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Ilpe.a.HcJiosHe 

MbI npeJI.naraeM HOBoe ytJe6Hoe noco6He YHU OrUU1, BKJI101.Ja10w.ee JieKU.HH no 
q>H3HKe ycKOpHTeJieH, KOTOpbie l.JHTaJI CTyJI.eHTaM, ooytJaBlllHMCH B )ly6He, Hropb HHKO
JiaeBHl.J HsaHOB. 

CHal.JaJia .9TO 0blJIH CTyJI.eHTbl Kaq>eJI.pbl q>H3HKH .9JieMeHTapHbIX l.J8CTHU, Q)H3Hl.JeCKOro 
cpaKyJihTeTa MfY (pyKoBOJI.HTeJieM Kaq>eJI.pbI s to speMH 6h1JI BpyHo MaKCHMOBHl.J IloH
TeKopso). IloToM, nocne opraHH3aU,HH YHU, ocHOBHhIMH cnylllaTeJIHMH 6blJIH cryJI.eHThl 
M<I>TH H MH<I>H. KpoMe HHX JieKU.HH H. H. HsaHosa cnylllaJIH 3aseplllaBlllHe csoe 
o6ytieHHe s )ly6He cTyJI.eHTbI MHornx JI.pyrnx sy3os - TexHH'lecKoro YHHBepcHTeTa 
EparHcJiaBbl (CnosaKHH), TsepcKoro, BopoHe*cKoro, CaparoscKoro, Ilerpo3aBoJI.cKoro H 
JJ.pyrnx yHHBepcHTeTOB P<I>. Bo speMH JieKU.HH H. H. HsaHosa ayJI.HTOpHH. scerJI.a 0blJia 
IlOJIHOH H CJiylllaTeJIH peJI.KO paCXOJI.HJIHCb co 3BOHKOM - 38HHTepecosaHHOCTb CTyJI.eHTOB 
BMecre C npoq>eCCHOHaJIH3MOM H OCTPOYMHeM JieKTOpa l.JaCTO npOJI.JieBaJIH ayJI.HTOpHble 
'l8Cbl. 

YtiacTHe H. H. HsaHosa B o6pa3oBaTeJibHblX nporpaMMax He orpaHHl.JHBanocb tJTe
HHeM neKu,HH s )ly6He. OH 'lHTaJI csoH Kypc B JI.pyrnx yHHBepcHTerax, ob!JI JieKropoM 
IIIKOJihI UEPH no ycKopHTeJihHOH TeMaTHKe H MHoro CHJI OTJI.asan opraHH3aU.HH H npose
JJ.eHHIO lllKOJI no Q)H3HKe ycKopHTeJieH JI.JIH MOJIOJI.b[X y'leHblX. 

l13JI.8Tb JieKU.HH Hropb HHKOJiaeBHl.J HaMepesancH JI.aBHO, OJI.HaKo Ka*JI.bIH roJI. o6JI.y
Mb1BaJI H JI.06aBJIHJI B HHX HOBblH MaTepHaJI, JI.pyrne cnoco6hl Bb!BOJI.a q>opMyJI H OTKJia
)1.blBaJI nyoJIHKaU,HIO JI.O JIYl.JIIIHX epeMeH. Ilo.9TOMY KOrJI.a Mbl pelllHJIH H3JI.aTb JieKU,HH, 
ro nepeJI. HaMH oKa3aJICH orpoMHbIH pyKonHCHblH MaTepHaJI H Bbl6op 0blJI tipe3Bbil.JaHHO 
TPYJI.Hb[M. B3HB 38 OCHOBY OJ!.HH H3 CTyJI.eH'leCKHX KOHCneKTOB, Mbl pelllHJIH OCTaBHTb 
He3aeepllleHHOCTb H HenpHrJia*eHHOCTb ycTHoro H3JIO*eHHH MaTepHaJia. B .9TOM cJiytJae, 
no 3aMetJaHHIO A. H. Jle6eJI.eea, nytJllle coxpaHHeTcH HHJI.HBHJI.yaJibHOCTb caMoro neKTopa. 
TpyJI.HYIO paooTy no CHCTeMaTH38l.l,HH H KoppeKTHpOBKe HMelOW.HXCH eapHaHTOB JieKU,HH 
B3HJI Ha ce6H r. Tpy6HHKOB. Ero Bhlopan caM Hropb HHKonaesHtJ, KOrJI.a nonpocHJI 
r. Tpy6HHKOBa J!.Ol.JHT8Tb ero Kypc oceHblO 2002 roJI.a. 

MbI 6naroJI.apHbI AHJI.peIO HHKOJiaeBH'lY Jle6eJI.eey, oTpeJI.aKTHposasllleMy npeJI.Jiara
eMble JieKU.HH. KpoMe .9Toro, c JII06e3Horo pa3pellleHHH AHJI.peH HHKOJiaeBHl.Ja HX 06w.e11 
c HropeM HHKonaesH'leM cTaTbeH (nocJieJI.HeH JI.JIH H. H. HeaHosa) 3aseplllaeTCH .9TO 
noco6He. CTaTbH HBJIHeTCH o63opoM, npeJI.CTaBJieHHblM Ha KOHq>epeHU,HH, nOCBHW.eHHOH 
naMHTH B. H. BeKcnepa. 

A. H. CucaKR.H, 
C. fl. HeanoBa 



OCHOBHbie ct>opMyJibl H BeJIHqlfHbI, 

HCil0Jib3YeMbie B ycKOpHTeJibHOH <l>H3HKe 

Pen.HTHBHCTCKHH nopeHI . .l·q>aKTOp '-IaCTHU.bl 

'Y = ~ 

H ee OTH0CHTenbHaH CKOp0CTb 

/3 = V/c. 
TionHaff 3HeprnH '-IaCTHU.bl E CBH3aHa C MaCCOH noK0H mo H HMnynbC0M p cneJI,y!Oll.lHM 

C00TH0llieHHeM: 
E2 = c2p2 + m5c4. 

TionHa.H 3Heprn.H H HMnynbc '-IaCTHUbl B CHCTeMe 0TC'-IeTa, B KOTOpOH V - CK0p0CTb 

'-I.aCTHl.lbI: 

E = moc2 ~- 2 
V • - /3- - moc 'Y, 

P = moc2/3 ~ =moc-y/3. 

HMnynbc '-IaCTHl.lbl C MaCCOH mo = 0 onpeJI,en.HeTCH H3 C00TH0illeHHH 

E == pc. 

3HeprH.H n0K0H '-IaCTHUbl paBHa 

Eo = moc
2

• 

TionHaH 3Hepr'H.H C0CT0HT H3 3HeprnH noK0H H KHHeTH'-IeCKOH 3HeprnH (B nHTepaType 
M0)KeT o6o3Ha'-IaTbCH KaK T HnH W): 

E = moc
2 +T, 

0TKyJI,a KHHeTH'-IeCKa.H 3Heprn.H '-IaCTHUbl paaHa 

T = E - Eo = moc
2(-y- 1). 

OcHOBHOH eJI,HHHU.eH 3HeprnH a q>H3HKe BbIC0KHx 3Heprnii cny)KHT 3JieKTP0HB0JibT 

(l 3B) H ero npoH3BOJI.Hbie: l 38 = 10-3 K3B = 10-6 M3B = 10-9 f38 = 10- 12 T3B, 

l 3JieKTp0HB0J!bT paBeH 3HeprnH, np006peTaeMOH 3JieKTp0H0M npH npoxmKJI,eHHH pa3H0-

CTH noTeHUHanoa l B, T. e. l 38 ~ 1,60218. 10- 19 Kn. l B = 1,60218. 10- 19 JI.)!{. 
HMnyJibC '-IaCTHl.lbl H3Mep.HeTCH B 3B/c, rJI,e C = 3. 108 M/C - CK0p0CTb CBeTa. 

EJI.HHHU.eH MaccbI a q>H3HKe BbIC0KHX 3HeprnH HBJI.HeTc.H l 3B/c2: 

l 38/c2 ~ 1,8 • 10-35 Kr. 
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YCKOPHTEJib 3AP.SDKEHHbIX qACTHU 
COBPEMEHHbI:0 cI>H3HqECKH:0 IIPHBOP 

Hcmopwi coaaanuR yc,copumeJLeu. lluKJLU'lec,cue u JLuneiiHbte yc,copumeJLu. 
CxeMa coBpeMennoeo yc,copumeJLbHoeo K0MnJLeKca. OcnoBHbte </JopMyJLbl, uc
noAb3yeMbte B meopuu yc,copumeJLeii 

YcKopHTeJib 3apmKeHHbIX t.JaCTHU - cospeMeHHbIH q>H3Hl.JeCKH.H npH6op. OH 

OCTaeTCH TaKOBbIM, HeCMOTpH Ha TO, l.JTO C03.ll.aHHe cospeMeHHOro ycKopHTeJIH -

CJIO)KHeHlliaH Hayt.JHO-TeXHHl.JeCKaH 3a.n.at.Ja, perneHHe KOTOpOH no.n. CHJIY TOJibKO 

cneuHaJIH3HposaHHOMY Hayt.JHOMY no.n.pa3.n.eneHHIO, a 3KcnnyaTaUHH ycKOpHTeJIH 

Tpe6yeT 3aTpaT 60JibllIOro KOJIHl.JeCTBa 3HepreTHl.JeCKHX H TPY.ll.OBbIX pecypcos. 

Coopy)KeHHe KpynHbIX ycKOpHTeJieH o6XO.ll.HTCH HaCTOJibKO .n.oporo, l.JTO 3TO 

3aMeTHO .ll.JIH 610.n.>KeTa KpynHoro rocy.n.apcTBa . .llnH t.Jero Heo6xo.n.HMbI TaKHe ycH

JIHH? Pa3BHTHe ycKOpHTeJieH onpe.n.enHeTCH Tpe6osaHHHMH pa3BHTHH cpyH.n.aMeH

TaJibHblX HayK - B OCHOBHOM q>H3HKH 3JieMeHTapHbIX t.JaCTHU, q>H3HKH Bb!COKHX 

sHeprnti. 

XapaKTepHbIM napaMeTpOM, onpe.n.eJIHIOIUHM Harne noHHMaHHe CTPYKTYPbl Ma

TepHH, HBJIHeTCH .ll.JIHHa. C B03MO>KHOCTblO <<paccMaTpHBaTb>> co6bITHH, npOHCXO.ll.H

IUHe Ha MaJiblX paccTOHHHHX, noHBHJIHCb Kat.JeCTBeHHO HOBbie npe.n.cTaBJieHHH. TaK 

6b!JIO C npe.n.cTaBJieHHHMH O MOJieKyJIHpHOH CTP/KType seruecTBa npH .ll.OCTH>KeHHH 

pa3Mepos 10-6 CM, 0 CTpyKType aTOMa (10- CM), 3JieKTpOH-n03HTpOHHblX nap 

c10- 1 CM), aTOMHOro H.n.pa 00- 13 CM), HYKJIOHOB H Me30HOB 00- 14 CM). OnRe.n.e

JieHHe BHyTpeHHeH CTPYKTYPbI HYKJIOHOB Tpe6yeT nepexo.n.a Ha pa3Mepbl 10- 6 CM. 

E.n.HHCTBeHHOH B03MO>KHOCTblO HCCJie.n.osaTb co6b!THH, npOHCXO.ll.HIUHe Ha CTOJib 

MaJiblX .ll.JIHHax, HBJIHeTCH aHaJIH3 KapTHHbl .n.o H nocJie coy.n.apeHHH t.JaCTHU. 11, 
npH 3TOM, t.JeM MeHbllIYIO .ll.JIHHY Mb! XOTHM HCCJie.n.osaTb, TeM 60JibllIYIO 3Heprnl0 

CTaJIKHBaIOIUHXCH t.JaCTHU .ll.OJl>KHbl o6ecnet.JHTb. Mo>KHO JIH 3.ll.eCb yKa3aTb npe.n.en 

Tpe6osaHHH K 3HeprnH ycKOpHeMbIX t.JaCTHU C 3TOH TOl.JKH 3peHHH, KaKHe MHHH

MaJibHble pa3Mepbl Tpe6yIOTCH? Kor.n.a HeT TOl.JHOH TeOpHH, o6bll.JHO npH6eraIOT K 

KOM6HHaTOpHKe MHpOBblX KOHCTaHT. XapaKTepHaH .ll.JIHHa 10- 11 CM eCTb He l.JTO 

HHOe, KaK KOMilTOHOBCKaH .ll.JIHHa h/(mec). EcnH H.ll.TH no nyTH onpe.n.eneHHH 

KOMnTOHOBCKHX .ll.JIHH 3JieMeHTapHbIX t.JaCTHU, TO t.JeM 60Jibllie Macca, TeM MeHbllie 

.ll.JIHHa.j CaMyIO 60JibllIYIO Macey MO>KHO COCTaBHTb H3 MHpOBbIX KOHCTaHT B BH.ll.e 

m ~ (he)/>.., r.n.e >.. - nOCTOHHHaH rpaBHTaUHH. TaKaH Macca .n.aeT .ll.JIHHY 

~ 10-32 CM. OTCIO.ll.a npHMaH HHTepnoJIHUHH OT 3KCne~HMeHTa C 3JieKTpOH-n03H

TpOHHblMH napaMH .n.aeT Heo6XO.ll.HMYIO 3HeprnIO 102 MsB. Cetit.Jac B caMbIX 

CMeJiblX npoeKTax Ha3bIBaeTCH UH<ppa ~ 107 -108 MsB. OTCIO.ll.a HCHO, l.JTO UH<ppa 
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M9B B HaCTOHW.ee speMH ,ll.OJI>KHa BOcnpHHHMaTbCH KaK 6eCKOHetJHOCTb H 

npe.n.eJia Tpe6osaHHH no MaKCHMYMY 9HeprnA, no-BH.D.HMOMY, HeT. Ho npHKH.D.KH 

TaKoro po.n.a onpe.n.eJIHIOT TeH,ll.eHUHIO pa3BHTHH, a He HBJIHIOTCH onpe.n.eJIHIOW.HMH 

Ha cerO,ll.HHlllHHH MOMeHT. B HaCTOHW.ee BpeMH eCTb pa3,ll.eJieHHe !pH3HKH Ha TPH 

o6JiaCTH HCCJie,ll.OBaHHH: HH3KHe 9HeprnH ( ~ .n.o 10 M9B/HyKJIOH) - 9TO o6JiaCTb 

!pH3HKH H,ll.pa H H,ll.epHbIX peaKUHH, cpe.n.HHe 9HeprnH (OT 10 M9B/HyKJIOH .n.o 

1 r 9B/HyKJIOH) - 9Ta o6JiaCTb BKJIIOtJaeT B ce6H !pH3HKY ueHTpaJibHbIX CTOJIK· 

HOBeHHH qacTHU, HCCJie,ll.OBaHHe H30MepoB IlJIOTHOCTH (TaK Ha3bIBaeMaH y.n.apHaH 

BOJIHa B H,ll.pe), !pH3HKY nHOHOB H T . .n.. - H, HaKOHeu, BbICOKHe 9HeprHH (OT 

1 .n.o 400 f9B/HyKJIOH) - HCCJie,ll.OBaHHe KBapKOBOH MaTepHH H acTpO!pH3HKa. 

9To .n.eJieHHe, KOHetJHO, He a6COJIIOTHO, IlOCKOJibKY, BO-nepBbIX, co.n.ep>KHT MHOro 

ycJIOBHOCTeH, BO·BTOpbIX, eCTb MHoro nepeKpbIBalOW.HX 9TH o6JiaCTH 3a,ll.atJ, HO 9TO 

pa3,ll.eJieHHe y.n.o6HO TeM, lJTO Il03BOJIHeT KJiaCCH!pHUHpOBaTb ycKOpHTeJIH. TTpe>K.n.e 

tJeM npHCTYilHTb K TaKoro THna KJiaCCH!pHKaUHH, .n.asaHTe onpe.n.eJIHM OCHOBHbJe 

!pOPMYJibl H npHHUHilbl pa6oTbl ycKOpHTeJIH. 

I1TaK, pa6oTa ycKOpHTeJIH COCTOHT B yCKopeHHH 3apH>KeHHOH qacTHUbl .n.o 

onpe.n.eJieHHOH 9HeprHH H .n.ose.n.eHHH ee .n.o MHllleHH. TT09TOMY <pyHKUHH ycKOpH

TeJIH 3aKJIIOtJalOTCH B TOM, lJTO OH ,ll.OJI>KeH 3apH>KeHHYIO qacTHUy: 

1) noJiytJHTb, 

2) y.n.ep>KaTb, 

3) nepe.n.aTb eii 9Heprn10, 

4) BbIBeCTH Ha MHllleHb. 

BbmOJIHeHHe 9THX <pyHKUHH (KpOMe nyHKTa 1) .n.ocrnraeTCH KOM6HHauHeH 

MarHHTHblX H 9JieKTPHtJeCKHX noJieH, HMelOI.I.J.HX CTporo 3a,ll.aHHYIO KOH<pHrypaUHIO 

B npocTpaHCTBe H 3aBHCHMOCTb OT speMeHH B TetJeHHe UHKJia ycKopeHHH. 

Bo3MO>KHbJe KOM6HHaUHH MarHHTHbJX H 9JieKTPHtJeCKHX noJieH onpe.n.eJIHIOT 

THn ycKOpHTeJIH H CBH3aHbl C napaMeTpaMH ycKOpHeMbJX tJaCTHU. TTepetJHCJIHM 9TH 

xapaKTepHCTHKH: . 

- 3apH.n. eZ (Z - KpaTHOCTb HOHH3aUHH), 

- mo - Macca noKoH, 

- V - CKOpOCTb tJaCTHUbl. 

Pa3JIHtJalOT ,ll.Ba THna ycKOpHTeJieH: 

- JIHHeHHbie, 

- UHKJIHtJeCKHe. 

B JIHHeHHblX ycKOpHTeJIHX qacrnua npOXO,ll.HT ycKOpHIOIUHH npoMe>KyTOK -

o6JiaCTb, r.n.e C03,ll.aHO 9JieKTPHtJeCKOe noJie, - TOJibKO O,ll.HH pa3. B UHKJIHtJeCKHX 

ycKopHTeJIHX tJaCTHUa 9TO .n.eJiaeT MHOroKpaTHO. TaK BOT, ecJIH Mb! HMeeM ,ll.eJIO C 

JIHHeHHblMH ycKOpHTeJIHMH, TO Bbipa>KeHHe ,ll.JIH MOI.I.J.HOCTH MO>KHO JierKO npOHH· 

TerpHpoBaTb H noJiytJHTb Bb!pa>KeHHe ,ll.JIH KOHetJHOH 9HeprnH B BH,ll.e 

Wmax ~ eZUL, 

r.n.e L - ,ll.JIHHa ycKOpHTeJIH, u - 9<p<peKTHBHOe ycKOpH!OIUee noJie. 9TO Bbipa

>KeHHe cpa3y .n.aeT MaCll1Ta6 ycTaHOBKH. (HaH60Jiee xapaKTepHaH BeJIHlJHHa ,ll.JIH 

TH>KeJibJX qacTHU U ~ 10 KB/cM.) 

EcJIH Mb! HMeeM .n.eJIO C UHKJIHl!eCKHM ycKOpHTeJieM, TO ero B03MO>KHOCTH C 

TOl!KH 3peHHH noJiytJeHHH MaKCHMaJibHOH 9HeprHH onpe.n.eJIHIOTCH y)Ke He npo-
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CTO 3neKTpH1-IeCKHM noneM, a BenHtIHHOH MaKCHManhHO B03MO)KHOro MarHHTHoro 
nonH, KOTopoe HaXO.D.HTCH H3 ycnOBHH paBeHCTBa ueHrpo6e:>KHOH H ueHrpocrpe
MHTenbHOH MarHHTHOH CHnbI JiopeHua: 

mV2 = :.zvB, 
R C 

3.n.ecb B - senHtIHHa MarHHTHoro nonH, R - pa.n.Hyc. 
Orc10.n.a CK0 ocrh V = (e/c)(ZBR/m) H KHHernqecKaH 3HeprnH W = 

= E5 + m2c2V2 - Eo. 

113 o6mHx qiopMyn nonyqaeM: 

3HeprnH W = J(eZBR)2 + E5 - Eo, HMnynhc P = (e/c)ZBR. 

BenHtIHHa BR - Ba:>KHaH xapaKrepHCTHKa cospeMeHHhIX ycKopHreneif, Ha3bI
saeMaH <<MarHHTHOH :>KeCTKOCTbIO>> (H3MepHeTCH B recna-Merpax [Tn · M]) . .LlnH 
penHTHBHCTCKoro cnyt1aH nonyqaeM E ~ eZBR, H .n.nH oueHOK (.n.nH npOTOHOB) 
BR= 3,1297,61 [Tn · M]. 

TTpHHUHn oueHKH: 3a.n.aercH KOHetIHaH 3HeprnH H THn ycKOpHeMOH qacTHUbl 
(eZ), OTCIO.D.a HaXO.D.HTCH BR, .n.anee BenHtIHHa B (HaH6onee xapaKrepHaH 2-6 Tn) 
.n.aer Macrnra6 ycraHOBKH (pa.n.Hyc). 

TTonyt1eHHbie <pOPMYJibl .n.nH KOHetIHOH 3HeprnH qaCTHUbl, ycKopeHHOH B JIH
HeHHOM HnH UHKJIHtieCKOM ycKOpHrene, .n.aIOT caMbie rJiaBHbie, HO rpy6h!e oueH
KH Macwra6a H B03MO:>KHOCTeH ycKOpHrenH . .Llanee Ha.no KOHKpeTH3HpOBaTb, Ha 
KaKOM npHHUHne OCHOBbIBaIOTCH 0CHOBHbie <pyHKUHH ycK0pHTeJIH - y.n.ep:>KaHHe 
qacTHUbl B o6naCTH ycKopeHHH H nepe.n.aqa eif 3HeprnH. JlHHeHHbie ycKopHreJIH He 
OTJ!HtiaIOTCH MHOroo6pa3HeM, H HX pa3JIH'IHe COCTOHT TOJibKO B cnoco6e C03JI.aHHH 
3neKrpHt1ecKoro nonH. Bonee pa3Hoo6pa3HhI - UHKnHt1ecKHe. CHat1ana, pa36epeM 
HX pa6ory <<Ha nanhuax>> . .LlnH 3TOro IlOCMOTpHM eme pa3 Ha OCHOBHYIO qiopMyJiy 

R = mo1,6c
2 

eZB ' 

nonyqaeMyIO H3 ycnOBHH paBeHCTBa CHJI . .Llanee, ecnH npH6JIH3HTeJibHO npe.n.cra
BHTb nyrh qacTHUbl B ycKOpHTeJie B BH.D.e OKPY:>KHOCTH C pa.n.HyCOM R, TO nepHO.D. 
o6pameHHH 

T = 21rR = 21rRmo,c = 2 moc 1. 
V eZBR 1r eZ B' 

r. e. KaK pa.n.Hyc, raK H nepHo.n. o6pameHHH qacTHUhI pacryr c 3Heprneif H 
yMeHhlllaIOTCH C poCTOM MarHHTHOro nonH. 

Tenepb npe.n.craBHM ce6e, qro Ha nyrH qacrHUhI nocrasneH yckopHIOll.lHH npo
Me)KyToK, B KOTOpOM C03.D.aHo nepeMeHHOe BbICOKOtiaCTOTHOe (Bl.I) 3JieKTpHtieCKOe 
none. EcnH qacrnua npowna ycKopHIOll.lHH npoMe:>KyroK B HY:>KHOH ycKopH10meii 
<pa3e, TO ee 3HeprnH ysenHtIHJiaCb, H,. npH nOCTOHHHOM 'MarHHTHOM none, nepHO.D. 
ee o6pameHHH raK:>Ke yseJIHtIHnCH, H Bo3poc pa.n.Hyc op6Hrh1. 

TTpH nOCTOHHHOM MarHHTHOM none Mb! MO:>KeM o6ecnetIHTb raKOH npHpOCT 
3HeprnH Ha npoMe)KyTKe, qro ysenHtieHHe nepHo.n.a o6pameHHH qacTHUhI 6y.n.er 
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paBHO nepHO.ll.Y Bll-Kone6aHHH H Ha cne)J.yJOW.eM o6opoTe qacTHua onSITb 6y)J.eT 
B HY)KHOH <pa3e H T.)J.. TaKOH cnoco6 ycKopeHHSI - KnaCCHlleCKHH UHKnOTpOH, 
op6HTa llaCTHU.bl B KOTOpOM - pacKpyllHBaJOW.aSICSI cnHpanb. 

Marmrraoe none B 

Ho11HLIH HCTO'IHHK 

/ ~ 
BlJ ycmp,oo~ee ,l(yaHn.I 
none 

/ 
BhIB~ellHLIH nyqoK 

HecMOTpSI Ha onpe)J.eneHHbie npeHMyw.ecTBa UHKnoTpoHa (npocTOTa), nocne)J.
Hee o6CTOSITenbCTBO (cnHpanbHaSI op6HTa) npHBO)J.HT K otieHb 6onbIIIHM 06beMaM 
KaMepbI, B KOTOpOH ycKopSIIOTCSI llaCTHU.bI, H 6onbIIIOMY MarHHTHOMY nonJO. MmK
HO yMeHbllIHTb Illar cnHpanH op6HTbl, BBe)J.SI MO)J.ynsiu.HJO B qacTOTY Bll-reHepa
TOpa 9neKTpHlleCKOro nonsi. B 9TOM cnyqae nonyllHM TaK Ha3bIBaeMbIH <pa3oTpOH. 

Mo)KHO C)J.enaTb op6HTY noCTOSIHHOH, yaenHllHBaSI MarHHTHOe none no Mepe Toro, 
KaK pacTeT 9Heprnsi. YcKOpHTenH C nepeMeHHblM MarHHTHblM noneM nonyllHnH 

Ha3BaHHe <•CHHXpOTpOH>>, noCKOnbKY B Hallane ycKopeHHe B. HHX npoHCXO)J.HT Ha 

CHHXpOHHOH cpa3e ycKopSI!OW.ero Bll-nonSI. TTOTOM 9<p<peKTHBHOCTb ycKopeHHSI 

MO)KHO nOBbICHTb, H3MeHSISI TaK)Ke H <pa3y Bll-nonsi B npouecce ycKopeHHSI. TaKHe 

ycKOpHTenH nonyllHnH Ha3BaHHe <<CHHxpo<pa30TpOH», a Bnocne,ll,CTBHH, nOCKOnbKY 

MallIHHbl TaKorb THna CTpoHnHCb TOnbKO )J.nSI ycKopeHHSI npOTOHOB Ha BbICOKHe 

9HeprHH, - <•npOTOHHbIH CHHXpOTpOH». OcTpoyMHbIH npHHUHn nono)KeH B OCHOBY 
MHKpOTpOHa (npe)J.nO)KeHHe B.11. BeKcnepa) - qacTHua Bpaw.aeTCSI B noCTOSIHHOM 
MarHHTHOM none, npoXO)J.SI e)J.HHCTBeHHblH ycKOpSI!OW.HH npoMe)KyTOK, Ha KOTOpOM 

npHpOCT 9HeprHH paBeH 9HeprHH noKOSI. MO)KHO nO)J.06paTb MarHHTHOe none TaK, 

llTO qacTOTa o6paw.eHHSI 6y)J.eT MeHSITbCSI KpaTHO KOnHlleCTBY npOXO)K)J.eHHH: 

e 
w0 = -B =wsq, 

mo 
e 1 

w1 = 2mo B = 2wsq' ... ' 
e 1 

Wn = --B = -Wsq' 
nmo n 

T. e. qacTHua Bcer)J.a 6y)J.eT HaXO)J.HTbCSI B pe3OHaHce Ha rapMOHHKax Bll-no
nsi. 11 HaKOHeu, «)J.e)J.yllIKa>> Bcex ycKOpHTeneH - 6eTaTpoH: B 9TOM ycKOpH
Tene OTCYTCTByeT ycKopSI!OW.HH 3a3op. Ha6op 9HeprHH npOHCXO)J.HT 3a CLJeT 
H3MeHeHHSI MarHHTHOro nOTOKa, npOHH3bIBaJOw.ero KpyrnyJO op6HTY Bpaw.a
lOW.HXCH LJaCTHU. 3a CLJeT 9TOro CO3)J.aeTCSI BHXpeaoe 9neKTPHLJeCKOe none 
~Eds= 21rRE = ef>o = 1rR2B. 
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nocKOJibKY MarHHTHOe noJie B03pacTaeT, TO OKa3bIBaeTCH, l{TO B CJiytiae BbI

IlOJIHeHHH ycJIOBHH 

. 1 J r.ne B = R2 BRdR - cpe,nHee noJie Ha op6HTe, 

pa,nHyc op6HTbl 6y,neT coxpaHHTbCH IlOCTOHHHbIM, T. e. yseJIH1.JeHHe IlOJIH 6y,neT 

CKOMneHCHpOBaHO B03pacTaHHeM q>aKTOpa 'Y H3·3a 3JieKTPH1.JeCKOrO IlOJIH, CBH3aH

Horo C H3MeHeHHeM MarHHTHOro IlOTOKa. 

Coopy>KeHHe nepBblX ycKopHTeJieH OTHOCHTCH K 30-M ro,naM xx CTOJieTHH. 

HaH60Jiee paHHHe YCKOpHTeJIH - 3TO ycKOpHTeJIH npHMOro ,neHCTBHH. Ha 3JieK

TpHtieCKOM 3a3ope C03,nasaJIOCb IlOCTOHHHOe 3JieKTPH1.JeCKOe noJie. 9TO TaK Ha3bl· 

saeMbie KacKa,nHbie reHepaTopbI H reHepaTOpbI BaH ,ne fpaacpa. B 1930 ro,ny Ha 

TaKOM ycKOpHTeJie 6bIJia noJiytieHa 3HeprHH 1,5 M3B. nepBbIH UHKJIOTpOH 6b!JI 

3anymeH B 1931 ro,ny JlHBHHfCTOHOM (OH ycKOpHJI HOHbl Bo,nopo,na ,no 3HeprnH 

80 K3B), a Ha nepBOM 6eTaTpOHe B 1940 ro,ny KepcT IlOJIYlJHJI 3JieKTpOHbl C 

3Heprneii 2,3 M3B. Ha 3THX ycKopHTeJIHX 6bIJI npo,neMOHCTpHpOBc:lH npHHUHil 

pa60Tbl, ,naJibHeiimee >Ke pa3BHTHe c,nep>KHBaJIOCb He,nocTaTKOM 3HaHHH TOlJHbIX 

YCJIOBHH pe30HaHca Me>K,ny ycKopHeMOH 1.JaCTHUeH H q>a30H ycKOpH!OI.Uero IlOJIH. 

Mb! paCCMOTpeJIH npHHUHilbl Ha npHMepe OAHOH tiaCTHUbl. A KaK ce6H 6y,nyT 

BeCTH rpynnbl 1.JaCTHU? CKOJibKO H3 HHX ycKOpHTCH, CKOJibKO norn6HeT? lfacTHUbl 

9TH 3apH>KeHHble: C OAHOH CTOpOHbl, HX Ha.no ,nep>KaTb KaK MO>KHO IlJIOTHee, 1.JT06bi 

He yseJIHlJHBaTb 06beMOB KaMep H C03,nasaeMbIX noJieH, C ,npyroii CTOpOHbl, OHH 

CTpeMHTCH pa30HTHCb H T. ,n. Ha OCHOBOilOJiaraIOI.UHH Bonpoc O pe30HaHce 6bIJI ,naH 

OTBeT s 1943 ro,ny COBeTCKHM y1.JeHbIM B.11. BeKCJiepoM, OTKpb!BlllHM npHHUHil 

aBTOcpa3HpOBKH. 9TO ,naJIO TOJI'-IOK K pa3BHTHIO ·scex cospeMeHHbIX 60JiblllHX 

ycTaHOBOK. Ha OCTaJibHbie BonpoCbl OTBeTbl 6bIJIH noJiy1.JeHbl (H noJiy1.Ja!OTCH .no 

CHX nop) B npouecce pa3BHTHH ycKOpHTeJibHOH cpH3HKH. l1cTopHH noKa3b!BaeT, 

lITO Ka>K,nbie ceMb JieT 9HeprHH YCKOpHTeJieH y,nsaHBaeTCH. Kor,na HC1.Jepnb1BaeTCH 

B03MO>KHOCTb o,nHoro THna ycKOpHTeJieH, y1.JeHbie H HH>KeHepbI npHAYMb!Ba!OT 

,npyroii H T. ,n. B HaCTOHmee speMH 60JiblllOe pa3BHTHe IlOJIYlJHJIH TaK Ha3bIBaeMble 

HaKOilHTeJibHbie KOJibUa, B KOTOpblX cpopMHPYIOTCH H Ha~anJIHBa!OTCH 1.JaCTHUbl 

HJIH AJIH nocJie,nyiomero ycKopeHHH, HJIH AJIH opraHH3aUHH BCTpe1.JHblX ny1.JKOB. 

,lleJIO s TOM, 1.JTO npH c6poce ycKopeHHOro nytIKa Ha Heno,nBH>KHYIO MHllleHb ero 

OCHOBHaH 9HeprnH TpaTHTCH He Ha po>K,neHHe HOBblX 1.JaCTHU, a Ha no,n,nep>KKY 

nepeHOCHoro ABH>KeHHH sceii COBOKynHOCTH nytIOK-MHllleHb. EcJIH H MHllleHb 

6y,neT ABHraTbCH HaBCTpeqy ny1.JKY, TO 9KBHBaJieHTHaH 9HeprHH CTOJIKHOBeHHH 

IlOJIYlIHTCH paBHOH 

, Ef 
Eeq = 2 Eo' 

r,ne EL - 3HeprHH B Jia6opaTOpHOH CHCTeMe Koop,nHHaT, Eo - 9HeprHH IlOKOH. 

B CHCTeMe ueHTpa HHepUHH Me>K,ny HaJieTaIOI.UeH H IlOKOHI.UeHCH 1.JaCTHUeH CJie

,ny10mee COOTHOllleHHe 9HeprnH: Eeq = ✓2EoEL. lfro6bI yseJIHlJHTb sepOHTHOCTb 

CTOJIKHOBeHHH, HY>KHO IlOBbilllaTb HHTeHCHBHOCTb, Il03TOMY OtieHb Ba>KeH MOMeHT 

HaKonJieHHH. KpoMe 9Toro, HaKOilHTeJibHbie KOJibUa MoryT HBJIHTbCH HCT01.JHHKOM 

qacTHU AJIH nocJie,ll,y10mero ycKopeHHH. 
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PaccMOTpHM npHHUHn pa60Tbl 6onbIIIOro COBpeMeHHoro ycKopHTemI, THna 

npOTOHHOro CHHXpOTpOHa. KaK Mb! y2Ke CKa3anH, MarHHTHOe none B TaKOH Ma

IIIHHe .u.on2KHO ysenHtIHBaTbCfI co BpeMeHeM ycKopeHHfI. O6bI1IHafI cpopMa 3aBHCH

MOCTH nonfl OT speMeHH TaKOBa: 

B 

Bmin 

Heo6xo.n.HMO HeKOTopoe MHHHManbHoe MarHHTHoe none npH HH2KeKUHH BHHJK, 

HHatie HeH36e2KHbie ero OTKnOHeHHfI OT 3a.n.aHHoro 3HatieHHfI 6y.n.yT cnHIIIKOM 

BnHHTb Ha ,ll.BH2KeHHe tiaCTHU. BHHlK onpe.n.eJrneT MHHHManbHOe 3HatieHHe 3HeprnH 

HH2KeKTHpyeMblX qacTHU EHHJK• TaKHM o6pa3oM, B03M02KHa cne.n.yIOI.UaH cxeMa 

ycKopHTenH: 

1) cpopHH)KeKiop (HCT01IHHK qaCTHU), 

2) npe.u.ycHnHTenb (HnH HH2KeKTOp) .n.nH nonytieHHfI qacTHU c EHHJK, 

3) YCKOpHTenb .n.nH nonytieHHfI Emax· 
B npHHUHne, s nyHKTe 3 M?2KeT 6b!Tb O.IJ.HH HnH .u.sa YCKOpHTenH, nocne.u.osa

TenbHO YCKOpH!OI.UHX qacTHUbl, npHtieM OAHH H3 HHX M02KeT HX HaKannHBaTb .n.nH 

nOBbIIIIeHHfI HHTeHCHBHOCTH ycKopeHHbIX qacTHU B KOHetIHOM UHKne. 

TexHHtieCKH 3TO B03M02KHO nOTOMY, 1ITO tieM 6onbIIIe 3HeprnH .u.aeT ycKO

pHTenb, TeM OH KpynHee, 3Ha1IHT, xapaKTepHble speMeHa ero pa60Tbl (KOTOpbie 

onpe.u.enfIIOTCfI, HanpHMep, HHAYKTHBHOCTb!O o6MOTOK) B03pacTa!OT H npe.IJ.bIAYI.UHe 

KaCKa.IJ.bl YCKOpHTeneH MoryT cpa6aTbIBaTb HeCKOnbKO UHKnOB 3a BpeMSI O.IJ.HOrO 

UHKna nocne.n.yIOI.Uero. 

THnHtIHafI cxeMa YCKOpHTenbHOro KOMnneKca BblrJifIAHT cne.u.yIOI.UHM o6pa30M: 

FICTO'IHHIC 

B 

lhraceKrOp I ~ 7 ' 

HaKOmrrem,Hoe 
KOm.no 

..................... 

B COOTBeTCTBHH C 3TOH cxeMOH nepetIHCnHM OCHOBHbie 3a.D.a1IH, CTOfII.UHe nepe.n. 

cpH3HKOM, npHcTynHBIIIHM K coopy2KeHHIO COBpeMeHHOro ycKOpHTenH. 
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1. Onpe,L1.eJiem1e (H3 <pH3HtieCKOH npo6JieMb!) npHHUHna ycKopeHHH qacTHU, 

TeXHHtieCKOH cxeMbl ycTaH0BKH, THna ycKopHTeJIH. 

2. Onpe,ll.eJieHHe KOH<pHrypaUHH MarHHTHb!X H 3JieKTpH11eCKHX noJieH, o6ecne-

11HBa!OW.HX y.D.ep)i<aHHe qacrnu H HX YCTOHtIHB0e ycKopeHHe. Pacqer ,ll.HHa

MHKH qacTHU H onpe,LJ.eJieHHe T011H0CTH Bbin0JIHeHHH scex Y3JI0B. 

3. Onpe,LJ.eJieHHe B03M0)KH0CTH noJiytieHHH MaKCHMaJibHb!X HHTeHCHBHOCTeH, 

pac'-leT BpeMeHH )KH3HH qacTHUbl B ycK0pHTeJie. 

4. PacqeT H 0nTHMH3aUHH ycJIOBHH sanycKa qacTHU B YCK0pHTeJib (HH)KeKUHH). 

5. TTpo6JieMa corJiacoBaHHH Y3JI0B ycTaH0BKH (nocJie,LJ.OBaTeJibHOCTH: cpopHH-

)KeKT0p, HH)KeKT0p, 6yCTep, .•. , 60Jibll!He KOJihUa). 

6. Paspa6oTKa MeT0,ll.0B Bb!B0,LJ.a ycKopeHHb!X qacrnu. 

7. Pa3B0,LJ.Ka H TpaHcnoprnp0BKa BhIBe,LJ.eHHb!X nytIK0B. 

8. Paspa60TKa 3aW.HTbl ycTaH0B0K H nepcottaJia. 

9. YnpasJieHHe sceti ycraH0BK0H. 

10. CneuH<pHtieCKHe sonp0Cbl ,LJ.aHH0ro K0MnJieKca. 

B nocJie,LJ.HeM nyHKTe ceti11a"c M0)KH0 BbI,LJ.eJIHTb CJie,LJ.y!OW.He HanpaBJieHHH: 

a) npoT0HHb!e CHHXp0Tp0Hbl H HaK0nHTeJibHbie K0JibUa Ha Bb!C0irne 3HeprHH -

0CH0BHhie 6a30Bble YCTaH0BKH scex HaytIHb!X ueHTp0B MHpa, 

6) JIHHeHHb!e ycK0pHTeJIH 3JieKTp0H0B, 

B) ycK0pHTeJIH npoT0H0B Ha cpe.D.HHe 3HeprnH, HO C 60Jibll!HM T0K0M: TaK 

Ha3bIBaeMbie Me30HHb!e cpa6pHKH - HCT0tIHHKH H3JIY11eHHH; pell!eHHe HeK0T0pb!X 

sonpocos 3HepreTHKH, 

r) yCKopHTeJIH TH)KeJib!X H0H0B Ha HH3KHe 3HeprHH - <pH3HKa H,ll.pa H H,ll.epHaH 

cneKTp0CK0ilHH, 

.D.) ycK0pHTeJIH TH)KeJib!X H0H0B Ha cpe,LJ.HHe H Bb!C0KHe 3HeprHH - TaK Ha3bI

BaeMaH peJIHTHBHCTCKaH H,LJ.epHaH <pH3HKa, HaK0nHTeJibHble K0JihUa ,ll.JIH TH)KeJib!X 

H0H0B, 

e) HaK0ilHTeJihHb!e K0JibUa ,ll.JIH BCTpetIHb!X nytIK0B - <pH3HKa Bb!C0KHX 3Hep

rHH, 
)K) YCK0pHTeJIH ,ll.JIH npHKJia,LJ.Hb!X HCCJie,LJ.OBaHHH (CHHXporpOHHOe H3Jiy11eHHe, 

Me,LJ.HUHHa, peHTreH0CK0ilHH H T. ,LJ..). 

3THM Mb! 3aK0H11HM pas6op o6w.Hx npHHUHn0B ycKopeHHH H pas6op THil0B 

YCKOpHTeJieH H 3aHMeMCH sonpocaMH ,ll.HHaMHKH O,ll.HOH qacTHUbl B ycKopHTeJie. 
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,llHHAMHKA qACTHU.. MSlfKMI <l>OKYCHPOBKA 

<Puau11,ec,cue npu6Au:m:e1-tuR, noaB0AR10w,ue paaaeAumb npoaoAbt-toe u none
pe1t1-toe aBu:m:et-tue. <Po,cycupoBKa nonepe1t1-toeo aBu:m:et-tuR. CuAbHaR u cAa6aR 
qJOKycupOBKa 

OCHOBHblM nOHHTHeM ,!I.HHaMHKH tJ:aCTHU. B YCKOpHTenHX HBnHeTCH nOHHTHe 

op6HTbl .tJ:aCTHU.. Op6HTOH Ha3b!Ba!OT saMKHYTYIO TpaeKTOpHIO, no KOTOpOH tJ:aCTH

u.a C sa.n.aHHOH 3HeprHeH ,!I.BH>KeTCH B MarHHTHOM none YCKOpHrensi (MarHHTHaH 

HH.D.YKU.HH B KaK cpyHKU.HH speMeHH, i<aK npasHno, «Me.n.neHHee», l!eM nepHO,!I. 

o6paw.eHHH T, n03TOMY nOHHTHe op6HTbl coxpaHHeTCH H B nepeMeHHOM MarHHT

HOM none). CeMeHCTBO op6HT 3aBHCHT B )I.aHHOM cnyqae OT 3HeprHH l!aCTHU. KaK 

OT napaMeTpa. B MaTeMaTHKe op6HTa coi:>TBeTCTByeT nepHO,!I.Hl!eCKOMY perneHHIO 

HeKoero ypasHeHHH ,!I.BH>KeHHH, npHtJ:eM nepHO,!I.Hl!HOCTb ,!I.BH>KeHHH cosna.u.aeT C 

nepHO,!I.Hl!HOCTblO MarHHTHoro nonH. 

O6bil!HO npHMeHHeMble s ycKopHrensix MarHHTHbie nonsi HMelOT nnOCKOCTb 

CHMMeTpHH, KOTOpaH ·Ha3bIBaercH cpe.n.HeH HnH Me,!I.HaHHOH nJIOCKOCTblO, no3TOMY, 

KaK npasHno, op6HTbl - 3TO nnoCKHe KpHBbie. 

Mo>KHO npHsecTH npHMepbI xapaKrepHbIX op6HT: 

- B nHHeHHOM ycKOpHTene - npHMaH, cosna.n.a10w.asi C OCblO ycKopHrensi; 

- ecnH MarHHTHOe none nocTOHHHO H O,!I.HOpO,!I.HO, TO HCH0 H3 npoCTbIX q>H3H-

l!eCKHX npe.n.nono>KeHHH, tJ:TO op6HTbl - Ha6op KOHU.eHTpHl!eCKHX OKPY>KHOCTeH: 

~R 

- o6bitJ:HO ycKOpHTenH (oco6eHHO <<CTapbie>> - KnacCHl!eCKHe) COCTOHT H3 

nosopOTHbIX MarHHTOB H npHMOnHHeHHbIX npoMe>KyTKOB ,!I.JIH pasMew.eHHH ycKO

pH!OW.HX CTaHU.HH H H3MepHTenhHOH annapaTypbI: 
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B TaKHX ycKOpHTeJUIX op6HTa eCTb CJie,!J.yIOUJ.aH qrnrypa: 

- op6HTa B UHKJIOTpOHe - B BH,!J.e pacKpy1rnBaIOUJ.eHCH cnHpaJIH; 

- op6HTbl B MHKpOTpOHe - 9TO ceMeHCTBO OKpy>KHOCTeH, KacaIOUJ.HXCH B 
O)lHOH TOqKe: 

- B COBpeMeHHbIX YCKOpHTeJIHX (TeOpHIO HX Mb! 6y.u.eM pa36HpaTb noa>Ke) 

MarHHTHOe noJie o6pa30BaHO nepHO,!J.HqecKH noBTOpHIOUJ.HMHCH nocJie,!J.OBaTeJibHO

CTHMH ceKTOpOB C pa3JIHqHblMH 3aBHCHMOCTHMH MarHHTHOro nOJIH OT pa.u.Hyca H co 

CB060,!J.Hb!MH OT nOJIH npoMe>KyTKaMH. B TaKHX ycKopHTeJIHX ceMeHCTBO op6HT -

CJIO)KHbie KpHBbie: 

EcJIH MarHHTHOe noJie UHKJIOTpOHHOro THna, T. e. nOCTOHHHO BO BpeMeHH, TO C 

H3MeHeHHeM 9HeprnH op6HTa nepeXO,!J.HT C O,!J.HOH Ha .u.pyry10 no cnHpaJIH C HeKHM 

rnaroM. EcJIH noJie CHHXpoTpOHHOro THna, T. e. , ero H3MeHeHHe KOMneHcHpyeT 

npHpOCT 9Hepi'HH, TO cymecTByeT O,!J.Ha 3aMKHyTaH nocTOHHHaH op6HTa )lJIH HeKOH 

9HeprnH Es. OcTaJibHble qacTHUbl C OCUHJIJIHUHHMH 9HeprnH nepeXO,!J.HT C O,!J.HOH 

op6HTbl Ha .u.pyry10 OKOJIO paBHOBeCHOH 9HeprnH Es. 
CymecTBOBaHHe op6HTbl - He06XO,!J.HMOe ycJIOBHe ,!J.JIH ycTOHqHBOro ,!J.BH>KeHHH 

qacTHUbl, HO He )lOCTaToqHoe. B peaJibHbIX ycTaHOBKax Bee qacTHUbl HMelOT 

OTKJIOHeHHH OT napaMeTpOB TOH e,!J.HHCTBeHHOH H,!J.eaJibHOH qacTHUbl, ,!J.JIH KOTOpOH 

cocqHTaHa op6HTa B .u.aHHOM noJie. 3To CBH3aHO C OllIH6KaMH B MarHHTHOM 

none, OTKJIOHeHHHMH OT CHHXpOHH3Ma, pacceHHHeM Ha OCTaToqHoM raae H T. )l. A 
caMoe rnaBHOe, nyqoK Ha BXO)le B ycKOpHTeJib HMeeT paa6poc no KOOpJJ.HHaTaM, 

yrnaM BJieTa H 9HeprHHM. TTo9TOMY qacTHUbl ,!J.BH>KYTCH He no op6HTaM, a no 

TpaeKTOpHHM OKOJIO 9THX op6HT. TTocKOJibKY pa3Mepbl BaKyyMHOH KaMepbl orpa

HHqeHbl, CJie.u.yeT coxpaHHTb KOMnaKTHOCTb TpaeKTOpHH OKOJIO op6HTbl. KpoMe 

Toro, qacrnua )lOJl>KHa ,!J.BHraTbCH TaKHM o6pa30M, qTQ6bI coxpaHHJICH pe30HaHC 

C ycKOpHIOUJ.eH cpa30H BHeurnero 9JieKTpHqecKoro noJIH B MOMeHT npoXO)K,!J.eHHH 
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qacTHueti ycKopmomero npoMe:>KyTKa. O6e 9TH npo6neMbI onpe.u.em110T Heo6xo,u.H

MOCTb o6ecnetieHHH ycTOHllHBoro ,ll.BH:>KeHHH llaCTHUbI OKOJIO op6HTbI. nocKOJibKY 

see OTKJIOHeHHH peaJibHbIX qacTHU OT H,U.eaJibHOH op6HTbI CllHTalOTCH MaJibIMH, 

TO ·Mo:>KHO paa,u.eJIHTb npo,U.OJibHOe H nonepetIHOe ,ll.BH:>KeHHe. CoBOKYilHOCTb (no

CKOJibKY nonepetIHbIX CTeneHeH CB060.U.bl .u.se) ,ll.BH:>KeHHH qaCTHU B nonepetIHOM 

HanpasJieHHH onpe,u.eJIH:eTCH cpoKycHpOBKOH. PacCMOTpHM q:>OKYCHpOBKY qacTHU B 

HaH6onee npoCTOM cnyqae - a3HMyTaJibHO-CHMMeTpHtIHOe MarHHTHOe none. 

)lJIH pacCMOTpeHHH a3HMyTaJibHO-CHMMeTpHtIHOrO MarHHTHOro IlOJIH BOCilOJib-

3yeMCH UHJIHH,U.pHtieCKOH CHCTeMOH KOOp.U.HHaT: 

z 

A3HMyTaJibHaH CHMMeTpHH 03HallaeT He3aBHCHMOCTb OT 0 (8/80 = 0). npe.u.

IlOJIO:>KHM ,ll.OilOJIHHTeJibHO, llTO Be = 0. OcTalOTCH ,U.Be KOMilOHeHTbI IlOJIH Bz 
H Br, Bse,u.eM x = r - R H o6oaHallHM Br = Bx, 51cHo, llTO Bz = Bz(z, x), 
Bx= Bx(z,x). 

BcnOMHHM O cymecTBOBaHHH IlJIOCKOCTH CHMMeTpHH (Me,U.HaHHOH IlJIOCKOCTH), 

B KatieCTBe KOTOpOH BbI6epeM z = 0. CMblCJI Me,U.HaHHOH _IIJIOCKOCTH HCeH H3 

pHCYHKa: 

z 

z=O 
~

,BBz 
\ 

\ 
\ \ \ \ \ x\~- lz 

\ \ \ \ ~ 
! \ \ 

, I 1 I 
I I I 

I I 

/ I 
I 

I 
I 

r 

8Bzl Bx(z) = -Bx(-z), Bxlz=O = 0, Bzlz=O = Bzmax' ~ = 0. 
uz z=O 
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nycTb B 3TOM none ,ll.BH)KeTCfl qacrnua C 3ap51,ll.OM e H CKOpOCTbJO Vo. Ha Hee 

)l,eikTBYJOT ,ll.Be CHnhI: 

EcnH qacTHIJ;a ,ll.BH)KeTCfl no op6HTe, TO 3TH CHnhI paBHhI: 

mVrl_~ViBI 
- 0 z · R C x=O,z=O 

,UpyraH KOMnoHeHTa CHnbI JlopeHua 

e 
FL,z = ~ V0Bx, npHtJeM FL,zlz=O = 0. 

B npHHUHne, CKOpOCTb tJaCTHUbl V HMeeT 3 KOMnOHeHTbI: 

Vo = r0, Vx = r = ±, ½ = z, 
O)1,HaKO MO)KHO ClJHTaTb, tJTO Vo ~ V, nOCKOnhKY 

Vo= ( V2 
- v; - v})1 12 ~ V C TOlJHOCTblO .u.o 

v2 
z 

v2· 
,ilBH)KeHHe 6y,u.eT ycTOHlJHBbIM, ecnH OTKnOHeHHe tJaCTHUbl OT op6HTbl 6y,u.eT 

Bbl3hIBaTb CHny, BO3Bpaw.aJOW.YJO tJaCTHUY K op6HTe, T. e. Bbl3blBaJOW.YJO Kone6a

HHH B HanpasneHHflX X H z . .llBH)KeHHe B 3THX HanpasneHHflX MO)KHO onHCaTh 

ypaBHeHHflMH 

nocKOnbKY Mb! ClJHTaeM none noCTOflHHbIM, TO ypaBHeHHfl nepeXO,ll.flT B 

PasnO)KHM KOMnOHeHTbl MarHHTHOro nonH Bz, Bx OKono op6HTbl B pH.U. no 

creneHHM x/ R, z/ R .u.o tJnettoB nHHeHHoro nopH,u.Ka, npH 3TOM ytJTeM CHMMeTpHIO 

nonfl H ycnOBHe 

rot0B = 0. 

Bz ~ Bz(R) ( 1 - n ;) + ... , 
z 

Bx ~ -nBz(R) R + ... , 

R (OBz)I · r)l,en=-~ 8 . . 
z(R) X x=z=O 

Benwrntta n - Ba)KHeihuaH xapaKTepHCTHKa ycKop11TenH, ttashrnaeMaH noKasa-

reneM cna.u.a MarHHTHOro nonH. <l>H3HtJeCKHH CMbICn BenHtJHHbl n - 3TO rpa,u.HeHT 
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MarHHTHoro noJHI B o6JiaCTH op6HTbl, OH BH,U.eH H3 CJie,U.y!Ow,ero. Pa3JIO>KHM. see 

CHJibl, ,u.eHCTBYIOW.He Ha tJaCTHUY no CTeneH.HM x/ R, BOCnOJib3OBaBWHCb npH 9TOM 

onfe,u.eJieHHeM n H TeM, tJTO Fe= Fe(R)(l..:.. x/R). Y11TeM, tJTO Fe(R) = mV2/R, 
V = const, Tor.u.a 

FL,y ~ FL,y(R) ( 1 - n ;) , 

FL,z ~ -FL,z(R)n ~

TTpH 9TOM corJiaCHO onpe,u.eJieHHIO op6HTbl 

mV2 

Fe(R) = FL,x(R) = R' 
YpaBHeHHH ,ll.BH>KeHH.H nepeXO,ll..HT B 

mx = Fe - FL,x(x) = Fe(R) ( 1 - ;) - FL,x(R) ( 1 - n ;) = 
X 

= Fe(R) - FL,x(R) - FL,x(R)(l - n) R' 

.. + FL,x(R)(l - ) -O x mR n x- , 

mz = -FL,z(R)n ~• 

.. FLz(R) O 
z+ ~R nz= . 

nocKOJibKY pa3JIO>KeHHe CHJI FL,x(x) H FL,z(x) H,ll.eT no CTeneHHM Z H x, TO 

MO>KHO JierKO YBH,ll.eTb, tJTO 

FL,x(R) = FL,z(R) = (eBz(R))
2 = V 2 

=·W2, 
mR mR me R2 

r.u.e w - YrJIOBa.H qacTOTa o6paw.eHHH qacTHUbl no op6HTe. l1TaK, Mb! noJiy11aeM 

{ 
x+w2(1-n)x=0, 

z +w2nz = 0, 

T. e. ypaBHeHH.H rapMOHHtJeCKHX KOJie6aHHH s ABYX HanpaBJieHHHX c qacTOTaMH 

Wx = wJT=ri', Wz = w../n 
COOTBeTCTBeHHO. 

