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I 

BsegeHHe 

npo6neMa ycKopeHHSI aneKTpOHOS S nHHeAHOM HH.OyKUHOHHOM YCKOpH­

Tene (/U1Y) 6e3 3aMeTHbJX noTepb npHo6peTaeT pewa10wee 3HaqeHHe, ec­

nH ycKopHTenb pacc'IHT&IsaeTCSI Ha aHeprHJO, npeaocxo.ogwyJO 10 Mas, 
Ill 121 

.[l.eAcTsyJOWHe H3SeCTH&Ie ni·1Y s flHaepMope (CWA) H .[l.y6He 

KBK no aHeprHH aneKTpOHOB (MeHbWe 10 Mss), T8K H no cpe.oHeA Mow-

HOCTH IIy'IK8 ewe H8XO.OSITCSI Ha ypOsHe, KOr.oa IIOTepH yCKOpSieMbiX aneK­

TpOHOS H8 ypOBHe 20-30% He Sbl3biS810T Heiipeo.oonHMbiX npeiiSITCTSHA .anSI 

HX pa60Tbl, 
131 

Hos&IA pa3pa6aT&IsaeMbiA HbiHe nVIY-30 Ha SHeprHIO aneKTpOHOS 

30 Mas, TOK B HMIIynbCe 250 a, .OnHTenbHOCTb HMIIynbCa 0,5 MKCeK H qac­

TOTY IIOSTOpeHHSI HMIIynbCOS 50 ru 6y.oeT HMeTb cpe.OHIOIO MOWHOCTb B 

ny'IKe 200 KST H
1 

cne.QOB8TenbH0 1 3,lleCb yK838HH8SI SbiWe npo6neMa Tpe-

6yeT pa.oHKanbHoro peweHHSI. 

8 TeqeHHe HeCKOnbKHX nocne.OHHX neT 8ST0pb1 38HHManHCb IIOHCK8MH 

11pH'IHH
1 

npHBO.OSIWHX K noTepSIM yCKOpSieMbiX aneKTpOHOS S nVfY H noHCKS­

MH cpe.ocTs ycTpaHeHHSI aTHX noTepb. Pe3ynbT8TbJ aToA pa6oT&I H3no>KeH&I 

HH>Ke, 
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TeopHsr 

PaeeMaTpHeanesr naMHH8pHblft oeeeHMM91'pH'IHblft llOTOK, npoee.aeHHblft 

aHanH3 noKaaan, 'ITO, K8K npaBHno, B yenOBHSIX nVfY llO'ITH H9T eHn, Ko­

TOpbl9 Bbl3b!B810T HeynopSI,llO'IeHHble nepeee'leHHSI TpaeKTOpHft, 0,llH8KO T8KH9 

