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B Uncturyre sinepHoii puzuku Cubupckoro otaneneHuss Poccuiickoit akanemun HayK coBMecTHO ¢ MH-
CTUTYTOM IIPUKJIagHOM pr3nkm Poccuiickoii akameMny HayK OBLI IIPEIIOXKEH IIPOSKT CyOMIUIMMETPOBO -
o Jlazepa Ha cBOOOOHBIX ayiekTpoHax (JICD) Ha 6a3e pesIITUBMCTCKOIO 3JeKTPOHHOTO ITy4Ka, TeHepupye-
MOT0 B JUHeiiHOM MHOyKUnoHHOM yckoputene (JIMY). CornacHo HamiemMy TeopeTHYeCKOMY aHaJIM3Yy,
3JIEKTPOHHBII ITy4yoK, co3nasaeMblii B JINY (sHeprust E, = 5 MaB, Tok [, = -2 KA, HOpMaJIM30BaHHbIIA

sMuTTaHC €, ~ 1100 T - MM * Mpan), ABIseTcs NOAXOASALLMM IpaiiBEpoM Ul TeHepaluy CyOruraBaTTHbIX UM-
MYJILCOB KOTEPEHTHOTI'O 3JIEKTPOMATrHUTHOTO M3IIydeHUs B cyoMmmmMeTpoBoM nuara3one (0.3—1 TTix). [pen-
CTaBJICHBI OCHOBHBIE MPEeMIOXeHM I10 co3naHmio JICD-reHeparopa Ha 6a3e 3JeKTPOHHOTIO MyJYKa JMHEITHOTO
WHIYKIIMOHHOTO YCKOPUTEJIsl, U3JIOXKEHBI OCHOBHbBIEC 3aJla4M MPOEKTa 1 OMUCAHBI MpeajiaraeMble METOIbI
ux pemreHusi. OOGCYXIAIOTCS PE3YIbTAThl AJIEKTPOHHO-ONTUUECKUX IKCIIEPUMEHTOB 10 (POPMUPOBAHUIO
My4yKa, NpegHa3HaAaYeHHOTO JUIsl UCTIOJAb30BaHUS B JIa3epe Ha CBOOOIHBIX 2JIEKTPOHAX.
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BBEAEHUE

IIpoexT MOIIIHOTO Ja3epa Ha CBOOOIHBIX DJIEK-
TPOHAaX, CITIOCOOHOTO TeHEPUPOBATh UMITYIbChI KOTE-
PEHTHOTO 3JICKTPOMarHUTHOTO U3JIyUeHUsl B Auara-
3oHe yacToT 0.3—1 TIt, pa3BuBaeTcss B HacTosIee
BpeMsI B corpynHudectBe AP CO PAH (Hosocu-
6upck) u UI1® PAH (Hwxuuit Hosropon) [1, 2].
OCHOBOI1 3TOTO ITPOEKTAa CTAJI HOBBII TMHEUHBIN MH-
NYKITMOHHBIN ycKoputenb (JINY), mocTpoeHHBII He-
naBHo UA® CO PAH coBmectHo ¢ BHUUT®-
POALL [3—5]. BroT JINY mnos3BoisieT popMupoBaTh
peIITUBUCTCKME 3JeKTpoHHBIe Iyuku (POII) ¢
sHeprueil 1o 10 M»B, Tokom 10 2 KA, IJIMTETBHO-
cthio 10 100 HC W HOpPMAaJIM30BaHHBIM AMUTTAHCOM
~1100 7t - MM - Mpan [4, 5]. OTIUUYUTEIBHON OCOOCH-
HoCTbI0 HOBOTro JINMY oT 3apybeXHbIX aHAJIOTMYHBIX
YCTaHOBOK [6—13] sIBNIsteTCs TIpUMEHEHNE TUCKPET-
HoIi (poKycupytollieit MAarHUTHOM CUCTEMBbI. DTa Mar-
HHUTHasI cucTeMa yIrpomiaeT HacTtpoiky JIMY mpm

BBIBEICHUU €r0 B ONTUMAILHBINA pEeXXUM pabOThI U
MO3BOJISIET PeAIM30BaTh YCIOBUS TIPOXOXKICHUS TTyU-
Ka, TIPEerSITCTBYIOIIME Pa3BUTUIO €T0 IITOMOPHOTO
NBVDKEHMSI, M3BECTHOTO TI0J TEPMUHOM corkscrew
motion [14]. BMecTe ¢ TeM Takast MarHUTHAsI cCUCTeMa
obecrieunBaeT JOCTaTOUHYIO YCTOMUYMBOCTD IMy4YKa 1Mo
OTHOIIIEHUIO K TTonepeyHoil HeycToiurnBocTu (BBU-
instability) [15—17]. TlpumeHeHUE 3SJEKTPOHHOTO
My4yKa ¢ yKa3zaHHBIMU BbILIE MapamMeTpaMu B coueTa-
HUU C BBICOKOCEJIEKTUBHOU 3JIEKTPOIUHAMUNYECKOM
cucrtemoii JICD mmamerpom ~40—50, tme — mimHa
BOJIHbI T€HEPUPYEMOTO U3JYUYEHUS, MO3BOJUT pea-
JIM30BaTh JUIMHHOUMITYJIbCHbIE JICOD-reHepaTopsl B
cyOTepareplioBOM M TepareplioBoM IMana3oHax C
CyOTrMraBaTTHbIM YPOBHEM MOIITHOCTH Y PEKOPAHBI-
MU 3HAUYEHUSIMU SHEPTOCOAEPKAHUST B UMITYJIbCE U3-
aygerns ~10—100 Ox [1].

CO3}IaHI/IC Takoro wuctoyHuka TI II-U3JIy4CHU A
IpeacTaBIACT HECOMHEHHBIN MHTEPEC CO CTOPOHDbI
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Yckopstionmit Moayab

653

Mepuoanueckas

CTPYKTypa 14 momyneit

»

Cexknus
JICD

Puc. 1. O611ast cxema ycKopuTeabHOro koMruiekca JIMY mis nonydyeHus mydka ¢ SHeprueii ajieKrpoHos 10 10 MaB. Yckopu-
TeJIbHbIE MOMYJI M MHXEKTOP MOKa3aHbl YePHBIM IIBETOM, TaTYNKU TTOJIOXKEHUS ITyIKa N300paxkeHbI (PUOTETOBBIM, TOTYObIM
IIBETOM MOKa3aHa JUCKPETHAsl CUCTeMa MMITYJIbCHBIX MATHUTHBIX JIMH3.

