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06w;rui xapaKTepHCTHKa pa60Tbl 

AKTyaJibHOCTb pa6oTbI 

B Teopnn HyKJIOH-HYKJIOHHoro paccemnrn ¢yu,n:aMeHTaJibHoe 3Ha'leHne 

HMeeT H3BJle'leHI-Ie ( BOCCTaHOBJleHHe) KOMIIJleKCJ:lblX aMilJIHTY)I, MaTpHI.1,bl pac

ceRJ:Ill5I. ,LLJIR nonyqeHHR ncex aMnJIHTY)I, J:Ieo6xo)l,HMO npono,n:HTb TaK J:Ia3bIBae

Mbili IlOJlHblH OTibIT, B pe3yJibTaTe KOTOporo )l,OJI:>I<:eH 6bITb TIOJiy'leH TaKoii Ha6op 

3KCnepHMeHTaJibHblX Ha6mo,n;aeMbIX, KOTOpblii Il03BOJ15IeT npoBeCTH llCt.Iepnbma-

1orn;ee onncai-rne np01:.1,ecca. IloJIHbif:i 3KcrrepnMeHT BKJIIO'laeT B ce6R ll3MepeHHR 

c IlOJI5IpH30BaHHbIMH qaCTHI.T,aMH-CHapR)l,aMH, a TaK)l(e c IlOJI5IpH30BaJ:IHbIMll Mll

meHRMll. 9To necbMa 6oJihIIIaR H Tpy,n:oeMKaR 3a,n:aqa, 

0,n;HaKo, B HeKOTOpbIX cJiy'laRx B03MmKHO onpe,n;eJIHTb OT,D;eJibHbie aMTIJlll

TY)l.bl MaTpHI.T,bI pacceRHHR, Jin6o nx coBoKynHoCTb, nyTeM Bb16opa crreI.T,HaJib

HbIX 3KCrrepHMeHTaJibHbIX ycJIOBHfi. 0,n;Hoii ll3 TaKHX B03MO)!{HOCTefi 5IBJ15leTC5I 

H3y'leHHe peaKI.T,llH nepe3ap5I,ll,KH Ha )l,efiTpOJ:Ie, KOTOpaR rrpH HeKOTOpbIX ,n;ony

rn;eHll5IX onpe,n;eJI5IeTC51 TOJlbKO 3aBHC5II.IJ;HMll OT CilHHa KOMilOHeHTaMH aMIIJlllTY,ll, 

HeiiTpoH-rrpoTOHHoro ynpyroro pacceRHHR. 9Ta n,n;eR 6bIJia ¢opMaJIH30BaHa 

MaTeMaTHt.IecKII B I.T,eJIOM pR,n;e TeopeTH'leCKHX pa6oT. Ba)l(HO To, '!TO noaBIIJlaCb 

B03MO:a<HOCTb ll3BJle'lb CilllH-3aBHCaI.IJ;ylO 'laCTb aMilJlllTY,D;bI np-pacceaHH5I c HC

IlOJib30BamrnM HenOJI5Ipll30BaHHblX IIpOTOHOB H HeTIOJI5Ipll30BaHHb!X .n.efiTpOHOB 

B peaKU,H5IX rrepe3ap5I,D;Kll Ha .n;eitTpOHe. 8KcrrepHMeHTaJibHO TaKyro cepHIO pa-

6oT IlbITaJillCb BbIIlOJIHHTb Ha rryqKaX cerrapnpoBaHHbIX llJIII KBa3ll-MOHOXpOMa

TH'"leCKllX HeiiTpOHOB OT CTpHililHHra ycKopeHHbIX ,n;ettTpOHOB. 

Ha cnuxpo¢a3oTpoue JIB9 OH.HH 6hrJI npone,n;eH aKcnepHMeHT c ncnoJib-

3oaamrnM BO,D;OpO)l,HOit ny3bipbKOBOit KaMepbI, B KOTOpOM ycKopeHHbie ,n;eitTpO

HbI na,n;aJIH Ha npOTOHHYIO MHilleHb. IlpH TaKoii IlOCTaHOBKe OilbITa .n;eiiTpOHbI 

MOHOXpOMaTH'"lHbI, a ,D;Ba BTOpH"'IHbIX npOTOHa (rrpo,n;yKTbI peaKIJ,llH nepe3ap5I,n;

KH .n.eii:TpOHa Ha npoTOHe) 5IBJI5110TCa 6bICTpbIMll H BbIJieTaIOT B nepe,D.HeM Ha

npaBJieHHH IIO,l.l, MaJiblMH yrJiaMH. ,LLo Ha'l:aJia HaIUHX llCCJle,l.l,OBaHHH .rr.pyrHe 3KC

rrepnMeHTbl c nyt.IKOM ,rr,eiiTpOHOB npaKTH'leCKll OTCYTCTBOBaJill. 

AHaJIH3 aKcnepHMeJ:ITaJibHbIX ,rr,amrbIX onpaa.rr.an O)!{H)J.amrn, H no Mepe pa3-

BHTHa .rr.eTeKTHpy10II.T,ett TeXIiHKH H CHCTeM c6opa .n.aHHbIX, Il03BOJIHJI c¢opMy

JIHpOBaTb Tpe6onaH1rn K pememno 3a,n;a'lrr 3JleKTpom·IbIMH MeTop,aMH. BbrJia 
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co3)J.atta ycTaHOBKa CTPEJIA, KOTopa5! Hai:.rana cPYHKU,HOHHpoBaTh Ha nyqKe 

)J;eiiTpoHoB, ycKopeHHbIX Ha HyKJIOTpotte JI<I>B9 011.HM. 

ll;eJib p;:uccepTau;:uoHHOH pa6oTbI 

• ITpoBe,n;eHHe aHaJIH3a peaKU,HH nepe3apH)J.KH dp-+ (pp)n B ,JJ.eilTpou-rrpoTOH

HbIX B3aHMO)J.eii:cTBH5!X Ha BO,JJ.OpO)J.HOH IIJ3b!pbKOBOH KaMepe ,LI.JUI onpe,LJ,eJie-

1-IHfl CIIHH-3aBIICfllll,eH qacn1 aMTIJUfTJ,ll;bl np-+ pn pacce5IHH5!. 

• ITpe,LJ,JIO)KeHHe 3JieKTPOHHoro 3KcrrepHMeHTa (ycTaHOBKa CTPEJIA) c u,eJihIO 

HCCJie,n,oBamrn 3ap5!,JJ.OB0-06MeHHbIX rrpou,eccoB Ha ny'IKe ,JJ.eti:TpOHOB. lICIIbI

TaHHe 3JieMeHTOB ycTaHOBKH, B TOM qHcJie .n.pe:lt<PoBbIX KaMep B Ka'JeCTBe 

TpeKOBbIX npH6opoB BbICOKOH paspelliamrn.ett cnoco6HOCTH. 

• Co3)J;aHHe cHcTeM nporpaMMHoro o6ecnei:.remrn )J;JIH pa60TbI BO apeM.H o6Jiy

'ieHH.H ycTaHOBKH CTPEJIA Ha ny"tJKe ycKopeHHbIX ,JJ.e:ltTponoB H BoccTaHOB

JieHH.H TpeKOB B ,LJ,peii<POBb!X KaMepax. 

