene6peras pasnuaueM B gopme aunum, Aaa orHomenua (17.10)
u (17.11) norygaem

(M, (4 3RI—1)2I+3) A Aoy oASnEo
1

=M o, 20 kT Ry, Hy

n20.

Jng onenku oTHOmEHUA 7| OymeM cumMTaTh, 9YTO aMIUIUTYAH Aedopma
uun E, u mepemermoro MarHuTHOTO Hons H, momoOpaHH Tak, YTOOH
9Heprus B3auMopeiicTBuA Agpa co 3BykoM ISy E, paBHsmachs ero
SHEPruU B3AUMONEUCTBHA C IePEMEHHEIM MATHUTHHEIM MoJeM AyaH;
(3T0, B wacTHOCTH, ofecleunBaer OJUHAKOBYIO CTENEeHb HACHIIEHUSA
pesonanca). B srom cayuae mis oOpasna ¢ JIMHEHHBIME paszMepaMu
1 em m cropocThio 3BYyKa v ~ 10° cm/cex mpu dacrore pesoHaHCA V ~
~ 107 sy umeem A/l ~10"2m fiwy/kT ~ 107 mpu KoMHATHOII TEMITEpa-
type u fiwy/kT ~ 107 npu rtemumeparype kupkoro resusi. Taxum
o6pa3oM, B 3TOM UHTEpBAJie TEMIEPATYP OTHOLIEHWE 1] A KybGmgec-
KOTO KpHCTAJIa JeKUT B mpegeaax 1 ~ 1078 — 1076,

Kaxk ysxe oTMedanoch, A 06pa3ioB ¢ HEIKBUAMCTAHTHEIMI CIIMHO-
BHIMUI YPOBHAMU BMeCTO /iwo/kT BO BCe BEHIpasKeHus OymeT BXOAUTH
peamanHa (11.9) mopsanmka emumunsl. IlosToMy pus HEX oTHOIIEHWE
(M )a/ (My)w Gymer paBuo mpumepro 1072, IIpuumHBl MamoCTH CHUI-
Hajma SAePHOM WHIYKIUH, CO3JaBaeMOT0 CTALMOHAPHBEIMH AaKyCTH-
9eCKUMH KoJIe0aHMAMH, [eJIAKOM COBHOAZAKT ¢ momgpoGHO 06Cy:KmaB-
mumucsa B raase 111 mpumammammu masmocrm curHasioB cBOGOOHO Hpe-
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IecCun ¥ COHHOBOTO 3Xa OT aKYCTMUYECKUX MMIYabcoB. Onuy ns aux —
MaJoCTh NJAMHBI aKyCTHYECKOH BOJIHEIII0 CDABHEHHUIO C pasMepaMmu o0-
pasna, ymenpmarnoinyio d¢dexr npubausureasso B 100 pas,— menwsa
u3bexarp OpH HAGIIONEHUN SAAEPHOR MHAYKIUE B CTalUOHAPHOM
peskume. Jlpyrasa mpmawnHa oTHajjaeT IpHM Tepexofe K AApaM ¢ Hedk-
BUIAMCTAHTHHIM CIIEKTPOM.

§ 18. Apgepuniii akycTmueckuii pe3oHAHC B MeTamIax

Ilpu uccnemoBaHM¥M METAJIOB METOJaMU MATHHTHOLO Pe30OHAHCA BO3-
HUKAIOT TPYLHOCTU, CBA3AHHEE ¢ HaimumaueM ckmE-3¢dexra. Ilepemen-
HOE II0jie He IPOHUKAeT B TOJINY MeTalla, a MOBePXHOCTHNE CIOM Jla-
0T CHTHAJ MATHHTHOIO Pe30HAHCA HCKaKkeHHON d¢opmel. Biausamme
CKuH-2pPeKrTa MoKeT OHTh MCKIUEHO, €CIH MCIOIb30BAaTh 00pPa3I(hl
¢ pasMepaMyl, MeHBIINMHE TAYOUHH CKUH-CiosA. Ilpuxomurcs, omHako,
CUUTATBCA C TEM, YTO B CBOMCTBaX 06pa3IoB TAKUX PasMepoB HadWHA-
10T MTparhb POJb IOBEPXHOCTHEE SBIEHWS, M WX HEIB3f OTOMIECT-
BJIATH CO CBOWCTBAMM MAaCCHBHHIX IPOBOXHUKOB. K ToMy ke mpornece
M3TOTOBIEHUA MEJIKOTUCIEePCHHX 00pasoB OCTABJAET B HUX BHYT-
PeHHHE HAMPsIKEHWS, IPUMECH M T. .

AKycTHuecKue MeTOJH HCCIETOBAHNA NPOBOTHUKOB I PUHIIIINAID-
HO CBOGOMHH OT BAMAHUA CKuUH-3dderra. ITo feaaer BeChMa IepCIeK-
THBHHIM M3ydeHue MerajuioB Merogamu fJAP, Tem Gojee uro mapamer-
py ausuit AP, moMmMo BenWuYMH, CBA3AHHHX € KojeOaHUAMHU pe-
meTKM (HABeIeHHBIE 3BYKOM 3JEKTPOMATHUTHEE IOJS), BHPayKaloTCA
gepes cusur Haiira, BpeMeHa AfepHO# CHOUH-PEINETOYHOH pejaKca-
1uu, o6yCIOBIEHHEE BIEKTPOHAMY IPOBOIMMOCTH, MOMEHTH KPUBHIX,
cosfgagHEe fepexramu pemerkd u T. A. [6,7], 1. e. wepes BemmumHH,
KoTopble 00baHO uccienyoTesa Meronamu AMP.

Poas pemerku Merasmia, B3ATOH M30IMPOBAHHO OT 3JIEKTPOHOB
OpoBOAMMOCTH, HE OOJHHA Ka49€CTBEHHO OTJIMYATHCA OT POJHX pemeT-
Ku uonHoro kpucramaa B AP. Hamuume 951eKTPOHOB IPOBOIUMOCTH
CYINECTBEHHO MEHsieT [ejio. Bo-IepBHX, 3IEeKTPOHH IPOBOAUMOCTH
9KPAHMPYIOT BCe JJIEKTPUUYEEKUe 3apAAH B METAajiaX, B 9aCTHOCTH
9JIEKTPAYECKOE KBaJpYNIOJbHOE B3aHMOJEHCTBHE AJEP C PEIIETKOM.
Bo-Brophix, akycruaecKkue KojebaHUsA siep OTHOCUTEJIHHO BJIEKTPOH-
HOTO 00JIaKa B T€X CIydasX, KOTHA OHO IOJHOCTHIO He CIelyeT 3a 0CTO-
BOM pelmerKku, MOI'yT JaThb HOBBIII KaHaNm CBA3M AOEep CO 3BYKOM.
B-rpersux, KOHTAKTHOE B3amMofeiicTBue Afep C DIEKTPOHAMU IPOBO-
DUMOCTH '

He=— Ddio)d(Ri—rp), K=—rgral®  (184)

ip

(e 0p — marpunsl Ilaynau, R; mrp — KoopamHATHI A/lpa j M IEKTPO-
Ha p) cospaer cxsur Haiira [3] agepHO# pPe30HAHCHOH 9YAaCTOTH, AB-
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Jserca Haubonee 3PPeKTHBHHIM MEXAaHA3MOM S[ePHOM CIMH-PENeToY-
Hoii perakcaumu ([5], ra. VII), a Take OpHBOAUT K CYINECTBOBAHMIO
KOCBEHHOIO CIHH-CIMHOBOTO OOMEHHOTO B3aMMOJEMCTBHA MEMKIY
sappamu ([5] ra. V)

Foon = 2 Aje(TiTy), (18.2)
J

KOTOpO€e B PAfie claydaeB AaeT IVIABHHI BKJIAL B IIMPUHY JMHHUIN Afep-
HOTO pe30oHaHCA '.

OcranoBEMcA HOZPOGHO Ha MEIOYHHIX MeTajliax, o6JamamInumx
KyOugecKo#l pemeTKO, W OPeNOOJOKAM, YTO CBSI3b fAJEP CO 3BYKOM
OCYMIECTBISAETCS .9epe3 dIeKTpHIECKHe KBAJPYHNOJbHEE B3aMMOJEii-
crBusa. HecMoTpss Ha CWIBHYK SKDPAHADPOBKY M TO, YTO 3JIEKTPOHEI
IPOBOANMOCTH, BO3MOIKHO, TAK)Ke ABIAIOTCA MCTOIHHKOM IEpUOIH-
9eCKOro rpafimeHTa dIEKTPHUYECKOTo IOJIA HAa SAAPax, OHeparop COHMH-
$OHOHHOH CBASH KO/KEH UMeTh B Metamiaax dopmy (5.10) mmau (16.30),
MOCKOJbKY BHUJ OTUX BHPAMKEHHA ONpPEMIeAicA TOJIbKO HA OCHOBAHIHA
coolpaskeHnii cuMmMeTpud. IIpu 3TOM 3HAYEHHMS KOMIOHEHT TEH30DPa
JUHAMAYECKON KBAafpYyHOJbHONR CBA3H S;; MOTYT CYIECTBEHHO OTJ-
gaTLCA OT COOTBETCTBYIOIIUX BeJIMYAH B MOHHBIX KPHCTAILIAX.

CIIeKTD COMH-CECTEMH B DPACCMATPHBAEMOM CIIydae OIpeneasercs
B3aHMOJIeICTBYEM fAlep C MOCTOSHABIM MarHHTHBIM IIOJIeM

Hy =l I, 0= o, (18.3)

B rauecTBe TIPMYMHEI YIIMPEHUS PE30HAHCHEIX JHHWH PACCMOTPHAM
CHAYaJa KOHTAKTHOE B3auUMOJeHCTBHE feD C SIEKTPOHAMH IPOBOIHU-
Moctz (18.1) B mpmbmumxeHUH «OHICTPOPIYKTYHPYIOMER» pEIIeTKH.

Xopoueit MOfIEIbI0 3JI€KTPOHOB MPOBOJAMOCTH B MIEI0THBIX METAJ-
Jlax ABIAETCA HX HPeICTABIEHHE B BHAE ra3a CBOOOJHHIX DJIEKTPOHOB
¢ sdpexrnBHON Maccoit m*, mmoyascoM k m smeprueit &= h2k?/2m*.
B nocrosmEOM MarmuTHOM mode H, COOCTBeHHBIMH 3HaYeHHAMHE ra-
MEJIBTOHHAHA JJIEKTPOHA MPOBOAMMOCTH J,(KOTODPHI B JAHHOM CIIY-

Yae ciaefyer KIacCHQUIEpPOBATH KaK TaMEIbTOHHAH #f, B oGosHaue-
gusax § 16) aBasiores

Ek5=$k+%nw3§7 O)B:T?HOa E:i—17 (18‘4)

a co0cTBeHHHMHE (QYHKUUAME OyayT @k(rp)Xz, TAe Xz — CIUHOBHE
¢yErnEE cuuHA !/,, a QYHKOEA @i (r) HOpMHPOBAaHA HA 00BEM BCero
oGpasma.

1 B HEeKOTOPHX MeTaljaX MOTYT MIrpaTh CYMECTBEHHYI0 POJbL KOCBEHHEIE
KBaJpyIOJb-KBaAPYIOJIbHEE B3aMMOAEACTBHSA sfep 4yepe3 3JIEKTPOHH IIPOBONM-
moctm [9].
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B npexcraBieEnMEm BTOpPHYHOTO KBAHTOBAHHMA B3amMmopjeiicrBme Hy
9JIEKTPOHOB ¢ ALPOM j HMeeT BHF,

Ao iR tiha , —ifest/h ~

HAe@t)=e ° Hxe ° = 2 Cky, B | Hx | ks, E) X
kh kZ) alE?

i (Eklal—Ek2V2)+

Xe h akl Ey akz»z = - 2 2 akﬂ;x ak’ﬁz (ka (RJ) Pk, (Rﬁ) X
kik:

U~ Ege —Ey.E, sz W s
e ket Pki) [Enn 621,22 + j’— ‘5El.15iz,—1 + Izr ‘52.‘,—1 622.117 (18-5)

rge d'yxz W dxg — ONepAaTOPH YHUYTOKEHUA M POKECHHA DIEKTPO-
HOB ¢ mMOyabcoM hk m mpoexnueit couua £//2, ynoBaerBopsioinue
mepecTaHOBOYHHM cooTHomeHEAM DepMu

. At b A
Gz Gk, + iz, Gkz = Ok, Oc,.
IlogcTaBuM [UAroHAJNBHYIO B {ff;-IPECTABICHME YacTh OIEPaTopa

(18.5), Baarywo upu ¢ = 0, B Barpaskenne (16.24) mas cgsura mepBorO
HOpsAfKa:

<[Qj ’a_ rAIl]Qj ’ a o K At A
a _. 2,a 3 2,a . T ) . ¥ .
ba - h({a 1a2 o a Q2 a}> k%lg< 2 ) Pk (R7) Py, (RJ) <akEak15> g

3nech GO MCOOAB30BAHO TO 0GCTOATENIBCTBO, UTO CJAEMIE OT AMePHHIX
M 2JeKTPOHHHEX ONEPATOPOB BHIUMCIAITCA He3aBHCHMO. lIOCKOABKY
OpU KaHOHMYECKOM ycpelHeHHuum <...) He DPAaBHH HYJI0 TOJBKO NUATO-
HAJIBHEIE B DYHEPTETUIECKOM IIPEICTABICHAU OIEPATOPHI, HMMeeM

At 4 At A —
ke ke ) = Ouk, Ak Aie > = Oxx, (e ),

rae {ny:) — CpeHee UHMCJIO BJIEKTPOHOB B cocrosgHuUU FEy:. Ucmons-
3ya atu coobpasenns, mia 6 maxommm

o — ok 2|q>k(R,)|2 [Kries — <ni_ - (18.6)

CpenHee 4mciio 2JeKTPOHOB B cocrosiEmu kE maercs pacmpegeie-
aueM Depmn
1

oo B

rae &p — smeprua DepMu, mpuIeM B ciydae CHIBHO BHPOIKAEHHOIQ

9JIeKTPOHHOT0 rasa &p > kT ¢ynruma f(E) o6ragaer ofHEM BaKHHM
CBOWCTBOM

{nked = [ (Exz) =

d i
)
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Orciofa npu yeiosuu 7 w, << kT mmeeM

(M1 — M, 1) = /<é’k + i;o_a_) — f<$ h;%) =

df (gk)
d

———hW, = — hw, 8 (Ex — &F). (18.7)
ITogcrasass (18.7) u (1.8.6) ¥ IepPexo/sA OT CYMMHDPOBAHHSA K MHTEr-
pupoBaHUIO II0 ($opMmyie
Z —_— S ]/é‘)k déx,

HaXO0 UM
3aKm,

88 %

oY = — S V8| 0 (R3) |26 (8k -— Er) déic =
0

= — a2 (e (R)[P= —ohoy,  (18.8)

Ihe | Qg (Rj)|2y-— ycpegHeHHAs IO COCTOSHUAM ¢ pasamyabiMm k
mo moBepxHocTH E BepoATHOCTH OGHAPYIKUTH BJIEKTPOH OKOJO ALpa
7o [$g (R3] =NT1 Ing(ITHL—Ta 3Ke ' BEPOATHOCTH, HOPMUPOBAaR-
Hasg Ha o0BEM OJeMeHTapHOM sAuelikm Meramuaa, X, =3/N%%r%/8&p,
mapaMarHUTHAS BOCHPMMMYHMBOCTH DIEKTPOHHOTO Iasa.

Brrpaskerue

Aoy = — 2% Ho ol g (B) | (18.9)

ABIAETCA XOPoIo m3BecTHEIM casmroM Haiira mas gacroTel simepHoro
MargaTHOTO Pe30HaHCa B Merakmnrax (Awy He 3aBHCHT OT HWHAEKca j,
IOCKOJABKY 9SJIEKTPOHHAs IUIOTHOCTh HA PA3JIUYHEIX AAPAX OLUHA-~
Kosa). Hccaemosanue cupura Haiita maer mpoctoil ¥ HaJeKHEIA cmo-
co0 ompejiesieHHs BaKHOH XapaKTePHCTHKM DJIEKTPOHOB IPCROAUMO-
crz — |Pr(Rj) *.

Bupasxenne (18.8) moxassBaer, 4T0 CIBUT IePBOT0 IOPSAAKA peso-
HAHCHOM 9JaCTOTH AKYCTHYECKOI'0 Pe30HAHCA IIPU BO3OYIKICHHH Iepe-
XO0/I0B C M3MEHEHWEM MATHUTHOTO KBAHTOBOTO YMCIIA HA o) paBeH dAwy.

Jns ompefieleHNA BKJIAA SJIEKTPOHOB IPOBOAMMOCTH B OPMY I~
HOE BO BTOPOM HIPHEOIMKeHAH HYKHO BHYUCIHTH IapaMeTp

* ¢ YW) 1 ¢ ‘lYmJ
ry=§‘ ‘o (tydt = H—§ Uy (¥), P} dr, (18.10)
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roe, coraacuo (18.5) u (16.20), mas Pv =1,

Py (t) = — 5 Dl Byale, ke, 9k, (R) X

kokiE:E,

X @k, (R;) exp {— ith™! (Exz, — Ex.z.)},

BO == El 6&1227 Bj:l = 6E2' ¢1 62" il' (18.11)

IlopcraBass p, us (18.11) B (18.10), umeem

. K2 Y A A 2 g -
T =g ) ke fks Gk, G & ez, X
kiko% 1%,

0 () | 9, (1)) |2 § 2 cos (————"‘E‘ o )t dt
(1]

M mocJie Iepexofia 0T CYMMHEPOBAHHWS K MHTeIpUpoBaHmMIO o k mony-
quM

. 9nK? —
= e va.as
To 64 %3 I, E‘(SV kS0

V 8x. A8, | ey, (R) |2 | ey, (Ri) | ® X

13 kz";l )

(o]

9nK® e i O P

=— By, d R;)|?)? 1£1 Ok,Ey Ak,E, OkiE,) - 18.12)
M8%n0§§5k1 B, (| 9oy, (R5) | *)* <O e B ) (18.12)

S8

ba

4 oA oA A (
X (A, Gkg, Gyt Qi3> O L

Ipr k; +k, (|k1| =|k;|, &, =&, = Ex)

e At A A
Ak Okt Ak Gxz) = {dig Age) Ok, Gue) =

= 7 (B 1 — / (B)) = — KT L2 — k76 (B — 8r), (15.43)

Bo Bcex caywasax, mpemeGperas sHeprmeir 3eeMaHa II0 CPABHEHHIO C
sneprueii Mepmum, monywsaem

o OnARKEET T 2y T ‘
To = 32%’12; I, (l(pgp (RJ)J ) - I, * (18°14)
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*
L[pyrne ABa mapaMerpa T, BHYHCIAIOTCA HOXOGHHIM ke 006pasoMi

Ty = Z <ak151 Ox,z2, aizsz Az, ’ Px, (R )l ? X
T, kiks 248,
E, . —E, . ho
X[ ()| 85 085, 700 (e~ P ERO )

InK
_64—‘$F SV&)‘) dglnS V-gkzd((gekI(ngl(R)IZICngz(H)Iz

<Ek1, s By, E hwg)
ki

X <dk1,t1 dk,, 410 G S

= '6——‘*?]{ Svéek,é)kd%’kllfp&k (£5) |2 | gy (R;) |2 X
F :t]_
% 1 (et g2 ) 11— 1 ),

rae ¢y = &x; + hw, + he,. Ecaum crHoBa npemeGpeds spepHON
¥ DJIEKTPOHHOII sHeprmeii 3eeMaHa IIO CPAaBHEHHWIO C KWHETHYECKOH
9HepTHell SIIeKTPOHA, TO OTCIONA HAXOAMM

InhkK. 5 1
T = %—%W’“T (| @ep (B | ?)? =+ n‘jd . (18.15)

%

B npmEATOM AaA pacdera IpHOIMAKEHHE TapaMerp T, HOAydaer-
A MeCTBETENBHEIM, B, CIe0BATeNbHO, coraacHo (16.26), casur gacro-
TH BTOPOTO NMOPARKA PaBeH HyYJI0, a IDUPHHA JUHHU OLNPENEeIAeTcs
BHIpAJKEHEEM

Aw = D62y Ty = D) 0oy T (18,16)
Y Y

Ina aKyCTHIECKOTO Pe30HAHCA BTOPHE MOMEHTH Ogy, 00yCIOB-
nenHble Baaumopeiicreuem (18.5), (18.11), paBuE

A

o _ WQy ol ) 1y, QLD T,
= 720, o Qy, o )d
L (@03)* Qg v Qp, cared> _ (@I,

r? AQy, 0 @y, ¥ R

(18.17)

Iocnennee pasencrBo B (18.17) momydaerca mecxois m3 ompepele-

ans (5.10) onepatopos Qy,. U caexyomeil GopMyIEl [IA CPEHUX BHA-
YeHHA OPOWSBeleHUA ABYX KBaJAPYHONBHEIX OIEpPATOPOB:

Qs Qa6.3> = 8a, 5 (— D" L (I + 12T — 1)1 + 3)5 + 0 732)
106



Yucaenase napameTps (dy)? ONPENENANTCA W3 COOTHOIIEHHA
(o i) = d5 Qs vy di=dS
A B HHTePECYOMUX HAC CAYIAAX PABHEL
(A5 =0, (d5)? = (d5)? =4, (d5)*=6, (d2)? =oa2 (18.18)

Benwmumnsl G5, [ AMePHOT0 IIapaMATHATHOTO PE30HAHCA
9 <{[?ar fy]i ]f—yv j—a]}) HY
GlY = ~ z
R <{Ty, I o))

‘PABHBI

o M, 0 211

2 2 1
Oty 41 = 0, Ot1,0 = F2 o OHiF1 T h;b . (18'19)

BpeMs cuma-pemerogHoil pesakcanuu sgep, o0yCIOBIEeHHOE KOH-
TaKTHEIM B3auUMOJeHCTBEEM ¢ 3JeKTpoHamu mposoguMoctu (18.1),
MojKeT OBITh aHAJOTHIHEIM 00pas3oM BEIYMCIEHO mo dopmyae (16.27),

rae Hy, = hood, u #’ paerca (18.11)

Q1,700 .., 7 n o
——2 { o W2V DD Gy ar =
DN N
=2( > 2 (@l ng,Gle, dre L@k (R |2 X
Yy Fika51Ee
¢ E '151_E P + Th'«(l)o
X | @, (‘R]')F_aiti'lai;?lzn‘S( : : )=

217 4710 -
N 2 T, = A 9nKeT ~ e
=2 5 —= (1%eg (R5) |22, (18.20)

vl h® 16 7 %2, F
Conocrasienne (18.9) u (18.20) maer BaskHOE ANA HPHIOKEHUR

cooTHOIneHne HOppUHIUM MeKAy BpPeMeHeM CIMH-PEIIeTOYHOd peak-
canuu 7T, u casurom Haiita Aoy

Aoy 2 %
T1< o ) o (18.21)

s oupenenenus BKiaaga BaamMmoneiictsud (18.11) B mumpmas pe-
30HAHCHHIX JuEMi mopcraBum (18.14), (18.15) m (18.17)—(18.20) B
{18.16), B pesyuabraTe 4ero IOJydYHM:

1) pasA MArHUTHOTO PE30HAHCA

CAM = 2v /2 = 1Ty; (18.22)
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2) AAA aKYCTHYECKOTO pPe30HAHCA
A:|:1 = A+2 = 6170/;5,2 : 3/T1 (18,23)

Orciofa BEAEO, 9T0 KOHTAKTHOE B3aWMOJeficTBIe BHOCHT OJMHAKOBHIM
sxaajg B mupwek duHmi AP mormomerms, coorBercTByomue mepe-
xomaM Am =417 Am = - 2, a Bkaag B muapury jauauzm IMP B
TPE pasa MeHBINE.

BocmoanbsyeMcss pesyiabraTaME TPOBEAEHHHX BHINE pPAacYeTOB
(18.8), (18.23) m (18.24) mna momyueHuss GyHKUMH ABTOKODpEIALER
omeparopa

Dl = DB =D AS1 13 (0, 9) Qs,a,

24(8) = A28% D Qs, 2 0o, a}>172(8, 9) |2 X

X exp {ioc (0 — Awg)t — ﬂt—l} (18.24)

OyHKIuUA ABTOKOPPEIANUE STHX ’Ke OLNeDaTopoB A cIydas,
Korja ImumpuHa JuEAA (F') o6ycioBleHa MATHETHHIMH JHOOJb-[¥-
OOABHEMA U OCMEHHHIMH B3aEMOJEHCTBHAMH, yiKe HOJydeHA (CM.
(16, 31)). Ilpm opgHOBpEeMeHHOM Yy4eTe KOHTAKTHOTO, JHIOJb-JU-
IOJABHOTO ¥ OGMEHHOTO B3amMOZeHcTBUA Afep QYHKIHUA KODPeIANnn
umeer Bup (16.23)

by, ()= ASH 1740, « Qs D} X

, 2
X exp {iat(mo — Aog — 2 qiy/oc'ro)o> — 37%' — E‘%—} . (18.25)
¥ 70 ’

BxopAmue cOa MOM@HTH Oay IPUBEJEHH B Hpnnomennu B.

Dypre-o6pas ¢yarmunm (18.25) Mosker GuTh Halilem mpm mOMOMMU
rabamuEHX wHTErpanoB. IlomyuerHas traxkmM oOpasoM ¢opMa amHUE
AAP oxasmBaercsA CIOKHOH, He HOANAIOMEHCA HEMOCPELCTBEHHOMY
oGospenmio $ynxmumeit gacrorul [6]. ITosroMy orpammumMmcs paccMoT-
perneM ¢yHKnum Koppeasanm: (18.24), coorBercTByIOmEH cayua,
KOT/Ia BKJIAJ KOHTAKTHOTO B3aMMOJIEHCTBUA B IIMPHMHY JHHMH IPEBOC-
XopuT Bee ocranbuie. Kak moxasanm mccaenopanma IMP B meranaax,
TaKaA CHTYamuWs 9acTO HMEeT MecTo.

IIpeo6paszoBanmeM Dypne BHpaskeHus (18.24) aBuserca

3I(I +1)(21 —1) (21
8aa (@)= ¢+ )(40 V(2L +3) A2SH X

X sin2'“'('—e>g (0 — ), (18.26)

a=d41, 42
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rue ,

A, 1

gL(m—_(‘oa) =T ((0—,'(!);)2+A§

(18.27)
eCTh HOPMHPOBAHHAA QYHKIUA (bopMH Jlopenna ¢ mmpmuoit A, =
=3/T, u pe30HaHCHOH’ IaCTOTOMH 0y = a(®, — Aoy).

Ilomcrasum B (16.12) BHipaenmsa (18.27), (18.28) u (16.30) =

OpocyMMEpYyeM mo BceM sigpam o6pasma. OmpepesneHHEH TakaM o6pa-
3oM koa(umment fIAP mormomeHma paBeH

B3I +1) (I —1)@2I+3) N 2%}
‘f‘,L' 320 - A kT
x 2 Sin”k—?) lg, (v — Va) + &1 (v + Vva)l. (18.28)

a=1,2

Haxk m caemoBaiio o:KuaTh, BHpasKkeHue a5 KodddumueaTa MorIo-
mennsa B Meramie (18.28) oramuaercA 0T COOTBETCTBYIOIIErO BEIPajke-
HEAA 7 HOHHEOTO Kpucrania (16.35) Tonpko ¢pyErnueir GopMbl TUHEE
(18.27). Jlopenmos xapaxrep ¢ymrmumm ¢opms (18.27) saBasercs
ciencTBMeM cfenaHHoro upu BuBome (18.28) IPE/LOIOMEHHA, ITO
dopMa JIHHAHE OIPENEIAETCA KOHTAKTHEM B3amMoOJleiCTBEEM SNEp C
HIEKTPOHAMH IPOBOJUMOCTH.

Haoporus, ompepensiomme BeamanEy fIAP morimomesmsa 3Hade-
"HHS TEH30PA IHHAMATECKON KBaJpyHDOIBHOMN CBABH S, B METALIAX U B
HOHHHIX KPHCTAJJIaX, BEPOATHO, CHIBHO OTIHYAIOTCA H3-32 9KPAHM-
POBKEH  BJIEKTPHYECKOTO KBAJAPYIOJHHOTO B3amMofeidicTBEA cBOGO-
HEIMHE 371eKTpoHaMu. K coskaigeHmio, Ko HACTOAMEro BpeMeHH TeopeTH-
9eCKHme -pacyeTHl TeH3opa S;; B MeTaljiax He MPOBOJUINCH.

§ 19. Buinanue BHYTPUMOIEKYIAPHOr0 ABHYKEHU:
HA aKyCTHYECKHii pe3oHaHc

VccnemoBannsa IapaMarHUTHOTO Pe30HAHCA IOKA3alM, 9T0 pPasimd-.
HOT'0 pOfia [BWKEHHWA B IfapaMarHeTHKe (TeIJI0BOe ABWKeHHe, Iepe-
OpHeHTANUA CIUHOB M3-32 0OMEHHOTO B3aHMOMNEHCTBHA MEKAY HHMH,
OEpeopHeHTamdA MATHATHOTO MOMEHTa INapaMarHNTHOH IpEMecH
BCJIEe/ICTBHE PEJAKCAMHOHHKX IIPOIECCOB W T. A.) IPHBOJAT K CyrKe-
HEAI DEe30HAHCHHIX JMHOH, TAaK KaK IPH STOM IPOMCXONHUT yCpPenHe-
HAe pasbpoca JOKANBHHIX HOJEH OKOJI0 MCCAeTyeMHX IapaMar-
HATHHX YaCTHI.

Binmanwe OBm)KeHHsA HA AKYCTHYECKHH PE30HAHC MOJIKHO OHITH
3HAYHTEIBHO cHIbHee, YeM Ha MarmurHHA. lloMmMo ycpegmermsi Jiio-
KalbHBIX NOJIEH, ABUN<EHWE WMeeT JONOJHHATEIBLHBIA KaHAI BO3Jei-
CTBHA HA aKyCTHYeCKUH - pe30HaHC — dYepe3 B3amMopjelicrBme Iia-
PaMarHATHEIX YacTHI, CO 3BYKoM. IlepeMeHHEBIe 3JIeKTpOMAarHATHEIE
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110JIA B AKYCTUIECKOM pe30HaHce BO30YKIAIOTCA BHHYK/ICHHEME aKy-
CTHYECKMMHU KoJe0aHHMAME 3apAN0B M Aumoieil, mMewomuxcsa B o6pas-
Ie, IPH 5TOM OHHU OKA3KBAIOTCA 3ABUCAMUMH TaKKe M OT TEIJIOBOTO-
ABHKEHHA 3apAAOB M jpumoneil. B oramume or sToro BHemHee mepe-
MEHHOE€ MAarHMTHOE II0Jieé B MAarHATHOM DE30HAHCE HEIOCPEeCTBEeHHO
B3aEMOJIeNICTBYET ¢ MapaMarHATHHRMY YaCTUI[AMM.

Yro6H snydimie mpefcTaBUTh BTOPOH KaHAJ BIMSAHUA IBUMKEHHA Ha
aKyCTHYEeCKHil pe30HAHC, IOJE3HO Pas3obparhecs, IOUYeMYy, B OTIHYHIE
OT AEPHOTO MAarHUTHOTO Pe30HAHCA, AJePHHH KBaJPYIOJbHEN peso-
HAHC B JKUJIKOCTAX U rasax He Habmiomaercs.

Paccmorpum, HampumMep, SKUAK®WA ®iau rasoobpasHHE XJI0p, co-
croamuit u3 Moiexyn Cly(/ = 3/,). dIeRTpPOHHAA CBA3b, 00BEIUHAIO-
mas pBa aroma (136 B Moderyny, cO3ZaeT aKCMAIbHO-CUMMETpPUYHKIR
rpafimeHT sjeKTpudecKoro mois ua aapax Cl, mpusopsmumit K KBagpy-
HOJBHOMY PACIIENIeHUI0 HOPAAKA Vo~ 4,20 Mey, 0o 4yeM MOMKHO Cy-
JUTh IO KBafgpymoasHoMy pesonancy Cl, B 3aMOpOsKeHHOM (TBepIoOM)
cocrogHuu. B smupgrocrax u rasax mouexyias Cl, Haxonsarces B uHTeH-
CHUBHOM TEIIOBOM [IBM}KEHUM.

Ilycte ma momeryant Cl, BosmeiicTByer IepeMeHHOe MAaTHUTHOE
mone H,(t) = H,e!®! pesoHaHCHO# 9acTOTH, HalpaBjeHHe KOTOPOTO
COBIIJ[aeT ¢ OChI0 z maGopaTropHOU cucteMsl KoopiuwHar. llockoasry
QusmIecKmil pesyabTAT HE [OJIKEH 3aBUCETH OT BHOOpA CHCTEMEI KO-
opAmMHAT, JajbHelillee paccMoTpeHHE OyIeT IPOBOAUTHCA B CHCTEME
KOOpAMHAT, ABHTalMmeics BMecTe ¢ MoJeKynoit. B 210l cucreme oceit
MoOJIeKyJla HEeNO[BI;KHA, & MePeMeHHOoe II0JIe MMeeT BHJ

H, (1) = 1 (1) &, (19.1)

T. €. BC@ TPH €ro KOMIIOHEeHTH OTIMIHEL OT HYJIA, IPHYeM OHM MeHAIT-
ca caydaitreM o6pasom or —H; mo —+H; B coorBercTBHM C Temio-
BHIM JBIKEHWEM MOJEKYJIH.

IIpenmonoxuM, YTO JBHIKEHME MOJEKYJIH — CIydYaHHHI Ipoiecc
Mapxrosa. Torma cmexrpanbuoe pasmoskeHue H,(¢f) Oyner comepsxarhb
Bce yYacToTH oT 1/1,, rie T, —BpeMA KOPpeIAIuHM 3TOro Impouecca.
ITosTromy addexTUBHO Ha HEOOABIKHYI0 MOIEKYyIy [eHlCcTByeT He
MOHOXPOMaTHYecKoe IlepeMeHHOoe I0JIe, a IeJ1ast IOJI0Ca JACTOT, OOEIYHO
Ha HECKOJBLKO IIOPAAKOB NPEBHIIAIONIAA YACTOTYy KBafpPyHDOJbLHOTO
pe3oHaHca, BCJIEJCTBME DTOrO IOTJIOLEHNe He B3aBHCUT OT YaCTOTHI
BHEIIHEr0 IePeMEHHOIO IIOJIA ( M Pe30HAHC HEeBO3MOKeH.

B «samoposkennom» cocrossauu ocu Moaeryn Cl, (a ¢ HmMu u rias-
HEE 0CHM TeH30Pa-TPaMeHTa DIEKTPHIECKOTO MOJA M, CIEfOBATENBHO,
OCM KBAaHTOBAHUA CIOMHOB fAjep) HemoABWKHHL. OHHU cayJyailHEIM 06-
pPa3oM OPHEHTHPOBAHBI B IPOCTPAHCTBE, M IIOITOMY B CUCTEMe KOODPIu-
HAT, CBA3aHHON C OIpe/IeJeHHONl MOJEKYI0ll, Bce TPH IPOCKIOUU aMIl-
JATYAH HepeMeHHOTo MoJsA, BooOme TIoBOpsA, OTIAMYHBL OT HYJs.
OT MOJeKyJH K MOJIeKyJle OHH MEHSITCA CIydaiiHeiM 0Gpa3zoM,
HO [JIA NaHHO#l Molekyasl moctoanHH. CiegoBaTeabHO, B TBEPHAOM
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TeJe Ha MOJEKYJH [eficTByeT MOHOXPOMAaTHYecKoe IIojie Pe30HAaHC-
HO# 9acTOTH, M PEe30OHAHCHOE IIOIVIOMEHWE CTAHOBHUTCA BO3MOMKHBIM.
Tax Kaxk BeIMIAHA MOTJONMEHHA 3aBUCHT TOJBLKO OT TOH YaCTH aMIIH-
TYAB OePEeMEeHHOr0 HOJA, KOTOPasd HmepHeHAUKYJIADHA OCH KBAHTOBa-
HESA, TO JJIA MOJNYYeHHS CYMMapHOro HOIJIOMEHHA OT BCeX MOJEKYJ
o 3TO# BeaWYMHE NIPOBOJAT YyCpeJHEHHeE.

B MarEmTEOM pesOHAHCe YPOBHU DHEPIHMH ONDPEAENATCH BHEII-
HUM IOCTOAHHBIM MarHUTHEIM II0JIEM, TI03TOMY HE33aBHCHMO OT [IBWKE-
HOA MOJNEKYJ Ooch KBAaHTOBAHHA OCTAaeTCA HENOABIIKHON, M 10
OTHOIIIEHHUIO K Hell BHEeIIHee ITepeMeHHOe MarHATHOE II0JIe BCerga MOHO-
xpoMarmdHo. TakuM 06pa3oM, MATHUTHH Pe30HAHC B IPUHITAIE OKA3HI-
BAaeTCs BOSMOYKHEIM ¥ B CpeJaX C WHTEHCHBHEIM [IBIDKEHHEM U Ges
HETO, IIPHYEM B MIEPBOM CJIy4ae YCJIOBUA AJAA HAOGJIO[eHUS pesoHAHCA
Gonee 6JAarOOPUATHH BCIEACTBUE CYKeHUS UIMPWH JIMHUII, BHI3BAH-
FOTO [IBIKEHHEM.

Axycrugecknii pe3oHaHC HA KBaJApYHOJBbHHIX YPOBHAX HEPTHUH
B JKHUJKOCTAX ¥ Tas3aX HEBO3MOKeH YiKe N0 TOIl NpWdYuHe, IO
KOTOpPO# HAa THX YPOBHAX HEBO3MOKEH DPE30HAHC IOX MelcTBIeM
BHEIIHETO IePEeMEeHHOI'0 MATHUTHOTO Moas. OTHAKO OH OKa3hIBaeTCA
HEBO3MOYKHHIM II0 CXOJHOH NIpWYMHE W B CjIydae, KOTHA CIMHOBEIE
YPOBHH 9HEPTMH OIPEJeNATCA IOCTOAHHEIM BHEIIHMM MaTHITHBIM
noxeM. J[leficTBuTeNBHO, HCIONB3ys ompeneneHue (4.7) omeparopa
B3auMOJieHicTBUA NAapaMarHUTHON 4acTuus (j) co 3ByKOM

g — Z‘, grad, (15, v;0) Uy,
7
Us = ed, kry, Silot=kr;)

9
MOKHO TIpefiCTaBUTh omepaTtop S£; B Bume

Ji=F;(t)e ™D (19.2)

Fj (t) = 2 grad,.].i jf’ (fj7 r.‘ii) eAUkrjiv

b

Ifie Tj; — PaCCTOAHME MKy TOYKAMM, BOKDPYI KOTODPHIX KOJIeGII0T-
CA YACTHIBL j ¥ [, & OCTAJbHEIE HAaPAMETPHl MMEIOT IpeKHee 3HATCHUE.
B sxupkocrax m rasax rj; a BMecTe ¢ HUM W aMIUIHTY/a ONEPaTOpPa
cnuH-QOHOHHOTO B3auMoyielicTBusA F;(f) ABNAOTCA caylaiiHEIME GyHK-
gusaMu BpeMenu. Ecau comocrasurs (19.2) ¢ (19.1), To merko Bu-
7IeTh, YTO Bech caefyomuii mocsie (19.1) BEIBOM 0 HEBO3MOKHOCTH KBAJI-
PyHOJBHOTO Pe30HAHCA B JKUKOCTAX M rasax (e3 M3MeHeHMH IpuMe-
HUMM ¥ K aKYCTHYeCKOMY Pe30Hacy Ha yPOBHAX 3eeMaHa B 9THX cpejax.

CpaBHEM BepOATHOCTH IIEPEX0a MEMAY YPOBHAMH CIHH-CHCTEMBI
mop jefictBueM omeparopa (19.2) B cpemax ¢ MHTeHCUBHEIM JBUYKEHH-
em u Ges mHero [10]. BepoarHocTs mepexopa 4acTHiHl j ¢ yPOBHA m
Ha ypoBeHb n, Korga F;(¢f) — ciyuaiiHasa QyHKUUA BpeMeHH, pPaB-
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Ha [5] (rax. VII)

—10, f;A
Pmn— hm—ih—?‘\lgdtle 1 mn.ggt (t1)12>=

t
= ]1m Sdtl S d 1(m_mmn)(tl—t2) <FJmn (tl) FJnm (t2)> =

0
1

~

—lim Sdtl Sdt,+g }e“”-“mw“'"” Fimn (t1) Fimn (t2)) =

]

= lim 7 S“ — 1) €O (R (T) iy 4T +

0

+ {6 =) O (B (— ) iy ] =

rge ...) o0osHauaer ycpefHeHWe II0 KAHOHWMYECKOMY aHcaMbiio.
Ecnu ansa xoppenasquoHHON GyHKIUM OPUHATH 34KOH 3aTYXaHMA, CO-
oTBeTCTBYyIOmMHUA mporeccaM MapKoBsa

CFimn (t1) Fimn (t2)> = Fimn (tr — t2) Frumd = <| Fima| 2> e 7V e,
TO OJasA BBpOHTHOCTE P,;,ifn IIoJiygyaeMm
mn =h"? <l FJmn I 2y 27, 1+ (‘D - (')mn)z'l'c]-1 (19-3)

Ilpu xopoTKHX BpeMeHaX KOPPeNAluH, KOTZA OT, Opp T << 1,
9Ta BEPOSITHOCTH HE 3aBUCUT OT ® — ®n, T. €. He HOCHT PE30HAHC-
HOTO XapaxTepa.

BepostHocTs TOrO K€ mepexofa moj peiicTBmeM omepatopa (19.2),

B KoropoM F; He 3aBHCHUT OT BpeMeHu (TBepaas ¢aza), paBHA
Prn = 12| Fimn|®> ga (v). (19.4)

ConocTaBUM BEPOATHOCTH AKYCTHYECKOTO HOIVIOMEHHMSA B IKUIKO-
ctu (rase ) u TBepjoil ¢ase BemecTBa, 00yCIOBICHHEE OTHAM M TEM Ke
3auMmopeiictBueM. [laa aroro cocraBuM otHomenme (19.3) K (19.4)
IpK Pe3OHAHCHOM 3HAYCHMU YACTOTH €PEMEHHOTO HOJIA (0 = Omn),
KOTAA g(Vnn) = 2T,, Tie T, — BpeMsa monepeunoit penakcamum. Ecan
K TOMY ke NpeHeOpeddb pasnuiuaMmu B Fj,, mnpu $asoBoMm mepexoje,
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TO IIoJydaeM
n= ﬁnlpﬁn': Tc/Tzn (195)

Otrcioa BHEHO, UTO B HEBASKAX JKUAKOCTAX M rasax (v, ~ 1071 —
10712 cex) ormomeHwWe 1 paBEO mpmMmepHO 1074 — 107® mus saexTposn-
HHX mapamarsetukos @ okoxo 107—1078 naa agepamx.

OneHKa BIUAHAA JBHKEHUA HA aKyCTHICCKHEI Pe3OHAHC MOCPE/CT-
BOM BHIYUCIEHHS BEPOATHOCTEH Iepexoxa MOBOJHHO rpy0a; B 9acTHO-
cru, pesyxabrar (19.3) He CcOEEpUT IMEPWHHEI COMHOBEIX YPOBHEI.
W3 mero raxie He BUAHO, KaK HY;KHO IOCTYIATh, KOIJA ABIKEHME
uMeeT APYIYI OPUPOLY, U€M JBIIKEHHE MOJEKYJI B KOOKocTAX. Bo-
jlee KOppeKTHO 3Ta mpobiaeMa MoKer OHTHh pelleHAa IPHM TOMOIIM al-
napara, uamaoxenHoro B § 16.

§ 20. Ilnpuna :(MHUM AaRYCTUYECKOTO pPe3OHaHca
NpH HATMYAH ABUMKeHHs ciouHoB [11]

Pesyawrars, moinysenasie B koHne § 16 w8 § 17, 18, orHOCATCA K "acT-
HOMY CIy4Yal0 TEOPHWH, COOTBEeTCTByMIme# ycaommio (16.21), koropoe
03HaYaeT, 4TO PACCMATPHBAIOTCH (PI BBHUHUCIAITCA) KOPPEIAIHOHHEE
$yuxiuu P4p(f) omepaTopoB A u B, ne1nxoM OTHOCAIIEXCA K CIHHO-
BOHM IIoJcUCTEME

[21%2] = [B,g\gzl = O.

B § 19 6mo mokasaHO, YTO B aKyCTHIeCKOM De30HAHCE DTO He

A
Bcerja cmpaBejiuBo. Bo B3auMojielicTBHe COHHOB CO 3BYKOM #{; BXO-
HAT omepaTopsl mojpcucTeMsl 2. Eciam pemienwe mx He 3aMOPOIKEHO,
to ycnosue (16.21) He yaoBIeTBopsercsa m Heo0X0AUMO PacCMaTPUBATh

OTHIeJIbHO JBWKEHHE CIMHOBOH (A“, ]§°‘) ¥ KoopauHATHOR (4, 5a) qac-
Teil omepaTopoB A u B,

B mynesoM mpubimxeEUE HO 724 aBTOKODPPEeIANNOHHAA QYHKIHS
paBHa

Y, (1) = DA% (1), A7) <2a (1), 4. (20.1)

Cnenm OT COMHOBEHX U KOOPAHMHATHHIX OIE€PATOPOB BHYHUCIANTCA OT-

NeJbHO, TOCKOJNBKY MOKHO IpeHeOpeub BIHAHEEM J£  Ha paBHOBeEC-
noe pacupepenexue (16.16).

B caenyomux npmGammeHmAX OYXYT BCTPEYATHCA CpPEfHME 3HA-
4eHAA BUJA

(e (t) Py (1) d-a) = @59 (£, t1) <Ga (£) da), (20.2)
Ca () Py (1) Py (t2) d=ad = 95 (E, b1, b) <da () G-a,
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rae
Cag (1) Dy () a_y>
(P(al\z (tr tl) = = - =

€@y (1) by () Dy (1) 2y
RACEE

<y () a_,>

) (sz (2, t1, t3) =

A ~
B Tex caygasx, Korja UPHpPOAA ABHKEHHA oUHEPATOPOB H W da
PasiumYHA, BHKEHNE HX He KOPPENHPYeTcs, W mOITOMY

G (1, 1) = Sp{ePT BN p —ihiiny C —
= CSp{e#T P} = (P> (CTH=Spe#4T),  (20.3)
By (1) 3_g> < Py () P_y (1))

(pgﬁ () b, L) = G o = Py (t — t3) P>, (20.4)

T. €. QyHKIHAHK cpg? B 9TOM CiIyd9ae PAaBHH KOpPPeNANHOHHKM (yHKIH-
~
AM KOODAWHATHHIX OIEPATOPOB Py, KOTODHE BXOAWIH B n-npubim-

yKeHEME 0 J' B NpPeAMecTBYIONY0 TEOPHIO, He YIATHBAIIIYIO JBH-
mernsa omeparopoB d,. Coormomenuma (20.3) m (20.4) mmeror Mecro,

HampmMep, B SJIEKTPOHHHX DapaMarHermkax, TAe Jf; — B3amMopeil-
CTBHE Aflep CO 3BYKOM dYepe3 KBaJPYHOJbHHIA MOMEHT, #  — B3amMo-
meiicTBEe AP ¢ MATHHTHHIMHA MOMEHTAMHI IapaMarHUTHHIX IDHMecei,
3aBHUCAMee OT BPEMEHM H3-3a PeIaKCAI[MOHHOM HmepeopUeHTAndd II0-

cienEnx. B meramnax, manmpuMep, 52’ MosKer 3aBECETb OT JABUIKeHHSA

9JIEKTPOHOB IPOBOREMOCTH,' a Jf; — OT TEmIOBOIO ABWKEHHs pemer-
KA A T. J. . .

Korma mpmpopa B3auMmopeiicTBuit #; m £’ pasnuana (3ByK Momy-
JNEPYeT JIOKANbHEE DJIeKTPUYeCKHe HOJs, 4 MUDPHHY JIMHUU OIpefe-
AT JOKAJbHbBIE MaTHUTHEE HOJA W T. [.), HO MONYJIHMpYIONee HX
IBI)KEHHME IOJCHCTEMH 2 OfHO U TO jKe (HampuMep, TEIIOBOE), COOT-
sHomenns (20.3) m (20.4) BEmonBAITCA NpubamKerHo. JledcTBUTENb-
HO, MOKHO IIPE[I0JaraTth, 49TO KOPPeJNAIus 3HAYCHHH MATHATHOTO
(IIEKTPHYECKOTr0) HOJA, B3ATHX B Pa3HEE MOMEHTH BpeMeHH, [IOJIKHA
OHITh 3HAYUTENHHO OOJbIIE, YeM KODPPeNAIds 3HAYeHHA dIeKTpudec-
KOr0o ¥ MATHATHOTO IoJieli MeKAY coOoi.

Paspenenme Tmma (20.1) HeBoaMoKHO, ecam 50, m ¢’ — B3amMo-
JeAcTBAA OfHOW HPHUPOAE W MOAYJIHPYIOTCA OJHHM BHIOM BHYTDEH-
Hero ABMWKeHHsA. B aroM caygae poab ¢yErOmit ¢ pAY z < ﬁy, (¢ — tg)ﬁ;,)
B dopme nmEmm Gymyt mrpars dymxmmm ¢4 (£,t) 1 92 (t,t, t), Ko-
TOpPHE CHJIBHO 3aBUCAT OT ¢ W GeIcTpee yOuBawOT ¢ poctoM f. llockoas-
Ky $opMa JIWHAM OKOJO IEHTPA OIpeleisAercs ACAMITOTHIECKAM IO-
BefleHmEeM P4 4 (¢) IpHE £ — 00, TAKOTO POfia WIEHH AAayT He3HAYMTENb-
HHA BKJIAL B GOpMY JWHUA IO CPABHEHHWIO ¢ APYTLHMH B3aHMOJEHCT-
BHAMH.
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YunrsBas (20.1)—(20.4), ana aBroKOppenANUOHHON GyHKIHE MO~
Iydaem :

Va2 () = D <da (t) 4o (A" (1), A7 =

= D (A (), A) = Do, (0 Faa, (00,(209)

rxue ({ff“‘ @), fi'“}>(") — KOpPpeasTop OlepaTopoB A« @ A+ B n-
npubamxennn mo 57’

TaxkmMm o6pasoM, HOIHAA aBTOKOpPpeIANHOHHAA (QYHKIUA ollepa-
TOpa A, sBasercs Opou3BeJileHNEeM HPUBENeHHON (YHKOHE KODPped-
IUE KOODAMHATHOM 49acTH omepaTopa Ag

faa (t) = <da (t) d-a>l<| da I 2> (20.6)

¥ KOPPeJANWOHHO# (yHKIHA Eﬁa i, (), TDpu BHYUCIEHHHE KOTOpOil

A
YIHTHIBaeTCA [BHKEHHEe TOJBKO CIMHOBOH 4dactm  omeparopa Ag,
T. e. moixaraerca d., = const (ycuosme (16.21), xak mpm pacuerax
B § 16—18).
Ilpm Baamenenun npeoGpasosarmit ypoe or (20.5) yrrmusa /o, (¢)
BHOCHT cBO# BKIaK (A®,)a B MUPHEY JMHAY aKYCTHYECKOTO pe30OHAHCA
Aw, Ha gacToTe ©,:

Awy = (Awa)a + (Awa),. (20.7)

3nech (A®,)p — mupuna JgmEum AP, paccumramnas Ge3 yuera aBH-
’KeHHA KOODIMHATHOH dacTH omeparopa CHHH-OHOHHOH cBs3u (HO
C y9eTOM ABH/KGHHs KOODIHHATHOH 9acTH OLePATOPOB, YIIHPAOIMEX
aurmo (#') ). Bermanra (Aw,), 3aBUCHT OT KOHKPETHOTO BUAA QyHK-
numit KoppenAnud fq,(2).

Her reo6xommMocTn mOAPOOHO OCTAHABIMBATHCA HA HCCAEJOBAHHE
BIMAHAA JABWKEHHUA Ha (A®y)a, DOCKONBKY (GOPMYJIH A BhIYHCIE-
HHA 9TO# BeJIMYUHK JAHH BHme. Hak u B ciiydyae MAarHATHOrO Pe30HAH-
ca ( (A@a)u), ABEIKEHHE BIAsAET HA MHPHHY (Awy)a TOMBKO mOCpeEn-
CTBOM MOAyJIANME omeparopa #’ ® HposABisAeTcs ONHHAKOBEM o0pa-
30M B (A@,)w # (A®.)a. Bamsanuwe psmkenuss Ha (A®y)y moapobEO
paccmorpeno B paGore [1], (cM. ramske [5] ra. IX).