HcclieqoBaTeNiecii B pa3IMYHbIX HAYYHBIX OOJIACTSIX:
$U3UKe, XUMUU, OMOJIOTUN U MEOUIINHE, B KOTOPBIX
M3y4aoT BO3ICHCTBHE MOTOKOB TAaKOTO M3ITydeHUS
Ha OopraHMYecCKHMe W HeopraHmuyeckKue BelllecTBa, a
Tak:Ke Ha OuoJiornyeckue oobeKThl. Bhicokas criek-
TpaJibHasl TJIOTHOCTb MOIIHOCTU W3JIy4YeHUSI MOpU
BO3MOXHOCTH BapbUPOBaHUS €0 YaCTOThI IIO3BOJIAT
HCIOJIb30BaTh 3TOT Te€HEPaTOop IJIsl IIPOBEASHMS MC-
cJIeqoOBaHWI HOBBIX SIBJICHWI M BaXKHBIX 3aKOHOMEP-
Hocreii B cyo-TT u TTu nuanazonax [18, 19].

CrienmyeT OTMETUTh, UTO MCCIEIOBaHMs, HAIIpaB-
JIeHHbIe Ha co3gaHue MoIIHBIX JICD-reHepatopoB
TTu-guana3oHa, IIPOBOJISATCS B HAYYHBIX JJabopaTo-
pUSIX U LIEHTpaX B 3HAYMTEJIbHOM 4uciie cTpaH: [ep-
maHuu, Benukoopuranuu, CIIA, Kopeu, Kuras,
Slnonum n Poccum [20—26]. HecMoTpst Ha 3KeCTKYIO
KOHKYPEHIIMIO B 00JaCTA JOCTMXKEHUSI PEKOPIHBIX
3HAYEHUU TTMKOBOU M CPEIHEN MOIIHOCTEN U3JTyye-
HUSI B HCCJENYEMOM Jualia30He 4acTOT MHPOBBIM
JuaepoM ceronHs siBisietcss HoBocubupckuii JICD
(Novo-FEL), pazpaboraHHblii u co3gaHHblii B USAD
CO PAH [27, 28]. Ilpu sHeprum 3J1eKTPOHOB My4Ka
1o 12 M»sB stort JICD reHepupyeT u3inydyeHue B 4a-
crotHoM uHTepBaie 1.2—2.5 TI B popme nociemoBa-
TEeJIPHOCTH MMITYJILCOB ¢ IuTeabHOCThIO 30—100 1c
MpY TTMKOBOU MolHocTu 10 1 MBT ¢ uHTEpBasom
MeXIy uMnyJjibcaMmu okoJjio 180 He.

IMpuHIUNIMATBHBIM OTJIMYMEM IpenJiaraeMoi Ha-
MU cxeMbl JICD oT peajlu30BaHHbBIX paHee SIBJISIETCS
WCMHOJIb30BaHE UHTEHCUBHBIX POII, hopMupyeMbIx
B JINY c Gonbuieil IIUTEILHOCTbIO UMITYJIbCa TOKa
Mmyyka, JocTuramplieii coreH HaHocekyHa. Couerta-
HHUE TAKOU UIUTEITBHOCTU UMITYIbCA C KUJIOAMIIEP-
HBIM YPOBHEM TOKA My4YKa OTKPBIBAET BO3MOXHOCTh
CO3IaHUS IMHHOMMITYIBbCHBIX JICHD-reHepaTopoB
KorepeHTHoro TT1I U3JIydeHUsI ¢ OTHOCUTENBHO Yy3-
KOU cHeKTpanbHOW JWHUENH MNpU CyOrnuraBaTTHOM
YPOBHE MOIIIHOCTU C 3HEprosanacoM B HUMIIYJIbCe
Maciuraba 10—100 Ix [2, 29].

Hacrosiiast ctaThsl mocBsillieHa TeKylei cTaauu
pa3pabotku u cosmanus JICD-reHeparopa. Ilpen-
CTaBJIEHbI PE3YJIbTaTbl TECTOBBIX JIEKTPOHHO-OMNTHU-
YECKHUX IKCIEPUMEHTOB 110 (DOPMUPOBAHUIO UHTEH-
cuBHoro POII nng npumenenus ero B JICHD. Onuca-
Hbl OCHOBHBIE COCTaBJISIONINE MAarHUTHON CUCTEMBbI
JICD, koTopas BKJItoYaeT MarHUTHbIE JIMH3bI U COJIe-
HOWUJI BEIyIIEr0o MarHUTHOTO TIOJIsl. DTU COCTaBJISIIO-
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II1€e JOJKHBI 00eCIIeUUTh MAarHuTHY10 KOMIIpECCHUIO
CCUYCHMA ITydKa U IMOCJICAYIOIIECE €TI0 IMPOXOXKACHUE B
CXKaTOM COCTOAdHUMN 4YE€PE3 IBJICKTPOAMHAMHNYCCKYIO
CUCTEMY, TI'I€ ITYYKOM HaKaiuBaAC€TCA IJICKTpoMar-
HHWTHAasA BOJIHA B YCJIOBUAX €TI0 IBU2KCHUA B OHAYJIA-
TOPHOM MarHMTHOM II0JIC.

