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06mrur xapaKTepHCTHKa pa60TbI 

TeMoii JJ:aJIHOH nn:ccepTaunn XBJIXeTca pa:1pa60TKa Teopnn JIC3-

ycnnnTena C a3IIM)'Tan1,Ho-CIIMMCTpII'IHhIM 3JICKTpOHHhIM Ily<IKOM II IIC­

cnenonaHne D03MO)IrnocTII ncrron1,3onannx JIC3-ycnnnTeneii .nna co3.naHna 

raMMa-raMMa Konnaiinepon Ha 6a:1e 1IIIHCHHhIX 31ICKTp0H-II0311TpOHHhIX 

Korrrraiinepon. 

AKTYaJihHOCTh pa6oTbI 

Jla3epbl Ha cno6o.nHhIX 3JICK;poHax (JIC3) .S:B1l.S:IOTC.S: nepCIICKTHBHhl­

MlI IICT0'IHlIKaMII KorepeHTHoro ll3JIY'ICHII.S:. Y CTpoiicTna JIC3 06rrana10T · 

Ba)I{HhIMII IIOTCHUIIaJihHhIMlI rrpe11Myrn:ecTDaMII IIO cpaBHCHIIIO C KDaHTo-· 

BhIMlI reHepaTOpaMII Kore}_)eHTHOro ll31IJ'ICHII.S:. OHII crroco6Hbl o6ecrre'III­

DaTI, rrepecTpannaeMOCTh n mnp01rnx rrpenerrax JJ:JIIIHhl DOJIHhl 113rryqe­

n11a, DhlcoKyIO rrnKony10 11 cpenn1010 MOIUHOCTb lI3JiyqeHIIa, DhlCOKIIH KIILI 
rrpeo6pa3oBaHII.S: 3JICKTpII'ICCKOH 3Hepr1III B 3HeprlIIO 3JICKTpOMarHIITHO­

ro II3JIY'ICHII.S:, MIIHIIMaJihHYIO (nncppaKllIIOHHYIO} pacxonnMOCTI, II3Jiy<IC­

HII.S:. B Te'Ien11e rrocrrennlIX nnyx necaTnrreTIIH 6hIJI nocTllrHYT 3Ha'I11Terr1,­

HhIH rrporpecc B TeXHnKe JIC3. K HacToarn:eMy npeMeHn co3.nano 6orree 

Tpex necaTK0B pa60Ta10mnx JIC3-renepaTopon, rrepeKphlna10mnx 06rracT1, 

JJ:JIIIH DOJIH 3JICKTpOMarHIITHOrO CIICKTpa bT JJ:aJibHero IIH<ppaKpacnoro JJ:O 

yrr1,TpacpnorreTonoro. IlponeneHhl ycrremnhle 3Kcrrep11MeHThl no co3.naHlIIO 

JIC3-ycnrrnTerreii. HecMoTpH na CIIJihHYIO KOHKJpenn:1110 co cT,opoHhl KDaH­

TODhlX renepaTopon ·KorepeHTHoro 113rryqen11a, JIC3-reHepaTophl rrpII3Ha­

Hhl KaK HC3aMCHIIMhlC IICTO'IHIIKII rrepecTpannaeMoro ll3JIY'ICHII.S:, 'ITO He-

06xon11Mo ,!:(JI.SJ: pana nay'IHhlX IICCJIC,!:(OBaHIIH. B MIIpe IIOCTpoeHO OKOJIO .n:e­

C.S:TKa crren:naJilI31IpODaJIHhIX D;C~ITpOD JIC3 IIH<ppaKpaCHOro JJ:llaIIa30Ha, D 

KOT0phlX rrpononaTC.S: lICCJICJJ:ODaJIII.S: D o6JiaCT.S:X 
1

<pII3lIKII TBepnoro Terra, 

6nocpII3lIKII, 6noxn:Mllll, MC.!:(III(lIHhl II T.n. IlpIIHIIMruI DO BHlIMaHne rrepcrreK­
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AHaJIII3 ,nIIHaMIIKII pa3BIITIIH JIC3 rrorm3hlBaeT, 'ITO B Te'leHIIe cne.nyrome­

ro ,neCHTIIJieTIIH JIC3 3aHMeT IIpO'IHOe MeCTO KaK He3aMeHIIMhlli rrpII6op 

.IJ;JIH MHmKeCTBa Hay'IHhlX ll HH.nycTpnam,HhlX rrpHMeHeHHH. 

. .llnH pH,na rrepcrreKTHBHhlX rrpaKTH'leCKHX rrpnMeHeHHH Tpe6yeTCH rre­

pecTpaHBaeMoe no .IJ;JIHHe BOJIHhl KorepeHTHOe ll3Jiy'leHHe 6om,moH IIHKO­

BOH n cpe.nHeH MOIIJ;HOCTII, KOTOpoe MmKeT 6bITI, rrony'leHO TOJibKO c IIOMO­

nu,ro JIC3-ycnnnTeneH. K TaKHM rrpHMeHeHHHM cne.nyeT OTHecTn co3,naHne 

na3epoB peHTreH0Bc1wro .nnarra3oHa, co3,namrn :rnepreTn•IecKoro .npaHBepa 

.ttJIH IIpOMhlmJieHHOro TepMOH,nepHoro peaKTopa Ha OCHOBe HHepn:HaJII,HO­

ro TepMOH,nepHOr0 CllHTe3a, HarpeB IIJia3Mhl B TOKaMaKaX MOIIJ;HhlM CBq­

ll3Jiy'leHHeM, .C03}laHne raMMa-raMMa KOJIJiaH,nepoB Ha OCHOBe JIHHeHHhlX 

KOJIJiaH,nepon. Y'IHThlBM Ba)KHOCTI, 3THX rrpHMeHeHHH, Tpe6yeTCH ,neTaJib­

HM pa3pa6oTim Teopnn JIC3-ycnnnTeneH n rrpopa6oTKa KoHnerrnnH Tex­

HH'lecKOH peaJIIl3aD:Hll KOHKpeTHhlX ycTpOHCTB. 

QeJib p_a60Tbl 

Uen1,ro rrpe,ncTaBnHeMo:if .nnccepTannn HBJIHeTcH pa3pa6oTKa Teopnn 

JIC3-ycHJIHTeJIH C a3HMyTaJibHO-ClIMMeTpll'IHhlM 3JieKTpOHHhlM IIY'IKOM ll 

nccne.nonaH:rre B03MmKHocT:rr ncrron1,3onaHHH JIC3-ycnnnTeneH .nnH co3,na­

HHH raMMa-raMMa KOJIJiaH.nepoB Ha 6a3e JIHHeHHbIX IWJIJiaH,nepoB. 

Hay~mu1 HOBII3Ha p_a6oThl 

B rrpe.ncTaBJIHeMOH .nnccepTaD:HII BrrepBhle IIOCTpoeHa 3aKOH'leHHM Te­

op:rrH JIC3-ycnnnTeJIH C a3HMyTaJII,HO-CllMMeTpll'IHhlM 3JieKTpOHHhlM rry'l­

IWM. Teop:rrH BKJIIO'laeT B ce6H pemeHne 3a,na'IH Ha co6CTBeHHhle 3Ha'le­

HHH, pemeHne HatiaJibHOH 3a,natm 1I TeopIIIO HeJIHHeHHOro pe)KlIMa pa6oThl 

JIC3-ycIIJIHTeJIH. 0TmI'IIITefilHOH oco6eHHOCTbIO o6mero rro.nxo.na K rro­

cTpoeHIIIO Teopnn HBJIHeTCH llCIIOJib30BaHI:Ie MeTO.IJ;OB rro.no6HH. Oco6eHHO­

CTbIO rro.nxo.na K pemeirnro 3a,na'III Ha co6CTBeHHI,Ie 3Ha'leHHH HBJIHeTCH cy­

mecTBeHHOe llCIIOJib30BaHne aHaJilITHtieCirnx MeTO.IJ;OB. B .n:rrccepTaIUIII pac­

CMOTpeHhl Bee Bap:rraHTbI JIC3-ycHJIHTeJIH C a3HMYTaJibHO-CllMMeTpll'IHhlM 

3JieKTpOHHbIM IIY'IKOM, .norrycKaromne aHaJIHTH'leCKOe pemeHHe . .llnH aHa­

JIH3a JIC3-ycHJIHTeJieH C 3JieKTpOHHhlM IIY'IKOM, HMeIOIIJ;IIM IIp01I3BOJibHOe 
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rpa.n:neHTHOe pacrrpe.neneHIIe IIJIOTHOCTH TOKa, pa3pa60TaH MeTo.n MHoro­

CJIOHHOH cTyrreH'laToH arrrrpoKcHMannn. IIv1IHD:HIImtJII,Hli[M MOMeHTOM pa3-

B1ITHH Teopnn JIC3-ycnnnTeJIH HBnnoc1, .neTaJII,Hoe II3yqeHHe Ha'laJII,HOH 

3a,na'IH. qTO KacaeTCH HeJIHHeHHOH Teopnn JIC3-yclinnTeJIH, TO 3,nec1, HO­

BhlM MOMeHTOM HBHJIOCb llCIIOfil30B~IIe MeTO,l(a q>ynKD:IIII rpIIHa .l(JIH pac­

'leTa rroneH II3JIY'leHIIH. B pe3yn1>TaTe pa3pa6oTaH anropIITM 'IIICJieHHoro 

MO,l(eJIIIpOBaHHH JIC3-ycIInnTeJIH, cymecTBeHHO rrpeBOCXO.l(HIIJ;Illi no TO'IHO­

CTII II CKOpOCTII pac'!eTOB aJircipIITMhl, 6a3IIpyrom;IIeCH Ha .npyrIIX rro.nxo­

.nax. B nenoM, rraKeT rrporpaMM FS2R .nnH pac'!eTa JIC3-ycIInHTenH He 

IIMeeT aHaJIOrOB B MllpOBOH IIpaKTIIKe. 

