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BBe,n;eHne 

MccJie;:i;oBaH11e Cl!JibHb!X B3al!MO)];eil:cTBI!ll: Me2K,n;y JierKI!MI! li)];paMI! rrpl! YJibTpaHll3Kl!X 

:,tteprllJIX (:,B --;- K:38) BeCbMa aKTYaJibHO. IloBhIIIIeHHb!ll: llHTepec K n3yqeHll!O TaKllX 

rrpol.\eCCOB o6ycJIOBJieH CJie,n;yIOll.\llMll o6cTOJiTeJibCTBaMll. 

1. Bo3M02KHOCTb!O rrpoBepKll <pytt;:i;aMeHTaJibHb!X CllMMeTpllll: B CI!JlbHOM B3allMO)];ell:

CTBllll, TaKllX KaK 3apJI)];OBaJI CllMMeTpllli, ll30TOIIllqecKaJI llHBapllaHTHOCTb. 

K HaCTOJill.\eMy BpeMeHll B JlllTepaType llMeIOTCE ;:i;aHHble TOJ!bKO Jllllllb O B3allMO)];ell:

CTBllll Hell:TpOHOB C JierKllMll H)];paMll: J];JlllHbI, <pa3b! ll BepOHTHOCTll np-, nd-, nH e- ll 

nLi-pacceHHllH B pa3JillqHb!X CIIllHOBb!X COCTOHHllHX. TaKlle 2Ke xapaKTepllCTllKI!, Ka

caIOll.\lleCH pp-, pd-, pH e-, pLi-B3allMo;:i;ell:cTBnll:, OTcyTcTByIOT. IlapanJieJibHoe ll3yqeHlle 

rrpOl.\eCCOB CllJibHOro B3allMO)];ell:cTBllH B MaJIOHYKJIOHHb!X 3epKaJibHb!X CllCTeMax Kpall:He 

Ba2KHO, TaK KaK II03BOJIHeT B paMKaX O)];Horo ll Toro 2Ke MaKpOCKOIII!qecKoro no,n;xo;:i;a 

ocyll.\eCTBllTb rrpoBepKy rnrroTe3bl O 3apH)];OBOll: CllMMeTpllll Me2KHYKJIOHHb!X CllJI (1,2]. 
2. Bo3M02KHOCThIO rroJiyqeHllH llH<popMal.\lll! o6 o6MeHHhIX Me30HHhIX TOKax (MOT), 

BKJ!a)]; KOTOpb!X BO B3allMO,D;ell:CTBlle B ,n;aHHOll: o6JiaCTll :3Heprl!ll: CTaHOBI!TCH 3aMeTHb!M 

[3-5). HarrpllMep, cpaBHeHlle Bb!XO)];OB n yrJIOBblX pacrrpe;:i;eJieHllll: npo,n;yKTOB peaKl.\llll: 

pa;:i;nal.\llOHHOro 3axBaTa pd -+ 3H e + 1 ll n
3H e -+ 4H e + 1 c pacqeTHb!Mll BeJillqllHaMll 

IT03BOJillT ll3BJieqb !!Hq>OpMal.\l!IO o MOT [5-7]. lfayqeHne 3epKaJibHoll: peaKIJI!I! 3axBaTa 

Hell:TpOHa ;:i;ell:TpOHOM nd -+ t + 1 ;:i;acT TaK2Ke B03M02KHOCTb noJiyqllTb llHq>OpMal.\I!IO 0 

BKJia;:i;e MOT,_TaK KaK llX BKJia;:i; B ,n;aHHOM npol.\ecce BecbMa cyll.\eCTBeHeH. OTO CJie,n;yeT 

ll3 Toro, qTO ceqeHlle 3axBaTa TeilJIOBb!X Hell:TpOHOB ;:i;ell:TpOHaMI! 6oJiee qeM B 2 pa3a npe

BbIIIIaeT ceqeHlle ,n;aHHOll: peaKI.\Illl, BbJqllCJieHHOe B llMilYJibCHOM np116JII12KeHlll! C yqeTOM 

TOJ!bKO HYKJIOHHb!X CTeneHell: CB060,n;b1 ll npeHe6pe2KeHI!eM llCKa2KeHlleM :3JieKTpoMarHllT

Hb!X CBOll:CTB HYKJIOHOB. ,n:o HaCTOHll.\ero BpeMeHI! TOJ!bKO ,ll;J!Ji nd-peaKl.\l!ll npoBe;:i;eHO 

CllCTeMaTnqecKoe llCCJie)];OBaHI!e Me30HHb!X o6MeHHb!X TOKOB B paMKax peaJII!CTllqecKI!X 

)];ByxqaCTllqHb!X 11 )];ByxqacTllqHb!X IIJIIOC TpexqacTI!qHb!X CI!JI [4,8). 
3. lIMeeTCH B03M02KHOCTb rrpoBepKll KoppeKTHOCTll OilllCaHI!H MaJIOHYKJIOHHb!X Cll

CTeM Ha OCHOBe COBpeMeHHb!X npe;:i;cTaBJieHllll: 0 n;:i;epHOM B3a!!MO)];ell:cTBllll Me2K,n;y COCTa

BJIHIOll.\llMll ee HYKJIOHaMll. 

4. IloHBJIHeTCH peaJibHaH B03M02KHOCTb noJiyqllTb llHq>OpMal.\l!IO O BeJI11qnHe' :3<p<peKTa 

:,JieKTpOHHOll: :3KpaHllpOBKll B3allMO)];ell:cTBYIOll.\llX n;:i;ep [9,10), a TaK2Ke OJ.\eHllTb MaCIIITa6 

:3<p<peKTa OnrreHrell:Mepa-lJ>HJIJillrrca (11,12). 
K po Me :3TOro, oco6b!ll: llHTepec K 113yqeHI1IO peaKl.\!!ll: Me2K,D;y JierKllMll H)];paMll CBJi3aH 

C pa3peIIIeHI!eM pn;:i;a rrpo6JieM, cyll.\eCTBYIOll.\llX B acTpO<pll3llKe (13]. 
MccJie;:i;oBaHJie n;:i;epHb!X peaKl.\llll:, BXO)];Hll.\llX B 3Be3)];Hble l.\llKJihl (pd, dd, 3H e3H e, 

... ), II03BOJillT IIOHHTb Kapnrny I!3HaqaJibHOro HyKJieoCI!HTe3a ll HYKJieOCllHTe3a 3Be3)];. 

lI3MepeH11e ceqem1ll: peaKl.\llll: Me2K,n;y JierKHMll H)];paMll, rrpoHCXO)];Hll.\llX B 3Be3;:i;ax IIpll 

YJibTpaHI!3KllX :3HeprllHX, Kpall:He Ba2KHO TaK2Ke C TOqKll 3peHI!H IIOCTpoeHllJi MO)];eJiell: 

ropeHHH ll :3BOJIIOl.\llll 3Be3)];. 

HarrpnMep, rrpll aHaJill3e pacrrpocTpaHeHHOCTI! JierK11x :3.'leMeHTOB B 3Be3;:i;ax II ranaK

THKe o6Hapy2KeH HX ;:i;e<plll.\l!T ( 3a I!CKJIIOqeHI!eM He) no cpaBHeHll!O C rrpe;:i;rroJI02KeHllHMll, 

6a3npyIOll.\llMllCH Ha TeOplll! TepMOH)];epHb!X peaKl.\llll: ll 0611.\eIIpl!HHTb!X MO)];eJIHX 3Be3)];. 

,l];ell:Tepnll: BbiropaeT B 3Be3;:i;ax rrpn T 2: 50 :,B, a Li - rrp11 T 2 200 :,B (14). )];JIH o6bnc

HeHI!H :,Toro <peHOMeHa OOblqHo rrpOll3BO)];HT MO,ll;ll<pllKal.\l!IO MO)];eJiell: 3Be3)]; B rrpe;:i;rroJI0-

2KeHllll, qTo ceqeHllH n;:i;epHb!X peaKI.\Hll: B acTpO<pll3HqecKOll: OOJiaCTll :3Heprnll: ( ~ K:3B), 

IIOJiyqaeMb!X rryTeM :3KCTparroJIHl.\l!ll ll3 OOJiaCTI! 6oJiblllllX :3Heprnll: ( ~ M:,B), He llMeIOT 

B o6JiaCTI! YJibTpaHH3Kl!X :,Heprnll: HI!KaKllX pe30HaHCOB HJII! KaKI!X-JlllOO ;:i;pyrnx aHOMa-

~ ~ .... ,~.- , ... ,r. 11 , ••• ...,,m -1' J \J:.-~ ~, li'-iU,i. t.1u--i11 1~ .. ,.a:u, • 
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mdi (HanpHMep, BKJia;:i;a OT no,n:aBJieHHh!X KOMnOHeHT BOJIHOBb!X q>JHKIIllfi). 8 npHHIIHne, 

He llCKJIIoqeHo, qTo 11,ll;epHhle ceqeHHH B acTp0q>ll3llqecKOfi OOJiaCTll l!Me!OT pe30HaHCHhlfi 

xapaKTep, qTo M02KeT, B CBOIO oqepe,n:h, npHBO)],llTh K llHTeHCllBHOMY Bb!ropaHHIO JierKHX 

:rneMeHTOB B 3Be3)],ax. TeopeTnqecKofi OCHOBOfi )],JIH orreHOK ceqeHHtt 11,ll;epHb!X peaKITllfi 

B o6JiaCTll JJibTpaHll3KllX 3Heprntt HBJIHeTCH rrpe,n:cTaBJieH11e ceqeHntt peaKrrntt B Bll)],e 

npOll3Be,n:eHHH 6apbepHoro MH02KHTeJIH, CBH3aHHOro C HaJI!lqneM KJJIOHOBCKOro OTTaJIKII

BaHmI, ll acTpOq>ll3llqecKOro S-q>aKTOpa: 

a(E) = S(E) e-21r~ , 

E 
r,n:e T/ - napaMeTp 3oMMepq>eJih,n:a, orrpe,n:eJIHeMhltt KaK 

e2 
21rr, = 21r Z1Z2 liv

2 
= 31.29 Z 1 Z2 (µ/ E) 1l 2

, 

(1) 

r,n:e Z1, Z2 - 3ap11,ll;bl B3allMO,n:eficTBJIO!IIIIX qaCTIIIIj µ - npnBe,n:eHHaH Macca qaCTHII BO 

BXO)],HOM KaHaJie B e,n:11HHrrax a.e.M.j E - ,rnepr11H CTOJIKHOBeH!IH B3a!IMO,n:ettcTBYIO!IIIIX 

qacTHII B K38 (B C. II- M. ). -

TaKaH 3KCTpanoJIHIIllH npe,n:noJiaraeT, qTo KJJIOHOBCKllfi noTeHIIllaJI COOTBeTCTByeT 

B3allMO,n:eficTBIIIO "roJib!X" HaJieTaJO!IIefi qacT!IIIhl ll H,n:pa MllllleHII. 8 cJiyqae 11cnoJih-

30BaHllH MllllleHII JI1160 noTOKa na,n:aJO!IIIIX qacT!III B B!l)],e COBOKynHOCTll HefiTpaJibHhlX 

aTOMOB/MoJieKyJI, llOHOB Heo6xo,n:HMO yqnTb!BaTb 3q>q>eKT 3JieKTpOHHott 3KpaH!!pOBKll 3a

p11,ll;OB B3aHMo,n:efiCTBJIOIIIHX H)],ep, npnBO)],H!IIllfi K yMeHbIIIeHIIIO KJJIOHOBCKoro 6apbepa 

llX OTTaJIKllBaHllH. ::ho, B CBOIO oqepe,n:h, npnBO)],lIT K yBeJinqeHll!O ceqeHHH H,n:epHott 

peaKIIlllI no cpaBHeHIIIO co CJiyqaeM B3allMO,n:ettCTBIIH "roJihIX" 'H,n:ep. 

