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C caMhIX o6mnx noanunlt paccMaTpnBaeTcsi: BOSMO>KHOCTb ncnonbao

BaHnsi: B si:nepHofi 9HepreTnKe HeHTpOHOB, ncnyCII.OeMb!X si:npaMn TSI>KenbIX 

sneMeHTOB IlOJl nefiCTBneM IlpOTOHOB ( nefiTpOHOB) Bb!COKllX 9Heprnfi. ilaeT

CSI KpaTKllX o6aop COOTBeTCTBYIOIIIllX 9KCnepnMeHTanbHb!X CBe)leHnlt 06 9MllC

cnn HefiTpOHOB cnnbHO BOa6y>KJleHHb!Mll si:npaMn, nx pa3MHO>K0Hllll B MnIIIeHSIX 

II o6Cy>K.ll8IOTCSI HeKOTOpb!e ll3B0CTHb!0 BapnaHTbl sneKTposi:nepHb!X ycTaHOBOK, 

6aanpyIOil!HXCSI Ha ycKopnTenII c MOil!HOCTSIMH ny'IKOB nopsrnKa 100 M BT. 

KpaTKO aaami:anpyIOTCSI OCHOBHb!e TPY.llHOCTn, KOTOpbie BO3HllK8IOT npn 

paapa6OTK0 CIInbHOTO'IHb!X YCKOpllTenbHb!X CIICT0M 1 CilOC06HbIX o6ecne'IllTb 

aeo6xonnMbie )lnSI sneKTpOSI)lepHOI'O MeTo)la TOKll ycKopeHHbIX tJ8CTllU 

( -= 0, 1 a npn saeprnsrx -= 1 fsB). BbrcKaabrnaeTcsr psi:n coo6pa>KeHIIH 

. OTHOCnTenbHO xapaKTepHb!X CBOfiCTB nono6Hb!X sneKTposrnepHbIX YCT8HOBOK, 

nx B03MO>KHOH ponn B HayKe ll TexHnKe, a TaK>Ke nx ncnonb30B8HIISI B KOM-

6naaunn C o6bI'IHb!Mll srnepHb!Mll peaKTOpaMn, B 'I8CTHOCTn, C 6bICTpb!MII 

6pnnepaM11'. 

... 

Summary 

A possibility to apply the electronuclear method of free 
neutron production to nuclear power technology is considered from 
the most general standpoint. The method is based on the fact, 
that heavy atomic nuclei emit many neutrons when absorbing 
protons (deuterons) accelerated up to high energies. A brief 

' review of the relevant experimental evidence, concerning neutron 
emission by highly excited nuclei and electron multiplication in 
targets, is given and some known designs of electronuclear 
facilities based on proton and or deuteron accelerators with 
beam powers up to 100 MW are discussed, There. are briefly 
analized the main difficulties in developing high current accele
rating systems, capable of providing currents sufficient;ly large 
( - 0.1 A at energies of the order of 1 GeV) for the electronuclear 
rrethod. A _number of speculations about inherent features of such 
electronuclear reactors and or neutron generators is presented, 
their possible role for applied and scientific purposes as well as 
their use in conjunction with ordinary nuclear reactors (in 
particular fast breeders) are discussed_. 



KaK ll3BeCTHO, COBpeMeHHaSI sraepHaSI TeXHHKa ll paanH'<lHbie ee Ilpll

no)KeHHSI ( rrpona.Bo)lCTBo sraepHoi!: aneKTpoaHeprnn, aenmrmxcsr MaTepnanoB, 

TpllTHSI, OCHOBHOH MaCCbI KOMMep'<leCKHX H30TOilOB H T.Jl.) o6sraaHbl CBOHM 

cymecTBOBaHHeM HanH'<lHID B IlpHpoae cpaBHHTenbHO He6onbrnoro KOnH'<leCT

Ba y'paHa-235 ( "' 0, 7% B ecTeCTBeHHOH CMeCH H30TOil0B ypaHa) • .HcHo, 

'<lTO B ycnOBHSIX orpaHH'<l0HHOCTll pecypcoB ypaHa-235 C03JlaHHe peaKTopoB-

pa3MHO)KHTenei!: Ha 6bICTpbIX Hei!:TpOH~X (ansr UHKna 
288 u 

H Ha TerrnoBhIX HeiiTpoHax (ansr unKna 
282 Th - 283 U 

239 Pu 

B IlpHHUHile 

Il03BOnHnO 6bi Ha MHOrHe l"'O)lbl pelliHTb rrpo6neMy BOCilpOH3B0)lCTBa sraep

}{01"'0 ropIDtJ:ero, 6naroaapsr tJ:eMy BKnan sraepHoi!: aneKTpoaHepreTIIKH B 06-

lllHH 6anaHc MllpOBbIX 9HepropecypcoB CTan 6hr pernaIDlllHM. OaHaKo 9KO

HOMll'<IHOCTb IlO)l06HbIX 6pHaepHbIX CllCTeM eme He )l0K838Ha, a HX p~3-

pa6oTKa· HaTanKHBaeTCSI Ha 3HatJ:HTenbHbl0 TPYllHOCTH. B tJ:aCTHOCTH, He , 
SICHO, KaK o6ecrretJ:HTb )lOCTaTO'<IHO KOpOTKOe BpeMSI YllBOeHHSI rrnyTOHHSI 

( IlOpSI)lKa 5-7 neT) I Heo6XO)lllMOe JlnSI Toro, '<IT06b! TeMilbl pa3BHTHSI sraep

HOH 9HepreTHKH CMornH rrpeB30HTll TeMIIb! pa3BHTHSI aaepreTHKH o6hI'<IHOii. 

BocrrpoH3B0llCTBO B CllCTeMe ypaH-Topni!:' OKa3b!BaeTCSI eme 6onee 

MeaneHHbIM ( BpeMSI YllBOeHHSI IIOpSI)lKa 20 neT). !lo 9TOH IlpH'<lHHe, a' TaK)Ke 

n IlOTOMY, '<ITO 6pHJ:lepb! KaK peaKTupb! He yHHBepcanbH?I• crroco6aocTb 6pn- · 

aepHbIX CllCTeM YllOBneTBOpllTb Il0Tpe6HOCTH B SI)lepHOM ropID'<I0M IlO Mepe 

y6bIBaHHSI cpaBHHTenbHO aerneBoro ypaaa-235 B aacTosrmee BpeMsr He rrpea~ 
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cTa:smieTcH: O'leBrrilimii: • • Bee aTo sac TaBnHeT rrccnenoBaTb pesepBHbie '• .. 

B03MO)K!IOCTH npOMbillln9HHOI'O npOH3BOJlCTBa Heii:TpOHOB • 

npaBo~epHo IlOCTaBHTb Bonpoc: MO:lKHO nH yKasaTb y:lKe ceii:'laC 

HHbie nyTH, Ha OCHOBe KOT0pblX Morna 6bI pa3BHBaTbCSI TexHonormI npo.:. 

H3BOJlCTBa pacmennmollIHXCSI MaTeprranOB (S1Jl9J)HOI'O I'Op'IO'l9I'O) B ycno-

BHSIX 6bICTporo HCCSIKaHHSI sanacoB Jl9lll9BOI'0 ypaHa-235, ecnrr 6prrnepbl 

C BpeMeHaMH YJlB09HHSI B 5-7 neT C03]laTb He YJlSCTCSI? 

B H8CT0Sllll99 . BpeMSI H3B9CTHbl JlBe TSKHe BOSMO:lKHOCTH. OnHa lf3 

, ,• J 

HHX, - ynpa~nHeMbiii: TepMOSIJl9pHbiii: CHHT93 nerKHX aneMeHT0B - Il03BOnHeT 

paCC'llfTblBSTb. Ha HCilOnbS0BaHHe OCB060:lKJlalO.llllfXCSI B. 9TOM npouecce 

HefiTpOHOB JlnH ueneii: BOCilp0H3B0JlCTB8 HJlepH0I'0 ropro'lero. OJlH8KO 
' ·, . ' , . 

_ocymeCTBneHHe ynptlBnHeM0I'0 TepMOSIJl9pHOI'O _ CHHT938 CBSl38H0 C npeono-

neHHeM Hepaap1::llleHHbIX noKa TpynH,OCTeii: If. Il09T0MY H9B03M0:lKHO npen

CK838Tb onpeneneHH0, KOI'Jl8 6yneT JlOCTHI'HYT pelllSIOllIHii: ycrrex. C Jlpyroii: 

. CTOP0HbI, TaK 'KaK B 9TOii: o6naCTH y:lKe O'l9Hb MHoroe HSy'leHO If BblSICHe

HO_ If __ HHT9HCHBH0 nponon:lKSIOTCSI pa60TbI, TO 3Jl9Cb MO:lKHO 0)KlfJl8Tb BHe

aanH0I'O Ka'l9CTB9HH0I'0 CKS'lKa. 

