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B HacTosilee BpemMsi BO MHOTMX OBNacTsIX HayKu U TEXHWKN BCE LUMPE MPUMEHSIETCS KOFEPEHTHOE U3Ny4YeHne
NasepoB Ha cBobogaHbIx anekTpoHax (JICI). B npuknagHbIX 1 TEOPETUHECKUX UCCAEA0BAHUNAX BaXKHbIM 3chdek-
TOM SIBNSIETCS HeNIMHERHAasi reHepaLmsi BTOPOi rapMOHVKW B MaTepuasax u Ha MOBEPXHOCTSX KakK peakuusi Ha
ux obnyyenue. B kavecTse nctouHunkos ceeta ncnonssytot J1ICI, KOTOpblE reHEPUPYIOT KOrepeHTHOE U3ny4deHne
B Anana3oHe OT BUAMMOrO A0 peHTreHoBckoro. [pn aTom BTOpas rapmonmka cobcTBeHHo mcTodHumka, J1IC3,
SIBJISIETCS1 HEXKENATESIbHOM, TaK Kak OHa MaCKupyeT ucciefyemblil OTKWK Ha TOii xe 4YacTtoTe. Hamu ananutu-
YeCKN NCCNeayeTcst BANSIHNE NMapaMeTpOB 3J1EKTPOHHOro nyyka Ha nsnydenue J1ICD; nposoguTcs nccneposaHue
reHepauuy rapMoHuK, B OCODEHHOCTN BTOPOIA; aHaNN3UPYIOTCA OCHOBHbIE (DAKTOPbI, Bbi3blBatOLLME MOSIBIIEHME
BTOpoil rapmoHukmu B cnektpe JICD. BoisicHsieTcs BnusiHue napameTpoB nydyka: cedeHusi, SMUTTaHCca, napa-
meTpoB TBucca un pasbpoca sHepruu, No OTAEAbHOCTU M BMECTE HA AJIVHY YCUJIEHUS| U FEHEPaLUio FrapMOHIK
NCS Ha npumepe xopowo gokymeHnTuposanHoro JICD LEUTL. Ananusnpyertcs BausiHue 3aTux napameTpoB Ha
MOLLIHOCTYN M3JlyHeHNsl FapMOHUK, B 0cobeHHOCTn BTOpoii. Vccnepyetca Takke BAUsiHUE rapMOHUKI MONSt OHAY-
naTtopa Ha usnyderume rapmoruk J1CD. MNpegnaraetcs noBbicuTe pasbpoc sHepruii 31eKTPoHOB B ABa pa3sa Ao
MaKCUMaJsibHO BO3MOXHOMO 3Haj4eHusi, 0becneynBaoLWwero rpynnupoBKy 3J1eKTPOHOB 1 OAHOBPEMEHHO YMEHbLLE-
Hue copep)kaHunst BTopoii rapmoHuku B cnektpe JICD Ha oguH-gBa nopsigka. Takxke npegnaraeTcsi UCNosib30BaTh

cnabyto rapMOHUKY NOAsi OHAYASITOPa C TOl XKe Lenblo — nogasuTb rapmoHuky J1C3.
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1. BBEAEHUE

Ounpnynsaropuoe uzinydenue (ON) upezncrasiser co-
60#f M3JIy9YeHne PEeNATUBUCTCKUX SJIEKTPOHOB B TIPO-
CTPaHCTBEHHO-TIEPUOUIECKOM MarHuTHOM noje. Ono
6b110 1pejckazano ['unzbyprom [1] B cepenune XX Be-
Ka M BCKOpe mocje sroro moiydeHo Mormom [2]. OU
OT CI'YCTKOB 3JIEKTPOHOB HEKOTEPEHTHOE, KOTJIA JINHA
CI'yCTKa 3HAYUTEJHLHO GOJIbIIE JIJIMHBI BOJHBI; 9TO IIPO-
UCXOMUT B OOJIBIIIMHCTBE CJIydaeB, HO He Bcerga. Kore-
pertaoe O OT 9716KTPOHOB B CryCTKaX, JJIMHA KOTO-
PBIX CpPABHHMA WJIM MEHbIIIE JIJIMHBI BOJIHBI, OBLIO TaK-
Ke Tpejsickazano ['un3byprom u noaydeno Majpiiem [3]
B Ja3epe Ha cBOOOMHBIX 3ekTpoHax (JICD) B Musim-
MmeTpoBoM uanazone. B XXI Beke, ¢ mosBieHneM HO-
BBIX TEXHUIECKAX BO3MOXKHOCTEH W IYyYKOB BBICOKOTO
kadecTBa, JICD mpoaBuHY/IMCH B PEHTTE€HOBCKUIA WA~
Ma30H ¥ aKTUBHO MCIOJL3YIOTCA B Ka9eCTBE MCTOYHU-
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KOB M3JIy4YeHHs BO MHOrux objiactsax. JICD mpescras-
JISTIOT cOOOW MCTOYHUKU M3JIyUEHUsI IETBEPTOTO TOKO-
JIEHUS U SBJIAIOTCS JIOTUYHBIM PA3BUTHEM UCTOYHUKOB
cunxporporHoro nzayderns (CU) 8 XX Beke [4-7]; Te-
opusg JICD u npakTuKa UX IPUMEHEHUs IPEICTABICHDI
B 0o0ImupHOil siureparype (cum., nanpumep, [8-14]). He
OCTAHABJINBASICh Ha JETAJAX, CKaXKeM, 4TO KOIe€pPEeHT-
HOe u3jiydeHue B oHy/siTopax JICD mpoucxomur ot
MUKPOOAHYell JIEKTPOHOB, OTCTOAIIUX JPYT OT JIPYyTra
Ha JJIMHY BOJIHBI U3JIyYeHUs, a CAaMi MUKPOOAHYIN UMe-
0T pasMep MeHee JUIMHBI BOJHBI m3aydenus [1]. Oc-
HOBHBIMI Tipubopamu B coBpemenunoMm JICD sBisiercs
YCKOPUTEJIb U OHJLYJISITOP; MEPBBIA YCKOPSIET 3JEKTPO-
HBI JI0O BBICOKOIl HEpPIUU, COXPaHsisi MaJiblii pa3dpoc
SHEPrUU W IMUTTAHC, BTOPOH IPEICTABIISET CHCTEMY
renepanun u usnygenus B JICD. I'pynouposka sstek-
TPOHOB B MUKPOOAHYH ITPOUCXOJIUT IO JIeHCTBUEM CHU-
Jibl JIopeHIa BOJIHBI 3JIEKTPOMATHUTHOTO U3JIyYeHUs B
OHJIYJISITOPE; OHA YCKOPSIET 3JIEKTPOHBI, HAXOJIAIIIEC
rto3a,mm y3J10B Bosiael OV, 1 3aMeyisieT 9JIeKTPOHBI, Ha-
XOJIsIyecs: Brepean y3yoB BosHbl OU. DjieKTpoHbI B
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OHJIYJIATOPE TPYNIUPYIOTCS HE TOJIBKO Ha JJINHE BOJI-
HBI U3JIyYeHNsT; TPYIIIUPOBKA UJIET TaKXKe U Ha JIJIMHAX
BOJIH TapMOHUK, HO cjabee, YeM Ha JIJIMHE BOJHBI OC-
moBHOTO ToHa. Hambosiee pacmpocTpaHeHHBINH THUI OH-
ayssitopa — tockuit. Ha ocu mrockoro onjryssitopa
M3JIyYeHHe C COCEHUX TIEPUOJIOB IPUXOANUT B (hase s
HEYETHBIX TADMOHUK U B IPOTUBOMA3e [IJTst YeTHBIX. Ta-
KM 00pa30M, B IJIOCKOM OHIYJISTOPE Ha OCH MU3JIyda-
FOTCs B HJleaJjie TOJIbKO HedeTHbIe TADMOHUKY, 8 YETHBIE
[IO/IABJIEHBI. B DPEANIbHOCTH IIyYOK 3JEKTPOHOB HMMEET
KOHEYHOE CeYeHNEe U HA OCH U3JIyIalOTCs KAK HEIETHHIE,
TaK W YETHBbIE TAPMOHUKU. B OHIyJISATOpax C JIBOSIKO-
[IEPHOMIECKUM T10JIeM cjiabasi TapMOHUKA OCHOBHOTO
[IOJISE OHJIYJIATOPA MMO3BOJIAET B OMPEIEICHHBIX IIPEJIEe-
Jlax perysupoBaTh ussydenue rapmoruk OV, Kpome
TOTO, B PEAJIbHBIX OHJIYJISITOPAaX BCErJa IIPUCYTCTBYET
TapMOHUKA TOJIsT XOTs OBl IOTOMY, UTO HIEAJTbHOE MO-
HOTaPMOHHUYIECKOE IT0JIe BO BCEM 3a30D€ OHJIY/IATOPA HE
YJIOBJIETBOpsieT ypaBHeHusiM MakcBesuia.

lapmonuku wmsnydenust JICD moryr ObITH mOJIE3-
HBI, KOTJa TpedyeTrcs: 6oJiee BBICOKOIACTOTHOE M3JLY de-
HU€ OT 3JEKTPOHOB AaHHOU sHepruu. OIHAKO HE BCe-
IJla IPUCYTCTBHE TapMOHUK WMIPAET IIOJIOXKUTETHHYIO
poab. Hampumep, Bropas rapmonuka JICD mackupy-
€T U 3aTPYyJIHSET WCCJIEIOBAHNE HEJINHEHHOTO OTKJIU-
ka Bropoii rapmonuku (SHG) [15] cpexnpr mpu uccie-
JIOBAHWHA CBOfCTB Marepuasos [16-18], mieHok u mo-
BepxHocreii [19] B dusnke [20] u xumun [21], opra-
HUYecKnX coequHennit [22,23] u ap. B XUV-juana-
30He [24] reHepalysi YeTHBIX MAPMOHUK HAGJIIOIAIACD
upu obsryuennn Ti My 3, B Bujaumom Jranasoue [25,26]
HeJIMHEHAsT Te€HePaIlusi YeTHBIX TAPMOHUK OCHOBHOTO
TOHA BO3HUKAET IIPU HMCCJIEIOBAHUN (DU3UKO-XUMUIIEC-
KIX CBONCTB MOJICKYJ, IIJICHOK M IIOBEPXHOCTE W MO-
JKET YKa3bIBATh Ha HAPYIIIEHNE BHY TPEHHEN CHMMET PN
uccyeiyeMbix 00pasios [21, 23]; HesmHeHHBI OTKINK
B PEHTTEHOBCKOM /JIMANA30HE UCIOJIb3YeTCs IIPH UCCIIe-
JOBAHUSX C MTOMOIIBIO siIEPHOTO pe3oHanca. [lockob-
Ky MOIIIHOCTH OTKJIMKa BTOpoii rapmonuku SHG ecre-
CTBEHHO 3HAYUTE/IbHO MEHbIIe MOIIHOCTH UCTOYHUKA,
conmepxkanne Bropoit rapmonukn JICD momKHO OBITH
MHUHUMAJIbHBIM.

