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Ilpe,!l;CTaBIDICMrul pa6oTa OTKpbiBaeT cepmo "CoBpCMCHHbiC npo6rreMbl 

ecTeCTB03HaHmr" - neKUIIII .nmr Mono,nbiX yqeHbiX . OIUUI, B KOTopoil: 6y,nyT _ 

ony6JIIIKOBaHbl 0630pHbiC JICKUIIII, IIpOqiiTaHHbl(; BC,!J;YIIIIIMII CIICUIIaJIIICTaMII 

liucniTyTa, npiirnarneuui.IMII neKTopaMII .nmr cTy,nenToB II acniipaHTOB YHU. TaKIDI 

,neHTCJibHOCTb Tpa.nnunouua .nmr Ol15Ili. Ha npoTH:lKCHIIII MHOriiX neT B liucTIITyTe 

Be,neTCH aKTIIBHIDl pa6oTa no npiiBrreqeumo Morro,ne:lKn B uayKy. Cpe.nn . 
pa3H006pa3Hb!X l}lopM :HOH ;:ieHTCJibHOCTII Ba:lKHOC MCCTO 3aHIIMaiOT JICKUIIII, KOTOpb!C 

qUTaiOT Be.nymne- yqen~>Ie n cneunarriiCTbi liucTnzyTa. MuorHe Il3 3THX rreKUIIH 

ony6rriiKOBaHbl B BII,!l;C cepiiii 6pOIII!Op IIO,!l; 06IIIHM Ha3BaHIICM "fleKUIIH ,!l;JIH MOJIO,!l;b!X 

yqe~b~"· .. 
B _nocrre,nune ro,nbi rreKUHOHHIDI ,neHTCJibHOCTb coTpy,nniiKOB liucTIITyTa B 

cymecTBCHHOH CTCIICHH CBH3aHa C Yqe6Ho~uayqHbiM UCHTpOM. B CBH3H C 3THM 

IIOHBIIJiaCb HOBIDI py6piiKa ~ Yqe6HO-MeTO,!l;IIqecKHC noco6mi YJ-IU, B paMKaX KOTOpOH 

ony6JIIIKOBaHbl HCKOTOpble II3 JICKUHH, npoqiiTaHHblX HaiiiHM CTy,neHTaM, II MaTepHaJibl 

,!l;IDI CCMIIHapcKIIX 3a~THH. • , ; ' 

c 1995 ro.na rocKOMBY3 p~: (Tenep.b 3TO. MHHIICTepCTBO o6mero H 

npoc}lecciionarr~>noro o6paio!3alnrn) ~oTKpbm :B Ol15Ili acmipaiiTypy no uerroMy pH,ny 

cneuiiarrbHOCTeil:. C 1997 ro.na perneuiieM Kllll o6prooBaTeJibHIDI ~ nporpaMMa 

BKJIJOqeua B CIIHCOK OCHOBHbiX HaiipaBJICHIIH ,!l;CHTCJibHOCTH lfHCTHTyTa. 

Becuoil: 1997 ro.na MH acniipaHTOB 6y,m uaqaT UIIKJI rreKUIIH c o6rniiM 

Ha3BaHHCM "CoBpCMCHHbie npo6JICMbl CCTCCTB03HaHIIH
11

• UnKJI _QTKpbinCH JICKUHHMH 

qrr,-KoppecnoH,neHTa PAH, npoc}l. MernKoBa li.H. "YcKopiiTCJIII 3apH:lKCHHbiX qacTHU B 

3KCIICpiiMCHTaJibHOH cpH3IIKC11
, KOTOpbiC II npe.nrraraiOTCH BHIIMaHII!O HC TOJibKO 

acniipaHTOB II CTY,!J;CHTOB, HO II BCCX 3~HTepeCOBaHHb!X. 

B CBH3II c TaKIIM pacrnnpeniieM o6prooBaTeJibHOH ,neHTCJibHOCTII lincnnyTa B 

cepnii 6poiiiiOp "fleKUIIII ,!l;JIH MOJIO,!l;biX yqeHblX
11 

6y,nyT BbiXO,!l;IITb H JICKUIIII, 

npoqHTaHHbie B paMKax nporpaMMbl pa6oTbi YHU II 061>e,niiHCHHH MOJIO,!J;biX yqen~>Ix. -

1: cneunarriiCTOB Ol15Ili. 
r: 

Mbi Ha,!l;CCMCH, qTO KaK 3Ta, TaK II nocrre,nyiOIIIIIC ny6JIIIKaUIIII Bbl30BYT HHTepec 

Y Hayquoil: MOJIOJ!C:lKII. 
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Ilpe~HCJIOBHe, 

B )laHHOM c6opHHKe ny6miKYIOTCll neKuuu, npoqHTaHHbie asTopaMII B 

YcKopiiTeJJbHOH IIIKOJJe OIUIH {,[(y6Ha, ceHTll6pb 1996 r.), lliKone MOJJOJlbiX yqeHbix 

OIUIH (roMeJJb, asrycr 1997 r.) u B Yqe6Ho-HayqHoM uempe OIUIH (,[(y6Ha, Map-i 

1997 r.) 11 B paMKax nporpaMMbi "CospeMeHHbie npo6neMbi ecrecrB03HaHJill". 3TH 

JJeKUIIH 06be)li!HlleT 061l(all TeMaTlfqeCKall HanpaBJJeHHOCTb, c!flopMyJJIIpOBaHHall B 

HaJBaHHll C60pHHKa. 

ilOHliMall 6e3Ha)leJKHOCTb nonbiTKH ncqepnbiBa!Omero onncaHIIll 

cospeMeHHbiX npo6neM ycKopiiTeneif, asTopbi nonbiTaJJIICb paccMOTPeTb Han6onee 

HHTepeCHbie, no Hx MHeHIIIO, HanpasneHIIll :noli o6nacr11 HayKn 11 TeXHIIKII, yJleJJllll 

cneUHaJJbHOe BHHMaHIIe pa3)l.eJJaM 11 3a)l.aqaM, KOTOpble ell(e He BOIIIJIH B 

TPail.IIUHOHHbie KJ'PCbi oTeqecrseHHbiX BY3os IIJJII He)lOCTaToqHo noJJHO B HIIX 

npe.ncrasneHbl. BMecre c TeM, HeB03MOJKHOCTb JleTaJJbHOro o6bllCHeHIIll MaTepllaJJa, 

BKJI!QqeHHOrQ B JJeKUHII, npe)lnOJJaraeT ero C3MOCTOllTeJibH)'IO npopa60TKY 
. . 

3aiiHTepecosaHHbiMH cnyiiiaTeJJllMII. 

JleKUHII, npOqiiTaHHble B pa3HOe BpeMll, Hel136eJKHO CO)l.ep)KaT qacrnqHO 

COBna)l.a!Oil(liH MaTepnaJJ, HO B OCHOBHOM OHll )lOllOJIHlllOT .npyr .npyra. 

AsTopbi 6naro.'l:apHbi 3a ueuHbie o6cyJK.neunll A.E.Iiou)lap!O, B.A.Kapuayxosy, 

A.li.Kypen11uy, IO.M.lliaTyuosy. 

ABTOpbl TaKJKe Bblpa1Ka!OT CBOIO 6naro)lapHOCTb JI.M.Onnll(eHKO 3a UeHHble 

3aMeqaunll, C)lenauubie nM npn npoqTennll pyKonncll. 

ABTOpbl np113HaTeJJbHbl T.A.CTenaHOBOH 3a ueoueunMy!O noMOil(b. B 

no.nroTOBKe pyKoniiCII, 6e3 KOTopoif .naHHall ny6miKaUnll 6bma 6bi ueso3MOJKHa. 
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JIEKI.VUI I. YCKOPIITEJIII B cf)JIJIIKE 3JIEMEHTAPH.biX 'IACTIIIJ. · 
(OT 3JIEKTPOHA KXHrrCY) 

1.1.1. BcrynJieHne. CToJieTue 3Jielrrpoua 

•':, 

B 3TOM ro.ny•) Mbl, <f>n311Kll, OTMeqaeM 3aMeqaTeJJbHOe C06biTlle B 11CTOpll11 

Haiiieif HayKH CTOJieTHIOIO fO)l.OBil(llny 3KCnepnMeHTa, .. BblllOJJHeHHOfO. 

Jl.lJ..TOMCOHOM C KaTO)lHblMII JJyqaMII, KOTOpblH )l0Ka3aJJ Cyll(eCTBOBaHne 3JieKTPOHa 

KaK He3aBHCHMOH qaCTHUbl, T.e." qaCTHUbl, JlBll~ll(eHCll" B CB060)l.HOM npOCTPaHCTBe 

(saKyyMe) 6e3CB~3Ii'c aroMoM, 113 Koroporo oua H3BJJetieua. 

· ,ll.yMa!O; · qro <f>yu.naMeHTaJJbHall. • 3Ha'IHMb~h 3KcnepnMeHTa ToMooua 

ue.nooueunsaeTCll cero.null. A ie.nh on nrpaeT a <f>n311Ke qacrnu ry :iKe ponh, 'ITO n ari · 

C03)l.aHHll qe.JioBeKa' 6oroM B peJJHfHH - nepBall. CB060)lHall qacrnua, C03)laHH~: 

(sbipsaHHall) 113 semecTBa. KpoMe Toro, npli6op ToM:coua· 6hin caMhiM riepsbiM 

ycKopitTeJJeM 3ap~)KeHHbiX qacn1u ua 3ueprn!O 8 uecKOJJhKO K3B. 

U.enb!O 3Toro coo6meullil llBJJlleTCll auaJJII3 BJJIDIHllll ycKopuTeneif qacrnu ua 

pa3BHTHe !f>H3HKn qacruu, cospeMeuuoro coCTOllHllll n Teu.neuuuif pa3BHTHll . 
ycKopuTeJJbuoif TexuuKn. 

1;1.2; Ha'laJio .na'laJI 

1911 ro.n - 3HaMeunTh~fi 3KcnepUMenm Pe3eppopiJa 6biJI caMoif nepsoif nonhiTKOH 

HCnOJJ~30Ba~Hll 6bi~pb!X 'laCTHU B Kaqecrse 30H)la.)l.Jill npOHHKHOB~HHll B Bell(eCTB~ .. C 
... ~ ' , 1' ' • ' ' / ,. ' ' • ' 

3TOro MOMeHTa paccellHlfe 6biCTPbiX 'laCTlfU Be~eCTBOM CTaJJO CaMhlM llJIO)l.OTBOpHblM 

MeTO)lOM B 3KCnepHMeHTaJJbHOH <f>n3nKe. Pe3ep<f>op~ lfCllOJib30BaJJ B CBOeM 3KC~epu-

.MeHTe a- qaCTHQbl OT pa.nnoaKTliBHOrQ liCTOqunKa . 
. , . . ·-. 

1913 ro.n- zunome3a Eopa o CTPYKTYPe aTOMa OTKphiJia 3py 

(llipe.nHurep, refueH6ypr, llaynn, .lJ.upaK, .lJ.e EpoifJih). 

"
1 JleKI.{~ npo'Illr.ma 9.08.97 
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1922 ro,n - 3. Pe3ep¢op,n BBO,nHT, TepMHH .· "npomon ", : .. no,n c KOTOpbiM fiOHIIMa!OT 

3apH)J{eHH)'lO 'laC'riiU:y, BXO,nHLU:Y!O B COC'raB H,npa aTO~'Ia. 

1928 ro.n- P.BII,nepoe ¢opMyJIIIpyeT IIAe!O II crpom nepBhiii l/Une_z"inbrii ycKopume.7b. 

1.1.3. IlepBbiC cy6aTOMHbie 'laCTHU:bl 

1930 ro.n - B.llayJIII aHaJIII3IIPYeT cneKTP JJieKTpoua B 6eTa-pacna.ne II BhiABHraeT 

riUIOTe3Y cyiUeOTBOBaHliH neumpuno (3JieKTPOHHOro, KaK HaM ceif'laC li3BeCTHO). 

1931 ro.n - ~.Ban-,nep-rpaa¢ crpoHT nepBhiH 3JleKmpocmamu'lecKuii ycKopumellb no 

csoeMY npHHU:Hny 11 noJIY'IaeT nanpH)J{enue nopH,nKa 1.51\ffi. 

1932 ro.n - _KoKro¢T n YoJITOH c03.natOT .npyroii THn 3ll:Kmpocmamu'lecKozo 

ycKopuf11ellR~ KacKa,nnhlii BhmpHMIITeJih, 11 nOJIY'Ja!OT nanpH)J{enue 0.6 MB. 

~.qe,nBliK, ycKOpHB C ero llOMOJUb!O a- 'laCTHU:hi, OTKpbiBaeT neifTpOH B peaKU:liH 

a + 9Be => 3 a + n. 

BcKope B.f'eii3en6epr 11 }J;.MsauenKo c¢opMyJinposaJIH (ne3aBHCHMO .npyr OT .npyra) 

rHnOTe3Y o cocma6e Ropa 113 ueiiTPOHOB 11 npOTOHOB. 

1930-32 rr.- E.O.Jioypeuc npe,nJIO)J{liJI MeTO.rl pe3onancuozo ycKopeuim, pa3p~6oTaJI. 

ll CKOHCTpynpOBaJI nepBbiH lf11Kll0111]JOH H pe30HGHCHblU l/UHeUHblU ycKopumellb. 
' . . ~ . . ' " -

1935 ro.n - X.IOKaBa BBO,nHT HOBY!O rllnOTeTH'IeCKY!O 'laCTHU:Y C npoMe%YTO'IHOH, . 
Me)J{,ny npoTOHOM u JJieKTPOHOM, Maccoii - JIU!:JOH ("Me3oTpou", KaK Tor,na ero 
' ~ ' -, . - . 
Ha3hiBaJill), OTBeTCTBeHHhiH 3a H,nepHb;e C~l.JI?I, liJill, KaK Mhl ceif'laC rosopHM "CliJihHOe 

inanMo,neiicrsue". On npe,nJIO)J{liJI TaK%e ¢opMYJIY H,nepnoro noTemmaJia, 

3HaMeHIIThiH "nomeltU,UfJJl JOKaBb!" ll paCC'IIITaJI C ee llOMO~h!O, 3HaH pa3Mep H,npa: 

Macey Me3ona: 

111Me3oH:::: ]00 K3B. 

1936 ro.n - K.An,nepcen 11 C.He.n,nepMeep o6napy)J{nJin B KOCJftU'IeCKUX lly'lax JierKy!O 

'laCTHU:y C MaCCOH 105 K3B, HO OHa JierKO npOHllKaJia B BeiUeCTBO 6e3 Bll,nllMOro 

B3anMo,neiiCTBIIH c H,npoM. TpnyM¢ nmoTe3hi IOKaBhi 6hiJI OTcpoqeu 6oJiee 'leM ua 

8 

10 neT. Ilepsbiil esponeilcKuil l.lliKJIOTpon ssem!n B .zieilcr'siie B · p'anuesoM 

l'HCTl!TVTe B JleHJIHrpane. . - •, 

1940 ron-:- )J..Kepcr nponeMoHcrpupoBaJI HOBbiil ycKopHTeJih 6emampou. : 

1942 ron - nocne 12 .. neT O)J{llnannH AnneHOM. 6biJJ. noKa3aH ¢aKT cyiUeCTsosaHI!H 

nei!Tpuno: oH na6n10naJ1 B peaKUI!ll K-3axsaTa 

Be · e·=> l.i · Y" 

· oTnaqy Hnpa U. Bbi3BaHHY!O HMnyJihCOM, nepenaHHbiM neiiTpiiHO. Hne51 :noro _3Kcne-. . 
pmteHTa 6brna npen.lo;KeHa AAnuxaH5IHOM s 1938 rony. 

t.i.t .. np~pi.•~ s !J>n~m~e ycKopnTe.IJeif·(1945-1947 rr.) 

Orp.aHn:enne 3Hepnm ~aCTIII.I B .Ul!KJJOTponax, CB513aHHOe c. peJJ5ITIIBIICTCKIIM 

ysemt•JenneM Macchi •IaCTHUbi H·necunxpoHll3auueil, 6hrno npeononeno- c OTKpbiTHe\1 

fi]JIIIIIflllla amnopa3upo6KII B.H. .BeKcnepoM (1944 -r.) ·II MaKMIIJJJJaHoM (1945 r.) . . · . ,-• . . . ' 

BcKope. 6biJIII CO<;JPY)KeHhi nepsbre, MaJJhie JneKTpoHHhre Cli11X]XJmpm1bl c 3Heprneii 

300~500 M38, u onH)-IIl3 HHX B ll>HAH HM. Il.H. Jie6enesa.B MocKBe. Kco)J{aJJeH!I!O 

aBTOpbi JToro npi~~Uima. ne_ nonyLJHJIII Ho6enescKoil npeMim, KOTopy!O necoMnenno. 

3acny)J{HBaJJH: . CoseTcKue, snacn1 He y,noBJJeTBOpHmi Tpe6osaHH51. Ho6enescKoro . ' : . . . . . . 

KOMI~TeT~,_OTKa3aB B OTBeTe Ha Tpanllll_IIOHHblfi BOnpoc, 3anaHHblfiB COOTBeTCTBIIII C 

no~o)J{eH!IeM o .. ?PeMmi, - r,ne 6hiJJ npHMene.~ yKa3aHHhlil MeTO.rl:- 8 ;o speMH. 

CllHXpOTpOH ll>HAH 6b!JIGB~pxCeKpeTHbiM o6peK}'OM! 

. J1 BCKOpe nepBbiiJ"ypO)J{ajj" Ha HOBbiX yCKOp11TeJI5IX 6hiJI co6paH )J.%JiJJ!03TOM 
• '< '•.' 

11 Xap6epoM (CiliA).- OHII · Ha6ntOnaJIII. ·. cuuxpomponlWlf IIJ:I}''Ieuul! peJI»:I;IIBIICTCKIIX 

3~eKTpOHOB, Bpa~a~U~II.XCH B MarHIITHOM none, 

_\' 
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1.2.2. Ycnexu B KOCMWJecKux Jiyqax 

TeM He MeHee, KOCMlttJeCKHe JJY'IH OCTaBaJIHCb B TO sp'eM» 01JeHh 3cpcpeKTHBHbiM 

IICTO'IHHKOM 6hiCTJlbiX 1JaCTHU, ll CJiet~;yJOUlllH .llBOHHOH ycrrex 6biJI tJ;OCTHfHYT C IIX 

nOMOUlbJO B 1947 fO.Ily. l.Po'leCTep II I.liaTJJep Ha6JJJOtlaJlll 1JaCTHUbi, 6onee T»:lKeJihie, 

'leM HyKJJoH, - zutiepoubt, a C.Ilay3nn, r. Jlarrepc u X.M103pxen OTKphiJJH 

tJ;OJifO)I(JlaHHYJO "qaCTIIUY lOKaBbi"- K- .lteJOII (Ha COBpeMeHHOM »3biKe- fiiiOH). 

1.3. PalBUTUe ycKOpHTeJieii, )lOCTH:lKeHHH C HHMU U 6e1 HHX 

IlpHHUHf! asTocpaJHpoBKH BeKcnepa - MaK MunnaHa noJsonun 3Ha1JHTeJJbHO 

ysenu'IHTh 3HepmJO ycKopnTeneii. 

1948-49 rr.- nepsbie cuuxpOlfUKJlompollbl 6biJJH noCTpoeHbi s liepKJJH . u s 

JJ:y6He, H, KaK pe3yJJbTaT, 6biJJa ocymeCTBJJeHa reHepaUH» nHOHOB B CTOJIKHOBeHH»X 

ycKopeHHhiX · npoTOHOB c MnweHhJO: HatJnHa» c 3Toro MOMeHTa, ycKopnTenu CTaJIH 

HaHOOJJee 3cpcpeKTHBHblM HCTO'IHHKOM nHOHOB. 

B TetJeHne · 3Tnx nec»TH ner 6bwa nocrpoeHa uena» cepnH _npomomlblX 

CU11XpompOH06 B peJJHTHBHCTCKOM tJ;HanaJOHe 3Heprun: "KOCMOTpoH" B lipyKxeiiseHe 

(3 I3B, 1952 r.), "liesaTpOH" B liepKJJH (6.3 I3B, 1954 r.) II "CHHXpOcpa3orpoH" B 

Ay6He (10' 13B, 1957r.). 3ro 6biJIH "nocnenHne· H3 M:omKaH" · s p»ny 

cna6ocpoKycupyJOmux · MawnH, noToMy 'ITO s 3TO :lKe speMH s CiliA H.KpnCTocpunoc 

(1950 r.; He ony6nuKosaHo) u HeJasucuMo OT Hero E.KypaHT, M.JiusnHrcTOH u 

X.CHaiinep {1952 r.) ccpopMynuposanu npnHunn :JICecmKoii pmryi:upoBKU, KOTOphiii 

neiiCTBHTeJibHO CTaJJ HOBbiM npOpbiBOM B ycKOpHTeJibHOH TeXHHKe .. 

"liesaTpoH" · 6~:.1n co6paH cneuuanbHO nnH Toro, ' ~no6~:.1 npesbiCHTb nopor 

3Hepruu, Heo6xonuMoii .llJI» reHepauuu anmunpomoua s pp - B3aHMO.IleiicTBIUIX. 11 

BCKOpe (1955 r.) nepBblH aumunyKJWII 6blJI nonyqeH o.qaM6epneiiHOM, E.Cerpe, 

lJ,.BueraH.IlOM, u T.YncunaHTHCOM. To 6~:.m nepsbii-i KpynHbiii ycnex s cpn3uKe 

3JieMeHTapHbiX 'laCTuu, nonyqeHHhiii c noMOUlbJO ycKopul-en». 

Apyroii 3Ha1JuTeJibHbiH PeJYJibTaT 6bm nony1JeH s 1955 r. rpynnoii 

XocpwTat~;Tepa s CnHcpopncKoM yHusepcuTere s rny6oKo HeynpyroM pacce»HHH 

3neKTpOHOB m mmeiiHoro ycKopuTen» Ha npoToHax . (so;:iopot~;Ha». MHWeHb): ;3TQ 

CTano np»MhiM nponon:lKeHueM pe3ep¢opnoscKoro 3KcnepuMeHTa, ; Iio . c ropa1no 

6onhweii 3Hepmeii 1JaCTnu ::_ nop»nKa HeCKOJihKHx · coreH :MjB; ..fro rro3soJIHno 
; • ' ' . '" . ,' . • . -. . . _. . ,·,··13 . 

onpenemnb·pacnpeneneHne 3ap»na s npOTOHe s o6naCTH paJMepoM M:eliee 10- CM. 

. TaK:lKe s 1955 r. A.Ilaiic u O.IlutiquoHH3KcnepnMeirr~bHO 'oTKpbu~~· 3¢¢eicr 

KUOI~IIblX oci(WUllll{lllt _:_ nepe~O.Il If B K0 H o6paTHO. 3To; 3¢cp~~' HaJBaHHbiH 

IIMeHeM asTopos, o~Kphm HOBhiii KJJacc »BneHnli: ~ cp~3HKe 'laCTIIQ. 

CJiei:\yer nonqepKHYTh, 'ITO 3TH 3KCnepiiMeHTbl, BbinOJIHeHHbie Ha fiyqKaX 

yCKOpiiTeneii, COnpOBO:lKtl;aJIIICb 3aMe1JaTeJibHbiMII tlOqi"II:lKeHHHMII B HeyCKOpHTeJibHbiX 

3KCnepm.teHTax. · TaK, s, 1953-1956 ro,lla~ rpyrrna CI>.Pai-iHeca. n K.KosaHa snepBbie 

1aperucrpuposana 631lUMooeiicmaue ueiimpuuo c npyriiMII 'laCTHUaMII, npoTOHaMn s 

peaKUHH o6paTHoro 6era-pacnana: 

v,'+p=>n+e+. 
' . 

OHM Mcnonb3osanii Hei-iTpHHO, rrony'leHHbie s Ht~;epHOM peaKTope, II 3TO trano csoero 
~ ',' > 

poi\a' Bbi30BO~ cpll3HKaM-yCKOpHTe~blllHKaM. 

1956 ro;:i ...:.T,n:'.JI~ II lJ, . .HHr· cepopMy~~poBaJiii mnOTe3Y o uecoxpaueuuu 
, . . ' " 

'lemuocmu, li roil cnyCTH qiiH liiHH ~y, P.B.Xaiisapn, JJ:.Xonrrec H P.IlTytllOH H3 

_HauMoHanhHOro 6JOpo·cTaunapToB CiliA .llOKaJanii 3KcrrepiiMeHTanbHO :ny mrroTeJy'ii 

6eracpacrrane. · · 

--~,- A n03:lKe 'rpyrrrra,· · · so3rnasn»eMa» JI.JienepMaHoM, ucrronb3yH · · MJOOHbi OT 

pacrrana ·· mmHos; ._ reHepMpyeMbiX · rrpoTOHaMII H3 · ' "KocMorpoHa'?, BbiiTOJIHHJJa 

3KcrrepMMeHT rro rrposepKe uapyweuuSI IJeTHOCTH B pacnaJJ;e MIDOHOB; 

. B KOHUe 3TOro necHTHJieTHH uoeR Bcmpe'IHblX ny'IK06 6hlna rrpe.llJIO:lKeHa 

JJ:.B.KepcTOM C KOJIJieraMU (I 956 r} 
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1.4. Ha<Ja.riO 3pbi 6oJibmux Mamou 

IIocrpoifKa .nsyx . 6oJibUIMX MaUiuH -. npoTOHHoro CMHXPOTPOHa (PS) B 

QEPHe (26 r3B, 1959 r.) "CMHXPOTPOHa co 3HaKonepeMeHHOH <!JoeycupOBKOH (AGS) 
' , .. ' ' ' 

B lipyKXeHBeHe (28 r3B, 1960r.) OTKpbiJia 3py lfUKJIU'IeCKUX ycKopumeJleii C CUJ/bHOll 
' . ' .. · '' ·, ' . ... . 

p01()1CUpOBKOii. BCKOpe o6e MaUIMHbl npuHeCJIH Bbi,naiOI.QeecH OTKpbiTHe HOBOrQ BH,na 
'' :' . . ',' ' ' . ' ' ' ' ' 

ueitmpuuo- JIIIOOilltoZO. ,[{Be rpynnbl- O,nHa n.ne.nepMaHaB EpyKxeifBeHe ".npyraH-

M.Illsapu:a u ~.IIITaifH6eprepa - B QEPHe ucnoJih3oaanu ny'IOK 6hiCTphiX HeifTpHHO 
' :.:· .. , ; . . ., ' ' . 

OT MIOOHH()ro pacna,na:. 

p + p => p + p +~+ + "- , "± => f.l± +vjJ(vjJ), 

1i. fia6mo.na.im peai<u:u10 

vJJ+n=>p+p 

0TCYTCTBHe !JneKTpOHOB H3 B03MO)J(~OH peaKU:HM , 

v+n=>p+e 

flOKa3aJIO, 'ITO HeHTpUHO V Ji, nonyqeHHOe. ll3 pacna,na flHOHOB, HMeeT CBOHCTBa, 

OTJIH'IalOI.QlleCH OT CBOHCTB «OObl'IHOrQ» HeifTpHHO V, KOTOpOe 0003H-a'laiOT C TeX ·.• . : ' ' . ';,,. . ·. 

flOp KaK. Ve . 3-fo flOJIO)J(llJIO Ha'laJIOM 2-My nOKOJlellUIO 'laCTHU: H <!JopMHpOBaHHlO_ 
·· .. I, • I •· ,. • , • • · , 

•:cmaui>apmuoit Moi>_e;zu". ,[{sa ro,na cnyCTH noc~e sao,na U:HKJIH'~ecKHX ycKopuTeneif 

c CllJibHOH <!JoeycHpOBKOH MTenn-MaHH ll r.~eifr npe,nJIO)J(llJIH runoTe3y KBapKOB :-:: 

coCTaBHOH,'IaCTH CHJibHO B3aHMo,neifCTBYJOlllHX.'I~CTHU: ai>pmwe. Tor,na )J(e II.Xurn;: 

BJ3en .. 'laCTuu:y, OTBeTCTBeHHYJO 3a .• cnoHTaHHoe HapyUieHue cynepcHMMeTpHH u 

o6pa3oBaHue Mace qaCTuu, OHa non~una. Ha3BaHue ~·~mTc" . no uMeHH asTOpa .3Toif 

nmoTe3hl. 

B 3TOT )J(e nepno.n 6hiJI ,noCTHrHYT 3Ha'IHTeJibHhiH nporpecc s ycKopuTeJibHOH_ 

TeXHMKe. B 1964 ro,ny JIHHeHHbiH YCKOpHTeJib Ha 2 r3B 6biJI BBe,neH B ,neHCTBHe B 

XapbKOBCKOM <!Ju3MKO-TeXHH'IecKoM nHCTIITYTe, a B 1966 ro,ny 6onee MOI.QHbiH 

.nayxl\nfJibHbiH cm3upopdcKltii mmeiiubr,ii ycKopumenb, no3somm ,noCTU'Ih 3Hepruu 20 

r3B. 

•/ 
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I 965 ro.!l CTan ro.!lOM pO)J(.!leHIIH r1cmpeiJubrx nyiJKOB: _.!lBe 

na6opaTopmt, l1HCTIITYT H,nepHoif tPII3HKII B Hoaoc11611pcKe u o6be.!lUHeHHaH rpynna 

CT:lH<!Jop.acKoro u IlpllHCTOHCKoro ymtBepcHTeTOB, coo6m11m1 o peanu3au:11u npoeKTa 

:lJJeJ..1pOH-3JJeJ..tpOH .BCTpe'!HbiX nyLJKOB. flepBbie KO.'I.7G/Wepbl IIMeJJll 3Hepn!IO 

· :ix I 80 M3B (B3Il H5!<ll) 11 2x500 M3B (CT3H<lJop.!li'I1puHCTOH) n CBeTIIMOCTb 

~opH.!lKa I xI 0
29 

eM 
2
c 

1 
(eM. puc. I). OcHosHofi u:enhiO. JKcnepnMeHTos Ha JTux 

ycTa!IOBKaX · 6hiJJa. npoaepKa KBaHTOBOi1 JJJeio.'TpO.!liiHaMJIKII Ha MaJJbJX paCCTOHHliHX, 

IIJJII ".1lei1CTBIITeJJbHO . m1 JJJeKTpoH - TOLJeLJHaH LJacnma?". librJJo noKaJaHo, 'ITO 

3JJeKTpOH BeL{eT CeOH flO.!lOOHO TO'IelJHOMy 3apH.!l~- BllJJOTb .!lO paCCTOHHIIH nopH.!lKa 

IxJ0-14CM. 

1.5. HoBbie H.!le_~t u .!laJibueifUI_uii np?rpecc 

B 'I 966 r. T.I>y.!lKep, c<!JopMymrpoaaa CBOIO ll.!leiO .ttemoaa :J.'IeJ-.:mpomuj,'o 

ox:ta.ilcaenuR, OTKJlbiBaeT · HoayiO CTpaHHU:Y B qiri3HKe ~YLJKOB: Meroii no3aomtn 

npeO.!lOJJeTb .nnH nyLJKOB TH)J(eJJbiX LJaCTIIU: ,orpaHnLJeHHe, HanaraeMoe TeopeMoi1 

nuyBIIJIJIH. Tenepb tPll3l;Kll nony'IHJIII c~oco6 BH~CeHIIH TpeHIIll B ny'IOK Tll~eJJbiX 
LJacTIIU:, qT06bi yMeHbllillTb ero JMIITTaHC II pa36poc no IIMllYJJbCaM (6-~1epHbln 

tPa30Bbii1 06be;I). ,[{o: 3TOro 6biJJ 113BeCTeH TOJJbKO O.!liiH MeTO.!l OXJJa)J(_neHllll -
.,;;. 

CIIHXpOTpOHHOe lf3JJY'IeHHe 3JJeKTpOHOB, f.IIIPKYJJIIpyiOmHX B HaKOmiTeJJbHOM KOJJbUe 

(um1 cuHxpoTpoHe).' BcKope C.BaH-.!lep- MeepoM a QEPH (I 968 r.) 6brJJa npe.nno)J(eHa 

u,nel! cmoxacmuiJecraJ?o ox.?a.JK•aemm. 

3KcnepHMeHTaJJbHOe H3y'leHlle H paJBliTile o6o11x MeTO.!lOB BCKOpe 6bJJJO 

Ha'laTo B HoBOCl!611p'cKe ll B l.lEPHe, II fl03,1lHee B na6opaTOplm liM. 3.<llepMI1 

(<llepM-l!Jm6, CiliA) .. 

~ .• I 967 ro~y pol!~liJJCH.nepabrii :J.;r~Kmpou-no3Ttn1f?OII~tbrit J.;o:r:rmir)ep. 3TO O.biJJ -. 

HaKomnenb B3ITI1-2 (sCTpeLJHhie · 3JJeKTpOH~n03liTpoHHbie ny'IKII) B l1JI<ll . B 
. ~ ', .. ,· ·, - .; ,• -; ~- - . . " . . . _, ~- ' 

Hosoc~t6upcKe. BcKope aHanontLJHbiH KOJIJJaii,nep SPEAR 6biJJ noCTpoeH a SLAC. ,Q6e 

MaUIIIHbl IICllOJJb30BaJJIICb B OCHOBHOI\1 .!lJJll 113Y'!eHllll C BbiCOKIIM pa3perueHlleM p, (t~ 
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1.00E+35 

io 10o 1oQo 10000 100000 
Etot (GeV) 

PHc. 1. (Tio.D.nHCb eM. HIDKe) 

tp-Me30HOB, OTKpblTbiX paHee Ha KJiaCCH'IeCKHX ycKOpHTeiDIX. Cne.~zyer OTMeTHTb, 'ITO 

lp-Me30H DO CBOeH CTpYJcrYPe . npe,li.CTaBMeT COOOH "'IHCTYJO" CHCTeMy 

KBap>c-aHrnKBapK H CO.D.ep)K}IT s-KBapK, - nepBbiH KBapK H3 2-ro noKoneHIDI 'laCTHU 
!l ' . 

(Ta6n.l). 

14 

ITonnnch K puc. L .: . YcKopnTenn- HaKonHTenn' Ha BCTpeqHhiX nyqKax -

Konnaifnephi. CaeTHMOCTh n :mepriD!. 

* - nepabre Konnaifnephr: B3IT1 Hoaocn6npcK n CTIH!f>op,ll/IIpnHCTOHCKHif HaKonn-

Tenh; 

neifCTBYIOI.IlHe Konnaif.nephi: cnMMerpnqHhi!! e+e--Konnai1.nephr B3Ill12M n 

B3ITIT4 Hoaocn6npcK, BEPC ITeKnH, CESR KopHenhcKnif YHHBepcnTer (CiliA), 

LEP2 QEPH; aCHMMeTpnqHbie ep-Koirnaif,nepbi: HERA raM6ypr (820 P:JB rrpOTOHhiX 

30 r3B 3neKTp0Hhi); npOTOH-aHTHnpOTOHHhllt KOnnaif,nep 2x300 r3B Te~atron 

Jla6. liM. <t>epMH (CIIIA); 

•. • • CTpo~mnec~ Konnaii,nephr: e+e--Konnaii.nephr B3ITIT5 HoaocH6npcK, 
; ' 1 

DA<t>NE <t>pacKaTH ( 1-hann~) (aae.neH B .neiicTBne B KOHUe 1997 r.), BTCF ITeKnH, 

KEKB JlrroHu~ (3.5 r3B e+x8 r3B e-), ~HC QEPH (2x7 T3B pp n 2x2.76 T3B/eyKnc>H 

HOH-HOHHbiH KO,Inaii:J;ep), RHIC EpyKxeiiBeH (CiliA) '(2x100 r3B/eyKJIOH' HOH

liOHHhlH Konnaii,nep ), nnHeiiHhie Konnaii.nephi BJI3ITIT PocciD!, JLC JlnOHIDI, TESLA 

raM6ypr, CLIC QEPH; 

------=-· • 3aKphiThre e+ e--Konnau.nephr: ACO ~ DCI CaKJie (<t>paHiiiDI), B3Ill12,,n 

B3ITIT4 HoaocH6npcK, ADONE <t>pacKaTn, SPEAR CTIH!f>op.n, n pp-Konnau.nep ISR 
. t 

QEPH. 

CTPenKaMH YKa3aHhi MaCChi (3HeprHH noKo~) qaCTHll, npe.nCTaBAAIOI.IlHXHHTe

pec .nn~ 3KcnepnMeHTa . 
. ! 

B 3TOM iKe ro,:1;y "4Jnar" caMoro 6onhliiOro ycKopnTen~ B Mnpe nepellien H3 

CIIIA (AGS B EpyKxeiiaeHe) B CoaercKnii CoJ03, r.ne 6hm 3anym:eH nporoHHhiH 

CHHXPOTPOH Ha 76 r3B B lfHCTHryTe 4Jn3HKH BhlCOKnX 3Heprnii B ITpoTBHHO, or<ono 

. Cepn0coaa, B 100 KnnoMerpax K 10ry oT MocKBhi. OH .nepiKan peKop.n 3Heprnn .no 

1971 , ro,na H npHaec ;.,nioiKeCTao 3Ha~nTenhHhiX OTKp~rmii, a;mJO'I~ T~K Ha3hraaeMhrii 

"Cepnyxoec«uii :J·~~e«m'' - poCT c 3H~prHei1 nonaoro ceqeHim cHnhHoro 

B3aHMO,lleHCTBIDI. 
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Pa6oTa caMoro 6onblliOro B MHpe mmeiiHoro ycKopmemi B SLAC npHHecna 11cnonb30Ban BCTpe4Hbie -nylfKn, rne cnCTeMa ueHTpa Mace cosnanaeT c 

3aMelfaTenbHbiH pe3ynbTaT B H3Y1feHIIll rny6oKo HeynpyrHx pacce51HIIH :meKTPOHOB Ha na6opaTopHoii cuCTe~wii. 

npoToHax, UHTepnpeTHposaHHbiH KaK cy~eCTBOBaHne BHYTPH npoToHa . TOlfelfHoro 3To OTKpbiTne cTano 3aMelfaTenbHbiM no HeCKOllbKHM npu4nHaM. Bo-nepBbiX, 

pacceusaro~ero ueHTPa, KOTOpbiH 6bm Ha3BaH P. <l>eiiHMaHOM napmono.u (oT cnosa :no 6bin lfiiCTO 3KCnepHMeHTallbHbiil <jlaKT, He npencKa3aHHbiil Teopuelt. 3aTeM, 

part), nonepe4HOe celfeHne reHepa~nn J P Ha HeCKOnbKO ~~p51nKOB 6onbllle, lfeM B 

BcKOpe ll051BimaCb une51 U- ll d-KBapKOB, <jJopMHpyiO~HX HYKnOHbl 51npa. ynpyroM e. e--pacce51HIIIf. 11 HaKOHeU, 3Ta lfaCTHUa, ~aK 6binO Cpa3y llOH51TO, COCTOHT 

1967 ron .CTan TaK)!(e ronOM po)!(,lleHH51 meopUU :JJleKmpm:.1a6blX 113 .llBYX HOBbiX: Hell3BecTHbiX paHee KBapKOB, Ha3Bai!HbiX 04apOBaHHbiMU llllll 

· a3aUMooeucmauu, pa3BUToii B 3HalfmenbHOH CTeneHn ACanaMOM n C.BaiiH6eproM. 

1.6. lliOJJ.O~BOpHbie 70-e 

1971 ron - nepBblll aopOilllblU KO!Ulailoep ISR (HaKonnTe'ilb c nepeceKal{)~llMilC~ 

KOllbUaMn), 3any~eH B ~PHe. 3Hepr1151 npOTOHOB B Ka)!(,llOM ll3 nsyx ero nylfKOB 

nOCTHrana 25 r3B. 