BTopaH B~SMO:lKH0CTb npOMhllllneHHoro_np0H3BOJlCTB8 Heii:TpOHOB -

ee 06bI'lHO Ha3bU1a101: aneKTpOS1Jl9pHbIM ( 8.H) MeTOJlOM HnH aneKTpH'l9CKHM. 

6pHJlHHroM (Korna pe'lb HJleT o nony'leHHH HJlepaoro ropro'lero) - npen-. ,. 

· cTaBnHeT co6oii: KpynHoMacmTa6Hyro ·peamrsaurrro peaKurrii: pacmenn·eHrrst. TH-

na ( p , x n) HnH ( d , x n), . nporrcxonsi:mrrx · B cpene npH aHepr1rnx nepBH'lHbIX 

ycKopeHHblX 'laCTHU 800-1000 M 9B, If nocnenyromero pa3MH0:lK9HHSI Jieil:T- . 

poHoB. B naaHoil: ·cTaTbe naeTcH KopoTKHii:. o6sop coBpeMeHHoro nono:lKeHHH 
·_ , 1 , ' • 

B rrccnenoBaHHH aToii: BTopoil: ·BosM0:lKHOCTH. 

· BcH coBoKyiraocTb HMeromrrxcsi Hbme cBeneHnil:· 06 .HcnycKaHHM aeii:T

poHoB crrnbHO Bos6y:lKJl9HHbIM.H ·sinpaMH · H rrx KSCKaJlliOM ·pasMHo:lKeHHH 

B TSl:lKeni,'rx cpenax CBIT]leTenbCTByeT O TOM, 'ITO TeopeTH'l9CKHe M9TOJlbI, 

. ~ 
,I 

; 

· /2~8/ ( 
p83BHTbl9 B pa6oTax I YJlOBneTB0pHTenbHO cornacyroTCSI C 9KCnepHM9H• 

(" 
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T8nbHblMH )l8HHb!MH H, -TaKHM o6paaoM, 8)l8KB8THO OfiHCb!B8IOT 8TOT npo

uecc. B paMKax coBpeMeHHbIX npeacTaBneHntt peaKUHH pacmenneHHSI rroa 

aettCTBHeM HyKnoHOB Bb!COKHX 8Heprntt paccMaTpHB8IOTCSI K8K JlBYXCTS)lHtt-

/2/ 
Hbltt rrpouecc : Ha rrepBott CTa)lHH BneTaromasr B SIJlPO '18CTHUa B38HMO-

)lettCTByeT C OT)lenbHbIMH HyKnOH8MH SI)lpa 'H Bbl3bIB8eT pa3BHTHe BHyTpH

SI)lepHOI'O KacKa)la. CeqeHHSI napHbIX B38HMO)lettcTBHii '18CTHU KacKa)la 

H HX KHHeMaTHKa rrpHHHM8IOTCSI T8KHMH )Ke, K8K H ansr CBOOO)lHbIX HyK

noHOB, HOC Y'l~TOM )lBH)K9HHSI HyKnOHOB B Sl)lpe-MHWeHH H rrpHHUHITa ITay

nn. PeaynbTaTOM BHyTpHsr)lepHOI'O K8CK8)l8 SIBnsreTCSI BbIOHB8HHe H3 SI)lpa 

ObICTpbIX HyKnOHOB H p0)KJl9HHe M930HOB, a T8K)Ke cHnbHOe B03oy)K)leHHe 

OCT8TO'IHOI'O Sl)lpa. BTopott 8Tarr rrpouecca COCTOHT B,CHSITHH 8TOI'O B030Y)K

Jl9HHSI 38 C'l~T 8MHCCHH (ncnapeHHSI) HYKnoHOB, aettTpOHOB H 6onee cno)K-

/3/ 
HbIX '18CTHU, a T8K)K9 nany'leHHSI I'8MMa- KB8HTOB.fonb)l6epI'ep rrpeano-

)KHn rrpOBO)lHTb paC'l~T K8CK8JlHOI'O 8Tana B38HMO)leifcTBHSI MeTO)lOM MoHTe

Kapno, KOTOpbltt IT03BonsreT nony'IHTb ce'leHHSI rroI'nomeHHSI HCXO)lHbIX '18CTHU 

SIJlpOM-MHWeHbIO, 'IHCno H COCTaB K8CK8)lHbIX '18CTHU ( KOMITOHeHTa Bb!OH

B8HHSI), ITOKHHYBWHX Sl)lpo, HX yrnoBbie pacnpeaeneHHSI H crreKTpbI, a KpoMe 

TOI'O, H pacnpeaeneHHe OCT8TO'IHbIX sraep no 8HepI'HH B03oy)K)leHHSI. 

Bb!OHTbI9 H3 SIJlpa K8CK8)lHbie '18CTHUbI ITOBTOpSIIOT aHanoI'H'IHbiii 

rrpouecc rrpn 6onee HH3KHx aHeprnsrx; npn aToM aapsr)KeHHbie rrpoayKTbI 

ObICTpo TepSIIOT CBOIO' aHepI'HIO Ha HOHH38UHIO, a OCHOBHOtt pa3MHO)K8IOmettcsr 

KOMITOH9HTOtt OK83b!B8IOTCSI HeiiTp_OHbI. B aensrmnxcsr cpeaax TaKaSI uenb 

sraepHbIX peaKUHtt ( pa3MHO)KeHHe) BKnIO'laeT T8K)K9 H aeneHHe sraep Be

mecTBa MHWeHH KaK HyKnoHaMH Bb!COKHX 8Heprntt, T8K H ITO)l aettcTBHeM 

HettTpOHOB cneKTpa ncnapeHHSI (nx cpeJlHSISI aHepI'HSI COCTaBnSieT 2,2-2,SMaB) 

n aeneHnsr. PaaMHO)KeHne aaTyxaeT no Mepe aerpaaaunn s~eprnn HeiiT

poHOB n, B KOHe'IHOM C'i~Te, CBOJlHTCSI K paccesrHHIO, 38Me)lneHHIO H norno

meHHIO HeiiTpOHOB ( HnH HX yxoay H3 MHnieHH) • OrrpeaeneHHbiii BKnaa B pa3M

HO)K9HHe HeiiTpOHOB BHOCSIT T8K)Ke po)K)laromnecsr n nornomaroumecsr B' MH

weHH nH-M930HbI. 
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CTallHR HCilapeBHR Rll8PHhlX qaCTHU OilHCblBaeTCR CTaTHCTHqecKOii 

MonenblO H TaK,K8 paccqHTbIBaeTCR M8TOllOM MoHTe-Kapno. TTepBb!8 ne

TanbHb!8 pacq~Tbl npoueccoB BHyTpHRll8pHOI'O KaCKana H nocneny1011!8I'O 

/4/ /5/ 
HCilapeHHR 6bmH Bb!IlOnHeHbl B pa6oTaX H COOTB8TCTB8HHO. B no-

cnenHH8 I'Ollbl TeopeTnqecKHe nccnenoBaHHR HCilYCKaHHR HettTpOHOB BO3-

6y,KlleHH~!MH gnpaMH IlpQBOllHnHCb B na6opaTopHH TeopeTnqecKott $H3HKH 

OM.m/S-9/. 