MormaocTu rapmonuk JICD moryT ObITH paccauTa-
HBI AHAJINTUYECKH ¢ TOMOIIbI0 hopMasin3ma Koahdu-
nueHToB Beccens ¢ yaeToM BceX OCHOBHBIX (DAKTOPOB
B 00001meHHBIX QyHKINAX Beccess: mapaMeTpoB oHJIYy-
JIATOPA, TApaMeTPOB IIydYKa U €ro OTKJIOHEHUS OT OCH,
SMUTTaHCA, (POKYCUPOBKU U T. . AHAJUTHIECKUE BbI-
paXKeHusi JJIs PA3IMIHBIX OHIYJISTOPOB C yIETOM rap-
MOHHUK MOJIsl IPUBEJIEHBI BO MHOTUX paborax (cM., Ha-
upumep, [27-33]). C ux uCHoab30BaHEEM MOXKHO DPac-
CYNTATH MOIHOCTH CIHOHTAHHOTO U3JIyYEHUS C YIETOM
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OCHOBHBIX TIOTEpPHh, HO B JICD paccyuTarh TOIHO 3BO-
JIFOIAI0 MOIITHOCTU TapPMOHUK 110 JIJIUHE OHJIYJIITOPOB
HEBO3MOXKHO M3-38 CJIOXKHOCTU KOMILJIEKCA, YpPaBHEHUI
JJIsE 3aPSI0B U MOJIei M OTPOMHOTO YUCJIA JIEKTPOHOB.
Pacuer B mosesisix JICD mpoBoauTCst 9UCIEHHO € TTOMO-
IIBIO CIIEIMAJBHBIX IPOrpaMm (CM., HampuMmep, [34-36]
u ap.). Ilpu sTOM pe3ysbTaThl YUCAEHHOTO pElIeHuUs
YPABHEHUIl JBUKEHUS U M3JIyI€HUS JEKTPOHOB B Mar-
HATHOM I10JI€ OHJLYJISITOPa C Y4eTOM IapMOHUK II0JIsI U
B3anMogelicTBus ¢ mosiem BoiHBI Ol cormacyrorces c
9KCIIEPUMEHTAJbHBIMYI 3HAYCHUSIMI MOIIHOCTH, U3Me-
PEHHOI 110 JJIMHE OHJYJISITOPOB, C TOYHOCTBIO JIO IIO-
PsiJIKa BEJIMYUHBI JIJIsI MOIIHOCTY OCHOBHOI'O TOHA; JIJIsI
rapMoHUK pasbpoc 3uadenuii Gosbme [37-41]. Heno-
CTaTKOM YHCJIEHHBIX MOJIEJIEl sIBJISIETCS TO, UTO OHU HE
JIAI0T BO3MOXKHOCTH BBIJIEJIUTH U IIPOAHAJIU3UPOBATE B
OTJIEILHOCTH BIusiHUE (DAKTOPOB HA TE€HEPAITIIO TAPMO-
nuk JICS.

Mpbr wucnosib3yeM TpHUOJMKEHHOE aHAJTUTHIECKOEe
OTHUCAHNE IKCIOHEHIIHATHLHOTO POCTA MOITHOCTHU TAPMO-
muk B JICD, KOTOpOE BKIIIOYAET TOYHO PACCIUTAHHBIE
roapdurnmenTsl beccesst. [locenane onpeensor mna-
pameTpsbl [Iupca rapMOHUK, UX T€HEPAIIO U JIAI0T BO3-
MOXKHOCTh BBISIBUTBH POJIb PA3JUIHBIX (DAKTOPOB B W3-
JIyYEHUU rapMOHUK. VcnoJib3ysi aHaJIuTHIeCKue BhIpa-
JKEHUsI, MBI UCCJIEJ[yEM BJIUSIHIE [apaMeTPOB OHLYyJIsi-
Topa u mydka Ha udiaydenne JICD ¢ meabio 1o BO3MOXK-
HOCTU YMEHBIIUTH MOIIHOCTH WU3JIy4YeHHsI BTOPOIl rap-
MOHHUKHU M COXPAHUTH IPU TOM MOIIHOCTH OCHOBHOI'O
tona. Huke MBI mcciemyeM BIHMSHUE CEYEHUS, IMUT-
TaHCa U pa3bpoca SHepruit myvuka Ha n3iaydenue JICD.

2. TIPUBJIN2KEHHOE AHAJINTNYECKOE
OIINCAHVE MOIOIHOCTU 'APMOHIUIK JICD

OcHoBHBIE (DOPMYJIBI MOIITHOCTH JJIsT PACUeTa U3JIy-
geHusi rapMOHUK JICD HEOMHOKPATHO IyOJIMKOBAJINCH
panee, HanpuMep, B [27—-33]; pe3ysbrarsl Ipu 9TOM CO-
[JIACYIOTCs ¢ YUCJEHHbIMU Mogessivu [34, 35,42-45] u
JIAHHBIMU BeexX OCHOBHBIX JICD B Mupe B Auana3oHe oT
BHJIIMOTO JIO YKECTKOI'O PEHTIeHOBCKOro [37-41]. Huxe
MBI TIPUBEEM TOJHKO OCHOBHBIE BBIDAYKEHUST JIJIT MOIIT-
noctu rapmonuk JICD B naceimenun. lapmonunka n ON
1101 3 HEKTUBHBIM yTJIOM O K 0CH OHIYIATOPA UMEET
CTIETYTOTTYIO JIJTAHY BOJTHBL:

by 2
A= —= 1+ 5+ (19)? 1
orerd (RICSPRCTIL) PR
e
k = Holye/2mmc? ~ 0.9337 Ho[Ta] A, [cM]
— OHJIYIATOPHBIN TAPAMETD, € — 3apsj 3JEeKTPOHA,

Ay — mepuosn oHmyaaTropa, Hy — aMILUIATyZa ero mo-
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st Jlis mtockoro ougyisTopa kKoddduimentsr becce-
TS frz,y T- U Y-NOIAPUBAIMI N-if TADMOHUKH C yIeTOM
ee GETATPOHHOTO PACIIEIIEHIsT UMEIOT BuJ [46]

= 2
fre = zp: Ip |(Jhgr + Tn—1) + JSEVGCOSSD ;
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TJIe o — CEeYEeHUe Iy UKa JIEKTPOHOB, p — OGEeTATpOHHAS
rapMOHUKA B JIMHUM CIIEKTPA 7, (0 — IOJISIPHBIA yTOJI,
o m T
6 — asumyTasbHbIl yrox ot ocu, J;' u J, — 0bobieH-
ble QyHKIUN THIa Becces:
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Kosddununenror Beccensa (2) u Bxongmue B Hux 0606~
miennble dysxnuu Beccess (3) onpejensior reHepa-
[IUIO0 TAPMOHMK W 3aBUCAT OT IIAPaAMETPOB ITy9dKa U OH-
JIyJIATOPA, CJIOXKHBIM 00pa30M KaK STBHO, TaK U HESIBHO.
Ounpynsaropublit mapamMeTp k BMecTe ¢ yriaoMm 6 BXxomut
B MHOXKHUTEJb ~ %79 npu GyHKIUN Beccenss 9eTHBIX
rapMOHEK J]!; cedeHne IydKa BXOJUT MHOMKHUTEJIEM Yo
B GETATPOHHBIN BKJIAJ] YETHBIX TAPMOHUK

2
Fog ZJS@
p

Ay
" 2
YTJIOBO# BKJIaJ ~ %70 TIPUCYTCTBYeT TaKKe B apry-
MenTe bynKnuu Beccena J)', a cedeHue Iydka BXO-
JIIT B apryMeHTEI 6eTaTponublx dynknuii Beccemna J,

(Jp-i-l - jp—l) )

KaK HE3aBUCHMO, TaK ¥ COBMECTHO C 3aBUCHMOCTBHIO OT
yria 6. C yderoMm yria 37€KTPOH-(DOTOHHOTO B3AMMO-
neitcteust 0 = 0,,,/L, MBI ONEHWIIN, YTO JJI BCEX OC-
HOBHBIX JICD ¢ cevyeHneM Hyd4KoB 0y, ~ 25-250 MKM

apryMeHT
4mhyovy?

(1 +k2/2)
Ha MOPAJIOK DOJIbINIE, YeM apryMeHT
m>yyok
V2X2(1 4 k2/2)
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Nrak, koadburmentsr Beccens f,, mmeror ciaoxuyro 3a-
BUCHMOCTH OT MHOI'MIX IaPAMETPOB OHJLYJISTOPA U IIyd-
Ka. Huke MBI NpoaHaM3upyeM WX BJIUSTHEE Ha H3JIy-
genne JICOD LEUTL.

Baxno, uro B Koadpurmenrax Beccens s JICD
HY?KHO YUYUTBIBATH B YIJIOBOI 3aBUCUMOCTHU 3(pPHeKTUB-
HBIit yron 0 & 0,,/L,, TOT KOTOPBIM SJEKTPOHBI B
CpeIHEM <«BHIAT» W3JIydeHue Ha gauHe ycuaenus JICD
1 B3auMoIeficTBYIOT ¢ HUM [27,46]. YroBoit BKTas ot 6
SIBJISIETCST OTIPEJIEJISIIONINM, TaK KaK 3TOT YroJl OOBIYHO
3HAYUTETHLHO OOJIBINE, YeM YT0JI PACXOIUMOCTH. B 9TOM
orimune oT Ko3dduruentos beccesst st crioHTaHHO-
ro OU, rie ompe e sioNUMU SABJISIIOTCST PACXOIUMOCTD
nydka 6, , 1 yros MexKiy HalpaBJeHHEM Ha HaOJIo1a-
TeJisl U OCBIO OHJTysTOpa. TakuMm obpa3om, B Koahbdu-
mueHTax beccens misa JICD ceuenne nyuka oy, Urpa-
€T pOJIb HE TOJHKO B GETATPOHHBIX BKJIAJAX, KOTOPHIE
UMEIOT HOPSZOK 1/y M MaJbl B PEIATUBACTCKOM CJIy-
Jae, HO U B YIVIOBBIX BKJI&JIaX, KOTOPBIE OIPEIEJISIOT
reHepanuio derHbix rapmonuk JICD. B gmuaHOM OH-
aynaTope peHTreHoBcKuX JICD BO3MO2KHO TaKXKe OT-
KJIOHEHME IIy4YKa OT OCH, CDABHUMOE C CEUYEHUEM Iy JKa,
(cM. mampumep, [37]). TloguepkHEM 3aBUCAMOCTD BeJIH-
YMH HE OT SMHUTTAHCA €y 4y, & OT CEYCHUS

Oz,y =\ Ex,yBay

2 2
BIJJ = Eﬂﬂay/em,y = Um,y/ELy

rae

— mapamerp TBucca, u oT yrja 6, KOTOpBIN BKJIIOYaeT
0; SMUTTAHC IIyYKa

Exy = Oz ybay

B 9TOM KOHTEKCTe BTOpuU4eH. beraTpoHnble KoieOaHmst
B IIy4Ke KOHEYHOI'O CeYeHUs IIPUBOJAT K PACIIICIIJIEHUIO
JINHAW CIIEKTPA TAPMOHUKHA W3JTyI€HUS 1 HA OeTaTPOH-
HbIE TADMOHUKU P, KOTOPBIE pa3/ieIeHbl YaCTOTOH, 3Ha-
YUTEIbHO MEHBIIEH YacTOThl U3JIydeHUd,

eM. [47], npu v > 1.

