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,4opo2ou 'llumame.11,b! 

Baw,e.My BUU.MaUU'IO npea.11,a2a10mcJt mpyabi IV Hay'llU020 ce

.M,UUapa na.MJtmu B.II. Capau'UieBa. Ilepabiu ce.Muuap cocmoJtACJt 

a 1995 2., u menepb y;»ee Jicuo, 'llmo Capau'UieBcnuu ce.Muuap ua
w,e.11, u 3au.1i.t1, caoe .Mecmo a ycnopume.11,buou npo2pa.M.Me OH.HH, 
nomopaJt 061,eauuJiem cmpaubi, y'tlacmaoaaamue paubme ao Bce

cow3ubi:v coae14auuJi:v no ycnopumeAJi.M 3apJt;»eeuubi:v 'tlacmu'Ui. 

Tanu.M o6pa3o.M ce.Muuap cmaA npo.Me;»eymo'tlubi.M, pe2y.11,Jip1tbi.M 

Coae14auue.M .Me;»eay menepb y;»ee Bcepoccuucnu.Mu nou!fiepeu

'UiUJl..MU no ycnopumeAJl..M. B :Jmo.M e20 oco6euuocmb u npua.11,e

name,11,buocmb. 3a aaa au.,,, pa6ombi 6bMO npeacmaa.11,euo 33 ua

y'llubi:v aon.11,aaa. Te.Mamuna aon.11,aaoa o:vaambrna.11,a npo6.11,e.Mbi 

pa3pa6omnu cuJibuomo'llubi:v .11,uueuubi:v ycnopume.11,eu, Aa3epoa 

ua cao6oaubi:v :JAenmpoua:v, an.11,w'llaJt uoaoe uanpaaJieuue :Jmu:v 
UCCJleaoaaUUU - man Ua3biBG€.Mbte 061,e.MUbie .11,a3epbt, anmya.t1,b

Ubte npo6.11,e.Mbi ycnopume.11,buou me:vuunu, manue, nan npo6Jie.Mbt 

O:V.t1,a;J1Cae1tUJl. UUmeUCUBUbi:V UOUUbt:V ny'llnOB, npun.11,aauoe UCnO.t1,b-

306GUUe ycnopume,11,eu. Oco6euuo ompaauo om.Memumb 603-

06uoa,11,euue a npo2pa.M.Me ce.Muuapa pacc.MompeuuJt aonpocoa 

UOBbi:V .Memoaoa ycnopeuuJt, pa3pa6omne nomopbt:V B.11,aaucAaB 

Ilaa.11,oau"l nocaJ1.muJ1 npanmu"lecnu acw caow ;»CU3Ub. YaeAu

"leuue '!luc,11,a aonAaaoa, pacw,upeuue me.Mamunu ce.Muuapa 3a

cmaa,11,J1.10m ay.Mamb 0 .MoaepUU3a'UiUU "fPOp.My.t1,bi" C€.MUUapa -

BbtaeAeUUU nounpemubi:V npo6.11,e.M, Ua na;»eaO.M, Ce.MUUape U./1,U U3-

.MeUeUUU ape.Meuuo20 2pa!fiuna c co:vpaueuue.M cao6oauou me

.Mamunu U Ue 0'll€Ub CU./1,b'U020 02paUU'll€UUJt Bpe.MeUU- aon.11,aaa. 

Tan "lmo, aopo2ou "lUmame.11,b U no.11,.11,e2a, no.M02U Ua.M, CBOU.M,U 

coaema.Mu, U .Mbt 6.Mecme npoao./1,;»CU.M, C nOJlb30U aJIJI, ace:v ce

.M,UUapbL na.MJ1.mu B.II. Capau'UieBa - "leAoaena, n nomopo.My ace 

ycnopume.11,b14unu omuocu.11,ucb c o'll.eub 60.11,bw,ou men.11,omou u 

yaa;»eeuue.M. 

H.H.Haauoa, 

3aM. npeaceaame.lla opz1e0Mumema 
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Y 6 a:»cae.Mb£e 'X!O.rl.rle2'U1 aopozue 2ocmu/ 

Pa3pewume .M.Ue om 'U.Meuu aupe?C'4UU O6beauueuuo20 uu
cmumyma .R.aepubi:V UCC.rteaoaauuu U Op2?CO.M.Umema npuaemcmao

aamb aac, y-itacmuunoa uay1tuo20 ceMuuapa naM.R.mu B.rr.aau

c.riaaa Ilaa.11.oau'lla Capau'4eaa, a&iamoiqe2ocA ycnopume.ribiquna, 

y-iteuuna B.H. Benc.rr.epa, a man:»ce ace:v me:v, nmo npuwe.rr. ua 

amo 3aceaauue, npo.R.8.rl.R.JI. :HCUBOU uumepec 'IC .rr.u-ituocmu B.rr.aau

c.riaaa Ilaa.11.oau'lla u e20 uay-ituou ae.R.me.rr.buocmu. B amo.M 2oay 

.Mbi npoaoau.M y:»ce 'llemaepmb&U no c-itemy ce.Muuap na.M.R.mu Ca
pau'4eaa, u ua.M npu.R.muo om.Memumb, -itmo a man ua3&iaae.Mo.M 
ycnopume.11.&uo.M no.M.Mb10uumu amom ce..«uuap co:vpau.R.em cao10 
npua.11.ename.ribuocmb. Ilpuu.R.rrib y'llacmue a ceMuuape a&ipa3u.riu 
:»ce.riauue 60.11.ee 70 cne'l.(-ua.riucmoa U3 aocb.MU uay'llubi:v 'l.(-eumpoa 
Poccuu, Ynpauubi, Be.riopyccuu u Be.riuno6pumauuu. Bee amo 
2oaopum o mo.M, 'llmo. uay'tlua.R. ae.R.me.ribuocmb B .JI. Capau

'l.(-eaa, pe3y.11.bmamb& amou ae.R.me.ribuocmu ue nomep.R..rr.u anmy

a.ribuocmu u ceu'llac. 
Ecmb uecno.ribno oco6euuocmeu .Me.M.opua.ribuo20 ce..«uuapa 

B.II. Capau'l.(-eaa. C oauou cmopou&i, amom ceMuuap ue ay-

6.riupyem u ue noa.Meu.R.em npynu&ie ycnopume.11.bu&ie coaew,a
uu.R. u nougjepeu'l.(-U'U, man nan e20 me.Mamuna, e20 npo2pa..«Ma 
ue npemeuay10m ua no.riu&iu o:vaam ace:v uay'llu&i:v u me:vuu-ite
cnu:v npo6.rie.M., C8.R.3aUUbi:V C pa3pa6om?COU U C03aauue..« ycno
pume.rieu 3ap.R.:»ceUUb&:V 'llacmu'l.(-. C apy2ou cmopou&i, uec.Momp.R. 
ua coanaaeuue no cpona.M npoaeaeuu.R. co cne'4uaau3upoaauu&L.M. 
ce.M.uuapo.M. no .riuueuub&.M ycnopume.tr..R..M., ou ue nounypupyem c 
uu.M u.M.euuo u3-3a omcymcmau.R. y3nou cne'l.(-ua.riu3a'4uu u ao3-

.Mo:»cuocmu 2u6no gjop.Mupoaamb npo2pa.M.M.Y u me.Mamuny cec
cuouubi:v 3aceaauuu. Op2n0Mumem, nan npaau.rio, npuuuMaem 
?C pacc.Mompeuu,o ma?C:HCe U aon.rr.aabL, U C006tqeUUJI. no CMe:HC
UbL.M uay'llu&i.M. uanpaa.rieuu.R.M, nocaeuuo CB.R.3auu&i.M c pa3au

mue.M u.riu ucno.rib3oaauue.M ycnopume.rr.eu. Cne'l.(-ugjuna uay-ituou .. .. 
npo2pa.M.MbL u&iuewue20, 1temaepmo20 no c-itemy ce.M.uuapa co-
cmoum 8 ffiO.M. 1 'llffiO 8 UeU 3a.R.B.11.eU0 aoa0.11.bUO .M'H.020 aon.rr.aaoa 
U coo6w,euuu, C6.R.3aUUbl:V C pa3pa6om?COU U C03aauue.M .rta3ep06 
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Ua C606oaubiX 3.rlenmpouax. 3aecb, noue'ltUO ;HCe, UY;HCUO om
.M.emumb, 'ltffiO 3ffiO Ue npocmo "aaub .M.oae ", UO U 6UU.M.auue n 

uay'ltuou npo6.rie.M.e, nomopou B.riaauc.riaa Ilaa.rioau'lt Capau-qea a 

noc.rie<}uue 2oabt ;HCU3UU yae.ri,11,.11, aocmamO'ltUO .M.U020 6UUMGUUJI,. 

Kan npeaceaame.rib op2auu3a-quouuo20 no.Mumema ce..w,uuapa, 

Ji xo'lty "om'ltumambc,11," nepea y'ltacmuuna.M.u a moM, 'ltmo op2-

1w.M.umem BbinO.rlUU.rt C60U 06,11,3ame.rlbCffi6a no u3aauu10 mpyaoa 

mpembe20 ce.M.uuapa. C6opuun aon.riaada abiwe.ri a caem mu

pa;HCo.M. 300 an3e.M.n.ri,11,poa u a uacmo,11,t4ee ape..w,,11, pacnpocmpa

u,11,emcJi uap,11,ay c mpyaa..w,u OHRH. Y'ltacmuunu ce.M.uuapa yJ1Ce 

no.riy'ltu.11,u c6opuun npu pe2ucmpa-quu. 

,4py2ou oco6euuocmb10 u.M.euuo Ubtuewue20 ce.M.uuapa ,11,a.ri.R

emcJi, noue'ltuo ;HCe, an.ri10'lteuuoe a npo2pa.M.MY co6bimue, no

mopoe .M.bi 20ffi06U.rtU U nomop020 J/Caa.riu - U3aauue U npea

cmaa.11,euue nuu2u aocno..w,uuauuu o B.II. Capau-qeae. 3ma nuu2a 

6bi.ria 3aay.M.aUa 20pa3ao paUbULe, U nepBOUG'ltG.rlbUO npeano.rta-
2a.rlOCb Bbmycmumb ee n 70-.11,emu10 co auJl, po;HCaeuu.R B.riaau

c.11,aaa Ilaa.11,oau'lta. Ho no p,11,ay npu'ltuu abinycn ee cocmo.R.rtc.R 

ffiO.rlb'tW ceu'ltac, U .M.bt C yao60.ll,bCffi6Ue.M. npeacmaa.11,,11,e.M, ee' ULU

ponou 06t4ecmaeuuocmu u me.M., nmo 311,a.ri B.riaauc.11,aaa Ilaa.rio

au'lta ./1,U'ltUO U nmo C UU.M. apyJICU./1,, nmo C UU.M. pa6oma.rt, U me.M., 

nmo 3Ua.ll, B.11,aauc.riaaa Ila6.rl06U'lta mo.ribnO no e20 uay'ltUOU ae

Jl,ffi€.ll,bUOCmu. 3ma nuu2a noa2omOB.rteua U3aame.rtbCnU.M. omae-

. .11,0.M. OHRH. B ee noa2omoane npuu,11,.riu y'ltacmue compyauunu 

.M.uo2ux .ria6opamopuu uawe20 Hucmumyma, aocno.M.uuauu.R.M.U 

noae.riu.riucb manJICe apy3bJI, U no.ri.rie2u Capau-qeaa U3 apy2ux ua
Y'ltUbiX -qeumpoa. 0 pa6ome uaa nuu2ou paccna;HCym ee aamopbi, 

a Ji ceu'ltac xome.ri 6bi om u.M.euu aupen-quu OHRH no6.ria2oaa

pumb mex, nmo pa6oma.rt uaa ee C03aauue.M., U 6btpa3Uffib npu-

3Uame.t1,bUOCffib ace.M. me.M., 1.:mo co2.11,acu.ric.R u npuc.11,a.ri ua.M. caou 

.M.amepua.ribt, <fiomo2pa<fiuu U.11,U 60Cn0.M.UUllUUJI. a.11,Jl, 3ffiOU 1CUU2U. 

IJ03ao.11,bme .M.ue no nopy'lteuu10 op2no.M.umema 061:>J1.aumb IV 
Hay'ltubiu ce.M.uuap na.M.J1.mu B.riaauc.riaaa Ilaa.rioau'lta Capau-qeaa 

omnpbtmbt.M. u no;HCe.11,amb e20 y'ltacmuuna.M. ycnewuou pa6ombt. 
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Cecc1u1 1 

JIA3EPbI 
HA CBOEO,[J;HbIX 

3JIEKTPOHAX 

IIpe,nce,naTenH: B. B. IIapxoMqyK 
II. H. MemKOB 



CMJibHOTO"C.JHblM MH)KEKTOP ,IJ;JI.H HAKA "C.JKM JIC3 
HA BA3E JIMHEMHOro YCKOPMTEJI.H JIMHAK-800 
(ITPOEKT ,IJ;3JICM, cl>A3A I) 

D.D. Ko6e1,, H.H. Meumoo, H.A. Ce,11,e:1ueo, M.B. lOpNoa 
061,uh111n111btii 1111c111w11y111 .11oe1mbtJ· 11cc✓1eooaaHut'I. l(y6Ha 

U JI0K.flaJII' o6cy;+;Jlal'TCJ! D03M0iKII0CTb C03,!laHltR Ha OCIIOBe JIIIHei'moro ~'CKO· 
))IITCJIH .il1111aK-~00 KOMIMeKca .~a:3epon tm CB060,!IHblX 3JleKTpo11ax. nepeKpb1Ba-
10111ero .a11a11a3011 DOJIII 1n.~y'-!e11111t OT 11ml1paKpac11oro ,110 YJibTpacjmoJieToeoro. 
PaccMOTpc•11a cxeMa c)>OJJMIIJlODaHltR KOIJOTKIIX crycTKOB 3JleKTpOHOB C ITllKOBblM 

TOKOM JIO 100 A II B03MO;+;HOCTb IIX ycKopeHIUI B JIJ!HaKe. 

V. V. Kobetc et al. 

The pm;sibility of creation of free electron laser complex based on linear ac
celerator Linac-800 which covers t.he radiation wave range from infrared up to 
ultraviolet is discussed in this report.. The scheme of formation of short. electron 
lmnche!< at peak current. up t.o 100 A and also possibilit.y of their acceleration in 
Linac are considered. 

flepBbie pa6oTbI no .11a3epa11t Ha cso60,!lHbIX 3.lleKTpoHax ocymecTB.IIJI.IIIICh B OHRH 
no 11111m11aT11Be II no.n Hay'-!HbI!lt pyKoBO,!lCTBO!lt B.11a.nnc.11asa IIas.110BII'Ia CapaHueaa. IIo-

3ToJ\ly npoeKT. npe,!lCTaB.11.ReMbiii B .naHH0M coo6memrn, JIB.IIJieTCJI ecTeCTBeHHblM pa3Bll· 

TlleM Ja.Jio:iKeHHoro HM B HHCTHTyTe HaY'iH0I'0 Hanpaa.11emrn. IIpoeKT JIB.1111eTCJI 'laCTblO 

11 nepsoii CTa.nneii pa3pa6aTbIBaeMoro B OHRH npoeKTa ".Lly6HeHcKu1i 3.lleKTpoHHhili 

CIIHXpoTp0H .. (.J:.3.TICII) - K0Mn.lleKca IICT0'lHHK0B KorepeHTH0I'0 3.lleKTpoMaI'HIITH0I'0 

113,1y•1e1111.A. B C0CTane K0Toporo .lla3epbl Ha cno60,1111blX 3.lleKTp0HaX 11 HaK0illlTCJlbH0e 
K0,lbUO 3,1eKTp0110B - IICTO'IHIIK CIIHXpOTpOHHOI'0 113JIY'ICHll11 [1.2]. KoMll.llCKC C03,!laeTCJI 

11a 6a3e 06opy.nosa1111.R, nepe.naHHoro n OHRII 113 HncTnTyTa JI,!lepHoii cpH3llKll ll cpH311Kll 

BbICOKIIX 3Heprni'1 (NIKHEF. r.A11tcTep,11aM), B cocTaBe KOToporomrneiiHhiii ycKopnTeJib 

Ha 311eprmo iOU 1\138, Hai-.:on11Te.1Ib ;).lleKTp0H0B Ha 3Hepr1110 ,110 I f3B. 

flpoeKT 11:.:>.TJCII [1,2] pea.J111JyeTCJ1 B Tpn 3Tana. Ha nepB0M 3Tane n.11aH11pyeTCJ1 

co3.ilaTb 1.:011tn.11ei-.:c Jia3epon Ha cso60,1111bIX 3.lleKTpoHax (.TIC3). nepeKpbrnaromui'i ,11uana

:J011 ;1.'11111 no.m oT J1a.Jib11cro mHppai-.:pacnoro ( 150 M!i:M) ,110 ;.i,;ecTKoro YJ1bTpacp110.11eTo

Boro (0.1:i ~[KM). Ha BTO!)0~l 3Tane 6y,lleT BBe.neno B CTpoii HaKom!Te,lbH0e K0JlbU0 

Cll 11a 311epr1110 l..! l'3B c 3MIITTaHcoM 0K0JI0 11 H~I. KoJtbUO 6y.neT CHa6:iKeHo 
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Ul'Tj)Ot"llllblMII ll3JIY,taTt'JUJMII -- cuepxnpoB0,11.flllJHM Blll'l'Jlt"pOM (" umct>Tepo11t") (' IIOJICM 

110 IO T;1 11 011,11y;1 w1:opoM [I). fl p1m1."l'h 11;i;1y•1<'111111 11:J 011;1y;1 II To pa coc·1·au11T ll<'JHI •11111y 

,110 a ·1018 <l)OTOIIOB/c•Mlll 2 ·Mpa,11 2 ,0,1% ill.TT. Ha T))CTbel\l :nane pa3BIITHR IWMIIJJeKra 

Jt:),11 (_'.] l llj)f'/IIIOJl!ll'clf'TCJJ l''l'j)Oll'l'f'Jlbl'TUO peUTl'ellOIJCKOl'O ,rJ('.::) C ,llJHIIIOii BOJllll,I /lO !j IIM 

(1.1). 
B .L1amwii pa6oTe 06cy;+;,11a10TcR npo6JJeMhI Mo,11epm1aaum1 ,fhrnai,-800 c ueJJhJO 110-

JJ)"lf'IIIIR Xapal,TCJ>IICTIII, ~1JICKTJ>OIIIIOI'O IIY,11,a, ,llOl''l'clTO'lllblX ,llJJR C03,llaHIIH ,fJC:}-re1tr

paTO!JOD Ha nepnoii cpa3e peaJI11aaum1 npoeKTa .ll,3.TICll. TioKaaaHo, '!To TaKaR Mo,11e1>

HHaau1rn MOiKeT 6b1Tb npoBe,lleHa nyTeM ycTaHOBKII cy6rapMOHH'leCKoro IIHiKeKTopa

rpynnnpona:reJJ.R (:meprirn 4-6 l\faB. nm,onb1ii TOK 50-iO A, aapR,11 1-2 11K,1, 11op111aJI11-

30BaH!lhlii 3MIITTaHC 20-3071' llllll·Mpa,11, 3HepreTIJ'leCKllii pa36poc 150 K3B). lIHiKf'KTOJ> (' 

y1rn:rn11111,1M1I 1rnpaMCTpaM11 MOiK<''I' 61,ITI, 113rOTOllJICII I' II('IIOJll,:JOllclllllCM Y3JIOll 06opy;10-

na1111R. 11p110eae11HhlX 113 NIKHEF. l1p11ne,11eH1Ihte ouemrn 110Kaabma10T. •no npn 'laCTOT<' 

CJJ(',ilOllaHll.fl n-yrTKOB Hl.8 Ml'u 11arpy31.;a OrHOBIWii yc1wpHIO!lleii n:py,nyphl HaXO.llllTl'.R 

n .no11ycT111111,1x npe,aeJJax. 

~- lla.pal\ICTphl JlC:) II :J.1Je1npouuoro IIy<IJ<c1 

B .rn;iep(' 11a e11060,111tblX :JJieKT!JOHax at,TIIDIIOii cpe;1oii. yc11J111Ba10weii ll3Jly<lellllf:'. 

flBJIRf'T<'H 3.~CKTJ)Ollllblii ll)"IOK ll 011/lYiIHTO))f'. 0 llj)Ollf'<'Cf' B3clllMO,llCiicTIIIIH :1.!1('1"1'po11-

IIOJ"O 11y•11,;a I' ~MeKTJ>Olltal'IIIITllhllll ll3Jl)''lem1e111 IIJJOIIC:-X0.!1111' rpymmpomrn ll)"IKII (' ll<'

ptto,10:-.1 

,\ ~ ~ _ ,\ l + /\" 2 /1 ~ '1., ¥ - lt' '1., :! • 
( l) 

r ,.le I\. = f ,\ 11 • II u· /'2rrmc2 ~ 0. o:M x J-l.,, [TJJ] x ,\.,, [c111] - napaMeTp oH.llYJJHTop11ocT11, 

,\ 11 • 11 H.,. - nep110.a 11 110.~e on,11y,rnTopa. ~, - P<'JJRTJmttcT<'Kttii cpai.;Top. Crpym111pona11-

Hh1ii ~,.-1C'KTJJOHllblii ll)"IOK IIJJOll3llO,llllT 111oumoe 1wrepeHTIIOe 113JJY'ICHlle C' ;1,11IHOii 1mmlbl 

,\. Yc11.w1111P 111011u1oe-r11 11:rny'I<'IIIIH ;1a 11poJJeT Oll.ll~'JJH'ropa {! = P" 11 ,! P;,, - I ,1cl<'T<'H 111,1-

pa;.i,;e1111e111 [3.4); 
{!., = 0. 1:1:ir. . , . 'l 'I ' 1 -I r = rrw0,;;01;,,..ljJ(c,;1 1,t) . (:.!) 

l'/1<' r 11npa11t<'TP Y<'IIJI<'IIIIII. 0., = /\'/;, lu· = N11.>.w ;1;1111111 011;1yJ111Topa. Sw 'lll<'Jlo 

11ep110.10n 011,ay.r1wropa, ,..; = '1.rrc / >.. j 0 = 1 /~. 1 -- 1111i,;on1,1ii TOI, 11y•11rn. ~ -- :,cl><l><'KTllll-

1111.11 11:1n111a,11, 11Ppc1qJ1,ITJIH ~JJteKTJ>OIIJIOl'O II OIITll'IPCIWJ"O ll)"IKa • .-\JJ = [Jo((J)- .J, ((J)j. 
q = /\' 2 /(4 + /\" 2 ) • ./0 11 ./1 - cpy11i,;111111 f-irccPJJR. /,-1 = 111r

3 /r = IT t,A. l,orJ1a yc11JJP-

1111<' IIIOIUIIO<'TII IIJ.!l)"IPIIIIJJ ll))!'IIOCXO.llll'I' IIOT!:'))11 II;!.'l)"lf'IIIIII II pe:1011aTope. 111\lt"f'T l\lf'CTO 

II J>Ollf'l'I' J"!'llf'))cl llll 11. 

I l.rn1111a.11 llf'J)f'CT)>Oiii.;a /1,111111,1 nomthl 11:M)"lf'IIIIH IIIOiKPT 01,ITh llpOllPJletrn IIYTPIII 11:1-

M<'IH'IIIIH :111epr II II :,Jlf'KTJ>OIIOII Jllt6o IIY'l'('M 11:Jl\l('ll('llll H llrtpHMl'Tpon OIIJIY JI HTopa. KilK C Jtf'

.ayeT 11;1 DhtpaiKellllR ( l). B IIJ)Of'KTP JI;;),T}Cll ,llttalla30II OT ,llaJibllero ll11C!>pat-:paet1oro 

.lttattaao11a .!lO iKecTKoro y.1bTpacp110,1eT0Boro /lllana.1ona nepeKphrnaeTc11 'ieThtphlllR 

,f](':)-l'f'IIC'J)llTOJ)cll\111, KcliK,lll,Jjj 11;1 KOTOJ)hlX 06f'Cllf''lllllcH'T IIJlclBIIYJO HepeCTpoiiKy ,lJlllllbl 

BO.lHl,I B (j-8 pa3 ( CM. Ta6JJJtUY l). ,TIJIHaK-800 Jtl\lC'C'T OTBO,llhl 3JleKTJ)OIHIOro ll)''IKa 

11a pa;1.1w1111,1x :mf'Jffll.RX, TaK 'JTO BK.~10•1e1111e ,fJC:)-rr11epaTopa Tpe6ye111oro .lllla11a3011a 
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Puc. l. C:xer.m pa3Meme1111.R ,lhrnaKa-800 II .TIC:3 B 3,llamm N 118 OlUllI 

Tnu.,ml..\n 1. IlaJU\MOTJ>bl JIC3 n npoeKTe ,l.1;3JICH [3] 

Gl G2 G3 G4 
.JJ11rna BOmlbl, MKM 20-150 5-30 1-6 0.15-1.2 

I IIIKOBa.R MOlUHOCTb, MBT 1-5 1-5 3-15 10-20 

:~11eprII.fl B MIIKJJOIIMnyJ1hce, MK,ll;+; 50-200 25-100 25-100 50-100 

llJ111TeJihllOCTb MIIKpom.rny,11,ca, 11c 10-30 10 10 3-5 

l1111pmia cneh:Tpa, % 0,2-0.4 0,6 0,6 0,6 
'lacToTa IIOIITO[)('llllfl 111\IIIYJll,COII, l\'ll'u 19,8 
;I.1111TeJlbllOCTh Mal,pOIIMnyJI1,ca, 1'11,C 5-10 
'la,"roTa M,11,po11r.111ym.,·011, l'u 1-100 

C'))f'/lllflfl I\IOIIIIIOC'Ti, (r.rn1,c.),BT 0,2-1 

06f't'llf''IIIUHCT('fl 111,JIIO'ICllll('I\I l.'OOTllCTCTUYIOlUCI'O 1rn11aJH1 Tpa11c11opTI1pOBKII 3JieKTJ)OH-

110ro ll~"IKil (p111·. I). 
01rrm111:1a1111H 11a1><1MPTpo11.1J(.'.:J n npoeKTe 11:J,IJCII ornona11a Ha MaKcHMaJlbHOM uc-

110111,:1011a111111 T<'XIIIJ'J('('J,:UX 110:IMOiKIIOCTCii Jl1111a1,-800 II IIOCJJ(',llllIIX -~OCTII;KCHllii IJ·06Jia

CTII ('(J:l.Llcl.llllfl ('(l,1Jbll0TO'llll,JX lllliKeKTOpou. CylllPCTD('llllbll\l orpaHll'-!('HJleM B HaWeM 

CJIY,Jal' HUJl.fl('1'Cfl I\JaJta.ll .nmne.rJbllOCTb IIMIIYJihCa Bt_l - 5 Ml<C, IWTOJ)a.R onpe,11eJI.ReTC.fl 

B03MOiKIIOCT.flMII CIICTeMbl IIIITaHll.fl .fln11al{a. 0TCIO,!la cJie;1yeT Tpe6onam,e K BeJill'UIHe 

KmclJClmune1ITa ycn,1emrn 3a npoJieT (2). KOTopoe ,l\OJiiKHO 6bITh ,11ocTaTO'lHO nemtKo, 

JlJifl Toro •1-ro61,1 .lJC:3-rc>ncpnTop IIOUJC.1 B pe;i.;11M JiaCbllUPllllfl 3a npeM.R B'-1-IIMllYJihCa. 

ilpyrw· orpnllll'J<:'llllfl (11a qw.n111010 11arpy3i.;y yn;op11Te.Tlf1 ll~"IKOM, Ha MIIIIIIMa.'lblQ'IO 

il,lllllY :1.r1rKT[)OIIIIOl'O 1.Tyl'TKa) llpllllOJ\flT K cymer.-nw11110My Q'iKelllllO o6JiaCTII napaMe

T))OII : 1.WKT))OII IIOl'O IIY,IK/1. 0l!Tll1'1113cl llll fl Ila par.tPTpon .Tl(';:) C' Y'ICTOI\I TC'Xll ll 'lf'C'IWX xa-
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Ta6.1m~a 2. IlapaMeTJ>I>I HH)KCKTopa ~-71.11 JIHHRK-800 [3] 

::)11q>r11H :,.,11'h'.Tpo11011. l\bB ~ .. (i 

I h11wuh1 ii TOK u crycTh'.<', A 50-70 
/lJ11111a. Cl'YCTh'.<'I, MI\I 2-:1 
:3a.pR,L1 crycr,rn. 11KJ1 1-2 
HopMaJill30Ballllblii 3MJITTallc, lT MM-Mpa.,11 20-30 
:)11epr<'Tll'1rcK11 ii pa36poc, KJIJ 150 
1-111cJJo crycTi..:on n Ma.1,pom,myJJhCf' 100 
)lJJ11T<.'JJh11ocTb 111a1q>o11M11yJJbca., MKc 5-10 
'-faCTOTa C,IIC'/IOIJHIIIIR l'vla.KpOIIMIIYJJhCOll, I'll 1- l 00 

FadlltyCl1 FlldlltyCl4 
100 100 

I 
10 

I 
10 

:!: :!: 

o., +-----~--.----,--,--.----1 
0 

0.1 +----,_ .... _ __,,.....-,--,.---""T----t 
0 

• [µa) • [)II) 

P11r. '2. BpeMe1111a.11 anomomrn :rnepr1111 n IIMIIYJJhrf' 11:1JJy<1e1111R (cJieua - ff'llf'paTop (;1, 

rnpana -- re11epnTop G4) 

pal,TC'J>IICTIIK .Tl111rn1-:-tHJO lll)IIIIOJIIIT K T(>P6011n1111RI\I Ila xapa.KTCJ)IICTIIKII 3,1ewrpo11noro 

ny'H,a. 11p1111e,11e1111b11\1 n Ta6.rnuf' 2. lb p11c.2 111111110. '!To 11p11 y1rn3a11111,1x xapah'.Tf'J>ll

c·T111..:ax 11~"11,11 IIMIIYJih(" 11:JJIY'l<'IIIIH 111\1('(''!' IIJlclTO IIHCl,lll!('IIIIH JIJill'J'('JlhllOCTblO 2-:1 MK<" 

no 11<"<'1\I pa60'lf'I\I /lltalla:1011<' /1,11111 IJOJIII. 

:L .il1111aK-8UO II e1·0 Ho:1.Moih:IIOCTH 

IlpPiK.lle ncero 11eo6xo11111\10 OTBeTIITb 11a uonpoc·, B03MOiKHo JIii yc1wpe1111e a MEA 11 

Pro l\10,11ml>mrn1u111 ,Tl11mn:-8UU (Ta6JJ.:3) MaKpocrycTKOB c 11a1rnMf'TpaM11. np11ue.11rn11bII\III 

B Ta6.1.'2. 

C,1e.rnel\1 011em,y l\laKClll\la.H,1101'0 OJIIIIIO'IHQ['O 3apH.11a 1/, IWTOpLiii I\IOil..:HO ynmp11Tb 

II .Tluna,,-800. llp11 ,1.rnlIP <TY<'Tl"1 /,,ud, < >../4 ~ '2. G n, ,'lJIIIT('JlblIOCTI, l\lllh'.()OIIl\111Ym,ca 

T ~ l, .... ,1o/<" ~ ~l) II<'. l>YJl('I\I pacTMaTpllllclTh 11pourrc1,1 llH 11ep110.11e peryJIHpnoii CTpy1.;

Typ1,1 l\l E.-\ ( l) / = '2/:l>.. l\lom11ocTh llOJJIIbl aJ1ei.;-rpol\lar111rrnoro 110.rn ,Tlmra.1,a P <'<'Th 

I'~ IlS. Il = cE2 /87r. (:3) 
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f ,IIC 1:.: - 11anpJDKe1111ocTb II0JIJI B0JIHhl, S - nonepe'-IH0C cc•1eu11e CTPYI<Typhi. 1lm1 oueHI<H 

lll)III\H'I\I, 'ITO B0JJIIR- ncpc11acT 311.J)R/IY q (ICIO CDOI0 :meprn,o (I 061,eMe 11'<1 2/. (I - pa,1111yc 

11y•11..a. Tor,11a 11:J 0•1cn11,1111oro pane11cTna 

E2 
qEI = - · rrc?l 

871' 

Ea2 

q<-.-. 
- 8 

(4) 

1Ip111\1PJ\I T,u,;i.;c a11a•1e1me E nopR.111rn TCM118 yci,:opemrn 7 MB/111. 11 pa.1111yc n:r11.:a (xapai,:

TepHb1ii pa3Mep. Ha h:OT0J)0M nponcxo,1111T B3RIIMO,lleiicTBlle aapn,11a q C BOJJHoii) (I = 5 MM. 

B peay.~bTaTe 113 ( 4) noJiy'-IHM q R! 2 11KJ1. llJIR noJiy'-leHnR re11epaum1 ,TIC:.3 ,11ocTaT0'-IHo 

q = 1. '2 11KJJ (6]. C,11eJJa111ia.11 oue111<a noK83hIBaeT, '-IT0 ::mepr1111, aanace1111oi'1 a CTPYK

Type . .l0CTRT0'-IH0 ,l\JIR yc1<opemrn O,llHH0'-IH0ro crycTKa C aapR,ll0M q ~ 2 HKJJ. O,1111a1<0, 

Kell, 11oi.;aaa110 D pa3,I.ICJI(' 2, ,llJIR ll0Jl)"ICIIIIR reuepaun11 Jta3epa Heo6XO,llllMO, 'IT06b! 'la

CT0Ta r.~e.11oaa1111J1 crycTK0B 6bIJia f R! 20 Mru npH 'IHCJle crycTI<OB B MaI<p0HMllYJlbCe 

1\' ~ IOU. Upcl\lR 3HII0JIJl('IIIIJI CTpywrypLI ,lh111a1<-80U Tnlling = 1. 3 MI<C, a BJ)CMII MCiK,llY 

Mlll,()0111\lllj'JlhCal\111 t /:::::1 50 II(', OTCI0,118 CJJC,llyeT DblD0,11, 'IT0 38 apeMll MeiK,llj' MHI<po-

111\IIIY,'ll,Ccll\lll CTpy1,Typa ne c11oco611a ll0Jl)"IIITb ::meprn10 OT I<JIHCTpOHa II B0Cll0JIHHTb 

II0Tf'()II, CIIR38.lllll,H' C yc1.;opem1r111 aapR,lla q. Ilo D CTpywrype HMCCTCII 3HR'IHTCJlblll,Iii aa-

-t-- nae ::111epr1111, II BpCMR ee nepepacnpe,11eJ1CHIIR BHYTPH CTpyI<Typbl T.qual MOiKH0 01..\CHIITb 

I . 
T., •• 1 R! Tmling -L R! 12 IIC, 

Cl 
(5) 

r;w I = '2>./:t paccToHIIIIC l\l<'iK,11)' ,l\Itac),parMaM11 rTpynTY()hl. Lo = i. :1 M - ,llJHlll8 

yn:opRIOLUeii CCf.;l..\llll. TaI<III\I o6p830M, T•qual < f, II M0iKH0 npe,llll0JI0iKIITh, 'IT0 38 BJ)CM.R 

l\leiK.lY ~111i.;polll\myJ1hCaM11 3Hepnrn, aanaceHHa.R B cTpJ;I<Type Ha paa111epe /. ycneaaeT 

ncpeparnpe,l\e.rnTbCR ,110 1<naa11pan11oaec11oro rocT0RHIIR. Cnpaw110aeTcR, Ka1.:on aanac 

:.meprn11 n rTpy1nype? Pa,1111ye ycKop1110meii CTJJYKTj'J)hl b = 8cM » a. B 3T0M o6'beMe 

JlllJIIIY<'H " II 3HIHlC1\f'TCR ;l(lf'))l'IIH 13'")-IIOJIH. JlpO/IOJJhllltH KOMII0llellTa 3Jll'KT))ll'ICCK0l"O 

110.~H II <'TPY"TYP<' Tlllia ",1111ac)1panmponam1Liii DOJIIIOD0,11°' 113MeHReTCR C pa,1111ycol\1 no 

:1ai.;011,r. IWTO()l,lii 111':llla'IIIT<'Jll,II0 0TJlll'laf''ITfl OT 11:lllf'CTII0l'0 II ctiopMe ct>YIIKIUIII bf'('

('('JIH (p1w.:I.) llo:n-0111y JIJJfl 011e111rn :rna•1e1111<' a11epr1111. :.ia11ace1111oii ua e,11111111uy ,11,11111L1 

1"rpyr,:Typ1,1, ~JOiKII0 11p1111HTh pa1111oii 

(G) 

ConTJll''l'<'TIIPIIIIO, :lllC'))l'llfl, )'JI0<'IIM/1.H :.iapflJI0M ,, I' f'/11111111(1,1 ,I.IJIIIIJl,1 CTPYh:TYJ>l,I. f'CTh 

(i) 

Er,111 l'Cj)OJ)I\IIIJ)ODaTb na1,eT ll3 X = 100 MIIKJ)0IIMIIYJlhC0B, TO OT crycTK8 "crycTI<Y 6y

.lCT 11a6.~10.11aTbCR cna,11 3Heprim ~=. II. C00TDeTCTBeHH0, D K0HUC MaI<pOI!MllYJlbCa cna,ll 

COl'TclllllT 6: /:::::1 .\' ~= R! 0. 1:. Ta1..oii Clla,l] llf' RBJifleTCR 11eupe0,ll0JJIIMbll\l .ilJIR 110,,y'-leHII.R 



E, 

r 

Pue. a. Pacnpe,neJJeHHe 3JJeKTp11•1rcKoro IIOJJH no pa,1111ycy B CTPYKType •• ,1111acpparM11po

na11111,1ii DOJJIIOB0,!1 .. 

Ta6JIHQa 3. IlapaMeTpbl JlHHRKa-800 

IlapaMeTp HoM11HaJ1b111,1ii MaKc11MaJJbHh1ii 

1lJJ1111a. 111 200 
:~)IIC'J>l'llfl, f3B 0.7 1.0 
lh!KOBblii TOK, 111A 70 300 
Cp(;',!11111ii TOK, MKA 1,4 100 
Cpe,11HHH MomnocTb, KBT 0.98 100 

llapaMeTpbl B~-CTJJYKTypu 

'--laCTOTa, rrn 2,85G 
1lJJ11TeJJbHOCTh IIMIIV.~bca. MKC '2 0.1-50 
'--larTOTa IIODTOJ)C'IIIIH. l'rl 10 400 
IloTpP6JlfleMafl !IIOlllllOCTh, l\1BT ~ 0, (j 1.0 

na BhlX0,!1(' 113 yn;op.HIOlUCii CTJ>YKTypbl crycn.;on ·~Mf'l,TpOIIOB panuoii 311<'pr1111 II. f'O

OTll<'T<'Tllf'IIIIO, IIOJIY'IC'IIIIH l'f'll<'pau1111 .r1c:). lVrn I..Ol\lll<'lll'allllll .llC'iirTUIIH c11a,1a l\lOil-.:110 

opraHIIJOBaTh m111eiiHo 11apacTaJOUlllii C,!11:lllr IIMIIYJJhCa CIIJIX()OHIIJaUIIII, ynpaBJJHIOUlero 

O'l;l,phl'J'll('l\l ;1Jl('J\'J'()OIIIIOii 11y1111rn. 'ITO OO('CIH>'IIIT 11:1111C'IIC'JIIII' TC'l\llHI ynwpeHIIH ,1.1fl ,!1llll-

11oro ,·ryrTi..a II IW!llllf'JICIIPYPT C!Ja/(. Jlpe11110,1iaraf''fCH IICIIOJll,30lla'fl, 11y1111.;y, IWTO

paH 6y:tPT cj>op11111pouaTh ~!Jll'KTIJOllllbl(' crycTlrn ,llJIIITC'Jll,IIOCTblO T ~ 0. :, Ill' C TOKOM 

I~ •I . .\. Ila nxo;w 11 .i11111ar- T(H'OY<'T<'H. •1ToG1,1 1v111·1·c•J11,111>1'T1> IIJ\111yJ1i,ra 61,1J1n !ll<'lll>IIH' 

•1e111 , ~ I li nc. 

-1. 11a•1,u11,11oe <l>opl\111 pofrnll 11<' crycTKOH 

( 

0

X!'l\lil lllliK('KllllOIIIIOii '(a(''J'll II ('IICTC'l\11,1 11pr1111apl1'1'!'.~l,IIOii rpy111111po111rn l'l'Yl''l'JWB 

B ,il1111aKe-800 np11111u11111aJJhllO IIOBTOJ)flf'T 01111ca1111y10 n pa60Tf' [5.6]. ::>.,el,TJ)Olllll,lii 

lly<IOK cj1op!1111pyeTCH B nywKe C y11paUJJHJOU1eii Cf'Tlmii (pue.4). KOTopaH 06ec11e111rnaeT 

rellf'paUIIIO KOpOTKIIX rrycTKOll 3JJCKTIJOIIOB ,llJJIITCJJhllOCTblO 0,,5 IIC C TOKO!II 4 A II 3Hep

r11eii Ila BhlXO,ile IIJJll!llep110 400 K3l3. CrycTOI\ 11a Bl,IX0,!1C 113 nyillKII IIMeeT ,1.11111y 

/•"" = .JgunCTo, (8) 
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()(IMQTJC H C0111!HOHJIOD 

3.5M 

I ~ 
Cy(ir apMOHINl!CJCHii p moHBTop 

Puc. 4. C:xel\ta cy6rapMOllll'IeCIWl'O IWMllpeccopa crycTKOB. 

l'J\(' ,·d.,,,, · l'IW))Ot"l'I, ;1JH.'l,Tpo11011 llil Ul,IXOJI(' ((;J 11yrni-11. To - ,IIJIHTNlbllOCTb MHl<!JOHM

IIYJlh('il, llpoxo.11H '1epe3 pe30llaTop cy6rapMOlll('(<'C(Wl'O rpymmponaTeJUI, :)JleKT)JOllbl 

IIOJJy<lalOT IIJIII Te)JRIOT :rneprmo 

(9) 

l';l(' \ ;, II O ··· ill\lllJIIITY/lil II 'lil<"TOTil IIOJJH pmo11nTopn. EcJIII 'lil<"TO'l'cl pa1111a IIIC'C'TOii 

cy6rapMOlllll,e. TO ,/\.rnTeJ(bHOC'l'h I\IIIK()OIIMIIYJJhCa, DI,16pa1111aR BbIWe, panna •teTBepTII 

ll<']>IIO;Ia: 

llll;+;l'n'l'IIJ>Yl'l\l ITY<"l'OI, Tai\, '1'1'061,1 l'('O "('()J(Olla" llf'IJf'Cf'KJJa pe3ollaTop B TOpM03HWeii 

<lm:w. a ··xnon·" - 11 ynwptt10111Pii (puc.5). Tor,11a 11a n1,1xo.11P 113 pf'ao11aTopa ::i✓1e1npom,1 

l'0.'10111,1 6y,11yT 111\lt''l'l, Mlllllll\1/l.lJl,l(YIO :llll'IJl'IIIO, il ;JJ1el,Tpo11bl XBOCTa - MaKCIIM8JlbHYIO

B 11po111•l'c'I' ,1Bllihl'IIIIH 11 /IP"ii1l>n11oii l\ill\ll'(lC' <'l'Y<'TOI\ <"il\111\lill''ITH n <"OOTIWT<"TBIIII e paa

HOl'ThlO t'nOpOl."l't'ii "1-oJJOllLI II Xl30l'Ta": 

19 



a) 
Vs,a(t) 

t,(ps) 

6) ~ 

t,(ps) 

Pnc. 5. ll3MeHeHIIe BO Bper.1e1111 IIOJI.R B cy6rapMOHll'IeCJWl\l pe30HaTope (a) II IIJIOTIIOCTII 

Jap.11.ua crycn.:a (6) 

OTl'IO,lla 11aXO,lllll\l l\laKCIIMaJibllYIO ,llJJllll)')l))eiictiouoro npoMe;+;yTKa, (" XBOCT .. ,llOrOllflCT 

"ro.11011/'). Ilpu f = :n5 1-::113 IJ ilf = !iU i,:;)13 IJOJIY'JIIM 

1)2 er 
L < gun gun r:: 

0 - U/3 ~ .") M. 

U1,1611paH ,ll.r11111y .11peiicj>onoii 1..:aMep1,1 ln = a. 5 M, 110JIy<mM ,un111Iy crycTi-:a 111 11a nxo.11e 

11 ,llu11a1,: 
il/1 • 

lo= er • .,,,• .-J - Lo· J = l 11. :rr.'1r.1. 

13 Iw:iy.11,TaTf' 11,1 llhlX0,111' ll;J C'IH'T<'Ml,I IIJ)<',/1111\)lll'l'<'JlhllOii rpyr11111ponIm <Tr<"l'OI\ IIM<'<'T 

11apaW'Tp1,I (Ta6;1. '1), 110:JII0JIHJ0ll\lle 11()11 yeI-:opr1111P <.'iK3Tb ero J\O 11ro6xo,1JJMl,IX pa:1-
1',JC'IH>JI. 

:), C~+.:aTHe npn yc1<0peHHII 

I b cy6rapMon11•1eci-:oro i-:mmprccopa <TY<'T0I-: 11011a.11a<'T n 11rpnyI0 yci-opHI0111yI0 C<'K-

1111I0. r;1r 0,l\ll0U()CI\ICllllO I.' ycIwpe111IPr.I llp0,ll0JliKclt"lTH el'0 CiK3Tllr. lb <J>O(lMYJJbl ( 10) 
Bll,/1110, 'ITO n:opOCTb CiKaTIIH crycTI,a 11a.11arT C poCT0l\l 311C'pr1111. Mo;i-;110 110Ka33Th. 

'ITO .ll.rJIIHa cr~'CTKa Ha DblX0,!IC 113 llepnoii CCKU1111 ycKopnTeJIH B np116J111;+;e111111 MaJioro 

upocrpa11cTBe1111oro 3apH.l\cl OIIP<'/1<:'JIHCTCH CMJIYJOIUrii cJiopMyJioii: 

:1 
If"'"'~ lo - ""'1111,.." 

( 
J - ii,.,,,.) . (1 -~) o..,.. I+.· 

(\ 
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Tau.1JHQa 4. IlapaMoTpbl rpynnHponaT<',JIJI H crycTKon 

CrycToK na Bb1xo.11e 113 

ny1111rn rpy111111pooaTeJIR 

,ll,JIHTeJibHOCTb, nc 500 li 
Ll,JI1rna crycTKa, MM 120 15 
3ueprllR 3JieKTpo11on, M3B O,:l5 6,0 
llHKOBblii TOK, A 3,4 100 
:3ap11;1 n cryc·1·1,r, 11h:J1 1,7 1,7 

1(0) 

s 

Pm:. G. lLn,1eue1111e ,I\JlllllbI crycTKa n ,flimai<e 

f,l\f' ll = r En/111r~, .·I = 1imin~, ... in• F:n - aMIIJIIITY/111 ~'Cl..:OpRIOllll'J'O HOJIR D lll'J>DOi', 

('(:'Jo.:111111 .ll1111aKa. ;J, j - JIOIJPIIU-(j)cll.;'J'O(>Ll Ila BXO,!IC (min) II DblXO,llC (max) CCKl.(Hll. f3 Ha-

111('111 c.·1~"lil<' no.r1~"1 m1 I r;.,.1 ::::: !; . :l MIil ( puc .(>). CooTBf'T<.'T11c•11110 IIOJl)"Ja.('M K03ltJltmune11T 

c+;aTIIH Cl'YCTKcl II llllKODblll TOK: 

(i. :JaKlllO'IE'Jnl(' 

llpone,11e11110P pacc11toTpe1111e IIOKc13hlDaeT D03l\10iKIIOCTh <pop11111poBaHHR crpy111111po-

11a1111oro ~1J1e1,Tpo1111oro 11y<1Ka 11 ero yc1<ope1111e u ,111111aKe-800 c 06ec11e•1e1111e111 napaMe

Tpou 11y<1Ka 11a UblXO,llc>. 11eo6xo11111111,1x /1JIR ycnew11oii re11epallllll ll3JIY'!emrn n Jia3epax 

Ha c1106011HLIX :i.~eKT))OHax. 

21 



JhnepaTypa 

1. \'.A. Arkhipov. V.K. A11t.rnpov, N.I. Balalykin et al. - NIM. A 470 (2001). p.l. 

:.!. H.ll. BaJiaJihtKHII, 11.4>. BeJ101JJ111.va1ii, B.r. Ka'Aht11Jenc1..:nii n 'AP· - A:3. 91 (2001), 
p.300. 

3. C'.A. Brau. - Free electron Lasers. Academic Press, Inc., New York, (1990). 

4. E.L. Salclin. E.A. Schneidmiller and M.V. Yurkov. The Physics of Free Elect.ron 
La:;ers (Springer-Verlag, Berlin, 2000). 

5. A.F.G. van der Meer et, al. - Nucl. Inst.mm. and Methods, A 331(1993). p.282. 

6. T. Tomimasu, Y. Morii, E. Oshita et. al. - Nucl. Inst.rum. and Methods, A 407 (1998), 
p. :370, 

22 



OB'bEMHbIE JIA3EPbl HA CBOBO,l(HbIX 3JIEKTPOHAX 

n.r. BapbtttteBcnut't 
I /ay•1110-11cc.1e,Joom11t',11>Ch:1111 1111cm11mym J1Uep111,13• 11po6,u:.11, Mtmch: 

Jla3epw 11a cuo60,1111blx 3JieKTpouax (JIC3) - yc'Ivoi'rcTna, n KOTOphlX peJIRTH· 
IJIICTCKUe ny"IKII 3JleKT))0II0IJ renep11py10T KorepeHTH0e 3JleKT))OMaT'HIITH0e 113-

·'IY'ICIIIIC 11 pa3Jlll'lllb1X ,1111a11a3011ax ,IIJIIIH U0JIII: OT caHTIIMeTp0DblX, 0IITU"leCKIIX 
DIIJI0Tb ,110 pe11TreHOBCKIIX, npe,11cTaBJIRIOT co6011 'lpe3Bbl"!a1rno aa;imoe II aK

TllBHO pa3n11na1011.1eec.11 uanpanJieHI!e uayKJI II TeXHUKll, Honan pa3HOBU,IIHOCTb 
.iJC3 - 061,eMHhlII Jia3ep ua cno60,1111blx 3JieKTpouax (OJIC3). ucnoJib3YJOlllllit 

npn renepau1111 3JieKTpOMaf'HllTHOT'O 113JIY'leHIIJI pauee Hell3BeCTHble 3aKOHOMep-
. 11ocT11, o6ecne"!uaaeT 6oJJee 3cJ>cj>eKTnm1L111 npouecc ll3JIY"lem1J1, "leM o6hl"!Hhllt 

.iJ C3. EJJaro,11ap.11 3T0MY OJI C3 II03BOJIJieT noJiy"!aTb 11a MHorue nopJI,IIKII. 60JJb-
11111c M0LUII0CTII ll3JJY"!e1111Jl npn cymecTnem10 MellbWHX pa3Mepax, "!eM o6hl"!Hble 
JIC3. llepuhlii OJIC3 ua"!M pa6oTaTb B Hl1l1 .Ril 20 anpeJJJI 2001 r .. 11 noJJy"leH
Hble 3KCIIepm,1eHTMbHhle pe3YJJbTaTbl II0JIH0CTblO II0,IITBep,1111JI11 OCH0BHble Teo
peTJf"!eCKlle noJJo;i;emrn. B 11acTo.11mee npeMR 11a oc11one 11,11e11 C03J1aHIIR OJIC3 
cJ>aKTll"!eCKII B03HIIKaeT H0Ba.11 BeTBb CB'-I. OTITl!"leCKOii II peHTT'eHOBCKoii JJa3ep-
11oii Tex11111rn. no3D0JJRJOIUM co3,11aoaTh reuepaT0Jlhl. 06ecne"!11na10w11e nJJanny10 

nepecTpoiiKy 'laCT0Tbl B w11p0Koii o6JJaCTII cneKTpa II Bb!C0KYIO MOII.IHOC'l'b 113JJY· 
'IC'IIIIII. 

Volume Free Electron Lasers 

Free electro11 lasers ( FE Ls) are facilit.ies using relativistic electron beams for 
i;c11crn1.io11 of cohcre111. dect.romag11etic radiat.io11 iu different. frequency ranges. 
New variety of free electron laser is a volume free dect.ron laser (VFEL) using 

11e\l' laws for elcct.ro111ag11et.ic radial.ion ge11erat.io11. which provide more effective 

ge11erat.ion process coinparing wit.h conventional FEL. Owing to this VFEL allows 
lo receive, much more higher radiation power at. less size than conventional FEL. 
First lasi11g of VFEL was oht.aincd at INP on t.hf' April. 2001 and obt.ained expcr
imc11tal rPsults ha\'C' compll"tel~· c:onfinned theorC'tical st.atements. A new branch 
of 111icrowan•. optic and X-ray laser IC'cl111ics appear,- now on t.he base of VFEL 
idea. It allows one to de\'elop general.ors providing smooth frequency tuning and 
hiF;h powc-r of radiation i11 wide spectral range. 

,i]n:1qJ1,I 1111 <'11000/llll,IX :1Jll'h:T(>Oll1\X (Y<"l')H>iicT(lll, II h:O'l'OJ>l,IX pC'Jlff'l'IIIIIIC'l'<'l,IIC IIY'iKH 

:1,11e1.:Tpo11011 l'<'ll<'J>II PY 10'1' I..Ol""l>C'IITIIOC' ;)JJ('J,TpOl',Hl f II ll'l'IIO(' ll3JIY,IC'lll(f') II P" /lC'l'/lOJIRIOT 

t'OGoii 'JP(\llll,l'laii110 BHiKIIO(' II a1,TIIUIIO pa:JBIIBHIOU(l'C'l'H 11a11paoJ1e1111e 11ay1m II TeXU11KH. 

[3 1111C'l'OHll(f'(' llpP~IA OCYlllf'CTllJl<'llil r<'IICpalUIH 113,T(~"l<'IIIIR ll Cill\thlX pa3JJll'llll,IX 1111ana
::io11ax ;1:11111 uo.111: llcl'lllllil.H OT callTll1'1CTpOB1,IX II IWll'I.\.ll OIITll'leCKIIMII. Ha'JaJJ ocyll.le

C'J'IIJIH'l'l,('H IIJ>O<'l.:'I' p<'ll'l'l'l'JJOll<.'1-:01"0 ,1)('.;:). 
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11<':HIBIICIII\IO OT Tllllrl ,1)( ~:) II OCIIOB<' ('!'0 1rn60Tl,l J)(';+;clT ,/\Bel ua;+;lll'iirn11x <jlll311'1<'

CKIIX RIWellllH - RBJJem,e IIH,llj'llllPOBaH110ro 113JJY'-leHIIR II RDJJeHlle B03HIIKIIOBe1111R 110,ll 

BJJII.Hll lll'l\l 113Jl~"l(~IIIIH 11ep110;1wwn:oii MOAY JIHLIHII ( 6yll'I 11p011KII) IIJIOTIIOCTII :1J1e1,Tpo11-

IIOI'() 11~"1 i,;n ( JI ll.7H'llllf' ny,monoii lll'YCTOii 'IIIIIC>l'TII). i'Pllt>pllllllR II .f)C:) no:16~•;+;,nrlf'1TR 

pa3.711l'-lllblMII MeXallll3MaMII CIIOl!Ta1111oro IDJlj''-lemlH: Mrll'IIIIT0'1'0pMo3HblM 113Jly<ICIIHCM 

11 011;1y.,1RTO(W, 11:1;1y'1CIIIH'M CMll'ra - l lapct>JIJHI 11 t.lC'pe111<011a, IIJJJY'-ICIIHCM n JJa.1ep11oii 

BOJJII{', Ho HeJaBJICIIMO OT Toro, KaKoii IIMCHHO 811,1\ CTIOIITannoro 113JJY'-le1111.11 llpltMe-

11.H<''l'l'H u 1.:0111..:pt''l'IIOM ,11(.'.:J. IJ('(' 11p116op1,1 :>'l'Ol'O 'l'IIIIH ll<'IIOJll,:JYIO'I' o6p!l'l'IIYIO ('IIH:JI,, 

C03,llrlllrlC'!llj'IO 11.7111 ,nnyMR napaJJJJf'JlhllhlMII :iepKaJJal\111, pacnoJJO;KCllllhll\111 Ha 1,paRx pa6o

'-leii 06.~aCTII, IIJJII 0,1\IIOMCJJHOii ,llH(ppaKUHOIIHOii peweTKoii. B KOTopoii 11c11ycKaeMaJi II 

/lll<)>par11po11a111iaR ( OTJ>a;+;e1111aR) noJJ11a pac11pocTpa11HK>TCR ll,I\OJJb 3JJCKTpo11110ro TIY'-IKa 

(o,nllOMf'pllaR pac11pe,lleJJe1111aR o6paTHaR CBR3b). XopOIUO HJBCC'THO, '-ITO JJI06aR IIJJIY

'talOIIHUI l'IIC'l'<.'l\lH xapH!..:TC'pll:IYC'TC'H ('(' c11e1,TpOM co6CTllClllll,IX IWJJl'6a1111ii II TRI..: lla-

31,llll\f'Mbll\1 ,n11cnepc11011111,11\I ypaBllf'llllf'l\l, OJIIIChlllrllOIIUll\l B C'Jl)"lae MrlJJblX ll03MY1Uellllii 

(JJ1111eiiHb1ii pe;i,;111\t) B03MO.lKl!ble THllbl BOJJH B CIICTeMe II l'BRJh Me;+;,lly '-lrll'TOTOii II BOJJHO

Bhll\l 'llll'JJOI\I co6CTBeHHblX IWJJe6a1111ii CIICTeMbl. B CJJj''-lae ,TIC:) TaKoe ,lll1Cllepc1101111oe 

ypaBHf'Hllf' TIOKcl3bJDaeT, '-ITO ll C'IICTeMe cymecTBj'IOT CBRJaHHbte l\le;.KAY co6oii ~lJJeK

TPOl\lHl'IIIITHblC' BOJJllbl II Tel1' 11aab1Hae111bl(' llpO,llOJJbHble DOJlllbl :iJJCKTpOIIHOII IIJIOTIIOCTII. 

TmaTl'/lhllhlii ami.11113 cnoii<"l'II :lTOl'O /\IICll('pCIIOIIIIOl'O ypaRHf'IIIIR 1101..a:ia.11 [l]. 'ITO ,lllll'llf'

pe1101111or ypaa11e1me ,l\,'IR .11c::) u i..:o.MeKTIIBHOl\l (IWMIITOIIOBCl.:01\1) pP;+;lll\lC COBlla,llal'T (' 

1111cnepc11ouub11\1 ypaaueu11el\l 06u<i11oro yc11J111TeJJR 6erymeii BOJillbl (2). 11 1..:o~i<l><tmu11e11T 

~·c1we1111.11 ,TIC:3 (nHKpeMeHT 11eycToii'-IJJBOCTII 3JJeKTpomtoro ny'-IKa) B ycJIOBllllX cmtxpo-
1/3 

111131\la B0.111 nponopl.lllOHaJJeH flo , r .11e Po - TIJJOTllOCTb 3JJCKT!)OHHOl'O 11y'-li..:a - 111\leeT 

1111/1 

lllh' = _V_~" -·--I ,. lln V' ""
0

1" 1:1,,,, I 
II 1c 1w€ 11 j 

., ., I ...:i. = •17rr-pu 111, v.,'L Jl('ll1'1\IIOpo11n.:aH <JaCTOTa. 

0 

OHAYllSHOp 

1'11c·. I. ;111,vx110;111011a11 1111<l>pa1.;u1rn 11 (),ii(::) 

13 pa6oTf' [:l) 61,IJIO 1101,:a:IHIIO, 'ITO llj)II ,llllllild'll1111 jH'.1JHTllllllt'TCl..:Ol'O ny'-li..:a ~IJJC'KTpo

llOB '-1epe3 KpllCTaJJJJ ( C!JC' .llY, 06.rn,lla101uy10 nporTpall<'Tll('IIIIO 11ep110,n11'-1eCKOii ,IIH3JJCK

Tj>ll'IC'('l-:Oii 11po111111r1Pl\lO('Tl,IO), a Tell,;+;!' 11 lll<'Jlll (110.11110110;1c•) JI ,lll1Cj>pai,;111101111oii pl'lll<'TK(' 
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(4] 8031\IO;KH0 BhllI0JIHCHHe ycJJOBUii, npu K0T0J)hIX 110.RBJJ.RCTC.R H0Ba.R cpU311'feCKaH 3aJ{O

JI0Mep11ocTh, a JIMCIIU0: JIIIKpeMeJIT 11eyc-roii'IHBOCTJI 3JJCKTpomwro ny'IKa Il YCJJ0Bll.RX 

CIIHXp0Hll3Ma D0JJH 8 3T0111 pe;i.;11111e 0Ka3hIDaeTC.R nponopunoHaJihHhll\1 He p~/3
• a p~/( 5 +3

), 

r,11e S - 'IIICJJ0 803HHKaJOIUHX B peayJJhTaTe' 6p3rroBCKoj:i ,11ucJ:>paKUHH B peweTKe H3JJY

'laCl\lhlX 3JJCKTJ)0Mar!IIITllhlX D0JJII, a Po - IIJJ0TH0CTh 3JJCKTJ)0JIII01'0 II)"IKa. 

Puc. 2. DoJM0,1,;118.R 1.;omtmrypa1~11R o.11c:3 C 0H,!IYJJJIT0J)OM 

Er.,rn B npouecce ,llIICppaKlUIII yqarTDYJOT ,!18(' B0JJHhl. TO B T0'IKC coarra,11emrn !WpHeii 

;111ruepr1101111oro ypaa11e1111.R 1110;,i,;110 110.1y'IIITh cJJe,11yJOIUee Bhipa;i.;em,e ,!IJJ.R I mk,,: 

IJ pmy.lhTilTe lll\lf'f'lll ()OCT Illll,J>f'l\lt"IITll 11eycroii•11morT11 (K03C!Jcimu11e11Ta yc11JJe111rn): 

Jml.·(5=o) ( ,'.!
1

, l)-1/12 II ~ ""1. .I,,,, 1 
')"' 43 ». 

I I (.~=I .,.;· \ ~ 
lllh'II T I 

h:a,, 11()1'1J;H,lllllf'T 'J'f'0pllH. II ycJI0IIIIHX Bblj)0iK,llf:'IIIIH IWJ)llf'II ll3MeHHf:'TCll JI H0Df',llellIIe 

noporonoro To1,a: 

j,,tart ~ l / [(1.·L)3(k\TLJ2'']. 

Ofr!>el\lHbie ,rn:.iep1,1 11a rno60,1111,1x ~lJ1eKTpo11ax (OJJC::l) HBJJRJOTCR '1pe3BbI'faiiuo nep

l"llf'KTlllllloii pa:HI0BII/III0C'J'hl0 ,IJC:~). CIIOCO0IIOii O0f'("lff''IIITh IIJJJY'fellllf:' D WIIJ)OIWii o6JJa

C'J'II Cll<'l,:'l'j)<l, OT l'allTill\lf'Tj)0II0l'0 II j)<'IITl'f'JI0IICIWJ'0 ( Cl\l. (fJ- 7j). OTJJll'IIITCJJbllOii 0CO-

0f'lllllH''l'hlO (),11( ·:-) Hll.llHf'T('fl 11c110.:11,:1011a1111<• II 11:a'lf'<'Tllf' (}0'1,('Jlflll,IX pe3ollaTopon 0.11110-. 

25 



.l\UYX- II TpCXMCpllLIX ,l\ll<i>J>Hl,IUIOlllll,IX J>CIIWT0r-. 06<'Cll<"IIIIH\IOIIUIX 00-h<'Mllyto p,H'llp<'

,lleJtellllYI0 06paT11y10 CUJl3b II, r-ar- CJie,IICTUJle, ll0JM0iKII0CTh JIJl8Bll0ii nepecTpoi1KII 'la

CT0Tbl. 

Bailmo 11owwp1myTh, 'ITO ;\ail,f' o,11110Mepmu1 ,1111<l)JH1Kn1101111a11 pe111eT1,a M0iKeT 06er-

11e•111naTb ofrbel\my10 (ne O,IIIIOI\!ep11y10) o6paTHYIO CBJl3h, eCJIH Yl'OJI 6p31"l"OBCIWii ,llH

cI)JJHI-Ullll 'I- -l\-. llpn OIIJ)C,l\C'JIClllll,IX yrJI0UIIJIX o .. nc::-> 06cc11e•11maeT 6oJiee 3<l><l>e1n-1m111,1ii 

11ponecc IIJJIY'ICIIIIJI, 'leM o6hl'lllhlii .nc:3, JICHOJlhJYIOI.Ullii 0,IIH0Mep11y10 pacnpe,'leJie1111y10 

06paT11y10 CBJl3b. OOJiee Toro. 6.11aro,11ap.11 B0JMOiKIIOCTJI JICII0,1b30BaTb Wll(J0l(llf' aJIPK

TJ)0ll lll,IC IIY'II(ll II 1111<l>pa10111011111,H' pemeTim 60JihllJIIX o6'beMOB, o.nc:_3 H03BOJl.flf'T no

,IJY'IaTb 11a l\lllOJ'II(' 110().11,IIKII 60JlbWlle MOIUIIOCTII ll3JIY'-lCllll.fl ll))H cymecTUCIIIIO MCllbWHX 

pa:11\t<'pax. •1cl\t 061,1•1111,te ,l]C:.). 
cJ>aKTll'ICCKII Ila 0CHOBe 11,IICH C03,llaHJIJI 0,flC:J ll03HIIJ<aCT U HaCTORl.l.lCe DpeM.H IIOD!IJI 

BC'l'llb CBLI. OIITll'IC'CtWii II ))CfflTf'IIOBCKOii .1JaJep110ii TCXIIIIIW. JI03B0JIHIOLilaH COJJlaBaTb 

re11epaT0))bl. 06ecne•111sa10LIUH' HJiaBHYIO nepecTpoiii-y 'IaCT0Tbl B lllll))OKOii 06,TJaCTII 

cneKTpa II BblC0K)'IO l\lOlllH0CTb IIJJiy'-lellJl.fl. IlepBbtii o.nc:3 Ha'-1.a.,1 pa6oTaTb B Hllll Jill 
:w a11pc.rn :WO! r.[8). 

e- 1<~_ 

if, 
llij l~--y 

V 

lf 

Kil 
06\.8MHSR AH¢,pSKUHOHH8A p8WBTK8 

__ /-1 I< 

''''' 1 ··1 Ill' ••••• ' 11·' ••'I II r 1··, •, --.-•rr1: ! 
1
- ! ; 

~
," 111 i 1 .... I lu. 111 ! 1,, 1, !! ; ; iii, 1 •, .. ,, !! , ! , i , , ,, 

~

•11·:·lll!!,!!1!!111·-l:::::l.!:1111111:l•' U_i i 1 . ·_l.!.LU~ '...Llli..J.J...il_LIJU.u.11l,_;_;_; :_.;..t..;.J....._ ..... ' 

o6\.8MH9R AH¢,pSKUHOHH8A peWBTK8 

Kt 
P11c. :\. llo:11\loiK11a11 1-011Cj>11rypn1111n O.TIC::) 
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IlEPB0E HABJIIO,LI;EHME rEHEP AQMM B 0B'bEMH0M 
JIA3EPE HA CB0B0,LI;HbIX 3JIEKTP0HAX 

D.r. Ba]JbtlltC:<JC'h!1t'U, K.r. Bampa'h!OO, A.A. I'y7ntuoo1t1t, H.H. HJtbCH'h!O, 

A.G .• !Jo61w, D.H. Mopo3, JI.<P. Cogipouoo, B.H. CmoJ1.J1,pcnuu 
llay•111u-ucc.1eJutH1111c.1bC1-.ttt'i 1111cmumy111 J1UCJJ111>1:r 11pu6.1e..11, .M1111c1t 

PacoiaTp1maeTc11 11epuoe 11a6mo,11em1e re11epa111111 a 06ber,,mo111 .11a3epe 11a cao-
60.11HhlX :Me1apo11ax (OJIC3). re11ep11py10lUM CIICTellla COCTOIIT 113 .IIBYX .1111-
c!JpaKUIIOHHhlX peweTOI, C pa3HhlMII npocTpaHCTBeHHhlMII nepno,11aMU. DepBM 
peweTKa C03,llaeT ~'CJIOBll/1 3MIICCIIII 3a C'leT CJ\IIIT-napceJJJIOBCKOro MexaHl13Ma. 

'BTOJJM peweTKa o6ecnequaaeT pacnpe,11e.11eHHY10 o6paTHYJO CBll3h ,11.1111 3MUTH
poammoii BOJIBhl . .ll.J11111a ,11ml1paKu11011uoii peweTKII - 10 CM. H11-1ny.11bc uanp11-
:+:emrn ,IIJIBTe.%HOCTblO ~ 10 JIIC l!MeeT CIIHYCOll,llaJlbHYIO c11op111y npn a111nJ11ITY.lle 
1-10 KB. lb111epe1ma11 3Heprirn ,11ocT11ra.11a neJJU'lllllbl 3-4 BT a ,1111ana3011e .11.1111H 
noJ111 ,\ ~ 4 111111 np11 n11Kono111 TOKe OT 100 ,110 35 111A. re11epau1rn npeKpamanach 
11))11 TOKe < 35 111A. il COOTUeTCTBIIII c TeopeTU'lec1mMII 11pe,11cKa3aHJIJIMII. Kor.11a 
TOI, ,11ocT111·a.,1 :111a•1e1111ii. 6J111:m11x K noporoni,1111. re11epau1111 11a6J110,llaJJac1> n )'3· 
Koii o6JJaCTII 11a11p11;.i,;e1111ii F ~ 5 KU. 1lpn 60J11,IIIIIX :ma•1e111111x TOKa IIMeJla MeCTO 
,l'CTOll'lllllnll 1·e11ep,11111>1 II ,1111a11a:1011e 5-i,.5 KB. 

The First Lasing of Volume Free Electron Laser (VFEL) 

V.G. Dm·yshevsky et al. 

Firsl lasing of 1·ol11111e free electron laser (VFEL) is obsen·ed. The generating 
~~·:-lc•111 co11:-ists of 1.wo 111r-1al diffrnc1io11 grnt.i11g wil h different i.patial periods. The 
first grating creates the conditions for Smit Ii-Purcell emission mechanism. The 
sc•cond grating prn1·ide~ t.hc· di~tributc·d fecdhack for cmit.t.ed wave. The leugt.h of 
diffraction grating is 10 cm. Volt.age impulse wit.h a t.ime duration ~ 10 ms had a 
sinusoidal form wit.Ii tlw amplit.ude l'aried from l lo~ 10 k\'. The measured mi
(TOll'i\\'e power reached the value of about 3-,J \Vt in wa1·elength range ,\ ~ 4 mm. 
The peak current varied from 100 to :35 mA. Th(• 11,enerat.ion st.opped at current 
rnluP < :J:i mA. \·Vhen lhP current ,·alue was near the thre~hold current the gen
Prat.ion was ohser\'ed in narrow region of rnlt.agP 1: ~ 5 k\' that coincided wit.It 
I hcoretical predict.ion. A I great er cmrent s the generation took place in continuous 
range of rnlt.age from 5 to i.5 k\'. 

O,111111\1 113 ~1.,lf'J\te1rro11 ,1ra:wpoll 11a c11060,11111,1x ;mrKTpo11ax (.TlC:3), a T,U,;+;e ,11pyrux 

TIIII0B f"f'lll'pn-ropon HllJIHf'TCH o(ipaTll11.fl !'UH:Jh. 1-:0TopaH co;111acTC.fl CIICTC'J\toii arpKaJI, IIJIII 

pac11pP,1r.1e111raJ1 o6paTHa.H cnHJh. 06pa3yeMa11 ,1m!)pa1-;u11eii B0JIH e npocTpa11cTBeHH0-

nep110.J11•1rr1wii cpe.11e. 11))11 1-:0T0J)LIX llj)Hl\taH II 0Tpa;.i.;e1111a11 B0Jlllbl 11a11pan.~e11bl B,II0Jlb 

o,1111oii 1qml\1oii. (h.111•111Tf'/lhl10ii •1epToii ofrhCJ\llloro .TIC~➔ (O.llC::.3) .HBJIHeTrn HaJIH'IHe 
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11eo,11110111ep11oii MHoroao;moaoii ofrher,moii pacnpe,lleJJennoii 'o6paTnoii CBfl31l (OPOC). 

OPO(' U,l\ll0U!)<.'!\ICII0 IJl,III0JIIJJJe'l' )\UC <l>Ylll{l(IIII: 

• o6ecne•muacT 60;1ec :-i<l><l>eKTIIBny10 CU113h :-i;1c1<,Tp0Mar111rr11oii noJJHhI r :1J1e1,Tpon-

11b1M IIY'U-,0M 38 C'ieT 113Me11e111111 3aKoHa ,1111c11epc1111; 

• HBJI.HCTC.H ofrbCMllblM pacllpC,llCJiellllblM 3CplrnJI0M, Y,IICJ)iKHUaIOll.(HM 11:JJIY'ICIHte U 

ll()0CTpa11cTBe B3allMO,lleiicTDIIJI. 

Bnepnble Ha B03M0iKH0CTb cymeCTBeHHoro ll3MeHeHIIJI xapaKTepa J)a3BHTIIJI HeycToii

'IIIU0t'TII 111)11 ,l\UlliKCIIIIII 3J!el,Tp011110l'O IIY'll{a ll llpOCTJ>lUICTBCIIIIO-IICpHO,llll'if.'CKOii cpc,lle 

6LIJIO yKa3all0 B pa6oTaX (1. 2]. B IIIIX ll0JIY'IeHbl II IICCJIC,llOBaHbl ,1111cnepc1101111ble ypan

HCHH.H B ycJJOBIIJIX MHOrOBOJIHOBOii ,llHCppaKUIIII II noKa3aHo, '-ITO B o6JJaCTII Bbl(J0iK,llCHIIJI 

J(11<l>pa1,u1101111ux 1.:op11eii no311111rneT 11on1,1ii aai..011 pa:rn11T1111 ny•11wnoii 11cyeToii•11mo

cT11, pe3J{O 113MC11111'01Ullii 3a!WIILI YCIIJJCHIIJI II reHepauuu 3JJeKTp0Marm1T11oro 113JJY'iellHJI. 

B (1. 2] 3T0T BblB0,ll 6blJI C,lleJJall Ha 0CH0BaHHH Toro, '-ITO IIHKpe111eHT HeycToii'-IUBOCTII 

B T0'll,e S··KpaTH0ro Bblj)OiK,llCIIIIJI Kopueii nponopuuonaJJelJ p 1/( 3+,), r ,lie p - HJI0TII0CTb 

3JJeKTp0HH0ro ny'-!Ka, II OTJIIJ'-!aeTCJI OT C00TBCTCTBY1'01Uero IIHKpeMeHTa ,l\Jlll 0,llH0B0JI

HOBOii CIICTCMbl p 1/ 3 (D ,11a1111m1 cJJy'-lae C'-IIITaeTCJI, 'ITO TO'JKa, B KOTOpoii C0D!Ja,lla1'0T 71 

KOpHeii. JIBJIJICTCJI 11- l BblpOiK,llCl{HOii). B (3] 6bJJIO 110l{a3aHO, '-ITO 3TOT BblB0,ll cnpane,11-

JIIIB II np11 ,llBlliKCHJIII ny'-IKa B BaKyyMe, B6JJl1311 nep110,llll'-ICCJ{OJi cpe,llbl (IIJJII B BaKyy111110ii 

ll(CJIII. C03,llaH110ii BIIYTPII IIC))II0,!111'-lecKoii cpe,!lbl). 13 ,11aJJbllei'llllCM 6bIJIII 11aii.I1e1Jbl RBllble 

BLlpai1,e11I1.11 ,!IJI.H 3aBIICIIMOCTII CTapTonoro TOl{a OT ,l\Jlllllbl o6JJaCTII B3aUMO,lleiicTBII.II B 

3TIIX To'urnx. :JT11 pe3)'JJbTaTbI 6b1J111 nnepnbJe ony6m11wna11L1 B (4. 5]. 1leiiCTn11e OPOC 

ymmepCaJJbH0, II ee 11pem1ymecTBa npo11BJl111'0TCJI D lllllJ)0KOM ,l1Uana30HC ,!IJIIIH B0JIH - OT 

Cal!Tll!\ICTIJ0UblX ,!10 pell'lTCII0BClrnX (4- i]. B pa6oTe (i] j(Jlll MIIJIJJIIMeTponoro ,1111a11aao11a 

npllllC,'ICllbl ,!lallllble no X0JJ0,llll0J\IY Mo,11em1ponan1110 ~Mel,T()0,111111aMll'lf.'C'l{IIX HJ>0llC'CC0B 

u 06beM110ii ,11ml>pa1,u1101111oii pemcn.:c. BL1J10 3Kc11epm1ewraJ11,110 110,llTnep;i,:,11r110 cywc

c"rno11a1111c 06,rnr-l'II. COOTBCTCTllj'IOllteii 'IJ)C3Bl,l'laii110 60,lbllloii ,1106poTIIOCTII CIICTCMLI 

D YC/I0BII.HX 80311111,II0BellllJI .llllYX CIIJlbllLIX U0JIII. 

IJ llaCTOlllllCii pa6oTc ll))('j\C'!'aUJJCIILI 11epm,1c J)C3YJJhTa.Tbl rc11epau1111 ll:JJl)"lellllR 

O.lJC::> n M11,1J1m1eTponoM .zi11a11a3011P. B 11ccJJe,11ycr,10M O.IIC:) 11epcJJRT11n11r1T1rnii nr1oi-: 

.,:\llllilo.CTCJI II CTpyKT)'))C, 111,(JIJO'lalOIUCii ll ce6.H ,1111<' 11.~oc1rnc ,1111lppaKIUIOIJllblC pelllCTKII C 

pa:rn1,1~111 ll(l0CTpa11C'J'll('lllll,IMII 11cp110,11aMII. O.zi11a 11:1 (WIIIC'T0I{ CJIYiKIIT JIJIH rc11cpa1u111 

113,lY'l('IIIIJI 3a l''ICT CMIIT-11apceJIJI0BCl..:Oro MCXa.111131\la. (8]. BTopa.11 pcrneT1,a C03,llaeT pac

ll(l(';\('.WIIIIYI0 06paT11y10 1·1111:11, :1a l''lf'T Gp:1rro11nwii Jlll(j>pa1,u1111. OTMC'TIIM. 'l'l'0 l'C'IIC'

pau1111 II CTall,llil)lTIIOii IIC'(lC'.~ll'l'IIIIIICTCl,Oii ,11\MIIC' 0<'rym<'ii I\0Jllll,I (' 6p:irronr1,oii COR3h1'0 . 

11a on101111oii rapM0IIIIKe IICUo:lM0iKlla, T. I\, ,l\Jllllla 113.~Y'laf.'1'10ii II0Jlllbl 31Ja'IIITP,1bll0 

ll(ll'II0<'X0J111T llf'(>II0J1 Cllll(HIJIII (IIJJII l'O<jl)>ll(>Olllrn). l'f'IIC(lillllll! II QJlC:) pacnlaT(llllla

f'J\101'0 TIIIHI llllf'(lllhl(' ll))CJIJI0iKf'llcl B (!J], r JIC 11pe;1cT,\Bm~11a Tf'0()CTll'JCCKa.n MO,ll('Jlb ee 

paGoT1,1. 

(k11011111,1M <l>~•111,1111011a;11,111,1J11 ~>.1f'JIIPIIT0J\I 11rr_;1r,11yrJ11oro O.TJC:=) RllJJHPT<'I! pr3ol!aTop. 

06pa:1uua1111uii ,1nyr,1.H J1aTy11111,1J1111 11.~oe1rnJ1111 r0<l>p11po11a11111,1M11 ,1u1<l>pa1<111101111h1J1111 pe-

111rTl-(n~111 11 601-0111,111111 ("J'f'JJJ..nMII. llollf'Jlf''IIIOI' ('(")f'))))f' )lf':l0IIHT0pn ll(HIIII0,\'l'0Jll,IJ0(', 

II0l'T0HIIII0P 110 ueeii ero ,Mllllf'. Pa::ir,1ep1,1 11011cpe•111oro ('f''l('JIIII! Mor Jill 11:1J11e1JRThCR B 

X0,.'.lf' ;1J..:l'IIC'()IJM<'IIT0B. Bl,1110,1 11:My<H'lllll! 11))0113110,llll:ll'I! C BLIX0J111LIX 1..:()011101, :1JJCMCII· 

TOIi (lP30llaTopa. Co C'TO(l0lll,I nxo,11a ;),1('1{'J'))0IIII0l'0 ll)"llrn 11a pemeTi,:ax llhlll0JIIICllbl 

:1!(('J\IPIIThl 0TCP'll{11 U0Jllll,I II 1111,llP r.1a,lll-(IIX IIJI0CKIIX, ll(lRM0yroJJhlll,IX B IIJIHIII:' 6pyrKOB. 
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l\m.; 6hJJIO yi.;a:rn110 llblllJ(', ,1111<ppai.;u1101111blf' pemeTKII, ycTaHODJleHHble D peJOHaTope. 

BblllO/IH.f!Jlll pa:3Jlll'-1Hble cpyHKUIIII II lfM('Jlll pa3JJll'-!HOe IICIIOJJHem1e. BaaUMO.lleiicTBHe o,11-

11oii 11:1 pr111rT01, (noa6y:,i,;;1a101u<'ii) c ny<rnoM 11p1mo,1111J10 i.; re11epa1u111 ll3J1)"1e1111n Cl\111-

Ta - IlapceJIJia. .Ll,pyrM perneTKa (peaoHaHcHaH) 06ec1ie•rnnaJia 110.110;+;11TeJ11>11y10 pac-

11p<'J1<'Jl<'ll11y10 o6paTIIYIO CBH3b re11epnpyeMOl'O 113.IIY'leHll.fl C ny'IKOM, .Li,JIH 06ec11e'!ellnH 

act>clwKT1muoii C'BH3H noa6y)K,11a10w.ei'1 perneTI<ll c ny'IKOM paccTOJIHHe Me)K,i1y nonepx110-

rT1,10 ll036y;,i.;,11a1ow.eii perneTKII II IIY'IKOM MOl'JIO H3MeHJITbCJI B npouecce 3I<CllepnMeWra 

IIIIJIOTI, )10 llllO/lfl no36y:,i,;;1a101ul'ii pl'lll!'TKII n lly<IOK, Peao11a11c111>1e 11mppa1,Jl110llllhll' pe

lUl'TKII 113l'OTOBJleHbl TaKIIM o6pa30M, 'ITO OHII l103B0JIHIOT 113MeHHTb '!aCTOTY H3JIY'leHH.fl 

;ia ('')(''(' IIJI\IC'IIC'IIIIH O!)IIC'll'l'allllll lUT!)JIXa pelllCTKII OTIIOCIITeJlbllO 11a11paBJIC'llll.fl !'KO))OCTII 

11,\"lh:fl, 

llc,·m:>.110ua111111 npouet't'Oll re11epau1111 113JIY'!e1111.11 IJblllOJJH.f!JJll<.'b IHI 3l<CJH'(JJ1Mell'J'flJlb

llOI\I ("J'f'IIJI(' , cj>y111.;1111ollfl.llhllfl.ll CXf'l\lfl I..OTO(>Ol'O 11ao6pa:,i.;eua 11a p11c. I. 

CHCTitM8 ynpaenttHHR 11 KoHTponR napaMeTpOB 

IIIC'T'CM Hl1K 
011T8HHR 

M811i11THOA 

CHCTeMbl 

BblCOKo
BOnbTMblA 
11CTO'IHl1K 
011T8Hl1R 

I'll<'. J. l>,10K-<'X<'I\Ja ;1J,<'ll<'Jllll\ll'llT/IJll,llOJ'O <'T<'ll/1/1 110 11;1y'lf'IIIIIO IIJ)Ol(C!'t'Oll l'l'llf'JH\l(IIII II 

O,Jl(': > 

,lleHTO'!Hbiii ;1J1e1npoHHbJii IIY'IOI,. 31\IIITllpyel\lblii TepMO:).~('KT))OHHblM KaTO,llOI\I (BO.llb

<l>pal\J. flKTIIUll(>OUallllblii 11))11.llaTal\lll 6ap1111, J.;flJJhl(IIH), cJ>O)JMllpyeMblii U UIIJlllll,ll))ll'le

l'f,;oii uymKe l111pca. parnpocrpa11.HeTrn u P<'30HaTope JJaaepa n oe.11y1Uel\l Mal'HIITHOM 

110/J(' 11anpJ1iK('IIIJOCTblO ~ :i i.;J'c. l'eiKIII\I 31\!IICCIIII ll~"IJ.;a - lll\lllYJlbCHbiii, OAHOIIO.IIJlpHbiii. 

<l>opMa 11r,111yJ11><'a - e1111yco11;ta c ll<'flllO.llOM 10 MC. l\lor.r1a co;1,llaBaTbl'H nocJieJlOUaTeJ11>-

11ocTh 113 .11BYX 11m1 Tpex 111\IIIYJlhCOB HallpHiKCHIIH. AI\IIUIITY.11a IIMIIYJlbCOB Ha11pJ1;+;eH11J1 

Mor.,a IDl\ll'IJHThCH B .1111a11a30JI(' OT 0,/11101'0 JlO 10 1,:.11.3. 

l'PIIP(>IIPYl'l\101' 113.~Y'ICIIII<' 111,lllOJIIITC/l 'Je(><':3 UaIQ'YI\IIIOIVIOTHOe pa,i111onpo3pa'IHOe OK-

110 ( opr<''l'!'l,JIO) Ila J\CTCJ.;TOJ> IIJJl~"lellllH (T<'J)l\llll.'TOJ)IILlii ./ll'TCKTOJJ M5-50 11/111 113Mepu

'J'(\'II, ~1011u1o<"r11 l\l:l-'.2'.2A) <' 11111p1111oii 11011on,1 Jl<'Tc•w1·11py<'r,1oro 11:rn~"l<'IIIIH i'l'I- 78 !Tu. 
( '11cTrl\1oii 11:1Mepe111111 06er11e'!11Ba.1an, c1111xpo1111a.11 perm·Tpau1111 11 110,·11<'.J1Y101UI1ii 

llbJBLl;l Ol'Ull.'l.'IOl'pal\J1'1bl Ila Jlll<'ll,7J('ii IIPJ>('Olla.TJJ,IJ()J'() IWI\IIJl,JO'l'C'PH II :.HIIIIJ('I, Ila J(IICI, ('JI('-
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P1t<', '2. Or1u1JIJHll'pnl\ll\HI ~11\('lll'Jllll\lPll'l'flJlhll0l'0 11/l0JI 10/IPII II H l'PIIP)Hl 111111 O.Tl c::). IIJ1an1111.R 

KJ>IIBaH xapaKT<'))ll:l)'CT 11:11\(('llf'IIIIH T0l\cl, K)Jlllla.H <' J\(('.fllWl\la('IIIT/lUlll,IMII 11;1Ml'IICIIIIHMII 

xapal,TP)>IIJYCT 11a6.111oj\fl<'l\ll,lii ('.B 1 l-m111yJlbC 

,l\YI0LILIIX 11apal\l<'T)J0B: IHlll)Hlin<'IIIIP !lei l\c\T0,IIC 11yu11rn. 110,1111,111 T0J.; II IICIIII 11y1111rn, TOK 

D OUI\IOTl,aX I\HfflllITa [WJIYIIIPl'0 ~iarllllTII0ro [I0JIH. T0J.; ora;+;,IICIIIIH ;JJ)CKT)J0II0U fl)''!Ka 

Ha peweTKY noJ6y;i.;.nemrn. c11r11a.1 c ,11eTel,Topa cu1.1-11:i:1r1emrn. 

13 peJyJibTaTe 11pone.nr11111,1x 11ccJ1e.nooa1111ii UbIJJa J11per11cTp11pona11a re11epau1111 CBl.f
llJJIY'ICHll.fl npu 3Hepnm ny'IKa 2'.5 K3B II CJIC,l\YIOIUIIX uapal\teTpax peJ0HaTopa: ,l\JIIIHa 

pcJoua-ropa - 100 1\11\1: war 1111<l>paKu11om1oii peweTirn uo36y;i.;.ne1111H - 0.(H MI\I; war 

peJOI1a11c11oii l\laJ'JIIITIIOii <'lll'Tl'l\lbl npoB0,l\lrn 3JICf.;TJJ0IIII0ro 11)"11..:a ;'111Cppa1.;u1101111oii pe

weTKII - 3 l\11\1. Oc1111J1JJorpaMl\ta npouecca 11p1rne.ne11a 1m p11r. '2. 
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llr11pcpL1BIIH.H l'CIICJ)cUIIIJI 113/ly<ICJIHH 11c16JIIO,llHJHICb B ;111a11a::io11r T0IWB n (lCllll uyu11rn 

11a•-11111a.R oT ~35 MA. ,ll,;rn onpe,lleJiemrn noporoBhIX ycJ1om1ii II xapaKTepa renepauim npu 

3a,11a1rnoii cpopMe JIMJIYJlhCa nanpHiKCHH.R yMeHhillaJICH TOK ny'!Ka nyTeM YMCHbilleHIIH 

Toi..:a 11a1..:aJia 1rnTo,11a. Oc~J1J1J1orpaMMa noporonoro peiKIIMa reuepaum1 np11ne,11eHa ua 

pnc. :3. B TalWM peiKHMe Jllll(Jl Jl3JIY'leHHH C00TBeTCTB0BaJIU MHHIIMaJibH0MY 3Ha'leHlflO 

TOI•ia 11a j)CWCTI,(' ~a5 MA 11])11 uaupRiKemm u ~ 5 1d3. 

-c- HanpR>K8HH8 IC8TOA8 

ID 12 --v- nonHblH TOK 

:,,: -·=•-TOK, OC8A8IOLJ.1HH Ha peweTKe 

ID -- CB4•MOlJ.1HOCTb 
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J (a•r,1.'10 IIJ>Oll!'l'!'il l'<'ll<'!Hlllllll <' :IIIC'(Jl'llll :1JIC'1'Tp0IIII0l'0 ll)"ll(cl ~ !j 1,~113 CJO'hHCIIHC'TCR 

111,1iiopo111111ara ;111Cj>pai.;u1101111t,IX ])PIIJeTOI,. J3 pe;iy,lbTaTe llf)ll 3TIIX 3Hepr11RX ~MeKT]J0H· 

11oro 11y•1i.;a 110:1Gy;i.;Jtn<'T<:11 11a11Go,1eC' u1,wo1w,lloGpoT11aH M0/111, ll111e1mo 110:rroMy 11p11 

11p11<i.:111iKC'llllll T01'11 J.; 11oporo111,tM JIIR'IC'IIIIRJ\1 o6JHH'TI, J'('Jlf'(JalUIII C,llDlll'Rf'TCR D )'JKYIO 

II0JI0CY n6.rna11 !) i.;U. 1lp11 6oJibWIIX JJla'leHIIHX T0Ka npouecc pa3BIIBaeTCH a o6JiaCTH 

:111epr11ii 5-7.5 1d3. 'IT0 J\I0;J.;('T CDll,llCT('JlbCTB0DRTb 0 B036YiK,IICHIIII CJle,llj'IOII(IIX M0,ll C 

J\l('llblll('ii .1106poTIIOCTblO, .i1,1JH K0T0J)h!X pa60'!11ii TOI, npeDbIWaeT CTapTOBhiii. B ))H,IIC 

3KCIIPJ)IIJ\(('IIT011 11a6.1110,11a.1cR l'llPTOBOii 111\lllYJibC 113 3011bl reHepaurm. 

1'(011u1ocTI, IIJ\IIIYJlhC/1 l"C'll<'(lll(JYPJ\I0ro 11:M)"l<'IIIIH C0CTaDJIReT ~l-4 UT. :\''111Tb1DaR 

TOT 1j,a1n·. 'IT0 :·1.~<'l,T()Olllll,lii II)"I0K IIJ\IPeT IIOllf'()(''!JlLiii pa3Mep ~ l MJ\I II B 11()0· 

U<'r<'<' 1· ;1.'1Pi.;TpoJ11/l r1111T11oii 110J111oii ::><t><I>eI-:Tllllllo y•rncTnyrT 111e11hllie ero .l(<'r'AToii 'HICTII 

(c5 ~ .~~ < U. l 111M). h:1111 pa60Ta10meii •1c1cT11 n~"llrn coCTan,rneT ~ 10 %. 

,:] IITC'j)clT_\' pa 

l. 13.f' Gap1,111H'B1·1rni·1. II.J. c(>c'1n111•1y1, · Be1'Tll All (,C:('J>. cep. <1>113.·!IHIT. HJ85. N 2. 
1·.TU. 
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PE)KI1M CTAPTEPHOM MO,ll;hl B MC3-I'EHEPATOPE 
C BP3I'I'OBCKI1M PE30HATOPOM'" 

A.fl. E.11,'Jl(:()(j, A.I(. Ka . .M./1.11.C'l-tlt'lt.. a.A. llC]J<:.!1,l,'/11,71/,C'/J,11,, C.11. Cc,J,,i;r,. 
A.ll. CeJJ2eea 
O(h,fC)1111n1111>1ii 1111c11111111y111 JHh'J1111>1.r 11CCJte<Joow111ii. JJ,y61w 

H.C. I'u.H . .16y]J2, H.10. llecnoo. A.G. Ce]J2eeo 
l/11c111 um !JIii 11pt1h'J1<1J11011 ifiu.111h't1 PAH. Ht1J1CHt1t'/ Ho620porJ 

PaccM0Tpe11 Mcxa11113M yncJJ11•1cm111 3tl>tl>c1,T11n11ocT11 MC3-renepaTopa nyTeM 
'. nne11emrn ll M C3 aaTpaDO'!Horo cnrnaJJa 60.~bllIOii MOlllllOCTII · u IICITOJib30Bi\Hllfl 

ll~''IKOB C' 6oJJblllOii paccTpoiiKoii CIIHX!JOIIII3Ma. l10Jiy'!eH11e 3TOro cnrHaJJa o6ec
ne•nmaeTCfl 3a c'!eT DKJJ10'le111111 n uenb 06paTHoi·1 CBfl311 6p3rroBcKoro peao11a
·ropa. 06.rm11a101Uero /1llYMfl co6CTDellHblMll 'lilCTOTi\Mll " npe,lleJiax o6JiaCTII 3{}>· 
cjlCKTll!lllOl'O OT)li\:,f,;CIIIIR, I31,16opoM lli\'laJJhllhlX ycJJOBlli'I 06ecne'!11BaeTCfl aanycK 
n:m:pa'l'opa 111\ CioJleC UIJC01wii '111CTO'J'e ( C'l'l\J)Tl'j>IHUI MO.Ila) C IIOCJJCJIYIOlUIIM IIC· 
)WXO,IIOM Ila OJlll0'11\CTOTll~'IO re11epau1110 na 1111:,i.;neii '11\CTOTe. l.f11cne1111oe MO· 
,;ieJ111poam111e noKa3blBaeT. '!TO paccMOTpeHHblii MeXaH113M MO:,f,;eT 3Ha'!IITeJibHO 

110111,1c11Th :)<J><l>er-,T111111ocTh n·11cp;nopa. 

Starting Mode Regime in FEM Oscillator with Dragg Resonator 

A. V. Elzhov et al. 

:\ mechanism of enhancement. of FEM oscillator efficiency due to introducing a 

high-power :sec•d sig11al and using a beam wi1.h large mismatch from the s)·nchro
nism is considered. Such siP,nal can be producc•d b~· i11sert.ing a Bragg resonator 
into t hC" frc•dback s.n,t l'lll. This rcsonat.or should pos~c"s t.wo eige11111odcs wit.hi11 

t.hc zone of effect.i\'e Bragg reflect.ion. llnder appropriate initial conditions t.he 
oscillator is launched in at t.he higher frequency (starting mode). and t.hen t.he 
single-frequenc~· generat.ion at t.he lower freq11cnc,,· is built up. The numerical 
simulation shows that the 111cchanis111 i11vo(\'cd is capable of coni;idcrable rising of 

till' oscillator cflicicnc~·. 

I. BBC',I\C'IIIIC' 

Ilpo6.,w11ia 11onL1111e1111H ::icj>cjwi-:T11B11orT11 MOllllll,IX 11cT0•11111KOD CBt..J-11aJ1y<1e1111H npn 
yc.10131111 pa60Tbl D O,llHOl\lO,IIODOM peiKJll\le Ha 3a,11amwii 'laCTOTe JIDJIJieTCJI Kap,1111HMbHoii 

•PaooTa no,a,a-,p;,+.aua rpa11TaM11 P<t><Pll NN UU-U:.!-li5HI. UU-U:.!-li232. 01-02-06249. a TaK)Ke 'la
c'T11•1110 q>a11To~1 IIIIT AC' N !li-320-11. 
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npo6J1el\10ii CBY.-:meKTpOIUll<H II paCCMaTpHBaJJaCb MHOrHl\rn aBTopaMJI (cM .. HaUpHMep, 

(1)-(7)). Ila pewenne 3Toii npo6JJeMbI na1.1eJJeno HCIIOJJb3ona1me CBt.I-c11cTeM, 06ecne•rn

na1011(11X CeJJeKUIIJO MO)\ II, D 'JaCTHOCTll, ceJJeKTIIDHYJO pacnpe,l\eJie1my10 06paTny10 CDR3b 

[4]-[i]. 
3c!Jcpe1,TIIDIIOCTb 0,1\HOMO,I\ODOro renepaTopa MOiKHO IIODblCHTh, yneJJH'-IHDaJI Jla'-JaJJb

HYIO paCCTpoiiKy CIIHXJ)OHH3Ma MeiK,11y ny'-II<OM II BOJIHoii, npn'leM MaKCHMa.JlbHM 3cp

<)>CI,'l'IIIIIIOCTb /I0CTlll'a<"l'CJl Im rpa11111~c 30111,l caMODoa6yiK,IICIIIIJI (8, OJ. O,1111a1w yucJIH

-qen11e paccTpoiiim ne)\eT K yMeHhrnem110 BpeMennoro IIHKpeMenTa n pocTy BpeMem1 

ycTa.U0llJICllllJI KOJie6a11uii. 3To MOiKeT JlDJIJITbCJI orpaml'-UIBa.JOUUIM cpa.KTOJ)OM ,llJIR re

Hepa.Topon Ha OCHODC CIIJlbllOTO'-IHbIX ny'-II-.:0B 11a11oceKyH,llHbIX ,I\JIIITCJibHOCTeii. Ecm1 

paccTpoiiKy ,IIJJJt pa6o<Jeii MO,llhl yneJin'IHTh eme 6oJihrne, To renepaTop 113 rnyMonoro 

ypon!IH ne 3a.lQ'CKaCTC.fl COIICCl\1. TeM UC MCIICC 11))11 0ll})C)\eJICIIIILIX YCJI0DIIHX ,llJIH Ta1rnx 

paccTpOeK l\10iKIIO IIOJJY'IIITb CTauuonapHblC I-.:OJ1e6a111UI C ,IIOCTaTO'IIIO DbICOKoii ,H!Jct>eK

TllBHOCTblO nyTel\l BBC,I\CHllJI D renepaTop cpaBHllTCJihHO 60JJblliOro Ha'-JaJibHOro (aaTpa

llO'IIIOro) cnr11aJia. 

Ec.rn D cneKTpe co6CTBeHHbIX KOJie6aunii 3JieKTpO,l\llHaMU'leCI-.:Oii CTpyKTyphI renepa

Topa 11ap1t,I\Y C pa60•1eii MO,lloii l!MeeTCJI eme O)\Ha MO)\a C HeCI-.:OJlhKO 60JJbllleii '-JaCTOTOii 

(,IIJI.R HOpMaJibHOii ,1111cnepc1111). TO 3Ta MO,lla MOiKeT 6bITh HCIIOJlb30BaHa ,llJIR 6oJiee 3Cp

ctJeKTIIBHOro Boa6yiK,l\eH11.R renepaTopa. 

UycTb Ha'IaJlbHble ycJIOBIIR Tal-.:ODbl. 'ITO paccTpofo,<1 CIIIIX))OHll3Ma ,ilJIJI pa6o'-leii 

MO,llhI CJIIIIUKOM BeJIHKa, TaK 'ITO 3Ta MO,lla He MOiKCT 6bITh B036YiK,lleHa IIY'-IKOM 113 

lllYl\lOBOro ypo0IIJI cnrnaJJa, B TO iKC npeMJI paccTpoii1rn ,IIJIJl DTOpoi1 MO,IILI 3a C'-JeT 

'18CT0TIIOro C,llBHra ,llOBOJlhllO M8Jla, II ycTananmmaeTCR IOl8311CT8U.HOHapnaR re11epau.11R 

3a. K0J)0'l'l,:OC llJ)CM.fl (T.e. C 60JlbWIIM JIIIKpeMeJITOM) II C yMepe1111oii 3qJqJeKTIIBHOCTblO 

ua :noii Mo,11e. lla3oneM ee cTa.1nep11oii Mo,11oii. 

llJJR 3JieKTJ)OHOB, BJJeTaJOUIIIX B o6Jia.CTh B3allMO,lleiicTBIIR B TC'-JeHl!e 3Toii I<Ba311CTa

LIII011a pnoii ct)83hl npou.ecca, DCJlll'llllla 3JICKTJ)OMar1111T11oro IIOJIR npeDblllJaeT WYMOBoii 

yponellh 118 nec1-.:0JibKO nopR,111-.:0D. B 3TOM IIOJie cpe,llURR :meprirn II 11))0,llOJlblla.R Cl,:0-

J)Ol"l'l, ~)JICKTpOIIOD 11a,11a.10T. 11p11130,ll.fl 1,: 113MCIICIIIIIO parcTpoii1m CIIIIXJJOllll3M8. O11a 

C1'11110IIIITCA 6m1ronp11HTIIOii ,llJIH pa60•1rii MO,llbl. C 11o:16yi1,/IC'IIIICM pa60•1c-ii 1\10/lbl rTap

TepuaR 1\10)\a IIO,lla.BJIRCTCJI, II ycTa.HaBJIIIBaeTCH O,IIHOMO,ll013hlll peiKIIM renepau.nu Ha pa-

60•1eii 'lclCTOTe. Ta.KIIM 06pa:Jol\1, Ma.1..:c11MaJ1blla.H :icJ)(I>e1cnw11ocTb 11313JJC'ICllllH ;:;,1iepr11n 

Il3 3.TJeKTIJOHHOro ny'IKa OKa3bIDaeTCH 60JihWeii, 'JeM ,[IJIR O,llH0'-18CTOTHOro renepa.Topa. 

Pe;i,;m1 CTapTepnoii MO,llbl JlB,TJRCTC.R, no cymecTBY. peiKHMOM .. iKCCTKOro B036y;i,:,11e

llllA ... MH pa60'l<'ii M0/lbl. B /IHIIIIOii pH6oTe ll))llnO/IRTf'R ))<'3YJibTHTl,I 1\10,ll<',TJll)JO0allllH, 

11JJ.111ocTp11py1011me 11a1111h1ii cne11ap11ii n Ma3epe 11a cao60,1111hlX :MeKTpo11ax (l'vlC:3). 

2. l\fo,l\<:',l)h MC:3 

.J.11H l\lO,lleJmponamrn ,I\HllaMIIKH ::iJJeKTpo1111oro ny<1i,:a II upou.eccon re11epa111111 CBt.I-

11aJiy•1emrn D l\1C3 IICIIOJlb30Da.TJaCI, MO)\CJlh CDR3allllblX llOJIII [1]. O6pa.TI!a11 ll0JIJl8 RllJIR

(''l'l'H lll'l'IIIIXJ)OIIIIOii 110 0Tll0WE:'IIIIIU K ~1.11eh:Tpo11110My IIY'-IKY, TaK '-!TO llJ811MO,lleiit"l'BlleM 

MeiK.llY 11111\111 l\lOiKHO npene6pe'-!b. C'-!11Ta.R, '-!TO npoc1rnJib3blDcllllle 3JieKTJ)OIIHOfO ny'-!Ka 

OTHOCIITeJJbllO IIJ)Hl\lOii BOJIHl,I H8 llpOTRiKeHIIII o6JJaCTII D3811MO,l\eiicTBHH M8.1JO, IICIIOJlb-
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JY<'III <'.'l<'ilYIOLIUH' ypallll<'IIIIJI: 

( 1) 

(2) 

(3) 

()0 c-· i o~. Ou,fm(A+f. 1 
) 

- - 7 + ---- 1 + ---:====---- - --===---
• ( ., - '8 ) 

az - J; 2 -1 2(J; 2 -1- ag)2 (Jj 2 -1- ag)2 
(4) 

c 1ia•ia.%HhlM1111 rpaHn'iHhIMII ycJJoDnRI\111, no1106HbIMII [8]. 311ecb -4+, .-L - 6e3pa3Mep

Hhle alllllJJIITY,llbl npRMoii II o6pa.THOii BOJIH, a. a(Z) - J{Q3(jJC}JHI.1,HeHT CB.fl3H Mem:11y HHMH. 

13eJJ11•11_111a. J = ¼ Jt'r ~e-i8 c/00 ecTb 11opM11pona1111cU1 a.MnJI11Ty ,lla. 3JJeI<TJ)OHHoro ToKa, C 
·- napaMeTp yc11JJellll.fl [8], /311 II th - COOTBeTCTBelJHO npO,llOJibHaR II nonepe'IHaR CKopo

('1'11 3,1ei-:Tponou. C11cTe11rn ypaane1111ii 3an11caHa B upe11noJiom:emm t3J.«f311, Be3pa.3Mep-

111,1P 11po11om,11aR 1.;oop111111nTa H 0))1'1\IR m,1pa;i,;a10TCR l'OOTIIOIIH~IIIIRI\111 Z=:....;o/c. r=wof, 
a n 11 •• y=(cll 11 ,.g)/(hw111c2 ) - n1111wnT)'/lbl r.rnr1111T11oro noJJR nnrrJJepa II ne11y111ero noJJJI 

l'OOT!l<'Tl'TLICIIIIO. UoJJ11ono<:> •111c110 lllllTJJepa. hu.='2rr/du,, a G=-c(hwg+hw)/wo - reo

l\leTpll'leci-:111i cpa.KTOp .. BIIrrJJep-qacToTa." ( hwy - IIJ)O,llO,lbHOe BOJIHOBOe 'iJICJIO ,llaHHOiI 

MO.ilbl llOJJIIOBO.ila). 

11m, IIJJJJIOCTpal.l,IIII pe;i,;1111rn CTapTepnoii 1110,IILI paCCMOTJ>IIM npocTylO MO,lleJib MC3 C 

6p~1rrooc1rn111 pe3011aTopo111. cocT01111111111 113 oTpeJKa rocppnpoaa.nuoro aom10B0,11a ( p11c. 1). 
ller;1yuoi.;aJ1 1·ociip11pom.;a 06ec11e•rnnaeT pac11pe,11eJie1111y10 06paT11y10 CBJl3b 111em:m• 11p.R-

111oii II 06paT11oii BOJil!a.Mll [G. 7]. B Ta.l..:OJ\I peaouaTope Clll.'KTp co6CTBeHHblX KOJie6a.u11ii 

llKmo•rneT mlWb .. we OCHOBllble 1110,llbl, pacnoJJoiKeHHble 'no KpaRJ\l 30Hbl 3cpcpeKTIIBHOro 

6p:,rro11n;oro OTl)ai/\<.'IIIIR f ll. :+rn J\!OJILI 111\ICIOT IIJ>IIMl'J)IIO J)allllbll.' JI06J)OTIIOCTII. 

R g 
1.0 Q_ R 

0,5 

1'111•. I, ( lxl'l\111 OJlllOpo;u101·0 Gp:tl'l'Olll.'IWl'O pe:JOlla'l'Opa. 'IHCTOTIIH.H :iaBIICIJMOCTh l{()-

3<l><lll11llll'IITrl 0Tpa;+;e1111.R Jl II 110.rn;+;ellllC 1110,11 C 11a1160JJ1,lll<.'ii ,1106poTHOCThlO D TalWM 

1wao11aTop(1 

:3, Pe:Jy.::IbTaTbl 1\10,Il('.TIIIJ)OBallll.H 

llc1pa11H~T)Jhl. llbl6pa1111w? 11a11111 ,ilJlfl 1110,11e:111poaa1111.R. COOTDeTCTDYIOT yc,lOBII.RIII 31(C

nepll~ll'IITOII, 111,IIIOJJIIClllll,IX LI OllHll ua 6a3(' Jlllllcii11oro Yl'l..:OJ)IIT('JIH ,llllY-:woo (3uep-

35 



r11.A ~1,;1ei-.:Tpo1111oro 11y'i1rn. 0.8 l\bB. 3JJeKTpo1111b1ii TOI, :WU A). B Mo,11eJJ11ponam111 11p11-

H.ATa cxel\la MC:3 C o6paT!lblM ne,11ym11M MarHIITHblM IIOJJCJ\I. Ilep110,11 DllrrJJepa - () Cl\l, 

,1111al\wrp BOJJ11ono,11a. 6p3rronc1wro pe3011aTopa. - 2 c111. lleHTp 110J1och1 6p3rronc1wro 

OTl>iliKCllllR pC30lla.Topa. COOTIIC'TC'l'IIOllclJI 'HICTOTC lo = wo/'21r ~ 30 rru. l'eoMCTJJIHI 

pe3oHaTopa. II xapaKTepllCTHKII ny'!J(a. OIIJ)C,IICJJHJJII CJIC,/IYIOl.llHC napaMeTpbl: ,/IJIHHa pe-

30llcl'l'Opa. - 350 (n 6e3pa3Mep11L1x e,11111111uax). 'Yo= 2,0. C3 = 0,0003, o = 0,02 ('ITO 

COOTBCTCTBYCT J(03Cpcpm~neHTY CD.A311 111e:n.,11y BOJlHaMII ~ 0, 12 CM- 1), Og = -1.2 (T.e. 

ne,11ymee noJie HO ~ - 2 K:.3). 

Ha pnc. 2 npe,IICTa.BJICHa. 3a.BIICIIMOCTb 3JJCKTJ)OHIIOii 3cpcpe1'TIIBHOCTII OT al\tnJlIITY ,/lbl 

J\tarHIITHOro IlOJJ.A BIIrr Jiepa. paCC'iIITauna..A ,/IJI.A DbllllCIIJ)IIDC,IICHHblX napal\ICTpOD. lb-
1\ICH.A.A noJie B1Irr,1epa, Mb! Bapbnposa.lJJI Ha.'ia.ilbHYIO paccTpoih,y CIIHXpOHll31\ta l\lCiKi'.IY 

IIY'il(OJ\I II BOJJHOii. Kpy:n.1rn.MII OTl\lC'iCHa o6JiaCTb pe31.;oro IIOBbllllCHII.A 3CpCpCKTIIBHO

CTII renepaTopa. r ,/IC peaJJll3YCTC.A pCiKlll\I CTapTepnoii J\IO,llbl. no o6e CTOJ)OHbl OT 3Toii 

06.ilaCTII reuepaTop pa.6oTaCT B 'ilICTO 0,/IHOMO,IIOBblX pCiKIIMax: CJlCBa - Ha BblCOKO'ia

l:TOTHOii (B9) l\lO.[IC, a cnpaBa - na Hll3KO'-IaCTOTHOii (H9). 3;11 o6JiaCTII o6o3Ha'iCHbl 

1rna,11paTaJ1111 II TpeyroJibHlll<aMII COOTBCTCTBCHHO. BaiKHO OTMCTIITb. 'ITO DblCOKHC 3Ha

'iCHII.A Kllll B ue11TpaJibHoii 06,rncTn ne.%3.A 06b.Acu11Tb JIIIlllb II3MeneH11el\1 110.rn nllr

rJiepa. 

~ j . 1~ --1-MOA, B4 
~ 25 ·. , - crapT. MOAQ 

C') : -.A--1-MOA, H4 
(.) 20 --'-·t 
::E ; i 
..0 

~ 15 

ID 10 

~ 
Q) 

i 
51 ;, :::::,.,1, I I I....._! I 

·A..;. 

0 I i i i i I I I I I , 
0,2 0,3 0,4 0,5 0,6 0, 7 0,8 0,9 1,0 1, 1 1,2 

AMnnHTYAB non~ eHrrnepa aw 
1'11r. '2. Pac''H:'Tllaff 3Hlllll'mIO<"Tb :)<l><l>e1'TIIBIIOCTII l\l(_':J OT 6e3pa31\1ep11oii aMIIJIIITY .Llbl 

110,lff 11111-rm·pa n 11· ,1,1ff nap,Htf'Tpon. 6.rn:11-mx K yc.lOllllfll\l :11,nwplll\ll'IITOII Ila .TJIIY-:rnuo 

I la plll'. :I IIIH'/ll'T:t11.:11•111,1 11p1'1\lf'lllll,lf' :1a11111'111\1111·T11 :1.w1npo1111oii :1Cj1<jH'W1'111111oc"r11 

11 l'llf'KTjJflJ1b11oro cocTc1na CIP J-11:1.~y<lf'llllff JlJlff Tpr•x pa:1J111•1111,1x 311a•1e1111ii Mc1r1111T-

11oro IIOJlff IIIIIT:wpa. O'J'l\lP'lt:'11111,IX 11a plll'. L. (TO'll,11 c1.G.11). C11ei.;TpMbllLle xapaKTe

pllCTlll.;I( 11p1111(',1('ltl,I II P)lllllllllaX OTIIOCIITl'.~1,1101'0 l')llllffa OT Gp::irronc1mii 'lfl<'TOTl,I: 

6='2( .. ,: - ...:n)/..,,,·0 . llJiff peiKIII\IH, 11p1111r11<'1111oro llfl p1w.:la (110J1P BIIITJJepa n 11,=U.4. T.P. 

1/,,.~0. j i.;: )), 11 llj>('Jl(',/IHX '111C"l'OTll<>ii ll<J.110<'1,I yc'fl.'11'111111 l'f'lll'j>a'l'Oj>1l Pll<'IIO.'IOiKl'lla To:11,1.;o 

U t I coucTBe1ma11 llIO.lla, IJ 1·l-l\to/lfl 11aXO.illlTt'.A u11r ::rroii JOHLi 11 11e no:1Gy;i,;.ac1eTrn B :nol\l 

l'Jl~"Jaf'. lJ pe3y.lbTan• lll\leCT ~(('CTO 0,/lllO~IO,llOll/lff rf'lll'!Jflllllfl lift 11epx11eii 'ifll'TOTe. lfa
llpOTIIII. ll peiKlll\11' ))Ill'. :ln (n 11-=0. 8. T.I'. 1111-~ 1. ,1 1,:•)) ye.lOBIIR CIIIIXJ)Oll1131\ta 06yeJ10-

llJIIIBHIOT OJIIIOl\10.llOBYIO rellCJ)HIIIIIO IHI lllliKIICii 'JaCTOTC. l'IIC. a6 COOTllCTC'fllYCT IIIIK)' 

B TO'IKP .. 6". 
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20000 40000 
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20000 40000 
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a) 

6) 

e) 

Puc. :_{. Bper.1e1111h1e aaBIICIIM0CTII 3cpcpeKTIIBHOCTII (cJieBa) II JltrH0BeHHoro cneKTpa Bbl

X0,111101'0 IIJ!IY'lellllJI (cnpann) /IJIH pa3Jill'llll,IX 3lla'IC'llllii J1rnr1111T11oro IJOJIJI BllrrJiepa: a) 

n 11 • = O.'I. o,1111or.10,11onaH re11rpa1111H 11a nepx11rii 'laCToTe: 6) 0 11• = 0,i. B'-I-Mo,11a -

eTa JH<')lllcUI ,VIH II' l-M0/11,1: n) n 11 • = 0 ,8, 01111or.1011011aR rr11rpall11H 11a 1111n.11rii 'laCT0Te 

l'r;+;IIJII CTa1nep11oi'1 JIIO,Lll,1 D0311111\cl('T llpll ll))0MeiKyT0'lllblX 31lcl'leHIIHX IJ0JIH Bllr

l'Jll')lil. i-or;1a paCCTpoii,rn CIIIIX)l0llll3Jllil ,IIJIH ll '-1-MO,llhl 0Ka3LIDaeTCJI 6Jill31Wii K rpa-

1111111' 'HIC"l'O'l'IIOii II0JI0Cl,I YCIIJll'IIIIH l'l'IIC')lilT0)lil. Li ::nm1 l'Jl)"-{cl(' 11eJill'lllllcl paccTpoii1rn 

,llJHI 11 1 I-JII0/11,1 lll'Jll!Ka, II II c11e1,Tpe 113JIY'ICIIIIH 11a 11a•iaJll,IIOi'i CTa,111111 re11epa111111 11p11-

l'Y'l'l"'l'IIYPT 'l'0JlhlW I3Lt-r.10;1a (cr.1. 'lclCTOTlll,lii rpactmK ua p11c. :36). O,1111a1w C J>0CT0M 

3Jl('l,Tj>0lllal"IIIITII0l"0 II0JIH II prao11aTope Yt'.~0UIIH CIIIIX))0llll3t.Ia CTall0DJITCJI 6J1aro11p11-

JITHbl!',lll ,1JIR D036YiK.IIC'HIIJI lP-1-MO.llbl. 1la.11ee MexaHll3JII HeJ111HeiiHoii K0HKypeu111111 MO.II 

llpllD0.JIIT h'. II0.1!10MY Il0,llaDJieHIIIO CTapTep11oii B'-1-MO.llbl. B peayJihTaTe ycTaHaBJIHDa

eTCH na611,1h11b1ii pe;i,;m1 1wJ1e6au11ii ua Ht..J.-r.10,lle. l\laKCIIMaJJbHhJii 3JieKTpOHHbIII KIIlI. 
,IIOCTl1f'aer.11,1ii D peiKmie CTapTepuoii M0,llbl (pile. 36, Ou-=0,i). np11Mepuo D,llB0e Dblllle 

110 qiaBl!f'IIIII0 ,· peiKll!',JaJIIII 0JIII0JII0,ll0B0ro 11oa6y;.i,;,11e1111H. 
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:1m, 111,1 lll'll('II IIH MC'X/11111:JMa y IH'Jlll 'IC'll II H ;,(j>(j>C.'K'l'IIIIIIOl'TII rr11cpa'l'opa pac«·M0Tp11r.1 

P<'iKlll\1 C 60JlbWOii IH\'H\Jlblloii al\HIJIIITY ,11oii IIOJUI B pe3o!laTope. llyCTb pa3Dl!Tlle r<>

ll<'pau1111 uaq1111aeTcR c c11r11aJ1a, cpaanuMoro c BeJ111•m11oii cTaunonapnoro ypomrn re-

11c•pa1u111. llpll'IC'l\l lll'C' OCT/lJlhlll,IC' 11apaMCTj>l,l OCTlllOTCR TC'MII iKI', 'ITO II /IJIR <'JJY'ln.R 

pm·. :J6. LJ11CJl{'Jll10e MO,llCJJllpona1111e IIOKa3hlllaeT (cM. pnc. 4). 'ITO II ll ~>TOM CJIY'laC 

ll031111KaC'T O,llllOl\10,llODctH l'CIICJ>aturn 11a lllliKlleii 'taCTOTC, II KOIIC'lllaR :.ict><t>cl,TllllllOCTh ll 

l'TllllllOllap11ol\l P<'iKIIMe TaKaR iK<', KaK II D peiKIIM<' co CTapTeJmoi'1 MO,lloi'i. 

11 (%) 0.1 , 8 
30 

::]/ 
0.05 

0 

-0.05 
't 

-0.1 l' 't 
0 

0 20000 40000 0 20000 40000 

P11c. ·I. Upel\tl'IIIILie :.ian11c11l\toCTII Kl Ul II l\ll'IIOBe1111oro c11e1,Tpa 11uxo,1111oro 11:.iJJ)"Jr-

111111 II peiKlll\le iKC'CTJWro 110:.i6yiK,l\CIIIIR C lla'la.llblll,ll\l Clll'JiaJIOl\l 60JJhWOii aMIIJJIITY,llbl, 

BBC,lll'HllbIM a peaoHaTop. Uce IIJ)O'IIIC napaMeTphl Te ;i,,:e, '!TO 11 ,IIJIR cJJy'laR J)IIC. 36 

T111rnl\l o6pa:JOl\l, IIOllhlllH'IIII<' ;1c!Jcl>N:TIIUIIOCTII l\fC:)-J'CllC'l)cl'fOpa o6yl"JIOllJJC'llO II<'· 

ll0Jlh30llam1el\l ll~"-11-:0B C 60.~blllllMII paccTpoiiKaMII CIIIIXJ)Ollll:JMa, llM{'C'l'C C peaJlll:Jaum•ii 

Yl'JIOBllii 31lllyn:a l'C'IIC'!>n'l'OJ>n 11]>11 ;rr11x paCl'Tpoii1-:ax. UJHll'O,llap.11 llo:JIIIIIWOIIC'IIIIIO ll J>P-

30HaTope 3JICKT))OMarmn·HblX IJOJJeii 6oJJhWOii al\llJJJIITY ,llhl B Te'letme nepuoii CTa,111111 

11epexo1u1oro 11pouecca. To ecTJ. rTapTep11y10 111011y Mo;i..110 pacc11taTp1111aT1, KaK c11oco6 

peaJ111:rnn1111 c11r11aJ1a 6om,111oii a11111J111Ty,111,1. cnoco6cruy101nero no36yiK,11e111110 pa60•1eii 

Ji l l-!IIOJll,I 11 J>('jKJll\te .. jf,;f'CTKOl'o" llO:J6y;i.;,11c111111. 

-1. Ooc~·ii-;;w1111C' 

l ln1,11:ia110, 11To p<'il,mt 1"1·apT<'p11oii l\lOJ\1,1 l\tOiK<'T :111n•111T<'JlhllO 110111,l<'IITh ;,cjuj>l'I\Tllll-

110cTh i\lC:~)-re11epaTopa. ll.~R :noro 61,1;1 11cnom,;10na11 6p:11-ronc1,:11ii pe:.iom1Top c .IIBYMH 

6;111J1rn~111 ro6l'Tll<'lllll,1l\111 •1111.'T0Ta~111. Ba;i,,:110 Jal\t('TllTh, 11To :1<l><l>c1n· 11r 1·1111:rnu c Ol'C>-

6e1111ocTRl\lll Bl,l6pa1111oii l'X{'l\tl,I 06paT1toii CBR311, a npll 011pe,11eJJel111blX ycJJOUIIHX MOiKCT 

6h1Tb 110:1y<1e11 ,,l,1.fl pe30llaTopon pa3JJll'IIILIX TIIIIOII, ll 'taCTIIOCTII. u (3) OllltCall ::ict>

<l><'h:T 1,;11•11a1111oii 1t<'Y<'Toii•11111ocT1t ~10111,1 co CJW/lll<'ii 'l,ll'TOToii n Tpex'HH'TOTIIOM MC:1-
rr1wpwropr. llpllllO/IHlllllii I, 011110 1rn1·ToTIIOl\lY l.:O.TIP6n111110 Ila llll31W'taCTOTIIOii l\lO)IC' Ilpll 

y ll1'.1111 '(('111111 ;11l11l>Pl,TII IIIIO(''l'II. 

:ia~l<'Tllt.l, 'l'l'O p,H.'Cl\lOTIJ<'ll111111 <'X<'~ta pr:JOJl/l't'Opa OUJlil,1/lC'T 111',l\OCTclTKOl\t: 110 .. 10u1111a 

11:.i,1y~1ae~10ii CU._l-1\IOIUHOCTll TepHeTCR u 06paT110111 (110 0T11oweumo K pac11pocTpa11e

m110 :,:iel,T()OIIIIOl'O nyqi.;a) 11anpau,1e111111 (11 CBH3Il C Clll\11\ll'TJJlleii pe30HaTopa) II, TaKtll\l 

o6pa30l\I. He l\JOjKCT 6b1Tb 11enocpe,llCTDCIIIIO IICIIO.Tlb30Dal!a. l1o3TOl\ty npe,llCTaBJJRCTCR 

ll))tlll.'IC.'KaTC',!Jl,lll,tr.t C03,llilllltl' <.'IIC'UllaJlhllOl'O 1.;o1116111111po11a1111oro 6p;11-rouc1.;oro J>C'30tta

TOpa. I! 1.;;1 1 (C'l'TIIC' IIJ)lll\lC'J)il TrllWl'O KOl\t6111111po11a11110ro )H\lOllllTOJlil ~1o;i,,:110 )Hll'l'l\la'l'(Jlt-
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Ila.Tl, l'XC'~IY. l.'Ol'T,IUJIC.'IIIIYIO 11:J /IIIYX 6(XHTOllCJ,IIX JJC:3O1lcl.'l'O(JOU (' necJWJlblW OTJlll'llll,IMII 

ll('(lllOJHlMII l'O<l>t>ll(>OlllW II 111'1.'IWJll,l,:0 CMClllClllll,IMII CIICl.:T(>8MII co6CTIIClllll,IX MO,ll. llcp
Bblii ()<'30ll8T0p CJle,llyeT IICl10Jlb30DaTb ,llJIH D036YiK,llCHIIR CTapTepHoii M0,llbl, Tor .aa Kai< 
IITOpoii pe30llaTop, J.:OJJe6a111rn D IWT0J)0M D036yiK,!laIOTCR 6JJaro,11apH CTapTep110ii M0,lle, 
o6ern<"IIID8JI 61,1 Db!COKlll'i 3JJCKT()Ollllblii KII.LJ, . .ll,JJH DT0poro pe3ollaTopa YMCCTII0 np11-
MCHl!Tb HCCIIMMCTJ)ll'IHYIO cxeMy co CKa'IK0M cpa3bl rocppHJ)OBKH, KOT0J)aJI MOiKeT o6ec
lH"IIITI, l'Trl6IIJJhllYIO O/\IIOJ\1O,/\OIIYIO O,/\IIO'IHCTOTIIYIO l'!'IIC(>rllllllO C Ilbl<.'OKIIM Y(>Ollll!'M :Hj>
lJleh:TUBIIOCTII [1], 
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3KCHEPI1MEHTbl no ITPEIJ;l13110HHOM 
llEPECTPOMKE "LJACTOTbl B MC3-rEHEPATOPE 
C BP3rroBCKI1M PE30HATOPOM· 

A.B. E.tt:HC06, n.H. Kaaa•ta. A.K. KaMUHC'h!Ult, 3.A. Jieve.ttbutmettH, 
C.H. Ced1,i:v. A .JI. Ce7>2eeo 
O6bf0UHfHHb/.tl WICIIW111Yl11 .RoepHblJ.' tlCCJlf0060HUU, j(y6ua 

H.C. I'uua6ypz. H.H. 3au·ite6. E.n. H.ttA'IW6, H.C. Ky.ttazuu. 
H.10. llec1mo. A.G. Ccpzeeo 
J/uc11111111y111 11p1111:Jtao1wt'i rfi11Jui.11 PAI!, 1it1J1C11t1t1 Hoo20poiJ 

OcymecTnJtena npeu11;mo1111ru1 nepecTpoiitrn 'lacToTbl n MC3-renepl\Tope c 
6p:wrollCJmM pe30llaTO)>OM 3a C'ICT 113MCllellllff CKa'!Ka 1J1a31,1 rocl>pllpODKII MC;K,11)" 
3C)ll{aJtal\lll, B pa5oTe npe,11cTanJ1elll,I HODl,JC 3KCllf'))IIMCIITMbllble pe3yJlhTaThl, 
110,ij)"IClllll,IC C IICIIOJlb:lOllallllCM Y3K0IIOJI0CIIOl'0 DOJJIIODO,IIIIOro cjJIIJJbTpa II reTe
Jll)JIIIIIIIOl'0 MC'T0/1/\ /1.11>1 CIICK'l')lll.'ll•lll,JX 11:UIC'JlC'llllii. MC::>-rC'l1epaTO)l, )ll\UOTn
lOlUllii Ha <JaCT0Tax OKO,ijlJ JO r1 'u. 11epcCTpa11uanc11 IJ ,1111a11a3011e 'laCT0T D G% 
C TO'IHOCTblO OKOJIO 0.2%. Bo DCCX pe;KJIMaX umpmia cneKTpa 113Jl)''lellllll He 
npem,1wa.ija 0.1 %. a KIT.U reHcpaTopa OCTaBMCff ll)JJIMCpHO IlOCTOJIHHblM, 3aan

CIIMOC'J'h pa60<1cii 'taC'J'O'J'l,J rc11epaTO)la OT IICJJll'llllll,I CKa'IKc\ 1J1a31,1 ro<)>(>ll)lOIJKII 
xopowo cor.ijacyeTCJI C pe3yJ1bTaTal\111 'IIICJJem1oro MO,lleJJJtpoBaHIIJI, 

Experiments 011 Prl1cise FnH111cucy Tuuiug iu FEM Oscillntor 
with Dragg Resouator 

A. V. Elzho-v et al. 

Precise frequency tuning in JINR-IAP FE:r-.I oscillator based on Bragg resona
tor was achieved by changing t.he ,·alue of t.he shift of corrugation phase !lhift. 
hetween the reflect.or!":'. This report. pre!lellt-!I new experiment.al results obtained 
u~i11g a l1111ahle hand-pass waveguide filler ns wdl as a heterodyne technique to 
measure lhc spectrum. The 30 GHz FE:r-.1 oscillator was tuned in a frequency 
range of G'i{, with a precision of about 0.2% .. In all regimes t.he radiation spectrum 
widt.h didn't exceed 0.1 %. t.he oscillat,or efficiency was approximately constant. 
The dependence of the operating frequency on the value of the corrugation phase 
shift is in good agreement. with previous simulation results. 

•PalioTa 1101111ep;i,;a11a rpa11Ta11111 P<l><J>ll NN UU-02-1 i5l!J, UU-02-1 i232. Ul-U:2-0ll24\/. a TaKiKe '!a

<'Tll'lll11 1·pa11Tnl\l 1111 T ,\ c N Hi -:no,11. 
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13 11ocJie,111111e ro,11b1 n OIUIH conMecTHo c coTpy,1111nKaMH J;Iflcp PAH paapa6aTbI

naeTCR 6parroncirnii MC3-re11epaTop c o6paTHbIM ne,11ymnM MarHnTHblM noJieM [l, 2]. 
HccJie,11onamUI HanpaBJieHbl Ha C03,11am1e M<;>IUHblX HMIIYJibCHblX HCTO'-IHHKOB MHJIJIHMe

Tj)OBOro ll3JIY'-!eHIUI ,IIJIJI HCllb!TaHIIH Bb!COKOrpa,1111eHTHb!X ycKopRIOIUHX CTPYKTYP ,!IJIJI 

6y,11ym11x JlllHeiiHblX KOJIJiaii,11epon [3]. TaKHe IICTO'-IHHKH ,!IOJI:.KHbl ,11anaTb Bb!COKYIO Bbl

xo,1111y10 MOIUHOCTb B Y3KOM cneKT})aJlbHOM IIHTepnaJie (HallpHMep, ~ 0,3% ,llJIJI npoeKTa 

CLIC). '-ITo Heo6xo,1111Mo ,IIJIR Bb1c0Ko,1106poTHblX cTpyKTyp. h:poMe Toro, ~1acT0Ta 11c

To•111m..:a ,[IOJliKlla COOTBeTCTBOBaTb pa6o'-leii '-18CTOTe )'CKOpJ1I01Ueii CTJ)YKTYJJbl C llb!CO

i..:oii TO'IHOCTblO. ue Mellbllleii IIIIIJ)IIHbl cneKTpa ll3JIY'-leHIIJI. TaKIIM o6pa30M, 11eo6xo

,l1IIMO 06ecne'-II1Tb B03MOJKHOCTb npel.lH3110HHOii nepecTpoii1m '-!aCTOTbl IICTO'-IHHI<a. 

B rv1c:)-1'ell('!)cl'l'Oj)!.' OHJUI-Hfl<I) llCIIOJib3YCTCfl 6p3l'l'OBCI(Hii pe3ollaTOj) co CKa'-1-

IWM cjJa3bl rocppnpOBKH MeJK.llY 6parroBCJ{HMH 3epKMclMII. Ta1<0ii THU pe30HaTopa 6b!Jl 

11pe,I1JIOiKel1 B (4. 5], a 1103,llHee ero MO,llHq)HKa11n11 (11ecnMMeTpll'-IHOj:'1 KOH(p1Irypa11HH) IIC

CJie,I10BaJiaCb 3KC11ep11MeHTaJ1hHO B MC3-reHepaTope [2]. TipellMYIUeCTBOM pe3011aTopa 

Ta1<0ro TIIDa JIBJIJleTCJI Bb!COKM 3JieKTJ)O,llHHaMII'-lecKaJI ceJieKTHBHOCTb, KOTOpall o6ecne

'IIIBaeT CTa6UJibHblii O,llHOMO,IIOBbii°i peiKm,1 pa6oTbl l\tIC3 npu BbICOKoii acpcpeKTIIBHOCTH. 

