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CnHCOK UCUOJlblYCMhlX COKpaw,euuii 

Bp - MarHHTHall )KeCTKOCTh qaCTHI{I,I 

EBIS - Electrjn biam ion source (:meICTpOHHo-nyqesoii ncrnqHnK) 

RFQ - Radio Frequency Quadrupole ppp - particles per pulse 

Bq - BbICOKall qacToTa 

CBq - CBepxBMC0Kall qaCT0Ta 

HT - nMrryn1,cHbiii TPaHcq>opMaTOp 

JIY - JIHHeiiH1,1ii ycKopnTen1, 

JIHY - JIHHeiiHMii HH.z:tYKl.lH0HHhIH ycKopnTeJib 

KIT.U - K03q>q>HI{HeHT II0Jie3Horo .neiiCTBHH 

MIT - MarHHTHoe none 

CIT - CBepxrrp0B0,L{HHK 

3C - 3JieICTpocTaTnqecKnii 

3Cf - 3JieICTpocrnTnqecKnii reHeparnp 

3l.I;P - 3JieICTp0HH0-l.lHKJI0TP0HHhIH pe30HaHC 

OIUIH - O6be.z:tnHeHHMii HHCTHTYT H.z:tepH1,1x nccne.nosannii 

JIJIII - Jla6opaTOpHH H.z:tepHMX rrpo6JieM 

JIJIP - Jla6oparnpnH H.z:tepHbIX peaKl.lllii 

JIB3 - Jia6opaTOpHH BI,IC0KHX 3Heprnii 

JI<I>B3 - Jia6opaTOpHH q>H3HKH BI,IC0KHX 3Heprnii 

Hl1l13<I>A - Hayqno-HCCJie,L{OBaTeJII,CKHii HHCTHryT 3JieICTpOq>H3HqecKoii 
arrrraparyp1,1(IIeTep6ypr) 

l1<I>B3 - HHCTHTYT q>H3HKH BbIC0KHX 3Heprnii (IIpOTBHHO) 

)];AH - )KypHaJI «)];OKJia,L{I,IAKa.z:teMHHHayK» 
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Ilpe.n,ucnosne 

Ilpe,L1.JiaraeMhIH r<ypc ne~Htt aB10p tJHTIUI B 

TelleHHe pH,na JleT B Ylle6Ho-Ha)"IHOM u,empe 
061,e.n,HHeHHOf'O HHcnnyra H,nepHbIX HCCJie,ll,OBaHHH 
H B Me)K,ll,)'Hapo.ll.HOM y1mBepcttrere npttpo.n,hl, 
o6w,ecrna H qenoBeKa «,lfy6Ha». 

11roph EopttcoBHtJ 11ccttHCKHH - HpKHH 

npe.n,cTaBHTeJib nneH,ll,bI HH)KeHepoB-<pH3HKOB, 
Tpy.n,aMH Kornpoii co3.n,aHa oTetJecrneHHaH 

IIIKOJia <pll3llKH II TeXHHKH ycKopttTeneii. 3ra 
IIIKOJia, nonytJHBIIIaH MHpOBOe nptt3HaHHe, .n,o 
CHX nop y.n,ep)KHBaeT JIH,ll,Hpy10ru,He TT03HU,HH B 
CBOett o6naCTH HayKH tt TeXHHKH. 

Ettorpa<pHH 11ropH EopttcoBtttJa THntttJHa 

,ll,JIH ero TTOKOJieHHH, Kor.n,a YBJletJeHHe HayKOH H 
TeXHHKOM onpe.n,eJIHJIO )Klf3HeHHbie II03HU,HH 

MOJIO,ll,bIX n10.n,eii. CBott Tpy.n,oBott nyTh OH Hallan 
B rO,ll,bI BOHHbI tJeTblpHa.n,u,a'fHJieTHHM 

no.n,poCTKOM, M06HJIH30BaHHbIM Ha TPY.ll.OBOH 

<ppOHT. 3a :no B 1993 r. l1ropb EopHCOBHlJ 6bIJI Harpa)K,ll,eH Me.n,anbIO «3a 

.n,o6necTHbIH TPY.ll. B BenHKOH OTetJecrneHHOH BOttHe 1941-1945 rr.», tJeM no 
npaBy rop.n,HJICH. OH 6bIJI Harpa)K,ll,eH TaK)Ke naMHTHbIMH Me,ll,aJIHMH B qecTb 50-

neTHH H 60-neTHH Ilo6e.n,hr B BenHKOH OTetJecrneHHOH BOHHe KaK ee yqacTHHK. 
B 1946 r. OH nocTynttn Ha KOHcrpyKTopcKtttt <paKynhTeT MocKoBcKoro 

MeXaHHtJeCKOro HHCTHTYTa MHHHCTepcrna 6oenpttnaCOB. B 1950 r. 6bIJI 
nepeBe.n,eH Ha o6pa3oBaHHhrii <pH3HKO-MexaHHtJeCKHH <paKynhTeT MMl1 
(II03,ll,Hee Ml1<1>11). OKOHllllJI 3TOT <paKyJibTeT B KOHU,e 1951 r. H 6bm 
pacnpe.n,eneH Ha pa6oTy B <1>11AH HM. 11.H. Jle6e.n,eBa B na6oparoptt10, Kornpoii 
pyKoBo.n,ttn Bna.n,HMHp 11octt<poBHtJ BeKcnep. B 1952 r. no.n, pyKoBo.n,crnoM 
B.11. BeKcnepa 6bma co3.n,aHa TexHtttJecKaH .n,ttpeKU,HH cTpottTeJihCTBa N!!533, 

PYKOBO,ll,HBIIIM coopy)KeHtteM CllHXpO<pa30TpOHa, npeo6pa30BaHHaH B 1954 r. B 
3neKTpo<pH3HtJecKyIO na6oparnpHIO AKa.n,eMHH HayK CCCP (3<l>JIAH) B 
,lfy6He, Ky.n,a Mono.n,oii 11ropb H nepeexan. 

C Tex nop ero )KH3Hh 6bma CBH3aHa c ,lfy6Hott. B 1956 r. 3<l>JIAH, 
npeo6pa30BaHHaH B Jla6oparopttl0 BbICOKllX 3Heprnii (J1B3), BOIIIJia B COCTaB 
O6oe,ll,ttHeHHOro HHCTHTyTa H.n,epHbIX HCCJie,ll,OBUHIIH BMeCTe c 
CHHXpO<pa30TpOHOM, coopy)KeHtte KOTOporo 3aBepIIIaJIOCb B TO BpeMH. 
Mo.n,enhIO 3Toro ycKopHTeJIH 11ropb EopttcoBtttJ 3aHHMaJICH eru,e B <l>l1AH. 
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OH 6blJI o,nHIIM lI3 C03,naTeJieH CIIHXpOq>a30T})OHa II npopa6oTaJI Ha HeM 

6yKBaJibHO c MOMeHTa nepBOH IIH)l(eKQIIII npOTOHOB (1957 r.) ,no nocJie,nHero 

ceaHca (2002 r.). B JIB3 I1roph EopIICOBIIq nporneJI nyTh OT MJia,nrnero 

HayqHoro COTpy,nHIIKa ,no 3aMeCTIITeJIH ,nIIpeKTOpa Jia6opaTOpIIII. O,nHO II3 

caMbIX HpKIIX ero ,noCTII)l(eHIIH - C03,naHIIe - CIICTeMbl Me,nJieHHOrO 

(pe3oHaHCHOro) BbIBO,na ycKopeHHbIX qacTIILI II3 CIIHXpOq>a30T})OHa. 

C 1993 r. II .no KoHua ,nHeu I1ropb EopIICOBIIq c npIIcymeu eMy 3Heprneu 

II 3HTY3IIa3MOM pa6oTaJI Ha,n C03,naHIIeM CBepxnpoBO,nHmero CIIHXpoTpOHa 

HYKJIOTpOH. Bo MHOroM 6Jiaro,napH ero ycIIJIIIHM 3TOT OpIIrIIHaJibHbIH 

ycKOpIITeJib 6hIJI BBe,neH B ,nettCTBIIe. 

3a CBOIO HayqHyIO ,neHTeJibHOCTb I1ropb EopIICOBIIq 6bIJI y,nocTOeH 

rocy,napcrneHHhIX Harpa,n: op,neHa «3HaK Iloqern» (1976 r.), Me,naneu 

«BeTepaH Tpy,na» (1990 r.) II «B naMHTb 850-JieTIIH MocKBbl)) (1997 r.), 3HaKa 

OTJIIIqIIH B T})y.ne «BeTepaH aTOMHOH 3HepreTIIKII II npOMb!IllJieHHOCTII» 

(2005 r.). B CBH31I c 80-JiemeM I1ropH EopIICOBIIqa O6oe,nIIHeHHhIH IIHCTIITYT 

Harpa,nlIJI ero Iloqernou naMHTHou Me,naJihIO Ol15ll1 (2009 r.). 

I1ropb EopIICOBIIq 6bIJI OTJIIIqHbIM cnopTCMeHOM, YBJieKaJICH JlbJ)l(HbIM 

cnopTOM, aJihnIIHII3MOM II cnopTIIBHblM TypII3MOM, CTOJib nonyJIHpHbIMII cpe,nII 

MOJio_ne)l(II ,lzy6Hhl. 

OH 6bIJI qeJIOBeKOM, no 6oJihillOMY cqeTy, HepaBHo,nyrnHhIM. I1 TaKIIM ero 

noMHHT ,npy3hH II KOJIJierII. 

Kypc JieKLIIIH 11.E. I1ccIIHCKoro - y,naqHoe no npe,nnaraeMOMY r 

MaTepIIaJIY II CTIIJIIO II3JIO)l(eHIIH BBe,neHIIe B q>II3IIKY II TeXHIIKy ycKopIITeJieu. 

ABTop coxpaHIIJI, B qacTHOCTII, onIIcaHIIe npII6opoB II ycT})OHCTB ,1 

ycKOpIITeJibHOH TeXHIIKII, MaJIO IICnOJih3yeMbIX B HaillII ,nHII. O,nHaKo 

noHIIMaHIIe npIIHQIInOB ,nettCTBIIH TaKIIX ycTpOHCTB 6y,neT, HeCOMHeHHO, 

cnoco6cTBOBaTh pa3BIITIIIO «IIHTeJIJieKTYaJibHOro MeHTaJIIITeTa» qIITaTeJieu, 

HaqIIHaIOIQIIX II3yqeHIIe 3TOH YBJieKaTeJibHOH II BbICOKOTeXHOJIOrIIqHoH 

o6JiaCTII 3HaHIIH. 

B pe,naKQIIII, BhITIOJIHeHHOH A.E. Ky3HeUOBhIM, BHeceHbI 

MIIHIIMaJibHbie IIcnpaBJieHIIH II Heo6xo,nIIMbie ,nonoJIHeHIIH, 

aBTOpCKIIH CTIIJib. 

qJieH-KoppecnoH,neHT PAH 

11.H. MewKoB 

6 

TOJibKO 

coxpaHeH 

JleKUHSI 1 

Baeaenue 

YcKopIITeJIII 3apH)l(eHHhIX qacTIILI (charge particle accelerators) IIrpaIOT 

Ba)l(HYIO pOJib B TeXHIIKe, Me,nIIQIIHe II oco6eHHO B q>yH,naMeHTaJibHbIX HayqHblX 

IICCJie,noBaHIIHX. Pe3yJihTaTbl, noJiyqeHHbie C noMOIQblO ycKOpIITeJieH, Tpy,nHO 

nepeoueHIITb: B cyIQHOCTII, Bee 3HaHIIH q>II3IIKII MIIKpOMIIpa noJiyqeHbl IIJIII 

no,nrnep)l(_neHhl C nOMOIQblO nyqKoB ycKopIITeJieH 3apH)l(eHHbIX qacTIILI. 

KpynHettrnIIe II3 BCeX npII6opoB, C03,naBaBillIIXCH Kor,na-JIII6o qeJIOBeqecTBOM, 

ycKOpIITeJIII Bbl3bIBaIOT BOCXIIIQeHIIe TaK)l(e CBOIIM pa3HOo6pa3IIeM, 

CJIO)l(HOCTbIO KOHCT})YKLIIIII II Ha3HaqeHIIeM. I1x pa3Mepbl Jie)l(aT B npe,neJiax OT 

nopTaTIIBHbIX KOHT})OJibHbIX npII6opoB B a3ponopTaX II TaMO)l(HHX .no 

MHOroKIIJIOMeT})OBblX KOJlhlleBbIX coopy)l(eHIIH c nepIIMeTpOM 1,5 KM 

(IlpoTBIIHO, PoccIIH), 6,3 KM (EaTaBIIH, CillA), 26,7 KM (UEPH, EBpona). 

.[(aHHblll KypC npe,nHa3HaqeH ,nJIH czy,neHTOB, KOTOpbIM BnocJie,nCTBIIII 

npe,nCTOIIT 3aHIIMaThCH H,nepHOH q>II3IIKOH IIJIII q>II3IIKOH 3JieMeHTapHbIX qacrnu 

(no-,npyroMy, q>II3IIKOH qacrnu BbICOKIIX 3Heprnu). 3TIIM cneQIIaJIIICTaM HY)l(HO 

6y,neT 3HaTb CBOHCTBa nyqKoB, KOTOpbie IICnOJib3YIOTCH B 3KCnepIIMeHTe, OTKy,na 

II KaKIIM o6pa30M OHII noJiyqaIOTCH. I1 He npocTO 3HaTb, HO II HCHO IlOHIIMaTb 

B03MO)l(HOCTII TaKOH ycTaHOBKII, qTo MO)l(eT II qero He MO)l(eT ,naTb ycKopIITeJih, 

Ha nyqKax KOTOporo 6y.nYT npoBO,nIITbCH 3KCnepIIMeHTbl. EoJiee rnro, 

3KCnepIIMeHTaTOp ,nOJI)l(eH yMeTb c,neJiaTb npOCTelllllIIe pactJeTbl II oueHKII 

nytJKOB, IIMeTb B03MO)l(HOCTb ytJaCTBOBaTb COBMeCTHO co cneQHaJIIICTaMII, 

pa6oTaIOIQIIMII Ha ycKOpIITeJie, B «opraHII3aQIIII» xapaKTepIICTIIK II pe)l(IIMOB 

pa6oThl ycKOpIITeJIH ,nJIH peweHIIH nocTaBJieHHbIX 3a,nalJ. 

,[(aHHbIH Kypc 6y,neT HaqaJibHbIM (BBO,nHhIM), IlOCBHIQeHHblM q>II3IIlJeCKIIM 

npIIHUIInaM ,neHCTBIIH ycKOpIITeJieH 3apH)l(eHHbIX lJaCTIILI, cymecrnyIOIQIIM 

TeXHIIlJeCKIIM peweHIIHM IIX ocymecTBJieHIIH. CJiyrnaTeJIII, KOHe•mo, ,nOJI)l(Hbl 

IIMeTh TeT})a.nII ,nJIH 3anIIceu, HO, KpOMe Toro, peKOMeH,nyeTCH 3aBeCTH 

He60JibillIIe 3aTIHCHhie KHII)l(KII, Ky,na Heo6xo,nIIMO 3aTIIICbIBaTb HaII60Jiee 

Ba)l(Hble nOJIO)l(eHIIH, TepMIIHbl (B TOM lJIICJie II Me)l(,nyHapo,nHbie, Ha 

aHrJIIIHCKOM H3bIKe) II qiopMyJihl. <l>opMyJI B Kypce 6y,neT HeMHOro, HO IIX 

CJie,nyeT xopowo TIOHHMaTb, nOMHIITb II o6H3aTeJibHO yMeTb IIMll TIOJib30BaTbCH. 

BbIBO,n q>OpMyJI IlOMHHTb Heo6H3aTeJibHO, HO TIOHHMaHHe npoueccoB, KOTOpbie 

OHII onHChIBaIOT, Heo6xo,nHMO. 3anHCHbie KHH)l(KH Ha.no aKKypaTHO 3aTIOJIHHTb, 

II OHII ,nOJI)l(Hbl 6bITb coxpaHeHbl Ha ,noJirne ro,nbI. IloTOM IIX MO)l(HO 6y,neT 

.nonoJIHHTb H IICTIOJib30BaTb npH pa6oTe. OnbIT IlOKa3bJBaeT, lJTO 3TO OlJeHb 

pauHOHaJibHblH H IlOJie3HblH no,nxo.n, KOTOpblll BTIOCJie,ncTBHII Il03BOJIHT 

3HalJIITeJibHO 3KOHOMHTb BpeMH II npII,nacT yBepeHHOCTb. 
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Qqel{b 6y,!l,eT none3HbIM, ecmr CTy,!l,eHTbl, HaMepeHHbie nOCBHTIITb ce6H 

TaKoii IIHTepecHeiiweii o6nacTII qenoBeqecKoii ,!l,eHTenbHOCTII, KaK HayKa, 6y,!l,yT 

qIITaTb II xy)],O)KeCTBeHHyro nIITeparypy no Hayqttoii TeMaTIIKe. PeKOMeH)],yeTCH 

BaM B rrepByro oqepe,!l,b npoqeCTb )],Be TaKIIe KHHrII O <pII3HKax, KOIIMH Bbl y)Ke 

Tenepb II HBnHeTeCb. 3To MIITqenn YIIncoH «)I{II3Hb BO Mrne» II «BcTPeqa Ha 

,l],aJieKOM Meptt,!],IIaHe». J,fa OTeqecTBeHHblX nucaTeneii HHTepeceH ,[(aHHIIn 

rpaHIIH. IlocTapaiiTeCb Ha 3TO BbI6paTb BpeMH. 

PeKOMCH,!l,yeMaH JIHTeparypa 

[1] ,l()K. Jinmmry,ll. IlpHHQHIIbl pa60Tbl QHKJJHqecKHX ycKOpHTeJieH. 1963. 
[2] E.r. KoMap. Y CK0pHTCJIH 3apmKeHHbIX qacTHQ. 1964. 
[3] E.r. KoMap. OcHOBbl YCKOpHTCJibHOH TCXHHKH. 1975. 
[4] JI.JI. foJib,llHH. <DH3HKa ycKopnTeJieii. 1983. 
[5] A.H. Jie6e,lleB, A.B. lllaJibHOB. OcHOBbl q>H3HKH n TCXHHKH ycKOpHTeJieH. 1991. 

llep«bte yc«opumenu. l-faBeCTHO, qTo onbITbI 3. Pe3epqiop,!l,a, 

npoBe,l],eHHble B 1906 r. no o6nyqeHHIO TOHKOH q>Onbrtt aJib<pa-qacTmi:aMII OT 

pa,!l,HeBoro IICToqHIIKa, IIOKa3aJIH, qTO aTOM COCTOHT II3 rronO)KIITenbHO 

3apH)KeHHOro H,!],pa, OKpy)KeHHOro 3neKTPOHaMII. 3To 6hlna peBonIOQIIH B 11 

<pH3IIKe, rrocne qero HaqaJIIICb MHOroqucneHHbie 3KCrrepIIMeHTbI. Ho 

ecTeCTBeHHbie IICToqHIIKH o6na)],aJIII orpaHIIqeHHbIMII B03MO)KHOCTHMH 

( 3HeprIIH, HHTeHCHBHOCTb, crreKTP ). Bo3HIIKJia OCTPM IIOTPe6HOCTb B C03)],aHHII 

IICTOqHHKOB 3apH)KeHHblX qacTIIII:, 3HaqIITenbHO rrpeBbIIIIaIOIQHX no CBOIIM 

xapaKTepIICTIIKaM ecTeCTBeHHbie. 

3 a ,!l, a q a: npoumrnoeettue e rJiy6h ee~ecTea 
IlepBbIMH ycKopIITenHMH 3apH)KeHHbIX qacTHQ CTaJIH BbICOKOBOnbTHbie 

ycTaHOBKII. EcnII noMeCTIITb IICTOqHIIK (3neKTPOHOB, IIOHOB), reHepupyIOIQIIH '1 

qacTIIQbI C qIIcnoM e,l],IIHIIqHbIX 3apH,!l,OB q (q = I, 2 ... II T. ,!J,.) IIO,!l, IIOTeHQIIaJIOM 

BbICOKOro HanpH)KeHIIH u II coe)],IIHIITb ero TPY6Koii, II3 KOTopoil. y,!l,aJieH 

B03,!J,YX, C MIIIIICHbIO, HaXO,!],HIQeiicH no)], IIOTeHQHaJIOM 3eMnII, TO 3TO H 6y.rr.eT 

rrpocTeiiwIIii BbICOKOBOnbTHbIM ycKOpHTenb TaK Ha3bIBaeMoro npHMOro 

,!l,eHCTBHH. 3,!J,eCb ycKopHeMaH qaCTIIQa Henocpe,!l,CTBeHHO O,!l,HOKpaTHO npoXO,!l,IIT 

ycKOpHIOIQee HanpH)KeHIIe. KIIHeTIIqeCKaH 3HepmH 3apH)KeHHOH qacTHQbl 

cocrnBnHeT W=qeU. E,!J,IIHIIqHbiii 3apH,!l, IIOHa paBeH 3apH,!l,Y :JneKTpoHa, T. e. 

e = I ,6· I 0-19 KyfloHa, qTo HBnHeTCH oqeHb Manoii BenuqIIHOii. Ilo3TOMY ,!l,nH 

y,!l,o6crna IIcnonb3YIOT He KYJIOH, a e,l],HHIIqHblH 3apH,!l, 3neKTPOHa II 3HepmIO 

ycKopeHHbIX qacTIIQ II3MepHIOT B 3JleKmpoHBOflbmax. IlpoII3BO,!l,Hbie: K3B, M3B, 

r3B, T3B (keV, MeV, GeV, TeV). 

K.riaccutf,u«au,ua yc«opumeneii. ITo CBOIIM npttHQIInaM pa6oTbl IIX 

MO)KHO pm,!l,enHTb Ha cne,!l,yIOIQHe OCHOBHbie KaTeropIIH: 
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' BbtCOK060Jlbfflllbte yc«opumenu. ,[(JIH ycKopeHHH IICnonb3yeTCH 6oJibIIIaH 

pa3HOCTb IIOTeHQIIaJIOB, KOTopyIO IIpOXO,!l,HT 3apH)KeHHbie qacTIIQbl. 

,[(ocTHrHYTbie HanpH)KeHIIH cocTaBnHIOT nopH,!l,Ka IO MeraBOnb T. ,[(anee 

HacrynaIOT Henpeo,!l,OnHMbie orpaHIIqeHIIH, CBH3aHHbie C 3neKTpIIqecKIIM 

pmpH,!l,OM (npo6oeM). 

Pe3011a11c11b1e yc«opumenu. YBenuqeHue 3HepmII. lfacTHQbI 

MHoroKpaTHO npoxo,!l,HT oTHOCIITenbHO He6onbwoe ycKopHIOIQee HanpH)KeHIIe 

CIIHXpOHHO C BblCOKOH qaCTOTOH 3neKTpuqecKoro rronH reHeparnpa. 

CyIQecrnyeT ,!],Ba THIIa pe30HaHCHblX ycKopuTeneii. 

B cnyqae npHMOnttHettHOro ,!l,BII)KeHHH ycKOpHeMbIX qacTIIQ C03,l],aIOTCH 

flUHeUHble ycKopumeflu. 
,[(JIH COKpaIQeHHH rrporn)KeHHOCTII ycTaHOBKH rryqoK 3aCTaBnHIOT 

,!l,BIIraTbCH no KpyroBbIM TpaeKTOpIIHM. ,[(JIH 3TOro npuMeHHIOT MarHHTHOe 

none. Ilo,l], ero B03,l],ettCTBHeM ,!l,BII)KeHue ycKopHeMbIX qacTIIQ npOHCXO,!l,HT no 

op6iITaM, 6nH3KHM K KpyroBbIM (QHKJIHqecKHM). y CKOpHTenu TaKOro TIIna 

Ha3bIBaIOTCH lfUKJIU'-leCKUMU ycKopume.nR.Mu ( OT rpeqecKoro kyklos - Kpyr). 

Pe;oHaHcHoe ycKopeHue ucrronh3yeTcH B no,!l,aBnHIOIQeM 6onbIIIIIHCTBe TttnoB 

QIIKJIHqeCKHX ycKopHTenett. 

B ycKopuTeJIHX Ha BbICOKHe 3HeprIIII «,!l,OJ)O)KKa», r)],e npoHCXO)],HT 

,!l,Btt)KeHIIe qacTIIQ, rrpe,!l,CTaBnHeT co600 3mop KOnbQeBoro MarHIITa, me 

pmMeIQaeTCH BaKyyMHaH KaMepa. ,[(JIH y,!l,ep)KaHHH qaCTHQ Ha 3a,l],aHHOH 

KpyrOBOH op6uTe TPe6yeTCH MarHIITHOe none, KOTOpoe ,!l,On)KHO noBopaqIIBaTb 

II)"IOK 3apH)KeHHbIX qacTIIQ Ha Hy)KHbIH yron. Ho BenIIqHHa MarHIITHOro IIOJIH 

B IIMeeT orpaHIIqeHue. Ero 3HaqeHIIe, ,!l,OCTII)KIIMOe B HaCTOHIQee BpeMH, 

cocTaBnHeT oKono IO Tn. Ilo3TOMY yBenIIqeHHe KOHeqHott 3HepmII qacTIIQ npu 

IIX O,!l,HOBpeMeHHOM y,!l,ep)KaHIIH B KOnbQeBoii KaMepe, r,l],e IIpOHCXO,!l,IIT IIX 

,!l,BII)KeHIIe, TPe6yeT yBenIIqeHIIH pa,!l,uyca KpHBII3Hbl op6IITbl p, T. e. ,l],HaMeTpa 

ycKOpIIT(;!nH. HMnynbc (II, cne,!],OBaTenbHO, 3HepmH) ycKopHeMbIX qacTIIQ 

orrpe,!],enHIOTCH BenIIqHHOH MarHIITHOro nonH B ycKopuTenH H pa,!l,uycoM 

KpIIBH3Hbl op6IITbl p. Hx npOH3Be,l],eHHe eCTb TaK Ha3bIBaeMaH Jltazumn11aa 
mecm«ocmb 11acmul(bl Bp - BenuqIIHa, rrporropQIIOHanbHaH IIMnynbcy 

qacTIIQbl p=qBp, r)],e q - 3apH,~ qaCTIIQbl. 

Ilpori:ecc aBTO<pa3IIpOBKH II03BOnHeT yBenIIquBaTb 3HeprIIIO qacTHQ, B 

npHHQHIIe, 6e3 orpaHuqeHHH. Orrpe,!],enHIOIQIIM TeXHIIqecKIIM npe,!],eJIOM 

HBnHeTCH pmMep (,!J,nIIHa, ,l],IIaMeTP) ycTaHOBKII. 0,l],HaKO rronyqeHIIe npe,!],enbHO 

BbICOKHX 3Hepruii qacTIIQ B QHKJIIIqecKHX ycKOpHTenHX CBH3aHO C IIOHBneHIIeM 

TOpM03HIQero CIIHXPOTPOHHOro II3nyqeHIIH, KOr,!l,a 3TOT npori:ecc HaquttaeT 

CIInbHO KOHKypIIpoBaTb C rrpori:eccoM nocTynneHIIH 3Hepmu B nyqoK OT 

ycKOpHIOIQHX reHeparnpoB. Ilpu ycKopeHIIII 3neKTPQHOB CIIHXpOTpOHHOe 

H3nyqeHue, 3aBHCHIQee OT IvfaCCbI qacni.QbI, HacrynaeT 3HaqIITenbHO paHbIIIe, 

qeM IIpII ycKopeHHH rrpOTOHOB. 
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Hm)y«U,UOllllble yc«opunteJIU (JIHHeHHbie II KOJihl.(eBbie). 11x ):(eHCTBIIe 

0CH0BaH0 Ha IICn0Jib30BaHIIII BIIxpeBoro 3JieKTJ)II'IeCK0ro • nomr, . cm13aHH0r0 C 

II3MeHeHIIeM BO BpeMeHII MarHIITH0ro n0T0Ka. IlpIIMemIIOTCH B cpaBHIITeJihH0 

Y3Koii o6nacTII 3a):(a'I. 

BoKpyr ycKOpIITeJieii B03HIIKaeT paoUalfUR. B CBH3II C 3TIIM ):(JIH 

HOpMaJibHOH pa60Tbl nepC0HaJia C03):(aeTCH TaK Ha3hIBaeMaa 6IIOJIOrII'IeCKaa 

3aIQIITa, K0HTp0JIIIpyeTCH ypoBeHb II3Jiy'IeHIIH, BbITI0JIHHlOTCH MeponpIIHTIIH no 

TeXHIIKe 6e3onaCHOCTII. 11MeIOTCH TJ)II q>aKTOpa yMeHbIIIeHIIH nonyqaeMoii 

):(03bl o6nyqeHIIH: BeIQeCTB0, paCCTOHHIIe II BpeMa. 3Ta TeMa 6y):(eT 0CBeIQeHa B 

0T):(eJihH0M Kypce. 

TeMa: BaK)'yM a ycKopumenRx 

TiepBbIM II HenpeMeHHbIM ycJI0BIIeM ycKopeHIIH 3apa)l(eHHbIX qacTIIQ 

HBJIHeTCH ):(0CTaT0'IH0 MaJiaa K0HQeHTpaQIIH M0JieKyJI rroa Ha HX nyTH, 'IT06hI 

qacTHQbl He noTepHJIHCb nptt coy):(apeHHH C HIIMII. HanpttMep, B B03):(yxe nptt 

KOMHaTH0H TeMnepaType II aTMOC<pepHOM ):(aBJieHHH cpe):(HHH ):(JIIIHa 

CB060):(HOro npo6era M0JieKyJihl C0CTaBJIHeT L=6· 10-
5 

MM. B 3T0M cnyqae 

qacTIIQa cpa3y noTepaeTCH. Ilo3TOMY Tpe6yeTCH C03):(aHIIe BbIC0K0fO BaKyyMa. 

BaKyyM - cpe):(a o6ttTaHIIa ny'IK0B 3apa)l(eHHbIX qacTHQ. OH Heo6xo):(IIM, 

'IT06hI ):(JIH ycKopaeMbIX qacTIIQ 6&ma ):(0CTaT0'IHaa «CB06o):(a nepe):(BH)l(eHHH». 

Ilo3TOMY B ycK0pIITenax, r):(e npottCX0):(IIT ):(BH)l(eHIIe 3apa)l(eHHhIX qacTHQ, 

):(eJiaIOTCH repMeTII'IHhie KaMepbI. C noM0ll.(blO 0TKa'IKH H3 HIIX YJ:laJIHeTca 

aTMOC<pepHbIH B03):(YX H ):(pyrne ra3bl. IlpII 3TOM ):(IIana30Hbl noHtt)l(eHIIH 

):(aBJieirna 0CTaT0'IH0fO ra3a, C K0T0pbIMII npIIX0):(HTCH HMeTb ):(eJio, 

H3MepaIOTCH nopa):(KaMII. TeXHOJl02UR noJly'leHUR 8QK.Y,YMa - CJIO)l(HbIH npoQecc. 

EouHUlfa U3MepeHUR eaKY.YMa, KaK tt Boo6me ):(aBneHIIa, B cttcTeMe CH -

nacKaJih. 1 Ila (Pa)=l HIM
2 (N/m2

). (BHecttcTeMHhie e):(IIHHQhI: 1 MM pT. CT. 

H0CHT Ha3BaHIIe Topp, 1 Topp=133 Ila; 1 6ap=10
5
Ila; 1 M6ap=10

2
Ila HJIII 

1 M6ap;:::1 Topp). 

,[via MH0rHX 3a):(a'I YJ:I0BJieTB0pHTeJihHbIM HBJiaeTCH ):(aBJieHIIe B 

BaKyyMHoii KaMepe npII KOMHarnoii TeMneparype oKono 10-
4 
Ila. Tor):(a L-60 M, 

'ITO y)l(e YJ:I0BJieTBopttTeJihH0. Ho He Bcer):(a. CoBpeMeHHasI ycKopttTeJI&Haa 

<pH3HKa II TeXHHKa TJ)e6y10T ):(aBJieHIIH ):(0 nopa):(Ka 10"
8 

- 10-
9 
Ila. 

BaicyyM - O~Ha Hl rJJaBHblX COCTaBJJHIOll(HX ycKOpHTeJJbllOU TCXHUKH, 

OTKa'Iey Be.LzyT B HeCK0JibK0 3TanoB. l1cnOJib3YeTca nmoBaa CXeMa 

nocJie):(0BaTeJihH0fO coe):(IIHemrn HaC0C0B, n0BbIUiaIOIQaa. BaKyyM B Ka)l():(OH 

CTyneHII. 

TiepBbIH 3Tan C0CT0IIT B y):(aneHIIII aTMOC<pepbi TaK Ha3bIBaeMblMII 

<jJop6llKYYMllblJHU HacocaMII (a):(cop6QIIOHHb!MII 11 MexaHH'JeCKHMH) ):(0 

):(aBJieHHH -0, 1 Ila B aocop611uoHHOM uacoce npo11cxo):(HT npocToe, 

«MeXaHH'leCK0e» np1rnttnaHHe ra3a K TI0BepxH0CTH a):(cop6eHTa, K0T0pb!H 
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npoUieJI npe):(Bap1ITeJihH0e 06e3ra)l(IIBam1e. B Kaqecrne a):(cop6eHrn 

IICnOJib3YIOTC51. aKTIIBIIpoBaHHbIH yroJib HJIH Qe0JIHT (npIIpO):(HbIH MaTepttan Ha 

0CH0Be coe):(ttHeHIIH aJIIOMIIHHH H KpeMHtta), HaX0MIQIIeca nptt TeMnepaType 

)l(H):(Koro roorn (T=77 K). Ilocne oTKa'IKII a):(cop6eHT HarpeBaeTca, 

o6e3ra)l(HBaeTCH II TaKHM o6pa30M fOT0BHTCH K nocJie):(yiomeii pa6oTC. 

Eonee pacnp0CTJ)aHeHHbIM THn0M ):(JIH npe):(BapttTeJibHOH 0TKa'IKII 

HBJIHeTCH pomopHblU .MQCJlRHblU Hacoc, n0Ka3aHHbIH Ha pttc. 1.1, 0TKy):(a 

noHaTeH npIIHQIIn ero pa60Tbl. 

~ 

Pnc. 1.1. CxeMa MexaHnqecKoro pornpHoro Hacoca 

CJie):(yIOIQHH 3Tan 0TKa'IKII ):(0 nocJie):(Hero BpeMeHH npott3B0):(HJICH 

i)u<jJ<jJy3u01111b1AIU (no-):(pyroMy, napOMllCJlR/lb/JltU) HacocaMH. IlpIIHQHn 

):(eiicTBIIH noKroaH Ha pttc. 1.2. Pa6oqaa )l(II):(K0CTh (Maeno) 2 ttarpeBaeTca ):(0 

KttneHIIH ne'lblO 3, II nap 10 C 60JibIIIOH CK0p0CTblO BbIX0):(IIT H3 conna 5. 
Moneeyn&1 0TKa'IIIBaeMoro ra3a 9 ):(H<pipytt):(IIPYIOT B CTJ)y10 MacnaHoro napa II 

nepeHOCHTCH BHII3. Ilap K0H):(eHCIIpyeTca Ha 0XJia)l():(aeMoii B0):(0H 6 py6aIIIKe 1 
Ii YHOCIITca K BhIX0):(y 8, r):(e ycrnHaBJIIIBaeTca qiopBaKyyMHhIH Hacoc. 

Ilpe):(eJibHbIH BaKyyM onpe):(eJiaeTca o6paTHbIM n0T0K0M Macna B 

oTKa'IIIBaeM&Iii 061>eM. OH cocrnBmreT ):(0 -10°5 Ila. 

!J 

1 

1 

4 

2 

3 

Pnc. 1.2. CxeMa .nmfHpy1110HHoro Hacoca 
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,[(JUI: IlOJiyqemrn: eII.J,e 6oJiee BblCOKOro BaKyyMa ( OT 10"1 
)),0 - 10"7 

fla) 

HCilOJib3YIOT myp60.1HOJ1e«yJ1Rpllble HaCOCbl. 3TO 6bIC'IpO BpaII.J,aIOIIIHHC}l pomp 

(P-eC}ITKH TblC}lq o6opOTOB B MHHYTY) C KOCbIMH npope3}1MH. Me)K)].y HHMH 

HeilO)J,BH)KHbie )J,HCKH (pttc. 1.3). flpettMyIIIeCTBO 3THX HaCOCOB COCTOHT eII.J,e H B 

TOM, qTo B o6oeM m HHX He nocrynaeT Maeno ( ecJIH perneHa npo6neMa c 

IlO)J,IIIHilHHKaMH ). 

Pnc. 1.3. CxeMa OTKaqKH raJa MexaHnqecKHM MOJICKYJIJipHbIM HaCOCOM 

Cy6mutal{UOllllble llllCOCbl. 3)),eCb ITYTeM HarpeBa npOH3BO)J,HTC}l B03rOIU(a 

(naT. sublimare - B03HOCHTb) pa6oqero BeII.J,ecrna. CyIIIecrnyeT MHoro BeIIIecrn, 

cnoco6HbIX IlOrJIOIIIaTb ra3bl nyTeM XUMU'leCKOU cop6lfUU, T. e. c yqacTHeM 

XHMHqeCKOH peaKIIHH. TaKHe BeII.J,eCTBa Ha3bIBaIOTC}l cop6eHTaMH HJIH reTTepaMH. 

llieHKa reTTepa, pacnhIJieHHM BHY'fPH o6oeMa, cop611pyeT rro, ocyII.J,ecTBJIAA ero 

OTKaqKy. JlyqIIIHM reTTepoM }IBAAeTC}l THTaH. THTaHOBbIH HcnapHTeJib 

( «cy6JIHMaTOp») npe)J,CTaBAAeT co6oii BOJib<ppaMOBbIH HarpeBaTeJib, o6MOTaHHbIH 

THTaHOBOH npoBoJioKoii. flonyqaeMbIH BaKYYM 10·5 
- 10·10 

fla. 

Mamumopa1pn011b1e 11acocb1 - 11au60J1ee pacnpocmpa11e1111b1e cezoo11n 
u11cmpyMe11mb1 om«a'l«u. HoHtt3aIIH}l MOJieryn ocTaToqHoro rroa 

3JieKTpOHaMH IlOJIO)KeHa B OCHOBY pa60Tbl MarHHTOpa3p}l)J,HbIX HaCOCOB. HOH B 

OTJIHqHe OT MOJieKyJibl CTaHOBHTC}l ynpaBJI}leMbIM. Me)K)J,y aHO)J,OM H KaTO)J,aMH 

B03HHKaeT XOJIO)J,HblH pa3p}l)J,. HHTeHCHBHOCTb HOHH3aIIHH pacTeT C , 

YP-JIHHeHHeM nyTH 3JieK'IpOHOB. ,[(Jrn 3TOro BBO)J,}IT MarHHTHOe none (pttc. 1.4). 
CHJia JlopeH11a 3aKpyqHBaeT 'IpaeKTOpHH 3JieKTpOHOB. flpH OTKaqKe 

HCilOJib3yeTC}l KOM6HHaIIH}l P-BYX npo11eccoB: 1) UOHHblU MeXaHH3M: nonyqeHHe 

H nona,lJ,aHHe HOHOB Ha KaTO)J,bl, r)J,e OHH Heii'IpaJIH3YIOTC}l H YP-aJI}IIOTC}l H3 

o6oeMa; 2) cop6tJUOHHblU: 6oM6ap)J,HpOBKa HOHaMH KaTO)J,OB H3 THTaHa 

npHBO)J,HT K HX pacnbIJieHHIO; oceBIIIM Ha aHO)J,e H CTeHKaX Kopnyca THTaHoBa}l 

nJieHKa cop6upyem co6oii Hett'IpaJibHbie MoJieKyJibI ocrnrnqHoro rroa, no)J,o6tto 

TOMY, KaK 3TO npOHCXO)J,HT B cy6JIHMaIIHOHHblX Hacocax. ,[J;ocTttraeMbIH 

pa6oq11ii BaryyM 10·1 
- 10·8 

fla 
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Pnc. 1 .4 . .,SlqeiiKa Marnnrnpa3p».UHOro Hacoca. IloKaJaHa TPaeKTopnJI :meKTPOHa 

, Om«a'l«a 

CKopocmb OTKaqKH Hacoca s - o6oeM rroa v, YP-aJI}leMbIH B e)J,HHHIIy 
BpeMeHH: 

' s=v/t (M3
/c HJIH JI!c). 

