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AHHoTanusi. B pabore mnpuBeneHsl pe3ynbTaThl IOWCKA OINTHMAaJIbHON KOHCTPYKIIMH BBICOKOOPOUTHOIM
rupo-JIBB, xoTtopas 05l MO3BOJIIIA YMEHBIINTH 3HAY€HHUE MaTHUTOCTATHUECKOTO TIOJIS IIPH paboTe Ha BRICOKUX
4acToTax, ONM3KUX K MIJUIMMETPOBOMY JIWANa30HY JUIMH BOJH, IMTOBBICUTH KOA(PQHUIMEHT U IMOJIOCY YCHUICHUS
n yBenmmuuth KIIJ] rupo-JIBB. Jlnsg moncka onTHUManbHOW KOHGUTYpaWH BBEICOKOOpOUTHOW THpo-JIBB Obnlia
ncrnonp3oBaHa mporpamma Gyro-K, rae ypaBHeHHS BO30YXKIOCHHS 3JICKTPOHHBIM ITIOTOKOM HEPETYISIPHOTO
BOJIHOBOZIA CTPOSITCSL HA OCHOBE MeToJia ipeoOpa3oBanus koopauHat A.I'. CBeNIHHKOBA, KOTOPHIH OCHOBaH Ha
3aMeHe 3aJayd BO30YKICHUS HEpETYJSIPHOTO BOJHOBOJAA 3ajgadeil BO30YKIEHUsS PEryJIsipHOTO BOJHOBOZA
C €OMHUYHBIM paJiiycoM. DTOT METO IT03BOJIICT UCKATh PEIICHUE BOJIHOBBIX YPAaBHEHHH B BHIE Pa3fIOKEHUH
o cucreMe Oa3UCHBIX (YHKIMI PEryJsipHOrO ILMIMHIAPUYECKOrO BOJIHOBOAA. Jlsi peuieHust ypaBHEHHH
MakcBema ObUT HCIIOJIB30BaH MeTo[| [ allepknHa, KOTOPBIM Tak)Ke Ha3bIBACTCS METOJOM OPTOTOHATM3ALIUH.
Koa¢ppuunenTts! paznoxeHus mojst mo coOCTBEHHBIM 0a3MCHBIM (DYHKIHMSM ONPEAEISIOTCS B 9TOM METOZE U3
YCIIOBHSI OPTOTOHATBHOCTH HEBA30K ypaBHEHHUH COOCTBEHHBIM 0a3MCHBIM (PYHKIHSAM PETYISPHOTO BOTHOBOAA.
I'pannuHble yCIOBHS Ha OTKPBITHIX KOHIIAX BOJHOBOJA OIPEHENSAIOTCS UIS KaXKAOH MOJBI PEryispHOTO
BOJIHOBOJIA OT/IEIBHO, YTO YCTPAHIET HEKOPPEKTHOCTD 3alaHMs TPAHWYIHBIX YCIOBHHA JUIS ITOJHOTO IIONA, KaK
9TO MPOUMCXOIWUT HPU HCIIONB30BAaHMH «PIC» TEXHOJOTHH. B pesynpraTe momydaeM CHCTEMY OOBIKHOBEHHBIX
nudepeHIraIbHbIX YpaBHSHHH T KO3 (GHUIIMESHTOB Pa3IoKeHHUS, 3aBUCSIINX TEIeph TOIBKO OT IPOIOIBHON
KoopAWHATHL. Takod MOIXOA MO3BOJSET MPeoOpa3oBaTh TPEXMEPHYIO 3a1ady BO30YXKICHHS HEperyJspHOTO
BOJIHOBOIa B OJHOMEpHYyIO 3ajgady. OMHueckHe IOTepd B CTEHKaX BOJHOBOJA YYUTBIBAIOTCS Ha OCHOBE
rpannyHblX ycnopuid Illykuna — JleonToBHua. It caMOCOTIIACOBAHHOTO PEIICHHS 3a7addl BO30YXKICHUS
HEPETyISIPHOrO BOJHOBOZAA JIEKTPOHHOM MOTOKOM HCHOJB30BAJCS UTEPALIMOHHBIM METOH IMOCIEeA0BaTEIbHOMN
HIDKHEH penakcanuy. [lomyueH onTHMU3UPOBAaHHBIA BapuaHT BEICOKOOpOUTHOM rupo-JIBB, koTopslit obnanaer
anexTpoHHbIM KITJ[ 28 %, BonmnoBeiM KI1/T 23 %, koaddunmenrom ycnnenus 34 116 u nonocoit ycunenus 11 %
ipu paboueit gactote 6osee 30 I'T1r. T0 OBUTO JOCTUTHYTO 3a CUET BBEJICHUS JOMOJHUTEIHHOTO MTPOBOISIIETO
Yy4acTKa BOJTHOBO/IA B MOTJIOMIAONIYIO YaCcTh BOJIHOBO/IA, YTO MPHUBEJIO K YIYUIICHAIO a3UMYTAIBHOMN IPyIITHPOBKA
2JIEKTPOHOB Ha JIAPMOPOBCKOW OpOUTE M, Kak clieacTBHe, K moBeimeHuto KITJ[ mammbl. YBennuenue B aBa pasza
JUIMHBI BOJTHOBOJA TIIO3BOJIWJIO YBEIWYHUTH KOA(POHUIMEHT yCWICHHS JaMibl. OMHYECKHE TOTEPH YHEPTUU
B CTEHKaxX BOJIHOBOJA JOCTHUTAIOT 5 % OT MOIMHOCTH S3JEKTPOHHOTO MOTOKA. Peanmzamusi Takod MOIIHOM
rupo-JIBB (2 MBT) B Ainana3oHe MIJUTMMETPOBBIX JUTHH BOJTH TO3BOJIUT CYIIECTBEHHO YBEIHMYUTH BO3MOXHOCTH
PaJHoJIOKallMK Ha TAJIbHUX PACCTOSHUSX M IIOBBICUTD Pa3perlalollyto ClIOCOOHOCTh paIoIoKaTopa.

