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AHHOTan A

[IpencTaByieHbl KOHCTPYKIMHU U OCHOBHbIE XapaKTepHu-
CTUKH MOILHBIX 3JIEKTPOHHBIX Tpru6opoB CBY, B KOTOpbIX
OTCYTCTBYIOT MarHUTHBIE N0Js1 B 06J1aCTU B3auMoJel-
cTBUs (0e3MarHUTHble MPUOOPBI): PENATUBUCTCKUN
reJIMTPOH — cOPMY/IUPOBaHbl HeJIMHEeHble YpaBHEHUS
Y Ha UX OCHOBe NpPOBeJieH aHa/ln3 U ONTUMHU3allus reHe-
patopa CBY HoBoro Tuma - peATUBUCTCKOrO TeJU-
TpoHa. ITO MpUBOP C LEHTPOOEKHOHN 3/eKTpocTaThye-
ckoit pokycupoBkoit (LI9P) ocecuMMETPUYHOTO BUHTO-
BOTO PeJATUBUCTCKOTO 3JIeKTPOHHOIO NMOTOKA, B3aUMO-
JerctByouero ¢ Hnll Mozo# 3/1eKTpOMarHUTHOTO MOJISA
KOaKCHaJIbHOTO pe3oHaTopa. Ha ocHOBe uucJIeHHOro
MOJIeIMPOBAaHUs M ONTHMHU3ALUM IO0Ka3aHO, 4TO €ero
30 EKTUBHOCTD NMPEBOCXOAUT 3PPEKTUBHOCTD PEATH-
BucTckux JIBB 1 JIOB; 6e3MarHUTHBINA KJIUCTPOH-Y/[BOU-
TeJIb C ToNlepevyHON MOAysALMeN — IPUBe/leHbl HeJIMHeH-
Has Teopuss U pacdyer KII/l ssexkTpoHHOro npu6opa
HOBOI'0 THUINA — 6e3MarHUTHOrO KJMCTPOHA-YJBOUTE/A
9acTOTBI C NIONEePeYHON MOAY/IALMel JeHTOYHOro peJis-
TUBHUCTCKOTO 3JIEKTPOHHOTO MOTOKa. B omimdne oT
M3BECTHOM KOHCTPYKLUMUU KJHUCTPOHA - YABOUTEJS
4aCcTOThI C IONEPEYHON MOJY/ALMEN B 06/1aCTH rPyNIH-
POBKH 3JIEKTPOHOB MCIIOJIb3YETCS He MarHUTHAas JIMH33,
a 3JIeKTpocTaTH4ecKas; chepoTpoH-reHepaTop Ha JBYC-
depuyeckoM pe3oHaTOpe - BbINOJHEHO MOZieIMPOBaHKe
Mo1Horo revepatopa CBY HoBoro Tuna - MOHOTpOHa Ha
JBycpepudeckoM pe3oHaTope. [lokazaHo, YTO B TaKOM
reHepaTope BecbMa NMPOCTON KOHCTPYKLUHU JAOCTHXUMbI
KIIZ 33% npu Toke ny4yka B umnysbce 1...10 kKA ¥ Hanp4-
»keHuU 40-50 kB. Cy1iecTBeHHO, YTO OTCYTCTBHE MarHUT-
HBIX CHCTeM B TaKUX NPUOOpax He TOJbKO CHHUXKAeT UX
MaccorabapuTHble XapaKTepUCTUKU M HUCKJ0YaeT pac-
XOAbl Ha NUTaHUeE 3JIeKTPOMArHUTOB, HO U TO3BOJISET
UCN0JIb30BaThb CBEPXIPOBOJSALINE 3JIEKTPOAUHaAMHUYe-
CKHe cUCTeMbl [1], 4To BaXKHO [JJi1 MOILHBIX NPUOOPOB
(Ha;nM4YMe MOCTOSTHHOTO MarHUTHOrO MMOJIA pa3pyliaeT
BBICOKOYACTOTHYIO IPOBOAUMOCTb).

Kiouessle caoea: 6eamazHumHble npubopsi CBY, peas-
mueucmckuti 2eAUMpoH, 6e3mMazHUMHbLI KAUCMPOH-yd80-
umesv, chepompoH-zenepamop, K11/, mowHocms, amniau-
mydHble XapakmepucmuKu, yc/108uUsl CAMO8036YHCOeHUS
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Abstract

The article presents the designs and main characteristics
of high-power microwave electronic devices without
magnetic fields inside interaction region (non-magnetic
devices):

relativistic helitron are formulated by nonlinear equations
based on them analysis and optimization of a new type of
relativistic helitron microwave generator is carried out.
Relativistic helitron provides interacting electromagnetic
field Hnll mode of a coaxial resonator with an
axisymmetric screw relativistic electron stream by
centrifugal electrostatic focusing (CEF). Helitron’s
numerical modeling and optimizing realizes efficiency
exceeding than that of relativistic TWTs and BWOs;
non-magnetic  klystron-doubler ~ with  transverse
modulation is resulted in by non-linear theory and
calculating electronic efficiency of a new type
non-magneticklystron-frequency doubler with relativistic
electron transverse modulation. Instead of magnetic lens
are used electrostatic ones in the electron bunching region
in contrast to the well-known construction of a klystron
frequency doubler with transverse modulation;
spherotron-generator on a two-spherical resonator high
efficiency for a new type powerful microwave generator
(a monotron on a two-spherical resonator) is found with
using simulation. The article presents the generator with
a very simple design, where an achievable efficiency is
33% at a beam pulse current 1..10 kA and a voltage of
40-50 kV. It is significant that the absence of magnetic
systems in such devices not only reduces their weight and
size characteristics and eliminates the cost of powering
electromagnets, but also allows to use superconducting
electrodynamic systems [1], which is important for
high-power devices (the presence of a constant magnetic
field destroys high-frequency conductivity).

Keywords: non-magnetic microwave devices, relativistic
helitron, non-magnetic klystron-doubler, spherotron-
generator, efficiency, power, amplitude characteristics,
self-excitation conditions
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BBeagenue

[IpeacTaByieHbl KOHCTPYKLMU U OCHOBHbIE XapaKTEPUCTUKU MOLIHBIX 3JIeKTPOHHBIX pubopos CBY, B koTo-
PBIX OTCYTCTBYIOT MarHUTHBIE MOJIS B 06/1aCTH B3aUMOJieicTBYs (6e3MarHUTHbBIE MPUGOPHI): PEISITUBUCTCKUH
reJIMTPOH, 6e3MarHUTHBIN KJIMCTPOH-YABOUTEb C [IONIepeyHOl Moaysiiuel, cdepoTpoH (reHepaTop Ha Bycde-
pudeckoM pe3oHaTope). CylecTBEHHO, YTO OTCYTCTBUE MarHUTHBIX CUCTEM B TaKUX MPUOOpaxX He TOJIbKO CHU-
’aeT UX MaccorabapUTHble XapaKTePUCTUKU U UCKJIIOYAET pacxo/ibl Ha MUTaHUeE 3JIEKTPOMarHUTOB, HO U N03BO-
JISIeT UCI0JIb30BaTh CBEPXNPOBOASALINE 3JIEKTPOAUHAMUYECKHE CUCTEMBI [2], UYTO BaXKHO /11 MOLHBIX IPUOOPOB
(HayIMyKe MOCTOSTHHOTO MarHUTHOTO 10Jis1 pa3pylLiaeT BbICOKOYACTOTHYI0 IPOBOJUMOCTD).

1. Pe/ISTUBUCTCKUI Ire/IMTPOH.

CoBpeMeHHble PUOOPBI CBEPX60JIbLI0H MOIHOCTH penaTuBUcTckue JIBB 1 JIOB — nMeloT MarHUTHY0 QOKY-
CUPOBKY JIMHEHHOTO PeIATUBUCTCKOTO NMOTOKA (MOLIHBIN COJIeHOU]). ITO 06CTOSITEILCTBO MPENATCTBYET NpUMe-
HEHUI0 CBEPXNPOBOJSALIMX 3JIEKTPOAUHAMUYECKUX CUCTEM, NOCKO/IbKY B IOCTOSTHHBIX MarHUTHBIX NOJISIX BBICOKO-
YaCTOTHAsl CBEPXIPOBOAUMOCTb MeTA/IOB Mcue3aeT. MexJy TeM, UCIO0JIb30BaHUE CBEPXNPOBOJSAIIUX CTPYKTYP
B CBEPXMOLIHBIX TPU6Opax MO3BOJIMIIO Obl CYIleCTBEHHO YBEJWYUTb IHEPTeTUKY 3TUX IPUOOPOB 3a CYET PE3KOTO
CHIKEHUS] OMUYECKUX OTEPD (3TU NoTepU PpaKTHUYECKH OTPAaHUYMBAIOT SHEPTeTUKY PU6opa — 3a UX CYET paspy-
maeTcst paboyass NOBEPXHOCTb 3JeKTPOAUHAMUYECKUX CUCTEM IpHU MOBBbILIEHWH MOIIHOCTH U AJIUTENbHOCTH
UMIy/IbCa FeHepaTopa). 3aMeTUM, 4TO B pessTUBUCTCKUX JIBB 1 JIOB MoeT ObITh UCII0/Ib30BaHA JIMH30BasA GOKY-
CHPOBKa, KOT/ja JINH3bI IOMellleHbl BHe 06/1aCTH B3aUMOZEeNCTBUSA, KaK 3TO JieJIaeTcsl B IMHEHHBIX YCKOPUTeAX [2].