IlpoU3800UmeJlbHOCmb OTKaqKif - KOJIHqecTBO MOJieKyJI rroa, YP-aJI}leMoe 

H3 o6oeMa: vnlt (MoJieKyn/c), 

r)],e n - KOHIIeH'IpaIIH}l rroa. Tpa)J,HIIHOHHO npOH3BO)J,HTeJibHOCTb g H3Mep}IIOT 

qepe3 )J,aBJieHHe, KaK g=sp (M3Ha/c) 

(qTo O)J,H03HaqHo CB}l3aHo c KOHIIeH'Ipa1111eii, TaK KaK p=nksT, r)J,e ks -
IlOCTO}IHHa}l bOJibIIMaHa, T - TeMneparypa B KeJibBHHax). 

OptteHTHpOBQqHo (3MilHp11qecKM 011eHKa) CKOpOCTb OTKaqKH 

)J,Hq>q>y3HOHHOro Hacoca. (B n/c) )J,OJI)KHa 6bITb q11cJieHHO paBHa o6oeMy 

BaKYJMHOH CHCTeMbl (B JI), MexaH11qecKoro - B JI/MHH. 

PaTbeMllble «a«yyMHble coeou11e11UR (pttc. 1.5 H 1.6) 
1 

·2 
4 s 

Puc. 1.5. PaJbCMHOe q>JiaH~eooe coe.1UIHeHHe: J, 2 - qin~1; 3 - pe3HHa; 4 - 6om, IIIIIHJibKa 

"4' _ _ 11 1 I I <~ 

Pnc. 1.6. YrrnorneHne c Me~Hoii rrpoKJI~oii (conflat) n q>opMa 3y6a qinaH~a 
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H3Jltepenue 6blC01ww 6llKYY.!lta 
BaKY)'M no TJ)ll.nHQHH 'lame Bcero xapaI<Teptt3)'10T .n,aBneHtteM. PeanhHO 

Hll.nO 3HaTh KOHQeHTJ)aQHIO Mone1<yn, KOTOprui: onpe.n,eJUieT 'IaCTOT)' CTOnKHOBeHHH 

'IaCTHQ C OCTaTO'IHhIM ra30M. K TOMY )Ke .n,aBneHHe 3aBHCHT OT TeMnepazypbI. 

KoHQeHTJ)aQHH n=plk8 T, r.n,e .n,aBneHtte p - B Ila, k8 - nocTOHHHIDI EonhQMaHa, 

paBHIDI 1,38•10"23 .ZJ:'lKIK, a T-TeMneparypa B KeJibBHHax. 

113MepeHtte .n,aBneHHH (KOHQeHTJ)aQHH MOJie1<yn) npoll3BO,D,HTCH C TTOMOIQblO 

TepMonap, HOHH3aQHOHHhIX BaI<yyMMeTJ)OB, npocreihIIHH ll3 KOTOphIX TTOKa3aH Ha 

puc. 1.7. KaTO.n, - HaKaneHHIDI HllTh, ucnycKaIOIIl;IDI 3neKTJ)OHhI. AHO,D, B B~e 

cnttpanu HaxO,D,llTCH no.n, nOTeHQHaITOM +(100-200) B OTHOCHTenhHO KaTO.n,a. 

3neKTJ)OHhl ll0Hll3)'10T MOneI<ynbI OCTaTO'IHOro ra3a, ll llOHhl nona,naIOT Ha 

KOJineKTop (oKono -50 B OTHOCllTeJibHO KaTO.n,a). l13MepeHHhIH C KonneKTopa TOK 

nponopQHOHaneH nJIOTHOCTll ll3MepHeMoro B 061,eMe ra3a. B COBpeMeHHbIX 

KOHCTJ)YKQUHX MaHOMeTJ)OB ~ yBenll'IeHHH ~llHbl TJ)aeI<Topuu 3neKTJ)OHOB 

BBOMT Manmruoe none, 'ITO CllJibHO YBeJill'IUBaeT BepoHTHOCTb llOHll3aQllll ll, 

TaKllM o6pa30M, TTOBbIIIIaeT 'IYBCTBHTenbHOCTh ll3MepeHllH (puc. 1.8). 

m
-1(111110~ ---

ct
j - J~ 

' 'A11o4 ,,.---

- f. 'KM"•-_,,/ 

Pnc. 1.7. l:1.oHH3a11noHHblll BaKyyMMeTJ). 

O.[IHHapHble CTpeJIKH - nyTH :meKTp0H0B, ,[IBOHHbie - H0H0B 

Manumn.m 
nomoc (Karo.zt)1 

AHoit (+2,SICB) - . .._.._•~fj!~~~,---1 
• IloJiI,IH Mannrr ~-- 1'1-,r .... m~:cwo..,, 

BBO.ztKaro,zta 
(H3.MepeHHe) 

1 
~,;, 

9J9_()_ 

.l(Han330H 

H3MepllCMhlX 

,!taBlICHHH 
OT l ,zto 10·1 rra 

Pnc. 1.8. CxcMa MattoMeTpw1ecKoro npco6pa10BaTeJIJ1 nMM-32-1 
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.lJ:nH noucKa me'leU Hau6onee 3cp<peKTllBHO llCTTOJib3YIOTCH MarHUTHbie 

Macc-cneKTJ)OMeTJ)hI, KOTOphie coe.n,ttHHIOT c cocy.n,oM. CHapy)l(tt cocy.n, 

O6.n,yBaIOT npo6Hb!M ra30M, renueM, KOTOpb!H 3acacb1BaeTCH B CllCTeMy. 

CneKTJ)OMeTJ) HaCTJ)attBaIOT Ha mlq=4/2=2 R=(mlq/12(2U}112/B, r.n,e R - pa.nttyc 

TJ)aeICTopuu llOHa reJillH B MarHUTHOM none B, U - TT0TeHQHan, ,D,O KOTOporo 

ycKopeH HOH. 

llpo6neMbl u ux pemenuR 

11:TaK, nony<IeHue BhICOKOro BaKyyMa COCTOHT B perneHllll HeCKOJibKllX 

3a.n,a<I: BbI6opa COOTBeTCTBYIOIIl;HX MaTepuanOB (ra30HenpOHllQaeMOCTb, 

OTCYTCTBlle nopttCTOCTll, KOpp03llOHHaH CTOHKOCTh); OTKa'IKH (HaCOCbI), TTOllCKa 

Te'IeH ll llX JillKBll,D,aQttll; ra300T,D,eJieHUH CTeHOK cocy.n,oB ll ll3MepeHUH BaKyyMa 

(.n,aBJieHllH OCTaTO'IHOro ra3a). 

3.n,ecb Harnnu rnupoKoe npuMeHeHue zepMemuKu. 

KonmpOllbHble 60npocbl 
1. npn KaKHX ,[13BJieHHJIX B BaKyyMHbIX KaMepax np0H3B0,[IJIT ycKopeHHe 3ap»lKeHHbIX 

tJacrn11? 

2. KaKue THilbl BaKyyMHblX HaC0C0B llCII0Jlb3YlOTCH B ycKopuTeJibHOH TeXHHKe? 
3. KaK H3Mep»IOT BaKyyM? 
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JleKQUH 2 

TeJ1.1a: BblCOKOBOJlbmllble yc«opume.Jlu (high voltage (DC) accelerators) 

K 3THM ycKopHTeJUIM OTHOCHTCH BbICOKOBOJibTHbie lIMllYJibCHbie 

TpaHccpopMaTOpbl, KaCKaJJ,Hbie (HJIH )'MHO)KHTeJibHbie) reHepaTOpbl, 

3JieKTpOCTaTH1IeCKHe ycKOpHTeJIH BaH 'Ae rpaacpa. 

B 6oJibIIIHX ycKOpHTeJibHblX KOMllJieKcax yaeJIH'IeHHe 3HeprHH 

3apH)KeHHbIX 1IaCTHI.J, ocyII.J,eCTBJIHeTCH llOCTeneHHO. Ha'IHHaeTCH OHO, KaK 

npaBHJIO, C ycKopHTeJieH npHMOro 'AeHCTBHH. A 3aTeM llY1JOK nepe'AaeTCH OT 

O'AHOro 3Talla K 'ApyroMy lI Ha6npaeT Bee 60JibIIIYIO 3HeprnIO. 

Yc«opume.nbHbte mpy6«u (accelerating tubes) 
Ka)K'AblH ycKopttTeJib Ha'IHHaeTCH C HCTO'IHHKa 3apH)KeHHblX 1IaCTHI.J,. 3TO 

MOryT 6hITb 3JieKTPOHbl, npoTOHbl HJIH 6oJiee TH)KeJibie HOHbl. IlOJIY1JeHHbIH 

ny'IOK 1IaCTHI.J, BHa1IaJie ycKOpHIOT 'AO HeCKOJibKHX 'AeCHTKOB HJIH COTeH 

KHJIO3JieKTPOHBOJihT. B 3TY nepBYIO cTyneHb acer'Aa BXOMT TPY6Kn 

npe'ABapttTeJibHOro ycKopeHHH. 3TO MO)KeT 6hITb cpapcpopoBaH BaKyyMHaH 

TPY6Ka, K KOTOpOH npHJIO)KeHO HanpH)KeHHe OT BbICOKOBOJibTHOrO lICTO'IHHKa -

ycKOpHTeJIH npHMoro 'AeHCTBHH. 11oHHblll HCTO'IHHK pa3Mell.J,aIOT Ha 

BbICOKOBOJibTHOM TepMHHaJie, 'Apyron KOHeI.J, pacnoJiaraIOT llO'A llOTeHI.J,HaJIOM 

3eMJIH, 1IT061,1 MO)KHO 61,rno JierKO MaHHllYJIHpOBaTb, C llY1JKOM. B 6oJibIIIHHCTBe 

cJiy'IaeB OH BBO'AHTCH B CJie'AyIOII.J,YIO CTyneHb ycKopeHHH. 

Ho npttMHTHBHaH cpapcpopoaaH TPY6Ka nJioxo pa6orneT no 'ABYM 

npH'IHHaM. TaKmI Tpy6Ka llJIOXO 'Aep)KHT BblCOKOe HanpH)KeHne tt Ha'IHHaeT 

npo6ttBaTbCH B MeCTax, r'Ae BO3HHKaIOT HepaBHOMepHOCTH llOJieH, T. e. 

60JibIIIHe HanpH)KeHHOCTH llOJIH. KpoMe Toro, 3apH'Abl OT ny1IKa llOlla'AaIOT Ha 

CTeHKH H3OJIHTOpa, C03'AaIOT napa3HTHhie 3JieKTptt1IeCKHe llOJIH, B pe1yJihTaTe 

1Iero ny'IOK OTKJIOWieTCH OT OCH tt MO)KeT 6bITb llOTepHH. 

Pl13!enumenbi~e ·• 1 NO/lb((Q 
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P11c. 2.1. Bb!COK0BOJibTHIDI TJ)yfiKa 
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qT06bI peIIIHTb npo6JieMy, TPY6Ka (pttc. 2.1) 'AeJiaeTCH m HenpoBOMII.J,HX 

KOJieI.J,, pa3'AeJieHHblX MeTaJIJIH'IeCKHMH . 3JieKTpO'AaMH - 'AHCKaMH, KOTOpbie 

cq_e'AHHHIOTCH C npHHY'AHTeJihHbIM 'AeJIHTeJieM BbICOKOro HanpH)KeHHH. 

3JieKTPO'Abl HMeIOT KOH<pttrypal.l,HIO, KOTOpaH 3KpaHttpyeT llOJIH, BO3HHKaIOII.J,He 

Ha lI3OJIHTOpax. TIY1JOK 3TH llOJIH «He BlI'AlIT». qT06bI m6e)KaTb npo6oeB, KpaH 

'AHCKOB 3aKaH1IHBaIOTCH KOJibI.J,aMH. 

Bbtco«oaoJtbmHbte Wltnyilbcllbte mpa11c</Jop.111amopbt (HT) 

ITT 'AaIOT HanpH)KeHne 'AO::::: 1 MB (061,11IHO 600 - 800 KB), 'AJIHTeJihHOCTh 

CTOJI006pa1Horo nMnyJii,ca 100 - 400 MKC (pttc. 2.2). ToK HMnynhcHoil: 

Harpy3KH 'AO 10 A 

P11c. 2.2. Ocn11JIJiorpaMMa Harrpll)KeHIIJI MT-800. ,[(JI11TeJibHOCTb 11Mrrynbca 400 MKC 

~ 3JieKTJ)11qecKIDI cxeMa IlllTaHIIJI BbIC0K0B0JlbTH0ro TpaHCq>OpMaTopa rrpeACTaBJieHa Ha 

~ p11c_: 2.3. MoAyJillTOpOM HaIIpJI)KeHIIJI JIBJilleTCJI LC-JIIIHllll, K0T0pIDI qepe3 Kmoq (mpaTJ)OH) 

~ pa3pR)KaeTCJI Ha rrepB11qHyro :meKTJ)11qecKyro o6MOTKY II 3MaeT rrpllM0yroJibHbltt IIMIIYJibC 

0:-i (p11c. 2.2). C11rnan o6parnoii CBll311 C AeJIIITeJIJI cpaBHIIBaeTCll C orropHb!M (3MaIOI.n11M) 

~ HarrpJI)KeHlleM II qepe3 YCIIJIIITeJib II0CTyrraeT Ha peryn11py10rny10 JlaMIIy. CTa611JibHOCTb 

Harrpl!)KeHIIJI - C0TbJe A0JIII rrponeHTa. 

6btnp11Humen. 

HMflljflbCHb/11 
<JnpaHCtpOpMamop 

Haayn11mop 

P11c. 2.3. CxeMa reHepaTopa BbIC0Koro HaI!pJI)KeHIIJI C IIMIIYJibCHb!M TpaHC!pOpMaTOpOM 

Cep'Ae'IHHK n o6MOTKa TPaHC<pOpMaTOpa norpy)KaIOTCH a MaCJIHHblll 6aK. 

Pa6oTaIOT OHH Ha OTKpbITOM BO3'Ayxe, B cpaBHHTeJibHO He60JibIIIHX 

llOMell.J,eHHHX (TaK KaK MHTeJibHOCTb HMnyni,ca MaJia). HT llOJIY1JlIJIH IIIHpOKOe 

pacnpocTPaireHHe B HaIIIeil: CTPaHe (pa1pa60TKa H11113<1>A) B Ka1Iecrne 

npOCTbIX lI Ha)],e)KHbIX B 3KC.lll!Y_~I~!J;~lLJJPe'A)'.C.KQpnr_eJlett npOTOHHblX H 
't!' ,., ! 

HOHHhIX CHHXPOTPOHOB (pnc. 2A):J1:>[\Hae1a1;,r;r Ci1CT1G'Y'l'! 
i r· ·-'lJHthX W'C n,:, rroBa~u-11·: -~'--.t ~, ...., ,, ... ~;'--•' J. ,,,._ .. I 

'I' ) 1 ·1 I1J () 1'J:~ T{ :~\ : 
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Pnc. 2.4. BHeurnnii BHLI HMIIYJILCHoro rpaHc¢opMaTOpa Ha 800 KB 

Kac«aoubte zeuepamopbt (cascade generators, voltage multipliers) 
KacKa.[IHbie reHepaTOpbl .[laIOT II0CT0KHH0e HaIIp5.DI(eHJie IIplIMepHo TOM 

)Ke BeJI1Iq1IHhI (.no 1 MB). nhIJIII peamnoBaHhI KoKpoqnoM II YoJITOHOM B 

1932 r. (p1Ic. 2.5). 
L/ 

+Arn:-~ tJ 1-- 1 + 

cE]I~ 

y .[IB0IITeJib HanpK)l(eHIIK YMHO)l(IITeJib HaIIpH)l(eHIIK 

Pnc. 2.5. YMHO)KHTeJIH Harrpll)KeHHll 

ITplIHUIIII .nettCTBIIK C0CT0IIT B IIOCJie.[IOBaTeJihHOH 3apK.[1Ke ueno'-IKII 

K0H.[leHCaTopoB qepe3 .[III0.[IHhie BeHTIIJIII. flplI 3T0M HaIIpH)l(eHIIe Ha Ka)l(.[I0M 

.[III0.[le II K0H.[leHCaTope He npeBbIIIIaeT .[IBOHHOr0 aMIIJIHTY.z:IH0ro HanpH)l(eHHH u 
Ha o6MOTKe rpaHCq>OpMaTopa. 
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KoMeHcarop I 3apj{)l(aercK qepe3 MO.LI I. Hanpj{)l(eH1Ie B ToqKe A paBH0 

ttymo, Koma Hanpj{)l(eHAA Ha K0MeHCaTOpe II Ha o6MoTKe HanpaBJieHhl HaBcrpeqy 

~~yr .npyry, II ~Boe 6oJihIIIe aMIIJIHTY.LIH0ro, Kor.na 0HII CKJIMbIBaIOTCK (2U). 
Me)K)l)' A II 3eMJiett BKJIIOqeHhI MO.LI 2 II K0MeHcarop 2. Kor.na HaIIpj{)l(eH1Ie B A 
paBH0 2U, KoMeHcarop 2 3apj{)l(aeTcK .no 2U. 

~CJI0 KaCKM0B M0)l(H0 yBeJinqlITh. Kor.na HanpK)l(eHIIe B roqKe A, paBH0 

ttyJIIO, K0MeHcarop 3 qepe3 .[IH0.[I 3 3apH)l(aeICK .[10 HanpK)l(eHHH B TQqKe B, 'T. e • .no 

2U. A Kor.na Hanpj{)l(eHHe B A1 .z:I0CTIIrHeT 2U, rnr.na K0MeHcarop 4 '-1epe3 .nno.n 4 
TaI()l(e 3apMHTCK .no HanpH)l(eHHH 2U. TaKHM o6pa3oM, B TO'-!Ke B 2 HanpH)l(em1e 

6y.ner B 4 pa3a BhIIIIe aMIIJIHTY.LIH0ro Ha Bhrxo.ne rpaHcq>opMarnpa. TaKHe 3Ta)l(II 

M0)l(H0 HMcrpa1IBaTh II .nanee. 06ruee HanpH)l(eHne 6y.ner cocTaBJIHTh 2nU, r.ne n -
K0JinqeCTB0 3Ta)l(ett-KaCKMOB. 

KacKa.[IHbie reHeparopbI .[laIOT II0CT0HHH0e HanpH)l(eHne. O.nHaKO npn TaK0M 

npeHMYruecrBe o6JIMaIOT II PM0M He.nocrnTKos: TPY.LIH0CTH cra6ttJIH3aUHII 

Hanpj{)l(eHHH II np1Icyrune BbIIIpHMIITeAAM IIyJibcaunn. 

3Re«mpocmamur,ec«ue yc«opume/lu (zeuepamopbt) Bau oe I'paapa 
(electrostatic generators) . 

ITonyqeHIIe BbIC0K0ro HaIIpH)l(eHHH OCH0BaH0 Ha H3BeCTH0M 3aK0He 

3JieKrpOCTaTHKH - OTCyrCTBIIII II0AA BttyTpll npoB0.[IHIIKa (IIJIII BttyTplI npOBO.[IHIUett 

noBepXHoCTH) II nepexo.ne 3apMa Ha ero HapJ)l(HYIO 'IaCTh. ITepBhIH 

3JieKrpOCTaTHqecKHH (3C) ycKopHTeJib 6bIJI IICCJie.[I0BaH aMeplIKaHCKIIM q>H31IKOM 

P. Batt .ne rpaaq>oM B 1929 r. ITpttHUIIn pa60Tu1: 3apM MexaHII'-leCKHM nyreM, no 

rpattcnoprepy (6ecKOHeqHaH pe3HH0BAA JieHTa) nepeH0CIITCK C HII3KOBOJlhTHOH 

CT0p0Hhl (Bcero JIIIIIlb KIIJI0B0JibThl no OTH0IIIeHHIO K 3eMJie) BttyTph IIOJIOH cq>epbl 

(KOMYKTOpa), II30JIHpoBaHHOH Ha 3MaHHoe HaIIpj{)l(eHIIe. TaM T0K0CHHMaIOIUHe 

0CTPHH, coe.nnHeHHbie C BttyTpeHHett II0BepXH0CThIO cq>epbl, CHIIMaIOT C JieHThl 

3apM, KOTOpbIH TyT )Ke nepereKaeT Ha HapJ)l(ttyIO noBepXHOCTb K0H.z:IYKTOpa. 

Pttc. 2.6. 3apllL{llllil J1e11Ta co IIWTKaMH 
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3apMJ(a JieHThl (puc. 2.6) IIpOlI3BO,D;lITCJI c IlOMOIIU>IO KopoHIIpyIOJJ.UIX llleTOK 

C HrJiaMH, KOTOphie HaxOM'fCJI no,n; IlOJIO)KlfreJibHhIM nOTeJIWiaJIOM HeCKOJlhKO 

,n;eCHTKOB KHJIOBOJlhT no OTHOIIIeHHIO K 3eMJie. AHanorwrnoe pa3pH,n;HOe ycrpoiicTBO 

HMeeTCJI B KOH.n;yKTOpe, r,n;e Ha Ill,eTKlI no,n;aeTCH orpm:~aTeJihHOe HanpmKeHtte. 

2 

J 

'" . -
f ii ii J 

~13tlr . - I - 6 

to 9 

Pttc. 2.7. CxeMa 3apH,!1;KH, rrepe3apH,!1;KH H crn6HJIH3al.lHH TOKa B :meKTPOCTaTHqecKOM 

reHepaTOpe BaH ,!J;e fpaaqia 

ITpttHQHilttaJihHaH cxeMa pa6oThI reHeparopa npune,n;eHa Ha pnc. 2.7. 
3,n;ecb 3 - IlOJiaH cqiepa, KOH,n;yKTop. JleHTa, ,Zl;BlI)l(Ylll,aHCJI n HanpaBJieHHlI 

CTpeJIOK, HaTHHYTa Ha IIIKlIBhl 2 (Be,D;OMhIH) tt 7 (ne,n;ylll,ttii.). OHa ,Zl;OCTaBmieT 

3apH,D;hl BHYTPh KOH,D;YKTOpa. Eorree 3q>q>eKTHBHO HaHOClITh IlOJIO)KHTeJihHbie 

3apH,D;hl Ha BHyTpeHHIOIO ( 3,D;eCb JieByIO) CTOpOHY JieHThl, a C npanoii. CHHMaTb 

OTPHQaTeJihHhie 3apH,n;h1, qTo cooTBeTcrnyeT ,n;noii.HoMy TOKY nopH,n;Ka 1 MA. 

CKopOCTh JieHThl 20-40 Mic. IloTeHQliaJI KOH,D;YKTOpa 3aBHClIT OT CKOpOCTlI 

nocTynrreHHH 3apH,n;a, KOTOpaH ynpaBJIHeTCH cneQHaJihHhIM ycTpOHCTBOM. 
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CxeMa perynHpOBKH H CTa6HJIH3aQHH TOKa 3apH,!1;KH IIOKa3aHa B HlllKHeil: qacTH 

pHC. 2.7. OTPHI.larenhHhlli IIOJIIOC HCTOqHHKa IIHTaHHH 5 (50 - 70 KB) YCTPOHCTBa 3apH,!1;KH 

neHThI 6 3a3eMJieH qepe3 pe3HCT0p 8, C KOTOporo CHUMaeTCH curnan, rrporropl.lHOHaJihHhlH 

TOKY 3apMKH. Ha :meICTpO,!J; 12 OT BhIIIpHMHTenH 11 rro,!l;aeTcH HarrpHlKeHue B paiioHe 50 KB, 

KOTOpoe '. perynupyeTCH BhICOKOBOJlhTHhIM TPHO,!J;OM 10 OT CHrnana, rrocryrrruo1I.1ero c 

ycunureJIH 9, r,!J;e HaxO,!l;HTCH 3Ma101I.1ee (onopHoe) nanpHlKeHHe. 3TO o6nerqae-r pa6oTy 

OCHOBHOro YCTPOHCTBa cTa6HJIH3aQHH nanpHlKeHHH reHeparopa. 

. . OcHOBHaH CTa6uJIH3aQHH HanpHlKeHHH npOH3BO,!J;HTCll C IlOMOII.lhlO TaK Ha3bIBaeMoro 

K0pOHHpyIOII.lero TPHO,[\a. 3TO IIIThlpb c OCTPHeM; pacrroJIOlKeHHhIH Ha KOlKyxe tt 

iianpanneHHhIH K KOH,[\yKTOpy. Ha IIITblpb IIO,[\aeTCll perynupyeMoe HanplllKeHue, C Il0M0II.lhlO 

KOTOporo MOlKHO c xopoIIIeii roqnoCThlO o6ecrrequTb TOK KOpOHHpyI01I.1ero pa3pll,l:\a, T. e. 

3apM Q, H, CJie,[\0BaTeJihHO, Harrpl!lKeHHe Ha K0H,[\yKTOpe (.L\O 0,05 - 0, I % ). 

YcKopineJihHaH TPY6Ka c HCTOqHlIKOM Ha BhICOKOBOJihTHOM KOHQe 

pacnorraraeTCH napanrreJibHO JieHTe BHYTPH KOJIOHHhl (pHC. 2.8). 

Puc. 2.8. YcKopHTenh BaH ,[le fpaaqia Ha :meprn10 6 M3B. CroiiKH, neHTa, HecYII.laH 

3apll,[\hI, H YCK0pHTeJihHaH TPy6Ka pacrronolKeHbI BHYTPH l.lllJlHH,L\puqecKoro 061>eMa, C 

BHeUIHeil: CTOpoHhI Koroporo HMeIOTCl! MeTaJIJIUqecKue KOJihl.la ,[\Jlll nepepacrrpe,l:\eneHHH 

IlOTeHI.1Hana HOHHhlli HCT0qffUK HaxO,!l;HTCll B BepxHeii qaCTH OK0JIO BhICOK0B0JlhTHOro 

3JleKTPQ,!J;a CTaJlhHOH K0JKyx, IIO,[\ KOTOpblli narneTaeTCll HHepTHhlli nn, CHllT 
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TioTem(mUI Ha KOH.IzyKTope U=QIC, r,D;e Q - 3ap.SI,D;, a C - eMKOCTh 

KOH,D;yKTopa OTHOCHTenbHO 3eMnH. Hanp.SI)KeHHOCTb non.SI Ha TIOBepXHOCTH 

c<pepbI E= U/R, r,D;e R - pa,D;ttyc cqiepb1. MaKCHMaJihHOe Hanp.SI)KeHHe 

3C-reHeparnpa onpe,D;en.SieTC.SI BbICOKOBOnhTHbIM npo6oeM. Tipo6HBHOe 

Hanp.SI)KeHHe B03,D;yxa COCTaBn.SieT OKono 30 KB/cM (3·106
B/M), T. e. npH 

pa,D;ttyce KOH,D;YKTopa 1 M Hanp.SI)KeHHe Ha HeM ,D;On)KHO COCTaBn.SITb 1 MB. 
O,D;HaKO 3TOro HHKOr,D;a He ,ll;OCTHraeTc.SI: npo6ott HaquHaIOTC.SI paHbIIIe. .Z:Vrn 

IlOBbIIIIeHH.SI npo6ttBHOro Hanp.SI)KeHH.SI 3Cr IlOMelll,aIOT BHYTPh KO)Kyxa, B 

KOTOpbIH TIO)]; ,D;aBneHHeM 10-15 aTMOC<pep HarneTaeTC.SI cyxott a30T. Lvrn 
,ll;OTIOnHHTenbHOro IlOBbIIIIeHH.SI npo6HBHOro Hanp.SI)KeHH.SI B a30T ,D;06aBn.SieTC.SI 

3nera3 SF 6• 11cnonh3YIOTC.SI TaK)Ke H ,D;pyrue raJhI, HMe10111ue BhICOKHH 

npo6HBHOH IlOTeHIIHaJI. 

Tam)eM-zeuepamopbl HMeIOT ,D;BOHHYIO 3HeprHIO 3a cqeT nepe3ap.SI,D;KH 

HOHOB. KaK BH,ll;HO H3 pttc. 2.9, OTPHIIaTenbHbie HOHbl ycKOp.SIIOTC.SI 

nonO)KHTenbHbIM IlOTeHIIHaJIOM, 3aTeM npOHCXO,ll;HT HX nepe3ap.SI,D;Ka Ha 

06,D;ttpoqHoH MHIIIeHH, H ,D;aJiee H,D;eT ycKopeHHe nonO)KHTenbHblX HOHOB. 

4 5 6 7 8 2 9 TO 

Pnc. 2.9. CxeMa TaH.[(eM-reHeparopa c rrepe3ap»J1KOH 

PeKOp,D;Hbie Hanp.SI)KeHH.SI 3Cr - ,ll;O 10-15 MB. 

OrpaHuqeHH.SI no Hanp.SI)KeHHIO BbICOKOBOnbTHbIX ycKOpHTenett: yTeqKH 

H npo6oH. Eopb6a: 6onbIIIHe TIOMeIIIeHH.SI, HCTIOnb30BaHHe Macna KaK 

H30n.SITOpa, pacnono)KeHHe ycTpOHCTB -B o6'beMaX TIO)]; BbICOKHM ,D;aBneHHeM 

ra3a. Ho 3TOro 6bIJIO He,D;OCTaToqHo, H <pH3HKH IlOIIInH ,D;aJibIIIe. 

CoBpeMeHHOe HanpaBneHHe pa3BHTH.SI ycKOpHTeneH B 3TOH o6nacTH 

COCTOHT B noJ1y11euuu AOCT3TO'IHO BblCOKOH 3Hepruu '13CTHII cpa3y UOCJie 

UCTO'IIIUKa HOIIOB (npe,D;BapHTenbHOe ycKopeHtte) 6e3 UCUOJlb30B3HUH 

BblCOKUX " ceepXBblCOKUX UOTCHIIU3JIOB. 11x 3aMeHHnH 6onee npoCTble B 

3KcnnyaTaIIHH H 6onee 3<p<peKTHBHble nHHeHHble ycKopttTenH, TaK Ha3hIBaeMbie 

RFQ, K0Topb1e onucaHhI B oT,D;enbHoii TeMe. 

Koumpollbllble 60npoCbl 
1. HaJOBHTe OCHOBHb[e THIIbl BblCOKOBOJibTllblX ycKOpHTeJieH (rrpllMOro )leHCTBI,ISI). 

2. TTpHHL(HIIbl )leHCT~Hl[ Bb[COKOBOJibTllblX ycKOpHTeneii. 
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Te;ua: J1uneunbte yc«opumeJtu (linear accelerators, linacs) 

Ilpomollltble u UOllllble JIUlleUllble yc«opumeJIU 
B noTeHIIHaJibHOM 3neKTPOCTaTnqecK0M none 3ap.SI)KeHHbie qacnIIIbl 

_ MHoroKpaTH0 ycKOp.SITb Henb3.SI. Ho ecnu none MeH.SITb BO BpeMeHH, TO qacTHIIa 

MO)KeT cyMMHpOBaTb 3HeprnIO, TIOnyqeHHYIO IlpH npOXO)K,D;eHHH 3a,D;aHHOH 

pa3HOCTH noTeHIIHaJIOB. B 1924 r. IIIBe,D;CKHM yqeHbIM H3UIIZOAI 6brn 

· npe,D;no)KeH cnoco6 ycKopeHH.SI nyTeM MHOroKpaTHoro npoxo)K,D;emrn qacTn11eii 

·cpaBHHTenhHO HeBbICOKOro Hanp.SI)KeHH.SI. PeanmoBaHHblH B 1928 r. Buoepo3 
ycKopttTenh nonyqun Ha3BaHHe JlUHetmb1u ycKopumeJlb (JIY). Me)K,D;y Ha6opoM 

TPY60K npHKJia,D;hIBaeTC.SI Hanp.SI)KeHHe, K0Topoe MeH.SieTC.SI BO BpeMeHH. 

lfacTHIIhl, npOXOM 3a30p Me)K.Izy Tpy6KaMH, Ka)K,D;bIH pa3 ,D;On)KHbl nona,D;aTb B 

ycKopHIOIIIee none • .[vrn 3TOro OHH npoxo,D;.SIT MHoro pa3 B pe3oHaHce c B1I 

ycKop.SIIOIIIHM Hanp.SI)KeHHeM, KOTOpoe npuno)KeHO K TPY6KaM, T. e. TaKOH 

ycKopttTenb .SIBn.SieTC.SI pe30HaHCHblM: Bo BpeM.SI 3aMe,D;n.SIIOIIIero non.SI qacTHIIa 

,D;On)KHa Haxo,D;HThC.SI BHYTPH npoBO,D;.SIIIIeH TPY6Ktt H 6bITh 3KpaHttpoBaHHoii OT 

Hero, T. e. ,ll;BHraTbC.SI CB060,D;HO, «,D;peH<pOBaTb». B CB.Sl3H C 3THM TaKHe TPY6KH 

Ha3BaJIH TPY6KaMH ,D;peiiq>a. 1IT06bI coxpaHHTb ycnOBH.SI pe30HaHca, ,ll;JIHHbl 

TPY60K ,D;pett<pa ,D;On)KHbl HapaCTaTb (pHC. 2.10). 
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Pttc. 2.10. Jim,eiiHb[H YCKOpHTeJib BHJJ:epoJ. 3mmpHXOBall CTeKJillllllblH 6anJIOII. 110Hbl 

IIpoXO)lSIT paccrosi,me Me)KJJ.y YCKOplllOll(HMH npoMe)K)'TKaMH 3a IIOJinepHO)la B4-Kone6mmii. 

CrpenKH YKaJblBalOT HanpaBJICIIHe 84-TOKOB 

23 



Tpy6KII ,npeiiqia coe,nIIHeHbl (qepe3 o,ntty) B ):(Be rpyrrrrbI II IIO,l(KJ1IOqeHbl K 
Bq-rettepaTopy. Kor,na qacTIIIJ,bl rrpoii,nyr paCCTO}IHIIe OT BXo,na ,no BbIXO,na 
O,l(HOH rpy6KII, HarrpH)KeHIIe Ha 3TOH rpy6Ke ,non)KHO cMeHIITbCH Ha 
npOTIIBOnonO)KHOe, T. e. npoii,neT nonnepuoiJa T/2 Kone6aHIIH Bq. (qaCTIII.1,bl B 
3TO BpeMH nernT CB06o,nHO.) Ba)KHO OTMeTIITb, qTo noTeHIJ,liaJI rpy6KII 
MeHHeTCH O,l(IIHaKOBO no BCeii ee ,nnIIHe. 

,nnIIHhI HqeeK L nerKo nocqIIrnTb. EcnII b - ,nnIIHa rpy6KII, s - ,nnIIHa 
3a3opa, TO ,nnIIHa n-ii HqeiiKII L=b+s=vT/2, ,nnIIHa BOnHhI ).=cT. Tor,na L=vYc2 
II 

L=/JY2. (2.1) 

TaKoii ycKopttTen& no-,npyroMy Ha3&IBaIOT «6ema-nRM6iJa nonona.M 
JlUHeiillblU yc«opumenb». 

TTpettMymecrna: ycKopeHIIe MO)KHO HaqIIHaTb C MaJibIX 3HaqeHIIH /J, 
npOCTOTa ycTpoiicrna. IlyqoK B Tpy6Kax ,npeiiqia ,non)KeH 3aHIIMaTb no ,nnIIHe 
,l(OCTaTOqHo 6onbIIIOe npocrpaHCTBO, II no3TOMY rpy6KII He ,non)KHbl 6hITb 
cnIIIIIKOM KOpOTKIIMII. 3To MO)KHO c,nenan, 3a cqeT Bb16opa A. 3ttepmH 
npornttoB B 3TIIX JIY cocrnBnHna 80 K3B-3 M3B. 

K qttcny ero He,l(OCTaTKOB cne.nyeT OTHeCTII 6onbIIIIIe IIOTepII B 
,l(II3neKrpIIKax, Tpy,nHOCTb BBe,neHIIH 6onbIIIOH Bq-MOII.l,HOCTII II, 
cne,noBaTenbHO, rronyqeHIIH 6onhIIIIIX aMIInIITY.n HanpH)KeHIIH. 3To 03HaqaeT, 
qrn TeMn ycKopeHIIH 6y,neT MaJI, a ,nnttHa ycTpoiicTBa ,non)KHa 6bITb 6onbIIIaH. 
Ho II TYT B03HIIKaIOT orpaHIIqeHml II3-3a Toro, qTo CKOpOCTb pacnpocTpaHeHIIH 
Bq-HanpH)KeHIIH B.l(Onb IIIITaIOIIJ,eii nIIHIIII KOHeqHa, II ClIHXpOHII3M ycKopeHII~ 
HapyIIIaeTCH. 

B 1945 r. AllbBapel(OM 6&m npe,nno)KeH HOBhiii TIIn nIIHettHhIX 
ycKOpIITeneii, ttcnonb3YIOIIJ,IIH ,l(OCTII)KeHIIH pa,nIIonoKaIJ,IIOHHOH Bq-TeXHIIKII. 
B OCHOBe II,neII ne)KIIT IJ,IInIIH,npttqecKIIH pe30HaTop, nepeMeHHoe 
3neKTpIIqecKoe none BHYTPII KoToporo Bcer,na ttanpaBnetto B,nonb ero 
1.1,eHrpaJibHOH OCH. 3,necb OHO MaKCIIMaJibHO. Kon&IJ,eBoe MarHIITHOe none 
MaKCIIMaJibHO y CTeHOK pe3oHaTOpa II paBHO HynIO Ha OCH (pttc. 2.11 ). 
Co6CTBeHHaH qacTOTa pe30HaTopa He 3aBIICIIT OT ero ,nnIIHbl. Otta 3aBIICIIT OT 
,nIIaMerpa pe3ottarnpa KaK ).= 1,3D. 
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Puc. 2.11. UmmH,llpnqecKHH pe3oHaTOp ( c - :meKTJ)HqecKoe rroJie, B - MarHHTHOe rroJie) 
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3TO II03BOnHeT ycKOpHTb qaCTIII.l,bl B.l(Onb OCH pe30Harnpa. B npttHIJ,Irne 
lIOHbl MO)KHO, ycKOpIITb 3a O,l(IIH neptto,n Bq_ Ho BpeMH nponeTa ,l(OBOJibHO 
BenIIKO. Tor,na (nocKon&Ky T~).~D) pa3Mep&1 pe3ottarnpa HerroMepHo pacTyT. 
TaK, MH ycKopeHIIH npoTOHOB ,no HeCKOnhKIIX ,neCHTKOB M3B norpe60BaJICH 
6&1 pe3oHaTOp pa,nttycoM HeCKOnbKO ,necHTKOB MerpoB. O,nHaKo ero pa3Mep 
MO)KHO coKpaTIITb, yBenIIqIIB qaCTOTY, HO nptt 3TOM ycTaHOBIITb Tpy6KII 
,npeiiqia (attanomqHO JIY Btt,nepo3), KOTOpbie 6y,nyr 3KpaHIIpOBaTb qacTIIIJ,bl OT 
,neiicTBIIH rrpoTIIBononO)KHO HanpaBneHHOro 3neKrpIIqecKoro nonH (pttc. 2.12). 