Hay"tJHa.H HOBH3Ha 

• ITpoBe,JJ.eH aHaJIH3 dp-B3aHMO,JJ.eiicTBHti:, noJiy'ieHHbIX c noMOlll,bIO 100-caHTH

MeTpoBoti: Bo,n;opo,JJ.HO:lt ny3bipbKOBOit r<aMepbI JIB9 OlHU1 npH MMIIYJibce 

3.35 raB/c. Ou,errnHbI IIOTepH B yrrpyroM pacceHHHH H IIOJiy'ieHbI 3Ha'ieHHfl 

rrorrepei:.rHbIX ceqeHHH OT,JJ.eJihHbIX KaHaJIOB dp-B3aMMO,lJ,eiicTBHH. Kai:.reCTBO 

3KCIIepHMeHTaJihHOH HHcPOpMaU,HH CBH)J.eTeJibCTByeT 0 ee npHrO)J.HOCTH )J.Jlfl 

nocJie.u,y10rn.ero cPH3H'IeCKoro aHaJIH3a. 

• BnepBbie B 3KCKJII03HBHoi1 rrocTaHOBKe rrccJie,LJ,oBaHa 6e3Me30IIHa5I peaKIJ;HH 

dp -+ ppn. Onpe,JJ.eJieHo ,lJ,HcpcpepeHU,HaJihHOe ce'ieHHe peaKU,HH nepe3apH)J.KH 

(dCJ /dt)dp-'f(pp)n I t==O = 30.2 ± 4.1 M6/(faB/c)2. 

• BrrepBbie Ha rryqI<e ,JJ.efiTpOHOB rroJiyi:.reHo OTHOllleHHe Rnp_.,pn ,lJ,HcpcpepeH

U.HaJibHbIX Ce'ieHHH rrepe3ap.H)J,KH rrprr t = 0 B peaKU,H.HX dp -+ (pp )n H 

np -+ pn. B paMKax HMIIYJibCHoro rrpH6m1)Kemrn noJiy'ierrnoe 3Hai:.reHHe 

Rnp-+pn = 0.55 ± 0.08 CBH,D;eTeJihCTByeT o rrpeo6J1a)];aioI11,eM BKJJa)J;e CIIHH-

3asucmn;eti: qacTn ce'ieHH.H np -+ pn paccemrm1 H cornacyeTcH c )J,aHHbIMH 

.n;pyrHX 3KCrrepHMeHTOB B o6JiaCTa 6Jili3KHX 3HeprHfi. 
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• TipH HCilOJib30BaHmi Pe3YJlbTaTOB HCCJie,n;oaaHHii:, IlOJIY'IeHHbIX Ha BO,n;opo,n;

HOti IlY3bipbKOBOii KaMepe, 6bIJI no.n;rOTOBJieH npoeKT SJieKTpOHHOro SKcnepH

MeHTa ,ZJ;JIS .H3y'IeHH5.I peaKIJ,HH nepe3apH)l;KH Ha ,a;eiiTpoHe B o6JiacTH SHeprHfi 

BbIIIIe 1 rsB. PaccMOTpeHa B03MO)KHOCTb onpe)l,eJieHJrn cmm-3aBHCHI.IJ,eR qa

CTH aMilJIHTY,ll;bl SJieMeHTapHoii nepe3apH)J;KH np -+ pn Ha OCHOBe npHMoro 

H3MepeHHH AHcPcl>epeHIJ,HaJibHoro ce'!eHHH (drr /dt)dp-t(pp)n npH t = 0. 

• TipH aKTHBHOM yqacTHH .n;nccepTaHTa 6b1Jia co3)J,aHa ycTaHOBKa CTPEJIA -

O,ll.HOilJie'IeBoi% MarHHTHbiit cneKTpOMeTp, OCHOBHblMH SJieMeHTaMH KOTOpoii 

HBJIHIOTCH 6JIOKH ,a;peDcl>oBbIX KaMep B Ka'JeCTBe KOOp.U,HHaTHbIX ,ZJ;eTeKTOpoB. 

BnepBhie npoae,11;eHo o6Jiy'IeHne ycTaHOBKH B ny'!Ke .n;eii:TpOHOB HMnyJibca 

3.5 rsB/c Ha ycKopnTeJibHOM KOMnJieKce HyKJIOTpOHa JI<l>B9 OH51M. 

• B npou,ecce C03.1l.aHH51 H ycoBepmeHCTBOBaHH51 ycTaHOBKH CTPEJIA 6bIJIH 

pa3pa6oTaHbI H peaJIH30BaHbI KOMTIJieKCbI nporpaMM o6pa60TKH H aH8JIH-

3a SKCnepHMeHTaJlbHbIX )l,aHHbIX. TioJiy'IeHHOe 3Ha'ieHHe npocTpaHCTBeHHO

ro pa3pemeHH51 )l,peticl>oBbIX Ka.Mep Jie)KHT B ,ll,Hana30He 90-120 MKM, 'ITO 

Il03BOJI5.leT ocyw;eCTBHTb HCCJie,1l.OBaHHH 3ap5!,I1,0B0-06MeHHbIX npou,eccoB BO 

B3aHMO)l;efiCTBHSX ,a;eii:TpOHOB c npOTOHaMH. 

IlpaKTH"<l'.0CKas:I 3HB'iHMOCTb 

BbrnOJIHeHHM pa6oTa 51BJIHeTCH 'iaCThIO nporpaMMbI HccJie,n;oBaHHA MaJio

HYKJIOHHbIX cHcTeM B paMKax npo6JieMHo-TeMaTH'lecKoro nJiaHa OM51M. Hc

noJib30BaHHe CJia60CBSl3aHHOfi CHCTeMbI ,n;ayx HYKJIOHOB, KaKOti .HBJI5leTCH ,11;eii:

TpOH, B COBOKYilHOCTH c ero KBaHTOBbIMH 'IHCJiaMH, Il03BOJIHeT B paMKax npo

CTbIX npe)l;IlOJIO:>KeHHii (HMilYJibCHOe npH6JIH)KeHHe) c npHMeHeHHeM npHHIJ,H

na Tiay1m noJiy'IHTb cae.n.eHH51 o BKJia,n;e cmrn-3aanc.mu,eii 'IacTH aMnJIHTY.1l.hl 

np -+ pn pacceHHHH, He npH6eraH K CJIO:>KHbIM IlOJI51pH3aIJ,HOHHbIM HCCJie,11;0-

BaHHHM. TipH TaKOM IlO)l;XO)l;e )l;OCTaTO'IHO H3Y'IHTb AHcPcl>epeHIJ,HaJibHbie none

pe'IHbie ceqeHH.H 3ap51)l;OB0-06MeHHbIX npou,eccoB B dp H np-B3aHMO)l;eticTBH51X 

npH MaJlblX nepe,n;aHHbIX HMilYJibCax. TioJiy'ieHHble pe3yJibTaTbl MOryT 6b1Tb 

HCilOJib30BaHbl ,ll;JIH cPa30BOro aHaJIH3a, a npH npO)l;BH:>KeHHH B o6JiacTb 6onee 

BblCOKHX SHeprHii:, Il03BOJIHIOT npoBepHTb H ycoaepmeHCTBOBaTb HMeIOI.IJ,HeC51 

MO,D;eJIH CHJibHoro B3aHMO)l;eii:CTBHH HYKJIOHOB. 
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Ba)l{HhIM HBJrneTCH coneprneHCTBOBaHMe aKcnepMMeHTaJihHOil: ycTaHOBKM 

nyTeM npHMeHeHMH coapeMeHHhlX MeTO,D;OB MCCJie,n;oaamrtt M COOTBeTCTBYIO~ero 

nporpaMMHoro o6ecneqemrn:. Tiony'IeHHhie pe3ynhTaThI MoryT 6bITh MCIIOJih30-

BaHhI npH IIJiaHHpOBaHHM HOBbIX 3KcnepMMeHTOB, HarrpaBJieHHhIX Ha yrny6neu

HOe HCCJie,n;oBaHMe B3aMMO)l,eMCTBHfi 3JieMeHTapHhIX 'IaCTHD; H aTOMHhIX .H)J,ep. 

