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VJIK 538.97

IIpoGyemMbl B3auMoaeiicTBHSI U3JIyUYEHHs ¢ BeIeCTBOM [ DJIEKTPOH-
HbII pecypc] : V MexayHapoHas HaydyHasi KOH(DEpeHIMs, TTOCBII. aKa].
b. B. bokytio (I'omens, 14—16 Hosi6pst 2018 1.) : maTepuansl : B2 4. Y. 1. —
DnekTpoHHble TecToBble JaHHble (10,6 MB). — I'omens : [TY um. @. Cko-
punbl, 2018. — Cucremusie TpeboBanus: IE ot 11 Bepcuu u BbIIIE WU JTHO-
001 akTyalibHBIN Opay3ep, CKOPOCTh JI0CTyMa OT 56 KOUT. — Pexxum 1ocTy-
na: http:// conference.gsu.by. — 3arnaBue ¢ skpana.

B cOopHuke, cocrosiiieM U3 JBYX YacTei, MOMEIICHbl MaTepuaibl JIOKJIaJ0B
V MexayHapoaHoi HaydHOUM KOH(epeHInH, MocBsmeHHon akaaemuky b. B. bokyTio,
10 CIEQYIOIIMM HAIPaBJICHUSM: HEJIMHEHAs ONTHUKA, ONITUYECKAs] TUPOTPONUS, YIpPY-
re BOJIHBI, ()OTOAKYCTHKA, aKyCTOOINTHKA, JIEKTpOcaadble CBOMCTBA MHUKpPOYACTHIL,
AIIEKTPOIMHAMUYECKUE U aJIpOHHBIE MPOIECChl B3aUMOICUCTBUSI, TpaBUTAIus, (HU3HKa
Ja3epoB U Jla3epHble TEXHOJIOTMH, HOHHO-TY4YeBbIe U TJIa3MEHHbIE TEXHOJOTUH, (Hop-
MUPOBAaHUE CTPYKTYpbl W CBOWCTBA TIIOKPBITUH, HWHCTPYMEHTBI M  METOJbI
ABTOMAaTH3allMi HAy4YHbIX MCCIEIOBAHUMN, MOJEIMPOBAHUE CHUCTEM H IPOLECCOB,
MoJenupoBaHue M oOpaboTka  u300pakeHuil, cTpaterus  GOpPMUPOBAHUS
o0pa3oBaTebHO-HAYYHOU UH(OCPEBI.

B nepBoit yactu coxepkarcs Marepuaisl o ceKiusaM: «ONTHKa, aKyCTUKa KpHU-
CTaJIJIOB M aHU30TPOIHBIX CTPYKTYp», «Teopus pyHIaMeHTaIbHBIX B3aUMOIEHCTBUIN».

AJpecyeTcst Hay4HbIM paOOTHHUKaM, acliipaHTaM, MaruCTpaHTaM, CTy/I€HTaM.
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bopuc BacunbeBn4 bokyTh
(27.10.1926 — 15.03.1993)

V MexayHapoaHass Hay4Hasi KOH(pepeHuus

MMPOBJIEMbBI B3AUMOJEUCTBUSA U3JTYUEHUS
C BEHIECTBOM

(ITocsimaerca akagemuky b.B. bokyTio)
14-16 nosOops 2018 r.

I'omeas, besapycn

Kondepenuus nocesimena b.B. BokyTio — BeigatomeMmycs 0€10pyCCKOMY
¢busuky u opranusaropy Hayku, akagemuky AH BCCP, pextopy "'omenbsckoro
rocynapctBeHHoro ynusepcuteta (1973—-1989 roast), naypeaty ['ocynapcrBen-
Hoit mpemuu CCCP, aBTopy 60see 200 HaydHBIX paOOT, B TOM 4YHUCJE 3 MOHO-
rpaduit u 20 uzobperenuii. Kondepenuusa padoraer no HanpaBiIeHUSIM, B pa3-
BUTHE KOTOPBIX b.B. BOKyTh BHEC CyllIECTBEHHBIN BKJIAJl: HEJIMHEWHAs OINTHKA,
KpPUCTAJUIOONTUKA, aKyCTOOITHKA, (PU3UKA JIA3€pOB, TEOPHUS 3IEKTPOMArHeTH3-
Ma, Ja3epHbIC TEXHOJIOTHH.



MPOT'PAMMHBIA KOMUTET

. XaxomoB Cepreii AHaTOIBEBUY 1A.(]).-M.H., JOIEHT (MIpeACcCeaaTelb)
. CepmokoB AHaronuii HukonaeBuu, na.¢.-M.H., npodeccop, UJieH-
koppecnonsieHT HAH benapycu (3am. mpeacenarens)

3. AmanaceBuu IlaBen AuapeeBuu, a.¢.-M.H., mpodeccop, akagemuk HAH
bemapycu

4. AdanacreB AnHaronuii AnexkcanHapoBud, A.¢.-M.H., npodeccop, YJIeH-
koppecnonnentT HAH benapycu

5. benptit  Bmagumup  HukomaeBuu, a.¢.-m.H., mnpodeccop, uieH-
koppecnonnentT HAH benapycu

6. Bopomaii Eerenuii CemenoBu, 11.(p.-M.H., npodeccop

7. T'anonenko Cepreii BacunbeBuu, a.¢.-M.H., mpodeccop, akagemuk HAH
benapycu

8. I'onuapenko Anapeit Mapkosuuy, 1.¢.-M.H., npodeccop, akagemuk HAH
benapycu

9. Hoctanko Anaronwuii IlaBnoBuy, n.1.H., mpodeccop, akanemuk HAH be-
Japycu

10.Kazax Hukomnait CranucnaBoBud, A.¢.-M.H., npodeccop, akanemuk HAH
benapycu

11.Koncrantunosa Anuca denoposHa, 1.¢.-M.H., mpodeccop (Poccust)

12.Makcumenko Hukomnait BacunbeBuy, a1.¢.-M.H., mpodeccop

13.Murtropuu ['eopruit Cemenosu, 1.¢.-M.H., mpodeccop

14 Mpimkun  Hukomait KoHcTaHTMHOBHY, A.T.H., Tpodeccop, akaaeMHK

N —

HAH benapycu

15.0OpnoBuu Banentun AHTOHOBHMY, 1.(.-M.H., mpodeccop, akagemuk HAH
benapycu

16.Penpko  Bceeoson  IlerpoBuu,  a.d.-M.H., mpodeccop,  UiICH-

koppecnonnentT HAH benapycu
17.PoraueB Anexkcannp BmagumupoBuu, A.X.H., mpodeccop, UJICH-
koppecnonnentT HAH benapycu
18.Cuxsoisia Apu, 10kTop, npodeccop (OunsHaAMSN)
19.Ctpenk BecnaB, noktop xadunutarmoHHbiid, mpodeccop (ITompima)
20.TpetpsaxoB Cepreit AHaTonbeBud, 1.¢.-M.H., ipodeccop, (PUHISTHAMN)

OPTI'AHU3AIIMOHHBIA KOMUTET
1. Cemuenko Mrops BamentuHoBHY, mpopekTop 1o y4ueOHOU pabdote (mpexace-
JaTesb)
2. demunenko Oner MuxaiaoBu4, TpOPEeKTOp MO HAyIHOU paboTe (3am. mpe-
cenaTerns)
3. Hukutiokx FOpuit BanepbeBuu, mpopekTop MO BOCIUTATENbHOIN padoTe (3am.
npejceaaTens)



4. KoBanenko JImutpuit Jleonuaosuu, nekan gaxynpreta Qu3uku u uHboOpMa-
IIMOHHBIX TEXHOJIOTUH (3aM. IIpeiceiaTens)

5. eproxkkoBa Oxcana MuxaiiioBHa, 3aMECTUTENb JeKaHa (paKyabTeTa PU3NKH
U MH(OPMAIIMOHHBIX TEXHOJIOTHI MO Hay4HOU paboTe (yueHbIH CeKpeTaph)

6. CamodanoB Auapeit JleonnnoBuy, 3aMecTuTeNnb AekaHa (akyiabTeTa PU3NKH
¥ HHPOPMAIMOHHBIX TEXHOJIOTUH (CeKpeTaph)

7. AuapeeB Bukrtop BacunbeBud, npodeccop xadeapsl TeopeTHuecKon Hru3nKu
8. lNatimyn Bnagumup EBrenneBud, 3aBeyromuii kaheapoil OnTHKu

9. JIeuyk Buktop JmuTtpuesud, 3aBenyromuii kapeapoit ACOU

10. MermkoBenr Bukrop Hukonaepud, 3aBenyroninii kageapoit paano@u3uky u
AIEKTPOHUKHU

11. epmnes Errenuii bopucoBuy, 3apeayronuii kadeapoit oodment Gpusuku

CEKIIMX KOH®EPEHIINU

1. «OnTHKa, aKyCTHKA KPUCTAJLJIOB U AHN30TPONHBIX CTPYKTYP»
IIpencenarenu: I'mprens Cepreit CepreeBud, a.¢.-m.H., mpodeccop
[leneneBnu Bacwmmii BacunwseBuy, a.¢.-M.H., mpodeccop

2. «Teopusi pyHaaMeHTAJbHBIX B3aMMOAEHCTBUID)
[Mpenacenarenu: Tumormuna Cepreit BanoBuy, a.¢.-M.H., mpodeccop
Makcumenko Hukonait BacunbseBuu, 1.¢).-M.H., ipodeccop

3. «HoBble MaTepHUAJIbI U TEXHOJIOTUH»

IIpencenarenu: PoraueB Anekcanap Bragumuposud, uneH-kopp. HAH
benapycu, n.x.H., mpodeccop
Bopomait Eerenuii CemenoBud, 11.¢.-M.H., npodeccop

4. «KABTOMATHU3ALUS HAYYHBIX HUCCJICA0OBAHUID)
[Ipencenarenu: [emuaenko Oner MuxaimoBud, A.T.H., mpodeccop
JleBuyk Buktop /IMuTpueBud, K.T.H., JOLIEHT

PEI'JIAMEHT
Jlokmaapl Ha NIIIEHAPHOM 3acCeJaHnuN — 710 20 MuUHYT
Jlokmaasl ¥ COOOIICHUS
Ha CEKIIMOHHBIX 3aCeHaHUsIX — 10 10 MunHyT
Y4acrtue B IUCKYCCHUSIX — 0 5 MUHYT



NHOPAJOK PABOTBI KOH®EPEHIINHN
14 HOs10ps 2018 1.

9% _ 13% _ perucrpanys y4aCTHUKOB

(ITY um. ®. Ckopunsl, ya. Coerckas, 102, kopmyc Ne 5, doiie BToporo
ATaXa).
14% — Bo3noXxeHMe LBETOB K MEMOpHaNbLHOM 10ocke B.B. BokyTs

(ITY um. ®@. Cxopunsl, yia. Coserckas, 102, kopmyc Ne 5).
15% — 17% — oTkpeITHE KOHpEPEHIINH, TNICHAPHOE 3aCEJaHUE

(ITY um. ®@. Cxopunsl, ya. Coserckas, 104, kopnyc Ne 4, Bropoi 3Tax,
KOH(epeHII-3a).
173 — ysxun yuactHrKOB KOH(pepeHumn (yi. [lecuna, 4).

15 Hos16pst 2018 T.

9% _12% _ paGora cexumii
Cexknus «OnTHKa, aKYCTHKA KPUCTAJJIOB M AHU30TPOMHBIX CTPYKTYP»
Ayn. 2-25, xopnyc 5, yi. Coerckas, 102.
Ceknus «Teopusi pynaameHTAJIbHBIX B3aMMOAEHCTBUIDY
Ayna. 3-7, kopnyc 5, yn. Coerckas, 102.
Cexknus «HoBble MaTepuajibl 4 TEXHOJIOTHN
Ayn. 4-27, xopnyc 5, yin. Coserckas, 102.
Ceknusi KABTOMATHU3AIUSA HAYYHBIX HCCJIe0BAHMII»
Ayn. 4-10, xopnyc 5, yn. Coserckas, 102.
12%° — 13" — oGenenHbIi MEPEPHIB.
13% — 15% — paGora cexunii
Ceknus «OnNTHKAa, aKYCTHKA KPUCTAJIOB M AaHU30TPOMHBIX CTPYKTYP»
Ayn. 2-25, kopnyc 5, yi. Coerckas, 102.
Ceknus «Teopusi pynaameHTAIBHBIX B3aMMOAEHCTBUIDY
Aya. 3-7, kopnyc 5, yn. Coerckas, 102.
Ceknus «HoBble MaTepuajibl 4 TEXHOJIOTHI
Ayn. 4-27, xopnyc 5, yin. Coserckas, 102.
Ceknusi KABTOMATH3AIUS HAYYHBIX HCCJIe0BAHMII»
Ayna. 4-10, xopnyc 5, yn. Coserckas, 102.
15% — 16 — 06cyx)nenne pe3ynbTaToB KOH(EPEHIMH.

16 HosiOpss 2018 r.

12 - 13 " pocemenne naGoparopuii GpakynsreTa GU3MKM U UHOOPMALUOH-
HBIX TEXHOJIOT U
(ITY um. ®@. Cxopunsl, yn. Coserckas, 104, 102, kopryca Ne 4, No 5).
WWW  crpannna: http://old.gsu.by/phystac/index.php/2010-02-04-14-08-
07/2010-02-04-14-08-32/1405.html



http://old.gsu.by/physfac/index.php/2010-02-04-14-08-07/2010-02-04-14-08-32/1405.html
http://old.gsu.by/physfac/index.php/2010-02-04-14-08-07/2010-02-04-14-08-32/1405.html

IIVIEHAPHOE 3ACEJJAHUE

14 Hos10ps1 2018 1.

1. C.A. XaxomoB, a.¢.-M.H., A01eHT, pekTop YO «I'omenbckuil rocyaap-
CTBEHHBIN yHHBEpcUTET UMeHU Ppanurcka Ckopusbs», ['omens, benapycs.
OTkpbITHE KOH(DEPECHITUH.

2. A.B. Poraues, 1.x.H., nmpodeccop, uieH-koppecnonaeHT HAH benapy-
cu, YO «I'oMenbCKkuil rocy1apCTBEHHBIN yHUBEpCUTET UMeHH Ppaniucka Cko-
pusbDy, ['oMenb, benapyce.

[11a3MOXMMUYECKUN CUHTE3 U CBOMCTBA HAHOKOMIIO3MLMOHHBIX IOKPBI-
THM.

3. I'.C. Mutwpuy, a.¢p.-m.H., npodeccop, YO «l'omenbckuii rocyaap-
CTBEHHBIN YHHBEpcUTET UMeHU Ppanurcka Ckopusbs», ['omens, benapycs.
Hayunoe nacnenue akanemuka b.B. bokyTs.

4. C.C. I'mpreab, n.¢.-m.H., mpodeccop, YO «['omenbckuii rocymap-
CTBEHHBIN yHHBepcUTeT uMeHH ®Ppaniucka Ckopunbl», ['omens, benapyce.
Pa3BuTHE ONITHKH CBETOBBIX ITyYKOB.

5. B.B. llleneneBu4, a.¢.-M.H., mpodeccop, YO «Mo3sbipckuii rocynap-
CTBEHHBIN nemarorndyecknii yausepcurer umenn H.I1. [lamsxkuna», Mo3bips,
benapycs.

Pa3Butne ontuku GotopedpakTUBHBIX KPUCTAIIOB B MO3BIPCKOM TOCy-
JapCTBEHHOM IearornueckoM yHuepcutere umenu M.I1. [amsikuHa.

6. A.H. CepawkoB, n.¢.-Mm.H., mpodeccop, uneH-koppecnonnenr HAH
benapycu, YO «l'omenbCKkuil roCcy1apCTBEHHBI YHUBEPCUTET UMEHM PpaH-
nucka Cxopunbl», 'omens, benapyce.

Kocmonoruueckuii nperid atroMHbIX 4acoB U «aHomanust [Ilnoneposy.
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HAYYHOE HACJIEJUE AKAJIEMHUKA Bb.B. BOKYTA

Hayunas pesrensHOoCcTh b.B. bokyts
HayaJlach €mI€ B CTYICHYECKUE TOMIbI HA OT-
JeJICHUN buzuku busukKo-
Marematuyeckoro (akynsrera bI'Y, kyna
oH noctynuia B 1947 r. mocie oKOHYaHUS
VY3neHCcKOW CpegHen IIKOJIbI, KOTOPYIO 3a-
KOHYWJI C 30J0TOM Menaibio. Jlo BOMHBI
b.B. bokyTp ycren 3aKOHYUTH TOJIBKO BO-
cemb KkiaccoB. C Hos0ps 1941 r. cran
YYaCTHUKOM ¥Y3JEHCKOr0 MOAIOJbs, a Io-
cjie OCBOOOKIEHUS Y 3/ICHIIIMHBI OT HEMEII-
KO-(DalmMCcTCKUX 3aXBAaTUUKOB — YYaCTHH-
KOM OO€BBIX HEHCTBHUI B COCTaBE YacTeu
2-ro benopycckoro ¢ponrta. B aBrycre
1944r. 0BT paHEH — OCKOJIOK, 3aCTPSIBIITUN
B II03BOHOYHUKE, MTPEBPATUIT MOJIOJAOTO BO-
VWHA B UHBAJIM/IA.

bopuc BacuibeBu4 bokyTs

B crynenueckon ayauropun b.B.bokyTe cayman nekuun @.1. deno-
pOBa, OOIIIEHHE C KOTOPHIM OMPENENUIIO NaJbHEUIYI0 HAYYHYIO CYIbOYy
U BBIOOp TEMaTUKH HAy4YHO-HUCCIEAOBATENbCKOM padoThl. Kak oTmeuan
Anpapent AnekcanapoBud borym, ogHOoKypcHUK bopuca BacunbeBnua
(BrocneacTeum wieH-koppecnonaeHT HAH benapycu) Ha mepBoM Kypce
bu3nKo-MaTeMaTuyeckoro ¢akyiabTeTa CTYACHTOB, MPOILIEAININX Yepes3
GpPOHTHI M MAPTU3AHCKYI0 OOpHOY, OBLUIO HEMAJO, U OHU Y «MOJOIBIX)»

MOJIB30BAIMUCh  HEMPEPEKAEMBIM
ABTOPUTETOM. DTO B MOJIHON MEpE
oTHocuioch W K b.B. bokyTro.
ITocne oxonuanus bI'Y bopuc
BacunbeBuu — acniupant kadenpsl
TEOPETUUYECKON (PUBUKU ITOTO Ke
By3a. B sHBape 1956 roma B BI'Y
3aIATAIT KaHJIUJATCKYI0 JHccep-
Tanuo «CTaTUCTHYECKAsT TEOpUs
CTPYKTYPhI IOBEPXHOCTHOTO CJIOS

Axamemuxk AH BCCP KUJIKOCTH» (HAy4YHBIH PYKOBOIH-

D.H. Degopos TEb
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N.3.@umep), u nepemién B Mucturyt ¢pusuku AH BCCP — Ha n0mKHOCTH
MJIQUIEr0 Hay4yHoOro corpyaHuka. [locnenyromas nearensHocTh bopuca
BacunbseBnua cBsizaHa ¢ paborod moj pykoBojacTBoM D.U. denopora
B CT€HaX AKaJEMUH HAyK: B KaU€CTBE CTApIIEr0 HAyYHOTO COTPYIAHHUKA
(mo 1973 roma), u 3aBeAyroUIEro JadoOpaTOpHeil KPUCTAIIOONTUKU
(c 1970 rona). B roasr pabotsl b.B. bokyTs B AkajieMuu HayK IPOSIBUITACH
€ro JIyulllie KauecTBa KaK HACTOSIIEro y4eHOTO, TBOPUYECKOIO YEIOBEKa,
HEOPAMHAPHOM JTUYHOCTH, TPEKPACHOTO TEOPETUKA U IKCIIEPUMEHTATOPA.

Hayunsbie uccnenoanusi b.B. bokyTsi Obuin CBsI3aHBI ¢ TPUMEHEHUEM
METOJIOB MPAMOr0 TEH30PHOTO UCYUCIEHUS, pa3BUTHIX O.M. OenopoBsiM,
JUISl PEUICHUs] 33/1ad JIEKTPOJAUHAMUKYA U KPUCTAJUIOONTUKU JIMHEHUHBIX U
HEJIMHEWHBIX ONTUYECKU AKTHUBHBIX cpell. EcTeCTBEHHass U BBIHYKICHHAS
(@b dexT Dapanes) onTuyeckas aKTUBHOCTh UMEET OOJIbIIIOE 3HAYCHUE —
KaK B HAy4HOM, TaK M B MpakTuueckoM oTHomeHuu. [llupokoe npumene-
HUE METO/JIbl IUCIEPCUN ONTUYECKOTO BpAIIEHUS U UPKYJISIPHOTO TUXPO-
U3Ma HallUIM B OPTaHMYECKOW XUMHUHU, KpUCTAUIOrpaduu, MOJEKYJISIPHOM
ouosioruu, meauiae. CaMo BOSHUKHOBEHHE U PA3BUTHE CTEPEOXUMHUH —
YYE€HHS] O MPOCTPAHCTBEHHOM pAacCIOJIOKEHUU aTOMOB B MOJIEKyJe 00y-
CJIOBJICHO OTKPBITHEM €CTECTBEHHOW ONTUYECKOW akTHUBHOCTU. B (dapma-
KOJIOTWH, MPENapaTUBHOW XUMHH 3TO SIBIIEHUE WCIIOJIb3YETCS I BbIIECIE-
HUS U3 PAIlEeMUYECKON CMECH ONTUYECKUX HU30MEpPOB, KOTOPbIE MOTYT OT-
JMYAThCS 10 PU3UOJIOTUYECKOMY ACHCTBUIO.

Ha ocHoBe nipeioxxkenHoro eiie @peneneM oObSICHEHUS SIBICHUSI OTI-
TUYECKON aKTUBHOCTH BO3HHKHOBEHUEM LHMPKYJSIPHOTO ABYIYYEIPEITIOM-
JIEHUs HE ObUIM BBISIBICHBI IPUYUHBI €CTECTBEHHOW ONTHUYECKONW aKTUBHO-
CTH U OCOOEHHOCTH €€ MPOSABJICHUS B KPUCTANIMUECKUX cpenax. [lonbiTku
MOCTPOEHUS TEOPUU €CTECTBEHHOM ONTHUYECKOW aKTUBHOCTH MPEANPUHU-
MajJuCh MHOTMMH W3BECTHBIMU YYEHbIMH, Hanpumep, M.bopHowm,
J.Y.I'u66¢com, JI. Pozerndensaom, K. B. O3eenom, K.dépcrepaunaromu ap.
[Ip1 TEOpETUYECKOM OMMCAHWUU SIBJIEHUS MMM HCHOJIb30BAINCH MPOTHUBO-
pEUYUBbBIE OTPAHUYEHUS U JIOMYCKAIUCH OT/IEJIbHbIE HETOUHOCTH, HECOBME-
CTUMBIE C OCHOBHBIMM IOJIOKEHUSMH BJIEKTPOJIUHAMUKN MaTEpHUATbHBIX
cpea. 1 tonpko Omaromapst paboram b.B. BokyTsa oka3zaioch BO3MOXKHBIM
KOPPEKTHOE PENIEHNE TPAHUYHBIX 33/1a4 SJIEKTPOJIMHAMUKU ONTUYECKHU aK-
THUBHBIX KPUCTAJJIOB.

bputi M3y4eHbl OCHOBHBIE 3aKOHOMEPHOCTH PACIPOCTPAHEHUS OITH-
YECKOr0 M3JIyYEHUs] B ONTHUYECKU AKTUBHBIX JIMHEHHBIX U HEIUHEWHBIX
KpHUCTaJUIaX, pa3paboTaHbl METOIBI ONIPEICIICHUS ONITUUECKUX TapaMeTPOB
TaKuX CpEJl, BHIACHEHBI BO3MOXHOCTH U YCIIOBHS MOBBIIECHUS 3(HPEKTUB-
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HOCTHU T€HEpalid BTOPOW TapMOHUKH U JIA3€PHOI r'eHepali Ha CMEIlaH-
HBIX YacTOTaX B HENWHEWHBIX Kpucramuiax. Kpome storo, B paboTax
b.B. BokyTs Ha OCHOBE KOBapUAHTHBIX METOJOB ObUIM BBIBEJICHBI OCHOB-
HBIE COOTHOIIEHHUS AJIEKTPOIUHAMUKY JIBUKYIINXCS ONTHYECKA aKTUBHBIX
HEJIMHEWHBIX CpEeJ, UCCIEAOBAHO MOHAEPOMOTOPHOE JIEUCTBUE MOJISIPU30-
BAaHHOTO M3JIyY€HHUs Ha HEIWHEWHbIE KPUCTAUIbl (HEIMHEWHBI 3(dekT
CanoBckoro). B cCOBOKYMHOCTH pellIeHHE 3TUX 3aJlad COCTaBUIIO OCHOBHOE
COJIEp’KAHUE TOKTOPCKOM UCCEPTALUU «DIEKTPOMArHUTHBIE BOJHBI B OII-
TAYECKN AKTUBHBIX M HEIWHEWHBIX KpUCTaAIax», KoTopyro b.B. bokyTs
ycrnenHo 3anmutuil B 1972 rony B UHCcTHTYTE usuku AkanemMun Hayk
BCCP no cnenunansaoct 01.044 — ontuka. OIHUM U3 ONMOHEHTOB IMPHU
3alllUTe JUCCEPTAIlMU BBICTYIWJI U3BECTHBIA YUYEHBIA B 00JaCTH HEJIMHEH-
Hol ontuku npodeccop MI'Y, a.db.-m.H. C.A. AXMaHOB, BHICOKO OIICHHB-
IIMH TTOJTYYECHHBIE COUCKATENIEM PE3YJIbTATHI.

CnenyeT OTMETUTh, UYTO pacyeThl, BBINOJHEHHBIE B JHCCEPTAIUU
b.B. bokyTs, 1 clienaHHbIE HA UX OCHOBE TEOPETUUYECKHUE MPENCKA3aHUS
MOJYUYUIIA HKCIEPUMEHTAIBHOE TMOJTBEPKJICHUE B padOTax YUYEHBIX U3
HUucturyra xpuctamwtorpapun AH CCCP — A.®. KoHCTaHTHHOBOM,
b.H. I'peuymnnkoBa, 3.b. Ilepekanunout u npyrux. id psma rupoTporr-
HBIX KPUCTAJUIOB UMM ObLjIa UCCIIeI0BaHA AUCIEPCHsl yTrila TOBOPOTA IJI0C-
KOCTH TOJISIpU3AIlMU U HUPKYJISIPHOTO JAUXPOU3MA U OMPEEIECHbI KOMIIO-

HCHTBI TCH30POB T'UpalliH, IIapaMCTPbl aHU30TPOIIMU U MUPKYJLIPHOI'O OU-
Xpousma. Hrtorom IIPOBCACHHBIX I/ICCHGI[OBaHI/If/'I cTtaja nmoaroroBka MOHO-

rpadpun  A.®. KoucrantunoBoit, b.H. I'peuymnmkoBa, b.B. bBoxkyrs,

o
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E.I'. Bamsmko «OnTuyeckue CBOMCTBA KPUCTAJUIOB», ONMyOJMKOBAaHHOU B
1995 r. — x coxanenuto, yxe nocie cMeptu b.B. bokyTs.

Pa3zBuTHe OCHOB TE€OpHUHM B3aMMOIECH-
CTBHUSI CBETA C ONTHYECKA AKTUBHBIMU
KpPUCTAJUIAMU B paMKaxX KOBApPHUAHTHOTO
MeToAa 00YCIOBUJIO BBISBIICHUE MPUHIIU-
MAATBHBIX HEJIOCTATKOB, CBOWCTBEHHBIX
TEOPUU TUPOTPOIHBIX CPEH, U HX MOCIe-
nyromee ycrpaneHue. B xome aHanmsa
pELIEHU TPaHUYHBIX 3a/a4 BJIEKTPOJIHU-
HAMUKHU TUPOTPONIHBIX CPEM, MOTYUYEHHBIX
B paboTax IpyIIibl MOCKOBCKUX (PU3UKOB,
BO3TJIaBisieMon akagemMukom B.JI. T'mn-
30yprom, ObUTO OOHApPY)KEHO HapYIICHHUE
3aKOHa COXPAaHEHUs IUIOTHOCTH IOTOKA
DHEPIUU NPU NPOXOKIECHUH H3ITYUYCHHS
4yepes3 MPO3PAYHYI0 TUIOCKOIIAPAUIEIbHY IO
TUPOTPOINHYIO IUIACTUHKY. BO3HUKIO NMPUHUIMNHAIBHOE PA3HOTJIACUE OT-
HOCUTENIbHO (POpMBI MaTEpUATbHBIX YpPaBHEHHI, UCIOJIL30BAaHHBIX MPE-
craButensiMu 1mkosibl B.JI. 'mH30ypra st onucaHus siBJI€HUS! MPOCTPaH-
CTBEHHOW JUCIEPCUUU U OENOPYCCKUMU (PU3UKAMU MPU OMUCAHUU THUPO-
TponHbIX cpen. Cnop pa3pemmics B X0JI€ Bble3gHOM ceccun OTaeleHus
obmieit ¢puzuku u acrponomun Akagemun Hayk CCCP B MuHcke B npu-
cyrctBun jaypearoB HoGenesckoii mpemun WU.I'. bacoBa u A.M. IIpoxo-
poBa. PyKoBOIMI COBMECTHBIM Hay4yHbIM ceMHHapom akaaeMuk E.I1. Be-
nuxoB. JKapkasg MHOrodacoBasi THCKYCCHsS 3aKOHYMJIACh TE€M, YTO MOJIO-
no#, B To Bpems, kanauaatr Hayk A.H. CepatokoB B KOHIIE ceMuHapa yoe-
U MOCKOBCKHX ONIMOHEHTOB B OIIMOOYHOCTH WX IPEACTABJICHHUM, 4eM
BBI3BAJI Oypro arIOJMCMEHTOB. HyxHno OTHAaTh  JIOJDKHOE
B.JI. T'un30ypry, toraa emgé Oyaymemy jaypeatry HobOeneBckoil npemun,
KOTOPBIN MPOSIBUWII HAYYHYIO JOOPOMOPSIOYHOCTh U MPUHITUITUAIBHOCT,
MIPU3HAB CBOIO HEMPABOTY, O YEM — CO CCHUIKOM Ha paboThl b.B. bokyTs,
A.H. CeparokoBa — Hanucal B TPYOKbI epen3ianHoi MoHorpadun «Teo-
petnyeckas ¢uszuka u actpodusuka. Takum oOpa3zoMm, mpeacTaBiIeHHas
b.B. bokyrem, coBmectHO ¢ @.U. DegopoBeiM u A.H. CepatokoBsiM, ca-
MOCOTJIACOBaHHAs CUCTEMa MAaTEPHAIbHBIX YPAaBHEHUM, TPAHUYHBIX YCIIO-
BUM U SHEPrE€TUYECKUX COOTHOUIEHHM 3JIEKTPOAWHAMUKU THUPOTPOIHBIX
Cpell KpUCTAJIOB COCTABIISIET B HACTOSIIIEE BPEMsI OCHOBY KOPPEKTHOM (e-
HOMEHOJIOTUYECKOW TEOPUHM E€CTECTBEHHOM M BBIHYKICHHOM ONTHYECKOMN

Cepawkos Anatoauni Hukonaesnu
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akTUBHOCTHU. [loATBEp)KIEHNEM ATOMY SIBIIIFOTCSI MHOTOYHCIICHHBIE CChLI-
KM Ha paboThl KjIaccukoB coBpeMeHHou ¢usuku @.M. denopora, b.B. bo-
kyTs, A.H. CeparokoBa B paboTax mo MHUPOKOMY Kpyry npoOjeM Kpucral-
JIOONITUKU TUPOTPOIHBIX Cpell, Ja3epHON (PUBMKU JIMHEUHBIX U HEJIUHEH-
HBIX SIBJICHUI, KBAHTOBO-MEXAHUYECKOU TEOPUU ONTUYECKON aKTUBHOCTH.

C co3paHHeM TEOPETUYECKUX OCHOB AJIEKTPOJIMHAMUKU THPOTPOIHBIX
Cpell MHOTOYMCJIEHHBIM YYEHHKAM U TOCcIeaoBaTensiM akagemuka b.B. bo-
KyTsl ObUIM 00ECIEeUeHbl YCIEIIHbIE MCCIEIOBAHUS MO0 Pa3IudyHbIM Hay4-
HBIM HAIlPABJICHUSIM ONTUKHU U aKyCTUKH Ha COBPEMEHHOM JTare. B HacTo-
slee BpeMsl BECh CIIEKTP HAyUHBIX MCCIIEIOBAHHUI B 00JIACTH DJIEKTPOIU-
HAMHKH TUPOTPOIHBIX KPUCTAIJIOB U CTPYKTYp peanusyercs B PecnyOmnuke
benapycs u 8 UKAH Poccuun ycunusiMu €ro y4eHUKOB U TTOCeI0BaTeNeH
— akagemuka H.C. Kazaka, nupekropa Muctutyra ¢pusuku um. b.1. Cre-
nanoBa HAH benapycu; uwinena xoppecnonaenta HAH benapycu, a.¢.-
M.H., npodeccopa A.H. CepatokoBa; uwieHa-koppecnonjgentra HAH bena-
pycu a.b.-m.H., nmpodeccopa B.H. benoro, pykoBoautens mnentpa «J/{ua-
rHoctrueckue cucrteMb» WHcruryta ¢usuku uMm. b.M. CrenanoBa HAH
benapycu; n.¢h.-Mm.H., mpodeccopa B.B. IlleneneBuua, 3aBeayromiero ka-
dbenpoit TeopeTrndeckor pu3nku U npukiaagHor nHbpopMatuku MI'TIY um.
W.I1. Hamskuna; 1.¢.-m.H. npodeccopa A.D. KoHCTaHTHHOBOM, IIIaBHOTO
HAy4YHOTO COTPYJHHUKA Ja0OpaTOpUM KPUCTAUIOONTUKU MHCTUTYyTa Kpu-
cramorpaduu PAH; yu€HpiMH U3 APYrUX HayYHBIX [EHTPOB.

CylleCTBEHHBIM BKJIAJIOM B PAa3BUTHE MArHUTOONTHUKU KPUCTAIJIOB H
Cpell, B KOTOPBIX MposBIsitoTcs dpdext Dapaaes 1 MarHUTOrupanus, cra-
a1 paboThl, Pe3ynbTaThl KOTOPBIX omyOiaukoBansl b.B. bokyreM B coas-
topctBe ¢ C.C. ['mpreneM, B HaCTOSIEE BPEMSI MHTEHCUBHO MPOI0JIKAIO-
UM HCCJIEA0BaHUs, KacaroUIMecs, B YaCTHOCTU, OCOOCHHOCTEW pacIpo-
CTpaHEHUs CBETOBBIX IYUYKOB — becceneBbiX, beccenp-I'ayccoBbIX, a Takxke
rurnepreoMeTpuueckux myuykoB Kymmepa-I'aycca.

Pe3ynprarel ucciaenqoBaHus B3aMMOJACUCTBHS JJIEKTPOMArHUTHBIX BOJIH
C NOTJIOIIAKIIMMHU THPOTPONHBIMUA KPUCTAJUIAMHU HAIUIM OTPAXEHUE B pa-
o6orax b.B.bokyTs, oOmyOnIMKOBaHHBIX COBMECTHO C €ro Yy4Ye€HHKaMU
B.B. lllenenepuuem u I'.C. Mutiopruuem, KOTOPbIE PACIIUPHUIIN CIICKTP 3a-
Jlay, pelIaeMbIX B ONTHUKE IOMVIOMIAIIIMNX TUPOTPONHbIX cpen. B.B. Ille-
MEJIEBUYEM JJOCTUTHYTHI 3aMETHBIE yCIexXu B oOsacTu royorpadun Ghoto-
pedpaKkTUBHBIX KPUCTAIJIOB, MPOSBISIONIUX ONTHUYECKYI0 aKTUBHOCTD. Pe-
3yJIbTaThl COBMECTHOTO C YYCHUKAMU W3YyYE€HUsI CBOMCTB TaKUX KPHUCTAJI-
J0B 00O0OIIEHBI B JIECATH KAaHIUAATCKUX JUCCEPTAIUAX, MOATOTOBIEHHBIX
MOJl €ro pyKoBOJACTBOM B YO «MO3BIpCKHI TOCYJapCTBEHHBIN IEIArOru-
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yeckuii yHuBepcuteT uM. W.ILIIamskrHa» M yCHENIHO 3allIMIICHHBIX B
crieruaIn3upoBaHHbIX coBeTax PecnyOnuku benapyce.

Ha xadenpe ontuku YO «l'oMenbCKUil rOCy1apCTBEHHBI YHUBEPCH-
TeT uMeHU D. CKOpPUHB» aKTUBHO UCCIEAYETCS JIa3epHas TEPMOOITHYE-
CKasl TeHepalus 3ByKa B THPOTPOIHBIX CPENaX, MbE30ICKTPUUECKUX KPH-
CTaJylaX, MHOTOCJIOMHBIX TUPOTPONHBIX CTPYKTYpaX, €CTECTBEHHO-
TUPOTPOITHBIX M MArHUTOAKTHBHBIX CBEPXPEIICTKAX, B HU3KOPA3MEPHBIX
HAHOCTPYKTYpax, XUPAJbHbIX U aXUPaJIbHBIX YTJIEPOJHBIX HAHOTPYOKax.
HoBble Hay4yHbIE pe3yJbTaThl, MOJYYEHHBIE B 00JaCTH (POTOAKYCTHUECKOM
CIIEKTPOCKOIIMA Cpell C MPOCTPAHCTBEHHOM JUCIIEPCUEN, OTPAXKEHBI B
YCIEIIHO 3alIUIIEHHBIX JTOKTOPCKOM U MIECTH KAHAUJIATCKUX JUCCEPTALH-
ax. OgHOM 13 epBBIX padOT ATOTO HAINpaBIICHUS ObljIa CTAaThs, BHIMOJIHEH-
Hasa b.B. bokytem B coaBropctBe ¢ I'.C. Mutiopudem 1 onyOIrMKoBaHHas B
xypHaine «Kpucramnorpadus».

CylleCTBEHHBIE  pE3YJib-
TaThl, MOJYYUBIINE MEXKIYyHA-
pOAHOE IpU3HAHUE, IOJIyYe-
Hbl B Jlaboparopun «Duszuka
BOJIHOBBIX MPOILIECCOBY», KOTO-
pyIO0 BO3TJIaBISAIOT [.(.-M.H.
N.B. Cemuenko u a.¢.-M.H.
C.A. XaxomoB. OcHOBHBbIE
HANpaBJICHUSI  JIESITEIbHOCTH
BO3IJIABJISIEMOTO MU HAYy4YHO-
ro KOJUICKTHBAa OTHOCSTCS K
AJIEKTPOAUHAMUKE UCKYC-
CTBEHHBIX AHU3O0TPONHBIX H
TUPOTPOIIHBIX  CTPYKTYp H
CBSI3aHBI C PacyeToM, KOH-
CTPYUPOBAHUEM M CO3JaHUEM METaMaTEPHUaJIOB C PABHBIMU AUAJIEKTPUYE-
CKMMH M MarHUTHbIMU npoHunaemoctsamu B CBY nuanasone, n3ydeHuem
B3aMMOJICUCTBUS JEKTPOMArHUTHBIX MOJIEH ¢ OMOJIOTMUYECKUMU CIIUPab-
HBIMHU CTPYKTypaMH, UCCIIECIOBAHUEM B3aUMOJICUCTBUS AKYCTHUYECKUX I10-
BEPXHOCTHBIX U 0OBEMHBIX BOJIH B CpeAax ¢ UCKYCCTBEHHOM aHU30TPOIH-
el. B COOTBETCTBMH C 3TUM HANPABICHUEM IMOATOTOBJIEHBI U YCIIEITHO 3a-
IIMIIEHBI JIB€ JOKTOPCKUE M IIECTh KAHAWIATCKUX AUCCEPTALMU, U3 I10-
CIEOHUX TP 3alUIICHBbl B AnoHWMKM ¥ oaHA B DUHIAHAWU, YTO MOMKHO
pacleHUBaTh KaK MOATBEPKACHUE MEKIYHAPOIHOIO YPOBHS HAyYHBIX HC-
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cnegqoBanuii yueHukoB M.B. Cemuenko m C.A. XaxoMOBa U BBICOKOTO
MPECTHKA HAY4YHOU IKOJbI b.B. bokyTs.

[lepBpiM  HayuHbIM  pykoBojuteneMm  «llpoGnemHoN  Hay4HO-
uccienoBarenbckoil madoparopun I[lepcrieKTUBHBIX MaTepuaioBy ObLI
b.B. bokyTs. BniocnenctBuu — yxe noja pyKoBOJICTBOM JI.T.H. Ipodeccopa
.M. MenbHUYEHKO — B JIaDOpaTOpUU pPa3BEPHYJIUCh HUCCIEIOBAHUS B
paMKax HOBOTO HAYYHOTO HAITPABJICHUS IO CO3JAHHIO MEPCIIEKTUBHBIX Ma-
TepuaioB Ha 0a3e 30Jib-rejib TeXHOJOoTUl. B HacTosiiee BpeMs naboparo-
puI0 BO3raaBiseT K.(h.-M.H. noueHT [aiimyH B.E., u ycunus e€ cotpyaHu-
KOB HAIIPaBJIEHbl HA CO3JaHUE NMPUHUUINAIBHO HOBBIX HAYKOEMKHUX KOH-
KYPEHTOCTIOCOOHBIX MaTepuajioB W TexHojoruil. HcciemnoBaHus >ToM
IpyNIbl YYEHBIX COOTBETCTBYIOT MPUOPUTETHBIM miig PecnyOnuku bena-
PYCh HAyYHBIM HAIMpPaBJICHUSM. 3a BPEMs CYILIECTBOBAHUS JTabopaTopuu €€
COTPYJIHHUKAMH 3AIIHIIEHO 4 TOKTOPCKHE U 9 KaHAUIATCKUX JUCCEPTALH,
noiyueHo Oonee 80 cBUIIETENBCTB 00 M300pETEHUSIX, TATEHTOB U JOKY-
MEHTOB, MOJATBEPKIAIOIMIUX MPUOPUTET B CO3JAHUM MPOMBIILIIEHHBIX 00-
pa3noBs.

b.B. bokyTio ObLJIO0 MIpUCYIE KEJIaHUE U YMEHHE TEOPETHUYECKUE HC-
CJI€IOBaHUS JIOBOJIUTH JI0 DKCIEPUMEHTA, SKCIIEPUMEHTHI J]O U300PETEHUSI
WM TIaTeHTa. B 3TOM CBSA3M pe3yibTarhl, IIOJIYYEHHBIE NIOJ €r0 PYKOBOI-
CTBOM ITIPEKPACHBIM JKCIepuMeHTaTopom MaameHko Anekceem TepeH-
ThEBUYEM C COTPYJAHMKAMHU HAyYHO-UCCIEN0BATENIbCKON JabopaTopuut
«JlazepHbie TexHONOTMH OOpPaOOTKM MATEPHUATIOBY», B HACTOSIIEE BpeMs
Bo3rJaBisieMolt K.(.-M.H. B.H. MBIIIIKOBIIOM, MIMPOKO MPUMEHSIOTCS KaK
B IPaXXJAHCKUX OpraHu3anusax, Tak u Ha npeanpustusx BIIK. B mabopa-
TOpUHM pa3paboTaHbl BHICOKOI(P(HEKTUBHBIE TEXHOJOTMYECKUE TMPOIECCHI
Ja3zepHON 00pabOTKM MaTepHaioB, CO3/IaHbl COBPEMEHHBIE ONTHYECKUE
CUCTEMBI, MpeHA3HAUYCHHbIE 11 (POKYCUPOBKHU M Mepeayd MOIIHOIO Ja-
3epHOro u3nydeHus. McciaenoBaHusi COTPYIHUKOB J1a0OpATOPUU COOTBET-
CTBYIOT TNPUOPUTETHBIM HaIMpaBieHUsIM (PyHIaMEHTAIbHBIX HCCIEI0Ba-
HUM, NPaKTUKO-OPHUEHTHUPOBaHbI, a pe3yiabraTtel ux HUP BHeapsroTcs
B MPOM3BOJICTBEHHBIN 1 yueOHBIN npouiecc. B yacTHOCTH, pe3ybTaThl, MO-
Jy4YEHHBIE TI0 TeM€ «TeXHOIOTUsI UMIYJIbCHOW Ja3€pHOM HAILJIABKU U BOC-
CTAHOBJICHUE ITOBEPXHOCTEU JAETajJeld W y3JIOB aBUALIMOHHOW U apTUJLIE-
PUMCKON TEXHUKW», UCIIOJB3YIOTCS B LEIAX BOCCTAHOBJICHUS JIECTAICH IS
OAO «558 aBuarmoHHbIN 3aB01» U B/4 63604; COOTBETCTBYIOIINE YCIYTH
OKa3bIBAIOTCS HA J1a0OpaTOpHOUM 0a3e YHHUBEPCUTETA.

B nabGoparopun «HoBble MaTepualibl U TEXHOJIOTUW» OJAHUM U3 TJIaB-
HBIX HAMNPaBJIICHUW WCCICAOBAHUN, BBIIOJIHAEMBIX II0JI PYKOBOJICTBOM
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K.p.-m.H., nouenrta [llanynaesa C.B., siBisercss u3ydeHue MpoueccoB 00-
pabOTKM MaTepuaaoB KOHIICHTPUPOBAHHBIMHU MOTOKAMH dHEpruu. B pam-
KaxX JIaHHOTO HaIpaBJICHUSI ObUIM CO3JaHbl METOJbI MPEIIU3UOHHON J1a3ep-
HOM 00pabOTKM Pa3TUYHBIX U30TPOITHBIX U AaHU3OTPOITHBIX XPYIKUX HEMe-
TAUIMYECKUX MaTeprualioB. C HMCHOJB30BAHUEM IMMOCTPOCHHBIX B COABTOP-
ctBe b.B.bokyrem, A.H. CepatokoBsim, C.B.IllanynaeBsiM 1 1p. Marema-
THUYECKUX MOJEJEU MPOLIECCOB JA3€PHOTO BO3JICUCTBUS HA HEOIHOPOIHBIC
MaTepualibl BBISICHEHBI 0COOEHHOCTH (hU3UUYECKOTO MEXaHU3Ma Ja3epHOTO
npeoOpa3zoBaHusl — B paMKaxX TE€OPUU TEPMOYIIPYTOCTH U JIMHEHMHON Mexa-
HUKHU paspymieHuid. CoTpyaHuKaMu 1a00paTopruu MPOBOIATCS TaKkKE HC-
CJIEIOBaHUS M0 U3YYEHUIO OCOOCHHOCTEH JIa3€pHOTO TEPMOPACKATbIBAHUS
KPEMHHEBBIX U TEPMAHUEBBIX IUIACTHH, a TAKXKE IJIACTUH U3 ApCEHHU 1A rajl-
aus, candupa u KBapiia.

b.B. bokyTh HECOMHEHHO SABJISUICS OJHUM M3 JIYUIIUX MPEICTABUTEIICH
wkoiel akaaemuka @.M. Oenoposa, CO34aBIIMM CBOKO MHOTOYHUCICHHYIO
HAay4YHYIO IIKOJYy. ETro yYeHMKHM W TMOCJIeIOBaTEeNIM YCIENIHO padoTaroT
B HAy4YHO-UCCIIEIOBATEIbCKUX HMHCTUTYTaX akaJleMun Hayk bemapycu,
B yHuBepcurerax MuHcka, ['omens, Mo3sips. B mkosie akagemuka
b.B. bokyTtsa onuH akanemuk, nBa uieH-koppecnionnenta HAH benapycu
u 6osiee 40 TOKTOPOB M KaHIUIATOB Hayk. HayuHoe u TBopueckoe HacJe-
nue bopuca BacuibeBuda BoKyTs, BBIIAIOIIETOCS YYEHOTO, IMPEKPACHOTO
nearora, TAJIAHTIMBOTO OPraHU3aTopa, CACIABIIErO0 HMCKIIOUYUTEIBHO
MHOTO JJII CTAHOBJICHUSI W PAa3BUTHA | OMENBCKOTO TOCYAAapCTBEHHOTO
yHuBepcutera uMeHn ®@. CKOpUHBI, OyJIeT KUTh U MPUYMHOXXAThCS B TPY-
Jlax €ro Y4eHUKOB U MOCJEe0BaTelNel, B IESITEILHOCTU BCETo Mpodeccop-
CKO-TIPENOJAaBATEIbCKOI0 KOJIJIEKTHBA YHUBEPCUTETA.

JlokTop (hu3MKo-MaTeMaTUYECKUX HAYK,
npodeccop I'.C. Mutropud
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OnTnka, aKkyCTHKa KPUCTAJLIOB
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S.D. Barsukou!, S.A. Khakhomov!, Jun Kondoh?
'"Francisk Skorina Gomel State University, Gomel, Belarus
*Shizuoka University, Shizuoka, Japan

FEATURES OF PERIODICAL ACOUSTIC IMPEDANCE
STRUCTURE AND ACOUSTIC WAVE INTERACTION IN NOVEL
CONTROLLABLE SAW DEVICE

Introduction

A surface acoustic wave (SAW) device with novel acoustic metamaterials
(AM) and phonic crystal (PCs) structures are increasingly applied in advanced
electronics as the broadband filter, negative reflector, signal switcher and so
forth [1-8]. Those motivates research interest prevails in the ultrasound appli-
cation area. The perspective effects of ultrasound interaction with PCs and
AM structures have been investigated. Recently, the AM structures based on
the elementary “metaatoms”, which are characterized by optimal size and
shape are opening a widespread effects of SAW interaction [9-14]. The wave
Interaction properties are almost determined by the element configuration, size
and the array structure [15-20]. However, the AMs or 2D analog as the
“metasurface” with established parameters and properties do not allow the
switching and controlling functionality in real time. Especially, for electronics
applications, the controllable interaction of SAW which is the input and out-
put signals are required. In recent years, the some studies about the controlla-
ble structures already discussed [21-24]. The controllable electroinduced peri-
odical domain structures on a LiNbO; were investigated as a kind of the con-
trollable structures [25]. The switchable domain structures were induced via
the electrostatic effect by applying different electric potentials [26].

In this research the SAW device with an electroinduced controllable struc-
ture was theoretically and experimentally studied. The innovative SAW de-
vice on a LiTaO; single crystal with controllable, electroinduced, and volume
existed domain structures was proposed. The periodic domain structures were
implemented by the linear electrostatic effect with different electric potentials
applied to the surface arranged electrodes. Different electroinduced domain
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structures are achievable when the electrode structures are crossed on the top
and bottom surfaces of the crystal. The parameters of the electroinduced struc-
ture and features of the acoustic wave interaction have ability to control. The
electroinduced structure is considered as the volume-existed periodic acoustic
impedance. The SAW device experimental samples were fabricated, and the
propagated SAW influence due to the electroinduced structure was experi-
mentally observed. The theoretical and experimental results of the acoustic
wave interaction in ferroelectric waveguide with electroinduced periodical
structures were discussed.

1. Principle of the controllable SAW device and theoretical
investigations

The SAW device principle and structure are shown in Figure 1(a). The
device was fabricated on a 36°-rotated Y-cut, X-propagating LiTaOs single
crystal, which allows the shear horizontal (SH) SAW propagation. The SH-
SAW propagates as the plate wave with the SH displacements. The resonance
frequency and wavelength of the SH-SAW were 10 MHz and 421 pm, respec-
tively. The controlled periodic domain structures were implemented by apply-
ing different electric potentials to the surface arranged electrodes of El, E2,
E3, and E4. The electrode fingers arranged on the both surfaces were mutually
perpendicular. The applied electric field was lower than the coercive, and the
spontaneous domain polarization was not changed. However, the material pa-
rameters at the regions of the electric field action are changed. This regime
formation of the periodical structure was applied in the current research. Exit-
ed from the inter-digital transducer (IDT1) the SH-SAW interacts at the elec-
troinduced structure region, and then the reflected and transmitted waves were
generated and registered using the IDT1 and IDT2 simultaneously. At the
measurements, the reflected and transmitted SAWs were studied.
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Figure 1 — (a) Device structure and principle of the SH-SAW interaction; (b) configuration
of FEM model of the controllable SAW device. (The INC., REFL., and TRANSM.
are the incident, reflected, and transmitted waves, respectively. The E1, E2, E3, and E4
are the conductive electrodes arranged on the surface of the acoustic waveguide)
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In Ref. [26], the domain formation process for different electrode configu-
rations and ferroelectric substrate thicknesses was discussed. In this research,
the finite elements method (FEM) with the full 3D model was applied for the
theoretical investigation. The full model of the controllable SAW device was
theoretically investigated in two steps in the time domain. The FEM model for
the device structure considered is shown in Figure 1(b). In the model the clas-
sical descriptions of the electric and relative particle displacements were used.
The quasi-static approximation was applied to describe the electric field of the
SAW and mechanical stress. All boundaries correspond to the electrical and
mechanical potentials absence, and the lateral boundaries correspond to the
low reflection condition. The FEM model includes the IDTs and the electrode
structures (ES). The numbers of the electrode fingers of the IDT was 20. The
ES consists of 10 electrode fingers on the top and 60 on the bottom surfaces.
The distance Ls between the IDT and ES was 10 wavelengths. The SH-SAW
propagated in the X-direction from IDT1 to IDT2. The thickness of the crystal
was 50 um. The total dimension of the calculated structure is 2000x1000x50
um?. The electrical potentials of 200 V and 0 V were periodically applied to
each pair of the electrode finger of ES. The parameters of the displacements
and the electric potential were calculated for the time of 10 ps.

Based on the full model discussed the periodical acoustic impedance
structure formation was investigated without the SH-SAW action. That allows
to discuss the features of formation of induced structure. The results are listed
in Figures 2(a) and 2(b). In this model, the domain structure was induced by
applying of the opposite DC potentials to the top and bottom ESs simultane-
ously. When the DC is applied to the ES, the short SH-SAWSs are generated
and propagate in the opposite form the ES directions. The Figure 2(a) shows
the total displacement distribution measured for the time of 1 and 10 ps. The
shown displacements correspond to the SAW was induced when the DC is
applied. The periodical structure formation we characterized by analyzing
spectra of the registered SAW. After the domain structure stabilized the wave
process 1s attenuates. The black curve in Figure 2(b) shows the registered by
IDT signal. The short wave packet from 1 to 3 ps corresponds to the domain
structure formation signal, and the lower amplitude packet between 4 and 7 ps
1s the results of the between lateral boundaries and the IDTs reflection. The
registered signal spectra are illustrated in Figure 2(b). At least two maximums
of 9,6 MHz and 12,8 MHz were observed. The first maximum corresponds to
the resonance frequency of the similarity to the IDT structure. The second one
relates to the domain formation process, where the displacement was pro-
duced in the volume of the crystal.
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Figure 2 — Results of the theoretical investigations: (a) and (b) the periodical structure
formation, (c) and (d) the SH-SAW interaction processes. (a) Field of the total
displacement distribution measured for the time of 1 and 10 ps, (b) the registered
of the domain formation signal (the black curve) and spectra (the red curve),

(c) the total displacement distribution measured for the time of 1 and 10 ps
in the case of the SH-SAW interaction, and (d) spectra of the input signal
(the red curve) and output signal (the black curve)

The acoustic wave interaction includes the SH-SAW transmission, the
domain structure formation, and the interaction processes, simultaneously.
The SH-SAW interaction was calculated for the time span from 0 tol0 ps
with results in Figures 2(c) and 2(d). The propagated SH-SAW interacts with
the induced periodical structure, and results calculated for the time of 1 and 10
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us were plotted in Figure 2(c). Analyzing of the displacement distribution in
Figure 2(c), the SH-SAW propagated was described the shape of preinduced
static displacement. Thus, the acoustic energy redistribution occurs in the vol-
ume of the crystal. Need to note, that in case of the not matched interaction
conditions, the propagation losses will increase. To analyze of the acoustic
wave interaction, the registered signal spectra (the black curves) and applied
signal spectra (the red curve) were compared in Figure 2(d). The resonances
of both signals are located at 10 MHz, and related to the SH-SAW propaga-
tion. The single minimum of the output signal was found at 12,8 MHz. This
result is corresponding to the acoustic band gap caused due to SH-SAW inter-
action with the electroinduced periodical structure.

2. Experimental investigations of SAW interaction

Two types of SAW devices with different parameters of the ES were fab-
ricated using a conventional lithography technique. The pitches between the
electrode fingers of ES were 1,0 and 0,5 wavelength. The thickness of the fer-
roelectric waveguide was 250 um. Electrode fingers material for both the IDT
and ES was aluminum with thickness about 100 nm. Number of finger pairs
for the IDT was 32, and the ES consists of 20 electrode fingers on the top and
116 on the bottom surfaces. The distance between IDT and ES was 32 wave-
lengths and corresponds to the matched interaction conditions.

The time response of the reflected signals for the both SH-SAW devices
was measured, and the domain induced regions were concluded for the both
SAW devices. Figures 3(a) and 3(b) shows the measured reflected signals for
SH-SAW devices with the pitch of half and one wavelength, respectively. The
dashed region shows the location of the induced structure at the timeline scale.
Here, the photographs of the fabricated SH-SAW devices with different ES
are also shown.

The results of relative magnitude and absolute phase deviation for both
studied SAW devices are plotted in Figure 4. Here, results for the periodical
structure, which represents the four codirected domains induced in a structural
unit, are shown in Figures 4(a) and 4(b). The results obtained for the structure
with two opposite directed domains are shown in Figures 4(b) and 4(d). Fig-
ures 4(a) and 4(c) describes the results measured for the ES pitch of 0,5, and
Figures 4(b) and 4(d) of 1,0 wavelength.
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Figure 3 — Measured time response and the domain structure region (the dotted curve)
and the fabricated sample photograph. (a)The ES with pitch of half wavelength,
and (b) the ES with pitch of one wavelength
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Figure 4 — Experimental results of the magnitude relative and phase absolute
deviations of the reflected SH-SAW. (a) The domain structure with four codirected
domains in the single domain unit and ES pitch of half wavelength, (b) the domain

structure with four codirected domains in the domain unit and ES pitch of one

wavelength, (¢) the domain structure with two opposite directed
domains in the domain unit and ES pitch of half wavelength, and (d) the domain
structure with two opposite directed domains in the unit and ES pitch of one wavelength
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The positive +DC (the red curve), and negative —DC (the black curve) po-
larities of 200 V were applied. The measurement was carried out by the net-
work analyzer (Agilent Technologies, E5070B) in frequency and time do-
mains. To reduce influence of the “0” level, it was measured for all domain
configurations and DC polarities and normalized. During measurements, the
ES was “shorted” for AC using the four high voltage capacitance of 0,1 mF
connected in “bridge”. That allows to reduce the influence occurred during
switching of the domain structures. From Figure 4 the SH-SAW interaction
dependence at the domain induced region on a DC polarity was observed for
different domain configurations. Moreover, was found, that the different ESs
are provide the different distribution and time shift of the reflected signal. For
the ES pitch of one wavelength (Figures 4(b) and 4(d)), the wider region of
interaction with different features was observed. However, for the discussed
SH-SAW device structure, due to the effects of SH-SAW attenuation and
acoustic wave reflection, the matched interaction properties are difficult. The
registered signal represents the complex signal from the different acoustic
modes which are propagates simultaneously.

In conclusion, the possibilities of the controllable interaction of the
SH-SAW with the electoinduced periodical structures were shown theoretical-
ly and experimentally. The proposed SAW device structure and discussed in-
teraction features show a good opportunity for advanced electronic applica-
tions, such as the controllable filter, delay line, and as well as the complex
multifunctional device for signal processing. The switchable induced struc-
tures allow to control of the acoustic wave interaction. To achieve the
matched conditions of interaction, the SAW device structure improvement is
required. The regime of matched interaction allows to increase the SH-SAW
parameters and new scattering effects are reachable. As the way to improve of
the domain formation and interaction parameters is the device based on the
thin film structure, as well as the appropriate the ferroelectric substrates con-
sideration is required.
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PIEZOELECTRIC DETECTION OF PHOTOACOUSTIC SIGNAL
IN DENCE LAYER OF CARBON NANOTUBES IRRADIATED
BY BESSEL LIGHT BEAMS

Introduction

Bessel light beams (BLB) are used and widely used in laser photoa-
coustic methods to diagnose the structure of various samples as a source of
sound excitation [1-4]. In particular, the use of Bessel light beams in opti-
cal-acoustic microscopy makes it possible to effectively increase the focal
depth of the resulting photoacoustic image in comparison with a conven-
tional Gaussian light beam. The use of different types of BLB polarization
modes is explained by the fact that BLBs have a number of unique proper-
ties, for example, non-diffraction of propagation in space.

Promising material in various fields of science and technology are car-
bon nanotubes (CNTs). One of the main advantages of these structures is
the ability to control the properties of the created CNT layers (Figure 1) by
changing the geometric dimensions and configuration of nanoobjects.

EHT= 500 k¥  Elgnel A=InLens Aperture Slze = 30,00 pm
WD = 3.4 mm Signal B = SE2

Figure 1 — Cross-section of a CNT array (Focussed ion beam scanning
electron microscope, Zeiss—Neon 40 EsB) [5]
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The classical theory of electrodynamics can not always be applied to
the description of nanotubes. Consequently, it is required to search for new
quasiclassical theoretical approaches and studies that would enable us to
solve the problems of micro- and macroscopic electrodynamics [6], which
underlie the theoretical basis of modern photoacoustic spectroscopy.

This paper i1s devoted to the construction of a model of photoacoustic
conversion of BLB modes in a layer of chiral and achiral carbon nanotubes
for the case of piezoelectric recording of the resultant signal.

1. Conductivity of chiral and axiral carbon nanotubes

By analogy with [6], the conductivity of chiral CNTs in cylindrical co-
ordinates is determined by the relation, (electron velocity ve << ¢, ¢ — speed
of light)
2Pyie?

vi(p,.s
nh\/n2 + nm + m? ((D‘HV)Z

where the expression for the velocity projection
\/gyoa

oF
)(3 , (1)

0. (0)=-

o(p.)=

e — —[msin(y, —y5)-
n nm m

—nsin(y, +wy, )—(n +m)sm2\u2]/(1+4cosw1 cos\y, +4cos? \412),

v (p.)= 1 [ 3ng(n + m) N \3ap, (n - m)}
\/n + nm + m? 2\/112+nm+m2 4n

i (p.)= 1 L ng(n — m) N \/gapz (n+ m)j
\/n + nm + m? 2\/nz+nm+m2 4n

For CNTs of the zigzag type, the expressions for the axial conductivity
are expressed by the formula

2w,,e’ P, m expley / kpT)
3R, (02 +v2 YepT 5211+ exple, VkgT)P
gg = &(Py) = y\/l +4 cos(aP, )cos(ﬂj +4 cos? [Ej
m m

Also obtained expression describing the axial conductivity in carbon
nanotubes armchair type

CHOE

2w,,e* P, m exp(eqg / kgT)

R, /(wz 12 ikBT 52231[1+exp(80 /kBT)]z,
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The expression for the projection of the electron velocity vector on the
z axis is obtained with allowance for the formula v(p:) = de(p)/0p- [7] and
the relationship for the energy distribution within the tight-binding approx-
imation, which takes into account the interaction of only the nearest neigh-
boring atoms in the hexagonal structure [8, 9].

2. Dissipation of energy of Bessel light beamesiln chiral and
achiral carbon nanotubes

The effect of a Bessel light beam on the absorbing layer of chiral nano-
tubes leads to a periodic change in the temperature field, which can be de-
scribed by the equation of thermal conductivity

V2T_L8_T:_LQ(1+eiQt)’ 2)
Bg Ot 2kg

where Bs = ks/ po-C is effective coefficient of thermal diffusivity, ks is co-
efficient of thermal conductivity, po is density of a layer of carbon nano-
tubes, C is specific heat of a layer of CNTs, Q 1s modulation frequency.

In equation (2) Q is volume density of thermal sources, which is de-
termined by the expression

0 =o0|E[", 3)
where |6cr| = 27 |o22|//A 1s conductivity of the CNT layer. Substituting into
(3) the relation describing the intensity of the wave, it is easy to obtain the
energy dissipation rate

Q = 2(},0]06_20%17‘2 = Zﬁcn /(C’\/?S())]Oe_zaejfz. (4)
In the formula (4) o is Proceeding from the geometry of chiral and

achiral carbon nanotubes, it is expedient to write equation (2) in a cylindri-
cal coordinate system. The absorption coefficient in (3) is defined as fol-

lows
oy =(m/c)- (8"/\/?): (w/c)-(e"/n).
Conductivity is related to the imaginary part of the dielectric constant
by the formulag=¢'+ie", " =4 n'0 /o.
Thus, in cylindrical coordinates, the energy dissipation rate of Bessel
light beams (BLB) in the layer of absorbing carbon chiral nanotubes can be
represented as follows

2
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where o = 2k...

3. Calculation of the resulting photoacoustic signal

Let us determine the amplitude of the photoacoustic signal arising in
the layer of chiral CNTs upon irradiation by the TE mode of the BLB,
based on the use of the piezoelectric method of recording the signal in ac-
cordance with the scheme shown in figure 2.

-
— 3

Jgd-84dd

Figure 2 — The scheme of registration of a photoacoustic signal:
1 — the layer of chiral or achiral CNTs; 2 — piezoelectric detector; 3 — axicon;
4 — modulator; 5 — Bessel light beam

The simultaneous solution of the heat equation (2) and the equations
for thermoelastic deformations in the sample and piezoelectric transducer /;
allows us to find an expression for the photoacoustic signal.

Assuming the boundaries of the "sample-piezoelectric detector" system
to be free (o(/=0)=0, o(/i=0)=0) and also using the technique de-
scribed in [10], we will find the expression for the no-load voltage V7% on a
piezo transducer

TE _i( _ )_i TE
4 =5 Upl,;, ~Upl,— —SSZR : (6)
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In relation (5), the factor Z

02
7 - sin?(k,Al/2) 7)

my sin kAl cos kl + cos kAl sin kI

describes the purely acoustic properties of the "carbon nanotube-

piezoelectric detector" system, and the factor R’

TE ETEBO k 1+p + u% + u%

(g + 20 ksoag | (14 1y)-(1+ 13 )-(1+13)
determines the dissipative, dielectric, thermophysical, and thermoelastic
properties of the sample under study, as well as the polarization and energy
parameters of the BLB.

In the expressions (5)—(7) he following notation is introduced: U(z),
Uy(z) are elastic displacements in the CNT layer and piezoelectric trans-
ducer; v, vp are values of velocities of elastic longitudinal waves, By is the
bulk modulus, ¢’ =N+ 2/3 w;, A, W are the Lame coefficients, ao is coeffi-
cient of volumetric thermal expansion, o — values of elastic stresses,
os= (1 —1i)as, as= (Q/2Pex)"* is effective coefficient of thermal diffusion
of the sample, B 1s effective coefficient of sample thermal diffusivity,
W = Qef/Cs, W2 = k/Gs, W3 = kloey , ki = Q/vp, 1s wave number of an elastic
wave in a piezoelectric transducer, k= Q/v., 1s wave number of a sound
wave in a sample, mo = (kicP)/(kc"), c® = (1 + e*/e5cF), ¢F is coefficient
of rigidity of a piezoelectric, e — piezoelectric module, €5 — dielectric con-

stant of a piezoelectric crystal,

=T _ na, oy ETE, ETE = ATE/(agf _Gg)’

(8)

2 1 2
ATE — ‘Gcn‘ 0o C kosq(nlz +n§{m—‘]’%(qr)+]”nz(qr) ,

- ce's, 4m (gp)*
J, (qp) =0J,, (qp)/ 0p is derivative of the Bessel function Jx(q p) from

the radial coordinate p. Analysis of expression (6) for the amplitude of the
photoacoustic signal showed the presence of resonant peaks in the region
of gigahertz frequencies (Figures 3, 4).