[lepuopuyeckast aieKTpocTaTHyeckas GokycupoBKa HeaddekTHBHA 151 MowHbIX PIII. B oT/indue oT Hee 1jeH-
TpobexXHO-3/IeKTpocTaThyeckass ¢pokycupoBka (LIIP) sBisieTcss abCOMOTHO YCTOMYMBOU [3,4] U MOXKET U ObITh
WCII0JIb30BaHaA B reHepaTope THma requtpoHa [3,5]. B [3,5] ucciesoBaHbl cxeMbl HU3KOBOJIBTHBIX T€JUTPOHOB
(V, =1000-+2000 B) c fBYx- 1 yeTblpex/aMeNbHbIM BHYTPEHHUM NIPOBOJHUKOM. Takas KOHCTPYKLUSA (U HU3KUe

V, ) AesaeT reJIMTPOH NPUHIUIKAAIBHO AJIMHHOBOJHOBBIM (YacTOTa BpallleHUsl 3JIEKTPOHOB w, ~ +/V; , T.e. HeBe-
JIMKa 0py Masbix V).
Vcnosib30BaHue B TeJIMTPOHE KOAKCUAJIBHOI'0 pe30HaTopa Ha Moax H,,, U pelISTUBUCTCKOTO II0TOKA, KaK 3TO
npejsioKeHO B [3], AesiaeT 3TOT npru6Op paboTOCIOCOOHBIM BILJIOTh [0 MUJLJIMMETPOBOTO AMana30Ha AJUH BOJIH.
CxeMa KOHCTPYKLUH PeNSITUBUCTCKOTO TeJIUTPOHA.

Puc. 1. Cxema KOHCMPYKYUU KOGKCUA/IbHO20 2eAUMPOHA: 1 — MazHUMHAs KamywKa; 2 — Ko1byesoli mepmMokamod
(Moxcem npumensmes u kamod co 83pbl8HOU smuccuell); 3 — npukamodHblil 31ekmpod (eeHeabm); 4 — aHoo,
ABAAWUTICS MAKIHCE MAZHUMHBIM IKDAHOM U MAZHUMONP080JoM 3aKpyHusarweli 3,1eKmpoHHbLI NOMokK
MA2HUMHOIl cucmembl; 5 — @HewH Ul yuauHdp koakcuaaa; 6 — 3akpumuyeckue 0151 8oaH H,, cysceHus
8HymMpeHHe20 Npo8oJHUKA, 06pa3yUjUe KOAKCUaAbHbIl pe3oHamop Ha H,,, koae6aHuu; 7 — MOHOBUHMOBOL
3/1EKMPOHHbIL NOMOK, 8 — KOIeKMOp; I, — paduyc epaujeHus 31eKmpoHa, b, — paduyc eHeuHe20 YuauHopa;
b, — paduyc eHymperHe20 npo00HUKA KOGKCUAA C 3aKPUMUYECKUM CyJceHuem u b, — uacms paduyca
8HymMpeHHe20 NPoBOJHUKA KOAKCUAAA C 6€3 CYHCEeHUS.

Ha puc. 1 u3o6parkeHa cxeMa KOHCTPYKIIMH PeJIITUBUCTCKOTO TeIMTPOHA, COCTOSIIIEr0 U3 3/IEKTPOHHOM Imymiku Xap-
puca [6] (MOXeT ObITh HUCIIOJIb30BaHA Ge3MarHWTHAs CUpasbHas mylika YepHoBa [4]), KOaKCHAILHOTO pe30HaTOpa
PEJIATUBUCTCKOTO re/IMTPOHA Ha Mofie H,,; C TOPLEBbIMH 3aKPUTHYECKUMH CEYeHUSIMU BHYTPEHHETO TPOBOAHMKA.
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MOHOBUHTOBOMW 3/IEKTPOHHBIN MOTOK BPaLAETCs € 4yacToTol [3]: w, = ’77‘% , n=e/m, e — 3aps/, 3JeK-
0

TPpOHa, M — PEeJIATABUCTCKasd MacCa 3JIEKTPOHa, r, — pagdyC BpallleHHUsA 3JIEKTPOHQ, V():A%l(bz/b ),
1

AV — pa3HOCTb NI0TEHLMAIOB MEX/ly BHYTPEHHUM U BHEIIHUM LUITMHAPaMH, b, b, — COOTBETCTBEHHO Pa/{yChl
BHYTPEHHEr0 U BHEIIHEro UJIUHAPA; 8 — KOJIbI[eBON KOJIJIEKTOP.

Ecsii pe3oHaTOp HacTpoeH Ha MoAy H,,; C 4aCTOTOU COGCTBEHHBIX KOJIe6aHUM w , TO pe30HaHCHOe B3aUMOJeil-
CTBUE C 3JIEKTPOHHBIM ITIYYKOM HACTYNAET IIPU YCIOBHUHU

3pech (3, — dasoBas cKOPOCTb BOJIHBI H,, B KOaKCMaJbHOM BOJHOBO/IE. BepxHuii 3HAaK COOTBETCTBYET CMHXPO-
HU3MY 3JIEKTPOHOB C IOy THOX NapLXaJIbHON BOJHOM KojlebaHus H,,;, HI?)KHUH C BCTPEYHOIL
Ha puc. 2 n3obpaxeHo nonepeyHoe ceyeHHe 06/1aCTH B3aUMOJIEMCTBUSA NpU pe3oHaHce ¢ Mogoi H,,;, (n=2).

-

YKa3aHbl CUJIOBbIE JIMHUY 3/IEKTPUYECKON HapshkeHHOCTH E Moabl H,,, , a TaKXKe pa3MepHble BeJIMYKHGL b, , by, T .

Puc. 2. [TonepeuHoe ceverue obaacmu 83aumodelicmeust 2eAUMpoHa.

HenunHelHble YpaBHeHUA MaTeMaTH4ecKoi MO/JieJIN PEJIATHBUCTCKOI'O IreJIMTPOHAa

dp, 1 (%5
_ZI:___Er_ iBz+ ziB' _E"O )
dZ lgzi r; /889 ﬁ g
dP. 3.3 .
= :i _’%ﬂ”ﬂﬂ _ﬁziBr +ﬁriBz _Ep )
dz [, I (1.1)
dP, 1
— == riB + 'iBr )
e (8. 0,5)
dr _ By d0 _ 1 df _ 1
dZ /821' ’ dZ Bzi' dZ ﬁzi.

— 1
3necb 0<z<d, i — HOMep 3JieKTpoHa (KpymHo# uactuipl), i=1,N, 7, =———= \/1 +B?+P;+F;

i ,—1_&2 zi

B=vi/c, Bi=v,/c, B,=Vv,/[/c, v,;=V; [/c, c — CKOpOCTb cBeTa B mycrote, O=w,, z = Z'w/c =2mz’/A,

7 — pa3MepHas (M) JJIMHA BAOJb OCH, I =I'w/c =271’ [A, I’ — pa3MepHbIN paJiuyc i-ro 3JIeKTPOHa; E = 7,.5; — 6e3-
pa3MepHbIH UMIYIIbC i-TO 3JIEKTPOHA.