Ha 3~HTY BbIHOCHTCH CJie,[Q'IOID;He OCHOBHbie pe3yJibTaTbl 

• Pe3yJihTaTbI aHaJIH3a aKcrrepHMeHTaJihHhIX ,n;aHHhIX no B3aHMo,n;ettcTBlHIM 

,n;eii:TpOHOB MMilYJibCa 3.35 faB/c C npOTOHaMM, IlOJiy'IeHHhIX Ha BO,D;Opo,n:

HOM ny3hiphKOBO:A KaMepe. 

• Pe3yJihTaTbI M3y'leHHH peaKD;MH dp-"* ppn, Bh1,n;ene1rne KaHaJia nepe3apH,n;KM 

dp -"* (pp )n M nony'IeHMe ,n;mp¢epeun;MaJihHoro ce-qemrn 3Toro KaHana npH 

uyJieBoM nepe,n;aHHOM HMnynhce. 

• On;eHKa BKJia,n;a crrnH-3aBncmn;ett '!aCTM aMnJIHTYfJ:hI np-pacceHHMH M3 npo

n;ecca nepe3apH,D;KM Ha ):\eiiTpOHe B paMKax HMilYJihCHOro nptt6JIM:>KeHHH. 

• Pe3yJibTaTbI MeTO,lJ,H'leCKHX HCCJie,n;osa1-rnH:, 1-1anpaane1rnhIX Ha pa3BHTMe ycTa

HOBKM CTPEJIA Ha HyKJIOTpoHe, M co3,n;aHHe nporpaMMHoro o6ecne'IeHMH, 

Heo6xo,n;nMoro ,l.T,JIH aHam!3a nony'IeHHhIX aKcnepHMeHTaJihHbIX ,n;aHHhIX. 

Anpo6au;m:i: pa6oThI H ny6JIMKau;nM 

Pe3yJihTaThI HCCJie)l,oBaHMii, BKJUO'IeHHhIX B ,n;MccepTan;mo, ony6JIMKOBaHhI 

B BH.rr,e CTaTeil: B nay'IHOH: nepHO,lI,MKe, a TaK)l{e ,D;OKJia,lI,blBaJIMCb Ha pH.rr,e Me)K

.rr.yuapOJJ.HbIX Kou¢epeHn;Mil: H ceMMHapoa. B TOM 'IHCJie, Ha Me:>KJJ.YHapoJJ.HbIX 

coae~aimHx «PenHTHBHCTCKaH H.rr,epHaH cPH3MKa: OT coTeH MaB ,11,0 TaB» B 

CTapa JiecHa ( CnoBaKMH - 2000 H 2009 r.) M Mo.rr,pa fapMOHHH ( CJioBaKirn --

2006 r.), Ha pa60'-IeM COBein;amrn no npOTOH-,n.eil:TpOHHbIM B3aHMO)l,eil:cTBHHM 

(,[lj6ua - 2002 r.), Ha Me)l{.rr.yHapo.rr,HOM ceMHHape no npo6JieMaM cpH3HKM BbI

coKHX a1reprMM «PemITHBHCTCKa51 51.rr,epHaH cPH3MKa H KBaHTOBaH xpoMo.rr,1rna

MHKa» (,[lj6Ha - 2000, 2002 H 2006 r.) II ceMHHapax Jl<l>B9 OH5IH. 

Cn11coK ny6JIHKau;ntt, co.rr,ep:am~Hx ocHOBHbie pe3JJihTaTbI .rr,accepTaD;MM, 

np1rne.rr,eH B KOHn;e aaTope¢epaTa [1-12J. 
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CTpyKTypa H o6'beM AHccepTau;1u'.I 

)J,HccepTall,H5l COCTOHT H3 BBe)J.eHHH, qeTbipex rJiaB H 3aKJUoqeHH5l. 06ru,ni1: 

o6'beM COCTaBJI5leT 112 CTpaHHI.I, MalllHHOIIHCHOro TeKCTa, BKJIJOqa51 CIIHCOK JIH

TepaTypbl H3 92 HaHMeHOBaHHil:. 

Co.n;ep:>Kamrn pa6oTbI 

Bo aae.u.eHHH o6ocHOBaua aKTYaJihHOCTb BbIIIOJIHeHHhIX HCCJie)J.oBaHHii, 

c¢opMyJIHpoBaHa u;eJih n ttay"rnaH HOBII3Ha ,ri;IIccepTau;nottHo:fi pa6oThI. KpaTKO 

II3JIO:>Ke1m CTPYKTypa .u.nccepTa11,1m. 

B nepao:H rJiaae o6cy>K)J.eHbI 11,u;e11, B11epBbie BbICKa3aHHbre B pa6oTax 

IloMepaHqyKa H "lly, YKa3aBrnHe Ha B03MO)KHOCTb HCilOJib30BaHHH 3ap5I,1l;OBO

o6MeHHhIX 11po11,eccoB Ha )J.€HTpOHe ,ll,JI5l onpe,n:eJieHH5l BKJia,n:a CIIHH-3aBHC5III.l,eii 

qacTH aMIIJIHTY)J.hI np-ynpyroro pacceHHHH. 

0 

/"' 
> • ~ 

n {f 0 

a) np-+pn 

{Jo 

0 

/"' ,. • P, d 
---•9 

p' 

-----· {f 
6) dp-+ (pp)n P. 

Pttc. 1. CxeMaTHqecKoe H3o6pa)KeHJie a) aJieMeHTapHoi:l: peaKll,HH nepe3apSI,LI.KH Heil

TpoHa Ha npOTOHe H 6) nepe3ap51,LI.KH ,ri;ei:l:TpoHa Ha npoTOHe-MHllieHH. 

Ha p11c. 1 cxeMaTfi'!eCKH H3o6pa>KeHbI .u,Ba rrpou;ecca: aJieMeHTapHa5l pe

aKI.1,HH 11epe3ap5I)J.KH HeHTpOHa Ha npOTOHe np ~ pn H peaKD;H5l nepe3ap}l,!I,KH 

.u,eiiTpOHa Ha npOTOHe-MmIIeHII dp ----* (pp )n. 3.u.ecb B CK06Kax )J.Ba rrpOTOHa, CB5l-

3aHHbie c 11a,n;aIOilJ,HM ,ri;ei:l:TpOHOM, a MMeHHO, npoTOH-CileKTaTop H IIPOTOH OT 
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KB83H-np nepe3ap5!,D,KH, T.e. nepe3ap5!,LJ,KH HeliTpOHa ( CB5!3aHHOro B ,n,eliTpoHe) 

Ha npoToHe-MHIIIeHH. BepTHKaJihHhIMII CTpeJIKaMH o6o3Ha<IeHbI HanpaBJieHHR 

CIIHHOB HYKJIOHOB OTHOCHTeJibHO npOH3BOJlbHOll OCH KBaHTOBaHH5!. 