CymecTByer JuImb OJHO pasnuIme: H30TPONHLE O0GMEHHbE B3amMO-
HeHCTBHA KOMMYTHDYIOT ¢ omeparopoM S{, B MarHATHOM pe30HaHce,
¥ 9TO HPHBOAMT K CY;KEHHMIO pe3oHAHCHHX numauil [1]. B akycrmueckom
pesoHaHCEe IPH B3aUMOJEHCTBAN AMEP CO 3BYKOM 9epe3 KBAfPYHOIb-
HBIL MOMEHT M30TPOIHLIA 00MEH HE KOMMYTHpPYeT ¢ J{; B BHOCHT
BKJAJ B MIKPUHY JHUHWI, 9TO y’Ke OTMedajoch B § 8.
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B npmOnmskeBny KeCTKOR pemeTKU JUHAEM MMEIOT opMYy KDPHBHIX

Taycca, a mMEPHHA MX OLpeJNAETCA BTODHM MOMEHTOM Gqp. B mpm-
6ammeEnr OHCTPOPIYKTYHPYIOmME pelleTkH JHHAX OpmobperaT

dopmy Jloperna c mupmEOH (Aw,) A= 2, 62y Ty (cM. §16). IlosTomy
Y

HGO6XOJ.IHMLIM ycaoBmeM TOro, 49TO JBHKEHHE CYHaeT JHHHI0 aKyCTH-
9YEeCKOr'o0 pPEe30HaHCa, ABJIAETCA HEPAaBEHCTBO

(Awa), + (A0y), < Gag. (20.8)

OTciofja BHJHO, 9T0, IOMHMO YCIOBHA

2
2 Gay Ty < Cap»
Y

OpPH KOTOPOM [BHIKEHME YCPENHSAeT JOKaJbHbE HOJIA (YCIOBHE CYre-
posa auaEid MP), Beo6xopuMo, 9T00K ylnppeHue, BEIBBAHHOE MOIYJA-
nEeil TEINIOBHIM [BIJKEHHEM B3aEMOEHCTBUA Siep C aKyCTUYECKUMH
KoneOaHmAME, GRI0 MeHbme muWpuHL Juand AP B otcyTcTBHE ABH-
sreHEA: (AQy)a < Ogo.

§ 21. ArycrTuuecknii pesonanc B xuakocrax [11]

Ilpm mepBmx omeHkax Beamumpbl SIAP mormomenmsa [12] xumaxocrm
paccMaTpUBANIHECh KaK YAOOHHI o6BeKT niaA HabmopeHus sddexrta,
IOCKOJLKY JuEEE MP B HEX 3HAUHTENBHO yIKe, YeM B TBEPHHIX TeJaXx.
Opnrako npepnprEaThe B Hasarm u Jleamarpane, a Takmxe Goxee mosp-
pre [13] momEITKE 3SKcHepEMeHTaJbHOTO 0OHApY:eHHMS s¢pdexTa He
mMean ycmexa !. 9To o0BACHAETCA TeM, UTO HPH ONEHKE BEeJMYMHEL
sddexra B pabore [12] Gpamca B pacuer TOTBKO OAWEH KAaHAJI BIWSAHAS
ABmKeHEA Ha AP — MopynAnmA yWuPAOMEX JMHAK B3anMOfei-
crmit H'.

Heo6xopuMocTh ydera BIMAHAA [BYKeHHAA HA aMILIATYAY B3amMO-
IeHCTBUA CHMHOB CO 3BYKOM BHJHA XOTS OBl M3 CONOCTABJIEHWA Cle-
nylomux Beamams. IIpu cnne 3Byka ] ~ 1 em/cm? maacrorev = 3.107 ey
aMIUIATYa Kojie6aTelpbHOTO ABWKEHUA MOJEKYJ BoOAm paBHA A, ~
~0,6.107%ca, a orHOCUTENBHOE cMemerne U;;, ABYX dacrdnm j u i,
HaxojAmuxcs Ha paccrosinmm okoixo 1078 ex, paBHO NMpuGIU3ETENHHO

1B. A. IllytnaoB u JI. T'. AETOKOJBCKHI COOOMMII aBTOPY 06 OTPUIATENILHEIX
pe3yibTaTax, NOJYy4eHHHX MMM He[laBHO DM NONHTKe 00HApY:xuTh SIAP morio-
meENe B JKUIKOCTAX HA OPOTOHAX B CTPYKTYDPHPOBAHEHX PACTBOPAX IOJEMEPOB
(MaxpoBsakocTs 6osee 1000 ns), B pacTBOpax jKeJATWHH B BOjie, MONMGYTHIEHA B
Oep3mEe, MOJMBUHAJIOBOTO CONPTA B BOJe, HUTPOLEJUIIOIO3K B alleTOHE, IIOJIMCTH-
poxa B GerzoJye, Ha gapax Na? B BOZHOM pacTBOpe KEJATHHH, B JKHIKUX CHJIH-
KATHHX CTEKJaX C Pa3JINYHON BA3KOCTHIO, HA PA3INYHEIX AAPAX TUAPATHPOBAHHEKIX
HOHOB B PAacTBOPaX 3JIEKTPOJNTOB ¥, HaKOHel, Ha Al?? B KOJJIOMEHOM pacTBOpe
AlCl; B Bopie, a TaK;ke Ha IIPOTOHAX 3TOr0 PAacTBOpA.
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107! ¢m, B TO BpeMs Kak cpefmee AupPysHOHHOE CMENMEHNE MONEKYJIh
3a mepmon Koxebammit T paBHO Aoy = V 2DT =~ 11078 cm
(D = 2.107% cm? | cek — woadppummenT mapdysum Bogu). IlosTomy
B JKUIKOCTAX W rasax cileyeT BHIEJIATh KOOPAHHATHYIO 9acCTh B olle-
parope CBS3M COHHOB CO 3BYKOM H YYATHBATH €€ [OBWKEHHE. OTO
MOXXHO C/IeJiaTh HOCPEACTBOM IPEACTABICHHA B3amMOJeHCTBUA CIEHA
j co sByKoM B BHje

g“gg = — AT Fy () = — A’ E, cos (ot — kr;), (21.1)
2 Al = Zan a (Tis),

rre E, — ammiaryna pmedopMammil, OPOH3BOAMMEIX IPOLOIbHHMHE
aKyCTHYOCKUMH Kojie6aHHAMO, HAIPAaBIeHHE PACHPOCTPAHEHHA KOTO-
PHIX OPHHEATO 3a och z. Ecau 3ByK Bo3uelicTByeT Ha Anpa depes KBaj-
PYHOIBHYIO CBs3b ¢ OKpy:xeHmeM (2.6), (4.8), To

P= G () = (5 2k (VB ) 2

€cJIH jKe BO3JeiiCTBHE 3BYKAa Ha ANpAa OCYMECTBISETCH IePe3 AUMOdb-
AumoJbHHE B3amMmopenictBua (4.13), To

j i (s Lad] [/} a
= NYaYn (i), aa (vj1) = 52y (Pji (ry:)) 31

u T. A. Bcuaeacrsme 6poynoncxoro JIBIUKEHHS paccrosaHue rj; (Lj;,
Yii» 25;) ABIAETCA caydaiiHOH q)ymm;nen BpeMeHH, AHAJTOTHYHHE
CBOMCTBA MMeeT IIOdTOMY M OmIepaTop aq (Tj;).

Hp]Z[MeM 970 QYHKIMY KOPPEJNSOHHA KOOPAWHATHHIX dacTed ome-
partopoB ; m ' mMeT BHJ 9KCIOHeHT

fa (t) — e—ltl,ra , fY (t) _ e—]ll/‘rY, (21.2)

KaK 9TO [(eJaeTcsi B TEOPHA COUH-PENIeTOYHON PeTaKCANAM B JKHIKO-
crax [14]. Ilapamerpsl T,, T« — BpeMeHa Koppexsaugmud . Vcmomsays

1 TIo onpepneneryio, BpeMeHeM KOPpeIsNNM Ha3HBaeTCs CPefHee, XapaxTep-

HOE [l AAaHHOTO /IBHKEHNs BPeMs, B TedeHNe KOTOPOTO MOJEKYJa I0BepHETCs Ha

YIOJN ~ 7 WM CABMHETCS HA PaCCTOSIHAE IOPsAKA CBOEro amamerpa. Bpems xop-

PeJIANNK YACTUIL, PACCMATPUBACMOH Kak jxecTKas cepa pajuyca a, MOMEMeH-

Ha4f{ B cpepy ¢ KoaGUIICHTOM BSIBKOCTH 1), IPH TPAHCIAUMONEOR Anddysmn paBHO
[14]

1eP = 127na%/kT, (21.3)

a mpu BpamartenpHOit mudpdysum [14]
TpP =8ana¥l (I 4- 1) kT, (21.4)

rae | — nopspox  cdeplyecKod (QYHKIWH, A KOTOPOH BHIYMCIAETCA KOppe-
JIATOP.
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otr ¢ysxmmm B (20.5) m (16.26), momygaeM pe3doHAHCHEIE JIOPEHI[OB-
CKHe KPHBHE C HEPHHOI

(Awg) s = + > _ SarTy (21.5)

gt 1+ (021’2]

BpeMena xoppensingd T, A Ty COBIAJAIOT IO NMOPAAKY BEJHIAHEI,
TO ’if€ CaMoe MOYKHO CKa3aTh O BTOPHX MOMEHTaX Oq,2. B HeBasKux
MHEIKOCTAX Tq, Ty ~ 1071—10722 cer, HOITOMY OayTy << 0T+ 1,
¥ BTOpO# WieH BupaskeHusa (21.5) MEOro MeHbINe INUPHUHK TOH ke JH-
HUH B TBEPJOM COCTOSTHHE BEHIECTBA Oqpl

2 SaxTy < G (21.6)
"

Hanuume ycmoBusa tumma (21.4) B mapamMarEmTHOM pe30HAHCE NPUBO-
AT K CYy;KEHHIO JWHHMH.

B akycTmueckoM pesoHaHCe INMPUHA JHHAM ONpeAeisercsa mep-
BuM wieHoM (21.5): (A®@i)a ~ 1/ta. 910 03HaUaer, YTO B HEBABKHX
AMHEAKOCTAX DPE30HAHCHOE AaKyCTHIECKOe IOIJIOMeHHme HAOIgaTh He
yhoacres, TaK Kak HEBOSMOKHO B HACTOSIee BPeMs TeHEPHPOBATH
3BYK, 94CTOTA KOTOPOTO IPEBHINIAET STy NIMPHHY JHHAH.

Cnemyer mMOA4epPKHYTH, YTO PEYb HMAET MMEHHO O PE30HAHCHOM IIO-
rnomennn. HepeaomaHCHOe NOriomeHME 3BYKa CIAH-CHCTEMON OyaeT
¥METh MECTO M B DTOM Cjiydae, OfHAKO BHIAEJIHTH €ro Ha (HoHe GOJb-
LIOr0 BASKOCTHOT'O NOIVONEHHUS, HO-BHAMMOMY, BECHMA CJIOMKHO.

Ilo Mepe yBenmuenusi BASKOCTH BpeMeHAa KOPPeNANMM PacTyT.
Tax, B raunepuae Ta ~ Ty ~ 1078 cer. Bropoit wnen (21.5), cosma-
Jlafomuil M0 HOPAAKY BEJMYMHE ¢ IIMPAHON JMHAW MAarHATHOLO pe-
30HAHCA, Ia€T BeJIMIMAY, Jekamyo B mpefenax 102—10°% ey nus apep
m 10°—10% gna smextponos [15]. CremoBaTenbHO, aKyCTHYECKHE Ya-
crorsl oxkoxo 10° 2y, reHepammsa KOTODHIX B KUGKOCTAX BO3MOJKHA,
npubamsnrenbro B 10 pas mepexprnBaoT mmpury aumamm AP B Bsas-
KHuX sKugKocTAX. I coskaneHuo, 3ByK Takoil Bricokoi gactotsl (10° 2y)
B BASKHUX JKHAKOCTAX CHIBHO 3aTyXaeT W SKCIePHMEHTAIbHOE BEIfe-
JieHEe HA 3ToM (OHE J0BOJXbHO muporux amamit AP mormomenus css-
3aH0 ¢ GoapmmMmu TpymEOCTAMHE [25].

CpaBHEM BelWYUHH K03(QPHIHEHTOB IOTIOMEHHS 3BYKA, BO37el-
CTBYIOMEro HA COHHE Y€pe3 OfWH M TOT }Ke MEXaHM3M B TBEPHOH (Or)
g u1KoH (0,) dase Bemecrsa. Ecam npereGpeds npu 9T0M pasiamuueM
B TeMIepaType, CKOPOCTU 3BYKA W CTPOEHHHE OJIMIKANMEro OKPYIKeHu
napaMarHETHON 9acTHOs Opu $asoBoM Hepexofie, TO

i’f‘~ [84 )],k _ (A(’)a)'r CapTa
o Ba®l  (Bog)y gy ST,
az%Q
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IlogcraBiusa cioma MIA Cay =~ Oqo 3HaueHEHA 10% cex™, a mua 1, =~
= Ty YKasaHHHE BHINE 3HAYeHAS, HAXOJHUM, 9TO B BASKHX JKAIKOCTAX
OTHOWIEHHE O |/ Or AAA Afep mMmeer mopapok 1072 — 1075, Ina snekt-
POHHHIX CIMHOB 9TO OTHOIIEHWE MOJKET JOCTHATATh BEIMIMHH LIOPAMKA
emmEMNH. B ofomx cayJasx ¢ NDOHMKEHHAEM BASKOCTH OHO YOH-
Baer.

Her mmrkaxmx ocHoBaHHi cumrarh, 9T0 AP B »XMAKOCTAX HEBO3-
MOKeH B TeX ClyJasfXx, KOT[a B3amMofieficTBHe CIHHOB CO 3BYKOM IO
Kakoii-1m6o upmumHe ci1a6o BO3MYmMAeTCA TEIJIOBHM [BHKCHHEM.
IloMckm Takmx yCIOBHA HpEACTABIAIT OONbIION MHTEPEC C TOYKH
3peHHA HM3Y9YeHHS CBOMCTB JKHFKOCTed, TeM Gosee 4ro IOCTAHOBKA
JKCIepHMEHTa B JKHIKOCTAX TeXHHYEeCKH 0Oojiee mpocra, 9eM B TBep-
AHX TeJxax.

O6 sKcOepHMEHTAJIbHOM YyCI6Xe B 9TOM HANPABICHAH COOOIIMI
gefasHo Boysm [16]. W1 xoTsa ero pesyanTar Hy;kJaercA B JOIOJHH-
TeJBbHOM HO[TBEep;KAeHAH 1 0oNee HOXPOOHOM H3y4eHHH, & TAKKE B Te-
OPETHYECKOM O0BSCHEHUH BeJIMYMHH 3P(PeKTEBHOTO MEPeMEHHOro II0-
as (CM. HWKe), CATyauusa, MMeBIIasd MecTo B omure BoysHa, BechMa
moyudTelbHa. Ee aHaa@3 yKa3HBaeT OJHO M3 BO3MOMKHEIX HAIpaB-
snienmii nouckos AP B sxmproctax. B paGore [16] yasTpassyk wacro-
Tl v = 18 Mey BBOgmICA B BOAHHIA pacTBOp coxum As,S,. Ira coab
ofpasyer B pacTBOpe KOJJOHAHEE YACTHIE CO CPeJHEM PaAUyCOM
R ~ 107 cm. PacrBop moMemaJjici B IOCTOSHHOE MATHHTHOE IIOJIE
TAKO! BeJIMIWHE, ITOGK MHTEPBAJ MEKAY ABYMS COMHOBHIMH YPOBHA-
Mu uporoHoB BofH (I = /) cocraBusan ~ 18 Mey. Hanmuue AAP mo-
rJIomeHns: HKCHPOBAIOCh IyTeM CONmOCTaBieHdms curEaxoB fAMP
OpoToHOB (HAa TOH ke dacrore ~ 18 Meay) mpm HaIWIWM yAbTPA3BY-
Ka 1 B ero orcyrcreme. JleiicTBre yIbTPa3ByKa MPUBONUIO K YJACTHIHOMY
yMeHbImeHn0 (Hachmenuo, cM. § 9) currara fIMP. Ouenxkm Boysna
[OKA3KLBAKOT, YTO JeHcTBME YJIbTPAa3ByKa SKBHUBAJIEHTHO HAIMYLIO
B pacTBOpe PEe30HAHCHOr0 IEePEMEeHHOr0 MATHUTHOTO IOJA ¢ aMILIHTY-
ot oroxo 13,5 Mmac.

JTo0 2JIeKTpHIecKoe [ojie, BEPOATHO, IOPOKAAETCA IpelcKa3aH-
muMu JleGaem [17] BuGpanumoHEERMEA ARIONAME, KOTOPHE BO3HAKAKT B
PacTBOpax 3JIEKTPOJIATA IPH HOPOXOMKAeHHM depes HuX 3ByKa. Ilpm-
MEHHTEJIbHO K PAcTBOPAM KOJJIOMAHHX YACTHI Teopusa Ohuta pasBura
Tepvancom [18], xoropwil mexommn w3 ciregyoomeid Momesn.

3apsKenHnie cdepUIecKUe KONJIOHMAHEE YACTHOH OKDPYIKEHH B
pacTBope HOHHHEMHA 060T0YKaMH, HEATPAIM3YOIUMH HX B3apsig H
MOJIHOCTBIO CIEAYIOIUMHE 33 [JBHKEHHEM 9YacThi. 3apAaj pPaBHOMEDPHO
pacupefejieH OO MOBEPXHOCTH YACTHOH, M B OTCYTCTBHE JIBHKEHHA
voHHas 000J09Ka mMeeT cepHIecKyl cmMmMerpmio. Ilpum mpoxosie-
HAHZ 3BYKa Yepe3 pacTBOP BCIEACTBAE PA3HOCTH B ILIOTHOCTAX KOJLIOH-
HEE YaCTHI[H ABUTAIOTCH ¢ MEHLIIAMHE K0jie0aTelbHHMH CKOPOCTAMH,
9eM OKDYKAIOIWH JIeKTPOJUT. B pesyabraTe TpeHHA HOHHAA
o6Gosouxa Tepsaer chepmueckyio dopMy m Hactmnma -+ o6osoIKa Be-
IyT cebsA KaK BJIEKTPHIECKHA HUIIOJb.
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N3 pacuero I'epManca pmsa ciydas, COOTBETCTBYIOIIEr0 SKCIEPH-
menTy Boysma A, <€ R & d <€ M, caegyer, 9r0 [MIOONBHEIA MoO-
MEHT KOJIJIOMJHOM YacTHOE COBIANAeT N0 HANPABJIEHHIO C BOJHOBEIM
BEKTODPOM 3BYKa W DaBeH

D = petet, py = Cwd, cos kr;j, (21.7)

rme C = pR2D(/3kTy — woHCTaHTA &AA JAHHON YacTUIBI B HaH-
HOM pPacTBOpe, r; — Pagayc-BeKTOP YaCTHUI[H B Ja60paTOpPHON cucreMe
orcuera (3mech Ag, A 1 ® — aMIUIATYJAA, AIMHA BOJHH KM 9aCTOTA 3BY-
Ka, p — Kod(QuUImeHT TpeHHuA AJA OKpYKalomuaX moHoB, D — nu-
BIEKTPHIECKAA KOHCTAHTA JJIEKTPOJNHTA, { — DIEKTPOKHHETHICCKHI
mOTEHIUAN WOHHOE 00009KH, Y — XapaKTepHCTUYeCKAas JAJaHHA
Heb6aa — Xwokkeada, R — pagmyc KomrompgHOH wacTunsl, d — cpef-
Hee PACCTOAHUE MEXKIY HUMH).

CocraBasAmomue aMILIATYAL IePEMEHEOT0 MATHATHOIO IOJIA, HHAY-
IHEPOBAHHOTO 3JeKTpuIecKmM numoneM (21.7) Ha paccrogruax r(z, y, z)
(R<Er<< A, A — pimEa BOJHH 9IeKTPOMATHATHOTO H3JIyde-
HHMA 9aCcTOTH () B CHCTeMe KOODAHHAT C OChI0 2, HmapajieabHo# Kk,
PaBHH

(O] x

H£=—%Po—gs'sH1’5=TPo—zT,Hz:0» (218)

Tfle ¢ — CKODOCThH CBeTa.

IIpomsBenerHasm BoysHOM OmeEKa CpefHETO 3HAYEHUA AMILIUTYHEL
moust (21.6) mama smagemme 0,9 mec, koropoe B 15 pas MeHbie, yeM
Tpebyerca aus o0bsACHeHHAA cTemeHH Hachimerms curHana AMP mpo-
TOHOB.

HakoBa poap TemroBoro [BmKeHHMsA B 3ToM cayuae? Ilpemme
BCETo CIe[yeT OTMETUTH,9TO B PACCMATPABAEMOM MeXaHI3Me IlepeMeHHOe
MarHATHOE II0Jie BO3HUKaeT BcropoHe (!) oT moriomammux Jacrumn
Ha BEOPaNUOHHEIX JUNOJAX. JTO HoJe B IPWHANMIE JOJKHO BEI3EBATH
CIMHOBBEIE IEPEXOIH], AayKe €CIM YIbTPAa3BYK COBEPLUIEHHO HE MEHSIET
paccroAHus MEKAY IPOTOHAMEM BONH M KOJJIOMTHBIME YaCTHIAMH.
B aroMm cocrout oTnuume oT paccMaTpPUBABUIIMXCS [0 CHX IIOP MEeXAHH3-
MOB cumH-QOHOHHO# CBf3M, B KOTODHX YJIbTPA3BYK HEPHOUTCCKY
BOBMYINAeT MATHUTHOE HJIM SJIEKTPHYECKOe B3aUMOJENCTBHE IIOTJIO-
mapmeil yacTumsl ¢ OKpy:keHEmeM. TaxuMm o6pasoM, curyanus 3jech
CKOpee HAOMHUHAET OOJydeHWE AepP BHEIIHWM IIePEMEeHHBIM MATHUT-
HEIM TOJIEM.

Jlasee HY}KHO OTMETHTBH, UTO BpamarelbHas auddysus He JOJKHA
BHOCHUTH 3aMETHOT'O BKJIA[a B MMPHHEY JUHUN aKyCTUYECKOTO PE30HAH-
ca. Jlemo B TOM, 4T0 OpMEHTAIMA BUOPALMOHHOIO AMIIONSA OMPEIesi-
€TCSI BOJHOBHIM BEKTOPOM YJBTPABBYKA M He MEHAETCH IPHU BPAILICHUU
KOJUTOMEHOHN dacTriEl. To ke caMoe MOKHO CKasath 00 ocu KBAHTOBA-
HOs (YPOBHAX DYHEPIWH) CIMHOB IPOTOHOB, HAIPABJIEHWE KOTODPBIX
ODpefiedsieTCsI TONBKO BHEITHUM IIOCTOSTHHEIM MATHWTHBHIM IIOJIEM.
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Hanporue, mocrymaresbHHE TepeMemeHHs KOJJIOMIHHIX YaCTHI
W3MEHAKT PACCTOAHMA I MeKIy BHOPANMOHHBIMHA JHIOJAME M IIPOTO-
mamu H,0, B peayiabrare uero aMImiauTyja HmepeMeHHoro moiasa (21.8)
OKaspIBaeTcA ciayvaiiHodl GyHKImedl BpeMeHHW, & CaMo I0je He MOHO-

XpoMaTHUecKnM. BpeMs Koppensmmm T, aMmmimryas mmoas (21.8)
(wam BpeMs KOPPEIANUH TPAHCIAIMOHHOTO IBMKEHHSA KOIJIOULHON
9aCTHI[H) MOKHO I'Py0O0 OMEHHUTH IYTEM COHMOCTABIEHHUSI C Tc A MO-

nexyn Bomsr (tg). Corsiacmo ompepenermio (21.3),
Te = To (R/a)?,

rme ¢ u R — pajgMycH MOJEKYJX BORH M KOJIOHMAHOU wactuusl. Ilpm
To ~ 10711 — 10722} cer, a ~ 1078 em,§ R — 107® cm sro coorHomIe-
gne gaer 1y ~ 1072 — 1073 cex.

YKasagHAAg aHAJIOTUA MEKAY IoJeM BUOPANMOHHOTO OMIOISA H
BHEIIHMM TepeMeHHHIM II0JieM He IPOCTHPAETCH JAJIEKO U3-3a HEMOHO-
XPOMaTAYHOCTA HOJXA Auumois. Jlpyroe orimame cocTOMT B TOM, UTO:
mojie BUOpPAMMOHHOTO AMIOJS HEOZHODPOZHO B mpocrpancrBe. 1loato-
My IpH TPAHCIAANMOHHHIX CMEINEHUAX MOJEKYJI BOJHl MPOTOHH IOHA-
Ja0T B pasiMyHEe 0o BexmdauHe moxas (21.8), 9To Takike MPHBOJUT K
CIy9aiiHoi 3aBUCHMOCTH aMINIUTYIE AEeHACTBYIOMEro HA HAX 9(eKTHB-
HOTO IOJS OT BpPEMeHH.

Bpema koppenamum Ty ammimtyae mons (21.8), meitcryiomeit
HA IIPOTOHBI, KOTOpOoe OO0YCJIOBIEHO TpaHCAANMUOHHOW muddysmeit
MOJIEKYJl BO[BI, MOJKHO OIPENeJHTh KAaK CpPefHee BpeMs, B TEUCHUO

KoTOporo 3Hadenme Hy, MBMEHHWTCA B ¢ Pa3 BCIENCTBHEE MOCTYIATENb-
HHIX TepeMeIleHunil MOJEeKYJ BOXb OTHOCHUTEIBHO HEHOABWIKHEIX KOJ-
JIOMIHHIX 9acTHIl. K10 MOKHO OLEHHUTD, MCXOM U3 CAeAYI0IMAX coo0pa-
SKeHUuH. .

Paccrosamme MexIy MOIEKYJIaMH BOAB ¥ BHOPAMHOHHBIME JHIOJ S~
Mu r > R ~ 107% cm; cpennee 3HaueHue r B skcmepuMeHTe Boysma
65110 ~ 1074 cm. JleiicTByomee Ha Monekyny mone H , maMeHHTCA
B HECKOJNBKO Pa3, KOTJa OHA CMECTUTCH HA DPACCTOSHHE IOPSMAKA r.
Ecam mpeamonoxuTh, 4to s nuddy3moHHHX TEpPeMEmeHmid Moie-
KyJ BOOH B PACTBOPaX KOJJIOMAHHIX HacTHI[ cOpPaBeRauBa (OpPMya
diimmreiiHa, TO AJSA CMEIEHHS HA PACCTOSHWE IOPAJKa r Tpedyercs

BpeMA T7 — const 2. OTciofia) U3 CONOCTABIEHAS C Tz HMEEM
T8 ~1or?/(2a)2.

Iopmcrapnasa ciofa yKA3aHABeE 3HAYEHUA T, @ U I', MONYIOM Ty ~
~1073 — 107 cexr.

Ecau B KadecTBe NPHUBEJEHHBIX KOPPEJIANAOHHKX QYHKIHHA MOJA
BHOBb NPUHATH dKCHOHeHTH (21.2), To mupnua ameuun AP mormo-
MeHnA HeMOHOXPOMATHYeCKOT0 TOoJA BUOPANUOHHEOro mumonas Oymer
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JlaBarbcs BHpaskeHmeM Tmoa (21.5):

Lo 1 1
AJJa = —;5- + E-I_AG)M, (21.9)

rie Aoy — mupumea amamm SIMP nporomos B pacrsope. (IIpu BEIBO-
7ie Bupaskennsa (21.9) npuENManock BO BHMMaHHWe, 410 (€3 yuera [BH-
JKeHUA KOODJWHATHOH 9YacTH oIepaTtopa CIHMH-QOHOHHOH CBA3H, BO3-
Oys&a0mero MarHATHRE JUNOJbHLE NePeXofH, mupuHH auenii AMP
u AP cosnapaior (cM. § 8).)

Taxmm o006pasoM, MIEPHHA JHHAA aKYCTHYECKOro Pe30HAHCA AW,
OPOTOHOB B PACTBOPe KOJUIOMAHHX HaCTHI, HA BeJIMYMHY HOPAAKA
112 + 1/t Goibme INEPUHH JMHAA MArHATHOTO pesoHaHCA. Tar
KAk BPeMeHA KOPDEIANHE To U Ty JOCTATOYHO BENUKH, TEILIOBO®
JBOJKEHWE B IEJIOM He C037aeT HeMPEeOoNOJHMMEX IPEmATCTBHU Aias Ha-
GII0[eHAsT aKyCTUIECKOTO PE30HAHCHOI'0 IOIJIOMEHHS B 9TOM CJIydae.

Bonee mopmpoGHoe o6Gcy:kmeHme peayiabraToB paGoru [16] u, B
9acTHOCTH, COIOCTABAEHHE HAOIO[aeMOro 3HAYCHHA CPENHEH aMInId-
tyau moas (21.8) ¢ TeopeTmyeckmM B HacTosmee BpPeMs IPOBECTH He-
BO3MOKHO HM3-3a OTCYTCTBHS OKCIEPUMEHTANBHHX [JAaHHHX IO IIH-
pure nmamit AP n fMP.

Jlpyroit moxxox K mpobieMe IoMCKa YyCHOBEI A HaOIOJeHHA
AP B mugroctax ORI IpeamoykeE AcamyiiaumHuM #H KompBmiiemoMm
[19]. Wix nmesa cocromt B BO30Y:KMeHAM CUMHOBHIX IEPEXO/IOB 32 CYET
KoIeGaHWH KEAKOCTH B HEOJHOPOJHOM MArHMTHOM HoJe.

ITycts mocTossAEOE MarHATHOE Hoje H°(r) He ofHOPOAHO B HAIpaB-
JeEAM ocu & Na6OpPaTOPHON CHCTEMH KOODAWHAT, a TIpPajHeHT ero
Gux = dHS ] dz mocTosHeH.

WsMenenne SHepruy IapaMarHUTHOM 9acTMI[K OpHM ILepexofie U3
TOYKA ¢ KOOPAWMHATON & B TOYKY ¢ KoopAmHAaTOo# 2 + Ox paBHO

AE= sl S I,Gasdz,

a=x,y,z

VzMeneHne NOJIOKeHMA dYacTHOH 02 cocTOMT M3 TemaoBux (Oz7)
u KomeGarenbEEX (0z¥) nmepememenmii. Ha mepsmii Barmap mosker
IOKAa3aThCH, 9TO TaK KaK (a, He BABHCHT OT KOOPAMHAT, a B Oz Tell-
J0BHE U KoseGarenbHEE IepeMee nsa BXOJAT aANuTABHO: 0 = 8z +
-+ 6x¥, To TemnoBOE ABWIKEHWE COBCEM He BJINAET HA COMH-POHOHHYIO
CBsI3b. JTO, OJIHAKO, MOKeT OHITH JHIIb B CAydYae, €CIM pasMeph 06-
pasna B HaIPaBJIEHHYU OCH X MHOTO MeHBIIE JJINHH aKYCTHYECKOH BOJ-
“HBL:
%

dx¥ = A, cos ot cos 21 7

~ A,y cos wt,

THe &; — KOOpAWHATA JacTmOel [. Bo Bcex OCTalbHHX CIydaax
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OIepaTop CBASH COMHA [ CO 3BYKOM

H = b > 1G4, cos wt cos 2’;& (21.10)

a=x,Y,z

ABIAETCA CIydalHOA (QyHKOEHeH BpeMeHHM, TaK KAaK IPH TEIUIOBHIX
mepeMemeRnAX JacTHNA crydaiimuM o6pa3oM Gay:kmaeT MemOy ILyd-
HOCTAMHA M Y3JlaMH aKYCTHYECKOH BOJHEL.

910 obcTOATENBCTBO (HE yuTeHHOE B pabore [19]) Mmoixer cymecTBen-
H0 YIIHPHTH JWHEI0 aKYCTHIECKOTO pesoHaHca. JJ1A HaXOKAEHHUA €ro
HY/KHO BHYHCIAUTH QYHKIUIO KOPPEIANHUE CIydaiinoil Benmanuu y(t)=
= cos (2 mz;(2)/A).

Ilo ompepenenmio, PpyHKnHEed KOppeaAnum CAyIaiiHO# BEAMIMHEI
Y Ha3nBaercs (QYHKIHA

P (t1ls) = SS Y1 (8) Y2 (83) P (Y1s Ya; b1, ta) P (Y1, 0) dady, (21.11)

The WMHETeIPHPOBAHME BeJeTCA IO BCeM BOBMOKHEIM 3HAYCHHWAM Y, H
Ys Yy M Y, — BHAYEHHE J B MOMEHTH BpeMeEH f, u f,; p(Yy, {;)—Be-
POATHOCTB TOTO, YTO ¥ = Y, IPH =Ly, P(Y;, Ys; 11, ) —BEPOATHOCTD
TOIO, 9T0 Yy = Y, Ipu I = 1,, ecam npu I = {; BeAWIWMHA Y PAaBHA-
Jach Y.

CnyvaiiHO# BeTMYMHOM, I peICTABIAIOIEH NHTEPEC I NaHHOH 3a-
Jladm, ABIAAETCA MOJOKeHNe 9acTHIHl [ B MOMEHT BpeMeHH . Tak Kak
IOJOMKeHre YacTHOE B Kayk[o# Touke o6bema obpasma V pasHOBe-
POATHO, TO

Pz, t) =1/V. (21.12)

Jaa HaxosKAeHASA BePOATHOCTHE P(z;;, Z;,; t;, ;) HYKHO yd4ecTb, 9TO
IpH BpaIleHHMH YacTHIH 5Heprud (21.11) He MeHsAeTCA, M O3TOMY Bpa-
maTeabHasgs AuPQysEsa He CKa)KeTCS HA aKyCTHYeCKOM IOIVIOMEHOH.
YcnoBras BeposaTHOCTH P(Z;y, Z;4; %, I,) IPU TOCTYyHATEIbHOM AE-
$ysum paercs BeIparKeHHEM

P (1, ry, ) = (4nDr) ™2 exp{ iﬂ#}, (21.13)
e T =1, — ¢ @ D — rospduumenT nudpdysnm.
IoacraBmM y, = cos (2 = z;/A) Bmecte ¢ (21.12) m (21. 13) B
(21.11), orkyma mocie nepexofa K OHOMEDHOMY HHTEIDAY MMeeM
1 _ (- x)?

Q(T) = A mDyh deIdeze D% [cosk (z, —s) + cosk (21 + 7)1,

rae | — pasmep ofpasma B HampaBleHEWH OCH X, [ > A. Ilocie same-
HH nepemenHEux U, =&, — &,, Uy = x, ® pacopocTpaseHus mpeje-
a0 waTerpmpoBaEma mo U po - oo (pymkmmsa e U¥4D* Grierpo
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saryxaer npm Goabmumx U) moayamm
“+o0

1
v = i |

dU cos kUe"UhDs — 1ok (21.14)

Taxmm o6pasoM, pyHKIUA Koppeaanu: BeamuumHH cos (kz;(t) ) mMeer
dopmy sKcmoHeHTH (21.2), a pONH BpEMEHM KOpPpENANWNM HTPAeT Ia-
pamerp !

Ty = A/4n2D. (21.15)

Jdaa Momexyax [Bomr, HampmMmep, To=1,4-10%A% cer (D =1,85%
X 1075 cm?-cex™l).

Ilmpusa nmamm AP B paccMarpmBaeMoM ciaydae Oymer paBH2

Ao =2 1 Aoy, (21.16)

rie Awy — mMEPUHEA JHHUE MAarHATHOrO pPE3OHAHCA LPH HAJIHIAH
rpajueHTa MATHATHOTO IOJIA.

Heob6xonuMuM ycimoBmeM TOro, 9TO0H CymecTBOBaHEHE I'DagMeHTa
OIS M TEIUNIOBOIO IBIDKEHHS HE «PAa3MBUIOY JIMHHID AKyCTHIECKOTO
pesoHaHca, ABIAETCA HEPaBeHCTBO AW, << wy(w, — pesoHAHCHAH
9acToTa). ITO YCIOBHE B TeX CIAydJasAX, KOTKA MATHUTHHIA De30HAHC
Habmonaerca (Aoy < ©,), mpuobperaer BuUf

20D < v, (21.17)

rge v — CKopocTh 3ByKa. Jlerko BEpeTh, uTo yciaosuio (21.15) me
TPYAHO YHOBIETBODPHTE .

B paGore 3apumosa [20] paccmarpuBaerca AP moraome-
HEE B PaCTBOPAX, COJeP/KAMAX KOMIIEKCH. L{eHTPaIbHEI aTOM KOMII-
JeKCa OKDPYKEH 94eTHPbMA WIU IIECTHIO IKECTKO CBS3aHHHIMU C HEM
MOJEeKyJaMu — JIMFaHJAMHA, LEeJdKOM CJIeAyONAMHA 32 ero NBUKe-

1 He cnemyeT myTaTh BPEMsA KOPPEIALMIL 1'2

= co0s (2mz/\) co BpeMeHeM TPaHCIANMORHON Auddysnn 'I:Tcp (21.3), ncnoabpayeMuim

B Teopun cnnn—peme'roqﬂoﬁ pelaKkcanyu B JKUOKOCTAX. B TEeOpHMH peJaKcaunu pac-
CMaTPUBAIOTCA B3aMOJ€ICTBUA COCETHUX YacTum, pacHmoJIOMEHHBIX Ha paccToA-
HUAX IIOpAAKA AUaMeTpa d YacTuir. CMemeHne MOJEKYJ Ha PAaCCTOAHUHU MOpAOKA d
CYINEeCTBEHHO MCHfAET BeJINYNHY B3aMMOJEeHCTBASA, U II03TOMY B T€OPUH pejlaKkCcauMi

¢urypmpyer spemsa TiP» TpeGyromeecs, 9T0GE MOJEKYIa CMECTHIACH HA BEJNYHHY
mopsgxa d: rzp =d?*2D, (D = kT/3 ndn). Oysrnua y (t) = cos (2nz/A) cymect-

BEHHO MEHAETCs IIPU CMeIMenuAX MOJIEKYJ HA BEeJINYHHY IO0PAAA NJIMHLI BOJIHBI A.
EcrecTBeRHO, 4TO OTHOLIEHHME 3THX BpPEMEH OIIpeNeIACTCsS OTHOIUNEeHNeM A H

cay4aiiHO# QyHKUuHU y (1) =

1 .
d: TP/ = 7 (Md)%. B 4acTROCTH, 5TO COOTHOIIEHNE COOTBCTCTBYET 3aKOHY DitH-

mTefiHa, KOTOPHI HCIOJNB30BAJICA BEINE JUIS OLEHKH BPEMEHI T5, BXONAIMIEro B
mupury (21.9) akycruyeckoil anmEWH.
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uneM. Tenmosnie & AKYCTHYECKUE KoneOaHAA He3HAIUTENBHO CMemanT

(U;) nuraggsr or mx mmoioKemms pasHoBecus (R}) mo orEomeHmio K
LEeHTPY KOMILIEKca.

HKazamoch GH, B JaHHOM ClIyd4ae Pealm3yeTcs CHTYamus, CXONHAsA

¢ TBepAHM TesoM (cM. § 22): BcaencTBme Mamoctr Uj mo cpaBHeHmo c

3, MoxkHO orpaEmuYmThCA JmHeHEEM mo U; = UJ_ + U} pas-

JO/KEHMeM BBAEMOJEHCTBHEA J¢; [EBTPATBHON0 aToMa C JUTAHIOM J;

mpm oToM BKIagu axycrmieckoro (U3) m remmosoro (U%) cmemerms
PaspensanTCcA:

iR+ Up) =% (R +v (,.%(R H(U4 + UY).

Ha camoMm feme Taxkoro pasjeleHHA He CYymecTByeT. PaccMoTpuM
nogpoGHEE OIIEPATOD cnnﬁ-q)OHOHHoﬁ CBA3H

Z T .%;, (R) kAqcos ot cos ka}, (21.18)

TJle B KauecTBe OCH Z J1a00paToOPHOH CHCTeME OTCYETa BHOPAHO HAIPAB-

JIeHEe PpACHpOCTpaHeHHs 3BYKa Kk, 3 — KoopAmEara Juragaa j
B n1aGopaTopHOH cHCcTeMe OTCIera.

Ecam xoMmiekc y9acTByeT TOJBKO B TPAHCIAMMOHHON nufdy-
0
SHH, TO BEeJIMIHHA Ij

J;He 8aBHCHT OT BPEMeHH, TAK KaK BeK-
J

top R} mepenocmrcsa mapamnensHo camomy ceGe. TeM He MeHee m3-3a
cly9aiiHoll 3aBECEMOCTH Z) WIH COS KZj OT BpeMeH: omepatop (21.18)
He MoskeT faTh quAm0 AP mornomemms ¢ mmpmHOH, MeRbmei 1/tj -
Bpems Koppeiaanmm T, yie Beumcaero (21.15): Th — A2 ] 4 2D,
rje A — [iIUHA AKyCTHUECKOH BOAHH, D — KospdunumenT nuddysnn
KOMILIEKCA.

Eciam ke xoMIIeKc y4acTByeT BO BpamarelbHoH audpdysmm, TO

R 0 A
H3-32 CIYTAHHON 3aBUCAMOCTH BEIMIHHN Zj —— #; or BpeMeHH Iin-

puna amaman AP oxasmBaerca Goxbme mmpuman MP Ha Benmnmumnmy

nmopagka 1/to°, rme vo° — BpeMA KoOppeIANWE BpamaTedbHOHE Aud-
dysum (21.4).

Haxomem, eciim MOJEKYJIb — JATAaHAH HMMEIOT KOHEYHOE BpeMs
JKU3HM B KOMIUIEKCe T,, TO BeamdumHa omepartopa (21.20) ciaywaitmeim
ofpasoM MeHseTCS IPH KayKNOM BEIXO/le JIATAHJA M3 KOMILIEKCA, IPo-
HCXONAMEM B CPEfHEM depe3 MHTEPBAI BPEMEHH T,. JTO TAK:Ke LPH-
BopuT K ymuperuio JuEAu AP Ha Bexmummy mopapka /t,.

TaxuMm oOpasom, AP moriomeHnme aToMaME KOMILUIEKCOB B PAacTBO-
pax He IpeACTABIAET HUCKIIIeHAA M3 Teopmm AP moraomenums B

JKHKOCTAX: PE30HAHCHOE IOTJAOIeHWE BO3MOMKHO TOJNBKO B Cjayuae
6oJabmMX BPeMeH KOpPpeIAmum.



Kak moxasanum mpoBefieHHHE ONEHKA BDEMEHH KOPPENANUHE TJIE
MOJIEKYJI BOZHL, TPAHCAANUOHHAS AAPPYsHUA He MOMKHA 3HAUYATEIHHO
ymupurh amemio AP koMmmiexcos, TeM Gonee uto Kodddmmuent gudp-
¢ysnm KOMIUIEKCOB MEHBINE, YeM y MOJEKYJ BOJH.

C KOHETHOCTHI0 BPEMEHH KU3HU JIUTAHIA B KOMILIGKCE HYKHO CUH-
Tarbcd, TaK Kak Hambosjee pacHpOCTPAHEHHHE 3HAYCHHUA T, JEKAT B.
mpegenax 107 — 107° cex. OmHAKO CYmMECTBYIOT KOMILIGKCH, B KO-
TOPHIX JUTAHJH JKECTKO CBS3aHH C [EHTPAJLHEIM ATOMOM U IJIA KOTO-
pux mnpakrmyecku 1/t, — 0. IlosToMy raaBHEM npenaTcTBHEM NI
gabmiofierras AP B pacrBopax, COREpIKAIMEX KOMILIEKCH, ABJIAETCH
BpamarenbHaA AadPysdmsA, TANAYHOE BPEMA KOPPEJANHE KOTOPOR
71 KOMILIEKCOB B HO CAMMIKOM BASKHX JKHIKOCTAX JIGJKHT B Ipeje-
aax 107° — 10710 cex.

§ 22, Biusanne MOJEKYIAPHOrO [BU3KEHUA
ga muapuny aaaun IAP B TBepapIx Temax

o cmx IOp MOMYANHBO IPEANONArajoch, 4YTO TEIIOBOE BHKEHHEe
He BO3MYINaerT B3aEMOJefCTBHe CIHHA CO 3BYKOM B TBEPAHX TEJax.
MHTepecHO IOCMOTPeTh, K 1eMy npnnener y9eT TeIIOBOTO /{BHKeHHs:
pemerxn. PaBHoBecHOe paccrosmme RCj; memmy aroMaMm j m i Bo3-
MyIHaeTcs TeIVIOBHIM [[BAKEHMEM DENIeTKH, TaK 4TO MI'HOBEHHOe pac-
CTOSIHEE MEXy HEMH I'j; PaBHO

ri=RY+ UL, Usu= > ELR%, (22.1)

B=x,y,2z

rne EXg — nedopmamma kpucramma, npomwssommmas doHoHaMm (7.5) .

BsammopeiictBEe CIEHOB CO 3BYKOM 3aBHCHT OT TEILIOBOTO JBH-
JKeHHsI 4epe3 BeIUIUHY I'y;, BXOJAMYI0 B olepaTop CHMH-POHOHHOI
ceasu (4.7). Benegcrsue Manocta gedopmanmil, Ipom3BOAUMEX QOHO-
samu (E.3<€1), ary saBmcuMocTh MOKHO IIPe/ICTABUTH B BH/E

0222 (RY, Ts)
,% Vgrad JK(R;'L, 4)U ) + 2 6z 0;? anUan .
j

j.a,B

DaKTH9eCKH A TBePALIX TN BHINE BCerAa MCIOIb30BAJCA IEpPBHIi
9jleH 9TOTO BHIpAa’KeHHs, T. €. HmpeAmoxaraixock, aro u UT = 0 (mpm-
OIm/KeHne JKeCTKOM pPeIIeTKH).

JImmseitEbIe M BHICIIME WIEHK! pa3ioxkeHnmsa mo UT ompenmensioT Be-
POATHOCTH TEPEXOJ0B MeKAy CIWHOBHMH YPOBHAMH IOX BIHAHEEM
ONHOBPEMEHHOT'0 IeACTBASA KBAHTA aKyCTHIECKHX KojebaHUE m ofHO-
ro Wi HECKOJBbKHX TemIOBHX ¢oHOHOB. OXHAKO 3[eCh 3TH BOIPOCH
paccMarpuBaThcsa He OyAyT.

ITomuMo KomeGaHHWl OKOJO IMOJOKeHHH paBHOBECH:A, aTOMHEL TBep-
OHX TeJ MOTYT COBEpIIATh OPU HEKOTOPHIX YCIOBHSIX HNEPECKOKE M3
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OJIHOTO y3J]ia pemeTKH: B APYIoi, T. €. YIACTBOBATH B TPAHCIANUOHHOMN
madp¢ysmn. KoopamHaTH aToMOB HPHU 3TOM MEHAIOTCA CKAYK00GpasHO
B CpeJHEM OZHH pa3 3a HEKOTOPOE XapaKTePHOE JJId BemecTsa IPE
AAaHHHX YCIOBHAX BpeMA T,.

Crporoe BHYHCICHHe KODPPEIANHOHHHX QYHKIHHA KOOPAMHATHHIX
0HepaTopoB IPHBOAHT K IOBOJBHO TI'DOMOBJAKMM BHpa)kemmaM [21].
OnHAaKO XOpOMmHe KAYECTBEHHHE DPe3yJIBTATH IONY9aroTcA IPH Nped-
TOJIO’KeHNH IPOCTOr0 HKCIOHEHIWAJIHHOTO B3aKOHA BaTyXaHHMA C pO-
CTOMT KOPPEIATOPOB KOODAMHATHHIX QYHKIMIL: fo(T) = exp { — 1/7,}-
Hcnonr3zopagne Taxkoil yHKIAM KOPPEIADME AN KOOPIUHATHOH Tac-
THA omepaTopa cOHH-HOHOHHOHE CBASH IPHBOLHT K AOHOIHATENLHOMY
BKIAly B IIMPUHY JWHEWE Oopaaka 1/t,.

Bruaame tpancaanuonnoi Amddysum BHa MP mambosee moxpobGHO
W3yYeHO B MEJOYHHIX Merasiaax [22], rme sTo ABM)KeHMe MpPH KOMHAT-
HO# TeMmeparype yCpegHAET JOKAXBHEE DIEKTPAYECKUEe M MArHUTHEE
moas, Beaeacrsme dero amEud fIMP oxasnBaercs cuinbHO Cy:ReHHOH,
a HamGoabmmMil BKJAAN B IMHUPHHY FAIOT IPONIECCH CHEH-PEIIeTOYHOMN
penakcauum 1/7,.

B srux ycnosmax mmpura anemm SIAP Gymer pasHa

1 3
Acoa-:,_r;__{_Tl_,

rae T, — BpeMa pexakcagum Hoppmerm. Bpema koppeasnum t,
MOJKET OKa3aThCA HOCTATOYHO KOPOTKHM, 4TOOH COCTABHTH OCHOBHOIM
priaapx B mupuuy guawn AAP. Haopumep, B MeTannudeckoM HaTpum
Tr ~ 107 cex mpm T'=217° K. OpBako T, GHCTPO pacTer ¢ HOHMMEe-
HOEM TeMOepaTypH, TaK YTO 3TOT BKIAJ B IHPUHY MOKET OHTH CHAT
oXJIaKIeHmeM ob6pasna.

PaccmoTpuM Temepp BRJIAN B mupuwHH JmHEA AP or temmosoro
ABUKEHHMA [PYTofl OPHUPOABL — OT PEJAKCAI[MOHHON HepeopHeHTaIlNH
MaTHATHHX MOMEHTOB NapaMarHMUTHHIX 4YacTHI. Eciam BepoAaTHOCTH
pellaKcalMOHHOIO HEepexofa Me;KIy CHMHOBHIMH YPOBHSAMH SHEPTHUE
mapaMarEMTHOM wWacThusl paBHa WT, TO B cpefHEM depe3 KayKmulik
OPOMEKYTOK BpeMeHHm mopsafka I, = 1/WT upoumcxomur usMeHeHHE
OpHEHTANMM €e MATHHTHOI'O MOMEHTA.

B rex ciydasx, Korjga HOTJIOMEHHAE 3BYKAa HA AIpe OCYIMECTBIIAET-
cA 9epe3 DIEeKTPHIECKOe KBAAPYIOIBHOE B3aMMOJecTBAe, IePeopPueH-
TaUA COCEIHAX MACHATHHIX MOMEHTOB HIDHBOJAT K YCPEJHEHHIO HX
Briaaga B muapuay amaud SIAP TouHO Tak jKe, Kak 9TO HMeeT MeCTo B
MarEATHOM pesoHaHce. Kciam jke Bo3feficTBHe 3BYKA HA MCCIENYeMEIH
CIOAH OCYIIECTBIAETCA IIyTeM IePUOAMYECKON MOAYIANUM €ro B3amMO-
HeHcTBRA ¢ COCeJHMMH NAaPaMATHATHHRIME IACTANAMHE, TO, IOMHAMO Jieii-
crBug Ha mupmAy Jamaum AP, penaxcammoHHas mepeopmeHTANUA
naer cmemudpuieckuit guA AP Bwiag B mmpHAEy auHER (A®g)s.