[Ipu popMynupoBKe HEMMHEHHBIX ypaBHEHUH PeJIITUBUCTCKOTO IeJIMTPOHA UCII0/Ib30BAIUCh METO/L KPYITHBIX
YaCTHL, TEOPHUU PENATUBUCTCKOTO JBUXKEHHS 3JIEKTPOHOB M TEOPHs 3JIEKTPOMArHUTHOTO IOJisl, Pa3BUThIE

B [3,7,8]. Hrke npuBeieHbI 6e3pa3MepHble ypaBHEHUS JBUXEHUS 3/1eKTPOHA U GOpMYyJ/ibl KOMIIOHEHT noss H,,,
MO/bl KOAKCHa/TIbHOTO Pe30HaTopa.

|
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HauanbHble yc10BUs K cucTeMe (1) UMEIOT BUJ
A (0)=22, 4(0)=0, £,(0)=0, £,(0)=+(0)5.0, 20)=1-(1+ 1] . a2
n (E°
n(0)=5 V(o) B =2 (0). B =B (z). (13)

BespasMeprle COCTaBJIAOIIME CPIHXpOHHOfI KOMIIOHEHTLI I10JI4 Hnil MOJbI C prrOBOﬁ nonﬂpplsauneﬁ HMEKT BUJ

An . .| plz
E =—F_ cos(nj. —qg, )sin| —|,
=g (nj,—q) d
E, :_lej-;l sin(nj,. —q,-)sin plz )
2 d
1 . plz
B = _EAO]-;1 cos(nj; —q,.)cos[j], (1.4)

pl n o plz
B, = A,——F, sin(nj, —q, Jcos| —|,
o AOZd , 1 ( ] CI) [ d ]
2
1 pl . . [ plz

B, =——A4,|1—|—| |F,cos(nj, —gq; )sin|—].

z ZAO[ [Zd] nl (]1 ql) [ d ]
3'£LECb Fn1:]n(Hnlri/bl)/]’n(Hnl)_Nn(Mnlri/bl)/N’n(Hnl)' :Fnlz}tnl/bl[]’n(}tnlri/bl)/]’n(%n1]_N'n(xnlri/bl)/N'n(Knl)]’
%  — KopeHb ypaBHenus, [ (» )/N' (» ) =] (ax )/N’ (ax ), a=b,/b,, ] (xX) — dyHkuus Beccens 1-ro poga, n-ro
nopsaaka, N (x) — o¢ynkuusa beccens 2-ro poxa, n-ro mopsagka, [ (x)=d] (x)/dx, N (x)=dN (x)/dx.

Ay=eE, oJmewF ), b =2mb /A, b,=2mb,’ /A, d=27d’ /A, INTpHXOBbIE BEJUYMHBI — PasMepPHbIE, B METPaXx.
Pe3ysbTaThl pacueTa U ONTUMH3AIUH PEJNSATUBUCTCKOTO FeJIMTPOHA IPHU N=2.
OnTrMuszanus reauTpoHa nposoguack no KI1/j, koTopbld onpe/ieisiics Kak

n(2) :lim. (1.5)

[losyyeHBI cieiyI0IHe Pe3y/IbTaThl.

BapwuanT 1. (N=256)

BsanmogelicTBre ¢ BCTpEYHOM NMapLuuanbHON BOJHOM Konebanus H, : $=1.4707; n=2; d=2m; I=1; A,=0.0988;
b,=0.5; a=18.4711; B, ,=0.5583; q=,,,/B,,=1.9995; n=0.2213.

Ha puc. 3 npe/cTaB/ieHbl 0OCHOBHbIE 3aBUCUMOCTH, HJIIOCTPUPYIOLIME IPOLECC B3aUMO/EUCTBUS B FeJIMTPOHE
(BapuanT 1). Ha puc. 3(a) npeacraB/ieHbl TPaeKTOPHUH 3JIEKTPOHOB PAa3JIMYHbIX | B IVIOCKOCTH T, Z. Ha puc. 3(6)
NpeJcTaB/eHbl 3aBUCUMOCTH a3UMyTa i—X 3JIEKTPOHOB OT z. BusiHa ¢azoBas (opbuTaibHas) rpynnupoBKa 3JiekK-
TPOHOB B o6Jsiactu d=3.5...5.5. Ha puc. 3(B) npejcraB/ieHbl OpOUTa/NbHbIE TPAEKTOPUU 3JIEKTPOHOB. OCHOBHAs
Macca 3JIeKTPOHOB, OT/AaBasi 3HEPTHIO, YMeHbIIAeT PAJJUYC OPOUTHI; YUC/I0 YCKOPEHHBIX 3JIEKTPOHOB C YBeJNYeH-
HbIM ri OTHOCHTEJIbHO Masio. Ha puc. 3(r) npuBe/ieHbl 3aBUCKMOCTH UHAWBUAYAIbHbIX 7,(Z) . YKpYyTHEHHAs JTUHUS
ykasbiBaeT 7)(z) B npu6ope. B utore npu z=d, h=0.2213.

BapwuanT 2. (N=256)

BsanMogielicTBHE C MOy THOM MapuuaIbHOU BOIHOU Kosiebanus H,, ,: S= 0.5086; n=2; d=2m; I=1; A0=0.0438; b,=
0.5528; a=30.3935; B ,=0.3517; q=p ,/B,,=2.5512; n=0.4834.

Ha puc. 4 npe/cTaB/ieHbl 0OCHOBHbIE 3aBUCUMOCTH, HJIIOCTPUPYIOLIME IPOLECC B3aUMOEUCTBUS B FeJIMTPOHE
(BapuaHnT 2). Ha puc. 4(a) npefcTaBieHbl TpaeKTOPUM 3J1IeKTPOHOB pa3/IMYHbIX [ B IJIOCKOCTH I, z. Ha puc. 4(6)
HpeJcTaB/leHbl 3aBUCUMOCTH a3UMYyTa i-X 3JIEKTPOHOB OT z. BusiHa dasoBas (opbuTasibHas) rpynnupoBKa 3JieK-
TPOHOB B 06J1actu d=4...5. Ha puc. 4(B) npe/cTaByieHbl OpOUTANbHBIE TPAEKTOPHH 3/IEKTPOHOB. OCHOBHAs Macca
3JIEKTPOHOB, OT/|aBasl 3HEPTHI0, yMeHbIlIaeT pajuyc opouTsl. Ha puc. 4(r) npuBe/ieHbl 3aBUCUMOCTH UHAUBUAY-
aNbHBIX 7] (Z). YKpYNHEHHAsA TMHUA yKasblBaeT 1)(z) B npubope. B ntore npu z=d, n=0.4834.

Takke 6bLIM TPOBEZIEHBI UCCIEJ0BAHUS MOIbI H,,, KOAaKCHAJIbHOTO Pe30HATOPA PEIATUBUCTCKOTO reJIMTPOHA
IpY yBeJUYEHUH ero JJUHbI BBOE BJL0JIb Z-0CH 06J1aCTU B3aUMO/EHCTBUS C 3JIEKTPOHHBIM [I0TOKOM.

C BcTpeyHOM mapiraibHOU BOJHOM KoJiebanus H,, 1 $=1.1098; n=2; d=4; [=4; A =0.0192; b,= 0.5986; a= 4.981;
B.,,= 0.8; 4=B,,,/B,,= 3.1028; n=0.2018.

C nomyTHOM napuxaabHOA BOMHOM Kosiebanus H, : §5=0.8925; n=2; d=4; I=4; A0=0.0211; b,=0.5945; a=4.7836;
B,,=0.7782; q=,,,/ B ,=2.72; n=0.2743.
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Puc. 4. a) mpaekmopuu 3nekmpoHos i=1...256 e n1ockocmu r, z; 6) hazosvie mpaekmopuu 31eKMpoHO8;
8) opbuma.ibHble MpaeKmopuu 3/1eKmpoHos; 2) pacnpedeseHue 1, U 1) 800/1b Z-0Cu 061acmu 63aumodeticmeusi.
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[IpoBe/ieHHbIE pacyeThl YKa3bIBAOT Ha TO, YTO 3P PeKTUBHOCTb PENSITUBUCTCKOTO reJIMTPOHA MPEBOCXOAUT
3¢ PEKTUBHOCTD OHOPOAHBIX peasiTuBUCcTcKUX JIOB-JIBB, KI1/l koTophix JexuT B npegenax 0.1...0.2. /lo6aBum,
YTO B HEPEe30HAHCHOH 3JIEKTPOJMHAaMUYeCKOH cucTeMe (/11 3TOr0 J0CTaTOYHO YAAINUTD PeKEKTOPHBIE GUIBTPHI)
BO3MOXHA 3JIeKTpHUUecKas (T.e. 6e3MHepIHOHHAs ) IepecTPOoiiKa YaCTOThI FeJIMTPOHA, IOCKOJIbKY YIJIOBAs 4aCTOTa

e VI
BpallleH!s1 3JIEKTPOHOB w, = |——. W3MeHsIs pa3HOCTh MOTEHIMANOB MeXAy BHEITHIUM 1 BHYTPEHHUM MPOBO-

mr
JHUKaMU KoaKcuasa AV, MOXHO YyIPaBJIsTb 4aCTOTOM CUIHaIA.