B cJiy<Iae peaKIJ,MM nepe3apfl,LJ,KII netl:Tpona Ha npoTOHe (pnc. la) B03MO){{

HhI o6a HanpaBJieHHR cmrna pacceflHHoro npoToHa. B npou,ecce nepe3apfl,D,KH 

,n,eliTpOHa Ha npOTOHe (pile. 16) o6pa.3yeTC5! CHMMeTpMtIHafl no 3ap5!,D,y CHCTe

Ma Il3 ,D,BYX npOTOHOB c MaJibIM OTHOCMTeJihHbIM HMilYJibCOM. B CHJIY npm1-

Ii;MIIa IIayJIII ( CTaTMCTHKa <I>epMH-,[l;!IpaKa ,n;m1 IIOJiyIJ,eJibIX CIIHHOB) npH co

xpaneHMM npocTpaHCTBeHHO:l% CIIMMeTpirn, aHTIICHMMeTpHtIHOCTb IIOJIHOH BOJI

HOBOH cpyHKii;HH ,Ll,BYX npOTOHOB 6y,LJ,eT ,D,OCTHraTbCfl TOJlbKO B CJ!yqae nepe

BOpOTa CIIHHa pacce5IHHOro npoTOHa. ,ll;eitTpOH B ,n,aHHOM CJiyqae Bb!CTynaeT 

KaK «CIIIIHOBbill cpMJibTp», a CIIHH-3aBIICflIIi;a5! <IaCTb aMnJIMTY,D,bI 3JieMeHTap

HOH np-nepe3apH.D;KH npoHBJIHeTCR qepe3 BepoHTHOCTh peaKIJ,MM rrepe3ap5!,D,KM 

Ha ,n;ettTpOHe. 

MaTeMaTnqecKnil ¢opMaJIM3M, ucnOJih3yeMbiit ,D,JIH onpe,n;eJieHH£ BKJia,n,a 

CIIIIH-3aBMC5IIIJ;ei1 qacTM aMITJ!MTY,Ll,bl np-pacce5IHMH M3 rrpou,ecca rrepe3apH,ll.KH 

Ha ,n,eliTpOHe, 6hIJI pa3BHT B pa6oTaX ,ll;MHa M ,n,p. ,[l;Hcpcpepemi;m1JibHOe rrorre

petIHOe ceqeHMe np ~ pn pacce5IHHfl MO)KeT 6h!Tb npe,D,CTaBJieHo B BH,D,e cyMMbI 

cnHH-He3aBncarn;eil: (nu,n,eKc SI) H cnHH-3aBncarn;e:tl: (MH,D,eKc SD) qacTeii: 

(da/dt)np--+pn = (do-jdt)~~--+pn + (da/dt)~~--+pn, (1) 

r,n;e t - KBa,n;paT qeTbrpexMepnoro nepe,n,aHHoro MMIIYJihca. 

B paMKax MMnynhcuoro rrpH6JIII){{eHIIfl cooTHOIIIeune Me)K,D,y )J.Hcpcpepeu

ri;IIaJibHbIMH ceqeHHHMH rrepe3apa,n;Kll ,n;el-l:Tpoua Ha npOTOHe dp-+ (pp)n M 3Jie

MeHTapHO:fi nepe3apH,D,Kll np -+ pn MO){{HO 3aIIIICaTb KaK 

(do-/ dt)dp--+(pp)n = [1-Fd(t)J (do-jdt)~~--+pn + [1-1/3 Fd(t)J (da / dt)~~--+pn, (2) 

r,n;e Fd(t) o6o3aaqaeT cpopMcPaKTOp ,n;efiTpoaa. Ilpn ayneaoM rrepe.n;aHHOM HM

rrynbce (t = 0), Kor,n,a Fd(O) = 1, ,n,IIcpcpepeau,11a.rrbHOe nonepe•rnoe ceqeHHe 

nepe3ap5!,D,KII Ha ,n,eil:TpOHe 6y,n;eT paBHO 

(da/dt)dp--+(pp)n = 2/3 (da/dt)~~--+pn. (3) 
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TaKHM o6pa30M, HMeeTcH B03MO:>KHOCTh orrpe.n.eJieHHH qacTH B3aHMo.n.eJ:i

CTBHR HefiTpOHa Ii rrpOTOHa, KOTOpa5I IlOJIHOCTbIO 3aBHCHT OT CilliHa. PeaKD;Irn 

rrepe3ap.H)J.Kli HerrOJI.HpM30BaHHOro .n.eiiTpOI-Ia Ha Herro;rnpH30BaHHOM rrpoTOHe

MliIIIeHli rrpli HyJieBoii nepe.rr,aqe liMIIYJibCa orrpe.n;eJIReTCH CIIliH-3aBHCSII1!,eii qa

CTbIO rrepe3apSI)J;KH HeiiTpoHa Ha rrpoTOI-Ie. AHa.JJH3 rrpou;ecca dp -t (pp )n rrpH 

Ma.Jlb!X rrepe.n.aHHbIX HMIIYJlhCax, 6JIH3KliX K nymo, Il03BOJI5IeT ou;eHHTb BKJia.rr, 

CilliH-3aBHCSII.U;eii 'iaCTH aMITJIHTY)J.bI peaKD;HH rrepe3apH)J.KH np -t pn. 

B Kottu;e rJiaBbI o6cy)!(.rr,eHbI H36paHHbie HCCJie.n;oBaHHH c .n.eiiTpoHaMH. Pac

CMOTpeHHe 3KCrrepHM6HTaJibHbIX .rr,aHHbIX no orrpe.n.eJieHHIO CIIliH-3aBHC.HI1!,eii qa

CTli aMITJIHTY)J.bl np -t pn rrepe3ap.H)J.Kli TIOKa3a.JJO, 'ITO B HaCTOSIIll,ee BpeMH 

cyllJ,eCTByeT 6oJiee liJili MeHee IlOJIHa5I KapTHHa B HHTepBa.JJe 3HeprHii )1.0 co

TeH M3B. B o6JiacTH 3HeprHJ:i 1 f3B Ii BbIIIIe aKcnepHMeHTa.JJbHaSI HHcPOpMa

u;Hsi cKy)J.Ha ll npO,D.OJDKeHIIe liCCJI8)1.0BaHHii B 3TOJ:i o6JiacTli 3HeprHii OCTaeTCSI 

BeCbMa aKTYaJibHbIM. 

