


IICCJJe;tosanuii, JJ,yfiua, I 995 

l.Bue,neHHe 

Pa:mmne ycKopmeneii UJJKeJihlX · 3apl!JKeHHhlx qaCTilll no6YJK,llaer cosepweHCTBOBaHHe 

npOI1I033 pa,nnaqnOHHOH 06CTaHOBKR H. 3ari:(Irrhl . OT n:myqeHHii, renepHpyeMhiX H3 3THX 

ycraHOBK3X. lleJib H3CTOl!IUeH pa60TI\I - npe~CTaBIITb MeTO~ npOI1I033 pa,nHaqHOHHOH 06CTaHOBKR 

H 3amHThl H3 OCHOBe BbiiiOJIHeHHbiX aBTOpaMH paHee pa60T /1-3/ no OT~eJlbHbiM tlJp3.I'MeiiTaM 

YKa3aHHOH. TeMbl B CBeTe COBpeMeHHOH HHtlJopMaqHH, B qaCTIIOCTll /5,6/. 
YcKopmenH Tl!JKeJibiX 3apl!JKeHHbiX qaCTilll noCJie~ero noKoJieHHl! cnoco6Hbl renepHposan; 

npaKTUqeCKH BCe Blf,llbl H3JlyqeHHH, o6pa3yll pa,nHOH)'KJili)Ud B CaMOM YCKOpiiTene H OKpYJK310IUeH 

cpe~e. BbiXO~ BCex 3THX npO~YKTOB B3rui:MO~eHCTBHll ll~ep-cnapMOB (yCKOpeHHbiX UOHOB) c .. 

ll~paMn-Mnmeneii. B ycKopmene n OKpyxawmeii cpe~e 3asucm or Maccosoro qn:CJia ~pa A If 

ero nopli~KOBOI'O HOM epa Z . , 3Hepnrn ll~ep CHapl!~OB Ec If HX qn:CJia F. 
B nacrollmee speMll BPM JIH 6y~er Ii03MOJKHhlM ~a If onp~aHHhlM yqecn; · see 

~HBif,IIYaJibHbie oco6ennOCTll CTaJIKRB310IUHXCll ll~ep npH pacqere BbiXO~a npo~OB HX 

B3aHMO~eHCTBHll. I103TOMY npe,w~araeMbiH anropiiTM npOI1I033 pa,nHaqHOHHOH 06CTaHOBKli If 

3arn;IITbl OCHOBaH H3 HeKOTOpblX npH6JIHJKeHHliX, 0~0 lf3 KOTOpbiX n03BOJllleT . lfCnOJlb30B3Th 

HaKonneHHyw nn¢opMaqHIO o napaMerpax .. nOJieii ~:myqeHHii, o6pa3yiOIUHXC.sJ npH 

B3aHMO~eiicTBHH nporonos c ll~paMH. Hn¢opMaqlill, nonyqeHHal! na yc:Kopm=x npOTOHOB .H 
. . . 
Mep, CBif,lleTeJibCTByeT 0 TOM, qr.o OCHOBHbiMif KOMnOHeiiTaMif H3JlyqeHHii .liBJlliiOTCll, HeiiTpOHbi 

npH pa6oTaiOIUeM ycKopmene · n raMMa-H3JlyqeHHe nase~ennoii pa,nHOaKTHBHOCTll nim 

OCTaHOBJieHHOH ycraHOBKe. 3ru KOMnOHeHThl If 6y~YT· B OCHOBHOM npe~eTOM paCCMOTpeHHll B 

pa60Te. ,[{ocrosepnocr& npe,w~araeMoro anropiiTMa nposepl!erCll B cpasneHHH pacqerHblx If 

sKcnepHMeHTaJibH&Ix ~aHHbiX. JloCJie~HMH Mhl ne pacnOJiaraeM ~ ycKopmeneii · ll~ep mi 
snepnm cs&Illle ~eCl!TKa raB na· HYKJIOH. 3To HaKJia,n&Isaer orpaH!fqeHHe no snepnrn csepxy Ha 

npe,w~araeMbiH anropiiTM. CHH3Y 3HepreTUqeCKOH. liiKaJibl OrpaH!fqeHHe. irueer . ~eCTO BMif3H 

nopora o6pa30BaHHll HeiiTpOHOB, KOTOpbiH COif3MepHM C KYJIOHOBCKHM 6ap&epoM. HmK.e 3TOI'O 

nopora pll,!IHaqFIOHHal! o6CTaHOBK3 6y~er Onpe~eJil!TbCll tPOTOHHbiM H3JlyqeHHeM. 

2. DtooaJILHWI oQeHKa pa,nuaQuouuoH: o6cTaHOBKH u 3aiQHTLI 

HaH60Jiee o61UlfMH senn:qn:naMif, xapaKrepiDYIOIUHMH pa,nHaqHOHHYIO o6CTaHOBKy, l!IiJlliiOTC.sJ 

BbiXO~ neiiTponos Y If aKTHBHOCTb pa.nHOHYKJIII,IIOB Q. Benn:qn:na Y onpe~=er pa3Mephl 

Heo6xo~oii 33IUIITbl If TY COCTaBJlliiO!UYIO Q , KOTOpal! C0~3eTCll HeHTpOHaMif - QH. Bropoii 

COCTaBJiliiOJ:tieii liBJllleTCll aKTHBHOCTh pa,nHOHYKJIII,IIOB, o6pa30BaHHbiX ycKopeHHbiMH HOHaMif B 

~pO-ll~epHbiX B3aHMO_AeHCTBHl!X Qll , 'KOTOpal! COCp~OTO'j:eHa B yCKOpHTeJibHbiX CTpYKrypax, ·no 

,wiHHe HOHif3aqHOHHoro npo6era ycKopeHHbiX HOHOB If HX · tlJpaiMeHTOB. Pacnp~eneHHe · 

cocraBJlliiOIUeii QH npoHcxo~ B coorncrCTBHH c 3aKOHOM o6pa30BaHHll H oCJia6neHHll . Y· . 
l.J:acn; pa.nHOHYKJIIf,IIOB ynocmcll B OKpYJKaiOmyiO cp~ BO~OM, YTe~oii xna,noarema (Bo~a) If 
IpynTOBbiMll BO~aMif. QqeHHM 3TH COCTaBJlliiOIUHe H3 OCHOBe coo6paJKeHHH, lf3JIOJKeHHbiX B 

p~ene 1. 
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2.1. BLrxo~ ueiiTpouou 

Qnpe,~:~enenne BLIXO):Ia HeifrpOHOB C TO'IHhlM }"'eTOM BCeX IIpOl(CCCOB B3aiiMO):IeHCTBIDI 

qaCTlll( B BCII{eCTBe qpe3BbJqail:Ho CJIOJKHO, a B HeKOTOpblX CJI}"'aJIX H He B03MO.lt.HO H3-3a 

OTCyrCTBIDI . He06XO):IHMOH ):IJUI ::rroro HH!f:lopMal(Illio B 3TOH CIDI3H C l(ellb!O rrpOrn03a 

pMHai.lHOirnoil: o6CTaHOBKH 6)'.lleT onpaB)IaHo npHHl!Th 3a ocrrosy Ol(CHKH Bhixo,~:~a 
neiiTponos Y( Ec) CJie,~:~yiOm;ee O):IHOMepnoe npH6JIHJKenne: 

Ro 
L 1 

Y(E ) = -}:; ,.J 
c A 0 R 

M 1 jn 

Foa odRo 
1 1 

(1) 

3,~:~ecb Ec- ::~neprnJJ neps~oro nona rum jl):lpa-cnapj!J:Ia na e.L~Hnney ern Maccosoro ~CJia Ac , 

KOTOpaJI onpe):l=eT npo6ern KaK rrepB~biX, TaK H BTOp~HbiX HOHOB HJIH ji):lep-cnapji):IOB R j ; 

R jn- 3naqerrne npo6era cnapjl):la j , COOTBeTCTByiOm;ee ::~neprerwrecKOMY nopory o6pa30BaHIDI 

neiiTponos B MPO-ji):lepHLIX B3aiiMO):Ieil:crniDix; AM - Maccosoe qnCJio jl):lpa-Mmnenn {Ami 

MHITieHII, COCTOjill{eH H3 pa3Jill1IHbiX HYKJ!Il):IOB, CJie):lyeT CYMMHpoBaTh B (1) ITO BCeM 3THM 

II)'KJIImaM); FF noTOK nonos rum jl):lep-cnapa,~:~os j na rny6nne R ; L - qnCJio Asora,11po; aj -

ceqenne o6pa30BaHIUI HeHTpOHOB IIpH B3aiiMO):IeHCTBHII a,~:~pa j C »):lpOM-MHHieHbiOo 

II pH ne60JILITIHX 3HaqeHIDIX Ec, KOI"):Ia MOJKHO npene6peqb OCJia6JieHil:eM ITOTOKa nepB~HbiX 

HOHOB H HX !f:lparMeHTaMH, !f:lopMyna (1) IIpHHHMaeT IIpOCTeHITIHH Bll):l 

L Ro 
Y(E ) =- JadR (2) 

c AM R . 
n 

B pacqcre na · o,~:~nn nepB~HhiH non c npo6eroM R0 o Onpe,~:~eneHHIO BbiXO):Ia neiiTponos cornacno 