Ha pnc. 1 B KaqecTBe np11Mepa npnBe,n:eHa 3aBIICllMOCTb ceqeHIIH dd-peaKIIIIII OT ,rnep

rnn CTOJIKHOBeHllH ,n:ettTpOHOB, onHCb!BaeMaH Bb!pa2KeHHeM ( 1). IlyHKT!!pOM ll306pa2KeHa 

Ta o6JiaCTh 3Heprntt CTOJIKHOBeHnH, )],JIH KOTOpott npaKTnqeCKII OTCJTCTBJeT KaKaH-JI1I60 

3KcnepnMeHTaJibHaH lIHq>OpMaIIllH II KOTopaH npe,n:cTaBJIHeT HeCOMHeHHhifi lIHTepec B nJia

He lICCJie,n:oBaHHH YKa3aHHOfi peaK1:i;1rn1• 

K HacTOH!IIeMy BpeMeHn cy1IIeCTByeT )],OBOJihHO-TaKn 6e,n:Hhlfi 3KcnepnMeHTaJihHhlfi Ma

TepnaJI no llCCJie)],OBaHlllO H,n:epHb!X peaKJJ;llfi Me2K,n:y JierKIIMII H,n:paMH B YKa3aHHOtt o6Jia

CTII 3Heprntt ( CM. Ta6JI. 1). 

Ta6JIHJJ;a 1. 9Kcnep11MeHTaJibHb!e 3Ha~eHHH ceqeHntt H,n:epHb!X peaKJJ;lifi 

PeaKJJ;HH HanMeHblllaH 3HeprHH CeqeHne, Pa6ow 

CTOJIKHOBeHnH, K38 10-24 CM2 

p + d ➔3He +, 16.7 4.2 X 10-s [16] 

d + d ➔3He + n 2.98 2.5 X 10-7 
[15] 

➔ t,+ p 

d + t ➔4He + n 5.0 5.3 X 10-4 
[17] 

t + t ➔4He + 2n 17.1 7 X 10-4 
[18] 

d +3He ➔4He + p 5.88 (7.8 ± 0.6)10-10 
[19] 

IlpuBeiJeHH'ble 3Ha'leHWI ce'lettuil pea11:t{uil coomBemcmBywm ttauMeHbuttLM 

U3 ilocmuzttymux 3Hepzuil cmo.1t1>HoBeHW1 'lacmut{ 

1 Ha pH'c. 1 IlpHBe,D;eHo TaK)Ke 3KcnepHMeHTaJibHOe 3HatteHHe Ce'IeHHH dd-peaKIUIH, COOTBCTCTByIOI11;ee 

HaHMeHblliel! ("' 3 KaB) H3 ,!,:OCTHrHyThlX 3Hepml! CT0JIKH0BeHHR ,!,:el!TpoHOB. 

2 

TaK KaK ,n:nana30H !13MepHeMh!X 3HaqeH11fi ce'-!eHllfi ,n:;rn lIHTepBa.,a 3Heprntt CTO.'IKHO

BeHlrn 38 -:- K38 COCTaBJIHeT 10-38 - 10-43 cM2, np11MeHeH!le KJiaCCH'-!eCKIIX ycKop11Te.,ett 

CTaHOBIITCH KpattHe npo6:1eMaTII'-!Hb!M ll3-3a Hll3KOfi llHTeHCl!BHOCTII ny'-!KOB ycKopeHHhlX 

'JaCTIIII. ).J,JIH pa3perneHl!H 3TOfi npo6JICMbl B pa6oTax [14,20,21] HaMll 6bIJI npe,n:JI02KCH Me

TO)], ll3Mepemrn ce'leHllfi, OCHOBaHHhlfi Ha ncnOJib30BaH!lll BhICOKOllHTeHCIIBHblX pa,n:na.,,b

HO KOHBeprnpyeMhlX IIOHHblX IIOTOKOB, reHepnpyeMhlX B Te'leHIIe l!MII."1031111 JiafiHepHOfi 

IIJia3Mbl. Ilp11 3TOM IIHTeHCl!BHOCTb IIOTOKOB ycKopeHHhlX IIOHOB COCTaBJIHeT 10
20 

- 10
21 

qacTIIII B l!MIIJJibCe B yKa3aHHOfi o6JiaCTII 3neprntt. 

CyTh MeTo,n:a no.!Jyqemrn BhICOKOIIHTeHCllBHhIX l!MllYJihCHhIX rry'lKOB HOHOB 3aK.'IIO

qaeTCH B CJIC)],JIO!IICM. Ilo JiattHepy ( IIO.!JaH rr11.!JHH)],pll'1ecKaH ra30BaH CTPYH ,n:ettTeplIH 

(Bo,n:opo,n:a, remrn); c6opKa ,n:113JieKTpH'lCCKllX HHTett ll3 CD2 (CJh). pacrroJI02KCHHhIX no 

o6pa3J!Oll(Cfi ITIIJillH)],pa) nponyCKaeTCH MO!IIHhlfi llMTiy.llhC TOKa (I= l - 2 MA), KOTOpblfi 

B3pbrnaeT ero, ll o6pa3oBaBIIIaHCH IIJia3Ma ITO)], ,n:ettcTBlleM co6CTBCHHOro MarHIITHOro 110-

.!JH ycKopHeTCH B pa)],llaJihHOM HarrpaBJICHllll K Ml!lliCHll, ycTaHOBJICHHott Ha OCH JiattHepa. 

fio.!JCC IIO)],p06Hoe on11caHIIC ,n:aHHOro MCTO,Ua MOJKIIO nattn1 B pa6oTax [22-27]. 

Pe3J.llbTa:rbI nepBblX 3KCIICp11MCIITOB [28-31], BbIIIOJIHt'llllblX HaMJI C l!CTIO.!Jb30BaHJieM 

.uaHHOfi MCTO)],l!KII, CBlf)],CTCJibCTBYIOT O TOM, 'lTO npe,n:JIOlKCHHbifi MCTO.U 113MepeHHH ce

'-!CHllfi Il03BOJIHCT BCCbMa 3q>q>CKTHBHO IICC:IC)],OBaTb CBOfiCTBa peaKrrntt Mt'2K)],_\' JICrKl!Mll 

H,n:paMI! B o6JiaCTII YJibTpaHll3KIIX 3Heprntt. 8 nacTOH!IICfi pa6oTe npl!BC)],CHhl pe3)'JibTaThl 

H3MepeHl!H ceqennH dd-peaKIIllll 

d + d ➔ 3/1 e + 11(2.51\hB) 

a:;d B IIJITCpBaJIC ,meprntt ,11,efiTpOHOB 0.1 - 2.1 K3B 
2

• 

MeTO)J. H3MepeHHH 

(2a) 

MeTO.U 3KC11ep11MeHTaJibHOro orrpe,n:eJICHllH CC'-!eHHfi a:]d Tpa.unrrnoHeH II OCHOBaH na 

ll3MCpCHl!ll Bb!XO)],a HefiTpOHOB ll3 pea.KIIIII! (2a) npn B3al!MO,UettcTBllll BhlCOKOIIIITt'HOIB

HOro IIMilyJihCHOro IIOTOKa .uettTpOHOB, q>OpMHpyeMOro B nporrecce HMIIJI03IIII .!Jall11epnoll 

nJia3Mbl, C )],CfiTep!!eBoll Ml!llieHhlO: 

n 
add 

Nn 
Ndn1lC:n' 

(3) 

r,n:e Nn - 'JIICJIO HefiTpOHOB, 3aper1ICTp11poBaHHb!X 3KCilep!!MCHTaJibHOtt ynaHOBKOll; Nd -
IIOJIHOt' 'll!CJIO ycKopeHHhlX ,n:ellTpOHOB JiattHep11ott IIJia3Mbl, rra)],alO!IIllX Ha M!lllieHh; llt -

IIJIOTHOCTb .uellTpOHOB B MlIIIIeHl!j I - rrpo6er ,n:ettTpOHOB B MlllliCHII; Cn - 3q>q>eKTllBHOCTh 

perlICTpaJJ;lllI HeitTpOHOB. 

8 3Kcnep11MeHTe M02KeT IICIIOJib30Ba.TbCH ,UBa TllIIa MIIIIICHett: TBep,uoTC.!Jbllhl(' (mn11 

l!3 C D2) JIII6o raJOBbie ( cTpy /I .uettTepHH). 

IlocTaHOBKa 3KcnepHMeHTa 

9Kcnep!!MeHT rrpoBO)],lIJICH Ha CIIJihHOTO'l!IOM !!OHHOM ycKOp!!TCJJC [32], C03,UaIIIIOM B 

OT)],eJie Bb!COK!IX IIJIOTHOCTell 3Hepr1111 HC9 CO PAH (cM. p11c. 2). 

2KpoMe KanaJta dd-peaKUHH c o6p83oBaHHeM neitTpoHa B03MOJKHO TaK>Ke npoTPKaHHe cJI<'.11.YJOlllHX 

peaKUul!: d + d-+ t + p+ 4.03M3B (2b); d +d-+ 4He + -y(22.41\hB) (2c). 