1972 ron - "<l>nar" B03Bpa~aeTC51 B CIIIA, Korna Ha nporoHHOM cuHxpoTpoHe "Main 

Ring" . 'B <l>epMnna6 noCTHrHYTa. 3Hepru51 B 500 r3B. PyKOBonuTenb npoeKTa _n 

ocHoBaTenb <l>epMnna6 - Bbinal{)~nilc51 <jJH3HK-ycKopnTenh~nK - Po6epT BunbcoH. 

lleTbipe rona cnycT51 (1976) ~PH nocmraeT npaKTHlfecKn Toil )Ke 3Hepruu 400 r3B, 

Ha npoTOHHOM «cynepcnHXpOTPOHe» SPC. 

1973 ron - anoreH B COCT513aHHI1 Me)!(Jly yCKOpnTell51Mll C HenonBU)!(HOll MHllleHblO ll 

KonnailnepaMn: nse rpynnbi, B03rnasn51eMbie C.THHroM B lipyKxeiiBeHe 11 li.PnxTepoM 

e SLAC, HeO)!(HnaHHO OTKpb~nn Hosyro .lfaCTIIUY - JI'P-Jue:Jmr 'J. IlepBa51 rpynna 

Hcnonb3osana npoToHHbiH llYlfOK .. II3 AGS, BTOpa51 - e+ e--Konnailnep 

( CM. pH C. 1 ). fVlOHHOe Ha3BaHHe HOBOlt lfaCTIIUbl OTP3)!(aeT nBOHHOe aBTOpCTBO, ll 

na)!(e 6onee, K3)!(na51 6yKsa B HeM KaK 6bi noBTOp51eT <jJopMy TPeKos lfaCTHU, 

. 3a<jlnKcnposaHHbiX neTeKTopaMH B 3KcnepHMeHTax: nepBbiH 6bm nposeneH · 

ifbiBeneHHbiM llY'fKOM, rne nponyKTbl peaKUHII B OCHOBHOM neTenn Bnepen, a BTOpOlt 

•) llpOH3HOCIITCH KllK <<.!VKH·ITCH -Me30H», C03B)"'HO 3HTJI. gipsy (~IraH). 

"/ 
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c-KaapKfLitU. TaKnM o6pa30M, 6biJJ OTKpbiT Bmopou KaapK 2-zo noKo.unuR. 

)J.syM51 ronaMn n03)!(e, B 1975 r., rpynna M.JI.~~pna B SLAC OTKpbma nepsy~ 

lfaCTnuy 3-zo nmw:zeuuR - r-izenmou - aHanor 3JJeKTpcma n3 nepsoro . noKoJJeHmi u 

MI{)OHa 113 BToporo. Ee Ha6nronann B peaKunn 

e e => r' .· r 

c e e --BCTpe4HbiMil nylfKaMn },Ia SPEAR. 

1Iepe3 nsa rona. cnenyeT e~e onHo 3aMelfaTeJJbHOe OTKpbiTae: JIJlenepMaH c 
I I 

KOJJneraMil B <f>epM11JJa6 06Hapy1KilJIIl B jJjJ-CTOJIKHOBeH1151X ll051BJJeHne e~e onHOlt 

HOBOlt lfaCTUUbi
1
- Y-.He301W, COCT051~ell 113 b-Kadp,Ka(hb) 3TO CT~O CJlenyi{)~I!M 

"nonOJJHeHUeM" 2-rO HOKOJieHil51 lfaCTIIU. 

1.1; )l.oKaJaTe.JihCTBO CTaHJJ.apTHoii MoJJ.eJiu (1983-1996 rr.) 

K Halfany BOCbll"'lnec51TbiX ronoB OKOH'iaTeJibHO 3aBeplliUJIOCb pa3Bl!Tile TeOp1111 
' : ' 

<jJH3l!Kll ·. 3JieMeHTapHbiX lfaCTHU, BKJII{)lfa51 , KBaHTOBYI{) 3JieKTponnHaMIIKY (QED), 

KBaHTOBYI{) XpOMOni!HaMHKY (QCD), :JJieKmpoc:za6bte. 63UU.JtoOeucm6uR II T.n., TaK 

Ha3biBaeMolt . Cmmu>apmtwil MOt)eJlu (Ta6Jinua 1 ), KoTopa51 cooTBeTCTBYeT B ·<jJII311Ke 

3JieMeHTapHbtx •mCTnu IlepnonnlfecKoil Ta6mn.1e 3JJeMeHTOB MeHJJ.eJieeBa. OCTanocb 

TOJibKO 3allOJIHIITb nBa npo6eJia: . top-KBapK , (I) II nepeHOC'ii!KII .. CJia6oro 

B3ai!MOnei!CTBII51 TaK Ha3btBaeMbte npo:tte.Nrymo'l!lbte aeK'!wpubte 6moubt. 

[~==~~~'£ ,. ,.,,iL • .,ul., t<;J_;'],). b:.-•·••1) • 1 -~ . ) 

!? f::?.::!!?};: .~!C~.-::.~.~:.i:;:~:i ( 
~ ~O:WJ~Jl~ll) i :;:.!~,~>\ i' 
·-·~") ,_.,.,..__...._---



Ta6miUa 1. 

3,1e.Henmapllble •tacmUI{bl U UX .HUCCbl (M:JB!c
2
) 

qacmul{bl 3apno IloKO.'leuue 

(e) I 2 3 

1. Heihpuno 0 3JICKTJ>OHHOC M!OOHHOC t-nenTOHHOC 

(neiiTpanhHhiii HeiiTpHHO Ve HCllTpHHO Vf' HCiiTpHHO Vt 

nemon) (<5 10.()) (<0.3) (<24) 

2. 3ap5DKCHHhiC -1 3neKTpon e M!OOH ll t-nenTOH t 

nenTOHhi (0.511) (105.7) ( 1784) 

3. KsapKn +% Up(u) "Charm" (c) .. Top (t) 

(5) (1270) (176000)±8±10 

-73' Down( d) "Strange"(s) Bottom (b) 

(8) (175) (4250) 

IlepellOC'lUKU 63UUMOOeiicmeuii U UX .!ltUCCbl (F:JB!c
2
) 

BJau.~woeiicmeun qacmul{bl 3apno Mace a 

. CnnhHhie rniOOHhl g 0 0 

3JieKTpOMarHHTHbiC <I>OTOHbl y 0 0 

Cna6hie ITpOMC)f()TOqHbiC I 

BeKTOJ>Hhie 6o30Hhi 

w± ±e 80.22 

zo 0 91.187 

CqnTanOch TaK)J(e, qro cymecrsosanne rn!OOHOB .II.OKa3aHo 3KcnepnMeHTanhHO B 

peaKUH51X cnnMioro B3aHMO.II.eiiCTBH51. KaK scer.na, npo6neMoii ocrasanach BhiCOKM 

3HCprii51 qaCTHL{, HC06XO.II.HMM .II.JI51 renepai..{Hii 3THX CaMhiX HC.II.OCTaiOIUiiX 3JICMCHTOB 
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Ta6JIHL{bl 3JICMCHTapHbiX qacrnu. E.nnncrseHHhiM KaH.II.n.II.aTOM .II.AA 

nonyqeHII51 TaKHX OrpOMHbiX 3Hepruii B3aliMO.II.CllCTBIDr, IIOJ>51.II.Ka 2QQ r3B, B TO BJ>CM51 

MOr craTh TOJihKO npomon-anmunpomomlblii KOJlllaiioep. 3Ta n.neH o6c~anach c Tex 

nop KaK r.Jiy):{Kep npe):IJIO)J(IiJI CBOll MeTO.II. 3JICKTJ>OHHOro OXJia)J(.II.CHHH B 1966 rD.II.Y, 1i . . 
on 6hm peann3oBaH B 1974 rD.II.Y B lUI <I>. Tor.na nepBhiii npoeKT pp -KollJlaiioepa 6bm 

pa3pa6oTaH B Hosocn6npcKe. ITo3)J(e n):leH pp -Konnaii):lepa, na ocnose cnHXporpona 

SPS KaK naKonnTeJihHOro KOJihUa 6hma npe):{Jio)J(ena ,ll;.~iiHOM, P.MaKnHTaiipoM II 

K.Py66IIa. Ona 6hma o<!JnunanhHO npnH51Ta II peaniDosana B 1983 ro.II.Y. KJIIOqesbiM 

MOMCHTOM 3TOrO npOeKTa CTaJIO IICllOJih30BaH~e CTOXaCTIIqCCKOro OXJI~CHHH .II.AA 

naKonnenn51 anTIInpoTOHOB. ,ll;ereKTOJ>hi 6hiJIII nocrpoeHhi ABYM51 · rpynnaMII, 

so3rnasn51CMhiMII K.Py66IIa n A,ll;apifyanna. ITepsM rpynna .no6nnach ycnexa' B 

o6napy)J(CHIIII ):IO:JfO)J():IaHHhiX w±- u z0-60301106 ( CM. Ta6nnuy 1 ). 

B nepno.n c 1976 no 1986 ro,nhi 3naqHTeJibHhiii nporpecc 6hm ,nocrnrnyr B IDy

qennH tPII31iKII 3JICMCHTapHbiX qaCTiil..{ Ha e + e- -KOJIJiaii,nepax. 3.II.CCh MO)J(HO B~I.II.CJ!lfrh 
. . 

npeun3HOHHbie II3Mepenn51 Mace TaK Ha3hiBaeMhiX "KsapKonnes" - <p -, Jflf'- ii Y-

MC30HOB, BhmonneHHhie B IUI<I> s Hosocii6npcKe, na Konnaii,nepax B3ITIT-2M n 

E3ITIT-4 c ncnoJih3osaniieM cneunanhnoii TexnnKn pC3onancnoii ):lenoAApiDai.IIIn 

UHJ>KYJIHJ>YIOIUHX nyqKOB. 

1989 - BTOpoii pp -KOJIJiaii,nep, Ha3BaHHhlll "TeBampoH ", 3anymeH B <l>epMW!!i6, 

3HeprHH 2x0.9 r3B. 11 o'wrrb CTOXaCTnqecKOe OXJI~CHMe - KJI!Oqesoii MOMCHT 

npoeKTa. 

1992 fO):I - npoeKT 60JihiiiOro 3JICK!POH-ll03IITJ>OHHOro KOJIJiaii):lepa (LEP) 
' . ,' ' . 

peann30BaH B UEPH. 11Me51 3Heprnl0 qacrnu .II.O 50 r3B, KOJIJiaii):lep LEP 6~m 

npe):{Ha3HaqeH ):IAA npCI.III31iOHHbiX li3MepeHiill B tPH31iKC Z0
-0030Ha (MaCca 91,2 r;B): 

B 1996 ro):ly 3Hepr~uo qacrnu Ha LEP npaKTnqeCKii Y.II.BOHJIII, .AOCTnrnyB 2x85 r3B. 

TeM caMbiM Ha KOJIJiaii):lepe LEP2 _CTanO B03MO)J(Hb!M ~enepnpoBaTb napbl w± B e+e

CT()JIKHOBCHHHX. · CooTBCTCTBeHHO, crano B03MO)J(HhJM IDyqenne. <Pn3nKn 3apj{)J(eHHhiX 

nepenocqnKOB 3JICKTJ>OCJia6oro B3aliMO,l{CllCTBHH. 

11 nocne):{Hnii IIIar B .II.OKa3aTeJihCTBe "Cran.napTnoii Mo.nenn" ~hill c.nenan B 

1996 rD.II.y, KOr):la 6hiJIO OtPiil.lliaJihHO 06b51BJICHO 06 OTKpbiTiili (TaK)J(e .II.OJifO)J(.II.aHHOM) . . 
19 



top, IIJIII t-KBUpKa B <IJepMIWa6, llOCJie HeCKOJibKIIX MeC}IIJ.eB aHafiii3a ,llaHHbiX, 

no.ny'IeHHblX B pp -CTOJIKHOBeHII}IX Ha "TeBa-rpoue". 

Ho oCTaJIC}I eme " caMbiil nocne.uunil " mar - OTKpbrrne xnrrc-qacTnU.hi, OTBeT-

CTB~mioil3a o6pa3oBanne Mace qaCTnu. (eM. pa3.uen 1.8 umKe) 

1.8. KaKne ycKopnTe.Tin Mbi nMeeM n KaKne ell)e naM uyJKHbi 

HepBM. ,qaCTb ::noro Bonpoca Bnonue onpe.ueneuua. Mo~Ho cocTaBHTb 

npn6nn3HTeJibH)'Kl KJiaccwjmKau.mo ycKopHTeneil, ncnonb3yeMbiX B ¢n3nKe 

::weMeHTapubiX qaCTnu.. Oun Moryr 6biTb pa3.ueneHbi ua 7 rpynn, KaiK,lla}l n3 KOTOpbiX 

.nMeeT .uoCTaToquo pa3MbiTbie rpaHHU.bi (Ta6nnu.a 2). 

1.8.1. EollbUtUe npomoHHble yCKopumemJ, TaKne KaK SPS, Main Ring, U-70. Oun 

l1Cll0Jib3Y,IOTC}I KaK, liCTQqHHK npOTOHHb!X nyqKQB C :meprneil B HeCKOJibKO ,lleC}ITKOB 

,liJill COTeH r3B nfiiJIH liHIKeKTOpbl (6ycTepbl) ,llAA KOJIJiaH,llepoB. 

A_opollllble KOllllazliJepbl. E.unHCTBeHHbiH .ueilcTByiOmnil ycKopnTeJib TaKoro Tnna ceil

qac - 3TO "TeBaTpou" B <llepMnna6. EoJibrnoil a.upoHHbiH KOJIJiail.uep (LHC) B ~PH 

6y.lleT C06paH K 2005 rD.llY B 27-KIIJIOMfTPOBOM TY,HHeJie, B KOTOpOM ceilqac Y,CTaHOB-
,. 

neu KOJIJiail.uep LEP2. LHC - pp-Konnail.uep c .llBOHHbiM KOJibiJ.OM n 4-M}I ToqKaMn 
. ; - . 

nepeceqeull}l - B3anMO.lleilCTBll}l (puc. 2). Ero npoeKTHM 3Heprn}l 7 T3B ua qaCTnu.y 

(T~6nnu.a 2). 

BTopM · qaCTb 3Toro npoeKTa - Bc-rpequbie nyqKn }l,llep cBnnu.a 
208

Pb
821 

(no~HOCTblO ~OHH3llpOBaHHbie HOHbl CBHHU.a) C 3Heprneil 4 T3B Ha HY,KJIOH. 

1.8.3. J1enmoimble KOJlllaiiiJepbl. Cero,llH}I ceMeHCTBO .u.uKJiwqecKnx e+e-- KOJIJiail.uepoB 

oqeub MHoroqncneuuo. 0HH oxBaTbiBaiOT rnnpoKnil .unana30H 3Heprnil, o6ecneqnBM 
p . 

.llOCTaToquo BbiCOKYIO CBeTIIMOCTb (puc. I, Ta6nuu.a 2). B 6nu~~~:ailrneM 6y.uymeM MOIK-

HO O:llm,llaTb flQ}IBJieHH}I KOJIJiaH,llepOB HOBOrD llOKOJieHUH, TaK Ha3biBaeMblX (/J -, Cr- H 

b-¢a6puK, co cBernMOCTbiO nop}l,llKa I034cM-2c-1. Cne.uyiOmuM rnaroM 6y.ueT C03.lla

~ue nepBoro 11711Jeltuozo e + e <KollllaiiiJepa (pnc. 3). Kouu.enu.n}l TaKoro KOJIJiail.uepa 
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6biJJa c¢opMY,JIIlpOBaHa B cepe,llHHe 70~x ro,llOB B.EaJiaKUHb!M u r.Ey.uKepoM 

(lUI<ll, HoBocH6upcK). OcHOBHM npuqnHa nepexo.ua K JIHHeilHbiM -Konnail.uepaM -

npeo.uoneHHe orpaHnqeHH}I 3Hepnm qaCTHU. B U.IIKJIHqecKux e-e--KOJIJiail.uepax, Bbi-

3BaHnoro. Cl!JibHOH 3aBHCUMOCTbi6 n<Yrepb 3Hepnm qaCTHU. Ha CliHXpOT{lOHHOe 

\ Octant 5 

~q, .:, <>,,. 
.-k_.--

$? 
&" 
a 

Puc.2. CxeMa KOJIJJail.uepa LHC 

ATLAS, CMS, ALI~E, LHC-B- .UCTeKTopbl 

li3JJyqeHue (CH) OT 3Hepnm qaCTUIJ.bl, nponopU.HOHaJibHO r:' R, r.ueE- 3Hepnt}l qac

Titl\bi,R-;- pa.uuyc Kp11Bli3Hbi TpaeKTopmt. I1MeHHO CH orpaHuqnBaCT 3HepruiO qaCTIIU. 

8 ycKopHTene LEP2. . H.ue}l mmeilHbiX · KOJIJiail.uepoB nonyq11na 3HaqlfTeJJbHoe 
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Ta6m11..1a 2. YcKopuTemi u KonnaiiAepbi a 

npOMC)I(}'fO,l.!HbiX 3Hcpmii 

¢H3HKC BbiCOKHX H 

<l>H3Hl.!CCKaJI 3Heprmi CymecTBpomHc Co3.:~asac-
,' •' 

3:Ual.!a CTO.lKHOBCHllll )"CTaHOBKH, MbiC 

Xllrrc-qacnu.thi > 1.5 T38 TcBaTPOH LHC 

(mh.., > 0.15 T38) 

KsapK- SPS I..(EPH. 

r;nOOHHall > 5 fJ8/ H Hp<.nOTPOH Ol151l1 LHC. 

n.la3Ma RHIC 

i 83nn2M. 

KBapKOHHH 0.6-12 fJ8 8EPC, CES_R, KEK8, 
83nn4M 83nn5 

. <l>II3HKa IIIIOHOB > 0.3 fJ8 PSI, LAMPF, 

I M <l> l151l1 P AH 
. 

CnnH HYK.lOHa > 100 fJ8 HERA RHIC, 
·LHC 

CTPaHHOCTh COSY, 
npOTOHOB >3 fJ8 CELSIUS, 

HYKJIOWOH Ol151l1 
<l>H3HKa U -70, SPS, 
HCHTPHHO >15 fJ8 TcsaTPOH LHC 
(BbiBC;\CHHbiC 
npOTOHHbiC .,·,· 
llyqKH) 
HapywcHHC 
CP - CH~HfCT- >I fJ8 LHC-8, 
pHH, HERA-8, 
CPT- TcopcMa AD CERN 

CyncpcnMMCT-
pHil ll llOl!CK E' e. - E >500 fJ8 LHC 

LOBhiX l.!aCTnQ" pp- E >10TJ8 

npoCKrbl 

JhmCHHbiC C. C 
KOJI.laH.:.tCpbl 
l10H - l!OHHbiC 
Ko,uaii.z~epbl 

q>, Cr, b-
!jla6pHKII, 
DA<l>NE, 8CT, 
83nn5 

-

·:. 

q>, Cr, b-
!fla6pHKH, 
reHepaQMll 
aHTHBO,llOpO,lla. 

Jll!HCHHbiC 
KOJIJiaH,llCpbi, 
!jJOTOHHbiC 
KorrrraH,llephi. 

pa3a~~ue. OLIHaKo pea.nu3aQiljj mo6oro npoeKTa JIHHeiiHoro KOJIJiaiiLiepa TPe6yer pe-
l:' . 

WIITb ).(Be OCHOBHblc·npo6JICMbl- BbiCOKHH TcMn yCKOpcHJUI H BbiCOKaJI CBeTHMOCTb 

(cpeAHHH no apeMeHu). PeweHue nepsoii npo6neMhi MO)KHO rronyqHTh LIBYI\ljj pa3JIHl.!

HbiMH llYTjjMH: HMrryJibCHaJI BbiCOKOl.!aCTOTHaJI CHCTCMa C MCLIHbiMH 
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pe30HaTOpaMH, r).(e cyrrepBbiCOKaJI Harrpjj)KCHHOCTb , 3JICKrpHqcCKOro · 110llil, ).(0 

100 MB/M a cpeAHcM (35MB/M- ypoaeHb, ).(OCTH)KIIMbiH ceroAHJ~), H Apyroii fiYTh

:3TO CBepxnpOBO).(jill.(HH pC30HaTop, B KOTOpOM HanpH)KCHHOCTb ·. 110M LIOCTHraeT 

cerO).(HH 110l.!TH TaKOrO )KC 3HaqeHHH, . KaK H ' B HMrryJibCHbiX YCTPOHCTBax. 

CooTBeTCTBCHHO, ).(JIHHa KOJIJiaii).(epa nopjj).(Ka 2xl0 KM npH 3HeprHH qaCTHQ 250 r3B, 

Bbi6paHHOH ).(AA nepaoro npoeKTa (Ta6nnQa 3). 

17 16 15 4 

100 GoV 
....-.un-

s 9 9 I 
'I-

2 \ 2 14 13 12 11 10 10 

PH c. 3. CxeMa JIHHeiiHoro KOJIJiaiiLiepa BJI3Illl 

10 

1- HH)KCKTOp, 2- npOMC~QqHbiH YCKOpHTCJib, 3- ):le6aHqep-MOHOXpOMaTH3aTOp, 

4- HaKOnHTCJibHOC KOJibl.(O (OXJia).(HTCJih-H.H)KCKTOp), 5 -:- 6aHqep, 6 ;- YCKOpjj~ll.(HC 
ceKQHH, 7 - ucroqHHK CB1J, 8 - HMrrynhCHhiH ,Z:Ie¢neKTOp, 9, 11 - ¢oKYcll:pyiOU.(He 

JJHH3bl, 10- McCTa acrpeqlf, 12- C11Hp_a.ribHbiH OH):(yAATOp, 13- llyqOK y-KBaHTOB, 

14 - KOHBeprop, 15 - OCTaTOqHbiH 3JICKrpOHHbiH llyqOK, 16 - 3KC11CpHMCHTbl no 

B3au~o):(eiiCTBIIIO 3neKrpOHOB H n03lfTPOHOB c HcriO.LIBH)KHOH MHWCHhiO, 17 - aropaJ~ 

oqepeLib BJI3Illl. 

23 



PeiiieHHe BTopoii rrpo6neMbi TPe6yeT cpopMHpoaamrn oqeub IIHTeHCHBHoro e + e-

rryqKa c 3MHITaHCOM rropj{.nKa I 1t·HM. qT06bi rronyqHTh TaKHe rrapaMeTpbi rryiJKa, 

fiCIIOnb3yiOT OxniDK,!l;eHHe IIyqKa CfiHXPOTPOHHbiM IDny'leHHeM B HaKOIIIITenbHOM 

KOnbUe, KaK IIOKa3aHO Ha pHC. 3, a TaiOKe cpOpMHpOBaHHe IIy'IKa B BU):(e KOpOTKOro 

. cryCTKa, OCTPO ccpoKyCHpOBaHHOro B TO 'IKe Bcrpeqn rryqKOB, II T.):(. 

Ta6nuua 3. llpoeKTbi nuueiinhiX e+e--Konnaii.nepoa 

Jia6opaTopHJI DESY KEK SLAC ID!<t> CERN 

IlpoeKT Tesla SBLS JLC(S) JLC(C) JLC(X) NLC BJI3I1I1 cue 
3HeprHJI {r3B) 500 (2 X 250) 

CBCTIIMOCTh 6.0 5.3 4.6 6.1 5.1 5.5 9.3 6.4 

1033 CM-2CeK·I . 
lJaCTOTa CIIC· 

TeMhi ycKope~ 

HHJI OCHOBHOfO 1.3 3 2.8 5.7 11.4 11.4 14 30 

ycKopHTeJIJI 

(IT !I) 

MomHOCTh 8.2 7.25 1.3 3.2 3.67 4.8 2.4 - 4.5 

Il)"'Ol (MBT) 

3HeprHJI 

HaKOIIliTeJIJI- 3.2 3.15 2 2 1.98 2 3 2.15 

tlJopMHpOBa-

TeJIJI (r3B) 

AJIHHaMyx 

Y CKOpHTeJieii 29 33 22.1 18.8 10.5 17.6 7 7.5 

I (KM) 

Pa3BHTneM H.nen nnueiiHhiX e + e --Konnaii.nepoB HBnHeTC» cpoTOHHbiii (yy-

i~m~atloep)111 _ llpe.nnaraeTCji reuepnpoaaTb cpoTOHbi BbiCOKoii 3Heprnn B 

ocrpouarrpaaneHHbiX rroroKax rrpn pacce»HHH na3epuoro H3nyqennH ua cryCTKax 

3m!Krponoa n II03UTpOHOB B mmeiiHbiX e + e --Konnaii.nepax. Bo3HnKaiOIUee )f(eCTKoe 
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peHTreHOBCKOe Jnnyqeune BbiCOKOH liHTeHCI1BHOCTU U rrpocrpaHCTBeHHOll 

rrnoTHOCTII o6ecrreiJI1BaeT 3Ha'II1TenhHYIO CBeTI1MOCTb cpoTOHHbiX Konnaii.nepoa. EIUe 

O):(IIH OT):(enbHO paCCMaTp11BaeMblll Bap11aHT 3T0ll CXeMbl - 33eKmpoH-pOn10HIIblii 

Ko.uaitoep. 

.[J;pyroii nm nernoHHbiX Konnaii.nepoa -,ltlOOUHblli (J.I~J.I-- t.:o.uaiioep 121) . 

0CHOBHaH npo6neMa TaKI1X yCTpOHCTB, KOTOpbie IIOHBHTCH B He.naneKOM 6y.nyiUeM, 

- KOpOTKaH npo.nomKI1TenbHOCTI> )f(lf3HII MIOOHOB (2.2 MKC B C06CTBeHHOH CUCTeMe). 

11MeHHO II03TOM)' j./ J.i--Konnaii.nepbl npe.i:{CTaBn»IOT liHTepec .LinH . 3Heprnii IIOpH.LIKa 

T3B, r.ne nopeHu-cpaKTop yaemi'IHBaeT apeM» )f(IJ3HH MloOHOB B na6opaTopuoii CI1CTeM 

Koop.nunaT. 

CxeMa MIOouuoro Konnaii.nepa, o6cy)I(JlaeMoro- a HaCTO»IUee apeMH 121, 

BKJliO'IaeT npOTOHHblll CIIHXpOTpOH, )'CKOpHIOIUIIll rrpOTOHbl ):10 3Hepnm 30-100 r3B . 

Ouu 6oM6ap.nupyiOT MniiieHb, 11 ·'laCTb reuepupyeMbiX mtonoa, nMeiOIUHX 3HepniiO 

nop»):(Ka 0.1-l 00 r3B, BbiAenHeTCH ll nepeHOCUTCH' B IIHOH-MIOOHHblll Kanan pac·na.na. 

MIOOHbl, B03HI1KIIIlle B pacna.nax IIHOHOB, npOXO.!lHT CIICTeMy 1101/113alf11011110?0 

··_lJIOOIIIJO?o" ox.u:t,JK'iJemm, npe.nCTaBmiiOIUY,IO co6oii ra3oayl0 Hnii TBep.nyiO MHIIIeHb, 

norpy)f(eHH)'IO B npo.nonbHOe • MarHJITHOe II One, ll yCKOpHIOTCH, a 3aTeM BXOJlHT B 

KOnbUO KOnnaii.n,epa. CneQHanbHaH TeXHliKa _II03BOniiT, MO)f(HO Ha):(eHTbCH, BbJ):(eRHTb 

MIOOHbi c 3a.naHnoii nonHp113auHeii- napannenhnoii'llnH aunmapannenhuoii JIMII~nbcy 

MIOOHOB Ill_ 

1.8..1. YcKOpHTenH npoMe:lK}'l'O'Inoii 3Hepnm. He TaK .naauo coo6IUeCTao cp113HKOB no 

II3Y'IeHIIIO 3neMeHTapHblX 'laCTJIU npHIIInO K CornaiiieHJIIO, 'ITO K YCKOpHTeJIHM 

BhiCOKOH 3Heprnu OTHOCHTCH Te UJ HUX, KOTOpble DOJBOJIHIOT renepupoBaTb 

oqapoBannhle KsapKu (JI'I'-MeJOHbl).' _3-ro. o3naiJaeT, 'ITO 3neprn» qacnn-1 a 3Tilx 

YCKOpiiTe~x Bbiiiie 1.5 r3B,):InH _neiiTOHHbiX U a.npOHHbiX KOnnaii.nepOB. II IIOp».nKa 

11.2 r3B .nnH npOTOHHbiX ycKOpHTeneii c BbiBe,neHHbiM. IIY'IKOM 11 cp11KC1IpOBauuoil 

MHmenbiO (pp-CTonKHOBeHHj{). CooTBeTCTBenuo, ycKopHTeJiu npoMe"')'TO'IHblX 

3Hepruii .LIOJI:IKHbl nolBOJIHTb renepaQHJO qacruQ c MaccaMu · OT nuona .no TJ

Me~ona. rpaHUQbl 3Hepnm onpe.neneHbl, KOHe'IHO, ycnOBHO. TeM He Meuee o6naCTb 

25 



lfl1i3UKI1, KOTOpall MO)f~eT fihiTb H3Y'iCHa C TIOMOlllblO YCKOpHTCJICH npOMC:acyTO'iHbiX 

:mepruii, O'iCHh 6oraTa 11 aa)f(Ha. 

Mo)f(HO Bhi.llCJIIITh 4 KaTerop11H ycKopineneii 3TOH rpynnhi: 

I) npoTOHHbiC cnHxpoUHKJIOTpOHhi 11 clmxpoTPOHhi, TaKne, KaK {f>aJOTPOH, 

HyKJIOTPOH 11 CI1Hxpo¢aJOTPOH (OlUIH, r.,lzy6Ha), TRISTAN KEK 11 .upyme; 

2) JII1HCHHbie npoTOHHhie 11 3JICKTPOHHbie ycKopuTenH: LAMPF (Jioc-A.naMoc), 

npOTOHHhiH mmeHHhiH ycKopuTenh "Me30HHall ¢a6p11Ka" (lUIH PAH, TpmiUK), 

3JICKTpOHHhiH JIHHCHHbiH ycKOp11TCJib (XapbKOB ); 

3) "Kynepbi", - npOTOHHbiC 11 HOHHblC HaKOTIHTCJlbHbiC KOJihUa C 3JICKTPOHHbiM 

oXJia)f(.llCHHC!VI 131 - COSY (IOn11x), CELSIUS (Yncana), IUCE (EnyMHHITOH); 

4) e+ e--Konnaii.uepbi- B3TITI2M (Hoaoc116upcK), DAFNE ( (J>pacKam). 

HERA 
DORIS 
HASYLAB 
Injection Scheme 

P11c. 4. CxeMa ycKopHTeJibHoro KOMnneKca na6oparopm1 DESY 
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O'ieHh aa)f(HOe TPe6oaaHI1e K TIY4KaM, reHepnpyeMbiM .TaKI1Mll ycKop11TClli!MI1, -

TIOJI~p113aUH~ 'iaCT11U. C 3TOH TO'iKH 3pCH~ Han6onee Bbi.llalOlllHCC~ MaUIHHbl CCfO.ll~ 

~ CTapbie: CnHxpo¢aJOTPOH a ,lzy6He 11 "CarypH" a CaKJie (3aKphrr a KOHUe 

1997 ro.ua). 

}.8.5. 3HeKmpOH-li01/Hble KOHHaiiiJepbl - .llOBOJibHO HOBall TCH.llCHU~ · B ~,l(CpHOH 

¢n3HKe 11 ¢11311Ke 'iaCT11U. flepabiii 113 HIIX 6bm JanyllleH B na6oparop1111 DESY 

(puc. I, 4). Pa3pa6aThiBaerc~ npoeKT MUSES B na6oparopun RIKEN B JlnoHI111 141 

(2.5 r3B 3JICKTPOHbiX3.5 r3B/HyKJIOH 110Hbl) .• 06cy)f(.l(aeTC~ TaK)f(e CJIC.l(YlQllliiH 

npoeKT i-e-Konnaii.l(epa B GSI Hlnnn DESY. OcHOBHall ll,l(C~ TaKIIX KOJIJlaii..l(epoB -

Hcnonb3oaaTb ny'iOK "TO'ic'iHbiX" 'IaCT11U - 3JICKTPOHOB .l(llil' H3Y4CH~ CTPYKTYPhi 

~.uep 11 HYKJIOHOB Ha KaapK-rJIIOOHHOM ypoaHe. 

1.8.6. Feuepamopbl' 3K3omuwcKUx ny•IK06 - ycKopHTenn 11n11 KOMnneKChi 

YCKOp11TCJICH,· KOTOpbiC TI03BOJI~lOT nonyqaTh KBaJIIaTOMapHblC CHCTCMbl, COCTO~lll11C 

113 IICKYCCTBCHHO C03.UaHHbiX 11 3JICKTPOMarHIITHO-CBIDaHHblX qaCTHU, HanpllMCp 

npOTOHIIH {p p ), MlOOHIIH (J/ e), aHTIIBO.l(OpO.l( {p e +), TI031ITPOHIIH (e +e) II T.TI. 

Mo)f(HO llcnonb3onaTb paJnnqHhre ycKop11Tenn .l(llil reHepau1111 TaKIIX "aToMoa". TaK, B 

npouecce TIO,l(fOTOBKll B HaCTO~lllCC ape~ B qEPH HaxO,l(HTCH npoeKT 

"AHT11npOTOHHhiH 3aMC,l(Jl11TCJib" (SJ, npe,l(Ha3HaqcHHbiH ,l(lli! reHepaUll11 11 

11CCJIC,l(OBaHI1H aHTI1BO.l(OpO,l(a If "aHT11TipOTOHHOfO fCJII1H" (aTOMbi fCJI~,. r.iJ;e O,l(IIH 

3JICKTpOH 3aMCllli:H aHT11TipOTOHOM). 

1lT06bi OTBCTI1Tb. Ha. BTOpYIQ qaCTh BOTipOCa, BbiHCCCHHOfO B. 3afOJIOBOl(, 

Heo6XO,l(I1MO onpc.l(CJIIITb UCJib 6y.l(yllli1X llCCnC,l(OBaHHH - 6nioKaiiun{x . 11 ,l(aJICKIIX. 

OqeHb np116nnJHTCJihHO MO)f(HO Bhi.l(CJIHTh no KpaiiHeii Mepe IO npo6neM pa3nl1qHoii, 

KOHeqHo, 3HaquMOCTI1, · KOTopbie np11aneKaiOT BHIIMaHlle ¢ll31IKOB cero,l(HH. 

(Ta6nnua 2). 
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1). 3aseprueHne ¢opMnposaHnH CTaHnapTHOli Monenn c oTKpbiTneM xuzzc-'lacmuu,. 

0HI:! "OTBeTCTBeHHbi" 3a CIIOHTaHHOe HapyrueHne 3lleKTPOCna6oii CllMMeTpllll II 

IIOHBneHIIe MaCC '-laCTHI.I. nocne):lHIIe pe3ynbTaTbl TeOpllll Ha OCHOBe CTaHnapTHOH 

Monenn npencKa3hiBaiOT Macey xnrrc-qacTIII.I nopHnKa 150 r3B. QqesHneH sonpoc -

IIO'-IeMY 3Tll qaCTIIJ.Ibl He 6binll eme o6Hapy)!(eHbl B 3KCIIepnMeHTaX Ha TeBaTPOHe, rne 

6hin OTKpblT (-KBapK C MaCCOH 176 r3B? BnonHe pe30HHO OTBeTliTb, '-ITO IIp06JJeMa, 

Bll):lHMO, COCTOIIT He TOllbKO B :mepnm CTOllKHOBeHIIH '-laCTIII.I. 

3nech yMeCTHO yKa3aTh Ha pa3nnqne Me)!():ly nenTOHHbiMn n anpoHHhiMH 

nCTpe'-IHbiMII ny'-!KaMn. no conpeMeHHhiM npenCTanneHHliM nenTOHbi - TO'-Ie'-IHhie 

+ - + -
qaCTIIJ.Ibl H, KaK cne):lCTBHe, IIOJJHall 3Hepnill '-!aCTIII.I B e e HllH f.l f.l -CTOllKHOBeHIIHX, 

K npnMepy, MO)!(eT 6biTh "ncnonb3oBaHa" nnH reHepaumi npyrHx qaCTnu. ConceM 

npyroe neno HyKnoH. OH coCTonT II3 TPex KnapKoB n rniOoHon•(KaK MHHHMYM TPex). 

no3TOMY 3Heprnll KBapK-aHTIIKBapK B3aiiMO):leHCTBIIH B p p -CTOJJKHOBeHIIliX He 

npeBhilllaeT 1/6 OT 3Hepriiii CTaJJKIIBaiOmnxcH '-laCTnu. OnHaKo o6mall Macca 

pO):lliBlllliXCll B CTOJJKHOBeHIIH '-laCTHI.I MO)!(eT 6hiTb HeCKOllbKO 60JJbllle, KaK, HanpnMep 

B. cnyqae top-KnapKa, 6naronapH KonneKTHBHOMY xapaKTepy KnapK-rmooHHoro 

B3aliMO):leHCTBIIH npn Bb!COKHX 3HepriiHX. 

KaHniinaThi nnH o6Hapy)!(eHnH xnrrcos - TenaTpoH, LHC n nnHeliHhie e + e ~-

K.onnalinephi. 

2). Ksap«-zmommaR 11Jla3Ma, KaK O)!(II):laeTcH, 6yneT nonyqeHa n myqeHa B 

CTOnKHOBeHIIHX penHTIIBHCTCKHX noHOB (RHIC, LHC B pe)!(IIMe CTOJJKHOBeHHH noHOB 

CBIIHI.Ia). nepBbie YKa3aHIIH Ha 3TOT QJeHOMeH nonyqeHbl B 3KCnepiiMeHTaX C 

. BhiBeneHHbiM nyqKOM IIOHOB n QJIIKCIIponaHHoli MnrneHhiO Ha SPC B QEPH n 

(so3MO)!(HO) Ha HyKnorpoHe OIUIII (eM. nonpo6Hee neKJ.IIIIO II, n. 2.2). 

3)i:KsapKOIIUU- Me30Hbl, COCTOHll\IIe ll3 "qliCTbiX" nap onpeneneHHbiX KBapKOB ll 

HX aHTHKBapKOB (6e3 IIp!IMeCH npymx nap KBapK-aHTIIKBapK), - O'-!eHb llHTepeCHbl ):lnll 

L\aJJhHeiiwero nccnenosaHIIll CTaHnapTHoli Monenn. 3TII nccnenosaHnll nposonliTCll n 
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(;ynyT npOBO):lliTbCll B OCHOBHOM Ha KOnnalinepax (Ta6n. 2). J:iOllblllOH JIHTepec II 

Hay'-IHYIO 3Ha'-IIIMOCTb liMeeT 3):leCb 3anaqa "TOIIOH!ill" (it -Me30H), IIOKa eme He 

Ha6niOnaswerocll B 3KcnepHMeHTe. 

4). "CTapall" '-laCTIIUa nUOil OCTaeTCll O'-!eHb. npHBJJeKaTellbHbiM 06beKTOM li 

IIHCTpyMeHTOM ):\Jill 113Y'-IeHilll CllllbHbiX B3allMO):leHCTBilH Ha ll):lepHOM (Ha):lKBapKOBOM) 

ypOBHe. ,[l.JJH 3TIIX ueneii aKTHBHO llCnOJJb3yiOTCll npOTOHHbie YCKOpllTenn, OC06eHHO C 

BbiCOKOii .nHTeHCilBHOCTbiO, HanpiiMep, TaKne, KaK LAMPF (Jioc-AnaMoc) IInll 

ycKOpinenh B HHCTHTj'Te HM. naynll lllepepa (PSI) J3 Illseliuapmi. 

5). TipHpona;u)epuozo cnuna ocTaeTCll 3aranKoii cospeMeHHoii Qlll31lKH 3neMeHTapHbiX 

qaCTHU: HenaBHHe 3KcnepuMeHTbi Ha Konnailnepe HERA nponeMOHC"fpHposanH, ~To 

ll):lepHbiH CIIHH He paseH.CYMMe cmiHOB KBapKOB, QJOpr.mpyiOll\IIX HL\pO. CymecTByeT 

HeCKQ,lbKO fliiiOTe3 Ha 3TOT C'-leT, O):lHaKq BCe OHH HY)!():laiOTCll B pa3Bl1Tllll, '-ITO Tpe6yeT 

,[laJJbHeHlllllX 3KCnepnMeHTallbHbiX HCCne,[IOBaHIIH. 