2. BeaMarHuTHBINI K/JINCTPOH-YABOUTEJIb C l'lOl'lepe‘-lHOﬁ MOAYJIHI_(Heﬁ

K/IMCTpOH-yIBOXTEJb YAaCTOTHI C MOTepeyHol Moy siMed npeasoxeH B [9] 1 B [10,11] npoBezieHbl aHa/IU3
u ontumu3anus no K1/l aToro npubopa, BK/IOYasi MHOTOKAacKaJHble CXeMbL. YCTaHOBJIEHA BbicOKasi 3G eKTHB-
HOCTb TAaKOr0 KJIMCTPOHA-yABOUTE/s. MexaHU3M JeHCTBUS yABOUTEJSI OCHOBAaH Ha TOM, YTO B 06JIaCTU IIpO-
JI0JIbHO-HEOHOPOJHOI'0 MarHUTHOI'O M0Jisi MarHUTHOM JIMH3bI, IONIEPeYHO OTKJIOHEHHbIE BO BXOJHOM pe30Ha-
Tope BU MarHUTHBIM M0JIEM 3/IEKTPOHBI 33/[€PKUBAIOTCS OOJIbLIIE, YeM He OTKJIOHEHHBIE. B pe3ysbraTe npoucxo-
JuT dasoBas IpyNNUPOBKA 3JIEKTPOHOB Ha YABOEHHOM 4YacTOTe, NOCKOJBbKY 3GGdeKT 3aZepKKU 3JIEKTPOHOB
He 3aBUCHUT OT HallpaBJIeHUs] OTKJIOHEHUS 3JIEKTPOHOB.

Kak nokasaHo B JaHHOH CTaTbe, aHA/IOTUYHbIN 3 PeKT AoCTUTAeTCsl U IPU UCII0JIb30BaHUH IIIOCKOH 3J1EKTPO-
CTaTU4YecKoM JIMH3bL. Takass KOHCTPYKLMS UMeeT OUeBU/IHble IPEUMYILeCcTBa:
a) HCKJIIYAIOTCA TSKeJIble 3JIEKTPOMArHUThI U 3aTPaThl HA UX TUTAHUE;
6) BO3MOXXHO TPUMeHEeHHe KPUOTeHHbIX CBEPXIPOBOJALIMNX 3JIEKTPOJMHAMUYECKUX CTPYKTYP (pe30HaTopoB).

CxeMa 6e3MarHUTHOTO KJIMCTPOHA-Y/IBOMTEJISI YACTOThI C IONIepeYHON MOAYIsLMel

Puc. 5. [IpodoibHoe ceueHue KAUCMpoHa-ydeoumeJsi ¢ 31eKmpocmamu4eckol AUH301L.

CxeMa npubopa u3obpaxkeHa Ha puc. 5. 34ech 1, 2, 3, 4 — ajileKTpOHHas MyLIKa, pOpMUPYIOLAs JJEHTOYHbIH 3/1eK-
TPOHHBIA MOTOK (MMPOKUMA MO ocH V). CooTBeTCTBEHHO1 — KaTo/, 2 — MPUKATOAHbBIA 3/JeKTpoJl, 3 — mepBbId
aHoJ, 4 — BTOPOW aHOA.5 — BXO/JHOH NpPsAAMOYTOJIbHbIM pe30HaTOop, paboTarowui Ha Moje E, & Ha 4acToTe w,;
6 — PeNATUBUCTCKUN 3JIEKTPOHHBIN NOTOK;7 — CKOChI 3KPAaHOB 3JIEKTPOCTATUYECKOH JIMH3bI; 8 — LleHTpaIbHbIN
3JIEKTPOJ| 3/IEKTPOCTaTUIECKOH JIMH3bI; 9 — BBIXOJHOM pe3oHaTop, paboTarwuiuii Ha Mozie E,, | Ha JacToTe 2 w,;
10 — xoJsekTOP.

[loceHee HEBO3MOXKHO NPU HUCNOJIb30BAaHUM MarHUTHOU JIMH3bI, TIOCKOJIbKY MarHUTHOe 1moJie cHuMaeT BY
ceepxnposogumocTb B CBY u KBY guanasonax. B To xe BpeMs UCI0/1b30BaHKE CBEPXNIPOBOJUMOCTHU B YKa3aHHbIX
JlMana30Hax CYIECTBEHHO YIyYIlaeT BBIXOAHbIE XapaKTEPUCTHUKY MOLIHbBIX 3JIEKTPOHHBIX IPUGOPOB.

BxoaHo# pe3soHaTop UMeeT ciieflyloliie pasMepbl 0 X, , z: a ), b, d . ITpux y BeJIMYMH 03HAYAET, YTO OHU pas-
MepHbIe (T.e. B MeTpax). Pe3oHaHCHas JIJIMHA BOJIHBI 3TOr0 pe3oHaTopa [12]

2-al-b]

Jalf +(2B)

B panbHelilleM TeKCcTe M PUCYHKAaX NPUBOAMMbIE BeJMYMHBI JJIMH 6Ge3 LITpuxa OyAyT 6Ge3pa3MepHbIMU:
a;=2ma'/A, b=2mb /A, d =2md /A, x=21X /A, y=2my’ /A ¥ T.4.

Ao =
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Ha puc. 5 npuBeieHbl 6e3pasMepHble AJIMHHBI 3JIEMEHTOB. BbiX0/HOM pe3oHaTop 9 MMeeT pasMmepsl a,, b,, d,' u
pe30HaHCHYIO AJMHY BOJIHEI

i !
Aoy = 2-a,-b, :k

_0 0
(@) +(2 ) *
OcHoBHble ypasHeHUs

1. Tlona Konebanus E,, , BXOJHOTO MOJYIUPYIOLIEro pesoHaropa [12]

—

. . - E
E, =E, 8, B, :le

), (y+/ﬁ

g =Z,sin cosf,

51:_ foisinzw(x+%)c (y—i—/) 7T(X—i_%)sinw(y—i_%) sinf,
1 4 aq

rae O=wt, w ~27c/A, ¢ — CKOPOCTb CBETA B IIYCTOTE, E, | — pasMepHas aMIUIMTY/a O/ B pe30HaTope 5.
2. Tlons kosie6anus E, | | BBIXOAHOTO MOJy/IMPYIOLIEro pesoHaropa [12]

. . - E_ -
E,=E,;&, B, :Lzbw

7%+V% @+/)

&, =Z,sin cos(20+p),

; @+/) O+/) W@bﬁ. btﬂ

b, =— Esm sin sin(20 + ),

3. YpaBHeHUS IBUKEHHSI 3JIEKTPOHOB [13]

d(+3) A{ [ﬁb]} dx B, dy B, do 1

e =Y =, —=—.
dz 0, dz 6, dz (B, dz p,
3pecbA =E e/m wc,i=1wnnu 2 (BXO[HOMU UM BbIXOJHOM PE30HATOPBI), €, M, — COOTBETCTBEHHO 3aps/| 110 MOAYJII0)
Y Macca MoKos1 3JIeKTPOHa.
B 06.1acTH 3/1eKTPOCTaTHYECKOM JIMH3bI b, =0, € 3aMeHsieTcs Ha &° (x,y) — 6e3pasMepHOe AByMEPHOE IoJie

3JIEKTPOCTATHUYECKOH JINH3BL

Bxo/iHOe 3HaueHue ‘ﬁ‘ = (3, npu z=0 onpe/ie/1A€TCA N0 HAaNPSAXKEHHUI0 BTOPOro aHoza U, Kak

el

Pe3zyarsmambul pacuema KAUCmpoHa-ydeoumeis

PacdyeTbl NPOBOAMJIKCH B JABYMEPHOM NPUOJIMKEHUU JAJIS1 IBYX THUIIOB 3JIEKTPOCTATUYECKUX JIMH3: 1-mpo-
Jl0JIbHO-CHMMeTpHYHasd; 1-NpoA0/IbHO-HeCUMMETPUYHAS.

Mcnosib3oBasicss METO/| KPyMHbIX YacTHI| ¢ HoMepaMu i=1, N; N=64. Haya/ibHble yc10BUs A1 HUX ipu 2=0: x =0,
Y=0, B, =2y, 0=2m/N.