We note that we have considered a particular case of the free bounda-
ries of the "sample-piezotransducer" system. In this case, the potential dif-
ference recorded by the detector is determined by the formulas (6)—(8).
When the boundary conditions change, the relationships for calculating the
potential difference appearing in the detector will change. Under condi-
tions where the boundaries of the "sample-piezoelectric detector" system
are fixed (U(0)=0, U(+/1)=0) or alternately loaded (c(0)=0,
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U(l+ 11)=0; o(l+ 1)) =0 U(0) = 0), other expressions for the potential dif-
ference are obtained. However, even in these particular situations, the main
regularities of the photoacoustic transformation of the TE-mode of the
BLB in magnetically low-dimensional structures correspond to those re-
vealed on the basis of the model of free boundaries.

Figure 3 — Dependence of the amplitude of the PA signal on the radial coordinate
and modulation frequency of the BLB (m =0, a = 1°)

Figure 4 — Dependence of the amplitude of the PA signal on the radial coordinate
and modulation frequency of the BLB (m = 0, a = 2°)

Using expression (6) for the idling voltage, it is possible to determine
the amplitudes of photoacoustic signals for the system '"sample-
piezoelectric transducer" with alternately loaded boundaries:

oll)=0, ().

0=, ()
s(0)=0, ®)
Up(ll) =
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(10)

The difference in the amplitude of the displacement of the boundaries
of the system when the boundary conditions (9) is realized is determined
by the following relation

! !/ !/ !
UTE — A}CIZ — /‘%2631 (e—Ziklll eihl _ p=i kll) (11)
AB'5+A45,B,
where
A =2k cT sinkl; A, =2cos ki,
B :ikch(e—Zikllleikll 4 okl ); B) = (e—ziklll oikil _e—ikll);
i Gy
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o, .e —ogl o
' ' ﬁ Gge eff _ =l ||,
eﬁ’ Oy

Gé _ E’ BOOLtOLeﬁc [ e_OLEffl B e_GSZ J,

T 2 2 2 2
c oceﬁJrk GS-l-k

(04 04
G; = E'Bya, eﬁ‘[ 7 GS ]-l-[ eﬁ—lj;

= QTE/(ocgﬁ, —Gﬁ); cP =c (1 + ez/ascE).
It 1s also easy to obtain an expression for the potential difference, tak-
ing into account the boundary conditions (10):

UTE — ACy + 4, ¢ (26—2ik1 I _ =2kl pikyl _ zkll)) (12)
A{B",—A5B",
where
A5 =2icoskl; Ay =2isinkl,
B = (e—2ik111 oikil _|_e—ikll); B = l—kch(e—Ziklll ekl _e—ikll);
Cl=ikc! Gie'® + Gf; G5 =G5,
Cy =-Gje'*! + Gy; Gf = Gy;
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Analyzing expressions (11) and (12), we see that the amplitude of the
photoacoustic signal is determined in a rather complicated manner and de-
pends on many parameters of the "sample-piezoelectric converter" system.
In addition, the magnitude of the resulting signal is significantly affected
by the modulating action of Bessel light beams (Figure 5).

G3 =E'Byo,0y

..a-'""::n, )

S =0 p.10%m
] 'lt'.'.:._.__ﬂé"‘..‘ﬁﬂ P

L —
U

I =
2, 10°Hz

Figure 5 — Dependence of the amplitude of the photoacoustic signal U’F on the radial
coordinate when receiving the modulation frequency Q:
a — the dependence under the boundary conditions (11);
b — dependence under the boundary conditions (12)

As a result of the graphical analysis of expressions (11), (12), a reso-
nant increase in the amplitude was detected.

It should be noted that the amplitude and position of the resonant peaks
depend on the type of the boundary conditions imposed on the "sample-
piezoelectric converter" system. At the same time, the tendency is general-
ly to decrease the amplitudes of the resonance coordinates, as well as to
1dentify and eliminate inconsistencies.

It can also be seen from the figures that an increase in the cone angle of
a BLB affects the frequency of the appearance of resonant peaks as a func-
tion of the radial coordinate p. Controlling the amplitude of the resulting
signal resulting from the modulated absorption of the light beam can be re-
alized by using the taper angle adjustment schemes of the BLBs acting on
the basis of the electrochotic Pockels effect [11, 12].

Thus, the model of photoacoustic transformation in the layer of chiral
and achiral carbon nanotubes irradiated by the TE-mode of a Bessel light
beam is constructed.
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DUAL-POLARIZATION GENERATION
IN THE ND:YAG LASER

Introduction

Dual-polarization laser generation in dynamic mode is currently used
for some interesting applications [1, 2]. We propose using it for passive
cavity dumping by the second harmonic generation in the mode locked la-
ser. In this case it is important to have the same radiation intensity at both
polarizations.

In this paper, we investigate the effect of the difference between inac-
tive loss coefficients and cavity optical lengths for simultaneously generat-
ed polarizations on their intensities.

1. Theoretical model

Dual-polarization generation in dynamic regime is simulated with the
use of simple scalar model. The main approximations used in the model are
as follows:

a) The pump source (a lamp) produces unpolarized radiation.

b) The Nd: YAG active laser medium properties are independent of the
optical field polarization: stimulated emission cross-section ¢. and refrac-
tive index n of the medium are equal for both polarizations, anisotropic
properties of the Nd°* ions are not considered.

c)The cavity anisotropies consist in different coefficients of losses 7y
and optical cavity lengths L, for radiation with different polarizations.

Our model may be used to investigate quantitative behavior of the de-
scribed system, although it may be not enough for more complicated cases.
To describe the laser generation in more detaled and correct way, the cor-
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responding vector models should be used [3]. Such models allow to take
into account the polarization of the pump laser and other factors besides
the cavity anisotropies that may influence the polarization states of lasers,
as well as consider crystal symmetry and anisotropic properties of the ions
at different sites.

The proposed model is based on the rate equations for the point model
of active medium [4]. The 4-level generation scheme is considered.

dS — nLLC ch-eS'(nz _ nl) _ CV LLC '
dd L, L,
dS = nLLC,: vco-eS”(nZ o nl) - L L,l,lc S"
dt opt Lopt
dnl 1 ] nl nZ
— =0, (8'+8" ), —n)-—+—=
T T
an ! A n3 n2
—==0,(5+8")n —n))+———
dt T, T,
P
dn3 - O-a(Ns_nl_nZ_n3)_n—3
dt  s;-hv, T, (1)

Here S” and S’ correspond to the photon flux densities of the radiation
with different polarizations, n; describe the carrier densities at different en-
ergy levels. Other Nd:YAG crystal parameters used in the calculations:
pump wavelength A, = 808 nm, emission wavelength A. = 1064 nm, ab-
sorbtion cross-section 6, = 7,7:10?° cm? emission cross-section
oe = 28:10%° cm?, refractive index n = 1,82, crystal length L.c= 6 cm, crys-
tal surface area s.c = 9,425 cm?, lifetime at *F3,, level 12 = 230 mcs, lifetime
at *Fs level 13 = 10 ns, lifetime at “I112 level T1 = 30 ns, total Nd@** ion den-
sity (concentration 1%) N; = 1,38:10%° cm™.

System (1) is used to calculate time dependence of photon flux densi-
ties " and S (and intensities /=S-hv.) for the given parameters — pump
power P, cavity optical lengths Lop:’, Lop:” and coefficients of losses in the
cavity y’, y” for different polarizations. Initial values of pump power, cavi-
ty optical length and losses used in the calculations are P = 2 kW,
Lopt = 65 cm, y = 0,003 cm” respectively. The coefficient of losses
v = 0,003 cm™ and crystal length L.c = 6 cm are equivalent to the output
mirror reflectivity of 96,5%.
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2. Results

The first important conclusion follows from the first two equations of
the system (1). It describes the condition of simultaneous existence of non-
zero S’ and §” values in the steady-state: y° = y”. This observation is con-
firmed with the simulations of laser generation in dynamics. Figures 1a, 1b
show time dependencies of 7 and /" for y’ #v” and Lop:’ # Lopt”.

The intensity of the polarization with bigger y finally goes to zero in-
dependently of the other parameter values. The difference between losses
v’-y” and cavity optical lengths Loy ~Lop*“ as well as the pump power P in-
fluence only the dynamics of the generation and time needed to achieve the
steady-state.
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Figure 1 — Time dependence of the /” and /" for two polarizations for
(@) P=2kW, Lop:'=Lop:“=65 cm, y’=0,00303 cm™’, y”’=0,003 cm™ (Ay/y”=1%);
(b) P=2 kW, Lop:'=60 cm, Lop:*“=65 cm (ALop/Lopt"=-7,7%), y’=0,0031 cm’,
y”=0,003 cm™" (Ayly"=33%)

In the case when the condition y’ = vy” is fulfilled, the ratio /°/I” of the
I" and I steady-state values are defined by the ratio of the corresponding
cavity optical lengths Loy /Lop:”” (Figure 2). The observed dependence /°/1”
(Lopt /Lop: ) 1s exponential.

In reality the generation is realized at different longitudinal modes, and
losses in the cavity are not equal for them (and may be also not constant in
time). This situation may be simulated by specifying vy’ and y” fluctuating
in time around the average value. Figure 3 shows an example of the gener-
ation dynamics for both polarization modes and their losses time depend-
ence in such case.
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Figure 2 — (a) Time dependence of the /" and /” for two polarizations for P=2kW,
y'=y"=0,003 cm™!, Lop:’=65,65 cm, Lop:"=65 cm (ALopi/Lopt”"=1%);
(b) Dependence of the intensity ratio /”//” on the cavity length ratio Lop: /Lop:”
for P=2 kW, y'=y"=0,003 cm™ (Lop:"=65 cm, Lop:" > Lop:”)
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Figure 3 — Time dependence of the I, /" (a) and y’, y” (b); both y”and y”" are
fluctuating randomly in the range of 5% about the average value
of 0,003 cm™! with the period of ~430 ns (100 cavity round-trips)

In the described case none of both polarization modes intensities goes
to zero with time as the average values of losses for them remain approxi-

mately equal.

3. Experiment
The experimental setup sketched in Figure 4 was used to obtain dual-

polarization generation in the Nd: YAG laser with lamp pumping.
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Figure 4 — Experimental setup

The beams with two orthogonal polarizations were separated with the
use of a polarizer inclined at Brewster’s angle (57° between the normal and
beams propagation directions). The output mirror common for two polari-
zation modes had reflectivity of 53%, the other mirrors were highly reflec-
tive and equal for both beams. One of the end mirrors was placed on the
moving mount, so it was possible to change the cavity length for one of the
beams.

We obtained the simultaneous generation on two palarizations for a
pulsed laser operation. The pulse shapes for orthogonal polarization modes
are shown in Figure 5.

Figure 5 — Pulse profiles for different polarizations: a — coefficients of losses in the
cavity y’, y” for different polarizations are almost the same (no additional losses),
b — additional losses for the beam corresponding to the lower curve,
¢ — additional losses for the beam corresponding to the upper curve

Figure 5a shows that the pulse profiles for two polarization modes are
different. The Figure 5b and 5c¢ show the pulse profiles when additional
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losses were added into the cavity of one of the polarized beams (we used
a glass plate increasing losses by ~16% for the cavity round-trip). This led
to a significant decrease of the corresponding beam intensity and relative
increase of intensity of the other beam.

4. Conclusions

The effect of the difference in loss coefficients and cavity lengths for
different polarizations on the ratio of the intensities of the generated beams
was studied. We have shown that generation at different polarizations in
the dynamic mode is possible with different loss factors for them. At dif-
ferent optical cavity lengths for different polarizations, generation is possi-
ble in continuous mode if the loss coefficients are the same. In this case,
the intensity of beams with orthogonal polarizations will be different.

References

1. Khelifa, Naceur-Eddine. Traceability of small forcemeasurements
and the future international system of units (SI) / Naceur-Eddine Khelifa,
Philippe Averlant, Marc Himbert Int. J. Metrol. Qual. Eng. — 2016. —
Vol.7. - P. 306-313.

2. M. Brunel Dual-polarization microchip laser at 1,53 um. / M. Bru-
nel, A. Amon, M Valet. — 2005. — Opt. Lett. — Vol. 30. — P. 2418-2420.

3. Dalgliesh, R. Polarization States of a Single-Mode (Microchip)
Nd:YAG Laser — Part I: Theory / R. Dalgliesh, A. D. May, and G. Stephan.
— 1998. — IEEE Journal of quantum electronics. — Vol. 34 — P. 1485-1492.

4. Stashkevich, I.V. Cavity Dumping by the Second Harmonic Genera-
tion / I.V.Stashkevich, R.I.Navitskaya, A.S Gorbacevich. — BSU Journal.
Physics. —2017. —Ne 2. — C. 57-62.

H.A. AnemxeBuy, /I.JI. 'opb6aues, E.A. ®enoceHko
YO «I'oMenbCKkuii rocyJapCTBEHHBIM YHUBEPCUTET
nMmenn Opannucka CkopuHb», ['omens, benapych

OIITUNYECKHUE CBOMCTBA MOKPHITUU HA OCHOBE
TOHKHUX CJIOEB TiO, SiOz, ZnS

BBenenue

Ontuueckre UHTEPHEPEHIIMOHHBIE TOKPHITUS MPAKTUYECKU HCIOJb-
3YIOTCSl IPU CO3JAHUM 3€PKAJIbHBIX, MPOCBETIAOIINUX IIOKPBITUM, ONTUYE-
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ckux (uibTpoB, 3P(DEKTUBHBIX MOJsIpU3aTOpoB. B HacTosiee Bpems
OCTaeTCsl aKTyaJIbHOM 3a/1aua (POPMUPOBAHUS ONTUUYECKUX MOKPBITUN — KaK
C 3aJJaHHBIMU ONTUYECKUMHU XapaKTEPUCTUKAMU, TaK U C BBICOKUMH (PU3H-
KO-MEXaHUYECKUMH CBOMCTBaMH. [TOKpBHITHS Ha OCHOBE TYTOIUIABKUX OK-
CUJIOB W TOJYNPOBOJIHUKOBBIX MaTEpPUATIOB HaubOoOJiee MPUBJIEKATEIbHBI
pHu pa3paboTKe HAa UX OCHOBE MHOTOCJOMHBIX ONTHYECKUX CUCTEM, 00a-
JNAIOIIUX BBICOKOM CTOMKOCTBKO K BO3JCHCTBUIO JIA3EPHOIO H3JIYyUYECHUS
OOJBIION MOITHOCTH, BBICOKOM MPO3PayHOCTHIO U O0ECMEYMBAIOIINX BbI-
COKYIO CTENEHb MOJIAPU3ALUKA B3aUMOACHCTBYIONIETO C HUMU HU3JIYUYEHUS
[L. 2].

[lenbto McciieoBaHUs SIBISIIOCH M3YUYEHUE ONTUYECKUX CBOMCTB MHO-
rOCJIOMHBIX NOKpbITUH Ha ocHOBE Ti02, Si02 u ZnS, popMupyemsIx mo-
CPEICTBOM 3JIEKTPOHHO-JIYYEBOI'O UCIIAPEHHUS], B IIEJISIX OMPE/ICICHUS BO3-
MO>KHOCTEH MX MPAKTHUYECKOTO UCIOJIb30BAHUS B KAYECTBE MOJISIPU3aTOPOB
ONTUYECKOTO U3NTy4eHUs, 3(PPEKTUBHBIX HA OMPEAEICHHBIX JJIMHAX BOJIH.

1. MeToauka 3KCriepUMEHTA

MHoOrocnoiHbie ONTUYECKUE MOKPHITUS MPEJICTABISIIOT CUCTEMY Yepe-
nyroruxcs ¢iao€B Ha ocHoBe T102, S102, ZnS, paznuyaromuxcsi 3HaYeHU -
MU TOKazaTens npeyiomiieHus. HaneceHne MOKphITUN MPOU3BOAUIOCH HA
YCTAHOBKE BaKyyMHOro HambuieHuss BY-1A, ocHameHHOW MCTOYHUKOM
AIEKTPOHHO-Ty4eBOro ucrnapenus YOJIM-I ¢ MakcHManbHBIM YCKOPSAIO-
M HampsbkeHneM 12 kB u makcumanbHbIM TOKOM Harpy3ku 500 MA.
YcraHOBKa MOJECPHU3UPOBAHA — JOIMOJHEHA BCTPOCHHOM CHCTEMOM KOH-
TpoJst onTudeckux xapakTepuctuk Iris-0211 (COK Iris, benapycs).

N3ydenne Mopdoiaoruv MOBEPXHOCTU MOKPBITHH, CHOPMUPOBAHHBIX
Ha MOJJIOKKAX W3 MOJUPOBAHHOTO KPEMHUS, OCYLIECTBISUIOCH C UCIOMb-
30BaHUEM CKaHHMPYIOIIETO 30HJI0BOro Mukpockomna «Solver P47 PRO»
(HT-MAT, Poccusi) B TOTYKOHTAaKTHOM peKUME. AHAJIU3 CHUMKOB MPOU3-
BOJIUJICA C UCTIOJIb30BaHueM mporpamMmmbl Gwyddion.

[Ipy wuccnenoBaHWM ONTHUYECKUX CBOWCTB MOKPBITUWA HCIOJIb30BaH
cnektpodotomerp Photon RT (Essent Optics), npeaHa3HaAYSHHBIN I U3-
MEPEHHUS CHEKTPAIBHBIX XAPAKTEPUCTHK OTPAKEHUS, MPOIYCKAHUS U OI-
TUYECKOH MJIOTHOCTH B MOJISIPU30BAHHOM CBETE B JIMANAa30HE JIJIMH BOJIH OT
200 no 4000 aM. Ha ocHOBaHWM M3MEPEHHBIX CHEKTPOB PACCUUTHIBAIUCH
CTEIEHb MOISPU3ALNU OTPAXKEHHOTO U3ITyUeHUs Pr — 1Jisi 00pasiia moKphbl-
TUA, COPMUPOBAHHOTO HA HEMPO3PAUYHON KPEMHHMEBOU MOJJIOKKE, U CTe-
NeHb noJisspuzanuu Pr — st oOpasiia, HAHECEHHOTO Ha MPO3payHyIo MOJI-
JOXKY M3 onTudeckoro crekna K8, npu oOiayueHnd ux moj pa3HbIMHU YT-
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JaMH, & UIMEHHO: TIpH yriax najeHus uznydenus 8, 30, 45, 75 rpamycos.
Crenensb nossipusaiuu P paccuuThIBajiach 1mo Gopmyiie:
P= ([max_[min) / ([max+ [min), (1)
1€ Imax B Imin — MAaKCUMaJbHOEC ¥ MUHHUMAJILHOEC 3HAYCHHUS WHTCHCHB-
HOCTH W3JIyY€HUS, MPOMYIIEHHOTO aHAIM3ATOPOM IPU PaA3HBIX €ro IMoJio-
KEHHUSX.

2. Pe3yabTaThl U MX 00CYyKIeHHUE

Ha ocHOBaHMM M3MEPEHHBIX CIEKTPOB OTPAKEHUS] OAHOCIONHBIX TO-
KPBITUM PacCUMTAHBl TMOKA3aTeNIM MPEIOMJIEHUS MaTepuaia OTIEIbHBIX
CJIOEB U CIIPOEKTUPOBAHA KOHCTPYKIIMSI CEMUCIOMHOTO MOJSPU3ALIMOHHOTO
MOKPBITUSI — MPU BBIOOPE paboueil NauHbI BOJHBI paBHOU 660 HM. [lapa-
METPBI U XapaKTEPUCTUKH MOKPHITUS MPUBEICHBI B Ta0IHIIE 1.

Ta6muma 1 — [TapameTpbl MHOTOCTIONHOTO MOKPBITHS

Howmep dusnueckaa | [lokaszarenn
Marepuan
() (0] TOJNIINHA, HM | TPEJOMIIEHUS, N
1 S10; 98 1,50
2 ZnS 322 2,06
3 S10> 14 1,50
4 ZnS 61 2,06
5 T10> 279 1,92
6 S10, 69 1,50
7 T10> 213 1,92

B pesynbraTe ananmuza Mop(oJOTHH OTHENBHBIX CIOEB U CHOpMHUpPO-
BAHHOTO MHOTOCJIOMHOI'O MOKPBITHS MO CHUMKAM, TOJIYYEHHBIM METOIOM
aTOMHO-CUJIOBOM MUKPOCKONUU (PUCYHOK 1) orpeiesieHbl CTaTUCTUYECKHE
napameTphbl MOBEPXHOCTH OTJEIBHBIX CJI0EB M MOKPBITUS (Tabauna 2).

Kak BugHO Ha pucyHke 1 U B Tabnuie 2, OTACIbHBIE CIOU HOKPHITUS
XapaKkTEpU3yIOTCS HU3KUMHU 3HAYEHUSIMH IIEPOXOBATOCTH MOBEPXHOCTH
Y MaJbIM pa3MepoM 3EPEH, U 3TH MapaMeTPbl HE OKA3bIBAIOT CYIIECTBEH-
HOTO BIIMSIHUSL HA ONTUYECKUE W T€OMETPUUYECKUE MTapaMeTpbl MHOTOCIION-
HOT'O OKPBITHS B LIEJIOM.
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B
Pucynoxk 1 — 300paxkeHrs MOBEPXHOCTH MOKPBITUM MOTYYEHHBIE METOJIOM
aTOMHO-CHJIOBOM MUKpockonuu: a — Si0Oz; 6 — a30BbI KOHTPACT
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10,0

| 5.0

0,0

[ ] 36,7 nm

30,0
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0,0

nm
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Tabnuua 2 — [Tapametpsl MOp(oJIOTHM TOBEPXHOCTH

Cpennee 3HaueHUE

Cy011epoXxoBaToCTh
Turm nokpeITHS BBICOTHI HEPOBHO-
Ra, um
cTu Z, HM
Si02 5,79 0,97
Ti102 3,76 0,79
/nS 4,42 0,60
Cemucnoitnoe S102+ T102,+ZnS 36,8 9,6

Paccuurana crenenp nomsgpusanuu Pr U3ny4eHus, MPOLIEIIIErO Yepes
MOKPBITHE, JIOKAJIM30BAHHOE HA MPO3PAYHOU ITOJJIOKKE, U CTENEHD IMOJIS-
puzanuu Pr W3IIy4eHUS, OTPAKEHHOTO OT MOKPHITHS, CHOPMHUPOBAHHOTO
Ha TOJJIOKKE U3 MOJMPOBAHHOIO KPEMHUS, IIPU PA3HBIX yrIiiax IaJCHUS
V3JIy4YCHUSI Ha MOBEPXHOCTHh MOKPHITUA. Ha pucyHke 2 mpuBeneHBl Aua-
rpaMMbl, WLTFOCTPUPYIOIIME 3aBUCUMOCTh Pr u Pr OT yria najaeHus s
W3JIYYCHUS C JNIMHOU BOJHBI 620 HM.
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VYron naaeHus U3y4eHus

PucyHok 2 — 3HaueHus cTeneHu NoJaspu3aluu
IIPU pa3HbIX yriax najgeHus u A = 620um

Kak BUOHO Ha puCyHKE 2, CTENEHb MNOJSPU3ALMMN W3IIyYeHHUs, OTpa-
KEHHOTO OT HEMPO3payHOro oOpaslia ¢ MHOTOCIOMHBIM MOKPBITHEM, J10-
cturaer 3HadeHus 0,76 yxe npu yrie nafaeHus B 45°, U Ipy yBEIMYECHAN
yriia najgeHus B uarepnaie 60° — 75° po3pacraet 1o 3HadeHus 0,9, u Mox-
HO CHENaTh BBIBOJ O BBICOKHUX IMOJSPU3ALMOHHBIX CBOWCTBAX CHHTE3UPO-
BAHHBIX MMOKPBITHH.

3akJiouenune

ITokazaHa BO3MOXHOCTh HaHECEHHsS OJHOPOJHBIX CiIoEB Ti02, SiO;
U ZnS METOA0M 3JICKTPOHHOTO MCIIAPEHUS B BAaKyyMe€, a TAK)K€ CO3/IaHUs
Ha X OCHOBE 3(PPEKTUBHBIX MOJAPU3YIOLIUX ONTUUECKUX 3JIEeMEHTOB. [1o-
KPBITUSI JAHHOTO THUIIA MOTYT MPUMEHSTHCS JJIsl U3TOTOBJICHUS 3€pKajlb-
HBIX MOJISIPU3YIONINX ONTHUYECKUX CHUCTEM KaK 3JIEMEHTOB JUIsl MOJIYIpO-
BOJTHUKOBBIX JIa3€POB, a TAK)KE ONTUUYECKUX MOKPBITUN Pa3IuYHOTO (DYyHK-
[MOHAJILHOTO HAa3HAYEHUS — JUISl HYXJ MPUKIAJHON ONTHUKU U OMTOJICK-
TPOHUKH.
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OCOBEHHOCTHU B3ANMOJIEVICTBUSI CBETOBBIX BOJIH
HA CMEIIAHHOM OTPAKATEJBHOM I'OJIOTPAMME
B KPUCTAJLIE Bii:TiO2 CPE3A (001)

Beenenue

Ocobennoctu audpakiii CBETOBBIX BOJIH Ha CMelIaHHBIX ((a3oBo-
aMIUTUTYJHBIX) TOJIoOrpaMMax B H30TPOIHBIX CpellaX aHAIU3UPOBAIUCH
B [1-3]. B atux paborax MNOSy4YeHbl AHATUTUYECKUE BBIPAKECHUS IS
HaxXO0JICHUSA KOMIUIEKCHBIX aMIUIUTY] JU(parupyrommux Ha TojorpaMmme
OMOPHOW W MPEIMETHON CBETOBBIX BOJH. B pabote [4] mpencraBiieHO
00001IeHne TOMYyUYeHHBIX B [1] pe3ynbTaToB IJid Ciiydas aHW30TPOITHOM
Cpeabl W PacCMOTPEHBl OCOOCHHOCTH JAMPPAKIMK Ha CMEIIaHHOMN
rojiorpamme B poTopeppakTUBHOM KpPHUCTAJLIE.

B paborax [5, 6] nudpakiius CBETOBBIX BOJIH Ha MPOITYCKAOIINX TOJI0-
rpammax B (poTopepakTUBHBIX KpHUCTAJIaX Kjacca CUMMETpuUM 23 uccre-
JIOBaHA C YYE€TOM ONTHUYECKOW aKTUBHOCTH, OOPATHOTO MbE303JIEKTpUUE-
ckoro »hdekra u poroynpyroctu kpuctawia. B [5] mokazaHno, 4To ais
TEOPETUUYECKOTO OOBSICHEHUS! SKCIEPUMEHTAIBHO YCTAHOBJIICHHOMN 3aBUCH-
MOCTU JU(PPAKIMOHHON A(DPEKTUBHOCTH MPOIYCKAIOIIEH TOJIOTPaMMBlI,
chopmupoBanHoil B kpuctamie BinTiOz (BTO), oT opueHTanmOHHOTO
yrjla HEeOOXOJMMO TMPENooXeHne O (Pa30BO-aMIUIMTYIHOU CTPYKType
rojorpamMmbl. B pabdote [6] mpeaiokeHa TeopeTudecKkas MOJIeNb JIJIs OIU-
CaHHUS BOCCTAHOBJICHUSI CBETOBOM BOJIHBI HA CMEIIAHHOW MPOIyCKAaroliei
royiorpamme, chopMupoBaHHON B (oTOpepaKTUBHOM KpHUCTAJIE Kiacca
cummeTpun 23 cpesa (110).

[enpto HacTosIIEeH PabOTHI SIBISETCS aHATU3 3aKOHOMEPHOCTEH YHEp-
TETUYECKOTr0 0OMEHA MEXAy OMOPHON U MPEAMETHON CBETOBBIMU BOJIHAMU
IpU WX BCTPEYHOM B3aUMOJCHCTBUM HA CMEIIAHHOW OTpa)kaTeJbHOM Tro-
JOoTpaMMe B ONTHYECKU AKTUBHOM (POTOpePpakTUBHOM MbE30KPUCTAILIE
KJlacca cuMMmeTpud 23. B craTbe NpoaHaIM3UPOBaH BKJIAJ aMIUIUTYIHON
OTPAXKATEIBHON TOJOTPAPUUYECKON pEIIETKH B YCUJIIEHUE MPEIMETHOU
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BOJIHBI IIpU JABYXBOJIHOBOM BBaI/IMOI[ef/'ICTBI/II/I Ha CMEIIaHHOMU oTpaxXarciib-
HOU rojorpamMme U IoJeIpu3alfioOHHOC YCIIOBUC JOCTHIKCHUA HauOOoIbIIEH
HMHTCHCHUBHOCTH HpeI[MeTHOf/'I BOJIHBI.

1. 'eomeTpuYeckass MoJiejlb

PaccmoTpuM OJIHOBpEMEHHYIO TUPPAKIIHUIO IBYX MOHOXPOMATUYECKHUX
JMHENHO TOJISIPU30BAaHHBIX CBETOBBIX BOJIH — OMIOPHOM U MPEAMETHOMN — Ha
CMEIIIAaHHON OTpakaTeJbHOM TosiorpamMme, chOpMHUPOBAHHON B ¢oTOpe-
dbpaktuBoMm kpuctauie BTO cpesa (001), B TeOMEeTpUYECKUX YCIIOBHSX,
WJUTIOCTPUPOBAHHBIX HA PUCYHKE 1.

= vl

N
ks

_.‘?"1.1

Kz

£.||[100] k&'u

E,ll[um][

&;||[001] =0

Pucynok 1 — B3aumopelicTBue CBETOBBIX BOJIH HA OTpaKaTeIbHOM
rojiorpamMme B kpuctaiie BTO

Ha pucynke 1 cBsizanHasi ¢ rojorpau4eckuM CTOJIOM pabouasi CUCTe-

Ma KOOPOMHAT 3a[aHa €IMHUYHBLIMU BeKTOpamu (€,, €,, €3), KOTOpLIE

B KpUCTAIOTPaPUIECKON CUCTEME KOOPJAMHAT OPUEHTHUPOBAHBI CIICIYIO-
—

UM obpaszoM: e,|][100], €,||[010], e3||[001]. Bonnossie BexTOphl Kgg

U Kgop 3a7af0T HampaBjIeHUs MMaJCHHUs OMOPHOM M NpPEIMETHOH BOJH Ha
KpUCTal. ENUHUYHBIE BEKTOPBI €rq = [€5,Tggl, €59 = —l€,, Mgyl HeC-
MOJIB3YIOTCSL JIJISl OMPEJEICHUS a3uMyTa MOJISIpU3alui OTIOPHOU W TIpe-
METHOMU BOIH. EXMHUYHEBIE BEKTODHI Tigg U Tgg ONPENESIOT HAIPABICHHE
BOJIHOBBIX HOpMaJiedl OMOPHOM W MPEIMETHOM BOJIH COOTBETCTBEHHO.
Cumeonamu R u S, 0603HAYCHBI BEKTOPHBIC aMILIATY/IbI JINHEHHO TIOJIs-
PU30BaHHBIX OMOPHOM U MpeaMETHON BOJH. BXOaHBIE a3UMYTHI MOIsIpU3a-
uuu Wro, ‘Pso SABJISIFOTCS MepOI/I YTJIOBOTO PAacCTOSHUA MEKTY HapaMI/I BEK-
TOpOB (eRﬂ,Rﬂ) u (€gp, Sﬂ) COOTBETCTBEHHO. BeKkTOpbI Rﬂ, Sﬂ, €ro> €50
Mg, ¥ Tigg HA PUCYHKE | HE MOKA3aHbI.

[IpumeMm cnenyroniue 0003HAYEHUS ISl BOJH, JAOMOJHUTEIBHO B3au-
MOJICUCTBYIOIIUX C OJJHOM U3 TpaHEl KpUCTAJIa: UHIEKCHI t U T TOCTABUM
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B COOTBETCTBHE MPEJIOMIICHHON M OTPaKEHHOM BOJIHAM; MppamMu 0003Ha-
YUM TIOPSIIKOBBIE HOMEpPA Cpell, C KOTOPbIMU B3aMMOJIEHCTBYET BOJIHA.
JlomycTuM, 4TO 3THU CpeJlbl JIOKAIU30BaHbl B CIEIYIOMINX 00JACTSIX MPO-
cTpaHcTBa: cpena 1— npu z <0; cpena 2 — B unTepBatie 0 <z <d; cpena 3 —
npu z> d. Takum 006pa3oM, BOJTHOBBIE BEKTOPHI ErRIE, Egﬂ COOTBETCTBYIOT
CBETOBBIM BOJIHAM, OPMUPYIOIIUMCS TIPU (HPEHETEBCKOM OTPAKEHUU OT
- > - S -
rpaHeii kpuctamna. BonHoBele BekTophl Ky n ks (kg = ki?, kg = kE?)
COTIOCTABIIIOTCS MPOILIEAIINM BOJIHAM, KOTOpble AU(parupyroT Ha OTpa-
XKaTeIbHOU ToJiorpa)UuecKoll peIIeTKe, XapaKTepUu3yemMoil BOJHOBBIM

_

BekTopoM K m mpoctpaHcTBeHHBIM TTepruooM A. BepTukanbHbIe IITPUXO-

BbI€ JIMHUU HA PUCYHKE | WIUIIOCTPUPYIOT PACIOJIOKEHUE B KPHUCTAILIC

CJIO€B OTpakaTeJIbHON Toyiorpaduueckoi pemerkd. BoJIHOBbIE BEKTOPHI
Lh—-2 1’n—-1 'n n+l n+2

.o kg S kg kg kg, kg'4,... COOTBETCTBYIOT MapLUaIbHBIM BOJIHAM,

BO3HUKAIOIIUM NpU AUGPAKIMK OMOPHOM BOJHBI Ha Tojiorpamme. BomHo-

23 r23 . Ut21 r21
BbIe BeKTOphI KE~, kg™~ n kg™, kg** comocraBieHbl IPeIOMICHHBIM U OT-

Pa’KCHHBIM BOJIHAM, BO3HUKAOIIINM IIpu naacHumn BOJIH

— —

C BOJIHOBBIMH BekTOopaMu Kgr u kg Ha rpanm kpucramia. [lapamerpamu Qr

U (s OIPEAEIAOTCA YIJIbl MEXKAY HOPMAJISIMU K TPAHSAM KPUCTAJUIA U BOJI-
— —

HOBBIMH BeKTOpamMu Kgrg u k.

JInsi TpOBEEHHS] TEOPETUUYECKUX PACUETOB HMCIOJIB30BAINCH CUCTEMA
YPaBHEHUM CBA3aHHBIX BOJH [, 6] m mapameTpsl kpuctamuia BTO, npuse-
NeHHbIE B [7]. HanmpshkeHHOCTh 3JIEKTPUYECKOTO OIS pa3JeiIEHHbIX 3apsi-
0B B (poTopedpakTMBHOM KpHUCTalJIe NpUHUMAanack pasHo# 0,6 kB/cwm.
Yriel @ro U @so BbIOpaHbl paBHBIMH 5°. OTHOLIEHWE WHTEHCUBHOCTEU
NPEAMETHON W ONOPHOM BOJIH HA BXOJE B KPUCTAILI MPEANOJIArajJoch pas-
HeiM 1/10. IIpu pacderax HCHOJNB30BAINCH CBETOBBIE BOJIHBI C JIMHOMN
BOJIHBI, paBHON 633 HM. IIpy YMCIEHHOM PENIEHWH CHUCTEMBI YpPaBHEHUI
CBSI3aHHBIX BOJIH YYTE€HBI (DPEHEIIEBCKUE MOTEPHU, OOYCIOBICHHBIE B3aUMO-
JNEWCTBUEM BOJIH C TPaHsIMH KPUCTAILIA.

[Ipu onucaHum >HEPreTUYECKOro OOMEHa MEX/1y OTMIOPHOU U MPEIMET-
HOU BOJTHAMHU NP UX OJHOBPEMEHHOM NU(paKuy Ha OTpa’KaTeIbHOMN ro-
JorpadUUEeCKOM pelIeTKe HCIOJIb30BaJICA IMapamMeTp OTHOCHUTEIbHOW HH-
TEHCHBHOCTH HPEJMETHOH BOIHBI: y = [$T /[, 1€ | — MHTCHCHBHOCT

HpCHMCTHOﬁ BOJIHBI C BOJIHOBBIM BCKTOPOM EtZI, HpOI].ICI[I.HGﬁ qcpe3 HE-
5

BO3MYILEHHBIN KpUCTaUl (B KpPHUCTAUIE OTCYTCTBYET rojorpapuyeckas
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pemerka); [$T — MHTEHCUBHOCTh NPEIMETHOM BOJIHBI C BOJIHOBBIM BEKTO-

—* o
pom k{21, mporeaineii yepes KpucTaul, B KOTOPOM 3aIlkcaHa roJiorpaMma.

3. O0cyxaeHue pe3yjbTaToB
Ha pucynke 2 kpussie 1, 2 u 3, 4 npeACTaBIsIOT COOTBETCTBEHHO OTH-

baromue, IPOXOIAIINE YePe3 MaKCUMBbI Y™™ ¥ MUHMMYMEI ™" rpadukos,
WUTIOCTPUPYIOIINX 3aBUCHUMOCTH OTHOCUTEIIBHOM HMHTEHCUBHOCTH IIPE.I-
METHOM BOJIHBI Y OT TOJIIIMHBI KpucTasuia d.

Y, OTH. €]l.
3,

.............. A

0 ! ! |
10 d. MM 20 30

PucyHok 2 — 3aBUCUMOCTH OTHOCUTENBHON HHTEHCUBHOCTH
IPEIMETHOM BOJHBI Y OT TOJIIMHBI KpUcTauia d, paccuuTanHbie s ha30BoU

(ITpUXOBBIC TUHUH) U (HA30BO-aMIUTHTYIHOH (CIUTONIHBIE IMHUN) OTPaKAaTEIbHBIX
rojgorpamm: 1, 2 — oruOaroiiue, NpoBeJEHHbIE YEPE3 TOUKH, COOTBETCTBYIOLIUE Y™,

3, 4 — orubaromiue, MPOBEIEHHBIC Yepe3 TOYKU, COOTBETCTBYIOMmUE y™™;

5,6 —YRrRo0=9° 7,8 —Yro=100°
[TapameTpsl Y™ p y™" [Ipy KaXJ0M 3HAYECHHHU TONIIMHEI B HHTEPBAJIE
0 <d <30 MM onpenensiNch Kak HAauOOJIbIINE U HAUMEHbIIINE 3HAUCHUS v,
MOJYYEHHBIC TP YUCICHHOM PEIIEHUH YPABHEHHUMN CBA3aHHBIX BOJIH C UC-
N0JIb30BAHUEM Pa3IUYHbIX KOMOMHauui a3umMyToB Wro u Wso. Kpusbie 5—
8 0TOOpaxarT 3aBUCUMOCTH OTHOCUTEIbHOW MHTEHCUBHOCTHU Y MPEIMET-
HOM BOJIHBI OT TOJIIMHBI KpucTamuia d, paccuuTaHHble npu GUKCUPOBAH-
HbIX 3HaUeHUsAX Wro u Wso: kpuBbie 5 u 6 — ipu Wro = 9°, kpuBble 7 1 8 —
npu Wro = 100°. [Ipu pacuerax KpUBBIX 5—8 MCIIOJIB30BAIOCH CIECAYIONIEE
MOJISIPU3ALMOHHOE YCIOBHE: BXOJHbIE a3uMyThl nosipuzanuu VYro u Wso

BBIOMPATUCh TAKUM 00pa3oM, YTOOBI MPHU JTHOOOM Z BBIMOJHSIIOCH YCIOBUE

— —
OJWHAKOBOW MOJISIPU3AIMH BEIIECTBEHHBIX BEKTOPOB R 1 S.
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Kak BHIHO mipu cpaBHEHMM KpUBBIX | M 2, mpu JTIOOBIX 3HAYEHUSIX
TONIMUHBI d MaKCMMaIbHO BO3MOXKHBIC 3HAYEHUS Y, JOCTUTAEMbIE TIPU JIU-
dbpakuuu Ha (Ha30BO-aMIUIUTYAHON roJiorpaMme, BbIIIE, YeM Mpu Judpak-
nuu Ha (azoBoil rojorpamme. C yBenMuYeHHEM TOJIIUHBI d KpucCTaia
Pa3HOCTh MEXY 3HAUYCHHUSIMU Y™, HAUJEHHBIMU B 00€UX YKa3aHHBIX CH-
Tyalusix, BO3pacTatoT. ITO MOKHO OOBSCHUTH TE€M, YTO MPU HEKOTOPHIX
koMOuHanmsx azumyToB Wro u Wso mapiuanbHble BOJHBI, BO3HHUKIIHE
B pe3ysibTaTe Audpakiuv OMOPHOW BOJHBI Ha (DA30BOM M aMILIUTYIHOMN
COCTABJISIFOIIUX TOJIOrpaUUecKOi peleTk, CyMMUPYIOTCS C KOTEpEeHT-
HOW UM MPEAMETHON BOJHOW. HEMOHOTOHHOCTH 3aBUCMMOCTH IapameTpa
Y™ OT TONIIMHBI KPUCTALTAYECKOTO ¢Jios d 00yCIoBIEHA BIUSHUEM €CTe-
CTBEHHOU ONTUYECKOW aKTUBHOCTH KPHUCTAILIA.

[Ipu ananuze KpUBBIX 5—8 BUIHO, YTO MPU COOTBETCTBYIOIIEM BHIOOpE
YRro U COOMIOJICHUH MPUHSATOTO MOJSPUZAIMOHHOTO YCIOBUS JIsl (ha30BOM
TOJIOIPaMMBI MOKHO ONPENEIUTH Y™ 1 y™" mpy Kaxa0M (PUKCHPOBAHHOM
3Ha4YeHUHU TOJIIUHBI d (cM., Harpumep, Touku A, Az u Ci, Cy). s cme-
IIAaHHOMW TOJIOTPaMMBbI COOJIFOJIEHHE 3TOT0 MOJSIPU3AIUOHHOTO YCIOBHS HE
oOycnoBnuBaeT aHaioruyHoro sddekra. Hanpumep, ecnu npu Wro = 9°
¥ BBIIOJHEHHY IOJISPU3AMUOHHOIO YCIOBHUS Y™ 1 ™" UMEIOT MECTO IpH
mudpakiuy kak Ha (a3oBOM, TaKk M HA CMEIIAHHOW Tojorpamme, TO IpH
Wro = 100° mst (azosoii rojorpaMmsl Y™ 1 Y™ qocTUraeTca NpH HEKO-
TopoM 3HaueHuu ToamuHbl d (Touku Bi, Ci u By, C2), a Ans cMemaHHOM
B uaTepBane 0 <d <30 mm Y™ u y™" ge mocturarorcs (cp., HATPUMED,
Touku A1, D1 u Az, D).

Takum o0pa3zom, Ipu JBYXBOJHOBOM B3aUMOJIEHCTBUU Ha (ha30BOM OT-
paxarensHOM Tonorpamme B maTepBane 0 <d <30 Mm Y™ m y™" MoryT
OBITh JOCTUTHYTHI IOCPEACTBOM ONTUMAJIBHOTO BHIOOPA BXOJAHOTO a3UMY-
Ta Wro U cOOMIOIEHUS TTOJISIPU3AIMOHHOTO YCIOBUS, CBSI3bIBAIOIIETO Iapa-
MeTpsl Wro 1 Wso. B cityyae 1ByXBOJTHOBOTO B3aUMOJIEHCTBHS Ha (Ha3oBo-
aMIUTUTYJTHOM OTpaxkaTeslbHOUW Tojorpamme B uHTepBasie 0 <d <30 mMm
CYILIECTBYIOT TaKUE 3HAYEHUS TOJNIIMHBI KPUCTAJIA, IPU KOTOPBIX MPHU CO-
OJIFOICHUH TOJISPU3ALMOHHOTO YCIOBHUSI HE CYIIECTBYET 3HAYEHUU BXOJ-

HOro asuMyTa WPro, 00ECIIEUNBAIOIIMX JOCTHKEHHE Y™ 1 Y™,

n
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A.IL. baamakoB
YO «I'oMenbCKkuii rocyJapCTBEHHBIM YHUBEPCUTET
nMmenn Opannucka Ckopunb», I'omens, benapych

OCOBEHHOCTHU MOJIEJUPOBAHUA ®OTOHHBIX
KPUCTAJIJIOB, COAEPKAIIIUXCA B ITEPHAX IITULL
CO CTPYKTYPHBIM THUIIOM IIBETOOBPA30OBAHUA

Haunbonee pacnpoctpaneHHas ¢opma OTpakaroluuX CUCTEM B OHOJIO-
THYECKUX OOBEKTaX CBSI3aHA C OJJTHOMEPHOU CTPYKTYpOil (POTOHHBIX KpH-
ctaiuioB. OHa MIMPOKO BCTPEYAETCS B KOKHBIX MOKPOBAX MHOTHX HACEKO-
MbIX U pbIO. DOTOHHASI CTPYKTYpa TAKUX JOCTATOYHO MPOCTHIX OJHOMEP-
HBIX MHOTOCJIOMHBIX CUCTEM MOKET OBITh OMHMCAaHa C UCIOJIb30BAHUEM OC-
HOBHBIX 3aKOHOB UHTepdepeHnu. B kauecTBe npumepa pacCMOTPUM TOH-
KYIO IUIEHKY, TOKa3aHHYI0 Ha PUCYHKE |, MMEIOLIYIO MTOKAa3aTelb MPEIoM-
JeHus n2 ¥ Tonmuny d. [Tokazarenu npeaomieHus cpeibl, U3 KOTOPO ma-
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JaeT WU3JIy4YeHUEe, U CPElIbl, B KOTOPYIO OHO BBIXOAMT W3 AUAJICKTPUUCCKOM
IJICHKH, COOTBETCTBEHHO PaBHBI 711 M n3. CBET MajaeT Ha IUICHKY ITOJ He-
KOTOPBIM YTJIOM 61, YaCTHYHO OTPAXKACTCSI U YACTHUUHO MPEITOMIISCTCS 10T
yriom 6,. Jlamee cBET B IICHKE, TpeTepIieBas OTPaKCHHE OT € HIDKHEH
TPaHUIIBI ¥ TIPEIIOMJICHHE Ha BEPXHEH IPaHMIIC, BBIXOJIUT B CPEy, MMOKa3a-
TeJIb MPETOMIICHHS KOTOpO# 71. OnTHYeckas pa3HOCTh XOJa JBYX JIy4eH
Ha BBIXOJie paBHA 2dn2cos6:. [ BO3HWKHOBEHUsS MaKcMMyma HHTepde-
pEHIIMM 3TH JBa JIy4a JOJDKHBI OBITh B (paze. YCIIOBHS MaKCUMyMa
U MHHHUMYMa MHTCHCHBHOCTH OTPa)XCHHOTO CBETa OINPEACIISIOTCS CIeIy-
IOIIMMH PaBEHCTBAMMU:
mA =2n,d cos@,, Ipu n, <n, <n,,

(m + ;jxl =2n,dcos@,, TIpU n,<n,>n,,

rac m ncjIoC 4Ynucio.

Pucynok 1 — Cxema nnaTepdepeHnny B TOHKOH TUAIEKTPUYECKON TUICHKE
TOJILIUHOM d C IOKa3aTesieM PETOMIICHHUS 712

Jlst onrcaHuss MHOTOKPATHOTO OTPa)XEHUsI B IIJICHKE, 3aBUCSIIETO OT
JUTUHBI BOJIHBI, CJIEAYET PACCMOTPETh MHTEPPEPEHIIUIO BCEX OTPAKEHHBIX
BOJIH:

r=n,+ t12’”23t12€7i25 + tlzrzérzltzleiiw + t12r233”221t2187i65 T
rae r u t — Ko3QPUIUEHTHI OTpakeHus: U mpoxoxaeHus dpenens. [Ipu
TOM pa3HOCTh (a3, 00yCIOBICHHAS ONTUYECKON TOJIMHON TJIEHKH, OTH-
ChIBaeTcs popmyJion
27m,d cos 0,
P :

CyMMupysi COOTBETCTBYIOIINE aMILTUTYbI, HAXOAUM 00IINi Ko3(pdu-
IIUCHT OTPAKEHMUS, CBA3AHHBIN C IBYMsI TPaHUIIAMU pa3jiesia IJIeHKU:

_ Nt r23e_i26

- —i28 °
l+7,n,e

5:
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[Ipu sTOM 3HepreTudyeckuii KO3(P(OUIIMEHT OTPaKEHHUS MOMKET OBITh
paccunrtal kak R=|r]>. JlaHHbI (HOpPMaIU3M MOKET OBITH UCIIOIB30BaH IS
MPOTHO3UPOBAHUS CIIEKTPAIBLHOTO OTPAXKEHUS B MPOCTHIX OJIHOCIONHBIX
cuctemax. OgHaKo B OMOJIOTMYECKUX OOBEKTax Hamboliee pacrnpocTpaHe-
HBbI CUCTEMBI, COCTOSIIIIME U3 HECKOJBKUX TOHKHUX IUICHOK, T.€. MHOTOCIIOM-
Hble cUCTeMBbl. B 3TuxX cucremax muk kod3GdUIMEeHTa OTPaKEHUS MOXKET
OBITH OMPENICNIEH C MCIOJIb30BAHUEM TOI0 K€ N€OMETPUUYECKOTO CO00pa-
KEHUS, KOTOpPO€ OBbUIO HCIOJB30BAHO NPHU PACCMOTPEHUU OJMHOUYHBIX
TOHKHUX IJICHOK. PaccMOTpuM clioM, coaepKaninil IB€ TOHKHUE IUIEHKH, TIPU
3TOM cJIOM 1 MMeeT mokasarelnb NPEJIOMIICHUS 11 U TOJIIIHUHY d1, a CIION 2 —
noKa3aresib MPEeJOMIICHUS /2 U TONUHY db. CBET najaet noj yrioMm G u3
Cpelbl C IMOKa3aTesieM IPEeIOMIIEHHsS no. Y CIIOBUE MakcUMyMma HHTep(de-
PEHIIMY TIPU 3TOM UMEET BUJL:

. 2 2 .2 2 2 .2
mi—Z(lenl —ng sin” 6, +a’2Jn2 —n; sin (90), (1)
rne m — uenoe yucio. Korga ontuyeckue TOMMIMHBI 00OMX CIOEB PaBHBI,

CUCTEMAa HAa3bIBACTCS UJICANIbHBIM MyJbTUCIOEM. [Ipu HOpMaibHOM maje-
HUU BBIpaXEHHE IJI1 MakcuMyma uHTepdeperiuu (1) ynpoiaercs:

—=nd, +n,d,.

HeCMOTpH Ha TO, 4TO I/II[eaJIBHBIﬁ My.]'[BTPICJ'IOfI BCTPCHAKOTCA B HCKOTO-
PBIX OMOJIOTHYECKUX CUCTCMAX, TAKUX KaK HCKOTOPBIC BHUIbI pBI6, 001b-
IIIHHCTBO OMOJOTHMYECKUX MHOTOCIOMHBIX CHCTEM HE SIBIISFOTCS nacajib-
HBIMU. HOC—)TOMy AHAJIN3 OTPAKCHUA U3JIYYCHHA OT MHOT'OCJIOMHBIX CUCTEM
B 3aBUCHMMOCTH OT JJIHWHBI BOJIHBI BBIITOJHACTCA C HCITIOJIB30BaAHHUECM MCTOAA
MaTpunsbl ICPCHOCA, MECTOJAOM PEKYPCHH HUIIN UTCPATUOHHBIM MCTOIOM.

C wucnoab30BaHUEM HUTCPALIMOHHOI'O MCTOAA IIOJIYUCHO CJICAYIOIICC
BBIPpAKCHUC JIA MMMKOBOM BEJIMYMHBI KOC—)(I)(bI/ILII/ICHTa OTPAKCHHUA OT HUIOC-

AJIBHOT'O MYJ'IBTI/ICJ'IOSI HpI/I HOpMaHBHOM IMaacHUun I/I3queHI/IH:
2s 2s
n n
_ h 2 h
R= _ nh - nincnout / _
n; n

ny+n, n , (2)

inc"“out

rac mokasarcein MnpeaoMJICHUA CIOCB n, >n;,, CUMBOJIOM S§ 0003HAYCHO

YHUCJIO Map CJIOEB B cUCTEME 2§ + | CIIOEB; Ainc ¥ Hout COOTBETCTBEHHO — IO~
Ka3aTeNau MPEIOMIICHUS BXOJHOW M BBIXOAHOM cpen. Ilpu yBenmnuenun

YHCJIa Map CJIOEB S BhIpakeHUE (2) CBOUTCS K CIEIYIOIEMY:

2s

4dn. n n

~ inc" out h
R~ — e out| ,

2
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a TMKOBOE 3HaueHHe KOA(DPUIIMEHTa OTpa)xkKeHUs OBICTPO MPUOIUKAETCS
K equHuiie. [Iuku ¢ aOCOMIOTHBIM OTPaXKEHUEM COOTBETCTBYIOT 3alpeIlicH-
HOM 30HE (POTOHHOrO KpucTauia. M3 mpuBeIeHHBIX BBIPAKEHUN CIEIYET,
YTO C yBEJIWYEHUEM YHCJa CJIO0€B MaKCHUMallbHas OTpa)KaTesibHas CI0CO0-
HOCTh yBenuuuBaerca. [Ipu 3TOM crnekTpajibHasi MIMPUHA 3alpelieHHON
30HBI ONPENENACTCA MOKA3aTeISIMA TPEJTOMIICHUSI COCTABJISIOIINX CIIOEB.
BOJBIIMHCTBO CTPYKTYPHO OKPAIICHHBIX OMOJIOTUYECKUX BUIOB 3BOJIIO-
HUOHUPOBAJIM K OTHOCHUTEIIBHO OIPaHUYCHHOMY KOJIMYECTBY CJIOEB B HX
OTPAXKAIOUIUX CUCTeMaX. B mephax NTHUI] MHOTOCIOWHBIE CTPYKTYPHI CO-
JepkaT, Kak rnpasuio, okojo 10 cioeB MenaHocoM. Buibl ¢ O0IBIITUM KO-
JMYECTBOM CJIOEB MUMEIOT TEHACHIMIO K OTOOpakKeHUI0 00Jie€ MHTEHCUB-
HOW IIBETOBOW TamMbl. [Ipu 3TOM, €clii 3TU CIOM OTHOCHUTEIBLHO XOPOIIIO
BBIPOBHEHBI OTHOCUTEIIBHO JIPYT JIpyra, TO Mepbsi MPUOOPETAIOT METaILIu-
YECKHUM OKpac.

PaccmoTpuMm moapoOHee CTpyKTypy (DOTOHHOTO KpuUCTalia B Iepe
U MIPOAHAJIM3UPYEM €ro OCHOBHBIE XapakTepucTuku. Ha pucynke 2(a) mpu-
BEJICHO CXEMaTHUYECKOE H300pakeHUEe TPEXMEPHOU CTPYKTYphI T'€Kcaro-
HaJIbHOTO MAacCHBa M3 IUIOTHO YNAKOBAHHBIX IMOJBIX MEJIAHOCOM, Paclio-
JIO)KEHHBIX B CJI0€ KepaTWHA, TPAHUYAIEr0 C BO3JIyXOM CBEPXY U CHU3Y.
Ha pucynke 2(a) cxeMaTHMuecKd TIOKa3aHO TIaJaloIlee JIMHEHHO-
MOJISIPU30BAHHOE HW3JIYYEHHE BUJMMOTO JUalia3oHa C YriioM MaJIeHUs o
u mogamu TE u TM, 0003HaYeHHBIMU KPacHbIMU W CHUHHMH CTpEIKaMu
COOTBETCTBEHHO. PaccmaTpuBaroTCs IBE IJIOCKOCTH MAJIEHUS] IO OTHOIIIE-
HUIO K YHOPSAOYEHHBIM MeJIaHOCOMaM, KOTOpble 00O03HAa4YeHbI COOTBET-
ctBeHHO 1udpamu 1 u 2. Ha pucynke 2(b) nokazan nomnepeuHslii pa3pes
paccMmaTtpuBaeMoro (hOTOHHOTO KpHucCTaia. 3yOdaTasi CTPYKTypa HUKHEH
YaCTHU KEPATUHOBOTO KOPTEKCA C BBICOTOM 3yO10B 0,75 MKM M HIUPUHOMH,
CPaBHUMOW C PajuyCcoOM MEJIAHWHOBBIX LMJIMHIPOB, HCKYCCTBEHHO BBEJIC-
Ha B MOJIeJb (POTOHHOTO KpHUCTajla C LEJIbI0 COIVIAaCOBAHUSI MMIIEIaHCa
KEpaTUHOBOT'O KOPTEKCAa ¢ MMIIEJAaHCOM CBOOOJHOTO IMPOCTpaHCTBa (BO3-
nyxa). Ilpu Takol CTpyKType KOPTEKCa Ha CIIEKTpPax OTPAKECHHS U3ITyue-
HUSI TPOUCXOJUT CTIIAKUBAHUE BBICOKOYACTOTHBIX COCTABJISIONIUX OCIIHJI-
Jsuui, o0pasyromnmxcst BelieacTBue pezonanca @adopu-llepo npu orpaxke-
HUM M3JTyYEHUs] OT BEPHEW W HIKHEW TpaHUIl KEPAaTMHOBOIO KOPTEKCa.
B ¢doroHHBIX KpuCTauiax NepheB NTHUIl ATOW 3yOUaTol CTPYKType (Tpe-
OCHKE) COOTBETCTBYET MAacCCHB HEOJHOPOIHOCTEH B TOJIIE KEPATHHOBOIO
koptrekca. [Ipu 3ToM TONIMHA KEPATUHOBOTO KOPTEKCA B MOJIENU C 3y0Oya-
TON rpeOEHKON MOXKET ObITh OrpaHWYEHA pa3MepOM MOPsJIKa 3 MKM, TOTa
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KaK B CCTCCTBCHHBLIX CTPYKTYpax TOJIIHMHA KECPATHHOBOI'O KOPTCKCA KaK

MIPaBUJIO OOJIBIIIE.
Incident light E

Eé(g{i
Air

wr ¢

0.75 pm

Pucynox 2 — JIBymepHbIit (pOTOHHBIN KpUCTAILT, GOPMHUPYIOIIUI CTPYKTYPHOE
I[BETOOOPa30BaHME B MEPhIX HEKOTOPHIX NTHIl. (a) — OOmuit Bua GoToHHOTO
KpHCTajuia, Ha KOTOPBINM MafaeT CBET Nox yriioM o c¢ noispuszanusamu TE wiu TM,
(b) — Ilonepeunslit pazpe3 uccaeayemMoro (OTOHHOTO KPUCTAIJIA ¢ yKa3aHHEM
PAacIIoNIOKEHUSI MEIAHUHOBBIX OJIOKOB B KEPAaTHHOBOM KOPTEKCE U YKa3aHUEM
XapaKTEpHBIX Pa3MEPOB CTPYKTYpPHI

B Monenu st OTOHHBIX CTPYKTYp B MEPbSIX MHJIOKA, MPUBEICHHON
Ha PUCYHKE 2, HaMU OBUIM TTOJYUYEHBI CJICIYIOIINE OCHOBHBIE T€OMETpUYE-
CKHE TTapaMeTphl, IPU KOTOPHIX CIIEKTPHl OTpaKeHHUsI HanboJiee TOYHO CO-
OTBETCTBYIOT SKCIIEPUMEHTAIbLHBIM JaHHBIM [1-4]: ToJIIMHA KEPATUHOBO-
ro KOpTeKca Mops/ika 3 MKM, TOJIIIMHA BEPXHErO CJIO0sl KepaTuHa (MEXIy
BEPXHUM CJIOEM BO3/IyXa U MEPBBIM CJI0eM MellaHocoM) nopsaka 200 HM,
nrameTp menaHocoMm D = 250 HM, AuaMeTp BO3AYLIHBIX MMOJIOCTEN B MEJIa-
Hocomax d = 0,8D, KOJIMYECTBO CJIOEB MEIAHOCOM 7, PACCTOSIHUE MEXKITY
CJI0sIMU MesaHocoM 216,5 M, yron najeHust uznydeHus: o =0° (HopMalib-
HOE IMaJICHUE), TaJIaloIIee U3TyUYeHHEe COOTBETCTBYET TUIY HOMep | Ha pu-
CyHKe 2(a), moKa3zaTeib MPEIOMIICHUS SISl MEJIAHUHA Mmel UMEET JTUCTEP-
CHUOHHBIN XapakTep, U3MEHsISICh B Tipenenie ot 1,79+i-1,69 no 1,66+i-1,54.
[TokazaTenb MpEOMIICHUS KepaTHUHA Hier U3MEHSETCS B Ipeaenax oT
1,57+i-0,01 no 1,54+i-0 B BUAMMOM Auana3oHe JJIMH BOJH [5].
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A.Il. baamakos
YO «'omenbCKkui TOCY1apCTBEHHBIN YHUBEPCUTET
nuMmeHu @pannucka Ckopunbl», ['oMensb, benapych

UCCJIEJOBAHUE ®U3UYECKNX OCOBEHHOCTEM
CTPYKTYPHOI'O IBETOOBPA30OBAHMUA IEPBEB IITHUILL

@DOTOHHBIE KPUCTAIIIBI, KOTOPBIE €CTECTBEHHBIM 00pa3oM BCTPEUAIOTCSA
B IIEPbSIX HEKOTOPBIX BUIOB NTHUI] CO CTPYKTYPHBIM THUIIOM OKpPacKH, HC-
CIIEIYIOTCS B paboTe B LIENSAX BBISIBICHUS BO3MOXHBIX ONTHYECKUX MPU-
noxxeHuil. PaznooOpasue 1BETOB MPUPOJHBIX CUCTEM OOYCIIOBIECHO IBYMSI
OCHOBHBIMH ONTHYECKUMHU MEXAaHU3MaMH, M3BECTHBIMU KaK MUTMEHTHOE
U CTpYKTypHOE 11BeTooOpa3zoBanue [1]. [llupoko pacnpocTpaHeHHbIN THUT-
MEHTHBIN THUI LIBETOOOPa30BaHUs 00YCIOBJICH OTPAKEHUEM U PACCEIHUEM
cBeTa OOBEKTOM, COJEpKAUIUM MUTMEHT, KOTOPBIM IOIJIOIIAET CBET
B OIPAHMYEHHOM JWAIla30HE JJIMH BOJIH, B TO BPEMs KaK M3Iy4€HUE, HE
COOTBETCTBYIOIIEE ITOMY JIMANA30HY, CIa00 B3aUMOJEHCTBYIOT C MUTMEH-
ToM. COBEpIlIEHHO HMHAas KapTUHA HaOJIOJAeTCs] MPU CTPYKTYPHOM THIIE
BETOOOpA30BaHus, IPU KOTOPOM LIBETa POPMHUPYIOTCS KaK CIIEICTBUE HH-
TepdepeHIIr CBETAa U €ro KOT€PEHTHOI'0 PACCEsIHUSI Ha CyOMUKPOMETPO-
BBIX CTPYKTYpax C MEPUOJAMYECKH M3MEHSIOIMMHUCS MOKa3aTeNsIMU IIpe-
aomiienust [2]. B npupoae o6a 3TM MexaHu3Ma IBETOOOpa30BaHUsI 4aCTO
peanu3yroTcsa OJHOBPEMEHHO B OJTHOM U TOM K€ OOBEKTE.

60



CTpyKTYypHBIN THUIT IIBETOOOPA30BAHUS PACIIPOCTPAHEH B MEPHAX HEKO-
TOPBIX MITHUIL CBSI3aH C 0COO0M CTPYKTYpOil MepheB, 00YCIOBIMBAIOIIEH 00-
pazoBaHue (OTOHHBIX KPUCTAIOB. MOXHO BBIJIEIUTH JIBA OCHOBHBIX IO/~
TUMA CTPYKTYp, PE3YJIbTATOM B3aUMOAEHUCTBUS M3IYUYEHHS C KOTOPBIMHU
SIBJISIETCA 1IBETOOOPA30BAaHME B NTUYBUX MEPHIX: Iy0UYaThie CTPYKTYPHI T1e-
PBEB U YIIOPSAAOYEHHBIE PEMIETKH MeTaHOCOM [3]. ToJbKO 1Sl HECKOJIBKHUX
BUJIOB TITUI[ XOPOIIO M3BECTHBI JETAIM MEXaHU3Ma CTPYKTYPHOTO IIBETO-
oOpazoBanusi. Hanmpumep, okpac mepbeB roixy0eil MoKeT OBITh XOpOIIO
ONMCAH C MPUMEHEHHEM TEOPHUH TOHKHX IUICHOK [4]. B mepmsix palickux
NTHUL] COJIEPIKATCS CIOUCTBIE CTONKH 3aNOJTHEHHBIX MEJAHWHOM IIWJIMH-
JIPUYECKUX CTPYKTYpP C CyOMUKPOMETPOBBIMHU pazMepaMu (MeIaHOCOMa-
MH), BCTPOEHHBIX B KEPATUHOBBIN KOPTEKC, KOTOPhIEC AEUCTBYIOT KaK MHO-
rOCHOMHbBIE oTpaxkarenu [S, 6]. CTpykTypa ¢ TpeXMEPHBIM PAaCIOI0KEHHU-
€M MEJIAHOCOM C BO3JIYLIHBIMHA KaHajlaMH B KEPATUHOBOM KOPTEKCE
HaOJII0/1aeTCs B MABJIMHBUX MEPHSIX U JIEUCTBYET KaK TPEXMEPHBIN (HOTOH-
HBIW KpucTaili [7].

[lepbst cO CTPYKTYpHBIM THUIIOM I[BETOOOPA30BaHUS MOAPA3JICIAIOT HA
IBa MOJATHUNA: MEPbSI C PaAy’KHBIM OKPacoM M IEpbsl C OTCYTCTBUEM pa-
JTy>KHOTO OKpaca (pUCYHOK 1).