nepeeeqeHHSI see :>Ke MoryT eoaHHKilTb npH npHMeHeHHH eno:>KHbiX sneKTpo­

.aos B sneKTpOHHOft nywKe (HanpHMep, eeTOK) Ha-aa H8nH'IHSI 8HO,llHOI'O 0~ 

aepeTHH, a TBK:>Ke aa eqeT ynpyroro H Heynpyroro paeeesrHHH sneKTpOHOB 

qar.THU8MH oeTaTO'IHoro raaa. KonHqeeTBeHHble oueHKH noKaaanH, 'ITO B yc­

noBHSIX nVf Y KaK HOHH30B8HHbl9 1 TaK H HeftTp8nbHbl9 'laCTHUbl OCTaTO'IHOI'O 

ra3a He Bbl3b!B810T nepeceqeHHSI TpaeKTOpHft sneKTpOHOB B aaMeTHbiX KOnH­

qeeTeax, 4TO KacaeTCSI '18CTO npHM9HS19MbiX B MOWHbiX nywKaX CeTOK1 TO 

.anSI nVfY-30, I',ll9 HMnynbCHblft TOK ~50 a cpaBHHTenbHO HeeenHK1 HX Mo:>K­

HO He npHMeHSITb, HeHa6e:>KHbiM, o.aHaKo, 6y.aeT npHBO.llSIJllee K HeKoTopoa 

HenaMHHapHOCTH TpaeKTOpHft .aeftCTBHe aHO,llHOI'O OTB9pcTHSI, 

Ba:>KHOft npH'IHHOft B03HHKHOB9HHSI HenaMHHapHOCTH noTOKa B nH y Mo­

:>KeT 6bJTb1 KpOMe STOI"01 nOSIBneHHe B n1060ft 38,llaHHblft MOM9HT BpeMeHr.r 

a aa.aaHHOft TO'IKe noToKa paa6poca sneKTpOHOB no sHeprHSIM. Pac'leTbl .aa­

IOT, 'IT2_ B STOM cnyqae noTOK HeMe.aneHHO CTaHOBHTCSI HenaMHH8pHbiM. Mo:>K­

HO yK838Tb OCHOBHble CHTy8UHH 1 conpOBO:>K,ll89Mbl9 nOSIBneHHeM paa6poca 

sneKTpOHOB no 9H9pi"HSIM B 38,ll8HHOe BpeMSI B cpHKeHpOBaHHblX TO'IK8X no­

TOK8, Bo-nepBbiX, 9TO MO:>KeT 6bJTb B cnyqaSIX BHeaanHoft noTepH 9Hepi'HH 

sneKTpOH8MH 38 C'i9T HX Heynpyroro paceeSIHHSI B OCT8TO'IHOM raae, 8o­

BTOpb!X1 KOI",ll8 yCKopeHHe sneKTpOH8 H8'1HH89TCSI He C noeepxHOCTH KaTO,ll8 1 

8 nocne HOHH3aUHH O.llHOI"O H3 8TOMOB OeTBTO'IHOI"O rasa, 'ITO HaH6onee 

'l8CTO MO:>KeT Ha6niO,ll8TbCSI B npHMb!K810!ll9M K K8TO.llY npOCTp8HCTBe1 I",lle 

eeqeHHSI HOHH38UHH M8KCHM8nbHbl. 8-Tp9TbHX1 .llHCnepCHSI no 9Hepi"HH Mo­

)!{9T B03HHKHYTb B peaynbT8T9 nepeMeWHB8HHSI sneKTpOHOB1 HH:lK9KTHpOB8H­

Hb!X BO BpeMSI cne,llOB8HHSI cpp0HT8 TOKOBOI"O HMnynbC8 sneKTpOHHOft nyWKH 

e 9neKTpOH8MH 1 HH:>K9KTHpOB8HHbJMH ll03,llHee, HO npH 6onbW9ft SHeprHH, 
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PacqeTbi noKaabiBBIOT, 'ITO Ha nepe'lHcneHHbJX Tpex CHTyauHA onacHoA 

SIBnSI9TCSI noene,llHSISI, 

/4/ 
nonb3ySICb OllHC8HHOft B npoue.aypoft, MO:>KHO noK83aTb1 'ITO na-

paKCHanbHbl9 Hapy:>KHbi9 TpaeKTOpHH OC9CHMM9TpH'lHOI'O naMHH8pHOI'O ny'IK8 ... 
sneKTpOHOB B OC9CHMMeTpH'lHbiX yCKOpS110lll9M SneKTpH'leeKOM lj; ( lj; r , 0, lj; ) 

~ r Z 

H cpoKycHpyJOmeM M8I"HHTHOM H ( H r , 0 , Hz ) nonSIX onHebiB8IOTCSI ypaeHe-

HHeM (1) 

1/J y2t- 2 2 e H 2 

1/J" + -- --=- [ ---=- y '+(--) ] -
4 ( y 2_1) y 2 - 1 E o 

2 e I 

cE
0
(yLl) 