6). Tioxo)!(all "3ara,~:~o'-!Hall" cinyaUIIll I!MeeT MeCTO co cmpamwcmbw nyK:tpna. 

3¢¢eKT Hapywe~.mll "npasHna 0Ky6a - I.J;seii_ra - H3yKH" (OZI), o6Hapy)!(eHHhiii B. 

3KcnepHMeHTe no nccne,~:~osaHHIO pp- B3a!IMOAeiiCTBIIH Ha LEAR CERN, noKa3biBaeT, 

'-ITO 3TH '-!aCTHUbl, He CO,[Iep)!(all\He S (CTpaHHblH)-KBapK, CnOC06Hhl reHepiipOBaTb B 

CBOI!X CTOJJKHOBeHHliX ropa3,[10 60llblllee KOllH'-!eCTBO q>-Me30HOB ( SS ), He)!(eJJH 3TO 

npe,LICKa3biBaeT TeO pill!, no COBpeMeHHbiM npencTaBJJeHllliM, 3TOT 3<}JQJeKT MO)!(eT 6b1Tb 

o6bl!CHeH a paMKax CTaH,~:~apTHoii Mo,~:~en11, ecnn npennoJJO)!(liTb 6onee cno)!(HYIO 

CTpyKTypy HyKnoHa, npncyTCTBne 

aHTIIKBapKOB. 

B HeM "o6naKa~' BllpryaJJbHbiX KBapKOB II 

7). 3KcnepHMeHThi c ueiimptuw- TPaAIIUHOHHoe none aKTIIBHOCTn QJII311KII Lfacniu, 11 

HanpaBJJeHHbie II XOpOlllO KOHTpOJJIIpyeMhle nOTOKII 6hiCTpblX HeHTPIIHO, 

feHepupyeMble B yCKOpl!Tenl!X Ha npOTOHHbiX ny'-!KaX, He06XO,!liiMbl ):lllll 
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JKCnepnMeHTaJibHoro IByiJeHmi cna6oro B3aHMoneiiCTBHR. PacumpeHne JTHX 

3KCnepnMeHTOB B o6naCTb cynepBbiCOKIIX 3Hepmif (LHC) O'leHb Ba;JmO. 

8). T-/lenmou - CaMbiH TRJKenbiH "KBa3113nel\1pOH", 'laCTHU:a, OTHOCRI.LiaRCR K 3-My 

noKoneHIIIO, - H3yiJeH e11.1e HenoCTaTO'lHO. B03MOlK:HOCTb reHepaU:llll T-nenTOHa B 

HanpaaneHHbiX nyiJKax noRBnReTCR c C03JiaHneM acnMMeTpH'lHbiX C-r-KonnaiiAepoa; 

nono6HbiX B3I1Il5, KEKB H BCTF (pHc. 1). TeM caMbiM MOJKeT 6biTb nonyiJeHo 

HOBOe KaiJeCTBO 3KCnepHMeHTOB no H3y'leHHIO 3neKrpOCna6biX B3aHMOJieHCTBIIH C 

yiJaCTl!eM T-nenTOHOB. 

9). Tipo6neMa uapyuteltUJl CUJit.Hempuu OTHOCIITCR K lJHCny <jlyHJiaMeHTaJ!bHbiX B 

<jlH3HKe JneMeHTapHbiX IJaCTHU:, HaiJnHaR, snnnMo c 1956 rona" (eM. Bbirne). H JTa 

o6rnnpHaR o6naCTb Tpe6yeT ncnonb30BaHnR acero "6yKera" ycKopnTenell, AnR 

reHepaU:Hll pa3JIIIlJHbiX BHnOB 'laCTHU: II KBaJHaTOMHbiX CHCTeM, ynOMRHYTbiX ··a. 

paJnene 1.8.6. H nepBbiH <jleHoMeH, KOTOpbiH nomKeH 6biTb 3JieCh yKaJaH, 

3HaMeHHTbie ocu:nnnRu:nn IJaCTHU:a-aHTniJacTnu:a (eM. n. 1.3.). OJKnnaercR (E.M. 

TI(mTeKopso, 1957 ron), IJTO 3TO Ranemte MOJKeT Ha6n!OnaTbCR y HeiirpnHo (veh>v~. 

V~h>Vr),' HeiiTpOHOB ( n B n ), MIOOHHR (e -Jl + H e + Jl-), aHTUBOJIOpOAa (p e + H pe ). 

3TH OCU:HnnRU:Hl~ npOHCXOMT C HecoxpaHeHHeM HeKOTOpbiX KBaHTOBbiX 'IHCen, 

HanpHMep, 3apRn nenTOHa B V- II MIOOHlleBbiX OCU:HnnRU:HHX. 

HaH6onee · <jlyHAaMeHTaJibHbiii npnHu:un - CPT -TeopeMa - MOlKeT 6bn~ · 

nposepeH Ha an)MaX aHTIIBOnopOJia B 3KCnepHMeHTaX cneKTpOCKOnHH BbiCOKOro 

pa3perneHn» [s. 61. 

10). YlH3BelJHaR npo6neMa HCCneAOBaTeneil - "lJTO 3a ropH30HTOM Cyi.LieCTBYIOI.LiliX 

3HaHnif" - rpe6yer nOCTaHOBKll 3KCnepnMeHTOB no nOHCKY HOBbiX 'laCTHU:, npOBepKU 

Mone.'leif cynepCHMMeTpllll II T.Il. 
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He)<OTOpbie 113 JKcnepnMeHTaJibHbiX npo6neM, nepe'IHCneHHbiX Bbiiiie, nelKaT B paMKax 
'·> 

CTaHnapTHOii Monenu, cyi.LieCTaoaaHne HeKOTOpbiX ApyrHx, Hanpoma; 03Ha'laer ee 

HapyrneHite. OnHaKo coaeprneHHO HOBbie 3HaHlfH MOfYT 6biTb ITOJIY'IeHbi, CKopee acero, 

c AanbHeiirnnM yaemi'IeHueM 3Hepnm B3alfMOAeiiCTBlfH 'laCTnu:. lloJTOMY pa3BIITHe 

j'CKOpHTenbHOH TeXHIIKH, pa3pa60TKa HOBhiX npHHU:lfiTOB ycKopeHlfH 'laCTUU:, 

TIOCTOHHHO OCTaiOTCH OCHOBHOH Qenh!O Jl]JH <jlH3l!KOB-YCKOpHTenbi.LilfKOB. 

CaMbiH nepBbiH IIIar B 3TOM HanpaaneHnn, "3a ropiDoHT", 6yner CAenaH c 

no»BneHIIeM HOBOfO nOKOneHHH nenTOHHbiX II aJ~pOHHhiX KOnnaiinepOB (ri.n. 1.8.2, 

1.8.3). TeM He MeHee, n1060if ycnex B 3TOH c<jlepe m:_ CHll3lfT aKTIIBHOCTll B pa3pa6oTKe 

HOBbiX Meronos ycKopeHn». H 3JieCh Him6oni.IIIne HaJ~e)K;:{bi CB»3aHhi ·c IIJiaJMeHHi.nl-ill 

ycKOpHTenRMll HOBOro THna, npiiHQHn JleHCTBIIH KOTOpbiX 3aKJIIO'IaeTCH B cneAY!QmeM: 

IlyiJOK naJepHOfO 113JIY'IeHIIH Hnn nyqOK 'laCTIIU: Hli3KOH 3HeprH11 B3aHMOJleHCTBYeT C 

nnaJMOH, npensapnTenbHO TIOJlroTOBneHHOH II 3aKJIIO'IeliHOH B MafHIITHOe 'none. 

IlyiJOK B036YlKJlaeT B nnaJMe 6ery11.111e llnll CTOH{Ilfe BOJI!lbl, KClTOpbie C03na!OT CHnbHOe 

JneKTpH'IeCKOe none. 3TO none· MOlKeT 6biTh IICITOnh30BaHO i:IM YCKOpeHlfH Jlpyrnx 

IJaCTHU:. YpoaeHb TeMna ycKopeHn», nocr~rHYTbiii ceronHH B na6opampHbiX 

3KCnepnMeHTax, JieJKHT B npeJ~enax 20 MJB/M + 5 r3B/M, B 3aBHCIIMOCTH OT AnHHbl 

ceKU:HH ycKopeHn» (eM. [?J 11 6116n~orpa<jln10 TaM). 3Tn napaMerphhTIOJIY'IeHi.i noi<a 

TOJlbKO Ha MOJ~enHX MaJIOro pa3Mepa, nopHJIKa HeCKOnbKIIX CM. 

1.9. 3aK.rnoqeuue 

CTOneTHIIH 106nneif OTKpblTlfH 3neKTpOHa - XOpOIIliiH nO BOLl. nM aHanll3a. 

cyi.LieCTBYIOI.Liero nonolKeHlfH B <jlii3HKe 'laCTHQ. HeCOMHeHHO, nporPeCC B ;i~ll 
o6naCTII 3HaHnil rpaHAH03eH. ,z:t;anhHeiirnee ~aJBHTne rpe6yer nosbiiiie~HH 3H~pnm 
ycKopnTeneii. H, HeCMOTPH Ha Toi <jlaKT, qTQ rpaAnQuoHJihie M:eroJ~bi ycKopuTenbHOii 

, TeXHl!Klf npaKTU'IeCKll UC'IepnaHhi, ITOHBn»IOI.LilfeCH m)Bhie MeTO.llbl n03BOJIHIOT 

wi.lleHTbC» Ha .llaJibHeilrnuii nporpecc. 
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JIEKIJ:IUI II. COBPEMEHHhiE IIPOEJIEM:bl <I>IBHKII YCKOPIITEJIEH 
3APHJKEHHLIX liACTHU: 

BBe):lenue 

CoBpeMeHHOe pa:munw ycKopnTeJibHOH TexHHKH HlleT no HeCKOJibKHM 

· HanpaBnemrnM. B nx qncne cne):lyeT Ha3BaTb npe)!():le Bcero KOJIJiaiiAepbi Ha 

cBepxBbiCOKne :mepnm, "¢a6pnKn" B o6naCTn po)!():leHmi KBapKOHHeB, HeiiTpiiHH~Ie 

reHepaTOpbl - YCKOpi!TeJIU C BbiBe):leHHbiM ny'IKOM ):IJI}! lPH3HKH HeHTPHHO, YCKOpHTeJIH 

THna UHKJIOTPOH B UX COBpeMeHHOll MOlllllPHKaUUH liM HCCJie):IOBaHHll }!):lpa II 

}!):lepHOll MaTepuu, HaKOnUTeJIU llOHOB ):IJI}! 3KCnepnMeHTOB B }!):lepHOll lPH3HKe, 

reHepa:ropbl ny'IKOB 3K30Tll'IeCKUX aTOMOB, TaKliX KaK aHT,!fBOliOPOll, n03liTp0Hllll, 

M!OOHIIH II imoHHbie aTOMbi. Bo MHOriix ycKOPIITeJibHbiX ue~Tpax BeAYTC}! pa6oTbi 110 

C03):1aHli!O HOBbiX OpliHUllllOB ycKopeHll}! C TeMOOM B HeCKOJibKO r3B/M. rnaBHll}! 

3a):la'Ia ycKopHTeJibHOH TeXHliKll - pa3Bl1Tlle MeTOJIOB ycKopeHII}! 3ap}!)!(eHHbiX 'IaCTHI.l 

TPe6yeT cooTBeTCTBY!Olllero 6a3IICa, pa3BliTIUI ¢li3HKH ycKopnTeneii. 

2.1. KIIneMaTnKa CTOJIKHOBenuii 

C cepeAHHbi 60-x ro):IOB B ¢miiKe OO}!BHJiliCb ycKopiiTeJIII co BCTPe'IHbiMII 

nyqKaMll, liJill, KaK Tenepb liX npliH}!TO Ha3b!BaTb, KOJIJ/aUOepbl ( OT aHrJillllCKOrO CJIOBa 

Collision) [1,
2
]. C TeX nop KHHeMaTIIKa CTOJIKHOBeHllll ):IByx 'IaCTHQ paCCMaTPIIBa~C» 

KaK nOJIHOnpaBHblll CJiyqaif ):IBll~ll{ellC}! qaCTliQbi-MliiiieHH. llpll 3TOM nepBOe, 'ITO 

TPe6yeTC}! HaiiTII ll3 TaKoro aHaJIII3a; - 3TO 3Heprll}! B3aiiMO):IeHCTBH}! (cTOJIKHOBeHII}!) 

'IaCTH.LI B CliCTeMe liX QeHTPa Mace (C~). JlMeHHO OHa onpe):leMeT CYMMapHy!O 

Macey 'IaCTHU, pO)!():Ia!Oll{liXC}! npll CTOJIKHOBeHllll liByx liCXO):IHbiX 'IaCTIIU. 

JlTaK, paCCMOTpHM CTOJIKHOBeHne l\Byx 'IaCTliQ C MaCCaMll m1 ll nl2, liMe!Oll{liX B 

na6opaTOpHOll CliCTeMe (JIC) OOJIHY!O 3Hepm!O G/,2 H HMOYJibC Pu. CKopOCTb c~ 

l\Byx 'IaCTliQ npn liX CTOJIKHOBeHllll paBHa [J): 

/ 
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\' = j31 +i32 c2 = rlmJjl +r2m2jJ2 c 
o &1+&2 ·r1m1+r2m2 

(I) 

me flu = v/.2 c, r u = (1- fl/2 t '2 
Vu - CKOpOCTll nepBOll If BTOpoii 'IaCTIJQ B 

JIC. l1MnyJibC H 3Hepnm nepBOll 'IaCTIIQbl B C~ onpeAeJI}!!OTC}! COOTHOIIIeHII}!MU: 

·(1)) = (P- -f3 )= . Yrr2m1m2c (fll +fJJ 
I 0 r 0 I 0&1 C r , 2 lJ • 2 ' 

m; +m2 +2y1y2m1m;{1+f31f32) 

(e,)o =ro(&1 -j30~c)= (ml +rlr2(1+f3,f32)m2)m1c
2 

[mJ+m~ + 2r1r2m1m2(1 + j31f3JJ 
2 

' 

(2) 

rAe flooovrrc, ra= (1-fJ/l/'2. TipeAOCTaBJIJUI 'IInaTeJI!O . YliOBOJibCTBHe 

CaMOCTO»TeJibHOfO BbiBO):Ia 3TI1X <flopMyJI, OTMeTIIM, 'ITO yMeHI!e ):leJiaTb ,nO):I06Hbie 

peJJHTI1BllCTCKlle npeo6pa30BaHH}! HBJI»eTC}! 06}!3aTeJlbHbiM ; Tpe6oBaHlleM;, K. 

KBanll(jJHKaQnn coBpeMeHHoro ¢ml1Ka, 3Hepma BTopoii 'IaCTIII.Ibi B Cl(M nonyqae:rca. 

3aMeHOii IIH):IeKCa "J" Ha "2". l1MnyJibCbl o6eliX 'IaCTIIQ B C~ paBHbl nO MOliYJI!O II 

npOTI1BOnOJI0)!(H0 HanpaBJJeHbl. 3Hepnm CTbJIKHOBeHII}! paBHa CYMMe 3Heprnii ):IB)''X 

'IaCTHJ.I B CIJ.M: 

c:a =(c:I)a ~(e.?)a =[(mf +mn~·+2{l+f3Jfl.?)&Jc:.?f.? (3) 

B 'IaCTHOM cnyqae nyqKa, BbiBe):leHHOro Ha MliWeHb, KOrAa f32=0, y2 -~ 1, Bemi'IIIHbi 

3Hepnm liiiMnynbca HMeTa!Oll{ell 'IaCTIIiibi B CIJ,M o~petien~~TC}! CO~T~O~emiaMII: 
' ' 

&a = ..j AJ + AJ + 2yAA2 m pc
2, 

P. _ 'A1A2yj31m Pc 

o- ../Ai+AJ+2rAA
2

, 

(4) 

rAe AI ll A2- aTOMHbJe 'IIICJia CTaJIKIIBa!Oll{llxca 'IaCTuQ. B Hepen}!TIIBIICTCKOM ~ny~ 

'Iae COOTHOIIIeHII» (4) MOryT 6biTb npeACTaBJieHbl B Bll):le' 

33 



( ) 
' /11, 

&o = 1111 +1112 c- + - &km• 
1111 +1112 

p _ 1112P 
0-

1111 +m2 

(5) 

rne &'""' p- KHHe'HtLJeCKajj :meprHjj H HMTIYllbC HaJleTaJOll{ell YaCTHUbl C MaCCOll 111]. 

B ynbrpapeJljjTIJBHCTCKOM cnyqae, KOr)la YJ>> J, COOTHOWeHHjj (4) npHHIJMaJOT 

npOCTOllll nerKO 3aTIOMIJHaJOll{Hll BH)l: 

&0 = ~ 2&1m 2 c
2 = 2P0c _ (6) 

TaKIIM o6pa30M, B cnyqae nyYKa, BbiBeneHHoro Ha Henonsu:II<HYJO MuweHh, pocT 
i •, I 

:mepnm B3aHMO)lellCTBHjj &0 (6) C :meprueil YCKOpeHHbiX YaCTHU &1 JlOBOJlbHO .. 
MenneHHbiil, KaK KopeHb KBanpaTHbiil H3 &1• Cwryaunjj H3MeHHeTCjj npu nepexone K 

yCKOpltTeJljjM CO BCTpeYHbiMli TIYLJKaMH. fipH CTOJlKHOBeHHH BClpeYHbiX nyLJKOB 

LJaCTHU c onuHaKOBbiMH HMnynhcaMu nonuM :meprujj B Cll,M· pasHa 

&o=&1+&2 (7) 

(3aMeTHM, "'TO eCJlH MaCChi YaCTHU pa3HbJe, HX CKOpOCTH li :meprHH B JIC 

OTJlHLJaJOTCjj). 3necb &J.2 - :meprlijj YaCTHU B JIC. B 3TOM cnyqae 3Heprujj 

B3aHMoneilcTBlijj LJaCTHU &0 paCTer nuHeilHo c wx 3Heprweil. B 3TOM_ 3aKJ1JOLJeHo . 

OCHOBHOe npeuMyiUeCTBO yCKOpHTeneil C BClpeLJHbiMH TIYYKaMH TIO cpaBHeHHJO C 
. ' ~ ' . 

YCKOpHTeJlHMH C BbJBe}leHHbiM TIYLJKOM. 

qaCTO Tpe6yeTC51 3HaTb KHHeTHLJeCKYJO 3HeprHJO LJaCTHU BbJBe)leHHOro TIYLJKa 

( &i)km, KOTOpoil B ClJ,M COOTBeTCTBYeT nomiM 3HeprHjj YaCTHU &o- ,[Vl51 HaxOIK)leHHH 

(&1}km, LJT06bi H36e:iKaTb rpOM03JlKHX Bbipa)!(eHHll (2), npome BOCTIOJlb30BaTbCjj 

111\BapHaHTOM 

e/ = Inv = ~&1 )bn +(1111 +m2 )c2 y.:.(p1cY 
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II paBeHCTBOM 

(p \2 2 4 ' ~( ) ' '2]2 
1c1 + 1111 c = ~&1 kin +II1JC -

0TCJO)la nonyqaeM BeJlHLJHHY KHHeTHLJeCKOll 3HeprHH LJaCTHQ BbiBe)leHHOro nyYKa 

(&i)km: 

(el)kin = e; -(1111 + 1112Yc
4 

21112c
2 {8) 

BenHYHHa (&J)kin xapaKTepw3yer noporOBYlQ 3HeprwJO peaKQHH c 3ueprueil 

B3aHMonei1CTBlijj &o Jll151 nsyx LJaCTnQ c MaccaMH 1111 n 1112 .. B LJaCTHOCTH, .. Jll15! 

peaKUHli 

1111 +1112 --'1-1111 +1112 +111x (9) 

noporosoe 3HaYemte (e1)kin pasuo 

(eJkin = ,u(A1 + A2 + ,U I 2) 
111 

c2. 

A A 1A 2
' p ' 

{10) 

3JleCb 111pc
2=938 M3B- Macca npoTona, ,u =111xl 111P, AJ,2":"111J.2/111p-

2.2. llh\:a.ria 3Hepruii 

B npenhiJlYll\eM naparpacpe CTonKuoseuHH YaCTnQ p'accMorpeuhi s paMKax 

KllaCCHLJeCKOll MexaHHKll. TaKoe paccMorpeuue ~npase.n.niiBO, ecn·H.·' BbiiiOJ1HeHO 

ycnosue 

~ 'h _.· 
1\,=-<<a, P. ... 

0 

d 

(11) 

3.!J.ecb A.- .n.mma BOJIHhl )l;e Epoii:M, 1i -, noCTOHHHaH IInauKa, Po- HMnynhc LJaCTUQbi 

B crw, a _:_ xapaKTepHbiH pa3Mep qaCTHQ. B o6parnoM npe.n.eJibHOM cnyqae. 

A.>>a (12) 
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np011BIDUOTC11 BOJIHOBhie CBOHCTBa 'laCTnu. Bennqnua A xapmcrepu3'yeT B03MO)KHOCTH 

npoCTpaHCTBeHHOrO pa3perneHlljj CTpYJ<TYPhl B3aHMO):IeHCTBYIOl.l.\liX 'laCTnU - 11):1pa, 

HYKJIOHa li T.):l., B 3aBHCIIMOCTII OT 3Hepriiii ycKopeHHhiX 'laCTIIU. ,[VI11 IICCJie):IOBaHH51 B 
' ' ' ' • • • I 

pa3JIII'lHhix 06JiaCTj!X lfJII3HKII, TaKIIX KaK 51):1epHa11 lfJII3HKa, aTOMHa11 lfJII3IIKa, lfl11311Ka 

csepXBhiCOKIIX 3Hepmil, TPe6yiOTC51 ycKopnrenu c onpe):leneuuoil 3nepmeil 'laCTIIU, 

T.e. cymeCTBYeT IIIKaJia 3Hepmil, II ):IJI51 KalK,llOH II3 nepetiHCJieHHhiX o6naCTeH 

cymeCTBYeT CB051 xapaKTepua11 o6naCTh 3nepm51. 

B RiJepuoii pu3uKe, r):le xapaKTepHhie pa3Mephi 51J:~ep cocraBJI51IOT 

a= 10-13 CM = I cl>, HCllOJ1h3yiOTC51 ycKopnrenn, ll03BOn51IOl.l.\Ue pa3rOHj!Tb 'laCTHUhl i:lo 

3Hepmw: COOTBeTCTByiOl.l.\llX A = 10-13 
CM, KOr):la IIMnyJihC H 3HeprH51 qaCTHU B CQM 

COCTaBAAIOT 

Po ~ 0. 2 F:.JB!c < <m uc, lioz ~-o- --+- +(ml +mz)cz. P.
2 (I I) 

. 2 m1 m2 

Ilo):lcrasus nocne):lnee Bbipa)Keune s (8), uail):leM 

(e1 )..,. ~!._(A1+A2 Po 2 ]~ 80 M3Biu, eCJIII A1.;:tA2. 
A . 2 AA m c A .. 

1 1 2 p 

KaK cne):lyeT lcl3 3Toro pe3yJihTaTa, TPe6yeMa11 3Heprii51 (BI}k;n ycKop51eMhiX 'laCTHL\ 

cymecTBeHHO 3aBHCIIT OT OTHOIIIeHlljj MaCC m/m2 B3aiiMO):IeHCTBY.IOl.l.\HX 'laCTIIU. 

B "uyKJloH-IIYK..70HIIOii" pu3uKe, r):le ueo6xo):luMo pa3perneune CTpYKTYPhi 51):1pa 

c A= 3·10-14, rpe6yiOTC51 qaCTHUbl c HMllYJibCOM B CQM Po,;, 1 r3B/c. ,[VI51 

ycKopeHHhiX HOHOB C nlJ :=m2 3TO COOTBeTCTBYeT 3Hepmn 'laCTHU 2 r3B/uyKJIOH. IlpH 
• ' ' ' . • ··>. ' - ~ • 

TaKnx 3Heprllj!X nyKJIOHhi ycKopeuuoro 11):1pa ~3aiiMO):IeiiCTByiOT c OT):IeJihHhiMH 

nyKJionaMII 51J:Ipa Murnenii. Ilpu ysennqeniie IIMnyJihCa . ycKopeHHhiX tiaCTuu J:IO 

BeJIII'liiHbl Po> 2 r3B/c, 'ITO COOTBeTCTBYeT A< 10-14
, CTaHOBIITC51 B03MO)KHbiM 

' I 1pa3perneniie CTpyKryphi OT):IeJihHOro nyKJIOHa II HCCJie):IOBanue KBapK-KBapKOBhiX 

· B3aHMO):IeHCTBHH. A;ffi YCKOpeHHbiX 'laCTHU C m1 := m2 :no COOTBeTCTByeT 

KllHeTH'leCKOH 3Hepruii (liJ)KUJA > 8 r3B/nyKJIOH. 

.36 

B paMKax "Craunapruoii.MoJ:~emt" {eM. neKumo I u Ta6nHU)' l.B neil) KalK.llhiil 

HYKJIOH COCTOIIT ll3 rpex . KBapKOB ll · .Tpex rJIIOOHOB .. IlOCJie):IHUe, 6e3MaCCOBbie 

4aCTIIl.(hl, 51BJ151IOTC51 nepeHOC'lUKaMU CIIJihHOrO B3alli>IO}leilcTBll51, aHaJIOrii4HO lfloTOHY 

a JJieKTpoMarmnHOM B3aHMoneiiCTBIIII. Han6onee . 3arano'lHhiM B JToil Monemt 

51BJilleTCll npncyl.l.\ee KBapKaM csoiicrso "K<?HlflaiinMenra" (confinement - aurn., 

orpaHII4eHHe CBOOO)lhl, B T.4. TIOpeMHOe 3aKJII04eHne): KBapKH He Ha6JIIO}laiOTC51, IIJIII, 

no Kpailueii Mepe, He Ha6JIIO}laJIIICb }lO CII,X nop B CB060}lHOM COCT051Hllll, a TOJibKO 

Jllllllh B CB513aHHOM, B cocrase .npyr~1x 4aCTHU. CtiHTaeTc51, 'ITO npn nepenaqe 

HYKJlOHaM l!Jlpa nocTaT04HO 6onhrnoii JHepmu, T.e. npH nx "uarpese'', B03MO)KHO 

o6pa30BaHne CBOeo6pa3HOrO ra3a, T04Hee - llJia3Mbl? COCT051l.l.\eiJ ll3 CB060}lHhlX 

KBapKOB:H rJIIOOHOB (pnc.l 141). TaKa51 "KsapK-rJIIOOHHa11 nna3Ma" B03HHKJia, cornacuo 

cospeMeHHhiM npencrasneHH51M, na pauueii CTannH "BemiKoro B3phiBa". (Big Bang), 

npusenlllero K o6pa3oBaHHIO Bceneuuoil. 3areM, no. Mepe OCThJBaHH51 nJia3Mhi, . ee 

4aCTIIUhl CJIHJII!Ch B HYKJIOHbl, KOTOpbie o6pa30BaJIH liJlpa, II T.}l. - -·· 

KBapK-r.liOOHHM 

4 6 p/po 

Puc. 1. cl>a30Ba51 ):lltarpar.n.ia 'COCT051HH51 Bel.l.\eCTBa B 3aBHCIIMOCTH OT TeMneparypbl II 

llJIOTHOCTII HYKJIOHOB. 

HaH6onee ueonpeneneHHhiil sonpoc np11 KaKOil 3Hepnm· II llJIOTHOCTII 

B3an~mneiiCTBYIOl.l.\IIX nyKJioHOB na4HHaerc51 ocso6olK,lleHHe (deconfinement) KBapKos 
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u o6pa3osaHue IIJJa3Mbi. CornacHo Teopnn, 6a3npyJOmeilc.H Ha MOAenn KBaHTosoil 

xpoMOAnHaMnKn, KpuTH'IeCKa.H TeMneparypa TaKoro <jla.Josoro nepexoAa (oT 

HYKJJOHOB K nna3Me) coCTaBJJ.HeT npHMepHo 260 M3B (puc. 1). 3To He 03Ha'laeT, 

OJ:{HaKO, 'ITO, C006WHB Ka)I(JlOMY HYKJJOHY AByx CTaJJKHBa!Oll{HXC.H .HAep TaKYJO 

KHHeTH'!eCKY!O' 3Hepru!O, MO)!{HO IIOJJY'IHTb I1Jia3My. 0CTaeTC.H eme OAIIH IIapaMeTp -

3Hepni.H KOH<jlaHHMeHTa, aHaJJOfH'!Ha.H 3HeprHH CB.H3ll 3JJeKTPOHa B aTOMe HJJH 

HYKJJOHa s .HApe. Ee TaK)!{e HY)!{HO nepeAaTb KsapKY, 'IT06bi OH o6pen cso6oAy, Aa K 

TOMY )!{e eme "HarpeTb" KBapK-fJJ!OOHHY!O I1Jia3MY.AO Kpu"Tn'!eCKOH TeMneparypbl, IIpH 

KOTOpOH 3Ta I1Jia3Ma )!{lfBeT, He "peKOM6HHHpy.H" o6paTHO B aApOHbl. 

J-lJ CKa3aHHOro CJJel{yeT, B '!aCTHOCTH, OAHH H3 CIIOC060B peruCTpai.IHH 3TOf0 

IIJJa3MeHHOro COCTO.HHH.H: B peaKLIH.HX CTOJJKHOBeHH.H AByx .HJ:{ep J:{OJI)!(Hbl 6hiTb .. 
IIOAasneHbi npol.leCcbi, nAymue '1epe3 cnn.HHne, coeAHHeHue KsapKoB. HanpnMep, B 

I1Jia3Me, COAep)!{all{eH T.H)KeJJble C-Me30Hhl, B 3TOM CJJy'lae J:{OJI)KHO pe3KO IIal{alb 

ce'leHne KaHana peaKLIHH, nAymeil qepe3o6pa3osaHue J/lf'-Me30HOB (napa cc ). AJJ.H u 

H d ("HyKJJOHHbiX") -KBapKOB TaKOfO 'leTKOfO HHAHKaTopa HeT. 

IIepsbie 3KcnepuMeHTaJJbHbie YKaJaHH.H Ha o6pa3osaHne_ IIOA06Horo 

IIJJaJMeHHOro COCTO.HHH.H (sepHee, "npeAIIJJa3MeHHOro") IIOJJY'!eHbl B 3TOM fOAY B 

3KcnepnM~HTax c T.H)KeJJbiMn .HApaMn Ha ycKopuTeJJ.HX AGS (EpyKxeilseH) n SPS 

(I.U!PH). s' l.lepHOBCKOM 3KCIIepuMeHTe NA~so 151 .HApa CBHHI.Ia, ycKopeHHbie AO 

3Heprun 165 r3BIH, c6paCbiBaJJHCb Ha CBHHLIOBY!O MHIIIeHb. Ha6JJJOJ:{aBWHHC.H CIIeKTp 

BbiJJeTa!Oll{HX HYKJJOI-WB CBHJ:{eTeJJhCTBOBaJJ, IIO MHeHH!O aBTOpOB, 06. o6pa30BaHHH 

COCTO.HHH.H, 6JJH3KOrO K KBapK-fJJ!OOHHOH I1Jia3Me. 

bOJJbWHe Hal{e)I(Jlbl CB.H3biBa!OTC.H C BBOAOM B J:{eHCTBHe T.H)KeJJOHOHHbiX 

KOJJJJaHAepos (neKLIH.H 1, puc.1) RHIC (EpyKXeilseH) n LHC-Pb (I.U!PH). 

Curyal.lli.H s Teopnn, OAHaKo, AOCTaTO'IHO npoTnsopequsa. CymeCTsyer, s 

'laCTHOCTH, yrsep)!{J:{eHHe 161, 'ITO IIpn 60JJbWOH 3Heprnn CTOJJKHOBeHII.H COCTO.HHIIe 
l;, .. ! ' 

.HAepHOH MaTepnn C BbiCOKOH IIJJOTHOCTb!O II Bb!COKOH TeMIIeparypOH He 6yAeT 

o6pa30BbiBaTbC.H - HYKJJOHhi pa3neTaJOTC.H, ·:He ycnes". C03AaTh IIJJaJMeHHoe 

o6paJosaHne. TeM nHTepecHee TOrAa 3KCnepnMeHTbi s o6naCTn npoMe~O'!HbiX 

3HeprnH, IIOp.HAKa HeCKOJJbKHX r3B/H, KaK, HaiipHMep, B HyKJJOlpOHe Oamf. 
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MaKCHMaJJbHa.H 3Heprn.H, AOCTllfHYTa.H · B · HaCTO.Hll{ee BpeM.H_ B yCKOpnTeiDIX, 

coCTaBJI.HeT' 2x90 r3B B 3JieKTPOH-I103H1pOHHOM KOJinal!Aepe LEP.' (I.U!PH) II 

2x0. 9 T3B B -npomH-aHTIIIIpOTOHHOM KonnaiiAepe Tesarpofi (Jia6opa-TopH.H- nM. 

<I>epMH, CiliA). C BBOAOM pp-KonnailAepa LHC (I.U!PH) MaKCHMaJJhHa.H. 3HeprH.H 

qacTIILI s ycKopriTen.Hx AOCTHrHeT 2x7 T3B. . QTMeTHM, 'ITO MaKcnMaJJhHaH 3Hepnrn 

qaCTIILI, 3aperncrpHpOBaHHa.H B KOCMH'IeCKHX JIY.'IaX, IIOp.HAKa 10
21 

3B. C TaKOH 

311eprueil 3apernCTpuposaHo 6yKBaJJbHO HeCKOJihKO '!aCTnl.l. IIoTOK KOCMn'!ecKnx 

ny'leH C 3HeprneH IIOp.HAKa l019
3B COCTaBAAeT HeCKOJJbKO ·'laCTHLI B CeKYHJ:IY Ha 

KBal{paTHbiH KHJJOMeTp 3eMHOH IIOBepXHOCTII. 

06cy)I(Jla.H npo6neMY )!{enaeMOH 3Heprnu ycKopnTeneil, cneeyer yi<roaTh Ha Te 

ee 3Ha'!eHH.H,: KOTOpbie HHTepeCHbl C TO'IKH 3peHH.H KaK cymeCTBY.JOU(HX <jlll3n'!eCKHX 

npeACTaBJJeHHH, TaK H IIOHCKOB H~H3BeCTHbiX .HBJJeHHH. IJpe)I(Jle BCero BCIIOMHHM, 'ITO 

cerOJ:{H.H H3BeCTHbl 'leTbipe <jlyliAaMeHTruibHbiX B3aHMOJ:{eHCTBH.H: CHJlbHOe, 

3JieKTpOMarHHTHOe, cna6oe H rpaBHTai.IHOHHOe (puc. 2): 

Tevatron 

~.LHC 
3B · . . f f r:-
0 104 108 1012 •1016 1020 ' 10

24 
' 10

28
' 

rpaBIITai.IHOHHOe 

B3aHMOJ:{eHCTBHe 

,CHJJbHOe 

B3aHMOJ:{eHCTBIIe 

3JieKI1JOMarHIITHOe 

B3anMOJ:{eHCTBIIe 
',,' 

cna6oe. 

B3anMOAeHCTne 

B3aiiMOJ:{e~CTBIIe 

PIIc. 2. IIIKana 3HepriiH. 'lleTbipe ¢YHAaMeHTanhHhiX B3aiiMOAeHCTBH.H 
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B o6naCTII :mepmii ·eo:::: 100 r3B (LEP 2) npol!CXO,illl'T o6be,nuHeHne · 

3neicrpOMarHIITHoro II cna6oro · B3aiiMo,neiiCTBIIH B e,nuHoe "3neKTpocna6oe 

B3aiiMo,neifCTBlle". BeniiKoe 06be,niiHeHne (Grand Unification) cnnhHoro 

3neicrpOMarHIITHoro · 11 cna6oro B3aiiMo,neiiCTBIIH m1m.nacrcj[ npu 3Hepriin qaCTllll 

1024
. 3R llonHoe o6be,nuHeHIIe :nux TPex <f>yH.naMeHTanhHhiX B3anMo,neifCTBIIH u 

rpaBIITaU:HOHHOro ,ilOmKHO npOIICXOAIITb npu 3Hepnm qaCTllll 1027 - 1029 38. 

KoHeqHo, TaKIIe Macuna6hi 3Hepriiii qaCTHll HeMhiCnHMhi nnj[ HhiHeUIHIIX 

ycKOpiiTeneif. TeM He MeHee, 3HaHne <f>II3HKII B3auMo.neiiCTBIIH npii TaKux 3HepmH.x 

TPe6ycrcj[ B Teopuii npoiicxo)K)J;eHIIj[ BceneHHoif, r.ne o6menpii3HaHHOH j~BnjieTCji 

riinOTe3a EonhiiiOro B3pbiBa. 

O,nHaKo o6naCTh npe,nenhHO 6onhUIIIX 3Hepriiif qaCTIIll He j[BnjieTCji . 
e.nuHCTBeHHO uHTepecHoii B coapeMeHHOH <f>II3IIKe. Ha IIIKane 3Hepriiif cymecTByeT 

MHQ)I<eCTBO Bbi,ll;eneHHbiX ToqeK, r,ne 3KCnepiiMeHT CTaHOBIITCji BeChMa 

npiiBneKaTenhHhiM II MHoroo6emaiDH.\IIM. 3To "ToqKII" . noporoa po)K)J;eHIIji 

pa3niiqHbiX 3neMeHTapHbiX qaCTIIll, OC06eHHO TeX ll3 HIIX, KOTOpb!e ,naiOT Haiifionee 

"qiicTYfO:' Kapmey <f>yH,naMeHTanbHhiX B3aiiJ'dO.neifCTBIIif. K HIIM npe)K)J;e acero 

OTHOCmCji Me30Hbl - qaCTllllhl, COCTOjiUI;IIe. II3 nap KBapK-aHTHKBapK (B03MO)!(H0, 
. ~ ~ . 

pa3Hb!X) IInll: KOMfiliHaU:IIII TaKHX nap (TafimiQa 1). Cpe,ll;H_HIIX OCOfieHHO IIHTepeCHbl 

TaK Ha3bJBaeMhie K6apKOHUU - CBji3aHHOe COCTOj~Hlle "KBapKa ll ero )!(e aHTHKBapKa. 

~ji liCCnetJ;OBaHIIji BeKTOpHbiX 6030HOB, KBapKOB, a TaK)!(e KBapKOHIIeB B 
" . 

HaCTOjiUI;ee BpeMji pa3pa6aThiBaiOTCji npoeKTbl no C03tJ;aHlllO "<f>a6pliK': TaKIIX qaCTHll 

CO CBeTliMOCTblO (neKQllji 3) nOp5JilKa 1033 CM-2C-l II BhiUie (eM. TaK)!(e pnc. 1, 

neKQiij[ 1). 

