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Activities on the developmeLc of new methods for charged 
particle acceleration at the YerPhI during the past years are 
reviewed. The first two sectiolls of the review report the re­
sults of investigations on the use of surfRce waves arising 
in vacuum at total internal reflection and the inverse 
Cerenkov effect in obtaining high acceleration rates. 
Section J describes the experimental setup and the results of 
a demonstration experiment of laser acceleration in an undu­
lator (IFEL). Particle acceleration to high energies by wake 
fields in passive structures is considered in Section 4. The 
optimum choice of acceleration regimes and structures are 
discussed. The results of theoretical studies on nonlinear 
plasma wake field acceleration are given in Section 5; the 
dependence of the wake field, the transformation ratio on the 
bunch Lorentz factor and the possibility of self-acceleration 
of relativistic bunch electrons are considered. The influence 
of ion motion and the finite lateral dimensions of the bunch 
is taken into account. In parallel with results obtained at 
YerPhI we discuss also the state-of-art and the future trends 
in the relevant directions of research. 
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BBE;l{EIIBE 

ITOHCK HOBblX, OTJI!rfqHblJC OT rrpaKT!rfqeCKlrf HCITOJib3Y6MblX B HaCTO­

lUl\88 BpeMH TPa.m-Il.lHOHHhlX MeTo.n;oB ycKopeHHH aapHlKElHHblX qacTlrfU, 

HaqaJicH ,n;a:eHo, c Haqana 50-x ro.n;o:e, Kor,n;a :enep:eue 6uHR c<l)opMy­

Jll4pOBaHhl IlPlrfHl.lHilbl KOJIJI8KTHlJI IblX M8TO,ll;OB ycKopeH!rfH B ITJiaaue (CM. 

Harrp.' [I] ). c OTKPblT!rf8M JIH3epOB H pa3BHTH6M JiaaepHOil T6XHKKK 

B Haqane 60-x ro.n;OB 6blJI npe,n;JIOl!CeH ueJibltt PH'A HOBblX M6TO,ll;OB,ITO­

Jiyq!rfBilllrfX o6~ee HaaBaHHe naaepHoro ycRopeimH sapHZeHHblX qacTKU 

[2J • 0.n;HaKO,TOJlbKO c HaqaJia 80-x ro,n;OB H0Bbl6 M6TO,n;bl YCKOpe -

HHH ITOJiyq!rfH!rf 11npa:aa rpalK,n;aHcT:aa"' o<l)o 1MHBmHC» B C8MOCTOHT6J1»­

HOe Harrpa:aJieHHe paaBHTlrfH ycKopHTeJI»HOi1 <l)HSHIW lrf TexH!rfKH. 9TO 

Hamno, B qacTHOCTH, c:aoe oTpa~eHHe Ha nocne.n;Hlt!X XII H Xlll Mez.icy­

Hapo.n;HhlX KOHqepeHUMHX no YCK0pl1T6Jlfil4 qaCT.HU BblCOKlt!X aaeprHit 

[3,4] ,B npOB6A6HHblX B nocne.n;HHe ro,n;bl ,ll;OBOJibHO peryJIHPHhlX npe.n;~ 

CTaBlrfT~HblX pa6oq.HX COBe~aHHHX,ITOCB~6HHblX HOBblM M6T0,1.1;811 ycKO-. 
peHHH (5-IO]. B03HlrfKJll! onpe,n;eJieHHble KJiaCCl'lcj)l'IKaUMH HOBblX Y6TO -

,ll;OB, llPH!6PH KOTOPblX MOEHO Hai1TH, Harr p.,B [2,II,12] • 

)[JlHKyDtH4H qJaKTOprurn ITOHCKOB HOBblX Y6TO,ll;OB ycKOpeHHH ~apHlleH-
' 

HblX ~aCTHU HBHJ!B,Cb ,n;Ba o0cTOHT6JI»CTBa. c O;zuf Oii CTOPOHH, STO 6y~ 
, I 

Hblil npoI!-pecc B paaB!rfTHH YCKOPHT6Jiei1 H H"UCOITHT6JI6it BblCOKHX 8H60-
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rHtt, xapaKTepHblit ,n;JIH KOHi.la 70-x - HaqaJia 80-x ro.n;oB, KOTOphltt 

BMeCTe c TeM . o6oaHaqHJI ecTeCTBBHHhlil rrpe~eJI B03MOlKHOCTei1 ,ll;aJib­

Hettmero coopyl!CeHHH yCKOpHTeJiett l'I HaKOil!rfTeJ!eH Ha OCHOBe Tpa.n;H-

1.l.HOHHblX M8TO,ll;OB H T8XHOJIOrHi1. c ,n;pyrott CTOpOHbl, peBOJI.IOUHOHHOe 

paaBH T!rfe cj)H3HKH B STOT lKe ·ne pHO;zI. B pe1i1e HH' a B n OCJI8.]:\HHe ro,n;bl 

lrf acTpOifJH3HKH Bb!COK!rf: .. SHeprHtt, co :ecett onpe,n;eJieHHOCTDIO Tpe6o -

BaJio ,ll;aJIDHei1mero IlPCABlrflKeHHH B 06JiaCTb BCe\60Jiee BblCOKHX SHep­

riftt, HHTeHCHBHb!X H iIP8UH3HOHHb!X rryqKOB aapm1teHHblX qacTHU . 

IlepBOHaqaJI»HaH 48Jlb pa6oT no JiaaepHOMY yCKOpeHHIO COCTOHJia 

B TOM, qT06bl HCllOhb30BaTb lrfMeJOmHeCH ,ll;OCTH~eHHR TeXHHKH (Jiaaepbl~ 

MHKPOT6XHOJIOr:1rn. yrrpaBJIH8MhlH TepMOH,l\6 pHhlil CHHTea' CHHT63 MaTe -

pHaJio:e H ,n;p.) .llJIR yJiyqmeHHH WHS!rfqecKHx xapaKrepHCTHK ycKOpH ~ 

~eJieR, TaKHX KaK 3HeprHH ycKopeHHblX qacTHU, TeMrr ycKopeHHH ' 

HHTeHCHBHOCT» (HJIH CB8THMOCTb) nyqKOB. DblJIH rrpe,llJIO~eHbl H pas-

' pa6oTaHbl MHOrOq!rfCJ18HHble HOBble MBTO,llbl C03,ll;aHHH YCKOpRIO!lll1X CTPYK­

Typ, KaK npaEHJIO, COBepmeHHO HBITOXOlKHX Ha TPa.n;HUHOHHhle, XOTH 

H BblilOJIHH~lllHX Te lite CaMble ifJYHKUMH (yCKOpeHHe, ~OKYCHpOBKa, 

TpaHCifJOpMal!Hfi waaOBOrO 06~eMa H ,llp.). 

BMecTe c TeM B XO.Ile lrfCCJie,ll;OBaHHtt aKUBHT CM8CTHJICR Ha npo6Jie 

Yli MOmHhlX SHeprOlrfCTOqHHKOB H aHeproo6MeHa (Krrn rrpeo6paaoBaHHH 

aHepnrn 11 CeTH 11 B SHe prHJO rrytrna)' 3W!]}eKTlrfBHOCTb KOTOpblX ,llOJllKHa 

BOapacTaT» no uepe yBeJIHqeHHH SHeprHH yCKOpHTeJieM. 

BhlRCHHJIOC» TaKlKe, qTQ B Tex CJiyqaHX, KOr,n;a ,l\JIH ycKopeHHR 

IJPHM8!!RJOTCH Jiasephl, OHH ,n;oJilKHbl o6Jia,llan UeJiblM pH,n;OM yHHKamHwc 

xapanTepHCTHK, CBH3aHHblX c Tpe6o:eaHH.HMM yCTOHq!rfBOCTH pelKHMa 

ycKopettHH qacTHI.\. TaK, HarrpHMep, rrpM 111HpHHe crre·KTpa nopR,llKa 

.n;eCHTH npo11eHTOB ,OT qacTOTbl, .qTQ 96ecneqvrnaeT T6Mll ycKopeH!rfH 

!t 



'AO 80 TuB/u ,l\JlH Nd - Jiaaepo:e rrpH .z1ecaTHKpaTHOM Hcrrom,ao:ea-

HHH CTPYKTYPli 'A.llil yc:Kopea11rn no:eepxHOCTHhll4H MJIHrurn, cpaao:eaa H 

rpynno:erui: CKOpOCTH He ,l\OJllltHbl OTJll1tiaTbCH 60Jit.e' tieM Ha HeCKOJll>­

KO TblCHtIHblX. 9TO 06CTOHT6Jll>CTBO 38MeTHO M8HHeT @13HKO-T6XHHtI6C· 

KHe xapa:KTepHCTHKH naaepaoa OllTHKH, ,l\OnycK Ha H3rOTOBJl6HHe KO­

TOPOH He .llOJI~eH npe:e~aTb ,l\OJU1 npoueHTa .zlJ.HHbl :eOJIHbl. 

ITO Mepe IlOHHMaHHH T6X HOBblX, 3aqacTyID AOBOJlbHO )!(eCTKHX Tpe-

60BaHHtt K naaepaM, KOTOpble npe,l\~HBJIHJU1 K HHM peam13aJ.lHH HOBblX 

cxeM naaepaoro ycKopelilfa aapallteHHblX tiacrn11, notiTH ecTeCTBeHHblM 

OKaaanOCb B03BPant6HHe K TPaJ!HUHO~HblM HCTOtIHHKaM SJleKTpOMarHHT -

Horo noJI11 - HHTeHCHBHblM nytIKaM peJIHTHBJCTCKHX sJieKTpoao:e. Mo111-

HOCTH, KOTOpble MOryT 6b1Tb nonytieHbl aa 3THX nytIKax, cpaBHHBBDT­

CH HJIH ,l\a)!(e MOryT npeBOCXO,l\HTb MOIIIHOrrH COBpeMeHHblX naaepo:e,Hx 

npo1J1e HYlKHhlM o6paaoM cJ.ioKyc11po:ean HJrn ,lleJiaTb napaJI.ileJII>HhlMH, aa­

K OHe~, HMH npo111e ynpa:eJIHTl> H o6ecnetIHBaTb Tpe6yeuyD qacToTy 

IlOBTOpeHHH HMITYJil>COB. c ITOMOlllbID SJI6KTpOHHblX rrytIKOB paaJIHtIHblMH 

cnoco6aMH (Jiaaepbl aa c:eo60.l1Hb1X sner:Tpoaax:, cne~Hanl>HO coa,lla:ea .. 

euble CTPYKTYPhl) MO)!(HO o6ecnetiHT1> TUKllte H BliCOKYD qacToTy reae­

pHpyeuHJC rrytIKa.MH SJieKTpOMaI'HHTHlilX BOJ!H, H606XO:z\HMYD ,llJlH o6ecne­

tI6HHH BliCOKOro TeMrr'a ycKopeHHH rrpH OTHOCHT6JlbHO He6oJII>mOH IlHKO­

:eott MO~HOCTH CHCTeM ITHTaHHH. Kpoue roro, KOScllcllHUH6HT KOH:eepcws 

SHeprHH rrytIKa B SHeprHD SJ16KTPOM8rHHTHO~ BOJIHbl MOXeT 6b1Tb C,ll6-

JlaH ,l\OCTaTotiao 6oiµ,mzM, :e PH.lie CJIYtiae:e (peaoHaacable CTPYKTypli) . 
,l\OXO,llHillHM ,llO ,l\6CHTKOB rrpoueHTOB. 8TH rrpe11uy111ecT:ea rropO,l\HJIH cxe-

1uy ,A:eyxrrytIKOBOro ycKOpHTeJIH, B KOTOpott HHTeHC lfBHlia rryqo~ OT HH· 

'AYKJ:U!OHHOro JIHHettHoro ycKOpHTeJIH reHepHpyeT (B qaCTHOCTH, B Jl&­

aepe Ha CB060,l1Hb!X EJieKTPOHax) MOIIIH06 SJl6KTpOMarHHTHOe H3JlYtI6HH, 

CaHTHYeTpo:aoa ,l\JlHH9 BOJ!Hli, KOTOpce aaTeu HCITOJlbayeTCH ,l\JlH ycxo-

5 

p6HHH ,llO BblCOKHX SHeprHM cna60TOtIHOro rrytIKa 3Jl6KTPOHOB c T~M -

ITOM ycKopeaHH B COT!ilf MerasJieKTPOHBOJll>T Ha MeTp. Bb!JIH npe~JIO­

~C9Hbl cxeMbl B036y)!(,!leHHH HHTeHC>'!BHhlMH H MaJioaaeprHtIHblMH SJli:KTPOH­

Hb!MH nytIK8MH KHJibBaTe PHb!X BblCOKOtiaCTOTHb!X SJleRTpOMarHHT1lb!X BOJIP 

B naccHBHblX (Harrp.' ,l\HacppaJ;'MHPOB8HHble BOJIHOBO,ll;bl, peaOHWOpb!) H 

aRTHBHblX (Harrp.,rrJiaaMa) CTpyKTypax, c ITOCJ18.llYIDIJIHM HCITOI1>30B8HH 

eM HX ,ll;Jlfl IlOJlytieHHH BblCOKHX rpa,l\HeHTOB yCROfeHHfl. 

B cnyqae naccHBHblX CTPYKTYP cxeMbl ycRopeHHfl R"1Jll>Bfire pHb!MH 

BOJIHaMH H COOTBeTCTBYIDIIIHe TeXHOJIOr1111 H8"160Jiee 6JIH3KM K 06hlqH~ 

Il03TOMy 3TH CX8Mbl OTHOCHT K RJiaccy KBaaH06bltIHblX HJlli rrpOCTO 

06bltIHblX. B STOM HX OCHOBHOe npe~rnymecTBO, KOTOpoe '!03BOJIHeT 

OTHeCTl1 TaKHe cxeMbl KaK peaoaaHCHbltl TpaHC<!JOpMaTop Ha l<HJll>Ba -

TepHblX BOJIHax, Jl"1HeHHb!H KOJIJiaj,j,n;ep Ha peJIHTl1BHCTCKOM KJ1"1CTpOHe 

(TLC) H JIHHetfabli1 KOJIJia~,llep UEPHa aa c:eepxrrpoBO .c\HIJleM rr11TaJOil\eM 

JIHHetiHOM ycRopHTeJie (CL I C) [I3, I4] K qwcny aam5oJiee nepcrreR­

THBHblX B rrnaae B03M0Jl(HOCTH HX ocy111ecTBJleID:lfl B ~0-x ro,llax 5Toro 

CTOJ16THH IIpH C03,ll;amrn 3Jl6KTpOH-ll03HTPOHHb!X KOJJ.< aLl,llepo:a B 

TaBao~ 06JiacT11 saepr11t1 • BMecTe c reu, Te MHoro-

06emaro111He IIOTSHl.(HaJil>Hble B03M0Jl(HOCTH ' KOTO pblf CO,ll8p)l(aT B ce6e, 

B qaCTHOCTH, H8JlliHeMHwe B3aJ!IM0,1J;eMCTBHfl SJ18K7~0HHblX rrytIKOB c 

nJiaairntl , 6eayCJIOBHO ,L(a,llyT 0 ceCie 3HaT1> B IIX ':lHe HX B03M0)!(HOM 

peaJIHa awrn B He CTOJ!b OT,llaJJeHHOM 6YAYIIl8M. 

l/11.iea :a:a11,11y STH 061J1He Te H,1(8Hl.(l1H' a TaHllf.) c yqeTOM cneuHqm­

qecKRHX ycJIOBll!tl AaJil>Het!IUcro ne pcrrel\THBH 01·0 paa B11THH EpeBaHCKv· 

ro ycKopnTeJJl>Horo ueaTpa :a E~l1, y'/Ke c raqaJia 70-x ro,1\o:a, aK­

Tl1BHO :ae.zr.yTCH HCCJJe,1\0BaID:IH 11 paapa60TR:J PaB J1"1tIHblX :aapli!..IBTOB 

HO.Bb!X MeTO,ll OB ycKopeHHH aapH)l(eHHblX tI8 JTl1l.( . 
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B Ta6n.I, B3HTD~ H3 HeAaBHD orry6nHKOBattHoro QTqeTa A.~ec­

cnepa [I2] , rrepeqHcneHbl rroqTH Bee HDBble cxeMbl ycKopeill'IH H 

OCHOBHble L\8HTpbl, rAe DIDI pa3pa6aTb!BaJOTCH. KaK 6yAeT BHAHO 113 

HHlKecne'AYJOl!lero 063opa, EpeBattCKHLi tlJH3HqecK11Li .IHCTHTYT ADnlKeH 

6b1TD yITOMHHYT B KaqeCTBe OAHOro H3 OCHOBHblX )a3pa60T~HKOB B 

HeCKOnDKHX nyHKTax aTOM Ta6nHL\bl - rryHKTbl 2,~,5,6,IIe. HacTOH -

l!IHH D630p BOCllOnHHeT 3TOT npo6en VI ITO~OAVIT HeKOTOpblij HTOr pa-

60TaM Ep<I>~, BblITDnHeHHblM 3a rrocneAHHe I5 ne'i' B yKa3aHHNX Harr -

paBnemrnx. 0,nHOBpeMeHHO Mb! KacanHCD ecTeC 'i'.JeHHblM o6pasou B TOM 

HnH HHO~ Mepe, B saBHCHMOCTVI OT cTerreHH B2 .ill!MOBnHHHHH l1 rrepe-

ceqeHHH paooT, BblIT01IH8HHblX H B ,npyr11x uettTpax. IlpH 3TOM He 

rrpecne,noBaRVICD uenH rronHOTbl H31IOlKeHHH, l1 IlJ3TOMY 0630p Hl1KaK 

He HOCHT 11cqepnb!BaJ0111ero xapru<Tepa ,nalKe B p;;i.cci.iaTpHBaeirnx Harr -

paBne mrnx 11ccneAOBaHH~, He roBopa ylKe ' o ue,:oM PHAe Apyrwc: Harr­

paBneHHH, KOTOpb!X Mb! B006111e He KaCanHCl>. 

ITy6nHKyeMbl~ o6sop MOlKeT 6b!TD qacTDJO 6oneJ 06111ero o6sopa , 

He06XO,llHMOCTD B HaITllICaIU111 KOTOporo, KaK Mbl L O'llyBCTBOBaJll'l ,Y'lle 

Haspena. 

B 3aKnJ0qeH11e aToro BBe;u;eHl1H HaM KaiKeTCH n .:. ne3HblM BCITOMHHTD 

JOBeT JlyUMH· CeHeKH 11a 11HpaBCTB6HHNX ITHceM K JiJUHnHJ011 
-

11 
••• L1Afi1 

no AO pore' ITPHA6WD K L\6nH' 6nyJKAaHl1e )1(6 6eCKO!i c~ qHO. II03TOMY 

OTOL!M Il0AB1IDW6 OT Bcero cyeTHOrO ,H, eCJIH AOM OraHCD qero-HH-

6y,nD TH saxoqelllD ysHaTD ecTeCTB'eHHO nH noe liten<:E-rne 11nH cneno, . 
BsrnHHH, MOlKeT nH OHO rAe-HJ.16YAD ocTatto:s11uca. Ecim sa~AH Aa-. 

neKO, .Tbl ::;ar.1eTl1Wl>, qTO !llAT!ll AO L\6nH OCT8110CD eme U JnDllle, 3H&t, 

'l!T'O TBOEflKenaHHe pOlK,lleHO He npHpO,I(Oi,l ••• 11
• • 

' 
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I. YcKopeHvie noBepxHOCTHblMH BOnHru.rn,:sosHV!KaJOJllJ1MH 

npH nonHOM BHyTpeHHeM OTpalKeHHH 

O,nuo Vl3 OCHOBHblX CBOtlCTB noBepxHOCTHblX BOnH, pacrrpOCTpattHJO­

U(HXCf. B BaKyyMe, - aruie,nnett11e cKopocTVJ pacrrpocTpatteirnH, .n.enaeT 

VIX o~o6eHHO rrp11BneKaTe1!DHblMH ,nnH ycKopeHHH aapHlK8HHblX qaCTHL\ c 

' ITOM'Jl~:&JO naaepoB. BrrepBble TaKaH V!AeH 6J:>I118 BblCKaaaHa, l10-BH.n;HMO-

My, ]OXM8HHOM (15] , rrpe,nnOlKHBillVIM l1CllOn:&30B8Tb 06paTHbl~ 3WWeKT 

Ci.•.1Ta-IIapce1ma [16] ARH ycKopeHHH qacTV!L\ (CMHT 11 IIapcenn B 

1 3 53 ro'AY 06Hapyimn11 H 11ccneAOBanvi HsnyqeH11e, BD3ID'!KaJOmee np11 

:rponeTe aapHlKeHHOti qaCTlllUbl B6JIB3VI TIOBepxHJCTVI .n;HilJpaKL\HOHHOlii 

peweTJrn ). Tru<e,na ill MauyH [I7] VICXO,llHnH 1113 HAeH yMeHDW8HHOro B 

M8CLJTa6ax .n;HaqiparMHpOB8HHOro BORHOBOAa ;n;nH Bq BORH, BnepBble 

BLICK838HHOti ] pa6oTe [I8] • ll!MH 6blnO rrpe;11nolKeHO HCl10lID30B8TL 

111snyqeHH6 OITTltl'll8CROro ,1J.11arraa0Ha ;n;n111H BOnH, B !i8CTHOCTH, OT 

~~-na3epa, nyq KOTOporo HOpMan:&HO rra,naeT Ha .zu,r lj)paKI.(HOHHYIO pe­

weTKy, a rryqoK yCKOpH8MblX qaCTVIL\ rrponeTaeT B6JIB3H ~el!leTKVI Ha 

paCCTOHHHHX nopa,n;Ka ,lllli!Hbl BORHbl (CM. Ta.KlKe [19] ). Brrocne,nCTBVIV 

].llK.Ji,.JlaycoH [20]rroKaaaJI, '!TO B rrpeAnaraet.wlii B [I7] reoMeTpHvi, 

ycKopemrn 6y,neT na.n;aT:& 06paTHO .nponopu110He:u1:&HO nopeHl.\-lJlaKTopy 

1acTHl.\bl. l!eµea H8CK01IDK0 Jl8T ,l.\Jlfl ycTpat!eHV!H 3TOro ;z;e lJ!eKTa 

P .llan:oMep [2I ,22] rrpe,n;JI0;1urn VICITOJI::&a OBaTD HaKnDHHOe na,nemie Ha 

pewe ·rKy 0.1\HDil HJlli ,n;Byx JJasepHbIX EOJIH, cm,1MeTpl1lJHblX HOpM8Jll1 K ee 

10BepxHOCTM • 

.l\C:lJ!:OHe iiruee pa3:Bl1TV!e 11 o6aop COBpe!.!eHHOro COCTOflHHH pa60T ITO 

yc1rn pe mrn qacTHL\ ITOBepxllOCTHbl!.'. 11 BOnHarrn Ha,ll ;n;v: (JpaKl.\ltlOHHOlii pe -
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rueTKOM MO~HO Hai-!TM B (23-26] • 8Kcrrep1t1MeHTaJll>HCle lt!CCJl8.ll.OBaHMe 

aToro T1t1na ycKopeHVIH rro.n.roTaBJllt!BaeTcH B EpyKXSHBeHcKoV! Hau1t10-

1ianl>HOJ.1 na6opaTOPVlltl [27] Ha yCKOpl1T8Jll>HOM l!CITblTaTeJll>HOM ycTpOi1 

CTBe (ATF), COCTOHU(8M ltl3 nMHei1Horo ycKOplt!TeJlH c aHeprVIeU 

:JO MaB, C03.ll.3IOU(ero crycTKltl aneKTpOHOB, Clt!HXPOHltl3MPOBattHble c 

illt!KOC8KYH.ll.HhlMM ltl~lITYJll>CaMM 100 I'BT co.z-nase pa. 

