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I'PYIIIIUPOBKA 3JIEKTPOHOB B TEHEPATOPAX THUITA «KJIMHOTPOH».
KJIMHOTPOH KAK YMHOKHUTEJIb YACTOTHBI

CymecTByeT npobiieMa co3aHus YAOOHBIX B SKCIUTyaTallUd 1 HE OCOOCHHO JOPOrUX FEHEPaToOpOB I OCBOCHHS CyOMUILIUMET-
POBOTO JMana3oHa BOJIH, OCOOEHHO B €r0 KOPOTKOBOJTHOBOI dacTH. I'eHepaTops! TrIa namiisl 00paTHOI BonHE! (JIOB) marot xopomue pe-
3yIbTaThl B JUIMHHOBOJIHOBOM YacTH CyOMMJUIMMETPOBOTO JHAIa30HA, OAHAKO IPH MPOABIDKEHHU B KOPOTKOBOJHOBYIO YacTh AMANa30HA
BO3HHUKAIOT Ooibiue TPyAHOCTH. CyYIECTBYIOIIME TEXHOJIOIMYECKHE BO3MOXKHOCTH HE NO3BOJIIOT IOJIYYUTh HEOOXOAMMBIC JUISL 3TOTO
JIMaTa30Ha OYeHb TOHKUE ICKTPOHHBIC ITyYKU C OONBINOI IUIOTHOCTHIO TOKA. 3HAUYUTEIEHO OCIA0UTh TPEOOBAHUS K 3IEKTPOHHBIM IydKaM
MOJKHO, HICIIOJNIb3YS] YMHOXKHTENH YacTOTHI. JIJIsI MOAYJISAIIMH IEKTPOHHOTO ITy4Ka IO IUIOTHOCTH B YMHOXKHTEIIE YaCTOTHI MOXKHO HCIIONB30-
BaTh I'€HEPATOP THUIIA KKIMHOTPOH». B KIMHOTPOHE MIMPOKHHA M CPABHUTENBHO TOJCTBIN JEHTOUHBIH 3JIEKTPOHHBIN ITy4OK HAIpaBJEH 0]
MaJbIM YIJIOM K IIOBEPXHOCTH 3aMeJULIONICH CHCTEMBI U YaCTUYHO PACCEHBAETCS Ha ATOI MOBepXHOCTU. KIMHOTPOH obecrednBaeT BBIXOA-
HYI0 MOIIHOCTb Ha HECKOJIbKO MOPSIAKOB OOMblIyto, 4eM o0bruHble JIOB. DTO BakHO Ul MOMy4YEeHUs! XOpoluel (riayOoKoit) MOAyIsSiun
3JIEKTPOHHOTrO ITy4ka. Heo6Xxoumo ucciie10BaTh MPOLEce IPYIITHPOBKH 3JIEKTPOHOB B IIOTHBIE CI'YCTKH B FEHEPATOPAX THIIA KKIMHOTPOH)
U OIIPEIeTIUTh YCIIOBHS HCIIOIb30BaHMUS KIMHOTPOHA JUISl MOAYJISALIHY JJICKTPOHOB 110 INIOTHOCTH B YMHOXHUTEJISIX YacTOTHL. B pabote mpoBo-
JIUTCS YUCIICHHOE UCCIIeOBaHNE TPYIITUPOBKH dJIEKTPOHOB B KJIMHOTPOHE C IIOMOIIBIO pa3pabOTaHHON HaMH paHee CIELHaIbHOM porpaM-
MBI, YUYUTBIBAIOIIEH crielU(UKy KIMHOTPOHHOTO pexuMa. Mccnenyercs TpexMepHOe ABMKEHHE DICKTPOHOB B OIPaHHMYEHHOM (HE Oecko-
HEYHOM) (pOKYCHPYIOIIEeM MarHUTHOM II0JIe. B pe3ynbraTe YncIeHHOTo UCClleJoBaHMs OOHapyKeH 3(P(PeKT MOCIOHHOI IPyIIHPOBKHI JIEKT-
POHOB B KJIIMHOTPOHHBIX TeHepaTopax. UeM Hanblie pacroioiKeH 3JIeKTPOHHBIH CIIOH OT IOBEPXHOCTH 3aMeUIIONEel CHCTEMBI, TeM I03XKe
HPOMCXOUT IPYHITHPOBKA NICKTPOHOB B CIYCTKH B 3TOM cioe. [TokasaHo, 4To nmoabupast pexuM paboThl KIMHOTPOHA U YroJl HakJIoHa (o-
KyCHPYIOIIEr0 MarHUTHOTO MOJISI K IIOBEPXHOCTH I'PEOEHKH, MOXKHO 00eCIeunTs (JOPMHUPOBAHUE IUIOTHBIX JIEKTPOHHBIX CI'YCTKOB B YacTH
Iy4YKa yKe 3a IpeJenaMi 3aMeUIIOmel CHCTeMbl KIIMHOTPOHA, T/ OJDKHA OBITh PAacIIONOXKeHa BTOpast 3aMeIIIoNIasl CHCTeMa, paboTaro-
mas B pexuMe oTOopHUKa MoiHocTH. Takum 00pa3oM, JokazaHa BO3MOXKHOCTh HCIIONB30BAaHMs KIHHOTPOHA IIPU CO3AAaHHN YMHOXHUTENEH

yactotsl. Wi. 4. bubnuorp.: 14 Ha3B.
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Ora paboTa CBs3aHa C 3agadycii CO3MAHUS
TEHEPATOPOB B KOPOTKOBOJIHOBOHM YacTH CYyOMIJLIH-
MeTpoBoro (cyOMM) muama3oHa BOJH. B Hactosmiee
BpeMs JJIsI 3TOTO JWAla3oHa MOTYT HCHOJB30BATHCS
TCHEPATOPHI C OYCHb OOJNBIINMHU PabOYNMHU HaIpsiKe-
HUSIMU (YCKOPHTENN) WM C OYeHb OONBIIMMH Mar-
HUTHBIMH TIOJISIMH, TIONy9aeMBIMH C TPUMEHEHHEM
CBEPXIPOBOASAIIMX MarHUTOB. DTO CIOXKHBIE M JIOPO-
IHe YCTAHOBKH, YTO OTPAaHHUYMBAET BO3MOXHOCTH HX
UCTOJb30BaHus. [IpocThIME M yIOOHBIME B SKCILTya-
TaIlMK SBJISIOTCS TCHEPATOPhI TUIA JIAMITBI 0OPATHOM
BonHbI (JIOB O) u ux pa3sHOBHUAHOCTH — KIHMHOTPO-
HEBI [1]. DTN reHepaTopbl MEpPeKphIBAIOT AJIMHHOBOJI-
HOBYIO 4YacTh cyOMM namamazoHa. OIHAKO IIPH TPo-
IBIDKCHHHM B KOPOTKOBOJHOBYIO YacTh JHara3oHa
BO3HHKAIOT OOJBIINE TPYyTHOCTH. [ TeHepaTopoB
9TOI YacTH Juara3oHa ¢ pabOYNMA HATPSHKECHISIMU B
HECKOJIbKO KIJIOBOJIBT HYKHBI 3aMEIUISIOIINE CHCTe-
MBI C OYEHb MaJbIM IPOCTPAHCTBEHHBIM MEPHOIOM
(menee 0,01 MM) M OYCHBb TOHKHE JICHTOYHBIC JJIEK-
TPOHHBIC MyYKH C OOJIBIION MJIOTHOCTHIO TOKA.

CyllecTBYIOIIME  TEXHOJIOTMYECKHE  BO3-
MOJKHOCTH HE ITO3BOJISIIOT BBINIOJHHUTH 3TH BBICOKHE
TpeboBaHUs. 3aMETUM, YTO COBPEMEHHBIE JIOPOTHE
3apyOe)KHBIC TEXHOJIOTUU TO3BOJIIOT YaCTUYHO pe-
IIMTH 3Ty MPOOJIEMY, HCIIOIB3YsI MEIKOCTPYKTYPHBIE
30JIOTBIC 3aMEJISIFOIUE CUCTEMBI, HAHCCCHHBIC Ha
AIIMa3HYIO MMOJJIOXKKY.

Jyisi mpoABMKCHHS B KOPOTKOBOJIHOBYIO
4acTh CyOMM JMama3oHa MOTYT OKa3aThCs TEpCIICK-
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TUBHBIMU YMHOXHTENIH 4acTOThl. BaxHOE NOCTOUHCT-
BO YMHOXUTEJIEH — OTCYTCTBUE IOHSATUS IIyCKOBOI'O
Toka. [loaToMy make MpH HEBO3MOXHOCTH oOecrie-
YUTH BBICOKOE KaYECTBO JIEKTPOHHOIO My4YKa B yM-
HOXKHUTEJE NPU BBIIOIHEHUU PE30HAHCHBIX YCIIOBHH
U TPYNIHPOBKE DIIEKTPOHOB B JOCTaTOYHO KOMIIAKT-
HBIE CTYCTKH OyleT BO30YXIaThCsl BBIXOJIHOH CHT-
HaJI, XOTSI U ¢ MaJIO¥ MOILIHOCTBIO. J{1s1 MHOTHX IIpU-
MEHEHUH JI0CTAaTOYHO BBIXOJHON MOIIHOCTHU NOPSIIKA
€JMHML] MIWUIMBATT U Jaxe MeHble. /i Takux ciy-
YaeB MOTYT OBITh HMCIOJb30BaHbl YMHOKUTEIH Yac-
TOTEl. B Jmreparype 06cCyXgaroTcs BO3MOXHOCTH
HCIOJb30BAaHUS  YMHOXKUTENEH pa3HOM  KOHCT-
PYKIMH JUIS TIPOABMKEHUS K 0ojee KOPOTKUM BOJI-
HaMm, Hanpumep [2]. OxHaKo SKCIepUMEHTAIBHO HC-
CIIEJIOBAHO TOJBKO YMHOXKEHUE M3 CAHTHUMETPOBOIrO
JMaria3oHa B MUJUTMMETPOBBIHA, Hanpumep [3].