B Teopun BBIHYKIEHHOTO U3y YeHHUS BaYKHYIO POJIb
urpaer 6espaszmepnbiii napamerp Ilupca. On BBOIUTCS
B IIPOIIECCe NIPUBEJIEHNsI K 6e3pa3sMepHOMY BUJLY ypaB-
HEHUIl JBUXKEHUS JIEKTPOHOB M YCHUJIEHHUS BOJIHBI Ta-
KM 00pa30M, UTO MPOJOJIbHAS KOOPINHATA HOPMUDY-
eTCsl Ha BOJIHOBOE IMCJIO M3JIydaeMoil BOJHBL k = w/c.
IIpu sToM B JuHEHHOM TPUOJIMAKEHUN BOJHA yCUJIABA~
ercd 10 caeayomemy 3akony: A(z) o« exp(Ckz), tae
C — mnapamerp Ilupca. snagasbHo napamerp Ilup-
ca C' ObLI BBEJEH JJId U3y YeHUs I€PEHKOBCKOTO THIIA,
7 puOOPOB KJIMCTPOHHOTO THUIA M TOJBKO ITOTOM JIJIst
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JICD u nuknorponnsix Mazepos [48]. B reopuu JICD
IPOA0JIbHAST KOOPAUHATA [0 OCH IIPUOOPa HOPMHUPYeTCS
HA BOJIHOBOE IHCJIO OHIYIATOPA ky = 27/ A, CooTBer-
CTBEHHO, B JITHEHHOM NMPHUOJIMKEHUH BOJTHA YCUTABAECT-
¢TI0 3aKOHY

A(2) o exp(pku2),

rae p — mapamerp [lupca B JICD, KOoTOpPHBI B aHryIO-
SI3BIYHBIX CTAThSAX Ha3biBaeTcs nHoraa FEL-parameter.
ITapamerp Iupca p B JICD ormuuaercs or mapamerpa
ITupca C' mopmuposkoit. Hampumep, nmapamerp Ilupca
JICD p ompejiessier JJIMHY YCUIIEHUST:

Ay

Lyg~—r—,
9 47\/3n1/3p,

(4)

a sekTporHblil KIT/T JICY B pexxume HaChIIEHUsT TIPO-
CTO COBIIQJIAET C P C TOYHOCTHIO JIO KOPHSI U3 JIBOWi-
K [8-11], Tak 9TO MakcHMaabHAs (BIPOUYEM, HE 005132~
TEJIbHO JIOCTUKUMAs!) MOIIHOCTD N-H TAPMOHUKY 3alli-
CBIBAETCSI CJIEJIYIOINNM 0O6pa3oM:

PF,n ~ \/Epnpbeama

rie Ppegmn = FEly — MOIIHOCTH IyYKa 3JEKTPOHOB.
31echk ectb ormune or napamerpa Ilupca C, B Tep-
MHHAX KOTOpOro yuensie ompenessior KIIJT ycrpoii-
crBa Kak C'y2, THe 7 — PeIATHBUCTCKHII Macc-haKTop
ajiekTpoHa. [lapamerp nupca p s JICD 3amnuceiBaer-
o caemytonmm obpasoM (cm. [8-14]):

1 J 1/3
= — (== (Oukl|fu))?? 5
m=g () OHEDE )
e fn — koabdunment Beccens (2) n-it rap-
monuku, J = Ip/¥ — wgornocrs Toka, Iy —

9JIEKTPOHHBIA TOK B IIyYKe CEYEHUS . 2mo g0y,
i[A] = 4megmc?/e ~ 1.7045 - 10* — xoncranta ToKa
Anbdrena. Ilorepn n3-3a KOHEYHOrO CEUEHUS ITYUKA,

~
~

€ro SMUTTAHCA U PAa30pOCca SHEPTUl yBETUIUBAIOT JJTU-
Hy ycuJieHus1 L, M yMEHBIIaOT MOIIHOCTh I'apMOHHK
P, p, KOTOpasi, KpOMe TOrO, He BCErJa IOCTUKUMA
n3-3a Hackimenus Beero JICD, kKoropoe 0OBITHO HACTY-
raeT paHee HACBHIEHNS TapMOHUK. KOPpPeKIys JJInHBI
ycuienust (M, KaK CJIeJICTBUE, KOPPEKIHsI MOIIHOCTH )
Jydie Beero omuckiBaerca dopmyioit M. Keu (Ming
Xie) [49,50]:

L, = Lgo(l +A),
rae A — mosmmHOM APOOHOI CTENeHN ¢ IeBATHAIIATHIO

ko3bdunmentamu. C 3TUM HEIIOXO COTVIACYIOTCSH (HOP-
mysbl 1. Jarronu (G. Dattoli) [51,52] ayst koppekiuu
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mapamerpa [lupca, JIUHBI yCUIEHUSA U MOITHOCTH:

Lp,g — Ly gk @y,
O, P
0
Pn,F ~ ﬁ%pnpbeam-

L, ~1.07LyIn

Bosibiiast  9yBCTBUTEIBHOCTD — 3JIEKTPOH-(POTOHHOIO
B3aMMOJEHCTBUST HA JJINHAX BOJIH TapMOHHK 70 K
pa3bpocy 3Hepruil 3JIEKTPOHOB W JPYTMM IIOTEPSIM
yaurbiBatorcst (enomenosnorndecku. Tak, B (6) pas-
O6poc sSHepruit 0. W SMHUTTAHC Eg, YINTHIBAIOTCA
kodbdunmenramu ¢ u 7, OTKATMOPOBAHHBIMA HAMHI
paHee 10 JIAaHHBIM BCEX OCHOBHBIX JeiicTByromux JICD

B JIMAIIA30HAX OT BUJIMUMOIO JI0 PEHTIeHOBCKOro [29-31]:

o, ~ (c\/ﬁ + 0.165;@7") e00341E

20,
Hon X 5 (10)
_ _ 1.57(®,, — 0.9)
N @, (P, —0.9) n
N~ 0.942 (e + (I)% )

Kosdpdbumnmenr ( npubiankeHHo meperaer 3aBUCHU-
MOCTb OT HapaMeTpoB TBHCCAa W SMUTTAHCA U MMeEET
CJIOXKHOe BbIpazkeHne [52]; B 1eaoM OH OJIM30K K
enuuure, ( ~ 1-1.05, mist 6OIBMIMHCTBA COBPEMEHHBIX
YCTAQHOBOK C MAaJIBIM 3MHUTTaHCOM, v ~ 107%™ - pan,
U TOJBKO I IYYKOB C OOJIBIIUM SMUTTAHCOM,
~ve > 1075 M - pax, umeem ¢ ~ 1.1-1.4, uto yBeanmun-
BaeT [UinHYy ycuieHusi. HadajbHas MOITHOCTH JA€TCst
B JICD oT ucToOYHMKA 3aTPABOYHOIO W3JIyUYEHUs WK B
JICD ¢ camoycuierreM crioHTanHOrO n3aydenus SASE
OT KOTE€PEHTHOU COCTABJIAIONMIEH IIyMa 3JIEKTPOHHOI'O

GaH4a:
Pyn =1 .6pie 4me Pyeam [ ToAn,

cM. [53]. MomHOCTh rapMOHUK OOBITHO OrPAHUYIEHA Ha-
CBITIIEHNeM OCHOBHOTO ToHA u Bcero JICD, koropoe Ha-
CTyHaeT paHee HACBIMEHUs] TADMOHUKU U COMPOBOXK-
JIaeTCsl POCTOM HWHJYIIMPOBAHHOTO DPa3bpoca IHEPIHit
9JIeKTPOHOB. 1lo9TOMY B pexkmme HEJIMHEHHOTO POCTA
MOIIIHOCTh HACBIIMEHUS N-1i TADMOHUKN OOBITHO MEHb-
mre, YeM Pr,,; Ha JIJITHE HACHIIEHUST

91, P
Ly ~1.07L, 1n%

0,1
e
v \nfi)’

cM. [51,52]. B Heil He yuInuTHIBAIOTCH OCIUIIISIIIAY MOIII-

OI€HKa MOIITHOCTH I'aPMOHHKH:

Pn,F "N-‘nn

2*
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Lgain [m]

CVEay
9 [m mm mrad]

Puc. 1. 3asucumoctu anunsl ycunenusi JICS LEUTL ot pasbpoca sHepruii 0. 1 CeHeHUsi 0q,y = 0 Ny4Ka 3NEKTPOHOB C 3aAaH-
HbIM napameTpom Teucca B = 1.5m (a) 1 oT aMUTTaHCa NyYKa Yez,y (6) B IKCMEPUMEHTE C CeHeHUEM 04, = 0.25 MM; pasbpoc
sHepruii anektporos o, = 0.001; Tok Io = 210 A

HOCTHU B HACBIIIEHUH, 8 TaK¥Ke IIPOIOJIXKAIOIIUIAC MeJI-
JIEHHBI POCT MOIIHOCTU TMapMOHUK I10CJI€ HACBIIEHUSI
ocaHoBHOro ToHa. llepeunciienubie 3pdEKTH yITEHBI
deHoMeHoIOrnYecKr B (bopMyJie, BhIpabOTaAHHON HAMUI
Ha OCHOBe aHAJIN3a [TOBEJIEHNSI TADMOHUK B PEXKUME Ha-
CBHIMIEHNS HA, JJINHE OHIYJISATOPOB 2 ~ Ls B OCHOBHBIX
npeiictBytomux B Mupe JICD:

n

&)

Pn,F%Pn,F X

z~Lg

n(z — Ly) P, r
X <0.77+0.23cos 131, ) 55 (11)
roe
Pn,F = Pn,F ) (12)
#a,n"ﬂa,n7(i>n(ﬂ€,n)v"7(ﬂa,n)
5 2712/30e
Hen ¥ ———.
Pn

Teoperuyeckoe Bbipazkenue i momaoctu (11) yau-
ThIBaeT TouHble Koabdumnuents Beccens (2). Pesynb-
TAT XOPOIIO COTJIACYETCS C N3BECTHBIME JTAHHBIMA BCEX
Hamnbosiee m3BecTHbIX JICD (cm. [27-33]); Gosee Toro,
pesyabrar (11) syume mepesaeT sKCIepUMEHTAJbHBIE
JaHHbBle MoImHOoCTH TapMmoHuK JICD, wem Teopermde-
ckue oueHku B [54,55], kak nokazano B [30,56,57].

2.1. Bausinue mapaMeTpoB IIyYKa 3JeKTPOHOB
Ha JyuHy ycuiaeHus JICD

Pacemorpum xopormio  mokymentupoBanubiit JICD
LEUTL [39, 40] ¢ wusiayueHnmeM Ha JJIMHE BOJIHBI
A1 =~ 540um. Hanmuwsie onmynaropa LEUTL: mepuon
Ay = 3.3 cM, junHa cekruu L, = 2.4 M, OHIYJISTOPHBIH
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mapamerp k = 3.1, mapamerpnl myuka B JICI: Tok
Iy = 210 A, sneprus syekrponoB E = 217 MsB, pasz-
6poc suepruit 0, = 1-1073, cpeaumit sMETTaHC VEzy N
~ 6.27-107% MM - Mpas, mapamerp Taucca Be.y = 1.5M,
cedeHHe IIydkKa oy, = 0.25 MM, pacxoguMocTs 845, ~
~ 0.17wmpan. Ucnosbsyem dopmynsr  (2)—(11)  agst
aHaJm3a MommHocTH rapMmoHmK JICD m omeHmM BO3-
MOXKHOCTB I10JIaBJIeHUsT BTOpoii rapmonnku JICS.
PaccmorpuM  3aBuCHMOCTB  pacCINTAHHONW —HAMM
amuabl yeusierns JICD oT pasaudHBIX MapaMeTpoB
[IyYKa 3JIEKTPOHOB; TOK CUATAEM BO BCEX CJIyUasiX (PUK-
cupoBanabiM. OT TapMOHUK IOJIsI OHJLYJIATOPA JJIMHA
YCUJIEHUsI TPAKTUIeCKH HE 3aBUCHUT. 3aBUCHMOCTH
JIUHBL YCUJICHUSI OT pa3bpoca SHEPruil 3JIEKTPOHOB
U OT CedeHusl IydYKa IOCTPOEHA HAMHU IO (POPMYJIaM
(6), (10) u nokasana Ha puc. la upu GUKCUPOBAHHOM
3HaueHnnu napamerpa Tsucca [, = 1.5. V3mepen-
Hasi B O9KCIEPUMEHTE JJINHA YCHUJIEHHS COCTaBUJIA
Lggin =~ 0.75M, 4TO cOBIAJAeT C HAIIUM TEOpPeTH-
YEeCKUM pU  3aJ[aHHBIX [apaMerpax
ycranoBku (cM. puc. 1 s o, = 0.1 %). DddexrupHbIit

pe3y/IbTaTOM

YTOJI B3ANMOJEHCTBUS JIEKTPOHOB C U3JIyYEHUEM TP
3TOM cocTaBisieT 0 & Oy / Lgain = 0.3 Mpaj, 9TO Haer
3HaUYeHUe 7@ ~ 0.13, B mBa pasa OoJbIllee, UM JIJIst
pacxomumocTu: 04,y ~ 0.07.