Paccmorpum g npmMepa IAP moriaomenne B TBEPIHX 9IEKTPOH-
HHX TapaMarHeTHKAX AAPAMH CO CIHHOM 1/,, He 06IaalomuMa KBafgpy-
MOJBLHEIMA MOMEHTAMH.
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Omneparop couH-OHOHHOW CBSI3H, COOTBETCTBYIOIIMA UHCTO AAEp-
HEHIM IePexXofaM, B 3TOM ciydae HaercA BHpakeHmeM (4.14):

H = — AR (t) = — [d(rj1) SIT% + @ (r5) ST Epu (2),  (22.2)
a (rji) = — YoYahi?3 sin 8;; cos 03 cos'@j; (5 sin B¢ %5 — 1)/2r%,-
a raMIIBTOHHAH (PEMeTKM» COCTOMT W3 JBYX dacTeil:
Ry = Ho + F-,
o = H. + H, [Hs, H:] =0,

rne $x — ollepaTop SHePrHH TEILIOBOTO ABWKEHWA aTOMOB apamar-
HeTHKa, Jp — TaMIIbTOHHAH LAPaMarHETHOr0 MOHA, ONHCHBAIIm
CIIEKTD 9JEeKTPOHHOTO comHA (#/,) M ero COMH-CINHOBEE W CUOHH-Pe-
meroynsie (#’) B3ammopeiictBmA. IIpocrors pagm Gymem mpepmona-
raTh, 4TO CHEKTD 3JIEKTPOHHOTO CIIMHA (KAaK U SJIEPHOTO) OIpefels-
ercA TONBKO B3aHMOJEHCTBHEM C LOCTOSHHEM BHEIIHEM MAaTHHTHEM

moneM: H,= — hw, S,.
CornacHo pesyabTataM § 20, pyHKIMA aBTOKODpEJANUE oOHepa-
Topa A, = a(rj;)S;I, umeer Bux
V2,4 () =Ta) [s,() F2, a.(2),
rie ) R )
fat) = <a(vji (8)) a*(xi)d/< | a (ri) [,
sz (t) = <Sz (t)‘Sz>/< I Sz |2>1

a ¢ymrnua Koppeasnu: Y3 i_(¢) BrIECIAeTCA 0e3 ydera [BUKEHWA
omepatopoB d(ry;) u S,.

OTkKasaBmuUCh OT PACCMOTpPEHHA HPOIECCOB COBMECTHOTO MOTJIOIMIE-
HUA KBAHTOB aKYCTHIECKUX K0JeGAHUA M TeMIOBHX (OHOHOB, IOJIO-
wuM fq () = 1. Hoppenannorrasa ¢yHKIuA

s, 5,(1) = <| 82| > fs (1) = (S (B)3.> = (ei®en G, e tAing,

BHUKCJIAETCA IO CTAHAAPTHOX Meronmke, usiaoykemHod B § 16. Cor-
nacHO BepaykeHHmO (16.29), ofMHAKOBO IPUMEHMMOMY [JIA 9JAEKTPOH-
HEIX W AJePHEIX CIWHOB,

Fs,.5,(t) = <82 exp {it (0o — 88 + 8§") — | | D atyty —
j

2
62, tz}
5—J .

ITockonbKy omepatop S, KOMMYyTHpDyeT ¢ sHeprueil 3eemama 57,

OH HE WMeeT He[MaTOHAJBHHX dIeMeHTOB B Jf,-mpepncraBienmm. Ilo-
3TOMy B 0003HadeHUAX § 16 eMy coorBeTcTBYOT ¢ = 0 H 0y = q®p =
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Punc. 10. CxeMa KOCBEHHOrO IIpollecca YIOTJIOU(EHMSA 3BYKa AAPaAMM
B DJIEKTPOHHOM NapaMarHeTuke [23]

= 0. ITo o710l sKe IPHIMHE IHATOHANBHAA B J/,-IPe/ICTABICHNN YaCTh
#’ we BHOCHT BKIaja B KODPEIANUOHEYI0 (GYHKIEIO omepaTopa s,
B PE3yJIbTATe Yero CABAI MEPBOTO MOPAAKA 05 M BKJIAJ B MEPHHY OT
CTATH9ECKOTO0 pas3fpoca JOKAIBHOTO TOJA Oay (IpH o = 0) paBEH
Byno. MoxHo Tarske mokasarth, 4TO M =0 mpu o = 0.

Taxmm oOpasom, KOPpeTANUuORHAs $YHKIMA ollepaTopa A, nve-
€T BUJ

Fa,a(t) =" (| 82]), (22.3)
rge mapamerp A; = ZOOETY’ UpubIU3UTETPHO COBHAJaer ¢ obpar-

HOW BENMUMIMHOK Bpemelm cnuH-pemeroynoit pesaxcamum 1/7, (eMm.
§ 16) biIeKTPOHHOTO CHIHHA.

B § 8 mokasano, 9To IIpM MAarHUTHBEIX JUIIONBHBIX IpaBHiIax or0opa
mupuss guanit JAP u AMP coBmagaior, ecim MOKHO He yYHTHIBATH
ABIVKEHHs PEMIETOYHOM 4YacTH omeparopa CIWH- q)OHOHHOf[ CBS3U.
IosTomy mmpuna fAP, o6yciroBinennas KoppenssnuoHHO# ¢yHKIueH
Ya+4-(t), Oyner pasHa mupure quenn AMP A@y. B pesyasrare neu-

JKeHUs olepaTopa S moniras mupuHa gauaua AP comepsxur JOTO-
HMTEIbHEIH BKIAL Ama ~ A, u pasHa

Awy =1/ T35 + Ay, (22.4)

IIpu xKoMHATHBIX TeMueparypax /73, MOKeT Ha HECKOIBKO IOPA-
KoB 1pesnmath Awy. Bpemsa I'j, cmibHO 3aBHCHT OT TeMIEepPATYpH,
NOITOMY TPH AOCTATOYHOM TOHMKEHHH TEMIEPATYPH BKJIA[ JIEKT-
POHHHX pEIaKCAHMOHHEIX IPOIECCOB CTAHOBUTCH HECYMECTBEHHEIM
u wupuis AAP uw AMP cosmagaror.

JIlpyroit MexaHH3M TOTJOMEHNS 3BYKa ALPAMHE B 9JIeKTPOEHOM Ila-
pamargermke Obl  paccMorper Myprasmusim [23]. CoBMmectHas
3eeMaHOBa bHepPrua saextponnoro (S = 1',) m sagepuoro (I =1/;)
cnuHOB H306paskena Ha puc. 10 BMecTe ¢ BONHOBEIMA QYHKIUAME Py iy
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YPOBEEI, Hnnammnmnca nponanep;enneM coOcTBeRHHX (QYHKIMI
3JIEKTPOHHOTO xm Hu SepHOTo xm CIIMHOB.

ITpomece IOTIOMEHAA  3BYKA, mpefyioskeHAH B paGore [23],
cocroutr m3 mByx cragmit. CHagsama nop BIHAHWEM 9nemponﬂoro

cnmi-ti)ononnoro BaammojieiicTBusA 57; mpomexomuT mepexox ¥y, Nos | —>
— | %2 %>, 3aTeM pIeKTpPOHHO-sA7EPHOE JIHHOJIB-JIHHOJILHOG B3amMO-
JIGHCTBHG IePeBOJNT CHCTEMY W3 COCTOAHEA X y,X+y,| B cocrosame

lxl/2x¢1/, (ma pumc. 10 stm mepexomsl 0603HAUEHH COOTBETCTBEHHO
crpenxamn I m 2). B pesyunbrare, cucreMa AfPO - 3IEKTPOH OKAa3HI-
Baerca HAa) ypOBHE, OTAENCHHOM OT HAYaNBHOTO) BHEPrHed — hmg.
Jra 9HEPTHA «UIEPHAeTCA» WIM OTHAETCA BHHYKICHHHM AaKyCTHYEC-
KIM Koje0aHmAM. YKasaHHHE IPONECCH: HPOUCXOAAT BHPTYAIBHO,
I03TOMY Ha IEPBOM 3ralle He TPeOyeTcsA BHIIOJHEHHS 3aKOHA COXPaHe-

HuA >HEPrum (T. €. PABEHCTBA MEKIY YaCTOTOH 3BYKA H mg).
MaTpudHHA 9JeMEHT PAcCMATPUBAEMOTO JABYXCTYNeHIaTOro Iepe-
X0fla ToJydaeTcA BO BTOPOM NpUOIMKEHWN TeopHil BO3MYINEHUI

A TP x> <Ayt RS NS Ay
E np ~ E Ha4

<X'S/2'eri'/zl - ] Xflzxgtllzl =
(22.5)

rie Epp — Euag =h(o§ — Ppa3HOCTh DJHEPTHM IPOMEKYTOIHOTO H
HAYaJIBHOI'O COCTOAHHUM.

Jis BHYHACIEHNA BEIMYMHH IOTJOMEHUA X (OPMH JIHHHH ITOTO
IBYXKBAQHTOBOTO Ipollecca YA00HO BBeCTH 3(PPEKTHBHEIA omepaTop

Howw = 3} Daprs LaSpEay(?),

aByd

rae Eq.y(t) — aMmnnmryna gedopManuii, Ipor3BOIMMEIX 3BYKOM, D agys -—
RoucTaHTm, ompefiefleHHHE TaKEM 00pa3oM, 9ToGs MATPUYHEIE dJie-
MEHTH .%’,,q,q, COBHAJAJA C MAaTpWIHEIMU deMenTaMn (22.5) [24]. Beene-
nue 9¢$HeKTUBHOTO oIepaTopa MO3BOJAET paccmannBaTL JOBYXCTYIEH-
gaTHil PONece B JIMHOHHOH TEODPHH, MCIONB3YA Hopp Kax omepatop
B3aUMOJEACTBUA C BHENIHMM NEDPEeMEHHEM IojaeM [24].

Orcrutass 9uraTesas 8a [ETANAMA K OpHrmHajbHOU paGore [23],
OTMETEM JIHIIb, 9TO Hlopp CONEPIKHT ONEPATODHI COHHA BJIEKTPOHA,
JIBIKEHUEe KOTODHIX Ee00X0IAMO YUYATHBATE. JTO [ABHKEHHE BHOCHT
nouonnmemnmu BKJIA B IOHPUHY JIWHAA HAP nopagka /T, ot
OIIePaTOPOB S+ u mopsgxa /Ty, or omeparopa SZ, rae Top w8 Ty —
monepeyHoe ¥ DPOJOIBHOE BPEMS PENIAKCAIMH SJIEKTPOHHOTO CIIMHA.

CocraBum orHOmeHme BeposaTHocredl SIAP mepexomos, mpomcxo-
IAMAX IOCPEACTBOM OOCYKIABIIETOCA BHIIIE KOCBEHHOTO IIPOIecca

130



(PK) mepefaud AKYCTHIECKOW DHEPrHH CIHH-CHCTEME W IIPAMOro-
(oﬁoaﬂaqennoro crpeakoit 3 ma puc. 10) mepexoma (Pn) TIOCPEICTBOM

SMEePHOTO Ko (a He 5TEeKTPOHHOrO o CHHH-POHOHHOTO, B3AEMO-
JeicTBusa

pa 9%’;’¢¢)2 2. (V) Hy, .%’gfg)% 1T, + Av, (22.6)
PA (.95?,” gq(¥) (95?,”) ( hol | 1Ty, + Av,’ '

n

rae gxv) = [Y Ty + Aval™ m gu(v) = [Y/T1s + Avg | — QyEKIER
(OPMH KOCBEHHOTO H IPSAMOT0 IPONECCOB PE30HAHCHOrO IOIIONI(E-
HEA 3BYKa, A vg — mumpmHa auana IMP B sTom BemecrBe. Tar Kak
BXOJAIIAEe B IPAaBYI0 YacTh BHpakerus (22.6) oTHOmeHUsA OGHTHO
YAOBIETBOPSAIOT HEPABEHCTBAM

(gfat/%’at)z>1 ( g-g/h-r(')o)2<1 . T23<Tla<1/AVm

To BeamimHa Ph ] P% Mmomer GHTH Kak GoabIle, TAK 1 MEHBIIE eIH-
HAIH M HY)XJaercsa B OmeHKe JUIA KajKAOr0 BEemEecTBa B OTHEIbHOCTH.

CornacEo omeHke, mposefieEHOH MyprasmaaM [23] mua spmep
F1% B momokpucramne CaF,, comepameM mapaMarHATHHE OTPUMECH,
koappunuert ox JAP mormomeHmsa mocpencTBOM KOCBEHHHIX Ipomec-

COB IIPH TeMIIepaTypax KHIKOTO reJaus paBeH oromo 10714 ((oﬁ)’ cm L,
9ra BeaWYMHA OKasajach Ooabme kKospdmmmenta AAP mormomenma
Oy IJIA MPAMEIX IIPOIECCOB (P;:‘ > Pr‘}l) M Ja)Ke CPAaBHEMA C COOTBET-
CTBYIOIIMMYM KOMHATHOH TeMIepaType B3HAYEHAAMHA G [ BIEKTPH-
9eCKOr0 KBAJPYHOJABHOIO MEXaHHM3Ma COHH-QOHOHHOA CBASH.
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FNABA NATAA

JJIEMEHTHI SKCIIEPUMEHTAJIBHON METOJIUKE AP

Iloraomenne axkycTu4ecKoil DHEPIMH COHH-CHCTEMON IPOABJIAET-
cA B BHUfle He3HAUUTENbHOH M06aBKM K HECHHHOBOM ((pPEIIETOTHOIMY)
JuccHIIanuu axycrudeckoir sHeprmu. Hosddumumertu AP morao-
uieHnA ¢ o0brgHO Jesxar B mpemeaax 107 —107° ex™ u cocTaBadmT He
Oonpire, yeM 107% «pemierouHOro» IMOTJIOIMEeHUA 1.

Hnaccuueckme MeTombl yIbTPA3BYKOBOM AKYCTHKM II03BOJIAIOT
U3MEPATh M3MEHEHWS BaTyXaHWsA B3ByKa, He mnpesocxopamue 1073,
AmanormuHag npobreMa YCIOEIIHO DelieHA B MarHNTHOM De3OHAHCE,
rjae paspaGoTaHK METO/Hl, MO3BOJIAIMME HANEHKHO U3MEPATH H3MeHe-
HHS 3aTyXaHUA PaamovacToTHON MomuocTu mopsaxa 1078, Ilosromy
COBEPIIEHHO €CTECTBEHHO, 9YTO BO BCEX IIPOBOIAMMEHX B HACTOAIIEE Bpe-
M DKCIEePHMEHTAIbHHX HcciaemoBaruax AP mumporo mcmoabsyoresa
METOJH MarHUTHOTO PEe30OHAHCA.

B cooTBercTBEEM ¢ NPWHATHM IUIAHOM M3JIO0MEHUSA MAaTepHaa
3mech He GYIyT paccMaTpPMBATHCA XOPOIIO ONHMCAHHEE B JIATEPATYpe
5IeMeHTH TeXHWKNM MAarHHTHOTO pe3oHaHca, mcmoibayemsie B SIAP.
B a10#t rnaBe 6yqyT KpaTKO OCBEIEHH HEKOTODPHIE chemupmiIeckme,
CBA3aHHHE C AKYCTHKOH BOIPOCH OKCHEPHUMEHTAJHLHOH METONMKYA
AAP. Jleranm oTHenbHEIX SKCOEPUMEHTOB GYAYyT IPHBORUTHCA B Cle-
OyoIeil riage OpW aHAJIM3e DKCIHEPUMEHTANBHHX Ppe3yJIbTaToB.

§ 23. Oopasupr, ncnoaszyemsie B JAP

IKxcnepuMenTajabubie ucciaenosanusa AP B TBepamx Temax mpoBomAT-
CA Ha MOHOKpHMCTANIHIecKHX obOpasnax. {us yMenbmeRns GoHOBOTO
(HeCIMHOBOI0) HOIVIOMEHWS 3BYKa MOAOHMPAITCA 00pAasmBl ¢ BHICO-
KO# OJHOPOJHOCTHI0 M MIHHMAJbHHIM KOJIMIECTBOM NePEeKTOB PEITETKH.

1 VickaroueRne COCTABAAIOT (eppo- M aHTH(HEPPOMArHETHKH, Ifie 3HAUCHHA G
MPEeBOCXOIAT YKa3aHHHE BeanunHH. OZHAKO TaM BO3HHKAIOT TPYAHOCTH APYroro
pPoOfa, cBs3aHHHE ¢ GOJBIION MUPHHOX PE30HAHCHHIX JUHMHA.
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,§ 2000+ Puc.11. 3aBucMmMocTL NpOBO-
§ - AMMOCTH  NBe303JIEKTPUYECKOro
RS l . I l npeoGpasoBaTeNsa. IPUCOEUHE H-
l HOTO K 0Gpaslly, OT YacTOTHI
4 |
78 45

’4
Y, Mey

Jlmpeiinbie pasMeps 00pasmoB OGEYHO COCTABIAIOT OT OJHOTO IO HE-
CKOJIBKHX caHTUMETPOB. Topii o6pasmoB, mepOeHANKYJIADHHE Ha-
IpaBJIeENI0 PACIPOCTPAHEHNA 3BYKA, [ENAIOTCA ONTUIECKH IIOCKUMH
m napaniaenbunMu b Jlus neneit AP ¢ ycmexoM MOTYT CIY:RHTH Ja3ep-
HHE KDHCTAJIHl WIH HMX KPHUCTANJIHICCKHE MATPHIE, OTILIH(OBaH-
HEle ¢ OUTHYECKOM TouHOCTHIO [1].

O6paboTamHbIil TakuM 06pa3oM KPHCTANI SABIAETCA PE30HATOPOM
aKycTHIeCKUX KojdebaHuil. B meM B03Gysmaercs TOIBKO AMCKPETHHIH
Ha0Op CTOAYMX AKYCTHYECKUX BOJH, YAOBIETBOPAIOMMAX YCIOBHIO
MeXaHNYeCKOT0 Pe30HAHCA: Ha [jiimHe o6paspma B HANpPaBIeHWH pac-
IPOCTPaHEeHUS 3BYKA JO/YKHO YKIAJHBATHCA IEI0e IUCIO IOJIYBOJH.
Ha pwmc. 11, sammcrBoBamnoM m3 paGorth [4], m3o6paskena Kak ¢yHK-
OHEA 9acTOTH HPOBOJUMOCTH O IbE303JIEKTPHIECKOro mpeoGpasoBaTe-
Js1, IpECOeAMHEHHOTO K MoHOKpmcrajny KJ. IlpoBommmocts Bciogy
OYeHb Majla, KPOMe TOYEeK MEeXaHHYEeCKOro PesoHAHCA, OIPOTUB KOTO-
PHX oHa m3o6pakaercs B BHje NPAMHIX JAHUIA COOTBETCTBYIOIMEH BHI-
corel. IllmpmEERl nmEWA MexXaHMYECKOIo pe3OHAHCA, PaBHEE IO IO-
papky Beamamasl 100 2y, Be MOryT GHITH MOKA3aHK B TAHHOM MAacIITa-
6e BcIemcTBEE MX MAJOCTH.

TromuHne 3HA4YeHWA aKyCTAYECKo# mobporHocTH @ mcmoibaye-
MHX o6pasmoB (mo ompepenenmo, Q = v/Av, rie v — pe3oHaHCHAas
gacToTa ¥ AV — mmpHHA MEXaHMIECKOT'0 Pe30HANCA) JIeKAT B IIpefe-
aax 103—10°.

B kagecTBe remepaTopoB 3BYKa HCIONB3YIOTCA KBAPIEBHE IHE30-
DJIEKTpHIECKHe IpeoOpasoBaTejdm, KOTOPble HACTPAMBAIOT HA 9acTo-
TY, COOTBETCTBYIOIYI0 MeXaHMYeCKOMY pe3oHaHcy oGpasma. HBapme-
BHe INIACTHHKYU X-Cpesa cay:KaT i Bo30y:KIeHusa TPONOIBHEIX BOJH

! Insg GOKOBHIX IIOBEPXHOCTEH MOCTATOUHO (MATOBOI» mngoBku. B psape
cIy9aeB IPaHA KPHUCTAJJIa HAMEPEeHHO OTKJIOHAKT OT IaPaJLIeJbHOCTH Ha HECKOJIb-
KO rpajycoB, 4ToOH B ofpasme yCTAHOBHJACH CHCTEMa KBA3HCTOSYMX BOJH, II03-
BOJIAIOMAs MONYYNTE GONBIINe NIOTHOCTH aKYCTAYECKOM sHeprau B o6pasme [2, 3].
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C/KaTHA, IoNepPedHkEe CABUTOBHE BOJHEL CO3HAIOTCA IIACTHMHKAME Y-
cpesa.

Horrakr mbesosmexTpmyecKoro mpeoOpasoBaresis ¢ HCCIeLyeMEM
KPHCTaJJIOM OCYIIECTBJAAETCA 4Yepe3 pAasAuYHOTO poja  CBASH,
KOTOPHIMEM OORIYHO CJIY’KAT METaJIH (B OCHOBHOM HMHAmil), nu6o 3a-
Masku, kjdew. B mopgaBmsiomeM GONBIIMHCTBE CIIy1aeB OTH CBASKHI
monbumparorca MeTogoM mpob um ommOok. Xopomada CBOJKA MeETOJ0B
K PE3yJNbTATOB MCIOJb30BAHUA DA3NHIHHX CBA30K COTEPIKATCA B 006-
sope Taxepa [5]. _

Nmerorca coobmeHma 06 MCHOJIb30BAHEM B KadecTBe COTJIACOBA-
Tedell aKyCTHYeCKOTo TeHepaTopa ¢ o0pasimoM INIACTHH TOJMIIHHOHX B
4eTBepTh akycTHIecKoil BoauH. Kak maBecTHO, [IA mepemaddm MaKCH-
MaibHOH MOIDHOCTM OT reHepaTopa K HArpyske HeoOXommmo, 4TOOH
BXOJJHOE CONIPOTHBIeHHEe HArpyskd (Zy) pPaBHANOCH BHYTPEHHEMY
CONPOTHBJIEHUIO TeHeparopa Zgzy. BeaencrBue TpeGoBammil, HAKIAIH-
BaeMBIX YCIOBHAMU JKCIEDHMEHTA M TEXHOJOIHell M3rOTOBJIEHHA 00-
Pa3IoB W IbE30KPHUCTAIIOB, CONPOTUBICHAA Zy U Zpy HE MOIYT Bapb-
HPOBATBECA IPOH3BOJBHBEIM 00pasoM. IlycTh miacTmHAa TOMIIHHONU B
9eTBEPTh aKYCTHYECKOH BOJHEL YCTAHOBJIEHA MEKIY TeHEDPATOPOM H

Harpyskoi (o6pasioM), Torga reHepaTop OKA3HBAETCA HATIDYKEHHEM
HA BXOHOE compoTuBiIcHEME [6]

ZB?( = Zun2 [} ZH;

rie Zp; — COOPOTHBIEHME INIACTHHH. Kcam mwractugy momoGpars
TaK, YT00bl Zgy = VZBHZH, 10 Zgzx OyHeT paBHEIM Zpg,96€M U obec-
MeYuBAETCHA COTJIACOBAHUE.

Jipyroii caoxuO TexHAIeCKOH IpobaeMoil ABIAETCA S9KPAHIPOBKA
o6pasma oT HapasuTHOTO BEICOKOYACTOTHOTO SJIEKTPOMArHATHOTO IIO-
asg, Bo30y:KTA0MEro mbe3odaeKTpmueckmil BubGparop. Ilpm momaga-
Hpu Ha o0pasern 9To moJie Bo30y:;KIaeT COIMHOBEE NEePeXOoNkl ¥ TAKUM 00-
pasoM 3arpygHser HaOJIOfleHNEe aKycTHIecKuX 5PQeKToB.

Jlna usGesxanmAa OpOCAIUBAHUA HAPA3UTHOTO IO aKYCTHYECKHO
BUOPATOPH IIOMEINAIOT B METAJNINYECKMil KopHyc, a Ha IOBEPXHOCTH
KoHTaKTa ofpasya ¢ BuOPATOpPOM HAHOCHTCS TOHKAs MeTaIHmIecKas
njeHKa. B HEKOTOPHX caydYasXx MeTaqIMSHPYIOTCA TaK:Ke U OOKOBHE
mosepxHoctu. Ilomumo storo, B ousire Ilpokropa m Tamtmmasr [7],
HAaopuMep, BuOparop u o0Opasel ORJIH pa3[eNeHH MOHOKPHCTAJIN-
geckuM crep:kHeM (m3 NaCl) guunoit 7 cm, X0pomo IPOBOAAIAM 3BYK.

Ilaa oposeprw, oTHocsarcss au HabmaogaeMiie a¢derta K obiaacra
AP, uin OHH DOPOYKAEHH IAPABATHEIM PAJHOYACTOTHEIM IOJeM, 00K~
HO MCIOJB3YIOT OJMH K3 CIefyomuX croco6oB, 3aMeHAIT Ibe30KBaPI
KPHCTAJJIOM TeX K€ pPasMepoB, HO He 00JajalomuM Ihe303I1eKTPH-
9eCKHMHA CBOHMCTBAMH, W NOJAIOT HA-HET0 DPajfiHo9acTOTHOe HaIpsKe-
HOe TOH jKe YacTOTHl M MOI[HOCTH. ARycTmiecKue 3PQeKTH IPH ITOM
[pomajyr, a NapasuTHEE OCTAHYTCA,
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Hpyras nmpoBepka coCTOMUT B BO30Y)KHAEHUN aKyCTHYECKOTO BuOpa-
TOpa, HO HA 9YaCTOTe CABMHYTON II0 OTHONIEHWI0O K HePBOHAYAIBHOIA,
COOTBETCTBYIONEl MeXaHMIeCKOMY pe30HAHCY. AKycTmueckme 3¢-
(eKTHl BHOBb NOJIKHEL PE3KO YMEHBIIMTHCS, TaK Kak BuGparTop B
9TOM CcJydYae NPAKTHIECKM He WM3JIydaeT BBYKa.

ITonme3HO Takke COIOCTABAATH (I HTO BO3MOIKHO) MHTEHCHBHO-
_CTM CHTHAJIOB Ha 9acTOTaX, COOTBETCTBYIoMuX mepexomam Am = -1
u Am = 4 2 B cunma-cucteMe. BiausgHwme HmapasuTHOrO IOJA B CIY-
gae mepexofoB Am = --1 cymecTBeHHO BO3pacTaer, TaK KakK MNIs
BJIIEKTPOMATHATHOTO HoNA Am = -~ 2 mepexofsl ABIAIOTCA «3alpe-
MEHHEIMU» M HX WHTEHCMBHOCTh B3HAYMTENBHO MeHbINe, 4eM Y «pas-
pelmeHHBIX» TepexomoB Am = 41 B ~(Aw/w,)? pa3, rme Av—
IIAPHHA JIWHWM, & Oy — PEe30HAHCHAA JacTOTa.

§ 24. Meronnt msmepenuss ammaarys gedopmarmii,
NPOU3BOJUMBIX 3BYKOM B TBEPABIX TEIaX

Hus momydeHMsa KonumdecTBeHHON mMHPoOpPManum O CBOHCTBAX CHHUH-
cucreM pesyabraret IAP mccnemosammit Bo MHOTHX ciaydagx HeoOXo-
AUMO AOUNOJHATH YACTO AKYCTHICCKAMHU U3MEPEHUSME B TeX ke 00-
pasmax. B wactHOCTH, HEO00XOZMMO M3MEPATH IIOTHOCTH YIBTPA3BY-
KOBOH dHEPrud WIM AMILIATYAY YJAbTPa3BYKOBHIX KojgeGamMi B 00-
pasime. ITO CBSBAHO C TeM, 9TO BEPOATHOCTH MEPexofa B CIHH-CHCTE-
Me OOJ BIWSAHUEM aKycTHUecKHmx kouaeGaHmit PA mpomopumoHaibHA
kBagpary gepopmanmm Ey? (eM. (6.4)), u mis onpeneneHnA KOMIOHEHT
TeH30pa Sj; 110 HBMEPeHHHM 8HaueHuAM PA HysxHo 3HaTh Eg? (OcTaNB-
HEHE ZapaMerpel, BXonAmue B PA) um3BecTHH).

BoabmumucTBO METOZOB U3MEepEeHHA BeIHMYMHH AefopManuii, HaB-
MAX XOPOIIEE Pe3yJbTATH B KEAKOCTAX W rasaX, OKasajHCh COBEp-
menHO Henpuropaumu B SIAP, rme Ttpebyercs usmepars E, mna cpas-
HATEJIbHO BHCOKHX aKycTudecKuX gacror (v == 1 Mey) B TBepanX 06-
pasnax MajHX PasMepoB. JTH M3MeDeHUs 3aTPYAHEHH K TOMY JKe He-
00XOAMMOCTHI0 OMEMATh 00Pa3UEl B Y3KHA 3a30p MEKAY MOJNIOCAMHA
MarHATa, a TAK)Ke B KPHOCTAT C KANKHAM TeJdeM HIX a30TOM.

Anepc n @nepn [8] nposenau comocraBieHre HECKOIBKUX dKCIEPH-
MEHTAIBHHX MeTOf0B m3MepeHmsa pedopmammit E,, mpomaBogmmsbIx
YABTPA3BYKOM, W HAULIH, YTO OHU HAIOT CXOJHEIE PE3YJIBTATH C TOU-
gocteio 70 20%. B paGore [8] paccmarpumBaimceh ciepyoimume deTHpe
MeTofa.

a) Pacuer E; mo sKBHBaleHTHOMY 3IEKTPHIECKOMY COIPOTHBIIE-
HO0. B Kypcax akycermru [9] moxkasmBaercs, aro aMmmamryna fedopma-
uma E, B TBeproM ob6pasie, IPUCOSARAEHHAOM K IOJYBOJIHOBOMY KBap-
EBOMY HBIYYATeNI0, OKPYKEHHOMY BO3LYXOM, BHpaKaeTcs dTepes
appexTHBHOE 3HAUEHHE Vg MEPEeMEHHOTO HANPMKeHHA, TPHUKIALB-
BaeMoro K mOpeo0pasoBaTenio ciefyomuM oGpasoM:

Eo = V 8 BVapalvZ,
136



rne P =e;; BJt, &j — IbE30dIEKTPHIECKAA KOHCTAHTA KBapIa,
3aBUCAINAA OT cpesa, B M ¢ — IIomafgs M TONMWHA KBApma, Z u U
— aKyCTHYECKWHl MMIEJaHC W CKOPOCTh 3ByKa B obpasme. ILocKoib-
Ky aRyCTHYECKHI MMIEJAaHC MPONOPIHOHAIEH 2JIEKTPHIECKOMY COIPO-
rusieruio R = (1/, B2)Z [9], To msMepeHHme mociegHEro MO3BONAET
HAXOIHTD

Eo = Vago/ V' 2/3BR (24.1)

IpH KaK[0M 3HAYEHMH HAUpPAKeHWa V.

6) Wsmeperne E, mpu momomu onrmueckoit pupparmum. I{pyroi
Mero usMmepenus E,, mpuMeHeHHHH B pabore [8], mcmonssyer sBie-
‘HHe AuPpPaKIuM cBeTa HA 3BYKOBHX BOJHAX, KOTOPHE HTPAIOT POIE
mupparuuonHoit pewmerku. HanpaBneEme pupparupoBaHHEX aydeil
II0 OTHOIIEHHIO K IANAKIIEMY CBETY OIDPEREIAeTCA YINIOM AuPpaKium
Ok:

sin 0y = kA/A,

rae k — mesoe umcao, A m A — [OamHA BOJHEI CBETA W 3BYKA.
Wurencusroctd [, qndpaKiMOHHOTO NYIKA CBeTA MOpPAOKA K, coriac-
HOo Teopum Pamama m Hawra [10], paBma

I, = const J%(z),

rae Jy(x) — ¢yarmua Beccens k-ro mopsapgka, =2 nAnL | A, roe
LAn — Boi3BaHHOE 3BYKOM W3MEHEHHE ONTHYECKON TOJNMIWHE CPEeIbl
¢ MOKa3aTejJeM NPeJOMJIEeHUS N, B TBepAHX TelaxXx Z OOKTHO Malo,
H09TOMY NpPHOJHIKEHHO HMeeM

nL 3a. 2
Iy~ 2 = (2o ) gy (24.2)

Ilocieqnee paBeHCTBO IOAYY€HO IPH HOMOIMA COOTHOmMeHHmS Ak =

=(nde;i | 2)E,, rae &j; — nbesosnexrpmaeckas koucranTa [10]. Takmm
o6pasoM, msMepsAsa OTHOINEHHWEe WHTEHCWBHOCTEH AAPPAKIMOHHHX IyI-
KOB Pa3HHX IOPAMKOB, MOKHO OIPENENHUTh CPENHIO AMIIATYAY he-
¢opmanma. B tBepAEX Teadx B 00acTH 9acTOT YIBTPA3BYKA, HCIOIb-
syemux B fSIAP, ynmaerca permcrpmpoBaTh HECKONBKO AHPPAKIMOH-
HHX OYYKOB HHUB3IIETO HOPATKA.

B) Kanopmmerpmueckmit mMeron mamepermsa E,. Merox cocromr B
HM3MEPeHHH CKOPOCTH BO3PAaCcTaHMA TeMImepaTyps - obpasma, obaydae-
Moro yiabrpasBykoM. Ilommmo sroro, TpeGyercs H3MepHTH IOTEPH
9HEPTHA B OKPY’KAIOMYI0 CpPemy, 9T0 CeJaTh BechMa 3aTPYAHUTETb-
Ho. Ilo sT0# mpUumHEe Merox He Hamesa npmMeneHms B AP um spmech 00-
cy:parbca He Oymer.

r) Namepennsa E,no ganssiM JAP. Hcnonpsyercs ABIeHne HACH-
menna Jguamit IMP mop BimaEmeM yabTpasByKa PesOHAHCHOH dacTo-
Te (cM. ria. II). Dakrugecku 3TOT METON MO3BOJNSAET U3MEPHTH IPOU3-
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Befierme S;; E,, B KOTOPOM, OJHAKO, TEH30P CUHH-QOHOHHOU CBA3H
HEU3BECTEH, a OIpeJe]uTh ero ropasao TpyAunee. B ciaexyiomeM mapa-
rpade Oymer mokasaHO, uro HachimeHme 3ByKoM aumEmi IMP BMecTe
¢ He3aBUCHMHMH HM3MepeHHAMHA E, ymoO0HO mCHOAB30BaTh A HAXOHK-
neEda TeH3opa Si;. llorygenmoe Anepcom u Duepm xopomee coria-
cHe pe3yJbTaTOB dTOT0 METO[a M3MEDEeHHA C pesyabTaTaMH LPYTHX
METOJ[OB IOATBEP:KAAaeT HPABOMEPHOCTh MCIOAb30BAHHA ABJIEHUA
AKyCTHYeCKOI'0 HACHIIEHHA JJAA ONpeJeleHAS TeH3opa S jx.

Heroropsie aBropst [11] camralor, uro Meron pacuera medopmamuit
E, 10 faBHKM m3MepEeHUsA 3KBUBAIEHTHOTO JIEKTPUIECKOTO CONPOTHB-
JieHUS COHPSKeH ¢ 0oabmuMu OmMUOKAMH M 9TO IS LOJYICHHA Ha-
Jie’KHEX NTAHHHX HE00X0JUMO IIPOBOAMUTH HEIOCPEICTBEHHEE H3Mepe-
HUS IapaMeTPOB aKYCTHIECKOro MojiA B obpasme.

OparaEaNbHHA TOAX0N K 3Toi mpobmeMe mpmMeHmiam Teitmop u
BromGeprer [12], KoTopHe ompemeiasiu aMIIUTyTy KojaeGaHHA CBO-
GoxHOro Topma o6pasma MOCPEACTBOM H3MEPEHHs MEePEeMEHHOTO TOKa
YAbTPA3BYKOBO! YacTOTH (), IPOTEKAWINero mnpm KoxedaHmsax o0-
pasua dYepe3 KOHJEHCATOP, 00pPA30BAHHHIA 9THM TOPHOM (IOKDHITHIM
TOHKOM METAJIMIEeCKON IIeHKOHW) M HENOJABIYKHHKM INIOCKEM MeTal-
nuvecKMM dieKTrpomoM. Toper o0pasiia M DIEKTPOX, OTHLIA(OBAH-
HBI€ ¢ BEICOKOM TOYHOCTHIO, ORUIM PACHOJOKEHH IaPAJIEIbHO JPYT
npyry Ha paccroganm d, (0,02 cu). Ha Hux Grina mogaHa HOCTOSHHAA

pasHocth nortennuaioB V, (185 6), mpm sToM Ha OOK;IafKe BO3HHKAJ
3apAxg

q = Voc = V()S/[.I:ﬂd,

rie C, S — eMKOCTh KOHAEHCATOPa M IJIOUIafb ero miactud. IIpm me-
PHOMYIECKOM M3MEHEHHU DPACCTOSHHA MeKAY OOKIafKaME KOHJEHCA-
Topa d = dy, + A, cos ot (4, < d,) o0 HeMy IpOTeKaeT TOK

(Cy = S ] 4n2d, = 3,6 nkf), uaMepeHme KOTOPOro IO3BOJAET OIpe-
meauts Eg.

Eme opmm MeToj maMepeHEHA aMImmTynn KosneGammit E, cBoGop-
HOTO TOpHa TBepAHnXx o6pasmoB paspaGoramm Mumxaitno m lyrmiaos
[13]. Ha cBoGogayio Tpanb o6pasna OHE HAHECIH HOJOCKY MeTalid-
geckoro ciaoA Anmuoi /. IIpu xome6aEMAX B IOCTOAHHOM MAarHATHOM
mojie Ha ee KOHMAX BO3HHUKAET 5.[.C. MHAYKOUHM &, IPONOPIUOHAIE-
HaA cKopoctH pABmwkeHHA TOopma U = 04, cos oif:

& = &, cos ot = mA,Blcoswt, (24.4)
roe 4, — aMIIATyAa cmemennn, @ — Jacrora yabTpasByka, B —
UHIYKOAA MAarHATHOrO moias. VIsmepenme &, m03BOJIAET ONpeENeNATH

aMIIATYRY cMemeHHs A, m 9epes Hee Apyrme IapaMeTPH 3BYKOBOTO
monA. XOTA 3TOT METOJ H3MepeHHsA aMIUIMTYAH KojxeGaHWi cpaBHH-
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TeNbHO IPOCT, K COMAJIECHHIO, OH HEOPHUMEHHM A HcciaefoBaEmi AP
H3 YPOBHAX KBaJpyHOOJBHOTO PE30HAHCA B OTCYTCTBHE IIOCTOAHHOTO
MarEATHOTO HOJA.

ITpm BuBome BHIpaskeHua (24.4) mpeamonaraiock, 9To BCe dIIeMEH-
TH IPOBOJASMIET0 METANIHIECKOTO CIOS [ABUTAIOTCS OfEHAK0BO. Oue-
BHJIHO, DTO HMeeT MecTo, eciu [<< L, rne L — mumpmHA 3BYKOBOTO
moroka. Ilpm I > L BOSHAKAT OTKIOHEHHA OT JMHEHHON IPOIOPIEO-
HAJIBHOCTH MEXAY &, m [. PacueTs cooTBeTcTBYyIOMmEil 3TOMY CiIydain
¢yaxnum &y(l) xopomo moxrBepAmiInch ma3Mepenmsamu [13]. Ora yka-
3HBaeT HA BO3MOKHOCTH OIIBITHOIO MCCIENOBAHHA pacIpe/eeHus

aMmIaTys fedopManumii IO CeUYeHHIO TBEPHOro 00pasija IpeJIoKeH-
auM B pabore [13] meromom.

§ 25. AkycTHYECKoe HACBIIIEHHe MArHUTHOTO pe3oHaHca

B mepBmix skcnepmMertanbHEX paborax IIpokropa ¢ corpygHHKAMHA
[7, 14] pnsa moxasarenbeTBa CyIECTBOBAHMA HEMOCPEACTBEHHOTO B3aH-
MOJeiicTBMA 3BYKa CO CHUH-CHCTEMOHM ORI HMCIIOIb30BAH KOCBEHHHIH
MeTOfl, COCTOAmui B HAOIIONeHMH U3MEHEHHH (HACHIIEHUA) JIHHAK
MarHNTHOT'O PE30HAHCA, KOTOPhE BOSHHKAIOT HPH BO30YKaeHHH B 00-
pasie aKyCTHYeCKMX KoJeGaHmid HA PE3OHAHCHON s COMH-CHCTEME!
gacroTe. MeToj HAaCHINEHHA HAOIEN BOOCIEACTBHE IODHPOKOE IIpAMe-
HeHHe KaK B SIGPHOM, TAK W B 3JEeKTPOHHOM aKyCTHIECKOM DPE30HAH-
ce, IpEYeM HCHOJB3YIOTCA [BE €ro Pa3HOBHJHOCTH — CTANHOHAD-
HOe W HMIOYJbCHOE AKYCTUIECKOE HACHIIIECHHE,

A, IMuyabrcHOEe aKYyCTHUTIECKOEe HAaCHIeHNE

CymHOCTH, MeTOfa MMIIYJIBCHOTO AaKYCTHYECKOTO HACHIIEHNA 3a-
KJII09aeTCA B CPABHEHWU CHTHAJIOB ANEPHON WHIYKIUU, KOTOPHE BO3-
GyKAlOTCA ABYMS ONMHAKOBEIME 3J€KTPOMarHMTHEIMA MMILYIbCaMH,
NPUI0KEeHHHME 10 U II0CJIe aKyCTHIecKoro ummyisca [7, 14].

JIHTeNBHOCTH BIEKTPOMATHUTHOTO MMOYJIBCA f; [IENAeTCA BHATH-
TeIBHO KOPOYe, TeM BpeMeHa CIVH-CIWHOBOH U cnnn-peme’roqnon pe-
JIaKCcaNuii, TaK, 9TOOB YIOBAETBOPANUCH YCIOBHA MMOYJIBCHOTO BO3-
6ymeHna nepexofHsx nmpoueccos (cM. § 12). Hamporus, gauTeasHOCTh
AKYCTHYIECKOTO MMIYJIBCA Ty Oepercs GoJbIne BPeMeHN CIIH-PemeTod-
Ho#t penakcanuu I';, 9TOGH B COHH-CHCTEME YCTAHOBHIOCH CTAOHAD-
HOe aKycrmyeckoe Haceimenue (cM. ra. II).

Ha puc. 12 uso6GpaeHa XapaKTepHad [IA KCIEPIMEHTOB C HM-
OYyJIbCHHM AKYCTHYECKNM HACHIIEHUEM IOCIef0BaTeJIbHOCTh IIpH-
JoeHnA uMOyiabcoB. IlepBHIfl DIeKTPOMATHWTHEIA HMOYJAbC [elicT-
ByeT Ha CIWH-CHCTEMY, HAXONAIIYIOCA B PAaBHOBECHH C DEIIETKOH.
B atux ycaosusax oH Bo30ysmaeT curHaNI cBoOONHOIM mpemeccun Axep,
aMmuIATyga  Koroporo &, NpOHOPNUOHANBbHA MpemeccHpyomei
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Puc. 12, Xapakrepnas IOCIEOBATEALHOCTh MMITYIBCOB JJA ONbITOB C UMIYABCHBIM aKy=
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Pmc. 13. 3aBucnMOCTs OT BPEMEHM z-KOMIIOHEHTH HAMAarHWYEHHOCTH M, aAnepHO# COMH-
cHcTeMbl, noaBepikeHHOHM JeilicTBMIO RBYX 90-rpagyCHbIX PE30OHAHCHEIX 9JIEKTPOMATHUTHBIX
MMIOYJbCOB C IEeJbl0 M3MEpPEHWsA BPEMERM CIIMH-pemeTOuYHOH pelakcamuu

1—M 2z (t); 2 — cursaJul cBOGOMHOM NpeLieCCHMU; 3 — IPOIECC BOCCTAHOBJICHUA M 7 B0 paB-
HOBECHOTO 3HA9YeHMs M, B OTCYTCTBME BTOPOrO MMIIYJIbCA; 4 — 3IIEKTPOMATHUTHEIE MMITYJIBCHE

HaMarHN49eHHOCTH
os3g?

ML (t) = iM, sin oe™” 2 (25.1)

0G0BHAYEHN COBIANAT ¢ 0003HaYeHUAMHU Borpakenns (14.7), Py =
= 0). Ko BpeMerEn ¢ — 1, curHag cBOGOAHON Ipemeccuy 3aTyXaer,
a M, (f) npubausaTcA K CBOEMY PABHOBeCHOMY 3HadeHWIO M.

B MoMeHT BpeMeHH { = T, BKIIOUYAETCA AKYCTHYECKAS MOIMHOCTD.
Ho BpeMenu ee BHKI0YeHHA HNPH [ = T B 00pasme yCTAHABIMBAETCA
‘cralMoHApHOe HackHmeHue (Tt — Ty > I;), B peayabrare KOTOPOTO:
HAaMaTHAYeHHOCTh 00pasmna oxaskercsi pasHoil (9.14)

M,

M,=———.
2 14-TPA

(25.2)
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Ecnu wntepBanm At Messqy MOMEHTOM BHKJIIOUEHHSA AKYCTUYECKOR
MOIHOCTY U HAYAJIOM BTOPOTO BIEKTPOMATHUTHOI'O MMIYJIHCA SHAYH-
TeibHO MeHbIe T, TO BeIpasKeHue (25.2) ABIAETCA HAYAIHLHHIM YCJIO-
BHEM A 3TOr0 MMIYJbca. AMILUIATYfA curHajma cBobGojHO# mpemec-
cud & OpW TAaKOM HAYAJILHOM yCIoBAM GyaeT MPONOPIEOHAJIbHA Be-
nM9uHe

io(t-1) G

M (t) = iM[1 -+ Ty PA sinaye 2 (25.3)

TaxuM 06GpasoM, maMepenue oTHomeRHA & K &), T.e. ML (t =)/

1

e (0), maer BOBMOKHOCTH ONPENENUTH BEPOATHOCTh WHAYNMPOBAH-
HEIX 3BYKOM mepexomoB PA, ecium u3BeCTHO BpPeMA CHUH-PEIIeTOYIHON
penakcamuu T;:

&J& —1 + T,PA, (25.4)

Omnpenenenne Bpemeru 7, o6praHO mpowssopurca aBymsa 90-rpa-
IYCHEIMH 9JIeKTPOMAarHUTHHMHK uMmyiabcamu. Ha puc. 13 usobpasxena
BeJININHA Z — KOMIOHEHTH HAMATHHYCHHOCTH. SIMEPHO# CHHH-CHCTE-
Mbl, HOABEPIKEHHOH melicTBHI0 [BYX 90-rpagyCHEIX WMIYIbCOB.
B xomue nepsoro mMumyasca cormacuo (14.7) M, =0 (ay = 90°).

ITocne oxOHUAHMA AEWCTBUSA MEPBOT0 HMIYJIHCA PEIAKCATMOHHEIE
mpomeccil HauyHYT Bo3Bpamarh M, K paBEOBeCHOMY 3Hauenmioo M.
[Ipn BagamxsHOM yciaosuu M, (4,) = 0 3TO BocCTaHOBIEHHE NPOUCXO-
-mut mo 3axony (cM. (9.17))

M, (t) = My [1 — et=t0/T], (25.5)

Jlns1 BTOPOTO MMOYJIbCa, BRIOYEHHOTO UpA [ — T, HAYaJAbHOE YCIOBHE
JmaercA BEpajkeHueM (25.5) ¢ ¢ = T, a CHTHAJX CBOOOLHON Ipemeccuu
OKaJKeTCSA MPOMOPIMOHANBHEIM BeINYINHE

(=t jo(t—t)— SH(t=)

M, () =iMy[1 —e Ti ]sinaye 2 . (25.6)

CiemoBaTeapHO, U3MEPsAA OTHOIICHWE aMIUIUTYJ CUTHAJIOB CBOGOLHOMN
Ipemeccuu 1mocse BToporo (25.6) u mepBoro (25.1) UMOyabCOB, MOKHO
OIIpefeuTh BpeMs PeaKCalud U3 COOTHOIIEHH

& (v) )8y = 1 — (=T, (25.7)

141



Puc. 14. YmenmbmeHwe HaMaram-
gemnoCcTH Axep Na2® u Cl1*® B mMoHO-
xpucramre NaCl, mDoMemeEHOM B
€UIbHOE MOCTOAHHOe MarHNTHOE HOo-
e, B 3aBHCHMOCTHM OT HANDPSKEHMA
V, OpUIOKEHHOr0 K KBapIeBOMY Ipe-
oGpasoBaTeno, BO3GyxKaalmeMy B
MOHOKpDHCTaLIe KoNe0aHuA HAa YHABO-
eunoii yacrore Jiapmopa [17]

30 50
V6

6)CraguoHapHOE AaKYyCTHUYUECKOE HACHImMeHHuE
111, 2, 15, 16]

Meroauka CTaIMOHAPHOTO AaKyCTUYECKOTO HACHOIEHNS COCTOUT B
CPaBHEHNU BeJHWYMHH MaTHATHOTO PE30HAHCHOTO HOIJIOMEHUS B OT-
CYTCTBHE M IIPH HAJIWYUM PEBOHAHCHEHIX JISI CIIMH-CHCTEMEI CTaIlMOHAD-
HEIX aKYCTUIEeCKHX KoseGaHuii.

AxycTudeckre KoueGaHMA BHBHBAKT yMEHbIIeHWEe (HACHIIEHUE)
pa3HOCTell 3aceleBHOCTell CIMHOBHIX YDPOBHEM, MM, 9TO TO JKe caMmoe,
YMeHBbIIeHNE KOMIOHEHTHl SAE€PHOM HAMAaTHWUYEHHOCTH MO BEJIMIWHE

M, = My 1 + T,PA + T,PM]

(M, — paBHOBeCHOe 3BHAaYeHHUE HAMATHUYEHHOCTH, I, — BpeMsA CHHH-
pemeTogHO# pesnakcamuu, PA u PM _ BepoATHOCTM CHMHOBHX Iepe-
XOJ0B MHAYIWPYEMEX 3BYKOM U 3JEKTPOMATHUTHHIM IIOJIEM).

B § 9 ormewanmoch, 9T0 MOIMHOCTH, MOTJIOIAEMas CIUH-CHCTEMOR
OT IEePEeMEeHHOr0 BHENIHEro mois, mpomopnuoHadbHa M, Iloatomy
CONOCTABJIEHNEe WHTEHCHMBHOCPEH MAarHUTHOTO PE30HAHCHOTO IOTJIO-
meHuA 6e3 aKyCTH9ecKOro HachimeHus [, M B HpucyTcTBUH 3BYyKa (/)

I Mg
T= (F:) =14 T,P4+ T, PY (25.8)

[03BOJIAET ONpenenuTh PA, ecau NpeaBapuTeNbHO GHUIM H3MEpPEeHH
BpeMeHa CHOUH-PENIeTOuHo#t penakcamuu 7; ¥ (HarTop HACHIMEHHA
saexTpoMaruuTHOro mosis Iy PM, ompepenseMsiit ypoBHEM MOMHOCTH,
KOTOPHIA NPY TOCHEAYIOMEM BKIIOICHUN YIbTPA3ByKa OCTAETCA HEus-
MeHHBIM. B coueranuu ¢ He3aBUCHMEIME M3MEePEHMAMHA IJIOTHOCTH aKY-
CTHYECKOI DHEPTUHU WM aMINIUTYAH aKycTHdecKoil medopMamuu B 00-
pasie 9TO0 MMO3BOJAET ONPEJeNuTh TEeH30D CHMH-QOHOHHON CBA3W.
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Pnrnc. 15. dopMa JIMHMM daKyCTH-
YEeCKOro pe3oHAHCA HA YABOCHHON
yacrore Jlapmopa sjgep Na?® B Mo- 25

HoxkpucTaxre NaCl mpum IOCTOAHHOM ' /é
akycruueckofi momuocru [14].

2%

ol L1 I
8150 795 d500

W, K2y

B ommTax mo aKyCTHYECKOMY HACHIMEANIO, KAaK IIPAaBHIO, HE OTpa-
HAUMBaloTcA usMeperneM M,/ M mia kakoi-1u60 OXHOM OIpPeNeIeHHoM
BeJHdMHLE TeHaopa jpedopManuii E,. OO0HYHO M3YydYaoT 3aBHCHUMOCTH
orHOmeHuA My/M 0T aMOIUTYAH BHCOKOYACTOTHOTO HAIPSMKEHU,
OPHIOKEHHOTO K aKyCTHYeCKOMY BHOpDaropy, T. €. IO CYTH fexa, OT
ILIOTHOCTH aKycTH4ecKoit sHepruu B o6pasme. Ilpyroi Buj namepenuit
COCTOMT B perucrpanuu oTHomenus M,/ M kax ¢yHKOUA JaCTOTH aKycC-
THYECKOT0 HACHINEHUS NPH HEN3MEeHHHX IpPOYMX IapaMeTrpax, 4ro
naer gopmy amHEE AP nmorsomenud. TUnWYHEIE NpPHUMepH B3aBHCHU-
Moctt Mo/M 0T IIOTHOCTH aKYCTHYECKOW DHEPIHH M aKyCTHYeCKOi
9acTOTH u3obpakeHs Ha puc. 14 u 15.