Eonee npocTaH, no KpaUHeJ.1 Mepe B MaTeMaT1t1qeCKOM OTH0lli8Hltlll, 

, x:eMa yc1rnpe mm rroBepxaocTHhlMltl BOJIHEWM CiblJla paccMoTpeaa B I97It· 

B E_pl>lll C.A.Xe~we~eM [28] • 3.n.ecl> npeAnaranocJ> 1t1cnoJll>soBaTl> no­

Be 1XHOCTHble BOJlHhl, B03Hlt!KaElllltle B BaKyyMe Ha,11, IlOBepxHOCTl>IO AM-

3Jll 'tTpll!Ha npltl IlOJlHOM BHyTpettHeM OTpallteHMM. KaK BblHCHlt!JlOCl> BITOC-r 

neAc TBltlltl [15] , aTa 1t1.n.eH TaK~e nnepBble CiblJla BhlCKasatta B 1962 r 1 

Jlox1,.< HHOM B oTqeTe qmpMhl I.BM. Ha aTy BOSMOlltHOCTl> yKasaao TaKllte 

B pcL Te [20] • 3a)laqa no.ll.)iaeTCH CTpOrOMY aHaJllt!TltlqecKOMY pac -

<WTY ' ' TO cyll(eCTBeHHO Ha AeiHHOV! CTa)lltlltl paaBlt!Tltlfl TeOpltlltl. 1113 pe­

~YJlbTaT1 9 pa60Tbl [28] OTMBTVIM, qTO B ycToRqlt!BOM COCTOHH!tlltl qac­

Tm.(a He :i ~KOpHeTcH. )\Jlfi ycKope1rnfi qacTltl~hl npeAJiaranocl> n1t1Cio 

yni:uvPE1IHi'J B/.\OJII> TpaKTa ycKopeHlt!H BeJ11t1q1t1HY '== ~ = k sLn 'f 
(3;IJ,8Cl> c - l.(ltl8Jl8KTP1t1qecKaH !10CTOfiHHaH .ll.ltl3l18KTP1t!Ka, \f - yron 

lltiA8Hl'lfl Jid3t; , 1011 BOJlHbl aa ITOBepxHOCTl> pas.n.ena). Jlltl60 MeHHTl> 

B.ll.OJll> TpaK Ta Y'- uopeHltlfl IT OJ!fipltl3 aI.\ltllO na.n.aIOll\eM 3JlJllt!ITTltl qeCKH IlOJIH­

pH30BC:lHH 0A BOJ!Hb .. EcTeCTBeHHO, qTO yKasaHHblMM cnocoCiairn MOlltHO 

.D.OCT!tl q]) OTH0Clt!T8Jli.·'i0 tteCiOJll>UIOrO TeMna ycreopeHlt!H. lipoBe.n.eHHblti 

' 
B [28] aHallil3 ycTOVi ,llt!BOCTltl .D.BltllKellltlfl ITOKa3blBaeT, qTO ycTOMllll -

nocTii tta. Ka~.ll.OM aTane ycKopeHlt!H MOllteT CihlTii oCiecneqeHa, e~JIH 

atteprrrn qabTJ4~ B03pac'l. ; eT He Cionee qeM B Tpltl paaa. 
' 

CpaBHMTenbHO ae.n.aBHO ti.A.HaropcKHtt, A.U • .AMaTyHH, B. M.ApyTJO­

HHH BHOB]) BepHyJlll!Cl> K 8HC:;: .lll3Y B03MOltHOCTH HCilOJll>30BaHHH IlOBepx-

9 

liOCTH0.14 BOJIHbl, B03H.ltlKl:Wlll6J4 up.14 ITUJU1UM BHyTp8HH6M ,OTpalKeH.ltl.ltl ,7.{JlH 

yc~opeH.lt!H qacTHU [29] • 

Ilp.14 'IlOJIHOM BHyTpeHHeM OTpa~eHlt!H B OilT.ltlqecKH MeHee ITJIOTHOtt 

cpe,7.{e B03Hlt!K86T ITOBepxHOCTHaH BOJIHa, COCTaBJlHIOlllltl8 rrone tt KOTOpoa 

HMelOT aruieTHble 3HaqeHlt!H JIH~]) B aerrocpe;IiCTBeHHOtt 6JIH30CTH K rpa 

HHU8 H 3KCUOHeH~8Jll>HO y6blllaJOT no Mepe y].{aJieHUI OT Hee no sa·,w 

HY 
\ 

{ 
29fc j I} exp - -,:- e sin2 'f - 1 , 

(I. I) 

r,7.{e ~ - paCCTOHHltle ITO HOpMaJIH K ITJlOCKOtt ITOBepxHOCTH pasAeJia, 

:A. - 'AJIHHa BOJlHhl B MeHee IlJlOTHOH cpe.n.e (B .ll.8Jll>HeHrneM - BaKy­

yu) ~- yron na;zteH1t1H Ha rpaHHUY pas'AeJia, KOTOphli1 6olll>we rrpe­

'AeJIJ>Horo yrna ,. ~o' sin 'fo = 1/Je . IlpH STOM, eCJI!J BOJlHOBOH 

BeKTOp i< na](a~eti BOJIHhl JI8lKHT B nJIOCKOCTH x oz , TO no­

BepxHOCTHaH BOJIHa BO BTOpOV! cpe'Ae pacrrpOCTpaHHeTcH B,l\OJID OCH 

OX c qiasoBott CKOpOCTl>IO c(Je'sin'f)-i ' T. a . aqxJJeKT.ltlB -

HID.I 11Il0Ka38T8Jl6M rrpeJIOMJleHHH 11 'AJlH Hee Ciy ,7.{eT BeJll!ql'IHa 

9i' 1 < n = re sin If ' 'fo < ~ < 2 . (I.2) 

TrurnM oCipaaoM, BOSU KaJOU(aH np.1t1 rroJIHOM BHyTpeHHeM OTpaJKeH1t1l'I 

ITOBepxHOCTHaH BOJIHa B BaKyyu e HBllHe TCH 3.aMe ,l(ne HHOiii . Cpe,&Hltl ti sa 

rrep1t1 0 ,7.{ IlOTOK 3Heprlt!H B ITOBepxHOCTH Oti BOJlHP. OTJil'!qeH OT HYJIH H 

HaITpaBJieH B,l{OJll> OC!tl ox . IlOSTOMy' eCJ!ltl Ha].{ ITOBepxHOCTl>IO pas.:. 

,&ena B OCiJiaCTH' r.v;e HaITPHlK8HHOCTl> ITOJIH '.IOBe PXHOCTH OM BOllHbl ell(e 

Benl'!Ka, ITYCTHT:b sap HIKeHHYJO qaCTltlliy co CKOpOCTl>IO' v = c~ IT O].{ y r­

JIOM $ K OCH OX , Onpe,&eJIHeMblM 1'13 yCJJOBMH lJ:epeHKOBa 

lO 

t 



cos e = L . < 1 (I.3) 
n~ ' 

Wa3e C IlOBepXHOCTHOlil BOnHO!i\(CM·P~C.l) 
qTQ nopeHtJ,-~aKTOp qaCTlillJ,bl rrplil 3TOM 

TO OHa 6y;ueT HaxO,lU1TbCfl B 

L13 (I.2) Iii (I.3) cne;uyeT , 

orpattlilq8H CHlil3Y 

~ > ( 1 - n -2 r 1/2 == ~ n . (I.4 ) 

YcnoBlilfl B03MOJKHOCTlll y cL 0pemrn qaCTV!Ubl rroneM rronepxHOCTHOlil BOJ!­

Hbl 11 ycTOJil lll1BOCTlil ee ,7J,ll; IlK8Hl1fl MOlKHO BbiB8CTlil l13 pemettlili1 ypa:sHe ­

fllili-1 MaKCBe JIJia ;unfl I! OBe p-:HOCTHOl1 BOnHbl B BaKyyMe c BOJIHOBhlM 

aeKTOPOM 

it=~ (ne, +dn2 -1'e3 , K
2 =U)'lc2

, 
(I.5) 

11 npoi113BOnbtto\1 nonHpirnau.;. 'li.1 , sa;n.a:sae 11i olil 

pai.m oC1 ' cXz. B CHCTe . e K00p;D.11 HaT ( 

;~yme li\ Cfl c B '.) JlHO W B,l.\OJ!l> Ha:: 1aBJ18Hl1H ocn 

KOMili!Bl•CHblMl1 napaMeT-

1 I I t' ) x ) y ' c. ' ' ;D.Blil-

0 .X CO CKOpOCTl>lO 

c/n (ClilCTeMa, B I\OT OjJOE n, '!Ha CTa'l'll!lleCHaH - CGB): 

E' = e1(1-on)(€; E.) + ll'n(E +-k [e/"J) = Eoe-~Red1(€1+ie3)ei~ (I.6) 

_, - - -- - 1 r.r- -]) n -~ ~ - •ct H =e1(1 -on)(e 1H ) +~n(H-nLe,E ==-~"Eo · ) ReLd..2(t::1+Le2)e , (I.7) 

u 

r;n.e 

(i), 
~= -l 
5 c ' 

ca>' ..n ... - x "t' c , U)
1 

= U)Jn2 -1' (I.8 ; 

Yc noB11e :sepT111HaJII>Horo pa:stto:aec11a qac m uhl Tpe6yeT ~= con.st , 

ycnomrn qe p eHHOBci<oro pe ao1rnuca Tpe6ye T noc TOHHCTBa cpaahl cf> ; 

noaTOMY B c1rny (I. 6-I.8) pa:sttonecttafl qacniua B GCB MOlKeT J.iBl1-

raTI>CH TOJlbKO B HaIIpaBJie HY.l'I ea CO CKOpOCTl>~ 

i'=- one2J?2-n.-2'' (I.9) 

-l!TO cne].(yeT TaKllte 113 npeo6pa30BaHHlil ]opettua J.(na ci<opocTl1 V 

qacTlillJ.hl. ~aC Tl1lJ.hl, :UBl1lKYll\l1eca co cKopocTI>ID (I.9) B CGB 11a-aa 

OTCYTCTBYiff KOMilOHeHThl 3JieI<Tpl1l!eCKOrO nOJifl BJ.(OJII> e2 , KaK STD 

Bll!;D.HO 1113 (I.6), He 6y;uyT nonyqaTI> OT no:sepxHOCTHOlil BOJIHbl npo­

J.(OnbHOro ycRopett11a, llTO cne].(o:sano TaKlKe Iii lil3 peaynI>TaToB pa6o­

Thl (28] • Heo6xO,lU1M8R J.(JlH ycRopeHlilH qaCTl11J,bl KOMnOHeHTa sneK­

TPlillleCKOro IIOJIH, HaupaBJ18HHaH no e2 B CGB, MOlKeT 6h!TI> nony­

qetta, OJ.(HaKO, BKJIIDl!eHl1eM B na6opaTOpHOlil Cl1CTeMe IlOCTOHHHOro 

BepTl1K8 JlbHOr o MarHl1THOPO nOJIH g3 ' Harrpa:sneHHOro npOTMB 0Cl1 

02. (B 3TOM M COCTOl1 T CYll18CTBeHHOe OTn11q11e MexaHl13Ma ycKope-

Hl1ff OT n pe].(nollteHttoro B pa6oTe [28] ). Tor].(a MS qnetta c BeKTOp­

HhlM n poHaBe;n;eH11eM B (I.6), B CGB B03HMKaeT aneKTpHqecKoe none 

-, lfn ._ p 
E2. = neao3 , (I.IO) 

06ecrreq11:sarow,ee npOJ.(OnI>HOe yci<opettlile (cM.plic.I). G ;n;pyrotl CTopo­

Hhl, n one g3 B na6oparopttol1 c11cTeMe KOOp,lU1HaT Heo6xo;n.l1MO TaK 

lite ;n;nH Tor o, l!T0 6hl nOJ.(.l\epi:cirnau tjlaao:soe pantto:sec11e qepeHKOBCK D 
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ro peaoa~uca :e ycKopHJJll\eR <})aae :eoJIHbl. 8TO ycnoHe 14 011pe,11.e MT 

:ee l1H 'llHHY n OJlfl 63 • 
BepT14KallbHOe pa:eHo:eecHe, oqeB14;ll.HO, Tpe6yeT BKJIIOqeHHH nona, 

nepneH.JU1KYJIHpHoro TpaeKTOpH14 qacT14Uli 14 napannenl>ttoro noBepx -

HOCTl4 ;zui3JleKTP14Ka B na6opaTOpHOR Cl4CTeue. 0)1HaRO,AJIH ' YCTORq14-

BOCTH aToro pallHOBeCl4fl (6e.3, yqeTa noneR aapH)IOB nyqKa), OHO 

AOJlllHO 6HTL 3HaKOnepeueHHblM, ueHHH 3HaK OT OAHOrO yqacTKa Tpah 

Ta ycKopeH14H K ;itpyrouy. KaK cne;nyeT 1rn ypairneHHR ,nBHllremrn, aTo 

o6CTOHT6.lll>CTBO, B CBOJJ oqepe;zu,, Tpe6yeT H3M6H6HHH CKaqKOM <l.JaSbl 

BOJlHbl, KSK 3'f() noKasaHO, B qacTHOCTl4, H B [30] (cu.TaKllte [IS]) 

yqeT BJIHHHHH nonel sapH;itOB nyqKa Ha ycToRqHBOCTb ,nBHll!eHHH 

(yqeT a4l<lJeKTa TOKOBO~ HarpysKH), npoBe)leHHliR r.A.HaropCKHY , 

ynpo~aeT ycJIOBHH :eepTHKallI>HOrO pa:eHOBeCHfl. 

B nocne;nyJJil\He ro)lbl 6wna oonee 11eTaJil>HO 14ccneAOBaHa ;zuiHaMHKa 

~aCTHU B CHCTeYe no:eepxHOCTH8H aneKTpOMarHHTH8H BOJIHa (ITSB) 

nnoo yarH14THOe none: 
- Hccne11o:eaHa Ha SBM ycToRqHBOCTl> )IBHKeHHH qacTHU :e6JIHaH 

qepeHKOBCKoro no.pora [31] ; 
- n-onyqeHbl ycJIOBHH Ha nonapH3anHIO BHemHeR BOJIHbl, npH KOTO-

po~ napaMeTpbi <l.JoKycHpOBKH (nepHOJI uarHHTOB H c)IBHrH <l!asbl IT9B) 

He 3aBHCHT OT CKOpOCTH qaCTHUbl, l!TO IlOSBOJIHeT cy~eCTBeHHO y:ee-

JlliqHTb aitcenTaHc; 
- paspa60T8H anropHTY aH8JIH38 6onee CJIO~HblX CHCTeM WOKYCH-

pOBKH (T1ma <i>OJlO)', o6ecneqHBaIOillHX aaueTHOe y:aem1qeHHe TeYna 

ycKopeHlrn sa cqeT 6onee paD,HOH8JlbHOrO HCITOJlb30B8H1'Ui MOlJttiOC'l; . 
Jiaaepa (32) ; 

- nonyqetto cTporoe pemeHHe ypa1rnettHVi f,! aKcBenna 11nH Il8B co 

CK8tlKaMH <l.Ja3bl , KOTOPbl0 IlOK83J.nJa!OT B03MOlKHOCTb pacnpocT paHeHHH 

.I3 

no IlOBepXHOCTH ;l\H3Jl6KTpHKa CJIOll!HOrO BOJlHOBOrO cJ:.)OHTa 6e3 pe­

<l.JpaKUHOHHblX H ,IU4CrrepCHOHHblX HCK8lfleHHM; 

- npoeKTHPYRlTCH ycTaHoBK/11 ;l\JlH npo:ee;l\8Hl4H muepHo-nyt1KOBblX 

HCnblTaHHR rrpol!HOCTH )IHaneKTPHKOB Ha 6aae nase pHoro attepro-yacc 

aHaJIHsaTopa, naaepo:a 14 aneKTPOHHblX MMKpocKonoB. Paspa6aTblllaeT­

cH Cl1CTeMa mmyJil>CHOti Cl4HXpOHl13ClUHH 14 aBTO!J \Tl13BUHH :acero KOM­

rrneKca ycTaHOBOK; I 

- :ee;n.eTCH no11roTOBKa K rrpOB8,lleH14IO ;n.eMOHCTPBUHOHHoro 3KCIIe­

p11MeHTa no ycKopeHHHl noEepxHOCTHOti BOJIHOV.; npHH~HTIHallbHaH cxe-

Ma YCTaHOBKJ.'l 11306pa1KeHa Ha pl4c.2. 

2. 06pameHH~ 3ql{1leKT Ba:B14Jif ·Ba-l!epeHKOBa 

B 1962 r. noaBHJiacb n11ottepcKaH pa6·JTa K.llli1Mo;11a [33l , KO­

Top1i1R npe.11nol!CHn ;l\nH yCKOpeHHH qaCTHU HCIIOJTh30BaT:& o6pail(8HHhtlt 

a<li<l.JeKT Ba:B14JIOBa-qepeHKOBa, Kor;n.a sru:e;11neHl4e aneKTpOMarIDITHOti 

BOJIHbl ;l\OCTl4raeTCH H8Jll'Illll'.8Y cpe;ZJ.bl c ITOKasaTeneM npenOMJ18H!llH 

n( cu) • a pe30H8HCHbIR xapaKTep E3aHMO;lletiCTBHH qacTHUbi c na­

;n.a10meti BOJIHOti 06ecneq11:eae'l.'CH Bb16D~OM qepeHKOBCKOro yrna Me~;n.y 

Harrpa:BJI8H!lleM rra;11aro~eR BOJIHhl 14 CK OpOCT:&IO llBCTHUbl 

COSS= 1jn(W)~, 
(2. I) 

B 1972-80 rr. B pa6oTax epeBaHCliOti rpyrrnbl [34-4I] no;11po6Ho 

61i1no paccYOTpeHO yCKOpeHHe 3apa~eHHblX qacTHU c nOMOll1:&IO o6paII(eH­

HOro qepeHKOBCKOrO 3W<l.JeK'l.'8 B pasJIBqHblX, B TOM ll!llCJIS, r aaoo6pa3-

Hb1X cpe.11ax. B pa6oTax r.A.HaropcKoro, Kl.~.OpJIOBa, M.JI.IleTpOCH­

Ha [35-37] no cymecTBy n.rep:a1i1e :a Teop11H .rrasepttoro ycKopeHHH Ha 

npvIMepe o6pameHHoro qepuiiKOBCKoro aiMieKTa crre~HaJI:&Hoe BH!l!MaHHe 
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6b!JIO y~e J.eH O BOIIpOCBM ycTO~traBOCTH ;zp!Hllt6Hldli ycKOpHeMHX qaCTHU. 

3 qacTHOCTH, 6b!JIO o6pa!q3HO BHBUamte Ha pOJI:& uarHHTHOrO IlOJIH 

BOJ!Hbl Jia2epa, HaIIPHl!t6HHOCT:& ICOTOporo B cpe.n;e 60JI:&me HailpHl!teH­

HOCTH SJ!81CTPHll8CICOro IlOJIH. IlpH pe.JIHTMB!dCTCICHX CICOpOCTHX qaCTHU 

ero .n;e~CTBHe OlC83b!BaeTCH cyll(eCTB6HHbW H HapymaeT ycTgtttraBOCT:& 

qepeHKOBCKOrO peaOH8HCa BOJIHa-qacTHua • .l{JIH o6ecneqeHHH ycTott­

llli!BOCTJll 6bl.ll0 npe,l\Jl')l!t6HO BKJIIOllBHHe nocTOflHH.oro MarHHTHOro IlOJIH, 

HanpaBJI6HHGro B,ll;OJI:& MSrHHTHOrO B8KTOpa BOJ!Hbl; 6b!Jla npe,ll;JIOEeHa 

Ii! npoattaJIH3:rpoBaHa CMCTeMa Tpex qepeHKOBCICHX BOJIH, r.n;e T81Cllt6 

B03MOllCP.H pe i: .. 1M ycTOtillRBOrO ycKopeHRH qacTHU c 60J!DillHM ilJa30BblM 

06'.beMOM nyllKC:l. 

.IlJIH o60HX 2Tli!X B8p!.18HTOB ycKopeHHH B [37] 6b!JI pa3BHT ueTO,ll; 

yqeTa BJill!HHHH 1.•. ttoroKpaTHoro pacceruurn Ha ycTott1rnBOCTD peuua 

ycKOpeHJl!f! Ii! ITO!Cb38HO, qTO ,ll;J!HTeJI:&HSH yCTO~llHBOCT:& HU66T U6CTO 

TOJ!l>JCO rrpl/I P,OCT8'.l.Ot::P.0 60JI:&lli0~ HaripHll8hHOCTH 5Jl61CTJlill6CKOro no­

J!f! BOJ!Hbl. B qacTHG TH, B none IlHKOCeKyH,ItHl:ilX naaepHl:ilX HllIIYJI:&COB 

C IlOTOKOM 1014 BT/C, 2, KOr.n;a npo60H c pe,Itbl 611(6 HC~, UHOrOKpaTHOf 

pacceHHH e He MOl!te T ?e"THBHO npe!IR!C!'BO::BEl.T:& ,It.lI?l !eJI:&HOMY ycKO-

peHHIO qacTn~ . 

B pa6oTe 1974 r . P • .1 t1Te.nn z uOTPYAffhKOB [42] 6b!JIO ocyll(ecn· 

Jie.ao ne pBoe 3KcnepHMe HTai saoe tta6JID.i:teaze 06pa111eaaoro 1:1epea:Ko»­

c1Coro a4.iiIJeICTa Ha cBotioAHbDC sJieKTpoaax, npoxo.n;HlllHX. pasJmqHHS 

cpe,ll;bl. B paCloTe rpyrrm1 P.Ila1; : em1 [43] npe;zuiapHTeJI:&Hbla ,ItaHHHe 

pa60Tbl.[42] 6WIH pa3Bl1Tbl 11 ITOATllepx.nenH; ll ,ItOilOJIHeHE6 K reJm ~ 
I 

eBO~ cpe.n;e, l1ClIOJI:&30BaHHOM B paoOTe [421 ' 6bll!H HCijOJI:&30llaH~ 

raso0Clpaatt1>1e Bo.n;opo.n; 11 weTaH; Kpo.1e Toro, BJIHHH!zfe ;nasepaoro 

' aurr.y.nDca aa pacnpe.n;eJieaHe sneKTpOHGB CibLJ!O 11ccne.n;0Baao n}M Ha -

pymeHHH qep\}HKOBCKOro ycJIOBHH nyTeM 1:aueHeHHH K03itxl>H~6HT8 npe-

IS 

JIOMJI6HHfi cpe.n; (CM. TaKKe [44] ). 

B pa6o~ax [45-47] 6blJia o6Hapyl!teHa HHTepeCHafl H, lIO-BH,lJ;l!MOMY1 

nepcneKTHBHaH B03MOlKHOCT» coa.n;aHHfl 60Jil>IDHX IIOJle~ c IlOMOll(l>IO 

BTOPHllHOro oClpaiqemrn 1:1epeHKOBcKoro aiIJiIJeKTa, 1Cor71,a ycK opeHHble .H 

CMO,ItYJIHpOBaHHble c fIOMOll(»JO o6pall(eHHOro s<P<PeKTa lJ:01peHJCOBa IIY'llCH 

1:1acTH~, nona.14SH B ;n.pyryHJ, cne~a.n::&HO no.n;o6paHH; ,a cpe;zr,y, coa,11,a-
- \ 

mT qepeHKOBCKOe H3JIY'l6HHe c BblCOJCOtt HanpHlKSHHCCTDHJ ITOJIH. B 3TOM 

111eTO;z\e o6paiqefil!H qe~HKOBCKll!~ a4.iilJeKT HCilOJID3Y•;TCH ;z\Balit.n;1i1. Ctta­

'tiaJia c Y1<SCTH6M Jiasepa MO,ll;YJIHPYIOTCH nyr.nm qac.T11~. IIOJ1Ylll1BlllHe 

Heo6xO,l\HMbl~ aanac aHeprHH B Tpa,l\H~HOHHOM ycicup11TeJie, aaTeM aa 

cqeT 3TOtt 3Hepl'HH B036ylK,ll;S6TCH qepeHKOBCKa~ BOJIHa B ecTeCTBeH­

HO~ HJIH l1CKYCCTB6HHOM cpe,11,e H CHOBa HCITOJI:&ayeTCf! oClpameHHe qe­

peHKOBCKOro a~ilJe~Ta ;z\HH ycKopeHHH qacTHn. 

B o6aope ~oa~a [48] np11Be.n;ea1i1 peayn•.raT1i1 paccMOTpeHHH 

a~il!eKTOB npoCloa cpe.n;H 11 BJIHHfil!H TOpMoaHoro 11aJiyqeHHH sJieKTpOHOB 

B cpe;l\e B rrpo~ecce RIX YCKOpeHHH c HCilOJTh .; OBaHHeM o6pall(eHHOro 

a~KTa BaB11JI0Ba-~epeHKOBa. 