9TO O3HatJaeT: tJT06bI KOJie6aHH.H tJaCTHUbl OKOJIO op6HTbl 6bIJIH ycTOHtJHBbl H 

tJT06bI tJaCTHUa HCnhIThIBaJia npH OTKJIOHeHHH B JII060M HanpaBJieHHH BO3Bpaw.a

IOW.YIO K op6HTe CHJIY, He06XO,ll.HMO BhlilOJIHeHHe ycJIOBHH 

0<n< 1. 
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Kone6aHH.H 0K0JI0 op6HTbl C 3THMH tiaCT0TaMH npHH.HT0 Ha3hIBaTb 6eTaTpOHHblMH 

(snepBbie 3T0 .HBJieHHe 6hIJIO H3ytieH0 Ha 6eTaTpoHe). YcJIOBHe Ha n - 0CH0BH0e B 

TaK Ha3bIBaeMhIX CJia6oq>oKycHpy10mHx MaWHHaX. OHO 03HatiaeT, tIT0 MarHHTH0e 

none A0JI:>KH0 y6hIBaTb no pa.n.Hycy ((8Bz)/(8r) < 0), HO He 6bICTpee tieM r- 1• 

F 

mv1- =F 
R C 

PerneHH.H ypaBHeHHH 6eTaTpOHHbIX KOJie6aHHH JierK0 aanHCblBalOTC.H: 

X = Ax cos (wxt + ax), 

z = Az cos(wzt + az), 

r.n.e Ax, Az, Ox, Oz - HatiaJibHbie cpa3bl H aMnJIHTYAbl tiaCTHU. 
u 21rR 21rR 

.ll.JIHHbl B0JIH 6eTaTpOHHblX KOJie6aHHH Ax = JI-=n , Az = r,;: 
. 1-n vn 

AJIHHbl op6HTbl. 

TTpH a= 0 

60JiblIIe 

EcJIH nepeHTH K a3HMyTaJihH0MY yrny 0 = wt, TO ypaBHeHH.H aanHWYTC.H B 

BH.U.e 

x" + VxX = 0, 

z" + VzZ = 0, 

r.n.e Vx = v'f=n H l/z = ../n - 1IHCJI0 KOJie6aHHH Ha op6HTe. 3HatieHH.H tiaCT0T 

KOJie6aHHH: Vx < 1 H Vz < 1. OTCIO.U.a Ha3BaHHe «CJia6a.H cpoKycHpOBKa» B 0TJIHtIHe 

OT CHJlbH0H, K0r.U.a Vx » 1 H Vz » 1, HO 06 3T0M Il03:>Ke. 
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,l(HHAMHKA 11ACTHIJ.. )KECTK.MI cllOKYCHPOBKA 

)Kecm,caR ¢0,cycupoBKa. CpaBHeHue c KAaccuttec,cou onmu,cou, npu6Au~e
Hue mo1-t1eou AUH3bt. MamputtHbtu noaxoa. YpaBHeHue XuAAa. Mampul{bt aAR 
0CH0BHblX 3Ae.MeHm0B .MaZHUmHOU onmu,cu. Pe30HaHC U ycA0BU.Jl ezo 8031-lUKH0-
BeHU.Jl. Cem,ca pe301-ta1-tcoB -

TToJiytieHHbie B npe,LI.bl.ll.YIUeH JieKUHH ypaBHeHHH ,ll.BH:>KeHHH HBJIHIOTCH noJIHbI

MH H ,ll.OCTaTOllHblMH, ecJIH Mb! HMeeM ,LI.eJIO c npOCTOH MallIHHOH (6eTaTpOH, UHK

JIOTpOH), r.n.e a3HMyTaJibHO-O,LI.HOpo.n.Hoe noJie 3aHHMaeT Beeb o6beM ycKOpHTeJIH. B 
60JibllIHHCTBe CJiytiaeB 3TO He TaK. O6billHO ycKopHTeJib COCTOHT H3 yqaCTKOB, HJIH 

ceKTOpOB. B COBpeMeHHbIX ycKOpHTeJIHX ceKTOpa, B KOTOpblX C03,LI.aHO 3aBopatIHBa

lOIUee tiaCTHUY MarHHTHOe noJie, COtieTalOTCH C npHMOJIHHeHHblMH npoMe:>KyTKaMH. 

CeKTopa, r.n.e cyruecTByeT cpoKycHpoBKa no. x (n < 0) H .n.ecpoKycHpOBKa no z, 
COtieTalOTCH C ceKTopaMH, r.n.e cpoKyCHpOBKa no z cyruecTByeT C O,LI.HOBpeMeHHOH 

.n.ecpoKyCHpOBKOH no X (n > 1). B 3TOM CJiyqae He06XO,LI.HMO KYC0tIHOe pellleHHe 

ypaBHeHHH ,ll.BH:>KeHHH B Ka:>K,LI.OM ceKTope H HX «CllIHBKa>>, npHtieM Bb!XO,LI.Hble 

napaMeTpbl qacTHUbl Ha npe,LI.bI,LI.yIUeM ceKTOpe HBJIHIOTCH HatiaJibHbIMH ,ll.JIH nocJie

.ll.YIOIUHX. TaKHM o6pa30M, Mb! no.n.xo,LI.HM K npo6JieMe 3HaKonepeMeHHOH cpoKyCH

pOBKH. 

11.n.eH OlleHb npocTaH. TToCKOJibKY ypaBHeHHH nonepetIHbIX- ,ll.BH:>KeHHH llaCTHUbl 

OKOJIO op6HTbl noJiytialOTCH aHaJIOrHllHbIMH l,PaBHeHHHM rapMOHHlleCKOro OCUHJI

JIHTOpa, a B nocJie,LI.HHX eCTb HHBapHaHT A w, r.n.e A - aMnJIHTy.n.a KOJie6aHHH 

(CMbICJI ero: 9HeprHH nonepetIHbIX KOJie6aHHH), TO npH O,ll.HOH H TOH :>Ke 3HeprHH 

6oJiee :>KeCTKHH OCUHJIJIHTOp (c 60JibllleH llaCTOTOH w) 6y.n.eT .n.aBaTb MeHbllIYIO 

aMnJIHTYAY KOJie6aHHH. AMnJIHTy.n.a KOJie6aHHH onpe.n.eJIHeT pa3MepbI BaKyyMHOH 

KaMepbl H, CJie,LI.OBaTeJibHO, 06beM MarHHTa, a 3HatIHT, 60JibllIHe 3aTpaTbl no 

9HeprnH. OTCIO,LI.a HCHO, llTO MaJiaH aMnJIHTy.n.a - 9TO 6Jiaro. KaK noKa3bIBalOT 

ypaBHeHHH CJia6ocpoKycHpy10ruero noJIH, O,LI.HOBpeMeHHO B .ll.BYX HanpaBJieHHHX 

CHJibHYIO cpoKycHpOBKY B a3HMyTaJibHO-O,ll.HOpO,LI.HOM noJie C,LI.eJiaTb HeJib3H. OT

CIO,LI.a OTKa3 OT a3HMyTaJibHOH O,LI.HOpO,LI.HOCTH. TTpocTOH aHaJior: ,LI.Be JIHH3bl C 

cpoKycHbIMH paccTOHHHHMH Ji H h Ha paccTOHHHH L .n.pyr OT .n.pyra. CyMMapHoe 

cpoKyCHOe paCCTOHHHe 

1 1 1 L 
-=-+---. 
F !1 h fih 

EcJIH h = -!1 = f, TO F = 1!12 
/ L > 0, H TaKaH omHqecKaH cHcTeMa .n.aeT 

6oJibllIOH cpoKycHpy10IUHH 9cpcpeKT. 
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TTpe,!1.CTaBHM ce6e ,!I.Ba yqacTKa MarHHTHoro IlOJIH C pa3JIH4HbIMH no 3HaKy 

rpa,1weHTaMH MarHHTHoro IlOJIH: 

n>> I n<< I 

BoabMeM ,!J.JIH onpe,!1.eJieHHOCTH CHJIY B HanpaBJieHHH z: Fz = -mw2nZ. Pac

CMOTpHM ,!I.Ba BapHaHTa: 

n>> I n<< I 

1lacTHUa 0cnh1TaJia 6oJihIIIee cp0Kyc0pyromee, LJeM ,!1.ecp0Kyc0pyromee, ,!J.eHCTBHe, 

IlOCKOJihKY npH n » 1 OTKJIOHeHHe OT op6HTbl 60JibIIIe, 4eM B ceKTOpe, r,!J.e n « 1. 

n >> I n << I 

4acrnua YXO,ll.HT OT op6HTbl MeHbllle B ,!1.ecpoKyCHpyromeM ceKTope (n < 0), 4eM B 

cpoKyc0pyromeM, OilHTb )Ke H3-3a pa3HHUhl B OTKJIOHeHHH. 
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PeaJihHbIH rpacpHK Kone6aHHH BbirJIH.U.HT KaK (¢ - cpoKycHpy!OW.HH 3JieMeHT, 

.ll - .u.ecpoKyCHPYIOW.HH 3JieMeHT): 

x,z(8) 
Cna6u 4>oxyc11poBICa 

CHJII,HWI 4>oxyc11poBICa 

8 

Cl> ~ Cl> ~ Cl> ~- • • • • • • • • • • • • • • • • • • • .. • • 

.HcHO, t,ITO ,!I.Jiff OilHCaHHff ,ll.BH}KeHHff qacTHUbl B CHJibHOq>OKYCHPYIOW.eM ycKO

pHTeJie ypaBHeHHH 

He,ll.OCTaTOt,IHO. 

x" + llxX = 0, 

z" + llzZ = 0 

CHMMeTpHH HeT - qacTHUa ,ll.BH}KeTCff no CJIO}KHOH TpaeKTOpHH: 

pr----- ----
X 

OR 

H IlOJIO}KeHHe qacTHUbl xapaKTepHsyeTCff ,ll.JIHHOH .u.yrn TpaeKTOpHH s, pa.u.Hyc KpH

BH3Hbl op6HTbl He cosna.u.aeT C pa.U.HYCOM H reoMeTpH'-IeCKHM ueHTpOM MaIIIHHbl. 

.llBH}KeHHe qacTHUbl nerqe Bcero OilHCaTb B CHCTeMe HaTypaJibHOro TpexrpaHHHKa, 

o6pa30BaHHOro BeKTOpaMH BHeIIIHeH HOpMaJIH a, KacaTeJibHOH T H 6HHOpMaJIH w. 
nycTb cyw.ecTByeT HeKaff BbI,ll.eJieHHaff qacTHua B TOt,IKe op6HTbl c npO,!I.OJlbHOH 

KOOp,!I.HHaTOH s, H 3TOH TOt,IKe COOTBeTCTByeT pa.u.Hyc KpHBH3Hbl R, npoBe,ll.eHHbIH 

H3 ueHTpa OR, Tor.u.a pa.u.Hyc npOH3B0JlbHOH TOt,IKH MO}KeM 3anHCaTb B BH,ll.e 

dro 
ds =r. r(p) = ro(s) + xa(s) + zw, 

.llanee cne.u.yeT HCilOJib30BaTb MaTeMaTHt,IeCKHH annapaT, OCHOBaHHblH Ha: 

I) sanHCH ypaBHeHHH MaKCBeJIJia H ypaBHeHHH CHJI B CHCTeMe conpoBO}K,!lalO

w.ero TpexrpaHHHKa; 
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2) pa3JIO:>KeHHH CHJI, .n.e1kTBYJOIUHX Ha qacTHUY, no CTeneHHM x/ R H z/ R. 
O6W.HH BH.ll. noJiytieHHblX ypaBHeHHH .D.JIH x- H z-KOJie_6aHHH MO:>KHO npe.n.cTaBHTb 

B BH.ll,e 
d2y 
d02 + g(0)y = 0. 

TipH 3TOM K03q>q>HUHeHT g(0) o6Jia.ll,aeT ycJIOBHeM g(0 + 0o) = g(0), r.n.e 0o -
nepHO.ll. (HCHO, tITO mo6oe MarHHTHOe noJie IlOBTOpHeT ce6H qepe3 HeKOTOpblH 

nepHO.D.). 3TO ypaBHeHHe Ha3blBaeTCH ypaBHeHHeM XHJIJia. 

EcJIH 9(0) = 90 + 91 cos 21r(0/0o), TO noJiytIHM qacTHblH CJiyqai,i, KOTOpblH 

Ha3bIBaJOT ypaBHeHHeM MaTbe. 3TO ypaBHeHHe qacTO BCTpeqaeTCH B MexaHHKe H 

B acTpOHOMHH ( CHCTeMa H3 BepTHKaJibHO CTOHIUero MaHTHHKa C OCUHJIJIHTOpOM y 

OCHOBaHHH, B03MyIUeHHe .ll.BH:>KeHHH CHCTeMbI H3 .ll.BYX nJiaHeT TpeTbeH H T . .n..). 

YcJIOBHe nepHO.D.HtIHOCTH - Ba:>KHOe ycJIOBHe. Ha ero OCHOBe BbIBO.D.HTCH 

TaK Ha3blBaeMaH TeopeMa <l>JIOKe, cornacHO KOTOpOH perneHHe ypaBHeHHH XHJIJia 

MO:>KeT 6bITb npe.n.cTaBJieHo B BH.D.e KOM6HHaUHH HOpMaJibHbIX perneHHH Y1 ( 0) H 

Y2(0). Ka:>K.n.oe H3 HOpMaJibHbIX perneHHH o6Jia.n.aeT CBOHCTBOM 

H, COOTBeTCTBeHHO, 

Y{,2(0 + 0o) = r1,2Y{,2(0), 
r.n.e T1,2 - HeKOTOpbie IlOCTOHHHbie MHO:>KHTeJIH, He 3aBHCHIUHe OT 0 H onpe.n.eJIH

eMbie BB.LI.OM cpyHKUHH 9(0). 
TiocKOJibKY napaMeTpbl T1,2 onpe.n.eJIHJOT <<H3MeHeHHe>> cpyHKUHH Y1,2 H Y{,2, TO 

HX onpe.n.eJieHHe CTaHOBHTCH He06bitiaHHO Ba:>KHblM. 

TiycTb cpyHKUHH Y1,2 H Y{,2 o6pa3yJOT .ll.BYXKOMilOHeHTHbIH BeKTOp 

Y1,2(9) - ( ~::::: ) . 

By.n.eM paccMaTpHBaTb nepexo.n. OT Y 1,2(0) K Y 1,2(0 + 0o) KaK JIHHei-iHoe npeo6-

pa3oBaHHe 

Y1,2(0 + 0o) = QY1,2(0), 

npOH3BO.ll,HMOe MaTpHuei-i Q, Ha3bIBaeMOH MaTpHUeH nepexo.n.a: 

Q = ( Q11 Q12 ) . 
Q21 Q22 

TipHHHMaH BO BHHMaHHe CBOHCTBa cpyHKUHH Y1,2, MO:>KeM 3anHCaTb ypaBHeHHe 

QY1,2 = r1,2Y1,2, 

r.n.e y 1,2 H r1,2 eCTb co6cTBeHHbie cpyHKUHH H co6cTBeHHbie 3HatieHHH 3Toro 

BeKTOpHoro ypaBHeHHH. OnycTHM HH.D.eKCbI I H 2 H nepenHllleM ypaBHeHHe .ll.JIH 

Y, pacKpbIBaH Q H IlOJib3YHCb onpe.n.eJieHHeM r: 

( 
Y(0 + 0o) ) = ( Q11Y(0) + Q12Y'(0) ) 
Y'(0 + 0o) Q21Y(0) + Q22Y'(0) ' 
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llTO npHBO,llJIT K CHCTeMe O.IJ.HOPO.IJ.Hb!X anre6paHlleCKHX ypaBHeHHH 

(Qu - r)Y + Q12Y' = 0, 

Q21Y + (Q22 - r)Y' = 0. 

YcJIOBHe cyw.ecTBOBaHH.H HeTpHBHaJibHb!X peweHHH 
.II.eTepMHHaHTa MaTpHU.bI: 

r
2 

- (Qu + Q22)r + det Q = 0. 

det Q = Q11 Q12 

Q21 Q22 

Qu + Q22 = Sp (Q), Sp - cne.II. MaTpHU.hI. Tor.II.a 

06paw.em1e B HYJib 

r1,2 = ~ Sp (Q) ± J (~Sp (Q)) 
2 

- det Q. 

0TCIO.IJ.a HMeeM TJ T2 = det Q. 
BcnOMHHM YCJIOBHe H3 TeOpHH .II.HcpcpepeHu,HaJibHb!X ypaBHeHHH: W = const 

(3.II.eCb W - BpOHCKHaH), 

Yi Yi! 
W-1 

- Y,' Yr' 
I 2 

W' = 0 (3TO JierKo .IJ.OKa3aTb, eCJIH npO.II.H<pcpepeHU,HpoBaTb W H BOCIIOJ!b30BaTbC.H 
TeM, llTO Y" = -gY). EcnH Mb! YllTeM TO, llTO W = const, H HMe10w.eec.H 
ypaBHeHHe (ycJIOBHe) Y(0 + 0o) = rY(0), TO IIOJIYllHM 

TJT2 = 1, 

Y1 (0 + 0o)Y2(0 + 0o) - Y2(0 + 0o)Y{(0 + 0o) = r1r2, 

(Y1 (0)Y2(0) - ½(0)Y{(0)) = W(0), 

T. e. det Q = l, H 

1 ✓ 1 2 TJ,2 = 2Sp(Q) ± 4Sp (Q)-1. 

nocKOJibKY qacTHU,a rrpoXO.II.HT MHOro nepHO.II.OB, TO Y1,2(0 + k0o) = TkYi,2(0). 
lfro6b1 cpyHKU.HH Y1,2 He B03pacTaJIH, Tpe6yeTc.H, llT06b1 lr1,2I ~ 1, a BMecTe c 
ycnoB~eM r1r2 = _1 3TO 03HallaeT, llTO h I= lr2l = 1. ,llanee MO)KHO Harr0caTh, llTO 
TJ = eiµ' T2 = e-iµ' H H3 ypaBHeHH.H HaXO.II.HM cos µ = (Sp Q) /2, a TOr.II.a YCJIOBHe 
HeB03paCTaHH.H Y1,2 (T. e. ycTOHllHBOCTb) HMeeT BH.II. 

!cos µI< l. 

Tenepb cpyHKU,HH Yi ,2 MO)KHO BbI6paTb KaK KOMIIJieKCHO-COIIp.H)KeHHbie: 

Yi(0) = f(0)ei(µ/0o)0, ½(0) = f*(0)e-i(µ/0o)0, 
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J(O) - cpyHKIJ,11fl C nep110JJ.OM Oo (cpyHKIJ,11fl <l>JioKe). l-fraK, Mbl 11MeeM B 3TOM 

CJiyt-iae JJ.Ba KOJie6aHl1fl: C qacTOTOH µ/Oo 11 C qacTOTOH 2rr /Oo . .H Mb! MO:>KeM, 3Haf! 

MaTp11u.y nepexo,ll,a Q, cpa3y onpeJJ.eJIHTb YCTOHlll1BOCTb 11Jil1 HeycTOHlll1BOCTb, 

11CXOJJ.fl 113 onpe,ll,eJieH11fl 

i½spQI < 1. 

a JJ.JIH HaXO:>KJJ.eHl1fl orn6a10mefi (!2) HaHTH cpyHKI.1,1110 <l>JIOKe JJ.JIH Ka:>KJ].Oro KOH

KpeTHoro B11JJ.a g(O). A tITO :>Ke npeJJ.CTaBJIHeT co6ofi MaTp11u.a nepexoJJ.a? 

BeKTOp Y1,2 11MeeT CJieJJ.yIOIU11H !pl1311tieCKl1H CMbICJI: 3TO KOOpJJ.11HaTa 11 yroJI 

llaCTHIJ,bl np11 BXOJJ.e B yqacTOK C MarHl1THb!M noJieM. MaTpHu.a Q npeo6pa3o

BbIBaeT 3TH KOOpJJ.11HaTbl H J].aeT 11X 3HatieHl1fl Ha Bb!XOJJ.e 113 yqacTKa. I1p11Mepbl 

onT11tieCKl1X 3JieMeHTOB: 

I1osopOTHb!H MarHl1T (JJ.11IlOJib): 

KBaJJ.pynoJibHb!H (tieTb1pexnOJilOCHb!H) 11 ceKcTynoJibHb!H (wecTHilOJilOCHb!H) 

MarHl1Tbl: 

z 
IIomoc nmep60JU1-
1Iec1<0ii 4>opMLI 
x · z=const 

z 

I1p11Mepb1 pactieTa MaTp11u. nepexoJJ.a JJ.JIH npocTefiw11x cJiyqaes om11qecK11x 

3JieMeHTOB: 
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1. TTp.HMOH (cso60.D.Hb)H OT IlOJJH) ytlaCTOK .D.JJHHOH .e 

'le, Yt 

l 

B Haqane Mb! HMeeM Yo H Yo = tg a, B KOHUe Mb! IlOJJYllHM Y1 = Yo+ ftg a = 
= Yo + £Y0 H Y{ = Y0, 

( ~ ) = ( ~ ! ) ( ~ ) 6 
( Yo ;r• ) . 

2. <l>oKyCHpyIOIUHH yqacTOK a3HMyTaJJbHO·O.!J.HOpo.n.Horo IlOJIH 
EcJJH tiaCTHUa HMena Ha BXO.D.e KOOp.!J.HHaTbl Yo H Yo, TO Ha BblXO.D.e ( COrJJaCHO 

npe.D.bl.D.YIUHM pactieTaM) 

Y,' 
Y1 = Yo cos ,J'kcp + J sin ,/kcp, 

Y{ = -J'kYo sin ,J'kcp + Y0 cos ,J'kcp, 

T. e. MaTpHua nepexo.n.a HMeeT BH.D. 

Q= 
( 

cos J'k cp . ~ sin cp ) 

-J'k sin J'k cp co: J'k cp ' 

r.n.e J'k = . { 
v'f=n 

vn 
TaK :>Ke onpe.n.enHeTCH MaTpHua nepexo.n.a .D.JJH .n.eq>oKycHpyIOIUHX 9JJeMeHTOB, 

JIHH3 H T . .!J.. ECJJH :>Ke HMeeTCH Ha6op ceKTOpos: 

<l>O)lO<l> ... 

(<l> - q>oKycHpy101UHH 9JJeMeHT, )l - .n.eq>oKycHpy101UHH 9JJeMeHT, 0 - npHMOJJH· 
HeHHblH npoMe:>KyTOK), TO cyMMapHaH MaTpHua nepexo.n.a IlOJlytiaeTCH nepeMHO)Ke
HHeM MaTpHU nepexo.n.a OT.D.eJJbHblX CHCTeM (B o6paTHOM npoxo:>K.n.eHHH !), aaTeM 
HaXO.!J.HTCH ee cne.n. (cyMMa 9JleMeHTOB Ha rnaBHOH .D.HaroHaJJH) H onpe.n.en.HeTCH 
ycTOHllHBOCTb .D.BH:>Kemrn. 
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B KaqecTBe xapaKTepHoro npHMepa paccMoTpHM cJJyqaJ'.i, Kor.ll,a nepHO.ll. 0o 
COCTOHT H3 .ll.BYX yqacTKOB: 

0o = 01 + 02. 

Ha Ka>K.ll,OM H3 yqacTKOB cpyHKl..{HH g HMeeT nOCTOHHHOe 3HaqeHHe: 

{ 
> 0, 

g = const = . <0, 
eCJJH O ~ 0 ~ 01 
eCJJH O ~ 0 ~ 02 

(0 cqHTaeTCH OT HYJJH Ha CBOeM yqacTKe). 

YqacTOK 1 6y.ll,eM Ha3bIBaTb q>OKYCHPYIOI.UHM, yqacTOK 2 - .ll,e<poKycHpy10mHM. 
Mo>KHO cpa3y HanHcaTb perneHHe: 

r.ll,e re1 = ../91, re2 = v'i92I, H, COOTBeTCTBeHHO, 

y'(0) = { -c<I>re1 sin re1 0 + s<I>re1 cos re1 0 ' 
re2CJ1. ch re20 + re2SJ1. ch re20 

H rpaHHqHbie YCJJOBHH: 

Ynea(0rp) = Ynpae(0rp), 

dy I dy 
dt 0~··=0rp = dt lonpaa=0rp · 

Bae,n.eM ABYXKOMilOHeHTHbIH BeKTOp 

( 
y(0) ) 

Y'-
- y'(0) . 
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HaH,D.eM MaTpHUY nepexo.n.a 9TOro BeKTopa H3 TOtIKH 0 = 0 B TOtIKY 0 = 01: 

yc1>(01) = ( eccl>+ s 5c1> ) 
-re1 S Gel> + re1 C 5cl> ' 

yc1> (O) = (. cc1> ) 
re1 5c1> ' 

c = cos re101, s = sin re1 01-

Yc1>(01) = QcI> ycI>(O), QcI> = ( Q~ Qt ) = ( c s/re1 ) . 

Q?i Q~ -re1 S C 

AHaJIOrHtIHO HaXO.D.HTCH MaTpHua .D.JIH .n.eqJOKYCHpy10ruero ceKTOpa H3 0 = 0 B 
0 = 02. . 

Q,n = ( ch -
1 

sh ) re2 ' 
re2 sh ch 

3,D.eCh 
ch= chre2 02 

sh= shre2 02 

EcJIH Tenepb HanHCaTh MaTpHUY nepexo.n.a H3 TOtIKH 0 = 0 cpoKycHpy10ruero 
ytiacTKa B TOtIKY 0 = 02 .n.ecpoKycHpy10ruero ytiacTKa, noJiytiHM 

Y,n(02) = Q,nQc1>Yc1>(0). 

KoMnoHeHTbl Q = Q,QQcl> HaXO.D.HM no npaBHJiaM nepeMHO>KeHHH MaTpHu: 

Q= 
( 

re1 
c-ch- -s-sh 

re2 

re2 · c · sh - re 1 · s · ch 

1 1 ) - s · ch+ - c · sh 
re1 re2 

re2 
c-ch+-s-sh 

re1 . 

0Tc10.n.a onpe.n.emieM 

1 1 (re2 re1) cos µ = - sh Q = c • ch + - - - - · s · sh. 
2 2 re1 re2 

Hafi.n.eM o6JiaCTh ycTOHtIHBOCTH. 
TTycTh 01 = 02 = 0o/2. 0603HatIHM TaK>Ke 

0o 
C = COS Ee! 2' 

0o 
s = sin re2 2 , 

0o 0 
ch = ch re2 2 , sh = sh re2 2. 

3TH cpyHKUHH orpaHH4eHhl o6JiaCThlO µ = 0 H µ = 7r. 

EcJIH nocTpOHTb Ha nJIOCKOCTH 'Pl = re101' cp2 = re202 9TY o6JiaCTb, TO OHa 
HMeeT BH.D. 



JleKU,Wl M 3. fiu1ta.1rtuKa 'lacmuu,. )KecmKaR <poKycupoeKa 27 

µx=O 

4 

µz=O 
3 

µz=:rc 
2 

1 
µx=:r& 
'P2 

1 2 3 4 

TaKHM o6pa30M, HaH,ll,eHa o6JiaCTb YCTOH'IHBOCTH no X (npe,ll,nOJIO.>KHTeJibHaH). 

O,ll,HaKo Heo6XO,ll,HMa o6JiaCTb YCTOH'IHBOCTH H no ~- .QJIH CHJlbHOH cpoKycHpOBKH 

06b!'IHO 9x S:: -gz (3TO BH,ll,HO H3 aHaJiora CJia6oH cpoKycHpOBKH). Tio3TOMY 06-

JiaCTb YCTOH'IHBOCTH no z MO.>KHO HaHTH, 3epKaJibHO 0Tpa3HB BCe OTHOCHTeJibHO 

JIHHHH 'PI = 'P2· TioJiyqaJOll.J,aHCH Ha ,ll,HarpaMMe cpHrypa - <<raJICTYK>> ycTOH'IHBO

CTH Kone6aHHH B .D.Byx HanpasJieHHHX oii.HospeMeHHo. 

Bo3MO.>KHOCTH pacqeTa CJIO.>KHblX CHCTeM npHBeJIH K C03,ll,aHHJO CJIO.>KHblX 

nepHO,ll,H'leCKHX CTPYKTYP C pa3,ll,eJieHHbIMH cpyHKUHHMH. O.D.HH 6JIOKH TOJibKO 

sasopaqHBaJOT qacTHUY, .D.pyrne ee cpoKycr1pyIOT. 

Har16onee ynoTpe6HTeJibHbI CTPYKTYPbI <PO.QO (cpoKycr1pyIOll.J,aH JIHH3a -

npHMOJIHHeHHbIH npoMe.>KyToK - ,L1,ecpoKycr1pyK>ll.J,aH JIHH3a - npHMOJIHHeHHbIH 

npoMe.>KyToK). O,ll,HaKO 3TH CTPYKTYPbl MoryT 6bITb opraHH30BaHbl no-pa3HOMy. 

TaK, HanpHMep, BO FNAL Ha YCKOpHTeJie T3BaTpOH TaKaH CTpyKTypa BblrJIH,ll,HT 

cne,L1,yJOll.J,HM o6pasoM: Q<1>LBBBB QnLBBBB, s,L1,ecb Qci> - KBa.D.pynoJib cpoKy

CHposKH, L - CB060,ll,HblH OT nOJIH npoMe.>KyTOK, B - saBopa'IHBaIOll.J,HH MarHHT 
(.D.HnOJib). .. . 

O.D.HaKo, K co.>KaJieHHIO, onpe.D.eJieHHH JIHIIIb o6nacTH ycTOH'IHBOCTH jcos µj < 1 
He,ll,OCTaTO'IHO. B peaJibHb!X CTPYKTypax MarHHTHOe none OTJIHqaeTCH OT H,ll,eaJib

Horo, nepHO,ll,bl He paBHbl, rpa,ll,HeHTbl OTJIH'laJOTCH OT pacqeTHbIX. Bee 3TO Tpe6yeT 

TpaHccpopMaUHH noJiy'leHHbIX ycJIOBHH Ha ,ll,BH.>KeHHe B cnyqae B03Myll.J,eHHH. 

TiocKOJlbKY B03Myll.J,eHHH TaK.>Ke nepHO,ll,H'IHbl, TO HX onaCHOCTb COCTOHT npe.>K,ll,e 

scero B B03HHKHOBeHHH pa3JIH'IHblX pe30HaHCOB. 

Har16onee npocTble ycJIOBHH pe3oHaHCOB BblfJIH,ll,HT CJie,ll,yJOll.J,HM o6pa30M: 

Vx = kx, Vx = kx + 1/2 HJIH Vz = kz, · Vz = kz + 1/2, 

r,ll,e kx,z - ueJibie 'IHCJia. 

TipH 3TOM KOJie6aHHH MOryT pacKa'IHBaTbCH H3-3a HaJIH'IHH 

1) B03Myll.J,eHHH n - napaMeTpH'IeCKHH pe30HaHc ( «Ka'leJIH>> ), . 

2) B03Myll.J,eHHH MarHHTHOfO nOJIH (BHeIIIHHH pe30HaHC, 6eCKoHe'IHOe HapacTa

HHe KOJie6aHHH H3-3a npHTOKa 3HeprnH H3BHe), 

3) Vx + Vz = k - cyMMOBOH pesoHaHc - nepexo,ll, KOJie6aHHH H3 x B z 
H Hao6opoT (6HeHHe), O,ll,HaKO B03MO.>KHa pacKalJKa H3-3a CBH3H C npO,ll,OJibHbIM 

,ll,BH.>KeHHeM, 
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4) Vx - Vz = k - pa3HOCTHbIH pesoHaHC, 6HeHHe, HO 6e3 B3aHMHOH pacKaqKH. 

TI09TOMY <<raJICTYK» HCnerupHeTCH JIHHHHMH pesoHaHca H Ha HeM OCTaeTCH 

TOJlbKO oqeHb ysKaH o6JiaCTb ( «6pHJIJIHaHT» ), KOTopaH Ha3bIBaeTCH pa6oqeH ffqeH

KOH. 

t 
Qz 

27,5 0,6 0,66 0,75 28 
Q =28 - . 

z . v.. l I ,I 28 
/l 

.,/ 

,(:) 
"'i 

re, 

0 · Pa6o'!He Jl'ICHKH 

27 lf':'r:'li7J I \ 1i 

27 0,25 0,33 27,5 

Q"-+ 

TTpHMep pa6otJeii HtJeHKH ycKopHTeJIH SPS (UEPH) 

1(1 

Pa6oqaH TOqKa HJI.eT H3 «0>> B «k», nepeceKaH HeCKOJibKO pesoHaHC0B BbICIIIero 

nopHJI.Ka, BJIHHHHe KOTOpblX KOMneHCHpyeTCH cneu.HaJibHblMH KOppeKTHPYIOIUHMH 

CHCTeMaMH. 

<l>opMHpOBaHHe MarHHTHOro noJIH - CJIO.>KHeHIIIaH 3aJI.aqa. OTJIHqHe noJieH 

OJI.Horo nepHOJI.a OT JI.pyroro 10-3-10-4 no noJIHM H 10-2 no rpaJI.HeHTaM. 

CospeMeHHaH TeopHH H onbIT no3BOJIHIOT 9TO JI.eJiaTb . .ll.ocTaTOqHo CKa3aTb, qTO B 

HaK0nHTeJIHX nyqoK BparuaeTCH qacaMH 6es:-60JibllIHX noTepb. 

Cl 



JleKUHH .N'!! 4 

IlPO~O~bHOE ~BH:>KEHHE. ABTO~A3HPOBKA 

llpoaoAbHOe aeu3'CeHue itacmuij. <PaaoBaR ycmouitueocmb. llpUHijUn aemo
cpaaupoe,cu. Cenapampuca. KpumuitecKaR aHepeuR 

YcJIOBH.H cpoKycHpOBKH nO3BOJI.HIOT qacTHuaM npoxo,nHTb B ycKOpHTeJI.HX AJIHH

Hb!H nyTb, cosepwa.H MHO:>KeCTBO o6opOTOB. TTpH .9TOM Heo6xo,nHMO coa,naTb TaKHe 

YCJIOBH.H, 11T06bi qacTHua npHo6peTaJia npoeKTHYIO AJI.H 9TOH ycTaHOBKH 9HeprH!O. 

,UJI.H 9Toro HCnOJib3yeTC.H, KaK npaBHJIO, peaoHaHCHbIH pe:>KHM ycKopeHH.H, npH 

KOTOpOM no.n.nep:>KHBaeTC.H CHHXpOHH3M ( OTCJO,na Ha3BaHHe «CHHXpOTpOH•) Me:>K,ny 

o6paw.eHHeM 11aCTHUbl B MarHHTHOH CHCTeMe ( c 11acTOTOH W) H nepHOAH11eCKHM 

H3MeHeHHeM ycKOp.H!OIIJ.ero 9JieKTpH11eCKOro nOJI.H C qacTOTOH wo, npH11eM B o6w.eM 

cny11ae w = w(t), H wo = wo(t). 
CHHXpOHH3M O3Ha11aeT, 11TO wo = qw, q - uenoe 11HCJIO, Ha3bIBaeMoe KpaTHO

CTb!O ycKopeHH.H. B npHHUHne TaKoe COOTHOWeHHe MO:>KeT Bb!IlOJIH.HTbC.H TOJibKO 

,LJ.JI.H O.l{HOH qacTHUbl npH O11eHb TO11HO co6JIJO,naeMblX ycJIOBH.HX. 3To o6CTO.H

TeJibCTBO He no3BOJI.HJIO .nonroe speM.H «pHCKHYTb• CTpOHTb 60JibWHe MaWHHbl. 

Ho OKa3aJIOCb, 11TO corJiaCHO npHHUHny aBTOcpa3HpOBKH, OTKpb!TOMY COBeTCKHM 

y11eHbIM B. H. BeKCJiepoM, CHHXpOHH3M MO:>KeT peaJIH3OBbIBaTbC.H B cpe,nHeM sa 

60JibIIIOe KOJIH11eCTBO o6opOTOB. 

3TOT npHHUHn Mb! paCCMOTpHM noa.nHee, a ce1111ac onpe,neJIHM OCHOBHbie 

3aBHCHMOCTH xapaKTepHCTHK op6HT OT 9HeprHH B MarHHTHbIX CHCTeMax. 

TTpH 9TOM Mb! MO:>KeM BOCnOJib3OBaTbC.H TeM o6CTO.HTeJibCTBOM, 11TO ABH:>KeHHe 

11aCTHUbl no op6HTe npHBOAHT K KOJie6aHH.HM (HX Ha3b!Ba!OT CHHXpOTpOHHbIMH) 

OKOJIO TO11KH CHHXpOHH3Ma aa speM.H, cyw.ecTBeHHO 6oJibIIIee speMeHH o6opoTa, a 

nonepe11Hb!e KOJie6aHH.H (6eTaTpOHHb!e) npoHCXO.l{.HT 6bICTpo. Hx nepHo.n MeHbllle 

HJIH 3Ha11HTeJibHO MeHbllle speMeHH o6opoTa. 3To . o6CTO.HTeJibCTBO no3BOJI.HeT 

paccMaTpHBaTb 9TH .nsa THna KOJie6aHHH, no KpaHHeH Mepe B nepBOM npH6JIH:>Ke

HHH, HeCB.H3aHHbIMH. TT09TOMY aa6y,neM Ha speM.H O 6eraTpOHHbIX KOJie6aHH.HX H 

CJie,LJ.HM TOJibKO aa npo,nOJibHblM ABH:>KeHHeM. 

TTpH ABH:>KeHHH qacTHUbl no op6HTe s MarHHTHOH CHCTeMe qacTOTa ee o6pa

w.eHH.H w, soo6w.e rosop.H, 3aBHCHT OT 9HeprHH qacTHUbl H ycpe,nHeHHOro B.l{OJib 

op6HTbl MarHHTHOro noJI.H (B), T. e. w = w (E, (B)). CTeneHb 3aBHCHMOCTH w OT E 
npHHHTO xapaKTepH3OBaTb cpyHKUHeH K(E), KOTOpa.H HOCHT Ha3BaHHe noKa3aTe.iI.H 

asrocpaaHpOBKH: 

[ 
E aw] 

K(E) = - w(E) 8E B. 
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Htt.u.eKc B 03HaqaeT, t:ITO npOH3B0.U.HaSI 6epeTCSI npH IlOCTOSIHHOM MarHHTHOM noJie 

B (HMeeTCSI B BH.ll.Y KOMilOHeHTa IlOJISI Bz). 
pc E/3 

B a3HMyTaJibHo-o.u.ttopo.u.HoM none pa.u.Hyc paBeH R = eB(R) = eB(R) H w = 

_ ceB(R) 
E . 

EcJIH B 0.ll.HOPO.ll.HO, T. e. He 3aBHCHT OT r, TO K = 1. 
B npoH3BOJibHOH MarHHTHOH cHcTeMe, B KOTopoii qacTHu.a c HMnyJihCOM p, 

cKopoCTbIO V HMeeT .ll.JIHHY op6HTbI C (<<circumference,>), u.enecoo6pa3HO BBecTH 

napaMeTp 

[ 
P ac] 

a= C(p) op B' 

t::,,,R l:::,,,p 
-=a-, 
R P 

KOTOpb!H HOCHT Ha3BaHHe K03<pq>HU.HeHTa pacurnpeHHSI op6HT ( (<Compaction 

factor»). BeJIHt:IHHa a noKa3bIBaeT OTHOCHTeJibHOe yBeJIHt:IeHHe op6HTbl npH pocTe 

HMilYJibCa. flpH a ~ 1 op6HTbl B pa.u.HaJibHOM HanpaBJieHHH pacrrOJIO)KeHbl pe.u.Ko, 

npH a« 1 op6HTbl pacnoJIO)KeHbl IlJIOTHO. HeTPY.U.HO HaHTH CBSI3b Me)K.u.y K H a. 

,UJISI 3TOfO 3aMeTHM, t:ITO w = (21rV)/a. 
l:::,,,w t::,,, V l:::,,,p ( · t::,,,C l:::,,,p) 

OTCIO.U.a -:;; = V - ap H3 onpe.u.eJieHHSI a: C = ap . 
Yt:IHThIBaSI 

l:::,,,p 1 1:::,,,E t::,,, V 1 - /32 l:::,,,E 

noJiyqaeM 

riocKOJibKY 

3Hat:IHT, 

Tor.u.a 

p = 132y• v = ~Y· 

l:::,,,w 1 - /32 1:::,,,E a l:::,,,E 
:;---=~y-132Y 

/32 = 1 - E5 
E2' 

2/3/:::,,,/3 = 2E5 l:::,,,E 
E3 ' 

/:::,,,/3 _ E5 1:::,,,E _ 1 - {32 l:::,,,E 
/3 - f32E2' y- 132 E' 

P = E/3' l:::,,,p = t::,,,E/3 + E t::,,,/3, 
C C C 

t::,,,p = t::,,,E /:::,,,/3 = (l 1 -/32
) t::,,,E = _!_ t::,,,E 

P E+/3. + 132 E f32E' 

K= _ E l:::,,,w 
wl:::,,,E' 

l:::,,,w _ Kt::,,,E 
-:;;- - E' 

1-a 
K= 1-(32, 

1 - {32 ~ 
-K=~- f32' 
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l-fa 3THX Ba:>KHbIX <pOpMyJI BH,!J.HO, 'ITO napaMeTp aBTO<pa3HpOBKH K onpe.n.em1eTCH 

napaMeTpoM o: . 
.UJIH cJiy'laH a3HMYTaJibHO-CHMMeTpH'1Horo noJIH C = 21rR, p = (e/c)B(R)R 

HaXO,!J.HM 

a _ _!?_ o21rR _ p ~ pc _ p.: (_!_ _ oBp oR) _ 
21rR op - RoReB(R) - Re B B 2oR op -

p c ( 1 R oB ) pc 1 
= R; B - B 2 oRo: = eRB(l +no:), 

p oR ( np oR) o:Rp 
o: = R op HJIH o: = 1 + R op = 1 + n pR = 1 + o:n, 

1 
o:=--

1-n' 
n 1 

K(E) = 1 + 
1 

_ n 132 (ecJIH n = 0, TO K = 1). 

OTCIO,!J.a HCHO, 'ITO ,!J.JIH O < n < 1 K > 0 H o: > 1. 
.UJIH CHJibHOH <poKycHpOBKH ( o: ~ 1 / v~) o: « 1 H, COrJiaCHO onpe,n.eJieHHIO K, 

,!J.JIH CJiy'laH 13 « 1 napaMeTp K ~ 1 / 132 < 0, a ,!J.JIH peJIHTHBHCTCKoro CJiy'laH, 

Kor.n.a 13 ~ 1, K ~ a > 0. 
3TO 3Ha'IHT, 4TO B npou.ecce yCKopeHHH 3Ha4eHHe K npoXO,!J.HT 1,1epe3 HOJib. 

To4KY K = 0 Ha3bIBaIOT T04KOH KpHTH4eCKOH 3HeprnH. B 3TOH T04Ke 

o:,2 
- 1 = 0, H 

ow 
oE =O, 

T. e. qacTOTa He 3aBHCHT OT poem 3HeprHH H 3<p<peKT aBTO<pa3HpOBKH npona.n.aeT. 

5kHo, 4TO ,!J.JIH CJia6oii <pOKYCHpOBKH KpHTH4eCKaH 3HeprHH OTCYTCTByeT (o: > 1). 
C,n.eJiaeM He60JibllIOe 0TCTynJieHHe. Tipe,n.CTaBHM ce6e ycKopHTeJib, B KOTOpOM 

K = 0 ao aceii o6Jiacrn 3HeprnH, Tor.n.a 

0:,2 = 1, 2 1 
'Y = -, 

0: 

1 E 
,=..fo,=Eo' 

HO, nocKOJibKY E 2 = EZ + e2 B 2r 2, 

K 

1 
..fo, =n, 
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HMeeM 

HJiH 

E 2 = (1 - n)E5 = E5 + e2 B2r 2, 
n = - e2B2r2 

E2 ' 
0 

dB e2 B 3r ( e2 B2r 2)-l/
2 

dR 
= - 2- => B(r) = Bo 1 - i 

Eo Eo 

r.u.e Bo= B(r = 0). 11HTerpHpoBaHHe ypaBHeHHH .u.aeT 

( 
2 2)-1/2 

B(r) = Bo 1 - e :r 
B TaKOM IlOJie K = 0 H w = canst. none peanHsyeTCH B H30XpOHHOM UHK

JIOTpOHe. TOJibKO B HeM HCil0Jlb3yeTCH a3HMyTanbHO HeOJJ.HOpOJJ.HOe IlOJie JJ.nH 

OJJ.HOBpeMeHHOro o6ecnet.JeHHH BepTHKanbHOH (z-H) cpoKycHpOBKH. 
BepHeMCH K asTOcpasHpOBKe. YcKopeHHe t.JaCTHU B YCKOpHTenHX MO>KeT npoHC

XOJJ.HTb B JJ.BYX cnyt.JaHX. 

1. 4aCTHUa nona.u.aeT B o6naCTb 3JieKTpHt.JeCKoro nonH, noKanH30BaHHOro Ha 
op6HTe. ,lI.JIH 3TOro o6blt.JHO C03JJ.alOTCH OJJ.Ha HnH HeCKOnbKO ycKOpHIOlllHX 

CTaHUHH HJIH npoMe>KyTKOB, K KOTOpblM npHno>KeHO nepeMeHHOe HanpH>Ke

HHe c aMnJIHTYJJ.OH U H t.JacTOTOH wo, T. e. U cos wot. B 3TOM cnyt.Jae MbI 
rosopHM 06 ycKopeHHH B CTOHt.JeH BOnHe. ' 

2. 9JieKTpHt.JeCKOe none MO>KeT npeJJ.CTaBJIHTb 6erymy10 BJJ.Onb op6HTbl BOnHy 
3JieKTpHt.JeCKoro npOJJ.OJibHOro nonH B TOM HanpasneHHH H C TOH >Ke CKO

poCTblO, t.JTO H t.JaCTHUa, C = co cos [(wot - q0) + cps]. B 3TOM cnyqae Mb! 
rosopHM 06 ycKopeHHH s 6erymeii sonHe. 

PacCMOTpHM 3cpcpeKT asTOcpa3HpOBKH Ha npHMepe CTOHt.JeH BOnHbl. 
4aCTOTa o6pameHHH t.JaCTHUbl w = w(E, (B)), npHt.JeM ·saBHCHMOCTb OT E 

onpe.u.eJIHeTCH napaMeTpOM K. PesoHaHC COCTOHT B TOM, t.JTO wo = ws (HnH 

wo = qws), r.u.e ws - t.JaCTOTa HeKOH paBHOBeCHOH t.JaCTHUbl C 3HeprneH Es. TTycTb 

JJ.JIH npocTOTbl q = 1. 4acTHua, npoxo.u.H sasop, nonyt.JaeT 3Heprn10 

8E = eU cos cp. 

<l>asy <.p = wot HanpH>KeHHH B MOMeHT npoXO>KJJ.eHHH ycKOpHIOlllero npoMe>KyT
Ka t.JaCTHUeH Ha3bIBalOT cpa30H t.JaCTHUbl. <l>asy cps Ha3bIBaIOT paBHOBeCHOH cpa30H, 

IlOCKOnbKY JJ.JIH Hee scer.u.a Bb!IlOnHHeTCH ycnoBHe wo = ws (npH Ka>KJJ.OM npoxo>K

JJ.eHHH). 9TO JJ.OCTHraeTCH sa Ct.JeT Toro, t.JTO t.JaCTHUa nonyqaeT npHpameHHe 

8Es = eU cos <.ps 

H H3MeHeHHe ws KOMileHCHpyeTCH noneM (B) HnH H3MeHeHHeM wo. 4TO nony
qaeTCH JJ.nH HeCHHXpOHHOH t.JaCTHUbI? TTycTb JJ.nH onpe.u.eneHHOCTH K > 0, T. e. 

ow/ oE < 0 ( cna6ocpoKyrnpy10mHH ycKopHTenb HnH cHnbHocpoKycHpy10mHH npH 
E > EKp), T. e. 
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w 

l 
I 

I 
I 

Es! --if--___. _ _._ _ __._ ______ E 

K ycKopHJOJ..UeMy npoMe>KyTKY npHJIO>KeHo noJie: 

Ucosl{J 

H MOryT cymecTBOBaTb )1,Be paBHOBeCHbie cpa3bl (-cps+ cps). TToKa>KeM, llTO 

cps-cpaaa ycTOHllHBa K OTKJIOHeHHHM OT CHHXpOHH3Ma. 

TTycTb eCTb ,ll.Be qaCTHUbl N1 H N2, HMeJOLUHe ,ll.Be cpa3bl 'PI H 'P2 H 3HeprH!O 

Es. 1.JacTHua N1 6y.ll.eT HMeTb E > Es, cooTBeTCTBeHHO, w1 < ws, T. e. T1 > Ts, 
H Ha CJie,ll.yJOLUHH o6opoT OHa npH,ll.eT IlO3,ll.Hee paBHOBeCHOH qacTHUbl, H cpaaa Ha 

ycKopmomeM npoMe>KyTKe BbipacTeT, T. e. cpaaa qacTHUbl ,N1 C,ll.BHHyTa B CTOpoHy 

paBHOBeCHOH cpa3bl 'PS· 1.JacTHua N2 HMeeT E < Es, COOTBeTCTBeHHO, w2 > ws H 

T2 < Ts, T. e. Ha CJie,ll.yJOLUHH o6opoT OHa npH,ll.eT paHbUie H ee cpaaa C,ll.BHHeTCH B 

CTOpOHY paBHOBeCHOH cpa3bl cps. 
TTycTb Tenepb Mbl HMeeM Oil.RTb ,ll.Be qacTHUbI, KOTOpbie npoXO,ll.HT npoMe>Ky

TOK B paBHOBeCHOH cpaae 'P2, HO 3HeprHH qaCTHUbl N1 6y,ll.eT MeHbllle 3HeprHH 

paaHoaecHoii qacTHUhI: E 1 < Es, a 3HeprHH qacTHUbI N2 6y.ll.eT 6oJibUie 3HeprHH 

paaHoaecHoii qacTHUhI: E2 > Es. Tor,ll.a .ll.JIH qacTHUbI N1 w1 > ws, a T1 < Ts, 
T. e. qacTHua npH,ll.eT paHbllle Ha ycKop.RIOLUHH npoMe>KyTOK H noJiyllHT 60JibllIYIO 

3Heprn!O, qeM paBHOBeCHaH . .[{JI.fl qaCTHUbl N2 w2 < ws, T. e. T2 > Ts H OHa 

npH,ll.eT IlO3,ll.Hee H IlOJIYllHT MeHbllIYIO 3HeprHIO, qeM paBHOBeCHa.R qacTHUa. TaKHM 

o6pa30M, H no 3HeprHHM qacTHUbl (<CT.RfHBalOTCH>> K paBHOBeCHOH. TToJiyqaeTCH, 

'ITO Bee 'laCTHUbl 6Y.ll.YT coaepUiaTb ycTOHllHBble CHHXpoTpOHHbie KOJie6aHHH OKOJIO 

paBHOBeCHOH cpa3bl cps H B03pacTaJOmeii 3HeprHH Es. 
TTO,ll.06Hble paccy>K,ll.eHHH MO>KHO npHBeCTH H .ll.JIH CJiy'la.R ycKopeHHH Ha 6ery~ 

w.eii BOJIHe. ' 

TTepeH,ll.eM Tenepb K KOJIH'leCTBeHHbIM COOTHOUieHHHM yCKopeHHH qacTHUbl B 

B4-noJie. PaccMOTpHM CHa'laJia ,ll.BH>KeHHe paBHOBeCHOH qacTHUbl, qacTOTa KOTO

poii ws TO'IHO Y.ll.OBJieTBop.ReT YCJIOBHIO CHHXpOHH3Ma. BeJIH'IHHa ws aaBHCHT OT 

2 11. H. MBaHOB, r. B. Tpy6HHKOB 
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3HeprHH tiaCTHUbl H OT cpe.n.Hero 3HatieHH.fl MarHHTHOro IlOJI.fl Ha op6HTe (B) s: 

21rVs(Es(t)) 
ws = ws(Es, (B)s) = Cs(Es(t), (B(t))s) 

11H.n.eKc s O3HatiaeT, tITO 3TO napaMeTpbl CHHXpOHHOH tiaCTHUbl, (B) s MO)KeT 6bITb 

.flBHOH cpyHKUHeH speMeHH. YcJIOBHe CHHXpOHH3Ma: 

wo(t) -- = ws(Es, (B)s). 
q 

flpo.n.HcpcpepeHUHpyeM no BpeMeHH: 

1 dwo(t) 8ws dEs 8ws d(B)s 
q-;:u- = 8Es dt + 8(B)s -;:u-· 

YtiTeM Bbipa)KeHHe .LI.JI.fl K H TO, tITO 

d(B)s 8(B)s 
-;:u-=at· 

0TCIO.U.a 
1 dEs _ 1 [ 1 8ws 8(B)s _ 1 dwo] 

Es dt - Ks ws 8(B)s 8t wo dt · 

TaKHM o6pa30M, .LI.JI.fl Toro tIT06bI 3HeprHH paBHOBeCHOH tiaCTHUbl H3MeH.flJiaCb 

npH coxpaHeHHH CHHXpOHH3Ma, He06XOAHMO, tIT06bl 6b!JIO 

HJIH 

HJIH 

8(B)s =I= o (c~HxpoTpoH), 
8t 

dwo =I= o (cpasoTpoH), 
dt 

HJIH H TO, H .n.pyroe (CHHXpocpasoTpOH). 

Tenep1:> Hafi.n.eM saKoH HSMeHeHH.fl Es, HCXOA.fl HS 3HepreTHtieCKHX cooTHOllleHHH: 

8Es = eU cos <.ps + ec:""A• 
1 a<I> s 

c HHA = - ~ 8t . (*) 

flpHpameHHe BO BpeMeHH MO)KHO IlOJIYtIHTb, pas.n.eJIHB Bbipa)KeHHe ( *) Ha 

21r/ws. floJiytiHM 

8Es 8Es dEs 
ws-~-~-21r . r· dt ' 

dEs 21r [ e 8<I>s] -- = --- eU cos <.ps- --- . 
dt cos <.ps c at 

,llJI.fl HeCHHXpOHHOH qaCTHUbl npHpameHHe 3HeprHH MO)KHO IlOJIYtIHTb; BCilOM

HHB, tITO H3 OCHOBHoro ypasHeHH.fl ABH)KeHH.fl 

d. ( dr) e [dr ] dt m dt = ~ dt B(r, t) + ee(r, t), 
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r.n.e e - 3JieKTpHl!eCKOe noJie, CJie.n.yeT ypasHeHHe ,ll.JIH H3MeHeHHH 3HeprHH 

dE dr 
dt = ee(r, t) dt. 

3aBHCHMOCTb npaBOH l!8CTH 3T0f0 ypaBHeHHH OT speMeHH xapaKTepHsyeTCH 

JlBYMH cpyHKUHHMH, O,LI.Ha H3 KOTOpb!X xapaKTepHsyeT 6b!CTpbie H3MeHeHHH rra

paMeTpOB Ha o6opoTe; a BTOpaH - Me,LI.JieHHOe H3MeHeHHe 38 MHOfO o6opoTOB. 

nocKOJ!bKY Ha6op 3HeprnH rrpOHCXOJlHT 3a MHOfO o6opoTOB, TO ecTeCTBeHHO npo

H3BeCTH ycpe.n.HeHHe no speMeHH o6opoTa, Tor.n.a BJIHHHHeM 6bICTpOOCUHJIJIHPYJO

IUHX npoueccos MO)KHO npeHe6pel!b H Mb! CMO)KeM BbI,LI.eJIHTb cpyHKUHOH8JlbHbie 

38BHCHMOCTH 3HeprnH OT speMeHH . 