TaKHM o6pasoM, nneg 3H MeTona nonpasyMeBaeT ncnonbsOBaHHe 

MOIIIHOI'O nyqKa ycKopeHHbIX no Bb!COKOii SHeprHH sapR:lK8HHb!X qacTHU nng 

6oM6apnHpOBKH nocTaTOqHo npoTR,K8HHb!X MaCCHBHb!X MHW8Hett ( Pb 

Bi , Th , U ) , B pesynbTaTe KoTopott BcnencTBHe pasMHO:lKeHHR 

. 19 
BO3HHKalOT MOII!Hbl8 HCToqHHKH H8fiTpOHOB - nopBnKa 10 /ceK IlpH TOKax 

npOTOHOB nopgnKa 100 Ma. llanbHettwaSI cynb6a HettTpOHOB 3aBHCHT OT 

CBOttCTB B8!II8CTBa MHiiieHH. B ypaHe ( 238 U) H TOPHH ( 282 Th) , HanpH

Mep, HeiiTpOHbI c sHeprHRMH HH:lKe nopora neneHHR 6ynyT no Mepe saMen-

nellHR saxBaTblBaTbCR BnpaMH, naBag B HTOI'e COOTB8TCTB8HHO 2a9 Pu 

H 233 U ; CBHHUOBaR ,K8 (nmi: BHCMyToBaS!) MHW8Hb npaKTnqeCKH He 

6yneT nornoIIIaTb MenneHHb!8 HeiiTpOHbI. TTOSTOMY B saBHCHMOCTH OT Ha-

3HaqeHHR 3H ycTaHOBKa (KoM6HHaUHR CHnbHOTOqHoro ycKOPHTeng C MH

W8Hb!O-peaKTOpOM) Morna 6bI pa6oTaTb KaK a) KOHBepTop o6enHeHHOI'O 

H3OTOilOM 235 ypaHa ( OTBan nn$$y3HOHHb!X saBOllOB) B 
239 Pu H npnpon

HOI'O TOPHR B 
238 U ; 6) npoH3BOllH'J8nb pannoaKTHBHblX H3OTOilOB, B qacT

HOCTJI, TpHTHRj B) reHepaTop TennoBblX HeiiTpOHOB C nnoTHOCTSIMH IlOTOKa 

npHMepHO Ha nopS!llOK 6onbwe, qeM B caMblX COBpeMeHHblX BbICOKOilOToqHblX 

peaKTopax (Tnna CM, HFIR, A2 R 2 
), T.e. 6onee to 16n/ ceK.cM

2
• Ta-

KHe IlOTOKH, KaK H3B8CTHO, IlO3BOnRIOT paccqf,{TbIBaTb TaK,1<8 Ha nonyqeHH8 

MaKpOCKOnHqecKHX KOnHqeCTB pgna TpaHcypaHOBblX sneMeHTOB. 

TTpnBneKaTenbHOCTb 3H MeTona nonyqeHHR gnepHoro ropJOqero 06~S1c

HReTcS1, rnaBHblM o6pasoM, 6onbWHM KonnqecTBOM CB06onHblX HettTpOHOB, 

6 



KOTOpbie He Hy:lKHbl Jlml nonnepmaHH.11 peaKTOpa B KpHTH'IeCKOM. COCTO.IIHHH 

H MoryT noaTOMY Hcnonb3OBaTbC.II nn.11 nepepa60TKH ypaHOBOro H TOpHe~ 

Boro CbipbH B nemrnmecH MaTepnanbI. 

0 TOM, 'ITO npH B3aHMO}lei!:cTBHH 'IaCTHU BbICOKOi!: 8HeprHH 'c TH:lKe

nbIMH H}lpaMH HapHJlY C neneHHeM 8THX HJlep npoHCXOJlHT npemneCTBYIO

mee eMy ncnycKaHHe 6onbIIIOrO 'IHCna Hei!:TpOHOB, MO:lKHO 6hmO CYJlHTb 

yme no BHJlY MaCCOBhlX cneKTPOB OCKOnKOB nono6Horo 'aMHCCHOHHoro 
1101 . . 

neneHHH" (cM. o6aop ). Taxoro pona npoueccbx' 6bmH oTKpbITbI B l948r. 

npaKTH'IeCKH cpaay me nocne aanycKa ycxopHTenett, noaBonHBIIIHX ocymecT

BnHTb peaKUHH pacmenneHH.11. 11x Ba:lKHOCTb JlnH npHKnaJlHbIX ueneii 6bma. 
111/ I 121 

HeaaBHCHMO oTMe'IeHa H.H. CeMeHoBbIM B CCCP, 8. noypeHcoM 
/131 

B ClllA H B.B. nbroncoM B KaHane. TiepBbie onbITbI no reHepaunn 

BTOPH'IHbIX HettTpOHOB non nei!:CTBHeM ycxopeHHbIX 'IaCTHU 6bmH BhmonHe

Hhl B 1848-1949 r. 8. noypeHCOM Ha ero UHKnOTPOHe B BepKnH, a aaTeM 

ero COTPYJlHHKaMH Ha 'IHKarCKOM CHHXPOUHKnOTpoHe. B CCCP He3aBHCHMO 

OT a¥epHKaHCKHX HccneJlOBaHHi!: BllepBbie npHMbie Ha6nroneHHH no Hcnycxa

HHIO BTOPH'IHhIX Hei!:TpOHOB npH 6oM6apJlHpoBKe pa3Hb!X .IIJlep Hei!:TpoHaMH 

Bb!COKHX 8Heprntt 6bmH cnenaHbl B 195u-1951 r.r. Ha CHHXpOUHKnoTpOHe 
114 151 

fla6opaTOpHH .IIJlepHbIX npo6neM B ily6He ' ( Hei!:TpOHbl co cpe}lHHMH 
xi 

aHeprHHMH 120 H 380 MaB) • Hay'IeHHIO B nono6HbIX onb1Tax nonnemano 

KaK o6paaoBaHHe Hei!:TpOHOB B nepBH'IHhlX aKTax B3aHMOJlei!:cTBHH qacTHU 

BhICOKHX aHeprntt c HJlpaMH OT 6epnnnm1 no ypaHa, TaK H nocneny19mee 

nononHH'.renbHOe paaMHO:lKeHHe aa C'I~T paanH'IHbIX BTOPH'IHhIX B3aHMO}lei!:"". 
/141 

CTBHii B TOnCThIX MHIIIeHHX. B 'IaCTHOCTH, B OllbITax 61,mo noxaaaHo, 

'ITO npn.6oM6apnnpoBKe 6noKa ecTecTBeHHoro ypaHa (xy6 c pe6poM 25cM) 

xi 
PeaynbTaTbl COBeTCKHX H aMepHKaHCKHX 8KCnepHMeHTOB BnepBbie 

JlOKna}lbIBanHCb H o6cy)KJlanHCb BO BpeMH ropJlOHOBCKOii KoH¢epeHUHH 
no HJlepHott XHMHHI 11:51 ( ClllA, HIOHb 1957). 
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HeiiTpOHaMII C SHeprlieii 120 II 380 M SB IICnycKaeTC.11, COOTB8TCTB8HHO, 

18±),8 II 29, 7±.3, 1 H8HTpOHOB B paC'l~Te Ha OlllIH nepBII'lHblfi H8fiTpOH 

BbICOKOH sHepnrn. nmr CBIIHUa COOTBeTCTByrourne umj>pbl OKa3anlICb paB-
/17 / 

HbIMII 8±.0,8 II 16,2±.2,5, B pa6oTe nplIBeaeHa KplIBa.11 BblXOlla nny-

TOHII.11-239 B,KBa31I6eCKOH8'lHOfi MIIllieHII (113 o6eaHeHHOI'O ypaHa), 60M-

6apa11pyeMOfi ycKopeHHbIMII aettTpoHaMII o'r 100 llO 1000 M SB, npII'leM 

BbIXOll npII SHepr1rn 700 MsB COCTaBn.11eT 65 .llllep Ha aefiTpOH, Pe3ynb

TaTbl Bcex ynOM.IIHYTb!X onbITOB aan11 BnocnellCTBIIII He06XOlllIMbl8 IICXOll

Hbie umppbl an.11 oueHOK B03MO:>KHOCTea II nepcneKTIIBHOCTII sneKTpO.llll8PHOI'O 

MeTOlla, 

Ha ocHoBe nonyqeHHhIX sKcnep11MeHTanbHbIX aaHHhIX B ClllA 6bma 

pa3pa60TaHa nporpaMMa MT A ( Material Testing Accelerator - npoeKT 3fl 

peaKTOpa Ha 6a3e CIInbHOTO'lHOI'O YCKOplITen.11 ll8fiTpOHOB (roK 320 Ma, 

SHeprlI.11 500 MsB). roaoBa.11 npOII3BOlllIT8nbHOCTb (300 cyToK) TaKOI'O 

peaKTOpa aomI<Ha 6bma COCTaBn.llTb 576 KI' nnyTOHII.11 -239 ( 113 o6ellH8HHO-
. /17 18/ 

ro ypaHa) np11 ce6ecToIIMOCTII 124 aonnapa 3a rpaMM • • 

TipaKTII'l8CKII BC8 aMep11KaHCKII8 pa60Tbl no nporpaMMe MT A 6bmlI 

cocpeaoTo'leHbI . B Kanmpopmrn: B Paa11au110HHofi na6opaTop11111 nony'lIIBrnett 

no3llHee IIM.11 floypeHca, B EepKnII II fl11BepMope, a TaK>Ke B na6opaTop1I-

.11x Kopnopau111I CRDC ( Californian Research Development Corporation ) . 
B 1952 r. B fllIBepMope 6bm nymeH SKCnepIIM8HTanbHblfi nIIHefiHblfi YCKO-

. /19/ 
p1IT8nb aettTpOHOB MapK-1 ( SHeprlI.11 30 M SB,· TOK B IIMnynbce 250 Ma I. 