CUCTEMA ®OPMHUPOBAHHMA
MHTEHCHUBHDLIX PEJIATUBUCTCKHUX
OJIEKTPOHHBLIX ITYYKOB
B KOMIUJIIEKCE JINY

Cxema JIMHEHHOTO MHAYKIIMOHHOTO YCKOPUTEJS C
IMCKpeTHOI (hoKycupyloleil cuctemoit (cMm. [4, 35,
30, 31]), xoTophlii obOecneynBaeTr (hopMHUpPOBaAHUE
KWJIOAMIIEPHOTO 3JIEKTPOHHOTIO ITy4Ka, MOAXOAsIIe-
o JUIsI TeHEpalMy TepareploBoro usaydeHus B JICH,
npeacrtanieHa Ha puc. 1. Cucrema (popMuUpOBaHUS
MyykKa BKJIIOYAET B ce0sl TPU OCHOBHBIX BJIEMEHTA:
WHXEKTOD 3JIEKTPOHOB, YCKOPUTEbHAS CTPYKTYpa 1
MarHuTHag GOKycupyolas cucreMa. OMHCCHS
3JIEKTPOHOB C MaKCUMAaJIbHBIM TOKOM 2 KA TTPOHUCXO-
JIUT C TIOBEPXHOCTU HAKAJIMBAeMOIO METaJIONOpU-
CTOr0 OKCUJHOTO KaTtona nuameTpoM 180 MM, ycTta-
HOBJIEHHOTO B UHXEKTOPE B YCJIOBUSIX SKpAaHUPOBa-
HUYSl BHEIIHUX MArHUTHBIX MoJjieid. DjeKTpuueckoe
MoJie, CO3/IaBaeMOe YCKOPSIOIIEH CUCTEMO MHKEK-
TOpa, JOBOJUT DHEPTUIO BJIEKTPOHOB HA BHIXOIE U3
WHXeKTopa 10 ypoBHs 2 MaB. ChopMupoBaHHbIii B
WHXXEKTOpPE BJICKTPOHHBIN IMy4YOK Jajiee MoraaaeT B
yCKOpsIolyo CTpyktypy JIMY, cocrosiinyio u3 ne-
pUOAMYECcKOU TocienoBaTebHOCTU 20 yCKOPUTEb-
HBIX Momyieit. DOKyCHMpOBKa IydKa B 3TOM CTPYKTY-
pe obecneumBaeTcd HabopoM U3 34 MMIYJIBCHBIX
MarHUTHBIX JUH3, UIMHOI okojio 200 MM Kaxpgas.
MakcuManibHO€ MarHuUTHOE MoJjie B JIMH3aX MOXET
nocturath 3HadeHuit 0.08 Ti. Yckopsiolee Hampsi-
JKeHUE B MOMYJSIX MOXET BapbUPOBAThCSI B 3aBUCU-
MOCTHU OT TOTPEOHOCTEN IKCIEpMMEHTa B Tpeaenax
or 100 no 400 xB. Takum obpazom, manusbiit JINY
MO3BOJISIET MOJIYYaTh Ha €TO BBIXOJE CHJIILHOTOUHBIMA
P3OII ¢ sneprueit 1o 10 MaB, u TokoMm 10 2 KA. Ilpu
3TOM BaXXHO OTMETUTD, UYTO B MpPOLIecce TPAaHCTIOPTH-
poBkU U yckopeHusi POII B yckopuTenbHO CTPYKTY-
pe JJNY nuameTp 3JeKTPOHHOIO Mydyka B COOTBET-
CTBHE€ C BbIOPAHHBIMM TIPU HACTPONKE YCKOPUTEJIS
napameTpamMu HOKyCUPYIOLIEH CUCTEMBI TJIABHO W3-
MEHSIeTCSI OT 8 CM Ha ee BXojie 10 4 CM Ha ee BBhIXOJIE.
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B pamkax 3To0i1 cTaThyl MBI OIUIIIEM PEKUMBL pa-
ootel JIMY mpu moirydeHUM ITydyKa SJIEKTPOHOB C
sHeprueil 5 MaB u TokoM okono 1 KA, MOCKOJIBKY
WMEHHO 3TW MapaMeTpbl OKa3aJluch HauboJjiee Mo~
XOISIIIMMU JIJIsl TPOBEACHUSI TIEPBOM CepuU DKCIIe-
PUMEHTOB IIpU UCHOJb30BaHUM mydyka u3 JIMY B Ka-
yecTBe apaiiBepa JICD-reHepaTopa.

SKCITEPUMEHTHI 110 OBECITEYEHW IO
YCTOMYHUBOCTU BJIEKTPOHHOTIO ITYYKA
B JINY U ETO KOMITPECCHUHA
B CUCTEME JICD

HeoGxomnMbIM yCIOBUEM HOCTUKCHUSI MaKCU-
MasibHO# 3ddekTuBHOCTH TeHepaumu TIo-n3nmyde-
Hus B JICO gBisieTcsl obecrnieueHrue MUHUMAaJTbHOMN
BEJIMYMHEI pa30opoca B IIPOAOJIbHOII CKOPOCTHU 3JICK-
TPOHOB ITy4Ka IIPU €T0 MPOXOXICHUM B DJICKTPOIHA-
Muueckoii cucteMe. CoIIacHO HAllIMM OLIEHKaM, BeJIr-
YHA JOITyCTUMOTO pa3dpoca B IIPOAOJIbHOM CKOPOCTH
BJIEKTPOHOB OITpenensieTCs BhIpakeHneM [31]:

1
Bl LY 1P
Bl e 2 L1 (1)
I,\r) v
rae I',,, — MPOCTPaHCTBEHHBI MHKPEMEHT HapacTa-
HUS HEYCTOMYMBOCTH, OOYCIaBIMBAIOIIE reHepa-
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rajia OHIYJISITOPHOTO MAarHUTHOTO MOJIST, m — Macca

2
SJIEKTPOHA, ¢ — CKOPOCTh CBETA, Y, = 1/ V1-;.

[1Ipu HaMMUMK >HEPreTUIECKOTO U YIJIOBOTO pa3-
OpOCOB CKOPOCTEii 2JIEKTPOHOB MX BKJIAAHEI B pa3dopoc
1O TIPOIOJBHBIM CKOPOCTSIM OLICHMBAIOTCS CJICOYIO-
LM 00pa3oMm:
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2r; %
rae AE — pa30dpoc 1Mo 3HEPrUusIM 3JeKTPOHOB B ITy4-
Ke, €, — HOPMaIM30BaHHBI! SMUTTAHC ITyYKa, a 7;, — pa-
mmyc 1mydka B cekumn JICH. OuenmBast 3HaAUSHUS 3TUX
BKJIAJIOB TS ITy4Ka ¢ TOKOM 1 KA, sHeprueit 5—7 M»3B,

