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CospeweHH~I ycKopmrenh qacrmu npe~crasnner codol cno~u~A 

KOMnneKc ~M3HtJecKol annaparypu 1 odopy~osaHHH m JamHTH. ITpv, pa3-

padorKe HHEeHepHoro cnocoda pacqera ueodxo~HMO npeJI()(e scero 

BHeCT:I! CHCTeMaTIII3auHD B reoMeTpHD "HCTO'lHHK-3amMTa". Ha pll!c,Ia 

llOKa3aHa THllllf'lHaR ~nH CHHXpOTpOHOB reoMeTpHR HCTO'lHHKU 

I E' 'lfl.CTIIU (norepb) - S CEo 1 Z )1 r~e 0 - nP.peMeHHaSJ 

z -TeKymaSJ KOOp~MHaTa D HanpaBneHHlll ,ll;B~!J:eH!lH TlY'lKa. 

nepBV.4HbiX 

3HeprH/11; 

Pa3~CnHM KpHBOnHHeiHhiM HCTO'lHHK Ha 2 n J'laCTKOB no fP O H 

dy~ew cqHTaTI> 1 'lTO ua yqacrKe A :Z;,-pasHoMepHopacnpe~eneHHhle nu

repM, pacnpocrpaHRDruMeCR nMueAHo K ! oo . Cpe~HHH senM'lMHa no

rep!> B npe~enax ytJacrKaL;,~ S E~, raB Ha CM B ceK , r.14e S 
'lHCnO nepBH'lHbiX tJaCTHU Ha CM B CeK. AuanorM'lHO MOEHO pa3,14enli!Tb 

nHHeiH~I HCTO'lHHK ITO TpaKTY BbiBe~eHHOfO lllnM BTOplll'lHbiX llJ'lKOB, 

B peJynbTare B3aiiiMo~eAcrsMH rrepBM'lllliX tJacn1u c SJ~pa.MM MMme

ueA1 KOHCTpJKllHOHHbiX MaTepManOB H 3alliHTbl B03HIIIKaDT HCTO'lHHKH BTO

plll'lHbiX tJaCTIIIU, rro:nowy KOni>UO H TpaKTbl ny'lKOB 3aKnll4eHbl B 3all{IIITY 1 

KaK ITOKa3aHO, HaiTpMMep, Ha p111c.I d, B. J!Ddyll peanbHJil 3amllfTY MOJI[HO 

npMdniiiXeHHO rrpe,I4CTaBHTb cyrrepn03lllllllleA sneMeHTOB UlllnHH)(pH'leCKHX 

cnoes ( p111c .1 r), p8.3.14enllfB cetJeHMe 3am111Thl ua KaJ;~oM A Z;. ua 2m 

yqacrKol no 19 121. 

~ Pa3)(enHTb Ha 'leTHOe 4111CnO y'laCTKOB J,I40dHO (cw./21, HO He OdH3a

TenbHO, 
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Teneph paccuorpHu ocHOBHYD ~HSHqecxyD rHnore3y, 3a~oxeHHYD 

B uo~enh pacqer8. Ey~eu cqHT8Th, qro ~opu8 cneKrpa HeRrpoHOB 38 

3a~HTOR, COCTOA~eR H3 UKnHH~pHqeCKHX C.I!OeB, OT 8HH30TpOnHoro HC

roqHHK8 BTOpl!qHHX ~pOHOB C p8cnpe~eneHI!eM a~N/clE c3_Q(pHc.2a)-

3KBHB~eHTH8 ~opue cneKTp8 HeRTpOHOB 38 n.IIOCKOR 3~HTOR OT MOHO

Hanp8B~eHHOrO I!CTOqHHKa ~pOHOB co cneKTpOM a N/ci E npH e ~ !1';/2 

(p1!C,20), 

Tor~a MOXHO pemHTh yp8BHeHHe nepeHOCa ~pOHOB B O~HOM8pHOR 

remteTpl!H H onpe~enan oc~80~eHI!e MOII!HOCTM .I{03H D OT ~ 

npaqey BJiqi!C.IIeHI!R H8,1{0 BHnO.IIHI!Tb TOnhKO O,I{I!H pa3: ,l{nA O){HOrO 

3neueHTa 38Jlii1TH (npl! p83HHX ~)I! ){.lUI O,li;HOro cnexrpa d.N/aE 
llOCKOnbKy nplrl e ... 'li'/2 OH C.ll800 38BI!Cl!T OT E~ /'31. Pe3y.llbT8TH, 