JnextpoHHbIi KI1/] onpesessics Mo moTepyu SHEPTUH 3JIEKTPOHAMHU CJIeIYIOLIUM 06pa3oM:

wle)= 235 n(e) =01

7(0)-1

CllMMempll'lHaﬂ JIUH3d4

. (20)20.26 (z, — xoHer BbIXoHOTO pe3oHaTopa), f, = 0.8 (u,=340.667 KB), HanpsKeHHE LEHTPaJbHOTO

aJiekTpoa uH3bl u,=0.43u,, a=45°, ¢=0.35.

Ha puc. 6 nsobpaxeHbl reoMeTpus (B 6e3pasMepHbIX eWHUIAX) JUH3bI, CUIOBble JIMHUU 3JIEKTPUUECKOTr0
10JIs1 B HEH ¥ TPAaeKTOPUH KPYIMHBIX yacTull (16 us 64) B inH3e (puc. 6(a)). Ha puc. 6(6) npuBeieHbl MHAUBUAYAIb-
HbI€ 3aBUCUMOCTH 1),(z) 1 061mero 1 (z) — *upHas JTMHKUA. ITH 3aBUCMMOCTH YKa3bIBalOT Ha TO, 4TO $pa3oBas rpymn-
NUPOBKA B IBYXKACKaJHOU cxeMe JjajieKa OT U/iealbHON (MHOTO HenpaBUJIbHO(A3HbIX 3/IEKTPOHOB, OTOUPAIOIUX
SHEPTHUIO B MO0JIE BBIXOJJHOTO pe3oHaTopa). Kak M B cxeMax ¢ MarHUTHOM JIMH30M, ¢pazoBas rpynnupoBka u KI1/|
MOTLYT ObITh CYIeCTBEHHO yJIy4llleHbl B MHOTrOKackafHoH cxeMe [10,11].
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Puc. 6. Xapakmepucmuku u zeomempu4eckue napamempsl KAUCMPOHA-Yd8oumes ¢ CUMMEMPU1HOU
asekmpocmamu4eckoll 1UH30UL: a) NpodobHOE ceveHuUe AUH3bI U MPAeKMOopuU 31eKMpOoHOS;
6) 3asucumocmu om z UHOUBUQYAIbHbIX 1], U 06uWe2o 1, (HCupHAS AUHUS).

HecuMJnempulmaﬂ JIUH3a4

3/ech pe3y/nbTaThl aHAJIOTUYHBL: 1), (ZO ) =0.26,,=0.79 (u,=322.46 kB), HanpsHKEHKE LEHTPAILHOTO 3JIEKTPO/A

Jinu3bl u,=0.49u, a=45.8°, ¢=0.557.

Ha puc. 7 npuBeieHbl aHAJIOTMYHO NIPeSblAYLIeMy BapUaHTy WITIOCTPALMU: PUC. 7 (a) — reoMeTpus JIMH3bI, CUJI0-
BbI€ JIMHUH €€ 3JIEKTPUIECKOTO T10J1 ¥ TPAaeKTOPUH 3/IeKTPOHOB; PUC. 7(6) — 3aBUCMMOCTH 1)(2) 1 1), (2) B BBIXOAHOM
pe3soHarope. CiieiyeT 06paTUTh BHUMaHHe Ha TO, YTO GPOKYyCUPOBKA B HECUMMETPUYHOM JIMH3e yiyuluaeTcs (puc. 7(a)).

[IpoBeieHHbIE pacyeThl MOKA3a/IH, YTO 3PPEKTUBHOCTb KJIUCTPOHA-YABOUTEIS C 3JEKTPOCTATHYECKOHN JIMH-
30i He ycTynaeT 3¢¢$eKTUBHOCTU TAKOTO e JBYXKAaCKaZHOrO KJIMCTPOHA-yABOWUTEJS C MarHUTHOM JIMH30ML.
O/iHaKO MPerUMYILEeCTBA PACCMOTPEHHOT0 3/1eCh MPHUO0PA OUEBU/HBI: CHIDKAIOTCSI MacCOrabapUTHBIe IOKA3aTeNy,
He TpebyeTcsl 3HepreTHYecKoe MMTAaHUE JIMH3bl, BO3MOXKHO IPUMeHeHUe CBEPXNPOBOASLINX 3/IeKTPOAUHAMUYe-
CKUX cucTeM, 4To BaxkHo B KBY juanaszoHe.

3. Coeporpon — CBY reHeparop Ha ABycpepHIeCKOM pe3oHaTope

HecuHxpoHHOe B3aUMO/ZEeHCTBUE 3JEKTPOHOB C 3JIEKTPOMarHUTHBIM 0JIeM — CPaBHUTENbHO MaJIOUCCIIe/0-
BaHHas 06J1acTh B Ppusrke U asekTpoHrke CBY. Takoe B3auMo/ieliCTBHE, B YaCTHOCTH, peaM3yeTcss B MOHOTPO-
HaX — OJJHOPE30HATOPHbIX I'eHepaTopax C UIMPUHOH NMPOJIETHOrO NPOMEXYTKa, CPAaBHUMOM C AJUHON BOJIHBI
pabouero Tumna koyiebanui [14-18]. OHaKo 3TH TeHepaToPhI C IJIOCKOMapalyieJibHbIM 3a30pOM pe30HaTopa obe-
CreyuBalOT HenpueMaeMo HU3Kui KI1/| 111 MoIHbIX TpU6opoB (nopska 6%).
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Puc. 7. Xapakmepucmuku u 2eoMempu4eckue napamempsl KAUCMPOHA-YO80UMEAs € HECUMMEMPUYHOT
a/sieKmpocmamuyeckoll AUH301L: a) npodoabHoe ceyeHue AUH3bL U MPaekmopuu 31eKmpoHos;
6) 3agucumocmu om z UHOUBUQYAbHbIX 1], U 06We2o 1, (HCUpHAS AUHUS).

C pyro#l CTOpOHBI, IPUCYLMe HECUHXPOHHOMY B3aHMO/€MCTBUIO HEJOCTATKH TPYNIMPOBAHUS KOMIIEHCUPY-
I0TCS1 0COGEHHOCTSIMU UHAMBHU/YaJIbHOT'O B3aUMO/IEHCTBHUS 3JIEKTPOHOB NP IBKEHUH B HApaCTaOIEM HECHH-
XPOHHOM 3JIEKTPOMAarHMTHOM ToJie (KBaJpaTUuHble cuibl Musiepa) [19-21]. 3To NoATBepKAEHO MPU pacyeTe
06pallleHHOTO MOHOTPOHA Ha KOAKCUa/IbHOM pe30oHaTope (AUOTpoHA), e aMIuTyAa BY asekTpuueckoro noss
W3MEHSIETCs MTPONOPIMOHANBHO 1/r (3/IEKTPOHBI ABMKYTCA K LeHTpY) [22]. B 1aHHOH cTaThe paccMaTpUBaeTCs
cxeMa chpepoTpoHa — MOHOTPOHA Ha JIBycheprUuecKoM pe30HATOPE, I/le aMIUIMTY/A N0JIsl UMEET ellje 6oJiee CUJlb-
HYI0 3aBUCHUMOCTb OT r: 1/r?. 3To mo3BoJisfieT cyuecTBeHHO noBbicuTh K1/ mpuGopa, npuyeM, npu 60JbLIKX
TOKAaX 3JIEKTPOHHOT0 NMOTOKA.

IpunyunuaavHas cxema chepompoHa

Cxema cdepoTpoHa U3o6paxeHa Ha puc. 8. 37iecb 1 — KaToJl, 2 — KOJIbLIEBOH NePBbIA aHO/, er0 HaNPAXKEHHUE U,
3 — nBychepruecKuii pesoHaTop, HaXOAUTCA MO/ MOTEHIMAIOM U, OTHOCHTEIbHO KaTO/a, 4 — 0YepTaHUsA JJIEeK-
TPOHHOTO [I0TOKA; 5 — KaMepa CUCTeMbl OXJIaXKJeHUS KOJIJIEKTOPa; 6 — BaKyyMHO-IJIOTHbIe U30J/IS1IIUOHHbIe Kepa-
MuyecKue man6sl. OCb z cOBMellleHa € 0Cbl0 MyuKa. MepuguaHHbIH yroa ¥ cepuyeckoit cUCTEMbl KOOpPAUHAT
OTCUUTBHIBAETCS OT OCH Z (151 myuka v =0 ).