Meroauka CTamUOHAPHOI'O0 AKYCTHYECKOT'0 HACHIMIEHUS IO CPaBHe-
HAK ¢ UMOYJAbCHHIM HACHIIEHNEM MMeeT CYMeCTBeHHHI HEeJ0CTaTOK,
coCTOAmMUIM B TOM, 9TO IIOJ BIMAHMEM AKYCTHYECKOTO HACHIMEHWS Me-
HAETCA HE TOJIbKO WHTEHCHBHOCTH, HO M (opMa JIMHUM MATHATHOTO
pe3oHaHca. Y9ecTh 3T0 00CTOATEIBCTBO HOBOJBHO TpyxaHO. H TOMY sxe
HHTEpPIpeTanysa JKCIHepUMeHTa TpeOyeT W3MepeHHsS BPEMEHH peJak-
camam T, KoTopoe IIpome BCEro ONPEeNeNnsieTcss WMIOYIbCHHIM MeTO-
nom. IlosToMy crammoHapHOe AKYyCTHMYECKO€ HACHIIeHHEe Hamboiee
neaecoo0pasHo MCIOJNBL30BATH B TeX CIydYasX, KOIMA CBOMCTBA CIIMH-
cHCTEMHl 3aTPYNHAT IpPHMeHEHHe WMNYJILCHOW perucrpanuum axyc-
TAYECKOTO HACHIIEHUS: B CiIyJae TOMPOKUX HIN DPACHEIVIEHHBIX JIH-
HUi, IMHHEIX BPEMEH pejaKcamud # T. .

§ 26. IIpsamoit merox HaGmogesuss AAP mormomienus

Boned n Menec [4, 18] paspaGoranu nmpsamoii MeTos HAGIIONEHNA TOT-
JIOIEHNs] YHEPTUA AKYCTHIECKHNX KONEOGAHWH ANEPHHIMHA CHUH-CHCTe-
MaMmu, No3BoasIOmMuil o0Hapy:KuTh 3aryxaHume mopagka 108—107°
cx! Ha gacrorax mo 10° ey. Ha dore 3HaunTEIHHO GOMBIIErO PEmeTod-
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Puc. 16. CxemMa BRIIOYEHHA COCTABHOI'O aKycTHyecKoro BuGparopa (b): B nenb resepaTopa
Ilaynpa — Barkumca (@) uepe3 coraacyiouiee yYCTpoiicTBo (6)

HOT'0 IOTJIOMEHUs CIHHOBOE IOTJIOMEHNE OKA3aJ0Ch BO3MOKHBIM BhI-
IeJIUTh IIOTOMY, YTO OHO HOCHT PE30HAHCHHI XapaKTep: HHTEHCUB-
HOCTb HOTJIOMeHAsT MMeeT APKO BHPAasKeHHEI MaKCHMYM, KOIZIA HpH
MeIJIEHHOM W3MEHEeHHH IOCTOSHHOTO MATHHUTHOTO IIOJA WHTEPBAJEl
MeKQy CIUHOBHIME YPOBHAMHI NIPOXQAAT Yepe3 B3HAYEHUS, COOTBET-
CTBYIOIIME YaCTOTE aKycTHUecKmXx rouxeGammit. MoHOBOE MOTIOmMEHHE
NMPaKTHIECKY He BABHCHT OT MATHUTHOTO IIOJIA. ’

Yeranoska Bonedpa u Mereca [4] mpemcraBiser coGoit KomMbuHa-
IO Pa3paboTaHHOTO MMH (COCTABHOTO aKyCTHIECKOro BHGpaTopa» m
cnexkrpomerpa tuma Ilaysma — Batkumnca.

B cumexrpomerpe Ilaymma — Barxkumaca o6paserm moMmemaerca B
KaTYIOKy, KOTOpasg COBMECTHO C WTapajelbHO  COENHHEHHEIM
¢ Heifl KOHJEHCATOPOM COCTaBJIAET CETOYHHIH KOHTYDP pagdodacToT-
HOr'u TeHepaTopa. B sToM KOHTYpe BO30OY:RIAIOTCA COOGCTBEHHBIE KO-
snefaEnMA. AMIIATYa IPOTEKAIOMEro Yepes KOHTYP Pajglo4acTOTHOTO
TOKA B3aBUCHUT OT BEIWUYWHBI AKTUBHOTO CONPOTHBIIEHHUS, WU HOOPOT-
HOCTH KOHTYpA. )

Hus maGuioneHnss MAaTHATHOTO pe30HAHCA KaTymKa ¢ o6pasmoM
TOMemaeTcs B CHIIBHOE MOCTOSAHHOe MaTHUTHO® moxe Hy oxono (104 2¢),
KOTOpO€ IpU IOMOIMA CHEeNUAJBHBIX KATYIIeK MONYJIMPYETCA MOJIeM
3BYKOBOM 4acToTH (okos0 50 2y) ¢ aMIINTY0il B HECKOIBKO raycc.
Ilpu mpoXosKIeHurn MAaTHUTHOTO IOJIST Yepe3 Pe30HAHC COMHOBOE IIOTr-
JOMeHne Pe3Ko Bo3pacTaer, a MoGpoTHOCTH KouTypa mamaer. Coor-
BETCTBEHHO YMEHBINAETCS M AMILUIMTYNA HANPAMKEHWA PAgU0TIacTOTH
Ha KOHType. JTO MPOMOAYJIUPOBAHHOE CIHMHOBHM NOTJIOMEHNEM Hall-
psAsKeHNe B [AJbHeHINeM YCHJIMBAETCS M [ETeKTAPYeTCH.

Poas karymks ¢ 06pasmoM B akycTHIecKoM ciexTpoMerpe Bomeda
u MeHeca UrpaeT COCTABHON arycrmiecKuit BubGpaTop — obpasern ¢
MI0CKOMAPANIeIbHEMA TFPAHAME U NPUCOEHVMHEHHHH K HEMY Obe30-
9JIeKTpHYecKuil mpeoGpa3oBaTenh, HACTPOSHHHA HA YacTOTY MEXaHH-
YecKoro pesoHaHca o0pasima.

CocraBHO#l aKycTHYeCKHil BuHOpaTop uepes coriaacywomyio RLT
IeN0YKY MHEAYKTABHO BKIYAETCS B el ceTku reaeparopa Ilayama —-
Barkmaca (pumc. 16). [leranm mepexofia OT MeXaHWYeCKHX BEJIAYWH,
XapaKTepU3YIOMAX AaKyCTHIeCKHA BUOpAaTop (IpHBEIeHHHIX BHAYCHHH
Maccsl, KoddmmmeHTa YHOPYrOCTE M BOJHOBOTO CONPOTHBIICHUS), K
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9JIEeKTPHYECKNM, Ipe/CTABIeHHLIM Ha 9KBABAJEHTHOH cxeme puc. 16,6,
mamel B pabore [9]. Ilpw Mopgynamum MargUTHOrO IOJIA OKOIO 3Ha-
9eHNA, COOTBETCTBYIOMEr0 HAAEPHOMY aKyCTHYECKOMY pEe30HAHCY
Ha paboueil yacToTe @ FeHEPAaTOPa ¢ aKYCTHYECKOH HArpysxoi, Koad-
(HENEeHT AfepPHOTO CHEHOBOTO IOIJIOMEHMA G, & ¢ HAM M HArpysKa
TeHepaTopa HMBMEHAIOTCA IPOUNOPLUOHAIBHO (I)opme JUHAK TOTJIOIE-
HMA. OTO BHI3HBAeT N3MEeHeHMe HNEepBOHAYaJbHOH G, reHepaTopa Ha
penmunry [17]

AG, =

k2 ( R )2delc (26.1)

@LL \R, +R) 5 °

rae k — xoaddunment cBAsm Mexay Karymramu Lp u L, R = Rg»
a Rs, cornacro pabore [6], ompemensercsa rak

R, = dvBol/4p® (26.2)

npz o l<€ 1 B pesoHaHce (d — mIOTHOCTH 06pasma, ¥ — CKOPOCTh
sByka B HeM, B — miomajgs momepeuHoro ceuemns, $ = eB/t, rme
€ — Ibe30dJIEKTPHYECKAasA KOHCTAHTA KBApHa, ! — €ro TOJIINHA).

Orcioga BUAHO, 9TO H3MepeHNe N3MEHeHn s HpoBoAuMocTE AGy, mo3-
BOJIAET MOJYYATh aCOMIOTHHE 3HAUEHWA O, TAK KAK BCE OCTAJLHBIE
napaMerpH, BXofAmuAe B Bupaskernue (26.2), Moryr OHTH ompeaeaeHH.
Ilpu aTOM oTHamaeT HEOGXOAUMOCTH B AGCONIOTHRX M3MEDPEHMAX aMII-
QUTYOR aRycTHuecKod medopmanuu B obpasme, 9To ABasercsa 6oib-
UM ODPEeMMYIIECTBOM HaHHOTO MeTofa. J[pyroe [0CTOMHCTBO MeToRa —
3TO BOBMOKHOCTD permcrpuposarb opmy aurmit SIAP, yriosre sasu-
coMmocta nHTeHCEBHOCTE fIAP mormomenmsa ¥ IMUpHHH JUHAH, 3 TaK-
’Ke HX 3aBHCHMOCTH OT APYTEX (PakToOpoB: AedeKTOB, KBaAPYIOJIBHEIX
pacmemsennii u T. . B oTamYre 0T KOCBEHHHIX METONOB, B KOTOPHIX
Pe3yIbTaT aKYCTHYECKOTO BO3JEHCTBUA HA CIOMH-CUCTEMY HabaomaeT-
Cf 10 €T'0 BIVMAHNIO HA MATHUTHEIA PE30HAHC HA 3THX 7K€ YPOBHAX, IpsA-
Moit Meron mHabuiomernsa fIAP morzomeHMsA IO3BOJAET B NPUHIUIE
MCCIIe0BATh METANJIH W HESKOOMHBIE HOJXYOPOBOAHWUKH, THE CIWH-
addexr npenarcreyer upuMeHennio Texankn AMP.
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FTNABA WECTAR

OB30P OKCIIEPUMEHTAJIbHBIX PE3YJIFPTATOB

§ 27. JkcnepuMeHTalbHOE HCCIEOBAHHE
aKycTuueckoro Haceumenus jmuamit AMP

Bnepsune fAAP macmmerue HabGaiofmanock IlporropoM m Tamruimoit
[1] ma ypoBEAX kBampymoasHOro pesonanca anep Cl*° B Momorpumcran-
ne NaCl( 3. MoHOKpHCTaII OPEACTaBIAANL COOON NMIMHAD MUAMETPOM
1,26 cx u pamEO# 1 cx. Ina ycrpaHeHNA NPOHHKHOBEHESA B o0paser|
SJIEKTPOMATHATHOM BEHICOKOYACTOTHOM MONIHOCTA OT KBApPIEBOTO BHUG-
paTopa oGpasen GHJI IPUCOEANHEH K KBAPMY IOCPEACTBOM [BYX MOHO-
kpucrajuioB NaCl Toro ke muamerpa m obmeit gnmeoit 7 cau. Ilosepx-
HOCTH CONPMKOCHOBEHUS NBYX MoHOKpucraianoB NaClu npmaeraomasn
K HOM II0BE€PXHOCTH 06pasIa COCTABJIAIU HEKOTOPHH Yros ¢ maaydao-
meil HOBEPXHOCTHIO aKycTRIecKoro BuGparopa. Kpome Toro, mporaso-
TIOJIO}KHAS MOBEPXHOCTH 00pasma OBuTa HETMAAKo#, TaK YTO KOHTAKT
¢ KpemjieHnmeM OCYmEeCTBJANCA B HECKONBKHX TOYKaX. B pesyuabrare
3TOTO aKyCTMYECKHE BOJHBI OTPAKAJNCH B CIYIaWHEIX HAaNpPaBJIEHHAX
u B ofpasme yCTaHABAMBAJOCH WBOTPONHOE DPACIPENEIEHUE CTOAUNX
BOJIH.

Boabymxaenne kose6aTedbHEX MOJ TAKOTO THIIA IIO3BOJIMJIO yBEJU-
9UTH MIOTHOCTh AKyCTHUECKOoi sHepruu B ofpasme. OnEako Koamuect-
BeHHAA WHTEPIpPETanysa 5SKCIEPAMEHTA B DTOM CJydae OKAa3HBAETCA
BaTPYNHEHHO# BClefCTBHEe HeW80EKHOCTH GONBIIMX NOrPEMmHOCTER
IpH ompefieIeHNM aMIIATYasl pedopManuil.

Appa CI?® (I = 3/,) B Mmoroxpucranae NaClO; mraxonsatca B saext-
PUUECKOM II0JIe aKCHANbHOM CHMMeTpu¥ W 00iafaloT JBYMS ABYKpar-
HOBHPOKJICHHEIMA YPOBHAMU 5Heprmu (cM. puc. 4). OmmT craBmica
IpU TeMmepaType KUIKOro asora. METepBas MeKIY STHMHE yPOBHAMH
pasen 30,57 Mey, a BpeMs cnuE-pemeTovHol penakcanun I, =0,94-1
=+ 0,1 cex. VccneoBaBusa NPOBOJUINCH METOZOM MMIYJIBCHOIO aKyC-
THYECKOT0 HACHIIEHNS, ONMCAHHKM B § 25. JTO mOBBOJWIO aBTOpaAM
COIJIACHO COOTHOIEEHIO (24.5) onpemeiuTh MHAYOAPOBAHHYIO 8BYKOM
BEPOATHOCTH aKycTHYecKuX nepexonos PA. Kpome Toro, 6 ycranos-
JeH (aKT mpOmOPIMOHAJBHOCTH Mexny PA W IIOTHOCTHIO BrOgEMOi
B 00pasen akyCTHYeCKON 9HEPIWH, OKANABIINICA IO TEOPHH.
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9ra pabora, ABMBMAACA MEPBEIM OMEITHAM HOATBeDKICHAEM AKY-
CTAYIECKOr0 pPe30HAHCA, OCTAIACh [0 CHX HOp €MHOTBSHHOINA B TOM
CMEICTIE, 9TO BCe HOC/IeAYIO 18 DKCIEPAMEHTH BHIIOAHAOTCA HA CIA-
HOBHIX YpOBHAX 9HEPrAd sAJEP, CO3TAHHKX IOCTOAHHHM BHENHAM
MaCHATHLIM HOJEM.

Bcrope mocae aroro sxcoepamenta [Ipoxropom m PoSmacorom [2]
Gsr710 mpoBegeno ucenegosanae AP racumerns sigep Na?® B MomoRpmc-
ramae NaCl umnyiascaniv Merogom. Mccaegosannch asa ofpasma, ogad
13 KOTOPHIX IuaamHgp guaMerpoM 1,5 cw m mammeo# 3 cm, mpyroi —
ourA4eckn oTmoampoBaHHHA Ky0 1X1,5X1,5 cmd.

OnHITH MPOBOAMIACH MPA KOMHATHOH TeMIepaType B MOCTOSHHOM
marautHOM mone H, = 4220 ec, B KoropoM agpa Na® (I = 3/,) ume-
0T 9eTHIPe SKBHAMCTAHTHHX YPOBHA (CM. puc. 3), pasjgeneHHHX Hac-
TOTHHM wuHATEepBajdoM 4,75 Mey, a BpeMA CIAH-PENISTOYHON pexax-
cagar T, = 17,5 4= 0,5 cex.

HKak u B mpegmecrayromeit paGore [1], IIpokrop m PoGurcon BO3-
Oymmanm B ofpasmax OfHOPOJHOE PACHPONETIeHMe CTOAIAX AKyCTH-
49eCKAX BOJH, IPAYEM 9acTOTA WX COOTBETCTBOBAIA YNBOGHHOH dJac-
tore Jlapmopa 19,5 !Meyl. Takum oGpasov Bo30YREaIACH CHAHOBHS
mepexogn ¢ Am = 2

IKCIepAMEHTAILHAA METOAUKA B TOYHOCTH COOTBETCTBYET ONHCAH-
HOA B § 25, B 4aCTHOCTH, MOCIEL0BATEABHOCTh MPUKIATLBABIINAXCH K
ofpasmaM UMOyJabcoB M300pakeHa Ha pac. 12, upaueM ykasaHHEE TaM
BpeMeHHE® MHTePBAIL Opanuch paBHHMA T = 17,03 cer, T — 1, =
=8 cer, Av = 0,03 cer. Ilonyaerane B paGoTe 3aBUCAMOCTH apaMeT-
pa &y/& or ksagpara avMmIATYZH HAODSKEHAA Ha KBapime (Ipomop-
OUOHAJBLHOTO AKYCTHIECKOH MOI[HOCTH, BBOAEMOI B o0pa3senm) KadecTt-
BEeHHO COBHANAIOT ¢ KPABHME, W300pakeEANMY HA pac. 14, Ta xe ca-
MaAd BeNMYMHA KaK QYHKIUA TACTOTH YAbTPA3BYKA IPH MOCTOAHHOMN
aKyCTHYECKOA MommocTd m300pakeHa Ha puc. 15.

Iins TeopeTduecKOil MATEPIPETANANA PE3YAbTATOB MCIOIb30BAIACH
dopmyna (6.4) ana BepOATHOCTH WHYIUPOBAHHKNX 3BYKOM CHMHOBHIX
MEPEeXO0/I0B .

“‘/2
Py = 2_2—6 (J%\)Z ShEgs (v)sint0 Dl Emmea, (27.1)
m=—=%,

a mapamerp S;; BHYACIAJCA HA OCHOBAHAM TOYeIHOH Mopenm (5.7)
811 = 12y020a™. Ecom wmcmons308aTh dMIApATECKTe 3HATeHms Py
IJIA HEKOTOPOTO KOHKPETHOTO 3HAYeHWS HAUDs/KeHdAd Ha Keapme V,
a B KauecTBe GopMsr PyHRIAU g, (v) B3aATH 1/Av u3 pmc. 15 maa roro
me V, to B Bupamenanu [27.1] ocramyrca HemasecTHHMHE mapamerp
QHTADKPAHUPOBRA Y, U aMunuryja gepopmanun E,.

IIpa omHEOPOTHOM pACHpeNeIeHAX CTOAIHX BOJH MOMKHO OICHATH
aumb cpennee sdpdexrnsroe E, sagavenne Eo, gepes mirorHOCTH aKyC-
tageckoit sEeprun U, B o6pa3sme:

~§ = 2U0/d(ﬂ2
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(d — nmorHOCTE 0Gpasna, @ — 9acrora 3ByKa). Ilmormocte U, om-
pemensnach KOCBEHHHM IIyTeM: DOCPEACTBOM HEBaBHCHMHX HaMepe-
HEi BpeMeHH KASHN (OHOHOB Pe30HAHCHOW 9acTOTH M IOTOKA aKyc-
TAYECKO#l SHEPIruHW, IepefaBapmeiics B obpasenm aKycTHUeCKWM BHO-
paTropoM IpH filaHHOM Haupsesun Ha kBapne [1, 2], ITonyuennne Ta-

KEM ofpasoM sHaueHEms Ej cofepsxaT morpemmocTs He Hmke 50%.
Ona GHIU MCIONB30BAHKE JJISI ONpPEAEIeHNsI HapaMeTPOB aHTUOKPAHH-
POBRH Yq.

Oxasanock, uto yo apep Na®® pasEm 2,15—2,67 gas nuausapn-
geckoro o6pasna u ~1 mua xyomueckoro. Hecopmapgenne sEauenuii yq
B pasHuX ofpasuax ompefenseTcd, IO-BUAVMOMY, HOIPEIMEOCTHIO B
ompepenernn E,. JTH 3HaUeHHWA Y OKA3aJHUCh B HECKOIBKO JECATKOB
pas MeHbme, 4eM TpeGyeTcs [if COTIaCOBAHMA TEOPETHYECKOTO BHA-
YeHAA BPEMEH ANEPHO KBaAPYNOIbHON pelaKCalyy ¢ SMIN PUIECKYME
napeaMy gas Na®®, IIppunEs HecooTBEeTCTBRA 3HAYEHN Vg, ONpe/ieeH-
HHX 3THMH [BYMsA HE3aBHCHMEMH MeTomamu, obGcysxmaroTca B § 30.
N3 puc. 15 caegyer, uro mupnea quanit JAP (Am -- 2) pasra 4 rey,
a muprua Juanu SIMP B Tex ke obGpasmax paBEa Av = 2,3 key
[2]. Cornacro TeopeTmueckuM onenraMm (mo gopmyae (8.5)) aumonb-fu-
NoJabHEE B3amMopeiicTsus aaroT B MoHokpumcTamme NaCl maa AMP
B Na® Av ~ 850 2y. PacxokmeHrs TakKoro pojia WMEIOT MECTO U B
ApYTuX KyOMYeCKUX KPACTAJLIAX; IOBTOMY GHLIO MPENIOJI0OKEeHO, 9TO 82
IMAPUHY JWHMM B HUX OTBETCTBEHHO DJIEKTPHYECKOE KBAJPYNOJLHOO
B3amMoJieiicTBHE ¢ feeKTaMu pemeTKU. B aToM ciyuae corsiacHO BH-
paxkenunio (8.11) orHomeHVe MMPHEH JNHENH aKyCTHYeCKOTO W MarHAT-
HOTO pe30HaHCAa JJiA comHEA 3/2 paBHO

(Av)\J (Av)y = [(16/7) (I* + I — 2)I'h [(41® + 41 — 3)/5]": =1, 3,

9TO COIACyeTCA ¢ SKCOepUMeHTalnrHuM 3HaueHueM 1,7. Haawmeiimee
corjacme, mO-BHAEMOMY, MOeT OHTH IONY4€HO, €CJIH YI€CThB 060X
CIyYasaX BRJIAM B MAPHHY OT MArBATHHX AUIOJBHHX B3amMOJeHCTBHIL.

Ilpn momomm Toil ’Ke METOAWKYM HUMIOYJLCHOTO aKyCTHIECKOIO
gacemernus Jernnurc, Tantnana u Kpaye [3, 4] ncenegopann AP
Ha sapax Na?® n J!*7 B morOkpEcramne NaJ mpu KoMHaTHOM TeMmepa-
Type. X-cpes KBapmeBOro KPHcTajia OB DPUKPEIVIeH K OMHOMY KOH-
1y muiaueppmgeckoro crep:Eg #8 NaCl gummEoit okomo 2,5 cu u
amamerpoM okouo 1,3 cm. K mpyromy xomny crepskusa 61 npucoenu-
HeH o0paser Takoif ke QOPMHE, IPOTHBOLOJOKHEIN KOHEN, KOTOPOro
cKomeH Ha 3° IO OTHOWIEHWIO K HAOpPAaBJEHAI0 PAaCOPOCTPAaHEHUA BBY-
Ka [1, 0, O], Tax gro B 06pasne KOMKEO GHIIO YCTAHOBUTHCA OLHOPON-
HO€ pacIpefiejieHNe CTOAYMX BOJH,

ITocrosiEEOe MarEHUTHOE HoJe GBHUIO OPMEHTHPOBAHO BHOJEL OCH
[001] momoxpucramna NaJ, a Bernunna ero MeEAnach TakuM oGpasoM,
9TOGH MOCIef0BaTeNbHO MOMKHEO OBHIIO BO30YIKAATh CUTHAJI CBOOOMHOMN
openeccnn apep Na?® m J127 ga wacrore 5 Mey. Ilpm sToM s BoaGysk-
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JeHAs 3BYKOM IepexonoB Am = -2 Ha KBapI[ MOJAaBaJOCh MEPEMeH-
Hoe HampsykeHne Ha ugactore 10 Mey.

OnucamHnMu B riase V MeTofaMu OBIJIA M3MEpPEHH BPeMeHA IIPO-
JoabHO penaxcanun n mupuHH AP nuBNii, okazaBuimecs paBHHMMA:

Ty (Na) =5 cer, Av (Na) = 4,65 rey,
T, (J)=0,0085 cer, Av (J) = 4,49 key.

Mccnenosanue HACHIMEHNA KAK QYHKIUNA MIOTHOCTH aKYCTHIECKON
sHepruu U, B o0pasie HeOKUJAHHO BHIABUIO JWHEHHYIO 3aBUCHMOCTH

mesny U, u My/M2, a 5e My/M,, kak 5To GBLIO B ONMCAHHEIX BKCIIE-
pEMeHTaXx. ITOT (JAaKT MOIKHO IOSICHHTH, €CIH BOHDEKH YCIOBHAM
BKCIepHMEHTa (CKOC 0K0JI0 3°) IPeHoN0KUTh, 9TO B 06pasie yCTaHAB-
auBaroTca mpoponbrbie (B Hampasmennu [1, 0, 0]) crosuume BomHHL.
Torga mosemenue [, mpM HACHINEHHHA OMUCHBAETCH BHIPAIKEHHEM
(9.14a), a me (9.14) u umeer Mecro TpeGyeMoe COOTHOLIEHHE MEKIAY
Uyun My/M,. Ctout, ofHAKO, OTMETHTH, 9TO MOTPEITHOCTH JTUX U3Me-
pernii cocrasaama 50—100%, m mo3TOMY BO3MOYKHBI 3HAUATENHHEIE
OTKJIOHEHHUA OT JuHelHoi 3aBucumoctu Meskay Uq u Mo/ M,.

Hpyroe oramaue — Merogmueckoe — pabGorsl [4] cocrout B TOM,
4TO ee aBTOPH OGONLIM TPYMOEMKNE M3MEPEHNs XaPAKTEPUCTUK aKyC-
THYECKOr0 10JiA B o0pasie, OrpaHMIdBIIACH OTHOCHTEJIBHEIM M3Mepe-
HHeM HacHImeHuS Ha AxpaXx Na u J Opu oquHAKOBHX YCIOBHAX 9KC-
nepamenrta. EcrectsemHo, 9ro TakuM o0pa3oM MoKeT OHITH ompepe-

JIeHO JNIOb OTHONIeHWE IaPaMeTPOB aHTHIKPAHHPOBKH Tz/yga= 10,9.

Crauuonaproe SIAP macwmenue Griro BuepBbie mpuMeneHo Tei-
aopom u BaomGeprenom [5] mus mcciemoBaHMA aKyCTHIECKOTO HOT-
aomenns aaep Na?® m Cl13° B momorpucramize NaCl. OGpaser npegcras-
nA1 co06oit mpaBwIbHEIA MuinHEADP muaMmerpoM 1 cw u mumHO# 12,6 cm
¢ IJIOCKO-IapajIelbHsIMU TopuaMu. K oXHOMY M3 TOPHOOB Kpemmics
X-cpes wBapiesoro BuGparopa, Pe3OHMPYIOIEro Ha dJacrore 7,2 U
12,5 Mey w Bo3Gypgaomero B o6pasie OPONOJbHBIE BOJHEL CHKATHA.
Hpyroit komer o6pasma GHJI HOKPHT TOHKHM CJI0EM MeTajiaa U obpa-
30BHIBAJI BMECTE C MIOCKUM KPYIJIEIM 3JI€KTPO/IOM, PACHOJOKeHHBIM Ha
paccrosgranu 0,02 cu OT HETO, IOCKAA KOHASHCATOP, KOTOPHIA CIYRAI
JJIs oOIpeneieHuss aMIUIMTYAB KojaeOaHuHi cBOOOXHOTrO Topma oOpasma
(cm. § 24). '

Merogura usmepenuit Teitmopa u BromGeprena omucara B § 25.
ITpu momomu craugapraoro fIMP cmexrpomerpa tuma Ilaymma omm
Habmonanu muaun IMP moraomerus C1%° u Na?® ma gacrore 3,6 Meay.
Brmn n3Mepersr takxe GakTopsl HACHMEHUA Z, mMUpuHA JTuHEA Av
(1ETEpBANBl MEMKAY TOYKAMH MAKCAMAJBHOTO HAKJIOHA) W BpeMeHa
pelaKcamuy IIPpA KOMHATHON TeMOeparype:

Av (Cl) = 870 4-50 ey, T, (Cl) = 10,0 4= 2 cex,
Av (Na) = 280 4- 200 ey, T,(Na) = 12,44 1 cex.
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Ilocne 5Toro BRJINYAJICH AKYCTHYECKHI cemaparop Ha 9acrorax 7,2
u 12,5 Mey, Bo3Gyxpasmuit Am — -2 mepexopsl, m OyTeM CpaBHE-
guA ¢ uAETeRcuBEOCTHI0 IMP curranoB Ge3 aKyCTUIECKOr0 HACHIMERUA
onpefenAnrach BEPOATHOCTh MHAYNAPOBAHHHX 3BYKOM CHWHOBEIX Ie-
pexofoB PzA.

ITpm msGpamHOit B paboTe KOHQEUrypamum HANPABIEHAN PacIpo-
CTPAaHEHHA 3BYKA, MATHATHOTO IIOJNS M KPHCTAJLINYECKUX Oceil ome-
patop conH-GOHOHHO cBA3W mMeer BHA (5.15), a BeposATHOCTH HWEAY-
MUpOBaHHKX 3ByKOoM Am = -2 mepexopos pasHa (6.6.).

Onur morasan, 4TO IPH BpameHHH oGpasma B MAarHATHOM IOJe

BepoATHOCTE P; He MeHsercs. VI3 BHpaKeHHs (6.6) BumHO, WTO BTO
MMeeT MeCTO IpPH YCJIOBUH

Su/Sy, = 3/4, 21.2)

KOTOpOe MOKeT OBITh Ha3BaHO YCJIOBHEM HW30TPONME S-TeH30Da.

Usmepennsie B paGore [5] smauenmsa xoMuorenr S-remsopa mpuBe-
nmerasl B Taba. 1. B mpenmocienHedt rpade BrOMCaHH 3HAYEHASA Hapa-
MeTPOB AHTUIKDAHUDPOBKHU YQoxcn, HOJYICHHEIE B Pe3yIbTaTe HHTEP-
IpeTanud SKCIEPMMEHTAJIbHHX 3HAYeHN! KOMOOHEHT S-TeH30pa Ha
ocHoBaHMU TodeyHOU Mopen: (5.7): Sy = 12Zygea™3, Su/S,, = 3/4,
S,1/(C1)/S;, (Na) = 1,8 4= 20%.

Ta6anuma 1

Htflg?olilzu . S;cl:ci.r?z:l:’ YQ, sxen YQ, Teop
7,2 2,3 9 \ 50—57
7,2 1,3 5 5,5
12,5 1.1 4 5’5

B mocaepmeit rpaje mpmBefeHE TeopeTHUECKMe BHATICHAA YQ,reop
mapaMmerpa, paccunTaEHEe B paGore [6].

Comnocrasienne yq oxen H YQsreop AA€T YHAOBIETBOPUTEIBHOE CONIACHE
g Na u pacxoxaenue B 5—6 pas aua Cl. Orromernune Sy, (C1)/Sy; (Na)
COTJIaCHO TeOPHH HOMKHO OHTH mopsaaxa 10, B To BpeMaA Kak OmHT Ja-
er 1,8. Eme Gomee rpy6oe HECOOTBETCTBHE C TOYEUHON MOMEIHIO, KO-
Topas 1A OpocToil Kybuwdeckoit pemerkm maer S;;/S., = —1, cie-
AyeT W3 YCTAaHOBIGHHOI'0 SMOMPUYECKH YyCIOBHA H3oTpommu (27.2).
ABTODH CUATAIOT, YTO 9TO YKA3HBAET HA IOJHOE HECOOTBETCTBUE MOH-
HO#l Mojlenn peanbHoll curyanum B MoHOKpmcraiwie NaCl. HauGomee
mojxopsmee, IO UX MHEHHIO, OGBACHEHNE Pe3YIbTATOB MOMeT OHITh
NOIy9eHO HA OCHOBAHWY MOJENM KOBaJeHTHHX op6ut [7].

CranmoHapHOe aKycTHYeCKoe HacHmeHHe Ha amgpax J'%7 B MoHo-
rxpucraniae RJ maGmogan Cuabsep [8]. B oGpasern, mMenmmnii gpopmy
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10 Mey wy6a ¢ nuHeiinnMn pasmepama 1,3 cx, B Hanpasienau [100)
Ha OCHOBHOW 9acTOTe BBOMUJICA 3BYK OT KBapueBoro smGparopa, Opu-
9eM BO30OYIKAAMMCH KAaK OPONOJNBbHHE, TAK M NONEPEeYHHE KojeOGaHus.

Cume sppa J'?? pasen 5/2. B mocrossEHOM MarEmTHOM mose (Ipu-
JI0}KEHO TEPIeHANKYNSAPHO HANPABIEHWI0 DPACOPOCTPAHEHWA BBYKA)
AQPO WMEET IMeCTh SKBU/MCTAHTHHIX CIOMHOBHX YpPOBHEH 9YHEPrud.
Benencteue GonbImoro KBafpymoJIbEOI0 MOMEHTA 9JIEKTPAYECKAE B3an-
MofieiicTBUS sep € AefeKTaME pPemIeTKH CHIBHO YMHUPAKT JIAHAIO
MaraaTHOTO pesonanca azuep J1%7. Jimaua AMP B sToM KpmcTaiIe oxa-
snBaeTcs AKTHYECKHU COCTOAMEN M3 [BYX JUHUHA. Y3Kas JUHHUA COOT-
BETCTBYET MepexofaM MeXAy yposHamum m = —-1/2, matepsan mexm-
Ay KOTOPHMH B IePBOM NPHOIMKEHAN HE BOBMYIIAETCA 3J€KT pPUIEeCKIL-
ME KBafpPYIOJLHHIMK B3aEMOJEHCTBUAMN; OHA HABHBAETCS IEHTPAlb-
Hoil. Illupokas NMEWSA, COOTBETCTBYIOMAA BCEM OCTAJILHKM HEPEeX0JaM,
HaseiBaeTca carexnnuTHoi. Illmpuma yskoir JuEEm (oxomo 650 ey)
ompepesisercad MArHATHHIMA [WINOJBHKEME B3aHMOJEHCTBYAMHA.

Ilpr Takoil cHATyanuu KOJWYeCTBEHHAS HHTEPOPETAIWA ONKITHEIX
pes3yinbTaToB BechbMa 3arpygEEMTenbHa. OHAKO CODOCTABIEHHE pe-
3YJABTATOB TPYN0EMKOr'0 TEOPETHIECKOr0 aHAJMsa ! ¢ ONBITHHIME JaH-
HuMy no3Boamino CuiabBepy chenaTh pAA HMHETEPECHHX BHBOJOB.
B wacrHOCTH, OH HpUIIEN K 3aKN0YEHHIO, 9TO OTHOmMEHnE a = W,/W,
npuGINsNTEeAbHO PAaBHO eJWHALNE, a NONEePEYHEE aKyCTHYecKue Kole-
6aHuA Toke BHIBHIBAIT HACHIIEHNE, IPAYEM CTEHEeHb HACHINEHWSA He
8aBUCHT OT OPHEHTANWHM HANPABIECHUSA IOJAPA3aNUA 3BYKa IO OTHO-
mEHWI0 K MarHATHOMY moxio. IlociegHee HAXOAUTCA B IPOTABOPEUHU
¢ ¢eHOMEHONIOTHYECKON Teopuedl AUHAMAYECKONH KBAJApPYHMOJNbHOR CBS-
3W W MOJIeABI0 TOYEIHHIX BapPAMOB.

Ilpu gocraTouHOM KoamdyecTBe HeEKTOB MEHANTCA He TOJBKO LIN-
puHa ¥ ¢popMa Pe3OHAHCHHX JUHWM, a TAKMKE UX IMOBEJEHNE NPA HACH-
merun. OTKIOHeHWe COFHOBEIX YPOBHEH OT SKBHIMCTAHTHOCTH DOHW-
skaeT 3QPeKTHBHOCTh YCTAHOBIEHAA CHHHOBO TEMIEpPATYpH IOCPef-
CTBOM MarHUTHHIX JUIOJb-AANONBHEX B3auMopeiicteuit. Ilo aroit mpu-
9mHE OKa3ajloch, 4T0 B oOpasmax, mccaegoaBmuxcA CuabBepoM,
«COEHOBasg TeMIepaTypa» He MBIAETCA YHOBIETBOPUTENBHON KOH-
nennuei.

[Tox BIMAHNEM HEOZHOPORNHOTO KBAaAPYHOJBHOIO YINUPEHUS MO-
JKeT BOBHUKHYTH CHATYaOWsa, KOTJa BEHPABHMNBAHWE 3aCEIEHHOCTEN
(macrmenwe) MeXIy ORHON IMapoil ypoBHEH He yCHeBaeT IepeaBaTh-
cA APYrEM YpOBHAM. B 5ToM ciyuae KOHTYp AmHEE GYAET MMETh NPO-
BaJ Ha MecTe HACHIEHHOTO IepPeXona.

1 YpeneHHO PAaCCYATHBAJIACH 3aBHCHMOCTh AKYCTHYECKOTO HACHIIEHHA IJIA
Kas)KHoil mape ypOBHEH B OTHEJHHOCTH OT MHTEHCHBHOCTH AKYCTAYECKHX Kojeba-
HUA, BO30Y)KAA0MUX HePeXoan Am = -~ 2 OpH pasinyHHX 3HAYEHHAX IIapaMer-
pa o = WyW,, rge Wi m W3 — BepoATHOCTE KBafpyHOOJBLHHX PelaKCamUOH=
HEIX IepPexXof0B C M3MEHEHMeM MAarHWTHOI'0 KBaHTOBOro ugmcjaa Ha 1 m 2. Pac-
créta'rpnna.noc}, CTaNVOHADHO® W HMOYJIBCHOE AEHCTBAE AaKYCTHYECKOTO HOJA Ha
o6Gpasen.
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9t0 oTuernmBO GHIIO mpojeMoHCTpEpusarHo B pabore [9], roe may-
"qanuch puciaokanun B MoHoKpucramiae NaCl m ux Binssue Ha dopMy
pesoHAHCHHX JuHuMiA. B o0pasme, npepcraBiasBmize co0oil mpaBHIb-
HHe muiaaeAaps (quaMerp 9 mm, ganHa 40 Mx), BBOgEAKCEH cTamuoHAD-
HHE aKyCcTHIecKue KoieGaHnsd HA JacToTe vq = 71,984 Mey, BuauBap-
mme nepexogs Am = --2 B 3eeMaHOBOM cmekTpe smep Na? (I =
= 3/2). Oxasanoch, 9To Opy o6meM ymenpmeruu cursana IMP mog
BIAAHAEM AaKYCTUYECKOTO HACHINEHAS KOHTYD JMHAW MCKAKAETCH W
CTAHOBHTCSA HECHMMETPHYHHM II0 Mepe BO3DAaCTAaHAA pasHOCTA Av
MEKIY Vo/2 W 9acTOTO# vy, Ha KoTopoil HaGaoganaca AMP. 9to 005b-
SICHSAETCHA TeM, YTO MEHTPAIbHAA U [Be CaTeJJINTHHE JOHWH, 06pasyio-
mue KouTyp quamn fIMP comma 3/2 (cm. § 10, dopmyan (10.2)), npu
aKyCTAYECKOM HACHIMEHWY ONHOTO w3 carennnToB (Av == () macmma-
forcss HeopmuEakoso (cM. (10.6) — (10.8)).

B pa6ote Xosn u ITyaxkurena [10] msyganocs akycrnueckoe Hack-
menne sinep Na?® B mMomokpmcramne NaClOg; B mocrogHHOM Maraut-
BEoM mosne H, =~ 5500 ec ma wacrore v ~ 6 Mey, npm TeMmmepaTrype
sRUKOro asora. CumcreMa CHOMHOBHX YpPOBHEA B 9TOM ciayuae Ohia
BHAYATEIHHO CJIOYKHEE, YeM Y PACCMAaTPHBAEMHX JI0 CHX HOp CHCTEM.
Heno B ToM, 9T0 Afpa HATPHA HAXONATCA B CIaboM aKCHAIbHO-CHM-
METPUYHOM DJIEKTPUIECKOM I10Jie, B KOTOPOM OHM MMEIOT JIBa JBYKpar-
HO BHPOKICHHHX CIMHOBHX YDPOBHHA, PasfeNeHHHX HHTEPBAJOM IpU-
Gnmsurensuo 400 xey [11]. KBagpymonsHue BsauMopeficTBua Hapyma-
0T SKBHACTAHTHOCTh 3€EMAHOBCKAX YDPOBHEH, B pea3yibrare 4ero
conextp AMP marpus B NaClO; cocronmT M3 meHTpaJbHOE W ABYX
CaTeNNMTHHX JuHuA. PaccTosHme Mempgy HUMHA CIOKEEIM o0pasoM
8aBHCHUT OT OPHEHTAIWX MATFHETHOTO IOJA 0 OTHOIIEHMI0 K KPHCTAJ-
nmaeckuM ocsaM. IloaToMy akycTHUeCKNM H3MepEeHUAM GHIIO IPeAmocia-
HO JleTaJIbHOE UCCIIe[oBaHue YINI0Boii saBucEMocTu cnektpa AAMP [11].

B paGore mcnosnp3oBanuch fBa MOHOKPHACTALIA Ky6muecKoi opMer
c quHeiHKIME pa3MepaMu mopsaaka 1 cu. X-cpe3 KBapmeBOTo KpUCTAa-
Jla KPenuWjicsA K OfHOM m3 moBepXHOCcTel obpasma aasa Bo3Oy:KIeHUS
NPOJOIBHKX CTOAYWX BOAH. B mpomecce ommTa HOCTOAHHOE MarHMT-
HOE I0jie MOKHO OHIIO MOBOPAYMBATH B INIOCKOCTH, NEPHEHIHAKYJIAP-
HO#l HANPAaBJEHUI0 PACHPOCTPAHEHHS 3BYKA.

IlepBoravanbHO KpHCTaJa OHI OPHEHTHPOBAH TAKAM 00pasoM B
MarHATHOM IoJje, 9T00H 00e caTeJlINTHHE JUHUK COBIAJM, IOCIE JETO
KX TOMHOCTHIO «(HACKHTHINY ¥ HAGIIOaId 32 yCTAHOBJ €HIEM PaBHOBECH
mocjie BHKJIIOUEHNA HACHINEHAS. JTOT HPOIECC IPeCTaBIeH Ha pUC.
17 sKCHepUMEHTAILHKME TOYKAME, 9€P€3 KOTOPHE NPOBe/ieHa KPHBAsA
n, ({)/ny, =1 — exp {—0,007t} MeTomoM HaWMEHBIMX KBAJIPaTOB.
Comocrapienne sToit KpuBoit ¢ BHpamenueM (10.9), paccumTaEHEM
Ui paccMaTpEmBaeMoON dKCIEPUMMEHTAJIbHON CATYANWH, IO3BOJIAET ON-
PeliellATh BEPOATHOCTh CIMH-pemeTo9HO# penakcammm W, = 0,0035+
=+ 0,0006 cex™ (mepexogmt Am = --1).

Bcnen 3a aTEM m3ydamach 8aBACAMOCTh MHTEHCVBHOCTH I@HTPAIb-
HOH JIMHHE OT aKyCTHYeCKOH SHEPIHH MJIM HaOpssyKeHwmsa V, momaBae-
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Puc. 17. 3SaBucmmocrh Ipouecca
BOCCTAHOBJEHHS TePMOJIMHAMIYECKOTO
paBHOBeCHsI HACBIIIEHHBIX OT BpeMes
HM caTeNINTHBIX JuHnil Na?? B MoHO-
kpucramie NaClOg [10])

HKpYyKKYM — pPe3yJIbTATH Pa3INYHBIX
usMepeHuii, FKPUBag COOTBETCTBYET
¢yaronu 1 —exp [—0,007 t]

Puc. 18. OryocureibHass HHTEH-
cusHoets I/I, ueHTpaJIbHON peso-
HAHCHON auHuu Na*? kax PyHKIMA Ha~
MpsKeHNsA, NPUIOKEHHOTO K aKyCTH-
YecKoMy mpeolpasonaTeNio Npu Hachl-
1LEHNN COBMEIEHHBIX CATEeINTHBIX
amamit [10]

KpuBasg  COOTBeTCTBYeT  (yHKUMM
140,80 [1— exp (140,028 Vy—']

P nc. 19. Cxema ~METOAMKH M3Mepe-
HMil BepOATHOCTEl aKyCTHYECKOro me-
pexona, npenJosenHag B padore [12]
a — npousbBogHaa curHana AMP npun
cinaboM IepeMeHHOM IIoJie; 6 — Ta e
KpuBaA Ipu 6ojiee BHICOKOH pamuo-
YacTOTHON MOMIHOCTH; 6 — CHam WH-
TeHCUBHOCTH cHMrHasja fMP npu
BKJIIOYEHUH aKYCTHYeCKOM «TIOTKaAYKEY



MOT0 Ha KBapI[ JJIA HACHIIEHAS COBMEMEHHHIX CATEJIMTHHIX JHHHMN.
‘COrJIacHO TEOPHH 3Ta 3aBHCAMOCTh maercs BrpakenmeM (10.7). Omerr-
HEle pe3yjbTaThl YKas3aHHE ToYkaMu Ha puc. 18, cmmommas Kpusas
COOTBETCTBYET (GYHKIUN

n()/n® =1+ 0,80 [1 — (1 + 0,028V?)712],
Comocrasnerne sToro Beipaskenus ¢ (10.7) maer
B = 0,80, P/W, —=0,028V2.

3areM HampaBjeHHE MATHUTHOTO IOJA OBLIO M3MEHEHO, TaK 9YTO
cuexktp IMP cocrosan 3 Tpex nMMHMI — NeHTPANBHON M ABYX caTei-
JIATOB, PACIIONOMEHHEIX IO 06e CTOPOHH OT IeHTPAJIBHON auHuH. B
3TOM IOJIOKEHAU IPOBOAWIOCH HACHIMIEHNE CATENIUTHON JUHIH, COOT-
BeTCcTBYIOmell Gojee BHICOKOMY MAaTHHTHOMY IIONI0, X Habmacmanach
3aBHCUMOCTh MHTEHCABHOCTH [PYrOro CaTeJINTAa ¥ NEeHTPAIbHOR
JOHA OT MOITHOCTH aKyCTHMYECKOTO HachHmeHusd. Teopermdeckm 5Ta
3aBECAMOCTH omnpepenserca Bripaxenuamu (10.6) n (10.7). Iocae mpo-

BeIeHHHX paHee u3MepeHH# Beamaur B, W, u pr /W, B 3THX BHIpa-
JKEHMAX OCTAJIOCH HEOmpefeleHALHIM TOJIBKO OTHOmeHHe o = W,/W,,
KOTOpOe I03TOMy MOKHO m3MmepuTh. Ombir maer: a = 0,60 4 0,15
u W, = 0,0021 4- 0,0010 cex™. Atu pesyabTaTH HAXOJATCA B XO-
poImeM COrJIacdd ¢ pe3yjabTaTaMu APYTEX aBTOPOB.

B pa6ore CasomoBa m TI'puropvesa [12] 6w mpepgnoxern sa-
PUAHT METOMUKHA CTAIHOHAPHOI'O0 AaKYCTHIECKOTO HACHINEHUHA, II03-
BOJAOMANA OXHOBPEMEHHO M3MEpPATh U BPeMA COMH-PENIEeTOYHOR
pelakcamuM, W BEPOATHOCTh aKycTH4ecKoro mepexoma. CymHOCTB
9TOl METOUKA M3MEPEHUS COCTOUT B CIELYIOMEM.

Perucrpupyerca mpomsBoguHasa curHaia fAMP moraomenus mpu
MeJIeHHOM NIPOXO)KIeHNN BHENTHE'0 HOCTOSHHOIO MATHHUTHOTO MO
Jepe3 3HAYEHHE, COOTBETCTBYIOI[ee MAarHUTHOMY pe3oHAHCY Ha pabo-
Yeil gacToTe CIeKTpoMerpa. 3amuch OCYMECTBIAETCA MPH TAKOM HH3-
KOM YpPOBHE Pajro4acTOTHOM MOI[HOCTH, YTO IHOIHOCTHIO OTCYTCTBYIOT
9QeKTH »IeKTpoMarHUTHOr0 HaceimeHus (puc. 19, a). AMmauryny
CHTHAJIa B MaKCUMyMe B 3ToM ciydae ofo3HauuM A,. B Tex cayuasx,
KOTIa 3T0 MUKTYeTCsA YA00CTBOM IOCHENYIOIIUX U3MepeHHii, 3amnch
MOBTOPSIOT Ipu GoJjiee BHICOKOH pamumodacTorHO# Momuocta (pumc. 19,
6). Ilpu sroM u3-3a 3QpexToB HACHMEHUSA BeamdnHA curHaisa A; B
TOYKAX MaKCHMAaJbHOU Kpyrussw nuaun AMP cramoBmrcs MeHbIme:
Al < ..4.0.

3anucek curmana IMP moBTOpAIOT IPH TOM Ke yPOBHE pagmodac-
TOTHOI MON[HOCTH, 9TO ¥ BO BTOPOX pa3, HO B MOMEHT HOCTIKEHU S MaK-
cuMyMa upa t = t; (puc. 19, 6) DpeKpamAawT MOTYIAPOBAHNE IIOCTOAH-
HOro MargaTHOro moxas. C 3TOTO MOMEHTa CAMONUCEN BHYEPIMBAET
TOPU3OHTANBbHYI0 JIUHUI, COOTBeTCTBYyIOImYyH yposHIO fAMP mormo-
meHusa B TOYKe MakcuMyMa. COycTsa HEKOTOpoe BpeMs, TpU [ = I,
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BKJIOYAETCA aKyCTH4eCKOe HACHIMEHNe W HAYMHAETCA MepPeXO[HEIE
mpomecc, Korophii npuBogur AMP moranomernme k BexmumEe A,, om-
penensaeMoil aKyCTHYeCKAM M 3JIEKTPOMArHWTHHIM HACHINEHNEM Ofi-
HOBPEMEHHO.

Tak rak BermumHa SIMP morsomenms npomopmumoraibHa M,, To
IIepeXOfHHI npomece, u3obpaskeHHsii Ha puc. 19, 6, MaTeMaTHUeCKH
onmcrBaercss ypaBHermeM (9.13). HauanpeeM ycinosmeM M, (Z,)
JUIST MOMEHTA BRJIIOYEHHA 3BYKA ABJIAETCSA BEJIMYAHA

M, (ts) = Mo [1 + Zu]™, Zy=T,P¥/I, (27.3)

coorBercTBylomas cranmoEapEoMy fIMP mornomesmmio mpu mocross-
HOIl aMILIATYy e HepeMeHHOT0 MarHNTHOTO o (Zy— PaKTop HaCHIMIIe-
HHOA 3TOTO HOJifA).

Pemenue ypasrerus (9.13) ¢ maganbEEM ycaosmeM (27.3) mmeer
Bup (¢ > 1)

M, () = -x(t—t,)]’%_i-l-zu-l-za

M [t + =2 T2t Za g7,
Tz, 7| t1Trze = T, ' (27.4)

r 2I 43 A A
rae Z; = I_I(ZT_I;T) Dy 4 (2/5)(2 4+ 3/I) Py} T; — dakTop Hacwuie-
HUsA, 00GA33aHHKN aKyCTHIECKMM KoJeCaHWAM.
dMnmprYecKne OTHOUIEHNS CUTHAIOB B MaKCUMyMe
A 14+ 2, + 2,

0 Ay
I=1+ZM174;"—_ 1+ZM (27'5)

MO3BOJIAIOT ONpefenuTh (GaxkTopH Hachmenus Zy u Z,. B couzeranmm
¢ IapaMeTPOM %, XapaKTepH3YIOMUM CKOPOCTH cOaja CHTHala B 06-
Jactd fy <l < !, 3TH N3MEPEeHHS [al0T BO3MOKHOCTH HE3aBHCHMO
Haiitu T, u PA. Heo6xonuMo, OfHAKO, OTMETHTh, 9TO 3TA METOIHKA
OpUrOfHA [ Ajep, o0jafamuX IMHEHMH BpPeMeHAaMH CIHH-De-
IIeTOIHOH pesiaKcamuy (IOPAJKA HECKOJBKUX CEKYH[).

OunmcaEHas MeTofuKa Onura ucmonb3oBana B pa6ore [12] maa us-
MepeHHA BPEMEHN COHH-PeIIeTOYHOH peJaKCamuu W mapaMeTpa aHTH-
sxparupoBrn sgep Na?® B monokpucramne NaCl. Mismepernsi mpoBo-
JMIUCh NpPM KOMHATHOM TeMIlepaType Ha w9acrore vy = 0,2 Mey;
yabTpasByKoM (vo = 10,4 Mey) Bo36ykpanuch mepexons ¢ Am = -+-2.
Wsmepenrsie TakuM oGpasoMm sHademms T, = 11 cex m yo = 4,4 Xo-
POMIO COTJIACYIOTCA CO 3HAYEHHAMHU ITHX BEIUUWH, IMOJTYIEHHBIX APY-
THMHI aBTOPAMU NPH IOMOINA WHON METONMKH.