3aTeM B paMKaX STOfi >Ke nporpaMMbl 6bmlI nocTp08Hbl ycKopIITenb .MapK-11 
. /20/ 

II UIIKnoTpOH C a31IMyTanbHOtt Bap1IaU1Ieii non.11 M apK- III • Eonbrnott 

06'beM pa6oT 6bm BhmonHeH TaK>Ke no H8fiTpOHHblM xapaKTeplICTIIKaM 

peanbHbIX MIIW8Hett, TennoHOCIITemrM, II30TOnHOMY COCTaBy npoayKTOB 

11 Tell• K 1954 r. npoeKTHa.11 II Hay'lH0-11ccneaoBaTenbcKa.11 qacTb nporpaM
/17/ 

Mbl MTA 6bma 3aKOH'leHa C03llaHII8M npoeKTa nnyTOHII8BOI'O 3aBOlla , 
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3TOT npoeKT ( pacceKpe'l:eHHblll: B 1957 ro)ly) npe)lyCMaTpHBan TaK>Ke 

BOSMO>KHOCTb npoHSBO)lCTBa ypaHa-233 HS TOpHg, H, B9pOHTHO, npoHS

BO)lCTBO TpHTHH. 0 JlanbH9ii:IIIeii: CYJlb6e nporpaMMbl aneKTpH'l:9CKoro 6pHJlHH

ra B CllIA HSBeCTHO O'l:9Hh Mano. 

B 1964 r. 6onhIIIaH rpynna KaHa)lCKHX ¢HSHKOB npe)lcTaBHna npHH

/21/ 
UHITHanbHbl9 coo6pa>Kemrn OTHOCHTenbHO HHT9HCHBHoro Heii:TpOHHoro 

reHepaTopa (HHr) Ha 6ase npoTOHHOPO YCKOpHTenH (aHeprHH npoTOHOB 

u u /22/ 
1 faB, TOK 65 Ma) I a B 1966 r. - 9CKHSHblH npoeKT TaKOH ycTaHOBKH • 

/22/ 
CornaCHO HX pac'l:eTaM KOM6HHaUHH TaKoro ycKopHTenH (B pa6oTe 

paccMaTpHBancH UHKnoTpoH c pas)leneHHhIMH op6HTaMH "SOC", a B 6onee 
u /23/ 

ITOS)lHeH BepCHH 6bm npeJlnO>K9H nHHeii:Hblll: ycKopHTenb C >KHJlKOMeTan-

nH'l:9CICOll: CBIIHUOBO-BHCMyToBoii: MHIII9HbIO H ITOJlKpHTH'l:eCKOii: c6opKoii:) no

SBOnHT nonyqaTb OKOno 1, 1 Kr ypalra-233 B CYTKH; npH saMeHe no.uKpHTH-

3 
qecKoii: c6opKH TH>KenoBO.llHhIM saMe.UnHTeneM ( oKono 15 M D 2 0 ) HHr 

u 1016/ 2 CMO>KeT cos.uaBaTb ITOTOKII TennoBblX H9HTpOHOB He MeHee ceK.CM , 

KaK y>Ke roBopHnocb BbIIIIe, 3.H MeTo.11 HcnonhsyeT .unH reHepauHH 

Heii:TpOHOB peaKUIIII pacruenneHHH, npH KOTOpbIX Heii:TpOHbl "HcnapHIOTCH" 

cHnhHO Bos6y>K.11eHHhIMH H,11paMH, YnoMHHaBIIIHecH coBeTCKHe H aMepHKaH

CKHe OITb!Tbl no HSY'I9J!HIO 9MIICCHII BTOplI'IHblX neii:TpOHOB HS H.Uep ( B ane

M9HTapHOM aKTe BSaHMO)leii:CTBHH)' 6oM6apJlHpyeMbIX pasnH'l:HbIMH 'l:aCTH-

uaMH ( p I d I n 1 
3 He ) 1 npoBO.UHnHCh, B OCHOBHOM, rtpH 9HeprHHX 

He Bblllle 350-400 M ~B
115

•
241

• H 1960 1961 a a'l:HHaH C - r.r. COBeTCKHMH, aMe-

pHKaHCKHMH H KaHa)lCKHMH ¢HSHKaMH aHanorH'l:HbJe OITb!Tbl BbIITOnHHnHCb 

/25-29/ /25/ 
~H npH 6onee Bb!COKHX 9HeprHHX npoTOHOB • B pa6oTe HSMepH-

nHCb Bb!XO.llbl BTOpH'l:HblX Heii:TpOHOB no.11 .ueii:CTBHeM npoTOHOB KOCMH'l:9CKHX 

/27/ 
, nyqeii:. B 9KCnepHM9HTax I BbIITOnHeHHbIX Ha CHHXpOUHKnOTpoHe Ha 

680 MaB fla6opaTopHH H,119pHblX irpo6neM B lly6He, M9T0.110M 3aMe.uneHHH 

6bmH onpe.ueneHbl BbIXO.llbl BTOpH'IHbIX Heii:TpOHOB JlnH H.Uep .119CHTH aneMeH-

TOB - OT Be JlO u - npH 9HeprHHX 60M6ap.11HpyIOIUHX npoTOHOB 400, 500 
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H 660 M 9B. 3TH OITbITbl noKaaann, 'ITO npn nornomeHHH npoTOHa C . 9Hep

rnett EP = 660 MsB HllPOM ypaHa, HanpnMep, ncnycKaeTCSI 16,9:!:.l,5 He'li:T

poHoB C 9HeprHSIMH H~ Bhlllle 15 .MsB. ilnSI CBHHUa ( BHCMyTa) COOTBeTCTByIO

lllaSI BenH'IHHa coc,TaBnSieT 11, 9:!:.1,0 He'li:TpOH • 
/25 26 28-30/ 

B. pa6oTax I ' H3MepSin,ncb BhIXO)lbl Hett TpOHOB TaK:»<e H JlnSI 

ToncTblX. MHllleHe'li: .( HeCKOnbKO SIJlepHbIX npo6eroB); KpoMe Toro, B OITbl-
/29 30/ • 

Tax ' orrpe)lenSinHCb ITOTOKH TennoBbIX HeHTpOHOB (B paC'leTe Ha 

O)lHH nepBH'IHbIH rrpoTOH) I B03HHKaromne B BO)le, KOTopott OKpy)KanHCb 6oM-. 
/30/ 

6apJlHpyeMbie npoToHaMH MHllleHH, PeaynbTaTbl OilbITOB . noKa3bIBaroT, 

'ITO CBHHUOB,aSI MHllleHb JlnHHOH 55 CM n JlHaMeTpOM 15 CM ncnycKaeT 

12,8:!:.l,3 HettTpoHa rrpn nornomeHnn npoToHa c aHeprnett 660 MaB, CoB

na)laroume C 9THMH )laHHbIMH BenH'IHHbl rrony'leHbl B COBMeCTHOH pa6oTe 
• /29/ • 

¢naHKOB qOK-PHBepa H OKpHJl)Ka 'HOB 6onee lllHpOKOH o6naCTH 9Hep~ 

rntt npoTOHOB ( OilbITbl BbIITOnHSinH.Cb Ha 6pyKxettBeHCKOM CHHXpoTpoHe). 

Bbl'llICneHHSI HettTpOHHhIX BhIXO)lOB H:3 rrpoTSI)KeHHblX MHllleHett npoBo-
/17 / . 

JlHnHCb y)Ke B paMKax ,rrporpaMMbl MTA I JWSI KOTOpoi!: MeTOJlOM MoHTe-

Kapno 6bmn paCC'IHTaHhI BhIXOJlhI rrnyToHnSI-239 .B KBaan6ecKoHe'IHhIX MH

llleHS1x. na o6e)lHeHHoro ypaHa, 6oM6apJlnpyeMhIX )lei!:TpoHaMn c slfeprnett 

100-1000 M 9B, ITpn 9TOM Y'IHTbrnanocb BnHSIHHe TennoHOCHTenSI H KOHCTpyK-
/7 / 

UHOHHblX MaTepnanoB, B pa6oTe ,6bmH Bbl'IHCneHbl Hei!:TpOHHbie BblXO-

Jlhl )lnSI 60-caHTnMeTpOBhIX MHllleHefi (JlHaMeTp 10 cM) na Pb , Bi , Th 

H U ; peaynbTaTbl 9THX pac'leTOB cornacyIOTCSI C 9KCnepHM9HTanbHbIMH 
/29 30/ /6/. /7/ 

)laHHbIMH I H pac'leTaMH EepTHHH ..• ABTOPbl pa60Tbl OTMe'laroT, 

'ITO HX nporpaMMa Il03BOnSieT pacC'IHTbIBaTb paaMHO)K9HHe Hei!:TpOHOB.'B MH..:. 

llleHSIX nro6ott KoH¢nrypaunn. 