Mccne.noBaHIIe B03MO)KHOCTII rrpHMeHeHIIH TexHHKII JIC3 .nnH co3.z:i:aH1IH · 

raMMa-raMMa IWJIJiaH.nepoB HBIIJIIICI, cymecTBeHHbIM maroM Ha IIYTII CTa­

HOBJieHIIH 3TOro Harrpaime~IIH. B- 'laCTHOCTII, rrpe.nno:iKeHa II o60CHOB~a 

.nnyXKaCKa.l(HM cxeMa JIC3 n Ka'leCTBe IICTO'IHHKa rrepBII'IHhlX q>OTOHOB 

.l(JIH raMMa-raMMa KOJIJiaH.l(epa. BrrepBhle .neTaJibHO IICCJie,l(OBaHhl Tpe6ona­

HIIH, rrpe.n'bHBJIHeMble K OIITII'leCKOH CIICTeMe raMMa-raMMa KOJIJiaH.l(epa Ha 

6a3e JI C3 II HaMe'leHhl rry_TII TexHil'lecKoH peaJIII3an~. 

Hay'IHruI II npaKTlPleCKruI ~eHHOCTb pa60Thl 

B HayqHoM rrnaHe TeopnH JIC3-ycnnnTenH, pa3pa6oTaHHM · B .naH­

HOH .nnccepTannn, ~BJIHeTCH cymecTBeHHhlM BKJia,l(OM B 'pa3BllTIIe TeOplIII 

JIC3. B rrpaKTH'leCKOM rrnaHe pe3yn1,TaThl rrpone.neHHhlX IICCJI~OBaHHH MO­

ryT 6bITb llCIIOJI1:,30BaHhl .l(JIH aHanH3a II pac'leTa rrepcrreKTHBHhlX JIC3-

YCIInHTeJieH Il;Hq>paKpacHoro, OIITH'leCKOro ll peHTreHOBCKOro .l(IIaIIa30HOB 

.l(JIH TaKIIX rrpHMeHeHllli, KaK C03,l(aHne Jia3epoB peHTreHOBCKOro .l(llaIIa30Ha, 

co3.z:i:aHne 3ilepreTH'lecKoro .npmepa .nnH rrpoMhlmneHHoro TepMomepHo­

ro peaKTOpa Ha OCHOBe IIHepn:IIaJibHOro TepMoH.nepHoro CllHTe3a, C03,l(aHHe 

raMMa-raMMa KOJIJiaii.nepoB Ha OCHOBe JIHHellHbIX KOJIJiaii.l(epoB ll MOIIJ;HhlX 

JIC3-ycnnnTeneii rrpHKna.nnoro Ha3Ha'leHHH. B HacToHIIJ;ee npeMH pa3pa6o­

TaHHaH TeopnH JIC3-ycnnnTeJIH II IIaKeT rrporpaMM FS2R IICIIOfil3YIOTCH 

.nnH Bhl6opa II orrTIIMII3aD:IIII rr·apaMe;C'POB JIC3-ycIIJIIITeJIH peHTreHoncKo­

ro .nIIarra3oHa, rrJiaHIIpyeMoro K co3.l(aHIIIO B DESY (re_pMannH). Pa3pa-

6oTaHHhlll B .nIIccepTan:IIII rro.nxo.n K co3.naHIIIO raMMa-:raMMa KorrrraH.nepa 
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11cnom,3yeTCll D Ka'IeCTDe 6a30DOH OCHODlil D npoeKTe mrne:ftHoro KOJIJiaH­

.nepa TESLA. 

!ly6m1xan:m1 11 a11po6an:m1 pa6oTbl 

OcHODHlile pe3yrr1,TaTlil, Dome.nmne D .nnccepTanmo, II3JIO)KeHlil D 9 ny-

6JlnKa:a;nllx, npnDe.neHHlilX B cnncKe JIHTepaTyplil. 

Pe3yJibTaTlil pa60Tlil ,D:OKJia,D:lilDaJIHCI, Ha crre.nyIOillIIX CODem;aHnlIX: 

BTopoe BcecOI03HOe CODemaHne no HODlilM MeTO.D:aM ycKopeHIIll (Hop­

AM6ep.n, 1989); · 

- VII CeMnHap no peJilITHDHCTCKo:ft CBq-:meKTpOHHKe (ToMcK, 25 - 27 

HOll6pll 1991 r.); 

- BTopoe pa6o'!ee coDeIUaHne "<l>n3nKa Ha BIT3IIII" (IIpoTDnHo, 2-4 HIDHll 

1992 r.); 

- XIII CoDem;aHne no ycKopnTeJilIM 3apll:iKeHHlilX '!acTnn (Ily6Ha, 13-15 

OKTll6pll 1992 r.); 

- 15 Me)K.IJ:yHapo.nHoe coDem;aHne no na3epaM Ha cDo6o,nHlilX 3JieKTpoHax 

(raara, HII.neprraH,nlil, 23-27 aDrycTa 1993 r.); 

- Me:iK.nyHapo.nHoe coDem;aHIIe no ra.\fMa-raMMa Korrna:ft.nepaM (BepKJIH, 

CIDA, 28-31 MapTa 1994 r.); 

a TaK)Ke Ha ceMIIHapax ycKopIITeJibHpro oT,neneHIIll ITCB3 0115111, DESY 

(repMaHIIll), .IlopTMYH.D:CKOro YHIIDCpCIITCTa (repMaHIIll). 

OcH0BHble pe3yJihTaTbl, BbIH0CHMble Ha 3~HTy: 

1. BlilDe,neHlil D o6meM DII,ne caMocorrracoDaHHlile ypanHeHIIll ,nrrll onnca­

HHll JIIIHe:ftHoro pe)l<IIMa pa6oThl ITC3-ycIIJIIITCJIH. 

2. Pa3pa6oTaHa. TeopnH JIIIHe:ftHoro pe)lrnMa pa6oThl ITC3-ycnJIIITCiill 

C a3IIMyTaJibHO-CIIMMeTpII'IHbIM 3JICKTpOHHlilM ny'IKOM. .IlrrH crry'Iae:ri 

CTyneH'IaToro II orpaHII'ICHHOro napa60JIII'ICCKOro npoqmrre:ft nJIOTHO­

CTII TOKa 3JICKTpOHHoro ny'!Ka npoDe.neHO aHaJIIITII'ICCKOe pemeHIIe 3a­

.na'III Ha co6cTDCHHlile 3Ha'ICHIIll. Ilorry'ICHlil ,nIIcnepcIIOHHlile ypanHe­

HIIll II Ha:ft.neHlil aHaJIHTII'IeCKIIC Dlilpa:iKeHHll .nmr MO.D: II3JIY'ICHIIll. llc­

crre.noBaHO acIIMnTOTII'ICCKoe noBe,neHne norry'IeHHlilX pemem1:ft. Ilpone-
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,neH .neTaJThHlilH aHaJIH3 BJIIIlIHIIH Ha pa6oTy ITC3-ycIIJIHTCJIH .D:IIqipaK­

:a;noHHlilX 3qJq>CKTOB, 3q>q>eKTOD rrpocTpaHCTBCHHOro 3apH,na ll :mepre­

TII'ICCKoro pa36poca. O6Hapy)KeH 3q>q>CKT ceJieK:a;nn MO.D: II3JIJ'ICHIIll II3-

3a 3HepreTH'ICCKOro pa36poca, COCTOHID;HH B TOM, 'ITO 3HepreTII'ICCKIIH 

pa36poc npHDO.D:IIT K CHJII,HOMY no,naBJICHHIO IIHKpeMeHTOB HapacTaHIIH 

BlilCillIIX MO.D: ll3JIY'ICHIIll . .IlrrH CJIY'IM IIY'!Ka npOII3BOJibHlilM rpa.nneHT­

HlilM pacrrpe.nerreHIIeM IIJIOTHOCTII TOKa pa3pa6oTaH MCTO.D: MHOrocrro:ft­

HOH CTYIICH'IaTOH anrrpOKCIIMaI.UIII .D:JIH pemeHIIll 3a,na'III Ha co6CTBeH­

Hlile 3Ha'ICHIIH. 

3. Pa3pa6oTaH rro.nxo.n K pemeHIIIO Ha'Iam,Ho:ft 3a,na'In ,nrrll ITC3-

ycIIJIIITenH, OCHOBaHHlilH Ha pemeHHII llHTerpo-.nnqicpepeH:a;IIaJibHoro 

ypaBHCHIIH Ha rrepnyro rapMOHHKY Mo.nynHnnn IIJIOTHOCTII rry'IKa. llc­

crre.n:onaHa rrpo6rreMa· o6ecrre'!eHIIH ycrroBn:ft orrTIIMaJibHoii qioKycIIpoB­

KII II3JIY'-ICHIIH 3a,na10mero Jia3epa Ha 3JICKTpOHHlilH IIY'IOK Ha Bxo.ne 

OH.UYJilITopa. 