BTopa.si: rJiaBa rrocB5rID;eHa H3y'IeHHIO 3apH)J;OBo-06MeHHhIX rrpou;eccoB B 

.n.eJ;i:TpOH-rrpOTOHHb!X B3aHMO.rr,eJ;icTBH.HX. 9KcnepHMeHTaJibHbJJ:i MaTepHa.JJ 6b!JI 

TIOJiy'IeH c IIOMOID;b!O 100-CM BO,ll,OpO)J.HOii TIY3blpbKOBOii KaMepb! Ha CHHXpo<Pa-

30TpOHe J1B9 011.5111. Ka1viepa 6bIJia o6Jiy<"IeHa Bhme.rr,enHhIM H3 ycKopHTeJIH 

rry"<IKOM .n.eiiTponoB c HMTIYJibCOM 3.35 f3B/c. IlocJie CTaH)J.apTHOM npou;e.n.ypb! 

rrpocMOTpa, H3MepeHHii n H)J.eI-ITHcPHKau;HH KaHaJIOB B ycJIOBH.HX 411"-reoMeTplili 

6bJJia rroJiy"<IeHa JieHTa cyMMapHb!X pe3yJibTaTOB (DST)' KOTOpaSI co.n.ep:>KHT rro

'ITli 'I8TBepTb MllJIJiliOHa co6bITliil:. 

I1pn6JII13liTeJlbHO IIOJIOBHHY Bcex co6bITHti .n.eiiTpoH-IIpOTOHHbIX CTOJIKHO

B8Hliti COCTaBJIHJJa peaKIJ;HH 6e3M830HHOrO pa3BaJia .n.eitTpOHa dp -t ppn. 9Ta 

peaKD;liSI MO)K8T H,1l;Tli KaK dp -t (pp )n - peaKD;liSI rrepe3apSI)J;Kll c li3MeI-Ie

HlieM 3ap.H.LJ.OBoro COCTOHHliH rrpOTOHa-MHIIIeHH, liJili dp -t (pn)p - peaKD;HSI 

rrpsiMoro pa3BaJia .n.eiiTpOHa c coxpaHeHHeM 3apH.rr,a. Pa.3)1.eJJeHHe 3THX ,ri;Byx 

KJiaCCOB co6bITliH: MO)!(HO Bli,ll,eTb Ha pn:c. 2, r.rr,e rrpHBO)J.HTCH HX pacrrpe.rr,e

JieHHSI no BeJI11q11I-Ie KBa.n.paTa rrepe,ri;aHHoro 'I8TbipexMepI-Ioro HMIIYJibCa t. K 
rrepe3apsi,n.Ke OTHeceHbl co6bITHSI, B KOTOpbIX CaMb!M 6bICTpbIM li3 BTOpli'IHbIX 

HYKJIOHOB B CllCTeMe IIOKOSI .n.eiiTpoHa SIBJISIJICH HeiiTpOH. 'i:HCJIO TaKHX co6bI

THii paBHO 17512, 'ITO COOTBeTCTByeT rrorrepe'IHOMY ce·~eHHIO (5.85 ± 0.05) M6. 
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IlpH 9TOM MHJIJIH6apH-9KBHBaJieHT co6bITH.H onpe,n;eJI.HJICH: HCXO)J;H H3 IlOJIHOro 

ceqeHHH dp-B3aHMO,n;eitcTBHii c yqeTOM IlOTepb co6bITHtt ynpyroro pacce.HHH.H 

dp -i dp. CHcTeMaTH'IecKa.H ourn6Ka, csmaHHaH c oqeHKott noTepb co6bITHtt B 

ynpyroM dp-pacceHHHH, COCTaBmIJia OKOJIO 4 %. 

4000 

3000 

"' I 
<» 

2000 

1000 

00 

flel dp-+ (pp)n 

d p-+ (pn}p 

1.5 2.5 3 
I ti, (GeV/c)2 

P11c. 2. Pacnpe.n;eJieHm1 co6bITHi1 pea.K!VIH dp -+ ppn no KBa,n;parry 'ieTbipexMepHoro 

nepe.n;am1oro HMilJJibCa ltl OT npOTOHa-MHIIleHH K He.thpoHy. 

<l>opMyJibl (2) H (3) BbIBe.n;eHbI B onpe.n;eJieHHbIX npe.n;noJio>KeHH.HX. 'tfro6bI 

BOCIIOJib30BaTbC.H STHMH Bbipa>KeHHSIMH, Mbl .n;omKHbI BblilOJIHHTb IIO Kpattaett 

Mepe .n;sa ycJIOBHH, a HMeHHO, pa60TaTb B o6JiaCTH MaJibIX rrepe.n;aHHblX HMilYJJb

COB KB83H-ynpyroro np-pacce.HHH.H H npHHHTb cnpaBe)J;JIHBOCTb HMllYJihCHOro 

npH6JIH>KeHH.H. B pa6oTe noKa3aHO, qTo npu peJIHTHBHCTCKHX sHeprHHX aTH 

npe.n;noJJO)KeHHH onpaa.n;aabl. 

YCJioBHe HMilYJihCHoro npH6JIH>KeHHH npe.n;noJiaraeT no.n;asneHHe B3aHMO

.n;e:lkTBHH B KOHe'IHOM COCTOHHHH (BKC). l1pH SKcnepHMeHTaJibHOM HCCJie.n;ona

HHH MexaaH3Ma BKC aa6mo.n;anocb, 'ITO aToT a¢¢eKT CHJihHO npoHBJisteTC.H B 

acHMMeTPHH pacnpe.n;eJieHHii no yrJiy a = arccos ( (p~ q) /(Ip-; 11 qi)), rµ,e p-; -
HMnynhc cneKTaTopa, a if - TpexMepHa.H nepe.n;aqa HMilYJibca OT HaJieTaroxqero 

HYKJIOHa K pacceHHHoMy. B o6JiacTH MaJihIX nepe,n;aHHbIX HMnynbcoB ltl < 0.1 

(raB/c)2 H HMilYJibCOB Cil0KTaTopoB, MeHblllHX npH6JIH3HTeJibHO 0.1 rsB/c, 

acHMMeTpHM no yrny a, BbI3BaHHhie BKC, npaKTH'ieCKH OTCYTCTBJIOT (6JIH3KH 
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K Hymo). 9To xopoll!o BM,n;no M3 pMc. 3, KaK ..a.mi np51Moro pa3B8Jla )J.eihpona 

(cnJIOll!Hbie KPY)KKH), TaK M )J.JI51 pa3BaJia )J.eiiTpoHa c nepe3ap51,n;Koii (nycTbie 

KPY)KKM), r,n;e acMMMeTpl151 r.-ieHee Bbipa3IiTeJibHa M cTaHOBMTC51 HeHyJieBoii npM 

3aMeTHO 6oJihUJMX 3Ha'leHM5IX MMITYJibca cneKTaTopa. TaKoe nose.n;e1me acMM

MeTpMH no yrJiy a yKa3bIBaeT Ha B03MO)KHOCTb npMMeHeHM51 MMIIYJibCHoro npM-

6JIH)KeHH5I B MHTepecyIOlll,eii Hae o6JiaCTH MaJibIX nepe,n;aHHbIX HMIIYJibCOB H 

MaJibIX HMilYJibCOB cneKTaTOPOB. 

0.5 

> .... 
Cl) 

E 0 
E 
> 
UI ., 

-0.5 

-·--·-----·--·- -•--+-
It I < 0.1 (GeV/c)2 

-·- -+--e-

-·- -+--·---- -+-.L 
···~-~~~~~::::St:::=¢==9.==f= ............................................. ' ...... . 

