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O6cyxnaercst KoHIennus oobeanHuTeNs 16:1 HenpepsIBHOH BeIcokodacToTHON MotHocTH 500 kBT Ha watoTe 500 MI't
Ha OCHOBe mpsMoyroipHOoro BomHoBoma WRI1800 m ero mpororun 4:1. OO0beamuurens paboraer mpu 32 kBt
HEIIPEphIBHOM MOIIHOCTY, IOJAHHOM HAa KaX[blil U3 BXOJOB U OCHAILEH BOJSHON CUCTEMOW OXJaXIECHHS aHTECHH.
OxyaxaeHUe Peali30BaHO Yepe3 3aKOPOUCHHBIM CErMEHT KOaKCHalbHOH nuHuu, BU MoIHOCTh NOABOAMTCA uepes

60KOBY0 THMHUIO. [IpesicTaBIeHb! pe3yIbTaThl HCCIEA0BAHNH XapaKTEPUCTHK 1 0COOCHHOCTEH 00BEJMHUTENSI MOIITHOCTH
16:1 u ero nporoTumna 4:1.

1. BBEAEHUE

TBepaOTEnbHbIE YCWINMTENN B IIOCIECAHEE BpeMs IPETEHAYIOT Ha CTAaTyC IJOCTOMHOM H
COBPEMEHHOW 3aMEHBI JJIEKTPOBAKYYMHBIX MpPHOOPOB CcyOMeraBaTTHOM MOIIHOCTH. OOBIYHO
TBEPJOTEIbHbIC YCUIUTEIN MPOCKTHPYIOTCS MOIYJIbHBIMM M MAacCIITaOMPYEMBIMH — COCTOSIT U3

OTACIBHBIX OJI0KOB — YCUIIUTCIIbHBIX MO,Z[y.HeI\/'I Ha OCHOBC OAHOI'O HWJIMW HCCKOJIBKHUX BY-

! Marepuasner 28 KOH(EPEHIIMH TI0 YCKOPUTENAM 3apshkeHHbIX yactull “RuPAC23”, HoBocuOupCK.
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TpaH3ucTopoB. TpaH3UCTOPBI CIOCOOHBI TEHEPUPOBATH MOIHOCTH B JHANa30HE YacTOT OT €IUHHII
MI'n go emuuun I'Th, a ux KO3pGUIUEHT YCHUICHHUS 3aBUCUT OT BBHIOPAHHOW YACTOTHI, OJHAKO
BBIXOJIHAsI MOIIIHOCTh OOBIYHO HE MpeBbIacT 4 KBT B uMIybcHOM pexkuMme. [ nomyyenus 6omee
BBICOKUX TOPSJIKOB MOIITHOCTH OOBIYHO HCHOJB3YIOTCA pa3HOo0Opa3Hble 00BEAUNHUTENN MOLTHOCTH.
K npumepy, niaanapaeie 00beTUHUTENH Y UIKUHCOHA MK [ M3ers MOTyT HCIIONIb30BaThCs B KAUECTBE
NEPBOi CTyNeH! 0ObEAUHEHUS I CYMMHUPOBAHHSI MOIITHOCTH C HECKOJIBKUX TPAH3UCTOPOB BHYTPHU
Monyns. Jlns monydeHHsl AECATKOB U COTEH KBT MOIIHOCTHM HCHOJNB3YIOTCA OOBEIUHUTENN
IIPOCTPAHCTBEHHOT'O THUIIA — BOJTHOBOHBIE WIIM PE30HATOPHBIE.

OcHOBHBIM TIOTpeOHUTENEM CyOMEraBaTTHBIX MOIIHOCTEH B MeErareploBOM JMana3oHe
SBIISIIOTCSL YCKOPUTENN 3apsKEHHBIX 4YacTHIl. Pa3paboTdnKy yCKOPSIOMIMX CTPYKTYpP 3a4acTylo
BBIHYKJICHBI TIOJICTPANBATHCS OJI XaPAKTEPUCTUKH CYILECTBYIOUINX YCHIMTENEH MpU pa3paboTke
KOHIIeTIUMU yckoputenei. OnuH n3 Takux ciaydyaeB — HoBast Cynep Yapm-Tay ¢abpuka Ha OGaze
HII®M (Caruc, Poccus), rae pa3paboTuyuKy IIAHUPOBAIM MEPEUTH OT MPOEeKTHOH "acToTsl 500
MI 1 Ha goctymayto 350 MI't [2, 3]. Y x0Ts BO3MOkKHO mpou3BecTu ycumutenb Ha 500 MI ', paborta
Ha OOJIBIIMX MOIIHOCTSIX CYIIECTBEHHO YCIOXKHSAET 3afady. B 1aHHON cTaTbe paccMOTpeHa
KOHIICTILUST TBEPJOTEILHOTO YCHIUTENs, crmocooHoro npousBoauth 500 kBt nHempepsiBHON BU-

MotHOCTH Ha yactoTe 500 MI'1i 1 00beIMHUTEIISE BEICOKOW MOIIIHOCTH IS TAKOTO YCHUITUTEIIS.

2. CYBMET'ABATTHBII TBEPJOTEJIBHBIN YCUJIUTEJID

BU-tpan3uctopsl, paboTaromue Ha yactore 500 MI'1, ciocoGHBI pou3BOAUTH 0KOJIO 1 KBT
HENpPEepPBIBHONW MOIIHOCTH [4, 5], Tak uTo a7s momydenus S00 kBT BEIXOAHON MOIIIHOCTH TOTpeOyeTcs
coiie 500 TpanzucTopoB. Takue TpaH3UCTOPHI OOBIYHO COOMPAIOTCS B YCHIIUTENbHBIC MOMIYIIH,
KOTOpBIE SIBJISIOTCA CAaMOCTOSITEJIbBHOW HE3aBUCUMOM SIYEMKOW C DJEMEHTaMU KOHTPOJISL U
ynpasieHus. [ momydeHus: 6osee BBHICOKOM MOIIHOCTH YCHJICHHBIE CUTHAJBI C TPAH3UCTOPOB
HE00X0IMMO CyMMUpOBaTh. [Ipoie Bcero 0110 ObI OCYIIECTBUTH CYMMHPOBAHUE B OJHY CTYIECHb
IIPY TIOMOIIH UCTIOJIBb30BaHUS OOBEAUHUTENS PE30HATOPHOIO TUIA WM O0bEUHUTENEH Ha OCHOBE
KOAKCHAJbHBIX WIH PaJHATIbHBIX JIHHUNA. B paguanbHbIX U KOAKCHATBHBIX OOBEIMHUTENSIX BBOJIBI
MOIITHOCTH PAcCIIOJIOKEHBl Ha TMepu(epur yCTPOWCTBA, TaK YTO OOBEIMHUTENb C KOJIMYECTBOM
BX0710B cBhIlIe 500 OyneT 10BOJIBHO IPOMO3JKUM. B KauecTBe pe30HATOPHBIX 00bETUHHUTENICH Yallle
BCET0 MCIONB3YIOTCS pe30HaTophl Ha Bujae konebanuii HO10— Takoit Bua konebanuii He obmamgaer
BapHalyel Mojis o BBICOTE WM a3UMYTY U MO3BOJISIET PABHOMEPHO Pa3MECTUTH INETIM CBSI3U Ha