B 3aJCJIJOqeHHe He06XO,l\HMO OTM6Tl1Tb H6¥ 0 TOpH~ cna.n l1HTepeca, 

HaCiJIJO.n;aHJll(l1~Cfl B IIOCJie,ll;HHe ro.n;bl, JC pa3B 11 Tl1!0 M6TO,ll;a ycKopeHHf! 

qacn~n c IIOMOUll>IO o6pameHHOro 3iiliIJ6KTa lidBHJlOBa-Y:e peHK OB a [ 1-8) • 

Bf'3MOlKHO, 3TO CBf!3aHO c B03HHKHOBeHHf.M HOBb!X cxeM yCKOpeHHfI ' 

l1HT6HCHBHO o6cylK,ll;8Hlll\MX0H B HaCTOf!Ul6€ BpeMf! B Jll1TepaType. c .n;py­

roiil CTOpOH!ll, Ha.n;o BCer.na IlOMHl1Tl>, l!TO SQ.ql6KT BaBHJIOBa-lfepeHICOB8 

1l 11 HeflBHOM Bl1,Z\8 11
, Clea yIIOMl1HaHHf! OD 3TOM, HCil0J!D3yeTCfl npaKTl1-

'!6CICl1 BO Bcex cxeMax YCKOpeHl1f! (H .;l.11p.' B pa3Jll1llHOro TJma Kp11c­

TaJlJIHqecic11x ycKop11TeJif!X). 
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3. 06pameHHhlK naaep Ha CB060,l\HblX 3Jl8KTPOHax (OJIC8) 

Ka;·: 11aBeCTHO, 11,ne11 11cnom.ao:saH11H nasepo:s ,l\JIH ycKopeHl1f:l sa­

PH;i(eHHhlX qacT11u IIOf:lBl1Jll1CI:. IIOtITl1 cpasy me nocne ycnemHoro nycKa 

nepB hl.X nasepo:s :a Hatiane 60-x ro,no:s. B q11cne n110Hepo:s 3Tl1X 11,ne~ 

6mm "~.A.KOllOMeHCK.11 ti 11 A.H . Jle6e,neB (49-51] . ' KOTOpble B 1962 r. 

rrpe,l\Ji01Kl1Jil1 I!pl1HUl1II aBT opeSOHi:iHCHOrO ycKope Hl1f:l qaCTl1U, ,LJ,Bl1 1Ky­

!llMXCfl B MarH11THOM none pa3Jil1'C!HblX KOH$1 rypau11t1 11 O,l\HOBpeMeHHO 

B IIOJ!G 3J!eKTpOMarHl1THOtl BOJ!Hhl . AHanor11 tIHble '!1,l\eH noq T11 O,l\HOBpe­

Me HHO 6h!nl1 pasBl1 Thl B.H.~anb!AOBCKl1M :a pa6 oTe [ 52] • 

B I '.>72 r. P .E.I1an:r:.Mep [ 53] qepe s I O JieT nocne noHBJieHHH 

pa60T [49 , 52] no,npo6HO paCCMOTpen B3aMMO,l\eHCTBHe qaCTl1Uhl, ,l\Bl1-

~tymeHC !i B Mar Hl1THOM OH,l\yn11Tope 11Jll1 CIIHpaJII:.HOM MarHl1THOM none' 

c nasepr. D~ :sonttoti 11 ,nan pactieT ycTpoticTBa ,l\JIH ycKopeH11H qac T11u 1 

rronyt111B u:·; ro Bnocne,l\CTBl111 HasBaH11e oelpamenttoro nasepa Ha cB oClo,n, 

HblX aneKT1 OHax . ITp11 3TOM OKasanoc:r:., l!TO TeMn ycKopeH!1 !1 o6paTHO 

nponopu110H ·neH 3Hepr1111 qaCTHUbl H MOlKeT ,l\OCTHraT:r:. 3HatieHHt1 no­

PH,l\Ka 100 : . B/M np11 aHe prHHX qacTHU ,l\O necKon:r:.KHX rnraaneKT -

pOHBOJibTo 

. B 1982 r. , .J,:.Kott,npaTeHKO 11 E.JI.Can,nHH [54] ocymecTBHJIH 

IIO,llpOClHbltl pac q._ T oClpameHHOrO nasepa Ha CB060,l\Hl:IX aneKTpOHax c 

nonepe'iHbIM 3Hal( . 18peM8HHblM IIOCTOHHHblM MarHl1THblM noneM. 
' 

B o6sopax K.ITG •erp11H11 [5,6] 11 A.PeHHep11 [7] paccMoTpeHhl 

!.\OHKpeTf!bl8 CX8Mb! J !Wp!1TeJret1 Ha 3Hepnrn ,l\O H8CKOJII:.Kl1X COT8H 

r11raaneKT~OHBOJI:r:.T, c ~ HOBaHHhle Ha OJIC8. ITp11 3TOM TeMn ycKopett11H 
' 

anei<TpOHOB ,l\alile np11 ;). epr1111X IIOpH,l\K8 IO raB MOlKHO coxpattl1TI:. Ha 

ypOBHe "' 100 !;13B/ M, n, 1l!eM Ha BeJ111q11uy TOK.a He HaKJia,llh!BaeTCfl 

J? 

npHH.l\ruIHalll>HWC orpwnr11eHHit. 1CKOpeHHe 146T0l(OM Ol1CS ll!lilBJJ6Ka -

TeJlI:.HO eme 11 B TOM O!HOW8HHH, qro 3l(6Cb ~Ol'Yf 6Htb llOQfB n9n­
HOCTI:.fil 11Cll0Jll>30BaHhl BeCb OOllUlpH!illt reopeTuqecxu« Sa.iten.H noqfH. 

BCfl 3KCnepHM8HfaJILH8ff f8XHHK8j paspa60TSHH1ie )ln!I nasepOB Ha 

CB060,l\HblX aneKTpOHax (CM.Hanp.' o6aopbl [55-58]) •· ·IlOS!rOllY ,110&­

.HO Ha.itef:lTI:.c11, 1uo ll 6J1Hzai!U1He rOAH, no-BHAHMOMY, 6Y"JJ3T coa,itaHl 

nepBhl~ npOTOTHllbl yCKOPHTeJieii Ha npHHIUflle O!CS B I'sBHOH 06-

nacTH aHeprH~ • . 0cHOBH4fl TPY.l\HOCTb a]{ecL coctoeT B noBsmeHHB 

cpe,l\He~ 1i1omaocTH naaepoB npe onpeAeneHHHX Tpe60BWIH!IX Ha KS -

qeCTBO HX ny11Ka. 

0AHaKO._ ]{JI.II ycTaHOBJI6HH!I lflaKTa ·HaJIH'lii!I naaepHOl'O yCKOpeHHR 

B oa;zcrnHTopax iii o6pa6oTKH MeTO;LUIKH ,itocTaT011Ho ucnon:r:.aoBan 

nasepbl OTHOCl1TeJII:.HO HeOom.1110« MOl!lHOCTH 11 aneKTpOHhl He60Jll>lllHX 

aHepr11ki . TaKaa sa.ita11a 6b1Jla nocTaBJieHa H pe111eaa :a EpeBMCKOM 

~ea1111ecKoM 11HCTHTyte rpynno~ M.~.IleTpocaHa :a pa6vTax (59,60) 

!IBl1BillHXC!I npO]{OJIX0HH8M pa60Tbl [61] no C03l(aHHfil nasepa Ha CBO­

ClO,l\HblX aneKTPOHax B 11HqipaKpacHOM ;LUianaaoae AJIHH BOJIH c ucnom.-

30BaHH8M Ml1KpOTpOHa. Pesym.TSTbl STHX pa6oT noruqec!G! CBR3aHhl 

H ne peKnl1KaIOTb.!I c pesymTaTSMH' noJlytieHHhlMH B ,npyrux HayllHblX . 

ueHTpax MHpa aa nocne;:;,;rne rol(hl (cu. oOaops (54-58]). 

B pa6oTe (60] ITIJ11B8,l\eHbl pesym.TSTbl 3KCnepHM6HTaJIDHOrO HC-

cne,noBaHl1!1 cneKTpaJlI:.HOro pacnpeAeneau.a a~eKTpoHOB nytIKa nocne 

MX B3811MO,l\eMCTBHf:l c BH8illHeii aneKTpOMarHHTHO~ Bonao~ B oa;zcrn11-

TOpe. CxeMa 8KCnep11MeHT8JlI:.HOH YCTSHOBKH npHB8'A6Ha Ha puc.3. 

OHa aHanor11tIHa cxeMe yCTaHOBKl1 pa60Tbl [591 t O,l\HaKO, B OTn111rne 

OT [59] OCHOBHhle napaMeTphl flBJl!IDTCH 6onee OITTHMaJII:.HhlMH. B 

qacTHOCTH , y:seJIHl!eHa aHepr Hf:l aneKTPOHOB 'AO !2 MaB, l!TO nos:so­

~11no 3HatI11 Ten:r:.HO paCillHPHTI:. o6naCTb 113MeH8HHf:l napaueTpOB, onpe-
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;n,eJif!IDlllHX B3ru!MO;n,et!cTBJ/le 3JieKTpOHOB c BOJIHon. b~B~AeHHhli.1 3Jl8K -

TpOHHhll.1 rryqoK MlllKpOTpoHa c atteprlllel.1 ;n,o I2 MaB cpopw1pyercrr c 

i!OMO!l(l>ID P,Byx KBa;npyrrOJII>HLIX JU'!H3 H tieTb!pex KOppeKTVipJIDli.l,11X 1.:arm1-

TOB TaK11M o6paaoM, qTo ,lU'l&ieTp norrepe11Horo ceqe Hlllfl ny'llia tta 

Ce pe,1.1,~iHe OH;n,yJIHTOpHOrO I.JarHHTa COCTaBJlf!8T 4 Ml.I . Vl3Jiy qemrn COz­
Jiaae pa BBO,lU'!TCff B OH;n,ynHTOp H woKyCHpyeTCH Ha cepe;n:lllHe OH~ynH­

TOpHoro uarH11Ta c ITOM OOll>ID ;n,Byx Me;n,Hb!X 3e pl\aJI: llJJOCKOI'O l1 C t~e -

p~iqecKoro c Pa.lU'IYCOM Kpl1Blll3Hhl 5 M. lt1crroma0Ba1:1 6e31KeJieam1i1 

i1Jl OCKllli.1 OH.D.YJIHTOpHbli1 Martt HT. 

OCHOBHh!e napaMeTpb! ycTaHOBKlll CJie;n,yIDU(llle: 

3neprv.H aneKTpOHOB I2 M3B 

M Oll(Hoc Tb C°'2-Jia3e pa 2 0 MBT 

J(mrna CITHpaJI:t.HOro OH,l(YJIHTOpa 

~JU!Ha rrepHO,l(a OH;n,yJJHTOpa 

Harrpff)f(6HHOCT1> llOJlff OH;n,yJIHTOpa 

ITorrepeqttoe ce11eHHe rry11Ka 

20 CM 

9,5 MM 

0-IOOOO 8 

o,~5 c;. 
~l 3Me PHJiaC:t. 3aBlllCl1MOCTJJ ITOJJO)f(eHfrn MaKCHMyMa a He preTJilqec1wro pac· 

rrpe;n,ene!llrn aneKTPOHOB OT HaITpfflK8HHOCTl1 MarHHTHOI'O IIOJlf! OH;n,yJirr­

TOpa. PeaynJJTaTbl Ha1.rnpeHHrr rrpune;n.eHh! Ha p11c.4. KaK viaBecrtto 

(54] , c pe ;n,Hee lils1,1euemiie atteprlllY! aJieKTpotta np11 0,1\HOl11 npoxo;n,e 

l!epes OH,1\JJlHTOp lllMeeT Bill.( 

(~~) =43r3(~)4N3F(><)' (3.I) 

T;n,e 

. e n: = -='· - qacTOTa i,IJaaOD boc irnne6aH11i1 , 

I~ 

(I) =- 211:c /A - qacTOTa OH,lcyJ!ffTOpHbllC KOJie6aHHi1, 

-4 
K = 10 HJ\ - K03\DilJHJ:Ui8HT OH;n,yJIHTOpHOCTH. 

F(x)=~(cosx-f +fsi.nx) . - CTaH;n,apTHarr WYHKlllllff B3ru!Mo;n,eti • 

r,7.\e 

1\. 

H 

N 

/\N=L 

E11 

~p 

CTBlllff, 

- 'A.llliHa nepHo;n,a OH;n,yJIHTOpa B CM, 

- MarHlllTHOe none OHAJJIHTopa ~ apcTe;n,ax, 

- llHCJIO rrepy,o;n,oB OH;n,yJJf!TOpa, 

- ;n.JJHHa OH;n,JJlflTOpa, 

- HarrpfflKeHHOCTb IIOJJH Jia3epHOl1 BOJ!Hhl, 

X=23TN(1-~p/l!'), E 
't = m;cz 

orr pe:z1e nrreTCH 113 ycnoBHH 

./\ 
./\= 2~p (1+K2), 

' 
CVH!XpOHJ'l3Ma 

.i\ - ,7.\Jll!l Ha B OJJHhl JJase pa. 

YCJJDB ''ie MaJJoro cHrHana 11 mrnet1Horo peliG1Ma paCiOTbl 

St/Ci> « 1 
(3.2) 

-2 BhlllOJJHeHo rrp11 Bb16paHHhoc rrapw.eTpax ycTattorun1: n./ru::::: 10 . 

CTatt,7.\apTHaH !l>YHKlll'lH B3aHMO,ll,etlcrB11H F ( H) B aaBlllCl'JMOCTl'l OT 

H ( X B::rpar.retto llepe3 H ) rrp11Be.11eHa Ha pHc.4. KaK Bl'l;n,Ho ;13 

r oJJyqerlHbDC aKcrrep11MeHTa:: .~Hh!X pe3yJI:t.TaToB, o6nacT:t. 3Hairnttllll1 H , 

·1Plll KOTOpoU l1MeeT MeCTO B3ffi.1MO;n,ei1CTBJ'le BOJIHbl lll 3Ji8KTp0HHOro 

rryirna, Hairnoro urnpe, qeM rrpe;n,crtash!BaeTcH CTaH;n,apTHol1 Kp1rnoi1 

F ( H) . TaK I< rut ycJJoB11e uanoro c11rnaJJa 11 JllllHe l1Horo peli\l1Ma 

(3.2) y.l(OBJJeTDOpetto, TO TaKoe paCXO)i(,7.\eHvle, no Bceiii Be pOHTHO~'!'I' 
MOlKeT 6bIT1> 06'.Df!CHP.HO HeMOHOxpoMaTvrqHOCTI>!O JJa3epHoro 113JIJ llel!Hl1 
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lll H60,lUIOpOAHOCTbD MaI'Hl/ITHOro nona OH,llYJillTOpa no nonepeqHOMY 

ceqemrn. Blipaxreal/le (3. I) BllBe;lleHo ;l!Jlfl 1.1oaoxpoMaTJ11qa1iOC lll H;lleaJib ... 
' ao OAHOPO.llH!iOC sHaqeal/I~ sTlllX xapaKTeplllCTlllK. Heo]:laopo;llHOCTb Mar-. 

Hl/ITHOrO nOJill OH,llYJillTOpa no nonepeqaouy ceqeHJllD COCT8BJI!leT ;lle­

CHTKJll npOUeHTOB 9 a nyqOK C~-naaepa MHOrOMO;llOBli~. ECJllll B (3.1) 
nOACTaBHT» MaKClllMWibHoe aaaqeal/le F(H) lll aaaqeal/la ocHOBH!iOC 

BeJllll'UIH ;llaHHoro 3KCneplllMeHTa, TO noJiyqaeTCff ;l!Jlll MaKCJllMaJibHOro 

aaa11em1a 11 't /~ ~ ro-3 , 'CITO xopowo cornacyeTca c peaynI>TaTSM* 

HauepeaHa. Saaqeal/le MaKCJ11uaJ!baoro lllsMeHeHJllH aaeprllllll aneKTpOHOB 

MO~HO oueHJllTb no ~OpMe: 

K 
.6€max = E" TL ' (3.3) 

Bbllle;lleHHoa ;llJIH cJiyqaa naaepaoro ycKopeHJllH [59] • Ilplll AJll/IHe OH-

.nyn11Topa L. = 20 c11, AE.ma11 = 60 KsB, qTo no riopa;llKy Be-

JllllquHH COBna;14aeT c peayJI»TBTaMJll l/13MepeHlllH, eCJllll yqecT», qTo 

l/13MepaJIOCb He MaKCJllMaJibHOe l/13M6H6Hl/16 3Heprl/IM 3J16KTPOHOB, a CMe+ 

~eHHe MaKCHMyua cneKTpaJI»aoro pacnpe;lleneaJ11a. 

B aacT011~ee BpeMa B EpeBaHCKOU 4Jl1laJ11qecKOM J11HCTJ11TyTe yCHJll/111-

Mlll yqemiDC H lllHlleae poB Ep<P.ki, ~us HM.W .B.KypqaToBa lll Hlilk1S~A 

l/IM~~-B.E~peuoBa, C03;ll86TCll HOBSH 3KCneplllMeHTSJibHSll ycTaHOBKa 

;llJlll nonyqeffl/111 ycKOpeHHH aneKTpOHOB ueTO;l!OM OJICS. OcHOBHOa 

uen»D sio~ . pa60Tli HBJ1116TCll 3KCneplllM6HT8Jll>H06 nO;llTBeplit,146Hl/le B03-

MOlKHOCTJll nony11eHKH 6onee BliCOKOro Telllla yc~OpeHlllH, KOTOp~ B 

OCHOBHOR onpe;lleJIHBTCll MO~HOCTb~ l/ICilOJll>Syeuoro B ;llaHHOM iJCCne -
• 

plllM6HTe c~-naaepa, C03;llSHHOro ~ ~HAS lllM.~.B.KypqaTOBa H HkiH~A 
Hu.i.B.EwpeuoBa. 

2.l 

uapSMeTpli-COS;lla.Baeuo~ ycTSHOBKH cne:zlYD!llHe: 

8HeprJllH 3JI6KTpOHOB 

MomHOCTb c~-naaepa 

MHTeHCJllBHOCTb naaepHOH BOJ!Hli B 06JiaCTJll 
B 3al/IMO'A6'1CTB.l'IH 

~Jll/IHa OH,llYJIHTOpa 

J.(JllllHa HaqaJIDHOro nepHO'Aa OH;llyJIHTOpa 

HanpHlleHHocTD rroJIH OH:zlYJIHTopa 

0JtJ11;ll8eM1:1~ rrp.HpOCT 3HeprHH 3Jl6KTpOHOB 

O&i;llaeMHM TeMil ycKopeHJllH 

I2 MaB 

5 I'BT 

I012 BT/cu2 

20 CL! 

0,95 CM 

6000 s 
6 MaB 

30 MaB/u • 

Cne.nyD!llHM aTanOM pa6oTH ;llOJillHO 6HT» coa;llSHllle npOTOTlllrra yc­

KOPJ11Te1rn Ha rrplllHUHne o6p~eaaoro Jiaaepa Ha cBo6o;llHD!X aJieKTpo­

Hax Ha 3HeprHID OKOJIO 5 I'aB. IlpHuepli pacqeTOB TaKJllX CHCTeM ;lla­

Hli B o6sopax K.IleJinerpHHlll [5] lll H.tlom;i [62] • IlpHBe;lleu rrapa -

M6Tpli O;llHOCTa;lllll~Horo YCKOpHT6JIH c OH;llyJIHTOpOM, 06Jia]:laJO!llHM O;llHO­

BpeweHHO rrepeMeHHhlMH ITOJieM H rrep.HO'AC~ (pHc.5~ lipHMep rrpHHSAJie­

l!G1T Il. Crr paarmo (62] ) • 

IlapaMeTpli nasepa: 

ll omHocu 

J.(Jllll Ha l/IMlIY Jll>C a 

,llHaueTp IlHTHa 

.llmrna BOJIH1:1 

rr one naae pa 

J.(JllllHa ycKopeHHH 

2· I013BT 

I HO 

3,5 MM 

I MM 

2· roIOB/M 

39 M 

ITapaueTpH OHJlYJIHTopa (BHrnepa): 

AMITJllll,Z\yTa rroJIH 
.llJIHHa Il6PH O'Aa 

2-50 KI'aycc 
2-IO CM 
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Ilapru.teTPH 3Jl6KTpOHHOro nyqxa: 

HaqaJIDHruI sHeprHH 50 MaB 

KoHeqaaH aaep!'HH 5,3 raB 

roK 2 KA 

PaMyc rryqKa 2 MM 

CpeAHH~ rp~HeHT 120 MaB/M 

Paa6poc no sHeprHH 0,05%. 

B 3aKJ1roqeHHe aToro naparpa~a, B ~eJIHX IlOJIHOTH H3J!OllteHHH , 

OTM8THM, qTQ ' JiaaepH Ha CB060AHblX 3Jl8KTpOHax HCil0JID3YIOTCH B paaJ 

J!HqHblX cxeMax JiasepHoro ycKopeHHH HerrocpeACTB8HHO KaK HCTQqHHK~ 

3Jl8KTpOMarHHTHOrO IlOJIH. K TaKHM cxeMaM OTHOCHTCH HaR60Jiee npo­

~HHYTHH B 3KcrrepHM8HTaRDHOM OTHOWeHHH AByxrryqKOBH~ ycKOpRTeJID 

(TBA) Ceccnepa [63] , rrpH paapa6oTKe KOToporo coaAaH 3-MeTpo­

Bbd1 naaep Ha CB060AHhlX 3JleKIPOHax Ha AHHHY BOJIHH l CM, MOll(HO­

CTDIO 1,0 I'BT H Ha npo6HO~ BOJIHOBOAHO~ CTPYKType IlOJiyqeH ycKOPH~ 

rolllM~ rpa]U1eHT 180 MaB/u (cM.pHc.6, r~e Hao6pal!Ceaa npHH~ITHB.Jlb­

Hrui cxeMa ycTaHOBKH). 

~aaep Ha CB060~HblX aJieKTpOHax HCIIOJID3YeTCH B rrpeAJ!OllleHHH 

[64] o coaAaHHH JIHHe~Horo KOJIJialiAepa B TsBHo~ 06J1aCTH aaep­

nti'I, OAHaKO, B [64] BMeCTO HHAYKIUIOHHOro ycxopm~eJIH Ha 1000 A, 

3, 5 MaB, rrpHMeHel:IHOro B (63] ' npe,llJiaraeTCH HCilOJ!b30BaTD 

CBepxRpOBO'AffmHe peaoHaTOPH (CM.TaKllte [I3] ), paapa6aTHBaeM!le 

B UEPHe, aa qacToTe 350 M~, c A06pOTHOCTbD 5·Io9,_ ycKOpHKllllilM 

ITOJieA! 15 MaB/M. 

IlpH aenocpeACTB8HHPM HCil0Jl.D30BaHHH naaepoB .• KaK HCTOqHHKOB 

CBq MOll(HOCTH, CHHMaeTCH OrpaHRqeHHe Ha npeAeJ!bHYKl SHepI'HIO 
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YCKOpH6MblX qaCTHU; OAHaKO ,- YCKOpHeMHe TOKH He MoryT 6HTD TaKHM~ 

~e 60J!bllll:fMH,KaK B CJ!yqae YCKOpeHHH MeTOAOM o6p811(eHHOro naaepa 

Ha CB060AHblX 3JieKTpoHax. 0AHaKo B o~cs, KaK H3B8CTHO, cymecTBYr 

eT orpaHHqeHHe Ha aaepI'HIO YCKOpHeMwc qacTHU AO BeJIHqffH 

- IOO raB, H3-3a IIa,IISJOIIlero c 3Hepnrn~ TeMrra ycKopeHHH H, qTo 

60J1ee cymecT.BeHHO, BOapacTaIOIIlMX c 3HeprHe.tt IlOTepD Ha MarHHTO­

-TOPM03HOe 1'13JlyqeHHe SJieKTpOHOB B OHAYJIHTOpe (OHAYJIHTOpaoe H3-

nyqeHHe). 

.4. YCKOpeHHe KHJID.BaTepamm .BOJ!HaMH B rraCCHBHblX 

aaMeAnHrol!lMx CTPYKTypax 

IlpH ycxopeHHH KHJIDBaTepHblMH BOJ!HaMH .B 38MeAJIHIOll(HX CTpyKTy -

pax rryqOK qaCTHU c 60JIDWHM TOKOM H OTHOCHT8J!DHO He60JIDWO.tf 3Hepr 

rnet1 BITPHCKH.BSeTCfl .B rraCCHBHYKl (Hanp ••. - maa~parMMpO.BaHHli.tf BOJI­

HO.BOA) RJIH aKTHBHJD (Harrp.,nnaaMa) 38M8AJ!flKlmyro CTPYKTypy H 

C03AaeT 3JieKTpOMarHHTHOe IIOJie' KOTOpoe aaTeM HCIT0llD3Y8TCH .l(JIH 

YCKOpeHHH .l(pyroro rryqxa qaCTH~, MeHDilleU IIJIOTHOCTH, AO 6onee 

Bh[COKHX aHeprH~. 