[ Tun uBeToO6pasoBaHMA J

C pagy»HbIM bes pagy»Horo
OKpacom OKpaca

Pucynok 1 — Knaccuduxanus iseroodpazoBaHust IephEB MTHUI]

JI71st mepheB MHAIOKOB XapaKTEPHO JIOBOJBHO CJIO0KHOE PACIONIOKEHUE
MOJIBIX MEJIAHOCOM, & UMEHHO: TEePhs C TTOJIBIMH, 3aIIOJTHEHHBIMH BO3IyXOM
MEJIaHOCOMAaMH, TIJIOTHO YIAaKOBAHHbBIE B T'€KCArOHAIBHYIO PEIIETKY, HaXO-
JATCSI B KEPATHHOBOM KOpTEKCe, oOpa3ys AByMEpHBbIH (DOTOHHBIM KpH-
ctami [8]. Ha pucynke 2 npuenens! pororpaduu, WLTIOCTPUPYIOLIUE pa-
Jy>KHBIM OKpac MepheB MHJIOKA, SBIISIONTANCS CIEACTBUEM CTPYKTYPHOTO
1BeTOOOpa3oBaHus. Paznuuus 11BE€TOB, UMEIOIINE MECTO y NTHUILIBI ISl Tie-
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pbeB pa3HbIX TUHOB (pucyHok 2(b,c)), 00yCIOBIECHbI OTIUYUSIMHU B T€OMET-
PUYECKUX pa3zMepax (POTOHHBIX KPUCTAIJIOB, HO HE B CTPYKTYpe (POTOHHO-
ro Kpucrajia, i ero MaTepualibHbIX napaMmerpax. CTOUT TakkKe 3aMETUTh,
YTO I[BET MEPHhEB MEHSIETCS B 3aBUCUMOCTH OT yTJia HaOJI0IEHUS, TT0O3TOMY
B COOTBETCTBUHU C KJaccu(uKaluen, mpuBeJEHHON Ha PUCYHKE 1, ©X MOX-
HO OTHECTH K TUINy «CTPYKTYPHBIE» U MOJTHIY «C PALy>KHBIM OKpPacoM).
[Ipu oTpakeHuu cBeTa MOJA OOJBIIMM YIJIOM MPOSBISIIOTCS (PUOIETOBBIN
OTTEHOK B OKpPace XBOCTOBOTO IE€PA U YETKO BBIPAKECHHBIN 3€JIEHBIN LIBET —
B OKpace NOKpPOBHOro nepa (pucyHok 2(d,e)).

Pucynok 2 — @oTo nepbeB WHAIOKA, 000X CTPYKTYPHBIM THIIOM
1BeTo0Opa3oBaHusl. (a) — o0t By mruiibl, (b) — XBOCTOBOE IEpO, (C) — MOKPOBHOE
nepo, (d, e) — Te xe nephs, 4to B (b,c) COOTBETCTBEHHO, HO HAOJIIOTaEMbIE
MIPU OTPAXKCHUH MO OOJIBIIIAM YTIIOM

Ha pucynke 3 wWUIIOCTpHpPOBaH MEXAaHW3M TIOSIBJICHHUS PaIy’KHOTO
OKpaca NTHYbUX IEePhEB, KOTOPHIM XapaKTEePEH CTPYKTYPHBIN THIT IIBETO-
oOpasoBanus. PaqyXHbIli OKpac MepheB UMEET MECTO, €CIM CIEKTp OTpa-
JKEHUS TIepa 3aBHCHUT OT yTjla OTPAXCHUS U3ITyYCHHS OT €ro IMOBEPXHOCTH
(pucynok 3(a)). B aToM ciiyuae MenaHOCOMBI UMEIOT (hOPMY HIWIIHMHApPUYE-
CKHUX OJIOKOB M yIaKOBaHBI psAAaMU, Kak MOKa3aHO Ha pucyHke 3(a). Ecim
OTTEHOK TIEPhEB OCTAETCS OJIMHAKOBBIM BHE 3aBUCHUMOCTH OT TOTO, IO Ka-
KHM yTJIOM HaOJII0JIaTeIh PETUCTPUPYET CIIEKTP OTPAKCHUS, TO UMEET Me-
CTO CTPYKTypHOE IIBeTooOpazoBaHue 0e3 pagyKHOTro okpaca. B aTom ciy-
gae KaK MPaBUJIO B CTPYKTYPE MEPHEB NTHUI] UMEIOTCS BO3IYIITHBIC ITOJIOCTH
chepudeckoit (HOpMbI, KOTOpBIE CHEMU(DUISCKUM O00pa3oM pPacCeUBaIOT
najaronmii cBer 6e3 oOpa3oBaHUsS paayXKHOTO Okpaca. ['omyOoii 1Ber me-
PBEB Yy NTHIl CO CTPYKTYPHBIM THUIIOM IIBETOOOpa30BaHMsI, KaK MPABUIIO,
0OYyCIIOBIICH pacCesTHHUEM.
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(a) (6)

A \ AN N KERATIN g
£ \ _ CORTEX
MELANI N\ , SPONGY

RODULES R G . LAYER
LAYERS ? b e Keratin/Air Matrex

N e BLACK
KERATIN N= MELANIN
LAYERS LAYER

Pucynok 3 — [losicHeHrE MEXaHM3MOB CTPYKTYPHOTO IIBETOOOpA30BaHUS:
(a) — ¢ pamyxHBIM OKpacoMm; (0) — 6e3 pay’)KHOTO OKpaca

B nensix ucciienoBaHus XapakTepHBIX OCOOCHHOCTEH CIIEKTPOB OTpa-
KEHUS TIEPhEB UHAIOKA (CO CTPYKTYPHBIM THIIOM IBETOOOpA30BaHUS U pa-
Jy>KHBIM OKpPacom) OT Ba)KHEWUIIINX T'€OMETPUYECKHX MapaMeTpoB (HPOTOH-
HOTO KpHCTaJlJla aBTOPOM CTaThU MPOBEJEHA pa3padOTKa U MapaMeTpusa-
M. KOMIOBIOTEPHON Mojienu (OTOHHOIO KpHCTaia, MpeaHa3HAueHHOMN
IUIsl ONKMCAHUA CIEKTpPOB oTpaxkeHus. [lapameTpuzaius oCyIEeCTBIsIACH
[0 CJIEAYIOIINUM KIIFOUEBBIM MapaMmeTpaM (OTOHHOTO KpUCTaLIa: KOJUYe-
CTBY CJIOEB MEJIAHOCOM, WHTEPBAY MEXKIY 3THMHU CIIOSMH, BHEIIHEMY
JTMaMeTPy MEIAaHOCOM U IMaMETPy BO3AYIIHBIX MOJOCTEN BHYTPU HUX, TH-
Iy TPOCTPAHCTBEHHOW CTPYKTYphl (POTOHHOrO KpucTamia (KyOuueckas,
reKkcaroHajibHasi pemerku). MccneqoBana 3aBUCUMOCTb CIIEKTPOB OTpaXe-
HUS OT yIJia MaJIeHUsl U3 IyYeHUs Ha MOBEPXHOCTh (POTOHHOTO KpUcCTallia,
a TaKXKe OT THUIIA MOJIAPU3ALUN MAJAI0IIET0 U3TyYCHUSI.

B pabote ObLIM MOTyUYeHBbI TaKKe SKCIEPUMEHTAIbHBIE CIEKTPHI OTpa-
YKEHUSI IEPhEB MHIOKA N1 POTOHHBIX CTPYKTYp JBYX THUIOB U MPOU3BE-
JIEHO UX CPABHEHHE CO CIEKTPaMH, MOJYYEHHBIMU B PE3YJIbTATE MOJIEIIH-
poBanus. B nnanazone mimH BoyiH oT 400 1o 1600 HM criekTpbl, TOTy4YEH-
HBIE 30HAOBBIM METOJIOM, OYE€Hb XOPOIIO COOTBETCTBYIOT IMOJYYEHHBIM B
pe3yJIbTaTe YUCIEHHOTO MoenupoBanusa. OIHAKO NPU PETUCTPAIIUU CIICK-
TPOB MHUKPOCHEKTPOPOTOMETPUUECKUM METOJIOM B auamnaszone ot 400 mo
1000 HM 0oOHapy>keHbI OCHUJUISIUU, XapaKTep KOTOPBIX CHIIBHO 3aBUCHUT
OT BBIOOpa KOHKPETHOIO MUKPOMETPUUYECKOTO y4acTKa Mepa, BBIOPaHHOTO
JUISL UCCJIENOBAaHUS, YTO OOBACHSETCS €CTECTBEHHOW HEOJHOPOJIHOCTBHIO
MHUKPOCKOIMYECKON CTPYKTYphl NEpa. YKa3aHHbIE OCHWUISLIHA HMEIOT
UHTEPPEPEHIIMOHHYIO PUPOJTY U MOTYT OBITh ONMKUCAHBI B pAMKaX TEOPUU
uHTEepdEpEeHIIMN CBETa B TOHKUX IUIeHKaX. CIEKTphl, MOJy4YeHHbIE C TIPU-
MEHEHUEM (DOTOMETPUUECKOTO apa Y Ip0puxTa, B IHMana3oHe JJIMH BOJIH
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ot 400 10 1000 HM UMEIOT CTIIAXXEHHBIW, POBHBINA XapakTep (OCHUIUISAIIUAMN
HET) U OYEHb XOPOIIO COOTBETCTBYIOT UHUCIEHHO MOJIEIUPYEMBIM CIIEK-
Tpam.
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['HY «MuctutyTt dusuku numenu b.M. Crenmanora» HAH benapycu,
Munck, benapych

AKYCTOOITUYECKAS TEHEPAIIVSI CBETOBBIX ITYUKOB
IUPU C IEPECTPAUBAEMOM KPUBOJIMHENMHOMN
TPAEKTOPUEMN PACIIPOCTPAHEHUS

Beenenue
B pa6ore [1] mpemyioxxkeH meTon (GOpMUPOBAaHUS M JAaHO OIKMCAHUE
CBOWCTB HOBOTI'O THIA CBETOBBIX MOJIEN DUpH [2]|: TMHAMHUYECKUX ITYYKOB
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Oiipu (I1D) ¢ BBICOKOCKOPOCTHOM MEPECTPONKON mapaMeTpoB (KpUBOJIU-
HEWHON TPACKTOPUM JBHMKEHHUS, IONEPEUYHOTO CMEIICHUSI Iy4YKa, MpO-
CTPaHCTBEHHOM CTPYKTYpPhI, YCKOPEHUS JIBUKEHUS dHEPruu u 1p.). Takue
JTUHAMUYECKHE MYYKH peaM30BaHbl MpU pedpakiui CBeTa Ha CTOSYEH
akyctuueckoi BoJiHe. Ilokazano [1], uto dopmupyemoe mpu 3TOM ToOJIe
ABJISICTCS T.H. HEMIOJHBIM ITy4YKOM O¥pH [3], mapaMeTp KpUBU3HBI KOTOPOTO
U3MEHAETCS B MIMPOKUX Mpeiesiax TPy U3MEHEHUU (Da3bl CTOSIUEH aKyCTH-
YECKOW BOJIHBI.

N3MeHeHune mokazarelss IPEJOMIICHUSI CPelbl BCIIEJICTBUE BO30YXjie-

HHUS B Heil 3Byka onmceiBaeTca Qopmynoit An(x,f) = Angsin(k,x)cos(w,t),
rne k,=27/A, u ©,=27f, — COOTBETCTBEHHO BOJIHOBOE YKCIIO M IIUKIIHYE-

ckasg yacToTa 3ByKa. CTosiuasi aKyCTHYECKash BOJIHA MOIYJIMpPYET IOKa3a-
TeJIb MPEJOMIIEHUS cpelibl # U GOPMUPYET MEePpUOAUUECKYIO (Pa3oByIO pe-
meTKy, (QYHKIUS MPONyCKaHUs KOTOPOM omuchiBaercs (popmymoi

. . (7x
7g(x) = exp| iAg, sin A cos(@t) |, rue Ag,=kAnh, An, — aMILIATYHA

MOAYJISILIMY TOKa3aTeNs MPEJIOMIICHHUs], /I — IUPUHA aKyCTUYECKOTO TyuKa,
L=2,/2 —nepuop crosiueil BoiaHbl. OyHKIUSA NPOMYCKAaHUA T.H. SIN-JIMH3BI,

COOTBETCTBYIOIIAsl JaHHOU (popmysie Oe3 ydeTa BpEeMEHHOW MOIYJISIIHH,
ycclienoBanach B [ 1] v mpuBeeHa Ha puCyHKe la.

Bugno, 4yto KoHQurypamus Sin-JIMH3BI SBISETCS MNPOCTPAHCTBEHHO
HECUMMETPUYHOM. Pa3naras cuHyconaaibHyt0 (DYHKIIMIO B Psii U OTpaHU-
YUBAsSICh JABYMS UJICHAMH Pa3JI0KEHHUS MOXHO OMHUCaTh (PYHKIIMOHUPOBA-
HUE SIN-JIMH3BI KaK JAEHCTBUE MOCIEA0BATEIBLHO PACTOJIOKEHHBIX MTPU3MBbI
U KyOondeckou JuH3bl. [Ipu 3ToM UMeHHO KyOndecKas JIMH3a OTBETCTBEHHA
3a (hpopMHUpOBaHME TIepecTpanBaeMbIx 113.

1.04 1.0
—|
0.54 0.54
- :
—
8» 0.0 8« 0.0
g &
-0.54 -0.51
-1.0 . . , ) -1.0 ; . . :
-0.50 -0.25 0.00 0.25 0.50 -1.0 -0.5 0.0 0.5 1.0
XL XL

a
Pucynok 1 — ®a3zoBast GpyHKIHS Sin-1MH3HI () ¥ COS-IMH3HI (0)

65



B nacrosiielt paboTe MpOAOJIKEHBI MCCIEIOBAHUS JAHHOTO METO/a
dbopmupoBanus nepectpanBaeMbix 11D 1 M3yueHbl 0COOEHHOCTH (YHKIIU-
OHUPOBAHUSI TMHAMUYECKUX COS-JTUH3.

1. AkycroonTuyeckasi reHepauus IUHAMHUYECKHX NYYKOB JHpH
HA OCHOBE KOCHHYC-JIUH3BI

Ha pucynke 10 uzoOpaxeHna (azoBast pyHKIMS COS-TUH3bI, QYHKIUS
MPOITYCKaHUS KOTOpPOM OITMCBIBACTCS dbopmyoit

. X
Tc(x)=eXP(IA(00 COS(TJCOS(M)j B Ipelenax W3MEHEHHS apryMeHTa

(- m + m). O4eBHUIHO, YTO COS-JIMH3a COCTOUT U3 ABYX CUMMETPHUYHO pac-
MOJIOKEHHBIX, MPOCTPAHCTBEHHO CMEIICHHBIX SIN-JIWH3, MOKa3aHHBIX Ha
puUcyHke la.

PaccmoTpuM 1Be cUMMETpUUYHbIE KOH(UIypalMu OCBEIIECHUS COS-
JUH3BL: 1) Magaromui My4oK SBJISIETCA FayCCOBBIM C LIIEHTPOM Ha ONTHYE-
CKOM ocH, T.e. ipHu x = 0; 2) IMH3a OCBENIaeTCs ABYMs rayCCOBBIMH ITy4YKa-
mu (I'TI) ¢ nenTpamu B Toukax x =+ L/2.

Onrnueckas cxema yCTpOMCTBA ISl U3yUEHUSI CBOMCTB COS-JIMH3BI CO-
CTOUT U3 aKkycroonTuueckoilt (AQO) sueiiku, B KOTOPOil BO30YyXAaeTCsl CTO-
s4yasi BOJHa, (popMmupytromas B cpene (a3oByr0 (yHKUIHUIO MPOMYCKaHUS
7.(x) n Dypbe-npeoOpazyroniell MWIMHAPUIECKOW JIMH3BI ¢ (HOKYCHBIM
paccrosgaueM F. Jlng mmutanuu cxeMbl BMeCTO AQO SYEHKM MOMXKHO HC-
MOJIb30BaTh MPOCTPAHCTBEHHBIN MOAYISITOp cBeTa (SLM).

PaccmoTpum cHavana cinywai, korga magaromui [Tl ¢ ammurynoun
a, (x)= exp(—xz/ wz) MOTIEPEYHO HE CMEILIEH U BpeMeHHas ¢a3oBas QPyHK-

us paBHa enuuuile. Ha pucynke 2a moka3zaHo B3aMMHOE PACIOJIOKEHHE
nagatomero I'Tl u orpanndenHoit o0iacTeio x = (—L + L) cOS-TUH3BI IS
TpeX 3HAYEHUU MOJYIIMPUHBI Mydka w. B mepBom cinydae, korma w=L/5,
I'TI mouTH LEAMKOM pacrnojaraercsi B 00JacTH MOJIO0KUTEILHOTO (a30BOr0O
nporyckaHusi (MM OTPULIATENLHOTO, eclu cos(wt)= -1). B aTtom ciydae
MOJI€ Ha BBIXOJIe OyJeT UMETh OJU3KUM K rayccoBy NMpoduiib ¢ HEOOIBIION
aCUMMETpHUEH OTHOCUTEIBHO MEPETSHKKU (PUCYHOK 3 a), pacrojoKeHHOU
npu z = zr= (,62F. CnenoBareinbHO, A1EHUCTBUE COS-TMH3bI (DAKTUYECKHU IK-
BUBAJICHTHO JEHCTBUIO OOBIYHOM MapaboIMuecKOM JTNH3HI.
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Pucynok 2 — JIBe cuMMeTpudYHbIe KOH(PUTYpAIIUX OCBEIICHUS COS-TTUH3BI:
a —I'TI ¢ nenTpom Ha onTruyeckoi ocu; 6 — aBa ['Tl cuMMETpUYHO CMEIIIeHbI
OTHOCHUTEIBHO OCH

0.05 w=L/3; phase = 0

E 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 a 02 03 04 0.5 06 E 07 0.8 09 1 11 6

z/F

Pucynok 3 — Biussaue quamerpa nagatomiero oceoro I'Tl Ha nosie 3a nuH30i1

Jlist cmydaeB, KoTrJia w yBeIW4YMBaeTcs 10 3HadeHud L/3 w manee 10
L/2, BenuumHa Zf COOTBETCTBEHHO CTAHOBHUTCS PAaBHOW MPUOIUZUTEIIHHO
0,63F u 0,64F. YBenuuenue z¢f npuBoauT K 3pPexty Bo3pactanus chepu-
yeckoi abeppanuu. OnHaKo, KaK MOKa3aHO MPHU aHAIU3E paclpeaesieHUs
WHTEHCHUBHOCTH IyYKa 3a mpenenamMu (OKaTbHOW TEPETSHKKH, dTOT d(-
(GheKT OTHOCUTEIBHO CIa0blii B cpaBHEHUU C A(DPEKTOM HCKKEHHUS IPO-
buns myuka, HaOIIOMaeMBIM TIpU yBenudeHUH w. OTMETHM, YTO TOJIE 32
NEPETSHKKON mepecTaeT ObITh raycCOBBIM (pUCyHOK 30) U TpaHchopMupy-
€TCS B PACXOJSIIMICS My4OK ¢ MHUHUMYMOM WHTEHCHBHOCTH Ha OCH U
MakcuMymamMu 1o Kpasm. [lanHas TpaHcdopmaius 1oJis 0O0ycCJOBJIeHA
BIIMSIHUEM YETBEPTOTO WIEHA, IPONOPIHOHAILHOTO X° B Pa3IOKEHUH KO-
CHUHYyCa, B TO BpeMs Kak cepuueckas adeppallisi ONMHUCHIBAECTCS TPETHUM
4JIEHOM B PA3JIOKEHMH, T.€. IPONOPUUOHANLHEIM x*. OTCYTCTBHE B Pasiio-
KeHUr (YHKIHUHM, MOAYJIUPYIOIIEH MPOXOdllee CBETOBOE IMoJje, KyOouye-
CKOI1 cocTaBysrommeil (x*) mpu 0CeBOM OCBEIEHUH COS-JIMH3BI HE IPUBOIUT
K ¢popmupoBanuio [13.

Jliist mposiBieHnsT KyOM4eCKOW MOYJISIIINK, B TIPUHITUTIE COJIepKAIIeH-
Csl B COS-JIMH3€E, €€ He0OXOIUMO OCBEIIATh CBETOBBIMHU IyYKamu, IIEHTPU-
POBaHHBIMH B TOYKax mepernda (YyHKIMA TPOMYyCKaHWS, T.€. TPHU
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xp = #L/2. Uccnegyem 4YUCIEHHO MAHHYIO CXEMY, BBIJENSIST HECKOJIbKO
YACTHBIX CIIy4aeB, OTIMYAromuXcs noiaymupuHon nagatommx [Tl (pucy-
HOK 20). AHanoruuHo [1], bopMupyemMbie COS-IMH3aMH MTyYKH MOTYT OBITh
OTHECEHBI K Kiaccy HenoJiHbixX 119 [3]. [lo onpenenenuto, HenonHsie [19
XapaKTEPU3YIOTCS OTPAHUYEHHON IMIMPUHON MPOCTPAHCTBEHHOTO CIIEKTPA,
B TO BpeMmsi Kak ujaeanbHbie [ID Takoro orpannuenust He umerot. [Ipu Bos-
pacTaHuU MOJYMIUPUHBI W HenoJsiHble [1D craHoOBATCS MOAOOHBIMU He-
anbHbIM [1D ¢ TeHneHuMen K yBenuyeHuro nogoous. JlaHHoe 3akitoueHne
CJIelyeT U3 CPAaBHUTEILHOIO aHallM3a BBIXOJHBIX MoJjeil Diipu-tuna, ¢hop-
MUPYEMBIX COS-JIMH30M NMpU OocBelleHnn cMmeueHusivu 11 ¢ pa3HbiM 3Ha-
YEHUEM NOJYIIUPUHBI W. B yacTHOCTH, OTMEYAETCs, YTO JJIMHA UHTEHCHUB-
HOTO LIEHTPAJIbHOI'O0 MakcUMyMma, xapakrepHoro s I, Bo3pacraer ¢ po-
ctom w. IIpu 3TOM BO3pacTaeT M HCKPUBIICHHE TPAECKTOPHUH B IpeEAenax
JUTUHBI 3TOT0 MakCcuMyMa. PacTeT u 4ynucino BTOPUYHBIX MAaKCUMYMOB, pac-
npe/iesieHue NHTEHCUBHOCTH KOTOPBIX BCE 00OJIee TOYHO OMKCHIBAETCS Ma-
TeMAaTU4YECKOU PyHKIMEN DipH.

Pesynbrarhl pacuera, COOTBETCTBYIOIIETO BTOPOM KOH(UTYypaluu
OCBEIIEHUSI COS-JIUH3bI (PUCYHOK 20), WILTFOCTPUPOBAHBI HA PUCYHKE 4.

3nech nokaszanel 2D-pacnipeneneHuss UHTEHCUBHOCTH TIPU OCBEIIEHUU
onauM cMmemeHHbiM ['TI ((a) — mpu ocBenieHuu ¢ JIEBOM CTOPOHBI OTHOCH-
TEJIbHO OCH, (0) — MPU OCBEILIEHUU C TIPABOIl CTOPOHBI OTHOCUTENILHO OCH),
pU CUMMETPUYHOM OCBEILICHUM JIBYMsI Iy4KaMHu C OJIMHAKOBOW MOSPU-
3anuelt (B) U ¢ OpTOrOHaNbHBIMU Tosisipu3anusMu (). Ha ¢pparmenTax (z,
¢) rpadpuyecku OTOOpaKEHO IMOMEPEYHOe pacHpeeeHue HHTEHCUBHOCTH
B HECKOJIBKMX XapaKTEPHBIX CEUCHUSIX.

AHanu3upysi pucyHOK 4 BUJIUM, YTO TOJs, (POpMUpPYEMbIE ONTUYECKOM
CUCTEMOU B pacCMaTPUBAEMBIX 3/IECH YCIIOBUSX, SBJISIOTCS MOJISIMU DUPH.
B uwactHOCTH, Ha ¢parMeHTax (a — r) o4eBUIHO XapakTtepHoe s [19 uc-
KpUBJIEHUE TPAaeKTOpHUM Iyuka. [Io Mepe yBenrnUueHns IUPUHBI HaAatoIIEro
['TI w npoTs>KEeHHOCTh 00JaCTH, B KOTOPOW MHTEHCUBHOCTH M3TyUYCHUS BeE-
JIMKa, BO3pacTaer.

[Tonepeunbie pacnpeieieHuss UHTEHCUBHOCTH Ha pUCyHKe 4(1I, €) Tak-
K€ UMEIOT CTPYKTYPYy, TUIIMYHYIO 1Ji1 HenoJiHbix [19. BumHo, yto xpu-
BHU3HA U KO3D(PUIIMEHT, XapaKTePUIYIOIINN CPETHUI HAKIIOH TPACKTOPHIA,
s oboux I3, dopmupyemsix asyms I'Tl, umeroT pazHbie 3HaKku. MHTEH-
CUBHbIE MakCUMyMbI BYX [1D 3apoknaroTcsi Ha ONTUYECKON OCH Ha OJIH-
HAKOBOM PACCTOSIHUM OT COS-JIMH3bI — MOpPsJKa MOJOBUHBI €€ (PoKaIbHOM
nuHbL. B o0nactu nepecedenus napuuaibHbix [1D ¢ 0quHaKoBOM MOJSPU-
3alMe TposBIseTCss X MHTepepeHius (pUCyHOK 4a) ¢ JOCTHKEHHEM
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MaKCUMAaJIbHOM MHTEHCUBHOCTU (PUCYHOK 411), B TO BpeMs KaK MpPU OCBe-
meHnu cos-mH3bl [Tl ¢ opToroHanbHONM mossgpu3zanueit (pUcyHoK 4r) vH-
Tep(epeHIMOHHbIE OMEHUS OTCYTCTBYIOT (PUCYHOK 4¢).

16 16
w=L/5 —2z/F=0.54 w=L/5 —27/F=0.54
124 interference —27z/F=0.73 124 ortogonal polarization —27/F=0.73
: z/F=1.01 : z/F=1.01
= =
= s
Zz 38 Z 8
& é
2 2
= 4 = 44
LA A ™~
03 -02 01 00 01 02 03 03 -02 -01 00 01 02 03
XL XL

A
Pucynoxk 4 — Pacnpenenenue mnossi, popMHUpPyeMOro cOS-JIMH30# NpH €€ OCBEILIEHUH
MONEPEYHO CMEIEHHBIMU OTHOCUTENIBHO OcH (0HuM) ABymst ['T1
OTHOCHUTEJIbHO MaJIO IIUPUHBI W

Cy1iecTBeHHOE OTIIMYKE B CTPYKTYpE IO HAOJIIOAaeTCs IPU OTpHIIa-
TEJIbHOW MO 3HaKy (azoBoil Moayisiuu. B pe3ynapTare pacueToB mokasa-
HO, 4TO moJie, GOpMUPYEMOE OTPUILIATEIHFHON COS-JIMH30U, TPUOIMKEHHO
COOTBETCTBYET 3€PKAIBHOMY OTPaXEHUIO B (DOKATHHOMN TMJIOCKOCTH JIUH3BI
pacrpeiesieHust 1oJjst, PopMUPyeMOro MoJIOKUTEIbHOU JTUH30U. [1pu s3TOM
yBennueHue nonymupunsl najatomiero I'Tl go 3nauenus L/2 conpoBoxk/ia-
eTcst ocinadnenueM ddpdexra reneparuu [13. D10 cBSI3aHO ¢ BO3pacTarome
POJIBIO LICHTPAJIBHOM YaCTH COS-JIMH3bI, KOTOPAask BHITIOJHSICT (PYyHKIIHUIO Ma-
pabormvecKkoi JTUH3BI M HE CBsA3aHa ¢ popmupoBanuem [10.

CnenoBaTrenbHO, €CIIM COS-JIMH3a OMHApHAasl, TO €€ MEePEKIIUYECHUE TIPHU-
BOJUT K IEPECTPOUKE TEHEPUPYEMOTO IOJISI MEXKIY ABYMS YKa3aHHBIMHU
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Bbiie Tunamu 113, Tlpu HenpepbsiBHOM nM3MeHeHHH (as3bl, Kak 3TO MPOUC-
XOJIUT TIpU pePpaKkiuy HA CTOSUEH aKyCTUUYECKOW BOJIHE, CTPYKTypa MOJIS
IJJABHO M3MEHSETCS MEXIY JIBYMsl KpalHMMU BapuaHTamu. [Ipu u3zmene-
Huu ¢$a3el B mpomexyTke (0+7/2) NpoTSKEHHOCTh OCHOBHOTO MHTEHCHB-
HOro MakcumyMa I3 B obnactu 3a PoKycoM yMEHbIIAeTCsl, IHEPTHUS BCE B
OoJIbIIIeH Mepe cocpeIoToUrBaeTcsl B OKyce, KOTOPhI CMEaeTcst A0 Mo-
JoxeHust poKyca HUIMHAPUYECKON JIMH3BL. B mpenenbHOM ciydae, Koraa
¢daza paBHa 1/2, COS-IMH3a BBIPOXKIAETCA B OJHOPOJHYIO (Da3oByrO Iia-
CTUHKY U HE U3MEHseT najatoiiero nojis. [locne npepsiienus ¢azoii 3Ha-
YeHMs 7/2 COs-JIMH3a CTaHOBUTCA oTpuIiaTtenbHON U IID mocTeneHHo Boc-
CTaHABJIMBACTCS.

3akioueHue

Taxkum oOpazom, B paboTe HCCiIeI0BaHbl 0COOEHHOCTU (DOPMUPOBAHUS
nuHamudeckux [19 ¢ mpuMmeHeHueM (Ha3zoBBIX COS-JIMH3 B JIBYX PEXKUMAX
ocsenieHus. [lokazano, yto npu oceBom nageHuu I'Tl, tuamerp KoTOpOroO
3HAYUTEIHLHO MEHBIIE TMOMEPEYHOr0 pa3Mepa COS-JIUH3bI, OHA JIEUCTBYET
Kak 0ObIYHAas Mapabonnueckas JuH3a. [1lo mepe pocta AnameTrpa najaarorie-
ro I'Tl HaumHaIOT TPOSBIATHCS abeppaluy, MTPONOPIIMOHATBLHBIE YETBEP-
TOM M IIECTOM CTENEeHW KOOPAMHATHI X, 0OYCIOBIMBAIOIINE HEOOJBIIOE
cMmenienue pokyca. Hapsimy co cmemiennem gokyca HaOII01aeTCs U IJ1aB-
Hast Tpancpopmanus ['Tl 3a pokycoMm B myuok ¢ MaKCUMyMaMH WHTEHCHB-
HOCTH, JJOKAJIN30BAHHBIMU y KpPaeB €ro nomnepeyHoro ceueHnus. OcpeiieHne
cos-niuH3bI ['Tl, cMeleHHbIMU OTHOCUTEIBHO IIEHTpPA JIMH3bI TaK, YTO OCU
My4YKOB COBMNAJAIOT C MOJIOXKEHUSIMU TOYEK neperuda (pazoBoil pyHKIINU
JIMH3bI, TPUBOAUT K 3HAUUTEILHOMY YCUJIEHUIO TaHHBIX 3P dekToB. B aTOM
cilyyae MpOsIBIISIETCSl adeppaliusi, MPONOpPIMOHATIbHAs TPEThEH CTEMEeHU
KOOPJAMHATHI X, YTO MPUBOAUT K (POPMUPOBAHUIO ABYX MYYKOB DUPHU-THUIIA,
UCXOASIIUX U3 OJJHOM TOUYKH (U3 (hOKyca) WM CXOJSAIIUXCS B OJIHY TOUKY —
B 3aBHUCUMOCTH OT 3HakKa (pa3bl. [Ipu miaBHOM mM3MeHeHUU (a3bl IPOUCXO-
muT niepectporika 1D M Ha TPOTSHKEHWHM YETBEPTH TEPHOJa M3MEHCHHUSI
¢da3bl oH m1aBHO TpaHchopmupyercs B I'T1.

NHTeHCHBHBIE MaKCHUMYMBI, JIOKAJM30BaHHBIE y KpaeB TMOMEPEUHBIX
ceuenuit 113, hopMupyroT B MPOCTpPAHCTBE JBa CBETOBBIX JHUCTA, CXOJS-
nmecs K (OKyCy Wid pacxojsiiuecs U3 Hero. Takue CBETOBBIE MOJIsI MOTYT
HAalTW MPUMEHEHUE B JIA3€pPHOM TEXHOJIOTMH, MHUKPOCKONHU HA OCHOBE
CBETOBBIX JIUCTOB, B CUCTEMAX JUCTAHIIMOHHOTO 30HAUPOBAHUSI CPE/I.
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PA30BO-ITOJAPUALIMOHHOE ITPEOBPA3OBAHUE
CBETOBBIX ITOJIE HA OCHOBE ITIPOCTPAHCTBEHHO
CTPYKTYPUPOBAHHBIX JIEKTPUYECKH YIIPABJISIEMbBIX
AKNIKOKPUCTANIMYECKUX 2JIEMEHTOB

BBenenue

B Hacrosimiee Bpemsi aHu3oTpornHble skuakokpuctamnyeckue (JKK)
Cpe/ibl IIUPOKO MPUMEHSIIOTCS Kak 3(pdeKTuBHbIE (PYHKIIMOHAIBHBIE MaTe-
puajgbl B ONTHUYECKHX CHUCTEMAaxX OTOOpakeHusi MHMOpMalMU, a TaKkKe
B MHOTOYHMCIICHHBIX YCTPOMCTBaX JJisl yOpPaBJICHUS CBETOBBIMHU IyYKAMU
U ux npeoOpazoBaHusi. [I0BbIIEHHBI HHTEPEC K TAKUM BEIIECTBAM CBSI3aH
C TEXHOJOTHMYHOCTHIO UX TMPOU3ZBOJCTBA, HUZKUMHU YIIPABISIOUIUMHU
HaAMpPSOKEHUSIMUA, MaJIOd CTOMMOCTBIO M MaccOrabapUTHBIMH XapaKTepH-
CTUKaMHU.

AKTyanbHBIMU SIBIISIIOTCS 3a7a4ud (DOPMUPOBAHUS M NMPeoOpa3oBaHUsA
CBETOBBIX MOJIEN C 3aJlaHHOM MOJIIPU3ALMOHHON U (Ha30BOM CTPYKTYpPOM.
CBeTOBBIEC MTyYKHU CO CJIOKHOW TOMOJIOTHEN (pa3bl U MOJSPU3ALUN TUPOKO
UCIIOJB3YIOTCA JIJISl JJa3epHO 00paboTku matepuaioB [1, 2], addhexkTuBHO
NPUMEHSIOTCS B ONTUYECKUX MUHIETaX [3] U B yCTPOMCTBaX ONTHYECKOM
00paboTku uHpopmanuu [4].

B nacrosmelt pabote nokazaHa BO3MOKHOCTb yIpaBiieHHUs (a30BoOi U
MOJISIPU3ALIMOHHON CTPYKTYPOM CBETOBBIX IYYKOB C HCIIOJb30BAHUEM
ANEKTPUYECKU YIIPABISIEMbIX IMPOCTPAHCTBEHHO CTPYKTypupoBaHHBIX KK
AJIEMEHTOB.
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1.CTpyKTYypa KUAKOKPHUCTAIMNYECKUX 3JIEMEHTOB M TEXHOJIOIUA
UX CO3/1aHUA

Kak wu3BectHo, anexkrpoontuueckue cporictBa XK cpen 3aBucar ot
OpHMEHTALMHA MOJIEKYJ Ha OTPAaHUYMBAIOIINX CTEHKaX noaiioxkek KK sueii-
KM, & HaIIPaBJICHUE ONTHUYECKON OCH B IUIAHAPHO OPUEHTUPOBAHHOM CJIOE
HEMATUYECKOTO KUJIKOTO KPUCTAILIA ONPENEIIIETCS HAalPaBJICHUEM JTUPEK-
topa mosekyl KK m MOXKEeT W3MEHAThCA NPU BO3JICUCTBUU BHEIIHETO
anekTpudeckoro nous [S]. C NpUMEHEHHEM COBPEMEHHBIX METOJIOB OPH-
entauuu KK moiiekyn MOXHO (POpMHpPOBATH CIIOXKHOE paclpeiesieHue
KK nupektopa Ha MNOMIOKKAX SYEMKH, KOTOPOE HENb3Sl PEATU30BATh
C HOMOIIBIO TPAAUIIMOHHBIX METOJIOB, TAKMX KaK METOJ HATUPAHUS IOJIHU-
MEPOB.

B nacrosmieir padote aHU30TPOMHAS KUJKOKPUCTALIIMYECKAsT CTPYK-
Typa KK 31nemeHTOB 00pa3oBbIBajiach B Pe3yJibTaTe MPOCTPAHCTBEHHO-
HeoHOpoaHOU opueHTaluu KK Monekyn (oTOOpUEHTUPYIOMINM TOKPHI-
THEM TIPU SKCIIOHUPOBAHWUM TOHKOM IUIEHKM OPUEHTAHTA HW3IYyYECHHEM
C JUIMHOM BOJIHBI A, COOTBETCTBYIOIIECH CUHEN 00JaCTHU BUIUMOIO CIIEKTpa,
C 33JaHHBIM ITPOCTPAHCTBEHHBIM PACHPEACICHUEM MHTEHCHUBHOCTH U TIO-
nsipusaruu. OOpazen; pazouBancs Ha 180 CeKTOPOB, KaXKJbI CEKTOpP 3a-
CBEUMBAJICS HW3JIIYYEHHEM C 3aJaHHOW TMOJApU3ALUEH, JIMHOW BOJHBI
440 HM ¥ UHTEHCUBHOCTBIO 15 MBT/cM? B Teuenue 20 cekyna. Bpems okc-
MOHUPOBAaHUS BCETo AieMeHTa coctaBuio 1 yac 20 munyt. B kauectBe ¢o-
TOOPHUEHTUPYIOLIETO MOKPBITHS MCIOIB30BAIICS a30KpacutTelb AtA-2, pas-
paboTaHHBIA B MHCTUTYTE XUMHUHU HOBBbIX MaTepuaioB HAH Pecnybnuku
benapych. OTOT a30KpacuTellb UMEET BBICOKYIO SHEPTUIO cueruieHus ¢ KK
MOJIEKYyJIaMH, 00anaer TepMo- U (oroctadbmibHOCThIO [6]. Tomomorus
opueHTtaiuu KK nupekropa B 31leMEHTax MpeICTaBICHA HA PUCYHKE 1.

b c

Pucynok 1 — Tononorus pacnpenenenus XK gupexropa
(a —maHapHasi CTPYKTYpa, ¢ — TBUCT CTPYKTYypa) U U300pakeHue
COOTBETCTBYIOIIMUX 3JIEMEHTOB MPU HAOIIOICHUN
B CKpEIICHHBIX ToJisspu3aTopax (b, d)
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B nepBom snemente (pucyHok 1, a, b) B Mectax 3acBETKU (POTOOPUECH-
TaHTa MPOCTPAHCTBEHHO MOJYJIHPOBAHHBIM U3ITyYEHHEM CO3[Ia€TCS COOT-
BercTBytomas mianapHas KK crpykrypa (S-nedbopmanus KK monekyi).
Takoll aneMeHT mnpu 3HAUYeHHSIX Halera ¢aszbl MeXay OOBIKHOBEHHBIM
U HEOOBIKHOBEHHBIM JiydaMu paBHbIM ADP=r(2m~+1) GyHKIIMOHUPYET Kak
MOJIYBOJIHOBAsI MJIACTUHKA C MPOCTPAHCTBEHHO HEOJAHOPOAHOM OpHeHTa-
€N ONTUYECKOW OCH. YTpaBjeHHE BEIMUYMHON (Pa30BOro Habera mpous-
BOJUTCSL MOCPEACTBOM H3MEHEHHUs BHEIIHEro HampsbkeHus. Bo BTopom
JIEMEHTE OPHUEHTAIIMS MOJICKYJI Ha JABYX MOJIOKKAX SYCHKHA pa3iIndaHa
(pucyHok 1, ¢, d), B pesynbrate yero B oobeme XK cpenpl hopmupyercs
«TBUCT»-CTpYKTYypa (T-nedopmanust) KK mosekyi.

2.0nTHYecKHe CBOCTBA KUJIKOKPHUCTAIMYECKHX 3JIEMEHTOB

C ucnonp30BaHUEM MOJYYEHHBIX JIEMEHTOB MOXXHO 00eceuuTh (pop-
MUPOBAHUE KaK a3UMYTaJIbHOM, TaK U paAualbHOU MOJIApU3aIliU — B 3aBU-
CUMOCTHU OT B3aMMHOW OpUEHTAIMU BEKTOPOB, OMPEACIISIONINX MOISpU3a-
[0 BXOJHOTO M3nydeHus u opuentanuio KK snementa.

[Ipodunp pacnpeneneHuss UHTEHCUBHOCTH B CEYEHUU JIMHEHWHO MOJIS-
PU30BaHHOTO CBETOBOTO IMy4Ka Ha Bbixoje nepBoro KK snementa (pucy-
HOK 1, a, b) MOXET OBITh Pa3TUYHBIM U 3aBUCUT OT MPUJIOKEHHOTO K CH-
CTEME BHEIIIHET0 HampsuKeHUsl (PUCYHOK 2, HaNpsDKEHHE YKa3aHO B BOJIb-
Tax).

PI/ICYHOK 2— Honepeqﬂoe CEUYCHHUE JTUHEHHO IMMOJIAPU30BAHHOI'O IrayCCoOBa
CBCTOBOI'O ITY4YKa Ha BBIXO/JC KK »snemenTta IIpH Pa3JIMYHbIX 3HAYCHUAX HAIIPAKCHUA

[Ipu 3HaYEHUSX HAIPSHKEHUSA, KOTOPHIE COOTBETCTBYIOT (HOpPMHUpPOBa-
HUIO a3UMYTaJbHOUN (MM paguaibHON) MOJSPU3ALMHI CBETOBOIO OJISA, H-
TephepeHIIMOHHbIE KapTUHBI HCCIEIYEMOTO M TayCcCOBa IMYYKOB HMEIOT
«BHWJIKOMOJIOOHYI0» CTPYKTYPY, @ pacllelyieHue UHTEepPEepEeHIMOHHON TO-
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JOCHl TMPOUCXOIUT B MeCT€ OOpa30BaHWs BHHTOBOW JHUCIOKAIIAH
(pucyHnok 3). Tononoruyeckuii 3apsii ONTUYECKOTO BUXPS paBeH +1.

Pucynok 3 — Pe3ynbTathl cciieJOBaHHsI CHHTYISIPHOCTH JIMHEWHO TOJISIPU30BAHHOTO
CBETOBOTO Iy4Ka Ha Bbixojie KK anemenTa

TBuct-KK snement (pucyHok 1 ¢, d) npeoOpa3yer JIMHENHHO NOJSAPH-
30BaHHBIM BXOJHOM IyYOK B IYYOK C paguaibHOMN (a3UMyTalbHOM) MOJs-
pu3anuenl BHE 3aBUCUMOCTU OT (pazoBoro HaOera. [Ipu momaue Ha Takoii
AJIEMEHT HAaIPSKEHUS, COOTBETCTBYIOIIETO MHTepBary or 0 mo 2.4 B,
B npoduie ceyeHusl Kak JIMHEWHO MOJISIPU30BAHHOIO, TaK U LUPKYJISIPHO
NOJISIPU30BAHHOTO TayccoBa Iydka, Ha BbixoJe JKK sueliku HaOmroqarTces
YEepHBIE MOJIOCHI, OOYCIOBJICHHBIE PACCESHUEM CBETa HAa JUCKIMHALUAX
(pucyHOK 4).

Pucynok 4 — [lonepeuHoe cedeHre HUPKYISAPHO MOISIPU30BAHHOTO IayCccoBa
cBeToBoOro myuka Ha Bbixoze KK sneMenTa npu pa3iuyHbIX 3HAUEHUSAX HANPSXKEHUs

[Ipy HanpsKEHUSIX, COOTBETCTBYIOIIMX MHTEpBaly OT 2,4 10 3,4 BOJIBT
B CEUEHUHU IMYYKOB MOSBIISIIOTCS JIBa BBIPAKEHHBIX MPOBaja MHTEHCUBHO-
ctu. Ha untepdeporpamMmmax HabrogaeTcsl pacuieruieHue IByX MHTepde-
PEHITMOHHBIX JTUHUN — 00pa30BaHME ABYX ONTHYECKUX BUXPEH, TOMOIOTH-
YECKUM 3apsii KOTOPBIX paBeH +1 (pUCYHOK 5).
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Pucynok 5 — Pe3ynbTaThl nccie1oBaHusl CHHTYISPHOCTY HUPKYJIIPHO MOJISAPU30BaAH-
HOTo0 cBeTOBOro myyka Ha Bbixoze JKK anmementa

3akJiouenune

Takum 006pa3oM, TOYYCHHBIC KUIKOKPUCTALINIECKAE SJIEMEHTHI CO
CJIOKHBIM HadaibHBIM pactpeenenueM KK Mosekys MOryT IpUMEHSThCS
B IIEJISIX DJIEKTPUYECKH  ympaBiasieMoro TmpeoOpazoBanus  (ha3oBo-
MOJISIPU3ALIMOHHOMN CTPYKTYPHI JIA3EPHOTO U3ITYUCHUS.
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A.H. Bacuienko, I.Y. Ilpumak, A.I'. CrtapoBoiitoB, A.B. Xom4eHko
I'YBIIO «benopyccko-Poccuiickuii yHUBEPCHUTET,
Morwunes, benapych

MOJISIPUBAIIMOHHBIE N3MEPEHUS
NBYJYUYENPEJIOMJIEHU S
B CPEJIAX C BOJIBIIOH AHU30TPOIINEN

BBenenue

HNHTepec K mccIeI0BaHUIO pACIPOCTPAHEHUS CBETOBBIX MMYYKOB B HE-
OJTHOPOJIHBIX AHU30TPOIMHBIX Cpe/lax OOYCIOBJIEH IMIUPOKUM CHEKTPOM UX
MPAKTUYECKNX MPUMEHEHUN B ONTHYECKUX ycTporcTBax. [Ipumepamu Ta-
KX MaTEpHUaJiOB SIBJSIOTCS TPaJUEHTHO-JIETMPOBAHHBIC JA3€PHbBIE CPEJIbI
Y 3aKaJIEHHOE CTekso. {1 ucciaegoBaHust X CBOWCTB ONPEACICHHBIN UH-
Tepec MPEACTABIAIOT METOJbI MOJSIPUMETPUHN, OCHOBaHHbIE Ha 3(dekTe
dotoymnpyroctu. [lonspu3alinOHHO-ONTUYECKUN METOM, MNPEII0KEHHBIN
B [1], mpuroaeH juisi BU3yalau3aluu MOJsi HANpPsDKEHUW B Oosbiiom (par-
MEHTE aHau3upyeMoro oowekra. [Ipu 3ToM ciieryeT OTMETUTh, YTO, PEru-
CTpUpPYsl pachpeeieHue MHTEHCUBHOCTH CBETa, MOXKHO aHAJIU3UPOBATH
Y OLICHUBATh JBYJIYUYEINPEIOMIEHUE B OTACIBHON TOYKE WJIM KOHTPOJIHUPY-
eMol o0nacTu uccieayemoro oobekrta. Hacrosimas paboTta mpeacTaBiisieT
Pa3BUTHE KCCIENOBAHUN, LEIBI0 KOTOPBIX SBISIETCS aHAW3 paclpeesie-
HUS JIBYJIYYEITPEIOMIICHUSI B HEOJTHOPOHBIX AaHU30TPOIHBIX Cpeaax.

1. Hoasipu3zanuoHHas nuTepdepoMeTpusi AHU3OTPONHBIX CPeJ]

[IpuHIIMNIUAnbHAS cXeMa YCTaHOBKH, UCIOIb3YEMOU I PErUCTpaluu
IPOCTPAHCTBEHHOTO PACIPEEICHUS] MHTEHCHUBHOCTH TMOJSPU30BAHHOTO
CBETa, MPUBEJCHA HA PUCYHKE 1.

JIMHEHO MOJIIPU30BAHHBIN CBET C JJIMHOW BOJIHBI 532 HM, MPOXOJUT
yepe3 HEOJHOPOAHYI0 aHU3O0TPOIHYI CPENy 3; MPU 3TOM COCTOSHUE €T0
MOJISIpU3AIUU B KaXJI0W TOUKE MIOCKOCTHU (X,)) U3MEHSIETCSl B pa3HOU CTe-
nenu. [lociie 3TOro my4ok MpOXOJUT Yepe3 aHaIu3aTop 4, CKpEIIeHHBIN
C TOJISIpU3ATOPOM 2, U TOMNaJaeT B (OTOPETUCTPUPYIOIIEE YCTPOUCTBO 6,
ITOJIKJIFOYEHHOE K KOMIIBIOTEPY 7.

C wucnonb3zoBaHueM LUPPOBBIX (HOTOPETUCTPUPYIOUIUX YCTPOIMCTB
CTaJl0 BO3MOXKHBIM CKaHMpPOBaHHE OO0paslla B IUIOCKOCTH (X,)) B IEIAX
YCTAHOBJICHHS PACIPENEIICHUs] MHTEHCUBHOCTU W3JIydeHus B Hel. llpum
’TOM  HWHTEHCUBHOCTH  CB€Ta B  TOUYKE C  KOOpJMHATAMU
(x, y) onuchIBaeTCS BhIpAKEHHUEM [2]
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I(x,y)= ]pT(cos2 ¥ —sin2a -sin(2(o —y)) sin? % , (1)

rae I(x,y) — peructpupyeMoe pacnpenesieHne MHTEHCUBHOCTH CBETa,
MPOIIEAIIET0 Yepe3 HEOJHOPOIHBIM aHU30TPONHBIN o0paszel; 1, = I,(x,y) —
WHTEHCUBHOCTh CBETA Ha BbIXOJIe W3 mojispuzaropa; 1 = T(x,y) — koaddu-
IIUEHT, OMPEETIEeMbIi C YU4ETOM OTpPaXEHHUS CBETa OT MOBEPXHOCTU 00-
pasua; « =a(x,y) — yroj Mexay ONTHYECKONW OChI0 00pasiia B TOUKE (X,))

1 IUIOCKOCTBIO IPOITYCKAHUS MOJIAPU3ATOpaA; ) — YIoJd MEXIY IIOCKOCTS-
MM TPOMYCKaHWs IOJApU3aTOpa U aHaIu3aropa; o6 =o0(x,y) — pPasHOCTb

¢da3 Mex1y OOBIKHOBEHHOUM U HEOOBIKHOBEHHON BOJTHAMU.

Yy
B 2 3 4 5 7
] 6
z .
o0 1 N . RO IV N C.1 1 N _. |
_d e o o

Pucynok 1 — IlpuHuunuanbHas ONTUYECKask CXeMa YCTaHOBKH, UCIIOJIb3yeMOi
JUTSL pETUCTPAIK MOJISPU3AUOHHBIX HHTEP(HEPOrpaMM:
1 — UICTOYHUK CBETA, 2 — MOJAPU3ATOP, 3 — UCCIEAYEMbIN 00BEKT, 4 — aHATU3aTop,
5 — dokycupyromas auH3a, 6 — GOTOperucTpupyrouiee yCTpoiicTBO, 7 — KOMITBIOTEP

OOpabaTbiBasi perucTpUpyeMbIe pactpeaeneHus /(x,)), MOXKHO BOCCTa-
HOBUTH Pa3HOCTH (a3 0 B KaKI0W TOUKE oOpasIa.

5 = 2{aresin[1 / (1" + 1) + 1 1 (1P + I + ma}, (2)

mem=1,2,3..., 1Y, 1Y, Iﬁl), Iﬁz) — BKCHEPUMEHTAIBLHO H3MEPEHHBIE

IIpU OMNPEJICTECHHBIX YCIOBUAX PACMPE/ICIICHUS] UHTEHCUBHOCTH B TIOCKO-
ctu X0Y.

TpaaAUIIMOHHO WCHOJIB3YEMbIM KOMIIEHCAIIMOHHBIA METOJ] U3MEPEHUS
pazHocTu (a3 [3] Taxke MPUTOJACH ISl U3MEPEHUs pasHOCTH (a3 0 B OT-
JeTIbHOM TOouKe 00pasia, Tak Kak ONTHYECKas Pa3HOCTh X0/1a, CBS3aHHAS C
O, OIIPEACISIETCS BBIPAKEHUEM

_ 9
A—@imk, (2)
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IZI€ M — HEKOTOPOE LEJI0€ YMCIIO, A — JIJIMHA BOJIHBI M3JIYyUYEHUS, (O —
yroJ, Ha KOTOPBIM Hal0 MOBEPHYTh aHAIM3ATOP, YTOOBI MPU U3MEPEHUU
MOJIYYUTh PABHOE HYJIIO 3HAUEHUE UHTEHCUBHOCTH.

N3BecTHO, YTO METOAAMU MOJISIPUMETPUU ONTHUYECKAsT PA3HOCTh XOJa
U3MEPSIETCS B MPEiesiaX, HE MPEBBIIIAOIINX JUTMHBI BOJHBI IPUMEHSEMOTO
U3ITydeHus (T. €. u3MepsAeTcs TOJIbKO ApOoOHAs 4acTh Pa3sHOCTH XOAa), YTO
OTpaHUYMUBAET 00JIACTH TPUMEHEHUS MTOJISIPUMETPUH.

1. OueHka NMoJTHOM Pa3HOCTHU X0/1a METO/I0OM KOMIIEHCAIMHU

[Ipy u3MepeHun pa3sHOCTU XOJa METOJAMHU ONTUYECKON MOJISIPUMET-
PHUU COCTaBIIAIONIYIO 71/ B BbIpAKEHUU (2) MOKHO ONPEIETUThH, CPAaBHUBAS
ee ApoOHbIE YACTHU, U3MEPEHHBIEC NMPHU HCIOJIH30BAHUU U3IIYUYEHUS pa3Iny-
HBIX JUIMH BOJIH. Ha pucyHke 2 npencraBieHa NpUHIUIINAIbHAS CXEMa U3~
MEpPUTEIBLHOW YCTAHOBKH, COAEPKAIEH UCTOYHUK |, KOHAEHCOp 2, MOIYy-
asitop 3, cBeTouiibTphl 4 U 5, monsgpusarop 6, IIOCcKoe 3epkaio 7, oOpa-
3e1] 8, 4eTBepThBOIHOBKIE IIacTUHKK 9 u 10, ananuzatop 11, poTonpuem-
HUK 12, CeNIeKTUBHBIN ycrinuTelb 13, aHaioroBo-1u@poBoit mpeodpa3oBa-
tenb 14, unatepdeiic 15, komnbrotep 16.

r———-—

Pucynok 2 — CxeMa u3MepuTelIbHON YCTAaHOBKU

[Ipu »TOM HampaBieHHUs MAaKCUMaJIbHOTO MPOMYCKaHHS O0EHUX YeT-
BEPTHBOJIHOBBIX TNIACTUHOK 9 1 10 mapanmnenbHbl IIOCKOCTH MPOITY CKAHUS
nojsipuzaropa 6. CHMHXpOHHO Bpalias MOJISpU3aTOP M aHAIM3aTop, YeT-
BEPTHBOJIHOBYIO MIACTUHKY 9 (unu 10), COOTBETCTBYIOIIYIO JITTUHE BOJIHBI
30HIUPYIOMIETO U3ITYyYeHHs A1 (WM A2), TOBOPAYMBAIOT JI0 MOJTYUYEHHS Ha
UHAUKaTOpe 13 MakCMMaJIbHOTO CHUTHAJIa. Y CTAHABJIMBAIOT OTCUETHBIN
auMO Ha HOJIb IIKaJIBl aHaiu3aTopa 11, 3aTeM BpalaroT aHaJIu3aTop 10 ya-
COBOH CTpeJIKEe, U MO JUMOY CHUMAIOT OTCYET, COOTBETCTBYIOIINNA MUHH-
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MaJIbHOMY CUTHaly Ha uHAukKarope 13. OnucaHHble AEUCTBUSA NOBTOPSIOT
IpU Kax/J101 BIOPAHHOM JUIMHE BOJIHBI A1 M A2 U HAXOJAT ONTHYECKHUE pa3-
HOCTH XOJa:

@14 @iz

A = u =
A1 180 42 180

[TycTh MHTEHCHBHOCTD M3JIy4YEHUS, TPOIIEAIIETO Yepe3 0Opaser, Mu-
HUMAaJIbHA, €CITU PA3HOCTh XOJ1a JTydeH IS U3ITyUeHUs C JUTMHOM BOJIHBI A
¥ A2 paBHA HYJIO WIM OJHOMY U TOMY K€ YHCITy JJTMH BOJIH. Torma otio-
KUM Ha npsaMoit A1 (pucyHok 3) orpe3ok MQ, paBHbI O0YCIOBJICHHOMN
JIBYJTyYETIPEIIOMIICHIEM aHU30TPOITHOTO 00bEeKTa pazHoCcTH XoAa A, COOT-
BETCTBYIOIICH 3HAYCHHUIO m B BbIpakeHWHW (2). Ha mpsmoi A2 oTioxuUM
Pa3HOCTh X0Aa A2, COOTBETCTBYIOIIYIO JUTHHE BOJHBI A2.

R

—_——
—_— -

————
— - —

T
M F Iy
1 I8 2

Pucynok 3 — Cxema u3MepeHus pa3HOCTH X0Aa

Jlns kommeHcaropa, ONpH TMOMOIIM KOTOPOTO H3MEpsieTCsl JIpoOHas
4acTh PAa3HOCTH XOJia, BHOCUMON OOBEKTOM, Mbl aHAJIOTMUYHBIM 00pa3oM
noyuuMm JiBa otpeska SM = Ay u FT' = Ax2. B obmiem ciyvae npsimbie ST
u QR He cOBNAJaloT, TOTJa MPOBEAEM Psi/i MPSAMBIX, MapauiedbHbIX OR U
OTCTOSIIIIUX OT HEE HA PACCTOSIHUU, COOTBETCTBYIOIIEM Pa3HOCTH X0ja B 1,
2,3 ¥ T.4. JJIUH BOJIH (IyHKTUPHBIE JTMHUU Ha pucyHke 3). Eciau npsamyto
ST MOXHO TIpU €€ CMEILEHUH MapaieIbHO CaMOi ce0e COBMECTUTH C OJ-
HOM U3 3TUX MYHKTUPHBIX MPSMBIX, TO B 3TOM ClIy4ae pa3HOCTh X0Ja, IpU-
oOpeTeHHas BOJIHAMU IOCJIE€ IMPOXOXKICHHS 4Yepe3 UCCIenyeMblil o0paser
U KOMIIEHCATOp, OYJIeT paBHA OJTHOMY U TOMY € IEJIOMY YHUCITy AJII 00eux
paccMaTpuBaeMbIX JUHUN A1 U A2. Ecniu ST He coBmagaer HU ¢ OAHOU U3
NYHKTUPHBIX JIMHUN, TO MbI HalJIeM JBa MOJIOXKEHUSI KOMIIEHCATOPa, COOT-
BercTByIOIMe npsamod ST, KOTOPYIO MOKHO COBMECTUTH C (m+1) MmyHK-
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THUPHOM JINHUEW Ha PUCYHKE 3. B 3TOM cilydyae moBOpPOT KOMIIEHCATOPA HA
180° coOoTBETCTBYET M3MEHEHHIO APOOHOM YacTH Ha equHuily. M3 pucyHka
CJIEY€eT, YTO YHUCJIO TOUYEK MEPECEUCHUs MyHKTUPHBIX MPSIMBIX C MPSIMbI-
MU, COOTBETCTBYIOIIMMU A1 U A2, B ipenesiax oTpe3koB OS u RT paBHO 1ie-
JIOMY YHCITY JUTHH BOJIH m, OJIMDKANIIeMy K BEIMUUHE
m Api =Dy ’ 3)
A=A,

d ITIOJIHAA pa3HOCTb XO04d OIIPCACIIICTCA 110 q)OpMYJ'IC

Ay —An A +A 4

A=| 4L —42
A — 4 (4)
nim
Ay —Ap
A=|SALT2A2 1) A
{ A =4 jz e ©)

Takum 00pazom, UCHONB3Ysl OMMCAHHYIO MPOILEIYPY MOXKHO Ompene-
JUTH TIOJIHYIO Pa3HOCTH (pa3.

3. U3mepenue pa3HocTu (a3 HA OCHOBE PErucTPALUU PACCESIHHOTO
cBeTa

JInst HaxoKAeHUs MOpAJIKAa m U OINpeJeNeHUs] TOJHOW pa3sHocTU (a3
METOJIOM TOJISIPU3AMOHHON HHTEep(PepoMeTpur ObUIM BBIOJIHEHBI U3ME-
pEHUSI MPOCTPAHCTBEHHOTO PACHPEACICHUS] UHTEHCUBHOCTH PACCESIHHOIO
U3ITyYEeHUs] MPU CKAaHUPOBAHUM MO TOJIMHE 00pasiia, MONepeyHoe ceve-
HHUE KOTOPOTO OCBEMIAJIOCH Y3KUM CBETOBBIM ITYYKOM, U MPOU3BEICH I0-
CIIEAYIOIINN aHaJIU3 paclpeiesICHHs] THTEHCUBHOCTH CBETA, PACCESIHHOTO
Ha HEOJHOPOJHOCTAX MoKazaTessd mpesiomyeHust B crekie [4]. I[Ipu takux
HAOJIIOACHUSX MOXKHO BU3YaIM3UPOBATh PACIPOCTPAaHEHUE CBETA B aHU30-
TPOIHOM CTeKJE. PaccMoTpum mpouenypy M3MEpPEHHM, UCIOJIb3YEMYIO B
JaHHOM moaxojae. Cxema yCTaHOBKH, NMPETHA3HAYECHHOW JJIsl pETUCTPALINU
pacupeneacHns THTEHCUBHOCTH PACCESTHHOTO CBETA, NMPEACTABICHA HA PU-
cyHke 4. JIMHEHHO TOJAPU30BaHHBIA CBETOBOM MYYOK JAUAMETPOM
180 MkM OT uCcTOYHMKA | HampaBIseTCs HOPMAIBHO K TOPLIEBOW MOBEPX-
HOCTH CTEKJIIHHOTO oOpasia 6 u pacrnpocTpaHseTcs B HeM. B kauectBe uc-
TOYHHKA CBETA MCIIOJb30BaH TBEPAOTEIbHBIN JIa3e€p, TEHEPUPYIOIIAN W3-
Jy4YEHHUE C JJIMHOM BOJIHBI 533 HM.

PaccesitHHBIN CBET pErucTpupyercs (POTOPETUCTPUPYIOIINM YCTPOM-
CTBOM 5 B IUIOCKOCTH, MEPHEHAUKYJAPHOW MEPBOHAYAIIBHOMY HaIlpaBiie-
HUIO €ro pacrnpocTpaHenus. B pesynbrare uHTEpdEepeHIInN 00BIKHOBEHHOMN
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Y HEOOBIKHOBEHHOW BOJIH U3MEHSETCS COCTOSIHUE MOJISPU3ALMHI CBETOBOTO
Iy4yKa [IPU €ro paclpoCcTpaHEHUH BI0JIb 00pasia.

Pucynok 4 — [IpuHnunuaibHas cxeMa U3MEpPUTEIIBHON YCTaHOBKHU:
1 — UCTOUHMK CBETA, 2 — MOJSAPU3ATOP, 3 — JIMH3A, 4 — PETUCTPUPYEMOE U3ITyUYCHHE,
5 — doTokamepa, 6 — UccieayeMbIil 00BEKT, 7 — PUIBTP, 8 — HAMIpaBIEHUE MTOISIPHU3a-
IIUU U3TYYCHHSI, TPOIIEIIICTO Yepe3 MOIsIpu3aTop

[IpocTpancTBeHHAss MOAYJSIMS PACCESHHOIO CBETa HAJIE&XHO (OTHO-
[IeHUE CUTHaI/IyM He MeHee 50) perucTpupyercs B HANpPaBICHHUH, TEp-
NEHIUKYJISIPHOM HAMpPABJICHUIO PACHpPOCTPAaHEHUs 30HUPYIOUIETO HU3IY-
YEHMS B aHU30TPOITHOM 00pa3siie (pPUCYHOK 5).

[Ipu sToM Haber ¢a3 O = BO3HUKAET Ha OTPE3KE JJIMHOM X, paBHOU
NEPUOY PETYJSPHOTO paCIpeAesICHHs] MHTEHCUBHOCTH PACCESIHHOTO CBe-
Ta, YTO MOKHO HCIIOJIb30BaTh JIJIsl ONPEENICHUs MMapaMeTpa m B BhIpaxe-
HUM (2) 1 n30exaTh HEOJHO3HAYHOTO OIpEeNIeNICHUs pasHOCTU (a3 B HUC-

cieayeMoM oOpasIie.
a) 0)

Pucynok 5 — [IpocTtpancTBEHHAass MOYJIALIUS PACCESIHHOIO CBETA IPU €0
pacrpocTpaHeHHH BAOJb 00pa3iia (a) u B €ro nornepeyHom ceueHud (6)
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3akJ/oueHmne

Takum 00pazom, TPOAEMOHCTPUPOBAHA BOZMOKHOCTh U3MEPEHHUS JIBY-
Jy4denpesioMIICHUs] B cpeax ¢ OOJIBIIION aHW30TPONHUEH METOJaMH ITOJIs-
pumeTpun. PaccMoTpeHbl 0COOCHHOCTH MPUMEHEHUS MOJISIPUMETPUU IS
U3MEPEHUS JIBYJIYyYETPEIOMIICHUS B TOHKOIUICHOYHBIX aHU30TPOITHBIX Ma-
Tepuanax. BbINOJHEHA OlIEHKAa YyBCTBUTEILHOCTU METOJA MPU HCCIENNO-
BaHUU CBOWCTB aHW30TPOITHBIX MATEPHUAIOB OOJIBIION TOIIINHBI.
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C.B. Bacuibes, A.1O. UBanos, B.. Hexosyros
YO «I'pogHeHCKUI TOCYy1apCTBEHHBI YHUBEPCUTET
nMmenu Suku Kynane, 'pogHo, benapych

PA3/IMYHBIE CIIOCOBbBI PETUCTPAIIUN AKYCTHYECKHUX
BOJIH, @OPMUPYIOHINUXCA B METAVNIMYECKOM
OBPA3IIE ITPU BO3JEVCTBUHA HA EI'O IOBEPXHOCTH
JIABEPHOI'O UMITYJIbCA

Lenpo TaHHON paGoTHI ABISAETCS UCCIEN0BAHUE (POPMUPOBAHHUS YIIPY-
TMX BOJIH IIPY BO3EHCTBMM HA METAILIMYECKUH 0Opasell U3/IydeHUs UM-
IyJIbCHOTO JIa3epa ¢ IIOTHOCTRIO moToka ~ 10° Br/cm?.
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1. MeToauka uccIeJ0BAHUI U IKCIIEPUMEHTAJILHAS YCTAHOBKA

Hamu mpoBesieHbl SKCIEPUMEHTAIbHBIE MCCIEOBAHUSI aKyCTHYECKHUX
BOJIH, BO3HUKAIOWIMNX IMPH JCHUCTBUM Ja3€pPHOrO0 M3IIYYEHUS Ha MOBEPX-
HOCTh METAJUIMYECKUX oOpa3loB. B kauecTBe MCTOUYHMKA HU3ITYyUYECHUS HC-
MOJIL30BAJICS JIa3ep HA 3TAaHOJIBLHOM pacTBope pojamuHa 6K [1]. DHeprus
JIA3€PHOT0 UMITyJIbca u3Mmepsuiach kanopumerpom MMO-2H. s nonyue-
HUS IOCTATOYHO OJTHOPOJIHOTO IMSATHA 00JIy4eHUs! quaMeTpoM ~ (3 + 4) MM
C PE3KMMHU KpasiMU 4acTh JIA3€PHOTO My4YKa BBIJEISAIACH C TOMOINIBIO IHA-
dbparmsl, U300pakeHre KOTOPoH (GOPMHUPOBATIOCH HA MIOBEPXHOCTH MHUIIIE-
HU JBYXJIMH30BOW cucteMmoil. CUrHall ¢ JaTyuKa JaBJICHUS, IPUKPEIICH-
HOTO K TBUJIBHOM CTOPOHE MUIIIEHU U PACIIOI0KEHHOIO HA ONTUYECKON OCH
CHUCTEMBI, TOJaBaJICS Ha BXOJI 3allOMHHaroIero ocumiorpaga C8-13. 3a-
yCK ocIuiorpada oCymecTBIsICS MOCPEACTBOM JIAa3€pPHOTO MMITYJIbCa,
4acTh AHEPIUU KOTOPOTO MOJABaIaCh HA KOAKCUAJIbHBIN (POTOIIEMEHT Ue-
pe3 010K BpEMEHHOM 3aJIEPKKHU.