obeuaiike pezoHaropa. YtoOsl Bo30yauTh B pesonatope moay HO10 na wactore 500 MI't pe3oHarop
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JOJDKeH o0nanath paguycoM 229 mm u BeicoToi okoo 400 mm (puc.l). B mpeamnonoxeHun, 4To
MOIIIHOCTh BBOJMUTCS B PE30HATOP IO BOJMHOBOAaM HomuHana DIN 7/16”, moBepXHOCTh pe30HaTOpa
MI03BOJIIET pa3MecTuTh 0Kos1o 100 BXOOB M MOJIYyYUTh BBIXOJHYIO MOIIHOCTH 0koj0 100-200 xBT.
YroObl NOTYYUTH OOJBIIYI0 MOIIIHOCTh HEOOXOMMO YBEJINYMBATH pa3Mep pe3oHaTopa v paboTaTh
Ha PyroM Buje KojieOaHuil 4To BIeUeT 3a COOOH Ipyroe, eciid BOOOIIe BO3MOXKHOE, pacpeeiieHIe
BBOJIOB MOIIIHOCTH.

Jpyroii crioco6 o0beaMHEeHHs — UCTIOIh30BaHUE Kackana 3 oobeauHuTeneit 2:1 Ha ocCHOBe
KOJBIICBBIX W BOJHOBOJHBIX MOCTOB. Takoil cmoco® BiedeT 3a coOOi yBelIHUEHHE Pa3MEpoOB H
MOTEPU MOPSAIKA HECKOJIBKUX MPOIIEHTOB MOLTHOCTH Ha 00beJMHUTENBHOM “niepeBe”. Kpome Toro,
€CJIM OAVH U3 YCWJIMTENIbHBIX MOAYJIEH, MOAKIIOYEHHBIX K IuleyaM o0beAuHUTENS 2:1, 0 KaKoH-TO
IIPUYMHE BBIXOIUT U3 CTPOS,, MOIIHOCTb OCTABIIETOCS MOAYJS PacHpelesseTcs MEXay IUIe4aMH
00BETUHUTEIS U TIPAKTUYECKHU IIETUKOM YXOJIUT B PacCcOTIacOBaHHbBIN HEPaOOTAIOIINNA MOTYJIb.

OcraBmmiics cnoco®0 — HUCHOJB30BAHUE OOBEIMHUTENICH HAa OCHOBE BOJHOBOJOB C
paccTOsIHUEM MEX 1y BX0J1aMH, KpaTHBIM JUIMHE BOJIHBI MJIH IIOJIOBUHE JITMHBI BOJIHBI, UTO AJIs CBBILIIE
500 BX0JI0B TakXke He MpecTaBisieTcs 1enecoodpasnbM. [loaTomy norpedyercss Kak MUHHUMYM JIBE
cTyneHu oObenuHeHus (puc.2). B kadecTBe mepBoi CTyNmeHH OOBEAMHEHUS IIpeiaraeTcs
MCTIOJIb30BaTh KOAKCHAIBHBIA O0BEIUHUTENb MPSMOYTOJILHOTO CEYCHHUSI TUIA MPEICTaBICHHOIO B
pabote [6]. B xauecTBe BTOpOI CTyHNEeHM NpeAsiaraeTcsi MCIOIb30BAaTh OOBEAMHUTENb HA OCHOBE

npsitMoyrosnbHoro BostHoBosa WR1800.

Puc. 2. Konuenius cyOMeraBaTTHOTO YCHIIUTEINS MOLTHOCTH

3. KOHIEINIWA OB BbEJUHUTEJIA 16:1

Konuenmun o6beaAnHUTENS HA OCHOBE MpsiMoyrosibHoro BosiHoBoga WR1800, ciocoOHOTrO

pabotaTh ¢ BxoaHOH MomHOCTH 32 KBT 1 BeixomHo# 500 kBT, mpencrasieHs! Ha puc.3.

Puc. 3. KOHI_IGHI_[I/II/I BOJIHOBOJHOTI'O OG’bGI[I/IHI/ITCHSI BY MOIIHOCTHU

[TockonbKy 00BEIMHUTENH T0JKEH paboTaTh B HEMPEPHIBHOM PEKUME, JaKe AECATHIC JOTH
MPOIIEHTA TOTEPh MOILTHOCTH TMPHBEIYT K 3HAYUTEIHHOMY HArpeBy 3JIEMEHTOB OOBEIUHHTEIS.
[TosToMy, KakuMuU ObI HU OBLITH 3JIEMEHTHI CBSI3U C BOJIHOBOJOM, HEOOXOAUMO UX aKTUBHOE BOJISTHOE
oxyiaxeHue. Bo Bpems pa3paboTku paccMaTpUBAIUCh [[BA BapuaHTa 3JIEMEHTOB CBSI3M — IETIIN

CBSI3HM M aHTEeHHBI cBsI3u. O0e BCpCUM IpearoIarain pasMCuiCcHUEC 3JICMCHTOB CBA3U HA PaCCTOSIHUN
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JUIMHBI BOJHBI APYr OT Jpyra Ha IIMPOKOW WM y3KoW cTeHke BoiaHoBoga WRI1800 ¢ omnum
3aKOPOYEHHBIM KOHIIOM U JPyTUM KOHIIOM, MOAKJIIOYEHHBIM K YCTPOMCTBY BBOJA MOIIHOCTU B
pe3oHaTop.