nonyqeHHHe ){.liB O.I{Horo 3neueura, .I{OCT8ToqHH, qroOH paccqKrarb oo

KoByD (BepXHDD) 3811!l!TY Cl!HXpOTpOHOB 1 KOTOp8A OOHqHO COCT8B.I!ReT 

Oonee 90% or oo~ero o&!.eM8 3fl.UlMTH ycKopHreneR (xpoMe noByweK). 

BnepBYe 3Ta 11,1{811 0Hna BHCKa3aHa ){, O'EpaRHOt./4/, KOTOpHR pe

mMn ypaBHeHHe nepeHOCa HeRTpOHOB E P3 -np1!0.1111~8HI!M l! nonyqan: 

E .. 500 M3B 

D (x) = 25i'O. J K (E) f (E, X,)l) d.E, (T) 

Emenn f ) r,ne ~ -KOCI!HYC yrna K HOpM~l! OTHOCI!Te.llbHG OCI1 nyqKaj (E,::tlj4 
- qi1C.IIO 1!8ATpOHOB 38 n.IIOCKOR 31l~l!TOR TO.III'.ll!HO!l :X: B HanpaB.118HMM 

f. Ha e,nMHMnY 3Heprl!M Ha crepa,n11aH B ceKyH.ny; K ( E ) - !flYHK

UMII nepeBO,II;Il n.IIOTHOCTI! noTOKa HeRTpOHOB B MO~HOCTb 3KBMBa.lleHT

HOA .no3H. Ha pMr.. '3 npi!Be,neHH 311BMCMMOCTM D (X. ) ,11;.1111 xene-

3a M 6eTOHOB (rpyHTa) C pa3.11MqHJiM Co,nepMaHMeM BO~. nnR rerepo

reHHOA 311UU!Tbl M3 Xe.lle3a + OeTOH (He MeHee 50 CM) MOllHO llO.IIb30-

B8TbCR KpHBHMM ,nnR oeroHoB. 
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0~HaKO 3TH pe3ynLT8TH dHAH npMM9HeHH TOnLKO K CTIROillHO~ UM

JIMH,llp!,Pl9CKOII 3aiUMTe C TIOCTOIIHHHJ.t pa~MYCOM Q.) 2 M M paBHOMepHO

pa~e~eJieHHUM norepi!M no l B ~Mana3oHe 3HeprMII or 0,8 ~o 500 

r3B/S/, llpM HepaBHOMepHHX TIOT9pi!X (pMC.2B) B03MUT.HO MCF~~9HMe 
C119KTpa B TO'!Ke A 88 C'IST "TIO.lU!MTKJ,II" BhiCOK03HepreTY.'l9CKJ,IIMM HeiiT

poHaMM C COCe,II;HJ,iJX yqaCTKOB MCTO'IHHKa. ITO 3TOll 11p>PHIHe, 110-BI<I,lijOW

My, C4111TaJIM 3a,ll,a4K (pMc.2a,6) He 3KBMBaneHTHHM~l. 