IIpu Bapmamum cevennss MydKa W (PUKCAPOBAH-
HoM mapamerpe TBucca f3;, 3ddexTuBHOE H3MeHe-
HU€ SMHUTTAHCA IPOUCXOIUT TOJHKO UYepe3 H3MeHe-
HU€ CEeUEHUs. ITOT CJIydail MPEICTABIAETCS BayKHBIM,
TaK KakK CeYeHne U JIIUHA YCUJIEHHS OIIPEJIE/ISIOT
yros1 6, KOTOpPBIif, B CBOIO OYepPeb, B OCHOBHOM OIIpe-
gessier reHepanuio Bropoit rapmoruku JICD. Orme-
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THM, 9TO 3aBUCHMOCTH JJIMHBI YCUJIEHUsS OT pas3dbpo-
ca SHepruil 9J1eKTPoHOB L g4in (0 ) IpH 3HAYMEHUH Cete-
HUS 0y, = 0.25 MM IOPaKTUYECKN IOBTOPsIET 3aBUCHU-
MOCTB OT ce¥eHUs Lgain(05,y) Ipu pasbpoce smepruit
0. = 0.001 (cMm. puc. la). Dro, MO-BUAUMOMY, COBIIAJIE-
HUEe, HO STHU 3HAYEHUsI [1apaMeTPOB IPUCYTCTBYIOT BO
Mmuorux skciepumentax LEUTL [39,40]. 3asucumocts
L 4in(0z,y) TIPH MOCTOSIHHOM TOKE B OCHOBHOM OIIPE/Ie-
JISIETCsI U3MEHEHUEM ILJIOTHOCTU TOKa J M COOTBETCTBY-
omuM u3MenenreM napamerpa ITupca p (5), a Takxke
MeHee 3HaYUMbIM M3MeHeHueM mapamerpa k (6), omu-
CBHIBAIOIIEr0 BJIMSIHAE SMUTTAHCA Ha JU(PPAKIUIO IIyd-
Ka; B TO XK€ BpeMsl BJIUsIHHE pa3dpoca SHepruii o, Ha
JIAHY YCUJIEHUS OMUACHIBAETCS HE3aBUCUMO KOI(DDUIH-
eHToM i (10). IIpu MaoM cevueHnr mydKa JIeKTPOHOB
U COOTBETCTBEHHO MAaJIOM SMUTTAHCE JJINHA YCUJIEHUSI
JICD LEUTL maJso MeHsieTcst Ipu M3MEHEHnHn pa3opo-
ca sHepruil B mmpokux upegenax g, ~ 0.1-0.3 % (cm.
puc. la rpaduk npu o, , = 0.1 MM); upu GOIBIIHX Ce-
YeHUAX MyJIKa, 0y, ~ 0.25 MM, gymaa yennenns JICD
YBEJIMYIUBAETCsI ¢ pocTOM pasbpoca suepruit. [Ipu erme
GOJIBIINX CEUEHUSIX Oy >> 0.3 MM U 3aJjaHHOM 3Hade-
HUA (g, = 1.5M CHJIBHO yBeJHYMBAETCS KaK JJINHA
YCUJIEHUS, TAK U €€ 3aBUCUMOCTH OT pa3bpoca IHepruii
(eM. puc. la npu oy, = 0.4MM).

Paccmorpum Terrepb BO3MOXKHOE BIIUSTHUE BAPUAIIH
SMUTTAHCA IIYUKa, €5,y B IIPEIIOIO0KEHAN (PUKCUPOBAH-
HOTI'O CEYEHHUs Oy . B 9TOM CJlyuae U3MeHEHNEe SMUTTAH-
ca 0O6paTHO IPOIOPIIMOHAIBLHO U3MEHEHHUIO [apaMerpa
Tsucca 35y, TaK 9TO

Ox,y = \/Ez,yPz,y = const.

IIpu sTOM HEe MEHSIOTCS ILJIOTHOCTH TOK&, ITapaMerp K
(6), onmceBaromuii qudpaxmuo, n mapamerp Ilupca
p (5), oupeiensomuil JUIMHY YCUJIEHHS W MOIIHOCTH
JICD. MbI momyumim, 9TO BapHalldsi SMUTTAHCA IIyd-
Ka 1pu GUKCUPOBAHHOM cedeHnu (cM. puc. 16) meHsier
JJIMHY YCHJIEHUsI HECKOJIBKO MEHBIIIE [0 CPABHEHUIO C
TeM, KaK MeHseT [JINHY YCUJICHWUS BapHUAINs CEICHUS
nupu 3ajaHHOM Tapamerpe Teucca (cp. ¢ puc. la).

Beipasus napamerp Tucca Kak (g, = Oﬁyy /€x.y5
MOYKHO 3a(HUKCHPOBATH SMATTAHC €5y W TPOAHAII3N-
POBAaTh B 9TOM CJIyuae BIMSHUE CEUEHUsI IIydKa Oy , Ha
JUIMHY ycuienusi. Pesyibrar npecrasiied Ha puc. 2. On
3aMeTHO OT/IMYaeTcsd OT rpadukoB Ha puc. 1.

B JICS LEUTL 3nadenusi sMuTTaHCa MEHSINCH U
B PA3JINYHBIX SKCIIEPUMEHTAX COCTABJISIIN YEq o ~ 5.5~
9 - 10~ - mpan. Ha puc. 2 mpencTasieH IpHMepHO
9TOT AWAaNa30H M3MEHEHUsI U BUIHO, KAK 3aBUCHMOCTH
JUIMHBI YCUJIEHUsI OT CEYEHUsl KaIeCTBEHHO MEHSIeTCsI
pu Bapuaruu smuTraHca. [Ipu 60apmux ceaennsx 3a-
BUCHMOCTH OT SMUTTAHCA [TOYTU HET, [IPU MAJbIX Ce-
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Puc. 2. 3aBucumoctb gnunbl yeunenns JICS LEUTL ot smuT-
TaHca 1 cedeHust nyyka c pasbpocom aHepruii g = 0.001; Tok
Ip =210A

YEHUAX 3aBUCUMOCTD JJIMHBI YCUJIEHUST OT SMUTTAHCA
cuibHasi. Ha puc.2 BHJIHO, 9TO MaJIblii SMUTTAHC U
MaJjioe CedeHHe I03BOJISIIOT yMEHBIIUTh JIJIMHY yCHJIe-
Hust npubm3uTeabHo 10 0.6 M, a mpu 60IBITOM IMUT-
TaHCe CeYCHHE MEHSeTCS B HEOOJIBIIOM WHTepBaje 1—
1.2M u BugeH MUHUMYM Lgqi, TPH 3HAYEHUH CEYEHUs
Oz,y ~ 0.25 MM, UTO COOTBETCTBYET IKCIEPUMEHTAJIb-
ubiM napamerpam JICD LEUTL [39,40]. Ecrecrento,
C IPAKTUIECKOH TOYKM 3PEHUsI HY?KHO 110 BO3MOYKHO-
CTU YMEHBIIUTH JIJINHY YCHUJIEHUs], YTOOBI YMEHBIITUTD
pa3smep u crommocth JICD. Menbmas gmuHa ycuire-
HUsI, KPOME TOI'0, COIPOBOXKJIAETCsI OOJIBIEH MOIIHO-
creio JICD, uro nenHo.

Mpbl u3y9uin BAUSHAE SMUTTAHCA, CEUEHUs] U Pas-
Opoca 3Hepruil MmydKa 3JIEKTPOHOB Ha 3(PDEKTUBHBIHI
YIoJI 3JIEKTPOH-(POTOHHOrO B3ammojeiicteust B JICD:
0 ~ 04.4/Lgain. OTMETHM, UTO W3MeHeHHE TapaMer-
POB IIyYKa MPUBOJUT K U3MEHEHWIO JJINHBLI YCUJICHUS
JICY, uro mokazaHo Ha puc.l; 9TO BUSIET Ha YTOJ
0 =~ 04.y/Lgain; KpoMe TOTO, Ha € HETOCDECTBEHHO
BJIUSIET W CaMO cedeHne mydka. [losyueHnas ananTu-
"ecKast 3aBUCHMOCTD 0(0y 4, €.y) OT CEUCHHUs W SMUT-
tanca nydka B LEUTL nokasana na puc. 3a,6,6. Ilpu
U3MEHEHUU CeYEeHUs My9IKa 3a CUeT BapHhallih dMHT-
TaHCa W 33JaHHOM B dKCIIepUMeHTe napamerpe TBuc-
ca B = 1.5M yron 6 Mensiercst B HeGOJIBIIMX IIpe-
Jlesiax, Kak IokazaHo Ha puc. 3a. UuTepecno, uro 3a-
sucumoctsb (0, ,) uMeer MakcumyMm (cM. puc.3a) u
STOT MAKCHMYM @ IIPIXOIUTCS IPUMEPHO HA M3MEPEH-
ole dKcrnepuMenTanabubie 3Haderns LEUTL: ceuenne
O,y ~ 0.26 MM U SMUTTAHC Y&, 4 = 6.27- 1076 mm-Mpay
npu pazopoce suepruit g, = 0.001. [Ipu u3menenun
SMUTTaHCA U (PUKCUPOBAHHOM B IKCIIEPUMEHTE Ceve-
HIJ IIy9Ka yros § MOHOTOHHO yOLIBAET C yBeIMUCHI-
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Puc. 3. 3asucumoctu yrna snektpoH-chotoHHoro e3aumogeiicteus B JICD LEUTL oT cedveHuss nyyka npu 3agaHHbIX B 3KC-

nepumeHTe napametpe Teucca S = 1.5M u pasbpoce sHepruii . = 0.001 (a); OoT 3MuTTaHCa Npu 3afaHHbIX B 3KC-
nepuMeHTe cedeHun oy, = 0.26 MM u pasbpoce snepruii o. = 0.001 (6); oT ceveHws Npu 3aAaHHbIX B IKCMEPUMEH-
Te 3MUTTaHCe Yez, = 6.27 - 107 mm - mpag u pasbpoce smepruii o, = 0.001 (8); or pasbpoca 3Hepruii npu 3ajaHHbIX

Vea,y = 6.27 - 1075 mm - mpag, Ozy = 0.26 Mm (2); B =1.5m; Tok [p = 210A

eM smurTanca (cM. puc. 36). Takum ob6pazom, 3aBucu-
MOCTb OT SMHUTTAHCA HA pHC.30 COBCEM Apyrasi, 4eM
3aBUCUMOCTD OT CEYEeHUs IIydKa Ha PUC. 3a.

Kpome Toro, Mpl m3ydmin aHAJIUTHIECKYIO 3aBUCHU-
MOCTbD é(axyy) OT CeYEHUS IyJIKa [MPU M3MEPEHHOM B
SKCIIEPUMEHTE SMUTTAHCE Y€, o, = 6.277 - 1076 MM - Mmpay,
OHA TIpeJICTaB/eHa Ha puc. 36. g JaHHOTO SMUTTAH-
ca ez, = 6.27 - 1076 MM - Mpa MasTbIe CeTeHns HUKe
SKCIIEPUMEHTAIBHOTO JAI0T MaJble YIJIbI f: TIpu cede-
HUHU 04, < 0.2 MM yroua 6 < 0.28 MpaJi, a IpH CeueHnn
Oz,y = 0.1MM yrou  MoxeT GLITH B TPH pa3a MeHb-
1le ero 3Ha4YeHWs [PU SKCIIEPUMEHTAJbHBIX IapaMeT-
pax myuka (cM. puc.38). YBeJnueHne CevYeHHsl IIydKa
OT 03 = 0.1 MM 10 3HAYEHU 0, ~ 0.25 MM, U3MepeH-
HBIX B 9KCIIEPUMEHTE, IIPUBOIUT K YBEIMYCHUIO yIIa, 0;
[IpU JIaJIbHENINEM YBEJINYEHIH CEYEeHHUsI BBIIIE SKCIIEPU-
MEHTAJIbHBIX 3HAYeHW u (DUKCUPOBAHHOM SMUTTAHCE
He HPOUCXOUT yBenuuenns yria 0 (cum. puc. 36).