Bepcus ¢ merisimMu cBsA3M ObUTa TpEANOYTUTENIbHEE B Hadaje pa3pabdoTKu Ojaronmaps
OTPOMHOMY OIBITY, HAaKOIJICHHOMY IpHU pa3padoTKe OXJaKIACHUS IEeTelb BBOJA MOIIHOCTH B
PE30HATOPBI U OTCYTCTBHIO HEOOXOIMMOCTH pabOTaTh B 0OJIACTH BBICOKOTO 3JEKTPUUECKOTO MOJIS.
Hacrtpoiika ko3¢ ¢duiimeHToB mnepegaund Mo TMeETIE OCYIIECTBIUIACh BpalleHHEM MeTIH, a
COT'JIACOBAHUE TETEIb MPOBOMIOCH C IIOMOIIBIO COTIACYIOMUX JTMHNAN, YCTAHOBJICHHBIX HA Ka)KJJOM
Bxoze. Takas cucTema, OJHAKO, OKa3ajlachb JKCTPEMallbHO YYBCTBUTEJIBHOW K JOMyCKaM Ha
M3TOTOBJICHHE TETJIM M CIOXKHOW B HacTpoiike. JlocTtarouyHo OoJbpIIve METIM U BHOCHMAs HMHU
BHYIIUTEIbHAST MHIYKTUBHAs Harpy3Kka W3MEHSUIM JUIMHY BOJIHBI B MPSMOYTOJIEHOM BOJHOBOJE U
elle CHJIbHEee YCIIOKHSUIM HacTpoiky. Kpome Toro, /s HacTpoWku oOBEIMHUTENS HEOOXOIUMO
BpamaTh METII0 C TOYHOCThIO B 1 Tpajayc, U4TO CYIIECTBEHHO YCIOXKHSAET PYUYHYIO HACTPOHKY.
[TosTomMy BbIOOp OBLT clenaH B IMONB3y AHTEHHOM CBS3M, KOTOpas JHILIEHA 3TOr0 HEJOCTaTKa.
[TooOHBIN 00BEAUHUTENH C EMKOCTHOM CBA3BIO OBUI CIIPOEKTUPOBAH KOMAaH/IOM U3 YHUBEpCUTETA
Yuncanst s ESS [7], ogaako Bompoc 00 OXJIaXACHUH aHTCHH MOJHUMAIICS JIUIIh TEOPETHUCCKH.
Konnenmus y3ia BBoJa MOITHOCTH C CUCTEMOW OXJIAXKIEHUS, CXOAHOHN C TIPECTABICHHON B paboTe

[1], npencraBnena Ha puc.4.

Puc. 4. AHTEHHBI! y3€J C BOASHBIM OXJIAXKICHUEM

BU-momrHocTs nogaercst B BomHoBog WR1800 uepes 6okoByto nuHuio umnenanca 50 Om u
HomuHana EIA 4 1/2", moTok BOABI TONAETCS B TMOJOCTh AHTCHHBI 4Yepe3 OTOTHUTEIbHBIH
3aKOpPOUYEHHBIM OTPE30K JIMHUU NEPEJauy ¢ UMIENaHCOM, OTINYHbIM OT 50 OM Il corsacoBaHUs
BXOJia ¢ BOJHOBOAOM. OCHOBHBIMM MECTaMH HarpeBa OyIyT HAKOHCYHUKU AHTEHH, MMEIOIINE
HauOOJBIIYI0 IUIOTHOCTh TOKAa Ha TOBEpPXHOCTH. OObEIMHUTENb IUIAHUPYETCS W3TOTOBHUTH
IIOJIHOCTBIO MEIHBIM, KPOME YacTel, UMEIOLUX KOHTAKT ¢ BOAOW. PacueTHble OTEpU MOIIHOCTH B
o0beIUHHTENE COCTABISIIOT 625 BT, uTO, C y4yeToM MpenbIayLIero OmbITa paboThl C MEIHBIMU
O00BbETUHUTEISIMU, O0CIIAeT peajbHble MOTEPU OKOJIO 3 KBT M3-3a OKMCIIEHUS MEAM M MOTeph Ha
coequnenusx. K npumepy, Oosnee AemeBblit U JOCTYNHBINA aTIOMUHHUEBbIN 00bETUHUTENb PACCEUBAET
okoso 13 kBt BU-momHoCTH, 4TO BeeT K OOJbIlel TeMIeparype aHTeHH U OOJIblIei Harpy3ke Ha
TPaH3UCTOPBI 11 KOMIIEHCALIUN PACCESTHHON MOIIHOCTH.

OObeMHUTENb, KOTOPBIM TaK XK€ MOKHO PaccMaTpUBaTh KaK paclpeienTeNb MOITHOCTH C

TOYKH 3pEHHs S-IIapaMeTpOB, HACTPOEH HA MaJlo€ 3HAYEHHE BO3BPATHBIX MOTEPH (pUC.5) U UMEET
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xoporre (pa3oBblif M aMIUTUTYJHBIN OamaHChl — KOA(QQHUIMEHT Nepeadu KoiaeOueTcs B Auana3oHe

0.05 nb, a paznocts ¢a3 ko3 duimenTa nepeaadn Mo mieyam He MPEBBIIIaeT 0JHOrO Tpaayca.

Puc. 5. S-mapametpsl o0bequnuTeNns 16:1 B nuanazone yactor 498—-502 MI'ig

Curnan nojaercss Ha KaXIyl0 Iapy BXOZOB B MpoTHBO(daze. DTO 03HAYAET, YTO OJUH U3
00bEeTUHHUTENCH POMEKYTOYHOTO 3B€HAa BHYTPU CTOMKHU OyJeT reHepupoBaTh CUTHAIN, CABUHYTHIN
Ha 180 rpaaycoB OTHOCUTENBHO BTOPOrO 00BeAMHUTENS B cToiike. [lonoca oObeqMHUTENS — OKOJIO
50 MI'11 o ypoBHIo -3 1b ot paGouero ypoBHs Sni. Takke CTOUT OTMETHTH, YTO CUCTEMA U3 JIBYX
00bEeTUHHUTENCH — IPOMEKYTOUHOTO U (PUHATBHOTO — 00J1a/1aeT CBOMCTBOM (PUIBTPOBATH BBICIINE
TapMOHHKHU Hecyllei JacToThl (puc. 6) B nuanazone ot 0 mo 3.5 I'Tn, Bo3HUKatomue npu padboTe
YCUJIMTEIBHOTO MOAYIISL. Takasi 0COOCHHOCTh JaeT JOMOJHUTEIbHOE MPEUMYIIIECTBO 110 CPAaBHEHUIO

C 2JIEKTPOBAKYYMHBIMH IPUOOPAMHU U IPYTHUMHU TUIIAMU 00bEAMHUTENCH MOIIIHOCTH.