B onpeAeJieHHOM CMHC.ile .Bee cymecTBYIOll(He YCKOPHT8JIH RB.ilfl~TCfl 

YCKOPHT6JIHMH Ha KHJIDBaTepHblX BOJIHax. HarrpKMep, B 06JlqHHX JlH -

HeUHblX BliCOKOqacTOTHblX yCKOpHT6JIHX nyqox SJl8KTpOHOB HeOO.ilbillO~ 

aHeprHH H 6oJ!bmoro TOKa B036yx.l(aeT BliCOKOqaCTOT~oe SJieKTpOMar­

HHTHOe IIOJ!e B peaoHaTope KJIHCTpOHa, KOTOpoe H ffBJIHeTCfl .B .l(aHHOM· 

CJiyqae 
11

KHJIDBaTepHW1 IlOJ!eM". 8TO IIOJ!e qepea BOJIHOBOA nepe.l(aeT-

_ CH B YCROpflromyK> CTpyxTypy, r.l(e H npOHCXOAHT ycxopeHHe nyqKa 

qaCTHU AO Tpe6yeMo~ aHeprHH. To HOBOe, qTo Il03BOJIHeT OTHOCMTb 

ycxopeHHe B KHJIDBaTei;.:HX BO.iIHax B nacmJBHJ:lJC CTpyKTypax R HOBHM 
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MeTO;l\aM yc1wpem1a:, COCTOlllT B 3HatrnTeJI:bHhlX KOJIBqeCTBeHHb!X 1113-

MeHeHJ/IHX xapaKTeplllCTJ/IK COOTBeTCTBYIDllU'IX YCKOp111TeJIJ:.HblX ycTaHo -

BOK, .J/13MeHeHJ/IHX HaCTOJlJ:.KO CJ/lfilHblX, qTO OHi/i J/IHOr;l\a Tpe6yroT Ill 

KaqecTBeHHblX J/13MeHeID1*, B oco6eHHOCTJ/I B CJ/ICTeMax BbICOKOqacTOT­

HOro Ill/ITaHlllH. IlpeJi!,ll,e BCero, KaK MlllHlllMYM Ha rropH;llOK no cpaBHe­

HllllO c Tpa.I(llll\lllOHHblMJ/I MeTO.I(aMlll, MOlKeT 6b!TJ:. yBemiqeH TeMrr ycKope­

HJ/lff .I(O 3HaqeHllltl 150-200 MaB/M. 8TO, B CBOIO oqepe,ll,:r:., Tpe6yeT, 

BO 111s6elitatt111e rrpo6oeB 111JI111 paspyIUefilltl B nac.c!llBHb!X CTPYKTypax , 

yBemiqeH111H qacTOTbl IIOJIH. YBeJIBqeH111e qacTOTbl AO ,l.\eca:TKOB rnra-

' rep!.\ o6yCJIOBJl8HO TaKJi!e Tpe6oBairneM coxpaHeHJ/lff Ha B03MOR(H0 60-

Jiee HJ/13KOM ypOBHe J/IMITYJIJ:.CHO~ MOll(HOCTlll, 110.I(aBaerrni1 B ycKOf'"IOUjyIO 

CTPYKTYPY, a TaKlKe yMeH:r:.IUeHlllH TOKOEbIX Harpy.: OK. ,TeM He Mettee, 

J/IMITYJIJ:.CHaff MOll(HOCT:r:., Harrp111Mep, ]3 yKa3aHHOM lllHTepBane qacTOT 

.I(OCTJ/lraeT B8JIJ/lqVJH rropff.I(Ka r111raBaTT Ha MeTp yCKOpHIOll(ej;j CTpyKTypbl 

rrplll .I(JilllTeJIJ:.HOCTJ/I J/IMIIyJI:r:.ca ;l\eCHTKlll HaHOCeKyH.I(. Bee STO Tpe6yeT 

paspa60TKJ/I HOBb!X J/ICTQqHJ/IKOB BbICOKoqacTOTHOro (lllJIJ/I CKOpee yn:r:.Tpa­

BblCOKO'!aCTOTHOro) IIJ/ITaHlllfl, COBM811(8HJ/lff (lllJW cymecTBeHHoro np1116-

JlllllKeHI1ff) reHep11pyrom111x 3Jl8KTpOMarHHTHYIO BOJIHy CTpyKTYP c YCKO·­

PHIDllU'IMlll [I3,65-6?] • 

B 3TOM rraparpaqe pacCMaTplllBaIOTCH pa60Tbl, IIOCBHll(eHHble rrac­

ClllBH!iM CTpyKTypaM, XOTH HeKOTOpble 06m111e pesyn:r:.TaTbl OKa3b!BaIOTCH 

cnpaEe.I(JllllBblMJ/I Ill .I(JIH yc1wpeHHH KlllJlJ:.]laTepHbIMlll BOJIHfilllll B rrna3Me 

(cM.cne.z1.naparpa~). 

IlepBble npe.I(JIOlKeHJ/IH IIO ycKopeHHIO IrnJIJ:.BaTepHb!Mlll BOJlHaMJ/I B nae~ 

ClllBHhlX CTPYKTypax np111Ha,11JielK~T. ,Zl)J(.A.Boccy H T.Bei1naH,ll,y [68,69] 

8Kcnep111ueHran:r:.Hoe 111ccne;110Bafille aq¢eRTa 6b!JIO npoBe.I(eHo Ha cos -

;llaJiHO« B .IlE314 ycTaHO:JlKe' KOTOpyro aBTOphl Ha3EaJllll TpaHC~OpMaTop 

Ha KlllJIJ:.BaTepHO~ BOJIHe (?O] (CM.pl/IC.?). B STO~ ycTaHOBKe aJieK-
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:rpu1111lil/I KUJJ..b11cl!O~ nyqoK nepeceKaeT ycKopa::omyro CTPYKTYPY (;llllla­

PP8rM111poBaHHbltl BOJIHOBO;ll) qepes OTBepcT111e B ;l(lllawparMax, pacno­

JIOllte£lHblX B6Jllll3111 BHeIUHen CTeHKH BOJIHOBO;lla. I'eHep111pyeMue KHn:r:. -

B8TepHble BOJlHbl OTpallCSIOTCH OT BHeIUHei:l CTeHKJ/I Ill ;l(BlllJi(YTCH B,ll,On:r:. 

pa;lllllyca K ~eHTpy BOJIHOBO.I(a, rrp111 3TOM o6~eM, 38HHM88Mbltl noneM, 
yMeH:r:.lUae.Tca:. 

Ha oc111 BOJIHOB0,11a o6paayeTca: cyi.IMapHoe fIOJie, :aospacTaDmee · 

o6paTHO nponOpl\.lllOHaJIJ:.HO ROpHio KBa.l(paTHOMy 1113 Pa.IIHyca o6~eMa t 

CO;llep~amero noJie K.J/IJIJ:.BaTepHo~ BOJIH~. Ilp.111 TaKOtl KOHqiffryp8J.\llllll 

saueAJIHIOl!le« CTPYKTYPN 111s:aecTHoe .I(Jin rrocne.I(OBaTen:r:.Ho CJie;l(yfilll!lllX 

Ill npO.l(OJI:r:.HO CHMMeTpHqHblX cryCTKOB orpaH111qeH111e Ha BeIDllll!Hy YOKO• 

pa:Dmero nOJifi E+ , Bb!TeKaiolllee H3 coxpattea111a: aHepr111111 , 

E+/E- = R ~ 2 (r.I(e E_- Top1.1osa:mee lllCXO.l(Hb!U r.yqox none , 

R - xoacpqi111~111eHT TprurcwopM81\111111) yllte Henp111eMneuo, 111 ,l!,na: P81\lllO­

HaJI:r:.HhlX pasMepo:a cTpyxTyp~ MOXHo nonyq111TD RoacJ?<P111Ini!:eHT TpaHcwop+ 

Ma~111.111 R B npe.11enax I0-20. 

0cHOBHaa: TPY.llHOCTE B ocymecT:aJieH111111 npe;l(Jio~eHaou B [68-701 

cxeMu (KaK, BnpoqeM, B sHaq111TeJI:r:.Ho~ Mepe .111 nfil6oM ;llpyroM cxeMu) 

COCTOJ/IT B C03.I(8HJ/IJ/I YCKOpHfilll(ero nyqKa AOCTaToqHo BNCOKOM ilJIOT -

HOCTlll, KaK 3TO OTMeqafilT a:JlTOp~ 3Kcnep.111MeHTa [I3] • HM YAanocn 

noJiy'ilfTb TOJI:&KO IO% OT IlJIOTHOCTH YCKOpa:romero nyqKa, H, Il03TOMy 

Ha6nro.l(eHHBM TeMn YCKOptlHJ/IH COCTaBJIHJI Boero 8 MaB/M BMeCTO OlKJ/1-

,ll,aeMblX . IOO MaB/M. 

0.I(HaKO H;ll8H pa6oT (68-70] HMena 60~ElUYfil 3Epl/ICTJ/lqecKY.HJ ~eH­
HOCTD, nopO;l(lllB, HJilll, no RpaMHeli Mepe, nOBJllifi]l Ha nopo~;l(8HJ/le 1\8~ 

Jioro PH;lla HOBhlX lllP.eM, CBH3aHHblX c YCKOpeHl/leM KlllJI:r:.BaTepHbIM.1/1 BOJI­

iaMH E pa3Jllllqaoro T111na saMe.I(JIHDUU!x BOJIHo:ao;l(HbIX CTpyKTypax. K 

~aKHM npe~nnwP~~'™ OTHOCHTCff ID!He~Hr:Ui YCKOpHTeJI:r:. c BKJIIDUHBMO~ 
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MOIIIHOCTDD (71] , B xoTopoM npe,D.r.araeTca BMeCTO KoJIJ)neBoro nyq­

Ka HS pa6oT [68,69] ' H.llYlllero no nepH~pHH CTPYKTYPli, HCil0llD-

30BSTD anexTpOHH, HcnycKaeMHe ~OTO~O,ll.SMH llO,ll. B03,ll.0MCTBH6M Tper 

6yeu1:& o6pasoM c~asHpOBaHHoro nasepaoro o6nyqeHHa. OneHKH no­

xasEUJH, 0,ll.HaY.O, qTO ,D.na COS,ll.aHHff TOKS ~OTOaneKTpOHOB Tpe6yeMOM 

nnoTHOCTH MOIIIHOCTD nasepa ,ll.OllXHa 6HTD HenouepHO 60Jll)WOM. Eonee 
' nepcneKTHBHOM oxase.naCD H,ztea penHTHBHCTCKOrO KnHCTpOHa, Bl\ICKa-

3Sf!HaH B.IlaHO~CKHM [13] H pasBHTaH B pa6oTax A.Ceccnepa B 

C.Dy [66,67,72] ' KOr,D.a aneKTpOHHl\le nyqKH Bl\ICOKO~ HHTeHCHB -

HOCTM (-I-2 KA), 60JIJ)W0f.t IlMKOBOf.t MOIIIHOCTH ( - !'BT) H He6o1ll>-
I 

JUOf.t aHeprHH (,.,, I MaB), COS,ll.aBae1rn:e COBpeueHHilDIH HH'AYKIUtOHHWIH! 

ycxopHTenHUH, ucnoJIJ)syidTCH ,D.na reaepal\HH Bq nona c .D.JIHlfO.M Bon­

HH I-3 CM (cu.Hanp. [67] ,pHc.8). 

PenHTBBHCTCKHf.t KJUJCTpOH aBnaetca ecTeOTBeHHblll coe,lU'IHeHHeu 

lJ;JJyx xopowo paapa6oTWiHHX texsonornl - KnBctpoas!iiic nmm H HH­

;!l;YKI\HOHHoro nHHef.taoro ycxopztena. Konna6opmuta - UeHTP JmHef.t­

aoro yci<OJM!Tena B CtaH<PoP.D.8 (CW), JloypescoBcxSH na6opatOPHH 

B EepKJIH (JIJili) H JloypeHCOBCXWI HBIUJOBUI>B8Jl na6opatopBH B 

JlBBepMOpe (JIJIHJI) aKTP.BHO paspa6&tlill8H 9!0 npe;itll0ll8HH8' BllBH 

hOHeqaof.t UBllhD C03A8HHe aneKTpOB-llOBB!pOHBOro"sonxafl;itepa .B 

Ts~HOf.t o6naCTK aaeprHf.t D KOUD8KTHHX ycxo111tenel BB ae60llloliJ!8 

aaeprHH (cM.aaqp. [66 ,67]), r,D.e otueqeau B tpyiuroctn, Bctpe­

qaJll!HeC}i HS STOY llYTH). B pa6ote (67] .1IP8.AC!&He&H D8JIBYB 8KC­

Il6Ill!M6HTaHDHl\le ABHHJ:re no COSASHBE penstBBHC!CKBX KlD!C!pOHOB 

paa;imqa!ilX THllOB. nocTHrHy!He peayJlJ>ta!Y X8p8K!8pJ18JD!C!WCB6Aj'• 
• 

DIIIHUH IUI~paMH : 
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1BHXO'AHWi qacTOTa 

ITHKOBaH MOIIIHOCTD 

SW@6KT.V.BHOCT:D 

da!IpfflKeHHOCTD ITOJJH B YCKOpa10me.lf 
ceKI\HH Ha II,4 I'Ill 

(8,57-II,4) rr~ 

75-200 MBT 

50% 

140 MB/M. 

K BSpHaHTy penaTHBHCTCitoro RJIHCTpOHa CJie,D.yeT OTHeCTH B rrpek 

JJ01KeHHlilt! lllaeney B UEPHe .D.By.iccTa.1\.11.lfHhl.lf yc1rnp.11TeJJD [13, 73, 74] , 
\ 

B KOTOPOM, B OTJJHtrne OT peJJffTHBHCTCKOro KJ!HCTPOP.a, EM6CTO HH-

AYI<l.UfOHHOro J'CICOPHTena, HCITOJl.OSYIOTCH CBepxrrpOB0,4ffll(He pesoaaTo­

PH Ha 350 Mr~. KOTOpHe COS,ll;aIOTCff B ~EPHe ,ll.JJH nocJJe,D.y10111ero pas­
BBTHH ~EP (cM.pHc.9). 

B pasBHTHe .nepBoaaqa.ibHh!X .11~eM Tpruic~opMaTopa Ha KHJJDBaTep­

HbiX BOnHax: (68-70] • c yqeTOM 3HaqeHHH rrapaMeTpOB 'ABYXCTa,lU'IM -

1Horo ycRop.11TenH (74] 6h!JJ npeAno~ea pesoHaHCHHt! Tpaac@opuaTop 

,Ha KHJJDBarepHHX BOJJHax: [I3] (CM.pHc.IO), B KOTOpOM HCIT0Jlb3Y6TCH 

pesOH8HCHHt! pelKHM, C03;llaBaeMbill M~OrocrycTKOBi:JMH (Ha!Ip.,(50]) 

K0llD~6BlilMM rryqKaMH' OTCTOffCUIMH ;llpyr OT ,l4pyra no BpeMemi Ha 

I ac , H pesoHaHCHo :aos6yllt,D.aIOllU!MH KHHDBaTe pHhle BOJJHH B ycKoptt-

10111eM CTPYKType. Taxaa CXOMa ITOSBOJJReT cymecTBeHHO (Ha HeCKOJJDKO 

nopff,ll.ROB) ;yBe.'!HqHTii KoaQ<IJHW-IeHT TpaHclfiopMa!U1H no cpa:euemuo c 

O'AHOHMITYllDCHhlM pel!GfMOM. Tpy,ll;HOCT.11' OqeBM,l.\HO, COCTOffT B C03,l48HHI1 

Tpe6yeMoV. llOCJJe,ll;oBaTeJJbHOCTH HHTOHCJlBHl:lX H KOpOTKMX KOJl.l>IjOBli!X 

crycTKoB, KOTOphle, KpoMe :acero rrpoqero, AonlltHH HMeTD pasaHe 

SHeprHH, T.K. Bnepe,1\.11 H,D.ym.11e cryCTI<H TOpM03HTCH MeHbllie, qeM 
rr oc ne .D.YIO!!!H e • 

Bee rrpe,ll;JJOllteHHhle .11 OITMCaHHHe Bhlille cxeMH MMeIOT TO RBHOe IlpeH­

MymecTBO, qTQ OHH 0THOCHT6JlbHO Marro OTJrnqaIOTCff 110 T6XHOJJOI'HH OT 

06HqHh!X CX6M ,ll;e.lfcTBYIOll!HX mrne.lfirnx yc1cop11TeJJe.lf (eCJIH He CtmT8':'1' 
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rrepexoAa K VJibTpa111i1coKJ11M qacTOTaM). IToaToMy lllX v.aorAa (CM., 

Harrp.' [9] ) Hasb!l!aIOT KBa3Jll06blqHNM.H JIJllHeii!HblMM ymcopuTeJIRM.H Ha 

YJibTpa111i1coKux ~acToTax. 8To HarrpaBJieHHe pa6oT 6ypao pasBJ11Bae T­

cH, KaK Y'l!.te OTMeqaJI~Cb, B CBH3.H c rrpo6JieMOi1 C03,l(aHJllH JIHHeii!HblX 

KOJIJiaii!,l(epoB B TaBHoii! 06nacTJ11 aaeprHii! (UEPH, C]AC-]B.JI-]]HJI, 

,UE311l) lll B 6JI.Hl!Caii!urne rO.Ilbl HaAo Ol!CH,l(an saMeTHoro rrporpecca B 

3TOii! 06JiaCTH (CM. ,Harrp.' [I4] ). 

B CBH3lll c BblllleHsJI011teHHHM, 11aq.HaaH c 1985 r~, B Ep<I>lll (8.M.]a-+ 

sI-IeB M B.M.UaKaHOB) 6b!JI BbllIOJIHeH pH,Il TeopeT11qecm1x pa6oT no 

pacqeTy KH/IbBaTepHblX l10Jiei1 ll pasJI.Hqirnx CTpyitTypax H IJOHCKy 

rryTeii! yBeJIMqeHMH K031jJ!lMIU1eHTa TpaHCljJOpM!iUJllH B 3aMe.zl]IHiOlllJllX CTpy~ . 

Typax (75-80) • 

B cxe1.1e ycKopemrn c J11CIIOJibSOBaHJ11eM qHJIJllH;z(pHqecKoro pesoaa­

Topa 3JIJll'll1THtf8CKOrO cetreHHH Be,l(ylJljlii! Jll yCKOpHeMblii! cryCTKM .1\BH -

lKYTCH c H8KOTOpbIL! sarras,l(h!BamrnM ITO OCHM' npOXO.IlflmMM qepes qio -

KYCb! 3JIJll'lnca. IlpH 3TOM aJieKTPOMarHlllTHble nona, Bos6yl!C,l(eHHble B 

0,l(HOM .H3 ljJOKyCOB amrnnca Be,l(ylll.HM crycTKOM, OTpal!CaIOTCH OT 60KO­

BOii! rroBepxHOCTH H co6HpaJOTCH B .IlpyroM woKyce 3JIJIHnca, B.ziOJib 

KOToporo MOl!CeT 6b1T:& HHl!CeKTHpOBaH yCKOpH6Mbll crycTOK. PacqeTbl, 

rrpoBeAeHHble c HCl10Jlb30BruJJlleM MeTOAa pasJIOl!CeHJllH !IO C06CTBeHHblM 

MO,l(BM pesoHaTOpa, noKa3blBaIOT, qTo TaKoe pas,l(eJieHHe TpaeKTOpHii! 

I{aeT HaH60Jiee onTJllM8.J!bHbtlt 3Heproo6MeH M8l!C.llj' cryCTKBM.H [75] • 

Ha pHc.H IIpJ11Be;lleH1i1 rpa<P.HK.H !jlyHKUHH noTep:& V (5) B.1\0JI:& JIH -

dHii! o6oHx qioKycoB aJIJI.Hrrca IIplll yqeTe IOOO nepBhlX :sos6ylltAae1.rnx 

MO.I\ • . PasMep1i1 pesoHaTopa: AJIHHa 2,5 cM, 6oJlhwaH rronyoc:& 4-cu , 

MaJia~ !IOJiyO~b 2 ,4 CM. KH.Jll>llaTepHble ITOJIH B036yiit;ll!UJTCH B.1\0Jll> JIH­

IHHH nepBoro rJ!o:ityca ql/llli!H.,l.\pllltreCKl/1111 yJI:&TpapeJIHTPIBHCTCl<JllM cryCTKOI 

.IlJ!lllHbl Q,_5 CM, P8.I!HYCOM 2 Ml.I Jll tfl/ICJI.OM traC~'HU IOI3. 
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BHAHO, qTO BCITJieCKH aneKTpOMar!llfTHOro IlOJIH c qepe.llj'IOlll6li!CH 

IlOJIHPHOCT:&IO IlOHBJIHIOTCH B.1\0JI:& lli!Hllllil o60HX ~OKyCOB anmirrca. Ilplll 

STOM . .1\JIH 'AaHHoa reoueTpHH MaKCHMJMH cue~eHbl Ha 8 CM B.1\0Jil> Han­

paBJieH.HH .1\BlllllieHHH. Jina 38.1\SHHblX pasuepoB pe30HSTOpa aTO npH6JIH~ 

3HTeJI:&HO COOTBeTCTByeT .HHTepBaJiy BpeueH.H, He06X0.1\H~OMY AJlil OT­

pallteH.Hli B036y~AaeMblX B rrepBOM @oxyce rroneii! OT 60KOBOa IlOBepx­

HOCTH 14 'AOCTHllielllfH OCH, rrpOXOAHll\6iil qepe3 ~pyrolil @OKyc. Pa3HH~a 

B "'I CM B03HHKaeT aa cqeT ITPO'AOJ!l>HOro paaMepa peaoHaTopa. 
0 

ITOJIH .1\0CTJllraKlT JIHHH.H BTOporo @oxyca Ha paccTOHHHH 6,4 CM • 

B TOqKe MaKCHMyi&a !jlyHKql/l.H v (5) B.1\0JI:& fbHHH BTuporo qiOKyca 

YOEeT 6HT:& HH~eKTHPOBaH ycxopaeu1i1a cryCTOK 3Jl8KTPOHOB. IlpH STO+ 

uaxcJ11uanI>Hhllt Teun ycxopeHHH AOCT1uaeT ,.., I90 MaB/M. IIIJ11pHHa rrHKa 

cocTaJlJiffeT 0,5-0,8 CM.B TOqKax c OTPHUSTeJI:&HhlM saaqeaHeM rJ!YHK­

qHH ITOTepb uoryT 6b1Tb ycKOpeHH qaCTHUbl npOTHBOilOJIOJEHOro 3HaKa 

(IT03HTPOHbl). 0.ziHaKO B pacCMOTpeHHOli! cxeue K03rixlJHIU'J8HT TpaHC@OPT 

MS!UiH oxaablBaeTca H.H3KHM. PacqeTbl rroKaablBaIOT (751 , qTo AJIH 

TSKHX cxeM ycxopeH.Ha c JllCilOJID30BaHJll6M CHMMeTpJllqHhlX B !Ip0.1\0JID -

HOM HarrpaBneHHH B8,l(yllU1X c r ycTKOB KOaqxfll/luHeHT TpaHcqiopuauJllH He 

rrpeBwuae T I , 5 . 

Ha pJ11c .I2 IIPJ11Be.IleH1i1 .1lJllCnepcHoHH1i1e KPHBble AJIH 3a.1\aHHoa M0.1\bl 

.1\Jl.II pa3Jll tf HblX THII OB BOJIHOB0.1\0B [', Q] • Ilpmrne ' HCXO.IlHllU1e H3 Ha­

qana KOO p.1\lllHaT, COOTB eTCTBYIOT yC jJ.uBHll paBeHCTBa qias OBOlil CKO -

pOCTH BOJ!Hbl CK OpOCTH CBeTa. 

BH.1\HO , tITO B nep.H0.1\lllqecxolil CTPYKType ·Kallt.1\aH MO'Aa MO~eT pac­

n pocTpaHliT:&C.H c JII06oii! qia30BO!il CKOpOCTbIO. 3ap!i.zi B3aJllMO)leii!CTByeT 

Jll4Inb c TeM.H M0.1\aMH, !jlasoBaH CROpocn KOTOpb!X C.OBila,i.\aeT co CKO­

pOC TblO tISCTHUbl. ToqHb!M pacqeT KxlJIDBaTepHhlX !IOJieii! B TaKHX CTpyK­

Typax. MeT0.1\0M pasnOJKeHHH no C06CTBeHHhlM M0.1\aM CBH3aH c orrpe-

)0. 
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AeneHH!:&H TPYAHOCTHMH [76]. 0AHaKo ;n;JIB· CTPYKTYP c Manoli CBH3b~ 

MelKAY coceAHVIMH flqeJ1KaMVI nepJIJOA>')qHOCTVI MO~HO npV16Jll:!lKeHHO oue­

HV!Tb BeJIV!qVJHbl KRJlbBaTepHb!X noneu. ITorpeillHOCTb npV! 9TOM, B qacT~ 

HOCT>1, ;D;Jlfl U>1Jl>1H;D;pk1qec1rnro BOJIHOBOAa, VJMeeT nopHAOK a 3/ S2D ' 
r;n,e D - ;n,JrnHa Hqe J1KVI' a - BHyTpeHHV!~ paA>']yC ;n;¥tacpparM' 0 - pa..­

A>'JYC BOJIHOBo;n;a. TipV16JIHmeHV1e 3aKJIIOqaeTCH B TOM, qTo B npe;n;enax 

O;D;HOtl J1qeJ11m co6CTBeHHble MO;D;bl 38MeHHIOTCfl COOTBeTCTBYIOl!ll1MVI MO­

;n,aMV! aaMKHyToro peaottaTopa, attaJIVITl1qec1we npe;LLCTaBJieHl1e KOTDPbll 

xoporno V!aBeCTHO. 