KiroueBblie cjioBa: THpOTpOH, Jamma Oerymeii Boaus! (JIBB).
KoH}aukT uHTEpecoB. ABTOPHI 3asIBIITIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.
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Annotation. This paper presents the results of a search for the optimal design of a high-orbit gyro-TWT, which
would make it possible to reduce the magnetostatic field when operating at high frequencies close to the
millimeter wavelength range, increase the gain and gain bandwidth, and increase the efficiency of the
gyro-TWT. To search for the optimal configuration of the high-orbit gyro-TWT, the Gyro-K program was used,
in which the equations for the excitation of an irregular waveguide by an electron beam are constructed on
the basis of the coordinate transformation method of A.G. Sveshnikov, which is based on replacing the problem
of exciting an irregular waveguide with the problem of exciting a regular waveguide with a unit radius. This
method allows one to search for the solution of wave equations in the form of expansions in terms of the system
of basis functions of a regular cylindrical waveguide. To solve Maxwell's equations, the Galerkin method was
used, which is also called the orthogonalization method. The coefficients of the expansion of the field in terms
of eigenbasic functions are determined in this method from the condition of the orthogonality of the residuals
of the equations for the eigenbasis functions of a regular waveguide. The boundary conditions at the open ends
of the waveguide are determined for each mode of the regular waveguide separately, which eliminates
the incorrectness of setting the boundary conditions for the full field, as is the case when using the “pic”
technology. As a result, we obtain a system of ordinary differential equations for the expansion coefficients,
which now depend only on the longitudinal coordinate. This approach makes it possible to transform the three-
dimensional problem of excitation of an irregular waveguide into a one-dimensional problem. Ohmic losses
in the walls of the waveguide are taken into account on the basis of the Shchukin — Leontovich boundary
conditions. For a self-consistent solution of the problem of excitation of an irregular waveguide by an electron
beam, the iterative method of sequential lower relaxation was used. An optimized version of a high-orbit gyro-
TWT has been obtained, which has an electronic efficiency of 28 %, a wave efficiency of 23 %, a gain of 34 dB
and a gain band of 11 % at an operating frequency of more than 30 GHz. This was achieved by introducing an
additional conducting section of the waveguide into the absorbing part of the waveguide, which led to an
improvement in the azimuthal grouping of electrons in the Larmor orbit and, as a consequence, to an increase in
the lamp efficiency. A twofold increase in the waveguide length made it possible to increase the lamp gain.
Ohmic energy losses in the walls of the waveguide reach 5 % of the power of the electron beam. The
implementation of such a powerful gyro-TWT (2 MW) in the millimeter wavelength range will significantly
increase the capabilities of radar at long distances and increase the resolution of the radar.
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BBenenune