3 



a. CHJibH~TO'IHblfi ycKopHTeJib H 6JioK Harpy3KH 

C11JibHOTO'IHblfi ycKop11TeJib COCTOllT 113 Hll3K0B0JlbTHOro reHepaTopa ( < 1 MB) l!M

IIYJibCHbIX HaIIp.!DKeHllfi (rl:IHa); IIH,!(j'KTllBH0ro HaK0illlTem1 C rrpepbIBaTeJieM T0Ka na 

B3pbIBaIOIIIllXC.H IIp0B0,!J;HllKax, KOaKCllaJibHOfi BO,!J;.HHOfi cpopMHp)'IOIIIefi JlllHllll C BpeMeHeM 

3ap.H,D;Kll::::: 500 HC (BOJIHOBOe corrpoTl!BJieHHe p = 1.1 OM), rrepe,naIOmett BO,!J;.HHOfi Jll!Hlll! 

C p = 0.8 OM ll BaKJYMH0ro ,n110,na C 6JIOKOM Harpy3Kl! (llH,!(JKTIIBHOCTb 31 - 35 n[). 

Jlepe,naqa :rneprun ll3 llH,!(JKTllBH0CTII B cpopMnpyIOIIIYIO JJl!Hl!IO, a 3aTeM B rrepe,naIOmyIO 

JlllHllIO ocymecTBJJ.HeTC.H C II0M0IIIbIO HeyrrpaBJI.HeMbIX B0,!J;.HHbIX pa3p.H,D;HllK0B. QKC!lepn

MeHTbl IIp0B0,!J;llJJllCb IIpll ypoBHe T0Ka B Harpy3Ke reHepaTopa ~ 800 KA l! BpeMeHII ero 

HapacTaHn.H ::::: 90 HC. 

BJJOK Harpy3Kll ( CM. p11c. 3) C0CT0.HJJ ll3 6bICTpo,neficTByIOIIIero ra3oBoro KJJaIIana ( 1 ), 

CBepX3BJK0B0ro C0IIJJa (2) ((1) ll (2) pa3MeIIIeHbl Ha BblC0K0B0JJbTH0M 3JleKTpo,ne BaKyyM

H0ro ,nno,na), o6paTHOro T0K0IIp0B0,D;a ( 3) C ceT0'!HbIM aH0,D;0M ( 4) ll CIIHXp0Hll311pyIOIIIero 

pa3p.H,nHnKa (5), pacII0JJ0)KeHHoro HeIIocpe,ncTBeHH0 3a ceTKofi aHo,na. MnrneHb IIpe,ncTa

BJJ.HJJa co6ott Me,D;Hblfi CTep)KeHb (6) ,nnaMeTp0M 13 MMC HaHeceHHb!M Ha Hero CJJ0eM C D2 
TOJJIIIHHOfi ::::: 0.25 MM, a B CJJJ'Iae cpoHOBbIX ll3MepeHllfi - CTep)KeHb TaKHX )Ke pa3MepoB 

H3 CH2, nn6o ll3 Cu 6e3 KaKoro-nn6o II0KpbITH.H. MnrneHb ycTaHaBJJHBaJiacb B,D;0JJb ocn, 

IIpOXO,D;.HIIIefi qepe3 11eHTp COIIJJa. B Me)K3JleKTpO,D;Hblfi 3a30p co CT0p0Hbl aHo,na BB0,!J;HTC.H 

O,!J;HOBHTKOBblfi MarHllTHblfi 30H,!J; (7). 

JloCJJe cpa6aTbIBaHll.H ra30B0ro KJiaIIaHa, C IIOMOIIIbIO C0IIJJa (2), B Me)K3JJeKTp0,D;H0M 

3a30pe cpopMnpyeTC.H II0JJa.H llllJIHH,D;pll'IeCKa.H ra30Ba.H OOOJJO'IKa ( JJafiHep) TOJJIIIHHOfi 

::::: 3 MM ll cpe,nHHM ,D;llaMerpoM 32 MM, IIpe,ncTaBJJ.HIOIIIa.H co6ott CBepX3BJK0BYIO CTPYIO 

,nefiTepll.H C 'IllCJJ0M Maxa ::::: 4. B TOT M0MeHT, Kor,na ra3oBa.H CTp)'.H ,!J;0CTl!raer CHHXpo

HH3llPYIOIIIero pa3p.H,D;Hl!Ka, IIp0HCX0,D;HT ero IIpo6ott. Ilo llCTeqeHllll BpeMeHn t. (peryJJn

pyeMoe BpeM.H 3a,nep)KKll) OT M0MeHTa cpa6aTbIBaHH.H pa3p.H,D;Hl1Ka IIponcxo,nuT 3aIIyCK ll 

cpa6aTbIBaHlle (Bb!CTpen) ycKopnTeJJ.H. IloroHHa.H Macca JJafiHepa (Macca nafiHepa, IIp11xo

,n11ma11c11 Ha e,nllHllIIY ,!J;JJHHbl), B IIpl!HllllIIe, M0)KeT Bapb!!p0BaThC.H B II!llp0KllX npe,neJJax 

IIyTeM ll3MeHeHl!.H ,naBJJeHll.H ra3a B KJJaIIaHe, BpeMeHH 3a,nep)KKl! t. H KPl!Tl!'IeCK0ro ce

'IeHH.H C0IIJJa. Jlpn II0.HBJJeHllll HMIIJJJbCa HaIIp.H)KeHll.H Ha Harpy3Ke ra30Ba.H o6oJJO'IKa 

IIpo6nBaeTC.H, H0Hll3JeTC.H H 6blcTpo pa3orpeBaeTC.H IIpoTeKaIOIIIllM no Hett T0K0M. Jlo,n 

,nefiCTBHeM MarHIITH0ro II0JJ.H, C03,D;aBaeMoro npoTeKaIOIIIHM II0 JJafiHepy T0KOM, IIponc

X0,!J;llT ero C)KaTne (IIHH'I-3tpcpeKT ). CKopOCTb C)KaTH.H onpe,neJJ.HeTC.H cpopMofi llMII)'JlbCa 

TOKa, Ha'IaJibHbIM pa,nnycoM JJafittepa ll CTeIIeHbIO ero pa,nnaJibH0ro C)KaTH.H. 

6. MeTO)].HKa H3MepeHHJI MaCCbl H CKOpOCTH nafl:Hepa 

,Ll;nHaMnKa C)KaTll.H JJafittepa ( 3aBllCllM0CTb pa,nl!yca ll CK0p0CTH JiafiHepa OT BpeMeHl!) 

M0)KeT 6b!Tb paCC'IHTaHa C II0M0IIIbIO HJJJbMepnofi M0,D;eJJn. B 3TOfi MO,!J;eJIH JJafiHep pac

CMaTpnBaeTC.H KaK 6ecKone'IHO T0HKa11 CBepxIIpOB0,D;1!llla1! o6oJJO'IKa, ,!J;BH)KeHlle KOTOpott 

II0,!J; ,nefiCTBHeM CllJI MarHHTH0ro ,naBJJeHH11 TOKa O!lllCblBaeTC1! CJJe,!(JIOlllllM ypaa11enneM: 

m(d2r/dt 2
) = -I2(t)/100r, (4) 

r.n:e m - 1Ioro1111a11 Macca natt11epa, r/cM; r - pa,nnyc Jiafinepa, cM; I(t) - TOK qepe3 nattnep, 

A. Cpaanenne 3KcIIepnMeHTaJihHb!X n pac'!eTHhIX ,LlaHHbIX II0Ka3b!BaeT, 'ITO ,nnnaMl!Ka 

C)KaTl!.H JJafinepa y,noBJJeTB0pHTeJibH0 0lll!CbIBaeTC11 HJJJbMepnofi M0,L(eJJbIO. TaK, naIIpH-

111ep B [33), pac'IeT11oe, n ll3Mepennoe apeM11 C)KaTirn nafinepa (BpeM11 C)KaTu11-

BpeM.H OT na'!aJia llMIIJJJbCa T0Ka ,no M0MeHTa MaKClllllaJibH0ro C)KaTll11 JJafinepa t1) 
pa3JJH'IaJIHCb He 6onee '!ell! Ha 1.5%. 

O1Ipe,neJJeH11e MaCCbl H CK0p0CTll C)KaTH.H JJafiHepa 0CH0BaH0 Ha l!3MepeHHH T0Ka 'Iepe3 

JJafiHep l! BpeMeHll ero C)KaTH1!. MoMeHT MaKCl!MaJibH0ro C)KaTirn <pllKCllpyeTC11 JJll6o C 
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IIOM0lllblO ,neTeKT0p0B M11rKoro peHTreH0BCK0ro ll3JJJ'IeHirn, JJll6o C II0M0lllblO 111arHHTHO

ro 30H,na, paCII0JJ0)KeHH0ro B6JJH3H OCH JiafiHepa. 3Ha1! Ha'IaJibHblfi pa,n!!yc JJafiHepa H 

cpop111y llMII)'JlbCa T0Ka, IIO HJJJbMepHOfi 1110,n:eJJH paCC'IHTb!BaeTC11 ,!J;llllaMHKa ,!J;BH)KeHH11 

JJafiHepa l! orrpe,neJI11eTC1! Bpe11111 C)KaTH11 IIpH pa3JJl!'IHb!X 3Ha'IeHH11X II0roHHOfi 111accbl. 

Macca JJafiHepa H CK0p0CTb ero IIpl! t = t / IIpHHllMaIOTC11 paBHb!MH HX paC'IeTHblM 3Ha

'!eHH11M B TOM Bap11aHTe pac'!era, B K0T0p0M C0BIIa,n:aIOT 3KCIIep11111eHTaJibH0 113MepeHH0e 

H paC'IeTHOe BpeM1! C)KaTJrn. 

B 3KCIIepnMeHTe l!3MepeHl!e TOKa 'Iepe3 JiallHep IIp0H3B0,!J;HJJ0Cb C II0M0lllbIO Il01!Ca Po

roBCK0ro. MarHHTHhlfi 30H,D; pacIIoJJaraJIC11 H<\. pa,n11yce 7.5 MM IIpH BblCTpeJiax C MHilleHbIO 

l! Ha pa.n:nyce 1.5 MM IIpl! BbICTpenax 6e3 nee. CnrHaJI c 111arH1ITHoro 30H,L\a II0RBJI11er

c11 B M0MeHT apeMeHll tp, Kor,na natt11ep .n:ocTnraeT pa,nnyca, Ha Koropo111 pacIIoJJo)KeH 

111arHIITHbifi 30H,n:. Macca lI ,D;l!llal\ll!Ka C)KaTH11 JJafiHepa 0IIpe,L1eJJ1!Jll!Cb H3 IIJJJbMepHoro 

pac'!eTa, B K0T0p0M qepe3 BpeM1! tp OT Ha'!aJia HMIIJJJbCa T0Ka pa,nnyc JJafi11epa cpaB

Hl!BaeTC11 C pa,n11yco111 paCII0JJ0)Ke!IH11 MarHl!THoro 30H,D;a. Jlo paCC'IHTaHHOfi .D:HHaMl!Ke 

C)KaTH11 0IIpe,n:eJJRJiaCb CK0p0CTb JJafiHepa Ha pa,nnyce, paBH0M pa,nnycy MlIIlleHn. 