ITpn HaJlne)KameM Bhr6ope MaTepnana . n KoH¢Hrypaunn .MHllleHn, a TaK)Ke 

aHeprHH H Tnrra nepBH'IHOfi 'laCTHUbl npnBe)leHHbie Bblllle un¢pbl IT03BOnSIIOT 

paCC'IHTbIBaTb Ha rrony'leHne MOlllHbIX HCTO'IHHKOB He'li:TpOHOB, .•H6o y)Ke 'IHCno 

ncrrycKaeMbIX TSIN<enhIMH SI)lpaMH He'li:TpOHOB OJlHOro TOnbKO rrepBoro IlOKO- . 
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nemrn B 10-20 pa3 ( B 3aBHCllMOCTll OT :meMeHTa) npeBOCXO)lllT TOK 

. 6oM6apnnpyIOlllllX qacTnU, npuqeM :3TOT MHO)KllTenb onpenemieT Hll)KHllll 

npenen. TaKnM o6pasoM, na)Ke 6es ytJeTa Hei1:TpoHoB cnenyJOmux noKoneHnu 

npn aHeprmr npoTOHOB 660 M :3B ll nx TOKe 100 Ma Ha TH)Kenoi1: MlllII0Hll 

19 
MO)KHO C03)laTb Hei1:TpOHHhlll llCTO'IHllK MOIUHOCTb!O ': 10 /ceK, T.e. KaK 

B peaKTOpe TennoBou MOJllHOCTblO B H0CKOnbKO COT0H MBT, HO B ropa3)l0 

M0HblII0M 061>eMe. 

feHepaunH HefiTpOHOB B peaKUUHX pacmenneHUH conpOBO)K)laeTCH 

cymeCTB0HHO M0HblIIllM aHeproBhI)leneimeM ( B pactJeTe Ha OJlUH CB060)lHhlll 

Hei1:TpoH) no cpaBHeHnJO c npyrnMn npoueccaMn, B KOTOphIX o6pasyJO-z:cH 

CB060JlHhle Hei1:Tp0Hhl ( UCKnJOtJaH peaKUllll CllHTesa H)lep BOJlDpona). flo )laH-

/ 31 / 
HhIM pa60ThI o6pa3oBaHne onHoro cBo6onHoro Hei1:TpoHa npn pacmenne-

Hllll HJlpa Pb IIPOTOHOM c_ ~Heprneu 1 faB COIIpOBO)K)l80TCH Bbl)leneHneM 

B MlllII0Hll aHeprnn 23 M SB, Torna KaK B peaKTopax Ha 6bICTpblX H0HTpOHax, 

HaIIpnMep, COOTB0TCTBYIO!..UaH Benll'lllHa COCTaBnHeT 140 M aB. Bo-

IIpOChl aHeprOBblJleneHllH 0'10Hb cymecTB0HHbl npu C03)laHllll H0HTpOHHh!X 

IIOTOKOB Bb!COKOH nnoTHOCTll, MaKCllManbHaH B0nil'IIIHa KOTOpb!X orpaHU'IHBa

eTCH, KaK ll3B0CTHO, B03MO)KHOCTHMll TeIInDOTBo.na, T,e. ynenbHhIM :;mep

roBbl)leneHIIeM B aKTllBHOH 30He, OueHKll IIOKa3b!BaJOT, 'ITO npn O)lllHaKOBOM 

ypoBHe TerrnoHaIIpH)K0HHOCTll IIOTOKll TeIInOBh!X Hei1:TpOHOB B cnytJae 3H 

ycTaHOBKH MoryT 6b!Tb B 6-7 pa3 BhilIIe, '10M B o6bI'IHhlX HJlepHhlX peaK

Topax. 

HcHo, 'ITO 3aTpaTbl aHeprnu Ha nony'leHne OJlHOro CB060)lHOro H0HT

poHa 3H M0TO)l0M cnenyeT MllHllMH3llpoBaTb • .UnH :3Toro HY)KHa TaKaH 

KllH0Tll'l0CKaH aHeprnH nepBH'IHOH tJaCTlll!hl, IIpH KOTopou ee llOHll3aUUOHhlll 

npo6er ,\ u B BemecTBe MnlIIeHn 6hm 6bi cymecTBeHHo MeHblIIe ee npo-

6era·A OTHOCHTenhHO HJlepHoro nornomeHHH B TOH )K0 cpene. flpH'Bhl-

nonHeHHll aToro ycnOBHH 6onblII8H tJaCTb HaqanbHOll aHeprnH IIOH)leT Ha 

B036y)KJl0HHe H)lpa H, cn
1
enoBaTenhHO, Ha o6pa3oBaHne HeHTPOHOB, .UnH 
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TaKIIX Bemec·rn, KaK Pb (Bi) , Th , U , ycnoBIIe ,\ u > ,\ Ha'IIIHa-

eT BbIIIOnHSITbCSI nIIIIJb npII 9HepI'IIS!X npoTOHOB BbtIIJe 400-450 M 9B, ITo

CKOnhKY )Ke C pOCTOM 9He pI'IIII IIOHlI38UlIOHHb!e noTepn y5hIB8IOT B 9TOii 

o5naCTH 9HepI'lIH aocTaTO'IHO 5b!CTpo, ecTeCTBeHHO yBenII'llIB8Tb Ha'lanb

HYIO 9HepI'IIIO ao HeKOTopoii onTM8nbHOii BenII'llIHbl ( npIIMepno paBHOii 9Hep-

I'IIII .M8CCbl noKOSI HaneTaIOmeii '18CTIIUhI, T,e, ~ 1 f9B anH npOTOHOB), 

.11s-sa ,TOI'O, 'ITO Bb!XOa neiiTpOHOB MOHOTOHHO B03pacTaeT C 9HepI'II-

/25 27 29 30/ /32/ 
eii ' • • ' a yaenbllb!e TOpM03Hhie noTepII y5b!B8IOT BnnOTb 

ao o5naCTII 1 - 1,5 f9B 9HepI'eTII'leCK8S! CTOIIMOCTb CBo6oaHOI'O HeiiTpO~ 

Ha T8K)Ke y5wBaeT, 

Ha BemI'IIIHy HeiiTpOHHOI'O Bbrxoaa BnIISieT, KOHe'IHO, II Bb!5op 5oM-

5apaIIpyIOllllIX '18CTIIU, oaHaKO ao CIIX nop OKOH'laTenbHO He Bb!SICHeHo, 

HaCKOnbKO 9TOT Bb!XOa yBenII'IIITCSI npn nepexoae OT npOTOHOB K.aeiiTpOH8M, 

/17 24/ 
B pa5oTax no npoPpaMMe MT A ' 9TOT aqiq>eKT II3MepSincH aKcnepn-

MeHTanhHo II eI'O BenII'IIIHa COCTaBnSina 20-25%: T8KOe )Ke 3Ha'leHIIe 5bino 

nony'leHo n B pac'leTax, OaHaKo coPnacHo 5onee nosaHnM oueHKaM 1221 
; . 

yBenII'leHIIe Bhrxoaa cocTaBnHeT Bcepo 9% npII 9HepI'IIII 1 faB, KaK BIIano, 

pasnII'lne yKasaHHhIX ouenoK aoBonhHO BenIIKo, II nonaao5SITCH cneuIIanhHhre 

onbITbl am~ TOI'O, 'IT05b! MO)i{HO 5binO C yBepeHHOCTbIO cyaIITb O BenII'IHlie 

aToI'o 9q>q>eKTa, BosMO)KHO, 'ITO nepexoa K erue 5onee TSI)KenhIM ycKopeH

HhlM '18CTIIU8M (HapaM C 9Heppneii nopSiaKa 1 faBIHyKnon) npnBeaeT 

K HeKoTopoMy aononHnTenbHOMy K yBenn'leHJIIO pa3MHO)KeHIISI, OanaKO 3H8-

'leHIIe 9TOI'O q>aKTopa He cnenyeT npeyBenII'IIIBaTh, TaK KaK yBenII'leHIIe 

CTOIIMOCTII ycKopnTenH no Mepe nepexoaa K 5onee TSI)KenbIM '18CTIIU8M 

MO)KeT cymecTBeHHO npeB30iiTII 9q>q>eKT OT B03paCT8HlISI BblXoaa neiiTpOHOB, 

nocTIII'HYThiii sa nocneanIIe I'Oahr npoPpecc B paspa5oTKe ycKopIITeneii 

C 5onbIIJIIMII TOK8MII BHOBb Bb!3Ban IIHTepec K IIaee aneKTplI'leCKOI'O 5pn

anHI'a, 3aecb yMeCTHO cocnaTbCSI Ha MHeHne T8KlIX aBTOplITeTOB B o5na-

u /33/ . /34/ 
cTn staepnoii aHepPeTnKn KaK A, BaIIn5epI' II B.E. flbIOIIC • B o5-
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/1/ 
30pHOM llOKnalle A.IT. AneKCaHllPOBa Ha C0llbMOM KOHI'pecce MIIpOBOfi 

aHepreTII'I0CKOfi Kpmpepem1IIII 20-24 aBrycTa 1968 r. aneKTpO.IIllOpHbifi M9T0ll 

TaK:lKe OTM9'IaeTC.II KaK OllHa II3 HaII6onee BepO.IITHbIX pe3epBHb!X B03MO:lKHOC -

Teti:, KOTopa.11 MO:lK9T IICIIOnb30BaTbC.II, ecnII B03l1IIKHYT O'I9Hb 6onblIIIIe cno:lK

HOCTII B rrony'IeHIIII llOCTaTO'IHO KOpOTKIIX BpeMeH YllB09HII.II rrnyTOHII.II B peaK

TOpax Ha 6bICTpb!X HefiTpoHax. 