• d p ~ (p n) p 

o d p ~(pp) n 

0.1 

-+--+----u----t 

0.2 0.3 
p1~, GeV/c 

PHc. 3. 3aBHCHMOCTb aCHMMeTpHH no yrJiy a OT HMnyJibca cneKTaTopa Pspcc B CHCTeMe 

noKo51 ,!l.efrrpoHa. 

BhmreyKa3aHHbIM ycJIOBIUIM MO)KHO o,n;HospeMeHHO y,n;oBJieTBOpHTh, 0T611-

pa51 TaKHe co6bITH51, )J.JI5I KOTOpbIX B Jia6opaTC)pr-roii CMCTeMe KOOp.n;>rnaT (6bICT

pbIM ,11.efiTpOH na,n;aeT Ha IIOK05Illl,YIQC51 npOTOHHJIO MMUJeHh) )J.Ba 6bICTpb!X npo

TOHa H3 peaKu;HH nepe3ap5I,LJ;KH dp ~ (pp )n BbIJieTaIOT no.n; M8JibIMH yrJiaMH no 

OTHOIIIeHHIO K rra,11.amlll,eMy .n;efiTpoHy H c HMIIJJihCaMH 6JIH3KHMH K IlOJIOBHHe 

HMilYJibCa ,n;efiTpOHa. IlpH 3TOM OHH MoryT 6b!Tb Ha,u;e)KHO 3aperHCTpHpOBaHbI 

H xopowo !13MepeHb!. 3aMeTHM, 'ITO IIOCTaBJie1rnaH 3a,n;aqa MO)l{eT 6bITb aKc

nepHMeHTaJibHO BhmOJIHeHa TOJihKO npu HaJIM'iMM ycKopeHHhIX .n;etl:TpOHOB. B 

CJJyqae rra,n;aIOUJ,ero 6h!CTporo rrpOTOHa Ha IIOK05llll,YIOC51 .n;eiiTpOHHYIO MMIIIeHb, 

BTOpH'IHbie rrpOTOHbl H3 TaKOH peaKD;HH rrepe3apH)J.KH pd ~ n(pp) 6y.n;yT CJIHill-
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KOM Me)J.JieI-IIIbIMH, '"!T06bI HX saperHcTpHpOBaTb, a caMa peaKIJ.H5I He MO)KeT 

6bITb H)J.eHTHcpHIJ.HpoBaHa. IIpenMyIIJ;ecTBO 03yqettHH .n.eii.Tpott-npoTOHHbIX B3a

HMo,a;encTBiilfi (TaK Ha3hIBaeMa5I o6paTHa5I reoMeTpirn) 5IBJI5IeTC5I Ot.IeBH.IJ.HbIM B 

OTJIH'"!He OT n:pOTOH-,rr,ei1TpOHHbIX B3aHMo,rr,eiiCTBl:IH. 

~ <: 0.15 

} 

2 

2000 

0.1 

:·:' i ,, ........ i ............... 1····· .. ········r·· .. ·········· 
i . 1 

...... :~: ............... ; ................ ~ ............... + ............... ~ ............... . 
l ~ ~ l . 
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: I I I ; I 
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Puc. 4. 3aBl!CllMOCTb IIOJIHpHoro yrJia BbJJieTa 0 HYKJIOHa-crreKTaTopa OT ero HMIIYJibCa 

Psvec 113 peaKu;1m pa3BaJia )J.eHTpoHa Ha npoTOiie. HmKHHe pacrrpe,11,eJieHHH - rrpoeK

D;HH Ha COOTBeTCTBy1ow;11e OCH. 

Ha pllc. 4 IlOKa3aHa KHHeMaTHt.IecKaH 3aBI:!Cl:IMOCTb (Hee npoeKu;mr) Me:>K

JJ.Y nom1pHblM yrnoM BhIJieTa HYKJIOHa-cneKTaTopa B Jia6opaTOpHOM CHCTeMe 

KOOp)J.HHaT Fl ero l:IMilYJibCOM B CHCTeMe IIOK05I ,n;eH:TpoHa. BH)J.HO, "ITO npH yr

Jiax MeHblllHX "' 5 °' HJII:I npH HMIIYJihCe cn:eKTaTopa MeHbIIIe "' 0.15 rsB/c, 

Jie)KHT OCHOBHa5I t.IaCTb co6bITHM, COOTBeTCTBYIOIIJ;HX KBa3H-HYKJIOHHOMY pac

C€}IHH!O. B cnyqae, Kor,a;a nepe.n.a<Ia t.IeTbipexMepnoro HMrryJihca cTpeMHTCH K 

u:ymo !ti ~ 0, .n.aa 6b1cTphIX npoTona H3 peaKI.T,HH nepe3apH)J.KH a Jia6opaTop-
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HOfi CHCTeMe KOOp,ll;HHaT HMeIOT rrpaKTH'l€CKH O,ll,HHaKOBhie HMIIYJibChl 6JIH3KHe 

K rroJIOBHHe HMDYJibca .n,eiiTpOHa Pp1 ~ Pp2 ~ (1/2) Pd· 

)J,m1 Ha6opa nap rrpOTOHOB, rrona.n,aIO:rn;Hx B KOHYC c paCTBOPOM MeHhlle 5 °, 
cTpOHJIOCb pacnpe,n;eJiemrn ce11emrn: da / dt c yqeTOM MHJIJIH6apH-3KBHBaJJeHTa 

co6hITH.H H rrorrpaBKH, paBHOH OTHOllieHHIO IIOJIHOro 'lHCJia crreKTaTOpHhIX HYK

JIOHOB K 'lHCJIY crreKTaTopOB B Bh!6paHHOM KOHyce. )J,m:j:>¢epeHIJ;HaJihHOe no

nepe'lHOe ce'leHirn (da/dt)dp-t(pp)n H3y'laeMoit peaKIJ;HH rrepe3ap.H,D,KH Ha .n,efi

Tpoue rrpH MaJihIX 3Ha'leHHHX !ti H HMilYJihCe .n,eiiTpOHa 3.35 f3B/c rrpHBe,IJ.e

HO Ha pHc. 5. Pacnpe,u;eJieHHe arrrrpoKCHMnpoBaJJOCh H 3KCTparroJIHpOBaJIOCb K 

t = 0, 'lTO ,IJ.aJIO 3Haqemrn (da/dt)dp-+(pp)n I t=O = 30.2 ± 4.1 M6/(f3B/c)2• 

°o~~-'-~~o~.0~0~2~-'-~~o~.0~04.,,-~'-----:o~.o~o~s~-'-~~o~.o~os=---''-----,o~.01 
I ti, (GeV/c)2 

Pnc. 5. Pacrrpe.n;eJiem1e .n;11¢¢epemi;ttaJihHoro nonepe'IHoro ce'!eHJrn peaKu;Hn c o6Me

HOM 3apsi.n;a dp-+ (pp)n npH M8Jlb!X 3Ha'leHHSIX ltl. 