Cnenyer OTMETUTh, YTO OOBIYHO B IKCHEPUMEHTAJIBHBIX YCTaHOBKAX
JUIMHA KOAKCHAJIbHOTO Kalens MEXIy JaTYMKOM U PETUCTPUPYIOIIHUM
NpuOOPOM JIOCTUTaeT HECKOJIbKUX JIECSITKOB METPOB, T.€. CyMMapHas
ANEKTpUYECKass EMKOCTh Kalessi MOXET OO0YyCIOBUTHh MCKaKEHHE (DOPMBI
PETUCTPUPYEMOTO CUTHAJIA, OCOOCHHO €CJIU 3TO KOPOTKUN UMITYJILC C IIHU-
pokum crektpoM. [losToMy coriiacoBaHue JaTyvKa JABICHHS C KOAKCH-
aTbHBIM Ka0eJeM MpH MOJ0O0HBIX UCCIETOBAHUSIX SIBJISIETCS BECbMa aKTy-
aIbLHOU 3aJ1aUei.

B wacTHOCTH, 1J14 cOTNIacOBaHUs TPAIUIIMOHHO KCTIOIb3yEMOTO TaTuh-
kKa Ha ocHOBe mbe3okepamuku [[TC-19, umeromero 60mbi10€ BHYTPEHHEE
conpoTtuBieHue (mopsaka 1 MOwM), ¢ koakCHadbHOM JUHHUEHN (KOaKCHaJIb-
HBIN IHPOKOTOJIOCHBINA Kabenb Tuma PK-75, nMeromuii MOroHHyr 3JIeK-
Tpuyeckyro éMkocTh 70 nd/M), HeoOxoauM Oy(epHBIN YCHIIUTEND C BHICO-
KOOMHBIM BXOJIOM 1 HU3KOOMHBIM BBIXOOM.

[Ipu nnvHe nuHUM paBHOU SM (peanbHas JJIMHA Kabelst B SKCIIEPUMEH-
TaJbHON YCTAaHOBKE) BEpPXHsSS TpaHUYHAs YacCTOTa MOJIOCHI MPOIYCKaHUS
CUCTEMBI «JIaTYUK — PETUCTPATOP» MOXKET OBITh OIIEHEHA Ha OCHOBE (op-
mynsl Fy =1/(R; xC,), rne R,— BHyTpeHHee CONPOTUBICHUE JATUHKA,
paBHOe B HamieMm ciaydae 1MOwM, Cr— cymMapHast 3JI€KTpUYECKasi EMKOCTb
koakcuanmbHoro kabens (1000nd). Ilpu ykazaHHBIX 3HAYEHUSIX MMapameT-
poB HaxoguM Fs=1/(1x10°0Mx1000x10"12®) = 1 x['n, uTo sABHO HeHOCTa-
TOYHO JIJISI PETUCTPALIMU IIUPOKOMOJIOCHBIX CUTHAJIOB.

CrnenoBarenbHO, MEXAY JTaTYUKOM U PETUCTPATOPOM JOJDKHO OBITh
YCTAaHOBJIEHO COTJIACYIOIIEE YCTPOWCTBO C BHICOKOOMHBIM BXOJOM W HH3-
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KOOMHBIM BBIXOJIOM, OO€CHEUYUBAIOIIEE ¢ MUHUMAIbHBIMU UCKAKEHUSIMU
nepeaady GopMmbl CUTHAJIA OT JAaTYMKA K PErUCTPaTopy (3alOMUHAIOIIEMY
ocimiuiorpagdy C8-13).

[TosToMy HamMu B KadecTBE 3JIEMEHTA, MPEAHA3HAYEHHOIO JJISI PETH-
CTpallMM JABJIICHUS B aKyCTUYECKOW BOJIHE, MCIOJIb30BAJIOCh OECIpOBOA-
HOE YCTpOMCTBO peructparuu pusndeckux Benmnund (BYPOB) [2]. TIpu
TOM o0ecreunBaiach JadbHOCTh CBSI3U /10 SO M U TpaHCISIUA PETUCTPU-
pyeMoi ynpyroi BOJIHBI 0€3 UCKaKEHUM.

B kauectBe pe3epBHOIO (KOHTPOJIUPYIOLIETO) 3JIEMEHTA JIJIsl pErucTpa-
LMH JTaBJICHUSI B AaKyCTUYECKOW BOJIHE MCIIOJIb30BAJICSA YIOMSHYTHIN BBIIIE
IaTdyuK Ha OCHOBE Mbe3okepamuku L[TC-19 B coueTtannu ¢ yCTpoHUCTBOM,
peHa3HaYEHHBIM sl KOMIIEHCAluu oTpaxkeHus [3]. BeiOop Tuna gatuu-
Ka MPOU3BOAWICS C YUETOM 3HAYUTEIBHOTO (00Jiee 4eM B 2 pasza) OTJIMYUS
bE30MOJTYJIEN d31 U d33, CIEACTBUEM KOTOPOTO Oblja MPEeUuMYyIIECTBEHHAS
perucTpanusi COCTaBIAIONIEH YIIPYroro HanpsH>KeHUsl, HOpMaJIbHOUM K pabo-
yemy cpesy. [lonoca mponyckanusi garuvka Oblia MpUeMIIeMON JJIs peru-
CTpally CUTHAJIOB, YaCTOTa KOTOPBIX HE mpeBbimana 1 MI 1.

2. Pe3ybTaThl 3KCIIEPUMEHTOB U UX 00CY:KIeHHe

B pesynbrare uccienoBaHUM MOKAa3aHO, UTO BPEMEHHAs 3aBUCUMOCTh
COCTABJISIFOIIEH TEH30pa YIPYTrUX HANpsHKEHUW o, PErUCTpUpPyeMOM Ha
paccrosauu [, > 20 cM 0T 00IydyaeMoil TOBEPXHOCTHU (YKa3aHHOE PacCTOsI-
HUE OMNPEIEISUIOCh TOMIIMHON MUILIEHN), UMEET BUJI €IMHUYHOTO UMITYJIb-
ca; MpH 3TOM JJIUTEIIbHOCTH aKyCTUYECKOrO M MaJaloliero Ha oopaseir jia-
3€pHOT0 UMITYJILCOB IPAKTUYECKH COBMAIAOT.

BrisiBieHHasi 3aBUCUMOCTh B YKa3aHHBIX YCJIOBHUSIX XOPOIIO COOTHO-
CUTCSl C pe3yJbTaTaMu, MPUBEIECHHBIMU B paborax [4, 5], a Takxke ¢ pe-
3yJIbTaTaMU PacyeToB o_ B OOBEMHOUN MPOJOILHON BOJHE, OMYOJIUKOBAH-
HBIMU B padote [6].

[Ipu neicTBUM Ja3epHOrO0 M3IMYYEHUST HA METAUIMYECKHl 00paser
tonmuHoM ~ (0,1 = 1) cM BpeMeHHas 3aBUCUMOCTh o (f) UMesa OCIMILIN-
pytomuii Buj (pucyHok 1). I[Ipu 3ToM IJIMTENIBHOCTH MEPBOTO MOIYIEPUO-
Ja KoyieOaHUM OMpeneNnsach IJIUTEILHOCTHIO JIA3€PHOTO UMIYJbca 27i.
JIMUTENBHOCTD CIEAYIONIUX MOTYIEPUOJA0B HE 3aBUCENA OT T U ONpPEJIes-
Jach TUAMETPOM TsiTHA (OKYCHPOBKH JIA3€PHOTO U3ITYUEHHUS 2p1 U TIIyOu-
HOU /iy KpaTepa, 00pa3oBaBIIErocs Ha MOBEPXHOCTH MuIeHU. [Ipu 3ToM

JUTMHA 3apeTUCTPUPOBAHHON aKyCTHUYECKOM BOJHBI A1 BO MHOTO pa3 Ipe-
2

BBIIIIAJIa KaK /iy , TaK U p1, HO ObLja ~ ;71. OuyeBUIHO, HAJTMYHUE OCITUIIISI-
s
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U B 3aBUCUMOCTH o_(f) CBA3aHO C KOJ€OAHUSIMU B MOBEPXHOCTHOM

2

BOJIHE [6]; IMEHHO TIO3TOMY NpHU l>>2’071 GyHKUIUS o () ©UMEeT BUJ OJu-
;

HOYHOT'O0 UMITYJIbCA.

a) 6)

Pucynok 1 — BpeMeHHbIe 3aBUCUMOCTH JJaBJIEHUS B aKyCTUYECKOM BOJIHE,
3apEeTUCTPUPOBAHHON MpH JIEUCTBUU JIA3€PHOTO UMITYJIbca ¢ sHeprueit 25 Jx

U JUIMTENIBHOCTBIO 15 MKC (IJIOTHOCTH MOTOKA MOUTHOCTH U3Ty4eHus 25 MBT/CMz)
Ha 00pas3ilbl U3: @) ATFOMUHUS (Macca BEIHECEHHOTO MeTauia m = 0,5 Mr); 6) IMHKA
(m = 0,7 mr); 8) Bucmyta (m = 1,1 mr) u 2) meau (m = 0,3 Mr), 3aperucTpupoOBaHHbIC

npu oMo bYP®B. Ha Bcex ocuuiorpamMmax BIOJIb COOTBETCTBYIOIIUX OCEN

MacmTad OJIMHAKOB: OJHO JCJIEHNUE BIOJIb TOPU3OHTAIBHOMN OCH
COOTBETCTBYET 5 MKC, B/10JIb BEpTUKaIBHOU ocu — 50 klla

Ha pucyHke 2 mnpencraBiieHa BpEMEHHas 3aBUCHUMOCTb JaBJICHUS
B YOPYroM BOJIHE, YKCIEPUMEHTAIBHO 3apPETUCTPUPOBAHHOM C HCHOJIB30-
BanueM bYP®B npu aelictBuu Ha MeIHBIN 00pa3el U3JydeHus jJa3epa Ha
ATaHOJBHOM pacTBOpe poaamuHa 67K mpu cieayromux napamerpax mpo-
necca: 7~ 15 mkc, , ~ 1,7 mm, [,= 0,9 cMm. Ha 3TOM ke pucyHKe MpeJicTaB-
JIEHAa BPEMEHHAs 3aBUCHMOCTh JIaBJICHUS B aKyCTUYECKOW BOJIHE, PacCUU-
TaHHAas [0 METOJUKE, OMMMCAHHOW B paboTe [6], mpu TeX K€ 3HAUCHUSIX Ta-
pameTpoB 7,7, bunpud=0,2 mmu T =650 °C.
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— 9KCTIEPUMEHT
— — ——— —pacuer B JIMHEHHOM MPUOINKECHHUH,
......... — pacder ¢ yueToM HEeJMHEHHO — yrpyrux 3¢ deKkToB

PucyHok 2 — BpeMeHHbIe 3aBUCMMOCTH JaBJIEHUS B aKyCTUYECKOM BOJIHE
IIPU JIEHCTBUU JIa3€PHOI0 UMITYJIbCA JIIUTENBHOCTHIO 10 MKC Ha 00pa3Lbl U3 MeAH

BrpiBOADBI

B pesynbrare mpoBeneHHBIX MCCIIEIOBAHUA TTOKA3aHO, YTO OCHOBHBIM
MEXaHU3MOM HHUIMUPOBAHUS YIPYTUX BOJIH MpU JEHCTBUM JIA3€PHOTO
U3ITy9CHUS HAa TOBEPXHOCTh TBEPAOTO O0Opasia SBISETCS 3aTyXaHHE
yJAapHOW  BOJHBI, CHOPMHUPOBABIICHCS TpU  IUIa3MOOOpa30BaHUMU.
['eHepanmsi aKyCTHUECKMX KOJEOAHWN B TaKUX YCIOBHIX MOXKET OBITH
omHcaHa B paMKax MOJENM Harpy>KeHHOM oOJacTu, u3Iyvarolen
TUTIEP3BYKOBBIC BOJHBI B YIPYTYIO Cpely. YKa3zaHHas 00JacTh HMEET
dbopmy cdepuueckoro cerMeHTa € OCHOBAaHHUEM, COBIAJAIOLIUM
C OCHOBaHHMEM KpaTepa, KOTOPBIA (popMUpYETCS TpH IESHCTBUH JIA3EPHOTO
U3ITy4eHHUs] Ha MOBEPXHOCTh TBEPAOro Teia. BpeMeHHas 3aBUCHUMOCTD
JaBJIEHUS B  BO30YXXIEHHOW  yOpyrod  BOJHE  COOTBETCTBYET
MOCJIEIOBATEILHOCTH 3aTyXaloUUX OCHWUISIIUN, aMIUIUTyJa U TEePUOA
KOTOPBIX OMPEIEIAIOTCS OTHOIICHHEM paauyca KPUBWU3HBI HEYIPYTOu
obmactu R = r/’/ 2d K CKOPOCTH IIPOAOJBLHOrO 3ByKa B 00Iy4aeMoM
oOpasiie, a Takxke TeMnepaTypoi BemiecTsa 7 Ha rpaHUIle 30HbI, B KOTOPOM
B3aUMOJICHCTBUE M3JYyYEHUS C BEHIECTBOM SIBJISIETCS  HEYNPYTHUM.
BcnencTeue 3TOro mpu M3BECTHOM pagnyce Kparepa #i MOXKHO IO BHUIY
BPEMEHHOM  3aBUCHMOCTHM  JaBJIEHHS B  aKyCTHYECKOM  BOJIHE,
chOpMHUPOBABIIICICS TPHW JEWCTBUH JIA3€PHOTO H3JIYUYEHUS Ha TBEPAOC
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C.C.T'uprean
YO «'omenbCKkui TOCY1apCTBEHHBIN YHUBEPCUTET
nMmenu @pannucka CkopuHbl», ['oMmens, benapych

CBOHCTBA IIUPKYJIAPHBIX OITUYECKHUX ITYYKOB
KYMMEPA -T'AYCCA C HEIIPEPBIBHBIM
YI'JI0BBIM NTHIAEKCOM

BBenenune
HccnenoBanne M3BECTHBIX W MTOUCK HOBBIX PELICHUM IJISI ONTHYECKUX

MmoJjen Bceraa AKTYaJIbHBI. B mnacrosiee BpEMA HauOOJILIIHNI HHTCPCEC
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MPEJCTABIISIIOT PEIICHUST B BUJIE€ Y3KOHAIPABICHHBIX IyYKOB, pean3ye-
MbI€ 3KcIepuMeHTaNbHO [1-3]. Takue my4ku 4acTo MOXKHO CUMTATh Mapak-
cuanbHbiMU. K HUM oTHOCAT myuku ['aycca, Dpmura — ['aycca, Jlareppa —
l'aycca, beccenss — I'aycca u muorue apyrue [1-10]. B paborax [8-10]
HaMM ObUIM BBEJICHBI B paccMoTpeHue nyuku beccens u beccenst — ['aycca
HEeTpephIBHOTO Mopsaka. B HacTosel padore pa3BuThiil B [8-10] moaxo
pacrpoCTpaHeH Ha JIPYTHe PEIICHUs] MapadoJIMuecKOro ypaBHEHUS B IU-
JUHAPUYECKON cucteme koopauHar. [loiydeHbl BbIpaKeHUs, ONMKUCHIBAIO-
e nupkysasipaeie 3D cBetoBble myuku Kymmepa — IMaycca (K-G) ¢ He-
IPEPHIBHBIM YIJIOBBIM HMHJIEKCOM, U OOCYXJaloTCsi (U3HUECKU MpUeMIIe-
MbI€ 3HAYEHUS UX CBOOOIHBIX MapamMeTPOB.

1. Hupkyaspusie 3D nyuxku K-G
JIns MOHOXpOMAaTHUECKUX BOJIH Buaa f(r,f)=y exp(—iwt) ckansipHOE
napaboIMyYecKoe ypaBHEHHE, MOJJIEKAIIEE PEIICHUI0 OTHOCHTEIIBHO aM-
IUIUTYABl ¥ TMAapAKCUAIBHBIX CBETOBBIX IIYYKOB, UMEET BUJ [2]
2 2 .
0y, +0,, +2ik0 )y =0, (1)
rae k=k,n, k,=w/c. llenecooOpa3Ho MpeaBApUTEILHO IEPEUTH K O€3-
pa3sMEpHBIM NIEPEMEHHBIM
X=x/x,, Y=ylx,, Z=2z/z,. (2)
3nech Xy U z=kx; /2 — HEKOTOpbIE XapaKTEPHbIC BEIIECTBEHHBIC Pa3MEPhI

My4Ka B HAIIPaBJIEHUSIX, MApAJIIEIbHBIX O0csiM 0X 1 Y COOTBETCTBEHHO.
[Tocne ykazaHHOM 3aMEHBI IEPEMEHHBIX U JOTOJHUTEIBLHOTO Mepexoia
Z — O nmapabonudeckoe ypaBHeHUE (1) B IIUIMHIPUYECKON CUCTEME KOOP-

nuHar (R, ¢, Z), rae Oe3pa3sMepHbIi paauyc R=+X’+Y’ mpeobOpasyercs
K U3BECTHOM (hopme:

o> 1 0 1 &’ 0
+——t— +4i— lw(R,9,0), 3
OR>* R OR R? 0¢’ o0 v(R.¢.0) (3)

rae Q — Oe3pa3sMepHBIl KOMIUIEKCHBIM mapaMerp nydka: Q=7 —-Q,, npu
atoM Q, =0, +iQ,. 31eCh U Ianee OJHUM M IByMs IMTPUXaMH OTMEYaeM

COOTBETCTBEHHO BEIIECTBEHHBIE U MHHUMbBIE YaCTU PA3JIUYHBIX BEJIMYMH.
UtoObl HalTH AOCTaTOYHO OOlIee pelleHue ypaBHEHUs (3), BBIIOIHUM

MOJCTAHOBKY R =R, /—iQ B (3). Torna nmojgy4um ypaBHEHHE
0’ 1 o 1 0 0
4 (—=2R)—+———+40— |y, (R,,0,0) =0,
6R]2 (Rl l)aR1 Rlz 8@2 QGQ l/ll( 1 (0 Q) (4)

pelIeHueM KOTOpOro sIBAseTCst (PYHKIIUS
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w =(R)">M(—v,m+1; R})(cos me+ibsin mp)Q"**" (5)
3necy M(...) — cnenmanbHas Qynkuus Kymmepa, uid, nHaue, BbIPOXKICH-

Has rurnepreomerpuueckas Gynkuus F; [11-13]. i moxydeHus raycco-
BOIOJIOOHBIX PEIICHUN MO OTHOIIEHUI0 K ¢GyHKIuU (5) mpousBeacm

000011IeHHOE npeoOpa3zoBaHue Anmens [4] B dbopwme:
-1
R 1 1 1 R?
R,0,0) > G Z—, O ——— . 3necr G(R,Z)=—ex (z—} -
w(R,9,0) l//QcoQ (Q PJ a ( )QpQ

3D-rayccuaH u BBEJEH BTOPOM KOMILJIEKCHBIN IMapaMeTp nyuka P =2 —F,

r;ie KOMIUIEKCHas KoHcTaHTa Py = P, +iF, . [loiy4aeM, ¢ TOYHOCTBIO 0

MMOCTOSIHHOM,
P (RY , L
w=G|—||—=| M(-v,m+1 R))(cos mp+ibsinmy) (6)
0)\0
P S B |
rae R, =iR (E —aj Wrak, BeIpakeHue (6) XxapakTepu3yeT rayCcCcoBOIIO-

no6HeIe 3D myuku, oOiamaronue MWIMHAPUICCKONW (MM ITUPKYJISIPHOMN)
cummMmetpuei. Ceoticmea 2mux ny4Koe8 3aBUCIT OT MEPEMEHHBIX (R,9,Z)

U 4YeTBhIpeX CBOOOAHBIX mapamerpos (m, v, B, O)). M.A. Bouugpec [4]
Ha3bIBAET IYYKH (6) HUPKYIAPHBIMHU IIyYKAMH.

2. YcaoBus  (QU3NYECKOH  PeaM3yeMOCTH  HHUPKYJISPHBIX
3D nmyukoB K-G

CHauana oO0CyIMM OTpaHWYEHUs Ha JUAINa30H 3HAYEHUM MmapaMmerpa m.
OOb1yHO MoJyararoT, yto m = 0,£1,+2,.... OgHaKO 3TO MPABUIBHO TOIBKO IS
CBSI3aHHBIX COCTOSIHHI, KaKh€ OMHUCHIBAIOTCS, HAIPUMEpP, B KBAHTOBON Me-
xaHuke. PaccmarpuBaeMblii HAMU MyYOK PacpOCTPaHSIETCS B CBOOOTHOM
MIPOCTPAHCTBE, MO3TOMY YIJIOBOM MHACKC 7 MOXET ObITh HEMPEPHIBHBIM.
[Toatomy B (1.6) MoxkHO Hcnoab30BaTh M = 0. OOCy)KIacMble HAMHU ITUP-
kyJsipabie 3D cBeToBbie Mydyku K-G ¢ HEMPEPHIBHBIM YTJIOBBIM HUHJEKCOM
m =0 gBAAIOTCSA Takke (pakiMOHHBIMU [15-18] U UMEIOT cMpaIbHBIN
BOJIHOBOH (PpOHT.

HaunOonpimmii mpakTHYeCKuii HHTEPEC MPEACTABISIOT PU3NUECKH pea-

JU3yeMble TYyYKH KOHEYHOM MourHocTH. [Ipu |R|—>OO aMIUITUTyla W

< 2
JOJDKHA CTPEMUTBCS K HYJIIO U MHTErpal I|:,u| dXdY noiDKeH CXOJHUTHCH,

T.. QYHKIUS ¥ JOJDKHA YJIOBJIETBOPSTH YCIOBHUSM KBaJpaTUYHOU WHTE-
rpupyemoctu (KW). ITpousseaem ananuz ycnosuit KW st UpKyJIsIpHBIX
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3D cBetoBbIX TyukoB K-G. Jliig 3TOr0 HccneayeM nopeAaeHue GyHkuun ¥
npu R — oo, cnenys meroauke [8]. 3ameTum, 4TO B cTaTthsix banapaca [3,
6] 3a ycnoBus KW mnpuHUMaeTcs TOJBKO BBIIIOJHEHUE HEPABEHCTB
(Q,>0, P’>0) W HE pacCMaTpUBAIOTCS BO3MOYKHBIE BaKHBIC CIIy4aud

P' —+w, Q) — too. [I03TOMY B HAcTOSIIEM COOOIIEHUH 3aHOBO MPOAHAIH-

3UpOBaHbl U YTOYHEHHI (MO0 CpaBHEHUIO ¢ paboTamu [4-7]) ycrnoBus ¢usu-
yeckoil peanuzyemoct 3D 1mupKyspHbIX My4ykoB K-G HEMPEPHIBHOTO yT-
JIOBOTO MHAEKCa M, KOTOPbIE XapaKTEPU3YIOTCS KOHEUHOW MEPEHOCHUMOM
MOITHOCTBIO U SIBJISIFOTCSL yCTOWMUMBBIMU. JJisI y100CTBa MOTyYEHHBIE pe-
3yJbTATHI TIpeJCTaBlIeHbI B Tabymie 1, tne N=1,2,3... .

Ta6muma 1 — Ycnosus KU miist 3D nupKyasipHBIX CBETOBBIX ITyYKOB
K-G ¢ HenpepbIBHBIM YIJIOBBIM HHAEKCOM 1

OrpannueHus OrpannueHus OrpanndeHust
Ha TIapaMeTphl 0, | Ha MapaMeTphl P, Ha UHJIEKC v =V'+iv" (m20)
1 0y >0 P >0 HET
2 0y >0 Fy <0 0 -1
3 0, <0 P >0 —m —[]
4 0, >0 ‘PJ‘—W V> —(14+m)/2
5 o) > e P >0 Vi< —(L+m)/2

3. I'paduyeckoe MoaeIMpoBaHMe paclpeae/ieHusi HHTEHCHMBHOCTH
B nmnomepeyHoM cedyeHud 3D mupkyJaspHbix nyukoB K-G
HeIPEePHIBHOIO YIJIOBOI'0 MH/EKCA m

Ha pucynkax 1 u 2 npencraBieHbl pe3yJbTaThl IpauyecKoro Moje-
JUPOBAHUS pacipeaesieHuss MHTEHCUBHOCTU IMUPKYJIAPHBIX MydykoB K - G
HEIMPEPBIBHOTO YIJIOBOTO UHJEKCA 7 B UX MONEPEYHOM CEUEHUU.

09 0. 04 0.
JACVANER Sy ¥
0 1 2 3 -=3-2-101 23 -3-2-101 23 |

-3 -2 -1 1 0 2z -1 -2-10 1 2 13
a b ¢ d

Pucynox 1 — Pacnipenenenne MHTEHCUBHOCTH BAOJb JUAMETPa MOMEPEUYHOTO CEUEHUs
nydka: Bapuanta — Z=0; v=1; Bapuantr b— Z=1; v=1; Bapuantrc— Z =1; v =2;
Bapuant d — Z =0; v =2.Bo Bcex cnyuasx O, =1; P, =-0,2
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Pucynok 2 — Pacnpe/enenne HHTEHCUBHOCTH BJIOJIb IHAMETPA MOIEPEYHOrO CEUSHHS
nydka: Bapuanta — Z=0; Q,=-1; P, =0,2; v=-2,2;
Bapuant b —Z =0,5; O, =-1; P, =0,2; v=-2,2; Bapuantc — Z=0; Q, =1;

"

P — —o0; v =—0,5-2i; Bapuant d — Z=0,5; O, =1; P, = —0; v =-0,5-2i

JIJist IpOCTOTHI, a3UMYTaJIbHBIN MapaMeTp MOAYJISAIMU BEIOpAaH paBHBIM
equnuie: b=1_Ilpu TakoM ycnoBuu rpauk THTEHCUBHOCTH ITy4YKa HE 3a-

BHUCUT OT a3UMyTa, IIO3TOMY Ha PHUCYHKaX I/1306pa}KeHBI TOJIBKO CCUYCHMHA
IMy4Ka INIOCKOCTAMHU, COACPIKAIIUMHU OCb Z. Bo Bcex ClIydasax CBO6OI[HBI€

napamerpsl £y =0y =0 u m=0,2 . Teomerpuueckue Mecta TOUEK, COOT-
BETCTBYIOIIMX PAaBHOW HMHTEHCHUBHOCTH B TONEPEYHBIX CEUEHUSX My4yKa
(KapTUHBI HMHTEHCHUBHOCTH) TPEJCTABISIOT KOHIIEHTPUYECKHE KOJbIA;
pPa3HBIM KOJIbIIAM COOTBETCTBYIOT pa3Hble 3HAYEHUS MHTEHCMBHOCTH. Ha
pucyHKe | WIUTFOCTPUPOBAHBI Pa3IMYHBIC YACTHBIC CIIydal, COOTBETCTBY-
foiye Bapuanty 2 B tabnuie 1. [Ipu cpaBHeHun ¢pparMeHToB a@ v b pucyH-
Ka 2 ¢ BBIBOJAMU, OTHOCSIIIUMUCS K BapuaHTy 3 B Tabnuue 1, yoexaaemcs
B MX MOJHOM COOTBETCTBHUH. Takoe ke 3aKII0YEHUE MOXKHO CHENATh MpPU
CpaBHEHUHU (PArMEeHTOB ¢ U d PUCYHKA 2 C BBIBOJIAMH, COTBETCTBYIOITUMU
BapuaHTy 4 B Tabnuiie 1.

3akioueHue

B nanHOil paboTe NIl OMMCaHUSI HOBBIX THUIIOB My4YKoB — 3D mupky-
JsipHBbIe cBeTOBBIe Myukn Kymmepa-I'aycca ¢ HempephIBHBIM YTJIOBBIM HH-
JIEKCOM M — TIPEJII0KEHBI AHAIMTUYECKUE BBIPAXKEHUS B 3aMKHYTOU (pop-
M€ U mpou3BeaeH ux aHainn3. OHU XapaKTEPHU3YIOTCS TpeMsi CBOOOHBIMU
mapaMeTpaMH: TPEMs BELIECTBEHHBLIMU HENpPEphIBHBIMU — (Q,, B, m)
U KOMIUIEKCHBIM MapamMeTpoM v. HacTHBIMU Cily4assMU BBEJICHHBIX 3/1€Ch
My4YKOB SIBJISIFOTCSI M3BECTHBIC ITUPKYJSpHBIC IMyYKW U Mydku Jlareppa —
["aycca [1-6] ¢ IMCKPETHBIMU LETOYUCICHHBIMA HWHACKCAMH V.

CdopmynupoBanbl (hU3nUecKue OrpaHUYCHUs] Ha BO3MOJKHBIC 3Haue-
HUSI CBOOOJHBIX IMApaMETPOB TAKUX MYYKOB BO BCEM MPOCTPAHCTBE; UX
MIPAaBOMOYHOCTh MOATBEPXKACHA TMPU TpadUuecKoM MOJEITUPOBAHUM aM-
TUTUTY .
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[IpousBeneno rpaduyeckoe MOACIUPOBAHUE MUPKYISIPHBIX ITYYKOB
K-G n noka3aHo, 4YTO HCHOJIb30BAHUE HEMPEPBIBHOIO CHEKTPA 3HAYEHUU
YIJIOBOTO MHJIEKCA 7 W KOMIUIEKCHBIX 3HAYE€HHI CBOOOJHOTO mapamerpa
V (U3UYEeCKU MTPUEMIIEMO.

IIpr 0OTHOBPEMEHHOM TIEPEXO/I€ OT AUCKPETHBIX 3HAYCHUW M K HEMpe-
PBIBHOMY CIIEKTPY, @ TAK)KE€ OT BEIIECTBEHHBIX K KOMIUIEKCHBIM 3HAYEHU-
aM V CyIIECTBEHHO PaclIMpPSETCs KJIACC M3BECTHBIX B HACTOSIIEE BPEMS
MyYKOB C [MUJIMHAPUYECKON cumMmeTpuei. [Ipu BappupOBaHNM HOBBIX CBO-
OOJIHBIX MTapaMETPOB TAKUX MYYKOB, HECCOMHEHHO, TOSIBJISIOTCSI HOBBIE J10-
MOJTHUTEIbHBIE BO3MOXHOCTU JJIs (DOPMHUPOBAHUS U UCCIIECIOBAHUS Iy4-
KOB C 33JJaHHBIMH CBOVMCTBAMHM B LIEJSAX MOCIEAYIONIErO UX MPAKTUYECKOTO
MIPUMEHCHMUSL.
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C.C. T'uprean
YO «I'oMenbCKkuii rocyJapCTBEHHBI YHUBEPCUTET
nMmenn Opannucka CkopuHb», ['omens, bemapych

CBETOBBIE ITYYKHU BEBEPA -TAYCCA
C HENPEPBIBHBIMHU KOMIIVIEKCHBIMHU TAPAMETPAMHA

Beenenue

B Hacrosiiee BpeMs mo-npexXxHEMY aKTyalbHBI TIOUCK U HCCIICIOBAHUE
HOBBIX THUIIOB CBETOBBIX MYy4KOB [1-6]. BMecTe ¢ Tem perieHus: BOJIHOBOTO
ypaBHEHUS B MapabOJWYECKONW CHCTEME KOOPAMHAT, OMHCHIBAIOIINE BOJI-
HoBbIe Tost BeOepa [2] u myuku Bebepa — ["aycca (W-G) (unaue: nmapabo-
JUYECKUE TayCCOBbIE IMy4ykH) [2-5], u3ydeHbl HepoctaTouHo. [losTomy
B HACTOSIIEH paboTe MOTyYeHbl AHAIUTUYECKUE BBIPAXKEHUS B 3aMKHYTOM
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dbopme, onuckiBatonue nydyku W-G. YcraHoBieHbl (U3NYECKUE OTPAHMU-
YeHUs Ha BO3MOXHBIE 3HAYEHHUS] CBOOOJHBIX MapaMETPOB TaKUX MYYKOB.
[IpoBeneHo rpaduueckoe MoJIeNIMpOBaHUE MyYyKoB W-G U MOKazaHO, YTO
KOMILJIEKCHBIE 3HAUY€HMsI CBOOOJHOTO TapameTpa a SIBJISIOTCS (PU3nyecku
MPUEMIIEMBIMH.

1. HopmupoBanubie nyuku Beodepa — I'aycca
JJ1st MOHOXpOMATHUYECKHUX BOJIH BUJA f(r,t)= f(r)exp(ik .z —iwt)
CKaJIIPHOE MapaboIryecKoe ypaBHenue s orubaromeit f () , onucoia-

Iollee MapaKkCUalbHbIE CBETOBLIE IMydukH, uMeeT Bua (A, +2ik 0.) f(r)=0.
[lepelinem Kk mMapaOOIUYECKON IUIMHIPUYECKON CHUCTEME KOOpJIHUHAT,

POU3BO/IS MOICTAHOBKY [X = (772 -¢ 2) /2,y = 6 n] [7, 2]. Pemas 3aTem
napaboIMYecKOe ypaBHEHHE, TOJTYUYUM BBIPAKECHUS IS TapaKCHATbHBIX
nydkoB BeOepa.

ITonnepeynbie KAPTUHBI pacOpeaeICHUs] HHTEHCUBHOCTH B MOJIYYE€HHBIX
napakCuajdbHbIX MMyukax BeOepa mpencTaBisitoT HAJIOAKEHUE CHUCTEMBI CO-
dbokycHbIX Tlapadost. [1oaToMy Takue IMyYKH Ha3bIBAIOTCS MapadoIMYeCKu-
MU. ODTH TOJsA, Kak W mojia beccens, sBisitorcss 0e3qu(pakiiMOHHBIMU
[1, 2, 6], Tak KaK UX aMIUTUTYJbl B OMEPEYHOMN MIOCKOCTH HE 3aBUCAT OT
npoaoabHOM KoopauHaThl z. Kak u mons beccens, mapaboanueckue 1moJs
00JIaIlaf0T CBOWCTBOM CaMOBOCCTAHOBJICHHSI TIOCJI€ B3aMMOJICHCTBHS C
MPENATCTBUEM.

[TapabGonuyeckue Mydku WM, YTO TO K€ camoe, Mydyku BeOepa mepe-
HOCST OECKOHEUHYIO SHEPTUI0 U MO3TOMY (DU3UUYECKU HE Pealnu3yeMbl BO
BcéM mpoctpaHcTBe. [lyuku Bebepa — INaycca (W-G), sHeprus KOTOPBIX
KOHEUYHa, MPOIIE BCEro MNOJYyYUTh M3 MapaKkCUaJbHBIX My4ykoB BebOepa,
MIPUMEHSIS npeoOpa3oBaHue Anmnens [7] B dbopme [6]

Fy.9) = G fx/(Ba). y((Bg). ~1/(5°9)). tnie G - raycenan, f=i/z.

YToOBl YMEHBIIUTH YUCIO CBOOOJHBIX MAapaMETPOB U 3alUCaTh BhIpa-
KeHus B OoJiee oOIeM Bujie, nepeiieM K 0e3pa3MepHbIM BeIMUMHAM, UC-
MOJIb3Ysl XapaKTEPHBIE IPOJOJbHBIA U IOINEPEYHbIM JMHEWHBIE Pa3MEPhI

2
y4Ka: PIIEEBCKYIO JMIUHY Zo =AW, /2 u pasmep mepersikku W,. Jlanee
BBEIEM Oe3pasMepHBIE TIEpEeMEHHBIE W  mapamerps: X = X/ W;
Y=y/wy;, Z=z/zy; Q=Z-iQ,; R=~NX>+Y>.

SIBHBIE BBIpaXeHHUs B Oe3pa3MepHOM 3aMKHYTOW (opme aJid YETHBIX
Y HEUYETHBIX Ty4YKOB W-G COOTBETCTBEHHO UMEIOT BU/I:

94



r ZLM[lJ_a,l;KL(R+X>].M(1_E,1;KJR—X))GXP _[Rg] n
0 4 22 0 4 22 0 0 2

T yf308 3KRN) (3 a3 KR=X)), i (g KLY

f“_QzM[fz’z’ 0 jM(ﬁt 227 0 jexp Q(M 2) )

3IICCB KJ_ N a — COOTBCTCTBCHHO 6e3pa3MepHBI€ IMOoTICpCeUYHasd COCTaB-

JSIOIIAsl BOJTHOBOTO BEKTOpAa W MOCTOSIHHAS Pa3/ieNIeHUs] MEPEMEHHBIX.
M.A. banapec u ap. [2] NpeasioxKUId UCIOJIb30BaTh BEIIECTBEHHBIE pPeIIe-
HUS ypaBHEHUS ['ebMrosibiia B MapaboIndecKuX KOOpJMHATaX; TaKUe pe-
IIEHUS TIPEJICTAaBUMBI B BUJIEC PAJIOB C BEIIECTBEHHBIMHU WieHaMHU. OHAKO
SIBHBIC 3aMKHYTbhIC aHATMTUYECKUE BhIpakeHus s pyHkumii banapeca P,
u P, u nnsg myukoB W-G B nuTepaType, HACKOJIbKO HaM U3BECTHO [3-5], HE
NpUBOIATCS. YpaBHEHUsI TydykoB W-G B Oe3pazmepHON Gopme SBISIOTCS
(GYHKIUAMH TpeX MPOCTPAHCTBEHHBIX IepeMeHHbIX (X,Y,Z) u TOIbKO
Tpex CBOOOJHBIX TTapaMeTpoB (K, a, Q). Takue mydku JOKHBI OBITH (hH-
3UYECKH PEaAIM3yeMbIMU, T.€. IEPEHOCUTh KOHEUHYI0 MOITHOCTh. MCromb-
3yst moaxona [6] s HaXOXICHUS OrpaHWYCHUN Ha MapaMeTpbl My4YKOB
beccensa — 'aycca, HETpyIHO MOKa3aTh, YTO YCIOBUEM KOHEYHOCTU IIEpe-

HOCHUMOM MOIIHOCTH i1 NMy4YKOB W-G sBISIETCSI HEPABEHCTBO 0, > 0.

ITpu sToM Ha mapamerpsl K|, u @ He HakIaABIBAIOTCA HUKAKUE OIPAHU-

YCHUA — OTHU MaAPaMCTPbl MOTYT OBITH IMPON3BOJIbHBIMU HCIIPCPBIBHBIMHA
KOMIIJICKCHBIMH KOHCTaHTaMU.

2. I'pajduueckoe MoaeTupoBaHue pacnpeaeieHUsi HHTEHCHBHOCTH
B NONEepPEeYHOM ceyeHnH nMy4koB Bedepa-I'aycca

IIyukn W-G npuHamexxar ceMeucTBy mydkoB I 'enbmronsia — ["aycca
(HI-G), BBegenuwbix bonapecom u ap. [3]. Ilpu 3HaueHun mnapamerpa
y =k w,/2>1, B coorBercTBuUU C [1], mydok HI-G octaércs 6e3nudpakiu-
OHHBIM 0 PACCTOSHUA Z,, =kw,/k,, a 3aTrem pacxomurcs; mpu 3TOM

dbopmupyeTcs KoJiblieoOpa3Has KapTUHA pacipeaesieHUuss UHTEHCUBHOCTH.
[IpousBeneM YMCIICHHBIE OIIEHKH Pa3IMYHBIX BEJIIMYMH, XapPaKTEPHBIX IS
nyukoB W-G. Kak u B pabore [3], mosiaraem, 4YTO JJIMHA BOJIHBI

2=0,63-10"°M, pasMep HepeTsKKH rayccuana W, ~2-10~ M. Torma BomHO-
Boe uyncio k~10"M u mpu mapamerpe k, =10°m" nmeem z,, ~2m. Ipu
UCTIOJIh30BAHUH BBEIEHHBIX HAMH Oe3pa3MEpHBIX 0003HAUYCHUN HAXOJHM:
K, =20, y=K,/2~10. Be3pazmepHoe pacCTOIHHUE Z,u = Zyy /2o =2/ K,
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70 KOTOporo nmy4ok W-G BcE elmie coxpaHseT cBoe KBa3nOe3audpaKkiuoH-
HOoe TmoBeaeHue, paBHo Z,, ~0,1. Tlpu rpadudeckom MoaeTUPOBAHUU

MOATBEPKICHA MPABWIILHOCTH 3THUX OIICHOK.

KapTtuHbl pactipeneiieHns HHTEHCHBHOCTH MOTYT OBITh CAMBIMH Pa3HO-
oOpa3HBIMH — B 3aBUCHMOCTH OT 3a/JlaBaeMbIX MapameTpoB a, K, u pac-
crosiaus Z. OHM MHBapHUaHTHBI OTHOCUTENIBHO NpeoOpa3oBaHuil (a — —a)
u (x> —x) u cummerpuanbl otHocuTenbHO ocu OX. Ha pucynke 1 u3006-
paXeHBI pacupenesieHrss MHTEHCUBHOCTU B MOMEPEYHBIX CEUCHUSIX ITyYKOB
W-G tipu a=0 ¥ pa3IMYHBIX PACCTOSHUSIX Z B o0nacTu 6e3audpakiinon-
HOTO pacmpocTpaHeHus. ['eomMeTpudeckne MecTa TOYeK, COOTBETCTBYIO-
X OINPEICICHHBIM 3HAYCHHUSIM WHTCHCHBHOCTH, IPEACTABIISIIOT CEMEH-
CTBO CO(OKYCHBIX mapadoJi, KOTOPOE MPHU BO3pacTaHUU Z OCTAETCS Mpak-
TUYECKH Henm3MeHHBIM. Ha mapa0obl HakIaapIBaeTCs TaycCHaH, Torepey-
HOE CEUYCHHE KOTOPOTO YBEIMYUBACTCS C YBEIIMUCHUEM Z.

0
(d)

Pucynok 1 — Pacnipeesienne HHTEHCUBHOCTH I, yernmix u I, HeweTHBIX
nyukoB W-G (a):1,,a=0,Z=0; (b):1,,a=0,Z =0,006;
(¢): 1,,a=0,Z2=0. (d): 1,,a=0,Z=0,12

Jlo HacTosEero BpeMEeH MapaMeTpbl ¢ MpeaAnoiaraiuch TOJbKO Be-
neCTBEHHBIMU [3-5]. O1HAKO OHU MOTYT OBITh U KOMIUIEKCHbIMU. [Iyuku
W-G npu KOMIUIEKCHBIX @ JJO HACTOSILETO BPEMEHU HE U3y4aluch. TeM He
MEHee, OHH 00JIaJal0T CBOMCTBAMM, MPEACTABISIONIMMU MPAKTUYCCKUN
unTepec. Hanpumep, nmpu a =i/2 yernsni nydok W-G peayuupyercs
K JICLEHTPUPOBAHHOMY (CMEIIEHHOMY) rayCCOBY MYyuYKy. AHaIu3Upys WJ-
JIOCTPAINH, TIPEJCTABIICHHbIE HA PUCYHKE 2, TJe M300paKeHbl KapTHUHBI

pacIpeneNeHnsl MHTEHCUBHOCTU [, 4eTHBIX M /, HeweTHHIX myukoB W-G

IPY YUCTO MHUMBIX 3HAYEHHUAX MapaMeTpa a, yoexxaaeMcs B IMpaBUIbHO-
CTH 3TOTO YTBEPKICHUS.
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PI/ICYHOK 2— Pacnpez{eneHI/Ie HMHTCHCHUBHOCTH Ie YCTHBIX H IO HCUYCTHBIX

y4koB W-G 1pH 4KCTO MHUMBIX 3HAUCHHSX IapaMeTpa d
(a): 1,,a=i/2,Z=0; (b): I,,a=i/2,Z=0,06; (c): 1,,a=il2,Z=0;
d): 1,,a=i/2,Z=0,06

Ha pucynke 2 BUIHO, 4TO C YBETUYCHHEM pacCTOsHUA Z B 001acTu
0e31uPPaKkIIMOHHOCTH JIJIsl TyYKOB 000UX TUIOB (hopMa mapadboi ocTaeTcs
IPAKTUYECKH HEM3MEHHOM, a TayCCOBO MSATHO CMEIIAETCS BJICBO BIOJb OCH
OX.

Ha pucyHKe 3 WILIIOCTPHPOBAHBI PACIPENEIECHNS UHTEHCUBHOCTU 1,

ueTHBIX ¥ {, He4eTHBIX MyukoB W-G IpH KOMIUIEKCHOM IApaMETPE d.

2 2

1 1

’ |

-1 -1

-2 -2 2
o 1 2 -1 0 1 2 -1
(a) (b)

0o 1 2 -1 0 1 2
a (c) (d)

2

-1

Pucynok 3 — Kaprunsl uarencusaoctd £, yetnbix u £, nedeTHbIx myukoB W-G
NIpU KOMIUIEKCHBIX 3HA4YCHUAX napamerpa a. (a): 1,,a=i/2+6,Z =0;
b): 1,,a=i/2+6,2=0,12; (c): I,,a=i/2,Z=0; (d): I,,a=i/2,Z=0,12

Bunno, uTo ¢ yBeIM4eHHEM paccTosiHus Z B o0nactu 6e31udpakiinoH-
HOCTM MYy4ykoB ¢opma mapaboi OCTaeTcsl MPAKTUYECKHM HEU3MEHHOM,
a rayccoBO ISITHO CMeIaeTcs BiIeBO BAOJb ocu OX, Kak U B cllydae Mmyd-
KOB, XapaKTEPU3YIOIIUXCS YUCTO MHUMBIM 3HAUCHUEM TTapaMeTpa d.

3aKJaoYeHue

B crathe nonydeHsl siBHbIE BbIpaxkeHUs ydkoB W-G B Oe3pazMepHOi
3aMkHyTOM opme. Ilokazano, uTo cBoicTBA MyYyKOB W-G 3aBUCAT OT TpeX
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IPOCTPAHCTBEHHBIX HepeMeHHBIX (X,Y,Z) M TONBKO OT TpeX CBOOOIHBIX

napametpos (K, , @ ,0,). YCTaHOBIEHO YCIOBHE KOHEYHOCTH IIEPEHOCH-

MOW MOIIIHOCTH 3THX Iy4KoB: O, > 0.IIpu aToM Ha mapameTpsl K, U a He
HAKJIQJBIBAETCS HUKAKWX OTPAHUYCHHI; 3TH MMapaMeTphl MOTYT OBITH MPO-
U3BOJIBHBIMH HETIPEPHIBHBIMU KOMITJICKCHBIMH KOHCTaHTAMH, YTO IIOJ-
TBEPXKJCHO B PE3yJIbTaTe aHAIM3a pacIpeqeieHUs] WHTEHCUBHOCTH, IIO-
CTPOCHHOTO TpH TrpadUYEeCKOM MOJEIUPOBAHUU €ro njsi myuykoB W-G
C pa3sIWYHBIMH 3HAYCHHWSIMHU CBOOOJHOTO Mapamerpa a (BKJIIOYas KOM-
TIJICKCHBIE).

Bapeupys koMmIiekcHble CBOOOIHBIE TapaMeTpbl & u K, Takux Imyd-
KOB, MOXHO CO3/1aBaTh M MCCIIEJIOBaTh MyYKH C 33JaHHBIMH CBOWCTBAMH,
11€7I€CO00Pa3HBIMU JJISI KOHKPETHBIX MPAKTHYECKUX TPIIIOKCHUH.
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I'.B. Kyaak!, I'.B. Kpox!, I'.C. Mutwpuy?, II.. Ponor®
VO «Mo3bIpckuii rocy1apCTBEHHBIN I1E1ArOTMYECKUH YHUBEPCUTET
uMmenn W .I1.IIamsxkuna», Mo3sips, benapycs,
2V O «I'oMenbCKuii roOCy1apCTBEHHBIA YHUBEPCUTET
nMmeHu @pannucka Ckopunbl», ['omens, benapycs,

STHY «Aucturyt ¢usukn umenn b..Crenanosa» HAH benapycu,
MuHnck, bemapych

AKYCTOOINTUYECKOE B3AUMOJENCTBUE
YACTUYHO NMOJAPU30OBAHHbBIX
HOJIUXPOMATHUYECKHUX CBETOBbIX
IIYYKOB B KPUCTAJIJIAX

Beenenue

MHorue na3epHbie UICTOUHUKH, Hanpumep, COz-na3epsl [ 1], HHKEKIH-
OHHBIC JIa3€Phl [2] MPHU ONMPEAECNEHHBIX YCIOBUSX T'€HEPUPYIOT YACTUYHO
nossipuzoBanHoe m3nyuenue (UIIM), crenens mosspuzanuu KOTOPOTo Cy-
IIECTBEHHO 3aBUCUT OT aHU3OTPOIHH PE30HATOPA, €ro MOJISIPU3ANMOHHOMN
CEJIEKTUBHOCTU, CBOMCTB W COCTOSIHUSA AKTHUBHOW cpeabl. B 0JHOOCHBIX
KpUCTaJUIaX peain3yeTcsl UPOKOANEPTYPHASI TEOMETPUS B3aUMOCHCTBUS
CBE€Ta W yJbTpa3ByKa [3], mpuMeHsieMas sl CO3/aHus HEKOJUTMHEAPHBIX
akycroontuueckux (AO) dbunbTpoB. B 3TUX 1eNsIX B aKyCTOONTUKE MPHU
paboTe B JajibHEM MH(PpPaKpacHOM JHMaNa3oOHE CIEKTpa MPUMEHSIOT KyOu-
yeckuil kpuctamn repmanus (Ge) [4]. B pabore [S] ocobennoctu AO nu-
dbpakiuu  kBazuMoHoxpomaTudeckoro UYIIM wuccienoBanbl Ha OCHOBE
dhopman3zma Matpuilbl Mrosiepa.

Teoperuyeckue pe3yabTaThl H 00CYKIeHHE

B HacTosgmert padbote paccMOTpeHbl 0COOEHHOCTH Oparrockoit AO
TUGPaKIIMA YaCTUYHO TOJIIPU30BAHHBIX TMOJMXPOMATUYECKUX CBETOBBIX
My4YKOB Ha yJIbTPa3BYKOBbIX (Y3) BOJHAX B KpHUCTaUIaX MapaTeiuTypuTa
U TepMaHUsl Ha OCHOBE WHOTO (hopMaju3Ma: C UCIOJIb30BAHUEM MAaTPHIIBI
KOTepeHTpHOCTU. [Ipm dHMCIEHHBIX pacdeTax MPeaIoaraioch, dYTo
pacmnpeqielieHie  WHTECHCHUBHOCTH  TAJAlOIIET0  MOJUXPOMATHYECKOTO
M3IydeHHs MMEET rayccoBy (opmy I(X):exp[—4ln2(X—KO)Z/AKZO], rae
A\, — TIOJIHAsI IIMPHUHA paclpeAeNeHs] HHTEHCUBHOCTH 10 ypoBHIO 0,5 ot
e€ MaKCUMAaJIbHOTO 3HA4YEeHHs; A, — LIEHTpalbHAasl JUIMHA BOJHBI B pacipe-

nenenun I(A). Takoe pacnpenerneHUe WHTEHCUBHOCTH H3IIYYEHHUS MOXKET
OBITH XapaKTepHO, HAPUMED, JIJIS TIOJTYITPOBOHUKOBOTO CBETOIHO/IA.
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I'eomerpuueckas cxema AO B3aUMOJECHCTBUA IIPEICTABICHA HA PUCYH-
ke 1 g kpuctaioB TeO: (pparmenT a) u Ge (¢pparment 0).

Z 7
n ok K
o \ k, ko
p \
U -Ello EJ._ n, ) n, X Y. 0 8 n X
a 0

Pucynok 1 — I'eometpus mupokomnonocHon 6parroBekoit AO nudpakunn
B 0HOOCHBIX KpucTauiax TeO; (a) u kyonueckux kpuctamiax Ge (0)

ITonmapuzaninoHHbIE 171 DHEPreTHYECKUE XapaKTEPUCTUKH
IU(PParupoOBaHHOIO IIy4Ka OIPENEISAIOTCS DJIEMEHTAMU 2 X 2 -MaTPULIbL

KOI'CPpCHTHOCTHU
Ao+AL
J= 1 (I4Joli)dnr, (1)
Ao—AL

roe J, 0 — MaTpula KOIre¢pC€HTHOCTH ITaAarolero 4aCTHYHO 3JUIMIITUYCCKU
MMOJIPU30BAHHOTO IOJIMXPOMATUUYCCKOTO H3JIIYUCHUAA, Ll — Marpuna

JI>KOHCa aKyCTOONTHYECKON Sueiiky I 1U(ParupOBaHHOIO IMyYka u L] —
SPMUTOBO-COIPsDKEHHAs ¢ HeW Marpulia. Marpuua J, UMeeT BUI
Jo= 1 k{l + R cos(2w0)cos280 COS(280 )sin(2w0)+ isin 280] 2)
2 cos(2gq )sin(2y)—isin(2eg)  1—PBycos(2yg)cos2gq )’
rae £y — CTeneHs IOJIAPM3alivi, o — YroJl MeXAy HalpaBiICHUEM IIpe-

UMYIIECTBEHHON MOJISIpU3allMM  MAJIAlONIEr0 CBeTa U IUIOCKOCTHIO
paccessHud XZ,; gg=arctg 1y — YTOJd DBIJIANTHYHOCTH, T — IapaMeETp
SJUTMIITUYHOCTH (OTHOIICHHUE BEJIWYMH MaJIOW M OOJIBIIION OCEH 3JUIHIIca
MOJIIpU3alNN AJJIMIITUYCCKHU MOJISIPU30BAHHOU COCTaBJISIOIICH
MaIal0IIEro CBETa).

DJIEeMEHTBI MaTPHUIIbI L;; HaXOZUM C y4eTOM 0COOEHHOCTEHN TU(paKIIuu

CBCTAa, JJIMHA BOJIHBI KOTOPOI'O A OTJIMYHA OT 6p3FFOBCKOI>'I JJINHBI BOJIHBI
?\.0 . DTH 3JI€MEHTBI ONIPCACIIAIOTCA Ha OCHOBC BBIpa)KCHI/Iﬁ

sinly[12; + (1~ k)’
J1d +300-1)?

Lij:Xij ) (19]:192) (3)
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rae ls — nmuaa AO B3aUMOJICHCTBUSA C YYETOM CHOCA TPYNIIOBOM CKOPOCTH
VY3 BoJIHBI OTHOCUTENBHO (ha30BOil [3]; MOCTOSIHHBIE CBSI3U () HAXOISTCS
W3 COOTHOIIIEHUM

nn;’qubij Zm 2P

a

ki = Aosin®sinyy [\ 7,5,p0°
riae [1xl> — monepeuHsIid pasMep Y3 MydKa, #,¢ (p) — dpPeKTHBHBIN MOKa-
3aTeNb NPeIOMIICHUS (TUIOTHOCTh) KpUCTallia, P, — MOIHOCTh Y3 BOJIHBI,
L — (azoBast ckopocTh Y3 BOJIHBI, Ab; — KOMIOHEHTHI TeH30pa (HOTOYIPY-
I'MX TIOCTOSHHBIX; gn — IapameTp, YYUTHIBAIOIIUN CTETNEeHb MPOCTpaH-
CTBEHHOTO TIepeceucHUs TUGparupoBaHHBIX CBETOBBIX IyYKOB (MHTETpal
nepekpuitusi, gn<l); 01=0,+a, Yy1=0.+ 0o — yribl, JONOJIHUTEIHHBIE
K YTy Judpaxium.

1) AO nudpakuuu B kpuctaiie 7eOz COOTBETCTBYET KOIPPUIUEHT O,
omnpeesieMblil o hopmyie

I {Jk&(e )= 1) + 20E(0, )1 —c05(0, + o)1}
rie
£(60)) = & -2of,
\/”02 cos* 0, +n_sin’@, A

Abjy =Abyy =0, Abjy =Abyy =(p12 = p11) — pagsin(2a)/8 — sbbexTnBHas
dboToympyras noctossHHas ( py1, P12, Pas— POTOYIIpYrue MocTosiHHbIe [4]);
0. — yroJl OpHE€HTAllUh BOJHOBOTO BEKTOpA YJIbTPAa3BYKa MO OTHOIICHUIO
K ocu X B TOJIAPHOMU TUIOCKOCTH; 71, (n,) — MOKA3aTENU MPETOMIIEHUS KPHU-
cTajuia JJisi OOIKHOBEHHOU (HEOOBIKHOBEHHOM) CBETOBBIX BOJIH; f — 4acTo-
Ta Y3 BOJHBI.

2) AO mudpakuun B kpuctaiie Ge COOTBETCTBYET CIIEIYIOIIEE BhIpa-
KeHue 1 kodduireHTa o:

2
5[

no?
TO€ N>p=n — MOKa3aTellb IMPEIOMIICHUS KpUCTaALIa, Aby, = py;,Aby, = pio,
Abyy = Aby, =0.
[Moacransast opmynsr (2) m (3) B (1), momyumm criemyromue
BBIP@KEHUS [T 3JICMEHTOB MATPHIIBI KOTEPEHTHOCTH AU(PardpOBAHHOTO
MydJKa:
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17\.0+A7\, ) ) 1
Ju =5 (L + L)1 )dn _EPO cos(2¢ ) x

Lo —AL
N (4)
0 +AL 2 > . Ao +AL
X {cos(zwo) [ (L5, = LiDI(V)dh —sin(2y,) | (leLll)I(x)d?»}
Ao —AA Ao —AN
1 Ao +AA ) ) 1
Jp== [ (L5 +Li)I(A)dAh + =By cos(2g, ) x
200-A0 2
RotAh 5 _ Ao +AL '
x|cos(2yg) [ (Liy = L) I(W)dh —sin(2yo) | (LypLyp)I(A)dh |,
Lo —AL Lo —AL
1 Ao +AA 1
Jp== | Ly(Ly + Ly)I(A)d\ + =By cos(2g, )cos(2y ) x
209-mn 2
1 7»() +AM 1
— | Lip(Ly; = Lyy)I(X)d\ +i— By sin(2g, ) x
Ao —AL 2
A +AN ) "
X _[ (L12 _LIILIZ)](}\‘)d}\"JZI :le.
Ao —AL

OddexTuBHOCT, JUdpakuuK 77 W CTENeHb mnojsapuzanuu P

nu(parupoBaHHOTO M3NIYUYSHHs CBA3aHBI C DJIEMEHTaMH Marpuusl (4)

COOTHOIICHUAMMU.:
/2

1
AV —Jida) (5)

(V11 +J22)2

1
T]=E(J11+J22), P=|1

7\.0 +AM
rae k= [I(L)dAn/2.
Lo —AL

C WCIOJIb30BAHUEM  TOJYYEHHBIX  COOTHOIIEHUM (1)—(5)
MPOU3BOAMINCH YHUCJIEHHBIE pacdyeThl JUGPaKIMOHHONW 3(PGhEeKTHBHOCTH
OparroBckoil  audpakuuu u3nydeHus B guanazone 0,4+1,1 wMxm
C LEHTPaJIbHOU JUIMHOW BOJMHBI Ay =0,75 MKM Ha MEIJIEHHON CIBUIOBOU
V3 BonHe, yactota kKotopoit f= 257 MI'u, B kpuctaie TeO:; a Takxke U3-
JYy4YEeHUs] C IEHTPaJbHOW JJIMHOW BOJHBI A9 = 10,6 MKM M YacTOTOM
f=200 MI'y — B kpuctaie Ge.

Ha pucynke 2 mipencraBiieHa 3aBUCUMOCTh JAUGPAKIIMOHHON
3QGEKTUBHOCTH T OT MOIMHOCTH P, YIbTpa3ByKa IIPV pPa3JIM4YHbIX
3HAYEHUSX IIUPHUHBI CIIEKTpa AL TAJAOUIET0 JIMHEWHO MOJISIPU30BAHHOTO
U3ITyYEHUS.
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Pucynok 2 — 3aBucuMocTh JU(GpakurnoOHHON 3(PPEKTUBHOCTH 1) MaJAIOLIETO JTHHEWHO
MOJIAPU30BAHHOTO TIOJUXPOMATHYECKOIO I'ayCCOBA CBETOBOT'O IyYKa OT MOIIHOCTH
V3 BoIHBI Pa JUISL TIAJIA0LIET0 MyYKa C pa3jJnyHOM IMPUHOW CIIEKTPA:

a) AL=0,02 (1); 0,04 (2); 0,06 (3) 1 0,08 MxM (4) (Ahg = 0,4 MKM , [, =1cn,
L,=0,5cm, By=1, yy=0,e=0,1=0,75 Mmxm, v =719 m/c, gn =1, a=10°,
TeO); 6) AL=0,2 (1), 0,4 (2), 0,6 (3) 1 0,8 MKM (4) (Ahg = 3,6MKM , [, = leu,
[, =0,5¢cm, B =1, yg=0,e=0, 0= 10,6 Mkm, 0 =4990 Mm/c, gn =1, Ge)

Anamu3upys uHpopmaiuoo, 0TOOpaXXKEeHHYI0 Ha PUCYHKE 2, 3aMETUM,
YTO C YBEJIMUYCHUEM IIUPHHBI CIIEKTpa Majaroiiero u3mydeHus AA sddek-
TUBHOCTh Audpakuuu yMeHblnaercs. JlaHubii 3Gdext o0bsicHAEeTCS
YMEHBIIICHUEM MHTEHCUBHOCTH JU(PArupoBaHHOTO CBETa MPH OTCTPOMKE
JUTMHBI BOJIHBI MAJAlONIer0 CBETa A OT HEHTpaIbHOU Ao. D PhEKTUBHOCTH
AO gudpaknuy Ha MpoJI0JAbHON Y3 BOJHE B KpUCTAJIE T'eépMaHUs 3HAYU-
TEJbHO HIKE, YeM B KpHUCTAJLIe TapaTeulyputa. ITO OOYCIOBJICHO TEM,
4yTO (pazoBasi CKOPOCTh MEJJIECHHON CABUTOBOM Y3 BOJHBI B KPUCTAJUIE Ta-
pareiulypuTa 3HAYMTEILHO MEHbIE (ha30BOM CKOPOCTH MPOAOJIbHON Y3
BOJIHBI B KpucTajuie repmanud. Kak cienyer u3 BelpaxeHuit (5), qaxe eciu
NaJAlIINN CBET MOJIHOCTBIO JIMHEWHO moisipu3oBad (Po= 1), nudparupo-
BaHHBIN CBET MOJIApHU30BaH yacTuuHo (P < 1).

3akJ/oueHmne

Takum 00pa3oM, NpU aKyCTOONTHYECKOW AU(PPAKIIUU MOJIUXPOMATHU-
YECKMX CBETOBBIX IYYKOB 3(G(PEKTUBHOCTh TU(PPAKIMK B OJHOOCHBIX
U KyOMUYECKUX KpHUCTaIaX MPU YBEIIMUCHUU ITUPUHBI CIIEKTpa NaJaroliero
u3JIydeHus: ymMeHsbliaercs. [Ipu 3Tom gake mpu MOJTHOM MOJISIpU3alvK T1a-
JAIOIIETO CBETOBOIO My4Ka AUGPArupOBaHHBIA MyYOK YACTUYHO MOJISPHU-
30BaH. OTH OCOOEHHOCTH aKyCTOONTHYECKOW audpakiud HEOO0XO0JIUMO
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YUYUTHIBATh MPU KOHCTPYUPOBAHWU HEKOJJIMHEAPHBIX IMEPECTPANBAEMBIX
aKyCTOONTUYECKUX (PUIBTPOB.
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I'.C. Mutiopu4', B.IL. Benemyx?, C.C. F'upresn!, E.B. Jle6enena’,
AWM. Baacenko?, C.H. JleBuukmii
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OPOTOTEPMOAKYCTHUYECKOE ITPEOBPA3OBAHHUE
KYMMEP-I'AYCCOBBIX CBETOBBIX ITYYKOB
B ITOJYITPOBOJHUKOBBIX CEHCOPHBIX CTPYKTYPAX
HA OCHOBE CdTe

Jlazepnoe dororepmoakyctuueckoe (PTA) dopmupoBaHue CeHCOP-

HBIX CTPYKTYp Ha ocHOBe CdTe ¢ BEICOKMM SHEPreTUYECKUM Pa3pelICHHEM
raMma-u3JIyuYeHus SIBISIETCS OJHOW M3 aKTyaJbHBIX 3aJ1a4 CUCTEM pajua-
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HUOHHOTO KOHTPOJI [1]. B 3TOM CBSI3M BO3HHUKAET MHTEPEC K MOUCKY HO-
BBIX PEIICHHUH ISl ONTUYECKUX TOJIEH, TOCPEICTBOM KOTOPBIX MOKHO pe-
aJIN30BaTh YIPABIIIEMOE JIA3€pPHOE 00JIy4YEeHHE MOJTYNPOBOIHUKOBBIX CEH-
COPHBIX CTPYKTYP.

1.TeopeTnueckast MoaeJIb

HoctatouHo 3¢h@(EeKTUBHBIMU, HapsAy C OECCENeBBIMH CBETOBBIMU
My4YKaMH, MPEJACTaBISIOTCA Y3KOHAIPABICHHBIE UPKYJISPHBIE JIa3€pHBIE
nyuku Kymmepa — I'aycca [2, 3], aMuinTy1a KOTOPBIX C TOYHOCTHIO JI0
MTOCTOSIHHOM MOJKET OBITh MpeCTaBlIeHa B BUIE [4]

v m
P R :
E=Gl—||=| \Flvim+1,R2)-eme, (1)
Op ) \ U5
1 _R? 2
rne G(R,Z)=—exp| i— | —rayccuas, lFl(—v,m+1,R2) — BBIPOXK-
B B

JIEHHasl TUIlepreoMeTpuueckas (PyHKUHs, 4acTO Ha3blBaeMas (yHKLIHEH
Kymmepa, Oz = Z— Qo — 0e3pa3MepHbIil KOMIUIEKCHBIN MapaMeTp CBETO-
BOT'O IIy4Ka; O, =iQ) — KOMIUIEKCHAsI BEJINYNHA; P=7Z-

Py, X=x/x,,Y=y/yy,Z=2/20;R = VX? +Y? — 6e3pasmepHblit paanyc;
R; =iR’ E%—é};zo = k. /2, Xo — XapaKTepHbII JMHEHHBIN MOMEpeyHbl pas-
Mep myduka. MHoxutelnb exp(kz — of) B BeipakeHud (1) omytieH.

Takum oOpaszom, BeipakeHue (1) xapakTepuszyeT raycCOBONOJO0OHbBIC
3D cBeTOBBIE IMy4YKH, 00JIaAI0MINE UIMHIPUIECKON (MU LUPKYIISIPHOI)
CUMMeETpHEN. XapaKTEPUCTUKU STUX MYYKOB MPU UX OMUCAHUM B IHUJIUH-
JIPUYECKOI CUCTEME KOOPAMHAT SIBJISIOTCS (PYHKIUAMH MEPEMEHHBIX R, Z,
( U YETBIPEX CBOOOIHBIX MapaMeTpoB: m, v, Po, Qo.