B rnKoii pe3ottarnpttoii cttcTeMe Ha KOHlfax Tpy6oK no;mp11ocmb 
3neKrpttqecKoro nonH Bcer,na npomueono;10:J1C11a. 
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Pnc. 2.12. JlnHeHHh!H YCKOpllTeJih AJihBapena. Tpy6Kll C)leJiaHhl ll3 Me,llll. l10Hhl rrpOXOMT 

paCCTOJIHlle Me»my YCKOpll:IOJnllMll rrpoMe)K)"fKaMll 3a IIOJIHhlH rrepllO)l Bq_ CTpeJIKaMll 

yKa3aHhI Bq-TOKH 

B Haqane ycKopmomee Bq-none ttMeeT o,nHo HanpaBneHtte, qepe3 
rronnep1rn,na - o6paTHOe. qaCTIII.1,bl ,l(BII~CH BHYTPII rpy6oK, KOr,na none 
IIMeeT o6paTHoe HanpaBneHtte, «)K.l(yT» l(eJlblii nepuoiJ, noKa none B 
cne.ny10meM 3a30pe He CTaHeT HY)KHOro 3HaKa. 

Attanomqtto npe,n&1,nymeMy 3_nech MIIHa n-ii Hqeil.KII L=vT=vYc=fJ).; 

L = /J}.. (2.2) 

3To «6ema-nRM6iJa nu11eii11b1ii yc«opumenb». 
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BcH KOHCTpyKQHH MeTaJIJittqeCKITTI (Me,nb), H30JIHTOpbI OTCyTCTBYIOT. 

.[t;ep)I(aTeJitt Tpy6oK ,npeii:lpa KpeIIHTCH Ha BHyTpeHHHX CTeHKax pe30HaTopa. KaK 

BH,llHO H3 pnc. 2.12, TOKH B ,nep)I(aTem1x B pe3yJibTaTe npOTHBOIIOJIO)I(HbIX 

HanpaBJieHnii KOMIIeHCttpYIQTCH (paBHbl HYJIIO), T. e. He OKa3bIBaIOT BJIHHHHH Ha 

pa6ory pe3oHarnpa. 

Pe3oHaTop B036y)I(_naeTcH qepe3 MarHttTHoe noToKocuenJieHne neTJieii 

CBH3H, pacnoJIO)I(eHHOll OKOJIO QHJIHH,npnqecKOll cTeHKH. qaCTOTa B036y)I(_neHHH 

150 Mru (m pa,nnoJioKaunn). CoorneTcrneHHo, 1)::::1,6 M. MrnoBeHHITTI 

MOIQHOCTb, nepe,naBaeMaH B pe30HaTop, oqeHb 60.JibIIIITTI - MeraBaTTbl. B CBH3H 

C 3THM B03HHKaIOT orpaHnqeHttH Ha ,l\JIHTeJibHOCTb pa60Tbl, ncxo,nHIQne H3 

MOIQHOCTH reHeparnpHbIX JiaMII. CncTeMbl pa6oTaIOT B HMIIYJibCHOM pe)I(ttMe 

npn 60.JibIIIOH CKBa)I(HOCTH TnosT I fttMn ~ c!Mc. ,[t;JIH yMeHbIIIeHttH 

norpe6JIHeMOll MOIQHOCTH n yBeJinqeHHH KTI.[t; ycKopnTeJIH CTpeMHTCH K 

IIOJiyqeHHIO BbICOKOll oo6pomnocmu (Q) pe30HaTopa (Q - OTHOIIIeHne 

3anaceHHOll 3Heprnn K pacceHHHoii). KaK n BO BCHKOM KOJie6aTeJibHOM 

KOHType, Q=wLIR. ,[t;JIH 3TOro Bb16npa10T xopoIIIyIO Me,nb n noJiyqaIOT 

,no6pOTHOCTb nopH,nKa HeCKOJibKHX ,necHTKOB TbICHq. ,[t;JIH MHHHMtt3aQHH 

pa3MepoB ycTaHOBKH ,no6nBaIOTCH MaKCHMaJibHOll HaIIpH)I(eHHOCTH 

ycKopH101Qero IIOJIH £=15 - 35 KBlcM. 
A B03MO)I(H0 Jill B TaKOM JIY ycKOpHTb HOHbl C ,npyrttMH, MeHbIIIHMH /3, 

He H3MeHHH ero KOHCTpyKQtttt? B03MO)I(H0. HanpnMep, ,nettTpOHbl C /Jd B ,nBa 

pa3a MeHbIIIHM, qeM ,l\JIH pacqeTHblX npOTOHOB. Ho TOr,na pe)I(HM ycKopeHHH 

,llOJI)I(eH 6bITb Ha BTopoii KpaTHOCTH Bq, T. e., qT06bl ycKopHTbCH, qacTHQbl 

,nOJI)I(HbI «)K,naTb» ,nBa Bq-nepno,na. PaBeHcrno L=/Jd-),_d B 3TOM cJiyqae 6y,neT 

co6JI10,naTbCH npn /Jd=/J/2 n Td=2Tp, me no,n T no,npa3yMeBaeTcH BpeMH 

npoJieTa HqeiiKtt. 

qT06bI nyqoK 3a cqeT yrnoB pacXO)K,lleHttH qacTHQ He TepHJICH npn 

ycKopeHnn, rpe6yeTcH y,nep)KaHne ero nonepeqHoro pa3Mepa B 3a,naHHb1x 

npe,neJiax, orne,neHHbIX ,nJIH ero ,nBtt)KeHttH n ycKopeHttH. TaKoe y,nep)I(aHne He 

COBCeM npaBHJibHO Ha3bIBaeTCH <jJoKycupoeKOU. 
J,fa pnc. 2.13, a Bn,nHo, qrn npn npoxo)K,neHnn npocrpaHCTBa Me)K,ny 

rpy6KaMn qaCTHQa B nepBOH IIOJIOBHHe 3a30pa HCIIbITblBaeT ,nettCTBHe Er, 
HanpaBJieHHOll K OCH, T. e. cpoeycnpyercH. O,nHaKO BO BTOpoii IIOJIOBHHe 3a30pa E, 
npOTHBOIIOJIO)I(Ha 11 B03pOCIIIM K 3TOMY MOMeHTy ( CM. TeMy «Aamopa:mpoa«a» ). 
B KoHeqHoM pe3JJibTaTe nyqoK qacmu ,necpoeycnpyercH. 

qT06b1 o6ecneqnTb y,nep)KaHtte nyqKa Ha ocn, paHbIIIe ,neJiaJiaCb 

3.JieKTpocrnmqecKaH cpoKycttpOBKa c IIOMOIQblO ceTOK (pnc. 2.13,6 n pttc. 2.14), 
Kor,na CHJIOBble JIHHHH 3.JieKrpnqecKoro IIOJIH IIOCTOHHHO ttMeIOT HanpaBJieHne K 

OCH Tpy6KH. K CO)I(aJieHHIO, nptt MHOroKpaTHOM npoXO)K_neHHH ceTOK Ha HHX 

TepHJIOCb MHOro qacTHQ. 
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Pnc. 2.14. Koac-rpyKllHH <p0Kycttpy10II:1eii CeTKH 

C IIOHBJieHtteM MarHHTHbIX KBa,npynoJibHbIX JIHH3 nx CTaJIH HCIIOJlb30BaTb 

,l\JIH q>oKycnpOBKH nyqKa B JIY, pa3MeIQITTI BHyTptt rpy6oK ,npeiicpa. (CM. TeMy 

«Maznum11aa «aaopyno11b11aR po«ycupoa«a».) 

B COBpeMeHHblX HOHHblX JIY ,nocTnrnyra 3HeprnH B ,neCHTKH H COTHH 

M3B. B lf<l>B3, TipoTBttHO, 3HepmH npoTOHOB cocTaBJIHeT 100 M3B, ero ,nJittHa 

80 M. B Jia6oparnpnn Jioc-AJiaMoca (ClllA) npoTOHbI ycKopHIOTCH ,no 

800 M3B, ,nJittHa ycKopmeJIH 800 M. 

311e«mpon11b1e 11u11eii11b1e yc«opume/lu 
BbIIIIeonncaHHble JIHHettHble ycKopnTeJIH npOTOHHOro {ttOHHOro) Tttna He 

IIO,llXO,llHT ,l\JIH ycKopeHttH 3.JieKTpOHOB, IIOCKOJibKY BCJie,ncrnne MaJIOll MaCCbl 

3.JieKTpOHbl 6bICTpO ,llOCTttraIOT CKOpOCTH CBeTa n L=).,_ B )TOM CJiyqae 

norpe60BaJiaCb 6bI Jitt6o oqeHb 60.JibIIIITTI MHHa ,npeiiq>OBbIX Tpy6oK, Jitt6o 

oqeHb MaJibiii ,nnaMeTp pe30HaTopa. HanpnMep, MH peaJibHoii MHHbI L~O, 1 M tt 

).,=0,l M ,nnaMeTp pe3oHaTopa ,nomKeH cocrnBJIHTb oKoJio 8 CM. TaKoro 

npocTpaHCTBa CJIHIIIKOM MaJIO ,nJIH pa3MeIQeHHH ,npeiiq>OBbIX Tpy6oK, 

IIOCKOJibKJ, KaK Mbl Btt,neJIH, BHyTpH 3THX Tpy6oK Heo6xo,nttMO pa3MeIQaTb 

:meKTpOMarHHTHble ycrpoiicrna ,l\JIH q>oKycnpOBKH nyqKa. Tiptt :HOM qacTOTa 

Bq-reHeparnpa ,nom,rna 6MTbf-=cl).,=3· l 09 
ru (!). ohm npe,n.Jio)KeH ,npyroii IIyTb. 

3,necb npnMeHHIOT QHJIHH,np11qecKne pe30HaTOpbl C 6eryIQett BOJIHOH -

BOJIHOBO,llbl. Pacnpe,neJieHne IIOJIH BHYTPH BOJIHOBO,na TaKOBO, qTO OHO 

co,nep)KttT aKCHaJibHJIO 3JieKTpttqecey10 KOMIIOHeHTy Ha OCH (pnc. 2.15). 
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Puc. 2.15. Pacrrpe;ie.rreHIIe Mar1urrnoro II 3JieK1plI'ICCKOfO IIOJien B UIIJillH.llPII'leCKOM BOJIHOBO,Lle 

BcH KapTHHa pacnpe,n;eJiemrn nom1 pacnpoc-rpaHHeTCH (6e)lmT) no 
BOJIHOBO,n;y. 3JieKTpOHbl MO)KHO ycKOpHTb Ha YCKOpHIOID;eii: q>a3e 
3JieK-rpuqecKoro noJIH (3JieKTpOH HaXO,IJ;HTCH B TQqKe A). Ho B npocTOii: 
npoBO,IJ;Hm;eii: -rpy6e q>a30BaH CKOpOCTb npeBbIIIIaeT CKOpOCTb CBeTa (no,n;o6Ho 
BOJIHe, 6erym;eii: no,n; yrJIOM K 6epery); qTQ Henpuro,n;HO. Co3,D;aIOTCH ycJIOBHH, 
KOr,n;a q>a30BaH CKOpOCTb noJIH B -rpy6e paBHa CKOpOCTH ,!J;BH)KeHHH 3JieK-rpOHa. 
,l(JIH )Toro q>a3a 6erym;eii: BOJIHbl 3aMe,D;JIHeTCH C noMOID;blO ,!J;HCKOB (,n;uaqiparM) 
u Heo6xo,n;HMOrO Me)K,n;y HHMH paccTOHHHH (puc, 2.16). floqTn Cpa3y nocJie 
HaqaJia ycKopeHHH q>a30BaH CKOpOCTb paBHa CKOpOCTH CBeTa. 

PIIC. 2.16. CxeMaTII'leCKllll KapTIIHa 3JieK1plI'leCKOrO ITO.ill! B ycKopmomeM BOJIHOBO,Lle, 

HarpylKeHHOM ,LIHaqiparMaMII 
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3HepruH qacTHl( - ,n;o ,n;ecHTKOB 13B. B ClllA Haxo,n;uTCH caMbIH 
6oJibIIIOii: B Mnpe JIHHeii:HhIH ycKopnTeJib 3J1eKmp01we ,n;o 3Heprnu 35 t3B. Ero 

,!J;JIHHa 3 KM. 

B HaCToamee BpeMa IIMeIOTCjj rrpe.LIJIOJKeHIIjj no pa:3pa60TKe rrpoeKTa 

MeJK.L1yHapo.r1Horo JIHHeii:Horo KOJIJiaii:.r1epa (International Linear Collider, ILC). OH .LIOJIJKeH 

ttMeTb BCTPe'IHble IlY'!KII 3JieKTpOHOB II II031ITPOHOB, 3HeprnIO B TO'!Ke CTOJIKHOBeHHa 1 T3B, 

06my10 .LIJIHHY 40 KM (2x20 KM), pa:3Mep rr}"IKa 5 x500 HM. OIUIH BHec rrpe.L1JioJKeH1Ie 

CTpOIITb 3TOT ycKopttTeJib B MocKOBCKOH o6JiaCTII MeJK,Lly ropo,LlaMH ,[{y6Ha II TaJI,LIOM. 

JluneiiHbtii uuoy«l{UOHHbtii yc«opume.nb (JIHY) 
Y cKopHIOID;aH cncTeMa J]HY npe,n;cTaBJIHeT co6oii:, no cyTH, 11enoqKy 

IIMnyJibCHbIX -rpaHCq>OpMaTopoB, BTOpnqHOH o6MOTKOH KOTOpbIX TaK)Ke 
HBJIHeTCH nyqoK (puc. 2.17). 3TOT cnoco6 ycKopeHIIH npe,n;JIO)KeH B I 928 r. 
A. Eay3pcoM II ocym;ecrnJieH B Haqru_ie 196O-x rr. H. KpnCTOq>IIJIOCOM (ClllA). 

2 

PIIC. 2.17. HH.LIYKlllIOHHllll CIICTeMa JU1Y (1 - cep,LleqffHK, 2 -ycKoplITeJibHllll Tpy6Ka) 

3HeprIIH, noJiyqaeMaH qaCTIIl(aMH OT O,!J;HOro HH,!J;YKTOpa, 

W=eUattxp =eSAB!tttMn. (2.3) 

3,n;ech npuMeHHIOT no,n;MarnuqnBaHHe. Cpe,n;HHH npIIpOCT 3Heprnu B 
JU1Y cocTaBJIHeT HecKOJihKO M3B/M. 

Ha TaKOM )Ke npHHl(Hne -rpaHCq>OpMaTOpa pa6oTaIOT II3MepuTeJIII TOKa 
nyqKa, QHPKYJIHpyIOm;ero B ycKopHTeJIHX, U= - n(dF/dt). 

KonmpoJtbHbte oonpocbt 
I. lfro TaKOe ycKoplITeJib Bu.r1epo3? 

2. lfro TaKOe ycKOpHTeJib AJibBape11a? 
3. KaK pa6oTaeT ycKOplITeJib 3JieKTpOHOB? 

4. tfro TaKOe JIHY? 
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Jle1n.-HH 3 
Te.Ma: Hcmo 1mu«u 3apameHHblX 11acmul{ (charge particle sources) 

3J1e«mp01mbte ucmo1t11u«u (electron sources) 
IlpttHQlITI )WHCTBlIH 3IleK'fPOHHbIX llCTOqHlIKOB (31leKmpoHHbZX nyweK) 

OCHOBaH Ha HBileHlilI TepM03IleKT{)OHHOH 3MlICClllI. IlpocTettnme 3neKT{)OHHbie 

lICTOqHlIKlI COCTOHT lI3 TIO,D;OrpeBHOr0 KaTO,n;a, HaxO,D;HIQeroCH TIO)]; 

OT{)lIQaTenbHbIM TIOTeHQlIMOM, ClICTeMbI <poKycttpOBKll nyqKa npttKaTO,ll;HbIMlI 

3IleKTpo,n;aMM lI aHo,n;a C OTBepCTlieM Ha OCH ,n;nH llH>KeKQlilI qaCTlIQ B 

ycKopttTenbHYJO TPY6Ky. IlpttMep MCToqHnKa .n;aH Ha pttc. 3 .1. AHo,n; A 

Bb!IlOnHeH s BM,n;e QlIIllIH,n;pa c ornepcTtteM O B QeHT{)e. Karn,n; K noMeI.QeH B 

rny6ttHy KOHMqecKOH KaTO,ll;HOH IlllH3bI KJI lI lIMeeT 0,ll;lIHaKOBblll C Hett 

OT{)lIQaTenbHbIH TIOTeHQlian. IlonyqeHHM OTITnqecKaH ClICTeMa <poKycttpyeT 

nyqoK 3IleKTpOHOB, lICXO,D;HI.QlIX C aKTlIBHOH nosepXHOCTlI KaTo,n;a TIA. AHo,n; 

061,JqHo 3a3eMnHeTCH, KaTO,ll; HaXO,D;lITCH no,n; TIOTeHQllMOM 50-100 KB. 
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Puc. 3.1. l1CTO'IHHK JneKTpOHOB (3neKTpOHHaJI nyrnKa): 

A - aHo.11; 0 - BhIXO.llHOe ornepcTne ano.11a; K - no.11orpeBHhiii Karn.11; ITA - JMnrnpyIOlliaJI 

TIOBepXHOCTh KaTo.11a; KJ1 - KaTO)IHaJI cpoKycnpyIOlIIaJI nHH3a 

3a,n;aqa: nonyqeHtte 6onblllttx TOKOB, Manoro pa3Mepa M Manon yrnoBoii 

paCXO,ll;lIMOCTlI (lIHaqe 6onbllllie TIOTeptt), ,n;nttTenbHOH, Ha,n;e)I<HOH pa60TbI. 

TttTibl KaTO,D;OB: a) npHMOro HaKana B BM,n;e BOilb<ppaMOBOH cnttpantt (T HaKana 

son1,cppaMa oKono 2-2,5 TbIC. rpa,n;ycos); 6) no,n;orpeBHbie, Kor,n;a MaTepttan, 

o6na,n;aIOI.QlIH Bbl CO KOH 3MlICClIOHHOH cnoco6HOCTbIO, HO HlI3KOH 

npOBO,ll;lIMOCTblO (Henb3H lICTIOilb30BaTb KaK cnttpanb), pa3orpeBaeTCH 

pacnono)Kettttoii BHYTPM Hero cneQttanbttoii cnttpan1,10. MaTepttan1,1 KaTo,n;oB: 

BOilb<ppaM, OKClI,D;Hbie (BaOi-SrO3, ThO2), 6optt,n;-nattrnHoBbie lI ,n;p. IlyqKlI ,n;o 

,n;eCHTKOB A lI COTeH K3B. 
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HoHllbte ucmo1t11u«u (ion sources) 
,n.rrn nonyqeHlIH lIOHlI30BaHHblX aTOMOB llCTIOilb3yeTCH 3IleKT{)MqecKlIH 

pa3pH,n; B ra3e ttntt napax BeI.Qecrna nptt ,n;aBneHMM OT 1 ,n;o 10"5Ila (B 3uP

ttcToqHttKax). 3cpcpeKTlIBHOCTb pa60Tbl lICTOqHMKa TIOBbII1IaeTCH npn BBe,n;eHlilI 

MarHlITHOro nonH. B KOHeqHOM lITOre B pa3pH,D;HOH KaMepe C03,n;aeTCH nnaJMa, 

COCTOHIQM ll3 3IleKT{)OHOB lI lIOHOB. Ilocne,D;Hlie BblTHrlIBaIOTCH lI nocTynaIOT B 

ycKopHIOI.QHH T{)aKT. HMeeTCH 6onbllIOe pa3Hoo6pa3Me TlIDOB TaKlIX 

lICToqHlIKOB. 

Tpe6oBaHlIH K lIOHHblM lICTOqHMKaM Te )Ke, qTo lI K 3neKT{)OHHbIM 

(6onbllllie TOKlI, Manbie yrnOBble pacXO,D;lIMOCTlI), HO ,n;o6aBnHeTCH 

Heo6xo,n;MMOCTb nonyqeHlIH 6onbllllIX 3apH,n;HOCTett lIOHOB, nonyqaeMbIX lI3 

ra3oo6pa3HbIX tt rnep,D;bIX BeIQeCTB. 

B ucmo1t11u«ax c pa3pRdOM Ile1111um~a (Penning ion gauge [geidj}, 
PIG-source) 3IleKTpOHHO-lIOHHM. nnaJMa C03,n;aeTCH OCl{WlllRl{Ueu 3IleKTpOHOB B 

npo,n;onbHOM MarHMTHOM none (MII). B npocTpattcrne Me)K,n;y d6YMR 
xono,n;HbIMM KamodaMu pacnonaraeTCH aHod (pttc. 3.2). Ilptt ,n;aBneHMM raJa 

~(1-10"2
) Ila lI HanpH)KeHMH (3-8) KB, no,n;aBaeMoro Ha aHo,n;, B03HlIKaeT 

xono,n;Hblll BblCOKOBOilbTHblll pa3pH,n;. Ilo,n; ,n;eiiCTBlieM BbICOKOro HanpH)KeHMH 

CBo6o,n;Hbie 3IleK'fl)OHbl lIOHlI3YIOT ra3. He ,D;OXO,n;H ,n;o KaTO,D;OB, 3IleK'fl)OHbl 

B03BpaIQaIOTCH o6paTHO. MaTepttan KaTO,D;OB - TlITaH lIIllI TaHTan. l10Hbl, 

nonaBIIIlie Ha KaTO,D;bI, BbI6ttBaIOT 3neKT{)OHbI, KOTOpbie TaK)Ke 3aXBaTbIBaIOTCH 

B pe)KlIM lIOHlI3aQlIH. 

I 
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Pnc. 3.2. CxeMa llCTO'IHHKa c xonO)IHhlMll KaTO)laMH: 1. 5 -THTaHOBble KaTO.llhI; 

2 - o6MOTKa; 3 - cnnOBble nHHllll MarHHTHoro non11; 4 - ano.11; 6 - BhlTllrHBaIOlIIIIII JneKTpo.11; 

7 - cpOKYCHpyIOlIIHH ::meKTpO)I; 8 - monl!Top; 9 -ycKOplllOlIIIIII JneKTpo,~ 
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ITpo.n.onbHoe MIT (0,2-0,4 Tn), C03.ZJ.aBaeMoe KaT)'IIIKaMH, HanpaBneHo 

B)J.Onb OCH HCTOlJHHKa H 06pa3yeT CJICUMQIOUjee MQ2HUm1JOe noJle (pttc. 3.2). 
.z:t:enaH rpaeKTOplIH :meKrpOHOB cnttpaJibHbIMH, OHO IIX y.n.nIIHHeT II yc11n11BaeT 

npou:ecc IIOHH3aU:HII. TaKIIM o6pa30M, 06pa3yeTCH CIInbHO IIOHII3IIpOBaHHaH 

nna3Ma. Ily'IOK 11cnonb3yeTCH B ycKOpIITenbHblX rpy6Kax, IIMeIOIQIIX oceByIO 

CIIMMerpIIIO. (3TOT )Ke Tlln pa3px.n.a npttMeHHIOT 11 B MarHIITOpa3pH.ZJ.HbIX 

BaKyyMHbIX Hacocax.) 

ITo.n.6opoM KOHqmrypau:1111 KaTO)J.OB II aHO)J.a .ZJ.OCTIIraeTCH MaKCIIMaJibHaH 

nJIOTHOCTb 3neK1J)OHOB Ha OCII II MaKCIIMaJibHblM IIOHHbIM TOK. B pe)KIIMe 

nOCTOHHHoro TOKa 3TO .ZJ.O 10 MA, B IIMnynbCHOM - .n.o 300 MA. B IICTOlJHIIKe 

ITeHHIIHra MOryT 6bITb nonyqeHbl MHOr03apH.ZJ.Hbie IIOHbl (.n.o q = + 10 e). 

Hcmo'IUUK c pa3pai>oM Ileuuuuza u zopa'lwtu «amoi>aMu (p11c. 3.3). 
ITpIIHU:IIn TOT )Ke, HO 11cnonb3yIOTCH ropH'IIIe KaTO.ZJ.bl, T. e • .ZJ.YrOBOM pa3pH.ZJ.. 

KOHCTPYKU:IIH OTnIIlJaeTCH OT npe.ZJ.bI.ZJ.yiu:eii II npe)J.Ha3HalJeHa rnaBHblM o6pa30M 

)J.nH U:IIKJIOlJ)OHOB ( CM. HII)Ke ). 

a) 

./wru,ran,~ 

"' -:tc 
"t 

),,41~. 

"'"'' 

/iArol 

6)"" B) 

•u,. 

~ tTn.a. 

u •. V11 
Puc. 3.3. l1cTOqHUK IleHHUHra .ltJill l(UKJIOTJ)OHa 

11cTOlJHHK noMeiu:aeTCH B u:eHTp 3a3Opa MarHIITa YCKOpIITenH, a IIOHbl 

ll3BneKaIOTCH B norrepe1IHOM (ropII30HTaJibHOM) HanpaBJieHIIII 113 6oKOBOM 

iu:enII B aHO)J.e. 3.n.ech TaK)Ke IICnOJih3YIOTCH aHO)J. H )].Ba KaTO)J.a («KaTO.ZJ. -

aHTIIKaTO.ZJ.») ,n:nH Tex )Ke u:eneii - 3HalJIITenbHOrO yBen111JeHIIH BpeMeHII 

npe6hIBaHIIH 3neKrpOHOB B pa3px.n.e, T. e. 6onbIIIeii IIOHII3aU:HII MoneKyn 

pa6oqero ra3a. 

Cyiu:ecrnyeT lJ)ll OCHOBHbIX TIIna IICTOlJHIIKa. 

1. l1cT01JHIIK c Karn,n:oM 6e3 no.n.orpeBa. HanpH)KeH11e 3-8 KB. I1p11 

yBen111JeHIIII MOIQHOCTII MO)KeT npOII30MTII HarpeB KaTO)J.OB, II Tor.n:a OHH 

CTaHOBHTCH «ropH'IIIMII)), B KalJeCTBe MaTep11ana KaTo,n:oB qaiu:e Bcero 

11cnonh3yeTCH mumaH. 
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2. ITpHMOHaKaJibHblM IICTOlJHIIK. YBenlllJIIBaeTCH BhlXO)J. 3neK1J)OHOB II TOK IIOHOB. 

HanpH)KeH11e oKono 1 KB. Bo3MO)KHO pa3Hoe HanpH)KeH11e Ha Karn,n:ax • 

ITonyqeHbl Ha BHeIIIHeM ayqKe U:IIKJIOlJ)OHa C
4

+ .ZJ.O 30 MKA II NS+ (13 MKA). 

3. 11CTOlJHIIK c no.n.orpeBHblM KaTO)J.OM. YBenIIlJIIBaeT MOIQHOCTh KaTo,n:a, 11 

xapaKTepIICTIIKII IICTOlJHIIKa 3HalJIITenbHO ynyqIIIaIOTCH. XopoIIItte 

pe3ynhTaTbl nony1JeHbl B JUIP 0115111. 
.z:t:aBJieH11e nocryna10iu:ero raJa, KaK 11 B npe,n:bI.ZJ.YIQeM cnyqae, ---{ 1-10·2) Ila. 

ITpo,n:onbHOe MarHIITHOe none (B U:IIKJIOlJ)OHe - .ZJ.O 2 Tn) He TOnbKO y.n.nIIHHeT 

rpaeKTOpIIII 3JieK1J)OHOB, HO TaK)Ke npeIIHTCTByeT IIX nona.n.aHIIIO Ha aHo,n:, 

o6pa3yH TaK Ha3bIBaeMbIM pa3pH,n:HbIM IIIHyp. 

ToK - nocTOHHHbIH, B paiioHe .n:ecHTKOB MKA, q .n.o + 1 Oe. 

ITonyqeHIIe IIOHOB meepOblX eeUJeCm6 ocyiu:ecrnnHeTCH nyTeM 

ll3rDTOBneHIIH O)J.Horo 113 KaTO.ZJ.OB 113 HY)KHOrO BeIQeCTBa, pa3MeIQeHHH 

MaTep11ana B pa3pH,n:Hoii KaMepe B6nII3ll 3MIICCIIOHHOM iu:enII, 11cnapeHIIH 

MaTep11ana B TIIrJie pH,n:OM C KaMepoii, coe,n:ttHeHHOH C HIIM naponpoBO)J.OM, 

pacnbIJieHIIH BHYlJ)II KaMepbI na3epHhlM ny'IOM, npOXO)J.HIQIIM qepe3 

3MIICCIIOHHyIO iu:enb C nocne,n:yIOIQIIM .n.yroBbIM pa3pH.ZJ.OM B napax 3TOro 

MaTep11ana. 

/(yo11J1a3.1Jtampo11. J1306peraTenb M. <pOH Ap,n:eHHe (1945 r.). 3,n:ecb 

TaK)Ke IICIIOnb3YeTCH 

MarHIITHOM none, HO 

IIpOII3BO)J.IITCH no OCII. 

CIInbHO IIOHil3IIpOBaHHaH nna3Ma 

Bonnoiu:eHIIe .n:pyroe (pIIC. 3.4). 

nt>ot1ew. 
1AII K rpo 9" 

IF•) 

Puc. 3.4. IlpuHl(UIIUa.JibHM cxeMa ~yorrnaJMaTJ)OHa 
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B npo,n:onbHOM 

BbIBO.ZJ. HOHOB 



3cpcpeKTIIBHOCTI, o6pa3oBaHIIH IIOHOB yBeJmqeHa 3a cqeT nOBbIIIIeHIIH 

nJIOTHOCTII :mepnrn pa3pH.n;a B MeCTe BbIBO,D;a IIOHOB II3 IICTOqHIIKa. 

,[(yonJia3MaTPOH HBnHeTCH .n;yroBbIM IIOHHbIM IICTOqHIIKOM. B HeM nnOTHOCTI, 

nJia3MI,I CIInbHO yBenIIqeHa B MaJIOH o6JiaCTII nYTeM OOH06peMeH1W20 c:»camUR 

noTOKa 3neKTPOHOB B 3neKTPIIqecKOM II MarHIITHOM none. JloKaJII,HOe 

noBbIIIIeHIIe nnoTHOCTII nJia3MbI Ha3bIBaeTCH KOHTParIIpOBaHIIeM. 3.n;ecb OHO 

.D;BOHHoe. OTcio.n;a Ha3BaHIIe OT «duo» (llam.). 

BbICOKa.SI KOHU:eHTPaU:IIH nJia3MI,I cocpe.n;oToqeHa B 3a30pe Me)K.n;y 

npoMe)KyToqHI,IM 3neKTPO.D;OM ( «KanIInnHpOM») II aHO,ll;OM II C)KIIMaeTCH 

:rneKTpIIqecKIIM II MarHIITHbIM nOJIHMII. Tione3HbIX IIOHOB - ,no 90%, TOKII - OT 

cOTeH MA .no A, Mana.SI yrnoBa.SI pacxo.n;IIMOCTb. llfapoKo npIIMeHHeTCH .n;nH 

nonyqeHIIH IIHTeHCIIBHbIX nyqKOB 3ap.SI,D;HOCTII q OT 1 + .no ~ 1 O+ .n;nH IIH)KeKU:IIII 

B nIIHeHHbie ycKopIITenII, BXOMIIJ;IIe B npoTOHHbie II IIOHHI,Ie CIIHXPOTPOHHbie 

KOMnneKCbI. Ha pIIc. 3.5 mo6pa)KeHa peanbHa.SI cxeMa .n;yonna3MaTpoHa. 

~---1 

PIIc. 3.5. Pa6011IDI cxeMa 11yorma:3MaTJ)oHa: 

1 - Karn.z:1; 2 - npoMe)KyrO'IHhiii :meKTpo.z:1; 3 - ano.z:1; 4 - 3KCTpaKrnp; 5 - )Kaponpo11HIDI 

BCTaBKa; 6 - nna:3Ma, KOHTparnpoBaHHIDI MarHIITHbIM IlOJieM; 7 - IlJia3MeHHblll ny3blpb; 

8 - BO,!VIHOe OXJia)K,[leHIIe 

TaKOH IICTOqHIIK pa6oTaeT Ha ycKOpIITenbHOM KOMnneKce JI<l>B3 npII 

nonyqeHIIII nyqKOB H,D;ep BO,D;Opo.n;a, .n;eiiTepIIH II renIIH. OH HaXO,D;IITCH no.n; 

noTeHU:IIaJIOM cpopIIH)KeKTOpa - IIMnyn1,cHoro TPaHccpopMarnpa 600-700 KB. 

BbtCOKO'lacmomHbte ucmo'IHU«U. B BI,ICOKoqacTOTHOM none ,ll;OBOnbHO 

BbICOKoro Hanp.SI)KeHIIH C606oOHble 3/leKmpOHbl (OHII Bcer.n;a npIICYTCTBYIOT B 

ra3e) MOryT nonyqaTI, 3HeprIIIO, ,ll;OCTaTOqHyIO .n;nH IIOHII3aU:IIII IIMeIOIIJ;IIXCH 

MoneKyn, T. e. B TaKOM none MO)KeT 3a)Keq1,cH Bq-pa3pH.n;. TiornomaeMaH B 

pa3p.SI.n;e MOIIJ;HOCTb nponopn;IIOHaJibHa KOHU:eHTPaU:IIII 3neKTPOHOB, KBa.n;pary 

Hanp.SI)KeHHOCTII 3neKTpII'IecKoro non.SI II 3aBIICIIT OT .n;aBneHIIH ra3a II 
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no.n;aBaeMOH qaCTOTbI. HaIInyqIIIee nornoin:eHIIe 3HeprIIII npOIICXO,D;IIT npII 

coBnaiJeHuu Bl/ u '-lacmomb1 coyoapeHuu 3neKTPOHOB c MoneKynaMII. 3.n;ec1, He 

Hy)KeH IICTOqHIIK 3JieKTpOHOB, T. e. KaTO,ll; (pIIc. 3.6). 

PIIc. 3.6. Bb!COKO'IaCTOTHblll lICTO'IHIIK 

Pa3p.SI,D;Ha.SI KaMepa - Kon6a m KBapn;a IIJIII nIIpeKca, c Ha,D;eTOH Ha Hee 

KaryIIIKOH 4. B BepXHIOIO qaCTI, Kon61,1 Bna.SIH npoBO,D;HIIK (aHo.n;), qepe3 KOTOpb!H 

BBO.n;IITCH nOCTO.SIHHoe BbICOKOe Hanp.SI)KeHIIe. TipII no.n;aqe Ha KarywKy OT 

reHeparnpa nepeMeHHoro HanpH)KeHII.SI 3a)KIIraeTcH Bq KOJibU:eBOH propH.n; I, 2 -
CIIJIOBI,Je JIIIHIIII 3JieKTPQMarnHTHOro noJI.SI, 5 - rpaHHU:a nnaJMbI, 7 - 3neKTPQ.n;, 

BbirnrnBaIOin;IIH IIOHhI, 8 - cpoeycIIpyiomtti:i 3neKTPo.n, IO - ycKOp.SIIOin;IIH 3neKTPQ.n. 

qaCTOTa reHeparnpa - HeCKOnbKO .n;eCHTKOB Mru:. HanpH)KeHIIe Ha 

BbITHrIIBaiomeM 3neKTpo.n;e 3-5 KB, .n;aBnemrn Bo.n;opo.n;a ~ 1 Ila, pacxo.n; 
3 " 

1-2 CM /q, MOIIJ;HOCTI, Bq I 00 - 200 BT. TOK IIOHOB - COTHII MKA. 

CBCJ-ucmo11nu«, pa6oma,ow,uii Ha RapAtopooc«oii 11acmome BpameHHH 

3JieKTpOHa B MarHHTHOM none, HJIH HCToqHHK C HCnOJib30BaHHeM 3Jle«mpo11110-

l(Ulvl0mpo11How pe:1011a11ca (3aP) (£CR-source). B 3TOM HCTOqHHKe nJiaJMa 

Haxo.n;HTCH B CHnbHOM nocmoRHHO.M MQ2HUmHOM noJle, a 3JieKTPOHI,J nOBbllllUIOT 

CB010 3Heprnio 3a ClfeT CBq-MOin;HOCTII, Kor.n;a qacToTa reHepaTopa pamrn 

napMopoBcKOH qacToTe 3JieKTPOHa. 
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TTpH 1<pyrosoM )].BH)KeHHH qacTHIJ,bI c u,eHTPo6e)KHOH cHnoil:, 

HanpasneHHOH Hapy)Ky, y)].ep)KHBaIOTCH u,eHTPOCTPeMHTenbHOH cHnoil: 

JlopeHu,a, HanpasneHHOH K u,eHTPY MarHHTa, Ha oKpy)KH0CTH c pa)].HycoM r 
(BTOpoil: 3aK0H HblOTOHa), T. e. 

mv2/r = qBv, (3.1) 

r HBnHeTCH pa)].HYC0M KpHBH3Hbl TpaeKT0pHH qacTHIJ,bl. OTCIO,l],a mv = qBr, 
m27rr/T = qBr (T- nepHo)]. o6paIIJ,eHHH), m(27rj) = qB, TOr,l],a 

J= qB/2nm (3.2) 
HnH KpyroBaH qaCTOTa o6paIIJ,eHHH (napMopOBCKaH) w = 27rf = qB/m. 

KaK BH,l],HM, 0Ha He 3aBHCHT OT CK0p0CTH 3apx)KeHHOH qacTHIJ,bl, T. e. npH 

BbI6paHHOM B see 3neKTp0Hbl M0)KH0 pacKaqHBaTb B pe30HaHC O)],HOH H TOH )Ke 

qacrnrnil: f. TTpH Mil HecKonbK0 ,l],ecHTbIX Tn qacToTa reHeparnpa ne)KHT B 

)].HanmoHe 10 - 20 [Tu,. B 3TOM cnyqae B nna3MY M0)KH0 BB0)].HTb 6onMnHe 

M0IIJ,H0CTH H 3HeprHH 3neKTp0H0B )],0CTHraeT K3B. 3TO 03HaqaeT oqeHb Ba)KHbIH 

M0MeHT: noJ1yite1tue MH0203apROHblX UOHOB. 
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Pttc. 3.7. ,[J:eyxcTyneHqaTh!H CBLI-MCToqHMK C 3JICKTp0HH0-UMI<JI0Tp0HHb!M pe30HaHCOM: 
1- enycK nna; 2- BOJJHOBOA JIJlll nepsoii c-ryneHtt (16 rru); 3-nepsall cTyneHb (- 0,1 na); 

4 -XOJIO,[\Hall nJJaJMa (- 1 K38), ,[lttcjicjiyHJ1Hpy10ll.lall B 06t1ttpo•rnyio c-ryneHb; 5 - BOJIHOBO,[\ ,[\Jill 

BTopoii c-ryneHH (8 rru); 6-BTOpall CTyneHb, CO,[leplKall.lall nJJa3MY c ropll'IHMH (- 10 K3B) 

3JleKTpOHaMH (t1aBJ1eH11e - 10·5 na); 7 - weCTHilOJIIOCHall JlttHJa ,[\Jill C03,[laHHll MHHHMyMa 

MarHHTHOro nOJlll Ha OCH BTopoii CTyneHH (aHaJJOrtt'IHble JIHH3bl pacnOJIOlKeHbl PllAOM C 

COJJeHOH,[\aMH nepBOH CTyneHtt); 8 - BaKyyMHblH Hacoc; 9 - OTKa'!Ka; JO - 3KCTpaKTop 
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~rn ysenHqeHHH BpeMeHH npe6bIBaHHH H0H0B B o6naCTH H0HH3aIJ,HH 

3neKrpoHaMH C03,l],aeTCH MarHHTHaH nosymKa - npo6KOTPOH. JlosymKa 

HBnHeTCH KOM6HHau,Heil: )].Byx MarHHTHbIX 3epKan (magnetic mirrors), 
pacnono)KeHHbIX no ee KpaHM (3TO coneH0H,l],anbHbie rronx) H MYilbTHil0ilbHbIX 

rroneil: c HyneBbIM rroneM Ha OCH noByIIIKH (pHc. 3.7). 3Q}>-HCTQqHHK HMeeT )],Be 

cTyrreHH (CTa,l],HH HOHH3aIJ,HH). B rrepBOH C03)],aeTCH o6nacTb H0HH3aIJ,HH npH 

0TH0CHTenbH0 BbIC0K0M ,l],aBneHHH ( ~ 10"1 
TTa). 3)].eCb nonyqaIOT MH0ro 

3neKTp0H0B H H0H0B, HO C HeBblC0KHMH 3HeprHHMH. 3aTeM nnmMa nepeTeKaeT 

()].H<p<pyH)].HpyeT) BO BTopyIO czyneHb, r,l],e p~ 10·5 
na. 3)].eCb 3neKTP0Hbl 

pmorpeBaIOTCH )],0 KHil0B0ilbTHbIX 3Heprnil:, qTo ,l],aeT B03M0)KH0CTb nonyqaTb 

MH0ro3apHJ],Hbie H0Hbl. 