~ Ha6niD.neHllj[ II IIccnenoaaHIIj[ TonoHlfj[ . TPe6yiDTCj[ 3neicrpOH-

n03II'rpOHHhie IInll npOTOH-aHTIInpOTOHHbie KOnnaif.nepbl Ha 3Heprlll0 qaCTIIQ 

2x 180 r3B unii ycKOplnenu c BbiBe.neHHbiM npOTOHHbiM nyqKoM Ha 3HepriiiO 24 T3B. 
(l ' 

0THOCIITenbHO HOBbiM HanpaBneHlleM j[BAAIOTCji acU.MJi,tempU11Hbie KOnnaif.nepbl, . B 

KOTOpbiX IIMnynhCbl CTanKIIBaiOUI;IIXCji qaCTIIU: cymeCTBeHHO pa3nllqHbl. 
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I 

Ta6nuu:a 1. llapaMeTpbi HeKOTOpbiX "HHTepecHhix';,qaCTHU: u 

ycKopuTeneii nnj[ ux nccnenoaaHuii 

3Heprlfj[ qaCTIIU:, r3B . 

qaCTuu:a CrpyKrypa · Macca BCTPeqHbie .p,p-

(J\13B/c2) nyqKH CTOnKHO-

e·e- II pp BeHllji, 

II)'IOK+~nnne!lh 

Me30Hhi 

7f- Me30H ud,fid 139.567 2x0.140 0.6 

17- Me30H ~(uu +dd -2ss) 
548.8 2x0.275 1.26 

J!- Me30H us, fis 493.67 2x0.250 1.2 

k0 -Me30H dS 497.7 2x0.250 2.6 

Me3oHbi-KBapKoHuu 

qJ- Me30H ss 1019.6 2x0.250 2.6 

~} - qapMOHHll 
cc . ~ 3100 2x1.550 11.3 

tp' 3685 2xl.90 14.6 

y} ' bb 9460 2x5.0 73.3 
-IInciinoHuif y• 10355 2x5.0 78 

W-6o30H 80500 2x80 14·103 

~- 91500 2x45.7 4.65·103 ' 

It 
. 

24·103 TonoHIIH -360000 2xl80 

rniOOH 

g rniOOH 

"rni06on" gg ? ? ? 

JlenTOHbl 

r- nenTOH J - I 1784 I 2xl.784 I 
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B pe3ynhTaTe UCHTj) Mace pO'lK)J.aiO!¥Hxcjl · <tacTHU .HMeeT onpe)J.eneuuyiO 

CKOpOCTb B JIC, a HX llOTOK - 3aMeTHYIO HanpasneHHOCTb. TiepBbllt TaKOlt ep

KOnnaft)J.ep HERA (DESY, <l>Pr) l!MCCT :meprHIO :meKTpOHOB 30 r3B ll npoTOHOB 

820 r::JB. B acnMMeTpH<tHhiX e~e--Konnaft)J.epax B03MO'lKHa, uanpHMep, reuepauHjl 

HanpasneHHbiX nOTOKOB T-nenTOHOB. 

ll 
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JIEKU;IUI III. OrPAHIPIEHIDI IIAPAMETPOB YCKOPHTEJIEH 

3.1. Orpaun'lenusi 3uepruu 'laCTnQ B ycKopnTe.rie 

B 3TOH neKUHH Mhi paccMOTPHM ua116onee Ba'lKHhie. orpanH'ICHJ1j! napaMeTpOB 

ycKopuTeneft, TaKHX KaK 3HeprJ1jl 11 nHTeHCHBHOCTh. (cseTnMOCTh). Orpaull'leHJ1jl 

3Hepnm LtaCTIIU B YCKOpHTCflj!X CBj!JaHhl C TCXHIIL!CCKHMH B03MO'lKHQCTjiMU ll0ny'ICHJ1jl 

MaKCHManhHbiX noneft B MarHHTax YCKOpHTCAA, C TCMllOM yCKOpCHJ1jl (uanpH'lKCHJ1jl Ha 

pe3oHaTOpax), a TaK'lKe c noTepj!MH 3Heprmi qaCTnu ua mnyqeuue. PaccMOTPHM 6onee 

)J,eTanhHO 3TH orpaHII'ICHJ1jl )J,nH OCHOBHbiX iJ.Byx "rHllOB YCKOpHTeneft: UIIKnll'ICCKIIXll 

nHHCHHhiX. ,,~':, .. ' 

3.1.1. OrpauuqeunH ::Jneprun B Q~KJm'leCKnx noHHbiX ycKopnTeJIHX '· 

0)J.Ha H3 OCHOBHbiX xapaKTepiiCTIIK UIIKnll'ICCKHX YCKOpHTeneft :- MU2HUmHaR 

JJCecmKOCmb:::::. xapaKTepu3yeT CBji3b MC'lKiJ.Y IIMnynhCOM 'laCTIIUp II BCflll'lliHOlt 

MarunTuoro noAA B B nosopoTHbiX MarunTaX n PMlfYCOM TPaeKTopnn 'laCTnuR: ·; •. 

pc=ZeBR, (1) 

3)J.ecb Ze - 3apHiJ. noua. B npaKTn'leCKHX e)J,nHnuax cooTHOllleHne (1) MO'lKeT 6hiTb 

npe)J.CTasneuo B Bll)J,e: 

P[M•Bic] = 300 · Z ~ B[r] · Rr':'J 

CooTBeTCTseuuo, KIIHeTn'leCKaH ::Jneprnjl qaCTnUhi eCTh 

.. eldn =( (ZeBR)
2 

.. J . A A. 2 · + 1 - 1 mc
2 

me . • 
. . ~ 

{
m -

m= • 
m-

•. p 

31/eKmponbl, 

UOHbl, 

(2) 
. n·.: 

z _ _.;.: 

'1~;-·r :) 

"(3) 

=- ;\ .. 

m.= 0.51 M3Bic2, mp= 938 £13B!c2 
...:.

1
Macca ::JneKTPofia, npoToHa cooTBeTCTBeuuo'.Ln; 

. - .. tP(·~ 
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MaKcnMaJibHIDI sennqnua ManinTuoro no!m B iKene3HbiX ("Tennhtx") 

nosopoTHbiX MarunTax orpaunqeua uaChiilleHneM iKene3a. n coCTaBJijjeT npnMepno 

Bmax ;;:::-1.8 T. B csepxnpoBO.!VIIllliX MarunTax oua npesbnuaeT ceronujj 8 T B 

npoMhtiiineHHbiX MaCIIITa6ax JI 10 T B onhiTHhiX o6pa3ua:X:. TaK, uanpnMep, B npoeKTe 

LHC, rne ncnonh3)'IOTCjj csepxnpoBO.!VIIllUe MarHIITbi, npennonaraeTCjj nMeTb 

MaKCUMa.JlbHOe MarunTuoe none Bmax = 8.4 T. Ilpn cpenneM pannyce rpaeKTopmt 

R=4.3 KM MaKCJIMa.JlbHIDI :mepntii 6yner JlOCTJiraTb 7 T3B. B IIMnynhCHbiX 

6e3iKeJie3HbiX CJICTeMax . MaKCHMa.JlbHIDl BeJIII'IHHa MarHHTHOrO nOJijj COCTaBJijjeT 

Bmax =-20 T n orpaunqeua MexaunqecK~iLnpo'IHOCTblO TOKouecyllliiX nosepxHoCTeft 

(Me}lHb!X llJill 6poli30Bb!X). 

3.1.2. Orpauu>Jeune 3Hepruu B uuKJin'lecKnx 3JieKTpOHHbiX ycKopnTeJIHX · 

Ocuosuoe orpaunqeune: ua MaKCHMa.JlbHYIO 3Heprnm ycKopeHHbiX 3neKTpOHOB 

ll TI03llrp0HOB CBjj3aHO C TIOTep»Mll llX 3Heprnn Ha CllHXpOrpOHHOe ll3Jiyqeune (CJi). 

IlOTepn 3Heprnn 'laCTHUbl 3a O}lllH o6opOT COCTaBnjjlQT 

Lie- 41! Y
4 
e

2 

_3.R' 
e4 

L1e[K3B] = 90 · [r,s] 
R[ .. J 

(4) 

rne R- cpenunft pannyc KpnBH3Hbi rpaeKTopnn, e = ymc 2
- nonHIDI 3Heprlljj 'laCTIIUbi. 

TaKnM o6pa30M, noTepn 3neprun 'laCTHUbi ua n3nyqeune paCTyT KaK e4
, nnn TO'IHee, 

KaK y 4 = (e/m )4., TO eCTb o6pilTHO Iip~~OpU~O~a.JlbHO Macce 'laCTIIU B 'leTBepTOH 

CTeneun. Ilo3TOMY uan6onee 3Ha'IIITeJihHbi noTepn ua Cll JlJijj 3JieKrpOHHbtX n 

r.:o3nrpOHHb!X ycKOpiiTeneft. TaK JlM LEP-2 npn 3Heprnn 3JieKrpOHOB e = 90 r3B, . 

~ = 4 KM noTepn CM COCT~BMIOT Lie= 1.5 r3B 3a O}lll~ o6opoT. MOliiHOCTb Cll npn 

nHTeHcnsuoCTn_ 3JieK-rpouuoro ny'IKa N. = lOu coCTaBMeT P = 70 KBT. , ,Z::Vu1 

Konnaftnepa LHC npn 3Heprnn 7 T3B noTepn 3Heprnn npoTOHOB ua CM CTaHOB»TCH 

44 

yJKe OlllyYIIMb!Mll: Lie= 6:7 K3B. Ilpn npoetiTHOM,TOKe npoTOHHOI'o ny'IKa I= o:54 A 

MOIIIHOCTb CM·s !--HC 6yner coCTaBJIHTb P- 3.5-KBT. 

3.1.3. Orpaun'leuue 3Heprnu •mcTHU B JinueiiHbiX ycKopHTeJIHX 

0CHOBHOe orpaHH'IeHIIe 3Hepr111I 3neKTpOHOB B Jil!HeHHb!X yCKOp!ITenjjX 

CBH3aHO C TeMTIOM ycKopeHIIjj B pe30HaTopax, KOTOpblH onpeneJijjeT }lJiliHY 

ycKopnTeJijj: 

ekm ~ ZeEL,• (5) 

rne E - cpenm1jj no ycKopnTenm uanpjjiKeHHOCTb ycKopHIOillero 3JieKTpnqecKoro 

nonjj, L - nnnna ycKopnTeJijj. PeKopnuoe cerOJlHjj 3Ha'leHne uanpHJKeuuoCTn 

3JieKTpnqeCKOrO nOJijj B "TenJibiX" liMnyJibCHbiX pe30HaTopax, pa60TalOilliiX C 

'.faCTOTOH nOBTOpeHHjj 10 + 50 ru, COCTaBnHeT 50 MB/M. ,z:vtjj csepxnposo~uiux 
pe3oHaTOpos, pa6oTaiOillHX. 8 nenpephiBHOM pe~nMe, semi~Hna 3neKTpJiqecKoro non~ 

pasna 30 MBIM~ · 

B HaCTOHillee speMH' pa3pa6aTb!BalOTCjj npoeKTbl mmeHHb!X ycKopnTeneft Ha 

ocnose KaK csepxnpoBO.!VIIllHX pe3oHaTopos - TESLA (DESY, <l>Pr), TaK n TenJihiX -

BJI3TITI (Hosocn6npcK), CLIC (qEPH), JLC (KEK, .HnoHnjj). 

3.2. CseTHMOCTb ycKopHTeJIH 
3.2.1. qTO TaKOe CBeTHMOCTb? 

. . 

CBeTIIMOCTb jjBnjjeTCjj onuoft n3 OCHOBHbiX xapaKTepnCTIIK' ycKopnTeJijj. 

· PaccMorpnM suaqa.ne CBeTIIMOCTb ycKopiiTeJijj c BbiB_enenubiM_ _ ny'IKOM, 

B3aHMO}leHCTBY,lOillliM C MIIIIIeHblO (p!IC., 1 a). KOJIH'IeCTBO C06b!TliH B MIIIIIeHII B 

e}lliHIIUy BpeMeHH paBHO 

dN . 
~=an dN =aL (6) 

dt 0 

' 
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fJle a - Ce'JeHHe peaKUIUf, 110 - KOJlli'leCTBO aTOMOB B e)lliHiil.le 06beMa MlillleHU, 

d- TOJllllHHa MnllleHu, N- cpeJlHHH ao apeMeHu rroTOK qacruu BbiBeJleHHOro rryqKa. 

ITapaMeTp 

L = nadN (7) 

11 eCTb CBeTiiMOCTb, KOTOprui paaHa, CTaJlO 6biTb, 'IIICJly C06bJTIIH B e)lliHIILIY ~peMeHII , 

rrpu eJli!HH'IHOM ce'leHnu (a= 1 ). TaKHM o6pa30M, CBeTIIMOCTb orrpeJl~mieTC}( 

IIHTeHCIIBHOCTbiO rry'IKa a ycKopnTene N n TOJlllliiHOH MHilleHu nrd. qacro BBO)l}(T, . . ' . 
IlOH}(Tiie IIHTerpanbHOH CBeTiiMOCTH 3a apeM}( 3KCrrep11MeHTa lexp: 

'«> 
L =I Ldt. 

0 

CaeTHMOCTb 113Mep}(eTc}( ·a/cM-
2
c·

1
, HHTerpanbHrui CBeTHMOCTb B o6paTHbiX 

nHK06apHax: J flfi 1 ~ }036 
CM-

2
• Bbi6op TOJllllUHbl MHilleHU orpaHu'leH 

HeorrpeJleJleHHOCTbiO 3Hepruu 'JaCTULl ITY'IKa, Bbl3BaHHOH UOHU3aUUOHHbiMU IlOTep}(Mlf, . . ' - ' ' 

B MlillleHU, a TaK)f(e pa36pOCOM BeJlU'IUHbl UOHU3aUHOHHbiX IlOTepb 3Hepruu 

("straggling'} 

L-

N1 Nz a) 

·~JL 
d 

6) 

C!:T) 

Puc. 1. Tpn aapHaHTa 3KcrrepuMeHTa: 

a) BbiBC~eHHbiH 'rry'IOK, B3aHMOJleHCTBY!QillUii C MUilleHbiO; 

6) BCTpe'IHbJe ITY'IKU rrpu J1060Bb!X CTOJlKHOBeHU}(X; 

a) "cnuaaiOmuec}(" acrpe'IHbie rry'IK':f. 
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Bo BCTpe'IHbiX ITY'IKaX (pHC. 16) MUilleHbiO'}(BJl}(eTC}( OJlUH H3 HHX, TaK 'ITO TOJllllUHa 

MHilleHH 3JleCb paaHa n 0d = N 2d /sf~ , . a rroTOK qacrnu - N = N 1 JT, r)le. T- nepHOJl 

o6pameHH}( 'laCTHLlbL 3JleCb N1; N2- qucno 'lacTHLl a 1-M n 2-M crycrKax, 

s =max (SJ, S:l), sl 11 s2- llJlOillaJlU cetieHJI}( 1-ro ll 2-ro cryCTKOB, d- MUHa yqacri<a 

acrpe'IH, e b - JlJlUHa cryCTKa, TaKHM o6pa30M, CBeTUMOCTb eCTb 

NI N2 -d L=N~n.td=T-Sfb 

;: 

{8) 

):{JIHHa yqacTKa acrpequ a CJlyqae crporo "no6oabiX" coy.n;apeHHii He npeabiillaeT 

JlJlHHY CryCTKa, TOfJla KaK )l;Jl}( llY'JKOB, nepeCeKaiOillHXC}( llO)l; yrJIOM, OHa 3aMeTHO 

Hli)f(e: d < e b • MaKCUMaJlbHrui CBeTUMOCTb BCTpe'IHbiX rry'IKOB npu no60BbiX 

coyJlapeHH}(X MO)f(eT 6biTb npeJlCTaaneHa a <PopMe 

N1N2 ·J 
L = -----s; ' 

f)lej- 'laCTOTa o6pallleHHH cryCTKOB. 

(9) 

CymecrayeT TPeTHH aapnaHT 3KcnepnMeHTa- "nonyTHO-BCTpe'IHbie" 

("merging"- CJIHBaiOillHecH) rry'IKH (puc. I a). HcrpyAHO BHJleTb, 'ITO u B 3TOM CJlyqae 

CBtiTliMOCTb OllUCbiBaeTCH <l>OPMYJiaMu, ammorH'IHbiMH (8), (9) (eM: Hll)f(e ). : 

KaK CJieeyeT 'JI3 COOTHOIIIeHHH (6, 8, 9)3 CBeTIIMOCTb O~aHH'JeHa 

liHTeHCiiBHOCTbiO llY'JKOB ll 11X pa.JMepaMH. ,[VIH llOBbiiiieHJI}( CBeTUMOCTII B · MeCTe 

BCTpe'JH CryCTKOB ocyil.leCTBJl}(eTCH <l>OKYCllpOBKa C · MHHliMaJlbHO .· B03M0)f(HbiM 

3HaqeHHeM ' fi ~<l>YHKQIUI: 

S = mf = 7rBJ./3min • (10) 

3.n;ecb a- nonepe'IHbiH pa3Mep rryqKa, Bl_- ero 3MHTTaHC, Pmin- 3Ha'Jemie P-<l>YHKQUH 

B MeCTe BCTpe'Ill. Tunli'IHOe . 3Ha'leHue fi -<l>yHKQllli B MeCTe BCTpe'IU COCTaBJl}(eT 

p ~in, 20+ I CM. ·. TaK: ~BeTli~~CTb. 3JieKTPOH-ll03J1TPO~m:lrO Koruiaii~epa e+e- c 

47 



UHTeHCIISHOCThJO'IIY'IKOS N1 = N2 = 10" npu ux nonepe'IHOM pa3Mepe a :::: 0.1 Jlt.ll n 

qaCToTe o6pamemrn f= 3 MrQ coCTasJU!eT L,., I032cM-2c'
1
. 

IIpoeKThi iioH~HOHHhiX Konali.nepos co cnusaJOmuMuc~ nyqKaMII, TPaeKTopm~ 

qaCTH_Q KOTOp~IX nepec7KaJOTC~ no.n yrnoM a, pa3pa6aThiSaJOTC~ s p~.ne na6opaTopnli 

(RIKEN, JlnoH~; GSI, <I>Pr) (puc. 2). 

Puc. 2.,CxeMa CTOnKHoseHuli cnusaJOmuxc~ nyqKos 

PaccMO'fPUM CTonKHoseH.~ ,nsyx ."cnusaJOmuxc~" nyqKos, qaCTUQhi KOT~pbiX 

.ASU)!()'TC~ co CKOpOCT~Mll VI u. v2. An~ npoCTOThl npoaHanU3upyeM CTOllKHOSeHMe 

· llY'IKOS neHTO'IHOH cpopMbl C U1HpUHOH £ U Sb!COTOH h. 

IIepeii.neM. s cnCTeMy Koop,n~HaT nyqKa I, .nsu)!()'myroc~ co cKopoCThiQ, v1. 

Yron Me)!(,ny TPaeKTopu~Mu qaCTuQ ny'IKos s :noli cuCTeMe OTC'IeTa paseH 

~ 
\1 

sin a 
t , ) , 
ga = y2(cosa-{J2/fJ1 

(11) 

( ')~2 . ' .. 
r.ne r 2 = 1- {J; . qaCTIIQhl nyqKa I S3aHMO,neHCTSYJOT c 'IaCTUQaMU nyqKa 2 Hi 

.nnuHe 
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r.ne 

1 
sin

2 
a'·= 1 + ctg2 a' 

. : f . 
f ,- . . -.-.--,, 

sma 

v2 sin2 a .J 

r/lvJ -2vlv2cosa+v; -vJv; sin2 a/c2 

CooTHOWeHue ( 12) MO)!(eT 6biTh npe,ncTasneHo s sn.ne 

~(- - )' (- - )' , , · V
1 

- l', - - V 
1 

X V, - / c-{ = r ev . - -
2 2 vlxv2 

TinoTHOCTh qacTitll nyqKa 2 s cnCTeMe KoopmmaT nyqKa I pasHa 

n; = n2/Y2 · 

CBeTitMOCTh cnusaJOmnxc~ nyqKos· pasHa (8) 

L = N1n;t, 

.. 
(12) 

(13) 

(14) 

r.ne N1 = n1v1Ch - noTOK qaCTnll nyqKa l.nocne no.ncTaHOSKII cooTHoweHnii (13) II 

(14) HaXO)J.HM SeJIH'IIIHY CSeTHMOCTII cnnsaJbrullXC~ ny'IKOS 

f(- - )' (- - \2 , "J V
1 
-V

2
-- V 1 XV2 J /C~ 

V1 X'': 
(15) L = n/12 v1v2 eh. c 

An~ ny'IKOS npOH3SOllbHOH cpOpMbl CSeTHMOCTb pasHa 

L ~f "/'2 ~(v1 -vS __: (v1 x v2 Y/c 2
dV, (16) 

v 

f)J.e V- o6beM o6naCTH CTOllKHOseim~. ,[Vi~ CJIItSaJOIUIIXC~ ny'IKOS C sepntKanhHbiM 

Pa3MepoM h, .nsu)!()'muxc~ co CKOpOCThJO ft1 = ft2 ,., I. cseTHMOCTh MO)!(eT 6biTb 

npe.nCTasneHa s SII.!le 

L = ~fJ/ + fJ/ -2{J1{J2 cosa'-- fJ/fJ/ sin
2 

acN1N2 ,., N 1N 2c ·tg!!.. 
(2nR/hsina (27rRYh 2' 

(17) 
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3JleCb R - cpeuunit paunyc op6nTbi qaCTnu B KOJIJiaii!lepe, 111.2 = N/.2 /(2JrRCh)-

nnoTHOCTII cmmaiOIUIIXCjJ rry'fKOB, N 1 II N 2 - qncno 'faCTHU B nepsoM n so BTopoM 

nyqKe, cooTseTCTseuuo. CseTHMOCTb JllljJ cmmaiOmnxcjJ ny'fKOB onpeuenjieTCjJ · 

sepTIIKallbHbiM pa3MepoM rry'!Ka n ue 3asucuT OT ero ropn30HTanbuoro pa3Mepa. 

B 3aKniO'feune pa3uena Bbi'fHCnHM cpeuuee 3Ha'feune cseTuMoCTn s 

uaKorri!Tene c suyrpeuueit MmueHbiO. TiycTb B uaKomnenb B e}lnunuy speMemt 

HH)!(eKTnpyeTCjJ . N 
0 

'faCTllll, speMjJ uaKorrneHIIjJ coCTaBnjieT <sror , a nepHOJl nx 

o6pameunjJ npn :mepnm nu)!(eKunn eCTb 1:nj· Torua s uaKomnene uaKannlmaeTCjJ 

N 'faCTllll 3a speMjJ To 

N = No<srorTO 

T 
In} 

(18) 

31leCb To - nepnou o6pameunjJ qaCTnU s uaKorrnTene. TioToK· 'faCTHU qepe3 

BHyTpeHHIOIO MliiiJeHb COCTaBnjieT 

. N _ N . <star 
Ntarget = -T - 0 T . 

0 Jn} 

CpeJlHjJjJ CBeTliMOCTb I npn pa6oTe ua 3KCrrepnMeHT B Te'feune speMeun <exp 

nponopunouanbua 
_ r r 
L OC exp . N 0 _!l!1!.. • 

r exp + r stor T;nj 
(19) 

TaKnM o6pa3oM, BblllrpbiiiJ B. sennqnue cpeuuero noToKa qepe3 MniiJeHh 

3aBliCliT TOllbKO OT OTHOIIJeHHH <star I T;nj ll Tstor I Texp-

"\ 
H 
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3.2.2. Orpauw1euusr cBeTHMOCTH ycKopuTeJIR 

CBeTliMOCTb ycKopuTeneit, KaK ITOKa3aHO Bbilile, onpe.neMeTCjJ 

IIHTeHCIIBHOCTbiO rry'fKOB ll liX rrorrepe'!HbiMH pa3MepaMH. J1HTeHCHBHOCTb nyqKOB 

orpaHit'feua 3<}l<}leKTaMH rrpllBOMIUllMll npocrpaHCTBeHHOfO 3apjJ.na, K 

ueycTOH'fliBOCTn nyqKOB B ycKopnTene (uaKoni!Tene) ll3-3a TaK Ha3biBaeMoro c.nsllra 

6eTaTpouuoit 'faCTOTbi (incoherent tune-shift, • nnn Laslet tune-shift). J:4>yroe 

orpaHn'feHne CBji3aHO C 3<}l<}leKTaMll BCTpe'fll UY'fKOB, rrpllBOMIUllMll K liX 

ueyCTOH'fHBOCTH ll3-3a KOrepeHTHOfO C)lBllra 6c;raTPOHHOH 'faCTOT~I (cohertmt tune 

shift, llnll beam-beam parameter). 

3.2.3. HeKorepeuTHbJH C)lBllr 6eTaTpouuoii qacTOTbJ 

PaccMoTpnM 6eTaTPOHHbie Kone6aHI{jJ nyqKa pa.neyca a B saeyyMuoii KaMepe 

pa)lnyca b (pllc. 3) c y'feTOM ero upo~aH9'fBeuuoro ·3apjl)la. Ypasueulle llBH)!(eHI{jJ 

z 

......... ----L--................... /. Be '-.. .. 
' '· I d. 

I E, \ 
i . . i 
!,:.··~··) ~~ '-Y'"' . I 
' I 
\-...._ // 

~ . . '_...;/ 
~ 

X 

PHc. 3. lly<IoK B saeyyMuoii KaMepe: a, b...;. pa.neychi rrorrepe'!HbiX ceqeullii 

nyqKa" KaMepbi, E,., Be- KOMrroueHTbi noAA ny'iKa 
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.' 
qacnm: IIMeeT BII.LI 

ymX ~ F1oc + ZeE,- Zef3B8 (20) 

3.nech E,, II Be- 3JieK'IJ)IILJecKoe II MarHHTHoe noJI.H npoc-rpaHCTBeHHoro 3ap.H.na 

BHyrpli nyqKa 

Nr 
E = 2Jrpr = 2Ze--

r f. ba] , Ba= fJE,, (21) 

N LJJICJIO LJaCTJI~ B CryCTKe, f. b - ,LIJIIIHa CryCTKa, j3 = v/c, V - npO.LIOJlbHa.H 

KOMllOHeHTa · CKOpOC'TII LJaCTII~ nyLJKa, Ffoc = -ym OJbet 
2 

X - Q>OKYCHpy!Ollla.H CJIJia 

ycKOpJITeJI.H, ~et = Qco, - LJaC'TOTa 6eTaTPOHHbiX KOJie6aHJIH, CO, - LJaCTOTa o6pameHJI.H, 

Q- 6eraTpOHHOe LJJICJIO. 

YpaaHeime (20) nocne no.ncraHOBKJI npHae.neHHbiX Bbipa:lKeHHH .LIJI.H noneif ·JI 

CJIJI MO:lKHO npe.nCTaBJITb B BII,Lie 

mf.ba-
(22). 

Herpy.nHo BII.LieTb, LJTO HaJIJILJIIe npoc-rpaHCTBeHHoro 3ap.H.na nyLJKa npHBO.z:IHT K 

C,LIBJiry LJaC'TOTbl 6eTaTpOHHbiX KOJie6aHHH: 

X +w;X=O, 

2 _ 2 "- 2(ZeY N = r.(Q+L1Q. \, .. ]2. w. -.OJ bet j 2 - ~ me }ll s 
r mf.ba 

(23) 

Orc10.na C.LIBHr aeJIJILJJIHbi 6eraTPOHHoro LJJicna L1Q;nc paaeH 

L1Q,". ~ _ __!_, 2(ZeY N = _.!__ (ZeY N . R;., 
• 2Q w;r3mf.ba2 Q f32r3mc2 f.ba2 

(24) 
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3.LieCb R.. - cpe.LIHHH pa.LIHYC op6uTbi B ycKopHTene. CooTHOIIIeHJie .LIJI.H L1Q;nc y.no6Ho 

TaK:lKe npe,LICTaBHTb B BH,Lie 

L10 = _ z2 
roNR,kb 

-me A . 2Jrf32y3a2Q , 

r.ne 'a = e2 . mcc = {2.8 .Jo-13 
1.5.10-16 

e-, 

p, 

(25) 

- KJiaCCIILJeCKIIH pa.nnyc· 3JieKTpOHa (.LIJI.H 3JieKI'pOHHbiX ll ll031ITpOHHbiX nyLJKOB) liJill 

npoTOHa .LIJI.H npOTOHHbiX liJIII HOHHbiX nyLJKOB, kb = CRingl e b, CRing - nepi!MeTp 

ycKOPIITeJibHOro KOJib~a. BeJIHLJHHa L1Qmc< 0 acer.na OTpu~aTeJihHa, LJTO 

cooTBeTCTBYeT ;:J.eQ>oKycHpOBKe nyLJKa (paCTaJIKHBaHne LJaCTII~). B cnyqae nyLJKa 

::JJIJIHnniLJecKoro ceLJeHH.H c pa3Mep.aMu nonyoceif axb ·a Bbipa:lKeHim (21) .LIJI.H 

KOMllOHeHTbl 3JieKTp11LJeCKOrO llOJI.H B.LIOJib nonyOCH a (aepT!!KaJibHOH, HanpHMep,) 

no.HBJI.HeTC.H npOH3Be.neHI!e 

a(a +b)= c,.(l+jfJfJ,., 
r.ne &v, l:H - BepTHKaJibHbiH II ropH30HTaJibHbiH 3MIITTaHCbl iJ.yLJKa, f3r·- BepTI!KaJibHa.H 

6eTa-Q>yHK~H.H. CooTBeTCTBeHHO, .LIJI.H 3JIJIItnTHLJecKoro nyLJKa HeKorepeHTHbiH C.LIBllr 

6eTaTpOHHOrO LJJICJia BepTI!KaJibHbiX K0,1e6aHIIH paBeH 

z2 roNkb 
L10 =--· ( ·~ 

-me Af32r3.7rl:vl+v&H/&vJ 
(26) 

Kor.na 6eraTPOHHbie LJHCJia Qx.~ = Q x.: + L1Qx.: Y.LIOBJieTBOp.HIOT ycJIOBliiO 

mQx + 11Qz = f, m, 11, e - ~eJibJe LJIICJia, (27) 

B CIICTeMe IIMeeT MeC'TO pe30HaHCHOe B03,LieHCTBlle BHeiiiHIIX B03MymeHI!lt Ha 

LJaCTu~y, LJTO Be.LieT B KOHeLJHOM CLJeTe K HeyCTOltLJIIBOC'Tli nyLJKa. qi!CJIO C Ha3biBaeTC.H 
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nopRoKO.lt pe3oHaHca. qeM 6oJihiiie e (Bbiiiie rrop~LIOK), TeM cna6ee BJIH~Hne 

pe30HaHca. Bbi6op pa6o'lei1 TO'IKH ycKopnTeJI~ (3Ha'!emti1 napaMeTpOB Qx, Q:) n 

3aKJIIO'IaeTC~ B TOM, 'IT06bi o6ecne'II!Tb LIOCTaTO'IHYIO YLiaJieHHOCTb Qx, Q: OT 

pe3oHaHCHbiX 3Ha<Jemti1 (27). Ecnn HeKorepeHTHbiH CLIBHr L1Qmc cMemaeT pa6o'lyl0 

TO'IKY K 6JIH)!(aHllleMy MaiiiiiHHOMY pe30HaHCy, TO 3TO npiiBO}:IIIT K paCKa'IKe 

6eTaTpOHHbiX KOJie6aHIIH II rn6eJIII IIY'!Ka. IJpe}:leJibHOe 3Ha'leHIIe L1Qmax LIJI~ IIOHHbiX 

HaKOIIIITeneii c 3JieKTpOHHbiM oXJia)!(}:leHIIeM (neKL{II~ V) coCTaBJI~eT L1Qmax z:: 0.1. An~ 

HOHHblX MaiiiiiH 6e3 OXJia)!(}:leHII~ 3Ta BeJIH'IIIHa 6onee '!eM Ha rrop~LIOK HH)!(e 

L1Qmax z0.005. ,AJI~ 3JieKTpOHHbiX II IJ03I1TpOHHblX HaKOIJIITeJieH 6naro}:lap~ 

_pa}:IIIal{IIOHHOMY 3aTyxaHIIIO 6eTaTPOHHbiX KOJie6aHIIH (JieKQII~ 5) yLiaeTC~ }:IOCTII'Ib 

l!HTeHCHBHOCTeH ny'IKOB,. COOTBeTCTBYIOI.lliiX L1Qmax ;:; 0. 05. 

3.2.4. 3$$ei\.'Tbl BCTpe'IH 

PaccMoTpiiM smt~HIIe npoCTpaHCTBeHHoro 3ap~Lia OLIHOro ny<JKa Ha CLIBIIr 

'laCTOTbl 6eTaTpOHHbiX KOJie6aHIIH 'laCTIIl.l Llpyroro. 

E(2) 
r 

z,e! Z2e2 
• > 

p, N, 

Pnc. 4. Bcrpeqa <JaCTIIL{bi e1 c ny'IKOM 2. 

54 

YpaBHeHne 6eTaTPOHHbiX · Kone6am1i1 'laCTlll.l -1-ro IIY'JKa c yqeToM 

npocrpaHCTBeHHOrO 3ap~}:la ny'!Ka 2 l!MeeT Bll}:l 

X 2 X £l2 l pBC2 l Ytmi I+ yimpJbet I= ei r· +ei I 8 • _(28) 

r}:le E}"!.l n B
0

<
2

:o = P
1
E}2

l - 3JieKTPn'lecKoe n MarHIITHoe·!nOAA nyqKa 2 (eM. (21)). 

IIoLICTaBIIB Bbipa)!(eHJt~ LIJIH £~2) n B~), npiiBOLIIIM (28) K Bl!LIY .. 

XI +ro:.,xi = (1 +SPIP2)Zie,Z2e2N 2 ·X 
. ymifba2(a2+bJ .. ' 

(29) 

r}:le f b- ~JIIIHa CryCTKa, napaMeTp S = ±1 B 3aBIICl!MOCTII OT 3HaKOB 3apHLIOB 

CTaJIKHBa!Oll{IIXC~ 'laCTlll.lll HanpaBJieHIIH liX CKOpOCTeii paBeH 

+1 Bcmpe'lHble ny'IKU, 3HaKU ei u e2 pa3Hble, 

+1 BcmpeiJHble nyiJKU, 3HaKU ei u e2 oouHaKOBble, 

s = ~ (30) 
-1 nonymHbre IIJ'IKU, . 3HaKU .ei' u ez OOUIIaKOBble, '> 

-1 nonymubre nyiJKU, 3uaKU ei u e2 pmu~re. 

.. 
"• 

ll3 ypasHeHuH (29), amuioru'IHO TOMY, KaK 3TO 6hiJIO CLieJiaH<) B (22)- (25), Haii}:leM 

HeKorepeHTHbiH C}:IBllr 6eTaTPOHHOll 'laCTOTbl KOJie6aHIIll 'laCTlll.l nyqJ<a 1 ll3-3a 

B3al!MO}:IeHCTBII~ B MeCTax BCTpe;:lll C IIyqKOM 2: 

L1QI=_ZIZz . .. riNz ,_.(1-SPIPz) (ptl).· 
AI 7rl:(v)(l+ /e(H)j~(v)l rP ·--prvrv , 

2 • '" "' I I coli 

(31) 

3.D;ecb Z1e, Z2e - 3apHLihi 'laCTnl.l' nepBoro n BToporo nyqKOB, r1 = e
2
/m1c

2 

KJiacCII'IeCKliH. panllyc 'laCTlll.l nyqKa ·I, E:r), I:~ H)- BepTI!KaJibHblll ll 

ropn30HTaJibHhiii 3MHTTaH~bi llyqK~ '2, y; ~ (r:- p;rl/l, •·p1 = vjjc1 ; V/- CKOpOCTb 
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IJaCTifl.{ nytiKa 1~ < {J(V) >- cpenHee 3HaiJeHHe BepTHKaJibHOH {J -<fJyH~l.{HH }J;JHI nyqKa 1, 

{Jra)l - 3HaiJeHHe BepTHKaJibHOH {J ~tPYHKI.{im. B o6JiaCrH BCTpeiJH. Eme pm 

llO}J;IJepKHeM, lJTO 3HaK "+" B CK06KaX (1 + {J1{JJ} B (29) H (31) COOTBeTCTBYeT 

BCTpeiJHhiM nyqKaM. CooTBeTCTBeHHO, 3HaK llOMBJIMeTCM npH paCCMOTpeHHII 

nonyrHhiX nytiKOB. 

B TOM cnyqae, Korna Han6onee cymecrseH cnsnr LIQ1 H3-3a 3<fJ<fJeKTos 

BCrpeiJH, pa60IJaM TOIJKa }J;OJI)KHa pacilOJiaraTbCM Ha}J; 6JIH)!(aHlUHM ("CHJlbHbiM") 

pe30HaHCOM. B npOTHBonoJIO)!(HOM cnyqae, Korna LIQ;nc> LIQ1, pa6oiJaM 30Ha AOJI)!(Ha 

pacnonamThCH non 6nn)!(aHlllHM pe3oHaHcoM. 

OrpaHHIJeHHM Ha senniJHHY cnsnm 6e-raTpoHHhiX Kone6aHHH B ycKopn:enMx 

npHBO}J;MT K orpaHHIJeHHIO HHTeHCHBHOCTH nyqKOB, • TO eCTh orpaHH'IeHHIO 

CBeTHMOCTil. 

• q 

Qz 
3.5 

3 

2.5 "'2"""': j j >V j j ~~1 

2 2.5 3 Qx 

· Pnc. 5. Cnsnr senniJHHhi 6e-rarpoHHoro qncna H3-3a 3<fJ<fJeKToB BCTpeiJn LIQ1 n 

npoCTpaHCTBeHHoro 3apMna nyqKa ( LIQ;nc ). CnnolllHhie JIHHHH - ycnosHH 

• pe30HaHCOB (27) }J;AA KOJIJiaiinepa, HMeiOll(erO 6e-rarpOHHble lJHCJia 

Qx=2.41 ll Qz=2.81. 
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,UJlM BCTpeiJHbiX 3JieKTpOH-ll0311rpOHHbiX nyiJKOB OCHOBHOe 

IIHTeHCHBHOCTb OnpeneJIMeTCM 3<fJ<fJeKTaMII BCTpe•m: 

. / 

NI z N2 :X LIQJm<t<:x r. 

orpaHHIJetme Ha 

(32) 

[J03TOMY CBeTIIMOCTb TaKIIX yCKOpHTeJieH paCTeT C yBeJIIIIJeHileM 3Hepnm KaK y 2
: 

L:x NIN2 oc .;. (33) 

·. ~ 

):Lrlll 3JieKTpOH-IIOHHbiX KOJIJiaH}J;epoB IiHTeHCHBHOCTb HOHHOfO nyiJKa 06bilJHO 

orpaHH'Ie~a 3<lJ<fJeKTa~m co6cTBeHHoro npocTpaHCTBeHHoro 3apMna: 

NJ . oc L1QinC ma.x a; r / ~ (34) . 

a IIHTeHCHBHOCTb 3JieKTpOHHOfO ny'IKa - 3<fJ<fJeKTaMH BCTpe'Ill. 

Ne OC LIQ/maxOC Yc · (35) 

8 pe3yJihTaTe, CBeTHMOCTb paCTeT C 3HeprHeH 'laCTIII.{, KaK 

3 . 
L oc N.N; oc Y;Y. · (36) 

3.2.5. YcKopnTe.rib c BnyTpelm~ii 1\mmenb~ 

,[VIM CHH)!(eHIIM pm6poca 3HeprHII IJaCTIII.{, Bbi3BaHHOfO IIOHll3al.{HOHHbiMll 

TIOTepMMII ll tPJIYII."fYal.\lleH 3Heprnn llOHII3al.{HOHHbiX llOTepb BO BHyrpeHHeii MllllleHII, 

B 1.\IIKJIII'IeCKJIX 3JieKTpOHHbiX l! l!OHHbiX yCKOpi!TeJIMX CTapa!OTCll pa6oTaTb • C . 



"TOHKliMH" Ml!WCH.l!Mii. CBCTliMOCTb B 3KCnepHMCHTaX C BHyrpei-IHCH MHWCHbiO 

onpe}lCJI.lleTC.ll COOTHOWCHHCM 

L;nr = Nfnod, (37) 

rne N - qnc,1o qacnn.( B nyYKe, f - nx YaCToTa o6pameHH.ll, no - YHCJIO aTOMOB B 

C}lliHHl.(C 06beMa, d - TOJ!l.l.(llHa MlilliCHll. ,ll.JI.ll Tllml'1Hb!X 3Ha'1CHliH napaMCTpOB 

N- 1011, f- 1 Mlu, ned- 1014 
CM-

2
, CBCTHMOCTh L- 1031 

CM-
2
·c-

1
. 