1. KiMHOTpPOH KaK YMHOKMTEJb 4acTO-
Thl. YMHOXXHUTEIN YacTOTHl B CyOMM JuamnasoHe Iie-
Jiecoo0pa3Ho pa3pabaThiBaTh HA OCHOBE IeHeparopa
TUIA «KIUHOTPOH». KIIMHOTPOHBI UMEIOT BBIXOIHYIO
MOIITHOCTh Ha HECKOJBKO IOPSIKOB OOJbIIE, YeM
o0srgabie JIOB O. B KOpOTKOBOIHOBOW 9acTH MUJLIHU-
METPOBOT'0 JMaIa3oHa JIETKO NOJYYUTh KIMHOTPOHBI
C BBIXOJJHO! MOIIHOCTBIO B HECKOJIBKO BaTT B HETpe-
PBIBHOM PEXUME U B COTHU MUJUIMBATT B JJIMHHO-
BOJIHOBOW 4acTu cyOMM Juamna3oHa. bonpmme ammm-
TyIbl BBICOKOYACTOTHBIX MOJEH B MOIIHOM TI€He-
parope MO3BOJISIIOT 0XKHAATh OOJBIIMX BO3MYIIEHHUH
B JIBIKEHHM OJIEKTPOHOB, YTO HEOOXOJMMO JUIsl
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riyOOKOM MOIYJALMA TIy4YKa. YMHOXKHTENb MOXKET
NpEICTaBIsATE  COOOM  JBYXKACKAAHBIA  mpuoOoOp
tima «O» [4] (puc. 1).

Puc. 1. Cxema IBYXKacKagHOTO KJIMHOTpOHa-yMHOXuUTens. [Toka-
3aHbl JIB€ IOCJICOBATEIbHO PACIONIOKECHHbIE I'PEOCHKH M TPH
TOHKUX CJIOSl JIEHTOYHOIO 3JE€KTPOHHOTrO Iydka. B 3Tux ciosx
OyJeM HcciIe[oBaTh IBIKCHHE YJIEKTPOHOB

IlepBeIii KackaJ — MOILIHBIA KIMHOTPOH KO-
POTKOBOJTHOBOM YacTH MUJUTUMETPOBOTO WIIN JTMHHO-
BOJIHOBOH YacTH CyOMM IHAITa30HOB. DJIEKTPOHHBIHA
IIy4OK, IPONAS NEPBBIA KacKaa U MOJIYYUB MOMYJIS-
IO TI0 TUIOTHOCTH, MOMNaJaeT BO BTOPOH Kackaf,
paboTarommii B pe’kuMe OTOOPHHUKA MOIHOCTH. DTOT
KackaJl Takke MOXET OBITh BBIIOJIHEHHBIM B BHIIC
KIMHOTPOHA, pa0OTalomero B PEXHME JIAMITBI
npsaMoit unu obpatHoi BoiHbl (JIBB mmm JIOB).
OueBHAHO, YTO AT KIMHOTPOHAa B 3TOM Kackaje
JIOJDKHBI OBITH 00ECHEeYeHbl CHHXPOHHM3M DJIEKTPOH-
HOTO Iy4YKa ¢ pabodeil mpoCTPaHCTBEHHON rapMOHU-
KOW BOJIHBl B 3aMeUIAIOLIEH CHUCTEME U CTporas
KpPaTHOCTh YacTOTHI 3TOWH BOJIHBI C 4aCTOTOH MOAY-
JMPYIOIIETO TeHepaTopa MepBOro Kackaga. JTH Tpe-
OoBaHUS 00ECIeUYNBAIOTCA TPU Pa3pabOTKe KOHCT-
PYKIMH 3aMEUISIOINX CHCTEM OOOMX KacKaloB H
BEIOOpOM pabodero pexxuma. B 3Toit pabore Teope-
THYECKH HCCIEIYeTCsl IPOLecC TPYNIUPOBKH 3JIEKT-
POHOB B reHepaTopax THUIa «KJIMHOTPOH» U MOKa3aHa
BO3MOKHOCTh MCIIOJIb30BaHUS KIMHOTPOHA I MO-
JIYJISIAH SJIEKTPOHHOTO IyYKa B YMHOXHTEJIE YacTOTHL

2. Oco0eHHOCTH TPYNNHUPOBKHU IJIEKTPO-
HOB B KJHHOTpoOHe. CienyeT 3aMeTHTh, YTO BO3-
MOXHOCTh HCIOJIB30BAaHUS KIMHOTPOHA IS MOJIY-
JSIIUY JIEKTPOHHOTO ITy4Ka HE SIBISIETCS] OUEBHIHOM.
Benp B KIIMHOTPOHE JIEHTOUYHBIN 3JIEKTPOHHBIHN My40K
CIEIUATIbHO PAcCcerBaeTCsd HA MOBEPXHOCTH 3aMe-
JSTFOLIEN CUCTEMBI M OOBIYHO HE BBIXOJUT 3a ee Ipe-
nensl. Kpome Toro, B JIOB O a1ekTpoHBI cOOUpAIOT-
CSl B CTYCTKH MaKCHMaJIbHOW MJIOTHOCTH NMPHUMEPHO B
CpeIHel 4acTH 1o JUIMHE JIAMIIBI, M IIPH JajIbHEHIIIeM
JIBIDKEHUH JIEKTPOHOB TPYIIHPOBKA YMEHBIIIAETCS.
ITocne mpoxoxaeHus Bceil AIUHBI JaMITBI TPYIIIHU-
POBKa 3JIEKTPOHOB MOXET OKa3aThCsl OYCHb CIaboii,
9YTO HE I03BOJIUT IOTYYUTh OONBIIYI0 KPaTHOCTbH
YMHOXEHUSI 4acTOThl. Il YMHOXHUTENST HEOOXOoau-
MO, YTOOBI KOMIIAKTHBIE CT'YCTKH BJICKTPOHOB OBIIH
HE TOJBKO B IEPBOM, HO M BO BTOPOM Kackaie, yAa-
JIEHHOM B IIPOCTPAHCTBE OT NEPBOTO.

[IpoBeneHHble HAMU B 3TOM paboTe YHMCIICH-
HBIE HCCJIEJOBaHMs TO3BOJIMINA BBISIBUTH OCOOEH-
HOCTB TPYIIIUPOBKH 3JIEKTPOHOB B KIMHOTPOHE, KO-
TOPYIO MOKHO Ha3BaTh 3((eKToM MOCIOIHOM rpyI-
mUpoBKH. UeM majiblie OT TMOBEPXHOCTH TI'pebeHKH
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PAacIOJIOKEH CJIOH 3JIEKTPOHOB B IYYKE, TEM IO3XKeE
MPOUCXOJUT TPYMIUPOBKA DJIEKTPOHOB B CTYCTKU B
sToM cioe. CyTb 3TOrO SIBICHHS OOBSICHSETCS [O-
BOJIBHO IIPOCTO. 13-3a CHIIBHO BBIPa)KEHHOTO MOBEPX-
HOCTHOI'O XapakTepa 3aMeUIEHHOW BOJIHBI CJIOW JIeH-
TOYHOTO JIEKTPOHHOTO ITy4Ka, HaXOAAMHMIicS BONM3H
MOBEPXHOCTH TpeOSHKH, OKa3bIBaeTCs B ropas3mo 0o-
Jiee NHTCHCHBHOM BBICOKOYACTOTHOM IIOJIE, YEM CIIOH
JNIEKTPOHOB, YAAJIECHHBIN OT MOBEPXHOCTU I'PEOEHKHU.
ToHkuil cnoil y HOBEPXHOCTH HauOoJiee NHTEHCUBHO
B3aMMOJIEHCTBYET C BBICOKOYACTOTHBIM MOJIEM. DJEeKT-
POHBI 3TOTO CJIOSI B ONTUMATIBHOM PEKHME COOMPAIOT-
cs1 B HauOouiee MIOTHbIE CTYCTKHU NPUMEPHO B CPEHEH
YacTH MO JUIMHE KIMHOTPOHA W TIPH JajbHEHIIEM
IBIKECHUM OCENAI0T Ha TIOBEPXHOCTH TI'PEOCHKH.
DJEeKTPOHBI YAAIEHHOTO CJIOS HaxoAiTcs B Oolee
ci1aboM T0JIe M TIPH ABM)KCHWH BOJb 3aMEIAIOIICH
CHCTEMBI HE YCIIEBAIOT CTPYIIHPOBATHCS B IIOTHBIC
crycTku. [lonOupast yros HakJI0HA ITy4dKa K MOBEPXHO-
CTU TpeOeHKU C MOMOIIBI0 (POKYCHPYIONIEro MarHuT-
HOTO TOJIs, MOXKHO MOA00paTh TaKoi HAaKIOH, YTO
OnM3Kast K MOBEPXHOCTU TPEOCHKH YacThb ITy4ka Oyzer
paccenBathcs Ha TpeOeHKe, a yajeHHas YacTh Iy4yka —
BBIXOUTH 3a MpEJesbl IePBOro Kackana. DJIeKTPOHBI
YIQJIEHHOTO CJIOSI MPOJOJDKAIOT JBIDKCHHE IO MHEp-
i (yxe 0e3 moirst rpedeHkn). [IoCKONbKyY TH Iek-
TPOHBI MOIYYHIA MOAYJISIIUIO TI0 CKOPOCTH B TIEPBOM
KacKajie, OHM TOJBKO Ha HEKOTOPOM PACCTOSHHUH OT
MEpPBOTO Kackasia COOMpPAIOTCs B IUIOTHBIE CTYCTKH. B
3TOM MECTE JOJDKHA OBITh PACIOJIOKEHA 3aMEIIIO-
masi CUCTeMa BTOPOTO KacKaja, pabOTalomero B pe-
JKUME OTOOPHHKA MOIITHOCTH.