Crammomaproe SfIAP Hacumenme HCIONB30BaiNCh TpPyNmoi
TFonermmesa-Kyrysosa [13, 14] pmna mccnepmoBamws [EHAMHYECKOTO
KBaJpyHOJBLHOTO B3amMopeiicTBua saxep In''® u Shl?! s MoHOKpHCTaIIE
InSb. IlpomonbHEE aKycTHUECKHME KoJeOGaHHMA, CO3JAHHHE KBApIEM
X-cpesa ¢ OCHOBHO# wacToTo#l v, = 20 M2y, BBOSWJIHCH BHOIB OCH
[100] o6pasna. Ero Topms 6B cHeTaHH ITOCKUMY B OapajlieIbHEIMA
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€ TOYHOCTBIO 1o 1 MK, Tak 4To oOpasem 061aman CHEKTPOM MeXaHMTe-
CKUX Pe30HAHCOB IMHPHHON OKOIO 4 Key KaK[OHi, a PACCTOSHUE MEH-
LAY De30HAHCHHMH HUKaMH Owuio 72 key. Hanwume mpmGiamsmrenbHO
OWHAKOBHX HHTEPBAJIOB MEKAY COCEJHUMH DE30HAHCAMH YKAa3HIBAJO
Ha IPeNMyIecTBeHHOe BO30yaeHNe B 00pasme ONHON Momel Komeda-
HU#,

ITpomsBopgmmas arycrmdeckoil BonHo#t medpopMamuss E ompepens-
Jlach IIOCPENCTBOM M3MEPeHHS 3IeKTPHIeCKoro mMIegaHca mpeoGpa-
soBarena 1 obpasma R (cM. (24.1)) u pasramace Eg = 0,4 . 10°V n,
rue V — Bo30y)kpaomee KBapI[ HANPAKEHHE.

BennmunmHa mOCTOHHOI0 MATHATHOTO IIOJNA YCTAHABJIMBAJACH Ta-
KM 00pa3oM, 9TOOH aKyCTHIECKHEEe KONeGaHuA BO30YMKIaIn Iepex ol
Am = 4-2. Arycrnueckoe HacHmEeHNE PUKCAPOBAIOCH 10 H3MEHEHHIO
upouspofgHoit cargana fIMP mormomenmnma Ha wacrote vy, = 10 Mey.
3aBHCAMOCTD BeauunHH carHana SIMP noraomeHmA oT HaIpAKeHHA
V xopomo onncusanace dpopmymoit (9.14)

ILo = [1 + %g— TleA], P3 = const V2

(cnam In'S, I = 9%,). Orcoga mocie m3MepeHHH BCeX HEOOXOAUMBIX
mapaMerpoB (T = 0,8 cer, 0 = n/2, Ava = 26 key) ymamocwr ompe-
JIeIATh BeIMYAHY SIAEPHOTO AUHAMMYECKOI'0 KBALPYIOIBLHOTO B3amMO-
neiicreusa eQS,,/%i= 70 Mey, rROTOpas XOPOWIO COrIIACYETCH C Pe3yilb-
TATOM, MOJYYGHHHM NpH W3ydeHAW ymupenmda auamm IMP In!!® B
aToM ofpasme mpu axkcaanbHOH gedopmamun [15].

IIpnsenennoe 3Hadenne mupursl auHax AP Av, = 26 key om-
Pefensanoch SKCIePAMOHTANBHO IO 3aBUCAMOCTE AMILIUTY/IH CATHAJIA
AMP or passocta vq — 2y:H, IpH IOCTOAHHOM 3HAYCHNN BHEIIHETO
MarmutHOTO mons H, m mocrosmmoir ammauryge medopmanmuam E,
(TMOmYHAsT 3aBHCAMOCTD TAKOTro poja m3o0paskeHa Ha pme. 15).

IMapaaa auaau AP sapgep In!'® okasanmace mpuGausuresnbHo B TPU
pasa Goapme, ueM mapuHa SIMP auamu. ABropw pabors [13] cxiaom-
HH CYATATh, 9TO 34 IMHAPUHY JUHANX B 000MX CIydasgX OTBETCTBEHHEI
maciaokammn. OMHAKO IOJIHOU YBEPEHHOCTH B BTOM HET, TAaK KaK COTr-
J1acHO TeoperaueckuM pacyeraM (8.11) orHomenne Avy/Av, mus cnuHa
9/2 npu mECTOKANMOHHOM MeXaHM3Me YIMAPEHHA MOKHO GHTH mpue-
JU3ATENHHO B [Ba pasa Mensme (okoxo 1,73). Eme ganbume or ommT-
HOTO 3HAYCHHS TEOPETHYeCKAas BEIMYAHA HTOr'0 OTHOMEHUs (OKOJIO
1,43) mpu MarEUTHON AUmONb-KUNONBHOX mEpHHEe AumHuUH. lloaromy
‘BECbMa BEPOATHO, YTO 3aMeTHY pouab B ymupeHunm jgmamit AP mr-
paT Apyrue B3auMofeiicTBUsA, HanpuMep oOMEeHHEE,

9ra ke rpylma aBTOPOB IPOBeJa AHAJIOTMYHHIE ACCIEHOBAHAS HA
saapax Br” u Br®! s Mmomokpucranxe KBr [16], a raxsxe ma agpax Na?
u C1®® B monorpucrannax NaCl u KCl [14]. Tlonrysennsie mmMu pesyib-
‘TaTH OpuBefeHH B § 28.
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§ 28. PesyabTaThl MccuexoBaHmMA
cranuorapHoro AP morromenms

B mpepmecrByiomemM maparpade 06CYKIANMCh PE3YABTATEH HCCIENO-
paEmnii fIAP xocBemHEIMEH Meromamu. IlepBoe cooGmenme o mpaMoM
pabuiofernn fIAP mormomennsa Gwno omy6Giamkosaso B 1958 r. Me-
mecom n Boaepom [17], xoropemM ypmamoch msMepurs kpuBhie AP
moraomenus saep In''® B Momorpucranne InSb. 9toT ommT GBI OCY-
MECTBJIeH Ha CKOHCTPYHPOBAHHOM UMK aKYCTHYECKOM CIIEKTPOMeTpe
BHICOKOHl TyBCTBUTEIBHOCTH, HO3BOJABIIEM (UKCHPOBATH IOTIOMEHHE:
apyka mopagka 107° cu™ B obmacrm wacror 5—10 Mey [18—22];
HEKOTOPHIe BJIeMeHTH ero onucansl B § 26. B manpueiimem 5tu aBTOpHL
nposenn uccaegosanue JAP mormomerus B 60AbIIOM 9KCie IMEJI0IHO-
raJoOuAHBIX KPUCTAJLIOB (CM. Tabiu. 2).

Merec u Boxned B030y:xmaaum mMpomoabHEE CTOSYME AKYCTUIECKHE
BOJIHH IPH TIOMOINY KBapIeBoil mmactuHel X-cpesa, paboraBiueil Ha
OCHOBHOI gacrore oxono 8 Mey. O6Gpasusl npeacTaBiasian cob6oii MOHO-
KpHCTaHJIH‘IeCKHO nmapaJjiieyiciunensl ¢ JNHEAHBIMU pasMepaMu OOpAL-
ka 1—1,5 cn. Boxosme rpann GHUIM MOBEPXHOCTAMY CKOJA, a TPaHH,
IepIeHANKYJAPHEE HANPaBICHUIO PACIPOCTPAHEHWS B8BYKA, IIOJ-
Beprajuch ONTHIECKOH monupoBKe. Bpamenuem o6pasna MosKHO OBLTO
U3MEHATH YToJ MeKIy HalDaBleHNEeM PaCIHpPOCTPaHEeHusI 3BBYKa M Mar-
HUTHHM DojeM. Bce maMepeHus mpoBOfuINCH NPY KOMHATHO# TeMme-
parype.

Ycraropka Meneca u Boxeda ¢ukcupyer momoiasuTenabHOE (CHM-
HOBOE) IOIIomeHre aKyCTHYeCKo#t »Heprum B o0pasue, KOTOpoe BO3-
HOKAeT IPH COBIAeHUM YACTOTH IIEPEXOMI0B MEKY CIMHOBHIMYU YPOB-
HAMH C 9aCTOTOH aKycTHUecKHX Kojebamuit w,. JIaMeHeHMe MHTepBa-
JOB MEKIY CIOMHOBHIMH YPOBHSMH OCYMECTBJIAETCH MeNJEHHHM H3-
MeHeHIeM IIOCTOSTHHOT0 MarHMTHOTO HOJs OKoJo 3HadeHmsa H,, cooT-
BeTCTBYIOMIET0 pesdoHaHCY YaH, = w,. Ha pumc. 20 npuBegers mpo-
usBogubie curnamsa AP mormomenus spep J'*? B Momoxpmcramiae KJ
IpH PABINYHHX OPHEHTANMAX MOCTOSHHOTO MAarHUTHOTO HOJA IO OT-
HONIEHWI0 K HaIpaBJeHWI0 pacmpocTpamesms 3syka [100] [18].

Juns ynyamenus ycaosuit HaGnonenusa sg@exra noriomenns npu-
XOJMTCA MCIONB3OBATh AApPa ¢ OONBIWNMY KBaAPYNOJBHHIME MOMEHTa-
Mmu. B pesyabprare ux BzammopeiicTBus ¢ gedeKTaMu KPUCTaNINIECKON
PeIeTKN pe30HAHCHBIE JUHUY OKABHBAOTCHA HEOJHODOAHO yIOWPEHHEI-
MH, a KON IECTBEHHA A ¥ WHTE PIPETANNA ONBITHHX JAHEHX CHJIBHO YCJIO0-
JKHESETCA,

B cnexrpe IMP Tarxux smep o6HYHO MOKHO BHIEINTDH OfJHY Y3KYIO
JUHUIO, COOTBETCTBYIOIYI HEPEeXO0flaM MCIKAY CONHOBHIMU yPOBHAMHI
m = -+ /5, KoTOpHE B MEepBOM NPNGINIKEENN HE CMEIAIOTCA BIIEKT-
PHYECKUMH KBAafiPYHOJABHHIME B3aUMOJIEHCTBIAMH, U OfEY MUPOKYIO
JAHUI0 MEHbIIel MHTEHCHBHOCTHM, COOTBETCTBYIOHYIO IlepexomaM ¢
ydyacTueM 1o KpaiiHeii Mepe ofHOTO YPOBHA m = — /5, KOTOPHI cMe-
maeTcs B JOKAJBHHX DIEKTPUYECKHAX NOAAX. JTH JWHAE HAJIOKEHH
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puc. 20. Ilpouspopmas curnaia APII smep J'” B momonpucramie
KJ na uyacrore vq = 7,9 M2y (Am = =+ 2)

6 — yrom Me;xmy HaIpaBlleHNMeM pacnpocTpaHeHus 8ByKa [100] m
nocToAHHEHIM noieM [18]

OpPYT Ha Apyra — TOYKU MX MAaKCUMYMOB coBmafanT. Vimwocrpanmei
3TOro (haKTa MOKET CIAYIKUTh HOJy4eHHHU B pabore [18] komTyp mm-
sun SIMP mornomenus agpamu J1%7 8 KJ (pme. 21).

Nmenno carennutHas anHua SIMP momxsa ywactBoBaTh B CpaB-
pernu ¢ muauaMu AP, Tak Kak mpu KBafgpYHOJBHHX IIPaBHIaX OT-
Gopa yabTPa3BYK He MHAYOUDPYET IePeXOAbl MesKy CHMHOBHME YPOB-
Hamd m = -+ Y. KpoMe Toro, npu mETEpIpeTanun pe3yibTaToB HYH-
HO MCKIIOYUTH M3 PACCMOTDEHRS oIpefieleHHHH NIPOmEHT saep, Ha-
xopamuxcsa Onusko ® pmedexraM pemerku. VI3-8a cuiasHOro Kpampy-
TOJBLHOTO B3aMMOAEHCTBAA X CIMHOBHE YPOBHN DHEPTUU OKA3HBAa-
J0TCA HACTOJBKO BO3MYIIEHHEIME, 9TO 3TH Apa COBCEM HE BHOCAT BKJa-
Jia B IUHWI0 DorjomeHus BO3xe ygzH,. Crasammoe, pasymeercs, oT-
HOCUTCA K IepPexojiaM, COOTBETCTBYIOIIUM CATEJIATHON JINHUM.

Jlisi BHIABIEHWA MCTHHHOTO YHCJIA Sep, BHOCAMHUX BKIAJ B Ca-
TEJIUTHYIO IUHUIO U, caefoBaTenbHo, B auEnn fIAP, Boxed m Merec
nposenn a0CONIOTHOE W3MEpPEeHVe VWHTEHCHBHOCTH CATENJINTHON JMHWH
H CpaBHEHNE C TEOPETHYECKOHl BEJNYAHON BTOA HHTEHCUBHOCTH IJIA
Bcex saep. Ilpu 5T0M BHACHWIOCH, 9TO IHCIO AAep Ng, BHOCAMEX BRIAK
B CATEJIMTHYIO JUHUIO, 3aBUCHT OT opueHTanmu (0) mocrosHHOTO Mar-
HHUTHOTO IOJS M0 OTHOIMEHWIO K HANPABJIEHWIO PACHPOCTPAHEHUS 3BY-
kKa. Hanpumep, npu 6 = 90° Beamumna No s MorokpucTanios KJ
u KBr cocraBuna coorBercTBerHo 74 u 77% or moamoro guncia amep N.

3aBucuMocTh KO(Q(UIuenTa MOTJOMEHns 3ByKa OT HAIIPaBJICHAA
pacupocTpaHeHHs 3BYKa B MarHUTHOM IOJe IPH BO3GYIKIeHUHM mepe-
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Pnc. 21. d>opMa JUHUM MarHUTHOr'O pe3oHaHca Axep J'*? B moHOKpucrtamie KJ mpu pasHbIX
3HaYeHHAX yraa (0) MeXAy NOCTPOEHHbIM MATHHWTHBIM ITOJIEM I  KpPHUCTaJXIorpaduyecknm
manpasaesmem [100]

IITpuxoBo#t JmHMe# m306pameHa caTeJNIMTHAA JMHWA Iortomenua [18]

Pnmc. 22. 3asmenmocrs APIT
anpamn J1?7 B monokpucramae KJ
OT OPMEHTAIMH MarHUTHOrO IOJS
II0 OTHOMIEHMI0O K HANpPABIEHUIO
pacrpocTpaHeHNs 3BYKa

a — BBYK pacrpocTpaHAeTC
snoap [110] [22]; 6 — mampas-
JleHWe DAacIpOCTPAHEHUS BBYKa
[100] [18]

Amnaumyba cuenana 8 npousborsnoir edunuyar

Jo 60 90 720 150 180
6, 2pad



/Va//Vy/V)mu

P mc . 23. 3aBHCHMOCTS NPHBENeHHON 20 mp p
dopmrr aeEvm Ng/Ngg (v) or opmen-

Tanuu (8) MarHWTHOrO IOJA IO OTHO-
meuuio X Kpneraximieckoit ocm [100]

[18] B xpucraane KJi2? 0
a — Ina Juamn AP moriomeHds
(fepexonn Am =42); 6 —nmia
catennaTHO#N JuHMN choeKTpa AMP

0 L L ! 1 |
30 60 90 20 150 189

6, 2pod

XOJ0B ¢ M3BMEHEHHeM MaTHATHOrO KBAaHTOBOro umciaa Am Ha g = 1,2
ompepensercsa BepakeEmeM (cM. (6.5))

6q == const gq(v) sin% (?) .

Ha puc. 22, a n3o6paskena yraopas 3aBHCAMOCTh HHTE€HCHBHOCTHA
noryomenna Ha Aapax J1%7 npogonbHOro 8ByKa, pacupoCTpaHAKIEro-
cA BAOIb KpHcTammorpadmueckoro Hampasiaesds [110] B ogmom ms
mccaenoBaEENX MoHOoKpucraixroB KJ [18], koropas xopomo ommch-
paerca QyHxnme# sint 0 mua mepexomos Am = -+2 u dymxnumeir sin?
20 pgaa mepexomos Am = -+1. Ommako B page caygaes [17, 18] ma6-
JMI0AAETCA 3aMETHOe OTKIOHEHHEe MEKAY SKCHEPUMEHTAJIBHEIMU TOU-
KaMH u KpuBHIMH sin’? (20/q) (pme. 22, 6). It oTKIOHEHHSA 0GBsAC-
HAKTCA YIIOBOM 3aBUCUMOCTBI0 GOPMEL JIMHEUE g4 (V).

UT0o6E IpPOBEPHTH 9TO IPERLNONOKEHNE, SKCHePUMEHTaIbHEE 3HA-
9eHAA BeNWYMH HOTJomeHus aafg Am = -2 mepexopnos, B3ATHE U3
rpadpmka Ha puc. 22, 6, 6erm paspeneHs Ha sint O, B pesyasTate ge-
ro moJydeHa yriosas 3aBucuMocts (No/N)g, (v). OHa mpepncraBieHa
Ha pmc. 23 BMecTe € yriaoBoit 3aBmcuMocThi0 BeamawuE (No/N)g, (V)
mna carexnutHOM amEME coektpa AAMP. Ilpexpacmoe coriacme oge-
BAHO; aHAJOTHYHEM 00pa3oM ymalxoch OGBACHATH HOBOJHHO 3HAUA-
TeJAbHEE OTKIOHeHHSA yHKIUM 0, (0) or sint 6 B ciyzae AP mormo-
mennsa B CsJ ma agpax J127 [22].

Armsorponns popMsl TAHEUYE YKA3KEBAeT HA TO, 4T0 AedeKTH He pac-
HDONaraloTcsa caydaiimuiM o6pa3oM B KphcTamaaX. B mepsoM mpmGau-
’KeHUH OTKJIOHEHNE 9HePI'MH CIHHOBOIO YPOBHA K, 0T 3€€MaHOBCKOH —
mygsH,, o00ycioBIieHHOe KBAaAPYHOJBHEIMH B3aUMOJEHCTBUAMH,
PaBHO

Ep—my Hy = WP’;;"% [3m2— I (I +1)] (Bcosta—1), (28.1)

TAE 0. — YTOJX MeXy HaIPaBJIeHHEM I'DafWeHTa e CIYIalHOTO BIEKT-
pudeckoro mousa n Hy. Bupasenne (28.1) nMeer MakcuMyM OIpH o =
=0, n. ComocraBasAs 9T0 ¢ YIrIOBOH 3aBHCHMOCTHI0 MWUDPHHH JHHUK
(pme. 23) m yamTHIBadA, 9TO 3BYK BBONUJICA B JAHHOM ClIydae B HAIpaB-
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aeaun [100], MomHO 3aKIIOYUTH, ITO TPATUEHTH CIYIAHHBIX DIEKT-
pudecKUX moJdeil, 00YCIOBIEHHHX TUCIOKANUAME, OPEAMYNIECTBEH-
HO OPUEHTHPOBAHH BHOJb KYOMYECKHX OCell KpHCTAJIa.

TaxnM o6pasoM, saBucuMocts fIAP mormomenus or yriaa 0 mpe-
KPacHO IOATBEPIKIAET IPEJUOJIOKeHAe 0 KBaJAPYHOJIHHOM MEXaHH3-
Me cBA3H AAep co 3ByKoM. JpyraM mopTBeps;KAeHHEM 3TOro $aKTa Mo-
JKeT CIYRUTh OTHoIneHue BenuunH fIAP mornomenus pasauIHBIMI
M30TOmAMHU OLHOTO BIEMEHTa B ONHOM MOHOKpHcraite. Boiedom u
MeHecoM OHIM IIPOBEIEHBI TAKWE COMOCTABIEHUA mis sAmep Br?® u
Br8! 8 KBr, a ramse gis Sb'?! u Sbhi% g InSb. Oxasasock, 4ro mpn
OepHeHguKyIAPHOA OpHeHTanyUy MarEnTHOTro Houtst K ocu [100], Bmoas
KOTOpOi#l pacmpocTpaHANCA 3BYK,

o2 (S0 _ 145 w 2B _ g 9

S5 (SHEN G2 (Bril) —

B TO BpEMA KaK, COIJIacHO TeopeTuyeckoMy peayuasbrary (6.5),

Gy (Shi®?) Q2 (Sb®) ﬂAvlzl _1.35
Gs (Sb121) T Q2 (Sb'2) 57 Avieg -

s2(Br®)  Q¥(Br™) 50,6 Avgy
6z (Brél) ~ Q2 (Brfl)49,4 Avy, 777

roe 43/57 u 50,6/49,4 — oTHOCHTeNBHOE CoOflepHkaHHe H30TONOB B
obpasnax, Avys U Avy,s — mupuss auEOd AP msoromos Shi?! u
Sb1% u r. x. JlaA MarEUTHON AUUOAB-FUOONBLHONW CBSASM AAEp CO 3BY-
KOM NPH TeX }Ke YCIOBUAX PAcderT Jaer
123 79
@) 0,57 w 2B _ g gg,

3, (Sb™) 5, (Br¥)

9TO XyiKe COTJIACYeTCA C DKCOEePUMEHTAIbHEIMY 3HAYEHNAMI.

B ra6x. 2, cocraBnenHoil Illytunosem [23] u Bonedom [22] u mo-
NOJNHEHHON SKCIePUMEHTAIBHHMHU pesyabraTamMa rpynmel [omeHu-
mesa-Kyrysosa [13, 14, 16], co6pans onmwTHEE TaHEEE, I0JyICHHbIE
upu uccuefoBaEny fIAP B MOHHEX KpHCTaJNaX IPAMBIM METOLOM H
METOOM HACHIIEHUA.

Meropuka npsamoro HaOnonesna AP mormomenus, paspaGoran-
Hag Boxepom u MeHecoM, GmiTa TaxKe MPUMEHEHA IS MCCIETOBAHUA
Meraxaos [24, 25].

Bapuec [24] xpatko coobmaer o mabmogennu uM curHana AP ua
agpax Cu® u Cu®® B mMoHorpumcramne memn. B ry6uueckom olpasie
¢ rpaHbIo 0K0J0 0,5 cM, BEIPE3aHHOM BJOJb KYyOGMUeCKUX oceit KpucTa-
Aa, Bo30yHIamuch CHNHOBHE HMepexons! Am = --2 npum momMomu mpo-
MOTBHBIX aKyCTHYECKHX KonebaHuil wacToTh va = 5,223 Mey. Ilu-
punsl guEnit fIAP TouHO ycTaHOBUTH He yHamoCh, TaK KaK B TeueHHE
BCero SKCIepUMeHTa JIHHUHN ObLUIM 9acTHYHO Hachmensl. Ilpubmamsu-

162



Tabauna 2
Pe3ymbTaThl axcnepmMenTos mo STAP

Ture-
_ Kpucrama 4ﬂnpo Crouu Qc';g“’ l‘l';e’u :;l “;::_0:’ ’E;Qg’ T K| ‘:ﬁ{;
NaCl | Na28 3o I O,“|4,75| 4,0| 0,013 5 12981 [2]
Na® % 01 — —  0,3% 130 208 [52]

Na2 3y 0,11 12,5 2,8 0,03 12 298 [5]

Na® % o1 7,5 2,4 052 200 208 [22]

Na2 /o 0,11 — 4 — 20 298 [14]
NaJ Na» % 041 10,0 4,65 1,0  — 298 4337
NaCl a3, 0,08 — — 1 400 208 [52]
cIs s, —0,08 7,2 09 005 2 298 [5]

crs s, —0,08 — 1 — 40 293 [14]

NaCl0; Clss 3, —0,08 30,57 1,2 0,3 55 293 [1]
KBr Br® %, 036 9,65 58 072 97 298 [18]
Bt %, 0,28 9,75 55 0,6 82 293 [18]

Br® 3, 0,36 — 4 — 100 298 [16]

Brst 3/ 0,28 — 3,5 — 80 298 [16]
Nal Jaz 5, —0,78 8,41 21,7 2,1 660 293 [37,21]
KJ nmo s, 073 7,90 6,5 1,4 300 298 {;?]37]
RbJ Jz %, —0,73 7,88 76 0,23 615 208 [3721]
CsJ s, 0,78 8,37 22 2,7 1600 298 [37.21]
InSb Imus %, 1,6 20 28— 0 7T [13,4)
Sbtm s, 4,6 20 35— 100 77 [1344]

TeJabHO WMNPUHY HeHachmenHoU auann fIAP Bapmec omenusaer 25 ac
s Cu®® u 50 ec maa Cu®®. OGe auHEMM OKa3alHCh CABUHYTHME B CTO-
POHY BHICOKHX IIOJIeHl 0T YBOEHHOTO 3HAUEHNS YACTOTH JlapMopa aTHX
Anep B HeMeraJImduecKuX ofpasmax Ha senaudHy 85 z¢ m 170 ec
gia Cu® u Cu® coorBercrBeHHO.

N3-3a HemocTaTKa YKCHEPHMEHTAIBHEX NAHHHIX IOKAa TPYAHO HPO-
BECTH CPABHEHUE TEOPHM C ONHITOM. MOKHO JHMIL KOHCTATHPOBATH,
qro oGHApY)KEeHHbIEe CABUTH PE30HAHCHOM gJacToTer Oonee weM B 20 pas
npesocxonar caparu Haiita. 9T0 IPOTHBOPEYUT TEOPETHIECKOMY
pesyabrary (18.8), cormacuo koTopomy casur dacroru SIAP pesonanca
g nepexonos Am = -2 gommxen ObITh paBeH gByM casuram Haiira.
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Coo6menue I'peropn u Bémens [25] comepskur kpaTkoe uanomxenne
pesyabraToB mccaegosanaa fIAP ma sppax Ta® (I =7/y) B MoHO-
KPHCTAJIJIe METANIHYecKOre TaHTaka. VICHoah30BAIMCh BA IJHIAH[-
pudecknx obpasma mmamerpoM 0,5 cu u mumHORX 1 cM, BEIPE3AHHHX
Buoas [100] u [111] manpasnenmit coorsercTeerno. Broas ocu muINH-
Zpa BBOAWIHCH HDPOLOJbHEIEC A MONEPEYHKHE AKYCTHYECKHe KojeGanus
#a gacrore vy = 10,378 Mezy. UaMeperus mpousBOLUIMCH NP TEM-
mepaType skupgKoro azora. OTHOmeHNe CArHAAA K MyMy GEUIO Goibme

B o6omx o6pasmax GHIIO HCCIEKOBAHO HECKONBKO JIWHHIL, COOT-
BercrBylomuXx Am = 411 Am = -2 nepexogam npu pasnAYHEIX yI-
aax 0. Hark coo0maior aBTOpH, OTKJIOHEHHE YIJIOBOW 3aBHCAMOCTH
MHTEeHCHBHOCTH NOIJIOmEHus or sin®? (20/q) me ymaerca B aToM cay-
Yae OPANUCATH 3aBACAMOCTA GOPME JTHHUM OT 0, KaK 3T0 MMEI0 MecTo B
HOHHHX Kpucramaax. OGwacHenme stomy I['peropm m Bémeas smpar
B TOM, 4TO B HX 00pa3max HPOMCXOUIA KOHBEpCHsA KojleGareJbHHIX
MoOf, o0yciaoBlIeHHAA HEGOJIHIIAM OTHOIIEHMEM AumaMerpa o0pasma K
JUIIHe aKyCTAIeCKo# BouaHH. IlosroMy B ofpasme OZHOBPEMEHHO IIpH-
CYTCTBOBAJIH HNPOJONBHEE W IMONEDPEYHbe aKyCTHIECKHA® KoeGaHAA M
yrioBas 3aBHCAMOCTH WHTEHCHBHOCTH HMMeNla CIOHHI Xapakrep.

Cpeur Haiira (oxomo 1,8%) coBmajaer mo mOpsAgKY BEIWIHHEL CO
cpparoM (1,14%), mamepemmnm meromom SIMP.

§ 29. AMP B yupyromedopMIPOBAHHBEIX KpHCTAIIAX

Crarmueckoe papiaesne (edopMamuio) MOKHO IPH ;KeJTaHNN MHTEpIpe-
TEpPOBATh KaK jaBieHme (medopMammio), DPOM3BOAMMOE 3BYKOM HYIe-
BOil 9aCTOTH, W, CAE0BATENBHO, €T0 CBA3Hh CO CHMH-CHCTEMON TOJIKHA
OLPEMIEeNATHCA TEM ’Ke TeH30POM Sa3ys, KOTODHIX QUTypHUpYeT B ome-
patope cumu-poHoHHON cBaA3m (5.2). IIpm BriBome omeparopa (5.2)
OTHIONb HE TPEIoNaraioch, 9To TeH3op pedpopmamum E mepumomguue-
ckd (min Kak-EEOYAb MHAYe) 3aBUCHT OT BPEMEHW, W MOITOMY BHIpa-
sKerne (5.2) IPETONHO M A CTATHIECKAX mAedopManuii.

O6cynuM moapobHO Biusanme yupyroil medopmarmuu ma SAMP B
Kybmueckux Kpucramnax. IIpm ODpHIOMKEHHH OJHOOCHOTO HABJIEHMS
CAMMETPHA JIOKAJIHHOTO JIEKTPUIECKOTO MO KyOMIeCKOI0 KPHCTA-
J1a moHMKaercA. HanpmMep, ecian ¢:RaThe HAPABIEHO BIOJb KPUCTAI-
nmorpadumaeckoit ocu [010], To smerrpuueckoe mone Ha Axpax KpucTai-
Jla COOTBETCTBYET TETPATOHAJIBHON CHMMETPUH C BHIJEIEHHONE OCBHIO
[010]. Tasnenume, npunomennoe s Hanpasiaernu [110], genaer kpuc-
TaJIAYECKOe I0JIe OPTOPOMONIECKHM M T. [I.

Brarogapsa OTKIOHEHAAM 3JIEKTPHIECKOr0 KPUCTALIUYECKOTO IMO-
A OT KyOGUYecKol CHMMETPUH JHEpPrusi KBALPYMIOABHOTO B3auMopeii-
CTBUSI ANEP CTAHOBUTCA OTIMYHOHX oT Hyas. KHax ye orMedasoch,
B 00ImeM BHAJIe OHA MOKeT ObITh mpefcraBiaena B popme (5.2), rue Es —
TeH30p pmedopMamuil, MPOMSBONUMLIX CTATHUCCKUM /IABJEHHEM.
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B npmEnUNe MOKHO HafileATHCA, 9TO IPH NPAJIO}KEHAA JOCTATOYHO 6OMNB-
Woro [aBieHENd 9HEPrusa (5.2) mpessoiper mmpury auHum AMP n
Oymer mpoABAATHCA KaK pacmemnienwe guaun SIMP mox saumsammem
KBaJpYIOJBHOTO B3amMofeiicteua. OXHaKO miaA pacmenneHwit TuHAA
AAMP TtpeGyioTcA o4eHHL Gonbmme AABIEHHUS, MOITOMY OOHYHO IIPHXO-
IuTcsa W3ydarh ymmpeHue gmEmit IMP.

Casasp ymmnpesns auenn IMP ¢ reE30poM gedopManuu Moxxer GHTH
IoJyYeHAa HAa OCHOBAHUU CilefylomuX coobpaskeHuid. B mepsom mpu-
OnuskeHME Teopmu Bo3MymeHRmi Ha cmektp SIMP Oymyr oxasmBaTh
BJIAAHIE TOJIBKO KOMMYTHDYIOMAA C 3€eMaHOBOHM 3Heprueil gacTh je-
$hopManmoHHOR KBAafpYHNOJBHOH dHEPIMH

HEO = L ABI—TE+OIVE, VP = 3 Sus B,
(29.4)

rae A = eQ/2I (2 — 1). Orkaonenue Avpy = vy — v, HHTEpPBaJA
v = (Em — Em)h™' Mexngy anepEnMa ypoBHama 3eeMaHa E, H
E,, or wacroru JlapMopa v,, oOycioBmeEHoe B3Heprueir (29.1),
paBHO

3 il i‘f"’

Avg = 5 ———— (2m —1).

Hanuune meommpaxoBoro capura Av,, WHAUBHUAYAJIbHHX YacTOT CHOHA-
HOBHIX IEPEXOJ0B V,, HpuBOAuUT K ymmpeHmio jmamm fIMP, Bropoit
MOMEHT KOTODO#l B peay;bTare 9TOr0 CTAHOBATCHA PABHEIM

AVEP 2
Mz—Ma(O)'l‘ZW Av,, = M, (0) + 0[4I(I+1)—3]( & ) ’
(29.2)

e Wy =|m|I|m —1>|2/ 2.|(m|f+|m—1)|2—nopmannao-

BaHHAA OTHOCHTEJIbHAS BEPOATHOCTh MEPEXOfa MEKAY YDPOBHAMU m H
m — 1, HHAyOUPOBAHHAA IIepeMEHHHIM pE30HAHCHKM MAaTHUTHKIM
mounem; M, (0) — Bropoit MomerT anHEum fIAP B HegepopmmpoBam-
HOM KpHCTAJLJIe.

TaxuM o06pasoM, cpaBHeHue BTOPHIX MoMeHToB auumit IMP B ne-
d)opMHponaHHOM u Hefe®OPMUPOBAHHOM KpPHACTAJIE MO3BOJIAET OLpe-
neants VD, OTKYZIa MOXHO HANTH KOMIOHOHTEI TOH30DA S (mnm ompe-
JieJIeHHbIe JMHEeHHEe K0M6unaunn WX), eclId M3BeCTeH TeH30p medop-
manumit- E;s. Hauamo Takoro popa’ mcciexoBaHmil B KyOmIecKHX KpuHc-
TalIaX NOJO0KeHo B padoTe HImeMaHa, Buayna m Ampmepcena [15],
rje GLUTE W3MepeHH KOMIOHeHTH S-TeHsopa apep In''® 8 MoroKpucram-
ae InSb. 9xcmeprMeHT cOCTOAN B 8aIMCH M CPABHEHHM IIPOM3BOXHHIX
auEun normomendad Anxep In''® B medopMmpoBamHoM H HegedopMEpO-
BAaHHOM KpHCTaJIaXx.
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Pnc. 24, 3aBucMMOCTBH CHTHaJa
AMP C1* B Monokpucraine NaCl or
nasaenusa p [27]

a—p=20; 6 —p = 3107 dun/cm?;
oce cxxarua [111]

IIpn comocraBieHMM OUNHITHBIX JAHHBLIX C TEOpHEH MenaaeTcs Mpef-
monosxkenme, 9ro auEuA fIMP umeer rayccoBy dopmy m mpomoixaer
ee COXPAaHATH IPU HAIOKEHWU [aBJIeHUA. B 3TOM ciygae BTOPOH Mo-
MeHT M, CBA3aH ¢ 9aCTOTHBIM MHTEPBAIOM OV MEKIY TOUKAMU MaKCH-
MyMa m MEHEMyMa npom3BopHOR quaur AMP npocTeiM cooTHOIEeHHEM
M, = (6v/2)®. Ilaa rayccoBeX KpuBHX npoussenenue 2J (6v/2)?
(rme J — BenqmuMHA NPOM3BORHON JMHUM B MAKCHMyMe) NIPONOPIMO-
HAJbHO HHTETPANBHON WHTEHCUBHOCTH mnoriomenus. Ilpegnonaras,
9T0 WHTETPaJbHAdg WHTEHCHBHOCTH He MeHsercs mpu maedopmamud,
nmeeM J (6v)* = J, (6v,)?%, rme Jo u 8vy — 3nagenusa J u §v B oTCcyT-
creue medopmanumii. OTclofia Jerko HOAYIUTh, 9TO M3MEHEHNE BTOPOTO
MoMeHTa TpHm AedopMamuu PaBHO

My — My— My (0) — <‘§;’_°>2(%—1> (29.3)

D10 COOTHOIEHWE MO3BOJIAET ompeneants VA? u cpasaHHBE ¢ HAM
MHKDOCKOIMYECKNE IapaMeTphl 110 SMIMPHUYECKUM 3HAUYeHHAM Ov,
u Jy/J.

JleTasbEbIe M3MepPEHNA KOMIIOHEHT TeH30pa Sz GBIIM IPOBEIEHEI
JlemanoBuiM u Borgamosmm [26, 27] pgma papma menowno-rasomp-
HBIX KpHCTakduoB, a Takxke B InSb. IlogpoGmo maywamach 8saBm-
cumocts VE® 0T opmeRTaIMM MaTHATHOTO IOMA O OTHONIEHNIO K KpHUC-
ranandeckuM ocaM. CrkaTne NPOBOAUIOCH B TPeX KpucTajtorpaduge-
cknx Hampapjemmax: [001], [110] u [122]; marmuTHOe mone nexano
B INIOCKOCTH, IEePNeB[MKYyJIADHOA HampaBieHHI0 CKaTus (puc. 24).

Jlna wmETEpIpETAaNMH 3THX pe3yAbTaToB yA0OHO CBA3ATH Vi ¢
ZaBleENEM D, IPWJICKEBERM K KpHucTanny. B paGore [26] norasmsa-
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Alfc,/(zq
12

7 a o
o o

98- o

P uc. 25 3aBNCMMOCTb CABHMra yac-

toThl careaauros Cl*® B Kpucraaiax o

NaCl or opueHTanMM B MArHUTHOM 7

noie Y SR S SR B B |
a

a — 0Ch  CKATUA [111], p =
= 3 +107 Oun/cm?; o — YTON MEKOY Ha-
npasienvem [110] u marauTEHEIM TIO-
sem; 6 — och cxarua  [110), p =
=1,5+107 dun/cm?, & — yromr Mexmy
nanpasienvem [00113 m marEuTHEIM
nojiem

Vi | 1 L | | | 1
-90-60-30 0 30 60 90
6, zpad
eTcs, 4TO IIPH CKATHM KPUCTaJaa BHoab Hampasiaenus [111]
1 N
V= — 3 SsaSaap; (29.4)
npu ¢KaTHU BAoab Hanpasiaenus [001]
1
o= 7 511 (511 — S12) P (29.5)

U IpH CKATUM BRoab Hampasiaenus [110]

1 (1 3
5? = — Z{? 11 (S11— S12) + SaaSsa + [7 S11 (S11— S12) —
— S44844] COS 29} D, (29.6)

rae 0 — yrox Me;xny HanpasiaenueM [001] u MarHUTHEIM TOJIEM, Sap —
yIpyrue MOCTOSIHHBE, CBA3BBaomue Teusop medpopmanuu E, u Ten-

6
30p HampsyeEA# py: B, = Zsagpg.
p=1
Us sepamennii (29.4) — (29.6) caenyer, uro Beanmumua Vic? sa-
BHCHT OT yIia O TONBKO IPH NPHIOKEHWH [ABIEHWSA B HANPABIEHUA
[110]. 9toT BHIBOA GBI MOATBEPKOEH ONBITHEIM IIYyTEM M MOMKET OLITh
MPOUJNIOCTPAPOBAH KPUBHIME, 300 PasKEHHBIMU HA PHC. 25,
Pe3ynpraTsl M3MepeHUi KOMIIOHEHT TeH30pa AUHAMUYECKOH KBaJ-
pyImONbHON CcBASM, TMoiaydeHHHE B paGorax [26, 27], mpusenenst B
Tabn. 3 (HmorpemmHOCTH M3MepeHWH aBTOpH omeHuBaioT B 40%). Itm
pesyJIbTaTH HAXOMATCHA B KAYeCTBEHHOM COTJACHHM C JTAHHBIMH, HOJIY-
geHHEHME npm noMoum fAP.
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Tabamma 3

KoMnoHeHTH TeH30pa RAAaMEYECKOd KBaJpPynoIbHOH CBA3H Afep B KyOH4eCKHX
EPHCTallIaxX, N3MEPeHAble 110 BIHAHAID OAHOOCHOTO XRaBiaeHHA Ha qmamio fIMP

Kpucramn Arpo Ie?x‘.t lc(;g—lz'1 ) .lfif 'dé%—;' S48y Yoxen | Yreop [6]
NaF Na23 l 4,5 2,8 I —0,61 l 10 ' 5,5
NaCl Na23 2,0 1,1 —0,54 8 5,5
NaCl Clse 2,5 7,0 2,8 10 57,6
KCl Cls 1,0 0,8 0,8 5 57,6
InSb Inus 8 10 —1,2 — —

InSb Sp1z 12 53 4,4 — —

W3 mocnemEmx ABYX KOJOHOK Ta0i. 3 BHUHO, 9TO JJIA KATHOHOB
(Na+*) onmT faeT HECKOJNBKO GoibImee 3HaUeHHE mMapaMeTpa aHTHIKDa-
HEPOBKH, 9yeM Teopus [6], a mis anmonos (Cl7) onuTHEE 3HAYEHAA MHO-
ro Mespme TeopernueckuX. OTHOmeHWe S,4/S;; TaKMKe CYMECTBEHHO
OTJIMYaeTcs OT IPEACKA3HBAEMOr0 WOHHOH MOjenblo 3HaveHAdA — 1,
IprYeM 3TO pasimume 0COOEHHO BEJHKO i aHWOHOB (Kpyroil 3HaK).
TakmM 06pas3oM, MOKHO BaKJIIOYHATH, YTO CYIMECTBYET KAYECTBEHHOE
pasniugdme B XapaKTepe SIEKTPUYECKAX MoJjeil, BOSHHKAWMUX IpA
yopyrux pgedopManysaX Ha aHAOHAX W KATHOHAX. BeposaTHO, moHHAS
Mofienb fBJIAETCA CIMIOIKOM I'DYOHM IpHOIUIKEHEMEM [l ONHCAHWA
BCEX STMX OIHTHHX (PaKTOB.

He mMess BOSMOKHOCTH OCTaHOBHTHCA 3[(€Ch HA aHAJOTMYHHX JKC-
IEePUMEHTaX B JPYIEX KJIAcCaX BEIECTB, OTCHLIAEM YATATENSA K pabo-
tam [28, 29], B KoTOPEX W3Yy9aNOCh BAMAHNE BCECTOPOHHETO JIaBJCHNA
Ha 9acTOTy fAJEePHOr0 KBAfPYIOIHHOTO PE30HAHCA B HEKYOHTECKUX
Kpucrajanax. MarENTHOMY PE30HAHCY B BeMECTBaX (MOHHEE KPUCTAJ-
JIH, METAJIH, MATHUTHO-YOOPSAJOYEHHHE CHCTEMH), IOJBEP;KEHHHX
cn.n[bmimy BCECTOPOHHEMY CIKATHIO, HOoCBAmeHa MoHOrpadgus Bemepme-
ka [30].

§ 30. Murepuperanua SKCHEPIMEHTAIbHBIX 3HAYEHHM
TEH30pa JMHAMAYECKOH KBAaJPyUHOJbHOM CBA3H

Ilpg uvHTepumperamuu U3MeDEHHHX B OIKTEe 3HAYeHWH KOMIIO-
HEHT TeH30pa S j; B TepPMHHAX MOHHOU MOJe]M KPHCTAJJIa OKAa3aloch
HEOOXOMUMHIM IIPENIOJOKUTh, UTO I'PAafNeHT 3JIeKTPHIECKOTrOo II0JA
Ha Afpax co3flaeTcs TOYEUHHIMH 3apApgaMu yoZe (Ze — 3apAf HOHA),
pacmonio;KeHHHIMHE B cocefHUX y3aax pemerku. Ilpm srom pgia komau-
9EeCTBEHHOTO COIIAcHsA Heo6XoamMo, 9To0k paKTop Yo ALA PABTHIHEIX

HMOHOB JIE/KaJl B IpejeiiaX OT HECKOJBKHX €JUHMI[ 10 HECKOJbKUX HAe-
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cAatkos. Heo6xoguMocTs BBeleHHsS TaKoro poxa GaKTOPOB BO3HHUKJIA
eme paEbImle NpUd 00BACHEHHH CIEKTPOB ANEPHOT0 KBafpPYyIOIbLHOIO
pPe3oHAHCA [JBYXaTOMHHX MOJEKYJ M BpeMeH AJePHOH KBalpyIoJb-
HOM CIMH-PEMEeTOYHOH peaKcamuy.

Wonnas MOfenb KpPHCTAJLIa C HOMHHAJBHEIMH 3apAJaMHA MOHOB
(Ze) orasamach HEIPHTOAHOH MOTOMY, YTO KBAJAPYHOJBHEIE MOMEHTHI
Alep MOJAPU3YIOT BIEKTPOHHLIE 000JOYKN CBOMX WOHOB, MHIYOUDYS
Ha HWX KBafPYUOOJBHEIE MOMEHTH TOTO jKe 3HaKa. BHemHBue 3apamm
TOME BOSMYMAIT 3JIEKTPOHHYI0O 000JOYKY WOHA, KOTOpasg 9SKpaHM-
PyeT KBaJipyHmOJbHHI# MOMEeHT cBoero Afpa. C TeopeTmueckoil TOUKU
3peHMsA BJHSHME IOJAPHU3ANAN HOHA HA KBaJPYIOJBHOE B3AaUMOMEM-
CTBHE ANpPAa OKa3aJoCh BO3MOKHHM OXapaKTepPW30BATH ONHAM Iapa-
METPOM — Yoo, IPHCYIIUM 9JleKTp0HHoﬁ 000JI0YKe MOHA, YMHOMHB
9HEPIUIO KBA[PYIOJBHOTO B3auMoyeiicTBuA Ba PakrTop Yo = 1 — Yoo

[311:

2
e =1, 2 (1§02 VES. (30.1)

q=—2

ITapamerp Yo, OOHI9IHO OKABHIBAETCA OTPMIATENBHEM. JTO IPHABOIUT
K YCHJIEHHIO KBAaAPYIOJIBHOIO B3AMMOMENCTBHA, W IOITOMY OH GBI
Ha3BaH «(PaKTOPOM aHTHIKPAHUDOBKHY.

B Hacrosmee BpeMsa MMelTCA IO KpaiiHeil Mepe Tpu BHAA BKcIe-
PUMEHTAJIFHHX JAHHHIX, U3 KOTOPHX II0 WOHHOM MOJENHM MOKHO OI-
PeeNnTE Q.

PasnoxuM TeH30p-TpajlueHT dJIeKTPHIeCKoTo Hois YE, B pax mo
npedopmanmuam E (E < 1):

VE, = VEy+ VELE + + VESEE + ... “(30.2)

Ilepsuit unen pasaoxenus (30.2), 6yayuun nopcrasier B (30.1), om-
pemenser CTaTUYecKue KBajpPYIOJbHEEE B3aMMONEHCTBUA ARED W, B
9acTHOCTH, YaCTOTH CIEKTPA KBAaJPYHIOIBLHOIO PE30HAHCA ANEP ABYX-
aTOMHHX MoJeKyd. VHTepIpeTanysa 3TOTO CIEKTPA B TePMUHAX HMOH-
HO#l Mopenu HO3BOJIAET ONDEJENUTh 3HAYEHHA Yo, KOTOPHE YAoGHO

00603HAINTH CEMBOJIOM 'YQ) B onurax mo SIAP moraomennio maMepser-
cs mepBas MPOM3BORHAA rpajuenta VES M HAXONATCA BeNMIMHH Yq,

KoTopHe OyayT 0603HAYATHCA KaK y%’- Haxomren, usmepenue BpeMeH

COMH-PEIETOTHOH pellaKcanuu noano:me'r OIpefejuTh BTOPYIO HpO-
2

W3BOAHYIO T'PafUeHTa VE( ) u 1o mHeit ‘YQ

B a6 4, cocraniennoii Bomepom [22], IpuBesenRE sKcIepIMeH-
TaNbHHE BHAUCHHS Yy, Yo ¥ TS BMeCTe ¢ pe3yJBTATAMHE TEOPeTHde-
ckoro pacuera yo Buknepa [laca [32]. W3 Tabanmer oTeeranBo BUA-
HO IIPOTMBOPeUre MeKAY BHAYCHMSAMIE Yq, HONYIeHHEIMH Pas3iuTHHMA

CHOCO6aMl7[, a TaK;Ke OTCYTCTBHE BO3MOKHOCTHM IIPENCKa3aTh Ppe3yib-
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Tabamma 4
JKCNepHMEnTaTbHEIe M TeopeTHIeckne 3Havenus y, (7' = 298° K)

Beutecrso fAxpo @131 | AP s, 3| D) 136 l g [32]
NaCl l Na?s l 10 | 17 ' 60 | 5,5
KBr B™ 10 26 260 100
KIJ n 33 38 850 180

TaThl JIO00T0 W3 YKA3aHHEIX M3MEDPEHWil 10 pes3yjbTaTaM JPYyTuX H3-
MepeHuii !, 4To, MO-BUAUMOMY, CBUETEJILCTBYET 0 IPyO0OCTH MOHHOIO
T PUGTMIKEHN .

Eme 6onee cepbesnbie apryMeHTH IPOTUB IIPOCTOR MOHHOM Mojenu
B MOHHHEIX KpPUCTaJidaX ObUIM HONydeHH B onbiTe Teitmopa u Baom-
6eprena [5], ycranopuBmmx yciaosue usorponuu (27.2) TeHsopa CIHH-
donounoi ceazu Sy;/S,, = /4. WoHHAs Mopjens [uiA KpUCTaJTa THIA
NaCl, cormacuo (5.8), maer S;,/S4 = —1. XapaxkrepHo, 4To 9Ta MOJEID
0Ka3ajach HECIPAaBeJIMBON HayKe IS TAKOTO KJIACCHYECKOr0 MOHHO-
ro coemumenus, kaxk NaCl.

Ipyroit momgxof s 00BACHEHUS STHX IKCIEPUMEHTAJLHBIX TaH-
HEIX MOYKHO MCKAaTh B MOJeNU KOBAJEHTHHIX opOuT. dTa MOMeIb HC-
monbsoBanach B paGorax [34, 35] must o6bACHEHUA BETMYMH XUMUYE-
CKOTO CIBMTA, BPEMEH CIMH-PEINETOYHOU pEeJaKCAmuu W KOCBEHHBIX
CONH-COMHOBLHIX B3aMMO/EHCTBUI B IMeN09HO-TATOUIHLX KPUCTAJIAX.
OpHAKO COIOCTABJIEHNE BPEMEH CIIMH-PEINeTOYHOM pejaKcaljimi, pac-
CUNTAHHEIX II0 MOHHOM U KOBAJIEHTHON MOMEJAM, MOKAasalo, YTO HA
OfHY M3 dTHX Mojeiell Heab3sa oTépocuts [36].

s BEIABIEHMS TPHUPOAH JUHAMWYIECKOrO KBaJPYIOJBHOIO B3au-
MopeiictBuss Menecom u Bomedom [37] Gwuto mposemeno cucremaru-
4ecKoe M3MepeHNne TeH3opa CHMH-QOHOHHOM cBas3u S;j, smep J!27 B
morokpucramiax NaJ, KJ, RbJ u CsJ u nurepnperanus stux pesyis-
TATOB HA OCHOBE MOMEJIM KOBaJeHTHHX opbut. Bemenm sa aBropamm
paGorsr [34] omu mpenmomoskunm, uro medopManus IEKTPOHHOTO 00-
snaka moHA J~ 00yciIoBleHA YACTHIHBIM IIEPEXO/IOM DJIEKTPOHA BHEII-
Hell p-oGomouku B Bo30yskpeHHOe cocrosHme. OcTaBasgcsa IPU ITOM
«IBHPKa» B p-000I09Ke CO3[]AET IPAJIMEHT 3IEKTPUIECKOTO OJIA Ha SApe.
Bespasmepras BeqmdmHEa A, XapaKTEepU3YIOMAss HOpuUMech BO30Y:KIeH-
HOTO COCTOSIHHS, OCTAeTCS TTapaMeTpoM TeOPHWM U JI0JKHA OBITH OIpe-
JejleHa W3 ONETA. 3aBHUCHMOCTH IIapaMerpa A OT PAacCCTOAHHMA MEKIY

1 B paGore [33] npu unciaeEBO# onenke KoadduiuenToB AP moraomeHus
G WCHONB30BANNCH BeJMYMHB Yq, IONYHeHAbe IPU HHTEPHPETALMHM ONBITHEIX

3HaueHUH BpeMeH CIHH-PemeTOYHOH pesnakcamum [32], 9To mpmBeso K 3HAYATENb-
HOMY PacXOKIeHWIO C DKCIIePIMEHTAJIbHKIMM BeJndnHaMu G [18].
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Tabanma 5

CreneHb KOBaJEHTHOCTH HOHOB J~ B HEKOTOPHIX KyOMUeCKAX
MoHOKpHcTaanaXx no AaHHbIM fIAP m m3MepeHnmeM XHMHYeCKHX CaBuroB ¥ [37]

Kpucramn R, A eq:Q, M2y Y1 ﬁ;“e(z:ﬁz) X (10—) Z;.,a(%)
Nal l 3,23 I 660 69 | 8,5 l 1,2 I 4,0
KJ 3,52 300 38 3,5 1,0 3,3
RbJ 3,66 615 80 7,0 1,7 9,5
Csl 3,95 1600 200 16,5 5,0 16.5

moHamMu R, KoTopymo HeoOXOZHMO 3HATH [AJsI HAXOKAEHHUSA OPOM3BOJ-
HOI rpagmenTa mo nedopManmm, IPUHMMAETCA B BHUJE

A= hoexp{ R}

rie R, — snauenme R B HefedopMUpPOBAaHHOH pemieTKe, 0 — HEKOTO-
pHIii IapaMeTp, paBHEI B 1anHOM caydae 0,345 A.