To'IHOCTb H3MepeHH11 TaKIIM MeT0,D;0M 3Ha'!ennfi CK0pOCTll Jiafi11epa C0CTaBJJ1!Jia 10%, 

'ITO, B CB0IO 0'Iepe,nb, C00TBeTCTB0BaJI0 0Illll6Ke B 0IIpe,LleJieHHH MaCCbl JJafiHepa He 6onee 
20%. Jlpn HeH3MeH!lb!X Ha'IaJibHblX ycJJ0BlI11X pa36poc MaCCbl JJafiHepa OT Bb!CTpeJia K 

BblCTpeJJy C0CTaBJJ11JJ 10%. 

CorJJaCHO 0,!J;H0MepHb!M MarHHT0rH,Llp0,D;HHaMl!'IeCKIIM pac'IeTaM [34] TeMIIepaTypa 

ll0H0B B 0CHOBHOfi 111acce reJI11eaoro JJafiHepa B CTa,D;HH ero ycKope11n11 C0CTaBJJ11eT 50 

100 38. TaKa1! BeJJl!'IHHa HOHHOfi TeMIIepaTypbl 11BJJ1!eTC11 pa3y11111ott TaK)Ke ,L(JJ11 IIJ!a3Mbl 

,nefiTepn11: CJie,n:oBaTeJJbHo, pa36poc 110 3Heprnn ,L(efiTpoHoB 3a C'IeT Ill( TellJI0Boro ,nBH)Ke

HH11 llpll 3Heprnn HaIIpaBJJe!IH0ro (pa,nllaJibHOro) ,!J;BlI)KeHH11 ~ 1 K3B C0CTaBJJ11Jl IIplIMepHo 

10%. 3a C'IeT pa3BlITH11 neycTOfi'IHBOCTefi IIpH C)KaTlilI JJafiuepa, pa36poc ,L(efiTpOHOB 110 

3Hepr1IH .n:efiTpOHOB l\l0)KeT ,L(0CTIIraTb 6oJJbillefi BeJJH'III!lbl. O,nHaKO H3Mepenn11 CK0p0CTII 

C)KaTlI11 Jiafinepa C II0M0IIIbIO xponorpacpa ,L(aIOT 0CH0BaHlI11 11omiraTb, 'ITO 11p1I neBblC0KIIX 

CTeIIeH1!X pa,nliaJibH0ro C)KaTlI11 ( K0r,L(a CTeIIeHb pa,LIHaJibH0ro C)KaTmi: JJafinepa orpaHlI'III

BaIOT pa3Mepbl MIIIlleHII) 0TH0ClITeJibH0e cpe,LIHeKBa,npaTH'IH0e 0TKJI0HeHne H0pMaJibH0ro 

3HepreTII'IecKoro pac1Ipe,nenenn11 ,L(efiTponoa na KO!le'Inott CTa,D;IIII C)KaTII11 JJafinepa ne 

IIpeBbirnaeT ± 20%. 

B • .r:i;eTeKTOpbl 

Ha p!!c. 2 IIpHBe,L(ena cxe111a 3KCIIepl!MeHTaJibHOfi ycTaHOBKII. PerncTpaIIl!11 nefiTpOHOB 

dd-cnnTe3a ocymecTBJJ1!eTC11 ,L\BJ!\111 TJmaMH ,neTeKTopoB: CIIIIHTIIJJJJ11llHOHHblMH CIIeKTpo

MeTpaMH C l!CII0Jlb30BaHl!eM MeTO,D;l!KII 110 Bpe111en11 IIp0JJeTa II ,L(eTeKT0paMI! TeIIJJ0BblX 

11eliTpOHOB Ha 0CH0Be IIp0IIOPIIH0HaJiblib!X C'IeT'Il!K0B, 3aII0JJHeHHblX BF 3 II II0MemenHblX 

B IIOJJl!3Tl!JleHOBblfi 3a111e,nJJ11TeJJb. C111111THJIJJ1!TOp nefiTpounoro CIIeKTp0MeTpa Bblll0JJHeH 

B BH,ne IIapaJIJieJieIIl!IIe,na C pa3MepaMl! 100 X 100 X 750 MM (11poc111aTp1!BaeTC1! C T0PII0B 

,L(BJM11 cporoyMHO)KllTeJI11Ml! XP-2020). ,Ll;ae "cTeHKII" nefiTp0HHb!X c11eKTpo111erpoB (a 

Ka)K,L(Ofi II0 4 CIIeKTpo111erpa) paCII0JlaraJil!Cb IIapaJIJJeJJbH0 H 11ep11e11,n:l!KJJJ1!pHo OCH JJafi

nepa Ha paccT0RHl!l! 3 111 OT nero (cM. pnc. 2). 

TaKoe paCII0JI0)KeHl!e CIIeKTpo111erpoB 6b!JJO o6ycJJOBJJeHO CaMOfi IIOCTaHOBKOfi 3KC-

11epn111eHTa, IIeJibIO KOT0poro 11BJJ11JJ0Cb l!3MepeHl!e .He T0JJbKO Bb!X0,n:a, HO l! 3Heprnn 

HefiTpoHOB dd-cnnTe3a, BblJJeTaIOIIIl!X IIepIIeH,n:l!KJJJRpHo n B,L\0JJh HaIIpaaJieHlIJI Z-IIl!H'!a. 

Cornacno pe3)'JlbTaTaM 3KC1Iepn111eHTOB [35--38) Ha6JJIO,L(aeTC11 3aBl!CIIM0CTb 3Heprnn nefi

Tp0H0B peaKIIl!ll (2a), l!CIIJCKaeMblX ll3 MlIIlleHn, OT yrJJa l!X BblJJeTa II0 0TH0illeHl!IO K 

Ha1IpaBJJe11nio Z-IIHH'Ia. IlplI'IlIHOfi 11011BJJeHl!11 TaKofi 3aBl!Cl!M0CTl! 11BJl1IIOTC1! ycKopn-
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TeJlbHble npon;eccbl, o6ycJIOBJieHHble B03HHKHOBeHHeM HecTa6HJibHOCTel! Z-nn:Hqa. 

Tpn ,ll;eTeKTOpa TeIIJIOBhlX Hel!TpOHOB {KalK,ll;bll! ,ll;eTeKTOp COCTOHT B cpe,11;HeM H3 10 

cqeTqHKOB BF3 ,ll;HaMeTpOM 32 MM n ,ll;JIHHOl! 270 MM) pacnoJiara.r:mcb Ha paCCTOJIHHH 

0,75 MOT n;eHTpa MHIIIeHH (cM. pnc. 2). 

,ll;JIJI IIO,ll;aBJieHHJI 3arpJ3KH CD;HHTHJIJIJID;HOHHblX CIIeKTpOMeTpOB Hel!TpOHOB MOIIIHhIM 

peHTI'eHOBCKHM H3JiyqeHHeM, o6yCJIOBJieHHblM pa6oTol! BblCOKOBOJihTHOro reHepaTopa ycKO

pHTeJIJI, OHH OKPJlKaJIHCb CBHHD;OBOl! 3aIIIHTOl! TOJIIIIHHOl! 50 MM. TOJIIIIHHa Pb-3aIIIHTbl 

BF3-,1J;eTeKTOpOB COCTaBJIJIJia 12 MM. 11crroJib30BaHHe TaKOl! 3aIIIHThl, KaK 6blJIO IIOKa3a

HO B pa6oTax [28-30], II03BOJIHJIO rrpaKTnqecKH IIOJIHOCTblO IIO,ll;aBHTb 3arpy3KY ,n:aHHOI"O 

THIIa. 

lfaMepeHHe aq>q>eKTHBHOCTH pemcTpan;HH Hel!TpOHOB BF3-,n:eTeKTOpaMH rrpOH3BO,QH

JIOCb C IIOMOillhlO KaJIH6pOBaHHOI"O lICTOqHHKa 252Cf, IIOMeIIIeHHOI'O BHJTpb H3MepHTeJib

HOl! KaMepbI 3 ( CM. pnc. 2), B n;eHTp o6JiaCTH q>OpMHpOBaHHJI Z-rrn:Hqa. 

8q>q>eKTHBHOCTb pemcTpan;HH Hel!TpOHOB CIIHHTHJIJIJID;HOHHblM crreKTpOMeTpOM orrpe

,11;eJIJ1JiaCb pacqeTHblM rryTeM MeTO,ll;OM MoHTe-KapJio. Ilpn ::)TOM Bb!B0,11; 0 KoppeKTHOCTH 

a.rII"OpHTMa BblqncJieHHJI aq>q>eKTHBHOCTH C,ll;eJiaH Ha OCHOBaHHH cpaBHeHHJI aKcrrepHMeH

TaJibHbIX pe3JJibTaTOB (rroJiyqeHHblX C IIOMOillblO HCTOqHn:Ka Hel!TpOHOB 252Cf, IIOMeIIIeH

HOI"O B H3MepnTeJibHJIO KaMepy) C pe3JJibTaTaMH pacqeTa. 

CyMMapHaJI aq>q>eKTHBHOCTb j:>erHCTpan;nn Hel!TpOHOD BF3-,1J;eTeKTOpaMH COCTaBJIJIJia 

€~h = 5 X 10-
3 

(,11;aHHOe 3HaqeHHe HeCKOJibKO MeHbIIIe, qeM B rrpe,11;bl,1J;yIIIell cepHH Ollb!TOB 

[29,30], TaK KaK ,11;eTeKTOpbl TeIIJIOBblX Hel!TpOHOB pacrroJiaraJIHCb Ha 6oJibIIIeM paCCTO

JIHHH OT OCH Jial!Hepa), a CD;HHTHJIJIJID;HOHHblMH crreKTpOMeTpaMH €~c = 6 X 10-4 (rrpn 

rropore pemcTpan;HH 0.25 MaBaa, B e,11;HHHD;ax aKBHBaJieHTHOl! no CBeTOBblX0,1J;y aHeprHH 

aJieKTpOHOB ) 3 . , 

r.PerHcTpHpy10~ru1 aJieKTpoHnKa 

TaK KaK ceqeHHe peaKD;HH (2a) orrpe,n:eJIJ!eTCJI rryTeM H3MepeHHJI BbIXO,ll;a Hel!TpOHOB, 

Heo6xo,11;HMO, qTOObl HHq>OpMaD;HJI O 3aperHCTpHpOBaHHOM co6blTHH BKJIJOqaJia B ce6JI CJie

.ny10mee: 

1) BpeMJI IIOJIBJieHHJI CHI'HaJIOB C BF3-,1J;eTeKTOpOB H nel!TpOHHblX crrekTpOMeTpoB OT

HOCHTeJibHO naqaJia Bb!COKOBOJibTHOI"O HMIIJJibCa (MoMenTa IIOJIBJieHHJI BblCOKOro narrpll

JKeHHJI Ha Harpy3Ke - Ha Jial!nepe); 

2) BpeMJI IIOJIBJieHHJI CHrHaJia C MarHHTHOI"O 30H,ll;a. 