4. Pa3pa60TaHa HennHeiIHM TeopIIH ITC3-ycnnIITeJIH c a3IIMYTaJibHO­

cIIMMeTpII'IHlilM 3JICKTpOHHlilM rry'IKOM. Oco6eHHOCTbIO rro.nxo.na HBJIH­

eTcH IICIIOJII,30BaHJie MeTo.na cpyHK:a;n:II rpnHa .D:Jill Dlil'IIICJICHllll rrone:ft 

II3JIY'ICHIIH II npocTpaHCTDeHHOro 3apH.na. Ilpone.neH aHaJIII3 OCHODHlilX 

3q>cpeKTon HennHe:ftHoii Teopmr ITC3-ycIIJIIITeJIH. 

5. Co3,naH rraKeT nporpaMM FS2R .nnH pac'!eTa napaMeTpon ITC3-

ycIIrrnTeJIH, He nMeromn:ft aHanoron B Mnponoii rrpaKTHKe. IlaKeT 

BKJIIO'IaeT B ce6H 'IeTlilpe nporpaMMbI. IlporpaMMa FS2RH no3BOJIHeT 

IIpOBO,D:lITb aHaJIII3 napaMeTpOB IT C3-YCIIJIIITCJIH C IIOMOID;blO MCTO,D:OB 

no.no6IIll. IlporpaMMa FS2RD rro3BOJIHeT rrpono.nIITb aHaJIII3 Mo.n u3ny­

'ICH:IIH ny'IKa (pemeHIIe 3a,na'III Ha co6cTneHHlile 3Ha'IeH1rn). IlporpaM­

Ma FS2RL no3Bons.reT Haxo.nIITb napaMeTplil ITC3-ycn:JIIITCJIH npn pa-

6oTe B _rrnHeHHoM pe)KnMe (pemeHIIe Ha'IaJibHoii 3a,na'III). IlporpaMMa 

FS2RN npe,ncTaBnHeT co6oii arrropIITM Mo.nem1poBaHIIll HerrnHei'moro 

J)C)KIIMa pa6oTlil ITC3-ycIIJIIITeJIH. Pa3pa6oTaHHlilM arrropuTM 3Ha'In­

Ten1,Ho n1:>eBOCXO,D:IIT no TO'IHOCTII u CKOpOCTII pac'!eTOD arrropIITMlil, 

6a3IIpyrom;neCll Ha IIp.lIMOM Dbl'IIICJICHHII 3JieKTpOMarHIITHlilX none:ft ny­

TeM pemeHIIll BOJIHOBoro ypanHeHIIH, 3aIIIICaHHoro D napaKCIIa.TibHOM 
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npn6muKemm. 

6. Pa3pa6oTana Texmma npnMeHeHIIK MeTonon nonoforn B TeopIIII JIC:3-

ycnmITeJrn C a3IIMYTaJibHO-CIIMMeTpWIHhlM 3JieKTpOHHbIM IIJ'IKOM. 

AHaJIII3 C noMOillbIO MeTO.IlOB n~nofiIIK no3BOJIKeT He TOJibKO yMeHh­

illIITb 'lllCJIO napro.rnTpOB 3aL(a'lII, HO II npoBeCTII rrryfioKIIH 4JII3II'le­

CKIIH aHaJill3 02KIIL(aeMbIX pe3yJibTaTOB 6e3 nponeneHIIH CJIO)l(HbIX pac­

'leTOB. EcJIII )Ke rOBOpIITb npo CaMII pac'!eTbl, TO pemeHile 6e3pa3Mep­

HbIX ypaBHeHIIH no3BOJIHeT npencTaBJIHTb pe3JJibTaTbl B TaKOH cpop­

Me, KOTopaH o6rranaeT onHoBpeMeHHO II 6orrbmoii o6IUHOCThIO, II M02KeT 

fihITI, IICIIOJib30BaHa L(JIH nponeneHIIH pac'!eTOB npII KOHKpeTHbIX <l>II3II­

'leCKIIX napaMeTpax ycTaHOBKII. 

7. IlponeneH aHaJIII3 ocofieHHOCTeii onTIIMII3amIII napaMeTpOB raMMa­

raMMa KOJIJiaiinepoB, C03L(aBaeMbIX Ha fia3e JIIIHeHHbIX 3JieKTpOH­

n03IIT})OHHbIX KOJIJiaiinepoB. 

8. Ilpenrro2KeHa nnyxKacKa.IlHaH cxeMa JIC3 B Ka'leCTBe IICTO'lHIIKa nep­

BII'IHhlX cpoTOH0B L(JIH raMMa-raMMa KOJIJlaHL(epa. IlepBbIM KaCKaL(OM 

crry2KIIT nepecTprurnaeMhlii JIC3-TeHepaTop, I1J_rry'leHI1e KOToporo ycI1-

JIIIBaeTcK B JIC3-ycIIJIIITerre c napI1aUI1eii napaMeTpoB oHnyrr_HTopa. 

IloKa3aHo, 'ITO TaKaH cxeMa HBJIHeTCH HaII6orree onTIIMaJibHOH II yno­

BJieTBOpHeT BCe:M TpefioBaHIIHM, npen1>HDJIHeMbIM K IICTO'IHIIKY nep­

BII'lHbIX cpoTOHOB L(JIH raMMa-raMMa KOJIJiaiinepa. 

9. IlponeneH aHaJIII3 B03MO:>KHOCTII IIcnorrh30BaHIIH TeXHIIKII JIC3 nrrH 

. co3.z:i:aHIIH raMMa-raMMa Korrrraiinepon T3B-Horo mrnna3oHa 3Heprn:ii. 

II pOBeneHa orrTn:MIIJaun:H napaMeTpon JI C3-ycn:rrn:TeJIH, BbipafioTaHhl 

Tpe6on~H Ha napaMeTphl npaiinepHoro 3JieKTpoHHOro ny'IK.a II Ha 

napaMeTpbI OH.IlJJIHTopa. IloKa3aHo, '-ITO co3.z:i:anrre TaKoro JIC3 Tex­

HII'leCKII B03MO:>KHO. 

Co.n:ep)KaHHe .n:uccepTaI{HH 

lIIIccepTauIIH COCTOHT II3 BBeL(eHIIH, nHTII rrran, 3aKJIIO'leHn:H ll cnn:cK.a 

JIHTepaTypbI. qIICJIO CTpaHIIu TeKcTa {IICKJIIO'laH TIITJJibHbIH JIIICT, orrra­

BJieHIIe, cnIICOK JIIITepaTypbI) COCTaBJIHeT 123. qIICJIO pIICJHKOB 41_, TafiJIIIU 

3. CnIIcoK JIIITepaTyphl cocTOIIT II3 78 HaIIMeHOBaHIIii. 

6 

Bae.n;eHHe 

Bo nne.ri:eHIIII npIIBO.IlIITCH cpaBHIITeJibHbIH aHaJIII3. ycTpoiicTB JIC3 II 

KBaHTOBbIX reHepaTopoB KorepeHTHOro Il3JIY'leHIIH. IloKa3aHO, 'ITO JIC3 

npe,ri:cTaBJIHIOT co6oii OTJleJibHbIH KJiacc 3JieKTpOBaKJYMHhIX npII6opon, 

'ITO HBJIHeTCH onpeneJIHIOIIlIIM 4JaKTOpOM noTem:J;llaJibHOro npeIIMYW:eCTBa 

ycrpoiicTB JIC3 Han KBaHTOBhlMII reHepaTopaMII. IlpIIBOnn:TCH KpaTKIIH 

o63op conpeMeHHhIX II 6ynynnoc npIIMEmeHIIH JIC3. IloKaJano, 'ITO nrrH pH­

na nepcneKTIIBHhIX npaKTII'leCKIIX npIIMeHeHIIH ( C03J(aHUe Jia3epon peHTre-
' 

HoncKoro .IlIIana3oHa, C03.IlaHIIe 3HepreTII'lecKoro npairnepa_ .r(JIH npoMhlll-

rreHHoro TepMo.HnepHoro peaK.Topa Ha ocHone IIHepun:aJibHoro TepMo.Hnep- . 

HOro CIIHTe3a, HarpeB nJia3Mhl B TOKaMaKax MOIIUibIM CBq-ll3JIY'leHUeM, 

C03J(aHUe raMMa-raMMa I(~JIJiaHJ(epoB Ha OCHOBe JIIIHeHHbIX KOJIJiaHJ(epoB) 

Tpe6yeTcH nepecT})airnaeMoe no nJIIIHe BOJIHhl KorepeHTHoe II3JIY'leHIIe 

6oJibmoii IlIIKOBOH n: cpe,ri:Heii MOIIUIOCTII, KOTOpoe MO)KeT 6bITb nOJIJ'leHO 

TOJibKO C noMOillblO JIC3-ycIIJIIITeJieii. 