I1pone.u.eHHb1j;j: aHaJIH3 3KcnepHMeHTaJihHhIX ,u;aHHhrx no peaKI.J;HH nepe3a

p.H,IJ.KH .u.ej;j:Tpoua Ha rrpOTOHe-MIUIIeHH, .u.aeT B03MO)KHOCTh IIOJIY'lHTh HH¢op

Mau;mo 0 CIIHHOBOH 3aBMCHMOCTH o6MeHI-IOro np-pacceHHHH. )J,JIH OTBeTa, Ha 

HHTepecy10:rn;Hit Hae BOIIpoc 0 BKJia,u;e CI1HH-3aBHCHru;efi qacTH aMrrJIHTY,D,bI 3Jie

MeHTapHoro np -+ pn rrpou;ecca, Heo6xo.n,11Mo KpoMe H3MepeHHoro .U.H¢¢epeH

IJ;HaJihHoro rrorrepe11ttoro ceqeHHH (da/dt)dp-t(pp)n I t=o, rrpHBJie'lh H pe3yJihTa

ThI 3KcrrepHMeHTOB no H3MepeHHIO ,u;tt¢¢epeuu;mwrhHoro ce'leHHH ( da / dt )np-+pn 

peaKIJ;HH 3JieMeHTapHoli rrepe3apH,ll;KH np --+ pn rrpH ltl = 0. B pa6oTe 6hIJIO no-
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Ka3aHO, qTQ cpe.n;H HMeIOIIl;HXC5I B JIHTepaType 3KCrrepHMeHTaJibHblX )I.aHHbIX 

)I.JIH np-pacceHr-mH, H3Mepemm C)I.eJiaHHbie BII3ap)I.oM H .n;p. Ha ycKopnTeJie Ca

TYPH 5IBJIHIOTC5! Hatt6onee KoppeKTHbIMH H caMbIMH 6JIH3KHMH no aaeprHH. Ha 

HX OCHOBe, )I.Jl5! HMIIJJibCa 1.675 f:oiB/c Ha HYKJIOH, 6bIJia IIOJiyqeHa BeJIHqHHa 

(da/dt)np-+pn I t=O = 54.7 ± 0.2 M6/(faB/c)2. 

BBe,n;eM OTHOinemrn Rnv-tpn )J.IIcPcPepemi;ttaJibHhIX ceqeHHti )I.Jrn peaKri;HH 

nepe3ap5IJI.KII Ha .n;eitTpoHe dp --+ (pp )n II aneMeHTapHoit nepe3ap5!)1.KH np --+ pn 

Rn _ (da/dt)dp-t(pp)n 
p-tpn - (da/dt)np-tpn . (4) 

IlpII HyJieBOM nepe.n;aHHOM IIMIIYJibCe it! = 0 OTHOIIIe1me Rnp-tpn, HCXO)I.51 H3 

¢opMJJibI (3), onpe)I.eJIHeT BKJia)I. CIIHH-3aBHC5Iru;eit qaCTH aMIIJIHTY)J,bl nepe3a

PHJl.KII HeHTpoHa Ha npOTOHe H ero MO)KHO 3aIIHCaTb KaK 

2 ( da / dt )~~-tpn 
Rnp-tpn = 3 (do'jdt)np-tnn · (5) 

EcnH 6b1 )I.IIcpcpepem.i;IIa.JibHOe nonepeqHoe ce•Iettlil'.e rrepe3apH,u;KliI Ha ,n:eitTpoue 

npH !ti = 0 paBHHJIOCb 2/3 OT .n:n¢¢epem:~HaJibHOI'O ceqemrn 9.JieMeHTapHOH 

np --+ pn nepe3ap51)J.Kl1 npH iti = 0, TO 3TO 6bI 03Haqano, COPJiaCHO Bb!llle npH

se,n:eHHblM ¢opMyJiaM, 'ITO aMIIJIHTy)J.a 9JieMeHTapHOH nepe3ap51Jl.KH 5IBJI5IJiaCb 

61>1 IIOJIHOCTbIO cmIH-3aBHCSIIIi;eit 0,11;HaKO Ha 3KCil0PHM0IITC TaKoll 3aKOIJOMep

HOCTH He Ha6mo.n;aeTC5!. 

1fa H3MepeHHoro HaMH (da/dt)dp-+(pp)n I t=O = 30.2 ± 4.1 M6/(raB/c)2 H 

(da /dt)np-+pn I t=O = 54.7±0.2 M6/(faB/c)2, orrpe)I.eJieHaoro Ha ocaone .n;aHHhIX 

Btt3ap.n:a H ,n:p., rronyqaeM 3Ha<retme OTHOUieHH51 JI.Hcp¢epem:i.naJihHhIX nonepeq

HhIX ceqeHMH 

Rnp-+pn = 0.55 ± 0.08, (6) 

CBII)J.eTeJibCTBJIOru;ee 0 npeo6na,11,a10rn;eM BKJia.n;e CIIlil'.H-3aBIICHru;ett qacnI aMIIJIII

TJ,D;bl np --+ pn pacceHHII5!. Ha pttc. 6 noKasarm 3aBVICHMOCT.b Bem1q:PIHhI Rnp-tpn 

OT KIIHeTHqecKoM: 3HeprIItt uettTpoua B cpanueHHH c pe3yJibTaTaMH ,ll,pyrIIx 3KC

nepHMeHTOB. BHJI.HO, qTo noJiy'iettttoe HaMH 3Ha'le1me Haxo,n:HTCH B corJiacmI, 

KaK c 6onee paHHHMH, TaK H c He)I.aBfIO ony6JIHKOBaHHblMH pe3yJibTaTaMII rpyn

IIbl ,LI;eJibTa-CIIrMa IIpH 6oJiee BbICOKHX 3HeprII5IX. 
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PHc. 6. 3aBHCHMOC'rb BeJUl"IHHbl Rnp-+pn OT KHHeTwrncKoli :meprHH HeliTpOHa Tn. 

CnJIOWHbie KPY*KH npe.z:r,cTaBJISl.IOT 3Ha"leH1:m, noJiy"!eHHbie n 6onee paHHHX SKCne

pHMeHTax, KBa,n;paTHK (Tn = 0.98 fsB) - onpe.n,eneHHOe HaMH 3Ha"!eHHe, IIYCTbie 

KPY}i{Kll - ne.u.anno ony6JIHKOnaHHbie pe3y.TihTaTbI SKcnepHMeHTa .LI;enhTa-C1>1rMa. 

cho nepBM! H e)J.HHCTBeHHa51 pa60Ta BbIIlOJIHeHI-Ja51 Ha IlY'fKe ,u.eihpOHOB. 

Cne,uyeT OTMeTHTb, 'ITO nee 6onee panttHe pa6oTbI Ha 3TY TeMy 6bIJIH Bbmon

HeHbI na ny"IKax neti:TpOHOB ,U.OBOJlbHO WHpOKOro HMilJJibCHOro cneKTpa, no

Jiy"leHHblX KOJIJIHMHponaHHeM BTOpH"IHbIX HeitTpOHOB. Il03>Ke, B 3KCnepHMeHTe 

,Il;eJibTa-CHrMa, r.n;e HCilOJih30BaJIHCb KB8.3H•MOHOXpoMaTF14eCKHe He:ll:TpOHbl. OT 

CTpHililHHra BbIBe,LJ,eHHbIX H3 ycKopnTeJrn MOHOXpOMaTH"IeCKHX .n;eii:TpOHOB, y,u.a

JIOCb cyrn;ecTneHHO cysHTb crreKTp TaKoro nethponnoro ny"!Ka. 