BJioK-cxeMa perncTpnpy10mel! aJieKTpOHHKH rrpnne,n:eHa Ha pnc. 4. IlpnBe,11;eHHaJ1 

6JIOK-CXeMa 3JieKTpOHHKH rrpe.nycMaTpHBaeT TaKJKe perHCTpan;n:10 ;-KBaHTOB C 3Heprnel! 

22.4 MaB c n;eJihIO H3MepeHHll ceqeHHJI peaKn;in (2c). 

8JieKTpOHHKa BKJIIOqaeT B ce6JI 16 H,ll;eHTHqHblX BpeMeHHblX KaHaJIOB perHCTpan;HH 

Hel!TpOHOB C·-IIOMOIIJbIO CIIHHTHJIJIJID;HOHHbIX crreKTpOMeTpOB, TPH crreKTpOMeTpn:qecKHX 

KaHaJia ,11;eTeKTOpOB TeIIJIOBblX Hel!TpOHOB, 5 BpeMeHHbIX n 5 crreKTpOMeTpHqecKHX Ka

HaJIOB ;-KBaHTon; a TaKJKe BpeMeHHOl! KaHaJI MarHHTHOI"O 30H,ll;a. CnrHaJIOM "TpHrrep" 

JIBJIJ!eTCJI CHrHaJI C q>opMHponaTeJIJI "HVD", KOTOpbll! 3arrycKaeTCJI BbICOKOBOJihTHblM 

HMIIJJihCOM "HVP" B MOMeHT rrol!BJieHHll ero Ha Harpy3Ke (Jial!Hepe). CnrHaJI "HVD", 

3a,nepJKaHHhll! Ha 137 HC (npeMJI rrpoJieTa Hel!TpOHOM c aHepmel! 2.5 MaB 3-MeTpOBOl! 6a-

3bl) rrocTyrraeT Ha BXO,ll;bl "start" Bcex npeMJIIIHq>poBblX rrpeo6pa3oBaTeJiel! TDC. Ha nxo

Ahl "stop" ,ll;aHHbIX rrpeo6pa30BaTeJiel! IIOCTJIIaIOT CHI'HaJibl C KaJK,n:oro ll3 ABYX Bb!XO,ll;OB 

Hel!TpOHHblX CD;HHTHJIJIJIIIHOHHbIX crreKTpoMeTpOB. lI3MepeHHe BpeMeHJI HMIIJI03HH Jial!-

3 )];aHHa.H BeJIH'tJHHa rropora COOTBeTCTByeT IIOJIOlKeHHIO KOJlJlHMHpOBaHHOI'O HCTO't{HHKa J-KBaHTOB B 

neHTpe cneKTpOMeTpa n TOqKe, paBHoy.naJieHHOtt OT Topnoa crreKTpoMeTpa, npocMaTpirnaeMblX <I>8Y. 

6 

1 

") 
(.' 

Hepa ocym:ecTBJIJ!eTCJI C IIOMOIIIbIO BpeMJIUHq>pOBOI"O rrpeo6pa30BaTeJIJI, na BXOA "start" 

Koroporo rro;i_aercl! c11rnaJI "HVD", a Ha "stop'" - cttrnan c MarHHTHoro 3011;:i:a. 

CrreKTpm,1erpw1eCKHll KaHaJI ,J.eTeKTOpOB TeIIJJOBblX Hel!TpOHOB BKJIJOqaeT B ce6JI rrpe;:i:

ycnJIIITeJih, ycHJil!TeJib lI rrapa.rIJieJibHb!l! aMIIJIHTYAHO-IIHq>poBol! rrpeo6pa30BaTeJib C TaK

Tml KBanronaHHJI 1.6 MKC rrpH rJiy6ttne rraMllTH 1024 KaHaJia. Cnrm1.n "HVD" B aToM 

CJ1yqae JIBJ!lleTCJI CIIrHa.TIOM HaqaJia ll3MepeHIIJI. 3amnra perncTpHpy10mel! 3.'!eKTpOHllKll 

or rroMex no uenl!M rrnrattnl! ocymecTB.'!lleTCll LC-q>IIJihTpoM (5 KBT). Pa3Memem1e JKe 

3.TieKTpOHHKII B crreutta.'lbllb!X MeTaJIJ!ll'leCKHX 6oKcax ll03BOJillJJO ocymecTBl!Tb 3q>q>eK

TlfBHYIO 3KpattnpoBKY ee oT MOIIIHhIX aneKTpoMarHHTHhIX Hano;:i:oK. Ike MarncTpa.nhHbie 

Ka6em1 (BblCOKOBOJibTHbie II BblCOKO'!aCTOTHbie) o6ecne'!eHbl ,ll;OllOJllll!TeJlbllblM BHCWHHM 

an:eKTpoMarHnTHhIM 3Kpa110M. Ilpe;:i:np1111J1Tbie MepbI aKpa1mpoBKII perncrp11py10mel! arr

napaTyphI Il03B0.'!11Jlll rro,n:aBJITb ypoBeHb HaBO,QOK JI.O 10 Mil (npn OTCYTCTBllll Bb!COKOI"O 

narrpRlKeHHll Ha ;:i:neKTopax) [28-30]. Ilpe,nCTaBJiennal! per11cTpnpy10maJ1 a.neKTpOHl!Ka 

3KcrrepnMeHTa co6patta B cncTeMe "KAMAK" co cTan;:i:apTHbIM rrpoTOKO.'!OM o6MeHa. 

B rrpouecce nponeJl,eHHJI 3KcnepnMeHTa qepe3 KaJK,nb1e 10 - 12 qacoB rrpono;:i:tt.'!acb Ka.,rn-

6poBKa crreKTpOMeTpnqecKllX KaHaJIOB perncTpttpy10mel! anrrapaTypbl C llOMOIIIblO CTaH

,ll,apTHblX ncTo'!HIIKOB nel!Tpo11op n 1-KBaHTOB Po-Be, 252CJ, 6°Co, 137Cs, 22Na, 24 ~1m. 
Cpe;:i:tteKBa,ll,pan1qI1bil! BpeMeHHOl! pa36poc CHrHaJIOB C o6oHX KOHUOB CIICKTpOMeTpa. 

COOTBeTCTBYIOIUHll yKa3aHHb!M aMllJlllTY.U:HblM rroporaM ll IIOJIOlKeHlllO IICTO'!HllKa, COCTa

BJll!Jl ~ 1 HC, qTo, B CBOIO oqepeJI.b, BllOJJHe YJI.OBJieTBOpl!JJO Tpe6oBaHHJIM 3KCllep11Me1na. 

BpeMettnoe pa3pewe1me nel!TpoHHoro crreKTpoMerpa npn rrponeTttol! 6a3e 3 M c yqeTOM 

peaJibllbIX ero pa3MepoB COCTaB.TIJICT 2.3%, a COOTBeTCTBYJOIUaR BCJlll'!lIHa aHeprernqecKO

ro pa3pewettnll ~ 5%. 

MaKCllMaJibHaJI ,U:.TIUTCJlbHOCTb BpeMeHHOI"O llHTepBaJia MelK.ny MOMeHTaMH llOJIB.Tie

llllll ClffHaJIOB C JI.BYX Bh!XOJl,0B Hel!TpOHHOro cneKTpOMeTpa rrpn nepeMememm IICTO'!HllKa 

B,U:OJib ero CUIIIITllJIJI/!TOpa paBHa 11 HC. 

II poae,uenue 3KcnepuMeHTa 

8KcnepHMeHT BKJIIO'laJI B ce6JI IIJ!Tb cepnl! Ollb!TOB, ycJIOBII/! npoBe,rr:eHHJI KOTOpblX 

pa3Jill'laJIHCb MClK,1J;y co6ol! ( CM. Ta6JI. 2). 

IlpnHnMaJI BO BHllMaHHe attepreTHqecKl!l! pa36poc Jl,Cl!TpOHOB n Bb!CTpeJie (6.Ed/ Ed ::::: 
20% ), pa36poc 3Haqennl! cpe,n:nux atteprnl! J1,el!TpOHOB OT BbICTpe.na K Bb!CTpeny ( ~ 10% ), 
a TaKJKe KYJIOHOBCKl!e IIOTepn aneprnn ;:i:el!TpOHOB npll B3allMO,nel!cTBllll HX C MllWellblO. 