Ha pl1c.I3 rrp~e;n;ettbl pacnpe;n,eneHHH KVIJIDBaTepHOH cpyHKU>1H no­

Tepb npV! nponeTe rayccOBCKOro cryCTKa BAOJib OCH JIV!Hei1Horo yc­

KOpV!TeJIH - V!HliWKTOpa E~JA. l!V!CJIO qacTVII.:I B crycTKe COCTaBJIHeT 

107 ' llll1Pl1Ha cryCTKa 2 Mhl. ],13 pVICYHKOB BVl;n;HO, qTQ rrpH cpe;n;He -· 

KBa;n;paTliqH011 paaMepe crycTKa nopH;n;Ka IO MM, Ha6n10;n;aeTCH ycKo­

peHJ1Je aa,D.Heli qacTJIJ crycTKa, HBJieHJ1Je c&.10 no cede aacJ1yiiurna10lliee 

rr pJIJCTaJLDHOro BHJIJMaHMH. 0TMeTl1M B 9TOH CBH3Vl pa60Tbl [BI,82] ' 
Bbll10JIHeHHble B HaqaJ1e ceMJIJ;D;eCHTb!X ro;n,OB B Epll!JA, B KOTOpbllC 91/ -

~eKT yCKOpeHl1H XBOCTOBOH qaCTl1 9JieKTpOHHOro crycTKa, nponeTa­

J01I1e ro peaoHaTop (acixfleRT "ronoBa-xBocT"),paccMoTpeH 6011ee no;n,­

po6Ho (B (82] eCTb CCblJIKl'I Ha 60Jiee paHHl1e pa60Tbl). XOTH MaK -

Cl1MYM Tel.Ina ycKOp6Hl1H aa crycTKOM He npenblliBeT I K9B/M, B cny­

qae JIJHT6HCJIJBHOro B6AY1!16rO cryCTKa c qJIJCJIOM qaCTJIJU 1013 9Ta Be­

JIJIJq.lfHa MO~eT AOCTJIJrau 100 MaB/M. 0TM8TJIJM, qTO npH TaKl1X nJIOT­

HOCT.HX Be;n;y1I1ero cryCTKa cymeCTBeHH!:& MOmeT CTaTb BJIJIJHHJIJe none-

peqHJilX CJIJ~ Ha Al1H&!JIJKY KaK Be,l\ylllero, TaK VI yCKOpH6MOrO crrcTKOB. 

Tipo6neMa o6ecneqeHVIH B~COKOro ~09~UH6HTa TpaHC1/0pM8Ul1JIJ 

B cxeMe ycKopeHl1H Kl1Jll>BaTepHhlM noneM CBH3atta c B03MOlKHOCTb!O no-

11yqeHV1fl VIHTeHCl1BHbllC cryCTKQB c HecTaH;n;apTHblMVI npo;n,OJ!bHblMl1 pac-

3.L 

npe;n,eneHVIHMH IlJIOTHOCTH qacTHU [83] • KaK ylKe OTMeqanocD [83~8~, 

AJIH CHMMeTpHqHlilX Be;n;ymmx cryCTKOB K09<.P@HUHeHT TpaHCWOPM8UHH He 

MOmeT IlpeBDll!laTD 2. MOlKHO AOKaaan (77] ' qTo 3JieKTpOM8rHHTHble 

BOJIHbl c M8KCHM8JlbHb!M KoaipqiHUHeHTOM Tp8HCW0PM8U.l1H reHepHpy~rca 

ne .!lYIIIHM crycTKOM npH ycnoBHH, qTo Bee qacT.11ua TepHDT OAHY H ry 

lite aHepI'HIO. K TaKOMy KJiaccy OTHOCHTCH cryCTKl1 c JlliHenabW,Kycoq~ 
\ 

H0-1.ll1HenH1:&, KyCOqH0-9KCilOHeHU.11aJlbHhlM npo;n.OJlbHbl!.! pacnpe;n;eneaH-

flMM (75, 78-80) • 

Eonee npHeMneMoU c TOqK.11 apeHHH peaJIHaaUH11 HBJIHeTcH cxeMa 

c 11crroJlbaoBattHeM rrocnell,onaTeJibHOCTH neAYl!IHx crycTKOB. B qacT­

HOCTH' B OAHOMOAOBOM 11pH6JIH)l(eHHH qaCTHUhl N TOqeqHbOC Be;n;yl!l.l'IX 

crycTKOB Te pmoT O.zlHY H Ty lK6 aHepa110, ecJll1 paccTOHHHe MemAY 

crycTKa.MH pa:stto nOJIOBHHe ;n,n11Hbl noa6ylK;z(aeMoV. BOJIHbl, a qJIJcno 

%CTl1I.l B n- OM crycTKe PaBHO Nn = N1 (2n-f) • IlpH 9TOM 

KOac.{l!J)HuHeHT TpaHcc[lop1.iaU11l1 6yll,eT paBHhIM 2 N • Ha pHc. I4 rrpHBe­

;z(eHhl aaBl1CHMOCTM qHcna tiaCTHu, y1rncTny10m11x B re He PaUHH Kl1Jib -

BaTepablX rroneti, OT K09cWiHU¥teHTa TpaHcc[lopM8UHH ll.JIH HeKOTOpb!X 

cxeM ycKopemrn. Ha J..;c. I4 I - ne;n;ymH~ crycTOK c JI11HetiHHM Boa­

pacTaHHeM IlJIOTHOCTH qacTHU, 2 - ITOCJiell,OBaTeJ!bHOCTb cryCTKOB c 

B03pacTa!OlllHM c HOMepoM cryCTKa q.l'JCJIOM tiaCTHU, 3 - KyCOqHO-Tili­

HetiHbdi Be;z(yuuiti cryCTOK. 

BH;n,Ho, qTo HaH6onee OilTHMaJibHblM HBJIH6~CH paCCMOTp6HHaH rro­

CJie;n;onaTeJibHOCTb TOqeqHb!X cryCTKOll. Tipe.l'IMYUleCTBO STOro BapuaHTa 

TaKme B TOM, qTQ o6mee l.ll1CJIO qacT.11u, Y'WCTBY!Oll(Ii!X B ar1eproo61.;e­

He' MOlKHO 3Haq11Te JIMlO yne ll.l'lq11u' OCTaBJIHH B paayMHhlX rr pe ,l(e Jiax 

qHCJIO qaCTl1U B K8lK,l(OM cryCTKe. 

B 38KJIIOtieHHe OTMeTHM crrpaBe;n,JIHB DC Tb Bhllilen p11Be,l(eHHbDC pac e., 1.r­

;n;ettH~ AJIH cxeM YCKOpeHl1 H Kl1JlbBaTepHh!M ITOJieM B ITJia3Me, r ;n;e B03-
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6yX'Aa8TCH O'AHa MO'Aa Ha IlJlaBM8HHO~ qacTOTe. 

,ZlJ!a aironepHMeHTaJIDHO~ npo.aepKH c.aoacT.B paaJIHtmblX cxeM reae­

pan;HM KHJlb.BaTepHbDC .BOHH .B E~H llll8ID!JlY6TCH HCllOnD30.BaTb HO.Blilt 

JIHHeUHb!U yCKOPHT8Jib. B HaCTOH~ee .apeMH aaqaT MOHTax TpexceKIUt­

OHHOro CT8H'A8 H aa.aepmaeTCH coopyaeHHe COOT.B6TCT.B6HHO »KcnepH­

~SHTaJ!bHOMY aany. IlapaMeTpbl TpeXC6KIUtOHHOrO CT6H'A8 cne'AYXJ~He: 

3aepma ~o MaB (SO MaB npH IlOJIO.BHHHOM TOKe) 

rox .B MUilyJinCe 

nnHT6JlbHOCTb HMilYJibCa 

,ZlJIHTeJ!bHOCTb cryCTKa 

qaCTOTa IlO.BTOpeHHH 

Cpe;zurna TOK 

IlJIOTHOCTb qffCJia qacTH~ .B 

]lJIHHa crycTKa 

7.{HaueTp crycTKa 

jpe,lUiffH MO~HOCT» 

l,0-1,5 A 

8·I0-6c 

3,6·!0-IIc 

50-100 I'n 

(I000-1500) pA 

crycTKe (2,2-3,3)·1o9 

0,5-I CM 

0,5-0,7 CM 

!20-150 KBT 

CM-8 

Ycxopnen 6y'IJ.6T Hueu CHCTeMy MOHOXpOM8TH38.IUIH nyqKa, CHCTeuy 

H3M6H6HHH paocTOHHHA 146ll'IJ.Y c ryCTKWW, a TaKl!re CHCTBMY peryJIH­

pyeuo~ sa,lteplllW O,lUioro mmynnca OTHOCHTeJinHoro '11.pyroro • . SanycK 

rpexceKIUIOHHoro CTeH'IJ.a aaueqaeTCH Ha KOHe~ 1990 ro'jJ.a. 

5. HeJIHHe£!Hiie aqxpeKTli npH ycxopeHHH KHJI».BaTepHbDUf 

.BOJIHaw.t B nnasue 

M'IJ.6H 0 .BOSMOMHOCTH HCilOJll>SO.BaHHH flPO'AOJil>HblX KHJIDB~TepHl:lX 

BOJIH, Bos6y~'IJ.aeul:lX 'IJ.]lHa~MHCH .a nnaaue 
' ~ 

• aneKTpOHEWH HJIH crycT-

K8MH-3JI6KTPOHO.B 'jJ.JIH ycKOpeHHH aapHllSHHl:lX qacTH~, rrep.BOHaqaJ!bHO 

;Cib!JIH Bli~Kaaa~li E.M.EOJIOTO.BCIWM [85] H H.E.~aJ!H6eprou (86,87] 

n 

'\ 

.a Haqane ITHTH'ABCHThlX ro'Ao.a. B cepe.miHe .BOCbMH'AeCHThlX ro'Ao.a HH­

Tepec K ycKopeHHID KHJib.BaTepH!ilMM BOJIHaMH .B nnaaMe (YKBIT) .BHO.Bb 

.BOapO'AHJICff B cepHH pa6oT, BWOJIHBHHblX noqTH O'AHO.BpeMeHHO .B 

SLAC H UCLA t KaK HBKaH anuepHaTJrna MeTo,zzy YCKOpeHJ\1.11 c 

noMOHU>ID naaepHh!X BOJIH 6HeHHa .a rrnaaMe (cu.o6aopH [88-92, I] ). 

B qacTHOCTH, .a pa6oTe qeaa H PyTa [93] npoBe'AeH cpa.BHHTeJinHwt 

aHanHa o6oHx cxeM ycKopeHHH H noKaaaHo, qTo\cxeua YKBII HMeeT 

6o'nee .Bb!C OKyID 3<.(JC!'eKTHBHOCTD H TpeCiyeT MBHMJeii 3Hepnrn nyqKOB 

no CpaBH8HHID co CXBMOU 6HeHHU 'ABYX naaepHblX BOJIH llpH 0.mfHaKO­

BOM YCKOpHIDmeM rpa.mieHTe. ~OBOJibHO IlO'ApOCiHO HCCJIS'AOBaJICff .Bon­

poc y.aenHirnmrn K03\lJ\PHW!eHTa TpaHc\IJopMarum R - OTHOilleHHH ycKo­

pHmmero IlOJ!ff KHJibBaTepaou BOJ!Hbl K TOpMoa~eMy nyqoK IlOJIID BHyT­

PH Hero, HJIH, qTo TO lie, OTHOilleHHe np1rn6peTeHHOH 3Hepr1rn YCKO­

pHeMblX qacTHn K aHeprMH qacTHn nyqKa. KaK y~e OTMeqanoc», .a 

cnyqae naccHBHhlX CTPYKTyp, npH onpe'AeJieHHblX 'AOnymeHHmc, aTo 

OTHOill8HHe He 'AOJI~HO npeBOCXO'AffTb 'ABOHKH, B CJiyqae nnaaMbl 3TO 

YTBep~AeHHe npM Tex lie ycno.aHmc coxpattaeTcH (Teopeua ~ycotta). 
~Jiff aHaqHTeJIDHoro yBeJlliqeHHH KOS<IxiJHW!eHTa TpaHc\IJop~HH pac -

CMaTpHBaJIHCb nyqK.11 c IIOCTOHHHO (K XBOCTy) HapacTaJOqet{ IIJIOTHOC­

T~D, JIHCio HSKOJIJIHHeapHble YCKOpeHHblt{ H YCKOpHIDmHU nyq.KH [84 ' 
9'4~96] • 

B paCioTe [97] 'AJIH y.aeJII1qeHHH KoaiJxPHnHeHTa TpaHc\IJopManHH 

IlPB'AJIOmeHo HCIIOJib30DaTb HBOAHOpO'AHOCTb IlOJIH ITO ceqeHHID 38M6AJiff­

IDmeu CTPYKTypu. IlpeAJiaraeTCff TaK~e C03'AaTb YCJIOBHff acI4JeKTHB-· 

HOro YCKOpeHHff,Pa3Mem~H BOaCiym'AaIDmHU none IIOTOK H YCKOpHeMble 

qaCTHnbl B pa3Hble peaoHaHCbl OTHOCMTBJlbHO BOJIHbl. 

B pa6oTe [98] pacc110TpeHo B_Jil1HHHe rpaHHnhl rronyCiecK0Heqao11 
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nnaaMH Ha o6pasoBaHHe KHni.BaTepHoa BO~li sapHEeHHoa qacT.e~ea; 

IlOKasruro, qTO IlepeXOAH.ble a!IJqleKT.bl, CBH3SHHHe C H~qMeM rpaHH~.bl 

pasAena BaKyyMa H nnaSM.bl, CYJll6CTB8HH.bl Ha paccTOHHHHX IlOPHAKS 

HeCKOnDKHX nnasMeHHblX AnHH BOJIH OT rpaHH~.bl. 8TOT Bbl'.BOA CJieAy­

eT TaKllte H HS pesynDTaTOB pa60T.bl (99] ' rAe paCCMOTpeHa SaAaqa 

06 HSJiyqeHHH qaCTHU.bl Ha rpaHHUe c nnasyoa. 

B pa6oTe (100] paCCYOTpeHO BID1HHHe TOKOBoa HarpySKH ycKOpH­

eMoro nyqKa Ha npo~ecc ycKopeHHH H o~eHeHH npeAeJil>H.ble sHaqelil'IH 

IlJIOTHOCTH yCKOpH6MblX nyqKOB B 3aBHCHMOCTH OT llJIOTHOCTH 3Ji6KTpO· 

HOB IlJiaSM.bl H yCKOpHIOJllero nyqKa. HapHAY c ycKOpHIOllU'IU KHJil>BaTep­

HHM noneM, npH yqeTe KOHeqHOCTH nonepeqablX pas.!"epoB nyirna, Bos·· 

HHKaJOT TBK~e woKycHpy101lU'le MarHHTH.ble (oxBaTHBallll!He nyqoK) H sne1 

TpHqecKwe (paAffaRl>HOe) nonH • .AHaJJ.Hsy npo~ecca woKycHpOBKH .ec -

XOAHOrO nyqKa B nnasMe IlOCB~eHO 60RDmoe H Bee BOspacTSKJJllee KO­

JIBqecTBO pa6oT [100-1~] • ~HTepec K sToa npo6neMe oco6eHHO 

060CTpHJICH B CBH3H c He06XO;zu!MOCTl>IO nonyqeHHH, B U6JIHX yB6JJH­

qeHHH CB6THMOCTH, MHKpOHHblX H cy6MHKPOHHl:IX nyqKOB npH KOHeqao~ 

woKycHpOBKe (nepeA CTOJIKHOBeHHeM) B KORR~Aepax cBepxB.b!COKmc 

3HeprHa. IlPOAeJiaHH.ble qHCJl6HHHe 0U6HKH Il0Ka3bl'.BaIDT,(Hanp., {104~ 

iTO CB6THMOCTl> llp06KTHpyeMoro B U~~He SJieKTpOH-IlOSHTpOHHOrO 

KOllJ!aaAepa Ha 3H6prHIO B TsBaoLl o6nacTH 'Ot!C ) ' UOlKeT 6.b!Tl> 

yBenHqeHa Ha nopHAOK npH HCilO.llbSOBaHHH npeAnaraey.oro cnoco6a 

woKycHpOBKH no cpaBHemrn c ApyrnuH TPaAH~OHHHMH cnoco601rn • . 
8KcnepHM8HTSRl>HOMY HCCJI6AOBaHHIO yCKOpeHHH B KH.llbBaTepHOit 

nnaawe1H0Ll BOJ!He nocBHlll6Hli pa60TH rpynn.bl AproHH-BHcKOHiHH 

[I07 ,108]' • B 3KCnep1.u•ene HCilOJIBSOBWIHCl> HHT6HCHBHH6 

(IoJO e/HMflyJlbC) nyqKH .3Ji6KT~O~OB OT JIHH6~HOrO yCKOpHTeJIH Ha 

21,4 MsB XHMHqecKoro oT~ena AproHcKo~ HaitMOHaJIDHOtt ~a6opaTop.eu. 

~ -

/ .. 

Ilocne npoxoaA6Iil!H KOpOTKO« rpa@HTOBOLl MMU8HM, nyqoK B cne~­

anDHOM ~Il6KTpoueTpe pacmenJIHJICH Ha ABa nyqKa, 0,lUiH HS KOTOpblX t 

B6AYJllHLl, HM6Ji 3Hepr.e10 2I,4 MsB, Apyroa - uea:&mea HHT8HCHBHOC­

TH, Huen saep~HJO IS MsB - nyqoK-CBHAeTenD. CneKTpoMeTp HMeeT 

' TpOM6oa, KOTOp.b!Ll Il03BOJIH8T OCyJlleCTBJIHTD 3a,ll;6plitKy BO :s"pei.teHH ' 

' B npe,ZJ;enax (-so, +200) IlHKOC6KYHA, nyqHa-CBH,lJ;6T6JIH OTHOCHTeJI:&-
\ HO BeAymero nyqKa. · 06a nyqKa IlpOXO,lUiJIH OAHOPOAH.b!Ll CTOJ16 IlJISSMli 

AAHHOLl 33 CM C IlJIOTHOCTl>IO SJieKTpOHOB 2,3·Ia13cM-3 • 9H6pI'HH 060; 

lfX nyqHOB nocne npoxoaAeHHH CTOJ16a IlJIS3M.bl H3Mepa.ID!Cl> Cll6KTPO­

M6Tpou, pacnono~eHH.blM B KOHue TpaKTa nyqKOB (cM.pHc.IS). B sa­

BHCHMOCTH OT BeJ!HtrnHbl aaAepl!IBH nyqoK-CBHA6T8Jil> nonQAaJI JIH60 B 

YCKOpH.IO!I{ee, JJH6o B 8aMeAJIHIOJll68 none npO,lJ;OJIJ;HOLl KHAl>BaTepno~ 

:soiIHH, Bos6yiKAaeMo~ BeAYlllHM nyqKoM • .Buno sKcne fi!M6HTanDHO Ha -

6JIDAeHo nepHOAHqecK~e ycKopeHHe H SaM6AJieHHe nytU<a-CBH,ll;eTe~H B 

3aBHCHMOCTH OT BP8M6HH SaAepmKH (cM.pHC.16). Ha6JIDAeHH.b!M MaK -

CHMSJil>Hb!M rpaAffeHT YCKOpeHHH COCTaBJIHJI 1,6 MsB/M; IlpH AaJII>liei'i­

WlfX HCCJ16,lJ;OBaHHHX OH 6yAeT yBeJIHqea aa cqeT BHOBD BBO,lUiMOLl 

CHCT6M.bl cmaTHH HMIIYJil>COB nyqKa. 

Bo Bcex (sa HCKJllOqeHHeM [IOI] ) ynOMHHyTblX B.blfile T60p6THqec­

KHX pa6oTax HCllOJIJ;SyeTCH .IDIHeLlHoe IlpH6JillmeHHe, KOrAa B08MYJll6HHe 

IlJIOTHOCTM 3JI8KTpOHOB IlJIS3Mb! An « no (HJIH n 80 I no « I) ' 

r,ZJ;e no - paBao:secaaH IlJIOTHOCTD sneKTpoHo:a- nnaaubl, ng
0

- llJIOT• 

fOCTl> aJieKTpOHOB nyqKa, KOTOpaH, Kpoue Toro, IlPHHHMaeTCH noc -

'OHHHOH M SaAWiHOH. Ilp6AfiOJiaraeTCH TaKme, qTo ABHaeH.we 8Jl6HTpo­

iOB ITJia3Mbl HepeJlffTHBHCTCKOe. YqeT H8JIHHeaH.blX 3~W6KTOB, CBff88H­

HblX c YB6JIHqeHH8M CTeneHH H6paBHOB6CHOCTH CHCTeMbl H peJIHTHBHS­

MOM, HOTOpble 0Ka3a.ID!Cl> IlPH onpeA6Ji8HHbOC YCJIOBHHX KaqecTB6HHO H 

KOJ!HqecTBeHHO cymecTBeHH.b!MH, npoBO,lUiJIC.!!.t_HaqHHaa c 1977 r., B 
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pa6oTax EpeBaHCKOH rpynns [!09-!!6] • B nocneAHee BpeuH B PHAe 

pa60T [!Ol,!17,1!8] TaKEe paccuaTpHB86TCH reaep8IU'JH H6Jll'IH6H­

Hb1X KHJI:bB8T6pHblX BOJIH peJIHTHBHCTCKHYH aneKTpOHHblllH nyqKaYH B 

nnaaMe. 