Puc. 6. AMmmiuTya BBIXOJHOTO CUrHana B quanasone yactot 0-3.5 I'Tg

ITockonbKy aHTEHHBI HAXOATCS 00JIACTH MAaKCUMYMOB JIEKTPHUYECKOTO T10JIsI, HE0OX0IUMO
KOHTPOJIMPOBATh TUKOBKIE MOJIs1 B 00beanHuTeNe. [InkoBbie most Ha ypoBHE MotHocTH 500 kBT He
npesbimaioT 0.56 MB/M 1 TpaauImOHHOTO MIpe/esna HanpsbKeHHOCTH MPo0ost M1t CyX0ro Bo3ayxa 3

MB/m.

4. ITIPOTOTUITI OB BEAMHUTEJIA MOITHOCTH 4:1

JUist IPOBEPKHU XapaKTEPUCTHK OCHOBHBIX y3JIOB OOBEAMHUTENS OBbLI pa3padoTaH MPOTOTHII
oobenunuTens 4: 1. Hebomnpmas MoauduKays mThips BBOJA U J00aBICHUE TOTIOJIHUTEIHON TMHUN
COTJIACOBAHUS SIBIISIIOTCS €IUHCTBEHHBIMH M3MEHEHUSMH KOHCTPYKIIMU AHTEHHBI OOBEAMHUTEIS

(puc. 7, 8).

Puc. 7. Y3en BBoJa MOIIHOCTH NPOTOTHIIA 00beTUHHUTENS 4:1

Puc. 8. S-napamerps! npotoTHna oobenuHUTENS 4:1.

Jnst mporotumna 4:1 Ol pa3paboTaH BEIXO HA KOAKCHAIBbHYIO JIMHUIO 4+1/2 THma “nBepHast
pyuka”. Ilepexon ¢ Tuma 4+1/2 na N-tun OyAeT UCIONB30BaThCA ISl U3MEPEHUs S-IapaMeTpoB, a
IUI UI3MEPEHHI Ha MOLTHOCTH BBIXOJ OyJEeT MOJKIIOUAThCs Yepe3 HaIlpaBJICHHbBIN OTBETBUTEINb HA
SKBHBAJICHTHYIO Harpy3ky co BxomoMm 4+1/2. Tlpeanonaraercs WCHBITBIBATh MPOTOTHII

o0beIUHHTENS B TpeX pekumax: MomHocTh 10 nbm momaercss Ha BBIXOA UIS M3MEpPEHUS S-




napameTpoB; 2.5 kBT — Ha kaxablii BXOJ OT OTACNIBbHBIX YCUIUTENbHBIX Moayieil; 10 kBt — Ha
KK BXOA OT cOopok w3 4 momynei. Kak mokaszanu TemjoBbIE pacueThl, pexuM paboThI ¢
MOITHOCTHIO 2.5 KBT Ha BX0oax He TpeOyeT akTHBHOTO OXJIaX/IEHUS, TaK KaK C yUeTOM €CTEeCTBEHHOU
KOHBEKILIUU BO3/TyXa KOHI[bl aHTEHH HarpeBatoTCsl TOJILKO JIMIIB 10 Temneparypsl 67°C, 4To sBisieTcst

HOpMaJIbHOU paboyeil Temneparypoii s meau (puc. 9).

Puc. 9. Pe3ynpraThl 4MCIEHHOTO MOAEINPOBAHUS HarpeBa nmpororuna 4:1

Pexxum pabotbl ¢ momHocThio 10 kBT Ha kaxmom Bxoae morpe0yeT mojgadd BOJBI C
JaBleHHeM 5 Oap JuIst yaepKaHus TeMnepaTtypsl B pamkax 50—-60°C. BogsiHoe oxmnaxaeHue nogaercs
Ha BHYTPEHHIOIO TPYyOKY KOHTYpa OXJIQXKICHHsI, a BRIBOAUTCS 110 BHEIIHEH CTEHKE 3TOM TpyOKH (pHC.
4). HuxHss yacTh KOHTypa ONTHMMM3MPOBaHA B BUAE KOHYCa JUIsl YBEJIWYEHMs] IIOTOKA BOJIBI U
nepeaayy Teria, KoTopasi yXy/IIaeTcsl MPU MCIIOJIb30BaHUH TUIOCKON (OpPMBI HMKHEH yacTu (pHC.

10).

Puc. 10. Pacnipenenenue ckopocTH OTOKA BOABI B y3JI€ OXJIaXK1eHUs npoTotuna 4:1

Hactpoiika U3rotoBiieHHOTO 00BeIUHUTENS OyAeT MPOHCXOJUTHh TUCKPETHO C MOMOIIBIO
noJu3TUIICHOBBIX Wit POM BcTaBok B (hopMe MOTyKoJIer] pa3inyHbIX pazmepos (puc. 11).
Taxoke 9TH BCTaBKH CITy’KaT B KQUECTBE IMOAJICPKUBAIOIINX U IICHTPYIOIINX JIEMEHTOB KOHCTPYKIIUU
aHTEeHHBl. MeHss IJIMHY AMAJIEKTPHYECKOM BCTaBKM C IIAroM OT 5 MM, MOXXHO HacTpauBaTh
K03 puureHTs! oTpaxkeHus (puc. 12) u Kod3pPUIUEHTH TPOXOXKIACHUS MOITHOCTH Sy1 C TOYHOCTBIO

o necAThIX nonaeit nb.