(2), ero ,~:~n!f:l!f:lepelll(HanLHbiX pacnpe,~:~enennil: H cpasneHHIO pe3yJILTaToB pacqcra. c 

. 3KCnepHMeHTOM ITOCIDIII{eHbl pa60Tbl 14,610 0HH BOITIJIH B COBOKynHOCTb pa60T 14~ I 41, Ha OCIIOBe 

KOTOpLIX na · pnco I noCTpoena 3aBHCHMOCTb BLixo,~:~a neil:Tponos m TOJICToil: MHHienn OT ::~neprHH 
HOHOB B ):IHaiTa30He OT 2,5 M::~BIHYKJIOII ):10 4 r::~BinyKJIOIIo Ilo):l TOJICTOH MHITieHhiO 6y):leM 

ITO!IHMaTh Bem;ec-iso, pa3Mepbl KOTOporo paBHbl HJIH HeCKOJibKO 60JibiTie npo6era KaK nepB~HbiX 
HOIIOB, TaK H HX 3apaJKeHHb!X !f:lparMeHTOBo HHJKe ):laHbl He06XO):IHMb!e ITO»CHeHIUI K pH Co I H 

KOHKpeTH3Hp0BaHbl HCTO~HKH HH!f:lOpManHHo 

2.1.1. BLIXO~ HeiiTpOHOB H3 TOJICTOH JKeJie3HOH MHilleHH DpH ee OMyqeHHH IIpOTOHaMH 

. OT nopora o6pa30BaHH» neil:Yponos ,... 4,8 ,1:10 20 M::~B. BhiXO):I ueiiTponos ,raccqnTaH c 

noMorru:IO (2) na ocnose. H3MepemlbiX sen~rr. ceqeHIDI o6pa3osaulli! neil:Yponos q E P) I 7 I B 

3aBHCHMOCTH OT ::~neprnH npoTOHOB Epo B HHTepsane OT 20 ):1~ IOOO M::~B_ 3aBHCHMOCT~ YOT Ec 

IIOCTpOeHa . Ha OCHOBe 3KCITCpHMeHTaJibHb!X ):laiiHb!X, npe):ICTaBJICIUibiX .. B , pa60Te/81;ITynKTHp 

npe,~:~crasn»cr pe3yJILTaThi :.JKCTpaiTOJI»l(HII ):laHHb!X 181 mi ociiose pnc3.40 H3 pa6?TLII91o, •. 
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Puc.1. JIOJIHb!H Bb!XO):I HeHTpOHOB H3 TOJICTOH lKelle3HOH HnH Me):IHOH MHHieHeii Ha O):IHH 

IIa):laiOm;Hil: HOH C 3Heprneii Ec (o603naqeHIUI CMOYpH B TeKCTe) 
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2.1.2. BLIXO,II; HeHrpOHOB Hl TOJICTOH EeJie3HOH MHWeHH DpH o6nyqeHUH ee HOHaMU H 

JIJIPaMH ymepo,IJ;a 

B ,IJ;HaDa30HC :;mepmu HOHOB OT 2,5 ,II;O 6 M::~BIH)'KJIOH Y(Ec) paCC'IHTLIBaJUI na OCHOBC 

¢eHOMCHOJIOrWICCKHX ¢opMYJI, nonyq:eHHbJX B pa6ore II 01 no pe3yJihTaTaM ::JKcnepHMCIITOB. B 

mrrepsane 4-100 M::~BIH)'KJIOH BLIXO,Ll HCifrpOIIOB 3aHMCTBOBaH 113 pa60Tbl 111/, B KOTOpOH 

co6paHbi pe3YJibTaTLI mMepeHHif. Ilpu ::~uepiWix Bbiiiie 60 M::~BinyKJion Y( Ec) pacc'IIITbmanll c 

IIOMOID;biO IIOJiy::JMUHpH'ICCKOH «lJopMyJibl 

a 1J ,.; 
Y(E ) = N ___1!_1!_ fY (E ) 

c 0'1J p c 
p p 

(3) 

3,LteCb N - 'IHCJIO 3KBHBanenTHbiX nporouos III, 

N=A0•25 +(A -1)0
•
6

0,078[1nA -1,85] 
C C M 

(4) 

o;. H (jp - CC'ICIIII» neynpyroro B3aHMO,LlCHCTBII» ».llpO-ll.llCpHOro II npOTOII-li,LlCpiiOIU 

B3aHMO,LlCHCTBHH COOTBCTCTBCHIIO; 1J » II 1J p - 'IIICJIO neynpyrux B3aHMO,LlCRCTBHll li,LlCp II 

HpOTOHOB B MllillCHII COOTBCTCTBCHHO, KOTOpblC 11p1I6JIIIlKCHIIO MO!Yf 6b1Tb paCC'IIITallbl C 

IIOMOID;biO «lJOpMyJI 

R -R 
1J» = 1- exp( 

» »II) (5) 
A. ' 

ll 

R -R 
1J = 1- exp( p 

p pn) 

A. ' (6) 

p 
me A , A - ll)IHHbl npo6CroB B MIIUICIIII .!10 HCynpyroro B3aiiMO,LlCRCTBIIll li,LlCp II npOTOHOB 

» p 

COOTBCTCTBCHHO. <l>yHKUII» j yqHTbiBaCT BJIII»IIIIC Ha Y(Ec) «lJpaiMCIITOB "li,Llpa-cuapl!,Lla II Il3 

. ycnosn» comacn» c ,LlaHHbiMII pa6or II 1,12/ MOJKeT 6biTb on11cana ¢opMynoii: 

f = 1 + 0,197J ll Fc. (7) 

BbiX!J,Ll HCHTpOHOB ll3 TOJICTOR lKCJIC3HOH MHliiCIIII npe,LlCTaBJICH"Ha p11c.1, a ll)l» .IIpyrnx IICIIICCTB 

MHIIICIIH MOJKCT 6biTb 3aHMCTBOBaH II3 pa60T 14,8,9,16,171. 

CJieeycr 3aMCTIITb, 'ITO Na» I ap s ¢opMyHe (3) MOlKCT 6bJTb npe.IICTaBJicHo KaK 

OTHOliiCIIIIC nonepe'IHbiX CC'ICIIIIR o6pa30BaHn» HCHTpOHOII ( CM. «lJopMyJibl (I) II (2)) B »,LlpO­

»,LlCpHOM H 11pOTOH-»,L1CpHOM B3aHMO,LlCRCTBH»X. 

2.1.3 •. BbtXO,IJ; Heii:~pOHOB Hl •TOJICTOH Me,IJ;HOH MHWeHU npH ee o6ny'I~HHH aJJJ.Ifla-'laCTUI.IaMH 

Pe3ynbTaTbl pac'!cra, OTMC'ICtUibie TO'IKaMH 11 KPYJKKax, 3aHMCTBOBaHhi 113 pa6oTbi 151, a 

IJYIIKTIIpHOH JlllHIICH C TpCM» TO'!Kailll - UOJI}'qCHbl C IIOMOIIIbiO (3). 

4 
;::;-' 

.\ 

j 

2.1.4. BLIXO,IJ; HeiiTpoHOB Hl TOJICTOH EeJie3HOH MHWeHU DpH ee o6nyqeHHU ypaHOM-238 

B HHTCpBanC 311Cpnm HOIIOB OT - 7 .LIO 20 M::~B!JI)'K.IIOII Y( Ec) onpe.LICJICH na OCHOBC 

pe3yJibTaTOB paC'ICTa MOIIIIIOCTH ,Ll03bl IICHTpOIIOB OT MIIIIICHII 141, KOTOpblC llaJICJKIIO onnpaiOTC» 

na ,Ltannblc 3KcnepHMCHTOB c nona\m OT rerm» .LIO ueona. OuenKII npH ::~uepnm 6onee. 

60 M::JBIII)'KJIOII BbiJIOJIIICIIbl C IIOMOIIIbiO (3) ,LlJill liBYX KpaHHI!X CJiyq:aeB )"'eTa «lJpaiMCIITOB: 

scpxiillll KpiiBall cooTBercrsyer Jna'leHH»M ( R - R ) I A. .LlJill anb¢a-'!aCTIIU, a HHJKH»» - .LlJI» 
ll »II » 

ypana; 3aiiiTp11XOBallllal! 06JJaCTb MCJK.lly KpiiBbiMI! o6pa3yCT KOpii.IlOp HCOIIpC.IJ;eJICJIIIOCTII. 

TpcyroJibiiiiKOM npH Ec = 3 r::~BiuyKJIOIJ npC.IICTaBJICIJO 3Ha'ICIII!C BbiXO.lla ~~ KaK npOH3BC.llCHl!C 

Yp(3 f<JB) ua omomcm1e ~;I Yp 113 pa60Tbi 1121 npn Toii lKC <Jnepnm, me ~; n Yp -

3IICprnll, yiiOCIIMal! nciirponat.m c <JHcprncil 6oncc I 00 M<JB B cnyq:ae 6mt6ap.nupoBKII roncroil 

lKCJIC3IIOH MllliiCIIII ypaHOM II npOTOII<L\111 COOTBCTCTBCIIJIO. 

B mrrepsane 3IIcprnif 20-60 M3BinyKJion npc.ncraruicna o6nacTb IIJITcpnonlii{IIH pC3YJibTaTOB 

.LIO 20 M<JBIHyKJion 11 CBbnue 60 M<JBinyKJIOH. 