B 3TO~I pe30HaTope cymecTByeT Jllllllb O,IIHa co6cTBeHHM MO,lla B 6parroBCJ(OiI HOJIOCe 

OTpaiKemrn. 11J1JI BeJIU'-IUH cKa'-!Ka cpa3bl, 6Jil!31(11X K 7i, ,ll06poTHOCTb 3Toii OCHOBHoii 

MO,llbl 3Ha'-IUTeJibHO npeBbllllaeT ,1106poTHOCTII ,I:1pyr11x MO.LI, pacnoJIOiKeHHblX 3a D0JI0-

coii oTpaiKemUI [5]. KpoMe Toro, TaKoii pe3oHaTop no3BoJI11eT uepecTpannaTh pa60'-!y10 

'-!acToTy reuepaTopa (5, 6]. 
flpe1111311011nM nepecTpo11Ka pa6o'-leii '-!aCTOTht MC3-renepaTopa c 6parroacKHM pe-

30HaTopoM CTaH0BIITCJI B03MOiKHOii 6Jiaro,11ap11 TOM)', '-ITO ll3MeHem1e reoMeTpHH pe30-

11aTopa B MacrnTa6e o,11uoro nep110,11a rocppnpon1rn 06ecne'-!11aaeT CMememte '-IBCTOThI B 

,l10l'TaT0'-IHO Y3KOM ,1111anaaoue. Ou C0OTBeTcTnyeT 6p3rronc1<0i1 DOJIOCe oTpaJKeHHJI H co

rTall/lfH"r Jllllllb !.',llllllllllhl llj)Ol.lCIITOB. ,lla1111a11 pa6oTa IIOCBJIIUeHa 3KCllepUMCIITaJlbllOMY 

113y•ie111110 11pe11113110H11oii nepenpoiiKu '-!acTOThI B MC:3-reHepa.Tope OIUIII-HTI¢. 

~- 11j>f'll11:H101111a.11 ll<'pf'crpoi,i1rn 'icl.("l'O'l'J,I H M c:~)-1'e11epa.TO})(' 

il..r1H cKa•-11,;a (IJa3hI rml)p11pomm MeJKAY 3epKa.,iaM11 6p3rroncKoro pe3oHaTopa, pan

noro 7i. co6CT11<.'llllafl l\lO,l1a HaXO,i.lllTCJI B uenTpe 6p~wroDCl(Oii llOJI0Cbl OTpaiKellllH. lll11-

p1111a ~JToii II0JI0Cbl nponop1111011a.TibHa l..:03cp<plllllleHTY CBJl311 MeiKm' npm,toii II 06paT-

11oii Bo.rnaMJI ,i.lJlfl ,11a1111oii 6p3rronc1wii CTpyI,TYJJbl [5]. flp11 H3MeHeHIIU Cl,a.'-!Ka (j)a3bl 

OT 7i .il0 2r. (IIJIII ,i.10 HYJIR) 'JaCTOTa. OCHOBIIOii MO,llhl c~rnmaeTCJI I{ HUiKHel\ly (IIJI!I co-

0TDeT<."rBe!IHO nepxHeMy) KpalO II0JI0Cbl OTpaJKeHHJI. ECJIII aeJIH'IHHa CKa'-IKB cpa3bl He 

CJIIIWK0l\l 6Jill3I..:a K npe,lleJihHblM 3Ha.'-leHIIJIM ( 0 IIJIII 27i). TO B noJioce OTpaJKemrn cy111e

CTByeT e,1111HCTBeHHaJ1 BblCOKO,i.l06poTHaJI MO,lla., Ta1m111 o6pa30lll, BblCOK0CeJieKTIIBHble 

cnoikTaa pe3oHaTopa coxpaHJIIOTCJI B 60Jibllleii 'JaCTII HOJIOCbl OTpaiKeHIIR, B npe.zie

Jia.x 3Toii II0JIOChl B03MOiK!la nepecTpoiiKa '-!aCTOThl re11epau1111 nocpe,llCTBOlll 113Me11em1J1 

c1..:a•11..:a (jJa3bl rmppnpoBI..:JI l\leiK,IIY 6parrOBCKllllfll CTpy1nypaMII. 

Oco6e1111ocT11 •iacToTnoi•i nepecTpoiiKu B MC::->-reuepa.Tope c 6parroac1..:11M pe30Ha.

Topo111 co CI,a'lh:Ol\l cpa3bl roc!JJJIIJJOBKH 6blJii'1 IICCJie,ll0Ballbl '-IIICJieHHblM MO,I:1eJIIIJ)OBam1eM. 
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Pac•1eTbl rrpOBO,llIIJIIICb B paMKax O,llHOMepHoii HecTall,IIOHapttoii MO,lleJIII. orrncamrnii B [7]. 
IlapaMeTpbl ,llJIH MO,lleJIIIpOBaHIIR 6b!JIII Bb!6paHbl a COOTBeTCTBIIII c ycJIOBIIHMH HOBblX 

3KcrrepnMenToB na 6a3e yc1wp11TeJIR .IIHY-3000 (c111. pa3,lleJI 3). Pe3yJihTaTbI pac'!eToB 

no pa3DIITIIIO renepall,HII D 6p31'l"OBCKOM MC:.3 ,11JIH Tpex pa:3JIH'illb1X 3Ha'!eIIHi•i CKa'!Ka 

cpa3bI roc!Jpnpom:u MeiK,11y 6p3rronc1rnM11 3ep1<aJ1aM11: rr, rr/2 11 3rr/2 - npe,11cTaBJieHhI Ha 

puc. la-B COOTDeTCTBeHHO. Bn,11Ho, 'ITO ,!IJIR ·OnTHMaJlhHhIX napaMeTpOB MC:3 B03MOiKHa 

rrepecTpoii1<a 'iaCTOThl B ll!HJ)OKOM ,11nanaJ0He '!aCTOT ( OKOJIO 6%). npn'ieM 3cpcpeI<THB

HOCTh CJia6o 3a0IICIIT OT DeJIII'IIIHhl cpa30BOI"O Cl<a'iKa (cp, pnc, la-a). 

30lC 1LL 300~ 20 
0.5 150 J a) 

10 / , 

0 0 0 ' 

~ 30 Jco 50 100 150 ~ 1 u2• 30 ,2 I ,oo 

6
0 17 34 

~ 20 S - 6) 
c:[ - 0.5 UJ 150 
c 10 n. c; ; ✓, 

~ ' ~o ::a::o go ' 

:~ ~o 50 100 150 ~ 1 LL28 30 32 ~ 300 bo 17 34 • 

o 5 150 I 
10 ✓, 

~,,. ' 
0 0 0 ' 

0 50 100 150 28 30 32 0 17 34 

BPEMS1 (He) "tACTOTA (rn.o AOHHA (CM) 

Puc. I. t.IurJI<'IIIIOP MO/leJI11pooa1111e pa30IITIIH renepanm1 o MC:3 c 6p3rrooc1mM pe3oua

TopoM ,!IJIH pa3.r111'IHbIX 3Ha•1em1ii clrn3onoro cKa'iKa ~ie;i,:,11y oTpaiKaTeJIJIMII: a) A..p = 11', 

6) .J.<r" = rr/2. o) ,;:...p = arr/2. OpeMCIIIILIC 3a.0IICIIMOCTII 
0

3(!J<IJeKTIIBIIOCTII (cJieoa) II 

cneKTpa II3JIY'leiurn (a 11,enTpe). Cnpaoa - pacrrpe,11eJieH11H npo,110JihHhIX Ko11mo11eHT ua

rrpH;i,:enttocTn noJieii Il))HMoii n o6paTHoii BOJIH o CTaunouapHOM peiKHMe (cIIJIOllIHaJI 11 

IIITp11xoua.n JIIIIIIIII cooTneTcTne11110), 811eprl1H ny<IKa Et,rnm = 0, 8 l\faB, 3JieKT))OHllhllt 

TOI, hmm = 170 A, ,!IJI!lllhl 6p31"l"OBCimx OTpa:,i.;aTeJieii lBrl = lBr'.! = 17 CM, rny611na 

rocppnpomm a 1 = U. 5 111111. MarnHTHhie 110JIR !\•IC:) OllTIIMll311poaanbt ,llJIJI 1<a;i,:,11oii ae

Jill'illHbI cpa30Boro CKa'!Ka 

;3. ::h::cnepHMeHTa.JibHbie pe3y.JibTa.Tbl 

l\'IC:3-renepaTop C 6p31"l"ODCI-.:UM pe30llaTO])0M 3KCl1CJ)HMCHTa.llhHO IICCJie,11yeTCJI B 

OIUlll na 6a3e Jinneiinoro yc1wp11TeJIH ,THlY-3000 (3Hepnrn 3JieKTpottnoro ny'iKa U,8 M3B, 
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JJ1eKTJJOHHbt11 TOK 200 A. ,11J111TeJ1bH0CTb nMnyJJbca 0K0JI0 250 11c). IknoJib3yeTcR cxeMa 

MC:.~ c o6paTllbU,l· BC,11YlUIIM MarllllTllblM noJieM. 

llt'pDble 3KC11ep11Mel1Tbl 110 11peUIIJIIOIIHOii nepecTpoiiKe 'laCT0Tbl D 6p3rrODCl<OM MC3 
6bl-'lll 11pe,11cTaDJ1ellbl D (8]. OblJIO 00Kcl3a110, '!TO ll3Mepemlble 3Ha'lemrn ue11TpaJibHOii 'la· 

CT0Tbl reuepaTopa II 'laCT0TH0ro CMeme111111 connanu C Pe3YJibTaTaMU M0,lleJ111pona111111 C 

Y.llODJleTBO))UTeJlbllOII T0'IH0CTblO. O,11HaKO cneKTJ)aJibHbte pacnpe,11ene111111. noJiy'leHHble 

D 31,cnepllll!eHTe. OI,a3aJIIICb CJIIIWK0M wnpoKJIMII ll3•3a ,II0B0JlbH0 Hll3KOil T0'IH0CTII m1-

l\lepe1111ii 11))11 IICII0J!b30Bl\HIIII peao11a11cHblX lpllJlbTJ)OB. 3To 6btJIO 06~•CJI0DJ1e110 D 0CH0D

H0l\l am1ao.1u1'1ec1,11l\111 npo60Rlllll D cxel\le ,lleTeKTopa CBlJ-lllowuocTU (Dt.I-m,my,1bcbl 

113lllepR,111Cb ua lmJI0BaTTII0lll yponue MOWH.OCTII). 

C y'leT0l\l ;)Toro cxeMa 113lllepemu'i 'laCT0Tbl II cneKTpa BblX0,IIII0ro 113Jly<lelll111 6b1Jta 

ycouepwe11cTnona11a. CBt.J-c11r11aJ1 c npuel\-rnoro pynopa TpattcnopT11pona.11cJ1 no non110-

no,1111ol\1y TpaKTY Ha paCCTOJllllle ~ 30 lll B 113lllep11TeJ1bHYIO K0l\UlaTy II oc,1a.6J1JIJICJI ,ll0 

l\111.~mmaTTHoro ypomrn. 

~ Ill-2 
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P11c. 2. Cx('~HI 31-:t'IICplllll('IITa: 1) ycK0pllTCJlb .1111~·-aooo - lllliKCKT0P 3JICKTJJ0111101'0 

ny'l1rn: 2) ritC:3-reuepaTop; 3) noRc PoroncKoro; 4) naoJJRTop; 5) 0T1<JIOIIR101Ulli'1 Mar1111T: 

u) KJ)llt'TaJIJlll'lt'CKllii ,lleTeKT0p ('.Ut.f•lllOIUIIOCTII; 7) DOJIIIOBO,llllblii TpaKT TpaHCIIO))TII· 

pom..u noJillht; 8) aTTe11101nop; 9) 00J1110Mep c npeu.11::i1101111oii 11epecTpoiiKoii pe::io11a11c11oii 

'lacToTbt: 10) KOJJbU.o-ncTanKa r.iea.m• 6p::irronc1..:11l\111 aep1..:a.11a11111: 11) aa,11a101Unii reue

paTop: 12) CB .. I-Cl',1ec11TeJ1b; 13) u.m!>ponoit ocu.11J1J1orpa<l> 

Cxel\Ia 3Kcnepm1e11TaJ1bllOii ycTaH0BKII npe,11cTaDJ1eHa Ha p11c. 2. 3JteKTJ)OHHblii ny

'101' 1111;.i,;eKTnponaJJcR 11::i ycKop11TeJ1R ( 1) c u111<J111'111ocTb10 0,5 fu n MC3-re11epaTop 

(2). ritC:3 DKJIIO'la.1 D ce6R DOJIII0BO.ll, C0JICHOll,11, nnrrnep C nepno,1101\1 6 Cl\l, COJ,llalOIUllii 

II0ll('(H''III0(' l\lal"IIIITJI0e II0JI(' C i,:pyronoii IIOJIJIJ)IIJauneii. II 6p::irrOBCK11ii peaoHaTop. Pe-
30llaTOp 6ht.~ cocTanJ1e11 na ,11nyx 6p::irroncKnx aepi,;a.~ c npRlllO~T0,1b11oii ro<l>pnponi,;oii 
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a11yTpem1eii nonepx11ocT11. flepno,n rocppnpomm cocTaBJIRJI d = 5.134 CJ\I. a «><' r.11y6mia 

paBH.IVIaCb 0.5 J\IM, TaKaJi rocppnpoBKa o6ecne'iJIBaJia ceJleKTJIBHYIO o6paTHYIO CBR3b B 

,llllana30He pa60'illX 'iaCTOT OKOJIO 30 rru MeiK,llY pa6o'ieii MO,llOil H 11 II MO,lloii o6paTHoii 

BOJIHbl Eu (MO,llbl UHJIHH,llJ)H'ieCKoro BOJIHOBO,lla). flepecTpoi:iKa pa6o'ieii 'iaCTOTbl ocy

mecTB.11J{JlaCb C HOMOIUb!O IlOO'iepe,llHOii BCTaBKH MeiK,llY 3epKaJiaMII KOJ)OTKIIX y'iaCTKOB 

rna,ni.;oro BOJIHOBO,lla (KoJieu) pa3Jlll'iHOii ,llJIIIHbl [6]. lIJIR KOJibUa-BCTaBlm (10) ,llJIIIIIOii / 

neJill'llllm c1..:a'11,a cpa3bI rocppnpoBKII panHa ilcp = 2rr/ / d. 
riocJie o6JiaCTII D3allMO,lleiir.TBllll :)Jlel,TpOllllhlii ny'io.1..: DLICaiKIIDaJICll ua eTeHKY BOJI

IIODO,lla no.n .neiir.TBllel\l nonepe'inoro MarHIITIIOl'O IlOJIH llOCTORJIIIOro Mar1111Ta (5). Tc)(, 
ll)"llrn IIJMepRJil'JI 110J1caM11 PoroucKoro ( 3) Ha uxo.ne II Ha Bh1xo.ne aoJI11ouo.na M Co. 
Bpel\leHHOii npocpllJib II BeJlll'iJIHa CBq-1\IOlUHOCTII ll3MepRJIIICb KaJ1116poBaHI1blMII llOJIY

llJJOBO,l\Hlll<OBbIMJI KpllcTaJIJIII'ieCKIIMII ,l\eTeKTopaMII ( 6). 
lb111epemrn 'laCTOTbl IIJJiy'ieJIIIJ{ II cneKTpa npoBO,llllJIIICb IIOCJie TpancnopTIIPOBKII 

B0.111bl 'iepe3 KaHaJI ( i') C IICilOJib30BaHIIel\l nepeCTJJaJIBaeMoro Y3KOIIOJIOCHOro BOJIHOBO,ll-

11oro cjmJ1hTpa ( ll) 11 reTepo.111111a ( 11.12). To'IHOCTh 113Mepe1111ii 'IaCTOTbl r. noMOlllblO 

11epecrpa1rnael\10ro ctmJibTpa cor.TaBJIHJia oi.;0.110 0.1 %. 1lJ111 110J1y<1e111111 r.nei..:Tpa CBLI-

1111my.1br.a Heo6XO,l\ll!IIO 6hIJIO BblllOJIHIITb HeCKOJlbKO ll3J\lepem1ii llpll pa3.lll'iHbIX 3Ha

'JeHIIIIX pe3oHa.HCHoii 'iaCTOTbl cpll.'lbTpa. B OTJill'ille OT :noro. reTepO,llllHHhlii l\leTO,ll 

Il03B0.11!eT 113Mep11Tb cneKTp O,llllHO'iHOro 111\tnYJibCa II B TO iKe Bpe11111 HJ)al(Tll'ieCKII CHll-

1\!a('T orpaH1I'ien11e Ha llIIIJJIIHY 1131\lepReMoro cneKTpa. IIorpellIHOCTb reTepO,llllHHb!X 

1131\l('!)C'llllii 'laCTOTbl onpe11e.rnJiaCb CTa611JibllOCTblO 'lcll'TOTbl 38,llalOUlero rc>11epaTopa. 

cocTan.rrnumeii 11p11Mcp110 l %. Tai..:111\1 o6pa3ol\l. 1.;o1116111111pyR o6a 111eTo,na 11:11\1e1w1111ii. 

1\11,1 l\lOl'.1111 011pc;1eJIIITI, a6co.1110T11oe Jllil'IC'IIIH' pa60•1f'ii 'lfWTOThl I\J(.'::) II JapPr1trTp1tpo

B8Th cj1opMy cne1npa CDLI-1111111yJ1bCa c To'i11ocT1,10 01w:io 0.1 c;1c,. 
..-:. 

i 
~ 0,04 

~ 002 
co ' t---::r: a o.oo 
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C. 
~ -0,02 
Q) .... 
c::; -0,04 
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BpeMA,HC 

P11c. :1. T111111•111,H1 LIJ)('l\lf'llllaH :iau11c1tl\lOC'l'J, IJl,IXOJlllOl'O Clll'llil.'li:I reTepo,n1111oro IIJllleJJII

Tf'.lH 

T1tflll'lllaJI BJH:'l\lC'llllclR 3HI\IICIII\IO<'Th c11r11a.11a (' reTPJ)O,llllllllOl"O nteCIITC'JIR IIJ>IIBC'Jlella 

11a pnc. :l. Ila p11r.. 4 1101,;aaa11 113l\lf'Pf'Hllhlii c11r1crp CJJl{-c11r11c1Jia npu neJiu•11111e cKa'll<a 

<l>a:11,1 1·ocl1p11pon1,u ~~=r.. :Jrn1'1r1111r pn6o•lf'ii •1ncTOT1,1 l\lC:)-rf'llepaTopa n 3TOM c:;1y

'H11' 01,:a311Jl0Cb paBHblM :W.U8 l'l'u. ::)To XO))OIIIO COrJiacyeTCR C BeJill'illHOii. H3MepeH

IIOii ,. 1101110Ul1>10 pc:.ioua 11n1oro <IJ11.r1 hTpa. I b p11c. 11 111111110. •1-ro m11p111ia c11eKTpa 11a 

110.l~'BblCOTC 0Ki13c1Jli1Cb 01.:0.10 :HJ 1\1 ru ( 01.:0.10 lJ. l CJi,). 'ITO 6.11131-:0 I, J)i13pe111aIOl!l('ii CIICK-
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Pnc. 4. CneKTP CBt..I-m.my.1bca. noJJy"-leHHb1ii reTepo,1111HHblM MeT0,ll0J\I (f:, ... - "-!aCTOTa 

3a,11a1omero ·reHepaTopa) 

TpaJ1b;10ii cnoco611ocT11 <llllJJbTpa. lbMepe1-rnaa ump1111a cneKTpa y,110BJJeTnopaeT oueuKe 

~f / Jo ~ Q- 1• r ,11e Q - ,1106poT11ocTb peJoHaTopa. B uaweM cJJy"-lae cocTaBJJflBilla.R 0KOJJ0 

103. 

■ l.(M, "13M8p8H"1A 

e 6M, "13M8p8H"1A 

-- l.(M, p8c<!8T 

23o,o-t-+--t---t--1"ll,;.---+--t---+--+-
L 
nf . 
1-29,54~-------0ll.l--_;_:~--l---l-

t 
~29,0-+-__._ _ _.__~-~-~-----+--+--

0,4 0,6 0,6 1,0 1,2 1,4 1,6 1,6 
CKa~OK cpa3bl rocppr.1poeKr.1 B 8A, 1t 

P11r. ;j_ :Jau11CI1MOC'l'b pa60•1t•ii 'laCT0TLI l\IC:.:l-re11epaTopa OT DeJJII"-IIIHbl c1-.a"-1Ka cpa3bl 

ro1j>p11pom,11 11w;i.;.11y 6p:n·1·011ei..:11M11 Jep1..:a;1a11111 

1,,,1.111 1131\l('(>C'lll,I :ia111JCJJI\ICWTJJ 'lnl'T0T IIC'IITJ>llJIJ,IIOii II 1111;i.;11eii 601<0uoii 1110,11 re11cpa

Topa OT JlC'Jlll'IIIlll,I l.'l,:t'IJ,H <l>a:11,1 IIIP;t.;/t,\" :H'plW,Hll\111 (ip:1JTOB!.'IWl'O pC30llaTopa. (" 1301..:0-

Ublf,'" co6c-rue1111ue 1110,i\LI re11epa-ropa (o] ,l,lfl 3Ha•1e1111ii <l>aaoaoro c1<a"-11<a, 311a•111TeJJbllo 

0Tl..:.'I0IIHI0lUIIXCH OT 7i, III0;f.;110 Tcll..:;t.;(' U036y ,!IIITL, 111)11 C00TUCTCTDYIOllJ.IIX Ha"-laJlbHLIX pac

CTpoiii..:ax CIIHX()0llll31\la - T.e. npll C00TBeTCTDYIOIUIIX II0JIRX BIIrrJJepa II COJleHOll,lla). 

PeJy,1bTaTbl 1131\lepeuuii II0Ka3aHbl C00TDeTCTBeHH0 1rna,11paTaM11 II KPYiKKaMII Ha 

puc. 0. Ow1161rn 113111<.'pe1111ii onpe,ile.~HJJIICb rnau11b1111 o6pa30J\I J\leXaHn"-!ec1rnM11 ,11onyc-

1rn11111 B 113r0T0B.~eHIIII II ycTanom,e K0J1eU-BCTaD0I,. lb111epeHHbliJ xapaKTep 3aBIICIIM0CTII 

!(~-,;) 0JJIIJOI, I, .,1111wii110111y. 'IT0 xopowo C00TDeTCTDyeT ll))0Be.ue!IHblM pa11ee Bbl'JJIC.1e

llllHIII II 11pe,nnap11Tf:'Jlhllhllll ~ll•Sllf'plllllf.'IITa.~hlll,1111 pe:ir,1bTaTa111 (8]. C'n,1omnaR ,1llllllfl Ha 

JT0III p11cy111,e 11:1,11oeTp11pye-r :rry ,K(' :iau11c11111orTb .:WH UPIITpa.,1b1IOii 1110,nu. IIOJIY'leHHYIO 
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11:1 'lll<'i!CIIII0l'0 l\lO/\CJIIIJ)0Da111rn .r1a1111oro 31(Cllep11Mel11'a. UH,!1110 y ,IIODJICTIIO(JIITCJlhJIOe 
C0l'Jlal'II(~ l\lCiK/IY paC'ICTJIUl\111 II 31(CIICpUMCJITaJlhllLIMII pC3YJlbTaTaMIL ll,11a11a:w11 11cpc
CTpoii1rn 'laCT0Tbl ,IIOCTllraeT G%. 'IT0 nepeKpbmaeT 60JlbillYIO '!aCTb IIOJIOCl,I OTpaiKCllllfl. 
))('30IIHTOpa. l\lbl oue111mae111 TO'!HOCTh ll3I'OTODJICIIIIJI II ycTaHODl(JI 1.;oJ1e11-ncTanoK ll 0,1 
Ml\!. Tor,lla 113 upocToii 011c11i-.:11 CJll',llYCT, 'ITO pca.1111301.1a1111aR cxc11rn MC:)-1·c11cpaTopa 
11oano.1ReT 06ec11e•1I1Th cooToeTcTnlle pa6o'!eii 'JaCTOTbt CUt.l-113J1j"Jc111111 Tpc6yeMoMy 
3Ha'ICIIIIIO ('tal'TOTe yc1.;op.RIOIUCii CTJ)YKTypbi) C 11orpewuoCThlO He xyiKe 0.2%. 

4. :3aK.71I0'-1em1e 

>h:c11ep11MellTaJlbHO 1101,:a3a110. '!TO 1\-IC:3 C 61x1rronc1rn111 pe3011aTO))OJII co ('l{a'IIWJII 
<lrn;u,1 ro<l>JH1ponK11 l\lOiK<'T pa6oTaTh 11n '11\CToTnx ~ :I() lTu II o.r111ol\10,llo1JoJ11 J>CiKIIM<' u 
1111a11a:1011<' 11eperTpoiiK11 'llll'T0T .il0 6%. Co•1eTa1111C' 06011x JIICTO,llOll 06ecl1<''111,10 T0'I
IIOCTh 113W'pemiii ua ypom1e ~ 0.1 %. ll111p1111a c11e1npa BblXO,llHOro 113.1Y'lf'IIJIH .COCTa-
011.Tlil 01.;oJto 30 l\ll'11 (T.e. 0.1%). O6erne•1e11a noa111oiK11ocTL 110J1y'1e1111R CULI-11a,1y'!e1111.R 
11a 31\jlclllllOii 'laCTOTf' (' norpeUIIIOCTbl0 ~ 0. 2%. CneKTp 1131\tepHJICR (' 1101\1011\bJO 11epe
CTpa1rnaN1oro pea0Ha11c11oro no.111000,1111oro c)lIIJihTpa II MeTo,11a reTepo,11111111oro c111ec11-
Te:1H. 
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SYNCHROTRON RADIATION AT ARBITRARY 
DISTANCES* 

G.N. Afa.nasie·11. V.M. Shilo·11, a.nd V.P. Penniakov 
.Joi11f foslitute Jo,- Nuclear Resea,rl,, Dub11a 

We study the propertil's of the synchrotron radiation in vacuum. The behaviour 
of t.ime averaged radial. azimuthal and polar components of the radiated energy 
flux is in\'estigated for different velocities of a moving charge and at different ob
sei·vat.ion distances from a charge orbit. (both out.side and inside it). Analytic 
formulae are found for the instantaneous position of the radiation intensity max
ima and minima at the fixed moment of the laboratory time. They generalize the 
famous Schwinger formula for arbitrary velocities and distances. 

CHHXPOTpOHHoe H3Jiy'leHHe Ha npOH3DOJILHhlX paccTOJIHHJIX 

I'.H. Arfiauacbea. B.M. lllu,11,oa u B.II. IlepMJl,noa 

Ib,\''Ja10Tc11 ceo,icTea c1111xpoTpOHHoro 113J1y'Iem111 B BaK)'YMe, HccJJe,11yeTc11 
11011(',ll('IIJI(' ycpe,1111eHHhlX 110 epeMeHJI pa,11JJaJJbHblX, a:lllMYTaJJbHblX II JIOJIHl)llhlX 
KOMIIOIICIIT IIOTOKa IIJJl,\''Ii\CMOi'I :>11epr1111 npll pa::lJJJl'IllblX CKOj)OCTIIX JIBlllKYlUC
l"OC'II ;mp11na II npll pa3ml'JHblX 11a6JJJOJ1aeMblX pacCTOIIIIIIIIX (KaK Bile op611Tbl, TaK 
11 1111~"r1m el'), l10J1y<1c11w 1maml1'll'IcCK11c <l>OJJMYJJbl, 01111c1,1oa10w11e no.iJolKe111111 
MaKCIIM,\'MOB II MJIHIIM,\'MOB 113.~,\''IeHIJII npu q>11KCll)JOBi\HHblX MoMeHTax BpeMeHJI 
11 .~n6opaTop11oii c-nc:TcM<' o'l'C:'IC!Ta. Oun 0606um1<>T 11:JDCCTIIYJO <l>opMyJJy lllm111-
1·cpa Ha 11po11:mom,111,1e C'KOpOCTII II paCCTORIIIIII. 

1. lntroductio11 

Probably, Schot.t was tlH• first who extensively studied the synchrotron mot.ion (SM). 
llis findings \\'N<' summarized in t.he treatise Electmmag11elic Radiation ([l]). Schott. 
studied t.he radial energy flux and obtained useful analytic formulae describing syn
chrotro11 radiation (SR). 

Tlw polarizat.ion and q11a11t.11111 aspects of SH we1·p studied by t.he Moscow University 
school ([1-fi]). 111 all thei-f' rrf<'rl'nrrs only the radial component oft.he energy flux smvived 
at larg<' observation clist.a11t·es. 

111 I !Mil, Schwiug<'I' obt.airwd a 11r1\· solution 1•orrl'spo11di11g to t.hl' narrow lwam emit.t.ed 
along th(• direction of a drargP mot.ion [il The quest.ion arises how t.o reconcile t.he 
Schwi11grr solutiou with t.hose investigated in [1-6]. 
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S!\1 in terms of the ret.ardation time method was considered in [8]. The main emphasis 
was made in [8] on the SM in medium with the velocity II greater than the light velocity 
in medium c,, for which both analytical and numerical results were presented. Only few 
1111111c•rical results were present.eel in [8) fort• < c,.. The rt>asoi1 for this wa.'l that. we 11aiVf•ly 
supposed that the SM in vacuum wa.'I known in great detail. Our searches in the recent 
physical literat.11n• [5, u. V-Ia) showed that. t.he r < c11 case of the SM (i11cludi11g that. of 
in vacn11m) is far from bC'ing <'Xha11st.<'d. The formula<' obt.ain<'cl by Schott. and Schwingn 
were valid at the distances 1· much larger than the radius a of a charge orbit. 

In modern dC'ct.ron and proton accelerators this radius reaches few hundred metC'rs 
and fe\\' kilometers, resp. This means that large observation distances are unachievable in 
experiments performed on modem accelerators and the formulae describing the radiation 
intensity on moderate distances and near the charge orbit. are needed. Formerly. time
averaged radiation intensities in the near zone were studied in Refs. [9-11]. However. 
t.heir considerat.ion was based on the expansion of field st1·entghs in powers a/r. The 
convergence of this expansion is rather poor in the neighbourhood of a charge orbit. 

ThC' main goal of the present. consideration is to apply analyt.ical met.hods developed 
in [8] to the consideration of time averaged and instanta1wous intensities of SR in vac
uum. The essence of these methods is in solving of the transcendental equation relative 
proper t.ime of a moving charg0. This allows us to find electromagnetic field (E!\IF) and 
int.ensities of SH at arbitrary distances. 

SH hns n1111H•ro11s applicat.io11s in nudrar physics (1111drar rract.io11s with 1· q11a11t.a), 
:-olicl stat.e physics (see, e.g .. [14)). astronomy ([15. lG]). etc. There are monographirs 
and special issues of journals devoted t.o application of SH [l i-19]. 

Th<' plan of 011r exposit.ion is as follows. In sect.ion 2. \l'e present t.he main fol'mulae 
describing EMF of SM. In sect.ion 3, we evaluate the electromagnetic energy fluxes ra
cliat.1•cl fol' t.hf' p<'riocl of drnrgr 111ot.ion in thr<'<' mut.ually orthogonal directions (radial. 
azimutlrnl and polar) on t.hr obs<'rvat.ion sph<'res with radii greal<'r and small<'r than the 
radius of the observation sphere. Section 4 is devoted to the invest.igiltion oft he instanta
ll<'0ll>< nidiat.io11. It is show11 that it. has a more complicated struct.ure than it was known 
up to now. Th<' iww formula for the int.ensit.y radiation generalizing Schwinger's onr 
for arbitrary observat.io11 dist.am·1•s and vrlocit.i<'s is obtai11f'cl. Tht> r<'stilt.s oft.his srct.io11 
11in~· lw nppli<'cl to astroph~•sicnl prolilr111s as;;ocint.Pcl, <'.g .. wit.Ii sunspots. Crab 11C'b11la. 
Jupitf:'r·s radiation belt.s, etc. [15.lG]. 

2. !\fain formula<:> 

SH i:- t.hr racliat.ion prod11crd by an drctron 111ovin1,?; along th<' circu111frr<'111·1•. This 
mot.io11 is due to t.he uniform magnetic field perpenclicul,u to the pla1w of orbit. Thr 
radiation 1•111•rgy luss1•s an• co111p1•11sal1•d l1y a11 azi11111t.hal <'11•ctric field. l11 this t.rrat.111ent. 
\\'f' rnnsider drrt ron mot.ion as toll<' giv<'11 and C'Valuat.c El'v1 F arising fro111 such a mot.io11. 

\\'e begin with t.he well-k11ow11 formulae describing EMF of an arbitrary moving charge 
[15. :w) 

- I ,, - - I - - - :.. 
E = r _ _ [(1- ;:J-)(R - :3ll) + -(H x ((R - dH) x d))]. 

(R-JR)3 c 

- I - -11 = Ti(R x £) (~.l). 
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Here ii = 17 -{(t') is the vect.or going from ~.he current. charge position t.o t.he observation 

point.. J = ti(t')/c, ·ii(t') = d{(t')/dt', iJ = diJ(t')/dt'. R = IRI, {(t') is the charge 
l.rnjf'clory f'q11nl,ion (Fig. I). All t.lu• quantitif's in t.he r.h.s. of (2.1) are taken at the 
fixed prope1· time moment, t' of a moving charge related to the observation (laboratory) 
t.i1111• I via 

c(t - t') = R. 

This equation may be rewritten in another form 

;3 • 
\=,'+-(I -R), 

( 

(2.2) 

(2.3) 

In the treat.eel case. a charge moves along the circumference of the radius a lying in 
t.he;; = 0 plane: (r = acoswl'. ~Y = asinwt'. ~: = 0 (Fig. 1). In a manifest form. 

t.he spherical components of E look like 

f • 

E,.=-E,.. 
1'(/ 

f • 
Ee= -Ee. 

1'(/. 

f • 
E0 = -E,:,, 

1'(/ 
(2.4) 

ll'herc• l he di111e11sio11k-s:; lidd sl,re11gt.hs are 

• COS 0 [ •1 I , •1 / • • / '> '> '] Ee= QJ /3-cos\ -cd(!JsmOcos-\ +llsm\ )-c-(l-1J-)cos\. 

E,) = ~
3 

[J2(JR sin 0 - sin \ 1
) - de cos \ 1 (R - J sin•0 sin \ 1

) + /2
( I - 1.f!) sin \ 1

]. 

llerf' (/ = R - J sin 0 sin\': 1·. 0 and G1 define t.he posit.ion of the observation point. 
The spherical co111po11e11t.s of the Poynting vector 

S = ...S..(i; x Ji)= _c_[llE2 - E(Ell)] 
'1rr 4rrR 

, Cf~ ,, 
.',,. = --,-, -., ,':,,,. 

'1rr1·-a-

wherf' ,;;;, .. -~H and 50 are the corresponding dimensionless components: 

. ' l 3·• 
,, - Sill \ E- '.! - E-~ 

.',,p - - I/) Q'' . R -
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When obtaining (2.5) it. was taken into account that. Rr =,. - asin0cos\'· R8 = 
-acos0cos \ 1

, R,:, = a sin \ 1
• ER= e(l -t32 )1·R/Q2 • At large distances (r >> a) 

,, 0 I 

H - E f./1" cos COS\ 
¢ 9----

- - 1'(1 '13 
E,. ~ O(i·- 2 ). If,.~ 0(1·- 2 ). 

I
, _ ll _ r1f! /3sin0-siil\ 1 

~</) - - 9 - - • 
l'(I. 1,3 

SH = _.:,·,:, ~ 0(1·-3
). 

, C ,',! ,:? (' f 'J /J'j 2 2 I • • I 2 
,'J,. = -(/:,,+ E8 ) = -~(cos Ocos \ +(tls1nfJ-s111\) ]. 

'171' ' '171' 1'"<1"1/' 

(:!.Ii) 
Here '1 = l - dsi110si11 \ 1

• Obviously, Srd<T,•, Socl<ro and S,:,d<T,b arc> c>Hergir.s radiat.rd 
1wr 1111it of laborat.ory time through t.he surface elements d<r,. = 1·2 sin 0d0d<JJ. d<r8 = 
1· sin Oclrdqi, cl<r,p = rdn/(} at.t.adH'd t.o t.h<' spher<' of t.hr rndius 1· a11d ori<'11t.rd i11 radial. 
nH'ridional a11CI a:.d11111t.hal dir<'<'t.ions. l'<'SJ). Correspouclingly. 

daf. 
sin OdOdrpdt = 1·

2 
S, .. 

d3f. 
sin Odrddidt = rSH, 

d3f. 

drdOdt = rS,:, 

are the energies per unit of labora t.ory time related to t.he reel.angles with sides ( dO, sin Od<ji), 
( ch-. sin Od¢) and ( dr, dO), resp. 

:3. Energy radiated for t.he period of motion 

\\'!' are inten·st.ed in energi<'s flowing t hrnugh t.lw Rbovl' surfact> el<:'ment.s fort he tll'riod 
of chargP mot.ion. 

d2f T 

<T,, = sin fhl~d<ii = i·2 
/ Srdl. 

<f2,• T 

<Te= •· I sin Ocfr<l<ii = 1
• S11dl. 

II () 

,, .,. 
(T - r1-r. ;· 
i:,- drdO = ,. . S,:,dl. T = '.lrr/w. 

(I 

From (2.2) we find 

dt = C? cit'= _.!J_d,'. 
R· Ji,.,,; 

Th<.>n. 

2,r 

<f'.!f r'.! . •, q I 

<r,. = --- = --j ,'i,...,,.d\ . 
sin Od0d<11 4rrad - R 

21T 

rf2 t f. 2 1• >, q I 
<J'9 = ---- = -.-- ~8 ..,,.c1, , 

sinOdrc/¢ 4rr1·21J R 
I) 0 

'l,r 

cl2f. (2 1• '• q I 
<T,J, = -, 10 = ;--; ., ,',,t, ..... r1, . 

f 1'( 'I 71'/ I'" , J{ 
(3.1) 

ll 
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Tlw \ 1 i11t.egratio11 runs from U to 211". For large dist,auces (f ➔ U) one gets 

<111 ➔ 0, <T,:, ➔ 0, 

r. 21P . ., . ., . ., 1 - /f1 1 ,, . ., 
(T,. ➔ -- f'. ''o)r.l',[2+/J·fnn·O-srn·O ,, .. ,

0
(1+'::ii-h,1n·O)]. 

'1u ( 1 - /. • s111· 1 • l - f}· s111· •1 

Eq11nlio11 (:1.2) C'Oi11l'ides with t.hi1t. given i11 ['1]. 
The smface integral from the radial energy flux 

,·oi1wicl1•s wit.Ii t.hr e11Ngy n1cliat.ecl by a moving charge for t.he time T = 21r/,..;. 
It follows from (3.1) that u,., <111 and u,:, have different. dimensions and. therefore. 

1·a111101 be ro111pared bet.ween t.llf'lllSelves. To rnake t.his possible, we introduce <li111e11-
sio11less intensities 

Thr radial r11<'rgy flux ir,. rntit.t.rcl for t.lw pNiod of rha.rg<' motion is shown in Fig. 2 
as a fuurt.ion of a polar angle 0. The calculat.ions were made for the radii of:observat.ion 
sphere• ,. larger (Fig. 2a) and smaller (Fig. 2b) than the charge orbit. radius a. It is 
seen that. with the rising of t.he observation sphere radius 1·, a-,. reaches its asymptotic 
valu<:> (2.8) for f ~ 0.5 (Fig. 2a). On the ot.her hand. for r smaller than a, a-,. falls very 
rapidly with decreasing of 1· (Fig. 2b). The increasing of the radial energy flux for in the 
neighbourhood of a charge orbit (f ➔ 1) is due to the proximity of the observation point 
lo a charg<' orbil. This fact was rnlled iu [10] t.he "foc11si11g" dfect. 

Tlw azimuthal energy flux fr,:, emitt.ed for t.he period of charge mot.ion is shown in 
Fig. a as a function of the polar angle O. ln accordance with Schwinger's result.s. it is 
lnrgr in t.lw i111111rclint.r 11eighhomhoocl or t.hr d1argr t.rajrc1.01·y (< = U.!Hl a11d f = 1.01). 
For large observat.iou dista11crs it. decreases like f-:!. On I.he observation spheres lying 
i11sid1• llw charge orbit., t.hr depe11de11ce fr,:, is rat.her flat. for c > 2. 

Tlw polnr Pllergy flux frn emit.I.Pd for the period of charge motion is sho\\'n in Fig. 4 
as a fu11ctio11 of the polar angl<' 0. Due t.o t.he prese11re oft.he fact.or cos 0. ?re exhibits 

drnrarlerist.ic oscillat.ion iu the ueighbourhood O = 1r/'2. It. is easy t.o check t.lrnt. f uedO = 
0. 111 g1•111•ral. polnr i11t<'11sit.i<'s ir11dO ar<' much s111allrr 1lm11 ir,p and fr,.. 

( '0111pariso11 of Figs. 2(a) and ~l demo11st.ratf's that the focusing effect. is more pro-
11011111·1•d for tlw 1•11Ngy flux iu t.lw azi11111t.hal din·ct.iou. This is eHseutially t.hc• Sd1wi11gt'r 
result according to which t.he diargr moving with t.he velocity 1· ~ c radiates mainly in 
the direction of its mot.ion. Figs. 2b and 3b demonstrate that focusing effect takes place 
also for ,. < ". 

\\'hat is ne\\' in this section'? Th<' radial energy flux at. arbit.rary distances for 1· > a 
wa,; sl 11diPd for1111•rl.v i11 !ll'f.._, [D-11. Iii). To our hesl k11owledg1•. t.he r1wrgy fluxes iu 
ot.her directions .ind radial rm•rgy 1!11x for ,. < a were never st.udied previously. 
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4. lnstantaucous distribution of synchrotron radiation 

ll p to now we have st.udied t.he space distribution oft.he energy radiated for the period 
of 11HJt.io11. Now we intcmcl to st.11dy its inst.ant.anro11s dist.rib11tio11 in t.hr laborat.ory 
refere11ce frame at. the given moment of laboratory time. Formerly. the instantaneous 
distribution oft.he radiated power at. large distances was studied in the reference frame 
attached to a moving charge (21-24). The instantaneous intensity in the radial direction 
was identified with Sr defined in (2.13). However, all quantities in this equation are 
referred to the fixed moment of the proper time t' of a moving charge (since , ' = </J-wf'). 
Due t.o equation (2.2), different space points in S,. correspond to different moments of 
the laboratory time t. The physical meaning of this intensity is not very clear. We 
are interested in finding the intensity at the given moment. of laboratory time. For this 
purpose. for a given moment of laboratory time i, we find t' from the equation (2.2) 
at. the given space point .r, y, =. Substituting thus obtained t' into the field strengths. 
we find EI\IF at the space point .r, ,1/, = at t.he given monH:•nt of laborat.ory time t. Uy 
<'hanging .r. JI.=. we obtain space distribution of EMF at. the given 1110111e11t of laboratory 
time I. This is essentially the computing procedme used below. 

f. !. ln.fi'11ilics of.field slrng//,s 

:\t lirst ,,·r notr tlrnt. the drnoniinators Q have Z<"ro only at ;3 = 1.0 = rr/'2.ro:q' = <. 
The corresponding valuf' of \ is equal to 

\ = arcco:H + (1 - J1 - f 2)/c ( 4.1) 

In particular, for large observation distances. f ~ 0. \ 1 ~ rr/'2, \ ~ rr/2. In the neighbour
hood of the charge orbit .. f ~ 1. \' ~ 0. \ ~ 1. For the intermediate distances ( f = 0.,5). 
oiw gl'ts \ 1 = rr/3. \ = rr/:.l + 2(1 - Jif'75) ~ 1.3. Thus. zeroes of Q fill the interval 
1 < \ < 7i /2. Obviously. field strengths are infinite at those space points where Q van
ishes. Physically. this may be understood in the framework of t.he Schwinger ap1jroach 
[i) according to which a chargr moving along the circ11l11r t.rajectory with tllf' velocity 
r ~ c· radiates in t.he direction of its mot.ion. Th<' equation of this radiation line is 

y - "i;iuw/ 1 = -cot w/ 1(,r - "c·osw/ 1
). 

Or. in sphC'rieal coordinates 

I (I 
rns(<Ji - ...JI ) = -. 

I' 

I (I 
<JJ - wl = arc,·os -,. 

(it was put h<'I'<' 0 = r./'2 sincr a charg<' moves in t.h<' equatorial plan<'). Substituting this 
equation into (2.a). one gets 

.3 ( 1 r,--;; \ = arccos f + :... - v 1 - c-) . 
( 

For .J = 1 this coinciclf's with (4.1). 
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4- :J. E;rfl'fmes of the q .function 

For J f. l and 0 ·t- 1T /'2. the denominators Q entering into field strengths do not. 
vanish. Yet.. it may take minimal and maximal values corresponding to maximal and 
minimal values of field st.rengt.hs, resp. In the next. two sections, we study t.he positions 
of Q extremes in the O = canst plane {or parallel plane) and in the <P = canst plane 
(meridional plane) 

4- :J.1 E;i:tremes of field strengths in parallel planes 

To find extremes oft.he q funct.ions relat.ive t.o t.he azimuthal angle <fJ, we differentiate 
Q over o for , .. f and 0 fixed and take into account. that 

dt' a,·sinOsin \ 1 asinOsin \ 1 

c-=--------=------drp R - ;Jr sin 0 sin \' Q 

Then. equating dQ/cl<!> to zero. one gets 

a sin \ 1 = R;Jcos \ 1
, 

or. in dimensionless variables. 

This leads to t.he following third-order equation: 

cos3 
\

1 
- bcos2 

\
1 + f = 0, 

'21P sinO 
b = I+ f:i(l + 1//32). 

2e sinO 

This equation has three real roots 

b t' ~ 
cos \; = 3 ( 1 - cos 3 + V3 sin 3 ), 

11«'1'1' 
c4 /J4 sin2 0 

cos u· = l - 54 (.J?( l. '') ,,13 . 
I - + c- + c-' 

{4.2) 

{4.3) 

Sine<' (l'Os \ 1 }i > I. it. is 1111physical. FurthPr. it follows from (4.3) t.hat cos\; > 0 and 
cos \[1 < U. Dul' lo (4.1). sin \ 1 has t.llf' same sign as cos \ 1

• Therefore, 

b ~· If• 
\~ = arccos(:-(1 - cos-;-+ ./3sin -)]. 

J J 3 
b f I' \; = 1T + arecos 1-{l - cos - - V3sin -)I 
3 3 3 

lie in I he 1-st and 3-rd quadrants, resp. From the definition of Q (see Eq. {2.4)) it. follows 
that \ ~ and \; correspond to the minimum and maximum of Q and to maximum and 
minimum of field strengths, resp. We rewrit.e equation (2.3) in the form 

I /3 -
\3 = \3+ 7(1-R3), 
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li-2,3 = (1 +f2 -:.!csin0cos\;,3 )l/
2

. (4.5) 

These equat.ious defiue \ 2 aud \ 3 ( correspondiug t.o the fixed 1· and 0) for which the field 
strengt.hs are maximal and minimal. resp. 

The depeudences \2(0) and \3(0) given by (4.5) for f} = 0.91:m and lying on the 
observation spheres of different radii are shown in Figs. 5a and 5b. A particular curve 
defines the position of the field strength maxima and minima on a sphere of a particular 
radius. 

However, the value of extremm11 along each of these curves depends on 0. To evaluate 
the absolute minimum and maximum of Q, we substitute (4.:.!) and (4.5) into Q 

• ,j:? I • /]:? ~ •• ~• ~• 
Q2.a = R2,3(]--sin0cos\ 2.3) = R2,:i{l-

11 2[l+(·(l+J/13·)](1-cos-:;-±v'3sin-:,)}. 
( vf ,J ,J 

()jffrr<>ntiat.ing by O \\'<' find that absolut<' mini11111111 (for (h) and 11rnxin1111n (for(}:,) 
are r<>ached at O = rr/:.!. Then. th<> first of equations 

I f) • 
, 2 = , 2 + - ( 1 - JU. 

( 

I ;3 • 
\3 = '3 + -(1 - R3), 

( 
(4.6) 

(where cos,; and cos,; are obtained from (4.4) by putting 0 = rr/2 in them). generalizes 
Schwinger's formula for arbitraQ• J3 and c 
The azimuthal positions of absolute minimum and maximum of Q as a function of the 
observation sphere radius are shown in Figs. 6a and 6b for different charge velocities. It 
is se<'ll that. \2 and \3 fill the intervals (U. rr/'2) and (rr, 3rr/2), resp. Finally, in Fig. 7 
it is shown how the function Q- 1 behaves in the equat.orial O = 1r /2 plane. Obviously, 
I hr 11rnxi111a of field st.rengt.hs and radial.ion int.ensit.y coincide with those of q- 1. It 
should lw mrntion<>d 1.lrnt Eq.(4.(i) d<>fining \2 may be inlrrpreted in :3 w.iys. First. 
for I lixed. Eq.(·l.o) defines how the azimuthal posit.ion of tl1P q- 1 maximu111 cha.ngPs 
with 1·. Ci<'nrly. this cl<>p<>11<l<>111·1' has spirnl-likc• st.rwt.11r<>. SPrn11d. for r fixc•d. Eq.('1.fi) 
drfill<'S how tlw azimuthal posit.io11 oft.hr er I 111axi11111111 chang<>s wit.It I. Obviously, this 
dqlC'11d1•1ll'<' is li1war. Third. for~·, lixc•d. Eq.('1.(i) dl'filH'S 11011' tlH' radial postio11 of er I 
111axi11111111 d1a11gc•s with/. Obviously.,. li11Parly risPs with/, 

Consider particular easrs. 

I) f --+ 0. This corrl'sponds to thr obs<'rvat.ion point 011 th<' sphrr<' with n rnclius 
I'>>(/, Th<'ll. 

I 7r 
\2 = \·•--+ -. - '2 

7r 
02 --+ 2 + ..,;(/ - 1·/r). 

/ ;37r 

\3 = \3--+ 2· 
:3-;r 

03--+ 2 + ..,;(f - 1'/r). (4.7) 

Therefore. at large distances the mm1111u111 and maximum of Q are reached at the 
, 2 = r./'2 and \ 3 = 'Jrr/:.! planes. resp. The corresponding values of Q are equal to 
Q2 = I - .JsinO and (h = 1 + dsinO. The absolute 111i11imu111 and maximu111 of Q 
are rPadwd at thr \'2 = rr/'2. 0 = rr/'2 and \:J = :3rr/'2. 0 = r./'2 point~. resp. This 

54 



is d('IIIOIISt,rat.ed in Fig. 7. where it is shown t.hat. indeed. for ( = 0.1. Q reaches the 

minimal and maximal values approximately at these points. 

:.!) .i ➔ 0. This corresponds to a charge which. is permauent.ly at rest at the point 
.r = a. ,If=.:= 0. Then, Eqs.(4.:3) and (4.4) give\'.!= \:i = qJ'.! = 0. \3 = \~ = <b3 = r.. 
These rnlnes correspond to the nearest and mos_t. remoted meridional planes on the sphere 
of the radius ,. . resp. 

:I) c ➔ 1. 0 = r. /'2, .d ➔ l. This cones ponds to the observat,ion point on 
t.hc charge t.rnjcct.ory. Then, \; ➔ 0, \'.! ➔ l, </J 2 ➔ wt, \~ ➔ 4

;, \ 3 ➔ 
"a" + 1 - ./3. 93 ➔ wt + ·1; - ./3. 
Again. this is support.eel by Fig. 7 where it is shown that. for e = 0.99, Q reaches the 

. minimal and maximal values at these points. 

The dimensionless instantaneous radial and azimuthal energy fluxes (2.5). taken along 
t.he curves \ 2 with minimal Q defined by Eq. ( 4.5) and depicted in Fig. 5a. are shown 
in Figs. 8a and 8b. It. is sern that in the neighbourhood of the charge orbit the S'r1, 
rnmpouent. of the Poynting vector dominates. This may be shown analytically. For 
simplicity. let f = l. ;J = 1. while 0 = r. /2 + 6e. Then. 

We obiwrve t.lwt for .d = l. f = l 

(tlw sa111e singular factor E 2 / l? is omit.led). Hence. it follows that in the neighbourhood 
of a chargr orbit. ,g•,1> is much larger thau .~,. and Se (since 16111 112 >> l6el for 16111 << 1). 

The dominance of s·<> over i;,. near the charge orbit. and::,·,. over l:,·r1, at large distances 
11rny br understood as follows. Followiug Schwinger (7]. assume that for ,. ~ a all energy 
is radiated .1l011µ; the vrctor ii= coswl1i_11 - si11wl1i.r t.angr11tial to a charge orbit .. Then. 
au r1wrgy flux (lying on the cont.iuualion of ,i)) intersects the sphere Sr of the radius 
,. at thr azimuthal auglr o = ...;f + arccos(a/1'). The scalar product. of the radial unit 
,·ector belonging to S,. with the unit. vector lying on the continuation of ii ( along which the 
energ~· flux propagates) is (,i,.,i) = sin(o-...it). At. large dist.ances. (J)-wt = arccos(a/1'):::::: 
rr/'2 aud (ii,.ii):::::: I. Therefore. at large clist.ances, Sch\\'inger's flux has mainly the radial 
l'Oll I JlOll('ll t.. 

\\'<' <'Yaluall· 11011· t.l1r. rnclial aud azimuthal <'IH'l'gy lluxPs in the equat.orial O = r./'2 
pl.inf'. For tlw radii of t.hf' ohsNvat.iou sphere not loo dose to a charge orbit .. Sr is 
posit in• for all(} (Fig. \Ja). However. int.he neighbomhoocl of a charge orbit.!,,. may be 
11rga1i,·f' iu somr. \ rc-gion (thr r.nergy flo\\'s int.o thf" observat.ion sphere there). This is 
clf'monstratecl in Fig. 9b. where the rc-gion with ,g•,. < 0 is shown by the clot.ted line. The 
n·a~u11 fur this i~ ,,videut. fro111 Eqs. ('2.5). It is see11 that ,;·,. cousist.s of t.wo t.er111s. The 
second term is compared \\'ith the first onr in the neighbourhood of a charge orbit where 
( :::::: I. 
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011 1.lw other hand, both l.er111s iu f:ir/> are of the same order. Therefore, 011e 111ay ex peel. 
that f:i,b may take 11egative values in some 0 region for· arbitrary radius of the observatio11 
sphere. II. is shown in Figs. 10a and 10b 

I 

that \ regions, where S,1, _is negative, exist 
for large (t: = 0.1) and small (t: = 0.99) observation distances. Again, the regions with 
!:,·<1, < 0 are shown by thr dot.t.ed lines. 

Although the insta11t.aneous radial and azitnuthal EMF fluxes may acquire negative 
values in some angular regions, their time averages are positive. Figs. 2a and 3 demon
;;t.ratP this. 

The dependence of q- 1 on t.he radius in the equatorial O = 71' /'2 plane al the lixed 
111011H•11t of lnborntory tim<' f is shown in Fig. J 1. Th<' osrillations with t.he period 2rr/d 
are obser\'ecl. 

The• depe11d<'11Cc8 of Q- 1 011 lh<' laboratory tinw f in th<' equatorial O = rr/'2 plan<' 
for tlw fixed radius are shown in Fig. 12a for large observat.ion clist.ance (f = 0.1) and in 
Fig. l2b in the neighbourhood of a charge orbit (f = 0.!J!J). Again. oscillat.ions with th<' 
period 2rr/d arr observrcl. 

. Both these cases are described by the following t.wo formulae: 

-1 1 
Q = c(t-f')/1'+3sin0sin(dcl'/a-o)' 

c(t -t') = (1·
2 + a 2 

- 2rasin0cos(i3ct'/a - ctJ)] 112
. 

4,.J.:J E.rtremes of.field strrngths in meridional planes 

Now we find the minimum of Q relative to O for \ fixed. For this purpose. one should 
solve equation dQ/dO = 0. Taking into account. that 

we find the following relation 

d\' 
dO 

,) COS O COS \ I 

fl- dsin0sin \ 1 

0 , (,'' ,·os \
1 

r.·.C cos \
1 + 1illsin \

1 

-dcos s111,. =cos, . 
R-dsin0sin\' · t:si11\'-J3Rcos\' 

This equation is satisfied trivially for 0 = 71' /2. In this case. 

Q = /~- dsin \ 1
• 

.} - . ., 1/" 
\=\'+-(1-R). R=(l+c-2£Cos\') •. 

( 

('1.8) 

To see whether Q reaches the maximum or minimum at this \ 1
, one should find d2Q / d0 2 

at O = rr/2. It is given by 

~ 
d

2

Q(O = rr/2) = !(- dsin \ 1 d0 2 
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Obviously, Q(0) has 111m1mum or maximum 0 = rr/2 for .u. great.er or smaller than 
zero. respectively (sin~e R - i3 sin \' is always positive). Correspondingly, Q- 1 and field 
strengt.hs have maximum or minimum there. The value of \ is found from the equation 
\ = \I+ d( I - R)/r. ' 

(_ :011sider part.icular cases. 

For c -+ 0 ( large dist.allcf's) . .u. = 13(sin \' - ;i). ThPrefore, Q, as a function of 0, has 
a 111i11i111ull1 at.{}= rr/'2 for sill \ 1 > /3 and 111axi111u111 for sin \ 1 < /3. The corresponding 
\ is givf'll by \ = \'+;fros\'. ·Thereforf', for large distances and /3 ~ 1, .J. is negative 
<'verywhere except. for the neighbourhood of\' = rr /2. Correspondingly, the maxima of 
q- 1 and firld st.rengt.hs should be near \ ~ \' = rr /2. 

For f ~ 1 (i.t>., near the charge orbit),~ and \ are reduced to: 

\\'p S<'<' that il > U for 1 < \ < I .36 and .u. < U in ot.her \ rPgions. Thet·efore. Q acquires 
the millimum at 0 = rr/2 only for 1 < \ < l.aG. 

Tlw dept>ndences .J.( \) for large observation distances ( f = 0.1) and in the neigh
bourhood of a charge orbit ( f = U.mJ) are shown in Fig. 13. They are in complete 
ag1w11w11t. wit.It analytical rPsult.s just. obtained. This is rnnfirmed also by Figs. i and 
\I whrrr er 1 ( \) and field st.rengt.hs are shown in the equatorial O = rr /2 plane. We see 
that 111axima of Q- 1 (\) and field strengths lie in the lleigbourhood \ = rr /2 for f -+ U. 
whilr its minima are outside this region. The position of the Q(O = rr/2) extrenmm as a 
funl'l ion of t.lw observation sphere radius are shown ill Figs. (ja and Gb. 
Wr ,·01wl11dr: for O = rr/2. thr posit.ions and val11f's of Q extremes coincidr with ones 
found in sPct.ion 1l.'2.J. 

For{} :f. rr/'2. equation (1.1:<) redurrs to 

Or. 
l'rn/1 \

1 
- bcos2 \

1 + ,, = 0. 

I + < 2 
( I + I/ d 2

) b=------
'2< sin 0 

r= 
1 + £ 2 - ,P sin 2 0 

'2< sin 0 

Thri'<' root.s of this equal.ion are given by 

i:·' 
(cos \ 1

) 1 = b(2cos 3 + 1)/3. 
1;•' Ii·' 

(cos ,'b = b(l - cos 3 + v3sin 3 )/3. 

~··' ~'·' 
(cos \ 1

):1 = b(l - cos 3 - v3sin "?1)/3. 
- -

lien• 
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It. is N,sy to clwck that (cos ,'lt > l and, therefore, it. is unphysical. We obsrrvr that 
(cos \ 1

) 2 2'. U an<l (co:n')J :SU. lt. follows from (4.i) that (sin \ 1
) 3 ~ U. Therefore. 

b 11'' rJ,' ,; = rr - arccos l~(l - cos :f - v3sin 3 )1 

li<'s in t.hr '2-nd quadrant. and corresponds tot.he minimum of Q. 
Further. if · 

1 !}•' r!•' 
;/

2 sin0 - -tb(l - cos. - + v3sin -) > U. 
;3 :3 3 

t.li"en sin\~> U. cos,;> U and 

b 11,; ·· ri•' \; = arcros :;- ( 1 - cos -:j'"" + ✓::i sin -:j'"") 
•J •J . •J 

is in t.he 1-st. quadrant. On the other hand. if 

. I · r!·' , t'•' 
d 2 si110 - -rb(l - cos - + v;Jsin -) < U. 

3 3 3 

t.hc11 sin,;< U. cos,;> U and 

I i . b ' rf•' ' . r!•' \~ = 'lrr - arccos -(1- cos_;_,+ v3s111 -). - 3 3 . 3 

is i11 the 4-t.h quadrant .. 
The lines on which Q are mit)imal are obt.ained from the equat.ions 

/ i3 • 
\2=\2+-(l-R2) 

( 
and 

I .) • 

\a=\a+-(1-Ra), 
( 

( 4.11) 

(4.1'2) 

(4.13) 

(4.14) 

when• /i.2.3 = (1 + r2 - 'lrsinOcos ,;_3 )
112

. and cos \:i and cos,; are defined by (4.10). 
Thr dependences (4.14) for 11 = I irncl the lar'ge radius of the observation sphere 

(r = U.1) and near the charge orbit (< = U.!:IU) are presented in Fig. 14(a) and 14(b). For 
tl1<' \ liX!'<l. t.11!'~' cll'fi11r thr a11glr O for which Q is llli11i111r1I. WC' srr on tht'sr figurf's t.llf' 
\ 2 and \3 lines shown by t.h<' solid and broken lines, rrsp. In accordance with (4.1'2) and 
( 11. I :1). 1 lw \ ~ !'lll'Vf' c·c>11si11t.11 of two lirn11dl!'M co111u•cl.!'d l,y t.lrr• dolt.eel \'(•rt.kn I linrl'!. I,r·1•p 
in 111i11d that t-l1!'8f' rurvrs do 11ot d<'scril><• t.hr r:,;t.r<'lll<' of q at. 0 = rr/'2. Thr lwhavio11r 
uf <r I alu11g tlll':-W t'lll'\'('S is :-.hu11·n Fi11,. l!i(a) (lnrg<· disl,atlt'{'li) !llld i11 Fig. l!i(b) (tll'llr 
111(' drargr orbit). 

llow to deal with t.he curvrs prrsented in Fig. 14'? Take, e.g .. Fig. 14(b). It shows 
at whi<'h O t.hr lllini11111l vnl11r• of Q is n•ad1rd for I he giw•n \ uear the dwrgr orbit. Now 
we co111pnre Fig. 14(b) wit.h Fig. IG(n). where tlw dependrnres Q- 1(0) inn numl>f•r of 
meridional planes in the neighbourhood of a charge orbit are presented. Let. \ be U.G. 
Thrn. Fig. 14(b) tells us that Q has minima at. 0 ~ l.'25 and O ~ 1.85. This is confirmed 
by Fig. lli(n) in which one sees t.he maxima of Q- 1(0) at. the same 0. When \ increases, 
t.wo mnxima approach each other (Fig. lG(a). \ = U.!J and \ = 1). For some \, when the 
horizontnl line intersects the \ 2 curve only once, thesr maxima fuse. For larger \. t.he 
horizontal line does not. intensect either t.he \ 2 or \3 curves. In Fig. IG(a). one observes 
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I.hat for \ = 1.'2 t.here are 110 maxima of Q- 1 for O # rr /'2 ( as we have mentioned, t.he 
extremes of Q at O =.rr/2 are not. described by Eq.(4.12) and Fig. 14). For larger\. t.he 
horizontal line begins t.o int,ersect the \ 3 curve. Two maxima of Q- 1 (0) again appear 
( Fig. 16(a). \ = 1.8). For larger\, the•intersection of the horizontal line with \ 3 

disappears. only minimum at 0 = rr/2 remains ( Fig. 16(a), \ = 3). For still larger\, 
the horizontal line begins to intersect. the second branch of the \:? curve. Two maxima 
of Q- 1(0) again appear ( Fig. 16(a), \ = 6). We see that the instantaneous distribution 
of intensities has a rat.her complicated and unexpected structure. For example, it is 
usually believed that. radial.ion -intensity is maximal in the equatorial 0 = 1r /2 plane. 
Om considera.t.ion shows that. this is not. always so. For completeness, we present in 
Fig. l<i(b) the dependences Q- 1 (0) in a number of meridional planes at large dist.ances 
(r = 0.1 ). 

C'o11sider part.icular cases. 

I) Let ( 4 0. Then. 

I /1 ]'' , ::! 0 COS \ '.! = - I - Sill , 

\; = arccos )1 - if! sin2 0, \~ = 1T - arccos )1 - JP sin2 0. 

1 
b=-. -.-, 

2(sm0 

ThPr<'fore. two lines where Q is minimal appear at. large dist.ances. They are defined by 
l'<jt1alio11s (4.1.l) and (4.10). 

\:? = /lsin 0)1 - :P sin2 0 + arccos )1 - 132 sin2 0 and 

\:i = 1r - ti sin 0)1 - 1P sin 2 0 - a1-cc:os )1 - 1P sin 2 0. 

,\pproxi111at!'ly tlws<' !'111'\'<'l'l r<•:-;<'111bl<• those show11 in Fig. H(a) co1·responding to c = 0.1 
(al'('()l'di11g to (·l.12) and (4.1:1). the sf'roucl branch of\::! disappears int.he limit< 4 0). 
Tlw l'Ol'l'esponding vahws of Q along t.hese curves are given by Q2 = Q3 = I - 1f! sin2 0. 

'2) L<~t .3 4 0. Then. 

I ✓1 + ('.! 
<'OS\•,= ---J, - ( 

I • r.;I ✓ 1 + {::! 33 . 0 
l'' = (jy,.l ,, I Sill , 

I ✓1 + ('.! 
cos \3 = ----:]. 

( 

(-

I 7i 

\3 = \3 = 2· 
In this ,·ase Q2 ~ 1 + dsin0 ~ I. Q3 ~ 1- 1JsinO ~ 1. 

\\'e see that an instantaneous int.ensity of SR has a very int.ricat.e st.ruct.ure. However, 
after avPraging over the period of mot.ion t.hese intricaciPs disappear (see Figs. 2-4). 
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The main cjuestion is ·how to detect. the insta.tit.a.neous intensity which rot.at-es a.long 
the observation spher.e surface with the velocity t' ~ c. 

Fortunately, t.here is notable exception. An instantaneous SR is observed in astro
nomic experiments [15. 16, 25. 26). Since the radius of the orbit. along which the charge 
moves is large (e.g., for Jupiter it. is a.bout. lUr, km), the period of its rota.tio11 is also 
larp;P ancL therefore, instantaneous SR is observable. 

ll seems that. an instantaneous intensity of SH at the fixed moment of laboratory time 
was IIPVN studied previously (cxc<'pt. for llef.[8), only small part. of which was dPvoted to 
the consideration of t' < c11 case). 

!i. Discussion am\ Conclusio11 

111 Hc,f,[8] \\'<' studied sy11chrot.ro11 mot.ion in 111rdium wii.h a velocity 1• great.Pr than 
the light velocity c11 • in medium and found analytical expressions for the positions of 
EMF ,,;i11gularities on the obsrrvat.ion sphere. These singularities tilled the closed curve 
drscribPd by t.h<' quadrntic-equation. For the trratrcl cas<' of synchrot1·on motion in vac
uunL · E~·IF- has 1io singularities on the observation sphere (except, for the trivial case 
d = 1.· · 0 = r./'2 mentioned in sect. (4.1)). Instead. EMF has maxima and minima lying 
r1long thf' certain curves 011 tlH' observation sphere. (Figs. 5. 6. 14). ThesP rurves are 
described by the cubic equations (4.~1) and (4.9). An analytic solution of these equations 
gives cu1·ves presented in Figs. 5.6.14. It sounds rat.her st.range, but the analytical de
scription of synchrotron motion in medium with I' > c11 is much simpler t.han that of in 
vacuum (since in the lpt.ter r_c1se,011e.shou)d solve a cubic equation). 

\\'e briefly enumerate the main results obtained: 

I. \\'r ('Valuat-('d radiaL azi11111t.hal and polar El\l F fillX('S ~Yeraged over th<' 111otio11 
period. The calculations were performed for arbitrary velocities and distances. for the 
obserYation points lying both inside and out.side the'charge orbit.. It turns out t.hat az
i11111thal <'BCl'gy flux clo111i11ates oV<'l' t.h(• radial 011<' ll<'ar th<' d1arg<' orbit a11d is 11111eh 
s111nllPr tl;ni1 th~ radi'al flux ~t laqi;r. clist.anePs. This reconciles S~hwinger's r1ncl° Sd1ott's 
appro,wli<'s. . 

'2. \\'e evaluated instantaneous radial and azimuthal EMF fluxes for different clist.a1H.'<'S 
and charge velocities. They have a number of unexprcted propert.ies. In ·particular, they 
may acquire negative values in some angular regions. llowpver. their time averaged values 
are al\\'ays positive. Analytical expressions are obtained for the instantaneous posit.ions 
of fi<>ld strengths minima and maxima. They generalize the famous Schwinger formula 
for arbitrary distances and velocities. 
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Fig. I. Schematic present.at.ion of the synchrotron motion. P( 1·, 0, ¢) is the observation 
point 
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Fig. 'L. Di111ensionless clist.ribut.ions oft.he radial energy flux Ur ~adiat.ed for t.he period 
of 111otio11 as a function oft.he polar angle O fol' 13 = 0.9!:HJ. for the radii of the observat.ion 
spl11.'l'f:' gl'eat.er (a) and smaller (b) than t.he charge orbit. radius a. lt. is seen (a) that. t.he 
radial dist-l'ibut.io11 for< =.O.r, prnct.irally coinciclf's wit.ht.hat. fot·· c = 0 (t.his corresponds 
t.o a11 inlinit.e observat.io11 distance), For I'< a (b), fr,. is large only in the neighbourhood 
of .a charge orbit (t = 1.01). The increasing of er,. uear the charge orbit is clue to the 
proxi111it.y of a -charg<' and is usually callf'd t.llf' focusing dfect. (10,1 L] 
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CeccIDI 2 

,l1JIHAMl1KA rryqKQB 
11 KOJIJIEKTl1BHhIE 

JIBJIEHIUI B YCKOPl1TEJIJIX 

Ilpe,n;ce,n;aTenH: 3. A. IlepenbmTeiiH 
A. H. Jle6e,n;eB 



IIPOBJIEMbl OXJIA)K,Ll;EHM.H MHTEHCMBHbIX 
MOHHbIX IIYqKQB 

n.n. IIapZOM'l/,YN 
l111c11111111y111 JIUC/IIIOii !/iuJUh:11 ti.Al. I'.l/. Byui.epa, co PAH. 11oaocu6upci. 

OXJ1alK,lleH11e CaMO no ce6e llCHOJlb3YeTCJI ,!IJIJI ,lleMnqmpoBaHllll KOJ1e6am111 Ka

;K,!IOJ'i '-!aCTIIUbl II KorepellTllblX KOJ1e6am1{1 IIOHHOI'O ny'-!Ka. Ho OXJla~,llettne npn

lJO,!IJIT K O'-lellb BblCOKIIM UJIOTHOCTJIM B q>a30BOM npocTpaHCTBe, '-ITO MO:.KeT Bhl
:inaTh npo6JJCMbl co CTa611J1hllOCTblO ny'-IKOB, 3Tn npo6JJeMbl MHoro pa3 o6cyiK,lla
,'IIICI, 11a Komticpemurnx. pa6o•mx cone1uam111x II ycKop1neJ1bllhlX w1<0J1ax. B 3TOM 
;10KJ1/\,!IC pa::ipeWIITC cocpe ,llOTO'-IIITbCJI Iii\ oco6oii 11eycToi1•111BOCTII, 1tpOJ18Jllll0-
1UCiic11 D 11apacTaH1111 3MIITTa11ca II CllJlbHblX n0Tep11x IIOHHOI'O ny'-!Ka B ycTaHOB-
1..ax c 3JJeKTpouttblM' oXJHllK,llemieM - TaK Ha3blDaeMoM 3cj1cj1eKTe "3J1eKTpo1111oro 
Harpella". 3TOT 3cJ1q1eKT peMhlio orpalill'-ll!DaeT IICUOJlb30Bam1e 3JleKTpOHHoro 
oxJ1alK,11e111u1 11a Ha1<01mTe.~bHhlX KOJJbUax CELSIUS, COSY. oxJJa,llnTeJJe Hn,!111-
a11cKoro y111mepc11TeTa. 

Problems of Cooling the High Intensive Ion Beams 

V. V. Pa1·J.~homchuk 

The cooling itself is used for damping single particle oscillations and coherent 

o:-cillat.ions of ion beams. But. ext.remely high phase space density of the ion 
beam afrcr cooling tan be a source of stability problems. These problems were 

a subject of discussions on many conferences, workshops and accelerator schools. 
Let us concentrate in this report on a specific instability that is manifested itself 
hy beam emitt.ance blow-up and the ion beam losses at the storage ring with the 

,c•krtron rnolinp; - thr so rnllecl "dectron hrat.inp;". For st.ornp;e rings CELSIUS, 
( 'OSY, l11dia11a Cooh-r this is a !lerious problem that. li111it11 t.he use of the elect.ro11 
rnoli11,11, in pl1~·sin\l <'Xp<'ri111c•11f.s, · · · · 

1. UBe,LlC'HHe 

He~rroii'IIIIIOCTII l\loryT 110:JIIIIKaTb npll BhJCOJWii llJI0.TIIOCTII ny'!Jrn II CJia6oM 3a

Tyxa111111 cl>J1y1,Tya1~11ii 113~3a l\taJioro pa.36poca IIMllYJibcon '-!aCTIIU. ::ho MoryT 6bITb 11 

Tpa,lllllllOlllll,l<' ll('YCTOii•111uocT11. Cll.H3allllbl{' co 83i\lll\lO,lleiicTBJl{'l\l IIY'IJ,a C ~1JieMewraMII 

BaKyyl\t110ii Kal\lephl 11aK01111TeJIR [l). 31'1I HeycToii'IIJDOCTII pa.3DIIBalOTC.fl Ha Ka1..:oii-Jin60 

pc>301Hllll'IIOii l\lO,il(' II IIIJIILI0,/1.HT K J\ll'IIODeHIIOii r116eJ111 11y•1Ka IIJJH ,/IOCTJl;+;ellllll aMIIJIII

Ty ,~1,1 K(H'C'l)('ll'l'llhlX l..:OJie6a1111ii l\HIKCIIJ\laJlbllO ,/I0IIYCTlll\101'0 11pe,lleJia. I~aK npaDIIJIO, B 

~IT0l\l (',ly<iae m16mo.11aeTCfl CIIJihllLJii KOrepeHTIILJii cnr11a.1 KOJie6a1mii ny'!Ka, II TaKne 

11<•y<"roii•11111orT1t 11a,l\c>iK110 11oi1a11JJHIOTCR e11CT('J11a11111 06pwrn1,1x cnn3eii. Llpyroii DHA 

11eyn·oii'IIIIIOC'TII - TaK Ha.3b1Bclf'l\lble :JcpcpeKTLI DCT))(''ltl, KOi' .11a 'leTKOl'O KorepeHTHOl'O 

Clll'llcl.'111 111''1', 110 :1l\1tl'l'Ta11c 11r11,a 11apacTaCT, a D))C'MH il\1131111 IIY'IKOD 11a.11aeT ,1\0 IIC,llO

ll)'CTlll\10 l\lclJI0l"O YJ>Ollll.fl. 
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Tai-;, 11a11p11111rp, m1 TJ1iKrJJ011011110M r1111xp0Tpollf' SIS [2) r ~1JJe1npo11111,1111 oXJJl\iK/lf'-

1111e111 11aGJIIO,llclJIUCb J~c13Ull'l'II(;' IWJ!l'Ga1111ii U HOIIIIOM 11y•11<e IIJJH ero 11aKOll✓1e111111. Ha 

p1w. l 11oi,;a3a110. 1.;ai,; no npe111n 11ai,;011JJe1111n ny•urn /\·,.34+ 11a :i11cpr1111 11 !vbB/11 11 11p11 

:tJl('l,TpOIIIIOM oXJHliK,llClnlll TOIWM 0,5 A IIOCJle 11a1.;o1JJIP11llff :1 MA IIOIIOU Ila 1111Ka11e 11a

UJIIO/IHIO'l'<'H IWJl<'6a1111J1, a :mTf'M llaKOIIJl('lfll(' OCTa11at1JlllllHl'TCJI 11a TOK(' OKOJIO 5 MA. 
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u 2 

J 
C 

.!ii 
0 

L --10 20 30 •o 
Time (s) 

P11c. J. Hai.:011Jie1111e 11y'lKa /\'r u SIS: uepx11J1J1 Kp1111an TOK 1101111oro 11y<1Ka, 01111:iy 

1·11r11n,;1 1· 11111.;a11-:,;w1,Tpo;1n. 11:11\1f'JHIIOllt<'ro <l>J1y1,Ty,11u111 11 11011110111 11)"11"' 

I kpnoii ycTn110111wii. 11c1 1.;oTopoii 61.1.~ 0611apy;i,:1•11 ;1cl><lll'KT l.'IIJll,111,IX IIOTl'f)h 1101111oro 

ny'ltrn npn ane11emm :i✓1eKTpo1rnoro ToKa, 61,1✓1 11aKom1TeJJb CELSIUS (3]. Ha pnc.2 no

Ka3a111,1 113111epe1111R np0To1111oro TOK a noc✓1e 1miKeKu1111 n11Te11cnn11oro ny'lKa BCE LSI llS 
(npOTOHbl 48 l\bB). B1111110. 'ITO- nor.1e OXJJ8.iK,llellllff OCTaeTCR TO.~bl.;Q HeCKO.lblW o/c OT 

Ha'laJlbHOl'O IIJ>OTOIIHOl'O TOl.;8 (e 4 111A TOK 111\,111\PT ,10 100 IIIKA). 

:.>i.;1·11rp1111fl'IIT <' lllll',/lf'lllll'I\I :1Jll'h:'l'po1111oro 11y•11.;;1 (' ('IIJll,110 0'1'1."l'POl'IIIIOii :11H'lll'IIPii. 

i.;or;1a 11111rni.;oro ox✓1aiK11e1111n llf' 11 po11cxo,1111JJ0 ( 1q>11nan 060:'i11a•1r111mn .. drt.u11e cooli11g"). 

/l('IIIUll<"l'pllpoua;1. 'ITO llcl'HIJlhlll,lii t'llcl/1 IIIITl'llt'llllllO<"J'II II(' Ollp<',ll<'Jlffl'Tt'JI OXJJaiK,Ilf'IIIICM, 

n 0611:1.111 TOJll,l\(l llfl✓lll'IIIIO :Mf'h:Tpo11011 llcl op611Tf' IIOIIIIC>l'O 11y•11..n. 

Jo.1f1 OXJJaiK,il('HIIOro ny'lt.;fl CIIJlbllO noapacTaJlfl, ('('JIii 8hlKJIIO'IIITh 11a11pR;+;('fltll' 11a 

ynwpHIOIIUIX pe:1011aTOJ>HX. /lpll :>Tol\l ll)"IO(.; IIJ>II OXJl/lil\/1('111111 J>IIIIIIOMl'pllO J>flt'IIJ>C/l('Jl('ll 

no ll<'l'IIIY Ill'pllMPT)))' 111\.KOTlflT('Jlff, fl Ill' rpynnnpyl'TCR n qrnn111tTl'JlhllO KOj>OTKllii crr

("J'OI,. P11c.:1 JIC'!IIOIH"J'PIIJ>Yl''J', 'l'l'O ol'pllllll'lllll/1(.''J't'H llll'IIOIJl'llllblii (IIIIKOllbtii) 'J'O(.; ll)''l(.;cl 

11 111•11p,•p1,111111,1ii ll)"IOI\ IIM<'M' <'llf'Jlllllii Tor.; 11 <linwrop rpy111111po111rn pn:1 60,111,11w. 

:Ji.;,·1wpllM('IITl,I ll CELSJl IS 110 OXJtail\)1CIIIIIO llytllrn 11a llblCOIWii ~111epr1111 ( 400 .Mau) 
TOil\<' ,'\('l\lOll<"l'pll py1o'J' llcl.lJll 'IIH' II po6Jll'III 11p11 OXJIHiK.;1('111111 -II IITl'll<'IIBIIOl'O 11)"11\/1. I/ fl 
pnc .·1 11oi.;a:rn110. 'ITO 6t'3 /IOll<MIIIITf'JlhllOrO pnr11111 pPllllff :111f'pt'PTll'lf'C(.;Q('() pa:16poca 

llpOTOIIIIOl'O 11,\"IIW 11)''1'1.'III !110/l)'Jlffllllll :1111'pl'IIII :1✓11'1\'1'()011011 Ill.' Yl\<l('TCH OX.iHl)\IITI, IIJ>O

TOlllll,lii '1'01, 60.'lhlllC' '2 111A ('1]. 
Bna'I/M(' (.ilO :30 c) 11:ll\lC'fl('IIIJH TOK/1 11a pnc.4 rBRJflllbl (' lllliKPKUlll'ii II ,Vl't.;Op<'llll<'III 

c 1lt< '.\LiU :10 400 l\bU. B 11101\H'IIT :IO 1·f'i.;y11,1 rn,mo•ra<'Tnt :1.wr.;Tpo11110P ox:1c1;i,:;1P1t11P. 
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CELSIUS (1998) 

- cooling Je=50 rnA 
-+- detune energy Je=50 mA 
-><- no cooling Je=O 

10 20 30 40 50 

Time (s) 

Puc. 2. Ox.11aiK11e1111e 11p0To11110ro ll~"IJ,a 11 CELSIUS (:meprua npoTouoa 48 l\fal3. ox;1n

iKJ1aio1u11ii ~i.11e1,Tpo1111b11i TOI, 50 !\IA, B~-1 BKJ110'-!e11a): x -- 6ea ox.11aiK11emrn (J, = 0): 
1,pyiKI,11 -- 0XJHlil,.[ll'lllll' ( Jf = r,o MA): + - ::mep1·1111 :.JJlf.'l,TJ>0HII0l'O HY'!Ka OTCTpoeua OT 

oxJiail..:.iernrn (£0 = 25,008 I,313+5 1..::1B) 

10 

c--·· -RF off (unbunched beam) Je=200 mO 

0.01 +--....----r---.----..----.--.---..---,--...---, 
0 ,o 20 30 50 

Time (s) 

1'111•, :1. ( 'pnfllll'IIIIP 0XJl<liK/1<'111111 t' lll,JII0'IC'lllll,ll\l B' I (n·py111111po11n11111,1ii ll)"IOI,) II n1,1-

l,Jll0'l('lllll,l!ll U'I (11P11p<•pLm111,1ii 110 op61ne 11y<101..:) 

11 pa,ll11yc n~"-11-:a c 4 llll\l ua,llaeT ,/lo 1-1.5 Ml\l ,11.1111 o6oux c.11y'-!aee. 6ea Mo,11y.11RU111I 11 

C l\l0,1YJJRJ..Uleii. Ilo 6e3 1\10,IIYJIRUIIII B !IIOl\lellT 80 ceKy11,11 paaa1rna10TCR BepTHKMbllble 

i.;o.1e6a1111R C a!IIIIJIIITY ,noii 5-15 111111. RCIIO Bll,l\111\lble ua MOHIIT0pe ueiiTpMbHbIX aT0M0B, 

.TleTRlUIIX 113 111erTa OXJlaiK.[IC'llllH. 

lb puc.-5 Bll.llH0. '-!TO 6ea 1110,11y.11Ru1111 rroporoabtii TOK 1.8 111..\.. c 200 B 1110,ny.11Ruueii 

4 111.\. a Hpll :3Q0 8 TOI, pa3BllTIIR HeycToii'-!11eorTII npeBbIWaeT 6 MA. 
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I 
1 
ij 

j 
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CELSIUS (1999) 400 MeV pbeam Je=600 mA 
-x- beam current no modulation 
· ·+--beam current 300 V modulabon electron energy 
-x- pbeam r.m.s. size (mm) 
--+- pbeam r.m.s. size (mm) with 300 V modulation 

/1 I %~ ' I H l+H+I H+l+t-+H+I-H+HtH+t++t 

:JE~/ ~,. ~~ 
:,, + : 
)(i: I+ . +/, 

2 r 'A<~~~~~ 
0 

., +----~---.-------,.---~---,---~ 
0 50 ICC 

Time (s) 
150 

Puc. 4. OxJia;i..:.aenue npoTonuoro ny•ma Ha :rnepnm 400 l\faB. Bepxmte KPIIBbJe - npo

TOHllb1ii TOI, (~1A). Hi1;i..:1me - paaMep npoT0IIII0I'0 IIY'iKa (cnrMa) (~iM): X IJ0Ka3bIBaeT 

oxJJail,.ilf'Jllle 6ea ~10,IQ'JJRUIIII ~rneprm1 3Jlf'KT))0II0B (' pa3BIJTlleM D M0Mewr OIWJIO 80 (' He

ycToii•JIJBOCTJJ; + II0J,a3blBaeT 0XJia;i..:,11em1e C ;jOQ 38 l\lO,IIYJI.RUUeii 3Heprmt 3Jlf'KTIJ0IIIJ0l'0 

uy•u.;a, ')TO cuoco6cTDYeT 110,11aDJie111110 pa3BIITII.R ueycToii'illUOCTII 

Pe3yJibTRTOM M0,IIYJJ.RUIIII ::meprun 3JleKTp0110U (c 'IR.CTOToii UblWe ,11eKpeMe1JTa 0XJla

il..:,lll'lllJH) HUJIHCTCH pacwnpeune paa6poca lllllllYJibC0U II upoT0HII0lll 11y'i1<e: 

~JI 

p 
~'-~(·, 
~1+1T· f 

( 1) 

11, C00Tllf'TCTBl'IIIIO, 60JIPP Bl,ICOlrnR n:op0CTh 3Wryxam1R IWl'Pj>f'IITlll,IX <t>JIYJ..:Tya1111ii 3a 

C')l'T :1a-ryxa1111H .r1a11,11ay. Ila llt"K0T0pblX 0XJia,IIIITCJIHX 6LtJIII IJ0JJLITKII 110,11anaTb Ha ny
'IUI, B' 1-lllYlll ,:tJtH 11ar1w11a 11y•11.;a, JlpoGJt('llHI 11et10J11,ao1111H11H 'J'llKHX l.'11<."l'l.'lll 11M1'1"n• e 
3JICJ..:Tp0HHbllll 0XJia;+;,11e1111e111 3aKJIIO'inf'TC.R B T0!ll, 'ITO ;1ei..:pe111eHT 3JieKT()0IIH0I'0 0XJia

il..:.ll('IIIJH ue1rrpaJtblJ0I'0 .H,llpa ll)"JKa 0'lf'llb UblC0J, 110 cpau11e11mo C ,11e1..:peMeHT0M 0XJ1a;+;,11e

llll.R '1111'Tllll C 60JihlUHMII a11111.~wry11aMJJ. Il pe3yJJhTHTf' npllJI0if\ellll.R n11em11rro IIIYMA, 

0)1111H11WIIO 11arp<'llalOUlCl'0 HCP 'lnl"l'llllbl, M0iKII0 J)('rJ,(Q Dbl;)UIITl, 6LICTpb1ii 11arpen 'ill

CTIIII (' (io,;11,1111111111 aMIIJIIITY/lnl\111 II l'IIJlhll0 Yll(\f)))'IIITI, ll0Tep11 IIY'fKn• 0('3 lrnKOl'O-Jlll60 

nom";rnoro pacw11pe1111.R .R,llpa ll~"llrn. Mo.ay.~Hllll.R iKe :rnf'(>l"IIII 3J1e1,Tpo1rnoro 11y-1i.;a llf' 

II0IJTIIT 0X,1HiK.iIC'lllle CJJJibll0 0Tl..:JI0ll('lllll,IX 'IHCTIIU, A T0Jll,K0 pacwHpHeT .H,llpo. llMe11110 

31'0 O0CTO.flTt',lhCTBO II0M0raeT I' m,wo1wii 3cpc)>eJ..:TllllllOCTblO IICII0,lb30DRTb ~)TOT Mt"T0,11 

11a ynauoni..:e CELSIUS [4). 
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O,OtO 

no modulation • • • 
• 200 V modulation • •• • 

'iii .,. .. 
..... llE 300 V modulation • ... - ¥· -:. 'S 
'C 
~ ••• 'C 0,005 ·-s i!'l.t. A 

I! ... 
Cl) ••• Cl) •• ,t ::I 
.9 

0,000 
0 J 4 5 ~ 

Proton beam current (mA) 

Puc. ::, . C'i-:opocTb noTepb npoTOHHoro To1-:a -di/di/ I n 3as11cnMocTn OT ne,m'lIIHbI ToKa 

npn pnJJlll'IHLIX aM11J111Ty,11ax MO,!IYJIJIUIIII 311epr11n ~1J1e1-:-rpo1moii IIYlllKII (Er = 400 l\.bB. 
J,('uoli11y = 600 MA) 

:2. lVla1<cuMa.1IbHan 1mTe1-1cHBHocTb uouuoro ny'-ma npu ;3JieI<T})OHHOM 

OX.lla;K_i1eHIUI 

lloH. ,llBll;+;yuuiiic11 B 3JieKTpOHHOM ny'IJ.:e, CBOIIl\l 3JleKTJ)ll'leCKIIM noJieM B036y;i..:,11aeT 

/lfliliKf'lllle 3JleKT()OHOB, II IIX CMemenue <!lop.r,mpyeT 30IIY, ll 1-:0Topoi'i B03HIU.:aeT TOJ)M0-

3.R(Uee :JJiel,TpII'IC'CKOe IIOJie. Pa,1111yc ::3Toii 803MYIUellHOii 30Hbl onpe,11eJ111eTC1! pa::36pocoM 

('1-:0J>Ol''!'('ii ~JJl('l,'I'J>OIIOD \·:,,. npeMelleM IIJ)OJieTa Y'Ja<'TI•rn OXJ1a;+;,11em1.11 T (B conyTCTDyIO

lll<"ii t'IICTeMe 1.;oop,111IHaT), II paue11 Pm .. = ,-:,,r, 1lJ111 MclJll,IX C'KOJ)OCTei'i IIOHOD \' CIIJIY 

TPPIIIIH l\lO;+;llo ;ia1111caTb 1-:a1, 

] .• _ 4 1lrr1·;11, In (p"' •• //lmin) \·' 
- 111,c \':! , 

•If 

l"JI<' Ill, . llta<'<'il :1.r1e1n'P<>lla, C . nmp<>CTI, ('flPTa, ,., l,Jlr\('<'ll'l('CJ\llii pa1111yr ~JJlf'ICl'()Oll/1, 

II t 11.ilOTIIOt'TI, ;1Jtel,Tpo111101·0 lly<IJ.:a, 111 (pm .. / /I min) ·- 1,y JIOIIOUCJ(llii Jiorapml>M CTOJll<IIO

lll'llll ii. IlpoJll'THIOllUI<' MIIMO 'Hlt"l'IIULI 3Jlet,TpOIILJ pacce11ua10TCH Ha Hell II IIJJIIUO,ll.HT K 

11arp1·ny pp lll\lllYJibCa co c1,;opoCThlO 

dp2 

di 
471'1";11, In (/lmu/flrnin) 

\ :rr 
Pa1111011<'l'II<' ~,Toro 11arpe11a 110 :111epr1111 c/p2 /di/ Al II OXJJa;+;Jl<-'lllJH F" \ ': 

( L'\') ,,111;c41l1rl';11,. l11(p..,.,/p..,;")\. r · = mc---_ _,;. ____ _..;. __ "' · 
Al \ :,, 

(3) 

(4) 

II ,ilcll'T paueHCTllO Te.r,mepaTyp :1.1eKTjJOIIHOro II 110111101'0 ll)"IKOD IIJJII 3JleI-:TpOHIIOM OXJia

il,,llf'IIIIII: 
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Ho ec,;111 IIO!lllhlii IIY'IOK CT0.1Jb JIHTeHCIIBe!I, '-ITO B 30Jle B3all!IIO,LleiicTBIIR O,LIHOro 1101-la 

Il))IICYTCTDyeT 11moro.1101100. TO, 1..:po!lle y.z:1apon co CTO()Ol-lbl, npoJieTaIOIUIIX 3.l!el..:Tpo

HOB. KaiK,Llbiii 11011 IIOJIY'IIIT CJ1y•iaii11b1ii llMIIYJibC II OT IIOJlfl))ll30Bal!HblX ~lJle1<'rpo11ou, 

<l>op11111py101u11x c11Jiy Tprmrn ,1.TIH .11pyr11x "coce.z:11111x" 11011011. '-lncJio .. coce.111111x" 1101100. 
" . ' 

11axo,l\f!lll,IIXCJI II 30lle ,l\eIICTBIIJI CII.II Tpe111rn pa.z:111ycoM Pmu• COCTaDJIJ!eT 

4rr 
3 -N" = ll;Pm-. ;J • (6) 

:'l°c'.IIOIIII(' l\lclJIOC'TII IIJIOTIIOCTi'I 1101111oro Il)"Il{a 03lla'Iaf'T, 'ITO :rn ll))CMH npoJieTa Y'lllC'TJ..:a 

ox.11a:-K;\emrn no-repH 311epr111i (F\·~) 60.iJbllle. 'IeM .1106am..:a ~meprnn OT 3TIIX c.11y'-laii11b1x 

core ,;irii .. no 30He B3it11MO,L1ciicrn11fl r5 E = N • (I} )2 /2M: 

r• (F,.)2 < F\·,.. 
J\ '2M (7) 

Co611paH uce no,;1y<1e11n~1e n ypanuemrnx (2-6) onpe,11eJ1emrn n ypan11em1e , . 110.11y<m111 

m!Tepecuoe orpaHll'-letme Ha ,;ionycTll!llble TIJIOTHOCTII IIY'-IKOB B B11,lle 

? ., 4 ,, ? 4 6 
4rr1·c-1·;11;x4rr1-c-,·,11,xr = wrw;r < ----- ~ l. 

In (Pm-./ Pmln) 
(8) 

r .ae lll'/lll'Illlla w; - '-!aCTOTcl ll,IIcl3Me1111bIX 1..:o.11e6a1111ii B IIOIIIIOI\I IIY'-!Ke • .,.;, ·- 'Ia<"I'OTa 

11.11r1:1~(C'llllhIX 1.;om,6a11_11i'i n ~lJlf'KT))OIIIIOIII ny'-IKC. Bmnpa1uam·1, II Jla6opa-rop11y10 CIICTf'MY. 

l\lQiKIIO :JaIIIICfl'J'b OJ'J)Hllll'll'lllll' U 811,LIC 

:34~" 6 
11ifabX11e,ab < ['1 ('1 \:i ... I ( / . ) ~ 0,(ixl0

15
(1/c!II") . 

. ,ool 1T I I If ll /J /Jmln 
(U) 

l'JIC' lc,_,o/ - ~lTO .i\JIIIIIH OXJJa,LIIITC'Jlf!. ll11cJ1e1111oe 3Ilcl'ICHile IIJ)IIU(',IICIIO ,11.IIH npOTOIIHOro 

11y<11,a (' :-i11rpnwii 48 l\bB. ,IIJIIII!Oii OX.IIcl,LIIIT('.IIII '2 M II ln(pm.,/ flmin) = 10. 1311,11110, '-ITO llf)II 

11.110T11orT11 ::i.11e1npo1111oro IIY'-IKH :3 · 10; ( l / rr-1 3 ) MaI<C'IIMHJihIIM oxJJa;i..:,11aeMaR HJIOTHOCTb 

'2 • IO' ( I /n1 3 ) 11 11p11 pc11111yci> II)"IKH I !11111 TOK cocTan11T 1 111A, '-!To 6JJII3KO K 1)('::iyJ11>Ta

Ta111 11a6.1110,11r1111ii. 1101rn::ic111111,111111a p11,.:l. 01111camn,1ii a.11ec1, ::i<t><peKT - ;1To, cpaKTI1'1ec1rn. 

11puw·,·,· IIIIYTPII 11~"11{01301'0 IJHCC'('HIIIIH 1101108, OTl,pl,IUcllOIJ~lliicH IIH Y'IHCTK(' OXJIHiKJl('

llllf! ;1a <''IC'T 1.;o11111r11cau1111 ~l.1Pl,Tjlll'lf.'C'l"1X IIOJJC'ii ~JJlf.'I,TpOllllLII\I lly.'Il,01\I [~]-. Bo llpP~lfl 

,11111,KC'llllf! II ;,.w1,Tpo11110111 ll~"IKC' IIOJIH D3aJIMO,LleiicTDIIH 111e;i,;,11y IIOIIHl\111 3al\leTIIO ~1I<pa-

1111py1uTl.'f!. a 11:Jalll\lllO<' /llllliKCIIII!' IIOIIOU 11po,110.1IiKclf'TCH. 'ITO IlpllUO,IIIIT 1101.',le IJLIXO.ilH 

113 ;,.wi.;Tpmrnoro 11y•11..:a K IIOIIO.IIf.'111110 ,LIOTIOJIHIITf'JlbllOii ~lllepr1111. 

:L I l.~a:1l\1c11111,1e 1,o.r1C"oa111rn ll~"IKOH 11a y•1a,TK<' ox.11ai1.;;w1111H 

Pa,·1·!\tOT))ll~I 60.rt('(' IIO./\p06110. 1rni..: 11po11exo,1111T 1.;o11111r11cau11H ::Jjf('KTpll'-lt'CIWX IIOJJeii 

<l>-~y1,Tya1111ii n 110111101\1 ny<11,<'. llyC"rb <j>J1y1,Tyc1u11H n 110111101\1 ny'-li..:e npe,11cTc1BJJHf'T 11J1oc-

1rnii r:1oii 11011013 t' TOJIW,IIIIOii ll/10,llb 110111101'0 IlY'-11'3 l\Iellblll(' pa,1111yca IIY'-IKH ,IIJIJI Toro. 

'IT06bl IIC'IIO.IIh30BaTb 11p116JilliKt'IIIIC' 'IIICTO n.~a31\lf'IIHblX I..:OJIC'6a1111ii [G, 7]. B 3aBIIC'lll\10CTII 

OT cj>a3bl JIOIIHblX K0,1Ie6am1ii ~).IIeKTJ)ll'-l('C'KOC' 110.IIe, B03Dpau1a101Uee IIOilbl D paBHODeCHoe 
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<'0CT0Hl!llf.', TO D03IllllrneT, TO IIC''-lf.'3aeT (' 1-JaCTOToii II0HHhlX l<OJie6a,mii. a IIOJIHaR :n1ep

l'IIH cji,;1y1,Tyaw111 CO("f«UJIRCT 

(10) 

r ,11e .\'" - 'IHCJIO IIOH0B B l.:OJie6J1101.l..1,eMCJI CJIOe, lvl; - Macca 11011a, Vi - CKOpOCTb KorepeHT

uoro ,llDJI.+.:eHIIJI CJIOJI OTHOCJITeJibllO OCTaJibHOro HOHHOro ny1-1Ka, .\; - a.MIIJIHTy,11a OTKJI0-

11e1111J1 OT paa11onecI1.11. B OTCYTCTBUe 3JieKTPOHIIOro ny1-1Ka - 3TO cpaBHHTeJibHO Me,!IJieH

llble n,;1a311,1e1111LIe 1.:0J1e6anu11 c coxpa11eune11,1 noJiuoii 3Heprnn. Ho Kor ,11a 3Ta cpJiyKTyaQHJI 

UJieTaeT a o6JiaCTb 3J1eI,Tpo1111oro ny1-1Irn, 3J1ei,:Tpn1-1eci,:oe noJie 11a1-111uaeT c,11auraTb 110-

I,:0111.1..1,uecJI 3JieI..:Tp0HbJ. B Te1-1eu11e npoJieTa y1-1acT1rn 0XJ1a;+;,11emrn cMemenue cocTaBHT 

~-t·; = l '; T. 11 3To BhI30BeT noJiaJiemIe 3J1e1<Tp111-1ecImro noJIJI E = 4rrn; Z; e Vi T. Ilepe

:la'ta ;mepr111I ::,.rIeKTJ)0IIIIOI\IY 11~"11,y C'OCTaDIIT, llJ)II no36y.+.:,11e11un 113MeHemrn IIMIIYJibCa 

1..:ail..:.iloro ;),1CKTpoua. ~Jl = e Er (n 6opHoacK0111 np116J111;+;e111rn). u 1,1· = A'" up2 /'2111. Ka

•IecTL1<'1111aJ1 OUPHl..:a 0TII0Cll'l'CJlbll0ro ,11eI,peMeI1Ta (/IOJIR 3Hepruu. IIOTepJIHHOII 3a O,llllH 

11))0.'l<'T Y'laC.'Tl,a OXJia;+;,llel!JIR) C0C'l'aDUT 

(11) 

:-hoT uapal\teTp u;1a11Mo,11eiieTu1111 11y1-1I..:013 pane11 I.;na,apa-rr npo113ne.ueI111R clrn3hl ~ueI,

Tpo1111(ll"O 11 1101111oro 1..:0J1e6a1111ii :rn apel\JH 11po,1IeTa rsacnrn n3a11MoiteiicTBIIR. 

I 
5 1,0 

~ 
8. 
E 
"' 1l 0,5 
C 

i 
Q) 

ai 
"O 
; c.0 
C 
0 e 
Q. 

-•-proton 
-Y- electron 
interaction at zone +-125 cm 

,,01) 0 100 ]CO 

Position along cooling section (cm) 

Puc. (i. O-r11oc11TP:ib11Lie 1..:o.wGa111111 :,.•Ie1-:Tpo1111oro nrma B 11cMe uoHuoii <IJJ1y1nyau1111 11a 

·'''HH.'Tl,P ox.rn;+;;IPIIIIR ,1JIIIIIOii 1.i> M. Il.10TIIOCTL nr11..:ou 108 1/cl\l3 • ::1HeprmI ll))0TOH0B 

4~ l\bB 

PacCl\lOT!)lllll B3allMO,lleiicTDIIC~ IIOHHoro ll~"IKa (' :1.1eKTJ)0HHbll\l llY'-IKOl\l 60,1ee 110-

-11>06110 (' 11cn0.'lb30Dclllllel\l C'IICTelllhl ypan11e1111ii ,11.'JR mall!IIHblX K0j!e6amtii ..:\DYXK0MII0-

llt'IITIIOII ll.1a3l\l l,I: 

d~.,·; 

di~ 

rP.r, f • -{-.-, = - - I:,,. 
< I- 111, 
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Puc. T. :3JJeKT)rn'-lec1we noJJe n npoToHHoM ny'-!Ke np11 npoJJeTe cjJJ1y1<Tyaui111 B 3J1eK

Tpo11110111 IIY'-!Ke 

1",IV' E,, -- ~lJICKT))ll'leCIWe IIOJJC 1,aK 1101111oii, Tai, II ;JJICKT))OIIIIOii 1-:0MIIOllellTL,I. U OT

Jlll'-ll!e. OT. o6bi'-IIIOii IIJ!a3Mbl ::n:a ,IIBYXKOMIIOHeHTIIM CIICTeMa cymecTayeT TOJlblW B Te

'-1e1111e O'-leHb KO)JOTKOl'O BpeMeHII npoJJeTa y'iaCTl<a OXJ1aiK,11e111111 II Ha KaiKi10M IIOBOM 

o6opoTe 110H11aJ1 <IJJ1YKTyau11R DJJeTaeT n cne;i-;uii :Mei<Tpo1111b1ii ny'-101, c 11yJJen1,111111 0T

KJ1011e11111111111 J',. J•~ = U. Ca111ocornarona1111oe peme1me, cnHJhrna1011(ee Koop.111111flTLI 110-

11ou llil UJl(''J'(' ll :1Jl('l,T))Ollllb1ii 11y-101, C 1mop,111111aTaMII 11a ULIXO,lle, IIMeeT Bll,l (c )"JeTOM 

.re(U) = U. d.i:e(U)/clt = U): 

( ~--; ) ., = ( ::: a12 ) ( J'! ) , 
an \; 

0 

( 13) 

.-1 = '-"'! ( cos~wpr) 
'-"',~ -..;" sm(wpr) 

sin(w1,r)/w1, ) .,;; ( l 
cos(wrr) . + .,;~ 0 ~). (14) 

•J FJ FJ ' ,., 

l'JI(' ..,,;,~ = ..,,;i + ..,,;; 011pc,11cJIHCT 'lcll"l'OTY IIJlcl:JMellllLIX IWJICO,UIIIII ua CeKUIIII OXJJaiK,11CIIIIR. 

C'ymrrTne1111oii pa:rnnueii 110 cpan11e111110 co cTa11,11ApT111,1M11 MaTp11ua11111 JJ1061,1x 111ar-

1111T110-01rrw1en,11x 1rn11aJion RBJ1HeTc11 To, 'ITO ,11cTcp111111m11T IAI 11e 06RJaTeJ1b110 pa11c11 

I: 
.,;7..._,2 ,,/!.w2 r .,;7w2 r4 

IAI = I - 2~(1 - ros(wpr)) + ~sin(w1,r) ~ 1- -'-,' 
""'r w1,. 12 

( 15) 

Tai, 1,a1, CIICTel\la He3a1111,11yTaH II roxpa11ReTCR c:y111111ap11aH 3lleprllH D 3JJel,Tj)Oll-llOllllhlX 

Ko,1e6am111x ny<1Ka, a 11e :meprirn TOJJbKO 1101111ux 1wJJe6a1111ii. B ypan11em111 ( 15) pa3J10-

;i-;e1111r 11p11no.1unrR ,IIJJR rJJy<Ia.H, 1wr ,11a 11p11Me11111110 6op11onri,;oe pa3JJo;i-;e1111e wf w; r'1 « l 
11 ,11ei,;peMeHT panen do/12, a 11e nporTo do 113 (11). Ha p11c.8,9 noKa3aHo, 1..a1-: 111e11ReTCR 

pea.1b110 ,1eTe1j1111111a11T 111aTp11u1,1 I.A I II ero oue111rn ,11J111 MaJiblX 3Ha'!e1111ii do, n11epnL1e 

110.~~·•1e11HM anTopaMII [6] . 
lb :n11x j)IICYHKOB B11,IIHO. 'ITO BbICOKaR IIJIOTHOC:Tb 3JJel<TJ)OHHoro ny'!Ka w, T > 21i 

11p11BO.JIIT I, TOIIIY. 'ITO '-laCTb KOJWeKTIIBHbIX 1110.11 KOJ1e6a1111ii He TepJIIOT, a yneJJll'-IIIBalOT 
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Puc. 8. 11.eTepMuHaHT IAI MaTpllUhl y<iacT1,a oxJ1a.:+.:,11emu1 a aaa11c11MocT11 OT nJ1OTHOCTII 

3JleJ,TJ)OIIHOro 11y•ma (llJ!OTIIOCTb B e,111IH11uax 'IIICJ!a 11Jla3MeHHhlX 3Jlel<TpOHHhlX l(OJ1e6a

HHii 11a y'laCTKe oxJ1a:+.:,11emrn). To'!Ka.Mu no1<aaaHo paaJ1oiKem1e, cnpaae,11J111aoe TOJlhKO 

,IIJIJI l\lMhlX nJIOTHOCTeii 113 [i), noKa3a.HHOe B cJ:>opMyJle (15) 

1,006 

1.005 

1,004 

1,003 

-n,=2 10' 1/cm3 

--n =4 10' 1/cm3 

1 002 

,.oo, 
~ 1 000 

0 999 
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Ion beam density m. t/(211) 

Pnc. U . .l(eTepl\t1111a.11T IAI D 3aDllrJJMOCTII OT 11J1OT11ocT11 uoHHoro ny'!Ka (w,;r/21r -
'IIIC,10 ll.'li\31\lf'llllblX l..:OJ!f'6am1ii ;)Jl<'KTpOIIOD D IIOJI(> npocTpa11cTne1111oro 3apJ1,11a 11O1111oro 

IIY'IKH. r,11e w;; = 41r( 2 2;11;/111, = c241r11;1·,) IIJ)II pa3HhlX ~lJ!eKTJ)OHHhlX nJIOTHOCTJIX 

CllOIO :111epr111O 11p11 ll[)OJlf:'Tf' )"111CTl"1 OXJ1aiK,11e1111.11. EcJ111 nepeMCUIJIDal!He TellJIODLIM 

,.'.IBll;+;e1111eM Ol,a3bll3aeTCJI lle,IIOl'TaTO'lllblM (3aTyxa1111e .Tla11,11ay), TO 6y .IIYT pa3DJtDaThCJI 

l..:OJIC'6a1111n Ila ~lTIIX MO,llax. 
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,1. 3a1<JI10'-1e1me 

floTepu II0HH0ro ny'IKa npu OXJiaJK,l\eHllll 0CTalOTCJI A0CTaT0'IH0 HeJICHbl~I. 110 Ba)K
HblM nonpocoM IICII0Jlb30BaHIIJI 3JleKTp0HJIOto OXJiaJK,l\elllIJI. lfa npe,l\J1arae~1oii MO,l\eJIH 
CJie,l\yeT, 'ITO nepcneKTHDHblM HanpaBJieHHeM MOJKeT 6bJTb 0XJiaJK,l\eHJle 3JieKTp0HllblM 
ny<1Kml C ynpaBJIJieMblM npocjmJieMn.iIOTHOCTH. flpn CJKanm IIOHHoro ny'IKa '-JaCTHl.(bl 
BX0,l\JIT B o6JJaCTb C pe3KO yMellbll.laIOll.(eiicJI llJIOTHOCTblO 3JieKTpOHHoro ny'IKa. Hanpu
Mep, eCJIII pa,l\llaJibHaJI IIJIOTHOCTb 3JieKTpouuoro ny'IKa pacTeT J(aK j = 1,·1· J; 3 /a~ OT 
uewrpa IIY'IKa, TO TOK 3JJeKTJJOHHOro ny'IKa, C KOTOJ)blM B3aHMOAeiic-rnywr HOii, 6y,l\eT 
pac-m J,rr = J; la;/ a, 13 

( a; - aMJJJIIITYAa KoJie6ani1f1 noua), 'ITO npnne,11eT K 11ocToJ111cTBY 
npeMCJIII OXJia;K,l\ellJHJ IIOHOIJ C pa3llblMII aMJJJIHTYAM,m. Ilpu OXJJa;K,l\eJIHH IIOllbl II0lla
,l\alOT B o6JiaCTb C MaJioi'i IJJJOTIIOCTbl0 3JieKTJJOHHOro Ily<llrn, 'ITO yMeHblllllT II0Tepu 11a 
pe1..:0~16!111au1110, JI B03MO;KH0 pa3BIIT!le ue;i,;eJiaTeJibllblX IWJ1e6am1i'1. 

Am·op Bb1pa;1rneT 6Jiaro,11ap11ocTb Dag Reist.ad (TSL) 3a llHTepec H MHoro'IHCJieH
Hbie o6cyJK,l\enllJI npo6JieM ::iJieKTpo1moro "narpena" Ha ycTaHOBKe CELSIUS, a TaK;i,;e 
,l(.B. llecTpmwny II A.H. C1q>1111cK0My - 3a 11ayq111,1e o6cy;i,;Aemrn nonpocon :inc1<Tpo11-
11of•o ox,1a;i,:,11e1111.11; • . 
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YCKOPEHHE 3APJ.DKEHHblX "9ACTHll; 
HHTEHCHBHbIM CBEPXKOPOTKHM 
3JIEKTPOMAI'HHTHbIM HMITYJlbCOM, 
B03BY)K,ll;AEMbIM B 11JIA3ME JIA3EPHbIM 
H3JIY"9EHHEM HJIH CI'YCTKAMH PEJIJITMBHCTCKHX 
3JIEKTPOHOB 

B.A. Ba.11,a,-:upee. B.H. Kapacb, H.B. Kapacb 
Ha11110H<1,1b,,b1t'i 1wy~"b1t'i 11e111np "Xapb>.oac»utt rfiu.Ju,-.·o-mex"u~ec>.Ut'i tmcmumym'', 

•''1-.'./Jalll/(I 

CTaTl,fl npe,11cTaBJIJ1eT co6oii o63op. KJJOMe co6CTBeHHhlX, pe3,YJibTaTOB TeO
peTll'feCKIIX II 3KC11epm.1eHTMbHblX IICCJie,11onamiii II 'IIICJieHHOro Mo,11e;mponaHIIJI 
rc11cpau1111 IIHTCIICIIBllblX 3JICl{TpOMarHllTHblX ItoJleli npnMeHnTeJibHO K ycKopn
TCJIHM, OCIIOll/lllllhlM 1111 KOJIJICKTllBllhlX MCTO,!laX )'CKOJJCIIIIII 3a))ll;KCllllhlX 'UICTHU, 

r TeMIIOM ~·cKopetlllll Ha 1teCKOJlbKO ( 2-3 llOJJll,!IKa) rtOJ)Jl,!IKOB 60JiblllHM. 'feM y 
K.~aCCll'feCKUX pe30HaHCHhlX ,YCKO)JUTeJieii. lkcJie,!lyJOTC.11 ycJIOBH.11 Han6oJiee 3cp
<l>eKTIIBHOl'O B036y;.K,11emrn B 11Jta3Me ycKO!)JIIOlllllX llOJidt peJt.llTHBUCTCKIIMII 3JieK
TpomthlMII crycTKaMII IIJIII IIHTeHCIIBHhlM Jia3epHhlM 113.ll,Y'leHHeM. HcCJie,!lylOTCJI 
napaMeTJ.)ll'feCKlle II MO,!l~'JIIIUIIOHHhle npouecCbl. reHepamrn KBa3IICTaTU'leCKOro 
~li\rlllITIIOro noJIJI, ycKope1111e 3JleKTIJOHOB II UOHOB nJia3Mhl C UeJlblO onpe,11eJ1eHUII 
OIITIIMMhllhlX ycJIODllii ,!IJIII 11a1160J1ee 3<l><l>CKTIIIJIIOro C BblCOKHM TCMIIOM ycKope-
1111.fl c<l>opM11pona1mhlx crycTKOB 3apmKeHHblX 'faCTIIU. 

Charged Particle Acceleration Intense Ultra-Short 
Elcictromagnetic Pulse Excited in Plasum hy Laser Radiation 
and Relativh1tic Electron Ilnuclws 

V.A. Balaki1·e11. V.I. Ka1·as ', I. V. Ka1'as' 

Tht' art idc• rt'prt'sent.s a review. and it. is 1101. only selfreview, of the theoret.ical 
mid c·xpc·ri11H:nl.al :-l.11<lics and 1111111crical si11111latio11 rc1<ult.fl of iut.ense elcct.ro111ag-
11et.ic fields general.ion concerning to accelerat.ors t.hat based 011 thr. collect.ive ac
celernt.ion mel.hocls wit.It accclerat.ing rat.c of few (:!-a) orders more t.han convent.ial 
n~:;onant accelerator one. The condit.ions oft.he moi<t. high efficiency of excit.at.ion 
of accelerating fields in plasma are investigated by relativistic elect.ran bunches 
or int.ense laser radiation. The parametric and modulation processes. quasi-static 
magnetic field generation. plasma elect.ron and ion acceleration were studied with 
the aim of optimal conclit.ion det.erminat.ion for the most. high efficiently accelera-
1 ion of for111C'd charged particle bunche,; wit.h high accelerating rat.e. 

83 



J. Bae,[\em1e 

O,111111M 113 11a1160J1ee 11epc11eK'l'llllllblX 13 HaCTOHlUCI! upeMH l<OJIJlel<THBHblX MeT0,110B 

yc1wpeHIUI [l-9) .RllJJHeTC.R MCT0,11 YCKOJ)CIIIIH G HOMOIUblO DOJIII IIJJOTIIOCTII 3apR,11a D IIJla3Me 

(3].. Pa3BIITIIIO 3TOl'O MCTO,lla IIOCB.RlUCHO 60JJblllOe 'IIICJJO IICCJIC,llOBaimii (10-50]. Cpe,11H 

JIIIX pa6oTa [3]' D KOTopoii 3TOT MeT0,ll 6blJI llJJC,llJIO:tKeJI. H IIMeBllla.R 0'!eHh 60JJhlllOe 311a

<1e1111e pa6oTa [4]. B l(OTOpoi1 6b!JIII npe,LIJIO;KCHbl IIODblf~ 3cpcpel<TJIBllhle MCTO,Llhl D036y

:tK,llCHII.R IIJ1a3MeHHhIX ao✓111 c IIOMOlllblO ✓1aaep11oro H3JJY'ICHH.R (PBWA-PLASMA BEAT

WAVE ACCELERATION) 11 (LWFA-LASER WAKE-FIELD ACCELERATION), aT~K-

iKe pacc11mTpe11 PR.LI BaiKHhIX B0il))OCOB ycKopemrn 3ap.R:tKCHHbIX <IaCTHU B 3T0M CJJY

<me. ·II pa60·1:a [u]. l:'~e IIJ)l',LIJI0iKCII0 IIJJa3MeJIHble ll0Jlllbl ll036yiK,llaTb IW()0TIHIMll 3Jlel<" 

TJ)0HHbIMII crycTirnMn IIJIII 11x nep110,1111qec1<01i noc✓1e,11onaTeJJbH0CThlO (PWFA-PLASMA 

WAKE-FIELD ACCELERATION). O'1eHb cymecTBeHuo To, '!TO yc1<opeu11e npe,11J1ara

.~ocb ocylUC'CTD.~HTb KIIJlbBa'repHbll\111 IIJJa3MCllllbll\111 D0JJHal\111. 3aMCTIIM. <JT0 nonpoc 0 

II0Jte. B036y;i..:,11aeMOM B IIJJa3Me 3.~e!(TJ)0HHblM crycTIWM'. 6bIJI paccMoTpen eme B (22-25]. 
Cal\I01.·01·.r1acoua1111aJ1 ,LlllllclMIIKa ,lllllliKCIIII.R ll 11Jla31\lf' crycTK0B C IIJJ.RMoyro.~bHblM 11po

<tll(Jll'I\I IIJI0TIIOCTII IICCJIC,LI0BcUla fl pa6oTax [19-21. :38]. lla:,i,;uoe 3Ha'!e1111e ,11.~fl pa3B11Tllfl 

I\IC'T0,iHI yc1wpe1111.R C II0M0lUbl0 IIJlcl3MCllllblX B0JIII, D036y;i..:,11aeMbIX Jia3epHbll\l ll3JIY'le

lllll'I\I. IIMCJIH TeopeT11<1ec1<11e pa60Tbl [11. 31 l II ::JI(CI1epn111e1na.J1bllble pa60Tbl [15, 16] 
( n.1. TclKiKC [29])' .a ,LIJIH MeTO,Lla B036yiK,llCHH.R l<HJibBaTepHbIX llJia3MCHllbIX D0JIII ::JJieK

T()0lllll,IMII crycn,aM11 (PWFA) • pa6oTbt (9, 10]. B nocJie,111111e ro,llhl-6b!Jta 11pe,L1JI0iKe11a 

cy11wcTr1e111rn.R I\IO/lmp11Ka1~11.R r.1eT011a WFA - l\1f'TO/l Sm \VFA, oc11or1a11m,1ii na car.10-

lllO/IYJIHLJ,llll Jlcl3C))IIOl'0 IIMIIYJibca [11-13] (Cllt. TaKiKt' [14]). lla1160J1ee Dlle 1raTJIHI0ll(lle 

peaym,ra.ThI no IIJia3Me11111.;1M Mt'T0JlaM yeKopemJH 110J1y'-lc111,1 ·n pa6oTax 110 LWFA [lfJ-
16]. Hanp.RiKCHHOCTII ycKOp.RIOlUIIX noJJeii ,llOCTHI'JJII Ha MaJiblX ,IIJIHHax 1. fJ+ W-108 B/c111, 

n :1111•pr11H yn,op('ll111,IX 'HICTIII~ 11a /IJllllle II0))R,111•.fl CclllTIIMC'TIHI - l 00 + :JOO l\bB. Ta1<11M 

o6pa3ol\i, r.1eTo,1 IIJJa3Ml'IIH0-Jla;Jepuor·o ycKopeHIIR ycneumo pa:rn11Bne1TH. J>r~lYJlhTaTbl. 

110.r1y 1 lf'llllble C' 1101\l0IUblO MeT0,Lla ycKopemlH KIIJihDclTep11blMII nJia3Mf'llllbll\lll BOJJllaMII. 

D036yiK,ilaeMbll\lll cryrTKal\111 P('JJRTIIBIICTCKIIX 3JieKTf>0IIOB. 3Ha<mTe.1bH0 60.1ee CKj)Ol\1-

HbJe: ~ 50 1,B/cl\1 npn 3ap.R,11e crycTI<a ~ 4 11K.1. llocTttrHYTble a noc,1e,i111ee npeMR 

YClll?Xll U l.'03,llallllll lWp0Tl(IIX IIJIOTllblX ::JJieKTp0lllll,IX crycTK0D fl03D0JI.RI0T lla,LleHTbCH. 

11To 11111\teT0/le P\VFA 6y,11yT 11orT11r11yThl 0•1e11b 60,1hurne 11anpn;.i-:e1111ocT11 yc:1,opR1011u1x 

IIOJll'ii [!),10, 50). I 

1. HoBbie B031\-IOLKHOCTII yae.llll'lemrn HaIIJ>Rih:eHHOCTH ycI<O})JIIOIUHX no

.neu B II.11a:1Me 

I l<'o6i.:011m10 oGcy JIIITh 11011i.H' 110JM0;1rnocT11 ;ti1.111,11t-ii111rro ynrJ111•1e1111H 11n11pHiK<'II· 

II0l'TII ~•c1wp111011u1x IIOJlcii. IlallOMIIIIM [li], 'ITO Mcll<CIIMaJibllaH llallpHiKCIIII0CTI, ::JJICK

TJ)ll'll'l'l(Ol'O II0.1fl ))CJI.RTIIDIICTCKOii DOJ!llbl IIJI0TIIOCTII :rnpH,lla B rIJia3Me pa1ma Em .. = 
( 11-r/ 11 0 ) J 4rrn 0 mc21 . r ,l\e 11_1, - ll!a1<c1tMa.J1blloe 311a'ie1111e nJioT11ocT11 n D0JIII<' npocTpa11-

CTBCH110ro 3ap11,11a B nJia3Me. OTHOllICHlle 11,_,r/ llo onpe,!leJIHCTCH cnoco6oM B036yiK,IICIIII.R 

DOJ!llbl IIJI0TII0CTII 3ap.R,lla. B 3i,:cnep11MeHTaX no Jia3C))HOMY cnoco6y D036yiK,11eHHR 3Ta 

neJ111'-11111a 11e npeaocxo,llllT 15% (LWFA), a D 3KcnepnMeHTax no a036y;i.;,11e111110 nJia3MeH-

1 1 b.1o;+;e111110 TPOJJl'Tll'!eCKIIX II ::>KC'llep11MeHTa~bllblX pe:Jr/lbTaTOB B paccMaTp11eaeMoi1 OU/13CTII no

CBRWPIII~ OU:30pb1 II CT3Tbll [5 - 42] II ,lip. 
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11oii nomtbt 3JleKTpo1111btMII crycTKaM11 011a cocTaBJJReT 11op.R,11Ka 3% (P\VFA). CorJ1ac110 

[15-16) ,LIJJ.R LWFA,11...,r/no = a2/Jl +a2 , r,11e a= (eEL>.L)/(2mc2 ), EL II AL - cooTaeT

CTBe11110 11a11p.RiKellll0CTb ~)JICKTJ)U'ICCK0f'0 ll0JI.R II ,llJIHHa B0J!Hbl JJaaepuoro H3JJY'ICHH.R. 

KaK ll3BeCTH0, ,LIJI.R B036yiK,llCIIH.R KHJlbBaTepHOII IIJla.1MCHHOli B0JIHbl CI'yCTimMII 3JICK

TJ)0II0D (PWFA) 11...,,,/110 ~ llb/110 (10], r,11e llb - uJJoTuocTb 3JJCKTpouoa ny'IKa. TaKHM 

o6pa30JII, yneJJll 'lem1e MaKCIIMclJlbllOJ'i 11anp.RiKCIIIIOCTII 3JICKTpll'ICCK0I'0 II0JIR UJl83MCH

noii B0.TIHbl M0iKeT 6b!Tb ,LI0CTHl'HYT0 nyTeM yne.TJll'leHH.R uanp.RiKCHH0CTII :meKTpn'le

l'IWl'0 II0JHI IIJIII ,l1JIIIIILI D0JIIILI ;1aaep11oro ll3JIY'ICIIII.H, IIJIII IIJI0TII0CTII crycTJrn 3JleKTJJ0-

H0B, B036yiK,llcllOUlero IIJl83Me11HYI0 B0.TJHY. Jlll60 113b!ClrnHlleM H0BblX MCT0,I\0ll noa6y;,i,;11e

llll.H ~rroii uoJIIILI. Cpan1111ua.H cooTHoweHH.H ,/\JI.ff 11...,,,/110 B cJJy'lae LWFA II B cJJy'lae 

PWFA. II0JJ)"llllll [5) (cl;,'L>.1.l2 /(2mc2 ) 2 R:: lib/no, lb 3Toro cooTnomcHHR M0iKII0 onpe

,ueJJIITh IIJI0TJI0t'Tb ~MeKTp0H0B B crycT1,e 11b, K0T0paR o6ecne'IHBaeT B036YiK/ICHHe IIJl83-

JIIC'IIIIOi·, II0Jllll,I <' Toii iK(' JIH\K('lll\lclJlbllOii 11a11p.HiKC'IIII0t"l'hlO :MeKTJ)JllfeCl,:01'0 JI0JI.H, 'IT0 

II ll 11.ria;3111e111mii B0JIHe, ll036YiK.l1clC'IIIOii Jlcl3epllbl!II 113Jl)"IeHll<.'M. lb 3T0I'0 C00TII0IUC'llll.H 

cm•.11rP-r, 'IT0 JMH 110J1)"1e1111.H n P\V FA 11J1aaMe11110ii uoJJHbl c uanp.HiKeHHoeThJO :meK

TPll'iPnmro no.~H Ta1-wii iKe, 1,ai, o BO.TIiie. no36y;i,;,11ael\toii J1aaep11b1111.113,11y'le1111e111, 11a,110 

11,,/1111 C,ileJla'l'b h:clh: M0iKH0 60JJbWU!l1. CJJy'laii llb/llo ~ 1 He M0iKeT paccMaTpHBaTbC.R, 

Tat, i,;ai,; 11cno.~baoua11Hoe cooT11owem1e ,LIJI.R En,., B L\\'FA Bbrne,11euo n 11pe,11110J1oiKemm. 

'l'I'0 (/ « l. 

J. I. 80.J6yJ1Cde11uf h'U,,1boamfJJHbl.l' 110Mii 6 m6fJJdomfdb11oii 1ua.J.ttf 

,,/(l..J( JJllbW II 11,41/ly,,tbC<Ut II 

,Jp~Tafl B0;3JlloiKH0C'Tb YB~JllllfeHIUI Em .. 3aKJIIO'!cleTCR B nepexo.11e K nJJa3111e 60JJbWeii 

IIJI0TII0C'Tll, B 'laCTH0CTII, IIJ!cl3llle TBep,11oro TeJJa. Ta.Ka.fl B03M0iKH0CTb M0iKeT 6h1Tb ocy

u1ecTn,1e11a, B 'lclCTII0C'Tll, nyTellt IICII0Jlb30BaHIIR nJJa3Mbl noJJynpoB0,llHUK0B. Ho HJI0T-

110<''1'1, ll.'11131111,1 II II0Jl)'llpo110,1111111-.ax ll3Jllf'll.fl('T('.fl ll llpC,ll('JJaX 11() ~ 10 14 + 10 111 
('l\1-:l. cl B 

:11,n1f'p11111e11Tax 110 L\VFA 6blJJa J\0<'TllrHyTa IIJI0TII0<'Tb raaonoii nJJa3Mbl ~ loH• c111- 3
• 

Ilo:!Tol\ly f'l'Tf'("'l'll<:'11110 II0llblTaTbCH o6paTIITbC.H ,l\JIH t'03,l\aHIIR IIJ183MCHHblX YCKOJ)li'I'eJieii 

:lnpllihl'll111,IX 'lill"l'IIII I\ 11,'lll;tl\ll' l\lf''l'IIJIJIOII, l'J\I' IIJI0'l'II0(''('I, <'ll060/llll,IX :Mf'Wl')H>ll011 ('(J(''l'H

llillll'T ) ()n + ) l)~a ('l\1-a. (),1e111, e111e.~aJ1, 110 ueci,;0,111,i-;o 3i,;:10Tll'leC'J.;aJ1 ~ 11,lleH 0(')'lllel'TBJlf'-

111111 L\\'FA Ul,l.'la ll)H'/1,'I0iK('ll,I II paoo'l'aX [:I:.!, :1:1). Jlm1 ('(' 0t'YIHN"l'llJl('IIIIH lll'OUXO/IIIMO 

p<'lllll'l'h [fi) CJ!f'Jl,\'10111111' )lotlOm,110 'l')))'Jlllblf' :rn,1111'111: 

I. Buo,a ~IJl<'l,'l'IJ0JIHll'IIIITII0l'0 113Jl)"lellll.H B l\leTaJIJI: 

:l. Bo:i6yiKll<'IIIIC' c 1101\I0lllbl0 J1aaep11oro ll3Jl~"lellllH II0JIII IIJI0TII0CTII 3af).HJIII B llm13l\le 

~IPTa.rna: 

:1. Oc.rn6.TJC'IIII(' ;1(jHj)('1,·rn l\11101'01-.paTII0l'0 pacceHIIIIH IIY'!Ka Y<'K0pReMblX 'laCTllll Ila 

.,.w1,Tpo11ax. llaX0)lfllllllXCH lllf'iKll)' 11.~0C'IWC'l'HMII l\1lllil.Tlll)J0ll/lllllA; 

,). 11. IWllf''ll10, 0'H'llh llcliKIQ'IO 311,1\cl'IY npeA0'l'llpHlllC'HIIR paapywemrn KpllCTclJIJlcl 11p11 

11110/lf' ll 111'1'0 0l'j}0Jlllll,IX JIIOIUIIOCTC'ii Jl83ep11oro ll3Jl~''ICIIII.FI llyTelll 11epexo,11a K 

0'lf'llh lWp0Tl..:lllll ( ~ ....:;-;-,1) 111\lllYJJhC'a!II Jlc13C'J>II0l'0 113.~ylfeHII.FI, flo 0llf'lll-.8111 ao

T0(J0II (:1:1] ,1JI.H II0Jly<lf'IIIIH yci-.op.FIIOIUIIX IIOJieii ~ 100 l'3U/cM IIJI0TH0t'Tb :meprm1 

c'o('TannT :1 · 10' /l;i,;/c111=1. 