1 

1/J 

M2 
----= 0 
l/J3 

.(1) 

r.ae OCb Z UHnHH,llpH'l9CKOA eHeTeMbl KOOp,llHH8T HanpaeneHa B.llOnb OCH 

yeKOpS19MOI"O ny'lK81 

- 4----
1/J <~>= vf3 y. r(z)= v y2 -1 r(z), 

E l 
y =-=- v ~ v 1- f3 2 - ' f3 = -;- • I ~I = v z = v , 

I nonHhiA TOK yeKOpS19MOI"O ny'lKa1 

M 
A 

2 
ro Ho 
-----, 

2 A = m oY or
2
o if>o c 

e 

m 
0

c 

ro • Ho - HaqanbHble 3HaqeHHSI Hapy:>KHOI"O pa.aHyea nyqKa H Mai'HHTHOI'O 

nonS! eoOTBeTeTB9HH01 WTpHX o6oaHaqaeT npOH3BO.llHYIO no Z 

e.aHHHU 1ayecosa. 

1 CHCTeMa 

Bee paeqeTbl nposo.aHnHeb Ha 6blcTpo.aeacTByiOlllHX 38M OH.HVf c 

llOMOlllbiO 'IHCneHHOI"O HHTerpHpOBAHHSI ( 1) MeTO,llOM PyHre-KyTTa KaK C 

nocTOSIHHbJM waroM, 't'aK H c nepeMeHHbJM. Hapy:>KHaSI TpaeKTOpHSI ny11Ka 

npocne:>Kr.reanacb a.aonb aceA .anHHbl ycKopa Tensr ("' 150 MeTpoa) .c maroM 

h • 0, 7 r.M B en y11ae C'leTa C llOCTOSIHHbJM warOM H C aa,llaHHOA TO'l­

HOCTbiO a cnyqae cqeTa c nepeMeHHbJM waroM. 

5 



flpH pac'leTaX npe.anonapaJIOCb, 'ITO e.aHHCTSeHHbiM Cpe.aCTSOM .11J1H 

y .aep)l(aHHH .11HaMeTpa nyqKa S He06X0.11HMbiX npe.aenax HSJJSieTCSI noCTOHH­

H08 aKCHaJibHOe Maf'HHTHOe none. 

PesynbTBT&I 

Vf3 BbillOJJHeHH0£'0 HaMU pacqeTa napaMeTpOS H HX .aonyCKOS, HMe:o­

LUHX OTHOWeHHe K y.aep)l(aHHIO ny'lK8 SO speMH Cne.aosaHHH pa6oqeA qacTH 

ycKopH!Oruepo HMnynbca, cnenyeT, 'ITO y .aep)i( aHHe .anH pa6oqeA qacTH HM­

ny;1bca S npe.anoJJO)I( eHHH ( 3TO Hy)I(HO no .a qepKHYTb) naMHHapHOCTH 110TOKa 

He B&I3hiSaeT saTpy.aHeHHI. Y.aosneTsopHTeJibH&Ie pesyJibTaT&I c TO'IKH spe­

H;HI npose.aeHHH YCKOpSieM0£'0 ny'lKa Ha pa6oqel '18<;:TH ycKOpHIOlU€£'0 HM­

nynhca CeKUHA 6hiJIH nony'leHbl CO cnenyiOIUeA onTH'leCKOlt CXeMOA yc-

KOpHTeJIH. VfH)I(€KUHH npe.arronapanacb rrpH HOMHHaJJbHOit yO = } ,6, r o = 
1,5 I'M H r' ""0 • 3aTeM 3Jl€KTpOHbl yCKOpH.1HCb B 'lf>Tbipex CeKUHHX, Ka)l(-

0 

.118SI H3 KOTOpbiX HMena .llJIHHy 230 CM H npHMepHo O.llHOpO.llHOe y.aep)I(HSaiO-

lUf'e MarHHTHoe none, KOTopoe .a:111 I 0 = ~50 a 6&IJIO ·~ 350 a. B pasp&I­

sax Mf')i(ilY 3THMH 4-MH ceKUHSIMH ( 110 25 CM K8)1(.1lbiA) HMeJIHCh KOpOTKHe 

COJ18HOH.llbl, 06JiepqaswHe npOXQ)I(.[J.8Hlfe. ny'lKB. fl OCJI8JlYIOil.IH8 HH.11yKTOp­