..QJIH 3Toro scnoMHHM, l!TO r(t) = ro(t) + p(t), IPI « lrol, r.n.e ro(t) cooT

seTcTByeT 38MKHYTOH op6HTe, a p - 6eTaTpOHHb!M KOJie6aHHHM, npHl!eM ro(t) 
u 2rrV(E) 

nepHO,!I.Hl!eCKH 38BHCHT OT speMeHH C l!8CTOTOH w(E, t) = C(E, t) , a p(t) 38BHCHT 

OT speMeHH C l!8CTOTOH v(E, t). 
Cpasy npe.n.noJiaraeM, l!To qacToTa v - HeUeJioe sHal!eHHe, HHal!e nona.n.eM s 

pe30HaHC (3TO HexapaKTepHaH TOl!Ka, nose.n.eHHe l!8CTHU B pe30H8HCe - oco6aH 

TeopHH). 3a HCKJIIOl!eHHeM HeKOTOpb!X cJiyl!aes, npaKTHl!eCKH see ycKopHTeJIH 

HMeJOT 3JieKTpHl!eCKOe noJie JIH60 KB83HCT8UHOHapHoe, JIH60 B BH,!I.e rapMOHHl!e

CKHX CTOHl!HX BOJIH: 

e(r, t) = e(r) e-i f wodt + eHtt.a.(r). 

TTpH 3TOM npe.n.noJiaraeTCH, l!TO wo H CHH)l MoryT Me,LI.JieHHO 38BHCeTb OT speMeHH. 

OnHTb 3aMeTHM, l!TO ecJIH 

TO Mb! HMeeM .n.eJIO c CHHXpoTpOHHb!M ycKopeHHeM, ecJIH o6paTHOe HepaBeH

CTBO, TO ycKopeHHe H83bIBaeTCH 6eTaTpOHHbIM. TTo.n.cTaBHM Bb!pa)KeHHe ,!I.JIH 

r(t) B ypaBHeHHe ,ll.JIH 3HeprnH H rrpose.n.eM JIHHeapH38UHIO. 5kHo, tJTO tJJieHbl, 

nponopUHOHaJibHbie p(t) H dt (t), npH ycpe.n.HeHHH o6paTHTCH s HYJib, T. e. 

(e(ro)e-ifwodxp(t)) = 0. BcnoMHHM, tJTO 

dro = dro d0 = Rd0 r = V(E)r 
dt d0 dt dt ' 

r.n.e T - BeKTOp, KaCaTeJibHb!H K OKpy)KHOCTH (cpopMyJia ,!I.JIH corrpoBO)K,!I.8IOIUero 

TpexrpaHHHKa). Tor.n.a ypaBHeHHe ,!I.JIH 3HeprnH nepeXO,ll.HT B 

r.n.e Cr - KacaTeJibH8H K op6HTe KOMnOHeHTa BHeurnero 3JieKTPHlleCKOfO noJIH. 

2* 
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AMnJIHTy.n.a nOJIH cr(ro) Ha op6HTe HBJIHeTCH nepHO.ZJ.HlleCKOH cpyHKU.HeH a3H

MyTa: 
00 

cr(ro) = L ck(E) eik0. 

k=-oo 

TTono>KeHHe ro onpe.n.enHeTCH E H 0. YllHTbIBaH, tITO d0/dt = w(E, t) (0 = 
= J wdt), nonyqaeM 

00 

(cr(ro)e-ifwodt) = L ck(eif(kw-wo)dt). 

k=-oo 

YcJIOBHe CHHXpOHH3Ma wo ~ qw npHBO.ZJ.HT K TOMY, llTO H3 scero pH.n.a OCTaIOTCH 

HeHyJieBb!MH TOJibKO tIJieHbl C k = q, T. e. 

(cr(ro) e-i f wodt) ~ cq ei f (qw-wo)dt. 

<l>H3HlleCKHH CMb!CJI HMeeT TOJibKO .n.eHCTBHTeJibHaH qacTb 3TOro Bblpa>KeHHH 

Re (c (r ) e-i f wodt) ~ _U_c_os_<p_ 
T O ~ C(E) ' 

r.n.e <p = J q(ws - w) HJIH di.p/dt = q(ws - w), npH 3TOM Mb! ytIJIH TOtIHbIH 3aKOH 

wo = qws H aMnJIHTy.n.a nOJIH cq npe.n.cTaBJieHa B BH.D.e 

lcql = U/C. 

CMbICJI <p otieHb sa>KeH. Mb! pa3JIO>KHJIH CTOHtIYIO BOJIHY BHeurnero 3JieKTpH

qecKoro nOJIH no 6eryW.HM BOJIHaM c qacTOTOH wo H BOJIHOBb!M llHCJIOM k. TTpH 

3TOM B03.U.eHCTBHe Ha qacTHU.Y OKa3bIBaIOT TOJibKO Te BOJIHbl; KOTOpble HaXO.D.HTCH 

C HeH B pe3OHaHce (HJIH nOllTH B pe30HaHce). 

9TO OCHOBHOH <pH3HlleCKHH 3aKOH: qacrnu.a MO>KeT o6MeHHBaTbCH 3HeprneH 

C 3JieKTpoMarHHTHOH BOJIHOH TOJibKO B TOM CJiyqae, Kor.n.a CKOpOCTb qacTHU.bl 

cosna.n.aeT C cpa30BOH CKOpOCTbIO BOJIHbl. 

TTapaMeTp <p - 3TO cpa3a, B KOTOpOH qacTHU.a HaXO.ZJ.HTCH no OTHOllleHHIO K 

BOJIHe. noceMy eCJIH llaCTHU.a TOllHO B pe3OHaHce, TO <p = 0 H b..E = eU -
MaKCHMaJibHb!H npHpOCT 3HeprnH 3a o6opoT. 

Ycpe.n.HeHHoe HH.D.YKU.HOHHoe none npe.n.cTaBHM B BH.ZJ.e 

(crHHJI.) = 1 8<P 
cC(E, t) at' 

3.U.eCb q, - MarHHTHb!H noTOK, OXBaTbIBaeMb!H op6HTOH. Co6HpaH see B ypaBHeHHe 

3HepreTHtiecKoro 6aJiaHca, nonyqaeM 

1 dE eU e 8<P -- = - cos <p- --. 
w dt 21r 21rc 8t 
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Cpe.n.Hee H3MeHeHHe 3HeprnH CBH3aHO C npHpOCTOM 3a CtJeT BHeurneH BOJIHbl 
B pe3oHaHce ( ~ U) H H3MeHeHHH se.n.yrn.ero MarHHTHOfO noJIH. 3anHWeM 3TO 
ypaBHeHHe ,ll.JIH paBHOBeCHOH tJaCTHII.bl H HaH,ll.eM H3 Hero cpa3y: 

cos 'PS= 21r [-1_ dEs + ~ aifls] . 
eU ws dt 21rc 8t 

5IcHo, tJTO <pH3HtJecKHH CMhICJI HMeer TOJibKO lcos cps I ~ 1. EcJIH 3TO ycJIOBHe 
He BbinOJIHHeTcH, 3HatJHT, orcyrcrayer pe3oHaHc HJIH asrocpa3HposKa. Ilo.n.craBJIHH 
Bb1pa:>KeHHe .U.JIH dEs/dt, noJiytJHM 

21r [ Es aws a(Bs) Es dwo e aifl] 
cos cps= eU Kw~ a(Bs) ~ - Kwswo dt + 21rc at · 

Ilepsoe CJiaraeMoe B KBa.n.paTHbIX CK06Kax - CHHXporpOHHblH pe>KHM, BTOpoe 
cJiaraeMoe - cpa3orpoHHhIH pe>KHM, rperbe cJiaraeMoe - 6erarpoHHblH pe>KHM. 

YcJIOBHe lcos cpsl ~ 1 .n.aer 

a(Bs)/dt HJIH dwo/dt l u .<. 

3ro 3HatJHT, tJTO aMnJIHry.n.a ycKopmorn.ero HanpmKeHHH U .n.oJI:>KHa 6hITh .n.ocra
TOtJHOH, lJT06bI «orpa6oTaTb>> H3MeHeHHe Bs HJIH WQ. 

IlepeH,ll.eM renepb K BblBO.ll.Y OCHOBHOro ypaBHeHHH ycKopHreJibHbIX pe3oHaHc
Hb!X pe:>KHMOB - TaK Ha3bIBaeMoro cpa30B0f0 ypaBHE!HHH. )lJIH 3Toro B03bMeM 
ypaaHeHHe 6aJiaHca 3HeprnH 

1 dE 1 e aifJ :__ = -eU cos cp--
w dt 21r 21rc at 

H HaH.n.eM pa3HHUY Me:>K.n.y npHparn.eHHeM 3HeprnH paBHOBeCHOH H HepaBHOBeCHOH 
tJaCTHUbl 

1 dE 1 dEs eU e ab.ifl -- - --- = -(cos cp - cos cps) - ---, 
w dt ws dt 21r 21rc at 

D.ifl - npHparn.eHHe MarHHTHoro noroKa ,ll.JIH op6HTbl HepaBHOBeCHOH tJaCTHUbl no 
cpaBHeHHIO C paBHOBeCHOH. 3ro ypaBHeHHe HaJI.O .n.onoJIHHTb saKOHOM H3MeHeHHH 
cpa3bl 

dcp 
di= q(ws - w). 

5y.n.eM ClJHTaTb, lJTO pa3HHUa 3HeprnH paBHOBeCHOH H HepaBHOBeCHOH qacTHU 
MaJia: 

D.E = E-Es, 

H JIHHeapHsyeM ypasHeHHe ( **) no creneHHM D.E / Es: 

E =Es+ D.E, w = ws + ( ;~) Bs D.E, 
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l aE 1 aEs 1 (aEs . a!);.E) 1 aEs 
z:; at - ws at = ws (1 + ...1.. aw !);.E) at + fit - ws at = 

wsAE 

= _ 1 aw !);.Ea Es + 1 a!);.E = 1 a!);.E _ 1 (aw) !);.EaEs. 
wj aE at ws at ws at wj aE s at 

e a!);_;p 1 (aw) 
Bb1pa)KeHHe .!I.JUI - -2 ~ MO:>KHO npeo6pa30BaTh B ~ !);.E -a . 

~~ ~ t E 
B pe3yJibTaTe HMeeM 

1 dE _ 1 dEs _ e d!);.ip _ 1 d!);.E _ 1 ( dw) !);.EdEs _ 
w dt ws dt 21rc dt - ws dt wj dE s dt 

_ . 1 !);.E (dw) _ 1 d!);.E _ 1 !);.E [dw + dw dEs] _ 
wj dt E - ws dt wj dt dEs dt 

= _1 d!);.E + !);.E~J__ = ~ (-1 !);.E) . 
ws dt dtws dt ws 

Jlerno BH.U.eTb, l!TO 
d<p !);.E 
dt = qwsK Es· 

3aMemrn: s ypasHeHHH 9HepreTHl!ecKoro 6anaHca !);.E Ha ~ d<p/dt, nonyqaeM 

- --- = -(cos <p-cos <ps). d ( Es d<p) qeU 
dt wjK dt 21r 

YpaBHeHH.H TaKoro THna BCTpeqaJOTC.H B MexaHHKe. B qacTHOCTH, OHH OilHCbl

BalOT .!I.BH:>KeHHe Ma.HTHHKa C BHellIHHM MOMeHTOM CHJI. 

/ 
fm. 

d ( d<p) dt Gdt = P (cos <p - cos <ps,) 

Es 
G= wjKs' 

P= qeU 
271" • 

F 

AHanornH H3 MexaHHKH: 

G=ML2, P=MLg, 

FR 
COS <ps = p· 
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YMHO.>KHM ypastteHHe Ha dr.p / dt H npoHHTerpHpyeM, npe.n.noJIO.>KHB nocTOHHHbI
MH G HP. noJiytlHM 

ddr.p = ±0 [-.-
2
- ( C + sin r.p - r.p sin r.p s )] 

112 

, 
t sm rps 

(
qeUKsincps) 112 

3,lJ,eCb n = ws 21r Es - qacTOTa CHHXpoTpOHHblX KOJie6aHHH. 

TaKHM o6pa30M, Mb! HMeeM ypaBHeHHe 

! Gcp = P(cos cp - cos cps), Gd
2

r.p = _ dUo 
dt2 dcp ' 

Uo(cp) = q;~ (cp cos 'PS - sin cp) - noTeHUHaJihHaH cpyHKUHH: 

U(l{J) 

"' Cenapm-pHca 

'l's-

<l>a3oaaS1 IlJI0CK0CTb <j;, <p npH pa3JIH4HbJX C: 
Ccenap = sin <ps - <ps cos <ps, 

Ccenap + sin 'Pmax - 'Pmax COS <ps = 0. 

O6JiaCTb cpa3, 33XBa'leHHblX B pe)KHMe ycKopeHHll 

1/J 

npH BbI6ope 'PS Heo6xo.n,HMO CTpeMHTbCH K OilTHMYMY pa3Mepa o6JiaCTH 
ycTOJ'.iqHBblX cpa3 (MaKCHMaJibHbIH pa3Mep npH 'PS= 1r/2, TOr.n,a 'PS+ 'Pmax = 21r) 
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H MaKcHMYMY Ha6opa 3HeprnH 3a o6opoT. Onow.a.u.b cenapaTpHCbI onpeJI.emi:eT 

HHTeHCHBHOCTb qacTHU, ycKOp.HeMblX B MallIHHe. 

1 dlfJ 
Qdt 

2 

1 

-1 

-2 

I/Js=n/3 

If) 

TTpH KpaTHOCTH q Ha op6HTe O,ll.HOBpeMeHHO cyw,ecTByeT q paBHOMepHO pac

npe.u.eneHHblX o6nacTeH ycTOHtIHBOCTH, Ka:>KJI.a.H H3 KOTOpbIX 3aHHMaeT no a3HMYTY 

yron ( <p s + 'P21r) / q. 

Bc.si: nocne.u.osaTeJibHOCTb o6nacTeH spaw.aeTc.H no a3HMYTY c tiaCTOTOH ws, a 

BHYTPH Ka:>K,ll.OH o6JiaCTH tiaCTHUbl KOJie6JIIOTC.H OKOJIO 'PS C tiaCTOTOH 0, KOTOpa.si:, 

Boo6w.e rosop.si:, MHOro MeHbllH! qacTOTbl paBHOBeCHOH qacTHUbI: 0 « ws. 3Ta 

KapTHHa npH6JIH3HTeJibHa.H. Ha caMOM .u.ene ,ll,BH:>KeHHe no op6HTe conpOBO:>K,ll.aeT

C.H nepeXO,ll.OM Ha .u.pyrne op6HTbl H yxo.u.oM 3HeprHH OT Es. 
MaKCHMaJibHbIX 3Ha1leHHH OTKJIOHeHH.H OT op6HTbl H /lE ,ll.OCTHraIOT, KOr)l.a 

qacTHUa npOXO,ll.HT a3HMYT 'PS· 3TH 3HatieHH.H paBH.HlOTC.H 

lflEI = 2 [eUEs (sin 'PS - <ps cos <ps)] 
112 

max 21rqK ' 

IXo (0)1max = fl-01/J (0) l~f .tax, 

r.u.e 'Ip - nepHO,ll.HtiecKa.H <pYHKUH.H a3HMyTa, paBHa.H B cpe.u.HeM a. 
TaKHM o6pa30M, nonepetIHbie pa3Mepbl o6paTHO nponopUHOHaJihHbl q-1/ 2, a 

npOJI.OJibHhie - q-1. n11ow.aJI.b Ka:>K,ll.OH o6JiaCTH ycTOHllHBOCTH 3aBHCHT OT KpaT

HOCTH KaK q-3/ 2 ' a 1IHCJIO TaKHX o6JiaCTeH pacTeT KaK q, n03TOMY o6w,aH TIJIOlll,a)l.b 

yMeHhlllaeTCH KaK q-112. Bhrpa:>KeHHH JI.JIH lflElmax H IXo (0)1max onpe.u.eJIHIOT 

MaKCHMaJibHbIH 3HepreTH1leCKHH pa36poc H yxo.u. OT op6HTbl, CBH3aHHblH C aBTO-
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q>a3HpOBKOH. B peaJibHOCTH OHH MoryT 6b!Tb orpaHHlleHbl pa3MepaMH BaKyyMHOH 

KaMepbl H .ll.PYrHMH q>aKTopaMH. 

TipoxmK.n.eHHe KpHTHtieCKOH 9HeprnH 03HaqaeT CMeHy 3HaKa K, npH 9TOM 

MemieTCH q>a3a ycTOHtIHBbIX KOJie6aHHH C cps Ha -cps. Te qacTHUbl, q>a3a KOTOpblX 

cp < -cps, OKa)KyTCH BHe cenapaTpHCbl. 

HanpHMep, CHJlbHOq>OKYCHpy10ruaH MalllHHa: 

IIpH E < Erp, K < 0 ycroH'IHB8JI q>83a 
If) S OTp~arem.Ha 

IIpH E > Erp, K > 0 YCTOH'IHB8JI q>838 
,p s nonomrrem.Ha 

lfacTHUbl H3 o6JiaCTH -cps < cp < cps OCTaHyTCH B HOBOH cenapaTpHce, HO 

6y.n.yr HMeTb MaKCHMaJibHYIO aMilJIHTYJI.Y KOJie6aHHH ~ 2cps. TI09TOMY npH CTpeM

JieHHH K - oo, n - 0 o6JiaCTb 3anoJIHHeTCH qacTHUaMH H CTHrHBaeTCH K -cps. 
5ICHO, lITO npOCTOH nepexo.n. qepe3 EKp CBH3aH C noTepHMH qacrnu. qT06bl 9TOro 

He npOHCXOJI.HJIO, Heo6XOJI.HMO CKatIKOM MeHHTb q>a3y Ha 2cps. 
B npHHUHne, 9TH TPYJI.HOCTH - nJiaTa 3a )KeCTKYIO q>OKYCHpOBKy. 



JleKU.HH N2 5 

IlPO.l(OJibHbIE H IlOilEPEqHblE HEYCTQffqHBOCTH 

llpoaoAbl-taR 1-teycmouq,ueocmb, ompuu,ameAbHaR .Macca. O6w,ue mpe6oea
HUR Ha paseumue Heycmouq,ueocmeu, B0AHbt c ompuu,ameAbHou a11,epzueu. BAu
RHue npocmpaHcmeeHHozo sapRaa. KozepeHmHbte u HeKozepe11,m11,bte 11,eycmou
q,ueocmu. HMneaaHc Ka.Mepbt. 3amyxa11,ue Jla11,aay 

Mbl pacCM0TpeJIH 0CH0BHbie 3aK0Hbl, ynpaBJI.HIOIUHe ,!J.BH:>KeHHeM qacTHU B 

ycK0pHTeJie. 9TH 3aK0Hbl onpe,u.eJIHIOT: 

op6HTbl qacTHU; 

YCJI0BHH ycToHqHBbIX nonepeqHbIX (6eTaTpOHHbIX) KOJie6aHHH 0K0JI0 op6HT; 

YCJI0BHH Ha6opa 3HeprnH qacTHU H ycToHqHBbIX KOJie6aHHH (CHHXpOTpOH

HbIX) 0K0JI0 cpa3bl ycK0pHIOIUero IT0JI.fl - npo,u.0JibH0e ,!J.BH:>KeHHe. 

TTpH onpe,u.eJieHHH 3THX 3aK0H0B Mbl CTpeMHJIHCb K KaqecTBeHH0MY H3JI0-

:>KeHHIO npoueccos, npH6era.H K MaTeMaTHqecK0MY annapaTy T0JibK0 no Mepe 

KpaiiHeH Heo6XO,!J.HMOCTH. Ha caM0M ,u.eJie TeopHH ,!J.BH:>Kemrn qacTHU ropa3,U.0 

CJI0:>KHee. OHa BKJIIOqaeT B ce6.H oqeHb Ba)KHYIO o6JiaCTb - BJIHHHHe B03MyIUeHHH 

pa3JIHqHoro po.u.a Ha ,!J.BH)KeHHe qacTHU. K TaKoro po.u.a B03MyIUeHH.HM M0)KH0 

0THeCTH BJIH.HHHe 0CTaToqHoro ra3a, 0Kpy)KalOIUHX nyqoK creH0K BaKyyMHOH 

KaMepbl, HeToqHQCTH B paccTaH0BKe 3JieMeHT0B MarHHTHOH CHCTeMbl H T . .!J.. 
Mbl 3TH B03MyIUeHH.fl pa36HpaTb He 6y,u.eM, 0CTaH0BHMCH T0JibK0 Ha 3<p<peKTax, 

K0T0pbre npHo6peJIH He06bIKHOBeHHYIO Ba)KH0CTb B nocJie,U.Hee speMH. Peqb H,U.eT 

06 yqeTe BJIH.HHH.fl npocTpaHCTBeHH0ro 3ap.H,u.a nyqKa Ha ero ,!J.BH)KeHHe. 9TH 

3<p<peKTbl CTaJIH Ba)KHbl B CB.fl3H C pocT0M HHTeHCHBH0CTH ycK0p.HeMblX qacTHU 

B cospeMeHH0M ycK0pHTeJie. KaK npaBHJI0, BJIH.HHHe npocTpaHCTBeHH0ro 3ap.H,u.a 

np0H3B0,!J.HT 0TpHUaTeJibH0e B03,!J.eHCTBHe - yMeHbrnaeTCH o6JiaCTb ycToHqHBbIX 

KOJie6aHHH, [10.flBJI.HIOTC.fl ,!J.0TT0JIHHTeJibHbie THTTbl KOJie6aHHH, K0T0pbre npoHCX0,!J.HT 

c HapacTaIOIUeH aMnJIHTy,u.oii. I1x Ha3hIBaIOT HeycroiiqHBbIMH. Ha.no cKa3aTh, qTo 

B HaCT0HIUee speM.H erue HeT o6rueii TeopHH, K0TopaH 6hr CHCTeMaTH3Hp0BaJia 

see HeycTOHqHBOCTH C TQqKH 3peHH.fl e,u.HHOH <pH3HqecK0H TeopHH, TT0CK0JibKY Ha 

pa3JIHqHblX ycTaH0BKax npo,U.0JI)Ka!OT £10.HBJIHTbCH .HBJieHH.fl, nonoJIHHIOIUHe 3T0T 

CTTHC0K. 

TTpHpo.u.a .HBJieHHH, B03HHKalOIUHX B np0.U.0JibH0M HJIH nonepeqHQM ,!J.BH)KeHHH 

H3-3a npocTpaHCTBeHH0ro 3apH,u.a, pa3JIHqHa. TTepeqHCJIHM HaH6oJiee Ba)KHbie H3 

3THX .HBJieHHH: 

CMerueHHe qacT0T 6eTaTpOHHblX KOJie6aHHH, B pe3yJibTare qero pa6oqaH 

ToqKa [10,!J.X0,!J.HT K pe3oHaHcy; 
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nonepel.!Hble H np0,11.0JibHble HeycTOH4HBOCTH, CBH3aHHhie C KOHel.!HOH npoao

,11.HMOCTb!O CTeHOK KaMepbI; 

nonepel.!Hble HJIH np0,11.0JlbHble HeycTOH4HBOCTH, CBH3aHHb!e co B3aHMO,!J.eH

CTBHeM ny4Ka C pesoHaTOpono,11.06Hb!MH 3JieMeHTaMH BaKyyMHOH KaMepbI; 

IlOCKOJlbKY l.!aCTHUbl ,11.BH>KYTCH B UHKJIHl.!eCKHX ycKOpHTeJIHX no OKpy>KHO

CTH, a CJie,11.0BaTeJibHO, C ycKopeHHeM, TO OHH H3Jiy4a!OT. 9TO H3Jiy4eHHe 

Ha3hIBaeTCH CHHXpOTpOHHb!M H3Jiy4eHHeM. BsaHM0,11.eHCTBHe KOrepeHTHOro 

CHHXpoTpOHHOro H3Jiy4eHHH C HHTeHCHBHb!M ny4KOM npHB0,11.HT K HeyCTOH-

4HBOCTH - IlOHBJIHIOTCH pa,11.HaU,HOHHb!e npo,11.0JibHb!e HeycTOH4HBOCTH, CBH-

3aHHhie C ,11.HHaMHKOH ,11.BH>KeHHH B noJie ueHTpaJibHb!X CHJI. 

KorepCIITHLIC ICOJIC6aHHll HemrepeHrHL1e 1COJie6aHHJ1 

Bee 3TH HeycTOH4HBOCTH 6y,11.eM paccMaTpHBaTb B npHMeHeHHH K UHKJIH4e

CKHM YCKOpHTeJIHM, B JIHHeHHb!X OHH HOCHT npHHUHilHaJibHO TOT >Ke xapaKTep, 

3a HCKJII04eHHeM Tex HeycTOH4HBOCTeH, KOTOpbie o6H3aHbl CBOHM IlOHBJieHHeM 

KpyroBOMY ,l1.BH>KeHHIO l.!aCTHU. 

EcTb ew.e u,eJibIH Ha6op HeycTOH4HBOcTeH, cBH3aHHhIX co asaHMo,11.eficTBHeM 

nyl.!KOB Me>K,11.y co6oH. OHH npOHCXO,l1.HT B ycTaHOBKax co BCTpe4Hb!MH nyl.!KaMH. 

Mb! OCTaHOBHMCH Ha paCCMOTpeHHH TOJibKO nepe4HCJieHHb!X HeycTOH4HBOCTeH H 

3cpcpeKTOB. 

PacCMOTpeHHe HeycTOH4HBOCTeH MO>KHO BeCTH .U.BYMH nyTHMH: 0,11.HOl.!aCTHtIHOe 

npH6JIH>KeHHe - 0,11.Ha l.!aCTHU,a B IlOJie Bcex OCTaJibHb!X, cpopMa ,11.BH>KeHHH crycT

Ka He MeHHeTCH cyw.ecTBeHHO H Il03TOMY Cl.!HTaeTCH IlOCTOHHHOH, BTOpOH nyTh 

paCCMOTpeHHH - Kor.u.a HCKa>KeHHe ,11.BH>KeHHH 4aCTHU npHB0,11.HT K 3aMeTHOMY 

H3MeHeHHIO Hal.!aJibHOro COCTOHHHH, cpopMbl nyl.!Ka, ero xapaKTepHCTHK H Il03TOMY 

Tpe6yeTCH caMOCOrJiaCOBaHHblH no,11.xo,11.. 

CoaepwaeMbie B nonepe4HOM HanpaBJieHHH 6ernTpOHHbie KOJie6aHHH C qa

CTOTaMH Vx, Vz npHHHTO OilHCbIBaTb Ha cpa30Bb!X IlJIOCKOCTHX x', X H z', Z 

(x' = dx/d0, z' = dz/d0). EcJIH Li:BH>KeHHe paBHOBecHo, TO 6y.Li:eM HMeTb CJie,11.y-

101..1.1,y10 KapTHHy: 
x' 

X 
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TotIKa, H306pa)t<aIOIUaH qacTHUY, ,ll.BH)KeTCH no Kpyry. EcJIH no KaKHM-JIH60 

npHllHHaM BO3HHKJIH KorepeHTHbie KOJie6aHHH, TO B COOTBeTCTBHH C nopH.U.KOM 

CHMMeTpHH n = l, 2, 3, ... HX npHHHTO Ha3b!BaTb ,ll.HnOJibHblMH, KBa,u.pynoJibHblMH, 

ceKcTynOJibHblMH H T. n. Ha cpa30BOH nJIOCKOCTH Mb! HMeeM Tor.u.a cne.u.y10ruHe 

KapTHHKH: 

x' 
v" 

n = 1, ueHTp apamaeTCll co CK0p0CTblO 11,:,z 

x' 

v" 

, __ ,, X 

n = 2, apameHHe C yrJIOBOH CK0p0CTblO 211.,,z 

x' 
v" 

n=3 

QqeHb Ba)KHbl (B CMbICJie - onaCHbI) KorepeHTHble KOJie6aHHH, npH KOTOpb!X 

cpa3bl OT,U.eJibHb!X qaCTHU H3MeHHIOTCH HenpepbIBHO. TipH 3TOM nytIOK MO)KHO ce6e 

npe,U.CTaBHTb B BH,U.e 3aMKHYTOH HHTH, COCTaBJieHHOH H3 qacTHu. <l>opMa HHTH 

MeH.HeTCH co speMeHeM. 
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PacCMOTpeHHe nOJJ.06HbIX HCKa:>KeHHH MO:>KHO BeCTH TOnhKO B paMKax caMOCO

rnacosaHHOH saJJ.aqH. 

TTonpo6yeM nepeHTH OT JJ.BH:>KeHH.SI OJJ.HOH qacTHUbl K aHCaM6JIIO qacrnu. 3Ha-

4HT, HY:>KHO KaK-TO HayqHTbC.SI yqHTbIBaTb B3aHMO]J.eHCTBHe qacTHU Me:>KJJ.Y co6011. 

O6bil!HO BBOJJ.HTC.SI npH6nH:>KeHHe caMocornacosaHHOro non.SI. CMbICn 9TOH H]J.eH 

COCTOHT s TOM, '-ITO co6CTBeHHbie non.SI nyqKa paccMaTpHBalOTC.SI KaK BHelliHHe. 

MHKpOCKOnHqeCKHe cpnyKTyaUHH (napHbie, TpOHHhie) npH 9TOM He Yl!HTbIBalOTC.SI. 

3To MO:>KHO C]J.enaTb, ecnH BCnOMHHTb, qTo B3aHMOJJ.eHCTBHe qacTHU H]J.eT qepe3 

9neKTpOMarHHTHbie non.SI, KOTOpbie .SIBn.SIIOTC.SI ]1.anhHOJJ.eHCTBYIOIUHMH. 

B npHHUHne Bee 9cpcpeKTbl B 9TOM npH6nH:>KeHHH MO:>KHO pa3]1.enHTb Ha ]1.Be 

l!aCTH. 

1. 3cpcpeKTbl paBHOBeCHoro COCTO.SIHH.SI nyqKa s ycKopHTene, T. e. 6eTaTpOHHbie 

H CHHXpOTpOHHbie Kone6aHH.SI Ka:>KJJ.OH l!aCTHUbl s none scex OCTanbHbIX. TTpH 

9TOM cqHTalOT, qTo cpa3bl Kone6aHHH Ka:>KJJ.OH qacTHUbl He CB.SI3aHbl Me:>KJJ.Y co-

6011, non.SI ycpeJJ.H.SIIOTC.SI H HMelOT CTaTHqecKHH xapaKTep (no KpaHHeH Mepe B 

co6CTBeHHOH CHCTeMe KOOpJJ.HHaT). 3TO npHBe]J.eT K yqeTy BnH.SIHH.SI ycpeJJ.HeHHOro 

non.SI Ha JJ.BH:>KeHHe OJJ.HOH qaCTHUbl (HeKorepeHTHOe JJ.BH:>KeHHe). OcHOBHOH 9cp

cpeKT H3 9TOH o6naCTH - CJJ.BHr qacTOT, KOTOpb!H MO:>KeT npHBeCTH K pe30HaHcy H 

orpaHHl!eHHIO Ha HHTeHCHBHOCTb nyqKa B CB.Sl3H C 9THM. 

PacCMOTpHM ycTOHl!HBOCTb 3aMKHYTOH op6HTbl C yqeTOM CTeHOK KaMepb!. 

TTpeJJ.nonaraeM, qTo nyqoK np.SIMOH (KpHBH3Ha Mana). 3anHII1eM pacnpeJJ.eneHHe 

noTeHuHana H non.SI BHYTPH KaMeph1: 

µol 
rot B = £8 - 2 , 

1ra 

r 

1 d { µ0I/1ra2
, r < a 

--rBy'I/J= 
r dr 0, r > a 

3,ll.eCb a - paJJ.HYC nyqKa. 

ToqHb TaK :>Ke H3 div E = p/co, rJJ.e p = j /V, a nnoTHOCTb TOKa j = I /1ra2 , 

B1/J = VEr. 
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-h1---.------------a, :==::,, 
E,.,BIJI 

r 

HaHJI.eM npo.11.onbHOe none (BapHaµHH BenHKa no cpaBHeHHIO C pasMepaMH 
KaMepbl, H no3TOMY MO:>KHO HCnORb30BaTb nOHHTHe KBa3HOJI.HOPOJI.HOCTH), HMeeM 

rotE =:_l 8B 8Er _-8Es = _! 8Bt/J 
C OZ ' · 08° Or C OZ . 

<.p = ( s - Vt)/ R - none ci-atiHoHapHo B co.6cTBeHHOH cHcreMe crycTKa, nernw.ero 
co CKOpOCTbIO V. B na6opaTOpHOH CHCTeMe . OHa 3aBHCHT TORbKO OT cpa30BOH 
KOOpJI.HHaTbl <.p: . . 

a a 01.p 1 a · a a 01.p v a 
-------, . ---= ...... --, 
8s 81.p 8s R 81.p • 8t 81.p 8t R 81.p 

1 8Er 8Es V BBt/J 
R 81.p - or = Re 81.p ' 

8Es ·· 1 8 ( · V ·) , A(r) ., 8 I 
8r = R 8r.p Er - -;;B'I/J =>Es= - 41rq2R 81.p V' 

A ~{ 2 ln h/r; ·' · · r > a 
2 ln a+ 1- r2 / a2, r < a 

r.11.e 

2. TTposrnneHHe KOnneKTHBHbIX Kone6aHHH nyqKa, Kor.11.a B CHny KclKHX-TO 
npHqHH Kone6aHHH (6eTaTpOHHbie HRH CH°iI.xpoTpOHHbie) OKa3b!BaIOTCH ccpasHpo
BaHHbIMH. TTpH 3TOM .11.a:>Ke npH OTHOCHTenhHO tte6onblllOH HHTeHCHBHOCTH ccpasH
poBaHHblX qacTHU OHH MoryT CO3JI.aTb B4-nonH, pacnpocTpaHHIOill,HeCH no KaMepe, 
KOTOpbie, B CBOIO oqepeJI.b, yBenHqHBaIOT 3TY cpa3HpOBKy. ::ho MO:>KeT npHBeCTH K 
paspyllleHHIO nyqKa .11.a:>Ke Tor.11.a, '~or.11.a 11eKorepeHTHoe JI.BH:>KeHHe ycToHqHBO. 

x' 

X 

~ 

,,-
I 

I 
I 

-- i
, 
, , 

I J , \ I 
\ I 
\, ,, 
', , ...... ____ .... , 

X 
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EcJm: 3TO B036y)K,lI.eHHe cyw.ecTByeT Ha Beef! op6HTe, TO ny'-IOK KOJie6JieTCH 

OTHOCHTeJibHO paBHOBeCHOH op6HTbl KaK ueJIOe. EcJIH B03MyW.eHHe HMeeT MeCTO 

Ha KaKOM-TO y'-laCTKe !:::,.S, TO 3TO B03MyW.eHHe <<no6e)KHT>> no ny'-IKY co CKOpo

CTbIO '-!aCTHU H OTKJIOHeHHe OT op6HTbl 6y,u.eT MeHHTb 3HaK B COOTBeTCTBHH C 

6eTaTpOHHb!MH KOJie6aHHHMH. KorepeHTHb!e B03MyW.eHHH BCer.u.a npHCYTCTBYIOT 

B ny'-!Ke H3-3a HaJIH'-IHH B4-noJieH, H3·3a pa3JIH'-1Hb!X oum6oK, HO eCJIH OHH 

Bbl3b!BaIOT 3JieKTpOMarHHTHble noJIH, .u.a10w.He .u.onoJIHHTeJihHYIO cpa3HpOBKY, TO 

npouecc 6y,u.eT HapacTaTh JiaBHH006pa3HO - nOHBJIHeTCH HeycTOH'-IHBOCTb • .HcHo, 

'-!TO B036y)K,U.eHHe H pacnpocTpaHeHHe 3JieKTpOMarHHTHb!X nOJieH ny'-IKOM onpe

,U.eJIHeTCH 3JieKTpoMarHHTHb!MH CBOHCTBaMH KaMepbl, a xapaKTepHCTHKH KOJihUa 

.U.OJI)KHbl Henocpe,u.cTBeHHO BXO,lI.HTb B .U.HHaMHKY KorepeHTHb!X KOJie6aHHH. 3To 

3Ha'-IHT, '-!TO '-laCTOTbl TaKHX KOJie6aHHH He o6H3aTeJihHO ,lI.OJI)KHbl COBna,u.aTb C 

6eTaTpOHHblMH. Y.u.o6Ho paccMaTpHBaTb· He npocTO npOH3BOJibHOe B03Myrn.eHHe 

nJIOTHOCTH - rpynny '-!aCTHU C O,lI.HOH cpa30H KOJie6aHHH, a B03Myrn.eHHe, rapMo

HH'-leCKH MeHHIOW.eeCH B,lI.OJib ny'-!Ka c BOJIHOBb!M '-IHCJIOM k. 3To y.u.o6HO no .U.BYM 

npH'-IHHaM: 

I. JI106oe B03MyW.eHHe MO)KHO npe,u.ctaBHTh B BH.U.e cynepno3HUHH cpyphe-rap

MOHHK, T. e. Ha6opa rapMOHH'-leCKHX B03Myrn.eHHH. 

2. JJ.aJibllie 6y,u.eT noKa3aHO, '-!TO HHKpeMeHT HeycTOH'-IHBOCTH (A~ Aoetfr) 
HBJIHeTCH cpyHKUHeH BOJIHOBOfO '-IHCJia (T = T(k)), T. e. B pe3yJibTaTe pa3-

BHTHH HeycTOH'-IHBOCTH pa3BHBaeTCH, KaK npaBHJIO, O,lI.Ha BOJIHa, KOTOpaH 

npHBO,lI.HT K MaKpOCKOnH'-!eCKHM H3MeHeHHHM B ny'-!Ke. H Boo6w.e, npH 

pacCMOTpeHHH 3THX npoueccoB C'-IHTaeTCH o6oCHOBaHHb!M npH6JIH)KeHHe 

MaJIOCTH B03Myrn.eHHH, nocKOJibKY He60JiblllaH '-!aCTb '-!aCTHU y'-!aCTByeT B 

TaKOM npouecce, o6MeHHBaHCb 3Heprnef! C BOJIHOH, pacnpocTpaHHIOW.eHCH 

B KaMepe ycKopHTeJIH. 3To npH6JIH)KeHHe n03BOJIHT C'-IHTaTb OT,U.eJihHhie 

'-!aCTHUhl, y'-!aCTBYIOW.He B npouecce, B3aHMO,lI.eHCTBYIOW.HMH CJia6o. 

PacCMOTpHM no.u.po6Hee npo,u.oJihHOe ,lI.BH)KeHHe. 

TiycTh Bee '-laCTHUhl HMeIOT O.U.HHaKOBYIO '-laCTOTY ro, B4-noJie OTCYTCTByeT. 

EcJIH C03,lI.aHa a3HMYTaJibHaH MO.U.YJIHUHH nJIOTHOCTH ·c BOJIHOBb!M '-IHCJIOM k, TO 

B npo,u.oJihHOM HanpaBJieHHH OHa 6y.u.eT nepeHOCHTbCH C yrJIOBOH cpa30BOH CKopo

CTbIO, npHMepHO paBHOH CKOpOCTH '-laCTHU Wqi ~ w. 
4acTOTa 3TOH BOJIHhI w0 = kwqi =} wo ~ kw. OTc10.u.a Bhrno.u.: .U.BH)KeHHe '-!a

CTHUhI CHHXpOHHO C co6cTBeHHOH BOJIHOH npocTpaHCTBeHHOro 3apH.u.a, HMeIOrn.ef! 

npO.U.OJibHYIO KOMnOHeHTy 3JieKTpH'-1eCKOfO nOJIH. Tipo,U.OJibHOe noJie B KaMepe 

OTJIH'-!aeTCH OT cJiy'-laH CB060,lI.HOfO npocTpaHCTBa (c y'-leTOM rpaHH'-IHb!X ycJio

BHH). O.u.HaKO eCJIH ,lI.JIHHa B03MyW.eHHH MHOro 60Jibllie nonepe'-!Hb!X pa3MepoB 

KOJihUa, TO MO)KHO nOJib30BaTbCH Bblpa)KeHHeM ,lI.JIH CTaUHOHapHoro ,lI.BH)KeHHH H 

E ~ -i (8>../fJc.p). EcJIH >.. rapMOHH'-IHO, TO Es TO)Ke rapMOHH'-IHO H C,lI.BHHYTO OT 

Hero Ha '-!eTBepTb nepHo.u.a. 

Bo3MO)KH0 pa3BHTHe 3THX 3cpcpeKTOB - B03HHKHOBeHHe Me,lI.JieHHb!X BOJIH, 

Kor.u.a cpa30BaH CKOpOCTb pacnpocTpaHeHHH BOJIHbl MeHbllie CKOpOCTH '-!aCTHU 

(Vqi < Vny<lKa), - B 3TOM cJiy'-!ae 6y,u.eT npoHCXO.U.HTh H3Jiy'-leHHe 3HeprnH, H 

BTOpof! 3cpcpeKT - cyw.ecTBOBaHHe pe30HaTOpOB C '-!aCTOTaMH, KpaTHbIMH '-!aCTO

TaM '-!aCTHU: Wco6 ~ qw. Ho CMb!CJI y HHX Bcex O,lI.HH - aBTOcpa3HpOBKa Ha 

co6CTBeHHOM noJie. 
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HapaCTaHHe aMilJIHTY.U.bl BOJIHbl Bbl3b!BaeT OTKJIOHeHHe yrnoBOH cpa30BOH CKO· 

pOCTH BOJIHbl OT rapMOHHKH qacTOTbl o6paw.eHHSI. MeHSieTCSI cpa3a BOJIHbl (ee 

.u.eHCTBHTeJibHaSI tJaCTb). BoJIHa .u.om1rna «CO3,ll,aBaTbCSI•, onpe.u.eJISISICb qacTOTOH 

KOJie6aHHH tJaCTHUbl, H60 OHa (qacTHua) H3JiyqaeT 3TY BOJIHy: 

d¢ 
dt = vro ± (kro - wo) = vro, wo = (k ± v)ro. 

L{JISI nonepetJHOro .U.BH>KeHHSI 3aBHCHMOCTb qacTOTbl OT BOJIHOBOro lJHCJia CHJib

Hee, tJeM ,ll,JISI npo,ll,OJibHOro. 3aBHCHMOCTb ,ll,JISI rapMOHHtJeCKOH BOJIHbl CMew.eHHSI 

OT a3HMyTa H BpeMeHH MO>KHO HanHcaTb B BH.U.e 

e±i(k0-wot). 

EcJIH Mb! IlOJIO>KHM 0 =rot+ 0o, 3TO 6y.D.eT O3HatJaTb, lJTO Mb! 6y.D.eM CJie,ll,HTb 

3a nonepetJHblM cMew.eHHeM qacTHUbl. .HCHO, lJTO nonepetJHOe CMew.eHHe HMeeT 

qacTOTY Qro, r,ll,e Q - lJHCJIO 6eTaTpOHHblX KOJie6aHHH Ha o6opoTe, a ,ll,JISI yrJIOBOH 

cpa30BOH CKOpOCTH HMeeM 

WQ ( ll) 
W<j> = k = UJ 1 ± k . 

TTotJeMy HMeHHO Me,ll,JieHHaSI BOJIHa HaH6onee onacHa? PacCMOTpHM q>H3HtJe

CKY10 KapTHHY 6bICTpb!X H Me.u.neHHblX BOJIH: 

w,i,lw 

J l \:___ 
------------ 1 

,,~-------.. -·-·-

/ k 

i 

TTycTb HMeeTCSI H3JiytJaTeJib, ,ll,BH>KYW.HHCSI no npSIMOH C peJISITHBHCTCKOH 

CKOpOCTblO V H HMelOW.HH B co6cTBeHHOH CHCTeMe KOOp.D.HHaT 3Heprn10 EsH - 3TO 

BHyTpeHHSISI 3HeprHSI OCUHJIJISITOpa. Tor,ll,a B Jia6opaTOpHOH CHCTeMe ero 3HeprHSI 

H HMilYJibC HMelOT BH,ll, 

CJI.C = (1 _ V2 /c2)1/2 
csH 

P = €11.c V/c2
, 

OTKy.D.a 

p2c4 ( 2 2 2)1/2 
CsH = C11.c1/ 1 - ""Y2"" :::} cJI.C - p C • 

C € 11 .c 
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EcJIH OCI..I.HJIJIHTOP (llaCTHI..I.a, H3JiytiaTeJib) H3JiyqaeT KBaHT BOJIHbI C llaCTOTOH 

WQ, TO ero 3HeprnH H HMilYJibC H3MeHHTCH Ha c' = CJI.C - 1iwo, p' = p - re1i, 
rJ].e re - BOJIHOBOe llHCJIO, paBHOe re = wo/V4i (KBaHT 3J].eCb BBe.zr.eH npocTO J].JIH 

yJJ.o6cTBa). 

OcsH OcsH A 
AcsH = --

0 
AcJI.c - -

0 
up 

CJI.C 'P 

(3HaK <<MHHYC>> 03HatiaeT yMeHbllleHHe 3HeprnH). 11aJiytiaeTC.H KBaHT 

H noJiyqaeT HMnyJibc OTJJ.atIH Ap = re1i. 

A _ -1iw OcsH _ 1i OcsH 
l...l.csH - Q {) re {) , 

CJI.C 'P 

1 

CJI c pc
2 

CJI c ( pc
2
re) 

AcsH = -1iwo-· + re1i- = -1iwo-· 1 - -- , 
CBH CBH csH WcJI.C 

WQ pc2 CJI.C ( V ) 
re= V4i, CJI.c = V' AcsH = -1iwo cs" 1 - V4i . 

1. ECJIH V4i > V, T. e. HMeeM 6bICTpy10 BOJIHY, HanpaBJieHHYIO Bnepe.zr., TO 

H3JiytiaTeJib TepHeT BHyTpeHHIOIO 3HeprnIO. 

2. EcJIH V4i < 0, TO 3Heprn.H H3JiyqaeTC.H B o6paTHyIO CTOpOHY H H3JiytiaTeJib 

TO.>Ke TepHeT 3HeprnIO. 

O6a CJiytiaH HMeIOT MeCTO, ecJIH (1 - V/V4i) > 0. 
3. EcJIH MeJ].JieHHaH BOJIHa C V4i < V HanpaBJieHa BnepeJJ., TO H3JiytiaTeJib 

yaeJIHllHBaeT BHyTpeHHIOIO 3HeprnIO. MeJ].JieHHaH BOJIHa npocTpaHCTBeHHoro 

aap.HJJ.a o6JiaJ].aeT, CJieJ].OBaTeJibHO, OTpHI..I.aTeJibHOH 3HeprHeH. 

3J].eCb HeT. HHKaKoro napaJJ.OKCa - 3Heprn.H qepnaeTC.H H3 npoJJ.OJibHOro JI.BH.>Ke

HH.H • .[lJIH H3JiytieHH.H BOJIHbI npH 6oJiee .zr.eTaJibHOM paccMOTpeHHH OKa3bIBaeTCH, 

llTO MeXaHH3M yaeJIHlleHH.H aMnJIHTYJJ.bI npH H3JiytieHHH CB.H3aH C .zr.eHCTBHeM 

MarHHTHoro IlOJIH H3JiyqaeMOH BOJIHbI, nepeBO.ll.HII..I.eH npOJI.OJibHbIH HMnyJibC B 

nonepeqHbIH. 

11TaK, J].JIH pa3BHTHH HeycToHqHBOCTH J].OJl.>KHO 6b!Tb TPH ycJIOBHH: 

1) pe30HaHc <<BOJIHa-qacTHIJ.a>> (3TO MbI cpaKTHqecKH c.zr.eJiaJIH, HanHCaB w = 
= ro(v ± k), wo = kw); 

2) B03MO.>KHOCTb cymecTBOBaHH.H MeJ].JieHHbIX BOJIH C OTpHU.aTeJibHOH 3HeprneH; 

3) H3JiyqaeMa.H 3HeprHH JJ.OJI.>KHa KyJJ.a-TO YXOJJ.HTb J].JI.H CJiyqa.H, KOrJ].a nyqoK 

orpaHHqeH CTeHKaMH. 

PaCCMOTpHM IlOJJ.p06Hee YCJIOBHe 3. nepBa.H B03MO.>KHOCTb JI.JI.ff OilHCaHHoro 

3cpcpeKTa - pe30HaHCHbie CBOHCTBa KaMepbi. 3TO oco6eHHO Ba.>KHO He TOJibKO 

J].JI.H npOJJ.OJibHOro JJ.BH.>KeHH.H, HO H J].JI.H nonepeqHoro. HanpHMep, eCJIH w ~ Wp ~ 
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(k ± v)w, TO B03HHKaeT pe30HaHCHa.H CB.H3b H, B03MO:>KHO, pacKatIKa KOJie6aHHH 

Ha 3TOH qacTOTe Wp. EcJIH pe30HaHca HeT, TO H3JiyqaeMa.H 3HeprH.H MO:>KeT npocTO 

nOrJIOJ..U.aTbC.H B CTeHKax KaMepb!. PaccMOTpHM nytIOK OKOJIO CTeHKH BaKyyMHOH 

Ka11,1epb1. 

yt 

3neKl])OCTaTH'IecKOe 

H3o6pIDKeHHe 

-------------

0p6HTa 

"'---.. llio6pIDKeHHe s CTeHKe c 
KOHe'IHOH Ilp0B0,nHM0CTI,10 

B AHHaMHKY C03ti.aHH.H 3JieKTpOMarHHTHbIX BOJIH pa3JIHtIHbIMH HeOti.HOpOA

HOCT.HMH nytIKa, 3KpaHHpOBaHHOfO KaMepoH, cymecTBeHHbIM o6pa30M BXOA.HT 

CBOHCTBa 3TOH KaMepb!. <l>aKTHtieCKH 3TO CBOHCTBO caMOH KaMepbl <<YCBaHBaTb>> 

H3JiytieHHe H co3ti.aBaTb ycnoBH.H ti.JI.SI ero pacnpocTpaHeHH.H. CtIHTaTb none nytIKa 

B KaMepe, ytIHTbIBa.H ee peaJihHYIO KOHCTPYKUHIO, tJ.0CTaTOtIHO CJIO:>KHO. Mo:>KHO 

npeti.JIO:>KHTb HeKHH cpeHOMeHOJIOrHtieCKHH MeTOA, npH KOTOpOM YtIHTbIBaIOTC.H 

CBOHCTBa KaMepb!. 

EcnH nytioK co3ti.aeT B KaMepe none c
11

, c .1, B .1, TO BBe.n.eM BeJIHtIHHhl 

L L 

z11 = i J Ej111ds, ~ = {3~ J (c + {3B).Lds. 
0 y 0 

3ti.eCb L - nepHMeTp KaMepbl, H ecJIH KaMepa KpyrJia.H, TO L = 21r R; I - noJIHbIH 

npoti.OJibHbIH TOK; Iy - nepneHJI.HKYJI.HpHa.H COCTaBJI.HIOJ..U.a.H TOi<a (HJIH Ix, HJIH Iz); 
z11 - npoti.OJibHbIH HMneti.aHC, zf - nonepetIHbIH HMneti.aHC. 

¢H3HtieCKHH CMbICJI HMne.n.aHca MO:>KHO onpeti.eJIHTb ABO.HKO: 

1) Hanp.H:>KeHHe, HaBOJI.HMOe TOKOM B KaMepe (B npoti.OJibHOM HJIH nonepetIHOM 

HanpaBJieHHH); 

2) Ha6op 3HeprHH H HMnyJibCa, npHo6peTaeMhIX qacrnueii 3a OAHH o6opoT 

B HaBeti.eHHbIX noJI.HX. OH onpe.n.eJI.HeTC.H npOH3Be.n.eHHeM HMneti.aHca Ha 

cooTBeTCTBy10my10 KOMnoHeHTY TOKa: 

z11I ~ tlE, zf ~ tlP.1. 

PactieT MO:>KHO npOHJIJIIOCTpHpoBaTh Ha npHMepe nonepetIHOfO ABH:>KeHHH. 

YpaBHeHHe .ll.BH:>KeHHH tiaCTHUbl B co6CTBeHHbIX noJIHX c BBeti.eHHeM HMne.n.aHca 

BbirJI.HAHT KaK 
" 2 .wof3c e c1 y + W13Y = z~ Ez.L y, 

r.n.e E - noJIHaH 3HeprHH, w13 - qacTOTa 6eTaTpOHHhIX KOJie6aHHH. TTpaBaH 

qacTb - ycpe.n.HeHHa.H no op6HTe CHJia JlopeHua B nonepetIHOM HanpaBJieHHH. 



JleKU,UR M 5. llpoaoAbHble u nonepe'I.Hbte Heycmoit'I.UBOCmU 51 

MHHMaH e.n.HHHUa 3.ll.eCh BBO.ll.HTCH .ll.OCTaTOlJHO npOH3B0JlbHO, KaK H npH onpe.n.e

JieHHH HMne.n.aHca. 

HanpHMep, eCJIH pellb 11.n.eT O npo.n.oJihHOM .ll.BH>KeHHH, TO HMne.n.aHc .ll.OJI>KeH 

6bITb lJHCTO MHHMbIM .ll.JIH a6COJIIOTHO nposo.n.muefi rJia.D.KOH KaMepbl (pa6oTa IlOJIH 

Ha.n. nylJKOM, C03.ll.aHHoro HM caMHM, .ll.OJl)l{Ha paBHHTbC.fI HYJIIO). 3To 3HalJHT, lJTO 

IlOJie H nytJOK .ll.OJI>KHbl HMeTh pa3HHUY cpa3 ±1r /2, lJTO H .n.aeT lJHCTYIO MHHMOCTb 

HMne.n.aHCa. J1 Tor.n.a B_ ypaBHeHHH .ll.BH)l{eHHH CTOHT .n.eikTBHTeJibHa.fI BeJIHlJHHa 

B npaBOH qacTH. l1Mne.n.aHC y.n.o6eH TeM, lJTO ero MO:>!<HO H3MepHTb H H36e)l{aTb 

HeKoppeKTHb!X pactJeTOB. EcJIH no.n.cTaBHTb B ypaBHeHHe Jl.BH)l{eHHH 

TOr.n.a 

,, ( 2 .wofJc e zf_ I) 0 y + w13-i~EL y= ' 

. . wofJc e z0 I ( [ l 1/2 ) 
y ~ Yo exp iw13 1 - z 21rwi E i t . 

OTCIO.D.a y)l{e BH.ll.HO, lJTO eCJIH Zj_ He lJHCTO MHHMaH BeJIHlJHHa, TO a peweHHH 

.ll.OJI>KHbl npHCYTCTBOBaTh HapacTaIOW.He BO BpeMeHH peweHHH. 

)laJiee npe.n.noJIO)l{HM, lJTO .n.o6aBKa K e.n.HHHUe no.n. KOpHeM no MO.ll.YJIIO 3HalJH

TeJibHO MeHbWe caMOH e.n.HHHUbl. 

(
. [ iwo (Jc e zf_l ) (· t ) y~yoexp iw13 1- 41rwiET t =Yo exp iw13t+21rLivj_To . 

OTCIO.D.a C.ll.BHr qacTOTbl 6eTaTpOHHb!X KOJie6aHHH: 

A _ wofJc e Zj_IT, _ 1 wo 1 T, 
1

(3zf_ 
Ul/J_ -- 0 - ---- 0 --

- 81r2w(J E L 81r2 w13 E/ec L ' 

WfJ = WOlly, 

r.n.e lly - lJHCJIO 6eTaTpOHHblX KOJie6aHHH Ha o6opoTe, 

ITo = eN, 

r.n.e N - IlOJIHOe lJHCJIO qaCTHU. 