1 I ln11RTII<' :>K:ioTll'illOrTII n•1r11i. fi1J1'Tpo 11:iMe11RrTCR rn .11prMr1trM, l!arlOMIIIIM, 'iTn Knr11a II I fJ5fl r. 

rthl.'111 11pt•~1:1u)kf"Jlhl li0.11/lf.'h.TIIIIIIIJf" MPTUJIIJ, II •1ac·1·11ot·T11, l\1f'TOJ1 ,\"t't'i.OJH~UIIH :,apHi'k:CfllthlX '-lc\CTIIU C: 110-

1\IOlllhtO 110.,ltl 11/IOTIIOCTII 3ap11.ll,a n 11/H\.l~I~. 01111 paCCMcl.Tpnna.'IIICI, "ah: O'-lef-lh 3K30TJILJeCKII~. 
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haK 6hlJJO y1rnaa110 Bblllle. Hanp.RiKeHHOCTb 3JJeKTJ)ll'IeCI<Ol'O nOJJ.R BOJJllbl nJJOTIIOCTJI 

3ap.R,11a cymecTneuuo 3an11c11T OT cnoco6a ee B036yiK,lleHirn. AnTopbl [32, 33] npe,11JJa

l'atoT IICIIOJJb30lla.Th ,/\Ba c11oco6r1 noa6y;+;,11e1111.f1 IIJl83Metmoii B0JJllb( JJa.3ep111,1M IIJJJY'-le

HHel\l: cnoco6oM, 11cnoJJhJyeMbtM B LWFA, 111 APYl'HM cnoco6m.t, 11cnoJJbJYJOlllHM aaau

Mo;1<:>ii1·Tn11e Jla3~J)JI0l'0 113Jl)"lellll.R C COJ,llauuoii B 11Jla.3Me IIJ)OCTpa11CTBe11uoii 11epHO,I\H

'l<:'CIWii IIeO,I\IIOpO,I\IIOCTblO C' ll0MOlllblO aKyCTll'-!eCKOii 0OJlllbl HJJII C JIOMOlllhlO ,I\HCppa1<

I..\IIOHIIOii pemeTKJI. Bo BTOpOM c11oco6e HCJIOJlbJYeTC.R TJ)eXBOJIHO0oe BJaJIMO,l\eiicTBHe 

Jia3~'(>1IOii IJ0JJlll,I. 11011110-aKyCTll'l<.'Cl<Oii II IIJJa3MCIIIIOii Jlelll'MIO))OBCl<Oii. Uaa11r.10,11eiicTUHe 

BOJJH npllBO,I\IIT K BOJ6YiK,l\em1JO flJJa3Me!IHOii BOJJHbl C 'JaCTOToii w,,f II BOJJHOBblM '-IIICJJOM 

l.·1, . .ilmt :JToro 11ro6xo,1111r,10, 'ITOULI WL ~ w1,t, w~ « w,,f, kL 6b1J10 6Jma1w 1.; nyJJJo, a 

BOJll(0IIOe 'IIICJJO a.KyCTll'lf'Cl<Oii B0Jlllbl 6hIJIO panno !.·,.. 'Pa30BM Cl<OpOCTb llJl83Me!IIIOii 

00/lllbl //pl, = Wp!/1.·,, 6JJJ13lrn K r. BTopoii cnoco6, KOTOJ)hlii co611pa10TC.R IIC'II0Jlb30Ba.Tb 

a.BT0()l,I [:la), CB0,llllTC.R K 0036yiK,l\<.'IIIIIO l.;J(Jlb0a.Tep11hlX 11Jlrl3MellllblX BOJIII I' IIOMOll..\hlO 

i-:opoTKOl'O JJaaepHOl'O nMnyJJhca (Ka.K :no ,11eJJaeTc.R n MeTo,11e L\VFA). B 3TOl\l cJJy'-!ae 

ueo6XO.illll\lO, 'IT06bJ w L >> w,,f. Tai-: Ka.K B 06011x CJIY'laRX Wp! ~ 101'5 c- 1 • TO 3TO npn-

00,IIIIT K 11eo6XO,I\IIMOCTII C0J,l\anaTb JJaaepbl 6oJJhlllOii MOllUIOCTJI 0 yJJbTpacimoJie'fOBOii 

o6JJaCTII. l1pe,11110JJa1'aeTC.R, '-!TO IIJIOTHOCTb llJl33Mbl ~ 1023 CM- 3 6y,l\eT ,llOCTlffllyTa ny

Tel\I IIOHU3a.J..\Jlll a.TOMOB TBep,1101'0 TeJJa 3TIIM iKe Jl33epol\t. h:poMe TOl'O '-!TO I10Ha,llo61ITC.R 

paapa6oTirn cnepXMOlllHbIX JJa3epoB B YJJbTpacp110J1eTOBoii o6JJaCTII. Ha.110 r•1ecTb TOT 

c)Ja.J,T, 'ITO CIIJJbll0e II0l'JI0lllCJIJle Jl33C()II0l'0 ll3JJY'-lellll.R o6ycJJOBIIT ero CIIJlbll0e 3aTyxa-

1111e. :Jal\IeTJll\l. ')TO l\ta.KCJIMa.llbH0 BOJM0iKHa.R uanp.RiKellH0CTb BOJlllbl llJIOTHOC'TII 3ap.R,lla 

B n,1a:n1e. oqJaJlll'lellllM YCJJOBlleM, 'ITO CKOpOCTb 3JJeKTponon llJl83MLI, 11p1106peTaeMaR 

u 110.'H~ ~lTOii 00.Tlllbl, pamrn ee c)>a30Boii Cl<Oj)OCTII //f = 1/ph: Em .. = J4rr110111c2 (~-, - 1). 
BTopoii. He Menee B8iKHOii 11,11eeii. Ja.~o;.i,:euuoii B OCHOBY pa6oT [32. 33]. RBJIReTC.R IIC

I(Q,7(b:l0Uallll(' TBep,110TeJ1bllblX I-:()IICT8JIJlll'-leCKIIX Tr.~ I((' TOJlbKO .[1JIR yneJIJl'-11:'IIIIR 11a11p.R

;+;Pl(II0CTII 3JIPI-:Tp11'1PCl,0ro II0JIR (' llOMOlllhlO IIJla:ll\lPlllll,IX BOJIII, ll036YiK.11rlPl\ll,IX Jl.t3P()

lll,(I\( 11;1;1y<1e1111cr.1. 110 II llt'II0Jll,:JOUa1111e 1,p11cTaJ1Jlll'let'KIIX c11oiicTB TBep.11oro 'l'<:'Jla ,1JIH 

((0Jl,\"'l('(((IH IIY'IK0II ynwpr11111,1x 'lilCTIIII r 6oJ(blllOii l'll<'TIIM0CTb(O (' IIOMOllll,I0 :Hj><IH'l,Ta 

1.;aua.·111p0Ball11.R yc1<0p.ReMhlX 'IaCTIII..\, .ll,pyl'aR D03MOiKIIOCTb ycKopemrn :rnpHiKCIIHLIX 

'lcll'TIIU II I-:()IICTcl,71JiaX ll(><'J1J(0iKella B pa6oTaX [34. 35) II pa3BIIBaJJa.Cb B JI0l'Jl('.IIYIOlUIIX 

11rc.1r..]ona1111RX. O11a 3aKJIIO'(af'TCR B TOl\l, 'IT06LI IICII0.,1h30BaTh anaJJOl'IIIO (' yci.;op11Te

.TIHl\lll aapRiKellllLIX 'IaCTIIU B l\1111,(>0llOJIIIOBblX BOJIII0BO,llflX, 11ep110,11ll'lf'CKII 11arpy;.i,:e1111LIX 

l\lC"Tfl/lJ(ll'(('CJ,lll\111 11/111 ,/\11:MPWl'()ll'l<'CKIIIIIII .llllCl\flMII. II 11rprii-r11 I, yci~o(>PIIIIIO I' II0M0IIILI0 

iKCCTl,oro peHTreHOBCl<Ol'O JIJJJY'-ICHII.R. Ilpn 3TOM nepllO,llll'-11:'CKM CT()YKTypa KJ)IICTa.lJla 

11rpa<'T ,ilJIR pe11Tre110BCKOro (13.~y•1em1.R Ta1.;y10 ;.i,:e pom,. Kai, ,ilJI.R l\lllK))ODOJIIIODOro IIJJJY

'11:'llllfl 110J1110DO.ilbI, 11ep110.1111'f<'nrn 11al'py;i.;e11111,1e .1111c1..a11111. oJIAl'O,llap.R 11ep<:>xo11y 1, yciw-

1w111110 II l,()IICTa,rnax C II0l\lOlllblO iKeC-n.;oro pe111Te11om.·1wro 113JIY'll:'ll11H II 111'110Jlh30lla

lllll0 :Hj>cl>c'I,Ta liopl\1a11a [:lG) pr11111<:'TCR nonpor o 11po11111rnone111111 11:1:1y<1e1111H 11 1,p11c-raJJ,1 

II f'('0 pr1c11pocTpa11e1111R 11a OTliOCll'fl:'Jll,110 6oJlbUIIIP paccTORIIIII!. u pa6oTe (:3G) TaKiKe 

11()('..],la!'aeTr.R ,l,'1.fl y111e11blllf'IIIIR ::ict><pe1,Ta pacce.RHIIJI yri.;opReMblX aap.RiKCHIILIX 'laCTIII..\ 

lll'll0.lh:1onaTb KallaJJHpooa1111e 'laCTliU D 1qrncTa.rne. flpn 01..\Cime 8031\IOiKIIOCTeii 11pe,11-

,1arae~1oro 11r.111 cnoco6a yei-:ope,rn.H B TBep,110M TeJIP ,1aaep11L1M 11aJJy'1e1rneM anTop1,1 11p11 

Oll))f'.1t".1CHIIII 11anp.RiKCll!IOCTII 3.~eKTpll'ICCl<Ol'O 110.~R n.1aJMe1111oi'1 DOJIHLI B MeTa.~JJI:' IICXO

,il.RT 11:1 C0OTII0lllc.'IIII.R. II0JJY'-ICIIII0l'O 11()11 onpe,11eJ1e111111 l\IaKClll\laJJbllOro llOJIR ((<:'Jlllllf'iiuoii 

110.'lllLI. pac11po1"J'(Jat1.RIOIUPiicH II IIJta:1111e. 113 ))CUICIIIIH 3a11a'lll O eo6e-r11e11111,1x UUJIIIaX. 
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EcTerTUelllto, 'ITO ,/IJIJ-1 ouemrn :JJleKTJJll'leCK0l'0 110,llfl " paccMaTpHBaeM0M Clly<Ia.e 1Ieo6-

xo,11mio IICX0,llllTb il3 pewemrn ,!IJIR BbI11y;i,,:,11eHJ1blX KOJie6aum'i H B0JIH. Ha1q)R;i,,:e11uocTb 

:MeKTpll'leCK0ro II0JIR B0JIHbl 0'leHb 'IYBCTBHTeJlbHa. I( cnoco6y B036y;i,,:,11emrn B0JIHbJ. IIo

:rroMy JIJHI 0IWll'ta'l'CJibll0l'0 0'l'llCTa Ila llOIIJ>OC 0 IIHIIJ>H;i,,:c111101:'1'11 ~)JICJ,'l'J>ll'l('Cl.:01'0 JIOJIH 

ITJ1cl:1Me11110ii D0Jlllbl, KaK HaM i,:a;i,,:eTCR, 11eo6xo,11HMO pelllHTb 3a,lla'!y 0 Boa6y;i,,:,11emm 

IIJlcl3Jlll'IUIOii DOJIHbl D paccMaTpunaeM0M CJIY'!ae. B ,11oc·raT0'IH0 HHTepecuoii pa6oTe 

(14] 11pf',!1JI0;i,,:e110 yc1wpe1111e J,:JIJlbDaTepllbIMII II0JIRMII, n KOTOf)Oll BblCOKOIIHTCHCIIBHbii'i 

3JICKTJ)OHHbliI ny'!OI( HCII0Jlb3YCTC.fl ,!IJIR B036y;i,,:,11eHH.fl 3KCTpeMaJibHO HeJIHHeiIHblX, Bbl-

3bIDaIOI.LUIX npe11MymecTBeHHo rionepe'!Hoe ,11amKem1e, ITJirl3MeHHbIX 1wJ1e6anuii. B (21] 
npe,1wo;i,,:en cnor.06 cymecTaennoro noBblll.IeHHR ttanpn;i,,:ettnocTu ao36y;i,,:,11r1eMbIX P3C' 
l(UJlbBrlTepHblX IIOJieii 6J1aro,11apR CaM0M0,!IYJIRUHII ,!IJIHHH0UMIIYJlbCH0r0 p:.:)C B IIJlaJMe. 

l(BlliKl'IIIIe '!aCTIIU crycTJ<a B CII0HTaHJI0M II0Jle, B036y;i,,:,11aeMOM nepe,!IHIIM cppOHTOM 

cryrT1,a, npllB0,/IJIT K M0,!IYJIRUHII IIJI0TH0CTII '!aCTIIU cryCTKa, T.e. K paa6nemuo ero 

llcl J\llll,pocrycr1m. TaK KaK 'laC'TOTa MO,!IYJIRUHII COBIIa,11aeT C IIJia3MeHnoii '!aCTOToii. 

TO Bo:rnmrneT 1wrepeHTIIOC'Tb IIOJieii, Boa6y;i,,:,11aeMblX Mlll(pocryrTKclMII. 'ITO npllBO,/IIIT 

I( cymerTBeHHOM~· II0BbIWeHIIIO aMJIJIHTY ,lib! Boa6y;i,,:,11aeMbIX KJIJlbBaTepHblX IIOJieii. (_' 110-

M0lllhl0 :l.5-Mepnoro 'IIICJlelllfOl'0 M0,lleJIIIJ)0Ba1111R n 1rn60Te [19] IIOJ(cl3allo, 'ITO .IIJIR p:::)(' 

C ()rl3Jlll'J)clMJI, COIJ3Mep11Mb1Mll co CIGIHOBOiI ,!IJIIIHOii, HecTaUIJOHapHaR !IX ,/IIU!aMIIKa ll3-3a 

1'001"1'11('11111,IX l'«MOl'0l'JHll'0llfllflfl,IX :-JJIC'KT(>0Mar1111Tlll,IX IIOJlf'ii IIJ>IIB0,/IIIT I{ J\1<'11('(' llll'rr11-

l'IIIIIIOJ1IY, 'IeM ,/IJIR ";i,,:ecT1rnx" cryrTK0D, 11apacTa111110 aMIIJIIITY ,!ILi KIIJlbBaTepnLIX flOJieii 

U,IIOJib UCIIO'IKII. 

tfuC,,/f1Utof • .iode.,1 llJJ06<tll1lf C 110,M0ll(bJO 2. 5-.Atepuo20 l(U,,t mu)pu11e

Ch:Oi'<) 110.,t110C/l/b/O JJC. 1/,Rl11ll6UC'/11Ch:020 .J,,tom1po.Ata21tum11020 /,Wlj(l 

60J0UJICOOW..R. /,'.l/,1/b6<lmf.J)l/bl;l' 110,,teii 1wc.,1eoo6amf.,,lb/-lOC/llb/O JJ(,,/..R.

lll l/61/ClllCh'.l/,l' .J,,tfh'lllJJOl-lllbl;l' c2ycmh'06 6 pa.JpeJ1ceuuoii 11 11.,101111-1,oii 

II ,,l(l .J,i/ f 

Bo;16y;i,,:.lleime IICJIIIHeii11oii CTau11011ap11oii UOJIIILI D l!Jla3Me IIOCJle,ll0BaTeJibllOCTblO 

nepll0,111'IN'I,:U 1rnc110J1o;i,,:emihlX «TYCTI..OD ll3Y'laJIOCh B [8]. r ,lie IIOKa3aH0, 'ITO ~JJleK

Tf>ll'il'l'l..:0(' II0JII' II0Jilll,I y11eJ1ll'll1Uae'1'CH C poc'l'OIII peJIH'l'IIUIICTCK0ro tj,awropa U CJIY'!ae 

cpnlllfllJ\ll,IX llJIOTIIOCTf'ii IJ.~cl:1J\ll,1 II IT)TTI,a. Ile✓11111rii111>1ii pe;i,,:llJ\I II ~ll,CIIC()IIJIH'IITclX no 

yc1.;opc•111110 l..:UJll,UaTepllhlMII H0JIRJ\111 nm,aaaJI na;i,,:uorTh TpexMep11hIX 3Cptpe1(TOB [U. 10]. 
1lc1J1111 110;)6y;i,,:,11e11Ite I,IIJlbllflTep111,1x IIOJICii 113Y'lcleTCfl (' II0MOIUhl0 J\10,llll(jJHUll(>OUallol'O :l
i..:oop,11111aT11oro II :i-n,:opo1'TIIOfO cll..:Cll«.~hll0-CIIJ\IJIIC'Tpll'lll0ro ;)Jl('l('f)>0l\tarllllTII0l'0 1,:o,11a 

KOl\lllACC' (HJ]. Panee :n-oT 1..:0,;i npm.Iell.HJICR ,IIJIR 11Io,11eJ11Ipona111rn IIH,11y1m11onnoro 

yci..:upllT('JIH, J\I0Jl('JIII j)0IH\1111 fl 11:m11J110,1<'iir.TBIIH !)<.'JI HTIIBIICTC'KIIX lly<ll..:OD C IVl«3MOii, 11c

O1e,1011a11J111 npoxo;.i.;,11e1111R OT,ll('JlbHOl'0 peJIRTIIBIICTCl..:01'0 3JleKTj)0HH0l'0 r.rycTKa IIJIII IIX 

II0l','1(',]0llcl'J'('Jil,IIOl'TII 'IC(>t'3 IIJIOTIIYI0 II pa3pe;.i.;e1111y10 11Jlcl3J\IY. OTMe'I'IIJ\I. 'ITO" :JKCUepu

J\lellTaX (9. 10] nonepe'!Hb1ii Ro 11 11po,110J1blfbiii L pa3J11eph1 rrycn;a MaJibI no cpaanett1110 

CO Cl..:UIIODOii .llJIIIIIOii fw,,, 11))11 IIJI0TII0CTII p:.:)(' 11b '.S 110/'2. h:oMllblOTepHoe JII0,lleJ11Ij)0Ba

ll11<' [HJ] no1..:c13c1;10, 'ITO 11011epe•m1,1ii pa3J11ep crycTKa, pacnpocTpaHRI0I.LlerocR n IIJiaaMe, 

113!\ll'IIH('TCR D 0•1e111, Wll))0KIIX 11pe,11e11ax. dTO ll()IIBO,ll!IT 1..: rymecTDe!IH0MY 1131\Ie11e11IIIO 

rro 11.'IOTIIOC'TJI ( 60.~ee 'ICJII 11a II0(>.fl,/10I( UCJlll'llllll,1), a Ta1..:;i,,:e I( ll3Ml'llellltl0 uoa6y;i,,:,11e11-

IILIX I..:ll,lbBaT<'l)llblX no.~eii. IloI-a3aHO. 'ITO alltnJlll'l'Y.ilbI nonepe•moro II 111)0.ilO.rlbll0ro 
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110/IH ll03j)8CTHI0T C llll;+;C'KUileii Ka.iK,1101'0 ,II0II0JIIIIITC'Jlhll0ro crycTJHl, 110 ~JTII aMIIJIIITY .Ilhl 

He npo11opu1101rn.11.1.11bl K0Jlll'IeCTBY IIH:iKeKTIIJ)0BaHHblX crycTJWB (1-m1,: 3T0 6bIJIO B CJIY· 

'la.e" :iKeCTKIIX .. crycTKOB) .11,JI.R 3I<cnepHMeHTaJibHblX IICCJie,llOBaHHii C ueJiblO B036y:iK,11emrn 

IIHTeHCIIBHblX J,:JIJlbBaTepnbIX noJiei'i B IIJia3Me II IICil0Jlh30BaHll.fl 3TIIX IlOJJeii ,IIJIR yc1<0-

pe111IR 3a.p.R;+;eHHhlX 'laCTHU IICII0Jlb3YeTC.fl HOBbiii 3Jlel<TJ>OHHbiii ycKopnTeJib. C03,llal1Hblii 

II X <l>TI I. Ero 11a.paMl"l'pl,I Tllh'.0lJLI: :rncpl'IIJ-1 14' = 18 .• iu M3ll, K0Jlll'IC("l'II0 ;JJJCKTJ)0· 

11011 n cryC'l'l,e N ~ 1010
• K0Jlll'-leCTD0 cryCTl<OB - ,110 20, 'JaCT0Ta M0.IIYJIRUIIII crycTI<0D 

27UT. Hi Ml'u. ll ::i1..:cueprn\1e11Ta.x 11pe,1111011araeTC.R 1111:iKeKTUponaTb P:3C D nJJaaMy, nJ10T-

11orTh l..:OTOpoii I1JJa1111pyeTCJ-1 11:11\lf'IIATh n Ulll()Ol,:JIX Il()f'/1f'JlilX (6oJJee 'lf'M Ha 'lf'Thl()f' 110· 

))H,111..:a), l'a3MC'(H,I Cl'YC'l'l(OU 11))11 3T0M 6y .IIYT cpaDIIIIMhl co CKIIHODOii ,llJIIIHOii. C-re11e11b 

IIC'0/~110))0,1\II0CTII IIJJH3Mhl 6y ,1\C'T 110,11,11epiKIID8TbC.fl He xy;+;e '-leM D npe,11eJiaX IICCK0JJbKUX 

npoue11T0B. B 3T0M CJiy<rne TeopeTll'-ICCK0e pa.CCl\toTpem1e O,llHOJ)O,IIHOii IIJJ83Mbl D II0JJ· 

uoii I\IC'))C a.,11e1rnaTH0 3KCIIC))IIMeH'ry, B ycJI0BII.RX 3KC11ep11MeHTa. He ,II0JliKHbl ll))0JIBJJ.RTbC.R 

c131ll\lYTcl.llbH0 HC0,IIIIOJ)0,1\Hbl(' 11eycToii'IIIDOCTII, IJ03T0I\Q' B TC0))CTll'-leCJ(OI\I paCCM0Tpe

. HIUI l\lhl IICII0JJb3YCM 8311MYT8.llbH0 CHMMeTpll'IHYIO MHTeMa.TH'leCKYIO M0,lleJJb C IIHiKeI<-

IUIC'ii II llblll0,ll0I\I 'JaCTlll~ 113 paC:'IC'TIIOii o6JHICTII, B ycJI0IIIIAX pea.111,111,Ix 31,CIIl')llil\lf'IIT0B 

Ila Y<'IW()IITl'JII' p:)C 6y,11yT IIII;+;C'KTll()0DHTbCJI D IIJl83MY C T81..:11MII lla.pa.MeT(>l\l\111: JIJIIIIIH 

CT0,16a L = 100 CI\I, pa..1111yc }{ = 10 CI\I (llJIOTHOCTb TIJIH31\1bl 1131\lell.ReTC.R u npe.neJiax 

Ho = I l)IO - JQ 14n1- 3 ) C l\llllllll\ll\a1bllbll\l llj)0,II0Jlbllbll\l rpa,llll<'IIT0I\I. 8 llalllel\l 'IIJC',1CIIII0I\I 

1\10,IIC'/lllj)0BHllllll l\lbl 6y,lleM ll()ll,llep;i.;11Ba.TbCJI J..:aK ))83 :HIIX na.paMeT))0B, ,lJ,1111aMJ1Ka P:)(' 

01111cb1BaeTCR pe.1J.RTIIBlll'TCimM11 ypan11e1111Rl\111 OJJacoaa (ypan11e1111e BeJJJ1ena-By ,11Kepa) 

,!IJJH cjiy111,u11ii pacnpe,11e11e1111J-1 1,a;i.;,11oii 11Jl83Mem10ii J(OMII0H~HTbl II CIICTel\loii ]PaDHe-

1111ii l\lat,CDeJJJHI ,l\Jl.fl CHM0C0l'JIHt'0DHllllblX ~JJICI\T))ll'ICCK0l"0 E II MHl'IIIITH0ro 1) IIOJICii. 

Jl,ByXKOI\IIIOHeHTHaJl IIJJ83MH (111;/m, = 1840. r,11e 111; II lllf - 11011118.R II 3.1e1npomrnR 

l\mcca COOTDeTCTBeHHO) CHH'-18.118 X0JI0,IIHaJI II 3Hfl0JIHReT ll0JIII0CTblO pac'1eT11y10 o6JiaCTb 

[O. [,) X (0. n]. 06w1110 [, II n lll,1611pa10TCH IOU ('I\( II 10 CM COOTUl'TCTDl'IIIIO. 

Bll<'(>lll,((' llOI..:aaa110 (18]. 'IT0 D MflrHIITOHI<TIIBIIOii IWl\31\le 11))11 onpe,11eJiellll0M C00TII0· 

LllC'IIIIII l\lC'iK.IIY napaMeTpaMII CIICTel\ll,J 
00

11JJ83l\Ia-c.TycT0l,-l\tar1111-r11oe 110.,e" 6Jiaro,11apJ1 

1'1I6(l1J,1110l\lY 061,f'l\lllO·IIOBf'(lXIIOCTIIOl\l)' xapal,TC'py llO::JUYiK.Ilf'lllll,IX p;:)C IWJlhlli\Tf'P!ll,IX 

no.111 D031\IO:iKHo 11111oro1<paTHoe 11peu1,1we1111e 311epr1111 yc1wpRel\loro crycTKa tm .. ua,11 

::J1Irpr1Ieii D036y:iK,11a1omero p:)(.' JIH:iKe 6e3 IICII0JU,30UHIIIIJ-I 11p0<pllJill))OB8llllhlX D 11))0· 

JI0JJbll0l\l 11anpao.11e111111 P~·K'. 
B (21) IIJ>C;l,'I0;+;CII CIIO\'OU l.'YLUC't'TUC'IIII0J'0 II0IJl,ILIJCIIIIII 11a11p1tiKCIIII0CTII 11036y;i-;,11ae

l\ll,IX p::)(' IWJlh0HTf.'()llhlX IIOJieii 6.11aro,11ap11 CHl\lOI\I0,!IYJIAllllll ,IIJJIIIIII0IIMIIYJihCII0l"0 }>:)(' 

B 11:ia::ir.1e. 1la11;i.;e1111e 'IHCTIIU crycTKa B Cll0HTHHII0l\l II0Jie, B036YiK.lleHIIOI\I nepe,1111111\1 

cjipollTOl\l crycn,a. II(>llll0JIIIT I\ l\(0JIYJIHLlllll IIJI0TII0CTII 'laCTIIll cryc."J'lrn. T. (', " pa:i-

61Ie111110 ero Ha l\lllJ..:pocrycTJ..:U. Tai..: 1,aK 'JaCT0.Ta l\l0.Ll)'J1RUIIII C0Dlla,ilaeT C 11,ll\31\l('IIIJOii 

'HICTOToii. uo;rn111,aeT 1wrepellTII0CTb IIOJJeii. ll036y;i-;,11eHHblX MIIK(>0Cl')'CTKal\111, 'ITO 11p11-

00JIIIT 1..: cyutf.'CTIIPIIII0MY II0Ol,llllf.'111110 81\lflJJIITY.Ilbl ll036y:iK,lleHHblX KIIJlbDaTep111,1x 110.,eii. 

BnepBblf.' (20) npone.neuo 2.5-Mep11oe 'IIICJJe!IH0C M0,lleJIH()0BHHJle B036y:iK,ilellllR KIIJJbB8· 

Tr1m1,1x 110.11rii ,1J11111111,1M11 r::)C' 11 pmyJ11,TrlT<' 11x cal\10M0JIYJJll_l_lllll, llmrn:rn110. •1To wu,

c11Ma111,11aJ1 flJI0TH0CTb 'IHCTIIU ll)"IKa CTaH0DIITCJ-1 cpaBHJll\1011 C IIJJ0TH0CTblO IIJJa31\lbl. 

a B031\l)'WeHJl.fl IIJ10TH0CTII 'IHCTIIU IIJJ83Mbl npeDbJWalOT B 4 ,5 paaa BeJJJl'IIIHY nepB0Ha

'Ja.rJl,(I() llf'IIO:JI\IYlllf'IIIIOli IIJla:11\11,1, T. f'. 11a6JJIO,llrlf'Tl'fl 0'(1'111, CIIJlhllrl.fl l\l0JIY,rnlUIH IIJI0T· 

(1()(''('11 'IH\'Tllll l..:l\K IIY'-IKH, THK II IWl\31\11,J. 'IT0 f'llllJll'T(',IJhCTDyeT 0 11eo11pan.11a1111orT11 
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ucno,lb30BaHIUI JIIIHeiiHoro np116J111iKeH1U1 ,IIJIH 'laCTIIU 11JJa3Mbl ,11aiKe B paCC!IJa.T))IIBa

eM0!II c,1y<1ae ny-11,a MaJJoii (11eB03Mylll,eH!IaJI IIJI0TII0CTb 'laCTIIU ny'IKa II0'ITII Ha ,llBa 

nop.R,111..:a MeHblUe 0JI0TH0CTII 'laCTllll, IIJ1a3Mb1) IIJI0TH0CTU, MaKCIIMa.JlbHaH aMOJIIITY.llR 

IIJ)0.110-'lbH0ro ll0Jl.fl ,llOCTHraeT 0,8, a MaKCIIMaJJbHafl aMllJIIITY.lla nonepe•moro - 0,4 OT 

Mal,Clll\laJlbll0 ll03M0iKII0ro 00JIH D IJJJa3Me. Cyu~eCTllCIIIIO, 'ITO no3pacTa11ue aMflJIH'fY ,/ILi 

npo11cxo,11nT T0JJbK0 Ha ne6oJJbWoii ,11mme P3C. Ilo::iToMy ucnoJJb30BaHIIe ,IIJJHHHOHM-

11y;11,rn1,1x p;)C l' ,llJIIUIOii 60JJblUC. 'ICM ,llJllllla, K0T0J)afl C00TUCTCTDYCT MaKC:HMYMY aM

IIJIIITY,i\bl npO,ll0JlbH0ro II0Jl.fl, HCU,eJJecoo6pa3HO, ll0T0My 'ITO He npHB0,llHT I( yaeJJH'leHIUO 

uo:i6yiK,l.laCMOl'O KIIJlbllaTcp1101'0 IJ0Jl.ft. Ilpoue,11e1111L1e IICCJIC,ll0DaHHH 1103B0Jlfll0T TI0HHTb 

Tpexl\1epuoe 11one,11e1111e crycT1..on n 1rnaaMe npu y'leTe acex D0JM0iKHbIX neJ11111eiinocTeri. 

a TaJ,iKe o6ecne'IIITb Ha1160J1ee 0llTJll\IaJlbHblC YCJI0BII.fl BOJ6yiK,llCHll.fl KHJlbBaTepHblX no

.11eii n n.11aaMe c noM0lll,bIO 0T.11(:'Jlblloro p;:)C. ux nocJJe.11onaTeJJL11ocT11 11.rm P3C n peiKUMe 

ero .:umalllll'leCKoii caM0M0,ll)','1.flll,JIII. Pe3yJJLTaTbl IICCJ1e,11onam1ii BOJ6y;,i,:,11eH1IH ycKopH

I0lUIIX 110,1e11 OT _ileJibHblM peJJHTIIBIICTCKIIM 3JICKTJ)0HHblM crycTK0M II IIX noc.1e,110BaTeJJb

H0CT.fllllll B nJJa31\le, B TOM 'IIICJJe llOMClUCIIHOii BO BHeumee MarHIITH0e noJJe. noaB0JIHIOT 

BbHIC~IITb nepcneKTIIBbl II oueHIITb B03M0iKH0CTJI C03,1la.HII.fl Ha 0CHOBe KIIJlbBaTepHoro 

l\lt'T0.Ua yc1<0pe111U1 aap.fliKCHllblX 'laCTIIU, YCKOJ)HTeJJeii HOBoro Tlma C TeMII0I\I ycKopeHUII 

3HR'-IIITCJlbH0 6oJJblllH!II, 'IC!\! y 1rnacc11'1ec1mx JIIIHeiiHblX pe::ionancHhlX yc1<op11TeJ1eii. 

] •. ]. .'3n:CllfJJ'll,41fl/.Hlbl 110 PWF.4 

:)i.;e11ep1IMCHTaJ1bllblC llt'CJ1e;1ona111111110 l\leT0,llY ycKopemrn 3ap11iKe1IJ1blX 'laCTIIU IWJlb

DaTrpllblMII noJ111a11111 61,1J1u naqaTLI n AparoHCKoii J1a6opaTop1111 (ANL) [9. 10. :rn, 37. 45], 
:rn.Tl'l\l 0blJIII npo,ll0JJiKellbl ll TotmiicKO!II y111rnepct1Tf'Te [15]. D nepDblX 3KCTICJ>IIMCll'rax D 

ANL 11c110JJbJoaaJ111 ny'IKII e ~rnepr1111M11 24,l M::iB (ocnonnoii crycToK c 3J1e1,Tpll'lecK11M 

:iapn,10M 4 111\Jt II reo111eTp11•1er.irn11111 paaMepaMu 01..oJJo l MM) 11 16.6 M::iB (yrnopJ1eMb1ii 

II .llllcH"IIOCTllpyeMblii crycT0K C TCMII iKC reoMeTpll'ICCKIIMII pa3Mepa11111). llJI0THOCTb 

0JJaJl\11,1. 11 l..:OT0))YIO IIHiKCKTll))0BaJIIICb crycTKII. ll3MeHRJlaCb OT 1011 .110 1013 CM- 3 • 

,-\11111.rn-ry .11a noa6yiKJICHllhlX 110.1eii C0CTaBJIJla 01..:0JI0 () l\bB/111. 'ITO HCJlb3H fa,J.10 o6bHC

HIITb 6ea )''leTa HCJllllteiinocTeii 11Jla3Mbl II crycTKa. ABTOpaMu 6blJIII 11pone.11enbl (cM •• 

11a11pm1Pp. [n. 10]) JIIIU!b 0;1110lllepllblC pae'!eTbl II JIIILUb ll<'l{OT0pble ll))IIKll,1ll<II. )''IIITbl

na1011111P ,1nyx-. Tpex111epllhl<' ;Hj>Cj>f'l..:'1'1,1. CaMII aHT0J>hl y1rnJh1DaJ111 11a 11eooxo;111MOC'TI, 

ll01".W.H>1111'J'('Jll,II0l'O Y'l<'TH T(Jl'Xl\lepUblX ~l(,)(j)eKTOII C Y'll:'T0M lleJIJllleii11oro II0lll';11'llllfl 

•1acT1111 11J1a:11111,1 11 cr~-c-r1..a. 'ITO ;1aJ1rr II c.neJJano. 13 To1rniieK0111 y1111uepcllTC'Te ::ir..:c11ep11-

111e11T1,1 110 P\\"F:\ llp0B0,llllJIIICb C II0CJIC,ll0DaTt'Jlbll0CTblO (i erycTK0B. C 3Heprueii 'laCTIIU 

!iUU flbU. 11J10T11ocTh 11J1aa111L1 111en11JJacb 11p11111ep110 n Tex ;i.;e 11pe.11e.1ax. 'ITO II u npem,1-

.lYIIIIIX ::ii..:cnepm1e11Tax. TioJJy<1e11a m111eii11an aannr111\1orTb aMnJJIITYJlhl noa6y;,i,:,11e1111oro 

l..:tl/lhlla'l'f'Jlll0l'0 II0JJfl OT IIJI0TIIC)('TII UJJa31\ILI B 11pe,11eJJax OT 1011 ,110 1012 CM-a. lle.nocTa

T0'IIICl : Hj>Cj>rKTII IIII0r 110:1oy iK/lf'II IIP IIOJJrii II ('IIJll,II0P f Hl /lllilJll,II0r <'M('IJlPllltr II0('Jlr /IY 10-

lllllX <T~TTK0II 11r llaJUJIII cl;11'1WHTII0l'0 TeopeTll'lf'Cl..:01'0 ofrbflCll('Jlllfl (OTllf'Tl.,I 11/1 111110r11e 

11:i :rrnx uo11pocou 110J1y•1et1Lt u peJyJJbTaTe 11poue.11e11m,1x 11al\111 11ccJ1e.11ona1111ii). Ue.111, 

uporl,T0ll )'CKOpllTeJJeii 6y .IIYlllC'l'0 C0CT0IIT B pa3BIITIIII KIIJlbDa'TepHblX l\lCT0.11011 ycKope

Hll.11 .1.lH C03,llallllfl 6y,11ym11x l..:OJIJ1aii.11epon. Ha1160.11ee aKTIIBII0 DC.llYTCH 11cr,1e,1ona1111R 110 

l'\\'F,\ 11 :\paro11ci,;oii uau11011aJ11,11oii J1aoopaTop1111. l\a .. mcJ>op1111iic1mM ymmepcu-reTe a 

.floc-.\11:,r-;e.11ece. YmmepcuTeTe "lOiKHaR l\aJimpopmrn" conMec-rno co CT~mcjiop.11c1m111 

yn..:op11Te,"lbHLl1\I UCIITj)0!IJ Ha :JU L)U-HOl\l ~MeKTj)0HH0l\l yn:opuTeM (30). llpe.nnapn-
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TeJlhHble peayJthTa.Thl 3TIIX 0'leHb Ba.iKllblX HCCJ1e,11ona.1111ii 6h1Jlll ,110Jto:+.elll,1 IHI e:+.er·o,11-

II0JII co6pa111111 A!11~pmrnucKol'O Cp113ll'leCl<Ol'O 061UeCTDa D K0Hl.le Oh:TJ16p11 :woo ro,11a. HO 

01111 coo6meHhl ,lllllllb B BH,11e a.HHOTa1..111ii. a ny6J111Ka1..11111 B :+.ypm1.11ax llOl(a 0T<'YTCTBYIOT, 

II0~IT0JIIY Mbl lie M0:+.CM B :.n'0M pa3,IICJIC 06cy,11HTb 3Tll MIIOl'OO0ell(alOIQHe l"'JYJthTaTbl. 

B A pnro11c1<0ii 11al(1101rnJ11,110ii Jta6opa.Top1111 [J7, 50] co:1,11a.11 yr1<0p11TeJth c <l>oTor..:a.To,11-

HhIM IICTO'IHlll..:0111, KOTO!)hlii CM0:+.eT 06ecne'!l!Tb Tah:ne napaMeTpbl crycTI,a: 3Heprm1 

•rncT1111 - 200 ~bB. 3ap11,11 B crycTl(e - 100 111\Jt npu ,llJtl!TeJthH0CTII 20 nc. ,llJtJJ no,11-

:+.nra <t>OTOKclT0,11a IICll0Jlb3YeTCJI Jta3ep C 3Hepr11ei1 8 !Ill{:+., ,/IJIIITeJtbll0CTblO IIMllYJthCa 

2 I((', pa60Ta101u11ii ua ,IIJlllll(' D0Jlllbl 248 HM. :3TOT 11poei..:T 11pe,11ycMaTp1rnaeT II0JtY'lellllC 

Te1111ia yc1..:ope111rn 01,0J10 100 l\faB/!11. 

:1.4. Bo.J6yj/CQe1/Uf' t.:ll, 1tboamf'JJUbl,l' no,,tf'ii ,,{(l.]EJJ1lbl.UU 1umy.,tbca.m1 

!l pyr11M' !IP !llellef' nepcneKTIIBllblM' nyTeM D036yiK,11f'IIIIH h:IIJlbDaTepllLIX IIOJteii n 

Il.1Hl3l\le HB.lllleTCH IICll0Jlb30Dam1e K0J)0TK0ll!IIIIYJthCHblX ( [Illl<OCel{yH,llHhlX II cpeMTOCe1<yn,11-

lll,IX) :1i1:wp111,1x lly<ll..:011 (' IIIITf'IICIIDII0CTJIMII 101
1) -- 101!1 UT/cr,i 2 . u pa60T!IX (:IU-40] 

olll1ca.m,1 peJy.111,Ta.Thl nocJ1e111111x ::i1,cnep11Me11T0D no cxeMe PB\VA (Mhl X0Tf'Jtll 61,1 11a-

1101111111Tb. 'IT0 !lleT0,11 yc1.;opem1.11 611eH11.IIMII ny'II<0B ~J.llel(TpoMarHIITHblX IIMIIYJtbC0B 6h1Jl 

nnepn1,1e npe,11Jto:..KeH B (42]), npone,11e1m1,1x n KaJ1mpopmiiic1..:0111 ymmepcnTeTe .Tloc-A11-

:+.e.11eca. PeJIHTIIBIICTCl<lle nJta.31\leHHble B0Jillbl pe30llaflCII0 B036)'iK,llcl./lllCb B H.1183111(' B 

pl':l)'.'11,l'aT<' 61I<'IIIIH ,1UYX K0JIJlllllC'apHLIX Jta3CJ)lll,IX IIY'IK0D. II0JIY'-ICllllblX II ('Q'2 Jlcl3f'

pax. o,111onpe111e11110 pa60Ta.1om11x 11a ,11oyx ,11JI1111ax noJ111. llcnoJih3YH 3JteKTPO)IIILlii 11y•101..: 

C IIIIIWBbl!II T0l..:Ol\l 200 MA II 3Hepr11eii '!aCTIIU 2 M:iB C ,IIJIIITeJtbH0CTblO IIMll)'JlbCa l HC. 

IICC.11PJ10Da./lll yc1..:ope1me TCCT0llblX 'laCTIIU ,llJiff 113!11('pe1111H llp0,IIOJlhllblX IIOJleii ll IIJ183Me. 

l..:OT0!Jble B ,llclHH0lll cJty'!ae ca11111 IIMCIOT 6oJtbUIOii peJtHTIIBIICTCJ(Hii cpaKTOJ) - 34 (peJIH

TIIBIIC:TCKllii cpa.I,TOJ) Df.'JIIIK 113-3a 60Jthlll01'0 0TII011Je1111H '-laCT0Tbl Jia3epa I, 3JlCl(TJ)0H

IIOii 11.~a3111e1111oii •tacToTe, T.P. 1 = w /wre). Yci..:ope11111,1e 3Jiet,Tp0llbl ,1111ar11ocT11pona

Jllll'b 110 3Hepn111 C II0!II0lUblO c11eu11aJ1bll0l'0 MH0l'0Ceh:T0pHoro 111ar1111Ta II noBepx11ocT-

11oro 6apbep11oro ,lleTeJ,Topa. :.:)JteJ..:T))Ollbl 6b1Jlll yc1<0pellbl ,LIO 20 !\fall Ila ,llJllllle l C!II 

np11 Te111ne yc1..:ope1111J1 6oJtee •1e111 1,8 f3B/l\1. dl(cnep11111e11TaJ1b110 ,11ol{a3a110 [41] ycKo

pP11111• ;1,rt!'l..:'l'po11011 II p<'Jlll'l'lllllll"l'('l..:UX IIJlll:Jl\lC'llllblX II0JIIIIIX, l't'lleJ>IIJ>Yl'MLIX 0JIUl'O;IIIIJJI 

lll,lllyil,,1('111101\I~' pallHIIIOl!Cl..:01\1)' pa1T!'HIIIII0 1111rpe11 OT 0T,1<'Jlhll01'0 0JIII0'lfll'T0TII0l'0 1,;o

puTIWll!IIIQ'.'ll,l.'IIUl'O Jla:Jepa . .i[JIIIIIH U0/IIU,I .~aaepa l.05:J 1\11{1\1, ,ll,111Tf.'J1bll0CTh 111\lll)'JlhCa 

(> x 10- 13 " 1• 1111i.;onoii l\1011u1ocTr.10 1' x 10 1 • th/1'1\1 2 • 11;rn:,111n 1•0:i11n11aJ1111·1, ito11w11111-

TeJ1bu~1 ,rn3epo111 II ee IIJI0TII0CTb 113!11eJIHJlclCb D IIl)f',llCJlflX I X 1015 - 2, 5 X 1015 c111- 3 . 

O1111opo;111oii 11.11n:1w1 61,IJHI 1111 JVIIIII(' o.~ 111111. Ta,rn!II oopa:10111. 111,IIIYiKJll'IIII0(' parn1-

1101w1..:oe paCCPIIIIIIP 011epe.11 11a6 .. 110,11aJI0Cb D l..:O()0Tl..:0111 ll!IIIIYJtbCe Dl,IC0l..:OIIIITPlll'llllll0l'0 

.11a;wpa 11 ~,1-cm'p11111e11Tax c pa:1pP;i,;e1111oii 11Jta311toii. lla6.110,llaam11ec11 yci,:ope1111h1e :1.11ei..:

Tpo111,1 1,:oppe.111pona.J111 C nep11oii flllTIICTOh:CODOii l..:01\IIIOIIPIITOii 11:J.~Y'IC'IIIIA. Pa1·•1eTJ,I 

3TIIX iKP anTopoa no1,:a3aJ111. 'ITO npll yneJtJILJellllll ,il,111lll,I D3clll!IIO.i1CiieTBIIH .,10 1.3 l\lM 

1110:+.eT 61,1Tb .11ocT11r11yT Te11m yc1..:ope1111.11 l 1'JB/c111. Tai..:. 11aq1111M c m10Hepcr..:oii pa-

6oTbl [4], n 1..:oTopoii 6h1J111 npe/'1JI0:+.e11hl o,11uonpe111e11110 c BWA I\ICT0.11 L\VFA ( DOJ6yit;,ar-

11111• 1Wp0T1'11!11 .rn:iepllbl!II ll!IIIIYJibC0!II 1-IIJlbDaTepllblX 110.lf'ii D pe3y,1bTaTe pa111a11onc1..:oro 

parcPHIIIIH nnep<>.a). M11oro•111c.11e1111bie 11ccJte,11ooa1111H U\VA-111eTo,11a ycKopemrn, Bh:J110'-la-

1om11e ~)KCnep11111eHTa./lbHble II TeopeTll'lf'CKIIC IIC'CJl(',110Dcll!IIH, ,ll0ll0Jlllellllhl(' •111c.1e11m,1111 

!II0,1<':lll)l0IH\11111'~1 (l'I\J. THl,:..1,1' [:l!J. '10]). 1101'/l:ta.llll. 'IT0 :rJ'0T l\l('T0/l pa0OTcl<'T :ry<llllf' 
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11<'<'1'<> 11p11 /IJJIIIIIIX IIMIIYJJbC1\, ror,mcy1011111xcH c Teopneii [4~]. :.:-ho orpai111•1e1111e o6y

cJtoBJJello OTCTpoii1wii 'Ja.CT0Tbl 11Jla3Mbl o·r pa3HOCTHoii 'laCTOTbl JJa:JepoB. CorJJaCHO 

'IIICJlellllblM peJYJlbTaTaM Ma.llaJI ,11JIJIHa YCK0pemIH o6ycJIODJleHa He He0,IIH0pO,IIH0CTblO 

IIJJ1\3l\lbl, a peJJeenc1<0it ,11JIHHOii. llpu 3T0M YCK0J).IIIOTC.11 0KOJIO 2% IIH)KeKTHJ)0DaHHblX 

'l!ll'Tllll, I lporpN'l' U 'l'CO))HII 110 MO,llCJIHponallHJO Jl!l3CJ)ll0-11Jlfl3MCIIIIOro ycn:opHTCJIR H3-

JI0iKl:'H o6CTO.IITeJlbHO D pa6oTax [38, 46, 49]. B 'IRCTH0CTII, 06cy;i,;,11eHa DOJM0iKH0CTb 

IICII0,1b30Bamrn 1-.:aHaJia ,IIJl.11 yMeHblliCHH.11 pa,IIHMbllblX CHJI Ha HMilYJlbC. PaHee [4] 06-

cy;i,;11n.~cR nonpoc o 11eJJecoo6pna11ocTI1 nJ1aJMe1111oro 1-.:a11aJ1a. O,1111a1.;o a nocJ1e111111x pa-

6oTax npe,1v1araeTC.II IICfl0Jlb30BaTb He np.11MoyroJJbHhlii KanaJI, a KaHM cneuHMhHOli 

<liopl\11,1. Tai, 1rn1..: 11::iuccT110, •no 11a1160J1bWHM 11pc1t.HTCTllHCM .HllJI.lleTc.R ,11u<.jipa1<1111011111t.H 

paCX0,IIIIM0CTb, TO 6J1aro,11ap.11 Dbt6opy napaMeTp0D 1-:auaJia Y.11M0Cb cymecTBCHH0 yne

Jlll'IIITb ,11JIIIIIY yci..:opeHH.fl ,110 ,\re(w2 /w~e)(l +c2/\1:,,), r,11e ,,:,, = (eE)/(mw) - CK0J)0CTb 

OCUIIJIJJHUllii JJJet,Tpo11a B ll0Jle JiaaepHOii B0JIHbl. B ,11aHHOM cJiy'lae IUIKpeMCHT paMaH0B

ci..:oii HeycToii'lllBOCTII UMCCT Bil.II "IRS = 2-3/ 2(v:,./c) X (w:e/w)JI - (4p.-\pe) 2/(21r) 2 , 

r;1r 1i2 + h2 = (2ir)2 /(,\1,f )2, 11 = h l,n11h n, n - xnpn1,'l'rp111,iii (>ll3M<'() 1rn1111J1a. A!l'ropaMII 

[41i] ll(JOll<'/IC'lll,I lll'CJl('/\0IIHIIIIH 11pOXOiK,llCIIIUI llll'l'CIICIIUII0l'0 Jia3epnoro IIMIIYJll>Ca 'l<'P<'J 

IIJl33l\lY co c11eu11aJ1bll0 llbt6pa1111oii <tiopMoii KaHa.11a, ll IIYCT0M KaHMe aBTOJ)bl HaWJIH 

Yl\lC'llhlllellll(' lllll'!)Cl\lCIITa 11JIR pal\lall00Cl-.01'0 pacceRIIIUI DIICJ)C',ll, C'CJIII 71'/l < 0, 13.-\,,t. 

'l .. i. Ca.,1w.,1wdy,,wpoaau111,1.ii LlVFA u LH'F:1 

Bl,11111' l\lhl y;,i-;e 06cyiK,llaJ111 D0IIJ)0Cbl yc1<0pem111 aapRiKl:'HHblX 'laCTIIU B peiKlll\le Sm 
LW FA. ll ,llaHH0M 110,11paa,11eJ1e Mbl X0TIIM npoanaJ111311ponaTb nocJ1e,1111ne pa6oTbl. Bbin0J1-

11eH11L1e D 31'01\I 11anpaaJie111111 IICCJ1e,110DaH11ii. dTO 0'iellb aaiKHO ll0T0MY, 'ITO C <pll3H'le

CIWii 1'0'11-.11 3pel!IIR CaM0M0,11)'Jl.flUIIH Jia3epHoro IIMIIYJlbCa II CaM0M0,11)'JIRUII.II P3C IIMeJOT 

0•1e111., l\llloro 061Uero. a 1-.a1, l\lbl ym1,1111M a ,ll8JlbHeiiweM - caM0M0,llYJI.IIUHR P:)C HBJIR

<'Tl'fl 0Jllllll\1 11:1 11a1160Jlf'C' IIC'J>Cll<'l,'1'110111,IX MeT0/10ll 110:16y;.i,;11e1111R IIIITC'IICIIDlll,IX yc1-.opR

IOlllllX IIOJleii B IIJl33l\le. u pa6oTe [44] ,11eTaJibll0 31,;cnepllMCHTMbll0 IICCJ1e,11ona11a ca-. 
l\lOl\l0:ly /1.flUIIH IIIITC'lll'IIUII0l'0 Jla3C(lll01'0 IIMIIY JlbCa ( M0IUII0CTh ::>Jlet-.TpoMarHll'l'II0l"0 11:1-

·~Y'lt'IIIIH '2 TBT. /IJ11tTeJ11>11ocTh mrnym,ca 400 <l>c. :mepr1rn D m.myJ11,ce l ll;i-;. ,llJ11t11a 

110;1111,1 1.054 111\1. 1111'1'em·11011ocT1, !j x IU 111 llT/cl\l:t. 11a'laJ11,11uii pa,1111yc IIR'l'Ha G MKl\t) B 

11.1a:1l\1<' c IIJI0TII0<'Thl<> I. 11 x IO If• <'l\1-:i. Yn;op<'IIO I 08 
:-i;irr.;Tponon 11Jlll3l\ll,I ,10 ~111<'pr1111 

:IU l'vbB, 11Jla3l\H'llllaH 00,111a cyu1ecTuyeT na :w 1xiJJre11c1..:11x ,11m11111x. YcTa1100J1e11a 1<0p

pc1111111rn l\lC'iKJl~' II0HIIJH'lllll'l\l rapl\lOIIIII, II yc1-.ope111ll,IMII ;JJICl-.'l'JJ0ll8l\111, llo1-.a3a110. 11'1'0 

llpll ('lllli!-.C'llllll l\l0I.I..III0CTII D ,!Illa pa3a IIJIII II0lllliKellllll IIJI0THOCTII 11Jla3Mhl 0TCYTCTDYIOT 

JJ1ewrpollhl llblC0l..:UX :mepruii. B pa6oTe [46] ycTaH0DJleH0 3KCnep11MCHT3Jlbll0 CaMOK8-

11a.ri11po11a1111P IIIITC'll<'IIDII0l'0 ( 1018 13'r/cl\1 2 ) Jl1\3epnoro IIMlly.~1.,ca II 11Jlll3M(' JIil IIJ)0l\lC'

iK)"'l'l,P II 1'2 Jl3MeUCI\IIX ,llJIIIII. B pa6oTax [47. 48) paCCM0Tpe110 3KcnepllMewraJibll0 II 

'l'<'0jl('Tll'l<'l'l..:11 yc1wpr11m• lllliK<'l-.'l'llj)0BallllblX 3JICK'l'j)0II0D C ;rneprneii :J Mall llll'l'l:'IICIID-

11oii l'11.1hDclTep11oii DOJIIIOii (uanpHiKl:'IIHOCTb yct-.opRIOlllero 3Jlel-.Tj)ll'leCK0l'0 II0Jl.11 1.5-
15 l' B/ r.l). no::i6y;.i,;,11aeMoii Jl33C'(lllbll\l IIMIIYJibl'0l\l (' ~meprneii 5 ,ll;.i-;, ,llJIJIT('Jlbll0CTblO IIM-

11y;11,1·a •!OU cjw 7 ur c 11p<'/1Bap11T<'J11,110 co:1.11a11111,1r.1 11Jlll3l\lem11,1l\l 1rn11aJJol\l c 11,10T11ocT1,10 

11/lil:ll\ll,I IU 11' n•-:J. l101-.a3HIIO, 'l'l'0 II CJl)"tae ,'IJIIIIIII0l'0 lll\lllYJlhCll, T.P. KOi' .11a l\l0IIUI0CTh 

l\l<WH 110 l'JHIIIIIPIIIII0 l' 1q>1rr11•11·c1wii /VIH CllMO()>o1,yr11poDKII l\lOIUII0C'l'hlO, 111\IJIYJII,(' pac:

IIJ>0<'TJ>allHC'TCH B 1-.a11aJ1e Ha a p~lJl('('13CKIIX .!IJIIIIILI. Peao11a11c11a.H IIJlaJl\leHHaR nomta C 

(i% 11ap11au11eii WI0TII0CTII 110J6y;i,;,11aeTCH D peJyJibTaTe 11eycToii•mDOCTII C3M0l\l0,llYJUI-
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ll,1111. AMIIJIHTY.118 IIJJ83Me1rnoii BOJlllbl Jla.lleKa OT onpoKHJlblBallHJI, II He re11ep11py10TCJI 

IIJJa:JMC'llllbl(' 3JJCl,T))Ollbl M313-Horo .1111ana3011a 311epr11i1. B CJJY'!a<' DbICOKOII M0llUIOCTII 

IIMeeT MeCT0 CIIJlbH0 HemrneiiHoe B3allMOJICiicTBJle, K0Topoe IIJ)HB0,IIHT K <pUJJaMeHTau,un. 

Upo11cxo.11I1T cal\to<lloKycnpouKa II caM0M0JIYJJJJLUHI, 110 ne rc11ep11py10Tc11 III1Te11cuu11w• 

peao11a11c11b1e IIJl83MCIIHblC D0JIHbl. re11epau,1rn 60JlbUJOro 'IHCJla 3JJCKTJ)0H0D M313-Horo 

JIIl811830Ha 3Heprnii Ha6J110J1aCTCJI JIJIH MOLLl,HOCTeli. B 28 pa3 npeBbIUJalOLLl,HX nopor pe

JI HTIIDIICTCIWii eal\to(l>OKycnpomrn. 13 pa6oTe [49] ,IICTMbll0 (3KCnepuMeHTllJibllO ll 3-
MepHbll\1 MOJICJJllpoaam1eM) IICCJ1e,11oaaHa reHepau,1rn 3JJeKTJ)0HHoro ny'!Ka a Sm LWFA 
II 1101,aaa110, 'IT0 llOJJY'ICIIIILiii IIY'IOI, II0H0D 2 M3O IIMC('T '1pe3Dbl'laiiuo l\lllJiblli 3MIIT

TllHC ( 0' 0671' MM X Mpa.11)' OCH0BHYI0 J)0Jlb urpalOT He CJIJlbl npocTpaHCTBeHHoro aap11,11a B 

ny'lt,e, a HeJ111HeiiHOCTb IIJJ83MCIIHOii D0JJHbl II MarHHTH0e II0JJe (npH'ICM He CTaTJl'ICCKoe, 

0 'lel\l Illllll,YT BO l\1Hor11x pa6oTax, a IIOJJe BOJIHbI). 

'JJi. "l,Fal-e-field" c 1,;mw.,10.11 1wuuJ1Ce1t1toii n,tomuocmu 

IlpeJ1JJOiKPHllaH nporpaMl\18 [30, 50) no J)a3DIITIIIO MCT0Jla PWFA on11paeTCR 11a I1C-

110JJbJonaH11e 1.;a11aJia C IIOlllliK('IIIIOii TIJI0TH0CTblO. llpe.11cTaDJJCHbl peayJJbTaTbl II npeJIJJO

;+;eHIIH no' 838111\IOJICiicTBHIO IIHTCIICIIDHblX peJJRTIIBIICTCKHX IIY'IK0B C 11Jla3MOii, IWTopa11 

II0MPIUeHa B ne6o.~bllJ0(' l\larHIITH0C IIOJle. T.,,. paccMaTplrnatoTCR ny'IKH (' IIJIOTII0CTblO 

1/t, > 11,,. TO :MeKT))OHbl YXO,!IJIT 113 06.~aCTII pacnporTpauemrn ny'!Ka II 06pa;1yeTCH 11011-

llblii 1,a11aJI (1111aqp Ha3b1Bae-rrn fWiKlll\l nommi'i <po1,yrnpoai11). TiporpaMMa no 3Kcnep11-

l\leHTa.1bHOMY 11ccJ1e.11oua111110 11 roa.11am110 PW FA BCJICTCJJ Ha aparo11cKol\l .. wake-field" 

yn;op11Tf'Jl('. 13 II0CJll',!IIIIIX pa6oTax [:30. 50] npe,11JJaraeTrR pCiKlll\l Bbl,IIYUallIIR, C03J1al0-

uu1ii fC,TI0DIUI JIJIH IIJ>0X0iK,!l('IIIIH ~)JICl\'1'1)0111101'0 ny'IKa 'IC()CJ 11Jlll3MY C MHIIIIMclJlbllblMII 

IICIHliKt'IIIUIMII II II0TepHMII. :}Ta pa6oTa 11peACTaUJJ1ll'T 6JJ113KYIO I{ paDII0DeCHIO M0-

J{eJJh pacnpoCT()clHHIOlllf'l"0CR l" MIIIIIll\lllJlbl!Oi"i .11erpa11au11rii nyqKa 'lepea pa3pe;+;eH11y10 

11Jlcl31\I~'. B 'lllCTHOCTII, II 11))11 HllJill'IIIII auewuero Mal'IIIITH0ro II0JJR. Ilpe,11cTaDJJellbl 

•111c.11p11 llbIP peaym,TaTbl. 110.~y•ie11111,w 11c110JJ1,ay11 ypau11p111111 OJJacoua- MaKcDeJJJJa JIJIR 

01111ca111111 3,1eKT()0H0B IIY'!Ka Ul\leCTe C r11.11po.111111aMll'leCKUMII ypaanemt11MII JIJIH 'IaCTIILI, 

11J1a;1r,11,1. Cpau11e1111e pP3YJJhTa'l'~U. OCII0Dalllll,IX Ila pao11ouec11oii M0,lleJJII, C II0JJY'ICH

lll,ll\111 11(>11 l\lOJll'.~llpona111111 /111<"1-f>PTllhlMII 'lclCTlllllll\111, 1,0T0(>ble y,11onJJeTB0()RIOT YCJJO

BIIHIII l\lOJl('.~11. IIOKH31,llllll'T, 'ITO 6P('(''J'OJIKIIOIIIIT('Jlhll0f' :iaTyxa1111e ll()IIB0JIIIT K pau110-

IH'l'III0. O6r~•;+;Jl1H'T<'H T/11,iKf' 110:1111oiKll<WTh Il<'II0JJh:l0II/IIIIIH p;=)(' n l,ll'll'<'Tlll' fl/lllcl0/11'11-

qen:oi_i .111mb1. He.aaauo npe.11JJo;+;eHHh1ii pe;+;11M "nh1,11ynam111" .!IJJH PWFA [:rn, 50). o 

f,;0T0JJ0III lll'f' 11:ia:i111e1111b1<' :1J(('l,T(>0llbl YJlclJl{'lll,I Il;J 06,riarTII nyqi,;a, IIMCf'T /I0l'T0IIIICTDa 

/IJIH yn,0()Rf'M0l'0 <TYCTKa. Kor .11a 1111-re11c11n111,1ii :lJJeKT()OIIHblii ll)''I0K pacnpoc-rpal1HTCR 

'IC(>(\I pa:1pPiKf'IIIIYIO 11Jlll3MY ( Ill) < II,,), IIY'I0K /IOCTaT0•1110ii JIJIIITCJlbllO("Tll 6y /lf~T Ubl

:ll,l flilTI, 110/1110(' rJHt.'1<'11111' :1.rl!'ICl'(>0II0II II 06pa:1011a1111r IIOIIII0l'0 l(llllflJlfl. :}ro llc131,Jllfl(''('l"H 

11011110-cj>0Kyc11py101u11ii peiKIIM. l>J1aro.11ap11 Mar1111T11b1M caMo<lmKyc11py10mm1 c11JJaM 11y
•101..: G~·.wT jH1<·11po,."rpa11HT1,,·11 11 11011110111 1..:a11aJ1e. llp11 :,Tolll pnu11onP1'llLlii paJl11y1· Ji,,1 
ll~"IKit 6y;,PT R,,, = :,,/J'211T,lln')1,, l"Jle :,, - IIO()lllllJlll3011!111llbli_i ;JMIITTclllC lly<IKa, ,., · 

1,na,·,·11•1<'<"1,llii pa.1111y,.· ;,m•l,TJ>0llfl. Ily-101, M0;Kf'T 0l,l'1'1, 11 TJH'X Kll'll'CTll<:'11110 p11:1m1q111,1x 

06.~fl<'THX. ::)1,l'T()C'l\taJlbllO BP.llYillllii Kpaii 1iJJ11 l'OJJ0llcl ll)''IKa lie 6y,11cT <pOKYCIIJ>OllaTl,1"11 

I1.rn:11110ii. Bbl;Jb!DaJJ ee parw11pr1111e. Ha TeJJO ny'!Kcl, K0T0poe paCll()OCT(Jcl}IJleTCJJ II II0H-

1101\I 1\11118.~C'. 6y JleT ,11eiicTBOBllTb l\taKCJIMclJlbllall <f>oKyc11py10maH CIIJJa. U 11cpcxo.1111oii 

06.,al"TII l\IeiKJIY :nllMII .!IDYMH 06.~aCTJIMII 3BOJJl0lilrn ll)''iKll He l\lOiK{'T 0IIIICblBllTbCR JIii-
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11eii11oii 011'1'111-,0ii ll3-3a np11c~"l'l"TDH1! 3Jlel,TJ)OIIOB [IJl831\1bl. ,llJ111 KOJ)OTKOl'O JIMIIYJlbCa 
Zo (:.!rrZn ~ >.,,,) 3BOJIIOL\1111 l'OJIOBbl ny,-u..:a II nepexo.1111oii 06JlaCTII O'leHb BaiKHbl .11.1111 
Ollj)f'Jlt'.~eHIIR 3C)J<pel,TIIBHOii Tj)8HCIIOJYI'l1POBKlf ny'!Ka Ha 60.llbllJHe paCCTORHHR. 

Il.~H HY,-IKOil YJibTpapeJJRTIIBIICTCKIIX ::meprni"i nepe,llHRH 'laCTb pacWll)JHP.TCH cno-
60,llHO B COOTBP.TCTBHH co 3Ha'lenneM 3MHTTaHca, 3a,llepiKHBM Bb!XO,ll HJJ83MeHHblX 3JJeK
TIJOIIOJI. :.=>-ro YIIIC'llhllla<:"r <)>01,yc11py10111y10 CJIJIY 11a IIOCJJP..IIYIOIUHC' CJJOH ny'IKa, 'ITO ll))H
IIOJIIIT 1, cylll<'CTllellltoii 3()031111. IlpocTa.R O,llllOMep11a.11 MO,llP.Jlb IIOKa3b1BaeT. 'ITO IIOCJI(' 

11!.'I.OTO(>Ol'O llll'la.Tll,1101'0 paCUJll))l'IIIIH ~,po:rn.H ll)JOIICXO,llllT ,llaJiee OlfP.Hb MP.,llJIP.IIHO. Llo
llOJJIIIITC'Jll,110 1101,r1aa110. 'ITO p,t"n1111pe1111f' ocy1uec'1'UJIR(''J'CR /10 IIOJJIIOl'O Y/IIIJICIIIIR rtJJa3-
J\leHHblX :.MeKT)JOHOB, TO eCTb IIYlfOK Me,llJJeHHO ,llOCTHraeT o6JJaCTII HHHlfeBaHHR, peam1-
JY.H pa1111ooecH~'IO KOll<p11rypaumo.13 yKa3aHHOM peiKIIMe aBTO)Jb1[50] IIJJaHltpyJOT IICl10Jlb-
30Bc1Th tTyCTKII c Jap11,I10J11 00 Hh':JJ .11m1 noJJy'leHH.fl ycKopRIOIUIIX noJJeii 80-150 M3BIM, 
B JIH.Tlblleiiwe111 6y .!IYT IIJJIOiKeHbl peJy.%TaTbl lll'CJJe,llOB8HHli no cpOJ>Mll))OBaHHIO HOH-
1101·0 1,1111a.rn ocm',lll'TBlle .IIDlliKf'HIIR ll0110B D 0036YiK.llaeMblX P:.3(' caJ11ocor.~aconam1b1X 
~MPKT()Ol\tal"HIITllblX IIOJI.RX. 
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COCTOJIHME ,l(EJI no C03,l(AHMIO CMCTEMbl 
IlO,l(ABJIEHMJI IlOilEPE9HbIX KOJIEBAHMM ,l(JIJI 
BOJibIIIOro A,l(POHHOro KOJIJIAM,l(EP A (IJ;EPH) 

E.D. I'op6a·ttea, H.H. Haauoa, D.D. Kocy:cuu, H.H . • !Je6eaea. 
B.A. Me,11,bH.11.noa, G.D. Pa61.wu 
O61,uhmeHHblti u11cmumym JI0epHblJ: ucc.AeooaaHut'l. j(y6tta 

T . .11-u.uHenep. P . .!Jyepc, H. TynMaumeu,11,. B. Xegi.Ab 
EGpo11n'ic1.·111'i llfHmp J1oep11u.r ucCJteooaaHUtl. )A"nff60 

BwcoKM IIHTeHCIIDH0CTb npoT0HHoro ny'!Ka, IIHiKeKTUpye~wro B 60JibWOil 
a11po1111hlii KOJIJ1aii,z1ep [1] (LHC. UEPH). HaJiaraeT oco6ble Tpe6onaHllll Ha 
c11cTeM,r no11anJ1em111 nonepe'!Hh!X KorepeHTHhlX KOJ1e6am1ii ny'!Ka (CTITII(). 
'.:ha c11cTeMa co3,11aeTc11 n KOJI.ija6opamm UEPH-OHRH-Poccu11 (npoeKT ""LHC 
Damper··). Oc11on111,1M11 3i\Jli\'laMJI JIJIII nee J!DJIJ!IOTCII K0Mne11caun11 011m60K Ull• 

;+.eKllllll, 11peJ.I0TDJ)i\1Uell11e ))0C'l'i\ 3MJITTa11ca II no,11anJ1e1111e nonepe'!HblX He,rcToii
'IIIIIOCTei1 )l/\3Jlll'IIIOii np11po,111,1. Oco6oii xapaKTepllCTIIKoii llDJIJ!eTCll '1pC3Dl,l'l/\ii

lli\H WIIJJ0K0U0JI0CII0CTb 06pa6aT1,1DaeMblX curHaJIOD (OT 2 Kfu ,110 20 Mfu) npll 
q>eJ111eii M0IIIII0CTII 16 KUT. KpoMe Toro. pll,11 oco6e11110cTeii KOJIJ1aii,11epa (cnepx

UhlCOJ•mii lli\K)'YM, Tpe6onallllll Ha Mexa1111'1eCKYJO T0'III0CTb, 3cj1cjH!KT "3J1eKT))OII· 

1101·0 06.'1111-,a" II JIPYl'OC') cepbe3JI0 yc.ij0iKIIIIIOT K0IICTpyKUIIIO. ConoKy11110CTb 
~-C,ijOllllil np11neJ1i\ K Dbl6opy KOH<Jmr,rpau1111 D D11,lle 3JleKT))0CTaTll'lecKoro ,11ecJJJ1eK

TOpil (lrnKepa). 3i\1111Th!Baer.lbro OT MOWHOro TeTpo,11noro )'CII.IIIITCJ!ll. HacTOJI· 

IUaJI pa6oTa nocmnue11a 01111ca111110 pa3pa60Ta11m,1x II IICilh!TaHHblX npOT0TIIIl0B 
,\'CT)l0IICTB, 

Status Report _on the Transverse Damping Systems for the 
Future CERN LHC 

E. Go1'ba.tche·1J et al. 

Inject.ion of the high inte111<ity proton beam into the CERN Large Hadron Col
lider (Lile..') prese11t1< chali<'11gi11g requirement-" for t.hc· transverse damping 1<yst.em 
h11ih a:- a joint project bet.ween CERN, JlNH (Duhna) ancl llussian Federat.ion 
r· projcct LHC' Damper"). This system must. quickl,v reduce inject.ion errors t.o 

minimise )){'am loss to remm·e risk of quench, and preserve emit.t.ance for high lu

mi110si1~·. It should work in a wide frequency range of 20 MHz t.o fight t.ransverse 
rnuplcd hunch instabilit.ie:;. :\ low frequency clect.rost.atic kicker wit.Ii I.et.rode am
plifiers has heen chosen and the design considerations leading t.o this choice are 

dP~crihed. The kicker design took account oft.he heat.ing due t.o the electron cloud 
elfc-ct. :\ model to simulate the kicker/amplifier combination is presentecl. Finally 

preliminary results on the performance of the prot.ot.ype clamper power amplifier 
and kicker are gi\'en. 
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I. OcnoBHhie xa.pa.I<TepucTmm H Tpe6oaa.mrn I< c11cTeMe 

B Ka•1eCTBe np0TOTllna pa3pa6aThIBaeMOll CHCTeMhl 6hIJia npllHHTa KOHCpurypaUHH, 

ncnoJJhayeMa.H a cocTaae cynepnpoT0HHoro cuHxpoTpoHa (SPS. 1.1,EPH). O,11HaKo nMe

eTCH pH,11 cyrn,ecTBeHHhlX OTJIH'!Hli, onpe,11eJJHeMhlX KaK napaMeTpaMu ny'!Ka, TaK II oco-

6eHHOCTHMII KOJJJJaii,11epHoro pe;KIIMa, U:CXO,!IHhlMU ,llaHHhlMII ,!IJIH IlpOeKTllpOBamrn HBJIH

JIHCh napaMeTphI ny'!Ka LHC, K0T0JJhie npnae,11eHhI a Ta6JJ. 1. 

Ta6.1rn~a 1. OcHODHhle napaMeTphl ny'IKa LHC H Tpe6onaHH11 K CIIIIK 

:)Hepnrn IIH:iKeKUllll 450 f3B/c 

C'TaTll'lecKaJI OlllH6Ka IIH:iKeKUIIII (;J = 183 l\l) 2 MM 

PnnJJ (d = 183 M) 2 MM 

lJpellrn paaBIITIIJ-1 pe311CTIIBHOii ueycToii'IIIBOCTII 14 MC 

BpeMH pac1,orepew11ma111rn 1>8 MC 

~1011ycTIIMOe B03pacTallllC' ;111111TTa11ca v,% 
I loJJ11oe IIJ)C'MH 110,11mv1r1111H ,t, i' l\te ( G:I o6opoTa) 

PacCTOHHlle l\1e:a-.:,11y 6aH•Ial\lll 2G HC 

!\11111111\ta.TJbHOe paCCT0HHlle l\le:iK,IIY uyraMII U!:J5 HC 

H11iKHHH 6eTaTpOHl!a.H 'IaCT0Ta > 2 Kfll 

l\laKCIIMaJiblla.H 'laCT0Ta ,!IJIJ-I 110,11anJJe111rn 20 Mfu 

AnrpTypa 1rnKepa G2 MM 

'-l11cJJo Kni..:epon ua ny<101..:/uanpanJJeu11e 4 
i(J11111a IIJJaCTIIII KIIKepa 1.5 M 

l-foM1maJibHaH a11111JJ11Ty,11a ,110 1 Mfu ±i'. 5 KB 

h:oppel,UIIH aa o6opoT npn 450 l'3B/c ,1\0 1 Mru 2 MKpa,11 

I lo.1oea ~T11.1e1111H 0.001-20 Mru (GO Mfu) 
Uncpponoii myM 10 bit/2tr beam 

B 11r.r10M 1j1y111,1111011a.111,111u1 c'XC'Mll CIIIH~ /1JJH LIIC' 111,,rJlfl.llllT Tan. l(aJ, 1101rn;1a.110 

Jill Pill'. I. YcTpoiicTBa 1131\ll'j>PIIIIJI napallteTp0B II :MN,Tl)0IIIIKa 11pe,11aap11TeJ11,HOii 06-

paGDTldl c11r1111.'1011 11:1r0Ta11.111111a10TCH UEPII. 06H:rnTPJ11,1"1'lla h'.o.~m16op,u11111 c·ocToHT u 
paapll0OTl,f' II 11:1roT0AJJ('IIIIII M0llllll,IX lllll))0IWll0JJ0CHhlX yc11JJt1TeJJeii II 3Jll'KTporT1lTll

')(.'C)\ll x ;1<'<IJJIPI\Tupo11 - i,:111,epon ( p11c. 2). 
I k,•ro JI0JJiKIIO 61,1T1, 11JroT011JJe110 20 MOAYJJeii ( 110 4 · 11a i..aiKJIYIO 11011ep1"11ty10 i,:oop

.1\llllaTy KaiK,11oro ny'!Ka !IJJJOC no ,/\Ba JanacHhIX Mo,11yn11 1rniK,11oro 11anpaaJJeH1111). 

:10110.111111'1'(',lll,IIOii :rn11a•l<'ii flllJIA(''[Tfl IWIICTJJYIIP0IIIIIIIIC' II 11(>0113110,IICTB0 Q'IIII0(>Tcl Cll

("['('l\11,1. OUC'Clle'lllllaJOlll('rO pa;JMl'[Ue1111e ycTpoiicTU B T0IIIICJIC II 11eo6xo,1111My10 I0CTll

))0Bl,y I\IIKepon. 

:2. :).11e1-npocraTH'-lenrnii ,i1e<!l.11e1n-op 

u Kcl'lf:'CTBe IICII0JIHIITeJihH0l'0 ~'CTpoiicTBa CIICTeMbl llhl6pan 3JJeKT)JOCTclTll'-ff'CKllii 

.llf'<j>,1Ph:Top ( Km,ep). 11poToT1111 h:oToporo 61,rJJ cK01IcTpy11po111l11 11 113roT0B,1e11 n OIIRII 
(p11c. :q. 

98 



Pick-up 
(coupli!r) 

atQ9 

Pick-up 
(coupler) 

atQ9 

D 

Tuiwel 

Hybrid 

Hybrid 

Frequency 
convenlon & -. 

-► gain control 

Frequency 
convenlun & · _. 
gain control 

Power 
a111>llrler 
(tetrodes) 

Kicker 

Tunnel (JINR/Duboa + CERN) 

Central 1lgnal proce11lni 
partially dlglal 

wlU1 digital Cllterlng 
data throupput > 1 Gblt/1 

closed orbit suppression 
phase adjust 
delay adJUlt 

Hybrid 

Klystron gallery 

Puc. 1. cl>yHKI.\HOHa.llbllaJI cxeMa CTITIK LHC 

pu, 
Gall Cllltrol 

1818 
0.ln Cllltrol 

Gain control h 
Spare module : 

◄- .. -····•--' 
Module 1 

Module 2 

Driver --• 

. Driver --• 

011 npe,11cTaDJUieT co6oii BaKyyMHbli°I TaHK ,llJlHHOii 1,6 M C ycTpoi'ICTBaMII BB0,lla cur

HaJia, IlHYTPII K0T0poro paCU0JI0iKellbl ,llBa :.lJleKTpo,11a ,llJlllHOj:i 1,5 M, HMeJOUIHX qJOPMY 

90°-x ceKTopon C a11e1nypoii 5:.! MM. 3JleKT()O,llbl cp111,c11py10TCJI BIIYTPH Tam.a C II0M0-

ll.lbl0 !IICTMJlOJ,epaMll<leCKIIX lWJlCI.\, 06ecne•mna10mux Db!C0KYIO T0'lH0CTh pacnoJloiKe

llHR :)JICKTpH<IeC1<0ii 0CII ,11e<jJJ1eKTOpa. 

Damper 

+ 3anacrn,1 e Mo,zy m1 

P11r. :.! . O6opy t1ona1111e, p~pa6aTb!Ilae111oe II IIJro-ranmrnaeMoe 1..:0J1J1a6opal.\Heii 
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\:•2iiltl ...-·.:.,,: ~--··" 

Puc. 3. IlpoToT1m KHKepa Ha cTeH,11e B UEPH 

J.1. Oco6u1c mpc6ooauu.R ,.- 1-.oucmpy·,-.1(u11 

(klloBHblMII npo6JJeMaMII npll pa3pa60TKe KIIKepa 6bl,IJII IIJ)OTIIBOJ)C'-IHBbie yc.~OBIIR 

MexaHI1'-1ec1wii Ha..11e;+.;HOCTII (pecypc pa6oTbl 6e3 06cJ1y;+,;11BaHU.fl 20 JJeT), TO'-IHOCTII 113[0-

TOB.~eHll.fl II JOCTll!)OBKH (TO'-IHOCTb pa.CIIOJIO;KeHll.fl 3JleKT))O.!IOB ±50 MKM, HeCOOCHOCTII 

;+,;eCTIW CB.fl3a.H11oii na.pbl KIIKCJ)OB Ha 6a3e 3,1 M - ±250 MKM), BaKyyMHble xa.pa.KTe

))HCTIIKII (pa.60'-lnii Ba.Kyy111 LHC cocTaBJJ.fleT 10-11 Topp), a Ta.K;+,;e pa.mmcpH3H'-lecKne 

CBoiicTBa CTJJYKTYJJbl (MaKCHMaJJbHO .11onycT1lMbii:i IIJJO.!IOJlbHbiii HMne.11aHc KIIKepa. II cno

co6bl ero y111eHbUieHirn npo,110J1;+,;aJOT 06cy;+,;,11aTbC.fl). 

ll<:f' :JTO HaKJ1a.,L1b1BaeT oco6ble orpaHH'-leHlUI Ka.I< ua KOIICTpyKlVIJO, Ta.I< 11 Ha Bbl-

6op l\HITepnaJIOTl ll TCXHOJ1or1110 npOll3BO,LICTBa. llpe,LIJIO;KeHHaR KOHCTPYKlOl.fl npoTOT!ma 

11pe,1c·1·a.11J1e11a 11a p11c. 4. Ha puc. 5 no1,a:m11 ;)Jle1<Tpo,1111htii MO,LIYJJb n c6ope. 

4 3 :2 s 6 

8 

--------1500 -------

P11c. 4. Q)pa.rl\leHT c6opO'-IHOro '-lepTe;+,;a BepTHKaJibHoro Kl!Kepa.: 1 - Ba.KyyMHbiii Ta.HK, 

2 - ~l.1CKTJ)O,IJ,bl. :3 - MeTaJIJ10!,epa11111'-1eC1,11e IWJlbUa, 4 - ycTpoiicTBO cpm;ca.uuu :MeKTpO,!l

Horo JIIO.!IYJl.fl, 5 - ~1CTpoiicTBO BBO,Lla cnrHaJJa, 6 - IM8CTl!Ha ,LIJI.FI ~•cTallOBIW IOCTII))OB0'-1-

HOII lllllllleHII 

Ha .lla.Hllblii MOMeHT TeXIIOJIOl'll.fl 'npon3BO,ll,CTBa. corJtaCOBa.Ha C ll3rOTOBIITeJIRMH OT

JIC'Jll,1(1,JX Y3JIOB. 110,11,06pam,1 11eo6xo.1111Mble Ma.TepHMhl. ,11opa60TaHHaR ,11,0KyMeHTaUHR 

nepe.JaHa B UEPH ,LIJI.FI oKOH'-la.TeJJbHoro yTnep;+,;,11eun.F1. 

llpo6JJeMa yMeHbllJCllll.FI lljlOJIOJlbl!Oro 1111111e,11auca. MOiKCT fl0Tpe6ona-n, BDeJICHHR B 

h'.OHCT))YKUIIIO ,!lOIIOJIHIITeJlbHblX nepeXO,LlllblX eMKOCTeii ,11,JI.FI OTBO,D,a BblCOK0'-18CTOTHOii 

MOI.IUIOCTII, ULl.l\C'JIHCMOii IIOJIC'lll 11~"11-:a 118 3JICKT))O.l\clX. 

100 



. } . } 

Pur. 5. :JJ1ewrpo,1111blii MOAYJlb u c6ope 

llpo6.,te.4ta .J,,ie,.;mpo1mo20 06.ta1.a 

0'1'/\CJll,IIOii 11po6JJCMOii Ol<a:JaJJOCb cepbe3UOe DJIIHIJJHe DTOpll'IHblX 3J1eK'rpo11ou, Dbl-

61111acMhlX upoTOIIIILIM lly<ll{OM 113 OCTaTo•moro raaa, Ha pa6oTy ,11eTeKTl1JJYI01L1eici an

napaTypbl, IlJJIIBO,IIJll.llee I( uarpeoy 06opy,11ooaH1rn, pacllOJIO)KeHHOI'O BHYTPH BaKyyMHOII 

l<aMepbl ( II po6JleMa. 3JleKTJ)OHHOI'O 06J1aKa). 

"' E 
.c 
0 
0:: 
<l 

18 

16 

14 

12 

8 

o Measured points . , 

. . . ':~~-+-';"'...,..~;:-:- n~:~2 .. • .....• , 
:7'>'"~ : 
: I : 

: l , 

f ' ' Data: Hec:ting 15W 
Model: y = y

0 
+ A,( 1 • e1·••))+A

2
( 1 • e1

·")) 

-l = 0.00366 
Chr'2 = 0.00375 
yO 8.51206 
A1 5.49387 
t1 64.97826 
A2 4.72516 
12 433.58258 

±0.05263 
±0.19153 
±3.00791 
±0.1798 
±27.23148 

40 

35 Q(J 

i-" 
30 <l 

... 25 

20 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 

Time, hours 

Puc. (3. PcayJJbTaTbl 3KC1lep11Mell'l'a 110 TCJIJIOBblM uarpy3h'.aM ua 3Jlel,Tj)O,llb1 

B CllH311 C 3TIIM 6b1Jlll npoue,11e11hl HCllbITamlJI KHJ<epa 11a ycToii'lHDOCTb I, TellJIOBblM 

11arpyaKaM. Cnen11aJJhHh1ii cTe11,11oob1fr 3KCnepnMeHT, npoae,11e1111b1i'.i o I.J;EPH, noKa3aJJ, 
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'ITO 111)11 Ma.KCIIMaJibll0 U03MOiKIIOii DLl,lleJl.flCMOii TCIIJIODoii M0lIIII0CTII 15 BT ycTall0BHB

llH\JIC.11 OTIIOCHTeJibllaJI TeMnepa.Typa 0TKJI0H.IUOlll,HX JlJla.CTHH KHKepa He npeBbIWaeT 50 
rpa,!1)1COB, 'ITO He BJIH.lleT Ha napaMeTpbl K0HCTPYKUltll. PeayJlbTaTbl 3KCnepnMeHTa 

11p11nr;1e11b1 na pnc. G. 
B .11opa.60Ta.HHOi'i K0HCT))YKUHII TaKiKe Y'lTeH yKa3aHHblll 3cpcpeKT H yneJIU'lell TenJlo-

0TB0.11 C 3J1eKTpo.11Horo MO,!IYJI.R B aTMOCcpepy 3a. C'leT yBeJlll'lemrn IlJI0lll,a,1111 K0HTaKTllblX 

0110(> J\leTaJIJI0KepaMll'lec1rnx K0JieI~ II M0,lleplm3a.UJIII ycTpoikTBa. BD0,118 cnrHaJia.. KpoMe 

Toro. ,.'lJl.11 06ecne'lem1.11 CTOirn Ha.KonJ1eHHoro 3a.p11,11a. c 1<0J1eU 3J1e1npo,1111oro Mo,11yJ1R 6uJia 
cneu11a.1JbH0 pa3pa.6oTaHa Tex110J1or1111 MeTaJIJ1113a.u1111 1,epaMmrn CJI0eM pemrn c conpo

TIIBJ1eH1IeM MeiK,!IY 3J1eKTpo,11aMH nop.11,11Ka 30 MOM. 

:3. Ilh1po1<0no.nocublli ycH.JIHTeJlb 

OcuoBHbie Tpe6yeMbie na.pa.MeTpbI yc11J111TeJ1.11 ,!IJl.11 CITIIK npnBe,11eHhI B Ta6J111ue 2. 
O•1eBIIJIHO, 'ITO OTJIII'll!TeJibHOi"i oco6eHHOCTblO pa3pa6a.TbIBa.eMoro YCHJIHTeJIR .flBJl.lleTC.11 

C0'IeTa.HIIe BbICOKoii M0lll,H0CTII II iKCCTKIIX Tpe6ona1mi'I Ha lllUJ)0K0ll0JI0CH0CTb, Ilpn 

3T0J\l CIICTeMa. D ueJI0M ,!I0JliKHa 6btTb CB060,1111a OT napa3UTHblX pe30HaHC0B D Il0JI0Ce ,110 

60 Mru. 

Ta6nm.i;a 2. Oc11on11hle napaMeTpbI ycHJIHTeJIJI ~JIJI CIIIIK 

AMnJIIITY ,11a c1IrHaJ1a ±T, 5 KB 

Cpe,11H.11.11 M0lll,H0CTh Ha TeTpo,11 16 KBT 

l.facTOTHaJI xapaKTepHCTHKa 10-3 + 1 Mru ⇒ noJ111b1i1 c11r11aJI 

1 + 20 Mru ⇒ 6dB / 0KTaBa 

Bpel\1.11 uapa.cTa.HII.fl, 10-90%, 350 IIC 

1-99%, 720 HC 

llp11ue,11e11111,1e na.pa.MeTpl,l .fl)JJl.fll0TC.fl Mlllllll\1aJibH0 11eo6xo,1111MLIMII, Ta.K IrnK l<OJIJ1aii

/lep111,1ii peiKIIJ\I xapaKTepen ,!IJIIITCJlbHblM pa6o'IHM UIIKJI0J\I (.110 10 'la.COB) II J)R.110M oco-

6bIX 3<lJCpeKTOB, yMellblllalOlll,IIX Kai< BpeMfl iK1131111 11r11rn, TaK II ero CBeTIIM0CTb, 3To, 

B CU0I0 0'ICPCJlh, M0iKeT IIOTpe6onaTb pa.cumpemrn 'laCTOTHOi"i II0JI0Cbl 11 yBeJln'leHUfl 

aMIIJIIITY ,lib! B03,lleiicTBll.ll. 

13 CBH311 c =nnM, 1,poMe 6a3onoro KJ1acc1I'-1ec1<0ro ycnJ1HTeJ1fl, B ,Tlcf:>l.f OIUIH 6blJI 

pa.apa6oTaH II 113r0T0BJleH napliaHT cxeMbl C napaJIJleJlbHblM ynpaBJleHneM (Ka.CKO,!IHblli 

yc11.'IIITCJ1b). Ta.KM cxeMa. ,11a.eT He T0JlbK0 cylll,eCTDCHH0e yDeJIH'lem1e IlJI0lll,a,!111 ycn

JleHJIH, HO II 1103B0,1J.IICT ::icpcpeKTHBHO IIC'Il0.1Jb30Ba.Tb HC.1J11HeJIHble peiKHMbl 110,!18.BJleHHfl 

[3.4.5]. lkcJ1e.lloBa.mrn KacKo,11uoro yc11J111TeJ111 3a.pe3eponponaHbI KaK nepcneKTIIBHhJH 

IIYTb ycoDepllleHCTB0BaHlJ.11 CI1I1J-,'.. 

O.aHIIM 113 ,II0II0JIHIITCJlbHblX ycJIOBHi'i, yneJIU'-IIIBalOlll,HX C'JI0iKH0CTb pa3pa60Tl<JJ, flBJl.fl

eTCH He.ll0IIYCTIIM0CTb IICII0Jlb30Ba.HH.II B C0CTa.Be YCII.1J11TeJI.11 noJ1ynpoB0,!IHHK0DblX K0MII0-

HCHT0D. ::ho CB.fl3aH0 C pa,111mu11011Hoi"i 11arpy31wii Ha yc11J111TeJ1b B T0HHeJle. TeM caMbJM 

onpe,.'le.rneTCJI npa.KTII'-1ec1rnH HeB03M0iKH0CTb BBe,11em111 o6paTHOii CB113II B cxeMy. 
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(_' ueJlblO Il0IICKa B03M0iKllblX cxeM0TeXHU'-leCKIIX peweuuii, yMellbWellHR :JaTpaT, 

ynwp<'IIIIR paapa60TJl;II CIICTeMbl, 0ilTIIMU3al\llll ee xapaKTepllCTIII< 6bJJIO npoae,11eno M0-

,11eJ111poaam1e 3JleKTJ)JJ'leCKIIX cxeM YCIIJlllTCJleii C Il0MOll\hlO nporpaMMbl pac'leTa 3JJeK

'l'J>0lllll,I X ('X<'M MkrnSiln PSpkC', npu :-lT0M /IJIR l\l,Ttrnm,1x 3Jll'Ml'IITO0 C-Xl'Ml,I, Tl'Tjl0/1011 

HS:.!048-CJ, a ·ra1,iKe pea11cTopon c no,11.1111hIM oxJJaiK,11emteM 6b!JJU pa3pa60TaHbl Mo,11eJJ11 

J'::;pit'<' ((j]. :Ja.11a'1eii paC'ICTa .RIIJIHCTC.R II0JIY'ICIIHP. Jlta'te1111ii ;)JICMCll'l'0U CX('MLI AJIH ,110-

(''l'lliKC'llllfl :ia11a11111,1x napaM<'Tpon CIICTl'Mhl, anMll3 ycToii'lllBOCTII II BJIII.RHIIR napa3IIT

IILIX ;1,;1eMCll'l'0U CXCMbl 11a ee xapaK'l'CJJHC'l'IIKII, a TaKiKC 011pe,11eJlellllC 11eo6xo,11HMl,IX ua

pa~H'Ti)0ll CIICTC'~I ll11T1\llllfl yc11J11lTCJlfl, O6a napnanTa 61,IJIII IICCJIC/I0Bnllhl 1111 CTeH,11ax B 

OIHIII n U,EPII . 

. J.J. }\,,l(ICCl/llfettl/11 6llj)'lla1WI 

Y11polll('l1Hil.R fll)IIHllllllllilJlhHil.fl <'Xl'l\lil K.llilC.Cll'll'CKOfO VC.Jl.;JIITl'.ilfl 111)11Al'ill'Ha ua pnc. i. 
1 2w kicker 12w 

9 345nH 15p . 345nH 

L.JW 111 ~ ~--1 
g OD 1 On l ~ ~ l _ _ 1 On 

_i9□p lgop 
7 -=:=-

900 

RS2048-CJ 

P11r. i. Y11pome11J1af1 11p1111u1m11aJJblla.R cxer.ia J.:,1clCCll'H'CJ.:0f0 )'CIIJIIITf'.rl.R 

011 npe,ilcTaB.1ReT co6oii ,1ayxTaKTHblii YCIIJIIITe.1h 1.:,1acca AB Ha 0CH0Be peocTaT-

1101'0 .rnM11ouoro 1..ac1rn,11a c 06111m,1 KaTo,110~1 [i"]. 13 Kil'll'CTUe yc11J11JTP.JlhllhlX aJieMellT0D 

cxe~11,1 11cnom,:.iona11L1 TeTp0.llhI Siemens HS2048. l:leo6xo.ll11Mo now1epK11yTb. '!To 3TH 

Tf'TJ)0.:lbl 6hlJJII c11eu11aJ1bll0 pa3pa6oTHllbl cjmpMoii .. Siemens" 110 pe3yJlbTaTaM IIJ>C,llDa

flllTP:11,111,1x 11cc.'l<'/lOBa1111ii rt1<'t111aJ111rT011 OIUIII. P<'JIICTO))LI c R0/IHHLtM oxJ1a;,i,:,1w1111el\l 

Rllml.'lll('h a11011110ii 11arpya1wii .~aMII. llarpyaKoii }'CIIJIIITf'.~fl ( 'IIICT0 peaKTll13110it} ffBJHt~ 

eTrH ;1.w1,TpocTaT11'1en,11ii ;w<IMeKTop II JlllllltH 11110.lla nir11aJ1a. 

1Io.11101\lac111Ta6111,1P (1('111,ITclllllH ll(>0T0Tlllla YCIIJJIITl'Jlfl Ila cneu11aJ111:i11pona111101\I CTell

.l\f.' 11 llEJ>ll (a11peJ11, :.!001 r.) 110KaJaJ111 11om1oe cooTueTcTune 110.1y<1e11m,1x uapaMeTpou 

(>i.H''l<'Ta~, II IIJ>0<'KTIIL(l\l TpeG011at11lfl~(. Ha pnr. 8 llplln<'/1<'111,1 paC'leTlll,IC' II IIJMepe11111,1e 

xapaKTepllCTlll,11 C'03,11aHH0f'0 yct1J111TeJJ.R. 

Ila ,\ tJX u11;1111,1 11eo;i11opo;111ocT11. 111,1:.iua11111,1e pc:1011a11c11L11\I xapai,T<'J>0M 11arpy:i101. 

TN! II<' ~1<'11<'<'. xapaKTepnrTIIK/1 yr11Jtt1Tf',1R OCTlll'TCH f'JIH~Koii DrIJJ0Tb ,llO 20 Mru. Ilp11 

:nol\l 11p11 Yl'll:ll'llllll Clll'Ha.~on ,il0 :.!U 1\1 ru :rrll 11eo,111opo,lll10CTJI lie CKaJhlDalOTCH Ha 

lll,IX(UII0J\I c11r11a.1e. 'IT0 f0II0(>ll'r 0 ;lOCTaT0'III0 xopoweii .11111eii110CTII CXCJ\lbl. 
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Puc. 8. Pac'!eT11b1e 11 113111epe11m,1e xapaI<Tep11cT11K11 1rnacc11'1ec1<0ro yc11J111TeJJR 

Bt,IIIOJlllellllble ll3Mepe111111 llp0T0Tlllla ll0Ka3blB810T xopowee C00TDeTCTBIIC C peayJJb· 

TaTa~111 M0.LteJ111ponamrn n naKeTe Microsim PSpice. '!To noJB0JJReT 11cnoJ1bJonaTb co• 

3,11811111,IP 1110,11e;111 TeTp0,II0D ,IIJl.11 pac'!eTa ,11pyr11x napllaHT0D YCIIJIIITeJl.11. 

.] . ..!. Bapuaum c.re.ubt c 11apa.,1.,1c.,1b1tb1.~1 y11pa6.,tf1t1u.~1 

Y11pome1111a11 11p1111u.111111aJJbllaJI rxeMa )'CIIJIIITf.'.~11 C ll8))11JIJ)f.'JlbllLIM ynpan.11e1111e111 11p11-

ne,11e11a 11a p11Q'HKe ll. 
C'11eump111rn 11pone,11e1111oii pa60TI,[ C0CT0llT D TOM, 'IT0 ,110 CJIX nop 6b[Jlll 113BCCTHbl 

pea.1113aum1 no,i10611oii cxeMbl Ha. M0IUH0CTll ,;to 100 BT. Tor,11a Kai, no ycJ1on11.11~1 LHC 
llCO0X0.!1111110 06eC1lf.''IIITb M0lllll0l"Tb ,110 Hi 1d.h. ::)TOT napna)l'r TaJOKf.' 6bl.~ paCC'IIITaH 
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PHc. 9. Ynpomeamut npHH~HDHaJlhHaJI cxeMa ycHJJHTCJJR c napanJJeJJhHhlM ynpaBJieHHCM 

.. 

1 u -._,. 
I> 

'I 

0 ] ·a 
t3 ~ 

Simulation 

Test 

0-+----'--.... •----_._ __ _.__._ __ 

0.Ol - 0.1 10 

Frequency, .MHz 

Puc. 10. CpaBHHTeJJhHble xapaKTepHCTHKH KJJacCH'ICCKOro ff KacKO,!IHOro YCffJIHTeJJeH 

c ucnonh3oaam1eM nporpaMMHoro o6ecne'leHHR PSpicc ff ffccne,.qonaa npu Tpe6yeMoii 

MOIUHOCTH, 

XapaKTepHCTHKH, npuae,.qeHHble Ha pucyHKe 10. IlOK8.3bJBaJOT He TOJJhKO xopowee co

OTBeTCTBHe pac'feTa 11 3KcnepHMCHTa, HO 11 HarJIJl,!IHO ,!ICMOHCTpHpyJOT npeHMYIUCCTBa 

KaCKO,!IHOH cxeMbl. Ilony'feHHOe YBeJJH'fCHHe IlJIOIUa,1111 YCIIJICHHR o6ecne'fHBaeT BOJMOJK-
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H0CTb npn He06XO,IIIIM0CTII napbnpoBaTb C00TH0llleH11e K03<pq>IU.\lleHTa yc11,11eHIIJI II lllll

p0K0il0JI0CH0CTII. 

TeM He MeHee, 6a30BblM aapuaHT0M npHHJIT HMeHH0 KJJaCCll'leCKIIU ycHJJJITeJJb, KaK 

anpo611poaaHHblI1 a Te'le1111e Mnornx JJeT Ha pa3JJll'IHbJX ycKopHTeJJHX, 3To peweHne 

onpe.11eJJeHo DblC0KHMH Tpe6onaHUJIMU Ha Ha,11e:iKH0CTb CHCTeMbJ. Ilpn 3T0M paapa60TKa 

11 IICCJJe,II0DaHne KaCK0,IIHbJX cxeM 6y,11eT npo,II0JJ:iKaTbCJI BO roanMo,11eiicTBIIII c l.J,EPH. 
Ilpn 3T0M O,IIHOII IIJ 0CII0BHblX Ja,11a'I 6y,!\eT UMellll0 BblJICHeHne YCTOll'IIIBOCTII pa60Tbl 

yc11J111TeJJJ1 a peaJJbHblX yCJJoBHJIX LHC. 

4. 06maJI I<OMilOHOBI<a CHCTeMbI 

KaK 6blJIO y1..:a3a110 Dblllle, ,IIOilOJIIIIITeJJbHOii 38,lla'leii KOJJJJa6opal\llll JIDJJSleTCSl K0H

CTpy11poaa1111e II npoUJB0,!\CTBo cynnopTa cncTeMbl, 06ecne'l11Ba10mero paJMeme1111e ycT

poiicTn n T0UlleJJe II ueo6xo,1111My10 IOCTllp0BKY Kl!Kepon. Pa60'111ii aap11a11T K0MH0II0BKII 

MO,llyMii a T0lllleJJe ll0KaJall Ha pm:. 11. 

,· ... 

, .· .• :':··. 
\ r-/'·~·;""•·-.:<~,- .. "",.~ 

=:;~ .. •' 
,, 

Puc. 11. Pa60'111ii aapnaHT K0Mil0H0BKII MO,llyJJeii B T0HHeJJe 

Oco6e1tHOCTblO npe,11JJaraeMoii K0HCTPYKQHII II COOTBeTCTBYJOllleii CIICTeMbl JOCTll

p0BKII RDJJReTCII TO, 'IT0 napbl Kl!Kepoo ,llJIR Ka.+.,11oro ny"IKI\ ;t,:eCTK0 coe,11m1ellbl Me:+.,11y 

co6oii II ycTaHoBJJellbl Ha o6uzyJO 6MKY, IOCTllpyeMylO no TpeM CTeneHJll\1 cao6o,llbl. Ta

Koe pewem1e HRKJIR,llblB8eT ,II0II0JIHUTeJJbHble Tpe6oaamrn Ha T0'IH0CTb IIJr0T0DJJemrn 

TaHK0D. 0,IIHaKo 0110 1te11J6e;i.;110 B CBSIJII C :iKeCTKlll\1 orpatm'leHIJel\l npocTpaHCTBa .IIJI.FI 

paJMemeHUJI cnnK. 
Ha ,11aHHbtii M0MeHT 3To peweune np1111um111anb110 corJJacoaa110 c 31..:cnepTaMn l.J,EPH 

II 1110:iKeT CJJYiKIITb 6aaoii ,IIJI.FI OKOH'iaTeJJbllOii K0IICTPYKQIIII. 

106 



5. :)aIOllU'ICHHC 

r,rn.UHl:,lii peJyJibTaT ::iauepwe111IblX Ha ,11aum.1ii MOMCIIT pa6oT COC'I'OJIT O TOM, 'ITO 
CXellIOTeXJUIKa YCIIJlll'l'eJieii II IWIICT))Yl(l.(1111 IrnKepa 8 l.(CJI0M COOTDeTCTDYIOT Tpe6oua
HIU{M npoeKTa II MoryT C'iHTaTbC.11 corJiacoaaHHblMH. B HaCT0.1111.(ee apeM.11 ,1101<yMeHTa
l.J,IUI Ha ll))OTOTIIII CHCTeMbl npoXO,llHT B 11,EPH npoue,11ypy CO['JiacoBaHHff C OTBCTCTBCH-
111,IMII ;11,r1TepTa11111 npoeKTa. 3anepu1e1111e :noro :lTana 6y,11eT RBJIRTbCR cTapTOM ,!IJIR 

11a•-iaJia IIJ['OTOBJICHll.11 IIJ)OMblWJiem1oii cepm1 o6opy ,!IOBaHll.11. 
AB'ropbl Dbipa:+:alOT r✓1y60IQ'IO 6✓1aro,11ap11ocTb coTpy,1111111..aM rpynnbl SL HR.F 11,EPH 

11 yc1wp11Te✓1bHoro 0T,11e✓1emrn ,JJcpt..J OlUIH 3a. no✓1e3Hb1e 06cyno:,11eH11R H KOHCYJibTaum1. 
a TaKn.:e .MmmcTepcTBY Hay1rn P<P II ,11upeKu1111 OIUIII 3a acecTopouuIOIO no,11,11epiK1,y 
pa60T. 

l. ThC' LIIC' Concept.ual Design Report. CEHN/ AC/95-05(LHC). 

'2. U.11. Aaepb.1111on II AP· Pa3pa60T1rn cncTeMbI no.11a.n.11em1.11 nonepe'JHhIX 1wrepeHTHhlX 
1w.r1<'or11111ii 11.,"1Ka LUC'. - l\pnTKIW coo61ue111rn OIHHI. 19th( 

:1. \' .. ·\. i\frluikov. Possibiliti<'s of l<'chnirnl impli:>m<'nl.at.ion of nonlinenr damping of 
transversal coherent oscillation of a beam. - NIM. A 391 (1997). p.93-95 . .Elsevier 
Srit>IIC<.", Amst-Prdam, Hl07. 

11. I.:'\. l va11ov. Y .A. Melnikov. Nonlinear clamping of cohr.rent. transverse oscilla.t.ions of 
a beam in hadron cyclic accelerators and colliders. -- NIM, A 391 (1997). p.52-55. 
Elsevier Science, Amsterdam. 1997. 

5. \\'. llofle. I.N. Ivanov, H. Louwerse. \'.A. Melnikov. Suggestions to increase the 
transverse damper efficiency. - Particle Accelerat.or, March 1997. 

Ii. E.\'. Gorbntchrv. \'.A. Mrluikov, \\'. llonl'. Comput.er simulat.ion oft.he pown wide
band ,1111plilier fort.hr LllC Darn per project. LllC-Projrc:t-Notr-269, CEHN, c.;eueva, 
'1.00 I. 

, . IUI. .\11('phfl1Jo11 11 ;1p. llpoToT1111 11111po1w110J1ol'I1oro Yl'UJIIITe.rIH 111ow11or-r11 AJIH c11-
cTP~11.1 "Lil(' Dampf'!'". ·· Tpy,111,1 XVII Conema1111R 110 ycKOJ>IITf.'JIRM 3a))RiKP.llllbIX 

•1;11"1'1111, l lpoTIIIIIIOi 1000. · · 

8. T.P.H. Li1111Pcar et al. TrnusvprsC' fredback systrm for LIIC. - Proceedings of PAC 
'2001. C'hicago, PSA. TPAIIOlM. 
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rPYililHPOBKA 3JIEKTPOHHOro IlY'Y:KA C HH3KOM 
3HEPrMEM HH)KEKQHH B BHilEPMO,l(H'Y:ECKOM 
CTPYKTYPE C (3 = l 

D.H. Ilawcu·,,co, H. C. ll{copuu 
1\foch'06ch:u11 2oc.11dapcm.6e1mb111 u11:>1Ce11e1mo-efiu3tt'lfC>.:ttii 1111cmum.y111 

( 11/t.r:H II l/fCh:ut1 Yllll6€J)Ctlllle111) 

PaccMoTpeHa rpynnupoaKa 3.11eKTpOHHoro ny'IKa c HH3Koii 3Heprueu muKeK
llllll O 61111cpno,1111•1ccKOII CTJ>)'KType C y ,ll.llllllCllllblMII H'leiiKaMII. Ilp11ue,11e111,1 pc
:1_\'.llhTaTbl pac'leTa rpynnnponKII qacTIIU B OKpeCTIIOCTII 11y.11eaoii BXO,IIHOii <l>a3bl. 
llpe,11J10:,i,:e11a MCTO,1111Ka pac•teTa 11 ,11a111,1 reoMeTp11'IecK11e napaMeTpbl 611nep110-
.1111•1ecKoi•1 CTPYKTypbl Ha DblXO,IIHYIO 3Heprnto 3.~eKTpOIIOB 130 K3B, pa60Ta10wei1 
Iii\ JIJIIIIIC DO.llllhl 12,2 CM, 

Low. Energy Electron Beam Bunching in Alternating Periodic 
Structure with /i = l 

V.N; Pa .. ~hcntse·v. I.S. Shched1·in 

Low t·nergy clcct.ro11 beam bunching in alt.ernatiug periodic !<l.ruct.un· wit.It 
longer cell:- i:- described. A calculation met.hod and resulti; of bunching near zero 
phases is gi,·en. Const.ruction of 130 keV alternating periodic structure operated 
011 11.'.! r.111 wave length is proposed. 

1. B Rf' J\f' mie 

B .'llllll'ii111,1x ;1Jl('l,Tpo11111,1x Y('l(OJ>ll'l'l'JIHX lll'lllll'f)l,1111101'0 Jl('iirTIIIIH l.'JJ('/lllflH 11a11pH

iKe1111orTb ~1JieKTPll'lec1.:oro IIOJIH B yr.KO))JIIOJ.Ueii CTPYKType na nopH,1101{ MellbWe. 'JeM 

y IIMIIYJibl'llhlX YCKO))IITeJJeii [I,:.!]. Orpa111t'1e1111e UblCOI..O'laCTOTIIOii M0lUIIOCTII lll1Ta

llllR ycl(0J)IITCJIR nenprpblBII0ro 11eiicTBHH CBR3allo, H OC'H0BH0l\f, r. BblC0KO'iaC'T0TllhlM 

11arpeBOJ\I pe3oHaTopon. (_'. ,11pyroii CT0))Ollbl, 113-Ja 1111:Jl{Oro TCMJJa ycKopeHJ-tH ,!IJIHlla 

llil'lrlJlhllOii 'lal'TJJ yn;opllTf'JIH (rpy111111ponaTt"JIH) 311a.'IJITl'Jll,II0 yneJill'llmaeTCJI. Ec;m H 

IIM11Y-1hCHblX yn:opIITt'JIHX Ila CTOH'leii BOJIJle rpymmponKa. IIY'!Ka ocymecTBJIHeTCH B 2-4 
R'teii ... ax nepeMC'IIIIOii ,!IJlllllbl. TO D YCKO))JJTeJIHX nenpepblllJJOro ,11eiicTBHH 'lllt'JI0 11eo,11110-

po;u11,1x H'H'eK COCTaBJIJl{'T I 0-11>. IlpaKTll'leCKII. YCJ..:O))JJTeJib na :mepr1110 B llt'CKOJlhJ(O 

l\bB mJPPT 11eo.1u1opo,l\11y10 CTJJY"TYJ>Y. 11 1.:oTopoii ,11;11111a J1'1f'e1, 11ocTe11e11110 yneJIJJ'lnua

r"JTH. (ko6y10 l'JIOiKII0!'TI, 111,1:11,lllflPT YC'l(0j)<'llllf' ~lm'l('l'J>OIIOB B IICJ>BLIX R'leiiKax. r .11e 01111 

JJMelOT 11IIJKy10 3Heprmo 1111;.i-;e...:u1111 (/3 ~ 0, 2). lb-Ja KopoTKoii ,!IJlllllbJ H'1ee1< (d>../2) 
01111 mll'(OT 1111:nme illYIIT0llO<' C0IIJ>OTJIBJ1e1111e. :.:)To IIJJIIUO,llHT K 31li\'IJJTCJlbllOJ\IY paccen-

108 



sam110 CBl..J:-MolUHOCTH B cTemmx pe3oHaTopa. ,llonoJIHHTeJibHhlii Harpes .1P-1eeK BbI3bI

saeT TOK IIHiKeh'.THpOBaHHbIX 3JieKTJ)OHOB, ue 3aXBa'-!eHHbIX B npo11ecc yc1wpeHHJI. MaJian 
.11Jllll!a nepBblX Jl'-!eeK orpaHJI'-IJIBaeT B03MOiKHOCTb JICHOJlb30BaHirn OMera-pe3oHaTopoB. 

TaK ,,aK npah'.Tll'-leCh'.11 He XBaTaeT MeCTa ,IIJIJI aKCHaJlbHblX llHJIIIH,llpH'-!eCKIIX BbICTynoa 

Ha 6oKOBblX CTeHKax. HcnoJib30BaHHe llHJIUH,llpH'-leCKOI'O pe30HaTopa 6e3 BblCTYilOB 6y

,lleT IIPIIBO,l1HTb I, Hapymemno YCJIOBHJI 3anpe,11eJibHOCTH OTBepcTnj:'1 ,IIJIJI npoJieTa IlY'-!Ka 

II n0Rn.1em110 napa3UTHblX CBJl3ei:i MeiK,11y COCe,llHltMH Jl'-leitKaMII, 

ll;1H 1111:lKHX cKopocTeii 'IaC'l'Hll 6oJihille ucero 110,11xo.11RT ycKop.1110mne CTJ)YKTyphl c 

-rpy61..:aM11 ,11peiicpa. 0,11HaKo npoeKTHpoaam1e, 113roTOBJiem1e 11 HacTpoiiKa TaKHX R'-leeK 

.llJIH yr1..:ope1111.11 3JJeh'.TJ)OIIOU OT l:.! ,110 100 ,ou .f!DJI.fle'l'C.11 CJIOiKIILIM 11poueccoM, DMeCTO 

H'IPii1..:n C Tpy61rn11111 ,11pciic!Ja MOiKIIO IICIIOJlb30DaTh 0111era-pe3011aTop, ,IIJIIH!a 1,oToporo 

6y ,lleT Ha J]).. 6oJibille Tpa,llHUitOHHOI'O pe3oHaTopa. B 3TOM CJiy'-lae ycJIOBHe CHHXJ)OHH

:111111111 IIOJllll,I II 'lfl("l'IIU 6Y.IV'T 111,IIIOJlll<'IIO, ·raK Kai, aa DpClll.fl npoJJeTa npoit,lleT JJHWllllii 

11ep110,1 CBt..l-1.;oJJe6a1mii. B TaKol\l pe3011aTope 'IaCTIIUhl 6ym'T 6oJJbllIC, '-lel\1 o6bI'-IHO, 

IHIXOJIIITbt'H " 06J1aCTII ,11peiicirn' Otrn::JbIUaeTCJI, '-!TO yc1<opRIOlllYIO CTJJYKTYJJY MO;KHO co-
6paTh 11:1 11ec1.;o,11>1rnx pe30lla-ropon 0,/lJlllaKODOii ,llJlllllbl >./2. IICHOJlb3,YClllblX .llJIR yr1.;ope

Hllfl 'lclt'TIIU CJ= l. 0,11Hal.;o 3a30J)bl B TalOIX pe30HaTopax 6y,11yT CMemeHhl OT UeHTpa K 

60IWBl,llll c-rem.:alll .11,·18 Bhl!IO/lllel!IIR ,YCJIODll.11 CIIHXJ)OHJI3a111111. l\'IeT0.1111Ka 11 pe3y.'!bTaTbl 

pac•reTon reo111eTp11•1ecK11x napallwrpoa npe.11JioiKem1oii ycKop1110meii CT)),YKTYPLI 1110ryT 

6bITb llt'JIOJ1b30BaHbl D Ka'-!eCTDe nepBOHa'-!aJlbHOro aap11aHTa .IIJl.11 nporpallll\l pac'-!eTa 

~IIIIal\lllKII '-!aCTIIU B J111Hei'iHblX yc1mp11TeJIJ1X. 

llapa111eTJH,I 11poeKT11pyeMoro rpymmpoBaTeJIR .IIJIR noJiy'-lemrn ny'-!Ka c ;3 ~: U. (j 

(:,11qir1111 :iJJ('l-:T(>OllOJl iau i..::1U) ll()IIBC.IICllbl n Ta6JI. l. 

:l. ilBHiK<'IIH<.> CHHXpom1oii 'iaCTHUhl B CT))Yl<Type C Tpy61<aMH ,l\pei-ic}Ja 

J.r1H 111131.,:J!X ~meprnii 3JleKTJ>Oll08 110.IIXO.llllT ycKOJ).f\lOUlaJI CTPYKTypa AJibnapeua C 

TpyG1..:a11111 .ll1JC'ii<l1a ( p11c. I a), 1tl\l<'Jo1u1u1 111,wor..:oc 111y 11'1'0110(' ('011poTIIBJ11•1111<'. 

Ta6.11nQa 1. IIapaMCJTJ>hl nJHWKTnpyeMoro rpynnuponaTe.11J1 ~.JJJI noJiy-mnua 
ny•1Ka c d ~ (), (j (:meprua :l.JJeKTJ>UHun 130 K3ll) 

I ::>i1epr11.11 yc1.;opc111(blX ~~-1eKTJ>OIIOB /', K3U J::10 
1 Tm, ~1J1e1,-rpo11on /. MA Fi 
3 :311epr11R lllliKeKUIIII C. K3B 12 
4 J11a111eTp OTBCJ>CTil.11 B .Fl'IeiiKe 2a, lltl\l 9.79 
5 JJ11111a BOJllll,l >.n1 12,23(3 
() CooT11011w1111P a/ A a/>. 0.04 
i' 'lacToTa· /. l\ffu 11:,U 

~ PP;.i..:11111 pa60T1,1 yc1,opHTf'.~R !It'll pephlDllhlii 

H (.'l3'-l-re11epaTop l..:JIIICTJ)OH 

::);1CKTJ>ll'ICt'lrne IIOJIR u COC'<.'/IIIIIX :rn3opax l\leiK.IIY Tpy6t..:aMll .11peiicpa IIM<.'IOT npOTII

BOIIO.TIOiKlll,IP 111HlpallJICIIIIH. Jl,111111a Tpy61m ,llpeiicpa, :11-.:pa1111py101ueii lly<IOI, 3JICKTJ>OIIOD, 

111,161q>a<•Tt'.I! TaKoii, 'IT06bl 3a BJ><.'lllH npom.•Ta '-laCTIIU 11anpanJie1111e llOJl.11 113MeHJIJIOCb ua 
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c5 2 l ~J g;J 
8) 

6) 

Puc. l. ~-Cl(Op.fl!OlUru! CTpyl..:Typa: a) C Tpy6KaMn .11peiicpa. 6) COCTO.fllUru! 113 ueno'IKII 

J><'301HITOpou 

yc1..:op.fll01Uee. Ilpu 3TOM cpa3a BO.IIHhl BO BpeM.fl .11peiicpa ny'IKa ,!IOJDKHa II3MeHJITbCH Ha 

( rr + 2rr11). r .11e 11 - ueJJoe 'IIICJJo, paunoe 'IHCJJY nepno,110B CBt.J-aoJJHhI. 11,JJnHa Tpy6Kn 

3aBIICIIT OT c1..:opocT11 'laCTIIU 

S = /3(>./2 + n>.). 

PeaoHaTop co cTpyi..:Typoii AJJhBapeua TpaHccpopMnpyeTCH B pe3oHaTop. cocTOHIUnii 

113 uenoqi..:11 pe3oHaTopoB ( puc.16). ecJJ11 Ha Tpy6Kax .11peiicpa ycTaHOBHTb MeTaJJJJll'leci..:ue 

ueperopo,!IKII. :JTII neperop0,!11(11 M0iKH0 Bblll0JJHIITb B Bll,lle .fl'leiiKII CBH3U (' [UeJJeBblMII 

OTBf'J)CTll.flMII B 601..:0BblX CTeHKax ,!IJl.fl CB.fl311 ucex .fl'leeK CT(>YKTY!)bl. C ,11pyroii CT0p0Hbl. 
B yc1..:op11TeJJe c 611nep110,1111qeci..:oii CTpyKTypoii c BHelllHIIMII H'leiiKaM'n CBH311 npnoceurui 

o6JJfll'Tl, IIMCCT Bll.11 CTpyKTYJ>bl AJJbBapeua. B l..:OTopoii ycK0pHIO[UJle 3a30J)bl pa3,11eJJei1bl 

Tpy6i..:oii .11peiicI>a. Hp11 TOJ'i iKe CaM0{1 ,!IJIHHe yc1,;opHIOlUIIX 3330))0B, o6JJaCTII .11peitcpa 

II Hallp.fln..:eHH0CTII 3JJeKTJ)ll'leCK0ro IIOJJ.fl ,!IUHaMHKa 'laCTHU B 3TJIX CTPYKTypax 0,!1H-

11ai..:011n. Tionepr•1111>11i pa3Mrp pr3otiaTopa (nuyTpemmii ,111a~wrp) 611nep110,1111•1C'c1rnx 

.fl'-{('f:'K 6y ,11eT u 0CIIOBII0M BJJll.f!Tb Ha ,!IJJIIHY BLICOl(O'laCTOTHOii D0JJHhl. 

il1111;+;e1111e 'la,TIIU B IIJJ0CKOM 3a3ope. K K0T0J>0MY 11p11JJ0iKel!o BblC0K0'-lflCTOTH0e Ha

llp.fln..:eu11e. 3aBJICIIT OT Ha'laJJbHOii cpa3hl BX0,lla 'laCTIIU B 3a30p. TaK KaK OT 3Toro 6y.11eT 

aaunceTb BpeM.fl npe6blBaHll.fl 'lflCTIIU B 3a3ope II ypoBeHh YCK0J)HIO[Uero 3JJeKTJ)ll'leCK0ro 

no.rn. OT 3Tnx napaMeTpou 6y.11eT 3aunceTh npnpameune 3Heprm, B 3a3ope. 1-:oTopoe 

nponopunoHaJJhH0 3cpcpeKTIIBHOMY Hanp.fliKeHIIIO, paBH0MY cpe,11HeMy 3Ha'leHIIIO' nepe-

1\l{'l[l[UJ'O. 11a11pHiKCHIIJI 33 uprMR ll]l0JleTa. IlocJJe npOX0iK,!ICIIIIJI HeCKOJJbKIIX aa~I0))0B 

llf'll]Wpl,IBllhlii IIY'I0K 3Jlf'KTpo11on rrpynn11pyeTCH ll cryrTOJ..: '-13CTIIU, IIMf:'IOlllllX 11e6om,

U10ii pa:i6poc ::mepr1111. llp11 1..:0~1<lJ<lmu11eHTe 3axuaTa oKoJJo :10% cpa3onrui .11mma crycn,a 

6y /lf'T C0CTaBJIHTh 108°. B ;)TOT cr~•eTOI..:, CKopee Bcrro. 11011a.11yT 'laCTIIUhl, BXO/IRUIII{' B 

aa3op peaoHaTopa B HyJJeaoii cpaae c1myco11.11aJJhHoro Hanp.fliKeHn.fl, TaK KaK :JTn 'laCTIIUhl 

OYJIYT y,·i..:opRTl,('R II 'l'{''lf'IIIIC' (1('('1'0 II0JJYll('pll0,!18 11a11pRiKC'IIIIH, IIOJJY'-laR M8KCIIM8Jlbllbiii 

npupocT ::iHeprun B 3aaope. llo3TOMY BHa'laJJe pacc•mTaf'M reoMeTpnqec1..:111• paaMepbl 

yci..:op11101Ueii t"rpyi..:-rypbt c Tpy61..:aM11 ,11peiiclrn ,IIJJH o,1111oii 'HICTIIUbl. Bbt611pM .llJJ1111y TJJY-

601..: ;qwiicjrn TaK. 'IT06bl 'laCTIIUa BX0.!111Jla B 33301)1,I t..:aiK,llhlii pa3 B 11yJ1eBoii cpa3e. 3aTeM 

npo11f'pllM rpymmpom..:y •tacTnu coce,111111x no cpa3e c 11yJJeuoii B y;i,;e no.~yqe1moii cTpy1,

TYI){', MoiKC'T oi..:aaaTbCH Tell,. 'IT0 11e11TpOM cryc-ri..:a na caM0M .11eJJe 6yJ1eT 'IaCTIIUa. y 

KoTopoii <Iiaaa o-r.1w111a OT 11y,1H. Pe.~wr11u11c-rc1..:0P ypan11P1111e 111311:,i,;ennR 11111PrT 1111,1 

d13 eE 
1

3 -d = - sin,.,,;f. 
t me 

( 1) 

r ..'lf' ::/ - OTIIOCIIT('/lbllru! ci..:opocTI, :wet..:TpoHa B 3830pe ,!IJJIIIIOii d. 1..: l..:OT0fJ0MY np11JJo;+;etlO 

HallpRiKeHile [" sin w•/: ") - pe,1RTIIBIICTCI"1ii cpaKTOp. paDHhiii ") = ( 1- 32 )-l/ 2; ( - 3clpHJI 
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;,.r1eKTpo11a: £ ·- aMIIJllITY.l\a Ha11p11iKeH1IOCTII BblC0IW'laCT0TH0['O 3J1eKTJ)ll'-1ec1mro ITO.Tl.fl 

£ = C/d: ...; - 'laCT0Ta BblC0IW'JaCT0TH0f'O 110.Tl.fl: 111 - 111acca 3JleKTJ)0Ha: C - O,OJ)OCTb 

CBeTa. 

llep111,1ii IIIIT('l'J)HJI ypa1111c111111 )\lllliKCIIIIH 11p11 Cl,OJ)OCTII :.)JJeKTJ)OIIOU 11a UX0,!IC I.I Jaaop 

rlo [l JIIOMCIIT npeMellll lo = 0 IIM<'eT CJl(',llYIOll.lee Bb1pa1Kem1e 

13 /3o eE(coswt - 1) 

J 1 - ;32 = J 1 - /35 - mew 
(2) 

llTopoii 1111TerpaJ1 ypam1em111 ,11an1Ke111rn ,!IJIR 1.;oop,111rnaTbl He IIMeeT a11aJJHTH'-le

n:oro Bb1paiKe111u1. llJrn c1·0 Ja1111c11 11c110J1b:iy10Tc11 Ta6Jlll'lllble IIHTerpaJlhl. Tai, 1<a1-. 

11a11pRiK<'llllOCTb ~Mel-.TPll'IecKoro llOJlfl B Jaaope 6y ,11eT IIMeTh He60JihlllOe JHa'-!eHII<' 10-
:10 1d3/c111 II C0OTUeTCTneuuo 6y,11eT 11e60JihlllHM IIJ)IIJJOCT :::i11epr1111 no cpanHeHHIO C 3Hep

l"llf'ii 'l«<'Tllll 1111 llXO,IIP n :rn.1op. II0Jl,V'-IHC'M n1,1paiKe1111e (2) n 6oJieC' YJ1061IOJII )lJIH all/lJlll:l/1 

1111/\P 

}- do-1.·,/f=;]l[ 

""' - /1 +,.. (1.• - J.·1f5 - '2/3oJ1 - vii). 
(3) 

l"JH' I.· = c E ( co:; wt - 1) /mew. U 11awe111 cJJy'-lae 11p11 aJ1111J111Ty )le ycKopRIOUlero UOJIR 

F: = ;\() 1d3/cr.1 11 11po,1eT11or.1 yrJir wt = 2 pa)l 311a•1e1111e I.· cocTaBJIReT 0.16. Ta,..: 1-ai.. 

:mar..lf'IIHT('Jlh (a) 11eJ111Ioro 0TJlll'lclCTCfl OT l, IIOJiy<Iael\l np116J111iKe1111oe Bblpa1Ke1111e 

3 
_ 

3 
eE(I - d5) 112(coswt - 1) 

I - I (I - , 
mew 

(4) 

::ho 111,lf>cliKellll<' OTJlll'H\C''ITH OT pc>IIIC'IIIIH ypau11e1111H ,IIBlliK<'lllffl II uepc>JIHTIIBIICTCIWM 

<"Jl~"HH' (a], IIMf'I0lll<'f'0 llll/1 

j - ·J rH(coswl - I) 
; - '(I - ' 

11/(\,.,• 
(5) 

IIOll)HllllWii ( 1-.-J,~) I/'.!, l,:OTOllilH Y'IIIThlBaeT 113MC'llf'llllf' p<'JIRTIIBlll'TCIWii Jlla<"Cbl 'lc\CTJIIU,1 
- ., I/'' 

:lf = 111/( I - :1,i) • 11p11 Y<'IWIH'llllll 'HH'Tllll II :111:1op1•. f>myJll,THT IIIITf'J'))llpo11a111111 11p11-

0Jlllihl'IIIIOl'O lll,1)>1liK<'IIIIH ('1) 1ll111JIOl'll'IPII pPUIPIIIIIO ypi!IIIIC'IIIIH )ll.llliK<'IIIIH II IICpPJIH'l'II· 

1111<"1'<'1\0JII <'Jl)"t.H' 

(G) 

llorJH'IIIIIOCTh c5 .J = ( d - d 1 ) / d 1 pac•teTa n;opo<'TII no 11p116JII1iKf'IIIIOii (5) 11 To•111011 (:{J 
(l>op~1r.rnr..1 11e 11penL1wac>T 10'/i 

l",/l(' ('IIJIIII0JJOJII ,j 060Jt11l'IC'IIO 11p116JJ11iKC'JIIIOC' J)ClIIC'IIJIC, CIIMI.IO.TIOJII /31 - 1'0'1110e pewe1111c. 

B )>il<''lf'T1lX ;no JII0iKf'T ll))llllPCTII ... 11e60J1b1IIOJIIY 11a6f'ry cpa3 n11yTp11 Tpy61rn ,l\peiicpa 

II. t"00'l'IIC'TC'J'll('IIIIO, 6oJJP(' pc1111w111y IIX0)IY 'Hlt"TIIU B CJIP,llYIOlllllii 3aaop, 'leM CJ1e,11yeT 113 

pa<"'il'Ta 110 To•111oii <l>opMy JI<'. 

111 



;3. lla.pa.MeTpbl CTJ)YI·Cf)'J)bl C Tpy61<a.MH .D,pei-ic})a. 

UpeMR npoJieTa 'iaCTlllJ, B 3a3ope t BhI6npaeTCII TaKHM, 'lT06hI 3Hat.JeHne npoJieT11oro 

<l>aI,Tlll>il (0,tM) 
sin(w//2) 

r=----
wl/2 

01,IJIO II xapal,Tl'f>IIOM /IJIJI iW:JOlllllWllt.lX JIIIIICiilllJX yn;op11·1·cJir.ii Jlllallll30llf' 0,8-0.IJ. IJo 
3aJlaHHbIM napaMeTpaM /30 , E onpe,11eJ11110T 3Ha'-1em1e yc1<op111omero aaaopa d, a TclKiKe 

uuxoiwy1u n.:opU1."l'b 13. ~1tJ>tl>eJ,Tllllllble :rna'1e111111 E,<1> = L::r II Ll.F,<1> = J::rcl. Oco6em10-
CTh10 npe,IIJ10&eHHOli YCKO})lll01llei°1 CTPYKTYPhl JlBJIJleTCJl 11Cll0J1h30BaHUe 6oJiee .IIJIIIHHOit 

Tpy61rn ,11peiic:pa, t.JT06h1 nepno.11 CTPYKTYPhl (aaaop n Tpy6Ky ,11peiic:pa) t.JacTnua npoJie

TaJin :in npcMJt :lT/2. )lm11m Tpy61m ,11peihtin I nh1611pae'l'cff 113 ycJIODHJI panc11cTna :.hr 
cyMMapuoro c.11s11ra cpaa B aaaope II Tpy6Ke ,11peiic):>a 

,..;f +,..;//;Jc= 371'. 

Tai.;m,I o6pa3ol\l, 11Cll0Jlb3)'eTCR Y.i\JllllleHJrnJI Tpy6Ka. B IWTOpoii 'IaCTUUa 31,;pa1111py<>TCII. 

110Ka He 11poii.neT BpeMR He T /'/.' a 3T /'/., 'IT06bl HanpaBJie1111e llOJIR B CJie,11y10weM 3a3ope 

1131\IeHIIJlOCb ua YCKOpR!01Uee. PeayJibTaTbl pact.JeTa np1rne.neHbl B Ta6JI.2. 

Ta6.11u~a 2. Pe3yJILTaTLJ pac•1eTa napaMeTpoo CTJ>YKTYJ>LI c Tpy6KaMH 
~pc:nclm 

1/T cl, I, do ;3 E. B,,,~· ~li,,t,, 613. 
Ml\! Ml\l KB/cl\! KB/cM KB <Ji 

1 0,3'/. 9.15 38,4 U,'/.la U,'/.CW 10 8,4 8 1.5 
2 0.:1'/. 12,MO Iii.I U.21ili 0.42:l :rn 25,2 :12 i.l 
3 u.a'/. 18,82 8'/.,4 U.423 0,571 :10 25,2 47 8.2 

4. l'pyn1111pos1rn ~iarruu B crpy1<Type c Tpy61<aMH .D,peii<}la 

Pacrl\loTplll\l rpynn11ponKy rel\111 t.JaCTIIU D OKperTHOCTII HyJienoii cpa3bl OT -0, 2T ,IIO 

0, 4T c waroM ~11cKpeT11aau1111 U, lT ,IIJIR 110J1yt.Je111wii pa11r<' yc1<op111omeii npyKTYJJbl r 

Tpy6KaMH ,11peiicpa. Pewem1e ypaeHemrn ,11e11:,i,,:em111 OTJillt.JaeTCR OT pewem1ii ypaa11em1ii 

( 5 ,0) Ha'-la.llhHbll\111 yrJIODll.fll\111 

] _ ,
3 

_ fE(l - d5) 112(roswt - roswt 0 ) 
• - • 0 ' (i) 

111Cw' 

( 
cE( I - i3a) 112(sinwf - sinwfn -w(t - to) rosw/n)) 

,r = r do(t - lo) - ., • 
mc...i-

(8) 

r.ne lo - npel\lH nxo,11a 'laCTIIU D aa:iop. UpeMR npoJieTa I II COOTDeTCTBYIOWIIii yroJI 

IIIJ0,11.'T<I Ollpl'.ll<'JI.HIO'l'('.H D pl'3YJlb'l'cl'I'(' pewe1111H ypan11ellllff (8) 11p11 .r=cl C IIOMOWhlO 
c:pym..:u1111 "11o.n6op napaMeTpa·· nporpaMMbl Excel. Ha pnr.2 noKaaaHo 113MeHe1111e OT

Hoc11Te.1b110ii c1.;opocT11 ceMH 'IaCTIILl Ha Bb1xoi1e 11epab1X Tpex yc1<op1110w11x :.iaaopoa. 
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~ 0,700 ................................................................................ ___ _ 
0,600 

0,500 

0,400 

0,300 
0,200 
0,100 -1---------------4 

0 ,DOD +--.--......... -......----.---,----.--.---4 

-+- nepBaA A4etiKa 

.......... eropaA A4~KII 

-4- TpeTbA A4e~a 

0 2 3 4 5 6 7 8 N 

PIIC'. 2. fpynnnpoBKa 'IaCTIIU a nepBbIX Tpex JI'JeiiKax 

;J, ilpeo6pa3osam1e cTpyI<TyphI c Tpy61<aMH .npeiicl)a B 6unepHO.LUI'le
n,y10 cTpy1nypy 

I lapaMeTJH,I 61111rp110,aw1enwii 1P1eii1m ( p11c.:l). 110.~y<wHHhre 113 c11panotJ1111Ka [4}. 
II p11ne .:teHhl B Ta6,1r.~t ,llJ111Ha JI'Jeii,rn. paCC'IIITaHH0II Ha yc1-;opem1e PeJJJITIIBIICTCKIIX 
•mcT1111 c d = 1, pau11a D = f]>./'1.. 

Ta6JJHu;a 3. IlapaMeTpbl 6HnepHo~H•rncKoH JI'"IeHKH 

1 llmma 6unep110,q11qecKoii JitJeiiKII, MM D 61.2 
2 :.3cpcpeKTIIBHoe myHT0Boe conpoTHBJ1em1e,MOM/M 1',,i, 24.3 
:1 1..:o~)<IJCt>11u11e11T cn11311 Me;K,ay J!'-tei"iKaM11 k 0.02 
4 .l11a111eTp oTBepcTirn ,q.~JI npoJJeTa nyq1..:a, l\Il\I 2a 9.79 
5 To.1Ll.\J1Ha Tpy6Im .ilPeiicjrn. 111111 a1-a 4.H 
(i Jlr rn11wrp ~'('1-;op111011wii R •1rii rm. 111111 2b !Ii-~~ 
i' i{11aJ11PTp Jl'Ieiirm crrn:m, 111J11 2b1 Ul .55 
ti. .Jm111a H'IeiiKII l'Df!;JII, JIIJII 'I.I 4.~ 
!) To:111u111a 6oi-;onoii ("1'<'111..:U 11•1rPr..:, 111111 lo 2..1 
JO Pn,'IIQ'C ue11Tpa me.111 11a 6oKouoii cTeIIKe, l\ll\l 1' 34 
11 j[,11111ra ll(f'JIII f'llf!:111, JIIJII / l '.,!!j,!J 

I:! Ill 11p1111a ll(<'JIII. Mlll ~I' 4 
1:1 Yro.'J JHH'Tllopa. rpa,;1 l' a~.l.i 
14 1.1rw.10 OTll<'JlCTllii cntt:i11 n 6or..:onoii cTerrr..:e X 1 

Tar..: J..:aK ,q,rn ll0JJY'leHIIJI OTIIOCJITeJJhHOii CK0p0CTII 'JllCTIIU 0,6 a CTpyKType c Tpy6-
r..:aMII ..:1peiicpa .il0CTaT0'JH0 Tpex yc1<opJI!01UIIX 3a3opoB, aaMeHIIM IIX Ha TPII 611nep110,au
'f('('l..:IIP H'leii,rn. l'0X)Hlllllll 11<'11:JMPlllll,IMII re0M('Tpll'l('CKlle pa3M('}>Lf 3a3opon II o6JJacTdi 
,ipeiill>a. :Jaaop 110 rnopoii 11•1eiir..:e Tar..:oii cTpyr..:Typhr c111emeH BJJeao OT ueHTpa, TpeTheii 
H'lf'lllrn .. 1111pauo. 'IT06LI II0Jlll'l'TIITb UTopy!O Tpy61,:y .11peiict1a B .ane ll'Ieiii..:11. llocJJe.amrn 
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Puc. :_I. H •1cii1rn 61111cp110,L\ll'JeCJ..:oii yc1..:opmow.eii cTpyKTYPbl 

Tpy61.;a ,11peiictrn OKU3a.Jl3Cb CJIIIUll..:01\1 ,IIJIIIIIHOii, /IJIH Toro 'l'l'06bi IIC110Jlb30Da'l'b cw.e o.1111y 
61111epllO,Llll'ICt:Ky10 .R'ieii1,y, IIO~lTOMY J(OJlll'ICCTBO Jl'iCCI( rpymmpoBaTeJIJI orpaHH'ieHo 
T(>CJ\IH, '-leTDCp'l'aJI H'leii1rn paC<''lll'l'blDclC'l'CII 11a /3 = 0, 6 110 ,11aHJ1blM CllpaDO'IIIIIKa [4]. 
Ha•mHa.H C 'ICTDepToii J1'-ieii1m, 611nep110,1111•1ec1<a.11 CTpyKTypa HBJIJICTCJI Tpa,111tUIIOHHOli. 