OTH KaueCTBEHHbIE PACCYXICHHS OCHOBAHBI
Ha pe3yNbTaTax CTPOroro YHUCIEHHOTO MCCIIeIOBAHUS
mpoliecca IPyHIHUPOBKH JIEKTPOHOB B KJIWHOTPOHE,
KOTOPBIE OTIMCAHBI B CIEIYIOMNX Pa3Ienax.

3. dusuyeckass MogeIb U METOAUKA HC-
ciaenoBanmusi. B Hacrosmee BpeMs B JUTEparype
COXpaHseTCs MHTEPEC K TEOPETHIECKOMY HCCIIENO-
BaHMIO PabOTHl KIMHOTPOHA W YMHOXKHTEJEH JacTo-
TBl Pa3HOW KOHCTPYKUHWH, Hanpumep [5—7]. ABTOpbI
WCCIEYIOT CIIOXKHBIE NMPOIECCH yCTAHOBIEHUS KO-
neGaHui, UX YCTOINUMBOCTG U APYTHE CIOKHBIC BOII-
POCHI, TIO3TOMY OHM BBIHYXAEHBI HJICATN3UPOBAThH
MPOLIECCHI, HCTIOJIB3YS MPOCThIE PU3NIECKUE MOJAECIN
JUId WX OomucaHus. B 4acTHOCTH, BBICOKOYAaCTOTHOE
mojie, Kak MpPaBUJIO, MPEACTABIACTCS TOJIBKO OJIHON
MIPOCTPAHCTBEHHON TapMOHHUKOH. [[BU)KEHHE AJIEKT-
POHOB IpeJCTaBIsIeTCA OJAHOMEPHBIM [5, 6] mimm mpu
KOHKPETHOM pacueTe 33/aeTcsi OYeHb OO0JIbIIOE 3Ha-
YeHue MarHuTHoro mois [7]. [y agekBaTHOTO aHa-
JIM3a IPOLIECCOB B PA3HBIX CJIOSIX TOHKOTO JIECHTOYHO-
ro My4Ka, MPOXOASIIETr0 y caMoil MOBEPXHOCTHU Tpe-
OCHKM W 9aCTHYHO OCEIAIOIIEr0 Ha ITOW TrpeOeHKe,
HYKHBI O0Jiee cJI0XHbIe (HYU3NIECKHe MOJIEITH.

Pannee Hamu Obla paszpaboTaHa Takas Mo-
JIeNTb, YYUTHIBAIOIAS CHEIM(UKY IBIDKEHHUS DIICKT-
POHOB B T€HEpaTOpax THIA «KIMHOTPOHY», M CO3AAHBI
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COOTBCTCTBYIOIIUE TMPOTPAMMBI JJISI YHCICHHOTO
cuera [8, 9]. DTu e mporpaMMbl HCTIOIB3YIOTCS Ha-
MU JJIS1 aHAJIN3a TPYIITHPOBKH JIEKTPOHOB B Pa3HBIX
CJIOSIX TOHKOTO JICHTOYHOTO ITy4Ka.

[onpobuoe omucanne HU3NIECKOI MOJeIH,
ee 000CHOBaHNE W METOIMKA YUCICHHOTO CUeTa IPH-
BelmeHBl B pabotax [8,9]. 3meck MBI OTrpaHHYHMCS
JIMIITH KPATKUM TIEPEUUCICHHEM.

Hcnonp3yeTcst 1ByMepHasi MOJIENb Ui pac-
MpeJICNICHUST BBICOKOYACTOTHOTO TIOJS B CHUCTEME.
OO0OCHOBBIBaEM MBI 3TO TEM, YTO KJIMHOTPOHBI pabo-
TalOT HAa OCHOBHOM MOJI€ BOJHEI B 3aMEIISIONICH
CHUCTEME THUIMA «IPEeOCHKA B BOJHOBOJIC», MPU KOTO-
pOM pacrpenesieHie IoJiI HajJ TPeOCHKOH MOYTH
meymeproe [10, 11]. Kpome Toro, ToNIIMHA JIEHTOY-
HBIX IIYYKOB B JICCATKH Pa3 MCHBIIE UX IIMPHUHBI,
MO3TOMY KpaeBbIMH 3(dexraMu mpu KadecTBEHHBIX
HCCIICIOBAaHUAX MOXKHO TIpeHeOpeub. JIBmKeHHe
9JIEKTPOHOB TIPEATIONIATaeTCsl TPEXMEPHBIM, KaK B
PEaNbHOCTH.

B Mozenu He y4UTHIBACTCS MPOCTPAHCTBEH-
HBIA 3apsj (BIUSHUE DJIEKTPOHOB JPYT Ha JIpyra).
O6ocHOBaHME TAaKOTO yIpolueHus cuemyromiee. [Ipu
CYLICCTBYIOIIUX B pealibHBIX KIMHOTPOHAX padboueM
HAMpPSOKCHUH, TOKE U (DOKYCHPYIOIIEM MAarHUTHOM
mojie TPOCTPAHCTBEHHBIN 3apsia CYIIECTBEHHO HE
W3MEHSCT OBIKEHUE JIEKTPOHOB. Tak, OleHKa MyJiIb-
calMii TpaHUI] IMyYKa 32 CYET BIUSHHUSA MPOCTPAHCT-
BEHHOTO 3apsia [aeT aMIUTUTYAY ITyJIbCalliid IIo-
psaaka 0,01 MM 17151 KIMHOTPOHOB MWJIIMMETPOBOTO
nuana3zoHa u nopsaka 0,001 MM A KIMHOTPOHOB
cyOMM pauamazona. [Ipu 3TOM TOMNIIMHA JEHTOYHBIX
My4YKOB MHOTO O0sbIie — mopsiaka 0,15...0,20 mm.

PeanbHble MynbCallMd TPaHUIl IYYKOB B
KIIMHOTPOHAX HAaMHOTO OOJIbIle, OJJHAKO OHH BBI3Ba-
Hbl HE MPOCTPAHCTBEHHBIM 3apsAJOM IyYKa, a OCO-
OCHHOCTSAIMH JIIEKTPOHHOHN Tymku. Hammuame Takmx
MyJIbCAMH TPAaHWUI[ Ha BXOJE ITy4Ka B CHCTEMY MO-
JKET YUYHUTHIBATHCS TPH pacdyeTax B JAHHOW MOJEITH.
OTH MynbCalliy MPUBOIAT K CHIDKCHHIO d(PPEKTHB-
HOCTH B3aUMOJICHCTBHUS JJICKTPOHOB C BBICOKOYAC-
TOTHBIM IOJIEM M YMEHbLIEHUIO 3aekTpoHHOoro KIIJI,
HO KAaueCTBEHHO HE W3MEHSIOT TMpoIecca 3TOro
B3aUMOJICHCTBHS.

AHanu3 MpoBOANUTCS B MPHUOIIKEHUN 3aaH-
HOTO MOHOXPOMATHUYECKOTO TIOJIS: CUMTAETCs, YTO
MPOIIECC YCTAaHOBWIICS, AMIUIUTY Il BHICOKOUACTOTHBIX
MoJIed M MX YacTOTA MOCTOSTHHBI BO BPEMEHHU.

PacnipenencHre aMIIUTYyABl TOJEH BIOIH
3aMeIAIONICH CUCTEMBI (B HAIPaBIICHUH JIBIKCHUS
3JIEKTPOHOB) MOXET 3aJaBaThCsi OT OJHM3KOro K KO-
CHUHYCOUIAbHOMY JUISI KIIMHOTPOHOB C COTJIaCOBaH-
HBIMH Harpy3kaMu Ha 00OWX KOHIAX 3aMeISIoIIeH
CHUCTEMBI JI0 OJM3KOTO K TOCTOSTHHOMY MPH CHIHLHOU
00paTHOM CBSI3H IO BHICOKOYACTOTHOMY IIOJTIO.