O6bilJHO HCilOJih3yeMa.fI BeJIHlJHHa: ZJ_ [OM/M] = (Jzy_/ L. 
Mb! HMeeM y = YO exp ( iw13t + 21rLiv J_ (t/To)) H 3an11weM C.ll.BHr qacTOTbl, 

onpe.n.emieMbIH HMne.n.aHCOM: 
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51CHO, qTo ,ll.HHaMHKa pa3BHTHH HeycTofiqHBOCTH B nonepeqHoM HanpasJieHHH (B 

.n.aHHOM npHMepe) onpe.n.eJIHeTCH HMne.n.aHCOM KaMepbl, ee 3JieKTpOTeXHHqecKHMH 

CBOHCTBaMH. B CJiyqae, Kor.n.a HMne.n.aHC qHCTO MHHMbIH, HMeeM TOJibKO C,ll.BHr 

qacTOTbl 6eTaTpOHHblX KOJie6aHHH. EcJIH z.1 HMeeT .n.eHCTBHTeJibHYIO qacTb, TO s 

3aBHCHMOCTH OT ee 3HaKa HMeeM .n.eJio HJIH C 3aTyxaHHeM, HJIH C HapacTaHHeM 

aMnJIHTY.ll.hI KOJie6aHHH. 

I1Mne.n.aHC - cpyHKUHH qacTOTbl. 3To BH,ll.HO H3 ero onpe.n.eJieHHH JIH6o H3 

BbJqHcJieHHH, Kor.n.a noJiyqaJOT pa3JIHqHbie qacTOTHbie KOMilOHeHTbl TOKa C COOT

BeTCTBYIOllJ.HMH rpaHHqHbIMH ycJIOBHHMH H3 pa3JIO.>KeHHH TOKa B PH.ll. ct>ypbe. 

HanpHMep, HMeeM nyqoK, CMew.eHHblH OT ueHTpa B UHJIHH,ll.pHqecKOH KaMepe 

KOHeqHOH TOJIW.HHbl C y.n.eJibHblM conpOTHBJieHHeM p: 

d 

EcJIH rny6HHY CKHH-CJIOH 3ailHCaTb KaK O ~ Jp/(µow)' HCHa 3aBHCHMOCTb 

OT qacTOTbl KOJie6aHHH nyqKa. EcJIH nyqoK cosepwaeT KOJie6aHHH c Bb!COKOH 

qacTOTOH w, TaKOH, qTo rny6HHa CKHH-CJIOH MHOro MeHhllle TOJIW.HHbl CTeHKH Ka

Mepbl: 0 « d, TO IlOJIH nyqKa 6y.n.yT IlOJIHOCTblO cocpeJJ.OTO4eHbl BHYTPH BaKyyMHOH 

KaMepb!. IloJIH, B036y.>K.n.aeMhie Me,ll.JieHHbIMH KOJie6aHHHMH nyqKa, ,ll.JIH KOTOpb!X 

0 » d, 6y.n.yT npbcTO YXO,ll.HTb, KaK B CB060.D.HOM npocTpaHCTBe. 

TaKHM o6pa3oM, HMeeM pa3Hbie ycJIOBHH .D.JIH pa3JIH4HhIX qacToT noJieH BHYTPH 

KaMepbl H, CJie,ll.OBaTeJibHO, pa3Hhle oueHKH ,ll.JIH C,ll.BHra qacTOTbl D.Q.1, T. e. 

cpyHKUHOHaJibHYIO 3aBHCHMOCTb C,ll.BHra 4aCTOTbl 6eTaTpOHHblX KOJie6aHHH OT qa

CTOTbl - f (w). 
Mo.>KHO IlO,ll.BeCTH HeKOTOpbie HTOrH. 

1. IloJie npocTpaHCTBeHHoro 3apH.n.a .n.eficTByeT Ha HeKorepeHTHhie .D.BH.>KeHHH. 

Cyw.ecTBeHHO, 4TO D.Q ~ 1 /-·r3. Ha KOrepeHTHOe ,ll.BH.>KeHHe BJIHHIOT CTeHKH 

KaMepb!. 

2. Boo6w.e rosopH, nytIOK crpynnHposaH H HY.>KHO H3ytiaTb nepeMeHHoe noJie. 

3To npHse.n.eT K ,ll.OilOJIHHTeJibHOMY C,ll.BHry qacTOT D.v H HeCKOJibKO H3MeHHT 

qacTOTY CHHXpOTpOHHhIX KOJie6aHHH. 

3. EcJIH ny4OK HeHTpaJIH30BaH, TO 3cpcpeKT npocTpaHCTBeHHoro 3apH.n.a yMeHb

waeTCH. 

4. B3aHMo.n.eficTBHe nytIKOB s KOJIJiafi.n.epax - oco6hIH sonpoc. 

5. KaK npaBHJIO, npocTpaHCTBeHHhIH 3apH.D. yMeHhlllaeT o6JiaCTb ycTOH4HBbIX 

KOJie6aHHH, HO CTeHKH MOryT YJIY4IllaTb 3cpcpeKT (K03cpcpHUHeHT JiacJieTTa lI,JIH 

npHMbIX CTeHOK). 
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Tenepb norosopHM O npo.D.OJibHOM HMne.11.aHce. 11cnOJib3YH H3bIK 3JieKTpOTex
HHKH, Bbl'-IHCJIHM ero Ha npHMepe peaoHaTopa: 

_FL 
11llC"l"lml,I ~ 

7r-
PC30HllTOp 

H3MepHTCJIL 

TTonpo6yeM oueHHTh noTeHuHaJI soa6y>K.D.eHHH aapH.D.OM q s peaoHaTope. 

L 

XapaKTepHbie napaMeTpbI peaoHaTopa: 

Wp 
a= 2Q' 

Wp - peaoHaHCHaH 1-IaCTOTa, a - KO3<pq>HUHeHT 3aTyxaHHH, Q - .11.06pOTHOCTb. 
ECJIH no 3TOH uenH H.D.eT TOK I, TO HanpH>KeHHH U Ha OT.D.eJibHbIX 3JieMeHTax 

COCtIHTaeM KaK 

npH 3TOM 
UR= Uc= UL= U, IR+ le+ h = I. 

TTpo.11.0cpcpepeHu0pyeM no speMeHH: 

r.11.e 

Tor.11.a 

. . . . (; .. u 
I = IR + le + h = R,w + CU + L, 

Q 
C=--, 

wpR,w 
R,w 

L= wpQ. 

Q 
CR,w = - H LC = R,wC = Q 1 = 1 . 

wpQ wpwpQ wi Wp 
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BepHeMCH K (*): 

.. 1 · 1 1 . 
u+ R.,;Cu+ LCU= CI, lJ + w;u +wiu = WpQR_,; j_ 

Pernem1e O,!I.HOpO,!I.HOro ypaBHeHHH: 

U (t) = e-ot [ A cos ( wpt✓ I - 4~ 2 ) + B sin ( wpt✓ I - 4~ 2 ) ] · 

nycTb I= q8 (t). B HyJieBOH MOMeHT BpeMeHH 9TOT 3apH,!I. HaBe,U.eT HanpmKeHHe 

Ha eMKOCTb: 

u (o+) = !!:.. = qwpR_,; 
C Q . 

3HeprHH, noTepHHHaH nytIKOM, KOTOpaH «3anaceTCH>> B eMKOCTH, eCTb 

q2 wpll.,; 2 U (O+) q 2 
U = 2G = ~q = 2 = K napq , 

Knap - cpaKTOp noTepb Ha napa3HTHOH MO,!I.e (B036y)K,!I.eHHOH B pe30HaTOpe): 

wpR_,; 
Knap=~-

,llaJiee eMKOCTb 6y.u.eT pa3pH)KaTbCH qepe3 R.,; H L: 

U (O+) = _j_ _ IR C - -C = 
1 U (O+) _ 
C Rw -

1 2Knapq _ 
c Rw -

2wpR_,; Knapq = 
Q Rw 

2wpKnap q. 
Q 

11TaK, HMeeM rpaHHlIHbie ycJIOBHH 

U (0+) = 2Knapq H U (o+) = 
2wpKnap q, 

Q 

KOTOpbie IlO,!I.CTaBHM B ypaBHeHHe ,!I.JIH U (t) H HaH,U.eM K09cp<pHU.HeHTbl A H B: 

[ n; sinwp~tl 
U(t) = 2qKaa,e-0

' cos wp I - 4~2 t- ~ · 
2Q 1 4Q2 

3TO HanpH)KeHHe, HaBe,U.eHHOe B pe3oHaTOpe 3apH,!I.OM q. BTOpOH 3apH,!I. q' yBeJIH

lIHT HJIH noTepHeT 9Heprmo 

u=q'U(t). 
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TToTeHUHaJI B036y:>K.n.eHHH onpe.n.eJIHeTCH KaK u/(qq'). }J.JIH TOtJ:etrnoro 3apH.n.a 3TO 
eCTb npocTO <pyHKUHH fpHHa 

-o:t [ ~ sin wp~ t] 
G(t) = 2Knap e cos wpy 1 - 402 t - ~ · 

. 2Qy 1- 402 

}J.JIH Q » 1 
G (t) ~ 2Knap e-o:t cos wpt. 

TTycTb Tenepb pe3oHaTop B036y:>K.n.aeTCH rapMOHHtJ:eCKHM TOKOM I = J cos wt, 
Tor.a.a HMeeM 

.. wp · 2 wpflw • wpflw ~ 
U + QU +wpU =~I= -~Iw sin wt .. 

PeweHHe O.ll.HOpo.n.Horo ypaBHeHHH 3aTyxaeT co BpeMeHeM, H 3TO HanpH:>KeHHe 
B KOHUe KOHUOB HCtJ:e3HeT nocJie HeKOToporo MOMeHTa. 4acTHOe pemeHHe 6y.n.eM 
HCKaTb B BH,ll.e 

U (t) = A cos wt+ B sin wt, 

U = -Aw sin wt+ Bw cos wt, 

U = -Aw2 cos wt - Bw2 sin wt, 

-Aw2 cos wt-Bw2 sin wt-~ Aw sin wt+~ Bw cos wt+ 

+ wiA cos wt+ wiB sin wt = - w~R.w Iw sin wt, 

2 WpW 2 
-Aw +QB+wpA=O, 

2 WpW 2 Wpflw ~ 
-Bw -QA+wpB=-~wl, 

A- _wpw l B 
- Q wi-w2 , 

( 2 - 2) B wiw2 1 B = - wpwR,wl~ 
Wp W + Q2 2 2 Q ' Wp-W 

B = _ WpW R.wf 1 
Q 2 2 1 2 2 WpW 

Wp-W +-Q2 2 2 
Wp-W 
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1 
2~ ~ f-- ,~2~- l ~ 2 2 ~ ~ .. 2 A - Q' wi - w wi - w + Q' wi - w 

(w2 -w2) Q 
cos wt + P sin wt 

U (t) = ~f WpW 2 
Q2 (wi-w2) 

l + 2 2 WpW 

IlOCKOJibKY TOK I ~ cos wt, TO B u (t) lIJieH, nponopUHOHaJibHblH cos wt, 
pe3HCTHBHblH lIJieH, a nponopUHOHaJibHbIH sin wt - peaKTHBHbIH lIJieH. 

OTHOllleHHe HanpmKeHH.H U K TOKY I H eCTb HMileJI.aHC. OTCIOJI.a 

2 w2 -w Q- -P_ 

1 2' 
ZR = ~ -

2 
(w -i - w2 ) 

} + Q WpW 

WpW 
2

. 
Zi (w) = -Rs -2( 'w-ii - w2) 

} +Q WpW 

~ ~iwt + e-iwt 
EcJIH Mb! npeJI.CTaBHM B036y:>KJI.eHHe B q>0pMe I (t) = I cos wt=[----, 

~ z 
0 < w < 00 (qacTO HCil0Jlb3YIOT I (t) = Jeiwt' rJI.e -oo < w < 00 ), TO pell!eHHe 

ypaBHeHH.H 

HIUeM B BHJI.e 

[J + ~(J +wiu = w~~ j 

U(t) = Uoeiwt, 

2 .WpW 2 Wp~ . ~ 
-w Uo + iQUo + wpUo = ~iwl, 

TT ( 2 2 .WpW) .WpW "Q[~ 
VO Wp-W +iQ =1,Q_,<w, 

1 = 
W WpW 2 2 Uo _ .wp ~ 2 i -- - wp - w 

Z 

- 'l Q 2 - w + Q "Q --
(w) f Wp I + i WpW 2. 

1 = ~ (w2 -wi) - 2 2 = ~ ---w-::ii --· ,w,.;"'- 1 + Q wpw 
} -iQ WpW 
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lw - wpl l!:.w 
EcJIH w ~ Wp, TO -----'- ~ - « 1 H, COOTBeTCTBeHHO, 

Wp Wp 

1 - iQ2l!:.w 
1 Wp 

Z ( w) = Rw 21:!:. = Rw 2 • 

l+iQ~ 1+4Q2(l!:.w) 
Wp Wp 

Mo)KeM OTMeTHTh HeKOTOpb1e CBOHCTBa HMne.n.attca. EcJIH w = wp, 
TO peaKTHBHblH HMne,n.aHc ZR -+ max, a HH.D.YKTHBHbIH zi = 0. Kpo

Me Toro, cyw.ecTByeT CJie,n.y10w.ee CBOHCTBO: ZR(w) = ZR(-w), Zi(w) = 
-Zi(-w). 3HaK peaKTHBHOro HMne.n.attca zi 3aBHCHT OT pa3HHU.bl Wp H w: ecJIH 

zi > 0 (HH.D.YKTHBHbIH ), TO i = ei-rr/2 (HanpH)KeHHe onepe)KaeT TOK); eCJIH zi < 0 
00 

(eMKOCTHhIH), TO -i = e-irr/2 (ttanpH)KeHHe OTCTaeT). Z(w) = f G(t)e-iwtdt; 

Z(w) - cpyphe-npeo6pasoBaHHe G(t). 

--+---+--+---'.-+-'"----- Wpt 

2,r 

Z(w>Rw 

B npHHU.Hne Zn = U + iV. JleHCTBHTeJibHaH qacTb Re (.Z) CBHsaHa c noTepHMH 

B CTeHKax (OMHqecKoe conpOTHBJieHHe). Bcer.n.a ecTb HeycToHqHBOCTb e-iwot, 
Im (wo) > 0. Otta HOCHT Ha3BaHHe pe3HCTHBHOH. Ee 06bHCHeHHe: H306pa)KeHHe 

<<He paccaCbIBaeTCH>> MrHOBeHHO, a OTCTaeT OT sapH,n.a H .n.aeT HCTOqHHK noJieH Ha 

cJie,n.y10w.eM o6opoTe. 

nycTb ,n.eHCTBHTeJibHaH qacTb HMne,n.aHca u = 0. CooTBeTCTBeHHO, B saBHCH

MOCTH OT 3HaKa MHHMOH qacTH, no aHaJIOrHH C 3JieKTpOTeXHHKOH, IlOJIO)KHM npH 

IlOJIO)KHTeJibHOM 3HaqeHHH MHHMOH qacTH V > 0 - eMKOCTHblH HMne,n.aHC, a npH 

oTpHU.aTeJibHOM V < 0 - HH.D.YKTHBHhIH HMne.n.attc. 

B cJiyqae qHCTO peaKTHBHoro HMne.n.attca B03MO)KHOCTb pa3BHTHH HeycTOHqH

BOCTH 6y.n.eT onpe.n.emIThCH 3HaKOM -V · K, r.n.e K - K03cpcpHu,HeHT aBTocpa3H

poBKH. 
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EcJIH K > 0 (cJia6aH cpoKyc11poBKa HJIH :>KeCTKaH npH E > EKp), TO npH V > 0 
(eMKOCTHblH HMne,ll.aHc) eCTb HeycTOHlIHBOCTb. EcJIH V < 0, TO HMeeM TOJibKO 

C,ll.BHr qacTOTbl KOJie6aHHH. 

. HeycTOHlIHBOCTb npH K > 0 H V > 0 nony1111na Ha3BaHHe OTPHUaTeJibHOH 

MaCCbl. Ee xapaKTep HJIJIIOCTpHpyeTCH pHCYHKOM 

TiocKOJibKY npH K > 0 dw / dE < 0, To 11acrnub1 c E + D..E HMeIOT nepHO.ll. 

o6paw.eHHH T + D..T, OTCTaIOT 11 no,ll,XO,ll,HT K ynJIOTHeHHIO, qacTHUbl c E - D..E 
HMeIOT nepHO,ll, o6paw.eHHH T - D..T 11 YCKOpHIOTCH K ynnoTHeHHIO (aHaJior -

KOJibUa CaTypHa, TOJibKO TaM cyw.ecTByeT He pacraJIKHBaHHe, a npHTH:>KeHHe, 

nO3TOMY H TOJibKO nO3TOMY KOJibUa YCTOHlIHBbl). 3TOT 3cpcpeKT xapaKTepeH ,ll,JIH 

n106oro nonH ueHTpanbHbIX CHJI npH ycnoBHH dw / dE < 0. 
PacKa11Ka cyw.ecTByeT H B TOM cny11ae, ecJIH cyw.ecTByeT H3Jiy11eHHe, yxo

.ll.HW.ee H3 n_i'lIKa. HaJIHlIHe H3Jiy11eHHH MaTeMaTHlieCKH COOTBeTCTByeT cyw.ecTBO

BaHHIO Re Zu (HanpHMep, cpopMyna llloTra ,ll,JIH 3JieKTpoHa, Bpaw.a10w.erocH no 

OKpy:>KHOCTH). f,ll,e 3,ll,eCb MO:>KeT nOHBHTbCH pe3OHaHC wo ~ kw? Ha TO MO:>KeT 6bITb 

,II.Be npHlIHHbI: 

1) pe3OHaHC Me:>K,ll,y BOJIHOH H CKOpOCTbIO qacTHUbI; 

2) BO3MO:>KHOCTb B036y:>K,ll,eHHH pe3oHaHCHblX MO,ll, B KaMepe pe3OHaTopa HJIH B 

pe3OHaTOpHbIX qacrnx BaKyyMHOH KaMepb!. 

Bopb6a C HeycTOHlIHBOCTHMH COCTOHT B 3KpaHHpoBaHHH co6cTBeHHbIX noJieH 

H TeM caMbIM B yMeHblUeHHH KBa3HCTaUHOHapHoro npO,ll,OJibHOro 3JieKTpH11eCKOro 

nOJIH; B C03,ll,aHHH YCJIOBHH ,ll.JIH H3JiyqeHHH TOJibKO B o6JiaCTH. Bb!COKHX rapMOHHK 

(c ,ll,JIHHOH BOJ!Hbl, cpaBHHMOH C paCCTOHHHeM ,ll,O 3KpaHHPYIOW.HX CTeHOK KaMepbi) 

H T. ,ll,. KpoMe Toro, MO:>KHO HapyuIHTb MOHO3HepreTH11HOCTb ny11Ka. ECJIH BBeCTH 

pa36poc no qacTOTaM HJIH no 3HeprnHM, TO OKa3bIBaeTCH, lITO 3cpcpeKT pa3BHTHH 

HeycTOHlIHBOCTH HMeeT noporOBbIH xapaKTep: 

N > Nnpe11., r,ll,e Nnpe11. = f ( Z, D..EE) . 

3TO TaK Ha3hIBaeMbIH 3cpcpeKT 3aTyxaHH.H JlaH,1I.ay, CBH3aHHbIH C nepeMellIHBaHHeM 

qacTHU H3-3a pa3JIH11Hb!X qacTOT o6paw.eHHH 

1r,0Ro Z D..E 

I 
~1-1 2 

Nnopor = IKI 4rKnac k ( E) 
3TH pe3yJibTaTbl cna6o 3aBHCHT OT BH,ll,a Jo(w). 
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CBEPXIlPOBO,llHMOCTb, 
EE TIPHMEHEHHE B YCKOPHTEJI.SIX. 
BCTPEqffbIE IlYqKJI. CBETHMOCTb 

I1HTepec s o6JiaCTH KJiaCCHlJeCKHX ycKOpHTeJieH s IlOCJie.U,HHe 5-10 JieT onpe

.u,eJieH B .u.syx HanpasJieHHHX: HCCJie.u,oBaHHe B03MO)KHOCTeH csepxnpOBO,!J,HIUHX 

MarHHTOB .U,JIH IlOBblllleHHH MarHHTHOH 2KeCTKOCTH ( «rigidity>> - BR) H pa3BHTHe 

HaKOilHTeJibHblX KOJiel..{ ,!J,JIH 3JieKTpOHOB, npoTOHOB H, C orpaHHlJeHHHMH, TH)KeJib!X 

HOHOB. 

BKpaTue nepexo.u. Ha HCilOJib30BaHHe .csepxnpOBOAHMOCTH (CIT) 06bHCHHeTCH 

CJie.u,yIOIUHM. EcJIH cpopMHposaTb IlOJie MHrKHM 2KeJie30M, TO HaMarHHlJHBaHHe 6y

.U,eT s npe.u,eJie 2 TJI, nepexo.u. Ha cpopMHposaHHe TOKOBb!MH o6MOTKaMH orpaHHlJeH 

HarpeBOM npOBO,!J,HHKa H3·3a OMHlJeCKHX IlOTepb. BcH 3HeprnH YXOAHT Ha 3Heprn10 

Harpesa . 

.HsJieHHe CIT 6bIJIO OTKpb!TO KaMepJIHHr-OHeccoM B 1911 ro.u,y. ITpaKTH-

11ecKoro 3HatJeHHH CIT He HaXO,!J,HJia, IlOCKOJibKY ycJIOBHH csepxnpoBOAHMOCTH 

HapylllaJIHCb npH KPHTHlJeCKHX napaMeTpax MarHHTHOro IlOJIH H TOKa BKp, JKp• 
ToJibKO B Ha11aJie 40-x ro.u,os npollIJioro seKa y.u,aJIOCb HaHTH cnJiaBhI Nb, KOTOpbie 

BbI.U,epRrnBaIOT seJIHlJHHY IlOJIH .u,o ~ 7 K.3. 

B 1965 ro.u,y cpHpMOH «Bell Telephone>> 6h1JI C03AaH coJieHoH.u,, s KOTopoM s 

Ka11ecTBe MaTepHaJia o6MOTOK 6hIJI npHMeHeH cnJias Nb3Sn - seJIHtJHHa noJIH 

COCTaBHJia 70 K.3. Cefi11ac CIT-MaTepHaJibl ycJIOBHO MO)KHO pa3.U,eJIHTb Ha ABe 

rpynnhI: cnJiaBhI (NbZr, NbTi) H HHTepMeTaJIJIHtJecKHe coe.u,HHeHHH (Nb3Sn, 

V 3Ga). ToKoHecymaH cnoco6HocTb HHTepMeTaJIJIOB Bblllle, a cnJiaBbI 6oJiee TexHo

JIOrHtJHbI. HaH60Jihlllee pacnpocTpaHeHHe noJI/lJHJI cnJiaB NbTi, Bh1.u,ep2KHBaIOIUHH 

IlJIOTHOCTb TOKa .u.o 3HatJeHHH ~ 200 KA/cM ' pa6011He napaMeTpb!: 50 Kfc npH 

T=4,2 K. 
Cefi11ac peaJibHOe HCCJie.U,OBaHHe H npHMeHeHHe csepxnpoBO,!J,HHKOB H.U,eT no 

TpeM HanpaBJieHHHM: 

- csepxnpoBO,!J,HHKH, pa60TalOIUHe B pe2KHMe HMilYJibCHOro MarHHTHOro no

JIH, - 3TO MarHHTbl npOTOHHb!X CHHXpoTpOHOB; 

CIT-ycTpOHCTBa, pa60TalOIUHe B pe2KHMe IlOCTOHHHb!X HJIH Me,L(JieHHO Me

HHIOIUHXCH IlOJieH. 3TO MarHHTbl HaKOilHTeJibHbIX KOJiel..{, MarHHTbl CH

CTeM TpaHcnoprnpoBKH nytJKOB, MarHHTbl IlY3blpbKOBb!X CTpHMepHb!X KaMep 

H T.,!J,; 

CIT-ycTpOHCTBa, pa60TalOIUHe B pe2KHMe csepXBb!COKOH qacTOTbl. 3TO 

CIT-pe30HaTOpbl H T. ,!J,. B npHMeHeHHH K JIHHeHHbIM yCKopHTeJIHM (JIY). 
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CyI.I.J.eCTByeT TaK.>Ke no,lI.pa3,lI.eJiem1e no u.eJIHM C03,lI.aHHH csepxnpoBOJI.HHKOB: 

noJiy'leHHe peKOp,lI.HblX napaMeTpOB no MarHHTHOMY nomo B; 
- C03,lI.aHHe ycTpOHCTB H MarHHTOB, He OTJIH'la!OI.I.J.HXCH no aMnJIHTYJI.Hb!M xa

paKTepHCTHKaM OT TenJib!X MarHHTOB, HO ,lI.aIOI.I.J.HX 3KOHOMH'leCKHH 3cpcpeKT. 

npH npoxo.>KJI.eHHH qepe3 csepxnpoBOJI.HHK nepeMeHHoro TOKa ero conpoTHBJie

HHe yMeHhll!aeTCH, HO He 3aHyJIHeTCH. noTepH B csepxnpoBO,lI.HHKe npH TaKOM TOKe 

nponopU.HOHaJibHbl ~ Bd (d - ,lI.HaMeTp npOBO,lI.HHKa). no3TOMY ,lI.JIH CHH.>KeHHH 

noTepb H C yqeTOM MaJIOCTH anepTypbl COBpeMeHHb!X YCKOpHTeJieH csepxnpOBO,lI.

HHKH H3rOTOBJIHIOTCH H3 TOHKHX )KHJI (JI.HaMeTp - MHKpOHbI), 3aneqeHHb!X B 

MaTpHU.Y H3 MHrKOrO MeTaJIJia (o6bll{H0 MeJI.H). 

Ceqem1e MH0r0;>KHJibHoro npoao.u.a Ha octtoae Nb3Sn. ,UttaMeTp npoao.u.a l MM. 4HcJio ;>KHJI 41070, 
,!l.HaMeTr )KHJI 2 MKM, MaTepHaJI MaTpHUbl - 6pOH3a. Q;>KH,!l.aeMall Cpe,!1.Hllll TIJI0TH0CTb T0Ka 

1,5. 10 A/cM2 npH 50 K3 H 4,2 K 

XapaKTepHCTHKaMH csepxnpOBO,lI.HHKOB HBJIHIOTCH K03<p<pHU.HeHT 3anOJIHeHHH, 

rH6KOCTb, TO'IHOCTb, CTa6HJibHOCTb BocnpOH3Be,lI.eHHH napaMeTpOB, H30JIHU.HH. 

B 90-x ro,lI.aX npoll!JIOro BeKa HaH60Jiee HHTepeCHbie pa3pa60TKH cn-MarHHTOB 

BeJIHCb: 

B PocCHH B CBH3H C pa3pa60TKOH KOMnJieKca B 11<1>B3, 

- B Jia6opaTOpHH HM. 3. <l>epMH (FNAL) JI.JIH 3KOHOMHH 3JieKTp03HeprnH 

(I 3Tan) H YJI.BOeHHH 3HeprnH (II 3Tan) Doubler/Saver. 

HaHJIY'lll!He ,lI.OCTHrHYTb!e pe3yJibT8Tbl (Ha KOHeu. 90-x fO,lI.0B xx BeKa): B ~ 
~ 6 TJI, !:!:..n/n ~ 0,1 % (HeO,lI.HOpOJI.HOCTb TTOJIH), JKp ~ 2 · 104 A/cM2. 

PeaJibHhie TPYJI.HOCTH: 

TO'IHOCTb BOcnpOH3Be,lI.eHHH nOJIH OT MOJI.YJIH K MOJI.YJIIO (Ka'leCTBO Cn H 

TO'IHOCTb YKJI8,lI.KH npoBO,lI.0B); 

MOI.I.J.HOCTH o6ecneqeHHH (KpHOCTaT 11 O)Kl1)Kl1TeJib 20 BT/M - 10 KBT/M); 

n0Tep11 Ha Harpes, paJI.11au.HOHHbIH pa3orpes; 

nOBTOpHeMOCTb napaMeTpOB Bcero KOMnJieKca 113-38 JIOKaJibHb!X neperpeBOB 

11 nepeXO,lI.a cpa3bl Cn B HOpMaJibHYIO 11 T. ,lI.. 
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B HaCT0HIUee BpeMH C03,AaHbl H 3KCTTJiyarnpyIOTCH CTT-ycTpOHCTBa B CJie,AyI0-

1.lJJIX o6Jiacrnx: 

Me30HHhie KaHaJihI (CI1H, IIIaefiuapHH), 

ny3hipbK0Bhie KaMepbI Ha ycKopHTeJIHX (FNAL, CIIIA}, 

cneKTpoMeTpb1 c CTT-MarHHTaMH: <<OMera>> (UEPH) H <<fHnepoH-1» 

(I1T3<1>). 

Ha pH.n;e H30Xp0HHhIX UHKJI0TpOHOB nepexo,AHT Ha CTT-o6MOTKH B036yLK,AeHHH 

(CI1H, <<40K-PHBep>> H T . .n;.). TTpH 3TOM 3HeproeMKOCTb CHHLKeHa npHMepHO B 

50 pa3. EcTb YHHKaJibHaH ycTaHOBKa a CIIIA c noJieM ~ 17,5 TJI (nocTOHHHoe 

MarHHTHOe noJie) ,AJIH HCCJie,A0BaHHH K0H,AeHCHpoBaHHb!X cpe.n;. 

B cn-pe3oHaTOpe y,n;aJIOCb TTOHH3HTb noaepxH0CTHOe conpOTHBJieHHe TT{)HMep

HO B 105 pa3. Ho C03,AaTb 60Jibl.lJOH pe30HaTOp C .n;o6pOTHOCTb!O Q ~ 105-106 

He y.n;aeTcH. TToKa HaH6oJiee nepcneKTHBHO noKphITHe noaepxHOCTH CTT-nJieHKOH. 

HarpeB noaepxHOCTH yMeHbl.lJaeTCH, H MO)KH0 no,n;OHTH K TeMnepaType T ~ 1,2 K, 

r.n;e reJIHH CBepxTeKy1rn11 H ero TenJionpoBO,AHOCTb MHOfO MeHhll!e TenJionpOBO,A

HOCTH Me,AH. 

EcTh yLKe ycnell!Hhie onhIThI no ycKopeHHIO B CTT-pe30HaTope, MaKCHMaJihHaH 

,AOCTHrHYTaH HanpHLKeHHOCTb n0JIH cnpOJJ. ~ 30-40 KB/cM (npoeKT <<TecJia>>). I1 a 

3TOM HanpaBJieHHH BCH pa6oTa Bnepe,n;H . 

.llJrn ocyrueCTBJieHHH H,AepHb!X peaKUHH Heo6XO,AHMO, 4T06b! 3HeprnH HaJie

TaIOI.lJ,eH 4aCTHUhl 6bIJia 6oJibll!e cyMMbl 3Heprnfi TTOKOH pa3JieTaIOIUHXCH t.iaCTHU. 

TTpH4eM Heo6xo,AHMO, 4T06hI 3TO ycJIOBHe BbinOJIHHJIOCb B co6cTBeHHOH CHCTeMe 

KOOp,AHHaT. B cJiyt.iae ABYX t.iaCTHU (JieTHIUHX HaBCTpet.iy .n;pyr .n;pyry) 3TO CHCTeMa 

ueHTpa HHepUHH (c. u. H.). 113 peJIHTHBHCTCKHX 3aKOHOB CJie,n;yeT, 4TO npH 'Y » 1 
3HeprnH B C. u. H. CBH3aHa C 3Heprne:ti B Jia6opaTOpHOH CHCTeMe (JI. c.): 

E ~ Ec.u.H = J2EoE'. 

CooTBeTCTBeHHO, Eeq - 3KBHBaJieHTHaH 3HeprnH B JI. c. - CBH3aHa c noJiyt.iaeMo:ti 

BC. U. H.: 

TTpe.n;noJIOLKHM, 4T0 HCCJie,n;yeTCH peaKUHH <<HYKJIOH + aHTHHYKJIOH>>. EocyMM ~ 
~ 2 f3B = 2E0. OTc10.n;a Eeq ~ 8E0 BMecTo 2E0 B c. u. H., T. e. a 4 pa3a 6oJihll!e. 

KpoMe T0fO, B HeKOTOpb!X 3KCnepHMeHTax Heo6XO,AHMa oco6aH 4HCTOTa, T. e. 

0TCYTCTBHe B3aHMo,n;eficTBHH c .n;pyrnMH H,n;paMH MHll!eHH. Bee 3TO npHBeJio K 

H,Aee BCTpe4HhIX nyt.iK0B, CTaJIKHBaIOIUHXCH Me.>K,n;y co6ofi: 

lICToqHHK qacrnQ 

(nHHefun,rli ycKopHTeJIL) 
HaKOIIHTeJILHOe 

KOJlbQO 
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Peamrnaum1 TaKHX yeTpOHeTB Hat:IaJiaeb TOJibKO e 1960 roJJ,a noCJie pa3pa6oTOK 

MeTOJJ,0B HaKOnJieHHH. ,IleJIO B TOM, t:ITO npH eTaJIKHBaHHH Heo6XOJ1,HMO HMeTb 

3aMeTHyIO Bep0HTHOeTb eaMoro cpaKTa eTOJIKHOBeHHH. TT03TOMY oeHOBHOH xapaK

TepHeTHKOH HaK0ilHTeJibHOro KOJibUa HBJIHeTeH eBeTHMOeTb. 

TTpHMeM n = La, rJJ,e n - t:IHeJIO OTet:IeT0B Ha6JIIOJJ,aeMoro eo6b!THH, npoHexo

Jl.Hlll.ero e eet:IeHHeM (J', TorJJ,a eBeTHM0eTb 

L= N1N2w 
s ' 

rJJ,e N1 ~ N2 - t:IHeJio qaeTHU B eryeTKax, S - nonepetIHoe eet:IeHHe B o6naeTH 

eTOJIKHOBeHHH. MaKeHMaJibHOe orpaHHt:IeHHe Ha eBeTHMOeTb eBH3aH0 e napaMeT

poM 
N 

b.v ~ S; Lma:x. ~ (b.v)2
. npH N1 ~N2. 

,IlJIH IlOBbillleHHH eBeTHM0eTH (xapaKTepHaH BeJIHt:IHHa CBeTHM0eTH: 

L ~ 1032 CM-2 . c- 1) Heo6XOJ],HMO HaKOTIJieHHe qaeTHU B ye1<0pHTeJie: 

1. HaKOilJieHHe 3anOJIHeHHeM op6HT: HH:>KeKUHH, yeKopeHHe, nepeB0JJ, qaeTHU 

Ha JJ.pyryIO op6HTY, HH:>KeKUHH Ha OeB060JJ,HBllleeeH MeeTo. MoryT 6b!Tb JJ.pyrne 

enoeo6bl HH:>KeKUHH, Il03BOJIH!Olll.He 3anOJIHHTb Beeb pa6ot:IHH 06beM KaMepbl. 

2. TTpH HH:>KeKUHH HeJib3H JJ,OeTHt:Ib yBeJIHt:IeHHH IlJIOTH0eTH nyt:IKa, noeKOJibKY 

OH 3aHHMaeT Beeb B03MO:>KHbIH cpa30Bb!H o6beM. lfro6bI yBeJIHt:IHTb IlJIOTH0eTb, 

Heo6XOJ1,HMO yMeHbllIHTb y>Ke 3anOJIHeHHbIH cpa30Bb!H 06beM, a J],JIH 3Toro HY>KH0 

yMeHbllIHTb 3HeprHIO nonepetIH0rO J],BH:>KeHHH qaeTHU. 

,IlJIH 3Toro M0:>KHO BoenoJib30BaTbeH eHHXp0Tp0HHbIM H3Jiyt:IeHHeM. TTpH onpe

JJ,eJieHHOH MarHHTHOH eTpyKType npoHeX0JJ,HT 3aTyxaHHe 6ernrpoHHbIX H paJJ,H

aJibHO-q>a30BbIX KOJie6aHHH e noeTOHHHOH BpeMeHH: 

E 
r~-

W' 

rJJ,e W - M0lll.H0CTb noTepb Ha eHHXpOTp0HHOe H3Jiyt:IeHHe. 

TToTepH 3HeprnH H3 np0JJ.OJibH0ro J],BH>KeHHH KOMileHeHpyeTCH B4-eHeTeMOH. 

noeJie <<BbieBet:IHBaHHH>> 3HeprnH H3 nonepetIHoro J],BH:>KeHHH npoHeXOJ],HT HH

>KeKUHH H0BOH nopUHH qaeTHU. 11HTeHCHBHO pa3BHBaIOTeH pa3JIHt:IHbie enoco6bI 

OXJia:>KJJ,eHHH nyt:IK0B: 

1. Oxna:>KJJ,eHHe e IlOMOlll.blO 3JieKTpOHH0ro nyt:IKa (npeJJ,JIO:>KeH H peaJIH30BaH 

B HoBoeH6HpeKe) 

T. e. Il0T0K np0T0H0B HJJ,eT BMeeTe e Il0T0KOM 3JieKTp0H0B H 0HH npoHH3bIBaIOT 

JJ.pyr JJ.pyra. EcJIH T1.e < T1.p, TO 3HeprnH nonepetIHblX KOJie6aHHH npoT0H0B 
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yMeHhlllaeTCH .n.o BeJIH"IHH ~ Jm/M. B nepBb!X 9KCnepHMeHTaX (9HeprHH npoTO

HOB Ep ~ 75 M9B) 6b!JIO o6Hapy)KeHO, "ITO BpeMH )KHSHH nyqKa T yBeJIHtJHJIOCb 

npHMepHO B 5 pas, nonepe4Hble pasMepbl yMeHbllIHJIHCb 6oJiee "leM B IO pas. 

3TOT cnoco6 xopolll npH MaJibIX 9HeprnHx HaKonJieHHH. O.n.HaKo npH nepexo.n.e 

K 60JibllIHM 9HeprHHM Tpe6yeTCH yBeJIH"IHBaTb 9HeprHIO 9JieKTpOHHOro ny4Ka, "ITO 

cpasy Bb!SbIBaeT 60JibllIHe CJIO)KHOCTH. 

2. )lpyroti cnoco6 OXJia)K.n.eHHfl - CTOXaCTH"leCKHH - saKJIIO"laeTCH BO BBe.n.e

HHH llIHpOKOilOJIOCHOH o6paTHOH CBHSH. 

B ysJie 1 CHHMaIOT (nHKan-9JieKTPO.LI.OM) aMnJIHTY.LI.Y H cpasy KOJie6aHHH (cpe.n.

Hero SHa"leHHH). PesyJibTaTbl o6pa6aThIBaIOTCfl B ysJie 2, B ysJie 3 Bhipa6aTbIBaeTCH 

KOMaH.n.a, KOTOpaH B ysJie 4 «.n.aBHT» 9TH KOJie6aHHH. 3TOT cnoco6 He saBHCHT 

OT 9HeprHH, .n.a)Ke JIY"lllle npHMeHHeTCH npH 60JibllIHX 9HeprHHX, IlOCKOJibKY BOS

pacTaIOT pasMepb! YCTaHOBKH. Bee npoeKTbl HaKOilHTeJibHb!X KOMnJieKCOB TaK HJIH 

HHa"le CB.HSaHbl C OXJia)K.n.eHHeM. 

OCHOBHb!e TPY.LI.HOCTH npH cos.n.aHHH HaKOilHTeJibHb!X KOMnJieKCOB: 

O"leHh Bb!COKHe Tpe6oBaHHH Ha BaKyyMHb!e ycJIOBHH: P ~ 10-10 Topp; 

B4-CHCTeMa .ll.JIH HaKOilHTeJibHblX KOJieu, 9JieKTpOHOB (60JibllIHe BpeMeHa, 

/:::;,E [K9B] E 4 [f9B] 
CHHxpoTpoHHoe HSJiy"leHHe: 

6 
= 88 R [ ] =} T. e. COTHH KHJIO-

o opoT M 

BaTT noTepb MOILl,HOCTH B4 B IlOCTOf!HHOM pe)KHMe); 

ynpaBJieHHe HaKOilHTeJieM B peaJibHOM BpeMeHH ( <<peSHHOBaf! OilTHKa»: nepe

CTpOHKa OT HaKOilJieHHH K CTOJIKHOBeHHIO, KOTopyIO MO)KHO ocymecTBJI.HTb 

TOJibKO C IlOMOILl,b!O 3BM). 
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OXJIAJK,U:EHHE IlY11KOB 

Cmoxacmu11,ec1we ox1taJK:ae1-tue. 31teKmp01moe ox1taJK:ae1-tue. Jla3ep1-toe oxJZa
JK:ae1-tue 

Tenepb noJ1.0HJ1.eM K 06cy)KJ1.emno npo6JieMhI oxJia)l{}l.emrn l!acnui:. f10HBJiem1e 

3TO11 npo6JieMbl Ha CBeT H ee perneHHe onpe}l.eJIHJIOCb MHOrHMH npHl!HHaMH. 

Bo-nepBblX, MHOrOcTyneHl!aTOe ycKopeHHe. BycTepbl - 3TO nol!TH o6H3a

TeJibHbll1 3JieMeHT ycKOpHTeJibHOro .KOMnJieKCa Ha cpe}l.HHe H BblCOKHe 3HeprHH 

(a Tenepb 11 Ha HH3irne), .B KOTOpb!X nyl!OK }1.OJI)KeH HaKanJIHBaThCH H cyni:e

CTBOBclTb }1.JIHTeJibHOe BpeMH. l1MeHHO OHH onpe}l.eJIHJIH Heo6XO}l.HMOCTb 6opb6bl c 

pacceHHHeM nyl!Ka Ha OCTaTOl!HOM ra3e, Ha l!aCTHIJ,aX Toro )Ke nyl!Ka C pa3BHTHeM 

Me}l.JieHHb!X HeycTOl1l!HBOCTe11 H He06XO}l.HMOCTb HaKOnJieHHH nyl!Ka npH orpaHH

l!eHHOM (B CMb!CJie - KOHel!HOM) aKcemaHce ycKOpHTeJIH. 

Bo-BTOpb!X, KOJIJia11}1.epbl Tpe6oBaJIH npeI.1,H3HOHHblX CBOHCTB nyl!Ka B MeCTaX 

BCTpel!. Bo3pOClllHe 3HeprHH yMeHblllHJIH l!aCTOTY Ha6JIIO}l.eHHH noJie3Hb!X CHr

HaJIOB, H }1.JIH nOBb!llleHHH }1.OCTOBepHOCTH pe3yJihTaTOB Heo6XOJ1.HMO 6b!JIO Henpe

pbiBHO yJiyl!rnaTb KHHeMaTHKY co6b1TH11 Jl.JIH coxpaHeHHH TOl!HhIX H3MepeHH11, l!TO 

onHTb )Ke npHBO}l.HT K Heo6XOJ1.HMOCTH YJIYl!llleHHH napaMeTpOB nyl!KOB .. 

Pa36pocbI B nyl!Ke (nonepel!Hbie: .6. Vx/Vx; .6. Vy/Vy H npOJl.OJihHhie .6..F'il/ .f'i1) 
onpe}l.eJIHIOT pa3Mep nyl!Ka B <pa30BOM o6beMe H ero KHHeMaTHl!eCKHe CBOHCTBa. 

Ho MhI · 3HaeM, l!TO B KOHcepsaTHBHO11 CHCTeMe TeopeMa JlHyBHJIJIH 3anpeni:aeT 

H3MeHeHHe <pa30BOrO o6beMa. 3Hal!HT, eCJIH XOl!eTCH H3MeHHTb pa36poc B nyl!Ke, 

Ha}l.O HapyrnHTb ycJIOBHH KOHcepBaTHBHOCTH H KaKHM-TO o6pa30M 3a6paTb 3Hep

rHIO H3 nonepel!Horo HJIH npO}l.OJibHOro xaOTHl!HOrO }1.BH)KeHHH. 

CaM TepMHH <<OXJia)K}l.eHHe>> npHrneJI H3 KHHeTHl!eCKOH TeOpHH ra3OB: 

1 2 3 
2m(V) = 2kT. 

ECJIH B 3TOl1 <pOpMyJie cpe}l.HeKBa}l.paTHl!HaH CKOpOCTb V2 onpe}l.eJIHeTCH none

pel!HOH CKOpOCThIO V.1, TO BeJIHl!HHa T onpeJ1.eJIHeT nonepel!HYIO TeMnepaTypy 

T .1, a ecm-1 V 2 onpe}l.eJIHeT pa36poc no HMnyJihCaM .6.P / P, TO T onpe}l.eJIHeT 

npOJl.OJlbHYIO TeMnepaTypy 111. ITpH TaKOH aHaJionrn l!aCTHI.l,bl B nyl!Ke paccMaT

pHBaIOTCH KaK l!aCTHI.l,bl ra3a B cocy}l.e. 113 3TOl1 <popMyJihl HCHO, l!TO OXJia)l{}l.eHHe 

(yMeHhllleHHe T) eCTb yMeHbllleHHe (V2). B npHHIJ,Hne, 3Ta HHTepnpeTaIJ,Irn (V2) 
KaK T He Ol!eHb !pH3Hl!Ha, TaK KaK ycpeJ1.Hem1e H}l.eT no orpaHHl!eHHOMY aHCaM6JIIO 

l!aCTHI.I,, H 3Ta HHTepnpeTaIJ,HH CTOJib )Ke ycJIOBHa, KaK YCJIOBHH CTaTHCTHKH B 

KHHeMaTHKe BJiacosa. 
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KaKHe U,eJIH ,ll,OCTHraIOTCH OXJia)K,ll,eHHeM? 

1. HanoJIHeHHe t.Iacrnu,aMH pa6ot.Iero 06beMa MaUIHHbl (yMeHhllieHHe 3MHT

TaHCa 0,ll,HOH nopU,HH t.IaCTHU, nocJie HH)KeKU,HH H B03MO)KHOCTb ITOMeCTHTb 

60JibUie t.JaCTHU, B 0,ll,HH H TOT )Ke a,ll,MHTaHC MallIHHbI). 

2. CoxpaHeHHe Kat.IeCTBa nyt.IKa (6opb6a c pacceHHHeM, Me,ll,JieHHblMH HeycTOH-

1.JHBOCTHMH). 

3. YJiyt.JUieHHe CBOHCTB nyt.JKa. floJiyt.JeHHe nyt.IKOB C [101.JTH HyJieBbIMH pa3-

6pocaMH B nonepet.JHOM H npo,!!.OJibHOM HanpaBJieHHH IT03BOJIHeT ITOBblCHTb 

3cpcpeKTHBHOCTb pa60Tbl KOJIJiaH,!!.epoB H YJIYt.JllIHTb KHHeMaTHKY HCCJie,ll,ye

Mb!X npou,eccoB Ha HeITO,ll,BH)KHOH MHUieHH. 

3aMeTHM, I.JTO Bepa B cpyH,ll,aMeHTaJibHOCTb TeopeMbl JlHyBHJIJIH 6bIJia Ha

CTOJ!bKO BeJIHKa, 1.JTO Me)K,ll,y npe,!!.JIO)KeHHHMH npHHU,HITOB OXJia)K,ll,eHHH nyt.JKOB 

TH)KeJib!X qacrnu, H HX Oq>HU,HaJibHb!M npH3HaHHeM npOUIJIO OT 10 ,ll,0 15 JieT. 

flpHHU,HITbl OXJia)K,ll,eHHH ,ll,JIH pa3Hb!X t.JaCTHU, pa3Hb!e. JlernHe t.JaCTHU,bl (3JieK

TpOHbl H IT03HTpOHb!) OXJia)K,ll,alOTCH 3a Ct.IeT CHHXpOTpOHHOro H3JIYt.JeHHH. Oco-

6eHHO TaKOe OXJia)K,ll,eHHe 3q>q>eKTHBHO ,ll,JIH peJIHTHBHCTCKHX t.IaCTHU,, ITOCKOJ!b

Ky KHHeTHt.JeCKaH 3HeprnH W nponopU.HOHaJibHa , 4 . TH)KeJib!e t.JaCTHU,bl (.D.O 

3HeprHH ::;; 1 T3B) HMelOT MOIUHOCTb CHHXpOTpOHHOrO H3JIYt.JeHHH 3Hat.JHTeJibHO 

MeHbUie, H TOJibKO ,ll,JIH ycKOpHTeJieH CJie,ll,yIOIUero ITOKOJieHHH - LHC (7 T3B), 

SSC (20 T3B) - 3cpcpeKT CHHxpoTpOHHoro H3Jiyt.JeHHH .D.JIH npoToHOB 6y.D.eT 

3aMeTeH. 

)lJIH TH)KeJib!X t.IaCTHU, npHMeHHIOT B 3aBHCHMOCTH OT 3HeprHH ,!!.Ba MeTO

,ll,a OXJia)K,ll,eHHH - CTOXaCTHt.JeCKHH H 3JieKTpOHHb!H. OHH HCITOJ!b3YIOTCH ,ll,JIH 

OXJia)K,ll,eHHH nonepet.JHOro ,ll,BH)KeHHH. )lJIH OXJia)K,ll,eHHH npO,!!.OJlbHOro ,ll,BH)KeHHH 

npHMeHHIOT CTOXaCTHt.JeCKOe HJIH Jia3epHoe OXJia)K,ll,eHHe. 

flepe11,L1,eM Tenepb K paCCMOTpeHHIO 3THX MeTO,ll,OB ITO,!!.po6Hee. 

1. CrnxacTHI.ICCKHH MCTOJJ;, 3TOT MeTO,ll, 6b!Ji npe,!!.JI0)KeH B 1968 ro,ll,y 

BaH-,L1,ep-Me11epoM (UEPH). 

6a30Bble npe,!!.CTaBJieHHH: npe,!!.CTaBHM nyt.J0K, COCTOHIUHH H3 OT,ll,eJibHb!X qa

CTHU,. flycTh noKa t::,,p / P = 0. Tor,L1,a ecTh TOJihKO 6eTaTpOHHh1e KOJie6aHHH OKOJIO 

paBHOBeCHOH op6HTbl. flpe,!!.CTaBHM, I.JTO B ycK0pHTeJie peaJIH30BaHa CJie,ll,yIOmaH 

cxeMa: 

3 11. H. 11BaHOB, r. B. Tpy6HHKOB 

IIyqoK -. 
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□HKan (CTK) - JJ.HarHOCTHt-IeCKOe ycTpOHCTBO, H3Mepmow.ee OTKJIOHeHHe ttaCTHUbl 

OT ueHTpa. 

~IU1-U2I 

KHKep (KK) - ycTpOHCTBO, B KOTOpOM cos.11.aeTCH HMilYJibC 3JieKTpoMarHHTHOrO 

noJIH B HanpaaJieHHH, nepneHJJ.HKYJIHpHOM nyttKy. CTycTb CTK H KK coe.11.HHeHbI 

ycHJIHTeJieM, CHrHaJI c KoToporo nponopuHoHaJieH CHrHaJiy c CTK. CTycTb TaK*e 

paccTOHHHe Me*JJ.Y CTK H KK (no nyttKy) paBHO ueJioMy nmoc noJIOBHHa .11.JIHH 

6eTaTpOHHblX KOJie6aHHH. 

MoryT Ha6JIIO,ll.aTbCH CJ1e,11.y10w.He KapTHHbI: 

2 

3 

,, , 
I\\ ,/ ..... .,., " 1~ / 

I 
I 
I 
I 
I 

l - 'l8CT1-1Ua B TTK 1-!MeeT MaKCI-IM8JlbHOe OTKJIOHeH1-1e; 2 - Kone6aH1-1e CKOMneHCHpoeaHo tJaCTHlJHO; 

3 - Kone6aH1-1e coxpaH1-1noct, (c1-1rnan TTK = 0) 

3TH )Ke KapTHHbl Ha cpa30BOH IlJIOCKOCTH BbirJIH)J.HT KaK 

x' x' 

X X 

HaIIK HaKK 
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lJacTm . .1.a 1 H,!J.eT no op6HTe C HyJieBblM cpa30BblM o6beMOM, qacrnu,a 2 - C 

yMeHbilleHHbIM, qacrnu,a 3 - C npe:>KHHM cpa3OBb!M o6beMOM. 

11TaK, B 3TOM npH6JIH:>KeHHH, npH TaKOH paccTaHOBKe o6opy.u.osaHHH, OTKJIO

HHIOILl,aHCH B TIK qacrnu,a 6y,u.eT HMeTh B KK HMnyJihC, rac.HILl,HH 3TO OTKJIOHeHHe. 

TioCKOJlbKY Ha6er cpa3bl no BCeH ,!J.JIHHe YCKOpHTeJIH He paBeH u,eJIOMY '-IHCJIY 

KOJie6aHHH (HHa'-Ie BO3HHKaer CHJibHblH pe30HaHc), TO MO:>KHO ce6e npe.u.craBHTb, 

'-ITO 3a ,!J.JIHTeJibHOe speMH see qacTHU,bl nyqKa nOHBHTCH B TIK B cpa3e, COOT

BeTCTBYIOILl,eH MaKCHMaJibHOMY OTKJIOHeHHIO, H OKa:>KyTCH s pOJIH qacTHU,bl 1. 
KoHe'-IHO, paccTaHOBKa o6opy.u.osaHHH ,!J.OJI)KHa .u.asaTb He TOJibKO Heo6XO.!J.HMblH 

Ha6er no cpa3e (KCTaTH, ,!J.JIH npo,U.OJibHOro OXJia:>K,U.eHHH 3TO He CTOJlb KpHTH'-IHO), 

HOH cooTBeTCTBYIOlll.YIO CHHxpoHH3aU.HIO CHrHaJioB TIK H KK, a caMoe rnaBHoe -

BpeMH pacnpocTpaHeHHH CHrHaJia TIK-KK Hero o6pa60TKH ,!J.OJI)KHO 6hITb MeHblle 

HJIH paBHO speMeHH npoJiera qacrnu,eif paccTOHHHH TIK-KK no OKPY:>KHOCTH. 

Tio3TOMY B ycraHOBKe CTOXaCTH'-IeCKOro OXJia:>K,U.eHHH JIHHHH o6pa60TKH CHrHa

JIOB H.!J.YT nonepeK op6HTbl (no xop.u.e). Mb! a CBOeM pacCMOTpeHHH npHHHJIH noJI

HYIO H,!J.eaJIH3aU,HIO napaMeTpoB nyqKa, HH'-Iero He CKa3aJIH O CBOHCTBaX YCHJIHTeJIH 

H T . .!J.. 4T06bi OTOHTH OT 3THX ycJIOBHOCTeH, BCnOMHHM HeKOTOpbie nOJIO:>KeHHH 

H3 cpypbe-npeo6pa30BaHHH CHrHaJIOB H o6pa60TKH HMnyJihCa. EcJIH CHrHaJI B 

'-IaCTOTHOM npe,u.cTaBJieHHH HMeeT noJiocy l:!..f = w, TO ero ,!J.JIHTeJibHOCTb eCTb 

Ts~ 1/(2W). 

~ fA.UL 
T= 1/(2w,> t t 

T= 1/(2w,> 

113 3Toro cne.u.yeT TeopeMa HaHKBHCTa: EcAu Bbl xomume mo,uw o6pa6omamb 
UMnyllbC allumellbl-lOCmblO T, mupo,con0/l0CH0Cmb o6pa6ambtBalOU{eU cucmeMbl 
aoJl:JICHa 6btmb w ;;:: 1/(2T). B TeopHH <pHJibTpOB eCTb CJie,U.CTBHe 3TOH Teope

Mbl, Ts = 1/(2W), r.u.e W - illHpOKOnOJIOCHOCTb <pHJibTpa: <pHJibTp Bbl,U.eJI.HeT 

TOJibKO OCHOBHYIO qacTOTY ~ 1/(2Ts), OCTaJibHOe OTCeKaer, XOTH s HCXO,!J.HOM 

(o-o6pa3HOM) CHrHaJie npHCYTCTBOBaJIH ace qacTOTbl. 