8'A6CD H606XOAUMO OTM6THTD OCHOBOllOJISrallll\He pa60TH t955-56rr; 

A.H.AJraeaepa H P.B.IloJIOBHHa [119,120] , B KOTOPbllC BnepBse 6liJIH 

CqJOPMYJll'IPOBaHH H pemeH1>1 ypaBH6.HHH ABH CB060AHblX llPOAOJI:bHblX BO~ 
B 6earprumqHoa penHTHBHCTcKoH nnaaue. B qacTHOCTH, B [!!9] 

{CM.TaKEe (!2!] ) 6HJIO nonyqeHO npeAeJI:DHoe 3HaqeHHe S116KTpHqec~ 

xoro llOJIH CB060AH0~ llPOAOJI:bHOH B011Hli B p611HTHBHCTCKO~ XOJIOAHOH 

nxaaue: 

1/2 
eEmax =ff~max 
mQ)pC 

, rAe y =(1- u!ax )-1/z. 
Omax ct 1 

Umax - MaKCHM8JIDH8JI CKopocu aneKorpo110B nJ183us; 

STa BeJll'ltmHa CyilleCTBeHHO oornzqaeTCH OT npeAeIIDHOro a11aqeHHH 

;!!11H XOJIOAHOH HepeJIHTHBHCTCKoa n11aaus, no11yqea110H nosxe layCOHOY 

J e Ema" 
(122 , 123 m'4:> c p 

=:: l ' H KOTOpoe 06liqHO lU'ITHpyeTCH, KSK 

npeAenDHoe sHaqeHHe no.Jlll, noc11e KOToporo HacTynaeT pacnSA Bon­

HN~ B pa6oTax [II~II3] ' B o6o6~eHH6 pa60TH [!!9] • 6HXH 

paCCMOTpeHH llPOAOBDHli6 BOJIHH B nxaaue, I'eHepHpyeu~e cryCTKWIH 

peJIHTHBKCTCKHX SJl6KTpOHOB, ABHEY~CH C llOCTOHHHOI CKOpOCTDD 

Yo <' C . H xopeau-<I.iaxoropou 1(
0 

= ( 1-vo/c2y 1
k , H noxa-

aaao, qTO np.H ng0 :::. no/2 , r;zie ng0 , no - ll110THOCTIJ COOT-• . 
BeTCTBeHHO 9J16K'l'p0HOJ! cry~TKa H llJ183MJ;.;, H 

"'•/' 1 2nso) i . nr \ - ri';'" ).) ~a » 1 - npe;zieJI:DHOe 3HaqeHHe ll011H onpe '-
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1/z. ;zieJIH8TCH <lJOpMyJioH e Emax/ mQpC =J2' Oo • MH BHAHM 1 qTO 

TOJThKO npH orrpe;zie11eHHHX yCJIOBHHX Ha JIOpeHu-<lJaK TOp IlOJlyqaeTCH 
t/z 1/2 

aaBHCHMOCTD TIOJIH nponoplU'I OHaJThHaH ((
0 

{a He ~max - aJieK-

TpOHOB ITJ183MN, KSK B [119] ) • B Tex ire CJiyqaHX, KOrAa 

z z Ii 2 
({0 ~ ~:0;(1- ~~) :;t> 1 IlOJ!fl TaKllte OK8SNBaIOTCH 60Jil>JllHMH, 

· zn - 1 
HO yxre aa C\!6T <lJSKTopa ( 1 - n!·) . 3TO 06CTOHTBJI:bCTBO He 

Bcer;zia \IBTKO wopMyJIHpyeTCfl B JJHTepaType [II7,II8,I22j • SaMe -

THM, \ITO ypaBHeHHfl pa6oT [119,120] HCilOJIDSOBaJJHCD T8KE6 B 

[124] ;l!Jlfl HCCJ!B;l!OBaHHH o6paaOBaHHH IlP OAOJIDHHX BOJIH B nnaawe 

BOJ!H8!.IH 6He~H OT ;l!Byx naaepoB. Eonee Il0'AP06HO pasJIHqHlie CJlyq~ 

aaBHCHMOCTH aJieKTpHqecxoro rroJlff np OAOJIDHoa BOJIHH OT i
0

- <PaK­
Topa 3JieKTPOHOB cryCTK8 H ycJIOBHe rrpHM6HHMOCTH COOTB6TCTBYllllHX 

<lJOPMYJI IlpHBOAHTCH HHllte, r;zie M~ Ha11araey OCHOBHlie peayJIDT8TH 

' TeopeTH\IBCKOro paCCMOTPBHHH BOa6yE;l!BHHfl HHT6HCHBHblX ITPO'AOJIDHblX 

BOJIH B rrJiaaMe peJIHTHBHCTCKHM 3JleK~·poHHIDA crycTKOM (109-!!5] • 

B pa6oTe (116] EpeBaacxoH rpynns yl!TeHO c8MocornacoB8HHNM 

o6paaoM o6paTHoe BJIHHHHe noJIH nyqxa Ha ero pacrrpe]{eJieHHe no 

rrpO;!!OJIDHbW HMITYJIDCaM. B llOCJle]{Hee Bp6MH Toa lite rpynnoa BWIOJI­

H6Hli pacqeTs, yqHTIIB8JOI1U1e 'ABHgeHHe HOHOB H nonepeqase paawepH 

cryCTKa. B rrocxe;ziHeM cnyqae Hal;zi6Hli npH6ID!EeHHNe BNp8llrelUIH 'AJlh 

woxyCHPYIOUU'IX {;zie~oxycHPYIO!llHx) czn, o6o6~SJO~He peayJUiTaTu npe­

'AN'AYIIU1X pa6oT [I00-I06] • 

BecD rrpouecc BSSHM o;zielicTBHH peJIHTHBHCTCKoro crycTKa c 1IJ1aawoa 

MO~HO paa6HTD Ha CT8,IU1H. CrycTOK HHl!teKTHpyeTCH B ITJl83My B Te -
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11eHHe BpeMeHH 'l: = d/Yo , r;ite d. - :itmrna crycTKa, V0 - aa -

1laJ[bH8H CKOPOCTh aneK~pOHOB cryCTKa. ~HS6KI.U!H crycTK8 B nJiaa­

MY conpOBOlK;ll89TCH B03HHKHOB6HH9M nepexO,ZlHhllC noneit, KOTOpl:le y61:ll 

BaJOT co BpeMeHeM !ti npH tt<p ~ t' + nT (CM.TaKlre [98] ) ' 

(r;ite T - nepHO.Zl cTarµ10aapaoit KHJihBaTepHoit -BOHRN, rt~ 1 - ue­

noe qHCJIO) B CHCTeMe nJiaaMa-crycTOK yCT8HaBHHB88TCH CT81.U!O -

~apHl:lH pel!tHM IlHa3M9HHNX KOJie6aHHH, KOr;ita BCe BSJIHqHHl:l, xapaK -

repH3Y~lllH9 nyqoK H IlJI83My, a HM8HHO, IlJIOTHOCTH aneKTpOHOB nyq­

KEJ, nc H nnaaMl:l ne , npo.ZlOHDHl:le HMilYJil>Cl:l ,S>g = Pr."t./mc 

S'e = Pe!. /me . aJieKTPOHOB nyqp;a H nnaa1rn, noJIH EC H E 

BHYTPH H aa crycTKOM nepeCTaIOT HBHO 3aJlHC8Tl> OT BpeMeHH H HB-

JIHJOTCff <lJYHKI.U!HMH nepeMeaaot\ ~ = t -v4>t, . V4'-::t- Vo , r,Zle 

v~ - qiaao:eaH CKOPOCT:O B036ylK;!18HHOit BOJIHbl. Sa Bpeyff tKp 311 

crycTKOM Boa6yllt,ZlaeTCH KHJI.DBaTepaoe none El. , no.ne BHYTPH 
g g 

crycTKa no.naocu10 ( E c = 0. ) HJIH qacTHllHO ( E = =/= 0 ) KOM-

neacHpyeTCH H ycTaHaBJIHBaeTCff onpe,Zle.neaaoe pacnpe,Zle.netme no HM­

rryn:ocBM ~e H ~g 3.118KTPOHOB llJI83Mli H crycTKa B o6naCTH aa­

HHTOH cryCTKOM H 33 cryCTKOM. ~anee, XBOCTOBl:l8 3.118KTPOHl:l cryCT~ 

Ka, npHo6peTaH ldMily.n:ocH ~C » _p
0 

, r;lle s>o - ldMny.nhc aJieK-

TpOHOB cj)pOHTa crycTKa, p~Hbl_ Haqan:oHOMY mmym,cy aneKTpOHOB, 

o6rOHHET SJI6KTPOHl:l <lJPOHTa cryCTK8 H cryCTOK paaBaHHB88TCH aa 

Bp9!iil t" = 2d 0!/c ~tKp. 

5.I. HeJilllH8HHl:l8 KM.1IhB8TepHl:l6 IlOJIB H TSWI YCKOpeHHH 

1l3CTHI{ B c.nyqae_ 33,ZlaHHOrO cryCTKa 

IlOJiytJeHO Toqaoe pemeHHe CJI8,Zlyll!qeit 33,Zlatm: B XOJlO.ZlHYll 6ec­

CT0Jll(HOBHT6JihHYll llJiaOMY llJIOTHOCTH no C H6llO)\,BHlltHID4RI HOHSMRI 

~9. 

,.... 

npoxo,ZlHT c necTOHHHOM CKopocT:oJO Vo 
penaTHBHCTC.!illli ny110K 

3JI8KTpOHOB 38.ZlaHHOit llJIOTHOCTH ng
0 

, lip0,ZlOJII:iHl:l6 paaMepl:l KO!l'O-

poro d , a nonepeqable paauepb! - 6ecKoae11Hhl. PaccuaTpttB&eTCH 

YCTaHOBHBmH~CH CTBlU!OHapHl:lU pell!tlu, KOrAa Bee nepeueHHl:l6 nepe 

CTa~T RBHO 3aBHC8Tb OT BpeMeHH H HBJIH~TCH ~YHKnHRMH 0,lUiOM rre­

peMeHHOM ~ = i! - Vet- i . , r,Zle Vq, ::::: \.{, z c - cpaaoBrui: CKopocu 

:eoa6yg;11aeuott crycTKOM npOJlOJlbHOit KHJibBaTepao~ B011Hhl B nJiaaue. 

Ypa:aaeHHR peJIHTHBHCTCKoU Mlll'HHTHoU rld;llpoJlHHa.MHKH 
.ZlJIH 3Jl6KTpO 

HOB nna3Mbl H ypaBH6lil!H MaKCB6JIJ18 .ZlJIH lIOJieM BOJIHbl BHyTpld c ryCTKa 

H aa crycTKOM 3Jl8KTPOHOB B 3TOM CJiyqae CBOAHTCH K CHCTeue ypa:e~ 
H6HMM 

d~ z 2 
· (AO r;-:--::z-.) C&>p fe Ci>g r. - 11 

diz ne-.,,1+9i ;+ ,.i112 r.t:;:r -t - 2 LB<~J-B(i-d)J=O 
"'.Pe -fe c 

( 8 _ fe )~ _ eE~ 
.r Ji+~:, di - mcz 1 

! r.?le 

d. 
di(neVe - neV~=O 

~= V4'/c, 2 
c.>p,e 4:ire 2 no,~ 

:: m 

IIpH rp3HH'll:Hb1X YCJIOBHHX ne(d.)= n0 , fe(d.)=O, E! (d)=O 

('.~.I) 

llepea :apeun tKp rrocne BJiera crycTKa B rrnaauy, sa crycT1<0M 

lOa6ylK,lla6TC!i CT~OHapHaH KH.1lhBaTepHan BOJIHa c ~JIHHO~ BOJIHbl 

- r:::-r Vo t/z 
i!J.. = 4.,e IA)p a-0 (5.2) 
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H aWCCHUaJl.DHO~ HanpaxeHHOCTbD nOJifl 

Ema>t ::::: .[2' m~c.>p "lo1/2 

npH ycJIOBHH 

l'l~o _ h(. 1- eneo) )) ~o ~ 1 ' 
"~ I l no 

lt 

no 
nco~ T ' 

(5.3) 

(5.4~ 

ErnaM= .{2 mCC'c)p (nco/no)f/2 
e . (1- znco \114' 

no ) 

l.A = 4ff Vo ( nco/n0 )¥z 
(.c)p ( 

1 
_ aneo ) y4 ' c 5. 5) 

no. 

npH o6paTHOM ycJIOBHH 

2 I z 
2 ng. no >,} 1 ) 

~o » 1- 2nco/no 
no) (nee z y · (5.6) 

YcnoB:rie noJIHo~ KOMneacaI.\HH aapa'Aa crycTKa (none BHYTPH crycT-

Ka E g =_O ) np1rno~T K orpaHHlleHHIO tta 'AJU'IHY crycTKa 

d ~ ng., 2 A , ecJIH lK8 none BHYTPH crycTKa He nonttocull 
"' n.- neo . g -

KOMnettcupo:eatto ( E =f Cf ) , TO yKaaaHHble BhlpaJKeHHfl (5.2) 

(5.3), (5.5) 'AJlfl MrutCKMaJlbHli!X 3Hal!eHHil HanpalK8HHOCTH nOJIH 

nJIHHbI XHJI»BaTepHO~ BOJIHH noJiyllaDTCfl npH AJIHHe cryCTKa 

HJIH d= 2Vo nco/no. 

H 

d = 2Vo '{ 
CL>p 00 <.t)r l 1 - 2 nco / n~> 112 

(5. 7) 

.LJ:l 

COOTB6TCTB6HHO, npH ycnOBHHX (5.4) HJllll (5.6). IlpH 'AJIHH!a: GOJih-

l!IHX HID! M6HbllilQC llPMB6,1\6HHHX, MaKCHUaJibHble SHal!eHHH HSllpHZ8HHOC­

TH llOJlfl H ,1\Jlll!Hbl BOJIHbl COOTB8TCTB6HHO 6oJI:bme HJIH ueH»We onpe­

;z\6Jlfl6Mh!X no qiopuynaw (5.2), (5 .• 3), (5.5) aaa1.1eHHa. Hanp1uaep, B 

d BVo r. 
cny1.1ae Kor,11a ,11.mrna crycTKa onpe,11enaeTCH llblpSll6HHeu o !¥ Ct>p i 0 , 

HanpHXBHHOCTh IlOJIH H ,1\JIHHa KHJlbBaTepHOH JlOJIHbI ,1\aJ>TCH BHpaaEIHH­

.fiMH 

E mCC&>p 
met>< :::::: 2 o 'Ko ' 

- 8Vo 
~~ .. c.>p lro 1 

(5.8) 

npH ycnollHH (5.4). 06~aH aa:eHcJOaocT». aanp.axeasoctH XHJII.Batep­

Horo noJI.ff ot Alil!Hbl crycTxa tpeGyeT imcneaaoro aaaJ1Hsa. 06au!e 

BbipBZeHHH ,1\JIH H6HBH0'1 3aBHCHUOCTH d• d(E) llil!B8,1\6HH B 

pa6oTax [III-II3] 

IlpHBe,1\eU H8CKOJlbXO 1WCJl6HHhlX o~eHOK MaKCHUaJibHWC aaaqeHJIA 

aanpHXBHHOC!l'M npO]:\Olll>HOro KHlll>BaTepHoro llOJIH H !l'euna ycKOpeHHH 
. ~ 

qaC!l'HD; B HeM llpH paaH!ilX 3HaqeHHHX napaue!l'pO:B no , nco H 'Jo 
nnasus H cryc!l'Ka: 

r. Ilyc!l'» pa:eHoBecaaa nnotHOC!b snextpoao:e nnaau1i1 

rl 0 = rol3cu-3, CUp ::: J3•t09 no' = I;?· rifI_ c-:_I ;_ ilJlOT-

aocn CryCi'Ka ng0 =: no/2. (cu.yCJIOBH6 (5.4)) H peJI!l!HBHCTCKHl.t 

~aKi'Op crycTKa ~o = Icf(50 MsB). ~IIpHBe)JIHHHe nap811nps . 

~mta.KH K aHal!eHHma napaue!pOB HHAYK~oHHoro ycxopa!ena ATA ' 

lilrfBepuope, ClllA). Tor.ita EmaiF 4.I·Io9 B/M, a uaKcxu~»HHit tellII 

ycKopeHHH ef maic. = 4.I l'aB/u. IlpH 8TOM ,1\JIHH8 cryc!K8 B CJiyqae 

IOJIHoit xouneHcaiuu1 nona BHYTPH crycua d < IO cu, B cJiyqae 

ae 1.1actnao'1 Kouneacwuu1 ( E g 1' 0) npHBe)leHH~e aaa1.1eHHH nona H 

Teuna YCKOpeHHH HM8IOT uecTO npH ]:\JIHHe cryctKa d " }5 cu. 
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PaCCTOHHl1e' rrpOXO;z\l'ltJOe crycTKOM B IlJ!a3MC ,n;o ycTaI10JlJ!eHJ1H CTa­

u110HapHoro pe ii\Y!Ma L=v0 t=d +n.~,.\ = 54 CM rr p11 n. = 2 (CM. 

puc. I7 ,18) 

2. 110= 2 · roIIcM- 3 , C.Up = 2,4·IOIO c-I 

no II -3 rtg
0
= T = IO CM , "t = 60(30 MaB). 

B 3TOM cnyqae 

Emax= 4,6·Ia8B/1.1 , eEmQ)( = 460 t: aB/M' cl. ~ 53 CM rr p11 K_QM-

nettcawrn nonfl B crycTKe l1 

crycTKe, a L = 256 CM. 

d ~ t,5 M rrpl1 HeKOMITeHCl1p OBaHHOM 

B cnyqae t la11b!X nnoTHOCTe ti aneK TpOHOB cryc'."Ka Bblpa lKe H!rn ,n;nfl 

uanpH lKeHHOCTl1 Kl1JibBaTepHoro ITOJlfl He aaBl1Cl1T OT 

l1 e ro Ma1te11MaJ1Jittoe a ttaqe Hl1e paBHO 

E = rT\ Ci)pC ~ P. ::. 0 96 · 102 n. 1/2 ( nco )1/e 
mdX e no J- ' l:o no 

~0 - cjJaKTopa 

(5.9) 

rrp11 ,n;mrnax crycTKa d. =5r.Va/2Ci)p 
• OnT11MaJIJiHbliil rro,n;6op aHa -

qe a11ti nco l1 rlo C yqeTOIA napaMeTpOB rlCo l1 ~o Cyl!(eCT-

ByrJllll1X ycKOpl1Tei!el-1 ,n;aeT ,llilfl 3TOro cnytiaff 3HalteHl1fl yCKOpH!Oll\l1X 

m11 uEai'epHhlX rroilei.1 Emax = 108 B/M 11, cooTBeTCTBeHHO, TeMrra 

ycKopemrn eEmax = IOO MaB/M. 

. 
5.2. Hemrneli\Hoe 11 caMoycKopemrn 11 aneKTpOHOB 

peJIHTl1Bl1CTCKOro crycTKa B Ilila3Me 

Ilp11Ee,n;eHHble B n. 5. I peayi!JiTaTbl rr onyqeabl B rrp116i!l1lKeH1111 
11
aa­

,n;a.irnoro11 crycTKa, Kor,n;a ero rrapaMeTphl BXO;D;HT B Bl1;n;e sa;n;attHolil 

lj)yHI\!J,l1l1 B ypaBHeHl1.H MaKCBeJIJia l1 He ytmTblBaeTCH o6paTHOe BJI!1H-

43 . 

Hide Ha crycTOK BOa6yg;n;aeuhlX HM nonelil. YtieT aToro 06cTOHT6J1Ji­

cTBa MOlleT cymecTBeHHO H3M6HHTli napaMeTpbl cryCTKa H ycnOBKH 

BOa6yx;n;eHHH KHJlJiBaTepHoro llOJlfi H HBHTCH O,ll;HOlil H3 npHt!HH P83BH­

THH HeycTOJilQHBOCTH cauoro crycTKa. ,llHHBMLka O,ll;HOMepHoro 6ec­

KOH6QHO ;t.lJIHHHOrO cryCTKa, c O'AHOPO'AHOlil B H8Q8JlliHID! MOM6HT llJIOT­

HOCTbJO aapa;n;a, B pauKax oreop1111 BoauymeHHlil, paccuoTpeaa B pa6o­

Tax [125-127] • B pa60!re (127] ' B t!8CTHOCTl1, o6pameao BHHMa­

Hl1e Ha TO, t!TO ITOJlH BOa6ya,n;aJOTCfi Jlllillb B TOlil 06JI8CTH nnaaubl,KO­

TOpy10 T0t!6t!Hbllil HCTOt!HHK yze MHHOBail. OTC~,n;a 113 qM3Ht!6CKl1X coo6-

pallte HHlil MOEHO ;n;onyCTHT~, t!TO nepe}UIH« ~pOHT cryCTKa 3Jl6KTPOHOB 

BCer;n;a .iU!Hl!eTCH co CKOpOCTb~ HHE8KIU!H Vo • B pa6oTe (128] no­

Kaaaao, t!TO BOa6yx~aeMa.H nytIKOU .BOJ1Ha B nnaaue B OCHOBHOM HO­

CHT O,ll;HOMO,ll;OBID! xapaKTep H aneKTpHt!6CKOe none B nnaaMe ycTaHaB­

nHB86TCH npaKTHt!6CKH MrHOB6HHO (nepBa.H CT8,ll;l1H paaBHTHH ABY'S- -

nyt!KOBO~ HeyCTO~trnBOCTH). Ha cne;n;y~mea (BTOpo«) CTa,zu!H none 

BOAHbl CTa6HJlH3HpyeTCH nyTeY aax:BaTa t!BCTH aneKTPOHOB cryCTKa 

H aMilJIHTy;n;a BOAHli npHHHuaeT CBOe MaKCHMBJlbHOe (aacblmeaaoe) 3H8• 

qeHHe. nanee npOHCXOAHT H6KOTOpoe YM6HbW6HH6 aHeprHH BOJlHli aa 

cqeT yBeJlHqeaHH aaepl'i!H aneKTpoaoB crycTKa. Ha cne;n;y~~elil, HBH-

6onee npo;n;onlKHTeJIDHolil (TpeTJie«) cTaAHH npouecc yueHJimeHHH aaep­

rHH BOi!Hli CM6HH6TCH llOt!TH paBHOB8CHbDI 11KB83HCTaIU!OHapHbD1 11 coc­

TOHHHeM 3JI8KTpOHOB crycTKa H ITil83Mli c npaKTHQ8CKH llOCTOHHHblU 

OTHOW6HH8M aaeprHH BOAHbl K aaepl'i!H 3JI8KTPOHOB cryCTKa. IlpH 3TDM 

B XBOCTOBO« qacTH crycTKa HM6~TCH aneKTPOHli HeaaxBaQ6HHble BO~­

HOlil c IIOBblW8HHO« (B;n;BOe 60i!Dill6 H8QaJll>HOM) aHeprHe«. B pa6o -
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te [II6] nonyqeso TO~Hoe pe•eBKe CtBIU!OHapaol aeJIHaeAaol cauo­

cor1acoBaHH0!_ 38,1taflll B88HMOA6IC!BHH O,AHOM8pHOro MOH05Hepret• -

qeoKoro peJIHTBBBC'l'CKoro crycTKa c xono;!Ufol nnaauol, KOr1{8 1 

cryctoK, H nnaaua onHClill81lTCH CHCT8110I H8JlHH8IHl:IX ypaBH8HBI 

I'llAPO,DJIH8UHKH H yp8BH8HHI M8KCB6JIJI8. IlpH S'l'Olil 8B!OPH (Il6] llJll· 

BDl81l! llOA8.Jll> tpeuajl C!8,DJIH .JUIYXllYllKOBOI H8yCT0'11UIBOCfll ,KOr1{8 

Boe B8JllfllllHY HBJIHll!CH ~yHKIUUUOI nepe11eHHOI . i = 2.. - v., t KSK 

B C!BIU!OHapHOM cny11ae, XOTH ~POHT ny11Ka no-npellHelly )UIH:Ke'l'CH 

c H8lla.Jll>HOI CKOpOCT:&ll Vo • 3aue'!HY, uo Ha OTJIH1Ul8 ~SOBOi 

CKOpOC!H YK888HO BO BC8X pa6oTax [I25-I29] ' B KOTOPliX ny110K 

sneKTpOHOB pacc11aTpHBaeTcH KaK aeaaASHHJil. B pa6ote (116] no­

KaaaHo,. ll!O y11eT BSWIMOA6IC!BHH SJ18KTPOHOB crycTKa c B036y•Aa-

811Yll Ill IIPOAOJI])HYll noneu npH OIIP8A8118HHJiX ycnOBHllX IIJlHBONIT K 

B03HHKHOB8HHll HeyC!OltmBOro CTBIU!OHapaoro COC!OHHHft, B KO'l'OPOll 

ll8C!:& sneKTpOHOB B XBOC!OBOI llSC!il crycTKa 11186! HlllIYJI])CH, 

3H8llHT8Jl])H0 npeBOCXOAfillli16 H8ll8Jl])Hhl8. 

3Wl8THM, ll!O <l)aK'l' HaJIHllHft B. nyqge sneK!pOHOB, npOlle~ 

CKB08]) nnaaMy' 3HS1U!!6.Jll>H09 ,ll;OJUI 118C'l'H~ c 8H8pl1UDOI t CJDt8C!B8H­

HO 60Jil>WllllH suepI'HJI 8Jl88'1'p0B~, BXO.:ztHllUIX B nnaa11y, 6HJl 0!118 -

11e H e ote JI11anr11po11. 

B MOHOrpagpm M.B.HeaJUIH8 (130] H B o6sope H.E.~alH6epra 

(88] npHB6A8HH pesyJ1])!8TW H6KO'l'OPl>CC sxcnepHll8H!BJll>HHX pa6ot no 

HCCJI8,ll;OB8Wlll saepre'l'Hll6CKOro cneKTpa peJift'l'HBHC'l'CKJIX s~eKtpo -

HOB, npome~ qepea CTOJI6 IIJ18811H. 
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B pa6ore Xapi.KOBCKOH rpyrrrrH [I3I] rroKaaaao, qro rrpH rrpo -

xo~AeHHH rryqKa aneKTpOHOB c aHeprHe~ 20 MaB qepea rrJiaaMy c 

ITJIOTHOCTl>IO SJieKTpOHOB n e !l:: (2~3) • I016cM-3 Ha6JllOAaeTCfl 

IpOXOlltAeHae OKOJIO I5-20% .3JI8KTPOHOB nyqKa, cpe;z(H KOTOpblX 06-

HapymeHu. ycKopeHH&e AO 24 MaB (cM.pHc.19). 