Oco6eHHOCTH. 3Q}>-HCTOqHHKOB: BbIC0KaH CTeneHb H0HH3aIJ,HH, X0TH 

u,eHOH 6onbIIIHX ra6apHTOB H M0IIJ,H0CTH. lllHpoKO rrpHMeHHeTCH B 

ycK0pHTenxx ,l],nH pa60Tbl B pe)KHMaX II0CT0HHHbIX T0K0B - B IJ,HKn0TP0Hax. 

OrpaHHqeHHe C0CTOHT B nonyqeHHH 6onbIIIHX HMnynbCHbIX T0K0B. 

3J1eK1t1p0111w-J1y'le6oii ucmo'lnu«. E.J(. ,l(ont{a (1994 r.) (electron beam 
ion source, EBIS). 

B CHnbH0e IIpO)].0nbH0e Mil, C03)],aBaeMoe ,l],nHHHblM coneH0H)],0M, 

HH)KeKrnpyeTCH nyqoK 3neKrpOH0B 6onbIIIOH IInOTHOCTH (pHc. 3.8). ~ )]_0CTH)KeHHH 

BblCOKHX 3HaqeHHil: Mil coneH0H)], C,l],enaH CBepxrrpoBOJ],HIIJ,HM. BffYTPb nyqKa 

II0,l],aeTCH HempanbHblli pa6oqffH ra3, KOTOpbIH H0HH3HpyeTCH 3neKrpOHaMH. 

---------··· ·---
I ~ » .!!_ 3F- .... ~ _iifi:sm,2-~~ 

I~) 
-Yf Mlh,n ~ ·b~-·-@r L 

~1' 

11E..L~ . ,. 

a) 

6) 

B) 

Pnc. 3.8. CxeMa 3JICKTpOHHo-nyqeeoro MCTOqffMKa M pacnpe,neneHtte noreHUMaJJa e neM: 

a) K - Karo.n M A - atto,n 3JICKTpOHH0H nynnm, ,n: - .npeil.qioBhie -rpy6KM, C - coneHon,n, 

3K - K0JIJieKTop 3JICKTpOH0B, 11- ll3RJICKalOIU,MH 3JICKTpOJI; 61- npo,n0J!bH0e pacnpe,neJieHMe 

noremmana B pelKIIMe noByunrn: H mRJieqe=; B)- pa.nttaJ!bHoe pacnpe.neneHtte noreHunana B 

,[J: (ro - PMMYC IIyqKa 3JICKTpOHOB) 
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Tionyi:1eHHbie IIOHbl 3an1IpaIOTC51 B noTeHIJ,IIaJibHOH 51Me, o6pa30BaHHOH B 

pa,nliaJibHOM HanpaBJieHIIII MarHIITHbIM noneM II 3ap51~0M ::meKrpOHHOro nyqKa, 

a B aKCIIaJihHOM - pacnpe~eneH1IeM 3JieKrp1IqecKoro noTeH11,1Iana Ha 

~pettq>OBbIX Tpy6Kax. Tiocne rnro KaK npo11,ecc IIOHII3aIJ,IIII ~OCTIIr HaCbIIIJ,eHII51, 

II3MeHeHIIeM Hanp51)1(eHII51, no~aBaeMoro Ha rpy6KII ~pettq>a, noTeHIJ,IIaJibHM 

51Ma OTKpbIBaeTC51, II nyqoK BblBO~IITC51 II3 IICToqHIIKa. 

XapaKTepHbie 3HaqeHII51 napaMerpoB: B HeCKOJibKO Tn, 3Heprn51 

3JieKTpOHOB oKono IO KB. le=0,5-2 A, qTo nplI pa~1Iyce 3JieKrpOHHOro nyqKa 

ra=0,15 MM ~aeT nJIOTHOCTb 3JieKTpOHHOro nyqKa 20 AIMM
2

• O6IIJ,a51 ~JIIIHa 

1IcTOqH1IKa L oKono I M, ~JIIIHa Ka)l(~OH ~pettq>OBOH rpy6KII 50 MM . .[(1IaMerp 

~pettq>OBbIX rpy6oK 3 MM. 

MaKCIIMaJibHOe KOJIIIqecTBO IIOHOB N;, HaKonneHHOe 3a O~IIH 11,IIKJI 

pa60Tbl IICTOqHIIKa, 3aBIICIIT OT napaMerpoB nyqKa 3JieKrpOHOB II (qTo6bI 

noTeHIJ,IIaJibHM 51Ma B pa,nliaJibHOM HanpaBJieHIIII He 1Icqe3na) ~OJI)l(HO 

y~OBJieTBOp51Tb ycnOBIIIO N;<ne'lrr/ L/4qcp, r~e ne - nJIOTHOCTb 3JieKrpOHOB B 

nyqKe, qcp - cpe~HIIH 3ap51~ IIOHa, 4 - K03q>q>IIIJ,1IeHT 3anaca. K HaCTORIIJ,eMy 

BpeMeHII ~OCTIIrHYTO 3HaqeHIIe N;~ 1010/qcp (qcp B npe~enax 20+). no 011,eHKaM, 

nonyqeHHblM II3 3Kcnep1IMeHTOB, MaKCIIMaJibHOe 3HaqeHIIe q1Icna IIOHOB B 

TaKOM IICTOqHIIKe MO)l(eT 6bITb yBeJIIIqeHO 3a cqeT nJIOTHOCTII 3JieKTpOHOB ne no 

cpaBHeHIIIO C ~OCTIIrHYTbIM K HaCT051IIJ,eMy BpeMemr Ha ~Ba nop51~Ka II ~OJI)l(HO 

COCTaBJI51Tb ~ l 012/qcp. IlJIOTHOCTb 3JieKrpOHOB, B CBOIO oqepe~b, MO)l(eT 6bITb 
yBeJI1IqeHa 3a cqeT 3Haq1ITeJibHoro nOBbIIIIeHII51 MarHIITHOro non51. 

CTeneHb IIOHII3aIJ,IIII 3aBIICIIT OT ~JIIITeJihHOCTII HaXO)l(~eHII51 IIOHOB B 

3JieKTpOHHOH JIOBYlIIKe (3JieKrpOHHOM nyqKe), KOTOpa51 COCTaBJI51eT OT~ 10 MC 

~o I c. 3To 51BJI51eTC51 np1Iq1IHOH IICnOJib30BaHII51 TaKIIX IICTOqHIIKOB ~JI51 

pa60Tbl, rnaBHblM o6pa30M, B IIMnynhCHblX pe)l(IIMax. 

TiplI 60JiblIIOM BpeMeHII IIOHII3all,IIII n051BJI51eTC51 3HaqlITeJibHOe 

KOJIIIqecTBO IIOHOB np1IMeceH, IICX0~51IIJ,IIX II3 Hepa6oq1Ix, OCTaTOqHbIX ra30B, 

nplICYTCTByIOIIJ,IIX B IICTOqHIIKe. TI03TOMY BaKyyM 3~ecb ~OJI)l(eH 6bITb oqeHb 

Bb!COKIIM, nop51~Ka } 0·7 
- } 0·9 

Ila. Tip1IMeH51eTC51 KplioreHHM TeXHIIKa: 

BHyTpeHHIIe CTeHKII IICTOqHIIKa, KaK II CBepxnpOB0~51IIJ,IIH (CTI) coneHOII~, 

HaX0~51TC51 nplI TeMnepaType )l(II~KOro reJIII51, qTo n03BOJI51eT BbIMOpa)l(IIBaTb 

napbl ocTaTOqHbIX ra30B. 

B HaCT051IIJ,ee BpeM51 nonyqeHbl MHOrmap51~Hhie T51)1(eJible IIOHbl BnJIOTb ~o 
8 9 (p )l(eJie3a II KCeHoHa nplI IIHTeHCHBHOCTII IO - IO qacrn11, B HMnynhce pp -

particles per[pa.]pulse ). Be~yrcR pa6oThI no nonyqeHHIO HOHOB BbICOKOH 

3ap51~HOCTH 30JIOTa, CBIIHIJ,a H ypaHa. 

Jla:iepHbtii ucmo1111u« (laser source). MoIIJ,HhIH Jia3epHbIH nyq 

HanpaBJI51eTC51 Ha MHllleHb, Haxo~IQYIOC51 B BaKyyMe. MrHOBeHHM TIJIOTHOCTb 

3Hepnm nyqa HaCTOJibKO BblCOKa, qTo B pe3yJihTaTe npOHCXO~HT Hcnapemie 

HOHOB c TIOBepXHOCTH BeIIJ,eCTBa MHllleHii, Ha KOTOPYIO 6bJJI HanpaBJieH nyq. 

l10Hbl Bb!T51rHBaIOTC51 H nocrynaIOT B HaqaJibHYIO qaCTb ycKop11TeJibHOro rpaKTa. 
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B JI<l>B3 OJ,UIJ1 ycneurno 11cnoJih3yeTC51 raJOBhIH COrJia3ep, 

pa60TaIOIIJ,HH B o6naCTH HHq>paKpacHoro H3JiyqeHH51 (2=10,6 MKM) (pHC. 3.9). 

M 

PA 

Pnc. 3.9. CxeMa mnepHoro HCTO'IHHKa: AL -10cmpoBO'IHbIH mn~p; ,L - CO2-na1ep; M - 3epKano; 

0 - <poKycnpYJOIIJWI orrnIKa; T - MHllleHb; P - IIJia1Ma; DB - ,npei1<poBoe npoCTpaHCTBo; 
MC - coneH0HA; PA - npe.nycKopHTenb; IO - H0HHWI onrnKa 

B cocTaB ra30BOH CMeCII TaKOrO Jia3epa BXO~HT TaK)l(e N2 H cneIJ,HaJibHbie 

~o6aBKII. Pa3p51~ - nonepeqHbIH (~Be ropmoHTaJihHbie nnacTHHhI). Bo3HHKrnHe 

B ra30pa3p51~HOH nJia3Me 3JieKrpOHbl ycKOp51IOTC51 3JieKTp11qeCKHM noneM H npH 

CTOJIKHOBeHIIII C MOJieKynaMH N2 B036y)l(~aIOT HX KOJie6aHH51. TipH coy~apeHHH 

MoneKyn N2 11 CO2 npo11cxo~1IT 3aceneH1Ie o~Horo m Kone6aTeJihHhIX ypoBHeH 

nocne~Hero. OnTIIqeCKHH pe3oHaTop COCTOHT II3 ~BYX napanneJihHblX 3epKan, 

O~HO II3 KOTOpbIX nonynpo3paqHoe II HanpaBJieHO B CTOpOHY MHllleHH. Ha 

nnaCTHHbl qepe3 THparpoH no~aeTC51 HMnyJihC 20 KB. ,[(aBJieHHe B KaMepe 

na3epa np11MepHo IO Ila. 

MrHoBeHHM MOIIJ,HOCTb Jia3epHoro nOTOKa, Bbmen51eMa51 B MHllleHH, 

nopR~Ka IO MBT. 3a o~HH 11Mnynhc na3epHoro mnyqeHHR c 3Heprnett nopR~Ka 
8 / 2 IO .n:)I( 113 nRTHa ~HaMeTpOM OKOJIO 0,5 MM (nJIOTHOCTb noToKa IO BT MM ) 

Hcnap51eTC51 OKOJIO I 017 
aTOMOB. TipoHCXO~HT HOHH3aIJ,H51 H 06pa3yeTC51 

3JieKrpOHHO-HOHHa51 nna3Ma. nocne HeKOToporo BpeMeHH pa60Tbl B MHllleHH 

o6pa3yeTC51 KpaTep, B KOTOpOM KOHIJ,eHTpHpyeTC51 3Heprn51 H TIOBbJlllaeTC51 

nJIOTHOCTb nJia3Mbl. BbIXO~ HOHOB B03pacTaCT B HeCKOJibKO pa3. 

TipHMep pa60TbJ: Ha Bh!XO~e HH)l(eKTopa HyKnorpoHa npH 5 M3B/ttyKJIOH 

(11n11 5 MeV/a.m.u. - atomic mass unit) HHTeHCHBHOCTh C
6

+ - l,5·10
10 

ppp, 

M 12+ I 109 g - . PPP· 

Ko11mp0Jtbllbtii Bonpoc 
I. ncpe•!HCJIHTb THllbl IICT0'IHIIK0B 3apirn(eHHblX tJaCTHLI H npHHl_\llilbl IIX ,neHCTBHll. 
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Jle1rn;nH 4 
Te.Ma: KR.accu11ec«uii l(UKJ1ompo11 (cyclotron) 

B 3TOM IJ,llKJIII'IecK0M YCK0pIITeJie, BnepBbie nocTpoeHH0M 

aMepuKaHCKIIMll q>II3IIKaMu 3. JioypeHCOM II C. JlttBIIHrCTOHOM B 1930 r., 

BOnJIOIIJ,eHa Ta )Ke, lfT0 II B JIY, ll)],eH ycKopeHIIH 3apH)I(eHHbIX lfaCTllll, )],O 

BbICOKIIX 3Heprnu npu MH0roKpaTH0M np0X0)I()],eHUll llMll ycK0pHIOIIJ,ero 

npoMe)I(yTKa, IIMeIOIIJ,ero 0TH0CUTeJibH0 MaJI0e HanpH)I(eHue. Ho T}'T lfaCTlll.J,bI, 

3aBopalfIIBaHCb MarHUTHbIM noJieM, MHoro pa3 np0X0)],HT 0)],IIH H TOT )Ke 

ycKopHIOIIJ,llll npoMe)I(yTOK. 3TOT ycKopuTeJib - HelfTO Bp0)],e JIY, csepHyTOro B 
cnupanr,. 

Me)I()],y KpyrnhIMll n0JIIOCaMu 3JieKTp0MarHIITa HMeeTCH 3a30p. 

Marnurnoe noJie (MIT) HanpaBJieHo no BeprnKaJIII Y (puc. 4.1 ). HcTOlfHIIK 

HOHOB pacnoJiaraeTCH B IJ,eHrpe Marmna. HOHbI, BbIIIIe)],11me ll3 llCT0lfHIIKa B 

nJIOCKOCTII, nepneH)],IIKYJIHpHOH CllJI0BbIM JIHHIIHM MIT, HalfttHaIOT ,ll;BllraTbCH, 

eCJill HeT ycKopeHIIH, no KpyroBbIM TpaeKT0pHHM, a npH ycKopeHttll, II0CK0JibKY 

IIX 3HeprnH yBeJilllfIIBaeTCH, - no pa3B0palfIIBaIOIIJ,llMCH cnttpaJIHM. B 3a3ope 

pacnoJIO)I(eHbl 3JieKTp0)].bl, IIMeIOIIJ,Ue q>opMy K0HcepBHOH 6aHKll, pa3pe3aHHOH 

nonoJiaM. 3To oyaHmbl ( OT JiaTHHCKOH 6yKBbI D), Ha HUX no,n;aeTCH 

ycKopHIOIIJ,ee BbIC0K0lfaCT0TH0e noJie. Bee 3JieMeHTbI ycKopuTeJIH noMeIIJ,alOTCH 

B BaKyyMHyIO KaMepy. 