BaXHO OTMETHTH, YTO IPH HCIOJIB30BAHUU
KIIMHOTPOHA B KAa4eCTBE MOJYJSATOpa B MEPBOM Kac-
KaJle YMHOXHUTENS YacTOThl HET HeO0OXOIUMOCTH
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BBIBOJIUTH €r0 JHEPTUI0 M3 NpHOOpa, MOITOMY BbI-
XOJIHOH BOJIHOBOJ CJIEIyET CIIELHalIbHO BHIOMpATh
3anpeneNbHBIM IS YaCTOTH MOAYJIUPYIOIIEro TeHe-
paropa. [Ipu 3TOM BCs TeHEepHUpyeMasl B TIEPBOM Kac-
KaJile MOIIHOCTh PAacXOIyeTcsl Ha CO3TaHHWE HWHTCH-
CHUBHBIX BBICOKOYACTOTHBIX MOJEH B 3aMEIAIOLICH
cucreMe. B 3ToM cirygae cymiecTByeT CMibHas 00-
paTHas CBA3b IO BBICOKOYACTOTHOMY momto. [loarto-
My B OOJBIIMHCTBE HCCJIEIOBAaHMN Ipenmoiaraem,
YTO aMIUIMTYJbl MOJEH IOYTH OJWHAKOBBI Ha BCEX
pe30HaTOpax rPeOCHKH.

Jns aHanuza JBHKEHUS DIIEKTPOHOB ITPOBO-
JIUTCSL TIPSIMOE YHCIICHHOE WHTErPUPOBaHUE TpEX-
MEpPHOTO ypaBHEHUS IBIDKEHHUS DIIEKTPOHA B DJICKT-
pHYECKOM M MarHUTHOM Mojsax. Ha kaxmoMm Manom
BPEMEHHOM HHTEpBaJle BIMSHHE MarHUTHOTO OIS
(cumsr JlopeHIia) yduThIBaeTCs HE OUCKPETHO (UHC-
JICHHO), a aHAJIUTUYECKHU. DTO 00ecreynBaeT BBIION-
HEHUE 3aKOHA COXPAHEHMS SHEPrHH, TaK Kak HeT
HaKaIUTHBAIOIICHCST OMMOKKA MPH YUCICHHOM yYeTe
BJIMSIHUS TIOIIEPEYHOTO MarHUTHOTO moJist [8].

Juis onmcaHUs pachpeleNcHus dJIeKTpude-
CKOTO BBICOKOYACTOTHOTO IOJISI B TPeOCHKE HCIIOIb-
30BaH MeETOJ] KOH(POPMHBIX oTOOpaxeHuit [12-14],
KOTOPBI TO3BOJISIET TOYHO PEHINTh KBa3HCTaTHUE-
CKYIO 3a7a4y U CTPOTO BBECTHU IOTIPABKHU HA OTIIMIHE
peLIeHUst OT KBa3UCTaTUKU. [Ipu 3TOM TOYHO YYUTHI-
BalOTCS OCOOCHHOCTH TIIOJIEH Ha OCTPHIX KpPOMKax
METaJUIMYECKUX 3JIeMeHToB. g mojeit B mr000it
TOYKE MPOCTPAHCTBA IOJYYAIOTCS aHAIUTHYECKUE
BEIpAKEHUS B 3aMKHYTOH (hopMe (HE B BUAE PSIOB),
YTO YOOOHO MPH BEIYUCIICHUX.

st ObICTPOTO BBHIYUCIICHUS MOJS B IPOU3-
BOJIbHOM TOYKE NpPU YHCICHHOM HHTEPUPOBaHHU
YpaBHEHUH JIBIDKCHUS TIPEIBAPUTEIHEHO BEIUMCIISIOTCS
MACCHBBI 3HAYCHUH aMIUIUTY] MOMEPEeYHON W Ipo-
JOJBHOW COCTaBJITIONIMX HATPSDKEHHOCTH JJIEKTPHU-
geckoro nons B 640 Toukax (10 X, Y) Ha OJJHOM TIepHO-
nie TpeOeHKU. J{71sl BEIYHCIICHHST HATPSHKEHHOCTH TOJIS
B [IPOM3BOJILHOMN TOUKE (Xo, Yo) UCIIONB3YETCS JIMHEH-
Hasi HHTEPIOJSIKS 110 YEThIPEM OmKkaiimM K (Xo, Yo)
Toukam. [Tone Ha NPOW3BOJILHOM HEPHOJIE BBIUUCIIS-
€TCs 10 IOJII0 Ha OJHOM IIepHOJie, UCIIONB3YS Teo-

pemy ®moke: E(X+ NL,y, ) =E(X,Y,p)exp(jNg),
rae L —mepuox rpebeHku, ¢ — da3oBbIil caBur pado-

4ero THIa BOJHEI Ha repuoje L, N — Homep mepuona.

I‘II/ICJ'ICHHI:.Ie HUCCIICA0BAHUA IMOKa3bIBaKOT,
YTO €CJId CKOPOCTb JIEKTPOHOB Ha HECKOJIBKO MPO-
[EHTOB HE COBIIA/IaeT CO CKOPOCTHIO 000 U3 Tpo-
CTPAHCTBEHHBIX T'APMOHHUK IIOJII, TO HET YIOPsIO0-
YEHHbIX M3MEHEHUH B JBW)KEHUU OJIEKTPOHOB.
[ToaToMy mnpu aHaiiuze JBUXKEHUS DJIEKTPOHOB 3a
npeaenamMu 3aMeJIIoNIe CUCTeMbl TIEPBOTO Kackaja
npezlrlonaraeTc;I, qTo BHCKTpOHBI )IBI/I)KyTCSI TOJIBKO
110 I/IHepHI/II/I U HC UCIBITBIBAKOT BIUSIHHUC SHCKTpI/I‘Ie-
CKMX mojeh. B3amMmomeiicTBHEM ¢ moOJeM 3aMel-
JIAIOIIEN cUCTeMBbI BTOPOTO Kackaja IpH HCCleI0Ba-
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HHU TIPOLIECCOB TPYIIHPOBKU IpeHeOperaeM, Io-
CKOJIbKY HMHTEHCHBHOCTH MOJII 3I€Ch HA IOPSIAKA
MEHBIIIE, YeM B IEPBOM KacKaJe.

4. YnucieHHOe HCCJIE0BAHHE MPOLECCOB
rpynnupoBKU. PexuM paGoThl KIHHOTPOHA Xapak-
TEPU3YETCS HECKOJIBKHUMH 0e3pa3sMepHBIMHU TTapameT-
pamu [8, 9], OCHOBHOI W3 KOTOPBIX — Oe3pasMepHast
AMIUTATY/IA HATIPSKEHHOCTH DIIEKTPUYECKOTO TIOJIst

rac %n — OTHOLICHUE 3apsaia OJBJICKTpOHAa K €ro

Macce, EO_ Haps’)KEHHOCTDb 3JICKTPUYCECKOT'O I10JIA,

VO*CKOpOCTL QJIEKTPOHA; @ — YacTOoTa BBICOKO-

YaCTOTHOI'O ITOJIA.
HaHpﬂ)KeHHOCTL oJIA EO MOXXHO CBA3aTh C

MOIITHOCTBIO, PACXOyeMOI Ha CO3JaHHE TaKoro II0-
7SI B pE30HATOpax TpeOCHKM C y4eTOM MaTepHaia
pe3oHaTopoB (Menp). s pexnuma CHHXpOHH3MaA
9JIEKTPOHOB C —1-H MPOCTPAaHCTBEHHON TapMOHUKON
HoJIst mapaMeTp A 3alMCHIBAeTCs TaKHMM 00pa3oM:

3|
A= 0,403/1A P ,
NbU

rae A — JUTHHA BOJIHBI TEHEPUPYEMBIX KOJIEOaHHMH, MM;
N — grcino meneBEIX Pe30HaTOPOB B TpeOCHKE TIEPBO-
ro Kackana; b — mmpunHa rpebenkun, mm; U — pabouee
Hanpsbkenue, B; P — MomHocTs mOTeph SHEpPruu B
Mmeraiuie rpebenky, Bt. Uem Oonblre napamerp A, Tem
KOpo4e ONTHMaJbHas JJIUHA 3aMEIJIIFOIIEeH CUCTEMBI,
TeM Ooubiire 3ektponnsii KII/I u Tem Gonbimii Tok
My4YKa HeOOXOIUM ISl peaIh3alliyi STOTO pPexKUMa.

«KecTKOCTh» MarHUTHOH  (POKYCHPOBKH
3aJjaeTCsl OTHOIICHHEM YacTOTHl TeHEPUPYEMBIX KO-
neGaHN K MUKIOTPOHHOHW 9acToTe
o 107
Q HA'
rae H — HanpspkeHHOCTh (DOKYCHPYIOIIEro MarHuT-
HOrO moJisi, KJ; A — AJMHA BOJHBI TE€HEPUPYEMBIX
KoeOannit, MM. YeM MeEHbIIE 3TOT MapaMeTp, TeM
OIKe IBIKCHHE SJICKTPOHOB K OJTHOMEPHOMY.