Ucxonst u3 cootHomenus (1) mmsa uupkynspHsix mydkoB Kymmepa-
['aycca  HECIOXHO  HaWTH  CKOPOCTh  JUCCUIAIMU  DHEPIUU

LS O 2 .
Q= le<S > = 8—‘E ‘ B BBIOpDAHHOU CHUCTEME KOOPMHAT:
V4

kﬂ 2
2k Oy +Z— v
Qzﬂ%'exp —2R22—]§ (5] X
87 27+ O, Z°+0, 0
(2)
x|, F | —v,1,i 11 Rz(lﬂ'k—,} ,
P 0, k
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rae k' u k" — nericTBUTENILHAS U MHAMAs YaCTH BOJHOBOTO 4ucna, k = ko'n,
ko = w/c, m=1, n — moka3areib MPEJIOMJIICHHUS CPEJIbl, B KOTOPOH pacmpo-
CTpaHSIETCA MYUOK.

[1710THOCTH MOIITHOCTH TETUJIOBBIX UCTOYHUKOB (2) yuTéM B IIpaBoOy Ya-

CTH YPaBHEHHS TEILUIONPOBOAHOCTH [3]

2 L OT_ 1
VT 5 a kSQ (),

rae f(QQ) — umnynbcHas GyHKIMS MOAYJSIIUU. B pesynbrare penieHus 3to-
r0 ypaBHEHUSI MOYKHO ONPEAECIUTH PACIpEICIICHUE TEMIIEPATYPHOTO MOJIS
B HCCIIEIyEMOW IMOJYIPOBOAHUKOBOM CTPYKType. Ecim s Bcex rapmo-
HUK UMITyJIbCHOTO aKyCTUYECKOrO0 CUTHaJa JIMHA AU(pakuuu 3ByKa Lp
3HAYMTEIHFHO MEHBIIE JUIUHBI 3aTyXaHusl ynpyroi BoiHsI L3 (Lp << L3), TO
U3 ypaBHEHUsI X0XJIOBa — 3a00J0TCKOM, OMUCHIBAIOIIETO IBOIIOIMIO YIIb-
TPa3BYKOBOTO OTKJIMKA, KOTOPBIM BO30YK/1aeTcs HAHOCEKYHJIHBIM Ja3ep-
HbIM UMITYJIbcoM ¢ KymMmep-I'ayccoBbIM pacnpeieieHueEM HHTEHCUBHOCTH,
BBIPAXKEHUE JIJISI UMITYJIbCA 1aBJIEHUS [6] MOKHO MPEICTABUTH B BUJIE

Pzt =0)=P)(c)~ [wpQexp(-op(t-0)A ()L, (@)

—0o0

2V z o
rIe®, = —3—,do — PagMyC JIA3€PHOTO Iy4Ka, Uy — CKOPOCTh MPOIOJILHOM

a
AKyCTUYECKON MOJBI. XapaKTEepHAsi 4aCTOTa Mp PACTET C YBEIUYCHUEM KO-
OpJIMHATHI Z U C YMEHBILIEHUEM IUIONIAIN MONEPEYHOTO CEYEHUSI CBETOBOTO
my4Ka.
Ecau mornomenue cBera ogHoposiHOE (K" = const), a Ja3epHBIN HUM-
nyJbC KOPOTKUM (k"v,T, << 1), unTerpan (4) HECIOXKHO BBIPA3UTh B 3Je-
MEHTapHBIX QYHKIUIX [6]:

exp(a) r)
) TaD g ,7<0
k"BE .c5 0 +
Plr)=—— 204 Lo . (5
exp\-o 7 2Dexp(—a) T)
P a’_ D ,7>0
D-1 D% -1
®0, 2z
rae D= = — 6€3pa3M€pHOC PaCCTOAHNUC, BBIPAKCHHOC B JIJIMHAX
kﬂ k"ag

nudpakuuu L, = k'a; /2 Ha 4acToTe ®, =k"v, ;t1=¢—z/v, — BpeMs B CO-

MPOBOXK/IAIOIIEH CUCTEME KOOpAuHAT, (J4 — aMIUIUTYIHBIM MHOXHUTENb
CKOPOCTH TUCHUIIALINY 3HEPTrUn 0e3 OyrepoBCKOM Z-KOMIOHEHTHI, ®, = k"0,
XapakTepHasi yacTtoTa crekTpa ¢oToakycTuyeckoro curnana Ilpu t>0
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aMILTUTYJ]a CUTHAJIA oTpeiensaeTcs: KO3 UIIMEHTOM NOTIoIIeHus cBeTa k”
U XapaKTepPHOM YacTOTOM, COOTBETCTBYIOIIECH JiuHe nudpakiuu p. [Ipu
D <<'1 npodunb POTOAKYCTUUECKOTO OTKJINKA OTKJIMKA OMpPEALISAETCS MO-
IJIOIICHUEM CBeTa, a AU(pPaKIMOHHAs COCTaBIISIIONIAs SIBISETCA CyIle-
CTBEHHOW TOJBKO MpH 3HaueHusX k't > (3+5). B Tom ciyyae, korma D > 3,
Hao0opoT, npu Manbix T ("t <(1+2)) curHam U3MEHSIETCS SKCIIOHCHITHU-
aJbHO C MOKa3aTeIeM CTEIEHU PABHBIM Mp, a IpU k"1 > 1 — ¢ mokazarenem
CTEIIEHU paBHBIM k",

CrnenoBarenbHO, IEPBOHAYAIBHO CUMMETPUYHBIN UMITYJIBC CKATHUS 10
Mepe paclpOCTpaHEHHs] MPUOOPETaeT BUJ CIEAYIOIIUX APYT 3a APYrom
UMITYJICOB COKATHSI U Pa3pPEKECHMUS.

3aBUCHUMOCTh MPOCTPAHCTBEHHOIO PACHPEACIICHUS HHTEHCHUBHOCTHU
cBeToBbIX MyukoB Kymmepa — ["aycca ot koopaunatel X npu m = 0 rpadu-
YECKH WJUTFOCTPUPOBAHA HA PUCYHKaX |—2, B pe3ynbTaTe aHaIN3a KOTOPBIX
SICHO, UTO Bapbupys napamerpsl P, O, v, m MOXXKHO JOOUTHCSI paBHOMEPHOMU
3aCBETKU HUCCIEAYEMOU MOJYINPOBOJHUKOBON CEHCOPHOM CTPYKTYpPBI IIPHU
e€¢ OOJIydeHUU CBETOBBIM UMITYJIbCOM (puUCyHOK 2a). IIpu 3TOM MOXKHO
MakcUMaJIbHO 3¢ ()EKTUBHO peanu3oBaTh 0apoaudPy3UOHHBIM MEXaHU3M
BBesieHus mpumeck uHaus In B CdTe.

0)

Pucynok 1 — [Ipodunmm natencuBHoctr my4ukoB Kymmepa — ['aycca
a)v=0;0)v=1,15

0)

Pucynoxk 2 — [Ipodunu natencuBHocTr my4ukoB Kymmepa — ['aycca
a)yv=1+2 6)v=0,6—3i
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s opmupoBanus HeoOxoaumoro mnpoduis mydkoB Kymmepa —
["aycca cienyeT ucnonb30BaTh, Kak U B padoTe [7], OuHapHbie AudpaKiu-
OHHbBIE ONITUYECKUE JIEMEHTHI.

Crnenyer Takke ydecTb, YTO OOJy4Y€HHE HMITYJIbCaMU, JJIUTEIbHOCTh
KOTOPBIX COOTBETCTBYET auanazoHy (7+20) HC, MOXET ObITh HPUYUMHOUN
oOpa3oBaHus J1e(PEKTOB B 30HE Ja3€pHOTO JErUPOBAHUS MOIYNPOBOIHUKA,
YeM OCJIOKHSETCSl MPAKTUYECKOE IPUMEHEHHE ONMCAHHON METOIUKHU
B OOBIYHBIX YCJIOBUSIX, T.€. IIpu hopmupoBaHuu nyukoB Kymmepa — 'aycca
B BO30yxaeHHOU cpexe. [Ipu o0mydeHnn noiaynpoBOJHUKOBBIX CTPYKTYD,
NOTPY>KEHHBIX B KUJIKOCTb, BOSHUKHOBEHHE PE3KUX TPAJUECHTOB B HM-
IyJIbCE BO3MOKHO IPU MEHBIIMX 3HAUYECHHSX €ro IMOJHOW »Hepruu — 0e3
3HauUMTENbHOTO HarpeBa oOpasna CdTe u HexenarenbHOro AedekToodpa-
30BaHUS.

2. DKCIIEpUMEHT

[Ipu oOsyyeHur B BOJIE BAXKHO KOHTPOJIUPOBATH BEIWYMHY JIaBICHUS
P, namenenne KoToporo oOyCJIOBIIEHO JIa3epHO-CTUMYJIHUPOBAHHBIMU TIPU
BO3JCHCTBAUN HAHOCEKYH/IHBIX HMMITYJILCOB MPOILIECCAMU HarpeBa, IiaBJie-
HUS, ra3o- W IJ1a3M000pa30BaHUsl B OKPECTHOCTU TpaHUIlbl pas3jena Bo-
na/In. Ilo Mepe MOBBIIIEHUS] YIHEPTUHA UMITYJIbCa £ — MPU yCIOBUH JTOCTH-
YKEHHSI TEMIIEPATypPhI TIABJICHUS TUIEHKHU In — MOYKET UMETh MECTO 3HAYU-
TEJIbHOE CKauKooOpa3Hoe Bo3pacTaHue gasieHust P. [lpu sTom Temrepa-
Typa 1uiaBiaeHus: uHaus npu odaydenuu In/CdTe B yclioBHsIX «3axaTon»
MOBEPXHOCTU MOXET CMEIIAThCS B HAIpPaBICHUU OONBIINX 3HAYCHUUN
BCJIEJICTBUE €€ 3aBUCHUMOCTH OT JAaBieHud [6]. KpoMe Toro, Moxer mpouc-
XOJUTh BCKUIIAHKWE BOJIBI M TE€HEpalUs JOMOJIHUTEILHOTO UMITYJIbCA JaB-
JeHusi, o0ycioBiIeHHas mapooOpa3zoBanueM. [loaTomy 3amava ompenene-
HUS TIOpora IuiaBieHusi In sBJISIETCS BaXXHOM M JOCTATOYHO CJIOXKHOIM,
u 14 e€ pemieHus Tpedyercs npumenenue @TA merona.

[Ipu uccrnenoBaHuy BO3JEUCTBUS HA MOJIYNPOBOJHUKOBYIO CTPYKTYPY
In/CdTe rayccoBOomogoOHBIX UMIYJIbCOB HAHOCEKYHIHOWU JJTUTEIHHOCTH
ucnoas3oBanuck kpuctamibl p-CdTe (111) ¢ miomaneo TOpieBOM ToO-
BEPXHOCTH 5%5 MM? ¥ TommuHoM 0,5 MM, XapaKTepU3YIOLIMECS YAEIbHBIM
conpotusaenueM (2+4)-10°0Om-cm. Inenka In Tommunoi 400 HM HaHOCH-
Jach IyTEM TEPMHYECKOIO HAMNBUICHHWS B BaKyyMe€ IIpH JaBICHUU
10 at™. OGny4enne oOpasla Ja3epHLIMU UMITYJIbLCAMH BTOPOM TapMOHU-
Kk YAG:Nd-nazepa (A= 532 HM, Zimp = 7 HC) NPOU3BOJIUIIOCH HA BO3/IyXE
U B KIOBETE C JUCTWIIMPOBAHHOW BOJI0H. [luamerp oOmydaemMoit 30HbI ObLT
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paBeHl MM, a pacnpeielieHue YHEPIUu MO IUIONaAu — JOCTATOYHO PaBHO-
MEpHBIM.

AKYyCTUYECKUN OTKIIMK IPHU JIA3€PHOM BO3JIEVCTBUU JIETEKTUPOBAICS
NIbE302JIEKTPUUYECKUM MPeoOpa3zoBaTeeM 3a CTOPOHOM o0pasiia, MPOTUBO-
Jexainer BxogHoM rpanHu kpuctamia. Ileezomarumk (tum I1-113 u3 xoMm-
IieKTa akyctudeckoro nmpuoopa AD-15) — nwezoanement LITC-18 B dop-
M€ YCEUEHHOTO KOHYCa, YCTAHOBJIEHHOTI'O B METAJUTMYECKOM KOPITyCEe C Ke-
PaMUYECKUM MPOTEKTOPOM (Il aKyCTHYECKOTo KOHTakTa). Pe3oHaHcHas
yactota — 400 xI'm. DiekTpuyeckue CUTHAbI MbE30JaTUNKa PETUCTPUPO-
Basiich B yacToTHOM auanaszone 200...2000 k', Koadbdunuent annapar-
HOTrO ycuieHus: (Ain/Aout) CUTHAJIIOB HaXOAWJICS B Mpejenax JTUHEUHOCTH
JUHAMUYECKOTO JIhana3oHa YCUJIUTEIBHOTO TPAaKTa U U3MEHSUICS B Juarna-
3oHe 50...74 nb. OOpazen Ha MOAJIOKKE U3 IUIeKcUriaca (TonmuHa 1 cm,
muametp 10 cM) M Mbe303JIEKTpUUECKU MpeoOpa3oBaTesib yCTaHABINBA-
JIUCh B MEHOM sTuelKe ¢ BOJOM (PUCYHOK 3).

Veumurens n puneTp

'|

BOOd —

2

= 3

m1—|

E 5

=
YAG:Nd nazep =7 [Trez03meK TP eCKHMiT
532 e, 7 HC & 5 E—

]ED

E‘—'

e g

=X

o=

5:{

-}:1;; 0.5-3 noat
HM : Ocumnnorpad,
Tonupea cixm-cnoad= 13 ___ 20 mma KOMIBHITED

Pucynok 3 — Cxema skcniepyMeHTa Ipu O0JIy4E€HUHU B BOJE
C MPUMEHEHNEM (POTOTEPMOAKYCTHIECKIO METO1a

W3mepeHHbI KO3 (ULIKEHT MOIJIOMIEHNU BXOJHOTO CTEKJIa U BOJIbI 1O
OTHOLLIEHUIO K U3JTyYEHHIO C JUIMHOW BOIHBI 532 HM Obu1 paBeH 11 %.

3. Pe3yabTaThl

Ha pucynke 4 nmpuBeneHbl TUIIUYHBIC CUTHANBI, 3aPETrUCTPUPOBAHHbBIC
npu obsnyyenuu cuctemsl In/CdTe B Bojie U Ha BO3/1yXe HEOAUMOBBIM Jia-
3epOM MpU JBYX 3HAUYCHUSAX 3Hepruu [8]. BumHo, uTto mpu oO0IydeHUU
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B BOJIC BCIICJICTBUE JEMIIPHUPOBAHUS BOJON MOBEPXHOCTH 0Opaslia CUrHaI
MOJYJIMPOBaH: TaK KakK IpaHb 3a)kaTa, UMIYJIbC OTAA4YM OYE€Hb Mall, IO-
CKOJIbKY O4Y€Hb Majl KO3(P(UIIMEHT BCECTOPOHHETO U30TEPMUUYECKOTO CHKa-
s Boasl —1/V -(dV /dP)=51,1'10"" TTa™" (mpu 0 °C). Ha pucynke 4(6)
BUJIHO, YTO HAYAJIbHBIN (MEPBBIM MOJOKUTEIbHBIA) UMITYJIbC Pa3rpy3Ku
OTCYTCTBYET, a UMITYJIbC CKaTus chopMupoBaH. UeTbipe rpynmbl UMITYIIb-
COB 00YCJIOBJICHbl MHOTOKPATHBIM OTPaXE€HHWEM OT OOKOBBIX (Ha PUCYHKE
3 OHM OrpaHMYMBAIOT 00Opasel] CBEpXYy M CHU3Y) I'paHEeW aKyCTHYECKOIO

oydepa.

¥ B A ot et k4
; i SB |
i i WC
; 0 B Boze
Hmmyiec i i i i : i
pacTsKeHus . .. | SUPSEDRSSS JORYS UUS B FIES, SOLTE S8
(ucuesaer npu \ti A
oo™ IR
: ; i A 50MKe
el Umirymnse Ha Bo3nyxe
AN CKaTUSA
E =40 m]lx/cm? E = 80 mJTx/cm?

Pucynok 4 — AkycTu4ecKkuii OTKIIMK TP 00Ty4EeHUH TTOTYTIPOBOTHUKOBOMH
ctpyktypsl In / CdTe HaHOCEKYHTHBIM J1a3epoM B BoAE (g, ) U Ha BO3ayXe (8, 2)

Ha 3aBucHMMOCTH amMIUIATYJIbI aKyCTHUYECKOTO OTKJIMKA OT IJIOTHOCTH
SHEPIruu Ja3epHOro ummyibca A(E), WILTIOCTPUPOBAHHON HAa PUCYHKE 5,
HaOmroaercss JIMHEHHbIH ydacTok DTA-cUrHajia W ydacToK C JIPyTHM
HAKJIOHOM. JHeprus E, mpu KOTOPOM MEHSIETCSI HAaKJIOH KPUBOW, COOTBET-
CTBYET IOPOTY IUIABJICHUS IUICHKU WH]KS, TaK KaK C HAyajoOM IUIABJICHUS
MPOUCXOJUT PE3KU mpupocT oobeMa. [Ipu oOmyueHun B BOjJE CMeHa
HakjIoHa HaunHaercs npu 80 MJK/cM?, TIpy OOJIyYEHHH Ha BO3LyXE — IIPHU
115 MI[)K/CMZ. MexaHnu3Mbl TeHEpPAIUU JIOTIOJITHUTEIILHOTO JIABJICHUSI HAMU
IIPOAHAIM3UPOBAHBI PAaHEE.
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PucyHok 5 — 3aBHCHMOCTD aMIUTATY/Ibl aKyCTUYECKOTO OTKJIMKA OT SHEPTUH
ob6myuenust rerepocTpykTypsl In/CdTe B Boze (1) u Ha Bo3ayxe (2)

[Ipu oOnydeHun u3ydyaeMou CTPYKTYpHI B BOJIE U Ha BO3JyX€ CIEIAYyeT
YYHUTHIBATh CIEIyIONE (DU3NUECKHUE MPOIECCHI: TIIaBJICHUE WHIUSA, KOTO-
poe OyJlleT MpoTeKaTh B YKa3aHHBIX YCJIOBHSX IO-pa3HOMY; TaK Ha3bIBae-
MO€ B3PBIBHOE BCKHUIIAHWE BOJIBI MIPU BO3ACHCTBHMU Ha 00paser] UMITYJIbC-
HOTO (HAHOCEKYHJIHOM [JIUTENHHOCTH) JIa3€pHOT0 M3IyYEHHs]; Ja3epHO-
WHIYIIUPOBAHHOE UCMIAPEHUE aTOMOB WHMS, KOTOPOE NHTCHCHUBHO MPOTE-
KaeT Ha BO3/yX€E M MOJIaBJICHO B BOJIE.

Takum oOpa3zoM, yCTaHOBJICHO, YTO TIPH OOJYyUYEHHUH B BOJAE MOIYIPO-
BOAHUKOBOU CcTpyKTypbl In/CdTe rayccoBOmomoOHBIMU JIa3€pHBIMH HUM-
nyJbcaMu (7 = 7 HC) JaBlieHHE B 00JIACTH YHEPTOBBIICIICHUS CYIIECTBEHHO
BbIIIIE, YeM MpHU OO0Jy4YeHUH Ha Bo3ayxe. Jlo AocTukeHus mopora miaBie-
HUS UHJIMS, KOT/Ia UMEET MECTO (pOTOTEpMOaKycTuuecKkuil 3(ppeKkT, 3Haye-
HUS JaBJICHUS MPHU PaACHOJIOKEHUH o0Opaslla B yKa3aHHBIX Cpelax pas3iu-
gatoTcs B 17 pa3; mpu IBYKpPaTHOM TPEBBINICHWH MOPOTA IUiaBieHus In
napyieHus paznuyarorcs B 30 pas.

OnpenenéH MOPOr IUTABJICHHUS WHAWS TPU OOJYYCHHH CTPYKTYPHI
In/CdTe B Bome HEOAMMOBBIM JIa3€pOM; OH paBeH Ein. = 80 mJx/cm?
¥ MEHBIIE, YeM npu o0nydeHun Ha Bosayxe (115 m/lx/cM?) Benencrsue
MOJ/IaBJICHUS B BOJI€ UcTapeHusi aToMoB uHaus. [lokazaHo Takxke, 4To C HC-
M0JIb30BAHUEM THIIEPTEOMETPUICCKUX CBETOBBIX My4KOB (MyukoB Kymme-

111



pa — I'aycca) MoxHO 3P(DEKTUBHO YHPaBIATh (POTOTEPMOAKYCTUUECKUM
peoOpa3oBaHUEM JIa3€PHBIX UMITYJILCOB B MOJTYNPOBOJHUKOBBIX CTPYKTY-
pax, TPUMEHSEMbIX IJisi CO3[IaHUS BBICOKOUYBCTBHUTEIBHBIX IETEKTOPOB
MOHU3HUPYIOLIETO U3JIyYSHUSI.
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WUMIOYJbCHOE BO3BYKJIEHUE YJbTPA3BYKOBBIX
BOJIH TAYCCOBBIMM M BECCEJEBBIMU CBETOBBIMHU
MYYKAMM B OBPA3LAX TOPHBIX ITOPO/I (KEPHAX)

BBenenue

[IpoGnemsbl uccnenoBanus 00pa3llOB MUHEPATIOB U3 ITyOOKUX TeoJjIo-
TMYECKUX OTJIOKEHHUM — OJTHO U3 BOCTPEOOBAHHBIX COBPEMEHHBIX HANpPaB-
JIEHUW MPU PENIEHWHA MHOTHUX 33J1ad MO pa3Be/iKe U J00bIYE TPYIHOU3BIIEC-
KaeMbIX 3amacoB HepTu W raza. Kak yrBepxknmaercs B [1], aHamu3 KepHa
MPOU3BOJAUTCS ISl OLIEHKU MOPHUCTOCTH, MPOHUIIAEMOCTH, (DIIFOMIOHACHI-
[IEHHOCTH, TJIOTHOCTH MUHEPAIbHOTO CKelieTa (3epeH), JIUTOJIOTUYECKOTO
COCTaBa U CTPYKTYpPbI MOPOoabl. OTHAKO CYIIECTBYIOIINE METO/IbI U3YUEHUSI
€MKOCTHBIX U MPOYHOCTHBIX CBOMCTB reOMaTepuaioB JOCTATOYHO TPYIO-
€MKH U CBSA3aHbI CO 3HAYUTEIbHBIMU BPEMEHHBIMU 3aTpaTaMu, a TAKUE KaK
KOMITbIOTEpHAsi peHTreHoBcKasi ToMorpadus, AMP-cnekTpockonus, Tpe-
KOoBasi panuorpadus, mporpamma «u(poBoil KEPH» — C CYIIECTBEHHBIMU
¢buHaHcoBbIMU 3aTpaTtamu. [losTomMy paszBuTue Apyrux, 0olee oneparuB-
HBIX U MEHEE 3aTpaTHBIX METOJIOB, KOHKYPEHTOCIIOCOOHBIX MO CPABHEHUIO
C TPAAUIIMOHHBIMU METOJaMHU U3yUYEeHHS] MUKPOCTPYKTYPbI TOPHBIX MOPOI,
UX YIOPYTrux v GUIbTPAIIMOHHO-EMKOCTHBIX CBOMCTB, MPEACTaBIsACTCS NEp-
CIIEKTUBHBIM.

Bo3zpelicTBue nazepHOro UMIYJIbCHOTO M3JIYYEHHUs] Ha MOTJIONIAOLINE
Cpellbl MOKET MPUBOJAUTH K BO3OYXKIECHUIO aKyCTHUECKUX MOBEPXHOCTHBIX,
MPOJOJIBHBIX W MOMNEPEYHbIX BOJH [2]. DddekTuBHOCTL PoTOTEpMOAKY-
ctuyeckoro (OTA) npeobpazoBaHus onpeaensieTcs, Kak U3BeCTHO [2], om-
TUYECKUMH, JTUCCUNATUBHBIMU, TEIUIOPU3UYECKUMU, YNPYTUMU, JTUHEH-
HBIMHU U HEJIMHEHHBIMU CBOMCTBAMHU HCCIEAYEMbIX 00pa3IoB, a TAKKEe IO-
JSIPU3AIMOHHBIMA U 3HEPTreTUUYECKUMH TapaMeTpaMH JIa3€pHOTO U3ITyue-
Hus [3].
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B nmocimenHue HECKOJNBKO  JNECATWICTUA UMITYJIbCHAsA  ONTHKO-
aKyCTHYEeCKas JUArHOCTHUKA MHTEHCHUBHO PAa3BUBACTCS U YCIEHIHO MPHUME-
HSIETCS ISl MCCIIEOBAHUS METAUIMYECKUX KOMIIO3UTOB [4, 5], KOMIO3HU-
IIMOHHBIX MaTepuajaoB [6], rpaduTO-3MOKCUIHBIX KOMITO3UTOB [7], HaAHO-
KOMITO3UTHBIX CTPYKTYp [8], XHpalbHBIX METaMaTEepUAIIOB U KIIACTEPOB
HaHocnupasei [9], a Takxe reomarepuanos [10].

1.Cxema skcnepMeHTa

Lens manHOM pabOTHI — MCCIEIOBAHNE BO3MOKHOCTHU JIA3€PHOTO UM-
MyJILCHOTO BO30YXKAEHUS YINPYTUX BOJIH, ONMPEIEICHHE CKOPOCTU PaCIpo-
CTpaHEHHS MPOAOJBHBIX M CABUTOBBIX MOJI B KEPHOBBIX MaTepHuaiax, 00-
Jy4aeMbIX TayCCOBBIMU U O€CCEIEBBIMU CBETOBBIMU ITyUYKaMH, a TaKKe
pacyeT (B pamkax JByx(}a3HOW MOJIENH Cpelibl) eMKOCTHBIX M MPOUYHOCT-
HBIX TTapaMeTpoB 00Pa3I0B TOPHBIX MOPO (KEPHOB)HA OCHOBAHUU PE3YIIb-
TaTOB 3KCIMEPUMEHTAIBHOIO U3MEpEeHUS aMIUTATY Il @ TA curHanos.

B nannoll paboTe B HENSIX UMITYJIBCHOTO BO30YXKIAEHUS YIbTpPa3ByKa
MCI0NIB30Ba0chk u3nydenne YAG:Nd™ masepa momenu LS-2134V, rene-
PUPYIOIIETO B PEXUME MOJYIUPYEMOM JOOPOTHOCTH HA JIJIMHE BOJIHBI
1064 HM ¥ Ha 4yacTOTE€ BTOPOM rapMOHUKHU (532 HM) — C DHEPrUEH B UM-
nyibce nopsaka 15+20 mIx npu JIMTENTbHOCTH UMITYJIBLCOB OKOJIO 10 HC
Y 4acToTe ciaeaoBaHus ummnyiabcoB 10+12 I'n. CxeMa sKCriepUMEHTAIBHON
YCTAHOBKH MPEJICTaBICHA HA PUCYHKE 1.

2 4 5 .
1 > »> ‘ L‘b}k\
¥
v 0
\

—

| 6

e O

Pucynox 1 — Cxema na3epHoil UMITyIbCHON (POTOAKYCTHUECKOW CIIEKTPOCKOIIHU:

1 — nazep; 2 — genuTeNnbHAs MWIACTUHA; 3 — POTOAMOM; 4 — aKCHOH; 5 — AeIUTeNbHAS
IUTACTUHA; 6 — U3MEPUTEID IIJIOTHOCTH JIA3EPHOU dHEPIUu; 7 — CTEKISTHHAS
MOBOPOTHAsI MPU3Ma; 8 — UCCieayeMbIi 00pasel KepHa; 9 — Mbe303JIeKTPUIECKHMA
npeobpazoBarens; 10 — nudpooii ocrmmnorpad

PeI‘I/ICTpaI_[I/ISI B036Y)I(I[aeMBIX AKYCTUYICCKHX HMIIYJIbCOB OCYIICCTBJIA-
JJacCh HBCBOHpCO6paBOBaT€JICM Ha OCHOBC HOHHpHBOBaHHOﬁ KCpaMUKHN
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LTC-5, tommuao#t 0,2 MM, KOTOpBIH paboTan 0€3 yCHUIUTENs ¢ MaKCH-
MaJIbHOM yacTtoTo 15 MI'. B yka3zaHHBIX IEIsAX HCHOJIB30BAJICS TaAKKE
IIMPOKOTIOJIOCHBIN MbE30NPUEMHUK HAa OCHOBE [IB/I®-1mieHkn TonmmmHon
25 MKM C NpeJIBapUTEIbHBIM YCUIIUTENIEM, pa00TAIOIINM B PEXKUME «XOJI0-
CTOT'0 X0J1a», OrPaHUYMBAIOIIUM PA00UYIO MOJIOCY YaCTOT CBEPXY4acTOTOM
15 MTI't. Curnan ¢ mpe3omnpeoOpas3oBatesiss PEruCTPUPOBAICS ITU(DPOBBIM
nByxkaHaiabHbIM octmuiorpadgom tuna TektronixTDS220 ¢ ananorosoit
nojocor 60 MI'1 npu yactore auckperuzauuu 1 ['Th. s perucrpamuu
BPEMEHHU BO3ACHUCTBUS JIA3€PHOTO MMIYJIbCAa HA MOBEPXHOCTh KEPHOBOIO
IWJIMHIpUYECKOTOo oOpa3na wucnoiab3oBasics ¢otoanon Hamamatsu
S5971-1. ®opmupoBaHue OecceneBbIX CBETOBBIX MYYKOB OCYIIECTBIISIIOCH
C UCTI0JIb30BAHMEM KOHMYECKOM JIMH3BI C YTJIOM KOHYCHOCTHU 0, = 1°; nTuH3a
YCTaHABIIMBAJIACh MEX/Y BBIXOJHBIM OKHOM JIA3€pHOU CUCTEMBI U ITOBO-
POTHBIM 3€pKaJIOM, Ha MMOBEPXHOCTh KOTOPOT'O OBLT HAIbIJICH TOHKUN CIION
30510Ta. KepHOBBIE 00pa3iibl pa3iIWyYHbIX TOPHBIX MOPOJ (M3BECTHSIK, J10-
JIOMUT, aJI€BPOJIUT, TJIMHA, MEPreib, MECYaHUK) MIIMHAPUIECKONU (HOPMBI,
TONIMUHON OT 8 10 16 MM C yKa3aHHEM OCHOBHBIX (PUBMKO-TEXHUUYECKUX
napaMeTpoB ObUTM TpenocTaBieHbl LleHTpoMm wuccienoBanus, oOpadOTKu
u xpaneHus kepHa PYII «I10 «benopycHedThy.

2.Mopaeiib, pe3yjbTaThl HCCJIE0BAHUN U 00CYyKICHUE

Pe3ynbTaThl 3KCHEPUMEHTATBLHOTO HM3MEpPEHUS Npoduieh akKycThude-
CKUX HMITYJILCOB IMPHU BO30YXIECHUU 3BYKa rayCCOBBIMU M OecceleBbIMU
CBETOBBIMH ITyYKAMU IPEJICTABIICHBI HA PUCYHKAX 2—3.

Stop Stop

|||||||||||||||||||||||||||||||||||||||

I - B

Wath Off Math Off

(a) (0)
Pucynok 2 — [Ipoduinb akycTHYECKOTO UMITYJIbCA, HHIYITUPOBAHHOTO B KEPHE
rayCCOBBIM CBETOBBIM ITYYKOM
(a) mosioMuT, (6) U3BECTHSK
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Math OFf

Hath Off

(6)

Pucynok 3 — [Ipoduib akycTHUECKOr0 UMITYJIbCa, UHIYLIUPOBAHHOTO B KEPHE

OecceneBbIM CBETOBBIM ITyYKOM
(a) mosioMuT, (0) U3BECTHAK

Stop

Stop

| 0Ff NG 2 DonvE Ill00Ls

Wath Off
(a) (6)
Pucynok 4 — [Ipoduip akycTHUECKOT0 UMITYJIbCa, UHIYLIUPOBAHHOTO B KEPHE
rayCCOBBIM CBETOBBIM ITy4KOM
(a) rnuHa, (0) M3BECTHSK CIIA0OTIIMHUCTBIN

fath Off

Stop

2.0
Math OFF

Pucynok 5 — [Ipoduiie akycTHUECKOTO UMITYJIbCa, MHIYIIUPOBAHHOTO B KEPHE
OecceneBbIM CBETOBBIM ITYYKOM
(a) rmuHa, (0) M3BECTHSK CIA0OTIMHUCTHIN
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BpemenHast pa3BepTka IpoIOJIbHBIX YIBTPA3BYKOBBIX UMITYJILCOB (pH-
CYHOK 2) COOTBETCTBYET THUIIMUHBIM CIIeKTpaM [1], BO30yK/1aeMbIM Jia3ep-
HBIMU MyYKaMU C TayCCOBBIM pacCMpe/ieICHUEM UHTEHCUBHOCTU. B ciyyae
HCIOJIb30BaHUs OECCENIeBBIX CBETOBBIX IMYYKOB BO30YXKIAIOTCS KaK IPO-
JOJIbHASA, TaK W TOIEpeYHasl aKkycThuueckas Mojia (pUCYHOK 3), 4yTO 00y-
CJIOBJIEHO 0COOeHHOCThIO MexaHn3ma DTA mnpeoOpa3zoBaHUsS HUMITYJIbCOB
c OecceneBbIM pacnpeaeneHueM sHepruu. [locne Haxoxaenus (o rpadu-
KaM) 3HAYeHUI CKOPOCTEW MPOAOIBHBIX U CIBUTOBBIX BOJIH MOXHO OIIpe-
JEIUTH TOJHBIN HA0Op YHNPYrux MapaMeTpoB HUCCIEIYEMbIX KEPHOB (MO-
nynb casura, koadduuuent [lyaccona, Moayns HOHra, Moayninb 00beMHOM
ynpyroctu (Ko3QdUIIMEHT BCECTOPOHHETO CXKAaTHs)), KOTOPbIE MpPEACTaB-
JIEHBI B Ta0muIie 1.

Tabnmuma 1 — Pesymbrarhl ompeneneHuss MPOYHOCTHBIX ITapaMeTpoB
KEPHOBBIX 00pa3IloB

5 = 2 ]
= = — o < —_ ==
5 g = 5 S=| 55| gz |E83s
z s 2 5 M - = 9 L =22~
S & 2. g cE | E¢ S g |82 28
- = ZE| 55| 22 |28E
5| 2 2
5768 Dsln Ilecuanux 7,96 0,29 20,54 16,3
5712 Dsln I'muna 12,34 0,29 31,83 25,25
1358 D3zd(ton) Jonomut 19,28 0,30 49,75 39,47
8465 Dssr H3BecTHSIK 23,71 0,30 61,18 48,53
6016 | Dsvr(pch) | YDBECTHAKCHA- | g0 | 009 | 4808 | 3885
OOIITMHUCTHIHN
3493 Dslb Mssecrnsik cna- | ) o | 39 57,6 48,3
OOIIMHUCTHIHN
3814 Dsln I'nmuna 5,379 0,30 14 1,19

[Ipu ompeneneHnu MOPUCTOCTH KEPHOBBIX 00PA3I0B BOCHOJIb3YyEMCH,
aHanoruyHo [11], Mmoaenbio nByx(a3HOU cpeabl — «IOPUCTBIA oOpaszer —
MeTaHo». CKOPOCTh 3BYKOBOI BOJIHBI B IOPUCTOM 00pa3iie MOKHO BbIpa-
3UTh U3 HOPMYJIBI

) 1

y: o o=
P TN (s V75 LY
rae Vi.osp. OIPEAEISETCS COOTHOLICHUEM
hV

KepH

e p——
H.00p. h 4 V At ) (2)

KepH
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At — BpCMA 3aJICPIKKHN aKYCTUUCCKOI'O HMITYJIbCa OTHOCUTCIIBHO OIIOP-
HOT'O CUI'HaJia,

IOH.06p. = mIOKepH + (1 - m)loam s (3)
P.06p. — INIOTHOCTB IBYX(Pa3HOM Cpensl «o0pas3el KepHa — TaHOID.
O6benunss (1) — (3) moaydnm KBajpaTHOE ypaBHEHHE OTHOCUTEIBLHO

m, KOPHU KOTOPOTO
2
—pENS —day
= ’ (4)
20
rac a, ,B u ]/COOTBCTCTBGHHO BBIUUCJIIAKOTCA 110 (I)OpMy.TIaMZ

1 1 p KepH p om

A=—m—t5 2 2, ®))
VK@pH V3m p3m V3m pkepHVKepH
IO Kepi pgm 1
= + —
P o )
y | 1
~ T2 7
I/cjn I/Hz.ofip ( )

[Tocne HaxoXxaeHus TapaMeTpoB, ornpeieneHHbIX B hopmynax (1) — (7)
HECJIOKHO OIpPEACIUTh MOPUCTOCTh MaTepuaia UCCIeAyeMbIX 00pasIloB,
BBIPE3aHHBIX U3 KepHA. BriunciieHne 3HauYeHUl m peain30BaHO C UCIOJb-
30BaHueM nakera nporpamm 1O Mathcad 15; nosnydeHHsie npu 3TOM pe-
3yJbTAThl CBE/ICHBI B TAONHILY 2.

Tabnuna 2 — Pe3yapTathl onpeaesieHust MOPUCTOCTA KEPHOBBIX 00Pa3IoB

Koaddunment oTkppITOi MOPUCTO-
Howmep cTH, %, ONpeIeTICHHBIN METOI0M
['opuzoHT Jluronorus "
oOpasnua THAPOCTATUYECKOTO Ja3epHOU
B3BCIIIMBAHHMS (hOTOAKYCTUKHU
5768 Dsln Ilecuanuk - 14,476
5712 Dsln I'nmuna - 8,604
1358 | Dszd(ton) Jonomur 6,4 5,285
8465 Dssr H3BecTHSK 4,6 4,282
6016 | Dsvr(pch) | (13BECTHAK ca- 4,11 5,429
OOTJIMHMCTRII
3493 Dijlp | YlBectiuik caa- 1,78 1,013
OOTJIMHMCTRII
3814 Dsln I'nmuna 7,38 6,023
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3axkuwuenue. Takum 00pa3oM, B JaHHOW pabOTe MPEICTABIICHBI
PE3YJIbTAThl SKCIEPUMEHTATBLHOTO M3MEPEHHsI CKOPOCTEH MPOJOIBHBIX H
MOTIEPEYHBIX 3BYKOBBIX BOJIH, BO30YKJa€MbIX B 00pa3iiax TOPHBIX MOPOJ
(kepHax) JIa3epHBIMH HMITYyJbCAMH C TayCCOBHIM M  OecceneBbIM
IIPOCTPAHCTBEHHBIM pacHpeieIeHneM MHTCHCUBHOCTH. B pamkax Momenn
nByx(}a3HOW cpenpl MPOJAEMOHCTPUPOBAHA BO3MOXKHOCTH OIPEICICHHSI
MOPUCTOCTU HUCCIEAYEMBIX 00pa3lloB KE€pHAa C MOTPEHIHOCThIO HE Oosee
5%, a TakXe BBIYMCIIEHBI BCE YNPYTHEe MOAYJIU 00pa3lloB, HEOOXOAUMbIE
JUTSI XapaKTePUCTUKN WX MPOYHOCTHBIX CBOMCTB.
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Morunés, benapycn

PACUET D®O®EKTUBHOCTHU BUCTABUJIBHOT'O
TOHKOIIJIEHOYHOTI'O OTPAYKATEJIS

BBenenue

B nacTositiee Bpemsi IIUpoKO BOCTPEOOBAHHBIMU B (POTOHUKE M OMTO-
AJIEKTPOHUKE SBIISIIOTCA YCTPOMCTBA ympaBiieHUs cBeToM. HanOonbimii
UHTEpEC MPOSIBIIACTCS K TEM U3 HUX, Y KOTOPHIX OCHOBHBIE (DYHKIIMOHAb-
HBIE AJIEMEHTBI IPEACTABISIOT IUIAHAPHBIE CTPYKTYPbl TOHKHUX IUIEHOK, U3-
TOTOBJIEHHBIX Ha OCHOBE aKTUBHBIX CPEJ] C HEIMHEHHOCThIO B 00J1aCTH OIl-
TUYECKOI'0 pe30HaHca. BHepeHNe B CTPYKTYPy ONTHYECKOTO YCTPOKCTBA
PE30HAHCHBIX CJIOEB C BBICOKOM IJIOTHOCTBIO aKTHMBHBIX IIEHTPOB MOXKET
o0yCJIOBUTh H3MEHeHHe peaKIUM BCell CHCTeMBl Ha H3IydYeHUe, He
Hapymas npu 3ToM KoMmmakTHoctu [1]. ITomympoBomHMKOBBIE HaHO-
CTPYKTYpPBbI, KOTOpPbI€ aKTUBHO HCCIIEAYIOTCS B HAcTosIIee BpeMs, o0aaaa-
0T HEOOXOJUMBIMU CBOMCTBAMM IUIOTHBIX PE30HAHCHBIX cpef [2]. B aTux
00BbEKTaxX HEIMHEHHBIN OTKIMK Ha KOT€PEHTHOE M3IyueHHe 0co0O0 BbIpa-
EH B CIEKTPaJbHON 00JacTH, COOTBETCTBYIOUIEH SKCUTOHHBIM MEPEXO-
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nam [3, 4]. llpu oTpaxkeHnH CBETa TOHKHAM CIIOEM aKTUBHOM CpEJbI B yCIIO-
BUSIX OINTHUYECKOTO pPe30HaHCa Hapsay C (PEHENeBCKOW COCTaBISAIONICH
CYIIIECTBEHHOE BJIMSIHUE Ha OTpakeHHUE (IIPEIOMIICHUE) MOKET OKa3bIBATh
HEJTMHEWHBI KOMIIOHEHT, OOYCJIOBJICHHBIH PE30HAHCHOW MOBEPXHOCTHOM
noJisipusanuen [S]. B mimoTHON pe30HaHCHOM cpejie u3-3a B3aMMHOIO BIIM-
SIHUSI OJTMKHUX TIOJIEH TUTIOJIEH, BHI3BIBAIOLIETO CABUT PE30HAHCHOM JIMHUU
MOTJIONIECHHUS], 3HAYEHHE 3TOT0 KOMIIOHEHTA B HEJIMHEMHOM OTKJIMKE CPEJIbI
Bo3pacTaeT [6]. CylecTBEHHBIM OKa3bIBAETCS TAK)XKE CMEIICHUE PE30HAHC-
HOW YacCTOTHI IMOJI BJIMSHUEM IOIJIONMICHUS B KBa3UPE30HAHCHBIX IEPEXO0-
nax. B pacuerax ero y4yuThIBarOT, BBOJS B PACCMOTPEHHE PA3HOCTH IOJIS-
pU3YyEeMOCTEN aKTUBHBIX I[IEHTPOB B OCHOBHOM M BO30YXJIEHHOM COCTOSI-
HUSAX.

B Hacrosmieit pabote u3yueHa 3aBUCHUMOCTh OMCTAOMIBHBIX CBOMCTB,
MPOSIBIIAIOIIMXCS MPU OTPAKEHUH, OT MATEPUAIBHBIX IMAPAMETPOB ILjIa-
HApHOW TUIEHKH TIJIOTHOW PE30HAHCHOW Cpebl. AHAIU3 IPOU3BENICH C YUE-
TOM BO3HHUKAIOUIMX [0 MEPE HACHIIIECHHS MOMJIOMICHUS B3aMMOCBA3aHHBIX
HEJTMHEUHBIX (Pa30BbIX A(HPEKTOB, NEPEUUCICHHBIX BBIIIIE.

1. PacuéTHble COOTHOIICHUSA

B ocHOBY cxembl pacuéra pe30HAaHCHOTO OTPAKEHMs TUIEHOK MOJIOXKe-
HO MPUOJIMKEHUE CBEPXTOHKOTO cJosi [7]. CucTteMa COOTHOILICHUH sl O1-
HOPOJHOTO TOJS U MaTepPUAIbHBIX KBAHTOBOMEXAHWYECKHX YPaBHEHHIA
MPEJCTABIISIET COTJACOBAHHYIO JIWHAMHYECKYIO MOJIENIb B3aUMOJCHCTBUS
Py MOCTOSIHHOM YpPOBHE BO30Y’KJI€HUS BHEITHUM mojem Ei(t) = Eo, s
KOTOPOM XapaKTEpHBI OMpE/ICICHHbIE paBHOBECHBbIE cocTosiHUs. Komuue-
CTBEHHO 3TH COCTOSIHHS ONHUCHIBAIOTCS HEITMHEWHBIMU COOTHOUIECHUSMH,
CBSI3bIBAIOIIMMHU CTAllMOHAPHBIE 3HAYEHUSI MEPEMEHHBIX C YPOBHEM BO3-
OyXIeHUsl U MaTepUaTIbHBIMU MapaMeTPaMH.

B paborte [8] aBTOpaMu NoTy4y€H KOHKPETHBIN B 3TUX COOTHOIIECHUMN
JUIsl TIJTIOTHOM PE30HAHCHOM cpefpl, B Mpejeiax MIUPHUHBI CHEKTPaIbHOM
JUHUU U C YUYETOM CMEIIIEHUS YaCTOThl PE30HAHCA PACCUUTAHbBI JUCIIEPCHU-
OHHbIE€ 3aBHCHUMOCTH XapaKTEPUCTUK PaBHOBECHBIX cocTosiHuM. [Ipu ana-
JU3€ pe3ysbTaTOB pacu€éra OOHapyXeHa BO3MOXKHOCTb OHUCTAOMIBHOCTH
PABHOBECHBIX COCTOSIHHM, CTENEeHb NPOSBICHUS KOTOPOW 3aBUCUT OT
YPOBHSI BO30YXJEHUSI XU YACTOTHOM OTCTPOMKH OT pe3oHaHca. COOTBET-
CTBEHHO, JJIsl CJIOS B 00J1acTH OMCTaOMIILHOCTH MOKHO OKHMJAaTh TUCTEPE-
3UCHOTO MEPEKIIOUCHUS HEJIUHEMHOTO TMPOIMYCKaHUS WIH OTPAKECHUS.
B npuBeneHHBIX Janee YTOUHEHHBIX pacu€rax aHajJoruyHo [9] ucnonb3y-
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eTcsi 0000IIEHHAsI IBYXYpPOBHEBasl CXeMa U MPEACTABICHUE KOMILIEKCHOU
MOBEPXHOCTHOM MOJISIPU30BAHHOCTHU B (hopme
P(t)=NI|iup(t) - 27 Aag,(1-n(2))E(t)]| . (1)
3nech E(f) — KBa3ucTalMoHapHasi aMILTUTYyAa HANPsHKEHHOCTU JIEUCTBYIO-
IIIero Ha aKTHBHBIE [IEHTPHI CBETOBOTO 10JisA, P(#) 1 n(f) — BepoATHOCTHBIE
MEPEMEHHBIE PE30HAHCHOW MOJISIPU30BAHHOCTH U PA3HOCTU HACEIEHHOCTEN
COOTBETCTBEHHO, // — CPEIHSS BEIMYMHA TUMOJILHOTO MOMEHTa aKTHBHBIX
HEHTPOB, AQ — Pa3HOCTh UX MOJSIPU3YEMOCTEN B OCHOBHOM U BO30YKIEH-
HOM COCTOSIHUSX, N/ — MJIOTHOCTHh LEHTPOB (/ — TONIIHUHA CJIOS, KOTOpas
CUUTACTCS 3HAYUTEIILHO MEHBIIIEH TUTHHBI BOJTHBI).
C npumenenuem dhopmyibl (1) mpu onpeaeneHun yCiaoBU OUCTaOMIIBHO-
CTH PaBHOBECHBIX COCTOSIHUH HMMEETCS BO3MOXKHOCTH XapaKTEpH30BaTh
B3anUMO/ICCTBUE HENMMHEHUHBIX 3()()EKTOB HACHIILICHUS MOTJIONICHUS, CIIBU-
ra pe30HaHCHOM 4YacTOThl @y (OOYCIOBIEHHOTO JEHCTBUEM ONMXKHUX IO-
JIei1) ¥ aBTOMOIYJISIITAOHHOTO YITUPEHUS JTMHUH TIOTIIOTICHHMS.
Ananoruuno paboram [8, 10] dopMyaupyroTcs Clieayromue COOTHO-
MEeHUs  JJI1  HOPMHUPOBAHHBIX  BEIMYMH  YPOBHA  BO30YKICHHUS

e, = LETT, /h (OH COOTBETCTBYET MHTCHCHUBHOCTH HACHIIICHUS PE30-
HAHCHOTO TIOTJIOIICHHUS) U YaCTOTHOH OTCTPOMKH Aw = (@ — an)T>, ompe-

JEJSIIOUIMX CTAllMOHAPHYIO PAa3HOCTh HACENEHHOCTH /s U aMIUIUTYIHBIN
HEJTMHEUHBIN KOA(DPUIUEHT OTPAKEHUS CIOS 7

2
1_”3[1+[32(1—n5)2] = N A = Ao+ ykng—B(l-ng),
n (1+xng)” +A
S ; (2)

2xng 1+ (1+ ng)A* + xng
(+1)[1+B2(1 - ) | (1 + A 4+ xmg)* + (kmgA)*

rne K = 2 wl> Nllhiceo — mapaMerp Pe30HAHCHOM HEIMHEHHOCTH IIOIJIO-
HIEHUS TPUIIOBEPXHOCTHOTO CJIOS, KOTOPBIM XapaKTEPU3YIOT TAKKE €ro
PE30HAHCHBIM (B OTCYTCTBHE HACBHIIICHHS) TOKAa3aTellb MOTJIONICHNUS,
B = 2 A oh/p*T> — mapaMeTp PE30HAHCHOM HENMHENHOCTH pedpakiuy,
O0OyCIIOBJIEHHOW BIIUSIHUEM KBa3UPE30HAHCHOW mosspuzanuu, 11 u 12 —
BpEMEHa TpoJOJbHOM U momepeuHod  ((pa3oBoi)  penakcaiuw,
Y — HOPMUPOBOUYHBIH KO3(P(ULIMEHT B JOKaJIbHOU momnpaBke JlopeHTHa
K JICCTBYIOIIEMY MOJIIO, TPOMOPIHOHAIBHBIN OTHOIICHUIO JIJTMHBI BOJHBI
BHEIIIHETO MOJISI U TOJIIUHBL [, ¥ — ¢peHeneB Ko3PQPUIIMEHT OTpaKeHHUs,
ONpEeIEIISIEMBbII 77 — HEPE3OHAHCHBIM MTOKa3aTeNIeM MPETOMIICHUS CIIOS.

r =r+
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2. Pacuér THCTCPEC3UCHBIX XAPAKTCPUCTUK PE3OHAHCHOI'O OTpPAaKE-
HUA

Brruucnenusi, He0OX0AUMBIE JJIsI TIOJIYYEHUSI 3aBUCUMOCTH ¥ OT BEJIH-
o 2 o
YMHBI HOPMUPOBAHHOM MOIIHOCTHU €, (HE MMEIOLIEH Pa3sMEpPHOCTH) Ha OC-

HOBE perieHuit (2), yno0HO IpOBOJUTH METOJIOM MapaMeTPUUECKOTO pac-
4yéTa — 3HAYEHMS BEPOSTHOCTHOM MepeMeHHOM #s jexat B npeaenax (0, 1).
Ha pucynke 1 npuBefeHbl TUIIMYHBIE OMCTaOWIIbHBIE KpUBBIE — Ha (par-
MEHTE a JEMOHCTPHUPYETCS BO3HHUKHOBEHHE THUCTEPE3WCHOTO HM3ruda To
Mepe M3MEHEHUS mapaMeTpa K, Ha pparMeHTe 6 yKa3aHo HalpaBJICHHUE TH-
CTEPE3UCHBIX CKAYKOB M 0003HAYEHbI XapaKTepHbIE pa3Mepbl THCTEPE3HC-
HOUM meTnu. ['uctepesuc npu OUCTAOMIBLHON (HEOIHO3HAYHOM) 3aBHCUMO-
CTH KOd(PPUIIMEHTA OTPAXKEHUS OT YPOBHS MOIHOCTH JTOJDKEH MPOSBIIATH-

2
Ci ITpHU TUKIIMYCCKOM U3MCHCHU N eo.

2 u 2 6

0.44

0.40

I
!
|
|

e N
| =

- | 1
0 5 10 15 e% 0 1ue%m zoe%cr 30 e%

=W &

0.36

Pucynok 1 — 3aBHCHMOCTh PE30HAHCHOTO OTPaXCHHSI OT MHTEHCHUBHOCTHU
(B oTHOCUTENBHBIX enuHuIax): k = 1,3 (kpuBas 1); 1,5 (2); 1,8 (3); 2,2 (4);
Aw=-0,5(a), k=25 Aw=—-1,0(06); =025 v=3,17

B pesynbrare pacyé€ra noka3zaHo, 4To TOUYKHU IMOBOPOTA THCTEPEIUCHBIX
. 2 2
3aBrcUMOCTel (€ ) U ns(e;) Ha HIKaJe MOIIHOCTH coBnaaarot. [loaromy

2 2
IIOJIOKEHHE TOYEK MOBOPOTA €, .U €;, (PUCYHOK 1, 6) ompexnensercs npu

2
3JIEMEHTAPHOM HCCIIEJOBAHNN HAa SKCTPEMYMBI (DYHKIUH € (#s), BBIpaXKa-

€MOil IBHO MEPBBIM U3 COOTHOIIECHHH (2). MOXHO cpopMyaupoBaTh COOT-
BETCTBYIOIIIEE YPABHEHNE OTHOCUTENBHO #s, U HETPYJHO MOKa3aTh, YTO BeE-

2 2
JIMUUHBI 3KCTPEMYMOB eocr n eOm’ a4 TaKKC KPHTHYCCKOC 3HAUCHUC

2
r1=1(€,,) W MaKCHMaJlbHOE 3HAYCHHE PE30HAHCHOIO OTPAKCHHUA

2
r=r(€;,, ), ONPEIEIAIOTCA €70 HEOTPULATEIbHBIMUA KOPHAMHU:
x—CD 1+ D

2
A+B, |[(4-B)
Ny, = + ~B*, A=05-———, B-= . (3)
Mg 4 K+ C x> +C*-2(xk-CD)
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rne C=xy+B,D=Aw+p.
[Tpumensisa Beipaxkenus (3) B coueTanuu ¢ (2) MOKHO HEMOCPEACTBEH-
HO pPAacCUMTaTh TaKWE XapaKTEPUCTUKU OMCTAOMIBHOTO OTpPaKEHUS Kak

2
IMOPOTOBYIO MOIIHOCTH €T'0 ITPOABJICHUA (COC,,), OTHOCHUTCJIbHYIO BCIIMYUHY

«KHHKAY OTpaKCHHSI pu THCTEPE3UCHOM NIEPEKITFOYCHUN
(Ar = (r2/r1)* = 1), pasmMep oO0IacTH THUCTEpE3HMCA HA MIKAIE MOIIHOCTH

(A e§=e§cr — egm ). Macmita0® siBieHui, BKJIIOYas JUara3oH U3MEHEHUs KO-

s urnuerToB (2), (3), B pacuérax, B OCHOBHOM, OMPEACIUICS C YIETOM
U3BECTHBIX U3 JIUTEPATYphl (Harpumep [2-4]) mapameTpoB cpej MOIyIpo-
BOJHHKOBBIX KBAaHTOBOPA3MEPHBIX CTPYKTYp I CIOEB CYOMUKPOHHOM
TOJIIIIMHBI. 3HAYCHHS HACHIMIAIONIEH MOIIMHOCTH IO TOPSAKY BEITUYUHBI
Moryr ObITh He MeHee 10°Br/cM® — B [OuanasoHe [UIMH  BOJIH
~(1,25 ... 1,30)-10°m.

3. OO0cy:kaeHue pe3yJibTATOB U 3aKJII0YEHHUE

Pe3ynbTaThl, MOJYyYEHHBIE MPU YUCIEHHOM pPACUETE OUCIIEPCHOHHBIX
3aBUCHUMOCTEHN B YCIOBUSAX TMCTEPE3UCHOTO OTPAKEHUS, UILTFOCTPUPOBAHBI
Ha PUCYHKE 2.

AHanu3upysi 3aBUCUMOCTH, WLIIOCTPUPOBAHHBIE HAa PHUCYHKE 2, a,
MO>KHO CHEJIaTh BBIBOJ O 3HAYMMOCTH 3 eKkTa, 00yCIOBIEHHOTO aBTOMO-
JYJISITAOHHBIM CMEIIIEHUEM YacCTOThl CBETOBOI'O MOJIS, — OT €r0 HaJIU4Us
CYILIECTBEHHO 3aBHUCUT IIHMpPUHA rucrepesuca. Kpusbie, n300pakeHHbIE Ha
pUCYHKE 2, 6, 0TOOpaxarT 3aBUCUMOCTb MOPOTOBOM MOIIHOCTU OT JIW-
HEHHON OTCTPOMKHU YaCTOTHI — MPOSIBJIEHWE TUCTEPE3NCAa UMEET O0Jiee HU3-
KUl TIOpOTr MO MOIIHOCTH HA YacTOTax, OJM3KUX K IIEHTPY PE30HAHCHOM
JMHUU TOTJIOLIEHUS, CMENIEHHOMY B JJIMHHOBOJHOBYIO 00JacTh CIEKTpa
13-32 JIUNO0JIb-JAUIOJIBHOTO B3aUMOJICUCTBUA. B 3TOM ke o0nacTu, cyas mo
XOJly KPHUBBIX Ha PUCYHKE 2, 8, OOJIBIIUM OKAa3bIBAETCS TMCTEPE3UCHBIM
CKauoK oTpakeHus. CTENeHb BHIPAXKEHHOCTH TUCTEPE3NCA CUIILHO 3aBUCUT
OT IMOKa3aTelsl MOTJIOMIEHUS, XOTS MOJ0KEHNE YaCTOThI, KOTOPOM Ompeie-
JSI€TCSl ONTUMYM IIUPUHBI TUCTEPE3UCHOM TMETIU, OT 3TOr0 mapamerpa 3a-
BUCHUT CJ1a00 (PUCYHOK 2, 2).

ITocpencTBOM THCTEPE3UCHOrO MEPEKIIOUCHHUS B CXeMe 00paTHOM CBs-
31 TEHEPUPYIOIIET0 YCTPOWCTBA MOKHO 0€3 NMPUMEHEHHUS B €ro CXeMe
BHEIIHUX MOJYJHUPYIOIINX 3JIEMEHTOB IMEPEBECTU JIA3€PHYIO0 CUCTEMY B
pexuM aBTokojeOaHui. [loaToMy B mocienyromux UCCiIeI0BaHUSIX MPe/I-
CTaBJISIETCS BAKHBIM aHAJU3 YCJIOBUM OMCTAOMJIBHOCTH MACCHUBHOTO 3Jie-
MEHTA.
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Pucynok 2 — JlucriepcioHHBIE 3aBUCUMOCTH XapaKTEPUCTUK THCTEPE3UCHOTO
oTpaxkeHus ToHKoro ciosi: k = 2,0, Aw = 0 (xkpuBas 1); —0,25 (2); —0,5 (3);
—0,8 (4) (a); k=16 (1); 1,8 (2); 2,0 (3); 2,5 (4); B=0,25(6—2); y=3,17
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A.N. Toakauén, B.H. Kanmaii, A.A. IllambiHa
YO «I'oMenbCKkuii rocyJapCTBEHHBIN YHUBEPCUTET
nMmenn Opannucka CkopuHb», ['omens, bemapych

ONTUMU3ALMUSA YOPOPEKTUBHOCTHU
T'EHEPAIIUU BTOPOU TAPMOHUKHN-CYMMAPHOM
YACTOTBI B TOHKOM CO®EPUYECKOM CJIOE

BBenenue

B nocnennue necatunetvs A U3ydeHUs] TOBEPXHOCTEW MallbIX 4Ya-
CTHUIl UCIOJB3YIOTCS HEJMHEUHBIE ONTUYECKUE SIBJICHUS, TAKUE KaK T'eHe-
pauust Bropoit rapmonuku (I'BI') [1] u reHepanusi cyMMapHOM 4acTOTHI
(I'CY) [2-3]. OO6BbekTaMu UCCIIeIOBAaHUS SBISIOTCS HAHOAHTCHHBI U HAHO-
OOBEKTHI Pa3NIUyHON (HOPMBI, MIOCKHE U 0OBbEMHBIE HAHOCTPYKTYPHI, HO
OJIHUM U3 HauboJjiee MPOCTHIX JJisl OMUCAHUS U CO3/IaHUSI OOBEKTOB SIBJISI-
eTcsl AMDJIEKTpUUecKas I1apooOpa3Hasi HAaHOYACTUIIA, MOKPHITas TOHKUM
CJIOEM BEILlECTBA, 00JIAIAIONIET0 HEIMHEWHBIMU ONTUYECKUMU CBOMCTBA-
MU. B 1unonsHOM NpUONMKEHUHN HEIMHEHHbIE onTH4Yeckre 3P ¢GeKThl BTO-
poro mopsiika B IIEHTPOCUMMETPHUUYHBIX Cpeaax 3amperieHbl. Ha mosepx-
HOCTH YAaCTHI[ YCJIOBUE UEHTPOCUMMETPUYHOCTH HApYyIIAeTCs, U 3TUM
00yCIOBJI€HAa BO3MOKHOCTh IKCIEPUMEHTAILHO O0OHAPYKUBATh T€HEPUPY-
eMO€ U3JTyUEHUE.

126


http://books.google.com/books?hl=en&lr=&id=5o__VAZB0m4C&oi=fnd&pg=PA63&dq=info:lM4FGSLGX3sJ:scholar.google.com&ots=j_1qk-alzL&sig=6alKtUDpzY_ZNNNUXdxTJ80F0g0
http://books.google.com/books?hl=en&lr=&id=5o__VAZB0m4C&oi=fnd&pg=PA63&dq=info:lM4FGSLGX3sJ:scholar.google.com&ots=j_1qk-alzL&sig=6alKtUDpzY_ZNNNUXdxTJ80F0g0
http://www.sciencedirect.com/science/book/9780444893048
http://www.sciencedirect.com/science/book/9780444893048

B nacrosiel pabote Mbl mpeajiaraeM JJisl U3y4eHUsl HETMHEWMHOU Te-
HEpalUK UCIOJIb30BaTh JBa KOTEPEHTHBIX UCTOYHHKA OJUHAKOBOW 4acTO-
Thl. B 3TOM cilyyae yactoTa BTOPOW TapMOHUKH COBHAIAET C CYMMapHOU
4acToTOM. bynem Ha3plBaTh 3TO MapamMeTPUUYECKOE SIBICHUE T€HEpalUei
BTOpOM rapMoHuku-cymmapHoit yactotel (I'BI'-CH). Jlns ero teopernye-
CKOTo aHanm3a HeoOxoaumo yuuThiBaTh ['BI" oT kaxa0ro m3 MCTOYHUKOB
B OTJIETILHOCTH, U UHTEP(hEepeHIIMOHHBIE 3 (PEKTHI, KOTOPHIE, IO CYIIIECTRY,
onpexnenstot ['CY.

1. AHaIUTHYECKOE pPelIeHue

B nannoit pabote reHepupyemMbie MMoJisi BTOPOH TapMOHUKHU-CyMMapHOU
YaCTOThI pACCYMTHIBAIOTCS B paMKax HEJIMHEHHOU Moaenu Panes — ['anca —
Jlebas. B sTolt Mojenu mpeanosiaraercs, 4To paccesHUe U MPETOMIICHHE
BHOCSIT MaJiblii BKJAJ B PE3YJIbTUPYIOLICE IMOJIE NEPBOM TAPMOHUKH,
U 3TUM BKJIQJIOM MOXHO NpeHeOpeub. B MumnonbHON Molenu reHepanus
MOJIsl BTOPOM TapMOHUKH-CYMMAapHOW 4acTOThI OOYCIOBJIEHA HEIMHEHOMN
YaCThIO BEKTOPA MOJIAPU3ALUH CPEJIb, KOMIIOHEHTHI KOTOPOTO UMEIOT BUJ

2 2

E(z) _ ,(-,3{)(13(1) +E(2)) (E(” LE® )k :iji)zz Eﬁ“) E;Eﬁ)- (1)
a=1 p=1

ITone mepBOM TAPMOHMKHU IIPENCTABIACTCS B BHJE CYNEPIIO3HIMU CO-

31aBaeMbIx ucTodrmKamu 1 u 2 moneit EV u E@), E@

J
2 v
HCHTHI, ijk) — TCH30p AUIBJICKTPUYCCKOU BOCIIPUUMYUBOCTHU BTOPOI'O IIO-

J
, E,Eﬂ ) ux xomo-

pAaKa. I/IHI[GKCEIMI/I an IB 3AC€Ch U JaJIic€ OTMCUYCHA IMPUHAIJIC)KHOCTDb BCJIN-
YUHBI K COOTBCTCTBYIHOHICMY HCTOYHHUKY (OHI/I IIPUHUMAKOT 3HAYCHUA |
501041 2), IIpu 3TOM IIOAPA3YMCBACTCA CYMMHUPOBAHUC IO ITOBTOPAOIIUMCH
JaTUHCKHUM HMHACKCAaM.

9JICKTpI/I‘ICCKI/IC IMOJIA UCTOYHHUKOB 3a1ar0TCA CIICAYIOIINM 06pa30M:

E“ (x,t)=E_ e exp(ik(“)x — icot), (2)
rae E, — KOMIUIEKCHAs aMILTMTY/1a BOJIHBI, €% — ¢ IMHUYHBINA KOMIUIEKCHBIMA
BEKTOp moJjsapusanuu, kK@ — BOJIHOBOM BEKTOp, ® — HMKJIMYECKAs YacTOTa
(pucyHok 1).

[TpoBost paccykaeHus aHATOTHYHO padoTe [1], HapsHKEHHOCTh TeHe-
PUPYEMOT0 3JIEKTPUYECKOTO TOJISI B JAJIbHEW 30HE MOJydnM (OImycKas
MHOXHUTEIb eXp(—im?)) B BUJIE

E(Za)) (X) ~ k;w w(l —-e, X e, )'[exp(_l-k(Za))Xv)P(Z) (X')d3X'. (3)
&7 v

[0
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3necy k@ = kooe,, k

b = EayHs, 200/ C — BOIHOBOW BEKTOP I'E€HEPUPYE-
MOTO TOJISL U €70 MOIYJIb, €0, M2o — MIEKTPUUECKAsT U MarHUTHAs IIPOHU-
[IAEMOCTH Ha 4acToTe 2®, CUMBOJI ® O3HA4YaeT TEH30PHOE MPOU3BEICHUE
BEKTOpOB. MHTEerpupoBaHre mpou3BOJUTCS MO o0bemy V (T.e. 1O HEIU-

HEHHOMY CJIOIO TOJIIUHBI do, MAJION 110 CPABHEHHUIO C PAJIUYCOM CIIOS Q).

79 TBT 1-as BonHa

)) I'BI" 2-ast BOntHA
© rcu

Pucynoxk 1 — Cxema 3agaun o ['BI'-CY ot chepudeckoro HeTMHEHHOTO CIOs

2
TeHsop Tperhero pamra i, (4 HE3aBHCHMEIX KOMIIOHEGHTEI) B pac-

CMaTpUBaEMOM 3aJjay€ COBMAJAET C aHAJIOTMYHBIM TEH30POM, HCIOJb3ye-
MbIM B 3amade o I'BI' [1], HO oTiMyaeTcss KOJMYECTBOM HE3aBHCHUMBIX
KOMIIOHEHT OT TEH30pa, YYUTHIBAEMOTOo Npu pemieHuu 3agauu o ['CH

(7 xomIIOHEHT) [2], 1 ©MeeT BUJ

ijzk) = XEZ)ninjnk + X(zz)ni5jk + ng) (nj5ki +n9; ) + ng)nm (nkgijm & ) (4)

3/1ech n; — KOMIIOHEHTBI BEKTOpa HOPMAJIM N K TOBEPXHOCTH, O;; — JACJbTa-
cumBosl Kporekepa, i — cumBon Jlesu-Uusnra, y\°) — 3HaueHUs He3aBH-

CUMBIX KOMIIOHCHT TCH30pa I[I/IBJ'IGKTpI/I‘-IeCKOf/i BOCIIPUUMYHNBOCTH (HO—

cnennuii KooGpuuuenT | Ha3BIBAIOT KUPATLHBIM).