Hbi8 C8KIWH He HM€JIH SHyTpH ce6H 8KCH8JibHOf'O MarHHTHOI'O ITOJJSI, H tPOKy­

CHpOBK8 nyqKa Sbli10JIHSIJJaCb KOpOTKHMH COJI€HOH.llaMH, IIOM€1ll€HHbiMH B 

pa3pb!B8X (no 45 CM Ka)l(.llbiA) M€)1(.11Y ceKUHSIMH • .[lJIHHa C8KUHA Nc:.>5,6 H 

7 6biJia no 140 CM, a 8-A If 9-A 110 ~10 eM. Bee OCT8JlhHbie ceKUHH HMe­

JIH .11J111HY ~80 CM Ka)l(.aaSJ. flpoMe)l(yTKH Me)l(.ay C€KUHSIMH, r.ae J1HH3bl oT­

cyTCTBOB8JJH, COCT8SJ1SIJIH ""15 CM. Bcero SllOJlb yCKOpHTeJISI ycTal!aBJJHBa­

JIOCb 18 KOpOTKHX COJiel!OH.llOS. 

Cne.ayeT OTMeTHTb, 'ITO .aonycTHMO sapbHposaHHe B WHpoKHX npe.ae­

nax 118p8M8Tp0B 3TOA CX8Mbl 6e3 38M8THOI'O yxy.aweHHS! 11pOXO)i(.ll€HHSI nyq-

Ka. 
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HaA.aeHHoe pacnpe.aeneHHe aKcHanbHoro MarHHTHoro nonH H .apyrHe 

pac'leTHble napaMeTphl, o6ecne'IHSBIOLUHe OTCyTCTBHe noTepb a pa6oqeA 

'IBCTH HMnynbCa yCKOpHT9J1SI 1 6biJIH S3S!Tbl 38 HCXO.llHbie npH pac'leTaX yc­

KOpeHHSI aneKTpOHOB, cne.ay!Oil!HX Ha !jlpOHTe H cna.ae HMnyJibCOB 3JieKTpOH­

H6A nywKH H BHXpesoro nonS! HH.llyKTOpOB. JlnHTeJibHOCTh !jlpOHTa H cna.aa 

060HX 3THX HMnyJihCOB npHHHM8J18Ch paBHOI 0,15 MKCeK, a H3MeHeHHe Han­

pg)l(eHHSI SO speMeHH - JlHHeAHoe. 3HeprHSI BbiJleTBIOlUHX H3 nywKH 3JleKTpo· 

HOB Ha !jlpOHTe H cna.ae 011pe.aengnacb COOTS9TCTSy!OlUHM MPHOB9HHbiM 3Ha­

'19HH9M HanpS!>K9HHSI Ha KBTO.lle, a CHJia TOKa 11YWKH onpe.aeJIHJiaCb no sa­

KOHY WoTTKH. 

Pac'leT&I 6&mu 11po.aenaH&I .anH o6oHx speMeHHbiX nporpaMM HH)I(eK­

UHH, npHMeHS!eMbiX s .aeACTByiOH(HX nVIY. Oco6eHHOCTH 3THX nporpaMM 

cne.ay!OruHe ( CM. pHC. 1 ) • B JlHBepMopCKOM n VI y HMI1yJibC aneKTpOHHOI 

nyWKH 110 !jlopMe COBIIa;::raeT C yCKOpSIIOlUHM HMilyJJhCOM HH.llYKTopos, H 

!jlpOHT H cna.a lfM11YJ1bC8 nyWKH BO speMeHH COBII8.11810T COOTS8TCTB€HHO C 

!jlpoHTOM H cna.aoM HMnynbCa ycKopH!Oruero HanpS!X<eHHSI s HH.llYKTopax. B 

Jly6HeHCKOM )l(e ycKOpHTene .11J1HTeJJbHOCTb HMITyJibCa nyll!KH S HeCKOJlbKO 

pas npesOCXP.llHT .11JlHTeJJbHOCTh ycKOpHIOLUero HMI1YJJbCa HH.llYKTOpos. floa­

TOMy 3.118Cb TOK HH)I(eKUHH npaKTH'l8CKH nocTOHHeH Ha SCeM yCKOpS1101l!8M 

nMnynhce, BKJIIO'laSJ ero !jlpoHT H cna.a. 