Basucumocts 0(0.) oT pasbpoca 3Hepruii 31eKTPO-
HOB TIpejicTaBjena Ha puc. 3. C yBeqmdaenneM pasopo-
ca 9HEPruil IydYKa MPOUCXOIUT MPAKTUIECKH JINHEH-
HOe yMeHbINEHUe YyTJIa 3JIeKTPOH-(POTOHHOTO B3AMMO-
neiicreust 6. 1o Bimser Ha kodbdunmentsr Becces
rapMOHUK (2) HEIIOCPEJCTBEHHO U OIIOCPEJOBAHHO de-
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pe3 o6obimennbie pyuknuu Beccens (3), Koropblie Tak-
K€ 3aBHCAT OT YIJIOBBIX BKIaI0B A. COOTBETCTBEHHO,
mapamerpsbl [Iupca rapmonuk JICD p,, Takxke 3aBUCSIT
OT pa3bpoca IHEPTUl JTEKTPOHOB; 9TA 3aBUCHMOCTD TI0-
Ka3aHa W UCCJIeJOBAHA HAMH B pas3z. 3.

OTMeTHM TakyKe, UTO MAKCHMAJbHOE 3HAdeHue
[IPU BCEX HMCCJIEJIOBAHHBIX HAMU M3MEHEHUSX [TapaMeT-
POB IIy4YKa OCTAETCsl IIPUMEPHO OJHMM U TeM 2Ke (CM.
puc. 3a,6,6). C yriosbiMu 3ddeKkTaMn TECHO CBI3aHO
nziydenne deTHbix rapmoruk OU. B persruBncTckux
My9YKaX YeTHbIE TAPMOHUWKU WU3JIyYEHUsI BO3HUKAIOT B
MEHbIIIell CTeleHN U3-3a OeTaTPOHHBIX KOJeOaHuil U B
OoJIbITIell CTEeHN U3-3a YIJIOBBIX 3(MdEKTOB; 3HAUU-
metit B JICD sddekTuBHbii yroa # mpeBblmaeT Bce
JIpyrue yrjoBble BKJIAJbl W MEHSIETCsl [IPU BapHAIlUN
CeveHMsl M SMUTTAHCA HE3HAYUTEIBHO (CM. puc.3a,s).
IIpu 3amarHOM (HUKCUPOBAHHOM SMUTTAHCE U3MEHEHUE
yria 0 ~ 0,4/ Lgain 371€KTPOH-DOTOHHOTO B3aUMOJIEH-
CTBUsI IPOUCXOUT B CTOPOHY MEHBIIINX 3HAYEHUI C OT-
riioneaneM cevdenus nydka LEUTL ot ero mraraoro
3HaUeHHs 0, ~ 0.25 MM (cM. puc. 3a,6). D10 Haer oc-
HOBaHUE IPEJIIOJIOKUTH, UTO IIPHU JIAHHOM SMUTTAHCE
B JICOD LEUTL menbmme cedenus mydka MOTYT OCJIa-
6uTh geTHble TapMonuku JICS.
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3. BIINAHNE ITAPAMETPOB IIY4YKA
QJIEKTPOHOB HA N3JIYVUEHUNE
TAPMOHUIK JICD

Mper paccanranu no dopmyaam (2)—(11) u mpocie-
JUIN BJIMSHUAE [TaPAMETPOB IIYyYKa 3JEKTPOHOB HA KO-
addurmenTsr Beccess n Ha MONTHOCTU TAPMOHUK H3JTY-
qeHus. YuareH 3pHeKTUBHBIN yroJ1 3JIeKTPOH-POTOHHO-
ro B3ammogzeiicteus B JICD LEUTL: v ~ 0.14, xoro-
pBIil CHJIBHO BJIMSIET HA MOIHOCTH YETHBIX TaPMOHUK
JICD. 3aBucumoctsb KoaddurmenTos beccesst ot ceve-
HUsI IyYKa [pu (PUKCUPOBAHHOM B KCIEPUMEHTE Iia-
pamerpe TBucca § = 1.5 M npezcrasiena rpaduaeckn
Ha puc. 4a; (paKTUIECKN U3MEHEHUE SMUTTAHCA B 9TOM
cJlydae IPOUCXOIUT 38 CUeT Bapualluu cedeHus. 3aBu-
cumocTh KodddurmentoB Beccesst o pazdbpoca snep-
Uit IydKa JIEKTPOHOB IPECTaBJIeHa HA PUC. 46 11
JIAHHOTO B 3KCIIEPUMEHTE SMUTTAHCA U CEYEHUS ITyIKa
LEUTL.

OTMmeTnM, 9TO M3MEHEHHE CEYeHUs NPU (PUKCHPO-
BaHHOM napamerpe Teucca (T.e. npu 3amaHHON DOKY-
CHPOBKE) MaJio CKasblBaeTcs Ha Koadduimentax Bec-
cenrst: 3uavenne fi = 0.75 1T OCHOBHOTO TOHA HE Me-
HSIETCsI ¥ TI09TOMY OHO He ITOKa3aHO Ha PHCYHKAaX; Me-
HSIIOTCsI, XOTsl U MaJjio, 3HAYeHUsI fo IJisi BTOPO#l rap-
MOHHKH (CM. pHC.4a), CIeiys 3a U3MEHEeHHeM yriia 0
Ha puc.3a (opaHzKeBas JIMHUSA Ha DUC.4a Clenyer 3a
u3ruboM JinHUM Ha puc. 3a). VIHTEpecHBIM IIpejicTaB-
JisieTcsi yMeHbIenne ko duimeHToB Beccenst BTopoit
TapMOHUKHU fy MO CpaBHEHUIO ¢ KodddummenrTom Bec-
ceJisi TpeTheil rapMOHUKY f3 IIpU yBeJIndeHuu pa3dbpoca
sHepruit (cM. puc. 46). DTO MO3BOJISIET 3aKITIOUATH (CM.
puc. 46), 4To BTOpas rapMOHUKA, [I0-BUIUMOMY, Oyi1er
cuJibHee TojaBjeHa B cuekTpe JICD npu yBejimueHHOM
pa3bpoce 3Hepruil mydka. B To ke Bpemsi u3MeHEHUE
ceuenns (cM. puc. 4a), O-BUJAUMOMY, He OKAYKET CTOJIb
3HAYUTETHLHOTO BJIUSHUS HA MOITHOCTH BTOPOI rapMo-
HUKWJ, KaK U3MeHeHne pa3dbpoca 3Hepruit. st 3aBucu-
MOCTH OT pa3bpoca sHepruil Ha puc. 46 Mbl OTrpaHITIHA-
JIn CBEPXY 00JIACTD UCC/IELyeMbIX 3HAYEHUH 0, 3HATe-
uHuem mapamerpa Ilupca p (5) JICD wucxonsa us ycio-
BUS 0. <p. B oTrHOmMeEHNN 3aBucumoctr KoaddurmenTa
Beccenst Tperbeit rapmonuku fs or pazdpoca smepruit
OTMETHM, YTO HEDOJIBIIIOE YBEJIUIEHNE f3 C POCTOM Pas-
O6poca SHEPIHil JIEKTPOHOB, BOODIIE rOBOPSsI, HETUIINY-
HO W, TIO-BUIMOMY, CBSI3aHO C YMEHBIIIEHUEM yTJIOBBIX
BKJIQJIOB B 0000MeHHbIX hyHKIMsax Beccens (3) mist
ycranosgru JICD LEUTL.

C peaJibHBIMU [TAPAMETPAMHU YCTAHOBKU B 9KCIIEPH-
menre JICD LEUTL [40] (nanHBIe IpUBEJCHBI BBIIIE
B HaUaJle pa3/l. 2) Mbl AHATUTUIECKH TIOJLY IUJIU COJED-
JKaHue BTOPOit rapMonnkn B maaydernn JICD = 0.3 %,
9TO HAXOIUTCS B IIPeiesiax pa3bpoca m3MepeHuii U B XO-
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pOIIIeM COTJIACUU CO CPEIHUM 3HAYECHUEM, N3MEPEHHBIM
BO BCex akcnepumenTax: Pp/P; = 1/240 [40]. Paccun-
TAHHOE COJIEPKAHUE TPEThbEl TapMOHUKHU IOJIYIUIOCH
~ 0.8%, 9TO TakyKe COrIACYETCS C IKCIIEPAMEHTOM;
paccunTanHasg JymHa ycunenus Ly = 0.77M u jgymna
Hachwimenns Ly = 16 M TOYHO COOTBETCTBYIOT H3MEPEH-
HBIM 3HadeHnAM [40)].

C yuerom koabdunuentos Beccens (cm. puc. 4)
MbI aHAJTUTHIECKU PACCINTAIN 3aBUCUMOCTH TTapPaMET-
pa Ilupca p, 1a1a rapMOHUK, a TaKKe MOIHOCTH W3-
JIyueHus rapMOHUK P, oT ceueHus mydka u pa3dbpoca
SHEPI'Uil 3JIEKTPOHOB. 3aBUCUMOCTH p, U P, oT cede-
HUS Ty9Ka TPU 33JJaHHOM B JKCIIEpUMEHTE pas3dpoce
snepruit 0. = (0.001 mpexncTaB/leHBI Ha PHC. H; 3aBU-
pa3bpoca sHepruit Mpu 33 ]AHHOM CEUCHUN
O,y ~ 0.26 MM nokazansl Ha puc. 6. IIpoanammsupyem

CUMOCTH OT

Ha puc.b 1 6 BIUIHNE MApaMeTPOB ITyYKa Ha U3ITyte-
nue rapmonuk JICS.

IIpu yBesmdeHMn cedeHUs IydKa Oy, HPOUCXOIUT
ocnabnenne nznyderns JICD BeaencTBre yMEHbITEHUS
3uadenust napamerpa Ilupca, mokazanroro Ha puc. Ha.
C pocrom ceuennst mapamerp [Tupca ymenbiaercs: (eM.
puc.5a) xorst Gbl TOTOMY, UTO yBEJIUIEHHE CEUCHUS
My9IKa Oy, YMEHBITAET IMJIOTHOCTH 3JIEKTPOHHOTO TOKA
B HeM (npu (BUKCHPOBAHHOM TOKe [); 9TO HEmocpe.i-
CTBEHHO BJiusieT Ha napamerp [upca (5):

Boobimie roBopsi, 0OBIUHO 3a M3MEHEHWEM TapaMeTpa
ITupca p ciemyer m3MeHeHWE MOIIHOCTH; TO XOPOIIO
BUIHO Ha puc. 56. VI3 rpadukoB Ha puc. 5 ciaemyer, Kak
MBI U IIPEJIOJIATAJIN 10 Pe3Y/IbTaTaM aHaJN3a 3aBUCU-
MOCTH JJINHBI YCUJIEHWsI OT CedeHusi (CM. pass. 2), 9To
BJIMSIHUE CEYEHUS Ha U3JIyYeHHE MPUMEPHO OJIMHAKO-
BO njist Beex rapMmonuk n = 1,23 (cm. puc. 5). Orme-
THM, YTO MOIIHOCTb BTOPOi TApMOHUKU HEMHOTO HO0JIb-
me Jjs cedenuit o, ~ 0.1-0.15MM u He MeHsercs
[P yBEJIUTIEHNN CeTeHUs My dKa 10 0y A 0.2 MM (CM.
OpPAaHKEBYIO IITPUXIIYHKTUPHYIO JIMHUIO Ha puc.6a).
DTO MPOMCXOIUT MU3-38 TOIO, YTO BTOpasi FapPMOHHMKA
JICY cumbo 3aBucHT 0T 3ddekTuBHOrO yrua f, u ee
MOITIHOCTD CJIEJIyeT 3aBHCUMOCTH ) OT CedeHwmsl, TTOKa-
3aHHOI Ha puc. 3a.