Wcnoapsysa sro npubnmxenne, Menec u Boned momyamnu ciemyio-
mee BHpayKeHUe i KOMIOHEHTH S;; TeH30pa JUHAMUIECKON KBaIpPy-

IOJIBHOUN CBA3U
- 8 ehoRy /1
bll — —5— T<—,‘_§‘>p, (30.3)

rge <1/r®), — cpenuee sHavenue 1/r® nusa sIeKTpoHA BHemIHeiH p-op-
6uTH, KoTOpoe masa wMoHA J~ oxasamoch paBHEM 122 . 102 cx™2
IMonyueHHHe TpH MHTEPHPETANMM JKCHEPUMEHTAIBHHIX BEJIHYMH
S,; 3HaYeHHs HmapaMeTpa A IpuBejeHH B Tabi. S (Z — gmcao Gmmmaii-
OINX cocefeit).

B mocaengeit rpade Taba. 5 mpuBefeHH 3HAYEHHA HmapaMerpa A,
Ha#JleHHEIe B PE3yJbTATe TEOPETUYECKON WHTEPIPETAIIHA dKCIE PUMEH-
TAJIbHHX 3HAUenWil XAMHYECKOTO CABHTa s7iep J 127 B TeX sKe BelmecTBax.
XuMuuecKkmii CHBHr, KAK H3BECTHO, NOPOKIAETCS JKPAHHPOBKOM
Alep OKPY/RAIIMMUMY UX DJIE€KTPOHAMMU, B Pe3ynbrare 4€r0 MarHUTHHIA
Pe3oHaHC Afep Ha OIHOI U TOM ke YacTOoTe B PA3HEIX BEIECTBAX MMEET
MeCTO NpH PA3MTUYHEIX 3HAYEHWAX BHEINHETO0 HOCTOSHHOTO MATHHT-
HOTo MoNA. EcrecTBeHHO, YTO BeIMIMHA XWMHUYECKOTO CABUIA 3aBHCHT
OT COCTOAHMA BJIEKTPOHOB B aTOMaX, OT HPUPOAH XMMHYECKON CBABH.
Coraacro pacueram HMocuan u Mopmu [37], paccMarpusaeman Mozens
KOBAJEHTHHX OPOUT [aeT clefyiomee BHPAsKeHHE NI XUMHIECKOTO
cABUTa:

8 B2 /1
% =— 5 255 Dy (30.4)
1



rae P, — 2nexTpoHEHE MarseroH bBopa, AE — sHeprermueckuit mu-
TepBaJl MKy OCHOBHEIM M IEPBHM BO30YKeHHEM ONTAYECKAM YPOB-
meM. VsMepeHme XMMUYECKOTO CABHIa II0TOMY [AeT HE3aBHCUMHIR
cuoco6 monyuernsa A, (30.4). s gaEEEX Tabx. 5 BUAHO, 9TO 3HAYCHHA
mapaMeTpoB Z),, HalijleHHbIe U3 XHUMHIECKAX CIBHTOB M TEH30POB
cOMHE-OHOHHON CBf3M, XOPOIIO COIJIACYIOTCA APYT C APYILOM.

TaxkmM o0pasoM, mWHTEpHpETANHA DKCICPHMEHTAJIbHHX 3HAUCHHH
TEH30pa AWHAMHAIECKOH KBafpYNOJIBHOH CBA3H Afiep B HOHHHX KPHC-
TaJJIaX B TePMUHAX MOHHOH MOJENW NPHBOSHT K CEPHE3HHM TPYAHOC-
TaAM. BEX0Z u3 3TOro 3aTpyLHEeHHS HAMEYAETCA B KOBAJIEHTHOH MOMEIM
Kpucraimaos. OfHaKO yBepPEeHHO OPUATH K TAKOMY BEIBOLY MOKHO Gy-
JIeT TOJBKO IOCH€e MPOBEeleHHs COIOCTAaBJIEHUs B TePMHHAX KOBAJEHT-
Holt Mopenu jaEEHX fIAP ¢ apyrmmm smmmpmdeckumm pamEEEIME (7,
T, & T. §.) Aag GOJBIIETO KOJHMYECTBA KPHUCTAJJIOB W sAREP. Y CI0BHE
m30oTponmm S-TeH30pa (27.2) 06HAPYIKEHO HOKA TONBKO [ MOHOKPHC-
ranna NaCl. [nsa DposicHeHHs CHTyamuu O0Y€Eb BaKHO IPOBECTH
9KCIEePHMEHTAIbHYI0 IPOBEPKY CYMIECTBOBAHUSA STOT0 YCIOBUA B APY-
TAX KPHUCTAJIAX. .

B ToM cayuae, ecim ono Oyner o0HApY:KEHO B APYTHX KPHCTAJIAX,
nmeper a000# Teopuell IWHAMHYECKOTO CHEH-POHOHHOTO B3amMojeii-
CTBHsA, IPETEHAYIOME! Ha MpaBMIbHOE OTOOPasKeHWe IPHPOAK XAMH-
9eCKOH CBASH B KpUCTaJLIaX, Heusd0e;KHO BO3HHKHET 3a7ava BEIBOJA
YCIOBHA H30TPOIHH. ’

§ 31, Axycruuyeckoe HachlieHHe NpWM AUNOIBHBIX NpaBUIaX OT0Opa

Y sapep co cumEOM !/, OTCYTCTBYET 9JEKTPHIECKHA KBAApPyMOJbHLIMA
MOMeHT, IO0TOMY WX B3amMojeiicrBme ¢ OHOHAMH MOJKET OCYINECT-
BIATHCA TOJBKO 9epe3 MarHUTHHIA AMHOOJBHHI MOMEHT. B oriamume or
cupH-QOHOHHO CBA3H 4epe3 9JIeKTPHUeCKHe KBAJPYHOJbHEE B3aHMO-
HeiCTBHA, TOYHAA TeoPeTHYECKasA OIeHKA KOTOPHX 3aTPYHAHEHA OTCYT-
CTBHEM CBeJeHmi o (aKTopax aHTHOKPAHMPOBKH, OIPH MACHHTHOH [H-
NOJBHOY CBSASH BEePOATHOCTA MEAYOUPOBAHHHX 3BYKOM COHHOBHX IIe-
PexofoB MoryT OHTH paccYuTaHH 3apaHee.

Ilposesennoe B § 6 comocraBieHEme BepOATHOCTEH AKyCTHYECKHX
IepexofoB MOKa3ajo, YTO IPH MArEATHOM JAHWOOJBHOM B3amMOJei-
CTBHH sfiep ¢ GOHOHAME 3TA BEPOATHOCTH 3HAUMTENHHO MeHbIIE, 9eM
PN 9NeKTPNYECKON KBALDPYIOIBbHOM CBA3M.

Korpna akycrmaeckue KoneGaHUA MOAYJIHPYIOT MATHATHHIE AAIOb-
HHEe BsammojedicTems (4.11) siep HBYX coproB i m j, mpaB@Eaa OT-
6opa «paspemator» IAP ma wacrorax Jlapmopa awGoro ms spmep—
0y WIE ©), a TAKKe HA CyMMe Oy + O @ pasHOCTH ©f — ©) 9THX
gacror. IIpm [eTEeKTHPOBAHHA aKyCTHIECKOTO CUTHAJA HA 9acTOTe
Jlapmopa BosHEKamT GoJbmME TPYRHOCTH, CBA3AaHHHE C (IpOCAdH-
BaEHEM» B o0paser; mepeMeHHOr0 MarHATHOTO IOJs, B3amMopeilicTBue
Afep ¢ KOTOPHM EMeeT Te Ke ImpaBmia oT0opa. SHAYATEILHHN «WM-
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MYHHTET» HOPOTHB HACHIIEHHAA Yepe3 pPaguodacTOoTHOEe HIpPOCAaYABAHHE

CHOHHE-CHCTEMa EMeeT B ABYX mocaepHmx caydaax (AP ma o, 4+ of),
rfie mapasHTHAS BePOATHOCTH IMEepexofa MeHbIIe, YeM B IIEPBOM CJIY-
4ae, coorBercTBeHHO B (H,/H,)? 1 (Av/v,)? pas (H, u H, — aMonmryna
ePeMeHHOr0 M HOCTOSHHOIO MArHETHOIO Hmojied, Av — IIEpHHA JIHd-
gau fIMP, v, — pesomancHas dgacToTa).

N3-3a Mamoil BeIMIMHE BePOATHOCTEH CHMHOBHIX HEPOXOMOB HOJ-
roe BpeMa He ypgasajoch obmapy:kmths AP, oOycimoBiaeHHHIE Mar-
HATHHIME AHMOONBHEIMEA B3amMojeiicrBmsaMEu sxep. B crarbe Bpyna m
Maxona [38] mepeunciens cooGmenus psga aBTopoB 06 OTpHIATENH-
HEIX Pe3yJabTATAX TAKHX DKCIEPHMEHTOB.

Hepgasno Grinm omy6aunkoBaHs gse paGorw [39, 40], B KoTopHIX c006-
IMAJI0Ch 0 HOJOKUTEIbHHX Pe3yIbTaTax, HOAYIeHHNX IPH CTAHOHAD-
HoM fIAP mHacmmennu nmami AMP ¢ MarEuTHHME TEOOIBHEME Ipa-
BHiIaMd orGopa [iA aKyCTAYeCKHMX NepexoqoB. Baagmmmpmes, Io-
aeaumeB-Kyrysos u Konsmunem [39] macumanun 3BykoM mpm Temme-
parype 4,2° K KOMHIOHEHTH TOHKOW CTPYKTypw amEmm MP sagep
Al?" (I =°%/,) B pybune, cogepsramem 0,07% wuomos Cr3". O6pasern
moMemajicA B Pe30HATOD, CHENHANbHO CKOHCTPYHDOBAHHHIA A HC-
caegoBanusa AP machmenmsa npm HmsK@x. TemMmeparypax [42]. Axyc-
THYecKHi mpeoOpasoBaTeab CO3KABAX B 00pasme IPOJOIBHYI0 BOJIHY
¢ orHocuTenbHO# medopmammedr E ~ 7 . 1077 ma wgacrore 5 Mey.
Ilocrosaaoe MarmmTHOe moxe H, OHIO OpmeHTHPOBAHO BHOAb C-ocH
py0mHa, mepHeHAUKYJISIPHOA K HANPaBJIECHHI0 PACOPOCTPAHEHUS 3BY-
Ka; OHO MeHsaJoch B maTepBaie 4 « 104 < H, < 6 - 10* 2c maa cosga-
HOA DPE30HAHCHHX YCIOBHA DAa3iIMYHKIM CBEPXTOHKHM KOMIOHEHTAM
cuexkrpa IMP Al?’ B pyOume.

Uccnenosarue cuexkrpa SAMP Al*? B py6mme mokasamo [41], garo
anpa Al?” mogsep;KeHH HeHCTBHIO CIab0ro dIEKTPHYECKOTO MOJA HHU3-
KOX CHMMETpPHH, KOTOPOE CMEIfaeT YPOBHH MATHHTHOTO pPe30HAHCA
Ha paccTosHWe, Goibliee IMUPHHH JHHEA. B pesyabrare aroro Hapy-
UIAeTCA SKBUIECTAHTHOCTH YPOBHEH MATHUTHOTO PE30HAHCA, H BMECTO
oqaoit muaMA AMP BUIHH OATH JAHUHA, COOTBETCTBYIOIEX IepexogaM
MeKAY HapaMH cocefHUX ypoBHei: Ky <> Egry, Egpp <> Eqpyy Eyjy <> E_yjg
H T. [

B paGore [39] MeTomoM CTanmoOHAPHOr0 AKYCTHIECKOr0 HACHIMEHHA
H3y4ajach 3aBHCHMOCTh MHTEHCHBHOCTH OTHEIbHHX KOMIOHEHT TOH-
Koit cTpyKrypul guamm fIMP anroMmHAA OT 9HEPTHE AKYCTHIGCKHX
KoxneGanuit B o6pasue. Ilpm paBeHCTBe JacTOT 3BYyKa M IEPEMEHHOTO
MarHATHOTO MOJAA Ha6II0al0Ch YMEHbIIEHNE HHTEHCHBHOCTHE KAaMKI0M
CBEPXTOHKOHl KOMIOHEHTH B cpefgaeM Ha 15%.

AHanm3 sKCOEepPMMEHTANbHHX JAHHHX IMOKA3ajd cleayolmee.

1) Marpuunsi snemenT {1/2| 3&[ —1/2> omeparopa cnuH-$OHOH-
HOTO B3amMofieiicTBEA 7, OJHOTO MOPAMKA C MATPHIHEIME JIeMEHTAME
(1/2/.7?, 3/2> (3/2/3‘?, | 5/2, ato yrassBaer Ha MAarHUTHYIO IPHPOIY
B3amMOJIeHCTBHUA foz.
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Puc. 26. CxeMa mpolecca mHepefain aKyCTHYECKO DHEPrMM APAM B  MOHOKDHCTALIE
Al;0; ¢ npumecsio Cr3+ [39]

_ 2) Ecam mpencrasmre] Bsammopelicrue J; B dopume hGQE, rne
Q — cumeoBHi omepaTtop, E — orHocmreabmas pefopmanma, G —
spdeKTUBHAA KOHCTAHTA ANePHOr0 CHMH-POHOHHOI'O B3AMMOAEHCTBHA,
TO HAa OCHOBAHUH 3KCICPAMEHTAIBHHX [JAaHHHX Goxen ~ 108 2y.

Junons-IumonbHNE B3aUMONENCTBHA sfep, a TAKMKe Afep ¢ Ia-
PaMarHUTHHME IPUMECAMHA He MOTYT AaTh 3HadeHWe (G TAKOH Beamuu-
uu. IloaTomy mia 06bACHeHuUA DolyYeHHHX B pabore [39] pesyabraros
mpeqiaraercsa HeCKOJIBKO BapMaHTOB BaamMojeficrema smep Al*? co
3BYKOM ¢ KocBeHHEIM yaactueM monos Cr3t. CxeMa sToro BEHPTyaabHOTO
mpomecca, HADOMUHAIOMEr0 MeXaHW3M HOIVIOMEHHS 3BYKA, PACCMOT-
pernniit Myprasurum (§ 22), usoOpaskena Ha puc. 26. AxycruuyecKue
KoneGaHMs TOCPENCTBOM MOIYIANAM AUOONL-TUIONBHKEX HIH 00-
MeHHEX B3auMopefictemii moroB Cr3*, a tamxe depe3 cuma-QoOHOHHOE
B3amMopeiicrBrme noHoB Cr3' mepegaior sHEPrui0 B CIHH-CACTEMY HOHOB
Cr3". OTtryma oHA IOCPEICTBOM CYIEPCBEPXTOHKOTO B3aMMONEHCTBMA
unouoB Cr3" ¢ smpamm Al??, Koropoe, Kak mokasaHo B paGore [41],
pacupocTpaHAeTcsa HAa 3HAYUTENbHEE PACCTOSHUA, MePefaeTca B ANep-
myio cuuE-cucTemy Al?’, IlapamMaramTHAs COMH-CHCTEMA IPH 3TOM CIy-
FKUT JAIIb (MOCTOMY JJIA Iepelady DHePIuy ¥ IPHCYTCTBYET BUPTYalb-
HO. 3aKOH COXPaHEHHUsA DHEPTrHU B 3TOM IIpomecce MOIIONIEHUS BHI-
TIOJHAETCS 324 CYeT OCYMECTBIEHWS PEe30HAHCA aKyCTHIeCKHX Kojeba-
HEN ¢ COOCTBEHHBHIMH 9aCTOTAMHU AEPHOTO CHEKTpa. ydactue B IIPo-
mecce mepenayu SHEPIMM HAPAMATHATHON COMH-CHCTEMEI JOJIKHO IPH-
BecT: K ymupenuto guauit AP (cM. § 22) u, cieqoBareabHo, K yMEHb-
IIeHAI0 BEPOATHOCTEH HHIYIUPOBAHHKX 3BYKOM CIHHOBHX Il€peXo-
noB. Opmako ma mupumHax jguaumit AMP, xoropre 3ammcuBamuch B
9KCIEePUMEHTE, 3TO 00CTOATENBCTBO HEIOCPENCTBEHHO HE CKA3EIBAETCA.

Onenku, npomssemennnie B paGore [39] ama sTmx MexammsMoB,
naor G ~ 10° 2y w G ~ 108 ey, ecim Ha mepBOM dTame aKyCTHIECKAs
9HEPTHA IepeJaercsi COOTBETCTBEHHO YePe3 JUIONb-TAI0IBHOE U CIMH-
¢doHOHHOE B3auMojeiicTBusA noHoB Cr3*,

Mlyrunos u Amrokoabekmit [40] BosOyxpmanum yabTpasByKoOM Ie-
Pexombl MeRNY YPOBHAMM MarHuTHoro pesomanca samep F!9 (] =
= '/,) B MoHokpucramie LiF. WcrounmroM yabrTpasByka cCiyxuia
TIATEJIbHO 3a9KPAHMPOBAHHAS KBapreBas miacruHKa X-cpesa, BO3-
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Oy:KOoaBmasica Ha OCHOBHOU uacrore 14 Mey m mainyuasumias axycruue-
CKYI0 MOIIHOCTH HEHmOoCpeAcTBeHHO B o6pasenm. Hampasienme pacmpo-
CTpaHeHHs 3ByKa B KyOudgeckoM MoHOKpmcramae LiF cosmagano
¢ ocpio [100], a mocrosiEHOE MAarEMTHOE IOJe GRLIO MPHUIIOMKEHO Hep-
OEeHAAKYJIAPHO 3JTOMY HanpaBsieHmioo. Vcmoab3osalach MeTonumKa
EMOYIbCHOTO aKyCTHIEeCKOro HAacHmeHHsA. Bce maMepenus mposonnm-
Juch IPU KOMHATHO# TeMIeparype.

Comoco6 HaGaropmeHms curHaja CcBOOOTHON IpeneccuMu NPHILIOCH,
OHAKO, HECKOJbKO M3MEHUTH BCIEACTBUE YPE3BHYANHO [IMHHOTO
BpeMeHE cImH-pemeroHoil penarcammm apep F'° (T; = 110 cex npm
KoMHaTHO# Temmeparype). Hak msBecTHO, ecnm cmcTeMa oGaydaercs
90-rpagycHHME MMIyJIbCAaMH, HOBTOPHHIA CATHAX CBOGOXHOM mpemec-
CHH MOKHO IOJYYHTh TOJBKO 9epe3 HMPOMEKYTOK BpeMeHH > I, moc-
Jle TmpefmiecTBYIOmero uMuyibca. OOHTHO JJA MOAYyYeHHS YCTONUMBO-
ro curHaja cBoGofgHON Ipereccuum Ha SKpaHe ocmmiiorpada obpaser
o0sygaercs HECKOJIBKEMH JeCATKAMH HMIOYJbCOB B CeKyHIY. B nam-
HOM CJIyd9ae 3TO OKA3aJ0Ch HEBO3MOJKHEIM, II09TOMY BSKCIEDPHMEHT
CTaBHICA CIEAYIIEM 00Pa3oM.

CHagajia IpOU3BOAMIACH IOCTHPOBKA allaparyphs mo Gropy B Mo-
Bokpucramnixe CaF,, cogep;kamem mapaMarEATHE IpuMecH, 6aarogaps
rotopuM T, simep F'® cocraBusmo moam cekynpsl. 3areM Bmecto CaF,
ToMemayicsa ucciaenyeMuit oopaser. OH o6aydancsa cepuamu usz 10—15
PaJMOYaCTOTHRIX MMIYJbCOB, PAa3JENEeHHHX WMHTEPBAJIOM BPEMEHH
1 cex. [nurenbHOCTH OJHOTO MMIyJbca BHOEpanach Tak (f; =~ 1
MECeK), YTO OH BHI3HBAJ I0BOPOT MAKPOCKOIAIECKOT'0 BEKTOpAa HaMar-
auverHoct HA 20—30°. TlockonbKy TaKme MMOYJIbCH, B OTAHYUE OT
90-rpagycHbx, He 00pPAMAIOT B HYIb Z-KOMIOHEHTY HAMATHIYCHHOCTH,
CHUTHAJ IIpemeccuu Habiaopaercad MHOTOKpaTHO. BpeMmsa BoccraHoBie-
HUA OPUEMHOI0 TPAKTa YCTAHOBKU ORIIO HOBEJEHO WPHMEPHO [0
1 MKcer, a MIRTEIBHOCTH CUTHAJNA SNEPHOH HHIYKOHE COCTABJIAIA
2—4 mrcer.

B npoMexyTke MEXIYy CepUAMHA 3JIEKTPOMATHHTHHIX HMIIYJIbCOB
obpasern 00dydYascA aKyCrHIeCKMMYM WMMIOYJIbCaMH TOH 7Ke 9aCTOTHI,
pmusmumuca 10—60 cex. VIATeHCHMBHOCTD HBIYYeHHUS YIbTPA3BYKa
moBogmiaachk o o0 em/cm?. MaKkcEMaIbHEOE HACHIIEHWE CIHH-CHCTEMEL
F° npu pummrensroctu o6ayuenus 60 cex mocrmramo 30% .

AHanus pesyJIbTATOB AKYCTHIECKOr0 HACKHIeHns o fopmyie (25.2)
C y4YeToM KOHQUTYpalmd AaKyCTHYECKOr0 Hojas paer PA =275.
« 1073 cex™'. K cokameHm0, TOYHOTO PacueTa BEPOSTHOCTH AKyCTHYE-
CKOT0 Iepexoja MJsi JaHHON HKCHePHMEHTANbHO! cUTyalum IpoBec-
TH He yJaJ0Ch, TAK KAK B I[eJIAX IOBHIIEHNS aKyCTHIECKON MOIIHOCTH
B o0pasme BO30yK/Jajdach OTHOPOMHAS CHCTEMA KBABWCTOSAYMX BOJH
(roprsr 06pasna OGbLIKM CKOIIEHH) W IapaMeTPH 3BYKOBOI'O MOJSA OCTa-
BaJINCh HemsBecTHHIMHU. I'pyGas omenra morasmiBaer [40], aro Teope-
THYECKOe 3HaveHHe BeposATHocTm PA Moer OHTHh HPUOGIHABUTENIBHO
COIJIacOBAaHO ¢ B9KcHepuMeHTANbHON Beamamuoir 1,5 « 1073 cer ™!,
eciIM B KauecTBe CpeJHETO B3HAYeHUS aMIimtyAel pAedopMmammu Eg
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B3ATH BeIHIMHY E,, CO37aBaeMyl0 3BYKOM MoInEOCTEIO 50 ém/cm? B 00-
pasie ¢ MexaHWIECKEMH cBoiicTBamMu MoHOKpmcranxna LiF.

Yrobn ybeamrbcs, 9TO AOCTHTHYTOe HACHIIEHHWEe HE ABIAETCA pe-
3yJBTATOM DAPASHTHHX JJIEKTPHICCKHX HABOLOK, ABTOPH 3aMEHAIH
14-MerarepneBy0 KBapHeBYI0 INIACTHHKY HA KBapHeBYI0 ILNIaCTAHKY,
pesoEEpymyl Ha dacrore 8 Mey. Hurakoro 3aMeTHOro HACHIIEHASA
IOpH TOH ;Ke MOIIHOCTH, KOTOpasd IojaBailach Ha uacrore 14 Mey,
mpu 3ToM He Habmogamock. KpoMe Toro, GEIM DPOBEJEHH CHEMHAAb-
HEE ONLITH IS U3y9YeHAs BIMAHEUS HarpeBaHMA o0pasma HA CBOMCTBA
CIOUH-CHCTEMHl W BHACHEHHS POJH HArPEBAHHA B AKYCTHYECKOM HACH-
mernn gurmia AMP. .

B pa6ote [40] cooGmaerca Takke 06 OTPANATENBHEIX PE3yIbTATaX,
mOJYy4eHHHX HOpH momuTKe oO0Hapy:xmrb SIAP HacmmeHme mpm KoM-
HATHOH TeMIeparype Ha IPOTOHAX B aJIOMO-KAJIMEBHX KBACOax, H
anpax F'° Bo ropume KaIbmusa H CBHHIA C PA3IUIHON KOHIMEHTpAI[AEH
mapaMarHATHHX IpuMecel, a Taxke B LiF, nogseprayroM o6ayzenunro
PeHTTeHOBCKMMH JyJaMu [0 3aMeTHOM okpackd. B mpepmenax wyser-
BHTEJIBHOCTH IPAMEHABINErOCA HMOYJIbCHOro MeToxa (okoiuo.3%) ad-
deKT HaCHMEeHWS IPH KOMHATHOX TEeMIepaType OTCYTCTBOBAI IpHMep-
HO BIIOTH /{0 MHTeHCHBHOCTe#l yiabrpassyka 100 em/cm?®.

9TOT pe3yibTAT XOPOMO YKIAAHBAEeTCA B IPEACTABICHHAA TEODPHH
mEpHHEN JuAnE AP Ipy HAIHIME BHYTPEMOJIEKYJIADPHOTO NABHIKEHHA
(cM. § 22). IIpu pe3soHAHCHOM HOTJIOMEHHEA 3BYKA IOCDPEJACTBOM MOZY-
JIANAA QUOOJBHHX B3aHMMOJEHCTBAA sAep M MapaMarHATHHX IpEMecei
B POJIM [BWKEHUs BHCTYIAeT PeJaKCANHOHHAA INepeopHueHTanus Hapa-
MAarEATHHIX MOMeHTOB mpuMmecH. G TOYKE 3peHAA ANEPHHX COHHOB Bpe-
M5 KOPPEeNANHUE TAKOTO ABH)KEHHSA PABHO BPEMEHH COHH-DPEMIETOTHOM
(T,) mnu cuma-comEoBOi (7,) pelaKcamEd JeKTPOHHKX CIMHOB B 3a-
BHCHMOCTH OT TOT0, MapajlIelbHAS WM HePUEeHAHKYIADHHE HOCTOSH-
HOMY MArHATHOMY IIOJI0 KOMIOHOHTH 3JeKTPOHHOTO MarHETHOTO MoO-
MeHTa yaactByoT B mpomecce SIAP mormomerma. IIpm sroM mupmaa

1
auarr  fIAP mormomeHdms yBeaMUmBAETCA HA T. B . IIpnr
1 2

KOMHATHEIX TeMIeparypax 006 BeJXYMHH 3HAYATEILHO IPEBOCXOIAT
mapuRy auEan AP, 1 m03TOMy CHE)KAOT BePOATHOCTH HHAYIXPOBAH-
HOTO 3BYKOM SIIePHOTO Iepexofa.

C nmpyroit cTopoHH, HaTWdme TAapaMaTHATHHX HOpEMeceil cymecT-
BOHHO YKOPadYmMBAeT BpeMsA CIMH-DPemeroIHOd pelaKcammm| Anep, 9To
sarpynader mabmomenme AP macnmernus mpm ar6oM MexaHEH3Me
B3amMofieficTBHA AMep ¢ POHOHAMA.

§ 32. AAP B mMarHuTHO-YMOPAKOYEHHBIX CHCTEMAX

IMoMmamo wmayueHHs CHAH-POHOHHOTO B3AMMOJEUCTBHA, HCCIEIOBAHMS
AP B MarEETHO-YIODAKOYEHHHIX CHCTEMAX IIPEJCTaBIAIOT HHTEPEC
KaK Cpe/cTBO W3YYeHAA MATHUTHHIX CBOMCTB BTHX BemecTB. Marmmr-
HEe cpoiicTBa ¢eppo- m aHTHGEePPOMATHETHKOB OUPENeIAIOTCS CHIb-
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HEIME OOMEHHEIME B3aWMOAEUCTBHSAMA MEKAY aTOMaMu PEIIeTKH I s
CBOEro ONMCAHUA TPEeOYIT pelleHms MHOTOYACTUIHON 3amaum. M3-3a
OTCYTCTBHS BO3MOMKHOCTH HM3JIaraTh 37ech CIOKHHI MaTeMaTHIECKHN
anmapar, ¢ HOMOMBI0 KOTOPOT'0 HOXYIeHO GOIBIMEHCTBO TEOPETHIECKHAX
pesyiabraroB 0o SIAP B MarEETHO-ymOPAMOYEHHKX CHCTEMAaX, B DTOM
maparpade GyAyT HM3IOKEHE TONBKO OCHOBHEE HJEH M BHIBOJH.

Kax msBecTHO, 0GMEHHOE B3aMMOIEHCTBIE MEKIAY COHHOBHIMHI MO-
MEHTaMH SJIEKTPOHHBIX 000I09€K aTOMOB )6 PPOMArHETAKA BHICTPAUBAET
HX IapaJeabHO APYT APYTY B MAKPOCKONMIECKHUX 00bEMaX MaTepHaia,
HA3KHBAaeMEX ToMéHamm. J[OMEHE OTJeNeHH PYT OT APYra (CTEHKAMU)»
Brioxa, B KOTOPHX OpHEHTAMSA CIMHOB IOCTEIEHHO MEHSETCH OT Hall-
paBleHUsA HAMATHUICHHOCTH OJHOTO [JOMéHA K HANPABICHUIO HaMmar-
HuYeHHOCTH cocenHero. Hampmmep, cremka Baoxa masmBaercsa 180-
rpanycnon €CJIM OHA PasfeiiseT ABa JOMEHA C TPOTUBOMONOKHOM OpH-
eHTanueil comHOB M T. . Bo MHOTUMX cayJasx TOJN[UHA TOMEHHEIX CTe-
HOK COCTABJSET COTHH MEKATOMHEIX PACCTOAHHMH, a YHUCIO AaTOMOB
B cremkax scero B 10 pas Mempmie, 9eM B qoMéHax. IIpu HamomeHunm
OCTATOYHO CHJIBHOIQ MOCTOSHHOTO BHENIHET0 MArHUTHOTO IOJA [0-
MEHHL BRICTPAUMBAIOTCA B HANPABICHUM HOJNA UM ePPOMATHETHK CTAHO-
BHUTCA OJHOTOMEHHEIM.

MarHuTHEE CBOMCTBA 3JEKTPOHHLIX W AJ€PHBIX CIIHHOB OITHOJOMEH-
HOTO (peppPOMarHEeTHKA ONUCHBAITCA MAMHIBTOHHAHOM

N
- /\ A ~ ' A
R= — 2y Hy X S — iy, H, 2 =2 A8 8, + ZF“ g
! =t " (32.1)

Ilepsrie gBa wiena BeipayxkeHAA (32.1) COOTBETCTBYIOT DHEPTHH B3au-
MO/IeiiCTBUA DIEKTPOHHBIX W SEPHBIX COUMHOB C IOCTOSHHEIM MAaTHHUT-
BEIM ToseM H,, Tperuil 4ieH sBisieTcsi 9HEPrueil oOMEHHOTO B3aMMO-
NeHCTBHA DIEKTPOHHHIX COMHOB, KOTOpasg IPHBOJAWT K MAarHUTHOMY
YIOPATOYEHNIO, I TOCIENHUN UYIeH — CBEPXTOHKOE B3amMMOJEHCTBHE
5JIEKTPOHHKX CIHHOB U COMHOB Siiep HEMATHATHLIX ATOMOB.

Mosxso0 mpemmomararb [43], 4To 3BYR BOBHeHCTBYeT HA ANEPHEE
CIMEH IIOCPEICTBOM MOXYJIAINAA MAaTHATHOTO B3aUMOMEHCTBUA DIIEKT-
POHHHIX 1 Huepnmx CIIMHOB

A

a .
Z AaBYS S IkEYB, Aa{%y& = 3E . s F(]z},; (322)
Y

3h aByd
u gepes Marnmompmcumo [44, 43]
= X ik, SiSkEs (32.3)
Jk aByd

(MYsvs — Temsop Marmmrocrpmrmum). Beipaskemma (32.1) — (32.3) B
9acTHOM ciaydae oTHOocATca m K AP nomom;eﬂmo HA AIpax MarHAT-
HELX aTOMOB, /A KOTOPHIX Hajo mouokuth Fif — Ad as 1 Aasys =
=0, rie 4 — KOHCTAHTA CBEPXTOHKOH CTPYKTYpHI.

12 A. P. Kecceub 177



Ilna pacueroB xoapdumuenroB SIAP mormomerms B paGore [43)
(kax m B Apyrmx paborax BymmBmim) mcmombsoBaicsa MeTOf ABYX-
BpemenHtix (yHknui 'pmea. IIpmvememme sToro Meroga OCHOBAHO
Ha H3BECTHOM O00INEM COOTHOIIEHHH, COTVIACHO KOTOPOMY Ko3ddumuenT
TOTJIOMeHAA YHEPrad BHEIIHET0 NePeMEHHOI0 IOJA IPOIOPIHOHAJEH
¢yexknmm T'pmHA [ ompefeneHHOH KOMOMHANWEM ONEPATOPOB IIO-
TIIomalmel cucTeMHE. B gacTHOCTH, €CIM OTIIMYHA OT HYJIA TOIBKO Of-

Ha KoMIOHeHTa TeH3opa fmedopmammm Eys () = EY% cos wt, ato coor-
HOIIEHMe WMeeT BHF

1 1 >
Svs (0) = 57 oy, Fo (Bys)» (32.4)

rage d, V — maorHOCcTh W 00BeM BemmecTBa, ©, — 9acTOTA ANEPHOTO
pesonanca, G, (gvs) — Pypre-o6pas Ha uUacToTe  3alasgHBalomel
nByxspeMenHoil yErnun I'puna G omeparopa gys, KOTODHA ABJIAETCA

npousBoiHOi mo Aedopmanmm E.s oT raMmnbroHMaHA COMH-)OHOHHOK
CBA3M:

b = — s (e + 3 = D (AT LS+ mif 580 (325)
Y ik

«BYd
af

TakmM o6pasoM, Ajaa ompepeideHds Koddpdumumenra AP mormo-
meHnA Hy)KHO HANTH G (gys). [lIA 3TOro cymecTByeT Xopomo paspa-
GoragHaa Merogmka. CHavama HONy9alOT ypaBHEHHAA i (QYHKI@A
T'puua omeparopa (32.5), ABEKEHA® KOTOPOrO ONPEHEISeTCH TaMulIb-
roamanoM samaga (32.1) — (32.3). M3 »T0rO ypaBHEHWMA HAXOKAT
G (gys) ¢ TOZHOCTBIO IO BTOPOr0 IOPAAKA BKIKYATENHHO IO SHEPTHA
cnma-¢poHOHHOH cBA3M (32.2),(32.3) m sHeprmE MarHMTHOrO B3amMO-
HeACTBHA DIeKTPOHHHIX U SAePHHX CIMHOB (3TH B3amMOIEHCTBUA TpeN-
IONAaranTcAd MAJHME IO CPABHEHUIO C OCTAILHHIMA WICHAMEH TaMHIb-
TOHHAHA 33Ja9H).

OnmcaHHAsA BHINE NPOrpaMMa BRIYACJIEHHUH [UIA HOINIOMEHHS 3BY-
Ka ApaMu HEMaTHATHHX aTOMOB (eppOMarHeTHKA IMOCPEICTBOM MO-

IyJIANEA WX MAarHUTHOTO B3aMMOJEHCTBHA ¢ DIEKTPOEHEIME COHHAMEA
naer [43]

A 1 IS ,
Go o) = 77 g g Fo (B obim z ady (32.5)

AO . 2 Ajk .
rae aByd =— afyd HE 3aBHCHT OT HHIEKcAa ], » — 49HCJIO paccMar-
k

pHUBaeMHX Afep B oGpasme.

Jnsa mornomeHnmA 3BYyKa AJpPAME MarHETHHIX aTOMOB ¢eppomar-
HOeTHKAa IIOCpencTBOM MexaHH3Ma, CBSI3aHHOIO C Marnn'roc'rpnmmeﬁ, B
paGore [43] moamygeno

A 2A2nS8%
G“’ (gys) = 'T—z__—o‘z Re {nz, x-iy, stz, x4y, 78}’ (32-6)
0 (0% — oF)
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re @, — 9JacTora eppOMATHATHOTO DE30HAHCA. ITOT Ke De3yiabraT
OKA3EIBAGTCA COPABEIJIIBEIM M /11 HOMATHATHEIX ATOMOB, €CJIM C/IeJIaTh
sameny A ma F'. B paGorte [43], KpoMe Toro, mONyYEeHH BEIPA;KEHHA

maa G, (gys), coorsercrBylomue fIAP moriomeHuo HeMarHATHHIX
sep OPH COBMECTHOM (mepeKpecTHOM) fleficTBME 000MX KaHAIOB CBS-
34 3BYKa C ﬂnepmmn CIMHAMH, & TAKKe YITeH TeH30DHHN XapakKTep

senmumen FJ5. Ilocromecrsa mabpamHoro B paGore [43] mMeroma pac-
9eTa: OPUMEHMMOCTh K MHUPOKOMY KIAcCy 3aflad W CHPABELIHBOCTD B
MEPOKOM WHTEPBAJe TeMOEPaTyp — OMPEAEeNA0T M €r0 HeOCTATOK —
CIOHOCTD HATAANHOM WHTEPIPETAlWH NPOIECCOB IOIJIOMEHHA.
Ecaun mpomece mepegaum akycTwmdecKoil SHepPTWE AfePHON CIMH-CH-
CTeMe MOCPEICTBOM B3auMojieicTBus (32.2) BpAJK U HYKAAETCH B MOsAC-
HEHHAX, TO HTOTO HEJh3A CKA3aTh O IPOIECcCe, CBA3BAHHOM C MAarHUTO-
CTpuKIMEH, sHeprusa Koropoi (32.3) He BaBUCHT OT AMePHEIX CIHHOB.
Ha Bo3sMoskmOCTH TAKOr0 POJa HENPAMON Iepeladd aKyCTHYECKOH
9HEePIuHU ANEePHON cIIMH-cucTeMe BIepBHe obparun BHuManme CaibBep-
creita [44] npu pacemorpenum AP B amtudeppomarmermrax. Ilosm-
Hee AHAJIOrMYHEE IIPOLECCH B KadecTBe KAHANOB CBASH SfEP CO
3BYKOM o0CY/KOalmch HOpHMeHHmTenbHO K ¢eppomarsermram [40] =
K HMOHHBHIM KpHCTa/lIaM ¢ NapaMarHUTHRIME IpuMecamm [45, 39].
CunbBepereiiH MpeuooKUI, 9T0 AKYCTUIECKAsA DHEPrUsa Iocpef-
CTBOM MAarHATOCTPHKIUM LepefiaeTcsd CIHH-CHCTEME 3JIEeKTPOHOB, a OT
Hee gepe3 CBePXTOHKOe B3amMojeiicTBHe — AJepHON cHOmWH-cucreMe.
Ilpu aTOM 3JEKTPOHHAS COMH-CHCTEMA BEICTYIAeT KaK HOCPEIHUK, ca-
Ma He BOCHDMHMMAs W He OTAaBas 9HepPrum. MaTpudHbI 9j1eMeHT, OI-
pefleiAMUA TAKYH [ABYXCTYNEHYATYI0 Ilepefadyy SHePrud sSAepPHEIM
cOUHAM, HOJYYaeTcsi BO BTOPOM IPHOIMKEHHN TEOPHA BO3MYNIEHHIA:

4fp7 — PHODTHA MACRHTOCTPHKLEN X DHOPIHA CBOPXTOHKOIO B3aMMOJeHCTBHSA
L MarEMTHAafg SHOPIHA BJIEKTPOHOB
(32.7)

MarmureHE cBoiicTBa aHTE(EPPOMATHATHOIO AOMEHA ONpEelAIoT-
CA ABYMsS MATHNTHEIME HOAPEIIETKAMH, KasKAasd U3 KOTOPHIX IIPECcTaB-
ager coboit peppoMarEuTHEI foMéH. HaMarHWM4eHHOCTh HOJpEMeETOK
OIHMHAKOBA IO BEJMYMHE M B OTCYTCTBWE BHEIIHEI0 MAarHATHOTO HOJIS
HaOpaBjJeHA NapajiIebHO BHYTPEHHEMY IIOJNI0 MAarHUTHON aHM30-
tpoumu H, HaBcTpewy apyr apyry. llpmasaro cumrath, 9T0 MarmmT-
HHle cBolicTBa aHTH(eppOMAarHUTHOTO NOMEéHA BO BHemHeM moie H,
ONHCHBAKIOTCA FaMUIbTOHMAHOM [44]

o= ZJJk SIS*—2my H Z(Sm — 8%) + 20, 5H (S0 + Si), (32.8)
J

rge CHMBOJII:I a m b oTHOCATCA K ABYM Hoj/ipelneTKaM.

1 IIpegnomnaraercs, 94T0 F&’é: F’ka u F'¥ opumakoBO m OTAMUHO OT Hyam
TOJBKO JJA COCEAHHX C MArHWTHHM HOHOM AfEp.
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OHeprusg MAarHMTOCTPHKOWE B paGote [44] B3fAiTa B HECKOIBKO
meHee o0meM Bmpe, dem (32.3):

: = 2 [S aSJaE— 2(J) + S]bS]a , z (J) -+ wommn. comp.], (32.9)

rie Ep, (j)=E.. (§) 47 E,,(j; M — KoHCTanTa MAarHETOCTDPHK-
Iud, a SHEPruA, 3aBUCAMAS OT ODHEHTANHA ANEPHOTO CIHMHA, WMEeT
TOT K€ BMJ, 9TO W COOTBOTCTBYIOI[ue WieHH BHpakenmA (32.1):

Fon = — R, D\ 1P (Ho + Ha),
J
He.n= D F3, 8T, (32.10)
ik

B paGore [44] Oun momyden sddeKRTUBHEIA omepaTop H2%® kocen-
HOTO B3aEMOJeHCTBUA ANEP CO 3BYKOM 4epe3 DIIeKTDOHHEe CIHHEL:

gpre= T2 (DB () + ST E-, £ (1) + xounz. comp.,
v (32.11)
rie

E(Ho) = 5 {1+ [ +(1,H )¥/0,0,1"), 0, =1,Ha,

H, — cocraBaawomas moiaa H,, mepmemmmryaapras Ha. Ipomexy-
pa moaydeHHA OIIepaTopa KOCBEHHOIO B3aWMOIEMCTBHS CBOAUTCA K
YCPeHeHHIO 110 IPOMEKYTOYHOM HmofcucTeMe BEpakernsa tama (32.7);
B AQHHOM clIydae ycpefHeHHE IPOBOAMIOCH HO COCTOAHHAM 2JIEKTPOH-
HHIX CIIMHOB.

Koagpdunuenr AAP mormomenus, o6yciaoBieEEOro 3gPeKTHBHEIM
ramuinbroananoM (32.11), oxassiBaercs pasuuM [44]

H 3
20FSE ( l)] n%nl (I 4-1) 0? g(0)/,(0), (32.12)

G, (W) =
2 (@) [ o QMITST

rae Q — o0beM pieMeHTapHOH sdeiiku, M — Macca MOJERyIwl, b —
9MCJIO PE3OHHPYIIMUX Afep B Moiaeryrae, T'p — remoeparypa IebGas,
8 — yrox Mmexpy Ha w HampaBieHHeM HoaApusanumu 3ByKa. (DyHK-
nus ¢, (0) mas mpomoabHOTO 3BYKa paBHA 1/2 sin? 20, a gas momepeu-
HOT'0 3BYKA, IMOJAPHU30BAHHOTO B IJIOCKOCTH, COMlEP/KAIE# ero BONHO-
Boii Bektop u Ha, pasua 1/2 cos 2 26.

Ecam B Bepasxerne (32.12) mogcraBurh 3HAUEHUS MAPaMETPOB [JLA
amep F° B momoxpucramme MnF,: SF =108 spe, Tp = 450° K,
Hy =10%2¢, @=3,9102cm3, T, =105 cer, M =1,7 . 1022 ¢
H 0,0a =3 - 10% cer™2,— ROTOpPHEe XapaKTePHH U Jisl PANA APYrAX

a
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anep B aETHdeppoMarseruKax, to Kosdpdumment AP TOTIOMEHAA

Oy,

2
z—g,— < 10%0 cat,
3mepenus KoHCTAHTH 1) 1A moHa Mn2?" MeTofaMu 21€KTPOHHOTO Mar-
auTHOTO [46] m akycrmaeckoro [47] pesomaHCOB faT BeawIumHy 1) ~
=~ 10718 gpe. OroMy BHAYEHHMIO 1] COOTBETCTBYIOT KO3(PPUIHEHTH
goraomenusi 0 ~ 1072 Tl ¢m, 9TOo HA HECKOABKO HOPAAKOB BHINE,
9eM 0 B MOHHBIX KPHCTANIax. ITOT jKe MEXAHU3M B (peppOMATHATHEIX
momMéHax, cordacHo orenxkaM DBymmsmiau [43], gaer cxopmme sHa-
9eHOA O, )

Ecau ¢eppo- wnu antmdeppoMarHeTHK HE ABISETCA OLHOJOMEH-
AEIM, TO PACCMOTDEHHHE MEXAHM3MEl IOIVIOMIEHUSA 3BYKA OTHOCATCH
K AfgpaM, JemamuM BHyTpu noMméHoB. flnpa, pacmosnoskemHEe B CTeH-
kax Biaoxa, HaxogdaTcA B Apyrux QU3WIECKUX YCIOBUAX, U €CTECT-
BEHHO OKMMIATh, 9TO OHH GYRYT MOTJIOMATH 3BYK HOCPE/ICTBOM IPYTUX
MeXxaHu3MOB. B monb3y sToil TOIKH 3PEHHUA TOBOPHT, B IACTHOCTH, TOT
¢dakr, uro csoiicra SIMP morsomernmsa B creHKax Bioxa cymecTBeH-
HO oTiquuaioTcs ot csoiicte AMP morsomenuns BHYTpH JOMEHOB.

C stuM pesyabraroM BmepBhie croakHyauch [Toprme u Tocapy [48]
npn mabmwogesuu AMP B ¢eppomarmmraEoM xobGambre. Oxasaiocs,
9T0 XapaKrep MOTJIOMIEHHUS TaKoB, GyATO HA AMpa AeMCTBYeT mepeMeH-
HOE TMO0Jie pPEe30HAHCHON 9YacTOTH, AMIUIUTYAA KOTOPOrO B THICAYH
pPas NpeBHINAET aMIUIATY/[Y BHEIIHEr0 PafMOYacTOTHOTO IOJNA. ITO
00'BACHAETCA TEM, UTO BHEINIHee IepeMeHHoe MoJjie BO30YKIaeT BEIHY -~
HIeHHHE KoiaeGaHUA MOMEHHBIX CTEHOK, BCJEICTBHE 9ero B HOrpaHMY-
HOM CJI0o€ BO3HUKAET JIOMOJHATEIbHOe MAaTHETHOE HOJe, KOTOPOe, COr-
agacHo omerHkam [48], B 1000 pas mpeBhmaer BHEHYMKIAIOmMee IoJe,
ITOT BHBOJ TNPEKPACHO IOATBEPAUNA KOHTPOJbHEE DKCIOEPUMEHTHI:
IpA TUPUIOMEHUN [JOCTATOYHO OOJBIIOTO IOCTOSHHOTO MATHUTHOTO
moJIsA, B KOTOPOM (pepPPOMATHETHK CTAHOBUTCH ONHOMOMEHHEIM, MHTEH-
CHBHOCTH IOTJIOIMEHNA pe3Ko magaer [48].

Buny:xnensase Kone6anua TOMEHHON CTEHKH MOTYT OHITH BO3GYIK-
IeHH He TOJBKO MEePEMEeHHEIM MATHUTHEIM LOJEM, HO W YIbTPAa3BYKOM
[49]. OTu BEmy;KmeHAble KOoNeGAHUA TAKKe CO3[AIOT HA ALpax mmepe-
MeHHOE MAarHUTHOE I10JIe AKYCTUIeCKON JaCTOTH, IOTIOMEHNEe KOTOPOTO
OPUBOJUT K YMEHBUIGHUIO DHEPIMU AaKYyCTHYECKHX KoJebaHWH, T. e.
k AAP [50].

Pacuerst BymmsBuam [50] moxasamm, 4ro moriomenwe B 10-
MEHHHIX - CTEHKAX CHJIBHO 3aBMCHT OT HOJAPU3ANWA YW HAIPABICHUSI
pPacmpocTpaHeHnsi 3BYKAa OTHOCHTEJIHHO CTEHKH M 9T0 KO3(PUumeHT
TOIJIOMIeHNA 3BYyKA HA ONHO SAPO B IOMEHHOI CTEHKe HA IBa MOPSAIKA
Gonpuie, yeM BHYyTpu noMéma. CieqoBaTenbHO, B TOM cIydae, KOTZa
KOJMYECTBO ANEP B MOMEHAX HA IOPSANOK MPEBHIIAET WX YHCIO B JIO0-
MEHHOM CTeHKe, MHTEHCHMBHOCTH NOIJIOMEHWS B OJHOTOMEHHEIX 00-
pasmax Oyier HA IOPAJOK MeHbIIe.
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HecMorpsa Ha To, 94TO TEOPHA B COBPEMEHHOM BHJE JaeT JTOBOJbLHO
S8HAYUTEJbHEIE BEJIMIWHE BEPOATHOCTEH WMHAYIMPOBAHHHX 3BYKOM
CIMHOBHIX IEPEX0/[0B B MaTHUTHO-YIOPSAHOYEHHHX CPefiax, A0 HACTOA-
IEero BpeMeHHN MMEeTCs TOIBKO OTHO CO00IeHNe aMePUKAHCKON TPYIIIE
mecaenopareneir [51] o nmaGmiomenmm AP mormomenusa Ha Agpax
F1® B anTmdeppomMaraurHoM MoHOKpucramme KMnF,.

OO6paser B [aHHOM ONHITE HPEACTABISAI ONHOIOMEHHYIO CUCTEMY.
B cmnbHOM BHEIIHEM MAarHMTHOM I0Jie OH HECKOJIBKO pas IPOXOIMiI
gepe3 TOUKY aHTHeppoMarmmtHOro mepexona (88° K) mocpepcrBom
LIUMKIAYECKOT0 M3MeHeHUMsI Temueparyps. Ilocie sroro ofpaser 6wt
OXJKJEH [0 TeMIepaTypH 3KUAKOro renusa (4,2° K), mpu Koropoi
IPOBOJUICS DKCIEPHMEHT,

Benegcersue Goabiroit mupuns jguana AMP ¢ropa oGmuHas uM-
OyabcHAd METOAMKA [JA H3YYeHHA AaKYCTHIECKOT0 HACHINEHUWA He
Moryia GeTH mcmoiab3oBaHA. I105TOMY DKCIEPHMEHT CTABMIICA CIEYIO-
muaM o6pasoM. B oOpaser, Haxonsamuiica Bo BHEITHEM MAarHUTHOM I0JIe
H, = 2,39 kec, BBoqunnch akycrmieckue xonebaHus Ha gacrore Jlap-
Mopa (vq = 25,33 Mey) sinep F'° B Teuernue 3 cex. Ilpm sToM oGpaserr
Haxofmwicsa B IepeMeHHOM MarHMTHOM II0JIe 9acTOTH v = 25,73 Mey,
cospaBaemoM Karymkoil fIMP coexrpomerpa. Cuycra 10 mcex mocae
BHKJIIOUEHNUS AaKYCTHIECKOT0 HACHIIEHUA (3TO BpeMs GRIIO 3HAIMTEh-
HO KOpOYe BpEMeHM NPOROAbHON penakcamum spep FY® — T, = 56
MceK) TOCTOSAHHOe MAaTHUTHOE Hojie M3MEHSIOCh TAKHM 00pasoM, 4To-
6u pesomamcHas gacrora sgep F'° mpoxomuina wepes 29,73 Mey —
gacroty SIMP cuexTpomerpa. Pasuuna messay aToit gacToToit m gac-
TOTOM aKyCTHYeCKOT0 HACHINeHNs Oblra HeobxoguMa, 4ToOsl u3beKaTh
HACHIIEHUA sePHbIX CIMHOBHX ypPOBHe#l mepeMeHHBM moigem fAMP
CIIEKTPOMETDA.