HaMll BBe,neHbl IIOHJITII/! aq>q>eKTHBHOl! TOJI!Ullllbl MllWCHll / ll 3q>q>eKTllBHOro ce'!eHll/! 

dd-peaKUllll c o6pa3oBaHHeM nel!Tpona i'i-:Jd corJiaCHO CJieJI.YIOIUHM BblpalKeHH/!M: 

i i dE' 
Nn(x) = Ndn1€n J(E)dE a;;d(E')(-d )-1dE' 

E W X 

[°" rx c-2~,· 

= NdntSe:n lo J(E)dE lo E;(E,x')dx' (,5) 

[°" [°" c-2~,' 

N!
0

' = Ndn1Se:n lo J(E)dE lo E'(E,x'/x', (6) 

Nn(i) = 0_9 Ntot ' 
n 

(7) 

N~"1
(/) = 0.9N~01 = Ndllt€nO"di, (8) 
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Ta6mm;a 2. 3Kcrrep11MeHTa.JibHble ycJIOBIIJI 

Orrb!T 1 2 3 4 5 6* 

Jlal!:Hep D2 D2 D2 D2 D2 D2 / N2 

Mu:meHb CD2 CD2 CD2 Cu CH2 D2/N2 

Ed, K38 2.07 0.38 0.10 2.10 2.05 0.44 

ML, MKr 9.3 28.8 47.5 9.3 9.3 33 

IL, CM 2.5 2.5 2.5 2.5 2.5 2.5 

Nd, 1018 2.8 8.7 14.3 2.8 2.8 0.28 

Ilt, 1022 CM-3 8.0 8.0 8.0 - - 5.2-10-5 

d}'.',MM 32 32 32 32 32 27 

d1,MM 13 13 13 13 13 13 

t, MM 0.25 0.25 0.25 - - 2.0 

k 4 3 3 3 4 55 

Nth 
n 11 7 9 10 9 0 

N•c 
n 0 0 0 0 0 0 

• 3KcnepHMeHT, BblDOJJHeHHblll B 1996 r. [30] C HCDOJJb30BaHHeM .zlBYXKacKa.r(HOro ra:ioaoro nallaepa: 

cMecb 17%D2 + 83%N 2 

ML • Macca .1tai1Hepa; Ed - cpeaWIJI :mepzWl aeampOH06, naaalOU{UX Ha .MUWeH'b (aaHHOe 

3Ha'leHue - pe3y.1t1,mam ycpeaHeHWl no B'blcmpe.1ta.u); n1 - n.1tomHocm'b aeampoHoB .uuwe

Hu; k - 'IUC.1!O 6'blCmpe.1to6 6 aaHHOil cepuu; IL - a.1tuHa .1tai1Hepa; dT - Hap!J?ICH'blil auaMemp 

.1tai1Hepa; d1 - auaMemp .uuweHu; N!h, N~c - ,iuc.1ta HeilmpoHoB, 3apeiiucmpupoBaHH'blX 

aeme1emopaMu men.1to6'blX HeilmpoHOB u CtjUHmu.1t.11.11tjuOHH'blMU cne1empo.uempa.uu coom

BemcmBeHHo; t - mO.!!U{UHa .MUWeHU 

u:;Acal) = N~"1(L)/Nin1€n, (9) 

u:iiexp) = 0.9 N!XP/Ndntic:n, (10) 

r,n;e f ( E) - q>YHKIJ;IIJI pacrrpe,n;eJieHIIJI pa,n;lla.JibHO ycKopeHHblX ,n;el!:TpOHOB no 3Hepru:u: 

rrpu: rrorra,n;aHllll llX B MllIIIeHbj df' - y,n;eJibHble IlOTepu: 3Hepru:u: ,n;el!:TpOHOB B MllIIIeHu:4; 

21rr/ = 3l.29Z1 Z 2(µ/E'(E,x')) 1f2; tv:,01 
- rroJIHoe qn:CJio (pacqer) 3aperucTpu:poBaHHbIX 

Hel!:TpOHOB dd-CHHTe3a, o6paaoBaBIIIllXCJI rrpu: B3allM0,n;el!:CTBllll rryqKa ,n;el!:TpOHOB C 3Hep

rer11qecKHM pacrrpe,n;eneHneM f(E) c 6ecKoHeqHo TOJICTol!: ,n;el!:Tepu:eBol!: Mu:meHb!Oj Nn(l)

BbIXO,n; aaperuCTpu:poBaHHbIX Hel!:TpOHOB peaKn;u:ll (2a), COOTBeTCTBYIO!Illll!: 3q>q>eKTllBHOl!: 

41lpe,!IIIOJJaraeTc.11, 'ITO B3aHMO)lellcTBHe pa)lllaJJhHO YCKOpeHHblX .z1ellTpOHOB nallaepa npoHCXO)IHT C 

MHIIIeHbfO, aaxo,zvuneAc.a: B COCTO.HHHH llOJIHOCTblO HOHH30BaHHOfl: llJia.3Mbl. TaKoe IIpeJUIOJIOJKeHHe OCHO

BaHO Ha TOM, 'ITO 3<pqJeKTHBHble npo6er11 .z1ellTpoHOB B HCCJJe)lyeMOll o6JJacTII aaeprull (1015 aT/cM2 -

1018 aT/cM2) cy111ecTBeHHO MeHhllle TOJJIIIHHbl 11cnap.1110111eroc.11 CJJ0.11 MHIUeHH, pa:,orpeB KOToporo npo11c

XO)IHT 3a C'leT y.z1apaoll BOJJHbl H H3Jly'leHH.H, B03HIIKaIOIIIHX Dpll HMOJJOOHH JJallHepa. 
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TOJIIIJ;l!He MIIIIIeHu: (L), orrpe,n;en11eMbll!: Bbtpa,KeHHeM (7); N~•1(l) - pacqeTHbll!: Bblxo,n; aape

rucTp11poBaHHbIX Hel!:Tp0HOB, COOTBeTCTBYIO!Illll!: TOJIIIJ;IIHe MllIIIeHn l; u;jd(cal), u:;Aexp) -

pacqeTHOe II 3KCrrepu:MeHTa.JibHoe 3HaqeHU:11 3q>q>eKTllBHOro ceqeHIIJI dd-peaKn;u:u:, orrpe,n;e

JIJieMble q>OpMyJiaMH (9) u: (10) COOTBeTCTBeHHO. 

Ta6nu:n;a 3. 3Kcrrepu:MeHTa.JibHble II pacqeTHble on;eHKll Bb!XO,ll;OB II 3q>q>eKTIIBHbIX 

ceqeHu:l!: dd-peaKn;1111 

OrrbIT 1 2 3 4• 
-

aKcrre- Ed, K38 1.035 0.19 0.05 0.22 

p!!MCH- Nfh 
n S 7.0 $4.7 S 6.6 S 2.3 

Ta.Jib- N•c 
n S 2.3 S 2.3 S 2.3 S 2.3 

Hble E'd, K3B 1.46 0.34 0.11 0.37 

t:.E:i, K3B 0.20 0.03 0.01 0.04 

3Haqe- {. n1' 1018 CM-2 0.8 2.2. 10-2 1.0. 10-3 2.8. 10-2 

HllJI u;:r(90%), CM2 1.5 • 10-34 1.6 . 10-33 3.1. 10-32 1.1. 10-33 

ul,i'"(90%), cM2 4.l · 10-34 6.5. 10-33 9.0. 10-32 1.2 • 10-32 

Nfh 
n 0.70 2.0 . 10-15 5.4 • 10-37 3.2. 10-14 

PacqeT N•c 
n 0.09 2.4 . 10-16 6.5. 10-38 3.8. 10-15 

u;;/\cal), CM2 1.5 . 10-35 7.0. 10-49 2.5. 10-69 8.9. 10-48 

ul;t(cal), cM2 1.8. 10-36 8.4 . 10-50 3 . 10-70 1.1. 10-48 

*aKcnep11MeHT [30], BblDOJJHeHHblll B 1996 r. C ilBYXKacKa.r(HblM ra30Bb1M JJallHepoM: 17% D2 + 83% N2 

N~, N~c - 6epXHUe zpaHU'IH'ble OtjeHKU 'IUCe.11 HeilmpoH06 (Ha. 90% ypo6He aocmoBep

HOcmu), 3apezucmpupo6aHH'blX BF3 u CtjUHmU./!./IJl'l{UOHH'blMU aei;ne1emopaMU coom

BemcmBeHHo; u;;r(90%), ul,;8°(90%) - BepxHue zpaHU'IH'ble 31ecnepUMeHma.1t'bH'ble O'l{eH1eu 

3<fi<fie1emuBH'blX ce<teHuil dd-peaKtjUU (coomBemcmBy10U{ue uHmep6a.1taM 3Hepzui1 cmo.1t1e

Ho6eHW1 aeampoH06 (E'd - t:.E:iJ + (E'd + t:.Ed)J, Ha 90% yp06He aocmoBepHocmu Hail

aeHH'ble U3 aHa.l!U3a aaHH'blX (no fPOpMy.lle {10)), n0.11y'leHH'blX C nO.MOU{'blO BF3 U C'l{UH· 

mU.ll.ll.lltjUOHH'blX cne1empo.uempo6 coomBemcmBeHHOi u;:rc cal), u;;t( cal) - pac,iemH'ble 

3Ha'leHWl y1ea3aHH'blX B'blwe 3<fi<fie1emuBH'blX ce<teHuil peaK'l{UU {2a) 

Ha pu:c. 5 )];JIJI npllBe.D;eHHbIX B Ta6nu:n;e 2 napaMeTpOB Jial!:Hepa u: MIIIIIeHII ,ll;aHbl 

pacqernble ( COrJiaCHo q>OpMyJie ( 5)) ,JJ;llq>q>epeHn;u:aJibHble pacnpe,n;eJieHIIJI BepORTHOCTII 

perncTpan;u:u: Hel!:TpOHOB dd-peaKn;u:11 3Kcrrepu:MeHTa.JibHOl!: ycTaHOBKOl!:, IICIIOJib30BaHHOl!: 

B HaCTOJIIIJ;el!: cepu:u: Oilb!TOB. 

Ka,K,JJ;ol!: nape aHaqeHnl!: l II a;;d ( CM. Ta6n. 3) cooTBeTCTBYeT onpe,n;eneHHb!l!: IIHTepBa.JI 

3Heprul!: CTOJIKH~BeH1111 ,n;el!:TpoHoB (Ed - t:.Ed) S Ed S (Ed+ t:.Ed), r,n;e E'd - cpe,n;Hee 

3HaqeHHC 3Hepru:n CTOJIKHOBeHHH ,n;el!:TpOHOB ,JJ;JIH pacnpe,n;eJICHllH ITJIOTHOCTII BepOHTHOCTII 

per11cTpan;1111 HCl!:TpOHOB dd-cnHTe3a IIJIII, ,n;pyrHMII CJIOBaMn, cpe,n;Hee 3HaqeHne 3Heprnn 

CTOJIKHOBeHIIH ,n;el!:TpOHOB, .D;aIOIIll!X BKJia,n; B 3KcnepnMeHTa.JibHO ll3MepeHHb!l!: Bb!XO.D; pe

aKIJ;llll (2a) (Ha 
1

p11c. 5 3HaqeHI!H E'd yKaaaHbl Ha,n; COOTBeTCTBYIO!IlllMH nnKaMn); t:.Ed 

- cpe,n;HeKBa.n;paTHqHbll!: ,rneprernqecKnl!: paa6poc ,n;el!:TpoH0B, onpe,n;enxeMbll!: q>YHKIJ;Hel!: 

pacnpe,n;eneHIIH IIJIOTHOCTII BepOHTHOCTll per11CTpan;u:11 Hel!:TpOHOB dd-cnHTe3a. 