2.1.5. 3na'IKOM M - B KPYlKO'IKC 11 6c3 Hero npc,LtcTaBJicnbi BbiXO.llbi IIciiTpOIIOB 113 MC.llHOii 

Ml!liiCIIII ,LlJIIIIIOR 13 CM II .IIIIaMCTpOM I 0 CM, o6nyq:ae~10ii np11 311Cpnm 3,65 f<JBIII)'KJIOII ll.llp<L\111 

ymcpO.IIa II npOTOIIaMI! COOTBCTCTBCIIIIO; ll)lll TaKoii MI!UICIIII CCTCCTBCIIIIO OlKII.llaTb llbiXO.Il 

IICCKOJibKO MCIIbUIHM, 'ICM ,LlJill TOJICTOii MIUIICIII!. PC3YJibTaTbi IIOJI)"'CIIbl MCTO,LIOM MoitTC-KapJJO, 

OIIII XOpOliiO COmacyiOTCll C 3KC11Cp11MCIITaJibHbiMI! ,LlallllbiMJI 1131. 

2.1.6. 3aBUCHMOCTh OTHOCHTeJILHOro BbiXO,IJ;a HeifrpOHOB OT MaCCOBOro 'IHCJia li,II;pa·CHapli,II;a 

0T!IOIIICIIHC BbiXO.IIa IICHTpOIIOB 113 TOJJCTOH lKCJJC3110ii lUll! MC.IliiOii MI!UJCIICii 11p11 06JJ)"'CIIIIII 

IIX li,LlpaMII-CIIapli.LlaMI! K llbiXO.LlY IICfiTpOIIOB npn 06JIY'!CIIlll! TOii lKC MIIUICIIII llpOTOII<L\111 11p11 

311cprn11 cuapli.IIOB 3 f<JBIHyKJion npe.IIcTaruicno 11a pnc.2. PcJyJibTaTbl pac'!eTa 113 pa6orbl 1121 

11pC,LlCTaBJil!IOT C06oii: BCpXIIllll Kp11Ball - OTIIOIIICIHHI. 311Cpn111, ynocm10ii IICiiTpOIIat.III C 311Cpmcii 

6onee I 00 M<JB 113 Toncroii JKCJIC3Hoii Ml!liiCIIII, o6JIY'iac~wii li.Llpat.m c MaccoBbiM 'IIICJIOM Ac , K 

allaJIOfli'IIIOH BCJIII'IHIIC B CJJY4aC 06JIY'!CIIllll MHIIICIII! npOTOIIat.lll; lllllKIIllll Kpl!Bal! - OTIIOIIICIIIIll 

'IIICJJa HciiTpoHOB c 3Hcprncii 6oJICC I 00 M3B 113 TOJICToii lKCJIC3noii Mmucmt, o6JI)"IacMoii 

».IIPaMII, K auanorn'IIIOii BCJIII'lnHc n CJIY4ac o6JIY'!CIIIIll upoTOU<L\111. PeJyHhTaTbi pac'lcra 113 

pa60Tbl /141 npC,LlCTaBJil!IOT OTIIOCIITCJib~lblii llbiXO).l 110 'I;ICJIY IICiiTpOIIOII llCCX 311Cpmii 113 MIIIIICIIII 

,LlJIIIIIOR J3 CM II ,LliiaMCTpOM I 0 CM, a 113 pa60Tbl /151 - 110 'li!CJIY aJ!pOIIOII C 311Cpmcii 6oJICC 

20 M::~B. 

2.2. BLIXO,II; HaBe,IJ;eHHOH pa.IJ;HOaKTUBHOCTH 

PaJiHOaKTIIBIIOCTb Q, o6pa3yton!ytocll npn pa6oTc ycKopnTCJicii no11oo, t{CJJccoo6paJno 

paCCMaTpHBaTb COCTOliii{Cii .'13 ABYX KOMIIOIICIITOB: UaBC.IICIIIIYIO JIOII<L\111 IUill l!Jlp<L\111 Qll II 

.IICiiTpOIIaMH Q 11 • 
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MAcCOBOE 4~CAO . ~APO :-' 6tAPStAA, Ac 

PHc.2. 3auiiCIIMOCTb OTHOCIITeJILHoro Bhixo,Aa Iieifrponou II3 JKeJIC3Hoii:,HJIII.Me~noii: MIIII):eneii: 

y.ll!p OT Maccouoro qiiCJia ll~pa-cH:ap.ll~a Ac "c 3Heprne~ Ec, r3B/nyKJIOII: 

pe3yJibTaTbl OUCIIKII C IIOMOII):b!O, tlJopMyJibl (3), 

Ec.=3 - • ~ ·- pe3ynLTaTbi pacqeTa II3 pa6oTbi /12/, 

------ peJynLTaThi pacqeTa II3 pa60Thi /12/. 

!l ):lC3yJILTani pacqeTa H3 pa6oTI:I /14/, 
Ec =.3,65 

·X pe3yJihTaT 3KCrrepHMC!ITa H3 pa60TLI 115/ 

2.2.1. P~noaKTUBHOCTb, uaue~eimall ~paMH 

B pa3~erre 2.3.4 pa6<>Tbi /16/ noKa3ano II o6ocHouaHo,. qTo y~errhHall pa.AHOaKTHBHOCTb q.~~. 

naue~eiiHall ~paMH, ·nMeiOII):HMH sncprn10 6onee Err ,HaxO~IITCll B Clle,!IYIO!UCM COOTHOIDCHilli C 

y~errhnoii: pa,p;noaxrnnnoCTLIO q p, naue~cnnoii: rrpoTOHaMH c 3Hcprneii: E p = EcAc u o~HOM H 

TOM lKC BC!UCCTBC rrpH rrpoqnx paBHbiX YCIIOBilliX: 

~· 

q =Nq 
.II p 

(8) 

6 

J. 

~ 

06my10 aKTIIBHOCTb pa.AIIOH}'KJI~ou Qll u rrepuoM rrpm}JmJKemm MOJKHo ol(eHHTh. c · 

IIOMOmhiO CIIC~yiOmero BblpaJKCHilll : 

1J 
Q = N_J!_ fQ 

ll 1J p 
p 

r~e 

E " [dE' l-1 
Q = r q (E~ ) _1!_ dE' 
PEPP dR P 

II 

dE' I dR - rroTepii 3Heprn1I rrpOTOHOB Ha e.z:tllHimY )VIIIHbi, 
p 

a JHaqeHJill qp( E~) Ta6y;mpoBaHbi B Ta6nlll(e 2.3 pa6oTbi /16/ . 

2.2.2. P~HoaKTUBHOCTb, uaue~eHHal! ueiiTpoHaMH 

(9) 

(10) 

HmpopMal(llll o BbiXO~e HeifrpoHOB II IIX 3Hepre~ecKoM pacrrpe~erremm ~aeT B03UOJKHOCTh 

~OCTaTOqlfO TOqlfO orrpe~eJIIITb HaBC~CHHYIO HMII p3,A1IOaKTHBHOCTh Q , OIIHpaliCb Ha ceqeHilll 
• Hll 

o6paJOBaJIHll pa,p;HOHYKJI~OB /18,19/. B Kaqecrue ol(eHKH QHll HJIH qHll rrpH H3BCCTHoii: 

aKTHBHOCTII Q HJIH q , HaBC~CHHOH HeifrpOHaMH Ha IIpOTOHHb!X YCKOpliTeJiliX (CM., HarrpHMep, 
Hp Hp . 

/20,21/), MOJKHO BOCIIOJib30BaTbCll IIOJIY3MITI!plfqCCKHMH tlJopMynaMH: 

y (1 1J 
Q :: -1LQ = N _JJ_J!_ fQ , (11) 

Hll y up a 1J up 
p . p p 

C11J 
q :: N _JJ_J!_ fq 

Hll (1 1J Hp 
p p 

(12) 

BaJKHYIO IIHtlJOpMal(IIIO )VIll OUCHKH HaBC~CHHOH p3,AilOaKTHBHOCTII MOJKHO HallTH B pa60Te 

/16/, r~e B Ta6JIIII(C 2.1 rrpHBO~C.ll 3IJaqCHHll y~CJibHOH p3,Ail0aKTHBHOCTH 3JICMCIITOB IIOCIIC 

)VIIITeJibHOro o6nyqeHilll liX TCIIJIOBhlMH HJIH 6hlCTpb!MH neifrpOHaMH • 

2.2.3. CpauueuHe oueHoK c 3KcnepHMeHToM 

JlpH O~HilaKOBOM OTHOCHTeJibHOM CO~CplKa!IHH p3,Ail0~0B B Q H Q , a 3TO MOJKHO 
. .II p 

OJK~aTb Ha OCHOBaHHH ~aH!IbiX 11~/, CIIC~eT, qTQ 

Q.ll = Dll 
Q - " 

p Dp· 

(13) 

me D.~~ n Dp - MOJUHOCTH ~o3 raMMa-nmyqeHilll, comauaeMhiX aKTHBHOCTliMH Qll H Qp 

. coOTBeTCTBenno. B Ta6nlll(e_ BLIIIOJIHeHo cpauHeHHe ou;eHOK OTHomeHilll Qll I Qp c 

3KcrrepHMeHToM /22/, B KOTopoM H3MepliJIH Dg H Dp u paJJIHqlfOC upeM.ll noerre o6nyqeHilll 