Puc. 11.ITogcTpoeunbie 31€MEHTHI 00bETUHUTEIS
Puc. 12. imnenancHas XapakTepUCTUKA MTPOTOTHITA OOBEAMHHUTENS TIPY BAPHUPOBAHUY ITTUHBI
JUAJIEKTPUUYECKUX BCTABOK

HeompenenenHocts B BbIOOpe MaTepuana BCTaBOK OOYCIIOBJIEHA, IOMHMO UX
JMRJICKTPUUECKUX CBOMCTB, MEXaHMUECKUMH coo0paxeHussMu. dToporutact 061a1aeT 3HaYuTeIbHO
Oosee HU3KUM KO3(PPHUIHMEHTOM TUIIEKTPUYECKON MPOHUIIAEMOCTH, MO3TOMY BCTAaBKH M3 HETO
MO3BOJISIIOT MPOBOAUTE O0JIee TOUHYIO MOACTPONKY uMmieaanca. [Ipu 3ToM, OHAKO, ¢ TOYKU 3pEHUS
KOHCTPYKIIMOHHBIX  XapaKTEPUCTHK, (TOPOIUIACT SABISETCA  MaTepuajoM, U3  KOTOpPOTO
3aTPyAHUTEIBHO MPOU3BOICTBO JIeTajel ¢ TOUHO BhIJICPKAHHBIMU pa3MepaMu U reomerpueii. Kpome
TOT0, Ha ATare MEePBUYHON HACTPONKU YCTAHOBKM HEU30€KHbI MHOTOKpPATHBIE Pa300PKH aHTEHH H
3aMEHbl BCTaBOK, NMPH KOTOPBIX CYIIECTBEHHBIMU (haKTOpaMH pHUCKa SBISIOTCA ‘‘cpabaTbiBaHHE”
MaTepuaia Mo MOoCaJ04YHOMY TUAMETPY U HAKOIUIEHHE CIydalHbBIX J1e()EeKTOB MOBEPXHOCTU H3-32

MaJIoi TBepAoCTH MaTepHaia. Takoe HakomIeHHe 1e()eKTOB CIIOCOOHO MPUBECTHU K MOTEPE TOUHOCTH




BHEIIIHEH TeOMETPUM BCTaBOK, B PE3yJbTaTe€ YEro OHU HE CMOTYT O0ECHEYUTh HEOOXOIUMYIO

COOCHOCTBH aHTCHH.

5. KOHCTPYKIUA ITPOTOTUIIA 4:1

C TOuKM 3peHus] KOHCTPYKUMU, NPOTOTUIl COCTOUT M3 4 OCHOBHBIX MOJICOOPOK: OCHOBHOI'O
KOpIlyca BOJIHOBOJIa C IPUCOEIMHUTEIbHBIMA MHTEpP(EicaMu; COrJacyrolero 3jJeMeHTa; cOOpoK
aHTEHH; BXOJHbIX JIMHUI1 ¢ KOHLeBbIMU BY-BBOmamu.

OCHOBHO# KOpIyC BOJIHOBOJ]a BBIMOJIHEH B BUJE NPSMOYIOJLHOIO Napajuleienunena u3
JMcToBOM Meau M1T TONMUMHON 3 MM, COEIMHEHHBIX J1a3epHoil cBapKoi. K oTBepcTHsM B GOKOBBIX
IUIaCTMHAX KOpITyca NPYMBAapUBAOTCS CIEUUAIIbHbBIE TOCAI0UHbIE (DIIaHLIbI U3 MEIU /1Sl TIOCIIEAYIOLIETO
NPUCOEIMHEHUSI BXO[HBIX U BBIXOIHOIO BOJIHOBOJIOB, 4 TAaKXKE COIVIACYIOLIEro ojemeHra. [lis
KOMIIEHCALM KOpOoOIeH!s U3-3a e(OpPMaLIK, BbI3bIBAEMOI CHATUEM BHYTPEHHUX HANPSDKEHUI MPU
PE3Ke XOJIOIHOKATAHOTI'0 JIMCTA, @ TAKXKE COOCTBEHHbIX HANPSKEHUI U3-32 HEPABHOMEPHOCTH Harpesa
Npy CBapKe, IUIACTUHbI YCUJIMBAIOTCS peOpamMM >KECTKOCTH B MECTax IMPUCOEIUHEHUs (pJIaHLEB.
OxoHuaTesIbHAsE CBapka KOpIyca MPOBOAUTCS C OCHACTKOW, KJIIOYEBBIM 3JIEMEHTOM KOTOPOWA
SIBJIIETCS KaNMOpOBOYHas TpyOa, pa3meliaemasi BO BXOJHbBIX BOJIHOBOJIaX (CO CHATbIMU aHTEHHAMU U
¢pnaHyamn) 711 COOPKU MO HEl BOJITHOBOJIOB HAa KOPIyCe ¢ HEOOXOAMMOI CTENEHbIO TOYHOCTH.

Cornacyroluii 3JIeMEHT NpeficTaBseT u3 cedsi T-00pa3Hyto COOPKY U3 COOCHBIX MEIHBIX TPYO
BHelHUMU fmameTpamu @230 m 2106, coeMHEHHbIX JpYyr C JAPYroM uepe3 Habop MEJHbIX
COEIMHUTEJIbHBIX 3JIEMEHTOB (IJIACTUH U BTYJIOK). Tpy6a ¢ G0JbIINMM IMaMETPOM HACA>KUBAETCS Ha
(pnaHey, B OCHOBHOM KOPITyCe C TOCJIEAYIOLMM MPUNAuBAHUEM €r0 C NMPUMEHEHHEM CepeOpsiHOro
npunosi. Tpyb6a MeHbLIEro pAMamMeTpa 3arilyllleHa KpbILIKONH C pe3bOO0BbIM OTBEPCTHEM ISl
o0OecrieyeHHst 2JEKTPUUYECKOrO0 KOHTAKTa LEHTpPajbHOro anemMeHta BY-pazbema BbIXOAHOIO
BOJIHOBOJIA C KOPITLYCOM.

BxopnHble MMHUM MPEACTABISIIOT U3 ce0s1 pa300OPHYI0 KOHCTPYKLMIO, COCTOSLLYIO U3 KOpIyca
BXOJIHOW JIMHUM XOMYTa, LIEHTPAJIbHOIO BOJHOBOAA U (paaHua. Kopnyc BXOJHO! JTMHUM BBINOJHEH B
Bujie cOopku ['-00pa3Hoii (popMbl U3 TPYO: Malblil BEPTUKAJIBHBIN MaTPyOOK MNOCPEACTBOM JIa3€PHOI
CBapKu NPUCOEIMHSETCS K OOJBLIOMY; B Malblil MaTpyOOK BCTaBJSIETCS MOCAJI0OuHasl BTYJKa, Ha
KOTOPYIO YCTaHaBIIMBAETCS OTPE30K TPyObl C BCTPOEHHBbIM BXOAHbIM BY-pazbemom nocie yero
00KMMaeTcsl XoMyToM. LIeHTpasibHbIil BOIHOBOJ, NPEACTABIISIET U3 ce0sl MEHYIO TpyOy C OTBETHOI
yacTelo Aya BY-pasbeMa ¢ OfHOW CTOPOHBI UM KOHUYECKUM OJIEMEHTOM C JAPYITOMl CTOPOHBI.