113 3Toro paccMOTpeHHH cne.u.yeT, '-ITO ecJIH HMnyJihc qacTHU.hI B TIK no-npe:>K

HeMy C'-IHTaTb KOpOTKHM (a 3TO Ha caMOM ,u.eJie TaK, noCKOJibKY ,!J.JIHHa 3Toro 

HMnynhca ~ dnK/c), TO ycHJIHTeJih co3,u_aeT B KHKepe HMnyJihC Ts= 1/(2W), r.u.e 

W - noJIOCa nponyCKaHHH 3TOro YCHJIHTeJIH. EcJIH to - speMH npOXO:>K,!J.eHHH. 

qacrnu, qepe3 TIK, TO KHKep .U.OJI:>KeH ao3,u.eifcTsoaaTb Ha nyqoK B Te'-IeHHe nepHo,u.a 

to± Ts/2. lJaCTHU,bl, BXO,!J.HILl,He B 3TOT HMnyJibC, 6y,u.eM Ha3bIBaTb npo6Hb!MH. 

EcJIH BCH op6HTa 3anoJIHeHa paBHOMepHO N qacTHU,aMH, TO KHKep BbI,!J.eJIHT H3 

HHX npo6Hbie qacTHU.bI H 3Ta <,npo6a,> 6y,u.eT HMeTb AJIHHY £ = T /Ts, r.u.e T -
apeMH o6pameHHH, fs = T/Ts = 2TW (a 3TOM npHMepe to± Ts/2 OTCYTCTBYeT). 

3* 
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B 3TY npo6y 6yJJ.YT BKJIIoqeHbI qacTHU.bI Ns = N/(2TW). HanpHMep, .ll.JUI 

ycKopHTeJJH LEAR (UEPH): N ~ 109, T ~ 0,5 MKc, TnK ~ 0,1 He, W ~ 250 Mru., 

2TW = 2 · 5 • 10-7 • 2,5 · 108 = 2,5. 102, 
109 

Ns = 2,5 . 102 = 4 . 106' 

TOr.ll.a nepHO.ll. 

1 1 1 
Ts = 2W = 2 . 25 . lQ8 = 5 . 10-8 = 2 . 10-9 = 2 HC. 

.HcHO, qTo npe.ll.bl.ll.YW.ee paccMOTpeHHe no qacTHU.aM COOTBeTCTByeT ycJJOBHIO 

w-oo. 
B TeCTOBOM CHrHaJJe He06XO.ll.HMO BbI)l.eJJHTb KOrepeHTHbie qaCTHU.bl, KOTOpb1e 

onpe)l.eJJHIOT C.ll.BHr <<U.eHTpa TH)KeCTH>> nyqKa OTHOCHTeJJbHO op6HTbl B MecTe 

pacnoJJO)KeHHH IlHKanoB, H HeKorepeHTHbie, cpa3a KOTOpbIX npOH3BOJlbHa, HO Ha 

KOTOpble KHKep TaK)Ke 6y)l.eT B03)1.eHCTBOBaTb. TI03TOMY npou.ecc OXJia)K)l.eHHH -

3TO copeBHOBaHHe Me)K.ll.Y .ll.BYMH B03)1.eHCTBHHMH - OXJla)K)l.aIOW.HM .ll.JlH KorepeHT

HblX qacTHU. (T. e. HMeIOW.HX cpa3bl, 6JJH3KHe K He06XO.ll.HMbIM) H pa3orpeBaIOW.HM 

)I.JlH HeKorepeHTHblX qacTHU.. 

.lla)Ke B npocTOM paCCMOTpeHHH MO)KHO noKa3aTb 3cpcpeKT yMeHb!lleHHH none

peqHoro pa3Mepa. TiycTb KorepeHTHaH qacTHU.a 1 HMeeT aMnJJHTY.ll.Y ao1, a qacTHU.a 

2 - ao2 = 0. ECJJH B KHKepe qacTHU.a 1 noJJyqHT HMilYJJbC H ee aMnJJHTy.ll.a 

6y.ll.eT ~ ao1/2, TOH qaCTHU.a 2 6y.ll.eT HMeTb aMilJlHTY.ll.Y ~ ao1/2. MaKCHMaJlbHblH 

pa3Mep nyqKa .ll.O KHKepa 

nocJJe KHKepa 

a:iqi = 

a:iqi = 
2 + 2 1 

a10 a20 = -a10, -2- v'2 

! (aro aro) = r;;f; = a10. 
2 4 + 4 v-r 2 • 

T. e. npOH30H)l.eT yMeHbllleHHe aMilJlHTY.ll.bl B \f'2 pa3. 

.H, npe)K)l.e qeM H.lJ.TH )l.aJlbllle, HaM Ha)I.O IlOHHTb, qTQ H3MepHeT TIK (nyCTb OH 

6y)l.eT H)l.eaJJbHbIH, c 6eCKOHeqHoH qacTOTOH nponycKaHHH), ecJJH cqHTaTb, ttTO B 

<<npo6e>> eCTb MHOro qaCTHU.. 

" ,1, • III< 
_J_ 

• ·2 
' 

Pacnpe.zteneHHe qacnm B TeCTOBOM CHI1IaJIC 

.. T 

CHI1Ian c mucana 
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Hai1,u,eM BpeM.H OXJJa.>K.n.emrn.c ytieTOM liaCTHU B <<npo6e>>. flyCTb a fIK HMeeM 

OTKJJOHeHHe X (CM. CHrHaJJ C fIK). flporropuHoHaJJbHhIH eMy HMIIYJJbC B KHKepe: 

,\x. Tor.n.a OTKJJOHeHHe TeCTOBbIX qacTHU B KHKepe 

x =x-AX-l::AX-

c / s'"' 
KorepeHTIILiii 34>4>eKT HeKOrepeHTIILIH 34>4>eKT 

ECJJH a cyMMY BKJJIOliHTb Bee liaCTHUbI, TO OTKJJOHeHHe 6y.n.eT 

Xe = X - L ,\xi ~ x - ,\ L Xi 
8 8 

(.llJi.H rrpoMe.>KyTOliHOro HMIIYJJbCa B KHKepe). 

Cpe.n.Hee OTKJJoHeHHe qacTHU 

(HMeHHO 3Ta BeJJHliHHa H3Mep.HeTC.H IIHKaIIOM), Tor.n.a Xe = X - ,\Ns(X)s = X -
- g(x) 8 , r,lle 9 = ,\Ns - K03<pq>HUHeHT <<YCHJJeHH.H» ( <<IIO,llaBJJeHH.H») YCHJJHTeJJ.H. 

EcJJH t:::..x = Xe - x, TO t:::..x = -g(x)s, g = -1::::..x/(x)s, g ~ Nsf::::..X, TO MO.>KHO 

nerKO oueHHTb BpeM.H OXJJa.>KJ],eHH.H. 

flpe,llIIOJJara.H HHTYHTHBHO, liTO He HY.>KHO OXJJa.>K,llaTh 60JJbIIIe tieM Ha BeJJHliH

HY X, YBHJJ.HM, liTO a TaKOM cnyqae BeJJHliHHa g ~ 1. flyCTb g = 1, H a pesyJJbTaTe 
1 · X 

(x)s = N LXi, OcTaBHM TOJJhKO OJJ.HH KOrepeHTHhIH tIJJeH (x) 8 ~ N . Tor,lla 
8 8 

1 
f::::..x = Xe - x = --x. 

Ns 

Ms o6mHx coo6pa.>KeHHH 

1 1 dx f::::..x 1 
- =--- =>-- = -
Tn xdn xl::::..n N 8 

sa o6opoT, T. e. 

HJJH 
1 1 - = Jo-. 
r No 

3TO oueHKa <<CBepxy,> ,llJJ.H g = 1, T. e. c ytieTOM T0JJhKO KorepeHTHhIX KOJJe6aHHH. 

flepeXO,ll K ytieTy HeKorepeHTHbIX tIJJeHOB - ,llOBOJlbHO CJJO)KHblH rrpouecc. Ott 

COCTOHT B aHaJJH3e H3MeHeHH.H He cpe,llHHX OTKJJOHeHHH t:::..x/x, a cpe,llHeKBa.n.pa~ 

THliHblX OTKJIOHeHHH no cpopMyJJe 

1 _ 1 f::::..x;ms _ 2W ( 2 2) 
- - - JO 2 - - g - g 
Tx2 Xrms N 
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( cpaBHHM npH g = 1, KOr.z:r,a 6y.z:r,eM HMeTb HaH6oJiee npocTyIO q>OpMyJiy: I /r = 
= 2W/N). 

l1MeeM 

I [ I ] 
2 

~ (x
2

) = x~ ~ -2gx Ns LXi + 9 Ns LXi 
TTpH 9TOM qJieH <<291> - yqeT KOrepeHTHoro ,!J,BH)KeHHH, a g2 - yqeT HeKorepeHT

HbIX qJieHOB. BH.z:r,HO, qTQ HaJIHqHe KBa.z:r,paTHqHoro qJieHa g2 yBeJIHqHBaeT BpeMH 

OXJia)K.z:r,eHHH. 

Tenepb paccMOTpHM 9q>cpeKTbl, HCKa)KalOW,He 9TY H.z:r,eaJibHYIO KaprnHy. 

TTepBoe, qTQ MewaeT, - 9TO wyM. OcHOBHaH npHqHHa wyMa - HeH.z:r,eaJibHOCTb 

ycHJIHTeJIH. BbICOKoqaCTOTHblH wyM, KOTOpbIH, KaK HCHO H3 o6w,Hx coo6pa)KeHHH, 

HMeeT npaKTHqecKH 6eCKOHeqHyIO lllHpHHY IlOJIOCbl nponycKaHHH (W - 00)' 

MO)KeT CHJ!bHO BJIHHTb Ha CHCTeMy . .llpyraH npHqHHa wyMa - BtI-wyM caMoro 

nyqKa. CHrnaJI, no.z:r,aBaeMbIH Ha KHKep, nponopuHoHaJieH ~ (x)8 • EcJIH nepeHTH 

B qacTOTHbie paccMOTpeHHH (a Bee 9JieKTpOHHble CHCTeMbl qacTOTH0-3aBHCHMbie, 

H 9TOro He H36e)KaTb), TO HCHO, qTQ ycHJIHTeJib ,!J,OJI)KeH BbI,!J,eJIHTb H3 CHrHaJia 

TTK (nonoca nponycKaHHH KOTOporo TO)Ke CTpeMHTCH K 6ecKOHeqHOCTH) qacTOTbl, 

CBH3aHHbie C KorepeHTHbIM ,!J,BH)KeHHeM. 51cHO, qTo qacTOTHbIH cneKTP ny,rna 

npe.z:r,cTaBJIHeT co6oH OCHOBHbie rapMOHHKH nfo IlJIIOC pacw,enJieHHH (n ± v) Jo Ha 

6eTaTpOHHbie KOJie6aHHH. Ho Ha caMOM .z:r.ene BCH qacTOTHaH noJioca <<3anOJIHeHa>> 

qacTOTaMH, CBH3aHHblMH C KOJie6aHHHMH OT.z:r,eJibHbIX qacTHU (TaK Ha3bIBaeMbIH 

Schottky-noise). 

Ha npHHUHnHaJibHOH cxeMe OXJia)K.z:r,eHHH 9TO MO)KHO npe.z:r,cTaBHTb TaKHM 

o6pasoM: 

Xn~IIlYM 

l1 cpopMyJia ,!J,JIH OXJia)K,!J,eHHH nepexo.z:r,HT B 

I 2W [ ] -:;:= N 2g-g2(I+U), 

r.z:r.e u - OTHOllleHHe (<lllyM/ClffHaJI>>, T. e. 

E (x~) 
E ((x)~). 

HeKOTOpbie CJie.z:r,CTBHH H3 9TOH cpopMyJibl. 

TTycTb u » I, T. e. rnyM HBHO 60Jibllle CHrHaJia. Tor.z:r,a 9KCTpeMyM no g 6y.z:r,eT 

npH g = } / (} + U) H 3HaqeHHe cpyHKUHH B ToqKe 9KCTpeMyMa 

I I --~-
1 +U U' 

I 2W 
H -~-

T NU' 
I 

H g~ u· 
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3TO O3HatiaeT, llTO JI.am:e B 9TOM eJiyqae eHeTeMy MO.>KHO OXJiaJI.HTb, eeJIH eJI.e
JiaTb TeMn noJJ,aBJieHHH MaJieHbKHM ( ~ I /U) H BpeMH OXJia.>KJJ,eHHH 60Jibll1HM 
(~ NU), .T. e. eeJIH He MeillaTb eHeTeMe eHJibHO, TO OHa eaMa OXJiaJJ,HTeH. Ho 
eeJIH I + u = 2/g, TO T - 00, H 9TO orpaHHlleHHe He eOOTBeTeTByeT OTHOIIle
HHIO «illyM/eHrttaJI>>. B nepBbIX 9KenepHMeHTax no OXJiam:JJ,eHHIO aHTHnpOTOHOB B 
UEPH seJIHtIHHa U 6b1Jia ~ I 06 . 9To 6bIJIO eJJ,eJiaHo Ha HaKonHTeJie ISR npH He
noJib3OBaHHH eToxaeTHlleeKoro OXJiam:JJ,eHHH, BpeMH .>KH3HH nytIKa npH6JIH)KaJioeb 
K HeJJ,eJie (!). · 

Eme O)1,HH Ba)KHb!H MOMeHT. Mb! etIHTaJIH, llTO y Hae eeTb TeeTOBbie qaeTHl.lbl, 
KOTOpbie onpeJI.eJIHIOT eHrnaJI nK, JI.aJiee yeHJIHTeJib BbIJJ,eJIHeT HeKOTopyro npo6y 
H3 nytrna, Ha KOTopyro B03)1,eHeTByeT nonepetIHblH HMnyJibe. Bee 9TO npoHeXOJJ,HT 
JI.OBOJibHO JJ,OJiroe BpeMH. noeKOJibKY Mb! noJJ,pa3yMeBaeM, llTO 6epeM JI.OeTaTOllHO 
eJiyllaHHb!e TeeTOBbie qaeTHU,bl, B03JI.eHeTByeM Ha HHX, TO eaM npoueee B03)1,eH
eTBHH HapyII1aeT 9TOT eJiytiaHHb!H npoueee. EeJIH OHH 6e3 H3MeHeHHH nOJJ,OHJJ.YT K 
nK Ha eJieJJ,yromeM o6opoTe, TO eHrnaJI e nK 6yJI.eT paBHHTbeH HYJIIO, noeKOJibKY 
(X)s = 0, HO pa36poe B nytIKe eoxpaHHTeH. 

5IeHo, llTO H BTopoti: II1ar KoppeKl.lHH HH K qel\1y He npHBeJJ,eT. Ha caMOM JJ,eJie, 
eaMo eymeeTBoBaHHe pa36poea eHHMaeT 9TY npo6JieMy, H6o H3-3a Hero (H H3-3a 
eneu.mpHKH yeKopHTeJIH) npoHeXOJJ.HT nepeMeillHBaHHe qaernu. TTepeMeillHBaHHe 
HJI.eT 3a etieT pa36poea napaMeTpOB B OJJ,HOH npo6e H BOenpHHHMaeTeH eHeTeMOH 
KaK illyM. EeJIH Mb! qepe3 M o6opOTOB npo6bi BoenpHHHMaeM ee, HanpHMep, KaK 
qaernu.y e Ap/p = 0, T. e qaernu.a, HMeIOmaH JJ.pyroti: HMnyJibe, s TetieHHe N 
o6opoTOB He Bb!XOJI.HT H3 pem:HMa pa60Tbl eHeTeMbl, HaeTpoeHHOH Ha Ap/p = 0, 
TO HeHO, llTO 9TO npHBeJI.eT K yseJIHlleHHIO BpeMeHH OXJiam:JJ,eHHH B M pa3 . 

.llpyroti: MexaHH3M nepeMeUIHBaHHH - <<npoCKaJib3bIBaHHe>> no cpa3e Ha yqaeT
KaX nK-KK H KK-TTK. nepBbIH 9cpcpeKT OTPHl.laTeJibHb!H, noeKOJibKY OH yBeJIH
llHBaeT tIHeJIO qaeTHll, eKoppeKTHpoBaHHbIX He onTHMaJibHblM enoeo6oM, a BTOpOH 
9cpcpeKT nOJIO.>KHTeJibHblH, TaK KaK OH npHBOJI.HT onHTb K eJiytiaHHOMY BbI6opy 
TeeTOBb!X qaeTHl.l Ha KHKepe. HaM HaJJ,O JJ,06HBaTbeH TaKOH eHTyauHH, 1IT06bi Ha 
yqaeTKe KK-TTK 6b1JI0 xopoII1ee nepeMeillHBaHHe, a Ha yqaeTKe TTK-KK - MaJioe 
nepeMeurnsaHHe. 

CHJII,Hoe 
nepeMeIIIHBaHHe 

KK 

IIK 

Manoe 
nepeMemHBaHHe 
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EcJIH BBeCTH K03cpqrnu.HeHT nepeMellrnBaHHH M' CBH~HHblH C pa36pocoM, H 

M - nepeMellIHBaHHe, CBH3aHHOe C npocKaJib3bIBaHHeM, M = .6.TnK/TKK, TKK -
,!J.JIHHa HMilYJibCa KHKepa, a .6.TnK - pa3HHU.a BO BpeMeHH H3·3a pa3HOCTH cpa3, 

TO MO:>KHO HanHcaTb OKOHtJaTeJibHYIO cpopMyJiy ,!J.JIH speMeHH OXJia:>K,!J.eHHH: 

Tenepb 

~=
2
: [2g(1-M2)-l(M+u)]. 

t -M2 

9onr = M + U H .!. = 2w ( ( 1 - M
2 )2) . 

T N M+U 

.·. OnTHMYM .n.ocTHraeTcH npH cJie.n.y10mHx cooTHOllleHHHX: M = 0, M = 1, 
U =, 0, 1/T = 2W/N, HanpHMep: W = 250 Mfu., N = 5,0 • 108, Tor.n.a T = 

· • 5 0 • 108 

= 
2 

. '2,5 . 10s = 1 C . .llJIH N ~ 1013 
npoTOHOB speMH OXJia:>K,!J.eHHH T ~ 1 cyT. 

. AHaJIOrH"IHO paccMaTpHBaeTCH H paCC"IHTbIBaeTCH OXJia:>K,!J.eHHe npo,ll.OJibHOro 

pa36poca. ToJibKO 3,!J.eCb TPY.D.Hee H3MepeHHH H HCilOJIHHIOIUHM 3JieMeHTOM HBJIH· 

eTCH B4-3a3op. 

I1 a 3aKJIIOtJeHHe no 3TOMY MeTO.n.y oxJia:>K.n.eHHH npHse.n.eM cpaBHHTeJibHYIO 

Ta6JIHU.Y .D.JIH ycTaHOBOK co cToxacTHtJecKHM oxJia:>K.n.eHHeM: 

YcTaHOBKa fo.n. 
1.JHCJIO '18CTHU, w, rru oxJia)K,D.. B ceKyH.D.Y 

ISR 1975-1977 105 0,1 

ICE 1978 105-106 0,25 

AA 1978 106-107 1 

T3BarpoH 1985/1986 107 -108 2 
l1cTO'IHHK aHTHnp0T0H0B 

,ll.JIH SSC (20 T3B) 1010 4 

3TOMY MeTO.n.y OXJia:>K.n.eHHH TPY.ll.HO HaHTH <pH3H'leCKYIO aHaJIOrHIO. HasepHoe, 

HaH6oJiee 6JIH3KaH K HCTHHe CJie.n.y10maH: ycHJIHTeJib BbICTynaeT B pOJIH pe30· 

HaHCHOH Harpy3KH ,!J.JIH nytJKa, nytJOK Ha 3TOM conpOTHBJieHHH pacceHsaeT CBOIO 

3HeprHIO Ha tJaCTOTax, CBH3aHHblX co cJiytJaHHblM KOrepeHTHbIM OTKJIOHeHHeM. 

TTpH 3TOM ny'IOK TaKHM OTKJIOHeHHeM HaCTpaHBaeT YCHJIHTeJib·pe3HCTOp Ha Kore

peHTHYIO 'laCTOTy. 

2. 3JieKTpOHHOe OXJia:m:.a.eHue. 3TOT cnoco6 6bIJI npe,ll.JIO:>KeH r. 11. By.n.-

KepoM a 1966 ro.n.y, H nepBbie 3KCnepHMeHTbl 6bIJIH npose.n.eHbl a HoBOCH6HpCKe 

s 1151<1> CO AH CCCP. TToroM OH 6bIJI nposepeH B UEPH, s Jla6opaTOpHH 

HM. 3. <l>epMH. Ero npHHU.HnHaJibHaH cxeMa: 
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IlpOTO!ll.l 

lfo!ll.l 

YcJIOBHH (Ve) = (Vi), Te~ (M/m)~ « ~. HO (V~) ~ (Vf}. 

73 

B 3TOM cnoco6e MO)KHO HatiTH TO'rny10 q>H3H'IecKy10 aHaJiorn10 H3 KHHeTH'Ie

cKoti TeopHH ra3a. Tipe.n.cTaBHM ,LI.Ba ra3a C pa3HOH TeMnepaTypoti B O.ll.HOM KOH

TeHHepe. HCHO, 'ITO HX B3aHMO,ll.eHCTBHe npHBO,ll.HT K BbipaBHHBaHHIO TeMnepaTyp, 

HO B HarneM CJiytiae O.ll.HH ra3, 6oJiee XOJIO,ll.Hb!H BHatiaJie, - 3JieKTpOHbl - Mb! 

MO)KeM BbIBecTH H3 3TOfO KOHTeHHepa H IlOMeCTHTb B Hero CJie.n.y10my10 nopUHIO 

XOJIO.ll.HOfO ra3a H T • .n.. 

TipoCTbie COOTHOllleHHH: 

v:;rms = {;;;i_(Vl) = ✓ m (V:2) = ✓ m V,rms ·= _!_ ✓ I v:rms 
i V \ v { M e M e 43 A e ' 

3,ll.eCb A - aTOMHb!H HOMep HOHa. TaKHM o6pa30M, B q>HHaJie pa36poc CKOpOCTeH 

HOHa 6y.n.eT 3Ha4HTeJibHO MeHbllle pa36poca CKOpocTeH 3JieKTpoHa. ECTb eme O,ll.Ha 

xopornaH q>H3H4eCKaH aHaJIOrHH. Tiepeti.n.eM B CHCTeMy KOOp,ll.HHaT, CBH3aHHYIO C 

nytIKOM, (Ve) = (Vi)- Tor.n.a C'IHTaeM, 'ITO pa36poc 3JieKTpOHOB MaJI, H CetieHHe 

3JieKTpOHHOro nytIKa B co6cTBeHHOH CHCTeMe MO)KHO npe.n.CTaBHTb KaK 

B TO BpeMH KaK HOHbl coxpaHHIOT CBOH nonepetIHb!e CKOpOCTH H B cetieHHH 

3JieKTpOHHO-HOHHOro nyIIKa HMelOT BH.ll. 
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l10Hhl pacce11BaIOT CBOIO nonepe,rny10 3HeprnIO Ha <<HenO,!I.BIUKHh!X>> 3JieKTpo

Hax. 11cxo.n.H 113 3TOH MO,!I.eJIH, pacctrnTaeM BpeMH 3JieKTpOHHOro OXJia)K,!I.eHHH B 

CHCTeMe KOOp,!I.HHaT, r.n.e HOH IlOK0HTCH 11 Ha HeM pacceHBaeTCH 3JieKTpoH: 

0 w' 

w=Ve-Vi 

Cpe.n.HHH HMnyJihC, nepe.n.aHHhIH HOHY 3a BpeMH dt, ecTh 

-dp = W · dn · 5(0, W)dOdt ·.m (W' - W), 

3.U.eCb dn = r,J (Ve) d3Ve, n - nJIOTHOCTh 3JieKTpOHOB (o.n.Hopo.n.HaH), f (Ve) -
cpyHKIJ,HH pacnpe.n.eJieHHH 3JieKTp0H0B no CKOpOCTHM, 5 (0, W) - .n.11cpcpepeHIJ,HaJih

HOe cel!eHHe pacceHHHH, dO - TeJieCHhIH yroJI B0Kpyr 0. 

OTc10.n.a Haxo.n.HTCH CHJia TOpMO)KeHHH F = - J !~ • dO • d3Ve, nocJie qero 

BpeMH OXJia)K,!I.eHHH onpe.n.eJIHTCH KaK 

~=I~ d:1 = 1:¼1-
,UaJiee Bh!KJ!a,!I.KH H,!I.eHTHllHhl TeopeMe Pe3epcpop.n.a ,!I.JIH pacceHHHH, Kp0Me 

O,!I.HOro M0MeHTa - BhI6opa MO,!I.eJIH cpyHKIJ,HH pacnpe.n.eJieHHH f (Ve), KOT0pyIO 

HeJih3H 6paTb B o6w.eM BH,!I.e. OKOHllaTeJihHO B Jia6opaTOpHOH CHCTeMe HMeeM 

7 
= ,y2Mm21rR_l_w (~) 

Z2e4 d nLL v;ms ' 
[ 

_1 3 

4 
½, ¼ > vrms 

W = 7r e 

3 T. 3/2 

2/20 (~) , ¼ < v;ms 

r.n.e 21rR - nepHMeTp K0J!bl.J,a; d - ,!I.JIHHa yqacTKa OXJia)K,!I.eHHH, nL - IlJIOTH0CTh 

B Jia6opaTOpHOH CHCTeMe, , 2 - nepexo.n. B Jia6opaTOpHyIO CHCTeMy, L - KYJI0H0B

CKHH JIOrapHcpM. 

TipHMep: Te= 0,2 3B, ¼ < v;ms, nL = 3 · 108 , L = 10, d/(21rR) ~ 0,05, 
, = 1, Z = 1, r ~ 40 C. 

OcHOBHbie xapaKTepHCTHKH BpeMeHH 0XJia)K,!I.eHHH: 

2 ~,, 1 ~ -d' 
~ ~-

'TlL 
~A, ~-z2· 

Tio3TOMY CBH3h 3HeprnH HOHa C napaMeTpaMH nyl!Ka HMeeT BH,!I. 
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3HeprmJ HOHOB 3HeprnH 3JJeKTpOHOB 

Ci, M.3B/HyKJIOH ce, K.3B 

1 0,5 
10 5,4 

100 54 
500 272 
1000 545 

EcJIH roBOpHTb 06 OXJiaiKJl,eHHH TOJibKO MHorosap.HJI.HhIX HOHOB, TO Jl,JI.H Bpe

MeHH OXJiaiKJl,eHH.H T JI.06aBJI.HeTC.H ew.e OJI.HO ycJIOBHe: T < TpeKOM' 3Jl,eCh TpeKOM -

BpeM.H H3MeHeHHH HOHOM co6CTBeHHOro sap.HJI.a Ha HOHax OCTaTO'-IHOrO rasa HJIH 

Ha 3JieKTpoHax oxJiaiKJ1,arow.ero nyLIKa. 

3. Jlaaepuoe oxJiaJK)l;eHHe. 3ToT cnoco6 6bIJI npeJI.JIOiKeH IT. lliaHHeJIJieM B 

1981 fOJI.Y, a B 1988 roJl,y 6hIJI BnepBbie 3KCnepHMeHTaJibHO npoJI.eMOHCTpHpOBaH. 

CyTh 3Toro MeTOJl,a BKpanr.e COCTOHT B CJieJl,yrorn.eM: HOHbl, HMerorn.He 3JieK

TpOHHYIO o60JIO'-IKY, 06JiaJ1,a!OT '-IaCTOTHbIMH CBOHCTBaMH. IlycTh HOH HaXOJl,HTCH B 

CTa6HJibHOM COCTO.HHHH, HJIH, npaBHJibHee, B MeTaCTa6HJibHOM, H HMeeT onpeJ1,e

JieHHOe pacnpeJI.eJieHHe 3JieKTpOHOB no o6oJIO'-IKaM (ls, 2s, lp H T. JI..). HasoBeM 

3TO cocTOHHHe A. Tenepb, ecJIH HaJieTaIOW.HH Ha HOH cpoToH c 3Heprneii hw 
o6ecneLIHBaeT pasHHUY MeiKJI.Y A H JI.pyrnM MeTacTa6HJihHhIM cocTOHHHeM B, TO 

TaKoH cpoToH nornorn.aeTCH. IlpH 3TOM HOH noJiyqaeT HMnyJihC OTJI.a'-IH. CocTOHHHe 

B He a6cOJIIOTHO CTa6HJibHO H HOH H3Jiy'-IaeT (pOTOH, nepexOJl,H B COCTOHHHe A, HO 

H3JiyLiaeT uaomponno, H ero HMnyJihC coxpaH.HeTCH. 

EcJIH HOHbl npocBe'-IHBa!OTCH Jia3epHblM CBeTOM TTOJI, YrJIOM 0' TO HOHbl <<'-IyB

CTBYIOT>> '-IaCTOTY (pOTOHOB KaK 

w' = 1w (1 - f3cos0), 

rJI.e /3 = Vo/c, w' - w - JI.OnJiepoBCKHH CJI.BHr 11 w' = WAB· 

PaccMarp11BaeM TOJlbKO np.HMOJIHHeHHOe Jl,BHiKeHHe. l10Hbl HMe!OT o6rn.ee Ha

npaBJieHHe Jl,BHiKeHHH TTJIIOC pas6poc B npOJI.OJibHOM Jl,BHiKeHHH, T. e. Vo ± b. V, 
CJieJl,OBareJibHO, OHH no-pa3HOMY <<BHJl,HT>> qacrory Jia3epa wo ± b.w. 
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lllHpHHa qacTOThI Jiasepa MHoro MeHhrue, lleM .11.onJiepoBcKaH rnHpHHa. EcJIH B 

aTOMe eCTb COCTOHHHH, .11.JIH KOTOpb!X 3HeprnH nepeX0.11.0B COOTBeTCTByeT l:::,.w, TO 

HOHbl 6y.11.yT noJiyqaTb COOTBeTCTBYJOIUHH HMTTYJibC, nponopu,HoHaJibHb!H qacTOTe 

4JAB, BX0.11.HIUeH B l:::,.w. 
l13MeHeHHe qacTOTbl Jiasepa BHYTPH o6JiaCTH .11.onJiepoBCKOH WHpHHbl l:::,.w COOT

BeTCTByeT <<CKaHHpOBaHHJO>> JiasepoM 3TOH WHpHHbl. 11 Jiasep, no.11.06HO CHe)KHOMy 

nJiyry, BhmHpaeT nepe.11. co6oH BCe HOHHhie CKOpOCTH. IlpH 3TOM cpe.11.HHH CKOpOCTb 

HOHOB <<C.11.BHraeTCH>> B TelleHHe BpeMeHH OXJia)K.11.eHHH. BpeMH OXJia)K.11.eHHH - 3TO 

BpeMH HaXO)K.11.eHHH HO Ha B MeTacTa6HJibHOM COCTOHHHH B. EcTb orpaHHlleHHe Ha 

HHTeHCHBHOCTb H Ha BpeMH o6JiylleHHH JtasepoM. 

HecMOTpH Ha 60JibWHe .11.0CTOHHCTBa 3TOf0 MeTo.11.a - MaJib!e BpeMeHa OXJia

)K.11.eHHH H OXJia)K.11.eHHe qacTHU .11.0 CBepXHH3KHX TeMnepaTyp (.11.0CTHrHYTO .11.a)Ke 

TaK Ha3bIBaeMoe KpHCTaJIJIHlleCKOe COCTOHHHe nyl!Ka), .11.0CTaTOllHO OlleBH.11.Hhl H 

He.11.ocTaTKH. 3TOT MeT0.11. npHMeHHM TOJlbKO .11.JIH HeCKOJibKHX copTOB HOHOB, .11.JIH 

KOTOpb!X eCTb Heo6X0.11.HMb!e Jia3epbl C Tpe6yeMb!MH .11.JIHHaMH BOJIH. 11 BTOpoe -

3TOT MeT0.11. 3cpcpeKTHBeH .11.JIH nyllKOB C HH3KHM pas6pocoM no CKOpOCTHM, T. e. 

nyllOK .11.0JI)KeH 6b!Tb npe.11.oxJia)K.11.eH, HanpHMep, 3JieKTpOHHb!M OXJia)K.11.eHHeM. 

B 3aKJIJOlleHHe MO)KHO npHBeCTH cpaBHHTeJibHYJO Ta6JIHUY .11.JIH pa3Hb!X Me

T0.11.0B OXJia)K.11.eHHH, HCilOJih3yeMh!X B COBpeMeHHb!X YCKOpHTeJibHb!X KOMilJieKcax. 

B TOM llHCJie B Ta6JIHUe npHBe.11.eHhl TaK)Ke xapaKTepHCTHKH CHHXpOTpOHHOro 

(pa.11.HaUHOHHOfO) OXJia)K.11.eHHH. 

MeTO.ll. oxJJa)K.ll.eHHH 

ITapaMeTp CToxacTH- 3neKTPOHHoe CHHxpo- Jla3epHoe 
t.JeCKOe OXJJa)K.ll.eHHe TpOHHOe OXJJa)K.ll.eHHe 

OXJJa)K.ll.eHHe H3JJyt.JeHHe 

CopT t.Jacrnu. JlI06bie J10Hbl e+,e- HeKOTOpb1e 
copTa HOHOB 

ITpe.ll.IlOlJTHTeJJbHaH Cpe.ll.HHH, Bh1coKaH, 
CKOpOCTb OXJJa)!{- Bb1coKaH 0,Ql ~ J3 ~ 0,1 1 ~ 100 JlI06aH 
.ll.aeMbIX t.JaCTHU. 

11HTeHCHBHOCTb nyt.JKa HH3KaH JlI06aH JlI06aH JlI06aH 

BpeMH oxna)!{.ll.eHHH N · 10-B c 1-10-2 C 10-3 C 10-4-10-5 C 

HaH6onee Y.ll.06HaH 
Hat.JaJJbHaH TeM- Bb1coKaH HH3KaH JlI06aH HH3KaH 
nepaTypa nyt.JKa 



HOBbIE METOJJ;bl YCKOPEHIUI 

KoAJte1emuBHbte Memoabt yc,copeHUJl. KozepeHmHbte Memoabt yc,copeHuJt. Ae
mopesoHaHcHoe yc,copeHue 

HOBbie MeTO,n:bI ycKopemrn - 3TO MeTOJl:bl, HOBbie He B CMb!CJie apeMeHI-{, 

a B CMb!CJie rrpHHU:HIIa HCIIOJ!b30B3HHH IIOJieH IIJIOTHb!X 3apmKeHHb!X crycTKOB 

HJIH IIOJieH, B03HHK3l0lll,HX rrpH B331-!MO,n:eHCTBHH TaKHX cryCTKOB, Jl:JIH ycKopeHHH 

lJ3CTHU: (a OTJ!HtJHe OT <<KJiaCCHtJeCKHX>> MeTOJl:OB, B KOTOpb!X HCIIOJ!b3yeTCH IIOJie, 

C03,n:aaaeMOe BHellIHHMH HCTOlJHHKaMH). ITo apeMeHH <<pO)K,n:eHHH>> OHH OTHOCHTCH 

K 1956 ro,n:y. 11MeHHO B 3TOM ro,n:y Ha o,n:HOH 1-13 rrepBblX KOH<pepeHU:HH ITO ycKo

pHTeJIHM 3apH)KeHHb!X qacrnu: (B )KeHeBe) COBeTCKHe <pH3HKH-ycKop1-1TeJiblll,HKH 

B.11. BeKcJiep, H. E. <t>aii:H6epr 1-1 r.11. Ey,n:Kep BbICTyrrHJIH c ,n:oKJia,n:aMH, a KoTo

pbIX 6bIJIH H3JIO)KeHbI HOBbie rrpHHU:HIIbI. OcHOBHOH BKJia,n: a 3TY rrpo6JieMaTHKY 

BHec B.11. BeKCJiep, I{ 3TO 6bIJIO rropa3HTeJibHO. <<OTeU:>> aBTO<pa3HpOBKH, ,n:oKa3aB

llIHH ee rrpaaHJibHOCTb co3,n:aH1-1eM cHHxpo<pa3oTpoHa Ha 10 r 3B - KpyrrHeii:weii: 

B TO apeMH MallIHHbl, rrpe,n:JIO)KHBllIHH u:eJibIH pH,n: cxeM ycKopeHHH I{ OTKpbIBllIHH 

TeM caMb!M, Ka3aJIOCb 6bI, 6eCKOHetJHb!H rryTb pa3BHTHH 3THX MallIHH, Bb!CTYIIHJI 

c HHHU:HaTHBOH rrepeCMOTpeTb caM rro,n:xo,n: K rrpo6JieMaM ycKopeHHH. 3TO 6b!JIO 

HeIIOHHTHO H <paHTaCTHlJHO, H, KaK IIOKa3aJIH IIOHBHBWHeCH II03,n:Hee MeMyapbl 

H3BeCTHb!X JIH,n:epoa B o6JiaCTH ycKop1-1TeJieH, Ha,n: HHM He CMeHJIHCb TOJ!bKO 

IIOTOMY, 'ITO era aBTOpHTeT 6b!JI CJIHllIKOM BeJIHK. 

B tJeM BeKcJiep a1-1,n:eJI He,n:ocTaTKH <<KJiacc1-1qecKoro,> ycKopeHHH? B rrepayIO 

oqepe,n:b B TOM, 'ITO o6JiaCTb, B KOTOpOH tJaCTHU:a rrp1-106peTaeT 3HeprnIO, Ma

Jia rro cpaBHeHHIO co aceii: o6JiacTbIO y,n:ep)KaHHH tJaCTHU:bI. Bo3bMeM JII06oii: 

U:HKJIHtJeCKHH yCKop1-1TeJib - o6JiaCTb 3a3opa Bll-rroJIH, r,n:e rrpo1-1cxo,n:1-1T Ha6op 

3HeprnH, I{ BCH o6JiaCTb BaKyyMHOH KaMepb!, orrpe,n:eJIHeMaH IIOBOpOTOM tJaCTHU:bl 

Ha 21r (a B 3TOH o6JiaCTH Heo6xo,n:HMO C03,n:aaaTb y,n:ep)KHBaIOlll,He MarHHTHbie 

IIOJIH) - HecpaBHHMb!e BeJIHlJHHbl. 3TO COOTHOWeHHe pa3MepoB o6JiaCTeH rra,n:aeT 

C poCTOM 3HeprnH. B JIHHeHHb!X ycKopHTeJIHX MaKCHMaJibHOe 3HatJeHHe TaKoro 

COOTHOWeHHH IIOJIYtJHTb y,n:aJIOCb, HO, TeM He MeHee, OHO COCTaBJIHeT He 60Jibllie 

tJeM OJl:HH K ,n:ByM. 11 BTOpoe HeMaJioBa)KHOe o6cTOHTeJibCTBO - orpaHHtJeHHe Be

J!HlJHH aMIIJIHTYJl: 3JieKTPHtJeCKOro H MarHHTHOro IIOJieH, C03,n:aaaeMblX BHellIHHMH 

HCTOlJHHKaMH. EcJIH IIOCMOTpeTb Ha CHJ!bl KyJioHa, KOTOpb!e rrporropu:HoHaJibHbl 

rv e2 I R2' TO 3TH CH JI bl MoryT 6bITb OtJeHb BeJIHKH I{ cymecTBYIOT TOJ!bKO TaM, 

r,n:e Haxo,n:HTCH tJaCTHU:bl. KaK pa3 3TH ,n:Ba o6cTOHTeJibCTBa He ,n:aIOT (<CIIOKOHHO 

crraTb>> ycKOpHTeJiblll,HKaM. B TO apeMH, B 1956 ro,n:y I{ II03,n:Hee, rrpe,n:JIO)KeHHH, 

rrpo3ayqaaw1-1e Ha KOH<pepeHU:HH, OCTaJIHCb TOJ!bKO rrpe,n:JIO)KeHHHMH. ITpo OJl:HY 
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H3 npwrnH Mb! y:>Ke CKa3aJrn: CJ!HllIKOM cpaHTaCTHtIHO 6b!Jl0 Bee CKa3aHHOe no 

cpaBHeHHIO ~ TOH (<CHHHUeH>>, KOTOpaH y)Ke 6bJJia (<B pyKaX>>, a BTopaH npHtIH

Ha COCTOHJia B TOM, 'ITO npe)J,JiaraeMbie MeTO)J,bl npe)J.noJiaraJIH HCnOJib30BaHHe 

JJ.BYXKOMnoHeHTHblX o6pasoBaHHH (qacTHUbl JJ.BYX sapHJJ.OB), T. e. nJiasMeHHblX 06-

pasoBaHHH, a nepHO)J, 1950-1960-x ro)J,OB 6bIJl nepHO)J,OM CTpawHoro necCHMH3Ma 

no OTHOWeHHIO K nJia3Me H3-3a OTKpb!THH pa3JIHtIHOro THna HeycTOHtIHBOCTeH 

B nJiasMe H Hec6b!BllIHXCH Ha)J,e:>K)J, Ha 6bICTpoe noJiytieHHe 3HeprnH Ha OCHOBe 

TepMOHJJ.epHoro CHHTesa. I1 TOJlbKO B 1960-e rO)J,bl HatiaJIOCb 3KcnepHMeHTaJibHOe 

(To:>Ke, B ocHOBHOM, 6JiaroJJ.apH OnTHMH3MY H 11so6pernTeJibHocrn B. H. BeKCJiepa) 

MO)J,eJIHpoBaHHe HOBb!X MeTO)J,OB. A r)J,e-TO B KOHUe 1960-x rO)J,OB npOH30llieJI 

6yKBaJibHb!H (<B3pbIB>> B o6JiaCTH CHJibHOTO'IHb!X ycKopHTeJieH (HMnyJibCHblH TOK 

10.KA - 1 MA), nyqoK KOTOpbIX o6Jia)J,aeT rnraHTCKOH HMnyJibCHOH MOllJ.HOCTblO. 

3m ycKopHTeJIH nopoJJ.HJIH ueJibIH pHJJ. cxeM, npeJJ.JIO:>KeHHH. I1 TpeTbe HanpaBJie

HHe C03)1,aHHH ycKopHTeJieH, OCHOBaHHblX Ha HOBb!X npHHUHnax, - HCnOJib30BaHHe 

MOW.Hb!X JiasepHblX nytIKOB. 

BepHeMCH K npeJJ.JIO:>KeHHIO B. H. BeKcJiepa H ero KOJIJier. 

TTpeJJ.CTaBHM ce6e crycTOK 1-IaCTHU 0)1,HOro sapSI)J.a (3JieKTpOHOB), H nyCTb B 

HeM HaXO)J,HTCH 0)1,HH HOH, KOTOpb!H yJJ.ep:>KHBaeTCH CHJIOH KyJioHa. 3JieKTpOHHb!H 

crycTOK, ycKopeHHb!H BO BHewtteM noJie no HanpaBJieHHIO z, npHo6peTaeT CKO

pOCTb ½,e H 3Heprnl0 ~ ,11, 

1 2 
'YII = -;::====-, Ee = moc ,11. 

✓• - v2 /c2 z,e 

EcJIH HOHbl yJJ.ep:>KaTCH B npouecce yCKopeHHH, TO ½,i = ½,e H 

2 1 . 2 M 3 
Ei =Mc-;::===== Mc ,11 =Ee-~ 1,8 · 10 Ee. 

✓• _ v2.;c2 mo 
Z,t 

BeKcJiep HasBaJI 3TOT cnoco6 KOJIJieKTHBHbIM. TTpaBJJ.a, OH coJJ.ep:>KHT BHYT

pettHee npoTHBOpetIHe, TaK KaK npe)J,nOJiaraeT HCnOJib30BaHHe KYJIOHOBCKOH CH

Jlbl, yJJ.ep:>KHBaIOW.eH HOH ~ e2 N / a 2 , HO TaKaH :>Ke pacTaJIKHBaIOW.aH CHJia 6yJJ.eT 

)J,eHCTBOBaTb Ha 3JieKTpOH Ha KpalO crycTKa, H, tIT06bI coxpaHHTb 3TOT crycTOK 

nJIOTHb!M, HY)KHO HMeTb yJJ.ep)KHBalOW.He crycTOK CHJ!bl TaKOro )Ke nopHJJ.Ka, 'ITO H 

npHMeHHJIHCb 6b! npH ycKopeHHH HOHa. I1 TOr)J,a B03HHKaeT Bonpoc: KaK C03)1,aTb 

TaKHe nJIOTHOCTH? . 

O)1.HaKo H3 3Toro noJIO)KeHHH eCTb Bb!XO)J,. Ha TOH )Ke KOHcpepeHUHH 

f. I1. oy)J.Kep C)J,eJiaJI )J,OKJia)J,, pesyJibTaTbl KOTOporo 6b!JIH HCnOJib30BaHbl n03)1,Hee 

npH 3KCnepHMeHTaJibHOH peaJIH3aUHH KOJIJieKTHBHOro MeTO)J,a ycKopeHHH. 

B tieM COCTOHJIO npe)J.JIO)KeHHe r. H. oy)J,Kepa? TTpeJJ.CTaBHM llIHYP 3JieKTpOHOB, 

JieTHLUHX C peJIHTHBHCTCKOH CKOpOCTblO. 
CeqeHHe ny'IKa 

@ . . 
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Tor,n:a Ha 9JieKTpOH Ha Kpa!O urnypa 6y,n:yT ,n:etiCTBOBaTb CHJia KyJIOHa H CHJia 

Jlopem.i:a: 

e eN 1 
eE+-VB =? --. 

C a2 1l 
c:J>H3H'-leCKHH CMblCJI 1/,1 - yMeHhWeHHe CHJibi KyJioHa H3~3a MarHHTHO

ro crnrnBaHHH napaJIJieJihHhlX TOKOB. EcJIH B TaKoti WHYP ,n:o6aBHTh HOHOB 

Ni = No/,1, TO ny'-lOK 6y,n:eT HaXO,AHThCH B paBHOBeCHH H 6y.n.eT ,n:epi1<aTb caM ce-

6H. By,n:Kep yqeJI KOJie6aTeJihHhlH xapaKTep ,n:BH)KeHHH 9JieKTpoHoB BHYTPH wHypa 

H H3Jiy'-leHHe B TO'-lKaX IlOBOpoTa BeKTopa CKOpOCTH. B pe3yJihTaTe ,AHCCHilaUHH 

9HeprnH H3-3a H3Jiy'-leHHH B TO'-lKax IlOBOpOTa pa,n:Hyc WHypa a CTpeMHTCH K 

HYJIIO, a CHJia, ,n:etiCTBYIOil.{aH Ha qacTHUY Ha Kpa!O, CTpeMHTCH K 6ecKOHe'-lHOCTH. 

K CO)KaJieHHIO, BpeMeHa TaKOH ,AHCCHIIaQHH CJIHIIIKOM BeJIHKH H TaKoe COCTOHHHe 

paBHOBeCHH ,AOCTHrHYTO He 6b!JIO (xorn iIOIIhiTKH 6hiJIH). A H,AeH yMeHhIIJeHHH pac

TaJIKHBaHHH MarHHTHblM CTHrHBaHHeM 6hlJia peaJIH30BaHa B MeTO,AHKe ycKopeHHH 

C IIOMOilJ:hlO 9JieKTpOHHhiX KOJieQ. CrycTOK, THHYilJ:HH HOH, npe,n:c'raBJIHeT co6oti 

KOJibUO 9JieKTpOHOB BO BHeIIIHeM IIOJie. TToJie HapacTaeT BO BpeMeHH, npoHCXO,AHT 

KOM11peCCHH KOJihUa (o,n:HoBpeMeHHO C 6eTaTpOHHhlM ycKopeHHeM). TTJIOTHOCTb 

9JieKTpOHOB B KOJibQe COOTBeTCTBeHHO B03pacTaeT. 

I1oHbi 3axBaTb1BalOTCH B KOJibUO, IIOCJie qero CJie,n:yeT ycKopeHHe. TTpH 9TOM HOHbl 

Ha e,n:HHHUe ,AJIHHbi 11pH06peTalOT 9Heprnl0 

U ~ 10-4 Nez 
2RaA· 

3TOT MeTO,A 6h!JI peaJIH30BaH B OI15II1, H TeMII Ha6opa 9HeprnH 6b!JI 

~ 5-7 M9B/M. 

K CO)KaJieHHIO, .AJIHTeJihHoro BpeMeHH ycKopeHHH iIOJIY'-lHTh He y,n:aJIOCh. Ko

He'-lHO, K09qlqJHUHeHT Bh!HrpbiIIIa B 1,8 . 103 B peaJibHOM HCIIOJIHeHHH CHH3HJICH . 

r,n:e-TO ,AO 20 (H3-3a yBeJIH'-leHHH 9HeprnH 9JieKTpOHa B 1.L pa3 H yMeHbWeHHH 

cyMMapHoro 3apH,n:a KOJihUa B ZN) Ne pa3), HO, TeM He Mettee, B 9TOM ycKopHTeJie 

IIOJiyqeHHe, 3axBaT H ycKopeHHe HOHOB iipOHCXO,AHJIO TOJihKO 3a C'-leT co6cTBeH

Horo KYJIOHOBCKOro IIOJIH 9JieKTpOHaMH KOJihQa, T. e. H,AeH MeTO,n:a 6b1Jia peaJIH-

30BaHa. 
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BTopoH MeTOJI. CTpOHTCH TOJibKO Ha npHHUHnax peJIHTHBHCTCKOH KHHeMaTHKH, 

H ero cyTb MO.>KHO o6Hapy.>KHTb B 06w.0x cpopMyJiax Kypca JlaHJI.ay H JlHcpIIrnua 

(TOM II). TTycTb B Jia6opaTOpHOH CHCTeMe eCTb JI.Be tiaCTHUbl c HMnyJibC8MH P1, P2 
H 3HeprnHMH c 1, c 2 . TTepeiiJI.eM B cHcTeMy ueHTpa Mace. CKopocTb 3TOH cHcTeMbI 

V = (P1 +P2)c
2 

ct +c2 

TTycTb P 2 = 0. B 3TOH cHcTeMe qacTHUbI 6yJI.yT HMeTb HMnyJibCbI P 10 = -P20 
H 3HeprnH c10, C2Q. TTycTb 3TH JI.Be tiaCTHUbl CT8JIKHB8IOTCH. TTpocJieJI.HM 38 

BTOpOH qacrnueii. B CHCTeMe ueHTpa Mace (CTOJIKHOBeHHe ynpyroe) JI.BH.>KeHHe 

OJI.HOMepHoe . .Uo CTOJIKHOBeHHH 

p. _ m2 V 
20 - ✓ 1 - v2 / c2 

TTocJie CTOJIKHOBeHHH 

2 m2c 
H c2Q = ✓ 1 _ V2 / c2 

P
20 

= _ m2 V cos f 
Jl - V2/c2 

m2c
2 

cos f O < J < 1r /2. 
H c2Q = ✓ l _ V2 / c2 ' 

BepHeMcH B Jia6opaTOpHyro CHCTeMy H HaHJI.eM 3Heprnro 2-ii tiaCTHUbI 

, c20 - V P20 m2c2 + m2 V2 cos f 2 1 + (V2 / c2) cos f 
c2 = Jl - V2/c2 = (1 - V2/c2) = m2c 1 - V2/c2 

V = P1c
2 

= m1 Vi,1c
2 

c1 - c2 m,c2,1 + m2c2 ' 
'YI ;;:: 1, 

eCJIH m I >> m2, TO 

m1 Vi,1 , 2 2 V ~ --- ~ Vi H c2 = m2c , 1, 
mn1 

2 2 ~ m2c 'Y1, 

3TO peJIHTHBHCTCKHH 38KOH H3MeHeHHH 3HeprHH: npH coyJI.apeHHH TH.>KeJIOH pe

JIHTHBHCTCKOH tiaCTHUbl C JierKOH nocJieJI.HHH npHo6peTaeT 3Heprnro, nponopuH

OH8JibHYIO KBaJI.paTy 3HeprnH HaJieTaIOllJ,eH tiaCTHUbl. 3TOT cnoco6 OCTaJICH Ha 

6yMare (6b1Jia cKpoMHaH nonbITKa peaJIH3OBaTb ero B CDI1AHe) H3-3a TPYJI.HOCTeH 

peaJIH38UHH ycJIOBHH ynpyroro B38HMOJI.eHCTBHH. 

,UaJiee B. I1. BeKCJiep o6paTHJI BHHMaHHe Ha CJieJI.yIOllJ.HH MOMeHT. l13BeCTHO 

H3JiytieHHe LJ:epeHKOBa. EcJIH CKOpOCTb tiaCTHUbl 60Jibllle cpa30BOH CKOpOCTH BOJIHbl 

B JI.8HHOH cpeJI.e, TO tiaCTHUa H3JiytiaeT H 3HeprnH H3JiytieHHH ,...__, q2, rJI.e q - 3apHJI. 

tiaCTHUbl. EcJIH nonbIT8TbCH o6paTHTb 3cpcpeKT? TTycTb cpeJI.a, HanpHMep nJia3Ma, 

HaJieTaeT Ha crycTOK tiaCTHU C 3apHJI.OM eN H CKOpOCTb cpeJI.bl 60Jibllle CKOpOCTH 

BOJIH, cnoco6HblX pacnpocTpaHHTbCH B TaKOH cpeJI.e, TOrJI.a tiaCTHUbl 6yJI.yT noJiy

tiaTb 3Hef rnIO H3 JI.BH.>KyW.eHCH cpeJI.bl C MOllJ.HOCTbIO, nponopUHOH8JibHOH ~ q2, 

T. e. e2N . 
B JI.pyroM BapHaHTe, eCJIH npocTO noctIHT8Tb paJI.H8UHOHHOe JI.8BJieHHe 3JieK

TpOMarHHTHOH BOJIHbl Ha crycTOK, TO 3Ta CHJia nponopUHOH8JibHa ,...__, c, ~ q2 ,...__, 
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~ e2 N 2 , TaKHM o6pa30M, OTCIO.ll,a JierKo rroJiytJHTb, 'ITO CHJia, .ll,eikTBYIOW.aH Ha 

tJaCTHUY B 3TOM crycTKe, rrporropUHOHaJibHa lJHCJiy tJaCTHU B caMOM crycTKe: 

F ~ e2 N. BeKcJiep Ha3saJI TaKOH 3cpcpeKT KorepeHTHbIM. CyTb ero Jie)KHT s 

o6JiaCTH HCfIOJib30BaHHH KOrepeHTHOro 3JieKTpOMarHHTHOro H3JiytJeHHH CHCTeMOH 

lJ3CTHU, 

TTepeKJIHKalOTCH C 3THMH rrpe.ll,JIO)KeHHHMH H H.ll,eH .H. 6. <1>aHH6epra. TTpe)K.ll,e 

scero OH rrpe.ll,JIO)KHJI ycKopeHHe tJaCTHU B rJJia3Me. l-1.ll,e.H COCTOHT B TOM, 'ITO B 

rrJia3Me MO)KHO B036Y.lf.HTb BOJIHY, HMeIOW.YIO rrpo.ll,OJibHYIO cocTaBJIHIOW.YIO 3JieK

TPHtJecKoro fIOJIH H cpa30BYIO CKOpOCTb, MeHbIIIYIO CKOpOCTH CBeTa, TaK 'ITO Mexa

HH3M aBTocj:>a3HpOBKH MO)KeT pa6oTaTb. TTpeHMYW.eCTBO [IQ cpasHeHHIO C 06bilJHbIM 

JIHHeHHblM YCKOpHTeJieM COCTOHT B OTCYTCTBHH MeTaJIJIHtJeCKHX rrosepXHOCTeH, 

Ha KOTOpb!X HHHUHHpyeTCH rrpo6oii, TaK 'ITO HarrpH)KeHHOCTb ycKOpH!OW.ero fIOJIH 

MO)KeT .ll,OCTHraTb OtJeHb 60JibIIIHX 3HatJeHHH. KpoMe Toro, CHHMaeTCH rrpOTH

sopetJHe Me)K.lf.Y rrpO.lf.OJibHOH H rrorrepetJHOH ycTOH'IHBOCTblO, xapaKTepHoe .lf.JIH 

o6bllJHblX JIHHeHHblX ycKopHTeJieH. B cospeMeHHbIX sapHaHTax rJJia3MeHHaH BOJIHa 

B036y)K.ll,aeTCH Jil-!60 MOW.Hb!M Jia3epHb!M HMfIYJihCOM, JIH6o fIJIOTHbIM cryCTKOM 

3JieKTpOHOB OTHOCHTeJibHO MaJIOH 3HeprnH. . 