B 6 
/22,34/ 

pa OTBX paccMa1:pnaaeTC.II eme OllHa IIHTepecHa.lI 'B03MO:lKHOC'.I'b 

2),H M9TOllao ABTOpb! 3TIIX pa6oT C'IIITa!OT1 'ITO KOM6IIHaUII.II 3,H ycTaHOBOK 

C MOll!HbIMII 6b!CTpb!Mll peaKTopaMII ,MO:lKeT OKa3aTbC.II llOCTaTO'IHO 8KOHOMII'I

~ofi CIICTeMofi, IIpOII3B0ll.lill!9fi aneKTpOaHepI'II!O II .IIll9pHoe rop10qee. ITpII 

8TOM 3.H qaCTb TaKofi CHCT9Mb! CTaHOBIITC.II B KaKofi-To Mepe aHanoroM 

O'I9Hb llOpOI'OCTO.IIll!IIX llmjJcpy3IIoHHb!X 3aBOllOB, Ha KOTOpb!X llen.11 umfic.11 Ma

TepIIan OTllen.11eTC.II OT Cb!pb.11 ( ypaH-238). He IICIIOnb3y9M!)I'O, OllHBKO, B 

cymecTBY!Oll!efi cxeMe IIpOII3B0llCTBa .IIll9pHOI'O rop10qero. Hcrronb30BaHne 

)1{9 ycKOpIITen.11 llaeT B03MO:lKHOCTb rrepepa6oTaTb 8TO Chlpbe B Hll0pHoe 

rop10qee. 

Co3llaHHblfi Ha 6a3e CIInbHOTO'IHOI'O YCKOpIITen.11 TSI:lKenbIX 3apSI)K9HHb!X 

'IaCTIIll 3.H peaKTOp Mor 6hr, IIO-BIIllIIMOMY, KOHKypIIpoBaTb c 6pIIllepaMII 

6narollap.lI uenoMy pSillY llOCTOIIHCTB. ilefiCTBIITenbHO, llnSI TaKOI'O peaKTOpa 

He Hy:lKHa CTapTOBa.11 3arpy3Ka II He cymecTayeT HIIKaKoro rrepIIOlla YllBOeHII.IIo 

OH MO:lK9T reHepIIpoBaTb HefiTpOHbl B n1060M T.II:lKenoM BemecTBe BHe 3aBII

CIIMOCTII OT CIIOCOOHOCTII rrocnellHero K llOneHIIIO. IToHHTIIe KpRTII'IHOCTII 

yTpaqIIBaeT CMbICn lln.lI IIOll06Horo polla ycTaHOBKII, OHa He MO:lK9T "pa30I'

HaTbC.II" o B CIIny CBOfiCTB peaKUIIfi pacmerrneHII.II IIpII Bb!COKIIX 8HepI'II.IIX 

TerrnoBb!lleneHIIe B MIIIII0HII 3.H peaKTOpa 3Ha'IIITenbHO M9Hbllle, tteM B o6bI'I

HOM Hll9pHOM peaKTope (rrpII paBHOM KOnII'I9CTBe CB060llHhlX HefiTpOHOB B 

CIICTeMe ) • 3,H peaKTOp OTnII'IaeTC.II Bb!COKII M TeMIIOM Hapa6oTKU: rrop.11 llKa 

1 KI' (rrnyTOHII.11-239, ypaHa-233 Ha TOHHY OTBana, IIpIIpOllHOI'O TOpII.11) a 

cyTKII IIpII TOKe rrpoTOHOB 100 Ma II 8HeprIIH 1 raa IIpII MaKCIIManbHO llOIIyc-

, TIIMOfi rrpIIM9CII rrnyTOHII.11-240 IInII ypaHa,-232 (4% II 0,5.10-4% COOTBeTCT

BeHHO /1 7 /) o 
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KpoMe Toro, ycTpaHSI IOTCSI xapaKTepHbre IJ.nSI ObICTPbIX peaKTopoB cnO)KHbie 

rrpooneMbI perynHpoeamrn ( HaTpHeBbIH KOaq><pHuHeIIT, IJ.OIIIInep-acpcpeKT, Kce

HOHOBbie BOnHbI H T.IJ..). HOO 3.H peaKTOp smmreTCSI CHCTeMoil: C BHellIHHM 

B030Y)KIJ.eHHeM, T.e. IJ.HHaMH'IeCKH oonee yCT0H'IHB0il:. 

Coopy)KeHHe 3.H peaKTopa noseonHT He TOnhKO ooecrr_e'!HTb rrepepa

ooTKY SIIJ.epnoro CbIPbSI B SIIJ.epnoe rop!O'!ee, HO TaK)Ke H KpyIIHOMaCllITaonoe 

rrp0H3BOIJ.CTBO pasnH'IHbIX H30TOIIOB; rrony'!eHHe KOTOpbIX Ha OObl'!Hb!X peaK

Topax OOXOIJ.HTCSI O'IeHb IJ.Oporo. ileno B TOM, 'ITO IIpH oony'!eHHH oOnbllIHX 

KonH'!eCTB MaTepHanoB C oonbllIHM ce'!eHHeM rrornoru.eHHSI Heil:TpoHOB B Mynh

THIInHpy10rueil: cpe1J.e cyruecTBeHH0 yMeHblllaeTCSI .Heil:TpOHHaSI IIpOH3B01J.HTen&

HOCTb H, KaK cne1J.CTBHe aToro, MeHSieTCSI pe)KHM paoOTbl SIIJ.epHoro peaKTOpa. 

B aTOM acrreKTe 3.H ycTaHoBKa TaK)Ke oona1J.aeT rrpeHMyruecTBOM, ocooeHHo 

ecnn B Heil: HCIIOnh3YIOTCSI MHllleHH C Manb!MH K08(p(pHUHeHTaMH pa3MHO)KeHHSI, 

'ITO cyruecTBeHHO, HarrpHMep, IIpH IIpOH3B0IJ.CTBe TpHTHSI HnH TpaHcrrnyTOHHe

BbIX aneMeHTOB. KpoMe Toro, B03M0)KHa acpcpeKTHBHaSI pereHepauHSI 8HeprHH, 

saTpa'IHBaeMOH Ha YCKopeHne rrepBH'!HblX '!aCTHU. 

ITporpecc B (pH3HKe H TeXHHKe ycKopHTeneil: oy1J.eT rrepMeHeHTH0 , 

IIpHB0IJ.HTb K yny'!llleHHIO 8K0HOMH'IeCKHX II0K83aTeneil: 3.H MeTOIJ.a, HOO KITil 

ycKopHTensi Hero TeXHH'!eCKHe IIOKa3aTenH rrpaKTH'IeCKH rronH0CTblO orrpelJ.e-

/22/ 
ng !OT 8K0H0MHKy H HalJ.e)KH0CTb 3.H peaKTOpa. OueHKH IIOKa3bJBalOT 

'ITO IIpH aqicpeKTHBHOCTH rrpeoopasoBaHHSI aneKTpH'!eCKOll 8HeprHH B KHHeTH

'IeCKYIO aHeprHIO 60Moap1J.Hpy10IUHX '!aCTHU, paBHOll 50%, ycKopHTenb ooec

rre'!HBaeT ceoeCTOHMOCTb BbipaoaTbIBaeMb!X H3 TOpHSI H 0TBanbHoro ypaHa 

1J.enSIIUHXCSI MaTepHanoB, cpaBHHMYIO C ceoecTOHMOCTblO 8THX )Ke MaTepnanoe, 

rrony'!aeMb!X B ny'IllIHX, oTpaooTaHHbIX IJ.O C0BepllleHCTBa TeIIn0BbIX SI/lepHblX 

/34/ /35/ 
peaKTopax • YeenH'IeHHe acpcpeKTHBHOCTH ( KITil) IJ.O 90% II03BOnHT 

IIOHH3HTb cyruecTBy10ruy10 ceoeCTOHMOCTb IJ.enSIIUHXCSI MaTepHanoB IIpHMepHO 

Bil.Boe ( c rronHhIM y'IeToM Cbipheeoro, MeTannyprH'IecKoro, MeTannooopaoa

TbIBa10ruero H XHMH'!ecKoro UHKnoB). O1J.HaKo HH)KeHepHaSI paspaoOTKa 
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MHllieHefi 8H ycTaHOBOK noTpe6yeT npoBeneHHH lliHpOKOPO Kpyra TeopeTH

qeCKHX H 8KCnepHMeHTanbHbIX nccnenoBaHHH no onpeneneHmo H yTO'!HeHHIO 

uenoro pH .rta H)lepHblX KOHCTaHT, no .BbIHCHeHHIO onTHManbHblX ycnOBHH pa-

60'Ibl TaKHX MnmeHefi npu Heo6xonnMoM BbICOKOM KITil SH ycTaHOBKH. 