B Hactosiiiee Bpemsi OOJNBIION WHTEpEC BBHI3BIBAET BO3MOXKHOCTH CO3/aHUSI TEHEPATOPOB
1 0COOCHHO YCWIIMTENICH MUJUIMMETPOBOTO JMAaNa3oHa JUTHH BOJNH. HamOonee mepCcreKTHBHBIMU IS
3TOTO MPECTABISIOTCS THPOPE30HAHCHBIE MTPUOOPHI, KOTOPBIE 00JIaJAI0T ele U OONBIION BBIXOJHOM
MOIITHOCTBIO DJIEKTPOMArHUTHOTO CUT'HAJA.

Bo3MOXHOCTH THPOPE30HAHACHBIX TPUOOPOB JOCTATOYHO MOIPOOHO OMKCaHkl B 0030pe [1] u
crarbe [2]. HekoTopble BapuaHTBl peau3allyd BHICOKOTAPMOHUYECKUX TUPOTPOHOB C OOJBIIMMH
opbutamu mpuBeneHs B [3]. B Takux mpubopax 3JIEKTPOHBI BPAIIalOTCS BOKPYT OCH IpHOOpa u
B3aMMOJICHCTBHE 3JIEKTPOHOB OCYIICCTBISIETCS C 3JCKTPOMArHUTHBIMU BOJHAMH C HEHYJICBBIM
A3UMYTaJIbHBIM WHICKCOM, KOTOPBIM M OMPEACTseT HOMEpP TapMOHHUKH OT IMKIOTPOHHON YacTOTHI
BpaIlleHHs AJIEKTPOHOB. B yka3aHHOW paboTe MPHUBEICHBI JIaHHBIE O BHICOKOOPOUTHBIX THPOTPOHAX,
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pabortaromux Ha 2, 3 u 4-if rapmoHuKax rupodactoTel. Omgaako KIIJ] Takux mpuOopoB HE MPEeBHINIa
1 % OT MOLIHOCTH 3JEKTPOHHOTO MOTOKA, HO MpPU 3TOM MOSIBHJIACH BO3MOXKHOCTH CYLIECTBEHHO,
B 2, 3, 4 pa3za, yMEHBIIINTHh 3HAUYEHWE MATHUTOCTATHYECKOTO ToJisi. B pabore [4] mpuBeneH BapuaHT
Co3/aHusl BOCOKoOpOuTHOM rupo-JIBB, paboraromieit Ha 8-ii rapmonuke rupodactorsl. KIT/I Takoi
nammbl He nipeBbiman 1 %, koagduuuent ycunenus coctasisul Beero 10 b, monoca ycunenus 4,3 %
u BbixojHas MomHOCTh 500 Bt. B pabGote [S] mpuBeneHbl pe3yibTaThl pacueTOB BHICOKOOPOUTHOM
rupo-JIbB, paboratomeli Ha 4eTBEPTOW TaPMOHHMKE THPOYACTOTHI M paboueii wactore 35 I'Tm. beuto
mokazano, 4ro 3nexTpoHHb KIIJ[ moxer mocturate 19 % npu monoce ycunenus 3,5 % u anmuHe
namnsl 125,6 pan. B 1neHTpasbHOM 4acTH BOJIHOBOJA paclojiaraics ydacTOK C IOINIOIIAROLINM
2JICKTPOMArHUTHBIE BOJHEI MOKpBITHEM. B pabdote [6] mpuBenmeH mpumep pa3padboTku rupo-JIbB Ha
gactoTy, 6muskyto k 100 [T, ¢ koaddummentom yeunerus 49 116 u KII{ oxomo 20 %.