G. :)a10110•1emw 

lb p11c.2 B11,LIHO, 'ITO rpynm1pOBKa crycTKa npo11cxo,1111T BOKpyr 'iaCTIIUbl N 4. IIMC
JOU~eii cjJa.3Y BXO,lla o. 1T(36°). 1..1acTm1a, DXO,LIJIUlaR D 3a.30J> B 11yJ1enoii cpa.3e, TaKiKI' 
co,11epiKIITC.fl D crycTKC 'laC'l'llll, 110 llMCCT 11CM110['0 J\ICllbWYIO CKOJ)OCTb. '-lacTJILl,bl N J, i 
o npouecc yc1mpemrn 11e 3axnaThma10Tc11. Ko::icpcjmuncnT JaxuaTa ,L\JIH rpy11111,1 •mcT1111 
:./-6 pa11c11 40%. 

,ii ll'l'C'j>il'l'YPil 

I. E. T,rnal)(', M. Bayr.r, M. Trall. - !Elm Trans., l!IK!;, v.NS-:J:.!, N r,, p . .!!J7!;. 

:./. Ii. B. :Jucpcn, 11. n. Co6emm. :3J1eKTpo,1111naM11 '1ec1,:11e xapaKTep11cT11K11 ycKop11101UHX 
pe:.io11aTopou. M.: 3neproaToMll3,llaT, 1993. 

:\. II .B .. Jle6e11l·11. Texmurn 11 11p116op1,1 cuepxu1,1col\11X •mcToT. T.'..!. M.: l3b1cma11 111K0Jm, 
I !Ji.!. 

11. 0.:\. Ua;11,,L111ep, II.II. Co6cm111, u.U. :)ncpen, H.C. lUc,11p1111. ).(nacf,pan111poua1111b1e 
uo.111ouo,11b1. C11paDO'illlll,. l\L: :.:)ueproaToMHJ,llaT, 191:ll. 
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YCKOPEHME 3JIEKTPOHOB I'AYCCOBbIM JIA3EPHbIM 
H3JIY9:EHMEM B CMJibHOM MAI'HMTHOM ITOJIE 

B.II. Mu.1ia1tmbea, JI.H. lllaap 
Poccu11c"uu y1waepct1mem dpyJ1C6b1 1wpodoa, Moci.a.a 

PaccMaTpnnaeTC.11 ycKope1111e 3JieKTpOHOB MOll.lHblM Jia3epHb1M rayccOBhlM li3· 
Jiy'lelllleM D peiKIIMe UIIKJIOTJ)OHHOro aBTope3OHa11ca. 11oKa3aHo, '!TO ll CJiy'lae AO· 
C'faTO'-111O WllpOKIIX 1·aycconwx lly<IKOD peJI.IITIIDIICTCKlle 3JieKTJ)Ollbl MoryT 6b1Tb 
:)c)><)>eKTIIDIIO ycKopellbl Ha 11e60JibWIIX paCCTOJIHIUIX, HeCKOJlbKO npeBblllJal011111x 
p:JJ1eencKy10 AJUIIIY, c 11e:.i1m'U1TeJ1b11L1MII paA11mu1O11111>1M11 110Tep.11M11. Te Mn ycKo-

. pe1111.11 MOiKeT 6b!TI, TIODbllllell npu COOTBeTCTDYIOll.leM npoq>HJill))OBaHIUI DeAymero 
~lill'IIIITIIOl 'O IIOJUI. 

Acceleration of Electrons by the Gaussian Laser Radiation in the 
Strong Magnetic Field 

V.P. Mil,mtie·11, Y(l,.N. Shaa1• 

Accelcrntio11 of clcctro11s by the laser Gaussian rmliat.icm at t.he aut.orcsom111ce 
regime is considerC'd. It. is shown, that in the case of the suflicient.ly wide Gaussian 
hcams relativistic electrons can be effectively accelerated at the small interval 
of the order of the Haleigh distance with the negligible radiation losses. The 
acceleration rate can be e11cha11ced be the correspo11<li11g pro!ili11g the gui<ling 
111ag11ct.il' !iC'lcl. 

I. Bttcw•1111c· 

( 'p«'JIII MII0J'IIX ~l(•Xa1111:1~toll yc·rwp,·111111 :rnplliKPlllll,IX 'HlCTHII 0,!IIIHM 113 ncpc11eKTHB

lll,IX llllJIHt'Tl'fl ~IPXilllll3M 11111rnoTpOIIIIOl'O aaTopc:mHa!lca (1-5]. AIIMU:J a1nopeao11a11c

ll0J'0 yc1..upc111111 UUl,1'1110 01·110111,1uae-ro1 Ila 0lllll'/lllllH yc1wpn10111cro II0JIH H flll/\P [IJIOCKOii 

II0Jllll,l. O1111111,;o II CJl)"lil(' 1\1011\IIOl'0 J1c1:wp11oro ll3JIY'!CIIIIH ::no ,llaJleK0 lie ucer;1a 0TUC'laCT 

peaJlbllLII\I YCJI0IIIIHM ::n.:c11ep11MeH'ra. lla1160JICC a;\CKllclTIILIM C'IIITaC'l'CH llpC,l\CTanJiemte 

Jla3ep11oro ll3Jl)"ICIIIIH D Dll,lle rayccona ny'!I<a - rn. IlepBble o~eHKII aBT0pe30HaHCllOI'0 

~,exa11113~Ja yc1wpeH11H ::ineKTJ)0H0B rayccoDblM Jla3epHblM ny'-IK0M HH3llleii MO,llbl 6b!Jlll 

npoue,i\ellbl, 110-u11,1111M0My. n pa6oTe [6), r ,11e 6b1J10 IIOKa3aHo, 'ITO D none CO2 Jla3epa 

C IIIITellCIIDII0CTLIO 10 13 
13T/cM2 II pa3MepoM IIHTHa 0,5 CM B MarmtTH0M noJie 100 Kfc 

3Jlt'KT()OHbl ~1oryT 6b!TL yc1<0peHbl C 15 ,110 500 tvbll Ha paccTOJIHIIII upHMepH0 D ,11ae 

p3.1IPCUCKIIX ,IIJlllllbl ( OIWJIO 15 M). 13 ,llaJlblleiiweM 6hlJIO noKa3aH0, '!TO B noJie rayccoaa 

ll)"IKa B03~10iKII0 yci,.:ope1111c ::i.~eKTpOII0ll C BblCOKIIM TeMn0M !Ia ue60JiblllOM ycKopJIIO-
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meM upoMeiKy'rne (ol<OJIO l M) [i]. TeMII yc1<ope1111.11 UR ::>TOM IIJJOMCiKYTl<C MOiKC'I' 6LJ'l'I, 

YllCJlll'ICJI C llOMOIIJ.l,IO'COOTBCTCTDYIOIIJ.Cl'O npocpHJJHpouamrn ne,11yu.1.ero Mal'IIHTIIOl'O IIOJUI 

[8]. 
IJ llclC'l'OHlll<'ii pauOT(' JICCJll',l\UllcUI xapRl('l'CJ) ,l\UHiKCIIIUI :JJ1C1,'l'()Ol1Ull 11()11 llll'IHJll,IIUM 

YCJIOllllll 11.IIKJIOTpOIIIIOl'O Pf3OllaJICa B IIOJJe urnpo1rnx Jla3epHblX rayccoBblX IIY'll<OB, 1<O-

1·,11a cyiKCIIIIC 11y•11rn llpHMCJJIIO 11a IIOJJH,LIUI\ 11penucxo,L1H'I' ,rvumy BUJlllhl HJJIY'ICIIHH, IHI 

~·«·1wplll011l<'M llpOMCil-.YTI<<! 11O1rn,111rn IXIJl('f'IICI<Oii ,/IJllllll,I. l101rn:ia110, •i-ro II ()(l'l'IIMRJll,11O 

IIO,l\06pa11110M c1111xpo11u;mpy101u.cM llC,llYJJJ.CM MlU'IIH'l'IIOM IIOJIC 'l'CMII YCKOJJCIIHH MoiKe'I' 

6b1Tb cymecTBCHHO YBCJIIP-ICH, npn 3TOM pa,111iau.11OHHble llOTepn He Ol(aJblBalOT JaMeT-

11O1'O nJJIU!IIIU! 11a na6op JHeprm1 JJJeKTponaMH. 

2. Hcxo~Hbie ypaBHemrn 

PacCl\taTpl!BaeTCR ,l\BlliKCHHC peJJRTHBIICTCKIIX 3.'ICKTJ)OHOB B noJJe Jl83CJ)HOI'O rayc

COBa Ily<IKa (fl1)' HH31llCl'.i MO,llbl. flpC,LIIIOJJaI'aCTCR, 'ITO fl1 pacnpocTpaHRCTCR B,LIOJlb BC

,l\YJJJ.CI'O MaI'HIITHoro noJJR ,Bo, annpo1<cnMnpyeMoro BblpaiKem1eM Bo = (Bar, Boy, Bo: (::)), 
r,lle 

IJoJ• = - :. dBo: 
'2 cl:: , 

Boy = _ !!_ dBo: 
'2 ---;f;""" . ( l) 

By,I\Cl\l paccMaTplllla'l'b llllPI<YJJRpllo IIOJJRp1130BaJIHOC Jla3epuoe 113JJy<IClllle. 11()11 :,ToM 

D OTJlll'Ule 
0

OT [G] He 6y,L1eM npe11e6pera'l'b 3alll!CHMOCTblO IIOJIR BOJlllbl OT IIOIICJ>C'lllblX 

1..oop,l\llllaT: 

£ = (E cos 0, -E sin 0, U). (:l) 

:},lll'(.'I, aMIIJlll'l'Y )la DOJIIILI 

}.',' = -✓-1-':-• I -LJ-~ CX p [- -11'-,-5 (-/-:-LJ-~-,)] = H1f(x, y, ::), (:lu) 

<jrn:1n IIOJllll,I 

0 =-wt+ k:: + k"1, 
,.:i /J 

k'V = ''(l - /'J'') - arct.au(D), 
Wi, + -

('26) 

1',IW /) = '2::/ku·r, = ::/:.q, 111•J111•11111a ::,1 = kwfil'l. ·· p:1Jie1•11c:1,m1 /IJllllla, k = w/r·- 11a1,yyl\l

HOP BOJIIIOBOe 'IIICJIO, Wo - MJIIIIIMaJJbllhlii pa,LIHYC IIY'iKa ( pa,LIHYC cy:+.eHlUI), I' = ✓ J~ 2 + y2 . 

MarllllTHOe IIOJJe I'll JIMCCT I<OMIIOIICIITbl: 

r,ne 

J] = (Br, By, B:), 

Br= E1(/Qsi110 - GcosO), By= Ei(Gsi110 - /Qcos0), 

l 
'l.JE1 . . 

fJ, = - ,. ''( 1 D'') ((xD - y) sm O + (yD + x) cosO). 
t-:l(lij + -

U :,Tux <IJOpMy;iax uue,1.1e11b1 060:rna•ie1111H: Q = l + ilk\JJ /Ok::; C: = i.Jf /Ok:.. 

( ;3) 

C'Tporo I'ODOJ).fl, rayccou ny'l01{ ue MOiKCT 6h1Tb 'iJICTO IIOIICJ)C'lllh[M. CorJJac110 ypau-

11em110 l\faKCBCJJJJa IJEx/ ax+ 8Ey//Jy + {)E,/8:: = 0, B IIJJIY'iCHHJI IIOMHMO IIOllepe'l

llhlX 1,:01\[IIOIICll'I' (2) ,J\OJliKIIII cy111.cCTUOBIITb rq>O,J\OJlbllaH COCTaDJJHIOll\aH JJJeKTpll'iCCKOl'O 
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U0JUI. O,11uaKo 3Ta cocTaBJIRJOlllaH HMeeT nopJI,II0K 1·/ kw'fi = r/'2::.q no 0TH0llleHHIO K 

nonepe'!HhlM IWMII0llel!TaM. Tai, '11'0 IIpH nonepe'lllhlX 0TKJI0HellltflX YCK0))ReMblX 3JleK

T))0ll0B, MeHbWHX cy;KeHHJI ny'IKa (r < Wo), H ,IIJIJI ,II0CTaT0'III0 lllH))0KHX ffl (wo « ::.q, 
kwo » 1)' IlpO,IIOJlbHOii COCTaBJIJIJOll.(eii uanpRiKeHH0CTII 3JleKT))U'leCK0I'0 II0JIJI M0iKH0 

npeue6pe'lb. KpoMe T0I'0, Il))0,II0JlbllaJI C0CTaBJIJIIOlllaJI a cpe,11ueM He BJIIIJleT cyll.(e

CTBeJrno ua paccMaTpnaaeMblll ,IIMbllle MexaHH3M UHKJI0T))0HH0I'0 peaouaHca. 

~·.106110 npe,11cTam1Tb ypamremrn ,I1BHiKem1JI 3JleKTpoHa n 6e3pa3MepHoii <popMe. 11,nR 
:noro UB0,IIJITCJI 6e3pa3Mepuble K0MU0HeHTbl neKTopa HMilYJlbCa p = p/moc, r,11e mo -
Macca II0K0JI, 6e3pa3Mepuoe npeMR r = wt. 6e3pa3MepHbie K00)),IIHHaTbl X; = x;k, peJIJI

TIIBIICTCKHli <paKTOp "'j = Vl + p'!., 
UmrnoTpouuoe apall.(em1e •1acTHUbl n ,11peiic:poaoM np116mrn,emm n1,1,11enJieTcJI c no

Mo111b10 cTall,Ilfl()TIIOii 38MCllhl fi= 111e1 + PJ.(e2cosOc + ea sin Be), r,11e Be - rupocpaaa; 

r1 = lJn/lBnl, t'!, e:i - JIOI-aJibllaR 6«311CHaR TpoiiKa e,11111111'IHhIX neKTopoa, CBR3aHHbIX 

c t'IIJIOIIOii Jllllllll'ii Mfll'IIIITII0l'0 II0JIR. U o6meM ypaUJ!eHHJI ,llBHiKeHHJI HMeJOT ,ll0B0JlbH0 

CJIOifl:111,iii llll/1, 01111 IIC'Cl(OJlhl,:O ynpo111a10TCfl npu YCfW/111<'111111 no 61,l<'Tf)blM cjrn:rnM n 

pe;1011a11c11oii 06.~aCTII: 

:PJ./ R2 J D O . :PJ. G' . Plfn , n ( D'') (. cos + -smO+) + --( .,smO+ -JQcosO+) - -,-. 
'2 1 11 l + - 1 '2fq 

B :•TIIX ~'flllllllC'IIIIHX llllC'/IC'lll,I 000;11ra•w1111R: 

n = rH(X): 
11/Ctl' mocw 

I b Cll<'Tl'l\11,1 yp;i llllCllllii ( 4) ('JJ(' JIYCT' 'IT0 ycJJ0Ulte T0'III0J"0 Ulf KJJ0T()OJIH0ro peao11a11ca 

0IIJll'11",'lflf'T<'H <'<><>TII0lll<'llll<'M 

(5) 

C'oOTIIOlllt'llll<' (5) lit' HDJJ.Rt'TC.R, B 06u1eM, IIIITerpaJI0JII ypan11em1ii /IBU;KellllJI, T.e. 

11a•1a.:lbl10e YCJI0Blle UIIKJI0T))0IIII0ro pe3ol!auca He coxpaHHeTCJI aBT0MaTH'leCKII BO ace 

npe!IIR ,1BlliKCIIIIH 'laCTllllbl. JlJIR 'laCTllll, HclX0,11.RIIUIXCR B6JJll3II 0CII ffl, Il))II CJJa6oii He-

0,llll0p0.llH0CTII 111armITH0I'0 Il0JIR lift paccT0.RIIIIIIX nop.11,11Ka J)3JJeeac1<0ii ,llJIIIHbl M0;+;H0 

117 



lll><'IIPOpc"II, ll'l'OJ>LIM CJl!U'U.eMt,IM IJ ctmGKax (&). Tor,1111. ycJtOllHe 1.1,HKJIO'l'IJOIIIIOl'O !JC· 
30H8HCa HeCKOJlbl..O y.npomaeTCfl, EcJtH HH)KCKTHponaTb 3JICKTp0llbl npu Bbln0JllteHHH 

ycJ1on1111 ( 5), ·ro na cpanm1TeJ1bt10 11e60J1blllOM HHTepnane 1ta6era10mee H3MeHeHHe pe30-

11a11c11oii cf>a3bl 11e 11pnno,11nT 1, cpbmy pe3011a11ca, u •taCTHUa ycnenaeT na6paTb 311a'111• 

TeJibHYIO :mepr1110. B 3T0M CJly'iae xapaKT~P ,!IBH:iKeHIUI 3JleKTJ)0H0D 6JIJl30K K
0 

aBTope-

30Uam·y. CooTUolllenne ( 5) naKJia,llbmaeT orpanH'ie111t11 na nepxnuii npe,11eJ1 Ha'iMhHOH 

3Hepr1111 II 11a MIIHHMMbHYIO U1Hp1rny rayccoea ny'iKa, HanpnMep, B nocT0flHH0M Mar

HHTH0M JIOJle 100 td'c n CJly'iae IIJIOCKoii B0JIHbl ,I\JIJI DblII0JIHCJIHJI YCJI0BHJI UHKJI0TJ)0HII0I'0 

peaouauca lta'H\Jlh!HUI 3llepnrn 3JICKTp0H0D, yc1mp.ReMblX CO2-J1aJepoM, ,II0JliKHa 6b!Tb 

60J1hwe :l5 !vbB. a ,/\JI.fl Jia3epa na Nd-cTeKJle - 60J1bllle 250 M3B. B cJly'iae ycKopemt.R 

raycc0DblM ny<IK0M ,/\JI.fl Bbll10JIHCHH.fl YCJI0BII.fl ( 5) Ha'iMbllaJI 3Hepnrn 3JICKTp0Ha ,II0Jlil<Ha 

11axo,1111TbC.R n npe,11eJ1ax 25-2500 l\faB ,/\JI.fl CO2-J1aJepa 11 250-2200 M3B ,IIJI.R JlaJepa 11a 

Nd-cTetrne. 

E[MeV] 
I 

400 

350 

300 

250 

200 

150 

100 

50 

2 

50 100 

Puc. I. lbMe11e1me JHepr1111 yc,..:opeHHbtX JJ1eKTpo11on npn 11x paJH0M noJ1oiKe111111 n 

CC'ICIIIIII rn CO:i-Jiaaepa: 1) l'o = 0: 2) l'o = Wo/2: 3) l'o = Wo 

:3. Pe3y.llhTa.ThI q:ncJieHHoro perneHHJI 

Pacn,taTptmaJIOCb yci..:opemte 3JleKTJ)OHOD B peiKHMe l~HKJI0TJ)0HII0I'O pe30Hanca rayc

l'Ollhll\l 11any'ie1111el\l CO2-naaepa (), = 1, 06 • 10-3 rM, / = 1015 BT/cM2, w0 ~ 0, li cM) 11 

na;-ie1rn 11a Nd-cTe1rnr. (,\ = 10-4 CM, I= 1018 l3T/cM2, wo ~ 0, 05 CM). ~'pannemrn ,11n11-

;i-;eH11.R 3JICKTp0H0B pelllMIICb 'illCJleHH0 no MCTO,IIY Pynre-KyTTa npn J)a.JJIH'iHblX 3Ha'ie

llllRX 11npaMeT)>0ll II0JIJILI II YCJI0DIHIX lllliKCKUHH 3JICKTp0IIOB. PeJyJlbTaTbl 'illCJICIIH0ro 

peweHH.R npe,11cTanJ1eHbl Ha p11c.l-5. Ha pnc.l noKaJaHa 3annc11MocTh Jneprmt ycKopeH

HhlX 3,1eKTJ)0HOB 8 0,1\H0J)O,IIH0M Mal'HIITH0M noJle Ha llHTepnane 100 CM npn HX pa.3H0M 

noJI0il-:f'IIIIII no ce•teHIIIO. rn CO2-J1!13epa. XapaKTep ll3MeHellH.fl npn 3T0M nonepe'il!0l'0 

0TK,10lleHll.fl yct..:opeHHblX 3JICKTJ)0H0D nn,11en ll3 pnc.2. CnHXJ)OHH3Hpy10mee MarHHTH0e 

nom• l\JOiKeT 6bITb .Il0CTaTo'-1110 xopowo annp0Kc11M11pona.io mmefi11oii cf>ynKuneii c onT11-

Ma.rtbt10 no.Ilo6pam11,1M npoct>nneM 11eo,llnopo,1111oeT11:B(Z) = Bo(l + oZ). l'.Il<" rpa,1111eHT 
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F:l(an] 

0.25 

0.2 

0.15 

0., 

0.05 

0 
D 50 100 

Puc. 2. llaMenenue nonepequoro 0TKJionenu.113JieKTpona. ycKopennoro rn CO2-JIB.Jepa c 
HHTeUCHBH0CTblO 1015 8T/cM2 : 1) H3MCHCHHC WHpHHbl ril; 2) H3MCliCHHe nonepe'IH0I'0 

noJio~euu.11 3JieKTpouoe, ""*eKTHpyeMblX Ha rpaHm~e rrr (ro = wo): 3) ro = wo/2; 
4) ro = 0 

E(MeV) 
600 

500 

400 

300 

200 

100 

1.2 
3 
4 

5 

Z(an) 
0 +-------.-------.-

0 50 100 

Puc. 3. 3aeHCUMOCTb ::mepI'HH ycKopeHHblX 3JleKTp0H0B B fi0Jie ril CO2-J1aaepa C HH

TeHCHBH0CTl>IO 1015 BT/cM2 H C pa,11nycoM cy)KeHH.11 Wo = 0, li MM, pacnpocTpau.1110-
1.QeI'0CJI B,!I0Jlb ueo,11nopo,11uoro MaI'HHTH0I'0 fiOJI.11 C JIHHeHHblM npo<pnJieM, OT pa,11nyca 

""*eKunn e nnocKocTn Z=O: 1) ro = O; 2) ro = 2, 2 • 10-3 CM; 3) ro = 1.1 • 10-2 CM: 

4) 1·0 = 2, 2 • 10- 2 cM; 5) r0 = wo/2 = 8 • 10-2 CM 
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R(cm) 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 . - - -- ~-~ ~ 

~ .J(J' Z~J~ 2 

50 100 

Puc. 4. Pa,IIIQ'C TpaeKT0pHII 'iaCTlll.J,bl, IIHiKel(Tllpye1110ii Ha pa3HblX pacCT0.RHHRX OT 

u.ewrpa rrr CO2-Jia3epa B IIJI0CK0CTII Z=O: 1) pa,1111yc rrr: 2) l'o = 0. l'o = 2. 2. 10-3 CM, 

l'o = 1. 1 . 10-2 CM, l'o = 2. 2. 10- 2 CM, 1·0 = wo/2 = 8. 10- 2 CM 

14 rGoV] 

12 

10 

8 

6 

4 

2 

3 

0 
0 50 Z[cm] 100 

Pnc. 5. :JaBIICIIMOCTb 3Hepr1111 ~iJieKTp0H0B 11))11 YCK0pemm fil CO2-Jia3epa B He0,llHO

p0,llH0l\l MarHIITH0M noJie: 1) I= 10Hi BT/c1112 : 2) I= 1017 BT/cM2 ; 3) I= 1015 BT/cM2 
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n = ·1/q. B 3T0M CJJy<taC 11a6op :meprmr 3JICKTJ)0llaMII CYIIWCTBCIIIIO noapac-raeT (pnc.3). 

11pll'lel\1 ycKopm01u11en1 3JJCKTJ)0llhl ace 6oJJee npHiKHMaIOTCJI K OCII (puc.4). A11aJIOl'l1'1ell 

xapal,TC'p ycKopcnHJI 3JICKTponon n CJJY'Iae JJaaepa 11a Nd-cTeKJJe. 

B nocJJe,!IHHe l'O,!lhl C03,!laHbl M0II.IHhlC JJaaephl, 8 nepcneKTHBe HX MOII.IH0CTb 6y ,!ICT eme 

0()J(('(' 11apaCTa'l'I,, Jlo;:rroMy IIJH'/ICT8llJIH<.'T IIIITC))CC IICCJJ<.')I0lla1111e 803M0iKII0CTII Y<'KO

pe1111R 3JJ<.'KTJ)0II0B D anTope3oHallcH0M peiKHMC B noJJe M0IUH0l'O JJaaepuoro ll3JIY'ICHIUI. 

Ila p11c .5 11pe,11cTanJJem,1 pe3ym,raThI pac'leTa B cJJy'lae l'JI CO:i-Jiaaepa 11p11 paa11L1X 

rro IIIITf'IICIIIIII0CTJIX. B1111110. 'IT0 npn HIITCIICIIDII0CTH 1017 BT /c1112 II, TCM 6oJJee. npH 

I = 10H1 l.h/Cl\t'..:!, ll03M0iKH0 yCKopeHHe 3JJeKT))OII0B C O'ICHb BhlC0Klll\1 TCl\11101\1 Ha IIH

Tl'()Ba.rw l l\t. TeMn yc1wpemrn Bo3pacTaeT TaKiKe np11 yc11,11emm ne.11yruero MarHIITHoro 

II0JJJI, 

llpom'Jlt'11111,1ii a11a;111:1 110Kn:11,111ae'I' uoaM0iKII0CTh ~l<)><l>eKT1rn1101·0 yc1.:ope1111H JH'JJH

T11n1t<'T<'KIIX ;)Jff'l,Tpo11on 11a Jlf'60JJ1,IIIOM yc1wpm01ueM npoMPiKYTKf' 1\1011\llhll\l Jlll:Jf'pHhIM 

rayccom,IM ll3JI)"ICIIIICM D peiKIIMe l(HKJI0T))0HH0l'0 a.BT0J)C30IIallCa., Il0,ll,llepiKHBlteMoro 

C II0M0IUblO 0IITIIM8Jlbll0 no1106pa1111oro CIIIIX))0llll31l))YIOll(('l'0 M8l'IIIITH0l'0 II0JJR . .llaJib

llellllllle IICCJIC',1108811HJI B 3T0M 11a11paBJie111m MoryT npllBCCTII K C03,!laHIIIO K0MnaKTHblX 

ut,1ro1,o;){l><l>e1,T ll DllbIX ycKop11TeJ1eii. 

Pa6oTa 111,1110,111e11a no nporpaMMC Mm106paaonamrn pcJ) "Y111mepc11TeTL1 Pocc1111 -

ll>YHJFIMCIITHJihllble 11ccJJe,11ouam1H... · 

.ii IIT<'!)cl.Typa 

:I. IUI. M11JJa11"n,e11. - Y<l>IJ. IHUi". T.!Gi". c.3. 

'1. :\. Lof'i>. L. Frirclland. - Phys. Hev .. Hl86. Vol.A33, p.1828. 

!i. Y.l. Salamin rt al.·- Phys. Hrv. A. 2000. Vol.62, p.053809. 

6. I'. Spranglr rt al. - IEEE Trans. Nucl. Sci. NS-30. 198:l. N4, p.3111. 

, . \'.I'. l\lila111.i<'v, Y.N. Shaar. - IC'PIG-XXI\', \Vnrsaw, HJOll. Proc .. \'ol.2. p.lU!i: 
il\Tll>. '..:!000. T.i"U. c.100. 

8. B.11. l\l11JJal!Tben, H.Il. llla11p. - UonpocLJ aTo~t. 1111yK11 11 T<'XIIIIKII, ::!QUO. Nl. c.lli. 
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YTIPOID;EHHAH MO,ll;EJlh <l>OPMMPOBAHM.H 
r JIYBOKOH IlOTEHIJ;MAJlhHOM .HMhl 
B BAKYYMHOM ,ll;MO,ll;E* 

C.A. Bape1i20.11,b-q 
L(eH111p ecmecmarnuo-1wyt1Hb1.r ucc.recJoaauur'l I!Hcmumyma 06t14eil gju3ww PAI!, 
J\,Joc1,;1w 

H.10. Ka3ap1t1t06, 3.A. llepe.t1,butmet'i.u. D.<P. meaqoa 
061,1;dtmeHHb1t'/ 1mcmumym .11oepHbl:r ucc,11ecJoaauut1, J(y6ua 

I'.A. Mee.JI.·~ 
Ilucm 11111 ym 3.1e1,;111poefiu3u1,;u .) 'pa.Abch:020 omcJe.1e11u.11 PAH, E»amepuu6yp2 

Mo,11eJib KOJIJieKTIIBHOro ycKopeHl!JI IIOHOB B IICKpOBoi1 CTa,111111 BaKyyMnoro 
pa3pll,'la CTpOUTCJI Ha OCHOBe 3KTOHHoro MexaHll3Ma cpyHKIUlOHUpoBaHIIJI KaTO· 
11noro nnTna II Konuenun11 rJiy60Ko11 necTaunonapnoii llMhl. Ha ocnoae ynpo
wenn01'i lllO,'leJIII IlOKa3aHa npllHUIIIlllaJibHM B03MOJKHO_CTb o6pa3oBaHl!JI rJiy6oKoi'i 
IlOTeHUllc\.lJbHOi'i JIMhl np11 llaJIU'illll BHelUHero 3JieKTpll'leCKOrO IlOJIJI, HcnOJib3ye
lllilJI MO,'le,lJb IIJIJIIOCTpnpyeT OCHOBHble npoueccbl, npllllO,'IJIIUlle K KOJIJieKTIIBHOMY 
ycKopeHIIIO IIOHOB, II D OCHODIIOM corJiacyeTCII C 3Kcnep11Mel!TaJibHblMll pe3yJibTa
Tal\lll. 

Toy Model of Deep Potential Well Appeai·ence in Vacuum Diod 

S.A, Dm·engolts et al. 

An eel on mechanism fol' the opel'ation of the cat.ho<le spot and the concept. of 
a deep nonstational')' potential well are used as a baiiis of a model of collective 
ion acceleration at. the spark stage of a vacuum discharge. It. is shown that. a 
deep potential well can exist. in the presence of an external electric field in the 
simplified model. The proposed model and performed simulation clarify the pro
cesses leading to collective ion acceleration in a diocl. The simulation results show 
satisfactory agreement with the most. of experiment.al results. 

1. Bse,nenne 

ll1111m111ponr111111~ n;u,;yyMIIOl'O J)fl3J).fl,lla o6ycJJOIIJJCIIO fl()Ollf'CCaMJI, npllB0,/1.fllUIIMH K 

KOHUf'HTpamm ;mepr1111 n l\111KJJ006'beMax KaTO,'la II o6paaonanmo l!CTO'fHIIKa IIJl83Mbl, 

• PaCioTa e1,mo.1Het1a npll no1rnep>K1<e Porc11iic1<oro q,ott.aa q,~•tt.aaMeHT&llbHblx 11cc,11e,aoeaH11ii (npoe1<T 

N 99-U:2- ll>'lll:l ). 
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KOTOpa.R pa.cnpocTpa.HReTCR B l\leiK3JieKTJ)OAHhiii npoMeiKyTOK. Bo3HHKHOBeHIIel\l ::noro 

IICTO'llllllrn aaucpllH\CTCR na1..:yyM11biii upo6oii, H pa3p.f!A 11epeXOAHT B HCKpoay10 CTa

AHIO. · JicKponoii. paapRA n nai..:yyMe - 3TO CHJibllOTO'IHbli•i caMOCTORTeJibHbli'.i paapRA c 

11.aAa1ow.eii BOJlbTaJ1,IIICJ)IIOii xapaKTepHCTHKoii. ,l\JIIITeJlbllOCTb HCI<poaoro pa3J)11Aa onpe

,ll('Jl.fl("J'CJI npeMelleM 3a.llOJlllellUJI IIJJa3MOii MCiK3JICl{TJ>OAHOro IIJJOMC;KYTKa. IIOCJIC "lcro 

pa3pfl,11 nepeXOAHT B AYronyro CTaAHIO. 

:J11a'IIITCJ1blll,lii IIJ>OI'J)C'Cl' n IICCJICAOUallllH na1..:yyM11oro IICKJ>OBOro J)a3J).f!Aa 6blJI AO

l'Tlll'IIYT 6Jiaro11apH OTKJ>hlTIIIO n HHili ro.ny JIOJl{'IIIIH B3ph1BIIOii 3Jiel,TJ>OllllOii ::n,rncc1111 

( LJ;:)::)). KOl',118 6LIJIO ycTallOBJICIIO, "!TO 'rOJ, IICKJ>bl - 3TO TOK B:3:3, B031111Kal0ll(ej.j B 

p<':Jy.111,TaT<' 111111..:poc1..:0111PICCl..:UX 03p1,IOOB Ila 1101l<'PXIIOCTII 1..:aTo,11a. Iln11,11y 1..:paTi..:oujie

MellHOCTII Tai..:oro MIIKJ)OB3pbma 11cnyc1<au11e 3JleKTJ)OHOB npu B33 H,!ICT OT,lleJibHblMH 

nopUIIRMII. Ha3BaHHblMII 3KTOHaMII. Ha OCHOBe 3l<TOHHoro npeACTaBJICHIIR noJiy"IHJIH 

cnoe ,1or11"!ec1..:oe o6'bRCHeHite 3Kcnep11MeHTaJibHb1e Aa.HHbJe no 113Mepettnro na.paMeTpoa 

I..:aTO,IIIIOii HJl83Mbl, 3J)03HOHHblX xapaKTepUCTHK Ka.TO,!IOB. onpe,11eJieHbl MexaHH3Mbl ca

l\lOHO.illlepiKaHUJI IICK))OBOro pa3pRAa. B BaKyyMe II T,A, ConpeMeHHOe COCTOJIHJle Teop1111 

nai..:yy11rnoro paap11,11a. on11ca.HO B HeAa.BHO BbllllCAllleii MOHorpacp1111 [l). 
O;u,a1,:o, IH'l'lllO'l'f)H llfl TO, 'l'l'O 1..: llflt'TOflll(CMY llpCMCIIII l'JIOiKIIJIOl'h. /IOl'TflTO'lll0 'i<'T-

1..:0C lll)(';l{'TflllJIClllle O cp1131ll{C IICl-(JlOBOro J>a3))RAa O BaKyyMe. O,IIIIH 113 CaMblX 1111Te

per111,1x ~i<l><l><'l..:Tou, t·o11pouoiK/1HIOU(IIX <l>y111..:u1101fllpq11a.1111e ~noro paapH,11a. ll T<''1e1111e 

ropoi..:n :1eT ocTacT<'fl 11pe11111PT0111 ,1111c1..:ycc1111 11 cnopon. :3ToT 3<l><l>eKT nnepu1,1e 6b1J1 

o6napyiKeH A.A. IlJiroTTo n nJiaaMe11110111 ,11110,11e 11 3aKJIIO'laeTCR n re11epnposa.m111 a.Ho-

111a111,110 yc1..:opc11111,1x IIOJIOiKIITCJlhllblX 1101108 ll llll,111' 1..:opoTKIIX 110 ,IIJIIITeJlbllOCTII crycT-

1..:0ll. JllllliKYIIIIIXCJI OT Ka.TOAa. 1..: aHo,11y (2). :311epr11R 3TIIX IIOHOB 3Ha'IIITCJlbHO npeBbl

UlllPT ll))IIJIOiKellllYIO K npo111eiKyTK)' pa3HOCTb noTe11u11aJIOB U A, TaK IIJ)ll HallpRiKemm 

II :mo 1.;13 ::mepnm IIOIIOB B nai..:yy111110111 AIIO):le ):IOCTllrflJIII 311a•1em11i 10-15 J\bB [3). Ilpu 

:rro.M uan..:uoii xapaKTCJ)IICTIIKOii cneI<Tpa JierKIIX IIOHOB RDJIJIJiaCb nponopu11011aJibHOCTb 

111111,<'lllllll.TlhllOii :rn0pn111 KJ>8TIIOCTII IIX 3aJ>HAa ~ :3Z c[T A, r ,11e Z - I,pa.THOCTh IIOIIIIOro 

aapH,1a. Ta.Kile ::111epr1111 IIOHOB l\lOiKHO o6'bRCHIITb Jllllllb·11an11"111e111 CIIJlbHbIX l,(OJIJICKTIIB

lll,IX 11:rn111110J1C'ii<'Tllllii :M<.'KTpOIIOII II 11011011 J..:aTOJIIIOii 1IJ1a:1MLI. 

IJ Ol'IIOIIY 11)><',/\Jlclrflf'lllOii l\10/l<'.1111 :l<IHpPKT/1 IlJIIOTTO :lfl.llOiKf'IIO l1jWJ\CT1lllJl<'IIIII' 0 ll1'

l'T111lllOIHlj>IIOii rny601..:oii IIOTl'lll(IHlJll,IIOii HM/' IIIIJ>TYHJll,1101'0 l\ilTOJlil ['1 . .:-,]. IWTOj>OI' 

Y<'ll1'111110 ll<'IIWll,:lollaJIO<'I, II l\lO/lf'Jlll l..:OJIJll'l..:'1'11111101'0 ~'C:l..:Oj)Pllllfl 11011011 llpll lllliKl'l..:llllll 

:1:ll'l..:'l'j>OIIIIOl'O 11~"11,11 II 1'113. Cue11ap11ii KOJIJICKTIIIIIIOl'O yci..:opemrn 1101100 B uai..:yyMIIOM 

/lll<>JII' ~IOiKIIO IIIJC,IICTclllllTI, cc6c CJIC.LIYIOW.IIM o6pa30M [6). B ll~'JaJlbllOii (cpaBHll'f('JlbllO 

KOpOTl..:oii) 'lflCTII 1111111YJibCa nanpRiKCJIIIR TOK BO B3J)LIB03MHCCIIOHHOllf ,11110,Lle 06ecne

'lllllcll''!Tfl TCj)lll03.~eJ..:TpOHHOii 311111CClleii C rpallllULI nJia3Mbl KaTO,IIHOro <paI<eJia. Ila 
l\lf'lll' j>ill'lllllpl'llllfl l..:flTO,/IIIOii 11.11a:JMl,I II J>OCTfl nnnpRiKellllR Ila ,/1110,lll' llOCTlll'lllOTCfl ycJIO

BIIH llcll'hllll<'IIIIH TOJ..:a, orpallll'll'IIIIOro 31\IIICCJIOIIHOii cnoco611ocTblO rpallll"IIIOro CJIOR 

11,ia:ll\ll,I [ I. 7]. ll060.111,w11c 1131\lf'll('llll.fl 110111101'0 CJIOH B IIJ>IIKa.TO,IIHOii o6JiaCTII II IIOTell-

1111a.rn n.rna111e1111oro cTo.16a c 11e1wTop1,1111 aanaa,111,rnam1el\1 ua cppoHTe 1..:aTO.llHoro cpai..:eJia 

CIIOt'06CTBYIOT 11poTeKa111110 TOKa. COOTBCTCTBYIOUiero npeAeJibHOMY JieHrMIOJ)OBCKOMY 

np1111apacTa11111111a11pRiKe111rn na ,1111o;ie (8). '.fai..:oe 1..:naa11cTau11011ap11oe yneJ111"1e1111e TOKa 

o6P<'lll''IIIBaPTCH 11p11 110Te11u11aJie <IJPOHTa nJia3Mbl. 6.11131..:0111 K 110Tettu11aJiy na 1..:aTo,11e. 

:ta.WC' IIOB<',1CIIIIC TOKa 011p1•,11eJIHC'TCfl yiKe xapa1..:Tepo111 IIOCTYIIJICIIHJI n.1a3MLI C Ka

TO,lil. 'ITO Jl))ORil,rneTCfl Il llll,/11' <lrny1,Tyau11ii TOJ..:a. 06yCJ10IIJICIIIlblX 3KTOIIHL111I 111exa11113-
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M0I\I (l>YllKllllOIIIIJJODamrn JrnT0,llH0I'0 fl.f!THa. :3Tn lf>J1y1,Tya11u11 T0Ka MoryT npuaecnI 

K pe31WMY fl0Dbllllel,11110 Il0TClllllln./la. na. rpa111111e flJI83Me1moro CJ!0fl J{aT0,llll0f0 q>aKeJia 

,110 3Ha.'leHuii. cpaBHHMbIX C npllJIO)KeHHhIM. Hanp.R;i,;emteM [ 1, 9]. lfa-aa 3cpcpeKTOB aa

m,:1111,111111111 H 61,u"rphl<' 11 po11<'cc1,1 1111 <l>J>OIIT<' <l>nKrJm 11111-au, II<' 11 poH IIJIH I0T<'H 11 11p11Ka

ToJ1110ii o6Jt8C'l'II JI J(a.TO,llllblii TOK lie Meil.fleTC.fl. :Ja (''leT 6oJiblllOl'O II0Te11u11aJm 11a 

(j)j)OJITe l)>aI,eJia D03HIU..:aeT 60JihWOii TOI( 3JieKT))0H0B 113 npurpaHH'IHoii pe,11Koii nJia3Mhl. 

npll'lel\l 3JieKT))0Hhl YCK0))RIOTC.fl ,ll0 60JihlllHX 3Heprnii. B YCK0J)fl!Ol.UeM npoMe;i,;yn;e, 

B6Jill311 OT cppoHTa cpaKeJia o6paayeTCR rJiy6oKa.fl Hec·TaunoHapHaR II0TeHIUJa./lhHaR RMa. 

:)lj><l><'h:Tl,I, cm1:rn.11111,1e C ('(' 06pa;30ua1111c•M, CTall0BHTCH cylllf.'CTDellllblMII ll(JII 6oJlblUl1X 

a11a•1e1111HX 11a11pHiKellllfl Ila ,11110,ll(', B 3TY .f!MY II 38.XDaTblllrleTcR 'laCTb 11011011 l!Jla3Mhl 

n6Jlll3II lj>powra l)>at,eJta, 11p11'1eM 3Heprm1 Ko11e6amiii 110110B, aaxaa•teHHhlX n RMY, npe

nt,llllil<''r ~lll('fll'III0, C00'rBC'TCTll)'IOll(YIO ll))IIJI0iKCIIII0MY 11a11p.RiKCIIIII0. I1p11 pa3pyme1111H 

.fll\Ibl II0llbl C 60JiblllHMII 3Heprll.f!MII II 6oJiblllHM :mepreTn'leCKIIM paa6pocoM ,llBHiKYTC.fl 

Kai, I, auo,11y, Tat-: II " t-:aT0,llY. IloHDJI.f!IOTCR II 3JieKT))0llbl C 3Hepnl.f!MII 60.~hlllllMII. 'leM 

Mor,;ia 6bl ,/18Tb IIJ)IIJI0iKeHHM 1, ,11110,llY pa3H0CTb II0T('IIL\118./l0D. Ilpouecc o6pa30DrlHIIR II 

pa~JJ,VUJellll.fl rJ1y60Koii .f!Mbl M0iKeT II0BT0)).f!ThC.fl, npUB0,/1.fl K MH0f0KJJ8THhll\l BCIIJif.'CKaM 

aH0,llH0l'0 T0Ka II IIMIIYJibCHhlM 110T0K8M ycKopeHHblX II0H0B, 

t.-fro6hl 110lrn3a.Th B03M0iKH0CTh o6pa30BaHil.fl rJiy6oKofi HeCTRl.lllOHapnoii 110Tt'HUII

a./lbHOii .f!Mhl B ,/1110,lle C B33, B pa6oTe (6] Ha OCHOBe M0,lleJIII, nocTpoennoii B (4], 6bIJIO 

noJiy<IeHo aHaJIIITII'!eCKoe pewem1e necTaunoHapHoii o,11noMepHoii 3a,lla•m 06 o6pa3oaa

nun BllpTyaJihHOl'O KaTO,lla npn BJieTe CIIJihH0TO'IHOI'O :meKTJ)OHHoro nyqi,;a B ,lll!O,ll C 

yc1-:op.RIOl.UIIM 3.~eKTJ)ll'leCKlll\l ll0Jiel\I. Pernenne 3a,lla'IIL Tai, iKe. Kai, B [4]. H8X0,llllJI0Cb 

,llJI.fl 1vioc1-:oii reoMeTptm c 11cnoJibJ0Dau11eM Jiarpau;i,;eaMx 1.;oop,111rnaT. Mouo3uepreT11-

•1ec1rnii ll)"lpl, co cKopoCTb)O ~JJiet,TpOII0D !'o II IIJIOTIIOCTblO 11o=co11st IIHiKeKTllpona.11CH 

B 110.r1ynpocTpa11cTBO J·>O (J·=U - K8T0,llHM IIJIOCKOCTh) ll M0MeHT npeMe1111 f=U. ~-)Jiet,;

TIJ0lll,I ,lllllilQ''l'('fl 3a KclTO,I\IIOii IIJIOCIWCTblO BO llllCIUIICM O,llllO))O,llllOM :JJieK'J'))ll'H'CK0M 

ll0JI(' I' llilll)>RiKf'IIII0l'ThlO Eo. OKa:rnJIO<'h, 'ITO l'Jiy61111a llf'CTau11011ap11oii IIOT<'llllllaJll,IIOii 

.f!Mbl II(' 38B11CIIT OT llt'Jlll'lllllbl yn-:opntomero II0JIR (11p11 BblllOJilleHllll ycJI0BIIA 06pa;3011a

llllfl fll\11,1) II palllta 

r.l' = -~II'. a 
r;w 11 · l.;tll(("l'll'l!'Cl,aR ;111rpl'IIH ;1Jl!'l.;'l'IJ01la . 

( l) 

O.llHcll-:0 B pa6oTe [6] ll)JIIHIIMa./lllCb ynpomemrn. 1-:0T0))hle orpaH!l'IIID8IOT 06.~aCTb 

11)>111\H'lllll\l0CTII IIOJIY'l<?lllll,IX pe3yJtb'l'a'l'0D. ll 'taCTII0CTII, 11pe,I\II0Jial'a./lOCh. 'ITO paccTo

Rllllf' OT l\lef'Ta n,,eTa, 11a KOTO))Ol\l o6paayeTCfl DIIJJT)'8Jlbllblii K8TO,ll J'min=2r·o/wL (Jie11r-
., 1/" 

l\llO(>0DCJ-:8.fl qacToTa wL=(41rnoe-/111) -. 111 - Ma.Cea 3JieKT))OHa). 3Ha'IJITeJihH0 l\lt'llblllt' 

0f'/111'111111,1 l,;/\T0;1-a1101111oro 11por.1r;.i.;yTi.;a d, II ()fl<''lf'T co6CTDC'IIIIOro II0JIH ll~"tt.;a 11po

B0Jlll,ll('fl ,lJIH II0JIYl1J>0CT()8HCTlla. orpa1111'1e11uoro ;rn3el\l.~e1111oii K8TO,/ll10ii 11.~aCTIIIIOii. 

llon-:0:11,Ky a11a.'111Tll'lerKaH 1\10,llf'JII, II [4, 6] - fll,llf>0/IIIIIHl\lll'lf'CKaA. TO ('(' 1w:1y.1L,T8Thl 

cnpaBP,MIIBhl ,llll!Jh ;10 llOflllJJ!'llllff MII0l'OCKO)>0CTIIOl'0 ll0TOKa (npeMellll nepnoro OTpa

iKeHIIA •taCTIIU D llOTOKe). KOTO))htii B031111KaeT B npouecce o6pa30B8Hll.fl BllpTya.11bH0l'0 

1.;aT0.18. KpoMe Toro. a11a.111TJ1'1ecKaJ1 MO,llt'Jlb B (6] - llf'JWJIRTIIBIICTCKal!. :3Tn orpam1-

•1em1H f'lllll\talOlTH B ~JToii pa6oTP npn 'IIICJieHHOM I\IO,llt'JIIIJJODallllll DJieTa ny'!Ka ll ,llllO,!]. 

ll uat-:yyr.lll0I\I .illlO,lle (jlpOIIT 1,aTO,llHoro cpaKe.,a 11epel\le1UaeTCR ll npocTpaHCTBe II 

11axo,111TCA 110,1 11.rnna1011111r.1 II0TP111lll8JI0!II. O.'111,U,O 11a llfH'I\IPllax 06pa.1ona1111H Blip-
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Tyn;11,11oro 1.:aT0;1a 11:IM<'ll<'IIIIH 110;1oiKelt11R cjipo11Ta 1.;a,ro1111oro cf1a1,rJra 11r:rna•111Tr;11,111,1. 

:J,11r.c1,, 1..a.K II u (U]. 6y ,11eM C'IIITaTb <l>pOHT 1<aTo,11uoro cf>aKeJJa ue110,11a11iKHbJM II uaxo,11.11-

lUIIM<'H 110,11 IIO("l'OflllllUM IIOT<'IIIU!aJIOM (nco6xo,1111M1,1ii ,IIJIH ::>Toro llOJIOiKH'l'eJlblll,iii aa)>R,11 

o6pa3yeTC.II IIOHar.111 11Jla3Mbl). 

~ 12 -0 
I-
.ll 
I- 10-(.) 
0 
J: 
I- 8 0 
c:; 
C: 

6-0:: co 
J: 
.ll 4 

~ 
:s: 2 
8 
J: 

0 I-
0 0.0 0.2 0,4 0.6 0.8 1.0 

ex 

P11c. I. :JallllCIIMOCTl, OTHOCIJTeJJbllblX Juaqeuuii 11oporoaoro TOKa OT uapaMeTpa Cl B 

uepe.rnT1m11cTc1..:oM npe,11ene (KpyiKKII - Jaa11c11MoCTb Joi IA !Jr II poM6bI - Joi h np11 

do=O. 01) JI C y'ieTOM peJJJITIIBIIJMa (KpeCTbl - np11 Ha'!aJlbHOii KJ1Hen1qecKoii JHepr1111 

lr=240 KJB) 

l3aiKllblM IIYHKTOM cpan11e111rn auaJJIITll'IeCKIIX pacqeTOB C Mo,11em1ponau11eM JIBJIJieTCJI 

YCJIO(lJIP 06paaoua111rn llllllTYaJibllOI'O KaTO,lla l'.IJIJI Jaaopa KOHC'il!Oii ,IIJJIIHLI [1.i]: 

21 111 :1 •• I 'l -(I+ -o + n· + -o·) < d, 
...:,. 2 4 

l'JII' 11apar.1PTp n=< l:'olrnw1.t·11. B 11pet1r.J11>110M CJIY'HH.' a<<l :no ycJ1ou11e 11p11no,1111T 1, 

Tp!'OO)l/lllll)O 1111 11opo1·011y10 IIJIOTIIO!.'Th IIIJ;+;P.Wl'll)>YP.MOJ'O II JIII0,11 TOJrn: 

. tiJ 
Jo> IA-d"' 

1T -
(3) 

r,1r /..1=mc3 le'==.li KA - a.~bcpne11oric1.;nii TOK, l30 =1·olc. TiocKOJJhKY, n cooTBPTCTBIIII c 
[li]. 11p11 <l>opM11po11a111111 1·J1yoo1wii 110·1·e11u1111;11,110ii HMl,I 11 :1naupc• Mt'iK.llY cj>po11ToM 1..aTo
,111oro <l>aKr.rn II a110,110M J11a•1c·1111<' 110Te11u11aJ1a 11a cj1po11Tr 1rnTo,1111oro <)JaKeJta FF= I r1 ( 
epaBIIIIMO C np11,10iKeHHblM K ,11110.IIY [TA, JJleKTJ)OHbl ycKOJ)RIOTCJI ,110 60JJblllHX CKOpocTeii 

11))11 ll.'IP.Te ll Jaaop. IloJTOIIIY ycJIOBIJe (3) JIIO;+;HO npe,11cTan11Tb B JKBlIBaJJCHTHOM 811,lle 

•I :,!{TJ/2 
· (~t:)1/2 ,t · Jo> - --,.,- > JL• 

111 1f( -
(4) 

r,11e }L - ,1em·r.11opoacK11ii TOI, .illlO,lla C 3aaopoJ11 c/ II llp!IJIOiKeHHblJII IIOTeHUI1a.;10M l"A-
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11 poBepKa noporoB0I'0 YCJI0BH.fl ( 3) IIJIJIIOCTpHpyeTC.fl pnc. 1. Ha K0T0p0M Il0Ka3aHa 

3aBIICIIM0CTb 0TH0ClITeJlbHblX 3Ha'leHHII noporoBoro T0Ka OT napaMeTpa a. lb pncyHKa 

B11,IIHO. 'ITO ,IIJl.fl 3Ha'leHHii o~O. 5 noporoBoe 3Ha'leHHe UJI0TH0CTH T0Ka HHiKeKUHll, BblWe 

IWT0()0l'0 06pa3yeTC.fl rJiy6oKaR II0Telll_\H8JlbllM .f!Ma, ,11eHCTDHTeJibllO RIIIlJ)0KCHMHpy

('TCJI cj>OpMyJioii (3) HJIII 3KBHDaJieUTHOii eii cpopMyJioii (4). flpn 6oJibWHX 3Ha'leHH.flX 

napal\JeTpa 0 noporoaoe 3Ha'lenue [!JI0TH0CTII T0Ka lllliKeKUHH C'rpeMHTCJI 1, C00TBeT

CTBYIOlll<'ii JIClll'll110pOBCKOii IIJI0TII0CTII T0J<a. 

flpn M0,lleJIIIJ)0BaHHH 3B0JIIOUllll noTeHUHaJibHOii .f!Mbl [T B 3a30pe cj:>poHT KRT0,IIH0I'0 

cl>aK('Jlcl-all0,11 OCII0Blll,11:' napaMCTpLI Bbl6HpaJIHCb 6Jlll3KIIMII K 113BeCTllblM 31\Cllf'IHIM<'H· 

TaJlbllbll\l 113 pa60Tbl [3] C Y'lf'TOl\l npHMepuoro panencTBa IlOTCHUHaJIOB (T F ~ u A [9]. 
Ila pnc. 2 1101.;a3ana BpeMeHHa.fl 3aBHCIIMOCTb OTHOCIITCJlbHblX 3Ha'lenuii IJ0TCHUllaJib· 

11oii Hl\lbl n 3a3ope eU /IV npn napaMeTpax: Ha'laJibHM i.;nneTn'leCKM JHeprnR 3JICKTpo

uon 11" =240 ,..:38; nJioTnocTb TOI<a, 11n:,i.;e1<TnpyeMoro B Ja3op, j 0=12, 4 KA/cM2: ,IIJIHHa 

yc1WJH1101Uero aa3opa d=l n1: p,1311ocTb no-re11u11a;1on F,i-Up=60 KU (o=0.04). 

0,5 eU/W 

0,01 =r,=:::;:=:;::;· ~ 

-o.s 

-1.0 

•1.5 
. /':,/ .. 

~ ✓.l/ 
~#/ . 

-2.0 

P11c. 2. Pacnpe,11eJie1111e cyMMap11oro noTe11u11aJ1a n aa3ope cppoHT I<aTo,1111oro cpa

KeJia-a110,11 B IJOCJ!C,IIOBaTeJlbllblf' ('1epe3 20 nc) M0MeHTbl speMeHII 

BpeMJI cymeCTB0BaHHJI rJiy6oKoii IlOTeHUHclJlbHOii .f!Mbl B 3TOM M0,lleJlbH0M pac'leTe 

l\l0iKII0 Oll<'IIIITh 1,:ai.; ll('CI\0JlhlW il<'C'RTKOB IIIIKOC'C'I\YIIJI. Ila p11cy11Ke 811,IUILI KAa3lll'TRIIII· 

011ap111,1e IWJ1e6a111111 1IOT<'llllllaJ11,11oii .f!MLI, Df'Jlll'llllla I cl' lma.r/H. 0CUIIJ!Jlll)>,YeT OKOJIO 

:.i11a'IC'IIIIJ1, pan11oro 1. 
.i]JIH 3TIIX iK<' 311a•1e1111ii 11apaMeTpon Ha J>II<'. ~ llOKA3alla 3aBIICIIMOCTb OT npeMeHII 

OTH0WeHIIJI aH0,IIH0ro T0Ka K T0KY na cj:>ponTe KaT0,llH0f0 cpaKeJia. 

C'paUIIC'IIII<' 3clUIICIIMO<'TCii. 1101rn3allllhlX 11a p11c. 2.3. noKa3bJBaeT. '!TO ,IIJIIITf'JlbHOCTb 

111,16poca a110,1111oro TOKa onpeJ1eJ1ReTr.fl apeMeHeM cymecTB0BaHHJI rJty601<oii noTeHUH· 

HJll,IIOii HMht. BpeM.fl :.Hl,ll('PiKKII HIIU,/11101'0 T0Ka U'l'II0<'ll'l'eJJbll0 Ha'laJJa T0l..01101'0 IIM-

11y.11,ca 11a cppo11Te 1.;aTOJU10ro cj>ai.;e,rn onpeJ1eJIReTCH pacnpocTpa11e1mel\l cppo11Ta 3,1ei.;

Tpo111wro ny'IKa D 3a3ope. lloc·.~eJ1y101Ui1e 0CUIIJIJl.f!UIIII a110.11noro T0Ka C00TBf'TCTBYIOT 

;lO.'ll'OiKIIIIYIIIC'ii II0T('ll[lllH.Tll,11011 H~I<' (' OTIIOCIITC'.%110ii rny61111oii I eF 1,narl Ir~ I' OT-
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.a 0,5 

8 ... 
:C t:::' 0 4 I-·- . 
0 nJ c; :..: 
C ~ 0,3 

~e 
:c 0 
.a :c 0,2 
c; ct 
~~ g nJ 0,1 

5 0,0--+-....... --.-.---.--.--,----,-..---,--.-

0.o 0.1 0.2 0.3 0,4 0.5 
BpeMH, HC 

Puc. 3. :)aBJICJIMOCTb OTIIOCJITeJlbHOii IlJIOTIIOCTH aHO,llHOro TOKa IlY'Uca 3JleKTpOHOB OT 

DpeMeHJI 

IIOWC'lllle aMTIJlllTY ,llllLIX 3Ha'1e1111ii a110,1111oro TOK a D DLI6poce II cpe,1111ero TOKa D KBa~311-

CTau11011ap110M pe:..KIJMe OKa3bJBaeTCJI ua yponue G. T. e. no IlOJ).fl,llKY BeJIIJ'lllHbl 6Jill31<0 

K ua6.110,11aeMOMY B 31<cnep11Me11Tax [3, 5]. A6cOJIIOTHOe 3uaqem1e IlJIOTHOCTII TOl<a B Bbl-

6poce - G, 2 KA/cM2• II KBa3HCTauuouapHbie KOJie6aHJl.fl IlJIOTHOCTII aHO,llHOro TOI<a OKOJIO 

3Ha'leHil.fl 1, 2 KA/cM2 TaK:..Ke COOTBeTCTBYIOT 3KcnepuMeHTMbHLIM ,11aHHLIM pa60TLI [3). 
ilaJJee pacCl'\IOTPIIM 803MO:..KHOCTb yc1..:opeH11.fl HOHOB npn cl:>opMnpoaaHUU 11 pa3pywe

Hllll r.1y601<oii IlOTeHUIIMbHOii .flMbI. :_3¢cl:>eKTIIBH~e ycKOpeune 803MO:..KHO, eCJIU BpeM.fl 

CYlUf'CTDODallllR flMbl cpaDIIIIMO IIJIII npeBOCXO,llHT XOTfl 6i,1 IlOJIODIIHY nepuo.aa IWJ1e6am11i 

11011011. aaxna•1e11HblX B Hee. il.rrn ouemrn noJiynepuo.aa KoJte6auuii r 11y61rny f!Mbl 6y ,11eM 

c•mTaTb panuoii :H'. uo.r1yrn11pu11y HM bl pan11oii L. h:na,11paT 'laCTOTbl Ko11e6a11uii 110110n 

Ol(f'llllllilf'TC'fl 1,aK 

(5) 

J:rn yn;opr1111H 011110:iapH/llloro aJJIOMIIIIIIR (..l=~i), I..OTO()OC' 11a6J1iO,'lflJIOl'h n ~ll,Cllf'

pmw1rrax [:J). llpll l',1~:JUU 1d3 UJ)l'l\lH l')'ll~eC'l'llOUclllll.fl r.r1y6m;oii IIOTeHUll1l.lihllOii .flMLI 

;lO,liKIIO 61,ITh 00.'lhlllC' 

( ()) 

Ilol'hO.'lbJ,y 3TO DJJC'MJI D 3KClle)JIIMeJrrax [3] MO;+;HO OUC'IIIITh IrnK :510-8 c. TO xapaKTep

lla.H 110.1y11111p1111a llOTe11u11a.rlbllOii HM hi ,llOJl;+;lla 6blTI, L:S 1 CM. 

(' ,1))yroii C'TO!)Ollhl, llOJIYWIIJ)l!Ha noTeHUHaJJhHOii .flMbl ouemrnaeTC.fl KaK 

(i) 

: )'ra 1!,op~1y.r1a Ot"J'flC'Tl'H II !.'IIJII' II JIJIH c.rrn6oro JWJIHTIIUIIJJ\la, KOTOJ)hlii lll\leJI Mer.TO u 

061·~·;.i.;.laf'l\lhlX :ll,Cll<'pllM<'IITilX. 
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U peiKIIMe ye'l'oii•muoro T0l(Ollp0X0iK,!1CIUUI IIJIOTIIOC'l'h TOl,a U 3l{C11ep11Me111·ax [:.i) ,110-

l"l'Hl'HJHI :Jlla'ICIIII ii 10011/ C,4! :! . u C00TDC'l'CTUHII C ll!JHWl'J'LIMH 11pc,11cTaUJICUHH () TO Ke u 

ycToi'i•111110111 peiKIIMC, OH 06ecne'!t1BaCTCJI 3JICKTJ)0HaMH c, :rnepnlIIMH II0J)Jl,lll<a TCIIJI0BblX 

Ha (l)!JOll'l'C (l>aKCJJa, T.e. II0JJil,llKa 1 au. CooTBCTC'l'llYIOll.la.H IIJI0TH0C'l'b IIJHWMLI 0Kcl3bl

DaeTCH 110JJil,!11<a. l013c.~,-3 , H JieHrMIOJ)0BCKaJI 3JICKTJJ0IIHM ':laCTOTaWL~2-10 11c- 1. 

flo,11cTaBJIJ1J1 noJiy':leHHhie 3Ha':lemrn JieHrM10poacKoi1 .'!acT~TbI n cKopoCTH 3JICKTpo

uou u (i), JJ0JIY':laeM 3Ha':ICHIIJI II0JIYllliipHHbl rJiy6oKoii HCCTaQHOHapuoii IIOTCHQHMbHOii 

HMht L~O. 3c.4t (,11mrna npo111e:,i-;ynrn. n 3THX 3Kcnep11111eHTax - 2 c111). YcJioaue (6), neo6-

X0,llll!lloe ,llJIJI II0HDJICHIIJI ycKopemthlX H0H0B ,llO MaKCHM8JlbHhlX 3Hepr11ii OKOJIO 3ZW llpH 

0l,ll"T(>OJII pa:Jpyrnc111111 1'J1y601-oii HMl,1, llbUIOJIUHC'l'Cfl. :'l'•111TL1UaH, 'IT0 II Cll;Jl,II0T0'IIIUJ\I 

IICKj)0IJ0M paapH,llC np11cyTCTDYI0T II0IILI C 1,paTII0CThlO aapR,lla na yponne 10 [l), a KHlll'

Tll'len.:aH :mepl'HH 3JICK'l;POHOD, BLIX0,llHll.lllX 113 11Jta3Mhl, ~ eU A, TO ,llJIH yc;10u11ii 3KCJle

PIIJ\ll'IIT0IJ [3), 'I'.<' 11p11 CT,1=~00>.:B, ll0Jiy<taeM 111a1..:c11111aJ11>11L1e :meprm1 110110n 11a ypo1111<' 

10 l\bU. lloHbl l" TaKHMII 3Hepl'IIHMII II 6blJIH aaperHCTpHpOIJaHhJ B 3THX 31{CllepHMCl!TaX. 

Ta,mJII 06pa:10J11, 1111. 0l"II0IJC l..:OHIICllllilll r;1y601..oii IICCTa1u1011ap11oi'1 IIOTCIIQHMhllOii HMl,I 

J\I0iKII0 OUbHl"IIIITb l(OJIJICKTIIDH0e ycKopeu11e H0JI0D ll oaKyyMH0M ,!1H0,llC C B33. 
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HEJIHHEMHAR ,ll;HCIIEPCHR IIJIA3Mhl 
C PEJIRTHBHCTCKHM 3JIEKTPOHHhIM IJYqKQM 

IO.A. Bo.1&noB, B.B. Kpacoauqnuu 
lhtcm11111ym 11pui..1aaHotl .11ame..1wmu1;;u ti.II. M.B.l\"e.11Jb1uw PAH, Mocli:aa 

llpoae,11eHo '-IIICJieHHoe 11ccJ1e,11oaam1e HeJ11111ei'.moro aaa11Mo,11ei'tcTBIU1 peJIJ1TH-
11111"rt:1-<ll'o :).JICl<Tp01111Cll'O IIY'll(/l C IIJl/\~lMOi'1 Ila OCIIOIIC! <(lll3ll'·ICCKIIX IJCJlll'IHII, nxo
/lllU(IIX u ,1111c11epc1101111oe ypau11em1e J11111ei'111oii Teop1111. Pacw11pem1e IIOHHTHl

0

I 
'lllC:'l'O'l'hl, IJOJIIIClUOro 'IIICJII\ II <(m:.iouo11 Cl{OIJOC'J'll IIOJllll,I Ila JICJIHUeii11y10 C'J'/1-

/11110 11C!)'CToii•rm1ocT11 110:i110J111J10 11poa11a.r111a11po11aT1, :momo1.111ro •1epe11Ko11cKoro 

II IIJlil:JMCIIIIOl'O pC30ll1lllCOU II YC'l'i\llOUll'l'b UKJJa,ll l<aiK,1101'0 113 3Tl1X 3<j,<j,eKTOll U 
npouecc 11ac1,11uemrn aMITJIIITY,llbl KOJie6aHHII, Mo,11eJ1b ny'-IKOBO-ITJia3MCHIIOII HC

,\TToii•111110CTII, u t<oTopoii 1111KpcMcHT Uhl'-IHCJIJJe'J'CJI 110 <IJOPMYJIC JIH11ei111oii r11-

;q>o111111aMIIKII Ila 6a3C ,11a11111~x KIIIICTll'leCKoii •111c.11e11110ii MO)ICJIII, ~ae'J' ll03MOiK

IIOC'J'b Jli\11'1'11 IIJ)C,IICJlbl llpllMCIIIIMOC'fll l'll)IJ}O,llltHaMll'ICCKOl"O npH6JlltiKC1111H ,llJlll 

Il)''IKOD pa3llblX :meprnii. 

Nonlinear Dispersion in a Plazma with a Reativistic Electron 
Dcarn · 

Yu.A. Volkov, V.B, Kmsovitskii 

The nonlinear interaction of a relativistic electron beam with a plasma is in
,·est.igated numerically on the basis of the extended notions of the physical quan
t.i ties that enter t.he linear dispersion relation. Extending notions of the wave 

frcq11c11cy. wave11umbcr, and wave phase velocity t.o the nonlinear stage of the iu

st.ahilit.,\' makes it. possible t.o analyze t.he evolution of t.he Cherenkov and plasma 

n·so111111n·s and lo,sl.11d.1· how t.lll'y a(focl, t.hc i.11t11rnt.io11 of t.hc wave 1unplit.ude. A 
model of I he hca111-plas11111 i11st.abilit.y in which t.hc growth rnt.c is calculated from 

t.111• c01n·spo11di11g linear hydrodynamic formula on t.he basis oft.he results obtained 

using II n11111c>rirnl kirwt.ic 11w1kl makes it possible lo c·sl.ahlish t.he applicahilit.y 

rangt' of I lw l1ydrody11a111ic approximation for l.iea111:; with different. C'Uergies. 

lb11eCTIIO (1-•l], 'ITO 11)"11..0IIO-IIJl<laMellllaH 11eycToii'!IIUOCTh D03HlllmeT Ha 11epece'!e

llllll 11y,11..:011oii II 11Jlc\3Me1111oi"1 ll("l'Beii I..OJte6a1111ii, l,Or'/lcl Ma.Jlhle Jlelll'M!Opouc1me D03MY· 

11.1e1111H :1KCIJOIJCllllllaJ1l,IIO 11apacTalOT co epeMeHC'I\I. AMllJIIITY ,Lia 11eyc-roii'll11JOii MO,llhl 

,I\OCTlll'HeT 11aCbl1UellH.fl, Kor11a ll)"IOK pacna,llaeTCH Ha crycTKII (5-11]. :3TOT npouecc 

conpOUO;K,llaCTCH 3axuaTOM J>C30llallCllblX 3JICKTpOIIOB BOJIJIOii II MO/IYJlfflllleii [IQJl.fl C ue

p110/IOI\I uopR/11..:a o6paTuoro 1mKpeMeH'ra J1Jmeii11oii Teopmr. TaK KaK nocJ1e nepaoro 

Ma1~c11Myi\ra al\111.mTy /lb! 061\1e11 :rneprneii ny<rKa c uoJ111oii a cpe,llHeM aa nep110,L1 HeJ11111eii

HbIX 1w,1e6a1111ii npaKTll'IeCKII OTC)'TCTayeT (11), TO npeo6paaoaam1e ~mepr1111 IIY'IKa B 

TIJlcl31\ICHllhle Ko.w6amrn D OCHOBHOI\I pea.JtH3yeTC.fl Ha nepDOI\I "3KCl10lleHUHa.JlhHOI\I .• :nane 

IIC'Y<'Toii 'IIIUOCTII. J>cJIHTIIBIICTl'J..:0(' )'BCJlll'ICIIIIC l\taCCbl :weKl'j)OIIOB yMellbUlaCT 11111..:pe

l\WIIT. a IJJIOTIIOC'l'h ::mep1·1111 .~ellr'I\IIOpOBCKIIX IWJ1e6a1111ii aMIIJIIITj',llhl cpaumrnaeTC.R C 

w10T11ocT1,10 ::111epr1111 11r11rn [ l :l. l :J]. 
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{ ~al\11,IM 0G11u1M MCT0/I0M lll'CJIC,II0llc\llHH IICJIHIICHIIOl'O n::rnllMO/\Ci-iC'rmrn ;JJWKTJJ0IIII0l'0 

11r11rn C IIJJa3MOii .HDJUICTC.fl 'IHCJ1e1111oe IIHTerp11pona1mc KlllleTH'leCKUX ypanne1rnii ,IIJIII 

3JleKTp0H0B IIY'IKa II I1Jla3Mbl C0BMeCTH0 C ypaBHCJUIIIMll MaKCBeJIJla ,IIJIII II0JIII. TaKoii 

rro,11xo,11 110Jno✓111eT orrpe,11e✓111Tb ace cj>HJH'lec1<11e napaMeTpb! cnCTeMbl ua J1106oii CTa

,1111u HeJ111Heii11oii 3aOJIJOUIIH IIY'IKa II IIJla3Mb!. O,1111aKo Ha rrpaKTHKe perue1111e O,IIHO

Mep11oii rrpocTpaHCTBeHH0 nep110,111PieCKOli 3a,11a'IU orpaHH'IHBaeTCII IJCCJ1e,11oaa1111eM 3a

aHCHMOC'TII 3Hepr1111 J1e11rMJOpoac1mx KOJ1e6a1111i1 OT apeMeHn II II0CTpoeHHeM cpa30BblX 

IIJIOCI..:OCTeii 11y'11,a (14,15]. Ilo3TOMY pe3yJibTaTbl 6oJiblllHHCTBa pa6oT, HCIIOJlb3YJOI.UllX 

'IIIC'JIC'llllhlf' Mt'T0,llhl, cpaKTll'IC'CKII C'll0/1.flTCR K YT0'lllellHJO MaKCIIMMbllOii aMIIJIHTY /lhl 

KOJ1e6a1111ii B l1Jla3Me C rry'IK0M II IIBJIIIJOTC.fl Menee 1111cpopMaTHBHh!Mll, 'leM JlllHeHHaJI 

TC0l)llfl. 

UeJiblO nacTO.flJ.Ueii pa60Tbl HBJl.fleTC.fl 60✓1ee ,lleTa'JibllaJ! llHTepnpeTaU,H.fl 'IHCJieHHblX 

peme1111ii Ha oruoae cp11311•1ec1mx aeJIH'IHH, axo,111111u1x a 1111crrepcnon11oe ypanne,me J1H-

11eiinoii TeO!)III}, O'1eBII,llHO, 'ITO T8.I..:Oii l10,IIXO,II '.J'pe6yeT /IOIIOJIHHTeJlbHblX onpe,11e✓1en11ii 
'IaC'TOTb!. aOJIHoaoro 'lllCJia II cpa30Boii CKOpOCTIJ aoJIHbl, KOTOpble ,IIJIR MMblX ao3MYJ.Ue

Hllii .l]OJliKHbl coona,11aTb co caoUMII "JIIIHeiiHblMII'' 3Ha'leHHRMH. HcIIOJlb30BallHM JllliKe 

''r116p11,IIHaJI" MO,lleJlb IIY'IKOBO-IIJla3Mennoii HeycToii'IIIBOCTII, B KOTOpoii llHKpeMeHT Bbl

'IHCJIReTCR no cpopMyJie JIIIHeihwii rn,11po,111rnaMHKII Ha 6a3e ,llaHHbIX KHHeTU'leCKoii 'III

CJ1e11110ii MO,IICJIII, Il03BOJIReT ycTanoaHTb rrpe,11eJ1bl IIJ)HMeHIIMOCTII r11,11po,11nnaMH'leCK0['0 

11p116.111iKeH11R .l].TIR ny'IKOB pa3Hb!X 3Heprnii. 

.Lrn MaJibIX .1e_1ffM10poacK11x ao3Myme1111ii ~ exp (ikr - iwt) 113 ypaaue1111ii aJia3MhI r 

MOH03HepreTll'leCKHl\l peJIHTIIBIICTCKIIJII 3JleKTJ)OHHblM IIY'IK0r.( CJ1e,11yeT ,IIHCI1epc110HHOe 

ypaa11euue [1-4] 

1 - _£. 1 + ___ T - b - - 0 w
2 

( 3 k
2 v2 

) w
2 

1' 
w 2. 2· w 2 · (w-kvo) 2 ,3 - ' (1) 

011pe,1e.~RJOJ.Uee JaBIICIIMOCTh 'JaCTOTbl 'JaCTOTbl W OT a0JIHoaoro 'IIICJla k. :J,11ecb w~ = 
4rr111'< 2 /111. wl :::;. (11b/11r)w;,. 11b 11 111' .,. rrJioTnocTb ny'IKa u rr✓1a3Mhl. vo - uaqaJihHaH 

n:opocTb rryq1..:a. ")o = ( 1 - v~/ c 2 )- 112 . "T - TCIIJI0Ba.H ci..:opOCTb ::)JICKTponoa nJia3Mbl. 

II pe.lll10JI0iKIIM: 'IT0 ace pac'JeTJlbl(' cp11311•1ecK11e napaMeTpbl JIBJIHJOTCJI rrep110,IIH'le

('l..:U~III <l>YIIJ..:UIIH!IIII i..:oop,111111a-n,1 c 11rp110,110M, pa.n111,1M ,11✓11111e pc3011a11c11oii M0,llhl A = 
'2rrv 11 /.,.;. 11 nnf' ,Ilf'M ·onepaTop ycpe,11ue111rn 

1 t· /(/) = (/(/,J·)) = "X Jo /(/,J•)c/J- ('2) 

,lJIR 33BIIC'HIUIIX OT apeMeHII cpemmx 3Ha'leHllii aeJIJl'IHH. 

_1.rn 01111ca1111H ·:::1,1eKTp11'1eci..:oro noJIH E(t. x) 11 ero npocTpaHCTBeHJIOii II apeMe1111oii 

11))0113B0,ilHblX IIC'l10Jlb3YCM. ypaDHCHIIH MaKcaeJIJia a 3JleKTp0CTaTll'leCKOM rrp116mtiKf'HHII 

[lU] 
i)E = 4rrc(11b + 11 r - 71 ;), ox i:JE = -4rre(jb + Jr), al (3) 

l',11(' ,,,,.,, II j,,.,, ···11✓10TII0C'Th II IIJI0TII0C'Tb TOKa IIY'IKa II ll.~a3Mbl, llj - (IJI0TII0CTb 1101108 

11✓1a3Mbl. Y'IIITblBaH. '!To oTHomemrn 3TIIX BeJIH'IIIH, 11Me10T pa3Mep11ocTH ,llJIHHbI. ape

Me1111 II C'KOp0CTII, 011pe.aeJIIIM B0JIII0aoe 'IIICJIO. 'laCTOTY II cpa3oayJO C'KOpOCTb aoJIHbl Ha 
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IICJlllllCiiuoii CTa,IIHH HeycToi:i•rnuoCTH I{aK 

k(t) = w(t) = 

llc1,JIIO'IHJ! ll ( 4) IIJ)Oll3UO,IIIILJe t:.r II t:,' JJOJJy<JacM <}JOJ)MYJihl 

((11b + n1, - 11;) 2) 

(£2) w(t) = 4rre 

((nb + 111, - n;) 2)' 

((jb + jl,)2) 
(£2) 

(4) 

(5) 

COl'Jial'IIO KOTOjJLIM k(t), w(l) II v,,,.(t) 3aBHC.H.T OT CJ)C,IIHHX MOMCJITOU q,ym<IJ,HH pac

llj>e/\CJICIIII.H. 11)"11..:a II IIJH13MLI, ULl'iHCJI.H.CMLIX B IIJ)Ol(ecce 'IHCJICIIHOl'O HHTCl'j)Hl)OBaHll.H. 

caMocorJiacoua11110ii CIICTCMhl ypaauem1ii. AHMOnl'iHhlM o6pa30M oupe,11eJI.H.CTCR JICHl'

MIOIJOBClrnJI 'HICTOTa l1Jlc\3MLI II lly<llrn II CI\OjJOCTb :JJICKTJJOIIOll 

llpo,110JtiKaf1 allaJIOl'lll0 C: JIH11eii11oii Teop11eii II 11epexo,1v1 K 6C3)Ja3MCpHL1111 11epeMCll

llbll\l 

..; 

w 
fl=-, 

Wo 

• VT 
11' = -, 

C 

w,, n,,=-. 
WQ 

" \ .. - -- . 
C 

\' v,,,. 
ph = C 

I r = ---~= T = Wot, Wo = w(O). 
✓1-\'2' 

Oll)Jl'jl('.'llll\l 111.'JlllllCllll)'IO J\ll3Jll.'t.;'I'(Jll'ICCKYIO 11po111111aeMOCTb JJJ)c13Mhl C ny•tKOI\I KaK 

(i) 

lilll'Jl<'IIIIOC' IICl'Jll.',IIOJla1111e J\llllclMIIJ{I( 11eyc-roii•muoii IIJla.11\H!IIIIO-lly<IKOOOli CHCTCMhl 11po

llP/l(.'IIO 11)''1'<'1\I pPlll('IIIIJI ypau11c1111ii Um1co11a ,ilJIH :iJ!eKTpouou IIJHL3MLI H lly<U.:a MCTOAOM 

'Hll''l'llll, <l>opl\l)'Jlcl (i) 1103llOJIJICT Yt"l'allOllll'I'h rp,UIIIIU,1 ll(JIIMCIIIIMOCTH JIHIICi'111oro Alll'-
11epl'IIOIIIIOl'O ypaUIICIHUI e[n(U), /\'(0)] = 0 Ha IICJllllleilltoi•i CTcl,llllH HeycTOH'iUUOCTH. 

::>110,1110111111 :1Toii <l1y1u.;111111 II OUJHIC'l'l, e(n, ]\') > 0 COOTUCTC'l'UYCT 11cpcxo,11y IIJIU.:JMJ,I I' 

lly<IIWI\I ll 11eJ11111cii11uii peiKIII\I. 

lham,IO,lleiicTBIIC ~JJICl{T!JOIIOO C llOJIIJOii pea.Jill3YCTC.H. IJ ycJIODH.H.X 'iepeHKOUCKOl'O II 

IIJta:ll\1('111101'0 pe30llc111COB. Hem111efo1oe 113!\ICIICHIIC 'IaCTOThl l\lO,IIYJIRU,1111 ny'iKcl [{ \/ II 

IIJla31\l<'IIIIOii 'laCTOThl n,, ll))IIUO,IIIIT K paCCTpoi:iKe CH11Xp011H3Ma 3JICKTp01100 IIY'iKa II 

IIJ[a;Jj\lf,I (.' UOJIIIOii II ;iaMC'/IJIC'IIIIIO pocTa aMIIJIIITY ,!ILi IWJ!e6a1mii. UKJJa,ll 1.;a;...:,11oro 113 

:1cjicjif'1,Ton u 11pouecc 11eJI1111eii11oii cTa611JI113au,1111 11eycToii•11mocT11 OIIJJCACJIHeTCH <l>YHK

tu111~111 
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11 <l>opl\1,YJI<' (7). :>110J110111111 IWT0phtX 11J1J11orT(>llpy<"l'<'H 1,p11111,1M11 I· 11 :l 11a p11c. I. I lc
CM0Tp.H Ha 311a'lllTeJibH0e 0TKJI0He1111e napaMeTp0B /{ \/ II n,, OT "mmeiillb!X" 31la'-le

llll ii. /lll:>JICl,'l'(>ll'ICCKU.H lli)0IIIIL(HCJ\I0C'1'6 CIIC'l'CMLI e(H, /\") (I(JHIIHUJ :3) M,UIO 11:.JM(!IUIC'l'CH 

110 cpa111w111110 I' JIIIIICii11oii ·1·cop11<'ii /10 M0MCIITa, IWl'/lf\ UJI0TII0f'TI, ~>lll'pl'HII I\OJIPlia1111ii 

Ir= (b''2)/4rillblllC'.!')o (uymn11p11aH KpH!Hl.Jl 4) ,LI0C'l'H['a("l' MaKcHMaJlbH0l'0 :rna'[CIIH.H. 

0.2 
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0 
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P11c. I. 1lcJJIIIIPii11aH :-JII0JJI0l(IIA 'IC(>Clll\ODCK0ro pmo11a11ra u,, ( 1 ). IIJJ~lMCIIII0l'0 pc:10-

11a1wa u,, (:l) 11 1111:lJICKTPll'ICCl(()ii 11po111n-1aeM0CTII IIJIH:lMl,I r IIY'IK0M c(H. /\") (:1) /VIH 

pa:1111,1 X ;111epr11 ii. I ly II t,TII (>IIHII K (HIIHLII ,1 C00Tll('TC:Tll)'('T IIJI0TII0C'l'II :mcpl'IIII Jlf'll 1" l\ll0-

po11<·1rnx 1,0J1e6a11uii Ir 

.ilJIH IIC()CJIIITIIBIICTCK0l'O llj"llrn ,n < 1, 75 I1aChlll(CIIIIC aMIIJIIITY llbl II0JI.H CllH:Jall0 c 
pal"C"Tpoii1wii 'l!'(JelllWlll'IWl'0 (H':J011a11ca !lb. C (lOC'TCJM ~IIIC(H'HII IIY'IKa (J0JII, 11Jla.3MCII

II0l"0 pmo11a111·a n,, 110;1pal"T/ll"l'. II IIJlll Alli= a, IWl'/{H 1j1y111,1111H H'(,o) /I0<'"l'lll"/H'T l\l!U,C'll• 

M.)'Wl [ 11). 1wr11a o6a :><l><l>cwra H llJIHI0TC.H UeJill'lllllaMII 0;111oro :II0JJH/IKH. llJJH 60;11,11111x 

:rncpn1ii paccTpoii1,:a IIJHL31\1Cllll0l'0 pe:.io11a11ca ll031111KaeT pallblllC 'lepeHJ<0llCl(()['0 II IJOC'l' 

<ll\
0

IIIJI IITY llhl 1-.om,6a1111ii- 3aMC/1JIHCTCH 113-3a 1131\IClll'IIIIH ll0JIII0II0/1llblX cnoiicTB IIJHl3M 1,1. 

O1111a1,o (HIC'IPTL,I II0l\cl3blllfU0T, '1'1'0 U paccMaTp11uaeJ\10M /lllc\llcl.30Jle 311Cpr11ii IICJllrnei,i-

1101' IIH<."l,lll(CIIII(' aMIIJIIITY/11•' IIOJIH IICCl'/(c\ CUH:Ja110 <." )JHC"llrt/(0M 11)"11,a Ill\ Cl'Y<'Tl\11. 

Yc.r10U1Iel\l pa313IITIIJl IIY'll(OBOii 11eyc-roii•muocTH J{lJJ[HCTC.H (j)a30Bl,Iii c1111xpo1111:iM 11r1Ka 

C BO.'llloii, IWTO(>btii cyw,ecTIJ)'CT ,llJlfl B03MYU\Cllllii C cj>H30BLIMII rnopocTJll\111 \ ~" < \ fl• 
Ham 'IIIC,lCllllblii 31\CIIC!)lll\lCIIT II0,i1TUCpiK,L1aeT .3T0T llblU0il Jll11leii11oii TC0!)llll II 11031J0-
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JrneT Ua6JIIO,llaTh 3B0JII0I.J,IIJ0 CK0p0C'l'H Hy<IKa \/ II cpa30DOli CK0fJ0CTH D0JIIILI Vph Ha 

lll'Jllllll'ii11uii t"l'H)lllll .11cycToii•11111oc'l'II. 1'c:JyJ11,'I'1i'l'l,I pac•te'l'0H, IJLIII0JJIIClllll,IX /IJIH 11y•1-

1,011 pa3llh1X a11epr11i,i, 11pe,11cTaBJ1Cllhl ua p11c.~. AllaJJH3Hpyn nx, M0iKII0 3aKJII0'IH'l'h, 'l'l'0 

11p11 /0 :s 3 Cl<Op0CTb IIY'IKa y6unaeT 6blCTpee cpaaoaoii Cl<Op0CTH, a npH A/0 > 3 pea

Jlll3Y(''ITH 06pa'1'1Ibii'1 3cpcpeKT. O6JJaC'.l'h 3UeprH~I 'Yo ::::i 3 C00TUe'J'C'l'Uye•r 0ll'l'HMcl.JlhllLIM 

YCJI0BIIHM B3alIMO,lleiicTBHH IIY'IKa C IJJia3MOiI, Kor,11a cpaaoBhlH peao11auc coxpamteTCH ua 

IICJIIIIICii1ioii t"l'cl,llllll 11eyc·roii •11rnocT11 [ 17] .. 

09 

08 
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1'11c. ;/. lleJillllt'iimtfl ;m0JIJ0l~llfl CIWJ)0CTII lly<!Ka \/ ( 1) II ct1aaonoii CK0IJ0CTH U0Jlllhl \';,11 
(:!) Jl,;IH pa;Jlll,IX :,11cp1·11ii 11y•11..:a 

( 'ornarno pnc. I· ,llllCllepc!lo1111oe ypau11em1e e(n, ]\") ::::i O coxpa11ne·rcn · ,110 M0Me1na 

JHll'llil)lil 11y•11,a fill <'l'YCTIW, a "'l'<'IIJIOlliUI" 11011pa111rn. I, JIC'lll'MIOf)OIICJWii 'taC'l'0'l'C' IIJlc~JMl,1 

ll cj>0p111yJ1e (i) 0CTaeTCJI 1118JIOii \1'.j/\';,~. :::::i 10-3 . OTCI0,11a CJIC,llyeT, '(TO IICJIHIICHllaJI 

pc•,11;11.;1·,11uui IIJlil:ll\l('II IIO·ll)"ll.:(i11oii cr'1CTCMl,I 11a 1wp110111 :1'1'/t!Je 11cycToii 'IHU0C'J'll OIi pc;l('

·'lll<''l'l'fl ll)lC'llll'IIIIOii ;111omo1111eii IIIIKJ>elltCll'l'a Jlllllei'r11oii 'l'C0J>llll. J(JIH 11y•11rn IIHI.JIO'i'I IJJI0'l'-

1101"1'11 ii xoJ10,1111oii 11J1a;i11tc• \ •:r = 0 pP111e1111C' ,1111cnepc1101111oro ypau11cmrn IIMC'eT 1111;1 

u = 1,· \. + ~n. f'JI<' JIIHJliUI .flOoa111,:i I, 'lilC'l'0'I'(' I ~n I//\'\' « I y Jlo'llJll'TllOJHle'I' y plllllll'-

111110 
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llp11 <JJ11KC1lpomu1110M 31Ht'ICIIHII ,, l<OMIIJleKCJILle l<Opllll (!J) JaUHCJIT TOJlhl<O OT ,!IH3JICK

Tpll'leCKOii ll))OllllliaeMocTJI 11Jla3MLI ua 'JaC'I'O'l'C MO,!IYJIHL(HII nrma J,; \". 

HeJIHHeiiHa.H ,!IH3JICK'I'pH'-!CCK8JI npoHHL(aeMOC'l'b 11Jla3Mbl 

ll = R,, - Rb= /{\I - n,, ~ e(/d')/2 ( IU) 
' 

11pe,11cTaDJ1e11a Ila puc.3 KJ)llllblMII 1, a COO'l'llC'I'CTBYIOl.l.\llC 3Ha'ICHIIJI r11,11po,111111aMll'-le

C)(Ol'O IIHKpeMCHTa - KpHBblMII 2. HHKpeMeHT, Haii,11eHHbili 'IHCJICHHblM HHTerpnpona

HIICl\l, nao6paiKeH TO'IKaMH (KpHBbIC 3). 

-y=l.75 -y=3 
2 

2 

1 
2 .... 

0 0 

-1 
-1 

-2 

20 40 60 80 
-2 

20 40 60 80 100 

')'=5 y=6 
3 3 

2 2 
I . 

2 -- 11 2 .J 
·········· 

3 3 ,_ 
0 0 

-1 
50 100 150 1 

-
1 

50 100 150 

P11c. :1. lleJ11111eii11a11 ~rnoJ1101~11.11 ,1111JJ1Cl(Tpll'lec1<0ii 11po11miaeMocTJJ 11Jla3Mhl H = ll/1t113 

(1) 11 r11,11po;i111ial\111'1ec1..:orn 11111..:pel\1e11-ra J(R)/J,,, (2). To•1e•111a.11 "PIIBM (:!) cooTDeT

l'Tu~·l.'T "•111cJ1e11110My" 1111Kpel\1e11Ty J(r)/J,,, = (2r)- 1 111 (W/IV0 ) 

l k110J1Laoua11a l\to,!leJlb 11y<11..:ouo-11Jta3Me1111oii 11eyc-roii•111uocT11, n l..:OTopoii 11111..:peMe1n 

llbl'lll<.'.-1.llCTl'.ll 110 <J>0pr.1yJ1e JIIIIICii11oii Teop1111 (!J) Ha 6a.Je ;1aHHbJX, IIOJIY'leH!lblX ll 11em1-

llf'ii 11oii 'llll'J(('(((l()ii l\l0/lf'Jlll, Tai..:oii 110/IXO,!I 110:lllOJlll<'T II IIT<'PII pl.'TII pOII/ITh ll('JJll ll<'ii I(()(' 

HaCLIW.CIIIIC al\lllJIIITY ,!ILi l..:OJle6a1111ii KaK upeMem1y10 3BOJIIOL(IJIO 1'11,!lpO,!IH!laMH 'leCKOl'O 

IIIIKpeMCIITa OT Mah'.Clll\HIJJbllOl'O 3Ha'JCHIIJI ""' = ( ,/3/2)p I/an,, 1..: nopory ueycroii'-IIIUO-

("I'll 

J+ = (2/1)1/3 [l _ e(I{\')] 1/2 
Ee fl,,, Ee= 3(2/t)l/3. ( 11) 
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;1J111 ll<'fll'JIH'l'llllllt'TCl-01'0 11,Y'IKn. IIJl!l.;JMI\ 0t"l'llf'TC.H JIJIIICii11oii n :! l II IICJIIUJCiiJIO(' lla

l'blUlPlllle al\lllJIIITY ,lib! J{OJ1e6a1111ii onpe,11eJ1JICTCJI ll3MCHCIIHCM 1-laCT0Tbl MO,IIYJJRUHII IIY'IKa 

l\. \ ·. ,l lncnemwe 1tHTerp11posa1me no1<aaaJ10, 'IT0 pac1<a'11<a 1<0J1e6auuu conpoao:+:,11aeTc.11 

~'MC!lhlllPIIIIPM cpe,1111di c1mpoCTII ny'IKfl V H M0H0T0IIHhlM pocT0M B0JIH0Boro 'IIICJla /\". 

llepDLlii 3<pcpeKT 11peaaJ111pyeT Ha 118'1a.JihHOii CT8,IIHII 11eycToii'IHBOCTU, Kor,11a nr101< Te

pHC''I' :111n 1 IIIT<'Jll,ll~'IO /\0JIIO ;111P(>l'IIII lllt 110:::i(iy;+;,{\CIIIIC IWJICUltllHi·i D IIJJaaMC. Ilo~Yl'OMY (>OCT 

aMllJlllTY.llbl rapM0HIIKII (' M8KCIIM8Jlbllh1M HHKpeMCIIT0M ll))IIB0,I\IIT K CMCUJ,CHIIIO .llll3JICK

TJ)ll'l('('l,Oii npomm,aeM0CTII 11Jl83Mbl ll o6JJaCTh c(/{\') < 0, r,11e KOJ1e6a111rn HapacTalOT C 

IIHK)H'MCHT0M J_ ~ J211./l,:(/\"V)ln, •. PacKa'IKa MC,IIJICHHhlX caTCJIJlllT0D C 1\18JlblMII m,
KpeMeHTaMH conpoao:+:,11aeTc.11 nepepacnpe.11enen11eM a11epnm 1<one6aun1i attyTpn y31<oro 

110/11101101'0 naKC'Ta [14] II yneJJll'ICIIIICM 3<pcpeKTIIBHOro D0JIH0D0ro 'IIICJla /\". CooTBCT

l'TDell!I0 'laCT0Ta M0.!IYJIJIUIIII ny'IKa /{ F CH8.'la.Jia y6brnaeT ,1\0 MIIHIIMa.JihH0ro 3H8.'ICHHR, 

a JaTel\l na'lllllaeT paCTJI. HacbJUJ,CHlle aMIIJIHTY.llbl KOJJe6aunii conp0B0:+:.11aeTCJI CMe

lllC'IIIH'I\I c( A" I.) D o6JJaCTh II0JJ0:+:IITC.JJbllblX 31Ia'1Cllllii' r ,1f' IIHKpCMCHT o6pawaeTCR B 

Hy,1h, 

B 06,rnCTII llblC0l,IIX ::lllcpruii ")o ~ 3-5, r .11e y;,i.;r llJ)0JIIIJIRCTCff HeJllllleiinoe YMCllb

lllCIIIIC' .1e11rl\llO))ODCIWii 'JaCT0Tbl IIJJa3Mbl [10]' MeXallll31\1 118ChllllClllill lWJJe6amiii TaK;+;!' 

(i,1111:101.: 1,: l'lltl)l0Jlllllcll\tll'ICCl,:01\IY' O111w1w npn /'II = (j 1wppr.✓ lffUllff 1'11.lll>0,I\HllaMll'l('('l<0l'0 

II ,rn lll'Tll 'IC!t'K0l'0 ( 'IIICJICIIIIOl'O) ))('IIIC'llllii C'T8.II0Dll1TR l\l('ll('C' JaMeT110ii. lleikT.DIITP,'lhllO, 

11a6mo;iae~toe II 'IIICJH:'111101\1 ~lKCllep11MeHTe 6blCTJ)OC r.l0H0T0HH0e cMe1Uett11e :(}\'\') B 

o6Jla('Th 110.r10;+;11Tf'JlhllhlX :rna'IPllllii ;l0JliKJI0 IIJ>IIB('l'TII 1,: 11<.'JIIIIIPiinoii c-ra611JJHJ8.llllll 11e

~TTOiI'IIIBOCTII 11))11 T ~ 100, 1wr .11a .. r11.11po,111111aMll'JC('Klfii" IIIIK))CMCIIT 06pantaeTr.11 8 

11,v.:11,. OJlll<IIW )l0l'T aMIIJJIITY.lll>I KO/J(•6a.1111ii IIIJ0.!I0JliKaeTCH .!10 M0MCHTa T ~ 150. A11a
,111;1 <jia:10noii IU0Cl..:OCTII ll)"IKfl TT0K83bl8aCT, 'ITO MHOl'OIIOTOIWBOe C0CT0JIHIIC B03HHKclCT 

y;,i.;e 11))11 T ~ l~i) II IJaCbtUJ,eHHe aMIIJIIITY.llbl KOJ1e6a.1111ii peaJIU3yeTCJI .!IJIJI ny'IKa, paa6u

Toro IHl IT\'CTl,11. . . . 

TaKml o6pa:rnr.r. paati11Ta W:'TO,IIIIKa paC'ICTa, B paMKaX KOTopoii <t>y11,11al\te!ITMh-

lll,I(' II0IIHTIIH ,'IIIIIPii11oii Tl'0)>ll11: '11H.'T0Ta. ll0,TIIIQII()(' '1111.'JIO II <jJfl:JOU!tH ('K0fJ0C''('I, ll)J0-

.'I0lll'll)l0Billll,I IHI ll<',11lll<'ii11y10 CTa/11110 11ey1"roi1'IIIBOCTII II JIC'II0,!ll,;30nam.1 II 1'1l'l<'l'TJIC' 

IIIITPrpa.1bllhlX xapa1,Te)ll1CTIII, ll(')TTOii'ltmoii llY,IIWIIO-llJta:31',ICHIIOii CIICTel\lbl Hap11.11y C 

11.'I0TIIOl'Tl,I0 :11wpr1111 110,JJH. 

:-)11qw1111 IIY,11,a TJ>aHC<popMnpyeTC.H B :Jlleprmo JJellrMIO(J0BC'KIIX KOJ1e6a1111ii, II ero 

,., H'Jl 1111 II ('I..O)>U<'Th yGl,111111''1'. Yep<' JlllPll 11,IJI 110 ll)>Ol."l')>flllf"J'BC'IIII0l\ty IH'Jlll0JIY 'lclC'l'0Ta 

lll',\'("l'Oii•11111oii ~10,11,1 11<'111,ITl,llla<'T MflJll,I<' 0CIUl,JJJlflllllll 116,111:111 1rn•rn.~1,11oii JIC'lll'I\II0)l0ll

('l,Oii •1;11'T0Tbl 11.'la:lMl,I H == J. llo:JToMy rl\l('ll(('IIJI(' ('(l('KT))a KOJJe6amiii B K0))0TK0II0.1JH0-

11y10 1111:1;wT1, t\· > I 11p1111o;u1T 1, 1101111;.i.;<•111110 <l>a:1011oii nmpocT11 110.r1111,1 m1 lll'Jlllll<.'ii11oii 

l'Til.11111 1wy1"1'oii•111l!OCTII. IIPCIIIIX)>OIIIIOCTb ~JTIIX npoueccon HDJlff('T('II ll)llt'IIIHOii 11an,1-

llll'IIIIII )lOt'Ta a~111.111n·y;11,1 l,:0,'1('(1a1111ii II 11m1:11\1f' (' ll(')H'JIWl'lllllll"l'l'IWI\I ll~"IIWI\I. 

l li·1H'X0,'1 K )H'.'IHTllllllC'l'Cl,111\1 11~"11,al\t conpono;i,:/laf'TCH YB(',1ll'l<'IIIICI\I 11/I0TII0C'TII :mrp-

1'1111 l-:lJjl('6a1111ii II I\IO,/IYJIHIIIIC'ii IIJI0TII0CTII ll.'IH3Mhl. Bo::i11111rn101Uf'(' 11))11 ;rroM yMellb

llll'IIIII' <')l<'Jllll'ii 110 ll)J0CT)J.lllCTll<'IIII0I\IY IIC)lll0/1)' JIPlll'l\110)>0111'1,0ii 'laCT0Thl IIJ>IIII0JIIIT 

I, )li11'<'T)lOiii-:e ll.1a31\1CIIII0l'0 pr:1011c111ca II orpaHlt'IIIBaeT 1!0:ll\l0inll0CTh HCl10.1Jb30Ra111111 

IIJli1:n11,1 II l,il'IC'<'Tll('} )lC'JOllfllll'IIOii ll0.'IIIOII0,1110ii Clll'TPl\lhl II 06.rncT11 111,fl'Cllillx ~111epr11ii. 

B ll)>0lll'l'l'I' ll(\lllll(('ii11oii )>f'.'lnl-:l'alUIII IIH)>fll\lPT)ll,I IIY'll"1 II 11.'la:ll\lhl 11:l~lf'llfll0T('H co 
ll)l('l\1('111'~1. O.i111a1,:o <1>11:lll'IPCKO<' l'0l'T0HIIII!' ('ll('TPl\11,1 :rnl!IICIIT OT I-Ol\161111a111111 ;n11x ne-
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.. ( I ''I'·'' ., Jlll'IIIII, UX0,1\"111('11 u /\ll:JJJ()K'l'Pll'l<'Cl,ylo llpOIIHl~IWMOC'l'I, IIJrn.:JMl,I e 0) = - w;; ~-vo·. 
I lc;111111.'ii1m11 <"1·n611;11_1:iai~1U1 11eyc'l'oii•11111oc'l'II cooTUeTc'l'uywr 0'l'KJ1011cm110 :,·1·01·0 IIUJ>!L· 
I\WTpa oT 11a'1a.r11,11oro J11a'1c111rn e(0) = -Jt1l 3 n o6JH\.C'l'b e(l) > 0. Xapa1<Tep11oe npeMH 
11pol~('l'Ca 3cLllllt'JIT OT :mcpr1111 IIY'll..:CL H " paCCM0'l'))CIIII0M CJIY'JaC 11b/11p = 1/G4 0Ka3b1-
nae'l'CJI 11a1160J1blUIIM np11 'Yn ~ 3, IWf',lla 0TIIOlllCIIHC IIJI0TII0CTH :mcprm1 JIClll'MIOJ)0IJCl<HX 
KOJ1e6a11nii K IIJIOTH0CTH 3Hepnm IIY'-IKa JIDJIJICTCJI MaKCHMaJJbHbJM. 

An'l'opu 6;11wo;1ap111,1 C.C. Mo1wccny II A.A. Pyxa,11ac aa 06cy:-i,,11c1111c pc:3yJ1hTaTou 
pa60Tbl II II0JIC3IIYIO ,!IHCKYCCIII0. 
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MAJibIE 3JIEKTPOJI,lJ;EPHhIE YCT AHOBKM 

A.M. Ko:10aaeo. H.B .. lla3aveo. O.B. filoeaoo 
/J,1c Ill ti Ill ym lllf0Jlt'lll tl4t'Ch:Ot'i ti Jh'.Cllt'/Jl1.Ale11111a,1b11ot'i rfiuJUh:l/, A1onrna 

flpllDO,ll.llTC>I CDC,llCllll.11 0 11poeKTllpyeMblX, coopyiKaeMblX II ,11eiicTDYIOWIIX · 
:MeKTJJOfl,llepHblX ycTaHODKax MaJJoii MOll(HOCTII, O6cyiK,11aeTCJl nx )JOJib a pe
WCIIIIII npo6JICM 3JleKTJ)Ofl,llCJ)llblX TeXIIOJioruii II npllKJia,!lllblX 3a,11a'I, 

Review of Low-Power ADS Facilities 

A.M. Kozodaev. N. V. Laza1·ev. 0. V. Sh1,edov 

Spme data of design or c;onstruction stage and operated low-power electronu
rlear facilities are described. The role and place of such facilities at solving of 
ADS (Accelerator Driven System) technological problems and applied t.asks are 
discussed. 

1. :).11e1npo11~epHb1e Texuo.11ornn 

IL1eR ynpaBJiemrn R,llepHbll\1 peaKTOJ)OM BHelllHIIJ\111 noT0Ka11111 HeJiTpOHOB, pOiK,llae-.. .. .. 
l\lblX D llt'IITJ)0II0IIJ)0ll3D0,llRUleU MllllleHII UO,ll B03,lleHCTDHCM ycKOJ)CHHblX 3apRiKCHHblX 

'laCTIIU, paapa6aTb1BaeTCR yiKe np11111epuo 40 JICT. OnTHMMbHaR ::mepn!H 601116ap,1u1-

py1011mx Mlllllf'llh npOTOIIOn 6Jill31-.ll ,, 1 f3B, np11 3TOJ\I Rl,IXO,ll ndiTpOHOB 113 TRiKeJIO

l\lC'TclJl,111'lf'CKOii l\lllllleHII IHI 0,111111 IIJ)0T0II COCTaBJIReT '.20-:30. HepBHlfHble HeiiTJJOHbl B 

110;11q>IITll'IC'<'K0III 6JlflllK<'T<', <'0/l<'PiKillll<'I\I ff/lC()II0f' T0IIJ!lln0, MoryT pa3MIIOiKaThCR C 1w

;,cj1<j>llllll<'IITOIII YI\IIIOiKC'IIIUI II IIC'<'IWJ!hKO /ICCJITKOn. IloJiylfalOlllHCCH TaKIIJ\I o6pa30M a 

:1,ll('(.;'J'(>OH/l<'plloii ycTallOllK(' (::),JUD") Hf'iiTpOlllll,IC IIOTOKII llJ)C,llCTaBJIHI0T IIIITf'(>C'C ,llJIR 

(l<'lllf'IIIIH pn11a 11po6Jiel\l COlll><'MC'IIIIOii 11,11ep11oii a11Ppl'eT11K11: fl03MOiKIIOii 11eib·pmmoi'i 

Tpa11n1yTa1u111 ,!IOJirOiKHBYlllllX (r nep110,!IOM IIOJ1ypacna,11a ,IICCJITKII - C0THII TblCR'l II 

;1a;+;(' MIIJIJIII0llbl JieT) pa,1111oaKTIIBllblX 0TX0,!I0B 11,11ep11oii :meprCTIIKII, 0CBOeHIIR nep

l'IICI\TIIBII0l'0 Top11ii-ypa11ouoro T0IIJIIIDII0ro UIIKJ!a. YTIIJ1113aUIIII ll3Jllllll[{OD IIJIYT0HHR, 

11po11;rno.11eTua T(JIITIIJI. l'.riaUHbll\l 11pe1tl\lyllleCTB0M :).llfl:Y JIBJIReTCR 0'leBll.llHM HeB03-

l\lOiKII0<'Tb "l'al\lOpaaroHllblX:· aoapuii C 11eynpaDJIReMbll\l II 6blCTJ)blM 11aparTam1el\l MOlll

ll0CTII. Ub!KJIIOlfeHlle nylfKa ycKop11TeJIJ1 l\trHOBCHH0 npeKpamaeT uen11y10 peaKUHIO B 

110,/ll\(JIIT!llfeCl,0l\l pea1aope. l103TOMY IICIIOJlb30BaHHe :3,11,ffY OTKJ)bIBaeT B03MOiKH0CTb 

npeo6pa3onamrn 11,11ep11oii 3HepreT11K11 a np11H11111111aJibHO R,llepno-6eaonacHyto. l1epea11 

KJ)YIIHM l\le;+;,11y11apo,1111aJ1 BCTpelfa YlfCHblX, ll0CBJ!lllCHHaR R,llepuoii TpaHcMyTaUHII. npo

lllJia 11 O6111111c1,f' DCC'ro Jllllllh IO JJeT Tol\ly lta3a,/l - D IIIOJie 1991 ro11a (Workshop on 

NudPar Transmut.at.iou of Long-Lived Nuclear Power Hacliowast.e). Ho aa 11cTeK11111ii 

llt')>IIU,l fl('(',ll('JllllHIIIIIH 11 :n·ul\l llilllpilllJl('IIIIII 11p110GpC'JIII 11<'<'1,Mll lllllJ>Ol.;tlii J\Hl('lll'l'cl0. 

139 



:-)m·l,Tf>OH/lt'()lll,lt' TeXII0JI0l'llll 110:rnoJHII0T pa~l8111311.'l'l, f>HA conyTCTuy1011111x 11a11pa.

UJl('llllii: (l>Yll,LIUl\rnll'l'clJlblll,ll' IICCJJC,LIOUa.111111 ua JIJl'J'CIJCHUllblX llO'J'OJ,aX 11efrrpo11uu, upu-
11300/\<'TA0 umpo1wro c11eKTpa pa,1111011yKJ1H,II0B Me11111m-,1111ar11ocT11'1ec1wro II Me11111w

TcJm1w11·1·11•1cc1wro IIH:JIHl'ICllllll (11a IIJ)0'l'0HII0M 11r11,e II Ila II0T0J<e 11eMTJJOIIOU M0l'YT 

11apa6aTblUf1TbCll pcWJlll'lllble rpyllllbl IIYl(JIH,!100), 11efrrpo1103aXDaTHall Tepamrn, J1er11po

Bam1e l\JaTep1rn.110B, B 'laCTH0CTII, l(peMHHJI, HCCJ1e,11osaHHJI B o6Jia.CTH pa,1111a1.1uo1111oro 

MHT('(>IIHJI0ll!',11('111111... B <.'IIJJY ~n-oro 3a 3JICICI'J>oH,IICJJlll,IMH TeXII0JIOl'HHMII, 0'ICUII/IIIU, 

c;1e,11ycT 11pe,11110;1annb 60Jlh1Uoe 6y,11y1.1.1ee u XXI uc1<c. 

llpaKTH'-1ec1,11 see se,11y1.1.1ue n,11epHo-cpl1311'-ICCKHe l.lCHTpbl MHpa se,11yT pa.60Tbl B 3T0M 

11a11paBJieH1111 [1,2]. l{ocTaTO'-IHO lla3Ba.Tb TaKne nporpa.MMbl, 1rn1, ATW (ClllA), OMEGA 

(Hnomrn), GEDEON (<Ppa.H1.1nn), ESS (Espona), HYPER (h:open). Pa.Jpa6aTbIBa-

10TcR II peMn:JylOTCR npoeKTbl APT u SNS (ClllA), ,JAERI/KEK (Rnomrn), TRISPAL 

(<Ppa111.11111), TRASCO (lfraJ111n), EA (CERN), HFBR (BNL), KOMAC (Kope11). B Poc

cm1 TaJGKC 110,11roT0UJ1e11a II o,1106pcua nay'-!110ii 061.1.1ecTueu11ocTblO Mu11aT0Ma II P AH 

"llporpaMl\Hl ll<'<'Jl<'/IC)(lallllii :1J(('l{Tf)0fl/lCJ>lll,IX CIIC'l'rl\1" (:1). Ber 01111 c)HU{'l'll'H.'CIW 0J>IH'II· 

Tll))0llaHbl Ha coopyiKe!IHe IIOJIHOl\laCllJTa.6HblX :3.r1H y ;VIII oTpa6oTKII 11po6✓1eM Tpa.11c111y

·1·a1111 II, 0(';JOllill'IIOii H/ICJ>IIOii :1111•pl'CTIIIm, IICII0Jlh30(JallllH U IIJJIIKJia,IIIILIX UCJIHX, a TitKiKP 

11po11:rno,11cTna Tj)IITIIR, Ha3Ufl1111Lle npoel\'.Tbl HaX0,llflTCH U pa.3Jlll'lllb1X CTa,llHHX. lla11-

UO.ill,lll,\'IO 11po1.•1.;T11y10 r.1011u1ocTb 1IMce·1· ll)"I0I\ u 11po1!t.,;T<~ APT, u 11pouen:1• pPa.;111:rnu1111 

IW'l'0poro llcl roJIOBIIOii 'laCTll ycrwp11TeJIH l' :111ep1'11Pii (i, i ]\fall y;+;c II0JIY'l('II rp1•,111111ii 

TOI, lUU r.tA [4]. 

:2. Po.,1h l\li:1.111,1x :)JI<'KTJ>OHN'()HhIX ycra.uotto1, 

CPrOJlllH IIPT C'Ol\lllCllllii II IlpllllUIIIIIIHJlbllOii llCJ:lt.lOiKII0CTII roopyiKrlIIIH II0J1II0M/H'

IIJTH6I1oii :),llH~· r l\l0l.l.lH0CTblO ll~"Ilrn yrnop11TeJIH-Apaiinepa .110 50-lUU Ml.h. 0.11-
11a1w II(' c.1e.11yeT 11peyl\leHbWclTb B03HIII,alOl.l.lllC Ha ;1')'()t,( IIYTII cp113IIKO-Tex1111'-1er1me II 

IIHiKeHepHo-TexnoJ1orn'lec1me c✓1oiKnocTI1. :),THD' ;10.1;,i,;ua 6LITb :JIWH0Mll'Jec1rn :1cl><l>c1,

TIIUll0ii. l\lclKClll\laJlhII0 11a.,11c;+;11011, IIJ)IIHUHIIII/\JlhH0 11ec11oco6110ii 11p11uecT11 I( H,llep110ii 

l(;ITHCTJ>O(l>r, c or:1011a,·111,Il\l /IJIH o6rJIYiKIIBallllH ypo1111rl\l pn1111n111111. CTOlll\lOf'TI, rr ('()• 

opy;i,;1•111111 l\lOiKl'T or.;a:mTl,!'11 :in 1'pa111,10 110:JMO;+;IIOCTl'ii :11m11ol\lJl'IC'Cl(II f'RMl,IX p11:1I1(1'1'f,IX 

<"rpa 11. I lo:rrol\lY 11 11a1"l'Olllll!'<' IIIH'l\111 1111 11ep1•;11111 ii IIJl/l II ocllo<'tlllfl :.>,IJ H Y-T1•x110;101·11i1, 

II0l\llll\10 pa:1pa60Tl{II 0'l'/l!'J(l,1(1,(X IIOJIIIOt.Hll'IUTa6I11,IX y;,,11011, llbll''l')'llflf''(' ('(XJ/11111111' II ;1(.,;('• 

ll('jlllt,(('IITHJ(l,IHI.II pa6o'J'a 11a l\la.;1ol\1Ht'IUTa611btX, ('T('IIJl0llhIX ::),IHI y. IWT0j>hl!' j\0Jlil\111,I 

(1()(',"(,\',l,l(TI, llf>0T0TIIIIHl\111 IIOJIIIOl\lHC'IIITa611L,IX. Tarrnr yt .. ('1\II0BIW II0JII0JIHT .'l,Y'IIIIP 110-

IIHTI, C)('()0<'IIIIOt'TII 11:Jalll\(0('lll{JII II 11po6J1el\lhl !'T0,111, 11eo61,1•111oro !'IIM6110:1a: rl'IWJ>II· 

Te.rn :iap11,1\!'llllblX 'liH'TllU 11 HJlep11oro prn1,Topa. 6a:.i1ipy1ouu1xr11 1111 co11cp111P11110 pa;1-

11opo;111L1x 06m1CTHX TeXHlll(II. 01111 II0CJiyiKaT II0Jllll'0II0.\1 /IJIH 0JITIIM113aLUIII IIC'frrpo110-

cj>Il:l11 'l!'C.'1,IIX xapai.,;TepllCTIII, HKTIIBl!Oii 30Hbl. /\JIil OTpa6o·rK11 l\cll( 0T,IICJlbHblX perne1111ii 

110 !IIIIIU<'IIII0-6.!J/IIIKeTHOl\lY )'3.~Y, JlllllclK)'-,ll()aiisepy II II00hll\l T0l1JIIIUIIl,IM 1~111,Jtal\l. TaK 

11 fl(>O0.'(('l\( ynpa11;1r111111, 6r:rnnap11ii110,·T11. 111\,IICil{II0C'TII ll('f'ii YCT/\II0BKII II Uf:'JI0l\l. CTo

llt.l0('TI, !.'00py;r.,;('1111.H 110,llO0lll,IX ycTall0U0I\ IIC 6y,11cT 'lf>!.'JMepIIo 6oJlhWOii. II0CIWJlhKY, 

1,aK 11pau11:10. IIX coopyiKeIIIIf' IIJtallllpye·1-rfl (' IH'II0.'(bJ0IIHllllel\l y;+;e lll\11:'IOIUIIXCH y:rnoll. ;\ 

06b1'-1110 npe,1no,1ar·ael\loe np11r.,;,1a,ll11oe 11cno.~bJ0BaHII<' ny•ma yctwpeHHbJX aap11;,i,;e1111LtX 

'lil('TIIU 11 11eii'rpo1111hIX II0T0l.,:011 l(()l\JO;+;eT 06J1er'IIITh :ia;(cl'IY Cj)llllclllt'llpoua1111H, 
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Tpy .IIH0 npoaecT11 '1eTKy10 rpaHh Me;+;/IY Hei-iTpoHHhIMll reHepaTopaMll 11 :.:},IUD'. flo

rJJf' /lllllf', B cym11ocn1, ,RBJJRIOTCR 11eiiTJ)OHHhIMII renepaT0J)aJ',UI, MllWeHh K0T0J)h!X BX0-

J-1111' B C0CTaB 110/IKPHTll'leCI<Oro R,!lepuoro peaKTopa. :Jna'lllTeJihHOe K0JIH'leCTB0 Heii

Tp0ll 111,IX l'<'ll<'paTopon 11c110J11,:iy<'T<'fl /IJlfl n11cp110-<l>11a11•1c>cK11x ::>1,c11Pp11Mc11To11, 11:1y•u•-

111rn pa3JIH'lllhIX ac11e1aoa Tpa11cMyTau1111 11 3JieKTp0R,!1epuoro cnoco6a npo11aao11cTaa 

~lllepl'IIII II 11apa60TKII TJJIITHR (l], IICCK0JihK0 :lKClle))llMeHTMhHhlX peaKT0J)llhlX c6opoK 

1wpc•o6opy /IYI0Trfl 11a ynpanne1me Hf'i'IT))OHHblMII Il0T0KaMII OT ,11ei1TeJmii-TplITIIt'IlhlX 

l'ell('jlilT0pou, 0;111a1..o ,11eikTuy1011u1x ;J,IJH r, 'UC,ll0MblX YCK0IJIITCJl.flMH, II0Ka IIC'l'. 

:L 06:Jop :),JJ('Wl'pon,ncplll,JX )'C'l'aHOBOJ< 

J>accr,10T()lll\l llp0CKTll()YI0lllllf'Cll, coopy:+.aeMhl(' II pa60Ta101uue ycTall0BKII, l,0T0pb!e 

M0iKII0 6h!JJO 6bI 0THeCTII K KaTeropnn 3,TIJD'' pacnoJI0;+;IIB IIX n II0))ll,!IKe B03pacTaHllll 

M0IIIII0CTII, 

:1.1. Ko.M.n.tt.eNc B<PC-1 - .mmpompou no,1u·oTanJ111aaeTcR n cl>3ll (O6mmcK) 

[:.I]. K )JIITll 'let'Kllii CTell,ll 6<J.JC- l II0CTpoeH /IJIJI 113Y'IeHIIJI neiiT))OHHO-CpH311'1eCKHX xa

paKTf'))IICTIII, ::>.TI.HY ua nom10MacwTa611bIX Mo,11em1x. h:opnyc cTen,11a 11pe,11cTaBJIHeT 

co6oii nepTm,a.~bHbiii CT8JlbHOii 6aK ,!lllaMeTp0M 2 M II BbICOToii 2,6 M. B 3T0T 6aK BCTa

U/IH(''J't'H 01.:0JIO l '.200 CTclJlblll,IX IIJIII HJII0MIIIIIICULIX Tpy6 Jlll8MCTJ>0M 50 MM II TOJllUlutOii 

I 1\11',I, II I\OT0[)hle aarpyiKaI0TCH Ta6JieTKII H3 T0BJIIIBHblX II J(OIICTPYKUII0HHblX MaTe

))llclJI0II U TaKIIX 11po11op1urnx, U K0T0pblX 3TH MaTep11aJ1bl UX0,!IIIT D C0CTaB aKTHBHhIX 

:io11 11 oTpaiKaTPJJcii ::-),TIRY. CT<'II/1 BcPC-1 06'be,111111e11 c l\lllKJ)0TJ)0II0I\I - IIMIIYJihCllbIM 

peao11a11Cllbll\l UIIKJIII'leCKHM YCK0))IITeJieM 3JieKT))0H0D. 3nepnrn ycKopeHHblX 3JleKTpo

ll0ll ··· :10 30 l\bU. TOI, uy'IKa 11 1IM11y✓11,c(' - .110 100 MA. Yc11ne1111b1e c6opKoii 11Mnynhcb1 

110:rno.rn10T 0IIJ><',1f:'Jll1Tb ~rneprCTll'lt'Cl.:II(' cneKTJ>hl 11eiiTpo11on MO,llCJlll()yeMoii yc-ra!I0DKII 

11a ('Il('J,Tf)0l\lCTpe 110 upe111e1111 IIJ)0JieTa ueiiTpOHOB C 6a3aMII 50 M II :>.50 M. 

1) 01,1coKOBOJlbTIILiii (:J.50 i..:0) M0.IIYJlb 

2) JloHHhiii IICT0'IHIIK 

3) ~·ci..:opmomM Tpy6i..:a 

4) h:m111pynon1> 

5) Marn11T (45°) 
6) 1l11arnoeT11Ka 

7) Kna11py110J1b 

t{) (5 1<ua,11py110J1eii 

!l) Prai.:Top MA:JYJ>h:A 
10) Hefrrpo11011po11aao.11nma11 MHWeHb 

P11c. I. O6umii 1111,1 ycTa11ou1rn Ha 6a3e peai..:Topa MA3YPKA 

I la 1..oMll.'l<'I,<'<' l:i<l>C'-1 -· r,1111..:p0Tpo11 11.~au11py10TCR Jlt>TaJlhllble 11cc✓1e.11onau11n Heii-rpo11-

110-<l>11:111•w1·1rnx xapal,TC'()ll<"Tlll, clKTIIBllblX 3011 ,1111yx TIIII0II: IWIICf>11rypau1111 C 6b!CT))Oii. 

OX.~Hild,H'MOii t'IIIIIIU0l\l. [IJ)~'TOllllii-ypa11onoii IIIITpll.llliOii ueHTJ)8JlbHOii TCCTODOii 30Hoii 

II Gl,wTpoii Tf'CTOBoii ;3011oii. OK[)YiKt'IIHOii B pa,!IIIMbH0M HanpaBJleHllll nepmf>ep11ii11oii 

T<'ll.'IOBOii IIJIII :lllllTCIIJIOBOii 06.'ln<'Tl,IO. 
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3.2. MASURCA (r. Ka,11apaw, cl>pa1111,m1) (5] - :n;cnep11MeHTaJibHbtii peaKTop 

IICII0J11,;1yeTCJI D pa3Jlll'lllblX nap11a11Tax aKTIIDJIOii 30Jlbl C pa3JIH'-lllbIMII MaTepuaJiaMH 

,llJIJI ll<'CJle,I\OBa1111ii no 3JleKTJ)OR,l\ep11oii npo6JteMe B paMKI\X cppalllQ'3Cl(Oi'r nporpaMMbl 

GEDEON. Ilp11 ynpaBJiemrn peaKTopa OT D-T reuepaTopa (puc.l) 11epa11'-!11h1e neii

TpoH1,1 6y,llyT np0H3B0,llHTbCJI B uenTpe aKTllBHoii 30Hbl, 

:JanJiaHnpoBaHbl Kai( nenpepblBHbil'i. Tai( II HMnyJibCHblli pe:iKHM; KaK KpllTH'-leCKM. 

Tai, II 110,lll<()IITil'-leCI(M l(OHCp11rypa11,1111, K03Cpcpn11,ueHT kacpcp M0:iKeT aa.11aaaTbCR B npe

,1\eJiaX OT 0,95 ,110 L. AI<TIIBHaR 30Ha B nJiane IIMeeT pa3Mepbl 1 MX 0.7 1\1. B o,1111oii 

113 11cc.11e,llonaTeJ1bc1..:i1x 11porpaMI\I (MlJSE-4), ua11p11Mep. 11cnoJ1b3YJOTCR T0tt.r111a11L1e 3Jte

Mr11·1·1,1 (P11-ll)02, (ll-Th)O2. (P11-Th)O2, 

3.3. MA KET (I1T:3cl>, Moc1rna) (3] - TJl:iKeJIOBO,llHhtii peaI<Top uyJieaoii M0IUH0CTII 

D ))C';f-;111\H' 110,111,pllTll'leCIWii CIICTC'Mbl C llllellJIIIIM IICT0'IIIHI<0M 11efrrpo11on \ D-T reuepa

TO))OJ\I) npe ,11uaa11a'-!eH ,IIJIR 11ccJJe,11oaamrn uei'1-rpou110-cp11311'-!ecI<11x 11 31,cnJJya-ra1111011111,1x 

uapal\Wrpol.l 1\10,IIC'Jleii 6Jial!KeTOl.l ;)JleKT))0Jl,llepHblX CHCTeM. ,/IJIJI Tec-r11poaa11HJ1 II Kop

peKIIIIII p,H''IPTllhlX 1\10/lf'JJCii II 0lll'IIKII MaCUJTa6on 3<p<j>CKTOD, DJIIIRI0IUIIX 11a R,llrp11y10 11 

Tex110.r10r11•1ec1,y10 6e3ollaCHOCTb, ,llJIJI npel.l,H3H0HHblX 3KCnep11Me!IT0B C TJl:iKeJJ0B0,IIHhlMII 

pewe-r1,aM11 6JJa111,e-rou 3JJeKTpo11,11epuoro reuepaTopa 11eiiTpouoa IIT3¢ 11 r.e1..:11,11011Hpo

BaHHh1M11 6JJaHI,eTaMJI ,l\eMOHCTpa11,110HHOli 3JJe1<Tpo11,11epnoii ycTaH0BKII. Or.HOBHbie na

pal\IeTpbl ycTaHoBirn MAl\ET: ,1111aMeTp 6JJaHKeTa 2.6 1\1, BhlC0Ta 3.5 M, 1111TeHc1mHor.Tb 

D-T 111\myJJbcHoro re11epaTopa neiiTpo11oa 1010 u/c, 1wJJ11'-!ecTB0 cTep:iKueii CY3 - 7. 
3.4 . .H.TIHHA - no,111<p11T11'-lec1<M c6op1<a c TenJJoBhIM cneKTpoM HeiiTpouoa [6] co-

3,llaeTcR B pal\lKaX IICCJJe,11oaam1ii no TpaHcMyTal.l,JIJI B 6eJJopyccKOM JICCJJe,lloBaTeJJbCl(0M 

1<0Mn.~ei..:ce "COCHhl" (p11c.2). C6opKa 6y,11eT ynpaBJJJITbCJI BHelllHJIM noT0K0M HeiiTpo

H0B OT reHepaTopa HeiiTpOHOB Hr-12-1 (B K0T0))0M ,11eiiTpOHbl ycI<0J)JIIOTCH ,/10 3Hepnm 

2!i(} I,~ifi II 60!\16ap,l\llpy10T TIITall-T(lllTlll:'BYI0 Mlllllelll,) C IIIITl'IICIIBII0CThl0 1012 11/r. 

Ko:i<l><lmu11e11T paaMHo;i.;emrn c6op1rn 0,90-0,98. B 1<a•1ec-rne T0nJJnBa 6y .llYT 11c110JJh30-

llil'l'l,nt T0ll.1111111((,1(' ;1Jf('j\f('IITl,I (' O0Ol'Hlll<'llll<.'J\I U.'1 -:.11<¼, II :rnl\l<'11Jlll'l'('JIII .. ('JIJlf'll/l IUlf'IW

llllfl, 110.-111~n·11J1e11. napacjm11. B0;'la, 8 llO,IIKj)JITJl'-leCl(Oii c6opi,:e IIJJall11pyeTCfl DhlII0JIIIATb 

ll31\1epe111111 3HepreTJl'-leCKIIX CIIC'I\Tj)0D 11eiiTpOHOB, l\03Cf)<tm11,11eHTOD pa3J\,III0;I-;ellll1I II ,lip. 

,. ·. -:=c··:.:.:.~: -I -~-,-,-: .. :·:,;:.'"":•y;ff:·r~;~.~ ... 7,"·:·•·:,11~ 

-t 

·:; 
. ~j 
,::·1 

~-1 
;.: 

l :... 11eiiTpOHHhlii reHepaT0(l 

2 - Ti-T MIIUJeHHM cncTeMa 

3 - 110,/IKJ)IITII'-leCKaR c6opi..:a 

4 - II0,/IBJl;I-;Hl\11 IIJJaTcpopMa 

P11c. 2. Cxel\ia 110,11i..:p11T11•1eCKoii yCTa11onI<11 fI.TIIIHA 

.1.5. Il.lIYTOH - 3Kcnep11Me11Ta.111,11aR 3.TifD" ua 6a3e <paaoTpoHa c 3HPpr11eii 11po

To11on !iliU rvbB 11 110,11i..:p11Tw1ec1wrq J>11-6JJa11KeTa IIMIIYJJhruoro peat..:Topa HPEII - npeJl

.rnra<'·tTH n OIIHII (7]. Yn·a110111-rn 11.TJYTOII (p11c.;J) BKJIIO'Iaf:'T B ce6R: 

• (l(lU l\bB 11!\IIIYJJbCllblii yc1<0pllTMb np0To11on: 

• ~IarHIITllblii Kana.TI TpaHCII0]Yl'll))0BKII ny'-lt..:a; 
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• 110J11,<l>pa111ony10 MHIIJP-111,: 

• Pu no,11KpUTH'ieGKHii 6Jiam<e·r ua TIDJiax Tuna HPEH c H3 g, cf, = 0, 94-0,95; 
• oTpa;i.;aTeJlll II 3al.QHTY; 

• 3al.QHTHble II K0IIT))0Jlllpy101.QHe CHCTeMbl, 

Ilo,11KpllTC6opKa ))aJMel.QaeTCSI D cua6:+.:eHHOM ueo6XO,llHMOii 3al.QHToit '3KcnepuMeUTMh

ll0M 3/1.11{' yc1..:op1rreJU1. <IJaaoTpOII pa6oTaeT B JIMrJYJlbCH0M pe:+.:uMe (,llJIIITeJlhHOCTb 

IIMllYJlbC0D :w MKC, 'iaCT0Ta IIX nonTopemrn 250 fQ), cpe,!IHJle noKa3aTeJIH BhJX0,!IH0ro 

nrma ll))0T0II0D CJ1e,£1yJ01.Qlle: 

• l\lOl.QH0CTb 1,0 KBT; 

• TOI, 1.5 MI..:A; 

• IIIITt'HCIIDH0CTb 2 X 1013 npoToH/c. 

BJiam..:eT cocT0IIT u::i 8(3 Pu-TB'3Jion. Macca Pu n TenJ10Bbl,£1eJJJ1J01.Qeii c6opKe - 229,5 r. 
TellJIOllbl,llt'JIHIOl.Qllt' ';JJleMeHTbl c6opK11 co611pa10TCII D TpeyroJJhHYIO perneTKy. IloJJHaJI 

JIJlllllcl TellJIOBblJlt'JIIIJOU{eii c6opKII - 34 CM, ,!IJllllla aKTHBHOi't 30Hbl - 18 CM, lllecTU

rpa1111aJ1 aKTIIBHa/1 30Ha II 0Tpa:+.:aTeJih paaMeJ..QaJOTCR BHYTPII 6eTOHHoro KOHTeiiuepa C 

l\OIIO,IJIIIIT<.'JlbllOii cmmuonoii 3alUll'fOii. 06ec11e'iHBaJ01.Qeii pa,llHaQH0HHYJO 6eaonaCHOCTb 

npu ocex YCJI0BIIRX pa60Thl ycTaH0BKII. TenJJOBbI,lleJIJIIOl.QHe '3JJeMeHTbl 0XJJa:+.:,llalOTCR 

II0T0IWJII 803,ll)'Xa. MmueHh, t'CJIII Heo6XO,IIHMO, M0iKeT 0XJiaiK,llaThCR reJIHeM, TenJJo

BaR l\l0lllll0CTh Mll1Ue1rno-611aHKen1oro 1..:01\tnJJeKca 20 KBT. no,11KpllTJl'ieCKlll0i 6mtl!Kt'T 

J.I0JliKf'll 6bITh oi..:py:+.:CII CTa.llbHbIM 0Tpa:+.:aTeJieM TOJll.QltHOii 2 CM II ::iamnToii U3 TfliKC

.'101'0 0f'TOlla TOJillJHiIOii 1 j CJII. Ily-101..: npoT0II0D OT nai,;yyM110ii CHCTeMbl yci,:opn-reJJR 

np0X0,llllT D l\lllWCHb qepe3 cneu11aJibH0e BOJlbcj>paMOBOe 0KH0. 

.. ---
Kmrn.r1u 

11mm,1 h.)p lJ l}h>.B.11:1 I 
1iy•1Ka 

Puc. :3. B::ia11MopacnoJ1oiKe1111e cocTaBJJflJOllJIIX 3.IJeMeHT0B ::>,TIRY Il,TIYTOH (O11Rl1) 

Ha yC'ra110B1..:e 11.TI~'TOll 11p11 .1-1ocTaT0'iH0 DL1coK11x ::i11epnrnx npoTouoa. xoTR II npu 

0TII0CIITt'JlbH0 He6oJJblU0M T0I..:e ll)''iJ..:a. M0iKII0 6y,lleT IICCJl(',ll0DaTb ,!IIIHaMHKY 3JleKTJ)0-

ll,llCpHblX CIICTt'l\l, 3cpcpeKTHBHOCTb MeT0,ll0B K0HTp0JJII 110,llKpHTll'iH0CTII, Mt'T0,!lbl 0UTH

l\1113clllllll 11pouecca yT11J111aau1111 Pu. ~11l><IJe1..:T111111ocTb ceKu1101111poaamrn 6JJauKeTa, Me

T0JILI 0llTIIMll3aQJIII Mlllllt'HII0-6J1aI11..:eTl!hlX l..:0Mll0311Ullii. 