Bee o6cy:amaBmnecH pesynhTaTbI nccnenoEiaHHH no pasMHO)KeHHIO HefiT-

, pOHOB B pa3nH'IHblX cpenax 6hinH nonyqeHhl . Ha ycKOpHTenH x. HHTeHCHBHOCTH 

ny'IKOB sapH)KeHHbIX qaCTHU OT KOTOpbIX He npeBbilliann HeCKOnhKHX MHKpo

aMnep npH MOlliHOCTH B ny'!Kax 1-2 KBT. ilnH npaKTH'IeCKOPO ncnonb3OBa-

HHH 8H MeTona. KaK yKa3bIBanocb, Heo6xonHMbl TOKH, 6nH3KHEl K 100 MHn

nHaMnepaM. MomHOC'rH ny'IKOB B 8TOM cnyqae 6ynyT )lOCTHPaTb COTeH Me

raBaTT. BonhmHe TOKH H MOlliHOCTH ny'IKOB cymecTBeHHO ,orpaHH'IHBaIOT Knacc 

yCKOpHTenbHbIX ycTaHOBOK, KOTOpbre MOPYT 6b!Tb ucnonb3OBaHhl nnH 8THX 

uenefi. B 8TOH CBH3H cpenn H3BeCTHblX. B HaCTOHmee BpeMH ycKopnTenefi 

MO)KHO paccMaTpHBaTb TOnbKO )lBa THna - penHTHBHCTCKHe KQnbueBbie UHK

noTpOHbl H nHHeHHbie yCKOpHTenn. 

ITepBbie o6ecne'IHBaIOT HenpepblBHblH ny'IOK co cpenHHMH HHTeHCHBHOC

THMH no 1 MHnnHaMnepa. HO nnH nony'IeHHH yCKOpHeMbIX ny'IKOB C nnoTHOCTbIO 

sapHna. COOTBeTCTBy10mett HHTe,HCHBHOCTH, 6nH3ROH K 100 Ma, ,Tpe6y10TCH 

nononHHTenbHbie HccnenoBaHHH .no yBenn'IeHHIO )KeCTKOCTH ~oKyCHpOBKH Mar

HHTHbIX CHCTeM. BTOpbie nponycKaIOT HMnynhCHhie TOKH yKasaHHOH BenH'IHHhI, 

onHaKO "nonesHaH nonH" Bp~MeHH pa60Tbl 8THX YCKOpHTenett ( duty.cycle 

He npeBbllliaeT noKa HeCKOnbKHX rrpoueHTOB, 'ITO CBH3aHo C orpaHH'IeHHHMH, 

KOTOpbre ,HaKnanbIBaIOT MaKCHManbHbie MOlliHOCTH reHepaTopHbIX naMn, BO3-

6y)Kna10mnx pesoHaTophI nnHefiHoro ycKopnTenH. ITono6HaH npo6neMa cyme:cT

ByeT H nnH reHepaTOpOB BbICOKO'IaCTOTHbIX CHCTeM UHKnoTpOHOB, HO B npyrofi 

o6nacTu qacTOTHoro ~uanasoHa. 

B HaCTOHmee BpeM.11 8TH cnO)KHbie npo6neMhl ycKopHTenbHOH TeXHHKH 

ycnemHo pema10TcH. B CoBeTCKo M Co10se B Ol1Hl1 B 1968 r. sanymeHa 

KOnbUeBaH aneKTpOHHaH Monenb H3OXpOHHOPO npOTOHHOPO UHKnoTpoHa Ha 
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SHeprmo 1 fas, Ha K0T0poti: rroKa3aHa B03MO)KHOCTb C0BM9UleHmr H30Xp0HH3-

Ma JIBH)K9HH.II 'lfaCTHU C H900XOJIIIMOH )K9CTKOH q>OKY<;;HpOBKOH nnsr T0K0B "l:ac

/36/ 
THU rropsrnKa 100 Ma • B CWA aenyTcsr pa5oThI rro uIIKnoTpoHy c pas-

/37 / 
neneHHhlMII opo!IT8MH ( OK-PnmK) II coopy)Ka9TC.II CHnhH0T0'lfHhlH nIIHeti:-

' . /38/ 
HhlH ycKopIITenh Ha cpenHIIH TOK 1 MimnIIaMIIep (noc-AnaMoc) , psrn 

0CH0BHhIX T9XHH'lf9CKHX perneHIIH K0Toporo ucrronhsyeTC.II B rrpoeKTe KaHanc-

- /~/ 
K0I'0 nHH9HH0I'O yCK0pHTensr Ha 65 Ma I rrpenHa3Ha'lfa9M0I'O Jinsr reHe-

pauHH M0IUHhIX Heti:Tp0HHhIX II0T0KOB 8.H M9T0.U0M, 

PaccMaTpHBasr rrpHHUIIIIHanhHYIO B03MQ)KHOCTb cosnaHH.II ycK0pHTensr nnsr 

8.H MeTona, cnenyeT ,YII0¥.IIHYTh TaK)K9 HH.UyKUH0HHhIH M9T0.U ycKopeHII.II H 

MeTon,6asIIpy IOIUHHCH Ha KonneKTHBHhIX aq>q>eKTax. OJIHaKo K8K TeopeTH'lf9C

KII9, TaK H HH:lK9H9pHbl9 rrpo6neMbl1 B03HHKalOIUHe IIpH paspaooTKe TaKHX 

ycKopuTeneti:, HaX0.UHTCH erue B Ha'lfanbHOH CT8Jl!III, 8To He II03B0nHeT B Hac

TOHIU99 Bp9M.II cnenaTb CKOnhKO-HHoynh orrpeJieneHHhl9 BblB0}lhl 0 B03M0)KH0C

TH rrpaKTII'lf9CK0I'0 !IX HCII0nh30BaHIIH·.UnH cosnaHHH 8.H ycKopHTenH II nHllih 

Jl8nhH9HllilI9 nccnenoBaHH.II 11 paspaooTKH nanyT 0TBeT Ha ST0T B0IIpoc. 

CnenyeT II0.U'lf9pKHyTh, "ITO H9CM0Tp.lI Ha 5esycnoBHhl9 ycrrexn ycKopH

TenhH0H TeXHHKH saJia'lfa cosnaHHH ycKopnTensr nnsr ocyruecTBneHnsr 8.H Me

ToJia rrony'lfeHHH srnepH0I'0 I'0p!O"I9I'0 HBnsreTCH 0'lf9Hb cnomaoti, OTM9THM 

3Jl9Ch rnaBHhl9 rrpo6neMbl, 

OJlHHM H3 Ba)KHhIX Tpe6oaaHHH, IIp9Jl'hHBnHeMbIX K yCK0pHTen10 mrsr 

8.H MeTona, sransreTCH rrony'lfeau re BhrcoKo~o Koaq>qmuneaTa rrone3Horc, neti:cT

BHH rrpeo6pa3oBaHHH aneKTpH'lf9CK0H aaeprnrr B 9H9pI'HIO ycKopeHH0I'0 IIY"l:Ka 

sapmKeHHhlX 'lfaCTIIllo PerneHHe ST0H rrpo6neMhl B ycnoBHHX Hcrronh30BaHHH 

nuHeti:HhIX H UHKnH'lf9CKHX ycKopHTeneti: HMeeT CB0H ocooeHHOCTH, TaK, 

6onhlliH9 HMrrynhCHhl9 II0Tepu M0IUH0CTH ( 38 MBT) I rrony'lfaBlliH9C.II B pe30Ha

Topax nnHeti:Horo ycKopnTensr floc-AnaMoca, rrpnaenn KaHancKHX y'lfeHhIX 

K H900XOJIIIMOCTH paCCMaTpHBaTh YJinHH9HHhllf BapuaHT nHH9HH0I'0 ycK0pHTensr 

co 3Ha'lflIT9nhH0 CHH)K9HHhIM ( B naa pasa) HaoopoM aaeprHH Ha II0I'0IIIIOM 

M9Tpe JlnHHhI. 
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TaK KSK MOlllHOCTb fiOT8pb nponopulloHanbHa KB8Jlp8TY aMnnnTyJlhI yCKOpH-