. . A
yeli dHepreTUYecKuii pazdpoc Y
Yo
1-2%, a HOpPMaJM30BaHHBIM SMUTTAHC OKOJO
~ 10007 - MM - Mpag, ipu , ~ [0 MM u A ~ 0.5—1 Mm
JIETKO yOemuThbesi, 4To yciaoBue (1) BBIIOIHSIETCS B
noHoi Mepe. CiemoBaTeTbHO, TIPH YK€ JOCTUTHYTBIX

HE TIPCBLIIIACT

MN3BECTUA PAH. CEPUA OU3NYECKAA

CAHIAJOB u mp.

rmapamMeTpax 3JeKTPOHHOIO ITydKa, TeHEpHpPyeMOIO B
JINY, Takoit mydoK MOXKET OBITh NCITOJIb30BaH B Kade-
ctBe npaiiBepa JICD ¢ MakcuManbpHOM 3(HEKTUBHO-
CTBIO TeHepalM U3IydeHus Ha ypoBHe 2—3% [1, 29].
Heo06xoaMo oTMEeTUTh, UTO JJIs1 YMEHbBIIIEHUST Hepre-
THYECKOTO U YIJIOBOTO pa30pOCOB JIEKTPOHOB ITy4Ka B
JINY On1a mpomenana OosbiIag padora [31] mo Ha-
CTPOIKE peXXMMOB PabOTHI YCKOPUTEJISI, O0ecreurnBa-
IOIIMX HEOOXOMAMMOE KadyeCTBO TPaHCIOPTUPOBKU
nmyyka. PaccMoTpuM oauH 13 acCEeKTOB 3TO# padoTHhI,
Kacawuuiicss obecreyeHusl YCTOMYMBOCTU ITy4yKa
MpU €ro TpaHCOOPTUPOBKE U ycKopeHuU B JINY. U3-
BECTEH LEJIbIi PsIl HEYCTOMYMBOCTE CUJIbHOTOYHbBIX
IEKTPOHHBIX MydkoB B JIMY, KoTophie BIMSIOT Ha
MPOIIECC €ro TPAHCIIOPTUPOBKU M YCKOPEHUS: IIOIe-
pedYHasi HEyCTOMYMBOCTh 3JIeKTpoHHOrO ITydyka (BBU-
instability) [15—17]; 1uTOmMOpHOE ABWXKEHME ITydyKa
(corkscrew motion) [14], MOHHO-1IIJTAHTOBAsI HEYCTOM -
4yuBOCTb (ion-hose instability) [32]; HEyCTOMYNBOCTH
9JIEKTPOHHOTO My4YKa, OOYCJIOBJIEHHAsI CMEIeHUEM
3apsanoB nzoopaxenus (image displacement instabil-
ity) [33]. Cpenu ykazaHHBIX HEYCTOMYMBOCTEM HaM-
OoJiee onmacHO 111 MPOBOAKU ITydyka B HaieMm JINY
SIBJISIETCSI TIOTNepeuHasi HeyCTOMUYMBOCTh. B pe3ynbra-
T€ Pa3BUTHUSI UMEHHO 3TOI HEYCTOMYMBOCTU HE TOJIb-
KO HaOJIogaeTcs yXyAlleHue MUKPOCKOITMYECKUX
XapaKTepUCTUK MydKa, HO 0oJjiee TOro, IIpyu 3HAUYU-
TEJIbHOI BEJIMYMHE €€ MHKPEMEHTa MOXET IIPOUCXO-
JIUTH ITOTepsI IydKa Ha CTeHKaX Kamephl apeiida. Me-
XaHU3M BO30YXXIEHUSI 9TOM HEYCTOMUMBOCTU OIpe-
JeJisieTcsl B3auMoJieiicTBreM cujibHoTouHoro POIT ¢
MOJISIMHU TUITOJILHBIX MO, BO30Y>KIaeMbIX UM B I1O-
JIOCTSIX YCKOPUTEBHBIX Moayieii [15, 16, 30]. Bemen-
CTBHME 3TOr0 B3aMMOAEHCTBUS DJIEKTPOHHBINA ITy4YOK
HaYMHAaeT KoJiebaThCs B IMTOTIEPEYHOM CEUYSHUM BaKy-
YMHOM KaMepbl ¢ aMIUIUTYAOM, 3KCIIOHEHIIMAJIbHO
pacTyl1ieil mo Mepe ero MpoABUXEHUSI IO CTPYKTYpe
yckopurensi. B cinyyae JIMY ¢ HenpepbIBHBIM (hOKY-
CUPYIOIIUM MarHUTHBIM IOJIeM 0000IIeHHOE BhIpa-
XKEHHUE I aMIUTATYIbI KOJIeOaHU [IeHTpourIa ITyd-
Ka (LIEHTPOUII — 3TO LICHTP paclpeAesieHUs TTIOTHOCTU
3apsifia B MONEPEYHOM CEUCHUH ITyYKa), OCHOBAaHHOE Ha
pesynbTatax Teopun Hunma—Kynepa—Xosia, onuchi-
BaeTcd CIICAYIOIINM BhIpaxkeHueM [16]:
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I o —’bgk , (5)
2
B dz

e &, — 9To HaYaJIbHAs aMIUTUTYaa KOJIeGaHU LIeH -
Tpouaa mydyka, N — HOMEp YCKOPUTEIbHOTO MOOYJIS,
Yo U Yy — TaMMa-(aKkTopsl IyyKa Ha BbIXOAE U3 UH-
XeKTopa u 1mocie N-To yCKOPUTEIbHOro Moayist, I —
VHKPEMEHT ITIONIEPEYHON HEYCTOMUMBOCTH, [, — TOK
nydka, B — cpemHee MarHUTHoe Ioje (hpoKyCHUpYyIo-
Ne 5
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Puc. 2. 3aBucruMocTt joraprudma MaKCUMaJIbHOM aMILUIMTYIbI KoJiebaHMit mosieit Mokl oT HoMepa MoayJist JIMY B Tpex pexu-