MHlliCHCH. 
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Ta6mma. CpasneHHe pacc'IIITaHHbiX R H3MepeHHbiX onwrnemrn MorunoCTeii ,no3 B6ml3u Me.nnoii 

MHllieHH WlliHOH 13 CM Ii ,LillaMCTpOM 10 CM IIOCJIC ee o6nyqemll! npOTOHaMH (p ), anbcpa­

qaCTHIJ;aMH ( He 4
) H li,LipaMii yrnepo,lla ( C12

) c llHCprneii 3,65 raBIH)'KJIOII H npOql{X paBHbiX 

ycnoBHl!X 

Pac'leT 

Benllql{Ha H3MepCHHC <llopMynbi <llopMynbl 

(9),(13) (]1),(13) 

v: .. 1 rip 3,4 ± 0,9 3,2 4,8 
_.; 

.De"' rip 8,8 ± 2,4 6,1 14 

CpaBHCHIIC MOIUHOCTeH ,LI03 Hnli aKTHBHOCTeH npH O,LIHOH H TOll )Ke lli!CprnH li,LICp-cuapli.LIOB H 

npOToHOB npasoMepuo, T.K. npH E <:: 3 raB ceqeHHl! o6paJoBaHHl! pa,nHOHYKnli.LIOB npaKTH'IeCKH p 

ue Melil!IOTCll /16/. He l!CHO, KaKOe 3Ha'!elllie aueprnH cHapll,na En npmlliTb Ja IIH)KIIIOIO rpanuuy 

np!IMeHIIMOCTH cpopMyn (9) H (II), T.K. npl!MOH llKCnepHMCHTanbi!OH npoaepKH HX IIC I!MeeTCll; 

O,LIHaKO KOCBeHHb!e tlaHHbJe (pnc.J) TI03BOnliiOT OUeHHBaTb Q qepe3 Q npn <JHeprnliX CHapll,na 
ll p 

6onee 100 M3B/H)'KJIOH. 

2.3. 0QeHKa PatiHal.{noHHoii o6cTaHOBKH 

Pa.nnaunonnM o6CTauoaKa na ycKOpHTenllx COJ,naeTcll, B npnnQnne, uaBe,nennoii 

pa,nHOaKTHBHOCTbiO, a TaK)Ke HCHTpOHaMH, 3apl!)KCI!IIbiMH 'laCTHUaMH ll cpOTOIIaMH KaK 

npOAYKTaMH B3aHMO,lleii:CTBHll ycKopennbJx Japli)KelllibJX '!aCTHU c li.LipaMn aJieMCHTOB cpe,nbl. PoJib 

Ka)KAOIU H3 llTHX KOMTIOHeHTOB He O,LIIiHaKOBa; paCCMOTPHM HX KpaTKO, Ka)K,LibiH B OT,LICJibiiOCTH. 

_ 2.3.1. HeiiTpoHbJ 

3a npet~CJiaMH npo6eroB yCKOpCHHblX HOIIOB- Hnli llt~ep, a TaK)Ke HX cppaiMeHTOB, HeiiTpOIIbl 

Onpe,LICJiliiOT pa,nli:aQHOIDIYIO o6cTaHOBKY KaK Hau6onee npOIIHKaiOllillH KOMIIOHeJIT, CHOC06IIblii 

renepupoBaTb B TKaHH If OKpy)KaiOlliCH cpe,ne 3apli)Kei!Jib!C 'laCTHUbl C 60nblllHMH- Jlfl3. 

Pacnpet~eneHHe ueiiTPOIIOB OT cpnKcnpoBaunoro nc-foqnuKa cyruecTBeuuo anuJoTPonuo. O.nnaKo, 

)"'HTbiBall MHO)KeCTBO HCTO'IHIIKOB HeiiTpOHOB, pacnpCACJICilllbiX 110 Op6HTe II TpaKTY ll)"!Ka, 

H3MCHCHHe pe)KifMQB pa60Tbl YCKOpHTCJill, CJI)"'aHJibJe KOJie6aHHll napaMCTpOB _yCKOpliTCilll H 

TpaKTOB II)"!Ka, CMCHY MCCTa nonO)KCHiill MHilleHCH, nepeMell(eJJHll ncpconana OTIIOCIITCJibiiO 

HCTO'IHHKOB HeiiTpOHOB, pa,nHauHOIIHYIO 06CTaJIOBKY MO)KHO OUCIIIIBaTb BCJIII'IHIIOH 

ycpe,nuenuoii 110 ymy 3a IUA llKBHBaneHTHOH t!03bl H OT COBOKyniiOCTH MlllliCHCH : 

- y 
H = h~ F.--'-

- .£...., I 2 
· ; 4~rr, 

(14) 

me F; ~ noToK · ycKopennhiX 'laCTHU 3a ro.n 11a i-to MurneHb, llbixo.n HCiiTponoB in Koi'op'oi-1 na 

o.nuy '!aCTm.{y Y;, r; - - pacCTol!nue OT i - ii MHmenH .no' _nepconana, h - no,nXO.Lillli!HH 
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K03cpcpH1.{HCHT IICpCXO,Lia OT cpmOCHCa K IIOp~mpyeMOH BCJIH'IHIIC llKBHBanCJITIIOfi ,LI03bl 

(acpcpCKTHBHOH Rnli MaKCHManb!IOH). 

3arniiTa B I.{CJIOM MO)KCT 6biTb OUCHCHa Ha OCHOBC OIITHManbHOfi BCJI~Hllbl llKBiiBanCJITHOH 

.II03bl (eM. peKoMeH.naumo MKP3 - 90) Ho , Ja KOTopyiO MO)KCT 6b1Tb npHHl!T KomponbHbJI! 

ypOBCIIb ,L103bl Rnli ,LI030BbiH npe,nen 

d•Al{:.] (15) 

me A - IIO,LIXO,Lil!Uiall ,LinHIIa ocna6nCIIIill cpniOCIICa (.L103bl) IICHTpOHOB. 

flpli OTCYTCTBiili IIIIcpOpMaQHII ,Linll Bb!60pa IIO,LIXO,LiliU!IIX 3IIa'ICIIHfi ft II A MO)KHQ npllllliTb IIX 

3IIa'ICI!Hll, COOTBCTCTBYIOIUIIC ::mepnm yCKOpCIIIIbiX 'laCTIIU Ua O.LIIIII IIYKnOII, KOTOpblC 6y.LIYT 

6nii3KII K MaKCHManbiibiM /16/. 

2.3.2. 3aplllKCHHbiC '13CTHI.{bl 

B11e 30IIbl 11pOXO)I(AeiiHll yCKOpCIIIIbiX HOHOB Hnll li.LICp, a TaK)KC IIX cppiD!CIITOB 3apll)f(CIIIIbiMII 

'!aCTHUaMH, KaK npaBIUI0,11pCIIC6pcraiOT, T.K. IIX IIOTOK COCTaBnliCT IIC60JiblliYIO 'laCTb OT IIOTOKa 

IICHTPOIIOB. TaK, uanpi!Mep, BbiXO,LI 3apll)f(CIIIIbiX a,npOIIOB na 110pliAOK MCIIbiiiC Bb!XO,Lia IICiiTPOIIOB 

BbiCOKHX lliiCprnii II Ha t~Ba 110pli,L1Ka MCIIblllC BbiXO,Lia BCCX IICliTpOIIOB 113 TOJICTOii CBIIIIUOBOii 

MHIIICIIII, o6nyqaCMOH 11pOTOII~IH C ::meprncii 2,55 raB /17/. O,nuaKO II CJJ)"'aC IIIITCp-llpCTai.{HII 

IIOKa3aJIHH ,L103HMCTpOB IICHTpOIIOB, 'IYBCTBIITCilbiibiX K 3apli)KCHHbiM '!aCTHU~I, IIOCJIC,LIIIIIMII 

nnwpnpoBaTb IICJib3ll. 

2.3.3. CIJOTOHbl 

<IJOTOIIIIbiH KOMIIOIICIIT ,LiaCT OCIIOBIIOH BKJla,LI (AO - 80%) II 06JI)"'aCMOCTb ncpcouana, 

pa6oTaiOII!CIU ua ycKopHTCJiliX Tli)KCJibiX 3aplllKCllllbiX '!acn1u /16/. O.nmL\t 113 IICTo•nmKon 

cpOTOIIOB liBnliiOTCll liAepiibiC peaKl.{llll, KOTOpblC IIpOIICXO,LiliT MC)I(Ay YCKOpCllllbiMII IIOUa\111, IIX 

cppaiMCIITaMII ll IICHTpouaMII C li,Lip~IH aTOMOil CpCAbl. llpy111M IICTO'IIIIIKOM cpOTOIIOil lll~lliiOTCll 
pa,niiOIIYKJIIi,Libl nallC,LICIIIIOH pa,nuOaKTHiliiOCTii, lliiOCliii!IIC UallfiOJiblllllii llKJI:;n II .L103Y OfiJI)"'CIIIIll. 