Cyl.I.\CCTBYCT HCCKOJ!bKO TliiTOB TOHK!iX MlllliCHCH: raJOBbiC, KJiaCTepHbiC,. 

TOHKHC ¢onhrll. MulliCHb Cyl.I.\CCTBCHHO BJ!ll.l!CT Ha ~a'!CCTBO ITY'1Ka, OilpCilCJI.ll.ll ero 

BpeM.ll )Kll3HH. MHoroKpaTHOC paCCC.liHHC Ha MHJllCHH 06bi'iHO KOMITCHCHpye.r~.ll 3a • 

C'1CT CHCTCMbl OXJia)K}lCHH.ll (JICKI.(H.ll V) B HOHHbiX HaKOITUTeJI.liX ll pa):(Hai.(HOHHOrD 

HlJIYYCHH.ll B 3JICKTPOHHhiX. OcHOBHhiM HCTO'!HHKOM, npHBO!l.lll.I.\HM K rH6enH '1aCTHU 

ITY'!Ka rrpll ero B3aliMO}lCHCTBHH C TOHKOH MlllliCHbiO, .l!BJI.l!CTC.ll O}lHOKpaTHOC 

pacce.liHHe Ha 6onhllllle yrnhl. 

CBCTHMOCTb · B 3KCnepHMCHTaX C BHyrpeHHCH MlllliCHbiO cpaBHHMa CO 

CBCTHMOCTbiO B 3KcrrepHMeHTax c BhiBC}lCHHhiM rryYKOM Lexb. Ilocne):(H.ll.ll ):(JI.ll 

Tl1Illi'1Hb!X 3Ha'1CHliH rrapaMCTpOB COCTaBJI.lleT 

Lexb := Nn0d := 1031 
CM-

2c-1
, (38) 

r}le N =lOll c-
1
-rroTOK YaCTHU B BhiBC}lCHHOM ny'1Ke, n0 d:= 1022

cM-
2 

-TOIIl.I.\HHa 

MHWCHH. BHYTPCHH.ll.ll TOHKa.ll MHiliCHb 06Jia}laeT p.li):(OM npeHMYl.I.\CCTB ITO cpaBHCHHIO 

C TOJICTOH BHCiliHCH MHiliCHbiO: BO-rrepBbiX, ):(JI.ll HCC HeT rrpo6neM HCO}lH03Ha'iHOCTH 

3Heprllll BTOpH'IHbiX npOJlYKTOB, BO-BTOpbiX, HeT npo6JICMbl "crparrJIHHra" - · 

pa36poca 3HCprHH H3-3a <lJnyKTYai.(HH HOHll3al.(liOHHbiX ITOTCpb. 
'· 

JIEKII,JUI IV. TIO.IDIPH30BAHHhiE fiYqKIJ.. MACC-CllEKTP.OMETPIDI 
BhiCOKOrO PA3PEillEHIDI 

4.1. IIoJJHpn3osamlb!e ny'1Ku B UUKJJII'IecKIIX ycKopnTeJJHX 

IlOJI.llpH30BaHHbiH rry'10K rrpC}lCTaBJI.lleT C060H ITOTOK 3ap.li)KCHHbiX 'laCTiil.(,. y 

KOTOpblX MarHHTHbiC MOMCHTbl (CITUHbl) OpliCHTHpOBaHhl B O):(HOM H3 B03M0)KHbiX 

Hanpasnemtii. Pa3JIH'iaiOT rryqKII c rronepe'1HOH rroAApmauHeii, KOr}la cmm 

opTOrDHaJICH BCKTopy CKOpOCTU qaCTIII.(, U rry'1Kll C rrpO}lOJ!bHOH ITOJI.llpii3ai.(IICH, 

KOr}la BCKTOpbl CKOpOCTU U CITUHa rrapaJIJICJibHbl (aHTIIrrapaJIIICJ!bHbl). 

l)pOTOHHbiC ITOJI.llpU~OBaHHbiC nyYKll B I.(IIKJ!UqecKUX YCKOpllTCJI.l!X nonyqaiOT C 

ITOMOl.l.(biO UCTOqHIIKOB ITOJI.llpU30BaHHbiX qaCTlll.(. 0):(11H 113 TaKUX UCTO'IHIIKOB 

OCHOBaH Ha xopOiliO U3BCCTHOM ?¢¢eKTe IIITepHa - repnaxa. IloTOK 3ap.li)KCHHbiX 

qaCTUI.(, rrpOJICTa.ll Me)K}ly ITOJIIOCaMU MarHUTa C pe3KO HCO)J;HOpO):(HbiM ITOJICM, 

pacmenJI.lleTC.ll Ha ):(Ba rryqKa c rrpOTIIBorrono)KHO HarrpaaneHHhiMII crruHaMu. Eonee 

3¢¢eKTUBHb!Mll liCTO'iHUKaMU ITOJI.llpH30BaHHbiX qaCTUI.( .l!BJI.l!IOTC.ll llOHHbiC JIOBylliKU. 

IlpUHI.(Uil UX ):(CHCTBU.ll OCHOBaH Ha 3JICKTP~HHOM rrapaMarHHTHOM pe30HaHce, KOr}la 

Hap.l!JlY C ITOCTO.liHHbiM rrpO}lOJibHbiM MarHUTHbiM. ITOJICM Ha qaCTIII.(y: B03}lCHCTBYeT 

rrorrepeqHoe nepeMeHHoe (CBq-}luarraJoH) MarHIITHoe none, Bhi3hiBaiOmee 

pe3oHaHcHyiO non.HpU3auuiO 3IIeKTPOHOB aTOMHOii o6onoqKII IIOHa. Enaronap.ll crriiH

op6uTaJibHoii. CB.ll3ll 3JICKTPOHa U ·.ll}lpa npOIICXO}lllT. , Il~JI.llpH3ai.(U.ll ITOCJie}lHI_.IX. 

3JieKTp0Hbl "o6}lupa!OTC.ll" Ha TOHKllX MUiliCH.liX Ha BbiXO}lC 113 JIOBY~Kll . (u 

norronHHTeJihHO nocne ycKopeHll.ll, ecnu ·Heo6xo):(UMO ): B pe3yJihTaTe rronyqaiOTC.ll 

IlyYKU IlOJI.llpU30BaHHbiX .ll}lep. 

IIon.llpH30BaHHhie 3JICKTPOH-rr03UTpOHHhie rryqKu B. HaKorruTeJI.l!X nonyqaiOT. 

6naro}lap.ll ):(CHCTBUIO MarHHTO }lllUOJ!bHOrO ll3JIY'!CHU.ll "l. 

Ilpu . ):(Bll)KCHIUf qaCTHI.(bl ee MclrHliTHbiii:· MOMeHT rrpeueccupyeT BOKpyr 

· "l He nyraTL c CM, KoTopoe l!BJIJieTCJI no CBoeil: npnpo.rie 3Jie!Cipll'lecm ,!l.liiiOJibHLIM, ro eCTb H3JI)"'eHHeM 
3GP51iJa, .!1BIIJKYmerocJI no KPHBOJIHHeiiHoil: TPaeKTOpmi · B MariiiiTHOM none. OToo.u.a ero ,!lpyroe 

Ha1BaHue - MaTHIITO TOp:1103HGe ( CM [J] C. 261 ). 8 CJIY'Iae MaTHJITO ,!l.liiiOJibHOrD H3JI)"'eHHJI ero 

liCTOqHIIKOM JIBJIJICTCJI He 3apll,!l, a MaTHHTHLJii: li!OMeiiT (ell!. [3], C. 248). 



uanpaBnCHIDI seKTOpa jj, II B M3fHIITHOM none eOCT3BID!lOU\rul M3fHIITHOf0 MOMenTa, 

OpTOfOHaJibHrul BeKTOpy jj, yMeHblllaeTe51 33 e'ICT M3fHIITO-}lHnOnbHOfO mny'IeHHll. 

B pC3ynbT3TC 33 xapaKTepuoe BpeM51 H3nyqeHID! enHH OpHeHTHpyeTell B}lOnb 

MaruwTuoro non51, peanmyeTell TaK Ha3biBaeMbiH 3<}l<}leKT CoKonosa - Tepuosa. 

BpeM51 noiD!pH33U:liH OnHehJBaeTe51 eOOTHOllleHHeM [?] 

( 

2 )

3 

1 
T pol "' :~ • y2 A,Cro 

1.4 ·1013 

28 3 
r [.r] 

c, (1) 

r,ne A, =fz/m,c::.: 3.86 ·10-11 
C.M - KOMnTOHOBeKrui }lJIHHa BOnHbl, Yo- KJiaCeH'IeeKHH 

pa.nwye 3neKfP(ma. BpeM51 non51pH3au:ww 

senH'IliHY pa,nwyea TpaeKTOpHH 'I3CTHU:bJ: 

MO)!(CT 6biTb • Bbipa)!(eHO T3K)!(e qepC3 

R 3 1 2.8·10 18 
3 

Tpol ::.:-5 ·-,-"' 5 'Ri,yJ· 
Y CYoAe Y 

(2) 

lllopMynhi (1, 2) nonyqeHbi s npw6nH)!(eHHH Kpyrosoil op6HTbi B o,nuopo,nuoM none. 

BpeM51 noiD!pmau:wH 3neKfPOH-n031ITpOHHbiX ny'IKOB B LEP 2 ~PH) pasHo 

Tpol::=30MHH, (R::=4KM- pa,nwye nosopOTHbiX M3fHHTOB, y= 1.6·105, 8::.:1 rae). 

An51 BCTpe'IHbiX 3neKTpou-no31ITpOHHbiX TiyqKOB s B3III1-2M (Hosoew6wpeK) OHO 

COCTasn»CT Tpoi= 4 qaea }lJI51 r = 103 
li B = 10 rae. 

4.2. llpe~eCCUSI CUHHa 'laCTU~bl B MartiUTHOM UOJie HaKOUUTeJIH 

l.JacroTa npeu:eeemi emma BOKpyr uanpasneniD! Marmnuoro noiD! B' B 

eHCTeMe 'I3CTHU:bl pasHa 

J.l __ e_ 
.Q' ::::-GB: r.ne G = s = g 2mc 

60 

(3) 

(I - rnpOl'vlafHIITHOe OTHOII1eHHe 'I3CH1Ubl, II- M3fHIITHblli MOMeHT qaCTIIUbl, 

.) = flj J- ee enHH, g- T3K Ha3biB3eMOe 6e3pa3Mepuoe fllpOM3fHHTHOe OTHOllleHne 

(o6bi'IHO cnoso "6e3pa3Mepuoe" onycKaiOT, ucnonh3Yll o,nuo n TO )!(e Ha3Bamte ,nn51 G · 

II g). 

r -B 

'·~----,-~+- i 

~-m 
p -

II 

Puc. 1. ITpoToH s o.nuopo,nuoM MarHHTHOM none. 

MarunTHbiH MOMenT 'IaCTHUbi npnHHTO ll3MepHTb s "MarHeToHax": 

r.ne 

g etl. 
p=~·2mc' 

etl {5.802. 10 '9 :JB I r - .11G?IIemou Eopa ( d:m :J:IeKmpoua), 

2mc = 3.16 ·10-12 :JB I r- Jl()epllblli ,lfG211emon (dmnpi:muma). 

(4) 

Cpasuusru~ qacTOTY npeueccmt enwua (3) e .'IaCToToil spamenllll uepenHTIIBIICTeKoil 

'I3CTllUbl B O}lHOpO,nHOM M3fHIITHOM none 

- g eB .. eB 
.Q=--- (t} =--

2 me' ·' me 
(5) 

Bll)ll!M, 'ITO OHll OTJill'!alOTCll <}JaKTOpOM gl2. 3TO 03H3'I3CT, 'ITO yron Me)!(}ly 

BeKTopaMll p II j/,,,.(npoeKUilll ji Ha nnOCKOCTb op611Tb1) li3MeHHCTell K3K 



a= (g-2) 
-2 '(J)/. (6) 

0TCIO,lla IIOHHTHO 3Ha'!eHHe rrapaMeTpa 

g' = g-2 

- TaK Ha3biBaeMoro "aHOMaJibHoro" MarmnHoro MOMeHTa '!aCTHllbi (mm "dgi minus 

two") - 6e3pa3MepHoro mpoMarHHTHoro OTHoweHHH (Ta6nul{a 1 ). HarroMHHM, 'ITO 

"HopMarrbHoe" 3Ha'!eHue g .nn» paBHOMepHo 3apR>KeHHoro apama10merocH wapa 

(cljlepbi) KaK pa3 11 ecTb g0 = 2. 

Ta6mtl{a I. 3Ha'-!eHue g' 12 .!lJIH HeKoTopbrx '!aCTHll 

Lfacnma g' I 2 

3JieKTpOH (II03HTpOH) l.l5962. 10-3 

flpOTOH 1.792846 

,lJ.eiiTOH -0.1429878 

,ll.JIH peJIHTHBHCTCKOH 'laCTHQbl rrpeQeCCHH CIIHHa B na6opaTOpHOH CHCTeMe _ 

(JIC) OIIHCbiBaeTCH ypaBHeHIIeM [S] 

j=[iixJ]. ]=jjfp, 

Q- e { (go ·)s- 1 r --(s--) 1 ( go ·) rE- -]~ =-- -+g +-·-gv v -- -. -+g L xv , 
2mc r c 2 r + 1 c r + 1 . 

(7) 

r.ne go = 2. flpu Bb!BO;:te BbipaJKeHHH (7) ,llJIH 'laCTOTbl rrpel{eCCHH yqTeHa CBH3b MeiK,Liy 

3Ha'!eHJIHMH 'laCTOTbl rrpel{eCCHH H BeJIH'IHHbi MarHHTHOrO TIOJIH B C06CTBeHHOll If 

na6opaTopHoli: cuCTeMax: 
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Q'=yQ, 

- (- 1 ( -)~ -B' = y Bl. --;; vxE ')+B
11

, · 

B~ = ~ [vxB]xv=r[; (:vs)-B J 
- v ( -'-\ s

1
; = 2 :vs, 

v 

(8) 

KpoMe Toro, Y'~eT TaK Ha3biBaeMoii rrpeQeccuu ToMaca 191 rrpHBO.IlHT K TOMy, 'ITO 

napaMeTpbl g 0 II g' CO,Ilep:a<aT pa3Hbie COMHOJKiiTeJIII. B 'IHCTO MarHHTHOM IIOJie 

( E = 0) 'laCToTa rrpeQeCCHH B cnyqae v II B paBHa 

Q =--11 1+1L =m 1+1L - eB (. ') ( ') 
II ymc 2 s 2 ' '(9) 

a npu v _l_B OHa COCTaBJ!HeT 

- eB ( ;g') _ ·( g') Ql. =- ym~· 1+2 =ws 1+y2 ,· . (10) 

fi~e llJs = eB/ymc - 'laCTOTa BpameHHH 'laCTIIQbi B HaKOTIIITeJie. flpii g'= 0 'laCTOTbi 

npeQeCCHII crriiHa coarra.na10T c '-!aCToToii apameHHH '-!aCTIIllbi a HaKonHTene. 

06paTHM BHIIMaHHe Ha BaJKHblll pe3yJibTaT, KOTOpblll CJieeyeT ll3 

COOTHOWeHHH (10): 'laCTOTa rrpel{eCCllll CIIIIHa· IIpH ,IlBIIJKeHIIll 'laCTIIl{bl B MarHIITHOM 

none HaKorriiTeJIH B.cer,Ila 6on~we 'laCTOTbi apameHHH: QJ. > Ws. 3ToT pe3ynhTaT Mbi 

ncnonb3yeM HIIJKe, B rr. 4.4. 

4.3. Cn6upcKaH Jl\teiiKa 

Cu6upcKoti 3.-'llreiiKoii (Siberian snake} 1101 Ha3biBaiOT crriiHOBhili poTaTop, 

Ocy!UeCTBJIHIO!UliH IIOBOpOT CIIHHa Ha 180° BOKpyr OCII, JleJKameli: B ropH30HTaJibHOll 
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ITJIOCKOCTH (Ha3BaHHe 06b}ICID!eTC}I TeM, 'ITO CXeMa poTaTopa npe,!liJOlKeHa B lUI¢ 

HM. r.H.Ey.r~Kepa, Hosocu6upcK, a BeKTOp. ji "H3BHBaeTC}I" np11 ,[IBI1lKeHI1H 'laCTlll.(bl 

B HaKOilHTene; Ha3BaHI1e }IBAAeTC}I Tenepb o6menpHH}ITbiM B M!ipOBOH ycKOpl!TeJibHOli 

nHTeparype). 3To no3BOAAeT ncnonb3oBaTb 3MeiiKY ,!IJI}I nony'leHI151 'lKenaeMoro 

HanpaBneHIDI noAAp113aunn B 3a.r~aHHOif TO'IKe HaKomneAA (.r~ereKTop, MeCTo BCTpe'ln 

11 T . .!l.). PaccMOTPllM BHa'lane cnY'!aii n3Ha'lanbHO non}lp1130BaHHoro ny'!Ka, n nyCTb 

TPe6yeTC}I coxpaHHTb 3TY noAApn3aumo B MeCTe BCTpe'111 (B .r~ereKTope). ,l(n}l 3Toro B 

O,[IHOM 113 np51MOJII1HellHbiX npoMelKYTKOB HaKOJ111TeJI}I (yCKOpHTeJI}I) yCTaHaBJII1BaeTC}! 

coneHOH.!I c npO.!IOJibHbiM noneM Bsat (pnc. 2). B KalK.[IOH n3 apoK HaKomnen51, r.r~e 

Bl.v, 'laCTOTa npeuecc1111 onpe.r~en}leTC51 cooTHOilleHI1eM (10): 

.0= ws(l+ ~') >Ws, 

TO eCTb cn11H KPYTHTC51 6biCTpee, qeM npoucxo.[II1T spameHI1e qacTnUbJ. Tio3TOMY cnHH 

B KalK.[Ioii apKe nosopa'lnBaeTC51 Ha yron ;r +a, r.r~e 

\ 

l3 

7r , 
a =-yg .. 

2 

- sol 0-
- \~ ji 
p~ p ji 

f.l 

p 

Pnc. 2. IlpuMeHeHue cn611pCKOH3MeHKH M» nony'leH!l}l npo.r~onbHO

non»pmosaHHbiX ny'IKOB B MeCTe BCTpe_'ln (*), Kor.r~a 

llCXO,[IHblll ny'IOK IlOJI»pn30BaH npO,!IOJibHO 
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(11) 

Tor.r~a Ha sxo.r~e B coneHOJILI yron BeKTopa ji c oceBoii TPaeKTopifefi paseH -a 

(BHYTPb KOJibUa). B coneHon.r~e 'laCTOTa npeueccmi pasHa (9) 

fl = W 8 (j + ~') eB · 
((}8 = -----..!.QJ_ 

ymc 
(12) 

·none COJieHOll.[la Bbi6HpaeTC}I TaKIIM, 'ITO CniiH B HeM IlOBOpa'IHBaeTC51 TO'IHO Ha 

yrOJI JT ( HO BOKpyr ropli30HTanbHOli OCII, napanneJibHOfi OCeBOll Tpael\"OPHII),, TaK 'ITO 

oH cocraBJI51eT Ha BbiXO.ae 113 coneHOJ!Lia yron -+-a (HapylKy) c HanpaBm!HneM_ seKTopa 

CKOpOCTlf. KorL(a 'laCTllUa COBeplllaeT IlOJIHblll "o6opOT B HaKomnene, CniiH 

nosopa'!nsaerc» Ha yron 

IJ' = 2(;r-a) + 2a = 2;r. (13) 

B pe3ynhTaTe ero HanpasneHne B Mecre BCTpe'ln ocTaeTC}I HeH3MeHHbiM n He 3asncnT 

OT 3Heprnn 'laCTIIUbl. 

B cny'!ae, KOfL(a '!aCTlfl.(bl IlOJI51p1130BaHbl 'if3Ha'lanbHO nonepe'IHO 

( sepTHKanbHO ), 'ITO nuin'IHO .[IJI» e' e - Konnafi,.nepos, a Tpe6yerc}l 8 MeCTe BCTpe~n 

HMeTb npO,!IOJibH)'IO IlOJI51pll3aUHJO, CXeMa HaKOniiTen»'c cn6~pCKOH 3MenKOH (pllC. 3) 

CTaHOBlfTC}I HeCKOJibKO CJIOlKHee. 

'. ji 1 B(ong __ _ 

0 .-·~~-••• -._· -(Y'm''~ ._? ____ ¥---_ 'l\ 
!. \ . 
( ji \\ • 

'!~~~\~~ ..;~\~~-'----
' ~ ~- p 

Brad Brad 

P11c. ·3. Cn6npcKa}l 3MefiKa LIJI}I nony'leHlf}l npo,noJibHO-non}lp1130BaHHbiX ny'IKOB 

B MeCTe BCTPe'lll (*) B CJI)''Iae, KOr,na HCXO,llHbllt ny'IOK IlOJIHpli30BaH BepTIIKanbHO 

(e' nm1 e·). 
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TaKa51 3MeiiKa eoeTOI1T 113 Tpex eoJieH011.!lOB: eoJieHOii.!la (1) C npO.!lOJlhHbiM 

MarHHTHbiM llOJieM 11 LIByx eoJieH011.!lOB (2, 3) e pa.!lHaJibHbiM MarHI1THbiM nOJieM. 

ConeHOH.!l (1) spamaer enuH Ha 180° ConeHOH.!l (2) e pa.!lHaJibHhiM non eM Brad 

nosopa•msaeT en11H Ha yron 90°, "yKJia.!lhiBa~" ero B rop1130HTaJibHYIO nnoeKOCTh 

napanJieJihHO eKOpOCTI1 'JaCTHl.lbl (4). TioeJie npOX0)!(.!leHI1~ MeeTa BCTpe'111 (.!leTeKTopa) 

eoJieHOH.!l (3) B03Bpawaer HanpasneHHe emma s sepTHKaJihHOe, HO HanpasneHHoe 

BBepx (TO eeTb B HeXO.!lHOe) llOJIO)!(eHlte (pUC. 3). 06paTI1M BHHMaHHe, 'ITO B 3TOI\I 

cnyqae cn11H 3a 1 o6opoT nosopar.msaerc~ cTporo Ha 2rr. 

'4.4. YcKopeuue nomtpnJosauublx nyqKos. Cnuuosbie pelOH!lHCbl 

3a.!la'la ycKopeHu~ (3aMe.!lnemm) qaCTI1l.l s non~p1130BaHHhiX ny'IKax 

Hel136e)!(H0 B03HI1KaeT .!IJI~ 'laCTI1l.{ JII06oro COpTa. KaK y)!(e OTMe'laJIOCb, T~)!(eJihie 

·'laCTI1l.lbl (110Hbl) ll0JI~p113YIOT B 11CTOqH11KaX np11 HH3KOlt 3HeprHI1, nOCJie qero, KaK 

. np~BI1JIO, Tpe6yeTC~ .J1X YCKOpeHI1e .!10 3Hepmu 3Kenep11MeHTa. ,[(JUI 3_JieKTpOHOB 

(n03HTpOHOB) pa6oTaeT MeXaHI13M pa.!lHal.{HOHHOlt nOJI~p113al.{l111, KOTOpa51 3cpcpeKTHBHa 

np11 cpaBHHTeJibHO BhteoKux 3Hepm~x 11 non~x (eM. {1, 2)). Tio3ToMy YaeTo .!IJI~ 

llOJiy'leHI1~ .nOJI~p1130BaHHOro e-ny'IKa HI13KOH 3HeprH11 ( cymeeTBeHHO H11)!(e 

MaKC11MaJibHO B03MO:iKHOH .!IJI~ .!laHHOrO HaKOlli1TeJI~) 3JieKrpOHbl yCKOp~IOT .!10 

MaKC11MaJibHOH 3Hepnm, Bbi.!lep)!(11BaiOT Ha Heft B Te'leH11e BpeMeHI1 nop~.!lKa T pol, 

nocne 'lero 3aMe.!lJI~IOT non~p1130BaHHhtii ny'loK .!IO 3a.!lauuoii 3Hepmu 3KcnepHMeHTa. 

He3aBHC11MOCTh 'laCTOThi cni1Hosoii npel.leceul1 oT 3Hepr11H 'laCTI1l.l s ycKop11Ten~x e 

cit611pCKOlt 3MeltKOH ll03BOJI~eT 3cpcpeKTHBHO 11CllOJib30BaTb 3TH 3MeHKH B KaqeCTBe 

IIHCTpyMeHTa llO,llaBJieHI1~ Cnll1/06b!X pe30Hal/C06. 

CnHHOBbte pe3oHaHChJ B03HHKaiOT, Kor.na qaCTOThJ op6uTaJihHoro .llBH)!(eHu~ u 

npel.{ece1111 enHHa y.nosnersop~IOT yenoBHIO 
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.Q = ~~ ± kQx.z )m. , n, k -l.{enh.Ie. (14) 

Qc - 6erarpoHHhte qucna. <l>uJuqeeKuii eMbiCJI :noro Bbipa)!(eH~ no~eu: np11 

COBna,lleHI!II qaCTOTbl npel.{eCeHI1 C O,llHOH ll3 qaCTOT op6HTaJibHOrO ,llBH)!(eHirn 

lJaCTHl.lbl ee CllliH B JII060H TO'IKe op6HTbl HMeeT Ha Ka:iK,llOM 060pOTe O,llHO ll TO )!(e 

(pa3HOe OT TO'IKH . K TOqKe!) HanpaBJieHIIe. U03TOM)I BHeiiiHHe B03M)Ill.{eH~ 

OKa3hiBaiOT pe30HaHCHOe B03,lleHCTBHe Ha ,l{BI1)!(eHHe MafHHTHOfO MOMeHTa B llOJie 

uaKonwTeJI~. B 'laCTHOCTH, npw k = 0 yenoswe (l.lenoro) proouauca MO)!(HO 3anwcaTb s 

BH,l{e (CM. (10)): 

r: .. = 2(n -1) 
g' ' 

(15) 

11]111 

(&kin)res = (·2(n;, 1) -1 )mc
2

. 

3TO COOTHOIIIeHHe O,l{H03Ha'IHO onpe,nemieT pe30HaHCHbJe 3Ha'leH~ :mepfllll lJaCTHl.l 

(Ta6JIHI..la 2). Ih uero cne.nyer O'leHh Ba)!(uoe yrsep)!(,lleuife: cnuHOBblU pe3oHa~c npu 

fl= 1 He C}'ll{ecmeyemf 3TO CJie,llCTBHe OTMeqeu~OfO B ll. 4.2 CB~HCTB~ ,l{HHaMHKll 
• ' ' . ( . • ( "f 

cn11ua: seer.na ils > ~- Tio3TOMY cw6wpCKa51 3MeiiKa, npw iicnOJib30BaHHH KOTOpoii 

'laCTOThi Q H a>.> crporo paBHbi (eM. eme pa3 n. 4.3), yso.nHT 'laCTmzy OT ycnos~ 

pe3ouauca. Tipas.na, wcnoJib30BaHHe 3MeiiKu npu ycKopeuuu (3aMe,nneuuu) rpe6yer . . 
"nepeCTpoiiKu" noneii eoneHon.nos B,01 (t), B,ad(t) cuuxpoHHO. c llOMMII HaKonHTeM 

(B(t) H llOJI}I cpoeycupyiOll.{IIX 3JieMeHTOB. 

Ta6nnl.{a 2. 3Ha'leH~ 3uepmu cnnHOBh,IXpe3oHa~eos pa3nuquhiX qaCTnQ {r3B). 

N 2 3 4 5 

3neKrpoH 0.4402 0.8808 1.321 1.762 

TipOTOH 0.10838 0.63157 1.155 

,[(eiiTOH 11.24 24.35 37.46 50.57 
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IJpu YCKOpeHHH II0JI}Ipli30BaHHhiX HOHOB B CI1HXpOTpOHaX, TaKI1X KaK 

CnHXpo¢a30TPOH n HyKJIOTPOH. O¥UIH, Satume II (CaKJie, <llpaHUH}I, 3aKphiT B 

1997 r.), r}le 3MellKll BCe eme He 11CIIOJih3)'lOTC}I, IIp06JieMa CIIHHOBhiX pe30HaHCOB. 

OC06eHHO Cephe3Ha }lJI}I IIpOTOHOB, y KOTOphiX y)l(e nepBhill pe30HaHC (11 = 3) Jie)I(IIT Ha 

cpaBHHTeJihHO HII3KOH 3HepruH (Ta6nnua 2). ,Z::(.rm ]leHTOHOB, HanpnMep, 3Hepru}l 

rrepsoro pe3oHaHca B Ha3BaHHhiX pe)l(nMax npocro He JlOCTuraeTC}I. (H TeM He MeHee, 

OCTaeTC}I BOIIpOC IIOBe]leHJi}l IIOJI}Ipll3aUHII IIY'IKa rrpn yCKOpeHlm B ycKopnTeJie 6e3 
1 

3MeHKH). 

4.5. IlpeUH3UOHHaH MaCC-CUeKTpOCKOUHH 

3a}la'la npeumnoHHoro 113MepeHH}I MaCChi qacTHUhi scer}la 6hiJia OJlHOH H3 

nan6onee Ba)I(HhiX B <IJi13nKe. B 3JieKTpon-n0311TpOHHhiX Konnaii}lepax H3MepeHne 
• j, '" ,· j 

11 

3Heprun B3aHMO}leHCTB)'lOIUHX 3JieKTpOHOB H II03HTPOHOB ocymeCTBJI}IeTC}I ITO 

113MepeHmo qaCTOThi npeueccnn (10) 11 TO'IHOMY 3HaqennlQ aennqnnhi ge. Kann6py}l 
c ~· ~~ ' ! • ' • . 

TaKHM CIIOC060M I1X 3Hepr11IQ, 6hiJIH H3MepeHhi C peKOp]lHOll ]lJI}I CBOerO BpeMeHII 
~ ' '" : : 

ToqnoCThlQ MaCChi rp -, JI'P- n Y -Me30HOB B HaKonnTeJI}IX ll3IIII-2M H B3IIII-4 B 

Hoaoc~6npcKe. 

B noHHhiX HaKonnTeJI}IX rrpeun3nonnoe n3MepeHne Mace ocymeCTBJI}IeTC}I }lJI}I 

my60KO OXJia)I(JleHHhiX HOHHhiX IIyqKOB (pa3]leJI 5.2). IJpome BCero 3TO ]leJiaTh, 

H3Mep}l}l qacTOT)' o6pamenn}l qacrnu rro IlloTTKI1-CI1rHany (eM. pa3JleJI 5.7). ITo· 

' CJlBHry qaCTOThi o6pameHHjj orrpe}leJijjeTC}I pa3HOCTh Mace n3oTorroa. CBjj3h Me)I(JlY 

C]lBHrOM 'laCTOThi Lla) 11 pa3HOCThl{) MaCC HOHOB LIN/ HeTPYJlHO HaHTH, 

BOCIIOJih30BaBlllliCh KJiaCcnqeCKHMH <IJopMyJiaMn: 

eB(R) v 
m=--=-

yM R 

P = eB(R)R (16) 

1 P dR 
a=-=--'·-

r~ R dP 
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me m- qacToTa o6pameHH}I, B(R)- 3Ha~eHne MarHnTnoro IIOJijj Ha op6ni-e c 

pa.r~nycoM KpnBII3Hhi R, P- nMrrynhc · qaCTHUhi, a- <PaKTop yrrnoTHeHH}I op6nT, 

&
1
, y,,Mc2 - KPIITnqeci(a}l 3Hepm}l llOHOB B ycKopnTene. H3 coOTHOllleHHH (16) 

HaXO.rliiM semtquHy c.r~snra qaCTOThi Llrv KaK <PYHKUHIQ rrpupameHiiii LIB, LIR, LIM n 

Llv: 

Lim= _e_(dB. LIR +LIB)_ eB . LIM + eB. !!_(!._] Llv 
r M dR y M M M dv y 

Bocnonh30BaBllll!Ch TeM, qTo 

Llv. !!_(!._] =- r~ Llv 
dv r c· 

LIP ,P 
LIR = y;;. R 

LIP = e(dB R + B) 
LIR dR 

dB= B ( .. 2 _ 1) 
dR R 11'' 

rrpHXO.[lliM K pe3yJihTary 

Lim =_LIM _ y2 {3 2 Llv + LIR ~~ _ 1)+ LIB 
rv M v R B 

Y qlJThiB~, qTO 

Lim = Llv; _ LIR 
m v. 

I 
R 

COOTHOllleH!Ie .[IJI}I Llm/m MO)I(HO rrpe.[ICTaBliTh B BII.[le 

Lim = LIB + (Liv _ Lim.).~~~ _ J )- LIM _ y] {32 Llv 
m B v m M v 

Bocnonb3oBaBlliHCh TeM, qTo 

1 + r2fJ2 = y2. 

HaXO.rlHM CB}I3h Me)I(Jly LINI/M, Llm/m, Llv/v n LIB/B: 

LIM LIB Llv ( __ 2 2 ) Lim 2 
-=-+-v -r --r M B v ,, ms ,, 

(17) 

(18) 

(19) 

(20) 

(21)· 

(22) 



ll 

rne Lim- HeonpeneneHHOCTb 3Halfemul (TO'IHOCTb H3Mepemui)' 'laCTOTbi o6paiUeHI!JI 

l10Ha (t).s, V- CKOpOCTb HOHOB, Liv- pa36poc CKOpOCTeH HOHOB, L1J3 - <IJnyKT)'aUHlt 

MarHHTHoro nOJI}!, B - seJIH'IuHa MarHHTHOro noJI}!. HcnoJib30BaHne · lllorrKn

mmrHOCTHKH (pa3.lleJI. 5.7) .llJl}! OXJia)!(neHHbiX HOHHbiX IIY'IKOB Il03BOJI}!eT II3MepHTb 

'laCTOTY o6paiUeHH}! HOHOB C TO'IHOCTb!O JIY'IWe 1 0·6
. Pa60Ta}! Ha KpliTH'!eCKOH 

:meprHH y = Y,r, MO)!(HO H3MepHTb Macey HOHa C TO'IHOCTbiO .llO &f/M::::; 3 ·1 0-
7

. 
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JIEKIJ:IDI V. OXJIAJK)l,EHHE nyqKQB 

HAKOTIHTEJIRX H YCKOPHTEJIRX 

Bseneuue 

. 3APIDKEHHbiX qACTHU: .B 

LITo TaKoe ·:oXJia)!(.lleHue" . ny'IKOB? Mbi 3HaeM, 'ITO ,cornacHo TeopeMe 

JluysHJIJI}j G-MepHbiH <IJa30BbiH o6beM, KOTOphiii 3aHIIMa!OT tiaCTHUbi nyqKa, oCTaeTCH 

IIOCTO}!HHbiM BO BpeMeHH, KaK 6bi HH "crapanach". ¢oeycupy!OIUa}! . cuCTeMa 

ycKOpHTeJIH C)!(aTb ny'lOK HJIH paCTHHYTh cryCTOK 'laCTHU . - eCJIH TO,JibKO, B. ny'!OK 

KaKuM-mi6o cnoco6oM He sseneuo "TPeHue", T.e .. noTepu :mepruu. qacruu. B . 
OTCYTCTBHe TpeHHH, 

r(t)= fd 3p,d3x=Const, 

<IJa30BbiH o6beM MO)!(er TOJibKO ne<IJopMuposaTbCH, T.e. IJY'IOK · MO)!(eT pacwupHTbCH 

unn C)!(HMaThCH, HO npu 3TOM cooTBeTCTBeHHO y:Mem.wruo-ic» um~ · so3paCTa!OT 

3Ha'leHH}! p 1 (yrnosoii pa3Mep B = p 1/ p 11 ). 
_/ '~ ,; ' 

OXJia)!(.lleHue nytiKa u 03ua<i:aeT sseneuue TPeHIDI, yMeHbilla!OIUe!'<' p 1 n . 
L1p

11 
- pa36poc nO HMnyJibCy, a TOr,!J.a <IJoeycupyiOIUa}! CHCTeMa HaKOIIHTeM C)I(HMaeT 

ny'!oK, yMeHbWa}!. ero nonepetiHbiH pa3Mep (3MHTTauc) n pa36poc qacrnu no 

nponoJibHOMY uMnynhcy. B 3TOM cnyqae· npoucxonHT ysenuqeuue :IIJIOTHOCTH 

'laCTHU, H B TOT )l(e <IJa30BbiH 06beM (aKuemauc) HaKOnHTeM MO)I(HO MHOroKpaTHO 

HH)I(eKTuposaTb, T.e. uaKannusaTb 3HatiHTenbko 6onhmee qucno qacrilit Tpeune 

nonaBJI}!eT TaK)!(e MHOroKpaTHOe pacce»uue qacruu ua ocraTO'IHOM. ra3e B HaKonirrene, 

s pe3yJibTaTe qero so3pacrairr speW! )I(H3im qacrnu. 

HTaK, JiM yseJIH'leHIDI <IJa30BOH IIJIOTHOCTH rryqKa B CHCTeMe o6H3aTellbHO 

.ll0Jl)I(Hbl npHCYTCTBOBaTb CllJibl .llHCCHIIaTHBHOfO xapaKTepa. 

OXJia)!(.lleHue 3JieKTPOHHbiX ll n03HTPOHHbiX nyqKOB. npOHCXO,!I.HT 

"asToMaTu'leCKu" 3a C'leT Marnuro TopM03Horo HJIH cnuxpoTPo~oro: ·mnyqeHIDI 

(eM. n.n. 3.1.2 u 4.1) 1141. Panuauuo8uoe oXJia)!(.lle~ne wliPo~o npm;eH'Herc.H ·.llM 

HaKOIIJieHIDI tiaCTHU H <IJopMupoBaHIDI nriOTHbiX IIyqKOB B. 3JI~ICTpOH~n03JnPOHH~IX 
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i<onnaii,IJ;epax. B nux B pe3yJihTaTe ,IJ;oCTitraerc5! CBeTHMOCTh ~o 1033 
CM-

2
·c·

1
· 

(eM. neKu:uu I, II). 

Ilpu OXJiroK,IJ;eHUH llOHHhiX nyqKOB B HaKOIIIITeJihHhiX KOJihQaX (Kynepax) 

nCIIOJih3YIOT 3JieKrpOHHOe [
1
-
3
• 

5
"71, CTOXaCTnqeCKOe [1·

3
• 

8
·
9

) II JI83epuoe OXJia)I(Jle

HHe [
3
, 

7
• 101. C IIO.HBJieHneM KYJiepOB B .H,!I;epHO-QlH3UqecKHX HCCJie,IJ;OBaHH.HX OTKphiJIHCh 

KaqeCTBeHHO HOBbie B03MOiKHOCTH - MaCC CIIeKrpOMeTpll.H CBepXBhiCOKOfO 

p83peiiieHH.H. (?, liJ, p83,!1;eJieune H30TOnOB II H30MepOB [
7
• Ill, noCTaHOBKa npeQH3IIOHHh1X 

JKCnepiiMeul'oB· ua nyqKax c npe,IJ;eJihHO MaJihiM p836pocoM no Jnepriiii qaCTIIU: 

(AO 1 0-j)). OxnaJK,IJ;aiOmuii 3JieKrpOHHhtii rryqoK HBJI.HeTC.H n,IJ;eanhnoii MIIIIIeHh!O ,!J;JIH 

H3yqeHH.H QlH3HKH 3JieKrpOH-HOHHOH peKOM6IIHaQIIll II aTOMHOH CIIeKrpOCKOnHH 1
7
•

12
1. 

P83BHTIIt! MeTO,!J;OB mwa)I(JleHH.H 3JieKTpOHHhiX II HOHHhiX nyqKOB n03BOJIIIJIO B 

HaCTO.HIJlee Bp~M.H npiiCTynHTh K p83pa60TKe 3JieKTpOH~IIO;HhiX KOJIJiaii,IJ;epoB [1
3

). 

lfoHII3aQIIonuoe oxna)I(JleHIIe 11-31 nnauiipyiOT IICnOJih30BaTh B MIOOHHhiX 

Konnaii,IJ;epax 
1141

. 