Mw upoBeJnl cepMil nposepoqaux pacqeroB aamHrbl rrplo! pa3JJ!o!'IHHX 

napaMeTpax Eo. L;. 'l:!l z ' X' Ro ' a J,lf ~p. B pac4erax J,!CJ10Jlh-

30BMCS! KaK Mero.n: Moare-Kapno/6/, TaK 11 MeTO.II "Jiyqeeoro aHai!K-

3a"/
7•8/. Pacnpe.n:eJieHJ,IS! d.1 N I ciE ciQ npM dOJiblli>!X yrJiaX a 

3aKRa.JJ;IiBaeMHe B pacqeTH 113 pa3HHX padoTfg,IO,li< npe.n:eapMT9JibHO 

cpaBHMBaJIKCb M9li[.JJ;y COdOl'l, llyTeM aHM113a IIOJIY'IBHHHX pe3yJihTaTuB J,! 

cpaBH9HHI! MX C MHHUI.IM 3KCnepMM9HTOB/I 2 -lS/ y)f,aJIOCb 110~TB9p.JJ;HTb 
cnpaBe,IIJIHBOCTb yKa3aHHOll BHme rMnore3hl .JJ;nl! doJiee odmero cJiy4all. 

Bo-nepe1o1x, orpaHII'IeHIISl B cnocode pacqcra M3-3a KpMBli!3HH MC

TO'IHMKa Hacryn8llT npH pa,IIM ycax R 0 (. R 0'"\n , yKa3aHHH x B rad_JI. I. 

3Ha'leHHJI R mi.n 
0 

Ta.CiJIKI(a I 

ff~·~.-:~t:of:-I~f: [~:±~; J~ 
BO-BTOpHX, aHH30Tp011HSl IICTO'IHMK8 He CI!HbHO CK~1HB8.9TCR Ha 

a6conDTHOM 3Ha4eHHK noroKa B TO'IKe A (p11c.2) np11 nepena.n:ax B nore

pl!X: Ha npe.n:~>Jlyuntx yqacT&ax He doJiee, qey B 5 pa3, a aa nocJie.nylJ

U:i!X - He 6onee, <~eM s IO paa. llpM JID61o!X E ~ JlJIIIHa yqacrKa. A Z i 
He ~onzHa 6WTb weHLme 2 u. 
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P11c .'+ Pacnpe.JI.eJieHl1e nJIOTHOCTl1 noroKa He~ TpOHOB c 
c E > 25 l·l3B Ha i -oM yqacTKe or norepb npo
TOHOB (pYlC.2): 

I - L;. (TOJIUO 

+Li.H + L-i-+'2. 
'+ - L-i_ OT -O<l 

OT -O<l .1(0 +O<l 

aa yqactKe); 2-Li..-i +L\.2 + 

3 - cyMMa (I) 11 (2) j 
.11.0+oo ;5-I/2(L..i+Lt.-i) 

8 

1' 

' 

1 
\ 

Ha p11c.4, .11..1111 nplll!epa, npe)(cTaB.JieHbl pesyJihTatbl o)(Huro 113 npo

Bepoqaux pacqeroB .li.Jift Hai!Xy.li.Wero pacnoJiuxeHMI! ~JieMeHTOB 3ami!Thl 

(pi!C • 2a) 11 MaKC11M8.JlbHO BO 3MOJII:H!:!X B npaKTI!Ke nepen8.,1\aX TIO

teph/I4-l6/ Mex~y yqacTKaMII (pliC. 2B). 

B TpeTbl1X 1 XO.JI. Kpi1Bb1X (p11c.3) npOBepi!JICH cpaBHeHlleM C )(aH

Hb!Mll padOT/IB,Ig/ II c Bb1411CJieHI11!Ml1 11X no nporpaMMe HAMLErf20/. 

EhiJIU noJiylieHo xoporuee corJiac11e, O)(HaKo HadJI~.J(aJioCb HeKoropoe 

pa3JIH4!1e B aocoJI~THbiX sHalieHH.F!X D ( x ) B saBI1Cl1MOCTI! or E~. 

3TOT He)(OCTaTOK MOl1HO ycrpaHl1Tb BBe)(eH!1eM E paC!iCT K03¢!lll!ll1€HTa 

£~(E~) (Ta0JI.2), KOTOpill! O,!lHOBpeMeHHO YliHTbiBaeT HeKOTOpoe 113Me

HeHile cneKrpa d.N ;dE np11 S"-'5t/2 orE;, BKJia.ll. B pa3-

Bl1Tlle MeXI!.JI.epHoro KaCKa.ll.a npOTOHOB 11 n-Me30HOB 1 BKJ!a,!l B .li.03Y 3a 

3all(l1TOll 3apHXeHHUX 'laCT\1!1 II ~ -KBaHTO~ - T.e. ~KTOpb1 1 HeyqreH-

Hf.le B paOor/41. 