2.3.3.1. CIJOTOHbl , BOlHHKaiOJQIIC B npOQCCCC llt!CpHbiX peaKQHH 

KyJIOII08CKOC 11036y)KACIIIIC li,LICp II CllliTIIC CIU 8 pC3YJibTaTC llbUICTa cpOTOIIOII IIMCCT 3IIa'ICIIIIC 

JllllUb Upll ::mcprnliX Illl)KC nopora o6pa30ilallllll IICiiTpotiOB; o6pa3ytOIIUICCll cpOTOIIbl IIMCIOT 

cpa8IIIITCJibiiO Illi3KHC ::mcpnlll, II TPYAIIOCTII 3aii(IITbl OT IIIIX IIC 11031111KalOT /4/. AnaJIOill'lllrut 

CIITyaUIIll IIMCCT MCCTO II C pCIITI'CIIOilCKIIM 113JI)"'CIIIICM, o6pa3ytOII!IIMCll 8 pC3YJihTaTC 11011113atUIII 

K 11 L o6ono'ICK KaK ycKopctlllbiX 110non, TaK 11 aTOMOII MIIIIJClllt. HncpopMai!IIIO o nhtxo.uax 

pC!ITfCII08CKOIU 113JI)"icn11H npit 113aiiMOACiiCTilllll 1101108 KCCIIO!Ia 311Cp11111 150 M:::1B C IICII!CCT80M, 

an:iMI!biH tiOMCp j((>Toporo MCitliCTCll 8 Hpc,ncnax 40-83, MOlKIIO naiiTII, naHpiiMCp, II pa60TC /23/. 
Tip11 imcpmll·x iH>II08 nhtmc KyJiononcKot"O 6apbcp~ cnllntc 8036y)K,Lictmll Hpmtcxo.nnT IIYTCM 

8bmcTa ~~~.;-a:~Knairron, ''IIICJio KoTopbtx na o,n11o ncy11pymc IIJamto.nciicnmc coCTaBnliCT' 20-25 8 

'IIIITCp8anC ::liiCpmit 1101108 'aprima 160~235 M3B. n·pll 3TIIX JKC YCJIOilllliX MIIOlKCCT8CIIIIOCTb 

IICHTPOiiOn coCTaru·!lu!-r 4~5/4/. Y'lliTbl8rut KO::lcpcpmutcHTbt ncpcxot~a OT cpmocnca K llK81JBanctrrHoii 

,L103C, IIOJI)"'IIM, 'ITO. ,L103a cpoTOIIOII COCTaJUiliCT . -I 0% OT ,L103bl llciiTPOII08. 3-fo 1lla'ICtniC 

COr:JlaCyCTCSI C ,natlllbiMii 113 pa3,LICJJa 1.4.2 pa60Tbl /16/. C pOCTOM 311Cp11111 YCKOpSICMbiX 11011011 
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CJJC.!IYCT OJIUUiaTb ~ICIIbUICIIIfll .U03bl 14M~Ia·H3Jl)"!CIIlfll B llpOL{CIITax OT .U03bl IICiiTpOIIOB, T.K •. 

'illCJIO ncifrpOHOB ua 0.!1110 B3aH~IO.UCiicTBHC paCTCT C 3HCpnteif, a 'IHCJIO tjJOTOIIOB CTpCMHTCll K 

n<JCTOliHHOii BCJIH'li!IIC /4/. 

2.3.3.2. «<JOTOHLI HaB.e;IeHHOH pa;IH03KTHBHOCTH 

t!>OTOI!bl, HCliYCKaC~IbiC pa.uHOIIYKJJif.!l<L\flf OCTaTO'li!OH pa.!lHOaKTHBHOCTH, OIIpC.!lCJlliiOT 

pa.uHallHOIIIIYIO o6CTaHOBKY npH OCTaUOBJICIIIIOM ycKOpHTCJIC. Hx BbiXO.U JaBHCHT OT MI!OntX 

yCJJOBHii, a ero OliHCaUHC BbiXO.!llfT 3a p<L\fKH llaCTOllrr{CH pafiOTbl. 3.UCCb Mbl Jllflllb orpaiiH'lHMCll 

yno~muaune~t JaKollmtepuocTH, o6ocnosamroii B _paJ.aene 2.2.3 n II03BOJJlllOIUCii ncnonhJOBaTb 

lflltjJOp~taUHIO, uaKOliJICIIIIYIO ua YCKOpHTCJ!liX llpOTOH'oB /9,16,24,25/ .!lJill Ol{eiiKll pa.unal{HOIIIIOii 

o6crauosKH _na ycKopHTenllx li.Ucp. Comac11o tjlopMyna."' (9), (II), (13) s6Jm3H· ycKopnTCJJll 

penl!THBHCTCKHX li.UCP 

a B6JJH3H ero JarrtHThl 

. 1] . 
Dli=N__1l_JDp 

Tjp 

cr 1] . 
D = N..2LllD 

ll CTT] p 
p p 

(16) 

(17) 

t!>opMyJJbl ( 16 ) If ( 17 ) .UaiOT KpaifiiHC Jlla'lCIIHll MOil{IIOCTCH .!103, 11a npaKTHKC peaiiii3YCTCll 

IICKOTOpOe npOMCJKYTO'liiOC Jlla'ICIIHC, KaK 3TO HJIJIIOCTpHpycTCll Ta6n.l. 

2.3.4. lieTa-'13CTHl{bl H3BC;ICHHOH pa,i1H03KTHBHOCTH 

3TOT KOMliOIICliT pa.uHa[{HOIIIIOii 06CTaiiOBKH, KaK npaBHJIO, IIC BIIOCHT 3aMCTIIbiH llKJia.!l ll 

06JI)"'aCMOCTb IICpCOIIaJia. HCKJJIO'ICIIHC COCTaBJJl!IOT pafiOTbl C TOIIKHMH liJiaCTHIIaMH HJIH C 

BIIYTPCIIIIHMH MHiiiCIIliMH I(HKJIH'ICCKHX yCKOpHTCJICH, KOr.aa HHTCIICHBHOMY 06JJ)"'CiiHIO 

no.unepracTCll TOIIKal! KpOMKa ru1acmn Him MHIIICIIeii. B TaKnx CJJ)"'al!X .aoJa 6eTa·H3JI)"'CHHll B 

IICCKOJJbKO paJ HpCBOCXO.UHT ;ioJy I<!MMa·H3JJY"CIIHll. 

BaJKIIYIO pOJib 6eTa·HJJI)"'CIIHC MOJKCT HrpaTb npH OllpC.UCJJCIIHH aKTHiliiOCTH MCTaJJJIOJIOMa 

l!JIH OTXO.!IOB C l(CJJbiO liOJIY'IClllfll OTBCTa na BOHpOC • liBJiliiOTCll JIH OIIH pa.!lHOaKTHilllblMH HJIH 

IICT COrJJaCIIO Tpc6oBaiiHliM CaiiHTapllbiX IIOpM pa60Tbl C pa.unoaKTHBI(blMH BCJl{CCTIIaMH. 

3. )lur!JI!JcpcuunaJihHhiC pacnpc,!lCJICHHJI 

HCIIOJibJOBaliHC HlltjJOpMai(HH 0 .UBOHIIbiX .UH!jltjlcpciii(HaJibllbiX CC'ICIIHliX o6paJOBaHHll 

llciiTp~IIOB d 2cr I dEdQ upH •naH.\fO.Uciicnmn li.Ucp (Honon) c li.UpaMH pa31JH'IIIbl~ MHIIIeneii 

1103BOJiliCT IIOJI)"'HTb. 60JICC TO'IIIbiH llp01ii03 pa.uHai(HOIIIIOii 06CTaHOBKH If 3all{HTbl lla 

YCKOpHTCJiliX .. TliJKCJlbiX 3apl!JKCIIIIbiX 'laCTIII(, 'ICM 11pH HCIIOJibJOBaiiHH HlltjJOpManHH o· BbiXO.Uax 

nciiTpouon 1n MHIJICIICii. AnTopa.\fH .uan11oii pa6oThl 6hma pa3pa6oTana tjleiiOMCIIOJJorH'IecKal! 

~IO.UCJib /2,3,26/ C l!CIIOJibJOIIaiiHCM 1IpOCTbiX annpOK.CH."'aL(HOIIJibiX. 'tjlopMyJI .!lJill paC'lCTa 

.UilOHIIbiX .UIItjltjlcpcl;l{lfaJibllbiX CC'ICII~H C I(CllbiO .nponiOJa' piull'al(l!OIIIIOii 06cTaiiOBKH II 3amHTbl 

"P" ycKop'cnHn Hticp n nmpoKoM ,uHanaJonc sueprnii u aToMnhJ~ ~ccoB. Pinpa6oTKa Mo.aeJin 

llbi1Bana. TCM, 'ITO 3KC11CpHMCIITaJlbllbiC .UallllbiC MaJ104HCJ!CIIIIbl, ·a. HCIIOJJbJOBallHC HMCIOil{HXCii B 

mncpaTypc ~IO.UCJicii pac'I':Ta TaKHX CC'Icimfi naTaJIKHilaiOTCll ·,·m onp~.uenenHhiC Tpy.unocrn /Z,3/. 
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B .aannoii pa6ore npe.UCTaBJJeu yrO'lHCIDibiii sapnanr tjleHOMeuonoiWiecxoii Mo,uenn. llpH 

pa3pa60TKC MO,UCJIH HCXO,UliJIH 113 OCHOBHhiX 3aKOHOMCpHOCTCH ilJopMIIpO~aHHll d 2crf d£dQ 
IICiiTpOHOB B li.UpO·li,UCpllblX B3aHMO,UCHCTBHliX, Bbll!BJICHHhiX llpH aHaJ1113C If o6o6melllfll BCCbMa 

tjlparMCHTapublx nHTeparypubiX .UaiDibiX /6,10,27-35/. AHaJ1113 noKaJaJI, 'ITO .HMeCTcJJ rro.uo611e 

pacnpe.uenennii: .UII¢¢epeunnaJibHhiX ceqennii .!l1lll pa31lH4HbiX CTaJIKHBaiOII(IIXCJJ · JJ,uep. 