Co3maHue MOIIHBIX YCWIMTENEH MHJUIMMETPOBOTO [Hana3oHa [UIMH BOJH IO3BOJIUT
CYIIECTBCHHO YBEIIMYUTH BO3MOXXHOCTH PaJHOJIOKAIMU Ha JAIbHUX PACCTOSHUSAX W TOBBICUTH
pa3pemaronyo CiocoOHOCTh PaInOIOKaTOPOB.

PesyabTarsl pacuera rupo-JIibB

Pacuetsr rupo-JIBB mpoBomunmuce ¢ ucnmoib3oBaHueM —mporpammbl - Gyro-K o [7].
Maremarnyeckasi MOZENb MPOIECCOB, MPOUCXOIANINX B JIEKTPOHHBIX MPUOOpaX C HEPETYISIPHBIM
BOJIHOBOJIOM, OCHOBaHa Ha MeTonae mpeoOpa3oBanus koopauHaT A.I'. CerrnukoBa [8], KOTOpBIi
MO3BOJISIET MPOBOAMTH 3aMEHY 3aJadd  BO30YKICHHMS HEPEryJSIPHOTO BOJHOBOAA 3ajgadeii
BO30YXKICHHUA PETYJISAPHOTO BOJHOBOJA C €AMHWYHBIM paguycoMm. OmmrcaHue MaTeMaTHIecKoit
Mozenn TporeccoB B rupo-JIbB mano B padortax [9—11]. [l moBeimeHns kodpduimenTa yCuIeHus
ObL1a BABOE YBEJIMYEHA JIMHA JIAMIIBI 10 CPAaBHEHUIO C BAPHAHTOM, IPUBEICHHBIM B [5]. Kpome Toro,
Y4acTOK BOJHOBOJA C MOTJIONIAIOIIMM TOKPHITUEM pa3OWBalics Ha ABa y4YacTKa, YTO MO3BOJIMIIO
noBeicuTh KIIJ 3a cuer ymydmenus (a30BOM TPYIITHPOBKH DJIEKTPOHOB, TaK KaK 00pa30BBIBAIICS
HEeOONBIION y4YacTOK BOJHOBOJA T OCYIIECTBISUIACH AONOJHUTENbHAs ¢a3oBas TIPyNIUPOBKa
3NEeKTPOHHOTO 1oToKa. s noseimenus KII/I nammbl MarHuTocTaTHYECKOE TOJIE B KOHIIE BOJTHOBOIA
MOHIKAIOCH U1 COXPAHEHHWS YCIOBUH CHHXPOHHU3MAa JJIEKTPOHHOTO MOTOKAa C BPaIalOLIIMCS
3JIEKTPOMArHUTHBIM TOJIEM BOJHBI Hyi, Tak Kak mpu oTOOpE MOMEePEeYHO SHEPTHH Y BPAIIAIOIIETOCs
BOKPYT OCH 3JIEKTPOHHOT'O TIOTOKa OH MEepeXOoauT Ha OoJjiee HU3KYIO OpOMTY M HAUWHAET BPAaIIaThCs
c Oompliel TMONEpeYHON CKOPOCTHIO, a MOHIKAIOIIEECs MAarHUTOCTATUYECKOE II0JIE COXpaHseT
a3UMYTaJbHYI0O CKOPOCTH DJJIEKTPOHHOTO TIOTOKAa W TOAJEPKUBAET YCJIOBUS CHHXPOHH3MA
3JIEKTPOHHOTO TIOTOKA € BPAIAIOIIMMCS AJIEKTPOMAarHUTHBIM T0JIeM BosIHOBoAa. B mporpamme Gyro-K
BCE pacyeThl MPOBOIATCS B HOPMHPOBAaHHBIX IapaMeTpax, UYTO MO3BOJSIET PacHpOCTPaHSThH
pe3yNbTaThl 3THX PacueTOB Ha JIO0OW YaCTOTHBIM Awana3oH. YacToTa YYUTHIBAETCS TOIBKO TPHU
pacuere noTepb MOIIHOCTU B CTEHKaxX BosiHOBoA. IIpu pacuere nanHoit rupo-JIBB ocHOBHBIE TOTEPU
SHEPTUM BBICOKOYACTOTHBIX BOJH MPOUCXOIAT M3-3a HAJNMUMS MOTJIOLIAIOIINX BCTAaBOK B CTEHKAX
BOJIHOBOJIa, HO OHHM OO0ECTIEYMBAIOT MOTJIOIMIEHNWE BCTPEYHON BOJHBI, YTO YCTPAHSET BO3MOXKHOCTH
aBrorenepanuu JIbB.