KpoMe Toro, fIOHBHJIHCb H cxeMbl ycKopeHHH B BaKyyMe, r.ll,e rrpo.ll,OJibHOe fIOJie 

C03.ll,aeTCH C fIOMOll.l.blO rrpoBO.ll,Hll.l.HX rrosepXHOCTeH, HO TOJibKO B TOM 06beMe, r.ll,e 

HaXO.ll,HTCH ycKOpHeMbie tJaCTHIJ:bl. B TaK Ha3bIBaeMOM .lf.ByxrrytJKOBOM ycKopHTeJie 

fIOJie C03.ll,aeTCH fIJIOTHblM crycTKOM 3JieKTpOHOB MaJIOH 3HeprnH ( 1-H rrytJOK) H 

rrepe.ll,aeTCH B pa6otJHH KaHaJI C fIOMOll.l.b!O pa.ll,HaJibHbIX JIHHHH CBH3H. Bo BTOpOM 

CJiytJae HCTOlJHHKOM fIOJIH HBJIHIOTCH 3ap.H)KeHHbie pa.ll,HaJibHble JIHHHH, KOMMYTH

pyeMbie B HY)KHOH oqepe.ll,HOCTH KOpOTKHM Jia3epHbIM HMfIYJibCOM, rrorra.ll,a!OW.HM 

Ha cj:>oTOKaTO.ll,bl, pa6oTa!OW.He KaK pa3p.H.ll,HHKH. 

E 
Jla3ep 

__J ---i.___ --------- _f7__ t \ 
I-ii IIy'!OK 

---------

J J ---------

J 
---------

J ---------

-i_r- --------- -i_r- <l>OTOK3TO,g 

B 3THX cxeMax .lf.OCTHraeTCH rrpHHY.lf.HTeJibHaH opHeHTHposKa 3JieKTPHtJeCKOH 

COCTaBJIHIOW.eH [IQ HarrpasJieHHIO .ll,BH)KeHHH tJaCTHUbl C rIOMOll.l.blO MeTaJIJIHtJeCKHX 

rrosepXHOCTeH, a cpa3HpOBKa <<fIOJie-rrytJOK>> ocyw.ecTBJI.HeTCH HJIH rrpHHY.lf.HTeJibHO 

(Jia3ep), HJIH .ll.PYrHM rrytJKOM (He 3a6b1BaTb rrpo B03MO)KHYIO KOMrrpeCCHIO MOW.

HOCTH). 
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Ew.e OJI.HO npeJI.JIO:>KeHHe - TaK Ha3blBaeMoe asTOpe30HaHCHOe ycKopeHHe. 

TTycTb MOW.Hb!H 3JieKTpOHHbIH ny'-IOK pacnpocTpamreTCH BJI.OJib MarHHTHOro IlOJIH 

B. B ny'-IKe so36y:>KJI.aIOTCH co6cTBeHHb1e BOJIHbI. HaH6oJiee sa:>KHhie H3 HHX 

HMeIOT '-IaCTOTHblH cneKTp: 

kz 
w = kz½ ±wp ,ek' k2 = k; + kl, 

- BOJIHbl npocTpaHCTBeHHOro 3apHJI.a, 

47l'e2np 
2 - -

W p - m, 

k2 2 
C 2 2 2 

W = kz Ve± 0 2 2 2 , k c » Wp, 
kc +wp 

0= cB 
,me 

- UHKJIOTpOHHbie BOJIHbl. 

B npH6JIH:>KeHHH k2c2 >> wi H 3HaKa <<->> (noTOM Mb! YBHJI.HM, '-ITO 3To 

03Ha'-IaeT, '-ITO V~ < ½) 

HO H3 ( *) 

TOrJI.a 

wo ~ kz½-0, 

v~ = WQ = TT n 
k 

Ve -
z k ' 

kz = WQ + n 
Ve 

z 

v; =Ve_ O½ = ½ [wo + 0- OJ=½ 1 = ½-----=---
~ WQ + 0 WQ + 0 1 + 0 / WQ . l + eB 

cm,wo 

(*) 

TaKHM o6pa30M, B peJIHTHBHCTCKOM 3JieKTpOHHOM ny'-IKe B036y:>KJI.aeTCH BOJIHa, 

q>a30BaH CKOpOCTb KOTOpOH MO:>KeT ynpaBJIHTbCH npHJIO:>KeHHblM MarHHTHblM noJieM 

B H peryJIHposaTbCH BJI.OJib z. OHa MO:>KeT IlOJI.XBaTHTb HOH H ycKOpHTb ero, ecJIH 

HOH nonaJ1,aeT B YCTOH'-IHBYIO q>a3y. ,lI.aJiee OH Haparn.HsaeT CKOpOCTb B COOTBeT

CTBHH C H3MeHeHHeM v~ BOJIHbl. 3TOT MeTOJI. peaJIH30BbIBaJICH B ClllA (JlHsep

Mop}, HCITOJib30BaJIHCb cJieJI.y10w.He napaMeTpbI 3JieKTpOHHOro ny'-IKa: 12 M3B, 

100 KA, a~ 1 CM, B ~ 2-200 Krc, O:>KHJI.aeMbIH Ha6op OKOJIO 5 r3B/M. 

Ew.e OJI.Ha cxeMa JI.OBOJibHO JI.eTaJibHO HCCJieJI.OBaJiaCb 3KCnepHMeHTaJibHO. TTy

'-IOK BXOJI.HT B nJia3MY, 3aKJIIO'-IeHHYIO B MeTaJIJIH'-IeCKHH 3KpaH. EcJIH Je ~ JKp, 

rJI.e Je - ITJIOTHOCTb 3JieKTpOHHoro TOKa, JKp = f (,, R, a), a - paJI.Hyc ny'-IKa, 

TO ITOHBJIHIOTCH HOHbl C Ci > co, JI.BH:>KYW.HeCH B TOM :>Ke HanpasJieHHH, '-ITO H 

3JieKTpOHbl. ¢H3H'-IeCKHH CMbICJI JKp - 3TO npeJI.eJibHblH TOK, KOTOpb!H MO:>KeT 

pacnpocTpaHHTbCH B BaKyyMHOH KaMepe: 

3/2 3 ( R)-1 
JKp = f3e ( ,';_!3 

- 1) mec 1 + 2 ln -;; 
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B HaH60Jiee xapaKTepHbIX 3KcnepHMeHTax npH ce ~ 1 M3B, le ~ 50-100 KA, 

Pra3a ~ 0,05-0,1 TOPP Ha6JIIOJI.aJIHCh HOHhI c 3Heprneii ci ~ 10 M3B H '-IHCJIOM 
Ni~ 1012_ 

O6b.HCHeHHe npOHCXOJI..HLUero: B aanpeJI,eJibHOM ny'-IKe HaCTynaeT 60JiblllOe 

npOBHCaHHe noTeHUHaJia. OJI.HOBpeMeHHO HOHH3HpyeTC.H raa. TTO.HBJI.HIOTC.H HOHbl, 

KOTOpbie aaxBaTbIBaIOTC.H B .HMY H yMeHblllaIOT ee rny6HHy. B peayJihTaTe nO.HBJI.H

eTC.H B03MO)KHOCTb pacnpocTpaHeHH.H TaKOH <<nOTeHUHaJihHOH .HMbl>> JI,aJibllle. TaK, 

nocTeneHHO yMeHbllla.HCb, .HMa pacnpocTpaH.HeTC.H BJI.OJib nyqKa H YHOCHT c co6oii 

HOHbl. 6bIJia CJI,eJiaHa nonbITKa (ycnewHa.H) HOHH3HpOBaTb JiaaepHblM JIY'-IOM raa 

H ynpaBJI.HTb pacnpocTpaHeHHeM .HMbl. B XOJI,e 3KcnepHMeHTa npHMepHO B 10 paa 

yaeJIH'-IHJiaCh 3Heprn.H, HO pe3KO ynaJia HHTeHCHBHOCTb HOHOB (AO 107), npH'-leM 

Hanp.H)KeHHOCTh ycKop.HIOLUero noJI.H oKaaaJiaCh nop.HJI.Ka E ~ 33 MB/M. 

nocJieJI,HHe JI.Ba MeTOJI,a H3y'-laJIHCb 3KcnepHMeHTaJibHO O'-leHh HHTeHCHBHO, a 

cefiqac aKueHT CJI.BHHYJIC.H B ynoM.HHYTbie wake-field H beat-wave ycKopHTeJIH. 

OHH HMeIOT MHOro o6w:ero: Boa6y)KJI.eHHe npOJI.OJibHb!X (JieHrMIOpOBCKHX) BOJIH 

B nJia3Me JIH6o crpynnHpOBaHHb!M (6aH4HpoBaHHb!M) ny'-IKOM, JIH60 JiaaepoM. B 

nepBOM cJiy'-lae 6aH'-IH npoXOJI..HT qepea nJiaaMy (c HH3KOH 3HeprHeii), a BCJieJI. aa 

HHMH (B KHJibBaTepe - wake} HJI,eT ycKOp.HeMblH crycTOK, BO BTOpOM CJiy'-lae 2 
Jiaaepa (beat-wave) C 6JIH3KHMH '-laCTOTaMH JI,aIOT 6HeHH.H, pacnpocTpaH.HIOLUHeC.H 

C HY)KHOH CKOpOCTb!O. 

3aKaH'-IHBa.H 3TOT o6aop HCCJieJI,yeMhIX B HaCTO.HLUee BpeM.H MeTOJI.OB ycKO

peHH.H, Heo6XOJI.HMO yKa3aTb Ha TOT BCnJieCK no60'-1Hb!X HanpaBJieHHH, KOTOpb!H 

B03HHK B CB.H3H C HHMH. 

Bo-nepBb!X, 3TO MOLUHh!e CHJibHOTO'-IHhie ycKOpHTeJIH. TTpOH301llJIO o6beJI,HHe

HHe HJI,eH noJiy'-leHH.H 60JiblllHX TOKOB H OJI.HOpaaosoro np.HMOro ycKopeHH.H. 

I1CTO'IHHK 
HarrpmKemrn 

<I>opBaKyYMmlll 
JIHHIDI 

I l 
«OcTPHil:m,ril:», HJIII B3p1>rnHoil:, KaTo.[( 

3TOT npHHUHIT Jier B OCHOBY MHOrHX C03JI,aHHb!X ycKopHTeJieH C xapaKTepHb!MH 

napaMeTpaMH: TOK 10 KA, 3Heprn.H 2-5 M3B, HMnyJihC ~ 50 HC. Hatt6oJiee 

MOLUHhIH ycKopHTeJih TaKoro THna - <<Black Jack» (KoMnaHH.H <<Maxwell&Co,> ): 

TOK 2,8 MA, 3Heprn.H 2,1 M3B, HMnyJihC ~ 50 HC. 

Bo-BTOpbIX, 3TH MOLUHhie ny'-IKH JI,aJIH B03MO)KHOCTb HCCJieJI,oBaTh HOBhie MeTO

JI.bl ycKopeHH.H, HCCJieJI,OBaTb HJI,eIO ny'-IKOBOro TepMO.HJI.epHoro CHHTe3a (ycTaHOBKa 

<<AHrapa,>: 48 MOJI.yJieH, Ka)KJI.hIH no 500 KA, ycTaHOBKa PBFA ~ 36 MOJI.yJieH, 

Ka)KJI.bIH no 4 MA) H T. JI.. 

,lI.JI.H ocyr.uecrnJieHH.H reHepauHH MOLUHb!X 3JieKTpOMarHHTHb!X BOJIH B JI.Hana-

30He 1-10 MM HCITOJih3yeTC.H TaK Ha3hIBaeMb!H Jiaaep Ha CB060JI.Hb!X 3JieKTpOHax. 

B Kaqecrne HH)KeKTOpa JI.JI.SI Hero 6oJiee BCero ITOJI.XOJI..HT HHJI.YKUHOHHh!e JIHHeHHhie 

ycKOpHTeJIH. 
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~ IIyqoK 

Mo,llyJIJ1TOp 

HaH6oJiee THIIH11Hbie rrapaMeTpb1: 3Heprm1 15-24 M3B, TOK 1,2-4,0 KA, 

HMIIYJibC 60 HC, 11aCTOTa ~ 1 ru, J].JIHHa ~ 40 M (peKOp.ll.CMeH - ATA: I= 10 KA, 

C = 50 M3B, T = 100 HC). 

nepe11HCJIHM u.eHTpbl B PocCHH, r)],e H3y11a10T 3TH rrpo6JieMbI: ToMCK, ,LI,y6Ha, 

MocKBa (<l>HAH), HmKHHH HoBropoJl.. 

Ew.e OJ].HO HCIIOJib3OBaHHe rettepaLI.HH HOHHbIX rry11KOB: C IIOMOW.b!O 3JieKTpOH

HbIX IIOTOKOB 06pa3yeTCH BHpTyaJibHblH KaTOJ]. C 60JibllIHM IIOTeHLI.HaJIOM, KOTOpb!H 

BbITHrHBaeT H3 BO.ll.OPO.ll.OCOJ].ep:>Kaw.ero aHOJ].a rrpoTOHbl. 11ttor)],a HaKJiaJ].bIBaeTCH 

MarHHTHOe IIOJie. TaKHM o6pa30M rroJiy11eHo 250 KA rrpOTOHHOro TOKa, KaK J].JIH 

HHepu.HaJibHOro TepMOHJ].epHoro CHHTe3a, TaK H J].JIH HarpeBa IIJia3Mbl B JIOBYUIKax. 

BoT, BHJ].HMO, B 3THX HarrpaBJieHHHX 6yJl.yT CO3J].aBaTbCH ycKOpHTeJIH 6y.ll.yw.e

ro. Ha 11eM MO:>KHO OCHOBbIBaTbCH, Bb!pa:>KaH 3TY yBepeHHOCTb: B KOCMH1!eCKHX Jiy-

11ax tta6JIIOJl.aeTCH 3HeprnH ~ 1020 3B, MarHHTHoe rroJie rryJibcapa ~ 10 TJI. TaKHe 

3HeprnH H IIOJIH eCTb B rrpHpOJ].e, 3Ha1!HT, 11TO-TO MO:>KHO CJ].eJiaTb B HarrpaBJieHHH 

J].OCTH:>KeHHH IIOJ].06Hb!X BeJIH11HH B Jia6opaTOpHH. Xorn 3TH u.mppbl orrpeJ],eJIHIOTCH 

KOCMH1!eCKHM MaCUITa6oM, HO, TeM He Mettee, OHH - opHeHTHp J].JIH (<Jl.ypaKOB>> r1 

3HTY3HacToB. 
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00,[{ABJIEHHE DODEPEqHhIX KOJIEBAHHH nyqKA 
A,[{POHHhIX YCKOPHTEJIEH H KOJIJIAH,[{EPOB 

C DOMOlll.hlO CHCTEM OBPATHhIX CBR3EH 

CoapeMeHHbie ycKop11TeJibHhie KOMrIJieKChl rrpeJI.bHBJIHIOT LKeCTKHe Tpe6oBaHHH 

K rrapaMeTpaM rry'IKOB ycKopeHHh!X 'laCTHU:. 3To a paBHOH cTerreHH OTHOCHTCH 

KaK K KOJIJiaH.n.epaM, TaK H K ycKOpHTeJIHM, pa6oTa!OllI,HM Ha BHelllHIOIO MHllleHb. 

Tpe6oaaHHH Ha rrapaMeTphI rrytIKa orrpe.n.eJIHJOTCH caMHM xapaKTepoM H3yqaeMoro 

rrpe.n.MeTa - Bee Ha6JIJO,lI.aeMbie rrpou:ecCbl HOCHT aepoHTHOCTHh!H xapaKTep. ::ho 

3Ha'IHT, 'ITO JI.JIH Ha.n.eLKHOCTH rroJiyqaeMOfO pe3yJihTaTa Heo6XOJI.HMO Ha6paTh 

CTaTHCTHKY H3MepeHHH, T. e. o6ecrretIHTb f!OBTOpHeMOCTb rrapaMeTpOB ycKopeHHh!X 

rrytIKOB B 3aJI.aHHhix rrpe.n.eJiax B TetieHHe orrpe.n.eJieHHoro (KaK rrpaBHJIO, JI.JIHTeJih

Horo) rrepHo.n.a BpeMeHH B ycJIOBHHX f!OCTOHHHO .n.eHCTBYIOI..lJ.HX B03Myw,aJOW,HX 

qiaKTOpOB. CqiopMyJIHpOBaHHaH TaKHM o6pa30M 3a.n.aqa. H eCTb, no cyTH, rJiaBHaH 

3a.n.aqa - orrpe.n.eJieHHe aBTOMaTH'leCKOH CHCTeMbl B TeopHH CHCTeM aBTOMaTH'le

CKOro peryJIHpoaaHHH (CAP). 

CAP HMeJOT .n.aBHIOIO HCTOpHIO pa3BHTHH H lllHpoKyJO o6JiaCTh rrpHMeHeHHH 

(Ha'lHHaH OT aBTOMarnqecKoro peryJIHTopa o6opoTOB a rrapOBOH MalllHHe TToJl3y

HOBa JI.O coapeMeHHh!X aBTOMaTOB, CHCTeM yrrpaaJieHHH paKeTaMH H T • .n..). O6w,aH 

rrpHHU:HrrHaJihHaH cxeMa CAP rrpHae.n.eHa Ha pHc. 1. 
B 3TOH cxeMe MOLKHO BhIJI.eJIHTh HeCKOJihKO cTyrreHeH, HJIH rro.n.cHcTeM. HaH-

6oJiee rrpoCTaH CTyrreHh, BbI)],eJieHHaH TO'le'IHOH JIHHHeH, - 3TO cxeMa rrpocTOro 

aBTOMaTa, BhlfIOJIHHIOW,ero OJI.HY HJIH MHOfO KOMaH)],. B 3TOH cxeMe KOMaH,lI.bl 

qiopMHpyIOTCH 6JIOKOM 3 H )],aJiee rrocTyrraJOT Ha o6beKT yrrpaBJieHHH. Heo6xOJI.HMO 

o6paTHTb BHHMaHHe, 'ITO CBH3h 6JioKa 7 C 6JIOKOM 1 B 3TOH CTyrreHH pa3opBaHa, 

T. e. aBTOMaT He KOHTpoJIHpyeT pe3yJihTaT CBOHX JI.eHcTBHH. TaKHM o6pa3oM, TaKaH 

CHCTeMa HBJIHeTCH He3aMKHYTOH. TTpHMep aBTOMaTHtiecKoro ycTpoHCTBa 3Toro 

THrra - aBTOMaTbI )],JIH rrpoJI.aLKH cmaper, BOJI.bl H T. JI.. 

CJie.n.y10w,aH cTyrreHh HepapXHH CAP Bb!JI.eJieHa Ha pHc. 1 lllTpHxoaoii JIHHHeH. 

B ycTpoiicTaax, cooTBeTCTBYIOI..lJ.HX 3TOH 6JioK-cxeMe, pe3yJihTaT JI.eHcTBHH cHcre

MhI 3aMb!KaeTCH Ha BXO)], ycTpOHCTBa qepe3 6JIOKH 1 H 2 H TeM caMh!M Y'lHTbIBaercH 

rrpH f!OBTOpeHHH B03,lI.eHCTBHH. 3TO ypoBeHb 3aMKHYTOH CHCTeMbl, rrpHMepoM 

KOTOpoH HBJIHIOTCH ace CHCTeMbl aBTOMaTH'leCKOfO yrrpaBJieHHH JI.BH)KYI..lJ.HMHCH 

o6beKraMH. I1, HaKoHeu:, caMa o6w,aH cxeMa CAP BKJIJOtiaeT B 3aMKHYTYJO CH

cTeMy 6JIOK 9. .ll.JIH CHCTeM yrrpaBJieHHH rrytIKaMH a ycKOpHTeJIHX 6JIOK 9 HMeer 

rrpHHU:HrIHaJibHOe pellleHHe. 

TTpeLKJI.e tieM rrepexoJI.HTh K rrpHMeHeHHJO CAP K ycKopHTeJIHM (a yCKopHTeJIHX 

OHH HOCHT Ha3BaHHe: yrrpaBJieHHe rrytIKaMH C f!OMOW,b!O CHCTeM o6paTHOH CBH3H, 

HJIH feed-back system - B aHrJIOH3hl'lHOH JIHTepaType}, He06XOJI.HMO ycTaHOBHTb 

OCHOBHbie xapaKTepHCTHKH 6JIOKOB, BXOJI.HllJ,HX a 6JIOK-CXeMy. EcTeCTBeHHO, 'ITO 
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-------------------------------------------
························· ··················································-

3 

----- aBTOMarnqecKaJI, 3aMKHyr3JI CHCTeMa 

.. .. .. .. .. He3aMKHyr3JI CHCTeMa 

PHc. l. CxeMa CAP: 1 - H3MepHTeJibHOe ycrpoikrno; 2 - npeii.sapHTeJibHaH o6pa6orKa HHcjlop
M31..\HH; 3 - 3aii.a10mee (nporpaMMHoe) yCTpoiicrno; 4 - ycrpoiicrno cjlopMHpoaaHHH KOMaHii.; 5 -
ycHJIHTeJibHO-npeo6pa30BaTeJibHOe ycTpOHCTBO; 6 - HCnOJIHHTeJibHOe ycTpOHCTBO; 7 - ynpaBJIH
eMb!H o6beKT; 8 - KOHTpOJibHOe ycrpOHCTBO ( t3B0CH) JJ.JIH YCKOpHTeJIH; 9 - B03MymeHHe OT 

BHelIIHHX HCTOlJHHKOB 

pa6orn Ka)KJI.0ro 6JioKa onpeJ1.em1eT pa6oTy CAP B u.eJI0M HJIH BH0CHT B Hee 

J(0il0JIHHTeJibHbie CBOHCTBa. 

CaMoH rnasHOH xapaKTepHCTHKOH Ka)KJI.0ro 6JioKa H3 cxeMhI, noKa3aHHofi Ha 

pHC. 1, HBJIHeTCH cpyHKU.HH npeo6pa30BaHHH 6JIOKOM BX0J(H0ro CHrHaJia B Bb!X0J(

HOH (pHC. 2, a). <l>yHKU.HH npeo6pa30BaHHH J(eJIHT see CHCTeMbl Ha JIHHeHHbie H 

HeJIHHeHHhie (pHc. 2, 6). 4acTHhIH cJiy1-iai1 HeJIHHeHHhIX cHcTeM - TaK Ha3bIBaeMaH 

peJiefiHaH CHCTeMa (pHc. 2, B). TTpeo6pa30BaHHe CHrHaJia M0)KeT ocylll.eCTBJIHTbCH 

aHaJI0f0BblM cnoco6oM (pHC. 2, 6) HJIH J(HCKpeTHbIM (pHc. 2, e). 

CospeMeHHhie ycK0pHTeJibHbie K0MnJieKCbl HMeIOT J(0CTaT0LJH0 60JibllIHe pa3-

Mepb!. BpeMH o6opoTa LJaCTHU.bl B YCK0pHTeJie HJIH KOJIJiaHJ(epe Ha BbIC0KHe 3Hep

rHH C0CTaBJIHeT HeCK0JibK0 J(eCHTK0B MHKpoceKyHJI.. O6pa60TKa TaKHX CHrHaJI0B 

ocyllJ.eCTBJIHeTCH C Il0M0llJ.b!O U.H<ppOBOH TeXHHKH (H, ecTeCTBeHH0, C Il0M0llJ.b!O 

K0MilbIOTepos, K0T0pbie caMH no ce6e pa60Ta!OT B J(HCKpeTH0M pe)KHMe). KpoMe 

3T0ro, caM0 B03J(eHCTBHe ynpaBJIHeMoro o6beKTa (nyLJKa) Ha H3MepHTeJibH0e 

ycTpOHCTBO H0CHT nepHOJ(HLJeCKHH (qepe3 o6opoT), HMilYJihCHblH xapaKTep. Cy

llJ.eCTBeHH0 TaK)Ke, LJT0 C M0MeHTa HaLJaJia pa60Tbl H3MepHTeJibH0ro ycTpOHCTBa 

J(0 M0MeHTa B03J(eHCTBHH Ha nyLJoK (KaK npaBHJI0, 3T0 npoHCX0J(HT, KaK MHHH-
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HeJIHHeHHble CHCTeMhI PeneHHble CHCTeMhI 

z 

.. 

,[(HCKpeTHble JIHHeHHble CHCTeMbI 

11 I I I I II 
,[(HCKpeTHble HeJIHHeHHhie CHCTeMbl 

P11c.2 

MYM, qepe3 o6opoT) COCTOHHl1e nocJie,!I.Hero onpe,!I.eJIHeTCH He TOJ!hKO ,!I.11HaMl1KOH 
,!I.B11:>KeHl1H Ha op611Te, HO 11 B03,!I.eHCTBl1eM Ha Hero pa3JI11qHbIX HeycT0Hq11so
CTeH, wyMoB 11 T . .u.. TaK11M o6pa30M, CAP B ycKopHTeJIHX (c11cTeMy no.u.asJieH11H 
KOJie6aH11H, B .u.aJihHeHWeM - CTTK) MhI 6y.u.eM npe.u.cTaBJIHTh KaK 3aMKHYTYIO, 
HeJil1HeHHYIO, ,!I.11CKpeTHYIO Cl1CTeMy. TTp11MeHHH 3Tl1 06r.u:11e ITOJIO:>KeHl1H, MO)KHO 
Hap11cosaTh 6oJiee npocTyIO cxeMy CAP 11JI11 CTTK .U.JIH ycKop11TeJiei1 (p11c. 3). 

lkTO'IHHK cHrnaJia 

,[(HHaMHKa 

Il)"IKa 

Bo:3,l:lencTBHe 

Bo3M)'IlleHHe (<p) 

P11c. 3. CxeMa o6parttoii CBH3H (FB) B ycKopHTeJIHX 
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K 3TOH cxeMe Heo6XO.ll.HMO c.n.eJiaTb He60JibWOe 3aMe'IaHHe. 3.n.ecb IlOHBHJICH 

6JIOK <<.ll.HHaMHKa nyqKa>>, KOTOpb!H He HBJIHeTCH caMOCTOHTeJibHblM OT.D.eJibHblM 

6JIOKOM CTIK, HO onpe.n.eJIHeT Heo6xo.n.HMocTb yqeTa nporno3HpyeMoro H3MeHeHHH 

COCTOHHHH nyqKa Ha o6opoTe. OcTaJibHbie B03,n.eHCTBHH Ha ny'lOK BKJIIO'leHbl B 

<<B03Mylll.eHHe>>. KpoMe 3TOro, 6JIOK 8 B CTIK HMeeT .n.pyrne cpyHKU.HH no cpaaHe

HHIO c CAP. B KJiaccH'leCKHX CAP 3TOT 6JioK KOHTpOJIHpyeT pe3yJibTaT .n.eticTBHH 

(HaripHMep, aBTOMaT BbI.D.aJI 0.ll.HY na'lKY CHrapeT 3a onpe.n.eJieHHOe KOJIH'leCTBO 

.n.eHer). B ycKopHTeJibHblX CHCTeMax 6JIOK 8 Bb!IlOJIHHeT cpyHKLJ.HH <<aBOCTa>>, eCJIH 

napaMeTpbl nyqKa Bb!XO.ll.HT H3 3a,n.aHHOH o6JiaCTH. 

HTaK, ocHoBHaH 3a,n.aqa CTIK B ycKopHTeJIHX - no.n..n.ep:>KaHHe napaMeTpoa 

ny'lKa a onpe.n.eJieHHbIX npe.n.eJiaX. TioCKOJibKY KOJie6aHHH qacTHU. a ycKopHTeJie 

B npo.n.oJibHOM H nonepe'lHOM HanpaBJieHHHX HBJIHIOTCH He3aBHCHMbIMH, CTIK 

peaJIH3yeTCH OT.D.eJibHO .ll.JlH npo,n.OJibHOro H nonepe'lHOro .ll.BH:>KeHHH. B 3THX JieK

U.HHX Mb! orpaHH'lHMCH TOJlbKO nonepe'lHb!M .ll.BH:>KeHHeM ny'lKa H, CJie,n.oBaTeJibHO, 

TOJibKO CHCTeMaMH no.n.aaJieHHH nonepe'lHbIX KOJie6aHHH c IlOMOill.bIO o6paTHbIX 

CBH3eH (CTITIK}. 3.n.ecb Heo6xo.n.HMO c.n.eJiaTb cJie.n.y10Ill.ee 3aMe'laHHe. B npHH

U.Hne, CTOXaCTH'leCKaH CHCTeMa OXJia:>K.n.eHHH eCTb TaK:>Ke CHCTeMa c o6paTHbIMH 

CBH3HMH, HO CHCTeMbl OXJia:>K,n.eHHH yMeHbWaIOT 3MHTTaHC ny'lKa 3a C'leT .ll.HC

CHilaU.HH 3HeprnH H3 HeKorepeHTHOro .ll.BH:>KeHHH qacTHU.. B OTJIH'lHe OT CHCTeM 

OXJia:>K,n.eHHH CHCTeMbl no.n.aaJieHHH KOJie6aHHH C IlOMOill.bIO o6paTHblX CBH3eH 

BJIHHIOT TOJlbKO Ha KOrepeHTHOe .ll.BH:>KeHHe qacTHU. H, CJie.n.oaaTeJibHO, He MoryT 

yMeHbWHTb 3MHTTaHC. TaKHM o6pa30M, o.n.Ha H3 OCHOBHbIX 3a,n.aq FB-CHCTeM -

no.n.aBHTb KOrepeHTHb!e KOJie6aHHH ny'lKa H npe,n.OTBpaTHTb nepexo.n. KOrepeHTHb!X 

KOJie6aHHH B HeKorepeHTHbie, B pe3yJibTaTe KOTOporo MO:>KeT BbipacTH 3MHTTaHC. 

HcTO'lHHKOM HaqaJibHb!X KorepeHTHbIX KOJie6aHHH ny'lKa HBJIHIOTCH OWH6KH 

HH:>KeKU.HH, KOTOpbie 3a apeMH, onpe.n.eJIHeMoe pa36pocoM 3Hepnm B nyqKe npH 

HeHyJieBOH xpoMaTH'lHOCTH MaWHHbl, nepexo.n.HT B HeKorepeHTHbie. 

CJie,n.yIOill.aH Ba:>KHaH npH'lHHa KorepeHTHbIX KOJie6aHHH - HeycTOH'lHBOCTH. 

HaH60Jiee onaCHOH KOrepeHTHOH HeycTOH'lHBOCTbIO B o6JiaCTH HH3KHX qacTOT 

HBJIHeTCH pe3HCTHBHaH HeycTOH'lHBOCTb. B o6JiaCTH Bb!COKHX qacTOT HaH60Jiee 

onaCHb!MH HBJIHIOTCH CBH3aHHbie KOJie6aHHH Ha Bb!COKHX Mo.n.ax, onpe.n.eJIHeMble, 

HanpHMep, Bb!COKHMH napa3HTHb!MH Mo,n.aMH ycKOpHIOill.HX CTaHU.HH. JI.onoJIHH

TeJibHbIM B03,n.eHCTBHeM Ha ny'lOK npH ero .ll.JlHTeJibHOM cylll.eCTBOBaHHH B ycKOpH

TeJie (HanpHMep, a KOJIJiaH.n.epe c .D.JIHHOH op6HTbl 6oJiee 10 KM) o6Jia,n.aIOT .ll.BH:>Ke

HHe 3eMJIH, rnyMbl a CHCTeMe IlHTaHHH MarHHTHOH CHCTeMbl H .n.eHCTBHH KoppeKTH

PYIOill.ero HMilYJibca Ha ny'loK. KpoMe 3Toro, wyMbI H3MepHTeJibHOH CHCTeMbI H CH

CTeMbI o6pa6oTKH CHrHaJia TO:>Ke BOCnpHHHMaIOTCH ny'lKOM KaK BHeWHee B03.D.eH

CTBHe, BJIHHIOill.ee Ha KorepeHTHOe .ll.BH:>KeHHe H Ha B03pacTaHHe ero 3MHTTaHca. 

HTaK, Mb! MO:>KeM ccpopMyJIHpoBaTb OCHOBHbie cpyHKU.HH CHCTeMbl no.n.aBJieHHH 

nonepe'lHbIX KOJie6aHHH nyqKa: 

1) KoppeKU.HH OWH60K HH:>KeKU.HH; 

2) no.n.aBJieHHe HH3KO'laCTOTHOH (pe3HCTHBHOH) HeyCTOH'lHBOCTH; 

3) no.n.aBJieHHe BblCOKO'laCTOTHbIX KOJie6aHHH; 

4) npOTHBO,n.eHCTBHe pocTy 3MHTTaHca, CBH3aHHOMY C pa3JIH'lHbIMH wyMaMH 

(AJIH KOJIJiaH.n.epoB K nepe'lHCJieHHblM Bb!We HCTO'lHHKaM wyMOB .n.o6aBJIHIOTCH 

3cpcpeKTbl B3aHMO,n.eHCTBHH ny'lKOB B MecTe BCTpe'lH). 
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I1cITOJIHeHHe 3THX 3aJI.aG OITpe.n.em1eT qacTOTHbie H MOlUHOCTHbie xapaKTepH

CTHKH cnnK. 
TTpHHUHITHaJibHYJO cxeMy peaJIH3aUHH CTTTTK MO.>KHO ITpeJI.CTaBHTb B JI.BYX 

Bap0aHrax (p0c. 4). C0rnaJI c H3Mep0reJihHOro ycrpoficTBa (ITHKaIT) ITOCTYITaeT B 

CHCTeMy o6pa60TKH CHrHaJia, KOTOpaH Bbipa6aTbJBaeT yITpaBJIHJ01UHH HMITYJibC Ha 

CHCTeMy ITHTaHHH HCITOJIHHTeJibHOrO ycrpoikTBa (KHKep}. 

Pa6oTa Bnepe,1:1 no Il)"IK)' Pa60Ta Ha3a.z:1 no Il)"IK)' 

~ 
IlK ----- ::..---KK 

IlY'IOK ~ IlY1IOK 

KK IlK 

IIK - H3Mep1nem,Hoe yc-rpoii:CTBO (nHKan) KK- HCnOJIHHTeJihHOe yc-rpoii:CTBO (KHKep) 

P11c.4 

MoryT 6b!Tb peaJIH30BaHbl JI.Ba CITOC06a pa60Tbl CTTTTK - BITepeJI. HJIH Ha-

3aJI. ITO OTHOllleHHJO K HaITpaBJieHHJO JI.BH.>KeHHH ITYGKa. TTpH pa6ore (<BITepeJI.>> 

ITYGOK ITpaKTHGeCKH He ycITeBaeT H3MeHHTb CBOe COCTOHHHe 3a BpeMH ITpoJieTa 

ITHKaII-KHKep. 3TO yITp01UaeT pa6oTy CTTTTK, HO HaKJiaJI.bIBaeT .>KeCTKHe orpaHH

l!eHHH Ha BpeMH o6pa60TKH CHrHaJia H Bb!pa60TKH KoppeKTHPYJ01Uero HMITYJihCa. 

TaKaH CHCTeMa pa6oraeT, B qacTHOCTH, Ha ycKOpHTeJie Y-70 I1<PB3. 0.n.HaKO 

s MallIHHax THITa YHK, LHC HeB03MO.>KHO peaJIH30BaTh raKyJO c0creMy H3-3a 

MaJIOH pa3HHUbl BpeMeH ITpOXO.>KJI.eHHH CHrHaJia (6e3 o6pa60TKH) OT ITHKaITa JI.O 

KHKepa H ITpoJieTa ITY4Ka Me.>KJI.Y 3THMH JI.BYMH T04KaMH. TTo:,roMy JI.JIH 3THX 

ycTaHOBOK ITJiaHHpyeTCH opraHH30BaTb pa6ory CTTTTK B pe.>KHMe <<Ha3aJI.>>. TTpH 

3TOM B03MO.>KHbl MOJI.H!pHKaUHH ITO GHCJIY ITHKaITOB H KHKepoB JI.JIH ITOJI.aBJie

HHH KOJie6aHHH B OJI.HOM HaITpaBJieHHH. Ha OJI.HH KHKep MOryT pa6oTaTb JI.Ba 

HJIH 6oJiee ITHKaITOB, HJIH MoryT cymeCTBOBaTb JI.Be OTJI.eJibHbie CHCTeMbl ITH

KaIT-KHKep. 

B o6meM cJiyqae KoJie6aHHH ITYGKa Bbipa.>KaJOTCH cpopMyJioH 

y =Co+ #u cos (
27T'2y S + c5) , (1) 

r.n.e y = { ~ , Co - OllIH6Ka B oITpe.n.eJieHHH HeB03Mylll.eHHOH op6HTbI, c - Be

JIHl!HHa, ITPOITOpUHOHaJibHaH Ha4aJibHOMY 3MHTTaHcy ITYGKa H OllIH6Ke HH.>KeKUHH, 

Qy - 4aCTOTa 6eTaTpOHHb!X KOJie6aHHH, L - ITepHMeTp ycKOpHTeJIH, c5 - cpa3a 

KOJie6aHHH, S - TeKylUaH KOOpJI.HHaTa GaCTHUbl. 

.HcHO, l!TO B MOMeHT H3MepeHHH ITPH 8 = Sn11Kana BeJIH4HHbl Co, c H c5 HBJIH

IOTCH HeH3BeCTHb!MH ITapaMerpaMH. 0TCJOJI.a CJie.n.yeT Heo6XOJI.HMOCTb H3MepeHHH 

rrapaMeTpOB ITYGKa KaK MHHHMYM B JI.BYX T04Kax op6HTbl HJIH H3MepeHHH 3THX 

rrapaMerpoB 3a BpeMH JI.Byx H 6oJiee o6oporoB (raK ITpe.n.JiaraJiocb pa6oraTb Ha 
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SSC), lIT06b! B0CCTaHOB11Tb Hel13BeCTHb!e rrapaMeTpbl ,ll.JIH pa60Tbl KOppeKT11pyI0-

1IJ,eH c11cTeMbI. 

B 60Jibllll1HCTBe pa60Tal01IJ,11X 11 ITJiaH11pyeMbIX COOK paccTOHHl1e Me)KJJ.Y 

Kl1KepoM 11 rr11KarroM CTapaIOTCH rrp116Jil1311Tb K u.eJIOMY lll1CJIY 6eTaTpOHHb!X KOJie-

6aHl1H +1/4. B .3TOM CJiyqae OTKJIOHeH11e rrytIKa OT op611Tbl s MeCTe Ill1Karra IlOJI

HOCTblO TpaHccpopM11pyeTCH B rrorrepetIHbIH 11MITYJibC, KOMrreHc11pyeMblH Ill1KaITOM. 

5ICHO TaK)Ke, lITO rrp11 JII060H MO,ll.11!pl1KaU.1111 Mb! ,ll.OJl)KHbl 11MeTb .n.se He3aBl1C11Mb!e 

Cl1CTeMbl ,ll.JIH rro.n.asJieHl1H KOJie6aHl1H B x- 11 Z-HarrpasJieHl1HX 11 .3Tl1 Cl1CTeMbl 

,ll.OJl)KHbl pa6oTaTb KaK C IlOJIO)Kl1TeJibHblMl1, TaK 11 C OTp11u.aTeJibHb!Ml1 OTKJIOHeH11-

HMl1 rrytIKa OT op611Tbl. KOHKpeTHaH peaJil13aU.11H COOK - K0Jl11lleCTBO Ill1KaITOB, 

Kl1Kepos, MOll.l,HOCTHb!e 11 llaCTOTHbie xapaKTep11CT11Kl1 - 3aBl1Cl1T OT KOHKpeTHbIX 

xapaKTep11CTl1K ycKop11TeJIH: BeJil1lll1Hbl HatiaJibHOH OIIIl16Kl1 11H)KeKU.1111, speMeHl1 

pa3B11THH HeycTOHtI11socTeH 11 T . .n.. 

,Il.JIH TOfO lJT06bI orrpe,ll.eJil1Tb tiaCTOTHbie xapaKTep11CTl1Kl1 COOK, He06XO,ll.11MO 

sHatiaJie paccMOTpeTb cTpyKTYPY rrytIKa s cospeMeHHbIX yCKop11TeJIHX. 

Ha ·p11c. 5 rrpe.n.cTasJieHbI CTPYKTYPbI rrytIKOB I cTyrreH11 YHK 11 LHC. Mo)KHO 

OTMeTHTb 06w.11e xapaKTep11CTl1Kl1 CTPYKTyp: rryqoK COCTOl1T 113 TpeHHOB ( train -

u.yr), Ka)KJJ.bIH TpeHH cocTOl1T 113 6atttieH (bunch - crycToK). 

5IcHO, lITO COOK MO)KeT B03,ll.eHCTBOBaTb 11Jil1 cpa3y Ha BeCb TpeHH, 11Jil1 Ha 

Ka)K,ll.b!H 6atttI, 11Jil1 Ha TO 11 .n.pyroe B pa3Jil1l1Hb!X pe)Kl1MaX pa60Tbl. B o6w.eM 

CJiyqae MO)KHO orrpe.n.eJil1Tb rpaH11U.bl qaCTOTHOH o6JiaCTl1, s KOTOpOH pa6oTalOT 

cnnK. 
H11)KHHH qacTOTHaH rpaH11u.a orrpe.n.eJIHeTcH qaCTOTOH pe311CTl1BHOH HeycTOH

q11socT11: 

J = Jo(Q-K), (2) 

r.n.e K - u.eJioe q11cJio, Jo - qacTOTa 06paw.eH11H qacrnu. s ycKop11TeJie. 

B03bMeM ,ll.JIH ou.eHOK rrep11MeTp ycKop11TeJIH rropH,ll.Ka 25 KM. Tor.n.a ,ll.JIH CKOpo

CTl1 qaCT11U.bI, paBHOH CKOpOCTl1 CBeTa, Mb! rroJiyqaeM Jo~ 1,2. 104 c- 1. O6bllIHO 

Q-K ~ 0,3 (so 1136e)KaH11e IlOJIYU.eJioro pe30HaHca), 11 Mb!. 11MeeM J ~ 3 Kfu.. 

,Il.JIH orrpe.n.eJieHl1H sepxHeH rpaH11U.bl qaCTOTbl He06XO,ll.11MO BCITOMHl1Tb OJI.HO 113 

YCJIOB11H B03H11KHOBeHl1H HeycTOHlll1BOCTeH: B03MO)KHOCTb pacrrpocTpaHeHl1H .3JieK

TpoMarHl1THOH BOJ!Hbl B Cl1CTeMe. TaKaH BOJIHa ,ll.OJl)KHa Bb!CTpa11saTb 6aHlll1 B 

COOTBeTCTBl111 co CBOeH ,ll.Jll1HOH BOJ!Hbl. 5ICHO, lITO pacrrpocrpatteH11e caMoro 

KOpOTKOBOJIHOBOfO B03Myll.l,eHl1H 6y.n.eT orrpe.n.eJIHTbCH C,ll.B11fOM .n.syx coce,ll.Hl1X 

6aHtieH s rrpOTl1B0IlOJIO)KH0M HarrpasJieHl111, 11Jil1, .n.pyrnMl1 CJIOBaM11, paccTOHH11e 

Me)KJJ.Y TaK11Ml1 CMe1IJ,eHHb!Ml1 6aHtiaMl1 ,ll.OJI)KHO 6b!Tb paBHO Il0JIOBl1He ,ll.Jll1Hbl 

BOJ!Hbl. Bo speMeHHOM rrpe.n.cTaBJieHl111 .3TO 3Halll1T, lITO 

1 
Jma:x ~ y:-:-, Tmin = 2.6.t, 

mm 

r.n.e .6.t - paccTOHHl1e Me)KJJ.Y 6aHtiaM11. 

,Il.JIH rrp11Mepa, B LHC (CM. p11c. 5) .6.t = 15 HC. OTCIO,ll.a Jma:x ~ 30 Mru.. 5ICHO, 

lITO 06ecrretieH11e TaKoro 60JibllIOfO tiaCTOTHOro .n.11arra3oHa (3 KfU. - 30 Mfu.) 

He rrpoCTaH 3a,ll.atia 11 MO)KeT B HeKOTOpb!X CJiytiaHx ocyw.ecTBJIHTbCH pa3Jil1l1Hb!Ml1 

TeXH11lleCKl1Ml1 peIIIeH11HMl1 B o6JiaCTH Hl13Kl1X (ycJIOBHO ,ll.O 1 Mf u.) qacTOT 11 B 
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UNK 1□~ □ 11111111 ~ QQ Q 1111 Q 
L 70 .I 

t,µs 

LHC = 88.924 µs 

1/2 

batch I 2 3 4 5 IO 11 12 

LHC 

V \ 
rz r3 

SPS = 7/27 LH 

SPS 

PS 

PS= 1/11 
SPS 

PHc. 5. BpeMeHHaH CTpyKTypa nytJKa ,!l,JIH ycKopHTeneii YHK, LHC, SPS, PS 

o6JiaCTH Bb!COKHX (OT I .n.o 30 Mfu.) qacT0T. K 3T0MY aorrpocy Mb! em.e aepHeMCH 

IT03)Ke. 

PaCCMOTpHM Terrepb 3JieMeHTbl, BX0.lI,Hll.l,He B COOK. H3MepHTeJibHOe ycTpOH

CTB0 .lI,0JI)KH0 .n,aTb CHrHaJI, rrporropu,H0HaJibHb!H CMell.l,eHHIO rryqKa (TOllHee, u.eHTpa 

TH)KeCTH 6aHlla) OT op6HTbI. .Il:JIH 3TOH u.eJIH 11crroJib3YIOTCH rr11Karrb1. OpocTeHllrnH 

ITHKarr (3JieKTpOCTaTHlleCKHH) - 3T0 .n,Be rrJiaCTHHbl, pa3HHU.a CHrHaJI0B C K0T0pb!X 

.n,aeT rra.n,eHHe HarrpH)KeHHH U Ha pe3HCT0pe R. IlpH 3T0M U = aD., r.n.e D. ....:.. 
CMem.eHHe rryllKa OT op6HTbl. B K03cj)c}l11u.11eHT a BX0.lI,HT 3apH.n, rryllKa. nocKOJibKY 

ITOCJie.n,HHH M0)KeT H3MeHHTbCH B pa3JIHllHb!X pe)KHMaX pa6oTbl ycK0pHTeJIH HJIH 

H3-3a IT0Tepb qaCTHU., JIYllllie HCKJIIOllHTb 3T0T rrapaMeTp 113 H3MepeHHH. O03TO

MY HJIH HCITOJib3YIOT IIHKaIIbl 6oJiee CJIO)KHOH cpopMbl, HJIH, KaK rrpaBHJI0, .lI,JIH 
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JJ.aJibHefillleH o6pa6oTKH HCIIOJib3YIOT CHrHaJI, orrpeJJ.eJIHeMbIH OTHOllleHHeM pa3-

HOCTHOro H cyMMOBoro CHrHaJIOB C IIJiaCTHH IIHKarra. TaKOH CHrHaJI rrpaKTHl!eCKH 

He 3aBHCHT OT HHTeHCHBHOCTH rryqKa. 

• HcrroJib3YJOT TaK>Ke MarHHTOHHJJ.YKU.HOHHbie IIHKarrbI THrra rroHca PoroBcKoro. 

KoM6HHaU,HH CHrHaJIOB c l!eTb!pex o6MOTOK TaKoro MarHHTOHHJJ.YKU.HOHHOrO JJ.aT

l!HKa IIO3BOJIHeT IIOJIYllHTb 60JiblllYIO o6JiaCTb JIHHeHHOCTH H He3aBHCHMOCTH OT 

TOKa. B IIOCJieJJ.Hee BpeMH IIOJIYllHJIH 60JiblllOe pacrrpocTpaHeHHe TaK Ha3bIBaeMbie 

strip-line IIHKaIIbl. EcJIH JI.JIHHa crycTKa MeHbllle JI.JIHHbl H3MepHTeJIH, Harpy:>KeH

Horo Ha cornacoBaHHYIO Harpy3KY, TO TaKOH H3MepHTeJib pa6oTaeT KaK JIHHHH, B 

KoTopofi pacrrpocTpaHHeTCH TEM-BOJIHa. MaKCHMaJibHaH llYBCTBHTeJibHOCTb Ta

Koro IIHKarra 6yJJ.eT Ha qacTOTe, COOTBeTCTBYJOI.1..1,eH ,!I,JIHHe BOJIHbl, paBHOH l!eTBepTH 

JJ.JlHHbl H3MepHTeJIH. 

YcTpoficTBO KHKepoB aHaJiorHllHO ycTpoficTBY IIHKanoB. 3To JierKo rroHHTb, 

IIOCKOJibKY 3JieKTPOJJ.HHaMHKa OJJ.HO3Hal!HO CBH3bIBaeT TOKH H 3apHJJ.bl C IIOJIHMH, 

HMH CO3JJ.aBaeMbIMH. EcJIH B H3MepHTeJibHbIX ycTpOHCTBax Mb! H3MepHeM TOKH 

H 3apHJJ.bl, CO3JJ.aHHb!e 3JieKTpOMarHHTHbIM IIOJieM IIYl!Ka B H3MepHTeJie, TO B 

KHKepe Mb! pelllaeM o6paTHYIO 3aJJ.al!y. Mb! JJ.OJI:>KHbl CO3JJ.aTb He06XOJJ.HMOe 3JieK

TpoMarHHTHOe IIOJie, JI.JIH qero ccpopMHpOBaTb Ha IIJiaCTHHax KHKepa Heo6xOJJ.HMbie 

3apHJl.bl HJIH TOKH. 

AHaJIOrHl!HO IIHKarraM KHKepbl JJ.eJIHTCH Ha 3JieKTpocTaTHlleCKHe, CO3JJ.al01.I..1,He 

HMIIYJibC rrorrepel!Horo 3JieKTpHlleCKoro IIOJIH (pHC. 6, a), KHKepbl Ha 6eryI.I..1,eH 

TEM-BOJIHe (cxeMa Ha pHC. 6, 6) H MarHHTHbie KHKepbl (pHC. 7). TiocJieJJ.HHH IIO

Ka3aH 6oJiee IIOJJ.p06Ho. 3TOT KHKep rrpeJJ.IIOJiaraeTCH HCIIOJlb3OBaTb Ha I CTyneHH 

YHK. H3 p0cyHKa BH.D.HO TeXHHl!ecKoe pellleHHe, rro3BOJIHJOI.I..1,ee cpopMHpoBaTh 

HMIIYJibCbl norrepel!HOro MarHHTHOro IIOJIH IIOJIO:>KHTeJibHOro H OTpHU,aTeJibHOro 

HarrpaBJieHHH. 

.--------u a -E 

f f f f f 
-=-

6 

BXOA 

A.!4 
BXOA 

PHc.6 

Bb16op CHCTeMbl IIHTaHHH KHKepoB rrpeJJ.CTaBJIHeT CJIO:>KHYIO 3aJJ.ally, JI.JIH pe

llleHHH KOTopoil: Heo6xoJJ.HMO orrpeJJ.eJIHTb pe:>KHM pa6oTbI CTITIK H ee llacTOTHbIH 
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,n:Harra3OH. TTpHHUHITHaJibHO 3TO MoryT 6bITb HMITYJibCHbIH reHepaTOp HJIH urnpo

KOITOJIOCHblH ycHJIHTeJib HJIH H TO H .n:pyroe B pa3JIHl!HblX qaCTOTHbIX ,!I.Harra3OHax. 

IlpH11IllUIHaJihHM cxeMa KHKepa 

,---+-++-- Bxo~ 

-, -~---i-.....i-- ToKOBhle 
06MOTKH 

CeqeHHe KHKepa 

PHC. 7 

BaeyyMHM 
KaMepa 

BhICOKOBOJihT

HhIH BBO~ 

Bb16op TeXHHtieCKOro peweHHH orrpe,!!.eJIHeTCH TaK)Ke pe)KHMOM pa60Tbl 

cnnK - KoppeKTHPYJOW.HH HMITYJibC .n:eikrnyeT Ha TpeHH ueJIHKOM HJIH Ha 

Ka)KJJ:b!H 6aHtI s OT,n:eJibHOCTH. 11, KOHetIHO, MHOroe orrpe,!!.eJIHJOT s BbI6ope 

CHCTeMbl fIHTaHHH MOW.HOCTHble xapaKTepHCTHKH CHCTeMbl. PacCMOTpHM, 

HarrpHMep, KoppeKUHJO OWH60K HH)KeKUHH. EcJIH KOJie6aHHH Ha ITJiaTO HMITYJibCa 

HH)KeKUHOHHoro KHKepa rropH,n:Ka ±5 . 10-3 (tITO HBJIHeTCH xopowHM KatieCTBOM 

JJ:JIH TaKHX MOW.Hb!X CHCTeM), TO 3TO rrpHse,n:eT K yrny Me)K.n:y rrytIKOM H 

KacaTeJibHOH K op60Te s TOtIKe HH)KeKUHH -6.8 ~ 80(-6.B / B) ~ 10-5 pa.n:. 

,UJIH /3-tj)yHKUHH rropH,!!.Ka 200 M 3TO .n:aeT OWH6Ky B CMew.eHHH Ha yposHe 

±3 MM. EcJIH Mb! fIOflbITaeMCH fIO,!I.aBHTb 3TO OTKJIOHeHHe 3a OJJ:HO rrpOXO)KJJ:eHHe 

3JieKTpOCTaTHtieCKOro KHKepa, TO Mb! ,!I.OJI)KHbl rrpHJIO)KHTb HarrpH)KeHHe, pasHoe 

(3) 

d - WHpHHa KHKepa, L - ero JJ:JIHHa, p - HMITYJibC qacTHUbl, e = -6./ {3 - yroJI 

KOMITeHCaUHH. 



94 JleKu,ua M 9. noaaeAeHu_e nonepe'iHbtX KoAe6aHutl ny_'iKa 

TTycTb d = 4,5 • 10-2 M, 7J = 100 M, p = 450 f3B (,11,JIH LHC), ~ = 3 MM. 

Tor,11,a UL= dp8 = 4,5 • 10-2 · 4,5 • 10 11 • 3 · 10-3 • 10-2 = 600 KB• M. 