Hauano cdepuueckoit u nekaptoBoit (ocb Oz HapaBUM BJO0JIb CYMMBbI
sektopoB K u k) cucreM xoopIMHAT COBMECTHM C HEHTPOM YaCTHILBI
(pucynok 1). IToacTaiisst HAPSXKEHHOCTH UCXOAHBIX BOJH (2) B (1), a mo-
JYYEHHBIM TIPU 3TOM pe3ysbTaT — B (3), OCIe MHTErPUPOBAHUS B chepu-
YECKUX KOOpAMHATAX MOJy4aeM HMCKOMYIO HANPSKEHHOCTh T'€HEPUPYEMO-
ro JICKTPUYECKOTO 1104 [4]:
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2w)* exp(ik,,r)

2
C

2 2
EC) (x)=4ny,, dya’(1-e, ®e)> N E Ef (5)

r a=1 p=1
rae sektopsl £ umeror Bug

£P = iy (_j3(q(aﬁ)a)v(aﬂ)(v(aﬁ)e(“))(v(aﬂ)e(ﬁ))_i_l(jl (q(“ﬁ)a)+j3(q(“ﬂ)a))x

+ij1(q( ) )(Xg ) (am( (a )e(ﬁ)) +x§2>e</’>(v<“ﬂ>e<“>) +Xg2)e(a)(v(aﬂ)e(ﬁ)))_

2 (q(“ﬁ)a)([e(“) v (@) J(v(“ﬁ)e(ﬂ) ) + [e(ﬁ) (D) J (V(ame(a) ))

@) — k@ kW) —kP?), ¢@h) = |q@P| — BekTOPBI paccesHus U UX

3nech q
MOIYJIH COOTBETCTBeHHO, V%) — enunnunble BekTOpel BHONL (%,
Jjn(g®Pa) — chepruaeckas Gpyrkmsa Beccens nmopsaka m.
DKCHEPUMEHTATBHO U3MEPIEMON BEIMUMHOM ABISAETCS HHTEHCUBHOCTD
M3/IydEeHHs], TI09TOMY B JalbHElIIeM OyleM aHaIM3UpOBaTh PaJHalbHYIO

COCTaBJISIFOIIYIO BEKTOpa Y MoBa-IloMHTHHrA:

Srzcu) (I” 0, (P) 867:[ :llzcu
2w

2

E(Za)) (X)

(7)

2. AHa/IM3 mapaMeTpoB 3a/1a4u

I'BI'-CY cymectBeHHo oTinvaercs oT ['BI' konmuuecTBOM Bapbupye-
MbIX TapameTpoB. [IpuBeaem Haubosee BaKHbIC U3 HUX.

VYron mexay BoaHoBEIME BekTopamu kD u k', koTopslii Takke Ha3bI-
BAIOT YTJIOM PAacKpbITUs, 0003HAYMM CUMBOJIOM Y. OH CBSI3aH C yTIJIamH,
YKa3aHHBIMH Ha PUCYHKE 1, CIEAYIOIIUM COOTHOIIIEHUEM

— — 1 .
Y=v.=%v,  ve[0; a]. (8)

[Tapametpsl Go (0, € [—l; 1]) XapaKTEepU3yIOT CTENEHU SJUIMITAYHO-
CTH MAJAIINX BOJH; IpU Oy > 0 — mpaBas nonspuzanus, G < 0 — aeBas
noyisipusanus, 6, = 0 — IMHENHAd NosIpu3anus. Y ribl (pfff ), yKa3aHHbIEC Ha

pucyHke 1, — 3T0 yriabsl Mexay oChbi0 Ox U OOJBIIUMU TOJIYOCIMH SILTUII-
COB TMOJISIPU3ALMAHA COOTBETCTBYIOIIMX MMANAKOMUX SJIEKTPOMArHUTHBIX
BOJH. OTHOCUTENBHBII pa3Mep 4acTHLbl XapaKTepus3yeT BenuunHa k a,

paBHasi U3MEHEHHUIO (pa3bl UCXOAHOM BOJHBI MTPU CMEIIEHUH BJIOJIb BOJIHO-
BOI0 BEKTOpPA HAa PACCTOSIHUE, PaBHOE PaJuyCy 4acTuilbl. BBemeM Takxke
BenuuuHy 71 = E»/E1, KoTOpas B 00lleM cilydae KOMIUIEKCHA, O3TOMY Oy-
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ZleM TIpEZICTaBILITh ee B BUje 77 = |7|exp(iargn ), rae argn e (—7[; | sBs-

€TCsl aHAJIOTOM Pa3HOCTH (a3 MaJarollrX BOJIH B [IEHTPE YaCTULIBI.

Jlns aHanm3a BIMSHUS mapamMeTpoB # U Y Ha 3¢ dextuBHocTh ['BI'-CYH
3a)UKCUPYEM CYMMApPHYIO MOIIHOCTh MCXOJIHBIX BOJIH; JJISI 3TOTO BbIpa-
xeHue (5) HeoOXOoAUMO pa3ieNiuTh Ha «HOPMUPYIOMIUI» MHOXKHUTENb
(1+#|?). 3amagum cremyromue 3HAYEHHS XapPAKTEPUCTUK YACTHULBLI U Hapa-
METPBI NAJAOIINX BOJIH:

k,a=0l; o,=1; o, =-0,5; ¢ =0,5pazx; ¢

m

0)=05pan.  (9)

KonuyecTBeHHON XapaKTepUCTHUKON 3(P(HEKTUBHOCTU TEHEpalUU SIB-

JSIeTCSl MaKCUMallbHas 1O HaINpaBJICHWIO HAOMIOJeHHs 0, ¢ TUIOTHOCTh

2
MOIIHOCTH U3Iy4YEeHUs S ,‘;‘iﬁx . IIpn 3a7aHHBIX 3HAYEHUSAX MAPpaMETPOB IMPO-

HN3BCACM YHMCICHHYIO MAaKCHMU3AIHUIO YKa3aHHOﬁ IIJIOTHOCTH MOIIIHOCTH

OTACJIBbHO I KAXKAO0I'0 THUIld aHU30TPOIINHU ngé)‘ HpI/I IICPBOM THIIC aHHU30-

(2)

Tponmu y,” mozxpasymesaercst x,” # 0,y , =0, mpu BTopom ()’ ) UMeeM
Xy’ #0,%%, =0, mpu tperseM (y,”) — %\’ #0,%%, =0, npu yeTBEPTOM
(%) — % #0,%, =0. Pe3ynpraThl MAKCUMH3AIMH TUIOTHOCTH MOIIHO-

(20)
r, max

CTH S MpeJicTaBlIeHbl B TaOiuIe 1, 3Ha4YeHUs MapamMeTpoB, MPU KOTO-

PBIX JOCTUT'alOTCA MAKCUMYMBI — B Ta6J'II/II_IC 2.

Tabonuia 1 — 3HaueHns MakcuMabHOU 1oTHOCTH MotHocTu [ BI'-CYH

Brrancisiemas Tun ann3orponuun
BEJIMYUHA (2) (2) (2) (2)
X1 X2 X3 Xa
SC) /(107 S,) 0,93 7.3 20 0,09
rmaX/SSIZ’-Ia()} HpI/I |G| _1 592 - 4,5 3,6
s / Sbe) npu |o]=0,5 | 2,6 4,7 45 2,2
) /85 mpu o =0 1,7 1,7 4,5 1,8

B mnepBoii cTpoke TabiuIlbl 2 TPUBEACHBI 3HAYCHUS IUIOTHOCTA MOIII-

2
Mz“; a]Lz(kzwa)4 |E1|4 IPH BBI-

2w

Oope enuHMuHBIX Kodhduuuento anmsorpormu (" =1, x|

HOCTH, pacCUuTaHHble 110 popmyne S, =2nc

(2)

=0),

J#i
B APYIruXx CTpOKax MPUBCACHO OTHOIICHUC BCINYHHELI, 3allMCaHHOU B 1Cp-
BOM CTPOKEC, K MaKCHUMaJIbHOU I/I3quaeMOI>'I INIOTHOCTU MOIIHOCTHU IIPpH
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['BI' [1] ¢ ucnonb30BaHHEM OJHOTO MCTOYHHUKA, U3IIYYCHUE KOTOPOTO Xa-
PaKTEepU3yeTCs YKa3aHHOM UM TUYHOCTHIO.

Tabnuua 2 — 3HayeHus ONTUMU3UPOBAHHBIX TAPAMETPOB

Tun ann3orponuun
[TapameTpsbl
i I S w I
Y, pan 0,02 0 2,39 1,39
7 127 | 136 | 099 | 1,09
argn , pan 0 2,14 —1,01 —0,61

Ananuzupysi uHpopmaimio, coaepxkamlyrocs B crpoke 1 tabmuimbi 1
OTMETHM, YTO MPHU OJIMHAKOBOM MOPSIKE 3HAYeHUN KO3 (HUIIMEHTOB aHU-
30TPONHUM HAUMEHBIIWNA BKJIQJ B T€HEpaluio OyJayT BHOCHUTH CIaracMble

2 2 o o
¢ ko3 punrentamu XE ) n Xg ). TlocTaBIeHHBIH B OZHOMN U3 sueek CTPOKH

2 cUMBOJ «—» 03Ha4daeT oTcyrcTBue I BI' mpu majgeHun mUpKyIsipHO MOJS-
PHU30BAHHOW BOJIHBI U COOTBETCTBYIOIIEM ITON SYECUKE THUIE aHU30TPOIUH
HenuHeHoro cnosi. [Ipu cpaBHEHWM HAaMMEHBILIEro BHIMTPHINIA B HAOIIO-
JaeMOM MAKCHUMAaJIbHOM MOIIHOCTH C €r0 BEJIWYMHOM, COOTBETCTBYIOIIECH
CXEM€E, OCHOBAaHHOW Ha WCIIOJIb30BAaHUH OJHOM MAaJAOIIEH BOJHBI, B CTPO-
Kax 2 — 4 tabmuupl 1 BUAUM, 4YTO MEPBOM U3 HUX COOTBETCTBYET €ro 3Ha-
YeHUe, paBHOE; BTOpou — 2,2; TpeThert — 1,7. [IpoBoAsS aHAIOTUYHYIO OIl-
tumuzanuio 3pdextuBHoctu I'BI-CU, HO paccmarpuBas ciiydyail Bellle-

2
cTBeHHOTrO 7 (argn =0), MOJYyYHUM, YTO 3HAYEHUS s PAKTUYECKU HE

7, max
2 2 2
HU3MCHAKOTCA IIPHU THUIIAX dHU30TPOIINHN Xg ) n X(Z ) , IPU aHU30TPOIINHU X(3 )—

2
yMeHbIIaroTes Ha 32%, tuna xE‘ )_ yMeHbIIatoTcs Ha 4%.

2
B tabaune 2 BUAHO, UTO JJIs XE ; # () MaKCUMyM IIJIOTHOCTH MOITHOCTHU

st gabmrogaeTcs MpU MaibIX yIiIaX PaCKPBITHS, IS ngi #(0 — mpu oT-

r, max

HOCHTEIBHO GOMbIMX. IIpy 3TOM MOAYIh OTHOIMIEHHS KOMIIIEKCHBIX aM-
IUINTY X BapbUpYeT B JOBONBHO y3koM anamasoue 17| €[0,99; 1,36].

3akioueHue
[IpoBenena ontumm3zanus >pdextuBHocTH ['BI'-CYU (a mMEeHHO Mak-
CUMAJIbHOW IO HAMPAaBJICHUIO 0, (0 TIIOTHOCTU MOIIHOCTH) MO TTapaMeTpam

Yyuny (|77| U argrn ). BeIsicHeHO, 4TO aHanM3upyeMbid B cTathe crioco0 I'BT -

CU npu ykazanHbIX B (9) 3HaueHUsX napamerpoB 3¢ dextuBHee ['BI, oc-
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HOBAaHHOM Ha MCMOJIL30BAHUHU OJHOTO UCTOYHHUKA, B 1,7 u Oosee pa3. ITOT
pe3yJIbTaT MOYKHO PaccMaTpuUBaTh KAaK KOJWYECTBEHHOE J10KA3aTENbCTBO
MPEUMYIIECTBA UCIONIb30BaHusA B skcnepumente ['BI'-CU no cpaBHeHHO
¢ I'CH v I'BT.

Pabora BbinonHeHa nipu ¢uHancoBoil nojjepxke bPODU (rpant no
npoekty @ 18M-026).

Jluteparypa

1. Kammaii, B.H. I'eneparuss BTopoil TapMOHUKH OT TOHKOTO cepu-
YECKOro CcJosi U YycinoBusl oTcyTcTBUs reHepamuu / B.H. Kammai,
A.A. lllampina // Ontuka u cnekrpockonus. — 2017. — T. 123, Ne 3. —
C.416-429.

2. IMambiHa, A.A. I'eHepanus CyMMapHOM 4acTOThl OT TOHKOTO LIH-
auaapudeckoro ciost / A.A. Illameina, B.H. Kamnmait // Ontuka u crnek-
tpockonus. —2018. —T. 124, Ne 1. — C. 105-121.

3. de Beer, A.G.F. Sum frequency generation scattering from the inter-
face of an isotropic particle: Geometrical and chiral effects / A.G.F. de
Beer, S. Roke // Physical Review B. —2007. — V. 75, No 24,

4. TonkauéB, A.W. I'eneparus BTOpoil rapMOHUKH OT TOHKOTO cepu-
YECKOro CJIoAd NpH Hanuuuu JAByX HCTOYHHUKOB / AWM. Tonkaués,
B.H. Kammaii / AxtyanbHble BONpOChl (DM3WKU U TEXHUKHU: Marepuabl
VII Pecn. Hay4yHO KOH(. CTYyJEHTOB, MAaruCTPaHTOB U aCIHPAHTOB. —
2018. -Y. 1. - C. 287-290.

A.N. Toakauén, A.A. Illambina, B.H. Kanmau
YO «'omenbCKkui TOCY1apCTBEHHBIN YHUBEPCUTET
nMmenu @pannucka CkopuHb», ['omens, benapych

OIITUMU3ALIMOHHBIN AHAJIN3 B 3AJJAYE
O 'EHEPALIMU BTOPOI TAPMOHUKU-CYMMAPHON
YACTOTHI B TOHKOM C®EPUYECKOM CJIOE

Ha mepBoMm 3Tame onTUMHU3AIMOHHOTO aHAIN3a, MPOU3BEICHHOTO B OT-
HOIIIEHWHW PEIICHUH 3a7a4d O TeHepalliy BTOPOW TapMOHUKH-CYMMapHOU
yactoThl (I'BI'-CY) ¢ ucnonb30BaHUEM TOHKOTO CPEPUUYECKOro CJ0si, Obl-
71 HaliZIeHbl MAKCUMAJIbHBIE TI0 HAMPABJICHUIO HAOIIOACHUS 0, ¢ 3HAUYCHUS

m1oTHOCTH MowHocTH ['BI'-CY npu crenyromux 3Ha4eHUAX NapaMeTpoB
3a71a4u:
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k,a=0,1; 0,=1; 0,=-0,5; o =0,5pax; ¢ =0,5pan. (1)

S(Za))

r, max

Uccnenyem noBenenue GyHKIUH [1] mpu BapbuUpOBaHUU Iiepe-

MEHHBIX Y U (|77| u argn ). [loctpoum rpaduku S(’Z“’) (y, 77|) OTHEIBHO

r, max
JUISl KaXKIOTO M3 YETHIPEX THMIIOB aHU30TPONMHU ¥.\’), BBLIEIEHHBIX (OmNpe-
JeJIEHHBIX) B 9acTH | HacTosImIero ucciemnoBanus npu argn =0 (T.e. 57 —
neiicTBUTEbHAS BeNMunHA). [I[py IepBOM THITC aHHU30TPOIHU )\ mojpa-

symeBaercs .’ # 0,y , =0, npu Bropom (y.") umeem x.” #0,yx), =0,
(2) (2)

(2)
3 1,2,4

npu tpetbem (y.”) — ¥ )

#0,%,.., =0, a npu yerB€prom Tune (¥

' #0,%7, =0. OyHKIUHA S(,zi)l)ax (y, 77|) HOPMHUPOBAHbLl Ha 3HAYCHHUS

1,2,3 r
MaKCHUMAaJbHBIX IJOTHOCTEH MOIIIHOCTEH, HalJACHHBIX B 4acTH 1 HAcCTOS-
IIIETO UCCIIeIOBAaHMS; UX rpadudeckue TpEXMEpPHbIE U JIByXMEPHbIE H300-
paxkeHus npeacraBicHbl HAa pucyHke 1. CormacHo JiereHae, WIiCTPUpo-
BaHHOM Ha pUCYHKE 10, KpacHBI! IIBET COOTBETCTBYET MAaKCUMyMY ILJIOT-
HOCTH MOIIHOCTH T'€HEPUPYEMOI0 M3JIYUYECHUS, CHHUM LBET — OTCYTCTBHIO
W3JTYyYCHMUS.

0o 1 0o 1
In(|)) In(][)

n S,

0 0.2 0.4 0.6 0.8 1.0
Pucynok 1 — 3aBucumocts MakcuMaibHOM mi1oTHOCTH MolHocTH ['BI'-CY ot yria

PacKpbITUS U OTHOIIEHMSI KOMIUIEKCHBIX aMILIUTYA. Jlerenaa npeacrasieHa
Ha pucyHnke 1. [Ipeamnonaraercs, 4To Ha KaXI0M U3 (HparMeHTOB a—2
IpEeCTaBICHBI TPApUKH TS CISAYIOMINUX TUTIOB AaHU30TPOTIHH:

@ %, ©) %Y, @ 1, @
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Anamusupys TpaQuKy, NPEICTABICHHBIC HA PUCYHKE 1, BHAMM, 4YTO
) 2 2 2
JUIss  QHU30TPOIIMH, OTHECEHHOM K  THILY X§ ) (xg )20, x(z_)4 =0,

S(Zw)

7, max

PUCYHOK la), MaKCHUMaJIbHasA IINIOTHOCTb MOIIHOCTH B JICIICCTKAax

HaOmonaercs npu y = 0,04 pax, n = 1,27. [lpu yBenuueHun yriia pacKphbl-
THSI WIK MPU OTKJIOHEHUHU MMapaMeTpa # OT 3HadeHus # <~ 1,27, MOIIHOCTh
IJIaBHO YOBIBAET; IPU ATOM UMEETCS JTOKAJIbHBI MUHUMYM TI0 Y, U TpauK

bymxm S0 (7,

BEPIIMHBI TPEXMEPHOTO M300pakeHus (Ipu Y = const yObIBaHUE CHIIbHEE
B HaIlpaBJICHUU MAJIbIX 7).

77|) HCCUMMCTPHUYICH OTHOCHUTCIBHO MAKCHUMyMad —

ITpu X(zz) =0, xﬂ , =0 (pucyHok 10) ¢ yBenM4eHuEM yria pacKpbITHs
aHanu3upyemas (QyHKIHMS MOHOTOHHO YyOBIBA€T, MAaKCUMyM IUJIOTHOCTHU
MontHocTH nocturaercs npu Yy = 0,01 pag u n# = 1,37; kpome Toro, HabJ IO~
naetrcsi 6onee ObicTpoe €€ yObIBaHME IMPU CMENICHUH OT 3HAYCHHUs Mapa-
MeTpa, COOTBETCTBYIOIIETO IKCTPEMYMY, B HaMpaBICHUU MalbiX #71. B ciy-

o 2
4ae aHU30TPOIUU, OTHECEHHOU K THUITY X(3 ) (pucyHok 1B), Ha rpaduke 3a-

2 o
BHUCHUMOCTH Sr( @) (y, 7’]|) HMCCT SIBHO BBIPAKCHHBIM MAKCHUMYM, JIOKAJIN-

max
3o0BaHHbIN npu ¥ = 2,01 pax u n = 0,96; cedueHus: MOCTPOEHHOU (PUTYPHI,
COOTBETCTBYIOIIUE Y = const, MOYTH CUMMETPUYHBI OTHOCUTEIBHO BEPILIH-

Hbl. B ciydae kupanabHOro cios (Xf) #= 0, ng =0, pucyHok Ir) makcu-

MajibHasi IO HaNpaBJIEHHI0 MOIIHOCTHh (Makcumym mipu v = 0,77 pan
u 7 = 1,05) meHseTcss He3HAUUTENIbHO TIpu ¥ < 1,5 pan, 77| = const, a npu

v > 1,5 paxg OpIcTpO yOBIBaeT; YETKO BHIPAXKEHHBI MUHUMYM HAOJII0/1aeT-
77|) yOBI-
BaeT ObICTpee MPU OTCTPOUKE OT |77| = 1,09 B HanpaBIeHUN YMEHBIIICHUS 7]

canpu Yy =t pag u 7 = 0,93. Ha pucynke It dyHKIus Sr(z“r;)ax (y,

(y = const).
Nnmoctpupyem  usmeHenne (Gopmbl Tpa@uKOB  3aBUCUMOCTEH
2
Sr( “r;)ax (|77 , argn) IPH KaXIOM THUIIE aHU3OTPOIIMH )., UMEKOIIEE MECTO

IpU JIBYX 3HAUYCHUSX yria packpsitus: y1 = 0 (pucyHok 2), y2 = 1,5 pan
(pucyHOK 3).

Ha Bcex (¢parmeHtax pucyHKOB 2 W 3 3HaueHHs (QYHKUUN
HOPMHPOBAHBI IO COOTBETCTBYIOLIEMY K0 QYKHIIMH MaKCUMaIbHOMY
3HAYEHHIO IJIOTHOCTH MOIIHOCTH; JIET€HAa UACHTUYHA U300paKeHHOW Ha
pucyHke 1.
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3210 1
argi, pan

2

-1 0 1 2 3
argiy, pan

Pucynok 2 — 3aBUcHUMOCTh MaKCUMalIbHOM TI0THOCTU MoIHocT ['BT'-CH
OT OTHOIIEHUS! KOMILIEKCHBIX aMILTUTY1 Iipu ¥ = ()

0 1 2
arg#, pan

2
-3-2-10 1 2 3

3 = ar an
g1, p argy, pan

Pucynox 3 — 3aBucHUMOCTh MaKCUMaIbHOM TI0THOCTU MoImiHocT ['BT'-CH
OT OTHOIICHUS! KOMILJIEKCHBIX aMILTUTYI Iipu ¥ = 1,5 pan

[Tonoxenus MaKCUMYMOB M COOTBCTCTBYIOIIHC MM HOPMHUPOBAHHLIC
3HA4YCHUA IINIOTHOCTH MOITHOCTH YKA3aHBI B T3.6J'II/II_IC 1.
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Tabmuma 1 — Ilonokenus u 3HaueHuss MmakcumymoB ['BI'-CY
IIpH Y = const

Tun ann3orponuun

[TapameTpsl ng) X(ZZ) ng) ng)
7 1,27 1,37 1,00 1,17

y =0 | argn, paxn 0 0 0 0
A 1,00 1,00 0,39 0,95
n 1,22 1,94 1,03 1,09
y;}__{’s argn,pan | 083 | —021 | —088 | —0.67
Ay 0,86 0,36 0,77 1,00

[Ipu ucnoap30BaHUU U3IIYUYEHHUSI COHAINPABICHHBIX UCTOYHUKOB (Y = 0,
PUCYHOK 2) BC€ TIOCTpOEHHbIE Tpaduku 00JaNal0T TMIOCKOCThIO

, —argn) =S (I
JOKanu30BaHbl B ceyeHuu argn =0 (ctpoka 2 B Tabnuie 1). YBenuuenue

, argn ) , MaKCHUMYMBbI

CUMMETPHHU sz“r;)ax (|77

yIjla packpbIiThsi (PUCYHOK 3) OOYCIIOBIIMBAET CMEIEHHE MaKCUMYMOB
B obOmacth argnp<(0 (ctpoka 5 B Tabnume 1), mpu 3TOM 3HAUEHHUS

IJIOTHOCTEN MOIIHOCTEW B MAaKCUMyMax IPU aHU30TPOIHUH, OTHECEHHOU

K tHmaM .2 u yS”, yOBIBaIOT, HO BO3PACTAIOT B JBYX NAPYTUX CIydasx

(% m %), 9TO MOKHO OBUTO MIPEATIONOKHUTE, AHATU3UPYS UHYOPMAILHUIO,

coJiepkalrytocsi B Tabnuile 2 (rae npeacTaBieHbl MOJ0KEHUS 100albHbIX
MaKCMMYMOB), MPUBEICHHON B udactu | Hamero cooOmienus. ['paduku
GyHKIMI HECUMMETPUYHBI OTHOCHUTENIBHO TOJIOKEHUH MaKCUMYMOB, YTO
SIBHO BUJIHO Ha uX 2D uimoctpanusix.

3akiloueHue
Jlnst TunoB arusotponmu y\ ) , senenne [ BI-CYU npenmodrutensbHee
['BI' [2] npu 3HaYeHHSAX NAPaMETPOB Y U #, COOTBETCTBYIOIIUX KEITHIM

N KpaCHbIM 00JacTIM Ha ABYXMCPHBIX WIIOCTPAIUAX, T.K. IIO3BOJIACT I'C-

HEPUPOBATH U3ITy4YeHUE OOJIbIIEH MaKCUMaJIbHOW MOIIMHOCTH. [l cios
C TUIIOM aHW30TPONHH ¥\’ STH 00JACTH BKJIIOYAKOT IOMOJHHUTENBHO O€-

eI OBeT. OmMUCcaHHBIM METOJ ITO3BOJISIET HAXOAUTH AHAIla30H 3HAUCHUU
MapaMeTPOB Y U #, TPU KOTOPBIX IS MOJYYEHHSI HEJIMHEWHOTO CUTHAJA OT
noBepxHoctu sBieHue ['BI'-CY 6oinee a3 dextruBHO, uem siBnenue ['BI.
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Pabora BbinonHeHa nipu ¢uHancoBoil nojnepxkke bPODU (rpant no
npoekty @ 18M-026).

Jluteparypa
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2. Kammaii, B.H. I'enepaius BTopoil rapMOHUKU OT TOHKOTO cepu-
YEeCKOro cjosi W ycioBusa otTcyTcTBus reHepaunu / B.H. Kammmraii,
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C.B. YUyrynos', A.C. Uyrynos', 3.B. Uyrynosa*
'VO «BpecTckuii rocy1apCTBEHHBIA TEXHMIECKU YHUBEPCUTET,
bpecr, benapych
2TYO «'mmuaszus Ned» ropoga Bpecra, Berapycs

MOIEJIUPOBAHUE ®OTOHHbLIX HAHOITYYKOB
B CUCTEME CBA3AHHBIX MUKPOPE3OHATOPOB

BBenenue

B Hacrosiiee BpeMsi He CHUXKAETCS UHTEpeC K POKYCUPYIOIIUM CBOM-
CTBaM JUAJIEKTPUUECKUX MUKpOcPep U MUKpOUMIUHAPOB. B paborax Teo-
peruueckoro [1-2] u s3KcrnepuMeHTaIbHOr0 XapakTepa [3-4] ObuTo MmoKa3a-
HO, YTO JAUAJIEKTpUUYecKue chepbl U HIWIMHAPHI, TUAMETPhl KOTOPHIX CPaB-
HUMBI C JUITMHOM BOJIHBI BUIMMOTO CBETa, MOTYT (DOKYCHpPOBATH MMYy4YOK CBe-
Ta B CBETOBOE IISTHO OYEHb MAJIOro padMepa (MUKPOJUH30BBIN 3 deKT).
B pesynbrare QokycMpOBKM B OJIM)KHEW 30HE TEHEBOW 00JIaCTU MHKPO-
chepbl WM MUKPOIMIMHIpA oOpaszyercss (POTOHHAsi CTPYKTypa C YIJIOM
PacXO0XkKIAEHUSA B HECKOJIBKO pa3 MEHBIIHMM, YEM B ITyYKE, IOJIYUYEHHOM IpU
(OKyCHpOBKE rayccoBa Iy4yka KJIACCHYECKHUM METOJIOM [S]. DTOT pacxo-
JAIIAKNCS My4YOK HAIlOMHHAET CTPYK0 PEAKTUBHOIO IBHUIATENsA, MOATOMY
u3llydyeHue, CPOpMUPOBAHHOE TaKWM OO0pa3oM, Ha3BaIM '"(POTOHHBIMU
HaHoy4ykamu'" win "(POTOHHBIMU HAHOPEAKTUBHBIMH ITy4YKaMH'".

Bo muorux nyonukamusix [1-12] paccmaTpuBaroTcs pa3iudyHbIe CBOM-
cTBa (DOTOHHBIX IMYYKOB, OCHOBHBIEC YCIIOBHSI MX CYLIECTBOBAHMS U TEp-
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CIEKTUBBI TMOTEHIMAIBHOTO NpuMeHeHus. McciaegoBarensiMu MmokaszaHo,
4YTO TaKhe€ y3KHE, BHICOKOMHTEHCUBHBIE 3JIEKTPOMArHUTHBIE My4YKu oOpa-
3YIOTCS B pe3yJibTaTe MHTEP(DEPEHIIMN MEXK]ly NaJaroIIei MIOCKON CBETO-
BOM BOJIHOM U MOJIEM, PACCEIHHBIM C(Pepoi MIN [IIMHAPOM.

1. Teopusi 1 OCHOBHBbIE CBOCTBA HAHOIY4YKOB

HavanbHast meTonuka onucaHusi (OTOHHOTO HAHOMyYKa JJISl JAMDJICK-
Tpuueckoil cepsl OblIa pazpadborana B [12] Ha ocHOBe Teopuu Mu. Oc-
HOBHAas HJEs METOJa, MPEJI0KEHHOIO0 ATUMHU aBTOPAMH, 3aKIH0Yanach
B CTPOTOM pEIIEHUU ypaBHEeHH MakcBeiia B c(hepuuecKux KOOpAMHATaX
OTHOCUTENIbHO MX COOCTBEHHBIX (DYHKIIMU B LEISAX ONMpeaesieHus OnmKHe-
rO0 BHEIIHETO MOJISI JUAJEKTPUUECKOU cdepbl, 00JIy4EHHOW MIOCKON BOJI-
HOU. B pamkax 3To#l Teopuu ObUIM OMpPEACIICHbI BAXKHEHIIINE XapaKTepH-
CTUKM HAHOMYYKa, TAKKWE KaK MPOJIOJIbHBIN U MOMEPEUHbIA pa3Mepbl HAHO-
My4Ka, €r0 MHTEHCUBHOCTh, MOJYIIMPUHA, PACCTOSIHUE OT MHUKPOC(hEpHI
(MUKpOLIMJIMHAPA) 10 TOYKHA, B KOTOPOW HMHTEHCHBHOCTh MaKCHMAJIbHA,
U MHOTHE JIpyTHE.

B pesynbprare SKCHEPUMEHTAIBHBIX U TEOPETUUECKUX MCCIEeIOBaHUN
OB YCTAHOBJICHBI CIIEYIOIIUE OCHOBHBIE CBOMCTBAaMHU (POTOHHBIX HAHO-
My4KOB. BO-MepBbIX, MyYOK MOXKET PACHPOCTPAHITHCS MPAKTHUYECKU O€3
3aTyXaHUsl Ha PAaCCTOSIHUE TOPsIIKA TMaMeTpa MUKPOJIMH3BI, a TONepedHast
IIMPHUHA [My4YKa BHE IUAJIEKTPUUYECKOTO IIUIMH]Ipa UK cPephl KaK MpaBUIIO
HEe TpeBbIaeT ~2Ah. Bo-BTOpbIX, MUHUMaJIbHAs MOJYIIUPUHA MTy4YKa MO-
KET OBITh MEHBIIIE KJIACCUYECKOT0 NUGPPAKIMOHHOIO Mpejnena (sl MUK-
pocdhep — Ha ypoBHe ~A/3). B-TpeTbux, oOpazoBaHue (HPOTOHHOTO HaHO-
My4YKa — HEPE30HAHCHOE SIBJICHUE, KOTOPOE MOXET HaOJII0JAaThCs MPU Ba-
PBUPOBAHUU TUAMETPOB d MUKPOJIMH3 B IIMPOKOM Juanaszone (0T ~24 1o
ooJiee uem 40A) pu yCIOBUH, YTO MOKA3ATENb MPEIOMICHUS MUKPOJIUH3BI
OTHOCUTENILHO OKpYy>karouiei cpeanl meHee 2,0. B-ueTBepThiX, (GOTOHHBIN
HAHOITYYOK UMEET BBICOKYI0 MHTEHCHUBHOCTb, KOTOPasi MOXKET Ha HECKOJIb-
KO TMOPSAJIKOB MPEBBIIIATh UHTEHCUBHOCTh CBETOBOM BOJIHBI, MAJAIONIEH Ha
MUKPOJIUH3Y.

VYHUKaIbHOE COYETAaHUE BBHIIIETIEPEUNCIECHHBIX CBOMCTB O0YCIIOBIIMBA-
€T MOMCKH BO3MOKHBIX MOTEHIMAIBHBIX MPUMEHEHUN (POTOHHBIX MYYKOB.
B yactHOCTH (DOTOHHBIE HAHOMYYKHA MOTJHU Obl OBITH MCHOJB30BaHBI IS
OoOHapy>KeHHsI 00BEKTOB, Pa3MEPbl KOTOPHIX 3HAYUTEIHHO HIXKE KIIaCCUYe-
CKOro AU(PaKIMOHHOTO TMpeJena, U ONTUYECKOr0 MaHUIYJIMPOBAHUS UMU
[4]. Takum oOpa3om, MPUMEHUTEIBLHO K OOBEKTaM, UCCIEAYEMbIM BO MHO-
I'MX BOKHBIX 00JacTsIX OMOJIOTHHU, XUMHUH, U HAHOMHKXEHEPHUH, B BUAUMOM
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Jarna3oHe JJIMH BOJH MOXKHO OBLJIO ObI KOHTPOJHUPOBATh MPOLIECCHI arpe-
raiuy, a TakkKe peliaTh 3aJa4d M0 OOHAPYKEHUI0 MPOTEHMHOB, BUPYCOB
U Jaxe OTAeNbHbIX MoJekyl. Kpome Toro, oTOHHBIE HAHOMMYYKH MOTYT
OBITH UCIOJIb30BAaHBI B KAUE€CTBE BOJIHOBOJHBIX CTPYKTYP C MaJbIMHU MOTE-
psAMH, B HEJSIX HaHoJIUTOrpaduu cyoIuppakiimOHHOTO pa3pelieHus U s
CBEPXIIJIOTHON ONTHUYECKOM 3alUCH B YCTPOMCTBAX ISl XpaHEHUs: UHGOP-
MaIluH.

2. MoaeanpoBaHue paccesiHUS CBeTa JIUIJIEKTPHYECKHUMH
MHKPOPE30HATOPAMH

B nacrosmieit pabote mpoBeIEHO MOJEIUPOBAHUE (POTOHHOTO HAHO-
My4Ka JIJI BOJIHOBOJIHOW CUCTEMBI, COCTOSIIEN U3 TPEX COMPUKACAFOIINXCS
JTUBJEKTPUYECKUX MUKPOIMIUHIPOB C JuaMeTpaMu paBHbiMH S5, 10
U 15 MKkM. 3HaueHUs NOKa3aTeael MPEIOMIICHHS] MaTepraia MUKPOLIMINH-
OpoB u3MeHsuch ot 1,5 mo 1,8. Takas cTpykTypa oOiydanach IIOCKOM
JMHEWHO TOJISIPU30BAHHOM BOJIHOW; JUTMHA BOJIHBI U3MEHSJIACH B MPEIENax
ot 400 mo 1000 uM.

Tak kak aHaIUTUYECKUE pacyeTbl B COOTBETCTBUHM C METOAOM Mmu
B BBIYMCIIUTEILHOM OTHOIIICHHU OYE€Hb IPOMO3JIKH, MPU MOJICTUPOBAHUU
(GOTOHHOTO HAHOMYyYKa MbI MPUMEHSUIM YUCIEHHBI METOJ — METOJH KO-
HEYHBIX AJIEMEHTOB, KOTOPBIN YCIEIIHO PEAIN30BaH B IPOTPAMMHOM Cpese
ComsolMultiphysics, B koTopoii obecriedeHa BO3MOKHOCTh BapbUPOBAHUS
pa3MepoB AJIEMEHTOB CETKU M MX KOJIMYECTBA B ESAX ONTUMHU3AIMU MO-
NETUPOBAHUS.

B xauecTBe npumepa Ha pUCyHKe | IpencTaBiieH pe3ybTaT YUCIECHHO-
IO MOJIEJIMPOBAHUS BOJIHOBO/IA, COCTOSILIETO U3 TPEX LUUIMHIPOB THAMET-
pOM 5 MKM C MOKaszaTesieM mpenomieHus 1,7, HaXOIs[Imerocss B BaKkyyMe
1 00JIydaeMOoro IJIOCKOW BOJIHOW ¢ ayuHOM BojiHbl 700 HM. Ha pucynke
SIBHO BUJIHA CUCTE€Ma JU(PAKIIMOHHBIX MAKCUMyMOB B TE€HEBOW 30HE IIU-
auHApPa, cHOPMUPOBAHHBIX BCIEACTBUE MHTEpPEPEHIIMU MaJaroieil BoJ-
HBI C TI0JIEM, PACCESTHHBIM IIUJIMHJIPOM.

B pesynbTaTe MonenupoBaHus ObUTM OMpeeNeHbl 3aBUCUMOCTH OTHO-
CUTEIbHOW WHTEHCUBHOCTH (OTHOIIEHHWE MAKCUMaJbHOW WHTEHCUBHOCTH
B HAHOINYYKE K MHTEHCUBHOCTH TMAIAIOLIEN BOJHBI) U3TyYEHUSI B HAHOITYY-
K€ OT pa3MepOB MUKPOIUIUHPOB, UX MOKA3aTels MPEIOMICHUS U JITTUHBI
BoJHbI. Ha pucyHke 2 mpuBeneHa 3aBUCHMOCTb OTHOCHUTEIIBHON HWHTEH-
CUBHOCTH W3JIYUCHHS], BBIXOSIIETO U3 CUCTEMBI TPEX COMPHUKACAIOIIUXCS
MUKPOIMINHIAPOB IUAMETPOM 15 MKM, OT JJIMHBI BOJHBI IIPU Pa3IMYHBIX
NOKa3aTesIX MPEJIOMIICHNS MaTepraia MUKPOLIMIUHIPOB.
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Pucynoxk 1 — ®oTOHHBIN HAHOITYYOK, C(HOPMUPOBAHHBIN CUCTEMOM TpeX
CONPHUKACAIOIIMNXCS. MUKPOLIMJIMHAPOB JUAMETPOM 5 MKM, U3rOTOBJIEHHBIX
13 MaTepualia ¢ rokasaresnem npesnomienus 1,7;

JUTMHA Majaroieid BoyiHbl paBHa 700 HM
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Pucynok 2 — 3aBUCUMOCTh HOPMUPOBAHHOW UHTEHCUBHOCTHU U3TyUYEHHUS,
BBIXOSIETO U3 CUCTEMBI TPEX MUKPOLUMJIMHAPOB IUAMETPOM 15 MKM, OT JTMHBI

BOJIHBI IIPpHU PA3JIMYHBIX ITOKA3aTCIIAX IMMPCIIOMJICHUA MaTCpHalla
MUKPOLHIIMHAPOB
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B pesynbpTare MoaenupoBaHus ObUIM YCTAHOBJIEHBI CIEAYIOUINE 3aKO-
HOMEPHOCTHU, XapaKTepHBbIE /I HAHOIMy4YKa B TAKUX BOJIHOBOJAX: 1) C yBe-
JUYECHUEM TT0Ka3aTess MpeoMIICHUST MaTepraia MUKPOIIMIMHApPA 001aCTh
C MaKCHMaJIbHbIM 3HAUY€HHEM WHTEHCUBHOCTH HM3JTy4YCHUS MPUOTIHUKACTCS
K TMOBEPXHOCTH MUKPOILIWIMHIPA W YMEHBIIAETCA MPOJOIBHBIA pa3zMep
HAHOITy4YKa; 2) 3HAY€HUs] OTHOCUTEJIbHOWM WHTEHCHUBHOCTH BBIXO/ISIIETO
V3JIyUYCHUSI YMEHBIIAIOTCA C YBEIMYCHUEM JJIMHBI BOJIHBI NIAIAIOIIETO CBE-
Ta; 3) HaOIIOAaeTCs YBEJIMYCHHE OTHOCUTEILHOW HMHTEHCHUBHOCTH IS
BOJIHOBOJIOB C OOJIBIIIMM TOKAa3aTeJeM MPETOMJICHHUS: MPU YBEIMYCHUU
nokasaresst npesomsieHus ot 1,5 1o 1,8 MakcuMaibHbIe 3HaY€HUS OTHOCH-
TEJIbHOM MHTEHCUBHOCTH W3JIYYEHHS, BBIXOSIIETO U3 CUCTEMBI OJIMHAKO-
BBIX MUKPOIMJIMHAPOB ¢ nuamerpamu S5, 10 u 15 MKM, yBeIMYUBAIOTCS CO-
oTBeTcTBeHHO B 2,81; 1,91 u 1,88 paza; 4) B cucremMe 0JMHAKOBBIX MUKPO-
HWIMHAPOB ¢ quamerpamu 15 u 10 MKM MO OTHOIIEHUIO K BOJIHOBOJY, CO-
CTaBJICHHOMY W3 MHKPOLWJIMHIPOB IUAMETPOM S5 MKM, MaKCUMAJIbHOE
3HAYEHUE OTHOCHUTEILHOW MHTEHCUBHOCTHU W3JIyUYE€HUS YBEIWYUBACTCS CO-
oTBeTCTBeHHO OT 1,18 10 1,76 u ot 1,01 mo 1,47 — npu u3MeHeHUH MOKa-
3aTes MPeIOMIICHUS MaTepralia MUKPOIMIMHAPoB oT 1,5 o 1,8.

Pe3ynpraTel MOAEnMpoBaHUs HAHOIYYKOB COOTBETCTBYIOT PE3YJIbTa-
TaM, MOJYY€HHBIM C MCMOJIb30BAHUEM APYTUX SKCIEPUMEHTAIbHBIX METO-
UK U TEOPETUYECKUX Mojeen [7-12].

3akJ/oueHmne

C y4€TOM BBISIBICHHBIX 3aBUCUMOCTEN MOXHO, HE BBITIOJIHSS TPOMO3/I-
KMX aHAJMTHYECKUX PACUETOB M HE IMPOBOIS JOPOTOCTOSIIUX AKCIEPH-
MEHTOB, MOA00paTh TakKue IHAMETPbl MPEIOMIISIONIUX ITUIMHIPOB WX
cdep, UX ToKa3aTeau MPEJIOMIICHHUS U JUTMHBI TIAJIAl0IIET0 U3TydeHUs, PU
KOTOPBIX MOHO MOJIYYUTh HAHOIYYKH TPEOyeMoro au3aiiHa ¢ XapakTepu-
CTUKaMH, HEOOXOAUMBIMH JJISl PEIICHUSI KOHKPETHBIX 3a]1a4.

BosiHOBO/IHBIE CTPYKTYpPhI U3 ONTHYECKH CBSI3aHHBIX MUKPOPE30HATO-
poB C (OTOHHBIMH HAHONYYKAMH IEPCIEKTUBHBI I HMCIOJIb30BaHUS
B KaueCTBE KOMITAKTHBIX CUCTEM (POKYCHPOBKU B CBEPXTOUYHOM JIa3epHOUI
XUPYPTUH, TIPU CO3JaHUHM HOBBIX YCTPOWCTB ONTOSIEKTPOHUKH U (hOTOHU-
K1 Ha 0a3e MUKpPOPE30OHATOPOB, a TaKXKe ISl MPOAOJDKEeHHS (DyHIaMeH-
TaJILHOTO UCCJICAOBAHUS CUCTEM ONTUUYECKUX MUKPOPE30HATOPOB.
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A.A. lllambina, B.H. Kanmaii, A.U. Toaka4yéB
YO «'omenbCKkui TOCYapCTBEHHBIN YHUBEPCUTET
nMmeHu @pannucka Ckopunbl», ['oMensb, bemapych

CUMMETPUU U CBOMCTBA TIPOCTPAHCTBEHHOI' O
PACHPEJAEJIEHUS U3JIYUYEHUS IPU TEHEPALIUA
BTOPOU TAPMOHUKU-CYMMAPHOMN YACTOTHI
ONTUYECKHU HEJIMHEMHBIM CJIOEM, HAHECEHHBIM
HA MOBEPXHOCTH COEPUYECKOMN YACTHUIIBI, ITPU EE
OBJYYEHUMU IIJIOCKOM DJIEKTPOMATHHUTHOM BOJIHOMN

BBenenue

O nuuelHBIX 3(ddekTax, BOBMOXKHBIX IIPU PACCESIHUM TUIOCKUX JJICK-
TPOMArHUTHBIX BOJIH Ha JMAJICKTPUYECKUX YaCTUIAX Pa3IUYHON (DOPMBI
¥ pa3MepoOB HAIIMCAHO yKe HeMajioe yucio padoT. [loaTomy B HacTosIee
BpEMsI UCCIIEIOBATEN BCE Yallle HAIMpPAaBIISIIOT YCUIIMS HA U3YUYCHHE HEJU-
HEWHBIX I(P(HEKTOB B ONTUKE U ICKTPOIUHAMHUKE JUAJICKTPUKOB. OIHUM
U3 TaKUX MaJOU3yYCHHBIX SBJICHUMN SIBISETCS MapaMmeTpudeckuil 3pdekr,
COCTOSIIIINN B HEIMHEHHOMN reHepali BTOPO TApMOHMKHU TP MPOXO0KIe-
HUU 3JIEKTPOMArHUTHOTO WU3JIYUYEHHS 4epe3 TOHKHE ONTHUYECKH HEIMHEH-
HBIE CJIOM Ha TTOBEPXHOCTH YaCTHIl U TPAHUILIBI pa3jieia Cpel.

B Hacrosmeit pabdote uccnenoBan 3((PexkT HETMHEWHOW TeHepaluu
C YIBOCHHMEM YacTOThl IPU OOJy4YeHUH CHEepUUECKON ITUIIICKTPUUECKOM
YaCTHUIIbl ABYMS TJIOCKUMU KOT€PEHTHBIMU 3JIEKTPOMAarHUTHHIMU BOJIHAMU
OJIMHAKOBOM 4acTOThl. B 3TOM ciydae reHepupyemoe IoJje MpeacTaBIsieT
CYHEPHO3UIINIO JIEKTPOMATHUTHBIX MOJIeH, OOYCIOBJIEHHBIX T'E€HEpaluen
BTOpoi rapmonnku (I'BI') [1] xaxmoi manaroIieii BOJIHOM U reHepaiuei
cymmapHoi yactotel (I'CY) [2, 3] BcliencTBue mapaMeTpUUECKOro B3au-
MOJIEHCTBUS MMAIAIONTNX BOJH MEXy co00i. COBOKYITHOCTh ITUX SIBIICHUI
OyJleM Ha3bIBaTh TE€HEpalueldl BTOPOW TapMOHUKU-CYMMApHOW YacCTOTHI
(I'BI'-CY). B otauuue ot I'BI’, sBnenue I'BI'-CY 3aBucut oT OOJBIIIErO
KOJINYECTBA BAPbUPYEMBIX MMAPAMETPOB, YEM OOYCIIOBIIEHA BO3MOXKHOCTh
JUISl U3BJICUCHHS 00JIbIIero oobemMa HHGOpMaILMK 00 UCCIIeTyeMOM 00BEK-
T€ U3 DKCIEPUMEHTAIBHBIX JTaHHBIX. 3aMETUM TaK)Xe, YTO JIJII IPOBEACHUS
AKCTIIEPUMEHTa He TPeOyeTCs MCTOYHUKOB C pa3HBIMU YacTOTaMH, KaK MPHU
HaOmronenuu siedusa ['CY.
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1. ITocTaHoBKa 3a1a4u
3aiaauM B KOMIUIEKCHOM (popMe BEKTOPHI SJIEKTPUUECKOU HATPSKEH-
HOCTH TMAJAOIIUX Ha CHEPUUECKYIO ITUAIEKTPUUECKYIO YaCTHUIy IUIOCKUX
AIUTMOTUYECKU TOJISIPU30BAHHBIX AJIEKTPOMArHUTHBIX BOJIH:
E“ =E e exp(ik(“)r - ia)t), (1)

()

rae £, — KOMILIEKCHAs aMIUIUTYya, €’ — €IUHUYHBIN BEKTOp, XapaKTepu-

3YIOIIUN MOJISTPU3ALMUIO MMAJAOIIETO U3JTyUYCHUS, k'“ — BonnoBoii BEKTOD,
@ — IUKJIMYECKas 4acToTa MaJlatolIuX BOJIH (Jjanee 1Mo TEeKCTy BPEMEHHYIO
4acTh exp(—ia)t) OyJieM OmycCKaTh), & — WHJCKC, ONPECISIONUNA HOMED
BOJIHBI, K KOTOPOM OTHOCUTCS COOTBETCTBYIOIIAsA BEJIMYNHA. 31ECh U Jajiee
B 3TOM pabore o =1, 2, a CHMBOJI [ BHE MHJIEKCOB O3HAYaeT MHUMYIO €U~
HULLY.

1 ynpolineHuss MaTeMaTu4ecKol MOJEIN pacCMaTPUBAEMOIO SIBJIE-
HUS BOCTIOJIb3yeMCsl TPUOIMKEHUEM, OCHOBAHHBIM Ha 0000IIEHHONW MOjIe-
mu Panest — INanca — Jle6ast [4], B KOTOpOU aMIUIUTYAY PacCESTHHBIX BOJH
CUMTAIOT MpeHeOpexxkumo Mano. [Ipu 3ToM yclnoBuM HeIuHEWHAas TeHepa-
UM UHAYIHMPOBaHA HCKIIOYMTEIBLHO TMAJAIOIIUMHU 3JIEKTPOMArHUTHBIMU
BOJIHAMM. MaTemMaTu4eCKd OHa OIMCBHIBACTCS C NPHUMEHEHHEM METOoJa
dbyukiuu ['prHa, 1 B KaueCTBE UCTOUHMKOB pacCMaTpPUBAETCs HEJIMHEHHAsI
4acTh MOJISIPU3ALIMY TUITOJICH HAa MOBEPXHOCTH YaCTHUIIHI |3 ]:

2 2
B =y E) + EPNE + B ) =33 0 EVED, i jk=xy.z ()

r1€ CYMMHUPOBAHHUE MPOU3ZBOAUTCS MO IOBTOPSIOLIMMCS JIATUHCKUM HH-
nekcaMm, P — KOMIIOHEHTBI HEIMHEHHON YacTH BEKTOpa MONSAPU3ALIMH,

E](.l) ,EJ(.Z) — KOMITIOHEHTBI BEKTOPOB HAIMPSIKEHHOCTHU MAAAIOIINX BOJIH, ;(ﬁ,f)
— TEH30p HEJIMHEWHOW TUAJIEKTPUUYECKOW BOCHPUHUMYMBOCTH BTOPOTO TIO-
psaka.

Tenzop ;(ﬁ,f) onnHakoBo 3anuckiBaeTrcsa mia [ Bl u I'BI'-CY »iemen-

TAPHBIM YYAaCTKOM ITOBCPXHOCTU!

25 = a0+ 2008, + 100, + S )+ 20, (e, ne, )k ()

k™ ijm Jimk

rA€ 7, — KOMIIOHEHTHl BEKTOpa HOPMAJIA K [IOBEPXHOCTH, §l.j, &, — JenbTa-
cuMBOJ Kponekepa u cumBo JleBu-UuBuTa COOTBETCTBEHHO, KOA(PhUITH-
CHTBI ;(1(_23) u ;(ff) — HEKUPAJIbHBIC U KUPATbHBIN KO3 OUITMEHTHI aHU30TPO-
MUY, XapaKTEPU3YIOIINE HEJIMHEHWHBIE CBOWMCTBA ITOBEPXHOCTHOTO CIIOS
chepruuecKoil YaCTHIIbI.

BBeném nexapToBy cHUCTEMY KOOPJMHAT, OA3UCHBIE BEKTOPHI KOTOPOU
(ex, e, ez) 00pa3yloT MpaByr TPOMKY BEeKTOpoB. Hayano koopauHAT COB-
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MECTHM C T€OMETPUUYECKUM LIEHTpOM cdepuueckoit yactuubl. Ocu nexap-
TOBOM CHCTEMBbI KOOPAMHAT BhIOEpEM TakUM 00pa3oM, YTOOBI BOJHOBBIC
BexTopsl nagaromux BonH K" n k" maxommmuces B mmockoctn Oyz, a och
Oz HampaBHUM BJO0JIb BEKTOPA, PABHOTO MX CyMMe. Torna BeIpaKE€HHS IS
BEKTOpA 3JIEKTPUUYECKOH HaNpsDKEHHOCTH reHepupyemoro moms E®”
¥ TIOTHOCTM MomHocTH S”° reHepupyeMoro us3ayuyeHHs B TOYKE X
B JIaJIbHEHN 30HE [S], MOKHO 3amucarh B BUJE
2 .
E*(x)= dmy,_ 2w) exp(;kar)doaz(l _e ®ec )iiEaEﬂf(aﬁ)’ 4)

2
a=1 f=1

f@h — Z-X(Z)(_ j, (q(aﬁ)a)v(aﬂ)(v(aﬂ)e(a))(v(aﬂ>e(ﬁ))
1
+%(j1 (q(“ﬂ)a)+j3 (q(aﬂ)a))(v(aﬂ)(e(a)e(ﬂ))+e(ﬂ)(v(aﬂ)e(a))+e(a)(v(aﬂ)e(ﬂ)))j+
+if (q(“ﬁ)a)(x(;)v(“ﬁ) (e(a)e(ﬁ) )_|_ ng)e(ﬂ)(\,(aﬂ)e(a) )_|_ X(SZ)e(a)(v(aﬁ)e(ﬁ)))_
_ ng)jz (q(aﬂ)a)([e(a) %y ](v(aﬁ)e(ﬁ') )+ [e(ﬂ) % y(@) ](v(ame(a) ))’

S(Zw)(x) ¢ n, E(Zw)(x)r. (6)

872- /Ll2w
— COOTBCTCTBCHHO MAruvTHas IPOHHUIACMOCTHL M IIOKa3a-

)

3nece (L, , N,

TEJIb MPEJIOMIIEHUsI OKpY’Kalolled cpeibl Ha 4actoTe 2@; d, — TONIUHA
MMOBEPXHOCTHOT'O CJIOSI, 00JIaa0MMIer0 HeTUHEHHBIMU ONTHYECKUMU CBOM-
CTBaMH; a — paguyc cpepUUECKON YaCTHULIbI; € — OAMH U3 0a3MCHBIX BEK-
TOPOB (er, e, e(p) chepruueckoi CUCTeMbl KOOPJIMHAT (r,@,(o), y KOTOpOi
Hayajgo KOOPJMUHATHBIX OCEH COBIIAJIA€T C IEHTPOM C(EepHUEeCKON HacTH-
Ipl, j (z) — chepuueckas pynkuus beccens mopsaka m. KoHcTpykiuu
a®b, (ab), [axb] 03HAYalT COOTBETCTBEHHO MAaTEMaTHYECKUE OIEpaIluu

TEH30PHOTO, CKAISPHOTO M BEKTOPHOTO TpomsBefaeHns; ¢’ — Momymb

BCKTOpPa paCCCAHUA (af) HaIIpaBJICHHOI'O BAOJIb CAMHUYHOI'O BEKTOPa V(aﬁ)
b

U OIpeAesieMoro no gpopmyiie

q(aﬁ) — k' 4+ kP k@) = v(aﬂ)q(aﬂ), a=1,2, IB =1, 2, (7)
rae k' =k""'e — BomHOBOI BEKTOp reHEpPHPYEMOro M3Iy4eHHS B Jallb-
HEW 30HE.

TpeOyercst npoaHanIM3UpPOBaTh CBOWCTBA MPOCTPAHCTBEHHOTO pacIpe-
NEJEHUS DJIEKTPOMArHUTHOTO TOJISl, TEHEPUPYEMOTO IPHU IMPOXOKICHUU
IUIOCKOW 3JIEKTPOMArHUTHOW BOJIHBI YEPE3 TOHKUN ONTUYECKU HEJINHEU-
HBIN CJI0M Ha TOBEPXHOCTH C(PeprUeCcCKON YaCTHUIIbI, B TAJIbHEH 30HE.
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2. Penienue
3agaavM SIBHBIA BUJI BEKTOPOB, COOTBETCTBYIOIIUX MOCTAaBJIECHHOW 3a-
nayge:

k“ =k, ((— 1) sin(7/2)ey + cos(y/Z)ezl
el = [(cos 0\ —ic_ sine™ e +cos(7//2)(ic5 cos g\ +sin o, +  (8)
+(=1)" sm(y/Z)(zc cos ¢ +sinp™ e kl +62)",
e k, = ‘k(“)‘ — MOJIyJIb BOJIHOBBIX BEKTOPOB IANAOIUX BOJH; ¥ — YIOI

mexy BonHoBhIMH BekTopamu k" u k% —7 <@ <7 — yron mexmy
OOJIBIION TOJTYOCHIO 3JUIUIICA NOJSPU3ALMY BOJIHBI ¢ U BEKTOPOM €_; Be-
mmurHa —1< 0, <1 mo mMoayy0 paBHa OTHOLICHUIO MaJOH MOJIYOCH 3JI-
JIMIICA MOJISIPU3aIK K OOJIBIION MOJyOCH, a | o, | XapaKTepu3yeT CTEleHb
ymmnTuyHocTd (o, <0 / o, >0 3agaroT BOJNHY JIeBOW/MpaBoil mossipusa-
1IUK).

[Ipy HEKOTOPHIX KOMOMHAIMSAX MapaMeTpoB (HAIpaBiIeHUN HaOItOIe-
HUs, HAITPABJICHUI BOJIHOBBIX BEKTOPOB MAJAOIIUX BOJH U AJUIMITUYHO-
CTEH MX MOJSpU3AIlMK) NPOCTPAHCTBEHHOMY pPAacHpeeICHUI0 TeHEpUpye-
MOTI'0 M3JIyYEHHS] CBOMCTBEHHBI OMPEAEIEHHBIE JIEMEHTHI CUMMETpUH. Ta-
KHUE BJIEMEHTBhl CAMMETPHUHN MOXKHO BBISIBUTH, aHAJIU3UPYSI MAaTEMaTUYECKUE
CBOMCTBa BeKTOpHOU (pyHkiuu f (2“’)(6’,(0). [TogoOHbIE CBOMCTBA BEKTOP-
HBIX (PYHKIIMH, XapaKTEPU3YIOIUX NPOCTPAHCTBEHHOE pacIpe/ieliCHUe re-
HEPUPYEMOTO U3ITYUYECHUS NMPH HEIUHEWHOW T'€HEPAIMU TUIOCKOM 3JIEKTPO-
MAarHUTHOW BOJIHOW B TOHKOM ONTHYECKH HEJIMHEWHOM CJIO€ HA MOBEPXHO-
CTH LUWJIMHIPUYECKUX U C(HEPUUYECKHX YACTHI], PACCMOTPEHBI B CTAThSIX
[1-3, 6]. ChopmynupyeM U MOSICHUM HauOoJiee BAXKHBIE U3 CBOMCTB (PyHK-
uuu f (2“’)(0,(0), UCIIONIB3ysl oO0o3HadeHnus:: m, m,m,eZ,n=E /E, cum-
BOJIOM * 0003HAYMM ONEPAIUI0 KOMILIEKCHOTO COTPSIKEHUSI.

Csoticmeo 1. Ecmu Im(n]=0,0" = m, /2,9 = 7m, /2 + zm,, T0

il-(1-i)e, ®e, K0, 7—9)=i(l-(1-i)e, ®e, " (6,0)],
i(1-(1-i)e, ®e, (- 0,0)=[i(1-(1-i), ®e, " (0,~0)], 9)
St

(0,7 -¢)=S5"6, ¢)

in

i(1-(1-i)e, ®e, " (0,~p)/n=il-(1-i), ®e K(0.0)/7],

S(0,~p)=S""(6,9).

Csoiicmeso 2. Ecim || =1,0, = 0,,¢ + ¢ = 7m,, 10

(10)
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Ceoticmeo 3. Ecnu n=+1, 0, =0,,¢" — ¢ = m,, 10

£°(0,0+7)=£""(0,9), SCNG,p+7)=S""(0,0) (11)

Csoticmeo 4. Ecnu %), =0, 10
(0,7 - p)=(1-2e, ®e Jf*”(0,p),

£0(=0,p)=(1-2¢, ®e, " (0.-0) (12
Sr(ZCU)(Q,ﬂ' - §D) = Sr(z{U)(ea ¢)7 Sr(M)(_ 99 ¢) = Sr(zm(e’_qp)'

Ceoticmeo 5. Ecnu ¥ =0, n=+1,0, +0,=0, 9" +¢” = mm,, T0
£(0,-p)=(1-2¢, ®e, f*(0,0), S°(0,-0)=5(0,p).  (13)

77‘ =10, +0,=0, (pl.(,:) — (pl,(,f)

100, 0+ 7)n=-[t*0,0)n],  S*N0,p+7)=S""(0,p) (14)

Cesoticmeo 6. Ecnm y'* =0,

= 7im,, TO

77‘ :1961 +0, :O’wi(nl) _¢i(nz) =7m, , TO

£C0,0+7)In=[f"6,0)/n],  S“(0,0+7)=5"(8,p). (15)

Ceoticmeo 7. Ecnm y®) =0,

Ceoticmeo 8. Ecmu y, =0, n =1, 0, =(~1)"o,, T0

£°9(0,-p)=(1-2¢, ®e J*(6,p), S*(0,~0)=S""(6,p). (16

JI71s1 TPOCTPAHCTBEHHOTO PACIpPENEIEHUS IUNIOTHOCTH MOIIHOCTH T'€He-
PHUPYEMOTO W3IyYECHUS HAIMYUE ITUX CBOMCTB CBS3AHO C XapaKTEPHBIMH
IUISL TOTO PACIIPENETIEHUS JIEMEHTAMUA CUMMETPHUH:

— cBoicTBa 1, 4 UMEIOT MECTO MPU HAIMYUU 3€PKATBHOM TIOCKOCTH
CUMMETPHUH, COBIIANAIONIEH C INIOCKOCThIO Oyz;

— CBOWCTBA 2, 5, 8 MPOABISAIOTCA MIPU HAJTMYUH 3€PKAUTBHON MIIOCKOCTH
CUMMETPHUHM, COBITAAAIONICH C ITNTOCKOCThIO OXZ ;

— cBoMcTBa 3, 6, 7 XxapakTepHbI 4151 OOBEKTOB, 00J1aa0IIUX TTOBOPOT-
HOW OChIO CUMMETPHUHN BTOPOTO MOPSIAKA, MPOXOAIeil yepes och Oz.

Bce onucanHbie 37€MEHTHI CUMMETPUM MOXKHO BBISIBUTH Ha JHarpam-
Max HAaIpaBJIE€HHOCTH TEHEPUPYEMOTO H3IYyUYEHUs, XapaKTEPHU3YIOUIUX
MIPOCTPAHCTBEHHOE PAaCIpeAeiICHUE TIOTHOCTH MoltHocTh mnoJisi ' BI'-CH
B JaJILHEUN 30HE.
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3aki0ueHue

Takum 00pa3om, B pe3yibTaTe aHaIM3a PEIICHUs 3aJa4u O TeHEpaluu
BTOPOM TapMOHHUKH-CYMMapHOM 4YacTOThl MOKa3aHO, YTO Yy MareMaTuye-
CKkUX (YHKIUNA, XapaKTEPU3YIONIUX MPOCTPAHCTBEHHOE paCIpEICIICHNE
MOIIHOCTA TEHEPUPYEMOTO H3JIYUYEHHS HMMEETCS Pl MATEMaTHUYECKUX
CBOWCTB, CBSI3aHHBIX C HAIMYUEM OIPEICICHHBIX 3JIEMEHTOB CHUMMETPHUU
y AuarpamMMbl HallpaBJIEeHHOCTH, cooTBeTcTBYIOIIEH [ BI'-CU B BHIOpaHHBIX
ycnoBusx. Cpenu 0OHApyKEHHBIX 3JIEMEHTOB CUMMETPUN MOXHO YKa3aTh
NIBE€ 3€PKAJbHBIE MJIOCKOCTH CUMMETPUH, MEPIEHAUKYISPHBIE MEXIY CO-
00i1, 1 MOBOPOTHYIO OCh CHMMETPHUHU BTOPOTO MOPSJIKA.

B skcneprMeHnTe mosiydeHHbIE€ CBOMCTBA CUMMETPUU MOTYT OBITH IO-
JIE3HBI IIPU ONPENEICHNUHN MPE00IIaJalolIero BKIIaa OTACIbHBIX JIEMEHTOB
7 Tensopa HenuHeiHON IMAIEKTPUYECKON BOCTIPUMMUUBOCTH BTOPOTO

MOpsJIKa ;(ﬁ,f) B T€HEPALHIO, a TAKXKE MPU MPOBEPKE MPABUIBHOCTH MOJY-

UCHHBIX B OKCIICPUMCHTC 3HAQUCHUN HE3aBUCUMBIX 3JIEMECHTOB TCH30pa

@)
K -

Pabora BbInioHEeHa Tipu (uHaHCOBOM mojepkke bPODU (rpant mo
npoekty ®18M-026).
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A.A. lllambiHa
YO «'omenbCKkui TOCY1apCTBEHHBIN YHUBEPCUTET
nMmenu @pannucka CkopuHbl», ['oMmens, benapych

T'EHEPAIIASI BTOPOH TAPMOHHMKHA B TOHKOM
OINTUYECKHN HEJIMHEMHOM CJIOE, HAHECEHHOM
HA IOBEPXHOCTH JUAJIEKTPHYECKOM YACTHUIIBI,
UMEIOIIEN ®OPMY BBITAHYTOI'O SJIIMIICOUIA
BPAIIIEHUS, ITPU EE OBJIYUYEHUH IIJIOCKOHN
YJIEKTPOMATHUTHOM BOJTHOM

Beenenue

HenuneliHass reHepanusi ONTHYECKOTO W3JIYYEHHUS ITOBEPXHOCTHBIM
CJIOEM MAaJOil YacTHUIIbl BBI3BIBAET OCOOBIM MHTEPEC, TaK KAK OHA MOXET
OBITh MCIIOJIb30BaHA JIJISI UCCIICIOBAHUSI CBOMCTB MOBEPXHOCTEH TaKWX 4Ya-
ctull [1] u cBOMCTB ajcOpOUPOBAHHBIX MOJEKYJI (OpPUEHTAILMH, TEH30pa
TUIEPIIOISIPU3YEMOCTH, JUHAMHUYECKHX CBOMCTB). B0O3MOXHOCTH 3TOrO
SIBJICHUS 00YCIIOBJIEHA M30UPATEIHbHOCTHIO HETMHEUHBIX 3((PEKTOB: reHe-
panusi M3JIy4eHUs KPATHBIX YacTOT, OOYCIIOBJIEHHAs HEIWHEUHBIMH 3(-
dbexTaMu 4YETHOTO MOPAJIKA, B JUIIEKTPUKAX MOXKET MPOUCXOJUTH TOIBKO
Ha JIBYMEPHBIX 00BEKTaX, TAKUX KaK IMOBEPXHOCTH YACTHUIl, TOHKHE TIJIEH-
KM, TPAHULBI pa3jena Cpel — UX CTPYKTypE HE CBOMCTBEHHA LICHTpPAJIbHAs
CUMMETPUSI, U YACTO OHU AaHU30TPOIHBI.