Tad.!!!.!J~_g 

3Ha4eHlle £ p (E~) .li.JIIl npuTOHHbiX YCKOpi!TeJiell 

~-ro~ I ·r >~IO T !O•rO~IOO T l<XW~fTJoo~OOro·~oo] 
l-=p(E~~x·2 ~~~~-6 ~~ J -~~2 _ _L~- o.~ __ _j 

*) Ef'(E I) = JLl X ..L:~..:2..:!1tis!l __ _ 
0 D ( X ) - HAMLET 

He B.ll.aBai!Ch doJILrue B .J~.eTaJII1 ~3i14eCKliX paccyx)(eHl1ll (3ro llBJIH-

ercH npe)(MeTOM OT,l(eJ!bHOR CTaTbll) 1 KpaTKO li3.110411M CyTb MeTO,l(a pac-

48Ta. 1/.0ll(HOCTb 3KBI1BaJieHTHOR ,1(03bl 3a JJieMeHTOM samliTbl TOJill(HHOit :X: 

11 c pa.J~.Hycou ~ onpe.ll.eJII!eTcl! cJie)(y~ll(I1M Bblpaxealleu/5/: 

r.11.e s 
D(:x:,a)= 2~ ·S·D(x), [(hpjceK] (2) 

~~ I I 
- liMCJIO liOTepi!HHb!X liaCTliU Ha yqacTKe Ali, CM- • CeK- j 

9 



j)tt- tH'ICJ!C HeynpyrMX B38.>1t!O.!t8~CTB:il~ 1 OTH8CBHHbiX K 3R8M8HTY 

3aJI(KTb! C pa.rtKYCOM 0. 1 C:M, 

liMCJ!O HeynpyrKX B38.KMO,I~et:!CTBHt:! B lK8Jl83e MOZHO onpe.n;eJIKTb/5/: 

a) ~nn nporoHHbiX ycKopr~renet:t 

6) .!tRR 3Jl8KTpOHHbiX yCKOpKT8Jiet:! 

v*~ 2 E~; (J) 

V!t~ 2,34 • ro-3 E~ ~g(5E~),C4) 
Bb1ITOJ!H8H:ile YCJIOBKH: D (X. ' a ) "' D (.n:onycTKMa.f!) 03Ha-

48.8T peweHHe nOCT8.BJ!8HHOt:! 38..11:8.4K, 

ITplt1Be.n;eM tfxlpMynhl, y.n;o6Hh!e .n;nR npaKT>~'IeCK!t1X pactieToB 3aatKThl. 

ITO.rtCTB.B:i!B (J) K (4) B BhlpazeH:II8 (2) ft1 C.!t8RaB npOCThle npeo6pa30-

B8.H:il.f! c ytieTOM .n;pyrPix pa3Mepnocret:t, 3anKIIIeM: 

a) ,lJ,JIR npoTOH!lbi.X ycKopwre.'!eJ;l -

D (:x:)= 1~10-1 O.· ~"-·Daon [M~3t.>/(faB·CM-2)]; (5) 

6) ~Jln 3Jl8KTpOHHHX yCKOpHTenet:! -

.D {x) = 4)1.io-4 ~·~!!~~~~~~'-' [Mo3pj(r3B·cM-2)] • (6) 

B <flopMynax (5) PI (6): norepK Lo" I/2 ( Li,+ L-t_ 1 ), JJ coor

BeTCTBMM c pMc.4; Daon- npe.n:enbHO .rtonyoTI!MaH MOIIIHOCTb .l{03bl Ha 

HapyliCHot:! nosepxaocrH .n:aHHoro 3JieMeHra 3aatHTH, M<lsp/4ac, E_p 
npH oneHKaX MOliCHO npMHHTb paEHh!M I. 