y 

, 
~~~ 

&::~wi.Dr~ 

Pnc. 4.1. Kom:rpy1mmmui cxeMa BaK)'YMHOil: KaMepbr H ycKopfilOil.lero ycrpoil:crna IUfl(JIOTpOHa; 

1 - rromoc Manmra, 2 - 60KOBasl CTeHKa KaMepbl, 3 - KpbIIIIKa KaMepbl, 4 - .llYaHT, 5 - HCTO'fHHK 

HOHOB, 6 -rpaeKTOpIDI .z:um)KeHIDI qacrim, 7 - IIHTaHne .IIYaHTOB Bq-Harrp.IDKeHIIeM 
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ITonaB B 3a30p Me)I()],y )].yaHTaMII, qaCTlll.J,bl npoX0)],HT pa3H0CTb 

noTeHIJ,llaJI0B, ycKopHIOTCH II np0)],0JI)I(alOT CB0e )],BmKeHue BHYTPII )].yaHTa. 

nocK0JibKY )].yaHTbI U3roT0BJieHbI ll3 MeTaJIJia, noJie BHYTPII HUX 0TCYTCTByeT. 

qaCTlll.J,bl CB060)].HO )],BII)KYTCH no KpyroBbIM rpaeKT0pIIHM II qepe3 ITOJI-o6oporn 

CH0Ba )],0CTUraIOT 3a30pa Me)I()],y )].yaHTaMll. K 3T0MY M0MeHTY noJie Ha )].yaHTaX 

)],0JI)KH0 cMeHIITbCH Ha np0TIIB0n0JI0)I(H0e, lfT06bl HOH Mor Il0JIYlfllTb 

IT0JI0)I(llTeJibHyIO )],06aBKY 3Hepruu. 

TaKIIM o6pa30M, 'lacmoma o6paU{eHUJl.UOH06 u ycKopR10UfaR 6bZCOKaJl 

tJacmoma )],0JI)I(HI,I 6bITb CUHXpOHHbZ, T. e. HaX0)],llTbCH B pe3oHaHce. ITocKOJibKY 

ITO)], )],ettCTBUeM MI1 lfaCTllll,bl 3)],eCb )],Bll~CH no KPY206bZM TpaeKTOpIIHM, 

rnKoii ycKopIITenr, 0TH0CIITCH K 1JUK1Zu'leCKUM (cyclic['saiklik]), a ycKopeHue 

lfaCTlll.J, B pe30HaHce C Bq )],eJiaeT ero pe30HQHCHbZM (cM. JieKIJ,lllO 1). 
KaK y)I(e 0TMelfaJI0Cb B TpeTbeH rreKIJ,llll, npu KpyroB0M )],BU)I(eHIIll 

qacTIIIJ,bI c IJ,eHrpo6e)I(HOH currou ( centrifugal [ sen 'trifjugl] force), 

HanpaBrreHHOH Hapy)Ky, y)].ep)KttBaIOTCH IJ,eHrpocrpeMuTenr,Hoil: (centripetal 

[sen' tripitl]) CIIJIOH JiopeHIJ,a, HanpaBJieHHOH K IJ,eHrpy MarHIITa, Ha 

0KpY)I(H0CTll C pa)].ttycoM r (BTOpOtt 3aK0H lliIOTOHa), T. e. npu 

HepeJIHTIIBIICTCKOH CK0p0CTll lfaCTlll.J,bI (v«c) 
mv2/r = qBv. (4.1) 

r (IIJIII, )].pyroe o603HalfeHue, p) HBJIHeTCH pa)].uycoM KpIIBll3Hbl TpaeKrnpuu 

qacTIIIJ,bI. OTCIO)],a qBr=mv=mbrr/T (T- nepuo)], o6paIIJ,eHIIH), qB=m21rf, TOr)],a 

f = qB/2nm ( 4.2) 

(urru KpyrOBaH, JiapMopoBa, qacrnrn o6paIIJ,eHIIH m = 21rf= qB/m). 
KaK Bll)],IIM, CKopocmb B HBH0M BII)],e B tJacmomy He 60UlJIQ. 3HalfIIT, 

ll0HbI, UMeIOIIJ,lle pa3Hbie CK0p0CTH, M0)KH0 ycKopHTb pe3oHaHCHbIM o6pa30M 

IlOCTOHHHOH BO BpeMeHII BblCOKOH lfaCTOTOH, T. e. TaK )Ke, KaK Mbl BII)],eJIII B 

IICT0lfHIIKe 31..l,P. B 3T0M C0CT0IIT 0lfeHb KpaCIIB0e CBOHCTBO IJ,llKJIOrpOHa, 

noJiylfIIBIIIee Ha3BaHue «IJ,IIKJIOrpOHHbIH pe30HaHC». 

3ai>a'la. Ha KaKyio qacrory f Himo HacrpoIITb Bq-reHeparop, ecJIII ycKopHTb 

.neifrpOHbI a rrone B=l,2 Tn? KaK 6w10 CKa3aHo paHee, JHeprmo 6epeM a 3B. 3apx.n rrporoHa 

q = 1 e, JHeprnH IIOKOH rrpornHa Eop = 938 MJB. 
PerueHIIe: md =E,/c2 =2Eop(3B)lc2

, · 

f =q(e)Bc2l21r2Eop (3B)=l ·1,2·(3·108)2 /6,28·2·938·10
6 = 9,2-10

6
f11. 

Mo,KHO 6bIJIO 6b1 6paTb B K}'JIOHax lI KllJIOrpaMMax (m .neil:rpoHa 3,3·10"
27

). Ho B 

x.nepHOH qJH3HKe 6epyr 3Heprnn lI MaCCbl H,l(epHblX qaCTllll. TaK y.no6Hee. 

Koucmpy«l{UU 
Mar Hu T Ill- o6pa3Hbitt, )],ttaMerp AO 1,5 - 2 M. 

B a K y y M H a H KaMepa 0TKalfttBaeTCH ,n;o 10"
4 
Ila. 
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.ll; y a H T bl COCTaBmUOT 'laCTb pe3oHaHCHOH Bq-CIICTeMbl, Hanp.si)KeH1Ie Ha HIIX 

.L(0CTIIraeT COTeH ( ~ 100) KB ( CM. p1IC. 4.1 II 4.2) . .[Lri.si JIY'IUiero pacnpe.ueneHII.s! 

nOJI.s! B.L(OJlb mentt .uyaHT0B 0.L(IIH II3 HIIX 3aMemIIOT 3a3eJ1.1JieHHOH paMKOH. 

Pttc. 4.2. U:HKJIOTJ)OH BO BpeMJI ero c6opKH 

HcmO'lllUKU IIOH0B O'leHb pa3HOo6pa3Hbl. HeKOTOpbie II3 HIIX Mbl y)Ke 

paccMaTpIIBaJIII. Terrepb pacCMOTplIM, HaIIplIMep, .uyroBOH IICT0'IHIIK C 

HaKaJI.sieMOH HIITbIO, IIOMell(eHHOH B KOHyc. ITo.uaeTC.s! ra3, KOTOpblll 

IIOHII3yeTC.s!. HoHbl BbI6pacbIBaIOTC.s! B 3a3op Me)K.L(y .uyaHTaMII II Ha'11IHaIOT 

ycKOp.s!TbC.sI. BapliaHT: OTBepcTIIe B .uyroBOM IICTO'IHIIKe IIOBepHyTO (pttc. 4.3). 

i,,., ,,,,.,i-Mi,;;;,:~,; ,,.,,,numm,;M'>iiffl 

.:r-o ~t 
:~! 
;~: 
::: 

1/!fOHllll,/ ..,_-:,, 

\ 
i 

j 
.:~ 
,. 

a 
. {] 

.. J) 

.A 

"/!onNJcHMii Hlllf Plll!'IHlllf 
{NpbtlJJKl1 1iaMep1,1) 

PHC. 4.3. CxeMa ,ZlyroBoro HOii if Oro HCTOqHHKa l\HKJIOTJ)OHa: A - pa3pll.Zl, B -Tpy6Ka 

nocTynrre11HJ1 ra1a, C - KaTOA, D - aHOA ( «qexorr»), 0 - ornepcTtte ,ZlJIJI nyqKa 
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l10Hbl BbirnmBaIOTCR Bq-HarrpR)KeH1IeM Me)K.L(y .uyaHTaMII (p1IC. 4.1 II 

4.3). Cpe.UHIIH TOK - ,U1Iarra10Ha MA. B 6onee CJIO)KHbIX CIICTeMax rry'IOK IIOHOB 

rroczyrraeT no KaHaJIY TPaHCIIOpT1IpOBKII '1epe3 OTBepCTIIe B IIOJIIOCe II3 

IICTO'IHIIKa, pacIIOJIO)KeHHOro BHe 3a30pa MarHttTa. 
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Pttc. 4.4. PaJJIHqHl,Ie BapHaHTbl HOIIHbIX HCTOqHHKOB l\HKJIOTpOHOB: 

a - HCTOqHHK c npocTOH HHTbIO, 6 - AyroBoii HCTOqHHK c OTKpb!TbIM CBepxy KOHYCOM, 

6 - HCTOqHHK C 3aKpblTOH Ayroii IlOKa3aH npOTHB <pHJiepa («BOpOHKH»),? - ,ZlyaHT C 

<pHrrepaMH («BOpOHKaMH»), o - ,ZlyaHT c BblTJlrHBaIOil\HMH nrraCTHHaMH (nyrrepoM). 

PttcyHOK CXeMaTHqHb!H. B ,ZleHCTBHTeJibl!OCTH IIITOK HOHHOro HCToqHHKa ycTaHaBJIHBaeTCJI 

naparrneJibHO II1eJIH Me)K,Zly ,ZlyaHTaMH H He npoXO,ZlHT IIO,Zl HHMH 

CucmeMa 6bl600Q 11y11«a. .[LJIR IICIIOJib30BaHII.sI ycKopeHHblX IIOHOB 

BHyTplI ycKopttTeJIR npttMeHReTC.sI MIIUieHb, yKpenJieHHa.si Ha KOHl__\e llITOKa (TaK 

HaJbIBaeMblll rrpo6HIIK), BBO.L(IIMOro B menb Me)K.L(y .uyaHTaMII Ha HY)KHblll 

pa.uttyc B 3aBIICIIMOCTII OT TPe6yeMOH 3Hepmtt. 3To .L(Jlj{ cJiy'laR, Kor.ua 

Tpe6yeTcR rrony'IIITb Heil:TPOHbI IIJIII o6ny'lttTb MttrneHb. ITptt 3TOM He 

.uonycKaeTCR rr_op'la BaKyyMa. O.uHaKO BO MHOrIIX cny'laRX TPe6yeTC.s! 

Hapy)KHblll rry'-IOK, IIOCTyrraIOll(IIH Ha BHeUIHIOIO 3KcrrepttMeHTaJibHYIO 

annapazypy. Ho MIT y.uep)KttBaeT '-laCTIIQbl Ha KOHe'-IHOil: op6ttTe, II 

Heo6XO.L(IIMO IIX ~TKJIOHIITb, ClpOpMttpOBaTb B BII.L(e ny'-IKa II BbJBeCTII II3 

BaryyMHOH KaMepbl. 

43 



OTKJIOHeHIIe H BbIBO~ ocym;ecTBIDIIOTCH npH nOMOID.H CHCTeMbI, 

Ha.3bIBaeMOH ~ecpneKTopoM (pHC. 4.5). qaCTHU:hI, ~OCTHrIIIHe KOHeqHOH 

3HeprHH, Moryr 6bITb OTKJIOHeHbl 3JieKrpHqeCKHM noJieM, HanpaBJieHHbIM no 

PMHycy Hap)')Ky. OHO qaCTHqHo KOMneHCHpyer MarHHTHYJO CHJIY, 

HanpaBJieHHYJO BHYTph. B pe3yJihTaTe pa~Hyc KpHBH3Hbl B KOHU:e nocJie~Hero 

o6oporn YBeJIHqHBaeTCH H paccTOHHHe Me)K):ly BHTKaMH cnHpaJIH TaIOKe 

YBeJIHqHBaeTCH. EcJIH Tenepb Me)K):ly BHTKaMH cnHpaJIH noCTaBHTb H30rHYTbie 

nJiaCTHHhl, O~Ha H3 KOTOpbIX noTeHU:HaJibHaH, TO qaCTHU:bI non~ Hap)')Ky, 3a 

npe~eJihI eyaHTa, a 3aTeM H KaMepbI. qepe3 TOHKYJO pa.3~emneJibHYJO 

MeM6paHy HJIH no BaKYYMHOH rpy6e nyqoK HanpaBIDieTCH Ha ycTaHOBKy. 

~- --~~~ 11--V 
.: ./ ', \ ')J 

11 

•,; I 

l.1 
a) 

-V 

.- ' 
~~ .,...:....,:-:,~ ... _' ,' 

6) 

!3 

PHC. 4.5. a) 3JieKipOcraTil'IeCKHii. ~eqJJieKTOp c ITOTefilWWII,HOll ITJiaCTHHOll BHyipH JzyaHTa; 

6) :meKipOCTam'IecKHii ~eqineKTOp, B KOTOpoM ITJiaCTHHa pacnoJiolKeHa BHe JzyaHTIL 

1 - noremw:am,HaJI ITJiaCIBHa, 2 - HyJieBaJI ITJiacnrn:a, 3 - MHIIIem. 

Ho H3-3a pa.3MhITHH nyqoK HMeeT 6oJihIIIOH nonepeqHhIH pa.3Mep, H 

qeTKoro pa.3~eJieHHH Me)K):ly BHTKaMH Her. Ilo 3TOH npHqHHe ~YT noTepH 

qacTHU: Ha eyneBOH nnacTHHe. OHa HarpeBaeTCH. Tpe6yeTCH ryronJiaBKHH 

MaTepHaJI H BO~HOe mrna)K):leHHe. QqeB~HO, qTo qeM BhIIIIe HanpH)KeHHe Ha 

eyaHTaX, TeM 60JihIIIe IIIar cnHpaJIH H MeHbIIIe noTepH. EcJIH H3 U:HKJIOTpOHa 

BhIBO~HTCH 30-40% ycKopeHHOro nyqKa, TO cqHTaeTCH, qTo CHCTeMa BhlBO~a 

pa6orneT oqeHh xopoIIIo. 
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<P01<ycupoa«a (ycmoii'lu«ocmb nonepe•mozo oauJ1ce11uR) ny'l«a a 

l{UKJ1ompo11e 
IlpH npo~OJibHOM ~BH)KeHHH nyqKa B ycKOpHTeJie qaCTHU:hI HMeIOT 

nonepeqHbie KOJie6aHHH OKOJIO ero OCH (S). ,lJ.rnI ynpom.eHHH onHCaHHH ~BH)KeHHH 

qaCTHU: HX rpaeKTOpHH npoeKTHPYJOTCH Ha ~Be B3aHMHO nepneH~HKYJIHpHbie 

IIJIOCKOCTH: ropH30HTaJihHYJO XS (nepneH~HKYIDIPHYJO ocH Y) H BepTHKaJihHYIO 

YS. /(Bu:J1Cenue B o6eHx IIJIOCKOCTHX paccMaTpHBaeTcH KaK ne3aBucUMoe. KpoMe 

oco6hIX cnyqaeB 3TO npH6JIH)KeHHe HBIDieTCH BnOJIHe y~OBJieTBOpHTeJibHbIM. 

Op6uma u mpae«mopUR. B MarHHTHOM none ycKopHTeJIH c03~aIOTCH 

TaKHe ycJIOBHH, npH KOTOpbIX rpaeKTOpHH qaCTHU:hl noCTOHHHOH 3HeprnH C 

onpe~eJieHHbIMH HaqaJibHbIMH ycJIOBHHMH OKa.3bIBaeTCH 3aMKHYTOH. TaKaH 

TpaeKTOpHH Ha.3bIBaeTCH op6umou. (B qacTHOCTH, op6HTa 6y~eT KpyroBOH B 

O~Hopo~HOM MIT.) B o6iu:eM. cnyqae (3TO 3aBHCHT OT KOHq>HrypaU:HH 

MarHHTHbIX noneii:) op6HTa MO)KeT He 6bITb OKpY)KHOCThIO, HO OHa (no 

onpe~eJieHHIO) o6H3aTeJihHO ~OJI)I(Ha 6bITb 3aMKHYTOH. ~yrne qaCTHU:hI, 

HaqaJibHbie ycJIOBHH ~BH)KeHHH KOTOpbIX He COBna~aIOT c op6HTOH, 6y~yT 

~BHraTbCH no CBOHM rpaeKTOpHHM, HO npH onpe~eJieHHhIX ycJIOBHHX COBepIIIaH 

KOJie6aTeJibHbie ~BH)KeHHH BOKpyr op6HTbl. 

Haii:~eM yc110Bw,,, npH KOTOphIX nyqoK 6y~eT ycmou'lUBO ~BHraThCH 

B~OJib op6HTbl B MarHHTHOM none U:HKJIOTpOHa. 

Ycmoii'lU60Cfflb 06UJICellUR 'lllCfflUI{ no aepmUKaJIU 
B crporo o~HopoMOM MIT 3apH)KeHHaH qaCTHu:a, ecnH oHa HMeeT 

COCTaBIDIIOill.YIO CKOpOCTH, HanpaBJieHHYJO B~OJih CHJIOBOH JIHHHH, ~eT BBepx 

HJIH BHH3 H noTepHeTCH Ha CTeHKax BaKYYMHOH KaMephI. O~HaKo HaM rpe6yercH ee 

y~ep)KaTh. K cqacTbIO, MarHHTHOe none B 3a.30pe l(HKJIOTpOHa CJia6o CnMaeT no 

PMHYCY, nOCKOJibKY CHJIOBbie JIHHHH BhIIIyqHBaIOTCH (HMeIOT 6oqKoo6pa3HYJO 

cpopMY, pHC. 4.6) B CTOpoey, r~e MarHHTHOe none OTcyrcrnyeT. 

PaccMOTpHM nonepeqHoe ~BH)KeHHe qacTHU:hl B aKCUaJlbHO-
cUMMempu'lHOM MarnHTHOM none, cnaoa10UJeM no pMHycy. IloJIO)KHTeJihHO 

3apH)KeHHaH qacTHU:a ~BH)KeTCH om nae (pHc. 4.6). 

PHC. 4.6. KOMITOHeHThl ITOllil B 3ll30pe MarHHTa 
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KoMnoHeHTa Bz Bcer~a OTKJiomieT qacTmzy K u:empy Marmna (F=q[vB], 
npamrno JieBOH pyKII) II npII ~ocrnToqHo 6om,IIIoM 3HaqeHIIII y~ep)KIIBaeT ee Ha 

op6IITe. KoMnoHeHrn Br B cna~aIOI.QeM no pa~Hycy none (L1BIL1r<O) Bcer~a 

npJI)KJIMaeT qacTIIU:Y K cpe~HeH nJIOCKOCTII, T. e. o6ecneqJIBaeT ycToifqJIBOCTb 

~BJI)KeHJIH no BepTIIKaJIII. Ho eCJIII MbI B03bMeM pacryiu:ee no pa~Hycy 

MarHJITHOe none, TO 6oqKoo6pa3HM q>OpMa 6y~eT JIMeTb ~pyroii 3HaK II r-H 

KOMnOHeHTa 6y~eT Bcer~a OTKJIOHHTh qacTIIU:Y no BepTIIKaJIII OT cpe~Heii 

nJIOCKOCTII. 3TO 03HaqaeT HeycToiiqJIBOCTh ~BJI)KeHJIH qacTJIU: B nyqKe no 

BepTIIKaJIII. 

Ycmoul/uaocmb oau:ncemm l/acmul{ a o6eux nnoc«ocmax 
TipII KaKJIX ycJIOBIIHX (coOTHOIIIeHJIHX Bz II B,) MO)KHO o6ecneqJITb 

ycToifqJIBOCTb ~BJI)KeHJIH qacTIIU:, T. e. qT061,1 OHII He BbIXO~IIJIII ll3 cryCTKa? 

PaccMOTpllM BhIIIIenpIIBe~eHHhIH cJiyqaif ~BJI)KeHJIH qacTIIU:hI B 3a30pe 

MarHIITa, Kor~a none B HeM cna~aeT no pa~Hycy, o6ecneqJIBM ycToiiqJIBOCTb 

no BepTIIKaJIII, II Haif~eM ycJIOBIIH, npII KOTOpbIX ~BJI)KeHIIe 6y~eT ycToifqJIBO 

no ropII30HTMII, T. e. B o6eIIX nJIOCKOCTHX. 

qeM 60JibIIIe pa~IIaJibHaH (ropll30HTaJibHM) COCTaBJIHIOI.QaH Br 
6oqKoo6pa3HOro cnMaIOI.Qero nOJIH, TeM CJIJibHee aKCllaJibHM (BepTIIKaJibHaH) 

q>OKYCIIpOBKa. Ho B03HJIKaeT BOnpoc: a ~OCTaTQqHo JIil OCTaBIIIellCH 

KOMnOHeHThI Bz ~JIH ycToiiqJIBOro ~BJI)KeHJIH B PMIIMbHOM HanpaBJieHJIJI? 

qT061,1 onpe~eJIJITh ycToiiqJIBOCTh ~BJI)KeHIIH, IICIIOJib3YIOT 3aBJICIIMOCTb 

MarHIITHOro nOJIH OT pa~Hyca. TioCKOJibKY IIOJie C pa~IIYCOM yMeHhIIIaeTCH, 

6y~eT IIMeTb Mecrn ero OTpIIU:aTeJihHbill rpMIIeHT L1BIL1r<O. O~HaKo npII 

HanJicaHIIII II peIIIeHIIII ypaBHeHIItt ~BJI)KeHIIH pa3MepHOCTh TnlM 6hma 6b1 

Hey~o6Hoii. Tio:noMy B 061.QeM BII~e 3TO ~eJiaIOT qepe3 noKa3ameJZb cnaoa 
(Heo~Hopo~HOcTII) MTI no PMIIycy (field index) n. EepyT ero 6e3pa3MepHbIM 

II Bbipa)KalOT KaK 

n = - (dBIB)l(drlr) ~ - (L1BIB)l(L1rlr), (4.3) 

r~e B - MarHJITHOe none B ToqKe r, r - pa~Hyc, OTCqJIThIBaeMbill OT u:eHTpa 

Kp1IBII3Hbl op6IIThI, L1B - ll3MeHeHIIe nOJIH Ha paccTOHHIIII L1r OT op6IITbl. 3To 

eCTb rpa~JieHT MTI B OTHOCJITeJibHhlX e~IIHIIU:aX, B3HTblll co 3HaKOM MIIHyc. 

OTCIO~a ycTottqJIBOCTI, no BepTIIKaJIJI n>O. 
Tiocne IIHTerpIIpOBaHIIH (3) MO)KeM noJiy'-IIITb 3aBIICIIMOCTb MTI OT 

PMIIyca B BII~e 

B=B0 (r ,Ir/. (4.4) 

3~ecb B0 - none Ha Bb16paHHOM pa~1Iyce r 0 , B II r - TeKyI.QIIe 3HaqeHIIH. 

3Ty 3aBIICIIMOCTb MO)KeM npe~cTaBIITh KaK B =Kirn, r~e nOCTOHHHM K=Bor/. 
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Puc. 4. 7. a) CHCTeMa pa,zmanbHO HeyCTOH'll!Ba npH n > 1 H 6) pa.zmanhHO ycroii'lllea npH n < 1 

HanoMHIIM, qrn B n1060M o~Hopo~HOM MTI op6Hra 6y~eT oKpy)KHOCThIO 

c PMIIYCOM r B coorneTCTBIIII c qiopMyJioH ml lr=qBv. Bo3bMeM none, 

nonyqeHHoe qepe3 n. Tor~a 

mv21r=qvK/rn. (4.5) 

O6paTJIMCH K pIIC. 4. 7 II paccMOTpllM pa~IIaJibHOe ~BJI)KeHIIe c TQqKII 

3peHIIH ycToiiqIIBOCTII. O~Ha KpIIBM mo6pa)KaeT u:eHrpo6e)KHYIO cIIny, 

~ellCTByIOII:zyIO Ha qacTIIU:Y B 3aBIICIIMOCTII OT pa~Hyca ee rpaeKTOpIIII. 3To -

mnep6oJia. ~yrM, MarHJITHM u:eHTpOCTpeMJITeJibHM CJIJia JiopeHu:a, 

y~ep)KJIBaIOI.QM qacTIIU:Y II paBHM qvK/rn, 3aBIICIIT OT pa~Hyca KaK 1/rn. Tor~a 

6y~eM IIMeTh TaKIIe cnyqaII: 

a) n> 1. CJIJihHbitt cnM nonH, 6oJibIIIIIH, qeM I Ir. Ha 6oJihIIIIIX pa~Hycax 

MarHIITHM cJIJia JiopeHu:a (~ B) cna6ee u:eHrpo6e)KHOH (~Jlr). qacTIIu:a yii~eT 

Hapy)Ky. Ha MeHbllIIIX pa~Hycax MarHIITHM CJIJia JiopeHu:a CJIJibHee, II qaCTIIU:a 

yii~eT BHYTph. 3TO HeycrniiqJIBOCTb (~eq>OKyCIIpOBKa). 

6) n<l. MarHIITHaH CIIJia (u:eHrpocrpeMJITeJibHM) npeBbIIIIaeT 

u:eHrpo6e)KHYIO Ha 60JibllIIIX pa~Hycax II CJia6ee ee Ha MeHbllIIIX. 3To 

ycToiiqJIBOCTI, ( q>OKYCIIpOBKa). 

11raK, + I >n>O ecTh ycJIOBIIe ycToiiqJIBoro ~BII)KeHIIH MH TaK 

Ha3bJBaeMb!X CJla60</JoKJ1CUpy10UJUX ycKopIITeneii (cM. TeMy B JieKQIIII 6), K q1IcJiy 

KOTOpb!X OTHOCIITCH II KJiaCcJiqecKJIH U:IIKJIOTpOH. 

Pe2yJZupoaaHue 3Hep2uu ycKopeHHoro nyqKa B U:IIKJIOTpoHax 

npo6neMaTJiqHo. Cyiu:ecrnyIOT ~Ba cnoco6a: I) noTepH 3HepmII Ha qionhrax; 

2) ll3MeHeHIIe KpOMe MarHIITHOro nonH Bq Ha ~yaHTaX. Ho nocKOJibKY CIICTeMa 

pe30HaHCHaH, Tpe6yeTCH ~pyraH reoMeTplIH (KOHCTpYKU:IIH). 

11cnOJib30BaHIIe: B nonyqeHIIII PMIIOaKTIIBHblX II30TOnOB, B Me~IIU:IIHe, 

TeXHIIKe (TpeKOBbie MeM6paHbl - q>IIJihTpb!). 
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O.n.HaKO QHKJIOT})OH He MO)KeT ycKopHTh HOHhl )].O 60JihllIHX :mepruii: H3-

3a ITpOHBJieHHH peJIHTHBHCTCKOro 3qJqJeKTa. C YBeJIU'leHUeM 3Hepzuu W u, 
C/leOoaameJlbHo, c«opocmu v .Macca r,acmuqbl pacmem: 

m=moy=mo(J+WIEo) (4.6) 

(mo- Macca II0K0H, y=(l+v11c2r112=1+ WIEo - JI0peun-lf>aKTOp (X.A. Jlopeun 
1901 r.), E0 - 3Heprnn II0KOH), a comacuo (4.2) ee r,acmoma o6paw.euua 
naaaem: 

f =qBl2mno(J + W/Eo)=/r/(1 + WIEo)=(q/2mn 0)Bl(l + W/Eo), ( 4. 7) 
u uapyutaemca cuuxpo11u:JM Bl/ / 0 u r,acmomb1 06paw.e11ua r,acmUlfbl f. IIpu 

3HaquTeJihHOM p0CTe 3HeprHH HOHa W pe)KHM ycKopeHHH HapyrnaeTCH. 

l103TOMY B ITpOCThIX (KJiaccuqecKHX) QHKJIOT})0Hax )].OCTHraeTCH 3HeprHH 

ITp0TOHOB H .n.eiirpOHOB TOJihKO 20 - 25 M3B. 

TeMa: H3oxpoHHble l{UKJlOmpoHbl {isochronous cyclotrons) 

PaccMOT})HM nepBblU cnoco6 YBeJiuqeHHH 3Hepruu ITyqKOB QHKJIOT})OH0B. 

3TOT ITYTb COCTOHT B ITOBhIIIIeHHH B c pOCTOM pa.n.uyca B COOTBeTCTBHH c 

pocTOM m c 3Heprneii:. Ecnu BenuquHy B/(l+WIE0) B qiopMyne (4.7) c.n.enaTh 

He 3aBHCHIQeii: OT 3Hepruu, TO f 6y.n.eT IT0CTOHHHoii: .• 

O)].HaKO IIyqOK B 3TOM cnyqae 6y.n.cr ueycmOU'IUB IIpH CBOeM )].BH)KeHHH, 

T. e. de</Jo«ycupoBambCR, · B aKCHaJihHOM uanpaBJieHHH. Ho 3Ty 3a)].aqy MO)KHO 

peIIIHTh. 

BepHeMCH K MarHHTy QHKJIOT})OHa. C.n.enaeM ero ITOJIIOCa He ITJIOCKHMH, a 

CeKT0pHhIMH. B 0)].HOM CeKTope (ux MO)KeT 6bITh OT 6 )].O 16) 3a30p 6y.n.eT 

60JihIIIe, B cne.n.yroineM MeHhIIIe (puc. 4.8). 3TO ITpHBe)].eT K rop6aM ll 

BITa)].HHaM B MII, H Ha rpaHHQax ceKTopoB ITOHBHTCH BhIIIyqHBaHue MarHHTHhlX 

CHJIOBhIX JIHHHH, a, KaK Mhl Bll)].eJIH, 3TO MO)KeT 06ecITequBaTh BepTHKaJihHYJO 

qioKycupOBKY HOHOB. 

~~ .. ~.,
~ ~ ~ 

@~
' 

. . 

Puc. 4.8. BapuaHThl IIOJIIOCHbIX HaKOHe'IHUKOB 
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TaKHM o6pa3oM, TeITeph MhI MO)KeM yBenuquBaTh cpe.n.Hee MII ITO 

pa.n.uycy )].JIH 06ecITeqeHHH CHHXpOHH3Ma.fa,=f,,6paU/ cornacHo (4.7). 
PaccMOT})HM )].BH)KeHHe HOHa BHYTPH TaKoro QHKJIOT})0Ha (puc. 4.9). 

3.n.ech op6HTa (CITJIOIIIHM JIHHHH) ITpOX0)].HT qepe3 TOqKH A " B rpaHHQ 

ITOJIIOCOB H He HBJIHeTCH OKpy)KHOCThIO. IIpu 3TOM HaITpaBJieHue pa)].HaJihHOH 

KOMITOHeHThl CKOpOCTH MeHHeTCH TO K QeHTPY, TO OT QeHrpa. QqeHh Ba)KHO, qTO 

HOH BXO)].HT H BhIXO)].HT H3 ceKTOpa ITO)]. yrJIOM, a He ITO HOpMaJIH K ero rpaHHQe. 

a 

Puc. 4.9. MexaHU3M BepTUKa.JlbHOH q>oKycupOBKU B U30Xp0HHOM QIIKJIOTJ)OHe 
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11MeIOT MeCTO ,naa cnyqIDJ. 

a. ~BIDKeHIIe qacTIIQbI II3 cna6oro nom1 B CIInhHOe. Pa,nlianhHM COCTaBn.HIOIQM 

cKopocTII (napannenhHM pe6py nonioca) HanpaaneHa Hapy)Ky. C 

rop1I30HTMbHOH COCTaBn.HIOIQeii Kpaeaoro MTI ,naeT CIIny, HanpaaneHHYIO K 

cpe,nHeii nnOCKOCTII. <l>OKYCIIpOBKa, KaK Ha p1IC. 4.6. 

6. ~BII)KeHIIe qacTIIQbl II3 CIInhHOfO non.SI B cna6oe. Pa,nlianbHM COCTaBn.HIOIQM 

CKOpOCTII HanpaaneHa K QeHrpy, a rop1I30HTMhHM COCTaBn.HIOIQM MTI IIMeeT 

o6paTHbIH 3HaK. TaK)Ke IIMeeT MeCTO q>OK)'CIIJ)OBKa. 

QqeHb namHo, qTo HOH BXO,nHT H BblXO,nHT H3 ceKTopa noi:. yrJIOM, a 
He no HopMaJin K ero rpaHnQe. B nocne,nHeM cnyqae a31IMyTanhHM 

cocTaBn.HIOIQa.H CKOpOCTII II BepTIIKMbHM COCTaBn.HIOIQM non.SI ,naIOT 

pa,nlIMbHYIO COCTaBAAIOIQYIO CIInhI, HanpaaneHHYIO K QeHrpy nonioca. 

TaKIIM o6pa30M, B o6naCTII rpaHIIQ ceKTOpOB Mbl IIMeeM q>OKYCIIpOBKY II 

MomeM Tenepb HecKonhKO yneJinqnnaTL MTI no pa,n1Iycy, coxpaH.H.H B nenoM 
q>oKycnpOBKY no BepTIIKMII. B,nonb op61IThl C03,naeTC51 3HaKonepeMeHHM 

q>OKYCIIpOBKa (,neq>OKYCIIpOBKa B cpe,nHeii qacm ceKTopoB II q>OKyCIIpOBKa B 

o6naCTII IIX CTbIKa). 

3m o,nHOBpeMeHHO yaen1Iq1IaaeT pa,nlIMbHYIO q>OKYCIIpOBKy. 3q>q>eKT 

npoXO)K,neHII.H Kpaeaoro non.SI yc1In1IaaeTc.H, ecnlI nonioca c,nenaTh He 

np.HMhIMII, a cn1IpanbHbIMII. qTO o6bJqHo II ,nenaIOT. 

TaKIIM cnoco6oM B QIIKnorpoHe 6brno npeo,noneHo npem1TCTB1Ie, 

n03BOnlIBUiee nepeHTII B pen.HTIIBIICTCKylO o6nacTb. 3Ty 1I,ne10 npe,nnO)KIIn 

ToMac a 1938 r., HO ee He noH.HnlI II 3a6brnlI ,no 1950-x rr., KOr,na OTKpbrnlI TaK 

Ha3blBaeMyIO CIInhHYIO q>OKYCIIpOBKY ( CM. TeMy «)J(ecmKaH q,o«ycupoo«a» ). 
TiocKOnhKY Tenepb nyqoK B TaKOH MaUIIIHe MO)KeT ycKOp.HTbC.H ,no BbICOKIIX 

:meprnii CIIHXpOHHO C noCTO.HHHOH Bq, ero Ha3BMII II30XpOHHhIH QIIKnoTpOH 

( isochronous cyclotron). 

H30Xp0111lblll l(Ul<JlOmpoH - QIIKnOTPOH AA.SI ycKopeHII.H pen.HTIIBIICTCKIIX 

IIOHOB, nep1Io,n o6paIQeHII51 KOTOpbIX no,n,nep)KIIBaeTC.H nOCTO.HHHbIM B 

pe3ynhTaTe B03pacTaHII.H no pa,n1Iycy cpe,nHero MarHIITHoro non.SI, a ero 

KOHq>IIrypaQII.H 06ecne'I1IBaeT ycrniiqlIBOCTb ,nBII)KeHII.H ( q>OKYCIIpOBKY) nyqKa 

no aepTIIKMII. 

~yrne Ha3BaHII.H: ceKTOpHhIH QIIKnorpoH, QIIKnOrpoH c a31IMYTMhHOH 

aap1IaQ1Ieii non.SI ( cyclotron with azimuthally varying field, A VF cyclotron) - B 

OTn1Iq1Ie OT KnaCCII'IeCKOfO QIIKnOTpOHa. 

BbIBO,n nyqKa II3 II30XpOHHOro QIIKnorpoHa MO)KeT 6bITb ocyIQecrnneH C 

noMOIQblO nepe3ap.H,nKII ycKopeHHblX IIOHOB, KaK IlOKa3aHO Ha p1IC. 4.10. 
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CYIQecTByeT MO,n1Iq>1IKaQII5I moxpoHHoro QIIKnorpoHa c qeTbiphMR 

OT,nenbHbIMII MarHIITaMII (plIC. 4.11 ). 3,necb BMeCTO «Bna,n1m» nonioca nonHOCTblO 

OTCYTCTBYlQT. B )TOM cnyqae BBO,n II BhIBO,n nyqKa 3HaqlITenbHO o6nerqaIOTC51. 
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PHC. 4.11. BhlBO.l{ nyqKa B UHKJIOTpOHe c pa3.l{eJieHHbIMH ceKTopaMH: 

4 - :meKTPOCTaTHqecKHH cenTyM, 5 - MarHHTHhIH cenTyM 

TaKIIM o6pa30M peUIIInC.H Bonpoc, KaK HenpepbIBHO ycKOp.HTb ny'IOK, T. e. 

nonyqaTb 6onbUIIIe IIHTeHCIIBHOCTII, II o,nHoBpeMeHHO 3HaqlITenbHO IlOBblCHTb 
3Heprnio. 

~OCTII)KIIMM 3Hepr1I.H B II30XpOHHOM QIIKnorpoHe W1w11 ~ Enok·, T. e. 

oKono 900 M3B ,nn.H npoToHOB. OrpaH1IqeH1I.H cocTO.HT TaK)Ke B pa3Mepax 

ycKOplITen.H, Ben1Iq1IHe non.SI, a TaK)Ke npoXO)K,neHIIII Bpe,nHhIX pe30HaHCOB Ha 

KOHeqHhIX pa,n1Iycax, nplIBO,n.HIQIIX K HeycToiiqHBOCTII nyqKa. 

KonmpOllbHbte oonpocbt 
l . J,f.l{e» UHKJIOTpoHa. 

2. TipoXOJK.neHHe nyqKa qepe3 .l{yaHThl. 

3. 4eM orpaHHqeHa 3Heprn» nyqKa, ycKop»eMoro B KJiaccnqecKoM UHKJioTpoHe'? 
4. KaK pafiOTaeT H30XpOHHblH UHKJIOTPOH'? 
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JleKQHH 5 
Te.Ata: A6moq,a1upo6Ka (phase stability) 

Kai~ 6hlJIO D0K333H0 Bblllle, B03M0'1CH0CTH KJiaccuqecKoro QHKJI0Tpoua 
orpau1111e1rnhl, TaK KaK m=m0 y=n10 (l+W/Ea) H yCJionue cuuxpouu1Ma 
uapyUiaeTCH npu 1ua11uTeJibH0M pocre 3uepruu uoua W (E0 - 3HepIW! n0Km1). 

qaCTOTa o6pam:eHIDI qacTHU:bl 6y.n;eT II3MeIDITbCH KaK 

f=(q/211:mo)Bl(l+WIEo) =f/(J+WIEo), (5.1) 

( CM. cpopMyny ( 4. 7)), T. e. ee 'IaCTOTa 6y.n;eT MeHbIIIe 'IaCTOTbI reHeparnpa .fo, 
'ITO npuBe.n;eT K HapyIIIemno c1rnxpoH111Ma ycKopeHHH. 

PaHee Mbl paCCMOTpenu nepBbIH cnoco6 yBeJIH'IeHIDI 3Hepmu B 

U:HKJIOTPOHe. 3TO 6bIJI 1130XpOHHbIH U:IIKJIOTPOH, r.n;e MarHIITH0e none 

yBeJIII'IIIBaJIOCb C pa.n;11ycoM. 

/{py2ou cnoco6 - cJie.n;HTL ycKopmoru:eii 11acT0Toii 1a 'lacmomoii 
o6pau{ellUR '13CTHQ. )],ettCTBIITeJibHO, eCJIII Ha .n;yaHTbl no.n;aBaTb 

MO.n;ynupoBaHHYIO Bq, CIIHXpOHH0 MeHHIOlll:YIOCH c qacTOTOH o6paiu:eHHH 

nyqKa, TO ycK0pHeMbie qacTHU:bl 6y.n;yr nocTOHHHO HaX0.D;IITbCH B pe30HaHCe C 

Bq 11 B HY)KHOH cpme nonyqaTb Ha Ka)K.!J:OM o6opoTe .n;o6aBO'IHYIO nopu:1110 

3HepmII. CttHXpOHII3M 6y.n;eT co6JIIO.D;aTbCH. 3Ty 11.n;eIO B 1944 r. BblCKa3aJI II 

ony6JIIIKOBaJI B .n;Byx CTaTbHX B )],AH B.H. BeKcnep. HecMOTPH Ha Ka)Kym:yiocH 

npoCT0TY 3TOrO npIIHU:IIna .n;ettCTBIIH, .n;o noJiy'IeHIIH no.n;rnep)K.D;eHHH 

ycmOU'IU60CmU npoOOJlbllOlO d6U:J1Ce11w,, ny'IKa B U:HKJIII'IeCK0M ycK0pIITeJie 

pa1pa6aTb1BaTb II coopy)KaTb no.n;06HyIO MaIIIIIHY HIIKTO He peIIIaJICH. O.n;HaKO 

pac'leTbl, npo.n;eJiaHHble E.JI. <l>ettH6eproM, no.n;rnep.n;IIJIII B03M0)KHOCTb ee 

peaJibHOro C03.D;aHIDI. Ha ro.n; n03)Ke 3TOT npHHU:IIn He3aBIICIIMO 6blJI 

npe.n;JIO)KeH aMep11KaHCKIIM q>H31IKOM 3.M. MaK-MIIJIJiaHOM, He 3HaBIIIIIM B TO 

BpeMH o pa6orax B.H. BeKcnepa. 3a 3TO OTKpbITIIe B 1962 r. B.H. BeKcJiepy u 
3.M. MaK-MHJIJiauy 6MJia npucy~eua aMepuKaHcKaH npeMHH «ATOM 

.D:JIH Mupa». 

TaKOH U:UKJIOrpDH 6y.n;er HBMTbCH CUIIXJ10l{Ul<JIOmpono.M, WIU q,a3on,pono./Jt 
(synchrocyclotron, frequency-modulated cyclotron). CHHXpoQIIKJlorpoHbI 6JIII3KII no 

CBOIIM CBOHCTBaM K QHKJIOrpDHaM. O.zuraKo, nocKOJibK)' Ha HIIX MO)KHO no.nyqlITb 

6oJibUIHe 3Hepnrn, OHII IIMeIOT ropm.n;o 6oJibUIHe pa3Mepb1 II y HIIX .upyraH 

Bq-c11creMa. 

ITpII ycKopeHIIII Bq CJie.D;IIT TOJibK0 3a O.D;HIIM crycTKOM qacTIIU:( KOT0pbie 

BbIIIIJIII 113 HCTO'IHIIKa. ,l4,yr11e 'IaCTIIU:bI, BbIIIIe.D;IIIHe 113 Hero cnycTH HeKOTOpoe 

BpeMH, ycK0pHTbCK He 6y.n:yT, TaK KaK HM Tpe6yeTCH HatJaJibHaH qaCT0Ta, a Ha 

reHeparnpe oHa y)Ke .n;pyraH . 
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ITocne .!J:OCTH)KeHHK ny'IK0M BHeIIIHero pa.n;uyca H, CJie.n;oBaTeJibH0, 

MaKCHMaJibHOH 3Hepmu npou:ecc ycKopeHHH .n;omKeH noBTOpHTbCH .D;JIH .n;pymx 

qaCTHQ, T. e. Bq .D;OJI)KHa BepHyTbCH K CBOeMy HatJaJibHOMY 3HatJeHHIO. 

)],JIH npOT0HOB B 3aBHCIIM0CTH OT HX KHHeTII'IeCKOH 3HeprttII W H 

HH.n;YKU:IIH B 3a3ope B II3MeHeHue Bq .D;0JI)KH0 cne.n;oBaTb cornacHO (5.1) 
cne.n;yiom;eMy 3aKoHy: 

f= 1,52·107 Bl(J+W/Ea). (5.2) 

O.n;HaKO npu 3TOM npOHBJIKeTCK 0.D;HO H3 0Tpuu;aTeJibHbIX CBOHCTB 

CHHXPOU:HKJIOTPOHa: HMnyJibCHbIH pe)KHM ero pa60Tbl (nepHO.D;H'IHOCTb, HJIH 

MaKpOU:HKJIH'IHOCTb ycKopeHHH). B pe3yJibTaTe cpe.n;HKH HHTeHCHBHOCTb ny'IKa 

CHJibHO na.n;aeT. 

)],JIH MO.D;yJIHU:HH qaCTOTbl HCilOJlb3YIOT TaK Ha3bIBaeMbIH Bapuarnp -

nepeMeHHbIH IlJiaCTIIH'IaTbIH KOH.D;eHCaTOp, BKJIIO'IeHHbIH B KOHTYP reHeparnpa 

(9 Ha puc. 5 .1 ). EMKOCTb KOH.D;eHCaTopa MeHHIOT MexaHH'leCKHM 

nepeMem;eHtteM IlJiaCTHH, o6ecnetJHBaH TaKIIM o6pa30M pe30HaHC o6pam:eHIIH 

nytJKa 11 Bq. 

p 

l J ~ 5; .~ , 7 • a ·.9 

: ,~r i:' '*''~,a[/ /I 
IQ/ \11 

PHc. 5.1. sq-cHcreMa CHHxpo11mmorpoHa 
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3~ecb HcnoJih3)'lOTCH ycKopmoI.QHe HanpIDKeHHH, MeHhIIme no cpaBHemno c 

l(HKJI01p<maMH (2-3 KB), HHaqe nOHBJUIIOTCH npo6ott B pe:mHaHCHOH CHCTeMe 

(Bapttarope) Bq-reHeparopa. MaJihIH TeMn ycKopeHHH ~onycrnM, nocKoJihKY 3~ecb 

HMeeT MeCTO noJIHhIH CHIIXpOHH3M (B OTJifiqtte OT l(HKJIOTPOHOB). OMaKO mar 

cnttpaJIH MaJI H K03<pqmu;HeHT BhIBO~a TIUOKe 3HaqHTeJihHO MeHbllie l(HKJIOlpOHOB. 

,[(Jul ero YBeJIH:qeffHH HCnOJib3YeTCH nonepeqHM (ropH30HTaJihHaH) pacKaqKa nyqKa, 

KOTOpaH ~aeT xopoIIIHe pe3yJihTaTbI. 

/IpuHl(un aamotjJa1upoa«u 