Ha puc. 1 ycnoBHO m300paxeHbl rpebeHKa
MepBOro kackaga (MOAYIHMPYIONIETO) U TpedeHKa
BTOPOTo Kackasa (oT6opHuKa MoriHocTH). Cxemaru-
YECKU MOKa3aHO PACMOJOKEHUE TPeX TOHKUX CIIOEB
JIEHTOYHOT'O 3JIEKTPOHHOTO Iy4YKa: OJHM3KOTO K IMO-
BEPXHOCTH I'peOEHKH U YJAJICHHBIX OT 3TOW MOBEPX-
Hoctu. [IpoBeneHo MoIpPOOHOE YHCICHHOE UCCIENO-
BaHUC JIBIKCHHUS DIICKTPOHOB B KIIMHOTPOHE KAk B
npejenax 3aMeISIONIeH CUCTEMBI IEPBOTO KacKaza,
TaK W MPH BBIXOJIC YaCTH IyJKa 3a ee Mpeaeibl. Yc-
TAQHOBJICHO, YTO 4YeM JaJbIIC PACIIOJIOXKEH CIIOH
9JIEKTPOHOB JIEHTOYHOI'O Iy4YKa OT TOBEPXHOCTH
rpeOeHKH, TEM IMO3)Ke BJIEKTPOHBI 3TOTO CJIOSI COOH-
paroTcsl B TUIOTHBIE CTycTKU. [lokazaHo, 4To moaou-
pasi peXuM KIMHOTPOHA W YIroJl HakJIoHa (DOKyCH-
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PYIOIIEro MarHUTHOTO MOJISL K MOBEPXHOCTH rpedeH-
KH, MOXXHO IOJ0OpaTh Takoe IOJOXKEHHe, KOoraa
4acTh HIIEKTPOHOB My4Ka OyJeT coOMpaThcs B IUIOT-
HBIE CTYCTKH YK€ 3a NpejelaMu IpeOCHKH MEpBOTO
Kackajza. [lomoXEHHeM 3TOro CrycTka MOXKHO
YIPaBISITh, U3MEHAS aMIUINTYAY BBICOKOYACTOTHOTO
nons (M3MEHSAA TOK ITydKa) M yroJl HaKJIOHa MarHWT-
HOTO TTOJISL.

MBI TNOKa)XeM pe3yJIbTaThl pacyeToB IO
aHaJIM3y TPYNIIMPOBKH DJIEKTPOHOB B Pa3HBIX YaCTAX
My4Yka Ha KOHKPETHOM IIpHMepe, KOTOpBIA cIie-
[MaJbHO MOAO0OpaH TaK, YTOOBI MONYYHIICS PE3yiIb-
TaT, yAOOHBIH /ISl SKCIEPUMEHTAIBLHOHN peaIn3alii.

Mopaynupyromuid reHeparop — KIMHOTPOH
3-MMm nuanaszona (A=28wmm). Ilpu TpexkpaTHOM
YMHOXXECHUH YacTOTBI OKHJIAETCS TIOJIy4YeHUE CHUTHA-
Ja cyomm aumamasoHa (A~ 0,93mm). ['pebenka co-
nepxut 42 meneBbIX pezoHaropa. [lepron rpedeHkn
0,28 MM, a mmpuHa — 3 MM. Pabouee HampspkeHUe
npu ¢azoBoMm ciasure Ha nepuox ¢ =~ 0,57 u cun-

XpoHH3ME ¢ —1-fi MPOCTpaHCTBEHHOH TapMOHHUKOM
paBHo U ~3 700 B. B takom pexume JIeTKO MOY-
YUTh BBIXOJHYIO MOIIHOCTH MOPSAIKA HECKOJBKHX
BarT. CumTaeMm, 9TO MOIIHOCTB, pacxoayemas Ha
CO3JJaHUE TIONSI M TepsieMas B MeTamie TIpeOeHKH,
paBHa 2 Br. UHnykmms HoKycHpyIOmero MarHuTHO-
ro ot 0,6 Tor. [Ipu aTx napamerpax Oe3pasmepHas
ammmtyna A=0,0018 wu mapamerp MarHUTHOTO

w
I1OJISA 5 ~ 6. Tonmuna seHrouHoro myuyka 0,14 mwm.

ITygox BOpacwiBaeTcs Ha paccrosauu 0,1 mepuona
rpebeHku ot ee noBepxHoctH (=~ 0,03 Mm). DToT Napa-
MeTp OOBIYHO HA3bIBAIOT MPHIIEIBEHBIM PACCTOSHHUEM.
Brnu3kuit K TOBEPXHOCTH TpeOEHKH Cioi
Iy4YKa JaeT OCHOBHOHM BKJAJ B T€HEPUPYEMYIO KIIH-
HOTPOHOM MOIIHOCTb, MOSTOMY IMPOBEIEM ONTHMHU-
3alUI0 PeKUMA IS OTOTO cliost. UHCIeHHO aHaTH3u-
Pys IBIKCHHE 3JIEKTPOHOB B 3TOM CIIO€, ITOI0MpacM
ONTUMAaIIbHBIC HAa4aJbHYIO0 CKOPOCTH M YTOJI HaKIIOHA
(hOKyCHPYIOIIEro MarHUTHOTO TOJSA K IMOBEPXHOCTH
rpebeHKH. B onTUMaibHOM peXHMe JOCTHIraeTcs
MakcuMaibHbIN 3nekTpoHHbI KIIJI, ycpenHeHHSBIH
[0 BCEM D3JIEKTPOHAM 3TOTO CJ0s (JIEKTPOHBI CIOA
HMEIOT pa3Hble (a3pl BjIeTa B 00JIACTH BBICOKO-
gacToTHOro moist). OnTumanpHas HadajgbHas CKO-
pocthb okazamach paBHa 1,032 ckopoctu —1-if mpo-
CTPAHCTBEHHON TrapMOHMKH. ONTUMAaNbHBIA yToJ
HaKJIOHa MarHUTHOTO TIOJIS TAKOH, YTOOBI IIPH OTCYTCT-
BHU BBICOKOYACTOTHOTO TOJIS AJIEKTPOHBI CIIOS TIOTa-
Jlali Ha TIOBEPXHOCTh IPeOEHKH B 00JIaCTH COPOKO-
BOTO IIEJIEBOro pesoHaTopa. Ilpum 3TOM cpenHuit
anekrponHbIit KI1J] nnst cinos gocturaet 8,44 %.
Crnemyer OTMETHTh, YTO IIOJIyYE€HHOE CpaB-
HUTENBbHO Oombinoe 3HaueHue KIIJ[ xapakrepusyer
TOJIBKO JIEKTPOHHBIA CJIOH, OIU3KUH K MIOBEPXHOCTH
rpebeHku. i1 SIeKTpOHOB yaaneHHbIX cioeB KITJ]
OKa3bIBACTCSI 3HAYMTEIHHO MEHbINE. BrramcieHns



M. B. Munvyo / I pynnuposka 21eKmpoHo8 6 2eHepamopax...

JUIl peallbHOM TOJIIMHBI Iy4Ka IOKa3bIBaKOT, 4YTO
cpenuuit anektpoHHelt KIIJ[ nmns Bcero mmyuka
yMeHbIIaeTcss npumMepHo B 2-3 paza. O0mmuit KITJ]
BCETO MPHOOpA MOIYyJaeTCs] YMHOKEHHUEM IIEKTPOH-
Horo KIIJI Ha xontypHbIiii KIIJI, KoTOpBINA yuyuTHIBa-
€T TIOTEepH DHEPTUuH B TpeOeHKEe U B MEIIX 00paTHOH
cBsi3u W ymeHbmaer obmmmii KIIJ eme mpumepHO
BIBO€E. KpoMe TOro, BOJTHUCTOCTh TPAEKTOPUI AJIEKT-
POHOB M MyNbCallMsl TPAHUI] IIyYKa Ha BXOJI€ B CHC-
TEMy TakXe CHIDKAIOT 3(QQEKTUBHOCTh B3aUMO-
JICWCTBHS JIEKTPOHOB C IMOJIEM, YTO OCOOEHHO CHJIb-
HO TposBIeTCS B Ipubopax CyOMM jaMamnazoHa
BOJIH. C y4eTOM yKa3aHHBIX MOINPABOK BHIYHUCICHHBIN
KII/] 61130k K peaabHBIM 3HAYCHUSM.

IIpu aHanu3e pe3ynbTAaTOB YUCIEHHOTO HC-
CIIEZIOBaHUs Tpoliecca TPYNIUPOBKH B KIMHOTPOHE
BO3HHMKAIOT HEKOTOPBIE TPYAHOCTH IMPH MPEACTaBIIE-
HUM DPE3yJIbTaTOB Ha Tpadukax. ITO OOBACHAETCA
TEM, YTO KIIMHOTPOH UMEET CPAaBHUTEIBHO JIHHHYIO
3aMEUIAIONIYI0 CHCTEMY, COJEpIKallyl0 HECKOJIBKO
JIECSITKOB IEpUOJIOB (B HamieM IpuMepe ux 42).
OJNeKTPOHBI NMPHU CHHXpOHU3ME C¢ —1-if mpocTpaHCT-
BEHHOM TIapMOHHMKOH, KOTOpas B HalleM IpuUMeEpe
uMmeeT (ha3oBBIi CABHUT Ha mepuoa @ =157, mpoxo-

JAT BCIO 3aMEIIAIONIYIO CUCTEMY 3a BpeMsl, IPUMeEp-
HO paBHOe 30 mepuoAaM BBICOKOYACTOTHOTO TOJS.
[ aHanu3a rpynmupoBKYA HEOOXOANMO TPOCIEANTD
JBIDKEHUE XOTs ObI 10 3JIeKTPOHOB, KOTOpHIC BBLIE-
TaIOT 3a OJAMH MEPUOJT BHICOKOYACTOTHOTO MoJs. Pas-
JIMYUe BPEMEHH BBIJIETa MEXIY COCEAHUMH DIIEKTPO-
Hamu cocraBisieT He 6osee 0,1 nepuona. Ha rpaduke
HEBO3MOKHO OTOOpasUTh C JOCTATOYHBIM pa3pele-
HHEM KpHUBBIE, IPOTSKEHHOCTh KOTOPBIX IPUMEPHO B
300 pa3 OGosbllie PAcCTOSIHAS MEXKAY COCETHHMU
KPHBBIMH.