llpeJK.!le seem o6paJllaCT BHHMaiDie HaJIH'llle s cneKTpe ueiiTpouoB ocrporo·, nO'lTII 
CHMMCTpH4HOrO IIHKa IIpll MaJlbiX yrnax Ha6JJIO,UCHHll 0 :>; 5° 110 OTHOUieHHIO K HaiipaBJJCHHIO . 

li.Upa-cnapll,ua s o6naCTH ::meprnH ueifrpouoB • E, 611113KOii K sueprnn li.Upa-cuapJJ,ua E ua. 0.!11111 
' c 

uyKJJou, a TaKJKe JaMCTuoe UaJIH'IIIe ueiirpouos c sueprneii E > E c. ,[{11cnepcHJJ pacnpe.ueneunii 

B II UK ax npaKTH'ICCKII He JaBIICHT OT MaCCOBbiX 'llfCCJJ cramoffiaiOII(IIXCJi lJ.!lCp /3/,. a B ClfcTCMC 

li.Upa - cuapll.aa oua OKa3aJiaCb ne 3aBHcllmeii OT sueprnn JJ,upa-cuapJJ,ua /33/. B TaKHX 

pacnpe.ueneirnllx, OIIIIChmaeMbix rayccnanoM, 3uaqenne .!llfCnepciiH pacnpe.ueneHHJJ no 

npO.UOJibHOMY II nonepe'li!OMY HMnyJJbCaM liBJiliCTCll npaKTII'leCKII O.!lllllaKOBblM II paBHbiM 

11pH6JJII3HTCJ!bHO (54 M3B/c)
2

• 3To 1103BOJIJJCT npe,unOJIOJKIITb, 'ITO nHKH B OCHOBHOM tjlopM11pyiOT 

HCiiTpOHhl li.Upa-cuapl!,Ua, ue npeTepnCBIIIIIC CTOJIKHOBCHHli C H)'KllOHaMII :sJ,upa-MifiiiCHII, T.e. 

pacnpe.uenenne B HilKe onpe,uenlleTcll snyrpHll,uepllbiM pacnpe.ueneHHeM H)'KJIOHOB no HMnynhcaM. 

.[{nll CaMOii BbiCOK03HCpreTII'lHOii 'laCTH CnCKTpa HeiiTpOHOB, OnHCb!BlleMOii. 3KCIIOHCIITOii, 

xapaKTCpHbl Te JK'e 3aKOIIOMCpuocrn, 'ITO II .!lJill IIHKOBOii, HO npO,UOJibHOe pacnpe,ueJJeHIIe He 

conna.uaer c norrepe'll!biM pacnpe.ueneHHeM no HMnyJJhCaM, ecn11 IIX npe.UCTaBIITb B cncreMe 

cuapll,ua /33/. ' 
.[{nl! HeiiTpOHOB, o6pa3yl01l{IIXCJJ B OCHOBUOM B O.UIIHO'lllb!X CTOITKHOBCHHJJX H)'KJIOHOB 

H,upa-cnapll,ua c uyKITOHaMH li.Upa-MlhrreHH, ·TaKJKe xapax:Tepuo naJIII'IIIe IIHKa B o6naCT¥. sueprllii 

HCiiTpOHOB, 6JJH3KIIX K £ B .UU!jltjlepeHI(HaJlbiiOM pacnpe,uenemm. llOJIO:lKeHIIe 3TOI'O IIHK3 
c 

MCHlleTCll C ymoM 0 B CTOpouy MCHLUIIIX 3HCprllii, a TaKJKe YMCUblllaeTCJJ BKITa.!l 3TOrO 

KOMnoneHTa B o61l{ee .uu¢¢epeni(HaJibHoe ceqeu11e o6paJOBaHHll neiiTpimos, c yBCJJII'lCHIICM yrna 

011 CTaHOBIITCll He3aMCTCH ua tjloue KaCKa.uHOii KOMnOHeiiTbi. . 

B CnCKTpe HCHTpOHOB npH £ <£ HMeeT Mecro no,uo6ne .UH!jltjlepeui(HaJibllhiX. c . 
pacnpe.uene1111ii B li.Upo-ll,uepubiX B3allMO,ueiiCTBHJJX .uu¢¢epelll{lfalihllbiM p'acnpe.ueneHIIJJM B 

npOTOH·li,UepHb!X s:i'aHMO,UCHCTBHliX. Ha6JJIO,UaeTCll MOHOTOIDIOC YBCJJII'lCHIIe HaKJJOHa cneKrpOB C 

YBCJJII'leiiHCM yrna 0 , 'ITO xapaKTCpHO .!lJill CnCKTpOB HClll'pOHOB, o6paJyiOII(HXC5! B pe3yiThTaTe 

snyrpHll,uepuoro ·KacKa,n,a. H113KosnepreTII'lCCKal! JKe 'laCTb cneKTpa, KaK uaM: rrpe,uCTaBJJliCTC5! ua 

ocnose pa6oT /4,36,37/, cocTOIIT io ueiiTponoB, ncnapHBIIIIfXCll 113 3aMC.!lJIIIBlliiiXCll tjlparMeHTOB 

li,Upa·MifiiiCHII II tjlaiiep6ona. 0TMe'lCHHal! 3aKOUOMepHOcTh ··II03BOmiDa· IICIIOJib30BaTh yJKe 

HMeiOil{yiOCll IIII!jJOpMal{IIIO 0 pacnpe,ueneHHl!X ueiiTpOIIOB B rrpOTOH·JJ,UepHbiX B3aHMO,UCHCTBHliX 

.!l1lll OIIIICaHIIJJ cnCKTpOB HeiiTpOHOB B KaCKa.uHOii If HCnapiiTCJJbHOii CTa.!lHliX: Jl.!lpO-JJ,Uepuoro 

B3aHMO.Ueiier~Hll, a TaKJKC BCJJII'liiHY N ('llfCJJO 3KBHBaJieiiTHbiX npOTouos): 

B ll,upo-ll.aepuhiX B3aHMo.ueiicrnllllx B03HUKaiOT TaKJKe npoTOHhl, .un¢¢epeHI(IIaJlbllbie 

CC'lCHHll. KOTOpbiX MaJIO OTJJII'laJOTCll no BII.!IY OT CC'leunii B03HIIKHOBCHHJJ HeifrpoHOB /2,26/. 
Pac'lCTbl /38/ C IIOMOII(blO peJJliTIIBIICTCKOii KaCKa.uHOll MO,UCJ!If nOKaJaJIII, 'ITO OTHOU:eHIIe nip 

npH nir3KIIX 3HCprHl!X 11pH6niiJKaCTCJJ K · OTHOlliCHHIO nip . B li,Upe-MifiiiCHII, · a 1Ip11· Bb!CQKIIX 

sueprHllx K nip · B il.upe-cuapll,ue • 

Kax: y)l(e 6hiD0 OTMe'leHO, .UU!jltjlepeHI(HaJlbllhle cnCKl'pbl HpOTOHOB HC paCCMaTpiiBaJIIICb B . 

,uamroii pa60Te, lllftjJOpMal{IIJJ 0 HHX HMCCTCJJ B /1,2,26/. . ' 

·1.1 



' 
3.1 CIJeuoMeHoJiornqecKne (lopMyJILI pac'ltrra pa,auauuoHHoii o6crauoBKH u 3aiQJITLI 

,llBoii:HLie ,w~cpcpepeHQIIanbHhle ce'leHIDI o6pa:JOBaHiill neiiTponos {d 2cr I dEdil) npe~cTa81llleM 
B BIJ,I{e 'leThlpex KOMUOHeHTOB B COOTBeTCTBlill C BbillieH3JIOJKeHHbiM UOMO~OM: 

d 2cr 
dE dO. 

4 ( d2a) i;1 dEdil i 
(18) 

JlepBbill KOMUOHeHT (0603Ha'laeM ero ~eKCOM 1 ) OUHCbiBaeT ClleKTp HeifrpOIIOB B ero 
. ;.,! 