Wsmenenne pazbpoca sHEpPruit 3JIEKTPOHOB ITPAKTHU-
JecKu He BuseT Ha mapamerp Ilupca medeTHBIX rap-
MOHUK (cM. puc. 6a), HO yBesmveHne pa3bpoca sHepruii
yMeHbIaeT napamerp [lupca feyen IETHBIX TAPMOHUK.
DTO TPOUCXOAUT TJIABHBIM 00PA30M IOTOMY, UTO feyen
CHJIBHO 3aBHCAT OT YIJIa ), KOTODPBI YMEHBIIAETCS C
pocrom pazbpoca suepruii (cMm. puc. 32). B To xe Bpems
yBeJamdenne pa3zdbpoca IHEPruii MPUBOJUT K yMeHbIIe-
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Puc. 4. 3asucumoctn koacpcpuunentos bBeccens f, rapmorunk JICO LEUTL ot ceveHus nyyka npun pasbpoce anepruii o, = 0.001
(@) v pasbpoca sHepruii npu ceveHnn nNyyka oz y == 0.26 Mm (6); Tok Io = 210 A, napametp B,y = 1.5 M. Fapmonukn: n = 2 —
LWUTPUXMNYHKTUPHAsH OPaHXXeBasl JIMHUS, N = 3 — LITPUXOBas 3eJieHast JUHUS
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Puc. 5. 3aBucumoctu napamerpa MNMupca rapmotunk JIC3 LEUTL (a) n mowroctu rapmonunk JICD LEUTL (6) oT ceverns nydka.
Pasbpoc sHepruii 0. = 0.001, Tok Iy = 210 A, napamerp Tsucca B,y = 1.5M; SMUTTaHC MEHSETCS C UBMEHEHNEM CEYEHWS.
[apMoHVKu: n = 1 — cniowHas KpacHas JUHNSA, 1 = 2 — WTPUXMNYHKTNPHAs OPaHXXeBasl JUHNSA, N = 3 — LUTPUXOBas 3eSeHas
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Puc. 6. 3asucumocTtn napamertpa Mupca rapmoruk JICD LEUTL (a) n mowmnoctu rapmonuk JIC3 LEUTL (6) ot pasbpoca

sHepruii. CeveHune g,y ~ 0.26 Mm, Tok Ip = 210 A, napametp Teucca Bq,y = 1.5 M, SMUTTAHC YEL,y = 6.2 - 1075 mm - mpag.

[apMoHVKu: n = 1 — cniowHas KpacHas JUHNSA, 1 = 2 — WTPUXMNYHKTNPHAs OPaHXXeBasl JUHNSA, N = 3 — LUTPUXOBas 3efeHas
NNHUS

596



MITP, Tom 166, Boi. 5 (11), 2024

O BausHuM XapPaKTEPUCTUK SNNEKTPOHHOIO Ny4Ka. . .

6
logo[P12[W]]

g
0.25
Puc. 7. 3aBncuMocTb MOLWHOCTY NepBoli 1 BTOPOU FrapMOHUK

NC3 LEUTL ot pasbpoca aHepruli 1 ce4eHns nyyka 37eKTpo-
HoB npu Toke Io = 210 A; napametp TBucca By = 1.5m

HUIO MOITTHOCTU Bcex rapmonuk JICD BBUy yxyire-
HUs IPYIIUAPOBKU JIEKTPOHOB (cM. puc. 66). Dro 6o-
Jlee BBIPAYKEHO JJIs BTOPOIl TapDMOHMKH, YeM JJIs Tpe-
Thel U JIJIsi OCHOBHOT'O TOHA, YTO HE CBS3aHO C I1apa-
merpoMm [lupca, cooTBeTCTBYyOIIEE M3MEHEHTE KOTOPO-
ro mokaszano Ha puc. 6a. s paszbpoca sHepruit B mu-
POKOM nmana3oHe 3HadeHuil nmapamerp Ilupca mepsoit
U TPeTheil TapMOHUK MPAKTUIECKNA HE MEHSIeTCs, a Ia-
pametp Ilupca BTOpOIt rapMOHUKH yOBIBAET C yBeJIHUYe-
HEUeM pa3bpoca sHeprun (cM. puc. 6a), HO He HACTOIBKO
CIJIBHO, 9TOOBI BBI3BATH YMEHBIIIEHNE MOITHOCTH BTO-
poii rapmonuku JICD, npejcrasiientoe Ha puc. 66. [pu
SKCIIEPUMEHTAIbHOM CEYeHMH IIyYKa 0z, ~ 0.26 MM
yBenmiaenne pasdpoca suepruit 3mekTponos ot 0.1 % mo
0.25 % UpMBOAMT K yMEHBIIEHUIO MOIMHOCTU M3JIyde-
HUsI OCHOBHOI'O TOHA M TPEThell rapMOHUKHU IIPUMEPHO
B TPH pa3a, B TO BpeMs KaK MOIIHOCTb BTOPOI rapMo-
HUKHW yMeHbIaeTcst 6ojee ueM B cTo pa3. CpaBHuBas
puc. 5 u 6, MOYKHO YBUJIETDb, 9TO €CJIH 3aBUCUMOCTD I1a-
pamerpa Ilupca Ha puc. 5a BHI3BIBAET U3MEHEHHS MOIII-
HOCTH Ha PHUC. D50, TO M3MEHEHUs Ha PUC. 66 BHI3BAHBI
He TOJIBKO 3aBHUCHMOCTBIO Ha puc. 6a, IJie IPaKTUIeCKH
He MeHsercsa napamerp Ilupca pq 3. Takzke ociabsenue
uzsydenus Bropoit rapmonuku JICD Ha JaBa mOpsKa
npu yBeaudeHun pasbpoca sueprmii ot o, = 0.1 % 10
0. = 0.25 % (opam:keBast IITPUXILyHKTUPHASI JIMHUST HA
puc. 66), O-BUAMMOMY, BLI3BAHO HE TOJILKO M3MEHEHU-
em napamerpa [lupca ps (OpamHzKeBasi IITPUXITYHKTHD-
Hasl JIMHUS Ha puC. 6a).

CpaBHeHve BIUSHUAST U3MEHEHUs] CEYEHUsl IMydIKa U
pa30poca Hepruii 37IeKTPOHOB Ha MOIIHOCTH IIE€PBOI
¥ BTOPOW TapMOHUK IIOKA3aHO HA PHC.7; CpaBHEHUE
BJIMAHUA Ha MOIIHOCTBb IIEPBOM M TpeThell TapMOHUK
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Puc. 8. 3aBMcMMOCTb MOLHOCTMN NepBOli U TPeTbel rapMOHUK
NC3 LEUTL ot pasbpoca aHepruli n ce4eHnst ny4ka 3J1eKTpo-
HoB npu Toke Io = 210 A; napametp TBucca By = 1.5m

[TOKA3aHO Ha PHC. 8. 3aBUCUMOCTU OT CEYEHUS IyUIKa
u pa3bpoca SHEPruil JEKTPOHOB KAYUECTBEHHO ITOXO-
KM JIpYyT HA JpyTra, OCOOEHHO Ijis MEePBOU U TPeTheit
rapMoHUK Ha puc. 8. OJIHAKO OJMHAKOBBIC M3MEHEHUs
apaMeTpoB IIy9YKa IPHUBOIAT K OOJIBINTAM H3MEHEHU-
sIM MOIITHOCTH BTOpo# rapmonuku JICD, dem mepsoii
(cm. puc. 7). Ha puc. 7 BuzHo, 910 B Ciydae yBeadde-
HUA pa3bpoca SHEPruM IydKa B JBa pasa ¢ o ~ 0.1%
710 0. ~ 0.2 % npu 3aJaHHBIX B 9KCIEPUMEHTAX 3HATE-
HUSX 3MUTTAHCA U CeYeHUs 0y, ~ 0.26 MM MOMHOCTD
BTOpoit rapmonnkn JICD ymenbinrces botee deM B Jie-
cATHh pa3. Kcim mpu 9TOM HEMHOTO YBEJIMYUTH CEUeHUe
C Opy ~ 0.26MM 70 04,y ~ 0.3MM, TO BTOpas TapMo-
Huka Oyjiet erre ociabiena. [Ipu yBesnuennn paszbpoca
sHepruu J0 0, = 0.25 % u cTaHmapTHOM CEYEHUHM 11y IKa,
Oz,y ~ 0.26 MM MOITHOCTL BTOPOIl TADMOHUKH yMEHb-
IIUTCS IPUMEPHO B CTO Pa3, a MPU OJHOBPEMEHHOM C
STUM YBeJINYEeHHN CEUeHUsI JI0 0y, ~ 0.3 MM mosydaeMm
ocyiabaenue BTopoii rapmonuku JICD mpumMepHo B J1Be-
ctu pa3 (cM. puc. 7). MoIHOCTb OCHOBHOIO TOHA HPU
9TOM MeHsieTCsI, HO MaJio. OTMEeTHM, 9T0 IPH (DUKCUPO-
BaHHOM 3HadeHUN napamerpa Tsucca § = 1.5M u yBe-
JITYEHUH CEYeHUs C 0y ~ 0.25 MM 10 05 4 ~ 0.3 MM, a
TaK2Ke OJTHOBPEMEHHOM yBEJIHIEHNN Pa3dbpoca SHEPIuii
c o, ~0.1% no o, ~ 0.2 % mommuocts JICD yMeHbLITHAT-
¢S IPUMEPHO B TPU pasa, MOIIHOCTH BTOPOI rapMOHU-
K1 — 6oJiee YeM Ha MOPAJIO0K (CM. pUC. 7), a JIJIMHA yCHU-
seHust Bospacter ¢ ~ 0.77M 10 /2 1.33 M (cMm. puc. la).
To ke ymenbinenue morraHoctr JICD oxujaercs mpu
HEM3MEHHOM CEYeHUH 0y, ~ 0.26 MM U yBelImueHHOM
B 2.5 paza pasbpoce snepruii o, ~ 0.25 %. B srom ciry-
vae JIMHA YCUJICHAS PACTET HECKOJILKO MeJJIeHHee (CM.
puc. la) u gocruraer 1.2 m.
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Puc. 9. 3aBucumocTb cogepxaHusi BTOPOli rapMOHUKN B 13-

nydernuun JICD LEUTL ot pasbpoca sHepruii anekTpoHoB u

ceyeHunss nydka npu Toke Iy = 210A; napametrp Teucca
Loy =1.5m

Wrak, uCHIo/b3ysl yBeJIUYeHHBI pa30poc sHepruii
9JIEKTPOHOB IIPU HEM3MEHHOM CEYEHUU ITyJKa, IIOJIyda-
€M BBIUTDBINT B 60Jiee KOPOTKO JJINHE YCUJICHUS TPHU
TOM ke yMeHbIneHunn Mmomuoctu JICS, uro m B ciy-
9ae YBEJUIEHHOTO CeYeHUsI IPU HEM3MEeHHOM pa3bpoce
SHEPruii.

OrmernM, 9TO MOBeIeHNE TPeTheli rapmoruky JICD
[P M3MEHEHUU IapaMeTPOB OYeHb [TOX0XKe Ha II0Be/Ie-
HUE OCHOBHOIO TOHA (Cp. 3eJieHyI0 n = 3 U KPACHYIO
n = 1 nosepxuocru Ha puc. 8). Cozjepxanue BTOPOIL
rapmonuku B uziaydennn JICD LEUTL B 3aBucumoctu
OT cevueHUs W Paszdbpoca SHEPIUuU IydKa MOKA3AHO Ha
puc. 9. OTMeruM, 4TO U3MEHEHNE CEYEHUsT MaJIO MeHsl-
eT cojieprKaHue BTOPOii TApMOHUKH, & yBeJIUIEHUe Pas-
6poca SHEPT Uil CUJILHO YMEHBIIIAET COJEeP2KAHNE BTOPOi
rapMoHuku. VITak, s MOJaBJIEHNS BTOPOI TrapMOHU-
ku JICD jydine yBeauuuTh pa3bpoc SHEPruu, a He ce-
9eHUe WU IMUTTAHC [Ty IKA. 3ABUCUMOCTD CO/IEPYKAHUST
BTOpOI rapMonukn udiaydenns JICD or pazdpoca suep-
ruit 6/1n3Ka K 9KCIIOHEHIIMAILHOI ¢ OTpUIIATEIbHBIM I10-
KazaTejgeM: Ha puc.9 B JorapudpMUIecKOM MacimTade
yMenbIerne log,o(Pz/Py) ¢ yBelndeHneM g, MpONCXO-
JIUT TIOYTH JITHEITHO.