TTpH L = 10 M Hanpsrn<:em1e Ha nJiacTHHax 6y,11,eT 60 KB, '-ITO npe,11,cTaBJIHeTcH 

BeCbMa Tpy,11,HOH 3a,11,aqeif npH 3a3ope 4,5 CM. TTpHMeHeHHe urnpoKOilOJIOCHOro 

ycHJIHTeJIH, pa60Ta!OW.ero Ha qacTOTe l"'V 20 Mru. (npH 3TOM KHKep ,11,JIHHOH 10 M 

npe,11,cTaBJIHeT eMKOCTHYIO Harpy3KY nopH,11,Ka 100 nct>), HBJIHeTCH Hepa3pell1HMOH 

npo6JieMoii. OTc10,11,a BH,11,HO, '-ITO ,11,JIH Ka:lK,11,oro ycKopi!TeJIH HY:lKHO HCKaTb CBOH 

nyTH ee pellleHHH. Ha1-160Jiee npocTOH nyTb: yMeHhlllaTb, eCJIH B03MO:lKHO, ,11,0JIIO 

yrJia, KOMileHCHpyeMoro 3a 0,11,HO npoXO:lK,11,eHHe KHKepa. nocKOJibKY B ,11,aJibHeHllieM 

Mb! 6y,11,eM 1-1cnoJib30BaTb ,11,JIH npHMepoB napaMeTpbI YHK H LHC, noJie3HO HMeTb 

HX cpaBHHTeJibHbie xapaKTepHCTHKH (cM. Ta6JIHU.y). 

CpaBHHTeJibHbie xapaKTepucTnKu cucTeM YHK u LHC 

IlapaMeTp YHK LHC 

IlepHMeTp, KM 20,771 26,658 

3HeprmI npH HH>KeKUHH, f3B 70,0 450,0 
MaKCHMaJJbHaH 600,0 7700 ,11,JIH p 

IlepHo,11, o6paw,eHHH, nc 69,3 88,92 

,B-cpyHKU.HH, M (max/min) 152,2/31,8 165,8/29,l 

fopH30HT. H BepTHK. '-!aCTOTbl 52,71 71,28/70,31 

KoJJH'-lecTBo Tpei'.iuoa 12 35 

Pa3pb1B Me>K,11,y Tpei'.iHaMH, MKc 4,85 6,47 

IloJJHOe KOJIH'-leCTBO '-!aCTHU. 6. 1014 4,7. 1014 

lJaCTOTa nOBTOpeHHH 0,15 KoJJJJai'.i,11,ep 

HopMaJJH30BaHHblH 3MHTTaHC, MM 5,0 3,75 

Bo3MO>KHbie oum6KH HH>KeKU.HH, MM ±5 ±4 

BpeMH pocTa pe3HCTHBHOH HeycTOH'-IHBOCTH 
(JJHHeHHaH TeopHH), MC 0,120 11,0 

HH3lllaH 4aCToTa pe3HCTHBHOH 
HeycTOH'-IHBOCTH, Kfll 3,3 3,0 

.llJIH YHK npe,11,JIO:lKeHo HCIIOJib30BaTb MOW.HbIH HMilYJibCHbIH rettepaTOp, KO

TOpbIH o6ecrre'-IHBaeT no,11,aBJieHHe HH:lKeKU.HOHHbIX Oll1H60K Bcero TpeHHa. B 3TOM 

CJiyqae, C 0,11,HOH CTOpOHbl, Mb! BbIHY:lK,11,eHbl ocyw.ecTBJIHTb 3TOT pe:lKHM BBH,11,Y 

6bICTporo HapaCTaHHH pe3HCTHBHOH HeycTOH'-IHBOCTH, ,11,JIH KOTOpOH Ha'-laJibHbie 

KOJie6aHHH MoryT CTaTb Heo6XO,!l,HMOH 3aTpaBKOH, C ,11,pyroii CTOpOHbl, Ha'-laJibHaH 

:lKeCTKOCTb ny'-IKa 3TO 1103BOJIHeT. 11cKyccTBeHHaH JIHHHH pa3pH:lKaeTCH Ha co

rJiaCOBaHHYIO Harpy3KY c BpeMeHeM, paBHbIM BpeMeHH o6opoTa. MaKCHMaJibHbIH 
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TOK B KJ.iKepe (pHC. 7) nopH,nKa 500 A ,llOCTaTO"IeH ,llJIH no.naBJieHHH MaKCHMaJibHO 

BO3MO)KHOro OTKJIOHeHHH. Ha"IaJIO pa3pH,nKH JIHHHH onpe,neJIHeTCH CHrHaJIOM C 

nHKana: npH OTCYTCTBHH OTKJIOHeHHH ny"IKa OT op6HTbl BpeMH 3a,nep)KKH Ha"IaJia 

pa3pH,llKH JIHHHH paBHO HYJIIO, H TOK B KHKepe B MOMeHT npoJieTa Tpeii:Ha TaK)Ke 

paBeH HYJIIO. npH MaKCHMaJibHOM OTKJIOHeHHH BpeMH 3a,nep2KKH paBHO nep00.ny 

o6paw:eHHH H qacrnu.a "IYBCTByeT noJIHblH: HMITYJibC B KHKepe. 3Ta CHCTeMa pa-

6oTaeT B Te"IeHHe 1-10 o6opoTOB npH ycJIOBHH 6bICTpoii: 3apH,llKH cpopMHpy10w:eii: 

JIHHHH. B ,naJibHeii:weM ,llJIH no.n.nep2KaHHH 3MHTTaHca B Te"IeHHe OCTaJibHOro 

ycKOpHTeJibHOro 11.HKJia npe.nnoJiaraeTCH HCITOJib3OBaTb MaJIOMOW:HbIH: YCHJIHTeJib C 

noJiocoii: 4 Kfu. - 5 Mru. (HanpH2KeHHe Ha KHKepe nopH,nKa 200 B H TOK 10 A). 

)lJIH LHC TaKoe peweHHe He no.nxo,nHT, nocKOJibKY HH2KeKTHpyeMbIH: Tpeii:H 

HMeeT 60Jibll1He KOJie6aHHH aMnJIHTY.llbl no ero ,llJIHHe. Ha BbI6op napaMeTpOB H 

pe)KHM pa60Tbl lliHpOKOITOJIOCHOro ycHJIHTeJIH HaKJia,llbIBalOTCH CJie,ny10w:0e ycJio

BHH. 

Ha4aJibHaH MOW:HOCTb onpe,neJIHeTCH He06XO,llHMOH: BeJIH"IHHOH: aMnJIHTY.llbl 

OTKJIOHeHHH, KOMneHCHpyeMOH: 3a O,llHH npoxo.n KHKepa. 3Ta aMnJIHTy.na ,llOJI2KHa 

6b!Tb nocTOHHHOH: .no HeKOTOpOH: npoMe2KyTO"IHOH: 48CTOTbl, a nOTOM yMeHblliaTbCH 

C 3a,naHHblM TeMnOM .no MaKCHMaJibHOH: 48CTOTbl (pHC. 8, a). nepBaH "IaCTb aM

nJIHTY.llHO-"IaCTOTHOH: xapaKTepHCTHKH (ALIX) 6y,neT OTBeTCTBeHHa 3a no,naBJieHHe 

HH)KeKU.HOHHbIX KOJie6aHHH:, BTOpaH - 3a no.n.nep2KaHHe 3MHTTaHca B pe2KHMe 

KOJIJiaii:,nepa, Kor.na 6oJibll1He KOJie6aHHH no.naBJieHbl H 60Jibll18H MOW:HOCTb y2Ke 

He Tpe6yeTCH. 3Ta cxeMa .nocTaTO"IHO npocTa, HO noTpe6JIHeT 60JiblliYIO cpe,nHIOIO 

MOW:HOCTb, a 60JiblliOH: K03<p<pHU.HeHT ycHJieHHH HaKJI8,llbIBaeT )KeCTKHe orpaHH"Ie

HHH Ha napa3HTHbie KOJie6aHHH Ha Bb!COKHX "IaCTOTaX pa6o4eH: cxeMbl YCHJIHTeJIH. 

Bo3MO)KH0 npHMeHeHHe YCHJIHTeJIH, pa60Ta10w:ero Ha Bbl,lleJieHHOH: 48CTOTe 

Jo± b.J /2, r.ne b.J - Heo6xo,nHMaH lliHpOKOnOJIOCHOCTb (pHC. 8, 6). 3Ta cxeMa 

CB060,nHa OT He,noCTaTKOB npe,nb1,nyw:eii: cxeMbl, HO BbI.lleJieHHaH "IaCTb Jo onpe

,neJIHeT )KeCTKHe Tpe6oBaHHH Ha .D:JIHHY KHKepa H BpeMH npoJieTa crycTKa 4epe3 

KHKep. 3Ta CBH3b npHBO.llHT K Heo6xo,nHMOCTH yKopo4eHHH .llJIHHbl KHKepa H, 

CJie,noBaTeJibHO, K yBeJIH"IeHHIO "IHCJia KHKepoB B ycKOpHTeJie. 

a AMIIJIHTY.!la 6 

A 
/middle tJaCTOTa lo tJacTOTa 

PHc. 8 

npaKTH"IeCKH BO BCeX YCKOpHTeJIHX, HMe!OW:HX CnnK C Ha"IaJibHOH: 3HeprneH: 

nopH,nKa HeCKOJibKHX ,necHTKOB f3B H HH)Ke (PS, SPS, HERA, T3BaTpoH), 0cnoJib-

3y10TcH KJiacc04ecKHe w0poKonoJiocHb1e ycHJIHTeJIH c ALIX THna noKa3aHHOH: Ha 

pHC. 8. Hx npHHU.HnHaJibHaH cxeMa (rnn HCITOJib3yeMOH: JiaMnbI Hecyw:ecTBeHeH) 

noKa3aHa Ha pHc.9. 
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+E
8
l 

I 
-Ea2 -Eal 

PHC. 9 

I 
-Ea 

+Ea 

Kicker T 0.1 nF 

Ll:JI.H npaBHJibHO IlOCTpOeHHOH CHCTeMbl o6pa6oTKH CHrHaJia OLJeHb Ba)l<HO 

3HaTb, KaK IlHKan BOCilpHHHMaeT nyLJOK. TTpe.D.CTaBHM ce6e OTKJIOHeHHb!H OT 

op6HThI 6aHLJ, KOTOpbIH c nep00.n.OM To npoxo.n.HT LJepes nHKan. EcJIH nepsoe npo

XO:lKJI.eHHe 6aHLJa 6b!JIO BO speM.H tk 0 IlOJIO)KeHHe 6aHLJa, ero HHTeHCHBHOCTb He 

MeH.HeTC.fl, TO IlHKan 6y.n.eT socnpHHHMaTb nepHO.D.HLJeCKHH CHrHaJI c aMilJIHTY.D.OH, 

y.n.osJieTBopmow:eti cpopMyJie 

i(t) = eJ(tn - tk - mTo), 

s.n.ecb e - noJIHbIH sap.H.D. 6aHLJa. 

rpaq>HLJeCKH 3TO MO:lKHO npeJI.CTaBHTb B BHJI.e 

i(t) 

1--'----.L---'---------'--------L-- - - - - - - - - - - - - - - -

Tk -.j To f-

PHc. 10 

(4) 

L 

3aBHCHMOCTb CHrHaJia OT speMeHH MO:lKHO npe.n.cTaBHTb s BH.D.e p.H.n.a <l>ypbe 

00 

i(t) = io + I>n cos nwo(t - tr), (5) 
n=I 

io = e/To = efo; in = 2io - 2efo; wo = 21r Jo. 

EcJIH Tenepb BCilOMHHTb, LJTO nyLJOK HCilb!TbIBaeT 6eTaTpOHHhie KOJie6aHH.fl H 

Ha6er cpashI Ha o6opoTe scer.n.a Heu;eJioe LJHCJio, TO pHc. 10 Ha.n.o npe.n.cTaBHTh B 

BH.D.e 
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i(t) 

P0c. 11 

TTp11 3TOM 3aBl1Cl1MOCTb c11rnaJia OT apeMeHl1 6y,n:eT CJie,n:yIOw.efi: 

i(t) = e5(t - tk - mTo)ak cos (Qwot + <I>k), 

a rrocJie rrpeo6pa3oaaH11H. <l>ypbe 

i(t) = akefo{ cos (Qwot + <I>k) + f cos [(n + Q) wot+ Wn+J + 
n=I 

97 

(6) 

+ cos [(n - Q) wot+ Wn_] }· (7) 

I-fa cpopMyJibl (7) HCHO, L!TO LiaCTOTHb!H crreKTP rnrttaJia C IT11Karra 6y,n:eT 

rrpe,n:cTaBJIHTb Ha6op JI11H11H B B11,n:e 

0 fo 2fo kfo f 

P0c. 12 

CrreKTP, cocTOHW.11H 113 OCHOBHbIX LiaCTOT nfo, pacw.errJIHeTcH Ha .n:orroJIH11-

TeJibHh1e Jil1Hl111 (n ± q)fo, r.n:e q - .n:po6HaH LiaCTb LiaCTOTbl 6eraTpOHHb!X KOJie-

6aH11H. l13 Teop1111 HeycTOHL!11BOCTl1 113BeCTHO, L!TO yaeJil1L!l1BaIOT CBOl1 aMITJil1TYJl:bl 

He ace MOJ:I:bl KOJie6aHl1H, a TOJibKO Te, Ha KOTOpb!X 3HeprnH 113 rrpo,n:OJibHOro 

.n:s11)KeH11H rrepexo,n:11T a 3HeprnIO rrorrepeLIHhIX KOJie6att11fi. 

,ll,JIH pe311CTl1BHOH HeycTOHL!11BOCTl1 3TO MOJ:I:bl (n - q)fo; Ha,n:o rro,n:aBl1Tb KOJie-

6aHl1H Ha 3Tl1X Mo,n:ax, B TO apeMH KaK MOJ:I:bl (n + q)fo He CTpallIHbl. 

KpoMe 3TOro, HeJib3H rrporrycT11Tb B cmcTeMy o6pa60TK11 c11rnaJia MOJ:I:bl nfo, 
ITOCKOJibKY B cyMMe 3TH MOJ:I:bl ,n:a,n:yT _fIOCTOHHHb!H BO apeMeHl1 y,n:ap ITO rryLIKY B 

Kl1Kepe, L!TO attaJIOrHL!HO rrapaMeTp11LieCKOMY pe3oHattcy. BcrrOMHl1M cpopMyJiy ( 1) 
11 K03<p<p111..(11eHT Co, CBH3aHHb!H C ITOCTOHHHblM CMew.ett11eM op611Tbl. B LiaCTOTHOM 

rrpe,n:cTaBJieHl111 3a TaKoe CMew.eH11e OTBeTCTBeHeH HaLiaJibHb!H LIJieH nfo, CJie,n:o

BaTeJibHO, l1CKJIIOLieH11e TaKoro crreKTpa 113 Cl1CTeMbl o6pa6oTKl1 c11rnaJia IT03BOJil1T 

TaK)Ke 11CKJIIOL!l1Tb ow116Ky 113MepeHl1H, CBH3aHHYIO C ITOCTOHHHb!M CMew.eHl1eM 

4 11. H. 11BaHOB, r. B. Tpy6HHKOB 
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op611Tbl. .lI.JIH 3TOH ueJIH 11CII0Jib3YIOTCH pa3JI11qHb!e !pl1JibTpb!. CxeMa npocTeiiwero 
113 H11X noKa3aHa Ha p11c. 13, a. C11rnaJI c n11Kana Ha nepaoM o6opoTe 3a.n.epxrnaa
eTCH Ha apeMH To 11 Bb1q11TaeTcH 113 c11rnaJia Ha BTopoM o6opoTe. 3TO .n.aeT ALIX 
rnna IIOKa3aHHOH Ha p11c. 13, 6. 

a 
L 

3a,1:1ep)l(Ka T0 

tnocY 
6 

lo 2/o 3fo 4fo f 

Pnc. 13 

Tenepb Mb] M02KeM Hap11coBaTb 6JIOK-cxeMy Cl1CTeMbl o6pa6oTKl1 c11rnaJia 
CTTTTK. C11rnaJI C IIl1Kana yc11JI11BaeTCH 3JieKTpOHl1KOH Hl12KHero ypoBHH (p11c. 14), 

( ~ IT~ ) 

T 
CncTeMa 
IIllTaHIUI 

I( 
A 
II 

j 3a,1:1ep)l(Ka 1-106pa60'rKa I 

A 
I( 
II 

<l>HJibTp 

A 
I( 
II 

3JieKTpOHH:Ka 

Hmrrnero 

ypOBIUI 

L 

M (ncKJiroqeHne 
llHTeHCllBHOCTll) 

Pnc. 14. 6JIOK-CXeMa CHCTeMbl o6pa60TKH CHfHaJia 
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BbI.U,eJIHIOTCH cyMMOBOH H pa3HOCTHblH CHrHaJibl, ou:mt>poBb!BaIOTCH. HopMaJIH3a

TOp .u,eJIHT pa3HOCTHbIH CHrHaJI Ha cyMMOBOH, noJiytieHHbIH CHrHaJI, He 3aBHCHI..l.{HH 

OT ero HHTeHCHBHOCTH, no.u,aeTCH Ha q>HJibTp, rIOCJie qero Bblpa6aTbIBaeTCH CHrHaJI, 

onpe.u,eJIHIOI..l.{HH ypoBeHb HMrIYJibCa B KHKepe B 3aBHCHMOCTH OT OTKJIOHeHHH H 

pe)KHMa pa6oTbI. 

Heo6XO.U,HMaH .U,JIH KHKepa KOMaH.u,a 3a.u,ep)KHBaeTCH TaK, l!T06b! KHKep B03-

.u,eiicTBOBaJI TOJlbKO Ha. Te tiaCTHU:bl, KOTOpbie C03.U,aJIH CHrHaJI B rIHKane. CHrnaJI 

.U,JIH KHKepa npeBpar..u:aeTCH B aHaJIOfOBb!H, KOTOpb!H 3aCTaBJIHeT CHCTeMy rIHTaHHH 

pa6oTaTb HY)KHbIM o6pa30M. 51cHO, l!TO 3TO TOJlbKO npHHU:HrIHaJibHaH cxeMa. 

PeaJibHaH cxeMa BKJIIOtiaeT B ce6H CBH3b C CHCTeMOH ynpaBJieHHH ycKOpHTeJieM, 

.U,HarHOCTHKY Y3JIOB CITITK, oTpa)KeHHe He06XOJI.HMOH .U,JIH onepaTOpa HHq>OpMa

U:HH HT. JI., 

Tenepb, KOr.u,a Mb! pacCMOTpeJIH OCHOBHbie, npHHU:HrIHaJibHb!e Y3Jibl cnnK C 

TeXHHl!eCKOH TOlIKH 3peHHH, 3aHMeMCH npo6JieMaMH JI.HHaMHKH pe)KHMa no.u,aBJie

HHH KOJie6aHHH. KaK 3TOT npou:ecc peaJIH30BaTb TaK, tIT06bI CHCTeMa o6paTHOH 

CBH3H 6bIJia OTpHU:aTeJibHOH, T. e. l!T06br .u,eHCTBHe 3TOH CHCTeMbl yMeHblliaJIO 

nepBHl!HOe B03.U,eHCTBHe? Mb! BH.U,eJIH, l!TO KOppeKU:HH OTKJIOHeHHH 3a OJI.HH 

o6opOT (no KpaiiHeH Mepe Ha 3Tane HCnpaBJieHHH ourn6oK HH)KeKU:HH) MO)KeT 

.u,aTb HepeaJIH3yeMbie napaMeTpbl TeXHHl!eCKHX ycTpOHCTB. OTCIO.U,a CJie.u,yeT, l!TO 

Heo6xo.u,HMO onpe.u,eJIHTb, KaKyIO qaCTb aMrIJIHTYJI.bl OTKJIOHeHHH nytIKa .u,onyCTHMO 

KoppeKTHpOBaTb 3a OJI.HO npoXO)K.U,eHHe KHKepa. 

ITpe.u,cTaBHM ce6e, l!TO aMrIJIHTYJI.a KOJie6aHHH nytIKa 3aBHCHT oT BpeMeHH 

B BHJI.e eiwt_ EcJIH B o6r..u:eM cJiyqae onpe.u,eJIHTb, l!TO w = Rew+ i · Imw, TO 

eiwt = e-Imwt · eiRewt_ ,lJ.JIH CJiytiaH lmw = -l/r Mb! 6y.u,eM HMeTb 3aBHCHMOCTb 

aMrIJIHTYJI.b[ OT BpeMeHH B BH.U,e 

(8) 

TeMrI HapaCTaHHH aMrIJIHTYJI.b[ KOJie6aHHH BO BpeMeHH (HHKpeMeHT) r B TeopHH 

cnnK qacTO onpe.u,eJIHIOT KaK 

To 
T = 21r~Q· (9) 

ITpH 3TOM ~Q HMeeT q>H3Hl!eCKHH CMblCJI l\1HHMOH .u,o6aBKH K qacTOTe, a 

BeJIHlIHHa e21rt:,,Q ecTb yBeJIHtieHHe aMnJIHTYJI.bI 3a o6opoT. CITITK JI.OJI)KHa o6ec

netIHBaTb no.u,aBJieHHe KOJie6aHHH. ITo3TOMY MO)KHO HarIHCaTb oTpHU:aTeJibHbIH 

HHKpeMeHT - .u,eKpeMeHT TaKOH CHCTeMbl B BH.U,e 

(10) 

A66peBHaTypa «FB~ 03HatiaeT Feed-Back (Ha3BaHHe CHCTeM no.u,aBJieHHH K0-

Jie6aHHH B aHrJIOH3bll!HOH JIHTepaType). B ( 10) napaMeTp ~Q BBe.u,eH KaK rIOKa 

a6cTpaKTHaH xapaKTepHCTHKa CITITK. Tenepb HaM Ha.U,O Ha 3TOM H3b!Ke OU:eHHTb 

Bee npou:eccbr, BJIHHIOr..u:He Ha pacKatIKY KOJie6aHHH H Ha 3aTyxaHHe KOJie6aHHH. K 

paCKatIKe npHBOJI.HT: 

4* 
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a) HeycTOH'-111BOCTb (pe311CTHBHaH, Hanp11Mep) 

To 
Tres = 21r.6.Qres' ( 11) 

6) pacKorepeH'-1l1BaH11e Ha'-laJibHb!X KOJie6aHl1H H3-3a ourn6oK HH:>KeKU11H 

To 
TDC= 21r.6.Qnc (12) 

K ,n:eMnqrnpoBaHHIO KOJie6aHHH: np11B0,AHT 3aTyxaHHe JlaH,n:ay 

To 
TL= 21r.6.QL. (13) 

Co611pasi: BMeCTe (10), (11), (12) H (13), noJiy'-111M, '-ITO aMnJIHTy,n:a KOJie6aHl1H: 

A~ exp [(.6.Qres + .6.Qnc - .6.QL - .6.QFB) 21r ;J exp [iRew t]. (14) 

Onpe,n:eJieHHe seJIH'-111H .6.Qres, .6.Qnc, .6.QL 6y,n:eT ,n:aHo noa,n:Hee. 

l13 ( 14) CJie,n:yeT, '-ITO ycJIOBHe OTpHUaTeJibHOCTH COOK, T. e. YCJIOB11e no,n:aB

JieHHH KOJie6aHHH:, eCTb 

.6.QFB > .6.Qres + .6.Qnc - .6.QL. 

B TeopHH cnnK 11Cil0Jlb3YIOT BeJil1'-111HY g: 

9 = 41r.6.QFB· 

Tor,n:a (15) nepexo,n:HT s 

g ~ 41r(.6.Qres + .6.Qnc - .6.QL). 

(15) 

(16) 

(17) 

YMeHbllieH11e aMnJIHTY.AbI KOJie6aHHH aa o6opoT 6y,n:eT nponopu110HaJibHO 

e-g/Z. OTCIO,Aa ero cp113Hl!eCKHH CMb!CJI. 3TO cpaKTH'-leCKH 3HepreTHl!eCKaH xa

paKTepHCTHKa cnnK. Ko3cpcpHUHeHT 1 /2 BBe,AeH ,AJIH y,n:o6cTBa H CBH3aH C 

npaBl1JlbHOH paCil!HcppoBKOH: CHrHaJia c nHKana. 3.n:ecb Mb! He 6y,n:eM ,n:eTaJibHO 

o6cy:>K,n:aTb 3TOT sonpoc, nOCKOJibKY .AJIH paccMaTpHBaeMOH TeMbl OH npHHUHil11-

aJibHOrO 3Hal!eHHH He 11MeeT. 

EcJil1 ycJIOBHH il03BOJIHIOT Bb!6paTb g ~ 0, 1, TO B npHBe,AeHHOM Bb!Il!e npHMepe 

MOill.HOCTH CHCTeMbl nHTaHl1H Hanpsi::>KeHHe Ha 3JieKTpOCTaTH'-leCKOM KHKepe 6bJJIO 

6bJ nponopUHOHaJibHO bg H, CJie,AOBaTeJibHO, Ha KHKepe ,AJil1HOH 10 M Mb! MOrJil1 

6bi" o60HTl1Cb 8 KB, a npH HCilOJib30BaHHH Il!HpOKOilOJIOCHOro yc11JIHTeJIH ero 

MOill.HOCTb MO:>KHO 6bJJIO 6bJ OIJ,eHHTb no cpopMyJie 

W = U2 /Z = U221rfoc = 3 · 4 · 106 · 6 · 28 · 2 · 107 
· 10-10 = 800 KBT. 
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3Ty MOIIJ.HOCTb peaJIH3OBaTb TPY.ll.HO, HO BO3MO)KHO. TTpHBe.n,eM .n,aJiee cxeMy 

ou.eHOK g . .lI.JIH MHHMOH 'IaCTH qacTOTbl pe3HCTHBHOH HeycTOHlJHBOCTH H3BeCTHO 

Bb!pa:>KeHHe H3 JIHTepaTypbI: 

( 18) 

Q - 6eTaTpoHHoe 'IHCJIO, E - 3HeprnH, I - TOK rryqKa, R - cpe.n,HHH pa.n,Hyc 

Mall!HHbl, zj_ - rrorrepe'IHbIH HMrre.n,aHC KaMepb!. Bb1pa:>KeHHe .ll,JIH HMrre.n,aHca 

H3BeCTHO, HO e.n,HHYIO cpopMyJiy rrpHBeCTH TPYJI.HO, IlOCKOJibKY HMrre.n,aHC 3aBHCHT 

OT OTHOll!eHHH CKHH-CJIOH (a ero BeJIHlJHHa 3aBHCHT OT qacTOTbl) K TOJIIIJ.HHe 

CTeHOK BaKyyMHOH KaMepbl, a TaK:>Ke OT CTPYKTYPbI 3aIIOJIHeHHH op6HTbl 6aHlJaMH. 

nocJie.n,Hee HrpaeT pOJib rrpH HH:>KeKU.HH, KOTOpaH .ll,JIH 60Jibll!HX Mall!HH HClJHCJIH

eTCH BpeMeHeM ~ 1 q (CM., HarrpHMep, cxeMy 3aIIOJIHeHHH op6HTbl LHC Ha pHc. 5). 
,6,.Q L rrporropu.HoHaJibHO pa36pocy 'IaCTOT 6eTaTpOHHb!X KOJie6aHHH ,6,.Q. 

TTyCTb 

( 19) 

PacKorepeHlJHBaHHe KOJie6aHHH se.n,eT K yseJIHlJeHHIO 3MHTTaHca Ha BeJIHlJHHY 

(20) 

B cpopMyJie (20) 

(21) 

bk, bs, br - aMrrJIHTy.n,a KOJie6aHHti:, orrpe.n,eJIHeMbIX c ornH6KaMH B KHKepe, B 

cemyM-MarHHTe H KaHaJie TpaHcrropTHpOBKH, , - 3HeprnH rry'IKa; f] - cpeJI.HHH 

,8-cpyHKU.HH; TDc - speMH pacKorepeHlJHBaHHH 

1 To 
TDc = 8f = 8Q. (22) 

To 
TToMHH, 'ITO 7bC = 21rtlQDc' MO:>KeM H3 (20) C y'IeTOM (22) rroJiy'IHTb CBH3b 

llQDc = DTDc' (23) 

r)J.e D - K03cp<pHU.HeHT rrporropu.HoHaJibHOCTH, 3aBHCHIIJ.HH OT llc/c, b:E, 'Y, f]. 
Terrepb HaM OCTaJIOCb BbllJHCJIHTb K03cpcpHU.HeHTbl B, D ( 3.ll,eCb Mb! 3TO .n,eJiaTb 

He 6y.n,eM, IlOCKOJlbKY 3TO TOJlbKO cxeMa), co6paTb (18), (19), (23) H rro.n,cTaBHTb 

B (17). B pe3yJibTaTe Mb! IIOJIY'IHM ou.eHKY g KaK cpyHKU.HIO llc / C. nocKOJibKY 

rrpou.ecc paCKorepeHlJHBaHHH He OCTaHOBHTb, yseJIH'IeHHe 3MHTTaHca Bee paBHO 

6yJI.eT, HaM HY:>KHO ycTaHOBHTb ero JI.OIIYCTHMbie 3HalJeHHH, KOTOpb!e orrpe.n,eJIHeT g, 
H .n,aJiee pa3yMHbie Tpe6oBaHHH Ha CHCTeMy IlHTaHHH CflflK . .lJ.JIH .n,eMOHCTpaU.HH 

rropH.n,Ka seJIH'IHH rrpHBe.n,eM ou.eHKY g .ll,JIH LHC (, = 450, f] = l00i, .8:E = 4ii, 
8Q = 0,0009): 
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b,.e/e 

10,0 
5,0 
2,5 

1,0 

T'FB, MC 

4,181 
3,251 
2,473 

1,677 

g 

0,043 
0,056 
0,073 
0,109 

113 y:>Ke np1rne.n.eHHOro npHMepa ou.eHKH MOlll.HOCTH ,!I.JUI g = 0,7 .SICHO, KaKOH 

u.eHOH MO:>KHO y.n.ep:>KaTh pocT 3MHTTaHca ny'!Ka B npe.n.eJiaX 1 %. 
HecMoTp.SI Ha TO, 'ITO CTTTTK ycKopHTeJieH Ha Bb!COKHe 3HeprnH pa6oTaJOT c 

MaJibIM g, CHCTeMa o6pa6oTKH CHrHaJia, no. cyTH, ycHJIHTeJih C 60JibIIIHM K03cpqrn

U.HeHTOM ycHJieHH.SI. Ha caMOM .n.eJie CHrHaJI c [IHKana HMeeT ypoBeHb ~ 1 B, a B 

KHKepe MhI .n.oJI:>KHhI co3.n.aTh Hanp.SI:>KeHHe ~ 104 B. TaKoH 6oJibIIIOH K03<p<pHU.HeHT 

ycHJieHH.SI BXO,ll.HOro CHrHaJia O3HaqaeT, 'ITO .n.a:>Ke O'leHh MaJibie BO3MYlll.eHH.SI 

CHrHaJia Ha ypoBHe nHKana H o6pa6aTbIBaJOmei1 3JieKTpOHHKH MoryT npHBeCTH 

K cymecTBeHHOH OIIIH6Ke B KoppeKTHPYJOlll.eM HMnyJihce. Ha060Jiee cepbe3HhIH 

HCTO'IHHK B03Mylll.eHHH - IIIYMhl. Mbr y:>Ke roBopHJIH o IIIyMax paHee, yTO'IHHM 

eme pa3 Hx npoHcxo:>K.n.eHHe. 

EcTh BHeIIIHHe HCTO'IHHKH IIIYMOB - KOJie6aHH.SI 3eMJIH, KOJie6aHH.SI B Mar

HHTHOM [IOJie ycKopeHH.SI H3-3a <<HeH.n.eaJibHOCTH>> CHCTeM [IHTaHH.SI. K BHyTpeHHHM 

HCTO'IHHKaM IIIYMOB MO:>KHO OTHeCTH B3aHMO,!I.eHCTBHe ny'IKOB _B MeCTe BCTpel!H 

(,!I.JI.SI KOJIJiaH.n.epoB), B036y:>K.n.eHHe nHKana ny'IKOM Ha BbICOKHX rapMOHHKaX. Kpo

Me 3TOfO, KOHe'!HOe pa3peIIIeHHe [IHKana H BeJIH'IHHa HH:>KHero 3Haqamero 6HTa 

u.0cpp0B00 3JieKTpOHHKH TaK:>Ke BocnpHHHMaJOTCH 06pa6aTbIBa10me0 cHCTeMOH KaK 

IIIyM. B npHHU.Hne, JII060H IIIYM npHBO,ll.HT K yBeJIH'leHHIO 3MHTTaHca: 

( de) w5 00 

dt 
O 

= 41r L {3S(wn), Wn = wo(Q - n), 
n=-oo 

(24) 

s ( Wn) - cneKTpaJibHa.SI [IJIOTHOCTb <<y.n.apa>> Ha ny'IOK (Ha o6opoTe) H3-3a IIIyMa. 

s ( Wn) ,ll.OJI)KHa 6b!Tb ou.eHeHa ,!I.JI.SI pa3JIH'!Hb!X nepel!HCJieHHbIX BbIIIIe npH'IHH. 

TToJiy'leHHb!H B pe3yJihTaTe pocT 3MHTTaHca ,ll.OJI:>KeH Jie:>KaTh B .n.onycTHMbIX npe

.n.eJiaX. 113 3TOro YCJIOBH.SI onpe.n.eJI.SIIOTC.SI TeXHH'leCKHe Tpe6oBaHH.SI Ha TeXHHKY, 

HCCTOJih3yeMyJO B CTTTTP. HanpHMep, ecJIH qacTOTHa.SI 'IYBCTBHTeJibHOCTh nHKana 

SsMP (w), TO 

92 
{3S (w) = /32 /3i/3

2 
SsMP (w). (25) 

3.n.ecb /31 '/32 - /3-cpyHKU.HH B MeCTe nHKana H KHKepa (yqTeHO, l{TO KHKep 

HcnpaBJI.SieT yroJI 68 = ~ ). Jl:JI.SI IIIHpOKO[IOJIOCHOfO [IHKana 
/31 /32 

00 

wo f SsMP (wn) ~ f SsMPdw = xtMP 
n=-oo 

H 
de ,68 -~ 2 dt pTxBPM· (26) 

-oo 
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B <popMyJie (26) XBMP - BeJIH'Hrna KOHeqHoro pa3pewemrn nHKana. ,llm1 

ou.eHOK Heo6xo,n:HMOH pa3pH.AHOCTH HcnoJib3yeMbIX AUTT MO)KHO TaK)Ke npHMeHHTb 

<popMyJiy (26), npH,n:aB XBMP CMbICJI HH)KHero 3Haqaw.ero 6HTa. 

,llJIH KOJIJiaH,n:epa IlOHBJIHeTCH ,AOilOJIHHTeJibHbIH pocT 3MHTTaHCa H3-3a B3aH

MO,AeHCTBHH nyqKoB. B qacTHOCTH, ecJIH g > f (( - napaMeTp B3aHMO,AeHCTBHH B 

TOqKe BCTpeqH), TO 

(27) 

yfa Bcero BbIWecKa3aHHOro MO)KHO c,n:eJiaTb Bb!B0,Abl, qTQ ,Aa)Ke ,AJIH g << 1 
CTTTTK npe,AbHBJIHeT )KeCTKHe Tpe6oBaHHH K KaqecTBy MarHHTHbIX IlOJieH, K 

o6ecneqeHHIO HH3KOro ypoBHH WYMOB H OTCYTCTBHH MexaHHqecKHX KOJie6aHHH. 

Tpe6yeTCH HCilOJib30BaHHe MaKCHMaJibHO MHoropaapH,AHOH 3JieKTpOHHKH H MaKCH

MaJibHO qyBcTBHTeJibHbIX nHKanoB. HanpHMep, ou.eHKH ,n:JIH LHC ,n:aIOT cJie,n:yIO

lll.He pe3yJibTaTbI: qyBCTBHTeJibHOCTb IlHKana .AOJI)KHa 6b!Tb Ha ypoBHe 0,25 MKA, 
MaKCHMaJibHOe cyMMapHoe CMelll.eHHe nyqKa H3-3a wyMa ,AOJI)KHQ 6b!Tb He 6oJiee 

1 MKM. KpoMe 3TOro, B KOJIJiaH,n:epax napaMeTp f .n:onoJIHHTeJibHO or'paHHqHBaeT 

BeJIHqHHY g. 
Mb! paccMOTpeJIH o6mHe npHHU.Hilbl opraHH3aU.HH cnnK, TeXHHKy H Tpe6o

BaHHH K Hett. OcTaJICH eme o,n:HH Ba)KHbIH Bonpoc: KaK npaBHJibHO HaHTH pe)KHM 

pa60Tbl CTTTTK, eCJIH yqecTb, qTQ pa6oTa CTTTTK CaMa BHOCHT npHHU.HilHaJibHbie 

H3MeHeHHH B COCTOHHHe nyqKa. ,llJIH peweHHH 3Toro Bonpoca, KOHeqHO, HY)KHO 

pewaTb ypaBHeHHH THna 

dd2; + k(s)y = _l _2F, y = { : . (28) 
s m,V0 

B F npH 3TOM He06XO,AHMO BKJIIOqHTb <<CHJIY>> KHKepa cnnK. PeweHHe 3Toro 

ypaBHeHHH - 3TO aa,n:aqa OT,AeJibHOro HCCJie,AoBaHHH, Mb! C<pOPMYJIHpyeM 3,AeCb 

cxeMy onpe,n:eJieHHH ycJIOBHH ycTOHqHBoro no,n:aBJieHHH KOJie6aHHH. TTepBbIM wa

roM nepexo,n:HT K ycpe,n:HeHHIO no nonepeqHoMy ceqeHHIO nyqKa H K ypaBHeHHIO 

u.eHTpa TH)KeCTH 6aHqa: 
1 00 

Y --+ ( Y) = Nb L Ym' 
m=l 

Nb - qHCJIO qacTHU. B 6aHqe, BTOpoe npH6JIH)KeHHe - KHKep cqHTaeTCH Toqeq

Hb!M (.AJIHTeJibHOCTb HMilYJibCa B KHKepe 3HaqHTeJibHO MeHbllie BpeMeHH o6opoTa): 

(F) ~ o (S - Sk). 

,llaJiee pewaeTcH 3a,n:aqa Ha co6cTBeHHb1e 3HaqeHHH. HmeTcH peweHHe B BH,n:e 

eiwt' HJIH CTpOHTCH aJiropHTM nepexo,n:a OT O,AHOro o6opoTa K .n:pyroMy, B 3TOM 

CJiyqae BMeCTO <pypbe-npe,n:cTaBJieHHH y.n:o6HO HCilOJib30BaTb z-npeo6paaoBaHHe: 

00 

fj(z) = LY (n)z-n, 
n=O 

y (n) = -
2
~i J fj(z) zn-ldz. 

(29) 

C 

0 



104 JleK4UR __jjk 9. Ilo8aBJLeHUe nonep_ettHblX_ KOJLe6aHUU llfl_'lKa 

)l.aJiee H3 ypaBHeHH.H ,ll.Jl.H eo6eTBeHHb!X 3Ha'-IeHHH noJiy'-Ia!OT yeJIOBH.H Im w > 0 
HJIH lzl ~ 1, KOTOpbre onpe.n.eJI.HIOT oTpHuaTeJibHOeTh 06parno11 eB.H3H HJIH yeTOH
'-IHBoe no.n.aBJieHHe KOJie6aHHH e y'-IeTOM BJIH.HHH.H eaMOH eHeTeMbl. napaMeTpOM 
npH .9TOM .HBJI.HeTe.H nepe.n.aTO'-IHa.H cpyHKUH.H DHKan-KHKep (MO.U.YJib .9TOH cpyHKUHH 
IKI - K0.9cpcpHUHeHT yeHJieHH.H). <PH3H'-IeeKa.H KaprnHa npaBHJibHoro onpe.n.eJie
HH.H napaMeTpOB CTTTTK eoeTOHT B eJie,D.yIOI..UeM. Kor.n.a 6aH'-I npOXO,ll.HT KHKep H 
HenhIThIBaeT KoppeKTHPYIOI..UHH HMDYJibe, TO cpa3a nonepe'-IHhIX KOJie6aHHH ny'-IKa 
MeH.HeTe.H eKa'-IKOM Ha BeJIH'-IHHY, nponopUHOHaJibHYIO HMnyJihey KHKepa. KpoMe 
.9TOro, pa3BHTHe HeyeTOH'-IHBOeTeH .n.aeT He TOJ!bKO .n.o6aBKY K MHHMOH qaeTOTe 
KOJie6aHHH, HO H e,D.BHr .n.e11eTBHTeJibHOH qaeTH qaeTOTbl. 3To MOLKeT npHBeeTH K 
TOMY, '-ITO H3MeHHTeH cpa3a KOJie6aHHH ny'-IKa B TO'-IKe KHKepa. B qaeTHOeTH, B 
eJiyqae pa3BHTHH pe3HeTHBHOH HeyeTOH'-IHBOeTH M02KHO HanHeaTb yeJIOBHe no.n.aB
JieHHH KOJie6aHHH B BH,D.e 

lkl sin [Re\J!pk ± (cp + w~r)] > 21rlimQI, (30) 

Wpk - Ha6er cpa3bl Ha yqaeTKe DHKan-KHKep, 'P - eKa'-IOK cpa3bl npH pa6oTe 
KHKepa, I Im QI - HHKpeMeHT pe3HeTHBHOH HeyeTOH'-IHBoeTH, ~r - B03MOLKHaH 
ourn6Ka B eHHXpOHH3aUHH pa60Tbl KHKepa. 

IloJIHb!H aHaJIH3 yeTOH'-IHBOH pa60Tbl cnnK (yeJIOBHe (30)) ,ll.OJI2KeH ,ll.ODOJI
HHTeJihHO Y'-IHTbIBaTb: HaJIH'-IHe qaeTOTH0-3aBHeHMb!X .9JieMeHTOB B eHeTeMe o6pa-
6oTKH eHrHaJia (cpHJibTpoB), HeTO'-IHOeTH B yeTaHOBKe o6opy.n.oBaHHH, npO,ll.OJ!bHYIO 
eTpyKTYPY nyqKa Ha op6HTe. .II:mi npHMepa MOLKHO npHBeeTH pae'-IeT o6Jiaern 
yeTOH'-IHBOeTH cnnK ,ll.Jl.H nepBOH eTyneHH YHK, 3Ha'-IHTeJihHO yMeHbllla!OI..UHX 
o6JiaeTb yeTOH'-IHBOH pa60Tbl (pHe. 15). 

:c".~ _a 
0,92 

0,84 

0,76 

0,68 
Re Q= 56,71 
llm QI= 0,1 IAl 

0,60~-~-~~-~-~ 
0,75 0,90 1,05 1,20 1,35 1,50 

P1-1c. 15. 3aBHCHMOCTb Dk OT IKI. Re \Jlpk = 112,5 1r - 0,08 (n - 1). UmjJpbI Ha KpHBbIX - 3Ha'leHHll 

n (6e3 y'leTa BJIHl!HHll cjJHJibTpa) 

B 3aKJIIO'-IeHHe Ha.n.o OTMeTHTb, '-ITO Bee eoBpeMeHHhie yeKopHTeJIH HenOJib3YIOT 
cnnK H Bee npoeKrnpyeMbie KOMDJieKebI - YHK, LHC, RHIC - o6.H3aTeJihHO 
BKJIIO'-Ia!OT .9TOT .9JieMeHT yeKopHTeJibHOH TeXHHKH. B pa6oTa!OI..UHX yeKopHTe
JI.HX cnnK o6eene'-IHBa!OT yenewHoe no.n.aBJieHHe KOJie6aHHH. TaK, HanpHMep, 
B Y-70 OTHOWeHHe To/TFB ~ 0,005 npH Tres ~ 2,5 · 10-2 e (To = 5 MKe), B 
PETRA TeMn no.n.aBJieHH.H To/TFB ~ 0,0768, a B SPS - nop.H,n:Ka 0,2. cnnK 



JleKu,ua M 9. lloaaaAe1-tue nonepe'lHbtX KOAe6a1-tuu ny'lKa 105 

K0MnJieKca HERA nossoJIHJI yseJIHLIHTb TOK nyLIKa .ll.O 56 MA npH pacLieTH0M 

3 MA. OnbIT sanycKa T9BaTp0Ha Il0Ka3aJI, LIT0 3T0T ycK0pHTeJib HeB03M0.>KH0 

6bIJIO 6b! sanycTHTb (yLIHTbIBaH peaJibHb!H pas6poc napaMeTp0B Cil-MarHHTOB) 

6e3 pa3BHTOH CHCTeMbl .D.HarH0CTHKH H K0ppeKUHH nyLIKa H CililK. Ho, HeCM0TpH 

Ha y.>Ke Ji.0CTaT0LIH0 60JiblliOH 0ilb!T B paspa6oTKe H 3KCilJiyaTaUHH CililK, 3TH 

CHCTeMbl npe.D.CTaBJIHIOT JI.HHaMHLIH0 pa3BHBaIOlll.YIOCH o6JiaCTb TeopHH H npaKTHKH 

cospeMeHHOH ycKopHTeJibHOH cpH3HKH. 



YCKOPHTEJIH 3AP.SDKEHHblX qACTHll. -
OT B. H. BEKCJIEPA ,II;O HAIDHX ,II;HEH 

H.H. Haanoa 
06bemrneHHbIH HHCTHTYT H,ll.epHbJX HCCJJe,ll.OBaHHH, .L{y6Ha, 

A.H. Jle6eaea 
<l>H3H4eCKHH HHCTHTYT HM. TI. H. Jle6e.n.esa 

PAH, MocKBa 

PaccKa3aTb o pa3BHTHH ycKop11TeJieH sa nocJie.n,tt11e 6oJihrue 1.rnM noJICTOJieTHH 

B paMKax O.!l,HOro .!l.OKJia.n,a - oqeHb Tpy.n,HaH H .n,a)Ke npaKTH4eCKH HeBb!IlOJIHHMaH 

sa.n,aqa. YcKOpHTeJIH KaK q>H3H4eCKHH np116op Ha K8)K.!l,0M 3Tane csoero pa3BHTHH 

HCilOJib3YIOT see nocJie.!l,HHe .!l,OCTH2KeHHH ttayKH H TeXHHKH H caMH, KaK Moryq11if 

,r\CLE PHYs1
0 ~~~~~-~ 

. •✓.-<<~--~-'tt;";; ~ 
-~~;;:_~~~ ,~• 1" 

-~r~ 
"?_ ;_,.~ __ · .. :-:I_.- ··. ;,.··,·. :· -=:::-

PHC. 1 

JI0KOMOTHB, THHYT 3a co6oif BblCOKOTeXHO

JIOrH4HOe npOH3B0.!l,CTBO H HayKOeMKYIO Tex

HOJIOrHIO. Mb! He npeTett.n.yeM Ha IlOJIHOe 

11cTop11qecKoe on11catt11e 3TOro npou:ecca, HO 

IlOilbITaeMCH onpe.n,eJIHTb TeH.n,eHU:HH H 3Ta

Ilbl pa3BHTHH ycKop11TeJieH B yKa3aHHblH ne

p110.n., np11se.n.w11e K HOBblM Ka4eCTBeHHbIM 

B03MO)KHOCTHM HCCJie.n,oBaHHH MHKp0MHpa. 

BJia.n,HMHp I1oCHcposlfq BeKCJiep HaqaJI 

8KTHBHYIO pa6oTy B ycKopHTeJibHOH q>H3H

Ke IlOCJie HeCKOJibKHX JieT 3KcnepHMeHTOB C 

KOCMH4eCKHMH 48CTHU:aMH Ha ropHb!X CTaH

U:HHX. Ott npeKpacHo IlOHHMaJI, 4TO q>H3HKa 

48CTHU: H yCKopHTeJIH sapH)KeHHblX qacTHU: 

no cyTH .n.se COCTaBJIHIOW.He O.!l,HOH o6JiaCTH 

3HaHHH. Ceifqac y)Ke cq11rneTcH 06w.enp11-

3HaHHhIM, 4TO q>H3HKa Bb!COKHX 3Heprnif -

q>H3HKa 3JieMeHTapHblX qacrnu: - .n.ep)KHT

CH Ha Tpex CJIOHax (KaK 3eMJIH B npe.n,cTaBJieHHH H8WHX npe.n,Kos): q>H3HKax

TeopeTHKaX, q>H3HKaX-3KCnepHMeHTaTOpax H q>H3HKax-ycKop11TeJibllJ.HKax. EcJIH 

Il03BOJIHTeJibHO HCil0Jib30BaTb 3TH cpaBHeHHH, BJia.n,HMHp I1oc11cpos11q coqeTaJI B 

ce6e cpasy .n.syx CJIOHOB 113 6a3bl q>H3HKH Bb!COKHX 3Heprnif. Kotte4HO, Kor.n,a 

B. 11. BeKcJiep np11weJI B HayKy, OCHOBHbie npHHU:Hilbl ycKopeHHH (npHMoro, pe-

30H8HCHOro H HH.D.YKU:HOHHOro) sapH)KeHHblX qacrnu: 6b!JIH ccpopMyJIHpoBaHbl H 

3KcnepHMeHTaJibHO nposepeHbl. Ho HMeHHO C ero HMeHeM CBH38HO npespaw.eHHe 

ycKop11TeJieH B peaJibHbIH, ynpaBJIHeMhIH ttayqHbIH HHCTpyMeHT c tteo6xo.n,HMhIMH 
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,ll.JIH q>H3HKOB napaMeTpaMH. BJIHHHHe H,ll.eH BJia,ll.HMHpa l1oc11cpoBHlfa B o6JiaCTH 

ycKopeHHH 3apmKeHHb!X lfaCTHI..( Mb! omymaeM ,ll.O CHX nop. 

Development of Accelerators 

Technique Ideas Organization 
of the beams 

Principle of the 
acceleration 

~ 
Fixed target Development 

of the high 
frequency 
technique 

( direct acceleration, 
resonance, induction) 

operation 

Ccyotcs ~ 
Use of 
modern 
computer's 
technique 

~ 
Phase stability principle 

Strong focusing 

Multi-stage 
accelerators 
(boosters) 

·~ ~ 
Cooling => Storage rings => SR 

N~w tt ~ 
methods Factories Colliders 

Cyclic Linear 

PHc.2 

5e3yCJIOBHO, pa3BHTHe ycKopHTeJieH onpe.n.eJIHeTCH noTpe6HOCTHMH q>H3HKH 

lfaCTHI..(. Ho ecJIH OCTaBaTbCH B paMKax ycKopHTeJibHOH q>H3HKH H TeXHHKH, 

BO3MO)KHO, C HeKOTOpOH CTeneHb!O ycJIOBHOCTH, onpe.n.eJIHTb tpH JIHHHH pa3BHTHH 

ycKOpHTeJieH (pHC. 2). nepBaH JIHHHH - pa3BHTHe TeXHHKH. B 3TOH JIHHHH MO)KHO 

BbI,ll.eJIHTb TPH HaH60Jiee Ba)KHb!X wara: pa3BHTHe MOl.l..(Hb!X HCTOlfHHKOB Bb!COKO

lfaCTOTHb!X 3JieKTPHlfeCKHX noJieH (3TO onpe.n.eJIHJIOCb noTpe6HOCTHMH pa,ll.HOJIOKa-

1..(HOHHOH TeXHHKH), npaKTHlfeCKOe HCnOJib3OBaHHe CBepxnpoBO,ll.HMOCTH B ycKopH

TeJIHX H, HaKOHel..(, llIHpOKOe npHMeHeHHe KOMnb!OTepHOH TeXHHKH He TOJibKO Ha 

CTa,ll.HH npoeKTHpOBaHHH ycKOpHTeJieH, HOH Ha CTa,ll.HH HX HaJia,ll.KH H ynpaBJie

HHH ycKopHTeJibHb!MH KOMnJieKcaMH, a TaK)Ke CO3,ll.aHHH CHCTeM cpopMHpOBaHHH 

He06XO,ll.HMb!X napaMeTpOB ycKopeHHb!X nylfKOB. BTopaH JIHHHH (Mb! ee ycJIOBHO 

Ha3BaJIH <<H,ll.eH>>) BKJI!OlfaeT B ce6H OCHOBHb!e npHHl..(HnbI ycKopeHHH 3apH)KeHHb!X 

lfacrnu, 3TO pa3pa6oTKa B. 11. BeKcJiepoM npHHUHna cpa3oaoif ycTOHlfHBOCTH s 
ycKOpHTeJIHX pe3OHaHCHoro THna, npHMeHeHHe )KeCTKOH cpoKycHpOBKH, B .n.aJ1bHeH

rneM npe,ll.JIO)KeHHe H 3KcnepHMeHTaJibHOe ,ll.OKa3aTeJibCTBO MeTO,ll.OB OXJia)K,ll.eHHH 

nylfKOB H HOBbie MeTO,ll.bl ycKopeHHH - nocJie,ll.HHH <<JII060Bb>) B. 11. BeKCJiepa. 

TpeTb!O JIHHHIO Mb! Ha3BaJIH <<OpraHH3al..(HH nylfKOB>>. nocJie rrepBb!X npoCTb!X 
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cxeM ycKopemrn H Bb!B0JI.a nyqKa Ha BHyTpeHHIOIO HJIH BHellIHIOIO MHllieHb 6b!JIO 

npeJI.JI0)KeHO HCIT0Jib30BaHHe 6ycTepoB JI.JIH yBeJIH'leHHH HHTeHCHBH0CTH ny'IK0B 

Bb!COKOH 3HeprnH. OTCIOJI.a B03HHKJIH cxeMbl MH0rocTyneH'laTOro ycKopeHHH B 

C0BpeMeHHbIX ycK0pHTeJibHblX KOMnJieKcax: O6beJI.HHeHHe 6ycTepoB H npHHUHIT0B 

OXJia)KJI,eHHH ny'IK0B npHBeJI0 K C03JI.aHHIO O'leHb 3cpcpeKTHBHOro HHCTpyMeHTa 

COBpeMeHHOH <pH3HKH - HaK0ITHTeJibHblX K0Jieu. KpoMe 3T0ro, HaKonHTeJibHbie 

K0JibUa n03B0JIHJIH HCn0Jib30BaTb CHHxpoTp0HH0e H3JIY'leHHe BO MH0rHX o6Jiacrnx 

HayKH H TeXHHKH, pacwHpHB B03M0)KHQCTH HayqHoro npHMeHemrn ycKOpHTeJieH. 

TTpHMeHeHHe MH0f0CTyneH'laTOr0 ycKopeHHH, 6ycTepoB, 0XJia)KJI,eHHH onpeJI,eJIHJIH 

C0BpeMeHHbie THllbl ycKopHTeJieH Ha Bb!C0KHe 3HeprnH - K0JibUeBbie H JIHHeHHbie 

KOJIJia11JI.epb1. I1MeHHO 3TH ycKopHTeJIH 6yJI.yT onpeJI.eJIHTb cpH3HKY XXI CT0JieTHH. 