KoHnueckuii 31eMEHT BCTABIISIETCSI B OTBETHYIO YaCTh, PACMASHHYIO HA AHTEHHE, U IPUKPYYUBACTCS
7



K Hell UEHTPAJbHbIM BUHTOM C KOHTPOJIMPYEMbIM YCWIIMEM 3aTsKku. Takas KoHdurypauuys
obecrneunBaeT BO3MOXKHOCTb CPABHUTEIBLHO MPOCTOrO U OBICTPOrO MOHTAXKA IIEHTPAILHON aHTEHHbI
npu nofadope U 3aMeHe IMANEKTPUUECKUX BCTaBOK. K (hiaHily npuKpemnisieTcsi BAHTaMU aHTEHHa, a
Takxke Ha (pJaHle pacroyiokeHbl (PUTUHTU CUCTEMbl BOJISTHOTO OXJIAXKACHUS aHTeHHbI. B KoHIe
c60pkH (prraHel] 3aKpbIBAET OCHOBHOM KOPIYC BOJHOBOJIA C BHELIHEN CTOPOHBDI.

['oTOBBIMH KOMITOHEHTaMU KOHCTPYKIHH SBISIOTCS BY-pasbeMbl U TpyObl BOJHOBOJIOB
npousBogcTBa COM-TECH cepuun Rigidline: COM-TECH D-PC130P, D-IC103Q u D-RL1030
COOTBETCTBEHHO. X BBIOOpP 0O0YCIOBIEH HEOOXOAMMOCTBIO UCIOIB30BAHUS  JOCTYITHBIX
CTaHJIAPTHBIX KOMITOHEHTOB, HAWIYYIIIMM 00pa30M COOTBETCTBYIOIIMX MO CBOUM XapaKTEPUCTUKAM
pe3ysbTaTaM MPOEKTHBIX JJIEKTPOJMHAMUYECKHX pacueToB. [Ipoume neranu mpoTOTHIIA, OTHAKO,
CIIPOEKTUPOBAHBI C IEIbI0 M3TOTOBJIICHUS W3 KOMMEPUYECKH JOCTYITHOI'O MaTepuaja M 3aroTOBOK
OTEYECTBEHHOTO TPOM3BOACTBA. Ha 23Tame mpoOW3BOACTBA MPOTOTHMA MpeaycMaTpUBAETCS
MPOBEJICHUE PEBEPC-UHKUHUPUHTA TOTOBBIX M3JCNUNA i BOCCTAHOBJIICHHUS TEXHOJIOTHH

HUX NPpOU3BOJACTBA U HOCHCHYIOHleﬁ JIOKAJIM3alru C LHEJIbIO CHUXCHUA CBA3AHHBIX PUCKOB.

6. SAKJIIOYEHUE

[IpencraBneHa KOHLEIUS MOITHOTO OObEJMHUTEINS MOITHOCTH IOCTOSIHHOTO AeHcTBHs 16:1
u ero npototut 4:1. O6bequHNTENH OCHOBaH Ha BoJHOBOAE THna WR1800 u onTuMusupoBaH Jyis
BbIXxonHOW MomHoctH 500 kBt. BBomamu B 0ObeOUMHMTENb CIyXKaT INTHIPEBBIC AHTCHHBI.
KoHcTpykius pa3paboTaHHOTO 00BEIUHHUTENS MOTYyYUIach IMUPOKOIIOIOCHON, COATaHCUPOBAHHOM,
nepecTpauBaeMoi M Macimrabupyemoi. [laHHas KOHUENIMS CYMMHPOBAHHS MOIIHOCTH JaeT
ruOKOCTh B BBIOOpE Ju3aifHa YCKOPHUTEIbHBIX KOMIUIEKCOB BHE 3aBUCUMOCTH OT YacTOT U
MOIIHOCTEH yCHIIUTENEH, KOTOpbIe eCTh B HANMU4Yuu. /st anpoOaryiyi TeXHOJIOTHI U3TOTOBIECHUS U

XapaKTepUCTUK 00beAUHUTENS ObLT pa3paboTaH M OT/aH B MPOU3BOACTBO MPOTOTHUII 4:1.

I[OHOJIHI/ITGJILHBIM NpeuMyIiCcCTBOM HUCIIOJIB30BAHUSA TaKOI'O 06LCZ[I/IHI/ITCJISI BMECTC C
paaruaJIbHBIMHU MPOMCEIKYTOUHBIMU OG’bGI[I/IHI/ITeHHMI/I OKa3ajlaCb O4YCHb HHU3Kasd, IMOYTHU HYJICBad,

MIPOIYCKHAs CIIOCOOHOCTh HAa TApPMOHHMKAX pabovel 4YaCTOTHI.
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A CONCEPT OF A 16:1 WAVEGUIDE COMBINER FOR HIGH POWER

APPLICATIONS*

Y. Y. Lozeev'’, T.A. Lozeeva, G.B. Sharkov

, A.A. Morozov

National Research Nuclear University “MEPhI”, Moscow, Russia

Abstract

A concept of a 16:1 500 MHz half Megawatt CW
power combiner based on the rectangular WR1800
waveguide and its 4:1 prototype version are presented
in this paper. This 16:1 combiner was developed for
the solid state power amplifier and is supposed to be
placed over the set of 19” amplifier racks. The
combiner is designed to be modular and scalable, so
that any number of input pairs can be added/excluded
according to number of amplifier racks and hence
output power needed. The 16:1 combiner has eight
pairs of input EIA 4 4” coaxial waveguide ports and
ends with the accelerating cavity power coupler. The
pairs of input coaxials are located on the wide side of
the WR1800 waveguide at the wavelength distance
between the pairs and end with coupling antennas.
Several design options with antenna and loop inputs
were considered during the R&D. The combiner is
designed to handle 32 kW of the input power per port
and 500 kW in total thus having the antenna water
cooling system similar to [1]. Cooling is realized via
ashortened 4 /4™ line segment and RF power is loaded
through the side line.