0630phl MeTO,!J;OB OXJia)I(JleHH.H nyqKOB 3apHiKeHHhiX qaCTIIU: B HaKOniiTeJI.HX II 

ycKOpiiTeJI.HX npe,IJ;CTaBJieHhi B [I. 
2
• 
3
• 
6

• 
7
1 

r.·,. 

;-)! 

5.1. OXJia~eune uonHhiX ny<tKOB B uaKonnTeJibHbiX KOJibU:ax 

,lfOHHhleiJyqKH B HaKOniiTeJihHhiX KOJihQax OXJia)K,!I;a!OTCJ'l C nOMOIJlhiO MeTO,!J;OB 
. '! ~ 

3JieKrponuoro, CToxaCTuqecKoro II JI83epuoro oXJiaiK,!l;eHHH. 3neKrponuoe II 
~ ~ '·: ' ' . , ; ~ . . 
CTOXaCTIIqecKOe OXJiaiK,!l;eHIIe n03BOJIJ'leT C03,IJ;aTh B IIyqKe IIOHOB 3QlQleKTHBHOe rpeune, 

' ' ,I . ' ,' .• 

yMeHhiiiaiOmee ero IIIeCTuMepnhiii Ql830Bhiii o6beM - 3MIITTauc rryqKa n p836poc ero 
L' 't ' ' ' 

qaCTnu: no nMrryJihcy. Jl83epuoe oxna)K,!I;eune, o~uosauuoe ua 3Ql~eKTe ,ll;onnepa, 

].lp3,!1;eHCTBYeT npenMyiJleCTBeHHO Ha npO,!I;OJihny!O KOMIIOHeHry HMnyJihCa HOHOB. 
l!. '. ,.- ' . 

~ B CHCTCMe •taCT~IU: (,IJ;BliJKYIJleHCJ'l CO cpe,IJ;Heii CKOpOCTh!O qaCTHU: Vo B 

:!_I_a6opaTOpHOH CIICTeMe (JIC)) qaCTHQhl IIMe!OT HeKOTOphie CKOpOCTU 
~..; L ' , . . , 

_, 
v II, 

sooTBeTCTBenuo, KIIHeTuqecKYIO 3nepm10. 3ry 3uepm10 MOJKHO Bhip83nTh qepe3 
'., ' 

p836poc. qaCTIIU: B nyqKe no nMnynhcy L1 p lp B JIC. IIpuH.HTo H83hiBaTh npo,!I;OJihHOH 

TeMneparypoii nouoB B uaKomnene 711 Bennqnuy 
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T, = M((v;Y) = Mc
2 p 2

( L1: J, (1) .. 

r.D.e M- Macca nona, ,B = v0 -'c, c -cKopoCTh CBeTa, 3HaK ( ) 03Haqaer ycpe.D.neune no 

MHOJKeCTBY qacn11..1. IlonepequaJl TeMnepaTypa nouoB TJ. cooTBeTCTBeuuo paBna 

r~ = 1M(((v:Y) + ((v:.Y)). 

Oua nponopu:uouanbHa Benuquue 3Mnrrauca uouuoro nyqKa c: 

T~ =~(Tx +TJ=Mc
2
,B

2{;v ~ ;J. (2) 

,Bv. ,Bh - BepTIIKaJihHa.H u ropmouTaJibHal'l 6eTa-Q>yHKU:IHI HaKomneJI.H, Tx 11 T= -

rop1130HTaJihHal'l H BepTllKaJihHal'l KOMIIOHeHThl TeMnepaTyphl IIOHOB. TaKHM o6p830M, 

CHIIJKeHHe npO.ll.OJihHOH TeMneparypbl IIOHOB npHBO.ll.IIT K yMeHbllleHIIIO npO,!I;OJihHOfO 

p836poca no m.mynhcaM qaCTIIU:, a CHIIJKeHIIe nonepequoii TeMneparypbt no3BoJI.HeT 

yMeHhlllliTh 3MJITTaHC nyqKa. 

5.2. MeTO!l 3JieK1pouuoro oXJiaiK)leHHH 

0CHOBOH MeTO.D.a 3JieKTpOHHOfO OXJiaiK,!l;eHHJ'l, npeunoJKeuuoro 

f.l1. liy.D.KepOM [5) . B 1966 f., J'I.BJIJ'leTCJ'l "TenJI006MeH" MeiK,!l;y nyqKOM,. HOHOB, 

· U:HPKYJIHPYIOIJliiM B HaKOIIHTeJie, II nyqKOM XOJIO,!J;Hb1X. 3JieKTpOHOB, .ll.BlliK)'IJlliMCJ'l C 

TOM . JKe cpe.D.HeH., CKOpOCTh!O. C JTOH QeJih!O B O.ll.HOM ~ npHMOJIHHeHHbiX 

IIpOMeJKYTKOB HaKOIIIITeJibHOfO KOJibQa yCTaHaBJIIIBaeTCJ'l CHCTeMa 3JieKrpOHHOfO 

OXJia)K,!I;eHHJ'l. lfOHHhlll nyqOK Ha Ka)I(JlOM o6opOTe qaCTh CBOerO IlyTH JleTHT B 

conpoBoiK,!l;aiOme~ ero 3JieKTpouuoM o6naKe. linaro.D.apH roMy, qTo cpe.D.HIIe cKop'ocm 

JJieKTpOHOB II HOHOB paBHhi: V; =V, ='V0 , ceqeHHe HX B3aHMOJieiiCTBIIH np11 

KynouoBCKHx CTOJIKHOBeHHHX pe3KO B03paCTaeT. BenHqHua :noro ceqeunH 

oripe.D.eJIHeTCJ'l Tenepb CKOpOCTh!O qaCTHQ B Cl!CTeMe, ,!I;BIIJKYIJleiiCH CO CKOpOCTh!O l'o, a 

He IIX cpe.D.HIIMII CKOpOCTHMH, qTO pe3KO yBeJIIIqHBaeT 3HaqeHHH ceqeHllll. flO 
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npnBOJlliT K B03HHKHOBeHIIIO 3<f><f>eKTHBHOrD rpeHH51 HOHOB II 

6biCTJ)OMY HX OXJia)K}leHHIO. Me}lJieHHble HOHbl, }lBH~II.IHeC51 CO CKOpOCTbiO V, 

v, <V0 • 
(3) 

"no}lxaaTbiBaiOTC51" o6naKOM 3JieKTJ)OHOB n ycKop5110TC51. libiCTJ)bie noHhi, 

}lBH~II.IHeC51 CO CKOpOCTbiO 

v, >V0 , (4) 

TOpM0351TC51 o6naKoM 3JieKTpOHOB. B pe3yJibTaTe TaKoro "Tennoo6MeHa", Bbi3BaHHoro 

KYJIOHOBCKHM B3aHMO}leHCTBHeM qaCTlll.l, TeMneparypa HOHOB yMeHblllaeTC51 }lO TeX 

pop, noKa He CTaHeT paaHoii TeMneparype 3JieKTpOHOB Te : 

~ = r.. (5) 

113 paBeHCTBa TeMneparyp (5) CJie}lyeT COOTHOIIIeHne }l1151 cpe}lHeKBa}lpaTnqHOfO 

pa36poca CKOpOCTH HOHOB B CHCTeMe qaCTlll..l (Cq), JlBli)KYII.IeHC51 CO CKOpOCTbiO Vo: 

L1;= ff§L1., (6) 

L1;, L1. - cpeJlHeKBa}lpaTnqHbie cKopocTn noHOB n 3JieKTJ)OHOB, m, M MaCChi 

3JieKTpoHa n noHa. 

Cnna rpeHn51 noHa onpe}leJI51eTC51 KYJIOHOBCKnMn CTOJIKHOBeHH51MH c 

3JieKTpOHaMH. 

napaMeTpoM p 

CKOpOCTbiO . V;, 

B cncTeMe qaCTnl..l (Cq) 3JieKTJ)OH, nponeTa!Omnii c npnuenhHbiM 
( 

H CKOpOCTbiO V; (pnc. 1 ), MHMO HOHa, }lBli~II.IefOC51 B cq CO 

npwo6peTaeT HeKOTOpbiH HMnyJibC Llj.il' HanpaBJieHHbiH 

nepneHAHKY1151pHO BeKTopy OTHOCHTeJibHOH CKOpOCTH B3aHMO,[(eHCTBYIOII.IliX qaCTHI..I 

U=v; -v •. 

BenwqnHa L1p.L MO)KeT 6b1Tb nerKo oueHeHall npn6Jin)KeHnn .Manoyrnosoro pacce51Hl151 

(KOTOpoe AOMHHHpyeT B aKTax B3aHMOAeHCTBH51): 

~ ! 
2Ze2 

Llp.l =(vi -v.Jp, 

,. 
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Ze, e - 3ap51Jlbi liOHa n 3JieKTpoHa. llpn coxpaHeHnn nonHoro nMnynhca 3JieK-rpoHa·> 

f.l.O 
', 
', 

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

(} 
p;j 

Pnc.l. 3a}laqa CTOJIKHOBeHH51 ,nsyx Ten 

pI' = canst B03HHKHO BeHne y Hero nonepeqHoro nMnyJibCa L1 p .1 npnso,nHT K 

H3MeHeHHIO npOAOJibHOfO HMIIYJibCa: 

;.-· 

Llpii=p~'-~P/~Lip 2·~(.1pj' . 
.. .1. . 2pfJ ;:" 

' ->'I ' ' l' '1 ·' -•. ' 

3neK-rpOH npn 3TOM n3MeH51eT c~om KHHeTnqeCKYIO 3Heprnl0 Ha senw!uiiy 
)0: 

L1E - L1p/ -.-- . 

2m 

flpocyMMHpOBaB llO BCeM CTOJIKHOBeHH51M noHa c :meryoHaMlt npn pa3HbiX 
,·t' 

npnueJibHbiX napaMerpax p, Haii:,neM aennqney noTepb 3Heprnn noHa Ha e,nnHnizy 

}lJIHHbi: 

•) HanoMHHM, 'ITO 8 KJiaCCWieCKOH MexaJIHKe paCCeJIHHe O,!UIOH 'lllCTHIU>I . 8 K}'JIOHOBCKOM 

(~eHrpa.JlbHOM!) rroJie lQJYI'OH CBO,IUITCJI K 33,ll;l'le 0 ,lUIIDKeHHH 'laCTHIU>I C T3K Ha3b!BaeMOH rrpHBe,neinloii 

Maccoii 

m1m2 p= , p~m. eCJIU m1 <<m2, 
mJ+m2. 

'ITO H HMeeT Mecro s CJIY'Iae pacceliHHli3JieKipOHa Ha HOHe (m1=m << m2=Af). 
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p~ 

dE; = 2rc J n,Lillpdp • 
ds p..., 

ne- llJIOTHOCTb :3Jie!CTpOHHOro II)"'Ka, Pmax, Pmin - MaKCHMaJibHbiH H MHHHMaJibHbiH 

npnueJihHbie napaMeTpbi noHa. OrciO.!la cne,!lyeT 3Ha'leHHe cnJibi Tpemm noHa: 

F=-dE; 
ds= 

2 4 
4rcZ n,e In Pmax 

2 
mv; Pmin 

(7) 

Cnna rpemrn, ,!lei:fCTBYIOIUrui Ha noH, .!lBIDKYil.lliHCM B :3Jie!CTpOHHOM ra3e c 

<jlyHKUlieH pacnpe,!leJieHnHj(v,J, Bbipa)KaeTCH <jlopMyJIOH 

F=- 4rcn,e
4
Z

2
Lfv; -v'f(v )d3v 

v, v, . m ~- _ -~3 e • ' 

r,!le Ve, V; - CKopocrn ::me!CTpOHOB n no HOB, L - KYJIOHOBCKliH norapmpM: 

L =In Pmax 
Pmin 

(8) 

(9). 

06paTliM BHliMaHne, 'ITO tPOPMYJia (8) no CBOeH crpyKType aHaJIOrli'lHa <jlopMyJie 

KynoHoBcKoi:f CHJihi, ,!lei1CTByiOIUei1 Ha 3apH.!l BHYTPH 3JieKTpocraTn'leCKOi1 cncreMbi 

3apH.!lOB (B ,!laHHOM cnyqae - B npocrpaHCTBe CKopocrei:f). Ponb nJIOTHOCTH 3apH.!la 
1,:} ' ... , . -' ' 

nrpaeT <jlyHKUHH pacnpe,!leJieHHH (yMHO)KeHHrui Ha npe,!lbiHTerpanhf!Oe Bblpa)KeHne). 

3-roi:f aHanorneli y.!lo6Ho noJih30BaThCH npn aHann3e CHJibi TpeHHH (eM. Hli)Ke). 

I 
B CJ,Iyqae li30rp0llHOro MaKCBeJIJIOBCKOro pacnpe,!leJieHliH 3Jie!CTpOHOB H HOHOB 

UO CKOpOCTHM 

j(v)d3v= f.la exp(-p0v2 !2T~2dvd.Q, 
( )

3/2 

27IT 

T ={T; 
T' 

e 

·cnna -ipeHHH F · pasHa (puc. 2): 

t·· 

{

v. 
v= '., 

v, 
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{
M -U011bl, 

f.lo = . 
m- 3lleKmpo11bl, 

,~ 

F- _ ·_v, .ircn,eL ( v, ) ---3-.--cp-., 
v · m L1 

' e 

( ) Hfx -•·'·2d . ~ -x',2 cp x = - e · [)l:- -e . , 
;r 0 1C 

~e - cpenHeKsanpaTHLIHrui CKopoCTb 3JieKTpOHOB B Cl.J, T, = mL1/. MaKCHMYM CHJibi 

TpemtH nocT!fraeTcH np11 v, = 1.36.1,. 

KpoMe CHJibt rpeHnH, B03HHKaiOIUei1 npu ~nanMO.!leHCTBHif 3JieKTpOHOB c 

IIOHaMil. II npiiBO.!lHIUeH K mOia)K,!leHif!O nOC.lle,!lHIIX, npn 3TOM , B3aHMO,!leHCTBllll 

npliCyTCTBYeT TaK)Ke .!llitPtPY3liOHHbiH MexaHII3M iiarpesa IIOHOB. ,[(JIH npOCTOT!;,J 

paCCMOTpiiM HeKOTopy!O 3<jl<jleKTHBHYIO CliJiy, npnBO.!lHIUYIO K HarpeBy liOHOB, 

BeJJIJ'li!Ha KOTOpOH He 3aBHCliT OT CKOpOCTli liOHOB B CliCTeMe 'laCTli'-l (HanpHMep, 

MHOroKpaTHOe paCCeHHHe Ha OCTaTO'lHOM ra3e (pl!C. 2)), 

!·~cat =canst. 

F(v;) 

Fscat. 

PHC. 2. 3aBHCHMOCTb CIIJibi rpeHHH Fcooi(vJ OT CKOpOCTli HOHOB .!lJIH MaKCBeJIJIOBCKOil 

tPYHK'-11111 pacnpeneJieHHH. KpHBrul f"'sca/ .. COOTBerCTBYeT HeKOTOpoiJ 3<jl<jleKTIIBHOiJ 

CIIJie, npliBO,!lllll.leiJ K Harpesy 'laCTHU; TO~Kll Vsr li Vunst COOTBeTCTBYIOT paBeHCTBY 

CIIJI: f~ool " Fscat (eM. TeKCT). 
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IJpn paBeHCTBe CIIJI -rpeHIIll II HarpeBa CKOpOCTb IIOHa nOCTOliHHa. TaKHX TO'leK 

nse Ha lllKaJie V;. 0nHa H3 HIIX - COCTOliHHe yCTOH'lliBOro paBHOBeCIIll (vs1), npyraH -

HeyCTOH'IHBOro (vunst). Ilpn 

v, > vunst 

CHJia -rpeHIIll MeHbllle Fscat ll HOH "HarpeBaeTCll", ero CKOpOCTb paCTeT, nOKa HOH He 

noKHHeT :mei.;-rpOHHOe o6naKo ("y6e)!(nT"). B o6nacnt cKopocreii 

Vst ,.-- Vi < Vunst 

cnna -rpeHHll no a6contOTHOMY 3Ha'leHH10 6onhrne CIIJihi Harpesa: Fcool(vJ < -f-.,cat, 

3nech npOIICXOnHT OXJia)!(neHHe HOHOB - no TeX nop nOKa HX CKOpOCTb He noCTHrHeT 

BeJIH'IHHbl, COOTBeTeTBytOmeii paBHOBeeHOH eKOpOCTII Vst· HaKOHel.l, B 06JiaCTH 

- oo< V; < Vst 

erma TpeHHll no a6eOJI10THOH BeJIH'IHHe CHOBa MeHbllle eHJibl HarpeBa ll HOH 

HarpeBaeTell, noKa ero eKOpOCTb He B03paeTeT no Vst . 

0TMeTIIM, 'ITO Ka'leeTBeHHOe noseneHIIe 3aBitClfMOCTI1 elfJibl TpeHitll OT 

CKOpOCTlf OXJia)!(naeMbiX 'laCTitl.l onnHaKOBO nnll Jl/06020 6UOa OX!(aJ/COeHUR. 

KnHeTnKa ::weKTpOHHoro oxna)!(JleHnll o6nanaeT pHnoM oco6eHHOCTeii, 

OTJIIt'latOmnx ee OT penaKCal.llflf nsyxKOMnOHeHTHOH nJia3Mbl. 3Tn oeofieHHOCTlf 

npe)!(ne seero CBH3aHhl e aHn3o-rponneii <PYHKI.lllll pacnpeneneHHll 3Jie~poHoB no 

CKOpOCTliM If 3aMarHit'leHHOCTb10 3JieKTJ)OHOB. IJonepe'IHall TeMneparypa 3JieKTJ)OHOB 

onpenenHeTell Tel\mepa"fYPOH KaTona n coCTaBJilleT 

T.1=Tc::::0,1:JB. (IO) 

IlponoJibHaH TeMneparypa o6ye~oBJieHa, npe)!(Jle seero, Ha'laJihHhiM TenJIOBhiM 

pa36poeOM CKOpOCTeH 3JieKTpOHOB Ha KaT~ne If lfX naJihHeHllllfM 3JieKTJ)OCTaTn'leCKlfM 

·yeKopeHHeM B 3JieKTpOHHOH nyrnKe (eM. neTaJilf B 171): 

'2 

T. "'_E__ 
II P2r2mc2, 

rne P ·~ vic, r ·= (J-P 2F 112
• ymc2=eUo+ mc2

• Uo- noTeHI.llfaJI KaTOna. ,lVui 

HepeJiliTlfBitCTeKoro eJiyqall fi << 1 3TO COOTHOllleHne CJienyeT l13 3aKOHa COXpaHeHltll 

3Hepnm: 
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m c· ')2 . 
2 v0 +L1v =eU0 +Tc, 

m v :z =eUo, - 0 
2 

T. 
_ m( L1v)2 

II- . 
2 

Ecm1 )!(e nJIOTHOCTh 3[1eKTJ)OHOB B ncnonb3yeMhiX JlJ1ll mrna)!(JleHltll nyqKax 

noCTaTO'IHO BbieOKa, eKa3biBaeTell KYJIOHOBCKoe B3anMonei1crsne Me)!(Jly 

3JieKTpOHaMH. .IJOeKOJibKY l13Ha'laJibHO paCCTOliHite Me)!(Jly 3JieKTJ)OHaMit, 

nOKIInatOmlfMll KaTOn, <fJJIYKryl~pyeT (pa3HOe }lJ1ll pa3Hb!X 3JI~KTJ)OHOB)~ JIOKaJibHOe 

3:IeKTJ)II'leeKoe none s 3JieKTJ)OHHOM ra3e OTJIIt'IHO OT HYM. 3neKTJ)OH B HeM o6.riil.ziaeT 
• ' ' ' ·; ,, ' • 'f" ' . 

HeKOTOpOH nOTeHI.l~aJibHOH JHeprnej:j - TaK Ha3hi~aeMOH KOppeJUlQlfOHHO~ .JH~prnei1. 

ITp11 noeTaTO'IHO 6hiCTpoM yeKopeHnn 3JieKTpOHHhiH ra3 He ycnesaeT "nepeMernaTbell'.'. 

n eoxpaHlleT Ha'laJihHYfO CTPYKTYPY· Kone6aHlfll, eosepiiiaeMhie 3JieKTJ)OHOM non 

nei1eTBIIeM JIOK<LlbHOro 3JieKTJ)It'l~eKOro nOIDI, npeo6pa3ytOT 3"fY noTeHI~lfaJibHytO 

3HeprntO B KlfHeTit'leeKytO, 'ITO .QaeT BKJia}l B TeMnepa"fYPy 3JieKTJ)OHOB nop.HAKa 

KsanpaTa 3apn.na 3JieKTpoHa, neneHHoro Ha cpenHee pacCTOllime Me)!(}ly HliMn: 

L1T.- e2n/13, 

rne ne - nJIOTHOeTh 3JieKTJ)OHHOro ra3a (a' eucTeMe 'laCTitl.l). 3TO TaK Ha3biBaeMall 

3Heprltll "penaKeal.lllll" 3JieKTJ)OHHoro raJa. B proynbTaTe, TeMnepaTYPa 3JieKTJ)OHOB 

onpeneJilleTell eOOTHOIIIeHiteM 

T2 1[1 ::-; c +e2nlf3 ::-;J.Jo-7 +1·10-43B, (11) 
p2y2mc2 • . . . , :. . . 

llueneHHbie oQeHKll npriBeneHbi nM nmli'IHbiX napaMe-rpos. B COOTBeTCTBHll e (IO) 11 

(II) 3JieKTJ)OHbi nMetO!." cnntOmeHHYtO" <flYHKQHtO_ paenpeneneltlfll no eKopoCT.HM: 

f(v )d3~ = (!!!._)3/2 '1 ,;.e _,;.v1/2r,-.;.,r,j2Tu2fivJ.dv~dv. II':: . 

. 2" TJ.v1i1· · · · · · · · .. 

I ( 2) ' 1 ft 2) (. )2) · · · i · -m vJ. = -m\\V.r + ~Y = mL1J. = TJ., 
2 . 2 . . • . . 

(12) 

m(vn=m~ =1[1 «TJ., 
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r.n;e Lll , ~I - Cpe.n;HeKBa.n;paTH'IHaJI nonepe'!HaJI li npO.l{OJibHaJI CKOpOCTH :3JleKrpOHOB. 

Benn'lnHa cnJihi TpeHID! (8) cymeCTseHHO 3asncnT OT cKopoCTn noHa. Pa3JIH'Ia!OT 

rpn 06JiaCTn CKOpOCTefi HOHa (pHC. 3): 

Lli< Vi - BbiCOKaJI CKOpOCTb IIOHa (High), 

,, Ll 11< Vi < Vl - Hli3KaJI CKOpOCTb JfOHa (Low), 

Vi < Ll 11 - CBepXHH3KaJI CKOpOCTb JfOHa (Super/ow). 

· '·· B o6naCTu Hli3KUX CKopoCTeii uoHa (L) cnna rpeHU» aHaJIOrii'IHa KYJIOHOBCKoii 

CiiJie 3apH)J(eHHOro .l{HCKa B6Jilf3Jf ero OCR. Ilo aHaJIOriiH C KyJIOHOBCKOll CHJIOll B 

OOnaCTU CBepXHH3KHX CKOpOCTell (S) ClfJia rpeHUH UMeeT TOJlbKO npO.l{OJlbHYIO 

KOMllOHeHry. ' 

V.t 
•H 

·Lh .....-h. 

f(;: il:~;:. "' vu 

Elt.'h!. ..:\u 

Puc. 3. Tpu o6naCTu cKopoCTeii uoHos 

g \ !.~ 

B o6naCTn BbiCOKux CKopoCTeii (H) 3<}>9>eKTbi cnniOmeHHOCTU·He urpa!OT ponn, u cuna 

rpeHU» Ta )J(e, qro If .l{JIH li30rpOllHOll <}JyHKQHH pacnpe.n;eneHU». 

Ilpu pacqere cunht rpeHU» cymeCTBeHHY!O ponb urpaer 3r/Jr/JeKm 

3a.Ma2HU'IeHHOCfflU 3JleKmp01108 nyqKa, KOr.n;a B CBOeM .l{Bli)J(eHUJf OHH crporo CJie.n;yiOT 
l " : ' 

cimosoii nnHuu noAA. Ka'!eCTBeHHO KpHTepuii 3aMarHn'leHHOCTu MO)J(HO n 
c<}lopMynuposaTb KaK rpe6osaHue roro, qro B cnCTeMe 'laCTuQ cpe.n;mtii nonepe'IHhiii 

napMoposcKuii pa.n;uyc :meKrpoHa 
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(p")= mLil.c 
eB 

MeHhiiie cpe.n;Hero paCCTOliHIIll Me)!(.n;y HilMI! 

(pJ < 11;1/ J (13) 

B 3TOM cnyqae 3JieKTpOHbJ "BbirJIHMT" KaK napMopoBCKIIe KPY)!(KJI, CKOJih3HIUHe 

B}lOJib CIIJIOBbiX JIIIHHH (CO CKOpOCTbiO V,) If He· "uenJiliiOIUUe" npyr ·.npyra, T.e. 

npaKIH'IeCKH He B33liMO.l{eHCTBYIOIUHe. 

KaK cne.n;yer 113 <}lopMynhi (7), cuna TpeHJIH 3aBHCIIT TaK)!(e o-r semt'IHHhi 

npHuenhHbJX napaMcrpos. ManbJe npuuenbHbJe napaMerpbi 

Pm,.; < p<pF · (14) 

COOTBeTCTBYIOT TaK Ha3biBaeMbiM 

spameHI!eM) CTOJIKH?BeHHliM, KOr.l{a 

6hJCTpblM (no cpaBHeHHIO C napMOpOBCKliM 

r . _ P 1 me 
collwon ~~ __ 

1 

<< -- = --. 
I; Llll (J)B eB 

(15)· 

3Ha'leHI!e Pmin COOTBeTCTBYeT pacceliHIII<) ::lJieKTpOHa B CTOJIKHOBeHI!II C liOHOM Ha 

yron nop».n;Ka 1r I 2 : 

Z
,, 

e-

Pmin = ·mjv; ,-- Ll
1 
-I, (16) 

a nplllJ.eJibHbiH napaMerp p F COOTBeTCTBYeT BpeMeHll CTOJIKHOBeHIIll ilOpll.l{Ka 

napMoposcKoro nepuo.n;a: 

. ·lvi :-Lin I_ 

PF = (j)B 

npoMe)!(Y"fO'IHble napaMerpbl 

PF ~P~Pl (17) 

COOTBeTCTBYIOT TaK Ha3biBaeMbiM a.l{Ha6aTH'IeCKliM CTOJIKHOBeHllliM, KOr.n;a 3a BpeMll 

coy.n;apeHIIll 3JieKTpOH ycneBaeT npoKpY"fHTbCll HeCKOJibKO pa3 "BOKpyr". '13CT11Ubl, 

coy.n;apllliCb c Hell N,ol/ision pa3: 
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lit 
1illl 

llil 
·' 

li 
I! 

lit. 

r 



Li~ 
N,·oll.swn - 7r iv, - L1 ~ 1+ - I (18) 

flpH 60JJblliHX ITp11UeJJbHbiX ITapaMeTpax ("3aMarHII'IeHHbie" CTOJIKHOBeH11H) 

2p~:::; P:::; Pmax (19) 

:lJieKTpOH BbirJJH,lHT KaK napMOpOBCKI1H KpyA<OK, 11 coynapeHI1H HMeiOT TOT A<e 

xapaKTep, 'ITO 11 ]lJIH 6eCKOHelJHO 3aMarH11'leHHbiX 3JieKTpOHOB, KOTOpbie ]lBI1A<YTCH . 

CTpOrO B]lOJib CI1JIOBbiX JII1HI1H MarHHTHOrO nom!. 3necb 

j

a 

Pma.< =max RD 

lv, - .Jj_l- Ttravel' Ttravel = f. cool/ fJc; · 

(20) ·' 

a- panuyc ITY'lKa, RD- ,ZJ;e6aeBCKI1H panl1yc, e cool - L(JIHHa ceKUHH OXJJaA<neHI1H. 

KOMITOHeHTbl CI!Jibl TpeHHll L(Jill ITpOllOJibHOro 11 ITOITepe'IHOrD HarrpaBJJeHI1H 

CKOpOCTeH 110Ha COOTBeTCTBeHHO paBHbl [S], 

I' 
Bemt'll!Hbi 

1 [ v
2 

_ 2 2 ) 3 2LFH + il Viii 
vi v2· L~~,m ' 

' 

H; 

F "'- 2;rq 
.l ----;;;- v j l_ 

2 ( 2 Li~ Ln +NLLAL)+ vi.l -/vi~l. LML 
2 vi v

3 
' 

-(l l ' 
A J "Fs + N sL ) + -Ms 

LJ.l AS 3 , 
.111 

L; 

S; 

1 [· 3v,~1 ) 3 2LFH +-2 L/t,Ul +2 • 
vi vi 

Fl "'- 2;rq . - v m •II 

KYJJOHOBCKHX 

2 ( ) [ 3vi~ . ) 1 -2- LFL + NLLAL + -2-LML + 2. 3• 
.11 v~l vi . vi 

-#--(LFs +NsLAs)+ LMJ • 
L1 j .111 .111 

JJOrapH<pMOB L(JIH THI1111JHbiX 3Ha'leHHH 

(21) 

H; 

L; (22), 

S; 

ITapaMerpoa 

HaKOmiTeJJH C 3JJeKTPOHHbiM OXJJa)I(L(eHI1eM COCTaBJJliiOT, ITO ITOpllllKY BeJJ11'lliHbl, 
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LJ.m "'2, LFH =,10-lnZ, H, 

LML"'3+1, LAL"'0.7+4, Ln,;,5-lnZ, L, (23) 

LMs "'2, LAs "'5, LFs "'5-lnZ, s. 

3aB11CI1MOCTb CHJ1bl TPeHllll (21, 22) OT CKOpOCTH HOHa cymeCTBeHHO OTJIH'laeTCll OT 

TOH, 'ITO Mbl 11MeJ1H B cnyqae MaKCBeJJJJOBCKOrD :meKTPOHHOrD 06JJaKa (Puc. 4). 

06CTOliTeJ1bCTBO, 3aCl1YA<I1BaiOmee BHI1MaHliH, pocr CHJibi TPeHllll c 

yMeHbllleHHeM CKOpOCTH HOHa B o6naCTH M!l.J!b!X CKOpOCTeif BllJ10Tb AO V; = .1 11 AJiH 

JaMarHH'leHHOrD 3JieKTpOHHOrD nylfKa (KpHBaH 3). 3ToT 34>4>eKT, OTJIH'laiOIUHH 

3aMarHH'leHHbiH rry'IOK (yCJ10BHe (13)) OT He3aMarHH'leHHOrD (KpHBbie 1-2), OtThliCHll~ 

RBJielme "6brcmpozo" 3JieKmpoHHozo oXJiaJ/COeHuR: .Cuna TPeHHll a 3aMamuqeHIIOM 

ny'lKe p:ocTnraer MaKCHMYMa npu vi = .1 11 • Ee aenuqnHa a MaKCHMYMe, ITO nopliAKY 
.... , 

BeJ1H'lHHbl, COCTaBJllleT 

2;reneLMs ~ _2 z2 2 213 
2 

~ Jr. en,, , 

.111 
Fmax .,., 

'ITO Ha p:aa nopllp:Ka npeahiiiiaer (AJIH napaMerpoa puc. 4) MaKCHMaJibHoe 3Ha'leHne 
• ' • _,: ', •• ' ,,.'. c • •) ., •• \ ··:· 

CHJlbi TPeHHll AAA He3aMarHH'leHHoro. 3JieKi-poHHOro nyqKa. Coo-rBercraeHHO, .. apeMH 

OXJJa)I(L(eHllll HOHOB B 3aMarHH'leHHOM 3J1eKTPOHHOM nylfKe rrpH V; < Li1., 6yp:eT 

3Ha'lHTeJJbHO HHA<e, qeM AJlll HOHOB B He3aM:itrHH'leHHOM 3JJeKTPOHHOM nylfKe. JTO II 

eCTb liBJleHHe "6biCTPOro" 3JJeKTPOHHOrD OXJJIDKileHllll. 
' - ' ' . . . . . ' ~ . 

,lJ;J1ll CIVI/Oll{eHHOZO pacnpeOef!eHUR He3aMQ2HU'IeHHbiX 3JieKmpOH08 no 

CKOpOCTliM (Tell << Tel., B = 0) . ycmaHOBUBUluecR UJIU MUHUM(lflbHble 3Ha'leHHll 

nonepe'IHOH II npOAOJibHOH 

paBHbi: 

TeMneparyp OXJJa)I(L(eHHbiX HOHOB COOTBeTCTBeHHO 
. . . ' . 

]u=T.J.• ~V;J.=;=~·A. 
J;u=~T.J.T.II' Av;II=~~~LiJ.AII. 

83 

(24) 

I
I 

i I ! I 



IF .L 1/1 FManv I max 
1000 ~----,----,-------

lOOt-~------~~-------+--------~ 

10*-+--------+--------~ri---------~ 

2 

---
/-.:::.:.-~:r::=-=~:.:.:..----

0,1 , __ .,-<-__ 
I " ..... 1 ,,,I ,;)! 

.1. 0,01 0,1 v;/Lh 10 

PHC. 4. 3aBHCHMOCTb MO.liYIDI 11011epeqHOH ClfJlbl -rpeHHR OT CKOpOCTH HOHa. 

1 - O,liHOpO,liHOe MaKCBeJlJlOBCKO~ pacrrpe,lleJleHHe; 2 - CI1JliO~eHHOe pacrrpe.neneHHe 

rrpH B = 0, 3- 3aMamHqeHHhiii :meK-rpOHHhiH rryqoK; L1J!L111 =50 

A.rrx 3CZMamutJeHHblX 3JleKmpmtoB, Kor.na HX rrorrepeqHhie CTerreHH cao60.llhi 

~'BhiKJli<>~tiHhi';·, BO~MO:lKHO rey6oicoe oXJia:lK,lleHHe HOHOB .llO rrpO.llOJlbHOii TeMrrepa-rypbi 
'. ~~ 

:meK-rpOHOB: 

/m' 
I;-T.ll ,L1v;j_ -L1viii-VM · L111 · (25) 

BpeMR oxRaJ/COeHuR HOHOB r orrpe.lleiD!eTC.ll ae~IfqlfHOii CHJlbi -rpeHlf.ll: 
\: 

_1 2fj dF 
r ==----

Mdv1' 
(26) 

. fj == f. coo; I ci' f. cool - )lJllfHa ceKQlflf OXJla)K,lleHlf.ll, ·c; - rrepHMe-rp HaKOI1lfTCJ1R. BpeM.ll 

OxJia:lK,lleHHR )lJl.ll 60JlbiiiHX :maqeHHH HaqanhHOH CKOpOCTlf HOHa V1 > L1 1_ CJia6o 

3aBHCIIT OT lfX TeMrrepa-rypb!. B na6opaTOpHOH CHCTeMe KOOp)lHHaT ORO paBHO (7) 
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. f3~y 1 mc3 A {e:-x.Z-KO.\tnO/~~~~bl, ( 
.r/ob ::>:--:::---=·-::--·-, · · · .. · 27) 

6kcrPL 7Jej z- y 3 ():~ -S-KO.\tnOI/ellma, 

r)le x, z--;- rrorrepeqHbie KOOp.llnHaThi, s- rrpO.llOJlbHa.ll KOOp.llnHaTa, B, ==L1p/ p -

C'THOCilTeJihHblli rrpO.llOJlbHblli pa36poc HOHOB ~0 HMITYJlbCaM, 0,: =(t:,:/ flx.: y 1 , Ex.: -

3MIITTaHC nyqKa, flx.:- 6eTaTpOHHa.ll QJYHKUII.ll HaKOflltTeJl.ll,rp-· KJlaccnqeCKHH'p'a)lHYC 

npoToHa, 'j - rrJIOTHOCTh ToKa 3neK-rpoHHoro nyqKa, • Z, · A - 3ap~.ll 11 aTOMHM Macca 

IIOHa, 

k =j:,,, 0;, 
II 

- iJBy.ttepHble 1w.w6amm, 

- ()()TIO.\tep11bte TW.1e6a111/R 110 X 1"111 Z. 

,>·•' 

8 06JlaCTI1 HII3KHX . II npOMe:lKyroqHblX 3HeprHH HOHa BpeM.ll OXJla:lK,lleHH.ll B. 
.. ' ~· '' . " 'l 

Jia6opaTOpHOH CHCTeMe KOOp.llHHaT npOrrOpUHOHaJlbHO r 1;u,· X /34
, 1103TOMY MeTO.ll 

3JieKTpOHHOfO OXJia)J(.lleHH.ll· 3QJQJeKTHBHO. 11CI10Jlb3YeTC.ll. )lJl.ll OXJla:lK,lleHH.ll llOHOB' C: 

3Heprueii 5+500 M3BIH. Ilpn 6onee, BhiCOKoii 3HepmH ·noHOB qa~e! acero 

ncnonh3yeTcx cToxacTnqecKoe oxna)J()leHne (eM. n. 5.3). 3neK-rpOHHOe oxna:lK,lleHlle 

oco6eHHO 3QJQJeKTHBHO )lJI.ll MHOf03ap.ll.llHbiX HOHOB, ITOCKOJlbKY BpeM.ll OXJla)J()leHiiR 
•. . 

o6paTHO nponopUHOHMbHO KBa)lpa-ry 3apR)la HOHa i_ 

BnepBbie _3JleKTpOHHoe oxna:lK,lleHite 6hiJlO ocy~ecTBneHo B 1974 r. B 

3KCnepnMeHTax no oxnalKJieHHIO nyqKa np6TOHOB c 3Heprueii 68 M3B .Ha HaKomrrene 

HAII-M B l1HCTH-ryTe ~.llepHoii QJI13HKH B Hoaoci16Hp~Ke p: 
5

-
71

• B KOHUe 70-x 

Haqane 80-X fO)lOB 3JieK-rpOHHOe OXna:lK,lleHne npOTOHOB 6hiJ10 ycneiiiHO 

npo.lleMOHCTpnposaHo TaK)J(e B ~PH n FNAL. C KOHU~ 80-x rO.llOB HaqancR BBO.ll B· 

CTpoif HOBOfO llOKOJleHH.ll ycKOpHTeJibHO-HaKOllHTeJlhHbiX KOJleQ C 3JleK-rpOHHbiM 
•' ' . . .-· '.' .. ' . ' ., 

oxna:lK,lleHne~. B HaCTox~ee apeMx 'a Mlipe· cy~eCTBYeT .neB.KTb HaKomneneli 

Japx)J(eHHhix qacTnu c · 3neKTpOHHhiM oxna:lK,llemteM. CitcreM~I- · 3JleKTpoHHoro 

OXJla)K,lleHIIR . B , 3TI1X HaKOI1ltTeJ1RX • Bbli10JIHeHbl 110. CXeMe nepaoii .. CliCTeMbl 

3JieK-rponnoro oxna:lK)leHn.ll HAII-M (!.
5

-
71. 0Ha cocrouT 113 rpex np.KMOJIItHeliHbiX n 

' • - 1 • ,._ .. . \ •• 
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)lByx TOpOIIJlaJibHbiX y'laCTKOB (puc. 5). ,[VI}! <flopMUpOBaHII}I . CTal.(UOHapHOro 

:meKTpOHHOrD ll)''lKa UCllOJib3yeTC}I ::meKTPOHHa}l nyiiiKa. 3JieKTpOHHbiH ny'IOK Ha 

BbiXOJle cucreMbi npuHuMaeTC}I KOJIJieKTopoM ::meKTPOHOB. CTauuoHapHbiH 

::meKTPOHHbiH ny'loK B cucreMe oXJia)!()leHU}I noMep)!(uBaerc}i B pe)!(uMe peKYnepaumt 

ero :meprmt. TaKa}! cxeMa no3BOJI}IeT cymecTBeHHO cHu3IJTh MOillHOCTb cucreMhi 

llUTaHU}I U "o6HOBUTb" HarpeTbie 3JieKTPOHbl llOCJie liX B3aUMO)leHCTBU}I C UOHaMH Ha 

xoJIOJlHbie, crapryiOmue U3 3JieKTPOHHOH nyiiiKH. BJauMo.n.eilcrBue 3JieKTpOHHoro u 

~:OHHOro ny'IKOB npoucxo.n.uT B ueHTpaJibHOH ceKuuu cucreMbi OXJI~JleHU}I. Y'laCTKH 

C TOpOU)laJibHbiM MarHHTHbiM llOJieM CJiy)!(aT )lJI}I COBMemeHU}I H llOCJie)lyiOII.lero 

pa3Be.n.eHU}I TPaeKTopuil 3JieKTpoHOB u uoHOB. . 
BpeM}I OXJia)!()leHU}I UOHOB B CHCTeMaX 3JieKTpOHHOrO OXJia)!(JleHU}I 

BapbupyeTC}I OT )leC}ITKOB MUJIJIUCeKyHJl )lO HeCKOJibKHX MUHYT B 3aBUCHMOCTH OT 

COpTa UOHOB, UX 3Hepruu, Ha'laJibHOrO 3MHTTaHCa UOHHOrD ny'lKa U napaMerpOB 

3JieKTPOHHOrD ny'lKa. 3MUTTaHC OXJia)!()leHHbiX UOHOB COCTaBJI}IeT 0.l-l7t MM·Mpa.n., a 

HX npOJlOJibHbiH pa36poc no HMllYJibCaM .1plp = 10-6 + 10-4. 