ToqHoe paBeHCTBO qacTOT Bpall(eHIDI qacTHl( H YCKOpHIOll(ero 

Bq-HanpH)KeHHH ocyll(eCTBHTh HeB03MO)KH0. IlpH TOqHoM COBna~eHHH qaCTOT 

pe30HaHCHbie ycJIOBHH y~OBJieTBopHJIHCh 6hI ~JIH 6eCKOHeqHO KOpOTKOro 

naKeTa qacTHl(, T. e. ~JIH oqeHb MaJioro HX KOJIHqecTBa. ~yrtte qacTHl(bI JIH6o 

OTCTaBaJIH 6bI OT 3TOro naKeTa, JIH60 ero onepe)KaJIH. I1HTeHCHBHOCTh nyqKa 

6brna 6bI HHqTO)KHO MaJIOH. 

MexaHH3M {npHHl(Hn) aBTO<pa:mpOBKH ~onycKaeT HeCOBna~eHHe 

yKaJaHHhIX qacToT B onpe~eJieHHhIX npe~enax H o6ecneqttBaeT ycKopeHHe 

~ocraToqHo nporn)KeHHOro naKeTa (HJIH, no-~pyroMy, crycTKa) qacTHl( (bunch 
of particles) 6e3 HX noTepb. 

PaCCMOrpHM ycKopeHHe qacrnu;. OTHocHTeJihHOe H3MeHeHHe qaCTOTbI 3a 

o6opor Mano (!).jlf=-(_!:!J.Wr/Ep)l(l + Wr/Epf'l0-3
). Ha pttc. 5.2 npHBe~eH KopoTKHu 

npoMe)KJTOK 3aBHCHMOCTH ycKopmoll(ero HanpIDKeHIDI Me~ ~aHTaMH OT BpeMeHH. 

Ilporn)KeHHhIH no aJHMYTY crycToK qacTHl( B HeKoropbIH MOMeHT 

npoxo~HT ycKopHIOII(HH npoMe)KyTOK npH pa3JIHqHhIX <paJax HanpH)KeHHH OT 

'PAI ~o f/)B1· <l>roa f/)OI coorneTcTByeT qacTHl(e, HaXO~Hll(eHCH B TaK Ha3bIBaeMOH 

paeHoeecHou <jJaJe. qacTOTa :nou qacTHl(hI Bcer~a paBHa ycKopHIOll(ett Bq. 
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PHc. 5.2. MexaHHJM aaTo<pa3HpOBKH 
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3To - paBHOBeCHQR tJacmulfa, OHa npoxo~HT ycKOpHIOll(HH npoMe)KyTOK 

npH O~HOM H TOM )Ke 3HaqeHHH HanpH)KeHHH Ucos<po1=Ucos<po2= ... H T. ~- H 

Bcer~a nonyqaeT O~HHaKOBOe npttpall(eHHe KHHeTHqecKOH 3HeprnH 

AWo=qUcos<po1. (3~ecb U - aMnJIHTy~a Bq, HH~eKc «O» OTHOCHTCH K 

paBHOBeCHOH qaCTHl(e, HH~eKChI «1,2» - K H?Mepy o6opora). {Cne.nyeT 3aMeTHTh, 

qTo pa3Hble aBTOpbl OIIHCbIBaJOT ycKOpllIOIIJee HaIIpll)KeHHC HeO.!(HHaKOBO, O.!(HH KaK 

U=Ucosq,, .npyme KaK U=Usinq,.) Ilpttpall(eHHe neptto~a o6pall(eHHH paBHOBecHoii 

qacTHl(hICOCTaBJIHeT 

ATo =T0 AW01Eo, (5.3) 

a OTHOCHTeJibHOe H3MeHeHHe nepHo~a o6pall(eHHH 3a o6opoT onpe~eJIHeTCH 

Bbipa)KeHHeM 

ATIT= AIIIII - Aviv, (5.4) 

r~e Alllll H Aviv - OTHOCHTeJihHhie H3MeHeHHH, cooTBeTCTBeHHO, nepttMeTpa 

op6HThI tt CKOpOCTH qacTHl(hI. 

IlycTh nepHO~hI o6pall(eHHH qacTHl(, HaXOMII(IIXCH B cpa3aX </JAi II </JBI, 

BHaqane o~HHaKOBhI II cocTaBJIHIOT To1=TA1=Tn1. Ilocne npIIpall(eHIIH 3Hepnrn 

IIX nepHO~hI o6pall(eHHH OKa3hIBaIOTCH pa3HhIMII, nocKOJihKY noJiyqeHHbie IIMH 

3HaqeHHH AW=qUcos<p pa3Hhie. ,lvIH qacTIIl(hI A AW 6oJihrne II ee neptto~ 

6y~eT 6oJibllie. 3To npOHCXO~HT nOTOMY, qTo B ycKop1nene 

CJia6o<poKycttpyIOII(ero THna, TaKOro KaK l(HKJIOTpOH HJIH CHHXpOl(HKJIOTpOH, 

qacTttu;a c 6onhrneu 3Heprneii npoxo~HT o6opoT Me~JieHHee 3a cqeT 

yBeJittqeHHH MHHhI nyTH, TaK KaK 3~ecb /Alllll/>/Avlv/. TaKHM o6pa3oM, 

qacTHl(a A npH~eT no3)Ke H nptt6JIH3HTCH no CBOeii <pa3e K paBHOBeCHOH. 

IlepeMell(eHHH no <proe 6y~yT cTyneHqaThIMH. Koma cproa qacTHl(hI A 

COBnMeT C !pa30H paBHOBeCHOH qaCTHl(hI, ee 3HeprnH 6y~eT 60Jihllie, qeM y 

paBHOBeCHOH, TaK KaK ~o 3TOro OHa nonyqana Bee BpeMH 66JibllIYIO ~o6aBKy, tt 

nepeii~eT Ha 6onee no3~HIOIO, qeM y paBHOBeCHOH qacTHl(hI, <pa3y. Ee 60JihlliaH 

3HeprnH npttBe~eT K 6onhrneMy neptto~y ee o6pall(eHHH, H Teneph oHa 6y~eT 

nonyqaTb MeHbllIYIO ~o6aBKY :meprnH. Bo3HHKaeT KOJie6aTeJihHOe ~BH)KeHHe 

BOKpyr paBHOBeCHOH <pa3hl. TaKoe ~BH)KeHHe 03HaqaeT ycToiiqHBOCTh. 

AHaJIOrHlJHOe nepeMell(eHHe, HO B ~pyroM HanpaBJieHHH 6y~eT tt MH 

qacTHl(hl B. OHa noJiyqHT MeHbllIYIO 3HeprnIO H, COBepllIHB o6opoT, npH~eT 

paHbllie. TaKHM o6pa30M, OHa C ~pyroii CTOpOHbl nptt6JIH3HTCH K <pa3e 

paBHOBeCHOH qaCTHl(hI. 

PaccMorpeHHe ~BH)KeHHH Ha pacTyll(eH BeTBH ycKopHIOII(ero IlOJIH 

noKa3bIBaeT, qTo TaM OHO HeycTOHlJHBO. 
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PacCMOTpeHHaSI BhIIIIe Kapnrna ( q>a.3a (f}o1 JJe)KIIT OT 0 )].O 90°) BepHa )].JISI 

ycKOpIITeJISI, B KOTOpOM yBen11qeH11e :mepmII {IIMIIYJihCa) npIIBO)].IIT K 

yBen11qemuo 11ep110)].a o6pamemrn, 11 Hao6opoT. .[{pymMII cnoBaM11, 

yBemflieHIIe OJIUHbl nymu, CBSI3aHHOe C yBeJI11qeHI1eM IIMnyJihCa, SIBJISieTCSI 

npeo6na)].aIOmIIM qiaKTOpOM no cpaBHeHIIIO C COOTBeTCTByIOmIIM yBem1qem1eM 

cKopocmu. 
O6naCTh q>a.3, r)].e npoIICXO)].IIT ycToiiq11Boe )].Bil)KeHIIe qacTIIII, 

orpaH11qeHHa. 3To CBSl3aHO C TeM, qTo O)].HII qaCTIIIIhI nona)],aIOT B ycKopSIIOmee 

none, a )].pyme - B TopM03Simee. lJeM 6onhIIIe aM11n11Ty)].a ycKopS110mero 

HanpSI)KeHirn, TeM 6oJibIIIe o6naCTh ycToiiq11Boro KOJie6aTeJibHOro )].BII)KeHIISI 

qacn111, CJie)].OBaTeJihHO, TeM 60JihIIIe IIHTeHCIIBHOCTh ycKopeHHOro nyqKa. 

Kp11BaS1, pa.3rpaH11q11Ba10maS1 06nacT11 ycToiiq11Boro II HeycToiiq11Boro 

)].BII)KeH11ii, Ha.3hrnaeTcSI cenapampucou. 
<l>a.30BOe )].B1I)KeH11e 3apSI)KeHHhIX qacTIIII, mo6pa)KeHHOe Ha p11c. 5.2, 

OIIIICbIBaeTCSI TeM )Ke ypaBHeHIIeM, qTo II KOJie6aH11e MaSITHIIKa, K KOTOpOMY 

npIIJIO)KeHa HarpY3Ka B BII)].e IIOCTOSIHHOro MOMeHTa CIIJihl {p11c. 5.3). 

(f)I ,-, ... •· 
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Pnc. 5.3. CxeMa ,nBH)KeHHH ttarpy)KeHHOro MallTHHKa: 1 - Herro,nBH)l(Hblll 11emp, 2 - 060,n, 

3 - IIOCTOHHHaH cmra f, 4 - MaHTHHK, ,Po n ,Pr paBHOBeCHble q>a3bl (ycToil:qHBaH n 

HeycToil:qnaaH), rrpH KOTOpbIX MaHTHHK ypaBHOBenmaaeT Harpy)KaJOI.Will MOMeHT_ CHnl>I /, 

,P2 - q>a3a B03Bparn, COOTBeTCTByrolliaH (j!J, Kone6aHHH COBeprnaIOTCH OTHOCHTenbHO qla3I,I ,Po 
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y CToiiq11Boe KOJie6aTeJibHOe )].BII)KeHIIe Harpy)KeHHOro MaSITHIIKa 

npOIICXO)].IIT OTHOCIITeJihHO (f}o BHYTPII o6naCTII q>a.3 (f}J - (f)2. :ho o6JiaCTb 
)].BHmeunH BHYTPH cenapampUCbl, Tip11 (f}o KIIHeT11qecKaSI :.rnepmSI Kone6aHIIH 

MaKCIIMaJibHa, a pe3yJihTIIpyIOI.QIIH MOMeHT CIIJI paBeH HYJIIO. TipII <p J 

KIIHeT11qecKaSI :mepmSI II )].eHCTByIOmIIii MOMeHT CIIJI paBHhl HYJIIO. Tip11 </J2 
KIIHeT11qecKaSI :mepmSI paBHa HYJIIO, a pe3yJihTIIpy10m11ii B03Bpama10m11ii 

MOMeHT CIIJI MaKCIIMaJieH. 

Cunxpomp01tbt (synchrotrons) 
B c11Hxpo1111KJIOTPOHe 11MeIOTCS1 TPY)].HOCTII. 3To oqeHh 6onhIIIoii 

)].IIana.30H BlJ, npIIBOMI.QIIH K KOHCTPYKTIIBHhIM TPY)].HocrnM Bap11arnpa 11 

)].yaHTOB. 11, KOHeqHo, :no orpOMHhie cocpe)].OTOqeHHhie MaCChl )KeJie3a, 

IICIIOJih3YeMbie )].JISI II3roTOBJieHIISI MarHIITOB. YBeJI11qeH11e :mepr1111 TaKIIM 

cnoco6oM )].OCTIIraeT npe)].ena. CaMhIH 6onhIIIOH c11Hxpo1111KJI0TpoH, KOTOphIH 

06ecneq11BaeT :mepmIO npoTOH0B )].O 700 M3B, HaXO)].IITCSI B JUITI 0115111 

(coop~eH B 1949 r.). 
TI03TOMY CJie)].yIOmIIM IIIaroM B yBeJI11qeHIIII 3HepmII qacTIIII CTaJIII 

CU/txpompoHbl - IIIIKJIIIqecK11e ycKop11Ten11, B KOTOpbIX MarHIITHOe none B 
MeHSieTCSI BO BpeMeHII, a op611Ta OCTaeTCSI IIOCTOSIHHOH. TIO)]. 3TY BhI6paHHYIO 

op611ry npoeKTIIpyeTCSI KOJibIIeBaSI MarHIITHaSI )].OpO)KKa, Ha KOTOpoii 

YCKOpS!IOTC.sI qaCTilllhI, a pa6oqee IIOJie MeHSieTCSI BO BpeM.sr ycKopeHIISI OT 

MIIHIIMyMa (Kor)],a nyqoK MaJIOH 3Hepm11 BBO)].IITCSI 113 IIH)KeKTOpa) )].O 

MaKCIIMyMa (Kor)],a nyqoK ycKopeH II MO)KeT 6bITh BbIBe)],eH 113 ycTaHOBKII). 

lJT06b1 nyqoK ycKOpS!eMbIX qacTIIII Bcer)],a HaXO)].IIJICSI Ha op611Te C pa)].IIYCOM 

Kp1IBII3Hbl p, IIOCTOSIHHO )].OJl)KHO co6JIIO)].aTbCSI COOTBeTCTBIIe 3Hepr1111 

(IIMIIYJihCa) ycKOpS!eMbIX qacTIIII II IIOJISI B, KOTOpoe y)].ep)KIIBaeT qacTIIIIhI, T. e. 

p = qBp (p11c. 5.4). 

ll~lf'..4~f/·'11/'7P lt'U.'lfl,''17 

Pnc. 5.4. CxeMa MarHHTa CHHXporpoHa. Kon1,11eBaH BaKYYMHaH KaMepa, ITOMellieHHaH MelK)J.y 

nomocaMH, HBAAeTCH MarHHTHOil: ,nopO)KKOll, no KOTopoil: ycKOpHIOTCH qaCTHI.lbl 
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Cne.n.oBaTenhHO, qacnll.J,bl )],On)KHbl Haq1maTh CBOe ycKopem1e y)Ke Ha 

6onhIIIOM pa.n.uyce (a Hem ueHTPa MarHHTa), Ha ypoBHe MarHHTHoro nom1., npu 

KOTOpOM ocyrn,ecrnmieTCH BBO)J, (uHJICeKlfWl) B BaKYYMHYIO KaMepy 
npe.n.BapHTenhHO ycKopeHHOro nyqKa, HanpHMep, B nY unu B .n.pyroM, 

MeHbIIIeM no 3Hepruu, CHHXPOTPOHe. 

l3o 

8,..o"c ---------- ----"' 

J 4 

Pttc. 5.5. Pafioqttil: llHKJI npoTOHHOro CHHXPOTJlOHa: 

,Wo 

c/R 
Wa Ml'C.:' 

fl>olfHlll 

'"o "'"" 

I - nay3a; 2 - HH)KeK{lHll; 3 - ycKopeHtte; 4 - Me.uneHHblH BbIBO.U; 5 - cna.u TIOJ!ll 

Y CKOpeHHe B CHHXPOTPOHaX HOCHT nepuo.n.uqeCKHH xapaKTep (no.n.o6Ho 

cuHxpouuKnOTPOHy). MarnttTHhIH UHKJI ycKopuTenH npuBe.n.eH Ha puc. 5.5. Ero 

.n.nttTenhHOCTb COCTaBJIHeT CeKyH)J.bl. 
CaMhIH 6onbIIIOH cna6o<poeycupy10rn,HH CHHXPOTPOH ( CHHXpO!pa30TPOH) 

6bIJI 3anyrn,eH B 1957 r. B JIB3 OIUl11 u npopa6ornn noqTH 50 neT, 

o6ecnequBaH 3Hepm10 npoTOHOB 10 r3B. 
3Hepm10 B npouecce ycKopeHHH qacTHUhI nonyqaJOT OT Bq-YCTPoiicrn, 

KOTOpbie no CBOeH. u.n.ee 6nH3Kll K .n.yaHTaM, HO nMeIOT MeHhIIIYIO )J,JIHHY H 

BhlilOnHeHhl B BH)J,e TPY6. Eonee 3<p<peKTllBHO ucnonb3OBaTh pe3oHaTOpbl. 

B npo.n.onhHOM HanpaBneHllH )],Bll)KeHHH, T. e. npn ycKopeHllH, .n.eiicrnyeT 
rn )Ke aBTO!pa3llpOBKa, HO B pH.n.e cnyqaeB co CBOllMll oco6eHHOCTHMH. BHaqane 

nOHBllnHCb CJia6oqJOKycupy10UJUe (MHrKo<poeycupyrorn,ue) CllHXPOTPOHhl, 
MarHHTHOe none B KOTOpbIX 6bIJIO no CBOeMy xapaKTepy 6ntt3KO K nonIO B 

UttKnOTPOHax (1L1llllll>IL1vlvl) . .[lrrH HHX paBHoBeCHM <pa3a <po HaXO)J.HTCH, KaK 

OTMe'laJIOCb BbIIIIe, Ha cna.n.a10iueu BeTBH ycKOpHIOill,ero nonH. 
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B J1CeCmKOqJOKycupy10UJUX UHKJIHlJeCKHX ycKopnTenHX (B HHX 
nonepe'IHhIH pa3Mep 3aHHMaeT O'leHb He6onhIIIOe npOCTPaHCTBO, OHH 6y.n.yT 

. pacCMOTPeHbl HH)Ke) KapTHHa ycToiiqnBOCTH ycKopeHHH ITylJKa COOTBeTcrnyeT 
<pa3aM pacmYUJe20 ycKOpHIOill,ero HanpH)KeHHH. Tiptt'IHHa B TOM, 'ITO TYT, 
Hao6opoT, OTHOCHTenbHOe yBenuqeHHe .n.nuHhl nyTH MeHbIIIe, lJeM 

ornocmenbHOe yBenutJeHue CKopocTH qacTHUhI (IL1ll/lll<IL1v/vl). AHanomtJHaH 
KapTHHa HMeeT MeCTO B JlUHeUHblX ycKopumeJlRX (puc. 5.6): 

T• Trf 

T•c T.-r -···---

+tr~~~ 
Pttc. 5.6. CMeineHne q>a3hI qacTHllhI B )K<l>Y n nY. YBennqemie CKopocrn npnso.u11T K 

YMeHbllleHHIO speMeHH nponeTa Me)K,!ly ycKOpll!OJnHMH npoMe~KaMH 

CttHXPOTPOHhI HMeIOT cnO)KHYIO nepuo.n.uqecKyIO a3HMYTaJihHYIO 

CTPYKTYPY, cocTOHIUYIO H3 noBopoTHhIX u <p0Kycupy10iuux MarHHTHhIX 
3neMeHTOB, a TaK)Ke CB060)J.HhIX npHMOnHHeHHhIX yqacTKOB (npHMep: 

HyKJIOTPOH OIU111). 
TionyqnTb 3HaqeHue MIT B KOnhue .n.nH 3a)J,aHHOH 3Hepmu u coprn 

HH)KeKTHpyeMhIX 'laCTHU MO)KHO no <pOpMyne 

Bp =A[W1(W1 +2Eo)/12 /qc. (5.5) 

3.n.ecb npu pacqernx B npOH3Be)J,eHHH Bp ucnonh3yeTCH MarHHTHOe none 

H pa.n.uyc KpHBH3Hbl TPaeKTOpHH TOnhKO B .n.unonhHbIX ( OTKnOHHIOIUHX) 
MarHHTaX ycKopuTenH, nOCKOJlhKY MarHHTHhle <p0Kycupy10iuue nHH3bl H 
CB060)J,Hhle npoMe)KJTKH B y.n.ep)KaHHH ny'lKa Ha 3a)J,aHHOM pa.n.uyce ne 
yqacTByIOT. BMeCTO BCero Konhua Mhl MO)l(eM npe.n.cTaBHTb ce6e cnnolllHOH 

ycKopuTenb C pa.n.uycoM op6HThl p H O)1,HOpO)].HblM MarHHTHhIM 
y.n.ep)l(ttBaroiuttM noneM B. 

3nepmIO )J,JIH 3a)],aHHOro nonH MO)l(HO cocqnTaTb no cpopMyne 

WI= [Eo + (pc!A//12 -Eo = ut [(88+(3qBplA)2/12 
- 9,38]. (5.6) 

KttHeTH'lecKM 3HeprHH Bceu tJaCTHUhI (ttoHa) W = AW1, r.n.e A - qncno 

nyKJIOHOB B Mpe, W1- 3HeprHH, npuxo)].Hiua»cH na o.n.uH HYKJIOH. B <pH3HKe qacrnu 
BhICOKHX 3Heprnu 3TO y.n.o6no, a noTOMY npHHHTO 6paTb WI. 3.n.ecb WI - B 
3B/nyKJIOH, q B npaBOH qacrn - 3ap».n. HOHa B aTOMHhlX e.n.nHHUaX (3ap».n.ax 
npoTOHa), Eo = 938· J rf 3B - 3Heprn» noKOH nyKJioHa, Bp - B Tn·M. 
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MaKCHMaJibHM 3Heprm1 B CHHXpOTJ)OHe nptt BbI6paHHOM pa.n,ttyce (T. e. 

nonepeqHOM pa.3Mepe ycKopttTem1) )],OCTHraeTCH nptt MaKCHMaJibHOM 

MarHHTHOM none. ,[viH ycKopttTeneii:, HCnOJib3yi:olll,HX :>K:eJie3HOe HpMO, 3Ta 

BeJIHqHHa onpe.n,enHeTCH noneM HaCbilll,eHHH tt COCTaBJIHeT OKOJIO 1,6 Tn, pe.D,KO 

.n,o 2 Tn. MaKCHMaJibHoe MIT B ceepxnpoeoo.11m,ux Atamumax cocrnBJIHeT 4, 5 
tt .n,a:>K:e 8 Tn. 3To nepe.n,OBbie, oqeHb CJIO)KHbie tt oqeHb .n,opome TeXHOJIOrHH. B 

HaCTOHlll,ee BpeMH xopomo OCBOeHbI HH06HH-THTaHOBbie cnnaBbI 

cBepxnpoBo.n,HttKa. 

3HepmH ycKOpHeMbIX qacTHU: B CHHXpOTJ)OHax He HMeeT 

npttHU:ttnttaJibHbIX orpaHnqeHttii. TaK, caMbIH 6onbmoii: B · Mttpe ycKopttTeJib 

(CERN) ttMeeT .n,Ba KOJibU:a c .n,nttHoii op6ttTbI 26,6 KM, noneM 8,3 Tn tt 

3Hepmeii: npoTOHOB B Ka)K.D,OM 7 T3B. 

Kpumuttec«a.11 311epzW1 e J1Cecn1«0</Jo«ycupy10m,ux yc«opumeJZ.RX 
no cnoco6y nonepeqHoii: q>oeycttpOBKH CHHXpOTJ)OHbI pa.3.D,eJIHIOTCH Ha 

)],Ba OCHOBHbIX Tttna: cna6oq>oKycttpyi:olll,tte tt :>K:eCTKOq>OKycttpyIOlll,He. 

B c;za6oporycupy10Ufux cuHxpomp011ax ycnoBHH ycrnii:qttBOCTH no 

q>oKycttpOBKe (6eTaTJ)OHHbIM KOJie6aHHHM) 6JIH3KH K TOMY, qrn Mbl BH.D,eJIH B 

ycKopttTeJIHX U:HKJIOTJ)OHHOrO THna. PaBHOBeCHaH q>a.3a y HHX HaXO)],HTCH Ha 

cna.n,awlll,eii: qacTH ycKopHIOlll,ero Bq-nonH. 

B :»eecmKOqJOKycupy10UfUX CUHXpompOHaJC nyqoK C)KaT KaK no 

6eTaTJ)OHHbIM KOJie6aHHHM, TaK tt no op6ttTaM, HMeIOlll,HM pa.3JIHqHbIH HMnyJibC 

(3HepmIO). Ilo3TOMY, KaK OTMeqanocb BbIIIIe, ycToiiqHBilll paBHOBeCHilll q>a.3a B 

Haqane ycKopeHHH, TaK KaK 3.n,ecb IL111/11l<IL1vlvl, Haxo.n,ttTCH Ha Bocxo.n,Hlll,eii: 

qacTH ycKopHIOlll,ero HanpH)KeHttH. Kor.n,a )Ke nptt yBennqeHHH 3Hepmtt 

qacTHU:bI ee CKOpOCTb nptt6Jitt)KaeTCH K CKOpOCTH CBeTa, yBeJIHqeHtte CKOpOCTH 

CTaHOBHTCH MaJibIM OTHOCHTeJibHO yBennqeHHH )],JIHHbI op6ttTbI, tt ycToiiqHBM 

q>a.3a nepexo.n,ttT Ha cna.n,aIOlll,yi:o BeTBb, KaK B cna6oqioeycttpyi:olll,eM 

ycKopttTene. 3rn 3HepmH nepexo.n,a q>a.3bI Ha.3bIBaeTCH Kpumu'lecKou (transition 
energy). qT06bI He noTepHTb nyqoK nptt npoXO)K.D,eHHH KpHTHqecKOH 3Hepmtt, 

C nOMOlll,blO pa.n,ttoTeXHHqeCKHX cpe.n,cTB npOH3BO)],HT 6bICTJ)bIH CKaqoK q>a.3bI 

ycKopHIOlll,eii Bq Ha 2rpo. IlocKOJibKY nyqoK Ha6pan 6onhmy10 3Hepmw H ero 

TPY.D.Ho pa.3pymttTb, nepe6poc q>a.3bI y.n,aeTcH npoH3BeCTH 6e3 3aMeTHbIX nOTepb 

qacTHQ. Mo:>K:HO .n,a)Ke Ha BpeMH OTKn104HTb Bq, HO nyqoK elll,e HeKOTOpoe 

BpeMH 6y.n,eT U:HPKYJIHpOBaTb B COCTOHHHH cryCTKa. 

Ko11mpOllbllble eonpoCbl 
l. MexaHH3M aBTOq>a3HpOBKH. 
2. Ee oco6eHHOCTH ,ll.TUI cna6oq>OKYCHpy101~HX ycKOpHTeneii. 
3. ABTOq>a3HpOBKa )l.TUI JIHHeHHbIX YCKOpHTeJieii. 
4. qTO TaK0e CHHXpOTPOHbI? 
5. qTO TaK0e KpHTH4eCKall :meprmI B JKeCTKOq>OKYCHpyromHx CHHXPOTPOHax? 
6. KaK ocymecrnmuoT rrepexo.l{ qepe3 KpHTH4ecKyro 3Heprmo? 
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TeAta: J(pyzue munbt u.uKJ1ur1ec«ux yc«opume1ieu 

Mu«pompo11 (microtron) 
KaK 6bIJIO IlOKa.3aHo paHee, npnqnHa, He II03BOJIHBIIIM ycKOpHTb B 

U:HKJIOTJ)OHe HOHbI )],O BbICOKHX 3Hepniii, COCTOHJia B TOM, qTo 3a cqeT 

yBeJittqeHHH CBOeii: MaCCbI qaCTHU:bI OTCTaBaJIH OT CHHXpOHH3Ma. A HeJib3H JIH 

c.n,enaTb TaK, qTo6bI OTCTaBaHtte peJIHTHBHCTCKOro crycTKa qacTHU: 6bIJIO 6bI 

HaCTOJibKO BeJIHKO, qrn6bI OH nonan B HY)KHyi:o q>a.3y ycKOpHIOlll,ero 

Bq-HanpH:>K:eHHH, HO nporryCTHJI nptt 3TOM u:eJibIH rreptto.n, KOJie6aHHH HJIH 

HeCKOJibKO rreptto.n,oB? 

TaKoii ycKopmenb 6bm npe.n,JIO)KeH B.11. BeKcnepoM B 1944 r. tt 

rronyqttn Ha.3BaHtte MUKpompoH: ycKopeHtte B HeM H.D,eT Ha BbICOKOH qacTOTe B 

MHKpOBOJIHOBOM .D,HaIIa.30He. ~yroe Ha.3BaHtte 3Toro ycKopttTeJIH 

3JleKmpOHHblU lJUKJIOmpoH (pttc. 5.7). Ilpou:eccbI ycKopeHHH B MHKpOTJ)OHe H.D.YT 

rrptt p ~ 1. 
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PHc. 5.7. Op6HTh14aCTHII, ycKopJieMbIX B MHKp0TPQHe. CHJIOBbie JIHHHH MIT HarrpaBJieHu 
rreprreH,l{HKJJllIPH0 IIJI0CK0CTH pHCYHKa I - BaKJYMHall KaMepa; 2 - ycKopJIIOmHH pe30Harnp; 

3 - BblBO.l{HOH KaHWI 

61 



KaK Mhl 3HaeM, nepH0)]. o6paII.(eHH.SI qacTHI.(hl B MarHHTH0M none 

T = 2nm/qB = 2nE/qBc. (5.7) 

ECJIH MarHHTH0e none II0CT0.SIHH0 BO BpeMeHH H 0)].H0p0)].HO B 

np0CTPaHCTBe,T0 

AT= (2n/qBc2
) AE. (5.8) 

TaKHM o6pa30M, H3MeHeHHe nepH0)].a up.SIMO nponopl.(H0HaJihHO 

npHpaII.(eHHIO ::meprnH. Mbl BH)].HM, qTQ )].o6asKa AE )].0JI)l(Ha 6bITh TaKOH, 

qrn6hl y.D.JIHHeHHe nepH0)].a o6paII.(eHH.SI AT coorneTcrnosano 0)].H0MY nepHO.D.Y 

Bq (HJIH HeCK0JihKHM I.(eJihIM). B 3T0M cnyqae 3JieKTp0H nona.neT B TY )Ke q>a3Y 

ycKop.SIIOII.(ero Hanp.sr)KeHH.SI, T. e. 6y,neT coxpaHeH CHHXp0HH3M. 

U =. ~max COS CO t 

r,-;r, 
1
_ ___ ....,. 

. I :- --\ r.--rr 
~ . (!1~·,_ 

0-ii 1-ii 2-ii o6opoThl 

PHc. 5.8. sq-Hanp,i:iKeHHe Ha ycKop,i:101neM pe3oHarnpe. To11KaMH oTMe11eHhl prumoaecHhle 
<jiaJOBble IlOJIOiKeHHll: ny11Ka nocJie nepaoro H BTOporo o6opOTOB 'laCTHil 

113 pHC. 5.7 H 5.8 BH)].H0, qTQ nepH0)]. o6paII.(eHH.SI qaCTHI.( C Ka)K)].bIM 

o6opoTOM yseJIHqHsaeTC.SI Ha 0)].HH nepH0)]. ycKOp.SIIOII.(eH BbICOKOH qacTOTbI. 

KpaTHOCTh qacT0Thl ycK0p.SIIOII.(ero HaIIp.SI)KeHH.SI yseJIHqHsaeTC.SI Ha e)].HHHI.(y. 

ITOCKOJibKY op6HThl 3JieKTp0H0B )].JI.SI BCeX BHTK0B npoXO)]..SIT qepe3 0)].H0 H 

TO )Ke ycKop.SIIOII.(ee YCTPOHCTB0, TO I.(eHTP KpyroBhIX op6HT II0CT0.SIHH0 OT Hero 

CMeII.(aeTC.SI. I103TOMY pe30HaTOp Il0MeII.(aIOT Ha Kpaii MarHHTH0f0 II0JIIOCa, r.ne 

pacII0JI0)KeH HCToqHHK 3JieKTP0H0B. 

KaK H I.(HKJI0TP0H, MHKP0TP0H M0)KeT, B npHHI.(Hne, pa6ornTh B 

HenpepbIBH0M pe)KHMe. 

CyII.(ecrnyeT 3aBHCHM0CTh, cornacH0 KOTOpOH Ha6op 3HeprHH qaCTHI.(bl 

3a o6opoT )].0JI)KeH cocTaBJI.SITh nop.sr,nKa ee 3HeprHH noKo.sr Eo. TaK, )].JI.SI 

3JieKTp0H0B BeJIHqHHa ycKop.SIIOII.(ero HaIIp.SI)KeHH.SI )].0JI)l(Ha C0CTaBJI.SITh 500 KB, 

a )].JI.SI np0T0H0B 3T0 )].0JI)KHO 6hITb 0K0JI0 1 rB. ITocJie)].HHH cnyqau 

npaKTHqeCKH HepeanH3yeM, Il03T0MY B MHKP0TP0He ycK0p.SIIOT TOJihKO 

3JieKTP0HhI. B KaqecTBe ycKop.SIIOII.(ero ycTpOHCTBa HCII0Jih3yeTC.SI pe3oHaT0p, 

II03BOJI.SIIOII.(HH o6ecneqHTh TaK0e HaIIp.SI)KeHHe. 
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3HeprH.SI, npHo6peTaeMa.SI 3JieKTp0H0M B MHKP0TP0He, C0CTaBJI.SleT 

W = NU, r,ne N - qHcno npoXO)K)].eHHH qepe3 pe30HaTOp. O6b1qHo N = 20 - 30, 
qTo coorneTcTByeT 3HeprHH 10 - 15 M3B. J13-3a orpaHHqeHHH M0II.(H0CTH 

Bq·HCTQqHHKOB MHKP0TP0H pa6orneT a HMIIYJihCH0M pe)KHMe c qaCTOTOH 

I.(HKJI0B OT 50 )].0 HeCK0JibK0 C0TeH B ceKyH,ny. ToK B HMIIYJibCe C0CTaBJI.SleT 

HeCK0JihK0 .nec.SITK0B MA, cpe)].HHH - 0K0JI0 50 MKA. 

MarHHTHOe none B MHKP0TP0He 0)].H0p0)].H0, H ycJI0BHe qioxycHpOBKH 

0<n<l )].JI.SI cna6oqioxycHpYJOII.(HX ycxopHTeJieii He co6n10,naeTc.sr (n=0). 3,nech 

q>oKycHpOBKa ocyII.(eCTBJI.SleTC.SI 3JieKTPHqecKHM II0JieM BHYTPH pe30HaTOpa. 

YcJIOBH.SI CHHXp0HH3Ma )].JI.SI 0)].H0p0)].H0ro MarHHTH0f0 II0JI.SI B 
onpe,neJI.SIIOTC.SI C00TH0IIIeHHeM 

cos <f)s = B)..c/2nU < 1, (5.9) 

r)].e <f)s - paBH0BeCHa.SI q>a3a, )._ - )].JIHHa B0JIHhI, u - ycK0p.SIIOII.(ee Hanp.sr)KeHHe. 

I1pH peanhHhIX 3HaqeHH.srx ).,::::::0,1 M (f=3 rrl.() H U=500 xB B=0,l Tn, qrn 

npHB0)].HT K )].0B0JihH0 60JibllIHM pa3MepaM MarHIITa. 3TO .SIBJI.SleTC.SI 0)].HHM H3 

orpaHHqeHHH 3HeprnH, nonyqaeMOH B MHKp0Tp0He. O,nHaKO H3-3a csoeii 

OTHOCHTeJihHOH npocT0ThI ycK0pHTeJih HaX0)].HT rrmpoxoe npaKTHqecKoe 

npHMeHeHHe. 

Eemampon 
EeTaTPOH (betatron) - 3T0 HH)].yKI.(HOHHhIH I.(HKJIHL1ecKHH ycxopHTeJih. Ero 

pa6orn II0)].06Ha TPaHCq>OpMarnpy, r.ne BTOpHqHhIM BHTK0M .SIBJI.SieTC.SI nyqoK 

3ap.sr)KeHHhIX qacTHI.(. B HeM M0)KH0 ycxop.SITh T0JihK0 3JieKTP0Hhl (/3-qacTHI.(bI), 

0Txy,na H Il0IIIJI0 Ha3BaHHe. 

ITepBhIH 6eTaTPOH 6bm nocTpoeH B 1940 r. KepcrnM. B 1941 r. KepcT H 

Cep6ep ony6JIHKOBaJIH qiyH)].aMeHTaJihHbie pa6oTbl II0 TeopHH 6eTaTPOHHhIX 

KOJie6aHHH. 

~~ 
opium, 

8/l'WJtlN(U 
~IIMql(l 

KD'81f/U/ltll 
/ltl{/IJllll/1(l 

PHc. 5.9. CxeMaTH'lHall: KOHCTPYKilHll: 6ernTPoHa 
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MarnttTHhiii cep,neqHHK ycKopttTemt nMeeT III-o6pa:myio q>opMy, 

rro,no6Hyio QHKJIOTPOHY (pnc. 5.9), HO B OTJIHqne OT IIOCJie,nHero 3,nech 

MarHHTHOe IIOJie MeH.SieTC.SI BO BpeMeHH, C03.!(aBa.SI rrepeMeHHhlll IIOTOK Me)KJ(y 

rromocaMH. O6hJqHo HCIIOJlh3YeTC.SI CHHYCOH.!(aJihHOe ceTeBoe HaIIp.SI)KeHtte. 

BaKyyMHa.SI KaMepa rrpe,ncrnam1eT co6oii q>opMy rrycrnTeJioii 6apaHKH (Topa). 

TpaeKTOpll.SI 3JieKTPOHOB 3aMhIKaeTC.SI B KOJihQO «Be,nylQHM» MarHHTHhIM IIOJieM. 

3JieKTPOHhl ycKOp.SIIOTC.SI BllXpeBhIM 3JieKTPttqecKHM IIOJieM, 

B03HllKaIOIQHM rrpn B03paCTaHllll IIOTOKa MarHHTHOH HH.!(YKQHH, rrpoXO,n.SIIQero 

BHYTPH 3aMKHyrnii op6nThI. 

CaMhIM Ba)KHhIM ycJIOBHeM pa60Thl 6eTaTPOHa .SIBJI.SieTC.SI BhI6op 

rrpaBHJihHOro COOTHOIIIeHH.SI Me)KJ(y ycKop.SIIOIQHM BHXpeBhIM 3JieKTpnqecKHM 

IIOJieM ( orrpe,neJI.SIIOlQHM 3HeprnIO qacTHQ) If Be,nyIQHM MarHHTHhIM IIOJieM, 

qrn6h1 3JieKTPOH He cBopaqttBaJIC.SI BHYTPh n He yxo,nttJI Hapy)Ky. 

TaKoe ycJIOBHe 6bIJIO Haii,neHO y)Ke ll3BeCTHhIM HaM HOpBe)KCKHM 

llH)KeHepoM Bn,nepo3 B 1927 r. OHO .!(OBOJihHO rrpocTOe If HMeeT BR.I( 

B6eo(t) = Bcpo(t)/2, (5.10) 

r,ne B6e0 - «Be,nymee» MarHHTHOe IIOJie Ha op6nTe («IIOJie Ha oqeHh TOHKOH 

IIOJIOCKe»), a Bcpo - cpe,nHee MarHHTHOe IIOJie B IIOTOKe, KOTOphlll OXBaTbIBaeTC.SI 

op6ttTOH. TaKHM o6pa30M, MarHHTHOe DOJie ua op6nTe .!(OJl)KHO 6hITh B 2 pa3a 
Menbme cpe,nuero rroJI.SI, KOTopoe ·oxaaThrnaeTc.SI 3Toii op6ttToii. Kapnrny 

MO)KHO ll306pa3HTh B Btt,ne cryrreHhKH. 3To COOTHOIIIeHne (yCJI06Ue 06a K 

oouo.111y, two-to-one rule) ,noJI)KHO co6JI10,naThC.SI Ha nporn)KeHttn acero BpeMeHn 

ycKopeHn.SI. 

3Heprn.SI ycKop.SieMhIX 3JieKTPOHOB 20 - 50 M3B, N~ l 010 
ppp. 

qT06hI yBeJinqllTh 3HeprnIO ycKop.SieMhlX 3JieKTPOHOB, llCDOJih3YIOT He 

qernepTh rreptto,na nepeMeHHOro Bcpo (aepxH.SI.SI qacTh pnc. 5.10), a IIOJIOBHHY 

(KaK IIOKa3aHO B Hlf)KHeii ero qacTn). 3To ,neJiaeTC.SI c DOMOIII.hlO TaK 

Ha3hIBaeMoro rro,nMarHttqnaaHH.SI - .!(OIIOJIHHTeJihHOro TOKa B OT,neJihHOH 

o6MOTKe, CMeIQaIOlQero IlOJie BBepx Ha aMIIJIHTY.!(HOe 3HaqeHne Bmax. 
Ha 06b1qHoe rrepeMeHHOe yrrpaBJI.SIIOlQee UOJie C IIOMOIQhlO OT,neJihHhIX 

o6MOTOK HaKJia,I(hIBaeTC.SI IIOCTO.SIHHOe rro,nMarnnqnBaIOlQee IlOJie 

IIOJIO)KHTeJihHOrO HanpaBJieHH.SI, TaK qTO pe3yJihTHPYIOIII.ee yrrpaBJI.SIIOlQee DOJie 

H3MeH.SieTC.SI 3a IIOJiyrrepno,n He OT -Bmax ,no +Bmax, a OT HYJI.SI .no 2Bmax, a 3a 3TO 

BpeM.SI HH.!(YKQll.SI B cep,neqHttKe (rroTOK) no-npe)KHeMy H3MeH.SieTC.SI OT 

OTpHQaTeJihH0ro aMIIJIHTY.!(HOr0 3HaqeHH.SI ,no IIOJIO)KHTeJihHOro. 

EeTaTPOH .SIBJI.SieTC.SI e,nmicrneHHhIM QUKJilfqecKHM Hepe30HaHCHhIM 

ycKopnTeJieM. 
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Pnc. 5.10. IIone B 6e-ra-rpoHe 6e3 IlO,nMarHH'IIfBaHHR H C ITO,nMarHH'IHBaHHeM 

KoumponbHbte Bonpocbt 
l. Kru< pa6orneT MHKJJOTJJOH? 
2. KaK pa6orne-r 6eTaTJJOH? 
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JleKQHH 6 
Te.Ma: 3.iltUl1ll1lllHC ny•lKa 

3AtummaHc (emittance) ny•ma 6 <jJa30BOAt npocmpaHcmBe 
PacCMOTIJHM TOqeqHI,IU HCTOqffHK 3apH)KeHHbIX qacTHQ (pHC. 6.1) 

amUIOrHqHo TOMY, KaK :no )],enaeTCH B reoMe-rpHqecKOll OITTHKe. qaCTHQbl B 

ToqKe x=O, z=O BbIXO)].HT ITO)]. pa3JIHqffI,IMH yrnaMH a B npe)].enax ±ao H 

)].BH)KYTCH B HanpaBJieHHH OCH Z K JIHH3e L1. I1oJIO)KHTeJibHblll OTcqeT a Be)],eTCH 

OT OCH z npOTHB qacOBOU c-rpeJIKH. YrnoByIO COCTaBJIHIOW:YJO nyqKa npHHHTO 

TaK)Ke npe)].CTaBJIHTb B BH)].e r'=dx/dz=tga H )].JI.SI MaJiblX yrnoB r'=a. 3TO 

paBH03HaqHo. 

JlHHeUHO pacTym:ee B nonepeqHOM HanpaBJieHHH none JIHH3bl Il03BOJIHeT 

C)].eJiaTb nyqoK napanneJibHblM. BrnpaH JIHH3a L2 CHOBa Q)OKycHpyeT qacTHQbl B 

ToqKy. B HH)KHeii qaCTH pHCYHKa H306pa)KeHO IlOJIO)KeHHe qaCTHQ Ha pa3Hb!X 

paccTOHHHHX z OT HCTOqHHKa B KOOp)].HHaTax X - a : nonepeqHoe. IlOJIO)KeHHe 

qacTHQbl - yron ee TpaeKTOpHH. KaK BH)].HM, 3TO npHMbie JIHHHH. 
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PHc. 6.1 . .ll:HarpaMMa nyqKa li3 ToqeqHoro liCTQqHJiKa B KOOp)liiHarnx z - X Ii X - a 

O)].HaKO ToqeqHblll HCTOqHHK - 3TO H)],eaJIH3aQHH, H peanbHO mo6ott 

HCToqHHK HeToqeqHblH, H H3 Hero Bb!XO)].HT nyqoK He TOJibKO C Ha6opoM yrnoB 

TpaeKTOpHii, HO OH HBJIHeTCH nporn)KeHHblM B nonepeqHoM HanpaBJieHHH. 
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ITpOTH)KeHHbIH HCToqHHK MO)KHO npe)].CTaBHTb KaK MHO)KeCTBO ToqeqHI,IX 

HCTOqHHKOB, 3aHHMaIOW:HX npoc-rpaHCTBO ero BbIXO)].HOro OTBepCTHH. 3TOT 

cnyqaii IlOKa3aH Ha pHC. 6.2. KaK Mbl YBH)],HM, B Tex )Ke KOOp)].HHaTaX x - a 
JIHHHH npeapam:aioTCH B ITJIOW:a)],H. I1pH 3TOM H3MeHHIOTCH H CBOllCTBa nyqKa, 

H Mbl )].OJI)KHI,I Tenepb KaKHM-TO o6pa30M oxapaKTepH30BaTb 3TO OTCTynneHHe 

OT nepBOHaqaJII,HOro npH6JIH)KeHHH, T. e. He cqJITaTb HCToqHHK ToqeqHI,IM. B 
npoTHBHOM cnyqae Haum pacqeTbl He 6y)].yT COOTBeTCTBOBaTb 

)],eHCTBHTeJibHOCTH. 

X 

r.: ~--
~ 

~l7o 
't: 

i!. 

~ I 

PHc. 6.2. TpaeKTOplili IlyqKa B CBOOO)lHOM npoCTpaHCTBe, Bb!XO)ll!IIUie m nponDKeHHOfO JiCTOqJiHKa 

KaK Mbl BH)].HM H3 pHC. 6.2, B TOqKe BbIXO)].a qacTHQ H3 HCTOqHHKa (z=O) 
nonepeqHaH npOTH)KeHHOCTb nyqKa COCTaBJIHeT ± Xo , a cneKTp yrnoa nptt 3TOM 