/23/ 
10mero HanpH )K8HllH, TO yKaaalUibIM nyTeM B KaHaJlCKOM npoeKTe YJl8-

8TCH CHll3llTb aTy MOlllHOCTb JlO 26 MBT npll pa6oTe YCKOpllTenH B Henpe

pbIBHOM p8)KllM8e 

OJlH8KO ll T8K8H Benn•urna noTepb He HBnHeTCH 0'18Hb o6H8Jl8)KllB8IO

meA. B aToA CBH3ll y)Ke BbICK838HO H8CKOnbKO npe)lnO)K8HllA. TaK, Hanpu-

6 
/35,34/ 

Mep, B pa OTSX JlmI CHll)K8HllH MOlllHOCTll noTepb npe)lnaraeTCH 

o6'h8JlllHllTb BbICOKO'laCTOTHhIA reHepaTop C YCKOpHIOlllllMll nonocTHMll yCKO

pllTenH ll HenocpeJlCTB8HHO Boa6y)KJl8Tb pea0Hnpy10111ue nonoCTll aneKTPOH

HhIM ny'IKOMe ITo OU8HK8 8BTOp0B1 8TO npllB8Jl8T K Cylll8CTB8HHOMY yBenu"'." 

ti:eHllIO Koa<l>$nuneHTa noneaHoro JleAcTBllH. 

l1M810lllll8CH B H8CTOH11188 Bp8MH Jl8HHhl8 YK83bIB8IOT HS TO, 'ITO npu 

ucnonb30B8Hllll IlllKnll'18CKoro YCKOPllTenH JlnH 8.H M8TOJl8 MO)KHO nonyti:llTb 

BbICOKYIO a<l>$eKTllBHOCTb npeo6paaoBaHllH BbICOKO'ISCTOTHOA MOlllHOCTll B 

MOlllHOCTb nyti:Ka. 8To CBH38HO, B OCHOBHOM, C TeM, 'ITO aMnnnTy)la ycKo

pHIOlllero HanpH)K8HllH B TSKOM cnyti:ae MO)K8T 6bITb cymecTB8HHO CHll)K8Ha 

aa C'l8T MHoroKpaTHoro npoXO)KJl8HllH nyti:KOM YCKOPHI01118ro npoMemyTKa. 

YM8Hblll8Hlle aMnnHTYJlhI fi,PllBOJlllT K Clill)K8HlllO noTepb ll yBennti:eHlllO Krr.n 
no BbICOKOil: '18CTOTe. OueHKll IlOK83bIB8IOT, 'ITO 8TH noTepll MoryT 6bITb 

CHll)K8HbI JlO ypoBHH M8Hblll8 OJlHOro MeraBaTTa. ITpn 8TOM cneJlyeT OTMe

TllTb, OJlHSKO, 'ITO B H8CTOH11188 Bpe MH eme H8Jl0CT8TO'IHO uayti:eHbl CllC

T8MbI, y KOTOPhIX HarpyaKa nyti:KOM B COTHll paa npeBbilllaeT MOlllHOCTll 

0Mll'l8CKllX noTepb. He pellleHa eme T8K)K8 0'18Hb B8)KH8H )lnH cnyti:aH 

llllKnll'18CKOro YCKOpHTenH 38Jl8'18 o6ecneti:eHllH ycnOBllil: BbICOKoa<l>$eKTllBHO

ro ( npaKTll'l8CKll CTOnponeHTHoro) BbIBOJla nyti:Ka ll3 K8M8pb1 YCKOpllTenH. 

ITpn npoeKTnpoBaHnH yckopnTenH JlnH 8.H MeToJla. ·BosnnKaeT eme 

0JlH8 $yHJl8M8HT8nbHaH npo6neMa, 'KOTopaH CBH38H8 C Benn'lllHOil: ll pac

npeJleneHHeM no aHeprnn noTepb nyti:Ka B nponecce ycKopeHnsi. YpoBeHb 
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HHTeHCHBHOCTH aefiCTBYIOIUHX B HaCTOSIII{eO BpeMSI ycTaHOBOK "paapemaeT" 

TepSITb aaMeTHhifi npoueHT ToKa ny'lKa B npou1occe ycKopemrn 6ea cymecT

BeHHhIX TpyllHOCTefi anH SKcnnyaTauHH yCKOpHTenSI, o6ycnoBneHHhIX HaBe

aeHHOfi paaHoaKTHBHOCThIO Ha OTllenbHbIX ero yanax. OaHaKO nonoJKeHHe 

pea1rn MeHSieTCSI llnSI 3fl YCKOpHTenH, H60 B STOM cnyqae BenH'lHHa noTepb 

ny'lKa aaJKe B OllHH npoueHT coaaaeT qpeaMepHo BhlCOKHfi anH sKcnnyaTa

UHH ypoBeHb aKTHBaUHH, a ecnH 8TH noTepH (MoIUHOCTb nopSillKa MeraBaT-

Ta} 6yayT noKanH30BaHbl Ha ManoM y'laCTKe, OHH MOI"yT np1rnecTH K ero 

paapyweHHIO H BbIXOllY YCKOpHTenSI H3 CTpoH. llo STOfi JKe npH'lHHe HCnonb-

30BaHHe CBepxnpoBOllSIIUHX peaoHaTopHblX CHCTeM, KOTOpbie npaKTH'leCKH 

nonHOCTbIO CHHMaIOT npo6neMy OMH'leCKHX noTepb, oKaJKeTCSI B03MO)KHbIM 

TOnbKO nocne OTbICKaHHSI nyTefi anH coaaaHHSI YCKOpHTenSI C O'leHb ManbI-

MH noTepSI MH ny'lKa B npouecce ycKopeHHSI. 3Ta TPYllHOCTb B OllHHaKOBOfi 

cTeneHH aKTyanbHa xaK llnH nHHefiHhIX, TaK H llnH UHKnH'leCKHX ycKopHTenett. 

llpH C03llaHHH paccMaTpHBaeMhIX B STOfi CTaTbe no CBOefi cyTH y)Ke 

npOMbiillneHHhIX J'CKOpHTenbHhIX ycTaHOBOK C MOIUHOCTSIMH ny'lKOB B COTHH 

MeraBaTT noTpe6yeTCSI peillHTb MHOI"O H llPYI"HX O'leHb cnO)KHhlX HH)KeHep

HbIX npo6neM: K HHM OTHOCSITCH, HanpHMep, coaaaHHe BblCOKOHHTeHC:HBHbIX 

HH)KeKTopoB, · paaHaU HOHHOfi 3aIUHTbl1 MaHHnynHUHOHHbIX ycTpofi CTB anH 

SKCnnyaTaUHH 3.H ycKopHTenSI H llP• 

3aecb cneayeT aaMeTHTb, 'ITO ycKopKTenH c BbICOKHM KIUl H 

6oribllJHMH MOIUHOCTSIMH ~ ny'lKax npeacTaBnSIIOT TaK)Ke BnonHe caMOCTOSI

TenbHblfi' HHTepec B Ka'leCTBe HHCTpy MeHTa HccneaoBaHHfi KaK 'lHCTO 

SillepHo-4JHaH'leCKHX ( SKCnepHMeHTbl Ha HHTeHCHBHbIX ny'lKaX paanH'lHblX 

aapoHoB, nenTOHOB H pacnaaHhIX q>OTOHOB}. TaK H llJHPOKOI"O Kpyra npH

KnaaHhIX (MaTepnanoseaeHHe1 paaH06nonorm11_ paaHoTepanHH1 nponasoacTBo 

pallHOH30TOilOB, KOTOpbie He MOI"yT 6b!Tb nony'leHbl Ha o6hI'IHbIX HllePHhIX 

peaKTOp~x. H T.ll.}. 
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Oi:iHaKO Jl0CTHrHyThle B nocneJlHHe ronhI ycnexn B C00PY*8HHH Mom

HhlX ycKopHTeneH, ·a TaK*e 0603aaqnBrnHecH nyTH nanbHettwero nporpecca 

B 3TOH o6naCTH Il03B0nHJOT cqHTaTb, qTo Bee 0TMeqeHHbie Bblllie npo6neMhl 

MoryT 6bITb ycnernH0 pellleHhI, ecnH 6yneT npH3HaHa Heb6xonHMOCTb peanH-

38UHH aneKTpoHnepHoro MeTona reHepaUHH H8HTP0H0B H np0H3B0JlCTBa 

pacmennHromnxcH MaTepnanos, H nccnenoBaTenbCKHM H HH*eHepHhIM pa6o

TaM B ~Toil: o6naCTH 6yneT npnnaH C0OTBeTCTBYJOIDHH. pa3Max. 
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