Puc. 5. CxeMa 3JieKTPonnoro oxna)!(JleHU}I naKonHTeJI}I HAII-M. 

1 - 3JieKTPOHna}l nyiiiKa, 2 - np}IMOJIUneHHbie COJienOH)lhl, 

3 -:- anO)lbl 3JieKTPOnnoif nyiiiKU, 4 - TOpOU)laJibnbie COJieHOU,ZJ.hl, 

· 5 - yqacroK OXJia)!(JleHH}I, 6 - BaKYYMna}l KaMepa, 7 - KOJIJieKTOp, 

8:.... BaK)/yMHbie naCOCbl, 9- )lUllOJIU KOppeKUHU (pp)-TPaeKTopuu 

. • 0 
npoTOHOB, H - BbiXOJl aTOMOB Bo.n.opo.n.a. 
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5.3. McroA · croxacTu'lecKoro oXJiaameuuH 

Mero.n. croxacruqecKoro oxna)!(Jlenll}l uonHhiX ny'IKOB npe)lJIO)!(eH C.Ban-.n.ep~ 

MeepoM (ll,EPHr B Ha'lane 60-x ro.n.oB 18l. 'OcymecrBnenHoe c noMOIIIhiO 3roro 

Mero.n.a HaKonnemte aHTunpoTonoB · n03BOJIHJIO C03JlaTh nciBhiii · · npoTOn

annmpoTonHhiH KOJIJiaHAep, na KOTOpOM BnepBbie 6hiJIH nonyqeHhl W ~HZ-6o30nhi

nepenoc'luKu cna6oro BJauMo.n.eiicTBirn (eM. neiuu10 I). 

OcnoBna}l <f!u3u'leCKa}l u.n.e}i 3roro MeTO)la 3aKJIIO'laerc}i B TOM, 'lT06hi, nonyquB 

curnan o6 OTKJioneHuu qacruuhi OT paBHOBecf{oii TPaeKTopuu, BBecru na ee uyyu 

KOppeKTupy!Oillee B03)leHCTBUe OT BHeiiiHliX • pa)lHOTexnu'leCKHX . cpeJlCTB;: ,[(llir 

perncrpauuu cMemeHU}I ucnoJib3YeTC}I .n.u<fJ<fJepenuuanhnhiH nuKan-3JieKTPOJl. On 

npe)lCTaBJI}IeT B nepBOM npu6JIU)!(enuu )lBe llJiaCTHnhi, C KOTOpbiX H3Mep}leTC}I 

pa3Hocrnhiii curnan oT HaBe)leHnhiX Ha nux 3ap}!JlOB. Curuan ycHJIHBaerc}l · u 

nocrynaer Ha KUKep c neKOTopoii 3a.n.ep)!(KOii, TO ecrh B MOMeHT npwxo.n.a B nero 

OXJia)!()laeMOH 'laCTUI.(bl (puc. 4). PacCTO}InHe Me)!(Jly KHKepOM H flUKanoM B.l\OJih 

TPaeKTopuu uoHa paBno 

e = ;\ + n ;\ (28) 
4 . 2 , 

Ab - )lJiuna BOJinhi 6eraTPonHhiX Kone6aHuil qacruuhl. C.n.Bur ~ /4 ueo6xo.n.uM, 

'lT06hi "npeo6pa3oBaTh Koop.n.unary Byron", TO ecrh nanecru KHKepo¥ y.n.ap B TO'lKe, 

r.n.e yron BeKTOpa HMnyJihCa qaCTHUbi c paBnoBecnoii TPaeKTOpueii nponopuuoHanen 

ee KOOp)lHnaTe B llUKall-3JieKTPOJle X pu . ,[(ell:CTBHTeJibnO, ee nonepeqna}l KOOp)lunaTa . . 

U yroJI B 3aBHCUMOCTU OT npOJlOJibnOH KOOp.n.unaThi S H3MeH}IIOTC}I no 3aKOHY 

x(s) = x0 sin(';;+ If/} x'(s) = x~Q-co{';; +If/} 
. l' ' . 

(29) 

Q - 6eTaTPOHnoe 'IHCJIO, R - pa,nuyc naKO~HTeAA. Ilpri Bi.monueuuu ycJIOBH}I (28) 

x~cker = (Q / R )x pu KHKep' KOppeKTupyer yroJI x~cker, npo~opuuoHaJihHhiH x pu, TO ecri. 
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B03AeikmyeT Ha qacnn.(hi, cMemeHHbre B nHKan-:meKT{lOAe · . OTHOCIITeJibHO 

paBHOBeCHOll op6HTbi. BenuqHHa B03,ll;eHCTBU.H KUKepa Ha -qaCTHUY 3aBHCUT OT 

3Haqemrn tPa3bi ee Kone6aHuii npn npoxmK.D.eHuu qepe3 nuKan-:meKT{lOA. 

llpHHUUllllaJibHOe OTJII1ql1e CTOXaCTI1qeCKOrO OXJia)K)J.eHI1.H OT :me!crpOHHOro 

COCT011T B TOM, qro B llOCJie)J.HeM KYJIOHOBCKHe COy,ll.apeHI1.H .n;eii.CTBYJOT Ha qaCTHUbl B 

M11KpocKonl1qeCKHX Macuna6ax - · nop.HAKa npuuenbHoro napaMe-rpa,. Tor.n;a KaK 

pa,ll;llOTeXHUqeCKa.H CXeMa He MOJKeT 6biTb C)J.eJiaHa MIIKpOCKOllHqeCKI1 MaJIOH. JlJ06a.H 

pa.n;I10TeXHI1qecKa.H CUCTeMa 11MeeT KOHeqHyJO lliHp11HY. llOJIOCbl nponycKaHI1.H 

qaCTOT W. Tio3TOMY . 11Mnynhc Hanp.HJKeHu.H, ·· HaBO.D.HMOro Ha nnaCTI1Hax nuKan-

3Jie!crpOAa AJIHHOH f. pu O,ll;11HOqHOll qaCT11Ueii. 11 11MeJOIUHH ,ll;JIUTeJibHOCTb 

f. 
T signal "" ...2!:.. "=' 1 IIC 

v 

yump.HeTC.H (11HTerpHpyeTC.H) )J.O BeJII1qllHbi 

:'' 

1 
T =->:::2 IIC. 
• 2W 

Puc. 6. CxeMa CTOXaCTI1qecKoro oxnaJK.D.eHI1.H 

{TIOKa3aHbi paBHOBeCH!i.H 11 B03J11YIUeHHa.H rpaeKTOpll11 qaCT11U.) 

(30) 

tl B TOM cnyqae, ecn11 B HaKonmene c qaCTOTOii mJ spamaeTc.H N qaCT11U, pasHoMepHo 

pacnpe,ll;eJieHHbiX B,ll;OJib Op6HTbi, TO qaCTb 113 HI1X, paBHa.H 

· N T. . 2;r 
N. =-m0 T, =N-, T=-, 

2;r T OJo 

(31) 
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nonyqaeT OAHOBpeMeHHO OAHO 11 TO JKe Bo3nei1CTsue KnKepa. TaKI1M o6pasoM, N5 

xapai(Tep113yeT '-!IICJIO qaCTnU,BJIII.HJOmnx_npyr Ha npyra. 

Tenepb "Ha nanhuax" MO)f(HO nonyqnTh tl>opMyny nn.H speMeHn oxnaJK.D.eHn:L 

flpenCTaBnM ynpomeHHO c11rHan qaCTI1Ubi . B BH.Ue. np.HMoyronbHoro HMnynbca 

.umnenhHOCTbJO Ts. floCKOJibKY BHYTPH mrKan-3ne!crpona 

npHC)'TCTBYJOT Ns '-!aCT11U, non.H m.mynhca np.o6Hoi1_ '-I~CTHUbi, 

sMewaTeJibCTBa .D.pynrx qacTnu, nMeeT nmneJihHOCTb (eM. (31 )) 

.11 =I:_ =L: 
Ns N 

O.UHOBpeMeHHO 

cso6onHM OT 

(flo-npe)f(HeMy C'-IHTaeM, .. qTO qaCTHUbl . paBHOMepHO OTCTO.HT . npyr OT npyra). 

flpnpameHue KOOp.UHHaTbi '-!aCTHUbi 3a o6opoT B pe3yJibTaTe y.D.apa KllKepa ecTb . · 

L1x =-AX== -k L1tx, 

rne Ko3tl>ti>nuueHTbi A 11 k xapaKTepll3yJOT K03tPtPIIUHeHT ycuneHn.H cnCTeMbi mrKan

KI!Kep. CnpaumsaeTC.H, KaKnM sbr6paTb k? QqesnnHo, ecnu s HaKonuTene TOJibKO onHa 

'!acTnua, onTuMa;lbHoe 3Ha'-!emre Aopr .= 1, 'n~aqe KnKep 6;.ueT 6uTh cmrwKoM cunhHO, 

TO eCTh pacKa'-111BaTh Kone6aHn.H, 11JIH CJI\IWKOM cna6o- "Heno6nsaTb". Ho AJI.H o~Holi 

'-!aCTHL\bi 111 "'= 1~ . Oic~Aa HaXO,ll;llM 

1 
kopt =.T 

s 

11 Tenepb ypasHemre ;:J;JI.H x MO)f(HO 3amrcaTh oKoHqaTeJibHo: 

dx l1x 111 
-::,;-=--X 
dt T Ts . 

·. ~ 

OTcJOna, c yqeToM sbrpa)f(eHiril AJI.H ·. 111 u Ts, nonyqnM speM.H oxnaJK.D.eHn.H: 

c 1 1 dx .. 2W.. 
Tcool = --; df = N" 

Tenepb ·.ua.D.HM 6onee CTponrli _ BI:IBO.U. · Bbi)J;emrM · KorepeHTHbie 3tPtPeKThi 

- OXJiaJK)J.eHI1.H HOHOB ll HeKOrepeHTHbie 3tPtPeKTbl, .npllBOJl.HIUlle K Harpesy IIOHOB . .[l.n.H 

3TOro Bbi6epeM np06HyJO · qaCTHUY C OTKJIOHeHIIeM X B lliiKall-3~e~O.U~, II '-!aCTII'-IHO. 

KOMlleHCHpyeM 3TO OTKJIOHeHIIe y.D.apOM KHKepa Ax. B pe3yJibTaTC BOJ.UeHCTBII.H 
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KI!Kepa oTco6craeHHoro HaseneHHoro Ha mtKarr-:meKTjJon cHrHana (KorepeHTHoe 

B03)leiiCTB11e) '1aCTI!Ua 113MeHjjeT aMnmrry.uy KOJJe6aHIIii TaK, '1TO e~ "KOopiiHHaTHajj 

qaCTb'' npHHIIMaeT 3Ha'1emte: 

Xc=X-Ax. (32) 

IlojjCHIIM, '1TO cpa3a 6eraTpOHHbix KOJJe6aHHii qacTIII.Ibi a nHKan-3JJeKTpone ace apeMjj 

''nJJbiBeT" 113-3a Toro, '1TO Q HeueJJoe. IlmToMy KoppeKTHO roaop!ITb o6 113MeHemm 

,;KoopnHHaTHOii '1aCTII " aMnJJHTYLlhi 6eTaTpOHHbiX KOJJe6aHIIii Ax: 

Ax =~X1 +(Rx'/QY, 

rne X,X 1
- KOOp.UIIHaTa II yrOJJ C paBHOBeCHOH TpaeKTOplleii L{Jijj npo6HOii '1aCTIIUbl B 

nHKan-3JJeKTpone. 

IlOCKOJibKY B pa)l!IOTeXHII'1eCKOii uenll npOIICXO)lllT IIHTerp1IpOBaHIIe CllrHaJJa, 

onHoapeMeHHO Ha npo6Hyto qacTIILIY .neiicraytoT N. 11acntu, To BMeCTo (32) cJJenyer 

3amtcaTb 

N, 

xc =x-A.x- LA.ixi. (33) 
l-=1 

IlocJJenHee cJJaraeMo.e B npaaoi:f '1aCTII (33) oniiCbiBaeT HeKorepeHTHoe B03nei1CTBIIe 

N. qacTIIU Ha npo6Hyto '1aCTIIUY- CyMMIIpoaaHHe a (33) nposoniiTCjj ·no seeM 

'1aCTHuaM, IICKJII0'1~ npo6Hyto. IloJJar~, '1TO ace N. qacTIIU cTaTIICTII'1ecKII 

He3aBIICIIMbi, 3anmueM 

2 

(x/=(_!__Lxj=xrms; 
N. i N. 

1 
(x) =N LX, =0, 

s ' 

(34) 

3.UeCb (x) - cpenHee cMemeHIIe .[(Jijl rpynnhi N. '1aCTIIU, (x)2
- ee cpenHeKaa.upaTII'1Hoe 

CMeiUeH!Ie, Xrms - cpenHeKBanpaTl1'1HOe CMeiUeHIIe O)lHOH '1aCTl1Ubl. BseneM HOBYIO 

BeJII!'1l1HY 

' ,, 

11 nepemuueM ypaaHeHIIe (33) B BH.Ue 

g=A.N. (35) 
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Ns 

x =x-...K..Lx 
c N, j:J I 

(36) 

CyMMupoaaHIIe 3nech rrposeneHo no seeM N. qacriiuaM. HaiineM U3MeHeHIIe KBanpaTa 

aemt'111Hbi M nocJJe B03neiiCTB~~jj KUKepa: 

L1x2 = x/- x2 = .,-2g_!_ LX; +(...K_ LX;)2 
N. i N, ; 

(37) 

BocnOJJb30BaBIIIIICb COOTHOIIIeHIIjjMII (34), Haii.ueM rrepaoe II BTOpOe CJJaraeMbJe B 

npaaoii 11aCT!I paaeHCTBa (37): 

x x
2 

x x
2 

( ) -Lx;=-+-Lx;=-+xx, 
N. ; N, N, ; N, · 

( 
1 " )

2 

_ Xrms

2 

~L..Jx. -
N, i I N, 

Y'111TbJB<Ui, 'f!'P (x)= 0, :I= Xrm/, npiiXO,[(IIM K pe3yJJhTary 

L1x2 =- x2, (2g- g2). 
N, 

(38) 

IloneJJIIB Ha nep11on o6pameHHH T II y11TH 3Ha'1eHIIe N. ll3 (3 I), rrOJJYlfHM ypa~HeHue 

L{Jijj KBanpaTa aMITJJIITYLlbJ: 

dx2 =-~ 
dt rcool 

rne 

-1 2W ( 2) 
rcool =N 2g-g . (39) 

II eCTh apeMJI ( croxacruqecKoro) OXJia)K,l(eHIIjj, N- '1IICJJO IIOHOB B HaKonHTeJJe, 

W -IIIIIpiiHa TIOJIOCbl nponycKaHHH pa.uuoTeXHII'IeCKOH CUCTeMbl ci-oxaci-u'leCKOrO . 

OXJia)K,l(eHHH. Ilepaoe CJJaraeMOe B CK06Kax COOTHOIIIeHUH (39) CBH3aHO C KOrepeHTHbiM 
. . . . 

mrna)K,l(eHIIeM '1aCTIIU. Bropoe cJJaraeMoe xapaKTepu3yer Harpes qacruu .npo6osbiM 
. ' -' '. 

IIIYMOM rryq:Ka, ycuJJeHHbiM pa.uuoTeXHU'1eCKOii CUCTeMOH. 0TITHMYM OXJia)K,l(eHHH 
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pCaJIH3YeTCji IIpH g=J.Ns= 1, 'ITO ,naer 3Ha'ICHI!C Tcoo/, IIOJIY'ICHHOC BbiUIC IIpn 

Ka'ICCTBCHHOM aHaJIII3C. 

YCJJOBIIC OIITI!MyMa HaKJia.llbiBaeT orrpe,nCJJCHHbiC rpe6cmaHml Ha BCJIH'Il!Hy 

y,napa KHKCpa, T.C. Ha K03~<jlliQUCHT YCI!JICHI!j{ ·pa,niiOTCXHII'ICCKOH CIICTCMbi: 

A. - 1 2WT 
opt -N== --<<1 

s N 

IJpn MaJIOM K03~~IIQHCHTC YCHJICHlf}l A (g << 1) BpCM}I OXJIIDK.!ICHH}I (39) paCTer. 

o6paTHO rrporropQHOHaJibHO 3Toii BCJJH'IHHC. IlpH 6onbUIOM K03~~HQHCHTe ycHJJCHI1}1 

Cyll(CCTBCHHbl HCKOrepCHTHbiC 3~~CKTbi, rrpHBOMIJ.(HC K Ha!peay 'IaCTUQ. 

BpeMj{ croxaCTH'ICCKoro o~a)!(}:(eHUji He 3aancnT OT 3HeprnH qacruu. Ilo3TOMY 

3TOT MeTO.ll 3~~CKTI!BHO IIpHMCHjieTC}I B 06JJaCTU Bb!CO!tl!X 3HCprnif, r,ne BpCM}I 

3JJeKTpOHHoro oxna)I(,!IeHI!j{ O'ICHb aennKo (eM. (27)). O,nHaKo speMj{ croxacrnqecKoro 

OXJJa)!(}:(CHlfji paCTeT JIIIHCHHO C pOCTOM 'IHCJJa OXJJa)!(}:(aCMbiX UOHOB. ,l.f,.rr}l THIIH'IHbiX 

3Ha'IeHnii rrapaMerpoa W=250 Mru n N= 10
9 
+ 10

11 
oHo coCT~BJJ}IeT 2c+ 3 MHH (Ta6nHua 

1). 

Ta6iiliua LIIa:paMerpbi cr6xacTn'IecK6ro oxna)!(}:(eHuj{ 

amnrrpoTOHHoro HaKOIIHTCJJji LEAR (QEPH) 

qncno 'IaCTHQ B rryqKe, N 
5·10

10 

Ilepno.11 o6pall(eHHji, T, MKC 0.5 

illnpnHa rronocbi rrporrycKaHI!j{, W, Mru 250 

,l.l,.rrnTCJJbHOCTb B03.!1CHCTBH}I KHKepa, Ts, HC 2 

qHCJIO 'IaCTUQ Ns 
4·10

6 
". 

BpeMj{ OXJJa)!():(eHH}I, c 
; ~ ,. 100 

-

Eo nee .!ICTaJlbHbiH !: aHaJIU3 IIOKa3biBaeT, 'ITO BpCM}I CTOXaCTH'ICCKOfO 

OXJJa)!(}:(eHH}I cyll(CCTBCHHO 3aBIICHT TaK)f(C OT C06CTBCHHblX liiYMOB pa,niiOTCXHH'ICCKOH 

cncreMbi, HaJIH'IHe KOTOpbiX yseJJH'IHBaer apeM}I oxna)!(}:(eHHj{ 191 
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-1 2W ( '( ) 
Tcool ==N 2g-g- f+U) (3~) 

r.ne (J = x:ais./ x2 xapaKTepmyer OTHOUICHHC UiyMa B pa.!IHOTCXHH'ICCKOH QCIIU K 

c;- -'J Xnmse - ypOBCHb UiyMa, H3MCpCHHblll B C.!IHHHQaX CllfHaJJy, TO CCTb CMCIJ.(CHl!j{ 

lJaCTIIQbl. 3TOT pe3yJJbTaT IIO'lTH O'lCBli.!ICH, CCJII! ,no6aBUT~ Axnmse = gxno;s./ N, B 

npaBy!O 'laCTb (36) If Y'lCCTb, 'ITO (xnmse) =0 *I_ 

Hanwme npOJlOJJhHoro pa36poca uonos no HMIIYJJhCaM /),pip rrpuBOJlHT K 

pa36pocy 'faCTOTbl o6pall(C~Ifj{ HOHOB B HaKOm!TCJIC ,u K CHif)KCHU!O CKOpOCTII 

KOrCpCHTHOro OXJJa)K,nCHifj{ l!OHOB [
9

]. 3TO Ka'lCCTBCHHO CJIC.llyeT ll3 IIpliBC_.llCH.~O~O 
BhiUIC paccMoTpCHHj{ ''na nanbuax". B pe3yJJhTaTe, apeMj{ OXJJ~)!(}:(eHIIj{ onpe,neJJjieTCji 

COOTHOUICHHCM 

,-~==2W(2g(l-M-2)-g2(M+U)), 
N 

(39) 

f)lC M- ~aKTop nepeMCUIHBaHU}I (mixing factor) Ha y'laCTKC TpaCKTOpHH OT KUKepa JlO 

miKanaLkp, 

M- 1 ==2W(Lkp/vi)llf),pfp, M=MLkp:Lpk. 

., B JTOM C.ll)"'ae ypasueuue (38) npHHHMaCT BIU: 

2 x2 ( 2) g2 2 
L1x =--- 2g-g +--, xnoise. rum 

Ns N; 

dx2 x1 g2 x~oisf! 
-- == ---+--·--
dt Tcool N; T 

Crporo rosopll. ero pciiiCHHC CCTL 

'(.) ' (1 -1/r) x- 1 = x;qui - e . r.ne 
x2 _ == rcoal • g

2 
• 2 2WT , 

equ• ]' , X < ---x· N; lkJJ.W? - N nou~ 

(cpaBHH 
191

). nocJIC.!I.HCC (npe.llCJibHOC) 3Ha'ICHHC x;qui. COOTBCTCTB)"CT g•J(c )"'ICTml (30) H pi)). 

BLipaJKCHHC (39) npHHliTO s 1apy6eJKHoii JIHTCparypc (eM. 191) llliBJiliCTCll. ua uaiii s1r;uu. Ka'ICCTBCHHoii 
OL{CHKOii. 
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M -!f>aKTopnepeMeumsamH!HayqacTKe miKan-KnKep Lpk, 17=·~"-2 -y-2 ), Ytr-

nopeuu-!f>aKTOp, COOTBeTCTBYIDIUllH KpllTll'!eCKOH 3Hepnm HOHa B HaKOmiTeJJe. Tipn 

OITTilMaJJbHOM Bbi6ope K03!f>!f>uuneHTa ycnJJeHH~ gopt speM~ OXJJa)I()J.eHH~ paBHO 

T-1 = 2W v J-fJ-2 )/(M +U)). 
N 

J-fJ-2 

gopt = M +U . 

(40) 

PeKopnuoe cerO)liD! 3Ha'!eHue w- 1 rru. }J.anbHeiiwee pa3BUTUe MeTO)la 

CTOXaCTll'leCKOfO OXJJa)I()J.eHU~ HanpasJJeHO Ha nepeXOJl B OnTH'!eCKUH )lUaiTa30H 
14 ' ' ' -

'!aCTOT C W::::: 10 ru. Tipu peaJJU3aUilll CTOXaCTH'!eCKOfO OXJJa)K)leHH~ B OnTH'!eCKOM 

)lHanaJOHe '!aCTOT ITY'!O~ ll3 1010 'laCTHU MO)KHO 6hiJIO •6b! OXJJa)lHTb B Te'!eHne 

HeCKOJJbKHX MllJIJJHCeKyHJl. 

5.4. Jla1epuoe oXJiaiK)leune 

MeTOJl na3epuoro oXJJa)K)leuu~ [?, 
10

1 rrpeJlHa3Ha'!eH JlJJ~ nonyqeuu~ 

YJJbTpaxoJJOJlHbiX HOHHbiX rry'!KOB u ocuosau ua ucnoJJb30Bauun J!f>!f>eKTa }J.onnepa. 

Oxna)KnaeMhiH nou nornomaeT !f>oTOH m ny'!Ka na3epuoro U3JJY'~eHn~, 

HarrpasJJeHHOfO B)lOJib CKOpOCTll '!aCTllllbl. lJaCTOTa JJa3epHOf0 ll3JJY'!eHIU! B CllCTeMe 

HOHa, JlBH~IUefOC~ CO CKOpOCTbiQ V; = f3c, pasHa 

CO; = ycoL (J- j3 COS()), (41} 

( 2)-1/2 
COL - 'laCTOTa ll3JJY'!eHH~ JJa3epa JIC, y = ]- f3 , () - yrOJJ Me)I(Jly uanpasneuueM 

JlBll)Keuu~ IlOna 11 !f>oToua. B csoeii cnCTeMe HOH ll3JJY'!aeT H30Tponuo, noJTOMY 

94 

llMTIYJJbC, nepe.nasaeMhiii JJa3epubiM uJnyqeuneM llOny 3a JlOCTaTO'!HO 

JJ.JJIITeJJbHOe.speM~, uaripasneu BJlOJib JJa3epuoro nyqa, a cooTBeTCTBY!QIUee ll3Meneune 

CKopoCTu uoua pasuo 

Iicon 
ov; =Me. (42) 

Cuna, neiicTBYIQIUM ua uou s pe3YJJbTaTe soJneiiCTsiD! JJa3epuoro uJnyqeuiD!, pasua 

( )
dPL 

FL=aL1v;ll ---;];' (43) 

rne 

2 (r/2Y _ 
a(L1vill)= 2"' (co; -cooY +(F/2Y (44) 

ceqeuue nornomeu11~ naJepuoro H3nyqeuiD!, dPz/ds- TIJJOTHOCTb ero MOIUHOCTH, m?. 

2., - 'laCTOTa u JlJIUHa BOJJHbl aTOMHOfO nepexona, r- umpuua JIUHUU. TaKilM 

o6pa30M, cuna FL pe1ouaucuo 3asncuT OT cKopocrn uoua · V; . 

Ib CKaJauuoro ~cuo, 'ITO cuna naJepuoro "TPeuu~" scerna uanpasneua s onuy 

cTopouy - BJlOJJb uanpasneuiD! JJa3epuoro ny'!a. KaK )Ke "3aCTaBHTb" naJep oxn~aTh 
I 

uou, T.e. U3MeHflb ero cKopoCTh B CTopouy ueKoToporo pasuosecuoro 3Ha'!eHID!? KaK 

npunaTh cune FL TOT )Ke xapaKT~p, 'ITO nMeeT Fcool (pnc. 2}? Onuu m cnoco6os -

UHJlYKUUOUHOe ycKopeuue (KaK B 6eTaTPOHax). 

Ecnu c noMOIUbiD UHJlYKUUOHHOro uanp~)KeHID!, npuno)Ke~uoro K 3a3opy 

saKyyMHOH KaMepbi, coJ)J,aTh cuny F;na{t) = Canst, uanpasneHHYIQ npoTu.s seKTOpa 

"na3epuoro ycKOpeHID!" llOHOB (puc. 7a, KpUBM 2}, TO MO)KHO npu HeKOTOpOM V; = Vst 

nony'!HTb paseHCTBO FL(Vstl~=F;nd· Pa3HOCTb CUJJ FL(vJ = F;nd, KaK !f>yuKUID! V;, 

uMeeT Tenepb u'eo6xoiJ,UMbiii:uaM BUiJ. (puc. 7a, KpUBM 3) s o6naCTu Vm;n<v; < Vmax· 

TipeiJ,nara!DTCH TaK)Ke · sapuaHThi ncnoni.sosauiD! BCTPe'!uoro JJa3epuoro nyqKa JlJlH · 

C03)J,aHUH npOTUBOCllJibl (puc. 76). 

BpeMH oxna)I()J.eniD! uouos noiJ, )J,eiiCTsueM na3epuoro uJnyqeuiD! pasuo (36): 

-1 2fj dF if 1 dP, 
T =---~----

M dv; M co0T ds . 
(45) 
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' 
a) 

Fu(vu) 

Nst 

I Lr 
2 i lP'-- v ----------------L·-----------~-~~------------ II 

6) 

F11(vu) 

v,, 
I L ..,.. :::::. . ........... 

\ \ (/ Vn 

\.,l 
, __ / 2 

Puc. 7. 3aBHCHMOCTb CllJibl "ml3epHOrO -rpeHH.H" OT CKOpOCTll IIOHa B CIICTeMe qaCTIII.I. 

a) CXeMa C IIHAYKI.IIIOHHbiM TOpMO)I(eHIIeM; 1 - C!iJia, B03HIIKaiOIUa.H llO,Q ,QeHCTBIIeM 

: Jia3epHOrO II3JIY'IeHII.H; 2 - CIIJia, B03HIIKaiOIUa.H npii IIH.QYKI.IHOHHOM ycKOpeHHH, 

, 3 - Pe3YJibTnpyiOma» cnna; 

6) CXeMa C .QBYM.H Jia3epaMII; 1, 2- CIIJibl, B03HHKaiOIUIIe llO,Q ,QeHCTBHeM II3JiyqeiiH.H 

nepBOrO II BTOporo Jia3epOB, OT CKOpOCTII llOHa; 3 - pe3YJibTHpyiOIUa.H CIIna; 

Yst- paBHOBeCHa.H CKOpOCTb OXJia)I(.QeHHbiX IIOHOB. 
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BpeM» oXJia)l(nemi» nn» THmi'IHbiX napaMerpos 3Kcnep11MeHTOB oqenh MaJIO 

(TaOJillUa 2), OHO COCTaBJI.HeT 1 0+20 MKC. OnnaKO CTOJib MaJibie BpeMeHa OXJia)I(.QeHII.H 

MOryr 6b!Tb' peaJIH30BaHbl npll ycJI<:lBtili, Korna m. - CVo "'r I 2, 'ITO COOTBeTCTByeT 

oLJeHb y3KOMY nuana3oHy pa36poca CKopoCTeii Liv,,: 

r 10 2 -103 

L1v,:; "'c-,-;::e ,_ c.lt-C. 
y-cvo r (46) 

Jla3epHOe OXJia)I(.QeHHe 3<}l<}leKTHBHO neiiCTBYeT Jllllllb B TOM cnyqae, eCJIH ny'IOK HOHOB 

npensapi!TeJibHO oxna)I(.QeH · c noMOlllbiO 3JieKTpOHHoro oXJia)I(.QeHH» no pa36poca 

CKOpOCTeH, YJlOBJieTBOp.HIOlllHX YCJIOBHIO ( 46). Ilpe,QeJibHa.H npOJlOJibHa.H TeMneparypa 

"na3epHooXJia)I(.QeHHhiX" IIOHOB Ttl pasHa 

T "'t1T. 

Ta6JIHI.Ia 2. IlapaMeTpbl Tpex COpTOB HOHOB, HCllOJib3yeMbiX 

oxna)I(.Qemm 

IlapaMeTp "· Lt ~Be' 

HH)I(Hee COCTO.HHlle 2s'St 2s"Sv2 

BpeM» ~H3Hn, c 50 ocH. cocro»nHe 

BepXHHe COCTO.HHHe 2p'P2 2p"P3/2 

BpeM» )l(li3HH, HC 43 8.2 

lllnpHHa JIHHHH, MT1.1 l7 19.4 

)l,nHHa BOJIHbi nepexona, HM 548 313 

l1HTeHCHBHOCTh HachnUeHnS!, MBT/cM" 2.9 83 

Cnna TpeHn», M3B/M 8.8 81 

B peM» oxna)I(.QeHH», M KC 17 7 

IlpoJWJibHa.H TeMneparypa, MKK 62 330 
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(47) 

npH Jia3epHOM 

HMgT 

3s"S112 

ocH. CocTO»Hne 

3p"P3'2 

3.5 

45.5 

280 

270 

210 

15 
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3TO rrpe.UeJJbHOe 3Ha4eHne Te~>meparypbl COCTaBJJ5!eT HeCKOJJbKO COT .ltKK If MOJKeT 

6biTb llOCTiffHJ'TO S I1Y4KaX Hlf3KOH lfHTeHCifSHOCTif, r.ue HecymeCTBeHHO TaK 

HaJbisaeMoe sHyrpnrry4Kosoe pacce5!HHe, ShiJhiBaiOmee Harpes noHos. JlaJepHoe 

oXJJaJK,1leHne rrpe.uCTaBJJ5!eT 3Ha4nTeJJbHbiH HHTepec .UJJ5! rroJJy4eHn5! YJJbrpaxoJJO.UHbiX 

HOHHbiX I1Y4KOS, 4TO OTKpbiSaeT S03MOJKHOCTb C03)laH!f5! "KpHCTaJJJJH4eCKHX" I1Y4KOS 

(eM. l71). 

IIepsbie ycrrexu s JJaJepHOM oxJJaJK,1leHHH 6hiJJU .UOCTHrHyrhi Ha HaKorrnTeJJ5!x 

TSR u ASTRID 
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. OrpaHn4eHueM rrpnMeHnMocrn JJaJepHoro OXJJaJK,1leHifj{ 5!SJJ5!eTC5! 

MaJJOe 'HICJJO COpTOS lfOHOS, ,1lJJ5! KOTOpblX S HaCT05!I.I.Iee BpeM5! cymeCTSYIOT 

Heo6xo.unMhie JJaJepbi. IIpaKTH4eCKH JJaJepHbiM MeTO.UOM y.uanocb oxJJa.UHTh JJHWh rpu 

COpTa l!OHOS (Ta6JJHL(a 2). C pa3SHTifeM JJa3epHOH TeXHHKif ccpepa rrpHMeHeHU51 3T0f0 

MeTO.Ua, HeCOMHeHHO, paCWHpHTC5!. 

5.5. PanuaQHOHHoe OXJiaa.neuue 

0xJJaJK,1leHHe 3JJeKTpOHHbiX II I103UTpOHHbiX I1Y4KOS S L(liKJJiflieCKifX 

ycKopuTe.lJ5!X (HaKorrHTeJJ5!X), cymecTByiOmee 6JJaro.uap5! cnHxporpoHHOMy 

U3JJy4eHHIO (Clf) S IlOBOpOTHbiX MafHHTaX ]3, 
41, 6biJJO, KaK OTMe4aJJOCb SbiWe, 

rrepBbiM _lf3 rrpaKTH4eCKif rrpuMeHeHHbiX MeTO.UOS OXJJaJK,1leHWI. 3HeprH51, ~ep5!eMa5! 

4aCTuuefi Ha HJJJy4eHne Ja OLlHH o6opor, pasHa 1'51 

L1E = 4Jr 4 ~ • (48) Jr. R ' 

J.necb ( 
, )--112 

R- pa.unyc rrosopoTHbiX MafHUTOS, Pe=v,/c, r. = 1- p; J ' TaKHM o6pa30M, 

- 4 . IlOTepn 3Hepnm Ha H3JJY4eHne S03paCTaiOT C 3Heprueu 'IaCTUI..I KaK y e H CTaHOB5!TC51 

cymecTseHHbiMH s o6JJaCTn YJJbrpapeJJ5!TnsnCTcKnx :meprnfi y> > 1. PaccMorpeHHeM 

3TOfO CJJY'Ia5! Mbl II orpaHH'IUMC51. 0TMeTHM, 'ITO ,1lJJ5! 3JJeKrpOHOS (I103HTpOHOB) 
,· 
'~ 

E4 
L1E[kev] = 89.1 ' [r,a] 

~M] 
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MOWHOCTb CHHXpOTpOHHOfO li3JJyqeHifj{ O.UHOH 'IaCTHQbi, COOTSeTCTSeHHO, pasHa 

P _ L1E _ 2 e
2cr: T- 21r 

-r-3JT· --. (49) 
m, 

T. ms- rrepuo.u H 'IaCTora o6pameHifj{ 'IaCTHI..Ihl,. ror.ua KaK ycKopHIOI.I.Ia5! Bq-CHCTeMa 

(KOMrreHcupyiOI.I.Ia5! Bq-CHCTeMa) KOMrreHcHpyer TOJJbKO cpe.uHue Ja o6opor rrorepu 

3Hepnm H, COOTSeTCTSeHHO, OCeSOH COCTaBAAIOI.I.IeH IIMrryJJhCa. TopM0351ll{a5! CHJJa 

peaKQHH H3JJY'IeHH5~ F = Pfc HarrpasJJeHa rrporus MrHoseHHoii CKopoCTn qaCTHQbi. 

IJ03TOMY Ha 4aCTUQbi, COBepwaiOII{He 6erarpOHHhie KOJJe6aHifj{ BOKpyr pasHOBeCHOH 

op6HTbi, )leHCTsyeT CHJJa, paSHa5! rrpoeKQHH IlOJJHOH CIIJJhl F Ha COOTSeTCTSYIOII{YIO 

rrorrepe'IH~IO ocb: 

F --P I 2 
!•Z - VX,Z C ' (50) 

B pe3yJJhTare ypasHeHne rrorrepe4Hhrx KOJJe6aHnfi no x rrpn Hannqn:n pa.unaQHOHHOro 

lf3JJY'IeHH5! HMeeT SH.U 

.. 2 p·j 2 Y.mx+y,mmx X=- XC , 

' 
(51) 

HJJH 

x+A.X+m/x=O, -1:=~ r.mc2
, 

r.ue a?.:= Qxms, m, - pasHosecHoe 3Ha4eHn:e qaCTOThr o6pameHifj{, Qx - 6erarpoHHoe 

'IHCJJO. lf3 ypasHeHJJ5! (51) BH.UHO, 4TO HaJJH4He CHHXpOrpOHHOfO ~3JJyqeHifj{ 

rrpnso.unr K JaryxaHn:IO KOJJe6aHnfi. Bpewr JaryxaHifj{ KOJJe6aHnii (spewr 

pa.unaQHOHHOfO OXJJaJK,1leHifj{) T, KaK CJJe.riyeT H3 ypasHeHifj{ (51), orrpe.ueAAeTC51 

COOTHOWeHHeM 

2 4 3 1 
r-1 =A.= 3cr,P. r. R2 · (52) . 

Pa.unaQHOHHoe H3JJyqeHne rrpuBO.UHT K .ueMrrcpuposaHniO KOJJe6aHuii qaCTHQ. Ja C4eT 

rrorepb 3Heprnn:. O.uHaKo KSaHTOBaHHOCTb 3Heprnn ronyqaeMbiX cpoTOHOB rrpuBO.UHT K 

cymeCTsosaHuiO pa36poca (.un:crrepcun) 3Heprun qaCTn:Q. 
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OueHIIM ycraHOBIIBIImiicH :mepreTII'IeCKIIii pa36poc oxna:lKt:~eHHbiX qaCTHU. 