Ile_p_arui rnaaa 

IlepnaH rrrana nocn.ameHa BhIBony caMocorrraconaHHbIX ypanHeHIIH JIII­

HeirHoii Teopnn JIC3-ycIIJIIITeJIH. AHaJIII3 pa6oTbl JIC3-ycIIJIIITeJIH _ocHo­

nan Ha pemeHIIII ypanHeHIIH MaK.cnerrrra, 3aIIIICaHHbIX B napaKCHaJibHOM 

npIIfiJIII)KeHIIII, n: KIIHeTII'leCKOro ypaBHeHII.H J(Jl.H J(BII)KeHII.H 'laCTIID;, 3aIIII­

CaHHoro B nepeMeHHbIX "3HeprnH-cpa3a". IlpennonaraeTc.H; ~To 'laCTIID;bl 

L(BII)KJTCH (n cpenHeM no BbIHJ)Kl{eHHOMJ J(BII)KeHIIIO) TOJibKO B.IlOJib OCH 

OH.IlJJIHTopa. TaKaH MOJleJib oKaJanaqh 'Ipe3Bhl'laHHO nrronoTBOpHOH II no-

3BOJIIIJia OnIICaTb npaKTH'leCKII nee OCHOBHble cpn:3ll'leCKIIe 3cpcpeKTbl~ onpe­

nenHIOmn:e'pafioTy JIC3-ycIIJIIITeJIH, TaKIIe Ka.K nncppa.KUIIoHHble 3cpcpeKThl, 

BJIIIHHIIe noJIH npocT})aHCTBeHHoro 3ap.Hna, BJIIIHHIIe 3HepreTII'leCKoro pa3-

6poca 'laCTIID; B ny'IK.e. B rnane 1 BbIBeL(eHbl caMocornaconaHHble ypanHe­

HIIH, OilIICbIBaIOmn:e mmeHHblli proKIIM pafiOTbl JIC3-ycnJIIITeJIH. OHII MO­

ryT fihITb 3aIIIICaHbl JIII6o B BIIL(e IIHTerpo-nncpcpepem:J;llaJibHOro ypanHeHIIH 

Ha none ll3JIY'leHIIH, JIII6o B BIIL(e IIHTerpaJibHoro ypanHeHIIH Ha a.MIIJIIITY.IlY 

MO.IlJJIHUHII nrro'l'HoCTII 3JieKTJ)OHHoro ny'IK.a. Bo BTopoii II T})eTbeii: rna­

nax J(aHHble ypanHeHIIH ncnoJib3YJOTCH .r(JIH pemeHIIH 3aJla'III Ha cofiCTBeH-
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Horn 3Ha11eHmr n Ha'laJibHOlI 3a,na11II .nmr JIC8-ycmnITemr c a3IIMJTaJibHO­

cIIMMeTpII1IHhlM 3JieKTpOHHhlM ny'IKOM. 

· BTopcUI rnaaa 

· BToprui: · rrrana nocnmn;eHa pememoo. 3a,na11II Ha co6cTBeHHhle 3Ha11e­

HIIJI .I(JIJI JIC8-ycIIJIRTeJIJI C a3IIMJT<).JlbHO-CIIMMeTpII1IHhlM 3JieKTpOHHhlM 

ny'IKOM. B o6w:eM crryqae nJIOTHOCTb TOKa a3IIMJTaJibHO-CIIMMeTpII1IHOro 

3JieKTpOHHOro ny11Ka MmKeT 6hlTb npe,ncTaBJieHa B BII.I(e: 

. { IS(r/ro) [21r I rS(r/r0 )dr]-I 
Jo(r) = . o 

0 . 

npII 

npII 

r < ro, 

r > ro, 
(1) 

r.ne S(r /ro) - q>yHKIUrn, OIIIIChlBaIOW:ruI IIpOq>IIJib IIJ'!Ka, ro :__ rpamma 11y11-

Ka, I - IIOJIHbilI TOK 11y1IKa. B 11pe.nerre 6om,moro K03q>q>IIUIIeHTa ycnrreHnJI, 

IIOJie R3JIJ'IeHIIJI nyi:.rKa B OH.I(JJIJITOpe MO)KeT 6hlTb IIpe,ncTaBJieHO B nn.ne 

Ha6opa Mo,n: 

Ex+ iEy = exp[iw(z/c - t)] I:Ank<I>nk(r·) exi)[A 11kz + in</>] (2) 
n,k . 

r.ne w - 11acT0Ta ycIIrrnnaeMorr BOJIHl>I. B nponecce ycnrreHIIJI 11011epe11Hoe 

pac11pe,neJieHIIe IIOJIJI MO.I(hl R3JIJ'IeHIIJI OCTaeTCJI HeR3MeHHhlM, B TO BpeMJI 

KaK aMIIJIRTy,na,pacTeT 3KCIIOHeHnnaJibHO C .I(JIRHOlI OH.I(JJIJITOpa. Ka)K.I(aJI 

MO.I(a xa:paKTepn3yeTCJI co6CTBeHHOlI q>yHKUIIelI pac11pe,neJieHRJI noJIJI IIO 

IIOIIepe'IHOlI KOOp.I(IIHaTe n BeJIII'IIIHOII RHKpeMeHTa .. Mo.na C Han60JibillllM 

3Ha'leHneM RHKpeMeHTa nMeeT IIpeIIMyw:ecTBO,Ha.I( BCeMn OCTaJll,HhlMR MO­

,naMn. Ecrrn .I(JIIIHa OH.I(JJIJITOpa .I(OCTaTO'IHO BeJinKa, TO ycTaHanJinBaeTCJI 

TaKOe pac11pe,neJieHne IIOJIJI, KOTOpoe COOTBeTCTByeT MO.I(e C Han60JibIIIIIM 

IIHKpeMeHTOM (IIHbIMR· CJIOBaMn, RMeeT MeCTO 3q>q>eKT, caMOq>OKycnpoBKR 

n3rry11eHIIJI - ''optical guiding"). 

IloJIHOe llCCJie.I(OBaHIIe CBOlICTB MO.I( R3JIJ1IeHRJI IIJ'IKa IIpOBe.I(eHO C .. 
IIOMOW:OIO MeTo,na ypaBHeHIIlI · caMocorrraconaHHoro noJIJI. lh 06:tnero 

Il'HTerpo-.nnq>q>epeHUIIaJibHoro ypanHeHnH, B npe.nerre 6orr1,moro K03q>q>n­

nneHTa ycnJieHIIJI BbIBe.I(eHa CIICTeMa .I(IIq>q>epeHIUiaJibHhlX ypaBHeHRlI Ha 

none. Co6cT:aeHHhle 11ncrra n co6cTneiiHhle q>JHKIUIR Mo.n 1nrry11emrn ny11Ka 

8 

HaxO.I(JITCJI R3 3TOro ypanHeHRJI nyTeM HaJIO)KCHlIJI rpaH1I1IHbIX YCJIOBRlI Ha . . 
rpaHIIUe ny'IKa n ycJIODIIJI KBa.npaTII'IHOlI IIHTerpnpyeMOCTII co6CTBeHHOll 

q>YHKUIIR- IlrrH crryqaen cTyneH11aToro II orpaHII'leHHoro napa60JIII1IecKo­

ro npoq>nJIH nJIOTHOCTR TOKa 3JieKTpOHHOI'O ny11Ka BhlBe.D:eHbI .I(IICnepcnoH­

Hb!e ypanHeHirn n HaH,neHhl aHaJIIITR'ICCKIIe Dhlpa)KeHRJI .nmr co6ctBeHHhlX 

q>YHKUIIH MO.I( ll3rry,:.ICHIIJI nyqKa. IlIIcnepcnc>HHOe ypa.BHeHne .I(JIJI nJ1IKa co 

CTyneH'laThlM npoq>nJieM nJIOTHOCTll TOKa lIMCCT BII.I(: 

JtJ11+I (Jt)](11(9) = gJn(Jt)](n+I (g ). (3) 

Pacnpe.nerreHne noJIJI no nonepe11Horr KoopmrnaTe (T.e. co6CTBeHHrui: q>yHK­

UIIJI) llMeeT BII.I(: 

{ 

J (Jtf) 
<I>n(f) = 71 

Jn (Jt) 1(11 (gr) I ](II (g) 

npII f < 1, 

np11 f- > 1. 
(4) 

3.nec1, BBe.D:eHhl crre.nyrow:ne o6o3Ha11eHnJI: f = r/ro, C · [11:w -w/(2c-·i;))/r 

- napaMeTp OTCTJlOHKil, A = A/r - HO})MaJIII30BaHHOe co6CTDeHHOe 'lllCJIO, 

g2 = -2iBA., 1
,2 =· -2ib . 

1 - iA.2iJ -g2, 
p 

A 00 A 

D= J df.AdF(E.)/df. 
-00 A+iC+i( 

<l>ynKUIIJI pac11pe.nerreHII.sI no :meprIIIl F(f.) nopMaJIIl30DaHa Ha e.nnHnny: 

f F(f.)df. = 1, r.ne f. = w(E -E0)/(c;;rE0) - HopMarrn3onaHHoe OTKJIOHeH11e 

:mepnm. IlapaMeT.p ycnrreHnJI r, .n11q>paKUIIOHHhlll napaMeTp B II napa­

MeTp npocTpaHCTBeHHoro · 3apJI.D:a A~ .naroTcJI cne..ny10w:IIMII Dhlpa)KeHHJIM: 

r= [ Jw20; ]1/2 
]Ac2-y;-y , 

2 B = rr0w/c, A.2 
- 4c2 /(w2r202

) p - · 0 s , (5a) 

IA = me /e ~ 17 KA - TOK ArroqmeHa, 0s = ](j-y - yrorr npaw:eHIIJI 3JieK­

Tpona B OH.ItJJIJITope, ]( = AwP.Hw/2mnc2 - napaMeTp OH.l(JJIJITOpHocTn, 

Aw = 21r / Kw - nepno.n OH.ItYJIJITopa, Hw - none OH.ItYJIJITopa, -y = Eo/mc2 

- peJIJITIIBRCTCKRlI q>aKTop .ItJIJI 11acTIIUhl c HOMIIHaJibHoft 3Heprneii Eo, 
,;

2 = ,-2+0;. linH cny11rui: raycco~cKoro 3HepreTn11ecKoro pa36poca q>yHK-
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n1rn b naeTc.sr Bhlpa:,1rnm1eM: 

00 

b =if€ exp [-X}e/2 - (A+ iC)€] d€, 
0 

rne A} - napaMeTp 3HepreTII'IecKoro pa16poca: 

A}= A}/r2 =< (b.£)2 > w2 /(c2,:&Jr2
). (56) 

B }llICCepTanIIII }leTaJil,H0 lICCJie}l0llaH0 ac1IMIITOT1IqecKoe II0Be}leHIIe nony­

qeHHhlX pememrn. IloKa3aHo, qTo Ha.JIIIque 3HepreT~ecKoro pa16poca n 

nyqKe IIplIB0}llIT K ClIJibHOII ceJieKUIIII M0}l II3JiyqeHIIH. 