To check the chosen concept, a 4:1
prototype has been designed. The most critical

elements of the 16:1 combiner - inputs, output,
cooling system, tuning elements - are adopted to the
4:1 prototype with the littlest changes to practice
the performance and maintenance of these key
nodes. A rectangular output of a “door-knob” type
connector is used for prototype measurements. The
side line for 4:1 prototype has a non 50 Ohm
impedance region used for additional antenna
matching. The mock-up combiner has a very wide
~50 MHz band and good phase and amplitude
balance - less than 1% difference in S,1 and 0.5
degrees in phase. This paper contains the results on
16:1 R&D and 4:1 prototype combiner
electromagnetic design features, thermal simulation
results and variational and tuning characteristics.

INTRODUCTION

Solid state amplifiers (SSA) are lately becoming
a respectful and modern substitution to vacuum
tube sub megawatt RF power supplies. They are
usually made modular and scalable thus
consisting of individual power amplifier modules
with one or several RF transistors per module.
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They are able to generate high power RF signal
in 10-1000 MHz range and their performance and
output power level depends on the RF transistor
gain on the frequency desired and are usually
limited by 4 kW pulsed per module. To obtain
higher power levels various kinds of power
combiners are used. E.g. planar combiners of
Wilkinson or Gysel type might be used to
combine RF power from several transistors inside
the module. For tens and hundreds of kW spatial
combiners are usually used — either cavity or
various types of waveguide transition line
combiners.

The main user of sub megawatt powers at MHz
frequencies is particle accelerator community.
They are often compelled to compromise on the
accelerator facilities design with respect to the
parameters of the existing amplifiers. One of the
cases is a new Super Tau Charm Facility project
at NCPhM (Satis, Russia), where the developers
are considering to shift from the designed
frequency 500 MHz to 350 MHz [2,3]. Though it
is possible to manufacture a 500 MHz amplifier,
it becomes more complicated when the output
power to be loaded to the accelerating cavity lies
in the range of hundreds of kW. The concept of
such a SSA for NCPhM facility, capable of
delivering 500 kW at 500 MHz and its 16:1 CW
power combiner is discussed.

SUB-MEGAWATT SSA CONCEPT

The RF transistors at 500 MHz frequency are
able to produce about 1 kW of output CW RF
power [4,5], so to obtain the final 500 kW power
one will need 500+ transistors. These transistors
are usually packed into some assemblies, so that
several transistors comprise an independent
amplifying unit for several kW power. For higher
power one might sum the power from all the
amplifier units, or modules (PAMs), in one stage
— by using a cavity type or radial or coaxial type
combiner. In radial and coaxial combiners the
power inputs are located on the periphery of the
radial or coaxial line, so the combiner for 500+
inputs would be quite big. In cavity combiners
cylindrical cavities on TMo10 mode are usually
used, so that the mode spatial configuration
allows one to evenly distribute power inputs on
the cavity iris (Fig. 1). However, to excite the
TMo10 mode the cavity at 500 MHz would have
229 mm radius and about 400 mm height.
Assuming the input power is applied through

DIN 7/16 cables the surface of the cavity allows
one to distribute only about 105 inputs that is to
obtain 100-200 kW of output power. To get
more power and hence to place more inputs one
will need a larger cavity operating at different
excitation mode, which leads to another,
inconvenient (if ever possible), placement of the
inputs.

The other way of combining — by using a cascade
of 2:1 or 3 dB combiners (magic-Tees, rat race
etc.) implies several percent of power losses
along the summation tree. Besides, when one of
the PAMs, connected to the 2:1 combiner ports,
performs poorly or is turned off the power from
the remaining module is not transferred entirely
to the output port, but splits between the ports
and goes partly back to the unmatched turned
off module.

The remaining option here is to use waveguide
combiners with the wavelength spacing between
the inputs, that also cannot be used as a one
stage combiner for 500+ inputs.

Figure 1: 105:1 cavity combiner

So, at least two stages of power summation will
be needed. The suggestion is to use power
amplifier modules with two transistors and then
use two stages of 16:1 summation. First stage
suggests a rectangular coaxial 16:1 combiner of
[6] type. For the second stage a rectangular
waveguide combiner is proposed (Fig.2).

Figure 2: Sub-megawatt SSA concept

16:1 POWER COMBINER CONCEPT
A WR1800 rectangular waveguide based combiner

that is able to operate with 32 kW per port and 500
kW in total is shown in Fig.3.

Figure 3. 16:1 combiner concepts
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Since the combiner has to handle 500 kW in CW
regime even tenths of percent of losses will lead to
hundreds of Watts of heat and an active cooling of
whatever the coupling elements will be is needed.
During the R&D two versions of the combiner were
suggested — the one with the coupling loops and the
one with the capacity coupling antennas. Both
versions assumed the pairs of the coupling elements
to be placed on a wavelength distance on a WR1800
waveguide with one of the ends shortened and the
other one having the cavity power coupler connected.

The version with coupling loops was preferable at
first due to the enormous experience with the loop
cooling gathered from cavity power coupler
development and due to the absence of necessity to
deal with the high electric field region. The tuning of
power coupling coefficients S.; was supposed to be
done via loop rotation and the matching of the loops
was realized with the matching lines of non 50 Ohm
impedance at the entrance of each loop. Such a
system, though, turned out to be extremely sensitive
to the loop misalignments and difficult to tune. The
quite big coupling loops of the power combiner,
contrary from the cavity power coupler loops,
brought in the additional inductive load and varying
wavelength inside the WR1800 waveguide, making it
impossible to place the loops with the wavelength
spacing to even power division S.;. To match the
loops to the cavity they have to be turned by 1 degree
which is complicated both for manufacturing and
tuning. Therefore, the choice was shifted to the
antenna coupling, that did not have this drawback.
Similar power combiner with T-shaped antennas was
designed by the team of Uppsala University for ESS
facility [7], though it did not involve active cooling.
The concept of antenna coupler node with water
cooling, similar to [1] is presented in Fig.4.

Figure 4: Antenna node with water cooling

The RF power is loaded to the WR1800 waveguide
through the side 50 Ohm coaxial EIA 4 4" line, and
water flow is applied through the additional line
segment. The most heated elements would be the
antennas having the most surface current density. The
combiner is supposed to be entirely made out of
copper, except for the parts that have to contact with
water. Calculated power losses for copper combiner
are equal to 625W, which means from the previous
experience the real losses will be about 3 kW due to
copper surfaces oxidation and connection resistance.
For reference, the more available and cheap
Aluminum combiner would dissipate about 13 kW of

RF power, which leads to higher antenna
temperatures and more transistor loading to
compensate the dissipated power.