Tak kak 4acTHUIl CTPOTO CUMMETPUYHOU (OPMBI HE BCErJa MOXKHO
MOJYYUTh MPAKTUYECKU, U B HEKOTOPBIX CIIyUasiX O] BIUSHUEM BHEITHUX
BO3JICHCTBHI (hopMa YaCTHUIIBI MOKET MEHSThCS, TO BOZHUKAET HEOOXOIU-
MOCTb M3y4eHHUs reHepanuu Bropor rapmonuku (I'BI) B moBepxHOCTHOM
cioe yactuil, popmMa KOTOPBIX clioxkHee cepuyeckoil. B Hamelr padbote
paccmotpeHa I BI' B TOHKOM ONTHYECKH HEJIMHEWHOM CJIO€ HAa MOBEPXHO-
CTH YaCTHIIbl, UMEIOIEN (HOPMY BBITIHYTOTO 3JUIAIICOU 1A BPAIICHUSI.

1. IlocranoBKa 3a1a4u

Beeném nexaproBy (x,y,z) U CcEpUIECKyIO (r,H,go) CHUCTEMBI KOOp-
JWHAT, y KOTOPBIX Hadajga orc4€ra u ocu Oz cosmagarT. IlycTs
(ex, e, ez) ~ 0asucHbIE BEKTOPHI [JEKAapTOBOM CHCTEMBI KOOPJMHAT,
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a (er, e, e(p) - 0a3ucHbIC BEKTOPHI chepruueckor cucTeMbl koopauHat. He

Hapylas OOUIHOCTH, PACIOJO0XHM AUAIEKTPUUYECKYIO YacTULy B (opme
BBITSIHYTOTO 3JUIMIICOM/IA BPALEHUS! TAKUM 00pa3oM, 4TOObI €€ reoMeTpH-
YECKHUM IIEHTP COBNAJaJl C HAa4aJIoM KOOPAMHAT, a €€ OCh CHMMETPUHU ObLIa
COBMeIlIEHa C 0cbto Oz.
3amaauM ypaBHEHME NAJAOIIEN HAa YaCTHUILY INIOCKOW JJUIMIITHYECKU
HOJIIPU30BAHHOM 3JEKTPOMAarHUTHOW BOJIHBI B KOMIUIEKCHOM BHJE Cle-
nytoien Gopmyson:
E(x)=Ee" exp(ik(‘”)x - ia)t), (1)

(@)

rae £, — KOMIUIEKCHAs aMIUIMTYJa NAaJarolled BOJIHBI, € — €JUHUYHBIN

BekTOp Hossipusanuy, k'’ — BOMHOBOI BEKTOp, ® — IUKINYECKas 4acToTa
(Iamee B TEKCT€ BPEMEHHOM MHOYKUTEIb exp(—ia)t) OIlyCKaeTcs). 3/1ech
U J1aJiee CUMBOJI [ BHE MH/IEKCOB 03HAYAET MHUMYIO €IUHUILY.

[TycTh TONMIIMHA TOHKOTO CJIOS, JIOKAJIM30BAHHOTO HA MIOBEPXHOCTH Ya-
CTHLIBI U 00Ja/alolIero HEMHEHHBIMA ONTUYECKUMU CBOWCTBAMM, paBHA
d,. YcioBue MaJloCTU TONIIMHBI 3anumieM B Bune d, <<a_, d, <<a_, rae
@, M a_ - COOTBETCTBEHHO JUIMHA MaJOi U OOJIBIION MOIYOCEH JUIUIICOU-

Jla BpAIIeHMsI, COBMAIAIONIET0 MO (opMe C TMOBEPXHOCTHIO YaCTHIIbI (PH-
CYHOK 1).

Pucynok 1 — I'eomeTpuueckas cxema 3a7aud 0 TeHEpaluu BTOPO TApMOHUKH B
TOHKOM ONTHYECKH HEIMHEHHOM CJI0€ Ha MOBEPXHOCTH YaCTHIIbI, UMEIOIIeH Gpopmy
BBITSIHYTOT'O JUIMIICOMA BPALICHUS

Haliném mpocTpaHCTBEHHOE pacnpe/ielieHUue Mojsk BTOPOH rapMOHUKU
B JIaJIbHEW 30HE U BBISIBUM €T0 XapaKTEPHbIE OCOOECHHOCTH.
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2. Penienue
B nunonsHo#t Mogenu I'BIT mpunsTo, 4to 3TOT 3(pdekT 00ycnoBieH
HEJIMHEMHOW YacThIO MOJSAPU3ALNH, 3a1aBAEMOKU BEKTOPOM | [1], xom-
MOHEHTHl KOTOPOTO MOKHO HallTu mo ¢opMyne (C UCIOIb30BaHUEM TIpa-
BHJIA CYMMHPOBAHHS T10 TIOBTOPSIOIIUMCS UH]IEKCAaM )
(2) _ ., )
})i - Z;‘/‘k E_/Ek7 (2)
rae E, — KOMIIOHEHTBI BEKTOpPA 3JIEKTPHYCCKON HANPSKEHHOCTH TMa/1ar0-
LIEW BOJIHBI, & ;(f,f) — TEH30pP HEJIIMHENHOW JUAJIEKTPUUECKON BOCIIPUUMYH-

BOCTHU:

2 _ , 0 (2) (2) (2)
Zijk - Zl ninjnk +Z2 nié‘jk +Z3 (njé‘ki +nké‘lj)+Z4 nm(nkgljm _njgimk )' (3)
31ech 1, — KOMIIOHEHTBl BEKTOPA HOPMAIM K 3JIEMEHTY IIOBEPXHOCTH,

0,

i

&, — nenbra-cumBon Kponekepa u cumBon Jlepu-Uusura COOTBET-

CTBEHHO, ) — KO3()(PULHEHTH AHU30TPOIUHM, XaPAKTEPU3YIOIIHME aHH30-
TPOITHBIE ONITUYECKHUE CBOMCTBA HeMHEWHOTO ciiod [1, 3]. KonnuecTBo He-
3aBUCHMBIX 3JIEMEHTOB TEH30pa ;(ﬁ) MEHBIIIE YHCIIa, KOTOPHIM OMpEaeis-

€TCS KOJIMYECTBO HE3aBUCUMBIX AJIEMEHTOB TE€H30pa ;(ﬁ,f) , XapaKTepHOE JJIsI

Cpenpl, B KOTOPOW BO3MOKHA T€HEpalUsi CyMMapHOM 4acTOTHI [4], — u3-3a
HEO0OXOIMMOCTH HAJIMYWS CUMMETPHUH IO OTHOIICHHUIO K IMePEeCTaHOBKE T10-
CJIEIHUX JIBYX MHAEKCOB. Bhipaxkenue (2) sBisieTcs MPaBUIbHBIM TOJIBKO
B npubmmkenuu Pames — [Nanca — Jlebast, korja BIMSHUEM pPAaCCESTHHBIX
AJIEKTPOMArHUTHBIX BOJIH B PEIIAEMOM 3ajadye MOXKHO IMpeHeOpeub. ITO
NPUOIMKEHNE MOXHO MCIIOJIh30BaTh, €CJIM YMCIOBBIE 3HAUCHHS MOKa3aTe-
JIed IPEIOMIICHUSI YACTHUIIbI U OKPYXKAIOIIEH €€ cpeibl OJIU3KHU.

Hanpsk€HHOCTB 110J1s1 BTOPOM TApMOHUKU U MOAYJIb BEKTOpa Y MOBa —
[ToifHTHHra B JajdbHEH 30HE, B COOTBETCTBHH C [1], MOXKHO HalWTH 1O (op-
MyJiaM

2w) explik, r )
E(Z‘”)(x)z (l—er ®er) . ( CZ) p(r 20 )IV exp(—zk(z“’)x')P(z)(x')dx', 4)
c n
SE(x)= == [E*(x), (5)
872- ILlZ(u
rJ€ MHTErPUPOBAHKE BEAETCS 10 BCEMY O0BEMY V HEIUHEWHOrO CJos,
M, , N, — COOTBETCTBEHHO MAarHWTHAs IMPOHUIIAEMOCTh W IOKAa3aTellb

MPETOMIIEHUSI OKPYIKAIOIIEN YAaCTHILY CPENIbI 0 OTHOLIEHHIO K U3JIyYEHUIO
gactotel 2w, k" =k(2‘”)er — BOJIHOBOM BEKTOpP T€HEPUPYEMOM BOJIHHBI,

a k*” — ero MOJYJIb, ¥ = ‘x‘ — PacCTOSIHUE OT IIEHTPA YACTHUIIBI 10 TOUKH
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HaOII0/IeHNs; CUMBOJIOM & 00O3HayYeHa omepaiusi TEH30PHOI0 MPOU3Be-
JIEHUS.

[Toncrasnsist (1)~(3) B (4), MOXKHO TMOJYYUTHh CIEAYIONIYIO (HOpMyITy
JUISl COCTABJIAIONTUX BEKTOPa HANPSYKEHHOCTH T€HEPUPYEMOTO TIOJIS:

EC(x) = 1 (2w) exp(;kZG,r) (m . m)e<w> [ exp (iqx')y Uk( "dS, (6)

20 2
C

IZI€ MHTETPUPOBAHUE BEAETCS 10 IUIOWIAAU ITOBEPXHOCTU SIUIAICOUIA
Bpamenns, a q = 2k — k") — Bexrop paccesHus.

3anuceiBas MoJapoOHEe MHTErpall Mo IIIOHIaAH, coaepx auuiics B (6),
MOYKHO Pa3JeIuTh UHTETPUPOBAHUE 1O yIilaM 6 U @ :

T2

I(n)= LI jexp(iqxax sinfcos+iq a, sinfsinp+iq_a, cos 6?)><
a oo

1

xsin @,/a’ sin’ @ +a’ cos’ On,(0,p)dpd0,
I(n,nj ) =— T Texp(iqxax sinfcos@+iq a, sinfdsinp+ig a_ cos 9)><

a oo (7)
xsin y/a’ sin” @ +a’ cos’ On,(0,0)n (0, 0)dedo,

T 2r
(nnn,)=—{ [explig.a, sin@cosp+iq,a, sinOsingp+iq.a_cosd)x
a. oo
xsin y/a’ sin’ @ +a’ cos’ On,(0,0)n (0,0)n, (0, 0)dpdo.
7€ UHICKCH i, j, kK MOTYT IPUHUMATh 3HAYCHUS X, ), Z; ¢, — KOMIIOHEH-

Thl BEKTOpa paccessHus (. KOMIIOHEHTHI BEKTOpa N MOXHO BBLAEIUTH U3
(GopMyIbl U1 BEKTOpa HOpMAJIU:
0.0) a.sm@cospe +a_sinf@singe +a cosbée,
mo,p)= : ’
Ja’sin’ @+a’ cos’ 0

SIBHBIN B HTErpasioB (7) MOXKHO BBIPA3UTh Yepe3 PYHKIUIO

Iy ( )_ 222{61/2} 475> {q12} y
5,0.9 ZI’ZZ’p - Zq/2+{q/2} l-cps+c+q—1

1

(8)

&g pe(—1)" (g +2{q/2}+2n+2g + 2k —1)! y
m=0 k=0 =0 (2g + 2{q / 2})’

—~(c+q-1)/2-5/2 s/2 ©)
x(q/2+{q/2}+n+g+k)l( ) J( jx

mk,s/2—m—k
2m+c) 1
«(2m+c—1) ~(n+g+k+l) _2g
X [ l p_ _1 q/2+ q/2}+n+g+k (Z )Zl ! ZZ(g :
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rae j;”)(z) — p-as mpou3BojiHas oT cepuueckoit pynkuuu beccens m-ro

n n
mopAaaka, (I’Z)k — CHUMBOJI HoxraMMepa; KOHCTPYKIUAMU K 141 Kk
1923

0003HaYeHbl OMHOMHAIBHBIN U MYJbTUHOMHUAIBHBIA KO3((DUIIUEHTH; {n}
— npoGHast 9acTh yrcia 7. Pssl B (9) cxomsres Toapko pu p° >1/2.
Torna aBHBIN BU UHTETPAIOB (7) IPEACTABUM B CIEAYIOIIEM BUJIE:

1{(n.y)=M,,,(a.a.q.a.p) m=123;

1{(n.)y'n,)=pM,, (q.a..q.a.,pW,, m=0,2; i=x,y;

1(n.y'nn,)=p*(M,,,(q.a..q.0.,0)-M,, (q.a.q.a,p)Vv,)+ (10)
+p’M,,, (q.a,.9.a.,p)5,, m=01; i,j=x,;
Innn)=p' (M, (q.0,.q9.0.,0)-3M,, (q.a.q.a.p)Wvv)+
+p3M2,1,o (qxax’qzaz’p)(vi5jk +Vj5ki +Vk5[/ )> I, J,k=x,Y,

I7Ie vV, — KOMIIOHEHTHI €IMHUYHOIO BEKTOPA, apajIeIbHOTO BEKTOPY pac-
./a_ — oTHOLIEHHE AJUH OOIBIION U MajoH Io-

leoceI?'I AJUJIAIICOn aa.
YuuteiBas sBHbIA BUJ HHTErpasioB (10), MOKHO 3aIicaTh BBIPAKCHHUE
JJIs1 BECKTOpPa BHCKTqueCKOﬁ HaHpH)KéHHOCTI/I 1O0JIA BTOpOﬁ rapMOHUKHU:
2 .
(20) (2(()) eXp(lkM)r) ( )e(w (0) N7 (20)
E ( ) ILlZa) C2 r da 71 rm yk 5 (11)

rae X;i”) — TeH30p G DEKTUBHON HETMHEHHOU AUAICKTPUUECKON BOCIIPH-

UMYUBOCTH [1-6], KOTOPBII MOXKHO HAWTHU 1O popmyIie
Xf]ia)) = ZI(Z)](ninjnk )+ ZZ(Z)](nz )é‘jk + 13(2) (](nj )é‘ki + 1(nk )51'1' )
+Z4(12)([(nmnk )gijm —I(nmnj )gimk ) (12)

BekTop, KOMIIOHEHTBI KOTOPOTO pPAaBHBI ef.“’)e,({”)Xf.;‘”), XapaKkTepU3yeT

IIPOCTPAHCTBEHHOE PACIPEACICHUE MOJA BTOPOM TAPMOHHUKHU B JIAJbHEU
30HE.

3akioueHue

B TenzopHom Buze noiyuyeHa gopmyra s pacyéTa B JaJbHEW 30HE
COCTABJIAIOLINX JJIEKTPUYECKOW HANIPSKEHHOCTHU T0JI1 BTOPOU TapMOHUKHY,
IT€HEPUPYEMOTO B TOHKOM ONTUYECKH HEJIMHEWHOM CJIO€ Ha ITOBEPXHOCTHU
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YacTuUllbl, UMeroIel (opMy BBITSHYTOTrO 3JuIuIicouja BpaieHus. Ha oc-
HOBE 3TOW POPMYJIbI JJIsl TEHEPUPYEMOTO U3TYyUEHUSI MOTYT ObITh HAalICHBI
MJIOTHOCTh MOIIHOCTH, CTENEHb MOJSPU3AIMU, OPUEHTAIUS AJUIMICA TO-
JSIpU3AIUU.

Pe3ynbTaThl, NOJIy4EHHBIE B CTaThe, MOTYT OBITh MOJIE3HBI MMPU MOCTA-
HOBKE JKCIIEPUMEHTA C PETUCTPALMEN U3IIyYEHUS] BTOPOM TApMOHHKH, Te-
HEPUPYEMOT'O B TOHKOM ONTHUYECKH HEJIMHEHHOM CJIO€ HA MOBEPXHOCTHU
neopMUPOBAaHHBIX CPEPUUECKUX YACTHI], a TaKKe MPHU PEIICHUH 3a]ad
O TeHepalyyu CyMMapHOW 4YacTOThl U O T€HEpaluyd BTOPOW TapMOHUKHU-
CyMMapHOHM 4acTOTbl B TOHKOM ONTHYECKU HEJIWHEWHOM CJIO€ Ha MOBEPX-
HOCTH YaCTHUIIbl, UMEIOIIEH (POpMY BBITSIHYTOTO SJUITMIICOMJA BpAILICHUS
[3].

Pabora BbinonHeHa nipu ¢uHaHcoBoU mnoajepxkke BPODU (rpant mo
npoekty @ 18M-026).
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I1.C. lllanoBaJjioB
YO «'oMenbCKuM TOCYAaPCTBEHHBIN TEXHUYECKUN YHUBEPCUTET
umenu [1.0. Cyxoro», I'omens, benapych

B3AUMOJENCTBUE DJUVIMIITUYECKUX TAYCCOBBIX
MMYUYKOB B HEJIMHEMHBIX KPUCTAJLJIAX

IIpu oOpaboTke u mnepemaye HHGPOpPMAIMKM OJHOBPEMEHHO pacIpo-
CTpaHSIETCS] HECKOJIbKO MOIIHBIX JIA3€PHBIX MYYKOB, CIIOCOOHBIX WHUIIMU-
poBaTh HeMUHENHbIE 3P (deKThl. Pe3yabTaThl X W3YyUYEHUS ONMUCAHBI B PsJIe
pabot (cM., HarpuMep, [1-4] U UUTUPOBAHHYIO TaM JIUTEPATypPy), B KOTO-
pPBIX AaKIEHTUPOBAHBI Pa3IMYHbIC ACIEKTHl B3aUMOJECHCTBUS CBETOBBIX
My4YKOB ¢ Kpuctamuiamu. Tak, B ctatbe [1, c. 97] uccienoBaioch B3auMoO-
JEUCTBUE JIBYX COOCHBIX OPTOTOHAIIBHO MOJISIPU30BAHHBIX T'ayCCOBBIX MyU-
KOB CBETa B KyOMYECKH HEJIIMHEWHOU cpene. PaccMaTpuBaemas TaM 3a1ava
CBEJICHA BapUaIlMOHHBIM METOJIOM K CUCTeME OOBIKHOBEHHBIX IU(depeH-
UAJIbHBIX YpaBHEHUHN, aHAIN3 KOTOPBIX NMPOU3BEACH YnciIeHHO. B pabote
[2. ¢. 549] u3yuyanoch B3aMMOJICVCTBUE MAPAIIICITBbHBIX CBETOBBIX IMYyYKOB.
[Ipy 3TOM AJIsI COOCHBIX MYYKOB BBINIOJHEHO AHAJUTUYECKOE HCCIEN0BA-
HUE, HO mpoOjeMa CBeleHa K 3ajady€ O PacrHpOCTPAaHEHUHM OJUHAKOBBIX
IIy4YKOB, YTO HE MPEACTABISAETCS MHTEPECHBIM, TaK KaK B JAHHOM CIIy4yae
HE HaOJIO/IAIOTCS HOBBIC SIBJICHUS IO CPAaBHEHUIO C PACIpPOCTPAHECHHEM
OJIMHOYHOTO Tyuka. B HacTosimel pabote uccineayercs B3auMOICHCTBUE
JIBYX B3aMHO HEKOT€PEHTHBIX rayCCOBBIX MyYKOB CBETA Pa3HOW MOIIHO-
CTH, PACHPOCTPAHSIOMINXCS B HEJIMHEWHOW CpeJlie, KOTOPOM CBOWCTBEHHA
KBaJ[paTU4YHas HEOTHOPOIHOCTb.

[Ipu ommcanuu B3aUMOJEHCTBUS CBETOBBIX MYYKOB OyJeM HCXOIUTH
U3 CUCTE€Mbl HEJIMHEHWHBIX MapadOJIMYeCKUX YpaBHEHUU [2], 3alMCaHHBIX
B LMJMHIPUYECKON cUCTeME KOOpAUHAT (7, @, z ):

2 2
OU L OUL i UL g + 32U +k2B(\U *+20U \Z)U -0,
52 8y2 175, 1 Y )Y TR 1 2 1
(1)
o°’Uu, o°U, .., oU 2 2
e Ol ik, O ka0 U + 20 s -0,

3mech st j-ro my4ka (j=1, 2) U;— KOMIUIEKCHas aMIUIATY/a 3JIEKTPO-
MAarHUTHOTO TIOJIsS HA 9acTOTe ®,; k; = /¢ ,®;— BOIHOBOE YHCIIO; €, 00 U [3

— COOTBETCTBEHHO JIMHEHHAS AUAJIEKTpUUYECcKas MPOHUIIAeMOCTb, KO3 (u-
IUCHT KBAJAPATUIHON HEOJHOPOJHOCTH M KOA(POHUIIMEHT HETUHEHWHOCTHU
cpeabl. Cuctema ypaBHeHHil (1) omuchIiBaeT B3aUMOJICUCTBUE JIa3€PHBIX
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My4YKOB B JIMAMa30HE YacCTOT, B KOTOPOM BPEMEHHAs JUCIIEPCUSI CPEJIbI
peHeOpeKUMO MaJia.
Pemienue cucremsl ypaBHenuii (1) mpoBeaeM BapuallMOHHBIM METOJIOM
[3.c. 87], [4.c. 115] B kitacce KPyTOBBIX rayCCOBBIX pyHKIMH [5, ¢. 27]:
2 2 . 2 . 2
, x° y~ ikxt iky
U, =1 exps— P —iQ, — - e , 3
R R v T Ty 3)

Xi Vi Xi

rne i=1,2,;/,— HTHTCHCUBHOCTb CBCTA HA OCH I-TO ITy4Ka, WyisWyi— IMOJyOoCHu

AJUTUIICA, OTPAHUYUBAIOIIETO CBETOBOE IATHO, R

vi» Ry — PaluyChl KPUBU3-
HbI ()a30BOM TOBEPXHOCTH.

[ToncraBum (3) B (2) ¥ NMPOUHTETPUPYEM MOJYUEHHBIE IPU ATOM BBI-
paXeHuss MO0 KOOpAuMHATaM X W y. BOCHonb30BaBIIMCH Jajee YyCIOBHUEM
AKCTPEMaIbHOCTH (YHKIIMOHAJA, T.€. IPUPABHUBAS HYJIIO €r0 BapHUaIUIO
(6J=0), monyuum cucTeMy ABEHaAATH OOBIKHOBEHHBIX MU epeHnaib-
HBIX YpPaBHEHUN OTHOCUTEIBHO MapameTpoB oOouX MydkoB. M3 3ToM cu-
CTEMBl MOYXHO BBIJIETUTh CUCTEMY OOBIKHOBEHHBIX IU(depeHIInaIbHbIX

YPaBHEHHUM, ONMUCHIBAIONIYIO ITAPAMETPHI ITYYKOB:

2 4
30wy, _ 4 Wi 4 32p,wy
Wa— 5 =5 4 0wy — ’
0z k; W, ( 2 2 )3( 2 2 )
Y Wi+ Wi | Wy +wy,
ol 32u,w
;3 0wy 4 Wi 4 Howyy
——=——4u, ——aw,, — ,
M az2 k? Y o 2 2 Y. 2 2
1 x1 \/(le + W, wal + wyz)3
2 4
3 0wy, _ 4 W2 4 32w
Wi 822 - p“mz W —O0W,, — 5 5 5 5 5 (4)
2 y2 \/(le + Wx2)3(wyl + WyZ)
2 4
; Owy,y, 4 Wo A 32wy,
Wy2 =5 =AU, —aw, - ,
ezt ks W, g ( 2 2 X 2 2 )3
Wiy + Wy \Wy + W)
dwxl — le dwxl — le
b 5
dz R dz R

x1 x1

rae p, =Pw,ow,ol; /8~ sddexTnBHas momuocTs neporo (i=1) u BTOporo

(i=2) myuka; wxio, Wyio — JUTHHBI TIOJIyOCEH CBETOBOTO MATHA JUTUITHYECKO-
ro My4Ka Ha BXOJHOW I'PaHUIIEC HEIIMHEUHOMN cpebl z=0.
YMHOXKas IEpBOE M BTOPOE YpaBHEHUs cUCTEMBI (4) Ha |, a TPEThE U

YETBEPTOE YPAaBHEHUS — HA W, , TU(PPepeHIupys NOITyUEHHbIE BBIPAKECHHUS

IO Zz 1 CKJIaAbIBasd PE3yJabTAaThbl BBIIIOJIHCHUA ATOM orcpanuu, 1moJIiydum Co-
OTHOILIICHUC
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3
d—f + 4ocd—A =0,
dz dz (5)
A= “l(wil + W§1)+ 25 (Wiz + Wiz) :

OO6mee pernieHue ypaBHeHus (5) B ciiydae oHOpOHOU cpesbl (a=0)
MMEET BUJI

T (wﬁ1 + wﬁl )+ W, (w)f2 + Wiz ): C222 +Ciz+C, . (6)

JIns kBagpaTUIHO HEOAHOPOIHOM cpenbl (o = 0) obiee pelieHue mo-

Jy4UM B BUJC
T (wil + wil )+ u, (wﬁ2 + wﬁz )= S, sin(2v/oz) + S, cos(2az) + S, . (7)

IToctosinabie unTerpupoBanus Co, Ci, Co, S2, S1, So HAXOIUM, YUUTHI-
Basi TpaHUYHbIC YCIOBUSA NpHU z = () B cUCTEMe ypaBHEHU (4).

B pesynbTare 4ncClIeHHOTO pelieHus] CUCTeMbl YpaBHEHUN (4) mokasa-
HO, 4TO IOBEJICHUE B3aUMOJICMCTBYIOIIUX ITyYKOB B HEJIMHEHMHOU Cpele
JIOCTATOYHO CJI0KHO. PazMmep B3anMMOAEHCTBYIONIUX MyYKOB MOXET OJIHO-
BPEMEHHO WJIM BO3pacTaTh, WM yMeHbmaTbes. Kak ciaemyer u3 gopmymn
(6) u (7), mpu pacnpoCTpaHEHUU B HEIMHEHHOW Cpele JBYX JJUIANTHYEC-
CKHX TayCCOBBIX IyYKOB BEIMUHHA 2w, = ul(wﬁl + w§1)+ i, (w)f2 + wiZ) W3-

MEHSIETCSI: B OJHOPOJHOM cpenie Mo mapadonyecKoMy 3aKOHY; B KBaJpa-
TUYHO HEOJHOPOJTHOU Cpejie — 10 TApMOHHYECKOMY 3aKOHY, aHAJIOTHYHO-
My 3aKOHY W3MEHEHHS pajguyca CBETOBOTO MSATHA KPYroBOTO IydKa, pac-
IPOCTpaHsIoNierocss B Takoi cpeae. CiemoBarenbHO, MPU paclpocTpaHe-
HUU JBYX DJUTUNTHYECKUX ITYYKOB B Cpelie ¢ KyOMYEeCKOW HeTWHEHHOCTHIO
UM MOXHO TIOCTaBHTh B COOTBETCTBHE A(PPEKTHUBHBIN KPYroBOW ITyYOK.
Pa3mepsl momyocel 3JUIMIICOB, OTPAHWYMBAIONIUX TIOTIEPEYHBIE CEUCHMUSI
My4YKOB (CBETOBBIX IISITEH), OYAyT OCHMJLIUPOBATH BOJU3H A(HPEKTUBHOTO
3HAYCHUS Wrgp.

[Io TvIy M3MEHEHHs BEIMYUHBI W»j B OJHOPOJHOM CPEEe MOKHO BBI-
JENMUTh TPU PEKUMa PaCIpPOCTPAHEHUS B3aWMMOJICUCTBYIOMINX IMyYKOB — B
3aBHCHUMOCTH OT BEJTUYHMHBI B, BRIYHUCIIIEMO 10 hopmyIie

_ M) 1 1 My | 1 1 2/”12
B= k_z  to |t k_z T | N
1\ W0 Whio 2\ Wi Wy WaoWao

2445 16,44, 44,

Wia0Wix20 \/(Wflo + szo )(Wilo + Wizo)

[Tpu B > 0 3phekTUBHBIN pa3Mep MYyYKOB Wsj YBEIIMUUBAETCA C POCTOM
npoaoabHONU KoopauHatel z. Eciiu B = 0, peanuszyeTcs KBa3UBOJIHOBOIHBIN
PEXKUM paclpoCTpaHeHUs], T.€. SOPEKTUBHBIA pa3MEP W»y HE U3MEHSIETCS
IIPU U3MEHEHUH Z, @ PA3MEPHI MTOIYOCEU AIUIAICA CBETOBOTO MSATHA MIEPUO-
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audeckn ocumummpyroT. Ilpu B < (0 mpoOHCXOAUT CXJIONMBIBAHHUE ITYYKOB
B TOUKY.

B HeomHOpOIHOMN cpene MO TUIy U3MEHECHUS BEIUYHHBI Wy MOXKHO
BBIJICIIUTh HE TPU — KaK B OJJTHOPOJHOU CpEJie, a YETHIPE PEXKMUMA PacIpo-
CTpaHECHUS MYyYKOB.

B omHOpoAHOU Ccpelle MHTEHCMBHOCTH BOJHOBOJHOTO PEXHMa paBHA
KPUTUYECKOW MOIIIHOCTH CXJIOMBIBAHHS ITy4YKa, TOATOMY, B 3aBUCHMOCTHU
OT MOIIHOCTH, CYILIECTBYIOT TPH pEXUMa pacrpocTpaHeHus. B HeonHo-
pPOJHOM Cpelle MOIIHOCTH BOJIHOBOJHOI'O PEXHMA PaACHPOCTPAHEHUS
Wsp=COnst MEHBIIIE KPUTHUYECKOW MOIIHOCTH CXJIONbIBaHUA Iyuyka. [lo-
3TOMY B HEOJHOPOIHOU CPENIE, B 3aBUCUMOCTH OT MOIIIHOCTH, CYIIECTBYIOT
YETBIPE PEXKMMA PACTTPOCTPAHCHUS.

IIpu cpaBHEHHUM PE3YIBTATOB YHUCIEHHBIX PACUETOB YCTAHOBJIEHO, YTO
pu OOJIBIIIOM PA3TUYUK MOIIHOCTEM WIJIM MOTEPEYHBIX pa3MepOB MyYKOB
BIIMSIHAE WX JIPYT Ha APYra MPU PpACHPOCTPAHCHUH B HEIMHEUHOW Cpele
He3HaYuTeIbHO. [Ipu OMU3KMX 3HAYEHHUSX MOITHOCTH ITYYKOB U MX TIOTIE-
PEUYHBIX Pa3MEpPOB HEIMHEMHOE B3aWUMOJCHUCTBUE ITYYKOB CYIIECTBEHHO
BJIMSIET HA UX TEOMETPUIO M €r0 HEOOXOIMMO YUUTHIBATh IIPU pacueTe ol-
TUYECKUX YCTPOUCTB.
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B.A. IOpeBuu
YO «Morun€Bckuil rocyIapCTBEHHBIN YHUBEPCUTET IPOJOBOIBbCTBUS,
Morunés, benapycn

NUMITYJbCbI CBEPXU3JIYYEHHUSA B TOHKOM CJIOE
IIVIOTHOU PE3OHAHCHOMU CPE/IbI

BBenenue

IToBepXHOCTHBIE TUIEHKH U3 aKTHUBHBIX MAaT€pHUAJIOB C CUJIbHBIM HEIH-
HEWHBIM OTKJIMKOM Ha PE30HAHCHOE CBETOBOE I0JIE B ONTUYECKOM JHarna-
30HE€ YacTOT MOKHO 3((EKTHBHO HCIMOJIH30BATh B MACCUBHBIX YCTPOM-
CTBAaX MOAYJIALIMHU U3JTy4YECHUS JUIA YIPABICHUS CBETOBBIMU MOTOKaMH. M3-
BECTHO TAaKX€, YTO B TOHKUX PE30HAHCHBIX CIIOSX MOTYT OBITh pean30Ba-
HbI PEKUMBI CaMOBO30YKIEHUSA. JTO SIBJICHUE MEPCIEKTUBHO K UCIOJIb30-
BAHUIO ISl MTOJYYEHUSI UMITYJIbCHOM T'€HEPALIMU B JIA3EPHBIX YCTPOKCTBAX,
I€ YCWIMBAKOIMIMM DJIEMEHT MPEACTABISAECT TOHKUM CIIOW PE30HAHCHOMN
Cpeabl, B KOTOPOM BO3MOXHO JOCTHYb BBICOKOTO YPOBHSI HHBEPCHH.
VIMEHHO K TakuM cpeaM OTHOCAT HCHOJIB3yEMBIE B ONTHUKE W JIA3EPHOMN
busuke KBaHTOBOPAa3MEPHBIE MOJIYTIPOBOIHUKOBBIE CTPYKTYpBI
[1], KOTOpbIE AKTUBHBI B O0JACTU CIEKTPa, COOTBETCTBYIOIIEH SKCUTOH-
HbIM niepexoaam. [logoO6HOro poja mMaTepualibl MPUUUCISIOT K IIOTHBIM
PE30HaHCHBIM cpefiaM; B OPMHUPOBAHUM UX OTKJIMKA Ha U3IIy4EHHE 0CO00
CKa3bIBA€TCSl BIIMSIHUE HA HEJIWHEHMHYI0 BOCIHPUHUMYHMBOCTH JIMIOJIb-
JTUIIOJIBHOTO B3aMMOJECUCTBUS U ITOTVIOLIECHHS B KBa3UPE30HAHCHBIX IEpe-
xonax. O6oumu ¢ dexTamMmu o Mepe pe30HAHCHBIX BapHalluii HaCEIEHHO-
CTH ONPENENAECTCS CMEHICHUE LEHTPA U YIIMPEHUE CHEKTPAIBHOW JIMHHUU
ycwiieHus. B HacTosieM cooOIeHnr B PUOIMKEHUH CBEPXTOHKOTO CIIOS
PE30HAaHCHBIX ATOMOB PAaCCMOTPEHO BIUSHUE 3THX (DAKTOPOB HEIUHEHHON
dazoBoil AuHamMuKH Ha mnponecc cBepxusinydeHus (CU). dazoBbimMu 3¢-
(dekTamu ompezaesieHa BO3MOYKHOCTh BO3HUKHOBEHUSI TMHAMHYECKON 00-
pPaTHOW CBA3MU, MOATOMY NMPHUMEHUTEIBHO K TOHKHM YCUJIMBAIOIIUM 3JIE-
MEHTaM CJEAYET TOBOPUTh MMEHHO O I'€HEpPALMHU C XapaKTEPHBIMU IIPH-
3Hakamu nporecca CHU.

1. Kunernueckas moaenanb 3gppexra

[TepeusnyuéHHOE MOJSIPU30BAHHBIMU aTOMaMH TOHKOTO CJIOS OITHYE-
CKOE€ MO0JI€ B CUJTy OJTHOPOJHOCTU (POPMUPYETCS B PE3yIbTAaTE€ KOTE€PEHTHO-
ro 3pdexra CU u pa3BuBaercst B mporiecce B3auMHOTO corjlacoBaHus (a3
((ba3upoBKM) 3JIEMEHTAPHBIX U3NIydyaTeaei, 00pa3yIoluX aKTUBHYIO CpEy,
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yepe3 U3JIy4aeMoe HWMHU ToJie. Y CTaHOBJIeHUE KosuiektuBHoro CU-
COCTOSIHMSI B pe3ysibTare (ha3supOBKM AaKTHUBHBIX JUIOJEH 00YCIOBJICHO
BO3HUKHOBEHHEM MAaKPOCKOMUWYECKON MOJIsIpU3alvu U (POpMUPOBAHHEM
YHOPSAI0YEHHOTO paclpeesieHus numnosieil B ancamoie [2]. g BO3HUK-
HoBeHust CU cpena noipkHa OBITh MAKCUMAIbHO UMHBEPTUPOBAHA; BO3MOXK-
HOCTh 00paTHMOrO Mpollecca U3MEHEHUs HACeNEHHOCTH TIpu HOpMUpPOBa-
Huu nojis CHU (3a cu€r neiicTBUs HaKkauyku) HE paccMarpuBaeTcsa. B moy-
NPOBOAHUKOBBIX cpefax CU mpoucxoguT Kak KOJUIEKTHBHASI CIIOHTaHHAs
pexoMOuHanus [1]. JluHaMHKa KOMIIOHEHTOB OTKJIMKA CPEAbl B PEKUME
CH onpenensieT mpouecc reHepalny U3JIyYeHUs B cllydae JOCTUKEHUS T10-
pPOTOBOIl MHBEPCUU B TOHKOM CJIO€, KOTOPOMY €CTECTBEHHO MPUCYILE CO-
cTostHME (Da3UPOBKU JIUIOJIEH B YCIOBUSX OJHOPOAHOCTH TOJISA MO TOJ-
IIMHE CIIOSl — B HANpaBJIEHUU pacrpocTpaHenus usnydyeHusd. [Ipouecc da-
3UpOBKH aumnofied, oOycnosnuBatouuii CH, ontumMasneH B yCIOBUAX Pe30-
HaHca. OTcTpolika OT pe3oHaHca, 00YCIOBICHHAS BIUSIHUEM OJIMIKHUX TO-
JEN JUTOJIEH, U YIIUPEHHUE JIMHUU, KOTOPOE MPOSBISIETCA MPHU HATUYUU
KBa3UPE30HAHCHOW MOJspU3alui, HEM30€KHO BIUSIOT HAa XOJI MHpoliecca
dazupoBku, cHmkas e€ 3¢gdexTuBHOCTh. [locTaHoBKA 3amaun 00 sHEPro-
oOMeHe MEeXy CpeAoll M cBeTOBbIM mojieM B mpoiiecce CU B ycioBusix
CYILIECTBOBAHMS BBIINICHA3BAHHBIX (PAKTOPOB HEJIMHEHMHOCTH, O€3yCIOBHO,
paBOMEpHA.

B ocHoBy ananuza auHamuiku CH monokeH U3BECTHBIN BapHaHT OITH-
yeckux ypaBHeHH MakcBemia — bioxa Jyisi KBa3ucTallMOHapHBIX Oruda-
IOIIUX CBETOBOTO MOJs E U MOJSIPU30BAHHOCTU O, COOTBETCTBYIOIIUX MO-
nenbHOM 0000IMIEHHOM ABYXYPOBHEBOM CXeMe U, aHajJoruyHo [3], Moau-
(GUIIMPOBAHHBIX JIJII TPUMOBEPXHOCTHOIO TJIAHAPHOIO CJIOS IUIOTHOW pe-
30HAHCHOM cpenpl. B utore MacimrabupoBaHus MEPEMEHHBIX U MaTepH-
NbHBIX MAPAMETPOB CJIO KUHETUYECKAash CXeMa TeHEpalluui B YCIOBUSIX
dbopmabHOTO pe3oHaHca (COBMAAEHUS IIEHTPAIBHOW YacTOThI JIMHUU yCH-
J€HUSI an C HECYIIeW 4acTOTOM CBETOBOTO MOJIS @) MPEICTABIISIETCS] CUCTE-
MOM HENMHEWHBIX TU(depeHIInaTbHbIX YPAaBHEHUN:

dp | n 1=yp(1-n) 1| i y-p(1-n)

2 _ > np,
dt |1+ (1-n) T | 7wl+p(1-n) o
@:_Ll—yﬂ(l—n) |p2 S:‘ETEZZ I 2[1_Yﬂ(1_”)]2|p2
dt Z'R1+,b’2(1—n)2 ’ h’ o 1+IB2(1—”)2 ’

Trac S — HOPMHPOBAHHAA IINIOTHOCTb HU3JIYUCHUA, O U 11 — BCPOATHOCTHBIC
IMMCPCMCHHBIC pC3OHaHCHOI>’I MMOJIAPU30BAHHOCTU U PA3SHOCTHU 3aCE€IEHHOCTHU

160



PE30HAHCHOTO Tepexoaa (MHBEPCUM), L — CPEIIHsS BEJIUYMHA DJICKTpUYC-
CKOTO MOMEHTA DJIEMEHTApHOIO JUIONS, TR = ficgo/u>Nlan — Bpems cBep-
XU3NydeHus, NI — MOBEpXHOCTHAsI TUIOTHOCTh aKTHUBHBIX IIEHTPOB, 12 —
BpeMsi ux (pa3oBoil penakcanuu. BiausiHue OMMXKHUX TOJEH AUMNONEH Ha
MOJIIPU3YEMOCTh aKTHBHBIX IIEHTPOB YUTEHO Kak JIOKaJbHas IOIpaBKa
Jlopentuna k pneicTByromemy mnoio. Hopmupyrommuii kosadduimeHt vy
B KOMITIOHEHTaX cHUCTEeMbI (1), 00yCIOBICHHBIX HAIMYHEM ITOM MOMPABKH,
MPONOPIIMOHATIEH OTHOIICHUIO JUIMHBI BOJIHBI Toisi CU u Tosmuue cinost
A/l. ®akTop KBa3WPE30HAHCHOW MOJIIpU3ALUK, 00YCIOBIMBAIOIIEH aBTO-
MOJYJISIITUOHHOE YIIUPEHHE T0JIs1, 3aBUCUT OT PE30HAHCHOW Bapualluy MH-
BEepCHUU U B ypaBHEHUX (1) yuuThiBaeTCS B KOMIOHEHTaX ¢ Ko3(duiireH-
TOM PE€30HAHCHOW HETMHEUHOCTH pedpakiuu [ (MpOornopIUOHATIBHBIM Pa3-
HOCTHU TOJIIPU3YEMOCTEH aKTHUBHBIX JUIOJIEH HAa YPOBHSIX OCHOBHOTO Tie-
pexona). OTMETUM, YTO BpEMsI CBEPXU3IYy4YEHUS OOpaTHO MPOMOPIIHUO-
HaJILHO MMOBEPXHOCTHOM KOHIIEHTpaIuu N/; ¢ yBeTMYeHUEM KOHIICHTPAIIMU
BO3pPACTAET PE30HAHCHBIN (HEHACBHIIICHHBIN) YPOBEHb YCUJIEHUS, OIICHUBA-
€MBbIl M0 3HAYCHUSIM Mokazatens k= 12/7r. OJJHOBPEMEHHO BO3pacTaeT U
CHIDKAIOIasi YPOBEHb YCWJICHHMS HEJIMHEWHas OTCTpOMKa OT pPEe30HaHCca,
MPOINOpPLIHOHATBLHAS 00BEMHOM KOHIIEHTpaIuu N.

2. PemieHune 1Jii MHBEPCMH H Pac4yéT BpPeMEHHOW pa3BépTKH
U3JIyYeHusl

[IposiBiieHrE JBYX MPOTHUBOMOJIONKHBIX TEHJICHIIMW B JUHAMHUKE IPO-
necca CHM MOXeT CyHIECTBEHHO M3MEHUTh €ro Xoia. Onpeaenstonun au-
HAMHKY U3JIy4eHUs cOpOC MHBEPCHUM H3-3a pacha3supoBKHU JUMOJEH 10J-
KeH ObITb MeHee 3HauuMbIM. COOTBETCTBEHHO — B 3aBUCHMOCTH OT TOTO,
Kakasi TeHJCHIUS MPEeBATUPYET — MOKET U3MEHUTHCS TPOPUIIb pacrpee-
JIEHWSI UHTEHCUBHOCTU B umnyiabce CU u ero mukoBass MOIIHOCTb. J[iis
OLICHKM ATUX WM3MEHEHUM 3aluilleM CUCTeMy ypaBHeHuiul (1), cBs3bIBaro-
[IUX OMPEIEISIONIYIO INIOTHOCTh U3JIy4aeMOro TMOJIsl IEPEMEHHYIO | 1) 2
U UHBepcuio 7(f) — B MPEHEOPEIKEHUN pelaKCallMOHHBIM YWICHOM B ypaB-
HEHUHU JIJIS IOJIIPU30BAHHOCTH:
d, p n I—Yﬂ(l—n) dn 1 1—Yﬂ(1—l’l) 2
—pl =2——7 2 7 el @)
dt 7 1+ 2 (1-n) dt 1y 14 f*(1-n)

HNuTerpanom cucteMsl (2) SBISIETCS COOTHOIICHHUE, M3BECTHOE KakK 3a-
KOH cOXpaHeHHs MoJIApHOro yria Bektopa Bioxa [2]: | o(f) | 2+ n¥() =1. C
ero y4éTtoM Hu3 CUCTeMbl (2) MOXHO HAWTH B HESIBHOM BHJIE PCIICHHE
YPaBHEHUs ISl UHBEPCHOU 3aCEIEHHOCTH

ol
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L_l_C:llnl_n—ﬂy_zﬂln(l+n)+£ﬂln[l—ﬁy(l—n)]- (3)

T 2 1+4n 1-2p4y v 1-2py
Brruncnennss BpeMeHHOW Pa3BEPTKM MHBEPCHUHM HA OCHOBE COOTHOIIIE-
HUus (3) ynoOHO MPOBOAWTH METOJOM MapaMeTpUyYecKoro pacdéra, pac-
CMaTpuBas BEPOSATHOCTHYIO NIEPEMEHHYIO 7 KakK [apamerp, JMHEWHO
HapacTatouuit B nipeaenax (—1, 1). IIpousBoas mapamienbHO ¢ 3TUM pac-
4ET HOPMUPOBAHHOM IIOTHOCTU S(f) HA OCHOBE BBIPAXKEHUS, TOTYUYEHHOTO
C Y4ETOM 3aKOHA COXpaHEHM IOJSIPHOIO yriia Bekropa bioxa,

2
S:KZ[I_'YIB(I_H); (l_nZ) (4)
1+ p°(1-n)
MOXHO onpeaenuts hopmy umiyiasca CU.

[Ipu omenke macmitada sBJICHHN (IManma3zoHa U3MEHEHHUS XapaKTepH-
CTUK M3Jy4YECHUS U MapaMeTpPOB CPEJl), aBTOP HACTOSIIIICH pabOThHI B pacué-
Tax OCHOBBIBAJICSI, B OCHOBHOM, Ha U3BECTHBIX U3 JIUTEPATYyphl, HAIIPUMED,
u3 paboThl [4], 3HaUEHUAX TAPaMETPOB BEIIECTBA MOJYITPOBOJIHUKOBBIX
KBaHTOBOPA3MEPHBIX CTPYKTYp — CJIOEB CYOMUKPOHHOW TOJIIMHBI. 3HAYe-
HUS MTHTEHCUBHOCTH B TTMKe uMmyiibca CH MOTyT HMETh TIOPSIIOK HE MEHEE
10" Br/cm? B muanaszone A ~ (1,25 ... 1,30)-107° M, cooTBETCTBYIOIEM DK-
CUTOHHBIM MEPEXO0/IaM.

IIpumepsl paccunutaHHOro Ha ocHoBe (3), (4) BpeMeHHOro xojaa HOp-
MHUPOBAaHHON MHTEHCUBHOCTU S U BEPOSTHOCTHOU NMEPEMEHHOW 7 TpUBe-
JICHBI HAa PUCYHKE 1.

ST a
3.0

2.0

1.0.1.

0 0.5 1.0 15 dye O 0.5 1.0 15  Lae

Pucynok 1 — BpeMeHHAs pa3BEpTKa MIOTHOCTH U3JTYYEHHUS
(xpuBas 1, B OTHOCHUTENBHBIX €IMHUIAX) U U3MEHEHUSI THBEPCHOU

Hacenénnoctu (2): =0 (a), 0,32 (6), tr=5,0-10"c, y = 1,5

[IpuHIIMTIMAaNBbHO CpaBHUBAIOTCS (opMa, MPOAOJDKUTEIBHOCTh U JO-
CTHDKMMAs MMKOBas aMIUTUTY/1a UMITYJIbCOB JIJIsI «KJIACCHUYECKOT0» BapHaH-
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ta CU (B oTcyTcTBUE (ha30oBbIX 3(PPEeKTOB — HA pUCYHKE 1, @) U B cilydae
aBTOMOAYJISIITUOHHOTO CMEIIEHUSI pe3oHaHca (1, 6).
B o00oux cnydasx, KpoMe paziuuusi POpMbl UMIYJIBCOB M HUX MUKOBOU
MOIITHOCTH, OYE€BHU/IHA pa3HHUIIA B TEMIIE cOpOCa MHBEPCHH.

IIpencTaBisiioch MHTEPECHBIM MPOCIECAUTh 3a HW3MEHEHHUEM (DOPMBI
UMITYJIbCa B 3aBUCUMOCTH OT TIOKa3aTels yculieHus kK = 712/ 7r (pUCYHOK 2).
DTOT mapameTp MOXKET U3MEHSIThCSA MPH BapUalMAX KOHIICHTpAIUU H3JTY-
yanmx 4vactuil N B cpelie CIos, a TakXKe BCJIEACTBUE M3MEHEHHS €ro
TOJILUKMHBI / (B TIpeienax CAENaHHbIX TOMYIIECHHU).

L

S 1.5

2.0
1.0

1.0 0.5

0 0.5 1.0 1.5 tme O 0.5 1.0 5% Lo

PucyHok 2 — ®opMa UMITyJI5COB CBEPXHU3TyYEHHs
P Pa3HOM YPOBHE YCUIICHUSL:
N=5,0-10" (xpusas 1); 6,7-10'7 (2); 8,0-10'7 (3); 1,0-108 cm3; y = 1,5,
=025 (a): N=8,0-10"7 em ;v = 1,5 (1); 1,8 (2): 2,4 (3): 3,0 (4); = 0,20 (6)

CpaBHuBasi KpuBble, U300paKEHHbBIE HA PUCYHKAX 2, a U 2, 6, OTMETUM
yBEJIMUYEHUE aCUMMETPHUHU (DOPMBI BBICBEUYHUBAEMBIX HUMITYJILCOB MPU OTHO-
CUTEJIbHOM HAapacCTaHWM MapaMeTpa YCHICHUS — OJHOBPEMEHHO C YBEJU-
YEHUEM YCWJIEHHUs, JOCTUTHYTOro K Hadainy mporecca CH, Bo3pacrtaer
U ypoBeHb (a30BOM MOIYISIMUMU HM3IYy4aeMoro MOojs BBUAY TOIO, YTO
B YCJIOBUSIX BBICOKOW IUIOTHOCTHM 4YacTull N YCHIMBAETCS JIUIOJb-
JUTIOJIBLHOE B3aUMOJIEUCTBUE U O0YCIOBIEHHBIE UM 3(PHEKTHI.

3akJ/roueHmne

IIpoBeneHHbIE pacCUETHBIC OLICHKH BJIMSHUS HEIMHEUHBIX 3(PHEKTOB HA
nporiecc CU 3Haunmbl Tipu pa3paboTKe METOJOB IeHepaluu U NpoQuiIu-
POBaHUSI CBEPXKOPOTKUX CBETOBBIX MMMYJbCOB. Tak kak ummyibcbl CU
B YCJIOBHUSX, YKa3aHHBIX B CTaTbe, (Pa30BO-MOIyIMPOBAHBI, IO OMUCAHHOMN
B HEM cxeme MOXXHO 3(D(EeKTUBHO COKpallaTh JIUTEIbHOCTh U U3MEHSTh
dbopMy UMITYJILCOB B MHOTOKACKaHBIX CXeMaX YCUJICHHUS.
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HARD PHOTONS IN PROTON-ANTIPROTON ANNIHILATION
TO A LEPTON PAIRFOR PANDA EXPERIMENT

We consider the process of proton-

antiproton annihilation into lepton pair p(®1) e (k2)
which allows one to measure proton
form factors in time-like region of mo- ’

—

mentum transfer ¢° > 4M,°, where M, is
the proton mass (figure 1). Our aim is to
contribute to theoretical support for P (—p2) et (—k1)
PANDA/FAIR facility [1] which plan to Figure 1 — Antiproton-proton
study the process of scattering of anti- annihilation in Born approximation
proton beam with wide range of mo-
mentum (from 1,5 GeV/c up to 15
GeV/c) of static target made of hydrogen or heavy nuclei. Besides proton
form factor measurements in time-like region this setup in principle allows
one to measure proton form factor below threshold 0 < ¢° < 4M,° [2, 3].

In Born approximation this process has the following form [4]:

o2

diif@ = 2:5 {|GM|2 (1+ cos? 0) + Ggl? (1- [32) (1- cos> 9)} :
where 6 1s the scattering angle (angle between directions of initial antipro-
ton and final electron), a=1/137 is the fine structure constant, s 1s the total
invariant mass, £ is the initial antiproton velocity and Gg s are the electric
and magnetic form factors which describe electromagnetic structure of the
proton.

In the next perturbation order one has additional contributions:
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do ~ |Mp|* + 2Re (MpMi) + |IM, > = Mp[* (1 +6v +6,)
which is usually called “radiative corrections” (figure 2).

Vertex corrections Box corrections Virtual

Vacuum polarization

Real photon emission

Initial state Final state
radiation (ISR) radiation (FSR)

Figure 2 — Radiative corrections

These corrections describe additional terms with virtual particles (de-
noted with index }) and terms with real photon emission (index y). Virtual
photon contributions are infra-red divergent and we regularize them using
“fictitious” photon mass A. In order to cancel this divergence one need to
consider real photon emission which will also depend on A. The sum of
these two contributions is independence of 4 and finite. Virtual corrections
part has the form:

dGB+V o 042 02 a2 1 2
dcos®  4sB (2= 57 sin”0) 1 —TI(s) +
3
- A2 a2 (2) (2) (2)
+2mﬂ{[(2 B2sin? ) Re (F&) + F{P) +2Re PP | +
+I(t,u,s)}7
s

where I(s) is the vacuum polarization operator, F;2.? are corrections to
vertex parts and /(t,u,s) is the two proton “box” contribution. Real photon
emission can be divided into charge even and charge odd parts. Even part
of soft photon emission has the form [5]:

tokten ot L a2 Lag] -am

dcos  m dcosb A 26 AE
1+ 62 [, 2w 1, ] [ 2w 15 Wz]}
2 In—Lg—~-L%+® 2 |(ln —=L.—-L?— —
LY [nAﬁ gL T 2B)] +2|ln 4 6

where function @(f) has the form:
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1 1
— + Lgl 1 In(1 — ~In?(1 — —1n?2
() = +5n2ﬁ+n1+6n( )+ 5" (1+5) - o In" 2+
. . (1= §
~ i) +Lia(-) o (£ 7). e =T
_ ., 1+5 s
LB:lnl—ﬁ Le:lnmg
Charge odd part of soft photon emission was revised and has the form:
o33 o 2 2 2 2
oo =53 ((mZ + M, — t) R(s,t) — (mZ + M, — u) R(s,u))
where
2w
R(s,t) =27 <2A(s,t) In 5% + C’(s,t)) ,
1 t—mg—Mg—\/A(t,mg,Mg)
A(s,t) = In :
\/A(t, m2, M2) |t —m2 - M2+ \/A(t, m2, M2)
4
C(S7t) Z €i5jUij(770>771>yi>yj)>

\/A t m2 M i,j=1
mo =4/1—mZ/E?, n1=\/1—M2/E2+\/—_t/E,
t+m2 — M2 + ¢;6; \/)\(t m2, M2)

2E+\/—t '

Yi = 0; —

Soft photon realm in the formulae above was defined with the condi-
tion that photon energy should be smaller then some small quantity o.
Modern experiments use Monte-Carlo generators to study hardware setup
and one no longer needs for soft photon approximation. We calculated
hard photon emission which has rather complicated form and will not be
presented here. We only show schematically the structure of hard photon
emission cross section:

255 / (Misr + Mrsr) (Misr + Mrsr) T - 0(po — w) - 0p - d®s,

where we took into account initial state radiation (ISR) and final state radi-
ation (FSR). These contributions are integrated over phase space of final
photon d®; taking into account energy cut of photon hardness using first 6
function. Second 6 function represents the possibility to include any exper-

do-fy =
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iment specific conditions into our integration. One important test of our
calculation is the following: when one sum over all possible photon ener-
gies and angles (i.e. integrates over whole energy range of final photon)
then cross section should not depend on parameter ® since it will cancel in
the sum of soft and hard photon emissions. This cancellation one can see
on figure 3.

0.025- 1 0.10+ ]
0.5+ —

-0.05" ]
-05 / 0.005 ] /
‘ 0.000%, J -0.10 ‘

50 45 40 -35  -30 50 -45 -40 -35 -30 50 45 40 35 30

Figure 3 — Dependence of ISR, FSR and their interference of real photon
softness parameter ®. One contribution on the plot is real hard photon emission.
Another is virtual+soft photon emission. And their sum is flat horizontal
line independent of ®
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ON P-NONINVARIANT WAVE EQUATION FOR SPIN
1/2 PARTICLE WITH ANOMALOUS MAGNETIC MOMENT,
INTERACTION WITH EXTERNAL FIELDS

Within the theory of relativistic wave equations with extended sets of
Lorentz group representations, a new P-noninvariant 20-component wave
equation for spin 1/2 particle is proposed. The presence of external elec-
tromagnetic field and Riemannian space-time background are taken into
account. Due to internal structure of the particle, additional interaction
terms appear, they correspond to additional characteristic-anomalous mag-
netic moment.

1. GeI’fand-Yaglom Basis

The goal of the paper is to construct a new P-noninvariant wave equa-
tion for a massive spin 1/2 particle. We apply general theory of relativistic
wave equations with extended sets of representation of the Lorentz group
[1-4]. We start with the following set of irreducible representations (this is
20-component theory)

T=(0,1/2)®(1/2,00®(0,1/2)®(1/2,0)®D(L1/2)®D(1/2,1),

where the "prime" serves to distinguish repeated representations of the Lo-
rentz group. The matrix I', of corresponding wave equation has the fol-

lowing structure T', = (C"? ® ,)® (C*? ®1,), where C"?, C®* repre-

sent spin-blocks related to spins 1/2 and 3/2. With the use of the numera-
tion of irreducible components

(0,1/2)01, (0,1/2)'02, (1,1/2)[13,

1/2,0004, 1/2,0)'05, (1/2,1)06,

the blocks C"? and C®? are given by the formulas
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0 0 0 a df o
0 0 0 C§4) op

cP = 0 0 0 C§4) o Cgé)’ P = 0 Cés)_ (1)
i 4 0 0 0 ¢y 0
2P 0 000
Cél) g ¢ 0 0 0

From invariance of the equation under proper Lorentz group follow the
constraints

3 (NN C 6
G =203, € =2¢g .

Besides, without loss of generality, the links between repeated compo-
nents may be broken:

( ) ( ) ( ) ( )
O35 =¢5; =¢y =¢5 =0.

Because, we wish to construct the model of a particle with single spin

1/2, we require that eigenvalues of the block C“* be equal to zero.

@ _ 3 - @ _ &
Therefore, we set ¢;2” =c¢;2” =0, whence it follows ¢;}' =¢; =0.

2. Modified Gel’fand-Yaglom basis
Let us find the form of the matrix I', in so-called modified Gel’fand-

Yaglom basis. Here the listing of basis elements of the complete wave
function y is slightly different. We find the following decomposition for

spin block C"?:
(Cl4 +c41 ) 0 (Cl6 +C43 )
1

1 1 1 1
c? :5 0 (C(z) +C(2)) (Czé +Cs§ ) Qy, +

( )
(634 +C41 ) (035 +c62) 0

(C C41 ) 0 (C C43 )
+— 0 (025 _Csz ) (626 _CS3 ) ®7/574; (2)
(C§ c61 ) (C C62 ) 0

here the first term corresponds to purely P -invariant model, the second
term relates to purely P -noninvariant model. We will we restrict ourselves
to the second variant of the theory.
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It is convenient to employ shortening notations, then the spin block
C"? reads

a 0 a, ib, 0 b,
c" =10 a a|®y,+|0 ib, ib|®yy,. (3)
a;, a, O iby iby 0
For purely P -noninvariant model it becomes simpler
b 0 b,
C" =il0 b, b,|®yy,. (4)
by b, 0
We create the model for particle with one mass, so the matrix
by 0 b,
0 b b,
by b, 0

must have only one non-vanishing eigenvalue. In accordance with this, pa-
rameters b, obey restrictions

b +b, =1, bb,—bb,—bb, =0, bbb, +bbb, =0. (5

3. Spinor form of the wave equation
After some technical manipulations we derive the set of spinor equa-

tions (where 0 , =10,07;)
i{blédb‘l’b + \Ebza’;l{fgaf) } + MY =0,
—i{blaaé‘l’b “b,05!, } + MY, =0,

i{bﬁ“’qﬂb + b ab‘P(“C)}+Mtp'“ =

—i{bﬁaﬁqﬂb 2 8C‘Pfac)}+Mt}”a =0,

by (W, + O, —

Jo

L b (0°Y +0" W) +

T

—=b (0¥, +0, ¥, )+M‘P(ab) 0,

\/g

b (0 4+ 0" iy + MY =0, (6)

T
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4. Equations in spin-tensor form
After additional work we arrive at the spin-tensor system (where 0=0,y,)

1y {bﬁ(n‘l’ )—%[—15(7@,‘1’ )+(©,¥ )}}+M(7ﬁ’ﬂ)=0,

iy {bﬁ\y z%{(a# #)——8(7 y )}}+M‘PO:O,

l A
ﬁ% {bs {51(7}}'#)—2%5(7}?“)}—
. | B 1
—ib, {521{’0 _2718‘P0}+M{‘P1 _27,1(7/;1‘{1;,)} =0. (7)

5. Reducing the system to minimal equation
In absence of external fields, the main component of the wave function
1s

D (x) = by, ¥, (x) —ibs'¥  (x). (8)
The main bispinor ®(x) satisfies modified Dirac—like P -noninvariant
equation
{iy,(7,0,)+M }®(x)=0. )
Concomitant bispinors may be constructed by the rules
b —~ib;
VyLPy(x) W O(x), Yy (x)= mq)(x)- (10)

6. The minimal equation in presence of electromagnetic field
In presence of electromagnetic fields, the main component is the same
O(x) =bsy, Y, (x)—ib¥ (x).
This component obeys the following P-noninvariant equation for a par-
ticle with anomalous magnetic moment
{17 y,(8, +ied,)— L” ieF W+M}‘P=O. (11)

uv

Expressions for ¥ =0 and (y,¥ ) are

2 2 _
(y ¥ ):% ) ieFVM D,
oo b5(b1 —b3) 3\ M a 4
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2 2 _
=i 1+i(%jieFV—7/”yv PPl g, (12)
b -0) | 3\ m )T g

7. Extension of the model to General relativity

In order to follow extension of the model from flat Minkowski space to
any Riemannian space-time we should turn back and make several simple
modifications.

1. In Riemannian space we use the metric g,,(x), related to signature

(+,——,—), we must make the change:
M-—>iM. (13)
2. Now Dirac matrices in spinor basis are
0 7 R I -
=L Y= 14

3. Derivatives are modified according to the rules
D,(x)=V, +T,(x)+ied,(x), D=y"(x)D,(x),
where ' (x) is bispinor connection, and y“(x) = y“e, (x).
4. Note important commutation rules
D(x) =" (x)Dy = Dyy" (%), Dy(x)845 (%) = €0y (X)D, (),

. R
DD =D"D, -%(x), X(x)=—ieF,,0% (x)+ e

where R(x) is the Ricci scalar.
5. Note the notations

l a o
72 (0= (7 ()77 ()" ()7 (),
£ (x) = g e(”;)(x) e(/jb)(x) eé) (x) e(”d,)(x), Eory =—1.
Levi-Civita object £ (x) changes under tetrad transformations as fol-
lows
g7 (x) = det[L: (x)] £ (x) .

In particular, at the tetrad P-reflection, it transforms as a tetrad pseu-
doscalar

gplabpo (x)=(-1) gPpo (x).
The above analysis for the generally covariant system remains in fact

the same. We can write down final result without repeating the calculation.
O =0b,(y,¥Y,)—ib\¥,
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{i;fs (x)ﬁ(x) —%{—iera‘” (x) +$} + iM}(D =0. (15)

Expressions for concomitant components are given the formulas

()Y, (x) L{l — i(% (—ieFWG“V + @j}@,

“hb b)) | 3lim
2 2
Y, (x)= —i% l—i(%] —ieFﬂva”V + R(x)) ®. (16)
b, (b =by) 3ViM 4
Conclusions

This theory gives a P-noninvariant model for spin 1/2 particle with
anomalous magnetic moment.
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THE ENERGY-MOMENTUM TENSOR FOR A SPIN 1/2
PARTICLE TAKING INTO ACCOUNT POLARIZABILITIES

Introduction

Interaction of the electromagnetic field with a structural particles in the
electrodynamic of hadrons is based on main principles of the relativistic
quantum field theory. In the model conceptions where basically the dia-
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gram technique is used a number of features for interaction of photons with
hadrons have been determined [1, 2]. However, the diagram technique is
mainly employed for a description of electromagnetic processes on a sim-
plest quark systems. In the case of interaction for the electromagnetic field
with complex quark-gluon systems in the low-energy region perturbative
methods of QCD are nonapplicable. That is why the low-energy theorems
and sum rules are widely used lately [3-6].

In the present time the low-energy electromagnetic characteristics
which connect with hadron structure, such as formfactor and polarizabili-
ties, it is possible to obtain from nonrelativistic theory [5]. Passing on from
the nonrelativistic electrodynamics to the relativistic field theory one can
make use the correspondence principle. But it is necessary step by step to
investigate a transition from the covariant Lagrangian formalism to the
Hamiltonian one [7-9].

This work is a continuation of the researches which have been present-
ed in the our previous articles [6-8]. Using the covariant Lagrangian of in-
teraction of the electromagnetic field with a structural polarizable particle,
the equations of motion, canonical and metric energy-momentum tensors
have been obtained.

1. Total Lagrangian

The total interaction Lagrangian of the spin-1/2 particles with the elec-
tromagnetic field will be consists from the Lagrangian for free electromag-
netic field L,  , the spinor or Dirac’s field L,, the interaction Lagrangian
of the free electromagnetic field with the Dirac’s field L, and the La-

grangian which considers electric and magnetic polarizabilities of particles

apy—D*

1 a — 1 . N - a ov
Lipar-p =—1FaﬂF / +t//(§l7aa“+m)l//—e(l//7al//)/l +K,,07, (1)

© “« -

where K_, :%(aOFGﬂFj’ +ﬁoﬁaﬂﬁf), 0=0-0.0" :%(V/ y“ngj, v

1s the wave function of spin-1/2 particles. In this expression
F =38, , where F, and f,, are the tensors of the electromagnet-

ic field, ¢, and f, are electric and magnetic polarizabilities , ¢, . — Levi-

Chevita antisymmetric tensor (&> =1). The part of the Lagrangian with

polarizabilities it is possible to rewrite as:

[ = —%FWG’” =K, 0", )
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where G*" 1s antisymmetric tensor G** = -G and equal

oLP) 47 b )
oA e AT FL M) - OIF). ()
utrv

uv

2. The equations of motion
For interaction of the spinor and electromagnetic fields the next system

of equations are used:
oL 5 oL

——+ =0, 4
04, 7 06(0,4,) )
—a—£+8y or_ =0, (5)
oy o0, y)
_oL, 0, oL _ 0, (6)
oy o0, y)

where 4, is the vector-potential of the electromagnetic field.