AHaJIIITift-IeCKIIe MeT0}lbI IIMeIOT orpam1qeHH0e IIpIIMeHeHIIe }lJI.lI peme­

HII.ll 3a}laqII Ha co6CTBeHHhle 3HaqeHII.sI B cnyqae, Korna 3JieKTpOHHhlH ny­

qoK lIMeeT rpanIIeHTH0e pacnpenerreHIIe IIJI0TH0CTII T0Ka. EnlIHCTBeHHhlM 

rpanIIeHTHhlM npoqlIIJieM, nonycKaIOIUIIM aHaJIIITII"<IeCK0e pemeHIIe, .sIBJI.sI­

eTC.sI .orpaHIIqeHHhlH napa6onIIqecKIIH npoqiIIJib. 3ToT cnyqarr neTaJibH0 

lICCJie}l0BaH B }lIICCepTaUIIII: BhlBe}leH0 }lIICIIepCII0HH0e ypaBHeHIIe, nonyqe­

Hhl Bhlpa:tKeHII.sI }lJI.lI M0}l II3JiyqeHII.sI nyqrrn, IICCJie}l0BaH0 aCIIMIIT0TIIqecKoe 

II0Be}leHIIe pemeHIIII. 

.Iln.sr HaxmK}leHII.sI co6cTneHHhlX M0}l II3JiyqeHII.lI nyqrrn C np0II3B0JII,­

HhlM rpanIIeHTHbIM pacrrpenerreHIIeM IIJI0TH0CTII T0Ka pa3pa6oTaH MeT0}l 

MHOrOCJIOHHOH cTyrreHqaTon: arrrrpoKCIIMaUIIII. CyTI, MeT0}la C0CT0IIT B cTy­

rre:wrnTOH arrrrpoKCIIMaUIIII IIJIOTH0CT~ T0Ka 3JieKTp0HH0ro rryqKa. O6JiaCTI, 

0 < f < 1 pa1nerr.sreTC.sI Ha I( paBHhlX qacTen: - CJI0eB, B Ka:tK}l0M II3 K0T0-

pbIX IIJI0TH0CTI, T0Ka rrpenrronaraeTC.sI IIOCTO.sIHHOH . .Iln.sr Ka:tK}l0ro CJIOH 3a­

IIIICbIBaeTC.sI aHaJIIITIIqecKoe pemeHIIe }lJIH II0JI.ll ·II3JiyqeHIIH. Co6CTBeHHhle 

4JYHKUIIII HaxO}l.sIT<:.sr nyTeM CIDIIBKII pemeHIIH Ha rpaHIIuax CJI0eB IIplI Bhl­

II0JIHeHIIII JCJI0BII.ll KBanpaTIIqHon: IIHTerpIIpyeM0CTII co6CTBeHHOH 4JYHK­

UIIII. TecTIIpOBaHIIe anroplITMa npoB0}lIIJI0CI, C II0M0IIU,IO TQqHhlx aHaJIII­

TlJqecKIIX pemeHIIH nrr.sr nyqKa c napa6onIIqecKIIM npoqiIIJieM. 

Bee q11cJieHHhle IIpIIMephl, npIIBe}leHHhle B }laHHOH rnane, paccqIITa­

Hhl c noMonu,ro anropIITMa FS2RD pemeH11.sr 3anaqII Ha co6cTBeHHhle 3Ha-
. . 

qeHII.sI, B_xon.srniero n naKeT nporpaMM FS2R pacqeTa JIC3-ycmmTenen: c 

a3IIMJTaJibHO-CIIMMeTp~HbIM 3JieKTpOHHhlM nyqKoM. AnropIITM II03B0JI.sr-
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eT Hax0}lIITI, pemeHIIH xapaKTeplICT~eCKIIX }lIICIIepCII0HHhlX ypaBHeHIIn: 

nrr.sr cnyqaen cTyneHqaToro 11 orpaHIIqeHH0ro napa6onIIqecKoro npo<pIIJieiI 

( aHaJilITIIqecrrn), 11 nrr.sr cnyqa.sr npo113non1,aoro rpanIIeHTHoro npo<pIIJI.sr 

nyqKa (MeTO}lOM MHorocnoiIHoiI cTyneaqaTon: arrnpoKCIIMaulIII). AnropHTM 

II03B0JI.sieT paccqIIThlBaTb xapaKTepiiCTlIKlI M0}l II3JiyqeHIIH nyqKa, TaKIIe, 

KaK norrepeqaoe pacnpenerreHIIe non.sr B 6JIII:tKHen: 30He II }lIIarpaMMa Hanpa­

BJieHH0CTlI B }laJibHen: 30He. XapaKTeplICTIIKII M0}l II3JiyqeHII.sr HaX0}l.sITC.sI 

C yqeT0M BJIII.sIHII.lI }lII<ppaKUIIOHHhlX 3<p<peKTOB, II0JI.ll npocTpaHCTBeHHoro 

3ap.srna II 3HepreT~ecKoro pa36poca qacTIIU B nyqKe. 

Tp_eTbH rJiaBa 

B rnane 3 II3JimKeH npyrmi: pa3nerr JIHHen:aoiI TeopIIII JIC8-yc11JIIITen.sr, 

a HMeHH0 pemeHIIe Haqan1,Hon: 3anaqII. Pemea11e Haqan1,_Hon: 3anaqu 03Ha­

qaeT HaX0:tK}leHIIe 3B0JIIOUIIlI 3JieKTp0MarHIITH0ro Il0JI.sI_ B 0H}lJJI.sITOpe npII 

3a}laHHhlX aaqaJibHhlX JCJI0BIIHX }lJI.sI nyqKa lI lI3JiyqeHII.sr Ha BX0}le B OH}lJ­

JI.sITOp. B JIIIHellHOM npII6JIII:tKeHlIII IlJI0TH0CTI, T0Ka nyqKa M0)KH0 npencTa­

BIITI, B BII}le jz = -jo(r)+ )I expi,p +C'.C., r}le VJ= Kwz+w(zjc-t). B npe­

}leJie Manon BeJIJiqJIHhl 3HepreT~ecrwro pa36poca ypaBHeHIIe Ha nepnyro 

rapM0HIIKJ nnoTH0CTII T0Ka J 1 ( z, r) = J 1 ( z, r) 1rr5/ I cnonIITc.sr K 1rnTerpo­

}lII<p<pepeHU1IaJI1>HoMy ypanHeHlIIO: 

2A A 
d ii . A dj l . [ A 2 A 21 ': 1 A 
dz2 + 2zC dz + AP - C ]l = 2iUr, (6) . 

rne Ur· - 3<p<pei<:TIIBHhlii noTeanuan B3aIIMonen:cTBlI.S: qacTIIUhl c 3JieKTpo­

MarHIITHon: BOJIHoii: 

z dA' l 
A ( A A) A • J z J A/ A/': ( A/ • A') (A) Ur r, z = Uext + 2z ,--;:---;:-; dr r JI z, r S r' 

0 z - z 0 

. [iB(f2 + f'2)] [ Brr' ] 
X exp 2(z - z') Jo z - z1 ' 

(7) 

Uext - 3q>q>eKTlIBHhlii noTeHUHaJI nxonaoii 3Jie~TpoMarHIITHOii: BOJIHbI, z = 
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rz, 

[ 
l -1] 1/2 

. r ~ I w'o; ( 2h c'"Y,-r ! (S( €)d€) 

BhfllllcJieHIII,Ie 3Ha'IemUI aMIIJIIITy,llbI MO,nymnnm nJIOTHOCTII TOKa rry-q­

Ka· ii ncnoJib3YJOTC.SI .nn.SI pac-qeTa KO3q>qnnnreHTa ycnneHJI.SI no MOIUHOCTII 

G rryTeM IIHTerpnpOBaHIIeM yprumemrn 

dG 
--= 
dz 

1 1 - 1--f rdr]*(- _) _ 
Wext 6 S(f)fdf o 1 r, Z S(f)Ur + C.C. , (8) 

r.ne W ext = Wext/Wo, Wext - MOIUHOCTb BXO,nHoro II3ny'IeHII.SI, Wo, = 

Ie0r,;c/(ew). 
Bbimeorincamn,rii arrropnTM pearrmonaH n nporpa.MMe FS2RL, Bxo,n.SI­

me:ii n naKeT rrporpaMM FS2Rpac'IeTa JIC3-ycnJIIITene:ii c MJIMYTaJibHO­

CIIMMeTplI'IHbIM 3neKTpoHHJ,,IM rry'IKOM; IlyqoK pa36IIBaeTc.SI Ha M cnoen 

no pa,nnycy. IlonyqeHHa.SI CIICTeMa 2 X M ypaBHeHJIII (6) ,nn.SI peanbHOII II 

MHIIMOJI qaCTII nepno:ii rapMOHIIKII Mo.nymm:lIII nnoTHOCTII JIHTerprrpyeTC.SI 

c noMom:bIO cxeMbl PYJire-KyTTa. 