Ha puc. 8 Takxe ykasaHo pacnpefiesieHle CUI0BbIX JIUHUI 3/1eKTPUYECKOTrO 110J11 pe30HaTopa Ha KoJieba-
Huu E;,,. PazMepnl pe3oHaTOpa ompee/soTcs paguycaMu noaycdep: a — 60Jbl0i, b — Masnblil. BeiBoj sHepruu
Ha puc. 1 He yka3aH. OH MOXeT ObITh peajlu30BaH B BU/iE IPSIMOYT0JbHOTO BOJIHOBO/IA, CBSI3aHHOTO C PE30HATO-
pOM Yepes a3UMyTaIbHYIO 1e/1b U1K OKHO B CTEHKe BHelLlHel cdephl y TopLia pe3oHaTopa.
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Puc. 8. Cxema cipepompona: 1 — kamod; 2 — Kosvyeeoli aHod; 3 — dsycghepuyeckuli pe3oHamop;
4 — 31eKkmpOHHbIT NOMOK; 5 — Kamepa oxAaxcoeHusi; 6 — 8aKyyMHO-NJA0MHble WAatibbl.

N

[Ipu GoJibIIO¥ MOIHOCTH CHepOTPOHA MO a3UMYTY PE30HATOPA MOTYT ObITh C/le/IaHbl HECKOJIBKO TAKUX BbIBO-
JI0B 3Hepruu. BMecTo BOJIHOBO/Ia MOXKET GbITh MCIO/Ib30BaH BBIXOJHON PYIOp, 06/1y4Yaolluii BHEIIHIOW GOKYCH-
PYIOILYIO 3JIEKTPOMarHUTHBIH JIy4 aHTEHHY.

Ilos151 8 pe3oHamope u yc/108us pe3oHaHca

[losnie konebanusa E,;, ABycoepHuecKOr0 pe3oHATOpPa MOXXKHO PacCMAaTPUBATh KaK CYNEPHO3ULHI0 PACXOZs-
muxcs (3anasjpiBanue (-k-r)) u cxogsamuxcs (o6paTHoe 3ana3abiBaHue (k-r)) BOJIH UKTHBHOTO 3J1eMEHTAPHOTO
3JIEKTPUYECKOTO MCTOYHHUKA, HaXoAsLlerocs: B ieHTpe chep pe3oHaropa. 3gecb k=27 /A=w /c — BOJHOBOE
YHCJI0 B BAKyyMe; A — JIJIMHA BOJIHBI, w — YIJIOBas 4aCTOTA, C — CKOPOCTDb CBETA B BAKyyMe.

Hcnonb3ys Teopuio chepuiecKUX BOJIH 3J1IEMEHTAPHOTO 3JIEKTPUYECKOT0 U3Jydartesis [23], mosydaeM cieayo-
e GopMyJibl KOMIOHEHT NoJs Kosie6anus E,;, kKak pe3ysbTaT UHTepEPEHIMH PAaCXOAIUXCA U CXOAAIUXCS
cdhepuyecKkux BOJH

coskr sinkr

(krf (k)

E. =E, cos wt[ 0sv,

E, :%Coswt sinkr n coskr _ sin kr sind, 3.1)

o ) (k)

coskr sinkr

n

H,=— E 5 sinwt >
2W kr (kr)

sind,

e W° = [Mo .~ BOJIHOBOE COMPOTHB/IEHHE BaKyyMa.
0

Pe3oHaHCHbIe 3HA4€HUA paJuycoB cep pesoHaTopa a u b HaxogasaTca us ycaosus E,(a)=0, E,(b)=0.
Wy, ucnosisays (1),

coska sinka _ 0, sinkb L coskb _sinkb _ 0. (3.2)

ka (ka)z kb (kb)z

['paHUYHbBIe YCJIOBUS Ha TOPLEBOM CTeHKe pe30oHATopa, Kak cjaeAyeT U3 (1) mpu ¢ =7 /2 aBTOMaTUYeCKU
BoinosiHsiercs E, =0, H, mapaiesibHa MOBEPXHOCTH TOPL(A.

B masbHeHmux GpopMysax ya06HO NePerTH K 6e3pa3MepHbIM IepeMeHHbIM ' = Kr.

sinka +
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YpaeHeHue dgudiceHUs1 31eKMpPOHO08
Hcnonb3ysi 0c06€HHOCTH KOHCTPYKLUU cHepoTpPOHa MOJIOKUM, YTO B 06/IACTH MPOXOXKIEHUS 3J€KTPOHHOIO
notoka ¥ ~0.Ilpuatom E, ~0 u H, ~0.PengaTuBucrckoe ypaBHeHHE JBHUKEHUS 3JIEKTPOHOB B TAKOM MPHOJIH-
*KEeHUU UMeeT BUJ|
dg,
do
3necb i — HoMep $a30BOH TpaeKTOpPUU 3/1eKTPOHA, N — YUC/IO MPUHATHIX B pacyeTe $pa3oBbIX TPAeKTOpUH;
B IIOMCKOBbIX paciyeTax N = 64, npu yrouHenuu pesyabraTta N = 200. 8, = v /c; v,— CKOPOCTb 3JIEKTPOHA B HaNpaB-
JIEHUU —r; 0 = wt ,

:—(1—5,.2)_%(E,+E;’3), %: ,, i=0,N—1. (3.3)

cosr; sinr;
2 —\3
@y (@)

A,, e, m;— COOTBETCTBEHHO 3apsi/il ¥ Macca I0KOsl 3/IeKTPOHa.

E.=E cosO

r n

MywC

rae E, =

HanpsixeHHOCTb 1M0JIS1 IPOCTPAHCTBEHHOTO 3apsA/ia, CO3/JaBaeMoro chepuyecKUMH 110 CeYeHHUIO NydKa 3apsi-
*KeHHBIMH KPYTTHBIMH YaCTHULIAMH i, j BeIpaXkaeTcs Kak [23]

En3 :_eIO W011\1271 Eaii@ O’F’<FI ,
" mycta NZ|ra—b (15>,

rae a =ka, b =kb, a — oTHOLIeHUe IJIOIEAAM CeYeHUs] My4YKa Ha BxoJe K maowaau coepnl 4ma; B pacyeTax

a=0.01, i — HOMep AAaHHOU KPYNHOU YaCTHUIb], j — HOMep YaCTULbI-UCTOYHHUKA.
HayasnbHble yc10BUS K CHUCTEMe ypaBHeHUH (3) 3a/jal0Tcs CefyI0KUM 06pa3oM:
B(0)=-B, T;(0)=a, 6| =2mi /N. (3.4)

KoHel pacyeTa TpaeKTOpPHH IPOBOJAMTCS 110 YCJIOBUIO I; = b .
nextponHbid KII/l onpenensieTcs Mo NoTepy 3HEPTUH 3JIEKTPOHHBIM IOTOKOM

R~ - )
ne(b)Z%li%. 2 (B)=(1-(B)) %, 2o =(1- ) . (3.5)
Pesy/lbmambl pacdyema u Ollizr(;lumu321uuu

B pesyabraTe onTuMusanuoHHoro no KII/| pacueTta cdpepoTpoHa HaliieHbl TpY BapUaHTa C OAMHAKOBBLIM 3Ha-

yeHueM b =2.7437 .

Bapwmanr 1: a =12.4859 (mopga E,, , pesoHaTopa).

30Ha reHepalyu 3TOro BapuaHTa B KoopAuHatax 3, A npuBejeHa Ha puc. 9. Kak ciefiyeT U3 pucyHKa, MaKCH-
MasbHbIA 17, = 0.28 1 HaxopuTcaA B o6s1acTu i, ~ 0.405, A ~ 4.25. 30Ha reHepalyy BeCbMa IIKPOKas 1o A u f, 3T0
FOBOPUT O HEKPUTHUYHOCTH pEKUMa IreHepalui.

Bapwuanr 2: a =9.3166 (Mopa E,, pesoHaTopa).

30Ha reHepan{u 3TOr0 BapuaHTa NoKasaHa Ha puc. 10. MakcuManbHbii B = 0.33, T.e. HECKOJIbKO BblIlle, YeM
B BapuaHTe 1. 3T0 3HaYeHHue JOCTUraeTcs B paiioHe A ~ 4, f ~ 0.405. 30Ha TaK»Ke JOCTaTOYHO LIKMPOKas 10 A 1 3.

BapuanT 3: a =6.1168 (mopaa E,,, pesoHaTopa).
3oHa reHepanuu 3TOro BapuanTa uzobpaxena Ha puc. 11. 3gecn KII/[ nocturaer snavenns ne=0.35 npu f, ~ 0.402,
A~3.5. 30Ha, Kak ¥ B IpeblAYIIHX BapUaHTaxX BeCbMa IKMPOKa.