MILESTONES 

1928 Linear Acc. 
1931 Van-de-Graaff 
1932 Cyclotron 
1940 Betatron 

50 keV } Principles of 
1.5 MV acceleration 
1.25 MeV are 
2.2 MeV improved 

1944 PHASE STABILITY PRINCIPLE 

· 1947 PIAS (Lebedev Inst.) 270 MeV 
Prepa-1949 Synchr. Cycl. (Dubna) 680MeV 

1952 Cosmotron (BNL) 3.0GeV ration of 
Era of 

1954 Bevatron (Berkeley) 6.1 GeV high 
1957 SFT(Dubna) 10.0GeV 
1958 Saturne (Saclay) 3.0GeV 

energy 
machines 

1964 ELA (Kharkov) 2.0GeV 
1996 SLAC (Stanford) 35GeV 

1952 STRONG FOCUSING PRINCIPLE 

1966 
1959 
1967 
1972 

PS (ITEP, Moscow) 
PS (CERN), AGS (BNL) 
U-70 (Protvino) 
SPS (CERN) 

*) in recent understanding 

P11c.3 

IO Ge V } Start of 
26, 28 GeV Era ofa 
70 GeV big ma-
400 GeV chines• 

• 

KaK 3TOT npouecc BblfJIHJI.eJI BO BpeMeHH (pHC. 3 H 4)? OcHOBHbie npHHUHllbl 

ycKopeHHH 6bIJIH npeJI.JI0)KeHbl B 20-30-x fOJI.aX xx CT0JieTHH. TTepBaH JI,eM0H

CTpaUHH ycKopeHHH 3JieKTp0H0B pe30HaHCHbIM MeT0JI.0M 6bIJia B 1928 fOJI.Y, TpeMH 

roJI,aMH n03)Ke 6b!JIH ycKopeHbl H0Hbl B ycKopHTeJibHOH Tpy6Ke C HanpH)KeHHeM 

1,5 MB, Ha cJieJI.yIOW:HH r0JI. <•p0JI.HJICH>> UHKJI0TpoH, KOTOpbIH ocTaeTCH nonyJIHp

HOH MallIHHOH JI.0 CHX nap, H B 1940 fOJI.Y CTapTOBaJI 6eTaTpOH, 0TKpbIB JIHHHIO 

HHJI.YKUH0HHb!X ycKopHTeJieH. ¢opMyJIHpOBaHHe B 1944 fOJI.Y npHHUHna cpa30BOH 

ycTOH'IHBOCTH qacTHU B pe3oHaHCH0M, UHKJIH'leCK0M ycK0pHTeJie 6b!JIO He06hI'laH-



Yc1wpume1tu aapRJ1Ce1-t1-tbtX ttacmut{ - om B. H. BeKc1tepa ao H.autux aH.eu 109 

1970 RADIO-FREQUENCY QUADRUPOLE (RFQ) 

1985 USE OF SUPERCONDUCTIVITY 

1985 Tevatron (Fermilab) 800 GeV} Go to TeV! 
1994. CEBAF (JLAB) 5.5 GeV 

COLLIDERS (New kind of accelerators!) 

1961 Coll. Beam Exp. 2 x 500MeV e-,e-
(Princeton) 

1965 VEPP => VEPP2M 2 x 1 GeV e+,e-
1973 SPEAR (SLAC) 2 x 26 GeV e+, e-
1995/96 LEP(CERN) 2 x 50/2 x 85 GeV e+,e-
1979 CESR (Cornell) 2 x 6GeV e+, e-
1998 KEK (Tsukube) 8 x 3.5 GeV e+,e-

1971 ISR(CERN) 2 x 25 GeV p,p 
1983 SPS(CERN) 2 x 30 GeV p,p 
1996 Tevatron (Fermilab) 2 x 0.9TeV p,p 

1990 HERA (Hamburg) 27.5 x 820 GeV e-,p 

2000 RHIC(BNL) 2 x 100 GeV/n i, i 

PHc.4 

HO Ba:>KHbIM 11 OTKpblJIO JI.Opory JI.JIH CO3JI,aHHH KPYTTHb!X ycKop11TeJieH Ha BbICO

KHe 3Heprn11. CJieJI,y!OW:HM 3TaTTOM pa3B11THH ycKOpHTeJieH 6bIJia 3pa TTOJI.fOTOBKH 

6oJibllll1X Mall!HH B coapeMeHHOM, KOHe,rno, TTOHHMaHHH. Ha4aJIOM 3TOro 3Tana 

6b!JIO coopy:>KeHHe B 194 7 fOJI.Y npOTOHHOfO CHHXpOTpoHa Ha 3Heprn!O 270 M3B 

B cf>113H4eCKOM HHCTHTyTe HM. n. H. Jle6eJI,eBa, npOJI.OJI)KeHHeM - aanycK CHHxpo

U.HKJIOTpoHa Ha 3Heprn!O npoTOHOB 680 M3B B ,Uy6He 11 KOCMOTpoHa 11 63BaTpoHa 

B 6epKJil1 (3HeprnH npOTOHOB 3,0 11 6,1 f3B COOTBeTCTBeHHO), a q>HHHWeM -

aanycK TTOJI. PYKOBOJI.CTBOM B.11. BeKCJiepa CHHxpoqiaaoTpOHa B ,lly6He, KOTOpb!H 

HMeJI peKOPJI.HYIO 3Heprn!O ny4Ka B TO BpeMH (10 f3B). CJieJI.ylOW:HM Ba:>KHbIM llla

roM, KOTOpbIH OTKpbIJI 3py 6oJibll!HX Mall!11H, 6bIJI np11Hu.11n :>KeCTKOH cpoKyc11poaK11 

qacrnu.. B 1959 roJI.y 6bIJia JI.OCTHrHYTa 3HeprnH nopHJI.Ka 30 f 38 (PS B U.EPH 11 

AGS a 6pyKxeflaeHe), 11 B 1972 roJI.y 6b1JI coaepllleH CKa4oK JI.O 3Heprnfl 400 r 38 

aanycKOM npOTOHHbIX CHHxpoTpOHOB B U.EPH 11 6aTaBl111. 3aMeTHM, 4TO npOTOH

HbIH CHHXpOTpOH Ha 3Heprn!O 70 f3B, coopy:>KeHHblH B 1967 fOJI.Y B TTpoTBHHO, 

o6JiaJI,aJI MaKCHMaJibHOH JI.JIH Toro apeMeHH 3Heprneil: JI.O 1972 roJI,a. l1a 06w11pHoro 

napKa JIHHeHHbIX 3JieKTpOHHbIX ycKop11TeJieH Heo6XOJI.HMO BbIJI,eJIHTb JI.Ba Ha1160Jiee 

KpynHbIX - B XapbKOBe (1964 fOJI., 2 f3B} 11 CTeH<popJI.e (1962 roJI., 35 f38). 

,UaJibHeil:ll!ee pa3B11THe 3TOro KJiacca Mall!HH B npHMeHeHHH K TH:iKeJibIM 4aCTHU.aM 

CBH3aHO C peaJIH3au.11eil: npHHU.HTTa BblCOK04aCTOTHOH <poKyc11poBKl1. BHeJI,peHHe 

B ycKop11TeJibHYIO TeXHHKY CBepxnpOBOJI.HMOCTH JI,JIH CO3JI,aHHH KaK MarHHTHOH 

OTTTHKH, TaK 11 caepxnpOBOJI.HW:HX B4-peaoHaTOpOB TPYJI.HO nepeou.eHHTb. TTepBblH 

TTOJIHOCTblO CBepxnpoBOJI.HW:HH ycKop11TeJib 6bIJI aanyw:eH B CTeHq>OpJI,e B 1972 ro-
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11.y. 3TO 6bIJJ mrneHHbIH ycKopHTeJJb 3JJeKTpoHOB Ha 3Heprmo 22 M3B. Ho caMOH 
sa:>KHOH sexoH Ha 3TOM nyTH 6bIJJ 1985 ro11., ro11. 3anycKa T3BaTpoHa s 6aTaBHH. 
3THM 6b1J1 c11.eJ1aH peaJJbHbIH war s o6JJaCTb T3BHbIX 3Heprnii. HaH6oJJee HpKHM 
npe11.cTaBHTeJ1eM csepxnpoBOll.HI.I.J.HX ycKOpHTeJJeH 3JJeKTpoHOB HBJJHeTCH CEBAF s 
Jia6opaTopHH .lI.>KecpcpepcoHa ( 1964 ro11.). 

3asepWHTb 3TOT HCTOPH'•IeCKHH o63op (Mb! npHBeJIH TOJlbKO HeKOTOpbie npH
Mepbl YCKOpHTeJJbHblX ycTaHOBOK, eme pa3 COCJlaBWHCb Ha HeB03MO>KHOCTb o6b
f!Tb B Oil.HOM ll.OKJ1a11.e see, 'ITO XOTeJIOCb 6b1) He06X011.HMO KOJ1J1aH11.epaMH -
cospeMeHHbIMH THilaMH ycKOpHTeJJeH Ha Bb!COKHe 3HeprHH. TTpHMeHeHHe 3THX 
MaWHH HatJaJIOCb s 1961 ro11.y s TTpHHCTOHCKOM YHHBepcHTeTe 11.eMOHCTpau:HeH 
CTaJIKHBaIOI.I.J.HXCH 3JleKTpOHHbIX nytJKOB H B 1965 ro11.y nepBbIM q>H3H'leCKHM 
3KCnepHMeHTOM Ha CTaJJKHBaIOI.I.J.HXCH nytJKax B l1HCTHTyTe Hll.epHOH q>H3HKH Ho
BOCH6HpCKa H rpynnoii CTeHcpop11.-TTpHHCTOH s CTeHcpop11.e Ha ycKopHTeJJe SLAC. 
Tenepb Mb! HMeeM u:eJJbIH KJJacc KOJ1J1aii11.epos: 3JJeKTpoH-no3HTpOHHbie, npo
TOH-npoTOHHbie, npOTOH-aHTHnpoTOHHbie, HOH-HOHHbie. CTaJJKHBaIOI.I.J.HeCH ny'IKH 
pa3JJH'IHbIX copTOB qacTHU:, MHOrOCTyneH'laTOCTb ycKopeHHH 11.0 Heo6X011.HMOH 
3HeprHH f!BJIHIOTCH xapaKTepHbIMH npH3HaKaMH cospeMeHHOro ycKopHTeJJbHOro 
KOMnJJeKca, pa6oTaIOI.I.J.ero Ha q>H3HKY 3JleMeHTapHb!X qacTHU:. HaH6oJJee HpKHMH 
npHMepaMH TaKHX KOMnJJeKcos HBJJHIOTCH B3TTTT-2, B3TTTT-4, SPEAR, T3BaTpoH, 
LEP, HERA, RHIC, KEK (B3TTTT-2 11.0 KOHU:a csoeii pa6oTbI 11.ep>KaJJ peKop11. 
CBeTHMOCTH B o6JJaCTH 3HeprnH 2 X 700 M3B). 

HeKOTOpb!e H3 3THX MaWHH 6y11.yT 3cpcpeKTHBHO pa6oTaTb Ha q>H3HKY H B 
6y11.ymeM, noceMy HacTaJJ y11.06HbIH MOMeHT npe11.cTaBHTb ce6e, KaKHe npoeKTbI 
H Me'ITbl MoryT 6bITb peaJJH30BaHbl B HaCTYilHBWeM CTOJJeTHH, KpoMe nepetIHC
JJeHHblX Bb!We. HaH60JJee aM6HU:H03HblH cospeMeHHbIH npoeKT, HaXOll.HI.I.J.HHCH B 
CTall.HH peaJJH3aU:HH, - 3TO, KOHe'IHO, npOTOH·npoTOHHbIH H HOH-HOHHb!H KOJJJJaH-
11.ep LHC s IJ,EPH (cM. pHc. 5). B 2009 ro11.y O>KHll.aeTcH 3anycK npoTOH·HOHHoro 
KOJ1J1aH11.epa RIKEN (HnoHHH). 3To peaJJbHbie nJJaHbI 6JJH>Kaiiwero 6y11.ymero, 
H HatJaJJo 3KCnepHMeHTOB Ha 3THX ycTaHOBKax onpe11.eJ1HT HOBblH war snepe11. 
B HCCJlell.OBaHH51:X no q>H3HKe qacTHU:. CJ1e11.yIOI.I.J.HM waroM s· 3TOM HanpasJJeHHH 
6y11.eT coopy>KeHHe JIHHeHHbIX 3JleKTpOH·Il03HTpOHHblX KOJ1J1aH11.epos. TTpoeKTbl 
3THX ycTaHoBoK aKTHBHo pa3pa6aThrnaIOTCH s repMaHHH, CWA, HnoHHH, s IJ,EPH 
(TESLA, cue, NLC, JLC). TESLA - HaH6oJJee npopa6oTaHHbIH s TeXHH'leCKOM 
nJJaHe npoeKT, 803MO>KHOCTH peaJJH3aU:HH ero o6cy>K,n:aIOTCH. CJ1e11.yeT 11.06aBHTb, 
'ITO, KpOMe 3JleKTpOH-n03HTpOHHOro B3aHMOll.eHCTBHH, B paMKax 3Toro npoeKTa 
npe11.ycMOTpeH pe>KHM raMMa-raMMa-KOJIJ1aH11.epa H CHCTeMa KOpOTKOBOJIHOBblX 
H3JJyqaTeJJeH Ha 6a3e JIC3 11.JIH npHKJJall.HbIX HCCJ1e11.osaHHH. CLIC ceiiqac pac
CMaTpHsaeTcH KaK nepcneKTHBHaH ycTaHOBKa IJ,EPH nocJJe LHC. QqeHb HHTe
pecHbIM C cpH3H'leCKOH TO'IKH 3peHHH, HO, MO>KeT 6b!Tb, HeCKOJlbKO cpaHTaCTH'IHblM 
BbirJJHll.HT npoeKT MIOOHHoro KOJ1J1aii11.epa. 3ToT npoeKT paccMaTpHsaeTCH B 11.syx 
sapHaHTax - 11.sa>Kll.bI no 0, 1 T3B H 11.sa>Kll.bI no 3 T3B. C noJJytJeHHeM MIOOH
HbIX ny'IKOB CBH3bIBaIOT noJJytJeHHe ny'IKOB HeHTpHHO. TaK, HanpHMep, npoeKT 
HeHTpHHHOH cpa6pHKH B 6aTaBHH pacc'IHTaH Ha noJJy'leHHe 1020 HeHTpHHO B ro11.. 
3anycK LHC ceiiqac HaMe4eH Ha 2005 ro11.. Mo>KeT 6bITb, OH Cll.BHHeTCH Ha 6oJJee 
no311.Hee speMH, HO y>Ke HatJaJJocb 06cy>K11.eHHe cJJell.yIOmero npoToH-npoTOHHoro 
KOJ1J1aii11.epa (VLHC) Ha 3HeprnIO 2 x 50 T3B H 2 x 200 T3B. nocJJell.HHH sapHaHT 
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FUTURE - PROJECTS, DREAMS 
(COLLIDERS, FACTORIES) 

CLOSE, JS REAL 

2002/09 
2005 

RIKEN 
LHC 

3.5 GeV (p) x 1.4 GeV /amu (i) 
2 x 7.7 TeV (p), 2 x 2.76 TeV (i) 

NOT SO CLOSE, BUT JS REAL 

2010 (?) LINEAR e+,c COLLIDERS 2 x 500 GeV 

(J u ~ 

TESLA, CUC, NLC, JLC 

FAR, BUT JS ACTIVELY CONSIDERED 

?? 
?? 

MUON COLLIDER 
PHOTON COLLIDER 

2 x 0.1 ---+ 2 x 3 TeV 

?? 
(VLHC) 
FACTORIES, NEUTRINO SOURCES 

.l), 

.l), 

.l), 
WHAT IS FURTHER? 

GREAT ADVANTAGE FOR OUR GRANDGRAND ... CHILDREN 

.lJ-
.lJ-.lJ-

1028 eV!! 
(J ~ 

CLASSICAL METHODS 

PHc. 5 

NEW METHODS 

2 x 50 TeV 
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npeJ.lilOJiaraeT coopy)l{eHI-fe TOHHem1 J.lJll1HOH OKOJIO 200 KM, B KOTOpOM 6yJJ..yT 

pa3Mew.eHbI JJ,Ba KOJibua: TenJibIH 6ycTep Ha 40 T:,B c MarHl1THbIM noJieM nopHJJ..Ka 

2 TJI 11 csepxnpoBOJJ..HW.ee KOJibUO c noJieM 12 TJI Ha 9Heprmo 200 T:,B. 3m 
npoeKTbl HaueJieHbl Ha noJiyqeH11e npeJJ,eJibHO Bb!COKl1X 9HeprnH, HO, 6e3yCJIOBHO, 

Ba)l{Hb!M HanpaBJieH11eM OCTaHeTCH TaK)l{e CO3JJ,aHl1e TaK Ha3b!BaeMbIX cpa6p11K /1..JISI 

npeU11311OHHblX 9KCnep11MeHTOB B o6JiaCTl1 cpeJJ,Hl1X 9HeprnH. 

YMecTHo 3aJJ,aTb sonpoc: a qTQ *e JJ,aJibllle? EcTb KoHeu y 9TOH HenpepbIBHOH 

fOHKl1 3a Bb!COKl1e 9Heprn11? Teop11H onpeJJ,eJIHeT 9Heprmo, Heo6xo/J,11MYIO J]..JIH co-

3JJ,aHl1H eJJ,11HOH Teop1111 B3al1MOJJ,eHCTBl1H, BKJI!OqaSJ rpas11TaUl1OHHOe, KaK 1028 3B. 

C TOqK11 3peHl1H cospeMeHHbIX B03MO)l{HOCTeH JJ..OCT11:>KeH11e TaK11x 3Heprni1 HeJib3H 

paccMaTp11saTb JJ,a:>Ke KaK MeqTy. EcTb JJ,Ba nyrn JJ,aJibHeHllleH <•noroH11•> 3a 3Hep

rnei1 ycKopeHHbIX qacrnu. TTepBbIH nyTb - 9TO KJiacc11qecK11H MeT0/1.. ycKopeH11H 

BO BHellIHl1X MarHl1THblX 11 3JieKTp11qecKl1X ilOJIHX . .HcHo, qTo oqepeJJ,HOH lllar B 

CO3J.laHl111 ycKop11TeJieH CJieJJ,y10w.ero ilOKOJieHl1H 6yJ.leT CJJ,eJiaH no 3TOMY nyrn. 



112 
~ 

Yc1wpume1tu 3apR31Ce1t1tblX ttacmu4 - om B. Jf. BeKc1tepa ao 1-tllUlUX a1-teu 

Ho, C .n.pyroH CTOpOHhl, )K,ll.3Th yaeJUit:JeHHH rroJiyt:JaeMbIX OT BHellIHHX HCTOt:JHH

KOB 3Hat:JeHHH MarHHTHOfO H 3JieKTpHt:JeCKOfO ITOJieH Ha HeCKOJibKO rropH,!I.KOB He 

rrpHXO,ll.HTCH. TTo3TOMY rrpe.n.cTaBJIHeTCH Ot:JeHb rrpHBJieKaTeJibHhIM HCITOJib30BaTh 

;:i:.,rn ycKopeHHH IT0JIH, reHepHpyeMble Herrocpe,!I.CTBeHHO B cryCTKe . .3TO BTOpoil: 

B03MO:>KHbIH rryTh pa3BHTHH ycKOpHTeJieil: - ycKopeHHe B ITOJIHX 3apH:>KeHHbIX 

cryCTKOB HJIH B ITOJIHX, B03HHK310lll.HX rrpH B33HMO,ll.eHCTBHH T3KHX crycTK0B Me:>K

.n.y co6oti HJIH c 3JieKTpoMarHHTHhIMH BOJIHaMH. Bna.n.HMHP HocmpoBHt:J BeKcnep 

6b!JI y6e:>K,ll.eH B He06XO,ll.HMOCTH pa3pa60TKH T3KHX MeTO,ll.OB ycKopeHHH, KOTOpbie 

OH Ha3b!B3JI HOBhIMH H K0TOpb!M OH ITOCBHTHJI ITOCJie,ll.HHe fO,ll.hl CBOeH :>KH3HH. 

HoBbie MeTO,ll.bl 6b!JIH ycrrellIHO 3KCrrepHMeHTaJibHO ITO,ll.TBep:>K,!I.eHbl, HO ITOKa He 

ITOJIYt:JHJIH rrpaKTHt:JeCKOro rrpHMeHeHHH, H HX peaJIH33UHH HBJIHeTCH Hayt:JHbIM 

Bbl30BOM ,ll.JIH CJie,1I.y10lll.HX ITOKOJieHHH ycKopHTeJiblll.HKOB. 

The scheme of electron ring accelerator 

10-11Ne z 
E=k---- MeV/m 

2Rb A' 
where N is the number of electrons, R [cm] is the radius of 

the ring, b [cm] is a small radius cross section, and k::;; l_. 

2b 

R 

Final results: 
Ne= 5 · 1012, Ni= 4 · 1011 

Energy of the nitrogen ions on the end 
of the extracting solenoid: 

_ _._-+--+--+ (2.3 ± 0.6) MeV, 
Holding power of the acceleration 
sections: 
(0.8 + 10) MeV/nucleon 

PHc.6 

HaH60Jiee rrp0,!I.BHHYTb!M B 3TOM OTHOllieHHH HBJIHeTCH, K0Het:JHO, MeTO,ll. 

BeKcnepa-CapaHueaa, 3aKJIJOt:JaJOill.HHCH B ycKopeHHH H0HOB KYJIOHOBCKHM rroneM 

TOpOH,ll.3JlbHOro 3JieKTpOHHOro o6JiaKa, ,ll.BH:>KYill.erocH C 3a,ll.aHHOH CKOpOCTblO. 

PaBHOBeCHOe COCT0HHHe caMoro o6JiaKa ,ll.OCTHraeTCH 33 Ct:JeT ero Bpalll.eHHH B 

0THOCHTeJibHO CJia6oM BHellIHeM MarHHTHOM ITOJie H corryTCTBYIOill.ero CTHfHB3HHH 

TOpa ITO MaJIOMY pa.n.Hycy co6cTBeHHbIM MarHHTHbIM ITOJieM. YcTaHOBKa ,ll.JIH C03,!I.a

HHH 3JieKTpOHHoro KOJibUa arrepab1e 6b1Jia co3.n.aHa B OHHH H rronyt:JHJia Ha3BaHHe 

a.n.re3aTop (cM. pHc. 6). 
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MHoroJieTHHH pa6oTa rpynnb1 Capami.eBa, KaK, Bnpo11eM, H aHaJiorntJHbie 

pa60Tbl, no.n.xBatJeHHb!e MHOrHMH Jia6opaTOpHHMH MHpa, .LI.OKa3aJIH pa6oTOcnoco6-

HOCTb MeTO.n.a, npo6HBlllero 6pelllb B COBepllleHHO HOBYIO o6JiaCTb ycKOpHTeJibHOH 

cpH3HKH. He MeHee Ba:>KHO, 11To 3Ta pa6oTa nocTaBHJia pH.LI. HOBbIX, sa11acTy10 

HeO:>KH.LI.aHHbIX q)H3HlJeCKHX npo6JieM. TaK HJIH HHatJe, nepBbIH lllar B o6JiaCTb 

KOJIJieKTHBHOro ycKopeHHH 6b!JI c.n.eJiaH, xorn BJia.LI.HMHp HoCHcpOBHlJ ero TaK 0 

He yBH.LI.eJI. 

KaK q)H3HKOB-yCKOpHTeJihlll.HKOB, HalJHHaBWHX CBOIO HaytJHYIO :>KH3Hb no.n. py

KOBO.LI.CTBOM B. H., Hae, c o.n.HoH cTOpOHbI, nopa:>KaeT TOT rnraHTCKHH TexH011ecKHH 

pa3Max, KOTOpb!H noJiytJHJIO .n.eJio ero )KH3HH. Ho, C .n.pyroif CTOpOHbl, XOTeJIOCb 

6h1 HanoMHHTh, IJTO B. H. 6hIJI He npocTo 0so6peTaTeJieM. BbICKa3aHHhie HM 0.n.e0 

HMe!OT He TOJibKO <<yCKOpHTeJibHYIO>> u.eHHOCTb, OHH OTpa3HJIHCb H 

CMe:>KHbIX o6Jiacrnx 3KCnepHMeHTaJibHOH H TeopeTHlJeCKOH q)H3HKH. 

Ha MHOrHX 

Ha060Jiee npoCTbIM npHMepoM MO:>KeT 

cJiy:>KHTh, no:>KaJiyH, nonbITKa o6o6meHHH 

npHHU.Hna aBTocpa3HpOBKH Ha CJiy11a11 B.3aH

MO.LI.eHCTBY!Olll.HX tJaCTHU., HJIH, roBopH ynpo

meHHO, y<IeT npocTpaHCTBeHHOro sapH.n.a. Ha 

pHc. 7 BB.LI.HO, lJTO Bb!llle KpHTHlJeCKOH 3Hep

rHH ero pacTaJIKHBaIOlll.ee npo.n.oJibHoe no

Jie CKJia.LI.bIBaeTCH C BHelllHHM Bb!COKOlJaCTOT

HbIM H TeM caMbIM ycHJIHBaeT aBTocpa3H

poBKy. Mo:>KeT B03HHKHYTb Bonpoc: a sa

'!eM TOr.n.a B006lll.e HY:>KHO BHelllHee noJie, 

ecJIH sapH:>KeHHbIH crycToK cnoco6eH cpasH

poBaTbCH no.n. .n.eHCTBHeM TOJibKO co6CTBeH

HOro pacTaJIKHBaIOlll.ero noJIH? ,nJIH ycKo

p0TeJie11 3TO HBJieHHe «HeycTOHlJHBOCTH OT

p0u.aTeJibHOH Macchi>> (HOM) HBJIHeTcH Ma

nonpHHTHbIM 3cpcpeKTOM (B tJaCTHOCTH, 3TOT 

3cpcpeKT CHJibHO MelllaJI nony11eHHIO npe.n.eJib-

PHASE STABILITY 
of an intense bunch above transition 

PHc. 7 

HOH TTJIOTHOCTH 3JieKTpOHHbIX KOJieu. B MeTo-

.n.e BeKcnepa-Capam1.eBa). Ho IJTO nnoxo .LI.JIH yCKop0TeJie11, xopowo .LI.JIH reHe

paTOpoB CBlJ, H HOM BMecTe c po.n.cTBeHHOH .n.0ompoHHOH HeycTOHIJHBOCThIO 

HMeeT B 3TOM CMbICJie HenJIOXHe nepcneKTHBbl. 

JJ.pyroif npHMep 6onee CJIO:>KeH 0 OTHOCHTCH, KaK HH CTpaHHO, K OCHOBHO

MY npHHU.Hny pa60Tbl Jiasepa - HH.LI.YU.HpOBaHHOMY H3JiytJeHHIO. 3TO HBJieHHe 

aBTOMaTHlJeCKH cne.n.yeT H3 KBaHTOBO-MexaHHlJeCKOro no.n.xo.n.a, r.n.e BepOHTHOCTb 

H3JiytJaTeJibHOfO nepexo.n.a C O.LI.HOro ypoBHH Ha .n.pyroH nponopU.HOHaJibHa KBa.n.

paTy noJIH B03Mylll.eHHH, T. e. na.n.a10me11 MOlll.HOCTH. CnoHTaHttoe 0sny11eHHe 

BHatJaJie npocTO .n.o6aBJIHJIOCb HCKYCCTBeHHO npH Bb!BO.LI.e cpopMyJibl TTJiaHKa .LI.JIH 

no.n..n.ep:>KaHHH TepMO.LI.HHaMHlJeCKOro paBHOBeCHH B CHCTeMe 11epHoe TeJIO + H3JIY

'!eHHe H nonytJHJIO q)H3HlJeCKHH CMblCJI TOJibKO B KBaHTOBOH 3JieKTPO.LI.HHaMHKe. 

Knacc011ecKaH :>Ke TeopHH H3JiytJeHHH O.LI.HOfO 3JieKTpOHa Henocpe.n.cTBeHHO .n.aeT 

JIHlllb cnOHTaHHOe H3JiytJeHHe, a 3a HH.LI.YU.HpoBaHHbIMH 3cpcpeKTaMH OCTaBJIHeT 

HeKOTOpb!H opeoJI <<KBaHTOBOCTH>>. 
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O.n.HaKo nepeHoc npe.n.cTasJieHHH: o pasHosecHH •tiepHoro TeJia Ha cJiyqaif 

HepaBHOBeCHblX CHCTeM C HHBepCHOH: 3aCeJieHHOCTblO He TOJlbKO npe.n.cKa3bIBaeT 

Jia3epHblH: 3cpcpeKT, HO H .n.onycKaeT nepexo.n. h - 0 C 3aMetJaTeJibHbIM pe3yJibTaTOM 

awk/at = Pk - wkaPk/aE. 

3.n.ecb wk - cneKTpaJibHaH IlJIOTHOCTb 3JieKTpOMarHHTHOH: 3HeprHH, Pk(E) 
MOW.HOCTb CilOHTaHHOro H3JiytJeHHH B TOH: )Ke cneKTpaJibHOH: IlOJIOCe, 3aBHCHW:aH 

OT 3HeprnH H3JiytJaTeJieH: E. TTpHMeHeHHe 3TOH npocTOH: cpopMyJibl K nytJKOBblM 

CHCTeMaM C JIHHeH:tJaTblM CilOHTaHHblM cneKTpOM .ll.OBOJibHO npOCTO npHBO.ll.HT K 

B03MO)KHOCTHM C03.D.aHHH pa3JIHtJHbIX Jia3e pos Ha cso6o.D.Hb!X 3JieKTpoHax, HO 

O.ll.HOBpeMeHHO CTaBHT HeO)KH.D.aHHbIH: sonpoc: a npHtieM TYT KBaHTOBaH TeopHH C 

ee HH.ll.YU.HposaHHblM H3JiytJeHHeM, ecJIH 3cpq>eKT coxpaHHeTCH H B KJiaCCHtJeCKOM 

npe.n.eJie? 

OHa .n.eH:CTBHTeJibHO He npH tJeM, H Jia3epbl Ha OCHOBe 3JieKTpOHHbIX nytJKOB 

HBJIHIOTCH tJHCTO KJiaCCHtJeCKHMH npH6opaMH, po.D.CTBeHHb!MH JiaMne 6eryw.eif BOJI

Hbl H rnpoTpOHaM. B tJHCTO KJiaCCHtJeCKOH: CHCTeMe H3JiytJaTeJieH: C He3aBHCHMbIMH 

cpa3aMH, r.n.e CilOHTaHHOe H3JiytJeHHe HBJIHeTCH JIHllib pe3yJibTaTOM q>JIYKTyaU.HH:, 3a 

ctJeT MeXaHH3Ma aBTOq>a3HpOBKH IlOHBJIHeTCH rpynnHpOBKa B pa.n.HaU.HOHHOM noJie, 

T. e. KOrepeHTHOCTb. ConyTCTBYIOW.ee H3MeHeHHe cneKTpaJibHO-yrJiosoro pacnpe

.n.eJieHHH H COCTaBJIHeT CMbICJI HH.ll.YU.HPOBaHHOro H3JiytJeHHH, a Jia3epHb!H: 3cpq>eKT 

HHTepnpeTHpyeTCH KaK 3KCilOHeHU.HaJibHO B03pacTaIOW.aH HeycTOHtJHBOCTb nytJKa 

YcKopeHHe3neKT!)OHOB 

IlJUl3MeHHbIMH BOnHaMH 

lliaJMeHHhie BOJIHhl 

XaprucrepHaJI HanpxJKeHHOCTh B JIHHeiiHOH BOJIHe: 

mwpc npc2 
E=--· ai=--o e , p me0 

rrpn n = 1018 cM-3 E0 = 1 rB/cM 

B HeJIHHeiiHoii BOJIHe Emax MOlKer 6hlTh > E0 • 

3JieMeHTapHble 1J)e6oBaHHH: 

• CHHXpOHHOe ycKopeHHe: vph = V ~ C, 

• COBMeCTHMOCTI, o6JiaCTeii ycKopeHHH n q>OKYCHpOBKH, 

• qncroTa cneKTPa 

Ea,max 

EJ,max 

0 ;r/2 ;r 3;r/2 21' 

IlonepeqHoe H IIpO,llOJlhHOe IlOJie IlJlaJMeHHOH BOJIHI,I 

PHc. 8 
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B co6cTBeHHOM paJUfaUH0HH0M noJie. nopa3HTeJibHbIM o6pa30M pacCM0TpeHHe cpa-

30Boro ,ll,BH:>KeHH.H, Il0,ll,l:JHH.HIOW.eroc.H KJiaCCHl:JeCKHM ypasHeHH.HM aBTO<pa3HpOBKH, 

,ll,aeT T0l:JH0 TaKOH :>Ke pe3yJibTaT, l:JT0 H KBaHT0BO-MexaHHl:JeCKHH pact:JeT, Ky,ll,a 

nomi:THe cpa3bl B npHHUHne He BXO,ll,HT! Ha Harn B3rJI.H,ll,, 3T0 npeKpaCHblH npHMep 

rrpHHUHna C00TBeTCTBH.H KBaHT0B0-MexaHHt:JecKoro 0ilHCaHHH H3Jiyt:JeHHH 0,ll,Horo 

3JieKTpoHa H KJiaCCHt:JeCK0ro aHCaM6JI.H. Het:Jero H rosopHTb, l:JT0 HHTepnpeTaUHH 

pa60Tbl JIC9 B TepMHHax MexaHH3Ma cpa3HpOBKH ropa3,ll,0 HarJIH,ll,Hee H YJI.06Hee, 

t:JeM KBaHT0B0e 0ilHCaHHe, ,ll,a H o6Jia,ll,aeT 60JibIIIeH HH<popMaTHBHOCTblO. 

Bo3Bpaw.aHCb K l:JHCT0 ycK0pHTeJibHblM npo6JieMaM, Ha,ll,0 CKa3aTb, l:JT0 cospe

MeHHblH HHTepec K K0JIJieKTHBHblM MeT0,ll,aM CBH3aH rrpeHMyw.ecTBeHH0 C ycK0-

peHHeM nJia3MeHHbIMH B0JIHaMH. nepBOHat:JaJibHO 3T0T MeT0,ll, 6bIJI npe,ll,JI0:>KeH 

.H. 6. <l>aiiH6eproM. CooTBeTCTBYIOW.He Tpe6osaHHH npHBe,ll,eHbl Ha pHC. 8, B3.HT0M 

H3 o63opa A. OraTbI s <<Beam Dynamics News Letters•>. 

Method 

PWA 

BWA 

LWA 

smLWA 

3KcrrepHMeHTaJII,HLie pe3yJILT8Thl 

IO ephasing Iiini\ \ .__. \ 
\ \ 
\ \ 

Pum~ ~letion 
limit \ \ +-+>, 

\ \ 
\ \ 
\ \ ,, ,, ,, ,, ,, ,, 

, etc.', 

10-5 ~-~-~--~-~--~-~ 
106 107 108 109 1010 1011 1012 

Acceleration gradient, eV/m 

Energy /length Number of particles Laboratory, year 

200 keV /40 mm ANL, 1989 
20 MeV/1 m 109 KEK, 1992 

10 MeV/3-7 mm 103 ILE, 1992 
28 MeV/10 mm 104 UCLA, 1993 
18 MeV/10 mm 102 KEK, 1993 
100 MeV/20 mm 102 KEK, 1996 
18 MeV /0.6 mm 102 KEK/ILE, 1993 
44 MeV /0.3 mm 1010/MeV/sr RAL, 1995 

PHc.9 

KJIIOt:JeBOH sonpoc 3,ll,eCb C0CT0HT B MeT0,ll,e B036y:>KJI.eHHH «l:JHCTbIX>> IlJia3-

MeHHblX B0JIH C 3a,ll,aHHbIM H ynpaBJI.HeMbIM crreKTp0M H cpa30BOH CK0p0CTbIO. 
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Ha060Jibrnee BHHMaHHe npHBJieKaIOT Tpw cnoco6a: y.u.apHoe so36y.>K.U.eH0e KopoT

KHM crycTKOM (PWA}, KopoTKHM HMnyJibCOM csepxMOll.l,HOro na3epa (LWA) H 

KOM6HHaUHOHHOe pacceHHHe Jia3epHoro HMnyJibCa Ha nJia3Me (smLWA). CooTBeT

CTBYIOll.J,He pa60Tbl TeopeTHtieCKOro nJiaHa 6b!JIH HanpaBJieHbl Ha onTHMH3aUHIO 

nepe.u.atiH 3HeprnH OT nepBHtIHOro areHTa YCKOpHeMb!M qaCTHUaM, nycTb ,ll.a.>Ke 

HeMHOfOtIHCJieHHb!M. 3KcnepHMeHTaJibHaH .>Ke .u.eRTeJibHOCTb 3aKJIIOtiaJiaCb npe.>K,!I.e 

Bcero B nonytieHHH 60JibWHX ycKOpHIOll.J,HX noJieH, KaK HarJIH,!I.HO noKa3aHo Ha 

p0c. 9, TO.>Ke B3HTOM H3 o63opa-A. OraTbI B <,Beam Dynamics News Letters,>. 

TeM He MeHee onTHMH3M He HCCHKaeT, H ero CTeneHb HJIJIIOCTpHpyeTCH .U.BYMH 

npoeKTaMH JIHHeHHbIX KOJIJiai1.u.epos Ha 6a3e LWA (cM. HH.>KecneJI.yIOmyIO Ta6JIH

u~)- Hx ocymecTBHMOCTb CBH3aHa C Ha,ll.e.>K,!I.OH Ha pa3pa60TKY TaK Ha3bIBaeMb!X 

T .Jia3epos (oT <,Table Top Terawatt»). · 

IlapaMeTp Sessler-Wurtele Tajima 

3Hepnrn, T3B 1 5 = 0,5 x 10 ceKU.HH 

CBeTHMOCTb, CM-2 · c- 1 1035 1035 

Morn.HoCTh nyirna, MBT 20 10 
IloTepH Ha TOpM03HOe H3JiyqeHHe, % 10 27 
AcneKTHOe OTHorneHHe 100 1 
Ilpo.n.oJibHhIH pa3Mep crycTKa, MKM 10 1 
lfacno qaCTmt 1,3. 107 2 • 108 

lfacTOTa nOBTOpeHHH, fu, 4900 60 
HopM. 3MHTTaHC, MKM 1,3 · 10-4 2- 10-1 

IlJIOTHOCTb nJia3Mbl, CM-3 ·, 1017 1017 

YcKopHIOW.ee none, f38/M 10 10 
MOlll.HOCTb Jia3epa: 

nHKOBaH, TBT 10 
cpe.n.HHH, MBT 50 

B 3aKJIIOtieHHe Mb! XOTeJIH 6bl CKa3aTb HeCKOJ!bKO CJIOB O Ha06onee BIIetiaTJIH

IOll.l,eM npe,!I.JIO.>KeHHH B. H. BeKCJiepa - KOrepeHTHOM ycKopeHHH. HacKOJ!bKO HaM 

H3BeCTHO, OHO pO,!I.HJIOCb Ha OCHOBe 3aMetiaHHH H. E. TaMMa, 0 TOM, tITO qepeHKOB

CKOe H3JiytieHHe Totie'.:rnoro crycTKa H3 N tiacrnu nponopU:00HaJibHo KBa.u.paTy ero 

3apH.u.a, T. e. N 2. Cne.u.osaTeJibHO, npH <<06.u.yse,> Heno,ll.BH.>KHoro crycTKa cpe.u.ol1 

co CBepxtiepeHKOBCKOH CKOpOCTblO Ha Ka.>K.U.YIO tiaCTHUY 6y.u.eT ,ll.eHCTBOBaTb CHJia, 

nponopUHOHaJibHaH N. AHaJIOrHtIHaH CHTyaUHH ,ll.OJI.>KHa ocymecTBJIHTbCH npH 

TOMCOHOBCKOM pacceHHHH 3JieKTpOMarHHTHOH BOJ!Hbl Ha TOtietIHOM crycTKe, tITO 

cyJIHT <paHTaCTHtieCKHe B03MO.>KHOCTH. 

He s.u.asaHcb cel1tiac B o6cy.>K.U.eHHe KorepeHTHoro ycKopeHHH KaK TaKosoro, 

Mb! XOTeJIH 6b! o6paTHTb BHHMaHHe Ha cne.u.yIOmee o6CTOHTeJibCTBO. CJIOBO <<TO

tietIHb!H>> B .u.aHHOM KOHTeKcTe HMeeT ,!I.Ba 3HatieHHH. Bo-nepBbIX, pa3Mep cryCTKa 

a ,ll.OJI.>KeH 6bITb MeHbWe paccMaTpHBaeMOH ,!I.JIHHbl BOJ!Hbl A (npocTpaHCTBeHHaH 

KorepeHTHOCTb). Bo-BTOpb!X, crycTOK ,ll.OJI.>KeH BeCTH ce6H KaK TBep.u.oe Teno, He 

HMeIOll.J,ee BHyTpeHHHX CTeneHeH CB060,!I.bl, T. e. nepHO,ll. nJia3MeHHb!X KOJie6aHHH B 
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(OH :>Ke - BpeMH pa3BaJia crycTKa) ,!l,OJI:>KeH 6b!Tb 60Jibllle 

,!l,JIHTeJibHOCTH cppoHTa A/c (BpeMeHHaH KOrepeHTHOCTb). 

O6be,!l,HHeHHe 3THX ycJIOBHH ,!l,aeT o6JiaCTb, noKa3aHHYIO Ha pHC. 10. Ifa Hero 

BH,!l,HO, B tiaCTHOCTH, tITO tIHCJIO tiaCTHU. B crycTKe He MO:>KeT 6bITb npoH3BOJibHO 

60JibllIHM 6e3 HapyllleHHH KOrepeHTHOCTH H B036y:>K,!l,eHHH ero BHyrpeHHHX CTene

HeH CB060,!I,bl. Ho 3,!l,eCb Mb! XOTeJIH 6b! o6paTHTb BHHMaHHe, tITO BepxHHe rpaHHU.bl 

o6JiaCTH KOrepeHTHOCTH COOTBeTCTBYIOT conocTaBHMOCTH reoMeTpHtieCKoro 

pa3Mepa crycrKa H ero KJiaCCHtiecKoro pa,!!,Hyca ro = Nre, r,!l,e re = e2 /mc2 -

KJiaCCHtieCKHH pa,!!,HYC 3JieKTpOHa. ,lLJIH TaKoro 06beKTa, 

cornaCHO KaHOHaM 3JieKTpO,!!,HHaMHKH, CHJibl peaKU.HH H3-

JiytieHHH ,!I,OJI)KHbl 6bITb conocTaBHMbl c HHepu.HOHHbIMH 

CHJiaMH, a 3JieKTpoMarHHTHaH Macca ,!l,OJI:>KHa 6bITb no

pH,!!,Ka MaCCbl ITOKOH. XopollIO H3BeCTHO, K KaKHM HerrpH

HTHOCTHM 3TO npHBO,!l,HT B CJiytiae 3JieKTpoHa, KOTOpb!H 

ITO Heo6XO,!l,HMOCTH CtIHTaeTCH TOtietIHbIM, T. e. HMe!Olll.HM 

a « re, B HallleM cJiytiae He crracaer ,!l,a:>Ke ccbIJIKa 

Ha He,!l,OCTaTOtIHOCTb KJiaCCHtieCKOH 3JieKTpO,!!,HHaMHKH rrpH 

a < Ae, r,!l,e Ae = 137re - KOMnTOHOBCKaH ,!l,JIHHa, rro

CKOJibKY ,!l,JIH crycrKa ,n:JIHHa BOJIHbI paBHa Ao = Ae/ N H 

OHa CTaHOBHTCH MeHbllle ro y:>Ke rrpH N > vl37. 
Tpy,n:HOCTH reopHH CBH3aHbl, KOHetIHO, C HecaMocorna

COBaHHblM xapaKTepoM COBpeMeHHOH 3JieKTpO,n:HHaMHKH 

(3a HCKJIIOtieHHeM He3aKOHtieHHbIX ITOnbITOK TT. ,lLHpaKa B 

0 a/). 

PHC. 10 

40-x ro,n:ax), pacna,!l,a10I11.eHCH cpaKTHtieCKH Ha ,!!,Be tiaCTH - .D:BH:>KeHHe 3apH,!!,a B 

3a,!l,aHHOM noJie H onpe,n:eJieHHe nOJIH no 3a,n:aHHbIM TOKaM. O6be,!l,HHeHHe 3THX 

pa3,!l,eJIOB npH ro ~ a, KaK MHHHMYM, npe,!!,CTaBJIHeT "co6oi'! 3HatIHTeJibHblH 06I11.HH 

HHTepec, He roBOpH y:>Ke O KorepeHTHOM ycKopeHHH KaK TaKOBOM. He pHCKYH 

3,n:ecb pa3BHBaTb 3TY TeMy, OTMeTHM TOJibKO, tITO B HaCTOHI11.ee BpeMH napaMeTpbl 

a ~ 1 MM H N ~ 3 . 10 11 , 06ecnetIHBa10I11.He yKa3aHHOe ycJIOBHe, BnOJIHe ,!l,OCTH

)KHMbl 3KCnepHMeHTaJibHO. 

3aBeplllaH 3TOT KpaTKHH o63op, aBTOpbl XOTHT rro,n:qepKHYTb <pH3HtieCKYIO 

rny6HHY H,!l,eH BJia,!l,HMHpa 11orncpoBHtia BeKcJiepa. HarrpHMep, cpH3HKa 6ypHo 

pa3BHBa10I11.eHCH B HaCTOHI11.ee BpeMH o6JiaCTH KOpOTKOBOJIHOBblX H3JiytiaTeJieH H 

<pH3HKa aBTO<pa3HpOBKH - 3TO no cyrn 06I11.ee npOHBJieHHe 3aKOHOB B3aHMO,!l,eH

CTBHH BOJIHa-tiaCTHU.a. KoHetIHO, He Bee <pH3HtieCKHe H,!l,eH peaJIH3YIOTCH cpa3y 

ITOCJie HX rrpe,!!,JIO:>KeHHH. HeKOTOpbie H3 HHX, KaK, HanpHMep, nonbITKH C03,!l,aHHH 

YTC, orrepe:>KaIOT cBoe BpeMH, rpe6yIOT ,!l,JIH HX ocyI11.eCTBJieHHH He,n:ocrynHbIX 

ITOKa TeXHHtieCKHX cpe,!!,CTB, MeTO,!I,OB Ha6JIIO,n:eHHH, ,!l,HarHOCTHKH H T. ,!I,. Ho OHH 

HBJIHIOTCH CTHMYJIOM noHCKa npHHU.HnHaJibHO HOBbIX TeXHHtieCKHX pellleHHH, Ha

YtIHblX pa3pa60TOK H xopOllIHM HaytIHbIM (<Bbl30BOM>> CJie,!l,yIOill.HM noKOJieHHHM 

q>H3HKOB. AHaJIOrHtIHaH CHTyaU.HH rrpOH30llIJia H C npe,!!,JIO:>KeHHbIMH BJia,!l,HMHpOM 

11ocHcpOBHtieM HOBbIMH MeTO,!l,aMH ycKopeHHH, K peaJIH3aU.HH KOTOpb!X HaBepHHKa 

BepHyTCH nocJie HaKonJieHHH He06XO,!l,HMOro OnbITa, 3HaHHH, C03,!l,aHHH HOBOH 

TeXHHKH. 
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BCIIOMHHA.SI H. H. HBAHOBA ... 

Hropb HHKOJiaeBH'I HBaHOB BnepBbie npHeXaJI s ,l1.y6Hy s ceHTH6pe 1959 ro.n.a 

CTyJI.eHTOM Kacpe,!I.pbl TeopeTH'IeCKOH <pH3HKH BopoHe:>KCKOro YHHBepcHTeTa, H BCH 

ero nocJieJI.yIOw.as:r :>KH3Hh 6h1Jia CBH3aHa c OHHH. 

C 1961 ro.u.a H. H. HBaHOB pa6oTaJI B rpynne, r.u.e pa3pa6aTbIBaJIHCh Teopern

qecKHe OCHOBbl HOBOro KOJIJieKTHBHOro MeTO,!I.a ycKopeHHH, npe,!I.JIO:>KeHHOro aKa

.u.eMHKOM B. H. BeKcJiepoM. B caMhie nepBbie roJI.hI pa6oTbI B OHHH H. H. HsaHoB 

noJiy'IHJI ps:r.u. Ba:>KHbIX TeopeTH'IeCKHX pe3yJibTaTOB no YCTOH'IHBOCTH H <pOKYCH

poBKe 9JieKTpOHHOro KOJibU.a, no peJISITHBHCTCKHM 9cpcpeKTaM B 9KpaHHpoBaHHblX 

CHJibHOTO'IHbIX nyqKax. 3TH pa60Tbl noJiy'IHJIH urnpoKoe MHposoe npH3HaHHe 

H Bbl,!I.BHHYJIH Hrops:r HHKOJiaeBH'Ia B 'IHCJIO se.u.ylll.HX cneu.HaJIHCTOB no HOBbIM 

MeTO,!I.aM ycKopeHHSI. 

B 1971 ro.u.y Hropb HHKOJiaeBH'I B03rJiaBHJI 9KCnepHMeHTaJibHbIH ceKTOp MO

.u.eJIH KOJIJieKTHBHoro ycKopHTeJISI H CTaJI caMbIM MOJIOJI.b!M Ha'IaJibHHKOM ceKTOpa 

B OHHH. Pa6oTas:r ysJie'IeHHO H HHTeHCHBHO, H. H. HBaHoB 6hICTpo ocsoHJI HC

KyccTBO 9KcnepHMeHTaTopa. no.u. ero PYKOBOJI.CTBOM 6b!JIH BbinOJIHeHbl Bcl)KHbie 

HCCJie,!I.OBaHHH no HH)KeKU.HOHHblM CHCTeMaM JI.JISI cpopMHposaHHH 9JieKTpOHHbIX 

KOJieu. B a.u.re3aTOpe, no cpopMHpOBaHHIO MarHHTHbIX noJieH CHCTeM C)KaTHH H 

Bb!BO,!I.a KOJieu.. . 

6y.u.yq0 OT npHpO,!I.bl JIH,!I.epoM KOJIJieKTHBa, B KOTOpb!H ero onpe.u.eJIHJia CYJI.b6a, 

Hropb HHKOJiaeBH'I yTBep:>K,!I.aJI 9TY pOJib TeM, 'ITO 6paJI Ha ce6s:r 60Jihllle .n.pyrnx, 

npe.u.JiaraJI JIY'IllIHe pellleHHH B03HHKaBllIHX npo6JieM, noMoraJI Ka:>K,!I.OMY M06HJIH-

30BaTb ero cnoco6HOCTH ,!I.JIH ,!I.OCTH)KeHHH o6w.efl u.eJIH. 

B ceMHJI.eCHThie ro.u.hl 6bICTpo B03poc ero Hay'IHhIH asTOpHTeT, H. H. HsaHoB 

Bb!CTynaJI C ,!I.OKJia,!I.aMH Ha npecTH:>KHbIX Me)K,!I.yHapOJI.HbIX KOH<pepeHU.HHX, BMeCTe 

C B. n. CapaHU.eBhIM yTBep)K,!I.aJI npHOpHTeT OHHH B pa3BHTHH KOJIJieKTHBHOro 

MeTO.u.a ycKopeHHSI. OH npHHHMaJI aKTHBHOe yqacTHe B opraHH3aU.HH H npose.n.e

HHH CHMn03HYMOB no KOJIJieKTHBHbIM MeTO,!I.aM ycKopeHHH B ,l1.y6He, a TaK)Ke ps:r.u.a 

BCeCOI03HbIX cosew.aHHH no ycKopHTeJISIM. Hropb HHKOJiaeBH'I BHec 6oJibllIOH 

BKJia.u. B pa3pa60TKY npoeKTa KYTH - noJIHOMacllITa6HoH MOJI.eJIH KOJIJieKTHBHoro 

ycKOpHTeJISI TSI:>KeJiblX HOHOB. 

B nocJie,!I.yIOW.He fOJl.bl OH B03rJiaBHJI pa60Tbl no C03JI.aHHIO B ,l1.y6He TSI)Ke

JIOHOHHOro CHHxpoTpoHa THC. OnhIT pa6oThI no npoeKTHposaHHIO H C03JI.aHHIO 

Y3JIOB ycTaHOBKH THC noMor eMy B .u.aJibHeHllleM, Kor.u.a OH B03rJiaBHJI B Ka'IeCTBe 

3aMeCTHTeJISI JI.HpeKTOpa YCKOpHTeJibHOe OTJI.eJieHHe HOBOH Jia6opaTOpHH csepx

Bb!COKHX 9Heprnfl. OH aKTHBH3HposaJI yqacrne OHHH B npoeKTax TESLA H' 

CLIC, pa60Tbl no C03JI.aHHIO 9KOJIOrH'IeCKOro ycKopHTeJIH. CnpoeKTHpoBaHHaSI no.n. 

ero pyKoBOJI.CTBOM CHCTeMa no.u.asJieHHH nonepe'IHhIX KOJie6aHHH nyqKa B YHK 

HallIJia CBOIO HOBYIO )KH3Hh Ha co3.n.asaeMOM B UEPH csepxMOlll.HOM KOJIJiaii.u.epe 

LHC. B 9TO BpeMSI 6hIJI npo.n.eJiaH orpOMHbIH o6beM pa6oT OT npoeKTHpOBaHHH JI.O 
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np0MblIIIJieHH0ro o6pa3ua. B HaCT0SIW.ee speMSI C03,ll.aHiie 3TOH CHCTeMhl BCTynaeT 

B 3asepIIIa10W.YIO CTa,ll.HIO. 

11. H.11BaHOB MHoro CHJI H speMeHH 0T,ll.aBaJI B0CnHTaHHIO HaytIHOH M0JI0,ll.e)KH. 

Ott tIHTaJI neKUHH no ycKopHTeJihHOH TeMaTHKe B sy3ax PoccHH, 6b1JI HHHUH

aTOpoM npoBe,ll.eHHSI CeMHHapoB H IIIK0JI M0JI0,ll.h!X ytieHblX. ITo.u. pyK0B0,ll.CTBOM 

11. H.11BaHOBa 6b!JIO Bh!Il0JIHeH0 MH0ro ,ll.HnJI0MHblX pa6oT H 3aW.HW.eHo MH0ro 

KaH,ll.H,ll.aTCKHX .U.HCcepTaUHH. Ero ytieHHKH pa6oTalOT s na6opaTOpHSIX 0115!11 

H .u.pyrnx HaytIHhIX ueHTpax. OH BblCTynHJI HHHUHaTOp0M npose.u.eHHSI CTaBIIIHX 

Tpa.u.HUH0HHhIMH ceMHHapoB naMHTH B. n. CapaHuesa, K0T0pbie npespaTHJIHCb K 

HaCTOHW.eMy speMeHH B asTOpHTeTHble Me}K.u.yttapo.u.Hhle KOH<pepeHUHH. 

Bcsi rnoptieCKaSI }KH3Hh 11. H.11sattosa, 0T.U.aHttasi caM00TBep}KeHH0MY cny
*eHHJO HayKe, c.u.enaJia ero 0,ll.HHM H3 aBT0pHTeTHhIX H npH3HaHHb!X JIH,ll.epoB B 

o6JiaCTH OTetiecTBeHHOH <pH3HKH H TeXHHKH ycKOpHTeJieH 3apSI}KeHHhlX tiaCTHL{. 

11ropb HHKOJiaesHtI 6bIJI Y.U.HBHTeJihH0 MHororpaHHOH JIHtIH0CThJO. OH aKTHB

H0 H scpcpeKTHBHO 3aHHMaJICSI o6w.ecTBeHHOH pa6oTOH. JIJ060Bh K HCKYCCTBY H 

OTJIHtIH0e 3HaHHe JIHTepaTyphl, MY3h!KH, yqacTHe B .u.y6HeHCKOM JIHTepaTypHOM 

o6be,ll.HHeHHH, BpO)K,ll.eHHh!H xy.u.o)KeCTBeHHhIH BKYC C0BMeW.aJIHCb s HeM c ysne

tieHHeM cnopT0M. O.U.HHM H3 ero 3aMetiaTeJihHh!X .U.OCTH}KeHHH 6hIJIH opraHH3aUHSI 

H ycneIIIHoe npose.u.eHHe .u.eTCKHX noxo.u.os B ropax KasKa3a H no peKaM PoccHH. 

.ll:py3hSI H K0JIJierH scer.u.a lIYBCTBOBaJIH o6aSIHHe ero JIHtIH0CTH, M0rJIH oueHHTh 

ero He3aypsi.u.Hoe H ecTeCTBeHH0e lIYBCTB0 IOMopa. OH 6bIJI CHJihHhIM, .u.o6pb!M H 

MY.U.PhIM qenoseK0M, TeM, Kora no 3acnyraM Ha3hIBaJOT .u.yIIIoti o6w.ecTBa. 
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