Ifa peayJibTaTOB aHaJlll3a IIOJiyqeHHbIX 3KcnepnMeHTaJibHb!X .D;aHHbIX CJie,n;yer, qTo HII 

B 0,ll;HOM 113 BbICTpeJIOB C MIIIIIeHb!O 113 CD2 (onb!Tbl 1-3) He o6napy,KeHO B npe,n;eJiax 

9 



cTaTHCTIPieCKllX onm6oK rrpeBblll!eHJrn: cqeTa co6bITHlt, 3aperncTpnpoBaHHhIX KaK BF 3-

,ll.eTeKTopaMn, TaK ll CIJ;l!HTIIJIJU!IJ;l!OHHh!Mll crreKTpOMeTpaMll, Ha,ll. ypoBHeM q.,oHa ( OIIb!Tbl 

4-5). Hannqne CTOJib CJia6blx IIOTOKOB HeltTpOHOB B 3KCII03llll;llHX 1-5, ITO Bcelt Bll)J.ll

MOCTII, o6ycJIOBJieHO B03HilKHOBeHlleM HeycToltql!BOCTelt JialtHepHolt IIJia3Mhl B MOMeHT 

MaKCilMaJibHOro ee C)KaTl!H (MoMeHT BpeMeHll, KOr,ll.a JialtHep )J.OCTl!raeT IIOBepXHOCTll 

CTep)KHH-Milll!eHn). qTO KacaeTCH Cll;IlHTIIJIJIHIJ;IIOHHblX )J.eTeKTopoB, TO Hl! B 0)1.HOM Il3 

BhlCTpeJIOB B OIIbITax 1-5 He 6blJIO 3aperllCTpHpOBaHO Hll 0)1.Horo HeltTpOHa. 

3HaH MaCCbl JialtHepoB B Ka)K)J.OM BhICTpene, 3q_,q.,eKTIIBHOCTb perncTpannn HeltTpOHOB, 

M01KHO orrpe,ll.eJil!Th, IlCIIOJib3JH q.,opMJJibl (5)-(10), rpaHnqHbie oneHKll 3q_,q.,eKTIIBHOro 

ceqeHl!H dd-peaKnnn a'Jd c o6pa3oBaHl!eM HeltTpOHa ,ll.JIH rrpnBe)J.eHHhIX Bhlll!e cpe,ll.Hl!X 

3HaqeHntt 3Heprnn ,ll.eltTpoHoB, IIa)J.aIOIIJ;nx Ha Mllll!eHh II3 C D2• 

8 Ta6Jinne 3 npnBe)J.eHbl pe3JJibTaTbl rrpoBe)J.eHHbIX OIIhITOB. 3aMeTHM, qTo Halt)J.eH

Hbie ou;eHKil 3q_,q.,eKTilBHhIX ceqeHnlt dd-peaKnnn onpe,ll.eJieHbl C l!CIIOJlh30BaHneM 3Kcrre

pnMeHTaJibHhIX )J.aHHhIX, .rroJiyqeHHblX C IIOMOIUhlO CU:llHTIIJIJIHIJ;lIOHHblX CIIeKTpoMeTpOB n 

)J.eTeKTOpOB TeIIJIOBbIX neltTpOHOB. 

KaK Bll)J.HO ll3 )J.aIIIIhIX Ta6JIHIJ;hl 3, IIOJiyqeHHh!e naMil BepxHne rpaHnqnbie oneHKII 

3q_,q.,eKTIIBIIhlX ceqennlt dd-peaKIJ;llll C o6pa3oBaHneM HeltTpOIIOB corJiacyIOTCH C pe3JJib

TaTaMil BblqIICJieIIlllt )J.aHnolt BeJiuqnHbl no q.,opMJJiaM (5)-(10) B rrpe,ll.IIOJIO)KeHJrn crrpa

Be)J.Jll!BOCTil Bblpa)Kel!HH (1) - OTCJTCTBI!e pe30HaIICOB IlJill KaKnX-JIH6o aIIOMaJilllt B IIO

Be,ll.eHHil dd-ceqeHnH B ,ll.Harra3oHe 3IIeprnlt CTOJIKHOBeIIHH )J.eltTponoB (E:i- .6.Ed) ~ Ed ~ 
(Ed+ .6.Ed)-

Hatt)J.ennhle rpaHnqHbie oneHKll 3q_,q.,eKTHBHhIX ceqeHlllt YKa3aHbl TaK:lKe Ha pnc. 1. 
10 -•-,,----------------------, 

CII 

2H(d,n) 3He 
E 

D 

CJ 
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... ~ 

/ 
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c:i 

0 

/ 

...... T ~ / 
..:.1 

ci T 
0 I 

:;:; I 
CJ 
(IJ I 
rn I 

rn I 
rn I 
0 
I-.. I 

u 10 -16 I 
I 

10 _,. 

10 -IT 

0.1 
Eco1., keV 

Pnc. 1. 3aBIICilMOCTh ceqeHil.H dd-peaKIJ;lllI OT aneprnn CTOJIKHOBeIIIIH )J.eltTpOHOB. 

IlyHKTHp - OOJiaCTb IIJiaHnpyeMbIX l!CCJie)J.OBaHnlt; □ - 3KCllepHMeHT [15]; ;r - aKcrrepn

MeHTaJibHO Halt)J.eHHble (HaCTOHIUaH pa6oTa) na 90% ypoBHe )J.OCTOBepHOCTil BepXHlle rpa

nnqHhle oneHKil 3HaqeHlllt 3q_,q.,eKTIIBHblX ceqeHnlt dd-peaKnnn, COOTBeTCTBJIOIUIIe yKa-

3aHUbIM llUTepBaJiaM 3Ueprnlt CTOJIKHOBeUllH )J.eltTpOUOB. Ha pncyHKe rrpnBe)J.eUbl TaK:lKe 

3uaqeHI1H E' d )J.JIH Ka:lK)J.Oro II3 JKa3aUHhIX nHTepBaJIOB 

10 

3 8 

L 
4 

, 2.3m II ~IHHC 6 

7 

5 

2 

9 IO 

111 I 
I I 
I I 111 

Puc. 2. CxeMa 3KCIIepnMeHTaJihUOlt ycTaUOBKll. 1 - Cl!JihHOTOqHbllt l!OHHblfi ycKOpll

Te,'Ib; 2 - MO)J.JJih narpy3Kl! ycKopHTeJIHj 3 - lI3MepnTeJibHaH KaMepa; 4 - CBepX3BJKOBOe 

COIIJio; 5 - 6bICTpO,ll.eltcTBYIOIUHlt I'a30Bb!lt KJiarran; 6 - JialtHep; 7 - MHll!eHh; 8 - CUHHTII.TI

JIHIJ;l!OHHbllt crreKTpOMeTp (8 IIIT.); 9-)J.eTeKTOp TellJIOBblX HeltTpOHOB (3 ll!T.); 10- 3aIUHTa 

l!3 CBIIHIJ;a 

6 5 

~0-
rr 
~ 

/ 

::,,,,".zn 3 
...... ,.,.,---

4 

2 

. I 

~I 

1 Clll 

l====1 

P11c. 3. KoucTpyKUHH 6JioKa narpy3KH. 1 - 6b1cTpo,ll.ellcrny10m11lt ra30Bhlll K.'Ianau; 

2 - CBepX3BJKOBOe COilJIOj 3 - o6paTHb!lt TOKOilpOBO,ll.j 4 - ceTO'lHb!lt aHO)J.j 5 - CHIIXpmm-

3HPY!Oll!l!lt pa3pH,ll.HHK; 6 - MHll!ellhj 7 -:- MarHHTHbllt 3011,ll. 
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r- -;rom other ch, 
l__ -- --

>------◄ stop I 

trig 

OM 
@ 

YI 

I I v2 I 

TDC 

start 

FADC 

in 

start 

TDC 
start 

stop 

QDC 
strob 
in 

TDC 
stoo, 

stop 

start 

PHc. 4. SJioK-cxeMa perncTpnpy10mel!. 3JieKTpoHnKn. loopl, loop2 - MarHHTHh!e 

30HAhl; Dl - D5 - )],HCKpHMHHaTOpb1; TDC - BpeMHIJHq>poBbie rrpeo6pa3oBaTeJIH; TD -

)],eTeKTop TeIIJI0BbIX Hel!.TpoHoB; PA, A - rrpeeyrnJIHTeJib H yrnJIHTeJib; FADC - rrapaJI

JieJibHh!l!. aMIIJIHTJ/J,HO-IJHq>poBol!. rrpeo6pa30BaTeJib; HVP - Bh!COKOBOJibTHb!l!. HMIIJJibC 

Ha 6JioKe Harpy3KH; HVD - )],HCKpHMHHaTop; cc - cxeMa COBIIa)],eHHl!.; 'Y - )],eTeKTOp 

"(-KBaHTOB; ss - CIJHHTHJIJIHIJH0HHb!l!. crreKTpOMeTp Hel!.TpOHoB; DEL - JIHHHH 3a/l,ep,KKH; 

QDC - rrpeo6pa3oBaTeJih 3apH)],-K0A; LD, An - BhIX0/J,bI CIJHHTHJIJIHIJHOHHoro crreKTpo

MeTpa (rrocJie/J,HHl!. /J,HH0/J, If aHO)], q>OTOJMHO)KlfTeJIH); LT - rrpeo6pa30BaTeJib ypOBHel!.; 

OM - OCIJHJIJiorpacp c 3arroMHHa10mel!. Tpy6Kol!. 
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PHc. 5. ,1],Hcpq>epeHijlfaJibHh!e pacrrpe)],eJieHHH Bep0HTH0CTH perncTpaljHH Hel!.TpOHOB 

dd - CHHTe3a )],JIH pa3JI1fqfih[X 3HaqeHHl!. cpe)],Hel!. 3HeprHH CTOJIKHOBeHHH )],el!.TpOHOB. 

3naqeHHH 3HeprHl!. CTOJIKHOBeHUH YKa3aHh! Ha)], C0OTBeTCTBYIOIUHMH pacnpe)],eJieHHHMH. 

CTpeJIKaMH YKa3aHhl IIOJIO)KeHHH IjeHTpOB TH,KeCTH HaqaJibHh!X pacnpe)],eJieH11l!. 110 3Hep

rHH CTOJIKH0BeHHH )],el!.TpOHOB 

CJieeyeT OTMeTUTb, qTQ C yMeHbllleHHeM :meprHH CTOJIKH0Bemrn )],el!.TpOHOB rpaHlfqHaH 

0ljeHKa dd - ceqeHHH pacTeT, T. K. 3q>q>eKTHBHh!l!. rrpo6er )],el!.TpOHa B IIJia3Me yMeHblI!a

eTCH (cM. cpopMyJiy (10)). 
,1],JIH orrpe)],eJieHHH ceqeHHl!. dd-peaKijHH B o6JiaCTH JJibTpaHH3KHX 3Heprnl!. C YKa3a

HHeM OII!H6KH H3MepeHHH neo6XO)],HMO B IIJiaHnpyeMOM 3KCIIepHMeHTe YBeJIHqHTb 3q>q>eK

THBHOCTb perncTpaljHH Hel!.TpOHOB H IlHTeHCilBHOCTb )],el!.TpOHOB (B Bh!CTpeJie), rra)],a!OIUHX 

Ha MillI!eHb. 