BeIxon U3 3TOro moJOXKEHHS CIEAYIOMIHM.
Heob6xoaumo otpaxars Ha rpauke He KOOPAWHATY
3JEKTPOHA OT BPEMEHH, a TOJIBKO MU3MEHEHHE B3aUM-
HOTO PAcIIOJIOKEHUsI JIEKTPOHOB. Y 100HO paccMar-
pHUBAaTh Pa3HOCTh MEXIy PpEalbHbIM I0JIOKEHUEM
AJIEKTPOHA M KOOPJMHATOH HEKOTOPOTO YCJIOBHOTO
AJIEKTPOHA, KOTOPBIN JBIKETCS CHHXPOHHO ¢ —1-if mpo-
CTPAaHCTBEHHOW TapMOHHUKOW moJst (MPeICTaBiIATh
B3aMMHOE PACIOJIOKEHUE JIEKTPOHOB B TOJBIKHON
cUcTeMe KOOpAMHAT). PaCCHHXPOHU3M 3JIEKTPOHOB C
paboueii TapMOHUKOW TOJIsI OOBIYHO HE MPEBBIIIACT
HECKOJIbKMX TPOIIEHTOB, YTO IIO3BOJIIET BBHIOpATh
YIOOHBI KPYIMHBIA MacmrTad ans TpapuuecKoro
HpEICTaBIEHUS] U3MEHEHHH B TIOJIOXKEHHUU JIEKTPOHOB.

I'pynmupoBka 3JI€KTpOHOB OJIM3KOrO K I0O-
BEPXHOCTH TPEeOEHKH CJI0S ITydKa IT0Ka3aHa Ha puc. 2.
PexumM paboTHI 3TOTO €0 ONTUMH3UPOBAH AJIS T10-
nyuenus makcumaibHoro KIIZ. Ilo BepTukanbHOU
OCH OTJIIOXEHA Pa3HOCTh MEXIYy PeaJbHON KOOpiu-
HATOH 3JIEKTPOHA W TIOJIOKEHHEM YCIOBHOTO 3JIEK-
TpOHA, KOTOPBIA IBIDKETCS CO CKOPOCThIO —1-# mpo-
CTPaHCTBEHHOH rapmonuku. Hauano orcuera — ropu-
30HTanbHas npsMas Ha puc. 2. Ilo ropuzoHTanbHON
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ocu (abciycc) OTKIIAbIBACTCS TIOJIOKEHUE JIIEKTPO-
HOB BJIOJIb T'PEOEHKH, KOTOpash CXEMaTHYECKH IT0Ka-
3aHa BHM3Y (3Ta BEJIMYMHA IIPOTIOPIMOHANBHA Bpe-
MCHH JIBIDKCHHUS 3IEKTPOHA).

LT —

Puc. 2. I'pynnupoBka 3JIEKTPOHOB B C€il0€, OJM3KOM K IOBEPX-
HOCTH TpeOeHKU. B3anMHOe IONOKEeHHEe JIEKTPOHOB B ITOIBHXK-
HOIl cucreme koopamHaT. CrycTok (IepecedeHue TPaeKTOPHi)
PAacIIOIoKeH IPUMEPHO B CPEIHEH YacTH MepBoi rpeOeHKU

Ha pucynke nmokazano npuxeHue 12 snek-
TPOHOB, KOTOPBIE PABHOMEPHO BJIETAIOT B NMPOCTPaH-
CTBO HaJl rpeOCHKOI Ha MPOTSHKEHUU OJTHOTO TIEPHO-
Jla BBICOKOYACTOTHOTO Moiis. [Ipu OTCYyTCTBHM BBICO-
KOYaCTOTHOTO TOJISI MX TPAacKTOPUM Ha rpaduxe —
napajjieNnbHbple TpsiMble. MecTo mepeceueHHs He-
CKOJIbKMX KPHMBBIX O3Ha4yaeT (pOpMHUpPOBaHHE CI'yCTKa
9JEKTPOHOB B 3TOW 4acTH MpOCTpaHCcTBA. BuaHO, 4TO
(hopMHpOBaHHE Cr'yCTKa B 3TOM CJIO€ IPOUCXOIHUT
MPUMEPHO B CPEAHEH yacTH 1o [uinHe rpebeHkn. Bee
9JEKTPOHBI 3TOrO CIJIOSI OCEHA0T Ha IOBEPXHOCTH
nepBoil rpeGCHKH (TPAacKTOpUs 3aKaHYUBACTCS HPH
MOTIaJaHUH 3JIEKTPOHA HA MTOBEPXHOCTh TPEOCHKH).

Ha puc. 3 nokaszaHa rpynnupoBKa 3JIEeKTPO-
HOB B CJIO€, KOTOPBIH HaxOJUTCS B CPEIHEN 4acTH
myJKa.

Puc. 3. I'pynnupoBKa 3J1€KTPOHOB B CIIOE, HAXOIAIIEMCS IPUMEp-
HO B CPE/IHEH 4aCTH JEHTOYHOTro my4ka. Cryctok chopMupoBacs
MPUMEPHO Ha FPaHUIE MEX/TY IIEPBOIl U BTOPOil rpeOeHKaMu

HauanbHasgs CKOpOCTh 3IEKTPOHOB M yroil
HaKJIOHa MAarHUTHOTO MHOJS 33aJlaHbl TAKMUMH K€, KaK B
HEPBOM ClIydae. DJEKTPOHBI 3TOrO CJIOS BXOJST B
cucreMy Ha paccrosiHuu 0,35 mepuona oT moBepx-
HOCTH TpeOECHKM INPHMEPHO B CPEAHEH YacTH IO
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TOJIIIMHE JICHTOYHOro Iydka. [Ipu 3amaHHOM yrie
HaKJIOHA MarHUTHOTO MOJISL ATOT CJOM DIEKTPOHOB
MOMAIeT Ha TOBEPXHOCTH TpeOeHKH (YCIOBHYIO)
Tompko B oOmacti 140 pesonaropa. Buamo, dro
3JIEKTPOHBI ATOTO CJIOSI COOMPAIOTCS B CTYCTOK MpH-
MEpHO B KOHIIE NepBOi rpedeHKn. Bce AmeKkTpoHBI
CJ0s1 BBIXOIAT 3@ MpeIesibl NEpBOM M BTOPOH Ipe-
OCHOK (HE OCealoT Ha UX MOBEPXHOCTSX).

Jnst TOro 4TOOBI CTYCTOK MOl MPUMEPHO
B CPEIHIOI YacTh BTOPOil IpeOeHKH, ClenyeT Huc-
MOJIB30BATh CIIOH emle OoJiee yAaJeHHbBIH OT MOBEpX-
HOCTH TpeOeHKH. MBI Mog00paiu MpUIleIbHOS pac-
cTostHMEe i Takoro ciosi. Ono pasHo 0,38 mepuona
rpedenkn. Ha TakoM pacCTOSHMH OT TOBEPXHOCTH
TpeOeHKH IEKTPOHBI CII0SI BXOIAT B 00JIACTh BBICOKO-
yacToTHOTO noist. [Ipu 3amaHHOM yTiie HaKJIOHa Mar-
HHUTHOTO TIOJISI 3TOT CJIOM 3JIEKTPOHOB ITOMAJaeT Ha
YCIOBHYIO IIOBEPXHOCTh TPEOEGHKH B 00IacTH
152 pezonaropa. ['pynmupoBka 3IIEKTPOHOB B 3TOM
clloe MoKa3aHa Ha puc. 4.

Puc. 4. I'pynnupoBka 2JI€KTPOHOB B CJIO€ ITy4Ka, yAAIEHHOM OT
HOBEpXHOCTH rpebeHKkH. CTycTOK pacronokeH IMPUMEPHO B Cpel-
HEW 4acTu BTOPOil rpeOeHKH

BunHo, 4TO 37€KTPOHBI 3TOTO CJ0s AEUCTBU-
TEJIbHO COOMPAIOTCS B CI'YCTOK NMPUMEPHO B CpEIHEi
gacTu BTOpoii rpebeHku. CTyCcTOK OKa3aJicsi KOMIaKT-
HBIM U JIOBOJIBHO JIOJITO HE PAacHagascs MpH JBIDKCHUH
BIOJb cHcTeMBl. OTMETHM, YTO B CTYCTOK yIaeTcs Co-
6patTh TOJIBKO OKOJIO TOJOBHHBI JIEKTPOHOB CJIOS.