B 3akmouenne cpaBHUM BJIASHHAE YBEJIUIECHHOTO
pa30bpoca sHEpPruil 3JEKTPOHOB C BJIMSHAEM BTODPOM
FapMOHUKU TIOJIsT OHJIYJIATOpa Ha W3JIy9YeHHe BTOPOM
rapmonuku JICD, menasHo wucciaemosannoe B [57, 58].
B stux paborax ObL1a MPOIEMOHCTPUPOBAHA BO3MOXK-
HOCTH OCJIAOUTH BTOPYIO rapMoHUKY JICD, mcrmonb3ys
BTOPYIO TapMOHHWKY MATCHUTHOTO IIOJIsI OHIYJISTOPa B
nporuBodaze ocHOBHOMY mos0. CoriacHo pesysibTa-

TaM B [57,58|, Bropas rapMOHMKY TIOJIst
Hy 4 = Hodsin(4nz/\y,)

C OTHOCHUTEJIBbHOI aMIinTynoi d ~ —0.1 ocHOBHOTO 1O~
JId OHIYJIATODA

H = Hysin(2nz/\y,)

[TO3BOJISIET YMEHBIIUTD M3J/IyI€HHE BTOPOl TAPMOHUKHI
JICD npumepHO HA HOPSIZAOK (CTENEHDb BJIUAHUS TAPMO-
HUKHW I0JIsl 33BUCAT OT [IAPaMeTPOB YCTaHOBKN). ['pym-
IPOBKA JIEKTPOHOB IIPX STOM UJET B IOJIE IBYX BOJIH,
BO30OYKIAIOIMUXCA HA PA3HBIX OHIYJISTOPHBIX TapMO-
HUKaX. KCji BOJIHBI WJIM UX TAPMOHUKY IPUXOIST B (ha-
3€, TO TPYIIUPOBKA HA ITO JJIMHE BOJHBI TPOUCKOIUT
cuiibHee, a ecyin B mpotuBodase, To caabee. IToxoxuit
JIByX9aCTOTHBIN 3(bPeKT mmeeT MeCTO U B IIUKJIOTPOH-
HBIX YCHJINTEJISAX MUJIIMETPOBOrO juaras3ona. O6brd-
HO CTApalOTCs YJIYUIIUTHh T'PYNIUPOBKY IJIEKTPOHHBIX
Ganueii; Hanpumep, B [59-61] 6bLIO MOKa3aHO, UTO B
[UKJIOTPOHHBIX Ma3epaX UCIOJIb30BaAHUE IPYIIUPOBKHU
9aCTHUIl B TIOJIE IBYX BOJIH, BO30Y2KIAIOIUXCS HA II€D-
BOI ¥ BTOPO# MUKJIOTPOHHBIX TAPMOHUKAX, JTA€T CyIIie-
CTBEHHOE YJIy4IlleHne TPYIIUPOBKYU 3JIEKTPOHOB. Burusi-
HUe pa3dbpoca SHEPIUH [IPU ITOM HE PACCMATPUBAJIOCH.
AHaIOrUIHO 9TOMY, BAPBUPYS aMILUTYILY U (dhas3y rap-
MOHUKH TI0JIsI B OHJIYJISITOPAaX, MOXKHO MEHSITh COJIEPIKa-
HI€ COOTBETCTBYOIIE FTaDMOHUKYU B U3JLy Y€HUU, TIOUTH
He MEHsisI MOIITHOCTh OCHOBHOTO ToHa (cM. [42,44,45,62]
u ap.).

MbI cpaBHWIM W TPOAHATU3UPOBAJIN COBMECTHOE
BJIUSTHIE BTOPOM TAPMOHUKHU IIOJIS OHIYJISITOPA W Pas-
O6poca IIydKa 3JIEKTPOHOB O, Ha MOIIHOCTH W3JLyde-
aust JICS. Ipumvenus dopmyser (5)—(11) st anamuTn-
9eCKOr0 BBIMUCJIEHUsT MOMTHOCTH rapMoHuK JICD, Mbl
UCIIOIb30BaN Kodddurmentsl beccens s aByxda-
CTOTHOTO OHJYJISITOPa C y9eTOM BTOPONl TIapMOHUKHU
nostst u3 [58]:

frie = Z Ip| (T + T5—1) +
p
d n n n2
+ E(JnJrh + ‘]nfh) + ‘]n E’ye Cos |,

= 2
Jny & Z (Jp g E'y@ sin | + (13)

p

+ Jg@ <(jp+1 - jp,l) +

Au
+ %(ijrh - jph)))v

rae d — aMIUIATY/J@ TAPMOHWKH MOJIsl OHJIYJISTODA C
HOMEPOM h; B YaCTHOCTH, B MHTEPECYIONIEM HAC CJIy-
qae h = 2. Kosdbdurmentsr Beccens (13) mmeror 6otee
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Puc. 10. 3asucumoctn koapcbuunertos beccens f,, (a) n mowHocTn nsnyyenus rapmonuk (6) JIC3 LEUTL ot oTHocuTensHoil
aMMINTYAbl BTOPOI rapmMoHuku nonst ongynatopa d npu Io = 210A, 0z,y = 0.26 MM, B2y = 1.5M 1 e = 0.001. MapmoHukn

N3Ny4HeHna: n — 2 — WTPUXAYHKTUPHAA OpPaHXeBas JINHUA, N — 3 — LWITPUXOBAas 3€/1€HasA NNHUA

CJIOXKHBIH BUJL, 4eM (2) U YIUTHIBAIOT BJIUSHUE TAPMO-
HUKY T0JisI siBHO B (13) M HESIBHO B CJIEIyIOMIAX apry-
MeHTax:

€ = 2d~0 cos p sin (ha) £ = sin (2a)
0 kh? n St 4
€ = dsin ((h — 1)) € = dsin ((h+1)a)
T hh—1) 3 h(h+1)
d? sin (2ha) , (14)
§a= s & = Ev@cosgosma,
_ 4mhyoy? _ myysk
A (1+E2/2) T (11 k22
B 00001IeHHbIX (DyHKINAX Becces
m 7 da
Jn = % X
k2
« expli[na+ (ot&i+&+E+86+8) L (15)

L+ 7202 + k25 /2

. Id
Jp:/2_aexp{i(Pa—f€Sina—nsin(Qa))}-
T

B pesynbrare B ji0noJIHEHNE K IOJIYYEHHON BBIIIE 3a-
BUCHMOCTH JIJTUHBI YCAJIEHUS] U MOIITHOCTH TAPMOHUK OT
CEYEHNSs], SMATTAHCA U PA30POCca SHEPTHIA [Ty IKa MbI II0-
JIyYIJIH WX 3aBUCUMOCTHU OT aMINIUTYbl Hy—o g = Hod
BTOPOW TapMOHUKHU TOJIS OHIYJISATOPA. 3aBUCHMOCTH
ko3bdunmentoB Beccenst or BTOpOil rapMOHUKH TO-
Jisl B OHJIyJIATOpE IoKa3aHa Ha puc. 10a. OTpunaresnb-
Has (a3za BTOPOl TapMOHUKY TIOJIsI YMEHBITAET KO-
durment Beccens fo BrOpoit rapmonuku JICD u, ta-
KM 00pa30M, YMEHbBIIIAETCsI MOIITHOCTD €€ U3JIyYeHUs B
JICD. TonoxurenpHas dhaza BTOPOl TapMOHUKH OISt
yBesmuuBaer Kodddunuent Beccens fo (opanxkesas
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NITPUXIIYHKTUDHAA JiuHUug Ha puc. 10a) u yMeHbIIaeT
koadburment Beccenst Tperbelt rapmMonuku f3 (3es1e-
Hasl IITpUXoBast JuHUs Ha puc. 10a). D10 npuBOIUT K
COOTBETCTBYIOIIEMY U3MEHEHUIO MOITHOCTEH 9TUX rap-
MOHUK B M3JIyUIeHNN, KaK oKa3aHno Ha puc. 106. Koad-
dunuent Beccesst ocHoBHOTO TOHA f1 (KpacHast CILIONI-
Hag JinHAs Ha puc. 10a) He MeHsAeTCs [0J| BJIUSHU-
€M BTOPOIl TAPMOHUKU IOJIsI OHIY/ISATOPA; HE MEHSeT-
cst u mormHocTh JICD (KpacHasi CIUIOIIHAS JIMHUS HA
puc. 106), B T0 BpeMs KaK MOIIHOCTH W3JIy94EeHUs Tap-
MOHUK MEHHIOTCH, CIelysd U3MEHEeHUIO f3 3.

Wrak, Bapbupyst aMILIUTY/Ly BTOPOI TApMOHUKHY I10-
Jisi d, MOXKHO MEHSATDH COJEpPKAHNE BTOPOHl TAPMOHUKHI
U3JIyYeHusl, He MeHsisi MOIMHOCTh camoro JICD; comep-
JKaHHe TpeTheil rapMOHUKY B criekTpe JICD mpu nsme-
HEHUU AMILIUTY/IBl BTOPON TAPMOHUKHA ITOJI MEHSETCS
MmaJo (cM. puc. 106).

CoBMecTHOe BJIMsIHUE BTOPOIl FrapMOHUKU II0JIsI OH-
AyIASATOpa W pa3dbpoca dHEPruil mydka Ha COIepKaHue
BTOPOI rapMOHUKH B crieKTpe n3iyderus JICD LEUTL
oKa3aHo Ha puc. 11.

Ob6paruM BHEMaHHWE, YTO yBeJHYeHHE paszdopoca
SHEPIHUil JIEKTPOHOB U AMILIUTY/IbI BTOPO rapMOHU-
KU TI0JIsl OHJLYJISITOPa B IIPOTUBOda3e OCHOBHOMY ITOJIIO
B3aMMHO YCUJIMBAIOT IIOJIaBJIEHNE W3JIy4eHUsl BTOPOM
rapmonukn JICD (em. puc.11). Ilpu pasbpoce smep-
ruit g, = 0.001 umeeM OTHOCUTETHHO CIaOYIO 3aBUCHU-
MOCTB MOIITHOCTY BTOPOil FTApMOHUKY U3JIy YeHMs OT aM-
IUIATYABI d BTOPO# TAPMOHUKH IOJIS OHIYJISTOPA: IPH
d = —0.1 TpOUCXOIUT yMEHbIIEHNE COMEPKAHUS BTO-
poii rapmonuku JICD B 5-7 pas [58], a npu d = 0 ume-
€M Pe3yJIbTATHI, MIPEICTABIECHHBIE BBINIE B HACTOSIIEH
pabore. B ocrasmprolt wactu puc. 11 BumuMm, 910 BTO-
past TapMOHUKa II0JIsT OHJYJISITOPa W pa3sdpoc IHepruit
JIEKTPOHOB 3(MHEKTUBHO «IIOMOTAIOT» JIPYT IPYTY B
[TO/TABJIEHAN M3JIy49eHusi BTOpoit rapmonnku JICS: mpu
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-5

-6
0.0010

d

~0.05
e 0.0020 d

—0.10

0.0025

Puc. 11. 3aBucumocTb cofep)kaHusi BTOPOi rapMOHUKM B 13-

nydenuun JICD LEUTL ot pasbpoca sHepruii anekTpoHoB u

aMnAnNTyAbl BTOPOi FapMOHWKM MOAsi OHAYASITOpPa Mpu cie-

Ayrowmx 3HadveHusx napametpos: Iy = 210A, By = 1.5m,
Oz,y = 0.26 MM, Yez 4y = 6.27 - 107 mm - mpag