B mMoMeHT pe3oHaHCA NPOMCXOAUT M3MeHEHWEe B pekuMe PabOTH
reaepatopa AMP cuexrpomerpa, uro u ¢urcupyercsa ocumiiaorpadom.
OcuuiiorpaMMa 3TOT0 HPOIECcCa OTYETIMBO CBHUETEIBCTBYET O BIIHA-
HOM aKyCTHYECKOTo HacHmeHuA Ha aapa F'¥ npu cpaBHEMTENBHO HE3HA-
9UTENBHON aMIUIUTYIE BHICOKOYACTOTHOTO HANPSIKeHWs, BO30y:Kmawo-
mero KBapi. Ilocienmee osmagaer, uyro Koaddumuenr AP mormome-
HIA B BTOM CJIydae JOJKeH GHTH JOCTATOIHO BHICOK.

B kadecTBe BepOATHOTO MeXaHW3Ma Iepefadu dHeprum B pabore
[51] masmBaerca MOLYJIANMA MArHUTHOTO B3aUMOJEHCTBHA sAmep ¢
SII6KTPOHHHMY cOuHAMHE moHOB Mn?* (32.2). OpHako OIeHKA BepPOAT-
HOCTell Iepexofa, Tak jKe Kak u comocrapienue ¢ teopueit AP mor-
N0MmMEens Yepes MarEATOCTPUKIuo [44], B paGore [51] He mpoBogumiacs.

Ilpusemennsie Teopermieckme sHa4eHUS Koapduruenros AP
IOTJIOIMEeHAsA 3HAYUTENbHO HmpeBocxonaT Koadduumentsr AP mormo-
MEeHNs B MOHHHIX KPHCTAJIAX, TAK KaK [0 CHX IOP O0HAPYKHUTH 3-
dexT ymamoch ToabKO B omEOM caydae [51], To MoskHO mpegmosarars,
9T0 B TEOPETHIECKMX MOJENAX He YYTeHH KaKHe-TO0 00CTOATe]bCTBA,
sarpynusomue HaGaoneansa sdgderra. OguuM u3 HaubGosee BEePOATHEIX
MPOMECcCOB — CIMH-CIAHOBASA W CIMH-DPENIETOYHASA PENaKCAIUM JJIeKT-
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POHHO# HOACHCTEMH, KOTOPHE COBEPIIEHHO WIHOPHPOBAaNHCH B 00-
cyxaaBmuxcsa pacuerax. Mesxny TeM B § 22 GHUIO IIOKA3aHO, 9TO STH
TPONECCH MOTYT HA HECKOJABKO HmopAnkoB ymmpurh nmamio AP n,
crefoBaTenbHo, yMeRbmATHh Kodddunment AP mormomenms.

—
.

e

.M.

1
P
B.
.D
. E.

B.

B.

.D.Dautre g
.G.B. Benedec k. Magnetic Resonance at High Pressure. N. , Inter-

JUTEPATYPA

roctor, W.H. Tantilla. Phys. Rev., 98, 1855, 1955.

.Proctor, W.H. Robinson. Phys. Rev., 104, 1344, 1956.

ans, W. H. Tantilla. Phys. Rev., 109, 1052, 1958.
ennings, W.H. Tantilla, O. Krans. Phys. Rev.,

1059 1958.

Taylor, N. Blombergen. Phys. Rev., 113, 431, 1959.

.Sternheimer, W.H. Foley, Phys. Rev 102, 731 1956.

sida, T. Moriya. J. Phys. Soc. Japan, 11, 33, 1956.

. Silver. Phys. Chem. Solids., 23, 273, 1962.

. 'panropsesn, J.T. Mepxynon, A.M.Casomro0B.

9, 2670, 1967.
ovi, M. Punkkinen. Ann. Acad. Sci. Fenn., A. VI, N 202, 1966.
ovi, M. Luukkala, M. Punkklnen Phys Lett., 10,
964. Ann. Acad. Sci. Fenn., A VI, N 140, 1964.

Casomnos,C.B. I‘pnropben (DTT,7, 1389, 1965.
BrnagpmMuprnes, B.A. TonesmmeB-KyTrysos,
.IlamMmyxos, U.C. ABepbanoOB, 9, 2426, 1967.
BaagmMupmes, B.A. TonesmmeB-KyTysos,
.Ml aMykoB. JimToBckmil ¢mu3. >KypH. (B mewartm).

hulman, B.J. Wyluda, P.W. Anderson. Phys.
07, 953, 1957.

B
a

200
oo

mngP

S0P R I
=]

£

T

RS
-

BFmSTS>
<9>w>w?

JajgHAMHEDTIeE B, B.A. TonermmeB-KyTrysos,

M Y K 0 B. Marepmaiu Haygsoii KoHpepernma KOTU AH CCCP,
e 1967.
e

nes, D.I. Bolef. Phys. Rev., 109, 218, 1958.
Bolef, M. Menes, Phys. Rev., 114, 1441, 1959.
Bouxe (I), . Ke-Kaepx. IIpn6opH Axa HAYYHHX HCCIENOBAHMIA,
M 6, 38, 96
lef, I. de K 1er k. IIIE Trans. on Ultrasonics Enging VUE-10,

0
1963.
lef. Science, 136, 359, 1962.

0
B o 1 e f. Physical Acoustics, v. 4, W..P. Manson (Ed.). N. Y., Acad ,
Inc., 1965.

H3a
w

a

H.
Kas

D.

33

D.I.
9,

D. 1.

D. 1.

ress
A. MyrTwnaos. Axycr. :xypH. 8, 383, 1962.

.I. Barness. Nature, N 4903, 253, 1963.

H. Gregori, HHE. Bommel. Phys. Rev. Lett., 15, 404, 1965.

B.Jle

JI.

MaHOB. HITD, 40, 775, 1961.

Bormamos, B.B. Jlemanon. OTT, 9, 469, 1967; 9, 289,
967.

1
.G.Benedeck, N. Blombergen, T. Kushida. Bull. Amer.
P

hys. Soc., Serles II 1, 1956, 11; Phys. Rev., 104, 1364, 1956.
B.Dr eyfus Compt. Rend., 242, 766 1956.

sience Publ., 1963.

.M.H. Coh o n, F. Reif. Solid State Physics, v. 5, N. Y., Acad. Press,

1957, p. 322.

.E.G. Wikner, T.P. Das. Phys. Rev., 109, 360, 1958.
.A.P. Keccexs. JHITD, 36, 1451, 1959.

183



.K.Iosida, T.Moriya.J. Phys. Soc. Japan., 11, 33, 1956.
.I.Kondo, I.Jamashita. J. Phys. Chem. Solids, 10, 245, 1959.
.E.G. Wikner, W.E. Blumberg, E.L. Hahn. Phys. Rev.,

118, 631, 1960.

.M. Menes, D.I. Bolef. J. Phys. Chem. Solids, 19, 79, 1961.
.E. Brun, H. M ah on. Helv. phys. acta, 39, 203, 1966.
.I0.B. BanagumMmupunes, B.A. ToneasmmeB-Kyrysos,

V.X. Konsuannem. OTT, 9, 361, 1967.

.B. A lyrunos, I J. ARTOKONEC KNI OTT, 9, 1231, 1967,

.N.Laurence, E.C. Meirvine, I. Lambe. J. Phys Chem.

51.
52.

53

Solids, 23, 512, 1962.

I0.B. BaagumMmupnges, B.A. ToanesumeB-Kyryzos. IITI,
4, 125, 1967.

JI. JI. Byumnnnn, H.II. Tmopramase. ®TT, 7, 769, 1965.
S.D.Silverstain. Phys. Rev., 132, 997, 1963.

. ®. Myprasnu OTT, 8, 1847, 1966.

G.W.Watkins, E. Fehe'r. Bull. Amer. Phys. Soc., 7, 29, 1962.
N.S. Shiren. Magnetic and electric Resonance and Relaxatlon Proc.
Coll. A mpere, Eindhoven, July, 1962, p. 114.

I.M. Binter. Phys. Rev., 124, 452, 1961.

J.J. BynmBH®Iw. d)TT 4, 1367 1962; 5; 1027; 1963; 6, 1619, 1964;
JI. JI. Bynmnnnn, H.H.Pnopran:ae, I'"A. Xapanuse,
OTT, 7, 3662, 1965.

A. B. Denlson, L.W.James, I.D. Currin, W.H. Tan-
tilla, R.I. Mahler. Phys. Rev. Lett., 12, 244, 1964.

A. Abragam, W.G. Proctor. C. r. Acad. Sc1,246 1258, 1958,
A. Haning, M.Mendel, M.L. Stitch, C.H. Townes.
Phys. Rev., 96, 269, 1954.



FTNABA CEAbBMAA

NPUMEHEHUE METO/JOB SAP
IJIs1 ®UM3UIECKUX MCCIETOBAHNN

B mpepmecTByomeil riaBe U3Iaraluch Pe3yIbTATH HCCIETOBAHUA
cpencrBamMu SIAP cnmE-QoHOHHOrO B3aMMOMEHCTBHA AP B TBEDAHX
tenax. B oroif raaBe GyAyT ONMCAHEL HEKOTODHE IPHMEHEHHA DKCIG-
puMeHTATHEEX MeTofoB AP mus momyuemuss psga obmumx ¢umsmdec-
KNX pe3ynpTaToB. Peus moiifieT 06 060CHOBAHWE HOHATHSA «CIMHOBAS
remueparypa» (§ 33), 06 mccmexopanmn QOHOH-POHOHHHIX B3aMMOJEH-
crBuit B TBepABIX Teaax (§ 34), o momcKax sAMePHHIX TeKCa/|eKaloAbHEIX
mowvenToB (§ 35) m o csoicrBax AP mormomemms B o6pasmax ¢
AVHAMUYECKH NOJIAPH30BaHHEHIMHU sAxpavu (§ 36).

§ 33. IlonrBepsxkaenne CymeCTBOBAHHA «CIHHOBOM TeMIEpaTyphI»
B OOBITAX MO AKYCTHIECKOMY HACHIMIEHIIO

Onno u3 mambonee yGequTelbHEX MOATBEPKIOHAH PHINIECKOTO CMEIC-
Jla KOHNENNUH (COMHOBAS TEeMOepaTypa» GHIO IPOJEMOHCTPHPOBAHO
A6paramom u IIporropom [1] cpeacrBamm AAP macmmenus. OHm Boc-
MONb30BAINCH CIOCOGHOCTHIO YIBTPA3BYKA BO30OYKAATh IEPEXO/EL
Am = 4-2 MeJy ypOBHAME MarHATHOTO PE30HAHCA M TAKHM 00pasom
HapymaTh 0OJbIMAHOBCKOE PACIpPEefieieHne Sep IO CIMHOBEIM yDPOB-
HAM 3HEPTHH. )

Insa mosicuenmsa omsita AGparama m Ilpoxropa mpomssezeM pac-
9eT HACHINEHHWS AJEPHOH CIWH-CACTEMEI YJIbTPAa3BYKOM, BEI3HIBAIO-
muM Am = --2 mepexofiil, I PE30HAHCHHIM 3J€KTPOMATHATHHIM IIO-
neM 6e3 mpuBIedeHHWS HKOHNEINWY CIHHOBOM Temmeparypsl. OrpaHm-
YMMCA PACCMOTPEHMEM KOHKpeTHOTo cumHa. Ha pme. 27 maoGpaskeHH

3
9eTHpe YPOBHA DHEPIHH CIWHA ; B IOCTOSHHOM MAarHATHOM IIOJE B

2
YKa3aHH OTHOCHTEJIHHHE BeIMYHHH BEPOATHOCTEH HHAYIUPOBAHHBIX
O PeNTaKCAIMOHHHEX IEPEXOA0B MeKIY COMHOBHIMH YPOBHSMH.
IlopcraBum B ypaBuenme Gamanca (9.1) oGosmauennsie Ha pmc. 27
BEPOATHOCTH CHEH-PEINeTOYHON pelaKCanmuy M yYTeM IPH STOM COOT-
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Prc. 27.

OTHOCHTENbHBIE BENMYHMHBI BEPOATHOCTE IEepexofoB MEKAY YPOBHAMA MAUHAT-
HOr0 pe3oHaHCa couHA 2/,

A
Pz u PM — ynnynupoBannble 3BYKOM M IePeMEHHHIM MATHWTHHIM HOJeM BEpPOSTHOCTH Ilepe-
xono8; Wy, wE, y WE, —pepoATHOCTR CIIME-PeJAKCAIMOHHKEIX IEPEXOIOB COOTBETCTBEHHO VIR
MAarHUTHOTO TUITOBHOTO M 3JIEKTPUYECKOT0 KBAAPYNOIBHOTO (ePeXoikl Am = 41U Am = + 2)
‘MEeXaHN3MOB CBABU CIIMHOB C PemeTKONl

pomenne (9.2), B KoropoM GyAeM OCTaBIATH TOJNBKO JHHEHHEE IO
Ay, aness: eApn 1 + Amn. llonydenase TakaM oGpasoM ypaBHeHHS
nasg N, ymaosxaM Ea m (= +-3/2 =w +-1/2) n npocymMupyem, B peayib-
TaTe Wero OOJAYYAM ypaBHEHNE

dedy _ dp—1Ih &y
at g > ’ (33.1)
g, = 2Wy + = (W1 + 4WF), — (W1 — W3,

roe [y = %%’,—" — «paBHOBecHOe» 3Hauenme I, az = Ny, — 3Ny, +
+ 8N_y, — N_y,=(2/3)I, [5I% — 3I' (I + 1) + 1] — nnaroranbHEEHIL
oIeparop,’ MAaTPHIHLIE HIEMEHTH KOTOPOI'0 DPABHHI

s | 2| Xy = k4 B | 2] N,y = F 3. §

|-
Ypasuerne (33.1) comepswur ABe Hem3BecTHHE (YHKUUHA H, CIENO0-
BaTeNbHO, HETOOmpeneleHo., Ero HY:KHO MONOJHHTD yPAaBHEHHEM I
)

2, IJIA 9eT0 U3 ypaBHeHWi, oupepenawmux dN ,/di, HyKHO COCTABHTh
KOMOHMHAIHIO, COOTBETCTBYIOMYIO d2/di:

gy =2 gy Ay —I

37<Z> = <Na/z——3Nx/e+3N_1/2-——N_s/2>=—- ? _T—so’ )
1 ; (33.2)
— = SWE WD), o =12Wy+ 5 @QWE — WD),

CoBmecTHOe pemenue ypaBeeHu# (33.1) m (33.2) moxasmBaer, 9TO
B IaHHOM CJIyuae CIMH-CHCTeMa MMeeT, BOOOIIe roBopA, ABa BPeMeHH
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COUH-pemeTo9Hod peaakcamum: Iy m T,, KOTOpHE SABIAIOTCA KOP-
HAMA XapPaKTepPHCTHIECKOTO yPaBHEHHS

<TL1)2__T11.<TL1+ )+E‘F:?a=0' (33.3)

HunMa croBamu, mpomece BosBpamenus <[/,> (a Tawme {z)) K CBOMM
PaBHOBECHHIM B3HAYEHHAM XaPAKTEPHU3YeTCA [BYMA DKCIOHEHTAMMU:

exp {—t/T, > u exp {—t/T;}. IlomesHo orMermTh, YTO, KOrAA CHHH-
pemmeToYHas pelaKkcamusa OIIpPefeisAeTcA TOJIbKO MATHATHEIMHU [JUIOJb-
HEIME B3auMOJeHCTBHAMU (WlE =Wy = 0), cymecTByeT TOJBKO
OfHO BpeMA CHOUH-pemeTogHO# penaxkcamuum I, = (2W,)"'. Horga
pelaKcanusa OIpeAesieTcA DJIEKTPHICCKAMHE KBAJApPYIOIbHHIMA B3aH-

MopeiictBuamu (Wy = 0), ypasrerue (33.3) gaer gBa BpeMeHH pelak-
canqan:

4WE
=2WF n 2

.

1 1
T, T, ‘

Ecnu npu cocraBieEnn ypaBHeHumil GamaHca Hapsfy ¢ pelaxca-
HOHHKIME BeDOSATHOCTAMY IPHHATH BO BHUMAHUE BEPOATHOCTH HHTY-
IADOBAHHKX 3BYKoM (P, Am = —-2) M NepeMeHHENM MATHHTHEIM
moxeM (P,) nepexonos, o6osHadeEHHe Ha puc. 27, To BMecro (33.1) m
(33.2) mpuxommM K clemyoINe#d cucTeMe ypaBHEHUIA:

U (apt P+ 2Pb 22D g5
A - 2 A I _I 2
2O — (12, + 2P+ Py IR O,

Pemenne cucremst (33.4) A cTamOHAPHOTO aKyCTUIECKOTO HACHIIE-
HusA (Py = 0) paer ciaepyomue pe3yJIbTaTH:

. A

fpy 3F+PITS 1 .

=ra T = 2w (33.9)
v 345PAT; ' T

ec/id CHAH-DelIeTOYHAss pelaKcanmud olpefeisercd MarHUTHEIMHA [U-
IIOJIbHHIMEA B3amMOAedcTBUAMU Afep ’

do _ Wyt Pl (33.6)
Io wf 4+ pp}

eciu penakcanus OOyCJIOBIEHA BIEKTPHICCKMMH KBaJIPYHOJbHHMA
B3amMopeiicTBuaAMu. Bripaxenns (33.5) u (33.6) moxkassBaloT, 9TO HH-
JAYUUPOBAHHEE aKyCTHYeCKHe Iepexonsl Am = -2 He MOTYT IIpHBec-
TH K IOJHOMY HACHIIEHHIO COUH-CHCTEMH. lIpm HeorpaEMYeHEHOM BO3-

pacTaHEI WHTEHCHBHOCTH 3BYKa orHomenue {/,)/I, crpeMATcs K Ipe-
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LeJIbHOMY 3Ha4eHmI0 1/25 mpm MarEETHON IUIIONBHOM PeJaKCAI[Ud B K
sHaueHm0 1/5 mpu saeKTpUIeCKoil KBaApymOabHOH penarcamum. Mox-
HO [OKa3arb, 9TO LIPW COBMECTHOM JeMCTBUH 06OMX MEXaHH3MOB pe-

JaKcanud TpefenbHoe 3HaueHwe otHomeHus {/,)/I, memur Mexmy
1725 u 1)5.

Jlerko yGeaurhbest, 9T0 mepPeMEHHOe MAarHUTHOE IOJIE€ MOKET HACH-
TUTH COMH-CHCTEMY IOJHOCTHI0 HE3aBMCMMO OT MeXaHH3Ma pejaKca-
Iuu. JKCIepuMeHTaJIbHAasg HpoBepKa cooTHomeHwmit (33.5) m (33.6),
nposefieEHas B paGore [1], mokasama, 4To oHM HeBEPHEI, a MPOLECC
AKYCTHIECKOr0 HACHIIEHHA ommchiBaercd BoipaykenueM (9.14), momay-
9EeHHHIM B NIPEAIOJNOKEHUN CYMECTBOBAHUS CIWHOBOM TeMIepaTypHL.
aro eMOHCTPUPYeTCA usobpaskenHoii Ha puc. 14 3aBmCUMOCTHIO OT-
Homenus {[z)J<I,> nna samep Na2® u CI*®* B momorpucramme NaCl
OT HaIpsyKeHUs V, IMOaBaeMOro Ha KBapIeBHli mpeoGpasoBaTendb (Ha
yrBoerHoit uactore Jlapmopa). Kak cBumerenbcrsyer pme. 14, mumy-
UUPOBAHHbIE BBYKOM IepeXobl Am = —- 2 MONHOCTHIO HACKHIAIOT CIHH-
cucremy spep CI%® u Na2?® B monoxpucraane NaCl. Ilocaegywomue nc-
CIIEOBAHUA AKYCTHICCKOTO HACHIMIEHWS HA APYTUX BEImECTBAX IOJ-
TBEDAWIHU 9Ty TOUKY 3PEHUS.

Mo:xer BOBHMKHYTH BO3pajKkeHue, 410 HpH MarHUTHOU AUNIOJNBHOM
penaxcanum upenenbHoe sHaueHme {[I,>/I, mocrarouno Mamo (1/25)
¥ I05TOMY TPYAHO OTIMYIMMO OT IOJHOTO HACHINEHWsA. DBuisacHuTh
BTOT BOIPOC MOKHO IIPH IIOMOIIM OIBITA, OCHOBAHHOTO HA CAEHYOIAX
paccy;ieHusAX.

ITycrs Ha 06paserm B MOMEHT BpeMeHM ¢! = f, HAUWHAET AefCTBOBATH
YABTPa3BYKOBOE HACHIIEHHWE BEICOKOM WHTEHCHMBHOCTH, TaKoe, HUTO

BEPOATHOCTH AKYCTHIECKOTO Iepexofa P; BHAUNTENHHO NPEBOCXOTUT
BEPOATHOCTH CIMH-PENICTOYHON pelaKCaIum: P§4> 1/T,. Torma B

CIUE-CHCTeMe B TegeHHe BpeMeHH ~1/P;  ycTaHOBUTCA HaMarHWYeH-
HOCTD M, = M /5, cooTBeTCTBYOMAS AKYCTHICCKOMY HACHIIEHWIO B
OTCYTCTBHE peJAKCAUMOHHEIX IIporieccoB . JlanpHeiimee HACHIMEHNO

1 [eiicTBUTENbHO, IPH TCMIEPATYPHOM PABHOBECHII C PEMIETKON 3aCCICHHO-
CTII CIMHOBHIX YPOBHEl PaBHH

N—i%=%(i i%) u Npi‘h:I/vT@ i_g—)’

rme A = hwy/kT. Ecau HachmeHWe [OCTHTHYTO IIOCPEACTBOM MHCPEXOJ0B
Am = 4- 2 B OTCyTCTBUE pejlaKcauyi, TO

1 N A
Nuy= Ny, =5 (N, 4 N%) = J-(1+5), N2 =Nl =
1 N A
=5 (V2 + NB) = - (1— 7).
OTciofa HaXoauM (fz> = Z mN,, = NA/4A = 1,/5.
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/1,
Puc. 28. IIponecc ycCTaHOBIEHMA 1 0%\0\
CTAI{MOHAPHOTO HACHIL[EHUA Ha YPOB- V=
HAX MArHUTHOTO pe3oHaHca Apep Na?, 1]

B OKPUCTAIIE -
MOHOKPHCTA NaCl kark ¢yHxuusa o V=5
BPEMEHH, OTCUNTHIBAEMOT0 OT Hayala oL—— —0

aAKyCTHYECKOrO HACHIIeHMA Ha yi- (J
BoenHoO# uacrore Jlapmopa [1]
V — amMIuIUTyZa  BBICOKO9YACTOTHOTO =

HAUPA/KEHUA, TONABaeMOr0 Ha aKy- —
CTHYeCKMiA BMGpaTop. 0 10 20 30 ¢

V=20
V=70, y=50

d

JIOJ3KHO TPOXOAUTH €O cKopocthio ~1/7,, Tak 9ro mpum GoabiIol uA-
TEHCHBHOCTH 3BYKA IIPOIECC YCTAHOBIGHHA CTALUOHAPHOIO HACH-
meHAsA [OJKEH OIPefeNAThCA ABYMA XapaKTePUCTHIECKHMH BpeMe-

gamm: 14 ~ 1/P5 u Tp ~ T, cUIBHO OTIMYAOINUMACA JPYT OT ApyTa.
ITpusepennatie A6paramom m IIpoxropom [1] rpadurm upomecca ycra-
HOBJICHWs DPAaBHOBECHOT'O HAacHmeHUs (puc. 28) COOTBETCTBYIOT mepe-
XOIHOMY IPOIECCY C OJHUM XapPaKTEePUCTUIYECKHM BPEMEHEM, 4TO CBH-
JleTelIbCTBYET B 103y KOHIENNUWX CIWHOBOM TeMIepaTypHI.
SakoHUEM O0OCY;KIE€HHWE 3TOr0 BOOPOCA YCTAHOBIEHHMEM YCIOBHIA,
IpE KOTOPHX cmcTeMa ypaBHeHmi (33.4) mepexofmr B ypaBHeHHe
tuna (9.13), BHBefeHHOe B IpPefNOJOKEHAM CYHIECTBOBAHUA CIHHO-
Boi1 TeMueparypsl. IIpe e Bcero ciexyer OTMeTHTE, 9TO IPU MArHWT-
HOH mnonbHOi penakcanuu (1/v, = 0) 1 5I€KTPOMATHATHOM HACHIIE-

HUA (P2A = (0) mepBoe ypaBmenume cucteMu (33.4) He comepsur {2)
# nepexofur B ypasHeHme tina (9.13) (6e3 yuera cIMH-CIIMHOBHIX B3au-
MopieficTBmit!). 9To osHauaer, 4ro IPE HBMEHEHHAX B3aceleHHOCTE
COMHOBHX YpPOBHEH, IPOW3BOAHMEIX KaK DIEKTPOMATHUTHHIM IIOJIEM,
TAK W MATHUTHHIMA DEeJTaKCAa@UOHHHME IPOLEcCcaMy, He HapyImaerca
GONBIIMAHOBCKOE pacIpejielieHnme, T. €. B 3TOM HIPOLECCe CYIIeCTBYeT
CIIMHOBAsI TeMIEepaTypa.

Anamornuaniii mepexon_ ot (33.4) r (9.13) Mosxer GHTH coBepimeH
KaK IS aKyCTUIeCKOTO HACHIIEHWSA, TaK M NJIA 3IEKTPUIECKON KBaf-
PYLOJIBHOR peaKCcauy, eCad HPeRHON0KUTh, YTO HA YPOBHAX Mar-
HATHOIO PE30HAHCA CHMH-COMHOBHE B3aMMOMEHCTBUS IOCTOSAHHO IOJ-
JepyKuBAIOT COMHOBYIO TeMuepatypy I’ m 9ro cIHHOBAs TeMIeparypa
BHICOKAa II0 CPaBHEHUWIO C DAacCTOAHWEM MeKAy ypoBHamu: kT >
>Fho,. [leiictBuTensHO, B 3TOM CIydae cpefHee 3HAUeHHe ollepaTropa
Z ¢ TOYHOCTBIO [0 HUBMEH Hemcde3alomeil cTeleHN MAJOro mapaMerpa
A, =hwJkT, pasro () =(N/4)- A}. TlosToMy IIpH COXpPaHEHMH B yPaB-
HeHnu (33.4) TOABKO IUHEHHEX I0 A, m A 9IeHOB CpeJHEM 3HAUYCHHEM
{2Z) MoxHO npeneGpedb, n ypasHeHHe (33.4) CTAaHOBHTCA YACTHHIM CIY-
qaeM (9.13). [{ng ycraHOBIEHHEA STOTO TOKAECTBA JOCTATOIHO OTMETHTS,
10 [N cumHA 3/2, WO ompefeleHnI0, PM = 3Py.
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§ 34. UccrepoBanue onou-PoHOHHBIX B3aumopelicTBmiA
B TBEPABIX Telax

o cumx mop oGCyXmalmch DPe3yIbTATH BO3OY:KACHHS CIOHH-CHCTEM
aKyCTHYECKUMH KoJe0aHWAME Pe30HAHCHON wacrtoTh. Mamep, Maxon,
Munnep n Tamtuana [2] maGaropanm cumHOBHIE TEPEXORH, HHIYIH-
POBAHHEIE COBMECTHHIM JeHUCTBMEM IBYX AKYCTHYECKHX MOJ, PasHOCTH
9acTOT KOTOPHX COOTBETCTBOBAJIA YIABOEHHON uacroTe JlapMmopa.

dKcmepuMeHT cTaBmica Ha sppax As®™ (I = 3/2) B MoHOKpucTai-
Jle apceHnAa raausA, KOTOPHI HMe ONpuOan3uTeNbHO KyOH1ecKyo gop-
My (L ~ 1,2 cm). IIBa xBaprmeBmx mnpeoGpasoBatensi X-cpesa, pa-
foTaBmuX Ha OCHOBHHIX yacToTax 10w 25 Mey, GbiM mpUCOEINHEHH K
nporuBomonoxueM (110) rpauaM wpucranma. OGpaser BMecte ¢ BHG-
patropaMn OBUI IOMENmEH B KATYHMIKY HMMIYJbCHOTO fMEPHOTO CHEKT-
poMmerpa, paboTaomero Ha gacrore 7,5 Mey. Besa aTa cucrema Haxomu-
J1ach B HOCTOSIHHOM MarHUTHOM noie Hy = 10,287 kec, opueHTHDOBAH-
HOM Bjonb HampasieHus [100], mepmenguKyIsApHOrO HANPABIEHUIO
pacupocrpaHenus 3ByKa. OOBIT CTABUWJICA NP TEMIEPATYDPE JKULKOTO
a30Ta, IPU KOTOPOH spapa As™ mMmeroT miauTeiIbHOE BPEMS CIUH-peIe-
TOYHOH peIaKcanuu — O cek.

NsMepenns mpOBOJUIMCH METOAOM MMIOYJIBCHOTO aKyCTHIECKOro
Hacumenua. CTemeHh aKyCTUYECKOT'0 HACHIMEBMA ONDeNeidarach IO
BeIMYNHE CHTHAaka sAfepHOi WHAyKuuu, ciegyiomeit 3a 90-rpamyc-
HBEIM 3JI€KTPOMarHUTHHIM UMIIYJIbCOM Ha gacrore 7,5 Mey.

O6mapymenHoe B paGore [2] yMenbmenune curaana cBoGOIHON Ipe-
neccun Aaep As?™ upu pgeiicTBum Ha o6pasel oflHOBPEMEHHO ABYX aKyC-
traecKuX gacTor (25 u 10 Mey) onucrBaeTca BHpaKeHNEM

S = [ + const V3V,

rpe Vos m Vyy — aMmauTynn HampsskeHmit gacror 25 u 10 Mey, npm-
JOKeEHHX K KBAapIeBHM BHOparopam.

NaMeperus moxasand, 9TO MU PHUHA JAHAY B 3TOM CJIydae COBOAfaer
¢ MUPUHON JWHUM IPAMOIO BO30OYKIEHHA aKYCTUIECKHX II€PEXOf[0B
Am = -2 Ha gactore 15 Mey (u pasHA oKoJO 3 2c).

MoskHO yKasaTh II0 KpaliHeit Mepe YeTHpe NPUYNHE!, BH3HBAIOMAS
HacHeHNEe CINHOBHIX yPOBHe# B aToM ciydae. IlepBoit ABasAerca Ha-
CHIDIEHNE IePEMEEHKM BJIeKTPOMArHUTHEIM IoJIeM Ha gacrore 7,5 Mey.
dTa BO3MOKHOCTh OTIAJ[aeT CPasy II0 HECKOJbKUM IPUYMHAM: OHTAIO-
mee aKyCTHYecKHe BHOPATOpH pafHMO0IacTOTHOE HANpsKeHMe Hofa-
erTcs Ha Apyrux gacrorax, 90-rpagycHele 3JIeKTPOMAarHUTHEE MMIYJib-
CH BO30OYRAAIOTCA OT MMIOYJIBCHOTO T'eHepaTopa (IPOBOLWINCH U APY-
rme CHoemuajbHEE IPOBEPKH).

Jis mosicHeHmA claegyomuX ABYX BO3MOKHHIX NPUYIMH aKyCTHUE-
CKOr0 HACHIIEHHA BHIONOIEM (eHOMEHOJOTMYeCKOe BHPayKeHHe A
omeparopa CIHH-QOHOHHOW CBASH C TOYHOCTBIO /IO BTOPOTO HMOPAAKA
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mo medopManmmamM:

ﬁb:,ﬂ 2( aB‘YﬁjaIB[E +E ]-I- 4 2 GaBySlp.IaIB[E +

738 aBySap

* + EREA. + ERER), (34.1)

rae mo agagorns ¢ (5.1) BBegeH TeH30D Gagysrp, @ E1Y n E®) — ten-
30pH AedopManmil, TPOU3BOAUMHX AKYCTHYECKUMH KoaeGaHUAMI Ha
gacrorax 10 u 25 Mey.

B kauecTBe BTOPOr0 KaHAJa Nepegayl aKyCTHYECKOW DHEPTum
COME-CHCTEMEe MOTYT CIYUTb IPOIECCH BTOPOTO HOPAAKA IO oOme-
paropy i = A D) Sapvs Iuls Evs. BeposiTHOCTS IEPEXOfa MEKIY YPOB-
gavMa En, u Epy, 1OJ BAMAHHEM TaKOr0 MPONECca NPONOPIUOHANBHA
KBA[[paTy MaTpPUYHOTO 3JE€MEHTa

) (E, |92} | E\> <E, |52 | Ep_p
B gy By = 3 LI B Bt 349
k m

U, Clef[0BaTeIbHO, cocTaBiafeT (Sagysg,/fwy)? < 1077 or BeposTHOCTH
TMPSAMOT0 aKyCTHYECKOTO HACHMEHNA Ha ugactoTe 15 Mey mpu opuHA-
koBeIX aMmanTygax medopmanmuu (E, ~ 107¢), WUepynuposaHEbe mme-
PEXOAH C TAKUMH BePOATHOCTAMA He MOT'YT BHBBATh HACHIICHHSA.

Tperuil KaHAA HACHINEHASA MOKET OCYMECTBIATHCA 4€pes B3aUMO-
pefictBue ¢ 10- u 25-MerarepueBniMu JOHOHAMH IIOCPECTBOM PaMaHOB-
CKHMX IPONECCOB, IPYM KOTOPHX Hmoriomaercsa GoHOH gacToTh 25 Mey,
ANpo mepexomut ¢ ypoBHA K, Ha E,_, U ofHOBpEMeHHO uUBIydYaeT

¢oron uwacrorer 10 Mey. STH TIPOTIECCH ONUCHIBAIOTCS CIEYIOMAME
wieHaMM raMmibroanaHa (34.1)

A D) Gopysen [ [y IERED + EBEL

afvdep

V1 maxoHem, 9eTBePTOH NPUUYMHON HACHIIEHMA MOTYT GHITh AKyCTHIE-
ckue xoxeGaEusA gacToTH 15 May, KOTOpHE BO3HHKAIOT B KPHCTAJLIE
moj BIusBEMeM KonebaHuii Ha gacrorax 10 m 25 Mey 3a cyer arrapmo-
HUYHOCTH KojdeGamuit Kpucrajmugeckoir pemerku [3]. I'py6o rosops,
OO BIMAHNEM AHTaPMOHMYHOCTE (QOHOHH 9JacToTH 25 Mzy B mpm-
cyrcreEr ¢oHOoHOB uacToTH 10 Mey «pacmapmarorcss» Ha (OHOHEL €
gacroroii 10 u 15 Mey. BosEukmme TakuM 06pasoM OHOHE 9aCTOTH
15 Mey mocpeAcTBOM NIPAMHX DIPOIECCOB (d4epes B3amMopeiicTBUE
A 2 Sapys Lo ng}fs) BHIBHIBAIOT AKYCTHYECKOE HACHINEHue,

aByd

CpaBHEATH OPH NOMOIE YUCICHHHX ONEHOK [BA HOCHENHMX MeXa-
HA3Ma BecbMa 3aTpymHATENsHO. IloaToMy B pabore [2] 6nno mpepupn-
HATO JONOJHUTEIbHOE HCCIENOBAHWE, HO3BOJMBINEE CIENAaTh BHIOOD.
Omo cocrosno B caenyomeM. B o6paser Ha 9TOT pa3 BBOAMIN JBE aKyC-
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Tugeckue 9acToTe: 15 m 25 Mey. 3Byr 15 Mey BHI3HIBAN 9acTHIHOE
HacHIIEHNe, Hocae 9ero Bo30ygaanch roxebanusa 25 May, KoTophe
yBenunuuBanu Hacwimerue. [Ipm 5ToM FODOTHWTEIbHOE HACHIIEHUE HE
3aBUCEJI0 OT YACTOTH HANPAKEHWs, NPHIOKEHHOT0 K 25-Merarepie-
BOMyY BHODaTOPY. ITH (JAKTH HE MOTYT OHTH 00BACHEHH PaMaHOBCKIM
MEXaHH3MOM W JIerKo OOBACHATCA AHrapMOHHYHOCTHIO. [leiicTBE-
TeabHO, MOy BAuAHUEM 3ByKa 15 Mey ¢oHOHH ApYroit gacTorsr v/ >
> 15 Mey (v =25 Mey u T. i.) 9aCTHIHO «pacmafaiorcsa» Ha goHO-
HH V' =V — 15 Maey u 15 Mey. llocaegave u BHI3HIBAIOT JOIOIHI-
TeJIbHOE HACHIIEHHE, YBeIWYeHNe HACHIEHNS B dTOM CiIydae, CIeHo-
BaTeNbHO, MOKET OHITH TOJBKO UpH v' > 15 Mey. IToT darT Takmke
OBLI SMIAPUYECKE IIONTBEPKICH OTCYTCTBHEM JOMOJHATONHHOTO HACH-
meHNsA OpU BO3QYKICHNHN B KPUCTaJliie KoaeOaHuit Ha gacrore 14 Meay
BMecTo 25 Mey. Haxonern, B monbp3y MexaHN3Ma aHIapMOHUIHOCTH TO-
BopuT TOT $aKT, yro muprHa auAvy AP mpm gBYyX4YacTOTHOM HacCh-
MeHNY COBIAAaeT ¢ MUpUHO nuann 00619HOr0 IAP normomenns Ha gac-
ToTe 15 Mey 3a cuer mpsMuIxX upomeccoB. IIpn ofHOBpEMEHHOM yIacTHH B
morymomenny nBYX (oHoHOB (mporecc Pamana) mupuna JuHUM, Be-
POsATHEE BCETO, MOJKHA N3MEHUTHCA.

TakuM o6pasom, B pabore [2] mokasaro, 9TO 3a cueT aHrapMoOHNY-
HOCTM B KPHCTAJIJIaX CO3/AaeTCS 3HAYATENHHOE KOJIMIECTBO (HOHOHOB
C 9acTOTOH, PaBHOM PA3HOCTH 9YACTOT ABYX BO3OYRIANIIUX KPHCTAJLI
AKYCTHYECKAX KoJeOaHuUi,

§ 35. Ilouckn AxepHBIX reKCAJEKAMOIBHBIX IEPEX0J0B
MEKAY CHOHHOBBIMH YPOBHAMH

BaxpeiimuMa IpUIOXEHNAMA SAZEPHOT0 MATHUTHOTO M KBAaAPYHOJb-
HOT'O DPEe30HAHCOB fABIAITCA W3MEpPeHWe TAKNX XapaKTePHCTHAK sAApa,
KaK I'MpOMAarHATHOE OTHOINeHWe, CINHOBHIA U KBaJPyNOJIbHLIA MOMEH-
1. flgpa co cmmeOM I > 1 MOryT MMeTh BHCIOHNE MYJIbTUHOJLHEE
MOMEHTH, M3MepeHne KOTODHIX TaKyKe IPeACTAaBJIsgeT O6OJbIION MHTEe-
pec mas suepHoit duaMKu.

B pa6ore [4] 6rta mpennpumATa mMONKITKA OGHAPYKATHD HWHIYIH-
POBaHHHE YIbTPa3BYKOM CIHHOBEE IIEPEXONH, 00YCIOBIEHHHE ffEp-
HBIM TeKCaJIeKalloIbHEIM MOMeHTOM. VI3moskeHmI0 3T0il paGoTH yMmecT-
HO IpeAmoctaTh O0CY/K[JeHHEe CBOUCTB ANEPHOr0 TeKCANeKal0IbHOTO
B3auMOJIeICTBUA.

JIEeKTPUIECKAM TEeKCATeKAMOJIFHHM MOMeHTOM K, KOTOpHil fAB-
JISAeTCA MYJIBTUIONBHHIM MOMEHTOM YETBEPTOrO0 IOPALKA, MOTYyT 00-
nagath sppa co comEoM [ > 3/, JHeprus ero B3auMOJEACTBHA C OK-
PY)KAIOMYMHA 3apAfaMH JOJKHA OHITH 3HAYMTEIHHO MEHBIIE DHEPIUN
MarHUTHOTO JWIIONBHOTO K JIEKTPHYECKOT0 KBAJDPYIOJIHHOTO B3aH-
MOJEHCTBAN ¢ OKpY)KeHHeM. DBhIpakeHme [jIsi 9Heprum B3amMOJeii-
CTBUS TeKCAJeKamoJbHOT0 MOMEHTAa C 3JeKTpudecKuM moiaeM E ox-
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PYIKAIOMEX AAPO 3aPALOB moIydcHO B pabote [5]:
4 4
F= D KIE"= 3 Hk. (35.1)
n=—4 n=—4
KOMIOHEHTH oIepaTopa reKcajieKamolbHOTO MOMEHTa MMEIOT BUT
R =B[35]%— 301212 4+ 2512 — 612 + 3]1], (35.2)
B BYSUTI—38IF1, —1,)I .+ [ (11} =321, —1I,)],

EE=BY 101t — P —5) 1L 4 1L @1~ 1 —5)),
K =BV 351,15+ I%41,),
ffr V7O I+,

e B=eK4[16[([—1)(21—1)(2]—3)1“1, Pr=I{+1

Benuunna rexcagexamoibHOro MoMeHTH K, ompepensiercsa cooOT-

HOIDEHHEM
J— ) 2 2 72 4
Ky=<¥;, (r,)|352% —30r2z2 + 3ri |, (7))

rpe Yr,4(rz) — cOOCTBEHHAA QYHKIMA SAApPAa B COCTOAHWH CO CIIHOM,
pasEEM I, u ero mpoexnuei Ha och z [, =

ITapamerpn Ej;" BEHpaskaoTca caeqyomuM o6pa3oM depe3 d4eTBEp-

0%V

THIe IPOU3BOHBIE (V) = Fwoya: BT O.) moreHmumana V:

ES =" [Vazzzlo, (35.3)
AN

B Vﬁf,” [V sssx — Vs £ 12V ey los

B = Y Y e £V — 3 (Vo £ 1V ) o

E+4 V70

35 48 [ Vxxxx + Vyyyy 6Vxxyy + 4i (Vxxxy - nyyy)] 0

[...], osmagaer, uro mpomsBojHbIe IOTeHmUasna GepyTca Ha Ampe).

BzanMopeiicTBHe TeKCaTeKaIOAbHOTO MOMEHTa CO CTATHYECKHUM IOJIEM
KPHCTAIJINYECKOI PENeTK B IPUHIIUIE MOYKET IIPUBECTH K CMEIEHUIO
couHOBHX ypoBHeii. Ha puc. 29, a n3o6paskens yeTspe ypoBHS SHED-
ruy, o0yCIOBIEHHERE FeKCANeKaloJIbHEIM B3auMo/eiicTBUEeM Anep ¢ Ky-
6uueckoit pemerroii. TakuM oOpa3zoM, B OTIMYMAE OT KBAAPYHOOJBHOTO
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- Kbadpynoneroe u
/fiaipyﬂq/laﬂo: 2EKCagERanoIbHoe
Bsaumodedicmbue  Biaumodedembus

Kbadpynoneroe  /excadexanonsroe +9
Baaumodedcmbue  B3aumodedcmbue +9 2
+7 R £ 2
2" 2
/ -+ ” +7
+/;JIJ,+ 7,,,5 Y/ Z o7
il 2 .2
* % _ 49
+d ' H
7 — s i tJ
—_—7 Z ;
2 [ —— v
-,7. Z
a 1/

Puc. 29. BauAHue IIeKTPHYECKOT0 I'EeKCAAEKANoAbHOI0 B3aMMONCHCTBUA HA II0JO0KEHNO
yPOBHeil DHeprum cmnuHa °/;:

@ — B JIEKTPUIECKOM ITI0JIe KyOudecKo#t pemeTKu; 6 — B 3JI eKTPUYECKOM II0JIe¢ OCeBOl CHM=~
MeTpiu

MOMEHTA Afiep, He B3aMMOJEHCTBYIOIEr0 ¢ KYyOMYeCKO! pelIeTKOd
H03TOMY HE MEHAIOMIEro YHEPTUI0 CIMHOBLIX YPOBHEH, TeKCaIeKamOIb-
HOe B3aUMOJEMCTBAE JACTAIHO CHHMAaeT CHMHOBOE BHIPOKICHHE.
W3-3a cnabocTh reKCafgeKanoIsHOr0 B3aUMOMIENCTBUA 0GHADYKUTD
€03/]aBaeMLIl UM CIHEKTP B KyOMYECKOM KPUCTAJjie HE MPEeACTaBIACTCH
BoaMokHEM. OpHaKO IpousBoAuMEe B3auMopeiicTBueM (35.1) cme-
MEeHNus YPOBHEH HEePTUHU IUCTO KBAAPYIOIbHOTO cuekrpa (puc. 29, 6)
6s1M HafineHH Ha Axpax Sb'?! m Sbi?® B mexkyGuueckoit pemerxe [5].
dmeprua (35.1) DpousBOZUT TAaKKe CMeUIeHWE YPOBHEH DHEPIHH
MarEUTHoOro pesonasca E, = +Aw,m. B KyOmuecko#t pemmerxe oT-
JM9HH OT HYJIA TONBKO TPU OXMHAKOBHX WwieHa V,,,, = a u 18 ogmma-
KOBBIX WIeHOB V;j; = 6, IpU4eM IJIA MOTEHNWAJa, YA0BIETBOPAIOIIEro
ypasHuermnio Jlamnaca, sEeprusa (35.1) ompexensercs Auimb OgHAM Ha-
pamerpoM: a = —2¢. IIpu paccMorpenun sHepruu (35.1) B KagecTBe
BOSBMYIIEHAS B NEPBOM NPUGIMKEeHNN (TONBKO AWATOHANbHHIA WiIeH

[Kf,;Eg) JJA DTOTO CABUTA MOKHO IOJYYUTH CIONYIOEe BHpPaKEHUO
sl
eKsa [35mt — 30I%m? 4 25m? — 62 4 314)

5 .
By — mhoo = BIT—D =) EI—=3) [1 + 5 sin’ e] ’
(35.4)

rne 6 — yroa mMesxay oceio [001] m BEemmENM MarBuTHENM moxeM. CaBm-
ru (35.4) B xyGUIeCcKUX KPHCTAILIAX [[0 HACTOAIMEr0 BDEMEHH He 0GHa-
PYIKEHEHL.
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Hepmmaronansune wienn i (n <= 0) smepruu (35.1) mmeror oTimy-
HEIE OT HYJIA MAaTPHYHHIE 3JIEMEHTH Meiicny COMHOBHMHE COCTOSHUAMHE
Ym_n B Ym. OHE oIpesensiroT omeparop % cnnH-d)ononnon CBSI3W sAmEp
Yepes reKca/ieKaoNbHEI MoMerT. OmepaTop s HAXOQATCA CTAHAAPT-
HEIM ob6pasoM (cM. (4.7)) m3 BmpaskeHms (35.1) myTeM paszmomerns
¢ymrnuit E7' B pageno cmemernaM Uy ; oxpymaomux 3apagos (j) mo
OTHONIEHMIO K I'eKCAJeKalloIbHOMY AADY. BenencTeie MajocTn 9HEp-
run ¥y m H) mmeer cMBIC DacCMATPHBATH TOABLKO TY 9acTh ONEPATOPA
H'x, KOTOPAsA COOTBETCTBYET IIEPEX0jaM CH3MEHEeHNEeM MAaTHATHOT'O KBaH-
ToBore uncia Am Ha 4-3 u 4~ 4. 'excagexanonbume Hmepexods Am —
= —4-1 1 Am = --2 HeB03MOKHO BHAEIATH Ha ¢ore Gojiee MHTEHCHB-
HEIX KBafPYHNOJIbHHX HepexofoB Am = -1 m Am = —4-2 w marmmr-
HBIX IUIOJBHMX HepexomoB Am = 1. Hpn TPOU3BONLEOM HAIPAB-
JeHEHM MarHHTHOTO IIOJIA M IPOMBBOJIbHOM aKyCTHYeCKo# fredopmanmm
iz omeparopa 47 BechMa ciosken. B paGore [5] maiineno Brpakenne
1A omeparopa 5% nna mmesmeii Mecro B omsire [4] kKom$urypammm
manpasiesmit Hy m K: IpofoabHbIE aKyCTHYECKUE KOjeGaHUA Pacopo-
crpamsorca B Hampapiernn [111] xy6uueckoro kpucramna 43m-cum-
MeTpHH, a IOCTOAHHOE MArHATHOe HO0Jieé OPHEHTHPOBAHO IO YIIOM
0 Kk 9TOMY HampaBIEHMIO:

fti=BDE 01+ C0) @) + (€ + C /@), (35.5)
D (12)”2 [6[] (mex 3Vxxuy) Tos
fa(0) = 4sin®0cos6, f4(0) = —sin*6,

rme C+* = REYBY'35 u C+t = KF/V70B, E () — axycruueckas
nedopManus, @ — MOCTOSHHEAA PEIIETKH.

BeposATHOCTh mEpPeXofa MeKAY CIUHOBHME YDPOBHAMU m U m' =
= m = nOof BIHsAHWeM oneparopa (35.5) mpu nmepuommueckoir pedop-
manun E(f) = E, cos nw,¢ pasHa:

Won, mepn = (BDE") £2©®) | <m| CE | m Fny Py = W, | Ciinl2, (35.6)

rae Av,—IOIymApHHA JHHAK TNOINIOMEHU NJA nepexofoB Kn2Enry

MOKHO 0KMJATh, 9TO AAEPHLIE IeKCa/[eKaIIoAbHEe IePeX0osl OyAyT
BHI3bIBATHh HACHIIEHNWE YPOBHEH MarHHTHOTO pesoHaHca. Mcmonpsys
BEPOATHOCTH (35.6) mns pacueTa 3TOTO HACHIIEHHWS IO CXeMe, WM3JO0-
senHO# B § 9, MoxHO moaydnTs [5]

e - [1 47,2610 (”“”E")2 A sin®  cos? e] (35.7)
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s mepexofoB Am =43 u

e = [1 +8,62.107 (‘i’ﬁi’ﬂ )2 A sing e] ' (35.8)
& Ve
i fepexomoB Am = —-4.

B paGore [4] upm momomu craEmapTHO# METOSUKA HMMIIYJILCHOTO
aKyCTAYECKOr0 HACHIMEHUA HAGIIOfalnch MHTYUPOBAHHLE 3BYKOM
Am = —+-3 mepexopms MeXQy ypOBHAMH MarHATHOTO pe3oHaHca In!'®
B MoHOKpucTamie InAs. Or kBaphesoro su6GpaTopa X-cpesa, pesaoHn-
pylomero Ha gacrore vy = 14,9 Mey, akycrugeckue xouxeGanus mo-
cTymaim B o0pasen ¥ pacIpPOCTPaHANNCH B HEM IapajllelbHO Halpas-
aenmio [111]. 3aBucuMocTs sAmepHO HaMAarHMYEHHOCTH OT CTemeHH
aKYCTMYECKOr0 HACHIEHAS CHUMAJACh HPH IIOMOMM MMIIYJIbCHOTO
cIeKTpoMerpa, paboraromero Ha uacrore 4,97 Mey. Vameperus mpo-
BOIUJINCH IIPU TEMIEPaType :KUJKOro as3oTra.

MaxcnManpHOE HACHIIIEHWE, KOTOPOTO YAAIOCh AOCTHYL, COCTAB-
asgno 2,6%. Brina ompemenena mupuna fIAP mormomenusa (Av, =~
=~ 19 rey) paa mepexopoB Am = -3 mocpeAcTBOM M3MEPEHHAS OTHO-
meansg M,/ M, kak QYHKIIME 9aCTOTH AKYCTUYECKOT'0 HACHIEHAA IPH
HeM3MEHHOM SHAYEHUN BHEIIHEr0 IIOCTOAHHOTO MAarHATHOTO IIOJIA
¥ HAODSIKEHAA pPagmouacToTH (okomo 350 6) Ha KBapme (cMm. § 25,
puc. 14 m 15).