BaxHO OTMETHTP CIIEAYIONIYI0 0COOCHHOCTD
TPYIIHUPOBKU 3JEKTPOHOB € MOMOIIBIO KIMHOTPOHA.
Okaszajioch, YTO OAJIEKTPOHHBIA CI'YCTOK, KOTOPBIH
(opmupyeTcsi B HY)KHOM MECT€ II0 JUIMHE BTOpPOU
3aMeJUIIOIIE CHCTEMBI, OBOJBHO AAIEKO yIaleH
OT TOBEPXHOCTH BTOpPO# rpebeHku. JIerko BhIUHMC-
JUTh, YTO B HAIlleM KOHKPETHOM IpHMEpe 3TO yja-
nenue cocraBuiio okoio 0,07 mm. st addexTrBHOIM
paboTHI BTOPOTO Kackaja B PeKUME KIMHOTPOHA JKe-
JIaTeNIFHO, YTOOBI ITyYOK B 00JIACTH CTycTKa ObLT Oin-
30K K TIOBEpXHOCTH BTOPOH TPeOCHKH M JTa’Ke pacceu-
BaJICS. Ha HEW. DTO YCIIOBUE MOXKHO BBINOJHHUThH KOH-
CTPYKTHBHO, €CIIM HEMHOIO CMECTHTh IOBEPXHOCTH
JIBYX TpeOCHOK OTHOCHTENIBHO IPYT Jpyra WM HC-
MOJIB30BaTh M1 (POKYCHPOBKH BJIEKTPOHHOTO ITydKa
ciabo HEeOJHOPOAHOE MArHUTHOE MOJIe, YTOOBI MpH-
OIM3UTD CI'YCTOK K TOBEPXHOCTH BTOPOH rpeOCHKH.
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Pacuersl nmokasbIBaloT, 4TO MmoAOUpas yroi
HaKJIOHa MarHUTHOTO TOJSI U aMIUTUTYIy BBICOKO-
YaCTOTHOTO TOJIS (M3MEHSS TOK NHpHOOpa), MOXKHO
CMEIIaTh CTyCTOK 3JIEKTPOHOB IIO AJMHE TPEOCHKH
BTOPOTO KacKaja.

Taxkum 00pa3omM, MOKa3aHO, YTO KIMHOTPOH
MOXET HCIIOIB30BaThCSA IJISI MOAYISLMU 3IICKTPOH-
HOTO ITy4YKa B yMHOXKHUTEISIX YaCTOTHI.

BeiBoabl. IIpoBeneHO YUCIIEHHOE UCCIENO-
BaHME NPOLIECCOB I'PYNIHPOBKU 3JIEKTPOHHBIX CTyCT-
KOB B T€HEpaTOpax THUNA «KJIWHOTPOH». Y CTaHOBIIE-
HO, YTO B PEKUME C MAaKCUMAaJbHOW TeHEpHPYEeMOM
MOIIHOCTBIO B CJIO€ JICHTOYHOTO ITy4Ka, OJM3KOM K
MTOBEPXHOCTH TPEOCHKH, CTYCTOK JIIEKTPOHOB (op-
MHUpYeTCsi NPHUMEPHO B CpeIHEH YacTH 1O JJIMHE
rpeOeHKH, U NP AajdbHEHIIEM IBIKCHUH BCE 3JIEKT-
POHBI 3TOTO CJIOS OCENAIOT Ha TIOBEPXHOCTH TPEOCHKH.
Crom, ymaneHHbIE OT MOBEPXHOCTH TpeOeHKH, (op-
MHPYIOTCS B CT'YCTKH TEM IIO3KE, YEM JaJIbIe 3TOT
CIo# 0T moBepxHoCTH TpedbeHkn (3hPEeKT mocnoiHo
TPYNIIUPOBKH). DJIEKTPOHBI yJAJEHHBIX OT IOBEpX-
HOCTH CJIOEB BBIXOMAT 3a MPEAeibl rpeOCHKH U (hop-
MHPYIOTCS B CT'YCTKH YK€ Ha HEKOTOPOM YyZIaJIeHUU
OT KOHIIa 'peOeHKH. DTO AaeT BO3MOXHOCTb UCIONb-
30BaThb KIMHOTPOH JId MOAYJIAIUN BJICKTPOHHBIX
MyYKOB B YMHOXHTEIISX YACTOTHI.

[pu pabounx HampsokeHusx 3...5kB u
TONIMHE My4koB Okojo 0,15 MM Takue mpouecchbl
TPYNIMPOBKY XapaKTePHBI ISl KIIMHOTPOHOB CpeaHei
4acTH MHJUIMMETPOBOTO THUara3oHa BomH (3...5 Mm).
B Gonee KOPOTKOBOIHOBOM 4YacTH IHana3oHa HEO[-
HOPOJIHOCTH TPYIITUPOBKH IO CJIOSIM BO3pPAacTaeT, a B
OoJiee JUIMHHOBOJIHOBOM JIMara3oHe — OylIeT 3aMeTHO
NPOSIBISITBCSL  TOJIBKO TIPH  MCHOJIB30BaHUM OoJiee
TOJICTBIX ITYYKOB.

B 3axmouenue cooOIuM, 4TO IBYXKacKa-
HBIIl KJIIMHOTPOH C TNIPHBEACHHBIMU BBIIIE HapaMer-
paMu MOIyNUpyOUmeld CEeKIMM HaM yJaJoch pealu-
30BaTh HKCIIEPUMEHTAIIBHO U MOJIYYUTh YMHOKHUTENb
B CcyOMM [uama3oHe BOJH HA JUIMHY BOJIHBI
A~0,93mm. TToapoOHO 3TOT IKCHEPUMEHTAIBHBIN
pe3ynbTat OyJIET OIUCaH B Halllel cliexyromien padore.

Bubmmorpadudeckuii cimcox

1.  Kaunompon /T 5. JleBun, A. U. bopoxnkus, A. 5. KupraeHnko
u 1p. / oz pen. A. 5. Yeukosa. — K.: Hayk. nymka, 1992. — 200 c.

2. Epemka B./]. YMHOXHTEIH YaCTOTBI C HAKIOHHBIM OJIEKT-
porHeiM moTtokoM / B.Jl.Epemxa // Pammopmsnka u
3NMEKTPOH.: ¢O. Hayd. Tp. / VH-T pannodusuku U 37MEKTPOH.
HAH Vkpanusr. — X., 2007. — 12, cmen. Boim. — C. 81-103.

3. Epemka B.]J]. DKClepUMEHTAILHOE HCCICIOBAaHUE MHJUIH-
METPOBOTO YMHOXHTENS YaCTOTHI C BBICOKUM KO3((HIMEH-
toM ymHoxenus / B. /1. Epemxka, A. 5. Kupuuenko // Tp. UPD
AH YCCP. -X., 1970. - 18. — C. 138-148.

4. Milcho M. V. Two-stage oscillators of submillimeter waves /
M. V. Milcho, B.P. Yephimov, V.D. Yeryomka // Proc.
SPIE. — 1994. — 2250. — P. 235-236.

5. Auopywxesuu B. C. HenuHeiiHas Teopus KIMHOTpoHa /
B. C. Auapymikesny, 1O.I'. I'amaronos, E. B. Ilarpymesa //
Pamnorexunka u anektpon. — 2010. — 55, Ne 3. — C. 355-361.



M. B. Munvyo / I pynnuposka 21eKmpoHo8 6 2eHepamopax...

6. Auopywresuu B. C. HectaumonapHas Teopusl KIMHOTPOHA /
B. C. Aunpymkesuu, O. I I'amaronos, E. B. Ilatpymesa //
Pagnorexnuka u 3nektpoH. — 2011. — 56, Ne 4. — C. 493-499.

7. Oodapenko E. H. Henunelinasi Teopyss HEABTOHOMHBIX MHOT'O-
MEpHBIX 3JICKTPOHHO-BOJIHOBBIX CHCTEM MHJUIMMETPOBOIO
nuanazoHa (ycmmmrenun u ymHoxutenn) / E. H. Onmaperko,
A. A. lImateko // Ycnexu COBPEMEHHON pajMOdIEKTPOH. —
2007. — Ne 10. — C. 33-45.

8. Munvuo M. B. Y4eT TpexXMepHOTO [BIDKECHHS JIEKTPOHOB B
reHepaTopax Tuna «kKJIMHoTpon». Y. 1. Meroauka YucIeHHO-
ro wuccnenoBanus / M. B.Mwmbuo // Pammodusuka u
anektpoH. — 2010. — 1(15), Ne 3. — C. 83-91.

9. Munvuo M. B. Y4er TpexXMepHOTrO IBIDKCHHS JJICKTPOHOB B
reHepaTopax THUINA «KIMHOTPOH». Y. 2. AHanu3 peajbHbIX
npubopos / M. B. Munbsuo // Pagnmodusuka u >1eKTpoH. —
2010. — 1(15), Ne 4. — C. 58-65.

10. Ocobennocmu pexuMoB pabOTHI T€HEPATOPOB THIA «KIMHO-
tpor» / M. B. Munbuo, b. I1. Epumon, B. B. 3aBepTanHsiii,
B. B. l'onuapos // Papgrodusnka u 31ektpos.: ¢b. Hayd. Tp. /
Wu-t paguodusuku u snekrpon. HAH Vkpaunsr. — X., 2005. —
10, Ne 3. — C. 435-440.

11. Kupunenko A. A. AHanu3 TpeXMEpPHbIX 3aMEIIONMX CHCTEM
Ha OCHOBE MeTo/Ia 0000IIEHHBIX MaTpull paccesHust / A. A. Ku-
puienko, C. JI. Cenkepuy, C. A. Cremenko // Pannodusuka u
9NEKTPOH.: €0. Hayd. Tp. / UH-T pagnodH3MKH ¥ JJIEKTPOH.
HAH VYxkpansst. — X., 2007. — 12, crery. Boim. — C. 122-129.