COCTaBJIHeT ± ao. TaKHM o6pa30M, IlJIOW:a)].b qJHrypbl 6y)].eT 2xo·2ao (pttc. 6.3, a). 

«. 
I 

X X 

Sn s, .'; 

a) 6) 
PiiC. 6.3 . .ll:HarpaMMa nyqKa x - a m liCTQqHHKa c npOTl!)KeHHhIM nonepeqIJbJM pa3MepoM 

I1pH npoXO)K)],eHIIII CB060)].HOro npocTpaHCTBa yron qacTIIQ He MeHHeTCH, 

qTo COOTBeTcrnyeT ITOJIO)KeHl!IO JIHHIIH ,±ao Ha pttc. 6.3, a. B TO )Ke apeMH 

nonepeqffI,Ie KOOp)].HHaTbl qacTHQ, BbIIIIe)].IIIIIX II3 IICToqHJ1Ka ITO)]. yrnoM, 

OTJIJiqffI,IM OT HYJIH, 6y)].yT paCTH. ITptt 3TOM nonepeqttoe IlOJIO)KeHHe qaCTIIQ C 

HyneBbIMII HaqaJII,HblMH yrnaMH OCTaHeTCH HeJI3MeHHbIM II 6y)].eT COCTaBJIHTb 

2xo. Ha pHC. 6.3, a H306pa)KeHa 3aIIITpHXOBaHHaH qJHrypa Ha BXO)].e HeKoTOpOH 

IlJIOCKOCTH, HaXO)].HW:eHCH Ha paCCTOHHHH z, OT IICTOqHJIKa. Otta HBJIHeTCH 

napannenorpaMMOM. ,Uanee no z napannenorpaMMbI 6y)].yT BbITHrttBaTbCH, HO, 

KaK BII)].HM, B pa3Hb)X TOqKaX z OHH Bcer)],a HMeIOT O)],IIHaKOByIO nnom:a)].b: 

€ = L1x ·L1a = 2xo·2ao. (6. l) 
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l_ 

qaCTIIU:bI, )],BHraHCb B ycKOpttTeJie HJIH IIO KaHaJiaM TpaHCIIOpTttpOBKH 

nyqKa, IIpOXO)],HT <porycnpyIOIIJ.He u )],e<poKycupyIOIIJ.He MarHHTHble IIOJIH. 3TH 

IIOJIH HBJIHIOTCH B03BpaIIJ.aIOIIJ.HMH CHJiaMH, KOTOpbie IIpHBO)],HT K ycrniiqHBOMY 

)],BH)KeHHIO qaCTHU:. qaCTHU:bl npu 3TOM HCIIblTbIBaIOT 6JIH3KHe K 

rapMOHnqecKHM nonepeqHbie KOJie6aHHH OTHOCHTeJibHO npo)],OJibHOH OCH z. 
BeJinqnHa, xapaKTepH3YIOIIJ.aH COCTOHHHe )],BH)KeHHH qacTHU:bl B Ka)K)],blH 

MOMeHT BpeMeHH, ecn, <paJa ee )],BH)KeHHH. B 3aBHCHMOCTH OT <pa3bl MeHHIOTCH 

nonepeqHbie napaMeTpbl qac~THU:bI: e~ IIOJIO)KeHue, yroJI, CKOpOCTb. 

0 

. 

~ t f- . ___ 2i 

- ><,, a) 

cl.. 

OCo!!J 

X 
-x,, 

-(;('.,. 
Pttc. 6.4. ,llBHlKeHHe IT)"IKa B rrpO.[(OJibHOM (a) H <pa30BOM (6) rrpOClpaHC'TBllX. B <pa30BOM 

rrpOClpaHcTBe IT)"IOK HMeer 3JIJIHIITH'IeCK)'IO orn6ruomyro ( ClpeJIKH - HarrpaBJieHHe H3MeHeHIDI 

<pa30BbIX lpaeKTOpHii) 

TaKoe )],BH)KeHHe nyqKa H306pa)KaIOT B rpa3060M IIpOCTpaHCTBe. B 

Kaqecrne <paJOBOro npocTpaHCTBa MO)KeT paccMaTpHBaTbCH npocTpaHCTBO 

)],eKapTOBbIX KOOp)],HHaT H nonepeqHblX COCTaBJIHIOIIJ.HX HMIIYJibCa (HJIH 

KOOp)],ttHaT H yrnoB HaKJioHa TpaeKTOpHtt). l13MeHeHHH Ka~oro napaMeTpa 

6y)].YT IIpOHCXO)],HTI, B IIJIOCKOCTH, KOTOpaH Ha3bIBaeTCH rpa3060U, a 

TpaeKTOptttt, KOTOpbie OIIHCblBaIOT TaKHe H3MeHeHHH, Ha3bIBaIOTCH rpa306blMU 
mpae1<.mopuRM. IlonepeqHoe )].BH)KeHne qacTHU: paccMaTpHBaeTcH, KaK npaBHJIO, 

He3aBHCHMO B )],BYX IIJIOCKOCTHX. BbIUie Mbl paccMOTpeJIH HaqaJio TaKoro 

)],BH)KeHHH MH <paJOBOH IIJIOCKOCTH X - a. AHaJiornqHo npe)],CTaBJIHeTCH 

)],BH)KeHHe B nepneH)],HKYJIHpHOH IIJIOCKOCTH y- /J. Ilo-)].pyroMy OIIHCbIBaeTCH 

<paJOBoe )],BH)KeHtte B npo)],OJibH0M HanpaBJieHHH (nptt ycKopeHHH), r)],e Mbl ~e 

paccMaTpHBaJIH KOJie6aHHH qaCTHU: B npou:ecce aBTO<pa3HpOBKH. 

IlocKOJibKY IIpH nonepeqHOM )],BH)KeHHH B nyqKe MaJIO qacTHU:, 

HMeIOIIJ.HX O)],HOBpeMeHHO H MaKCHMaJibHOe CMeIIJ.eHHe OT OCH, H 

MaKCHMaJibHbIH yroJI (::no KpaH nyqKa), HMM MO)KHO npeHe6pe%. Tor)],a 

napaJIJieJiorpaMMbl npeBpaIIJ.aIOTCH B 3JIJIHIICbl (puc. 6.3, 6 H puc. 6.4, 6). 
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PeaJibHbie nyqKH, ttMeIOIIJ.He 02u6a10Ufy10 <paJOBYJO )],HarpaMMY, 6JIH3KYIO 

K 3JIJittncy, JaKJIJOqaJOT B ce6e IIJIOIIJ.a)].b, paBHYIO 

t: = nxa, (6.2) 

r)],e x - IIOJIYIIIHpHHa nyqKa, a a - ero IIOJIOBHHHblH yroJI. 3Ta BeJIHqHHa 

HaJbIBaeTcH 3Atummauco.u (oT JiaTHHCKoro emittere - ncnycKaTb). OHa HMeeT 

pa3MepHOCTb M·pa)], HJIH MM·MpM. Ilptt 3aIIHCH qucJieHHOH BeJIHqHHbl 

3MHTTaHca o6bJqHo BbI)],eJIHIOT MHO)KHTeJib 7t B HBHOM BH)],e, HaIIpHMep, 

cx=3,81t MM·Mpa)],. Cl>aJOBoe )],BH)KeHne qacTHU: BHYTPH orn6a10IIJ.eH IIpOHCXO)],HT 

IIO MeHbIIIHM 3JIJIHIITHqecKHM TpaeKTOpHHM, onpe)],eJIHeMbIM HaqaJibHbIMH 

ycJIOBHHMH HX )],BH)KeHHH. 

ECJIH 3HeprHH nyqKa He MeHHeTCH, TO 3MHTTaHc MeHHeT TOJibKO <pOpMy, 

HO ero IIJIOIIJ.Mb OCTaeTCH IIOCWHHHOH (meopeMa Jluym1..11..1m), T. e. nyqoK B 

<pa30BOH IIJIOCKOCTH II0)],06eH HeC)KHMaeMOH )KH)],KOCTH. 

Ilpu IIOCTOHHCTBe IIJIOIIJ.MH 3MHTTaHC MO)KeT npttHHMaTb CJIO)KHYIO 

<pOpMy. EcJIH BIIHCaTb TaKOH 3MHTTaHC B 3JIJIHIIC, TO IIJIOIIJ.a)],b IIOCJie)],Hero 

6y)].eT 6oJibIIIe IIJIOIIJ.a)],H HCTHHHOro 3MHTTaHca. B 3TOM CJiyqae IIJIOIIJ.a)],b 

OIIHCbIBaIOIIJ.ero 3JIJIHIICa Ha3blBaIOT 3rprpe1<.mU6HblM 3MUmmaHC0M. 
Ilpe,[(CTaBJieHHe oru6aIOIUHX nyq:Ka B <pOpMe 3JIJIHIICOB Y.fl06Ho rrpH HX 

HCIIOJib30BaHHH B MaTeMaTH'IeCKOM anrrapaTe rrpH pacqeTax. Pac'IeTHblll arrrrapaT B <pH3HKe 

ycKOpHTeJieil: H II)"IKOB 3aplllKeHHblX qacTHil B HaCTOJIIUee BpeMJI xoporno pa3pa6ornH, H Mb! 

MOlKeM C xoporneii TO'IHOCTblO rrpe.[(CKa3bIBaTb IIOBe,[(eHHe 3apJ1lKeHHblX 'IaCTHU Ha JII060M 

3Tarre HX ,[(BHlKeHHJI OT HCTO'IHHKa ,[(0 3KCIIepHMeHTaJibHOH ycTaHOBKH. 3aMeTHM, 'ITO rrpH 

HeKOTOpoM CXO,[(CTBe OTJIH'IHe ,[(HHaMHKH 3apJ1lKeHHblX II)"IKOB OT reoMe'I'pH'IeCKOH OIITHKH 

COCTOHT eme B TOM, 'ITO B IIOCJie,[(HeM cnyqae He paccMaTpHBaIOTCJI KOJie6aTeJibHble 

rrpoueccbl B <pa30BOM rrpOClpaHCTBe. 

qeM )],JIH Hae Ba)KeH 3MHTTaHc? 3HaHHe 3MHTTaHca II03BOJIHeT 

o6ecneqHTb HY)KHble xapaKTepHCTHKH nyqKa, IIa)],aIOIIJ.ero Ha MHUieHb, nptt 

IIOCTaHOBKe <pHJHqecKHX 3KCIIepHMeHTOB. TaK, HanpHMep, qacTO Tpe6yeTCH 

o6JiytieHHe MHIIIeHH (ycTaHOBKH) nyqKOM C 3a)],aHHb!M pa3MepoM JIH60 C 

3a)],aHHbIMH yrJiaMH BXOMIIJ.HX B Hee qacTHU: (BO MHOrHx cJiyqaHX oqeHb 

MaJibIMH). HanpttMep, eCJIH H3BeCTeH 3MHTTaHC BXO)],HIIJ.ero B ycTaHOBKY nyqKa, 

TO, BbI6HpaH O)],HH ero napaMeTp, Mhl c IIOMOIIJ.bIO BHeIIIHHX <poKycupyIOIIJ.HX 

noJieH O)],H03HaqHo, cornacHo (6.2), noJiyqaeM )].pyroii. 

ll3MepeHtte 3MHTTaHCa IIp0H3BOMT C IIOMOIIJ.bIO IIJ.eJIH (KOJIJIHMaTOpa), 

qepe3 Kompy10 nponycKaIOT qacTb nyqKa B O)],HOH, a JaTeM a )].pyroii 

IIJIOCKOCTH. KoJIJIHMaTop nepeMeIIJ.aIOT Ha pa3Hble nonepeqHbie KOOp)],ttHaTbl H 

Ha 3KpaHe H3MepHIOT pa3Mep nyqKa. 3HaH paCCT0HHHe OT IIJ.eJIH )],O 3KpaHa, 

onpe,1],em1IOT ero yrnoByIO pacXO)],HMOCTb. CyIIJ.eCTBYIOT H )].pyrne MeTO)],bl 

tt3MepeHHH 3MttTTaHca, HanpnMep, no oru6a10IIJ.eH nyqKa. 
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HopManU306aHHbtii (npuBeOeHHbtii) 3Mumma11c (normalized emittance) 
CKa3aHHOe BbIIIIe OTHOeHTenhHO 3MHTiaHea nyqKa (6y,neM B ,naHHOM 

pa:3,nene Ha3bIBaTb ero «reoMeTPuqeeKHM») onpe,nem1eTeH xapaKTeptteTttKaMtt, 
nonyqeHHbIMII HM nptt ero «po:>K,D;eHHH» B tteToqHHKe, r.ne TIOilO)KeHHH II 
CKopoeTH (ttMnynhebI) 3apH)KeHHbIX qaeTHQ onpe,nenHJOTCH TIITIOM HeToqHHKa: 
ero TeMneparypoii TIIla3MbI, o6beMHOH TinOTHOeThJO IIOHOB, pe)KIIMOM pa60Tbl 
tt T. TI. 3,neeh TaK)Ke HMeJOT MeeTO rapMOHHqeeKtte Kone6aHHH qaeTHQ B 
3neKTP1IqeeKHX II MarHHTHbIX nonHX, a ene,noBaTenhHO, IIX ,l(BII)KeHtte B 
<pa30BOM npoeTPaHeTBe ( <pa30BblX nnoeKoernx). Ilptt 3TOM eMbien 

reoMeTPttqeeKoro 3MHTiaHea BHYTP" tteToqHHKa TepHeTeH, noeKOilbKY yrnhI 
qaeTHQ HMeJOT eneKTP 21t. O,nHaKO ,nnH Hae IIHTepeeHbl rpaHHqHbie pa3Mepb1 II 
eKopoeTH (ttMnynhebI) IIOHOB. OHH onpe,nenHJOT ornuque nyqKa OT u,neanbHOro, 
ToqeqHoro, tt e IIX TIOMOI..QbJO Mbl Mornu 6bI BbJquenHTb He paBHblll HynJO 
reoMeTPuqeCKIIH 3MHTiaHe. O,nHaKO II3MepttTb TaKHe xapaKTeptteTHKII nyqKa 
BHYTPH tteToqHuKa oqeHh enO)KHO. Ilo3TOMY peIIIaJOT o6paTHYJO 3a,naqy: no 
II3MepeHHOMY reoMeTpuqeCKOMY 3MHTiaHey yeKopeHHOro nyqKa HaXOMT ero 
xapaKTeptteTHKII B tteToqHHKe. 

Ha ptte. 6.5, a mo6pa)KeHbl TIOilO)KeHHH II CKOpoeTH 3apH)KeHHbIX qaeTHQ 
II IIX eoeTaBilHJOIQHe B npo,nonhHOM ( oeeBOM) II nonepeqHoM HanpaBneHHHX 
BHYTPII IICTOqHHKa. Ha ptte. 6.5, 6 TIOKa3aHbl . HanpaBneHHH eoeTaBilHJOI..QIIX 

HMnynhea qacTHQ B nonepeqHoii nnoeKoeTtt PJ: 

-~ -~. 
. ~r _·v \ .• 6; . 

. 
V :A;' 

t:::::-. • 

a) 6) 
PHC. 6.5. vho6pIDKeHHJI IIOJ!OlKeHHJI 3aplllKeHHbIX qacTHI_\ (rnqKH) H HX CKOpOCTeii H 

KOMIIOHeHT CKOpOCTeii (cTpeJIKH) BHYTPH HCTOqHHKa: a) B IIJIOCKOCTH xz (B.UOJ!b OCH z 
rrpOHCXO,l-lHT BhiBO.U H ycKopeHHe ), 6) a rrorrepeqHoii IIJIOCKOCTH XY 

Ilptt ycKopeHHH qaeTHQ ,no 3HaqeHHH npo,nonhHoro HMnynhea Pa ero 
BenuquHa II pJ.-::::. p 0 onpe,nenHJOT yron TPaeKTopuu qaeTHQhI c npo,nonhHOtt oehJO 
,llBII)KeHHH nyqKa (,nnH MMbIX yrnoB a=pjpa, ptte. 6.6). MaKettManbHOe 
3HaqeHtte yrna a0=p/pa Bxo,nttT B Kaqeerne eoMHO)KttTenH B BenuquHy 
reoMeTPttqeeKoro 3MttTiaHea e=1er O a0. 
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PHC. 6.6. Yron rpaeKTOpHH rryqKa, orrpe.uenJleMblll rrorrepeqHblM HMIIYJibCOM 

Ha ptte. 6. 7 B KOOp,nttHaTax r - p TIOKa3aHO TIOilO)KeHtte IIHTepecyJOI..QIIX 
Hae qaeTHQ BHYTPH tteToqHHKa eoo6pa3HO pue. 6.5, r,ne r - nonepeqHa.R 
KOOp,nttHaTa (x HnH y), a Po - MaKeHMMbHa.R BenuquHa KOMTIOHeHTbl 
nonepeqHoii eoeTaBnHJOIQeii HMnynhea 3ap.R)KeHHhIX qaeTHQ (pox unn Po_v)
OeQttnnHQHH qaeTHQ, 6ntt3Ktte K rapMOHuqeeKnM, no3BonHJOT onneaTb KOHTYP 
3nnuneoM C nnOI..Qa,l(bJO 

S = 1C YoPo• 

p 

p_()_ 

IlyqoK 

r 
fo 

PHc. 6.7. <l>a30BaJI ,l.\HarpaMMa rrorrepeqHoro ,l-lBHlKeHHJI rryqKa B HCTOlJHHKe 

(6.3) 

11enonh3yeM OTHOettTenbHble e,nHHIIQbl, KOTOpbie IIIHpOKO npHH.SITbl H 
y,no6Hbl npH paeqernx, T. e. Henonh3yeM npHBe,neHHblll HMnynhC /Jy II 
npttBe,neHHYJO 3Heprtt!O y (paBHYJO EIE0). B 061..QeM enyqae npnse,neHHblH 
(HopManH30BaHHbltt) HMnynhe paBeH 

p'= plmoc = m{Jclmoc = /Jy. (6.4) 

B qaeTH0eTH, B HeT0'-IHHKe (o603Ha'-leHne '-1epe3 HH,neKc «o») 

p:, = p0 /m0 c = /J,,y,,. (6.5) 
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11.riorn:a,nh K0Hrypa s B (6.3) B Koop,n1rnarnx r0- fi0 y0 o6o3HaqHM qepe3 3. 
Tor,na: 

3 = nroPoYo• (6.6) 

OHa Ha3bIBaeTCH npu6eOe1111bUI, UJIU 110pMaJIU306llllllblJU, 3J1tumma11co.llt 

ny'l«a. 

HopMaJIU30BaHHblH 3MUITaHC MmKHO UOJIY'IHTb H3 

reoMeTpuqecKoro 3Murrauca. B npaBoii qacnI Bbipa)l(eHHH e=nr0ao yron ao 
npe,ncTaBHM B BH,ne pr/pa=Por!PY H yMH0)l(HM ero Ha py, B pe3yJihTaTe qero 

efiy=nroPoro=3. 
CornacHO (6.6) 3TO eCTb HOpMaJIH30BaHHbIH 3MHTTaHC. TaKHM o6pa30M, 

3 = E: py. (6.7) 

3aBHCHMOCTb ( 6. 7) ,naeT B03M0)l(H0CTb nepexo,na OT reoMeTPHqecKoro 

3MHTTaHca (Koop.n;HHaTa - yron) K H0pMaJIH30BaHH0MY (Koop,nHHaTa -

HMDYJihC) H o6parno. 

Ilo cBoeMy q>H3HqecKoMy CMhICJIY H H3 (6.6) HopMaJIII30BaHHbiii 

3MHTTaHC - BeJIHqHHa Il0CT0HHHaSI: 3=const. IlpH ycKopeHHH npo,nOJibHblH 

HMIIYJibC qacTHIJ; yBeJIHqHBaeTCH, CJie,noBaTeJibH0, reoMeTPHqecKHH 3MHTTaHC 

11yqKa yMeHbIIIaeTCH o6paTHO 11po11opu;H0HaJibH0 py. 3HaH (H3MepHB) 3MHTTaHC 

11yqKa Ha HeK0T0p0M 3Ta11e ycKopeHHH, Mbl M0)l(eM 11epecqHTaTb ero ,D;JIH 

HHTepecy10rn:eii Hae 3HeprnH (.npyroro 3HaqeHIIH py) HJIH II0JiyqIITh q>a30BYIO 

xapaKTepHCTHKY 11yqKa BHYTPH HCT0qHHKa. 

HopMaJIH30BaHHblH 3MHTTaHC TaK)l(e H3MepSieTCH B M·pa,n HJIH MM·Mpa,n. 

Kor,na 11yqoK BB0,D;HTCH B KaKoe-JIH6o YCTPoiicrno (ycKopHTeJih, KaHan 

TpaHCII0pTHp0BKH, q>H3HqecKaH ycTaHOBKa), OH ,D;0JI)l(eH TaM «II0MeCTHTbCH», 

T. e. 11poxo,nHTh 6e3 110Teph. B TaKHX cnyqaHx roBopHT, qTo YCTPOHCTBO 

,D;0JI)l(H0 HMeTb a«cenma11c, 60JibIIIHH (HJIH paBHbIH), qeM 3MHTTaHC nyqKa. 

AKcenTaHC xapaKTepH3yeTCH aHaJI0rHqHo 3MHTTaHcy, B Tex )Ke e,nHHHu;ax. 

qTO Ha,D;O 3HaTb 3KCllepHMeHTaTopy? 3To rnaBHbie 11apaMeTPhl 

3MHTTaHC, HOpMaJIH30BaHHblH 3MHTTaHC, 3HeprnH, HHTeHCHBH0CTb. Ilo3TOMY 

11epe,n BbIII0JIHeHHeM 11pe,ncTOHIIJ;eii pa6oTbl q>H3HK ,D;0JI)l(eH 03HaK0MHTbCH C 

xapaKTepIICTIIKaMII HOHH0ro IICT0qHIIKa, ycK0pIITeJIH, KaHaJI0M 

TPaHCII0pTHp0BKII 11yqKa II BbI6paTb Heo6xo,D;IIMbie eMy xapaKTepIICTIIKH llyqKa 

,D;JIH npoBe,neHHH HCCJie,noBaHIIH. 
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PaHee B 

~qioKycHpOBKa. 

!pOKYCHpOBKa. 

Teftta: JKecm«o</JOKJJcupy10u,,ue cucmefttbt 

IJ;HKJI0TP0Hax 6hIJia paCCM0TPeHa TaK Ha3bIBaeMaH CJia6aH 

Te11epb 6y,neT paCCM0TpeHa )l(eCTKM, HJIH CHJlhHaH 

KBaOpynOllbllble /IUll3bl 
,Z:(.rrn TPaHCD0pTHp0BKH 11yqK0B Ha pa3JIHqHbie paCCT0HHHH ( OT ,none ii ,no 

coTeH MeTP0B H KHJIOMeTPOB) Heo6xo,nHMO, qrn6b1 110 BCeMy TPaKTY ceqeHHe 

nyqKa He 11peBbIIIIaJI0 pa3Mep (,nHaMeTP) II0H0llp0B0,na. ,Z:(.rrn 3TOro 110 Bee ii 

)];JIHHe TpaeKTOpIIH ,D;BH)l(eHIIH Heo6xo,nHMO BBeCTII q>OKYCHpy10rn:He MarHHTHbie 

3JieMeHTbl, K0TOpbie MeHHIOT pa3Mep 11yqKa (6e3 H3MeHeHHH ero 3HeprnH). Ilo 

aHanorHH co CBeTOBOH OIITHKOH 3TII 3JieMeHTbl Ha3bIBalOTCH JIHH3aMH. 

Ilo,no6Ho 0IITHqecKIIM JIHH3aM 0HII xapaKTepH3YIOTCH pa3MepoM, 

q>OKYCHblM paCCT0HHHeM, Ha11paBJieHHeM ,neiiCTBHH q>OKYCHpy10rn:Hx CHJI 

( q>oKycHpyrorn:He IIJIH ,neq>oKycHpy10mHe JIHH3b1) II 11p. J1HH3bl 6bIBalOT 

pa3JIHqHblX TIIII0B. HaH6onee pac11p0CTPaHeHHbIMH B ycKOpHTeJibHOH TeXHHKe 

HBJIHIOTCH KBa,npy110JibHbie JIHH3bl. 

O,nHOH H3 rnaBHbIX oco6eHHOCTeii KBa,npy110JihHOH JIHH3bl, eCJIH 

paccMaTpIIBaTb ,nByMepHyro KapTHHY, HBJIHeTCH 'oTCYTCTBHe II0JIH Ha ee OCH 

(T. e. B u;eHTPe). 3TO 03HaqaeT, qT0 3apH)l(eHHaH qacTHu;a, ,D;BH)l(yIIJ;aHCH ToqHo 

B)];0Jib OCH JIHH3bl, BCer,na 6y,neT CJie,noBaTb 3T0MY Ha11paBJieHHIO, He 

HCllbITbIBax HHKaKHX B03,D;eHCTBHH. BHe OCH cyrn:ecTBYIOT CHJibl, K0T0pbre 

BCer,na B03,neiicrny10T Ha 3apSI)l(eHHYIO qacTHu;y, MeHHH Ha11paBJ1eHHe ee 

,D;Bil)l(eHHH. 1-b o6rn:Hx coo6pa)l(eHHH MX q>OKYCHpOBKII 11yqKa Ka)l(eTCH 

3aMaHqHBblM HCII0J1b30BaTb BbIC0KHe MarHHTHhie II0JIH BHe OCH, 3aCTaBJIHH 

qacTHIJ;y CMern:aTbCH B o6nacTb u;eHTPaJihHOH TpaeKT0pHII c MeHhIIIHMH 

MarHHTHbIMH II0JIHMH. Y11porn:eHHaH cxeMa KBa,npy110JibHOH JIHH3bl H 

Ha11paBJieHHe T0Ka ee IIHTaHIIH II0Ka3aHbl Ha pHC. 6.8. 

Pnc. 6.8. KmmpyrrOJibHIDI MarHHTHIDI JIHH3a. IlonepeqHoe ceqeHHe Il0CT0JiHH0 no BCeii MHHe 
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PHC. 6.9. K0Hqmrypanm1 IIOJIIOCOB H IIOJieil: B KBa,upyIIOJihHOH JIHH3e 

!I 

; 

,,/ 

/'r 
/ 

' ' ' . r' 

PHc. 6.10. KBa,npYIIOJihHoe IIOJie. 3KBHIIOieH!Uia.JIH -CIIJIOIIIllhle JIHHHH; CHJIOBhie JIHHHH - f!YHK1llPHhie 

3JieKTpOMarHHTHaH KBa,npynoJibHaH JIHH3a (pHC. 6.8 H 6.9) COCTOHT H3 

.D.BYX nap IlOJIIOCOB, HMeIOIUHX rnnep6oJIHqeceyIO q>opMy, H npoBO,D,HHKOB TOKa 

( o6MOTOK), KOTOpbie coe,D,HHeHbl TaKHM o6pa30M, qrn6hl O,D,HHaKOBbie 

IlOJIHpHOCTH 6hIJIH Ha npOTHBOilOJIO)KHbIX IlOJIIOCax. PaBHOCTOpOHHHe 

rnnep60Jibl .xy=const, acHMilTOTbl KOTOpbIX C0Bna,D,aIOT C 0CHMH Ox H Oy, 
jfBJlj{lQTCH 3KBHilOTeHUHaJIHMH 3TOro IlOJIH. MarHHTHbie )KeJie3Hbie IlOJIIOCa 

TaK)Ke HMeIOT q>OpMy 3KBHilOTeHUHaJieH. 3To TaK Ha3bIBaeMhie rnaBHbie 

3KBHilOTeHUHaJIH (pHC. 6.10). OHH 3a,D,aIOT KOHq>HrypaUHIO IlOJijf B 3a3ope 

JIHH3bI. 3a npe,D,eJiaMH 3a3opa, r,D,e HeT nyqKa, rHnep60JIHqecKHe non10ca 

o6pbIBaIOTCH. TaM pa3MemaIOTCH o6MOTKH. 

KoMilOHeHTbl MarHHTHOr0 IlOJIH B pa6oqej,j o6JiaCTH 3a3opa H3MemIIOTCH 

JIHHeiiHo: 

By = Gx; Bx = Gy. (6.8) 
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BeJIHqHHa G Ha3bIBaeTCH rpa,D,HeHTOM MarHHTHoro IlOJIH, H3MepHeMbIM B 

Tn/M, H HBJIHeTCH OCHOBHOH xapaKTepHCTHKOH JIHH3hI. EcJIH pa,D,Hyc 

OKpy)KHOCTH, BnHcaHHOH Me)K,D,y non10caMH, paBeH r, TO G =Bolr, r,D,e Bo -
HH.D.YKUHH Ha IlOJIIOCe JIHH3bl. 

,[vrn nonyqeHHH rpa,nHeHTa G B 3JieKipOMarHHTHOH JIHH3e Heo6xo,D,HMO 

HMeTb onpe,D,eJieHHOe KOJIHqecTBO BHTKOB Ha Ka~OM IlOJIIOCe JIHH3bl (NJ, qepe3 

KOTOpbie npoTeKaeT onpe,D,eJieHHbIH TOK (I). IlP.OH3Be,D,eHHe N·I (HcqHCJIHeTCH B 

aMnep-eumKax) paccqHThrnaeTCH H3 ycnoBHH 

NI= Gr/2µo, r,D,eµo=41t·I0·
7
. (6.9) 

IlpoH3Be,D,eHHe ,D,JIHHhI JIHH3hI L Ha rpa,D,HeHT G onpe,D,eJIHeT CHJIY, 

q>oeycHpy10my10 nyqoK 3apH)KeHHhIX qacTHU. 

J(6umenue 6 «6adpynoJ1bHO.M MaznumnoM no/le 
Ha pHC. 6.11,a CTJ)eJIKaMH OTMeqeHbl HanpaBJieHHH IlOJijf (-) H ,D,eHCTBHH 

nonepeqHbIX MarHHTHbIX CHJI <--) Ha IlOJIO)KHTeJibHO 3apH)KeHHYIO •rnCTHUY, 

.D.BH)Kymy10cH OT Hae. 

Ha pHC. 6.11,6 IlOKa3aHO npo,D,OJibHOe ,ll,Bll)KeHHe qacTHUbl B q>oeycHpYIQmeii 

BepIHKaJibHOH IlJIOCKOCTH y. 
;; 

.◄ 

/J 

-~ X 

:t~~\~~: 

r~ 
q • 

l 

~ , 
, ~,~ •,: 

~;:, 
-~;Jt-., ,,,.. ... ~~ 

a) 6) 
PHc. 6.11. )].eil:CTBHe MarHHTHOH KBa,upyIIOJihHOH JIHH3hl Ha 3aplDKeHHYIO 'laCTHIJy: 

a) B.IIOIIepe'lHOH IIJIOCKOCTH, 6) B IIpO,llOJihHOM HaIIpaBJieHHH 

KaK B~M, B O,ll,HOH IlJIOCKOCTH (BepIHKaJibHOH) qaCTHua MarHHTHbIMH 

CHJlaMH · Ilpll)KHMaeTCH K OCH, T. e: q>oeycHpyeTCH. Hao6opoT, B .D.pyroi-t 

(ropH30HTaJibHOH) yxo,D,HT OT OCH, T. e. ,D,eq>oeycHpyeTCH. 3TOro H36e)KaTb HeJib3H, 

TaK KaK rotB=O. O,D,HaKO OKa3bIBaeTCH, qro C0BMeCTHoe B03,D,eHCTBHe Ha nyqoK ,D,Byx 

JIHH3, nosepttyTbIX Ha 90°, scer,D,a npHBO,D,HT K q>oeycHpoBKe nyqKa B o6enx 

IlJIOCKQCTj{X, KaK IlOKa3aHO Ha pHC. 6.12. 3ro npoHCXO,D,HT IlOTOMY, qro qaCTHua, 

,D,BH~MCH Ha 6onhrneM Y.D.aJieHHH, HCilbITbIBaeT 6oJihrnee B03,D,eHCTBHe co 

CTOpoHbl MarHHTHOro IlOM, He)Ke.JIH pacnoJIO)KeHHM 6JIH)Ke KOCH JIHH3bl. 
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il,ioc l<.Ol" Tb 

,x; 

Puc. 6.12. CoBMeCTHOe q>OKycupyIOmee ,neiicrnue ,nByx KBll,LlpyITOJihHhlX JIUH3 

TaKue MarHHTHbie KBa,upynonu ycTaHaBJIHBaIOT ,um1 q>oKycupOBKH nyqKa 
B rpy6Kax ,upeiiq>a JIHHeHHhlX ycKopmeneii (ceTKH ,UaBanH 60JihIIIHe noTepu). 

AuanoruqHaH KapTHHa HMeeT MeCT0 _.UJIH 3JieKrpocTaTHqecKHX 

KBa,upynoJibHhIX JIHH3 (puc. 6.13). 

(I°) 

'-'~+~8 ~-· ~(? 
(t.) 

a) 
6) 

Pttc. 6.13. KBa,npyrrOJihHhie JJieKTPuqecKue IIOllil: a) - C03,naBaeMbie qeTblphMH TOqeqHhIMU 
3apH,naMu; 6) - qeThlphMH 3JieKTPO,naMU B q>OpMe paBH06e,npeHHOll rnrrep60Jihl. 

BepTUKaJihHall IIJIOCKOCTh - q>OKycupYJOmall, ropu30HTaJihHall - ,neqioKycupYJOmall 

B nocne,uuee BpeMH B nuuettHhIX ycKopuTenHx rnupoKoe npuMeneuue 
nonyquna KBa,npynonhHM 3JieKrpuqecKM q>oeycupoBKa. Ona no3Bonuna 
pelIIHTh ,uaBHIOIO npo6neMy noTeph qaCTHIJ,, CBH3aHHyIO C HX ,ueq>oeycupOBKOH 
nptt npoxo)K)l;eHHH 3a3opoB Me)K)l;y rpy6KaMH ,upeiiq>a. 3rn oco6euuo Ba)l<H0 
npu ManhIX 3HeprHHX B uaqane ycKopeHHH, Kor,ua BCJie,UCTBHe ManOH CK0p0CTH 
qacTHI.l, MarHHTHaH q>oeycupoBKa Man03q>q>eKTHBHa. 
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Ilpu npoxo)K)l;eHHH 3a30p0B nyqoK 0,UH0BpeMeHH0 II ycK0pHeTCH, II 
q>oeycupyeTCH BbIC0KoqacT0THhIM 3JieKrpuqeCKHM noneM - B 0TJIHque OT 
1')1arHHTHhIX mrn3, r,ue OH TOJihK0 q>oeycupyeTCH (aBTOph1: B.B. Bna,uuMupcKHii, 
1956 r., B.A. TenAAKOB, 1964 r.). 3TO TaK Ha3hIBaeMM Bq KBa,upynonhHM - BlJK 
q>oeycupoBKa (Radio Frequency Quadrupole -RFQ) (puc. 6.14). TaKHM o6pa30M 
perneua ,uaBBHH npo6neMa, no3B0AAIOIIIM uaquuaTh ycKopeuue B JIY c ManhIX 
3Heprnii - ue 6onee 100 K3B, T. e. Tenepb ucrnquuK uonoB ue rpe6yercH 
no,UHHMaTb II H30JIHp0BaTb Ha C0THH KB. 

A A·A 

d ·~ 0 
h-,1-A 

Puc. 6.14. Tpy6Ka .upeiiqia c «poraTuIMH» JJieKTPQ.naMH, o6ecrreqnroJOmttMH )Kecn<y!O qioeycnpoBey 

TeMa: EemampOllllble KOJle6auUR u pe30llllllCbl 

QqeBu,uuo, qro qeM 6onbrne rpa,uueHT (rnK) B numax, TeM Kopoqe q>oeycuoe 
pacCTOHHUe naphl (.uy6nem) JIHH3. Ecnu Mhl C0CTaBHM AJIIIHHyIO IJ,enoqey ll3 TaKHX 
.uy6neTOB, TO c YBenmeHHeM rpa,uueHT0B qacTHI.l,hI, uaxo,nmIJ,HeCH B rryqKe, 6y,nyr 
qaIIIe nepeceKaTb oceByIO JIHHHIO. 3TO 03Haqaer, qTo qaCTHI.l,hI, 0TKn0HeHHhie OT OCH, 
6y,nyr C0BeprnaTb KOJie6aHUH B0Kpyr op6ttThl. qaCTOTa TaKHX KOJie6auuii 6y,uer 
YBeJimHBaThCH c YBenmeHHeM rpa,uueura u uao6opoT. ~cno Kone6auuii qacrnIJ, 
npu IIp0X0)K)l;eHHH HMH nonuoro o6opoTa HBAAeTCH O,UHOH m 0CH0BHhIX 
xapaKTepttcTHK ycKopnreAA u Ha3hIBaeTCH 11acmomoii 6emampouubtx Kone6auuii 
Q. IlpaBttnhHee ucnonh3oBaTu ,upyroii repMHH - uacmpoiiKa (tune). HacrpoiiKH no 
BeprnKanH II ropH30HTanll - BenmHHbl He3aBHCHMhie, HO, KaK npaBuno, 6JIH3KHe no 
CB0eMY 3HaqeuHIO. 

B cna6oq>oeycnpyIOIIIIIX ycKopHTeAAX, r,ue O < n < 1, Benmuua uacrpoeK 
coCTaBAAeT Qx=K(J-n/12 II Qy=K(n/12

, r,ue n - noKaJarenh Marnurnoro noAA, a K -
K03q>q>III.1,HeHT, yqHThIBaIOII.l,HH Hanmue npHMOJIHHeHHhIX npoMe)l()'"IK0B B K0JibIJ,e. 
Bee 3HaqeHHH Qx II Qy Hax0,nHTCH Me)K)J;y O II 1. ,[vu! )K<l>Y Qx II Qy Jie)KaT B 
npe,uenax OT HeCK0JlhKHX e,UHHHI.l, ,uo HeCK0JlhKHX ,ueCHTK0B. 

3,uecb Mhl roB0pHM 06 o,nuoqacrmH0M ,ll;Bll)KeHHH qaCTHI.l,. Kor,ua 
ueo6xo,uHMO 3HaTu, KaK Be,neT ce6H IIyq0K B IJ,eJI0M, 8Y)KH0 0nHCbIBaTh ero 
noBe,ueuue qepe3 3MHTTaHc. 
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PeJOHllHCbl 6emampoHHblX KOJ1e6a1111ii 
Tiptt /1.BlI)KeHHlI B ycKopinene nyqoK npoxo/1.HT MarHHTHhie nom1, 

KOTOpbie HeToqHO COOTBeTCTB)'IOT pacqeTHhlM 3HaqeHlIHM. TaKlIM o6pa30M, B 

a3lIMYTMbHOM HanpaBneHlilI qacTlIQhl BCTPeqaIOT HMeIOIQlieCH B 

onpe,neneHHhIX MeCTaX XOTh 0 He6onhIIIHe, HO TIOCTOHHHO ,neHCTByIOIQlie 

B03MyIQeHHH. EcnH TaKHe B03MylQeHlIH qacTttQa 6y,neT npoX0/1.lITh B 0/].HOH H 

TOH )Ke qime CBOero Kone6aHHH, TO Bcer.na Haii,neTCH B03MyIQeHHe, CHHXpOHHOe 

B03/].ellCTBHe KOTOporo npttBe,neT K pe30HQHCY 6emampOHHblX KOJ1e6a11uu C 

B03MyIQaIOIQeH HeO/].HOp0/1.HOCTblO. 3TO, B CBOIO oqepe/1.h, ,nacT 6onhIIIOH pocT 

aMnnHTY/1. nonepeqHhIX Kone6aHHH qacTHQ B nyqKe 0, cne,noBaTenhHO, 

npttBe/].eT Kero noTepe (nptt ycKopeHHH TaKOH pe30H8HC HaM Bpe,neH). ,l].aHH8H 

c0ryaQlIH B03HlIKHeT, Kor,na Ha 0/].HOM o6opoTe qacTHQ 6y,neT yKna/].hIB8ThCH 

Qenoe 0n0 nonyQenoe q0cno Kone6aHttii (QenhIH 0n0 nonyQenhIH pe3oHaHc). 

OnacHhIMH 6y,nyT TaK)Ke cnyqa0, Kor,na TPaeKTopttH nocne He6onhIIIOro q0cna 

o6opoTOB 38MKHeTCH Ha ce6H qepe3 1/3 HnlI 1/4 CBOero Kone6aHlIH. OnttcaHHhlC 

npoQeCChl OTHOCHTCH H K cna6oqioeycnpy101QHM, H K )KeCTKO<pOKyc0pyIOIQlIM 
• 

ycKOpttTenHM . 
Pe30H8HChl xapaKTepH3)'IOTCH nopH/1.KaMlI. 1-ii nopH/J.OK - ,nM u,e.rroro 

q0cna Kone6aHlIH Ha o6opoTe. 3To MO)KeT 6hITh 0/].HO Kone6aHtte Ha 0/].HOM 

o6opOTe (B cnyqae cna6oqioeycHpy10mero ycKopmenH (C<l>Y)) 0n0 Qenoe qHcno 

Ha o6opoTe ()KeCTKO<poeyc0py10m0n ycKopmenh ()l{<l>Y)). 2-ii nopH/1.0K - .nM 
nonyQenoro (T. e. npoxo,nttT )].Ba o6oporn, B TeqeHtte KOTOphIX ocyinecTMHeTcH 

0/].HO nonHoe Kone6aHtte /].nH C<l>Y, HnlI 38 /].Ba o6opoTa HeCKOilhKO QenhIX 

Kone6aHlIH /].nH )l{<l>Y; no-,npyroMy, 38 0/1.lIH o6opoT npottCX0/1.lIT HeCKOilhKO 

nonyQenhIX Kone6aHttii). 3-ii nopH/1.0K - ecnH Ha Tpex o6opornx yKna,nhrnaeTcH 

Qenoe q0cno Kone6aHtttt lI T. ,n. 06IQM qiopMyna /1.IlH nonepeqHhIX Kone6aHttii 

mQx + nQy = k, (6.10) 

r.ne m, n, k - Qenb1e q0cna. 

y cnoBtteM ycToiiqHBOro /1.IllITenhHOro /].BH)KeHHH qaCTlIQhl B KaMepe 

ycKOpHTenH HBnHeTCH IlOCTOHHHhIH He6onhIIIOH C/].Blir <pa3hl ee Kone6amrn 

OTHOCHTenhHO B03MylQeHlIH. 3TO MO)KCT 6bITh B TOM cnyqae, ecntt nocne 

Qenoro o6oporn qacTttQa npH,neT B TY )Ke Toqey m0Myrn B qime, ,naneKoii OT ,1 

Qenoro, nonyQenoro H T. ,n. q0cna Kone6aHHH 3a npe,nhI/1.YIQHH nep00,n. Ha 1, 

IIIKane, npe,ncTaBneHHOH HH)KC, CTpenKaMH Il0Ka38Hhl ((qttcna 3anpeTa» 

HaCTPOHKlI Q. 3TO OTHOClITCH K8K K roptt30HTMhHhIM, TaK lI K BepTlIKaJlhHhIM 

6eTaTPOHHhlM Kone6aHHHM. 

• 3TH «BpenHhie» pe3OHaHChl He nyraTb C pe3oHaHCHhlMH muna'IIU ycKopttTeneil, rne 

'!aCTHUhl nony'laJOT pe1OHaHCHo «none3HYIO» no6aaKy ::meprntt. 
(CM. Particle Physics Booklet (KapMaHHhIH cnpaBO'IHHK), 1998 (opamKeBhiil): Beam 

dynamics. Betatron oscillations. C. 174 ). 
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1/3 2/3 

_______________________________________ Qx, 
y 

iii iii iii iii i 
0 ¼ ½ ¾ 1 2 3 

,lJ.mI HarnH/].HOCTH H y,no6crna 3TH IIIKMhl pacnonaraIOT opTorOHMhHO lI 

mo6pa)KaJOT TaM nHHHH pe30H8HCOB, KaK Il0Ka38HO Ha pHC. 6.15. TaKaH 

/].HarpaMMa Ha3hIBaeTCH ,nttarpaMMOH pe30H8HCOB. 
Qz 
7 ,01\.. r--.---r--T". Ir_--i,r----r1 ---,-, -,-, -, • ....-~---.-. ::..~ 

6,7 

6,6 

6,6 6,7 6,8 6,9 

Puc. 6.15. ,[(ttarpaMMa pe3oHaHCOB B ttyKnoTpOHe JI<l>B3 Ol1JU1 

0,nHaKO B pH,ne cnyqaeB pe30H8HChl C03/].8IOTCH lICKYCCTBeHHhIM o6pa30M 

/1.IlH lIH)KeKQlIH H BhlBO/].a nyqKOB c HaqanhHhIX op6ttT. 

KoumpoJ1bllbte oonpocbl 
I. qTO TaKOe reOMeTpH'leCKHH 3MHTTaHC nyqKa H ero CBOHCTBa? 
2. qTO TaKoe HOpManH30BaHHhIH 3MHTTaHC nyqKa H KaKOBa ero CB.!13b C reoMeTPH'leCKHM 

3MHTTaHCOM? 
3. qTO TaKOe KBMpynonbHlUI nHH3a? 
4. KaKOBbl CBOHCTBa KBanpynonhHOH flHH3bI? 
5. KaK nBH)KeTC.!I 3apa)KeHHilll 'laCTHUa B none TaKoii nHH3bI? 
6. KaK ocyiuecTBn.!IeTC.!I cpoKycttpOBKa C TIOMOIUblO KBanpynonbHbIX nHH3? 
7. qeM xapaKTepH3YIQTC.!I )KeCTKocpoKyCHPYIOIUHe ycKopHTenu? 
8. qTO TaKOe pe3OHaHChl 6eTaTPOHHhlX Kone6aHHH B ycKopHTenax? 
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JleKIJ.IUl 7 
TeAta: BBoO u BblBOO ny'IKa B cuuxpomponax 

IlyqoK npH BBone (HH)KeKUHH) B ycKOPHTenh CHHXPOTPOHHoro THna 

non)KeH 6hITh y)Ke npenBapHTenhHO ycKopeH. 3TO nponHKTOBaHo cnenyioJUHM. 
a) MarHHTHOe none npH HH)KeKUHH He non)KHO 6bITh cnHIIIKOM MMhIM, 

qTo6bI He CKa3bIBMHCb ero OCTaToqHbie non.si: H HeH36e)KHbie HeonHoponHOCTH 

B 3a3Opax. B '.}TOM cnyqae op6HTa HMena 6bI 6onhIIIHe HCKa)KeHH.H: OTKnOHeHH.H 