B Ta6JIHije 4 B KaqecTBe rrpHMepa rrpHBe)],eHbl pacqeTHb!e Bh!X0)],h! 3aperncTpHp0BaH

llb!X rrpoeyKTOB peaKljllll dd-CHIITe3a ( rrpe)],IlOJiaraeTCH, qTo B IlJiaHHpyeMOM 3KCIIepnMen

Te np0H3BO)],HTCH perHCTpannH He T0JibKO KaHaJia (2a) dd-peaKijHH, HO Il (2b)), CO0TBeT

CTBYIOIUHe napaMeTpaM ycKopHTeJIH MllT (MC9 PAH, ToMcK) [39) 11 OOJiblI!el!. acpq>eK

THBnocTn perHCTpaIJilH Hel!.TpOHOB ( f'::J B 5 pa3) no cpaBHeHil!O c )],aHHOl!. xapaKTepllCTilKOl!. 

cymecTBYIOIUel!. 3KCnepHMeHTaJibHOl!. ycTaH0BKH [28-31). 

,1],aHHbJe, KaCaIOru;HeCH KanaJia (2c) dd-peaKIJHH C o6pa30BaHileM "(-KBaHTOB C aneprHel!. 

22.4 MaB, ne npnBe)],eHhl, T. K. ceqenHe )],aHHoro rrponecca Kpal!.He MaJI0 B npe)],noJio,Ke

nHn OTCJTCTIIHH KaKHX-JIH6o pe30HaHCOB B xapaKTepe ero II0Be)],eHHH. 

8 paCCMOTpeHHOM MlleM0HnqecKOM 3KCnepnMeHTe npe)],IIOJiaraJI0Ch HCII0Jib30BaHHe 

/J,BJXKaCKa)],H0ro ra3oBoro Jial!.nepa, aHaJiornqnoro [30]. ,1],JIH perncTpaIJHH 3apH,Keimol!. 

K0Mil0llelIThl dd-peaKljllH (KaHaJI (2b)) HCilOJib3J!OTCH TBep)],0TeJibHh!e TpeKOBh!e )],eTeK

TOph! [40] H3 CR-39 (PM-355), pacnoJIO,KeHHh!e BOKpyr Jial!.nepa Ha paccToHHHH 5 - 7 CM 
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OT ero OCH. TpeKOBbJe ,n:eTeKTOpbl 1103BOJIJIIOT perncTpHpOBaTb rrpoTOHbl ll 6onee TJI)Ke
Jlb!e 3apJI)KeflHble qacTHIJbl B rrpncyTCTBllll 3H3'Il1TeJibHOI'O <poHa ')'-KBaHTOB, HellTpOHOB, 
MOIIJHblX 3JieKTpH'IeCKllX ll MarHllTHblX IIOJiell, B03HllKaIOJIJllX rrpll pa6oTe CllJibHOTO'IHOro 
ycKOpllTeJIJI. 

Ta6JillIJa 4. Pac'!eTHbie BhIXO,ll;bI rrpo.n:yKTOB dd-peaKIJl!ll 

Ecol, K3B N!h N•c 
n NP 

0.80 o.3389E+oo 0.8473E-01 0.3389E+Ol 

1.00 0.9458E+Ol 0.2364E+Ol 0.9458E+02 

1.20 0.1159E+o3 0.2897E+02 0.11-59E+o4 

1.40 0.8390E+03 0.2098E+03 0.8390E+04 

1.60 0.4235E+04 0.1059E+04 0.4235E+05 

1.80 0.1647E+05 0.4117E+04 0.1647E+06 

2.00 0.5263E+05 0.1316E+05 0.5263E+06 

2.20 0.1443E+06 0.3608E+o5 0.1443E+07 

2.40 0.3496E+06 0.8741E+05 0.3496E+07 

2.60 0.7641E+06 0.1910E+06 0.7641E+07 

2.80 0.1530E+07 0.3826E+06 0.1530E+08 

3.00 0.2844E+07 0.7111E+06 0.2844E+08 

Jl,a'H'H'ble 3'Ha'le'HUJI no.11y'le'H'bl 6 pac'leme Ha oilu'H "B'blcmpe.11" ycnopume.Mt i\,fJII' (JIC9 
PAH, To.Men) npu c.11eily10114ux napa.Mempax .11ail'Hepa: Nd = 6 · 1019 d/u.Mny.11bc; nt = 
3-1018 CM-3 ; / = 2.5 MA; £~h = 2- 10-2 ; £~c = 5- 10-3 ; £p = 2- 10-1 - 3tjHj,enmUB'Hocmb 

pezucmpa'l{UU npomo'HOB dd-pean'l{uu; NP - B'blxoiJ 3ape2ucmpup06ll'H'H'blX npomo'HOB 

lfa .n;aHHbIX Ta6JilllJbl 4 Bll,ll;RO, 'ITO B RaCTOJIJIJee BpeMJI a6coJIIOTHO peaJibHO c IICIIOJib-
30BaHlleM y)Ke llMeIOJIJHXCJI CllJlbHOTO'IHbIX llMIIYJibCHbIX ycKOpllTeJiell [38,41-44] C TOKOM 
reHepaTOpa 11op11,n:Ka 2 - 3 MA H3MepHTb rrapIJllaJibHbJe ce'!eHllJI dd-peaKIJllH (2a) H (2b) 
B ,n:naIIa30He 3HeprHfi CTOJIKROBeHHJI ,n:ellTpOHOB 0.8 - 3 K3B. 

,Il;JIJI yMeHbllleHHJI 3HepreTH'IeCKOI'O pa36poca ,n:efiTpOHOB, rra,n:aIOJIJllX Ha MHllleHb, H 
110,n:aBJieHHH B03MO)KHOCTll B03HllKHOBeHllH HeycTOfi'IllBOCTefi B 11po11ecce HMIIJI03HH Jiall
HepRofi 11Jla3Mbl, 110 MHeHHIO aBTOpoB, 33CJIY)KHBaeT BHllM3HHJI paCCMOTpeHlle MeTO,ll;HKll, 
6a3llPYIOJIJel!cJI Ha HCIIOJlb30BaHHH "nHBepcHoro" Z-rrHH'Ia [45,46]. 

ABTOpbI 6naro,n:apHb1 rrpo<p. B.B. Bpy,n:attHHY, E. HeBO,ll;HH'IaHCKOMY H E. XpbrnKeBH'IY 
33 IIOCTOJIHHbll! llRTepec H 110.n:,n:ep)KKY B 11po11ecce BblIIOJIHeHHJI pa60Tbl, B.11>. Bopel!KO 
33 IIOMOJIJb rrpH C03,ll;aRllll H 3KCIIJiyaTaIJHH 3JieKTpOHHKll 3KCIIepHMeHTa. 
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Eb!CTplil . .(KHll B.M. H .up. 
3KcnepttMeHTaJihHOe J-13)"-leHtte dd-peaKUHH 
B o6nacm ynhTpaHH3KHX :mepmtt C HCilOflh3OBaHHeM Z-nHH'la 

JU5-98-239 

TipttBe)leHhl pe3ynhTaThl 3KCnepttMeHTOB no J-13MepeHHIO CetieHIDI dd-peaKUHH 
B .unanaJOHe 3Hepmtt CTOflKHOBeHIDI .uettTpOHOB 0,1-1,5 K3B C lICilOflh3OBaHIIeM 
TeXHHKH Z-nIIH'la. 3KcnepttMeHT npOBO)lttnC.SI Ha CttnhHOTO'IHOM ttMnynhCHOM ycKo
pHTene YIHCTHTYTa cttnhHOTO'IHOtt 3neKTpoH.ttKtt Co PAH (r. ToMcK). PemcTpaIItt.H 
HettTpOHOB J-13 peaKUHII dd-CttHTe3a ocymecTBn.sinacb CUHHTttnfl.SIUHOHHhIMH .ueTeKTO
paMH no BpeMeHH nponeTa tt .ueTeKTOpaMtt TennOBhIX HettTpOHOB Ha OCHOBe BF3. 

Ha 90 % ypOBHe .llOCTOBepHOCTH Hatt)leHhl BepXHtte rpaHtt'IHhie oueHKH CetieHHll 
dd-peaKUHH C o6pa30BaHtteM HettTpOHOB, COOTBeTCTBYIOIUtte cpe.UHHM 3HeprIDIM 
CTOflKHOBeHIDI .uettTpOHOB 0, 11, 0,34, 0,37 I-1 1,46 K3B. 

TioKa3aHO, 'ITO J-ICilOflh3OBaHHe 6onee HHTeHCHBHhIX I-IMnynhCHhlX ycKOpHTenett 
c TOKOM reHepampa 2-3 MA nq3BonHT J-13MepttTh cetieHIDI dd-peaKUHI-1 B .unanaJoHe 
3Hepmtt CTOflKHOBeHIDI .uettTpOHOB 0,8-3 K3B. 

Pa6orn BhmonHeHa B Jia6oparnpttH MepHhIX npo6neM OH5IH. 

TTpenpllHT O6be)ll!HeHHOf0 IIHCTIITYTa ll)lepHblX IICCJie)IOBaHllii. lly6Ha, 1998 

TiepeBO.ll aBTOpOB 

Bystritsky V.M. et al. D15-98-239 
Experimental Investigation of dd Reaction 
in Range of Ultralow Energies Using Z-Pinch 

Results of the experiments to measure the dd reaction cross section in the range 
of deuteron collision energies from 0.1 keV to 1.5 keV using Z-pinch technique are 
presented. The experiments was performed at the Pulsed Ion Beam Accelerator 
of the High-Current Electronics Institute in Tomsk. The dd fusion neutrons were 
registered by scintillation detectors using time-of-flight method time-of-flight 
scintillator detectors and BF3 detectors of thermal neutrons. 

At 90 % confidence level, the upper limits of th_e neutron producing dd reaction 
cross sections are obtained for average deuteron collision energies of 0.11, 0.34, 
0.37 and 1.46 keV. 

The results demonstrate that high-intensity pulsed accelerators with a generator 
current of 2-3 MA allow the dd reaction cross sections to be mea<;ured in the range 
of deuteron collision energies from 0.8 keV to 3 keV. 

The investigation has been performed at the Laboratory of Nuclear Problems, 
JJNR. 
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