Max ero paboThl. PeXXMMBI ¢ OIMHAKOBBIM TOKOM ITy4Ka 1 KA 1 pasHbIMM nosiMu B pokycupytouieii cucreme JINY (a): B,

=0.04 Tnu B, = 0.08 Tin; pexxuMsl B oqrHakoBoM T1osie B,, = 0.08 Tu1 1 pasHbIMM BeJIMYMHAMU ToKa mydka: 1 u 1.4 kA (6).
m . m
ITyHKTHpOM NOKa3aHbI TUHEHHBIE alIITPOKCUMAIIUY SKCITEPUMEHTAIbHBIX TOYEK.

et cucreMbl, k — KO3(GGUIIUEHT CBSI3U 3TOM MOIBI
¢ mydkoM, U u Q — ycpemHeHHasI o BpeMEeHU SHep-

TUSI 3TOI MOIBI U €€ TOOPOTHOCTh, B, — TIoTiepevyHast
KOMITOHEHTA MAarHUTHOTO TI0JISI AUITOJIbHOM MOIBI 11O
OTHOIIIEHUIO K OCU YCKOPHUTEJIS.

ITockonbKy BbIpaxkeHUs (4)—(6) OAlOT TOJBKO
MPUOIMXKEHHYIO OLIEHKY aMIUIUTYIObl KojieGaHuit
Myyka B 3aBUCUMOCTU OT OCHOBHBIX IlapaMeTpOB
JINY, BHamm ObLT pa3paboTaH BBIYMCIMTEILHBIN
komiuiekc nporpamMm IRBIS (Investigation of the rel-
ativistic beam instability) aj1s1 MonepoBaHMs TTOTIe-
pedHoii HeycToiunBocTU B JIMY ¢ nuckpeTHoii ¢o-
KycupoBKoit [34], TTO3BONSIIOLINI MOAEIUPOBATh €¢
pa3BUTHE IJIS1 KAXIOTO pexXrMa paboThl YCKOPUTEIS.
C MOMOIIIbIO 3TOTO0 KOMILIEKca IporpamMM ObUTY MO-
STAITHO PAaCCUUTAaHBbI, a 3aTeM peaTn30BaHbl B dKCIe-
pUMEHTaX HECKOJIbKO MOoauduUKalMii TreomMeTpuun
YCKOPUTEJbHBIX MOIYJIe, TMO3BOJUBIINE CYIIe-
CTBEHHO YMEHBIIUTh WHKPEMEHT TOIEePEYHON He-
ycroitunBoctu [30]. DTU Mepbl MO3BOJIMIM HaM Ha
nepBoM 3tare crpoutesibetBa JINY, cocrostiiem u3 8
YCKOPUTEJIbHBIX MOJYJIEi, YMEHBIINUTh 3TOT UHKpE-
MEHT Ha MOPSIOK BeJWYMHbI. B pesynbraTe 3TOrO
yIJIOCh OCYILIECTBUTh YCTOMYMBYIO TPAHCIIOPTUPOB-
Ky 2J€KTPOHHOIO Mmy4ykKa ¢ TOKOM 2 KA U 3Heprueu
5 M3B npu aMIuiuTyde TOIEPEeYHbIX KOJIEOaHWA
myyka, He mnpesbinampieit 0.1 MM Ha BbIXoAe U3
yckopurtens [4, 34].

Ha cnenyroiiieM atamne yckopurtesibHasi CTpYKTypa
JINY 6b11a yBenuueHa ¢ 8 go 20 Momyseit, a MarHuT-
Hasg okKycupylomiasgs cuctemMa — 10 34 MarHUTHBIX
JIMH3 C MaKCUMaJibHbIM mojieM Ha ocu 0.08 T, npu
3TOM 0011asl JIMHA ycKopuTesist nocturia 30 m. s
JIOTIOJTHUTEIbHOTO YMEHbIIEHUSI MHKPEeMEeHTa Tore-
PEYHOIl HEYCTOMYMBOCTH, KOTOPBIA IIPOIOPLIMOHA-
JIeH 1oopoTHocTu Moz (cM. (5)), HaMu ObLI paccum-
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TaH U IIPUMEHEH B YCKOPUTEILHBIX MOIYJISIX HabOp
MOMIOTUTEJIC SHEPTUU MOJ, HA OCHOBE PaIMOIIOTIO-
maromero marepuana. I[Ipm 3ToM oKazaaoch, 4YTO
JTOOPOTHOCT BCEX Haubojee HEYCTOMYMBBLIX IU-
MOJIbHBIX MOJ, JieXallluX B YaCTOTHOM Juama3oHe
700—850 MTI11 u obyagaroninx HauOOJBIIMMU KO3 -
dULIMEeHTAMU CBSI3U C IYYKOM, OBIIIM MTOHUKEHHI 10
ypoBHsa 15—20, KpoMe OOHOI MOABI C YacTOTOM
450 MI1u, 1o6pOoTHOCTH KOTOpoii ObL1a oKoyio 30—35.
1t cormocTaBieHUs pe3yIbTaTOB MOJASINPOBAHUS U
SKCIIEPUMEHTAIBHBIX JaHHBIX HAMU ObLJIa TIpOoBeae-
Ha pEeTUCTpalysI CUTHAIOB C OBICTPBIX TpaHCchOpMa-
TOPOB TOKA KaXXJ0T0 YCKOPUTEIBHOTO MOIYJIsI, KOTO-
phle TIPOTTOPLIUOHANILHBI ITOJISIM TTyYKa U BO30YKIae-
MBIX MM munojbHbiX Monm [34]. IlockoinbKky B
CMEKTpaxX 3TUX CUTHAJIOB MpeBajupoBaia rapMOHUKaA
¢ yacrotoii 450 MIT1, To oJI9 MOTyYeHUsT IKCIIepHr-
MEHTAJIbHOTO 3HAYEHUSI MTHKPEMEHTA MbI IIPOAHAJIH -
3UPOBAIN 3aBUCUMOCTh MAKCUMAJIBHON aMIUTUTYIbI
KoJiebaHUl curHaia ¢ TpaHcopMaropa ToKa ¢ 3Toit
YacTOTOI B TeUEHHUE TTOJJOYKU MMITYJIbCA TOKA IJIU-
TenbHOCTRIO ~100 HC OT HOMEpa YCKOPUTEIIHLHOTO
monyiasi. CpaBHUTENIbHBII aHalIU3 IOJy4EeHHBIX B
pacueTrax U 3KCIIepUMeHTaX UHKPEMEHTOB HEeYCTOM-
YUBOCTM MpeNcTaBieH Ha puc. 2. Ha atoM pucyHke
TOYKAMU TTOKa3aHa JioraprudmMuieckast 3aBUCUMOCTb
MaKCUMaJIbHOM aMITIUTYAbI KOJIeOaHU cCUTHaa, 3a-
pETMCTpUPOBaHHAsI C TOMOIIBIO OBICTPBIX TPaHC-