BaxHbIM npe/icTaB/ISgeTCs BONPOC O pexkrMe BO30Yk/JeHUs reHepaTopa: MArKUI UM XeCTKUH? Kak nokasaHo

B [22] oTBeT Ha 3TOT BOMPOC JJA€T UCC/IeJOBAHUE 3aBUCUMOCTH ot A. /lesio B TOM, 4TO pabo4uii TOK IpU

n.(4)

.[loaTOMy B MSITKOM peKHMMe BO36Y:K/1eHHUs
n.Q n.(4
AO0J2)KHAd MOHOTOHHO BO3PACTATb C pOCTOM aMIIJINTY/AbI I10JIf, YTO COOTBETCTBYET POCTY pa6oqero TOKa BMecTe C A.

Kak cienyet us puc. 12, 3aBUCUMOCTH A2/<nE(A)) 0T A /11 BCeX Tpex BapUaHTOB MOHOTOHHO BO3pacTarolye
(mpousBoAHas BceX KPUBBIX NMOJIOKUTENbHA). TakuM 06pa3oM, pexKuM BO36YAeHUs BO BCeX TPeX BapHaHTaXx Msr-

2

3a/laHHOM Harpy>kKeHHOH J06POTHOCTH () NPONOPLHOHAJIEH

KUH, pabo4yui TOK NpEeBbINIAET MyCKOBOM. [10CKOIBKY MyCKOBOHM TOK NMPONOPLHOHANEH Az/(ng(A)) npu A-0,

TO IIPY OJJUHAKOBOM Harpy>KeHHO! J06POTHOCTH pe30HaTopa [22] mycKoBO# TOK IepBOTo BapUaHTa IPEBOCXOJUT
TOK TpeTbero BapruaHTa 60Jiee UeM B /IBa pasa.

Bosibiiod MHTepec NpeAcTaB/seT Takke 3aBUCUMOCTH 3GGEKTUBHOCTH (7),) PacCMOTPEHHbBIX BapHaHTOB
OT BeJIMYMHBI TOKa MydyKa. Takve 3aBUCMMOCTU NpUBeJEeHbl Ha pucyHke 13. Kak ciefyeT M3 mpuBeleHHbBIX
Ha pucyHKe 13 JaHHBIX, HAMMEHBbIIYI0 3aBUCUMOCTb OT [, iMeeT BapuaHT 3: faxke npu I, =20 KA ero 1, ocraercs
Ha ypoBHe 0.3.

|
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BeamazHUMHbIE MOWHbIE 371€KMPOHHbIE rpubopsi CBY

4.5

35

3
0.401  0.402 0403 0404 0405 0406 0407 0408  0.409

Puc. 9. 3onbt 2enepayuu no KI1/] eapuanma 1 6 koopdunamax f, A.

A5

4.5

35

25

2 Bo
0.395 04 0.405 0.41 0.415

Puc. 10. 3ombi 2enepayuu ¢ pazauuHoimu K1/ sapuanma 2 6 koopdunamax 3, A.

Bo

2
0.385 0.39 0.395 0.4 0.405 0.41 0.415 0.42
Puc. 11. 3onb1 2eHepayuu ¢ pazauyHbimu K1/ sapuanma 3 6 koopdunamax B, A.
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KpasueHko B.®., Kypaes A.A., MameeeHko B.B.
L

Puc. 12. Xapakmepucmuku pexcumog 8036yxcdeHus apuaHmos cghepompoHos:
moyeyHas AUHUA 8apuaHm 1, wmpuxoeas AUHUSA 8APUAHM 2, CNIOWHASA AUHUS 8apUAHM 3.

Puc. 13. 3agucumocmu 1,0m moka nyyka I 045 éapuanmos cghepompoHos:
movevHas AUHUS 8apuaHm 1, wmpuxoeas AUHUS 8APUAHM 2, CNAOWHAS AUHUSI 8APUAHM 3.

3aMeTHUM, 4YTO YepEeHKOBCKUE DEeJSTUBUCTCKUE TeHepaTopbl yTpauuBaT 3(PeKTUBHOCTHL yxKe Ipu
1,=3..4 kA [23]. [lesio B TOM, YTO B Y€PEHKOBCKHUX reHepaTopax MpH 60JIbLIMX TOKaX NPOCTPaHCTBEHHbIH 3apsi/y
paspyiaeT $a30Byl0 PYNIUPOBKY, B cPepOTPOHE Ke NP HECHHXPOHHOM B3aMMOJEHCTBUU 3Ta TPYyNNHUPOBKA
He UTpaeT onpefesiolleld poJiy, CylieCTBEHHA POJib KBaZPaTUYHbIX CHUJI.

BapuanT 1 Han6oJiee 4yBCTBUTE/IEH K BeJinuKHe /. OJHAKO OH OT/IMYaeTCA Hau6OJIbIled LIUPUHOH 31eKTPOH-
Horo 3a3opa (nopsgka 1.51), uto AaeT npeumyuectso B KBY fuanasone.

3aMeTHM, YTO B CTAaThe PACCMOTPEHbI JIMIIb YaCTHbIE BAPHAHTHI CPepOTPOHA (C 0MHAKOBBIM b ). PesoHaHC-
HbIX 3HAYeHHI b U @, KaK ciefyeT u3 (2), GeCKOHeYHO MHOT0. BO3MOXHO, pyrie KOMOHHALMK b ¥ @ JajyT
6oJiee NpUBJIeKaTebHbIe Pe3y/IbTaThl KaK I10 7, TAK U 110 pa3Mepy a - b.

[IpuBe/ieHHbIE JaHHbIe pacyeTa BbIXOJHbIX XapaKTepPUCTHK cPepoTpoHa YKa3blBAlOT HA HECOMHEHHYHO Ilepcrek-
THUBHOCTb 3TOr0 Npubopa. Tak, peJITUBUCTCKUE CUIbHOTOYHbIE YePEHKOBCKHE reHepaTopbl UMEIT 3JIeKTPOHHbBIN
KII/l B npefenax 8...22 % [24]. K1 cdepoTpoHa focturaeT 35% npu KuoaMIepHbIX YPOBHsX ToKa. [Ipy 3TOM ero
KOHCTPYKIIYSI HECPAaBHEHHO TIpoliie pessiTUBUCTCKOM JIOB U He TpebyeT MarHUTHON GOKYCHUPYIOIEN CUCTEMBI.

]
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10.

beamvazsHumHble MOWHbIEe 351eKMpPOHHbIe npubopsbi CBY
R ———

3ameTuM, 4TO cHepOoTPOH — NPUOBOP NPUHLUIHAIBHO 60J1b10N MoHOCTH (10-100 MBT B uMny/bce ajiu-
TeqbHOCTbI0 1-10 HC), mockosbKy A nojfep:kaHuss 3¢GGeKTHUBHOCTH HECMHXPOHHOIO B3aUMOJeHCTBUSA
HY>KHa BbICOKasl BeJIMYMHA HANPS>KEHHOCTHU 3JIEKTPOMAarHUTHOIO 10JIS, 4YTO AOCTUTraeTcs TOJAbKO NpU 60Jib-
10K MOLIHOCTH npubopa.
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NONMAGNETIC POWERFUL ELECTRONIC UHF DEVICES

V.F. KRAVCHENKO, A.A. KURAYEV, AND V.V. MATVEYENKO

doi: 10.25210/jfop-1902-036049

The article presents the designs and main characteristics of high-power microwave electronic devices without
magnetic fields inside interaction region (non-magnetic devices):

¢ relativistic helitron are formulated by nonlinear equations based on them analysis and optimization of a new

type relativistic helitron microwave generator is carried out. Relativistic helitron provides interacting
electromagnetic field Hn1l mode of a coaxial resonator with an axisymmetric screw relativistic electron
stream by centrifugal electrostatic focusing (CEF). Helitron’s numerical modeling and optimizing realizes
efficiency exceeding than that of relativistic TWTs and BWOs;

non-magnetic klystron-doubler with transverse modulation is resulted in by non-linear theory and
calculating electronic efficiency of a new type non-magnetic klystron-frequency doubler with relativistic
electron transverse modulation. Instead of magnetic lens are used electrostatic ones in the electron bunching
region in contrast to the well-known construction of a klystron-frequency doubler with transverse
modulation; spherotron - generator on a two-spherical resonator) - high efficiency for a new type powerful
microwave generator (2 monotron on a two-spherical resonator) is found with using simulation. The article
presents the generator with a very simple design, where an achievable efficiency is 33% at a beam pulse
current 1..10 kA and a voltage of 40-50 kV. It is significant that the absence of magnetic systems in such
devices not only reduces their weight and size characteristics and eliminates the cost of powering
electromagnets, but also allows to use superconducting electrodynamic systems [1], which is important for
high-power devices (the presence of a constant magnetic field destroys high-frequency conductivity).
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AHHOTan A

PaccMoTpeH HOBBIM OAXO0A B CHHTE3UPOBAaHUM KOMIIbIO-
TepHoi cucteMbl CAD jis oOHapyKeHHs KaHCEPHBIX
aHOMAJIbHBIX CTPYKTYP BO3MOXKHBIX 3JI0Ka4eCTBEHHBIX
OTyX0JieH B JIETKHUX C TIOC/eAyolIel ux Kaaccupukanuen
asroputmamu SVMu AdaBoost. MozenvpoBaHue npej-
JIOKEHHOTO0 MeToJia JeTeKTUPOBAaHUA U AUArHOCTHUKU
NOATBEPAU/IO IPpEeUMyILecTBa HOBOM CUCTEMBI B TepMHU-
HaX 4yBCTBUTEJBHOCTH U YUCJIA JIOXKHBIX 0OHApYKeHUH
B U300paXKEHHUSX.