143 



:1. 6. 3.l[JI llI' IIJ)C/l<"l'clllJlllf'T co6oii ;1JICl,TpORJlf'jllll,lii llf'frrpo11111,1ii rellf'!)flT0p, co
opy;1rneMbJii B 11T8¢ 11a 6aae o6opy ,ll0DaHJl.fl 0CTaH0UJICIIII0l'O T.fliKeJI0D0,llH0ro pea1<

Topa TBP II J111ueiiuoro npoT0HHoro yc1<op11TeJI.R HCTPA-36 [8,9]. flpoToHHhlii nyttoi,: 

OT JIIIHeiifroro yc1,:op11TeJI.R 6y ,lleT nocTynaTb ua 6ep11JIJ1Ueny10 MlllllCHb 110,lll.:J)IITll'IPCl.:Oii 

c6op1m IJJlll 11a CTaHQHII BblB0,lla nyttKa ,IIJl.fl npHKJia,llHblX QeJieii (puc. 4). OcHODllble 

llllJHl~lf'Tphl Y<'Tall0Bl(ll: 

·- ::rneprirn nru,a 

epc,111111ii TOI, 11y•11,:a 

:rn M::1JJ: 
u,r, MA: 

-- IIIITellCIIBII0CTb ueiiTpOIIOR Mlllllf~llll 

.. l.:OJlll'JC<'TIJO TB(' 
;3 · 10 14 H/r: 

Iii-Ii: 
235t_J; -- oc11on11oii j)1l3MII0iKIITt'Jlb 

- 06orallleH11e TonJ11rna no 235 ll 
:Jarpy3i,:a 235! 1 

90%: 
1.:1 i.:r: 

· - 3a.Me,I1JIIITe,1b II TellJI0H0CIITeJib D20: 
- oTpaiKaTeJib 

- ka¢ if> 

- IIOTOI.: TenJI0BblX ue_iiTpOHOB 

n :n,cnep11MeHTaJ1bllbIX 1.:a11aJ1ax 

- TefJJI0BaR MOll.lll0CTb 

D20: rpacpwr: 

0.95: 

I
,; ., 

2 • 10 -u/ c.11· • c: 
100 1-:BT. 

Ha .ycTaH0BKe ~I0iKII0 6~, ,lleT OTpa6aTb1BaTb. KOHUenu1111 6eaonacHoro ynpaBJieHIIR Il0,ll

KpllTII'leCKOii c6opKoii. 113y<ia.Tb OT,lleJlbHbJe B0IIJ)0Cbl C03,llaHirn no,111<pJJTC6opoK .llJl.fl 

npo113B0,llCTBa 3Hepr1111, TpancMyTaUIIII 0TX0,110B 11 Hapa60TKII TJ)IITll.fl, IlO,ll611paTb co

CTa.B 11 i,:oucfmrypaumo 6Jia111,eTa, nponep.RTb npaDJJJibll0CTh pa6oTbl nporpaMM pactteTa 

6Jiam,f'Ta. H0JiytlllTh IICT0'llllll, X0JI0,llllblX II YJlhTpaX0JI0JlllhlX HeiiTpo11on JIJIR cfJYIIJ1a

MeHTa.1bllblX IICCJJe,nonam,ii. ::,1,:rnep11MeHT?JlbH0 113y'laTb oco6e11110CTII pa60Tbl yCKopu

TeJl.fl, DKJIIO'laJI •1pean1,1•1aii11L1e C11Tyau11i1 B ycJIOBH.flX ,llpaiinepa! OTpa6aTblBaTb cp113llKO

TeXHll'leCJ.;He perneHll.fl ,llJl.fl IICII0Jlb30BaHU.fl IIX B rtoJIHOMacrnTa6110M J11tlla1<e-,11paiinepe. 

uapa6aTbJBaTb pa,ll11011yKJill,llbl Me,1111Ko-611c>Jior11.tteckoro II npoMbllllJieuuoro uaaua'-lemrn. 

lf))0B0JIIITh ))llJllla!UIOllllhlt' IICllhlTflllllR ~Hl'l'ep11aJIOB If 11:lJlf'Jlllii. 

(· 2 l!U 

CJJ - cTa11u1111 n1,mo,11a 11ytt1<a: 

J\1 II Q - Mlll'IIIITbl II 1rna,11py110J111: 

.. II - lllliKt'l.:T0J): 

RFQ, DTL - pe3011aTop1,1 yc1<op11TeJIR 

Puc. 4. C'xN,Ja yna11omm :3.rrn11r (IIT3¢) 

II p11 ynem1•1P11JIII 111oumocT11 T<:'XJ10.~orJ11.Jec1-:ux c11rTeM yci,:op11TeJIR HCTP A II aaMeue 

DTL-2 na rnepxnpoB0,llRllUlf:' pe;wnaT0J)hl M0iKII0 ynem11.JIITb BhlXO~IIYIO 3Hepr1110 '-lllCTIIU 

.LIO I()() - J GU l\bB. a epe.lllmii -ror,: 11y•11,:a - l!0 2-5 MA. •no pa,11111.:aJibllblM o6pa.JOM M0iKeT 

paru111p11T1> nm~1o;i-;11orT11 :~).ilHIII". 
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.'I. 7. Neufron Fact01•y - HeiiTpoHHa.R: cpa6puKa, npe,11cTaBJU110~rui co6oii MHor:o

<l)YHKlUIOHMhHYIO 3JHn' (11]. npe,11JI0:,i,:ena n 11ucTnTyTe peaKTopnhIX nccJie,11osaunii 

npn Ymrnepc11TeTe .RllOHCKoro ropo,11a 'K110To (KURRI). NF cocTOHT H3 JIHHeiiHoro 

yn;opnTCJIH II 110,IIK()ll'l'II'-ICCJ..:Oii c60()KH (puc.5). u nepnoii '-!aCTII JIHIIaKa 11pc,11110Jia

['c\.(''J'(.'fl yc1..:op11Tb ,11ci1Tj)Ollbl IIJIII IIOIII.I Ht 13 IIOCJIC,IIOOaTCJibllbIX ceKUII.RX C BblXO,llllblMII 

:mepm.RMII 400 1..:38 (100 MA), 2 M3B (10 MA) II :W M3B (1 MA). Bo BTopoii '-!aCTH 

yn,opnTCJUI 11oc11c 06,11np1rn II pa3uMa MOJICI<YJI no,11opo,11a 11Jia1mpyeTc.R yc1..op.RTI., npo-

1'0111,1 110 ::rnepruii 100 M3B 11 300 M3B npn TOKe ny'-II<a 0,3 MA. ,llaJiee ny'loK no,11aeTc.R 

Ha Mlllllt'llb 110,111,JJIITII'ICCl..:Oii c6opKII. lloCJJC 1<a;i-;,11oii CCIHUIII YCKOJJII'l'C'Jlfl IIJJ<',IIYCMaTpH-

11/l<''l'«'fl llhlllOJI Jl~"ll,ll 1111 pa:MII'IIIl,I(' l\llllllellll ,IIJ!fl npoll300,IICTna nei'iT})OIIOB D !Ullf)Ol<OM 

,1111a11a3011e 311epr1Iii (14 ~bB. XOJIO,llllhle, 3HHTeilJIOBbie, TellJIOBbie, 6bICTJ)bie) II cpe,11nnx 

llll'J'!'lfl'IIDIIOC'J'!'II (1 • 10 13 - a. i · 10 15 11/c). 

IS 
RJPQ. 
T>TI. 
DAW 
T: 
lk/l 1: 

JUI.I l\lc \' JOU !\le\' 

Nt'llf..011 
::1:10 13 n:s\menu) 
i'11do11 Rt>nrtor 

Epllht-nnnl Fmt & Thnanal 
tlrll!!:2!! Nf'nh·ou 
lxlO" 11-'s1penk1 hl0161t·~(pt,1kl 
JxJ01lu,RI 111ennl lx101•n'~(111ea11) 
1\1 .. ,u.~, R.-nctol 

~ 
foa Sourl·e l:hD.lil ~ 
RF(r Lincm Al·,·clcrnll)l 
D1iti Tnhe LinenJ Accelerntnr 
Oi:<k a111l \Vn~her Lmerir .-\ccelernror 
T11t111111 Taq,!cl 
Bc1yl1111111 lirnni1u11 Tar!,':1:t 

ffl'fflfi ~1lsed Steady 
Flld & Th..-m'll Fnst & Thn1nnl 
Pnbt'd Ne,u11·011 Pnltf'd Nf>1t11·011 
l .9xl () 1711:•1peak:1 1.2:d oun.-Mlp~nJ-:J 
, .6xlO"u:sr 111eru1) 3. 7:c;l()Uni•/ me~n) 
IDgh :£11••~· N•nn·on 
Nl'nta·on lir•ttr11112 
l'.lu:!!u Cuntrolle1I Irrmlinlion 

Acth·11tlon Anuly~i~ 
Coltl Nculrun Pby11k~ 
RJ Prnrluction 

P11<'. !i. CxNra ycTn110111rn h:llHnI 

I In ,\'1''1'11110111,(' 11.llilllllpyeT<'JI 111'<',ll('JlOIHl'l'I, lllliK('ll<'f>lll,I(' 11poGJl<'Jlll,I 'l'Opll<'IIOl'O 1(111,;Jl,I II 

IH'j)PpaoOTl..:11 OTXOJIOB; llf>OIIOJIIITI, Jl('rJie,11ona111111 IIO 11efrrpm111oii <l>113IIK(', f>llJIIHIUIIOII

IIOMY ~lcl'l'l'!Jllcl.'IOUC',IIC'IIIIIO, pec11nop11oii cj>ll311Ke: IICIIOJlh:JOBc\TI, IIY'l01..: ,IIJIII MP/lllllllllCIWX 

W'JIPii. Hl..:TIIB<IIIIIOIIIIOl'O a11aJI1I3a, IIJ)Oil3ll0,IICTBH pa1111011yKJill,IIOB. 

:J. 8. 3ne71.!11 .. R.+m71a.11.cM1Jma1t1t.Jt. B OIUlll parntaTpnsaeTCfl B03MOiKIIOCTh co
;1;111111111 ;11\('ll<'J>IIW'll'l'/lJll,IIOii: ),1111 y ":)1H'f>l'IIJ1+TfHlll('l\l,Y'l'llllllll" (' ll<'IIOJ1l,:,o11n11lH'M 11y•11rn 

r1111xpoTpo11a/11yKJIOTpo11a. :.:->11eprm1 llfJOTOHHoro ny-IKa 1-2 M313, TOK ny•u..:a He 6oJiee 

I M1,,\. M11me11h MoJKeT 61,1Tb nocTpoe11a Ha 6a3e Pb. l 1 IIJIII \V. B 6JiaH1..:eTe l\loJKeT 

6b1Th llt'IIO.~b30Uall eeTeCTBellllbiii ypa11. Ha )'CT8HOBK(' l\lOiKHO 6UJIO 61,1 onpe.11eJI.RTb 

OIITIIl\la.1hHhle napaMeTJ)bl I\IHOl'OUeJieBbIX 3.TU:IY; IIOJl)"lc\Tb ,llallllbl(" 06 :meprOBbl,lleJie

HIIII. IW3<l>cjmunewre yc11Jie1111.R !IIOlUHOCTII. cne1,Tpe 11 6aJiaHce ueiiTpOHOB, 3Hepro3aTpa

TaX 11a renepaumo o,11Horo ueiiTpoua: 113Mep.RTh napaMeTpbI uei'iTpoHHo-cpll311'ieci..:nx 

xapai.;TepIICTIII, MIIWeHII B 3c\BIIC'IIMOCTII OT 3Hepnm 38j).RiKeHHblX '-lc\CTIIU, 1130TOilHOl'O 

«'\H'T/11111 II l..:O~llllXlllllllll ~llllll<'llll-l..:Ollll<'J)T0()8 II 6.~rlllI..:PTll, 
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:J.9. Test Fac·ility. B pal\u..ax Kopei"ic1wro npoeKTa HYPER D 2002-2006 ro.11ax 

IIJ1a1111pyeTCH coopy,llllTb MMOJ\laCllJTa611y10 TeCTOBYIO 3JleKTpOH,llep11y10 ycTaHOBKY C TC

llJIO[lOii MOU(HOCTblo 5 MBT [12]. Be,11eTCJ1 pa3pa60T1rn ce10.,1111i yc1mpwreJJR - RFQ n DTL. 
:-J.10. IlpeiJ.rtO;JICC'H,'ILC IHEP (Ilenuu). B nopH,llKe pa3BIITHJI ynpaBJJHeMblX yc1w

PIIT<.'Jlel\l .fl,[\ep110-a11epreTll'!eci,:11x CIICTCM IIJ1a1111pyeT('.fl lie\ 11epnoM ::na11e, B TC'Jelll[C 6J111-

;i..:a.iiw11x 10 JJeT coopy,1111Tb J11meii11wi1 npoTOHHh1ii yc1wp11TeJ1h Ha ::meprmo 150 M38 11 

l')>l'/\llllii TOI, :l MA, OU'l,C'J\IIIICIIIILlii t' IIO,llKJ)IITll'll't'KIIM 61rn111,e·1·0M 11,YJJeUoii MOJJUIOl'TII 

[ I OJ. ,ii 1111a1, IIJ)(' JIIIO,llctl'cl('TCH coopy;Ka.TL, 1rn1, ll)>OTOTIIII 6y 11yuieii IIO.TIIIOMa<'IIITa611oii 

ycra110111rn II m·e.i1e;1omn1, 11a 11el\1 IHI/I 1111;i,;e11ep110-cj>11311 1 wc1rnx 11po6J1el\1. B Tt"l<'IIIIP 110-

,·.11e;1y1011u1x llJ ,![(''[' IIJ)CJ\IIOJHll'HeT<:fl coopy ,IIIITI, ,IICMOIICTpallHOIIIIYIO yrTa11ou1,y, IJl(JIIO'Ja

lOlllYIO B ce6JI .11maK Ha ;meprmo II 1 f38 II TOK ny<u..:a 10-20 111A, a TaK;I.;C 110,111<pl1Tll

•1ee1rnii peaKTO(J II J\IIIWCIIIIYIO CIICTCMY. 

:J .11. ,4 C.M,O'H,C11l]JU'lflLO'H,'H,U.Jl, 3.11.JIY (pnc.6) l\lO;I.;CT 6bITb C03,11a!la Ha 6a;ie JIIIHeii

llOl"O ynwp11TeJ1JI l\'11"1 cp [ 13]. I hITeHcllBHhlii uy<IOK n poTOHOB c 3Heprneii 500 l\bU 
J\IOiK<'T cm;1a1rnTh n11yTp11 11poTH;i,;e11111,1x J\IIIWe11eii ( Pb-Lii, \V, l_1 11 .LIP,) 11cxo,11111,1ii 

ClleKT() 11c11ap11TCJlhllhlX neiiTpOHOB. O'iCHb 6JJ!l3JOlii CIWKTPY npu ~rnepnlll 11,Y'il..:a l .'2· 
l .a. l \JU, r .£le uaxo,L111TcH ;mcpreT11•1eerrnii 011-r11Myr.1 (1wr.11a 'i11c110 11eii-rpo11ou. po;i,;.11e11-

111,1x n J\IJJUJe1111 O,ilHIIM npoTOIIOJ\I. J\lal,CIIMaJJbllO), 'ITO 003DOJIHCT IIMIITllpouaTh OCIIOll

llble 11eiiTpo11110-ctmaw1ecKJ1e oco6e1111ocTJ1 llOJIHOJ\laCUJTa611oii ycTaHOBKJI. B 11a;rna11111,1x 

ycJIOUIIHX po;i,;,11aeTCH ~8-10 11ciiTpOIIOD 11a 0,111111 11a,11a10m11ii upoTOII. B 3aDIICIIMOCTII 

OT COOTHOUJeHIIH l\lC;[\,ilj' TOKOJ\I j'CKO))l!TeJJJI (noJ1y<Je1rnuii TOK 100 r.mA, npoeI..THhlii -

500 r.11,A) JI yr.111o;i,;emrcl\l 6Jla111,eTa (.110 50) MOUlllOCTb ,ilCMOHCTpalll!OIIJIOii ycTaHODKII 

J\ron,<'T /\O<'T1iraT1, 1l-(i Mlh. B 111:>1wTop1,1x uapnairrax /\<'Mo11c-rpa1u101111oii ::)JIHY ;Viti 

Ublj)UllllllllallllH 11eii-rpo1111oro IIOJIH ll03J\IO;[.;IJO llUC,llt'lllle JWJlhllCUoii 110,llt'Ue'J'KII 113 IIL[('O

l(Oill('f'll llllOl'O /\f'Jlfllll('l'O('fl j\(a.'('('IJIHIJHI 110 rpallllfl(' om:ca. Ila ycTa110111,e J\IOil<IIO O,YJl(''I' 

IICl'.11<'/IOllaTh J\IOIJIIICH"l'fll,[(' II TE'J\11lepaTyp111,1e_ acl><J>Pl('['l,f, IIPOIIPCCbl llhll'Opa1111fi TOIIJIIIIHI 

II ll,ll,<J([.;1('111111 110111,IX /l<'JIHIIUIX<'H r.1aT<'flllHJIOll, Tflilll('f\l)''l'illlllll ar,TIIIIII/IUII II pa/\llllill..:'J'IIII· 

111,IX 11po;1yl('f'Oll il('Jl('IIIIH, 110111,1(' 'l'C'XII0.'101'111111po11:111011cTua TpllTIIH. MuJl)'JlbllH.fl (''f'Jlj'l,

TY pa 6.'lallKC'Ta ycraJIOUKII 1103UOJIIIT O,llllOBpeMCHIIO BCCTII o6JJy'ieHJIC 110,ilK()IITll 'ieCKIIX 

(.;(J~(llu:1111111ii pa:1.1111 111101·0 Tllllil. OO('('[IC"IIIT J)('f'l(j'IO IIX :HIJ\l<'llflC'J\10<"1'1, II YTIIJl1l:1au1110. 

I lpoii111,1ii u1,1Bo;1 11y,11rn 11a J\llllll<'Hb y;i,;e yc11ew110 11po1w,11e11. 

I Jo;1~1oi1< IHW'J'II :).II H :\' <'Ylll<'<'TIH.'11110 B<XJ (><1<."ntlOT IIJJII y lleJlll 'll'IIIIII ll G,v :\Ylll<'J\I [ I :1] 
:111<'J>l'IIII 11~"11,a ;10 ( J'~1B :ia C'l<''J' ll<'IIOJll,30111\IIIIH <'ll<')>XIIJJOIIO/\AIIUIX <'<'Kllllii llil llhlXO,l<' 

ynwpllTC'JIH II ,Vll<:'Jlll'll'llllH CIJC.'J\IH'J'O TOKa .ilO a J\IA. 

:1.12. Linac + HFDR. BBNL11pe.1vw;i.;e11oco3;1aTbJ\1011(11y10J\1110roue.w11y10:wp1,

Tpo11,1ep11y10 ycTa11001-:y 11a 6aae cymecTuy1omero DblCOKonoTo'IHOro 6pn,l\ep11oro peaK

Topa 11 FBH II pa;ipa60Ta1111oro 11pot'KTa rnepxupouoJlfllllcro 11poT01111oro ,IIY Ila l l':,B, 
10 J\IA [1,1]. :+r~· yrTclllODl..:y (1..:aK II ,[\ne ~1(1e,l\hl,l\>111111X) f'/\113 Jill J\I0;[.;110 OTlll'CTII K J\taJJO

J\IHCIIITH6111,1r.1. U,i.lllalW ('(' 11a.r111·111c• B IIHl'TOHlllCf\l uepP'III!' 1101..:aabIUHCT IIOCT('[l('flllOC JIO

r ll '1110(' IIOlll,IIIH'll llt' J\IOIIUIOC'TII T<'C'TOlll,IX <.'IICTPJ\I ,llO yponHH IIOJIIIOJ\l,ICIIITa6111,1x, Ill a11n,1 

Ila pea.:1113cll(IIIO ~rroro llpOC'l,Ta, IIO-Ull/lllf\lOMY, 6y.11yT D03(JclCTaTb 110 J\lt'pe :rnrwplllC'IIIIH 

pa(><JT 11 ( '.1111\ 110 11<'iiT(H>11110J\1y rc•rwpaTopy SNS. 

,'1.rn ('(>illlll('IIIIH Q('IIOUlll,IP 11apal\lCT(Jl,I ycra110BOK <.'IH.'/1'~111,1 II TH6J11111y. 
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Ta6JIH~a 1. MaJIOMRCWTa6HL1e 3.IICKTpOJl~epHLie ycTaHODKH 

lfn3nn1u1t" C'TpRHR T11n 11pai\aepa; M11we11b; M11meH110• TenJ10111\n COCTOflltHE-

,\'CTf\llOBl-i:H ~•c1.:opne,Mhl<· llHTeHCIIB• 6J1a111<eTHb1i\ MOUUIOC'fh 

lfJIH npOl:'KTa '11\CTl!Ubl; HOCTb Heif• )'3e.~ ycTaHOBKlt; 
pen<l!M; T()OHOB OT k3cpc), 
3Hepr11.11 11 cp. MIIWeHII 
TOI< nyl1Ka 

l(o~m.1e1<c <1.>311, M1tKpoTpOH; e - ; Kp1tT1t'lec1<11ii .lleiicTsyeT 
E4>C'l- Pocc1rn HMTI~'JlbC'Hblit; CTeH,Q 
Mlll<J)OTl)Olf 30 1\1:>B.: 

100 MA (mm.) 
MAKET 111'34>, D-T-rettepaTop T; Peal<TO() ,Llel!CTByeT 

Pocc11.R IIMn)'JlbCHbtif 1010 tt/c H)'JleBOli 
MOIUHOCTII 

MASL1RCA r.Ka11apaw, D-T-reHepaTop T no111<p11T- k3cpcp = Coopya<a• 
cf>paHLIII.R c60Ph'.f\ =0,95-1 eTCII 

/l,fll 111 A 1·.l\11111cr;, D-T-r.:·11epRTop T1-T; llon1<p11T• k:,c)"I' :S CoopyA<D• 

B<".~OP)'CCIIR 10 12 11/c c6op1rn < O,f18 eTCA 
11.il.'"J'OII OIUIII <1•n;:,01vo11: r: \\': lloni<p1tT1t• :?O r-;lJT: IIJ)O<'KTIIOe 

HMTIYJlbC'Hbllf: 'fE,CKllit 6JIBH• k:,c)><I> = npenJ1011< .. 
,rnn 1'faB: l{l:'T 11n TR3JlnX :fl,{14-(1,(llj C)lR30T()Olf 
1,5 ~mA. IIPEH pa6oTaeT 

::MHIII 11'1 ~-,q.,' .fh111a1<: /': Be; no111<p1tT• 1()0 KBT; Coopy;i..a. 

l'occ11n IIMll)'JlhClfblit; 3 • 10 14 11/c c6opKn k:,c)i<I> = eTCfl, 

3•5(-+ 150) l\bB :0,95 nponeneH 
ll,5(-+ 4) MA. cj,113nyc1< 

r"OJIOBHOif 
\faC:TH 

nn1-1a1<a 
Neutron :'-'H110epCIITE'T .Tl1111aK; d. p; T, Be, LT: no111<p1tT• 5 MBT 11poeKTHOe 
Factor)' r.)\IIOTO ltMn)'.~bCHblli; :? . 1013_ c6opKa npenno,...e-

()i:URRI), 0,4-300 l\bB; 3 • 10 15 11/c HHe, HM€'t:'T• 

>1110111111 I fJfJ-0,3 MA CR f)E"Bk'TOJ)., 

11a11 c6opKa 
:>w·pr1111 + OIIHII t'1111xp0Tpo11/ l'b, l', W 11 ~JIRlll,('T._,. - )lp('JlJIOn<<'• 
-rpn11c?1.1y-rn- ll)'kJ101'pOH; /1 : ~C'"l'E'C'TBeHHbllf HHI!' 

lUlfl 1-2 f:,B: l' 
< l rn<1\ 

J'est l·nc1ht)' U npoe1<Te 6 Mlh llpoe1<T110,e 
11\'PF.R. "P"JlJIO;f<E,• 
h'.0111•11 IIHr• 

I I pf•,"J.'IO,l,t"Blt':!' IIIEI', .f)11111u,; />: l!o,Ql<J)IIT• llpoe1<T11c,e 

IIIEI' ll,·1<1111. ltMll_\','11,1'."llhtft: c6op"n n,•n<·· llpi!-JlJIOA\•:• 

K11Tni1 150 l-bU;3 ~,A. BOff MOWHOCTH Hlft" 

.le~1011,Tpa- wrn PAH. .lhrnar-;; r: \\ MOJl)'.~bHa.R 4-G MBT i1po.,KTH0(' 
UIIOUHaH Pocc11.11 IIMn~'J1bCHblft: non1<p11T• npenno;r.;e-
:➔/IRY 0,5(-+ 1) f:,8; c6op1<a Hit.,, 

0.1(-+ 3) MA. npoel:'.aeH 
npo6Hblit 
BblBOJl 

ny'n•a Ha 
?1.UtWeHb 

Linn('+ UNL. .Jl1tHaJ.::; /1; Ha 6a.."'le llpoie-KTHoe 

IIFllH Ep_v1,xi::-eeH, I f:,13; 6blCTporo npe.a.11oine• 

CWA JO hlA. p':'aJ..:Topa Hite 

HFBR 
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Puc. 6. CxeMa .11eM0HcTpa1..111omwii :3,TIJD' HJUI Ha 6a3e ycKopHTeJI.R MM<P. 
a) - cxer.rn Dceii ycTaHODl(II, 6) - CXeMa Mlllllem10-6J1aH1<eTHOro YJJia. l - Mlllllellllblil 

MO,ll)'Jlb; 2 - MO.llYJIH, 06pa3y10mne 6JiaHKeT 3JleKTpO.R,llepuo1i ycTaHOBKH; 3 - I<acceTbl C 

TellJIODbI,lleJI.RIOIUIIMII 3JleMeIITar.m Ha OCHODe DbICOKOo6orauieuuoro ypana. 06pa3y1011..1ue 

KOJlbl..leDoii .11paiiaep ,/IJl.fl BblpaDH11BaH11.R 11eihp01moro IIOTOKa; 4 - ceKI..IIIOHIIJ)ODaHHbll~l 

OTpa;+;aTeJib (D2O IIJIII rpa<fmT): 5 - BHelllHllii J<opnyc: 6 .. HOHOIIJ)OBO,ll 

4. BhIBO,l\hl 

1. Ilc110J1b30llaH11e D-T-rc11epaTopoB D HCCJle,llOBaTeJll,CKHX ycTa!IODKax pcaJlll3yeT 

11,lle!O ynpaBJieHll.fl IIO,llKJ)IITC6op1..:oii BHelllllllM IIOTOKOM 11eiiTJ)OHOB II II03B0JI.ReT 

110.Tiy'!aTb HeKOTOJ)hle ,llaHHhl{' no 6.11am..:e-ry. O)lllaKo D 3TOM aap11a11Te IICCJ1e11oaa-

1111e II 0Tpa60TI,a B3allMODJlll.flHll.fl IIO,llKJJIITC6opK11 II YCKOJ)HTeJl.11 Kpaiiue orpam1-

<1eHbl. HcnOJib30DaHl!e B J(a'JeCTBe .11pai"iaepa yc1<op11TeJ1ei"i C MOIUHOCTblO ny'!Ka D 

e.llllHlll..lbl-,lleC.RTKII KIIJIOBaTT (IIJIII 60Jibllle) ,lleJiaeT ycTaHODI()' IIJ)OTOTIIIIOM IIOJI· 

uoMaclllTa6uoi'1 3,IUIY II pe3KO paclll11p.11eT ccpepy 11ccJ1e.11oaau11ii. K ToMy ;.i.;e, OT

KJ)bIBaeTc.R B03MOiKHOCTb lllllpOKOro cneKTpa npllKJia,llHblX pa6oT Ha ny'!Ke yc1..:o

p11TeJ1.R. 

2. :31<0HOMll'!eCKII onpaa,11ano na6JIIO,llaeMoe c-rpeMJ1eH11e pa3pa60T'IHl<OB Mc\.l{CIIM8JJbH0 

11Cfl0Jlb30Bc1Tb y:+.e IIMeJOW.HeC.R ycTaH0B1':II D C0CTaDf' TeCT0DblX :3,fJiV!", 

:t Ila Te1,yuu1ii M0MCIIT ou1yinReTc.R nocTpc60BR1111orT1, MaJJhlX, TCCT0BhlX ::).THIY. 
l.;l)TOpl,H' MOl'JIII 61.1 II0M0'II, II pc111e111111 !IC TOJll,l,:0 <l>1131t<ICCKIIX, 110 II T!'Xllll"lt"CKIIX 

II TC'XII0JI0l'll'IC'l'KIIX ::rn;ia•1 pa:1pa60TIOI IIOJIIIOMclr.llJTllUlll,IX ycTl\llODOK. 

4. B Pocc1111 IIMeIOTC.R 60,1hlllll(' IIOTellUl!aJJbllblC D03MO:+.II0CTII ,llJl.fl C03,llaHJI.R MaJJblX 

Tf'CTODbJX 3,IUIY II no.'1y'!e1111.11 ua 1111x aa;i.;11oii 1111cpopr.rn1..11111. oTpa6oTKII nonpocoB 

p.11,11a cp1!311KO-TeXHOJIOfll'l('CKIIX DOIIJ)OCOD II npo,llBlliKl'Hll.fl TaKIIM o6pa30M no IIYTII 

OCBOellll.R ~l.1CKT))OH,llt'plll,IX TC'XIIOJIOl"IIII. 
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IIPOEKT MPEH: CTATYC ll IIEPBhIE PE3Y JlhTAThl 

B.B. Ko6ev,. H.H. MetWWB, A.II. CyM6aeB, B.H. <PypMaH, B.A. filBev, 
061:,ecJu1,e11111>1t'i u11cmumy111 J1c)q1111>1.r ucc,1ec)otH111ut'i, J/,y61w 

II.B. ,!Ioaa·•tea. B.M. IIaB.ttOB, A.P. ct>po.ttoB. C.M. I'ypoB 
JlH<:111umy111 ;u)ep11011 rfiuJuh:tt ti.At. I'.11. ByiJh:epa CO PAH, Hoaocu6uprn 

PaccMaTpIIBaeTCJI K0HUenm111 npoeKTa H0Boro KOHKypeHTOCilOC06Horo Ha Mll
poB0M ypoBHe IICT0"IHIIKa pe3oHaHCHhlX HeihpoHoB (lIPEH), pea.11113yeMoro B 
OIIRII. B ycTanonKe IIPEH coepeMeHHhli'1 mmeiim,1ii ycKopnTeJib .IIY3-200 nH
;i.,:eKT11pyeT ny"I0K 3JleKT))0H0B C 3Hepr11eii 200 M3B np0,110JliKJITeJlbH0CTblO llM
IIYJlbCa 0K0JI0 200 HC II cpe,1111eii M0WH0CTblO 10 KBT D BOJlb<ppaMOBYJO MIIWeHb
K0HBepTep. pacnoJioiKeHnyJO B uenTpe KOMilaKTHoii 11 6hlcTpoi'i aKTUDH011 30Hhl, 

co6pa1rnoii 113 TB3JI0B. Dhlil0JIHeHHhlX 113 MeTa.JJJIH'ieCK0ro IlJIYT0Hllll. ¢oTOHeii
Tp0Hhl, o6pa30BaHHhle B K0HBepTepe, pa3MH0iKalOTCR B OKpyiKa10weii aKTIIBHOII 

:mm• c K03<l><l>11m1c11ToM YMII0iKCIIIIR oKoJio 30, 11p11 JT0M npo,110JJiKJ1TeJ11>11ocTh 11M
nyJ11>ca 6hlCTphlx neiiTpOHOB He npeBhlWaeT 400 HC. Ilpe,11CTaBJieHhl pe3yJI&TaT!,J 

nepBhlX 3KCnepltMeHT0B 110 IICrlhlTaHIIIO ycKOPJIIOWIIX ceKu11ii JJIJHei'moro ycKopn
TeJIJI JD'::l-200 na ~'CTa11onKe B3Illl-S n HR¢ CO PAH II cocT01nme pa6oT no 

npoeKTY llPEH. 

IREN Project: StRtus Rnd First Results 

V. V. K obetc et al. 

The concept. of t.he project of the new compet1t1\'c at a world level int.eni;e 
rel"onance neutron source (!HEN) creating now at .J(Nfl is considered. The (REN 
i.ource consists of the modern linear accelerator of electrons LUE-200 with energy 

200 Me\', t.he pulse duration about. 200 ns and average beam power 10 kW and of 

the neutron multiplying target .. The elect.ron beam is t.ransported t.o a t.ungst.en 

t arget-con\'erter located at. the center of a compact and fast actfre core which is 
composed of metallic plutonium fuel elements. Photofission neutrons produced in 

the com·<•rt <·r are mull iplied with gain about. :JO into 1<1.1rrouncling core ~o the total 
duration of fai;t. neut.ran hurst does not. exc<>ed 400 ns. The result.~ of t.hf' firi<t 

PXperimenti; on test of th<> LllE-'.!00 acceleratin11; ~ections carried out. at BINI'. 
'.\:o\'o!'!ihir!'!k 011 tlw hMi!'! of th<> \'EPP-S prcinje>ctor nl< writ ni< a current ~tatui. of 
t lw IREl'\ project nre presented. 

II11Ti>HCIIDHbiii 111\IIIY.llbCHblii IICT0'-IHIIK pe3oHaHrnhIX ueiiTpouoa HPEH Ta1, iKe. KaK 

11 paG0Ta1J11111ii ;10 111011H :,!00 Ir. 11<"ro•111111<-6ycT!'(l ,11 y: )-'10 · M LiJ>-:llJ. ll(Jl'JIC'Ta11.11HCT 

rn6oii Tpa.m1u1101111y10 ,11.1111 OHHII 1m11161111au1110 11::i ,npaiiaepa - .111meiiuoro yc1<op1ne.11.R 

3,leKTJ>0H0D II l\lllWeHII-K0HDepTPpa C pa3MHOiKalOllleii o60.10"IKOii 113 ,;1e.11111llerorn l\faTe

p11a.1a. 
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Pue. 1. Cxel\ta pa3Meu1e111rn ycTaHOBKII HP EH 

lll\lllYJlbCllbl<' IIOTOIOI llt'frrpo11ou 113 Mlllllellll IICIIOJlb:JYIOTCH ,IIJIH DJJCMHIIJ)OJICTHl,IX 

<'11!'1,TpOl\H'TpOII 111,ICOIWl'O pa:1pPlll!'IIIIH. ) lo11a.H YCT/1110111,a C03/111CTCR C 11eJJhlO co1<paw,e

llllH ,VIIIT('JlbllOCTII IIMIIYJlbl'cl llpll coxpa11e111111 Ubll'OIWii cpe,111tcii IIIITCIICIIIIIIOCTII IICH· 

T(>Olllll,IX IIOTOIWll /lJIII IIOlll,llll('IIIIH ~111rpl'PTll'll'<'IWl'O pa:1p<'lll<'IIIIH c11e1,TpOM<'T()Ofl. flp11 

1m:11jJ<j>lllUl<'IITP pa3MIIOiKCIIIUI 11efrrpo11ou u Mllillellll ~ 30 II ,IIJIH'reJJbllOCTH 11efrrpo1111oro 

IIMIIY,lbCa 400 IIC IIIITel'paJJbllblii UblX0,11 uefrrpouou IICTO'-fllllKa COCTanwr ~ !J. 1014 11/c. 
YrTa110111rn 6y 11eT pa3Me111e11a n Tpex ::naiKax cy1uecTny10mero 3,11amrn ycTaHODKII 

.JJY::->40- lloP:rn (p11c.l): B 1'\BYX nepXHIIX :naiKaX D uepTHKaJlbHOM IIOJIOn<emlH p63MCIJ..la

(''('('H Y<'IWJJll'l'('jl(,, ll CaMOl\l lllliKIICM ;:rraiKr - 110,111qrnTll'(f'CKaR )Ja3MHOiKa!OIJ~aH MlllIJCIJb. 
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l. Yrnop11TeJ1b-.n,paiiaep .JlY:3-200 

<l>11:rn•1ec1,:oe 06oc11oaa1111e yn,:opwreJrn pa3pa.60Ta.110 B H11cT11TyTe R,llepuoici ctm3mrn 

CO PAI-I (1.2]. ripoeKTHhie napaMeTpbI HPEH no BbIX0,llY 1-1eihpouoa onpe,11eJIRIOT cpe,11-

HIOIO MOI..UHOCTb ny'-IKa 3JleKT))OHOB 2: 10 KBT, '-ITO npn ,llJIHTeJibHOCTII HMHYJihCa 250 I-IC, 

311a.•1e111111 TOI(a 3JleKT))OIIOB B IIMIIYJlbC'e ~ 1. 5 A II '-18CTOTe CJle,lloBaHIIJI IIMIIYJlbC0B 

150 ru onpe,11eJIJ1eT ::i11epr1110 ::i.11e1,Tpo1-1oa ~ 200 M::iB. Orpam1'-leun.11 no Bb1c0Te noMe

U1eH11ii onpe,11eJ1.IIIOT TeMn Ha6opa :rneprnn B yc1<0pRIOU1HX ceKUHRX, KOTOphlii ,II0Jl:.-KeH 

cocTaBJIRTh He Mettee 35 M::iB/111. 

Yn:opnTeJih COCTOIIT 113 3JleKTpOHHOii nyllIKII, rpynnnpoBaTeJIJI, ,IIBYX ycKOpll!Oll.lHX 

CeKunii. IICTO'-IHIIKOB nuTaHIIJI CB'-1-MOUIHOCTII 10 CM ,llllaHa30Ha, ¢0Kycnpy101.Ueii Cll

C'TeMbl (BKJIIO'-laR Ka.HM TpancnopTHJ)0BKII ny'-IKa K Mnmem1), BaKyyMHoii CIICTeMhl, Cll

CTl'l\l ,llll8l'H0CTl11rn, Ko'll'l')JOJIJI II y11panJ1e11lU1. llywKa, rpy111111poBaTeJ1h H nepBaR ceKl.UIR 

pa3l\leJUa.IOTC11 B nepxHeM 3Ta;+;e, BTopaR ceKUHR - 3TaiK0M HH;+;e, YcKopeH!lbiii ny<101, 

Tpa.HCIIOJJTllpyeTCJI B 1-llliKHllii 3TaiK K MHWeun. rly'-IKII ueiITpOHOB 113 MllllleHn no cne

UllaJll,lll,ll\l 1,a.11a.,ial\l nanpaBJIRIOTC'JI K :1Kcnep11Me11Ta.r11,11Lll\l ycTaHOBKaM. 

3JieKTpOHHruI nywKa npe,11cTaBJ1ReT co6oii ,11110,111-1y10 CIIC'TeMy (KaTO,ll-allO.ll) C 110-

Jlbll\l 3a:.Jel\JJleHHbll\l a.110,.ll0M II 1130JIIIJ)0DaHHbll\l naKaJlhHhll\l 3Kpam1poaaHHhll\l KaT0,1101\1, 

Ha IWTOf)hlii no,11aeTCR IIMIIYJihCH0f' 11anp11;i..:en11e. Ilapalllf'Tpbl IIY'-IKa 3JleKTpoHoo Ha 

BblXOJlf' 3.~eKTJ)OIIIIOii IIYllIKU: 

:11lf'pr1111 :-iJI<'l,Tpo11ou - 200 ,-::ill. 
111ai.;c11MaJ1bllblli TOK 11)"11-:a n IIMllYJlhce - :l,5-4.0 A. 

.J,111TeJlbHOCTh IIMIIYJlhCa T0Ka Il)"lf.;a - 250 IIC. 

11011epe'-lnh1ii pa3111ep ny'-11-:a - 1· = 4 Mlll. 

31\UlTTa.Hc ny'-IKa (ue 6oJiee) - ::; 0.0l1r c111. pa,11, 

:111eprf'Tll'lf'CI,111i pa36poc - ::; 2 I,313. 

YcKOJ>.IIIO~ruI CHCTeMa JIY:3-200 C'OCTOIIT 113 rpymmpoBaTeJIJI II ,llBYX ycK0pRIO

IUIIX C<'1,u11ii 11a 6erymeii noJine (p11c.2). n Ka;+;Jl)'IO 113 l.:OTO))LIX no,.llaeTcR CBt.l-MouiuocTh 

OT Hf'3aBIIClllllhlX KJIIICTpOHllhlX yc11J111TeJ1eii. 

'frx1111•1ec1rne xa1ja.KTep11cT11K11 rpymmponaTeJIR np11ne,11em,1 n Ta6JI. l. 
I In CBt.f-rprnrmponaTC'JII, ll0Jlaf'TCJI 'laCTI, M0IUII0l"Tll OT oc11on11oro llll'l'al0ll(C'f0 

CBt.I-cj>11.11epa nepaoii ceKUllll. AMllJIIITY.lla II cJJa3a CBt.J-Mo1U11ocT11. no,11aaaeMoii 11a 

rpy111111poaan•.%, peryJ111pyIOTc11 aTTe1110aTopolll II cpa3oapamaTeJ1eJ1.,1. 

Tnu.llHQn 1. TP.XJIH'WCl<H<! Xl\JU\KTCJ>HCTHl<H rpynnHJ>ODl\T<!JJJI 

Pa6o'laR •rncToTa 2856.45 ru 
B11.il i,:oJJe6111111ii 21r/3 
I~o.111•1ecTBo R'-leeK 4 
TTo.rnaR .zimma 243 1111\I 

¢a30BaJI CK0p0CTh B0.~Hbl O.i' 
Bxo,JHaR llllllly.~LCHaR l\lOlllll0CTb 110 KBT 

C'o6cTBel!HaR ,1106pOTHOCTb 11a pa6o'leii '-laCTOTe 3350 
:3cpcpeKTIIBHOCTb rpynn11p0BKII 601Jc 
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TexHll'leCl•aie xapaKTepHCTIIKH YCKOJ)ll!OIUeii ceKUHH npe,11cTaBJ1eHbl n Ta6JI.2. 

= -.D 

TauJJH~a 2. TexnH•iecKHe·xapaKTepHcTHKH ycKopJ1ro~e:u ceK~HH 

Pa60•1a,1 •1acT0Ta 2855,05 Mru flpll T = :.!5° (C') 
811.1 1-0J1e6a1111i1 2rr/3 
TiocTOl!lllli\ll npNlt'IIII J,,15 MKCf'J, 

I'(l)'llllODM CK0()0CTb 0,021 C 

llly11Tonoe conpoT1111JJe1111c• 51 MOM/M 

h:oml'lf'CTDO n•1eeK 83+2 BKJJJO'-IM TpauccJJOJ>Mi\TOpbl Tlllli\ D0JIHbl 

,l.11111a CT!)YKT)')lbl 2,93 M BKJIIO'-lclll TpauccJ>opMaTOJ>bl T1ma B0.~Hbl 

llpN111 ;1a110.mem111 CTJlYKTf))hl 0,-lil MKC 

HcTO'IHHKRMH CD'LI-Mo~uocTH RBJIIIJOTCR yc11JIIITeJ111 Ha 6aae KJIHCTpona 5045 
SLAC. cnoco6Hble c~opMnponaTb CBt..I-11111nyJ1bCL1 ,11J111TeJ1bHocTbJO 3.5 MKC 111om11ocTb10 

Jto 60 l\fBT. lVrn nonbmtemrn mmyJ1bCH01i CBt..l-Mom11ocT11 ncnoJJb3YeTc11 cncTer.m SLED. 
C0CT0IIIUM 113 110.mouo,11noro meJJeBoro I\I0CTa II JIBYX DhlCOKOJI06poTULIX UIIJIHIIJlfJH'fe

C'I\IIX p1-:1orrnTopon [I ,:l]. CnrTNlhl SLED BKJII0'llltoTCH n COt.I-cj>IIJl''P'•' MeiKJtY 1,JincTpo-

1101\1 II llll0,101\1 II yc1..op111on(y10 CTpyr,Typy l'l.'l<Ullii II 110:JD0JIIII0T Yll<'Jlll'lllllaTh aMIIJIIITY .IIY 

lll\llly:11,ea ClFI-Mom11ocT11 u :i-4 pa:rn. 

I ll\111y.11,c110P llln'alllle KJIIICT!)0HllblX yc11J111Te,11eii 0Q'Ul<'CTUJllleTCll OT l\l0JIYJI.IIT0J)0B, 

<l>opl\111 py1011mx Obll'0K0B0JibTllble lll\lllYJJbCbl 1..aTo,1111oro 11a11pJ1iKe111ut aMIIJIIITY ,itoii 350 i..D 
.llJIIIT('.'lhll0CThlo 5 l\IKc 110 ocuoua111110. Mo.11yJ1RTop M:350 .!IJIII rrnucTpoHa 5045 SLAC paa

pa60Ta1111a 6aJe l\IO.llYJIRTopa M-250 yci..opuTeJibHoii na11u1111 O.TIIIBHH [4.5]. 11cnoJ1b3y-

10m<>ro LI 1,a'(('('TDI' l.lb)C0K0I.I0JILTllblX I..OMl\lyTaTopo1.1 l\10Ulllble D0.ll0J)0JIHb)(' Tll!)8TJ)0llbl 
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Tima 1TH1-5000/50 (11Jm Trlll-2500/50). B HacToHmee BpeM.FI paccMaTpHBaeTC.fl B03-

1110;i.;HoCTb pa3pa6oTK·II n 113roT0BJ1eHil.fl cpnpMoii Puls-Plasmatechnik (fepMaHH.FI) pe-

3epBHoro BapnaHTa M0,llYJl.flTOpa IIOBblWeHHOj:i Ha,11eiKH0CTll. 

<(>01,yc11py10111n.11 <'IICTC'M/l /I0JliKll!l 0UC'Cll(''HIB!l'l'h <J>o1,yc:11po111<y 11y 111rn llf>ll YC'l<0pr

llllll OT 200 1,38 ,LIO 200 M3B JI ero rrpoB0,llKY OT K0HJ.~a BTOpoii CeKUHII ;10 MIIIIJeHII. 

<l>oi..yc·11po111,11 ll)"IIW OT 11yu11rn /10 l'PYIIIIHJ>0llfi'l'('Jlfl II JIJ)ll yc1wpem111 B ncpnoii CCKl(HH 

0Q'IILC'C'TBJUIC'l'Cfl B C0JICJI0HJl<IJll,110111 Mlll'IIHTII0M II0JJ(', TpallCIIOJ)TIIJ)OBJ(a ll)"H,a OT 11ep

noii ceKUJJII ,110 IIIIIWeHn IIJ)0ll380,llllTC.fl C II0M0lUblO ,llCB.flTII KBa,11pynoJ1bHbIX MarHIITHblX 

JIJJJl3. 

~- MmneHb pa3Mnm1rn10u~a.H no~KpHTH~1ectrnJI ( MPll) 

l\111weHh C0CT0JIT 113 I..OHDepTepa II oi..py;i.;a101ueii 1-:0HDepTep pa3MHOiKa!OlU€'ii o6o

;10'1KJI 113 TeIIJ10Bhl,lleJ1.flIOlUJJX ~i,1e111eHT0B (TB:3,Tl) (6]. Ocuonn1,1e 3JleMeHThJ KoHnepTepa 

npe.urTaBJ1eu1,1 na p11c.3. TTy-1oi,; :iJJeKTpouon norTynaeT 11::i yc1wp11TeJ1.fl no na1<yy111110My 

~lJICl,Tpo11011pouo,11y, ua l..:OIIUC l..:OT0poro ycTaH0UJ1e11a T0III<a.fl Me-raJIJlll'lecKafl cJJOJlbfa. 

II 1-:0JIIIC~(>'fCJ> II;] DOJJh<ppaMa (IUIJlllll,ll)) 0 40MM, L = 140 111111). r.ue ))0iK,llaeT II0TQJ(JI 

T0))lllo:lHblX ,-1rna11T0B II cpoT011eiiTpOHOD, 803HIIKalOlUIIX B pe3yJlbTaTe ~, - 11-peaKuni'1. 

lkfrrpo111,1 pa31\III0iKaJO'lT.fl ll Oiq>yiKaJOJUeii 1..:0lllll'()T<'J> o6oJJO'll,e 113 108 rTepiKll('llblX 

(0 11. J MIii, L = 350 MIii) TeilJJ0Dhl,lleJl.fllOlUIIX 3JleMeJJTon. co,11ep;i.;a1u11x l\leTIIJJJJll'll'Cl-:llii 
2:w Pu 111,1co1..:oro o6oramemrn. h:ounepTep 11 060J10'-!1-:a 06pa;3yroT a1<T1rnnyro 3oHy, pa60-

Ta1omy10 n peiKlll\te no,111<p11T11'1eri..:oii c6opK11 c k3 <1><1> ~ 0. Ui. OxJ1a;i.;,11e1111e 1..:011nep-repa 

11 30111,1 06ecne'11maeTCH 11po,11yu1<oii remrn. 

e· 1 

o:lO 

'""'K'TJ'OHOMpotoA, 

¢,011br804MM / ------· _____ _,,,,,,. 

c•p•nep (tTO"" OO~t 01110T) 

w - ,u.>NBetJ TeJ,J 

k9H8 n npc• V!KM renM R 

lBlJI 

P11l'. :l, C'xe111n 111111uc:-1111-1..:01111<'(>T<'pa Puc. 4. C'xc:-r,ra a1n11011oii 30JJLI l'v!Pll 
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h:011cTpy1,mm1 30111,1 c 11c11om,:io11a1111er.1 ::nqmua 11a .n116op11.11a Ta11TaJ1a (Tc1 1013 2 ) no-

3Bo.HieT II0JlytlllTb ap_eMR iKIIJHII HeiiTpoHa Ha 0,!IIIH aKT pa3MH0iKeHllff ~10 HC' II .He 

,!I0IIYCTIITb B03UpaLUCIIIIR 3aMC,!IJieHUblX ueiiTpOHOB B 30Hy. TaKHM o6pa30.M, 06ec11e'IH

BaeTC'll IlJ)0,!I0JliKHTeJibH0CTb IIMilYJibCa 6bICTpbtX HeriTpOHOB 0K0JI0 400 HC' C 'laCTOTori 

fl0BTopemrn 150 ru, '-ITO o6ecne'IHBaeT IlOJIHblli BblX0,!1 HeiiTpOHOB Ha ypoBHe 1015 H/c. 

Ilp11Me11em1e paaMHoiKatou1eit MHmem, cyiuecTneimo cumt..aeT :meproaaTpaTu npn 

31,CIIJtyaTaUIIII IICT0'IHUKa no cpaBHCHHIO C .llPYrllMll HCT0'IHHlrnMH ueiiTpoHOB cpaBHH

Moii II IITC'IICII OIi OCT it, 

:L Hc:11b1Ta.HHH OllbIT11oro o6pa.3ua. yc1<0pmome11 ceI<UHH 

lk111,1Tallllfl 0llblTII0ro o6pct3Ua YCKO))RIOLUCii ceKUIIII npoae.neHbl Ha <pOJ)IIHiKf'l(TOpe 

ycTa110111\11 13:)1111-!i u Jl11cTt1TYT" H,llepuoii <tmJHKH HM. r .II. By ,!IKepa CO P AH [7].CxeMa 

~'CTnll0lll(II 11p1111<>.1ie11a ua pllc.5 [8}. Oco6en11ocTblO cxeMbl 3Kcnep11Me11Ta l!OJIRJI0Cb Ha

.'111'111<' ,rropoii. •• 11accmrnoii" yc1..op11to1.Ueii ce1<u1111. cTpy1<Typa J<oTopoii narpyiKaJ1ach Ha 

C'B 1 l-11arpy:u,y. 110 c131-1-r.101IUIOCTh 11))11 :JT0M JI{' no.11anaJJac1,. 

Oc110B1u,1e ycJioBHfl npooe.ne,11111 11cnbtTam1ii: 

• llclll()fliK<.'IIIIC' 11a 11ywt,(' 111.'T0'lllllKa 3JJel(TJJOIIOB - ,110 140 td3. 'IT0 11p11 pa3Jlll'IIILIX 

peiKIIMax llaKaJla l(aT0,lla ll03U0JIHeT cpopMIIJ)OBaTh Ila llblX0,lle 11yw1m 11r101, ;)Jl('l(

T()0H0U C T0K0l'\I OT 1,5 ,/10 5 A: 
• 11a11pniKe1111P 11a KJ111t'Tpo11r 5045 SLAC -- .no :{45 1,U, 'IT0 rt0JII0JIRf'T 110.11anaTh 11a 

nxo,11 c11CTeMbt yr.111oa;em111 M0LUH0CTU .no 50 MBT IIMIIYJibCH.oii CBl.J:-MOLUHOCTII: 

• 'l!ICT0TEI IIOUTOpe,mii CUlJ-mmyJJbCOU IIJ)ll pa6oTe {' IIY'IK0M - ,110 5 ru; 

• cy6rapMOllll'IPClmii rpyn1111polHITC'Jlh Hf' 3i\1111TblOEIJICR; 

• pel'lll"l')Jau11H IIY'IKa 3Jlet,T)J0II0B: 

IHI 111,IX0JII' 11y1111,:r1 - pr:mrTlllllll,IM ,!IEIT'll11..0M C C0lli}0TIIUJll'.'11111'.'M H = :.!,4 OM: 

11a nxo;1r II CBLI-rpynn11pon,1TeJ1h - J110M1111ocpopuh1M .naT•111t.;or.1 110.~o;i.;r1111R 

II \''11,a: 
Iii! LlhlX0/11:' 11:1 r.tar111rn1oro 180° CIIl:'l(Tp0MC'T)Ja - MII0r0TI0311UII0llllhlM I\0Jl-

."((' ... 'l'0j)0~I (' pa;1r.wpa~111 JJaM('Jleii, C00TBC''ITTBYI0IUIIMII ,D.JlllllaM II0JIIIOl"0 110-

r:1011[('111111 :1J1Pr..Tpo11011 11~"""'. 

I k111,1Ta111111 <'C'I\IUIII 11po110.1111.r111ch 11 ,111yx peiKIIMax: 

• <' •. I\0(>C>Tl.;11~1 .. 11~"11,0~I (JlJlll'l'f'Jll,IICWTI, C.T)'<.'TIW Tf., = !"1 lit' MII0l"0 MCIIJ,111!.' BIJ!.'~tellll 

;1a11om1P1111H ce1m1111 'f~r = 4U5 11c): 

• C •• ..].~IIHllbll\l .. rt~"Jl(0J\I ( r,, = :.!40 IIC. '!TO cpaBIIIIM0 co ape111e11er.i 3a110.1Hel111R ceK-

111111) . 

. J'. J. ,)h'Cllt J)ll,llf///1/bl C h'OJ)Olllh"U,11 llY 1ll-.:O,,I/ 

I lp11 yc1..opr111111 "l\opoT1..oro" c1·ycT1rn :1J1er..Tpo11011 c ToKoM .i.:_l A .1.11111Te✓11,11oc•r1,10 

~ 'l II<' 110-~Y'"'" ycToii•111m,1ii pC'iKIIM ycr.;opellllR 11y,11,a .no MrlKCIIMaJJbltoii :meprm, 

105 l\bB ( cpe,111HH ~i11e1>1·11tt - IOU l\bU). lll11p1111a c111•r..Tpa 11a 110J1yBL1coTe cocTaBJIHeT 

±:t/c. Cpe,'lllllii Tf'~III yrnop<>IIIIH /l0('Tlll'aeT 311rl'l!'llllii 60JIP.f' ~5 l\bl3/r.t, a M8KCIIMMb-· 

11oe 311a•1e1111e ycr..op.111omero II0JIH n nepnblx .R'leiil\ax ce1,u1111 .11ocT11raeT a1rn•1e1111ii 6oJiee 

50 l\lB/~r. 
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;],:J. dJ.C11ep1t,Ue1t/1lbl C "a,,tu1t1tbt.4t" 11Y111·.:0,H 

flpu pa60Te
0 

c ",!1JUIHHbIM'' IlY'iK0M ,!1JlllTeJlbH0CTblO 240 HC ycKopeHHbli"i ny'ioK. no

na,11a1ow.nii Ha cneKTJ)0MeTp, HMeeT MaKCHMaJibHYIO ::meprn10 B Cr)'CTKe 105 M3B II 

O'lf'llh lllll))OKHii ::rnepreT1t'iec1rn11 cne,np -
0

,!10 70 MaB D onTIIMMbHOi', pa6oqei'i T0'iKe 

(pnd>). llpn To1,e uym1<11 :l,U A Toi\ 11y'i1<a, 3I<lJHBMeHTHhiii aap1111y. HJMepeuuoMy 

Iii\ <'IIN,'l'p0MC''l'pC', C0t'TllllJIH('T 01\0JI0 1,0 A, a ::>11cproco,11cp;+;a1111C' cryCTl\l'I C'0CTaDJJJleT 

~ 115 lJ.;,i.;, B cpe,11ue111 npn npoJJeTe ny'i1<a OT ny1111<11 ,110 nepaoii yc1<op1110w.eii ceK-

1u111 TeJmeTC.H ll))UMepuo :33% 'IaCTHU (BI<JIIO'iaH II0TepH 'iaCTHU IIJ)H rpymrnpoaI<e B 

CB1-l-rpyrmnpoaaTeJJe). Ilpn npoJJeTe OT nepaoii ,110 BTopoi:i ce1<unu noTepn ny'i1<a co

cTaBJJJIIOT npuMepuo 12% 11 ew.e np11111epuo 36% np11 Bh!B0,l-le a cneKTp0MeTp, 

0 10 ~ ~Cl -,o SO &Cl 70 Ml 90 100 110 1:0 

E IM•BJ 

Pnc. I>. :311epr<:>T11•iecK11ii rneKTp ny'iKa 

IIJJII 11apb11poua111111 U))f."l\lt'llll IJIUIO'iellllll 

ny1111..:11 oT11oc11TeJJbH0 11J1myJJbca CBt.J-

Mo11111ocT11 

1:: 
~ IJ1' 

1 ~o 

"' ,,. 
" "" ., 
" "' " ,o 
,0 

'" 
1 -E.~-....--,;::::::::::::=:!!~5t::.:L-1 ' .J-

10(1 106, 11D 115 12.0 125 IHI 1)5 U,0 1•.S 

1 i.,11eJ 

P11c. i. CBt.J-111ow.uocTb. noCTyna10w,aJ1 

n uarpya1<11: 

PLl (beam"OFF") - Harpy:11.:a nepaoii 

CeI<UHH npn 0TCYTCTBIUI ny'iKa. 

l'Ll (beam"ON") - 11arpya1-rn nepnoii 

Cf'KUIIH npn DKJIIO'leJIH0M 11~"11,e. 

1'1,2 (bt"flm"ON") - uarpy:11..:a DTopoii 

l"f'KUIIII llpll Dl<JIIO'ieJIH0M IIY'IKf'. 

:\m1J111311J)YH ll031\IOiKllbl(' llpll'illllLI :.mepl'f.'Tll'll'f."KIIX ll0Tf.'JJb II II0Tf.'J>h 'laCTIIU 113 

ny '11,a. JII0iK 110 111,(Jlf'Jlll')'I, CJ((' JIY I0U{lle: 

I. IlaJin<me nTopoii, .. naccunnoii" ce1<u1111, K0T0J>a.R oT6npaeT y ny'iKa JHfl'il!TeJJbHYIO 

•taC'J'b ~,111•pr1111 II llpllUO.I\IIT I< yumpe111110 lll,IX0,111101'0 CIICl<'l'JJa yc1..:opc11111,1x •1at"J'UU. 

1. CJllJ-rpy111111pon!lTC'Jlh :rnmIThrnaeTCR CJJlJ-MOIJl(IOCTblO OT oc11on11oro IIIITalOIJlf'l'0 

110J111ono,11a nocJJe CIIC:Tf.'Mbl y111110:+:e11HR M0UlH0CTH SLED. :.:ho UJJHB0JUIT" ToMy, 
11To aa IIIH'l\111 JIJIIITC'Jll,11ocT11 1111111yJJbc:a ·1·01..a CBtl-Mo1u11ocT1,, 11ocTy11a101ua11 n 

rpy111111ponaTCJlb, JIICIIHl.'TCJI np11Mepuo D ,!1Bcl paaa. DCJJe,!1CTBlle 'iero B0JHl!KalOT 

,;]0110.IIHIITeJJbHblt> II0Tl.'J>ll 'taCTIIU BO npeMJI rpymlllp0BKll II y11111pe1111e JHepreTll

•1ce1..oro Cll<:>KTpa yc1..:ope11111,1x 'taCTIIU, 

:-l. HecoaepmeucTBO cpol\yc11py10w.ero KaHaJia B ,nauttoii cepnn 3KcnepnMt>HT0B. 

tJ11r,1e1111b1J11 a11a.n11JoM c111·11aJ10D CBt_l-Mouu1ocT11. nocTy11a10w.eii B 01..:011e't11b1e 11a

rpy;11,11 ~·,·1,opHI0lll(IX ('('l,IUlii (PIH'. i), M0;+;II0 )"(('(''('), II0TC'f)II ll)"llrn ll0 DTOpoii (11acc1m-

11oii) l'l'I..UIIII II 0fl('lll!Tb lll'Jlll'illllY aap.11,na IIY'iKa. 11poxo.nmuero 'iepe3 nepuylO II BT0))YIO 
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ce11:u1111. B pe3yJibTaTe TaKoro aHa.JJH3a COllOCTaBJieHlleM pac'leTOB C pe3yJibTaTaMII ~JI,(('• 

nepnMeHTOB IIOKa3aHo, 'ITO npn OllTHMa.JJbHOii Ha.CTpoj:iI<e rpynnnpoaaTeJllt BblXO.llllOii 

MOJ.UHOCTH KJJHCTpoHa 50 MBT cpe,11H111i (a HMllYJJbce) TOK ny'l1<a., yc1<opeHHoro B nep

soi•i ce1,unn, ,llOCTllraeT 1,35 A. MaKCHMa.JJbHM ::mepruR 'laCTIIU B crycTKe .£10CTllraeT 

100 M3B npu UJHJ)IJHe cne1<Tpa 30 M3B IIJIH 90 M3B npn UJHpHHe cne1<Tpa 10 M3B. 

:J.:J. Oc1to6Ubte pe3y,1ibmamb1 ucnbmiauuii 

Cpamiem1e o6o6meHHblX pe3yJibTaTOB llCllbJTaHnii C npoeKTHblMH napaMeTpaMII B 

nepec'leTe Ha o,11ny (nepayro) yc1..:op1110my10 cei..:uuro npe,11cTaBJ1eno B Ta6JJ.3. 

Ta6Jim~a 3. CpanueuHe o6o6~eum.ix pe3yJILTaToB HCDLITRHHH c npoeKT
HLIMH napRMUTpRMH 

JJY::>-200 (npoeKT) ::>KCIIC)JIIME,1 JT 

B1,1xo11Haa MonmocTb KJIIICTpoHa. A-1 [MBT) G3 .50 
'-:lacToTa nonTopeHnJI nMnyJihCOB. F (I 'u) 150 ,) 

IhmyJihCHhlii TOK ny'IKa yCKopeHHhlX 'lacTIIU. lo [A) 1.5 1.35 
)lJ111TC.~bHOCTb IIMll)'JlbCa TOKa. Tb (nc) 250 240 
Cpe,c1n1rn :meprn.fl ny'IKa. Eb [l\faB) 105 100 
3ueproco,11epiKaH11e ny'IKa B O,llHOM UIIKJIC, !Vb [)liK] 40 30 

lb Ta6JJ11Ubl l Bll,LIHO. 'ITO B cepml 3KcnepHMeHTOB. npoBe,lleHHblX B 2000 r .. He fo,1.111 

.£IOCTIIrHYThl npoeKTHbJe napaMeTpbl ycKop11TeJ11t .rn·:3.200. IloJJy'leHHhle B 3KCnep11111eH

Tax ;mepr1111 II cpe,111111ii 3a IIMIIYJlhC TOI..: ny'IKa yct..:opemth)X 'lnCTliU Mf'llhllle ITJ)Of't..:TllhlX, 

'ITO. II OCIIODIIO~I. II 011pe,l\1.'JUleT He.1106op no 3neproco,11epiKam110 IIY'IJ<a ( ~ i5% OT 11po

eKTHoro ). 

01. Te1<y111<.'f:' COCTOHlllie pa6oT no npoe1ny HPEH 

<.'ot"J'OHIIII!' II ll!'pt'll!.'l..:Tlllll,I pHOOT 110 ')'('Xllll'll.'CIWMY IIJ)OCl<TY .r1y:-)-'..!0U II IWMIIJH'K· 

'1'01111111110 01·11011111,1x tl1ym,u11011aJ11,111,1x l'll<"l'<'M yc1wp11TrJ1H II Mmm•1111 11p<:'.lll'TauJ11.•111.1 Ta-
6J11meii 4. 

IlpoeKT IIPEH onTIJMll311poaan no CTOllMOCTII coopyiKen1111 11 3KcnJiyaTamm c pea.1b

Hhll\lll Bo3MOiKHOCTRMn OIUIII. CyweCTayrowne 3.llaHnR ~TTaHOBKII ,1IY3-40 + IIEP-30. 
3KcnepuMeHTao1bHOI'O 3a.JJa H ny'IKOBM 1rncppacTpy11:Typa C 113Mep11TeJibHblMII naBJJ,1hO

Jlal\lll GYJIYT IJ<"IJOJIJ,:1oua111,1 11p11 <'03,!H\111111 II B pa6oTe 11a aKCllepllMf'IIT 1101101'0 ll<'TO'I-

Hlll,JlocTJliKCHIIf' npoeKTHhIX napaMeTpoB c.neJiaeT OIHIII 06Jia.11aTi>J1eM coapeM<'lllloro 

neiiTponnoro 11c:To'IHH1<a ,llJJR 11,11epnoii cpn3111<11, ycTynaromer.o H3 cywecTayromux T0,1bKo 

Jiy<IIIINty II Mllp<:• lll'TO'IIIIIKY LANSCE u Jloc:-AJJaMoce. 

rpactim: pa6oT 110 npoeKT11pona111110, MOHTaiKy 11 11aJia,I\Ke yc11:op11TeJI.11 npe.ll~'<'Ma

Tpnna<'T nyci-: llepuoii O'lepe.1111 ycKopllTCJIH B COCTaBe IICTO'IJIJIKa 3JleJ<TJ)OJIOB II nepnoii 

yc1..:op1110me1i cet..:Ullll B KOHUe 2003 ro.11a 11 BblBO,ll ycTaHOBKII Ha IlOJIHYIO ~IOll.lHOCTb B 

2004 ro.llY• 
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Tno.TJHQH 4. CocToJIHH<i H nnpcnnKTHDbl pnCioT no TOXHH•mcKoMy nponKTY 
JIY3-200 

YcKopHTCJJb JIY:3-200 

:--'TllC'(liK,111\eM/\ll '11\CTh pa60•1el'O llpOeKTI\ ( rClllI) I 1<n. 2002 r. 

Pa60'1111i npoeKT B noJJHOM 061,eMe KOHeU 2002 r. 

I lcTO'·llllfl<, :JJICl<TJlOIICJIJ II IIJ>Oll3D0,IICTDC! 

rpr11m1pooaTeJJb 113rOTODJJeH, JICilblTI\H npoTOTJIIl 

:'-'nwpHIOlUIIC CCKUIIII ( 1 + 2) ll3f'OTODJleHl,l, IIClll,rra11 IIJJOTO'l'lfll 
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B03MO)KHOCTH IJ;HKJIOTPOHA IIO YIIPABJIEHHIO 
3JIEKTPO.H,l(EPHhIMH YCTAHOBKAMH 

JO.I'. A.n.e·wti141,iu-lt. A.G. Do710:>1r.·1400, C.B. Do]>o:Hr.1400, ,!I.M. Ou·1m4eu1-:o, 
D.D. Ka.n.uuu-ttcH>:o, H •• 11. 3an.n.amuu, A.A. I'.n.a3oa 
O61,eo11HeHHb1t'I uHcmumym JI0epHblX ucc.iecJosaHuu, Jiy6Ha 

PaccMa-rpnaalOTC.11 Tpe6oBaHllll K MOWHOCTll llY'iKa ycKopeHHblX llpOTOHOB )lJIII 

ynpaBJJeHlll{ n,nepHblMII c6opKaMII, IloKa3a110, 'iTO UlfKJIOTpomn,1ii KOMllJJeKC B 
11acTo.11wee epeM.11 - naH6o.~ee peMbHhlii 11 ,neweBhlii ycKopHTeJJb ,nJJ.11 noJJy'ieHJ111 
11.,·'tKou 11poT011oe Mo1m1ocT1>1<J 110 10 MDT. lfa.110:+:em,1 npc.11no:+:e1m11 no coa,na
HIIIO CIIJlbHOTO'iHblX ll30XpOHHblX UIIKJIOTJ)OHOB AJIJI o6JJy'ieHH.II renepnpyeMblMU 
neiiTponaMII llOAKPIITll'ieCKIIX :mepreTn'ieCKHX l!JIII ,npyrnx c6opoK. ,l{JJ.11 C03,na
HII.II 3KcnepnMeHTMbHoii .11,nepnoi"1 c6opKn c TenJJoeoii MOWHOCTblO 50-100 MBT, 
ynpaeJJ.11eMoii ycKop11TeJJeM. y:+:e B name epeM.11 npe,nJJaraeTc.11 co3,11aTb UHKJJO

Tpom1y10 ycTaHOBK)' c 3Hepruei•i npoTOHOB Ep = 800 M3B II TOKOM ny'iKa ,no 
10 MA. 

Yu.G. Alenitsky ct al. 

In this paper the requirements for the accelerated proton beam power for a 
nuclear assemblage control are considered. It. has been shown at. present. the 

C'.n:lotro11 complex is a more cheap system for product.ion the proton beam" wit.h 
power up to 10 MW. The proposals on creation of the high cun·ent isochronous 
1·.1·dot rn11s for irmdiat.io11 of u11dcrcrit.ical assemblages with ga11rrnt.c•d m•11t.ro11s 
ha,·1· h1·1•11 st at rd. At. pn·s1•11t W<' Slll);P,rst to rn•atr t.hr c~-clotron s~·st.rm with t.lw 
proton c•1H·rg,1· /:,'1, = KOO t\k\' a11d t.he beam r11rrc11t up to 10 111A. 

I. Use.aemw 

llt>l'MOTpH 11a TO, 'ITO IICl10Jlb30BaHlt(' H,/lepHbJX TeXIJOJ10r1tii 11eu36enmo JI))HBOJIHT 

K llOHIIJICIIIIJO pa.1111oaKTIIDIIOJ'O 3arpn;rneH11R cpe.111,1. YiKf' II JJaCTOHJUee npeMH 11.11epHbril 

3H«:>pr«:>TU'leCKllii pecypc pa3B11TblX CTpaH COCTaBJJHeT BO <PpaHUJIII - 75%. B EeJJbl'llH -

HO<;(. a lllnemm - 41>%, a fepMamm - 33%. a Hnott1111 - 21>%. a ClllA - 21%. a Poccm1 

- 147< (l] OT o6mef'O 311ept:'OllOTpe6JJeH1rn. 

Ornoaoii R..!lepttoii TexnoJJonm 11BJ1HeTc11 npouecc .11enemrn TpattcypaHOBbJX 3JJeMen

To11. 11(>11 l,OTOpO~I Jlbl,/leJJellllf' TC'IIJIODOii 311eprt111 COCTaDJJHeT ~ 0. 8 M313/11y1rn .. 'ITO 

l'OOTll<'TCTBr«:>T ll3MeHeHIIIO 3Hept:'1111 CB.11311 HYKJIOIIOB D H,/lpe. llpyt:'HMH CJIOBaMH. TeJIJIO

Bbl..!l<'!l<'IIIIP npll ,1('.1('111111 COCTaJJJIH«:'T l. 8a X 10' KKaJJ/Kr (Tel1JJODLJJ1eJ1em1e npu CiKHramm 

~'l'JIH pa BIIO ~ t< X 103 
h:h:a.11 / i..:r). 
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=-➔(JXJJeKTHBIIOCTb R,llepnoro T0DJJHBa 011pe,1.1em1eTCR THll0M R,llep11oii peaKUHH. Tai,:, 

11anp11Mep. ,llJIR TepMOR,lle))HOli peaKQHH CHHTt'3a (d.T) noJJH0e 3HeproBbI,lleJJeHHe C0CTaB

JJJIE'T l i .6 MaB na nRTb HYKJJ0H0B [2]. y'-lacTay10mux a 11po1.1ecce, To ecTb a.5'..! MaB/HYKJJ .. 

'IT0 6oJf('(' 'ICM 11 'l<''l'blpe pa.aa npeDbtWaeT ::mc>pl'0lll,l,llE.'JICIIHE.' npouecca /l('JJCIIIIR. O.nnaKO 

TaK 1.;ai,.; 14,l l'vbB B peaKQHll CHHTe3a ynocHT neihpon. To 3To 3HepreTH'-tecKoe npe

llMYIU<'CTBo. 110 cpaaHelllllO C peaKQHeii ,1.1eJ1e111rn. M0iKeT 6b1Tb peaJJH308all0 T0JJbK0 11p11 

IICII0Jlb30Bamm :JTIIX 11efrrpo11on B peaKI.UHI ,llCJJCIIHII. 

Ikcne,1.10aaH11e B03M0iKHOCTH ncnoJJb3oaam111 nony'-laeMbIX Ha ycKopnTen11x µ-Me3oHoB 

,llJIR p<'al,1(1111 t'IIIITC'38 (/,- cl ,T) II0K831UI0, 'IT0 :mcprCTll'-lt'CKHi'r 61U1a11c Ila conpeMeHU0M 

:nan<' ll<'CJIC',110[\allllii MIUl03(j)(j)f.'KTIIBeH [3]. 
TaKHM o6pa30M, R,llepuan ~mepreTHJ<a B o6oapHMOM 6y,1.1ylll,eM 6y,1.1eT 6a:lHpoBaTbCR 

11a npoueccax ,llC'JJeHIIR Tpa11cypall0DblX 3JJeMeHTOD. UeHT!JIU!bHble Hay'-IHblf.' npo6neMMbl. 

1,0Topb!(' Heo6XO,llllMO pemaTb B R,llepuoii 3HepreTHKe. 3T0: 

• 6e30IJaCHOCTb 11,llepHblX peaKT0J)0B npn HCII0JJb30BallHH uennoii peaKUIIII: 

• nepepa6oTKa IIJJH 3axopo11em1e pa,1.11toaKTHBllblX 0TX0,ll0B (3KOJJOl'll'-IE'CKM 6e3onac-

llOCTb). 

Tiepna11 npo6JJeMa CBll3aHa C pa3pa60TKoii H0BblX Tlln0B peaKT0J)0B C IIOBblWelIHOii C'Te-

11e111,10 6e3onacHocTn IIJJII noJJHhlM oTKa3oM OT caMono.n,1.1epiK1tBa10meiicn uennoii peaK

um, (110,llKpHTll'-IE'CKlle c6opK11. 3JJeKTpOR,llepHbiii ME'T0,11). 

BTopa.n pewaeTCR nyTeM R,llepHoii nepepa6oTKII pa.n11oaKTIIBHblX 0TX0.iI0B C D0M0-

lll,b[O 11eiiTpoHHblX reHepaT0JJ0B, K0T0pble 6a3HJJYIOTCR Ha YCK0J)IITf.'JJRX 3aJ)RiKeHHblX 

'IaCTIIU IIJJII 11a 11.11epllblX peaKTopax. 

2. Ynpas.11ReMbie yn<0pHTe.11eM H~epHble c6op1rn 

l\lonmocTh yci,.;ope1111oro nyttKa npoT011011 JJ,,. KoTopaR Tpe6yeTcR .ilJIR y11panne111rn 

110;11,p11Tll'1ec1wii r6opKoii. 011pe;1eJ111C'Tl'J1 110 11:1ne<'T11oii cJ>0pMyJ1e [-1,:,]: 

1'1, = Hj, · C11/(E,r · N,r) . (1) 

l'JI<.' 11 ;. 'l'('IIJI0IIH.fl I\I0IIUI0("l'I, pc>aKT<>pa: (',, .. ;111c>pl'llll 11y 11Ka JIJJR II0JIY'l<'IIIIR 0JIII0l'0 

ll<')>llll'III0l'0 IIPiiT1m11a: lV,r = 11/( 1- /\
0

) - 'IIICJI0 .il<'Jlf'Hllii. noJJy'-leHllhlX IHI 0JIIIII nepRll'-1-

llblii ll<'ii-rpo11 11 c6opr.;P, 11 = '..!, :l: 1,',r = '..!UO J\bll 'l'<'1tJ1011a11 :.,11epn111. 111,111c>J11111111a»rn 

Ha 0.JIIII aKT .JeJlellllJI. Bo I\IH0l'IIX pa6oTaX II0Ka3aHo. 'ITO B o6b!'-IHOii pPaKTO()HOii 

c6op1,P. PCJJII C'IIITaTb, 'ITO 1r,, = 1 fBT. 11eo6xo.1111M BHewm,ii nyttoK np0T0H0B M0W

II0CTblO ~ IOU l\JU-r. U pa6oTe [u] J)llCCl\la'l'j)IIUal0Tl'R cxeMbl II0;!Kj)IITll'lf'<'KJIX c6opoi,;. 

r,1<' _Tar.;;i.;e ll0:11\I0iKII0 11Cll0Jlb30BaH11e ny'-!Ka M0IUH0CTblO .110 10 MBT. PacrMOTpllM He

K0T0j)bl{' r6opr.;11 r T0'IKII 3peHIIR a11e11111ero IIY'-!Ka npoT0II0D. 

J. J. :},,/( h'IIIJ)OJ/.aepHbtii ,Mf/llOa 

Onionoii ::ineKTpoR,llepnoro MeTo,lla nonyttemrn ::ineprm1 RDJJReTcR npouecc .neneHHR 

R.il<'P LI II0/lKJ)IITll'll'l'KIIX <'UOIJIHlX ( /\
0 < 1. l'/1<' /\' .. IW~t<J1cJ1J11(HCIIT pHaMII0iK<'IIIIR IIC'ii

Tl)OIIOB) llpll IIHJlll'lllll llllP.lllllCro IIC'T0'IIIIIKII llf'iiT)>OIIOD. flpn .11enemm o.1111oro R,llpa 

n1,1.11e.1ReTrH ~ HJU Mall (:t 04 x 10- 11 11;,i,;) a11epn111 D Ka'-lecTBe KHlleT11'-!ecKoii a11epr1111 

0<'K0.11,:0ll ,1<',1<'111111, l,:OTopa1111pc>npa111a<>T<'II II TC'IIJI0DYIO 11a ,llJJllllt' IIX npo6t>ra (~ 100 MK). 
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]}JUI noJiy'leHIIJI TenJIOBOH M0Ul,H0CTII 1 rBT ( 109 /])K/ C) He06X0,1VIMO np0H3BeCTll 

101'/3. 04 X 10- 11 = 3; 29 X 10w aKT0B ,11eJieH11J1, 'ITO C00TBeTCTByeT 3aXBaTy B npouecc 

.11eJie111rn ue Mettee 3, 29 x 1019 u/c. 

Ha .11eiicTBYIOUJ,HX np0T0HHhlX yc1wpHTeJIJIX Ha :mepru10 ,110 1 raB T0JlhK0 na UHKJIO

'l'l)0IH' PSI (11I11e1ii1lapH11) II llflC'l'OlllllCC IIJ>CMR IlOJIJ'IClla CJ>C/IIIRR IHITCIICHIIIIOCTh llf>OTO-

11011 2 MA ( I, 2 X 1016 n/c), K0JIH'leCTB0 11cnap11TeJ[hHhlX HeiiTponoB, K0T0pble M0iKH0 

II0JIY'lll'l'h 11p11 TcU•atx HIITellCllllll0C'l'JIX, He 11pellL1lliaeT 1018 tt/c. ll1t.11110, 'l'l'0 ,llaiKe 6e3 

y<IPTil 11orJI011IPJIIIR ueiiTpOHOB R,llepHblMII npoueccaMH, conyTCTBYIOlUHMH ,lleJieHHIO, ,llJlfl 

C03JlHIIIIJI a11epreT11•1ec1wii ycTc\ll0llKH YKa3allHOii M0UJ,II0CTH ( 1 l'UT) 11eo6xo.11HMO ,110-

II0JI II ll'l'('Jll,110(' yt'IIJl{'IJJI(' IJIJ{'Ul(l{'J'0 IIC'l'0'IIIHKa neiiTponon D ,11ecwrKH paa. 

TatrnM ,ll0II0JIHHTeJihHhlM ycHJIIITeJieM neiiTponttoro noT0Ka M0iKeT CJIYiKHTh no,11-

K))IITll'lec1,aJI c6opKa. EcJ111 113uecTeu K03<pcpuuue11T pa3Mtto;i.;ettuJI neihponon n TaKoii 

c6opKe ( l\
0 < l). TO 113BeCTH0, '!TO neiiTpoHHaJI IlJI0TH0CTh 3a C'leT no,11KpllTH'IH0CTll 

yaeJ111'111BaeTcJ1 Ha MH0iKnTeJih [ l / ( l - /{)]. 3cpcpeKT yneJIH'leHHJI nJI0TH0CTH tteiiTpo

Hon Jl03B0JI.ReT paccMaTp11aaTb B03M0iKH0CTh pa3pa60TKH 3JieKT0PJI.llepHhlX renepaTo

pon TPllJIODOii M0UJ,H0CTII 1 fBT npn HHTeHCHBH0CTH np0T0HHhlX ny'IK0B ycK0pHTeJIJI 

B IIHTepaaJie 1-10 MA c 3Heprneii 0,8-1.0 f3B, B pa6oTax (i .8] H3y'!aeTcR B0JM0iK-

11ocTh C03,llatmR 110,IIKJ)IITll'leCKOi"i c6opKII na 0CH0Be 238 ll. I1oKa3aHO. '!TO npn HaJIH'IHH 

B c6opKe 10% 235 U Ko3cpcpmu1e11T pa3111no;i.;en11J1 neiiTponon 6y,11eT ,11ocTaTo'len ,11J111 acp

cpeKT11n11oro 11c110JibJ0Da1111R cxeMhl 311epreTJ1'1ecKoro yc11J111TeJIR. 

) ) -·-· l\ac1-mu1taJl JICUUIWCO,,teaaJl c6op,-,;a ( ]\_·;1,;cc) 

U pa6oTax [U .10] npe.11JiaraeTc11 11cnoJihJ0BaTb ;i.;u.11KocoJieny10 Kac1<a,11uy10 c6opKy 

.llJIR IIJ)0ll31l0./lCTBa 3Hepr1111 II 11epeiK11ramrn ,II0Jir0iKIIBYIUIIX npo,11yKT0B ,11e.nemrn. noJiy

'lf'llllhlX np11 pa6oTe peaKT0))0B. OcttoBHOe 0T,,1H'!Hf' KaCKa,11noj:i iKH,11KOC0.1enoii c6opKH 

OT 061,1•111oii c6op1rn B C'Mblt'JI(' pa3pa6oTKII ycKopuTeJIR 3aKJIIO'laeTCfl B TOM. 'IT0 N1 = 
l/(1.-l • h'2) (Cl\1. cj)OpMy.ny 1). r.11e 1d = 1- /{l 11 11:2 = 1- /{2, a A"l H !{2 - K03<p<pHUl-l

eHTbt pa3r.UIOiKeHII.R. ueiiTpoHOB 0T,lleJibHblX KaCKa,ll0B iKll,llKOCOJienoi'.i c6opKH. Ilp11 3T0M 

,\'l'JI0IIIIII 'lll<'JI0 ./l(\ff('llllii .rv., .nm1 l\ih:CC' 60JlhlllC', 'l('M ./\JIii ./\PYrllX CIICTC'M n 20-!l() pa.1. 

:3To 0;111a•iarT yr.1eHhlllell11P BO CT0JlhlW ;+;e pa3 IIIITC'IWIIBII0CTII BHernuero IICT0'IIIHKa. 

U pa6oTe ( 11] 1101.;a3a110. •tTo upu M0IUH0t'TII m1eumero 11cT0'!11uKa ~ 2 MDT Mo;+;110 

110/l~"IIITI, TC'IIJI0I.IYI0 MOIUII0CT!, ycTallollKII l\il\CC' ,110 I rBT. 

;3, llpoeI,Tbl Cl-I.71bHOTO'IHbIX I..UU<JIOT))OHOB 

./.1. llpu).,10.J1Cu111f 11.J Jlma.,iu11 - 11111-..,tompou o.rtJl yc1-.opeuuJ1 Ht 

B pa6oTe (12] 11pe.11110JiaraeTrn yeKop.RTb '-!acTIIUbl Ht' ,110 :mepnm 1 raB/ttyKJloH, 

1\0/ll,II0 C0CT0ll'I' 11:1 12 cnepxnpoll0./lHUl,IIX Cf'KT0pllhJX r.ml'HHT0B C S-o6pa3Hoi'r 06MOT-

1wii'. ::)ueprnR CBll311 3.1eKTpOHOB B II0He Ht B :w pa3 60Jibllie, '!eM B H- -H0He, 'ITO 

11m110,111rT yc1.;opHTh ;YroT 11011 n II0JIHX ,110 4 TJt. Parc•111Ta11a Marm1Tt1aR cucTeMa no 

TpPXf.tptrnoii 11porpaMMe. OrnoBllble uapaMeTphl ceKT0tmoro UHKJI0Tpo11a II MarHl-tT-

11oii CIICTeMbl nolrn3aHbl B Ta6,1.l. a cxeMa MarHIITcl K0He'111oro UHKJI0TpoHa - Ha puc. 1. 
M11oroo6opoTHblii Ul,IIJ0.11 C II0M0IUbKJ JlllCC0IUJaUIIII 'lclCTIIU I/:j" Ha TOHKoii Mlllllelllt ,11aeT 
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Ta6.11un;a 1. OcHOBHble napaMeTpbl ceKT0pHoro D;HKJI0TpoHa u MarHHTHon: 
cucTeMLI ~JIJI ycKopeHHJI Ht 

M1rn,·11~1n.~1,11nH :uwprllH, l'aA/11 1 311r.pr11n 1111)1(ei..m111, MaH/11 J!ill 

Pa,1111~.._. Bbl1Jo,11a, M 6,05 Pa,1111yc IIH)l(eKUIIII, M 3.48 
h:o.~ll'tec·Tno ceKTopon 12 Ko.~n'tecTno pe:1011aTopon 11 
YacToTa 89-cncTeMbl, Mf'u 41,4 f'apMOHIIKa G 
l'Vlai,r. 11n11pn>Kt>lllff' 11n pe3ollnTope, KB iOO Hnl'iop :111epr1111 tin 11yi..11011 ;m nl'iopnT, M:iB ;;; 
Cp,i,1111 .. ,• 110.~e Ila pa,1111~·t·e u110,11a, T.~ 1,8(1 MaKCIIMMbIIOe rtOJll~, 'J'JI ,1,:1 
lll11p1111n rc,fi•1•op11. l'lll\/1 l•l·-lll YPu/1 1~1111pn .• rt1.11oc-r11. 1•pnA rw 

D031\IOiKIIOCTh 100% llblDO,Aa llY'lli:a yc1wpel1HblX ll!JOTOIIOB II He Tpe6yeT paa,AeJ1e1111.11 op-

6111' )'Cl..Opel!H0l'0 llY'IKa n 30lle BblB0,Aa . 

. J . .J. Co cp.mpoo oJ,R II( uii .5-mic1m1.ypu1,1 ii .uat?uu111. - 11pcu.toJ1crnul Clll A 

13 pa6oTe [1:1) npc,11JJaraeTCR ,llJJHYHJJaBJJemrn Top11eaoii c6op1<oii c Mom11oc"rb10 l l'lh. 
l'/1<' Tp<'6Y<'TCR npoTOIIIILlii llY'IOI, Mom110CTbl0 10 MllT. n 3a3ope DOCbMIICeKTOj)HOii 

l\larmrruoii CJIC'TeMbl C03,llaTb llRTb napa.riJJeJJbHbJX llJJOCI\OC'Teii ,llJIR ycKopemrn B KaiK,11oii 

IIJIOCIWCTII IJ0 0.111101\IY IIY'IKY C IIHTCIICIIBIIOCTblO 'l MA KaiK,[\blii. l\aiKJtaR IIJJ0C'KOCTh JIJIH 

ycKo(>ellllR a11a.~or11'111a tUIKJJoTpony PSI. B pa6oTe 11pone,11en pac'!eT Tal\Oi·, Mar1111T11oii 

CIICTel\lbl no nporpaMMe Opera 3D II II0J<a3allo, '!TO M0iKH0 C03JlaTb B J<aiK,ll0M 3a30pP 

11:1oxpo11110<' l\lHl'IIIITII0C' II0JI('. O6uu1ii llll/1 I..O[ICT()YKLUIII IJ0Kll3all ua pne.:.!. lloxoiKl'I' 

npe,1V10iKe1111e ,1101rna,[\b1BaJ1ocb ll.A.llleJJaeBbll\l 11ecKOJJb1<0 JICT 11a3a,11 n pa6oTe (14) . 

. ) .. ). llpor ,..,,, OIIIU(A<t IWBbt.l' yc1·wp11111t,,uii OJJJJJJ. ;.(y6Ha 

U oT,[\eJJr 11011ux yc1wp1rreJJeii B 1ly611e 11pP,I\JJaraeTc11 npucTym1Tb K 11poewrupo11<1-

111110 [J !i) lllll,.II0T(>0IIII0l'0 l'IIJILII0T0'III0l'0 K0MIIJl('Kc'!I 11!1 ;111cpl'HIO t!UU M;1lJ II llll'l'('lll'llll

llOCTbl0 J10 10 I\[;\. OcllOBllhJ(' napaMeTpl,I CIIJJhll0TO'IIIOl'0 llllKJI0T()0IIIIOl'0 K0M!IJIC'l\l',l 

IIOK!l3allbl ll Ta6JJ.2 • a CXel\ta ua puc.3. Ecm1 y'leCTb peayJJbTaTbl 3KC:llep11MellTMh

llblX pa6oT II pa<''ll'T0ll D PSI. K0TOJ>bl<' 0IIIIC'allbl JllliKe, TO ll03M0iKII0 6y,l\eT yneJlll'IIITb 

'IIICJJ0 pe3011aTopoa (cTpoKa !:I Ta6JJ.2) ,110 8 lllT. llp11 3T0M Bo3pacTPT na6op 311epr1111 

II ;1011r<'Tlll\ll,iii l\HlK<'lll\f!IJlhlll,iii TOK '1!1(''1'1111, Ila prrc.'1 (113) 1101rn:rn11 J>HC'll"I' cJ,aao1101·0 

nopT(><'Ta 11yq1,a UIIKJJ0Tpoua 1111:ii,;eKTopa ua 311epr1110 1.5 !\bU. BnJ1110. 'IT0 norJJr 7 
o6opoTOD lly<IOJ, 11pe,11c:TaBJJReT co6oii map, KOTOJ)blii coxpa1rneT CB0IO cfJOPMY np11 ,llaJJb-

11ei'iruel\l ycK0J>f>llllll, AHaJlll3 BJIIIRIIIIR neJJIJ'lllllbl npocTpa11cTne1111oro 3ap11.11a B 6al!'lf' 

ua mmal\lllKY .11m1iKeHHR 11yq1<a ,I\JJR UHKJJ0Tpo11a ll!liKeKTopa Ha :rneprmo 5 M3B TaKiKe 

6b1.1 11pone11e11 n pa6oTe (17). TioKa3aHo. '!TO 1UaponaR cpopMa 6a11'la coxpa1111eTcR npn 

TOK(' II ny'!Ke .]0 1,, ~ 100 l\lA. npn'leM 11p11 1,. ~ 50 MA B.TIIIRHlle npo,TpaHC'TBeHH0l'0 

3ap11.la OflTlll\l!l.1bHOe. 
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Ta6JJH~a 2. OcHODHhle napaMeTphl CHJJLH0T0"IH0ro ~HKJI0Tp0HHoro K0M

nJJeKca 

N IJ;II-15 U-60 U-800 
1 :3Hepr1rn UHiKeKQHH-BhlBO,lla, MJB 0,5-15 15-60 60-800 
2 Pa,11nyc HHiKeKQHH-BhlBO,lla, M I 0,2-1,36 1,36-2,62 2,62-6,5 
3 3!13op MarHHTa, CM 3 5,0 9,0 
4 l..fucJio ceKTopon 4 ' 4 10 
5 :".l'roJI ceKTOpa BX./BbIX., rpa,11 30/36 32/36 11/14 
6 YroJI cm,pMbHOCTH BX,/BhIX., rpa,11 0 0 -20/+50 
7 1-laCTOTa B1-1-cncTeMbI, Mr1..1 49,5 49,5 49,5 
8 fapMOHHKa ycKopeHIUJ 8 8 8 
9 9HCJIO OCHOBHhIX pe30HaTOpOB 4 2 6 
10 HanpRiKem,e Ha peJoHaTope (11HiK./BbIBo,11), KB 100-150 125-250 750 
11 MoIUHOCTh B1-1-noTepb B peJoHaTope, MBT 0,04 0,03 1,0 
1 :.! l}IICJIO ,11011. (flat.-top) pe30HaTopoB - ·2 2 
13 l'apl\IOHUKa - 18 18 
14 Ha6op :rneprnn 3a o6opoT (HHiK./BhIBO,ll), MJB 0,8-1,4 0,5-1,0 4,5 
15 l\lomuonb ny<1Ka, MBT 0,15 0,6 8 
16 Mom11ocTh 1111TaHHR MarmITa, MBT 0,14 0,45 2,0 -

.].4, .~:.h,·rnepU.4t.e1tma,,tbllblC II pac'!lemttblf aocmu;»CeH.U..R PSI 

13 pa6oTax [18.19], BbinOJIHeHHhlX ua QHI<JIOTpoHe PSI. noKa.Jauo, 'ITO np11 onpe

,11eJJe1111b1X Ha'laJibHbIX ycJIOBIIRX ,llJIR ny'IKa npoTOHOB co cpe,11Heii HHTeHCHBHOCTblO 2 MA 
/!JI.fl Ka;+;,11oro 6awia 110,ll BJIHRHlleM CHJI MarHHTHOll q>OKYCHpOBKH JI o6'beMHoro 3JleKTpll

'leCKOro 3apH,11a BOJHHKaeT caMoq>oKyc11py10muiic11 maponoii crycToI<. B 3Kcnep11MeHTax 

11a u11K,10Tpo11e PSI ccpopMupoaaHHbiii mapoaoit crycToK ycKopReTC.fl a HHiKeKTope 

J>S-2 ,10 ;)l(eprnu 72 Mao. np11 3TOM neT 11eo6XO,llllMOCTII BKJIIO'laTb flat.-t.op peaoHaTOpbl. 

Bom'e Toro, Kor.Ila pe3oHaTopbl TpeTbeii rapMOHHKII (flat-top) BKJIIO'IMII corJiaCOBaHHO 

110 cj>a:H' (' Ol'IIOlllll,IMII Yl'KO))IIIOllUIMII peao11aTopaMII. TO ua6JIIO,llaJIOCb yneJIU'leHIIe 11a-

6opa ~lllepnm nyqi..;a Ja o6opoT. npn JTOM q>aaoaan npoT.fliKeHHOCTh 6aH'la Ha Bbmo.ne 

eorTa11:1H.~a 2° B'-1. 

B ,rncTORIIH'<' npcMH KoMnJJeKc UIIKJJOTpo11on PSI n lllneiiuapm1 IIDJ1HeTc11 e,11mwTnc11-

Hbll\l yn:op11TeJJeM B Mllpe, r.ne IlOJIY'leH ny'loK npoTOHOB co cpe,11Heii MOIUHOCTblO 2 MBT. 

0611apy;+;el1Hblii II IICCJle,llOBa!IHblli TaM iKe 3q>q>eKT caMoq>oKyc11poBKlf ny'IKa C TOKOM 

2 l\lA II 6oJiee ,llOKa3bJBaeT. 'ITO Ha QHKJIOTpoHe B03MOiKHO IIOJIY'IHTb ycKopeHHbJli ny'IOK 

npoToHoB ,to 10 MBT. lb aHMnaa JIHTepaTypHbIX ,11aHHbIX Bll.llHO, 'ITO nyqoK c Ta

i..:011 l\(OlUHOCTbIO MOiKHO HCilOJlb30BaTb ,llJIII COJ,llaHIIII .fl,llepHO-JHepreTH'leCKHX ycTaHO

BOK l\lOIUIIOCTbIO COTIIII Merana.TT. B pa6oTe [12]. a TaKiKe n 11pyr11x pa6oTax l<OHq>epeH-
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UIIII 110 UIIKJIOTpollaM YTB<.>f>iK,IHleTCJI, '!TO UIIKJIOTJ>Ollbl JIBJIJIIOTCJI 11a1160J1f'e lln,llCiKHhlMII 

II :.lKOHOMII'-leq..:11 BhlrO,llHhlMII ycKopuTeJIJIMII ,llJIJI :.lKcnepnMeHTa.llbHOii :.lHepreTII'-lecKoii 

ycTaHOBKII no ynpanJ1e11u10 11,1:1ep11oii c6opKoii. Coa,1:1a11ue TaKoro npo11aBO,llCTBa ,ll8CT 

TOJl'-IOK K pa.3BJITJIIO CIIJlhHOTO'-IHhlX ycKopUTeJJeii. 
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P A3P ABOTKA MAJIOr ABAPHTHOro rEHEP A TOP A 
HEMTPOHOB HEITPEPhlBHOro ,ll;EMCTBHJI 
C ITOTOKOM ,ll;O 108 u/c 

C.,ll. Bo?.o.M.0,11,oa, H.H. Hoauoo, H.B. Ka,11,a.mu, I'.H. Kouuoo, 
B.D. Kocy:cuu. D.4'. Muuamnuu, A.H. Cuaopoo, B.B, Ce,11,e:meo 
061,ecJ1111e1111Mii 1111c11wmym .11dep11btJ.· 11cc.1edoaa,wt'I, ,l(y6,w 

B ,llOK.JJa,lle II3JiaraJOTCJI pe3YJibTaTbl nepBoro 3Tana paapa60TKII MMOra6apl!T
HOro reuepaTopa neiiTponon nenpephlnnoro ,11e1kTB1U1. renepaTop pa3pa6oTan 
Ha OCHOBe MaJJOra6ap11THOro YCKOJJIITeJIJI ,11eiiTpoHOD, YcKOJ)lITeJib IIJ)O113DO,1111T 
IJOHhl ,11ei"iTepu11 II ycKopJieT IIX C 3Heprueii ~ 110 K3B Ha MllllleHh, KOTO))M co
iteplKIIT TPIITIIii. B pe3YJibTaTe D-T-peaKIUIII O6pa3y10Tc11 tteiiTpoHhl c 3Hep
rnei"i ~ 14 ivbB. B ,11OKJia,11e II3JiaraeTcJI 11,11eoJior1U1. pac'ieThl. KOHCTPYKUIIJI re
HepaTopa. IlpnBe,11eHbl pe3yJihTaThI 3KCIIepnMeHTMbHOro IICCJie,llOBaHIUI xapaK
TepllCTHI( reuepaTopa. TaKJKe IIJJiaraJOTCJI npo6.11eMbI, KOTOpbie BO31111KaIOT npn 

CO3,llamm rettepaTopon HeiiTpOHOB HeOTIIMHHoro Tlma, B 'iaCTHOCTH npo6JieMa, 
CBJIJaHHM C apeMeHeM lKll3Hll Tpl!Tllenoii MllllleHII. 

Development of a Continuously Working Small-Size Neutron 
Generator with Output of about 108 u/s 

S.L. Dogomolov et al. 

111 t.l1is paper t.l1e results of the first sl.age of a small-size neut.ron generator 
development ate present.eel. The generator is based on a small-size accelerator 
of ions. The accelerator general.es ions of deuterium (D) and accelerates them 
with about 110 kV int.a a target that contains tritium (T). As a result of (D-T) 
rcnct.iu11 l\ll' 11cut.rn111:1 having nu e11crgy of 14 Mc V. We dc1,1cribe t.lw ovc:rall der<ig11 
concept. of the generator and give key parameters for it. Finally some problems 
of neutron generator creation, in particular, a target. life time are discussed. 

1. Bae ~em1e 

HeiiTpOllllblC ny'lKII HaX0,lll'IT wnp0l<OC npnMeHeHne B pa3JUl'lHblX o6JiaCTRX 11ayK11 II 

TCXHIIKII. uanpnMep. B 11,11epnoii cp113HKC - Ka.poTa:+.: HecpTeraaOBblX CKBl\iKIIH. ypaH0BblX 

CKBailrnH: onpe.neJieHHC K0MIIOHCHT0B MCTMJI0B 11 CIIJiaB0B, K0HTJ)0Jib 30JI0l'0C0,llepm:11-

IUIIX ~IaTepllaJJ0ll: o6Hapy:+.:enne B3pb1B'l8TblX BCIUCCTD, ,!ICJIHJUHXCH MaTepnaJJoB: M0HII

T0J)IIHr oKpy:+.:IIIOJUeii cpe,llbl II T.,11. OcnOBHblMH llCTO'lHHKaMH HeiiTpOHHblX ny'lK0B 

,ann ~JTIIX 11pm1eue1mii RBJIRIOTCR MaJJora6apnTHhie neihpoHHhJe re11epaTopb1. Ocuoea 

TIIKoro reHepaTopa - MHHHIITIOpHblll YCK0J)IITeJib. YcKopnTeJih np0113B0,llllT II0Hbl ,11eii-
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Tep11.R (D) 11 yCKop.ReT 11x Ha 11111weHb, KoTopa.R co,11epiKIIT TpHTnii (T). B pe3YJibTaTe 

.R,llep11oii peaKumr o6paayIOTC.fl M0H03HepreTll'IHble HeiiTpOHbl C :meprueii ~ 14 M3B. 

B ,11aHIIOI1 pa6oTe 0ilHCbIBaeTC.fl MaJiora6apHTHbIH reHepaTop HeiiTpOHOB HenpepbIBHoro 

,11eiicTBil.fl 0TKatJuoro Tlma C Il0T0K0l\1 HeliTpOHOB ,110 ~ 10 11/c. 

fe11epaTop Hei°iTpOHOB C0CT0IIT 113 yc1<op11TeJibHOii Tpy6Kn, llCT0'IHHKa H0H0B, 1\111-

llleHH0[0 Y3Jia, aa1<yy1111101i CIICTeMbl, BbICOKOBOJibTHOiI CHCTeMbl m1TaHUJI II CIICTeMbl 

ynpaaJieHn.R. 

:2. ~'CI{O}).HTeJibHaJI Tpy61<:a 

.llJI.R yc1<ope1111.R H0H0B ,11eihepu11 paapa6oTaH MaJiora6ap11THbIH yc1<op11TeJib np11Moro 

,11ei:icTBIUI.. B ycKopnTeJibHOli Tpy6Ke IJ0HbI np1106peTalOT 3Heprmo, K0T0pa.R nponopun-

0HaJ!bHa paaH0CTII noTeHI.U!a.Jl0B Ha 3Jle1<Tpo,11ax, IIX 3ap11,11y ll He 3RBllCllT OT MRCCbl 110-

H0B. ho11cTpy1<uu11 yc1<op11TeJibH011 Tpy61<u no1<aaaHa Ha p11c.l. Yc1<op11TeJibHa.R Tpy61<a 

COCT0IIT 113 BblC0K0B0JibTH0ro ll30JI.RT0pa, Bblll0JIHeHH0r0 B BH,lle Il0JI0ro UHJIHH,llpa C 

TOJIIUIIHOii CTCHKU ~ = 8 MM H ,IIJIIIHOH L = 170 MM; 'ICTblpex 3JieKTp0,II0B: 3KCTpa

rnpyIOIUero, cpo1<yc11py10IUero H ,IIBYX ycKO)).fllOIUHX 3JICKT))0,110B. lfaoJIJJTOp c,11eJiaH 113 

BbICOKOBOJlbTHOii KepaMHKll MapKH XC-21. PacctJUT8HHa.R reoMeTpll.11 3JieKT))O,IIOB (pac

tJeT BblllOJIHeH C IlOMOIUblO cneu11MbHOll nporpaMMbl)' o6ecnetJHBalOIUHX yc1<opeH11e H 

cpoKycnpoBKY II0H0B ,11e11Tepn11 Ha MHWeHn, C03,llaeT rpa,11neHT 3JieKTpll'leCK0r0 II0Jl.fl 

BHYTJJII YCKO))IITeJibHOii Tpy61<11, He npeBbllllaIOIUHll 80 KB/cM npn Il0JIHOM Hallp.fliKC

HIIII Ha Tpy6Ke 110 KB. OTO o6ecne'IHJIO 6ecnpo6oiiHbiii peiKHM pa6oTbI ycKopuTeJibHOii 

Tpy6KII npll pa6o'leM ,11aBJieHllll B Heii ~ 10-5-10- 6 Topp. 3JieKTpO,llbl ycKopHTeJibHOll 

Tpy61,m C,11eJiaHbl ll3 HepiKaBelOIUell CTaJill, KOTOpa.R o6JIR,llaeT 60JibWOH CTOHKOCTbIO K 

paapyllleHII.fll\1 noaepxH0CTH, 'ITO o6ecnetJIIBae1'. 6oJibWylO npo,IIOJliKUTeJibH0CTb iKH3Hll 

yc1mp11TeJibllOii Tpy6KII, reoMeTpU.R yc1<op.RIOIUHX 3JieKTp0,110B pacctJHTRH!I TRK, 'ITO me 
60KOllble II0llepx11ocT11 nepeKpb!DRIOT ,11pyr ,11pyra. llperpaiK,IIM ,IIOCTYII pacce.RllllblX 

3ap.RiK{'llflblX II neiITpaJibHhlX '-!aCTIIU K 1130JIJIT0py YCKOpllTeJJhHOfi Tpy61rn. 3.~eKTJ)0,llhl 

3amnma10T ero oT noaepxH0CTHbIX paap.R,!I0B II npoiKnraun11. 

h:pO!\te T0ro, 1111 nnyTpelllll0IO noaepXH0CTh YCKOpHTCJlbllOll Tpy6KH HRlll'Cella pe311-

CTIIBHa.fl IlJICHI..:a ( C0IIJ)0THBJ1em1e ~ 2 fOM)' K0TO))a.R BblpaamtBaeT noTeHUHM B,II0Jlh 

IIJ0.~ff'l'0pa ,ll!liKl' D TOM CJiy•rne, ecJIII 3ap.RiKeHHblC 'l!ICTl!Ubl K!IKHM-JIH6o o6pa30l\1 nona

.IIYT Ha ero BHyTpeHHIOIO nonepXH0CTb • .llJJfl Toro 'IT06bl IICKJIIO'IIITh npo6oii no BHew11eii 

nosepXHOCTll Il30JI.RT0pa ycKO))HTeJihHOli Tpy61<11. Ha rpaHHUY H30JI.RTOpa C MCTMJI0M (c 

o6enx CTO))OH 1130Jl.flTOpa) HaHeCeH CJIOI'i KOMnayn,11a 1I111pl1HOI{ 45 MM II TOJIIUIIHOii 10 MM. 

TIHT!IHlle 3JieKTp0,110B ocymecTBJJJJeTC.fl qepea BBO,llbl npoXO,IIHbIX lI30Jl.flT0pOB, Bilaf!HHbIX 

B Bepx1111ii cpJJaneu yc1<op11TeJibHOII Tpy61<11. PaaHOCTb noTeHUllaJIOB 111e:m:,11y 3JieKTp0-

,11al\lll B ycKopl!TeJlbHOii Tpy6Ke MoiKeT ll31\1CHJITbC.fl B llll!poirnx npe,11eJ1a.X 3a C'-!eT Toro. 

'ITO B C'03,llaHHoii ClICTeMe DIIT8Hll.fl KRiK,llbiii 3JleKT))0,ll UMeeT CBoii HCTO'IHIIK Il11T8HIUI.. 

TipemtymecTBO TaKoii CllCTeMbl m1TaH1I.fl COCTOIIT B TOM, 'ITO OHa MOiKeT no.11.11epiKI1BaTb 

BbI6paHHbiii ypoaeHb nanp.11:m:eHU.II COOTBeTCTBYJOIUero 3JieKTpo,11a CKOJib yro.11Ho ,ll0JlI'O 

a npouecce yci,;opemrn ny'!Ka ,11eiiTpOHOB Heaaanc11Mo OT npoueccoB. npo11cxo,11.11mnx Ha 

3JieKTJ)0,/laX II B caMoii yrnop.RIOIUeii Tpy61,e (HanpuMep, 3MHCCRII 3JJeKTJ)0HOB C noaepx

HOCTeii 3J1eKTpo.11oa 11 T,11.), rapaHTHPYH rtOCTOJIHHhte napaMeTph! ny'-!Ka ,11eiiTpoHOB Ha 

Mlllllelllt. 
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:3, HcTO'IHHK uoHOB 

KoHCTpyKUllfl IICT0'IHIII<a II0H0B rettepaTopa HeiiTpoHOB npe,llCTaBJieHa Ha pnc.2. Hc

T0'IIIIIK cocT0IIT 113 11ocTon1111oro Mar1111Ta (Sm +Co), paapn11Horo KaHMa (a11011). 11syx 

Ka.T0,!10B II ,!IBYX 1130JI.flT0poB. ,Un.11 C03,!1aHH.fl orpaHH'leHHoro pa3p.H,!1a aH0,!1 pa3p.11,!1HOH 

KaMephi c,11enaH 113 Monn6,11eHa B sn,11e UHJIHH,llpH'lecKoii noJiocTH ,11naMeTpoM d = 8 MM. 

I10JJ1ora MarHIITOD cJiy:iKaT OCHOBanneM KaT0,!10B. O,111111 KaT0,!1, Bb!IlOJIHeHHhli"i B cpopMe 

UIIJlllll,ilpa. c,11eJ1aH 113 MarHIITHOII CT8Jll!. B T0peu KaTO,lla, pacnoJioih:eHHhlii Henocpe11-

C'TDe11110 B pa3)Jll.llllOii KaMepe. ,!lJl.fl yoeJIU'leHIUI 3MIICCIIII l<aTO,lla BMOHTUpoBaHa cne

UllaJlbHaJI ocTaoKa 113 reKca6op11,11a JiaHTaHa. ( La.B6 ). BTopoii Ka.TO/I, pa.cnonoih:eHHhlll 

Ha npoTIIBOilOJIO;+;HOii CTOpOHe pa3p.H,!lHOli KaMepb!, IIMeeT MOJIU6,lleHOBYIO UIIJIHH.llpi!'le

('1,ylo 1wT1rnK~' e U<'IITpaJthlll,1111 0TnepcT11e111 ,11J11111oii I = 0,5 MIii 11 ,1111aMeTpo111 d = l 111111. 

'lep1'3 :no 0TDC'l)C"Tlle IIOllbl .llll<)>cpyH,1111py10T 113 IIC'T0'lHIIKII B o6JJaCTb 3KC'TJ)IIKT0pa npu 

IHIJlll'll111 lll,ITHl'IIIHll0llll'l'O 11a11p.11:+.:e111u1. ll pe3YJJbT8T(' IIJ!0lUa.,llb 11oaepx1101'TII ll,IHl31\1bl, 

C IWTopoii OT611pa10TC.fl IIOHbl, 6oJJbWe noBepXH0CTII 3MHCCIIOHH0ro OTBepCTIUI. lboJIJI
TO(Jl,l C.:leJJaHbl 113 BblCOKODOJibTHOli Kepa.MIIKII. HaTeKam1e 11eiiTep1U1 B ra3opa3p.H,!1HYIO 

i,;a111epy IIC'TO'IHIIKa II0HOB ocymecTBJI.fleTCJI '-lepe3 ra30Bhlii lllTyuep (pnc.:.1) II peryJin

pyeTCR C' TIOMOUlblO llb('30Ha.TeKaTeJIR. Il11Tam1e ra30Boro pa3p.11,!1a. ocymecTBJI.fleTC.fl OT 

IICTO'lHUKa nuTamrn co CTa611J1113auneii no HanpmKeHHJO. llcTO'lHIIK IlllTaHU.11 1103B0-

,IIH('T 110.11.11ep:+.:11Ba.Tb TOK paap.11,11a. ~ 3 MA npn 113MeHeHllll HanpmKeHH.11 IICTO'lHUKa B 

.auanaaoHe (0-3000) B. 

-L CncTel'.rn m1TaHHJI n ynpaa.11emrn 

CncTel\la UIITIIHIIJI yn:op11TeJJ.fl COCTOIIT 113 5 0T,!le.rlbHblX IICT0'IHIIKOB IlllTaHU.fl: Bbl

COIWBO.lbTHhlii IICTO'lHIIK ycK0J)JIJOUlero Hanp.11:+.:eHUJI, IICTO'-IHHKII IlHTaHIUI cpoKycnpy

lOWero ~1J1eKTpo.11a. 3KcTpa.KTopa., ra3oooro pa3p11.11a. nhe3oBeHTHJI.fl, a Ta.Kill:<' paa.11en11-

T<'.'ll,1101·0 Tpaucc)>OpMaTopa II BblCOK0B0JlbTHoro ,!leJJUTeJJJI Hanp11:+.:em111. 

P11c. :.1. O6w11ii B11.J IICTO'IHIIJ.,a IIOHOB 
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C'Tpy1,Typ110 <.'lll"J'l'Ma 11wra111111 11ocTpoe11a Tiu,11111 o6pa3oM, •no II pa6o•wM pe;i,:111111' 

IlOCJie,1.ume 'IeTh!pe 113 nepe'IIICJieHHhlX Bh!We IICTO'IHIIKOB IlUTaHll.fl HaXO.ll.flTC.fl IlO.ll no

TeHI.(l!aJIO!II HCTO'IHllKa IlHTaHH.11 ycKop.1110wero Hanp.11,i,;eHH.fl (110 KB). B pa6o<JeM pe

)Klll\11' :l'l'II IICTO'lll111,:U :iam1Th10a.lOTC.fl OT ceTII 'lepe:i pa3,11eJIIJT('Jlhllhiii Tpa11ccpop111a

TOp. Pa:i,11eJIHTeJihHhiii TpaHccpopMaTop BhlllOJIHeH Ha cpeppHTOBOM cep,lle'IHHKe ce•1e

Hllel\1 15 x 20 .1u12 11 paa111epo111 130 x ll0 x 20 ,M.~13 • HcTO'IHIIK yc1,:op.1110mero Hanp11-

:iKeH1111 npe.11cTaBJIJ1eT co6oii BhlCOKOBOJihTHhlll HCTO'IHUK C BhlXO.llHhlM peryJII1pyeMhll\l 

IianpJiiKeHlleM OTO ,llO 110 KB. CTa61IJihHOCThlO 1 %. nyJihCaun.1111111 0.2 % II r B03MOiKHO

CThlO y,ilci,TJeHHOro nporpaMMllpyeMoro ynpaBJieHIIJI BhlXO,llllhlM Hanp11:iKeHne111 C IlOMOlllh 

l,:OMilhlOTepa. OH BKJIIO'IaeT KOHBepTop. IlOBhIWa10wui'i TpauccpopMaTop. YMHOiKIITe.lh 

uanp11:+.eH11J1 II BhlCOKOBOJihTHhlii ,lleJI11Te.'1h uanp.11:iKeHU.fl. 

Uenh I<OHBepTopa COCTOIIT 113 J111Heiinoro IlOJIYMOCTOBOl"'O npeo6pa30BaTe.'l.fl, pa60Ta-

10we1·0 11p11 •iacTOTP ~ 18 1d'u. 13 1,a•1ecTae 3a,11a10wero :-rne111e11Ta 11 11e111 11c110J1h3Y<'T<'fl 

11111oro<l>y111,:u11011aJihllafl 111111-~pocxe11rn (SG32!ifi). 11a axo.11u 1,:oTopoii no.llatoTcfl: c11rm1:1 

ycTaJJOBJ~ll BLIXO,llHOl'O uanp.11;,i,;em1.11 U-!j ll. CllrHaJI o6panwii CB.11311 c UbtrOJ,:080.TJhTIIOl"O 

;'.le,1111T<'.'IJ1 11anp11:iKem1.11, cllrHaJI orpaun'leIIIIR no TOKY uarpy3KII. IknoJih30BaH11e Bhico

Koii 'laCTOThl ll03BOJl.fleT .llOCTllraTh Ha BhlXO,lle IICTO'IHHKa IlllTaHirn BhlCOl<Ol"'O 11anp.11-

;.n:em1.11 110 KB 11p11 ueaua'InTeJihHoii 11ai,:onJiem1oii B 11e11t :rnepnm, rapauT11py.11 6e3011ar-

11ocTh ~1JI.11 •1yncTBUTeJihHOii annapaTyphr 11 06cJiy:iK1rna10wero nepconaJia. KouTpOJih 11 

pery.'llrpoaamre BhlXO,llHOl"'O uanp.11;.i,:emrn Uh!COKOBOJihTHOl"'O IICTO'Illlll(a IlJITaHll.fl ocyme

CTBJIJ!f'TC.fl lllllJJOTHO-llllfllYJihCHOii MO.llY,'l.flUIICii noa6yiK.llaIOwero c11r11a.11a Cll,'IOBOro l,:011-

BepTopa. Bee uen11 KOHTpOJJ.fl 3aae111J1eHbl II 1130JillpOBaHbl OT CIIJIOBOro KOHBeJJTepa. II 

ULICOl,OBOJlbTlll,IX Ul'IICii •1epe3 pa3)leJlll'fCJll,lll,le Tpa11cc),op111aTop1,1. Y11111oiKIITe,'II, Ila· 

npfliKl'llllfl IIOCTJ>OeH Ha OCIIOBP 0.llHOCpaanoii . .llBYXIIOJIY1Jepno.11noii cxeMbl II co.11ep;i,;11T 

1:-! 1,an,a.1100. Koll'rpoJih BhlXO,llllOl"O 11anpRiKe1111.11 II TOKa BblCOl<ODO!lbTHOro IICTO'IHIIKf\ 

IIIITi\llllA O<'Ylll<'l'TDJI.fleTC.fl anTOl\!aTIPICCKII C' DhlBO)lOIII IIIHpop111a111111 11a i111cnneii h'.OM

llhlOTt'pa. 

(_'11rTPI\Hl y11pau.11e1111.11 COCTOIIT 113 .llBYX OCHOBllhlX 'iacTeii. 0.lllla IIRXO.llllTCfl 110;1 

11anplliKl'llller-1 60.~er 100 1,B • .11pyra.11 no,1 noTeuuna.110111 "3e111J111". CBR3h 111e:iK.llY nnMn 

ocymrc'TBJIH('Tl'H I'. IJO!ltOWhlO 11mppaKpacllOI'O KallaJia, Ilp11 ~lTOIII IICII0,1Jh3yeTC.fl ('TH 11-

,'lclPT ns1:11c. llporpar,111moe 06ec11e•tl'IIIIP JI peiKlll\fC' .llllaJIOra II0:3DOJlflf'T oneprrropy 

)TTc11HIB,111DaTh 11eo6XO)lllllfble 311a•1e1111H TOKOD H 11a11pRiKeH11ii U CIICTe111e. IIX l<OIITIJ0.11, 

II 11:ll\lPJ>ellll!' 311a•reH11ii TOl<OB C UIIJlllll.llJJcl cJJapa,llefl II .lllla<j>parll!bl. Oce ;nn 11apa111rTpL1 

BhlllO.,lJITCH 11a Jl.:)>clH IIIOJIIITO)Ja. 

:J. l\ImueHh 

l\1111uellh 11pe.11cTaUJIReT co6oii l\t('.1\lfhlii lllet'TllrpammK TOJllllllllOii LMIII. Ila 0.llllOii 11:1 

CTOJ)Oll I,OToporo C,lleJJa11a KOHUellTJ)ll'l('Ch'.clJI llbleMKa .1111aMeTpo111 d = 2a MIii II r Jiy61111oii 

0 .5 l\1111. Ha nonepXHOCTh :noii BhleMKii' HanhIJieH cnoii. nopHCToro TIITaHa TOJllllllHOii 

2 !111,111. B KOTOJ)hiii cneQllaJihllhll\l 06pa30111 BHe;'l))eH Tp11n1ii. M11weHb 3JieKTpll'i('Ch'.II 

11ao.rnpona11a oT "ae111J111" 11 pacnono;,i,;ena no.a )TJIOM 45 rpa,aycoa no 0T110111en1110 1, om 

ny'i1,a. 13aKyyr,r B rP11epaTope 11eiiTpouon a pa6o'!eM pe;i,;11111e 06ec11e911naeTCfl Ha ypon11r 

JU-~--10-'' 111111.jJT.CT. Ma!"IIIITOJ)cl3JJfl.lllll,llll llaCOCO~I. 
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6. :.:hccnepnl\1eHTa,1JhHb1e pe3)'.1IhTaThI 

CoJ,l\aHHaJI ycKop11TeJihHaJ1 Tpy6Ka o6ecne'lnBaeT Heo6xo,l\HMhle napaMeTphl ny'IKa. 

6Jill3Klle K pac'leTHhJM. 3KcnepHMeHTMhHO ll3MepeHHhJii MIIHIIMaJihHhtii pa3Mep ny'IKa 

Ha MllllleHII COCTaBJl11eT ~ 1 MM II MO)KeT IlJiaBHO H3MeHJIThCJI 3a C'leT ll3MeHeHHJI no

Te11u11aJJa cpoKycupy10UJero :rneKTpo,l\a (paaMep ny'!Ka H3MepJIJicJI no ero oTne'laTKY Ha 

MHllleHI!). 3a BpeMJI 3KCilJiyaTau1rn ycKopu+em1 He 6bJJIO HU BHyTpeHHHX, HII BHeWHJtX 

(no noaepxH0CTII 1130JIJITopa ycKop1tTeJibHoii Tpy6KII) npo6oea B pa6o'leM pe;KUMe npn 

HOIIIIIHa.'lbllblX 11anpmKeHIIJIX Ha ero JJieKTJ)0,l\aX. KaK Il0Ka3aJI OilhlT 3KCilJiyaTaJ..UIJI re-

11epaTopa HeiiTpoHOB, npllHUIIIlbl nocTpoeHUJI CIICTeMbl mITaHJIJI, 3KcnepmteHTaJJbH0e 

B0n.11owem1e ee KOHCTJ)YKQIIII Ha1160J1ee y ,l\a'IHO COOTBeTCTByeT KOHCTpyKUIIII ycKopn

Te.rn c T0'IKII 3peHJUI ero Ha,l\enrnoii n ,l\OJiroapeMeHHoii pa6oThJ.. 

OcHOBHble npo6,1eMhl 6bIJIII CBJ13aHbl C TJ)IITJJeBoii MllllleHhlO. I~aK noKa3aJJII 06c.1Ie,!IO

BaH11A :1111rneH11 nocJie nepBbJX JKcnep11MeHTOB no 06Jiy'leH1110 ee ny'IKOM noHoB .!leiiTep1rn. 

Ha IIOBepXHOCTII JllllllleHII IlOJIBIIJIOCb nRTHO B B11,l\e 3JIJIIIIlCa. TlJITHO IIMeeT .iIBe 06.11acT11. 

'leTKO OT,11I'la10lll.lleCJI no UBeTy: B ueHTpe Kpyr pa3MepoM ~ 0. 5 M~t IIMeeT xapaKTep

Hhiii .l,111 Me.!111 uneT, ocTanrnaJirn n.110UJa,l\b nRTHa .oKpaweHa n. 'lepHhiii uaeT. O6Jiy'leHne 

1111111Je1111 npo,!10.11iKaJiocb npm,1epHo 4-5 '!aeon B peiKIIMe: U11 c,.·. = 90 KB: l' rfi w. = -5 KB: 

F.,,..c,,, = l. 2 KB: 111 = 40 1111,A. Kpo111e Toro. 06cJie.L10Dan11e rnTopKII (np11KpbJBa.,1a l\111-

lllellb 11a Bpe!IIJI 11aCTJJOiiK11 yci,:op11TeJIJI II. COOTBeTCTBelIHO. IlO.L{BepraJJacb B03.L{eiicTBIIIO 

nyq1,:a. nocJie 11acTpoiiK11 ycKopnTeJIJI' llIT0J}KY y611pa.1111. 11 ny'IOK c6pacb1Ba.1cJ1 Ha 11111-

menb) noKa3a.110. 'ITO Ha ee nonepXHOC'TII no XO.l\Y ny'II<a noJIDIIJICJI KpaTep B ,llllaMeTpe 

~ u. ') :l(l\l; O.L{llal,0 06.11aCTh. 01,pameu11a11 D qepHbiii UlleT DOl,pyr, KpaTepa. OTQ'TCTDyeT. 

:.:ho o:rna'laeT. 'ITQ Tel\lHaJI 06.11acTb nRTHa Ha Jlllllllellll JIBJIJieTCJI CKopee pe3y.11hTaT0M 

npouecca pacm,1J1emrn 11111rne1111, .'je111 npouecco111. ee :ianbIJiemrn. · 11anp11111ep. yr.'lepo,l\OM, 

I..OTOl)Liii JIIOiKeT np11cyTCTllOllaTb B ny'II<e, I<aI< II .l\P)Tlle 3Jie111eHThl (a30T. I<IICJIOP0.LI II 

.ap.) 13 ue60JibllIOJII I<t;JJlll'leCTDe. KaK np11111ecb. II3111epe1111e paa111epa IlJITHa Ha Jlllllllellll no 

rop113011TaJJH .laeT IICTJIIIHoe _3Ha.'leime pa3Mepa ny'IKa. panHoe 1.5 MIii. J:eopeT11'1ec1..oe 

3Ha'1e1111e pa3111epa nJITHa lia l\11llll.eH11 npn .)'CJIOBIIJIX (Fye .. ·. = 90 KB: F¢o,·. = -5 KB: 

c.>h'Clll = 1. 2 KB: 111 = 40 ~tKA ~ 6e3 OTC~'IKII DTOpll'IHblX 3JieKTJ)OHOD). B KOTOJ)blX 

IIJJODO.Jll.1CH ::n,cnep11111e11T. D ,/\Ba pa3a 60.llbllle. Bo311l0iKHOe 06bllCHem1e 3TOMY c)JaKTY 

COCTOIIT D TOIi!. 'ITO ,l\O<)J0Kyc11po8Ka ny'IKa ocyUJeCTBJIJieTCJl 3JieKTJ)OHaMII. I..OTOJ)ble Bbl-

611Ba10TC.fl (' nonepXHOCTII 11mrne1111 nonaMu. 3JieKTp0Hhl 111oryT C03,!laBaTh Kalla.II. B KOT0-

po111 II0llbl OKa3blBalOTC.fl CIWMne11c11poDaHHblMII no 3apR.!IY II 6oJiee ccp0Kyc11posa11Hbll\11l. 

h:,11,; 11oi.;a3a.1111 11:}111epe1111.11. l..03Cpcp111i11e11T .Tm.a 3Jiel~TJJOlIHOi'i 31\IIICCIIII n'1rn R38IIIIIO.!lei'i

CTIIIIII llY'll•rn l" IIIIIIUPllblO .'le;+.IIT n, ,!lllalla3,0He OT '}_ ,10 4 II 3aBIICJIT OT ypoRHII sai..yy111a 

II C0CT0HHll.fl 1iouepx11oc~11 lllllllJeHJJ. _Bee noc.~e,llylOUllle :.n.cnepl;JlleHTbl C IIY'IJ..0111 npo

B0.Llll.lllCb B peiKJll\le OTCl''IJ..11 BT0J)ll'lllblX JJieKTJ)0H0B, 'ITO 1103B0,1IIJIO cm,paTUTb no,L{

rpyai:;y ycK~pnT~,rn no ToKy II npaKTll'leCKn yCTpaHIITb 11eynpaBJIJie111y10 cpoKycnpoBKY 

lly<ll,<1 . ..1.11.11 Toro. 'IT06hl ·no,!laBIITb BT0J)ll'lllble 3.lleKTJ)OHbl, Mlllllellb no~cOe,!IIIH.fleTrn Ha 

"3e111.110·· '1epe3 60J11,rnoe conp0Tt1BJ1ett11e (~6 MO111).u 3_a·c'leT co6cTBeHHoro ToKa ny'IKa. 

11a,1a10mero 11a 1111m1e11b, co3,11ae·rc11 noJ10;+;11TeJJb1tb1ii noTenunaJJ 11111rne1111. npe1111TCTBYJO

u111ii :mnccim DT0J>ll'IHhIX JJieKTpo110B. O6bI'IHO pa6o'lnii ,1111ana3011 T0K0B ny'l1,a Jie;i,;a.'I 

n 11pe11P.1ax' 10-20 1111~A. cooTBeTCTBe11110 ri0Te11u11a.ri 11111rne1111 - 660-1300 B. 'ITO snoJIHe 

.]OCT<ITO.'lllO ,il.~H HO.!laBJieI;IIII BTOJ)li'-lllblX 3J1e1~'TJ)OIIOB, i..:aK nm..:a3a.1111 ncc.~e.JOBaHIIII. B 
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Puc. 3. :JaBUCIIIIIOCTb BpeMeHII ;+;H3Hll IIIIIWf'IIII npll 60M6ap,1111poBKe ee llY,-IKOJII C TOIWI\I 

IO 1111,A 11 311eprn<'ii ~ 100 1,3B 

u.eHTpa.1bHoii '!aCTII llJITHa Ha MHWeHII Bll,11Ha Me,11HM 110,11JIO;+;Ka. C nonepXHOCTH KOTO

poii TIIT8II IIOJI ,lleiicTDHeM llY'IKa paCllblJlell. Ilo,1106HyJO CTJJYKTYPY llRTHa Ha MHUJellll 

Mbl Ha6JII0,11MII II D l10CJ1e,11y10UJ,IIX 3KCllepuMeHTaX no reHepau.1111 HeihpoHOB (o6bl'{IIO 

06cJ1e,!lOB8Hlle MIIUJCHII ocyUJ,eCTBJIJIJIOCb npn ee JaMe11e): H3MCIIRJIIICb Jllllllb 11JIOlll8JIII 

pacnLIJlellllOii (ue11TpaJ1bHoii) II qepHoii qacTeii TIJITHa. KOTOpbH~ onpe,llC,1RJIIICb Bf'Jlll'III

HOii ~'c1wp.11I01Uero Hanpn;i,,:em1.11 11 110Teuu11aJJ0111 cpoKyc11pyI01Uero ~MeKTpo.ua. Cpem1er 

nprMH ;i.;11:11111 l\llllll<'llll n 11a11111x 31,cnep1tMf'IIT8X COl'TaBJIRJIO ~ 20 .'taron. B 60.'lhllllllll'TIIP 

3Kcnep11Mewro11 !\ILi no.11.11ep;i,;11naJ111 noToK ueiiTpouoa ua ypoaue 10; 11/c. llocKoJlbKY 

BLIXOJI 11efrrpo11011 i10cTe11em10 na.11aJJ, IIJJIIXCJ,llllJIOCb YBCJlll'-IIIDaTb TOK nrma. h:or,1,1 TOI\ 

lly<ll,fl ,lOXO,llll.'I ,10 :.!O MKA. a BblXO,ll neiiT))OIIOB 118,ll8JJ HlliKe '{CI\I i X 10; 11/c. Mlllllf'llh 

3al\leHRJlaCh, 

h:ai.: 113UC!."J'IIO, IIJJH D3aUMO,lleiicTUHII 11y<11<a C MIIWellblO O,!IIIOUJH'MP.11110 C re11epau11Pii 

ueiiTpOHOB ll)>OIICXO.llllT pacllblJICHlte l\tllUJeHII. Cpe.11u11ii ,llllal\leTp rty'IKa Ha l\111Wellll U 

11awux ~11,cnep11!11CIIT8X COCTaDJIRJI cl::! 3 l\tl\1, COOTDCTC'TBCIIHO, 1..aK rtoKa3aJIII paC'IPTl,I. 

B!)CIIIR iK113Hll l\lllllleHII ,!IOJliKHO 6b!Tb He 11te11ee 3500 'I aeon ( 11))11 1 MKA. 100 <;f. -· o+). 
Bb1.rn ~-cTaHOBJleHO, 'ITO ny'IOI,, 113BJ1e1<ael\1L1ii 113 IIOHHoro IICTO'IHHKa. TOJlbKO Ha ~U !Jc 
COCTOIIT IIJ aTOl\la))HblX 1101108 .uefrrep11.11. OCTMhllaR 'laCTb IIY'IKEI - IIIOJICl-:YJIRpHble IIOllbl 

,lleiiTepm1. Kpo111e Toro, TIY'IOI< CO,llepiKIIT ~1-2 % TI))IIMeceii (aaoT. KIICJIOJ)O,!l, yrJtepo./1). 