OT ueHTPa KaMephI, npHBOMIUHe K IlOTep.si:M Ha ee CTeHKax. IlpHMeH.HIOT 

pa3MarnHq1rnaHHe H KoppeKTHpyioiuHe non.si:, HO cyiuecrnyioT onpeneneHHhie 

npenenhI. 
6) C yBenHqeHHeM 3HeprHH yMeHhIIIaIOTC.H IlOTeplI qaCTHU Ha 

OCTaToqHOM ra3e. 
B) YMeHbIIIaeTC.H BnlI.HHIIe pacTMKHBaIOIUIIX KynoHOBCKHX CHn B nyqKe, 

KOTOpbie CIInbHee neiicTBYlOT nplI HH3KHX 3Heprn.si:x. 
Ilo3TOMY CTpeM.HTC.H noBhICHTh 3HeprHIO IIH)KeKTHpyeMhIX qaCTHU, HO 

3TO, ecTeCTBeHHO, conp.si:)KeHO co CTOHMOCTblO coopy)KeHH.H HH)KeKTOpa. 
Oo11006opom11btii 6600 (u11J1Ce«l{UR) ny'l«a (one turn injection). 3TO 

HH)KeKUH.H, npH KOTopoii nyqoK 3a onHH o6opoT 3anonH.HeT nepHMeTP 

CIIHXPOTPOHa. IlyqoK onHIIM II3 noBOpOTHbIX MarHHTOB HanpaBn.HeTC.H B KaMepy 

non MIIHIIMMbHO BO3MO)KHbIM yrnoM K ee OCH. ~.H 3TOrO Hcnonb3YlOTC.H 

C-o6pa3Hbie MarHHThl c MMhIM nonepeqHbIM pa3MepoM o6MOTKH, o6paiueHHOll 

B CTOpoHy nyqKa. TaKa.H KOHq>IIrypaum TOKa II )Kene3a no3BOn.HeT pa3nenHTh 

o6nacTII, rne cyiuecTByeT none, II rne ero HeT. 3To TaK Ha3hrnaeMhiii cenmyM-

Ma2r1um (pHc. 7 .1 ). 
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PHC. 7.1. Y ClJ)OHCTBO BBO,D;a rryqKa B HyKJIOlJ)OH 
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B MeCTe nepeceqeHII.H OCH IIH)KeKTHpyeMoro nyqKa II OCH KaMepbI 

ycTaHaBnnBaeTC.H OTKnOH.HIOIUee HMnynhCHOe ycTpoiicTBO (HanpnMep, 

. 3neKTpOCTaT1IqeCKHe nnaCTIIHbI), KOTOpoe «Ca)Kaen> nyqoK Ha op61Iry, T. e. 

noBopaqHBaeT nyqoK Ha yron, Heo6xonHMhIH, qT06bI HanpaBHTb ero TOqHo 

Bnonb OCH KaMepbI. 
Hap.si:ny c 3neKTP1IqecKHM noneM, HanpaBn.HIOIUHM nyqoK Ha op6Hry, 

MO)KeT 6bITb HCnonh3OBaHO TaK)Ke MarHIITHOe none, KOTOpoe c03naeTC.H 

HMnynhCHbIM MarHIITOM. TaKIIe YCTPOHCTBa Ha3bIBaIOTC.H ur1rjJJ1eKmopaMU. 
Ilocne npoxo)KneHH.H onHoro o6oporn ronoBHa.si: qacTh nyqKa nonoiineT K 

yqacTKY HH)KeKTopa, II, ecnH Hanp.H)KeHHe Ha HHq>neKTOpe OCTaHeTC.H, nyqoK 

OTKnOHHTC.H Ha CTeHKY KaMepbl II noTep.si:eTC.H. B 3TOT MOMeHT Hanp.si:)KeHHe Ha 

IIHq>neKTOpe non)KHO 6hICTPO BbIKnIOqHTbC.H, H Toma nyqoK nponon)KIIT 

6ecnpen.si:TcTBeHHYIO UHpKyn.si:UIIIO B KaMepe. Ilocne 3TOro Haq1IHaeTc.si: pe)KHM 

ycKopeHH.H. 3rfxjJeKmuer1ocmb (non.si: qacTHU, nonaBIIIHX B unpKyn.si:unio, OT 

Bcex BBOnlIMbIX) TaKOH HH)KeKUIIH 6nlI3Ka K 100 %. 

M11ozoo6opom11a11 u11J1CeKl{UR (multiturn injection). qT06b1 HaKonHTh 

nepen ycKopeH1IeM 6onhIIIee KonHqecTBO qacTHU, npnMeH.si:IOT 

MHOroo6opoTHYIO HH)KeKUIIIO. ~.H 3Toro TPe6yeTC.H, COOTBeTCTBeHHO, 

6onhIIIHll pa3Mep KaMepbl. IlpHHUHil MHOroo6opOTHOH HH)KeKUHII B pacTyIUeM 

MarHIITHOM none CIIHxpoTpOHa nOKa3aH Ha pHC. 7 .2. 
l 
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Pnc. 7.2. HaKOIIJieHHe qacTm~ B KaMepe c rroMO!nhIO MHoroo6opoTHoii 1111JK~K111111. 

1 - IIOJIIOC MarHHTa; 2 - HHJKeKTOp; 3 - IIJiaCTHHbl liH(jJJleKTopa 
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HmpneKTOp (HanpttMep, 3neICTpOCTaTHqecKnii) pacnono)I(eH BHyrpll 
BaK)'YMHOH KaMepbI, c Hapy)I(HOH CTOpOHbl OT ee 11eHTPa (BepxmuI qaCTb 

pnc. 7.2, BHJJ. cBepxy). IlrracmHa, o6paIIJeHHM K nyqry, 11nprynnpy10IIJeMy 
BHYTPH KaMephI, 3a3eMneHa, qT06b1 none nmpneKTopa He BO3MYIIJaJIO ero 
JJ.Btt)I(eHHJI. Kor,ua B pacmyu,eM MarnttTHOM none op6nrn npoxo,unT qepe3 
nmpneKTop, nyqoK BbIXO,IJ.HT H3 nmpneKTOpHblX nnaCTHH H HaqnHaeT 
CBopaqnBaTbCJI no cnnpann BHyrpb. 3a BpeMJI OJJ.Horo o6oporn MarnttTHoe none 
Bo3pacTaeT HeHaMHoro, n mar cnnpann HeBenttK. 3To O3HaqaeT, qTo XOTJI qacTb 

qacTHIJ OCTaHeTCJI Ha op6ttTe, MHOrtte H3 HHX 6y,uyT HaTaJIKHBaTbCJI Ha 

HHqmeKTop H Tep11TbCJI. 
qT06bI yMeHhmHTb noTepn, nyqKy 3a,1].aIOT HeKOTOpbIH yron K op6ttTe, B 

pe3ynhTaTe qero OH HaqnHaeT COBepmaTb OKono Hee pa,uttaJibHbie nonepeqHbie 

Kone6aHHJI, q>a3a KOTOpbIX no3BOJIJleT B TeqeHtte MHOrHX o6opOTOB o6oiiTH 
HHq>neKTOp. 3TO nOKa3aHO Ha Hll)I(Heii qacTH pnc. 7 .2 (21tr - ,1J.nHHa op6HTbl, 

KOTopa11 coorneTcrnyeT nepno,uy 06pa11JeHHJ1 qacTHIJ). 3a 3TO BpeM11 op6nrn, a 
TaK)I(e nyqoK OTOHJJ.YT OT HHqineKTOpa Ha J].OCTaTOqHo «6e3onacHoe» 

pacCTOJIHHe, n noTepb 6y,ueT MaJIO. 
TaKrui: cxeMa 3q>q>eKTHBHa ,un11 cna6oqiorycnpyIOIIJHX ycKopmeneii. Ee 

3q>q>eKTHBHOCTI, COCTaBnJleT OKOJIO 50 %, qTO J].JIJI 6onhmoro qncna o6opOTOB 
(HeCKOnbKO J].eCJITKOB H 6onee) ,uaeT 3Haqtt'TenbHbIH BbIHrpbim no 

HHTeHCHBHOCTH. B CHnbHOqJOKycnpyIOIIJHX ycKopttTen11x mar cnttpaJIH MaJI H 
3q>q>eKTHBHOCTI, llH)I(eKIJHH MaJia. B 3TOM cnyqae ncnonb3YIOT pe3OHaHCHbie 
JIBneHHJI, HanpttMep, pacKaqKy BepTHKaJibHbIX 6ernTpOHHblX Kone6aHHH, qT06bI 
qaCTHIJbl BO BpeMJI «ona,CHbIX» o6opOTOB HaXO,l].HnHCI, B TaKOH q>a3e nonO)I(eHHJI 

no BepTHKaJIH, qTo MOrJIH o6oiiTH HHq>JieKTOpHoe YCTPOHCTBO CBepxy HnH 

CHH3Y H He noTepJITI..CJI. 
Ecnn 61,1 MarHHTHOe none 6bIJIO CTaTnqecKHM (He MeHJlnOCb BO 

BpeMeHH), TO Bee qacTHIJbl paHO nnn nO3,l].HO 06113aTenbHO BepHynttCb 6bI Ha 

KOOpJJ.HHazy HHq>neKTopa H nonHOCTbIO nOTep11nnc1, (meopeMa llyaHKape). 

I/epe1apai>Haa uH:nce«u,ua (charge-exchanging injection). Ha OJJ.HOM tt3 

np11MOnHHeHHbIX npoMe)I(JTKOB ycKopttTen11 ycrnHaBnttBaeTCJI MarHHT, 
HMeIOIIJHH OTHOCHTenhHO He6onhmoe none, qTo6bl He BHOCHTb 6onbmttx .. 

'I 
HCKa)I(eHHH B op6nzy (a 3TO - pa3Mep KaMepbI). B cepe,1].HHe MarHHTa Ha op6ttTe J! 

noMeIIJaeTCJI oqeHI.. TOHKWI qionbra. ¥13 HH)I(eKTOpa noczynaIOT OTPHIJaTenhHble 11 

HOHbl BOJJ.Opo,ua, KOTOpbie HanpaBnJIIOTCJI Ha qionhry ( OHa Ha3bIBaeTCJI 
cmpunnep, stripper), npn npoxo)I(J].eHHH KOTOpoii OT HOHOB OTJ].enJIIOTCJI }].Ba 

3neKTPOHa, n nonyqaJOTCJI npoTOHbI (pnc. 7.3). Pe)I(ttM pa6oThI CHHXPOTPOHa 
ycTaHaBnHBaeTCJI TaKHM, qTo6bl npOTOHbl MOrJIH ycKopJITbCJI B o6bJqHoM 
pe)I(ttMe. IloTepn 3Hepmn qacTttIJ npn npoXO)I(JJ.eHHH CTPttnnepa 
KOMneHcttpYJOTCJI 3Hepmeii, nonyqaeMoii tt3 Bq. 
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MarnttT co cna6hIM noneM 

~ I lpr,u1111,111,; rf11w11111 
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Pttc. 7.3. CxeMa nepe3apjj.L1Hoii HHJKeKu1m 

Bbtaoi) ny'l«a 
CyIIJecrnyeT }].Ba OCHOBHbIX Tttna BblBOJ].a nyqKa H3 CHHXPOTPOHOB: 

6hICTPhIH n Me}].JleHHbIH. Dbtcmpbtii 6bt600 (fast extraction) ycKopeHHbIX 
qacTttIJ ocyIIJeCTBn11eTc11 3a BpeM11, He npeBMmaIOIIJee BpeMJI OJJ.Horo o6opoTa 
qacTHIJ. 
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Pttc. 7.4. CxeMa 6bICTPOro BhIBO.Lla 

Ha pnc. 7.4 noKaJaHa cxeMa 6bICTPOro BbIBo,ua. Ilepe,u HaqanoM Bhrno,na 
BKJIJOqaeTCJI pacnono)I(eHHbIH Ha op6nTe HMnynhCHblH MarHHT, KOTOpbIH ee 

,ueqiopMttpyeT n BMeCTe c nyqKOM npn6ntt)I(aeT K BbIBOJ].HOMY ycTpoiicrny 
( cenzyM-MarnnTy). Tor,ua yron OTKJIOHeHttJI nyqKa, nonyqaeMbIH npn 
BKn10qeHHH y,uapHoro MarHHTa, 6y,ueT MHHHMaJibHblM, qTo6bI 3a6poCHTb nylJOK 
B cenTyM-MarHHT. )].anee nyqoK nocTynaeT B KaHaJI ,un11 TPaHcnopTHpOBKH K 
3KCnepttMeHzy. 

MeoneHHblii 6bl600 (slow extraction) npOH3BOJ].HTCJI B CHHxpoTpoHax B 
TelJeHHe O11eHb 6onblIIOro qncna o6opoTOB ycKopeHHOro nyqKa, IIOCTeneHHO 
HanpaBnJleMoro Ha 3KCnepttMeHTaJibHble ycTaHOBKH. TaKaJI pacrnHyTOCTb BO 
BpeMeHH cml3aHa co cqeTHOH MeTOJ].HKOH H3MepHTenbHOH annapazypbl. )],m, 
3TOro B HaCTOJIIIJee BpeMJI ycnernHo HCIIOnb3YIOTCJI pe3OHaHCbl 6eTaTpOHHbIX 
Kone6aHnii. 
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Tpe6oBaHIIH K TaKOMY cnoco6y BblB0,11.a ny<IKa COCTOHT B nJiaBHOCTH 
BBe,11.euuH qacTuu, B peJouauc u noJiyqeuuu npu 3TOM 6hlcTporo pocra 
aMnJIHTY.D. KOJie6auuii, qTo 06ecneq11Baei 3$$eKTnBuoe nona,11.auue 

(«Ja6poc») nyq11:a B OTKJIOHHIOIQee ycTpOHCTBO (cenryM). 
Pe30HaHC 6eTaTJ)OHHblX Kone6aHHH COJ,11.aeTCH cneu,HanbHblMH JIHH3aMH, 

ycTaHOBJieHHblMH B KOJII,I.J,e ycKopHTeJIH. Kor,11.a nyqoK ycKopeH, B HY)KHbIH 

MOMeHT B JIHH3bl no,11.aeTCH TOK, H HX IlOJIH H3MeHHIOT qacTOTY 6eTaTJ)OHHblX 

KOJie6aHHH H pacKa1mBalOT HX aMilJIHTY.D.Y (o6I>IlJHO B ropH30HTMbHOH 

IlJIOCKOCTH). HaHJIYtJIIIHM ,11.JIH 3THX u,eneii HBJI»eTCH pe3OHaHC Qx=m/3, Kor,11.a 

Ha mpex o6opomax u,HpKYnHpyIOII.J,ero nyqKa yKJia,11.1,rnaeTCH 1jeJ1oe '-lUCJlO 

KOJ1e6aHuu m. 
TaKOH pe3OHaHC OTHOCHTCH K pe3OHaHCaM 3-20 nop»,11.Ka: u,enoe lJHCJIO 

Kone6aHHH npOHCX0,11.HT 3a mpu o6opoTa. (Ho m HeJib3H 6paTb KpaTHblM 3, 
IlOCKOJll>KY B 3TOM cny11ae Ha O,11.HOM o6opoTe YJIH)KeTCH u,enoe lJHCJIO 

Kone6aHHii, T. e. BO3HHKHYT TaK)Ke u,en1,1e pe30HaHc1,1.) BenHtJHHY m/3 
BbI6HpaIOT 6JIH3KOH K pa6011eii qacTOTe (Hac-rpoiiKe) 6eTaTJ)OHHblX KOJie6aHHH, 

npH KOTOpoii H,11.eT I.1,HKJI ycKopeHHH. B 3TOM cnyqae B JIHH3aX -rpe6yeTCH 

MeHbIIIHH TOK H HM MO)KHO TOtJHee ynpaBJIHTI,. 

PHc. 7 .5 HJIJIIOCTpupyeT cttryau,HIO, Kor,11.a Ha -rpex o6opornx 

yKJia,11.I>IBaeTCH m, paBHOe ceMH KOJie6aHHHM, T. e. Ha aJHMyTe pacnoJIO)KeHHH 

BI>rno,11.Horo yc-rpoiicrna nocne Tpex o6opoToB q>aJI>I coBna,11.aIOT. 3a nocne,11.HHe 

TPH o6opoTa aMilJIHTY.D.a qacTHI.I, CHJibHO BO3pocna, H OHH nonanH 

(«3a6pocHJIHCb») B 3a3Op cenryM-MarHHTa. 

.. ----4•>"' m/3 (3/Rm"'"m) -
:, I .. .$. I --------------. 
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Pac. 7.5. Kone6rumx qacTanw npa peJoHaHce 3-ro nopx)ll(a 
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3m KaPTHHa H306pa)KeHa Ha qla30BOH IlJIOCKOCTH B KOOp,11.HHaTax 

.\.1cM}-U(Mpa.n) (pttc. 7.6). 
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.x, = 3Scl"f 

Pac. 7.6. <l>aJOBM L{aarpaMMa peJoHaHca m/3. CeITTYM pacnonolKeH Ha paccrnxmm =35 CM 
OT neHTpa KaMepbl 

6,6 

6,7 6,8 6,9 

Pac. 7. 7. HYKJIOTPOH. IlepexoL{ HJ pa6oqeil. TOqKa K peJOHaHcy Qx =2013 
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Pnc. 7.8. Pe30HaIICHWI pacKaqKa rryqKa B CllHXp04Ja30T}JOHe Qx =213 

Pnc. 7.9. Or;:i;eneHlle C IlOMOIIu,IO ce!IT)'M-Mfil1HITa QHprynttpyIOUiero rryqKa OT BhIBO)];llMOro 

KonmpOllbllble aonpOCbl 
1. TioqeMy Heo6xo;:i;nMa ,lJ;OCTaToqHO 6onblllWI :meprm1 llHlKeKUHH B CllHXpo-rpoH? 

2. CxeMa O,lJ;H006opoTHOll HHlKeKUllll. 

3. KaKHe HCilOnh3yIOTCH cnoco6bI MHOroo6opoTH0ll llHlKeKUHll? 

4. qTO Ha3h!BaeTCH 6bICT}JhlM Bh!BO)];OM H KaKOBa ero cxeMa? 

5. KaK npOHCXO)];HT Me;:i;neHHhlll Bh!BO)];? 

TeMa: Bcmpe1111bie nytlKU u na«onumeJlbllble KOllbU,ll 

B R,ll.epuoii q>U3UKe BO BpeMR peaKIIHH C HeilO)].BU)KHOH MUUieHblO 

ycKopeHHhIH npoTOH (unu R,ll.pO) TPaTUT CBOIO KUHeTuqeCKYJO :mepruIO Ha 

npeo)].oneuue noTeHIIttanhttoro 6aphepa R,ll.pa MttIIIettu, ,ll.pyrM «none3HaR>> 

qaCTh U)].eT Ha caMy peaKIIHIO, a TPeTbR qaCTh 3TOH :mepruu YHOCHTCR C 

npo,ll.yKTaMH peaKIIHH, )].BH~IUHMUCR B HanpaBneHHH ycKopeHHOH qaCTHIIhl. 

TaKttM o6pa30M, 3HepruR ycKopeHHhIX qacnIII npu ux coy,ll.apeHHH c 

HeUO)].BU)KHOH MUUieHhlO HCilOilh3yeTCR He nonHOCThlO. 
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KpynHeiiIIIue ycKopuTenu CTPORTCR, qTo6hI reHepupoBaTh HOBhie 

qacTttIIhI. qeM 6onhIIIe 3Hepruu ocBo6o)K)].aeTcR npu coy,ll.apeHHH, TeM 6onee 

TR)Kenble u UHTepeCHhie qacTHIIhl MO)KHO nonyqun,. O)1.HaKo CTOHMOCTh TaKHX 

ycKopuTeneii KaTaCTPOcpuqecKU B03pacrneT " TPe6ymTCR BhIXO)].hI, 

Il03BOilRIOIUUe nonyquTh HY)KHbie peaKIIHH Ha 6onhIIIHX 3HeprttRX npu 

OTHocuTenhHO yMepeHHhIX 3aTParnx Ha coopy)KeHue ycKopuTeneii . .[Lrrn :noro 

cyIUeCTBYJOT Konnaii)].ephl - ycKopuTenu, pa6oTaIOIUUe Ha BCTPeqHhIX nyqKaX, 

KOTOpbie Il03BOilRIOT peUiaTh TaKue 3a)].aqu. 

.[Lrrn npOCTOThl B03hMeM )].Be 0)1.HHaKOBhie qacTHIIhI C 3Heprueii UOKOR Ea, 
O)].Ha u3 KOTOphIX Heno)].BH)KHa, a ,ll.pyraR HaneTaeT Ha Hee c nonHoii 3Heprueii 

E. (ITpu )].anhHeiiUieM paccMoTPeHuu none3HO npe,ll.CTaBilRTh aHanoru10 c .ll.BYMR 

UiapttKaMH, KOr)].a B nepBOM cnyqae 0)1.HH HeilO)].BU)KeH, a BO BTOpOM o6a nernT 

HaBCTPeqy C 0)1.UHaKOBhIMU CKOpocrnMH.) Mo)KHO IlOKa3aTh, qTQ B CHCTeMe 

IIeHTPa Mace 3THX qacTHII, )].BH)KYIUeHCR OTHOCUTeilbHO na6opaTOpHoii CHCTeMhI 

OTCqeTa, «none3HM» 3HepruR HX B3aUMO)].eiiCTBHR El/M83 B penRTHBHCTCKOM 

cnyqae (E»Eo) cocTaBnReT: 

El/M83 = [2Eo E/12
• (7.1) 

Kor)].a )Ke )].Be qacTHIIhI c O)].HHaKOBoii 3Heprueii )].Btt)KyTcR HaBcTpeqy 

,ll.pyr ,ll.pyry, T. e. Korµ;a 3HepmR B na6oparnpHoii cucTeMe coBna,ll.aeT c 

3Heprueii B CUCTeMe IIeHTPa Mace, npaKTuqeCKU BCR 3HepruR EA46J U)].eT Ha 

H~HYJO peaKIIHIO 

EAq83 = 2E. (7.2) 

TaKUM o6pa30M, EAq8/El/M63=[2E/Eo/? TaK, )].IlR E=l 00 r3B 3Ta pa3HUIIa 

COCTaBnReT 15 pa3. A MR Toro qrn6hI B ycKopuTene c HeilO)].BU)KHOH MHIIIeHhlO 

)].OCTHrHYTh 3Toii )Ke 3Hepruu peaKIIHH E4_.,6 , = 2x 100=200 r3B, noTpe6yeTcR 

co3)].aTh ycKopuTenh Ha 20 T3B! 

B TO )Ke BpeMR BH)].Hhl H TPY.ll.HOCTH 3TOro MeTO)].a, COCTORIUHe B TOM, qTo 

BCTpeqHhie nyqKu npaKTuqecKH npo3paqHbl ,ll.pyr )].IlR .ll.pyra. CooTBeTCTBeHHO, 

OTHOCUTeilhHO Mana " CKOpOCTh OTcqeTa none3Hh!X co6bITHH. I1o3TOMY 

Hatt6onee qaCTO HCUOilh3yeTCR cxeMa, KOrµ;a )].Ba nyqKa, IIHpKynupyR B 

UOCTORHHOM MIT BO BCTpeqHoM uanpaBneuuu, MHOroKpaTHO npOXO)].RT ,ll.pyr 

CKB03h .ll.pyra B MeCTe HX BCTPequ. TaKHe ycTaHOBKU nonyqunu Ha3Bauue 

ycKopuTenu co BCTPe'-IHhIMH nyqKaMH - KOllflazioepbl ( co/liders ), a BXO.ll.HI.Utte B 

HUX KonhIIa - HaKonuTenhHhie, unu naKonumeJ1u (storage rings). '.:ha TexuuKa 

Haqana pa3BUBaTbCR c 1956 r. 

Ko/Ulaii<)ep - ycKOpttTeilh, B KOTopoM )J.JIH HCilOilh30BaHUR B R,ll.epHOH 

peaKIIHH Been nonyqeHHOH KHHeTuqecKOH 3Hepnm 3apR)KeHHhIX qacntII 

npottCXO)].HT B3aUMO)].eHCTBUe .ll.BYX nyqKOB, uanpaBJieHHhIX HaBCTpeqy ,ll.pyr 

,ll.pyry. 
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B TO BpeMH KaK npn coy,napeHillI ycKopeHHOll qacTlIQbl C Heno,nBil)KHOll 

MlIIIIeHbIO 3HaqnTeJibHaH qaCTb ee ::meprnn nepexo,nlIT B :meprlIIO ABil)KeHlIH 

IlOKOlIBIIIellCH qaCTlIQbl, npn «no6oBOM» BCTPeqHOM B3alIMO,nettCTBillI qaCTlIQ 

o,nnHaKOBOll :meprnn BCH oHa n,neT Ha B3alIMO,nettCTBile. 

CxeMbl KOJIJiaii,nepoB ,naHbl Ha pnc. 7.10. 

6) 

PIIc. 7.10. BapIIaHTbl cxeM co BCTpe'IHbIMII 0AH0IIMeHH0 (a, 6) II pa3HOIIMeHHO (B) 
3ap»lKeHHb!MII II)"lKaMII: I - ycKOPIITeJib-IIHlKeKTop; 2 - KOMMyrarop rryq:KOB; 3 -
:rneKTpOHH0-1103IIrpOHHbIH K0HBeprop; 4 - MeCTO Bcrpe'III II perncrpIIpyro~a» anrraparypa 

3KcnepnMeHTanbHble B03MO)KHOCTil KOJIJiail:,nepa xapaKTepn3yIOTCH ero 

ceemUMOCmblO L, onpe,nenHeMOH KaK K031plplIQileHT nponopQlIOHanbHOCTil 

Me)K_ny ceqeHneM nccne,nyeMoro npoQecca a (nnoIQa,nh B cM
2
) n qncnoM 

none3HblX co6hITlIH ( OTcqeTOB) B e,nlIHlIQY BpeMeHil M: 

M=La. (7.3) 

CBeTnMOCTh «o6ecneqnBaen> qacT0TY perncTPaQnn none3HhIX co6blTlIH. 

OHa onpe,ne1rneTCH B03MO)KHOCTHMil ycKopnTeJibHOH ycTaHOBKil: 

lIHTeHClIBHOCTblO nyqKOB, lIX pa3MepoM, 'qaCTOTOH BCTPeq, T. e. qaCTOTOH 

o6paIQeHlIH nyqK0B: 

L=N1Nif/S, (7.4) 

r.ne Ni n N2 - qncno qacTHQ BO BCTPeqHbIX nyqKax,/- qacTOTa nx o6paIQeHHH, 

S - nonepeqHoe ceqeHne nyqKOB B o6nacTn BJanMo,neitcTBHH. TaK, ,nm1 
-30 2 ...JO -2 -1 

peaKQillI c ceqeHileM a =JO CM npn CBeTlIM0CTil L = Ju CM ·c 6y,neT 

nponcxo,nnTh o,nnH oTcqeT B ceKyH,ny. 

88 

IlepBbie KOnJiaH,nepbl 6b1Jm C03,naHbl lI 3apa6oTanII OAHOBpeMeHHO B 

HoBOcII6IIpcKe II CT3H!pop,ne (CIIIA) B 1964 r. 

HaII6onee aKTyanbHhie npo6JieMbl COBpeMeHHOH lpII3IIKil MIIKpOMIIpa 

peIIIaIOTCH B HaCTOHIQee BpeMH Ha KpynHeHIIIIIX KOJIJiaH,nepax, 3HeprnH qaCTHQ 

B KOTOpbIX ,noCTIIraeT T3B. Ilo CBOeil: CTpyKrype KOJIJiatt,nepbl HMeIOT 

pa3H006pa3Hbie KOHCTPYKTIIBHbie peIIIeHlIH. OHII HBJIHIOTCH KpynHeHIIIHMH 

IICCJie,noBaTeJibCKlIMil coopy)KeHHHMII npoTJI)KeHH0CTbIO ,no ,neCHTKOB 

KilJI0MeTPOB. KaK npaBIIJI0, KOJIJiail:,nepbl C0CTOHT II3 ABYX CUHxpompoHoe, 
C0BMeIQeHHbIX B 0AH0M K0JibQe. HH)KeKQIIH qaCTIIQ OAIIHaKOBOH 3apHAHOCTH 

np0il3BOAHTCH B npOTilBOil0JI0)l(HblX HanpaBJieHIIHX B KOJlbQa, HMeIOU(He 

pa3Hble 3HaKII MarHHTHoro Il0JIH. Ilocne ycKopeHHH Il3MeHeHIIeM op6HTbI 

nyqKII no,n MHHlIMaJibHbIMil yrnaMII CBO)],HTCH B ToqKe BCTPequ ( OAHOH IlJIIl 

HeCKOJibKIIX), r)],e pacnoJIO)KeHa 3KCilepIIMeHTanbHaH lpII3HqecKaH ycrnHOBI<a. 

AHanornqHo MOryT 6bITb C03,naHbl KOJIJiatt,nepbl Ha OCHOBe BCTpeqHblX nyqI<OB 

JIUHeUHblX ycKopumeJ1eu. 
IlOBbIIIIeHile 31plpeKTIIBHOCTII pa6oTbl KOJIJiaii,nepa HanpaBJieH0 Ha 

yBeJinqeHIIe IIHTeHCIIBHOCTil nyqK0B II yMeHbIIIeHne IlX nonepeqHoro ceqeHHH 

B o6nacTn B3aHMo,neiicTBIIH S. B nepBoM cnyqae npoII3B0)],IITCH ux 

npe,nnapIITeJibHOe HaK0ITJieHIIe. Bo BTOp0M IICilOJib3yIOT OXJla:J/COeHue ny'-IK06, 
Il03BOJIHIOIQee cymecTBeHH0 yMeHbIIIIITb IlJIOU(a,nb IlX B3aHMO,nettCTBilH. Ilpu 

O)KII,naHHil pe,nKlIX co6hITIIH yBeJIIIqlIBaIOT ,nJIHTeJibHOCTb QIIPKYJIHQHH 

ycKopeHHbIX nyqKOB ,no qacon II cyT0K. Bo H36e)KaHIIe IlOTepb qaCTHQ npH HX 

pacceHHIIII Ha 0CTaT0qH0M ra3e oco6o BbICOKIIe TPe6onaHHH npe,noHBJIHIOTCH I< 

naKyyMy. Pa6oqee ,naBJieHHe B KaMepe ycK0pIITeJIH IlOHII)KaeTCH .no ~ 10-
10 

Ila 

KpynHeiiIIIne Konnaii,nepbI Haxo,nHTCH B HayqHhIX QeHTPax QEPH, 

)l{eHeBa (H,npa CBHHQa, 3HeprnH 2x3 T3B Ha HyKJioH); EaTaBHH, CillA 

(npoTOHbl-aHTHilpOTOHbl 1,8x0,8 T3B), EpyI<xei1BeH (npOTOHbI-IlpOTOHbI 

2x250 r3B, TJI)KeJIL1e 110Hbl 2xl 00 r3B Ha HyKJioH), Jioc-AnaMoc /SLAC: PEP

II (1999) 3JieKTP0Hbl-IT03IITPOHbl;::: 9x3 r3B. 

OXJ1aJ1Coenue ny11,«oa 
3ne«mponnoeoXJtamoenue 
B MeTo,ne )JieKTpOHHOro 0XJia)l{_neHHH, npe,nJIO)KeHHOM r.11. Ey,nI<epoM a 

1966 r., IlCil0Jlb3yIOTCH napHbie coy,napeHlIH qacTlIQ HaK0ITJieHHOro nyqI<a C 

qaCTIIQaMII BCITOMOraTeJibHOro nyqKa XOJIOAHhIX )JieKTP0H0B, ABIIraIOU(IlXCSI 

CTPOro napanneJihH0 H He coneprnaIOIQIIX nonepeqHbIX KOJie6aHni1. IlpH 

Ka)K.Il:OM coy,napeHillI qacTb :meprIIII TH)KeJIOH qaCTIIQbl nepe,naeTCH 3JieKTpOHy, 

T. e. IIOHbl 0XJia)K_naIOTCH, a 3JieKTPOHbl HarpeBaIOTCH (pIIC. 7.11). 
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5 

Puc. 7.11. CxeMa ::meKTpottttoro oxna'lK)leHm1: 1, 2-3JieKTpoHHbIH nyqoK; 
3, 4 - 0TKJI0H$IIOIUlle Marnun,1; 5 - ropgquH nyqoK, 6 - OXJia'lK)leHHblH nyqoK T}l)l(eJiblX 

qacmu; 7, 8 - CTeHKll BaKyyMHOH KaMepbI 

Cmoxacmu11ec«oe 0XJ1amoe11ue 
TTpe.n:no)KeHo BaH ,n:ep MeepoM B 1972 r. TTpIIHI.J,Hn ,n:eiicrnmi: noKmaH Ha 

pIIC. 7.12. ,y~. 

I I k'I. I·-; 

Puc. 7.12. CxeMa CTOXaCTuqecKoro 0XJia'lK)leHll$1 

OH OCHOBaH Ha TOM, qTQ npII IlOBhlII1aI01I.J,eii qJJ1yKTya11,IIII nonepeqHblX 

cKopocTeH (IIMilYJihCOB) qacTIII.I, (T. e. IlOBhIIlleHIIll IIX TeMnepaTypbl) B 

HeKoTopott ToqKe ycKopIITeJIH perIICTPIIPYeTCH cIIrHan ~nyKTYaI.J,IIII. 3aTeM 

)TOT CIIfHaJI C onepe)KeHIIeM nepe,n:aeTCH Ha IIMilYJihCHOe YCTPOHCTBO, KOTOpOe 

II3MeHHeT yron ~JIYKTyIIpOBaBrnero crycTKa, T. e. yMeHbrnaeT 3MIITTaHC ny11Ka. 

Ko11mpo11bllble npeo:1a11em11b1e aonpocbl no meMe «<1>u:1u«a yc«opumeJ1eu» 

1. Tttnbl ycKopuTeJieH 3apg)l(eHHb!X qacniu II npttHUllilbl ux )J.eHCTBll$1. 

2. ABTO<jiaJUpOBKa. 
3. Cna6ag <jioKycupoBKa. 
4. CttJibHag <jioKycup0BKa. 
5. 4To TaK0e 3MUTTaHC nytJKa? 
6. OcH0BHble <jiopMyJihl. 
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Ilpm1omeune 
L Xapa«mepucmu«u ny'IKOB yc«opume.neii 

OcHOBHh!Mll napaMeTPaMH nyqKa ycKopIITeJIH HBJIHIOTCH Tllil qacTHI.J,, 

3HeprHH H HHTeHCIIBHOCTh (TOK). B npuKJia,n:HhlX pa6ornx fOBOpHT O MOll]HOCTH 

ny11Ka - npomBe,n:eHHH ero 3HeprnII Ha TOK. 3Hepru10 nerKo perynupoBaTh B 

CHHXPOTPOHax, HHTeHCIIBHOCTh - BO Bcex ycKOpHTeJIHX. 

311epzemu11ec«uu cne«mp - 3aBHCHMOCTh qucna qacTHI.J, .!JN, npIIXOMlI.l,llXCH 

Ha 3HepreTH11ecKHii nHTepBaJI .!lE, OT 3Hepmu. ITpu 3KcnepIIMeHTax, KaK npaBHJio, 

onepupywT He Bceii 111HpHHoii cneKrpa, a ero rnnpHHOM L1E0 Ha nonyBhICOTe 

KpHBoii pacnpe,n:eneHHH. B 6oJihll1HHCTBe cJiyqaeB 1HepreTIIqecKoe pacnpe.n:eneHue 

'laCTHI.J, 6JIH3KO K rayccOBOMY- EcnH Ha ycTaHOBKe ipe6yeTCH IlOJI)"IllTh Y3KHM 

cneKrp HJIH BhI,n:eJIHTh H3 flY'IKa tty)l(Hhlll copT qacTIII.J,, TO HCilOJib3YJOT MafHIITHbie 

HJIH 3JieKrpOCTaTH'leCKHe cenapaTOpbI. 

Ilonepe1111oe pacnpeoeJ1e11ue qacTHI.J, B nyqKe onpe,n:enHeTCH 3MIITTaHcOM 

no o60HM nonepe'IHhIM HanpaBJieHHeM. 3,n:ech pacnpe,n:eneHHe TaK)Ke 6JIII3KO K 

rayccoBoMy. ~H nonyqeHHH Ha ycrnHOBKe MeHhrnero 3MHTTaHca (pmMepa) 

nyqKa ero KOJIJIHMHPYIOT. Ho npH )TOM, pa3yMeeTCH, CHH)KaeTCH 

HHTeHCHBHOCTh. 

BpeMe1111aa cmpy«mypa ycKopeHHhIX Il)"IKOB HMeeT CJIO)l(HhIM xapaKTep. 

OHa cnen;H~HqHa MH Ka)K,n:oro THna ycKOpIITeJIH H onpe,n:eJIHeTCH 

npoHCXOJl:HlI.J,HMH B HeM npon:eccaMH. B npocTeiinmx CJI)"IMX - )TO 

IlOCTOHHHhlll TOK. B .n:pyrux - 3TO nocne.n:oBaTeJibHOCTh IIMilYJihCOB, 

cne.n:yw111ux c 'laCTOTOM 11,IIKJIOB ycKopeHHH (cHHXpOI.1,HKJIOlpOH, 6ernipoH). B 

JIY MHTeJihHOCTh HMnynhca onpe,n:enHeTCH pa6ornii Bq-reHeparnpa. 

BpeMH BhIBO,n:a nyqKOB H3 CHHXpOlpOHOB cipeMHTCH c.n:enaTh B03MO)KHO 

MHTeJihHhIM. 3TO TaK Ha3bIBaeMblll. Me,n:JieHHhlH BhIBO,n:. Ero y.n:aeTCH c.n:enaTb 

OTHOCHTeJihHO 60Jihll1HM: nopH,n:Ka ceeyH,n:hI. TTpH )TOM ero BpeMeHHM 

CTPYKTYPa Heo,n:Hopo,n:Ha u MOJl:YJIIIpOBaHa 6oJihll1llM 'IHCJIOM rapMOHIIK, 

npH'IHHOH KOTOpbIX HBJIHIOTCH nyJihCaI.J,HH B CHCTeMe IlllTaHHH MafHHTHOfO IlOJIH. 

BeJ1u11u11a u11me11cua11ocmu ycKopeHHhIX qacTIII.J, xapaKTepmyeTcH ee 

cpe,n:HHM H HMilYJihCHhIM 3Ha'leHHHMH: 

Ncp = N,/TIJUK H NUMn = N,/T,wn, 
r,n:e N0 - HHTeHCHBHOCTh ycKopeHHOfO nyqKa, TJJuK -,n:JIIITeJihHOCTh 11,IIKJia, T.wn -
Jl:JIHTeJihHOCTh HMilYJibCa BhIBe,n:eHHOfO nyqKa. AHanOrHqHo - MH TOKa. 

MaKCHMaJihHM BeJIHqHHa HMilYJihCHOM HHTeHCIIBHOCTH onpe.n:enHeTCH 

3JieKTpOMafHHTHhIM B3aIIMO,n:eiiCTBHeM qacTIII.J, B ycKopHeMOM ny11Ke. 8 
KJiaccuqecKHX ycKopHTeJIHX Ha paHHHX 1rnnax ycKopeHHH onpe,n:em110111IIM 

HBJIHeTCH KYJIOHOBCKOe B3aIIMo,n:eiiCTBIIe Me)K,n:y 3apH)KeHHhlMH qacTm.(aMII. 

C«aam11ocmb - OTHOilleHHe ,n:JIHTeJibHOCTll 11,IIKJia K Jl:JIHTeJibHOCTll 

IIMnynhca: 

S = TIJUK / T.mn· 
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II. Ilepellellb OCIW6llblX <J,op.ltyll 

1. Kuuemu'leCKQR 311epzUR yc«opReAlblX I/UCl1lllt(. 11cXO)],HOH HBJUieTCH 

H3BeCTHllil 3aBIICIIMOCTb E =E/ + (pc/. ,[LJIH IIOHOB IIJIII H.D,ep (noJIHOCTblO 

IIOHII30BaHHblX IIOHOB) BbICOKIIX :meprIIH C qlfCJIOM HYKJIOHOB. A npIIHHTO 

onepIIpoaaTb C KIIHeTIIqecKOll 3HeprIIell, npIIXO.D,HIIJ,ettCH Ha 0)],IIH HYKJIOH, w: 

w = [E/ + (pc!A/)112 
- Ea= [E/ + (qBpc!A/f

12 
-Ea, 

nocKOJibKY p = qBp (cM. a pa3.D,ene «UIIKJIOTpOH»). 3.D,ecb Ea - 3HeprnH noKOH 

HYKJIOHa, paaHaH 9,38·10
8 

3B. 

2. )/(ecmKOCntb (Bp) yc«opumeJIR, KOTOpaH Tpe6yeTCH )],JIH nonyqeHIIH 3HeprIIII 

w. 113 TOH )Ke IICXO)],HOB 3aBIICIIMOCTII: 

Bp =A[w(w + 2Eo)f 12 /qc. 

)KecTKOCTb II3MepHeTCH B TJI'M. 

3. 3.,uummauc. TinoIIJ,a.D,b cpa3oaoro npocTpaHcrna a Koop.D,IIHarnx nonepe,rnoe 

CMeIIJ,eHIIe - yron HaKJIOHa TpaeKTOpIIII: 
e = 1rra, 

r.D,e r - nonyIIrnpIIHa nyqKa, a - ero IlOJIOBIIHHblll yron. l13MepHeTCH B M·pa.D,. 

4. Hop.MaJ1UJOBa1111b1ii 3Mummauc. 
3 = e py. 

3= canst, ecJIII nonepe'IHbIH IIMilYJibC (3HeprnH) npII npo.D,OJibHOM )],BII)KeHIIII 

ny'IKa He MeHHIOTCH. 

5. A.lltnep-aum«u, Heo6xo.D,IIMbie .D,JIH nonyqeHIIH u11oy«t(UU B a 3a3ope 

)],lIIlOJibHOfO MarHIITa C BbICOTOH 3a3opa h: 

NI= Bhlµa, µa= 41t· l o-7
• 

6. AMnep-aum«u, Heo6xo.D,IIMbie .D,JIH nonyqeHIIH zpaoueuma G a 3a3ope 

KBa.D,pynoJibHOH JIIIH3bl C pa.D,IIycoM BilIICaHHOH OKpy)KHOCTII r: 

NI= Gr2!2µa-

7. KoMnoHeHntbl MarHIITHOrO 110/lR B KBa.D,pynoJibHOH JIUH:Je 

By= Gx; Bx = Gy; G - rpa.D,IIeHT (Tn/M), G = Bair, 
r.D,e Bo - IIH.D,YKU:IIH Ha non10ce JIIIH3bl, r - pa.D,IIYC OKpy)KHOCTII, BilIICaHHOH 

Me)K)],y IlOJIIOCaMII. 

8. Eema-JIR.llt6oa nonollwu JIUHeiiHblii yc«opume/lb . .D:nIIHa Tpy6oK .D,peiicpa: 

L =PY2. 

92 

9. Eema-llR.llt6oa yc«opume/lb. AHanorII1rno: 
L =ft).. 

10. l/acmoma 06patt(e1tuR qacTHU: a t(UK.llompoue: 
f=qBl27tln. 

11. CaemUMOCntb L - K03<p<pIIQHeHT nponopu:noHaJibHOCTH Me)K.D,y ceqeHHeM 

npou:ecca u n qncnoM none3HbIX co61,1Tnii a e.D,HHHU:Y apeMeHn M· 
M=La, 

L =N1N2f/S, 
r.D,e N1 H N2 - 'IHCJIO qacTHQ BO BCTPelfHbIX ny'IKax,/ - qacTOTa HX o6palll,eHIIH, 

S - nonepeqHoe ceqeHne nyqKoa a o6nacTn B3aHMo.D,eiicTBHH. 

/IL Kpynneumue yc«opumeJlu Bbtco«ux 311epzuuf 

YcKopumeJlb MecmonoJ10:J1Ce11ue /{flUHa :J11ep2u51. I'oo 
op6umb1, nycKa 

KM 

Large Hadron CERN, Geneva L=26,658 pxp 2x8 TeV 
2010 

Qollider, (LHC) PbxPb 2x3 

TeV 

Large Electron CERN, Geneva + -
ee 1989 

Positron (LEP) L=26,658 2xl00 GeV 
Collider 

Super Proton CERN, Geneva 
L=6,900 

450 GeV(p) 
1976 

Synchrotron (SPS) 160 GeV/u 

(h.ions) 

Tevatron, Fermi Batavia, Illinois, 
L= 6,280 

p-antip 
1983 

lab USA l.8x0.8 TeV 

Collider 

Relativistic Heavy Brookhaven 250 GeV(p) 
Ion Collider Nation. Lab. (BNL) L=3,834 100 GeV/u 2000 
(RHIC) NY,USA (h.ions) 

U-70 Proton Serpukhov, protons 
Synchrotron, IHEP Protvino, L=l,483 70GeV 1967 

Russia 

t 1). Catalogue of High Energy Accelerators, VII Conference on Accelerators, JINR, 
Dubna 1988. 

2). http://www.cem.ch/accelco 
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