(hopMaTopoB TOKa, a caM MHKpeMeHT I',,, ObLT orpeie-
JIEH MO TAHTEHCY yIJla HAaKJIOHA JIMHEWHOM arIpoKCU-
MalliM 3aperMCTpUpPOBaHHBLIX HaHHBIX. Llndpamm Ha
JJaHHOM PUMCYHKE IONIIMCAHbI 3HAYEHMSI PACUECTHOTO
I';, n akcniepumMeHTasbHoro I',,, 3HAYEHU T MHKPEMEH-
Ta MIONEPEIHOM HEYCTOMIMBOCTH IJIsI Pa3IMIHbBIX pe-
XKHUMOB padbotsl JINY.
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Puc. 3. Cxema 3KcIleprMeHTa MO0 KOMITPECCHH ITyuKa (a): I — BBIXOIHOM YCKOPSIIOIINiA MOIYJIb, 2 — COIVIACYIOIasi MarHUTHAast
JIMH3a, 3 — MaTYMK MEPEXOMHOTO U3TydeHHUsl, 4 — TUTIOIbHbIE KOPPEKTOPHI, 5 — MAaTYUKH TTOJIOXKEHUS MydKa, 6 — BAaKYyMHBIM
KaHaJl U1l TPaHCTIOPTUPOBKH CXKAaTOTO pydyKa, 7 — UMITYJIbCHBIN COIeHOM, § — KOJUTEKTOP Mydyka. CUHUM 1IBETOM IMOKa3aHa pac-
YyeTHast Ormbarollasi 3JIEKTPOHHOTO ITy4YKa IpHY ero MHxXeKLuu B cekuuio JICH; dhortorpadun BakyyMHoro KaHaia (6) (6) u ().

Kak moxHO yBuAeTh M3 puUC. 2, MOJy4CHHEIE B
pacyeTax U B 9KCIIEpUMEHTAJIbHBIX U3MEPEHUSIX Be-
JIMYUHBI MTHKPEMEHTOB IIOIIEPEYHON HEYCTONYMBO-
CTH Iy4ka ¢ ToKoM 1—1.4 KA commacyloTcs ¢ TOUHO-
CTBIO UBMEPEHUS 3TOIM BEJIMYMHBI, KOTOpasi COCTaB-
ns1eT 0ko10 20%. TakiM 00pa3oM MbI [IOKA3aJIH, 4YTO
MHKPEMEHT IONEPEYHOM HEYCTOMUMBOCTU IydYyKa B
JINY ¢ muckpeTHOI MarHUTHOM KOH(UTrypamuein
YMEHBILAETCS 10 MePe MOBBILLIEHNSI MATHUTHOTO T10-
JISI B IMH3aX U YBEJIWYMBAETCS C POCTOM TOKA, YTO
aHAJIOTMYHO pe3yabTaTaM, 3apeTMCTPUPOBAHHBIM B
ciygae JIMY ¢ poKycupoBKOIl HepephIBHLIM Mar-
HUTHBIM T10J1IeM (cM. [17]). B xome Hammx skcrepu-
MEHTOB IO NPOXOXIeHUIo Imydka B JIMY ycTtaHOBIE-
Ha BeJMuMHa napamerpa &, ~ 1 MkM. B To ke Bpemst
IS TIPUMEHEHMS TTyYKa B KadecTBe apaiiepa JICD-
reHepaTopa HeoOXOOUMO YIOOBJIETBOPUTH TpeboBa-
HHIO 10 OTPAaHUYCHUIO aMIUIMTYIbI KOJIeOaHWI IydKa
Ha Bbixonme u3 JIMY, kotopoe umeer Bud &, <1 MM.
Hcxons 3 3TUX 3HAYEHUIT ITapaMeTpoB U OPMYIIbI
(4), MOXXHO yKa3aTb IpaHUILy J1JISI MAKCUMAJIbHOM Be-
JIMYMHBI UHKPEMEHTA MOTNIEPEYHOU HEYCTOMYMBOCTHU
I, mpu KoTopoii aMIUIMTyAa KoJjieOaHUI LIEeHTpoMuAa
y4JKa He TIpeBhICUT 1 MM Ha ero Beixoae u3 JINY, co-
crostiero 3 20 yCKOPUTEJIbHBIX MOAYJIeit. DTa rpa-
Huua gaetcd BoipaxkeHueM I' < 0.38.
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ITomumo uccienoBaHUs YCTOMYMBOCTU TTydyKa B
JINY, MBI Takske MPOBEJIN TECTOBBIE SKCIIEPUMEHTBI
MO0 KOMIIPECCUM U TMPOXOXACHUIO 3JIEKTPOHHOTO
ITy4Ka B CXKaTOM COCTOSIHUU depe3 cekiuio JICD nipu
ee mmHe 0.6 M. DTU 3KCHEPUMEHTHI BaXXHBI TSI
OLIEHKY TIepCTIeKTUBBI peaiu3aluu MpeaiaraeMoit
CXeMbl TeHepaTopa TeparepioBoro usjydeHus. Kak
yXe ymoMUHanoch Bo BBeaeHM, TMaMeTp 2J1eKTpo-
ITuHaMudeckon cucrtembl JICD Ha ocHOBe Moaudu-
LIMPOBAaHHBIX OPATITOBCKMX OTpaxarteyeir [35], mpu
KOTOPOM OHa COXpaHSIET CBOU BBICOKOCEJIEKTUBHbBIC
CBOICTBa U 0OecIieunBaeT yCTOMUMBYIO OJHOMOJO-
BYIO T€HEpalMIO U3JTYyYeHUs, He TOIKEH MPEeBbIIIATh
~40A. Tlpu xapakTepHOU IJIMHE BOJHBI U3IYYEHUS
A = 0.5 MM, KoTOpas 1exXuT B padboueii odnactu JICH,
IUAMETpP 2JIEKTPOAMHAMUYECKON CHUCTEMBbI JOJIXKEH
ObITh He Oosee 20 mMm. TakuMm oOpasoMm, IJIST OCy-
mecTBICHUS 3P(PEKTUBHON TPAHCIOPTUPOBKU ITyd-
Ka B TpyOe apeiipa ¢ TaKMM IMaMeTPOM Ha paccTosI-
Hue 1—2 M B yCJIOBUSIX TOIEPEYHBIX KOJeOaHW B
OHIYJISITOPHOM MarHUTHOM MoJie, Ty4OK HeOOXOmu-
MO CXaTh OT €ro MCXOIHOTIO JuaMeTpa Ha BbIXOIE
JINY d, =4 cm no nuamerpa B pe3oHaTtope JICD
d, =510 mm.