B pesynpraTe momcka oNTUManbHOM KOHCTpyKUuH Tupo-JIbB mo 3HadeHunsaMm paguyca
BOJIHOBO/Ia, MATHUTOCTATHYECKOTO TIOJIS, TOKA JIEKTPOHHOT'O MOTOKA, MUTY (DAaKTOpa M YCKOPSIIOIIETO
HaIpsDKEHUS OBUTH MTOTYYEHBI CIIeAyomue napaMeTpsl rupo-JIbB: yckopsromee Hanpsokenne 103 Ks
(Bo=0,5542), anextponnsiii Tok 87A (o =0,0646), nmuty Qaxrop 1,447, HOPMUPOBAHHBII paanyc
weH? (z) 1,7588:10" B, [T]
0 o, 2nf0[Hz]

kodurment ycmienns Ky.—=34 J16. IHTerpansHbIe XapakTepUCTUKH JaHHOU Tupo-JIBB mpuBemenst
Ha puc. 1.

Ha xpuBoii 2 (mpoduiar BOTHOBOAA) CEPHIM IIBETOM OTMEYEHBI OOJIACTH BOJHOBOJA
C TIOTJIOMIAIOIIUM ITOKPBITHEM.

=0,28012,

BOJIHOBOAA g= 2mb =5.4332> MAarHuTOCTaTH4YECKOEC IOJIC [ =
9
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Puc. 1. 3nech: 1 — GyHKIWSI TPYIITUPOBKH 10 TIEPBOI TapMOHUKE pabodei 4acTOThI, 2 — MPOQHITb BOJTHOBOIA
g/(2m), 3 — cpeHee 3HaUEHNE NONEPEYHO CKOPOCTH 3JIEKTPOHOB, 4 — CpeiHee 3HAUCHUE pajityca BpalleH s
AJIEKTPOHOB, 5 — HOPMHPOBAHHOE 3HAYEHUE MATHUTOCTATHICCKOTO TOJISA, 6 — HOPMHPOBAHHOE 3HAUYCHUC
aMITTUTYBI DJIEKTPOMArHUTHOM BOTHBI Hai, 7 — anextponusiit K11/, 8 — BonmroBo# KITJT
Fig. 1. Here: 1 — function of grouping by the first harmonic of the operating frequency, 2 — waveguide profile
g/(2m), 3 — the average value of the transverse electron velocity, 4 — the average value of the electron rotation
radius, 5 — the normalized value of the magnetostatic field, 6 — the normalized value of the electromagnetic wave
amplitude Hy;, 7 — electronic efficiency, 8 — wave efficiency

W3 puc. 2 cnenyer, 4To nonoca ycuieHus nasHoi rupo-JIbB cocraBnsier 11 %, HO npu sTOM
MOTEPH MOIIIHOCTH JOCTUTAIOT 5 % OT MOIIHOCTH 3JIEKTPOHHOTO MOTOKA.

0,25 / i\\

Puc. 2. YacrorHas xapakrepuctuka rupo-JIBB, cepxy anexrponssiit KII/, causy BonHosoit KITJ]
Fig. 2. Frequency response of gyro-TWT, top electronic efficiency, bottom wave efficiency

Ha puc. 3 IIOKa3aHO, YTO MaKCUMAJIbHOC 3HAYCHHUE HAIPAKCHHOCTU JBJICKTPOMArHUTHOTO
I0JIA Ha6J’IIO,Z[aCTC$[ TOJIBKO B KOHII€ BOJIHOBOJA.
\J ' \" l

Puc. 3. Pacipenenenne Moxyist HAIPSHKEHHOCTH SJIEKTPOMATHUTHOTO TI0JIS B TIPOOJIBHOM CEYSHUH BOJIHOBOAA
Fig. 3. Module distribution of electromagnetic field in the longitudinal cross section of the waveguide
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benbIM MyHKTHPHBIM I[BETOM Ha pHC. 4 IIOKa3aHa OKPYKHOCTh HAYaJIbHOI'O PACIpPEAEICHUS
3JIEKTPOHOB B BEICOKOOPOHUTHOM JIBB.