The combiner, that can be also treated as power
divider S-parameter-wise, is tuned to have low return
losses (Fig. 5) and good power division balance — Sy,
oscillates in the range of 0.05 dB with the divided
signal phase difference of about 1° @ 500 MHz. The
signal is applied to each pair of inputs out of phase,
meaning that one of the first stage power combiners
inside the amplifier rack will generate signal shifted
at 180° from the other one. The combiner has a
bandwidth of about 50 MHz @-3 dB from the regular
Sn1 operating value. One can see that this system does
not let the harmonics from power amplifier module
through (Fig.6). Such a scheme is an additional
benefit in contrast with vacuum tubes and other types
of SSA’s power combiners.

Since the antennas are placed to the region of
electric field maximum peak surface fields have to be
controlled. Peak E field at 500 kW power level does
not exceed 0,56 MV/m, which is lower than
traditionally considered 3 MV/m being the
breakdown electric field strength for dry air.

Figure 5: 16:1 combiner S-parameters in 498-502 MHz
range

Figure 6: 16:1 combiner output signal in 0-3.5 GHz range

4:1 POWER COMBINER PROTOTYPE

To test the performance of the key nodes of the
main 16:1 combiner a 4:1 prototype was designed for
fabrication and measurements. The minor
modification of antenna tip and adding one more
matching line to the antenna coupler node were the
only differences from the main combiner antenna
coupler node (Fig. 7).

Figure 7: 4:1 prototype antenna node

The 4:1 prototype combiner is designed with the
output 4 /4” waveguide and its matching “door-knob”
element. The 4 1/2”-to-N connector adapter is used
for S parameter measurements and a 4 1/2” dummy
load is connected for full power tests. The combiner
is supposed to be tested in three regimes — 10 dBm to
the output port for S parameter measurements, 2,5
kW per port from single PA module and 10 kW per
port from four PA modules. The 2,5 kW regime does
not require active cooling, since the thermal
simulations show the antenna tips will only be heated
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to 67°C with the natural convection only, which is a
fine copper temperature during the operation (Fig. 9).

Figure 8: 4:1 prototype S-parameters

Figure 9: 4:1 prototype thermal simulation results

The 10 kW per input regime will require active
water cooling under 5 bar pressure to hold the antenna
temperature within 50-60°C region. The water is
applied to the inner shell of the water circuit, and the
reverse flow goes through the outer shell (Fig.4). The
bottom of the circuit is optimized to have conical or
other convex shape to preserve as much as possible
the water flow velocity and heat transfer, that worsens
when the bottom is flat (Fig.10).

Figure 10: Water flow velocity in the water circuit with
conical bottom

The tuning of the ready-made prototype combiner
is discrete and is realized via PTFE or POM-C inserts
of half-a-cylinder shape size variation (Fig.11). They
also act as an additional supporting and centering
elements to the antenna assembly. By varying the
length of dielectric inserts with the 5 mm step one can
tune both the return losses value (Fig. 12) and the
power transfer coefficients S,;.

Figure 11: PTFE or POM-C inserts in the 4:1 prototype

Figure 12: Combiner impedance curve with the dielectric
inserts length variation

Mechanically prototype consists of four types of
subassemblies: main waveguide casing with inbuilt
output interface; matching line; antennas; input lines
terminated by the input interfaces.

To reduce the impact of imported rigid line
component’s availability, the waveguides are
designed based on off-the-shelf available tubes. The
electrodynamical calculations were performed to get
good matching for tubes of standard sizes. Only outer
pipes of coaxials are taken from COM-TECH
rigidlines manufacturer.

Main waveguide casing is made of 3 mm laser
welded copper sheets with custom weld neck flanges
for further input lines mounting. Output interface is
COM-TECH D-PC130P.

Matching line consists of coaxial welded copper
tubes: commercially available tube with 230 mm
outer diameter and COM-TECH Rigidline D-

RL1030. Tubes are interconnected via set of custom
connecting elements.

Antennas are thoroughly described earlier in the
text.

Input lines are also made of welded COM-TECH
Rigidline tubes and set of custom copper elements
soldered by silver-based alloy. Orthogonal parts of
the input lines tied to the main parts by the aluminum
clamps. Antennas assembled with the input lines via
connecting flanges (Fig 7, left) and taper electrical
connectors (Fig. 7 up). Such design allows relatively
fast and simple disassembly of antennas in case of
dielectric inserts change, yet at the same time doesn’t
deteriorate waveguide characteristics.

CONCLUSION

The concept of a high-power CW 16:1 power
combiner and its 4:1 prototype version was discussed.
The combiner is based on a WR1800 waveguide and
is optimized to handle 500 kW of output RF power,
having cooled coupling antenna tips. The combiner is
designed broadband, balanced, tunable and scalable.
This concept of power combination gives the
flexibility in synchrotrons design regardless of power
and frequency of amplifiers. To test the
manufacturing  technologies and  combiner
performance a 4:1 prototype was designed and
ordered for production.

Additional benefit of the use of proposed combiner
together with the intermediate stage combiners is a
very low, almost zero, throughput of harmonics.

REFERENCES

[1]1E. Rampnoux et al., “Design of 352.21 MHz RF power input
coupler and window for the European Spallation Source
project (ESS)”, in Proc. of SRF2013, Paris, France, pp.1069-
1072

[2]https://ctd.inp.nsk.su/wiki/images/f/f3/CDR2_ScTau ru_vol2
.pdf

[3] https://ctd.inp.nsk.su/c-tau/

[4]https://www.nxp.com/docs/en/datasheet/ MRFE6VP61K25H.
pdf

[5] https://www.nxp.com/docs/en/data-sheet/ MRF 1K 50N.pdf

[6] G.B. Sharkov et al., “High power solid-state amplifiers. New
developments and technology comparison”, in Proc. Of
LINAC2014, Geneva, Switzerland, paper TUPP137, pp. 733-
735

[7] V.A. Goryashko et al., “A megawatt class compact power
combiner for solid-state amplifiers”, Journal of

Electromagnetic Waves and Applications, vol.28, no.18,
pp.1-13,201

26



27