st mpoBeAaeHUsI TECTOBOTO B3KCIIEpUMEHTa IO
CXXKaTUIO CeYeHUs mydyKa (CM. cxeMy Ha puc. 3), 31eK-
TpOHHO-OIITHYecKasa cuctema JIMY Obuta mororHe-
Ne 5
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Puc. 4. TpexmepHblii Bun cekunu JICD, BKIIoUasi CUCTEMY KOMITPECCUM CEYEHUSI ITyyKa, CUCTEMY cOpoca Iyuka Ha KOJUIEKTOP
Y CUCTeMy BbIBoaa uaiydeHus (a). Oommii yeprex cexunu JICD (6). Hndpamu ykazanbl: / — BaKyyMHasl KaMepa ¢ KOHUYe-
CKHMMMU paclIMpEeHUsIMU Ha KOHIIAX, 2 — MarHUTHBIE JIMH3bI, 3 — CIIUpajibHasi HAMOTKA OHAYJIATOpa, 4 — CUCTeMa BbIBO/IA U3-
JiydeHust of yriioM 90 rpaaycoB K ABMXKEHUIO MyYKa, 5 — MOTUJIbHUK T cOpoca nmyuka. CHHeit cTpesiKoil moKa3aHo HalpaBs-
JIEHUE pacnpoOCTPpaHEHMSI DJIEKTPOHHOTO MyyKa, KpaCHOW — HalpaBJeHUe BbIBOJA U3TYyYCHUSI.

Ha UMIYJIbCHBIM cojieHouaoM (7) mauHoit 0.65 M ¢
MarHuTHBEIM T1ojieM Ha ocu 0.4 T, ocyiiecTBisio-
UM TPaHCIIOPTUPOBKY CKATOro ITy4yKa, M MarHuT-
HOI JIMH300 (2), comiacylolleil pa3Mepbl Myyka Ha
BeIxone 13 JINY ¢ tpebyeMbIM pa3MepoM Ha BXoHe B
coneHoun (7) [5, 31]. HeobxonuMo OTMETUTH, YTO
BbIOpaHHBIA HaMU TPOdUIb MarHUTHOIO ITOJSI Ha
OCH CHCTEeMBbI 00ecreYnBaeT MUHUMAIbHYIO aMILIM-
Tydy Iyiabcanuii paguyca nydyka <1 MM B BAKYyMHOM
kaHaJe (6). [Tonpo6GHoOe onucaHue pe3yabTaToOB KC-
TIepUMEHTOB MpuBeeHo B [31].

B xone npoBeneHust 3KCIepuMEHTOB yCTaHOBJIE-
HO, YTO TOKOITPOXOXAEHUE TTydKa ¢ aHeprueit 5 MaB
1 TokoM 900 A yepe3 BaKyyMHBIII KaHaJl CUCTEMBbI
KOMIIPECCUU CEUYeHUsI TyuKa B TeUeHUEe BpeMEeHU
yaepxXaHusl TOKa Ha HEU3MEHHOM YPOBHE B YCJIOBU-
SIX, KOTlla SHEPrusl 3JeKTPOHOB U3MEHSIEeTCs He3Ha-
YUTEJIbHO, COCTaBMJIO OKOJIO 85—90%. OmHako Ha
nepeaHeM U 3agHeM (DpOHTax UMITYJbca My4yKa Ha-
OI01aJIOCh 3aMETHOE CHUKEHUE 3TOro Iapamerpa,
YTO CBS3aHO C CYIIIECTBEHHbIM U3MEHEHUEM DHEPTUU
3JIEKTPOHOB.

OBIIAA CXEMA JICD

ITocine ycrelmrHo AEMOHCTPAIlMOHHOM Cepuu
OKCIIEPUMEHTOB ITO KOMITPECCUM ITyUKa, OINMCaHHOM
paHee, B Ka4eCTBe IIEPBOro 3Tana peajin3aliiyi Ipo-
exta JICD-reHeparopa Ha ocHOBe nyuka JIMY Hamu
crpoekTrupoBaHa cekuus JICD, obmimii Bua 1 94epTesk
KOTOpOI mpencTaBiaeHbl Ha puc. 4. BumHo, 9To cek-
ust JICD cocTonuT U3 CISAYIONINX DJIEMEHTOB:
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a) BaKyymMHas Kamepa (/) IJIMHOM 2 M, BHYTPH KO-
TOpOii CMOHTMPOBAHA BJIEKTPOAMHAMUUYECKasl CHU-
cTeMa C BHyTpeHHUM auamMeTpoM 20 MM;

0) cucTeMa MarHUTHOU KoMIipeccuu mnydka (2),
cocTosilas M3 JEBITH WMIYJIbCHBIX MAaTrHUTHBIX
JIMH3 CO BCTPOSHHBIMM NUMNOJBHBIMU KOPPEKTOpa-
mu. Kaxmas nuH3a IpeacraBiisieT coO00M MMITYJIbC-
HBI aKCUAJIbHO-CUMMETPUYHBINA COJIEHOUI, OTCTOSI -
Ui OT cocenHell JWH3BI Ha PACCTOSHUM 5 MM M
UMEIOIINN clieaytomue mapaMeTpsl: aauHa 0.22 M,
auameTp 0.15 M, konmyecTBO BUTKOB 120, makcu-
MaJIbHOe MarHUTHOe nojie Ha ocu 0.6 Tir;