12. Munvuo M. B. Meton KoHGOPMHBIX 0TOOpaXkeHHH JUIs pacye-
Ta BBICOKOYACTOTHBIX 3JICKTPOMArHHTHBIX IIOJNCH B 3aMes-
msronux cucremax. Y. 1. Coywail Gonblinmx 3ameyieHui /
M. B. Munbuo // Pagnodusuka u 35ekTpoH.: ¢0. Hayd. Tp. /
Wu-t paguodusuku u snektpon. HAH Vkpaunsr. — X., 2003. —
8, Ne 1. - C. 136-147.

13. Munvuo M. B. Meton KoHGOPMHBIX 0TOOpaXkeHHH JUIs pacye-
Ta BBICOKOYACTOTHBIX 3JICKTPOMArHHTHBIX IIOJNCH B 3aMes-
wromux cucremax. Y. 2. DIeKTpOIHHAMUYECKHE PELICHHUS
9KBHBAJICHTHBIE dJiekTpocTatndeckuM / M. B. Mbuo // Pamo-
¢usuKa u dMeKTpoH.: ¢6. Hayd. Tp. / UH-T paguodu3uku u
anextpon. HAH Vipaunst. — X., 2003. — 8, Ne 2. — C. 259-268.

14. Munvuo M. B. Meton KoHGOPMHBIX 0TOOpaXKeHHH JUIs pacye-
Ta BBICOKOYACTOTHBIX 3JICKTPOMArHHTHBIX IIOJNIEH B 3aMes-
nsromux cuctemax. Y. 3. AHanu3 KOHKPETHBIX CHCTeM /
M. B. Munbuo // Pagnodusuka u 35ekTpoH.: ¢0. Hayd. Tp. /
Wn-1 pammodmsuku u snextpon. HAH Vkpannsr. — X., 2003. —
8, Ne 3. — C. 374-385.

Pyxonuco nocmynuna 24.03.2015.
M. V. Milcho

ELECTRON BUNCHING
IN THE CLINOTRON-TYPE OSCILLATORS.
“CLINOTRON” AS A FREQUENCY MULTIPLIER

There is a problem of designing convenient in use and
not particularly expensive oscillators for mastering the sub-
millimetre waveband. The backward wave oscillators (BWOs)
provide good results in the long-wavelength part of the sub-
millimetre waveband. However, their advancement in the short-
wavelength part of the sub-millimetre waveband causes substantial
problems. Existing technological opportunities do not allow to
obtain extremely thin high-current-density electron beams neces-
sary for this waveband. Application of the frequency multipliers
could weaken requirements to the electron beams considerably. A
clinotron-type oscillator can be used for bunching electron beam in
the frequency multiplier. In the clinotron oscillator, a wide and
comparatively thick sheet electron beam is directed at a small
angle to the surface of the slow-wave structure and is partly dis-
persed on this surface. Clinotron provides output powers a few
orders of magnitude greater than conventional BWOs of the same
waveband. This is important for obtaining good (i.e., deep) bunch-
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ing of an electron beam. In clinotron-type oscillators, it is neces-
sary to investigate the process of dense electron bunching and to
clarify the conditions of its use for bunching electron beam in a
frequency multiplier. In this article, numerical simulation of elec-
tron bunching is conducted in the clinotron by means of our previ-
ously in-house designed special computer program, which takes
into account the specifics of the clinontron operational regime.
Three-dimensional motion of electron is investigated in the finite
focusing (guide) magnetic field. As a result of numeral simula-
tions, we find the effect of “layer-by-layer” bunching of the elec-
tron beam in a clinotron-type oscillators. The farther an electron
layer is located from the surface of the slow-wave structure the
later electron bunching in that layer occurs. We show that singling
out the clinotron operating regime and the slope angle of the guide
magnetic field to the surface of the comb allows one to ensure the
formation of dense electron bunches in the part of the beam out-
side the clinotron slow-wave structure, where the second slow-
wave structure (working in the power-catching regime) must be
located. Thus, the principal possibility of the clinotron use for
designing a frequency multiplier is proved.

Key words: vacuum electron device, clinotron, bunch-
ing, frequency multiplier, numerical simulation.

M. B. Minsyo

I'PYIIYBAHHA EJIEKTPOHIB
Y TTEHEPATOPAX TUITY «KJIMHOTPOH».
KJIMHOTPOH 4K IIOMHOXYBAY YACTOTHU

Icnye npobiema CTBOpEHHsI 3pyYHUX B €KCILTyaTallil Ta
He 0COOJNMBO JTOPOTHX T'eHEPaTOPiB U OCBOEHHS CyOMiTiMETpo-
BOT'O Jiala3oHy XBHJIb, OCOOIMBO y HOro KOPOTKOXBHIILOBIH dac-
tuHi. [eneparopu Tumy nammu 3BopoTHOi xBuii (JI3X) maroth
TapHi HACNiIKH y JOBTOXBHMJIBOBI YacTHHI CyOMIiTiMETpOBOTrO
Iiara3oHy, OfHAK IIPU IPOCYBaHHI B KOPOTKOXBHJIBOBY YaCTHHY
nianasoHy 3’sSBISIFOTHCS BENUKI TPyAHOLI. ICHYIOWi TeXHOMOrivHi
MO>KJIBOCT] HE JJO3BOJIIFOTH OTPHMATH HEOOXiIHi IS IIbOro Aia-
[Ia30Hy OyXKE€ TOHKI ENeKTPOHHI ITydKH 3 BEIHMKOIO T'yCTHHOIO
CTpyMy. 3HAa4HO MHOCIAOMTH BHMOTHM [0 EJIEKTPOHHHX IIy4YKiB
MOXHa, SKIIO BHKOPHUCTOBYBATH IIOMHOXYBadi 4acToTH. Jlimst
MOZYJIALii eNeKTPOHHOTO IMydyKa 3a TYCTHHOIO Yy HMOMHOXyBadax
94aCTOTH MOJKINBO BHKOPHUCTATH TEHEPATOp THUIY «KIMHOTPOHY.
VY KIMHOTPOHI IIMPOKUI Ta TOPIBHAHO TOBCTHH EIEKTPOHHMI
IIyYOK CIIPSMOBAHO ITiJi MaUM KyTOM JO HMOBEPXHI CHCTEMH IS
CHOBUIBHEHHS XBWIJIb. [Iy4OK YacTKOBO PO3CIIOEThCS Ha IiH MO-
BepxHi. KiimHOTpOH 3a0e3mnedye BUXiJHY MOTYKHICTh Ha JEKiIbKa
HopsiAKiB OuteITy, Hixk 3BHYaiiHi JI3X. Ile BaxnBO M1 OTpHMaH-
Hs1 100poi (rmOoKoi) MOAYALIT eneKTpoHHOro myyka. HeoOxigHo
JIOCHIZIUTH TPOLIEC TPYIYBAHHS €JIEKTPOHIB Y LIUIBHI 3TYCTKH Y
reHepaTopax THUITy «KIMHOTPOH» Ta BH3HAYHTH YMOBH BHKOPHC-
TaHHS KIMHOTPOHIB JUISl MOAYJISLIT €IEKTPOHIB 32 T'YCTHHOIO Y
MOMHO)KYBa4axX 4acTOTH. Y poOOTi MPOBEAEHO YHCIOBE IOCIII-
JKEHHS TPYIyBaHHS €JEKTPOHIB Yy KIMHOTPOHI 3a JOHNOMOIOO
crenianbHOl Mporpamu, SIKy MH PO3pOOWIIM paHille A Bpaxy-
BaHHA CHENU(IKM KIMHOTPOHOTO pexkuMy. JlOCIiKY€eTbCS TpH-
BUMIpDHHUI PyX €NEKTpPOHIB B oOMexeHOMYy (He Oe3KiHEYHOMY)
MarHiTHOMy mnoii. Y pe3yiabTaTi YMCIOBOTO AOCIIJDKEHHS OyIo
BUSIBJICHO (EeKT IOIIAPOBOTO IPYIyBaHHS €IEKTPOHIB y KIMHO-
TPOHHHX TeHEepaTopax: UMM JaJli PO3TalIOBAaHMII IIap EIeKTPOHIB
BiJl IOBEpXHI CHCTEMH ISl YHNOBUIBHEHHS XBWJIb, THM Ii3HiIIE
BiJIOYBA€THCSI TPYNyBaHHS €JIEKTPOHIB Yy 3TYCTKU B I[bOMY ILapi.
IToka3aHo, Mo J100MparoYM PeXUM PoOOTH KIMHOTPOHA Ta HAXMII
(hOKyCYIOYOro MAarHiTHOTO MOJS O MOBEPXHi IpeOiHKH, MOXHA
3a0e3meunT (OPMYBaHHS UIUIBHUX EIEKTPOHHHUX 3TYCTKIB Y
YaCTHHI ITy4YKa BXKE 32 MEKaMHU YIOBIUIBEHIOIOUOI CHCTEMH KIIMHO-
TPOHa, Jie Mae OyTH pO3TaIllOBaHa JPyra yHNOBUIBHIOIOUN CUCTEMA,
sKa Tpaloe B PEXUMI BigOMpaya MOTYKHOCTI. TakuM YHUHOM,
JIOBEZICHO MOXJIMBICTh BHKOPUCTOBYBATH KJIMHOTPOH IIPU CTBO-
PEHHI TOMHO)KYBa4iB 4aCTOTH.

KJ11040Bi cj10Ba: enexkTpoHiKa, KIMHOTPOH, TPyIyBaH-
Hsl, IOMHOXYBa4 YaCTOTH, YHCJIOBHH PaxyHOK.