-

Puc. 4. [Tonepeynoe pacnpeneneHne MOy HANPSHKSHHOCTH EKTPOMATHUTHOTO MOJISI B KOHIIE BOJIHOBOZA MOIBI Ha
Fig. 4. Transverse distribution of the electromagnetic field intensity modulus at the end of the waveguide mode Hy,

Crnemyer OTMETUTDH, 4TO HaOmOmaeTcss (POPMHPOBAHUE ABYX (Da30BHIX IAKETOB DIIEKTPOHOB
B CpEIHEN YaCTH JIaMITbI, YTO MOKET CKa3aThbCs Ha TOSBIIEHWHM H3IYYEHHS Ha BTOPOM TapMOHHKE
pabodeii 4acToThI (puc. 5, 6).
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Puc. 5. ®a3oBble TPa€KTOPUH FNEKTPOHOB
Fig. 5. Phase trajectories of electrons
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Fig. 6. The normalized transverse velocity of electrons
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3akiouenue

B otnunume ot onucanHoro B [5] BapuaHTa BEICOKOOPOUTHOM rupo-JIbB, B crathe npuBeneH
Oonee d((PeKTUBHBIN BapuaHT BBICOKOOPOWTHON THPO-JIBB, KoTOpas obiagacT 3JICKTPOHHBIM
KII[ 28 %, BomHOBEIM KI1JI 23 %, koaddurmenrom ycunenus 34 /16 u nonocoit ycunenus 11 %.
D10 OBIJIO MOCTUTHYTO 3a CUET BBEACHHUS JOMOJHUTENHHOTO IMPOBOISINETO y4yacTKa BOJHOBOAA
B TIOTJIOLIAIONIYI0 YacTh BOJHOBOJA, YTO IPUBENO K YIYUYIICHUIO a3UMYTalIbHOW TPYNIIUPOBKU
3JIEKTPOHOB Ha JJAPMOPOBCKON OpOUTE, M YBEIUUEHHEM B JIBa pa3a JAJIMHbI BOJIHOBOJIA, YTO II03BOJIMIIO
YBEIMUYUTh KO3(D(UIMEHT ycumineHHus Jammbl. OMHYECKHE IMOTEpH PHEPIHMH B CTEHKaX BOJIHOBOIA
JOCTHUTAIOT 5 % OT MOIIHOCTH 3JIEKTPOHHOTO MOTOKa. Peann3anus Takoit MoutHoi rupo-JIbB (2 MBT)
B JlMANa3oHe 4acToT, OJIM3KUX K MIIIMMETPOBOMY JHAIla30HY AJIMH BOJIH, HO3BOJIUT CYIIECTBEHHO
YBEJIMYUTh BO3MOXKHOCTH PAJMOJIOKALMU HAa JAJIBHUX PACCTOSHUAX M IIOBBICUTH Pa3peLIAIONIyIO
CIOCOOHOCTD PaanoyIoKaTopoB. OCHOBHBIM HEIOCTATKOM BBICOKOOPOUTHBIX Tupo-JIBB sBiseTcs
CYLIECTBEHHOE TIOHIDKCHHE KOX(QQHUIMEHTA CBSA3M SJIEKTPOHHOTO MOTOKA C 3JIEKTPOMATHUTHBIMH
BOJIHAMHM BOJIHOBOJA Iipy OONbIIMX a3uMyTaubHbIX HHIeKcax TE BosH, 4Yr0o mpHBOAUT
K 3HAYUTEIHHOMY TIOBBIIICHUIO Tpedyemoro mist 5(GexkTUBHON paboOTHl TakMX JlaMIl TOKa
3JIEKTPOHHOTO MOoToKa. [loaToMy mpremiieMslii KOMIPOMHCC BO3MOXKEH TOJIBKO MPU a3UMYTaJIbHOM
HH/IEKCE BOJIHBI, PABHOM JIBYM.
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