CneKTJl mnyqaeMhiX KBaHTOB onHCbiBaeTCH <\>YHKUIIeii pacnpet:~eneHIIH, HMeiOII.\eii 

B6JIII3Ii wr ~r:w, MaKCIIMYM IIIIIIIPIIHY L1wr ~wr. llo3TOMY xapaKTepHaH 3HeprnH 

KBaHTOB Ii3JI)"'eHIIH eCTb 

lie 3 
E ~-r .. 

r R 
(53) 

,lJ,rul rpy6oii oueHKn MO:lKHO npnHHTh, ~ qacrnua :lKHBeT B HaKonmene, noKa ue 

nOTepHeT Ha Ii3JiyqeHIIH 3Heprnl0 nOpHt:~Ka paBHOBeCHOH £. 3a 3TO BpeMH OHa 

II3ny'laeT nopHt:~Ka Nrt::E!Er KBaHTOB. }lJJiyqeHne KBaHTOB CTaTIICTU'IeCKU 

He3aBIICIIMO, no3TOMY t:~IIcnepciiH 'IIICJia u3nyqeHHhiX KBaHTOB 6yt:~cr paBHa N:12
. 

CooTBeTCTBeHHO, ycraHOBIIBillaHCH t:~ncnepciiH 3Heprnii qacruu B nyqKe paBHa 

8E ~ N:12 E, ~JErE. 

0THOCnTeJibHaH BeJIU'IUHa L{UCnepCUll MO:lKeT 6hiTb 3anucaHa B BUL{e 

8£ ~ {E, ~r ~ 
E f£ ·~R' 

(54) 

rt:~e A. c = 1i I me - KOMnTOHOBCKaH AJ!UHa BOJIHhi, R - pat:~IIYC noBopoTHhiX MarHUTCB 

i 

HaKOnnTeJIH. Y CTaHOBUBillllHCH ropU30HTaJibHblll pa3Mep nyqKa L1x no nopHL\K)' 

BeJIII'IHHbl paBeH 

&~D8p ~D8E ~~ 8E 
P E Q: E' 

D ~ R, I Q: - t:~IIcnepciiOHHaH <\>YHKUIIH HaKOnnTeAA. 

3HepreTH'IeCKllll pa3Mep nyqKa eCTb 

&""r ~(I: 
·Q:~"R 

BMecre c 3Heprueii nopMKa Er KBaHT yuocnT uMnyJihC 

100 

TaKIIM o6pa30M, 

(55) 

fip,.,E
1
je. 

CnHxpoTpOHHoe H3JI)''IeHHe HMeeT .. ocrpy10 uanpaaneuuocrb- Kouyc c yrnoM 

paCTsopa nopHt:~Ka (} "'y;1
, och KOToporo Hanpasneua BL\OJib seKTopa cKopocrn 

qacniQbi. Tio3TOMY nonepe4HaH KOMnoHeHTa yHocnMoro HMnynhca- nopHt:~Ka 

11px.: "'El . r.e., (56) 

'fa )Ke KBaHTOBaHHOCTb li3Jiy4eHIJH npiiBOL\HT K pacKa'!Ke 6eTaTpOHHbiX KOJie6aHHH C 

aMnJIIIT)'L\OH 

8z"" (&)o "" R. L1Px.: 0 . 
-x.: p 

flpH 113JI)''IeHHII nopHt:~Ka Nrz Eil<;r KBaHToB aMnnHryAa 6eTaTPOHHhiX KOJie6auuii 

smpaCTaeT nponopunoHaJihHO N ::2
, llOCKOJibK)' II3JIY'IeHHe KBaHTOB CTaTJICTU'IeCKH 

He3aBHCHMO. ( )''leTOM (56) II (53) 3TO L{aeT 

L1z ""(&) - N/'2 R. Er R fi (}"' r __ ,_s c 

Q.,.= r .E · Q,.= R · 
TaKHM o6pa30M, BepTHKaJibHbiH ycraHoBliBIIIHHCH pa3Mep ny'!Ka B Ye pa3 HU)Ke 

L1z ""(Lix)o << L1x. 

Pat:~uauuouuoe oxna)KL{euue IIIHpoKo ucnOJih3yeTCH B 3JieKTpou-no3HTpOHHbiX 

KOJIJiaHt:~epaX, rt:~e OHO ll03BOJIHeT <\>OpMHpOBaTb ll)''IKH CO CBeTHMOCTblO L\0 

1 033~ 1034 
CM-

2
-c-

1 
(n. 3.2.1). Pa3Blrrue MeTOL\OB oxna)KJleHnH 3JieKTpoHHhiX 11 liOHHhiX 

ll)''IKOB ll03BOJIIIJIO B HaCTOHII.\ee BpeMH 06C)')KL{aTb npoeKTbl 3JieKTpOH-HOHHbiX 

KonnaiiJlepoB l1 41 (n. 3.2.1). 

5.6. lfounJatumuuoe oXJJ.amJJ.enue 

110HH3ai.IIIOHHOe OXJia)KL{eHUe B03HHKaeT npll B3aHMO]leHCTBllll ny'!Ka 

OXJia)KL{aeMbiX '!aCTIILI C JlOCTaTO'IHO llJIOTHOH MllllleHblO, II Bbi3BaHO nepet:~a'leii 

3Hepn111 JlBH)K)'IIIIIXCH 'laCTIIU 3JieKT{lOHaM, COJlep:lKall\IIMCH B aTOMaX llOKOHII.\eHCH 

MllllleHII. (erot:~HH OHO paCCMaTpi!BaeTCH KaK npaKTn'leCKH IIHTepeCHbiH cnoco6 
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oXJia:lKJleHIUI n)"--KOB T~DKeJJbiX nenTOHOB [1-
21 CaMbiM IIHTepecHbiM- II nepcneKTIIBHbiM 

~BJl~eTC~ npiiMeHeHHe :norO MeTO,!\a ,!\Jl~ OXJia)!(,!\eHH~ ny'IKOB MIOOHOB [!
4
). }J,eJJO B 

TOM, 'ITO AJJ~ T~iKeJJb!X JJenTOHOB OTCyTCTBYeT ~AepHOe B3aiiMO,!\eHCTBHe, 

orpaHII'IHBa!O!llee llCll0Jlb30BaHHe :noro MeTO,!\a ,!\Jl~ ::lJleKTPOHHblX II a,!\pOHHb!X 

ny'IKOB. 8peM51 OXJia)!(JleHII51, O'!eBII,!\HO, AOJJ)!(HO 6b!Tb B HeCKOJlbKO pa3 MeHbllle 

speMeHII pacna.!la MIOOHa (s JIC) Y'Jl· 

}J,JJ51 noJJy'!eHH51 MIOOHHbiX ny'IKOB [
14

] liCll0Jlb3YIOT npOTOHHbiH ny'IOK C 

:meprneH HeCKOJlbKO r38, BbiBe,!\eHHbiH Ha MH!IleHb. C<popMnposaB H3 llOTOKa 

B03HHKa!O!llHX lll!OHOB ny'IOK C 3HeprneH OKOJJO 1 r38 H MIIHIIMaJJbHO B03MO)!(HbiM 

3MHTTaHCOM, CJJe,!lyeT )laTh llHOHaM pacnaCTbC~ II OXJia,!\IITb B03HIIKa!O!lliie npn 3TOM 

MIOOHbl C llOMO!llbiO HOHII3aUHOHHOfO OXJia)!()leHII~, llOCJJe '!ero ycKOpHTb IIX ,!\0 

TPe6yeMoii 3HeprnH. 

PaccMOTPIIM npouecc IIOHII3auuoHHoro oXJia)!(JleHII51 [1-
2
, 

141
. Ilpii npoxo)!(,!\eHHII 

'!epe3 MH!IleHb HepeJJ~THBHCTCKM '!aCTIIUa Tep~eT ::mepm!O Ha e,!\IIHIIUY )lJJIIHbl 

(aHaJJOrH'IHO (7)): 

F =_dE= _41!1l,e
4
L; 

tr ds mv 2 
(57) 

V- CKOpOCTb '!aCTHUbl, lie- llJJOTHOCTb ::lJleKTPOHOB MH!IleHH, 

L; = ln(2my 2v 2 /zl)- {3 2 -ln(l- fJ 2
), 

[- 3!\>!\>eKTHBHbiH noTeHUHaJJ IIOHH3aUIIH, Z - aTOMHbiH HOMep semeCTBa MII!IleHH. 

3aBIICIIMOCTb CHJJbl TPeHH51 OT 3HeprnH '!aCTHU noKa3aHa Ha pHc. 8. HoHID~unoHHoe 

oxJJa)!(AeHne ucnoJJb3YeTC51 B o6naCTH 3Heprnii, rAe tPYHKUH51 dE!dS so3paCTaeT c 

11 
3Hepmeii '!aCTHU: 

0 < E <Einar, ( o6n1) 

Emin < E < oo_ ( o6nJ/) 

102 

dE 

ds 

£.- Emtn "'Mel E 

Puc. 8. Ka'leCTseHHM 3aBnCHMOCTb HOHH3aUHOHHbiX noTepb OT 3Heprmi 'laCTHUbl 

0TMeTHM, 'ITO MeTOA llOHH3aUHOHHOfO OXJia)!(JleHH51 06bi'IHO paCCMaTPHBaeTC51 B 

o6nacTH :meprHii E > Em;n (o6naCTb II Ha pHc. 8) 11• 2' 
141. 0AHaKo o6naCTb :mepmii, 

rAe E < Emax, npeACTaBJJ~eT Hlriepec AJJ51 reHepaUHH MIOOHH51 [I
6J. 

IloA ;r:leiicTBHeM nonepe'!HOH KOMnOHeHTbi CllJlbi TPeHH51 Frr (57) 'laCTnua 

H3MeH5~eT nonepe'!HYIO KOMr!OHeHTY nMnynhca Pz: 

Pz =-F,p)p. (58) 

fu COOTHOIIIeHU51 (58) HaxO):lllM speM51 OXJia)!(JleHH51 B nonepe'!HOM 

HanpasneHnH: 

· {F,rv I 2Ek, V << C, 
-1 Pz 

Tcool = --= 
Pz F,c!E, y-::::2-3. . . 

(59) 

3):leCb Ek H E- KUHeTH'IeCKM n nOJJHM :meprll51 'laCTUUbi. 

OueHHM npeAeJJbHbiH 3MHTTaHc ll)"--KOB 3apx)!(eHHbiX 'laCTuu, AOCTHraeMbiH ·s 

MeTO,!\e ll0Hll3aUHOHHOfO OXJia)!(JleHH51. rJlaBHbiMU orpaHII'IUBaiOIUUMII tlJaKTopaMII 

RBJ15110TC51 MHOfOKpaTHOe pacce.HHlle Ha .HApax MllllleHH, a TaK)!(e tPJJYKTYaUllll 

HOHmaunoHHbiX noTepb. Yrnosoii: pa36poc ll)"--Ka HaXOAHTC.H 113 6anaHca OXJia)!(JleHH51 

P.. MHOroKpaTHoro paccexHH51: 
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d£)2 

dt 

4:re2 z2N;A1 

(}1 2MV} 

()2 (60) 
'(cool 

r.n;e v - cKopoCTh <JaCTHQ, z - 3apM 51.n;pa aTOMOB MHIIIeHH, N; - ruiOTHOCTh 51.n;ep B 

MHIIIeHH, M- Macca 51.n;ep, A1 - K)'JIOHOBCKllll norapmpM, <cool - speM51 oXJiaJK.neHH51. 

0TClO)l;a paBHOBeCHblll yrJIOBOll pa36poc OXJiaJK.[leHHOro llY<JKa, COOTBeTCTBeHHO 

02 =0, paseH 

4ne
2
z

2N;A/rcool 

(}1 2MV) 
(61) ()2 

3TO p;aeT 3MUTTaHC OXJiaJK.[leHHOro DY<JKa: 

/, 

{

1.5A1zmflz I M V << c, 
8 = f3 ()2 = 

z 1.5A
1
zmf3J(L;yM) r ":?. 2-3, 

(62) 

flz - 6eTa-<flyHKQlfjl B paHOHe OXJiaJK.[lalOIQell MlliiieHH. ,lJ,n51 MllHHMll3aQHll 3MllTTaHCa 

nY<JKa B paiioHe oXJiaJK.[laiOmeii MlliiieHll Heo6xo.n;uMo Bhi6upaTh MHHHMYM 6eTa

<PYHKQllll c (f3Jmin ~ 1 CM. B o6nacTll BhiCOKllX 3Hepmii 3MllTTaHc na.n;aeT c poCTOM 

3Hepmll (62). 3p;eCh OCHOBHbiM orpaHll'leHlleM Ha napaMeTpbl OXJiaJK.[leHHOfO ny'IKa 

CTaHOB51TC51 <flnyKryaQllll IIOHll3aQllOHHbiX nOTepb. 3HepreTll'leCKllll pa36poc 'laCTI1Q 

( M 2) yCTaHaBJIHBaeTC51 ll3 6anaHca oXJiaJK.[leHlfjl ll <fJnyKryaQHii HOHH3aQHOHHhiX 

noTeph: 

d(M/). 27UI,e 4 AEma:c (&2
) 

= -- (63) 
dt mv <cool 

r.n;e 

f' 
AEma:c =2m E2 -M2c4 

2mE+(m2 +M2~2, 
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/1;./~ . - MaKCl!MaJJhHa51 max nepe.naqa 3Hepnm · npu CTOJIKHOBemm . 'laCTIIQbl c 

noKO}Illl,l!MC}I 3JJeKTpOHOM. B pe3yJihTaTe ycraHoauaweecl! (paBHOBecue) 3Ha'leHue 

:mepreTli'IecKoro pa36poca paaHo 

(
L1E2) = 6nn,e' LJ.E r max cool 

!1/V 
(64) 

no.!\CTaBliB 3Ha'leHIUI LJ.Em.n: II Tcool' HaXO.!\liM 3Ha'leHlle OTHOCl!TeJibHOfO 

::mepreTwiecKoro pa36poca: 

../3m M, ·v<<c, 

- ~(L1Eo) = j .j3my (2ML,}. 
O"E- E I <<r <<M 2m, (65) 

.}3 -IL;, y >>M 2m. 

npu BbiCOKliX 3Heprl!HX y '· M·2m 3HepreTl!'leCKllii pa36poc a E ,., 1 II 

li0Hll3al.ll!OHHOe OXJJaJK.!\eHIIe npaKTH'leCKll He pa60TaeT. npu 3Heprlll! 'laCTIII.l 

2<y~<-M2m 

OHO MOJKeT 6biTb 3<fJ<fleKTliBHO l!CllOJlb30BaHO. npu 3TOM He06XO.!\liMO l!MeTb B BH.!\y, 

'ITO HaJill'llle MHIIIeHH, llCllOJJb3yeMOll B ,liOHll3al.lllOHHOM OXJiaJK.[leHllll,~ npl!BO.!\liT B 

KOHe'IHOM HTore K m6enu 'laCTllf.l. OxnaJK.nemte MOJKeT 6hiTI) 3<fJ<fJeKTHBHO 

l!Cll0Jlb30BaHO, TaKJKe eCJlll BpeMH JKli3Hll 'laCTHf.l T1 6y.!\eT 3Ha'IHTeJJbHO 6oJibllle, 'leM 

BpeMH l!X OXJiaJK.[leHHH Two/, TO eCTb npll ycJJOBllll 

r; = r, !•cool >> 1. 

OxnaJK.[leHue npoTOHOB 11 aHnmpoTOHOB HOHl!3al.lHOHHbiM MeTO.!\OM 3aTpy.nmnenhHO 

H3-3a BKna.na CHJibHOro (T.e. 51.!\epHoro!) B3aHMO.!\eHCTBHH c ll.!\paMll MHWeHll. Ce'Iemte 

nOTepb 'laCTllf.l paBHO llOJIHOMY H.!\epHOMy Ce'leHI!lO O'n, ll03TOMY napaMerp r; paBeH 

. 1 ,{2..1 ·10 27 z (a.fl') 
r;- -

N,a)rr"""l 10-2' z / a.,y y >>I, 

V <<C, 
(66) 
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It 

Anj! sonoponHoi1 MuweHH nOJmoe j!nepHoe ce'-!eHue npoTmios O"n paBHO 

{

-1· 10-27 / fJ2c,lt2' fJ << 1, 

an::::: 
-1-10-26 c.H2. r >> 1. 

(67) 

'-ITO COOTBeTCTByeT napaMeTpy t; , paBHOMY 

{

0.15 /{3 2
, 

t;= 
0.25/y, 

fJ « 1, 
(68) 

r >> 1. 

Jib COOTHOWeHHjj (68) BH,llHO, '-ITO HOHH3aQHOHHOe OXJJa)l():{eHHe ,llJijj npOTOHOB MO)I(eT 

6biTb npuMeHHMO s o6naCTH HH3KHX :meprui1 E < 100 M:JB, rne napaMeTp ~ t; 

COCTaBJijjeT HeCKOJibKO e,UHHHQ. 

AJJjj ll03l1TpOHHbiX H 3JieKTpOHHbiX ny'-IKOB B 06JiaCTH MaJibiX 3HepruH 

HOHH3aQHOHHOe OXJJa)l(,lleHHe HenpHMeHHMO, llOCKOJibKY CKOpOCTb- MHOroKpaTHOro 

paccej!Hlijj ,u,1jj HHX 3Ha'-!HTeJibHO BbiWe, '-!eM CKOpOCTb HOHH3aQHOHHbiX llOTepb. B 

06JiaCTH BbiCOKHX 3HepruH 3<lJ<lJeKTHBHOCTb pa,uHaQHOHHOro OXJJa)l(,lleHHjj 3Ha'-IHTeJihHO 

Bbiwe, • '-!eM 3<lJ<lJeKTHBHOCTb HoHmauuoHHoro oXJia)l(neHHj!. Hau6onee nepcneKTHBHo 

npuMeHeHHe HOHH3al.(HOHHOrO OXJia)l():{eHHjj K ny'-!KaM MIOOHOB. BpeMjj )l(lf3HH ,llJijj HHX 

3aMeTHO 60JibWe BpeMeHH OXJJa)l(,lleHHjj. 

5.7. lllorrKu-)luaruocTnKa 

,l1;HarHOCTHKa lliorrKu - o,nuH u3 TPanuUHOHHbiX MeTo.nos, HcnoJib3yeMhiX B 

HaKOllHTeJij!X Tjj)l(eJibiX 3apjj)l(eHHbiX '-laCTHl.( ,llJij{ H3MepeHHjj pacnpe,neJieHltj! HOHOB llO 

'-!aCToTaM o6pameHHj! (1. 
7• 171. PaccMOTPHM uenpephiBHbiH ny'-IOK 3apj!)l(eHHbiX '-laCTHU, 
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spamawmHHCjj suyrpu nposoMmei1 KaMepbi. Ilpu nponeTe qepe3 H3MepHTeJibHbiH 

:meKTpO,ll (HHTerpaJibHbiH llHKall-3JieKTPO.U (puc. 9)) Ka)I():{M '-laCTHl.(a HaBO,llHT B. HeM 

HeKOTOpoe Hanpjj)l(eHHe OTHOCHTeJibHO CTeHOK KaMepbi: 

v _Ze 
o-C' (69) 

rne Ze- 3apj!.n uoua, C- eMKOCTb nuKan-3JieKTPona ua "3eMJIIO". Y3KonoJIOCHbiH 

aHaJIH3aTop Bhi.UeJij!eT cpe.nueKsanpaTH'-IHO~ 3Ha'-!euue cyMMapuoro curnana Ha 

YaCTOTe .Q B nonoce '-laCTOT c5il. Hanpj!)l(euue, uaso.nuMoe n-i1 '-laCTuuei1, 

npe.nCTaBJijjeT co6oi1 nepuo,nuqecKYIO nocne.nosaTeJibHOCTb npj!MoyroJibHbiX 

HMnyJihCOB c aMnJiury.noi1 Vo u ,llJIHTeJibHOCThlO r= fjv0 • IlepHon ux cne.nosaultj! 

paseH T,, = 2Jrfmn, r.ne ~- KpyrosM '-laCToTa o6pameHltj! n-i1 '-!aCTHl.(bl. Curnan 

OT 11-H '-!aCTHl.(bl MO)I(HO npe,uCTaBHTb B BH,lle pjj_na <l>ypbe: 

00 

V = ~A. e-i(km.l+q>.) 
n ~ nk ~ , 

k~-00 

V eikm,r -1 ikm,r 
o e , 

Ank = T ikmn 
n 

(70) 

(71) 

rne rpn- <lJa3a '-!aCTHl.(bi B MOMeHT speMeHH t=O (puc. 9). Auanu3aTop, uacrpoeHHbiH ua 

'-laCTOTY .Q B llOJIOCe '-laCTOT ± cJ.Q 3aperucrpupyeT TOJibKO rapMOHHKH '-laCTOTbl OJn, 

HOMep KOTOpbiX nona,uaeT s nuanaJoH 

.Q - /j.Q k .Q + /j.Q 
< < ' 

OJn OJn 

- H npocyMMHpyeT ·3TH rapMOHHKH llO BCeM '-laCTHl.(aM, · '-laCTOTbl KOTOpbiX OJn 

Y,llOBJieTBOpjjlOT 3TOMY HepaseHCTBY (npe,nnonaraeTCH, '-ITO cJ.Q MHOrO MeHbWe 

pa36poca '-laCTOT o6pall{eHltj! '-laCTOT cJm n ). qHCJIO TaKHX '-!aCTHl.( eCTh 
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NGJ =N J(m.), (73) 

n:!e N - noJlnoe 'IliCJlO qac-mu B nyqKe, j( m,J - ¢ynKUli51 pacnpeJJ.eJ1eHli51 qacruu no 

qacroTe o6pamenli51. 

11 

~ 

Puc. 9. MHTerpMhHhiH nuKan-3J1eKTpOJJ. JJ.AAli3Mepenu511IIOTTKU-curnMa OT uonnoro 

nyqKa, UliPKYJllipyiOIUero B HaKOnHTeJle. 

CyMMa rapMoHuK c HOMepoM k no aceM qacruuaM paana nymo: 

Nm 

Vn=LV"""'O, 
n::;:;.J 

noCKOJlhKY qaCTUUhi CJlY'IaHHO pacnpeJJ.eJleHhi no na'IaJlhHOH ¢a3e rp •. -B TO )J(e apeM51 

KBaJJ,paT MOJJ.YJ151 3TOH BeJlli'IliHhl 

Vn 2 =\I: A."" e-;(.at+q>.)\

2 

n=l Tn 

~~ 1 

ne paaen nymo. IIoJJ.CTaBAA51 CIOJJ,a 3Ha'Ienue Ank m (71), cyMMliPY51 u ycpeJJ.H5151 no 

BpeMeHli, nOJlY'IliM 

( ]

2 

2 
. km;r v2 sm--

Vn2 =~ . 2 N J(m.)liil. 
T. km. 

(74) 

B npu6J1U)J(eHuH r << T. I k 3TO cooTHoiiienue no3BOJ151eT npocro aoccranoBHTh 

lPYHKI..{lilO pacnpeJJ,eJ1eHli51 j( m,J no li3BeCTHOH 3aBliCliMOCTli V n( fl) : 
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. 2 ., 

v 2 
(il) "" ~· 2 .!...._ N.fj( )8il n o T2 m. , . 

I!Jlll 

Vn --"- - ' 
2 

T )
2 

1 
f(m)= r/ ( '· N oil 

(75) 

il=km. 

3TOT MeTO)J, np11MeH51eTC51 B 3KCnep11MeHTaX C ny'IKaMH 3ap51)J(eHHhiX 'IaCTHU )J,J]51 

li3Mepenn51 nx npoJJ.OJlhHOro pa36poca. lJacroTa o6pamenH51 qacrnu;hi B naKomiTeJle ro 

11 nMnyJlhC qacniUhl CB»3aHhi n3BeCTHhiM cooTHOIIIeHHeM 

dms dp 
--=17w-, 

m p 

1 1 
1]{1) =~--,, r r,,-

(76) 

rJJ,e (rrr - i)Mc2
- KpHTH'IeCKM 3Heprn51 ycKopnTeJ151. M3Mep!!B <l>YHKUHIO 

pacnpeJJ,eJ1eHH51 no 'laCTOTaM o6pameHH51 (75) II BOCnOJ1h30BaBIIIIICh COOTHOIIIeHHeM . 
(76), noJly'IaeM llHlPOpMaUHIO 0 lPYHKUHli pacnpeJJ,eJleHII.ll liOHOB no npOJJ.OJlbHhiM 

HMnyJlhCaM LJp / p : 

1( ~) = J(km ), 

(0 = ms(1+17w ~} (77) 

To'IHOCTh H3MepeHH51 npoJJ.OJlhHoro pa36poca ·no HMnyJlhCY C nOMOIUb!O 

)J,l!arHOCTIIKll illOTTKII )J,OCTl!raeT LJp / p "" 1 o-6 
• Ona onpeJJ,eJ151eTC51 TO'IHOCThiO 

H3MepeHH51 'IaCTOThl o6pameHll51 l!OHOB B HaKOlll!TeJle ll pa3peiiieHneM aHaJ1l!3aTOpa 

8Q. C QeJlbiO nOBhiiiieHl!51 TO'IHOCTII 113MepeHll51 cneKTp illOTTKII aHrul113llpyeTC51 Ha 

Bb!COKOH rapMOHIIKe 'IaCTOThl o6pameHl!51 k"" 10-103
, nOCKOJlbKY ',1p · jJ OC Oil km, 

,/J,J151 liHTeHCl!BHhlX l!OHHhlX ny'IKOB B cneKTpe n051BJ15110TC51 }l.Ba llliKa (1.
7
) (pl;C. 10), 

pa3JJ,eJ1eHHbie Ha BeJlll'lliHY 

LJmk =k·2mP, (78) 
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r,ue (J) P - 3QJQJeKTIIBHaJI ITJHl3MeHHaJI 1-JaCTOTa HOHOB, 

_ Z ~7Jwrpc
2

N (b) w P - ,-; 3 In - , 
vA ;ryR a 

(79) 

z 11 A - 3ap51.U nona u aTOMHbiH HOMep 110Ha, rP- KJiaccw-IeCKHH pa.unyc npoToHa, 

R - cpe.UHI1H pa.unyc op6nTbi, N- '-li1CJIO HOHOB s ny'-lKe, a 11 b - pa.unyc ce'-leHWI 

ny'-!Ka 11 KaMepbi. TIOjiBJieH11e .UByx llHKOB B cneKTpe COOTBeTCTByeT B036y'lK.!leHlll0 B 

HOHHOM ny'-!Ke .UByx BOJIH, O,UHa 113 KOTOpblX 6e)!{I1T no HanpasJieHli!O ,!IBH)!{eHllji 

ny'-!Ka, a .UpyraJJ - B npOTI1BOllOJIO)!{HOM HanpaBJieHI111. 

Vn 

"' 

a) 

Vu 

"' 

6) 

, P11c. I 0. TpaHc¢opMaU11j! cneiiTpa 1IIoTTKI1 np11 nepexo.ue OT ny'IKOB c MaJibiM 

! i '-li1CJIOM liOHOB (a)) K liHTeHCI1BHbiM 110HHbiM ilY4KaM (6)). 

TaKoe pacmenJieHue s cneiiTpe cymecrsyeT, ecm1 s oXJia'lK.!le~HOM ny'-lKe BbinOJIHeHo 

ycJIOBI1e 

110 

,·, • ' Llp 
(J) p = L1wmin = 1Jw(J) -. -. • 

.p 

C Y'-leTOM.(79) COOTHOllleHI1e (80) MO)!{HO nepenncaTb B Bli,Ue 

N =A 7rR7Jmf32y (L1p)2 
•h Z 2 rp ln(b! a) p ' 

(80) 

{8I) 

r.ue N,h - Kp11TI1'-lecKoe 3Ha'-leHne 'lliCJia noHos, npn KOTopoM peaJin3yeTC51 

pacmen11eH11e cneiiTpa. 

Tenepb OI.(eHHM '-l)'BCTBnTeJibHOCTb MeTo.ua. Cpe.uHeKsa.upaTn'IHoe 3Ha'leHne TOKa 

ny'IKa, perncrpupyeMoro ll11Kan-3Jie!ITpo.noM ·B nonoce 'laCToT .• , .1w ':"' kw7]. L1p I p, 

paBHO 

'/band =~2N Zem; {82) 

BbiXO,I.IHaJI MOlllHOCTb Cl1rHaJia B llOJIOCe 'laCTOT Ltw OUeHI1BaeTCH COOTHOllleHHeM 

Pm =:: (JbarnA )
2

' 

R , 
0 

{83) 

r.ne ~=75 OM- conpoTI1BJieHne Ha sxo,ne ycnnnTeJIH, R1- conpoTnsneHne Ha BbiXo,ne . ' 

113 ni1Kan-3Jie!ITpo.na (puc. II), 

PU 

Pnc.II CxeMa H3MepeHlfj! IIIorrKn-cnrHaJia: PU-nnKan 3Jie!ITpo.n. 
<,' 

111 



ITpe):(eJihHbie B03M07.<HOCTH illorrKH-AHarHoCTHKH orpaHn'leHhi TenJIOBbiMH wyMaMH 

B H3MepHTeJibHOH CHCTeMe. BeJIH'lliHa MOinHOCTH TenJIOBOfO rnyMa B nOJIOCe IJaCTOT 

L1m paBHa 

P,=k TL1m, (84) 

rAe k -nOCTO.siHHaH EoJihQMaHa, T- TeMneparypa. 0THorneHHe MOJnHOCTn cnrHana K 

rnyM)' ou:eHHBaeTC.sl cooTHorneHHeM 

F = P = 4NZ
2
e mR/ 

• P, R/kTTJwL1pjp. 
(85) 

B, KaiJeCTBe IIJIJIJ:OCTpau:nH npuse):(eM pac'leThi napaMeTpOB illoTIKH-cnmana AJI» 

"pacnymeHHoro" aHTHnpoTOHHoro n)"'Ka B SPS (~PH) (Ta6nnu:a 3). BHa'lane o 

nop»AKC BCJIH'IHHbl CHrHana (75). ,!VuJ THnH'IHbiX ;}Ha'leHnii napaMeTpos 

(Ta6n~u:~}):. Z=1, C=50 1t(J>, r =1 HC, Tn=10 J..LS, N=10
1
\ 8Q=31 ru:, 

J(m.)~ 11om., om. lm. ~ L1pl p ~ 10-3 
Haii):(eM Vn ~5HB. 

0AHOH H3 nepBbiX pa60T no H3MepeHHI:O napaMeTpOB OXJia)!():(CHHbiX ny'IKOB C 

HOMOJnbi:O illOTIKH-):(HarHOCTHKH »BJI»eTC» pa6oTa, BbinOJIHCHHaH Ha HaKOnHTeJie 

HAII-M£181_ 3KcnepHMCHTbi npoBeAeHhi npn ::mepmH npoToHOB- AO 65 · M3B. 

CneKTPhi rnyMoB nyqKa H3Mep.s~nnch Ha 5-ii (11 Mru:) 11 8-ii (17,6 Mru:) rapMoHHKax 

qaCTOTbi o6pameHn». I1onoca IJaCTOT H3Mep.s~eMoro cHrHana cocraBJIHJia 1 ~U:

MomHOCTb TenJIOBbiX rnyMOB H3MepnTeJibHOH CHCTCMbl 6biJia pasHa 10"
18 

BT B nonoce 

±1 ~U:- AHanH3 cneKTPa rnyMoB npon3BOAHJIC.sl c noMOJnbiO 6hlqporo 

npeo6pa3oBaHH.sl (J>ypbe. · B pe3yJibTaTe · aHanH3a illorrKn -cnrHana 6biJI H3MepeH 

pa36poc no npOAOJibHbiM HMnyJibCaM OXJI~eHHbiX npOTOHHbiX n)"'KOB, BCJIH'IHHa 

KOToporo AOCTnrana MHHnManbHOro 3Ha'leHH.sl L1p I p ~ 2 * 10-
6 

. ITpoAOJihH~ 

TeMnepaTYPa npOTOHHOfO nyiJKa B conyrCTBYIOinCH CHCTCMC KOOpAHHaT B 3TOM 

. cnyqae coCTaBHJia ~~ ~ 1K (eM. pa3AeJI 5.1). 
' 

112 

Ta6nnu:a 3 ITapaMeTpbi aHTnnpoioHHoro nyt!Ka u lllorrKH-cHrliana B SPS (~PH) 

lfi..myJJbC aHTHnpOTOHOB, r3B/c 315 ·. 

JlopeHu:-!j:JaKTop 335.7 • 

ql!CJIO 'laCTHQ B KOJibQe 1011 

ToK aHnmpoTOHHoro ny'IKa, MA 0.69 
.. 

Pa36poc no npOAOJibHbiM ±10-3 

HMnyJihCaM, L1p.' p 

-
r,, 23.4 

17(1) 1.84*10"3 

qaCTOTa H3MepeHII» lliOTIKH-CHrHana, 00, 10 

' 
Mru: 

HoMep rapMoHnKn, k 231 

lliHpima nOJJOCbl CHrHana L1m, ru: f 36.8 

CpeAHCKBaApaTWIHhiii TOK, HaBeAeHHhiil B 3.1 

mtKan-3JieKTpO):(e, lband, HA 

BbiXOAHOe · conponiBJieHne nHKan- 10 . ' 

3JJeKTpOAa, Rt, OM 
•., 

ConpoTHBJJeHne Ha· BXOAe ycHJIHTen.s~, ~. 75 

OM 

MomHOCTb BhiXOAHOro cnrHana, P,BT 1.5* 10-17 

MoJnHOCTb TennOBbiX wyMOB, P1 , BT 1.5*10·19 

0THOWCHIIC MOIJ.IHOCTH CHrHana K 20 . 

MOinHOCTH rnyMa; F, AD 
·. 
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llioTIKI1 -.nnarHOCTHKa HCilOJib3YeTC51 .llJI51 npeUH3HOHHOH Macc-cneKTpOMeTpHH ( CM. 

pa3.lleJI 4.5). IJo CUBHry lfaCTOTbl onpeneJI51eTC51 pa3HOCTb Mace ll30TOilOB C TOlfHOCTbiO 

no .1M ·M,.,J*Jo--ps-20
1. B 1995-1996 rr. Ha HaKomnene ESR (<l>Pr) 6hiJIH 

H3MepeHbl 6oJiee lfeM 280 MaCe pa3JIHlfHbiX H30TOilOB 11 H30MepoB, CTO 113 KOTOpbiX 

6hiJII1 H3MepeHbi anepBbie. 

IJo aMnJIHTY.lle lliOTIKH-CHrHaJia (74) H3Mep5110T CBepXHH3KHe HHTeHCHBHOCTH 

IIOHHbiX nylfKOB a HaKomJTeJI.Hx. TaK a Ha HaKomneJibHOM KO.ribue ICE 1221 B QEPHe 

6hiJIH H3MepeHbi lfHTeHCHBHOCTH nyqKoB, cocTOHII.U1X H3 I 02 
aHTHnpoTOHOB. 

,U11arHOCTHKa lliOTIKH HCilOJib3YeTC.H TaKiKe .llJI51 H3MepeHH51 aMnJIHTY.llbl 

6eTaTpOHHbiX K0Jle6aHHH HOHOB B HaKOilHTeJie. 8 3TOM CJiyqae 11CnOJib3YeTC51 

Ulf(plf>epeHUHaJibHbiH ilHKan-3JieKTpO.ll, KOTOpbiH COCTOHT o6bilfHO 113 .llByx 3Jie~pO.llOB . 
- UIIJIHH.llpa, pa3pe3aHHOrO B.llOJib o6pa3yiOIUeH, IIJII1 nJiaCTHH (nJIOCKHH 

KOH):IeHCaTOp ). 0H il03BOJI51eT H3MepHTb aMnJIHTYIIY nonepelfHbiX KOJie6aHI1H 110Ha 

flYTeM Bbllfi1TaHH51 .CHrHaJIOB C pa3HbiX nOJIOBHHOK nHKan-3JieKTpO):Ia (puc. 12). ,UJI.H 

O):IHOH lfaCTHUbl 3TO.T pa3HOCTHbiH CHrHaJI paBeH 

V = Ze a(t) 
C a

0 
' 

(86) 

r):le a(t) - nonepelfHOe cMeweHne lfaCT11Ubi, C-eMKOCTb ni1Kan-3JieKTpOJ:~a, ao 

HOpMHpOBOlfHa.H KOHCTaHTa (2a0 nopH):IKa paCCTOHHH.H MeiK!IY 3Jie!ITpO):IaMH). 

CMeweHHe lfaCTHUbi OT noJioiKeHHH paaHoaecHoi1 op6HTbi onHchmaercH 

COOTHOWeHHeM 

a(t)=ap cos(Qwt + rpJ, (87) 

r):le ap, Qw H rp,-aMnJII1TY!Ia, lfaCTOTa 11 lf>a3a 6eTaTPOHHbiX KOJie6aHI1H, Q -
6eraTPOHHoe lflfCJIO. ,UJI.H N lfaCT11U: nylfKa 3HalfeHI1.H lf>aJbi rp; cnylfai1Ho 

pacnpeJ:~eJieHbi 
·, 
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PHc. 12. 113MepeHHe aMnJIHTY.llbi nonepelfHbiX Kone6aHI1H 

J:IH!f>lf>epeHQHaJibHbiM illfKan-3Jie!ITpO):IOM 

H cpeJ:~Hee no apeMeHH 3HalfeHI1e <V>=O. CpeJ:~HeKBaJ:~paTI11fHoe 3HalfeHwe <V2> 

onpe):leJI.HeTC51 COOTHOWeHHeM 

(vi)~ (Ze) 2 

(a
2

) N 
C a/ 2 · 

(88) 

Cne!ITp CllrHaJia ):IJI51 IIH!f>lf>epeHUllaJibHOro ni1Kan-3Jie!ITpO.lla COCTOHT ll3 rapMOHHK C 
I 

lfaCTOTaMI1 

wk = (k±Q}v, . k=O,l,2, ... , (89) 

r):le Q -.npo6Ha.H lfaCTb 6eTaTPOHHOrO lfHCJia. IlpOJ:~H!f>lf>epeHQ11pOBaB COOTHOWeHHe 

(89), npHXOJ:IHM K pe3yJihTary 

Llm = (k ± Q~m ± moQ•. (90) 

,UJI.H .llaJibHeiiwm~ paClfeTOB BBe):leM BeJIHlfllH}'~ TaK Hlnbn3aeMyiD XpOMaTHlfHOCTb 

q= dQ!Q. 
dp!p (91) 

B pe3yJihTaTe nmp11Ha cne!ITpa cwmana . .llJI.H .llH!f>!f>epeHI.(HaJibHOro nHKan-3Jie!ITpO.lla 

Onpe.l(eJI.HeTC.H COOTHOWeHHeM 

Llm = (k ± Q~m ± m{g Llp, 
p 

(92) 

r.ne Q- · 6eTaTPOHHOe lfllCJIO. 8ocnOJib30BaBWI1Cb COOTHOWeHHeM (76), npHXO,l(HM K 

Pe3YJibTary 
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L1m = m L1p [(k ± Qha, ± Qq]. 
p 

(93) 

AMnnury.n;a IllorrKH curml.lia .n;n51 .n;u<jJ<jlepeHI.lHaJibHoro nuKan-Jne~crpo.n;a (88) 

nponopuuoHaJibHa aMnnury.n;e 6eraTpOHHhiX Kone6aHuii, 'ITO no3BOJI51eT onpe.n;emnh 

nonepeqHbiH pa3Mep nyqKa, a· -umpuHa ·cne~crpa·· (93) xapaKTepinyer pa36poc no 

npOJlOJibHbiM HMnyJihCaM qaCTHU. lliOTIKH-CllrHaJI ,!l;JI51 JlH<jJ<jlepeHUHaJibHOro nHKan-

3JieKTpo.n;a co.n;ep)KHT Tpn nuKa: ueHTpaJibHhiH. Ha qacToTe km, n .usa 6oKOBhiX, 

CMeri.leHHbiX Ha ±kmJiQ (92). 

Ilpu BbinOJIHeHHH ycnOBH51 

(k ± Qhm = ±Qq (95) 

nmpnHa noJIOCbi cne~crpa (94) CTaHOBHTC51 paBHoii HYJIIO. 3To .naer B03MO)KHOCTb 

onpe.n;eJIHTb BeJIHqHHY xpOMaTHqHOCTH/; C HOMOll.lbiO lliOTIKH-.D;HarHOCTHKH. 

"' 
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