Ha pHc. 2,3 npHse.aeHbi pacqeTH&Ie .aaHH&Ie 110 npoxo)l(.aeHHIO ycKopge­

MhiX .ao 30 Mas aneKTpoHos, HH)I(eKTHposaHHhiX no o6eHM speMeHHbiM 

nporpaMMaM. BHJlHO, 'ITO noTepH aneKTpoaos, ycKOpHeM&IX s naMHHapaoM 

110TOKe .110 60JihWHX 3HeprHI, BeJIHKH B 060HX CJiy'laSIXo 

B CBH3H c 3THM 6&IJI pacc'lHTaH TBKOA sapHaHT ycKopeHHH, Kor.aa 

fiOJIHhiA HMIIYJibC TOKa nyWKH BMeCTf' C !jlpOHTOM H c11a.110M yMeruancSI Ha 

pa6oqelt qaCTH ( BeplllHHe) UMnyllhC8 yCKOpSIIOLUero Hanpg)l(eHHSI HH.llyKTOpOB, 

B Ha.118)1(.118 1 'ITO B 3TOM CJiyqae noTe ph nyqKa BO SpeMH ycKopeHHSI He 6 y­

JleT. KaK srr.aHo us pHc. ~.3, noTepM s.aecb pesKo coKpaTHJIHCh, o.aHaKo, 

3aMeTH8H 'iaCTh aneKTpOHOB H B 3TOM CJ1yqae TepHeTCSI. 
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PH c. l.B peMeHHble nporpaMMbi lfH­

)KeKUHH B nYIY. 1 - B nHBepMope 

(CWA), 2 - B ,Lly6He, 3 - M"Mnyn&e 

nywxw nonHocTbiO pacnono)KeH Ha 

pa6oqeft '18CTH HMnynbCa HH.llyKTO­

pOB, 4 - nporpaMM8 onTHM8J1bH8H 0 

eUa - 9HeprHH aneKTpOHOB H8 Bbl­

XO.lle H3 nyWKH, U - HMnynbC Han­

pSI)K9HHSI ycKOpSIIOW9rO nonH. 

8 

B cBeTe Bcex 9THX .naHHblX onTHManbHbiM peweHHeM aa.naqw nHKBH.na­

UHH flOTepb B J18MHH8pHOM nyqxe YCKOpSieMblX B nYf Y aneKTpOHOB npe,llCT8B­

J1SI9TCSI cnenyiOwee. VIa HMnynbca TOKa nywKH, HMeiOwero no cpaBHeHHIO c 

H MllynbCOM ycKOpSIIOWero Hanpg)KeHHSI B HH.llyKTOpax TBKYIO )Ke .llJ11fT9Jlb­

HOCTb0 Ha B.b!XO.lle H3 Hee C nOMOlUbiO HMnynbCHOro .ne<j>neKTOpa yCTp8HSI!OT­

CSI cnoco6Hble noTepSITbCSI aneKTpOH&I, cne.nyiOwHe · Ha ¢poHTe H cnane HM­

nynbCa nywKH. PaayMeeTcSI, ManoMOWH.bte OTKJlOHSIIOIUHe uMnynbCbi rleqmeK­

'I'opa .llOJ1)KHbl HM9Tb .llOCT8TO'IHO KOpOTKHe ( - H9CKOJ1bKHX H8HOCeKyH.ll) 