IIoBeAeHHe crycTKa aneKTpOHOB c n110THOc~i.10 ng (~) , rppont 

KOToporo lU!HllteTca c rrocTOHHHoit cKopocnRJ V
0 

(.13
0 

= V
0 
/c) 

qepea rrnaauy c ITJIOTHOCTl>IO SJieKTpOHOB ne (i) H IIOKOfl-

~HMHCfl HOH&IH, orracmiaeTCfl CHCTeMO~ YPaJlH8HHit ABH~61il'lft AJIH 

~ - KOMIIOH8HT 6eapaaue pnwc HMITYJIJ>COB ~e = Pe'E./mc, ~' = Ps'E./mc 
COOTB8TCTB6HHO 3JI8KTPOHOB ITJiaSMH H rryqKa 

d ( ~ 2 ') eEg 
di f.Pe- f + 5'e = mc 2 ' (5.IO) 

d; (~fg- J1+ ft ) == eEC 
mc2 1 (5.II) 

ypaBHeHHBUH aenpepblBHOcTH 

d d~ [ne(Ve -v.)]=O ' d 
di: [ ng (Ve -Ve!>)]= o' (5.12) 

a ypaBHeHHeM IIyaccoHa AJIH npOAOJll>HOit xounoHeHT& noJia BHYTPH 

crycTKa 
c . 
~= 4ste(no-ne-ni:) 
di 
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r;11e no - paBHOBeCHaH IIJIOTHOCTI> 3Jiel\TpOHOB IIJia3Mbl, PaJ3Haff 

IIJ!OTHOCTl1 Herro;n;Bl1 lKHblX 110HOB' ~ = v.,,; c • Mb! paccirnTp.l'IBaeM 

CJiyqatJ ng < no 11 lI}.le.ZllIOJiaraeM Herrpepb!BHOCTI> IIOJlfl E' 

11MIIYJII>Ca 3JleKTPOHOB IlJ!a3Mll fe 11 11X IIJIOTHOCTl1 ne Ha qipoH-

Te rrytiKa i = d , rJJ.e d - rrepe,l(HHH rpatt11l(a crycrKa ( 11JI11 

ero ,1i;Jll1Ha). IlOCKOJII>I<y rrepe.n; crycTKOM B03MY!l16H11H IIJia3!.!bl OTCyT­

CTBYiOT, TO rpatt11tittble ycJJOB.11.H 11M6IOT B>l:zl E~(d) =-0 , ~e(d)=O 
ne(d) =no 

~g(d)::: fo 
• l.ihl IIOJiaraeM T8K)!(e' l!TO Ha <]}pOHTe rrytma 

,r.n;e s>
0
=y,0 /(1-53;) 1

/z 11 ng(d)=nco 

r;n;e ni:o - IIOCTOHHHaH rrepBOHatiaJII>Haff lIJIOTHOCTI> 3JieI<TPOHOB 

crycTI<a, 

BaAatia 11MeeT TOlJHOe airn.lll'ITMtiecKoe pemeawe, HeI<OTOpb!e peayJII>­

TaTbI KOTOporo Ilpl1BO,l(ffTCH Hl1lite, 

IlocJie ycTaHOBJieH!rn C'.I'arurnHapHoro pelil:m~a nJiaaMeHHhlX I<OJieCia-

m1,,; (tie pea BpeMff t' + n T 11Jlli rrocJie rrpoxo.na crycTI<OM pac-

CTOHHWff L = d + n ZA ) 111.myJII>Chl aJieI<TpOHOB rrJia3Mhl 11 rryq-

Ka B OdJiaCT>l, 3aJIHTOi1 cryCTKOM' np11 .l(Jl.l'IHe do cryCTI<a (CM, [II3 

-II6] ) pacnpe;I(eJIRIOTCH CJiei'.(J'IO!l111M o6pa30M rrp11 vcj> ~ Vo ~ c 

0 

-~e ~ !'e' 0 , 
0 

S'c ~ .Pr: ~ .Po ' (5.I4) 

neo oC ( 1 _ nso oC) 
0 z1 no no 

~e = 1-2~!ool+~~ool2(1-~2)' (5. IS) 

c"'i ne. oC 
0 ; no 

?g ,= ~o + ( 1_,) ( 1_ 2 n;:« + ~\o ~2 ( 1_.}'z)J ' 
I';I(O o( = (J3o-J3)/(1-j3) 

B XBOCTOBOH tiaCT.1'1 cryCTl\a .Pe 11 fc rrp1106peTaIOT COOTBeTCTBett-
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HO 3Hatieavrn, npMBe;lleHHble B JieBO~i lJaCTli HCpaBeHCTB (5.I4) ,oT­

Ky;lla CJiei'.(J'eT, l!TO 3JieKTPOHbl !IJ!a3Mbl YCKOpH!OTCff ii a3a,l(, a 3Jie K -

TpOHbl XBOCTOBO~i tiaCTH cryCTKa (AO IO;o OT IIOllHOrO <rncna '!aCTlil( 

crycTKa (cM. [II6] ) ) rrp1106pera10T ;11orrontt>1 Te11I:>Hhlt i HMrryn:r,c nrre-

pe;11, rrporrop~11otta11I:>Hb!ih 

8V0 e 
crycTKa d0 "' 6)" ~0 p 

4 
(rrp;i yc11~n1111 (5.4)) "(

0 
np;i ,l(llvrnax 

11 ~o rrp11 do= :n:~o/CJp 

r1co/n 0 « i 

00 - "+ 8 4 
Jg - .)o Xo ' 

o., z o+4nco v2 
.l c Jo no oo 

nso 1 
n; z 2 J 

nco « 1 
no 

8Vo 2 

do= cup ~o 1 

~Vo 
do~ CUp 

11 

(5. I6) 

( 5. I7) 

1 
O;n:HaI<o }.(Jll1Hbl d.o rrpl1 n &o /no~ 2 ,li,JIH peam1aye1rnx B Hac-

TOHU(ee BpeM.H 3HatieHMt\ (\0 11 ng
0 

cryCTKOB Ol!eHI:> BeJll1Kl1 

( ""Icf M), VI lilbl Ilp~JBe;I(eM TaKlite Bb!paXteHl1li }.(Jlli HeKOTOpbDC npotrn-

v 0 d 2Vo y 
l!CYTOl!HblX 3HatieH>1:11 ~e 11 JC rrp11 }.(Jl>!Hax cryCTKa 1 = ~Oo 

(np11 ng0 ~ no/2 ), Ji]HT6pilaJI 113MetteHl1H VllAITYJJJ,COB 3JieKTpOHOB 

cryCTKa 11 rr;rraaMbl B 06JiaCTl1, aaHHTOi1 cryCTKOM, orrpe;neJIHeTCH B 

3TOM CJiytiae HepaneHCTBaMl1: 

m 
- ~e '- fe ~ O 1 

m 

.Pe ~ S's ~ S' o ' 

ng. cL 
m 13-n; 

~e = [ 1 _z~!ocx: + ~\o ol'(1-j32)]YZ 
1 

(5.I8' 

1- ~cl ( 1-p2) m no 

Pc::: SJo + ( 1 -}')[f-2~~·o1. + ~~oce2( 1 -j32))'/2 
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~3 ITPHBe~eHHblX wopuyJI BH,lUIO, qTo Ha paCCTOliHHH d, OT WPOHTa 

cryCTKa aneKTPOHbl XBOCTOBOtt qacTH cryCTKa ITIJH ycnOBHH (5.4) 

npH06peTaIDT ~OITOHHHT8HbHI:ilt ITO cpaBHeHHD c HaqElJ!l>HblM HMITYHDC 

m 3 n1o 1 d ZVo • fg ::: .Po+ 4~0 1 n;;-::::::y ' 1 :: C&lp ~ 0 ' (5.I9) 

m zngo 2 neo d 3l'Vo ~t z: fo + -n;;- ~o ' no « 1 ' I z: 2<.) (5 .20) p 

PacCTOliHHH, Ha KOTOpHX: npaBe~eHHble BblpaJKeHHa (5.16-5.20) ~Jili 

MaKCHMaJlbHblX HMITYHhCOB U6HHDTCli H63H8trnTeHDHO, COCTaBHHDT npH-

d -f 
MepHO IO% OT BceM ~JIHHbl cryCTKa .1 f 0 = 10 df 0 ' H qaCTHI.lbl, 

I ) 

HaxO~HlllHeCH B CJiyllae (5.19-5.20) B OTpeaKe Ad1 XBOC~BOI ll&£T~ 

CryCTKa ITPH06peTaDT, H81IpHuep, llpH - ~o = n5o ::i. 1013014-3 .H 

io = Icf (50 MaB) MaKCliOISJrbHyRJ 3HeprHRJ 

Cmax = mc2 .[(f~)2 +1] 12 ~ 2TaB, 

q11cno qacTMD; c Taxott aHeprHett N' = ng
0

£\d 1 .R , r~e .A ce­

'qemie crycTKa, Nge 3,5· ro13 , ecJIH .A npHHHTb paBHblU I cil-. 

IlpH STOM df = 35 CM, .1d1 = 3 ,5 CM. IlpH MaJiblX llJIOTHOCTHX 

SJieKTpOHOB CryCTKa ngo /no = I0-3, no= I013cu-3 H 'to = 104 

d :ltVo 7 d g ·7 II HMeeM 1 = Z<Up = 2, MM, .1 1= 0,27 Mu, N = 2, ·IO 

Cmax rci raB. 8TH aHeprHH npHo6peTWJTCH aJieKTpOH8UH XBOCTOBOit; 

l8CTM crycTKa nocne npoxollt,ZleH.Ha crycTKOM B nnaaue pacci;_oaHBI 

L H 'AO paaBana cryCTKa (o6roH XBOCTOM ~pOHTa) • • Ilfl! 
.,n • 0r3 -3 v ~ n1o .:.-. ~ g0 :::::: I CM , 00= Ilf.",, L.= 54 cu, a npH -n z:IO 

• 0 

L d 21CV • 
.... 1 +~=2cu. 

. p 

no= 

no:: I013cM-3 
' 
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IlpH ycnOBHH (5,6) BblpaiKeHHH (5.I6) H (5.I9) 3aM6HHIDTCH, COOT-

2Vo /( neo) BeTCTBeHHO rrpH ~HHHax do= c.;r- 1- 2 n. lll 

v. I n 112 p df = C:p ( 1 - 2 n~) :BblpalKeHHHMlll 

0 2 ., 
~ = D +21/ f(1-~) g Jo Ooj no 7 

m fg =fa+ 2K!/( f- 2~~0{2, 
' 

(5.2I) 

H 
m 

~t rrpH ng.,/n0 «1 
0 

BblpalKeHHH lKe (5.I?) H (5.20) ~JlH ~g 
i 

npon opuHoHaJIJiHhl ~o rrpH JIID6bl.X ~o • Cne~yeT, o,zi:HaKO, aaMeTHTb, 

qTQ lIPH n110/no ~ i yqeT IIO.l(BHlKHOCTlll HOHOB H KOHeqHOCTlll no-

rrepellHblX paaMepoB crycTKa BBO,]J,l'!T orrpe.zi:eneHHble orpaHHqeHHfl Ha 

:een;iqHHY ~o ' rrpH KOTOpbIX cnpaBe,1\JIBBbl rronyqeHHble Bblllle Bbl-

palKeHHli (CM. rr.5.3). 

IlpHBe.zi:eHHble B nn.5.I H 5.2 ilJOPMYHbI TaK lKe,KaK l1 HeKOTOpb!e 

;npyrne peayJIIiTaTh! pa6oT [II3-II6] , oco6eHHO Te, .zi:na 1rnTopbIX 

rpe6yeMble ,l(Jlfi 60JIJ,UIOro TeMrra ycKopeHHH ,1\JlliHbl peJIHTii!Bl1CTCIU!X 

;ryCTKOB CTaHO:BHTCH ,l(OBOHbHO 3a!.18THhlMH, MOryT HM8Tb H acTpowH-

3HqecKHe rrpHMeHeH.HH, CBff3aHHble c ITOHCK8.MH MexaHH3MOB ycKopeHHff 

KOCMHqeCKHX Jlyqeil: :e OTHOClllTeJlbHO ITJIOTHO~ nnaaMe pa3Jll'iqHb!X acTpO­

WH3~qecKHX o6~eKTOB. BoauolKHO, qTo yqeT HeKOTOpbDC Ha paccMOT­

peHHbl.X HenHHeil:HblX a@@eKTuB ycKopeHHH aapH!KeHHb!X qacTHU ITOMO:>f(e T 

o6~HCHHTD rrpoxo~eHHe KOCMH1l6CKHX qacTHU BWCOKHX H CBepxBh!CO­

KHX 3HeprHil: [II4,II8,I32] • 

5.3. YlleT :emaaHJt.H ,zi:BH418HlllH 1110HOB H norre pe '!HblX 

paaMepoB crycTKa 

IIpaitT111qe~KH BO Bcex lU'JTHpOBaHHhlX Bblllle pa6oTax no rettepau;iw 

npO.l(OJil>HblX BOHR B ITJlaaMe HOHbl rrpe.n;rronaraIDTCH HeIIO,l(BHlKHb!MH. 

06o6mrui peay.1ThT8Thl pa6oTbl [II6J aa cnyqruJ: "Tpex lKI1;n,KocTe 11'
1 

-
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aJieKTpott~ nyqKa, aJieKTPOHbl flJI83Mbl H HOH~ flJI83Mbl (66CKOHeqH1:i1e 

P83M6pbl B HanpaBJI6HHf!X, nonepeqHblX CKOpOCTH nyttKa) - MOliCHO 

paCCMOTpeTb CaMOCOrJiaCOBSHHyID aa;n:aqy B3WIMO;n:e~CTBH.fl peJI.f!TH -

BHCTCKOro cryCTKa aJieKTpOHOB c XOJI0,1.lHOlt ITJia3MOM c no;n:BHlKHhlMH 

HOHB.M11. 3a;n:aqa HMeeT TOqHoe pellieHvre, KOTopoe B rrpe;n:eJie Macc1:i1 

110HOB Mi - 00 CBOAHTC.fl K peaymTaTaM pa60Tbl [II6J • 
Yqe T ,1.lBHlK6H11 ff 11 OHOB B CJiyqae • nco I no « .1 OK83 h!Bae TC.fl He­

CYlll6CTBeHHW.q B Cnyqae lKe ng0;n0 Z. ~ ,1.lJlH C0Xp8H6HH.fl B CHJIE 

peayJihT8TOB pa60Tbl [II6] Heo6xOAHMO 11 CITOfil3 0Ba Th ny qKH He oqeH~ 

Bb1COK11X 3Hepr11~: raMMa-waxTop rryqxa ,1.lOJilKe H 6b1Th orpaH1n e H 
CBepxy 

( 'to4 « 
BeJI11q1rnoi.t 

._M_! ~ ) 
nponoplV!OHaJihHO!-l OTHOllieH11ID M•/i!.me 

' r;n:e i! - 38p.fl;n: HOHOB. Jlp.11: 
4 Ml 

lfo » · --BbllIOJIHeHvr11 lKe o6paTHoro ycJIOBHH 
11Mnync1:i1 

f c 3JieKTpOHOB cryCTKa OK83blBaJ0TC.fl 3aBl1C.fllllHMH OT KBa;n:paTa 

.lo- ~aKTOpa cryCTKa. 38.MeTHM TaKlKe, qTO B paccMaTp11B86MOi1 

cxeMe c no;n:BHlKHblMl1 HOHaMH B03HHK86T RX HanpaBJI6HHOe ,1.lBHllteHHe . 

- ycKopeH11e, O;n:Haxo, OHO HeBeJIHKO. 

YqeT TeITJIOBoro ABHlKeHHH 3JieKTPOHOB IlJ1a3Mbl rrpoBe;n:eH B pa6o-

Tax K~yJieaca .11: Mop.11: [I22,I33J H yTOqHeH B pa6oTe PoaeH -

UBe Mra [ IIB] • 

JlPHBe;n:eHHble Bblllie peayJibTaTbl IlOJlyqeHbl B IlpH6JIHlK6HHH 6eCKO -

HeqHo illl1POKOro B norrepeqHblX HanpaBJieHHHX rryqKa. YtmTbllla.fl H6JIH­

Hei1HOCTb aa;n:aqH, CJI6,1.lOBaJIO IlOJiaraTb, qTo yqeT KOHeqHOCTH rro­

rrepeqHi:.ix:. paaMepoB MOlKeT Ilpl1B6CTl1 K H6TPHBH8filHhlM peayJibT8TaM. 

!IoaroMy Heo6xo;n:m.rn 61:i1J10 Hal-iTH yc j,QBHH Ha rronepeqH1:i1e. paaMep1:i1 
• • 

nyqKa, rrpvr. xoropwc rroJiyqeHH1:i1e peayJihTaT1:i1 MoryT coxpaHHuc.tI. B 

JIHHei1HOM rrpH6mrnce HHH aamlqa 61ma pemeHa B pH;n:e rrpe;zu,i;n:y111Hx pa-

6oT [IOO-IQ6] B rrpe;n:noJIO lK6H11H 38;n:aHHoro nyqKa aJI~umnoHoB. 

SI 

B ueJiffX ycTaHOBJiemrn BJillHHHH norrepeqHblX paar.1epoB Ha 11 caMoyc­

xopemrn11 3Jl6KTpOHOB peJIHTl1BHCTCKOro crycTKa, Ha;n:o CiblJIO OTKa -

38TbCH H OT 3TOrO npe;n:rroJIOl!CeHHH. 

3a;n:aqa wopMyJrnpoBaJiacb cJie;n:yIDll!HM o6paaoM - KpaaHe peJIHTH -

BHCTC!Uli1 UHJIHH;n:pHqeCirni.1 rryqoK 3JI6KTPOHOB ,1.lJillHbl d ' rrorrepeq . 

Hb!X pa3MepoB a ' co CKOpOCTbID riJpOHTa rryqKa rrpOXO,ll.11T B,1.lOJlb OCid 

' l. y:epe3 6ecKOHeqHyID B 060HX HarrpaBJieHHflJC ( c I 'l. ) IIJia3My. 

BcH CHCTeMa HaxO).\ll!TC.fl B ;n:ocTaroqHO CHJlbHOM BHeWHeM rrpo;n:OJibHOM 

MarHHTHOM none B0 ( w po ~ CUp) • Kax 1'! paHbllle, paccMaTpH-

BaercH CT~HOHapHoe (ToqHee - KBa3HCTaIV!OHapHoe) COCTOHHHe 

CHCTeMbl peJIHTHBHCTKa.fl ITJI83Ma - rryqoK, KOr;n:a Bee xapaKTepHCTH-

KH CHCT6Mbl MOlKHO BbtpaaHTb qepe3 rrepeM6HHb16 i = -e-v'*'t H 

i . llOHbl rrna3Mbl Heno;n:BH~Hbl, nJia3Ma B HeB03MYllleHHOM COCTOHHHH 

H6MTpaJibHa, yrropa,n;oqeHHble CKOPOCTH aJieKTPOHOB rrna3Mbl HMe~~ 

TOJlbKO O,ll;HY COCTaBJIH!OlllYiJ - Yu • !tiCKOMble aJieKTpHqeCKHe ITOJIH 

B CHCTeue HY61lT J?6. OTJIMqHbl6 OT HYJIH HOMIIOH6HTbl Ee H E-z. 

MarHMTHoe none - o,n;ay, Be • YpaBH6HHH, OIIHCblBaIDll!He paccMaT­

PHBaeMy!O CHCTeYy IIJiaaua-nyqoK, COCTOHT 143 ypaBHeHHV. MaKCB6JIJia 

c HCTOqHHK&!H I ypaBH6HZM ;n:BHl!eHH.fl ,1.lJIH aJieKTpOHOB IlJI83Mbl H aJieK­

TpOHOB rryqKa H ypruiHeHldV. HerrpepblllHOCTH ,ll;JIH aneKTpOHOB nJiaar.11:i1 

w 31l6KTpOHOB IIJliK8 no OT;n:eJII>HOCTH (MO,ll;eJiI> ,ll;Byx lltH,ll;ROCTeV.). Ha­

laJlbHaH IIJIOTHOCT» aneKTpOHOB rryqKa Bb16HpSeTC.fl B BH;n:e: 

-i2 

{

ngo(1-1ii"")' -z.~a, 
nM('z)= · o~~~d. 

o z,.a, 
cs·.22) 
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·paHl1'lHble y c.noB11.R 3 a.L\~IV:i:l;n 11a rrepe,n;HeM WPDHTe rry•ma 

E ( d) = 0 , B ( d) = 0 1 Ve ( d) = 0 • BIID.zl.R 06blllHbIM 

o6pa3oM rroreHu11a.nbl 'f (~, 'Z.) lil .R (~, Z.) c yc.noB11eM Jlo-

peHua, rro.nyqaeM ,n;.nR CKaJIRpttoro norettu11a.na ypwittett11e 

i 1 a ( a':f) a 2~ 2 '11'cpz~ z.di"" + ai2 =-4sre~4>(no-ne-nc)J 
(5.23) 

r,n;e 

i 

~cl> = ( 1- V.p )-1/z 
cz ' 

ne Vs& - ncct Vgd 

Vcf>= ng-nca 

B paccMaTpl1BaeMOM Kpatitte peJiffTl1Bl1CTCKDM c.nyqae fe =Pe/me »i 
7 

-f Vcd = Vg~ ::::: c l1 Vct>""C, rle""tlo(1-.f3e), n,.:::: nSd 

Ra.nee l13 ypruitteH11~ .11Bl1lKeHl1H .11JIH a.neKTpOHDB rr.na3Mhl HaJCD.lll1M 

~'=./p!+t '-_pe , r,1.\e ~'=f/~.f,mc2 , ':f(d)=1 H 

ne = ~
0 

( 1 + 1/~ 2 ) ~ lID,zJ;CTaBJI.RlI BhlpalieHHH AJIH ne l1 rte 
B (5.23) l1 BBO)IH 6e3pa3Mepmie B8Jll!'lMHbl f, z. = 'Z Ap, e =i! >..p, I I /. -1 -v 
rro.nyqaeM cJie,n;yJOlllee ypaBHemrn ,n;JI.R ':f (i!. , z.') I - I 

2 1 a ( a<s) aip 23r 2 2ng) v -- z- + -- - ----2~2(1-0cj:> z 8't a~ aiz 1f2 - no (5.24~ 

(lliTpl1Xl1 ohyli18Hbl). 

.Ypruiaett11e (5.24) peruaeTcH rrp}J6Jll1 lKeHtto. Hy.neBoe 1Iplil6.llH31eH11e 

l1li18TCR KaK ~erueH11e ypaBHeH11H 
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d2 'foli) 
dl2 

igZ 
'f!(i) = - zgr2(1- 2n'°) no 1 

(5.25) 

KOTOpoe l1MeeT TO'lHOe peweH11e, COBITa)laJOl!lee c paaee IIOJIYtl6HHblMH 

pemeHHHMH ,1J;JIH 66CKOH8tlHOro B nonepetIHhlX HanpaBJI6HMHX IIY'lKa B 

np116JIM11t6Hl1l1 Vr, - c • IIpl16Jll!ll!eHHOe pemea11e ypaBHeHHH 

(5.24) l1~8TCH B BH,11;6 pa3JIOlK6Hl1~: 

2 
lf(~,'t)='ft(~)+'f2(i) ~2 + 

(5.26) 

~.(i) = c.fo(a) + '!01 (i) + ... 

OrpaHH'lHBa.RCb ycJIOBHHMH: 

I c.fo1 I « I ':f o I , l'!2 I« 1-'fo I 1 0< ~~d (5.21) 

l1 OCTaBJIHH q.neHbl nepBoro rrop.R,n;Ka MaJIOCTH, l13 ypaBH6Hl1~ (S.24-
5.25) 11ueeu c.ne,n;ym~m c11creuy: 

2 2 nr,o d2~2 + 4SE 12 t!:> = - 4n no ' 

d1 ~01 + 
cl~z 

z 
4n2 

- 4 lS'• ) --- '!01 (c) = - ar- <fe (~ • 

Ms ypaBHeHHH (5 .25) c.ne)IYeT, tITO 
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1' ~o Ci)-' 1/g· neo O<S s f-2n;<1. (5.29) 

B ceyqae flg 0/n 0 ~ I, xoropiiUt aan6oJiee qacro BcrpeqaeTca 

Ha rrpaxrHxe, 'f0 :::::: I ;itJIR: O ~ i < I H CHcreMa (5.28) pe­

maerca c HYJIBBl>IMH rpaHHllliiam ycJIOBHID.IH aa rrepe,llHeM d?poare . . 
rytU{a l - d • IlpH6JIHl!6HHoe BblPSlleHJie )(JI.ff ':f ' 6JIHSKHX K 

~ ~cl-iJ2 )(HHHI.te 1 ~ :: f T c3f f1o ---;;- . IlOKaab!Bae T, lli'O ycnOBHe 
n (ct )z P · 

1.f_::::: I ecn ~ Jl.p << 1 ,. T.e. npH xopoTxHx rrytrnax d/.Ap «I 

0THOIH8HHe ng0 /no llOlltef 6NU npbHaB01il>HO B HH1'8pBSJie 
· 1 

0' n1o/no < z '• CHCTe11a 01'HOCHT6JIJ;HO npocTo pe111aerca H )1JIH 

-3 OIJeHl> 60JI1>111HX ~o ' KOr)la llJieHo.11 c 'fo B (5.28) MOlll:HO rrpe 

He6peq1; qJHSHqecxH :no COOi'BeTcnyer YCJIOBHIO b - o, T.e. 

nBo/no -1/2 
YCJIOBHe (5.27) rrpHM6HHMOC1'H peaym,TaroB pacqeToB .1lJIH 6ecxo­

HeqHoro B rronepeqahlX aanpaBJieHHHX rryqxa ecT:i;: 

ng,, di 
n;- ~«f i nso i 2 

-:-;:r;;- (iZ << 1 ' 

(5.-30) 't: ~«1 0<'Z~a. (i2 no ' 

3aMe1'HM raxae, llTO , B paccMaTpHBa6MOM rrpH6JIHll!:6HHH : a<PqleKT 
11

C8Moycxope1rnH" Herr oc pe,l(CTB6HHO CJie,l(yeT HS ypaBHe HHM ,llBHllCeHHH 

,llJIH 3JI6KTPOHOB rryqxa: 

dPgl. 
(V~-V'*') di =-eEz 
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1 d!f 
E~=- o~ ~' 

HH1'erpHpyH KOTOpble c yqeroM rpaH.KllHhlX yCJIOBH~ rrpH ~ .. d 

O_. z~a: j'g(d)=fg
0
=Pgo/mc 1 

I ':f (d) 
g' (d} = f = mci~! HMeeM 

2 
~g = fg

0 
+ 2 ~~ (':f-1) · (5.31) 

CooraomeHHe (5.3I) BepHO B o6~eu cnyqae, He3aBHCHMO 01' KOHKpeT+ 

HOrO BH,1la ':f(i, ?.) • !IOaTOMy, :Bcer.11a npH g> > I, T.e. 