Jlpu 601116ap.u11poui,:e MIIUJem1 11011aM11 MOJ1cKyJ1.11p11oro .11eihep11R 1wact><IH11111e11T p11c111,1-

J1<'lll1H 01,11:H,IRil<'TCR TaKlll\1 :,i,;e, Kai, eCJIII 6hJ IIOIILI, BXO,ll~Ullle B COCTaB 11011a I\IOJleJ.y,1.11p-

11oro .lf'iiTep11.11. llpllX0.1111JIII Ha MllllICIIb pa3,11CJlbHO co CKO()OCTblO, paBHoii CIW))OCTII 11011a 

1\10,WJ,yJIHpllOl'O Jl<'IITCJ)IIH II paCIILIJIRJIII M1lTC()ll8JI l\tllll!Cllll IIC31lllllCIIMO ,1P~T OT .11pyrn 

[1]. Iloc1wJ1hKY 3Hepr11R IIOHa, o6paaouamwro 113 IIOHa M0,1CKYJIRJ)HOl'O ,/leiiTepHR. pau11a 

~ ,50 1-:aB. TO Ce'-le1111e B3aUMO,lleiicTBIIR ero r TJ)IITllel\1 Ha MIIUJCIIII D TIRTb paa I\ICHblllf', a 

rro 1,:o:1cl><lm1u1<'IIT pacnb1✓1c1111.11 T11Tc111a no•nu o ,llBa paaa 60.1hwe ( S = 0.01 aTm1/11011 ). 
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'lel\t .J,'IH aT0Map11oro 11011a ,11eiiTep1111 [2). Cpe,l\mtii Tot, ll)"'lt<n, c6pacblaael\1oro 11a l\111-

llleHb. B HallIHX 3kcnepHMeHTax COCTaBJJJIJI ~ 15 MKA. Ilpn TRKOM TOKe, t<al< IIOK838.llll 

pac'!eTbl, KOJIII'leCTBO aTOMOB TIITaHa, pacnbIJI.ReMbIX MOJieKyJI.RpHblMII IIOH8MII ,11eiiTe-
l" • 

pHR 3a ceKYH.ilY, COCTaBJIReT ~ 1. 9 X 10 - aToM/c. CymecTBeHHOe BJIH.flHHe Ha npou,ecc 

pacnbl,1emrn MIIllleHII OK33blBaIOT npnMeCii. IlocTaBJI.ReMbie B OCHOBHOM IICTO'IHHKOM 

IIOHOB II ycKopeHHble ,!10 DOJIHOii 3Heprirn, OHH He y'laCTBYIOT B npou,ecce o6paaoBaHH.fl 

ueihpoHOB. Ko3cpqmu,HeHT pacnblJieHHR HOHOB npnMeceii MO)KeT ,!IOCTHraTb ,!IOBOJibHO 

m,11·01rnx :-i11n•1r1111ii ~ 2 I\TOM/11011 [3,4]. lb pac•1eTon cJie,11yeT, 'ITO KOJill'lf'CTno aTo.Moa 

TIITaHa. paCllbl/lHf.'l\lblX 11011aM11 IIJJIIMeceii. COCTaB.~HeT ~ 2. !j X 10 12 a;roM/1· (Toi, 11p11-

l\leceii ~ 0. ~ MKA). h:o.rn'!eCTBO aTOMOB TIITaHa, pacnbl.~ReMblX IIOHaMII M0.1eKyJIRJ)HOro 

.Jeiii-epllR II 1101181\III np11Meceii. npn6JIJrn,eHHO paBHO 71~; ~ 4, 4 X 1012 aTol\1/c. BpeM.R 

iKll311II ~lllllleHII npu TaKoii c1..opocTII pacnbIJieHIIR 6y ,ileT COOTBeTCTBOBaTb Be.'III'llllle: 

Xr; · · 
T =-.,- = 4,\) X 101;/4.4 X 1012 == 1.1 X 105 

C == 31 ~ .. 
117; 

r .ilf> ,\'Ti - I..0.11l'lecTBO aTOl\10B TIITaHa B l\lllllleHii (' d = 3 Ml\!. Bo nopR.!ll<Y neJJll

'lllllbl Ubl'IIIC.11e1111oe 3Ha'!eHne coana,11aeT c 3KcnepnMeHTaJJbHO ua6JJIO.Jael\toii aem1'!11Hoii 

BpP~1e1111 ;,i,;1131111. Bmrnune npou,ecca ncnapemrn MIIlllenn aa •c•1eT JioKaJJbHblX neperpe

BOB He IICCJie,ilOBa.r1ocb. II y nae HeT ,!lOCTOBepHblX .naHHblX O ero BJIH.f!HIIII Ha BpeM.R 

iKll3HII l\IIIWeHII. Ec.1111 6bl npou.ecc 11cnapemrn l\111WeHII npeo6Jia,llaJI, TO CKO))OCTb 11cna

pe1111R no l\iacce ,ll.llR TIITI\Ha npll ,11aBJie11n11 napoB p = 10-2 MM pT.CT. COCTaBJI.RJia 6bl 

~ u. \)1 X 10- 11 ,, j.\t,\?- (' [4]. Ilpn TaKoii BeJIJl'Ullle CKOJ)OCT~I ll.llTHO Ha Mlllllf.'HII ,llllaMe

T))Ol\l cl = 3 l\IM ( ~ 39 X 10-6 r ) ucnapllJIOCb 6bJ 3a ~ 50 C, <iTo HeCOH3Meplll\IO MeHbllle, 

'lf.'l\l ~n.:rnep11Me11TaJJbllO ua6JIIO,llaeMoe BJ)f.'M.fl iKll3HII MHIIJeHII. HecMOTJ)R Ha np116m1;,i,;eu

llbtii xapaKTep Dbl'IIICJieHnii, Ka'!eCTBeHHa.11 KapTIIIII\ BilOJIHe ,!IOCTOBepua.11: BJ)f.'l\1.11 iKil3HII 

l\llllllf>llll 11 OCIIOBIIOM onpeJlf.'JilleTCII npou,eccal\-in pa,cm,IJieHJIII ee IIOHaMII. Mo.1eKyn11p11oro 

JtPiiT<'(lllH 11 11uir:1l\111 11p11Mr<'f:'ii. 11p11•11•M uoeJ1i•J11111<' 11111160J1rr :.ic)><)>et<·1·11u110 1·01..:pn111a10T 

Dpl'~IR iKll3111I l\llllllf.'Hll. Ha pile .3 npe,!lCTaBJieua 31\BIIClll\lOCTI;, BpeMeHII iKil3HII MIIIIJeHn 

npn 60M6ap.1111poaKe ee ny'IKOM c ToKol\l 10 MKA n :meprHeii ~ 100· K3B . .LlMbHei"i

ume pa6oTbl no ycoaepllleHCTBOBaHIIIO reuepaTopa 6y ,!lyT 11anpaa.11eHbI na yae.1111'1eu11e 

npe~1e1111 iKll31111 l\llllllf.'Hll. (' 3Toii ueJJblO Jlfbl 6y.ne111 IICilO.llb30BaTb cenapaTop l\JeiK,!lY 

IIOIIHbl~I IICTO'lllllh:01\1 II ycKopnTeJlel\l ,ll.llR Toro. 'IT06bt Bbl,llf.'.1111Tb IIO!lbl flTOMapHoro 

1wfrrrp1111 II To.11,1.;o IIX c6pacr.maTb Ha Mlllllf.'Jlb. l\))01\Ie Toro, llOBhlCIIM 3llf'))flll0 110110B 

,10 ~ 140 - J!jl) 11:::iU ,ll.~H Toro. •n:o6bl B ~ 1.5 pa3a yMeHbWilTb 1,0::icpcpllll,llf'IIT pacltbl,1<.'-

111111. II f'llf'Tl'l\11' 11a11yc1.;a 11<'iiTep1111 6yJiel\l IICIIO.~b30BaTb IIMJ1a,!11tf.'Bbiii <pllm,Tp . 

.:Iwrepwrypa 

1. ,:1. l\laiicce.1. P. l'JI3Hr. Tex110J1orn.11 TOHKIIX 1IJie110K .. M: "-Coa.Pa,11110". Hl77. 
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:l. 0 . .-\l11w11. (;, Bruer. Nucl. Instr. !\let.hods. 11. :.!70, 1961.
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TEXHOJIOrJ,P-IECKMM YCKOPMTEJih 3JIEKTPOHOB 
C MOI.U;HOCTblO IlY9KA ,ll;O_ 25 KBT 

A.B. I'pbl3.406 

cJJeOf]JO,lbHOe i!OCyoapcmBeHHOe YHtln1.0JJHOe npeonptl.RlnUf 
"Hay•mo-npOt13600Cln6eHHOe 11peo11pt1.R11llle TOPlfli". 2.Afoc1>6a 

B.A. ,l{aopu1moa, H.A. Ky:1b.Mu11.. H.B. Ho.n..JLnoa. H.C. IIJ,eapuu 
Afoc1>06c1>ml 2ocyoapcm.ae11Hb1t1 tm:J1<:eHep110-(/iu3u"ec"ut'I u11cm.umym 
(me.m111Jec1>t1t'I y111,aepcumem) 

TexHo.11or11'-1eCKHi°i ycKopHTeJib 3.l!eKTJ)OHOD C MOlUHOCTblO ny'-!Ka ,110 2-5 KBT 

IIBJIJleTCJI MHoroue.11eB1>1M UCTO'-IHHKOM IIOHll31lpylOIUero 113.l!Y'-!eHIIJI II npnMeHJl
eTCII B npoMbIW.~eHHblX pa,1111aunonno-TeXHOJ10r11'-leCKIIX npoueccax C IICrtOJlb30-

BaHl!eM ycKopeHHblX 3JleKTJ)OIIOB IIJIII TOpM03HOro 113JIY'-!eH!III, a TaK)l(e D 11a~''-lllblX 

IICCJIC,!lOUallllHX, 

Tcclmologicnl Linne with Power 25 kW 

A. V. G1·11zlo·11 et al. 

Technological linac wit.h power 25 kW is multi-purpose source of ionizing ra

dial.ion 1111d ii< i11lc11dcd for industrial radiat.io11-1.cd111ological procc1111ci<, hai;cd 011 

t.he use of accelerated electrons and bremsstrahlung radiation. Accelerator is also 
used for scicnt.ific researches.· 

1. BtW)l('lfll(' 

,l11meiiHbiii yc1..:op1ITNlb 3JleKTPOHOB y:3.TIB-10-25 3a,llyMaH KaK 11pe,11cTaBUTeJib 110-

ll01'0 1101-0Jll'IIIIH Yl.'IWJ)ll'l'CJIC'ii ":)Jlf'l,TJ)OIIIIK!l", II 1-.:0'l'OJ>Olll IIJ)OCTOTil II IIC'DhlCOKaH !'TO

IIMOCTb ll3rOTODJieHHfl CO'-leTaeTCJt C BbICOKoii CTa611JibHOCTblO II Ha,lle;+;HOCTblO 3l<CllJiya

'l'IIIUIOlllll,IX 1111p11Mf''l')Hlll II Xll)lll.l,'l'C'f>IH"l'IIIC llpll f'O:l/111111111 Yl'IW)lll'l'f'JIH /IOJl:+.:111,1 llniiTII 

CIJO(' .iHIJlbllCiilll('(' pa.3DIITlle IIJ)HIIUHilbl KOIIC'l'py11poua1111Jt II TeXHOJIOrllH ll31'0TOUJiellllH, 

noJio;+;eHHble a ornoay 11pe,11lllecTay10m11x MO,lleJieii yc1<op11Teneii ~--003 11 ~-:)JIB-10-10. 
fl TO ;+;(' npeMH IIJ)II l..:OHCTpy11poaam111 3Jiel<TJ)OllllTalOIUIIX ycTpoiicTD II CIICTeM y11pc1-

BJieH11H ,!IOJiiKHbl 6bITb 11Cll0Jlb30Ballbl nplIHUHllllaJibHO HOBble TeXHII'JeCKile pellleHilfl II 

IIOllaH :1,IIC'I\IC'IITIHl.fl (in:rn. 

Yr1..:opl1TC'Jlh IIJlc\IlllpyeTCJI YI..OMUJieKTOIJaTb urel\lll BCIIOMoraTCJlhllblMII yc"i-poiirTD!ll\lll 

II amiapwrypoii. 06eene•111ua.1ou111M11 ero 11a.11e;+;11y10 pa6oTy. llpII 11poeKT1Ipoaa111111 :llla

'IIITe.r11>11oc> Jllllll\lallllC' y,11eJie110 IIODblUl('IIIIJO J..03cpctmu11c11Ta rOTOUJIOCTII II COKpalU<'JIIIIO 
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Ta6JIHl.l;a 1. OcHODHhle TeXHH'leCKHe napaMeTphl H xapaKTepHCTHKH ycKopH

TeJIJI 

N Xapan:Tep11cT11Ka, Bem1•mHa 

n/n e,l.l. 1131\lepemrn 

1 Hor.mHa.'lhHaJI :mepr11R, M3B 10 
2 Ilo1111111a.r1h1IaR M0UUI0C-Th nyqi,:a, KBT 20 
:1 IloM1111H;11,11uii cpe,£11111ii _TOK 11y'!Ka, MA 2 ., l111ana:1011 1wryJJ11ponl\llllH ::H1epr1111, l\faB IH- 11 
!) ,Jnana30II pery;mpoBaHIIR M0lUH0CTII ny'!Ka, KBT 1 + 25 
6 .J11ana3ou pery;mpoaamrn cpe,£1Hero T0Ka ny•u<a. MA 0.1 + 2, 5 
"j HecTa611J1bHOCTh 3Heprnn. % He 60;1ee ±5 
8 HecTa611,1buocTh cpem1ero ToKa ny'!Ka, % He 60,1ee ±5 
\) llonoca nrn1111poaamrn. cM 30-50 (pery.mpyeTcH) 

10 LfacTOTa Cl,8HIIJ)0Bl\HIIH. fu 1. 3. 5 
11 HepaBHOl\leJ)HOCTh pacnpe,lleJieHHR .£103hl B no.11oce He 60.11ee ±5 

ci..:a1111pona111rn. % 
I:.! Uper.rn 11e11pep1,1011oii pa6oThl, •1. .£10 120 
I :i l~o::ic)J<)JIIIUIPIIT roT0BJI0CTII " He MeHPe 0.95 
J,I Ynpa11.rie1111e OT K0Milbl0Tepa •. npem1c1110TpeHo 

Bper.1em1 B0CCT8H0BJieJIIIR pa6oTocnoco6HOCTII o6opy ,!I0BaHJIR npn perJiaMeHTHoi"i 3aMeHe 

11,111 pP~I0HTe IIJII0llleJIHblX 3.TleMeHT0B, 3aMeHa K0T0J)hlX Tpe6yeT paaBaKy;0 r.rnp0B8.HllR 

yci.;op11Te.1R. 

llo ro1101..:y1111ocTII napa111eTp0B ycn:op11TeJ1b 118X0,!IIITCR HR ypoBHe ,TJY'llllllX 3apy6e.+.

llblX aHa,1oroa II n ,!IBa pa:rn npeoocxo,£111T JJY'lllllle oTe'!eCTBeHHhie o6pa3Uhl no cpe,£111eii 

JII0lUII0CTII. a C,le,il0BaTeJibll0, no np0ll3B0,!IIITe;TJbH0CTII. 

~- C'Tpy1nypuaJ:1 cxeMa H cocTaB 

<.'orTaB. CTpy1,TypHa.R cxe111a, 3KCTTJ1)'8T8UII0HHble xapaKTepllCTIIKII IICJ'0IIM0CTh ~'CK0-

J)IITP.lA 38BIICHT OT BbI6opa .llBYX 0CH0BHhlX 3,leMeHT0B: 

• C'BLf-reuepaTopa: 

• ycn:opR101Ueii CTPYKT)'J)hl. 

OTe'!eCTBeHIIH.H npoMbllllJieHH0CTh BhlllYCKaeT ,llBcl Tlllla CBLf-reHepaTO))OB. K0T0J)ble 

no Cl!0lll\1 ::H1epreT11'-1ecn:11r.1 napal\leTpal\l (nr.my.lhCHaJI II cpe.llHR.11 MOlUHOCTb) MoryT 6b1Tb 

11c110.11,:1osa11bl .JJJH co3.11a1111H Tan:oro ycn:opnTeJIR - ::no: 

• ~rar11eTpo11 "Bep11JJ.1" c Pmm=lO MBT II Pep ,il0 50 i..:BT: 

• r.;,111cTpo11 "I;eper" c Pmm=6 l\lBT II Pep .£10 :.!!i KBT. 

1~.1l(("l"po11 111\le<'T B .uua pa3a 6oJJee BhlC0KYIO rapallTllpooaHHYIO ,ll0JII'0Bf:''IH0CTh, HO II 

«-T0lll\l<H'TI, Pl'0 11 .1ua pa3a BhlUIP., TToci..:oJJhKY ,llJJR pea.11113au1111 y1<a3aHHhlX B n.2 napa

MrTpon Tpr6yeTCR 0,11lll Ml\l'IIPT))0H IIJIII .£108 KJIIICT))0Ha, TO 0'-leBII,ilH0. '!TO np11MeHeH11e 

l\ll\l'll<'T(l0111l Hll.'IR!'1TR :ll.:OII0Jllll'l!'Clo(ll 6oJJee Bhll'0./lllhll\l. 
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Bi.16op y1·1..op111011wii cTpy1,TypL1 :1au11c11T oT nL16opa Cllt.J-n•m•paTopa. 11 11pf'i1-;JI<' 

Bcero o·r IIMIIYJlhCIIOii MOIQHOCTH reHepaTopa, ero 'laCTOTHoii CTa6JJJibHOCTIJ II T.n. Ilp11 

11M11~•J1Lrnoii Mom11oc1·11 10 MDT 11pe,1111o•ne1rne cJte,11yeT oT,11aTh 1<pyrJ10My ;~11acpparM11-

posa11110My aoJ111oao,11y (Kl(B) na 6erymeii BOJIHe (BB). EcJ111 11cnoJ1h30BaTL Marm•Tpo11 

IIJIH KJIHCTpon C' HMIIYJILCHOii MOIQHOCTblO 5-6 MBT. TO npe,11IIO'!Ten11e CJ1e,11yeT OT,llaTL 

61111cp110,1111•1ec11:11M yc1<op.1110mnM cTpy1<TypaM (BYC) ua CTOR'te1'.i DOJIHe (CB). 

CTpyKTypHM cxer.rn yc1<op11TeJ1R np1rne,1;1ena na p11c. l. 

Puc. I. CTpy1,Typ11a11 cxeMa yo.:op11TeJ111: 61' -- 6.1101, re11epaTop111,1ii: TB -· Tpa1<T 11<M

uoao.anL1ii: B~- - 6✓10K ycKop11TeJ1LHL1ii: MIIM - 1110.ayJIRTOp JJMnyJ1LCHL1ii MarneTpo11a: 

Mllll - MOJlYJIHTop 11Mny✓1Lc11uii nyw1<11: K - 1-:oMnpeccop; T - Te11J1006Meun111<: IIY -
nyJILT ynpaaJJemrn: CI1P - cToiiKa m1Ta111111 11 peryJ111poaam111 

ll3a11Mo,11eiicTBJJe 3J1eKTpo11on c noJieM 6erymeii 3J1eKTpoMar111n11oii no✓111L1 npo111:xo

.!IIIT B yc1<opnTe✓1LHoM 6J101<e (BY). :3✓1eKTpoMarm1T11L1e KOJ1e6am111 renep11py10Tc.11 l\lar-

11cTpo11or.1. pa3M('lU<'IIHblM D re11epaTOJlllOM UJIOKI' (131'). II 11ep(',af1JOTC'H 8 ycKOJ)ll'l'f'Jll,

llhlii 6.101, no Bo.1111ono,111101\ly TpaKTY (TB). BL1coKonoJ1hTHhiii IIMrIYJihCHLlii MOJ\y,111Top 

(MIIM) 11pc,1111a:rna•1e11 ,IIJUI 111rrau1111 a110,111wii ue1111 MarueTpoua. U rocTaB Mo,11yJ111Topa 

IIXOJIHT :)Jlf'Mf'IITl,I. OOf'l'IIC''lllnfllOlllllf' llllTRllllf' J\J>Yl'IIX llC'llf'ii l\lRl"ll<'TpOIIR II rellf'pwrop-

1101·0 G.,101,a (mn;aJJa, ::iJ1e1npopaap11,1111oro uacoca, coJ1e11011,11a). BLH·oi-:oao.11LTHL1ii m1-

11ym,r111,1ii 1110.11yJ1HTop (Mllll) 11pe.1111a3m1•1r11 JIJIH 111rra111111 11c111'ii ;w•KTpo1111oii 11y111K11. 

pa31\l('lllf:'IIIIOii n ye1wpllTf'JlbHOM 6.1101,;f', lknoMorRTf'.Tlbllbll' IJC'TO'IIIIIKII IIIJTallJJII. ll3~1f'• 

p11TeJJhHble ycTpoiic-rBa, 6✓101<11 IIIITaHJIII BblCOKOBaKyyMHblX uacocou II 'J'.11. pa3Melllf'llbl 

11 l'Toii1,c- 1111Ta111111 11 prryJ111ponn111111 (CIIP). YnpnnJit>IIIII' pa6oToii yrnop11TeJ111 MOiKl'T 

ocy111cl'T13JIIITl,CA OT UC'IITpMblJOl'O KOlllllblOTepa, pacJIOJIOiK('IJIIOI'O 11a nyJihTe y11p1lllJJf'· 

111111 ( pauO'IC'I\I l\l('t"l'f' 011epa-ropa). B C'OCTall ye1mp1rreJ111 TaKiKf' IIXO,illJT ;ia1111<11yTaH I'll· 

CTeMa OXJIR;f,;,ll('IIIJII ycKOpllTl'JIII )lllC'TIIJIJlll))Ollf\llllOii no.aoii (Ten✓1006111e1111111-:) II Clll'Tf'I\IR 

110,11a•111 II llOJIIIOllO,llllhiii TpaKT O'HllllCIIIIOl'O ('if,;11TOl"O 1103,ilyxa (K011111peccop). 

Pa<'t'I\IOTpml yc1..opRIOIUYIO CJJCT{'llfY Tf'XIIO.IJOl'll'lf'CKOI'O ycKOpllTf'JIII, 
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:l, E.JJOI< ymopnTe.JJbHh1i:i (BY) 

C'TpyKTypua.R cxeMa. ycKopnTeJJbHoro 6JJ01<a. np11ae,11eHa Ha. p11c.2. 

11oflopotHblA 
)neffpoMll>MT 

----------- I 

Cm•pjllllf4II 
3J1e"1poMMtlll 

/ KBMepa 
/ pa)8eptn1 

BblxOAHOI 
TTB .. 

BallyyMHH 
DTKB'ftl 

84 ODtO 

Pue. 2. CTpy1<Typ11a.R cxer.rn ycKop11TeJJb11oro 6JJoKa 

BlOPJtOI 
TT8 

B 1..:a•1ecrne ~MeKTpmrnoii nyUJKII npe,11JJa.raeTCJI JICil0Jlb30Ba.Tb Tpex3JJeKTp0,llHYIO nyUJ

KY :)11-u OT ycKop11TeJJR ".)"3,IIB-10-10, C0CT0JIJ..tzylO 113 Ka.TO,llHOii H0iKKII II K3T0,llH0r0 

yaJJa. Bea cyUJeCTBem1hIX JJ3Meueuni'i npe,11JJaraeTcJ1 11cnoJJb30BaTh cpo1<yc11py1011u1ii co

-~e11011~1. BU0,L\ :.rnepr1111 (B1..1-0KHO), ,L\8T'IIIK T0Ka. n:a1111py1011.1;1iii Ma.rHIIT II Ka.Mepy pa3-

aepTKII. IlJJa1111pyeTCJ1 paapa6oTaTb II ycTaH0BIITh Ha KaMepy paaaepTKII IIOBOpOTHhlii 

r,iarHIIT. 06ecne'IJIB8I01Ullii napaJJJJeJJbHhiii Bbl XO.LI 3JJeKTp0H0B 113 ycK0J)JITeJJJI. Cyme

CTllf'IIII0II ncpepa6oTKe npe.nJJaraeTCfl 110.nnepruyTh ycK0l)JIIOlUYIO ceKUIII0 II CIICTeMy 

0TKH'IKII. 

4. Ynmp111owc1JI ce1,~n11 

B C00TDCTCTUIIII C 3a,Lla11Hb1MII BblX0/lHhlMII na.paMeTpaMJI ny'IKa ycK0pllTe.'IR 6bJJJ 

11po11:rnP.11e11 pac'H~T pa3Mepoa 1..:pyrJioro ,1111ac!Jpa.nmpoaa1111oro BOJIHOBO,lla. B Ka'leCTaee 

KpllT!'j)l(H 0IIT(lr,1113aUIIII pa3MepoB B0JIH0B0,lla 6bJJIII Bb16pa.Hbl UJIIJ)JJHa 3HepreTJJ'lec,..:oro 

cnei..:Tpa ~MeKTp0H0B Ha BbJXo.ae YCK0j)JII0IUero B0JIH0B0,lla II cpe,11111111 3Hepr1111 crycTKa. 

O.JHOBpe!llellHOe Tpe6oaau11e Bb!C0l<0["0 K03cpcp11u11eHTa aaxBaTa 3JieKTJ)0H0B B pe

iKml yci..:opemrn (> 70%) npll IIOHlliKCHHOii :rneprnn JIH:iKeKUHII (30 KB) 11 Bb!C0Koro 

KllJ (> 70%) np11 orpaHU'leHHOii ,L\JJJIHe ycK0j)UTeJIR (L< 2 M) npUB0,llllT K C0Kpame

HIIIO .J,lllHbl y'laCTKa. rpyn1111p0BKII II aaxaa.Ta _'laCTIIU B peiKHI\I ycKopemrn. C'Jie,LICTBHel\l 

3Toro RB.'IHCTCH pe3K0C ll3MeHeHJte pa3MepoB B0JJH0B0,Lla Ha 3T0M y'laCTKe OT Jl'leiiKII 

1..: 11•ieii1..:e. Hapy'UJaeTcH a.n11a6aTll'IHOCTb npouecca rpynnupoBKII, 11 Tpe6yeTc11 0'leHb 
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Ta6JIH~a 2. CpanHHTeJILHl,le xapaKTepHcTHKH ycKop.11ro~HX ceK~HH Ha 6ery
~eu no.irne (K,l(B) H Ha CTOJl'leH BOJIHe (BYC) 

h'.)UJ LJY(' 
1. Pacnpe,11eJiem1e CB'-I-MomnocTn B cTenKax ycKop.momeii 

CHCTeMbl: 

6e3 TOI..:a, % 28-:30 100 
C TOK0I\I, o/c, HJ 50 

'2. JlallplliKCIIIIOC'Tb (I0JIJI Ila 0CII 6ea IIY'!Ka, Kll 100 :no-250 
a. Jlmma yr1wpJ11011wii CC'I•a11111, c:111 )1)0 160 
4. h:o3cpcp111.1,neHT JaxnaTa. 3./leKTpouon B yci..:opeune, % iO 25 
5. 3nepr1rn ua. BbIXO,lle, M:iB 11 10 
6. IhmyJibCHbiii TOK, A O.i 0,2-0.25 
,. Ha.np.H;i.;enne HHiKeKuun, KB 30 40 
f(. II MiiyJll,('lfil.fl M0lllllO<'Th II IIY'IIH', M fh i.i 2· '2,!j 
9. . h:oJin'ieCTBo ceKunii l 2 

10. BpeM.H JanoJinemrn ycKopmomeii cncTeMbl CB'-!-

l\lOIJ..(II0CTblO, MKC 0,6 1,13 

TlllaTNlbHbiii IIO,ll6op paaMepoB rpynnnpyIOlUero y'ia.CTKa ,ll./1.fl II0JIY'leHJUI Ka'ICCTBCHHblX 

BblX0,llHblX napaMeTpoB. 

Oe11ou11L1e nuuo,111,1: 

1. Oc11on11aR •racTh 11e11cnoJib30Banuo11 111011111ocT11 npn np11111e11e111111 KLlB BhlB0.llllTCR 

11apy:+:y H 11orJ101Ua101Uy10 uarpy3KY, npn npnMeuemrn BYC- 11ornomaeTc11 n cTen-

1..ax yc1wpHI0lUIIX ceKUUii. '!TO 11pe,11cTaBJIJICT co6oii 6oJiblllYIO TellJIOBYIO 11arpy31<y 

,110 40-50 i..:BT (no 20-25 KBT na no.r1ceKUIJIO): 

2. Ha11p11:+:em1ocTh noJI.H ua ocH yCKop11101Ueii cncTeMbl cocTaBJIReT BeJllt'IHHY B BYC' 
ll '2.2-2,!) pa:J"n 111,IIJIC. 'ICM D 1'.llD. II Ila IIODCf>XIIOCTII ff'iCCI( BY(' C0CTaDJIHCT 11()('

.llP.JlbllYI0 llf'Jlll'illHY, '-ITO MOiKCT np1mec·T11 K ,llOilOJIHHTe./lbllOii XOJIO,llJIOii ~Jl\fl!('CIIII 

:.,JJel(Tj)0II0II ('() r.Te!I0K yc1<0p.fl!01Ueii Cllr.TeMLI: 

a. BpeMH :rn110J111em111 yci,;op1110111eii c11cT<'M1,1 o eJJy'!ae 11p11Me11c111rn BY(' 1101.JTII 11 :1 
paaa BbIWe, 'ieM npu ncnoJib30Bamm Kl{B, '!TO no'iTII ua 15% cHniKaeT cpe.11u1010 

IIIOlllll0CTb IIY'IKa; ,ll./1.fl cpaBHCHH.fl, B CJiy'!ae K.llB CHH,l{CHHe - 5%: 
4. Ha11p.H;i,;e1111P 1111:;i,;ei-.:1.1,1111 n KlIB 1111:;i,;e, 'ieM o BYC: 
5_. ilmma KLIB 11a. 30% 6oJJbllle, '-Je111 .11mma B~'C: 
6. lhmyJihCHM M0lUH0CTh B ny'iKe y KlID B 3 paaa Bhillle, 'ieM y BYC': 
'i. Cpe,1111.H.H 111om11ocTb B ny'!Ke y K.llB n 1,5 paaa Bhillle. 'iCIII y BYC' B paccMaTp11-

aae111hIX nap11a11Tax peaJ111Ja1.1,1111: 

8. h:o3cpc)mm1e11T 3a.xna-ra 3JieKTpouos B yc:Kopem1e y h:11B - i0%. y BYC' - 2,5<Jc. 
'IT0 13 II0CJJe,llHCIII rJiy'iae IIJJIIB0,llllT K 6oJiee 11anpRiKeHH0IIIY peiKIIIIIY K8T0.lla 1111-

iKel\T0pa. II. KaK CJie,llCTBl!e, K CHlliKCHIIIO cpOI<a CJiyiK6bl KaT0,lla: 
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~· · '.~f' ''I" lfl 'I ~.,, ~ 
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0
''- ; beta 

O.Mr , 

c.&c!- , 

' ' o.~'iL, 

,._,11(1">1' tJ~••"'· 
,c,, .... ,_._,( .. 

Pue. :1. l'pa<JJIIKII IIJMCIICHltfl OTIIOCIITCJlbHOii cpa3oBoii CK0p0CTH H 11anp11iKeHH0CTH 3JICI<

Tpll'l('CIWro yc1.;op.1110mero II0Jl.fl B,ll0Jlb B0JIH0B0,lla 

u. hoJJll'leCTUO ceKunii B CJiy'!ae llCII0Jlb30BaHHll K.llB - 1, B CJiy'lae IICIIOJlb30BaHHll 

l>:\"C - :l: 

10. llpn np11Me11em111 B)T ycJioiKH.fleTc.11 CBl.J-TpaKT (npnMeH.fleTc.11 3 AB 0TBeTBHTeJib 

II ,llBa BB0.lla IIIOIJ..(HOCTII). 

OrnoBHoii nTor cpaBHeli11.11 cJie,llyromnii - np11MeHem1e K.ll:B n 6erymei't eo.rrnht B ycKo

p.1110U1eii CIICTel\le K0HKpeTHoro TeXH0JI0r1I'lec1<oro ycKopUTeJI.fl 60,11ee npe,llD0'lTllTeJihH0 

II onpaB,llaHo 3K0H0Mll'ICCKII. 

:j_ Pac'-leT ynwpmomero. ao.rrnoao~a 

I kXO,!lllhlMII ,ll811HhlMII ,llJlll pac'leTa ,llIIHaMIIKII ny'lKa B B0JIH0B0,lle 6hlJIII Bht6paHhl 

:ialllll'IIMO<'TII ll;IIIJ>HiK<'llllOC"l'II Y<.'K0))HI0Utt'I"0 H0JIH II <l>a;wuoii CK0!)0CTII 110 IIJIIIIIC II0JIII0-

B0 . .la ycKop11Te,rn y:.:),TIB-10-10. npe,llCT8BJleHHhie Ha pnc .3. 3TII 38BHCIIIIWCTII Ha y'laCTKe 

rp~·nnllp0BKII annpoKClllllllp0BMIICh aHMIITll'lCCI<HMII BhipaiKCHH.flMH C BBe.aeHIICM HeJa

BIIClll\lblX nepe111eHHhIX. Bapb11p0Bam1e 3TIIX nepeMeHHbIX Il03B0JI.fleT napa111eTp1t30BaTb 

IICX0.:lllbl(' 38BIICIIM0CTII ,llJI.fl Il0HCKa OilTIIMMbHOii BeJill'lllHhl BhIX0,llH0ro cneKTpa npn 

;111;1111111t>ii 111,1xo,111oii :111rprn11 ;1J1<'KTpo11on IO M31l <' Y'l<'T0M 3ll<'pr1111 lllliKf'Kllllll :lO Kall. 

llpo110)1IIJICH p,H''lf'T BWX0.llllhIX xapaKTt'))Ill'TIIK 11,\''!Ka (pnc.4) C IICII0,1h.10IH\Hllt'M 

uapbll(>OUHIIII.H :1a1111r11111orTeii cpa:rnaoii CK0p0CTII II Hallp.fliKCIIH0CTII 3Jlel<Tp11'-tec1<oro 110-

.111 Ha y'laCTKe rpynn11p0BKII. no ll0JIY'lCHHhllll II0JI.flM ll))0ll3B0,lllIJI0Ch 'llICJieHH0e M0,ileJIII

poBaH11e ,llBlliKCllll.fl 3JlCl<Tp0H0B B yc1<op1ITeJie, KaK B llJ)0,ll0JlhH0M, Tai< II B nonepe'lH0M 

11a11pan.1e11II.f1X, C y'leT0M o6beMHOro 3ap.11,ll8 ll)''IKa ::1JieKTp0H0B II Harpy3KII T0I<0M no 

11porpa111111a111 PARMELA II SUPERFISH. 

llo.mof' 'IIIC,10 'JaCTIIU Ila BX0,lle ycKop11TeJIH paBH.flJI0Cb 5000. :JaxBaT C0CTaBJI.fleT 

60.1f'f' 70% np11 nonepe'!H0III pa3Mepe ny'!Ka 0K0JI0 3 1\1111. MoiKHO 0TMf'TIITb 11))K0 Bbl

paiKf'IIHblii mu, ::mepr1111 oKoJio pec~epencnoii 'laCTIIUbI umprrnoii ~ 200 1<:-:1B np11 no,11-

11oii w11p1111e 870 !i:38 no 0CH0B8HHIO cneKTpa. :JaTeM paCC'lllThlBaJIC.fl napnaHT Tex-

110.10rll'III0I'0 130.rn0B0,lla C ll0CT0JIHHblMII pa3111epaM11 Ha nocJie,llHeii TpeTII B0JIH0B0,lla 
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npn yc.TJOBIIII coxpa.HeHIUI BbIXO,llHbIX napaMeTpOB ny'IKa 3JieKTpOHOB. BbmOJIHeHbl pac
'leTbl .llIIana30HHbIX xapaKTepIICTIIK ycKopnTeJI.11. Pac'leTbl npoBO,lllIJIIICb ,ilJI.11 'laCTOT 

lo = ±0. 2 Mru. MOIUHOCTH IlHTaHH.11 9 MBT, ,/IJI.11 TOKa IlY'IKa 0,5 A, ,IIJI.11 IIH)KeKUlfll 

-10 1..:lh. n TaKiKC' c rreTOM noJiei'r D TTn. Pc>ayJI1,TaT1,1 par.•teTon 110KronJ111. •.iTo nnpn

MeTpbl ny'IKa ycKopnTeJI.11 OCTaJOTC.11 B npe,11eJiaX 3a,11aHHblX. 
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Puc. •I. BLIXOJllll,H' llflpaMeTJH,1 ny-11..:a IIJ>II C.rlC'JIYIOIIUIX rrnpaMC'TfHlX 1111 IIXOJI(' ynmp11-

TeJIH: Pmm = 10 MBT: Jo = 1885 Ml'u: UnniK = 30 KB: Hcl>oK = 900 a: lnblX = 0. i A: 
IJOJJIIOIIO.il C 1101.'TOHHllblM rpa,11HeH'l'OM: C.11B111' (j>a3bl Ha H'JeiiKy 2rr /3 

G. OcHOBHhie BhlB0,llhI 

1. llpl'.IIJlfll'IH'TCH IICIIOJlb30DaTb yci-:opHlOJllllii llOJIIIOUO,ll, pa60Ta101u11ii 1111 DIIJI(' JW.'lf'-

6a1111ii 2rr /:i.. TaKoii Bbl6op Il03B0JIHeT yl\lellblUIITb 'IIICJIO .ll'IC'CJ,; n BOJIIIOBO,ll(' ll I,:, 
paaa B cpaBHeHIJII C BOJIHOBO,IIOM Ha B11,lle KOJle6anuii Tr /2 npll Toii ;i.;e ,ilJIIIHe ycKo

J)IIT('Jill. Tal..:Ul\l o6pa30M, yoeJlll'IIIDaeTrn ,11.IIIIJla H'lee1, 118 y<JaCTKe rpy11n11p0Bh:II. 

06J1erqaeTCR IIX ll3rOTOBJieHJle II HaCTpoiiKa Ha pa60'IYJO 'laCTOTY. 

:!. Jlpe.nm1raC''J'l.'H IICIJOJlb30DaTb Ha UblXO,lle DOJIIIOBO.llfl TTU .IIJIH ULIUOJHI llellCII0/11,

JOBflllllOii !IIOll!IIOCTII 110 llllCllllllOJO 11arpy3i,;y. llpn ~ITOI\I 00,lPl''liH'Tl'H Te11.1011oii 

f>PiKIIM uo.monoJ1a II ynpomaeTCH Clll'T<':\lfl ox,rn;i.;,ilell!IH yri,;op11Tf',1H. 
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3. llpe,11JJaraeTCH l!ClIOJlb30BaTb B I<a'leCTBe cpo1<ycnpy10I11HX 3JleMeHTOB 4 MarHHTHblX 
.l!IH3hl, 113-f'OTOBJJeHHbIX Ha OCHOBe IIOCTOHHHbIX MarHHTOB HJIH COJJeHOil,110B, nnTa

f'l\11,IX IIOl'TOllllllhlM TOI..OM, '!TO oe,11eT K y111e111,111e11HIO MI\CCbl Marm1T11oiI CIICTCMbl 

B o6onx CJJY'IMX II K OTCYTCTBHIO HCTO'IHHKa IIHTaHHH a nepBOM cJJy'lae . 

._Tl 1rrepa.Ty pa. 

l. A.A. :Jaaa,11uen 11 ,11p. IlpoeKT npoMblWJJeHHoro yc1.;opnTeJ111 aJJeKTpoHoB Ha 10 MaB. 

XVII Coaemam,e no yc1<op11TeJJHM aapH)l.;eHHbIX 'laCTIIU. H<l>B3, IlpoTBIIHo, 2000 r., 
c.1:)5. 

2. B.A . .ll.sopHnKoB, B.E. KaJUO)l.;Hblli, H.A. KyabMHH. MeT0,11 HaCTpoii1<11 K.D.B c nepe-

11Ie111IbIM11 paar.iepa111I1. Hay'IHM ceccnn MH<l>H-2001. M.: MH<l>H, 2001. T.i. c.139-
140. 

3. A.B . .fpb13JJOB, B.A. 11:aopHIIKOB, ll.A. KyabMHH, H.B. IloJ1111<oa, H.C. 1Ue,11pnH. Tex
Ho.1or11qecK11ii yc1<op11TeJJb c MOll.lHOCThlO ny'IKa 25 KBT. Hay'l1IaJI ceccnn MH<l>H-

2001. M.: l\Hl<l>H, 2001. T.9, c.28-29. 
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OT MACC-CilEKTPOMETPHl:.{ECKOH HOHHOH 
JIOBYIIIKM K COJIEHOM,l(AJihHOMY 
HAKOilHTEJIIO-KOJIJIAH,l(EPY YCKOPEHHhIX HOHOB 
BO,l(OPO,l(A - rEHEPATOPY HEMTPOHOB ,l(JIJI 
HAYqHhIX 11 IlPMKJIA,l(HhIX IlPMMEHEHMH 

H.H. Tapaumuu 
O61,f0UHfHHblii 1111c11111111y111 J10fJJHb1 .• r !lrCJlf006<1Ht1il. ,Jy6Ha 

B HaCTO/llUeii pa6oTe npoae.11e110 .lli\.llbllei1wee pacCMOTIJCHlle nplll!UllllOB npe,ll
.1o;+;e11Horo pa11ee MeTo,lla 11aKon.l!eH1111 npe,lluap11TeJ1hHo ycKopeHHhlX 1101100 ;'lei1-
Tep1111 II TPIITll/1 B opurnHa.l!bHOM HaKom1Te.l!e-Ko.1uai1,llepe ,'l.7111 ocywecTB.l!eHIUI 
IIX 11.11ep11oro CJIIIJIHIIR II noJl~"leHllJI IIHTeHCIIBHOro rIOTOKa Hel!TJ)OIIOB, KOTO)Jhlit 

~IOiKeT 61,1Tb IICIIOJihaonaH Kai, ,11m1 11a,\''lllhlX, TaK II JIJIR npllKJli\,llllhlX ueJiell, 

From Mass Spectrometric Ion Trap of au "In-Flight Capture .. 
Type to Solenoid Accumulator-Collaider of Accelerated 
Hydrogen Ions. Neutron Generator for Science and Applied 
Aims 

N.I. Tamntin 

In present work it was considered au idea of early proposed method for accu
mulation of preliminar~· accelerated deutrrium and tritium ions for carr~·i1111,-oul 
or I lll'ir fusion ·anti produc:i1111, or hi11,hly i111<•11si1y neul ron flux. This 1wu1 ron flux 
ran II(' w,1·d for scienn• aud applied aim!<. 

I. BBf:',llC'Jlllf' 

Ta11,1i>~1 11:1 u111,.1J0Tpcrna Y-4001\'I. Mar1111T11nro ci>napwropa h:01\1 Iii\(· .fla6opaTn
p1111 H..'lt>pllLIX 1><•r11.:u11ii OHHH II paapa6aTb111ae~10ii Macc-cm'1.:TpoMeTp11•H'<'Koii .TJOBYUJKII 

npo.JyI,TOB 11.11ep11b1x peaKunii Tnna '"in-flight eapt.ul'e" 6y.!leT npe.ac:TaBJIRTh ro6oii Ko~1-

n.1Je1,e .MR no.1y'ICHIIR HOBblX KOpOTKOiKIIBYlUIIX R,llep. npeUll3110HHOro ll3MepeHIIR IIX 

Mal'<' II 113,\''lf'IIIIH !IX H,llCpllblX enoiic:TU. lleiic:TBIIP 110110ii JIOBYWKII or11011a110 Ila •ia

CTll'IHOlll TOpMoiKemm Bbl611Tb!X 113 MIIUJeHII 11.uep ,llerpa.aepoM. npeo6pa3oBaHIIII TOp

ueBbllll KpaeBbll\l MarHIITHblM no.TJe!II COJ1e11011.11a !IX npo,llOJlbHOro ,llBlliKeHIIR II poTaUHOH

IIOf', r..1ep;+;a111111 LI ,;1ony1UKC npa111a10lUIIX<'R H,llep OTIIO<.'IITC/lbllO 11e60.1JbWll!II npo,llO/lbHbll\l 

~Mei,TpocTaTll'IC<'Kll~I KBa.apyno.~bHbl~I 110.~e!II II 111arHIITllbll\lll npo6Kal\lll (1]. lbl\lepe1111e 

l\laCI' HaKOll.~E'HllblX B JIOD)'lUKe 11.aep npOll3BO.llllTCR nyTel\l 113Mepe111111 'JaCTOTbl !IX o6pa

lll<'IIIIH B ~Iar!IIITIIOM no.~e ll)'TCM cpypb<>-a11a.~11:1r1. 
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KaK aJibTepHaTIIBHOe pa3BIITIIC np11m.umoa Macc-cneKTpoMeTpll'leCKOii JIOBYWKII "in

flight capture·· -TJJila a [2] 6blJia npoaHaJIHJllpOBaHa BOJMOiKHOCTb HaKOIIJICHJIJl npe,11aa

p11Tf'Jlbll0 yc1<0peHHblX ,110 OTHOCIITeJibHO MaJiblX anepr1111 HOHOB Bo,110po,11a - ,11e11Tep1111 

II Tp11Tll11 B CKpemeHHblX MarHHTHOM II 3JICKTpU'ICCKOM llOJI11X COJICHOll,lla II 3JICKTpO

CTaTll'IeCKOro KBa,11pynoJIJ1 JIOBYWKJI C UCJiblO ocymecTBJICHHJI HHTeHCHBHblX BJaHMHblX 

l'TOJIKIIOOe1111ii UaKOUJICHHblX IIOHOB B BaKyyMe. B pa6oTe [2] 6blJIO noKaaano, 'ITO npn 

onpe,IleJieHHblX ycJIOBU11X B JIOBYUIJ<e MoryT 6b1Tb HaKOIIJICHbl paBHOBCCHble IIOTOKH H0-

11011 Jl!'frl'<'f>IIH II Tj)ll'l'IIH l' IIJIOTIIOCTblO, ,IlOCTA.'l'O'IIIOii ,IIJUf HIITCIICHDIIOro rc111•pnpona1m11 

11eiiTpo1100 B peJyJihTaTe 11,11ep11oii peaKum1 11x cJI1111111111 D + T = 4 He+ 11. KoJill'IecTBa 

npo113BO.lUIMblX neiiTpOHOB MOiKeT 6h1Tb ,IlOCTaTO'lHO KaK ,IlJIJI npoae,11emrn Hei:iTpOHHhlX 

nay'lHblX IICCJie,IIOBannii. TaK II ,IIJIJI npIIKJia,11HblX npI1111e11eunii HeiiTpOHOB. a m,1eHHO - ,IlJIJI 

Tpanc111yTau1111 pa,1111oaKTIIBHblX ,IlOJirOiKHBYLUHX OCKOJIKOB ,IICJICHHJI B CTa6UJibHble Jl,llpa II 

BbliKllfaHl111 lltllllOpllblX (BTopocopTllblX) aKTIIHll,IIOB. HaKOIIJICHHblX B pe3yJJbTaTe JIIHO

ro.1eT11eii pa6oTbl opy:+.:eiiHblX II 3HepreTll'ICCKIIX 11,IlepHblX peaKTO!JOB, a TaK:+.:e ('ITO 

Ha1160.1ee aa:+.:Ho) - ,IIJI.11 npoIIJBO,IlCTBa KOMMep'leCKoii Jl,llepuoii 3Hepr1111 nyTelll ynpa

BJifle!\10ro, aoa6y:+.:,IleHU11 6eaonacuoro no,111<pHTH'IecKoro pea1<Topa ,11eJieHI1J1 ueiiTponaM11 

OT HaKOnJITCJl1I-IWJIJia1i,11epa. 

llpe,11J10:+.:eHHhlii MeTO,Il paccMaTpllBaeTCJI 8BTOpOM KaK 803MO&HaJI aJJbTCpHaT11Ba l13-

neCTIIOIIIY IIICTO.IlY re11ep11ponaH1111 neiiTpOHOB nyTeM o6Jiy'IeHll11 MaCCIIBHOii T11iKCJIOii Mil

we1111 np0To11a11111. ycKopeH111:»1M11 ,Ilo 60JibU1oii 3HeprIIII, 11 TaK:+.:e I1JBecTno11Q' 11 U1I1po1<0 

paapa6aTh1Bae1110J1ty MCTO,lly llOJIY'ICHH11 HHTCHCIIBHblX DOTOKOB HCIITpOHOB II Jl,IICpHOli 

:mepnm 11yTe111 111mu1111poaa111111 c11uTeJa Jier1<ux 11,11ep a ropfl'IeH ao,11opO,IlH011 nJlaaMe. 

B. llaCTOfllliN' · npeMfl ne,11eTC1I ,IIMbIICIJUJee paCCMOTpe1rne npllHUIIIIOB npe ,IIJ!OiKf'Hltoro 

111eT·o.11a [2]. nanpaaJJeHHoe Ha coaepweHcTBoaauue n yTo'Inen1te yCJioa11ii na1<onJ1e1tn.11, 

y /l<'j>iK.1 ll llH II l'TaJIK 11111\.1111 fl 11,11ep B0,110)>0,Ill\ II ua KOIIIITCJIC-KOJIJlall,Ilepe, II JJll 110,IIH'l'CR ,110-

110.rn11TeJ1bHble 06oc110Ba111111 pa6oTOCIIOC'06HOCTII l\U?TO,lla, Tpe6y10umecJ1 ,IlJl11 Ha'IaJia pa-

6oT 110 ero ;u;c11rp11MeHTI\JlhllOii npoeepi,:e, 

II IIPf'/ICT/11\,'l<'IIIIOI\I /lOl.;J!/1/lf' 11()11110,Illl'l'l"fl ll<'KOTO()LIC prayJihTaTJ.I. 110,'l)"-lf'lllll,I<' II 

~lTIIX .lOJIOJIIIJIT('.'lbllhlX pal'l'l\lOTpeHII.IIX. 

2. Bae,uem1e yc1<0peHHbIX HOHOB BO,nopo.na B l\tarHI-ITHOe no.lie TOI<OBoro 

CO.l!eHOII,na 

:)a.:ia'la Topuenoro BBO,Ila IIOHOB B. MarHIITHOe noJie COJICHOll,lla llOBTOJ)HO paccMO

Tpena (' Y'ICTOIII IIJ>0113DO,IlllblX Dll;10Th ,IlO IIJ)OIIJBO,IIHOii 'ICTBepToro nopfl,IlKa OT TOJ.>

uenoro Kpaeaoro noJifl coJie11011.11a n c- np11Me11eune111 annp0Kc11Mau1111 Kpaeaoro noJIJI 

cj>y11im11eii. 6oJiee a,IleKaantoii pea.11b110111y nomo, 'Ie!\I 11cnOJib30Baawa.11cfl panee [2] 1<0-

poT1rn11 "c11r11yl\1" -cjiy111,:u1111, 11epoa11 11po11aDo,1111a11 OT KOTopoii Bb1pa:,i.;aeTc11 UJDecTuoii 

c5-<l>ym.:uueii JlnpaKa • 

.'l.rn IIP<'.ll<'Tflll.~C'IIIIH P<'ll.'lbllOl'O 1..:paeum·o IIOJIH C0;1CIIOll.llll, IIMCIOUICl'O lleKOTO()YIO 

npOTHiKeHHOCTh d no OC'II .: • uanpnMep. a pa6oTe [3]. OllllChlBaJOllleii 'IIIC"JleHHblii pac-'JeT 

Tp1111e11opT11poui..:11 311p11iKelllthlX 'IIICTIIU CKB03b COJJeHOll,Il C" yqeTOI\I npOll3BO,IIHhlX OT 

KJ>clPIJOfO I\JafHIITHOfO noJIJI co.~e11011,11a BIIJIOTb .llO npo113B0,IlHOi'i TpCTbero nop.11,IlKa. ,ilJl.11 

am1por..:cm1au1111 peaJlbHOro UOJIJI ucnOJibJOBMaCb npOT11&CHHaJI .. cur11yJ11" -cpyHKU1111 B 
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Bll,/\f' 

sig11(:;, d) = t.anh(:;/d), ( 1) 

h'.OTopaH 11))11 COOTDeTCTDYJOlll,eM Db16ope 31Ht'leJIHJI 11apaMeTpa d ,llOCTa.TO'IHO xopowo ( Ila 

6Cf'Jlblii B3f'JIJI/I) OIIIICblDclf:'T peaJibHOf' Kpaenoe noJle II ero npOll380/IIILle, 0,llflRl(O Ill' 111'· 

pe11aeT TO'IHblX ::rna•1e1111ii npoH3B0.£1HbIX OT cpym<UHH pacnpe,lleJ1enm1 1<paeaoro noJIJI Ha 

rpa1111uax cro <'011p11iKe1111JI c 011uopo1111L1M no11eM BHyTpu ,llJ11111uoro L-coJ1enou11a (L»d) 
II co CB060.£111bll\l npocTpaHCTBOM Bile COJ1e11on11a., Ha. l<OTOpblX, l(RI( MOiKIIO Il01(a3RTb, 

11po11:.ino.£1UL1e H<.:ex uopJI.£1KOB OT (lJYHKUHH pa.cnpe.11eJ1e1111J1 noJ1J1 cTporo paBHLI HYJIIO. 

l\'IPiKIIY Tf'l\l n pa.6oTax (4,5] ,I\JIJI npe.11cTanne111111 npoTJI:.Ke1111oro Kpaenoro noJ111 ;111-

noJILHoro Ma.r1111Ta, IIJIRBHO COilj)JI)KeHHOl'O C 0.£1H0))0.£1HblM noJleM BHYTPII ./lllllOJILHOfO 

l\lRf'IIIITa. II co cao60.£1llblM npocTpaHCTDOM Dile ,!IIIIIOJIJI, npe.£1J10iKe11a a11npo1<cJ1Ma.1111H 

llOJIJI •1eTblpex1.JJ1eHHbll\l CTeneHHLIM IIOJIIIHOIIIOM '-JeTnepToii-Ce,llbMoii CTene1111. Hf' lll\l('

IOlUa.H ~•Jrn3a.Hlll,IX Bblille 11e11ocTaTKOB conpJiiKCHIIJI, CJ1e11y11 Mf.'TO./lY, 113JIOiKeHHOMr 11 

pa60Tf' [4). Mbl JIOJIY'-IIIJIII annpoKCIIMrlUIIIO ocenoro ( 1·=0) i-:paeiloro MarHIITHOf'O 110,1H 

H, (U . .: ) , Y'IIITJ,llla.lOLUYIO npOII3B0,llHble BJIJIOTb .LIO ll))OII3BO,llllOii 'lf'TBepToro nop11111<a 

Bl(JIIO'IIITe.1bllO OT B: (0 . .: ) . B Billie C'Tene11Horo IlOJIIIHOl\la IlJIToii-.aeBJIToii r-reneu11 

B:(O. :) = Ba(l26(5 
- 420ct' + 540(; - 315(8 + 70('). (:!) 

r.11e llu - l\la.l'Hll'l'llaJI IIH.llYKUIIJI B O,!IHOJ)O,llllOii 06J1aCTII IIOJIJI COJ1e11011.11a. :; •. Te1,yma11 J,:0-

0)),illlHaTa. OTC''IIITblBaeMaJI OT i-:oop,.1urna.Tbl ua'-JaJibHOii rpaHIJUbl :o BXOllllOfO i.;paf'FIOro 

noJ111 npoTJ1:iKe11HocT11 d, (=(:; - :a)/d, 0<(<1. 
t.JnrJIOBblf' :rna'ICIIIIJI IW3Cp(pHUHellTOB CTPne,rnoro MHOfO'-IJIClla (2). 11epnoll/t'!.lJlhllO 

D3JITblP B o6mel\l 811,ilf.', noJJy'leHbl corJ1ac110 [4) Tpe6onam110 BhlllOJlllf'IIIIII C'Jlf'.llYIOlllllX 

Jl'-'l'HTII 1,paen1,1x yt·1101111ii: 

JJ, (U, d)=/Jo II JJ, (U, U) = 13~ (U. U) = LJ~'(U. 0) = JJ~"(U, U) = /J~"'(U. 0) = 

= B~ (U, d) = B~'(U. d) = JJt(U, d) = JJ~'"(U, d) = U. 

r11e urrplIXOM 0003lla.'te11a O,llHOKpa-r11a.11 11p011380,llllafl 110 l<OOIJ,illlllaTP. :; • OTDe'l8IOIUIIX 

IIJlaBIIOl\lY conp11;i,:e111110 Kpaesoro IIOJIJI II pa.BeHCTBaM HYJIIO npo113110,llllblX OT (py111rn1111 

pacnpe.lleJlemrn Kpaesoro noJJJI 11a ero rpam1uax B11JIOTL 110 npo11JBO.llH01t 1.JeTsepToro no

PJIJlJ,a. h:pnna.H (2) 11pe.11cTaDJ1e11a 11a p11c.l. ::ha i-:pnsa.R, 1mTep110J111pona1111a.R J11111eii110 

110 ee 11epsoii npo113B0,/lHOii Ha llOJIOBIIHe BblCOTbl J111Heii110 I{ ee npe.llCJlbllbllll 3Ha'leHIIHJII 

0 11 1. npnB0.£1111' K noJ1y,ilJ111He pacnpe11eJ1e111rn Kpaesoro noJIJI d1;2=U. 406d. 60J1ee •1eT1m 

81,IJl(~j(('IIIIOi"i B 1.;o111,peTIIOJII pacnpe.11eJ1Cllllll Kpnenoro no.~R. 'lel\l C'Hl\la ./l.1111lil d. 
:Jal\l('TIIM, 'ITO. HanpnMep. npe11cTaBJieH11e npo,!IOJlbHOii KOMIIOllf.'IITbl Kpaeaoro II0.-1H 

Bile 0('11 C'OJICIIOlllla, T.e. npu 1·:;i:U. noJ1y1.Jem1oe IICXO,llfl 113 CIICTeMbl ypan11e1111ii l\laKC· 

se,1.1a 

di1,jj = U n 1·ot jj = U. (:q 

o llllJlf' 

IJ, (1·, .:) = B: (U, :;) - (1· 2 /4)/3:'(U, .:) + (1'4/134)B;"'(0. :;). (11) 

K8'-lt':'l"Tllt'IIIIO OllllChlllaeT Ha OCIIOBe l<))IIBOii (2) II npo!13B0.!lllblX OT nee (c111. pnc.2 11 :J) 
~~KC'llep11111eHTa.1bllble pacnpe,/le.~eHIIR BHeocenoii 11po110,lbllOii KOMIIOllf.'IITbl M8fHIITHOro 
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Bz( o,z ). B.d r.z) 
r··· 

1,0 

0,8 

f····· ........................................................ . 

0.6 

0,:2 

() 

i 

0 

Pnc. 1. KpnaM l - n.11Tll'IJieHHbl11 noJ111HoM n.11Toii - ,11ea.11Toi'.i cTeneuu (2) ~JI.II annpoK

c1111iau1111 pacnpe,11eJieu11.11 npoT.11a;euuoro oceaoro TOpQeaoro Kpaeaoro noJ111 coJieuou,11a 

B: (0.: ). d - AJIIIHa pacnpe,11eJieun.11 Kpaeaoro noJI.11, d1;2=0, 406d- noJiy,11J111Ha pacnpe

,11eJieHI111 Kpaeaoro noJI.11. 2 - npo,11OJibHM KoMnoueuTa Kpaeaoro noJI.11 aue oc11 coJieuon,11a 

B: (1' • .: ). nocTpoeHHM no cpopMyJie (3) c 11cnoJib3oaauneM pacnpe,11eJiemrn (2) 11 npon3-
ao,11ub1x OT Hero. r=2 c111, d= 1.5, 3 CM 

9,0 

6,Cl 

3,0 

() 

.... ,.0 

.......... , ......................... ···········--· ............. _,._ 

.. qr, 
• • • ,.,.,,1 ....•. ,,1 • ,,A,,,,.,, 

O 0,2 O.t, O,G 0,0 ·1.0 z/d 

Pnr. :/. BTopM npo11aao,11HM no Koop,1111uaTe : oT pacnpe,11eJieu11.11 TopQeaoro Kpaeaoro 
IIO.1fl (:/) 

no.rn nauunpHoro coJ1euon,11a, ll3MepeHHble a pa6oTe [6]. 3Ta pac'leTHM i..:pnBM npe,11-
cTae.1Pua TaK;i-;e' ua pile. I. 

Houoe npe.11cTaBJieH11e Kpaeeoro noJJ.11 coJieHO11,11a (2) noaBOJJIIJIO yTo'IHIITb paa111epbl 

06.'laCTII cpOKYCilpOBKJI II HaKonJieHil.11 IIOHOB. onpe,!1eJI.IIIOllJ,lle BepO.IITHOCTb IIX B3all!11Hb1X 

<'T0.11-.:11oee111111ii II, CJJe,11OBaTeJJbHO, IIHTeHCIIBHOCTb peaKQlli't ff,!lepuoro CJIIIRHll.11, )'TO'I

IIIITI, Tpe6ona111111 I, IIOCJJe,11y1011J,eMy y ,11ep:tKaHJ110 IIOHOB 3JJeKT))H'!eCJ<HM II MarmtTHblM 
l(OJlfl 11111 II C'OJle11O1111aJ11,11O111 Ila KOllll1'('Jl('• 1'0JIJ1aii11epe. 
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o,:'B.:(o,z}d 4/B0 a'•z 

r l 

··2()0 /· 

.. i" •-4tJO ,. . L 
I 

.. f;()() / .. 

!... ...... , ....................... , ................. , ............................. · ........ ' 
C) o. ~? OJ, 0.1> o.a r,o ·z./d 

J>ur. :1. 'leTuepTaH 11po11::iuo,llHaH 110 1wop.1.11111aTe .: OT pac11pe,lleJ1r1111H Topueaoro i-;par

aoro noJl.ll (2) 

Bb1,;10 IIOBTOpHO noJiy'IeHO np11 ,llOIIYlllemm KpaTI\OBpeMeHHOCTII npoJieTa 'IaCTIIUhl 

Cl..:0031, o6JiaCTh Kpaenoro llOJlfl (no OTIIOlUCllllIO ,, nepJJO.llY a311MyTa.llhllOro 06pa111e1111H 

'IaCTIIUbl). 'ITO ::iapn;+;eHHM 'Iacnn,1a, BXO.lllllllM B,llOJlb OCII .: Ha paCCTOflHHII 1·0 OT Hee. 

IIOJJ)"IHCT a311l\lyTa.llhllblii HMIIYJihC, Bbl3b1Da10u-1nii ,llBH;+;em,e 'IaCTHUbl no UllJJHH.llJ>ll'lf'· 

CKoii nmpa.1111 B OCIIOBIIOM MarHIITHOI\I noJie COJIN!Oll.lla C pa,11nycoM UIIJillll,llpa cm,pa.1111. 

cTporo pan11hll\l ,·0 /'2, ue::iam1c11Mo OT Ha'IaJJbllhIX ::iua'leHuii 1<0M110HeHT cKopocTu •111-

CT11111,1 c),:/{)f II cJl'/{)f (110 lie {),p/{)t). aTo 03113'-JaeT, 'ITO 'IaCTIIUU llf>II CflOf'M ,llDlliKl'IIIIII 

nocJJe 1-:a;+;,11oro o6opoTa nepeceKaIOT OCb CIIMMeTpllll .: MarmtTHoro IIOJIH, BbinOJJHflfl Tf'M 

caMbll\l axpo111aTJ1<1l'CKYIO (no {).:/{JI II 01'/cJI) II 6e::ia6eppaUIIOHIIYJO (110 l'o II t)r/{Jf) cf>o-

1,~'CIIJ)OBKY Ha :noii OCII II o6ecne'lllBaJI Ta1m111 o6pa30l\l Hal1BblCIIQ'IO llJIOTHOCTb IIOTOl,a 

11011011 ll Mf.'CTe IIX lpoKycnpoBKII Ha OCII CIIMMeTp1111. Ol111Cb!BaeMyJO lf>YHKUlleii THIIH 1/r 
ll IIIWllll.l\f>ll'll'('(.;Qii. CIICTf'Mf' IWOf>AllIIHT. Bc•:rn6eppa111101111ocTb cjJOl.:YCll(>OBIW 'Ia<'Tllll · 

110 1·11 11 ..,: 110::ino.1HeT aKuenTupoaaTb w11po1<11ii 110 ~1·0 11 no KOJlbUenoii Koop,111maTr ..,: 

(1111.TIOTI, JlO ~i,;=:.:!rr) Jla'la.llbllblii IIY,101.: 'lcl<'TIIU. :~)To .aaeT y11111,a.111,11y10 BOJMOiKIIO('Th 

cl.KKyl\ty,111ponaTh 6oJJbWlle TOKII IIOHOB II co611paT1, ny'IKII 11011011 B C0.1f'IIOll,illl.~bll0l\l f,:0,1· 

,rnii,ilrpe ll 11epeTH;+;f,:JJ 1\13.llblX pa3l\lepon B l\IecTaX BCTJ)f.''111 IIOHOB . 

P,ll'IIIH'J\C'Jl('IIIIC' (2) JlcleT 11031\lO;+;llOrTh ,1orTaTO'IIIO TO'IIIO 'IIIC/ll'IIIIO pa1'C'IIIThlllrlTh 

Tpae1n·op1111 'IIIC'TIIU B npOTJI;+;eHIIOl\l l\IarHIITHOl\l IIOJJe COJlf.'HOll.lla C y<IeTO!II IIX pa.lll!Mh· 

noru IIC'[JC.'l\l('(il('llllfl :.rn ll[)C'l\lfl npoJICTa Ha Ol'IIOlJI' Tpex IWl\lllOltellT ypaBllf.'IIIIIIH .lllllliKf'IIIIH 

(4). npl!Bf'.llf'llllhlX II pa60Tf' ['2]. Honor 11pr,1rTIIRJlf'llllf' ,qrnenoro 110.~fl (2) l\lOiKf'T 01,ITI, 

11c11om,:.ioua110 ,l.'IH pac'IeTa 11011epe'111oii ll)01,ye11pou1rn ::iapH;+;eJIHhlX '-laCTIIU Topueu1,1111 

i,:paNII ,11\l 110.rlC'l\l i·o.1C'IIOll.ll11, 6om.>e ·To'IIIO. 'l('l\l. 11a11p11l\1ep, 8 CJJy<rar l(('l(Q,lll,;10na1111H 1\10• 

.ll<'JJrii i.:paenoro 110JJR (3], (7]. 
llpoi1om,11aH 1rn11eTll'Il'Cl.:af1 :.mepriIH 11011011 IIOCJI(' IIJJOXO;+;JlCIIIIH l'IW03b Kpaeuor l\lHI"· 

IIIITIIOC' IJ()Jlf' corJJar110 TeopeMe Byma yMellblllllf.'TC/1 D pe::iyJJhTIITC' )'IIC'Jlll'IC'IIIIH IJOTOl,a 

l\lar1IIITl10ii 1111.llYKUllll, OXBcl.TblBIICMOro c1111pa.llbHOii Tpae1<Top11eii. 11a ne,11I'Ill1Q .. pall-
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11y10, eor J111c110 1111weMy p11cc1110Tpemuo, 

(5) 

II onpe,ileJI.1110my10 Heo6X0,1111Mblli IlOTeHI~llM npO,IIOJlbHOro ;)JleKTpU'lec1wro IlOJI.11 ,IIJl.11 no

CJie,11y10mero y,11ep:.+:amrn 3ap.11:.+:eHHbIX 'laCTHU B JioayrnKe. B cpopMyJie (5) WB = qB0 /m -
UIIKJIOTpOHHa.11 "laCTOTa o6pamemrn HOH a a O,IIHOpO,IIHOM MarHHTHOM IlOJie Bo. 

;3, Y.D,epil,nHHe HOHOB B CI<pemeHHblX MarHHTHOM 1-i 3.Jlel<Tpn~1ec1<0M 110-

.rnx TOl(OBOI'O co.JJeHOH.D,a H 3.JJeI<TpOCTn.TWieCI<Oro TpexMepHOf'O M)'.Jlh

THIIO.JJ.Jl 

;1·.llep:.+:aH11e ll0110B B ,'IOBYWKe C TAK Ha3bIBeMbllll npo6KOBbl!'.I MarHIITHblM noJieM He 

C8060.illl0 OT HelwTopoii ~·Te"IKII _HOHOB 113 JIOBYWKII II He IlOJBOJilleT Hal<an.rnrnaTb paB-

1108el'llble IIOTOl,11 1101108 ,llOCTaTO"lHO 8blCOKOii IIHTeHCIIBHOCTH. LlJI.11 Kap.llllHMbHOro 

y,1yqwe111111 yc.'IOBllii Hat..:onJiemrn II y,11ep,t..:aHll.fl Japll,t..:eHHblX "laCTIIU B JIOB_YWKe npe.11-

JiaraeTCR IICilO.'lb30B11Tb BBO.ll O.llH03ap.11,11HblX MOJieKyJI.11pHblX HOHOB Bo,110po.11a D2 II T2 
8 ;MeKT))OCTaTll"leCKOe 'IlOJie, IIX IlOCJie,11y10mnii paaBaJI Ha ,IIBa aTOMapHblX noHa 8 pe

J_Y.'lbTaTe 6m16ap,1111poBKII MOJieKyJI.llpHblX IIOHOB 3JieKTpoHaMn II 6e3B03BpaTHbiil 3aXBaT 

o6pa3ol3aDWIIXCR aToMapHblX 1101108. IlOJI0811JiHOii 3Heprnn 3JieKTpOCTaTn"leCKHM IlOJieM 

JI08YUJKII. 3Jie1npoUbl, IICilOJlb3YeMbie ,!IJII{ paaaa.11a MOJieKyJI.llpHblX IIOHOB. K TOMY :.+:e 

Hefrrpa.'1113YlOT IIOJIOiKHTeJibHbiii 3ap.11,11 aTOMapHblX HOHOB, yMeHbllla.11 B3aHMHOe paCTM

Klllli\llllr ;ieiiTpOIIOD II Tp11TOII08 II IIX yxo,11 113 COJieHOll,lla. 

llp1111u11nna.11b11M cxeMa aJieKTpocTaTn"lecKoro ycTpoiicTaa. 06ecneqnaa10mero Ha-

1..:011,1e1111e O,IIIIODpeMem10 "laCTIIU C npoTJIBO[IOJIO:.+:HblMII 3ap.11,11aMU, IlOKa3aHa Ha puc.4 Ha 

11pm1rpf' o.11110ro 113 803MO)Kllb!X aapnaHTOB TpexMepHoro JJieKTpOCTaTH"leCKOro OKTY-

110.rn. 6.111;,i,;aiiwero MYJibTIIIIOJI.11 no Tim~· CIIMMeTp1111 II TOIIOJIOrlln IIOJI.11 K TpexMepHOMY 

r1111ep60.1011.lly upawemrn. a 11Me1rno. Ha np11111epe aapnaHTa c 6aao8b!M noJJeM oKTynoJI.11 

11a 0<'11 : '8 BIi.ile E: = ~·:3 • r.11e k - KOHCTaHTa. 

Ypaum·1111e IIOJIH 01,Ty110JI11 11aii,11eHo, l'Ol'JiacHo pa6cne (9]. nyTeM pewemrn 06paTHoi1 

;rn,1a•111 110 OTIIOllll'lllllO i..: llpHMOMY peme111110 ypan11rm111 llyaccoua n cpopMr an11aq11 

il11p11x.w. ll IIM('IIIIO, llt'IIOl'l)t',lll'TD('llllblM IIOl'Jie,11011aTeJibHblM IIHTerpnpoBaHllf'M Clll'TeMbl 

ypalll!Pllllii l\laKCD('JIJla 

dit-E = 0 II 1·otf = u (6) 

(' rpaHll"lllblM _YCJIOBlleM - YK113iUIHblM Bb!We 6a308blM IlOJieM Ha OCII - • 

llaii;tl'IIO. 'ITO IIOTl'llllllli.11 IIOJIJI 01,TylloJl.fl ,llll(''J'('}l D UIIJillll.llPll"leCKoii l'Jll"l'l'l\H' 1wup

,11111aT ypa1111e1111er.1 

(7) 

I' ,1<' 1111 - 311,1\llllllblll n0Te11u11a.11 HOJl.11 B ue11Tpe Ot..:TynoJJJI, U~" - 3R,IIIIHHII.R D ueHTpe 

0KT~·110.rn TpeTbll 11po11auo,1111a11 OT n0Te11u11a.11a 110.1111. 

Ila p11c.4 ll01..:cl3clHbl l't'"l('llll.11 OCeCll!'.IMeTpll"IHblX OTHOCIITeJibHO OCII : II aepK~JlbHO

l'IIMMl'Tpll"lllblX OTIIOCIITt'JlbHO llJIOCt..:OCTII 01·,; IlllTII MOHOIIOTt'IIUllaJibllblX 3.1eKTpO,llOB 

TIJf'X~ll'f>IIOl'O Oh:TYII0.1R. pac~<''illTllllllblX 1111 OCII08P ypa811Pllll11 (i). :JaMeTll!'.1. <ITO TO iKe 
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Ol,Tyno.1hHOe 110,'le l\lO;+;eT 6blTb ccpopMll))OB!IHO C IlOl\·IOlllhlO He rpOlll03JU,IIX K0,1JbUeBblX 

MOIIOilQTeHiuta.1JhHhlX 3JJeKT!)O,llOB, a C llOMOlllblO MYJJhTIIIlOJJhHOii CIICTelllbl 113 KO!)OTtrnx 

IIJIO<'KIIX I..OJlbllC'IILIX ~!JICl,Tj)O,IIOIJ cyuiccTJICIIIIO l\lCJlhlllllX ra6apll'l'OU, 

U 1-~Ua ½ I / 
; I 

I 

U/Uo 
' 1.0 

0,8 
0,6 
0,4 .. 
0,2 
0 

/ 
I 

j 
! 

/ 
/70,1°,,,./ ,.... ---(' 

/., ... ,>( \ 

0.4,;l~ / 

0,8 )L .... ~,----
/ i ' ·1.0,.£.: -----

_,/'rid 

-Uo 

+Uo 

z/d 

J>11c. 4. Cxel\rn ::uc1,Tpo,1100 -TpexMepuoro OKTy110JH1 11 pac11pe,11eJJe1111ii 110Te11u11a.11011 :,.,wK

TpocTaTll'Iec1.;o1'0 noJJR BHYTPII 01,Ty110JJR, d - 110JJy,11mma 01,TynoJJR. TTpe,11cTao,1rm,1 

npocpu.rn Ce'!em1ii MOHOIIOTeHUllaJibHblX 3JJe1<Tpo,110B IlJJOCl<OCTblO ,·O.:. ce•1em1R IIOTl'H

u11a.1JbllblX IIOBCJ)XHOCTei'i ,llJJ.11 llOJIOiKJITe.'lbllblX IIOHOB B,llOJlb OCII .: II B.llO,lb Ull,lllHJlJ)a 

1·/d=U. 8 11 npocjmJih ce'!eHn.11 noTeHu11a.11bHoii noaepxHocTII ,ll.'IR ::i.1Je1,TpoH0B c 1'/d=U. 4 

Ha TO~) ;i-;e pucym,e IIOl,a3aH TaK:.Ke XO,ll llOTeHUJla.'lbHblX IlOBepXHOCTeii .],1.11 110,10:,i.;11-

Tt',1bHblX IIOHOD II ::meKTJ)OHOB 1..:aK Ha OCII eoJieHOll,lla (1'=0). TaK II Bile OCII (1',e0). haK 

c,1e.JyeT 113 pucymrn. IIOJJOiKIITe.TJbHble O,IIH03ap.11,l1Hble l\lOJJeKyJIRJ)Hble IIOHbl C npo.llO,lbllOii 

::rneprneii. 6o.1brneii eC. ocTaBrneiic.11 nocJie npoxo;i.;.11eH11.11 CKB03h Topueaoe no.1e co.1eHo-

11.11c1. 6er11pen.llTCTBel1HO IIJ)OXO,ll.llT Ha.!l llOTeHUlla.TJbHbll\l 3JJeKTJ)ll'leCKIII\I 6apbepo~r. II 

noc.lf' pa3Ba,rn l\l0,1eKyJibl 3JJeKTJ)OHHbll\l y.napOI\I ,llBa aToMapHblX IIOHa C no.lOBIIHHbll\111 

::mepnIRl\111. 60,;Jbllllll\lll e C /2. HO MeHblllllMII eC. 6e3B03BpaTHO 3a,llepiKt1Ba10TCR Topue

BhIJ\111 llOTeuuua.lbHbll\lll CTeHKal\111 OKTyno.1.11. 

:)Jier.:TpOHbl ,1\JIR pa3BaJia MOJieKyJIRJ)HhlX IIOHOB C IIJ)O,llOJlbHOii ::meprueii nopR./llrn 

~ u. 0:,( F YAt'J>iKIIDa!OTCR Jior.:aJiblloii 3JJe1,TpO<.'TaTll'ICCKOii n0Te11u11a.11b110ii RMoii D o6Jla

CTII ±0. 4.:/d npu 1·/d = 0, 4 11 .11onoJI1111TeJJ1,110 no.1eJ11 o6bN,moro Japa,lla 11a1.:onJJe11111,1x 

llOJIOiKIIT<:',1JbllhlX 110110B, 

Pa;111c1.1 J\I0,1e1,;~•JJRpllLIX IIOIIOD ..:ieiiTeptlH II TPIITIUI 11a aTol\lap11L1e IIOllbl D pe3y,1bTaTe 

190 



CTO.~l-;HOBeH11ii C 3JleKTpoHal\lll npollCX0,IIIIT B o6JiaCTII Ha1160J1blllllX nJIOTHOCTeii n0T0h:08 

M0Jlel,~'JJ11pHblX II0H0B II 3Jleh:Tp0110B, T.e. Ha 0CII .:, 1,y.l(a DBC,IICHHble II0Hbl II 3JICKTp0Hbl 

peryJJRpH0 B03Bpal.l.\aIOTC.II. B l!T0re xapaKTep ,IIBlOKeHH.11 DHvBb o6pa:30BaBUJHXC.II nocJie 

pa:rna.rn aT0Map11b1x 110110a ao.no1>0,11a c 06.113aTeJibllblM nepece'fenneM ocn : coxpa11.11eTc.11. 

B pa6oTe [9] B pe3yJibTaTe peUJeHH.11 ypaaHeHH.11 ,IIBHJKeHH.11 3ap.111KeHHoii '-!aCTUIJ;bl 

B CKpemeHHblX 0,IIH0p0,IIH0!lt 11tarHHTH0!lt II KBa,11pynoJ1bH0M 3JleKTp0cTaTH'-leCK0M n0JI.IIX 

JJooy111K11 ne11111mra MeT0JI0M nocJie11oaaTeJib11oro anaJIHTll'-!eCKoro JntTerpnponamrn 11e

JI1111eii11b1X ypau11e1111ii ,IIHlliKelllrn'. pa3pa6oTallHblM a caoe apeM.11 H.H. Boromo6oab1M. 11 

11epexo.11a K aCIIMIIT0Tll'leCK0MY 11pe,11eJiy, l10JIY'-leH0 llp0CT0e 11'pe,11cTaBJ1eH11e pa,11nyca

BeKT0pa Tpae1,Top1111 3ap.111Kennoi'i '-!aCTHIJ;bl npn BHeaKCHaJibH0M Topu;eB0JII BX0,lle 'fa

t'TIIUbl B JI0BYlllh:Y 

1'(,p) = l'o cos(,p/11), (8) 

r.11e -,'=wBl/2. 11 - 'IIICJIOROii 11apaMeTp, onpe,lleJI.lleMbli'i 31IaK0M II 31la'fe1111e111 pa,1111aJ1b

ll0I'0 rpa.1111e11Ta 3J1eKTPll'iec1wro noJIR KBa.l(pynoJIR G, 11 3Ha'ienueM Marmrrnoii 1111,11yK

u1111 c·o.~<'11011,11a /30 , 

U peiKl!Me pa6oTbl JioByUJKII llenmrnra, ,llJl.11 KOTopoii Gr<O, q>O, 11 npHHHMaeT 

31ta'le1111.11 60Jibllille 'ICM e,111rnnua (npll' n= l :iJieKTpll'ieCKoe noJie OTCYTCTByeT) DIIJI0Tb ,110 

•X·. IIJ)ll'iel\l B l10CJie,11neM npe,11eJibH0M CJiy'-!ae pa,1111aJibH0e ,IIBHJKem1e 'faCTUU CTaH0BIITC.11 

11eycToii'IIIBbllll. 

B ,1pyro111 D031110iKH0M peiKIIMe pa60Tbl JI0BYWKII co CKpeLUeHJtblMII 0,IIH0p0,llllbllll Mar

HIITllbl~l II 3JleKTpll'ieCKIIJ\t h:Ba,11pynoJibHblM Il0Jl.111\tll npn G,. >0. q>O, 11 npllHHMaeT 

:lllil'IPIIIIH OT llYJHI /10 I. 
() pu 11ppau11011aJ1bll0I\I 31ta'feHlm II JI0KaJlbllaR 0Cb op611Tbl npeuecc11pyeT D0Kpyr 

0('11 t'III\II\IC'Tpllll =. llpll pa1u101laJ1bll0I\I II - op61rra 3l\lltKllyTa II c-rau11011apm1. Ila )HIC.5 

llJ)<'.il<'T11llJl<'llbl ;rnl\lKIIYTbl(' l'Tau11011ap11b1e op611Tbl ,11.UI Tpex Jlla'felmii 11apaMeTpa 11: 

11=:l. 11=1 II 11=1/:l. Cyl.l.\eCTBel111oe pa3Jilltme 3TIIX op611T C0CT0IIT B T0I\I, 'IT0 np11 

<l>1n,<'llpona111101\1 3lla'iellllll LUIKJIOTpOHIIOii 'iaCT0Thl 06pame1111.11 '-!aCTIIUbl w B 'iaCT0Ta 

11eprc·r'-1et111ii 'ian·nueii ocn : a pe3yJibTaTe npeueccm1 n ,11aa paaa BblUJe B cJiy'fae 11=1/2 

II II JIii.i pa;1a lllliKI' II ('JIY'tal' 11=:l. '1('1\1 II t'Jlytlal' 11= I. 
1,a,, CJJe,llyeT 113 puc.5. 0CH0DHblMII Tllllal\111 CTOJIKHone1111ii .llBYX 'iaCTIIU, ('('Jill Y'IC'C'Tb. 

'IT0 n.l0TH0C'Tb TpaeKTOJ>lii'i 'IaCTIIU n0,11'-IIIHReTCR 3ai,:011y l/1· B CIIJIY oceaoii CIIMIIH'TPIIII 

par11pP,1f.'Jlf.'llllH 11pe1lC'CCllpy10umx op5llT, C0CTaBJIRIOT JI060Uble DCT))C'fllble 1160KODble D 

q>e,lltJ('I\I opToroHaJlbHble coj•,11apemi.11 B 0KpeCTH0CTII 0CII CIIMMeTpllll :. 

B l'l,(>C'Ul('lllll,IX 0,11110(>0,IIIIOM ~tal'llll'l'lio111 II TpexMep110111 0KTYil0Jibll0J\1 ~➔JICKT)HI'fe
('f,;Q~I 11om1x 11a pa3JI11'flll,1X y'iaCTKax oc11 : peaJ1113yeTcH J.:a1, cJiy'fali Gr<O. TaJ.: 11 cJiy'faii 

G,.>0. 
'l'pt'XW'Pll<H' ;,,,wh:T)>ll'l('('l,:0(' 01,TYII0Jlhll0<' ll0JH' II 0'l'Jlll'lll<' OT TfH'XMrp11oro 1rna;1py

l10.1bll0l"0. lll'll0.1!,:.lyelllOl'0 B J\Ial'l'-Cl1eKTf>OllleTpll'ieCKOii JI0BYlllKe Ileummra. He .flBJl.11-

(''l'("H 11:10Xp<llllll,llll II II<' lll0iKf'T 6L!Th lll'110Jlb30Dl\ll0 ,IIJIH 11:.i111epe1111.11 ll0HHblX lltaCC. 0,11-
11a1,:o .l.lH lli\K0II.H'llllR 3ap1IiKl'llllblX 'iaCTIIU B J.:OJ1Jiaii.11epe 11e1130X)J0HH0CTb 110.rn 11e IIMeeT 

llllt-.:ai..oro 3llil'IC'llllff. 

·Ka 1, ('.1<'/lYf.'T 11;1. pr;1yJlh'l'clT0Ll pa60Tbl [9]. 3Jl('h:Tpll'ieCKllli Tpex111epllhlii 01,TYII0Jib 

C0lll\ll'CTH0 (' o,~II0J>0,llllbllll l\larHIITHbll\l II0Jlel\l coJieH0ll,lla M0iKeT o6ecne'i11Tb 3aMeTH0 

60.11,111~·10 ycToii'IIIIJOCTI, J)il)111a.rtbll0l"0 )llllliKellllH ll0JI0iKIITeJibllblX II0II0D :ia C'i<'T .il0-

110.'IIIIITP.1 bll0l"0 ('JJ<')lllel"0 K0.~bUenoro 3Jlet..Tpo.11a (" 110,l0iKIIT('JlbllblM II0Te11u11aJ10JII +r ·. 
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rom 
~ 

n=2,m=1/2 n=1 m=1 I n=1/2,m=2 

Puc. 5. Tp11 JaMKHYTbie CTa1..111011apHble op6HTbl 3apRiKeHHblX '-laCTllll B Cl<pemeHHblX 

o,1111opo;1110M M/ll'llll'.l'IIOM II 'l'f)CXMt'j)II0M 1,11a,11py110JJbll0M IJ0JJRX IIJ)ll JIJl('/-IJ,CllaJlbH0M IIX 

BB011e 1·0 11 rrp11 JHa'-leHim rrapaMeTpa n=2. l n 1/2 

:3TO 0'-leHb cymecTBeHH0 ,llJUI HaK0IIJJeHIUI 60.'l.bWIIX IIOT0K0B II0H0B B0,llopo.lla B JJ0BYWKe

KO,l.'laii,llepe. 

ilorroJIHIITeJibHOe II0BblUieHIIe pa,L111a.'l.bHOii ycToii'-IIIBOCTII II0H0B B l\lafHIITH0!\I 110.'Je 

3a l."'-(eT 113B('CTII0l'0 pocTa fl0JIR 110 pa,1111aJJbllOii K00p,lltlllaTe l\l0iKeT 6b1Th 06ec11e'-IC'IIO 

BBe,lleHIIeM 6aJoBoii IIJ)O,LIOJibHOii IWMII0HeHTbl B Me,1111a11Hoii IIJI0CK0CTII co.1e11011,11a .:=O 
Tuna 

B:(1',0) = B 0 (l + b,·2 ) (8) 

np11 b>O. lb (8) 11 c11cTeMbl ypaaHeH11ii MaKcBeJIJJa (3) CM,11yeT 

11:(1·, .:) = /Jo(I + b(,·2 - 2.: 2 )]. (!)) 

.J,1R ocymecTB.'IeHIUI (8) II (9) Ce'-leHile TOKOBoii 061\IOTKII B036.)'iK.llCHIIR 110,'I.R C0JICH0-

11.lla .JQ,;J;KH0 111\leTb BH.)'TpeHHilii npocpllJib 

i\"(.::) = Bo(l + b(R~ - 2.: 2 )]/,i0j. 

r,11e Ra - pa,1111yc BHYT))CHHero 0TBepCTIIR BO BHl'I.Ullf'M MarHIIT0I1pono,11eco.l!l'II0ll,L1a, /Ill -

l\Ial'HIITllaJI II0CT0IIHll.fl, j - IIJI0'l'II0CTh T0Ka ll o6MO'I'Ke no36y;i,;,11em111 ('()J(('Jl011,L1a (cl\(. 

CTp.2H (5]). 13 pa,1111aJ1hll0-Heo,1111opo,111101\I l\lal'HIITII0!\I II0Jie KpyroBaR op611Ta '-laCTIIUbl 

II0Jl~•qaeT ,IIBil;Ke1111e 110 31\MKllyToii IIJIII lle3aMKIIYTOii II npeuecc11py10iueii TpaeKT0J)IIII 

U 3c1BII<'lll\10l'TII OT 311fl'IC'IIIIJI IIOKa381'C'JIII b II 11e:JaIJIICIIM0 OT 118Jlll'-IIIJI IIJIII OTCYTCTBIIII 

.ll0llOJIIIIITeJibH0ro 3,l!eKTJ)ll'-lf'CK0ro II0JI.11, 

·I. O1tTlll\1l1:1n1urn yc.1101m11 CT0,111\II0IH'IIIHI RT0Map111,1x II0II0A /WIITC'J>IIJI 

II 'l'(HITIIJI 

O6ecne'-leH11e 6e3B03BpaTHOro 3.l!eKTp0cTaTll'-leCKoro JaXBaTa aToMa))HblX II0H0B B0-

,LI0J)0,ila :)JI('J(Tpor.TaTil'-l('CKOii JIOBYWKoii II 06.11J,1TeJibHbl(' nepeceqemrn TpaeKT0pHRl\111 

11011011 0CII .:: 0'l'l•.j)l,lllcl('T IIOB.)'10 I.J031\IO:+.:II0l'TI, JI.JIii YJIY'-IWl:'111111 ycJIOBHii l'TaJIKIIBallIIJI 

.n.eiiTponon II TJ)IIT0II0II 8 co.11e11011,11aJihll0!\I 11aK0I111Te.11e. Ha1160.111,maJ1 11,l0TII0CTh II. 

c,1e;1011a'J'('Jlbll0. 11a1160J1billall '-IaCT0Ta t''I'OJIKIIOll('Illlii 11aK0I1JieHllblX II0T0K0U II0H0U Il 
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OKf)f'C'TIIOCTII OCH CIIMMeTpHII : np1rno.11nT K npem,1ymecTBeHHblM JI060BblM BCTpe'IHbllll 

II 601..:0Dbllll OJYroroHMbHblM CTOJIKHOBeHHJIM HOHOB, ,!IBlOKYIUHXCJI no npeuecc11py101Ul1M 

op6ina111. IloaToMy BMeCTO panee paccMOTpeHHblX nonyTHblX CTOJIKHOBeHIIi"i ./IBYX 'la

CTIIU ,lOI'll'IHO IICilOJlb30BaTb BCTpe'IHble H 60KOBb)e coy,11apemrn. Ilpn 3TOM KIIHeTJf'te

CKa.R :.rneprirn (neo6xo,1111MM anepnrn B cncTeMe ueHTpa Mace E=63, 0 KaB), Tpe6yio

lUMC.R ,!IJIJI o6ecne'teHHJI MaKCHMyMa ce'teHHJI peaKUHH CJIHJIHHJI ,11eiiTpoHa H TpHTOHa 

cr=O. 5 6. cymecTBeHno cnm1rneTc11 .no cpaBnenn10 c aneprneir, neo6xo,1111Moii ./IJJJI peann

aaunn Bb16paHHbIX npeiK,11e nonyTHblX CTOJIKHOBeHHJI (T1 =945 K3B n T2=630 KaB npn 

paBeHCTBe IIMilYJJbCOB). ::ha 3Heprirn paBHJICTCJI B JJa6opaTopnoii CHCTeMe Koop,1111HaT 

npu paDCIICTUe Klllll'Tll'ICCKIIX 3llepruii .llDYX CTMKIIDRIOIUHXCII IIOJIOU T1 =T:i=:ll. 8 KaB 
11 T1=T:i=63 K3B cooTBeTcTBeHno ,!IJI.R BcTpe'IHblX 11 6oKOBblX coy.11apenuii .IIJIJI ,11eihpo

HOB II TPIITOHOB paBHblX 3Hepr11ii. 3TJI 3Ha'leHIIJI onpe.11eJIJIIOT Heo6xo.1111My10 3Heprnio 

ycKopemrn IIIOJ1e1<yJJ11.pHblX IIOHOB .neiiTep1rn II TPIITIIII paBHofi q l '1 =q l·:i= 126 K3B llJIII 

06ecne•1emrn Ka1, BCTpe'IHblX. TaK 11 6oKOBblX coy.11apemmii. 

lb cpop111yJJbl (5). onpe.11e,,i11iomeii n0Tep10 npo,110J1bHoii K1111eT<1ecKoii ::mepru11 11ono111 

.::,.r, nocJie_ npOXOiK.!lCHIIII KpaeBoro 111arHIITHoro OOJIJI, cne.11yeT. 'ITO TOJlbKO MOJJeKyJJ.Rp

Hble IIOHbl. ycKopeHHble noTeHUllaJIO!II , ... 111oryT npoiiTn CKB03b np0B9JIO'IHO-C'eT<1aTblli 

'laUie'IHblii 3JieKTJ)O.!l no.11 IlOTeHUllaJJOIII +F (' npom1uae1110CTblO 60JJbUie 99o/c BHyTpb 

;)Jlf'l.:T(lOCTaTH'lecKoii CIICTeMbl. f'CJIII napaMeTp BHeaKcJfa.l[bHOCTII 1·0 Y.!lOBJlf'TBOp.ReT He

paneHCTDY 

(10) 

r,11e RB= 1m•/qBo - pa,11nyc UHKJIOTponnoii op611Tbl 1110JieKyJIJipHoro nona. 

(' J(l>yroii CTOpOlll,I, f\TOMapuue IIO[lbl IIOJIOllllllllOii :.H1epr1111, 06paaoaae11111ec11 ll pe-

3YJibTaTe paana.l[a IIIOJICKYJibl, 1-ie npeo,!IOJielOT 06paTHb1ii OOTeHUHMbHblii 6apbep +u II 

He IIOKIIHYT Tf\Klllll o6pa30III coa,11anweiic11 3JJeKTpOCTf\Tll'leCKOfl JIMbl, eCJJII Ha'IMbHblli 

IIH(Hllll<'Tp llllf'flK<'IHI.TlhllOCTII IIIOJIPKYJIR()IIOl'O 1101111 7'11 

( 11) 

1..: p11Bble ( 10) II ( 11). npe,;icTaBJieHHble Ha puc.6. orpaHll'IIIBalOT o6JiaCTb .lOITYCTIIMblX 

nap;nieTpoB BHeaKc11aJJbHOCTII ,ilJIJI 6e3B03BpaTHoro aaxBaTa aTOMapHblX IIOHOB ,;ieiiTe

pllR II TPIITIIII llOCJie pa3BaJia IIIO.l[eKyJIHJ)HbIX IIOHOB B 3aBIICIIMOCTII OT OTHOllleHUII no

Tenuna.,a qaUJe'IHoro TopueBoro aJieKTpo.11a K ~•cKop1110me111y n0Te11unan~·. 

Ila pnc.6 c.1e,1:1yeT. 'ITO MaKClll\laJlbHO B03MOiKHa.H lllllpllHa IIHTepBaJJa 3Ha<1ennii na

pa11teTpa aneaKcna.TlbHOCTII 1·0 .1eiKIIT npn F /l' = 0. 5. 11 3Ta lllll))IIHa paana i:!.1·0 / RB ~ 
0. 8ro/ RB, 

:j, Ilo.1Jy'-1em1e H yc1..opem1e M0.1Je1<y.11RpHhIX HOHOB ~eiiTepHR II T})HTHJI 

.].rn noJiy'leHII.R 111aKC'IIM8JlbHOii IIHTeHCIIBHOCTII ny'IKOB 1110.'lf'KYJI.RpHbIX IIOHOB .nei"iTe

J)IIR II T()IITIIII IIIOiKHO JIC[IOJlb30BaTb HeCKOJlbKO (~o ~eC'.RTII) o6bl'IHblX IIOHHblX IICTO'IHII

KOB. ~TTf\HOBJieHHblX Ha KOJlbUe .IIJIIIHOii ~60 CIII, 11 n TOM 'IIICJJe nan6oJJee CHJlbHOTO'IHble 

- n.1aa111ellllble.' B111ec"ro 3Toro IIIOiKHO BOC[l0Jlb30BaTbC'JI COJIOWHblM Tpy6'taTblM ny'I

KOIII. IICHO.'lb3YII IIOHHblii IIC'TO'llllll, C' KOJlbUeBoii WIIJ)OKoii (B COOTBeTCTBUII C' )'CJIOBIIJIMII 
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r0 /R 8 r ........................ _ .. _ 
2,0 

1. fS ~ 

1,2 \: 

0,8 !. 

k 
o 4 l . • i 

1. 

0 ~·-··----
0 0,2 0,4 o,6 o.a 1,0 U0 /V 

Puc. 6. O6JJaCTh 3Ha•1eH11ii napaMeTpa BHeaKCll8JlhH0CTII 1·0/ RB, Heo6XO.lllllllhlX .llJIH 3a

XBaTa op611T aT0MapHblX II0H0B .11ej:iTep11H II T)JHTIIH Cl\fCIUaHHhlMII l\IarHIITHhlllf II 3JJCK

T)J0CT8Tll'lCCKlllll II0JJRl\111, [T - II0TCHI.UiaJI 'lalUC'lH0r0 Topuenoro 3JJCKTpo.na Tpex111ep

Horo OKTYIIOJJR IIJJII l(Ba,LlpynoJJH, l .. - II0TeHUliaJI ycKopeHHH l\f0JJeKyJJpHhlX IIOHOB 

pnc.6) 3.MIICCIIOHHOii lUCJJhlO. TaKUM IICTO'!HIIKOM MO;+;eT 6b1Th 0.lUIH 113 BapnaHTOB JIC

TO'!Hlllrn HOBOI'O Tima [10) C Hil3Klllll ,LlaBJJeHl!eM paapR,LIHOI'O raaa, C lllllpOKIIM K0JibUe

Bhllll 31\UITTepolll 3JJCKTPOHOB, C Bh!COKIIM nepBeaHC0M OT6opa 3MIITI1pyeMblX 3JICKTp0H0B. 

C CIIJibHO{I [{QHTpaKTau11eii II0Hll3ll)JYIOIUIIX 3JieKT))0H0B cneunaJJbHhIM C0Jlt'H0ll.llaJihHhllll 

MaI'HIITHhllll IIOJ!Cl\[ II, B l!Tore. C BhJCOKOii ~•npaBJIHeMoii 3cp¢eKTIIBHOCThlO II0HIJ3aUml 

M0JieI,yJI pa6o'lero ra3a. Ta1<oi1 IICTO'!HHK Mo;+;eT o6ecne'lllTb 0THOCIITt'JlbH0 npoCTbIM 

II 31Wll0lllll'!Hbll\l cnoco60111 6oJibllJOii TOK (,LIO 10 A) 113BJieKae.MbIX O,LIH03apH.llHhlX M0Jie-

1..:yJIHpllblX II0II0ll npn MaJI0M 11aTeKaI11111 11efrrpaJJhllOl'O ra3a 113 1101111oro IICT0'llll!Kit B 

1111K,\',Vllllll,Jii Ofrhf'lll. 

Yc1wpem1e 0.£1H03apH,LIHhlX H0H0B .11eiiTep11H II Tj)IITIIR ,LIO 3HCj)l'llll 1:.w K3U 11po-

113B0.llllTCR 0,LIHHlll ycK0)JllTeJielll npRM0I'0 ,aeiicTBIIR C IICT0'lHIIK0l\J ycKOJ)RIOlUero Ha

npH;+;ellJIR Ha 0CH0Be 0,LIHOI<acKa,LIH0ro II0BbJlllaJOIUero TpaHccpopllJaTopa II Bblll))Rlllll

Te.1rn. ~·c1wpe1111<' II O,LIII0llpeMellllaH c1101..:yc11po11Ka. CIIJJhllOT0'III0I'0 IIY,-lh:a 1101108 II0<'T0-

RHHhllll BO B)Jt'lll('HJI 3.1e1,Tpll'l('CK1llll no.1e111 no llj)IIHUIIIIY 3HaKonepe111eHH0I'0 rpa,alJeHT

II0I'0 ~·CKO()RIOUJt'-CpOI,yc11py101Uero ,aeiicTBIIH Ha 3apR;+;eHHbJe qacTl!Uhl ll)J0Jl3B0.llllTCH Ha 

oc1101H' 11,ae11. 11:1.'10;.i.;e1111oii n 3a.Ho1,e IHI 11Jo61wrr1111r [ 11): 

1. Cnoco6 ynwpeHJJR II cpoi..:yc11poBKJI 3apR;+;CHHblX qacTIIU II0CTOHHHbllll 3JICKT))Jl'le

CK!llll II0Jielll. OTJJil'!aJOlUllik.11 TeM. 'ITO 3ap.11;+;eHHbJe '!aCTIIUhl yc1,op.1t!OTCH II 0./lH0-

ll)>f'l\lf'IIII0 <l>01,yc11py10TCR 1rnaJllllllJIIIIIJ1J>ll'l<'CIWM Kna;ipynoJJhllhllll noJJellr. ccpop-

11mpoaam1h1l\1 8 C0OTBeTCTDIIII C cjJOJ)MYJIOii (,aaeTcH cp113ll'leCl(aH cj>oplllyJJa). 

:l. :YcTpoiicTBO ,llJIH peMll3aUIIII cnoco6a ycKopeHIIR no n.l C II0M0IUblO CIICTCMhl ll[O

II0II0TC'llllllaJI hll hi X 3JJCKTJ>ll 'lt'CKII X 1..:na3111~1IJJJIHJ1p1I'leCKIIX KBa ,Llpy llOJI bllhlX 3JJ('K

TJ)0.llOB. 0TJill'!a!OlUIIXC.A Tel11, '!TO n11yTpe111111e 11pocjmJ111 ~mewrpo.nou llhlll0JIIIClll,J 

B C00TBeTCTBIIIJ C cjJOplllyJJoii (.11aeTCR cpll31l'ICCKM cpopllly,,a). 

llp<>.1JJO;+;f'l11lhlii cnoco6 CIIJJblIOii cpoKyc11pOBKII cTaTll'!('Cl(lll\l II0CT0RIIII0 YCK0j)RIO-
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llllllll ~l.'1elnp11'1eCKOM noJieM [11]. amumrU'lllblii no CBOeMy ,lleikTBIIIO MeTO.llY BblCOKO

'tal'TOTIIOii KIJIIJIPYIIOJibllOii <)>0Kyc11pODKII, IIC110Jlb3Y<'MOMY D .IIUlleiiHblX J)C'JOIH\IICllblX 

yc1<op!1TeJI.IIX, npe,L1ycMaTp1rnaeT He Tpy60'lllhlii, a o6bl'lllblii CTepa;11eeoii ny'IOK, 0,ll
lH\h:O :1TO'l' MC'TO,ll MOil\CT 6L1'l'b pac11pocTpa11e11 11 Ha Tpy6'-laTbiii IIY'IOK JapRiKeHHblX 

'18CTllll C ,llOCT8TO'IIIO TOJICTblMll TOKOBblMli CTCIIK8Mll. 

G. llapaMeTpbl ua1<01111Te.u1-1<0.11.11aii,nepa HOHOB ao,nopo,na. H ero cxeMa. 

llapa111eTpb1 IJ031110&HOro HciKOntlTeJ111-KO.IJJ1aii.llepa 1101108 .lleiiTepH.11 11 TpHTHII .llJIII 

IIHTl'IICIIBHOro 1·e11ep11poaa1111.11 neiiTpoH08 MoryT 6h1Tb oue11eHhl. ecTeCT81'HHO. .lllllllb 

c 11e1.;oTopoii YCJIODHOCTblO. Ha1160J1ee OT8CTCT8eHHOii xapaKTepucn11<0ii 11a1<onHTeJl.fl 

HBJllleTCII n,lOTHOCTb anpTyaJlbHOi•j MIIUJCIIH 113 110110B, HanpHMep. 113 1101108 TpllTll.11. :3Ta 

UJIOTHOCTb p onpe.lleJI.ReTC.11 CM.llYIOlllei°i cpopMyJ1oi'1 

(12) 

r )le i I - TOK IIOIIOB TPIITll.11, nocTynalOIUIIX qepe3 Topeu 11ai.:om1TeJ1.fl-KOJIJ1aii.llepa: /i 
II 1111 - UIIKJIOTpOIIIIM '18CTOTa 06pall{el11IH 1101108 TPIITIIII II 'IIICJIO 11epeceqe1111ii no

Hal\111 OCII Clll\11\leTpllll .: Ha O,llHOI\I UIIKJIOTJ)OIIHOI\I o6opoTe: At1 - apeM.11 ,llOCTlliKeHJl.11 

pa81lOBec11oii IIJIOTHOCTII .11,llep-MllllleHeii. T.e. apeM.11, KOr,lla 'IIICJIO nocTyna!Oll{IIX 110110B 

pao11ReTC.fl 'IIICJIY y6b1B8I01llllX, 11anp11Mep, y6h1Bal01UIIX B peJy.llbTaTe .11,11ep11oii peaKUHll 

l'JIIIHIIUH: 1·1 - n:opOCTb 110110D TpllTIIII: A/, d II Ar - pa3MCpbl Bll))TY8JlbllOii Mlllllellll 110 

.llJlllllf' ll:Jalll\10.lll'ikTDIIR, 11111p1111e II pa3Mepy pa,llll8JlbHOii nepeT.fliKKII ny'IKa. ,llerKo Dll

lll'Tl,, 'ITO pa31\leJ)HOCTb ll.llOTHOCTII l\llllllellll ( 12) ecTb •mc.10 1101108 Ha e.11111111ue IIJIOIU8.llll 

ncrpe~m 1101100. 

Yc.1on11aH_ nepoHTHOCTb peaKUIIII CJlll.fllllt.11 60M6ap.1111py10ll{ero 11,llpa - .lleiiTpo11a C 

H,1po111 Wllll<'IIII .. TPIITOIIO!II paDIIRl'TCH 

l"ll<' <T • MaKc1111ta.'lbllOe 311aqeu11e ce1.Jem1.11 R.llepuoii peaKu1111 cn11.11m1.11 D + T =4 H, + 11. 

h 11 "''.! - u111,.'10Tpo1111a.11 'lacToTa 06pa.1Ue111111 1101100 .lleiiTep1111 11 '-111c.110 nepece•1e1111ii 

1101181\111 OCII Clll\ll\leTpllll .: Ha O.llllOI\I UIIK.IIOTpOIIIIOM o6opoTe, At:i - apeM.11 OiKll,llaHH.11 

CODC'plllellllll ll.llep11oii peaKUllll, llOJiaraeMoe MellblllllM IIJIII paBHhlM At 1 • 

ToK aKuenT11pyeMbtX 110H0B ao.nopo.lla onpe,L1e.11.11eTc.11 n.101Ua..llb10 Topueeoro BXO.llHOro 

OTBepn11.11 11aKori11TeJI.fl-KOJl.llaii.11epa II 11.1101ll8.llbl0 3MIICCIIOHIIOli n.11aaMeHHoii noeepxuo

l'TII 1101111oro tll'TO'fllltKa. TI11a:ir.te11111,1e raaopaapR.llllblP IIOIIHble IICTO'IIIIIKII, 11cno.'lh:JYP

M1>1P II l'll.lll,IIOTO'llll,IX 3.11eKTJ)Ol\18.l"IIIITIILIX Mact·-ee11apaTopax .n.1111 pa3,llt'JICHIIII ll30TOIIOII 

yp1111n II ,1pyr11x :.l.111.'Ml.'IITOH, o6N'lll.''IIIDRIOT, KRK l'JIC,llyeT 113 OllblT8. IIJIOTHOC'Th TOl<R 

o,111oaapH.llllblX IIOHOD ~0. 1 A/cl\12 II 60.llbllle. Ta1<y10 a;e fiJIOTIIOCTb 1101111oro TOKa. no

Bll,lllll\lOIIIY, I\IOiKIIO OiKll,ll8Tb II OT npe,llJia.raeMoro IICTO'IIIIIK8 IIOBoro Tllna [lo] C 60Jlb

lllll~I IW.1hlleDbll\l 31\IIICCIIOllllhllll OTllt"!)t'Tllel\l, a,lleKD8Tllhllll llXO,llllOMY OTRepCTIIIO co.11e110-

ll,l8.ll,IIOl"O Ko.1.rnii.ztepa. 11 1\18J1bll\l pacxo.ztoM pa6oqero raaa. llpn Aro~9 CM II to=2a CM 

(,j,,1•11/ Un~0. 8to/ RJJ, Hn=14. ti <'Ill 11 1 i.H c111. CT=+ 50 KB. Bo=0. i 'f.11), 311111cc1101111oii 11 

clh:llf'IITIIPYIOIUf'ii II.IIOU18.n11 S= 100 nt2 Q'MM8pllblii TOK I\IO.lleKy.1111pHblX 1101108 ,neiiTepHII 

II Tj>IITIIH i 1 + i'.! COCT8BIIT 10 ,\. 
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Ec.m TIOJIOiKIITh p=4 ( 13) ,IIJIJI o6ernet.Jemrn 98% BepoRTHOCTII CJIHJIHH.FI npn CTOJIKHO

UCIIIIII H,I\CJJ ,IICfrl'Cj)IIH II TJ)IITII.H, TO Jl3 t'OOTJIOWCIIHii (12) II (la) CJIC,llyeT, 'ITO IIC'06XO

,llllMOe apeM.FI IHlKOTJJJemrn paBHOBeCHoii TJJIOTHOCTH TIOTOKa 11,11ep-MHWeHeii II paBHOe eMy 

upeMH o:+.:11,11am111 60M6ap,1111py10llleii t.Jac-ruueii aKTa 11,11epHoro BJa11Mo,11eiic'rnH11 c :noii 

llllllllellhlO COCTaBIIT Tlf)ll yKa3a.tlHOM JHat.Jemm HOHHOl'O TOl<a t=24 C (/1=1. i5 Mru, 

/2=2. 6:.! Mru. m1=m2=l. v1=2, 0 -108 cM/c, d=lO0 CM, Lll=Ll1·, cr=5 • 10- 24 cM 2). 3To 

upe11111 CYlll<'C'TBCIIIIO MellbWe, t.JeM I1J1am1pyeMoe, 11anp11Mep, BpeMJI ~1000 C y,11ep:+.:aHllfl 

rop.F1•1eii TIJJa3Mbl B Me:+.:,11yHapo,11HoM nyJJbcupyIOllleM ToKaMaKe ITH, Heo6xo,1111Moe ,11J111 

ocywecTBJleHII.FI pea.KUIUI CHHTeJa B ,11eiiTep11eBO-T))HTHeBoii CMecn. 

IlJJOTHOCTh TIOTOI..:a 3JleKTPOHOB ",IIJIJI pa3BaJia MOJJeKyJJRpHblX IIOHOB .zteiiTepll.FI II Tpll

TIIJI onpe.zteJ111eTc11 Tpe6oaam1eM o6ecnet.JIITb coy,11apen11e 3JJeKTpoHa c 1wHoM aa apeMR 

npo,;ieTa IIOHa OT BXO,IIHOl'O ,110 BblXO,llHOl'O Topueaoro 3JleKTpo,11a JIOByWl,11, PacCl\ta

TPIIBaJI aaaecy 113 BpamaIOUJIIXCJI 3JJeKTpOHOB (T=50 K3B, RB=0. 11 ('1\1, f =3, 2 rru. 

('1 =l. :.l . 10 10 Cl\t/c) 1rn1< pa.BHOBecnyIO MIIWeHb, C03.ztaaaeMyIO Ha'-laJJbHblM TOKOI\I 3JJeK

TPOHOB i1 (' BJJeMelie!II ycTaHoB.~eHIIJI paBHOBeCII.FI ~f1. II Y'-IIITblBM Tpe6oaan11e pa3ea.~a 

1110.~e1,y,;1b1 3a Bpe11111 .lf 2=3· 10- 7 
c II JHat.Jem1e cet.Jemrn pa3BaJia er= 10- 1'3 c111 2 . 113 cpopMy.1 

( 12) 11 ( l~l) no.~riae111 ycJ1om1e ,11J111 JJ1e1,Tpo11noro rryt.J1<a 

i1~/1 = 0.5 Ac. 

onpe.zteJJRIOUJee TOK TJOCTYTialOUJHX B JIOBYlllKY 3JleKTJ)OHOB B JaBIICIII\IOCTII OT BpeMeHII 

11x yxo,11a (rr0Tep11), Ilp11 npe111e1111 yxo,11a, 11arrp11111ep, ili1=l c TOK rro,11nnTKII .1onywK11 

3JJeh:TpouaMn cocTaBIIT i 1 =O. 5 A. 
llsa 11p116JJI13IITeJlbHO paBHblX paBIIOBeCHblX 3ap11.11a TJOJIO.lKIITeJJhHblX 1101108 II OTpll

uaTe.~bHblX 3JleKT))OHOB (Q=240 KJI) o6ecnet.JaT IIX BJaHMHYIO ycToii'-IIIBOC'Tb npn Ha

Jlll'-11111 .llOTIOJIHIITeJJbHOti IIJ)O,llOJlbllOii noTem-1111\.llbHOii l!Mbl D JIODYWKe U= + 50 KB' ,IIJIJI 

110.;io.lK11TeJlbllblX IIOIIOD. Pa,1111oaKTIIBIIOC'Tb TIJ)IICYTCTBYIOWero B JIOBYWKe TJ)IITIIJI ('0-

CTaBIIT np11 3To111 R=52 K11. 

ll11Tel1CIIBIIOC'Tb. IIOTOKa re11ep11pyeMblX 11eiiTJ>OIIOB 6y.zteT paBHa N=3. J. 10H•c- 1 HJIII 

4.!i rpn111111a 11eiiTpo11on n cyT1rn. 1mT01n,1e MOQ'T o6er.ne'-111Tb Tpa11r.111yTa111110 aJ1e1-ma-r-

11b1x I..OJIIl'leCTB ,ll0J1rOiKIIBYUJIIX 11,11ep B r.Ta6I1J1blll,lf' IIYKJlll,IILI. 

I ln1w111rrcv11,-1mJJJHlii.11Pp 11011011 JteiiTrpnH n TpIITilfl, re11ep11py1011u1ii 11riiTpo111,1. 1110-

iKeT 6h1Th 11cno.1b30BaH 1-:a1, IICTO'-IHIIK HeiiTpouon .llJJfl yrrpaBJJReMoro aoa6yiK,1f'HII.FI 6eao

mH·11oro 110,1n,p11T11 11Pn..:oro H.llrpuoro pea1.:To1rn JtrMIIIIH. llp11 311a•1r111111 1-:o:1cjmu11r1na 

110,lll,pllTll'IIIOCTII ,1Jlfl ynpanJJ.Flf'l\101'0 pPaKTopa ~-=O. 9i5. OTBP'ialOUIPfO cy111er.TBe11110 

6oMP nh1co1,;oii 6eaonac11ocTI1. •1eM 6eaonac11ocTb Kp11T11'-lec1<0ro peaKTopa ,lleJJemrn Ha 

T<'11,10111,1x 11riiT1 ,011ax e prry✓111po111mi'1 1-.o:1cl><l>111111r11Ta. pa:111111oiKe1111R Ji\ 1111:1,11,ma1011u1M11 

HeiiTpoua11111. 1,aiK.llblii HeiiTpOH 113 Hal.:OTIIITeJJJI-IW.1Jiaii,llepa. nponyweHHblii 11pe.llBap11-

Te.'lbHO t.Jepea 6epllJJJJlleDblii pa3MHO;f.;IITeJJb. Bbl30BeT OKOJIO 50 HODb[X HeiiTpoHOB II 

cTo.1b1.;o ;i.;e aKTOB .nene1111JI TRn.;eJJblX 11.11ep n peaI,Tope. 1':03cpcp11u11eHT ycn.1e111rn 111om

HOC'TII TJej)Bll'-IHOl'O nyt.JKa ,llei'iTpOHOB II TpllTOHOB COCTaBIIT npn 3TOIII G=15800. '-!TO 

rroaao.111T yrrpa!3J1Re1110My peaKTopy rrpo11JBO.llllTb 20 fBT TenJJoaoii 111owuor.T11. 

C'xe11ta npe,llJiaraeMoro Ha1<om1TeJJR-KOJJJJaii.ztepa .F1.ztep ,11ei1Tep1111 11 Tj)IITIIR, a TaKiKe 

rxr111a j)i\31\ICUl('llllfl IIOCJl(',!111('11 CTyne1111 .11nyxcTyltell'-1aToro 110,!IKJ)IITil'-l('CKOl'O JI.llep11oro 

peaKTopa 110Kaaa11a 1m pm·. 7. 
Co.1eH011.na.1bHa.fl 061110TKa Ha 111arH11T11~-10 IIH.I1YKUIIIO B0=0. 7 T.1 Bblllo.111e11a B Te-
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Puc. 'i. Cxer.ia HaKom1TeJJR•KOJJJJaii.11epa IIOHOB ,11eiiTep1U1 11 TPHTIUI .IIJJR 1111Teuc11a-

11oro 11po11aoo.11cTna uei'rrpo11on II rxeMa paaMemeuuR BTopoii cTynem, no,111<p11T11tJec1<oro 

R,llep11oro peaKTopa ,11eJ1emrn: 1 - COJJeHOll,llaJlhHM TOKOBM o6MOTI<a, 2 - iKeJJe3Hhlii Mar

llllTOIIIJODO.ll nauu11puoro Tlllla COJJeHOll./18, 3 - 6ep11JJJIHeBhli•i 6JiaHKeT. 4 - MYJihTIIIIOJib

Ha.R Cll<'Te~rn 3JleKTIJO./IOB 3.'leKTpOCTa.TlllfeCKOfO TpexMepuoro OKTYIIOJIR, 5 - IICTOlfHIIK 

MO,'leKy.rnpHblX IIOHOB .11eiiTep11R II TPIITHR. 6 - TepMIIHaJJ ycKOJ)RIOlUero uanpRiKemrn. 

'i - ~l.lf'KTIJO.llbl YCKOpRI01Ue-cpoKycupy10mei•i CHCTeMhl. 8 - 3JieKTpOHHM nyrnKa. 9 - nep

na.R cTyneHb 6eaonacuoro .11syxcTyneu•1aToro no,llKJ)HTlllfecKoro R.llepHoro peaKTopa ,£1e

;1e111U1 

IIJJml 11ap11a11Te ,11:l flJJIOMIIHllenoro npoeo.11mnrn (.llJIR yMeHhlUellllR RKTIIBRUIIII 11eiiTpo-

11aM11). ox.rniK.ilae.Moro 11poTotJ11oii no.aoii. c OTBO./IOM TenJia s 06m11ii TenJJonpneMHIIK. 

U11m111,ilplllfeCKlle 3JieKTIJO.llhl OKTynoJUI. OXJllliK.llReMhle no.11oii. c.1yiKaT O.!IHOB))eMeHHO 

,1paii11epa.M11 (CTOKa.Mil) .llJIR o,c1110ro 113 KOHe'lHblX npo,11yKTOB peaKUIIII CJIIIRHIIR - R,llep 
4 // f r ;!lleprueii :l,6 !\fall. llanpRiKe1111e .llJIR yc1<opReH11R 110110s ao.11opo.11a cpopM11pyeTCR 

0;11101·T~'IJl'll'tnT1,1~1 110111>1111mo11111M Tpa11c<IJOpM11TopoM II llt.lllpllMIITl'JleM, YcKOJllllOIIIIIM 

11a11pttiKl'lllll'M ,l.lll :JJleKTpo1111oii IIYWKII CJIYiKIIT IIOJIOiKl!TeJlbHhlii IlOTeHJ..uia.11 Topueaoro 

lfame•moro 3,1e1,:Tpo,11a. 

, . :JaI{.l!IU'ICIIHe 

llpone.!let111oe DblWC' pacCMOT))l:'Hlle npe,IIJIOiKelUIOfO pauee (2) op11r1111aJJbllOfO IIRKO

IIIITP,'I H-1..o.1.11aii,1epa 1101108 .nefrreputt II TJ)IITIIR. llKJIIO'la.lOIUero B ce6R CIIJlhllOTO'lllhlii 

11011111,lii IICTO'IIIIII, C Bbll'OKIIM anepTypHbl.M 3MIITTollCOM, C'IICTe.My IIOCTORHIIOfO no npe

~(('1111 yn,ope111rn II iKeCTKoii <I>oKyc11poB1m 1101100. a11aJ1or11tJ11y10 11aaecTuoii cncTeMP Bbl· 

1·01,;o<JaCTOTHoii i,:ua.11py110JibllOii cl>oKycupoai-11. npaKTll'lf'CKII 6e3B03Bpa.Tllhlii HaKOIIII· 

TC'.1h-1'0.Maii.llep 1101108 1111 OCHODe COJleHOll.lla C YCIIJIIIBRIOlUIIM cp0Kyc11pon1Q' MarHIITHhlM 

110.lf'~I II :l.lrl,TpOCTRTll'Iectmro 01n·y110JIR. O.llHOnpeMe1mo y.nepiKIIBRIOlllero lrnK rtOJIOiKII· 

Tf'.H,111,lf' 110111,1. TilJ.; II KO.M11e11c11py101u11e II0.10iKIITe.11t.llbiii 3il))R./l 3/IeKT))Olfbl. C' Bb!COKIIM 

allf'PT.\"l>IIJ,tM II yrnonblM ai.;uP11T,111co~1. c llhll'OKoii :1<l>clwKT11n11ocTb10 ,TOJIK1toue1111ii tt./lep 
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neiiTepll.R JI T))IITll.fl. IIOI<a3a.JJO. 'ITO HeT OCHOBaHIIii He Ha'laTh 3KCIIepm,leHThl no rrpo
BepKe pa60T0crroco6HocT11 MeTo,11a B pa111Kax 3aJIHTepecoBaB1IJeiic.R opram13a1u111. ::-:hn 
;iJ,CIH'(llll\H'll'l'l,I II(' T()('6y10T cnr,px11pono,111111~11x Mal'IIIITOII, cnr,pxnr,Jl'OKIIX llall(Hfif,;('lllli'1 II 
'laCTIIU 6oJiblUIIX 311epruii. 
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HOBbIE CXEMbI CMCTEM ,a.TUI OBJIYqEHll.H 
JIE)KAIII,MX llAll;llEHTOB C P A3HbIX HAllP ABJIEHllH 
flYqKAMll TJI)KEJihIX 3APJI)KEHHbIX qACTllll; 

. ' 

M.M. Ka,, 
lb1c11tttmym lllfVJJe111.114ec1,;oil u J1,;c11epu.11eH11w.1bHVii gjuJu1,;u, A1oci;;6a 

B patio-re 11i)eJIJJOiKellh1 IIOBble npocTpaUCTUellllbie II OIITU'leCKlle CXCMI.J Cll
c·-re~I ;1-11;, OU.11,\''ICIIIUI C pa:1111,1,c 11a11pau.11e1111ii JJCiKiLIIIIIX llc\UIICll'l'OU lly<IKUMII IIJm

TOHOU 111101100 yrJJepo,11a (rAHTPH). Bo npeM.11 06JJy'-le1t11J1 nau11e11T JJe:lt.11T 11eno
,1nmKHo ua rop1130HTaJJbHOM npoue,11ypHOM CTOJJe BHYTPII MeJIIIUIIHCKOU Ka6UHbl. 

H 1m61111e BblnoJJHeHhl see Tpe6oaam1J1 MeJIHKoB K npoueccy 06J1y'ieHHJ1. MeiKAY 
IIOJJUIIJIMII 06J1y'ie111u1 Ka61111a CMemaeTCJI B aepTIIKaJibHOi'I IIJIOCKOCTH Ha HYiK· 
uoe 11anpauJ1e1111e ny'll{a, Bo apamaeMblX c11cTeMax npe,11J1oiKeuo Bbl611paTb onTu
M,1.ilbHoe IIOJJO;KelllUI OCII upa1uemrn Marml'l'IIOrO 06opy,11ouamu1 11 3cj>cj>eKTIIBIIOC 
pacc-ro.111111e cKanuposamrn. Me,111m1mcKa.11 Ka6lma apawaeTcJI BOKpyr spawae
Moro Mal'IUITHOro o6opy JIOBamUI. IloKa3aHO, 'ITO no cpaa11e11mo C JII06b1MU cTa
(lbl~lll CIICTeMaMII IIOBble CIICTeMbl IIMeIOT aua•m·reJibHO MeHbWlli'I MOMeHT 1mep
UIIII IIC('l'O npmuaeMoro ofiopy,110BatllUI II ll03TOMY 01111 MOl')'T 6h1Tb MHoro npowe 
II 11.ll"OTOUJICIIUII II ,llCIIJCUJle. llp,uc-ra11 IIJJOCKM CIIC'l'CMil IIMeeT IIOBOIJOT IIY'll{a 
TCJ.'ll,IW II ll(')l'l'IIKiUll,IICJii 11.110('({()(''1'11 ua _\TJll,J Ml'lte(• ,1.5 rpa11yco11. Me,111m1111c1,a11 
1-i\Ullllil l'Jllllll'i\CTCJI l'OJlblW IJ BCJ)TIIKiUlbHOM ua11paUJ1£'HIIII, ::)Ta CllCTeMa JIUJIJl
eTCII KoM11poM11cc11oil. J1ewenoi1 11 011a aa1111MaeT Ma.ijo MecTa. ( B ueJJJIX 3KOHOMIUI 
~·••<"Ti\ C'Xt'Ml>I 11poC'rpanc·-rnellllldP cncTeM Jl.~.11 TpilllCIIO(lTll(lODKII 11011011 II OIITll
,,,,,·r-11,· C'Xl'MIJ IIC<'X l'llt'T<•M Oll~'lllt'IIIJ ), 

New Schemes of Systems for Lying Patient hrn<liation by Beams 
of Heiwy Chnrge<l Particles from Many Directions 

M.M. Kat,'1 
NC"w spat.ial and opt.ical sdre111es of syst.ems for opl.imal patient. irradiation 

Ii.,· proton and carbon bC"ams (UANTHY) were suggest.e<l. During the il'!'adia
t ion a patient li<'s wit.hout movement. on t.he horizont.al treatment coach in t.he 
1tl!'dical room. l\lc·dical rnom sat.islies all medical requirC'mcnt.s. net.ween of t.hC' 
irraclia1io11 parls 111c·diC"al i·ahi11 shifts in tlw \'crt.ic:al pla11c· lo the beam direc
tion. Hotated s~·st.em:; were founded on optimal choice of rot.at.ion axis posit.ion 
pf 11ia11,1wtic equipment and on compromise choice-of the effective SAD (Sou1-ce
:\xi:; Disl,m<·<'). l\ledical room is rot.ated int.he \'ert.ical plane around t.he rot.at.eel 
111ag11el i<" l'quip111t·n1.. 111 co111pari:-011 wit.It any old ".vst.em" 11e,,· ")'st.em,; ha\'e :;ig
nilicantly .(e:;s moment of inertia of all rotat.ed equipment. and therefore the~· can 
1,., 111uch ,-imple in fabrication and cheaper. Simple planar syst.em has bend oft.he 
heam in \'l'l't in,l plane onl.,· h.,· one magnet at all.\' angl"'" less 45 degree!!!. Medical 
room shifts only in t.ht' \'ert.ical direct.ion. Therefore it is ver~· small and cheap 
C'Olll)lro11iis1· s.\'Sl.<'111. 
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1. BB<." N'HH(' 

Ct1cTeMbI. 1103DOJI.IIIOILIHe 06Jiy 1-iaTb Jie;+;arn,ero 11a1-1ne11Ta C OIITllMaJibllOro nanpanne

Hll.11 11 c onTHMaJlbllhlM pacnpe,11eJieu11eM ,11oab1 no o6beMy Mnrnem1 ( r AHTPII) • .11nJI.R10Tc.11 

Heo6xo,11uMoii '-laCTblO coapeMeHHOro QeHTpa pa,11naQHOHHOH Tepannu ny'-IKaMH T.lliKeJiblX 

aap.RiKel!HblX '-laCTIILI [1-5]. 
O6bt'IHO B Tal<HX CHCTeMaX ny'IOK 'laCTHLI CHa'la.Jia OTl<JIOH.IIIOT OT llCXO,IIHOro Ha

npaBJieHlUI, a 3aTeM HanpaBJIIIIOT o6paTHO K UCX0,IIH0MY HanpaBJJeHHIO IIY'-!Ka 110.ll yrJJ0M 

90° npu IIOM0lllll Marm!THOro KaHMa, l<OTOpblH aa1<penJieH Ha iKeCTKOil 06beMHOJI paMe. 

PaMa e npeQJl3110HHOii TO'-IH0CTblO aparn,aeTC.11 B0Kpyr HCXO,IIHoro HanpaBJieHH.11 ny'IKa. 

Ue11Tp MHWenu pacnonaraeTc.11 B Toii TO'-!Ke, 1<0Topa11 M0iKeT o6JJy'laTbC.II c p!13HblX npo

eTpaHCTBeHHbIX HanpaeJieHHii nyTeM IIOB0POT0B paMbl B0Kpyr HCXO,llH0ro uanpaeJieHH.11 

ny'-II,a. 11.JUI o6ecne'leHIIR H811JIY'IWHX ycJIOBllll apamem1.11 paMbl Bee MRrHIITbl Ha paMe 

HMeIOT npoTHB0BeCbl. /lJI.11 o6Jiy'leHH.II Han6oJiee rny6oKHX MHWeHeii (30cM) Tpe6y!OTC.II 

ny'l1<11 npoTouoa c :meprueii 230 MJB nJin H0H0B yrnepo,11a c 3Heprneii 400 MJB/uy1<no11. 

Pa.llllYCbl IIOBOP0TOB ny'IK0B C Ta.KHMH 3HeprmIMH B o6ht'IHblX MarHHTa.X C Il0/leM 1.6 T,1 

paBHhl 1.5 M JI 3.9 M, C00TBeTCTBeHHO. MarHHTHbliI KaHaJI ,II0JiiKeH Tpaucnopn1poBaTb 

6eJ noTepb IIY'IKII e 3aMeTHblM cpa30BblM o6beMOM. PacCTO.RHHe MeiK.llY Marm!TaMn II 

MHWeHblO .llOJljJ<IIO 6b1Tb nop.11,111<a l.5 M. O6Jiy'laeMble MIIWeHII MoryT HMeTb nonepe'IHbl(' 

paa111epbl ,110 0. :.!.~,. X o. 2 M. llo3TOMY Bee 113BeCTHhle Il0.ll06Hble e11eTeMbl .ll/lR Tpanenop

T11poe1m npoTOHOB HMetoT paaMepbl II nee epau1aeMoro o6opy ,11oeam1.11 nop.11,111<a 10 .,,3 

II 100 T, a npn TpaHcnopn1pOBKe JI0HOB p!13Mepbl II Bee CIICTeM 6y,11eT JHa'lnTeJibHO 

6oJihllJ(', IlMe11110 pa3MepLI. Bee II Qella CllCTeM OIITHMMbllOII TpancnopTll()0BKII ny'-IKa 

.IIBJI.IIIOTCR cyIUeCTBeHHblM npen.llTCTBHeM ,IIJI.fl wupo1<oro BHe,11peHU.II Tepamm ny'IKaMH 

npoT0H0B H H0H0B. 

lll'Jlh llaCTOAllll'ii pa6oThl CO<'T0IIT n II0IIC'KI' no:11110iKIIO<'Tf'i'1 CYllll'<'T0l'IIII0ro y Jll'lllf'· 

u.r1e111111 110,110611L1X CIIC'T('M. 

2. BpamaeMhie cncTeMhI 

:J. J. /\°pllnlfJ)Uli CJJU61/eNUR CUC/71.f,41 O.,t.R 06,,1y11.eHILR 

Ilpe.L1JiaraeTcfl cpaemrnaTh BpaIUaeMbie cHcTeMbI (cM.TaKiKe [6)) no aeJill'IIIHe 11Jrn6a

to1Uero 1110MeHTa ecero epa.IUaeMoro 06opy,L1oeamui, paMhl c Mar1111TaM111111x npoT11eoee

c11M11. !111',llllllllll!'IWii 1rnf>11t1hl II('(' npoTH00llf'<'II: /{ = L (M; X R;)+/1/,.,.,. X n,.,.IJ [TXM). 
TaK l,,H, Macca 111ar1111T0U 0TpaiKaeT IIX QeHy II MOIUHOCTb, a 11arn6a10mnii !II0MeHT CBH· 

JaH r TJJY.ll0eMI..:OC'ThlO 113f'0T0B/leH!lfl BpaIUaeMoii paMbl. TO cpaKTll'leCKII D<'Jlll'llllla /\. 

xapaKTep113Yl'T ue11y ua1160.~l'e .llOporoii '-laCTII C'IICTf'Mhl o6Jiy'ieHIIH npn ('(' <pllKCllpona11-

llblX ruoiicTaax. l3eJI11•11111a /\. [111 x .~,] np1me,11eHa ,L1a.11ee 11a ncex no,111111cHx i..: p11cy111<a111 

npoeTpaHeTBeHHbIX cxe111. 

J.J. 06.Jop C06JJf,41fHHbl,!' CIIC111f,41 a,,/,R 06,,tyveHU,R 

2.2.1 CucmeMa. gjupMbl, IBA {5} 113o6paiKeHa Ha pnc.1. :.:ha CIICTeMa ncnoJih· 

3yeT r11111111eTpll'IHb1ii axpo111aT11'-lec1rnii ny'-I0K Ha BXO.lle, MllllleHh parno.~araeTc.11 11eno

...1e11:.K110 e TO'-!Ke. 11aabrnae111oii .. 11aoue11Tpo111··. C'11rTe111a cpnpMbI IBA lll0:.KeT 11cno.1b-
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aonaTb ,llJIII pacupe,11eJJellltJI ,ll03bl no MHWCHII II naCCJIBHbtii, II aKTIIBHblii IIICTO,llbl npll 

OOMOUUI ycTpoiicTB, o6'bC)\HHCHHblX DO)\ TepMUHOM NOZZLE. NOZZLE IBA co,11epaarr 

KOJJJllll\laTOpbl, <pllJJbT))bl, CKam1py10mue MarHHTbl, HOHH3aUHOHHble KaMepbl II T,,ll, II 

pacuonaraeTCJI B 3Toii CHCTeMe B npoMelKYTKe MCiKJ\Y OOCJIC)\HIIM MarHHTOM II MIIWe

llblO (3 111) • .ll,JJ.H at,TIIDIIOl'O pac11pe)\eJJeJIHJI )\03bl 110 o6'beMy MHWeHII D 3Toii CHCTCl\le 

MoryT 6b1Tb IICIIOJlb30DaH,bl CKaHHpy10m11e MarHIITbl, UCHTP KOTOpblX pacnoJJOiKCH 11a 

pacCTOJIHIIII 2,5 111 OT UCHTpa MUWCHII, dTO pacCTOJIHlle JIBJIJICTCJI oa;i.:uoii xapaKTe

j)IICTIIIWii Ka•1ecToa 06nr1e111111 11 11aabmaeTcJ1 SAD (Source-Axis Distance) 11n11 PHO 
(paCCTOJIIUle UCTO'IHIIK-. ocb) ... ,l),JJII KpaTKOCT~I Mbl 6y,11eM Ha3blBaTb 3TO paccTOIIHIIC P. 