!lo 3 HatieHM liM D ( :1e) c rroMOIIlbll rpa¢HKOP, npv.se.n:BHHhiX a a 

pHC, J, OI!p8,11;8Jl.f!8TCI! TOJ!lllPIH3. 38.1!\MThl ~ .!tJ!ll K8.lK,'\Oro :JJ!8M8HTa, 

B ra<lnMue 3 pe3yJibTaThl pacqera HaCTOI!IIlMM cnoco<lou cpaBHMBa

~Tcn c pesynhTaTaMM pacqera .n:pyrMMM ~o~ero.n;aMM / 4 ,I 7 ,I9/, rrpMqeM, 

no II 91 pacqeThl <lhiJIM BbiTIOJIHeHbl .l!BOI!KO: a) no nyqaM B 3aBMCMMOCTH 

OT yrna 9 (pMC.2) .!tJIH TOJ!CTOR M8.!tHOt:! MKU8HM (pMC.5); 6) !!0 38.

,D;aHHbiM norep.tul Lo'i. B paltoHe MHWeHM. Be »cex cnyqau corna

cMe snoJIHe y.n:osnersopMTeJibHoe. 

10 
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~J!H 0U8HKH .!t03HOrO nOJII! BOKpyr yCKOpMT8J!I! Ha.n;o 3H8.Tb Bb!XOA 

HeltrpoHos c nosepXHOCTll AS :JneueHra 3aJ!lHTbl: q,: O·AS , r.l{e 

:> - TCK H8\IITpOHOB 4epe3 f'OB8pXHOCTb, 3aBMCHinH\Il OT HX yrJIOBOrO 

pacrrpe.n:eneHMn. E pa<lore/3/ odcyx.n:aercn no,l{xo~ K onpe~eneHM~ yrno

soro pacnpe,D;eJieHMH noBepXHOCTHNX ll 3KBMB8..118HTHHX MN T0484~X MC

roqHMKOB HehpOHOB. ~enaeTCR BhiBO,n;, 'liTO BM.!t yrJICBOro pacnpe.n;ene

HMH HeRTpOHOB Ha noBepXHOCTM THnl'JqHb!X 38.11\ifT He CYIJI8CTBeHHO BJ!MH6T 

Ha senH'IHHhl D'i.~ (cu. pMc.Ia). 

Ey~eM C4HT8.Tb 1 4TO Ka7.,D;b!A yqacTOK Al 'i. 1 COCTO.tlliUflt K3 2m 

3J!8J.I8HTOB 1 8CTb TOqeqHhll H30TpO!!Hb!t:! HCT04HHK neltTpOHOB CO CIT8KT-

pOM :f ( E, X. I .fl ). 
Tor.n:a BHXO~ paBeH: 

~=2m .. 
o "' 4 5 C" D"'' · S · -1 -y\.-, t.. a 6.H 1 Heump.ceK 1-=i on 1r 

(7) 

r.rte K03~HUHeHT 4,5 = (3,5 X 0,5)/0,4 yqKTHBaeT ITOJ!HOe 4HCJ!O 

HeiTpOHOB (3,5) B cneKTpe :f (E, X , )'I ), Bil.l( HCT04HllK8. (0,5) M 

~030Bb!lt 3KBllBaJieHT (0,4), (M63p.qac-I)/ HeiTp.cu-2ceK/I7,I9/; 

AS .. A"lAIP (O+X)- nnoma~b Hapynolt nosepXHocu 38.UIMThl, cM2 

( 6.IP - B pa.I(JiaHaX, X - B CM, ), ITOCKOJibKY nOCJie KOM!!OHO!IKM 3all!H

Thl M o<lopy~oBaHIIIH D ~ ,D;on o6L14HO He coouercrsyer ,Jtose D;,~ (:x:., a.), 
rrocne.n:HD~ uenecoo<lpasHo Bhi4KCJIHTb 1!3 ~opuyn (5), (6) no .n;eltcrBM

reJibH!iM 3HaqeHHR1.! H UO,I(CT8.BJ!.t1Tb ll (7) Bloi8CTO D'-~OIT' 
MOlllHOCTb ~03hl B JID6ot:! T04Ke nOJIR Onpe,ll;8JIR8TCH H3 Bhlp~eHHII: 

i.=2n 
D'i.i::~ q,'-D('ri,),CMOs~/~a.c] (8) 