B XBOCTe ,1!JIHHHOro d ~ .i\p IIYllKa, 6y,1lyT HM6T:DCH ycKOpeHHble 

3JI8KTp0Hbl; HX IlOliBJieHHe eCTJ, peaKqHH nyqKa Ha C03,llaBaeMoe HMH 

IlOJie H o6paTHbl~ TOK 3JI6KTPOHOB IIJia8Mbl. HaIIOMHHM, llT~, Kai( yll!:e 

OT.1161laJ!OCJ;, a<PqleKTbl ycxopeHHH 3JI6KTpOHO:B XBOCTOBOM qaCTH rryllKa 

6blJI.K npe.11cxaaaau TaKlll:e npH paCCMOTpeHHH KHJlbBSTepHblX BOJIH B 

naccHBHhlX cTpyKTypax (cM.paa.11eJI 4 HaCToa~ero o6aopa). 

3HW! 'f , MOll!:HO HSMTR 
f B'i 

Ei = -a~/di, e.=- 1; ~ 

a aaTeM H Be Ha ypaBHeHH~ Maxc:senJia (nocne,lUfee 6onee YAOO~ 

ao, qeu pewau aruro:Bo HeJIHae~aoe ypaBHeHHe .'llllH A~ ). 3aaa 

Ei H Bo ' BblllHCJIHJOT CHJIY f i. = -1 e l E i + I e I ~Bo : 3HaK 

H B6llH'llHHS Ji onpe,ZWJIHDT "cauoiJ.>oKyCHpOBKY" ( f'l. < 0 ) ff 

"cawo;neqioxyc2po:axy11 
( f't > o ) 11yqxa.3waeruu,llTO none Be on-

pe)leJiaeTcH KSK TOKOU nyllKS KOMil6HCHpOBSHHbDl (ll6CTHQHO) TOKON 

3l16KTPOHOB IlJia3Uli, TaK H TOKOM cue~eHHH nponop~HOHaJil>HblU 

ae'i;/ag 
06mee :BlipSllteHHe ,llllli Cffllbl f i ;l{OBOJibHO CJIOlltHO; B cnyqae 

KOpOTKHx nyllKOB d « Ap oao aaueTao ynpo111aeTcH H ormcb!BaeT 

.11o:somao CHJ!bHYD IJ.>OKYCHpo:aKy. B cnyqae .1.lllHBHHX nyqxo::i d ~ l.p 
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<I>oKyCHPYIO!IlaR c11na nepHO,lll1qecKH H3MeHR:6'l'CH c nepHOAOM ~p 
T.e. nyqoK IlPOXO,lll1 '1' KaK 6w qepea 3KB11 BaneH'l'Hliti IlHRHHAp11 qecK11 

CHMMeT pHqHhll1 OHAYRff'l'Op, ll:'l'O IlP11BO,IUiT K uarwnoTopuoaHoMy Hanyti:E:.­

HHJO anexTpOHOB nyqxa H, KPOMe Toro , MOM6 '1' CRYllHTb OAHO~ H3 
11pl1 lJHH 11COCHCOq!iol1" Heyc TOtilJM BOCTH. 

PaccMOTpe HHhle B Il ffTOM paaAene HaC TOHll!ero o6aopa peaynbTaTw 

11MeJOT 6eaycnOBH!i!l1 HHTe pec , oco6eaao B qacT.H, xacaIOll(ettca "caMo­

ycKope mrn" 11 "caMo<I>oKyc.HpoBKH 11 snexTpOHOB crycTfta. Cy111ecTBea­

Hb!M 3Aec:o ffBRH8TCff B03M01KHOCTb llpH onpeAeneHHOM llOA6ope napa­

MeTpOB (B TOM ti:11cne np11 6onbmott pnOTHOCTH aneKTPOHOB nyqxa 11 

anexTpOHOB rrnaaMhl) rronyti:HTb 60RDm11e aHaqeHHH ycKopH10lill'lx 11 <l)0Kyr­

c11py10m11x nonett. STH o6cToffTenbCTBa 1o1oryT 6h!Tb pemaIOlllHMH np11 

Bb16ope 011THMaRD li b1X ycnOBHti HCilORDSOBaHHff KHnbBa~epHb!X BORH B 

rrnaaMe ·11 RHJl :&BaTepHblX BOnH B nacCHBHhlX CTpyRTypax (CM.§ 4 [I3/, . 
14] ). 

C ytJ:eToM Me CTKHx Tpe60Batt11l1 Ha paa6poc B norrepeqahlX HWiyn:o-

cax B RHHe MHhlX KOnnal1'Aepax B Ta~HOM 06nacT11 
aae prnt! [I34J 

MOMHO rronaraT:o, ll:TO cxeMhl ycxopeHHH c IlOMom:o10 KHn:&BaTepHhlX 

BOnH B rrnaaMe, TaR 1Ke, Ka.I\ a@\tleKT tten11He i:1Horo "caMoycKopett11an 
MOryT 

.HMeTb nepcneKTHBhl IlPHMeHeHHff np11 C03AaHHH' 
YCKO!JHTenett c <l)HKCnpOBaHHOti MHillGHbJO 

,. I'Ae orpatt11qe-
HHH Ha paaopoc B nonepeqHhlX HMITYJlbCax He HBnR:JOTCff CTOJl:O or patt11-

" tJ:J1BaJOm11M11. 

c yti:eT OM Bhlille11ano4ettfioro CTaHOBHTCff oco6etttt0 HCHOM Heo6-

XO ,ZU!MOCT:b CHCTeMa'l'Hti:ecxvrx SKcnep11MeHTaJ1:&HhlX HCCJ18A0BaHHt1 no 

r ettei;aim11 RHJJ:bBaTepHbJX Bontt B rrnaa1rn, 11ayti:eH1110 ar.P<.PeKTOB 11cauo­

yc1rnpe H¥JH" H "cru.io<l)oKyc11ponK11 11 aneKTpOHHhlX crycT1rnn, rrponeTa10-
mvrx ti:epea unaaMy, 

s7 

Ho:ahle cxeuhl ycxopeHHH 

r. ~aaepHoe ycxopeHHe :a nnaawe 

2. IInaa1o1eHHhle .7ll'lH3hl 

3. KHJIDBaTepHhle nonH :a naccHBHHX H 

alCTHBHblX C'l'pyKTypax 

4. ~HHe~Hhle ycKOPHTeJIH c KOMMyTa -

IU16~ ( Switched Linac ) 

s. o JI c a 

6 . CxeMa c HCilOJ1b30BaHJll6M 06pW11eH­

Horo alj)<peKTa qepeHxo:aa 

7. ,llByxnyqKOBhl6 CHCTeMhl 

8 . ~OTOKaTO.zu,I 
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Ta6.7ll'l11a I 

UCLA 

IlapH 

RAL 
NRC 
LLNL 

SLAC 

DESY 

Ocaica 

ANL 
SLAC 
UCLA 

CERN 

BNL 

Poqectep 

BNL 

NRL 

UCSB 

CERN 
LBL/LLNL 

LA.NL 

BNL 



9. l1CCJJe.l(OBam1e B03M0li(HOCTlll IlOJiy1rnH11R 

BLICOKlllX rpa,1U1eHTOB B YCKOpl1T6JJI>'ibIX 

cTpynypax 

IO. \IJ111axrna KOJIJial1.n.e po:s 

II. ~CT0lJHlllKl1 MO~HOCTlll! 

a) Kn111cTpOtthl,KJI111cTp111tto,I'lllpoKottbl 

6) Jiaae PT pottbl 

B) Jlaae PT pOHbI, Qiop1.mpyi0ll(vie 11J!OCK11e 

rrytJKlll 

r) I'HpOKJll1CTp0Hbl 

.11 ) .Ji C 8, CARM 

e ) PeJIRT11:s111crcKui1 KJ!l1CTpott 
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SLAC 

LBL/LLNL 

KEK 

HOBOC1116111pcK 

SLAC 

CERN 

KEK 

H OBOC.l'.!611pcK 

SLAC 

iiOBOc6vrp111cK 

KEK 

SLAC 

Opceti 

Texac 

Ma p111Jiett.n. 

LBL/LLNL 

MIT 

NRL 

KEK 

SLAC/LLNL/LBL 
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PHc.5 

i-- .llBYXIlYlflCOB!ilk~ YCKOPL!TEJI:b 

.l!HHe~Hwt ycxopH!eJII> 0 BHCOKIOI !81Ul0fil 
yoxopeHHH sa 11acTote 35 I'!'Q 

BOnHOBOlUllil !pSK! 

.,-..ycx.op111>11;11i 
I ny'IOK 

110,1lyJIL HH,JzyKIU! OHHO­
ro yCKOPHf8.Jlil BH rr;ns p uarau : I 
~--------·~!=CS~ 

PHC.6 
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YCKOPE.HHE B K.lt!Jffi~ATEPHWC .llQ~ 

b [] d 
--E YCKOpHeM 

cryc!ox 

I yc1rnpH1>-
lltK.tf cryc-

~ !OK I 

Dog-- I 
PHc.7 

I PEJJHTI1.Bl1CTCK/tl.0 K.fillCTPOH ' 1 
rJJHHelHLI~ yCKOpHT6JI~ C 'BLICOKHM 

T6MilOM YCKOpeHHH Ha t1aCTOT6 35 I'I'q 

TpaKt ...... 
M 0.l{YJ!h ~JIY 

YCKOpRJJll(K~ 
nytJOK 

CBq BlilXO~HHe pe­
aoaaropL1 

PHC.8 
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~CTYIIEH1IAT~a JmHE~HhlR . YCKoPHTE~ 
. JlllB81tHWI ycxopKTeJI:r. c :SYCOKBM 

1'811IIOM yCKOpeHHH Ha t1ac!O'f6 30 rrq 
••••IHNlllt1•nu11111un11l1nu1111,.1u1n1111un1111••••• 

wtt · f pan 
liB I 

Iii ._•••YCKOpHIJIDJdt 

., 

ny110K . 

PeaoH&!opu ea qac~ 
MOJij'JUf CB6PJCJipO:BO- f01'8 30 lTu 
~1"8ro J1HH61Horo YCKOpH1'6JIH H8 350 MI'l!.J 

PHc.9 

IYCKOPEHH B KlrlJII>BATEPHhlX no~ 
I Ycx0Pff1>11U11e saeKTP-OHHYEI xoJuina · 

- Ycxo111Ten11 1 

3Jl6KTPOHHHX x- '' -

- u 11 n 1,',"""ii•iii••·""'"'''' \ - - 11111111•1111111111111111 

_\ • llC!6118 pea HBliC 
Crycto.1. on- Horo BoaOYUeHBlJ 
•OI 8H8pi'iif" ,Ull>B8!8DBOro qq-.ns • ycxopeeiUI 

I n]-••c··-·i l 10<n~-1.MZJCKOpr 
P111c.IO 

64 



vrsJ 
2001(MaB/11J 

lt10J I\ v•rsJ r. I 
F, 11:;;::1 I n •• a rt I\ /I .I .,r,CN/ 

,I 
Src"'J 

~It" -

PHc. II 

w/c 

,,BA 

PHc.I2 

65 

( KaHl (KaB) 
V(s) T 1o1 ~.,g,.H 

.:~~e./\ s :.!i\A 
$ 

(NH) (HH) 

l \_/ 
M+ '·ft"L 

I--.... ~If' J "" (H~) _.,, ,- \ ,s4 

~ro50 v ,.: 

N 
2oi Alo 

PHC.!3 

J// 
/,/ 

,/ 
/"'K 

J.0 
/ ,/ ~ ..... 

/ ~ . ...-:~ 
/. ,,,. ,,,,,,,,,. ,,,_. _. 

/. /,,,,.. 
/' / /.,, / . /. 

I!~ ' I ' I I ' ' ' ' I Kl 
f JO 20 0 : 

PHC.I4 

-~ 



~ 
:x; 

~ 
~ 

50 

PHc.IS 

,, 
JI 

TpaexTopJrn nyua 
- BliCOKOI! SH6pll!H ' 

Cexmrs 
npo:eepKB 

, 
•' 

\I ... U 

- 50 0 so 100 150 200 

.SBMPZKB lI,llKa CBH.neTeIDJ (nceit) 

PHc.I6 

67 

a 

fJ 

a 

(J 

c 

z"',..;2 .P (z} 
'2.ti 

PHC.17 

-~~-1:: 
: I 

8 
Emox=I 

.!:!e ~ 
v. 2 

d -1Wi 

'o id t'E -
-- 2 Vo 

~~~2/ 
I I rm 

5 
d -8e ~ 

Vo ii ,,-
I 

-Kl 

~·i :-
-- a' & i r Vo 

r-qs 

Pl!c.rs 



.f, -iee. un. (\ W J, ?.ef.un. 

JOr /\ - 50 

., I 1 - :(· 1~ ·~ .Ii \ 2 20 

j \ 0 , 10 

m 20 JO W. MaV o,, 

PHc.I9 

, 69 

-

rro;zurncv1 K P~CYHKAlrl 

PHc. I CxeMa noJie~ J1aae paoro 118B-ycKOpHTeJIH B JiaoopaToptto~ 

c>1cTet.1e (I,2,3) >1 CCB (I' ,2' ,3~ J 4'- TpaeKTOpHH paBHOBec­

HO~ yJibTpapeJiaTHBHCTCKO~ qacTHUhl , aaxoAame~cR B ueHTpe 

KPYlKKa, 5 - O;l.\HOpo,11Hoe 1.;arHHTHOe noJie; 6 - HHJ.\Yl.J.l'ipoBaH­

aoe B CCB O,llHOpOAHOe aJieKTpH11ecKoe none; 7 ,8 - 3JieKTpH -

qec1rne H MarHHTHble noJIR 118B npH atta11emrnx lj_;aabl, OTJll14a!O­

lllHXCH Ha m: /I2. l!HcJia cne pxy: K03qJtlMuue HT rqJe JI01rne ttl1fl 

AH3JieKTPHKa; OTKJIOHemrn OT peiil111a MaKCltl toaJil>llOro TCMna 

ycKopeHHflj ,l(Jll1Ha BOJI!:bl Jiase pa B UKl.1 ; Bb:COTa Tpael\ TOplrn 

H~ IlOBepxHOCTblO B 6,lll1HIH\ax AJll1Hbl BOJlHhlj BeJll14HHa 1.1af'HHT­

HOro nonR BHYTPH ;n.HSJieKTpaua (B ~aCillTacie ,l.\JIHHbl). 

P11c.2 061l(Hit BH.ll reaepaTopa l13B naaepHoro ycKopuTeJrn. Ilo1rn2 aHh! 

TpH KpHcTaJIJia (rroKaaaTen.I> npeJimmeHHR I, 75) TpaKTa ycHo­

peHHH H XO,ll ;nyqe(1 CBeTa B 0,l(HOM H3 HHX. J Jll>TpapeJIHTHBHCT· 

CKaH llaCTHI.ta (P) H l.[;pOHT BOJIHbl B paBHOBeCHOi1 l))ase (C) 

(BblXOAHaa ane pTy pa J1aae pa, He noKaaaaHaH Ha pHCJ'HKe, na­

paJIJieJI.I>Ha ~pOHTy) CTapTyJOT O,l\HO:epe~eHHO. I'eOM6TpHfl KpHC­

TWIJIOB ,:dblpeaaHHblX H3 }()U1H~ '. c pe6po11 PK' BblOpaaa HS ycJIO­

BHU MaKCH~WlbHOro Teuna ycKopeHHH H llHHHMWll>HOro OTpa ,_ 

HHH 3JIJUUITHll6CKH IlOJiflpH30BaHHOR BOJIHbl HS BXO,ll0 (HHlKHHH 

IlOBepxHOCTl> KJIHHa) B KpHCTaJIJI. llSB pacnpOCTpaaaeTCH B 

Harrpa:eneHHH I, ee ~pOHT napannenes OCH 2. De.I> 3 nepneHAH­

KYJIHpHa BepxHeA IlOBepxHOCTH KpHC%WlJ!OB. MarHHTHaf! CHCTeua 

H nornonn.•en BblXO.llRClero Ha KpHcran;n~ cBeTa He noKaaaaw. 

!ec.3 Cxeua sxcnepHMeHranHoB ycraHOBKH. 
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Pl'lc.4 3aBnCl'IMOCTI:. CM\:l~l'l11 .JJHepreTl'!4ec1rnro pdcnpe;.it3JJeHl'IR 

_. ::rne.KTQOHOB l'I F(H) OT ttaTifJRlKeHHOCTl'l noJIR OH.l.\YJIHTopa. 
1'10 Bq11·rsqOOii" 

Puc.5. 
-Ot1'.· ;By_ Rl!lj O .. ;ri;;;;. 

i?'hc1:6ll .I\~/xB~WWb-nb![ .. yc~opl'ITeJI» aJie.KT.fJOHOB c aueprnoi1 so 1.iaB 

-Hsao4 i~'G~1ei,:t:~ag T ; CBl!=..BtJrny ftoAymix BllrrJie p- Marttl'!Ta JlC~. 
- :;L('rl!u :: CBti -§fJ~p~~'ft n 0 BOJIHOBO,l.\HOMY . T paKTy HanpaBJIReTCH B ye.KO-
- -._.. ·« ·i ru "l.;f!~r~: "".. -:'..,J;. 

"'·' pHK>lf\y10 ce m.~1'110. Il OTe pl'! atte prl'!l'I yc.K opmoll\e ro nyqKa n ocrroJ1-

h .. ;i JI~ 1·1~nmlflHTH g~~MUll\blO M o.@kifti !1J!Y. 

PMH1;1/fT y8'iFCip~H~'e .. li K~Jit~aTeptthlX n OJlHX. KoJI»lleBoii yc1rnpfl1011mlii 

!'ltHjO 
0

"'b~~6T~ft0 ff1~0Jl~;aeT B p~~~aTOpHOli CTpyKType. Bo36yac,l.\e HHhl6 

- TNH H:U Bt!L!'' iiM~ {i11-cttpodiffiTul'llO~:g~u bT nepll!<iJe Pl'll'I K OC.Vl' no KOTL•pOvl 

JJ~~M-· yckb~~'eMb!H crycTO~. 06'.D6M, aaHHTuiil IIOJJeM yMetth!Ua­

!JHS!::WlOJiiTC~ n:l'I ' uafipklKe fiiiB~~iif~JI~ ' Ha OCl'J Cl'lJll>HO pacTeT. PaccMaT­

- Oii O\. 81' fjfi~~et.l bli1' ~Jiyqai.1 : gOOT:aeTCTByeT K03CW,ll'llll'JeHTY TpattctIJopi.1a­

·T O!ltlN THR[(i,}ilrq!e~\..rSJt ycKOpH!Oll(l'lti cryCTO.K TepHfl 20 /,13£/M Ha l\alKAflO 

(0) 8@01TttflY ~rr'B~BoJI~e'.r o6ecTie4l'IT:& Ha ocl'! 200 ~: 3.13/M. 

.:...he :t5' Hfiel!lfhttJhia~cm1i1 KJll'lcTpoll. Cl'IJI:&HoTo'!Hhltl TiyqoH c pe.l\Hl'lx atte k 
-0 '. Fl fl Nflif~"18&~,l.\ae TCfl HH.l.\YK~l'Jotl

0

Hb!M mmeLlttb!M YCKOpl'ITeJieM (!i!JIY). 

- o, ; ~ l::H eflfjgh'iAfpoBattHb!tl TIY40l\ OT 1~.i!Y ll030YlK.l.\aeT CB4-TIOJIH B pe3o-

.. f:.•I T0 Rt:f.Pcrtht6'ir"· cl1cTeMe c MaJiblM l'IMTie,l.\aHcoM. IloTepH aHeprn.Ttl 

,Rn· JC1~8~J1Jb1l1brO TIY'!Ka Ha ;1snyqeHl'18 KOMIIeHCl'lpyJOTCH ,l\OJCKOpe-

;: 
1

: '· ttiheM :B l.?o.l{y JiflX HJlY. 

Pl'!c.9 ;:(ByxcTyrf~H4aTh!i1 Jll'IH~l1Hh!t! ycKOJ.ll1 Ten:t.. Cryc•.rHllI c aHeprI1Iei1 

) P~Hf$i3 rettepl'lpyroT CBll-TIOJifl B pe30HaTopax Ha tiaCTOTe 

"3o thl. IloTep.11 aHeprm1 llOClIOJ!Hfl!OTCH .l\OYCKOpOHl'JeM B MO.l\Y­

JIHX cnepxrrpono.n.flll\ero Jll'l.1ei1Horo ycrrnpl'ITeJIH. 

7I 

Pl1c.IO PesottaHcttoe Bos6ylKAeHHe KHJil>BaTepttoro TIOJ!fl. TipoJieT 

50-IOO KOJII>UellblX crycTKOB, Kali\,l.\L!W 113 KOTOpb!X l'JMee T sa­

fJH,I.\ 50-IOO HI\ pes OHaHCHO B030y1;tAi:ieT MOl.\Y c TiiJOAOJibHO~l 

cocTaJJJIR!OU(eti E TIOJIH. 

P;;c.I2 I - AI1Ialj;par1.rnponattttb1~i BOJIHOBOA, 2 - BOJIHOJJOA c AI1IaJieK­

Tpl'lqecKnM sanoJIHerrneM, 3 - nycroi-1 llOJIHOBO.l\, 4 - Ha6op 

pes ottaTopon. 

Pl1c. I5 CxeMa ycTaHOBKl'I AprottcKoii Jia6opaTopHl'I ,l.\Jifl TI pone PKl'I ycHo­

peHIIIfl Kl'lJl:&BaTc PHb!Ml'I BOJ!HaM.Ttl. 11HTeHCHlllibll1 3Jl8KTpOHHblH 

TIY40H TipoxO,l.\l'IT qe pea rpalj;uony10 MH!Uett:b. CTiewrpo.weTp 

pacmerrJIReT TIYlfOH Ha ){Be TpaeHTOp1rn: Be.n.ymH~ rry40K cJie­

.llY!Oll\l'lii TIO nepxtteii Tpaenop;rn l'I TIY40K-CBl1Aerem, r.rntt:&illeiol 

l'IHTeHCl'IBHOCTl'J - TIO Hl'JlKHeiol ' TpaeHTOp1rn. 

P>w.I6 Ycirnperrne TIY'!Ha-cBHAeTeJ!f! Hl'IJ!l>BaTepttotl nonttoH B TIJlaaMe 

Ha AprOHC!{QM ycTaHOlll\e. IlyHKTHpHWI Jll'IHl'JH IIOl\a3blllaeT 

TI peAcHaaJIBaeMoe re opHe t1 l'l31oie ;re Hl'le a He !Jrl'!l'I TIPl'I cJie,i\yiOl!ll'IX 

aKcrrepl'lM8HTaJI:&HhlX ycJIODl'lHX - ,l.\JrnTen»Hocu Be.l.\ymero 

nyqKa 2,I HC ' ,l\Jll'!Ha lIJl83MeHHOrO CTOJI6a 33 CM, IlJ!OT -

HOCT:b aJieJ<TpOHOB TIJJa3Mbl 2 ,3 I013c1.1-3• COOTBeTCTBY!Olll11tl 

rpa,l.\l'leHT ycHopeHl'lfl TI]Jl'l!.ie puo paneH I ! .. aB/u. 
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l " . _ ee c"i> 
PHc.I7;I8 ·.CtQJilitJiSqecKHe rp~im ileliaua ~e(a), · mC".il)pC 

·· · ··1lll->/no H N (i)/no .. _(r1J.e Nci) •no-rte(i)- n&o 
:llHYf PH .Ql'YCTKa H N (e) = ~o - ne ( i) BHe cryct-

:ta} JUifJ "38;1taHHOrO li6CKOYII6HCl4pOBaHHOro cryCTKa npH 

.d•8Voi!/c.>p · (puc . 17), cl= 'lV0'60/00p1 

(§>(i =O)=-i': = - \/;:'ci1,1 : ' a. ... f) (puc.I8) 11.Jl.ll 

no= Icf , ng:::: no/2 , . 1fo = rel-. 
Pilc.I9 a,6 - ocUH11JiorpaMM1:i1 TOKa xytma nocJle npoxolft,1teHHH ero 

t1epes m1asuy (ne-62·IOI6cu-3); I,2 - aaepreTnecKHe 

--qnenps nyllKa 11.0 H nocJie npoxollQlea11u1 ero qepes nnasMy 
.. rr3r1. 

PHc.I9a ·.Jr ·- ·ocUHJinorpaMMa tOKa ny'llKa nocne npoxOl!tP.eHHH qepes 

· :· nna~MY ( ne' s·roI5cu-3); I,2 - aaepret11qecK111e cneKTPl>l 

. nyqKa 11.0 H nocne npoxol!tP.eHHH ero qepes nnasuy lBI1. 
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