BbiCOK03HepreTH'IHOH qacru: 

( 92) 
allvHexp - 2 { [ 2 ] } a2a 291 ( E-E ) lE-E I 

-- = exp c +bexp __ c CEan) 1 2ne?f ~1 &+o,5e1 1 2~? ( e1 ) • (19) 

B 3TOM BblpaJKemrn: V R - cpe~ee 'IHCJIO TaKHX BbiCOK03UepreTH'lllbiX neifrpOHOB, KOTOpoe 

UOJI}"leHO Ha OCHOBe pe3yJibTaTOB pa60T /39-42/ If OUHCbiBl!eTCll J1)lll Ac< 50 cpopMyJIOll 

v = o,o5[1 + o,3(A - 2z )](1. 25 + o,063Z ) • (20) 
H C C C 

me Zc - aTOMI!b!H HOMep ll~pa-cnapll~a. Jlrrn 30JIOTa 3Ha'lei!He V R COCTa811lleT 12,7 HeiiTpOHOB, 

KOTOpoe H~eHO H3 YCJIOB!ill COrJiaCiill paCC'IHTaHHbiX (19) If H3MepeHHbiX /29/ ~aHI!biX. 
BenH'lnna <Tll - ceqenne neynpyroro. ll~po-ll~epnoro BJaHMO~eiiCTBHll, ero ananHTH'lecKue 

BblpaJKeHllil npHBOMTCll, HanpHMep, B pa6oTax /2,43/. 
e - yroJI BbiDeTa HeiiTpOHOB. 
JiapaMcrp ymosoro pacnpe~eneHHll 

p p 

e, = .fipc = .fi~E~ + 2Ecmoc2 
(21) 

me 

P = 54 M3B/c - BeJIH'llilla nonepe'llloro HMTIYJihCa BhiCOK03HepreTH'IHoro ueiiTpona, npu 

KOTOpOM lJ2 I 2lJ? =1 ; 

Pc ·- HMnyJihC-neiiTpoua B ll~pe-cnapll~e; 

m0c
2 

- 3Heprlill UOKOll neiiTpona; 

Ec,E - mecL u ~anLrne B M3B/nyKJioH. 

3asucHMoCTb ~ucnepclill 3nep~H'lecKoro pacnpe~enenlill 'f. OT ::meprnu Ec nonyqHJiu /26/ B 
Ii~e 

'f.= (28 + o,064EcY M3B, (22) 

e, - napaMcrp 3KcnoneiiQHaJihHoii 'laCTH 3HeprcrH'lecKoro pacnpe~eneHIDI: 

e1 = {76 + 17+- ex{-~~)]+ 0,706Ac j( 0,1 + 1,1·10-
3 

Ec) M3B, (23) 

b - UapaMCTp, KOTOpblll Bb!paJKaeTCll cpopMyJIOH 

12 

'~ 

A-0,42A-0,115 
b = 0,38 c ~~-

l-0,9exp(-O,OOIE) 
(24) 

BTopoii KOMnonenT (o60Jnaqac~t mmeKcmt 2) omtchmacT neihpoHbl, soJmtKatOrnue s 
o~uno'lnhJX CTOJIKnosemlllx nyKJionos ll~pa-cuapll~a c nyKJiona'm liJipa-~mrnenu: 

. d2<T _ Ncr'il e (E-E0t e E-E l [ ')] ) [d&lil],- c <,& '+ o}' 2<l +002o+ .}{-1 ,2 oiJ . (2S) 
c = I cp-• , r, = r,[o.2~+ 1.14exp(-_!!_)] 

- 1.05 
(26) 

e2 = [ 61 + 0,108Ec- 65cxp(- I:~)][ 0,28 + 1,.14cxp( -1.~5 )] M::~B , (27) 

e, = 0,113 p3,1111all, e.= 0,36 p3,1111al!, 

E 0 = E exp (- (}:) M::>B, e" = 0,58 + 35/ E A p3,11uan. 
c eo . c c 

Tpcntii KOMI!OI!CI!T (o60Jna<laCM IIII.IICKCOM 3) HpCJICTallJI'iiCM KaK Hp0113BC~CIII!C(j • na 'IIICJIO 
::>KnunanclrrllbiX npoTonon N 11 na ~noiifwc .1111cpcpcpcmtllaJJhHOC pacnpc.IICJICIIIIC KaCK3,1111hiX 
IICHTpOHOII II HpOTOII-ll,liCpiiOM COy.llapCHIIII (CM.,IIallpiiMCp, /44/ ) : 

--- - rr N --·-( 
d

2

a ) ( d
2

v ) 
dEdQ J x dEdQ r-• 

(28) 

IIH.IICKC p-11 OJHa'!aCT npoTOH-'iiJlCpnoc nJaiiMO.llciicnmc. 

l.JCTIICpTI>Iii KOMfiOI!CI!T (o60JHa'laCM IIII.IICKCOM 4) OIIIIChiRaCT paCHpC.IIC!ICIIIIC IIC11ap11TC!IhllhiX 
I!CHTpOIIOII, , 3a OCIIOIIY KOTOpOI'O HpiiMCM MaKCIIC!UIOIICKOC pacnpC.IIC!ICIIIIC 110 ::l11Cpn111. 
O,llllllaKOIIOC IJ HCpBOM 11p116JIItlKCIIIIII .ll.ll'il IICCX ymon e II COCTOlllllCC 113 <1111130Tp011110ii II 
1130Tpomwi1 'laCTcii: 

( d'a) allvll-liE[ Ac K(e) A., ] ( E) 
dEdil 

4 
= T' A,.+ A., + 4Jr(Ac +A.,) cxp -T (29) 

B··::>TOM BblpalKcmm·ncpsoc .CJial-acMoc upc.IICT<II!JIHCT uciiTpOIIhl; IICHapliiOIIliiCCll 113 .IIBIIJI()'IIliiXCH 
cpparMCIITOil MIIIIICIIII II 3~1C.ll)IIIBIIIC1'0Cll cpaiicp60Jia, ,a IITOpOC - IIJ OCTaiiOIIIIIIIIIIIXCll. 
CI!MUOJihl .v , T, K( e) . . 031Ja<laiOT: 

ll-ll 
V ll-ll ·cpC.IIIICC 'IIIC!IO 'IJCII<lpllRIIIIIXCll HciiTpOIIOil 11a· 0.11110 ll.llpO-li.IICpiiOC IIC)'IIp)'IUC 

113al!MO.IICiiCTIIIIC, KOTOpOC OllpC.IIC!IliCM '1CpC3 CpC.IIIICC 'IIIC!IO IICHapiiTC!IhllhiX llciiTpOIIOII 11a 0.11110 
11p0TOII-ll,l1Cp110C ucyupymc BJaiiMO.IICiiCTIIIIC : 

v = Nv 
'il-l! I' -l! (30) 
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T - TeMnepa1)1la ll.npa (coCTaBHOro, ¢pamema, oCTaTKa), 

r = [s.sA-"·'J'[~-~{ -if)] (31) 

me 

A - MaccoBoe 'Il!CJIO li.Upa s CJI)"'ae coCTaBHoro li.Upa A= Ac +AM , 

P=I-E IE , 
K l{.M. 

zz 
E = c M 

3 
M3B KynoHOBCKIDf 6apLep, 

K Ali3+AII 
C M 

E* = E + Q - 3Hepnill B036yJK.lleHHll .l1llll COCTaBHOro li.Upa, Kor.na Ec 5 20 M::~B/HYKJIOH, 
l{.M. 

E * = E + Q' - E - 3Hepilill B036YJK.!ICHHll .l1llll ¢pan.tema ».npa-cHap».na HJIH 
, (· ) A' 

l{.M. K A +A 
C M 

».npa-MillileHH A', r.ne 

A' = A +A - (v + v ) - (v + v ) - (v + v ) , 
c M n P] n p 2 n P3 

V V - 'IHCJIO HCHTpOHOB H npOTOIIOB, COOTBCTCTBei!HO, nafimo.naTCJieif, O.llHOKpaTHOfO n' p -

coy.napCHH», K3CK3.llllhiX, 

AcA 
E =E M 

l{.M. c A +A KHHCTH'ICCKall 3HCpilill C113p».Ua B CHCTeMC l{eiiTpa M3CC 
, M C 

CT3JIKHB310[l{HXC» ll.llCp, 

Q,Q' - ::111epnrn peaKl{HH, 

K( () ) - ¢ynKl{Hll yrnoBoro pacnpe.nCJICHHll, onpe.nCJieHHall TaK, 'ITO 

JK(e)dn=I, 
4tr 

s2 . , 
K( 8) = n[ "' ( -r 

1 

) txp( -S8) 
2 exp -itS' +I 

S=0,5. A, ~~-~,H~ll 
me E' = 7 r::~BIIIYKJ!OH, CCJIH Ec HMCeT TY JKC paJMCpHOCTh. 

(32) 

(33) 

t:l>opMyJILI (29),(32),(33) COCT3BJICIIhl IIa OCIIOBC ::lKCilCpHMeiiTanLHLIX .l131IHLIX, IlOJI)"'emiLIX npH 

HH3KHX ::liiepililiX H 3KCTp3IlOJIHpOB3IILI Ha BhiCOKHe 3IIeprnH. 

.l{noih!Lie .lllf!fJ!fJepeul{HaJihiiLie BI>IXO.llhl neifrpOHOB 113 TOJICTOH MHIIIeHH, Ha KOTOpyiO· 11M3IOT 

ll.llpa, npn yCJIOBHliX npeue6pcJKeHHll oCJia6neuneM nx noToKa H BJIHliHHCM ¢pan.temos MOJKHO 

npe.nCTaBIITL n pac'!CTc ua o.nuo li.Upo: 

14 

me 

2 . E ( 2 ) ( ')-1 d y 4 c d CT dEc -, 
--=n -- - dE 
dEdll i;I;_ dEdll . dx c 

I 1 · 

(34) 

dE' 
_c_ - IlOTepu 3HeprnH ll.llp3-CHapll.l13 Ha e.nmlll'IHOH T01IIIUIHe MHIIIeHH, 
dx 
E, = 50 M::~BIHYKJ!OH, E2.3 = 10 M3BIHYKJ!OH, 

E4 =En M::~BIHYKJ!OH- :meprCTH'IecKHif.nopor o6paJOBaHHll aeifrpoaos B ll.llPD-».uep~oM 

B3aHMO.!{eHCTBHH. 