From the Lagrangian (1) and expressions (4-6) we will be have the
equations of motion for charged particle spin-1/2 ¢, -electric and S -

magnetic polarizabilities taking into account:
0,F" =eyy'y-0,G", (7)

-V N 14 l 14 O ) O AV
(iy"0 —m)y =edy w—5(5 K,y )y —iK  y° 0y, (8)

W @0 7 +m = ey A7 ~ Ly @Ky ) -i@y K O)
Using the equations (7-8) the Lagrangian (1) can be presented as the
next formula:
L= —%FWF‘” +%l/7(i;) — —%lp(z{) m)y, (10)
where

D = é j/# + l.eAﬂ]/# + Km,j/aé V)
° _ o HT w, <" o
D=7 8 . leAyy +8 K _r°.
With the help of the Lagrangian (10) and equations (7-8) the canonical

energy-momentum tensor looks like

oL O 4)+0'F 8L_+ oL g
o0, w) 00,w)

uvo_ uv

can a(ﬁuAp)
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As a result will get

T™ =—(F" +G")3" 4, + i g"F F* +% g G F, . (11)

can

Using an unambiguous of the energy-momentum tensor definition we
will construct the metric energy-momentum tensor:

Ty =T +0[(F” +G7)A"]. (12)
Thus T*" reads as:
Ti, =F7F) +ig‘”Fp0F”" +GYF) - j A +%g‘”G’”Fpa, (13)

where j* =0, (F" +G™).
Extracting a part of the metric tensor responsible for the polarizabilities
in the (12) we find that
1
(aByuv _ v v vV 1p0
T =G"F -0,G"4 +Zg" G™F,. (14)

metr

Integrating by parts and using the definition E=-V¢ according to

[10] 1n the rest frame of the particle we obtain the energy density of inter-

action for the particle with polarizabilities and electromagnetic field:

E=-220"(, 5+ A1)

where ®” is the energy density of the particle spin-1/2.

Conclusion

To assume the covariant Lagrangian of interaction of the electromag-
netic field with a polarizable particle spin-1/2 as a basis in the Lagrangian
covariant formalism the equations of motion have been found. The correla-
tions between the covariant Lagrangian, canonical and metric energy-
momentum tensors have been obtained. In the rest frame of the particle the
energy density of interaction for the particle with polarizabilities and elec-
tromagnetic field have been found.
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P-NONINVARIANT EQUATION FOR SPIN 1/2 PARTICLE,
TAKING INTO ACCOUNT OF THE EXTERNAL
COULOMB FIELD

Within the theory of relativistic wave equations with extended sets of
Lorentz group representations, a new P-noninvariant 20-component wave
equation for spin 1/2 particle was proposed. The quantum mechanical Di-
rac-like P -noninvariant equation is solved in presence of external Cou-
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lomb field. It i1s shown that the energy spectrum for P -noninvariant spin
1/2 particle in external Coulomb field coincides with that for ordinary par-
ticle, though explicit form of wave function is different.

1. P-noninvariant equation and spherical solutions

Within the theory of relativistic wave equations with extended sets of
Lorentz group representations, a new P-noninvariant 20-component wave
equation for spin 1/2 particle was proposed [1-3]. Let us study an elemen-
tary example of this model, first a free P -noninvariant equation for parti-
cle in spherical tetrad of Minkowski space in absence of external fields:

(17/06, +iy°0, +%29¢ + inij/(x) =0, (1)

where the angular operator is determined by the formula

S _iia i0, +ic"
=1
09 =1V 00T sin @
We take substitution for wave function with quantum number ¢, j,m:
(using
D-functions D’ (4,0,0)=D,):
(D,
—ict 7 D
\ngm (x) _ e fz( ) +1/2 . (2)
r | f5(r)D_y,
f4(” )D+1/2

We find four radial equations

e]g—ii]g—iﬁﬁﬂMﬁ:o, gf4+iif4+iﬁf3 +iMf, =0,
dr r dr r

ef +il il fvioMf, =0, of, i< p—iY f vioMf, =0, (3)
dr r dr r

in comparison with ordinary Dirac equation here the signs at M in equa-
tion 3 and 4 are different (note that o =—-1).

For ordinary Dirac equation, we can diagonalize additionally space re-
flection operator. Conventional P -reflection operator in Cartesian tetrad

=iy’ ® P after transforming to spherical basis takes the form
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0
0
0
-1

Hsph =

0
0
-1
0

0
-1

0

0

-1
0
0
0

4)

From eigenvalues equation 17,V ,, =ITY , we find two eigenvalues

IT=6(-1)’ and corresponding restrictions on radial functions:

N=6-", §=%1, f,=8f, f,=56f,. (5)
However, these restrictions are not consistent with the system (3). Let
us try to diagonalize another discrete operator A, (adding multiplier 7’):

1 0 0 oflo o o0 -1
A o1 0 oo o0 - 0®ﬁ ©)
P10 0 -1 ofj0 -1 0 0

00 0 -1-1 0 0 O

The eigenvalues equation A=Ay gives two eigenvalues and re-

spective restrictions on radial functions:

S=+i, A=5(-1, f,=-0f, f,=-6f,.(7)
Let us impose these constraints in the main radial system (3), they turn
out to be consistent. They lead to 2-nd order equations:

O =+i,
D) . . 2
dr v+iMr r)dr ror v +iMr
5 , . 2
dj}+(+ M +ljdf2+ e VA R ()
dr v—iMr r)dr |r r v —iMr
o=-i,
5 . . 2
(e
dr v—iMr r)dr ror v —iMr
5 . . 2
dj;‘2+ ZM _|_l %4_ E_V—Z—M2+ +82 f‘2:0 (9)
dr v+iMr r)dr |r r v +iMr

Here we have differential equations for confluent Heun functions.

Now, let us take into account the presence of external Coulomb field,
assuming that anomalous magnetic moment equals to zero. Then we get
the following 2-nd order equations

o =++i,
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2 .
d]:l_'_ l+. iM df1+
dr r iMr+v |dr

. 2gav—aM—iev+a2—V2+82_M2_M(—iMa+gv) o
vr r v(z’Mr+v) : ’
2 .
d]2‘2+ l+_.lM a’f2+
dr r —iMr+v | dr
— / 2 _y? M(iMa+ev
| 26av—aM+isy  a 21/ EREVER (i ) £ =0 (10)
vr r V(—iMr+V)

=i,

ﬁ{h iM jdfl+

dr? r —iMr+v ) dr

—q 2 2 M(iMa+¢ev
N 2sav+aM icv @ 21/ LM (l ) =0,
vr r v(—iMr+v)

2 .
d{z+(l+- iM jdf2+
dr v iMr+v)dr

- 2 2 M(-iMa+¢ev

N 28av+aM+zev+a 2v PEIIE V=N ( ! ) £,=0. (11)
vr r V(iMr+V)

Here again we have differential equations for confluent Heun func-
tions.

2. Studying differential equation
Note the symmetry M — —M between two pairs of equations. Also we
see that equations for functions f, and f, are complex conjugate to each

other. Therefore, in fact we van study only one equation. Let it be equation
for f,

2 .

d]2‘1+ l+ iM df1+

dr r iMr+v |dr
_ — 2 _ 2 M(—iMa +

N 2sav—-aM v a 2v LM (-iMa+ev) f=0.
vr r v(iMr+v)

It is convenient to use the variable x = Mr, then we get
ﬁ+(l_ 1 ]dfl +(2Ea—y—iE_F_2

- _ —+E° -1 :
dx X x—1iv)dx X X X—1v

Wil

]ﬂ =0,(12)

181



where E =ﬁ, I=v’—a’, y=a/v.We find behavior of solutions

near singular points:
x—iv, fi=x-iv)’, p=02;
x—>0, f =x", A=4I",
In the variable y =x"', equation in vicinity of y =0 reads
[d_22+2 d Ez—ljf 0:
dy* ydy y
therefore, we conclude that the singular point y =0 is irregular of the rank

2.
In eq. (12) we change the variable y =—ix/v:

d*f, (_ ljdfl
d* \y y-1)dy

. . 2
+|:V(E+21E05 ly)—r_—]/z(—l+E2J—

v(i-iy+FE
5 Q}fl =0. (13)

y Y y-1
We search solutions in the form f, = y*(y—1)?e” f(y), getting for f(y)

the following equation
2

IS [ye, 2451, 28-1Nd7

dy y y=1)dy
j{—ZAB—B+A+vE—ivy+2ian+2AC+C+AZ—1“2 N

2

Y y

, B—VE+2BC—A+2AB+1'V7—C+B(B_z)}f_

+C* —VE*+v7 + -
y-1 (y—l)
We should impose restrictions
A=+T, B=0,2, C=1vv-1+E>

to bound states may correspond the values
B=0, A=+T, C=—-iv1-E*, f0xTe "5 1(3). (14)
Equation for f(y) becomes simpler
2
d ]2‘+ 2C+2A+1+2B 1 £+
dy y y=1)dy
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_{—2AB—B+A+VE—1’V7/+21’VE0¢+2AC+C+

y
+B—vE+ZBC—AJ1r2AB+lV7—C}f:0;
o

it may be identified with canonical form of confluent Heun equation
2
d H +(—t+£+ d )d—H+(—i+ 4 m]H:O. (15)

dz* z z—-1)dz z z-—1

Its parameters are given by relations
t=-2C=2ivN1-E*, ¢c=24+1=2I'+1, d=2B-1=-1,(16)

and
A=2AB+B-A-vE+ivy-2ivEa-2AC-C =
=T —vE+ivy—2ivEa+2TivVl-E* +ivN1-E*. (17)
From identity

A—ta=B-vE+2BC—-A+2AB+ivy—-C =

2ivil—E*a=-2iv Ea+2Tivy1-E* (18)

we find expression for parameter a :
Ea

VI-E
We may determine so called transcendental confluent Heun function,
by imposing the constraint a = —n, it give the quantization rule

Lo :n+\/(j+1/2)2 ~—a’=N = E-= !
V1-E? J1+%
We conclude that the energy spectrum for P -noninvariant spin 1/2 par-
ticle in external Coulomb field coincides with that for ordinary particle,
though explicit form of wave function is different.

+T, T=(+1/2-a*. (19)

a=-

. (20)

References

1. Pletjukhov, V.A. Relativistic wave equations and intrinsic degrees of
freedom / V.A. Pletjukhov, V.M. Red’kov, V.I. Strazhev. — Minsk: Bela-
rusian Science, 2015. — 328 p.

2. Elementary particles with internal structure in external field / V.V.
Kisel, E.M. Ovsiyuk, V. Balan, O.V. Veko, V.M. Red’kov. — Vol. 1. Gen-
eral formalism. — Nova Science Publishers, Inc. USA, 2018. — 404 c.; Vol.
II. Physical problems. — Nova Science Publishers, Inc. USA, 2018.

183



3. On P-noninvariant wave equation for spin 1/2 particle with anoma-
lous magnetic moment, interaction with external fields / V.V. Kisel, V.A.
Pletyukhov, E.M. Ovsiyuk, V.M. Red’kov.

A.A. Pankov!?*?, I.A. Serenkova?
'Joint Institute for Nuclear Research, Dubna, Russia
>The ICTP Affiliated Centre at the Gomel State Technical University
*Institute for Nuclear Problems, Belarusian State University,
Minsk, Belarus

FIRST RESULTS ON PRECISION CONSTRAINTS ON CHARGED
BOSON MIXING FROM DIBOSON PRODUCTION SEARCHES
WITH ATLAS AT LHC AT 13 TEV

Introduction

Many new physics (NP) scenarios beyond the Standard Model (SM)
[1], including superstring and left-right-symmetric models, predict the ex-
istence of new neutral and charged gauge bosons, which might be light
enough to be accessible at current and/or future colliders [2]. The search
for these new neutral Z’ and charged W’ gauge bosons is an important as-
pect of the experimental physics program of high-energy colliders. In this
note we concentrate on the latter one while the former one has been studied
recently in [3]. A W’ boson, if lighter than about 5 TeV, could be discov-
ered at the LHC with 13 TeV in dilepton process pp >W'—>vi+X
(I=e p).

After the discovery of W’ boson at the LHC via the dilepton process,
some diagnostics of its couplings and W-W’ mixing needs to be performed
in order to identify the underlying theoretical framework. In this paper we
investigate the implications of the ATLAS data [4] in the diboson produc-
tion channel

pp >W'>WZ+X (1)
to probe the W’ boson that arises, e.g. in a popular model with extended
gauge sector proposed in [5] and called as Sequential Standard Model
(SSM). The presented analysis is based on pp collision data at a center-of-
mass energy 13 TeV, collected by the ATLAS (36.1 fb™') experiment at the
LHC. In particular, the data is used to probe the W-W’ mixing.
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1. Resonant production cross section

In many extended gauge models, while the couplings to fermions are
not much different from those of the SM, the W'WZ coupling is substan-
tially suppressed with respect to that of the SM. In fact, in the SSM the W-
W’ mixing factor & can be written as &é=C-(M,, /W,.)* where C the cou-

pling strength scaling factor. We will set cross section limits on such W’ as
a function of the mass a,. and ¢&.

The cross section for the narrow W’ state production and subsequent
decay into a WZ pair needed in order to estimate the expected number of
W’ events can be written as

! do”
" (pp>WZ+X)=\|dM|dy|dz———

(pp )= [dm[dy] o, @)
where integration has been done over the relevant fiducial phase space.
The number of signal (W’) events for a narrow W’ resonance state can be
written as follows

N"=L-¢-c"(pp>WZ+X)=L-¢-4,, - c(pp >W")xBr(W'—>WZ). (3)
Here, L denotes the integrated luminosity, and the overall kinematic and
geometric acceptance times trigger, reconstruction and selection efficien-
cies,¢- 4,,, 1s defined as the number of signal events passing the full event
selection divided by the number of generated events. Finally,
o(pp > W"xBr(W'—-wZ) 1s the (theoretical) total production cross section
times branching ratio extrapolated to the total phase space. In the calcula-
tion of the total width r,. we included the following SM final states:
W'svi,qq, W Z. For the large W’ masses there is an enhancement that can-
cels the suppression due to tiny W-W' mixing parameter ¢ as can be seen
from the expression for the partial width of decay channel W'—> W Z [5]:

32
Ly’ =%cot2 0, M, MA;A;;; KI—M%‘;;VZV Jz —452] {HIO(MVZVM;M;}M; +Mi;;OMV2VM§

For a fixed mixing factor ¢ and at large M, where I/ dominates over
contribution induced by the fermion channels, the total width increases
very rapidly with the mass A,. because of the quintic dependence on the
W’ mass. In this case, the WZ mode becomes dominant
and Br(Ww'—WwZ)—1, while the fermionic decay channels are increasingly

suppressed as demonstrated in Figure 1.
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Figure 1 — Branching fraction Br(W'—> W Z) vs M, for SSM. Labels attached

to the curves correspond to an array of values of mixing factor & ranging over the set
{0,0005, 0,001, 0,002, 0,003, 0,005, 0,01}

Further contributions of decays involving Higgs and/or gauge bosons
and supersymmetric partners (including sfermions), which are not account-

ed for I,., could increase /°, by a model-dependent amount, as large as
50% .

2. Numerical analysis and concluding remarks

Here, we are making an analysis, employing the most recent measure-
ments of diboson processes provided by the experimental collaboration
ATLAS. In particular, for W> we compute the LHC W’ production cross-
section multiplied by the branching ratio into WZ bosons,
o(pp > W")xBr(W'—>wZ) as a function of two parameters (M,,.,¢), and com-
pare it with the limits established by the ATLAS experiment [4] analyzed
the WZ production in process (1) through the semileptonic and hadronic
final states. Figure 2 shows the observed and expected 95% C.L. upper
limits on the production cross section times the branching fraction for
w'—w Z as a function of W’ mass. The data analyzed comprises pp colli-
sions at 13 TeV, recorded by the ATLAS (36.1 ") detector at the LHC
[4]. Also shown are theoretical production cross sections,
o(pp > WxBr(W'—-wz), for W’, calculated from PYTHIA 6.409 adapted
for such kind of analysis.
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Figure 2 — Observed and expected 95% C.L. upper limits on the production
cross section times the branching fraction for W'— WZ as a function of W’ mass.
Theoretical production cross sections o(pp — W') x Br(W'— WZ) are calculated

from PYTHIA 6,409, and given by dash-dotted curves

Higher-order QCD corrections for the SM and W’ boson cases were es-

timated using a K-factor. The intersection points of the expected (and ob-
served) upper limits on the production cross section with these theoretical
cross sections for various ¢ give the corresponding lower bounds on

(M, ¢) displayed in Figure 3.
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Figure 3 — W’ exclusion regions in the two-dimensional plane of (M., &)

obtained from CDF and DO collaborations at Tevatron and LHC data
at different energies and luminosities.
Also, unitarity and narrow width approximation (NWA) constraints are displayed
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In Figure 3, we collect limits on the W’ parameters, starting with the
Tevatron studies of diboson WZ pair production. Interestingly, Figure 3
shows that at heavy W’ masses, the limits on & obtained from the ATLAS
diboson resonance production data at the LHC at 13 TeV are much strong-
er than those derived from the global analysis of the precision electroweak
data which yields |£[<0.01.

In conclusion, the current paper presents an analysis of W-W’ mixing
in the process of WZ production. The analysis is based on pp collision data
at a centre-of-mass energy of 13 TeV, collected by the ATLAS experiment
at the LHC.

We analyze the popular SSM model and determine limits on its mass of
W’ as well as on the W-W' mixing (angle) factor £. We present the W’ ex-
clusion region in the (M., &) plane for the first time by using these data.

The exclusion limits represent a large improvement over previously pub-
lished results obtained at the Tevatron, and also over precision electroweak
data as well as results obtained from proton-proton collisions at the LHC at
7 TeV and 8 TeV. These are the most stringent exclusion limits to date on
the (M,,., ¢) plane. Further improvement on the constraining of this mixing

can be achieved from the analysis of data which will be collected at higher
luminosity at Run III and HL-LHC options.

References

1. Tanabashi, M. Particle Data Group / M. Tanabashi [et al.] / Phys.
Rev. D.—-2018. - Vol. 98. — 030001 (1898 pp).

2. Langacker, P. The Physics of Heavy Z’ Gauge Bosons / P. Langack-
er // Rev. Mod. Phys. —2009. — Vol. 81. — P. 1199-1288.

3. Osland, P. Probing Z-Z’ mixing with ATLAS and CMS resonant
diboson production data at the LHC at +s=13TeV / P. Osland, A.A.
Pankov and A.V. Tsytrinov // Phys. Rev. D. —2017. — Vol. 98. — 055040
(7 pp).

4. Aaboud, M. Search for new high-mass phenomena in the dilepton
final state using 36.1 fb~'of proton-proton collision data at +/s =13 TeV
with the ATLAS detector / M. Aaaboud [et al.] [ATLAS Collaboration] //
JHEP — 2017. — Vol. 1710. — 182 (54 pp).

5. Altarelli, G. Searching for New Heavy Vector Bosons in pp Collid-
ers / G. Altarelli, B. Mele and M. Ruiz-Altaba // Z. Phys. C. — 1989. — Vol.
45.—P. 109-121.

188



ML.A. Serdyukova
Francisk Skorina Gomel State University, Gomel, Belarus

THE PRIMARY NUCLEOSYNTHESIS IN CYCLIC
NON-EXPANDING UNIVERSE INVOLVING LONG-LIVED
RAPIDLY MOVING PRIMORDIAL NEUTRONS

In a relativistic generalization of the theory of gravitation, we preserve

the Newtonian concept of gravity as a force field and develop it on the ba-
sis of the canonical linear theory of a massive spinless field ¢() satisfying

the equation
2
(0= - 220)0 -0

2

where, in the presence of the source of the field consisting of massive
gravitating particles,

2
v =Zma\/1 - Z—g s (r —r,).

We motivate this task with the unresolved challenges of the “dark energy”
and “dark matter” in modern observational cosmology based on the general
theory of relativity that is devoid of special-relativistic laws of conserva-
tion for the energy, momentum, and angular momentum.

As a result, in the case of a universe completely filled with uniform
dustlike matter, when the background field ¢(r,t) = ¥(?), the alternative
cyclic scenario with the period of about 110 Gyr of the evolution of eternal
universe without expansion or contraction is aroused. The first half of each
cyclic epoch is characterized by the increase in the inertial masses, from
zero to the maximum, equal to 250% of their present values, of the primor-
dial ultrarelativistic elementary particles, and then of atoms, stars, and oth-
er cosmic bodies as they form.

Simultaneously with the stretching of the energy spectra of quantum
systems, their energy levels are also broadened with a factor

204 sin? 2t
V() = — .
| sin® Ot (1)

On the contrary, in accord with this coefficient, as the rest energy of
these systems decreases in the course of the second half-cycle, their energy
levels become narrower. Therefore from the law of energy evolution
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. 9
sin® 2t

E(t) =& ———

(1) " sin? 0t (2)

and the quantum mechanical uncertainty relation between the width of en-
ergy levels A& and the lifetime of excited states Ar,
AT-A& ~ h,

it follows that the lifetime of a system in bounded state depends on the age
t of cycle in such a way that

A7(t)sin® 2t = const. 3)

In this case we find from (3) that the half-life of unstable particles or
nuclei varies with cosmic time as follows:

-2
) . sin” 2t
T (t) = Ty ==
sin” (2t
Putting the look-back time %t by setting ¢ = to — t;c+, one can write
from this for distant decaying particles observed at present time to:
o, sin? 2t

T+ ) = T )
T (IL?,(IL) T;_) SillQ L(z(f(}_frc"l‘) (4)

In agreement with the probabilistic nature of a radioactive decay of in-
dividual nucleus, the number /N of nuclei decayed at a given epoch ¢ dur-
ing small time interval dt is proportional to the number V(¢) of presented
undecayed nuclei with the time-dependent factor (1), so that

dN = — 2 sin 2t N(t) dt.
TOL/Q sin? 2t (5)

Expressed in terms of the fractional quantity of undecayed nuclei, the
modified law of a radioactive decay obtained by integrating the equation
(5) has the form

N(t) —In2 sin 202t —sin 202t .o
—— = exp - : t— Trof — ‘ .
N ref 2 'TO/QSillz _Qfg 212

(6)

Here twet denotes the reference time, that is, some fixed instant of
standard cosmic time given at a certain epoch, with respect to which the
registration of undecayed nuclei in the previous time and thereafter is car-
ried out; the number of undecayed nuclei Nt = IV (twef) at this instant is
assumed to be given.
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For further discussion of this law, it is convenient to choose in place of

t the time coordinate ' = ¢ — t;of with origin at a given reference in-

stant trer. Dropping the prime on the introduced new time coordinate, we
rewrite the cosmological law of radioactive decay (6) in the form

N(1) _ eXp{ —1n2 [f. _sin 202(tyef + t)—sin QIBTl.ef]}
(7)

Nyt 2 T[;/zSillQ 2ty 242

The 1dea of the special role of free neutrons in the primary nucleosyn-
thesis belongs, as is known, to George Gamow and his collaborators [1],
[2], [3]. Among many exotic assumptions about the state of primordial
matter in the model of the expanding universe, Gamow’s hypothesis adds
the necessary condition that the baryonic matter in the earliest universe
should have consisted primarily of free neutrons. The second exotic feature
of the theory of a primary nucleosynthesis developed on Gamow’s idea is
the presentation of too rigid requirements to physical conditions in the very
early universe, in which “the production of elements must have been essen-
tially complete in a time of the order of magnitude of the neutron decay
lifetime” [3], that 1s, during the period just over 12,8 minutes.

Refusing the big-bang scenario of the universe evolution, we will nev-
erthelesstry to reconsider Gamow’s idea of the special role of primordial
neutrons in primary nucleosynthesis with reference to the alternative model
of the cyclic universe proposed here. For obvious reasons, here we cannot
consider this problem numerically in details. We will focus our attention
only on the possibility of having a sufficient number of free neutrons in the
early epoch of the evolutionary cycle for rather a long period of time, and
then try to determine the physical mechanisms that could contribute to the
efficiency of primary nucleosynthesis involving neutrons to provide a
cosmic abundance of light elements, which is now observed.

Let us first consider the decay of unstable particles in a short period of
time at the very end of one of the evolutionary cycles and at the very be-
ginning of the next. At a junction of two cycles, it is convenient to count
down the number of undecayed particles directly from the instant of zero-
ing of their mass. So, setting in general formula (7) tret = 0, we write

N(t) —In2 sin 202t
—— = exp YR L — — :
N (()) 2 lTO 2 Sillz _(Qf-() 2(2 (8)

The general picture of the decay of unstable particles at the junction of
two cyclic epochs, calculated by using the equation (8), is shown in Figure
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1 on the example of the decay of neutrons, whose current half-life is 613,9
secods [4].

The slowing decay of these unstable particles at the very end of previ-
ous cycle is shown in a small section of the curve in this figure to the left
of ¢ = 0. The continuation of this curve shows the slowly accelerating de-
cay of the primordial neutrons left over from the previous cycle after the
complete disintegration of the nuclei and survived the times of the radia-
tion-like state of the matter.

In accordance with figure 1, half of the primordial neutrons decays in
the course of 300 thousand years after the beginning of the cycle (instead
of present scanty 613,9 seconds!). As can be seen from the same figure,
neutrons remain almost stable in the course of the first 100 thousand years.
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Figure 1 — The decay of primordial neutrons at the junction of two cyclic epochs

It should also be remembered that all particles at the very beginning of
the cycle are extreme relativistic. Therefore, along with a large lifetime of
neutrons and other unstable particles including intermediate unstable radi-
onuclides, more frequent collisions occur between them. These two cir-
cumstances should obviously provide an effective mechanism for involv-
ing neutrons in the primary nucleosynthesis. As a result, the whole idea
acquires a more solid theoretical basis instead of Gamow’s special hypoth-
esis [1] about the neutron dominance in early baryonic matter.

Therefore, because of the long lifetime and frequent collisions of rapid-
ly moving free neutrons and intermediate unstable nuclides in early cyclic
epoch, light primordial nuclei, such as °H, *H, *He, “He, and heavier, dur-
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ing the first 450 thousand years could have been synthesized, quite effec-
tively to reach the abundances that are now observed.
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THE LAW OF ENERGY-MOMENTUM CONSERVATION
OF MASSIVE SPIN-ZERO GRAVITATIONAL FIELD

Turning to the 20-year history of the theoretical study of the cosmolog-
ical problem of dark energy and analyzing its current state, we will not find
the gravitational field among discussed its probable carriers. The first thing
that comes to mind about the possible reasons for the lack of progress in
understanding the nature of this mysterious energy is the absence in general
relativity of the law of conservation of energy, as well as the questionable
status of energy itself as a significant physical concept. This theory under-
lying the big-bang cosmology objectively does not allow us to investigate
the local as well as the large-scale and global energy problems in the uni-
verse (a brief remark on this subject is contained also in [1], pp. 83—84).
Since gravity is the dominant interaction on the scale of the Universe, this
circumstance, unfortunately, significantly paralyzed the evidence base of
modern cosmology and predetermined the failure of two decades of brain-
storming the problem of the physical nature of “dark energy”.

The principal impossibility of a mathematically rigorous formulation of
the law of energy conservation for the gravitational field in general relativi-
ty was first noted by David Hilbert as a characteristic feature of this theory
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right after its advent [2]. The proof of Hilbert’s conjecture about the failure
of this law in the newfound theory was immediately obtained by Emmy
Noether in her famous article [2] as a special case along with the loss of
other conservation laws in this theory of gravitation.

Unlike the metric theories of gravitation, such as general relativity and
the Brans—Dicke scalar—tensor theory, the Poincaré-invariance of the pro-
posed gauge invariant scalar model of the massive gravitational field based
on the Lagrangian

A

¥ = —Z;GN (;]f’”’@!,,cf) 0,0 + %2(__:")2) — (—); My : ' \ ()
quadratic in field variable ¢(=) and its first derivatives, enables us to for-
mulate, in accordance with Noether’s theorem, all ten special-relativistic
conservation laws. Among them, a clear formulation of the law of energy
conservation for gravitating systems with a positive-definite energy density
of the gravitational field is of fundamental importance for the whole theory
and its further cosmological applications.

Here we use the Minkowski metric tensor 7" with signature (— + + +).
Therefore the line element ds will be determined in terms of the coordi-
nates dx'' = (cdt.dz") of the corresponding infinitesimal displacement in
space-time by the expression

s ¥ ‘) ~ ; "
ds® = — 1 dat da” = Adt® — 0, jda'da’

In the case of a free real scalar field ¢() described by the first term in

Lagrangian density (1), the canonical energy-momentum tensor
i 0L
T = L8, — =

(f‘;.v(.—-")

@,_,(_f)
leads immediately to the symmetric expression
il -
T - - 0,00 (ﬁ—i(?(ﬁfwfﬁ—i—y?oz)y
gy = WGN ‘n@ Cub 9 Uad f T { luv | (2)

as 1t should be for the spin-zero field. Using the definition

Lol i

g, = —2(525@1@ =(Q.g)

of the strength four-vector of the field in terms of the logarithmic deriva-
tives of the field variable ©(7), we can represent the energy-momentum
tensor (2) in the form
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9 ~
O* 1 .
e t . T 44,2
]—:m.f - —lﬁG (é‘i,uf’y - E (éﬁmﬁ% + dc o )]huf) . (3)
N

The densities of energy, energy flux, momentum, and momentum flux
of the field appear in this formalism in the usual way as, respectively, the
following components of the energy-momentum tensor:

W =" 00 = 'TOU, Sl' = —C‘Tol' = CT(”, (;, = —(_ﬁ'ilTjU = (_ﬁ‘il'TiO, Oij = T,, = Ti‘j‘
Thus, from (3) we obtain all four dynamical characteristics of the field
listed above:

2
W= (g? +Q%+ 4(;-4%9), (4)
8T Ty
co? (5)
AnG, o8 2,
0*
G =— g, 6
o 9. . -
Oij = G, (g;gi + Q) (),:_'.,) — Woj;. (7)

Now we turn to the equation of motion of a test particle in the field ex-
pressed in the covariant four-dimensional form:

. d (m (b%ﬁ‘)

c 2

— m 2ot
ds e (8)

where u/ = dx"/ds is the dimensionless four-vector of the velocity of a
particle. This equation determines the rate of variation of the four-vector

‘ 1
o — A2 — [ 2
P = emou ((éa p) 9)

consisting of the canonical expressions for the energy and momentum of a
particle respectively, if we keep in mind the second term of the total La-
grangian (1). These are the same expressions as those introduced by
Nordstroem [3]:

2 me? :
&=—""7 (10)

1 —v2/c?

mao*v (1)




One should note that the same energy content factor &> = ¢ is pre-

sented in formulas (10), (11) for the energy and momentum of a particle
moving in the field as well as in expressions (4)—(7) for the corresponding
physical quantities of the field itself. It is to be borne in mind, however,
that in the Nordstroem’s model of the gravitational field this is not the
case. The mass in this theory depends on the gravitational potential as in

(10), (11), by the factor ¢®", whereas the energy and energy flux of the

field itself are proportional to €2/ a (for details, see in [4]).

From the exact expression (10), it 1s useful to get an approximate for-
mula for estimating the small changes in the energy content of particles
moving in the field. Taking the traditional convenient gauge condition
¢ = 0 for the gravitational potential at infinity, we rewrite the expression
for the energy of particle (10) in the nonrelativistic and weak-field approx-
imation, linear in small quantities v*/c* and ®/c*:

2

2 muv=

+ + m®.

2 (12)

In general relativity, small local perturbations of the metric correspond-
ing to a weak gravitational field are usually considered as a spin-2 field
embedded in the flat or smoother background spacetime. In the simple case
of the flat space-time background metric, such an approximate theory be-
comes compatible with the conservation laws and leads exactly to the same
approximate expression (12) for the energy of a nonrelativistic massive
particle moving in a weak gravitational field (see e.g., [5], § 88). However,
even in this simplifying approximation, the solution of the energy conser-
vation problem as a whole remains unsatisfactory. This is because the ex-
pression of the assumed energy density of the gravitational field, which in
this case can be determined, turns out to be negative (see [5], Problem 1 in
§ 106).

It 1s straightforward to verify directly that in empty space in the ab-
sence of gravitating masses, the expression (3) obtained as the energy-
momentum tensor of the field satisfies the continuity equation "1, = 0,
which expresses a local form the conservation of energy and momentum of
a free gravitational field.

In the presence of massive particles, the divergence of tensor 7. is no
longer equal to zero due to the energy and momentum exchange between
the field and matter in the course of their interaction. Using the field equa-
tion

& ~ mc
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(13)
that follows from (1), it can be shown immediately from (2) that in this
case

(14)

Of course, for the closed system consisting of the field and the massive
particles interacting with each other, the full energy and momentum are
strictly conserved. In fact, integrating equation (14) over a certain volume
V bounded by a closed smooth surface )/ with the aid of equation (8) for
the four-vector (9) and using the Gauss theorem, we obtain the balanced
equation for the energy and momentum in the integral form

7 ot f J J T4V :—#T“"dﬁ
At \ & A (15)

( ’
where df = (df;) is an infinitesimal normal vector of the surface X di-
rected outward of the chosen volume V. The summation in (15) extends
over all the particles contained in this volume. This equation expresses the

law of conservation of total energy and momentum of the field and matter
in the integral form. One should note that precisely this equation enables us

a

to associate 7"° with P’ and to identify with confidence the correspond-
ing components of tensor (3) as densities of energy, energy flux, momen-
tum, and momentum flux of the field listed in (4)—(7).

Setting in (15) the index # equal to zero and using the formulas (10),
(4), and (5), we find the equation expressed the conservation law of total
energy of the particles and field:

d ma? R AY T 5
7 [ m Jff&lG ( + Q7 + 4c A)(”/:| = # ey Qg - df. (16)

This equation asserts that the rate of change of the total energy of parti-
cles given by formula (10) and of the field with the density defined by (4)
in a certain volume V' is exactly equal to the amount of energy passing per
unit time with the field energy flux of density (5) into the surrounding
space or back through the closed surface 2" bounding this volume.

Now, choosing the spatial components of (15) and omitting the index-
es, we obtain the independent three-dimensional vector equation
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d Z mao’v J‘JJ‘ & Qg ”, _ #0 .
df - 1 — v* /( A (T (17)

(V) Y

i

which expresses the momentum conservation of particles and field. The
three-dimensional tensor of second rank ¢ on the right-hand side of this
equation represents the momentum flux density of the field; its compo-
nents are defined by (7).

We make now one remark relating to the expressions for the densities
of the field energy and momentum and of their fluxes in formulas (4) — (7)

and in (16), (17). From these formulas, it may seem at first sight that if @
vanishes at some instant of time or within a finite region of space, then the
total energy and momentum of particles and fields together with fluxes of
the field energy and momentum simultaneously vanish. However, this is
not the case, as can be seen by comparing the formulas (2) and (3). We re-
call that the factor @° arises in energy-momentum tensor (3) and naturally
in expressions (4) and (5) as a result of the replacement in (2) of the ordi-
nary gradient O by logarithmic derivatives of ¢ that are hidden in the
observables 5.

As for the expressions (10) and (11) of the energy and momentum of a
moving particle, these quantities do not vanish also when ¢ — 0. This can
be easily proved by writing down the Hamiltonian of the particle

H = C\/p? + 2m2Zot,

(18)
which corresponds to the second term of the Lagrangian (1). From (18) it
follows that if @ — 0, then the relation between the energy and momentum
of a particle takes the form & = cp, that is, as in the case of a massless
particle moving with the light velocity. In other place, we will indeed en-
counter this possibility as a real cosmological problem.
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CALCULATION OF RADIATIVE EVENTS
IN THE INCLUSIVE EXPERIMENTS
BY NEW MONTE CARLO METHOD

1. Introduction

Inclusive experiments play a role of paramount importance in high-
energy physics. In a number of cases, this is because it is impossible in
principle to detect all particles produced in the reaction being considered;
in other cases (including deep-inelastic lepton scattering on nucleons, the
Drell-Yan reaction, and identical-particle scattering), this is not needed for
deducing information about the reaction mechanism. In almost any of the
present-day experiments, reliable information can be obtained from exper-
imental data only upon taking into account electroweak radiative correc-
tions, which are higher order effects in the Standard Model. An infrared
divergence is a well-known problem encountered in taking into account
contributions of extra virtual particles to observables. A path toward solv-
ing this problem goes through incorporating the contribution of real
bremsstrahlung photons into respective calculations. If bremsstrahlung
photons are not detected in the reaction being considered, the problem of
taking them into account should be addressed in dealing with inclusive re-
actions.

A new method (G/N-method) for precisely taking into account the
emission of one bremsstrahlung photon as a component of one-loop radia-
tive corrections is formulated in the present study by considering the ex-
ample of observables in the inclusive Moller scattering reaction

e (k) +e(p) — e (k) +e(p2) + (k) (1)

involving polarized electrons [1] (here in brackets the 4-momenta of parti-
cles are presented).
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The nonradiative and radiative process of polarized Moller scattering
was fully described in [2] and [3], correspondingly, and the notation used
there is reproduced in the present study where, we place emphasis on the
method used to calculate the reaction phase space, which originally has the
form
d3p2 d3k2 d3k
2]920 2]{20 2]60_ (2)

d® = 6" (k1 +p1 — ko —p2 — k)

2. Phase space

In [2], the phase space (2) was reduced to the form presented in [4],
which involves a dependence on four (radiative) invariant quantities; that
1s,

dd = 16s \/Edtdfudzdvl 3)
where A4 = Aa(ki, p1, k2, p2) 1s Gram determinant. Although the expression
for the phase space looks quite simple and admits a clear interpretation in
the respective computer code, the phase space in (3) presents a difficult
challenge in integration. This served as a motivation of searches for new
ways to improve the accuracy.

To improve the convergence we transform the phase space (2) in the
reference frame comoving with the center-of-mass of primary particles,

where ki + p1 = 0, k1o = p1o = \/s/2. First of all, we remove the three-
dimensional integral with respect to d°p2, whereupon we have
d® = 8(\s — ko — P20 — ko) L .::3.!.:. (4)
2Pz 2Kz0 2Kp
We then go over to the system of spherical coordinates,
d’|k2|= |k2|*d|kz|dcosO d@;,
and apply the relation |kz|d|Kz| = k2odk2o.

It is now necessary to remove the integral with respect to k20 with the
aid of the remaining delta function by using the property J[f(x)] =
d(x—x0)/|f (xo)|, where xo is root of f{xo) = 0. In the case being considered, the
function f(x) is the lefthand side of the energy-conservation law specified

in the implicit form
f(x) = kao + p2g + ko — /s, (5)

where 4/s is the total reaction energy and x = k. One can readily evaluate
the derivative

z(1 — [k|A(z® —m?)/?)
\/332 — 2|k|A\/ CEZ — m2 =+ |k|2 (6)

flla) =1+
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In Figure 1, we depict the 3-momentum vectors of the final-state parti-
cles in the c.m. frame by using the auxiliary vector ps = —k. The possible
energies of the final-state electron can be found by resolving the energy-
conservation law f(23) = 0. The result has the form

+ BC+./C?+m?(1— B?)
Yo = 1- B2 , (7)
where the coefficients

:\/5—/60’ O k[* — (/5 — ko)®

AlK] 24]K] ®)
are expressed in terms of the factor
A = cos(ps, ka) = sin fsin 05 cos 5 + cos 6 cos 5, 9)
Z A
F' 3 k1
ks
P2
o Qs Ps
Ps )"

-

X

Figure 1 — Configuration of the 3-momenta of the final state particles
in the c.m. frame

This factor specifies that sign on the right-side of Eq. (7) which corre-
sponds to the energy: at a positive value of 4 (in this situation the 3-
momentum vector of the emitted photon forms an obtuse angle with re-
spect to the vector k) we choose %o, and vice versa.

Integration with respect to the azimuthal angle ¢y, yields 27 because
of symmetry under rotations of the system about the beam axis. Further,
we proceed to perform integration with respect to k. We have

&’k = |k|*d|k|dcosbid @i, 0= — 05, pi=T1 + @s. (10)

Upon employing ps the 3-momentum vectors of final-state particles in

the c.m. frame assume a rather simple form; that is,
k2= (|kz|sind, 0, |Kkz|cos0),
ps = (|k|sinds cosgs, |k|sinds sings, |k|cosbs), (11)
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p2=ps— k.
It is clear that p2=+vm”+Ip2l>  and is readily calculable on the basis
of (11).
We will now express all radiative invariants in terms of the proton en-
ergy and azimuthal and polar angles. We have

z1=2kok10 + 2|K||K1|cosBs, (12)
vi=2kopio— 2|K||p1|cosbs, (13)
z= (14)
v =2ko(vs — |A. (15)

It is noteworthy that, in fact, ko and |k| are different in all of the equa-
tions used. In other words, the photon mass 4 is retained in these expres-
sions. In the following, this mass will be used as an infinitesimal parameter
to regularize infrared divergences.

3. Integration over the total phase space

Everything is now ready for performing integration over the total
bremsstrahlung-photon phase space. By employing the expressions ob-
tained for the phase space, we remove the integral with respect to the de-
tected-electron azimuthal angle, whereupon the R-contribution to the cross
section assumes the form (we used d cos @ k = dc).

o def ot NPT k| .
o o = T irs 0/ d|k| /dcos@k/dep%U,(wo)l ”;’ZMM 16)
Even in this form, the relevant numerical integration (we will employ
the VEGAS Monte Carlo integrator [5] and we plan to use these technics
for cluster distributed calculations and modeling of MOLLER experi-
mental setup) involves no problems if one pays due attention to the con-
densation of points in the region of small |k|. However, it is possible to rep-
resent the result in a more elegant form. First, we proceed to consider the
integral with respect to the photon energy by employing the equality |k|d|K|
= kodko. We then have

|k|max

d|k| /|k|d]~c0 .

where Q is the maximum (chosen) bremsstrahlung photon energy. By ap-
plying the change of variable (a similar change of variable was used, for
example, in [6] to isolate the dependence of the cross section on the mini-
mal photon energy)
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dko Q

ko = A\'720% == = 1n=—dx
" ko A (17)
we obtain the cross section 1n the form
_ o, 0 / dz[k|ko /dCOb 0, /dw ko MM*
47?5 p20lf (o)l = (18)

4. Conclusion

In order to obtain reliable data in the MOLLER experiment with a de-
clared relative error below 0.01, not only is it necessary to take precisely
into account one-loop and at least leading two-loop radiative effects, but
also an exact interpretation of events involving bremsstrahlung photon
emission with allowance for the detector potential is mandatory. The new
G/N-method supplemented with a respective FORTRAN code developed
on the basis of this method solves successfully the problem in question. It
is the opinion of the author that the G/N-method may become a standard
tool for calculations of the above type, since, by construction, it does not
involve unphysical parameters, with the exception of a fictitious photon
mass, which cancels the infrared divergence in a natural way. From the
methodological point of view, the new method in question is advantageous
in the sense that it makes no use of terms such as a “soft photon™, a “hard
photon”, and a “parameter that separates the soft and hard regions”, so that
a cumbersome and essentially immaterial test for the absence of a depend-
ence on this parameter is not required. One should also bear in mind that
the calculation for the region of soft photons within a traditional approach
1s approximate, inevitably leading to a poorly controllable computational
error, but that a calculation on the basis of the G/N-method involves no
such error.
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E.3. ABaksn, C.JI. ABaksiH
YO «I'oMenbCKkuil TOCy1apCTBEHHBIA TEXHUYECKUM
yauepcuteT umenu 1. O. Cyxoro», ['omens, bemapych

B3AUMOJIEMCTBUSA CKAJIAPHBIX ME3OHOB

BBenenue

IIpoOnema onucaHus CKaJSIPHBIX ME30HOB SBJISETCS OJTHOM M3 CaMbIX
aKTYaJIbHBIX B COBPEMEHHOM (PM3HMKE AJIIEMEHTAPHBIX YACTHI] «I0 YapMay
[1]. B mepByto ouepean, 3TO OTHOCUTCS K CAMOM JIETKOM W3 CKaJSPHBIX 4Ya-
ctull f(600), KoTOpas UrpaeT KIOUYEBYIO POJIb MPU ONMUCAHUHM HYKJIOH-
HYKJIOHHBIX B3aUMOJICHCTBUH, TT-pacCEesTHUS U HEJICNTOHHBIX B3anMOJICH-
cTtBuii kaoHOB. Co BpeMeHH, Korja B cBoei padore [2] P. Estabrooks mo-
CTaBMJIa BOMIpOC ““ I'J1e OH M UTO 3TO Takoe — cKasipHbIid Me30H?” (“Where
and what are the scalar mesons?”) nponuio y»e OKoJIO YEeThIpEX JeCITUIIC-
TUM ¥ €CIIM MBI 3Ha€M OTBET Ha MEPBYIO YaCTh BOMPOCA, TO BTOPAsk OCTACT-
Csl aKTyaJIbHOM J0 CUX TIOP.

OcCHOBHBIE KCIIEpUMEHTAIbHBIE JaHHBIE O CKAJISPHBIX ME30HAX IOJTY-
YEHBI TIPU U3YUYEHUH S-BOJH B JIBYXYaCTHYHBIX PEAKIIHSIX C TICEBIOCKAIISP-
HBIMU ME30HaMHU:
T s ntnT,ntnT 5> 1% ntnT - KYKT,nvn” - K2K?, nK — nK
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, IPY MCCIIEIOBAHUN CIIEKTPOB MACC IICEBIOCKAISAPHBIX ME30HOB, POXKIA-
folmmMxess B peakuusx tuna /W — X + nm, ¢ + nm, pp — KQK2 (mm), B

skcriepuMentax SND u CMD2, B peakmime e~ — n’n’yete™ - 7%

[1].

C TeopeTHyecKkod TOYKU 3peHHs MpodiieMa CKAISPHBIX ME30HOB CO-
CTOUT B TOM, UTO JO CHX IOP OCTAETCSl HEICHOW UX BHYTPEHHSISI CTPYKTY-
pa. Ecte Mojenn, paccMarpuBaromme ckansgpaele Mezonsl 077 0%+ kak
JBYXKBapKoBbIe cocTosHUS (qq) [3. 14]. OnHako, HAaUBHBIA MOJXO0]1 K BbI-
YUCJIEHUIO CIIEKTPa MAacC CKaJISIPHBIX ME30HOBB YKa3aHHBIX CXeMaX MPUBO-
IUT K CIIEKTPY, HE COrJIACyIOIIEMYCs C SKCIIEpPUMEHTAIIbHBIM. B psiae moj-
XOJIOB JIaHHBIE YACTHUIl PACCMATPUBAIOTCS KaK YETHIPEXKBApPKOBBIE CH-
cteMbl (qqqq) [, 6]. CymiecTBYIOT Tak)Ke MOJXO/IbI, CBSA3bIBAIOIINE CKa-
JSIPHBIE ME30HBI CO CKAISIPHBIMU TIIOOHUSIMU, HATMYHUE KOTOPBIX MPEICKa-
3pIBaeTcs B pamkax KXJI [7].

B nanHo#l paboTe cKalsipHbIE ME30HBI PACCMATPUBAIOTCS B paMKax
JIBYX—KBapKOBOUM cxeMmbl. JJisi BBIUUCICHUS MATPUYHBIX  3JIEMEHTOB OYy-
neM wucroias3oBath Mogens KondaitnmupoBanueix Ksapkop (MKK), B
paMKax KOTOPOW yJajoch ONHUCATh MIMPOKUN CHEKTP HU3KOIHEpPreThye-
CKHUX ME30HHBIX B3aUMOACUCTBUM [8&].

1. Onpenenenue mapaMeTpoB CKAJISIPHBIX ME30HOB B IBYXKBapKO-
BOHM cxeMe
B MKK npennonaraercs, 4To agpOHHbBIE MOJISI BO3HUKAIOT B PE3YJIbTa-
T€ MHTETPUPOBAHUS IO TIIFOOHHBIM W KBAPKOBBIM MEPEMEHHBIM B MPOU3-
BojsmeM (Qynkuuonane KXJ[. B pesynbrare mosydaeTcs jarpaHxuaH
B3aUMOJECHUCTBUS aAPOHOB C KBAPKAMMU:
Y = 2 Mg L, g (M
V2
3nech qrj‘-‘ — KBapKoBbl€ noJist, M; — EBKIMI0OBCKUE MO, CBSI3aHHBIE C
noysmu pusndeckux yacrun (P,V, A),A; — marpunel I'emn-Manna, I, —

JlupakoBCcKUE MaTpHIbl, @ — IIBETOBOM WHIEKC, gy — KOHCTAHTHI
B3aMMOJICHCTBUS ME30HOB C KBapKaMH, KOTOpPbBIE OMPEACNAIOTCS U3
YCIJIOBHSI CBSI3BHOCTH.

Jlarpanxuan (1) MO3BOJISIET XOpPOIIO OMNHUCHIBATH B3aUMOJACHCTBUSA
MICEB/JOCKAJISIPHBIX, BEKTOPHBIX M aAKCHAJIbHO BEKTOPHBIX ME30HOB.
Opnako, Kkak OyjJeT TMOKa3aHO HWKE, OINHUCAaHUE B3aUMOJACHCTBUI
CKAJIIPHBIX ME30HOB TpeOyeT BBejieHUs B JlarpaH)kumaH B3aWMOJIEUCTBUS
JOTIOJTHUTEIHLHOTO YIEHA.

Bynem paccMatpuBaTh CKaJIIpHbIE ME30HBI KaK JBYXKBAapPKOBBIE COCTO-
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SIHUS, ONUChIBaeMbIe JlarpaHxnaHoM:
. Gs . H 2
L :ESIQT‘;(I —Lﬁa),&mﬂqg, @)
d— 3, H — HEen3BECTHBIN MMapaMeTp,
diag(1,—1,0) = a,(975)

A= diag(cos d;,cosd,, —ﬁsinﬁs) = f,(600)
diag(— sind, , —sin 8, —/2 cos 55) = f,(980)

OOcyauM BBIOOp BEpIIMHBI B3aUMOJICUCTBUS B 00JIE€ CIIOKHOM, YEM
JUTSL OCTaJIbHBIX (MICEBIOCKAIAPHBIX, BEKTOPHBIX M aKCHAIBHO BEKTOPHBIX)
ME30HOB.

C oTOM UENbI0 PacCMOTPUM JHArpaMMy, OIHMCHIBAOLIYIO PacIajl
S — PP.

CoOTBETCTBYIONIUI CTPYKTYPHBIM HHTErpan, BbluMcieHHbI B MKK
IIPU HYJIEBBIX Maccax KOHEUHBIX COCTOSIHUM, MOKET OBbITh 3allMCaH B BUJIE:

Ispp(Mmg) = Io(md) — 4H - Il(mg), 3)
rae Io(x),1;(x) — CTpYKTYpHBIC UHTETPaibl, BHIYMCACHHBIC 10 MPABUIaM
MKK [8].

IlepBoe cnaraemoe cOOTBETCTBYET BbIOOpPY JlarpankuaHa B3auMoJIeii-
CTBUs B mpocTeiinieM Buae ¢ [¢ = I . Oka3zanock, 4To B ciydae IMpOCTei-
nrero Jlarpamkuana CTpYKTYpHBIH HHTerpan I, oOpaliaercs B HYJb MPH
m_,~1070 M»5B, 4ro, B CBOIO ouepe/b, IPUBOJAUT K 3HAYUTEIHHO 3aHU-

+

ﬂ

X

a
Sl
Il

KEHHOMY, TIO CPAaBHEHHUIO C SKCHEPUMEHTAIbHBIM, 3HAUYECHUIO IIUPUHBI
pacnana f, — .

[Tomy4yeHHBIl pe3ynbTar, MO-BHIAMMOMY, CBHJETEIBCTBYET B IIOJIb3Y
OoJee CIIOXKHOM, HEXEMU MNpocTelilnas IBYXKBAPKOBAas, CTPYKTYphl CKa-
JSIPHBIX ME30HOB. Bb1OOp BepiuHbI B BUJE (2) MO3BOJIET M30€XaTh 00-
palieHus B HyJIb YKa3aHHOW BEJIUYHHBI.

Wtak, oqHUM K3 CBOOOJHBIX MMAapaMeTpoB, BXoasmux B Jlarpankuan
B3aMMOJICUCTBUS CKAJSIPHBIX ME30HOB C KBapKaMH, sIBIIA€TCS napametp H.
Eme ogHuM cBOOOAHBIM IMapaMeTpPOM SIBJISIETCS yTOJ CMELIMBAHMS CKa-
JSIPHBIX ME30HOB J5.

3a ocHOBY (DUTHPOBAHMS BO3bBMEM, BO-TIEPBBIX, YCIOBHE COTJIACOBAH-
HOCTH Ajiiepa, cocrosiiee B TpeOOBaHMU OOpalieHusl B HYJIb aMIUIUTY /b
T — W B npenene m, — 0, u, aHaJIOrM4HOe eMy TpeboBaHHe oOpariie-
HUS B HyJIb aMIUIMTYIBl TUY — T°Y; BO-BTOPBIX, SKCIIEPHMEHTAIBHOE
3HaY€HUE MIMPHUHBI pacnaja f, — .

VYcnosue cornacoBanHoctu Annepa B MKK noiryueno B Buje:
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oo oo Ll

] du b(u) = 2A* ] dua(u) — 4Hf du ub(u) | h; (H)D((0)

0 0 0 4)

5b(0) = —2A? cos & (5 cos 8s — V2 sin &5 ) - a(0) h(H)D;(0)
a(u), b(u) — pyukuun, ucrnoaszyemsie B MKK s obecrieuennst KoHdaii-
HMeHTa [8].

st putupoBaHus yJ0OHO MCMOJIB30BAaTh YACTHOE OT JICJICHUSI BhIpa-

JKEHHI, BXOIAIINX B (4), KOTOPOE HE 3aBHCUT OT Macchl f,(500) Me30Ha u
paccMaTpuBaTh PaBEHCTBO

5b(0)[J, dua(u)—4H [ duub@)] )
c0555(5 cosds — /2 sin 55) -a(0) fﬂm du b(w) = (5)

B KQU€CTBE OJTHOT'O M3 UCXOIHBIX sl GUTHPOBaHUS apaMeTpoB H U ds.
MarpuuHsblii 351eMeHT pacnaga S — PP umeer clienyromuii BUI:

Gsp,p, (mﬁ, m%f m%.l) = TME{AP& , RPZ} ’

Jhe he, hs(H) (0)

A - ; Ispp (mﬁ, mf:l,m%l).
B cinyuae pacnama f,(980) — Trﬂ,g{ﬂpi,ﬁpz} = 4sinds, he(H) —
KOHCTaHTa  CBA3M,  BBEIYKMCIEHHAsS U3  YCJIOBHS  CBSI3HO-

cTtH, Ispp (mﬁ,mﬁl,mﬁl) — CTPYKTYpHBIA HWHTErpai, 3aBucsmui ot .

Ilupuna pacnaga f, — 77, BEIMUCIEHHAS 110 CTAHAAPTHBEIM (BopMysam,

HUMEET BU:
t
Hspp
Hanbomnee O0au3kuMu k CANMHUIC IIapaMCTPhI R u gg—xp OKAa3bIBAKOTCA
spp

npu
H = 0,54
sinds = 0,3 (7)

2. Onpenesienne Macchbl CKANSAPHOTO [;(600) Mme30Ha

Maccy mpoMeKyTOYHOTO CKaJIIPHOTO Me30Ha OyJeM OIpeAciiaTh, HC-
MOJIB3Ysl JaHHBIC O JJIMHAX TI7T — paccessHHA. MaTpUIHBIN AJIEMEHT pacce-
STHUS 7T ME30HAa Ha 7T M€30HE UMECT BU/I

M_.(s, t,u) =8%6%A(s, t,u) + 662 A(t,u, s) + 6996 A(u, s, t),

rae a, b, ¢, d — 130Tonn4YeCcKue NHIEKCEL.

AMIUIATYZa OmpeenseTcss BKIagaMu «box» —IuarpamMm C MPOMEXKY-
TOYHBIMH CKAJISIPHBIMHA U BEKTOPHBIMH ME30HAMH.
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As,t,u) =I5 (s, t,u) + S™ (s, t,u) + V™ (s, t,u) (8)

BKJ1a ] MPOMEKYTOUHBIX CKAJISIPHBIX ME30HOB B (8) MMEET BUIL:
_— 5 cos? 8. sin? 8.
ST (s, t,u) = F&_(s) + ) +

Ms(s)-Mg(m$) = Mg(s)-Ts(m3 (9)
L R2 () cos? & sin? 8.
smn Ms(t)-Tg(m3) = ms(t)-Ts(m3) )’
rne Fepn(x) = Fopp(x, m%,m%); m; — wmacca f,(500), m, — Macca

f0(980).

Paccesnue m-me30Ha Ha T-ME30HE BO3MOXKHO IO TpeM KaHajam
I =0,1,2. AMIUIATYIBI paccesHUS MO PAa3IHYHBIM KaHaimoM I' Moryt
ObITh BhIpakeHsl uepe3 A(s,t,u), A(t, s,u), A(u,t,s) cremyromum obpa-
30M:

T%s,t,u) = 3A(s, t,u) + A(t,s,u) + Ay, t,s),
Tl(s,t,u) = A(t,s,u) — Ay, s, t), (10)
T2(s,t,u) = A(t,s,u) + A(y, s, t).

B cuny cumMmerpun Mexay KOHEYHBIMU ME30HAaMH MMEET MECTO pa-
BeHCTBO A(s,t,u) = A(s,u,t), HIO3TOMY OTJIUYHBIMH OT HYJIS OKa3bIBAIOT-
css tompko T2(s, t,u) u T?(s,t,u).

JIMHBI paccesHUA @’ BBIYUCIIAIOTCS TI0 (hopMyIie

al = L T'(4m2,0,0) (11)
321 .
DKCIepuMeHTalbHble 3HAUEHHs U JUIMH TITT PAcCesHUs ag U aj mo-
Jy4YE€HBbI HECKOJIbKUMHM IKCIIEPUMEHTAIBHBIMU rpyminamu [9-11].
Oxka3anoch, 4TO JJii TOTO, YTOOBI MOJTYUYECHHbIC YHCICHHBIE 3HAYCHUS
JIMH TIT- PacCesHHE aj ¥ a2 He NPOTUBOPEYMIN SKCIEPUMEHTAILHBIM

JaHHBIM, Macca IPoMeKyTouHoro fp (500) Me30Ha n1omKHa OBITH BEIOpaHa
B nuamna3zone 500+ 515 M»B.
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C.JI. ABaksn, E.3. ABaksan
YO «I'oMenbCKkuil TOCyAapCTBEHHBI TEXHUUECKUN YHUBEPCUTET
umenu [1.0. Cyxoro», ['omens, bemapych

HU3KOSHEPIETUYECKUE B3AUMOJIENCTBUS
CTPAHHBIX ME30HOB

BBenenue
N3ydeHune HENENTOHHBIX PAacCIaJoB KAOHOB IMOMOTAET TIy0Xe MOHSTh
CTPYKTYpPY ClaObIX B3aMMOJEHCTBHUH, a TaKK€ B3aWMOCBS3b IMOCIETHUX C
CUJIbHBIMHU B3aMMOJICUCTBUSAMM KBapKOB. OHON M3 HEPEIIEHHBIX MPOo0JIeM
SBJISICTCS OIMCAHUE PACIaZoB ¢ U3MeHeHHeM cTpanHoctu |AS| = 1. IIpo-
OJiemMa 3aKJ4aeTCs B TOM, YTO IMEPEeX0oJbl C U3MEHEHHEM M30ChuHa [ Ha
3/2 cymiecTBEHHO TMOJABJIEHBI MO CpaBHEHUIO ¢ mepexomamu Al = 1/2.
DKCIIEpUMEHTAJIBHO 3TO SIBJICHUE MTPOSABIIACTCS B TOM, YTO U3MEPEHHOE OT-
HomieHue [1]
INK; —»ntm)
" T'(Ks »mtm?)
Hapsiny ¢ n3yueHnem mpoueccoB B KOTOPBIX CTPAHHOCTD S U3MEHSIETCS
Ha 1, mpeAcTaBiIseTCs MHTEPECHBIM H3ydeHHe mepexoaoB ¢ |AS| =2, a
umenno K° — K°. Omucanne K°K° umeer BaxkHOe 3HaueHume IIPU TIOCTPO-
€HUU KaTMOPOBOYHBIX TEOPUI CUIIbHBIX B3aUMOJIEUCTBUM. B pamkax cran-

Va_ = 463.
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JAPTHOM IIECTUKBAPKOBOU CXeMbI [2, 3] HE yaaeTcsa OOBACHUThH SKCIIEPHU-
MeHTabHOE paciieruienne Mace K — K2 me30H0B.

N3yuenue penomena cmemmBanus 1 CP—HapyliieHus B aJpOHHBIX CH-
CTeMax SIBIISIETCA OJTHOM M3 OCHOBHBIX 3aJia4 Ipu npoBepke CTaHIapTHON
Mogaenu (CM).

[lenbto 1aHHOUM PAaOOTHI SABISIETCS U3YUYEHUE HEIENTOHHBIX B3aUMOICH-
ctBuii kaoHOB B pamkax MKK [4], a uMeHHO, y4eT BKJIAaJIOB «OOJIBIITNX
pacCTOSHUI» B MaTPHUYHBIE AJIEMEHTHI TIporeccoB ¢ |AS| = 1;2 u moxyue-
HHe mapametpos pacnanos K — mmw u K° — K nepexonos.

1.Moaeas KongaiinmupoBanubix KBapkos

Monens Kondaitnmupoanubix Ksapkos (MKK) 6a3upyercs Ha ompe-
JEJICHHBIX TPEIINOJIIOKEHUAX O CTPYKTYpE TJIFOOHHOTO BaKyyma M MeXa-
HU3ME aIpOHU3AlMU. B pe3ynbTaTe MmoaydaeTcs JarpaHXkuaH B3auMOAEH-
CTBUS aJIPOHOB C KBapKaMH:

Ly = ZMGLLA™ g5 (1)

Amn3an koHdaitamenTa B MKK cocTouT B ciiydae oJHONETIIEBBIXKBap-

KOBBIX JUarpaMm B 3aMEHE:

f doyacTr|M(x1)S(x1,%3|Byac) «* M(x,)S(xy, X1 |Byac)| =

j deTT|M(x1)Sv(xl - xz) M(xn)sv(xn - xl)L (2)
rac rpoiaratop KBapka UMECT BUL
d*p

—i - 1
Sv(xl — ;{2) = ji(gﬁ}‘l- e ip(xy—x3) pﬁq—ﬁ. (3)

ITapameTp A4 XapakTepusyeT pasMep 00JacTH KOH(paliHMEHTa KBapKa
c apoMatomMqg = u, d, s. Mepa uHTerpupoBanus do, onpeaeicHa TaK, 4To:

fcicru G(z) =a(—z®) +2b(—2z2). (4

v—Zz
®dyuknus G(z) HassiBaeTcs GyHKIMENR KOH(DAHHMEHTa U ITPEICTABIISAET
coboii 1enyr (yHKIU, yObiBatolyto B EBKIMA0BON 001acTu ObICTpee
n060# cTenmenn z npu zZ — . Mpl 6ynem ucnonb3oBath a(—z2) u
b(—z?) B Buze:

alu) = ag g WA

b(u) = bye ¥ b1t )
Tpeboranue BoinoaHenns B MKK aHoManbHBIX TOXIECTB Yop/a JaeT
AOmoJHUTENbHBIE cooTHOIIeHuss Mmexay al(0) m  b(0): b(0) = —a’(0),
a(0) = 2.
Takum o00pa3oM, CBOOOJHBIMH MapaMeTpaMud MOJICIU SBJISIOTCS
Ag, bo, by.
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OHu ObuM 3apuKCUpOBaHbl (UTHUPOBAHUEM IO XOPOIIO M3BECTHHIM
KOHCTaHTaM HHM3KOIHEPIETUYECKON (DUBMKHU [, Gpys Gryy s Gewnys o M

OKa3aJI0Ch, YTO HAWJIy4yllee OINMHUCAHWE BCEW COBOKYITHOCTHM KOHCTaHT JI0-
cturaercs npu by = 2; by = 0,2; A,, = 430 M»B [5].

Jlns onycaHusl CTPAHHBIX ME30HOB HEO0O0XO0aAuMO 3adUKCHUPOBATH JO-
MOJHUTENBHBIA TIapaMeTp A, ONUCHIBAIOIIMKA 007acTh KOH(paHMEHTa
cTpaHHOTO KBapka. Jljist puTupoBaHus, UCTOIb3yEM KOHCTAHThI OCHOBHBIX
pacrajioB CTPaHHBIX ME30HOB, MPOUCXOJAIINX TPU CJIA0BIX, 3JIEKTpOMAr-
HHUTHBIX M CHIIBHEIX B3ammopeiicteusax (K* — u*v, K* — Ky, K* — K,
¢ — KK, nepexona ¢ — y).

Okazanoch, 4YTO HaAWIY4IlEe COTJIACHECHE C HKCIEPUMEHTAIHLHBIMU
JTAHHBIMU, ocTUTaeTcs npu As = 505 MaB [6].

2. Pacnanel K — 21
Cnaboe B3auMOJIeiCTBHE KBApKOB OyJIeM OMHUCHIBATH C MOMOIIbIO 3(-
(EKTUBHOTO YETHIPEXKBAPKOBOTO FraMUJIbTOHUAHA, MOJTYYEHHOTO B paMKax
CTaHIAPTHON MOJIEJIM C YUYE€TOM TIFOOHHBIX nonpaBok KX /I [7]:
6

24/2

Koaddumuents! ¢;, Bxoasmye B 3PGEeKTUBHBIN raMIIbTOHUAH SIBJISI-
FOTCSl PEUIEHUSIMU PEHOPMIPYMIIOBBIX YpaBHEHUM U 3aBUCAT oT KX]JI ma-
PaMETPOB: TOYKH HOPMHUPOBKH [, Oerymeii koHcTanTel &s(p?, Agep) m

_ Gr
H;ﬁ?_l - —ZVude Z ¢;0;
i=1

Macc TsDKeJbIX KBapkoB [8]. Omepartopsl O; UMEIOT CTaHAAPTHBIA BUJ U
MIPUBEJICHBI B [7].

JlnarpaMMBbl OTMCHIBAIOIINE pacIajibl KaoHOB, K¢ — mim~ (u3oTOmMUe-
ckuii crmH m3Menstercst Ha 1/2) u K¥ — ntn® (m3oTommuecknii crmH n3-
MeHsIeTCsl Ha 3/2) mpuBeJieHbl Ha pUCYyHKe la U pucyHKe 10 COOTBETCTBEH-
HO. CrenyeT noaI4epKHyTh, 4TO cpenu oneparopoB 0, — 0g TOIBKO ome-

+

3
parop O, oTBeuaet nepexoaam ¢ Al = >

Cnenyer NOMYEpPKHYTh, 4To npomexyrounele 071 ( f,(550) n
f0(980)) BHOCAT BKJIaJ TOJBKO B MATPHUYHBIA JIIEMEHT pacraaa ¢
Al =1 / 2 K2 — n¥m™, mosTOoMy MOI'yT 00ECIIEUNTh BBITIOJHEHUE MTPABHIIA

Al = 1/2. Vder mpoMeXyTOYHBIX CKJSIPHBIX COCTOSHUW MPUBENT K TOMY,
YTO OTHOLIECHUE IIMPHH PACIIaI0B
MNKs = m7)
['(K; —» ntn?)

Vi — 433,84,
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YTO XOpomo COorjiacyercs ¢ SKCIICPUMCHTAJIbHBIM 3HAYCHUCM.

‘