0. = 0.0025 BTOpasi rapMOHHUKA II0JIT C OTHOCUTEJILHOMN
amiuaTynoit d = —0.1 ociabssier u3ydeHue BTOPOIt
rapmorukn JICD Ha 1Ba MOPS KA BETUINHB MOIITHOCTH
(cm. puc. 11). Orvernm, ato B 9xcnepumentax LEUTL
CO CTaHJIAPTHBIM OHJIYJIATOPOM M pPa3bpOCOM IHEPruit
0. = 0.001 comepxkanue BTOpoit rapmonnku JICS co-
crapJistio okogio 0.1-0.5 %; na puc. 11 aTo coorsercrBy-
er JaJlbHEMY BEPXHEMY VIJIy, TJe
Py
— ~ —2.5.
P

d=0,0,=0.001
VBeqmuuB B mBa pasa pasbpoc suepruit 10 o, = 0.002
u 700aBUB B II0JI€ OHJYJISITOPA B IPOTUBOda3e BTO-
PYIO TapMOHHKY aMILIMTYIoi 5% ocHOBHOro 1o,

log

d = —0.05, mosmygaeM cojiepKaHue BTOPOH TapMOHUKH
JICD Ha nBa nopsijika HUXKE:
P
log1g — ~ —4.5.
€10 2

d=—0.05,0.=0.002
Co BTOpOIt TapMOHUKO# monsd ammunryaoin d = —0.1
7 ¢ yBEJUYEHHBIM B 2.5 pa3a pa3dpocom sHepruit o, =
= 0.002 nmory4vaeM elie MeHBIIIEE COJIEPKAHUE BTOPOU
rapMoOHUKH B uziydernn JIC:

Py
IOglo F ~ —0.
1
d=—0.1,0.=0.0025
Urak, yBesmuenne paszdpoca SHEPrUil 3JeKTPOHOB
MOXKET 3HAYUTEJIBHO 0CJIa0UTH BTOPYIO MApMOHUKY W3-
JIyueHus, HO yBeaunuuBaet Juuny ycmienus JICD. Bro-

past TapMOHHUKA TOJIsI OHILYJIATOpa ¢ oOpaTHO da3oit

Takke ocyiabiisieT u3srydenne BTopoit rapmonuku JICD
U TpU 3TOM He Bjmser Ha yimHy ycuierus JICD u
MOIITHOCTh OCHOBHOI'O TOHA, YTO IIO3BOJISIET COXPAHUTH
pa3mepst JICD 6e3 cepbe3HOro yBEJIMUIEHUS €r0 CTOU-
MocTu. BJiusiHEEe BTOPON IapMOHMKM II0JIsI HECKOJIBKO
601ee 3pHEKTUBHO TPHU OOIBITUX Pa3dpocax SHEPTUU
myJKa.

JlOTIO/THATENIBHBIIT CKOPOCTHON Paszbpoc 3JIeKTPO-
HOB, IIO-BUJIUMOMY, MOYKHO YCTPOHUTBH YK€ Ha CTaJluu
dopMuUpOBaHUSA CTyCTKa B (POTOUHKEKTOpE. TaM sHep-
TN 3JEKTPOHOB HEOOJIbIME U paszdbpoc mpuobpeTaer-
Csl, HAIpUMeEp, U3-3a KYJOHOBCKUX IIOJIEH CI'yCTKa WJIH
13-3a HEPETYJISIPHOCTH BO BPEMEHH YCKOPSIOIIEro II0-
Jg (KOrJa pasHble JEKTPOHBI YCKOPSAIOTCH DPA3HBIMU
HOJISIMH).

4. SAKJIFOYEHUE

[IpoBesier Teoperwveckuii aHaAJNU3 BJIUSHUS Iapa-
MEeTPOB 3JIEKTPOHHOIO ITyvka Ha ndjydenue JICD u re-
HEpAIWIO B HEM I'apMOHMK. PaccMOTpeH IpuMep XOpo-
mo jgokymentupoantoro JICY LEUTL ¢ uzinyuenuem
B BUAMMOM JHAIA30HE Ha JJIMHE BOJHBI A1 ~ 540 HM.
Wcmons3oBan popmasimam obobiennbix dyHkImit Bec-
ceJjisl, TJle aHAJUTUYECKU YUTEHbl OCHOBHBIE IapaMeT-
pot JICD. Pesysnbrarsl MOAEIMPOBAaHAST MOIIHOCTH Tap-
vouuk JICD LEUTL mosHOCTBIO COracyioTcs ¢ 9KC-
[IepUMEHTaJIbHBIMU JIaHHbIMU. [IpoBeieH aHau3 BJIdsI-
HUsI CEYEHUsI, SMUTTAHCA W Pa3dpoca SHEPruil mydKa
Ha JUIMHY YCUJIEHWS W MOIIHOCTH TapPMOHUK W3JIyde-
uvust JICD.

AHajMTHUECKH [TOKa3aHO, KAK yBeJmdeHrne pa3dopo-
ca SHEepPruii, CeYeHWs W SMUTTAHCA IyJKa yBEJIUIU-
BaeT JJINHY YCHUJIEHHSI U YMEHBIIAeT MOIIHOCTH Tap-
MoHuK wuziyydenust JICD. B ciayuae purcupoBaHHOrO
mapaMerpa TBuUCca yBeJWYeHNE CEUCHUS MTPOUCKOIUT
BCJIE/ICTBUE YBEJUYIEHUS SMUTTAHCA; ITO IPUBOIAT K
6oJiee 3HAUUTEIHLHOMY POCTY JTHHBI ycusierus JICD 1o
CPABHEHUIO CO CIyYaeM (PUKCHPOBAHHOTO SMUTTAHCA U
U3MEHEHUs CeYeHUs BCJIEICTBUE BAPUAINN [apaMeTpa
Taucca 5.

[TpoaeMOHCTPUPOBAHO IPUMEPHO OJUHAKOBOE BJIH-
sIHUE YBEJUUICHUS CEUEHUS IIydKa U pasdpoca SHepruit
3JIEKTPOHOB Ha MOIIHOCTH IIEPBOi U TPEeTbeii FTapMOHUK
n3nyvenns JICD LEUTL.

[Tokazamo, Kak Bapualus CEI€HUs Iy IKa 1 BbI3bIBA~
eMoe 9TUM m3MeHeHwne JuHbl yemienus JICD mensor
YIOJI 3JIEKTPOH-(POTOHHOTO B3amMmoieiicTeust. V3mene-
Hie yriia 6 Goibiie mpu (DUKCHPOBAHHOM SMUTTAHCE,
geM pu (PUKCHPOBAHHOM TapameTrpe T'Bucca mpu ou-
HaKOBOIl Bapualluu cedeHusi. Y JIoBble 3 eKTh, CBs-
3aHHBIE C A, B CBOIO OYEPEIDb, OIIPE/IEISIOT TeHEPAIIIIO
geTHBIX TapMmonuk JICS.
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O BausHuM XaPaAKTEPUCTUK SNNEKTPOHHOIO Ny4dka. ..

AnaimTraeckn moKa3aHO, 9TO yBeJUYeHrne pa3opo-
ca FHEPruii JIEKTPOHOB yBEJNIUBAET JJIMHY YCUJICHUS
JICD u ocnabiisieT reHepaIio BeeX TapMOHUK U3JLyde-
HUsI; 0COOEHHO CHJIBHO TP 9TOM TIOJIABJISIIOTCS Y€THBIE
rapMoHuKHu (cp. puc.7 u 8). Bapuanust ceueHus myd-
Ka OKA3bIBAET MEHBIIee BJIUSIHUE Ha MOIIHOCTH BTOPOi
TapMOHUKH, 9€M Bapualys pa3dopoca SHEPruii 3J1eKTPo-
voB. VTak, mis nomasienus: BTopoit rapmornku JICD
TpebyeTcs1, cCKopee, yBeJImaeHne pa3dbpoca SHEPIuii, a He
CeYeHUs] W IMUTTAHCA [yYKA.

Amnamuz montaocreit rapmonuk JICD LEUTL B 3a-
BHUCUMOCTH OT pas3bpoca SHEPTUil g, M CeYEeHUs IydKa
Og,y UPUBOJUT K CJIELYIOIIEH OIEHKE: HE3aBUCHMO OT
cedeHus Iy dJKa U3MEHEHUE COJIEPXKAHUST BTOPO TapMO-
HUKW M3JIyYEeHUsI WJIET M0 3aKOHY, OJIM3KOMY K IKCIIO-
HEHIINAJIBLHOMY C OTPUIATEIHHBIM [TOKA3aTEIEM:

P
log Fl ~ —0¢,

cM. puc. 1.

ITokazara BO3MOYKHOCTH YMEHBIIUTH HA IOPSIOK
conepxkanne Bropoii rapmonnku JICD LEUTL 3a cuer
yBeJndeHnsi pa3dbpoca dHepruit mydKa B JBa pasa
¢ 0.1% mo 0.2%. Bosee Toro, ysenuuenue pazbpo-
ca suepruii ¢ 0.1% mo 0.25% ymenbimaer nodru Ha
JBa TOPSAMKA cozeprkanue BTOpoit rapmonuku JICD.
B srom ciayaae mommas mormaocTs JICD ymenbrmaer-
Csl B HECKOJIBKO Pa3 ¥ JJINHA YCUJIEHUS Y/IBAUBAETCSI.
Taxkoit crmocob yMeHBITEHNsT COAEPKaHusT BTOPO# rap-
vouuku JICD mpesacrasisiercs HamboJiee MPOCTBHIM U
OCYIIIECTBUM, HAIpUMeED, IIyTeM yBeJUYeHus pa3dbpoca
SHEPI'Uil JIEKTPOHOB yiKe B (DOTOUHIKEKTOPE.

VYmenbItieare MOMIHOCTH BTOPOH rapmoruku JICD
BO3MOXKHO IIPU IIOMOIIM BTOPON TapMOHUKHU IIOJIsI OH-
JIyTOpa B IpoTUBO(da3e OCHOBHOMY 110J110. [lokazaHo,
9TO BJIMSIHAE BTOPOI TAPMOHUKH IOJIS OHIYJISATOPA U
YBEJIMIEHHOTO Pa3dpoca SHEPruil 3JIEKTPOHOB B3ANMHO
YCUJIMBAIOT JAPYT Apyra U 3PQeKTUBHO MOAABJISIOT 13-
Jygaenune Bropoit rapmonuku JICD. YBenndenue B 1Ba
pasa pasbpoca sHEpruii 37MeKTpoHOE ¢ 0, = 0.1 % mo
0. = 0.2% u omHOBpeMeHHOe HMCIOIL30BaHUE OHLYJIs-
TOpa CO BTOPOIi rapMOHMKOI TI0JIA ¢ aMILIATYI0i 5 %
OCHOBHOT'O TIOJII YMEHbBIIAET COIepKaHne BTOPOil rap-
monuku JICD Ha aBa mopsiaka. YBeawdeHue pasbpo-
ca suepruii g0 o, = 0.25% u BTOpast TapMOHUKA IIO-
a5t ¢ ammmatyoit 10 % oCcHOBHOTO OIS €1me yMeHbITa-
0T comepkanue BTopoii rapmoruku JICD 1o 3HaveHns
Py/ Py ~0.0001 %.

Ucnonb3oBanme AByXYaCTOTHOTO OHJIYJISTOPA C
TapMOHUKOW TOJISI CJIOYXKHO Peain30BaTh TEXHUIECKH,
HO 3TO II03BOJISIET MEHSITh COJEPXKaHNe BTOPOIl rapmo-
HUKU B CIIEKTPE, HE MEHsIs [TOJTHYIO MOIIHOCTD M3JLyde-
HUs U He MeHss umHy yemaerus JICD.
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IMosyaenHble pe3yIbTATBl MOTYT MCIOJB30BATHCS B
TEOPETUIECKAX U TPHUKJIATHBIX UCCIIEJIOBAHUSIX U TIPO-
€KTUPOBAHWNHI YKCIIEPIMEHTOB IIPY aHAJN3e HEJIMHEHHO-
ro orkJimka Bropoii rapmonuku (SHG) ¢ mcroynnkom
KorepeHTHOro n3iyuerus JIC.

Baaromapuocru. Asrop 6saromaputr I. Papp 3a
odopmiterne cratbl B hopmare ETREX.

dunancupoBanue. Pabora BeimosHena npu ¢u-
HaHCOBOI mnomuepkke Munobpuayku Poccun (rpant
Ne(075-15-2021-1353).
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