<j>poHT H cna.n, 'IT06bi ,llOJlSI aneKTpOHOB, KOTOpbie MoryT nonaCTb B yCKOpH­

TeJlb C H9.llOilyCTHMO B03MyWeHHblM nonepe'IH.biM .UBH>K9HHeM, 6b!J1A npeHe6-

pe)KHMO ManoA. 3Ta cxeMa HH)KeKUHH aneKTpOHOB B nYIY CB060.llH8 H ewe 

OT O.llHOrO ynoMHH8BWerOCSI Bb!We He,llOCTBTKa. 3.necb 6y.neT "CKJliOqeHa 

B03MO)KH0CTb B03HHKHOB9HHSI .llHCnepcwH flO aHeprHH 38 C'leT nepeMeWHB8HHSI 

aneJtTpOHOB C OTJ1H'I8IOWHMIICSI aHeprHSIMH 0 M'H)KeKTHpOB8HHbiMif H8 <j>pOHTe 

HM!IyJ1bC8 nywKH II H8 pa6oqeft 'IBCTH H8llpSI)KeHHS10 T.e. TeM C8MbiM ycTpa­

HSieTCSI O,llH8 113 npH'IHH 1 Bbl3biB8101UHX H9J18MHH8pHOCTb TpaeKTOpHft. 

BbiBO.llbl 
r 

n pH BeLl eHHbie Ll aHHbie n03BOJ1SIIOT 38KJ110'1HTb0 'ITO eCJlH B nYf Y y .ll8CT­

CSI HH)KeKTHpOB8Tb J18MHH8pHblft ny'IOK aneKTpOHOB 1 TO 6y .neT ocyiUeCTBHMO 

ero ycKopeHHe 6ea noTepb. Cpe.nH npHqHH, Bhl3biB8IOIUHX aenaMHHapHOCTb 

110TOK8 B n !-1 Y 0 cywecTeyeT TOJlbKO O.llH8 0 He flO.ll,ll810lll8SICSI ycTp8HeHHIO. 

3To - .uellcTBHe OTBepcTHSI e aao.ue aneKTpOHHolt nywKH. HenHHeitHOCTb 

.ueftCTBHSI 9TOro OTBepCTifSI B03HHK8eT no TOft llpH'IHH90 'ITO CTOJ1b 60J1bWHe, 

K8K 9TO Heo6XOIUIMO .llJlSI nYIY, HMnynbCHbie TOKH H9J1b3SI nony'IHTb npH M8Jlb!X 

nnowa.UH xarona H nHaMerpe nyqxa, npoxonSiwero qepea aaon. OnHaxo, no-

BH.llHMOMy, MO)KHO H8LleSITbCSI C noMOlllbiO CylU9CTBeHHOrO yeenHqeHHSI 

.nHaMeTpa oTeepcTHSI e aHo.ue ( H, cne.uoeaTenbHO, .uHaMeTpa caM oro aHo.ua) 
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rrporpaMMa N2 1 (pH c. 1 ) • 
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( ) ,-, - 9H9pi"HSI "' 98 

rrporpaMMa N'!!2 pHc. 1 0 6 5 
M 

( ) 
J - 9Hepi"HSI '"' 98 • 

• -.-. rrporpaMMa NP3 pHc. 1 ' 
3.llec:& H 8 pHc. 3 .llnSI rrporpaMMbi N22 8 e.llHHHuax y 0 ycno8HO 
8bip8)K eHa Q:>a3a HH)K9KUHH Ha Q:>pOHT H CII8.ll yCKOpS110ll.l91"0 HM­
rryn:&ca. 
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rrporpaMMa N22 ( pHc, 1 ) 
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A - 9HeprHsr • 15,5 M98 
B - 9HeprHSI • 27 M98. 



I 

ITpH H9H3M9HHOM aHaM9Tpe rryqKa yM9HbWHTb a6eppaUHOHH09 BnHHHH9 aHoa­

HOf'O OTB9pC'I:HH, 3TOT H pHa apyf'HX BOITpOCOB 1 CBH3aHHbiX C HH)!{9KUH9A 

aneKTpOHOB B nl1Y, 6yayT B aan&HeAweM HaMH HCCneaosaTbCH 3KCIIepH­

M9HTan&HO, 

B aaKmoqeHHe asTopbi Bbipa)!{ aiOT ncKpeHHJOJO 6naroaapHOCTb coTpya­

HHKaM nHctJ Ol1.Hl1 P.B. Xapb1030BY H n.c. AHuyrrosy aa U9HHbie COB9Tbi. 
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