PemeHne Ha'IaJibHOH 3a,naqn no3non.SieT Haxo.nIITb n • nIIHeimoM rrpn-

6nn)KeHlIII 3BOJIIOillilO 3JieKTpoMarHIITHOrO non.SI ,npn 3a,naHHblX ycnonmIX 

Ha nxo.ne n oH.nyn.SITop. C npaKTII'IecKoii TO'IKII 3peHII.SI HaJIII'Ilie TaKoro 

6bICTpo.neiicTBYIOID:ero arrropnTMa .SIBJI.SieTC.SI O'IeHb y.no6HblM II nO3BOJI.SieT 

npono,nIITb 6bICTpyro onTIIMII3aI(IIIO napaMeTp_OB JIC3-ycIIJIJITeJI.SI npll pa-

6oTe B JIIIHeiiHOM pe)KIIMe. 3To TaK)Ke Ba)KHO II c MeTO.IJ;JI'IeCKOH TO'IKII 

3peHII.SI, TaK KaK pe3ynbTaTbl pemeHII.SI Ha'IaJibHOH 3a,naqII MoryT 6b1Tb 

IICnOJib3OBaHbl .nmt TeCTIIponaHII.SI JIJIHeHHOH CTa.IJ;IIII 6onee CJIO)KHOro aJI­

ropIITMa Mo.nenrrponaHII.SI HeJIIIHe:iiHoro pe)KIIMa. 

B KaqecTne Ha'Iarri.HbIX ycnoBIIii .neTaJibHO II3y'IeH npaKTII'IeCKII Ba)K­

Hblii cnyqaii, Kor.na Ha Bxo.n JIC3~ycIIJIIITen.SI no.naeTc.SI HeMo.nynrrpoBaHHblH 

3neKT})OHHbIH nyqoK II 1i3nyqeHIIe OT 3a,naromero na3epa n qiopMe rayccoB­

CKOro na3epHoro nyqKa. II pone.neHbl 11ccne.noBaHII.SI ycnonIIft onTIIManbHOH 

qioeycIIponKn II3ny'IeHII.SI. 
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qeTBepTM rnana 

B rnane 4 npe,ncTanneH aHarrrr1 Hemmeimoro pe)KIIMa pa6oTbl JIC3-

ycIIJIIITen.SI. Ifa KaHOHII'IeCKIIX ypaBHemn'i .IJ;BII)Kemrn, 3anIICaHHbIX B ne­

peMeHHbIX "3HeprII.SI-q>a3a" II ypanHemu'i MaKcnenna Bblne.neHa .cIIcTeMa 

caMocornaconaHHbIX ypanHeHm'i . .Iln.SI Haxo2K.neHII.SI noneii 111nyqeHII.SI iI no­

nell npocTpaHCTneHHoro 3ap.SI.na 11cnoJib3onaH MeTo.n q>yHKUlIII rpmia . .Iln.SI 

pemeHII.SI ClICTeMbl caMocornaconaH:S:bIX ypaBHeHIIH pa3pa6oTaH qncneH­

HblH anropIITM Ha OCHOBe MeTo,na MaI(l)O"IaCTIIU. B pe1ynbTaTe, nonyqeHbl 

caMocornaconaHHbie ypanHeHII.SI, onIIcbmarom:IIe HenIIHeHHblii pe)KIIM pa6o­

Tbl JIC3-ycIImITemt C a3IIMyTaJibHO-CIIMMeTpII'IHbIM 3JieI(T})OHHblM nyq­

KOM (.nn.SI cnyqa.SI napIIaUIIII napaMeTpon OH.nyn.SITopa npII nOCTO.SIHHOM na­
paMeTpe OH,nyn.SITOpHOCTII K): 

dP [ ·,: - - - 2 - ] di =Re e' '0Ur - iApUc 

d'I/J =C f> 1 + /3Pj2. 
dz + (1 + /3P) 2 (9) 

3.necb '1/J = KwZ + w(z/c _:. t), z = rz, P = wP/(c,;eor), P = e - fo, 
/3 = c,;r/w - napaMeTp HaCblm;eHII.SI, 0 = 0s/0so = (1 + /JP)-1' 0so - yron 

BpameHII.SI 'IaCTllllhl C HOMlIHaJibHOH 3Heprneii fo Ha nxo.ne B oH.nyn.SITOp. 

Bbipa)KeHne nn.SI 3q>q>eKTIIBHoro nbTemnmna noneu II3JIY'IeHn.SI Ur nMe­

eT BIIn (7), rne KOMnneKCHa.SI aMnnnTyna ]1 =I ]1 I exp(i'I/J1) onpenen.SI­

eTc.SI nyTeM ycpenHeHII.SI no q>a3e '1/J noKaJibHoro aHcaM6JI.SI MaKpoqacTnu: 
]1 =< 0(k) exp(-i'I/J(k)) >. 

Bbipa)KeHne nn.SI 3q>q>eKTIIBHoro noTeHunarra non.SI npocTpaHCTBeHHoro 
3ap.Sina Uc RMeeT BIIn: 

. Uc= B/3 E neim/, [Ko ( nrJB//3) j r1df1fi 0 (f1
, z)Io ( nr'JB//3) S(f')+ 

11=1 0 

Io ( m'JB / /3) I•·' d,''ii,(f', i)Ko ( nf' JB//3) S(f')]. (10) 

rapMOHlIKlI Monyn.SIUlllI nJIOTHOCTll nytcma <ln = I <ln I exp( i'I/Jn) Bbl'IIICJI.SI­

IOTC.SI nyTeM ycpenHemrn no q>a1e 'ljJ JIOI(aJii>HOro .aHcaM6n.SI MaKpoqacTnu: 
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an =< exp(-intf,(1.:)) >. 
1(034>qmuneHT ycnneHIUI no M0IIJlI0CTlI lI3nyqeHlIH G Bbl'IlICnHeTCH 

amlJiorlI'IH0 (8). B1,1meOIIlICaHHblli anroplITM peanlI30BaH B nporpaMMe 

FS2RN, Bxo.nllllleii B na.KeT nporpaMM FS2R pac'IeTa JIC3-ycnmmmeii 

C a3lIMYTanbH0-CIDIMeTp:lI'IHbIM 3UeKTp0HHbIM II}"IK0M. Mo.neJilIJ.)OBa.Hlie 

np0lI3B0,I{lITCH MeT0.I{0M MaKp0'IaCTlill. AHcaM6fil Ma.Kp0'IaCTlill 11pRrOTa­

BnRBaeTCH cne.nyrollllIM 06pa10M: 11y-qoK pa36HBaeTcH Ha M cnoeB 110 pa­

.nRYCY n B KaJK.ll0M cnoe 6epeTCH N MaKpo'IaCTlill, K0T0pble paBHOMepHO 

pacnpe,neJIHIOTCH 110 q>a3e tf, OT O .no 2rr. Mo,neJilipOBaHlie 3HepreTR'IeCKOro 

pa36poca IIp0B0.I{lITCH .no11onHlITeJibHblM pac11pe.neneHReM Ma.KpO'IaCTIDJ; no 

pac11pe,neneHRIO raycca: 

- • exp - -~-J · dw - 1 [ ·2 

J21rAt 2At J dP. 
(11) 

Ilony'IeHHaH ClICTeMa 2 x N x M ypaB~eHRii ( 9) lIHTerpnpyeTCH c IIOMOillbIO 

cxeMbl PyHre-KJTTa. 

IlpoBe.neHO TeCTlI})OBa.Hlie 'IlICUeHHOro anropnTMa C IIOMOillbIO TO'lllbIX 

a.HanlITR'IeCKRX pemeHnii nRHeii:Hoii Teopnn. Pa3pa6oTaHHblii anroplITM 

II03BOnHeT III)0B0nlITb MO,nemIJ.)OBaHlie HenRHeiiHoro pmKnMa pa6oTbl JIC3-

ycRJilITeJIH C yqeT0M BJilIHHIIH ,nliippaKUll0HHbIX 3q>«peKT0B, 11oneii npo­

CTJ)aHCTBeHHoro 3apma lI pa36poca 3HeprRii :meKTp0H0B B 11yqKe. Ila.nee, 

Ha 0CHOBe pe3yn1,TaTOB 'IlICneHHOro Mo.neJilI})OBaJllIH 11pone,neH a.HaJilI3 oco-

6eHHOCTeii pa60Tbl JIC3-yclIJilITenH B HennHeHH0M pe.)KRMe lI B pe)KIIMe C 

BapRauneii 11apaMeTJ)OB oH.nynxTopa. 