3aBHCHMOCTb BCJIH'IliH .!{03LI HeifrpOHOB C 3Heprneii: 60JILIIIC En ,- BLIIIIC.!{IIIHX H3 TOJICTOH 

MHIIICHH, Ha paCTOliHHH r 33 3aii{HTOH TOJIII(IIHOH X Bbi'IliC1IliCTC» CODI3CHO !flopM}'Jie 

Hr2 = I --Bhei -~ 'E. (35) 
oo d2Y { } 

E dEdll A. 
n 

):{H¢¢epeHl{HanLnoe pacnpe.nCJieHHe aeifrpoaos. c 3Heprneii: 6oJILIIIe E. no yrny () 113 

TOJICTOK MHIIIeHH nOCJie 3a[l{HTLI MOJKCT 6LITL Bbi'IliCJieHO no !fJOpM}'Jie. 

dY 
00 

d
2

Y ( X} -(x) = I --Bexp -- 'E , (36) 
dll E dEdll A. 

n 

me B II A - !flax:op llaKOilJieHHll H .!{JIHHa OCJia6JieHHll ¢JI10euca Vt03LI) HeKrpOHOB B 06bi'IHOM 

6CTOHe HJIII 3KBHBaneHTIILIX eMy Be[l{eCTBax no 3!fl!fleKTIIBHOMY aTOMHOMY Becy (CM.pHc.3), 

h - K03!fl!fl1Il{IICIIT nepexo.na OT !fJJIIOeuca HeHTPOHOB K BCJIH'IHHaM .!{03LI. 
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PHc.3 • 3aniiCHMOCTL ¢nropa HaKOnJieHHll H .l1JIHHLI OCJia6neHHll ¢JIIOeaca (I:to3LI) Heifrpoaos · 

OT HX. 3Hepnrn B 06bi'IliOM 6CTOHC 

- 3.2 CpaBHeHHe pe3yJILTaTOB paC'IeTOB H 3KcnepHMeiiTOB 

B Ka'!ecrne .neMOHCTp3l{HH pe3YJILTaToB cpannel!HiJ paC'ICTOB no npe.!lCTaBJieHHOMY anropHTMy 

c 3KcnepHMciiTaJILHLIMH H .npyrnMH pac'!CTHLIMH .!{aiiHLIMH npHBO.!lHM HHJKe pHcynKH. Ha pHc.4,5 . 
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npe,ztCI'3BJICHhl CUCKTphl HCKrpOHOB U3 TOHKOH MIIIIICHH DpH BJaJJMO){CHCI'Biill 11,nep 30nOTa C 

3Hepm:eii 800 MaB/nyKJIOH C AAPaMH MIIIIICHH U3 3onOTa H 11,nep yrnepo,na c 11,~tpaMH MIIIIICHH 

U3 yrnepo,na c 3Hepm:eii 1050 MaB/nyKJIOH 00){ yrnoM (J = o• K HanpaBneHHIO ){BiflKCJJHjj 11,npa­

' cnap11.na. 3KcnepHMemamHLie ,naHHMe B311Thl U3 pa60Thl /29/, paCtieTIIhle · ){aHHhle - HJ pa60Thl 

/27/. BH,ItHO, 'ITO CllCKTphl HCHTpOHOB 00){ yniOM (J = 0• ){OCI'aTO'IHO XOporno OUHChlBa10TC11 

cpOpM}'JlaMH (18, 19, 25) B HX BbiCOK03HCpreTII'IHOH 'JaCTH )t1IJI DIHpOKOI'O ){HanaJOJJa MaCCOBbiX 

·'IIlcen BJaHMo,neii:CTB)'IOmmt 11,nep, 'ITO BaJKHo B Cil)"'ae pac'leTa 3aiiUITLI, pacnonoxermoii B 

nanpasneHHH ){BiflKCIJHjj II}"'Ka AACp-CHapjj,nOB. JlaHHMe pacqcra Ha pHC)'HKC 4 BbiUOnHCHhl C 

yqcroM nopMHpOBKH na 3KCnepHMeHTamHhle pe3ym.TaTbl /29/. Ha pnc.6 npHBo){HTC11 cpasneHHe 

CUCKTpOB. HCHTpOHOB, Bblille){IIIHX U3 TOHKOH MIIIIICHH npH BJaHMO){CHCTBHH 11,nep 14N c 

aneprneii:. 35 MaB/nyKJIOH c AAPOM-MIIIIICHLIO J.rp Ag npn yrne 9 = 15•. B 3TOM paCticre 

HCUOJIL30Banacb BenH'IHHa N, HO Ha.ztO OTMCI'HTb, 'ITO HCUOJILJOBaHHC 3TOH BenJI'JHHbl B paC'IeTax 

npn E ~ 50 MaB/nyKJioH MOJKcr npHBecrH K HCKoppCKTHhiM pe3YJibTaTaM. B TaKHX cnyqan c 
MOXHO BOCUOJIL30BaTbC11 ){aJJHbiMH U3 pa60T /JO,Jl/. 

B cpU3HKC 3aii{HTbl O){HOH H3 OCHOBHhiX ~eneii: .IIBJI11CI'C11 UDn)"'CHHC pemaMCHTHpyCMhlX 

BenH'IHH 3a 3~oii:. Hcnonb3Jll pacqcr no cpopMYJiaM (18),(36) H pnc.3, MOXHO non)"'HTb 

pacnpe,neneHHe HCHTpOHOB B TIJxenoM 6croHe no TDnlllHHC. CpasneHHe paC'IeTHhlX Benii'IHH 

pacnpe,neneJJHjj Heii:Tponos c nonyqCHHhlMH B 3KcnepHMeme ~45/ npe,ncrasneno Ha pHc.7. 

Pacxo:lK,Aenne paC'IeTHhlX ,naHHMx c 3KcnepHMemanLHhlMH ,naHHhiMH npH TDnlllHHC 6crona x= 0 

MOXHO Ofu.1!CHHTb pCIHCTp~CH yrnepO){Hb!M ){CI'CKTOpOM 3aplllKCHHbiX cppan.!CHTOB 11,Apa­

CHap11,na, BhlneTCBillHX H3 MIIIIICHH. )lml 3TOI'O Cll)"'al! cpaKTOp B npHpaBHHBanH J, T.K. MIIIIICHb 
pacnanaranacL 6nmKo K 3~HTe. · 
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Puc.4. CneKTp HCHTpOHOB B p~ Au+ Au = n +X ,E = 800 M::~B/nyKJIOH,9 = 0°: ' . ' ' ' c 
--. -. _- - 3KCUCpHMCHT; -- -- -- - Ham paC'IeT 
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3H.crnut HCC!TPOHOB, M3B 

Pnc.S. CncKTp nciiTponoB B pcaKQHif C + C = n + x, E = 1050 MaB/nyKnon, (J = 0°, 
c 

1 - naw pacqcr, 2 - pacqcr '!3 /27/ 

a. u 
co 
(T) 

~ a. 
ia 
:& 

" c: 
· -o io-1 

[J.l 

..:;:g_ 
l!) 
% m-2 

3HEPrr..151 HEHTPOHOB, M3B 

Pnc.6. CneKTp neii:TponoB N + Ag = n + x,E = 35 MaBIHJKnOH,9 = 1s0: 
c 

o - 3KcnepHMeHT, ---------- - naw pacqcr 
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PHc.7. 3anH:CHMOCTb oCJJa6nemill neifrponos dY (x) c ::meprneii >20 MaB OT TOJI!IlHHbl 3a!IllfTbi 
dO. 

H:3 6eTOHa DJIOTIIOCTbiO 
{ 3, 2z I cu2

) JKeneJnoii 

1011 c-1 

4.BLIBO~bl 

3,4 Z f c..u3
; neiiTIJOIIbl renepH:pyiOTCll nO)l yrJIOM - 0° B TOJICTOH 

MIUIIeHH: ll)lpaMH: yrnepo)la C 311eprneii 86 MaB/H)'KJIOH B KOJIH:'IeCTBe 

AnanH:3 cpaBHeniDJ 3Kcnepn:MeHTaJibHbiX n: pac'leTIIbiX JlaHIIbiX nOKa3biBaCT, ~o 

aKcnepHMenTaJibHall nposepKa )laeT YJlOBJieTsopH:TCJibHOe cornacn:e c pac'ICTOM. TaKHM o6pa30M, 
RCnOJib30Bann:e npe)lCTaBJieiUIO!U anropH:TMa L(CJieC006pa3HO R n03BOIDICT OTIIOCRTCJibHO 6biCTp0 
R ac!Jc!JeKTRBI!O OL(eHn:BaTb pMH:aL(ROIDIYIO 06CTaHOBKY n: 3a!IllfTY B )lRanaJOHe 3Heprnii ll)lep-. 
cnapll)lOB OT )leCliTKa MaB/II)'KJIOII )lO )leCliTKa raB/II)'KJIOI! c MaCCOBbiMR qn:CJlaMH: ll)lep­
cnapll)lOB ll ll)lep-Mn:IIIeHeii OT reJIRll )lO ypana. 
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