' \ 

I 
I' , , , , ,, . ICM 

I 

Puc.l. Cxer.ia cucTeMbl <)mpMbl IBA ,llJJJI 

06J1y'lel111J1 ny'!KOIII npOTOHOB 

]\' = (10TX4111+5TX2M) X 2 = 100 '.fXM 

B=l.6TJI 
Ro=l.5M 

I 
I I 

, } I 

,-'!;:: 
,-u,: , 1 F2.5 

-, , 'XI II 

~

, 11 __ , __ _ 
\ If 

' ' 11 
\ ', I I 

'· ·,11 ·, JI ., I ',., a:L'' 
. ~.~::::: \-~ 

·-----------

0 

P>40M 
200MMx200w.! 

lOM 

Puc.2. CucTeMa ,llJJJI 06ny'leu1111 ny'IKOM 

ll))OTOHOB C ''napa.nneJJbHblM" (P > 40 111) 

CKaunpoeauHeM MUWCHII 

/{ = 20Tx2,5111x2 = 100 TXM 

YcJJODllblC 06oa11a'!Cllllll ,llJIJI ncex CXeM: 1 - MarHIITllaJI KDa,11pynoJJbHaJI JIIIIIJa, 2 - no

eopOTHblii Mal'IIIIT, 3 - CIICTeMa paa,11a'IH ny'IKa no o6'beMy MIIWeHH (NOZZLE), DKnlO'la

lOUlaJI u ce611 · KOJJJJIIMaTopbt, q>IIJJbTpbl, r.1oun'ropb1 ny'IKa II cKam1py10m11e 111artt11Tbl, 4 -

na1u1e11T 11a 11poue,11yp110M cTone, 5 - npo-rueoeec, 0 - cKaunpy10mne r.1ar1111Tbl. i - epa

maer.ia.11 paMa, 8 - Me,I\IIUIIIICKUli pa60THHK B MOMCHT 00,lll'OTOBKII .K o6JJy'leHUIO. B II 

Ho - lllaKCIIMIIJlbllM 1111,1\YKUIUI 111ar1111T11oro llOJIJI II pa,I\IIYC nonopoTa IIY'IKa C MaKCII· 

MaJJbllOii :rneprueii D :)TOM IIOJJe, r - pa,1111yc BpameHIIJI COOTBCTCTBYIOlllllX MarHIITOB IIJIII 

IIIC,I\IIUIIHCKOii 'Ka6UHbl 

Tai..:oe pac11ono;,,,;e1111e CKa1111py10mux MarHIITOB He IIBJIJICTCJI OIITllMaJJbllblM, MaK

CIIMllJlbllblli yro.~ OTKJIOHCIIIIJI 'laCTUU B CKau11py10m11x 111arH11Tax MOiKCT cymecTBCHHO 

npeBblWaTb yrnonwe_paaMepbl ll)"JKa, no::iTOMY npn CKa1111pona111111 ueuTp CKaHIIPYIOlllllX 

ll!ar'HIITOB IIBJIIICTCII ::l(p<peKTIIBllblM IICTO<iHIIKOIII paCXO,llJIUlCr'OCJI ny'IKa. '-le111 6JJU;,t,;e K 

11111we1111 pacnoJJOiKeH :)TOT "ucTO'IIIIIK'' ('ICM IIICHbWe BeJlll'IIIHa P), TeM 6oJJbWC no cpau

llCIIIIIO c ,iloaoii D(.r) ua rny61111e .r 6y,l\eT npe,11ua.11 ,I\Oaa D(0) ua nonepxuocTu Tena: 

D(0)/ D(.r) = P 2 /(P - .r )2
• ~Jin onT11Ma.nb11oro o6ny'lemrn ;t,;eJJaTMbHO 06ecne'illTb 
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CMellleHJie rry'fKa "rrap!I.IIJieJlbHO .. HanpaaJieHIIIO o6Jiy'feHIUI IIJIII pacnOJIOiKIITb CKaH11py

lOlUlle I\Ja.['HIIThl Ha ,llOCTaT0'1HO 6oJihlllOM paCCTOJIHHH OT MHllleHII ( HanpnMep, ~a pac

CTOJIHIIII P> 40 M), 

Ta,rnM 06pn.10M, cy111r.rTBCIHIO yMCllbllllfl'h ra6apHTbl CHCTCMhl C mmo,/lnJliKllblM no

JIOiKeHIIeM MHmem1 npn c1rnm1py10mnx Marmnax, pacnoJio;f(eHHbIX nocJie noaopoTHbIX 

MarHHTOB, HeB03MOiKHO. 

2.2.2 B pa6ome {6} 6bIJIIt om1caHbI o6mne caoiicTBa apamaTeJibHbIX "11aoueHTp11-

'Iec1,rnx" CHCTC.M C "11apc1.11JICJibHhIM" CKallnpo11a11HeM H C CHMMCTpH'lllhlM . IIY"IKOM Ila 

nxo.ne. C'xeMa paCIIOJIOiKCHHJI MarHIITOB II npoTIIBOBCCOB B TaKoi'i CIICTCI\IC ,.'1JIJI TpaHc

nopTll))OBKII nr1KOB npoTOHOB IIOK83811!1 Ha puc.2. CKaH11py10u.u1e M!lrHIIThl B ::noii 

t'llt'T('I\I(' pa<'IIOJIOiKellbl ,110 IIOCJIC.lUH:'1'0 IIOUOpOTIIOl'O Mar1111Ta. IIO~lTOMY (lclJlllYC npatur

HIIJI 111arHIITOD MIIHIIMclJICH. 

B ;noii pa6oTe 6b!JIO noKaaauo, "ITO pa3Mepbl no,1106Hoi'i ycTaHOBKII 3RDIICJIT B OCHOB

HOJ\I OT MaKCIIMa.lJhHOii MarHIITHoii iKCCTKOCTII '1aCTIIU (OTHOllleHJIJI IIMITYJihCa '1clCTIIU K 

IIX aap11,11y) P/ Z . .llJIR IIpOTOHOB, HMCIOlUIIX MaKCHM!l.llbHYIO BCJlll'1liHY P/ Z = 0. i faJ3/c. 

.lllHll\lCTp upamae111oii CIICTCMbl D = 8 Ill (pa,1111yc npamemrn OCH D)"ll<a 3 M). ,1lJllllla (_'1(

CTCl\lbl L = 8 1\1. B Toii iKC pa6oTe 6bIJIO no1<aaaHo. 'ITO cnoi°icTBcl DOCJIC,llHero MarHIITa 

II IIOJIOiKCHUe CKaH11py10lllllX MarHHTOB MOiKHO Bb16paTb TaK. '1T06hl rrpu CKaHHpOBa

llllll ITY'IOK c111e111aJICJI napaJIJICJibHO HanpaDJICIIJIIO o6Jiy'leHIIR: '1TO nee Mcl[IIIITOB np11 

CKclHllpoBaHllll B ABYX HaupaBJICHIIJIX npaKTJ1'1CCKII UCJIHKOM cocpe,110TO'ICH B IlOCJIC,l1HeM 

Marlll!Te: 'ITO 3TOT nee 3aBHCIIT B OCHOBHOM OT MRKCHMMbHhlX nonepe'1Hb!X pa3MCJ)OB 

nonepXHOCTII o6Jiy'1aeMoi'i MHlllCIIII (200 MM X 200 MM) II CJia6o 3aBHCHT OT cpaaonoro 06b

('l\lll 11~"11,a, IJC'l', MOUUIOC'Tb II MOMCIIT 1111cp111111 TaKoii CIIC'TCMLI OIIJ)C'/IC'JIHIOTCH IIMCIIIIO 

nocm'/IIIIIM !IOOO()OTllhlM Mar!IIITOM. Cyll(<'CTD<'IIIIO YJIY'IUJHTb :JTy C'Xl'MY 11<'003MOilWO 

ll3-3cl .nuyx ycJion11ii - ll('ll0,l1B11iKHOe ITOJIOiKC!llle MIIUJCHII II CKaHuponamtP r "napaJIJI('Jlh

lll,II\I .. l'JlBllrOI\I 11y-11,a. Q,1en11.n110. "ITO D 3TIIX yrJIODIIHX CIICTeMhl Tpa11c11opT11pomrn 

ny'IKOU II npoTOHOB, II oco6eHHO IIOHOB )TJiepo.lla, HBJIIIIOTC'II TclKiKe O'ICllb rpOM03,l1KIIMII 

II .ilO)JOJ'lll\111 ycrallOBKclMII. 

2.2.:-1 Cucm.,~Ma PIMMS. 0,1111a 11:i nonhIX 11Pprne1n11nm,1x rnrTPM fo,1J1a 11pPJlJio

iKe11a II HJUU ro.Ily rpy1111oii PIMMS, CEHN (i]. Ee npoCTpaHcTaemiaa cxel\ra 1101<aaa11a 

1111 plll' .:L C'.11<.TC'l\lcl <'OC'TOIIT 11;3 MarHJITIIOl'O KallaJia II "MC.llllUIIIICKOil 1<a611111,i", IWTOf>t,11' 

BpamatoTC'R ua OJIIIHaKOBbiii yro.11 BOKJ))'r OCH IICXO,/lllO 110.llBe,!ICl!IIOro ny'!Ka. MarHIIT

llhlii 1rn11aJI pacHOJIOiKell 6Jlll3KO K OCII DpalUCIUIJI, a_"Me,l1HUHHCKaJI Ka61111a" - Ha 60JlbWeM 

pamrrcP. "l\·le,/lllllllllCKaH Ka6mia" - 3TO KOMJlaTa co BC'eMII 06bl'1Hb1Mll yc.1on1111M11 ,1JIR 

paJlllclllllOIIIIOl"O ,1P'ICIIIIH. B 3Toii KOMll8TP parllOJIOiKCII o6hllfllb!ii npoue.nypnhlii CT0.1 l' 

rop11:1011TaJ11,110 ,w;i.;ami1M 11auue11ToM. llp11 npmuc111111 Ka61111L1 n npocTpanc-rnc Ka61111a 

lie 111e1111eT cnoeii JICXO,!IIIOii op11e11Ta111111. T.e, II no., Ka611llbl, II npoue,11ypHblii CTOJI OC'Ta

lOT<.'H rop11ao11TaJihllb1M11. BcnoMoraTeJibHL1ii Jillq>T 06ecne1111naeT 61,1cTphlii II y,1106m,1ii 

.nocTyn n Ka6m1y Me,1111u1111c1<oro nepco11aJia np11 Jito6oM noJIOiKeHim 1<a611m,1. PacnoJio

iKl'lllll,11' II Ka6111JC' 11p116ophl II KOIICTPYKIUIH CTOJicl 1103BOJIRIOT COIIMP<'.Tl!Th UPIITp Mll

lllC'llll <' IIY'IKOl\1. ( 'ToJI MO;i.;C'T 11onopa•11maT1,r11 llOKflYI' nepTIIKclJlhllOii OCII. llf>OXO,/llllllf'ii 

"lepe;3 uewrp M11111e1111. 11e 11apymc1.11 rop11aoHTaJibI10ro noJioiKe111111 nau11e1rra. h:a61111a 

IIMeeT TOHKlle C'TCHKII B 11anpaBJICHHJIX 06.11y"leHIIJI. 8 1<afo111e TaKiKe pacnoJIOiKCHbl np11-

6opbl .J.1111 Ha6JIIO,llCHHJI 3a ny'1KOM B npouecce o6Jiy"leHIIJI, l\a61ma MOiKCT nepeMelUaTbC'II 

B nepTIIKcl.lJbHoii n.,ocKOCTII B,llOJlb OKpyiKHOC'TII r UCHTPOM Ha OC'II no .. we.neHnoro ny'!Ka 
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TaK. 'ITO ue11Tp MHll!e1111 Beer ,11a pacnoJJoJKeH HMeHHO Ha HanpaBJJeHHH noBepHyToro B 

Mar1111TP ny'IKa. TaKnM o6paaoM, rpynnoii PIMMS 6b1J1a BnepBble npe,11110JKeHa cucTeMa 

C IIOJIAlliKHOii MllllleHblO, HO C peaJibHO KOMcpopTHblMH ,llJIR Me,llHKOB ycJJOBHRMII. (Ha,110 

0TM!'Tll'l'b, 'ITO II0llblTKH paccM,OTpeHHR H HCl10Jlb30BaHH11 CHCTeM C 110,llBHJKHblMH MH

ll!eHRMII 6b!JIH C,lleJiaHbl paHee (4,8-10]. HO He o,1106pRJJHCb Me,llHKaMH). Oco6eHHOCTb 

l\tarm1TH01i onTHKII cncTeMbI PIMMS JaKJIIO'laeTc11 n ucnoJJbJOBaHHH cneuHcpn'lecKoii 

Tpa11cnopTll))OBKH ny'IKa OT ycKopnTeJJJI _K T0'IKe BXO,lla ny'IKa B CHCTeMy. MarHHTllblif 

Ka11a.1 caMoii CIICTeMbl COCTOHT_ HJ pacnoJIOJKeHHblX npHMO Ha OCH Bpawemrn HeCKOJib-

1rnx KUa,11pynoJibllblX JIHHJ, ,llBYX CKaHH))YIOlUHX MarHHT0U H O,llHOro 60Jibll!Oro MarHHTa 

(HU 0
• 3a3op 200 MM x2U0 MM, Bee 62 T, 0,8 MBT). Bxo,11 MarHHTa pacnoJioJKeH Ha ocn 

110,llll<'Jl<'IIIIOro IIY'IKa. Ily'IOK nocJie II0B0))0Ta D MarUHTe HanpaBJJeH B nepTHKllJlhHoi1 . 

IIJI0CK0CTII K Me,llllUIIHCK0ii Ka61111e. TaK KaK MarHHT paCIIOJIOJKeH ,llOCTaTO'IH0 6JIH3KO K 

ocn' upamemrn. TO ero npoTuncrnec necnT ncero 20 T n T0'IH0e Bpa11.1e1111e pa.Mb! HBJIHeTcJ! 

He TaKoii Tpy,11Hoii Ja,lla'leii. KaK B onucaHHbIX paHee cHcTeMax. 

Puc.3. CnCTeMa rpynnbI PIMMS ,llJIJ! o6Jiy

'leHnR ny'IK0l\l llOHOB yr JJepo,lla C napaJI

,1e.lbHbll\10. CKllHllpOBaHneM l\lllllleHJI. I{ = 
(2Tx5.5M+60Txl,05M) x 2 = 148 TXM 

P>41JM 
100 OOMM 

Puc.4. CncTeMa ,llJJJ! 0611y'lemrn ny'IK0M 

npoTOHOB C OIITHMaJibllblM II0JIOJKeHUeM 

OCII BpameHHJI MarHnTOB 11 C "napa.1-

JICJlbHb!M" CKaHHpoBaHJleM. A" = 
(2Tx3, 5M+10Tx0. 5M) x 2 = 24 TXM 

Pa3Mepbl !IIC.IIIIUIIHCKOii Ka6m!bl MoryT 6b!Tb oueHeHbl KaK: ,llJIJIHa - 4 M II ,/lllaMeTp -

3 Ill. ,no.'IHblii Bee IIIC.IIIIUIIHCKoii Ka611Hbl BMCCTe C npoue.11ypHblM CTO.II0M II np116opaM11, 

c naUllt"HT0!'\I n c Bpa'I0!II ouemrnaeTCJ!. B 2 T. no Hllll!IIM oueHKa!II BCJlll'IIIHa K ,/lJIR 

cucTel\lbl Pll'\'11\1S np11Mep110 B :3 pa3a MeHbllle, 'leM ,llJJJ! o6bl'tHoii rncTeMbl c ·•napaJJ

JJeJibHbtM .. CKal!IIJ)0BllHIICM (puc .3). 
II..1e11 rpynnbI PIMMS on.:pbIBaIOT HOBbie B0JMOiKHOCTII B paapa6on.:e cncTel\l TpaHc

nopT11pouK11. Hn;i,;e 6y.11yT onncaHbl HeCK0JlbKO HOBblX BapuaHTOB BpamaTCJlbHblX CII

CTC!'\l. C 11Cll0,1b30BaHIICl\l. nepe!IICIUlle!llblX "111e,I1I1ll,IIHCKIIX Ka6IIH .. II C 06b!'IHbl!II CHMMe

T!)ll'llll,l!'\I ny<IKOIII IHI 0X0JI!' n CIICTl'l\lY. 
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J .. J. llo6utc udcu 1-.ouc111pyupooauu.J1 cucme,H 1111umc1w1miupoo1.u 

Ilepnrui 11,aeR - OIITHMaJibHb!li BbI6op noJio;+;eHI!R 0CJI epameHH11 MarHHTHoro 06opy

.11onaH1IR. Och eparuemrn ,110JI;+;Ha npoxo,11HTh 'lepe3 ueHTp 1mep1.1nn epamaeMoro Mar

HIITJioro o6opy.aouamrn.• llropM HJ.1e11 - K0M1IpoM11cc11h1ii Dh16op paccTo.11m111 CKauupo

namrn p, B ,aaHHOii pa6oTe pacCM0TpeHbl CIICTeMbl C paccT011Hll11MII CKaH11poeam111 OT 

3 ,ao 40 M. TpeTh11 11,11e11 - ncnoJib3onam1e ,aJI11 conMemem111 ueHTpa ny'IKa II ueHTpa 

MIIIll<'IIH llMN'T0 'l'O'l!IOii II ,11oporoii MeXaIIHKII D03M0ilW0CTII KoppeKIUHI 1111npaoJiel111J1 

nyq1,a. 

B.11aro,11ap11 IICII0Jib30BaHIIIO 3TIIX 1I,11eii: 

• apamaeMa.R CIICTellrn M0;+;eT He IIMeTb np0TIIB0Beeoa. 

• IlOCJie,!IHIIii MarHIIT He Beer ,Ila UMeeT 60JibWOli aaaop II Bee. 

• pa.1111ycb1 epameHH11 ecero MarHUTHoro o6opy ,II0BaHJ!R YMCHbWeHbl B HeeK0JibK0. 

paa. 

• ,JBa BX0,llHbIX MarHJITa l!MeIOT yMeHhWeHHble noaopoTbI. 

• upamaeMafl paMa II MexaHH3Mbl IIepeMememrn Ka6Hllbl He IIMeIO'I' iKeCTKIIX ,ll0IIYC· 

K0B. 

llplI IIC'II0Jib30BaHIIII 3THX 11,aeii ll3rH6a10m11ii M0MeHT BpamaeMoro o6opy ,ll0BaHIIR /\ B 

IIJ>CJl,II0iKCIIIII>IX CII<"I'('Max 6y,11eT CYlll<'CTllC'IIII0 MC'llblJI(' 110 cpaDil<'IIIII0 (' JII06hlMII pall<'<' 

01111ca1111hlMH CIICTeMaMH. Ilo3TOMY M0iKII0 Ha,IIE'RTbCR, '[TO 1.1e11a npe,IIJI0iKf'HIU,IX CIICTCM 

6y,aeT cymecTBeHH0 Cllll;+;eHa 110 cpae11em110 C JII06b!MII paHee 0llHCaHHhlMII CIICTeMaMII. 

:=>Tn 11/ICII 61,IJIII IICII0Jlh30Da111,1 np11 npe11oapl1TeJihllOII paapa6oTKe <'IICTf'JII /IJIR Tpanr

nopTIIJ>0BKII ny'IK0B II npoT0H0B, II H0H0B np11 pa3HblX paccT011HHRX cKa1111poaam111. 

MarIIIITilflH 0IITlll(a CHCTeM a11aJI0I'Il'llla 0IITIIKe, om1ra1111oii n pa60TC' [6]. Ure CHCTf'MLI 

6blJIII paCC'IIITallbl Ha TpaHCll0))Tll))0BKY ny'IK0B C JII06b!MH (~a30Bb!MII o6beMaMII B IIH

TCJ)llllM OT l 111111x111pa.11 .110 20 MMXMpa.a 11p11 noM011111 nporpaMMhl THANSJ>OHT (11]. 
Bee CIICTC'lllbl paCC'IIITclHbl Ha 06.1Jy'leH11e MllllleHeii C MaKCIIMaJibHhlMII nonepe'!Hbll\!11 

paaJ11epa11111 200 l\IIIIX200 111111 (1Im1 6oJiee .LIJUI cncTelll c P = 3 111). JaJiee np11ee.11e11b1 

np11111epbl npocTpaHCTBeHHbIX cxe111 no.1106HblX CIICTel\I .L(JI.11 np0T0H0B. 

J.,f. }Jpa 1/(" Ill (Ab II (/JI (' II C Ill (,4/.(/ d,,/,R 11 y 1moo 1lJJ011101/ or, (' I/(/ j)(l,1/. 1/( .,, b-

1//,/,41 .. <'h'm111por,<11111r.H (P > ti() ,4t), r ,41rd11111111rh'Oti ,-.·afi1111oii 11 ,. 

0111/l l/,4/(/,,/b1l/J/,41 ll0, 1/.0J/Cf1/Uf,4I OC/1 OJJCl1l(f1/UJ/ 

llp11 npame111111 11 111ar1111Ton. 11 111e.1111m111c1-:oii Ka61111b1 11eT 11eo6xo.1111111orT11 1111•xa1111-

•1rcK11 06rcne'l11Ba1'b DblC0KYIO T0'III0CTb 11011a.11a.11111 QeHTpa ny'IKa D uewrp 11111we1111. 

llp11 ~·c·J10111111. •rTo /lf'<l><>pMRIUIII pa1111,1 11p11 <'<' npamr111111 11axo,llRTCR n 11pf',11<'.rnx ynpyro

CTII. BII0JIHe ,ll0CTclT0'III0 o6ecne'IIITb II0BT0pReM0C'Th IIOJIOiKe!lllii pa111hl II l\lf',llIILIIIIIC'KOii 

Ka611111,1, nepll0.llll'ICCKII nponepRTb ef', a 11eo6xo,lllll',fYIO TO'fll0CTh nona.aa1111R IIY'!Ka B 

Mlllllf'llb ( ~ o. i'i 1\11\f) o6ecnr'IIITh COOTBf'TCTBYIOIUCii KOppeKu11eii uanpaBJlf'HIIR ny'IKI\. 

TaKoii ll0,llXO,ll II03B0JIIIT cymecTBeHII0 ynpoCTIITb 113l'0T0BJieHIIe npau1ae111oro 06opy.110-

Bnllllfl. 

llo cpaeHeH1110 c11cTeMoii IBA (p11c. l) II c o6bl'IHhlMII II30UeHTPll'lecK111111I c11cTeMa11111 

(' "napa.11J1e,1bHhll\l .. CKaH11poBaHne111 (pllc.2) npll T0III ;i.;e "napaJIJieJibHO~I CKaH11pona11m1" 

BE'.111'111118 I\' Y~lellblllella n II0BhlX nap1Ia11Tax B 4-5 pa3. 3TOT pe3f.1hTaT .l0CTlll'IIYT 
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311 (''lf'T 0TCYTC'TBIUI np0TIIB0BeC0B 11· 38 c-·•1eT MI\JJ0CTII pa,1111yc0B npamemrn Tff;f,;('JlbJX 

3JieMeHT0B (npuMepuo 0,25xR0 BMecTo (O,ixR0 +1.5) M; r,11e R 0 - pa,11uyc Kp11Bll3Hbl 

Tf>11C'l,T0pllll ~11\l"Tlll~LI C. M8KCIIM8JlbllOii Mal'IIHTIIOii ii,;('(''l'K0CTbl0 D C00TDeTCTBYI0lllCM 

MarHIITH0l\l no.11e). 

lb p11c.2 II 4 Dll,11110, 'ITO OCHOBHOit npamaeMblit nee (MOlllHOCTb, ue11a) cocpe,110To

qe11 no-npe;.i,;11el\ly n noc.11e,1111eM II0B0J)0TH0M MarmITe II 3T0 - c.11e,11cTnlle napaJJ./le./lbH0ro 

CKa1111pona1111.11, Kor,11a pa3Mep 3830pa paneH M8KClfMa./lbllblM nonepe'IHblM pa3MepaM MII

Ulf'IIII. Ila •teM MellbUJC.M0iKeT 61,1Tb paccT0111rne c1-:a1111pona111rn p ('IeM 60.llblll(' M0iKf'T 

6b[Th .aonyCTIIMhlii yro.11 0TK./I0Hemrn ny'lKa 11))11 CK8HH))0Bamm OT 11anpanJ1e1111.11 06J1y

'lemrn). Te111 MeHbllle Mo;.i,;eT 6bJTb 3a3op u nee noc.11e,1111ero MarmITa. 

l-lT061,1 oueHIITb B03M0iKH0e yMellbllleHHe /{, pacCM0TpHM CH8'la./la napnaHT CllCTeMbl 

C l\lllHlll\18.Jlbll0 .IlOIIYCTHMOii Be./lll'lllHOii p = 3 M, a 38TeM nap11aHT CllCTeMbl C neJJll'lllHOit 

p = "i ~ .. 

.!,,j, Bpati(ame,,tb1taJI cucme.«a a,1lJ/, nyv,1.a 1lJJ011101to6 C p = 3 ,,«, C .«eau-
1( 11.110.:011 1-.a6uuoii II c onmu . .ua,,tb-Ubl.41 1io,,to.}l{'e'111ie.« ocu 6JJlllL(€1lttR 

llp<',MaraeTc.11 pacnoJio:+.:11Tb cKa1111py10ume M8rlll1Tbl cpa:3y 38 nocJie,11m1111 nonopoT-

111,1111 lllllrllllT0l\l. a l\UJlllellb 0T0,IIBIIHYTb OT CKa1111py10ll1IIX MarHHT0B Ha pacCT0.lllllle 

a 111. TaKaR CIICTeMa ,II.II.II ny'll<a npoT0H0B HMeeT B03M0iKH0CTb HCII0Jlb30BaTb HMeHH0 

Te ynpoiicTBa pa3,118'llf ny'lKa. no 'MI11lle1111. K0T0J)ble ,11./lfl 3TIIX ueJJeIJ 6bl./lll pa3pa6o

T8llbl D lpllpMe IBA. TO eCTb IIMeTb n03M0iKH0CTb HCII0./lb30BaTb ,II.II.II pa3,lla'IU ny'll<a 

110 l\llllllCIIII II CTapylO Texm11<y C IICII0./lb30BaHiieM "pacce11BaTe.11eii" H l<0./1./IHMaT0J)0B. 

II H0BYI? TJXHIIKY c~a1111poBaHHfl, , BaiKH~ 0TMeTIITb, ;TO B 11onoii CHCTeMe npouecc 

CKa1111pona111111 He 38TpanmaeT noc.11e,11111111 II0B0J)0THblll MarHIIT II II03T0MY ero paa

Mepbl 3aDIIC.IIT TOnbKO OT <P,830BblX J)a3MepoB ny'IK8 H He 38BHC.IIT OT M8KCIIMa.llb,HblX 

II0IJC'f)f''lllhlX p83111epoB MlllUeHIJ. llo3TOMY IIOCJle,1111nii MarHHT, KOTOJ)blli B npe,llbl.llYllillX 

nap11~1nax cncTel\l onpe,lle.11.11.11 nx cnoiicTna, ~ioiKeT 6b1Tb cymecTne11110 .11er'le 11 ,11ellle

BJ1e. O..lHOBpe111e1mo M8~Cl!Mfl.Jlblible pa3P.iepbl Ml!llJeHII MoryT 6b1Tb 300 MM X 300 Ml\f. 

Ila.Ila oT11teTt1Tb. 'ITO .Il.llfl oni11111aJJbHoii cpoKycnpoBKII n~''ll<a B c1tcTeMax, r ,11e MllllleHb 

3llll'IIITf'JihHO.oTo,11n1111y-ra'oT nocJJf',ilJ[ero 1,rnr11in11 (cl\f, p11c.5 11 p11c.6), no.11ca110 11cno.111,

.rn11aT1, 110:ll\l0ifW0CTII ,11e.11eu1111 II0C'./IC,llHero 111ar1111Ta 110 ,11./IIIHe Ha '!aCTH C pa3.IJll'IHhlMII 

rpnJlll('IITnl\111 l\lnl'IIIITII0l'0 110./111, 

( 'or.rncno 11a111111\I oue11Ka111. ne.1111q1111a /{ ,IIJIR 11p0Tmmoii CIICTf'Mbt c P = 3 111 np11-

M1•p110 11 0 paa 111r11b111c. •1e111 .JlJIII a11a.11or11quoii CHCTeMhl ctmpMbl IBA ( CM. puc. l) IIJJII 

,1,1H c11cTrl\11,1 c 11apa.1,11f',1hlll,ll\l <'Kat111pona1111e111 ( C'l\t. p11c .2). 

].{j, lJpall((ll/ltAbl/(LR CIIC/11(,4ta d,;IR 11yv,1,:a llJJOl1lON06 C p = i ,41. C ,,1tU}11-

l(IIIIO,'Oli t.:a61111oii 11 C 0111111/.4/0,,/bllbl,II 110,,/0.)ICflfllf,41 OCII 6/Hlll(flll/R 

C'.w.1y1011111ii nap11a11T C'IICTeMbl .o6JJy'leHllfl flBJlfl('TCfl K0MllJ)0MJJCC0l\f Me:+.:,lly BeJlll'lll

HOii P II B031\IO:+.:Hbll\l y,11elllen.11e1111e111 npamae111oro 06opy.llona11nH. Ilpe,llJiaraeTcfl MeiK!IY 

c'Kl\llll(lYIOllllilllll l\lafHl(TaMIJ ll l\lHllleHblO noMeCTIITb ,11llllb ue6o.llblllOii (no II0B0p0TH0MY 

yrny) Mar1111T .. :)TOT r..rnrHIIT 6y.neT IIMeTb yne.1111qe11noe ceqe1111e Mar1111T11oro Jaaopa. 
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110 pa:lM!.'l)hl ero :rn:rnpa 6y,11eT cyu~eCTDf'JIII0 MellhllJe, "!eM paaMepbl MHUleHII. Ha p11r..6 

11306paiKeHa npocTpaHCTDeHHaR cxeMa CIICTeMhl C p = i M ;'.\Jiff ny"!Ka npoT0H0B. 

1·:~-. ·~-.!1 
I 
I 

B•l.6TJI I· . I 
Rc>=UM · 

0 5M 

e 
n 
r-U 

IOK 

P,,JM 

20/hou2~0ww 

Pnc. ,5. CncTeMa ;'.\Jiff ny"!Ka npoT0H0D c 

Me.1u1u1111c1<oii Ka61111oii ( C OIITHMaJlbllblM 

noJ10:.Kem1eM oc11 apameHHff MarHnToa) 11 

C p =3M. 
J,; =('.2Tx4, fo,r+2Tx0, 5M) x 2 = 20 TXM 

l(/t/ll/1 //,-'/.,,///({(((_ ,-----, ,;<.✓;. 1~·1.:;.,~</f· .... _~ If 
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Puc. 6. CncTeMa ;'.IJIR ny"!Ka npoT0H0B c 

Me,llHUHIICl<Oii 1<a61111oii ( (' 0llTIIMaJlbllblM 

noJI0iKeHlleM 0CII apameHIIR MafHJITOD) II 

C p = i M. 

/\

0 = (2TX6M+3Tx 1. 5M) X 2 = 33 TXM 

OTMeTIIM. 'ITO 11 TRKJIX CIICTeMaX l<R'leCTll0 c1<a1111pona11nR 6J111:mo I, 0llTIIM!IJlbll0My. 

o,1111a1..:o eC'JIII BeJlll"IHHa h" ,IIJlff CHCTeMbl TpaHcnopTHp0Dl<II ny"!Ka II0H0B yrJ1epo,11a no 

11arn11111 oue111<aM np11Mep110 a 2,5 pa3a MeHbllle, "!eM ,IIJlff c11cTeMhI PIMMS (puc.2) 11 D 

1.5 pa3a MeHbllle. "!el\1 B CHCTeMe co CMelll,eHJieM 0C'II II naJ)aJIJleJlbHblM C'KaH11poaa'm1el\l 

(p11c.4). To npm1e11e1111e no,110611oii 11;'.len ,llJlff Tpa11cnopTnpoa1<n npo'ro11oacornac.110 aae

.11c-11110111y r..:p1rrrp1110 KaiKeTCff 6ccno.ite3111,IM 113-31\ JIOMHllll()YIOlllero llJIIIRIIIIR 1<a611111,1. 

l>eaycJ1on110. nee 11p11ne,11e11111,1e BhlUJe cxeMhl II ouemrn nx cnoiirTn RDJIRK>TC'R npe,1-

nap11Te.~bllblMII. O,1111a1<0. 0"leBH;'.1110, '!TO llpe;'.IJIOiKe!Ulhle II0BblP CX('Ml,I 11pnlllf1'1'(:'JlhllhlX 

CIICTC'l\l 110:lll0JIHIOT 11a,11eRThCff 11a COKpau(ellllf' (lf'llhl npamaeMoro 06opyJ10lli\llllR no cpan

Hemuo c mo6b111111 cTapb1M11 npoe1<TaM11 so acex aap11a11Tax. 

·3 "II " • • J>OC'l'aJl 11.llOC'I<M C'HCTeMa 

.).1. B 11< .• , c,ub1c,,1 o6bl'ltltoi'o I'A IIT P JI 11 11peo.,w,:,a, -•tor?o p, Wf 1111 JI 

061,1•1110 CIICTCM8 ,LIJUI 06J1y<ICIIIIR 110300.~ReT 0rJTIIMaJlbll0 npoll0,llllTh 06.1y"!elll1P (' 

.TIIOBbIX no 0T11orne111110 i..: naune11Ty npocTpaHCTBeHHblX 11anpaanem1ii (47i). :.:ho ,10-

C'TllraeTCH 3a C'lf'T noBOJ)OTOB B0Kpyr rop1130HTaJlbHOii 0CII paMbl C MarHUTHoii CIICTe-

1110ii II 311 C''leT ll0D0pOT0B npoue,11ypHoro CT0.111 BOKpyr BepTIIKaJibHOii 0C'II npn )'CJIOBIIII. 

"!TO o6e oc11 npoxo.llRT "!epe3 ueHTJ) MIIU1em1. Ho peaJibH0 ,11aJ1e1<0 11e acer .l1a np11 nJ1a-

1111pona111111 06.1y•f('Jll(H l!CllOJlh3YIOTCR nee 11pocTpllllCTllPllllhlP 11anpan.lPlll(ff (11anp1tlll<'j>. 

n ro1·1111TaJ1e ropoJ1a .il0Ma-.TI1111w· (ClllA. Kam1Cpop111rn) [12) ymrn<'p<'ll.llhllhte c11nP~11,1 
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,!IJIR o6nyqeHHR c mo6bJX Hanpan11em1ii npH Tepanm1 0'feHb pacnpocTpaHeaaoro aa60-

11ena1111n npocTaTbl -'{RCT0 ncn0JJb3YJOTC.R .llJI.R 0611y'feHH.R JIHWb B .llBYX ropH30IITMbHblX 

11a11panJie1111.11x). 

· B ,!laHHOii pa6oTe a ueJI.RX npHHUHIJIIMbH0ro ynpomeHH.R II y .neweeJieHIIf! CHCTeMbl 

npe.11naraeTC.R Hap.R.llY C HCil0Jlb30BaHneM Me.llHUHHCKOH Ka6UHbl co CTan.napTHblM npo

ne)lyplll,IM CTOJIOM noitTII Ha HeKOTOpble K0MnpOMHCCbl. rnaBHbiii HJ HHX - :no orpa1111-

'le1111e .1111ana.1ona .nocTynHblX uanpaanenuii 06J1y'feHH.R yrnaMn B npe.nenax. nanpnMep, 

li;,I < ±45° K ropnao11TaJ1b11oii nnocKocTn. (Amu1orll'mo c.nenano B pa6oTe [13]). 
Ha pnc. 7 cxeMaTU'feCKH noKa3aHbl KOHTYPbl nauneHTa ( 3JIJllIIIC). npoue.11ypHoro CTOJia. 

MI1We1111 II .ll0CTynHble ,IIJ!Jl o6Jiy'feHH.R nanpaeJieHH.R C orpaHH'feHHeM no yrJiy HX HaKJIOHa 

K rop113011TMbHOii nJI0CK0CTII. lllTp11xoBKa IIJIJIJOCTpnpyeT TeJleCHblil yroJI ,II0CTYilHblX 

npocTpaHCTBeHHblX HanpaBJiem1ii o6Jiy'feHH.R. :.3TOT TeJieCHblH yroJI 3aBHCIIT OT orpa

llll'IIIBaIOIUero yrna ip. KaK 4rrsin(ip) .. 
Tai,:mr o6pa3ol\l. orpaH11'feH11e nanpaaJiemiii 06Jiy'fem1.11 no yrny naKJioHa K rop11-

ao11Ta •. 1buoii 11Jioc1<ocT11 npe,11eJiaM11 l'i'I < ±45° rpa,11ycon cooTBeTcTeyeT yMeHbwe11u10 

Tf'Jil'('fl0ro yrJia .ll0CTynnhlX npoCT))RHCTBeHHI,IX uanpaBJie1111ii .ll0 2. 871', HecOMHeHHO. 0T

cyTCTBlle BOJMOiKIIOcTeii o6Jiy'leHu.R 113 eepxnero II mtiK11ero Konyca .RBJJ.ReTc.11 no cpanue-

111110 c 06bPH1bll\lll r AHTPII cymecTaenHblM .necpeKTOM npe.11nar'aeM011 cncTeMb1. o.nHaKo 

ee K0IICTPYKUIIH CTaHOBHTC.R HaCTOJibKO npome II JaHHMaeT OHa B 3T0M CJl)"Iae TaK MaJI0 

l\l{'CTil B 3.ll8111111. 'IT0 TaKoii K0Mll))0MHCC KaiKCTCH Bll0JIHe 011paa,11aHHblM. (.llJI.11 uepeKpbl

TIIR ncex npocTpaHCTBellllblX nanpanJieHIIII n pa6oTe [ 13] 6blJIO npe,IIJI0iKeHO o6Jiy'laTb 

nauneHTa IIJIII B JieiKa'feM. IIJIII B Cll,IIR'fel\l noJIOiKeHIIII.) 

,],J, "Ilpocma.Jl 11A0Ch'a.Jl cucme.ua ., a.,1.R npomo1w6 

I JpocTpa11cTne1111a.n .CXf'MR MarmtTJJOro 06opy,11ona111rn npe,1111o;i,;eHHoii '' npocToii nJioc-

1,oii CIIC'Tl'Mbl .. 0'll'llb II0X0;+;a Ill\ CXCMY 06opy,11ona1111R. J..:OTOpoe CT0HT IHI 061,l'IIIOM "ro

pll:lOIITl\JlbllOM ll~"IKI'... 0110 COCTOIIT 113 11eno.11a11;+;110 paCIJOJI0iKeHIJblX Ha OCII no.11ne

,1e1111oro llY'IKcl Tp1111Jll'Ta 1rna,11py110JJbHblX JIIIH3. ,!IBYX CKRHHpy10mnx MarHIJT0B, llo

llCMIIIITf',111,110 11c110,111,ayC'TC'H 0)11111 MarlJIIT C' 60JlhlJIIIM :rnaopOM II Me,!IIIUHIICKaR K116111ra. 

l\far111rr 11onopa'IIIB8CT ny'I0K B aepTIIKMbHOi'i IIJJOCKOCTII Ha JII06oi'l yroJJ ...; , C' orpa1111-

'IC'lllll'~I 1...:1 s ...:111n.r' l\1e.1111u1111cKa.R Ka61ma C ropll3011T8JlbHblM npoue.nypHblM C'T0JIOM II 

Jlf'iK/1111111\1 1111 11<'1\I naUIIC'IITOM l'Mf'lltaeTCfl TOJihKO n nepTIIK8Jlbll0M nanpannemm, 

.l.'IH 11p11MC'pa 1111 puc .8 ll3o6pa;i.;eua cxeMa 110.110611oro o6opy .11oaa1rnn, pacctJ11'ram1oro 

IHI 0T1,,1011e1111e 11poTOIIIIOl'O llytlKII ( JJ / Z $ u. i r:iu / C') OT ropH30HT8JlbHOii IIJI0CK0CTII 

1111 ~ ......... ,10 ,1:) rpnJ1ycon. Ilpu J>fl(''leTax npeJIIIOJillraJJ0C'h, 'ITO ny'IOK HMC'f'T cpa30llhlii 

061,,,~1. xapaKTep111,1ii .IIJIR Me,11Jie1111oro BblBO.lla 113 c1mxp0Tpo11a (X x X· = }" x }"· = 
Ii M~r x ~•pa.a). a pa36poc •ranrm a nytJKe no 11MnyJJbC'al\1 paae11 dP/ P = ±0. l c;q, Cn

<'Tf'l\111 )>cl<'C'IIITalla Ha C'KflHllpOBaHne MHUle!IIJ C' MaKCIIMIIJlbllblMII nonepe'IHhll\111 J)a3Me

)>HMII .!OU MM x .!UU MM ny'IK0M r JlllllMeTpoM 11.11T11a OT 5 .LIO 10 MM. 

l\larmIT IIMeeT pacimrp.RIOWlliic.R B nJJ0CJ<0CTll noeopoT0B 3a30p, pa3Mepbl J<0Toporo 

38BIICRT OT l\laKC'lll\laJibH0ro yr JI a noeopoTa II MIIKCIIM8JlbHblX pa.1Mepoe Mlllllellll. 8 
Ollll<'hlUael\toii CIICTeMe ,!IJJlntR 3830pa 1, 1,5 1\1. lllllJJIIHII 3830))8 MeHJieTCfl B npe,lleJJaX OT 

0,3 ~I io 1.3 1\1. BblC0Ta 3830pa 0.16M. MaKCIIMa.JlbHOe MarHilTHOe II0JJe 1.6 TJJ. MarHUTH0e 

110:1P llf' IIMeeT rpa,1111e11Ta. l\18Jo:('lll\laJJbHaR M0lllH0CTb MarHIITa He npeB0CX0,!IIIT 150 KBT. 
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Bee MarHIITa IlOJ).fl.llKa 30 T, IlY'-!OK BXO.llHT B MarHIIT HOJ)MMbHO K npHMOMY cpe3y 

IlOJIIOCa. BbIXO.llHOii Kpaii IlOJIIOCOB MarHJITa IIMeeT cpopMy OKPYiKHOCTII C ueHTJ)OM B 

TO'IKt' BXO.lla. nyqKa. B MarHJIT II C pa.llllYCOM, paBHblM .llJIJIHe MarHIITa 1.15111. BbIXO.llHOi'r 

yroJI MeiK.llY HanpaBJiem1eM ny'II(a H HOpMMblO K IlOJIIOCY pa.BeH IlOJIOBHHe yrJia noBopoTa 

ny'IKa B 111arm1Te. 3To 03Ha'laeT, 'ITO npn OTKJIOHemm ny'IKa. MarmIT oKa.iKeT CJia6oe 

cp0Kyc11py10mee .lleiicTane Ha ny'loK e 06e11x nJiocKocTHX. 
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Puc. 8. IlpocTpaHcTee1maJ1 cxe111a ''npoc

Toii IIJIOCKoi't CHCTeMbi'' c yrnaMII o6Jiy'le

Hll.fl .llO ±45° .llJl.fl ny'IKOB npoTOHOB 

Me.llllUIIHCirnR Ka61ma HMet'T ra6apl!Tbl IIOJ).fl.llKa 4 M X 3 M X 4 M. B 30Ht' BBO,lla Il)"!Ka 

OHa IIMeeT TOHIQ'IO nepe.llHIOIO CTeHKY, l\OHTJ)OJIHpyromue ny'IOK np116opbl nepe.llBUra

lOTCR 11a 11anpanJie'1111e ny'IKa DHYTPII Ka6HHbl napMJieJlbllO TOHKOii CTf'IIKf'. Me,n11u1111-

CKllii ll<'J)COllclJI MOiKeT noiiTn B Ka6uny npn JII060M ee llOJIOiKemm npll IIOMOIUII nr.no~10-

raTeJlbllOl"'O JIIICIJTa, npllMblKRIOII.lero K 3R.llHeii IIJIJI 6oKoaoii CTeHKe Ka.611111-,1. 

Ha.llO OTMt'TIITb HeCKOJlbKO oco6eHHOCTeii Ma.l"'HIITHOli OllTIIKII :noii CIICTt'Mbl. nep

BaJI - noaopoT IIY'IKa B Marm1Te BJIH.fleT II Ha. cpoKycnpoBKY II Ha yCJIOBH.fl CKclHHpooaml.fl. 

dTO ceoiicTBO KaHa.1rn. npHBO,/lllT K Heo6XO.llllMOCTII 3MOnmTb B naMRTb ynpaBJIRIOIUeii 

3B1\I 11mpop111au1110 060 ecex napaMeTpax KaHMa He TOJibKO .llJl.fl acex 3Ha'leH11i'i nMnyJib

coa 'laCTIIU. HO II .llJl.fl acex llOJie3HblX uanpae.1e1111ii o6Jty'leHIIR. BTO)JaJI oco6eHHOCTb 

CIICTe!llbl no cpaBHeHHIO c o6bl'IHblMII epawaeMblMII CIICTeMaMH [6} COCTOIIT e TOM, 'ITO 

mrneiiHaJI . .llllCnepc1rn ny'IKa Ha MHWeHJI 3aBHCHT OT HanpaaJteHIHI o6Jiy'leHHR II HIIKaK 

He KOJ1tneHc11pyeTc11. Ee BKJia,n dY a aepTnKaJibHbiii paaMep ny'IKa Y nponopuuoHaJieH 

)TJIY noeopoTa ny'l1rn B JlfarllltTe '-;', pacCTORIIIIIO OT ueHTpa. noeopoTa .llO MHWeHII l 11 

pa.16pory •1an1111 n Il)''IKe no HMIIYJJbcaM dP/ P: d}' = L x i.p x dP/ P. ::ho 0311aq11eT. 

'ITO nepTIIKaJlhllblii pa3Mep ll.flTHa ny'IKa Ha Jllllllit'HII 3aBIICIIT Hf' TO.JJhl,;Q OT cpa30llhIX 

pa3Mt'j)OB ll)''IKa. HO II OT HanpaBJieHlrn o6Jiy'leHJIR. Ilo3TOMY t'CJIII H!l,llO n:am1poeaTb 

Jllllllit'Hb ll)''IKOM C MaJlblMII pa3MepaMII, TO Il0.ll06HylO CIICTeMy .llOllYCTIIJ\10 IICllOJib30-

BaTb TO.TlbKO np11 T!IKOM Mt'.llJlt'HHOM BblBO.llt' ny'IKII 113 CIIHXJ)OT))OHa, npn KOTOpOM nyqor,; 
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11MeeT tte:rna'l1rre.11hHh1i-i pa36poc '!aCTltU no IIMJJYJihC'aM, nanpHMep. dP/ P = ±0, 1 %. 
J.11n n.1ocK01i npocTofr cncTeMhl, 11306pa:iKeHHoi1 Ha p11c.2, JIHHefrHaJI ,11ncnepc11H ny'IKa 

MeHHeTC'H OT Hy.II.fl ,ll.llH ropH30HTaJihH0ro Hanpae.11eHJIH 06.11y'!eH1IH ,/10 2 CM/% ,ll.llH Hanpa

llJIPllllii O0Jl~"IPIIIIR < 45 rpa,l\ycon. TpeTbH oco6eHHOCTh ,11aHHoi1 0ilTHKJI - 3TO HeB03-

MO;KH0CTh CKaH11poBaHIIH "napa.11.11eJibHb!M" ny'IK0M. llpu Bb!6paHHOH cpopMe noJIIOCOB 

Mal'HJIT, B C.'Q''lae noeopoTa ny'lKa JIMeeT c.11a6y10 cpoKycHpOBKY B 06e1IX Il.ll0CK0CTJIX H 

llf'JIWIJIH8, p MeHReTCH B npe,l\JIO;KeHHoj:i CJICTeMe B ,3aBHCIIM0CTII OT nanpaBJieHII.11 ny'lKa 

II npeJl('JlaX OT 4 ,/10 5 M (cM. p11c.8). CKpyr.11e11J1aH cpopMa BblX0,!11101'0 KpaH Marnwra 

0K11;11,IIHH'T .ll('<pOKYCllpy10111ee ,11eiicTBJ1e, nponopunoHaJlbH0e KBa,11paTy lllllpHHbl ny'lKa 

II :JT0J\I !\lt>CTe II paCCT0JIHHIO ,110 MHUJeHJI ll o6paTHO nponopUHOHaJibH0e ,!IJII!He Marmna. 

IIo llillUIIJ\I oue11KaM :JT0 ,11eiicTBJle 6y ,lleT He60JihlllUM. llonOJIHHTeJJhHO HR,110 Y'lllThlBRTb. 

'!TO. npn cKan11poeaHJIII MUUJeHJI C MRKCJtMaJJbHhJMII pa3MepaMJI Ha,llo BB0,llllTb nonpaBKY 

Ha ne.11rneiiHOCTb 0TKJI0HeHll.11 ny'!Ka B eepTUKaJJbHOii HJI0CK0CTII • 

. ] .. ]. A 1w.rn.1 cBoiicm6 ··11pocmoii 1Moc1.-oii cucme.Ubl .. 

llpe .UJI0;KeHHaR CIICTeMa IICII0Jlb3YeT 0,!IHH BepT~KaJJbllblii nonopoT ny'lKa II Me,llllUHH

CKYI0 Ka61111y. Uce Marm1T11b1e a.11eMeHThl cncTeMhl 11eno,11n11;i.;HhJ. Pa3Meph! .. npocToii 

llJIOC'KOii CJICTeMbJ" n JII06bJX BapnaHTaX MeHbIUe, 'ICM B JII06bJX Bpar.uaeMhlX CHCTeMax. 

TaKaR, rncTeMa ne o6ecne'IHBaeT ecex 11anpaeJ1eHJ1ii 06.11y•1emrn ( 47!'). HO ,1111anaaou ,110-

rTyn11b1x 11anpaBJ1em1ii ,ll0CTaT0'fH0 BCJIHK (2, 811"). ,·YBeJlll'leHIIe MaKCIIMaJibH0ro yrJJa 

nosopoTa ny'!Ka B MarnnTe ,ll.llH yaemt'leHHH ,1111anaaona ,11ocTynHhlX Hanpan.11ett11ii npn

B0JIIIT I, YBf.'Jlll'lf.'111110 paaMepoB II M0l.UH0CTII MarHHTa, II K 60.11ee CHJlbHOil 38BIICIIM0CTII 

Kil'lf'CTBa cpoKycupoBKII OT nanpaBJJeHJiH. O,11naKo Ka'feCTB0 cpoKycnpoBKII Mo;KeT 6b1Tb 

B 11p1111111111e YJIY'IUJell0 npnMellf'HlleM c11euncp11'1ecKoii TpancnopTHpOBKH ny'!Ka OT ycK0-

pllTP.lR I..: C:-JICTf.'J\lf.' 06.11y'!ell11R (i], 
( '1wTe111a l\lOiKeT 6b1Th m:no.1b30Balla ,!IJIR Tpa11c11opT11pomrn ll);'IKOD ,C 6oJiblllllM <!Ja-

30Rhll\l 061,eJ\lol\1 (nanp11Mep. 12 MM XMpa,11). 110 yaeJ111'le1111e dP/ P np11a~,1111T K yaem1'!e~ 

111110 B<'pT11KaJJ1>110ro paail.1epa i1y•1Ka na MHUJe1111 np11 60.11b1UHX yr.11ax nonopoTa. Ha,110 

0Tl\lf'TIITh. '!TO II c.1y'!ae IICII0Jlh30Balll!H ny'IK0B C aH0M8JlbH0 M8JlbJMH pa3MepaMH (none

))f''llll,IP cpaaon1>1e pa3Mepb1 nopR.nKa 1 MM x Mpa.n. d P / P < 10-3 ), KoTopb!e MoryT 6b1Tb 

II0JIY'l('llbl II0CJI{' BblB0,lla llp0T0IIII0l'0 ny'!Ka 113 c1111xp0Tpo11a H- Ha nepeaap.11,!IKe IIJIII 

11or.1r :11e.nJ1eH11oro BblB0,!la 113 c1111xp0Tpo11a C 3JleKTp0HllhlM 0X.118iK,llCHUeM ny'!Ka, "npo

CTaH 11,l0CKaR CIICTeMa.. M0iKf.'T pa6oTaTb oco6emto ycnemuo II no3D0JIHCT yneJIH'lHTh 

yrm,1 nonopoTa n Marn11Te. 

TaKIIJ\I o6pa30J\I, om1ca1111aR Bbl Ille "npoCTaR IlJI0CKaR. CllCTeMa" flBJIHeTCR K0Mnpo-

1\IIIC<'0!\I !\lf'iK.llY rnoiicTnaMII CIIC'Tf'Mhl II ee um1oii. Ona Hf.' RBJIRf.'TCR ymmepraJ1bl10ii 

OIITll!lla.lbHOii ('lll'Tel\lOii Tpanr11opT1lf>0BKII ny'IK8 I..: MllUJCHII. 0,!lllaK0 IICil0.Tlb30Ba1111e 

llj>0<'Tl,IX IIJI0CKIIX ('Jl('Tf'J\1°
0 

n npaKTIIKf' HJ)OTOIIJIOii II IIOIIHOii Tepa111111 t..:aiKf'T('fl 0'feHb 

110.1r;i111,1111. 

I. BbJBO.Jbl 

B pa6oTe npr.llJI0iKellbl II i,;paTK0 0llllCilllbl HeCK0.~bK0 II0BhlX BpamaTeJlbHblX II JIJI0C

KIIX ('fl('Tf'l\l 11.rn Tpa11cnopTnpoBKII ny'IK0D npoT0II0D II II0H0D yr .11epo,11a K rop113011-
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THJlbllO J1c;i.;au1r.My 11a1111c11Ty, (B l(CJlflX ~ll<OIIOMHII MCCTa 11pocTpa11r'l'll<'llllhlC CXCMl,1 

CIICTCl'\I ,IIJIR Tpa.11cnopn1p0B1<11 HOIIOB II Ol1TH';lec1rne cxeMbl Bcex CHCTeM ony1ueHbl). aT11 
CIICTCl\lbl 11Cfl0Jlb3YIOT nepeMemaeMyJO B npocTpaHCTBe Me,IIHUHHCJ<YIO 1<a6n11y H eTa.H
,11apTHbli"i CIIMMeTpH'IHhlB ny'IOK Ha BXO,lle. 

Ilpe,IIJIOiKeHHbie apaw,aTeJibHble CHCTeMbl ,IIJIR 06Jiy'leH11.R Jie)KallJ,IIX nauneHTOB BblllOJI
HRIOT nee Tpe6onamrn Me,IIHKOB. Ilo HallieMy MHeHltlO OHU ,nerneBJie, 'leM Bee on11caHHble 
pa.Hee CIICTeMbl. II MOI'YT 6bJTb pe1<0MeH,110BaHbl ,IIJIR 6onee no,11po611oro IICCJie,IIOBaHHJI JI 

IICilOJib30BaHlrn B 6y ,nyw,ux npoeKTaX. 
Ilpe,llJIOiKeHHaR ,. npoCTM IlJIOCKM CIICTeMa." OTJIIl'la.eTCH OT o6opy ,11oaam111 o6bI'IHOro 

I'OJ)ll30HTaJibHOI'O KaHaJia. Jlllllib O,IIHHM ,IIODOJIHIITeJibHbIM MarHHTOM II Me,IIIIUIIHCl<Oii Ka-

61rnoii. 3Ta. CJICTeMa. He npeTeH,11yeT Ha y1111aepCMbHOCTb, HO MOiKeT 3aMeHllTb o6bl'I

Hble BpamaTeJibHbie CHCTeMbl ,IIJIR 6oJibllIOii ,IIOJIH na1..u1eHTOB II cyw.ecTBeHHO pa.CllIH))IITb 
B03MO;+;HOCTII •• ropH30HTaJibHbIX ny'IKOB ... CneTeMa. 06Jia.11a.eT MaJibIMII pa3MepaMII II ue

HOii. "IlpocTaJI llJIOCKM CHCTeMa" MOiKeT ll03BOJIHTb 6e3 6oJibllIHX KamnaJibHbIX 3a.TpaT 
npoBeCTII nepBbie ODb!Tbl no o6Jiy'leHHIO nauueHTOB IIOHaMJI C pa3HbIX HanpaMeH11ii. 

B11e.11pem1e IWMllpOMIICCHblX "npoeTblX llJIOCKIIX CIICTeM" B npaKTIIKY npoTOHHoii II 
JIOHHoii Tepamm IrniKeTCH BllOJIHe onpaB,llaHHbIM. 

B 6y .11yrueM I\IOiKHO OiKJl,lla.Tb pa3HblX M0,1111cf:>11Kaunii npe.llJIOiKeHHblX B .lla1111oii pa6oTe 
apamaeMblX II ll,TIOCKIIX CIICTeM. 

B npoeKTllpyeMblX ueHTpax npoTOHHoii II llOHHoii Tepamrn B ueJIRX DOBbIWeHII.R IIX 
:i<l><ll<'l,TllllllocT11 11onc:i110 11pe,11ycMa.Tp11naT1> 1111 6a.1<' o,1111oro yc1<op1tTCJIR 11ecKoJih1<0 npa

maTeJibHbIX II HeCKOJibKO IlJIOCKIIX CJICTeM. 
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MCCJIE,ll;OBAHM.H O,ll;H03JIEKTPO,ll;HOro 
MMTIY JlhCHOro B'9-P A3P .H,ll;A KAK MCT0'9HMKA 
B03BY)K,ll;EHM.H ,ll;JI.H ATOMH0-3MMCCMOHHOH 
CTIEKTPOCKOTIMM 

C.H. T10m101tHunoa, D.H. Hla.t1..R.nuu 
061.,crlt111f1111b1ti 1111cmumym J1dep11b1J: ucc;1erJ0Bwwt1, ,L(y611a 

llp11eo.1111TCJI pe3yJ1bTaTbl 11cc.11e,11oeam1i'i O,IIHO3JleKTJJO.llHOro IIMIIY.llhCHOro 
BL{-pa3p11.11a KaK IICTO'-IHHKa eo36y)K,11emu1 cneKTpoa .llJIJI atta.11113a cocTaea 
ra3oe, )Kll.llKOCTei't 11 TBep,llblX Te.II. IlapaMeTpbl rettepaTopa c.11e,11y10ume: 
cpe,11tt1111 BL{- (40 Mru) MOutHOCTb 150 BT, qacToTa noeTopem111 11Mny.11&coe 
1-200 Kill, ,!l-7I11TeJ1bHOCTb IIMllY.llbCa 2-JQQ MKC. IloKa3aHo, '-ITO 11p11 IICl1OJlb-
3OBamlll pa6oqero raJa Ar II cneuna.nhHO CKOHCTpynpoBattHhlX ropeJJoK B pa3-
p11,11e ,IIOCTJlraeTCJI llJIOTHOCTb 3JleKTpOHOB ~ 1016 CM-3 , a TeMnepaTypa BO3· 

6ya.:,11e111111 ~ 6300 l\. Ilpn 3TOM npe,11eJJ 0611apya.:em111 TaKux 3.~eMe11Too. KaK 
Ca.Cu.Fcl\".Na,l\Ig.Aln,Pb.Sr,Zn. cocTaBJJReT ~ 100 MKr/JJ. Pacxo.1111J1aa
Moo6paa,\·1omero raJa ~ 0, .5 JJ/M1111. rpa,11y11poeo'im,1e rpaqmKH m111ei1u1,1 n 06JJa
cT11 KOIIIIC'l!Tpa1111i1 100 MKr/.11 - LOO Mr/.11. CTa611JJhHOCTh cnrua.11OO n IIIIKe Ha 
yponm· '.!'¼ .. 

The Investigations of One-Electrode Impulse RF Discharge as an 
Excitation Source for Atomic Emission Spectl'oscopy 

S.J. 1'yu.tyu.nniko11. V.N. Shaliapin 

The result.s oft.he investigations of one-elect.rode impulse RF discharge al'< spec
tra excit.at.ion source for the analysis of composition of gases, liquids and solids are 
represented. Parameters of the generator are: average RF (40 MHz) power 1,50 W. 
frequenc,,· of pulse!'< repetition 1-200 kHz, cl11rat.ion of a pull'<e 2-300 11s. It ii'< 1<hown, 
that by using of support. gas argon (Ar) and specially designed torches the elec
tron densit.y ~ 1016 cm-3 and temperature of excitation ~ 6300 K are achie,·ed. 
The detect.ion limit of such elements. as Ca, C:11. Ff. I\", Na, Af g, Afn. Pb. Sr, Zn. 
is about ~ 100 /Jg/L. The flow rate of Ar was ~ 0 . .5 L/min. The calibration dia
gram!' are linear in the range of the element concentration 100 11g/L - 100 mg/L. 
Stability of the peak signals was at 2% level. 

l. Bsc.nemJ<" 

U IHH'TOIIUIC'(' B(lf'MII ,IIJIH clTOMII0-;1M11rc1101111oro clllcl.lJll3cl COl'Tclllcl UCIUN'TB illll(>Ol-.:0 

IIC'nOJlh:JYIOT<'II lll'TO'IIIIIKII A036)'iK,llf'IIIIA <'llf'KT()Oll (IIBC') 11:)JIY,-H'IIIIA llcl OnlOAf' 1111.ll)'lo:-
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THDHO-CBJt3aHHoii HJia3Mhl (HCII) [1,2). l1BC Ha ocH011e YICfl nMeeT pn,11 HecoMHCHHhlX 

11pe11111yUJ,eC'tll 110 cpauuemuo C ,11yr0Uh!Mll, HCKJJODhlMH U Jia3epllhlMH HC'rO'lHIIKaMH. Ok 
11aIw Oil IIMeeT II 311a'IHTCJlhHble HC,IIOCTaTKH. 

l. Heo6xo,11111110 11cnoJih30DaTh O'leHh CJIO)KHh1ii Dh1co1<0'1acToTHhlll (BY.) re11epaTop 

BhlCOKOii (HeCKOJihKO l(llJIODaTT) MOUJ,HOCTH. 

2. BoJihllloii pacxo,11,11oporocTO.flUJ,ero nJia3Moo6pa3ytoUJ,ero ra:Ja apro11a (~20 JI/Mun). 

:i. Ub!COKa.R CTOIIMOCTh np116opa II aHaJIH3a. 

13 .. 1a11Hoii pa6oTe ,IIJl.fl 3JICMCHTHoro allaJI113a BCUJ,CCTU npe,11JiaraeTC.FI IICil0Jlh30DaTb 

11on1>1ii TIIII HBC Ha ocuoue 1111,myJihcuoro o,11uo3JIeKTpo,1111oro ca111ocTa6um1a11py10meroc.11 

U~l-pa:3p.11,11a c auT01110,11yJI.11u,11eii (OBP) (3] c u,eJihlO ana'!HTeJihHoro coKpaUJ,eHHJI CI-'e,L1-

11eii l3Ll-11101.1..1HoCTII, YMCllhUICHII.FI paCXO,l\a aproua II IIOHHiKeHH.R CTOHMOCTH npu6opa no 

cpau11ell1110 c llBC Ha ocuooe HCfl. flpe,11110JiaraeTc.11, '!To aHaJIHTH'iCCKHe uapaMeTphl 

HBC Ha ocHoDe OBP ne 6Y.l\YT cymecToeuno OTJIH'iaThcJI OT HCil. 

2. ::)1<cr1epHMeH'r. MeTO~HI<a H H3Mepem1e c})H31-l'IeCI<HX rrapaMeTpOB 

l)c\Jl).H~IIOH Il.Tia3MLI 

-

P11c. 1. Cxer.ia 3KcnepmIenTa 

OcuoBHbie napa111eTphI renepaTopa: cpe,l\HR.fl BLl-11101.1..1nocTh - 150 BT, DbIco1<oe ua

npniKeHne - :\ 1,U. paa111epbl - 25 X 30 X 20 Clll, ,l\JIIITCJlbH0CTh IIMilYJihCa renepaTopa -

2-:IU0 r.11,c. •1c1cT0Ta 110BTO(leHIIH 1111111yJihCOB oT l ru J'(O 200 1d'u. Cxe111a 3KcneIm111e1iTa 

I11w;IcraoJieHa 11a puc.1. cJJopr.rnpooan11e paapn.11a ocyIuecTBJI.ReTc.R I,aK B cTaunonap

HbJX ye.10BIIHX (11a11pm1ep, B D03.IIYXe), TaK II B IIOT0J,e pa3Jill'lHhlX I!Jla3M006paay101.1..111x 

raaon. l'a3 ( I..:aI.; npan11J10, .-fr) 110,11aaanc.R B pa3pH/I •Iepea KBapueaylO Tpy61,y ( 4) ,1111a-

111eTpor.I 4 !\If.I. Tpy61.;a II0l\lell~aJiaCb Henocpe.11cTueHII0 Ha DhlCOKOBOJlhTHhlii 3JICKTPO.LI 
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(a) re11epaTopa ( 11). ll3l'OTOBJleHII0l'0 113 Me1'aJIJIH'-leCK0I'0 UHJlllll,llpa .llltaMeTp0M 3 MM 

C 31\0CTpeHHbll\l I..OHl(0M' Paaplt,!1 cpopMllpOBl\JIC'lt n l<aMepe 113 11ep1Ka8f'IOU(f'Ii CT8Jlll (2) 
11/111 :1!111111'1'1,I j>('l'lll"l'PIIPYIOIU«:'ii l\lllllt(>fl'l'YJ>f.l OT B1 l-11:i;1y•w111tH, O11'1'11'1!'1'1..0(' 11:IJIY'll'

Hlle 113 06J1acT11 paapn,11a cp0Kyc11poaa.11ocb Knapueaoii .i111113oii ( 5) 11a axo,1111y10 meJih ( 6) 
cneKTpoMeTpa S3804 (7) (cpnpMa "CoJiap THH", BeJiopyccm1 - RnoHH.fl, nporpaMMHoe 

o6ecne'-leHne PCLLINE Toli :iKe cpnpMbt). CneKTpoMeTp BKJIIO'-laeT 4 cMeHHhie ,1111cppaK

I..\H0HHble pemeTKII C pa60'-1ei':i o6JiaCThlO no ,IIJIHJl8M B0JIH 200-1100 HM II propeme1111el\l .il0 

0,1 HI\!. .ll;eTeKTOJ)OM (8) .flBJl.flJl8Ch 2048-3JieMeHTH8.fl II3C-JIHHelJKa C pa3MepoM IlHKC'e.11eii 

14x200 MKM. CnrHM (' ,11eTeKT0pa '-1epe3 IIHTepcpeiic (9) no,11aBaJIC.fl Ha nepCOHa.JibHhlii 

K0MilblOTep (10). Pacxo,11 aproHa C0CT8BJl.fl,l 0.4-0,6 JI/MHH. 

A11a.1111Tn'-lec1rne B03M0:iKH0CTII HBC onpe,11eJI.fl10TC.fl ,IIBYM.fl cp11311'-1ecKu11111 napaMe

Tpal\111: TeMnepaTypoii B036y:iK,11eHll.fl - Te II IlJI0TH0CTblO 3JleKTp0H0B IlJl83Mhl - 11,. 

IW'l'0pbl<' 11:JM<.'IJHJll!Cb KJlaCCll'l<.'CKIIMII IIJll\31\H'IIIILIMII M«:'T0,1\81\111: '/~ OJI)'<' Jlf'JIHJla!'h JI0 

cooT11owe111110 1111Tem·11n11ocTeii J1111111ii reJill.fl H el, ao,11opo,11a H, .4.1'1 11 l\le.!111 Cu I (ypa11-

11e1111e BoJibUMaHa [5]): 11, - no w11p1rne JIIIHJIH 6aJ1bMepoacKoii cep1111 mrn11ii no,11opo.aa 

Hc1 (puc.2) 11 .·fr/ [5) (wTapKoBcKoe yw11pe1111e). 

H !>J 

3 2 7 I 

2 ♦ J 7 

l I l 8 

81 S> 

~: 1000:m, ,zt:=2•)0 
Dd•:ll.o+2001 ?;m.:07:H:2♦ u,ur x,,,,,. ,u.,;,v, c ...... ,. 

~l 

2 

ms, 

Puc. '2. CneKTpbt 113JIY'-leHll.fl c JIIIHll.flMII H,_i ( 1 - H,3 c MaKc11MaJ1hHoii w11p1rnoii. 2 -- Ii,_, 
C l\llIHll!llaJlbHOii w11p1111oii) 

'11,1.110 II0Jl~"l<'II0, 'IT0 M8KCIIM8Jlhlll,1<' :llHl'l<'IIIIH T~ II llr t'0CTllllJIIII0T: T~ = ((l:l()l) ± 
1000) K.a 11, = (l.05±0.2)101,;cM- 3 • :J11a'-leHU.fl 3TIIX napa111eTpoa6J1JtJKJ1 K napa-

111eTpar.1 n.rnalllbl IIBC Ha ocHone IICII. B 3Kcnep11111eHTax TaloKe onpe.ile.rn.rnch 3aa11c11-
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MoCTb lie OT/ (p11c.3). :.:ha 3aBHCHMOCTb HMeeT '-leTKHii MaKcHMYM npn / = 5 Kfu. B 
OTJlll'-llle OT 11t. Ta npa.KTH'-leCKJi He 3aBHCHT OT '-laCTOTbl / H COCTaBJl.fleT T ~ 6000 K. 

CneKTpbl H3Jty'-leHHll OBP-nJiaaMbl aua.J1on1'-!Hbl cneKTpaM HCil-ncTo'-IHHKOB. Ilpn 

3TOJII JIIIHHii ll3JIY'le1Ulfl, COOTBeTCTBYIOlUHX MaTepnany 3JieKTPO,Lla, He Ha6JIJO,LtaeTCJI 

(npn C'OOTBeTCTBYJOlUeM no,L16ope cpoKycnpoBKH H3JIY'-leHHll). 

:L :JKCIIC'(>IIMC'IIT. Onpe)le.11enne ana.TIHTH'lec'I<HX napaMeTp0B 

(' ue.1b10 onpe,lleJieH1111 aHMIITll'-lec1<11x xapaKTep11cT111< HBC Ha ocHOBe OBP 11 11ccJ1e

.llOBa111111 napaMeTpOB paap11,L1Hoi"i UJla3Mbl 6blJIII paapa6oTaHbl CUCTeMbl BBO,lla B paapll,ll 

Belllel'TB B ra3oaoii II iKll,LIKOii cp~ax. Pa6o'-lnii ra3 Ar CJIYiKHJI .llBYM ueJ111M: 

1. IlpocTpaHCTBeHHo-epeMeHHaJI CTafoJJIH3aUHJI paapll,lla: 

2. flo1ta'-la n o6JiaCTb pa3pll,Lla 11ccJie,L1yeMoro ra3a (3iKe1<TopHb11i uacoc) 11JI11 iKH,LIKo

l'TII (YJibTpaaay1<oeoii pacm,1J111TeJib ( 1), pnc. l) . 

. ]. J. A 1/.(1,,f 11.J 2ll.J06 

(' ueJib)O IICflOJlb30BaHHll npn6opa B J<a'-leCTBe raaoaHaJIH3aTopa 6bJJIH npoBe,LleHbl 

113Mepemrn no KOHT))OJIIO COCTaBa aTMOCcpepbl B H30JIHpOBaHHblX UOMemem111x (TaK Ha-

3b1Bael\lble .. '-IIICTble KOM)iaTbl" ,LIJIII pa,1v1oaJ1e1<TpOHHOli npOMhlWJleHHOCTH). Ilo 3a,LtaHHJO 

3aKa3'-IHKa KOHTpoJiupoaanocb co,L1epiKaH11e yrne1<11cJ1oro raaa CO2 u KHCJiopo,Lla 0 2. Ilo

ncK y.ao6HblX cneKTpaJlbHblX IIHTepBMOB per11cTpau11n II KaJIH6pOBKa npu6opa no a6co

JIIOTl!bl~l 3Ha'-lellll11M KOHUeHTpaunii ocyweCTBJIJIJiaCb BBe,LleHHeM B paapll,ll '-IIICTblX raaoa 

1\"2, 02, CO2, .flimeiiHOCTb '-IYBCTBUTeJibHOCTII npoaepllJiaCb nyTeM paa6aBJieHHJI IICCJie

JlYe~1oro rr13a .ll0 uyaa1oii K0HUeHTpamm. 
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Pue. :l. :Jaa11rm1orTb IIJIOTIIOC:Tll 3JleKTp0H0B 11, OT '-laC:T0Tbl 00BTopeHIIII IIMDYJibC0B / 
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IJ 11;11\l<'(>C'llllflX 61,IJIO 061rnpy;+;C'IIO, '11'0 11:lJIY,l<'llllfl M0JIPl,yJlflpllhlX n1:1on iV2, ('()'.! 

npaJ,Tll'JeCKII COlllla)\aJoT. llpu 3TOM B aTMocct>epe npH HOpMa.JJbllblX YCJIOlHI.IIX CO,!\Cp

iKIITC.11 i8% N2 11 acero JJHWb 0,03% CO2, O,QHaKo 6b!JI 11an)\eH cneKTpa.'lbHb11i nHTepaM 

n paiio11P 38!i IIM (pnc.4), l',lle Y.llMOCh ,I\OCTH'lh noporoaoro ypoBIIR 'IYBCTBIITeJlbllOCTII 

npu6opa (0, 05 ± 0, 015)% CO2 • ~JI.II uaMepe1111.11 Kom~eHTpa.Lorn 02 6b1J10 Bb16pa110 11a

J1)"rr1111<' flTOMapnoro KHCJIOp0,lla O I C ,l\JIIHIOii DOJ!llbl ii5 ,5 HM. 

DblJIO IlOJIY'Ieno, 'ITO CHl'HaJI BblX0,!\HT Ha IlOCTO.flHHbiit ypoBellh 'tepea 5 MHHYT nor JI(' 

UKJII0'l('llll.11 ll<'PX (_'IJt'T('M 11p116opa. lloCJlf' ~IT0l'0 CTcl6HJlbllOCTb YJ>0IIIIH C'lll'II/IJl!t r.oxpar111-

eTCfl 11a ypoane 2% n Te•1e1111e 3 'laC0B pa60TLI. HaMepemrn npoBO.!IHJIHCb B noMelllPHIIII 

o6bel\lOI\I 8 1\13 D npucyTCTBHH 2 'teJIOBeK. 

Ha pnc.5 n01..aaanb1 rpacpmm 11aMe11emrn i..onuenTpauuii CO2 11 02; B na'!MhHhlii 

MOMCHT BJ)CMCHII CIICTeMa BeHTHJl.flUHH OTKJIIO'teHa. B Te'teHne 30 MHHYT KOHUeHTpauu.11 

CO2 ~·aeJJll'IHUflf'TCR .110 (0, 3 ± 0, 03)% (npe.11eJ1bHo .11onycTHM1tfl 0,5%). Ko11uenTpa1111F1 

0 2 namtrT e 21 11c, .110 (20. 5 ± 0. l )%. llpn a1rn10qe111111 ae11T11J1.11u1111 n Mol\lewr I = :JO 1\11111 

aTl\loccliepa n 1..oM1taTe noccTa1iaeJ111eaeTc.11 qepea l MHH II coxpa11.11eTrH H T<''-lellllf' Hc·rro 

npellleHII I..OHTp0.~.fl (3 qaca). 

2.0 

1S 

2 

10 

-► E 5 -a. 
:::, 

5 

.li10 410 390 390" 370 380 
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P11c. 4. :', 'qacTOK cneKTpa 113/IY'ICllll.fl: l -- 110/l0Ca 113JJY'letnt.fl co'.!. 2 - 110/lOCa H3Jl~"te

HH.fl .\"2 
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Puc. 5. ll3MeHeH11e KOHUeHTpaunii CO2 11 02 

.).J. Aua.,111.1 .>1euo,wcmdi 

II p11 1\IIIIJlll3<' iKll,/\KOCTf'ii KRJ1116pooo•t11ble pacTnop1,1 npHr0T0BJUIJIHCb no C'Ta11,11apT

Hoii I\IeTo,11111<e. np11HJ1Toii B HCII-cneKTpocKonnn (4). 
Ha p11c.6 noKa3aH cneKTP 113JIY'leHII.II npn IIHJKeKUIIII B pa3p.R,!1 BO,!IOnpoBO,!IHOii BO,!lbl 

C !I06aa1<ofr CBIIHUa 10 Mr/ JI. BpeM.R 3KCn0311UHII . 100 MC. Ilo HHTeHCllBHOCT.RM IlllKOB 

6b!JIO noJJy'leHo. 'ITO K0HUeHTpau1111 Fe npnMepHO B 3 pa3a npeBblwaeT npe.lleJibHO ,llO

nycTIIMYlO no caH11TaJ)HhlM H0pMaM ,llJIII nUTbeaoii BO.lib!. h:0HueHTpau11.11 /11 g npuMepHO 

B 10 pa3 MeHbUie, 'leM B MHHepa.nbHOli BO,lle ''KaUIHHCKa.R ... ¢HJlbTpoBaHne B0,llbl 'lepe3 

CTaH.!lapTHble QJIIJlbTPbl Tllna "Eapbep" npHBO,!IIIT K yMeHbWeHHlO K0HUeHTpaUHH KaK 

IIOJlf'3HblX, TaK II epe,llHblX 3JJeMeHTOB Ha 80%. 
B ~iKcnepm.tewrax 6bIJJo noKa3allo. 'ITO 11pe,L1eJILI 0611apyiKeHH.R 3J1eMe11Toe: Ca, S1·. /{, 

1\i a. F c Pb.Mg. M 11, Z 11 e pa3JJH'IHbIX BO,!IHbIX pacTeopax cocTaBJJ.RIOT ~ 100 MKr / JI. 

Ikno.U,3~:>BaH11e ,lleTel..Topa C 6oJJbWUM pa3MepoM .R'leeK II C OXJIRJK,!leHHeM, a TRKiKe np11-

Me11em1e corJJacoeaHHOii onTIIKII no3BOJIIIT noHll311Tb npe,!leJI ,!leTeKTUpoeaHit.R MHHIIMYM 

ua 11ea nop.R,!IKa. 

6bl.'IO nonyqeuo TaKiKe. 'ITO rpa,11y11poBO'IHble rpacpllKII np11 ll3Mepeunn COCTRBOB 

)Kll,llKOCTeii JIIIHeiiHbl D ,1111ana3oue KOHUeHTpaunii 3JleMeHTOB 100 MKr / Jl - 100 Mr/ JI. 

On.1eT11M TflKJKe, 'ITO BY-MOIUHOCTb DKJJa,!lb!DfleTc.l! B ropa3,!IO MeHbWni·i o6'beM nna3-

Ml,1 (;11111MrTp.11nn:1Mf'IIIIOi·o 11111ypa 0.2 MM), '1<-'M IICII (,1111aMeTp 2 c111),·np11 ~•TOM YJl<'Jlb· 

Hrut 111\mynbcHa11 BY-MomuocTb ,llOCTHraeT 10 KBT. 

-1. B1,1ttOJlhl 

I. I loKa3a110. •no a11aJ111T11_qeci..11e ceoiicTBa ttonoro HBC' Ha ocuoae OBP 11p116JJ111Ka-

10lT.R K llUC' 11a oc11one IICII. 

:.!. 1113(' 11a on1011e ODP IIMeeT p.R,ll noTpe6wreJlbCKIIX npeHMylUeCTB no cpanneHHlO 

c IIBC' ua ornoae IICl1: 

• C'pe.llll.RII l\tournocTb BY-reuepaTopa - 150 BT. 

• Paexo11 nJJa3Moo6pa3y10mero ra3a (apron .·fr) - 0.5 n/MHH 

• 1-lllJKaJI CT0III\J0CTb npn6opa II a11aJ111Ja. 
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1\·ll,1 .Ci1m1·011ap11M B.<I>, Copo<m1m II B./~. J,011n•1c11c1<0i'o :m cj>11111111co11y10 110111\l'piK1,y 
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,L(MArHOCTMqECKMH KOMilJIEKC 
3JIEKTPO.H,L(EPHOH YCT AHOBKM 

A.B. KapnyzuM, H.M. Jlyc'inoo, A.A. Ma,,ibqeo, M.A. Ma,,ibqeo, 
M.B, Mac,,iooa-I'ycanooa, B. A. Cmenanen"o, A. r. ,Z,eaynoB 
06t.u)1111e1111b11'1 rmcmumym J1oep11b1x ucc.11eooaaut1tl, J.(y6ua 
A.P. Ky3bMU1'e8 

lfr,u61111c,wtl cocyrJapcmtH,Hllblu me.r1w14ec1,;u1l y11uaepcumem 

A.H. Me.lZbMUnooa 
I'occma11oap111 Pc:/J. Morn6a 

l1pe.11cTaBJieH KOMnJieKc .11eTeKTnpy1011mx ycTpoi'icTa, npe,11J1araeMhlii ,11J111 Kop
pem1poaam11,1x ll3Mepemti'i OCHOBHblX napaMeTpOB II xapaKTepl!CTHK 6blCTpo
npoTeKalOUUIX ( f= 1 MKC) 3JieKTpOJI)lepHb!X ll TpaHcMyTaUIIOHHblX npoueccoa B 
11.11epH0-3HepreTJl'feCKOii ycTaHOBKe. KoMilJieKC co,11ep)KIIT OilTIIK0-3JieKTpOHHble 
II cneKTpoMeTpll'feCKlle ,lleTeKTHpy10w11e CIICTeMbl, pa60TaJOW11e B peilmMe pe
MbHOro apeMeHn Ha JIIIHIIII c 3BM. 

The Measuring Complex of Electrouuclear Installation 

A. V. K m·pukhin et al, 

The aul.omated complex of detection of devices, int.ended for correlat.ed mea
surementi- of basic paramet.ers and characteristics of high-speed (t=l mks) elec
rronuclear and transmut.at.ion processes in subcritical electronuclear reactor, con-
11<·c·tetl with proton accclerat.or, ii- described. The complex includes the optic
f'lf'ct ronic- and t.he spect.rometer detecting systems, working in a mode of a real 
time 011 line with the computer. 

(k11on1taR llf'Jlb ,11a1111oii CT8Tbll - rt0Ka3aTb nepc1teKTHBH0CTb ttay'IHblX ttanpaaJJe-

1111ii. paapa60Ta1111btX no,11 pyKooo,11cTB0M B.11.Capauueoa, o 'laCTH0CTH - HH<~paKpaCHoii 

yn;opnTeJibllOii, .anarll0CTIIKII, K0T0pM M0iKeT ttaiiTII npuMettettne npn HCCJIC,/I0BaHHH 

3.11eKTpo11nep11oro cnoco6a_ noJiy'leHH.11 ::mepr1111. 

Y·rn,1113l\UIIR II0BblX II HaKOnllBWIIXC.11 pa,IIH0l\KTIIBHblX 0TX0,ll0B aTOMttoi'i npoMblW

.~f'HH0<'TII, 3HeprPTIIKII, BKJIIO'IM WJiaKU TeUJJOBblX ~MeKT))OCT8.HUHfl H MeTa.JJ./lypru'fe

l'IWl'0 11po11:Jll0/l<'Tllll, IICII0Jll,:1yl01UIIX KRMCIIHhlii Yl'0Jlb, - 0,/IHi\ 113 aKTYRJibllblX 1tpo6JJeM 

conpr~1r1111ocT11 [I). 
B O6be,111111e11110M IIHCTt1TyTe .11,11ep11blx 11ccJ1e,11onam1ii (Ol1HH) ,'laa110 nc.nyTcJI pa-

6oThl 110 rt0IICKY' ll3Y,H'IIJIIO II IICCJ1e,11oaa111110 3K0JI0l"ll'leCKH 'lllCTblX 11 6eaonac111,1x cnoco-

608 110.1y1.Je1111.11 aTOMHOI'i 3Heprtm H nepeoo.na pa,1111oaKTIIBHblX H30T0U0B B neitTpaJibHbte. 

B llcl<'T0RUH'f' opn,IR npopa6aThlB8IOTC.II npoeKTbl ('03,llallll.ll Ha 6aae npoT0HHblX ycKopu-
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TeJiei"i OHRH cnHxpocprooTopoH-HYKJIOTpoH (2) u cpaaoTpoH [3) J1,llepHo-:mepreT1P1ecK11x 

ycTaHOBOK, cnoco6HbIX o6ecne•rnTh Mo,11em1poaam1e 3JieKTPOJI,llepttoro cnoco6a noJiy'Ie

HIIJI 3Hepr1111 II 113Y'leffll{' 3cpcpeKTa ,lleJieHHH ',110JII'O)KIIBYIUHX TpaHcypaHOBblX HYKJill,110B. 

C ue.'lblO IIX 11eiiTpa.1rnaaunn ( nepeBO,lla B l<OpOTKO)KHBYIUHe). 

Ba)KHOe MeCTO B 3THX npoeI<TaX OTBO,llHTCJI ,llHaI'HOCTll'IeCKOMY KOMilJieKcy, npe,11Ha-

3Ha'IeHHOlllY ,llJIH KOHTPOJIJI II aBTOMaTn'IeCKOI'O ynpaBJiemrn ycTaHOBKOII 6J1aro,11apH 1wp

J)C'Jlllpo11a11111,1r,1 11:Jlllt'P('IIIUIM pa:JJlll'lllblX ll3Jly<tc11Hii (11mppa1<pac11L1X, pe11Tre11onc1<11x. 

raMMa-). :3TII ll3JIY'IeHJIJI xapaKTepll3YIOT OCHOBHhle napaMeTl~hl ny'IKOB 3aJ)JI)KeHHhlX 

'JaCTIIU II oco6eHHOCTII npoueccoB, KOTOpble npoTeJ<alOT B IlO,IIKpUTll'IeCl(Ol',I peaKTOpe. 

l'Oll()HiKl'IIIIOM l' II ()OTOIIIILll\l Yl'IWl)IITc>JICM. 

CJIO)KHOCTh npo6JieMhl COCTOIIT B TOM. 'ITO H3MepeHll.fl Heo6xo,111111to BeCTII Ha Bhl

xo,11e npoTOHHoro ny'IKa 113 ycKopnTeJihHoro KaHMa II BHYTPH KOIICTJJYKUHH c6opi,:'11 
. . . 

pea1,Topa. B 31,CTpeMaJlbHhlX YCJIOBHJIX BhlCOKOI'O YJJOBHJI IlOCTOHHHhlX II m,myJihCHhlX 

3JieKTpoMaI'IIJITllblX, pa,1111au110HHhlX II Tel!JIOBblX 110111ex. :3To Tpe6yeT pa3BIITll.11 cy1ue

CTBYIOIUIIX (4) II paapa6oTKII HOBhlX MeT0,110B ,1111arHOCTIIKII, npe11My1UeCTBeHHO ,IIIICTall

UIIOHHblX. HepaapymalOIUIIX, 6ec1w11TaKTHblX, He BJIHJIIOIUIIX na pa6oTy ycTaHOBKII II Ha 

JICCJie,nyel\lble 6hJCTponpoTeKalOIUUe npouecchl. K TaKIIM HOBhll\l MeTo,llaM l\lO)KHO OT

HeCTII r.1eTO,IIIIKY c1mxp0Tpo11uoii mHppaKpacno1i 11enoaMy1Ua10U(eii yc1..:op'11Tr.JihHoii JIIHl

r!IOl'TIIKII (5]. n11epah1e paapa60Taimy10 n OIIHH. xopowo ce6JI aape1..:0MeH.11onanwy10 n 

Cp1131l'J{'CKIIX 31,:cnep11Me11Tax II cnoco611y10 o~ecne'IJITh KOHTpOJih Ter.mepaTyphl II Te

IlJIOBhI,lleJieHlrn (T.e. 3JieKTIJOH,llep11oro 3HepI'OBhI,lleJieH11H) B ycJIOBIIHX BblCOl..:OI'O YPOBHR 

TCIIJIOI.ILIX, pa,1111au1101111bIX II 3Jll:'KTPOMarmlTIILIX IIMIIYJihCllhlX II IIOCTOJIIIHl,IX IIOJieii. 

ilJIR npoae.11emrn 11ccJie,11onam1ii no nporpa111Me 11ay'IeH11.R 111exaH11a111a a11eproRhlJIPJif'-

111111 II 'l'()cllll'M~"l'1Ulllll B II0.1\Kpll'I'll'll'CKOl\1 peaK'l'ope. COllpRiKellHOM C llpOTOIIIILIM yc1wp11-

Te.11er.1. npe,11JiaraeTCfl KOMHJieKC ,lleTel<TIIPYIOIUIIX aBTOMaTll31lpOBaHltblX IIH(jJOpMau11011-

H0-1131',lepwreJibllblX C'IICTeM, cnoco6HblX o6ecne'IIITb .1111ar110CTlll,y II peiKIIMf' peaJJblloro 

l.lpPMl'IIII Ubll."1'po11poTeJ..:alOIUIIX B H,lll'pllO-:lllep1·eTll'Iel'J..:Oii yera11on1..:1• 11pollf'l'l.'OB. U 0('-

110B~' I..:OMI1JieKca 110.'IO)KeH Ha6op ,lleTeKTllpylOIUIIX ycTpoiicTB, xapa1<Tep11CTlll..:II KOTOJJblX 

npnBe,ileHbl B pa6oTe.(5] . .lleTeKTOpbl B OCHOBHOM paapa6aTblBMIICb II C03,11aBaJIIICb no.11 

yci..:op1tT<'Jihlll;I<' ;n,<'ll<'PIIM<'IITLI. 11po110.1111M1,1e JI OIHIH, 110 3MOiKe11111,1<' 11 1111x 11cx.1MoiK-

11o<'Tll 110380JIHIOT ( 11))11 ('OOTBeTCTBYJOIUeii .11opa60TKe. ('IJJl3alll!Oil C Tf'Xllll'lf'C'KIIMJI Yl'Jl()

llllll!',111 r..:0111..:peTIIOl'U IICCJie,11ona111111 II KOlll,peTHblM T('Xllll'IeCKJIM 3a,11a1111rM) llt'IIOm,:w

BaTh IIX II 11a H,11ep110-:mepreT1I'Ieci..:11x ycTaHOUKax. Kor.111J1eKC COCTOIIT 113 OllTJl'If.'l'KIIX. 

1111<j>par..:pacllblX II t'lleKTj>OMf.'TPll'lf.'t'KIIX ,11eTeK'l'll(JYIOIUIIX ycTpoiicTB. pel'lll.'Tp11py1011urx 

111111m1oe. 11mppai..:par11oe, pe1nre11onci..:oe 11 rar.u,rn-113JIY'leH11e. 

Ha pncy111..:e npe,11cTanJie11a cxeMa 3JieKT))OJ1,llep11oii ycTa110BK11 K~K 061,er..:Ta 11a6JI10-

,11e111111 II IICCJie,lloBamrn. II 3JieMeHTOB .1111ar110CTll'IeCKOI'O KOMUJleKca C OCHOBllblMII ,lleTeK

TIIJJYIOIUIIMII 6JioKaMJI, 

· 11.rn MoH11TopnponaH1111 npoToHHoro IIY'IKa nepe.n ero 11011a,11am1eM 11a 111111ueHb npe,1-

11a;rna•1<'111,1 ('IUIIITIWJIRllllOlllll,lii JIC'TC'l..:T<>p II 1111.11y1..:1111011111,1ii JII\T'llll..:, ( 'tlllllTIIJIJIHllllOll

llblii :wTe1,Top ,. ro.11ocKon11'1eClrnM <l>oToyr.111oiKIITIVIC'M 11:JMep11eT .v11111y np0To1111uro 

11y'I1,a. ero JIOllf'j)f.''IHblf.' pa3Mepbl (npocp11Jib) II pacnpe,11e✓1em1e IJJIOTllOl'TII 'IaCTIIU 11a 

BXO.ilf' n Mnwe11h~KoirnepTop. Bb1cTpo,11eiicTBYKJIUHii HH.IIYKUIIOHHhiii .11aT'IIII..: (none Po

ronc1..:oro) ll3MepHeT TO~ peJIHTIIBIICTCKIIX IIJ)OTOHOB Ha Bbl XO.lie 113 yci..:op11Te,1bHOI'O ny•1-

KODoro 1rn11aJ1a. 
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C'XC'Ma 3JleKTpORJleJrnoii yrTallODKII II 3JleMeHTOD .1111ar110CTll1.Jec1<0ro KOMITJieKca 

13 peaKTope I, 'IIICJIY 11a1160J1ee BaiKHblX o6beKTOD 11a6J110,llemrn II HCCJle,llOBaHml OT· 

HOCflTCR TellJIOIH,l]leJIRIOllllll' 3JleMeHTbl (ypaHOBble CTf'))iKHII). 113 KOTO))blX ua6upa!OTC.fl 

CeKUIIOIIHble 6JIOl..:II. o6pa3y!Olllllt' ypaHOBYIO c6opKy. TenJIOBbI,lleJI.FIIOIUHii 3JleMeHT HMeeT 

rep111eTll'-IIIYIO r,1eTaJJJill'JeCKYIO o6oJIO'-IKY l UIIJIIIH,ll))ll'-leCKoii cpopMbI. BHYTJJII KOTopoii 

llllXOJll('l'CR pc1J1(1011KTIIB11hlii 1\11\T«:'))llllJI 2. 13 3Tmt Jlf'JIRllleMCff ypaHOCO,llf'))iKatueM Ma

Trp11a.r1e O ))f'3YJih'l'11Tf' ero R31111MO,lleiicTBIIR. 0 '-!aCTIIOCTII, C BTO))ll'IHblMII neiiTpoHaMII, 

re11rp11pyeTCII TellJIOlJOt' (11mj,pah:pac11oe) 11:JJ!y<lf'llllf' :1. IIHTellCllllllOCTb KOToporo ll))RMO 

l'llll:rn11a (' llf'Jlll'IIIIIOii nl,IJlf'Jllllllll('iicR ::rnepnm. llmppaKpacnoe 113JJY'-!eHne 3 OT o6beKTa 

11a6.11011e111U1 (ll<'CJlf'J1Yer,10ro y'-laCTKa CTepiKHR 2), BblBO,llHTC.fl '-!epe3 cneUHaJJbHOe repMe

'1'11'11101' oi,:110 4 (11po11yc1..:a1omeC' 11:3Jly<te1111e B .1111ana:1011e .LIJIHH BOJIH 1-8 MKM) 11 nona,11aeT 

Ha ll(Jt'llll3110llllble llOMf'XO)'CToii'-IIIBble IIHTerpMbHblf' ,llt'Tt'KTOJ)bl 8 II 10. a TaKiKe C no

MOlllhlO .ilJIIIIIIIOcj>oKyrnoii (!= 1850 MM) Wll))OKOIIOJIOCHOi'1 3epKaJJbllO·JIHll3000ii OllTHKII 5 
nepf' . .:rneTCff Ha II0311UIIOHIIO·"IYDCTBIITeJibHblii ,llt'Tf'KTll))Y!Olllllii 6JIOK 6. pacnoJIOiKeHHbIIi 

311 30Hoii .ileiicTUll.fl BblCOKOJIHTeHCllBHblX 3JleKTpoMarmlTHblX. pa,11nauuoHHblX II Tt'llJIO

BblX llOMeX. llmppaKpac11oe 113JIY'-lem1e per11cTp11pyeTC.fl ,lleTeKTHPYIOlllllMII 6JIOKaMH -

1131\1t'))IITt',lbllbll\lJI npeo6pa30BaTeJI.RMII MOIUIIOCTII 113JIY'-lt'HH.fl B 3JleKTJ)H'-leCKHii ClffHaJI, 

KOTO))blii Obl]le.1ReTC.fl 11a <pone IIOCTO.flllHblX II IIMllYJibCHblX llOMex 60JibWOii IIHTeHCHB· 

HOCTII OT ycKOpllTe.rn II peaKTopa. II YCIIJIIIBaeTC.fl B 6JioKax i. 9 II 11 (12 - 3TaJJOHHbIIi 

KOHTp0.1bHbiii IICTO'-IHIIK). l1pe11Bap11TeJibHO yc11JieHHble a11a.11or0Bble CllrHaJJbl no Ka6eJib· 

11oii ~rnr11cTpam1 II0,11110TCR Ha IIYJibT ynpaBJit'Hll.fl Ha :1.1f'KT))OHHbH'' 6JIOKII perncTpaunu. 

o6pa6oTJ..:U II 11111,;QJIJl{'llllR ll11CpopMam111 1~. ::)JieKTpOHHble 6JIOKJI 1~1 BblTTOJIHeHbl B CTaH-
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,11apTe KAMAI\ II pa6oTaJOT na JJHHHII c 3BM. O6pa6oTaHHble pe3yJ1bTaTbl IIJMepeunii 

Bbl,11810TC11 B Tpe6yeMOM Bn,11e, Ha1<anm1Ba10'?Cfl B naMHTH 3BM, a TaKiKe HCIIOJlh3YIOTCII 

,IIJIII aDTOMfl.TII'IC'CKOr'O no,11,11epiKa11n11 OllTIIMllJlbllOr'O peiKHMa pa.60Tbl 3JICKTpo11,11ep11oii 

ycTaHOBl<H, 

Ilpouccc D3aHMO,lleHCTBH.II peJJ.IITHBHCTCKHX np0TOH0B C MHUleHblO 113 Tl!iKeJJoro M!'

TaJJJJa. np11 KOTOpOM B03HUKa.eT TOpM03HOe raMMfl.-113JJY'leHne, 0TCJleiKnBaeTC.11 ycTaHo

BJJellHbll\l Ha pacCTO.IIHHII HeCK0JlhKHX MeTp0B OT peaKT0pa. raMMa.-,lleTeKT0J)OM - CUIIH

TIIJJJIIILUIOllllhlM c•teT'IHK0M C cpoT03JJeKTp0111l hlM YMII0iKHTeJJeM, 

OcHOBHhle pen1cTp1Ipy10UU)e ycTpoiicTBa. K0MnJJeKca. HCil0Jlb3088JlHCb B yc1<op11TeJ1b

HblX 3KcnepnMeHTax B YCJI0BH.IIX, 6JJU3KHX YCJJ0BH.IIM 3JleKTp0.11,llepHoro 3KcnepHMeHTa. 

noKa3aB nplI 3T0M BblCOKYIO 3cpcpeKTHBHOCTh, Ha,lleiKH0CTh H CTa6UJlbHOCTb CB0HX na-

paMeTp0B (5]. . 
lknoJJb30Ra!IIH~ npe,IICTaBJJeHHhlX ,11eTeKTHPYIOIUHX YCTJ)OliCTB ,IIJIII ,11narHOCTHKII 11.llf'l)

Ho-;:mepreTll'l(:'C'f(IIX ycTaHOBOK ll03B0JIHT C OllTHM8JlhHblMII 38TpaTaMII II cpoKaMH !)f'

lllll'J'b 1Ip06JICMy. CUfl381IIIYIO C II0JIY'IellJICM II o6pa.6oTKOii nepm1•111oii IIIIC)>OpMaum1 0 

napaMeTpax II xapaKTepncTHKa.x peJJHTHBIICTCKoro ny'!Ka, 60M6ap,1111py10LUero MHllleHh; 

HeiiTpOHHblX TI0T0K0B, 06paay101U,HXCfl B npouecce B3aHMO,lleHCTBHfl BblC0K03HepreTll'l

llhlX lll)OTOII0B I' MmueHblO II ,/lt'Jlflll.lHMCfl MaTep1IaJ10M; 3HeproBbl,llt'Jll'HIIII II npocTpa.11-

CTBellH0ro pac1Ipe,11eJ1eH1Ifl TeMnepaTypHblX noJJeii. 

IlHC!Jpa.Kpa.cHble. ,lleTeKTHPYIOIUHe ycTpoiicTBa 6blJIII BKJIIO'leHbl B 'IHCJI0 OCH0BllblX. 

6a30BblX CIICTel\l ,1111arHOCTHKII l{0JIJleKTIIBH0ro ycK0J)HTeJJfl 011.RII II HaKOll,1eH 60JlhlllOii 

OIIblT IIX HCllOJlb30BaHIUI B pa3JJH'IHblX <p113H'leCKHX HCCJ1e,11oaaHHflX, '!TO ,11aeT ynepe11-

IIOC'Th II llpllMf'IIIIMOCTII 1rncppa1<pacuoii Mf:'T0,I\Hl<H H ,l\eTel<TOpon npll npo8f',,1f'IIIIII ~jl(('fl('

p111'1C'll'l'0ll II IIC'C'JIC,ll08811Hii IIR ))83Jlll'lllblX M0,llf:'Jlf!X l!,llep110-311eprPTll'IPCKIIX ycTallC>HOI\ 

II B CIICTeMaX 61'301Iac11ocT1I RTOMHblX 3JleKTpOCTRIILUlli, 

JhITepa.Typa 

l. l\ • .a. TonCTon. ~ Coo6mem1e OH.RH 18~92-303, ]ly6Ha., 1992. 

2. Hesearch Program of the Laboratory of High Energies. - JINH ISBN 5-85165-544-:,. 
Dubna. Hlml. p.1:35. 

3. \'.A. Arkhipov et al. - Proc. of the Conf. "Experiment.al Nuclear Physics in EuropP 

Fndug thr Nrxt Mille11i11m" (F,NPE !HI). Srvilln. 1990. p.4i8. 

4. Ten,1oeb1,lle.1eH11e n 11.aepHoM pea1<Tope / Tio.a pe.a. H.H.TioHoMapeea-C'TenHoro. l\l.: 
:3HeproaTm.lll3.llaT, 1985. 

5. A.A. MaJJbuee. - :39AR, 1996, T.27. N 3. c.797. 
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Cecc1u14 

CHCTEMbI 
YCKOPHTEflEH, 

,[(HArHOCTHKA, 
TEXHOnorIDI 

IIpe~ce~aTeJib n. M. 0HHIIl;eHKO 



3KCTIEPMMEHTAJlhHhIE PABOThl B OM.HM 
no MCilhlTAHMIO BhlCOKOrP A,ll;MEHTHhIX 
YCKOP.HIOIII.MX CTPYKTYP 
,ll;JI.H JIMHEHHhIX KOJIJIAH,ll;EPOB· 

A.B. E,11,:HCoa. H.H. Haanoa, B.H. Ka:Ja"ta, A.K. KaMUHC'I-WU, 
B.B. KocyxuH. 3.A. Jlepe,t1,btumeuH, C.H. Ceabl.x. A.JI. Cepeeea 
061,f1)1111fllllblll llllCllllllllYIII Jl0€pHbl.l' tlCCJl€006aHlltl, f/.y611a 

H.C. I'1m36yp2. H.H. 3a-it~ea. E.B. H,11,J1,N06, H.C. Ky,11,a2un, 
H.IO. IlecNoa. M.H. Ileme,11,un, A.G. Cep2eea 
IJlll'11111111y111 11pu,-.•,,,aJ11011 efiuJu,-.·11 PAH. H11J1C111111 Ho6copoo 

,clmt m-c.~e,/IOBaHlut 3cj>cj>eKTOB nooepXHOCTHoro Harpeoa 3JleKTpOMarHIITHblM 
no.~eM B ycKO)JJUOWIIX CT)JYKTypax KOJI.~a1i,11epa CLIC (pa60'IM 'laCTOTa 30 rru) 
opra11113ooaHbl conMeCTHble pa6oTbl OHRH - 1111¢ PAH - UEPH. C ncnoJib30· 
ua1111eM r,tC3-reuepaTopa Ha 6a3e JI11He11Horo ycKopnTeJIJI Jil'l:''-3000 B OHRII 
llpe,11110.~araeTCJ! npoBeCTII 3Kcnep11MeHT co cnemtaJibHO ll3rOTOBJieHHblM ( IIIl<IJ) 
TC'l"TODblM peao11aTopoM, II KOTOpOM Mo,11em1p~·10TCII ~'CJJODIIII uarpeoa nonepx110-
('"1'11, 6.m;tKlle K TIW6ona111111M CLIC. B ,110KJia,11e 11pe,11cTanne111,1 cocTOJ!Hlle pa6oT 
110 110,/ll"OTOBKe ;)KCl!epllMellTa II 11pe,11nap11TeJibllble pe3)'JlbTaTbl . 

. JINR Experiments on Testing of High-Gradient Accelerntiug 
Structurei. for Linear Colliders 

A. V. Elzlw" et nl. 

To stud~· the effects of' the surface heatin11; hy I he elet.romagnetic field in the 
il<T<'l<'rati1111, struc-tun·:- of rhe CL!(' c-ollider (opernting frequency of 30 GHz) the 
JINR - IAI' RAS - <.'EHN collaboration was organized. An expe1iment at JINR 
1·mployi1111; the FEl\1 oscillator based on the Llll-:3000 linac is planned. It is to 
he used a test c-avity speciall~· manufactured at. IAP in which the smface heat
i1111, rnndit io11" cloM, to I he CLI (' requirements are ~imulated. The ~tatUl'I of t.he 

pr<'paration for tlu· c•xperiment.s and preliminar~· results are presented. 

• Par111Ta 110J1J1<'plKa11a rpa11TMIII l'<l><l>I I NN 00-02- I i!'i l!J. 00-02-1 i232. Ol-02-0624!J. a Ti\Kll\e 'la
,·T11•11111 1·pa11ToM I IIITAC' N !Ji-:l2lM t. 
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l. Bae.n;e1-me 

Ilpn npoeKTllpoaamrn 3JieKTJ)OH-003liTpOHHhlX KOJIJ1a1i,11epoa T3BHOro ,11uana.10Ha 3Hep

r11ii 11eo6xo,1111Mo npau11J1h110 ouemtTh orpam1'-lemrn 11a pecypc HX pa6oThl. onpe,11eJIJ1e

Mh1ii. n odwnHoM, 3JieKTponpo'-1HoCThlO ycKopRIOIUHX cTpyKTYP II MexaHH'-lecKoH cToii-

1wcTh10 IIX no OTHOUJe1rn10 K B03,lle.HCTBHIO 11epH0,!IH'-1eCK0ro HMllYJJhCIIOro BLl-narpena. 

TionnJ1em1e B KOJJJ1a1i,11epax orpanu'-lemrn Ha neJIH'-IHHY TeMna ycKopeHHR. cpaamtMoro 

(IIJIII 6oJihlllero) C orpaHM'-leHHeM H3-3a 3J1eKTpo11po'-1HOCTII CTPYKTYP, xapaKTepno ,!IJIJI 

'-laCTOT YCIWpRIOIUero 11anpJ1iKeH1rn Bhlllle 10 rru. <PU3HKO-TeXHH'-leCKHe oco6eHHOCTII 

3TOI'O JIBJiemrn II CBJl3aHHhle C 3THM orpaHH'-leHHR 06cy;i-;,11a10TCJI B [I. 2). B HaCTOJIIUee 

upeMH ~11..:c11ep11Me11'1'aJihllhlX ,11a11HhlX O BJIHJIIIHII IIMrJYJJhCHOro cn1..1-11arpena Ha pecypc 

KoJ1.rrnii,11epa 0•1e11h MaJJo II oTHOCRTCJI OHII 1..: ,1111ana.10Hy '-laCTOT 01<0J10 11 ITu (2]. Tio

JJY"iemie aHaJJOrll'-IHhlX 3KcnepnMeHTaJJbHhlX ,llaHHblX npe,11cTaBJ1JleT ueHH0CTh !<al< ,LIJIR 

npoeKTa CLIC [3]. B KOT0p0M pa60'-IM '-laCTOTa C0CTaBJJReT 30 rru. TaK II ,LIJl.ft pa.1-

pa6aTh1BaeMblX npoeKT0B HOBblX KOJIJ1aii,11ep0B C pa6o'-IHMH '-laCTOTaMII OK0JI0 100 ffu 

(4] . .JJJR peU1eH11R ·:noi"i aa,11a'-IH npuMeHIITeJJhHo K ycJJoBH.ftM 1<0JJJ1a1i,11epa CLIC a_OIUIII 

(.L{y6Ha) conMeCTH0 c IUI<I:> PAH (HmKHnii Hoaropo,11) coa,11aeTc.11 cneunaJihHh1ii cTeH,11. 

OCHOBHhlMII 3J1e111eHTa-Mn CTeH,lla .ftBJIRIOTCR IICTO'-IHHK Bl..f-MOIUHOCTH Ha 'iaCTOTY 30 ffu. 

)W30lli1TOp II CIICTeMbl ,llllaI'H0CTIIKII. Tpe6onamrn 1..: CTe11,11y np11ne,11eHbl B Ta6J111Ue. 

cl>H3HKU-TOXHH'mCKHC Tpc6onl\HHJI K CTCHAY A.II.II HCDblTI\HHJI DblCOKOA<>

UJ>OTHhlX CTJ>YKTYP 

llnana3oH Tel\mepaTyp Ha nnyTpeHHeii nonepXH0CTII peaoHaTopa. 0
(' 

Pa60'iaJI 'l8CTOTa. rru 

To'III0CTh 110,11cTpo1i1-m 'IaCTOThl. % 
Ill 11p1111a rneKTpa, % 
.] .. mTeJJhll0CTh CBl..f-1111111yJihra, 11c 

;,\fou~HOCTh CBl..J-113J1y'-leH11R, MBT 

J lollTO))JH'IIIO<'Th ilMIIJIIITY JlLI II JlJIIITf>Jlbll0CTII. <Ji 
ll11KJ1ll'-IHOCTb pa6oTbl. ru 

hoJill'-leCTBO IIMllY JlbC0B 

:,W0-600 
:rn 
0.1 
0. I 
150 
20-25 
\HJ 
U.5-1 
104-106 

B :1a1111oii p1160T(' ll)>llllf'/l<'ll0 Ollll<'f\1111!' oro6r1111ocTrii Jlh16pa1111oii C'Xf'l\11,1 ("J'f'IIJlll 11 

nepBble 3KCnep11MeHTaJ1bHble pe3y JlbTaTbl. 

2. Cx<'Mo :->1<cI1C'JHIM<'IIT<1.TJ11oii yrTa1JoR1rn II rorTonmw pafioT 

Tip11 npoeKTllponamm CTeH,lla B Ka'-leCTBe IICTO'iHHKa CBl..f-MOIUHOCTII Ha '-laCT0Te 

30 rru Bb16pa11 MC3-reHepaTop OIUIH-IU]cp (5], co3,11aHHhlii'B OIUIII Ha 6a3e mrneii-

11oro 1111,L1yi..:u1101111oro ~MeKT))OHHoro ycKopl!TeJJ.fl ,fUD'-3000 (0,8 M::iB. 220 A. 250 He). 

_Mar1111THaR cw·1·e111a MC::) BKJJIO'-laeT TOKOBhlii cm1paJ1bHhlll ou,11yJJRT0)) 11 coJ1e11011,11. B 

re11epa-rope 06ecne'-11maeTc.R peiKHM o6paTuoro ae,11ymero MarHnTHoro noJIR, pacnpe

.llCJJ<'IIIHlR o6paTIHlR CD.R:Jb Ol'yllleCTDJJReTC.R ·6p~nTODCKIIM pe301laTopo111 co c6oe111 cfia;Jbl 

rocpp11poai..:11. TaKM cxe111a MC:.3 06ecne'-l11naeT Db1co1<0::iclJCf>e1<T11BHY10 O.ilHOMo,11oay10. 

Y3K0II0.10CHYIO reHepau1110 Ha ¢111<c11poBaHHoii '-!aCT0Te BMeCTe C B03MOiKH0CTblO npe

ll113IIOIIIIOii ll<'P<'<'Tpoiii..:11 'lilCTOThl re11epa111111. Oro6e11HOCTII reHepaTopa np11Be,ileHbl 
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D pa6oTax (5. li]. 3,11eCb Mbl 6y,11eM paccMaTpl!Ba.Tb TOJlbKO 113MeHeHIUI B l'XeMe MC3. 

o6ycJioDJieHHbie cneuucpm,:ofi pernaeM011 3a,11a'IH. 

MoIUHOCTb 113JIY'leHil.fl Ha BhlXO,lle Bbl6paHHoro MC3-reHepaTopa 3Ha'lHTeJibHO MeHb

we DeJlll'lllHbl, Heo6XO,llllMOII ,IIJIJI 3aDUTKII DOJIHOMaClllTa6Hoii yc1<opmomeii CTPYI<Typbl 

KOJIJiaii,11epa. B CDR3H c 3THM ,IIJIR 11ccJie,11onaH1111 acpcpeKTa ,11erpa,11au1111 Me,1111 no,11 no3-

,11eikTnne111 IIMDYJibCHOl'O Harpena Ha 'laCTOTe 30 rru B Mil<I> PAH pa3pa6oTaH cneuu

MbHblli DblCOKO,II06poTHblli pe30HaTop C 60JiblllHM npncTeHO'lHblM DOJieM. Ilpone,11eHHble 

pac'-!eTbl ,IIJIR 3TOl'O pe30HaTopa DOKa3b!BaIOT, '-!TO CBl.f-HMDYJibC Ha 'laCTOTe 30 ffu 

c: l\lOIIUIOCTblO 25 MBT 11 ,IIJIIITeJibHOCTblO 100 HC: MmKeT npnBeCTII K nonepXHOCTHOMY 

11arpeny D pe30Ha.Tope ,110 215°C II 420°(!, eCJlll ero ,II06pOTHOCTb COCTaBJIJleT COOT

BeTCTBeHHO 650 11 1200. CJie,IIOBaTeJibHO, ,IIJIJI noJiy'leHHR npoeKTHblX napa.MeTpOB no 

narpeny 200-600°C reHepa.Top ,IIOJI:>KeH o6ecne'll!Tb ,IIJIHTeJibHOCTb CBl.f-HMDYJibCa 100-

200 HC. B Ka'JeCTBe pa6o'leii MO,llbl pe3oHaTopa Bbl6paHa MO,D,a Ho1, Ha KOTOpoii MOiKHO 

o6ec:ne'JIITb BblCOKYIO 3JieKTponpo'-IHOCTb . .lJ;JIR BBO,lla ll3JIY'JeHHR B TeCTHpyeMhliI pe30-

HaTop nJiaunpyeTCR IICDOJlb30BaTb KBa3HODTH'-leCKYIO JIHHHIO nepe,11a'-111. BKJII0'-1a10my10 

11p<.'06paaonaT<.'.1Jb MO.ll H 11 -+Ho1. B 3Toii cxeMe ,1111aJie1<TJJH'lec1<a11 nJiacnma noaBOJIReT 

naMepRTh na,11a10my10 n oTpaJKeHHYIO CBl.f-MOIUHOCTH, He Hapyrna11 TpaHcnopT11poBKH 

noJI11onoro ny'-lh'.a. CxeMa 3Kcnepu111eHTaJ1bHoii ycTaHODKH npnne,11eHa Ha pnc. 1. 

BhlXO,I.UIOC 

\oKH~ MC3-reueparop , . .,.,,,/-t~\: .3q,mo 

.••- (lt_.11_,,l_·-------- - -7\ 
\ 

,nCTCKTOphl 

,ne-reKTOp 

Puc. 1. CxeMa 3KcnepnMeHTaJibHoii ycTaHOBKH 

B npl'.llhl.llYUlllX 11y6JI11Kaum1x no MC3-reuepaTopy OTMe'lMOCh, 'ITO yaeJIH'-!e1111e 

MOlllHOCTII !vlC:3 .110 20-25 MBT conpono:>K,11Mocb yKopo'-!eHneM CBl.f-n111nyJibca ,110 40-

100 HC. Pa,1111KaJlbHbll\l TeXHOJIOl'H'JeCKHM yconepmeHCTBOBaHUeM reHepaTopa. o6ecne

'-111Bllllll\l yBeJill'-leH11e ,IIJll!TeJibHOCTII BblXO,IIHOl'O UMDYJibCa MC3 ,110 200-230 HC. OKa3R

JiaCb 3aMemi pe30HRTopa. BblDOJIHeHHOl'O U3 Ha.6opa TO'-!eHblX Tpy6oK H3 ,IIIOJ)RJIIOMII

HIIII. Ha UeJlbHblii pe30H8TO)), Bbl,118BJleHHblll ll3 TOHKOCTeHHoii Tpy6Kn 113 uep:>KaBetoIUeii 

cTa.1111.' Ha pnc. 2 npnae,11eHa cp0Torpacpn11 '-!eTblpex nap11aHTOB pe3oHaTopa. oTJIH'-lato

IUIIXt'H ;]JIIIHal\111 6p31TOBCKIIX aepKaJI. 
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Puc. 2. Bp3rrOBCKHe pe3oHaT0pbl. ll3r0T0BJieHHbJe no TeXH0JI0rHII Bbl,llaBJIHBaHIUI 113 

nepiKaBe10meii Tpy6K11 

IloJiy'leHHa.11 B pe3yJihTaTe ,nmlTeJibH0CTb CBt.f-uMnyJJbca npaKTH'tec1rn coBna,naeT c 

,llJll!TeJlbH0CTblO IIJIOCKOii 'laCTII IIMnyJibCa Hanp1OKeHJrn yc1..:opl1TeJI/l (pnc. 3). 

'StO·l) [t 'i . 

£~:Z-"'-..... /; 
\ ,, I , 
. .\ r/:v,_,i, I 

' . ~ I 

\ / // : '':;~:· 
\. ;' !1 ~ 

.. ~, j.\ ~ ~ 

T~.V\ t, . · j._ I' ~ 'I'..,,.,.,_._'. <:h\!"''t!th 
..• >,\J"\r/ · ........ ~.-·.·-- i.~.4.,., 

t:i-~'-i' .... i .. ii~;·\~· ... ,.'Lift;·• .. {"ii;-; ·····:~t"'i.i.lli.fl~ .. -- ~~: j\f \·:-:-:~:#}~ii\ 
w,1.100 ~' 

i1\:.1g?.Ml 
·1St4t)'.0~~ 

Puc. 3. Ocu11JIJiorpaMMa IIMHYJJbC0B Bbixo,nnoro CBt.f-n3Jiy'teH1t1t reHepaTopa (JIY'I 1) 11 

HanplliKeHHH M0,llYJIRT0p0B ycKopnTeJIR (JIY'I 2) 

l1JI11 npeUH3H0HHbIX H3Mepennii 'lacTOTbl n cneKTpa CBt.J-cnrHM ocJia6JI1tJic11 110 MHJI

JI1rnaTTHoro ypoBHR H HCil0Jib30BMHCb pe30HaHCHblll 'laCT0T0Mep ·n reTep0,llHH, lfaMe

peHHa/l 'laCT0Ta BblX0,llH0ro H3JIY'leHHR MC3-reaepaTopa C0CTaBJI/lJia leeH=30, 00 rru. 

'!TO C00TBeTCTByeT (c y'leTOM KYJI0H0BCK0ro C,llBHra) ueHTpMbHoii '!aCT0Te peaotta

T0pa. CneKTpMbHa/l lllHPHHa H3MepeHHbIX ClffHM0B 6bJJia 30-40 Mru, HJIII 0K0JI0 0,lo/t 
B 0TH0Cl!TeJibll0M MaClllTa6e. 3Ta DP.Jill'IHlla CO0TBeTCTByeT Tpe6osaH1Ull\f 3aillfTKII Te

CTllpyeMoro pe;iouaTopa. 
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.ilJlJI ouemrn CTa6HJibHOCTH BblXO,LIHblX xapaKTepHCTHK CTeH,Lla 6blJia npoBe,LleHa pe

rucTpau1111 u o6pa6oTKa 13500 CBq-HMnyJibCOB MC3-reuepaTopa (2i cepnii no 500 
uMnyJibcoB). lfaMepeHHR npone,1:1enbl np11 pa6oTe MC3-renepaTopa c UHKJIH'!HOCTblO 

0.25 ru. 8 Tpe6yeMblii 10%-Hblii llHTepBM no aMITJIHTY.llaM n ,LIJIHTeJibHOCTSIM CB'9-

IIMIIYJibCOB nona.11aeT OKOJIO IlOJIOBHHbl H3MepeHHblX tlMilYJibCOB. Ha pnc. 4 npnne.11eHbl 

peayJibTaTbl o6pa6oTKII .11aHHblX, IIOJIY'leHHblX ,LIJIJI .!IBYX cepui't - O,LIHOfi 113 THilH'!HblX 

(cJieBa) 11 o.11uoii 113 Jiy'lmnx no ,Ta611JibHOCTII napaMeTpon CB'9-n3ny'lenun (cnpana). 

u200 
:c 
ri 
~ 1ro
i;-
~ 100 

~ 
0 :Ji 50 

• .... 

~ 
s 0-t----,-----.---.----.-----. i5: C 2 4 10 12 

C84•MOll(HOCTb, MBT 

0 
:z:200 
ni 
{1so 
C 

I 100 
~ 
8 50 

Io-~~~~~~~---~ s: (I a 2 4 6 e 10 12 
CB4-MOll(HOCTb, MBT 

P11e. 4. XapaKTepncTUKII C8'9-113Jiy'lem111 .!IJIR .11nyx cepni't no 500 HMnyn1,con 

A11a.m3 no.,y'!eHHblX pe3yJibT8TOB IlOKa3btBaeT, '!TO .!IJIR Ha,Lleifrnoro BblDOJIHeHIIJI 

Tpe6osam1.11 no nosTopneMocTn xapaKTepncTnK CB'9-nMnynbcon ueo6xo,1u1Mo ,llaJibHeii

mee y.;iy'!memte cTa611JtbHOCTII napaMeTpoB ycKop11TeJIR II MC3. B nacTORI.Uee npeMR 

BblllOmteH IWl\tnJieKC TeXHU'!eCKIIX pa6oT. KOTOpblli o6ecne'!nnaeT npone,lleHne 3Kcne

p1111teHTOB C UIIKJlll'!HOCTblO 1 ru. Co3.11ana HOBM CIICTeMa m!TaHlfJI COJieHOil.lla. M0-

.11epH113llpOBaH IICTO'IHHK m1TaH11R OH.llYJIRTOpa II peaJIU30BaHO npnuy .!IHTeJlbHOe B03-

/IYIIIIIOI' OXJlllil\/11'11111' l\llll'IIIITIIOii l'IIC'Tl'Mhl J\1C::).l'f'111'p11T0pll, 'ITO no:lllOJlfff'T IlOlll,IC'IITh 

'!8l'T<JTY c.:pa6aTL18aHII.II 3Kc11ep11Me1tTaJ1bHOro eTe11.11a. Be.11yTCJI pa6oTbl 110 ,llOIIOJIHH

TeJibttoii CT861t.mJau1111 llltTallllJI YCKOJ)IITeJIJI ,JIID'-3000. BBe,LleH B 3KCnJiyaTaUIIIO HOBblii 

IIIOTOp-rf'llepaTop. 

( 'o:1,11111a II 110.lll'OTOBJlella K IICIIOJlb30BallltlO CIICTel\1a al.lTOM8Tlt'lecKoro c6opa 3Kcne

p111111•11TaJ1hlll,IX Jl11111lblX co CTf'll/lll. Paapa60Tl\llhl II OTJll\if,;ellbl nporpaMMhl CTRTIICTll'lf'· 

c.:Koii o6pa6oTKII 11apa111eTpon (_'8 l{-113Jiy'leHUJI. llo,11roTOBJieHHM CIICTeMa ,!IIIRrHOCTHKII 

00380.111T noJiy'!aTb onepaTIIDHYIO IIHQ)OJ>Mau1110 0 CTa6IIJibHOCTII napaMCTJ>OB CTeH,!la. 

Ila OCIIOBe l\lC3 COJ.llall 3KClleplll\leJITclJlbllblii CTe11.11 JlJIR IICCJie,llOB8HIIR 3cpcpe1<Ta ,lle

rpa.aau1111 l\le.!111 113-Ja 11arpena IIMIIYJJbCllbll\l CB ... l-113.1y<temteM Ha 'lclCTOTe :rn rru. :Ja

per11c-rp11p0Bat1bl II o6pa6oTallbl 6oJiee '!el\l 104 IIIIIIIYJibCOB IIJJIY'!eHIIR. 3Kcnep11Mel1Tbl. 

npODC',lf'llllblf' D 11pouecee COJ)lcllllUI II 11ana.a~11 cTe11.11a. IIOKa3aJIJI, 'l'l'O 110 6oJibWIIHCTIJY 

TpC'6011a1111ii. ccl)OPMYJillpona1111b1x o Ta6J111Uc, noJiy'!eHbl noJioiK11TeJibHbte pe3yJJbTaTbl. 

TpP6yt>TCA yJ1y<tme1111e nonTop.11e111ocT11 a11111.1111Ty ,llbt 11 ,llJIIITeJibHOCTII M C3-cnrnanon. 
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CMCTEMA YIIPABJIEHM.H MH)KEKTOPOM IIPOTOHOB 
JIMHEHHOro YCKOPMTEJI.H "MCTPA" 

C.B. Bapa6u-n. A.B. Ko3J&06, A.M. Ko3odaea, ,l.(.A . .IIJ&nun, 
10.B. Cmaccwu1i 
//,11·1111111111111 lllfOJ>fl11tl•1enm11 11 31,·c11ep11.11eHmaJlhllOl'i ifi11.J111i:11, .Moc1,·6a 

Pacn1cnp11naeTC>I CIICTeMa ynpaDJ1e111u1 II ,lllJarHOCTHKII 3JleKTpOHHl,IX ya
-~OD. HaXOJllllUIIXCII KaK Ha BblCOKOBOJlbTHOli nJJaTc)>opMe, TaK II npu noTeHUllaJJe 
.ICMJIII Ila 111I)1,;CKT0pC Jlllllciinoro npOTOHIIOl'0 YCKOJJIITCJIJI "llcTpa-36" - ,l\pai'i
Depa coopy)KaeMofre HT3c1> aKcnepnMeHTMbHoii MeKTJJORAepaoii ycTaHOBKII [1]. 
O6cy:.K,llak)1'CII cxeM0TCXHll'leCKHe II nporpaMMHble pewemur, o6ecne'IHBlllOWlle 
Ha,llell,;HOCTb CUCTeMbl ynp~JJeHUJI II YA06CTB0 ee 3KCDJlyaTauHH, Onuc1,rnaeTC.R 
pa6oTa c IICIITl)MbH0ro nyJlhTa ynpaBJJeHIIJI, pea.1111aoeaHHoro Ha nepC0HMbHOM 
KOMflblOTepe. II C MeCTHoro nyJJhTa ynpaeJJeHHJI. 

Control System for Linear Accelerator "Istra" Proton Injector 

S. V. Bambin et al. 

'lst.ra36' linac 100 keV proton source's control system is discussed. Bot.h high 
\'olt.age an<l groun<l pot.ent.ial electronics are considered. Schematic and software 
n·liahilit.y and robust.ne1111 solutions are pre!lent.ecl. Some console GUI is al!lo de
scribed. 

I . B }if' Jl(' 1111(' 

l111;i.P1,Top Jllll1Pii11oro ~•c1.;op11Tf'JIH (.Tl:\')" llcTpR-:1(i" 1'JIYiKIIT ,IIJJH C03JIIUIIIII IIMIIYJlbC· 

1101'0 11~·•11<.a 11poT0II0II, l'0l'Jllll'0llllllll(Jl'0 110 ('II0IIM 1111(>1\M<''l'l)l\M l' Yl'J..OJ)IIIOllll'ii l'l'J..UH<'ii 

1rn'!aJ11,11oii '!a<'TII yci-:op11TeJ111 (H'-IY). OcuoanbIMII 3JieKTpoHHbIMH yanaMH IIHiKeKTopa 

HBJIHIO'ITH 111\X0.ilHLUlleCH ua BblCOKOBOJlbTHOii IIJiaTq>OpMe reHepaTop T0Ka .nyru (fHT), 
6JIOt,; llllTclllllll llflTl'KI\Tl'Jl11, 6JIOK nllTI\HHH MarmlTa, a TI\KiKe 11axo.n.11muecn no.n noTeH• 

una.10~1 3N,tJJII Mo.nyn.11Top IIMIIYJtbcoe yCKop111omero uanpniKeHH.11 (MHTIOO) c TpaHc• 

cj,opMaTopo111 ( IIT I OU) 11 6J1oi..:11 1111Ta1111H Mar1111'1'o<t>oi-:yc11py10m11x JIHH3 ( McJ),TJ) corna

cy1<>utPro i..a11a.1a. 

C'11cTe111a y1tpaene111111 o6ecne'lJIBaeT: 

• ynpaene1111e "JieKTp0HHblMII yaJiaMII IIIOKeKT0pa, HaX0)lHLUHMHCH KaK no.n noTeH

u11a.10111 · 100 i..B. TaK 11 npn noTeHUHaJie aeMJIII: 

• 0To6paiKe1111e. coxpa11e1111e B 6aae .nannux n nocnpo113ae.neH11(' coxpaHeHHoii HH· 

ct>op111au1111 0 pa6oTe lllliK('KT0pa np11 HenpepblBHOii ero pa6oTe C 'lclCTOTOii HM· 

IIYJlhCOB .10 25 l'u: 
• Y,10IMf'TO0pe1rne iKel'TKIIJ\I Tpe60BaHI1.IIM no 11a,aeiKH0CTII II noMeX031\lUUIUeHH0CTH 

II ~TJI0llllHX l\l0UlllLIX IIMIIYJlbCllbJX II0Mex. 
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1. J\pxllTCl<'l'.YJJa CHC'l'eMhl yupaa.TiellHJl 

u 1..:a<1ecT1ie C:T))YKTY))bl CHCTeMbl ynpaBJleHlUI (pnc.l) 6b!Jla Bb!6paua (,(01{(1>11rypc1-

L\IIJI c pacnpe,.11e11euuoii reol\teTpneii, nocTpoeuuan ua 6roe MnKpo1<0HTpo1111epoa, ,11onye-

1rn1011111x He3aB1!CIIMbll
0

i ,.llpyr, OT ,.£1pyra peiKHM pa60Tbl. .aJUI y ,.£106CTBa ,.llllafHOCTIIKII 

II IIUC'l'()Oii1..:11 l'llt'TCM lllliKCl<TOJJa UUC,LICIILI MO/IYJHI 6LIC'l'pOii 01111cJ,polllOI IIMllyJll.,CIIJ,IX 

Cllfllc\JIOB II 1\10/IY-'lh llll,LIHK8L\lill COCTOJIIIIUI CIICTeMbl (Ta6JIO OCIIOUllblX pa6o'!IIX napct

MeTpoa) .• Tloru'!eCKII cxeMa ynpaBJICHllJI COCTOHT 113 HCCKOJlhKHX BJIOiKCHHblX ypoa11eii -

ypoaeHb KOHT))OJIJJepoa OT,llCJlbHblX IlO,LICIICTeM IIHiKCKTOpa (6JJOKII ynpaBJICHHJI HaTeKa

TeJJel\l. MarHIITOM, McpJI n np. Ha pnc.1), CHCTCMa KOHT))OJIJIC))OB Ha BblCOKOBOJlbTHOii 

IIJJa.'l'tliopMC II ypoUCllb C,LIHHOii CHCTCMLI y11pauJ1e111111 HlliKCKTO!)OM. 
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Puc. I. IJJIOh:-CXf'!\(a CIICTCMbl y11pau;1e111111 11 .1111ar110CTIIKII 3JICl,T()Ollllb1X y:rnoB lllliKrK

TOpa 

Y11paa,1e1111f.' npoL1eccar.m U 110,LICIICTel\l(' IIHiKeKTopa ocymecTB;JfleTC:H COOTBeTCTB,\'

IOIL\111\1 6JJOl..:O!\I. Ul..:JJIO'lalOIL\IIM B ce611 nporpal\11\lllpyeMblii l\Ull,pOJ,(O}ITp0,1JJep. 'P11311'-I!'· 

n,aH ll('Jlll'llllla 11/111 ll)lOllC'CC, y11paOJ1JICMblii CIICTeMoii. xapa1..:Tep113yeTCH orpa1111'!elllll,l!\I 

'IIICJIOl\l napaMeT))OB, 3aHOCHMblX B naMJITb ,llaHHoro IWHT!)OJIJJepa. ::hu napaMeTfll,I: 

l) xpa!IJITCJI 11e11ocpe,.11cTBCHIIO B IWIITPOJJJJepe 6J101..:a ynpaBJJCHIUI 110,IICIICTel\lOit lllliKel.:

TO))a: 2) JIX IIOBble 3lla'!CHIIJI nocTynaJOT no lllllllaM ,llaHHblX CIICTeMbl OT IIYJJbTOB y11pa

BJ1elll1H: a) !IX CT8JYI'OBblC 3lla'temrn MOl'YT 3allllCblUaTbCJI B 311eprollc3aBJICHI\IYIO llaMH'l'I, 

KOIITPOJIM)lOII 110 l..:OMaH,lle (' IIYJll,TOll ynpan.1CIIIIH. TaKoii napalllCT)lll'ICCKllii ll)lllllllllll 
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opra1111:.mui111 1.'lll"l'CMbl y 11pa11JlelllUl IIOJllOJHIJI O'l'l{~c\'1'1,CJl O'I' IICIIOJlb;)Ollc\llHH ue11·1·pa.,11,

IIOl'O k:01\lllblOT('pa, 'IIOCTOHIIIIO y•1acTuy1olJ.\ero D y11pa11J1e11u11. HMeCTO ::1Toro fl 1,a'lf>CTllt' 

ue1npHJJbllOfO IIYJJbTa ynpaaJJeHIHI (I..1,ID') IICl10Jlb3yeTCJl CTa11,11apTHblii uepCOIIHJlbllblii 

1.;oM111,10T1•p (IIK) c·o q>c11111111111 1101,a;1a111utMII 110 1m;1c;i.;11ocT11 c Windows NT 11 1rn'IP

l'TBt' 011epaUHOIIHOii CHCTCMbl. BJJaro,11apR npUHRTOii KOHll,eilll,HJI. B03MO;J<Ha ,. ropJI'laJI •. 
' JaMt'lia 3T0['0 3.TleMeHTa CHCTeMbl. 