Ilocne.nHRii pa3,nen rnan1,1 4 11ocBl1llleH 061,acHeHlIIO q>lI3lI'<!eCKoro cMbl­

cna HOpManlI30BaHHbIX nepeMeHHbIX. OTMe'IeHO, 'ITO oco6eHHOCTbIO TeO­

plllI Jia3epoB Ha CB06o,niibIX 3neKTpOHax HBJIHeTCH TO, 'ITO OHa MOOKeT 6:bITI, 

IIOnHOCTbIO nocrpoeHa Ha 11pRMeHeHRlI MeTO.I{OB no.noforn. CJTI> lICIIOfil30-

Ba.HlIH MeTo.noB IfO,no6mr cocronT B Ta.KOH 3alllIClI ypaBHeHRii, B KOTopoii 

llpOlICXO.I{lIT nepexo.n OT pa3MepHbIX 4JlI3R'IeCKRX BeJilI'IlIH K 6e3pa3Mep­

HbIM •. IlpaBHnbHblii «pITTK'IecKKii Bbl6op 11pone,nyp1,1 HopMann3a.nmr 11epe­

MeHHbIX II03BOUHeT He TOUbKO yMeHbIImTb 'IlICUO 11apa.MeTJlOB myqaeMoii 

3a,na'Ill, HO ll 11epeiiTll K _ TaKKM 11epeMeHHbIM, KOT-Opble o6J_Ia,naIOT- xem,w: 
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q>l13K'IecKKM CMblcnoM. A KMeHHO, Ka)K.I{OMY 4Jl13H'IecKoMy 3«p«peKTY ( 34)­

cpeKTbl .n11cppaKIUill, 3«p«peKTbl rrpocTpaHCTBeHHoro 3apa.na, 3«p«peKTbl 3Hep­

reTR'IeCKoro pa36poca ll. T .,n.) CTaBKTCH B COOTBeTCTBne cnoii 6e3pa3Mep­

Hblli napaMeTp, KOTOpblii orrpe.nemrnT c11ny COOTBeTCTBYIOIUero 3cpcpeKTa. 

Ecn11 Ka.KO:ii-nn6o «pll3ll'IeCKllli 3«p«peKT CTaHOBllTCH HecymeCTBeHHbIM .nna 

pa6oTbl JIC3, 3TO CKa3bIBaeTCH Ha BenK'IKHe COOTBeTCTBy10mero 6e3pa3-

MepHoro napaMeTpa, K0Top1,1:ii n1,1rra.naeT 113 '!Kena napaMeTpon 3a,na'I11. 

AHanll3 C IIOMOilU>IO MeTO.I{OB no.no611H II03BOnHeT He TOUbKO yMeHI,IImTI, 

'IllCUO napaMeTpOB 3a,na-q11, HO ll rrponeCTll rny6oKK:ii «pll3ll'IeCKllll a.Ha­

mn 02KlI,naeMbIX pe3yn1,TaTOB 6e3 IlpOBe.IJ:eHlIH CU02KHbIX pac'IeTOB. Ecnll 

2Ke ronopKTb rrpo ca.MK pac'IeTbl, TO• pemeH11e 6e3pa3MepHbIX ypanHeHRii · 

II03BOnHeT 11pe,ncTaBnHTI, pe3yn1,TaTbl B TaKOll «p0pMe, KOT0paH o6nanaeT 

0.I{HOBpeMeHH0 ll 6om,mou 06IIJlIOCTbIO, ll M02KeT 6b1Tb llCIIOUI,30B~ nna ~-
rrpone.neHKH pac-cieTOB rrpll KOHKpeTHbIX «pll3ll'IeCKllX napaMeTpax ycTaHOB-

Kll. 

IlsTrui: rnaaa 

IlHTM rnana II0CBlllUeHa B0llpOCaM pa3pa60TKll raMMa-raMMa KOJIJiall­

nepoB Ha ocHoBe mrneuHblx Konnaii,nepon. B paccMaTpKBaeMoM nap11aH­

Te BCTpe'IHble IIY'IKll raMMa-KBaHTOB npoll3BO.I{HTCH B 11ponecce o6paTHOro . 

KOMIITOHOBCKOro pacceHHllH Jia3epHoro ll3JIY'IeHlIH Ha 3JieKTpOHHbIX IIY'I­

Kax KOJIJiaU,nepa ( CM. P11c .1). 11 pH ,nocTa T0'IHO BbICOKOll IlllK0BOH MOIIJlI0CTll 

Jia3epHoro ll3Jiy'IeHitH 3Ha'In:TeJibHaH 'IaCTb 3JieKTp0H0B B3a.HMone:iiCTByeT 

C Jia3epHbIM ll3JIY'IeHHeM, 'ITO II03B0JIHeT .IJ:0CTR'II, BbICOKOll CBeTHM0CTlI 

BCTpe'IHbIX raMMa-raMMa Il}"IKOB. 

Ha· ey-r11 co3.IJ:a.HlIH nHHeuHoro Konna:iinepa npe,ncT0KT · pem11Tb MH0-

2KeCTBo TeXHK'IeCKKX npo6neM. llnH C03.IJ:aHlIH raMMa-raMMa KOJIJiaii,nepa 

npe.ncTOKT pemlITb eme o,nHy npo6neMy, a KMeHHo 11po6neMy co3,na.HKH 

Jia3epa, ynonneTBOpHIOillero Tpe60Ba.HllHM .IJ:JIH nepBll'IHOro llCT0'IHKKa cpo­

TOHOB ,nJIH raMMa-raMMa KOJinau,nepa. Jia3ep .IJ:<>JI2KeH RMeTb IlllKOBYIO Bbl­

XO.IJ:HYIO M0IIJlI0CTb II0pH.IJ:Ka 300 rBT' nn11TeJibH0CTb llMIIYJibCa nopH.n:Ka 

HeCK0JII,KllX IlllKOCeeyH.n ll 'IaCTOTY II0BTOpeHllH 'nopx,nKa HeCKOfilKRX co­

TeH RMIIYJII>COB B ceeyH.ny. )KenaTenbHO, 'IT06bl RMenacb B03MO)KHOCTb ne,-
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pecTpomrn nmun.1 BO1IIThl n3ny-qemnr 11a3epa, TaK KaK orrTnMam,HruI nnn­

na BOJIHliI rrepBII'IHOro II3JIY'leHmI 3aBIICIIT OT 3Heprnn 31IeKTpOHOB. J1a-

3ep ,llO1I)KeH o6ecrre'!IIBaTb BO3MO)KHOCTb rrpeUII3IIOHHOH CIIHXpOHII3anIIII ( C 

TO'lHOCTbIO rrop.s:nKa onnoii IIIIKoceKYJI.Uhl) IIMrryfilCOB II3JIY'leHII.s: na3epa 

co -crycTKaMII 311eKTponon Konnaii,uepa. 11, naxonen, nn.s: o6ecrre'leHII.s: 60-

nee mnpOKOH rrporpaMMhl q>II3II'leCKIIX 3Kcrrep1IMeHTOB, Heo6xo.UIIMO o6ec-

AaoepHbIU 
ny1101s 

e- ~ ---· c-

I 

AaoepHbiil 111 /• · 

CciPOO 
D!f"iKa 

ny11ox 

P11c. 1. CxeMa raMMa-raMMa Konnaimepa. 

nunaK 

- 50 MaB 

OHAVnRTOP 

Ci5POC 
DV'IIIIC& 

nr.:~-VOHIIHT&ll• 

k 4 )j 1-.:-·:-::,,r•·,• ---~H-A~nHTOP 1 · I ~4 y 
tla3ePH~IH 

Dlf'IOK 

•I' . ' . 
lj)QTO­

HHICeKTOP 

. . . . . 
•• •t "L.....!. ••• 

tlstHaK 

- 2 roB 

K xecTV KOHBePOHH 

P11c. 2. Jlsyx1mCKa.llH3.ll C'.XeMa JIC3 llllll raMMa-raMMa Konnaimepa. 
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Ta6nnua 1 
raMMa-raMMa Konnaimepu T3B-11oro ixnana1011a :rneprnii 

2x0.25 T3B 2x0.5 T3B 2xl T3B 

OcHOBHoii yc1mpwre.n1, 

3Heprm, &, T3B 0.25 0.5 1 

lfocno 3JieKTJ>0H0B B crycTKe N, 2 X 1011 2 X 1011 2 X 1011 

lfacTOTa Il0BT0J>eHHll j, fu 150 150 150 

HopMaJIH30BaHHI.JH 3MIITTaHc t,., CM·paix 7r X 10-3 7r X 10-3 7r X 10-3 

Jlmrna crycTKa u., CM 0.1 0.1 0.1 

/3-4>YHKUl!ll s MeCTe BCTJ>e'IH /3o, CM 0.1 0.1 0.1 

CaeTHMOCTh L,,, cM-2c-1 9.3 X 1032 1.9 X 1033 3.7 X 1033 

OnTll'leCKall CIICTeMa 

IlHKOBall M0lUH0CTh ·w' TBT 0.3 0.3 0.3 

Jlmrna B0JIHLl 113JiyqeHHll A, MKM 1 2 4 

Pa1Mep nyq1rn Ha 3ep1<ane a0, CM 2 2 2 

ct>oKycnoe paccT0llHHe 3ep1,ana F, CM :m 20 15 

O6naCTh K0HBepcHH H MeCT0 BCTpeirn 

X•IlapaMeTp 4.75 4.75 4.75 

MaKc. 3Heprllll raMMa-1rnaHT0B, f3B 206 413 826 

Ko3cj:>cj:>Hu11ein 1mnaepcHH 1},ry 0.7 0.7 0.7 

PaccTOSIHl!e Zo OT TO'll(II l(0HBepCHII 

JJ.O MeCTa BCTJ>e'III, CM 3 5 8 

CaeTHMOCTh Lr,, cM-2c-1 4.6 X 1032 9.2 X 1032 1.8 X 1033 

rre'llITb BO3MO)KHOCTb yrrpannenn.s: rrom1p1nan1Ief1 na3epnoro II3ny-qeHrr.s:. 