Abstract

Novel approach in design of CAD system uses slides of 3D CT
scan image to detect and classify benign and malignant
nodules where the classification stage is performed applying
both Support Vector Machine and AdaBoost classifiers and
should separate two classes: benign and malignant nodules.
Simulation results with the proposed CAD and similar CAD
systems have demonstrated better detection of low intensity
nodules and nodules attached with other pulmonary
structures in terms of sensitivity and FP ratios.

Kaiouesvle cao0ea: MmHoz0cpe308asi KOMNbHOMeEPHAs
momoepadpusi, ¢PpaxkmanvHas  pasmepHocms, SVM,
AdaBoost, wygcmeumeavHocms, CAD

Keywords: scan CT images, CAD, fractal dimension, SVM,
AdaBoost, sensitivity

1. Introduction

Lung cancer emerged as the most common cancer worldwide several decades ago: with 660 thousands new
cases estimated in 1980. Itis the most common cancer in men worldwide. In women, the incidence rates are generally
lower. The disease is the most common cause of death from cancer worldwide, responsible for nearly one cancer
death in five (1.59 million deaths, 19.4 % of the total).

The World Health Organization’s (WHO) GLOBOCAN2012 study [1] estimated that more 14 million new cancer
cases and 8million cancer deaths occurred in 2012 worldwide. Lung cancer remains the most common cancer in the
world, both in term of new cases (1.8 million cases, 12.9% of total) and deaths (1.6 million deaths, 19.4%) because
of the high case fatality.

Lung cancer is the first cause of deaths among different types of cancer. Early, chest X-ray films were used for lung
cancer diagnosis. Nonetheless, X-ray films are 2D projection images that usually overlap different tissues hiding
small lung cancer nodules [2].

Nowadays, CT is one of the best imaging modalities for detection of small lung nodules due to the fast acquisition
times of successive images with high resolution and the minimization of artefacts caused by abdominal movement.
However, there are many difficulties in CT interpretation such as the limitation of the human visual system, deficient
training and experience, and factors like fatigue or distraction that leads to high rates of missed cancers. So, a second
opinion is usually required to reduce erroneous rates. This opinion is usually performed using CAD systems that are
assisted to radiologists.

Drawbacks of this technique are highly depended of nodule localization and characteristics, equipment quality
and physician experience. A way to improve diagnosis is in the usage of Computer-Aided Detection (CADe) and
Computer-Aided Diagnosis (CADx) systems. CAD systems analyzing the medical image permit to detect suspicious
zones that would have an anomaly or lesion. These zones are marked on an image with a double purpose: to direct
the specialist attention to the suspecting zone or region of interest (ROI), and to give information to the diagnosis.

There are a lot of methods proposed in the literature. In particular, in [3], a CAD scheme is proposed to assist
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radiologists in the differentiation of lung patterns associated with Interstitial Lung Disease and healthy lung
parenchyma. ROI's were described by a set of texture attributes extracted using differential lacunarity (DLac) and
classical methods of statistical texture analysis. The proposed strategy to compute DLac allowed a multiscale texture
analysis, while maintaining sensitivity to small details. Support Vector Machines (SVMs) were employed to distinguish
between lung patterns. Training and model selection were performed over a stratified 10-fold cross-validation (CV).
Dimensional reduction was made based on stepwise regression during CV. Messay, T. et al. [4], has presented
pulmonary nodule segmentation algorithms for CT. These algorithms include a fully automated system, a semi-
automated system, and a hybrid system. The fully automated segmentation engine has two free parameters, and the
semi-automated system has three ones. These parameters are adaptively determined for each nodule in a search
process guided by a regression neural network (RNN). The RNN uses a number of features computed for each
segmented candidate. Experiments were trained and tested using the Lung Image Database Consortium and Image
Database Resource Initiative (LIDC-IDRI) data. Kaur, J. et al. [5] have designed a CAD system using CT images to
detect tumor at early stage. The lung regions in CT scan images are segmented using optimal thresholding, and to
find the ROI, Region Growing method is used. Two types of parameters textural and statistical are calculated and
analyzed separately. The feature set is applied to the multilayer feed forward back propagation network. The
performance of the back propagation neural network is measured in terms of mean square error (MSE). In [6], the
authors proposed an algorithm for isolating lung abnormalities (nodules) from spiral chest low-dose CT scans. The
proposed algorithm consists of three main steps. The first step isolates the lung nodules, arteries, veins, bronchi, and
bronchioles from the surrounding anatomical structures. The second step detects lung nodules using deformable 3D
and 2D templates describing typical geometry and grey-level distribution within the nodules of the same type. The
detection combines the normalized cross-correlation template matching and a genetic optimization algorithm. The
final step eliminates the FP nodules using three features that define the true lung nodules. In [7], the authors
proposed a CAD system, which can detect small-sized (from 3 mm) pulmonary nodules in spiral CT scans. This
method consists of an initial selection of nodule candidates list, the segmentation of each candidate nodule and the
classification of the features computed for each segmented nodule candidate. The presented CAD system is aimed to
reduce the number of omissions and can decrease the radiologist scan examination time. For a correct volume
segmentation of the lung parenchyma, the system uses a Region Growing algorithm and an opening process for
including the juxtapleural nodules. The segmentation and the extraction of the suspected nodular lesions were
performed by a 3D Mass-Spring Model (MSM) combining it with spline curves reconstruction process. The model
represents concurrently the characteristic grey value range, the directed contour information as well as shape
knowledge. For distinguishing the real nodules among nodule candidates, an additional classification step is applied;
furthermore, a neural network is applied to reduce the FPs after a double threshold cut. The system performance
was tested on a set of 84 scans made available by the LIDC. The detection rate of the system is 97% with 6.1. FPs/CT.
A reduction to 2.5 FPs/CT is achieved at 88 % sensitivity.

Most of the reviewed above frameworks can reach good results in terms of quality criterions (sensitivity and FP
per image) but most of them lack in develop a well-balanced system, in other words, the more sensitivity they
achieve, the worse FP perimage, and vice versa. In addition, some works like proposed in [8] used manual intervention
in the initial stage, which is traduced in an impractical way to assist physicians. To resolve the mentioned drawbacks,
in this work, we attempt to increase the quality of CAD system

a) The designed framework can effectively separate the lung parenchyma from the background
and scanner artefacts, resulting in an optimization of the FP detection stage.

b) The proposed CAD system can accurately distinguish lung nodules from 2 to 30 mm
providing effective assistance to specialists.

c) Novel CAD architecture can delimitate the number of the CT slices of interest,

excluding the ones that do not contain any lesion.

d) Quality criteria have confirmed superior performance of our proposal against
state-of-the-art methods in detection of lung nodule.

The proposed CAD system is presented in Fig. 1. The process begins with the nodule centre slice as the start of
the framework. All CT scans are transformed into HU in order to use and to characterize every tissue in the image
using the well-known HU scale. Following, using the HU scale and the CT image histogram to select a threshold, the
CT image is converted into a binary image, separating the lung parenchyma and his internal tissues (vessels and
airways) from the background. Following, morphological operations are performed with the binary image obtaining
several masks until the final lung mask were accomplished. This mask is used to eliminate all the scanner artefacts,
background and surrounding tissues. In this step, many objects within the lung parenchyma still should found in the
image, thus, an FP reduction stage based on the information of the ACR (American College of Radiology) Lung-RADS
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