'L: i. 

r,D;e D ( "Y",:. ), (u63p/qac-1 ) I (Hehp.ceK-I ), Bhi4HCJieHa uero.n:ow 

MoHre-Kapno1
2I/ c yqerow rpaHHUb! pas,l{ena "aeMAI!-B03,D;yx" B npe,ll;no

JIO][eHn l!OCTORHHOro cneJtTpa HeiTpOHOil f (E, X. • const .) .!tJI.tl 

JID<loro 3JieweHTa a~HThl (pxc.6). 
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B cnyqae paau~x cneKTpOB ue2rpouoa 3a ~neMeHTaMH 3a~HTH H 

6onee KoppeKTHOM yqere HX yrnosoro PJ.Cnpe.n;eneHHJI pacqerD .. cne.n;yer 
~l 

npOBO,Il;MTb MeTO,Il;OM/2/ no np orpawe RAZGON .IIRJI ::IBM B::\CM-6. 

gp~aC'I~!~· Tpe<lyeTCR onpe.n;eRHTb 3amHTY <lycrepa Ha I r3B c 

panycoM Ro ,. I 4,3 I! , pa.Cloravmei'tJ B pe1.111o1e Me.ItJieHHoro B~Bo.Ita 

nyqKa c 3~KTHBHOCTbiJ 90%. nuyrpeHHHe pa3Mep» TYHHeJIR 4X4 M?. 

MaTepHaR 3alliHT» <leTOH nROTHOCTbiJ 2,35 r/cM2, C CO.ItepKaHHeM BO.II~ 
N4% no secy. OcranhHHe Hcxo.n;HHe .n;auu~e npr~ae.n;euw B ra<ln.3. 

I. IIposepReM no ra<ln .I ycnosr~e R0 > R~\n H ,~~;eJIHM KOJ!bno 

Ha 45 y'la.CTKOB (A2i,. 2 ll), a Ce'!eHHe TyHHeJIII-Ha 5 ceKTOpOB 

( t.\P :l! 0,4 pa.It!tlaa), KaK noKe.3aao Ha pllc.5. 

2. IIepec'IHTWBaeM sa.n;aHHlie ItaasHnorepH L;. B<lRH3H MHJUeHH, 

nanpHMep, .nnJt yqacTKa -\. ~ I: 

L
01

=+ ( Lt + L45) ~ -1- (I,6•I09
+ 1,6·108 ~8,8·I08rsB/cM ceK. 

I 

3. BH'IHCRJieM D 1 ( :x:) nu q,opMyne (5) npH O.u • 200 CM , 
' 

l)~~" = 0,2 M<l3p/qac (ra<ln.J) H C.p,., I,2 (ra6n.2): 

Dt(:X:)= 7xi0-7 .J!..£€p·D1lo.!l = 7xio-7 200·Iz2S£k~:::!4•IO-I4 
Lo,i 8,8.IO 

4. Onpe.n;enJteM no rpa~HKY (KpHsaa -4% H0 0, pHc.3) npH 

DtC:X:) = 4·10-14 3Ha'lenl'le 'l:t= 1500 r/cM2, 'ITO cooTBercrsyer 

TORIIIHHe 3al!IHTbl I500:2,35 ~ 61~0 CM (6,4 M). 

B 3aKRIJ'IeHHe asrop swpaxaer <lnaro.n;apuoCTh B.B.~ponosy 3a no.n;

~epxKy HB.CTOJ1llle2 pa<loTH,B.B.XBOCTOBY H H.B.MOXOBY 30. B~nOJIHeHHe 
HeKOTOp~X pac'!eTOB, a TaKXe E.C.CH'IeBy 3a none3HUe KOHCYJ!bTanHI'I. 
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