AHaJIII3. COCTO.llHII.s: nen C rrnaHTOBbIMil Jia3epaMII IIOKa3bIDaeT, "ITO DbIIDe­

rrpnneneHIThle Tpe6onamrn He MoryT 
0

6bITb BhlIIOJIHeHbI O,llHOnpeMeHHO HIT 

O.UHIIM II3 cyinec:Tnyromnx B HacTollll(ee npeM.s: Jia3epon. Mccnenonamrn, 

rrponeneHHbie B naHHOH nm:ce1>Tannn, IIOKa3aJiu, '<ITO UCIIOJII,3ODaHIIe Tex­

HlIKII na3epon Ha cno6onnhlX 3JieKTponax MmKeT pemIITb npo6neMy nc:TO'l­

HlIKa nepDII'lHbIX q>OTOHOB .UJI.S: raMMa-raMMa KOJI1IaH.Uepa. 

B rnane 5 .n:nccepTanun nprrno.n:nTc.s: cxeMa nony-qemu ncTpe'IHhIX 

raMMa-raMMa ny'IKOD, OCHOBHble xapaKTepIICTIIKII rru..1Ma-raMMa KOJI1Iaii-
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Ta6nuua. 2 
Ila.pa.MeTpbl nC3-yc11nuTe11eil 

2x0.25 T3B 2x0.5 T3B 2xl T3B 

3neK-rpOHHblH ny'I0K 

3HeprH.II 3J1eKTp0H0B £o, r3B 2 2 2 

ToK ny'!Ka. /, KA 2.5 2.5 2.5 

3HepreTH'leCKHH pa16poc us/ E, % 0.3 0.3 0.3 

HopManll30B3.HHblH 3MHTT3.HC f,., CM•pa.n 1.3 X 10-2 2.6 X 10-2 5 X 10-2 

OH.ll.YJ1.IITO)) 

IlepHo.n Aw, CM (sxo.n/sblxo.n) 15 / 12.9 20 / 17.2 20 / 17.1 

Ilone Hw, Krc (sxo.n/BblX0.!1.) 10.2 / 11.9 9.34 / 10.9 13.2 / 15.44 

IlnnHa ceKUHH c clJHKC. napaMeTpaMH, M 11.7 15.6 14.0 

IlonHa.11 .nnnHa, M 37.5 46.9 43.7 

lfanyqem1e 

Ilnmrn sonHbl ..\, MKM 1 2 4 

Bxo.nHa.11 M0lllH0CTb W, MBT 10 10 10 

8hlXO.D.Ha.ll M0IUH0CTb W, TBT 0.3 0.3 0.3 

Kilil 11, % 6 6 6 

HopMaJJH30BaHHble napaMeTpbl 

Ilnc!JpaKUHOHHhlH napaMeTp B 0.3 0.25 0.18 

IlapaMeTp 3HepreTJP:IecKoro pa16poca A}, 0,1 0.1 0.1 

· IlapaMeTp n_pocTpaHCTBeHH0ro 3apll.na A~ 0.08 0.1 0.14 

IlapaMeTp ycnneHHll r, CM-I 5.1 X 10-3 3.84 X 10-3 3.84 X 10-3 

IlapaMeTp HaCblJUeHH.11 /3 = ..\wr /41r 0.006 0.006 0.006 

,nepa, TaKIIe KaI( IIOJIHruI II cneKTpaJibHruI CBeTIIMOCTb, BbIBO,D:}ITC}I Tpe6oBa­

HII}I K Jia3epy - IICTO'-IBIIKY rrepBII'-IHbIX q_JOTOHOB. O6ocHOBbIBaeTC}I ,nByx­

KaCKa,D:HruI cxeMa JIC3, II03Borraromrur co3,naTb rra1ep' ,nrra raMMa-raMMa 

Korrrran:.nepa ( cM. PIIc.2). · 

IlpoBe,neHHOe lICCJie,D:OBaHIIe B OCHOBHOM IIOCB}IIll;eHO pemeHIIIO rrpo6rreM 

OilTIIMaJibHOH KOHBepcIIII 3HeprIIII 3JieKTpOHOB B BbICOK03HepreTII'-IHble 

raMMa-KBaHThl; Bbl6opa oIITIIMaJibHOH KOHq>IIrypan:IIII JIC3 .nrra raMMa­

raMMa KOJIJiail:,nepa II OilTIIMII3aUIIII rrapaMeTpOB JIC3. OTMeT.JeHo, '-ITO rrpII 
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npoeKTIIpOBamrn mrneil:HbIX IWJIJiail:,nepoB ,D:0JI)l(HbJ 6bITb rrpIIHlITbI BO BHII­

MaHIIe crre.nyromue oco6eHHocTII raMMa-raMMa Korrrrail:,nepoB. Bo-rrepBbIX, 

,D:JI}I pa60TbI raMMa-raMMa KOJIJiafr.nepa He Ti)e6yroTC}I Il03IITp0HbI, crre­

,noBaTeJibHO CIICTeMa IIH)l(el(IlIIII KOJI•Jiail:,nepa M0)l(eT 6bITb cymeCTBeHH0 

ynpomeHa. Bo-BTOpbIX, HCT Heo6xo,nrrMOCTII IICII0Jib30DaTb cymecTB_eHH0 

IlJI0CKIIe IIY'-IKII II IICTI0Jib30DaHIIe Tpa.nIIUIIOHHbIX KpyrJibIX IIY'-IK0B M0)l(eT 

6bITb 6orree npe.nnoT.JTIITeJibHbIM. B-TpeTbIIX, ,D:JI}I C03,D:aHirn raMMa-raMMa 

KOJIJiail:,nepa 6orree npe,nTI0'-ITIITeJihHbIM lIBJilieTClI O,D:HocrycTKOBbIII pe)l(IIM 

pa6oTbI 0CH0BHoro yc1mpIITeJilI, TaK I<aK 3TO 3Ha'-IIITeJII,H0 ynpomaeT Tpe-

6onaHIIlI K rra3epy. 

B .nrrccepTaUIIII paCCMOTpeH KOHilCTITyam,HhlH rrpoeKT raMMa-raMMa 

Korrrrail:.nepa T3B-Horo ,nIIana3oHa 3HeprIIfi ( CM. Ta6mruy 1). II npone.neH 

aHaJIII3 ero TeXHIIT.Jec1mii -peaJIII3aUIIH. IIpe,nnorraraeTClI, '-ITO CIICTeMa IIH­

)KeKurrn: mrnefrnoro KOJIJiafi,nepa TI0CTpoeHa Ha 0CH0De TCXHIIKII q_)OTOIIH­

)l(eKT0p0D. B OCH0BHOM yc1mpHTeJie yc1mplieTClI KpyrJibIII 3JieKTpOHHhlH 

ny'-IOK. Ilmrna B0JIHbI II3JIY'-ICHIIlI Jia3epa DbI6paHa D COOTDCTCTBIIII C 0TITII­

MaJibHbIM 3Ha'-IeHIIeM, DhlX0,D:HruI M0I1;lH0CTb II3Jiyt.IeHIIlI COCTaBJilieT BeJIII­

'-IIIHY W = 0.3 TBT. Ilpu .. 3ToM· Ko3cpq>IIIlIICHT K0Hnepcru1 paneH TJe-r ~ 0.7 

II L71 / Lee~ 0.5. 
B Ka'-1ecTBe rra3epa ucnoJib3yeTClI .nnyx1rnc1rn.nHrur cxeMa JIC3 ( CM. 

pIIc.2). B I<a'-Iec:Tne 3a,n:aromero rra3epa crry)lrnT nepecTpaIInaeMhli'r JIC3-
reHepaTop c nuKonoII MomHoCTbIO W ~ 1 - 10 MBT. IIapaMeTphl JIC3-
ycIIJIIITeneII .UJilI raMMa-raMMa Korrrrail:.n:epon T3B-Horo mra.na3oHa 3Hep­

ruii:, IIpIIBC,UCHHhle B Ta6nuue 2, BbI6paHbl Ha OCH0Be OilTIIMII3ailII0HHhlX 

pacT.JeTon, npone,n:eHHhlX B .nnccepTaUIIII. 

B .3aKJIIO'-ICHIIII rJiaDbl npone.n:eH amtmn TCXHII'-ICCKOll B03M0)1(H0CTII co-

3,namrn raMMa-raMMa Korrrra11:,nepa Ha fot3e m1Hefrnoro Korrnan,nepa. II01rn3a­

Ho, '-ITO C03,UaHIIe Ta1mro napIIaHTa KOJIJiail:.n:epa D03M02KHO Ha conpeMCHHOM 

ypoBHe pa3DIITIIlI yc1<0pIITCJibHOII TCXHIIJ(II II TCXHIIKII JIC3. 

3aKJIIO"<JeHII~ 

B 3aJ(JIIO'-ICHIIII KpaTKO cq:iopMymrpona.Hhl 0CH0BHhle pe3yJihTaThl .n:aH­

HOH .UIICCepTallIIOHHOII pa60Thl, DbIH0CIIMhle Ha 3amIITy. 
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