Start 

~HHUH8/1MJ84MA 
B4•0n01<os 

HH>KIKTope H 
CA.N•KOl'1TP0/111epe 

lla 

:J•nycte U.)MePIINHII 
HMny111tcoe Henp11>tCeHH,.. 

H TO,<a AYrH 

np .... eM nMnynbCHll,IX 3H•'-'•t1HH 
Hanp•>t<eHHCIII ~1 T0f<8 AyrH co . 

ex eM•I M3MepeH~t11(no SU WT) 

Ons:,oc HJMepeHH9tx 

~8HHblX C nOACHCTIM 
HH*l~Ql)8 

Onpoc nepoMeTpoe 

P'*"'""'o• paOoT•i 
no,qtHCTeM 

Knr,J')IUC"'T'Hf)OPIICA 

.--------inapaMlltTJ)OII pf»t(HMO■ 
P•~OTblnO~CHCTeM 

HeT 

eo1Aa'-4a H3MepeHHbl)( 3Ha"'48HH~ 
HI 7.cerMeHTHble AHCnneH Ha 
·••COl'(.0■ 011bTt10H nn•T¢JOpMe 

n ony'-feHHe A•"Hi.,1:ii: 
HJ Oyc;,epe 

CA.N•KOHf'POll/lep• 

B111•A•••• A•,..,..111,w: He 
nyn-.T•I ynpeeneHMIII 

Puc. '2. A.1rop11Tl\l pa60-r1,1 cxel\lbl MapwpyT1t3aTopa 
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O6be,llHHRIOll.(IIM 3BeHOM CHCTeMhI ynpaBJieHHR HHiKeKTOpOM RBJIReTCR MaprupyTU3a

TOp. t.Iepea Hero npOIICXO,llHT o6MeH ,11aHHhIMH Kai< MeiK,lly KOHTpOJIJiepaMII OT,lleJihJll,IX 

no,ucnrTeM IIHiKel<Topa na Bh1co1<0B0JihTHOii nJiaTcpopMe (no HHTepcpeiky UART). TaK 

II CBR3h C nyJihTaMH ynpaBJieHH.fl HHiKeKTopoM ('Iepe3 cneUHaJIH3llpOBaHHhlii l<OHTJ)OJI

Jiep IlpOTOKOJia C'.AN n OllTOBOJIOl<OHHhle JIHHHH nepe,lla'I), AJiropHTM o6MeHa ,11a1tHblMII 

'-!epea 11raprnpyTuaaTop noKaaaH Ha pnc.2. UnKJI o6MeHa ,llaHHhIMll HHHU1taJI1tanpyeTcR 

TaiiMepHbll\1 IIMUYJihCOM, IIOCJie '-!ero H3MepRIOTCR HMnyJihCHbie cnrHMhl, C 6JIOKOB no,11c11-

CTf'lll lllliKf.'KTOJHI npnm1MaJOTCR IIJMepeHHbie BeJllI'-!Hllhl, JHatJemrn KOTOpblX Bhl,!18IOTCR 

Ha i-cerMeHTHbiii ,lll!CnJieii II TpaHCJIHPYIOTCR Ha nyJihTLI ynpanJiemrn. np1rn11MaJOTCR 

KOM8H,llbl II ,llaHHhle C nyJihTOB ynpaBJieHirn (eCJIII OHII nocTymIJIII) II BhI,llalOTCR Ha KOH

TpOJI,7!epbl no,11cucTeM IlHiKeKTopa. 

:J. O6ecne'-IeHIIe Ha.D,eiKHOCTH pa60Tbl HH:iKeKT0pa 

TTpu paapa6oTKe CUCTeMhl ynpaBJieHIIR 6h!JI npe.11np1tHRT J)R.ll Mep. yMeHblllalOllJIIX 

JIU6o m11rnn,u11p~•10m11x B03.lleiicTBl!e pa3JIIl'-!Hh!X HapyllleHnii B p1160Te CIICTel\lhl ynpr1-

0J1el111H 1111 pa6o-ry IIHiKeh:Topa ycKOJ)IITf.'JIR; ,llJIR ~!Toro CTpyh:Typa cxeMLI ynpaBJ(f.'IIIIR 

BLI6pa11a Tah:Hl\l o6pa3ol\l, 'IT06LI 3Jie111eHThl KaiK,lloro Il3 BJIOiKeHHhlX ypoa11eii CIICTel\lbl 

ynpaBJJeHIIR Mor,111 pa6oTaTh aBTOHOMHO. TTpu aBTOHOMHoii pa6oTe 6JIOKOB ynpaBJieHHR 

TepReTCR '-!aCTh cepBHCHLIX B03MOiKHOCTeii. 06ecne'-111BaeMhIX OCT8JlhHOi°i 'i!ICThlO cxel\lbl. 

HO, Tell! He MeHee, ace 6JIOKII HHiKeKTopa OCTalOTCR pa60Tocnoco6HhIMII. TaK. KaiK,llhiii 

KOHTJ)OJIJiep OT ,lleJihHoii no,11c11cTel\1h1 IIHiKeKTOpa cnoco6en o6ecne'IUBaTh ee c:pyHKUll

om1poaan11e. Tipu 3TOM B KaiK,llOM 6JIOKe ynpaBJieHil.fl IIMeeTC.fl B03MOiKHOCTh CJie.llllTh 

Ja COCTORHlleM COOTBeTCTBYIOllleii IlO,llCHCTeMhI no IlH,llIIKaTopaM Ha nepe.11nei"i naHe.m 

6JioKa. a TaKiKe ynpaBJIRTh ee pa6oToii c IlOMOIUhJO KHOilOK Ha 6JIOKe B peiKIIMe HaJIH,llKII 

,11am1oii llO,llCIICTeMhl llHiKeKTOpa. TaK)Ke II 'i!ICTh cxeMhI, pacnoJiaraJOIUaRCR Ha BhlCOK0-

BOJlbTHOii nJiaT<l>opMe, cnoco6na caMOCTORTeJibHO no,11,11epiKHBaTb pr160Ty 110,lll{OIITJ)0Jil,

HhlX YJJIOB, II03BOJIReT npll OTKJIIO'-leHHOM BhICOKOM HanpRiKetnm ocyIIteCTBJIRTh Mf.'CTl!Oe 

yupanJiemre OT,llf.'JlbHbll\111 6JIOJ<aMH HHiKeJ<TOpa B peiKHMe HMa,llJ<ll II OTo6paiKaTh CO("l'0-

111111<' C'lll"l'C'Ml,I Ill\ TA6Jio 0f'II0BIU,IX pn6o•mx llllJ)llMf'TJ)Ofl, 

lll\l<'f'TCR ll0:lMOiKHOCTh OTCJie;1rnnaTb ll3MeHelllre (11aupnMep. c6por n peayJih'l'H'l'f' 

11po6011) :1c1,Ila1111oro :rna•1em111 perym1pyeMoro 11apaMeTpa KaK 1111 rrniKJJOI\I 0T.lll'Jlhll0M 

6JIO(,P 11()11 1101\I0IIIII MapmpyTll38TOpa. TaK II c6por nporpaMMbl K0IITp0.Mf'J)ll f'Hl\101'0 

l\lapmp,,·-r11aa-ropr1 (' IIOM0IUb!O llYJibT0B ynpaBJleJIIIR. Han6oJiee KpllTll'-lllblf' IIJ)0Uf'.il,\'J>!..1 

B l.,:OIITJ)0.~Jiepax 0T,ll('JihHblX 110,llCIICTeM aaummeHhl f'TOJ)OiKeilbllll Taii~repo111 (nporpaMl\la 

pe111111u11aJI11aupyeT 6e3onacHhIM cnoco6oM pa6oTy no,11cncTeMbI, er.nu 06pamem1e K 3a

m11111ae1110ii npoue11ype He nponcxo,IlllT n Te'iemre onpe.lleJie11noro 1111TepnaJia BpeMr1111). 

Br.P K0HTJ)0JIJiepbl Y3JIOB IIHiKeKTopa Ha BhlCOKOBOJlbTHOii IIJiaTCpopMe raJibBAHll'-le

CKII pH3BR38Hhl l\leiK,!IY co6oii 9epe3 OIIT0ilapbl, llKJIJO'leHHbie B JIHHHII 11epe.!Ill'HI l<0l\lall.II 

II .llllllllblX. Kpol\lf' Toro. 11apy111em1e Uf.'JIQ('THOCTII ,lllll!HhIX; B03HIIKAJOlllef' BC,1f',llCTllllC' 

BOJ,leiirTBIIR lll\llIYJibCllhlX noMeX. l<0IITpo,111pyeTCR Kar,; npoTOK0JlbHLIMII rpeJ]r.TBll~III 

rTa11napTa CAN. TaK II nporpnMMllo. llr.Ka:,t,;e111111 11 110Tep111111CpopMau1111 yrTpa11Rto'ITR 

llOBTO(>IIOii IIC'Jlf',llll'lf'ii ,11aHm,1x. 

~·11pauJ1C.>IIII<' 110::iM0iKII0 J11160 T0JlbKO r MP.l'THoro IIYJihTa y11pauJic11u11 (MIU'). ,11160 

T0m,1.,;o (' 1111 y. B IIH'IAJI!' (Hl60Thl ('((f'TC'Ml,I y11paBJif'llll<' or.ylU<'CTIIJifl<'1TR (' llf'IITpam,11oro 
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Il)'JlbTil y11paBJJeI1I1.fl. l1p11 11eo6xo,11HMOCTH nepe,11aTb ynpaBJJem1e 3TO ,11eJJaeTC.fl l<oMaH,11oii 

c UIIY. a o6paTHaH 11epe,11a'Ja ynpanJJeHH.fl npo11cxo,11HT no 1<o111au,11e c Mn~·. 

4. PeaJUJ:JaU,HJl nyJihTOB ynpaBJleHirn 

4, 1. J-IIIJ' ua Ill{ 

I lporpaMMa 06ecJ1e'U1BaCT ynpaBJJeHHe OCIIOBllhIMH napaMeTpaMH HHiKeKTOpa, 1111,IIH

KaU,HIO peiKHMOB pa60Tbl HHiKeKTopa, coxpa11e11He ,11aHHbIX O pa6oTe l!HiKeKTopa B 6a.Je 

,llallllblX II nocnpoll3De,11em1e 3TIIX ,11aHHbIX nocJJe OKOH'IaHH.fl pa60Thl. BH,ll rpa<jm'feCKoro 

mnepcpeiica nporpaMMhl ynpaBJJeHH.fl noKa.JaH na pHc.3. 

UHGK. ,/, . ·. i 
~ ltiFtWi 
j4~ar ~w~I 

B pel'lll p IWOTLI 

l •~••••• 
n.~•iu~1 
10 iJ®i µjkYj ·•·•·•·· 
n@ ....,,I, 
r EEPROM . Bc~/1 
r··.K-pant, ~~•i,i;..:, •••• 

p~.,Mp~lm>J! •· ~'-Pl>lri ____ ...,~··~ 

l~~~,~'•bK~•··~~~•·•·· 
~~tni$<~~Pi 
11 .@ 

::r;.· .. · ·.·. ·-

I\ , Bb~~ c~~a 

1'111'. :1. I lporpa~1~1a y11pa11.11r1111H pa/io'('(>ii lllliKeh:Topa 

::),,1e:.ie11Tbl .wuoii 'IHl'TII llilll('.1111 y11pan.rlCllllH 110:iuo.rlHIO'J' :ia,11auaTb 3Ha'lellll.fl napaMe

T[)OII [)<'iKIIIII« paoOTl,I llllil·d'l,TO)lH. [b11ICJH'lllll,I!' ll<'.'111'111111,1 OTOopaiKaIOTC.fl D U,eHTl)a.Jib

HOii 'Ia<.'TII na11e.1111. L3bl6op 11apa11wrpou ,11-'IH 0To6paiKe1111H, 111ac1J1Ta611ponam1e rpacpttKOB 

II np. ocymecTB/IHl'TCH C 1101\IOll(blO 3.~e!IICIITOB, pac110.~o;KellllblX cnpana OT rpacpHKOB. 

l1p11 11u11u,11a.rn:1au1111 11porpa111111a 11acTpa11oaeT 11pe11ycTaHOBJJeHHhie Ha'fa.JibHhie 3Ha

'!elllIH pery,rnpye!llblX 11apa111eTpou. Ila xo,11y pa60Tbl 113111ep.ReMble BeJJH'fllllbl CHI'Ha.JIOB 
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11 pra.,1b110 ycTa11oaJ1en11b1e 3H8'1ellllfl 11apaMeTpoo peiKIIM0B aanpaw11na10T<'fl nporpaM

Moii y CllCTeMbl ynpanJJeHIIJI H OTo6paiKRIOTCfl Ha naHeJJH ynpanJJeHllfl. Tun 1mcpopMa

u1m II cnoco6 eP oTo6pa;Kemrn Ha Ta6JJo B ueHTpa.JJbHoi:i 06JJacT11 nauemr ynpanJJeHHR 

M0iKf'T Ml'llf!Th<.'fl oncpaT0()0M: :n·o M0l'YT 6b1Tb 111160 rpac}>HKII IIMIIYJlbC'0B HRIIJ>fliKC'

HHfl 11,TJII T0Ka ,11yr11 (npn'leM M0;+;H0 MeH.flT'b KaK Ha'la.JJ0 rpacpnKa 110 npeMemr, TaK II 

ero JllaCWTa6). J11160 na 0,IIH0M 113 Ta6JJo M0iKII0 II0K83b!BaTb l'HCT0l'paMMY co 3Ha'!ellll

.flMII 0CJI0DllblX perymrpyeMblX napaMeTp0B. MeH.f!Tb 3a,11anaeMbH~ II no,11,11epiKHBclPMblP 

CIICTeJ110ii onopHbJe 3Ha'!eHH.fl M0iKH0 KaK no 0T,lleJJbH0CTII KHOllKaMH C' naanaHHeM C00T

BeTC'TBYJOlllllX napaMeTp0B, TaK II nee cpaay. J;b1eeTC.fl 803M0iKII0CTh 3a.llalli'lTb 0JIIIII 11:1 

HeCK0.TJbKIIX pe;+;nM0B pa6oTbl IIHiKeKT0pa, napaMeTpbl K0Toporo xpaHRTCfl B KOH<}>11ry

pau110HHblX cpaiiJJax nporpaMMbJ, u 3anucb1BaTh Ty,11a TeKymne 3Ha'!emrn napaMeTpon 

JlJlfl ll0CJJe,11y1ome1·0 IICII0Jlb30Bamrn; a TaK;+;e KaKosi-JJn6o 113 peiKHM0B pa60Tbl IIHiKf'K

T0pa l\lO;KeT 6bITb 3a,11aH n Ka'!eCTBe CTapToBoro. l1porpaMMa K0HTp0JJHpyeT 0II0(JHblf' 

3Ha'!emrn napaMeTpon B K0HTpoJJJJepax ycTpoiicTB, cpanHHBa.R onopnh1e 3Ha'lemrn. np11-

HJ1Mae111b1e C' K0HTp0JJJJepoB ycTpoiicTB, co 3Ha'!eHH.RMH B nporpaMMe U:I1Y. 

Bee npHHJITbJe ,llaHHble coxpaHJIIOTCfl B cpaitJJe npoT0KOJla II MoryT 6bITh BII0CJ1e11-

CTDIIJI npoCM0TpeHhl. Pe;KJtM ll))0CM0Tpa 3aBepweHHoro ceaHca pa60Thl JII0;KeT 6bITb 

IIHIIUll8.JIIJ311p0B8H Jlll6o cpaay II0CJle 3anycKa nporpaMMbl npH Ha.JJll'IIIII coxpaHeHHblX 

,11a1111b1x. 11n60 11ocJ1e 3aaepwemrn cea11ca ynpanJJemrn pa6oThl · 1111;,i,;ei..:TopoM. I3 l!l'II

Tpa.JJbHoii 'lclCTII naneJJH MoryT OTo6pa;+;aTbCJI rpacpHKH 113MenemIR BO Bpelllellll 01111oro 

IIJIII HeCK0JlbKIIX perymrpyeMblX napaMeTp0B C 803M0;KH0CTblO ll3MeHeHIJR MaCWTa6a II 

paCII0JI0iKf'llllfl c>1rna npocMoTpa. Hpn 3T0M na .11pyroM rpacpllKf' M0iKf'T OT06paiKRTh('fl 

IIMllYJlbC HanpR;KeHllfl IIJIH T0Ka .11yr11 B 311.llaHHbiii M0MeHT BpeMeHII. O.llHOBpeMPIIIIO 

l\l0iKII0 1101,c1:H,IIIHTI, .11a1111Ll(' 11;1 .!IBYX J>cl311l,IX cra11coo pa60TLI. 

4- J. l\ifc111ub1ii 11y,,1bm ynpaB.,teuuR 

flJJR onepctTJIBHOl'_0 ynpaBJJelUJR JIH;KeKT0p0M B peiKJIMe Ha.JJa,llKII npe,11ycJ110Tpe11 Jllf'l'T

lll,lii 11y.,1hT YIIJ>fll!Jlei111H, pac110J1o;+;e1111blii ll 11e11ocpe,llCTBellllOii 6JJll30C'Tll OT lllliKl:'KTopn. 

Ha nepf' 11Heii na11eJJII 6J101<a JlfCCTH0l'0 ynpaBJJeHllfl pacnoJJo;+;eHbl KII0IIKII perym1pollKII II 

4-cTpO'lllblii '20-CUMBOJlbHbIIi :,i.,;11,11KoKpllCTa.1.1111qecK11ii ,/lllCIIJJeii. B Ka'!eCTBe ycTpoiicTna 

IIO0Jlll l..:Ol\1811,ll nh16pa11a C'Tall,llapTHaR l..:OMJJblOTep11aR 1rnaa11aTypa 113·38 ee ,11eweBl13llbl 

II npot'T0Tbl 3fllllellbl. 

B cTaH.11apT110111 pe;KIIMe pa6oTbt MI1Y onepaTop nMeeT B03JII0;KH0CTb npocl\laTpn

BaTh CIIIIC0K TPKYlllllX 3Hfl'iCHllii 38,llRBlleMblX II ll3Mep.ReMhIX napaMeTp0B pa6oTbl IIH• 

iK('KTopa: 0JIII0llpC'MCIIII0 4, II0CJIC,ll0IJcl'l'C'Jlblll,IX 11apaMC''l'))!\ ll3 :n·oro Cllllt'Kll (' IIX na:11111-

IIIIRJIIII II0Ka3bJBaJOTCfl 11a ;+;Jl,IIK0l\pllcTa.TJJIJl'leCK0JII ,llllCIIJJee. ,TI106oii 113 BX0.llHblX 1111pr1-

JlleTpo11 pe;Klll\la I\I0iKeT 6b1Tb ll3JlfeHeH (' II0JIIOIUblO KoMaH,ll. DB0,/llllllblX r rtYJlbTa. lllllf'

(''ITH 110:11\I0iKII0('Th roxpctlll'IIIIR llf'C'IWJlhl\llX (.110 Tpex) 11a6opon 3llrl'l!'llllii naprll\lPTf>0O 

.ilJlfl IIX II0CJlf'.11,\'I0IUf'l"0 6blCTporo ll0CIIJ)0ll3Bf.'Jlf.'IIIIH. 

:), :Ja1,.TJ.!0'1E'l·IHE' 

llp<'Jl<'TrlllJl('llllaR CIICTeMa y11paBJ1e1111R lllliKf.'KTopa pa3pa6oTrlllrl .MR pa60T1,l IIPII 

'laCT0TP II0llT0p<'llllR IIJllll)'JlbC0B '25 I'u II qie,llllero T0Ka IIY'!Ka l,ij ~1:\. )l.lPO.lOl'IIR Cll-
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CTC!llbl ('QQTD!'TCTDYeT npmrnToii KOHUenum1 nocTpOe1111.11 acex ()JleKT))OHHbIX CIICTeM ,llY 
"lkTpa .. 11 OTDe'laeT ycJIODII.RM y1111cfmKau11n annapaTHoro 06ecneqe1111.R II ceTeDbIX npo

To1m,1on nepe,lla'III ,llallllb!X ,llaIIIIOI'O YCKO))IITE'Jl.fl. l1p11HIITble B .uam1oi1 CHCTeMe peWeHll.11 

IIIOI"YT 6b!Tb IICf!OJlb30Ba!lbl npu pa3pa6oTKe a11aJIOrll'IHOii KOHTJ)OJ1llpy10weii 3JleKT))O

HIIKII .l,l.11 OCTa.1bHblX Tex110,10rI1'1eCKIIX CIICTeM ycKO))IITeJIII. 

l. .-\pTeMOB B.C'. 11 ,11p. ,TI1rneii11b1ii yc1..:op11TeJ1h rrpoToHoB "llcTpa-36'' 1,aK .upaiioep 

~11-n1ep11111e11Ta.11b11oii 3MKTpo11,11ep11oii ycTaHOBKII UT;:)¢. MH¢H. Hayq11a11 cec
,·11H-HU. C6op11111, Tpy.11011. T.4. c.120. 
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KARA.JI TP AHCIIOPTHPOBKH IIPOTOHOB K MHlliEHH 
3.JIEKTPOJl,ll;EPHOro HEMTPOHHOro rEHEP A TOP A 
HT3<1> 

A.M. Ko3oaa.ea. O.B. Hlaeaoa. E.B. Bo.ttnoa, H.,4. I'aapu.ttuu. 
M.M. Kmt, K.H. Kpe"l.em. D.C. A7nne.M.oa. A.M. Buumeac1.~u-1'1., 
A.A. ,4po3d06C'l-:,1L1t, M.M. HzyM'H.06, IO.H. Ky3b.M.1L'H., P.II. Kyu6u.<Ja. 
D.A. Kome.ttco, IO.I'. Op.ttoo, A.M. Pacnonmt, D.K. CeM.fl:•m-uH., 
n.c. C,-:,a:•moa. A.M. Cmena'H.06, r.r. HlttM"l.y,-:, 
Jlucm 11mym meopemu14ec1wt'/ u 31;;cnepu,,11eHmc1J1bHOtt efiuJu1;;u, A;Jocli:60 

IO.II. Ceaepzuu, A.IO. Koucmanmuuoa. D.JI. Dacu.ttbea. 
B.D. Po:)l(!aecmaencnu-r'i., A.D. Ilyza·ttea 
Ha y•mo-ucc Jtedo6 0111 e,1bc h:ttt1 uHcm. u my111 .:Me1;;111 po(/iuJ 1114ec1;;ot'I a1111aJH1111 ypbt 
11,,11. .J.B.Eef.ipe,,11060. C.-llemep6ype 

OnncaHbl OCHOBHble oco6eHHOCTII II 3JleMeHTbl MarHHTHoro KRHaJia TpaHcnop

Tll()ODKII 1111Te11c1rn11oro npoT01111oro ny'fKa OT mmeiittoro ycKop11TeJu1 HC'TPA
:36 K MllllleHII, pacr10J10)Kem10ii C ue11Tpe TIOJIK))HTll'teCKOl.i c6opKII 3JJCKTp0IIJIC))

II0J'0 11ci'iTpo111mro re11epaTopa lIT~'.:)cp, 

Channel for Transport of the Proton Deam to the Target of 
Electric-Nuclear Neutron Generator in ITEP 

A.M. Kozodae·r, et al. 

Main propert.ies of t.he magnet.ic channel and it.s element.s for t.rnnsport of t.he 
int.ensi,·e prot.011 beam from linac ISTHA-3G lo t.he t.arget. into ITEP reactor are 
described. 

I. 138<','1(:'IIIIC' 

B IIT:)cJ, coopy;irneTcfl 3JJeKTpOflJlf'p11bJii neiiTpoHHbtii renep,nop (:),TJHHI') [l]. 
BKJIIO'JalOlllHii B ce6ft 110,l1KJ)IITll'ICCKYIO c6opKy Ha 6a3f' OCTaHODJ1e1111oro TRiKeJJOBO,ll-

1101'0 peawropa 11 J11meii11b1ii yc11:op11TeJJb np0To11on HCTP A-36. I b.myJJhrnblii nr1oi,; 

npoT011on c :i11rprueii 36 M:iB II cpe,amm TOKOM ,110 500 MKA (HMflYJJbCHbiii TOK ny'-IKa 

100 1\11,A. 'JaC'TOTa IlOBTOpeHHJI IIMIIYJJbCOB 25 l'u) 6y,lleT nanpaBJIRTbC'R llcl 6ep11JJJlllf'

BYIO l\llllllCllh. pacnoJJoiKeHHYIO B ueHT()C aKTHBHoii 30Hbl 110,IIK()IITll'-leCKOii c6opK11. II 

Rbl3hlBclTh lll\rn~•.r1bC'HOf' IIC'TIYCKam,e HCIIT()OHOB. 

h:c111a.~ TpallCIIOpTll()OBKII npOTOHOD I, MllllleHJI ,llOJJiKell Y.llOBm'TBOJ)flTh pR,lly oco-

6bJX yc.,on11ii. rJepBa.R oro6eHHOC'Tb C'Bfl3aHa C BbJC'OKoii IIHTCHC'IIBHOC'TblO IIY'-!Ka. Ily

'fOK .10.1:,i-;e11 T()clHCnopT11poBaTbC'fl 6e3 3Hcl'-IIITCJlbHblX noTepb II 3aTe!\I rro 118..10 ~iai,;-
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c11Ma.J1bH0 pacnpe,11em1Tb no noaepxHoCTH MHUiem1. BTopaJI oco6eHHOCTb - cne1..1mj:>w-1e

cKoe II orpam11-1e1111oe npocTpaHCTB0 Ha,11 no,111<pHTH'Iec1<oii c6op1<oii, r,11e ,11omKHb1 paa

Me11..1aTbC.R :rneMeHTbl KaHa.Jia. Ilpu JT0M ny'I0K Ha,110 noaopa'IHBaTb Ha 3Ha'IHTeJibHble 

yrnu B 06e11x IIJI0CK0CTl!X. TpeTbll oco6eHHOCTb - CJI0;l(Hble ycJI0BH.R Ha6n10,11emrn H HJ

l\lepellll.R napaMeTpoa nyq1<a oKono MHUiem1. MuUieHb pacnoJio;l(eHa Ha rny6uue 6onee 

3 M BHYTPH I..ICIIT))a.Jlbll0l'0 KaHa.Jia IIO,llKPHTH'leCKOH c6opKH. B JT0M MCCTC IIPH pa6oTe 

ycTall0lllrn 6y,l\eT lie T0JlhlW BblCOKHii ypoaenb pa,1111amm, HO H Bb!C0KM TCMHepaTypa. 

LleTBepTaJI oco6e1111ocTb CBl!3aHa C pa,11na1..1noHHOH 11 TeXHOJIOl'H'lec1<oii 6e3onac110CTblO 

~•c"'l'illl0IIIOI. I la1w11cn, 11a;10 y-1i'1T1,11la'l'h, 'ITO napaMeTpU nyq1<a Ilp0T0II0ll ceii'!ac 113-

neCTllhl .Tlllillb 110 paC'leTaM. 0;1(11,llaeTc.R, 'ITO Ha ypoBHe CH!'Ma ny'I0K 6y,11eT IIMCTb 

cJ1e;1y1011..111e xapa1,Tep11eT11K11 n <tmaonoM 11pocTpa11cTnc: B roJHIJ01ITa.r1b11oii w1oc1<ocTH 

.\x.\' = :l, i ~1~1x:l, i Mpa,l\; a nepT111<a.11bttoi"i YxY' = 2 MMX5 Mpa,11 1 a paa6poc no HM-

11yJ1hca~1 C0CTaBIIT dP/ p = ±0, 5%. 0,11ttaKo Kalla.JI ,II0JliKCH 6b)Tb c11oco6eu K Tpaucnop

Tllp0llh:l' 11)"11,a C napaMPTJ>aMJI, IWT0))hlC MoryT JaMeTH0 0TJlll'laTbC.R OT paC'ICTHblX. 

(. Y'ICT0M ~ITIIX oco6eHHOCTeii 6b1Jla paapa6oTaua MarHHT00IITH'ICCKaH cxeMa Ka

llaJia. C"l..:OIICTpy11poua111,1 l'l'0 ~JJH~MCIITbl II ll))C,IIJI0iKelH,I peUieHH.fl 110 H3Mepe111110 napa111e

Tpo11 ll)"lf,;H, 

Pnc. 1. Cxel\la BepTIIJ,;H.JlbH0ro ce'!eHllll Kalla.Ila TJ)HIICII0j)Tllp0BKII npoT0HII0ro ny'IKa K 

l\llllllPIIII )'CTflll0IIKII :).11Hlll' 

1. l\la1·1111Too11T11'[('l'trni1 J>c1c•11•T 1rn11a.r1a 11 ~HHaMH!rn 11y 111rn 

Ila pm·.l II p11c.:l 1101..:a;1a11a CXCl\lll pacnoJI0iKl'IIIIH :iJl('I\ICIIT0U Ka11aJ1a II BCp'l'IIKaJlbllOii 

II rop113011Ta.ilhll011 IW0Cl..:OCTII. C00TDCTCTDCIIII0. 811,llHO, 'ITO np11 TpaHCll0))Tllp0BKe 

IIIJ0T0l!0ll Ila ~IIIIIIC'llh 11)"101, C!Ja'Ia.Jla nonopa•maaeTC.fl B rop1130HTa.JlbHOii n,1oc1<0CTH 
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l\HtrllllT0M lVIBl ua 34° D Hanpa.BJJemm oc11 no,l\t<pnT11~1ec1<0ii c6opt<ll, a 3aTeM nono

pa.'i1tBa.eTC.H MarHHT0M MB2 BHll3 Ha 90°. liy'-IOK <pOKycnpyeTC.fl 3JleKTp0MarHIITHhlMII 

1rna,L1pynoJJhHhil\111 JJHH3aMH Ql-Q4 11 nosopoTHhIMII Marm1TaM11 MBl H MB2. Ha11pa

DJ1e1111e ny<m:a KoppeKTHpyeTCR B ,llBYX IIJI0CK0CT.flX 1<0ppeKT0J)0M l\. OcHOBHhle npn6op1,1 

,llJI.H 011pe,11eJJeII11H napaMeTpoa ny'-!Ka pac110J1o;i..:enh1 n 1rnMepax 11a6J110,11e1m.R KJJ5-J...:JW. 
Oh(JI npe,llJIOiKell TaKoii aapnaHT Mal'HIITHOII 0llTIIKII l<aHaJJa, B l(OT0()OM B HBHOl\l 

B11,1\e He 3aJI0JKeHo BbipaBHHBaune IIHTeHCIIBH0CTII ny'-!Ka ua MHWelrn, H60 Ha nepB0l\l 

~na11e pa6oT 'HIC'l'0Ta IIOH'l'Opeml.R IIMIIYJlhCOD H cpe,1111uii TOI< 11poTOIIII0l'0 11,Y'Jl{a U,Y/IYT 

11e60JJhWIIMII. Ilo3TOMY 6b!JIO npe,llJJOiKeno ccpopMIIJ)OBaTh Ce'ielllle IlY'iKa ua MIIUJe1111 

Ila. y pouue IIIITCIICIIHIIOC'l'll ,/\Ha cur Ma IIJJHMep110 paDUhlM pa3MepaM MHUJCIIII. B :l'l'0lll 

CJl~"Jae l\l0iKII0 0iKll,l\aTh, '(TO fJOTepII 11,Y'll{a 11a yponue IICCl(OJ!bl(l(X ll()Ol(PIITOD 6y /IYT 

'l'OJ(bl..:0 u6JJll311 llllllllellll. 

l'uc. '2. llu,;1 llblX0,llll0I'0 trnHMa Tpa11c11opT11poBKII npoT0IIIIOl"0 ll)"II-,H II 1rna1If' 

:)TOT naptrnllT 0C'II0Ball ua JICilOJlh30BaJIIIII cne1u1cjm•1PCI'i'.O('O l\lill'IIIITil i\lB'2. IWT0-

p1,1ii 6y,11eT lllll<'Tb T))II 301lbl C 11epeMel11lhll\1II rpa1111c11TaM11 Ma!'IIIITII0l'O II0J(II, T.r. (' 

3J1el\1e11Tal\lll ;+;ecT1-mii cpo1<ycnpos1rn ny'-11<a. Ta1<01i MarmtT II03DOJJ.fleT 11a nepT111..:a.,1h

HOJ\1 Y'laCTKP lie 11111eTh I<Ba,l\pynoJihllhlX JIIIH3 II ocno601111Th ~lTO l\lPCT0 ,ll,'IH UC'II0l\l0l"H· 

'l'l.'Jll,1101"0 'l'('XII0.'I0l'll'll'Cl(O('0 06opy11om1111111. lla110 0TJ\ll'TIIT!,, '(TO 0IITll'f('('l..:11(' ('floii<'Tllil 

l\la!'IIIITH MB:.! (>Hl'C''IJITallbl O,l\JIOBpe111em10 Ha. IWMI1e11ca.l(l1IO JIIIJ1eii11oii /IIIC'll<')JCIIII 11y•11..:a 
IHI l\llllllC'IIII. 

il.rn pae'ieTa 1..:aHa.~a II 0llTlll\1113aUIIII ero napaMeT()OD 6hvia lll'IIO.lb30BaHa CTall

,i.lapTHall 11porpa:.1:-.1a TRANSPORT [3] c uosoii nepc11eii acnoMoraTP.lhHoii nporpa:,.i:,.11.1 
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READ:.!:.! [4). 1..:oTopa.R 11cnoJJhayn TRANSPOHT e Jrn'leCTBe BHyTpe1rnero 6JJoKa. Ilpo

rpa111111R H.EAD:.!2 cyw.ecTne11110 ycumrnaeT noaMo:.K11ocT11 noHcKa onTIIMMhHoro pewe

HIIR 11porpaMMoii TH.ANSPOHT II ocywecTBJJfleT 110,111·0Ton1<y peaynbTaTon pac'leTa K!U< 

B Bil.Ile Ta6JJHUbl (' 0CH0BHblMH napaMeTpaMH 3JJeMeHT0B KaHaJJa H ny'IKa, TaK H B B11,lle 

cxe111 or116a10WIIX ny'IKa B ABYX IIJI0CK0CT.flX. 

MarHIITllbll
0i KaHaJJ 0IITHMH3Hp0BaJJC.R TaK, 'IT06b! Ha YP0BHe HHTeHCHBH0CTH ,I\Ba 

cnn.ia .!U!allleTp ny'iKR B KBa,l\pynoJJbHblX JIHH3aX He npeB0CX0,I\HJJ 6bl 60 MM npn BHY

Tpelllll'lll ,llllRMf'TJ)e Tpy6b! BaKyyMonpoB0,l\a 90 MM, ,I\HaMeTp ny'iKR B KaMepax Ha6mo

,/lelll!R KH7 11 I\H8 6b!JJ 6bJ oKoJJci 10 MM. Ilpu JTIIX ycJJ0BH.RX pac'ieTHbJj:i ,llHaMeTp ny'iKR 

BH)'TPII BT0poro II0BOJ)0TH0f0 Mar1111Ta He npeBhlllJaeT 22 MM, a paC'ieTHblii ,llHaMeTp 

ny'iKa Ha Mllllle1111 BHYTPII peaKTopa 6y,lleT Ha ypoeHe ,llBa Cllf'Ma 0K0JJ0 90 MM. 

Ha puc.3 noKa3aHa cxeMa or116a101UIIX ny'iKa HR YJJ0BHe HHTeHCHBH0CTH CIII'Ma. BblJla 

npoue,JeHa ouem..:a BJIH.Rllll.fl OTKJJOHeHII.R Ha'iaJJbHblX napaMeTpOB ny'iKa OT pac'ieTHblX, 

GhlJIO 1101..:a:rn110. 'ITO .llOllYCTHMO TpaHcnopT11poea.Tb ny'i0K no BblXO.llHOMY IIOHonpoBOJlY 

npn IIJ~1eue111111x nrex Ha'iaJJbHblX 11apa111eTpon ny'iKa n npe}lenax ±20 c;,'c,, o.llHRKO npu 

:rro~, 110;1111o;i,;110 ynrJJll'l<'IIW' 110TPp1, 11y91,a n Mar1111Te M2. 

X 24. ■,.. 

Zb 8.1 n x 12-8 .IHllh•eet z. 11.1n 

P11c. :1. C'xe~ia or116a1out11x II)''iKa Ha ypou11r llHTl'IICIIBH0CTII CHn.ia 

:J, :lrre1-npor,.1c1rH11THbW 3.TieMeHTbl l<a.Ha.rra H nx nuTaHHe 

Hepn1,1ii nonopoTHh1ii 111arHIIT MBl 11ao6pa;i.;eu Ha p11c.4. OH no3B0JJ.fleT noeepuyTb 

a1,1we.Jw11ii 113 yri,;op11TeJJ11 ny'loK n1160 ua )T0JJ 34 rpa,.llyca. JJH6o ua yroJJ -34 rpa,llyca • 

. 11160 nponycTIITb llY'I0K 6e3 II0B0J)0T0B B JI0Byrni,;y. BblCOTa 3a30pa 30 MM, ,/lJIIIHR 

111ar1111T110ii JI0p0iKKII 40 Cl\l, umpmrn pa6o'leii qaCTII MarHIITHoi'i ,ll0p0iKKH 20 MM, MaK

Clllllil.'11,IIUf' lllill"IIIITII0I' II0JI(' 1.:1 Tn. l3aKYYMHa.fl Ka111epa 111\lf'C'T 1<011Cp11rypau1110, K0T0)J8JI 

110:mo.rneT 11po11yeKaTb ll)"I0K """ II0C.~(' II0BopoTon. TctK II npRIII0. 
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Puc. 4. MaruuT MBl 

l\larmrr MB2 11e T0JihK0 nonopa'-IIIBaeT 11y'-!0K BHII3 Ha 90 rpa,11yco11. 110 11 eyu1e

CTUc11110 UJ!IU!eT 11a cI)o1..:yc11pouKy 11y'-!Ka. 011 IIMCCT c11eumtm•1eci..:y10 1w1wTpyK111110 11 

11ao6pa;i.;e11 11a pnc.5. Bai..:yyMHaJI Kar.1epa II H))M0 MarmITa M0l'YT 11po11yn,aTb Il)"I0K 

Jin6o npHM0, 1, MHllleHHhIM cTaHUHHM MC3 11 MC4, Jiu6o nocJie nouopoTa ny'-!Ka BHll3, K 

MJlllICHII 110,IIK))IITU'-ICCl(Oll c6opKU {cM. ))JIC.l JI pnc.2). KpoMe Toro, l(0HCT))Yl(i.lHH Mar

lllITa II f'l'0 BaKyyMonpono,11a 06ecne'-IHBa10T npoxoiK,11em1e CBeT0B0l'0 CHl'Ha.Jla CHH3Y (oT 

MJIWCIIII) uuepx (I( l'UCT0IIJJHCMIIHI..:Y "·rewwuu:iopa" ). :Ja:iop :J'l'0l"O Mal"IIIIT/1 HMCe'l' TIJII 

cp01..:ycnpy10rn,nx 30Hbl C nepeMeHHhlMH BeJIII'-IUHaMII rpa,1111e11Ta Marmr:rnoro II0JIH. :_➔Tll 

30Hbl 1,poMe ll0B0))0Ta llY'-ll(a Bblll0JIHHIOT ))0Jlb cp0Kycnpy10rn,11x :)JICMCHT0B JI 06eCI1f'

'IIIIIHI0T 110/ltlllJl!'llllt' Jlllllcii11oii /llll'llep<:1111 11y•11rn Ila MIIIUl'llll, IWT0IJHH 110;111111.;aeT """ 

11epT11i.;aJ11,11or.1 11ouop0Te. llepuaJI ao11a JIMeeT ,11111111y no op611Te LJ = :.!IHI MM II rpa

.illll'IIT r.ian111T11uro 11w111 GI= -0,U!JJ~ 'J';1/n1 (11J = -:1,8, l"/IC G = 11x/J/1·). lhopn.11 
ao11a IIMeeT L'2 = 364 MM II G'2 = U, llGU TJI/n1, a TpeTbH ao11a IIMee'I' L:l = '29!-J MM 11 

G:3 = -U, UH:3 '1'.'1/cM. Ce'-!e1111e :rn::iopa 35 r.rnx:35 MI\I, pa,1111yc nouopo-ra J1y<11rn GOU MM, 

.)TO.ii II0II0jl0'J'il 11y•11,a uo rpa;1yco11 (1311113), Mcll(Clll\1aJll,ll0C l\lat'IIIITII0C' II0JI(' I .G '!'JI. ll11y

Tpe111111ii /111111\lf'TP oai,:yyr,moii KaMCf>l,1 lie MCIICC aO MM. 

~l,1H c!Jo1,:yc11po111rn 11y•11,:a 11a rop11:J0IITHJlhll0I\I y•1cu:Tl,(' 6yJtYT 111·110.;11,:m11aT1,1·H •11·

T1,1pr :1.1ri.;Tpor.iar1111111,1e 1rna,11pynoJihllhlf' mm:11,1. O1n1ma m,1xo,1111oro 1..:a1rnm1 :).TIH I II' 11 

11apa~ll'Tphl Jlllll:J (a11epTypa, ,!IJllllla, l\lal(CIIM,Ulbllblii rpa,1111e11T 1111/IYl<IUlll ~lal"IIIITII0l"IJ 

110.ilfl) 0l,1/111 110;106pa111,1 Tai,, 'IT06l,I 061\IOTl(ll Jlllll:J I\I0l'JIII pa6oTaTh 61•;) 110,/IHII0l'0 0XJlil

it.:/ICIIIIH. ,/limahl llMeIOT ra6ap11TIIYIO JI ::icpcpeKTHBHYIO ,11JIIIHY 40 CM, ,llllaMeTp a11epTyp1,1 

HU ~l~l. I\HU,CIII\IaJlhlll.,lii rpa,1111el1T 1111,IIYKl.lllll l\lal'IIIITII0I'0 II0JIH :3 'ln/r.1. Ji ✓IH 1..:oppCKTll

po111,:u 11a11pal1,lll'llllfl lly<ll,a II ,110110.illlrllll!' I, 111\Yl\l 11onopoTlll,IM l\tal'llllTal\l 11pe/lJI0it.:C'II0 

llt"IIUJJl,;J0U1lTb ~laI"llllT-Koppe1,;-rop. 011 JHICII0Jlcll'aeTCJI Meit.:,!IY BTopoii II Tjl("J"l,eii I..:IHl

;q>y110.'11,lll,II\III m111:ia~111. llp11 l'<"IP.111111 :rn;iopa !JO ~lMxU0 r.11\111 ,i1JIIIIH' ;I() c~1 <'l"o Mar1111T-

11ot> 110.'IP r.10it.:PT .il0<"'l'lll'aTh u 1rnit.:,II0I\I 11a11pau.11e111111 U,U:.!!j TJI. 

B1°!' I\IHl"IIIITllbll' ~Wl'I\ICIITL,I Ka11aJia 11poii,nyT •iepe:J cTa11,1.1ap-r11y10 11pouc,1ypy ~HtrllllT-

111,IX 11:nl<'!H'IIIIII. 
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Puc. :ja. C'e'lemte MarmITa MB:.! Puc. 56. MarHIIT MB2 11 ero aaKyy111Ha11 

KaMepa B IIJIOCKOCTII IIOBOJ)OTa ny'!Ka 

.cl. ilonynm Ha paccTaHOBI<Y o6opy ~0BaH.1rn 

~ 
....I 

'-l-ro6bt ny<IOK c DblCOKOii IIHTeHCHBHOCTbJO TpattcnopTllpOBaJICJI 6ea cymecTBeHHblX 

IIOT<'ph. ll1tJlO, 'IT06bl C'l'O CMe1ue111U1 OTIIOCIITC'Jlbl!O 01'II MarHHTIIOl'O KaHaJJa DO acex 

Mf'l'T/IX 61.IJJII 61,1 HP 60JIPP ±} I\IM, 

.Jmr 111arHIITllblX 3JleMeJITOB II KaMep 11a6J110,11eH11fl Jllllteiittan TO'lHOCTb IIX paccTa-

110111.;n IIJlOJlh 01'II i-a11a;ia COCTal!Jlfl('T ±~ MM, TO'IIIOC'TI, C'OOTDt'TCTBIIR reoMeTpll'lt'CKoii 

01'11 ;1,1t<'l\le11Ta f'l'O pac•1eTJIOMY IIOJIOiKeHIIIO OTHOCIITC'Jlbl!O (lf'II KaHaJJa ±0. 1 MIii. IIJIOCKO· 

<'Tll l'lll\ll\lf'T()ll11 Kna.upy110Jlblll,IX Jlllll3 II Marml'l'a MB I .llOJliKllbl JieiKaTb II l'O()ll3011TaJlb· 

11oii 11.'IOC'KOCTII c To•111ocTbto ± 10-3 pa.u. llJioci..ocTb ru111111e-rp11u Mar1111Ta MB2 JlOJliKHa 

11axo,111Th<'H n llPJ)TIIKaJJbHOii llJIOCKOCTII C TO'lHOCTblO ±a X 10-4 . llocJ1e.11Hee Tpe6oaaHHe 

()C'()O('IIIIO ll/\iKIIO. T.1,:. Mal'IIIIT MR:l no Tf'XIIO.~Ol'll'lf'CKIIM 111)11'-lllllaM 111101' Jill MOiKf.'T CMP· 

lllclTbl'fl 11;1 pa6o•t<'l'O IIOJIOiKelllIH ll 11epa60'1ee II 3clT<'M rTaBIITbCJI B pa6o'-lee IIOJIOiKPHlle 

aa110110. 

:), BaI{_\',\'l\lHaJI CIICTC'l\ta BblXO~Horo MarmITHoro Ka.Ha.na ycTa.HOBl<H 

>).iJHHl' 

(}n-:a'IK/l llclKyy111110ii CIIC'TN,lbl II ll3111epem,e BaKyy111a Ha rop1130HT8JlbHOIII y'-laCTKe 

1..:a11a.rn ocymccTBJIHeTc.H •tepca i-aMcpu 11a6J110Jlellllfl l\ll1>-KIHJ (cM. puc.l II puc.2). TaK 

Kai, 11111.;yymtaR i-ar.iepa 111arm1Ta 1\1B2 11111eeT 111aJJoP ceqem1e n atta'lllTeJlbHYJO .umrny 

(BIIYTIH'Hllllii ,lllal\leTp ~rn 111111 II .umma OKOJIO 1 M). TO .l!Jlfl acpcpeKTIIBHOii OTKa'iKII Bep

Tl11'a.11,11oii •1acT11 llaKyy11io11pono,11a D o6xo.ll MB2 OT l\117 .llO KH8 pacnoJloiKetta Tpy6a c 

DHYTIWIHIIIIII .llllal\teTpOIII 80 MM. KOTOpall OTKa'i11DaeTCR .llOllOJIIIIITeJlbHO. Ilo pac'ieTal\l, 
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0K0JI0 Db!X0,118 113 JIIIHeiiuoro YCK0pllTeJIR DaKyyM 6y,11eT nop.R,IIKa 10-6 ·ropp. a B pauoue 

6ep11.1rnnenoii Mmueun nopR,11Ka 10-3 Topp. 

.llnR 381lll!Thl BhlC0K0BaKyyMH0I'0 o6'heMa Jll!HeHHOI'O YCK0pHTeJIR OT B03M0:iKH0I'0 

npophrna TR:iKeJioi·i B0,llhl B cny'lae anapni".rnof1 paarepMeT11Jaum1 MHWeHn ua 110Honpo

no,11e ycTaHaBJll!BalOTCH ,11B8 6h!CTpo,11eiicTBYIOlllllX IIJH6epa - Bill ( CM. pnc .1 II puc.2) . 

3Tn 111116epbl 6b!JIII CK0IICTpynponaHbl C HCII0Jlb30Ba1meM Y3JI0B 3JleKT!)0MCXaHll'leCK0l'0 

naKyyw1oro 3aTnopa 3B3-100. llx 11cnoJ11111TeJibHhli1 MexaHH3M - nHenMaT11'1ecK11ii np11 

/IUIIJ!f'IIIIII ra:rn 10 I\T, Cur11aJ1 Ill\ 3Rl(J)blTIII' 6blCTporo WH6epa 6y11eT 110/IRORTJ,Cll 0'l' 

Tepr.tonapHoro .naT'IIIKa, pacnonal'aeMoro n nm1rneii 'lacTn eepTnKaJibl!0l'0 y'laCTKa Ka

HaJla. l10J1HOe BpeMJI cpa6aTh!B8HHJI 3RIIJHTH0I'0 KJlanaHa no oueHKaM K0HCTpyKT0p0B 

He npeBhlCIIT 0,5 cei.,:, OTO npnMepHo B ,11B8 paaa 6blCTpee pac'leTH0I'0 epeMeHII no,11'heMa 

B0,llbI 113 peaKTopa B cJiy'lae anapnn Mnrnem1. 

6. Il)"-IIWBaJI MeTpm<a. 

llJIA ll3MC!)<.'llllll uapaMCTJ)0D IIY'IKa 11a DblX0,llll0M Kaua.rie npe,llJI0iKCII0 ycTaU0DHTJ, 

nHTb i.,:aMep Ha6.1110,11emrn KH5-KH9. CxeMa KaMephI Ha6J110,11eH11R noKaaaHa Ha pnc.6. B 
1'8)KJIOii KaMepe npe,11ycM0T!)CHhl B03M0iKH0CTII ll3MepeHllR noJIH0l'0 T0Ka ny<IKa IIH,llyK

lJII0HHhlMII ,118T'llllrnMII 6e3 BJIIIRHll.fl ua TpaHCII0J)Tllp0BKY ny'IKa: T0'IH0CTh ll3Mepemrn 

±3 % . .1111ana30H 113Mep.ReMh!X IIMilYJlhCHhlX T0K0B 1-50 MA. 

Puc. 6. Cxer.ta KaMepbi Ha6J110,neH11J1 

1. lly'loK npoTouon 

2. Kopnyc KaMepbI Ha6n10,11e111111 

3. llH,llYKllllOHHbIH ,naT'IHK 

4. MexaHH3M nepeMeIIJeHHR 

113MCJ)HTCJlbHblX ~'3JI0D 

5. "Maci.,:a" c CHCTeMoi'i OTBepcTnii 

6. Cu1111TJ1JIJ111py10wnii a1,pa11 

i. 3epKaJ10 

8. llp11eM1111K cneTonoro c11r11UJ1a 

{). :3Kpan ,llHCnJieR 

Cormw110 pn«''l<'TRM, ll)>OTOllllblli llY'IOI\ n KaMC'pax IIR6JIIO,I\Cllllii 6y,l\<'T IIM<'Th Jlll-

11eii11b1e pa3Mepb1 118 yponue CIII'Ma D npe,neJiax 5-15 MM II yrJioDble pa3MCJ>bl II0J>R,IIKR 

2-10 r.1pa,11. I br.t<.'1)<'1111<.' c)>a3onoro nopTpC'Ta II cj>opMu ce'letm11 ny'IKa 6y.ne-r npo110-

.!IIITbc11 no MeT0.!IIIKe, IICilOJlb3)'10U~eii np116op C' npocTpaHCTBCHII0-3ap11,11onoii CBl!3bl0 

- 11:J<. 0

-MRTp1111y (5). B 3011y .!IDlliKCIIIIR 'laCTHIJ 6y.11eT Lll.10,llH'l'bCR 11e11po:.ipa'IIIM .!IJlll 

npoT0H0B ··Man.:a" (BOJib<ppaMOBM IIJl8CTl!Ha TOJIIIJllHOJi 1.5 MM) C 0TBepCTIIHMII (war 

1.5 M1'1 IIJIII 3 111111. ,nnaMeTp OTBepCTHli 0.1 MM IIJIII 0,3 MM) H pacnoJIOiKeHHhlll Ha pac

CT0RIIIIII 50-90 IIIM .I\RJlee 110 ,11011,KeHHIO .'lal'THIJ CIJHIITIIJIJlll!)YIOIIJHii a1<pa11 (JIIOMHl!Ocpop 

CsJ(TI). HaHece,rnhlii cnoeM 100 MK na Maiinapony10 110.11.iio;i,;Ky TOJIIIJ1moi1 50 MK). Csn 
OT 31<pa11a 11p11 II0M0IIJII ll8KJI0HH0ro 3epKRJl8 11a11paDJ1.flCTC.fl qepea 1<napue11oe 0KII0 llR

Kyyr.moii KRMepu Ha TeJieBll31101lllblli npneMHIIK. CnrnaJI C TeJieBH3110HH0l'0 npneMIIIIKa 

nepe,11aeTCR B :3Ul\L Pacnpe.11eJie1111e HHTeHCIIBII0CTII cneTa BHYTJJII CBeT0Boro nRTlla OT 

npoX0iK.lll'HIII! ny'IKa qepe3 K8iK.!I0e 113 OTBCJ>CTlliI II pa3Mepbl 3Toro lll!THa .11a10T IIH

cpopr.1au1110 0 ct>a30BOM o6'beMe ny'IK!I. Ha ,llllCIIJiei, 3B1\1 6y .IIYT BblB0.!IIITbC"I! 3MIITTaHc 
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ny<n,a. npocjm.~1, ny,-ma (cpopMa ce'lemu1 ny'IKa), a TaK:.Ke umpopMatUI.R o noJto:.Kemm 

ny'IKa 0TH0CIITeJlbH0 0Cll KaUMa. OiKll,llaeMaJI T0'IH0CTb HJMepellltJI cpaaoBblX napa

l\leTpoe ny'IKa onpe.11eJ1J1eTCJI T0'IH0CTJIMII IIJMepem1ii J111HeitHblX (±0. 1 MM) II yrJJ0BblX 

(±0. 2 l\1))8,1\) paaMepoe. TaKaJI T0'IH0CTb ll03B0JIIIT lit' T0JlbK0 acpcj>eKTIIBHO K0HT))0-

.r111pouaTb II 0IITIIMll311pouaTb npoXOiK,llCIIHC IIY\J.Ka •1epe3 K8HM, HO II OUCHHBaTb ero 

pa3MC'()bl 11a 6ep11J1J11leuoii MllllJCllll ( B ,llOllOJIHCHHe K IIH(j:>OpMau.un OT "TCllJIOBH30pa") / 

Ha p11r.7 cxeMaT11•1ecK11 noKaaauo pacnoJ10:iKem1e npu6opoa ,!IJIR HJMepemrn napa

M<'Tpo11 11~"11,a 01..0JI0 MIIIIJ{'llll. :JT11 upn6opbl llCTaUJJellbl U c11eu11a.11b11y10 Tpy6y. K0T0-

pa.H 6y;lf'T IICIIO,lb30UaTbCR TOJJblW ua ;nane 11a.11a..111rn 1rnna.11a. Bo-nepBblX. napa.Mf'TJ)bl 

11y<1Ka 6y11yT 11:i11wpwn,cH u 11oc.11c•11m•ii h'.aMepe 11a6.ruo,11e1111H l\ll-8. Uo-1rrop1,1x. na ~rra11e 

11a.11a;11.;n 0IWJI0 l\111111{'1111 6y;wT p!ll'IJ0.~0,K('fl ,l\3'1''111K npmjHIJIH lly<llrn. 1'0/WPiKcllllllii 11 na

l\l('j>ll'('('.11,llblX :1J1e1crpo,I\0B. CxeMa ;:rrux ;meKTJ)0,I\0ll noKaJa.Ha ua. pnc.8. 

Pnl'. 7. CxeMa paenoJJoiKellllJI 

,l!IT'IIIK0ll 113 B<'PTIIK!IJlhllOl\l 

~"1/\l"TI,P Ka11a.rn ,1.rn 11aMepe111111 

uapa~IC'Tpou IIY'IKa OK0.10 

l\llllllC'llll ::).TUil Ir 

1. MarHIIT M2 

2. KaMepa 11a6J1to,l\eH1tH KH8 
:l. foJJOBKa C' paa'bPMal\111 ;i,;apo11po'IHb1x 

Clll'HMbHhlX 1..:a6eJ1eii 

4. Cn1111uonaR aarJtywKa ra11t111a-11aJ1y'leH11J1 

npn BblKJIIO'leHH0M ny'IKe npoT0H0B 

5. BHewu.11.11 ea.KyyMHa.R Tpy6a D=-08 MM. 

d=94 MIii, ,llJJIIHa.5111 

6. B11yTpe1111J1H 11ar-1ep11TeJ1bHa.R Tpy6a D=92111111. 

d=8lh1111. 11.~1ma 4,7111. M10111111111ii. 

BHYTPII npoX0,11.111' iK!IJ)OIIJ)0\J.Hhle Ka6eJJU 

7. Mnweub ::).TJHH.r 1.;o11yc D=98 MM. ,llJJIIHa 

200 MIii, 6ep11J1J1llii. OxJ1a.iK.11aeTc.11 Bo,l\oii 

8. i\i.;'1'11111111.11 :1111111 110;11,1m·1·11•u•c1wii c·6up1rn 

!l. llHT'1111.; To1.;a 1111;1y1.;iu1011111,tii I lil-:l 

10. Bai.;yy111111,1ii 11aT'IIIK IIMT-4111 

11. M11oro:1JJl'KTpo.11111,1ii T0K0ll()IICl\tllllK 

.!l.~JI 1131\ICJ)CHIIR cj:>opMbl ny'IKa 

12. lbo6pa;i,;em1e cj:>op1111,1 ny'IKa na 1111cnJJee 

l\lHOroam"l,TJ)O.!lHOro TOKonpneMHIU<a 

13. lbo6paiKeH11f' cj:>opMbl ny'IKa Ha .ilncn.1ee 1 
11 1rn11wpr na6JJK>JIPIIIIH l\118 

14. lbo6paa;eH11e cj:>op1111,1 ny'-IKa. Ha ,l.lllC11J1ee 3. 
T<'IIJJOBll3110llllblii ,ll!IT'IHK 

15. 0f'J)TIIKMhllhlii 0T!)0CTOK ua.Kyy11111oii KaMe

J)LI lll!ll'IIIITH M:l (' KUap1JeBhllll 0KHOJII 

113. :JC'J)KMO 

lloc,11' 0K0ll'l!lllllff 11a.1ta,llO'lllhlX pa60T 13 pa60'll'!II pe;+;ll!llf' B!lleCTO IIIH0l'O:Meh:TJ>0,llH0ro 

;131''1111,ct <l>Oplllhl ny•tKa 6y,lleT IICIIO.~b30B3TbCH 1'0.~hK0 4 nep11et>ep11iiHblX 3Jl('KT()O,l\!I ,llJIR 

0(l!'lll,:U <'MC'lllf'IIIIH 11y-11.;a, IWT0J>hlf' 6y,llyT pa<'IICM0iK<'llhl 6m1;1i.;o OT llllllll{'IIII. 1lm1 0ll('IIKII 

IIIITC'll<'IIIIII0<'Tll ny\J.Ka Ol,O.~0 IIIIIUJf'IIII 6y,lleT pa<"II0.'I0iKC'II ,'l0110.11111Tf'.1bllblii 1111,ll)'l,IJIIOH

IILlii ,laT'lllh: (n1. pne.7). 
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J>11c .8. Cxe111a pactroJioiKemrn 

~M<'KT))0JI0B II ;·n:pa11on B 

l\lll0J'0:MeKT()0.!1110111 

T0h:011 ()IH:'IIIHIII,<' l\lT 

1. ::>.~eI,TP0/1 I Ha ),:00J),.1\, +36 MIii (' TO.~UlllllOii :i 111111 

:.!. :JJieJ,TP0/1 :.! Ila KOOi),/\, +24 MIii (' TOJIIIUIIIOii :.! mt 

:_\, ::)Jiell:'l'IJ0,11 :\ Ila Koop,ll. +1:l MM l' 'l'OJllllllllOii 1,!j MIii 

4. OJiel<Tpo.11 4 Ha l<00J).ll, 0 MM c TOJIUJ,ltHOii 1 MM 

5. oJieJ<Tpp,J\ 5 Ha l<OOp,J\.-12 MMC TOJIUJ,HHOJ'i 1,5 MM 

I>. :3JJel\Tl)OJI 6 Ila l<O0f),I\, -24 MM c TOJIIIUIIIOII 2 MM 

7. :3JieKTPO.ll 7 Ha 1<00))/1, -36 MM C TOJ!ll(IIHOii 3 MM 

8. Jl3111cp1tT(\llbllaH Tpy6a 

U. MoHTaiK1toe K0JihU0 

10. Ka6em,. 3aaeMJIHJOUJ,11ii uce 3Kpa1111pyKmi11c 

3Jiei.:T(>0Jlhl, 

l:it,l.'111 npoll<'jlf'lfl,I :11,:e11ep11111e1tTbl 110 Jlll<'Tc\llUII0IIII0IIIY 113!11epf'IIIJI0 ))l'll'IIIJP,ll('Jlf'IIIIH 

Tf'I\IIIP))aTypbt 110 IJOBe))XH0CTll o6beJ.;Ta nyTe!II perncTpau,111 IIH<ppaKpacuoro IIJJIY'-!P-

111111. l'eayJthTaTbl ;)TIIX 31,:cnep11111e11T0D 110.llTBepJIIIJIII 8031\IO;KH0CTb ll<'II0.'Jb;10BaH1111 "']'('

IMOBtr:rno1rnoii" Tex11111rn .llJIH IIJMepeHttR B pa6o'-!IIX Y<".~0BIIHX pacnpe.11e.~eHt1H IIJI0TH0CTII 

II0T0l,H llp0T0II0ll llcl 11111111eH11 :.),llJIHl' no J)cll'll))CJleJte111110 TeM11epaTyp 110 11.'I0UlaJIII l\111-

llJ('fll), llp11111ep Ta1wro ll3Mepe1111H 11oi,:a3a11 111:1 p11c.!J. 

, • Pa,IJ,1rn1..1HoHHaH cH'rya1..1n11 

Pa,111c1u1101111aH o6rTaHOBKa 118 BblX0,I\H0l\l Kalla.Ile 6bJJla pacc1110Tpe11a JMH 'leTblpex 

llcl)lllflll'l'0ll paoOTl,I Y<'TclllOnlW, PeayJll,TilTl,1 011e1101,; .11onycT1Il\10ro llJ)<'l\lf'IIII llilX0iKJlf'

IIIIH llf'j>C0!la.llH UIQ"l'PII II BHe BO,I\HHoii aaUJ,IITbl ene.11e1tbl B Ta6.rnuy. llep!lblii uap1taHT 

HKTIIIIIIH.H ao11a 0Mllll,<'Tcl If(' 31:ll'PYiK<.'lla, 'lcll."l'0TII 110(.'l,)JI0K ycKop<.'11111,IX ll)J0'J'0IIJll,IX 

t'l'~'<'T1,011 11opA,1r-a I l'u (11a.11a,110'-!11h1ii p<';.r-;11111). lhopoii uap11awr ·· 6.rn11i,:<'T uc aarpy

iKe11. •raeT0Tc1 2!i l'u, TpeT11ii nap11a11T · 6.~a11KrT aarpyiKeH. '-!acToTa 11opH,111<a I l'u 

(11po1111•;,r,;~•TO'llll,lii peiKlll\1). t.l<.'Tlle))TbJii 11ap11awr 6.~allKCT 3arp~'iK<'II. 'laC'T0T/1 II0IIT0-

peHJIH 2:, l'Il (oe'JJOBIIOii peiKlllll). 

l'c1.a11au1101111aH o6cTaHOBKa B paiioHe ropll30HTIIJlbll0ro y'-!aCTKa lll,IX0,1110ro 110110-

npono,,a 0ll)>f',1f',1HPTCA, B 0CII0BH0l\1, ll0Tt'))Hl\111 ll))0T0IIII0f0 "~''!Ka II cnoii<'T0/11\111 111a-

1'1.')Jllc1,10ll 3Jlf'l\1<'111'0II i..a11aJJa, ErJIII n11yTpem111ii ,llllaMeTp nai..yylllllblX Ka!llep Ka11a.rn 

llC':l,1<' ll)>C'II0l'X0JIIIT pal''l<.'TllhlC' pa3!11epbl IQ"IKa II Tpll pa3a II 11)''101' II<' 0T1',1011Hf.''ITJI OT 

OllTJl')f'Cl,:Oii OCH i,:a11a.~a 6oJJee '-f('I\I Ha 0.5 111111. TO, no pac'-!eTa!II, He 60,1('1' I <Jc '-!8CTIIU 

6y,1<'T 'l'<:'))H'l'hC:H llcl l"0pll30HTaJJbll0III y'-lal'Tl\e llhlX0JIII0l"0 1<a11aJJc1 II 11p11111ep110 2-!j<,i'r · 11a 

Bf'J>Tlllrn.1hll0III ~''laC'TJ,:f' 1rn11a.11a 0K0JJ0 Mllllll'IIII. lloTP)lHIIJIH.H IIIITf'll<'IIIIII0C'l'h Bhl:l0llf"I' 

llclllf'Jlellll)'I0 pa;u1oaKTIIBII0CTb 3Jlel\1ellT0ll 1rn11a.rn, 

;1.,,H YIIH'llhlll('IIIIH JlaDC,I\CIIIIOii pa.1111oai,:·1·11u11ocT11 llp<.',.1\JI0iK<.'110 B<'TilllllTI, llll)'Tpb 11a

Kyy111011poao.11011 ncex Kna.11pynoJibHblX JIIIH3 ( 111\te!IH0 Tal\l, l',l\e 11)"-IOK lll\lf'l'T lllilKCIIMMb

"""' pa~l!llcpbl II I\JaKClll\1Mbllbll' JIOTl'pll) J,:0.~hlla 11a yrJ1epo,11a. '11'061,1 JI0TPJ>II 11)''-!Ka 

ll))0IICX0,/IIWII 11111e11110 11 3T0III 111wrep11a.11e [7]. no C'palllJeHIIIO C o6bJ'-!IU,IIIIII K0IICT))YKUII-

0llllhl!IIII ~raTep11a.1a11111 (11anp11111ep. c 11epiKane10JUt>ii C'Ta.llblO) yrnepo,il 06.ia..1aeT JHa'-!ll

T<'.11,110 ~l<'llblllll~I (ll)llll\lf'))IIO II !iO pc13) BI,JX0JI0~I ,10,H0iKIIJl)'lllllX pa.1111oaKTlllllll,IX 1130'1'0-
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nou. llo3TOMY 11ane,.11emH1J1 Tl()0T0!lllblM ny'iK0M pa,.11110aKTHBH0CTh M0iKf.'T 6b1Th TaKHM 

cnoco6oM cymecTne11110 yMeHbwe11a. 

AKTIIBHaJI 3011a 6JiaHKeTa nocJie BblKJIIO'ieHirn yc1<0pHTf.'JIR .RBJIRf.'TCR HHTf.'HCHBHblM 

IICT0'iHIIK0M raMMa-KnaHT0B, ncnycKaeMbIX npo,.11yKTaMH ,.lleJieHII.R .11,.11epHoro ropIO'iero. 

Ouem:a ,.11011ycT11Moro npeMe1111 11axm1<,.11eHH.R nepconaJia BHYTPH DO,.IIJIHOH JaIIUITbI npllM0 

11a,11 6JiaHKeToM npose,11eHa n npe,11noJio:>KeH1rn, 'iT0 sepTHKaJibHa..R Tpy6a n0Honposo,11a 

nepe1,pb1Ta cs1111uoso1i JaCJIOHKoti TOJIIUHHoi'1 150 MM. 

flp11se,11eHHOe 8 Ta6JIHUe ,11onyCTHM0e BpeMJI pa60Tbl B TeXH0JI0rH'ieCKHX noMeme

HHJIX nocJie 0CTaH0BKII yc1<op11TeJI.R noJiy'leH0 HJ ycJI0BU.R, 'IT0 Ja YKaJaHH0e B Ta6mu1e 

speMR nepcona.~ KaTeropnH ,. A., II0JIY'IHT ,llHeBHyIO ,II0JY 84 MK3B, 'IT0 C00TBeTCTByeT 

Tpe6onam1.11M HPB-99. flpn peryJI11p11oii pa6oTe a TaKHX ycnosu.11x coTPY.llHHK noJiy'IHT 

.lI0il)'CTIIMYIO ro.l!0DYIO IIHTerpaJibHYIO ,II0JY 20 M3B (2 peHTreHa). B Ta6JI1me B CK06Kax 

npnBe,ileHbl .lIOlQ'CTIIMble speMeHa pa60Tbl npu YCJI0Bllll, 'IT0 pa,1111aUH0HHa..R o6cTaHOBKa 

onpe,ileJIJleTC.R T0JibK0 IIJJIY'leHiteM OT no,111<pl1Tll'lec1<oii c6opKll. lfa Ta6JIHllbl BH,IIH0, 'IT0 

pa,1111a111101111aJ1 cwryau,11.11 Ha BblX0,ll!I0M KaHaJie onpe,11eJI.ReTC.R, B 0CH0BH0M, Haee,11em1oi'i 

aKTIIBII0CThlO OT np0T0HH0ro ny'IKa II 'iT0 npuMeHeHJie yrnep0,llHblX BCTaB0K .RBJIJleTCJI 

11eo6xo.QIIMbIM MeponpHJITHeM. 

Pnr.9. lbo6paiKe1111f' 1111111TaTopa 11111mr1111 ::>.TIHII I' 11r11110111rrope Tennosnaopa TN5104 
IH*l\la11 
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Ou;cmKH D0:lM0)KII0l'U DJHlMC1HH pn(,uTbl IIC1J>C0JII\JU\ HI\ J>fl:lHblX y•mcTKI\X 

DblX0~H0l'0 Kl\Hl\JU\ npH pa3HblX pe:lKHMl\X pat3oTb1 YCTI\H0DKH 

l'l',I\IIM IIIITCpDM .llo11yCTIIMOC npCMH 

6.~RHl,eTR II DpeMeHII nocJte Y'IRCTKII DblXO/IHOro HRXO>K/leHIIR nepcoHMR 

~·c1wp11TeJ1R DblKJIIO'leHIIR 11011onpoBO/IR 6e3 yrJtepO/IHblX C ~·rJtepO/IHblMII 

ny•nrn BCTRDOK Dl"TRBKRMII 

Bue eo11Rt1oii 3Rlll11Tbl 0 0 
B 6JtRHKeTe 10 MIIH BHyTpll BO/I, 3Rlll11Tbl, 0 0 
HeT ypRHR 3RCJIOHKR 3RKpb1TR 

l::!He B0/IRHOII 3Rlll11Tbl 50 MIIH G 'lac 

2 'laca l::!HyTpll DO/I, 3Rlll11Tbl, 50 MIIH G '!RC 

'-!acToTa 3aCJIOHKa 3RKpb1Ta 

11111,.,1011 I f11 Bue DO/IRIIO .. I 3Rlll11Thl 100 Mllll f.' 1 1a,~ 
24 'IRCR tlHyTpll BO.II, 3Rlll11Tbl, 100 MIIII fi '-tar. 

JaC.~OHKa JaKpblTa. 

Bue DOIIJ1Ho11 3all.111Tbl 0 0 
B 6.1a11KeTe 10 MIii! BHy'tpll DOIi, 3Rlll11Tbl, 0 0 
Ht'T ypa11a 3RCJl011Ka JRKpblTR 

tl11e BO,IIJIHOII 3Rlll11Tbl 0 20 Mlfll 

2 '11\f'I\ l::!llyTpll DO.II, ;JI\IIIIIThl, 0 20 MIIII 
1ln,·ToTn 31\CJIOIIKI\ 31\Kf)hlTI\ 

11111-WOII 25 1,11 HIit' IIOJIRIIOII 31\IIIIITl,I, 5 MIIII :1 •uu~ 
24 'IRCR tlHyTpll DOIi, 31\lllllTbl, 5 MIIH 3 '!Rf' 

3RCJIOIIKI\ 31\Kf)hlTR 

Bue Do11J111oii JatUIITbl 0 0 
R ft.11\IIKt'T JO MIIII HHyTpll fl0/1, 31\IIIIIThl, 0 ('I 'fl\C) 0 
.ml'J>~'>KCII 31\CJIOIIKIL JIU,1)1,l'l'IL 

~·1m11 Hur DOIIRIIOII 31\IIIIITIJ 50 MIIII Ii •1a, .. 

2 'lacR l::!HyTpll DO/I, JRIUIITbl, 6 '!RC (5 'lac) fl '-la(' 

'-larToTa 31\CJIOIIKR 31\KphlTI\ 

1111Km.1u 1 l'u Hue 00111111011 JRUUITt,t 100 MIIII f; 11ar 

24 '!aca Hn~•Tpll BOIi, 31\IUIITbl, 100 MIIH (8 '-11\C) Ii 'II\<' 

31\CJIOIIKI\ ;JI\K)lhlTIL 

Hnc 11011n1wii :m11111T1,1 0 () 

1-1 r, .. uull,t'T lU MIIII HH~"l'PII 110.11, ;JI\IUIIThl, 0 ( lU MIIII,) () 

:iarp~·;.Kell :mCJIOIIKI\ ;mKJlhl1'1\ 

,·pall tlue DOIIRIIOII JalUIITl,I 0 211 MIIII 

2 'IRCR ,BH~'TPII BOIi, 31\WIITbl, 0 (18 MIIH) 20 MIii! 

'-lacToTa 3RCJIOHKI\ 31\KpblTa 

UIIK,100 25 fu Hue BO.IIRHOII 31\UUITbl 5 MIIH 3 •iac 

2•1 •mc:R ttuy,vn 111111. :,1u1111 ... ,,1. 5 MIIII ( 20 MIIII ) :, •tnr 

3RC'JIOIIKR JaKpblTR 

tlHe BO.IIJIHOII 3R1Ul1Tbl 5 MIIH 4 '!RC 

1 MeCJIU BH~'TPII BO.II, 31\UIIITl,I, 5 MIIH (0,5 '!RC) 4 'lac 

:iarnnni;a :1ai;p1,1-ra 

0.Mec: tlllt' DOIIRIIOII 31\lllllTbl 15 MUii > Ii 'II\<' 

8. BblBO,.'.lbl 

CnpoeKTllpOBaH 11 113rOTaBJJIIBaf.'TCH KaHa.i TpaHCIIO))Tllf)OBKII llpOTOIIIIOfO ny'!Ka 

OT m111eii11oro ycKop11TeJ111 HC'TPA-36 1< M11mem1. pacnoJ1oiKe1111oii n uewrpr no,aKp11-

Tll'Jf'C1,oii r6op1rn 11efrrpom1oro reuepaTopa Irr:.➔ <P. Kaua., BJ<JJIO'!aeT n rr6H MarHIIT· 

lll,lf' ;1,'l('~Jf.'IITbl. CHCTeMy HX nHTaHHSI, CHCTeMy H3MepeHHSI napaMerpoe ny11Ka, eaKyyMHYIO 
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('l(("l'f'~I~'. Clll."l'f.'Ml,I pa,1111au110111toii II Ba1<yyM11oi-i :mW,HTbl. :)TOT Kalla.JI CBl!:.!blflaeT p!W• 

II0jl0/llll,I(' 'HH'TII y1·Ta110111rn JIH11Cii111,1ii YCIW(>ll'J'('Jll, llfl0T0II0ll II 110/ll,J>IITH'ICCl,ylo 

c6op1.;~·. llp11 ero pa3pa6oTKe y•1TeHhl Tpe6onamrn KaK ycKopwreJJhIIOii. Tai< 11 peaK

Top11011 TCXII0JI0J'IIII. 

.i111TepaTypa 

l. I.\'. Chuvilo Pt. al. Proton 36 MeV, 0.5 mA Lina, ISTRA-36 as a Driven of Multi
purposl' lrradiat.ion Test. Facility. - Prnc. of th<' HHJ(.jEPAC, v.a, pp.:W71-:,wrn, 

'2 . .\J1l. Kozodaev et. al. Program of Activities for the Liuac-Driver of !TEP Subcritical 
Facility. - Proc. oft.ht> HJ97 PAC, pp.2U65-'2967. 

:t 1-.:.L. Urow11 at al. -- TRANSPORT. CERN 80-04. 1980. 

•I. 1;.,;i_ Jlpy;i.;11111111, l\l.l\l. h:au. ll11cTpy1,1urn 110J11,:rn11aTeJ110 11 KpaTIW<' 01111ca1111c• 11po

rpa~IMbl Hl-:AD'2'2. U11yTpe111111ii OT'JeT ll'l':.:)¢, '2000: 

5. .\. ~l. B11w11eac1rnii 11 ,11p. C11cTeMa. ll3Mepemrn uonepe'!HhIX napaMeTpon IIY'-II<a c 

0Irrn•Iec1.:mI 11peo6pa301rnTeJ1el\l. - XVI Conell.l,amic no yc1.;op11TeJJHM 3apHiKeHHhlX 

•iacTBU, C6op11111.; ;~oi.;,;ia,1100, IlpoTBIIHO, 1998. T.1, r.H56. 

(5. O.U. lllue,wn 11 .ilP· <J)113w1eci.;oe 06oc11ona1111e c11cTeMhI ,i1Har11ocTHKII J1JIR 011pe.i:1e

·'1e1111R 11apa~IeTpon 11poT01111oro ny'!Ka yc1wp11TeJJR HCTP A-36 11a BhlXOJIHOM (sep

T111..:aJ1bH0~1) Tpa11c11opT11py10ll.l,eM KaHaJJe. OT'!e'r HT3¢, 1998, N 976. 

, . ,\.:\. J{pw,1011cK11ii, A.M. h:03011aea, IO.JI. .1la1111u1<11ii. Bh16op yrnepO,I\HhIX MaTe

pna.'1011 ilJIH ('Jla6oaK'l'IIUIIJ>YeMblX IJOl'JIOTIITCJieii TepReMhlX B yc1<op11TeJ1c> 'laCTIIU, -

X \'I I ( '01w111. 110 ycI.;op11T. :rnpn;i.;. 'IHC'l'IIU, I lpoT1111110, 16-'20 01,Tn6p11 '2000 r. A11110-

TaI11111 ,10I,.:ia;1011, c.Hfi. 
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CHCTEMA TEPMOCTATHPOBAHH.H 
H9-PE30HATOPOB JUIHEMHoro IIPOTOHHoro 
YCKOPHTEJI.H "HCTPA-36" 

A.IO. Op.1toa. B.B. AuucuMoa, P.M. BeH2poa, A.M. Ko3odaea, 
,4.A. ,!JJt1-:uH. IO.I'. Op,11,oa. D.II. filuMwypuH 
llttcm11mym 111eopem11tlec1w1l 11 31,;cnepu.uettmaJlbHot'i !fi11J111w. !11oct.'.6a 

CnpoeKTllpOBaHa CIICTeMa, II0JB0JJJIIOlUM peryJJ11poaaTb TeMnepaTypy BblC0· 
K0'laCT0THblX YCK0pll!OlllllX peJ0HaTopoa ycK0)JIITeJJJI C T0'IH0CTbJO 0, 4° C B ,111a-
11aJ011e oT 15 ,110 30° C. OcHoBHoi"1 3a,1aqe{1 cncTeMbl 11an11eTc11 cTa611mnau1rn 
co6CTBeHHOJi 'laCT0Tbl II pacnpe,1eJJeH11e ycK0plllOUlllX B"lf-noJJei1 pe30HaTopoa B 
JJI061,1x B03M0lKHblX pelKIIMax pa60Tbl ycKop11Te.~11. 

Temperature Control Cystem for RF Resonators of Proton 
Linac 'Istra 36' 

A. Yu, 01·lo11 et al. 

RF resonator's t.emperat.ure cont.rot system is clisc111111ed. The maintained tem
perature resolution is 0. 4° C in t.he range of 15-30° C. When connect.eel with 
automatic resonant. frequency controls this system allows maintaining RF res
onators frequencies in ±2 kHz range. The calculation of the system requirements 
is shortly described. Common structure scheme and ba!'lic electronics architPcture 
solution are presented. 

1. Bse,nenne 

llJrn oxna;,i,:.ne1111R II TepMOCTaT11poaa111111 ycKop.111011u1x peaoHaTopon H FQ. DTL-1. 
6aH'IPpa, DTL-:l ( Pnc .1) m111eii11oro npoToHHoro ycKopttTen.11 "l1CTPA-;i6" -- ~paiiaepa 

coopy;,i,:ai>Moro n HT3¢ ~lJleKTpo.11.nep11oro 11eiiTpo1111oro renepaTopa [l]. rnpoeKTHpo
nana II 'laCTll'IIIO IIJfOTOBJleHa CHCTeMa i\BTOMi\Tll'leCKOil perynnpoBKII TeMnepaTyphl 

AJ>'J'-1w:iomnopo11. 

2. Tpe6osamrn K cncTeMe 

C11rTeMa .llO.IJiKHa o6ecne'IIIBaTb oxna;,i,:.aen11e peJOHi\TOpOB T/IKIIJII o6pa30M. 'IT06bl 

BO erelll .llllana3oHe BblXO~HhlX TOKOB OT 11yneaoro .llO HOMHHaJlhHOro. C aeml'IIIHOJi 0.5 MA 

( cpe.aHee JHa'lenue). Mi\KCHMaJlhHble HJMeHeHHR HX reoMeTpH'leCKHX pa3MepoB He npe

BhJWa.111 BeJlll'IIIIIY ±50 MKM. BhmOJIHen1te 3TOl'O YCJIOBH.11 rapaHTHpyeT. 'ITO IICKi\iKeHll.11 
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RFQ 

Puc. l. CTpyKTypa yc1<0p11TeJrn ·• HcTpa 35·· 

npe,11rnpl1TeJibHO HaCTpoeHHblX noJieii pe30HaTO))OB Il))II TenJIOBOI\I B03.UeiicTBllll He 6y

.ilYT BblXO.UIITb 3a paMKII .nonycTIIMblX 3Ha'iem,ii. 

:.:)HepreTl!'ieCKlle Tpe6oaaHllfl K CIICTeMe onpe.neJIHIOTCfl KaK TOii MOlllHOCTblO, KO

TOJJYIO Tpe6yeTCR OTBOJIIITb OT pe30HaTopon. TaK II neo6xo.11HMblMII 3anacaM11 110 pe

•YJ1ll))OBaHIIIO, KOTOpble onpe.11eJUIIOT 6blCTpo.11eiicTB1le CHCTeMbl. oco6eHHO a MOMeHTbl 

11f'pPxo~111h1x npouerroa. Ha1160JibWH1i BKJia.11 a 113Meuenue TeMnepaTypbt ,LlaeT narpea 3a 

(''[('T llbll'OKO'!a('TOTllblX IIOTeph MOlUHOCTII B CTeHKax pe30HaTopoa. MolUHO('Tll, pacce

lllH\P!',lhlP B ('T('IIKax pe30HaTopoB npll HOMIIHa.llbHOM peiKIIMe pa60Tbl. COCTaBJIHIOT ,LlJifl 

RFQ a.8 Ki3T. DTL-1 - :u KBT. 6aH'iep - 0.7 KBT. DTL-2 - 9.5 KBT. 

·, 
. ' .. \ 

... K.~.;~~--~ .. ? .. ~!:!:IP:':1'!~~--l~ .. !~~.!.L ....... ~-~\ \,, 

,_'frJ(;l<Kljf>eA4,11 (}3_ui r.) _ .... .\ 

Kaiianu <>YJ1a:t:J1eK1t!i KB K•J:i()'Y.e (16 wr.) 

~' .. 
(t6i 

'· ~_!_, 
' 

\ 
... I11.f~~ .. P.-r!.k.la..t.}2..!.!!I) ......• .\ 

I'll<'. '}.. I loJIOiKl'IIIH' IIOJIOOX,'lcliK/lalOl!UIX Krlllr\JIOII II l'P'l<'IIIIRX l>f'30llaTopon: a) H FQ: 
(i) In L- I; II) In L- '2 

B pPiKIIMP CTa61!JJll3rlll1111 co6CTBeHHblX 'Ja('TOT ~'CKOpH!OlUIIX P<'301IaTOpOB CIICTeMa 

.il0£10.'IIIRPT Tpa!llllll!OIIHYIO Mexamt'ieCKYIO 110,LlCTpoiiKy '!aCTOTbl, 06ecne'iI1Ba.R llpll 3TOM 

l\lllllllMa.~bllble 11('1,aiKellllfl pacnpe,lleJielllUI ycKopHIOIUIIX IlOJieii. Bbl3b!Bael\lble 113MeHe

Hlle~I 110.1oiKel111R IlO!ICTpoe'iHbtX 3Jiel\leHTOB. llcxoJlH 113 3Toro ~•cJioBHH. c11cTer.rn APT 
!10.~iKlla y.'lepiK11naTb OTKJIOHeHHe co6CTBeHHOii '!aCTOTbl pe3oHaTopoB B npe.nr.rnx ±2 KfU 

OT IIOl',llll!a.11bllblX :111a•1e1111ii. 
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:3. Pac'-IeTHhie oueHKH 

lbBeCTHO. '!TO MeH.HTb CTeneHb HarpeBa IIJlll OXJia;+;,11emu1 pe3OHaTopoB MO;+;HO 113Me

HeHl!el\l TeMnepaTypbl OXJia;+;,11a10meii BO,llbl [2] HJIH ee paCXO,llOM [3]. B cnpoeKTHpOBaH-

110ii CIICTeMe Bb16paH cnoco6 B03,lleliCTBH.H Ha napaMeTpbl pe3OHaTOJ)OB TeMnepaTypoii 

BO,llbl npu llOCTO.HHHOM pacxo,11e B Ka;+;,IIOM KaHaJie, '!TO IlO3BOJI.HeT IlOJIHOCTblO l!CllOJib-

3OBaTb MOIUHOCTb Hacoca, ynpoCTIITb cxeMy KOHTJ)OJI.H II ynpaBJieHJI.fl CHCTeMm"1. 

Hcxo,llHblMII .11aHHblMII ,llJl.fl pac'-!eTa OllTHMaJibHOro pacxo,11a BO,llbl '-lepe3 pe3OHaTOpb1 

II BbJ6opa OIITlll\·laJibHbIX cxeM coe,1111HeHni'i OXJia:+.:,11a10mnx KaHaJIOB peJOHaTopoB .FIBJI.fl

JIIICh y1,a3aHHhlP pauee neJIJl'-lllllhl MOlllHOCTei'i aq-noTepb B pe3OHaTopax II IWHCTpyi,;

TIIOlll,I(' oco6e1111ocTI1 IICIIOJIHemrn OXJia;+;,11aJ01UIIX KaHaJIOB, npe,llCTaBJJelllll,IX Ha pnc.2. 

BbIJIII npoBe,!leHbl aHaJIHTll'leCKile TepMOCTaTll'-leCKl!e pac'leTbJ ,ll/1.H oueHKII 11O.11O

rpeBa BO,llbl npn ee npoTeKaHnn B oxJia;+;,11a10mnx KaHaJiax, Y'IHThIBaromne nepena.llbl 

TeMnepaTyp II IW3<p<jm1.111eHThl TenJionepe,11a'-111 Me;+;,11y CTeHKaMII KallaJIOB II npoTeKaJO

meii no.110ii. Ilo.'ly'leHHble pacnpe,11eJieH1I.F1 TellJIOBbIX llOJieii IICllOJlb3OBaJil!Cb 3aTel\l .. MR 

pac'-leTa Tel\lnepaTypHbIX .11ecj:>opMaunii KOHCTJ)YKLIHii pe3OHaTOJ)OB npn BBO.!le HOMIIH8Jlh

HOii B'-l-MOlUHOCTII. 

Ha pnc.3 npe.ncTaBJieHbl rpacpHKII 113MeHeHllii MaKCl!MaJibHbIX 3Ha'-leHllii reoMeTpll

'-leCKIIX pa3Mepon pe3OHaTOJ)OB B 3aBUCIIMOCTH OT Be.,:Jll'-IHHhl cpe.nuero TOKa npn OilTII

MaJibHhlX 3Ha'-leHII.FIX pacxo,11OB BO,llbl B pe3OHaTopax: Q-r;RFQ - 25 .'l/MIIH. Q-r;oTL-1 ·-

40 .'I/Milli, Q'EDTI.-'.! - 80 JI/Milli. 

Ml<M 

601-----.---.---..---,---

401 I I I;,-< :::,1.-::: 

20 I I .., c:;y· I J,. .. 

0 

R 1::o)Kyxa DTL-1 

Oc1, nepBoH tpy6:m DTL-1 

R r.~a. DTL-2 
Oci, neJ:]!IOH tpy6:m DTL-2 
Rr.~a.RFO 
Peccro,nme ,nenpo1'e OT ocH RFQ 

I cp. MA 

Puc. :\. MaKClll\lclJlhllhle 1131\leHellll.fl reoMeTpll'-leCKIIX pa3MepoB pe3OHaTopou B 3aBIICII· 

l\lOCTII OT Be.lJIIL(l(llbl cpe.!llJero TOKa ny'!Ka 

lln puc.4 t1JH'Jl<'T11nJI<'1t1,1 rpacpm:u 11:1M<'IIPlll1ii .IIJIIIII Tpy6oK Jl))<'iicj>a DTL-1 11 DTL-2 

B 38BIIClll\lOCTII OT BeJIII'-lllllbl cpe.nuero TOlrn ny'-!Ka. 

I b rpacpllKOII Bll.!111O, '!TO np11 yKa3allllhlX pacxo.11ax BO.Uhl II peiKIIM<' pa6oTbl YCKO)JII· 

TeJIR co cpe.11m1M TOIWM 1 MA MclKCHMaJibHble ll3MeHeHHR reoMeTpll'leCKIIX pa3Mepon HP 

npeBbllUaJOT .nonycTHMblX 3Ha'-1em1ii II TeM CaMblM He IICKa;+;aJOT pacnpe.neJieHHR llOJieii 

n pr3O11aTopax. 

Dhl,111 npOBPJleHbl pac'-!eTbl no onpe.11eJJeHIIIO 3aBIICIIMOCTII co6CTBeHHOii 'lclCTOTbl pe-

3OHclTOpOB oT Tel\mepaTypbl 11x Ko;+;yxoB. J.1eKTpo.11OB (RFQ) 11 Tpy6oK .:tpeiicj:>a (DTL). 
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MKM 

100 

75 

n ocnep;is.,m TJly6Ka DTL-1 

n oc.nep;wm -rpy6i,;;c. DTL-2 

,... CpeAmut -rpy6ite. DTL-1 

n epB ax TPvfiKe. DTL-1 

IlepBe.-'E TPvfiKe. DTL-2 

Puc. •l. l bMe11e1m.H ,llJlllH T{Jy601, ,11peii<pa B 3aBHCIIMOCTII oT neJI11•-nmh1 cpe,11uero TOK a 

IIY'l l'<I 

Ue,111'!1111a Te11mepaTypuoro yxo,11a '!aCTOThI no 3THM pac'!eTaM cocTaBuJia 5 Kr1.-1/rpa,11. 

:3Kcnep11111ewraJ1hHhie ,11annh1e, noJiy'!eHHh!e B xo,11e H3Mepem1ii, IIO,llTBep,1111JIH pe3yJih

TaTbl np0Be,11e1111b!X pac'!eTOB. ITpone,11eHHhle IICCJie,llOBaHil.fl II03BOJl11,1H ccpopMyJinpo

DaTh ,ilocTaT0'!11oe ycJIOBHe, BhIIIOJIHem1e KOToporo cHcTeMoii APT o6ecne'!HBaeT nop-

11taJ1b11y10 pa6oTy ncex pe3oHaTopoB ycKopnTeJI.H - Te11rnepaTypa pe3oirnTopon B cTa1.-111-

011ap110111 pe;i.;11111e ,llOJI;+;Ha no,11,11ep;i.;1maThC.fl C TO'IHOCThlO ne xy;+;e ±0, 4° C. 

-1. h:011cTpy1<1~1rn 11 11pn111111111,1 pa60T1,1 c11cTeM1,1 APT 
I la p11c.:i npeJ1CTan.1e11a <'Tpy1,Typm1.11 cxe111a C11CT<'llt1,1 APT. Ha pnc.l> 11pe11rTanJie1m 

l..:OIICTJ>Y"L\IUI l'!ltecll'reJI.H. 

( '11<"Tl'IIIH paoOTHC'T <.'Jte/lYIOllllllll 06pa:m111. Jl.11cT11JJJlll)lOllclllllcl.H UOJ\fl IIJ 11a1..:01111TeJll,-

11oro 6a1-;a 11acocol\l 110,11aeTC.H 11a O,llllH 113 BX0,110B c111ec11TeJ1eii, Ha .llP)'rOii BXO,ll IWTOJ)hIX 

TC'l\l A,<' IIHCO<"Olll 110/lll!''J'('.H BO.Lia, 11powe,11wa.H 'Iepe:, TCIIJI006MellllHK. Pacxo,11 UO,llhl 11a

('()('/I OC'T/H'TCH IHH'TOHlllll,1111 np11 JI1060111 IIOJIO;+;e111111 peryJI.HTopa CMeCHTeJI.H. lloJio;+;em1e 

110;11111,1rnoro peryJiwropa c111ec11TeJI.H 011pe,11eJI.He'r TeMnepaTypy DO,llhl Ha ero BL1xo,11e. 

lloc:1<' ,1()t'Tll;+;('IIII.H peryJlfl'l'O()OM Kpaii11ero IIOJIO;+;ellll.fl, B KOTO))OM IIOJIHOCTblO nepe

i-;pi,111al'T<'H 11011a 11:l Te11J1006111e1111111<a, /1Mht1eiiwa11 perym1poBKa Te111nepaTypu npo113-

1101111Tc'H ;1.rl<'l,Tpo11nqH•BaT('JIHIIIII. 'l't•11111epaTypy UO,lll,l Ila uxo,11ax U pe:.iomnopLl l\lO;+;IIO 

IIJI\IC'IIHTh OT +l:.!° C J\O +12° C, 
.J.rn lll,IUO,[\a CIICTl'l\lbl Ha pa60•111ii pe;i.;11111 ,110 BUO,llc\ l3LJ-1110W,IIOCTII pe30HaTO))hl npe,11-

llHJ>IITl'.'lhllO IIJ>Ol'p<'IHIIOTC.H II IHl<'TJ>allUcllOTC.fl CTc\lUIOllap1tLIIIIII IIJIYH;+;epa11111 Ila IIOMll-

11a,11,111,1r 'laCTOTbl. llpu HOCTe11e11110111 yaeJill'!('Hllll ypoBH.fl l3l.J-11101J~HOCTII TeMnepaTypa 

llOJ\l,J 11a BXO,[\HX ))CJOJiaTO))Oll llOllll;+;aeTC.fl, 110,11,11ep;i.;11ua.H IICIIJMCJIJILIMII, D 3aDIICHMOCTiI 

OT lll,IO)l/\llllOro pe;+;1111rn, co6CTDe1111y10 '!aCTOTY IIJIII TeMnepaTypy J)C30HaTopoB. 

Tl'!llllepaTypa 110,l\LI 11a nxo.11ax II Ha BhlXO,llaX OXJia;+;,11a10w,11x Kalla.TLOB 113Mep.HeTC.fl 

C IIO~IOIL\hlO T(')l!IIOJH'JIICTlllllll,IX ,l\rtT'IIIKOB C co11poTIIUJie1111e111 100 OM. CTpyKTYJ)IIM 

CXP~la :1.'l!'KTpo1111oii 'HICTII CIICT('l\lbl 11p11ue.11e11a 11a pile. 7. 
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Puc. !;. CTpy1,Typ11aH cxcMa CIICTCMbl APT: l) 11a1<0J1HTeJ1bllbJii 6a1<, .!) BO/lf!Hoit 1111-

coc, 3) TeTIJI006MeHltHI(, 4) CMeCJIT('Jlb, 5) 11arpenaTeJ111, 6) TepM0/18T'IIIKII. i) np11no11 

CMeCJl'l'eJl1t, 8) :l/lCKTpOHHaf! CHCTeMa l<OIITPOJJ.H 

C11t"J'C'Mcl MOif,;PT. pa60TflTb n PY'IIIOM pCif,;IIMC, l)Cif,;IIMC TCpMO<'TflTllponallHR II pt•

iKIIMC <'Ta6JIJJJl38LUIII pe3oHaHCHbIX '18CTOT. 8 PY'IHOM peiKIIMC JI0.10iKe!IIIR peryJ111py

IOLUIIX ~Mel\lCHTOB 3a,aaIOTC.R onepaTO))OM, IWTO))btii MOiKeT 11a6JIIO.L1aTb 3fl <'OC"TO.Rllllf'l\l 

CIICTf'l\11,1 110 1101,a:iamlf!M TepMOJlaT'IJIIWll. J3 ).lC'iKIIMf' TP.pMOCTflTIIPOllflllllH C'IICT<'Mfl an

TOI\JaTJl'teCKII 110,a.aepiKJIDaeT peiKJIM Harpeaa. 11))11 KOTOpOM noKa3aHJI.H c· onpe,aeJICII

HblX .ll8T'lllKOB y,aepiKHBaIOTC.R 8 ,ananaaone ±0. 4 rpa,ayca OT 3a,llaHHOro 3Ha'JeHIIR. B 
peiKlll\le cTa611Jill38Ullll co6CTBeHHblX 'taCTOT CIICTeMa IICIIOJJb3yeT .LIOIIOJIHIITeJibHYIO IIH

cpopl\taUIIIO O TeKyLUei'i uacTpoiiJ<e peaoHaTopoa. :.3TII ,aaHHble no,aroTaBJJIIDfllOTCR CIIC'TC

l\lal\111 APl.f II cp,ll-,Tll'teCKII npe,acTaBJJRIOT co6oii KOOP.LIIIIH\Tbl IIOJIOiKCIIIIR no,1rTpOe'lllblX 

nJJy11;,i,;epon peao11aTopon. lIJIR ,aaHHoro pe;,i,;111\la UeJJbIO perymtpoaaHHR RBJIHCTCR y.11ep

;,i,;anne 8 HCKOTopoM CMblCJie OIITHMaJibHbl!II o6pa30l\l ,aaHHblX llJIYHiKepoa 8 oi.;pecTHOCTIJ 

HeKoToporo aa.11a1rnoro noJioiKem111. 

Bo acex pe;,i,;11111ax pacnpe,aeJieHHbie a,aoJJb yci-;opnTeJI.R KOHT)JOJIJiepbt ae11yT onpor 

110,llKJIIO'teHHblX K 1111111 /18.T'IIIKOB. B aBTOMaTIJ'lt'CKIIX peiKJIMax JT/l lll1Cpopr,ra1111R pn;r II 

lU Ct'KYII.LI 3anpawnuat''l'C.H Ut'HTpaJibllbll\l ll))Ollt'CCO))Ol\l CIICTeMbl C ueJibIO .il8JlbHt'iimeii 

OTpa6oTKII. 

254 



Pnr. (5. Pa3pe3 cl\lec11Te.1rn: 1) 1wpnyc. 2) IIOJIBIIiKHbiii peryJUITop. 3) ynJJOTHem1e. 4) co

e,1111HnTe.1bHM MycpTa. 5) ::iJJeKTJ)OMexaHI1'fec1rnii npllBO./l 

::).1e1-.TpOHHaJ1 •iacT~ cncTN,IbI APT npe,11cTaBJUteT co6oii ttec1<0J1b1<0 MHoro1<aHa.11b

HbIX ycTpoiicTn. co611pato1UIIX IIHCpopMaQHIO (' Ter.mepaTypHbIX ,11aT'fllI<OB. YcTpoiicTBa, 

n1,1110.111e1111bI<' 11a 6a3e uoc1,11111pa3p11,11uoro RISC-M1t1<po11poueccopa. pacnpe.lleJJeHbI no 

nceii ,1.11111e yc1.;op1tT<'JJH II coPJIIIII<'lll,I M<'iKJIY co6oii r IIOMOLilhIO HIITepcpeiicfl CAN. Ue11-
Tpa.r11,111,1ii 11IO./lYJlh C'IICT('l\11,1 (110 OJIIIOMY Ill\ KfliK,/11,lii pC'30llflTOp) HMeeT ll03MOiKIIOCTb 

110.'l,\''IIITh .llflllllbl(' co urex ,l\flT'IIIKOD. Ha 6a3e llj)IIIIHTOii IJHCjJOpMaJ..UIH D COOTDeTCTBHU 

(' Ja:JO;+;('Hllhllll IIJIIJ JflrpyiKeHHbllll no ceTII aJirOpllTMOM npo1..1eccop MOJIYJJR BblJlflCT co

OTUPTCTUYIOlllll<' IWl\loll./lpl KOIITpOJJJJepa111 IICIIOJIHIITeJJbHblX ycTpoiicTn: HarpeBaTeJJeii 

II ll)lllll0,10B Cl\(('CIIT(\1P.ii. 1-0TOphlP TaKiK<' ./lOC'TYllllbl •1epe3 JIOKflJibllYJO Cf'Th. TaK KflK 

1,:0.'lll'l('l'TDO .. 1aT'IIIKOB IHI pP30Ha-ropax Ill' 0,/IIJHaKOBO, B03HHI<aeT 110Tpe6HOC'Tb B ,/IO

II0.111IIT('Jll,lll,IX ll3111PpllTPJlhllhlX 6JJOKflX. llo KOIICTpyKIIIIII 31'0T 6JIOI, 11./lellTll'fell 6JJOKY 

UC'11Tpa.1bHOro 1110./lYJJR, 110 B OTJlll'flle OT 6JJoKa QeHTpaJibHoro MO)IYJUI cjJyHKUIUI )laHHOf'O 

6.101..:a 3aK,1IO'IaPTC'R T0,1bKO B r6ope IIHCpop111aum1 II nepe,11aqe ee B ueHTpaJibHbIIi 1110./lYJJb. 

:). :JaK1IO'Wllll<:' 

J>,1:-ipa60Ta11a CIIC'TNHI TPIJl\lOCTflTllponamlH. ll03B0,1HIOUlaH 110.il,llepiKIIBaTb Te11me

paT."P." pe:JOI1r1Topo11 yci-;opllT<'JIH (' TO'fHOCTblO ±0. 4° (' BO nceM ,/1Hana30IIP 'fflCTOTbl 

11011TolH'llllll IJ'l-1111111yn1,1·01111 111,1xo11111,1x To1..:on 11y,1i-:11. llpoll('/IP.llllhlP 11pr,nnap11TeJ1hllbie 

IICllhlTflllllH CIJC"T('l\11,I 110:rno.1111m1 OUPIIIITb ee ~ict><t>eKTIIUIIOC'Tb KflK ,/lOC'TflTO'IIIYIO ,/lJlff pe

lll('IIIIH IIO<"TallJl<'IIIIOII :rn,lla'III. 
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Puc. i. CTpyKTyp11,1.11 cxrl\la :,;ir1,;Tpo1111oii •iarTII r11cTrl\11,I 

. :] I IT<'lrnTypa 

I. B.C. ApTrl\1on JI ,!Ip. ,l11rneii11h1ii ycr,;op11TeJJb npoTO11oa "llnpa-:3(;"" i,;ai,; ,!lpaiirirp 
~11,<'llf:'))JIMeHTaJlbHOii 3JJeKTpOH,!lepnoii ycTallODKH irr:3¢. MHcI>ll. llar111aH ('f'('("llfl

lH). C6op11111, Tpy,!loD, TA. c.12O . 

2. G.H. Swain. H.A. Gore. ll.A. Jamison. -- Proc of the 1968 Proton Linear Accel C'onf. 

Brookhaven National Laboratory. New York, 1968. p.159. 

3. A.C. KoaaJJHillttH JI ,l\,p. Mcnb1Ta1111e cncTeMbl aaToMaTH'!ecKoro yJ1paaJJemrn pi>3O

Hauc1mii 'laCTOTOII pe3ollaTopa B peiKHMe no,!lrOTOBKII K BDO.!IY Bt.J-MOIUHOCTII Ila 
cTeu.ae HHll AH CCCP. Tpy .llbl ll nceco103uoro coaemaHHR no yc1<opnTeJJRM 3ap.F1-
iKeHHblX '!aCTIIU. ToM 1. OIIHII. 1ly611a. 1985 r. cTp.244. 
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MMITYJihCHhIM CMJihHOT09HhIM MCT09HMK 
3JIEKTPOHOB M MOHOB 

C.A. Kuveuca 
S1'/WIS Corpomtion. USA 
A.D. Ka.AMWnoa. D.11. Cuno.Aeuno 
061,HJ11Hetm1>111 1111cm11mym .adepH1>1x ucc,11edo6aHt1t'i, ,L(y6ua 

8 oc11one IICT0'illllKa 3JleKTp0H0B II II0H0B JlelKIIT ct>UJll'leCKOe IIBJ1e1111e ,, 83pb1B• 

11oii 3JleKTpOHIIOii II 1101111oii 3MHCCUII", 8 JaBHCHM0CTII OT noJJllpH0CTll HMOYJibC• 

110£'0 11anp11iKeH1111 Ha 3MIITTepe IICT0'IHHK pa6oTaeT B CJleAyJOWHX pe:iKHMax: pe
..KIIM :rneKTpo1111oro ny'!Ka; peiKHM 1101111oro ny'!Ka. Oc110BHble napaMeTpbl 11c

To'i1111Ka: KlllleTll'leCKall 3Hepr11JI 100-300 KJB; TOK ny'!Ka 3JleKTp0H0B AO 1 KA; 
TOK ny'!Ka IIOH0B AO 140 A; AJIIITeJlbH0CTb IIMOYJlbCa yCK0pll!OWero HanplllKeHJIJI 
300 HC, CncTeMa IIJMepeHIIJI 3JieKTpl!'leCKIIX napaMeTp0B o6Jiy'laeMblX o6paJUOB 
1103B0.~JleT onepaTHBH0 BH0Cl!Tb KoppeKTHBbl B pelKJIMbl o6Jiy'leHHJI, B peiKJIMe 
3.~eKTpOHIIOf'O 11,Y'!Ka ocywecTBJIJleTCJI o6Jiy'leHl!e MaTepllaJI0B pa3.11H'iH0ro Bll,lla: 
MeTa.~JIOB, noJiynpoB0,llHIIK0B II T.n .. B II0HH0M peiKJIMe npoB0,llJITCJI 11anblJie1111e 
1rneHOK, 

Pulse Heavy-Cul'l'ent Source of Electrons and Ions 

S.A. K01·ene11. A. V. Kalmylw11. V.P. Sikolenko 

The ph~·sical phenomenon of "explosive electronic and ionic emission .. is the 
basis of electron and ion i<ource. The source has the following operation modes 

d1·1w1111i1114 011 polnril ,1· of 11 pul"<' volt.11141• 011 1.h1• c•mil lc•r: 1111 rlc•ct.ronic hunch motlc• 
a11d au io11il" h1111ch 11111de. The main parameters of the !lource are: kinetic energy 
of 100-300 ke\'; electron bunch current. up to 1 kA: ion bunch current. up to 140 A. 

p11li<e duration of the accelerating l'oltage 300 ns. The system of measurement. of 

l'lectric para111('ters of irradiated samples allows making correct.ive amendments 
in irradiation modes operat.ivelr. The irradiation of a various kinds of materials: 
metals, i<(•mic~nduct ors etc. i~ carried out. while electronic bunch mode. Film 
dui-ting is realized while ionic mode. 

I . 13 8(' Jl (> lllH' 

lh111y,1bC11blii CIIJlbllOTO'lllblii IICTO'i!IHK 3aplliKCHHblX 'taCTIIU, IIOCTpOeHHbiii B ,Tlcl>'i 
OIIH 11. 1103aomieT no,11y'taTb ny<1K11 ;:i.11eKTpo11oa. 110110B. peHTreHoBCKoro 113JJY'ieHJut B 

3aBIICIIMOC'Tll OT llOJIHJ)IIOCTII BblCOKOro IIMOYJlbCHOro uanpRiKeHH.11 Ha BaKyyMHOM ,nno,ne. 

l3 or11011C' 11rTO'llllll,a ne;r..:11T <llll3ll'lecKoe RDJ1en11e "D3()1,IBHoii 3J1eKTpo11noii 3Mnccm1" [1] H 

.. ll3l>l,IIIIIOii 1101111oii 3Mlll'CIIII" [4]' 1ln11 pa60TOCIIOC0611orT11 IICTO'illHKa 11eo6xo,nHMO Bbl· 
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Il0JIHIITb YCJI0Bl!e cpopMnpoBaHl!Jl KaTO,LIHOii II aHO,LIHOii IIJI83Mbl, K0T0poe 38KJIIO'taeTCH 

B noJiy'-l~HHII Heo6xo,llHMoii HanpR:iKeHHOCTII 3JieKTpll'leCK0ro Il0JIR B .llH0,lle, npeabtWalO

w;ero HeK0Topy10 noporoay10: 

E = kU/d > 10
5 

B/cM 

E = kU/d > 10; B/cM 

(B3phlBHM 3JieKTp0HHM 3MHCCHR) 

( B3phlBHM II0HHM 3MHCCIIR) 
,, 

r ,Ile C - HanpmKeH11e Ha ,LIH0,lle; /.: - <paKTop yc11JieH1111 3JieKTp11'1ecKoro noJIR. onpe .aeJI11-

el\lhiii reoMeTplleii IIJIII MaTep11aJI0I\I 3MIITTepa (HHlll.UtaTopa IlJI83Mb!): d - pacCT0RHlle 

MeiK.llY aH0,LI0M II K8T0,LI0M BaKyyMH0ro ,LIII0,Lla. 

IlapaMeTpbI HCTO~IHHKa 3apJUKeHHblX qaCTHQ 

I...:11HeT11'lecKa11 3Hepr1111 200-300 I,3B 

.JmITeJibHOC'Tb IIMilYJibC'a :JOO HC 
1 lat"l'OTa IIMIIYJlbC0B J -10 l'u 
T01, 3JJeKTpoHHoro ny<tKa 1 1,A 

ToK II0HHoro ny'!Ka 140 A 

Bn.a II0H0B ace npoB0,llRllllle MaTepna.1lbl 

2. :.:h:cnepnMeHTa,TibHaJI a.nnapa.Typa 

Ha puc.l no1rn3aHa CTPYKTypHM cxeMa IIMilYJihCH0ro IICT0'IHIIK8 38J).RiKeHHhlX '111-

CTIIU. 011 C0CTOIIT 113 BhIC0K0B0JlbTII0I'0 IIMIIYJlhCH0r0 reHepaTopa (I) (ApKa,llbeBa -

Mapi.;ca). aaKyyMH0ro ,LIH0,Lla (IV). B K0TopoM noJiy'laJOT ny'IKII 3JieKTpoHoB, 110H0B. 

KJl!ICTepoB, aaKyyMHOl'i CHCTeMbl (III). [103BOJIJl!Olll;eii noJiy'laTh BaKyyM 10-5 Topp, II 

CIICTeMbl ynpanJJemrn (II). BaKyyMHbli'I ,LIII0.ll npocT B K0HCTPYKUIIII II C0CT0IIT 113 CT8Jlb-

11oii nai,;yyl\moii KaMepbl (8). BblC0K0B0JJbTII0l'0 H30JIJIT0)Jcl ( 1). C,llP.Jlflllll0l"0 11:1 1..:a11m1po1rn 

(TecJJJIOHa), B 1130.TlllT0p BM0HTnpoBaH aHo,ll/KaTO.ll (2), TToTOK 3JJeKT()0H0B (IIOHOB) llbl

TRrnaaeTCR ceT0'-!HblM 3JieKTJJ0,ll0M ( 3). l!JI11 113MepeH1!11 TOK a ny'!Ka IICil0Jlb3YeTCR Il0fl(' 

Poroarnoro ( 5). i 

Yr.1epo,ru10-BoJJOIOIIIC'Tble K!IT0,llbl (3) ,llllaMeT)J0I\I 10-30 MM 1[('[10Jlb30B!IJIIIC'b B pe

iKIII\H:' II0JJY'IeHIIH ~)JleKTp0HH0l'0 ny'IKa. KaTO,Llbl Ha 6a3e BblCOKOTE'MIICpaTyp11oii l'll<'pX

npoBO.llRUleii KepaMIIKII Bi-Ca-Sr-Cu-O [5] np11MeH.RJIHCh ,llJI.R noJiy'leHHR :i.~ewrpoHHhrx 

ny'IK0B Hil3KOii 3Hepr1111. TaHTaJIOBM cpOJibra TOJIUlllHOi'i 200-500 MK IICil0,1b30BaJI8!'b 

.llJIR no.'!y'leHIIR ny'!Ka peHTreH0BCKoro ll3JIY'leHIIJI. 

Bo.1bT-al\mepHbJe xapaKTepllCTHKII BaKyyMH0ro .llll0,Lla B pe;i,;11111e 3,1e1npoHHoro ny'IKa 

.llJIR K8T0.il0B 113 pa3.1lll'IHblX MaTepllaJI0B npuae.neHbl Ha puc.2 . 

:1. ¢H3H<IeCI<Ile npoueccbl, IIpoXO.Ll,J:II.1(He B o6pa3ue IIpH 06.TI~"J{:'HHH Cll.711,

HOTO'IHbIM HMil)',llbCHblM Il,Y'll<OM 3JieI<TpOHOB H HOHOB 

ITpu o6Jiy'leHIIJI 06pa3ua CIIJlbH0T0'-!HblM 111\WYJibC'HblM ny'-IK0I\I 3JJeKTJJ0H0B II ll0H0B 

3Heprrrn nepe.naeTCfl 38 0'leHb KopoTK0e BpeMfl B orpaHll'leHHYIO o6JtaCTb 83!111!110.lleii

C'TBIIH ny'IKa II o6Jiy'laeMoro Bew;eCTBa. HanpnMep. 111\tnYJibC 3JieKTJ)0HHoro ny'!Ka C 

T0K0~I / = IU00 A 11p11 .llJJJITeJJbll0C'Tll t 11 = 300 1rr KmreTll'lecr..oii :mepr1111 F: = 300 1,:,B 

06.1a.1af'T 311ep1'1If'ii Ir = C. I. t., = 90 .J:,i,;. Ilpn 06Jiy'le111111 06pa3ua TaKIII\I ny'IK0~I 
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Puc. I. OJIOK-CXl'Ma 111\tnYJibCHOro HCTO'-IHHKa :meKTf)OHOB, HOHOB. KJiac-repoa: l - BblC0-

1..:0BO.lhTllblii re11i>paTop: II - ynpanJ1eH11e: III - aaKyyMHaR cncTeMa: IY - aaKyyMHbJj:i 

.!1110.l: l - BblCOKOBOJlbTHblii 1130JIHTOp: 2 - 3MHTTep '-laCTHU: 3 - BblTHrHBa10muii 3JleK

TJJO.l: --1 - KOJIJIIIMaTop: ,) - llOHC PoroBCKoro: 6 - TOKOBblii WYHT: 8 - BaKyyMHa.R KaMepa: 

10 - 06pa:1eu 

l\ll'IIOBt"llllaR TeMnepaTypa D nonepxHOCTHOM CJIOe MOiKeT ,!{OCTHraTb HeCKOJlbKHX ThlCH'-1 

rp,u1yroa KrJihBlllla. llpouecr m1cf>ct>y311on11oro panpocTpaHemut TenJia onpe,ne.rneTCR 

Tetrnonoii 1,011cTa11Toii r = 3R'.! p • c/ >.. • r ,ne R - rny61111a npo11111<11oaemrn ny'-IKa. p -
IIJIOTIIO<'TI, o6pa:llla, C' •·· Tf'IIJIOll!iH rMKO<'Th, A · Tf'IIJIOBaR IIJ)ODO,IUIMOC'Th, 

Tt"ll,'10BclH 11pono,11IIMOC1'h r 06J1y'-laf'MhlX o6pa3UOB l\HIOro 6oJJbllle. '-leM npeMR roan-

1\IO.'l!'ii<'TIIIIH lly<IKH <' BE'Ull'l'TUOM, KOTopoe )>!\Ullo lu = :\00 IIC, lfa ~l'J'Ol'O l'Jl<.'JIYCT, 'ITO D 

Ol'JHlllll'll'IIIIOM ofrl,PM(' 11:11111M0/1f'iicTBIIR IIY'IKII II oti~)"llll'MOfO Bf'lllf'C'TBa pra;m::iyrTCR 

)'C'JIOllllf' a,n11a6aTll'll'CKOl'O pacnpocTpa11e111U1 TPIIJIII. B TaKoM cJJy•1ae IIJ>II OUJIY'lel!HH 

oopa:Jlla II JIOKll.rll,IIOii 06J1111"1'11 11:1a11MO.IIC'iicTIIIIR Tt"l\llll)JHITYJ>a Ha 1'J1y61111e 11po6Pra :IJICK

TpOIIOII JHII\IHI 

T =.!I\'• lu/(h., ·fl• 8). 

Llf' I I· 11J10TH0<'Tb MOIUIIO<'Tll ny'-IKa :J.rteKTpouoa: t., - .!IJIIITeJlbHOCTb 111\lllYJJbra ToKa 

IIY'll'11 :1:H'K1'po11011: I,,, r.1y6mrn 11po6f'ra ;1J1eJ.;Tpo11011: fl - llJIOTIIOCTb Bt'lllf'CTBa: ..... -

11.'IOIIHl.lb o6Jl)"llll'MOii IIOUl'j)XIIOCTII. 

llon:o.1bKY 11po11111..:noBeHllf' C'IIJlbHOTO'-IHOro llY'-IKa ~MeKTf)OHOB II IIOHOD conpOBOiK.lla

t"TCR TaKIIM rpa,!llleHTHblM BblCOKOC'KOJ)OCTHblM paaorpeBOM nemecTaa. TO B HeM D03HH

KalOT y11pyr11l' 11anpRiKl'Hllll II .!lecf>opMaUIIII, llpn 3TOM BHYTPII 06J1Y'-lel1Hoii o6JJaCTll 

,,all.lf'lllll', Bbl::lllllHIIOf' rpa1111eHTOM Tf'llJIOTbl, .!IOC'TllraeT ~ 10 10 Ila. Bo3HIIKaeT y.!lap-

11aH 110.111a. Pac11pocrpam·1111e y .11ap11oii 110Jlllbl OIIIICblBaeTCR ypaBHf'HlleM 

ii~/. , ii~/. /\"·II iJ'j' , , i}/'(,r. 0) ., 
~)'' ., = < .,:-;;--;, - ---;:--). l)l<'l'(J·,O) = 0: ') = 0: 0 < J' < x: 0 < / < H/( ,: 
, -I- ,J-.r- 11 < J' < I 
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Pnc. 2. l - KaT0.ll 113 BhICOKOTe11mepaTypaoii caepxnpoBO.ll.flllleii KepaMnKn (Y-Ba-Cu-O): 

2 - Nb-Ti BOJIOKHIICThiii KaTo,a: 3 - yrnepo,aHo-BoJIOKHIICThiii KaTo.a: 4 - SiC'-KaTO.il 

U(;i·. f) - noJie .aecpopMauniL C, ·- cKopocTh 3ByKa. /{ - M0.llYJih acecTopoaaero c;i.;a

TIIR. l1 - K03CpcpnuneHT TelIJI0BOro pacumpeHt-1.11, p - IIJIOTHOCTh aemecTBa, R - rJiyfoma 

llpOIIIIKII0Bellllfl 3JieKTp0H0B, 8 pe3yJJhTaTe TellJJ0Boro II y .aap11oro 803.ll<'iicTBIIR U :J0llf' 

roa111110.aeiicTBHR M0lllH0ro 3JJeKTp0HHoro II ll0HH0ro ny'IKa C o6Jiy'laeMblM o6pa3UOM 

11po1wxo.awr pa:Mll'lllbie CTPYKTY)Jllhle ll3Me11e11llH. ToJJlllHIII\ 3T0l"0 ('JIOH 011pe,IICJIHf''ITH 

IWlll'Tll'WC'IWii :111epr11ei"i ny'!Ka II neJJll'IIIIIOir npo6era ~lJJeKTJ)0H0B II Ma'J"f'f)IIRJI(' 06JJ.\"11l

e11toro 06pa3ua. 

4. HanbI.1Iem1e Il.lieHOI(' H IlORpblTIIIi 

B npouecce HRIIhtJieJlll.11 C cpopMnpoBaH11e111 IIOHHoro IIY'IKR Ha6J1JO,llRf'TCR IIHTf'HCIIB

HOe pacnbtJleHtre 111aTepHaJ1a IIHHUHaTopa aao,aHoii IIJIR3Mhl. TaKOf' B3phlBH0e paCJiblJlf'

Hlle B,le'IeT 31:l co6oii IIMilYJJhCHYJO f<0H,lleHcaun10 'IRCTIIU MaTep11aJia aHO,llllOii IIJIR3Ml,I 

ua 110.ilJl0:iKKY- Ilp11 3T0M y,11a'IH0 C0'leTaeTCR 11anh1JJeH11e IIJieHKII f' II0HHhlM o6Jiy'leHllf'lll 

[5,6]. lla p11c.a II0KR3aHa apeMeHHaJI .llllarpaMMa HalihtJJeHlIR IlJJeHOK B BaKyyMH0M ./1110./IC' 

l' 3HIWjlfl'lllllflllllf'l\l JIIIO,lll\. I\IIOJIIIOii IIJJfl:H,toii ( f11 > f;i, rJIC' 111 - ,1JIIITMhll0l'Th IIMll~'Jlhl'H 

uanpHiKellJIR na UaKyyMH0M .11110.ae: ta - npeMH 31\K0J)l\'IHDl\111111 ,11110,llR IIJIR3MOii). J.i.~a

ro.aapR 60JJhWOMY paap.11,11HoM~• T0KY B ,11110,IIC 803))1:lCTaeT CKOpOCTb 111\IILIJJeHIIII. llp11 

31:lKOpR'IIIBaHIIII .llllO.lla aH0,!1Hoii IIJJR3l'.l0ii aMIIJIIITY.lla IIMIIYJJhCa Hanp.11:.KeHJl.fl Ha BaKy

YlllHOM ,lll!O,lle yllleHhWaeTC.11 (wTpllXOBaJI JIHHH.11 B IIMIIYJJhCe F). a IIOJIHbiii TOK (pa3p.11,11-

111,1i"1 TOI,) 110:1pn<'Tflf'T (IIMIIYJII,(' .1., ). :~TOT 11ponrcc co11pono;i.;11arTCR Y<'IIJIPIIIIPM :-ipo:rn11 

a110.ua II. CJieJI0UaTeJibHO, yaeJJll'lem1e111 MRC'C'0llepe11oca MRTepmtJIR RII0JIR. llomtafl M0-

.llll(plll,allll.fl ocywecTBJI.fleTC.11 ny'IKOIII IIOH0B. KOTOpbiii cpop11111pyeTCH .JO 3ai-.opa'lllllRHIIR 

..1110,1n flllOilflOii IIJIR3MOii (1111myJih(' Jb), Heo6XO.lllllll0 0Tl\leTIITh. 'IT0 nrpnhlii ny'loK 110-
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Puc. ;\_ Bper.IC'llllbll' ,llHll'j)clr.lr.lbl llallblJiellJIH IIJieJIOI, JI IIX IIOHHOii MO,l\HCpHirnl~IIII B IIM-

11y;1L,l'IIO~I u:1p1,11lo:1r.II1l'CII01lllml 1101111or.1 1.1ai,.:yyr.111or.1 /1110.IV', [T -- 11a11pHiKeH11e 11a ,l\110,lle: 

./,, Tm; 1101111uro 11y,u,a: Jr IIOJIIlhiii TOI\ u ,I\JIO,Lle; N,, - IIJIOTHOCTb 11apo11oii <IHIJbI 

r.111-rc•p11a.;1a-111111u11aTopa a1101111oii 11,11;1;1r.11,1: I·; 110To1, 11011011; I;. ·· IIOTOI, 11apa: 111 

."\.'IIITl',11,IIO<'TI, ll~Ill,V,'11,<'il llilllllllil\('111111: ,,. 1VIIITPJlhllO(''J'h IIMll)'Jlhl'a TOlrn ll)"Ilrn: ,, 
" .. 

11p••~111 panll,1.'IC'IIIIII lllllllllHITUIHI 11110:111011 l1J1a:1r.i1,1 llj)II :ia1.,;opa•11111a111111 .111101111 illIOJlllOII 

WHIJ~Iuii: / uper.111 :JHJl('f>iKl\11 MPiKJlY OIWll'lcllllieM IIMIIYJibl"a IIOJIHOro TOirn U ,I\IIO,i\e 

II ~•o~H'IITOf.I llpllX01-la 11apouoii IWMIIOllellTbl Ha 110,i\JIOiKKY: t I - Ha'iaJJO ('Jle,i\yto1Uero 

11r.111y;11,ca 11a11p11;+;e1111H II TOl\3 IIY'-!Ka: ...... - IIOllbI; 00000 - napol.laff KOMIIOlleHTa Ma

Tl')>llcl.111 IIIIIIIUlilTOpa a110;111011 1wa:1r.Ibl 

11011 ocy1uecTIMHPT •• 'IIICTI,y.. nouepXHOCTII 110,i\JIOiKKII. Ilpouercbt IIMllY JlbCHOro Hall bl-
.. . . 

. lCIIJIH IIOIITOj>.fllOTCH r '!a<'TOTOII, 011pe,lle,1.ReMOII U OCHOUIIOM napaMeTpaMH reHepaTopa 

IIMlly.H,CIIOro llclllj)fliKCIIIIH. 
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!j, llpHMeHeHHe HCTO .. IHHl<a 3ap1rn,CHllblX t.rncTHU 

l'.rrnuuoe ,ll0CTOJIIICTD0 IIC'l'0'llll!Ka - no.rtyt.lCIIJIC KaK 3JlCKTp0HHblX, TaK II II0HllblX lly'l-

1,(0D DO npeMH 0,!IHoro ceaHca. o6JJy'leHIIH, :J.11ecb IIE\,110 0TMeTIITb npoCT0TY 11epecTpoii1rn 

peiKUMa "3JICKTJ)OHHOI"O ny'lKa" Ha J)C;KHM "HOHHOI"O nytt1<a", KOTopoe 3aKJJJO'-laeTCH ll 

113MCHCHHll Il0JIRJ)H0CTll HanpH,KCHllH Ha 3MHTTCpe Ba1<yyMH0I"0 ,11110,11a. IlpHMCHCHHe CII

CTCMbl Jl3Mepemrn 3JJCKTpH'lCCKHX napaMCTJ)0B o6JJyttaeMblX o6pa3JJOD [7] ,LIMO B03M0,K

H0CTb onepaTHDHO DDO,llllTb KOppCKTJIDbl B peiKJIMbl 06JJY'ICHJ11!, HaX0,llJITb OIITJIMaJJbllblii 

pCiKll!II pa60Tbl IICT0'lHHKa, 

llllmy.rtbCHbiii JICTO'IHHK 3JJCK'l'p0H0B JI HOH0B HCII0JJb3YCTCH B 3J<CnepHMCHTax C CIIJlb

HOT0'IllblMII ny'lKaMII, a TaKiKC lllHJ)0K0 IIJ)HMCHJICTCJI B JICCJlC,ll0Damrnx D 06.riaCTII nytt

KOBblX TCXHOJJornii : 

l. lloaepxnocTHM MO,llHCpHKaUH.11 MaTepllaJJ0D CIIJJbH0T0'IllblM IIMIIYJJbCHblM IIY'-IK0M 

3.rlCKTp0H0D. 

OTJJll':!Hbli"i J)C3YJlbTE\T 6bIJJ II0JJY'ICH II0CJJC MO,l1Hcpl11<au1111 nooepXH0CTH rpa

cpHTOBblX 3JJCKTJ)0,ll0B CIIJJbH0T'IHbll\l ny'IK0M 3JJCKTJ)0H08 [8]. OJICKTJ)ll'-lf'CKaR 

np0'IH0CTb B aai..:yyMH0M 3830pe Me;i.:,11y o6JJy'-leHHblMII 3JICl<Tpo.aaMU yneJ111-

'IIIJJaCb ua i0%. 
2. C1111Te3 11 0TiKllr noJJynpo00,111111KoBbIX cTpy1,Typ. 

a. HallbJJJCHII€' nJJeHOK II IIOKj)hlTllii C 3JieKTj)0HHhlM II II0HHhJM nepeMCWIIBE\Hllel\l. 

6bIJJII II0JJY'ICHbl IlJJeHO'IHble CTpyKT)'pbl HCpaCTB0J)HMblX ,11pyr B ,11pyre ;:i,;1e

MCHT0B Ti/ Al II Al/Be [6). HanhJJJCHJIC IIJJeHOK Al Ha 6ep11JJJJIIBYIO cpOJJbry 

C fl0I\IOllJblO II0HH0I"0 ,11110,118 II03B0JJ.IICT Il0JJY'IIITb cpOJJbrJI ,llJJR BhlilYCl<HblX 

ycTpoiicTD 3JJCKTj)0llllhlX ycKopllTeJJei"i, pecypc K0T0pblX npeBhlWaeT npo

!llbllUJICIIHblC B HCCK0JJbK0 pa3, HanblJICHIIC B JIMIIYJJbCII0M B3J)b!B03MIICCII-

0HH0M ,11110,llC MH0I"0K0MII0HCHTHblX CJICTCM, TaKJIX, KaK DbJC0K0TCMllepaTyp

llblf' cnepxnpooo,11.11mm· nJJe11K11 't'-Ba-Cu-O 11 Bi-Cr-C'a-Cu-O. r.onpono;i.;.11a

eTc.11 O,llH0BJ)CMCHHblM JI0IIHblM ee o6JJy'-ICHHCM, K0Topoe cnoco6cTBYCT C03JHI

IIIIIO MeiK,ny IJJJellKOii II flO,llJIOiKKOl<i 6ycpepnoii 30Hbl nepeMe1111oro C0CTana II, 

1o:a1, CJJC,I\CTBHe, - xopowee c11enne1111e nJJeHKII C 110,llJJOiKKOii. paBH0Mepll0CTh 

()01."t·a IIJJeHKII (5]. 
4. f'TP))IIJl!l3allll.fl 111111\eBhlX npo.11yKT0B II IIHCTpyMetlOB. 

5. llcTO'UJIII, ll J(a'!eCTBE' IIHiKCKT0pa J111Heii11oro ycK0))IITCJl.11 ;JJlf'KTIJ0II0II II 11011011. 

::>1,<'IIC'pll!',l<'ll'l'l,I t' IICT0'-IIIIIK0!II JI pe;,i,;11111r ":,ne1,Tpo1111oro IIY'-IKll" 11p1i' ll<'II0Jll,:l0llllllllll 

B 1,a'-ICCTBe IIH;KCKT0pa IIH.llYKJJII0HH0f'0 JJIIHeiiHoro yc1..opi1Tf'Jl.fl [U] noi..:a:rn.111 BhlC0KYIO 

cTa611.1bHOCTb TOKOOT6opa (,J,,J / j = l. 4<;'c). B l1a.%Heii~e111. KaK npol10.1iKe1111e :noii 

pa6oThl. 6b!JI npe,!IJJ0JKCH np0CKT IICII0JJb30BaHll.fl IICT0'IHIIKa B 3JICKT))0HH0-II0HH0III pP

)KIJl\le (10], '-IT0 ,11aeT B03M0JKH0CTb ycKOpCHH.R 3JJCKTJ)0H0B II H0H0B B IIH.llYKUH0HII0III 

m111eii110111 yc1<opwreJJe. 

6. 3a.I(.JJIOt.IeHlI(' 

J\'lr,I III0JKC'!II <".IICJlclTb CJIC,llYI0llJIIC BblD0,llhl: 

l. llcnoJJb308clHIIC 3JICKTpOHHOil II IIOHHOii 3MIICCIIII 1103B0JJIIJI0 ('03.llclTb HOBblii y1111-

Ka,lbHhlii IIHCTpy111eHT KaK )lJIR nay'-IHhlX 11cc.1e.11ona1111ii. TaK II .iUR peweHIIH np11-

K,1a,11HblX 3al!a'I. 
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2. l1poae,11eHHble UCCJie,ll0BaHIUI B Te'1eH11e ,llJIHTeJlbH0['0 BpeMeHll, Ha'IUHaJI C 1981 
ro,11a. no1rn3MH nepcneKTIIBH0CTb HMDYJibCHblX 3JleKTJ)0HHblX UCT0'IHUK0B Ha 0CH0Be 
03J)blBIIOli 3JleKTpo1111oii 3MHCClUI. ' 

3. OTKpbtTlle B3pb1BHOii IIOHHoii 3MHCCHH Il03BOJIIIJIO c,.11eJ1aTb HOBblH war B pa3B~TJUI 
TeXHJIKII II TeXHOJIO['llll CHJlbllOT0'illblX ny'IKOB HOHOB. 

4. IIpllKJia,llllhle IICCJlt'JIOBaHIIJI C npHBe,lleHHblM BbIWe HMDYJibCHblM HCTO'IIIUKOM 3JleK
Tp0II0B II ll0110B II0,llTBep,llllJIII ero BblC0KYIO pa60TOCDOC06HOCTb It ymmepCMb
ll0CTb. 
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