B rauecrBe B03MOKHOU mpuuuHH Am =--3 mepexomoB B pabore
paccMaTpUBATCA ClAeIyIue MeXaHusMel: 1) Mexanuveckuil wuin
3IIEKTPUYECKUN pPE30HAHC B chcTeMe o0paser -+ KOHTYp KaTyImIK{
AMP; 2) napasurHas pafguovacTOTHAA MOIMIHOCTH, IIPOCATMBAIOMASCT
B ofpasem; 3) HHAYIUPOBAHHEE 3BYKOM MArHATHHIE OKTYIOJNBHEE TI€-
pexonsl Am = 4-3; 4) ogHOBpEMeHHbIE KBAApPYmOAbHEE Am = -2 u
Am = -1 mepexops AByX coceguux sampep Inl!d; 5) snexrpuueckue rex-
cafleKamoAbHEE Mepexomsl Am = —4-3.

JlokasaTenbCTBO HENPAIACTHOCTH IEPBOR MpHIMHH K Am = -3
HACHIIEHNI0 OBUIO HANEIKHO YCTAHOBIEHO JKCIEPUMEHTATBHON IPO-
BepKoil. B gacTHoCcTH, pH B030y:xmeann karymru AMP cmexrpomer-
PAa HEIOCPeACTBEHHO OT 'eHepaTopa, HHUTAIMET0 AKYCTAIECKU nIpeol-
pas3oBaTeah PagmOIaACTOTON, COOTBETCTBYIOMEN YTPOEHHOHE dacroTe
JlapMopa, HUKAaKOTO HACHLIMEHAA HE YOAJ0Ch 3aMETHTh, 4TO CHUMAET
MOI03PEHMA OTHOCHTENHHO BIMAHUA TMAaPa3UTHON MONIHOCTU HA HACH-
meHne.

OHepruA MaTHUTHOTO OKTYIOJBHOTO B3AMMOMIENCTBUA AAPA JOJK-
Ha Owrbh mpuMmepHo B (Ra/a)? ~ 1071° pas MeHbIIe ero MarHUTHOTO
AUIoNBHOTrOo B3auMopeiictsusa (R; — pagayc sAmpa;, @ — MOCTOSHHAA
pemerku). IIoCKOIBPKY WHAYUWpPOBAHHKEE 3BYKOM MATHUTHHE TUIIONb-
HBIE IePeXOoH YAAeTCsA 3aMETUTh JUIIb Ha Ipefele YyBCTBUTEIbHOCTH
axcmeprMeHTanbuHX MeTomoB fIAP, MarHMTHEE OKTYHDOJbHHE Iepe-

XOOel BPAL WX MOT'YyT UTrpaTh KaKYIO-HI/Iﬁyp;B 3aMEeTHYIO POJIb B aKyC-
TAYECKOM HACBHIIIEHNN.
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Caegyomas BO3MOKHOCTh HACHINEHHS CBA3aHA C MOAYIAmUeR
3BYKOM KBa[pPYNOJBHOTO B3auMopeiicTBus sppa In''® ¢ smexrpmue-
CKEM IIOJIeM, CO3[[aBaeMbIM KBaJPYyIOJIBHEIM MOMEHTOM COCEIHEro Aapa
Inl8, B pesymbraTre KOTOPOH OQHO AAPO coBepimaeT mepexox Am =

= +4-2, a BTopoe Am = —-1. Ilo mopAgKYy BeJIMINHE IHEPIHA TAKOTO
B3aUMMOJeliCTBAA PpaBHA

A E ;s A3 A . oAl A
Hoq ~ 22 1], Qo Olhs + 1 Qv O, (35.9)
ik

e rj; — PacCTOAHHE MEKIY AAPOM j M AfpOM k, ‘Y"Q u VZ — ux  ¢ax-
TOPH AHTHSKPAHUPOBKH. POJb 3THX IPOIECCOB B HACHMIEHAH GHUIA
BEIACHEHA NYTEM CIHEAYIOMUX [BYX SKCIEPHMEHTAJIbHHX NPOBEPOK,
Bo-nepBrix, Gblna caenaHa OOMBITKA HACKEITATH COEKTP In mocpemcTsoM
BO30Y)KIEeHNA ONHOBPEMEHHHIX mepexomoB Am = —+-2 smep In u
Am =1 amep As 3BYKOM 4acTOTH v4 = 2v[P - vAS (vIn y vAs _ gac-
rore Jlapmopa simep In u As). Takme mepexobl BOSHUKAIOT IPH MOLY-
JADUEA 3BYKOM KBaJPYIOJb-KBaZPYNOIbHON HEPIWH COCEIHUX HAMEP
In'?® u As™. CorsacHo rpy6HM OmEHKAaM, STOT KaHAJI JaeT B3aMMOJeil-
creue npubiausurensHo B 10 pas Goxee cuibsHoe, ueM (35.9), mns mByx
agep In. Bo-BTopLX, OPOBOAMINCH OWCKM HHAYINHPOBAHHHX 3BY-
KoM Am = -3 mnepexomos B cmextpe As?. flnpo As™ (I = 3/,) me
MMeeT TeKCA[eKaNoJbHOI'0 MOMEHTa, W IO03TOMY Iepexomsl Am =
= 4-3 Moryr GHITH TOJBKO COBMECTHHIMH mepexomamu Am = -4-2
n Am = +1 gByx cocemHux smep As?.

OTpunarepHE Pe3ynbTaT 000MX HPOBEPOYHHIX BKCIEPUMEHTOB
CBUJIETEILCTBYET IIPOTUB YYACTHA KBaAPYHOIb-KBAJPYIOJBHHX B3au-
MofiefiCTBUil COCETHWX SAfE€pP B IPOIECCe AKYCTHIECKOTO HACHIIEHU.

OGpsacHeHNe HaGIIOIeHHOI0 HACHIMEHNA aBTOPH pabotsl [4] Bapar
B CYIECTBOBAHNU JIEKTPHIECKUX TIEKCAJEKAmOJbHEX IePeXoioB,
HHOYOUPOBAHHKIX 3BYKOM. [{is1 00BACHEHUSA SKCIEPUMEHTANLHKIX pe-
3yJLTATOB HEOOXOAUMO HPEIIONOKUTH, 9TO FeKCAaZeKaIOoJbHHH Mo-
menT In''® papen K, = 107%" cx 4, 4r0 ¢aKTop aHTUIKPAHHPOBKU
rexcaekamonbaoro Momernra B 100 pas Goxbime daxTopa aHTHSKpAHHU-
POBKM KBajpymoibHOTo MoMeHTa (mas In''®, pasmoro 10%) m
aro juiA HacemeHnsa Am = -3 mepexomamu TtpebGyercs B 400 pas
GOnbImasg akyCTHIECKAsA SHEPTUs, 9eM PN BO30OY:KICHNU KBALPYIOIb-
HEIX TEPeXO/0B.

Tercameramonpabie Am = --4 mepexonsl He ObLLIM OGHADYKEHEI.
B pa6ore [4] aTor dakT o6BsacHAETCA YII0BOM 3aBHCAMOCTHI0 BEPOAT-
“HOCTH TrekcagexanoabHbX mepexonos (36.5). Korndpurypamua manpas-
JIeHuil pacnpoCcTpaHeHUus 3BYKa M MATHUTHOTO IOJIA B ONETE OBIA BHG-
paHa Tak, 9ro0b 00eCIeduTh MAKCHMAIBHYI BEPOATHOCTh Am = -3
mepexonoB (IpryeM 9Ta BEPOATHOCTH HAJANa IPU OTKIOHEHHH OT OII-
TAMaNIbHON KoH(urypammu). Beposaraocts Am = -4 mepexomoB B
BTHX YCJIOBAX PaBHA '/; CBOErO MAKCHMANBHOTO 3HAYEHNA W COOTBET-
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CTBYeT HaCHINeHNn1o, MeEbmeMy 1%, KoTopoe BpAx i Morjao GHTH sa-
MEYeHo.

K cosxanenuo, B pa6ore [4] me oGcympmaerca BOBMOKHOCTH BO3-
oy:xmeana Am = -3 mepexonos, cBA3aHHAA C TeM, 4TO, Boo6Gmie roBo-
PA, YPOBHM MAaTHHATHOTO Pe30HaHCA He XAPAKTEPU3YIOTCA CTPOTO Ofi-
HAM KBAaHTOBEIM YMCJIOM M. 3a CYeT CIMH-CIMHOBHX B3amMOJeHCTBHH
¥ B3amMojeiicTBHil Afep ¢ pedeKTaMm pelNeTKW BOJHOBag (yHKIAA
¥ KayK/IOT0 YPOBHS /M COMIEPIKUT NPUMECh CIMHOBHIX COCTOAEH € Apy-
raM m’.

Y, = Xm T+ 2 Cmm'Xm';
m

Koadpdunuernts: Cpup DO MOPAAKY BEIWYMHS PABHH OTHONMEHUIO INM-
PUHE JWHUA K Pe30HAHCHOW wacToTe. IlpuMecs Apyrux cOMHOBHX CO-
CTOSAHUY JiesiaeT BOSMOKHEIMU «3aIpPemeHHEe» IIEPEXOH, BEPOATHOCTh
Koropuix B C?%,,, pas MeHbire paspemeHHHX. Ecam paccMaTpmBaTh
HaGmonerase B pabotre Am = -3 mepexomn Kak WHIyOUHpPOBAaHHHE
3BYKOM «3alpenieHHbe» IEePEeXOMHl, TO UX BEPOATHOCTH HOJKHA OHTH
npamepeo B 10+° pas MeHbIIe paspemmeHHNX KBaJiPyHOJBHHIX IE€PEXo-
noB (Av =19 rey, v = 4,9 Mey).

ITapamerp Cpyp MOT GEI OHTH HE3aBHCHMO OLEHEH HA ONEITE IYTEM
CpaBHEHNSA WHIYOUPOBAHHKX BHENIHWM IEDPEMEHHHM MarHATHHM IO-
JIeM BepoATHOCTeH paspemeHHHX (Am = -~ 1) u 3anpemeBHENX (Am =
= —+-2) mepexofoB, .

HyxH0 oTMETHTH, 9TO KyOMUECKHE KPUCTAIIK He ABIAIOTCA yHo6-
HEIMEH O00BEKTaMH . i HAOMIONEeHUA TeKCaJeKaloJbHHX IePeXOMioB.
Bonee GnaronpuaTHEE YCIOBHA MMEIOTCA B KPUCTAJJIAX HUSKOH CHM-
MeTpHH, B KOTOPHX SIpa MMEIOT CHEKTD KBafAPYyIOJHHOTO pe30HAHCA.
Ilpm moMemeHWE X B HOCTOSHHOE IIOJIe BCe COINHOBLIE YPOBHM 9HED-
IAM OKAajKyTCA Pas3feleHHHIME HEONWHAKOBEIMU MHTEPBAJaMH, 4TO IIO--
3BOAAET BO30YKIATh NEPEXONH MeKAY KamKmod nopgxopsameit mapoi
YPOBHEi B OTHEIBHOCTH.

Ananus omeparopos (35.2) moKaskBaer, 4TO IEKCAlEKaNlOJbHHE
nepexonsl Am = -3 Mekpy ypoBHAME 9SEHeprum —-%/, sampemeHH,
mo06HO TOMY KaK BaIlpelieHbl KBaJPYyNOXbHEE Hmepexofs Am = -+1
MexIy ypoBHAMEA —1/,. ITO 0GCTOATENBCTBO faeT XOpoliee CPEICTBO
A uAeATHPUKAMUY TeKCafeKamoJbHHX IEePeXojioB, CYImeCTBOBaHUE
KOTOPHX B HACTOSIEee BPeMs HeIb3d eme CYATAaTh OKOHYATENBHO

YCTaHOBIEHHEIM.
§ 36. NBoiinoli pesonanc ¢ ydyacTHEM ANEPHBIX
aKyCTHYECKHX Iepexo/ioB

B mociaenHue Tofsl B MAarHATHON PafMOCIEKTPOCKONNMH YCHJIEHHO pas-
BHBAIOTCA JBYXYACTOTHHE METOAH HCCIeIOBAHMA, TAK Ha3EBaeMhHe
[BOIiHEIE PE3OHAHCH BJIEKTPOHHO-AMEPHHH, AfEPHO-AMEPHHI H T. X.
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Oxasanoch, 9T0 BO MHOTHX CIydasgX MOKHO I[OﬁEITLCH CYEeCTBEHHOTO
yIydmenns IyBCTBUTENBHOCTH I paspemaiomeil cmoco6HOCTA H3Mepe-
Huli Ha O/{HO N3 Pe30HAHCHEIX YACTOT, €CIIH ONHOBPEMEHHO BO30OYXIATH
Pe30HAHCHHE IIepexo/bl Ha APYroi nape ypOBHEH JUCKPETHOTO CIEKT-
pa dacrarn TBepporo Tena. CymecTByeT MHOIKeCTBO BapDHAHTOB 3TOMH
METORMKHY, PA3INIAlOMUXCA COPTOM JACTUI], YIACTBYIOMHUX B ABOHHOM
pesoHaHce (3IEKTPOHH, ALPA), BALOM AWCKPETHOIO CIEKTpa, cImocoboM
mepemadd Bo30YRICHAS OT ONHOM mapH yPOBHeH K IPYroi, THIOM pe-
JIAKCAMAOHHKX IIPOIECcCOB, CIOCOGOM. perucTpamuy pe3oHaHCA (M-
OYJAbCHHH MIN CTAWOHADHHIN) U T. XK.

EcrecTBéHHO 0KHJATH, YTO METOXH IBOMHOTO Pe30HAHCA C ydac-
THEM aKyCTHYECKAX KOIeOaHN# MOTYT AAaTh ONPefeleHHEE IPEnMyIIecT-
Ba mo cpaBHeHHI0 ¢ mpamoiMu Merogamu fIAP. ®axtmuecku Bce
obcy)kmaBmmecs MeTons KocseaHoro nabawoaeausa AP mo npounssogu-
MoOMy ynbTpa3ByKoM HacolmeHuo nuanii AMP caexyer oTHecT: K HBOii-
HOMY PE8OHAHCY.

IloBHImeHHbI MHTEPEC BH3HBAKT IEPCHEKTUBE IPAMEHEeHAS [BO-
HOro pesoHaHca p#uas pmerextmpoBaHEsa AP Ha apgpax co cumuOM 1/,
B3aUMO/eACTBUIEe KOTOPHX CO 3BYKOM 3HAUUTENBHO cilabee, 4eM y samep
C KBaJpYHOAbHHM MoMeHTOM. A6paraM u IIpokrtop ormermmu [7],
9T0 mpd BO3OYKIEHHN AKYCTHISCKHX IEPEeXOJ0B HA PA3HOCTH 9acTOT
JlapMopa siep IBYX COPTOB 4epe3 MOMYIANAI0 HX MaTCHUTHHIX JUIIONb-
OUOOJIHbHEIX B3aMMOMEHCTBUII MOKeT BO3HHKHYTh CUTyamusa, HAIoMHA-
HAlOMAasA IPoIece MTUHAMHYIECKOM MOMAPU3ANAN AMEP IOCPEACTBOM Tak
HasnBaeMoro coama-apdexra [8]. Veenuuennme mnonspmsammm (r. e.
HaMarEdYeHHOCTH M) Afep OpUBOAWUT K Bo3pacraHmio cmraajga AMP
NMONADA30BAHHKX fANEP X JaeT TakEM o6pa3soM BO3MOMKHOCTH JETeK-
THPOBATh AKYCTAUECKIE IePexOms.

Jlna mosicHeHUsA 3TOTO IPOI(ecCa PACCMOTPUM 36€MaHOBCKAE YPOB-
HU DHEDPTHU CHCTEMHl IBYX HEIKBMBAJIEHTHHIX fAfgep co cumEaMu | =
=1y u J =1, Ha puc. 30 n306paskeHs YeTHpPe YPOBHA JHEPIHH
Epym)3 Pazu IPOCTOTH CIATAETCA, UTO MATHUTHLIE AATOJbHEE B3aHMO-

meiicTuA Axep He BHOCAT 3aMETHOTO BKJAJA B IOJOKEHUE 3THX YPOB-
Hell.

Hdna xapaxkTepuCTHKU HOAApH3amuu Agep YHKOOHO MCHOOAB30OBAThH
nmapamerp

=By = D Npim| Iy my [ DN, (36.1)

T[[e CyMMa IOPOCTHpAaeTcs IO BCeM YPOBHAM, 3aBUCAIMUIM OT OPHEHTA-
nun comeEa I, a N, — 3aceleHHOCTH 3THX YypoBHeil. B croabme a
Ha prc. 30 yKasaHB OTHOCHTENbHEE 3HAYEHUSA 3aCEeIeHHOCTEH Np, Jomr

ypoBHe# (mjy, my) B yCIOBHUAX TePMOTAHAMUYECKOTO PABHOBECHA C
pemerkoit (A = hwYkT, § = hw®kT, T — TeMmeparypa pemerxd,
©} ® @} — napmMopoBsl gacrorhl Afep). Ilombsysack sTMME KaHHHME,
JUIA COCTOAHHA TepMOfuHAMUYecKoro pasHoBecua (mpz v, A << 1)
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P uc. 30. CoBmecTHaRA 3eeMaHOBA 3HELTMA ABYX CNMHOB J m I, paBHBIX !/;, B DOCTOAHHOM
MarHATHOM IIOJe

M @ — 9aCTOTH JIapMopa STHX CIMHOB, my M m  — UX KBAHTOBHE 9uCIa

o J

HAXO[UM
Pr=—2, Ph= 2. T (36.2)

IIycts ynbTPasBYK BO30GYIKIAET DPE30HAHCHBIE NMEPEXONH MEKIY
ypoBHsMu Ev, ., — E_., v, Ha pasHocTHm uacrorT JlapMopa paccmar-
puBaeMHX sjep. Takue HepeXombl BO3MOMKHBI GiarojapA MOLYIAIUK
8BYKOM TOHW dYacTH MarHHTHHX [UOOJL-IWIOJbHHX B3alMOJEHRCTBUIA
anep (4.11), xoropasg HmpoNOPIUOHAIbHA ONEpaTOpaM

J I 7.1, (36.3)

IlycTs MHTEHCHBHOCTH YJIbTPA3BYKa CTONb BEJHKA, UTO IPOMCXOTHT
Haceimenue, Torga Ny, _y, = N_y, y,. 3aCelleHHOCTb APYTUX YPOBHEH 3aBU-
CHT OT TUIA JOMHHMDPYIOIMUX PEIaKCANUOHHKX Nporeccos. Ecam npen-
TIOJIOKUTH, UTO IPONECCH COMH-PEIIeTOYHOM PeaKCcaluy OTHOTO TONb-
ko cumua J (Ha puc. 30 ykasaHH INTPHXOBOH JWHMEH) HPOTEKAIOT 3HA-
4ATENHHO GBICTDEE, YeM BCe OCTAJIBHEE, TO B CHAY cooTHouernns (9.2)
B YCIOBHAX CTAallMOHAPHOTO HACHINEHHSA MMeeM ’

N‘/z, "‘/2/N—’/2y —y = N‘/z. ‘/2/N—‘/2, +1fp = eA., (36'4)
3T0 BREIDaMKEeHue gaer OTHOCHTEJbHBIE 3HAYCHNA 3aCeJICHHOCTe cnu-
HOBHBIX ypOBHei'[ B YCIOBHAX NTUHAMHNYECKOI'O PaBHOBECHA Hpﬂ cTanmuo-

HapHOM aKyCTHYeCKOM HACHIIEHMM HA YaCTOTe oy — @y (CM. CTOJ-
Oer 6 ma puc. 30). Jlerko BUeTh, UTO B 3THX YCJIOBHAX

Pr=Fr=F=—2 mpm A<, (36.5)

200



T. €. MOJApU3ANUA Anep copra | OKa3KBaeTCA PaBHOW pPaBHOBECHOM
monspusanuu Axep co cuuuoM J. VsMmenenme moaspusaimum smep [
OpA HACHINEHWH IepeXofa Ha TacTOTe (g — ] MOKET CKasaThCH
Ha PasNuYHHX CBOMCTBaX COHH-CHCTEMH B HEPBYI0 O4epefb Ha Mar-
HUTHOM pesoHaHce saep 1.

YroOHn ommcaHHAS CUTYAIMA WMela MeCTo, Heo0XOommMO, 4TOOH
BEPOATHOCTh AKYCTUIECKOTO mepexofia PA M BepoATHOCTH CIMH-peIe-
Toudgoil penaxcamun sAgep I — WrmJ — W; ymoBierBopsau paBeH-
CTBY

WisP*>SW,. (36.6)

Hau6oxee mogxogAmumMy fias 3Tux TpebGoBanmit 00pasmaMit, BEpOATHO,
sapiasoTca MoHOKpucTasmiasl LiF, rak kak Mekgy BpeMeHaMu CHUH-pe-
meTogHo# pemakcanun Anep F'? u Li® cymecrsyer Goapmaa pasHuma:
npu KoMHarHoit Temmeparype T; smep F° pasno oxomo 102 cex,
a T, anep Li®nopsanxa ogHoi Hemenu. [{7A yaoBieTBOpeHUA HEPABEeH-
crBa (36.6) B aToM cayuae myxHO, 9TO6H PA 6hmo mopanka 1074 cex™,
OuenuM, KaKas AJisg 3TOr0 TpeGyeTcs HHTEHCHBHOCTD 3BYKA.

ITopsAfoKk BeaMYMHB HETEPECYIOMEN HAC BEPOATHOCTH AaKyCTHYe-
CKOI'0 IIepexofia MOKHO OLEHUTh, IONb3ysach BupaxkenueM (6.10).
IlopcraBnss tyma 7yp/2n = 4007 ey/ec, 7yLi/2n = 626 eylec, a =
=4 .10% cwm Av = 12 xey [9], nmeem PA~ 300 . E2,. CnegoBarens-
HO, ycaosue (36.6) Gymer ymoBieTBOPEHO, €CIM aMILIUTY[a aKyCcTHYe-
ckoit mepopmaruu E, pasua ~10"3—107%, ar0, mampmmep, miIsa gac-
totel 107 2y coOTBETCTBYET MHTEHCHMBHOCTH 3BYKAa mopsagka 50 em/cm?.

O6cy:xpaBuiasca cxeMa 0e3 maMeHEeHHIT MOKeT GHITh MCIIOJIb30BaHA,
ecan cuuH J ABJIAETCH JIEKTPOHHBIM COMHOM. B 3TOM ciyuae mpakTm-
9eCKM BCerfa BpeMs CIHH-PemeTouyHO# pexaxcamuu Ty 3HAYUTEND-
Ho Kopoue Ty, 9T0 cmoco6CTBYeT yAOBIETBOPeHNI0 HepaBeHCTBA (36.6)
IIpemensHOE yBenU9eHNe ANEPHON MOMSAPUBAIUE, KOTOPOE MOKET GHITH
JOCTUTHYTO B MaHHOM CIy9Yae, PABHO OTHOIIEHHI0 MaTHATHOI'O MOMEH-
TA YJIEKTPOHA K AMEPHOMY, T. €. M0 HOPAAKY BemmuumHEl pasHo 103
CyImecTBCHHBIM OTJINYNEM AMHAMAYECKON HOJAPH3ANAM C y4aCTHEM
3JIEKTPOHHOTO CIMHA ABJIAETCA TO 00CTOATENBCTBO, 9TO 9ACTOTA aKyC-
THYECKOT0 HACHIIEHUS Wy = Oy — M7 JOJKHA OHTH 0JU3Ka K dac-
TOTE 3JIEKTPOHHOr0, a He AfAEePHOro pesoHanca. [loaTroMy mpu ocymect-
BJI€HNY NWHAMUYECKON IOJAPUIATUYA IO 3TOU cXeMe MJIs CO3IAHHsA 3a-
MeTHOI'0 HACHUIEHHUA TPeGyeTcs BBOXUTh B 00pasmHl JOCTATOYHO MHTEH-
CHBHELIE TIOTOKM 3ByKa Ha gacrore okomno 10 zy, uro aBaserca ciom-
HOMl TeXHUWYECKOH 3amadeis.

Hpyro# mogxox x aToit mpobGieme cocrout B Habmwomeruu AP ma
AOpaX, ONHAMAYECKH WOJADW30BAHHHX OOWYHEIM cmocoGoM, T. e.
[OCPEJICTBOM IEePEeMEeHHOT0 MATHMTHOrO moias. Jlis mepeMeHHOro
MarHUTHOTO moiA mepexopsl Ky, _vy, 2E_y, i, 3aIpeiieHH IpaBHIOM
or60opa. OgHAKO IPHW FOCTATOYHON MHTEHCHBHOCTH IIEPEMEHHOIO IIOJIA
9TH YPOBHHU MOT'YT GHITH HACHIIIEHH 32 CUET «3AIPEIIEHHBIX» IePeX0I0B,
KOTOpHIE UMEIOT CHeylee MPONCXOKICHNe,
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BoaroBHE (YHKOWYM COMHOBHX YPOBHEH TOJBKO B HYJIEBOM IpH-
OnuyKeHNMH MOIKHO 0XapPaKTepH30BATh OHOM HapOil KBAHTOBEIX WHCET
my, my. BcuemcTBue mUIONB-TAHONBHHX B3aMMOJEeHCTBUIl Apa H
BJIEKTPOHA COOCTBEHHEE QYHKIUHM Kaskporo s yposmei E,, ., Moryr

OBITD opencTaBlI€HBl B BUIE
AMJ, mI = meme + O‘xm} me + meJ.Xm} + ‘]"X«m}xm} —l— MY (36.7)

TM€ Ymy B m; — CHHHOBHE (QYHKIMHE BJIEKTPOHA W A1pa; a, B, v —
MaJieie TapaMeTpH, PaBHEIE IO MOPAAKY BENWYMHE OTHOINEHWIO DHEP-
TN JRNOJNB-TUIOJIBHOTO B3aWMOMEACTBAA AApa U 9JIEKTPOHA K WX
3eeMaHOBOI sHEprud. BepositHOCTS BampemenHOro nepexona B a?, f2,...
pas MeHbIIe pPa3pemeHHOr0, OXHAKO, KAaK IIOKA3aJ ONKIT, BO MHO-
IAX CAy9asX B3aOpemeHHHMN II€peXOofaMyu MOKHO C037ath IOJHOE
HacumeHne, JladpbHeAMUA NORCYET BENWIWHH IOJAPUBALUE SATEP
HE OTJIMYAeTCA OT y’Ke MPOBEEHHOTO.

Pernmcrpanmsa 5Tofl monsApU3amuy MOKET OHTh OCYIECTBIEHA KAaK
merogamu AAMP, tak m Meromamm fIAP. B mocaemueM ciygae apmep-
HHI COWH HOJKeH OmTb Gonbme '/y. Bpefit6apr m Bapxkep [10] mpo-
BEJM TEOPETUUECKOE VCCIEOBAHUE BOSMOKHOCTEH [€TEKTHPOBAHWS
ANHAMHYECKOH MOoJApU3anuu Afep B TBepAHX Texax Meromamu fIAP.
OuM paccMOTpesN HACHIMEHNE 3JIEKTPOMATHHTHEIME 3alpereHHHMHI
IepexofaMy BOCHMH YPOBHEH COBMECTHOII 3eeMaHOBO# 9Hepruu sAmxep-
Horo cuuHa I = 3/, u snexrpommEoro cmuEa S =1/, B KyGuueckoMm
Kpucramie. B xadecrBe B3amMopefCTBUsA, IEPEMENIABAIOMEro BOIHO-
BHe (YHKIWZ ¢ DAa3HEIMI IIapaME KBAHTOBHIX UHCEN Mg, My, YIATHBA-
JUCh MAaTHUTHHIE MUIOJb-TUIIOJbHEIE B3aMMOMEUCTBUA ANEP C IIEKT-
POHAMH ¥ 3JEKTPUYECKWEe KBAaJAPYIOJBbHHE B3AaMMOJEHCTBUSA ANEP C
nepexramu pemerku. Pacuerst ycunenus curuaios AMP u AP ¢
nepexogamMu Am = 41 1 Am = 4-2 npm guHAMHYECKOIT MONAPUBATAKE
Afep MOKasanu, 970 BIUIOTH 10 Temmepatyp mopsagka 1° K ycuieHue
BCEX TpeX JHMHUIT OMHAKOBO I paBHO — 0’s/w°r. Pasnuune cranoBurca
3aMeTHHIM Ipu (ojiee HHUSKHX TeMIepaTypax, KOIJia 3eeMaHOBA 9HEp-
I'uMA Agpa CTAaHOBUTCA cpaBEEMoil ¢ k7.

Orpunatenpaoe 3HAYeHWE MapaMeTpa YCUJIEHWS YKa3HBAaeT Ha TO,
YTO BepPXHUHE YPOBHM SHEDPTUM ANEPHHIX CONHOB NPH AWHAMHYECKOMH
TMOJNIAPU3aNKUK 3aCeNIeHH 00IbIIe, 9eM HUKHNE. B TakoM cocToAHUM CH-
cremMa GyfieT ckopee M3aydaTh (OHOHEI JACTOTH ©) U 20}, IeM IOIJIO-
marth ux. VEpMu ciaoBaMu, oHa GymeT YHKIMOHUDPOBATH KAaK OfUH
n3 BapuaHToB (oHoHHOTo Masepa [11—13].

Ilo amamoruy ¢ ABOWHEIM 3JEKTPOHHO-ANEPHHM pesoHancoMm [14]
MOJKHO IIPEfiCTaBUTh APYI'YI0O MeToguKy perucrpanuu AP mepexopos,
B KOTOPOii pe30HAHCHEE HePeX0abl MEKIY COINHOBBHIMA YPOBHAMU dHEP-
UM Afep REeTeKTUPYIOTCA IO MX BIUSAHUIO HA DJIEKTPOHHHN IapaMar-
HUTHHI PE30HAHC B3aMMOJEHCTBYIONMX C AXPAMHU 3JAEKTPOHHEIX Mar-
HUTHHIX MOMEHTOB.
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VYenosua HabGIIOMEHN TBOWHOTO 3IEKTPOHHO-AEPHOTO PE30HAHCA
HaKJIagHBAlOT Ha 00pa3IH JOBOIBHO JKeCTKUe yciaoBus. B gacTHOCTH,
He00X0amMO0, 9TOOH 06pasmbl COMEPIRANA OCTATOYHOE KOIMYECTBO DJIICK-
TPOHHHX HapPAaMATHATHEIX MOMEHTOB, B3aHMOJENCTBYOIMUX C ANPAMH,
9T00H IPX 3TOM BPEMEHA IPOAOABHOM U MONEePEYHON pelaKcamuil simep
ObLIM HE CIUMIKOM KOPOTKUMHU. JTHM YCJIOBHAM JIy4ile BCET'O YIOBIET-
BOPAIOT HEKOTOPHE IOJIYOPOBOXHUKHM, COMEpKAIMe IapaMaTHATHHE
npuMecn u pedertsl, MoHokpuctamak tnma NaCl, cogepxamue
F-nenTps, # psag gpyruX o6eKTOB.

OpEnM U3 TIaBHEX BOOPOCOB, HA KOTOPHE HYKHO OTBETHTH IpH
BHIACHEHME BOBMOKHOCTEH IIOCTAHOBKM BKCIHEPUMEHTa IO [BOMHOMY
3JIEKTPOHHO-ANEPHOMY MAarHATHO-aKYCTHUECKOMY pPE30OHAHCY, ABIS-
eTcsa Bompoc o BenruunmHe M mpupome AP mormomenus Ha AApax, Ha-
XONAMUXCA B KOHTAKTE ¢ NapaMaTHUTHHIMU COWHAMEH. DamKwpoB n
Konsuanem [15] onenniau Bernunny mOraomenus 3ByKa ApaMu KPeM-
HAS, HAXOAAMUMUCSA PAXOM C BHEIPEHHHIMH B PEIIETKY aTOMaMHA JOHO-
POB, a TaKKe Ha COGCTBEHHHIX SAApaX JOHOPOB, B HPEIINOJIOKEHAH, 9TO
CBA3B ANEDHHX CHOUHOB CO 3BYKOM OCYIIECTBISETCA IOCPEACTBOM MO-
OYJIAOUY WX CBEPXTOHKOTO MATHUTHOTO B3AaMMOAEMCTBUA C DIEKTPO-
HOM [0HODA.

HeranpaoMy pacuery KoadpdunuentoB AP mormomenus agep xyod-
9eCKOr0 KpHUCTaNIa, HaXOAAMUXCA B KOODAUHALMOHHOH cdepe Io-
KaJIbHOTO DJIEKTPOHHOIO IEeHTpa, mocBAmeHa pabora [leiirena m fHepy
[16]. Mcnonb3oBaB B KauecTBe omepaTopa COMH-POHOHHOMN CBA3H MONY-
4eHHE uMu panee [17] Ha ocHoOBaHMHU TEOPETHKO-IPYNIOBHX CO0Gpa-
JKeHnit (eHOMEeHOJIOTHYeCKUul TraMHJIbTOHMAH, OHW BBHIUCIUAIA KO3P-
¢unuenr JAP mornomeHus mias pa3audHHX HANPABIEHUH BOJIHOBOTO
BEKTPA U TOJAPU3ANUY 3BYKA 110 OTHOLIEHWIO K KPUCTATIUIECKIM OCHAM.
Tiposenennnie B pa6ore [16] uncnennre onenku gns F-neHTpoB B MO-
Hokpucramne KCl mokasanm, 410 BBYKOM CPaBHHTEJIHHO HeOOJbIIOH
HHTEHCUBHOCTH (OKOJI0 2 6m/cm?) MOMKHO J0OUTHCA CYIECTBEHHOTO Ha-
CHIIEHNs SIIePHHX CIWHOBHX YPOBHEH M YTO 9TO HACHIIEHUE MOJKET
OblTh 00HAPYIKEHO IO ero BAXAHUIO HA JUHUIO MATHATHOTO PE30HAHCA
F-nenTpos.
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NMPUNOXEHMUE A

HEITPUBOJANMBIE CHAHOBBIE TEH30PHI

Omepartop cnvHA T aBasercs BEKTOPHEIM onepaTopOM 3T0 03HAYAET, 9TO IpPN
MOBOPOTAX CUCTEMH KOOPAMHAT €r0 KOMIIOHEHTH Ix, Iu, I npeo6pasynTes Kak
KOMIIOHEHTH BEKTOpa MIM KaK KOOPAMHATH. BMecTo 1eKapTOBHX KOMIOHEHT BeK-
TOpa COHHA YROOHO MCIIOJB30BATh ne}compylo UX JuHEfHY0 KOMOMHANMIO

I, 1, =l +if, (A. 1)
06Iafal0ImyI0 CIeNyIONMMHI ITPAaBMIAMA KOMMYTAllWW:
(, I)==1,, f,, I 1=2L,. (A.2)

Yno6erBo BBereHNA omepaTopoB (A.1) cocrout B mpocToTe naxomnenmi nX MaT-
PUYHBIX 3JE€MEHTOB Ha COOCTBeHHHX QYHKOUAX ¥ (I, m) omepaTopa I

od, my| I |y, m)y =mb,,,., (A.3)
L, m) | L x (o m)y=VI+Fm)T—m+ 10,0 - (A.4)

OueBMIHO, YTO IPOM3BEfEHHE [BYX KOMIOHEHT CIHHA IpPeo0pasyercs Kak
TeH30p BTOPOTrO PAHTa, NpOU3Be[eHNEe TPeX KOMIOHEHT COMHA — KAaK TeH30p Tpe-
THEro paHra ¥ T. A. VI3 KOMIOHEHT COMHA MO)KHO HOCTPOWTH HENPHBOJIMMEE CIN-

HOBHIe TeH30pH Ty, pamra L (L = 0, 1, 2...), mpeacraBadomue co6oil COBOKYI-
HOCTh M3 (21 + 1) omepaTopoB fLm cm=0L,L—1,L — 2... — L, upeobpaay-
HOMUXCA TPU BpaIeHAAX Kak cpepudeckue Gymxnun panra L:

Tpm=) Dk (9,0, ) T . (A5)
<

P
3neck T, — M-KOMIOHEHTA CIAHOBOTO TeH30pa paHra L B cHCTeMe KOODAWHAT,
IOBEPHYTON HA DHJIEPOBH YIIH ¢, 0, \ OTHOCHTeNLHO HAYalIbHON. BHpaskeHms

[JISL DJIEMEHTOB MAaTPHIE IIOBOPOTA M3BECTHH U3 Teopmu rpymm [1]
DL. (9,8, )= ¢ meeim gL (6) (A.6)

L S (= ° [+ m)! (L — m)! (L + m)] (L — m)] 2
nrm (9)=S=Z_:oo si(L—m' —s)I(L+ m—=3s) (m" —m )l

0 \2L+m-m’-2s . 9 \m’-mi2s
X (cos 7) (— sin —2-) ,

me<, (l)(an ofiurgHo, n! = 1.2.3 ... n, w mpepmoxaraercs 0l = 1 (nl)™ = O upm
n
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CymecTByeT TeopeMa, YTBepKAA0OMas, 4T0 Ji060ji CIMHEOBHA 0NEpPaTOpP MOJKET
GHITH PasGUT HA CyMMY HEIPUBOAUMEHX CIHHOBHX T€H30pOB. BBemeHne HenpmBo-
AUMHX COFHOBHX TEH30POB BEI3BAHO HE TOJNBKO YXOOCTBAaMHM MaTeMaTHIECKOIO
XapaKTepa — OTHOCUTEJNHHOH MNPOCTOTOA npeoGpasoBaEMil B ApYrue CHCTEME
KOODPAMHAT ¥ BHYUCIEHUI MATPHYHHIX 3JIEMEHTOB. Boiee rayfokas npH4YMHEA CO-
CTOHT B TOM, 9TO Yepe3 HEMPMBOAUMEIE TEH30 DPHEE ONEPATOPHL BHPAKAITCA MYIb-
THIONBHEE MOMEHTH fpa: MarHATEH JANONbEKIE — 9epes3 TeH30p IepBOTo PaH-
ra Tim, 9AEKTPUIECKUA KBALPYNOJBHNN — wepe3d T, ¥ T. X.

IInpoKo MCHOIb3yeMEe B AfePHOM Pe3oHAHCEe HeNPUBOAUMEIE TEH30PHEIE OIE€PaTo-
PH [epBOro M BTOPOTO PAHTa PaBHH

Tro=1, T

1 .
W =F 5 I (A7)

Tpo=312—I1(I41), T, |, =7F ]/ 5 (L F, + LT, (A.8)

E
Tz,- +23 = ‘/7 (I

MaTtpuun Bpamennit [ja HUX MMeOT BHJ

14 cos@ sin 6 1 —cosb
2 - V2 2
sin O sin 0
d}n'm (9) = 2_ cos 0 —_ V-z- ’ (A'g)
1 —cos@ sin 6 14 cosO
2 V2 2
0 6
cos‘—z- —sin @ cos® % 4—sin2 0
. 0 ] 6
sin 0 cos? 5 cos? S (1—4sm2 —2-> — 14/— sin 20
Ve _. 6 3
——Sin*8 VTsin 20 1 — 5 sin®8
.. .0 .0 6
sin 0 sin? 3 —sing (1 — 4 cos? %) -‘2— sin 20
., 0 0 6
sin® 5- sin 6 sin® 5 —Zz sin*6
. .. 0 0
— sin 0 sin? 5 sin® 3
—_ .. 0
d?n'm )= — sin? 5 (1 —4 cos? %) — sin 0 sin? g
(A.106)
6 . 6
— % sin 20 - sin2 @
cos? % (1 — 4 sin? %) —sin@ cosz-(zi
. 0
sin O cos? > cos? -g—
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Brpaskerme (A.5) omperesser onepaTopH f‘Lm C TOYHOCTBHI0 10 MOCTOSHHOTO
JJIs BCEX OIEPaTOpPOB MHOKETENA. UTOGH CHATH 5TY HEONPENEeNeHHOCTb, BBOLAT
HOPMHPOBKY TE€H30DOB fl"Lm. OpHo#t W3 HamGosee yOoTpeGATELHEIX HOPMHEDPOBOK
ABIAeTcA TpeGoBaHme.|

spt =1, (A1)

rae sz — 3PMUTOBO-CONPSKEHHHA OIepaTop.

B wacrHOCTH, 4TOGH YHOBIETBOPUTH TpeGoBamme (A.11), omepatopu (A.7) m
(A.8) Hy)XHO YMHOKUTH HA IOCTOSHHEIE®

ar=2 V3 [(2I +2)2I I + 1), (A.12)
az=2 V5) 2I +3)@I+2)@I +1)212r —1) " (A.13)

B 3axuaouenme OPUBOAYM HEKOTODH® IIOJIC3HEIE€ COOTHOIODEHMs, Kacalmuecs
HenpUBOANMEIX TE€H30DPOB NI POU3BOJBHOI'O PAaHra,

(1, P d=mPL . (A14)

Up T l=VEZFmMETER+ DT s (A.15)
TL-!_—L = const (I_-_t)L.

OcranpaEe (m 5= 4 L) KOMIOHEHTH TEH30PHOTO omepaTopa I'p, MOMHO IOXY=
- ~
9nTh, NPAMEHAA IEPeCTAHOBOYHKE COOTHOMEHHAS (A.15) ¥ T'p ;.

NMPUNOXEHUE B

MATPUIIBI TEH30PA
JAUHAMHNYECKOIO KBAJIPYIOJBHOrO B3ANMOJENCTBUA
AJIA PA3JINYHBIX KJIACCOB CHMMETPHHA
KPACTAJJIMYECKOIO IIOJA [2]

JlmEaMugecKoe KBagpyNOJbHOE B3aMMONENCTBHE SIfEP ¢ KPHCTAIINYECKAMHE
mOJAMHA MOHOKJIMHHOM cuMMerpmn (kaacca Cq, Cop m Cyp) onpepensiercs 16 Hesasn-

CHMHIME HapaMeTpaMu — 3jeMeHTaMHu | S| = rTeHsaopa. B oGosmawemmax (5.2)
OHA HMeeT BHJ,

S 11 S 12 S 13 0 0 Y 16

Sa1 S22 Sog 0 0 Sag

— (S +S1) —(S12+S22) —(S13+S8) 0 0 [—(S16+ Sae)
I15]= 0 0 0 Siu S 0 )
0 0 0 Ssa Sss 0
Sa See Ses 0 0 See
(B.1)
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3[ech W HIDKE OCh BpameHWs BHOpaHA BIOJbL KPHCTAJLIUYecKoir ocm OXs
(Z-nanpaBienue).

Marpuna | S || pas opropoménueckoit cummerpuu (kiaaccst De, Cop M Dop) MO-
eeT OHTL moxydcHa u3 MaTpuus (B. 1), ecam B Heit MOMOKUTE S1g = S = S45 =
= Ss4 = Se1 = Se2 = Sez3 = 0.

Matpueii | S || ana kaxaccos Cs I Csy TPHTOHAJIBHON CHMMETPUH SBISAETCA

S
Su S1e — ‘_52 S St S16
S
S12 S —_23‘3 —Su — S — S
1SI=|—(Sut81) —(EutSw) Ss 0 0 0 )
Sa —Sa 0 Sqa S5 S4e
— S Sy 0 — S Su Sa1
S — S
— 1o S16 0 —Sm Sy G5
(B.2)

Onra mMeerT 12 He3aBUCHUMEIX DJIEMEHTOB.

Iina moxyuenns | S |-MaTpum APYTHX KJIaccoB TPHIOHAJLHOM, a TaKiKe
TETPArOHAJNBHONH ¥ TeKCATOHAJIBHON CHMMETPHHU. MOKHO BOCIOJNB30BATHCH MAaTpH-
neit (B.2), BHecsa B Hee cilefyoue YIPOIIEHAA: ’

s kaaccoB Cs,, D3u Dgy TPUTOHAIBLHON CUMMETPUH HOJOKUTE S1; = S15 =

= Sgs = See = 0;
A1 KaaccoB Cyy, Do, Dy W Dy TETParoHAJbHOH CHMMETPHH IIOJIOKMTH
S1a = S15 = S1s = Sa1 = Ss5s = S4s = 0 m 3aMeBUTH (S11 — S12)/2 Ba Seq;
nas Kaacco Cq, Sq 1 Cyp TCTPATOHANBHOM CUMMETPUH MOJIOMKATE St = S15 =
= S5 = Sy = 0 n 3aMeHATS (S11 — S12)/2 HA S¢g U — S1g HA S1g B IEPBOM CTOAOLE

i1 KaaccoB Cg, Csp U Cgp TeKCAaTOHAJBHON CHMMETPHH IOJOKHTH Sy =

= S5 = Sa = Ses = 0; _
mas kaaccos Dgy, Ce,, Dg M D¢, TeKCarOHANBHONH CHMMETPHM IIOJIOMKHTH
S = S15 = S16 = Sa1 = S45 = Sge = 0.

Matpnna || S || AuA kIaccoB KyOHYECKOH CUMMETPHHW TpHBefieHa B § 5.
NMPUAOMEHUE B

IIPUMEP PACYETA BTOPOI'O MOMEHTA JIMHUHN AAP

IIycTh COEKTP CIMH-CHCTEMH SKBHAMCTAHTHHIA U MIWDHHY PEe30HAHCHEIX JIi-
HOii Ha HEM ONpeJesseT M30TPOINHOe 0OMEHHOE B3aMMOLENCTBYE ANEPHBIX CIIMHOB

A AL A~ A~s 1 s oAs a2 .
# =3 a,f1 =3 Aij[1;112+_2_(1111+11_i1)]. (B.1)
i<i i<i
BrrulrcauM BTopoit MoMeHT auENHU fIAP, cooTBeTCTBYIomell mepexogaM Am = -+ 2.
OmnepaTop B3aNMOJEACTBHA AfEep CO 3BYKOM B 3TOM Cliyyae HMeeT BII (CM. § 5).

N
Gy = D) lee ) (TEP 4230 (PP, (B.2)
k=1
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HpH BHYMCJIEENY MOMEHTOB BOCIIOJIb3YEeMCS YHCTO MaTeMaTAYeCKUM CBOHCTBOM
HEe3aBHCHMMOCTH cJjefa OT IpeacTaBjeHNnsdA, B KOTOpOM 33}13[0’1‘0}1 OmepaTOPHL. (0): ()

m03BOJAET BH6paTL npejcTaBIeHNe, T€ OLepPaTop I KaKA0M gacTHNEl k Ama-
roEajieH. B kauec¢TBe GasucHHX (yHKuMI npenc’ranncnun B 9TOM cayuae yxoGHO
BaaTh BaGop 13 (21 + 1)V cimmoBEIX PymKIMIE ¥ (m1) ¥, (me) ... ¥ (mp), TR My —

OIHO M3 KBAHTOBHIX 9YWCeJI CIHHA k, NPUHUMAKOIee sHagesme or —JI fo I.
B Gasuce ykasaHHO# cHCTEMHI QYHKIWH CI€H OT COMHOBHX ONEPATOPOB paB-

HEI
I
Splt=@r+ 0" 3 m 1% |my
mk=;—I
I I
SpIilp=@I+1)N2 3 m|TE1mpy D) <m|Tf\mparn
m=—I m=—I

Hcnonwsys omepatopu (B.1) m (B.2), BHUECINM BEIPa;KeHHS

SpiF2y = Sp D) (el ¥ "I 7) (e 4-£'T ) (B.3)
i, '
S, ATy =—Sp 3 Aydy QLI+ T -
i<, k<!

(S S 09 £\ Y V AUV N EINS £ EARSY RN 4T SN 47 41 O

+e'[i"(?ifi+ii‘i)+1‘i(f"ff+f71 MEEed Y41y —

— & (I T —e(FE AL 4TI + PLRERE TR ]+

+e (FLEEPE 4+ PET]) 4 PH@ELTE - TLT Y. (B.4)
CyMMEponanne 0o j B (B.3) mmo k n I B (B.4) cpasy cHEMaeTcs, IOCKOIBKY omepa- .

TOPHI I n 2 + "He WMeI0T ANarOHaNBHEX MATPUYHKX 3J1eMeHBTOB. [10cie BHIACIS-
HOA cnenon noJygaeM

~ Ay 2 Aot Ao 2 4
Spay=|eltSp QU+ TN = 1 (1) @1 +
i

+41—3) @I+ 1)V N|ep; — Sp 5%, APy =
—|e|*Sp%]A B A2 4 1202y 2 (PP 7 (FIFIFIFI 4

+ PR N - PR R ) P (FiiTI0 4
AP A TUPE IR - DIRIR Iy - PR RARERIFIRT 4
AT + T IE T PR PininiEd 4
SRR SRS D C SV RS STl T SN e e
+f§fif1fififi])=i—q I (I 1) 21+ 1)V (41— 4T —3) D' 4% [e o,

>i
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Takmm 06pasoM, [JIA BTOPOrO0 MOMEHTA IIOJIYYeHO BHIPAKEHHE:

SpUFE A AT+ 5 A

mspigy P o N
‘O6menHHIT mHTErPAN A;; OGHIHO GHCTPO YOHBAET ¢ POCTOM DPACCTOSHHS MEKLY
sAxpamu i 1 j. IloaToMy, npereGperas ARpaMu, JeKallUMHU HA IIOBEPXHOCTH 00pas-

M;=

2
11a, MOKHO CYHTaTh, 9UTO CYMMa ZA«:,' He 3aBHUCHT OT HMHAEKca j. Tak Kak
i

N 2
Z A?.{=- > 2 Aji: RJaA M2 OKOHYATEBHO HAXOTAM
1>j i

Je

My= ﬁ;{"—i) D) 4% (B.5)
i

DT0 BHpayKeHNe COBHAJAeT ¢ peayabratoM (8.7) AiA M30TPOIMHOrO 0GMEHHOIO B3a-
mmopeiictBus (Djy = 2Cj; = Ayj).
Bupasxerre (B.5), Kak m Bce MOMEHTH, IpHUBefieHHEE B § 8, 00ycioBieHO

JMATOHAJNLHOMR B J7)-IpefiCTaBICHAN JaCThIO oneparopa F¢'. OHA Ha3KBATCA afu-
a6aTHYeCKAMH, TaK KAK OIPOM3BOAEMOE MU YIINPEHNEe CBA3aHO C afANabaTAIecKaM

cMemeHNeM yPOBHE raMANIbTOHRAHA 1. B HEKOTODHIX 33/Ia9aX BOSHMKAET HEOG-
XOJAEMOCTh YYHTHBATH (0Jee CIOKHEE MPOLECCH YINPEHAs PEe30HAHCHHX JIH-
HAit, CBA3AHHEE C IlepeMeIMBAHAEM CHKHOBEIX COCTOAHWII M 0GMEHOM SHEPTHeil ¢
JAMCCANATHBHON MOACACTEMOIT (peImeTKoi). YV4eT 9THX mpomeccoB B fopMe pe3oHaHC-
HHX JHHAA TpeGyeT BHINCIEHNS HeaamaOGaTHIeCKUX BTODHIX MOMEHTOB, 0OGYyCI0B-

JICHHHX He[MAarOHAJIbHOA JacThio omeparopa #7'. HeagmabaTtnaeckue BTOPEE MO-
merTH auEER AP B KyOMYeCKMX MOHHHX KPHCTAIJIaX PAaCCIATHBAIHNCH B pabo-
Tax [3]. Jlasa Tex ciydaeB, KOrfja OCHOBHO# BKJIAJ B IIUPHHY JIMHAHA BHOCAT Mar-
HUTHHE JUOOJLHEE W OOMEHHEIEe B3amMOLeicTBUA fmep (8.4)

Zor ki fk7i
# = 2 Z Fapl ol
k<j o, 3=x, Y,z
B paGoTax [3] momyveHH
1) axyctmueckue nepexomrt Am = 41

6% =(@n) 2 M, = -i— T+ 1) 572 DV [5 (P + P + 4 (2,
- ,
o2 = I (I +1) 572 D [5 (PE) + 2 (&), (B.6)
k
Sl= 5 (I-H A2 (P — e + 4 (P8
k
2) aKycTmdecKue mepexomsl Am o= 2
Sty= - (I + 1) 12 (0% 4 iy 4 8 (o,
k
of =S5I (I + 1) 57 (P + (P,
k
1 . . .
=7 I (I +1) 57 D (P — Py + 4 (PLPL
k
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B paGorax [3] TaxKe BHYHCIEHH BTOpPHE MOMEHTH csfw [ AKYCTHYECKUX JHMAHI],
YIIMpeHHHX 3JeKTPHIEeCKEM KBaJPYIOJBHHM B3amMOAEACTBEEM ¢ pedeKTaMm pe-

MeTKA.
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