B) ciMpayibHast 0OMoTKa oHayJisitopa (3), co3naio-
111asi BAHTOBOE MOJIe, HEOOXOAUMOE JIJTST HAKauyKU 10~
MepeyHbIX KojiebaHUil 3J1IeKTpOHOB Myuka [33];

r) cucTeMa BbiBoAa u3nydeHus (4), BHyTpU KOTO-
pOii pacoJI0XXeHO MOBOPOTHOE 3€pKajlo B BUIE TOH-
KO (OoJIbIY, HAKJIOHEHHOM ITO yIiIoM 45° K HarpaB-
JICHUIO OBVKEHUS ITy4Ka;

II) cucTteMa copoca nydka (5), Heodoxoammast JJisl
CYLIECTBEHHOTO YMEHbILIEHUSI MOIIHOCTU TOTOKa
PCHTTE€HOBCKOTO M3JIy4eHUsI, 3aTPYOHSIOLIETO pe-
TACTPaLMIO ITapaMeTPOB ITyyKa 1 motoka TT1r uzmy-
YEeHUS.

SAKJIIOYEHUE

B pesynbTaTte nmpoBeAeHHBIX UCCIEN0BAaHUM pa3-
paboTaHbl U peau30BaHbl MEPHI IJIST 0OECIIeYeHUSI
YCTOMUYMBOI TPAHCHOPTUPOBKU 3JEKTPOHHOTO ITy4-
ka B JINY. [lokazaHo, 4To MOIu(pUKaIIMST yCKOPUTETb-
HBIX MOJIyJIEld COBMECTHO C YBEJIMUEHNEM MarHUTHOTO
nons B pokycupyromeii cucreme JIMY mo3Bonstror 1mo-
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JIABUTb Pa3BUTHE MOIEPEYHOI HEYCTOMYMBOCTU IJIEK-
TPOHHOIO ITydKa C TOKOM 10 1 KA M 3Hepruei mo
10 M3B mryteM CHMZKEHUSI e MHKpEeMEHTa IO YPOBHS
I'<0.16.

B xome TecTOBBIX B3KCIEPUMEHTOB MPOJEMOH-
CTpUpOBaHa KOMIIpeccHusl MyJkKa 1o auameTpy ot 40
no 10 MM mIpu 3HEprumM 3J1eKTPOHOB 5 MaB u Toke
1 KA c nocneaymoleit ero TpaHCIOPTUPOBKOI B CXa-
TOM COCTOSTHMHM Ha paccrosaue 0.6 M BHYTpH Baky-
ymHoro kaHana JICD ¢ nmamerpoM 20 MM B YCIIOBUSIX
BEAYIIIET0 MAarHUTHOTO TIOJISI.

CosznaHa KoHcTpykuus cekuuu JICHD, BKIIIouaroo-
11asi MarHUTHYIO Y BaKyyMHYIO CUCTEMBI IJISI OCY-
ILIECTBJICHUSI KOMITPECCUM U TPAHCITOPTUPOBKU ITy4YKa,
a TaKKe CUCTeMY IJIsI BhIBOIA U3nydeHus. [1popaGora-
HbI JeTali KOHCTPYKIIMA BHHTOBOIO OHIyJsitTopa. B
HaCTosIIIIee BpeMsl CO3AaeTCsl TEeXHUYeCKast TOKyMEHTa -
LIUsSI U UAET U3TOTOBJICHE OCHOBHBIX KOMIIOHEHTOB
JICO-renepatopa. JoOCTUTHYTBIE pe3yJabTaThl IIOM-
TBEPKIAIOT BO3MOXHOCTh peaau3allud  IIPOeKTa
MomgHoro JICD-reHepaTopa B AWAana3soHE 4YacTOT
0.3—1 TI1x HA OCcHOBE My4YKa, TeHEPUPYEMOIO YCKO-
putenem JINY.

OcHoOBHasl [NOJIsI WCCJIeNOBaHUII MpoOBeIeHA B
NAD CO PAH. Pe3ynbTaThl CCIeAOBaHWI, Ipe/ -
ctaBieHHbIe B pasnenax I1I, IV, nocturuyrs 0Ja-
rogapss 4acTUYHOM (DMHAHCOBOM MOOIEPKKE CO
ctopoHbl Poccuiickoro HaygyHoro oHma (IIpOeKT
Neo 19-12-00212). DkcrnepuMeHTbl MO TeHepaluu B
JINY myyka 31eKTpOHOB C TOKOM 1 KA W 3Heprueit
5—8.5 M»sB nposBoaunuchk B Koyutabopaiuu ¢ POALL
BHUUNUTO.

ABTOpBI BhIpaXalOT UCKPEHHIOK 0JIaroMapHOCTh
A.B. bypnakoy, H.A. Bunokypoy u E.K. Kenxe-
OyJ1aTOBY 3a TIOJIe3HbIE 3aMevYaHusl U OOCYXIeHUs B
XO/JIe TMPOBENEeHUS UCCIIeTOBaHUN.
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The electron beam of the linear induction accelerator with kiloampere current
as a driver for the submillimeter free electron laser
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The project of a submillimeter free electron laser (FEL) based on a relativistic electron beam (REB) generated
in a linear induction accelerator (LIA) was proposed at the BINP SB RAS together with the IAP RAS. Ac-
cording to our theoretical analysis, the electron beam generated in the LIA (energy £, = 5—10 MeV, current
I, = 1-2 kA, normalized emittance €, ~ 1100 T - mm - mrad) is a suitable driver for generating sub-GW pulses
of coherent EM radiation in submm range (0.3—1 THz). The main proposals for the creation of the FEL
based on the electron beam generated in the LIA are presented, the main project tasks are outlined, and the
proposed methods for their solution are described. The results of electron-optical experiments on the forma-
tion of an electron beam intended for FEL applications are presented.
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