B TpeTbeii rJiaBe rro,u.po6no onHCbIBaeTC51 3KCnepHMeHT8JlbHaH ycTaHon

Ka CTPEJ1A, npe,ZI.Ha3Ha'IeHHa51 ,ZI.JI.H Hccne.n;onamrn 3apH.n;ono-06MeHHbIX npo

u;eccon B .n;eii:TpOH-IIpOTOHHbIX CTOJIKHOBeHHHX B 06JiaCTI:I 3HeprHit BbIUie 1 I'3B. 

Am1.JIH3 dp-n3aHMO,LJ,eitcTBHit, rroJiy"leHHbIX c noMOIIJ;bIO KaMepuoi1: MeTO)l;HKH, 

II03BOJIHJ1 npe,ZI.JIO)KHTb cxeMy 3JieKTpOHHOrO 3KCrrepHMeHTa. IloHBHJiaCb B03-

MO)KHOCTb H3y"leHH51 HHTepecy1orn;ero Hae npou;ecca Ha 60JibIIIOfi CTaTHCTHKe 

co6bITHit npH HCIIOJ1b30BaHHH BbIBe,n.eHHOro ny'IKa ycKope:miblX ;::i;eitTpOHOB Ha 

HyKJIOTpoHe J1<I>B8 OIUH1. 
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Bb1Jia npe,n;JIO)KeHa .U.OBOJibHO npocTa.H (H3Y"IeHHe npou;ecca c MaJIOH MHO

)KeCTBeHHOCTbIO BTOpH"IHb!X qacTHI.l; H npe.U,CKa3yeMOH KJ.rneMaTHKOH) cxeMa 

aKcnepnMeHTa, a HMeHHO - o,n;11onJie'ieBoii cneKTpoMeTp c ,n;ocTaTO'iHO Y3Koi1 

anepTypoi\: (pHC. 7). Ily"IOK ,n;eiiTpOHOB na,n;aeT Ha MHIUeHb, aHaJIH3HpyIOIIJ,HH 

MarHHT pa3B0,1l;HT B npocTpaHCTBe BTOpll"'IHbie 3ap.H)KeHHbie qacTHJJ;bI (npOTO

Hbl) H HenpOB3aHMO,n;eiicTBOBaBlllHe .u,ettTpOHbI. Ilpe.u,JiaraeMaH cxeMa 3JieKTpOH

HOro 3KCnepHMeHTa n03BOJIHeT perHCTpHpOBaTb napbI rrpOTOHOB c MaJibIM yr

JIOM paCTBOpa, HMeIOIIJ,He HMllYJibC paBHbIH npn6JIH3:1iTeJibHO noJIOBJrne HMnyJib

ca .u,ettTpOHa. 9THM o6ecne"IHBaeTCH OT6op co6bITHH no,n; HyJieBbIM yrnoM no 

OTHOIIIeHHIO K nepBH"IHOMY rryqKy, 'ITO COOTBeTCTByeT MaJIOMY rrepe.u,aHHOMY 

HMIIYJibCY ( t ::::= 0). TaKHM o6pa3oM, peaJIH3YIOTCH Heo6xo,n;HMbie ycJIOBH.H ,11,JI.H 

BbI,11,eJienm1 n3yqaeMoro rrpou;ecca. 

ny40K 

M1'1WeHb 

d 

P, 
P, 

P11c. 7. CxeMa 3Kcrrep11MeHTa c 11cnOJib30Ba1-meM o,n.Hor1J1e"IeBoro cneKTpoMe·rpa, o6ec

ne<rnaa10w;a51 OT6op co6bITHH c Bb!Jl€TOM H3 MHIIIeHH ,n.ayx npOTOHOB c 6JIH3KHMH 

MMrJYJibCaMH B nepe,n.HeM HanpaBJiel!HM. 

Bb16op KOHKpeTHO:H reoMeTpHH 3KCrrepHMeHTa 6bIJI Bb!IlOJIIIeH Ha OCHOBe 

pacqeTOB MeTo,n;oM MoHTe-KapJio reHepau;HH c rroMOIIJ,bIO nporpaMMHoro na

KeTa GEANT. OnHpa.Hcb Ha ,n;aHHbie no dp-B3aHMo,n;ei1cTBHHM, noJiy'ieHHbie 

ua B0,11,0pO,n;HOH ny3blpbKOBOH KaMepe, 6bIJI npoMo,n;emrpoBaH BapHaHT 3KCnepH

MeHTa )l;JI.H cneKTpOMeTpa, HCIIOJib3YH B Ka"IeCTBe BX0,11,Hb!X .u,aHHblX peaJibHbie 

co6bITH.H. 

B pe3JJibTaTe 6bwa c03,n;aua aKcrrepHMeHTaJibHa.H ycTaHOBKa CTPEJ1A. 

OcHOBHbIMH aJieMeHTaMH ycTaHOBKH HBJIHIOTC.H 6nmrn ,n;pettcpOBbIX KaMep B Ka

qecTBe KOOp)l;HHaTHbIX ,n;eTeKTOpOB, 3JieKTpOHHKa C"IHTbIBamrn HHcpopMan;nH, 
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CIJ;HI-ITHJIJI.HD;HOHHbie C'leTqHKH, HCilOJib3yeMbie ,11,mr 3anycKa ycTaHOBKH H aHa

JIH3Hpyror.u;rrii MarHHT. Ha pwc. 8 rrp1rne,11,eHa cxeMa pacnoJio>KeHH.sI Bcex aJieMeH

TOB ycTaHOBKH. 

D6 D7 

Prrc. 8. 9KcnepHMeHT8JlbHaH ycTaHOBKa CTPE.JIA. Dl-D5 - 6JIOKH «Ma.nettbKHX» 

,n,pelicpos1>1x KaMep c pa3MepoM pa6o"!ett o6JiaCTH 12.5 x 12.5 CM2 , D6-D7 - OJIO

KH «60JibllililX» KaMep c pa3MepoM 25.0 x 25.0 CM2 ' 81-83 - CIJ.HHTHJIJIHU.HOHHbl9 

c"leT'IHKH, T - MHlllenh. 

B HaCTOHlll,ee BpeMH wcnoJib3yeTc.H 36 nJiocKocTett .n,peii¢oBbIX KaMep, oo'b

e.n,wHeHHbIX B 7 6JIOKOB. Ka)K,l.l,bIH 6.TIOK COCTOHT H3 <reTbipex HJIH BOCbMH IIJIOCKO

CTeii ,11,peti<l:>OBbIX KaMep c p83JIH'-IHOti: opHeHTau;Reti rrpOBOJIOqeK. ,ll;JIHHa .n,pei!:

<PoBoro npoMe)KyTKa BO Bcex KaMepax panHa 21 MM. KaMepbr B 6JioKe pacnoJia

raIOTC.sI TaKHM o6pa.30M, '-ITO CHrHaJibHbie rrpOBOJIO'-IKH B coce.n,HHX IIJIOCKOCTHX 

C,11,BHHYThI OTHOCHTeJibHO .n,pyr .n.pyra Ha 21 MM B HarrpaBJieHHH neprreH,11,HKY

JIHpHOM ocn ny<rr<a. Tar<oe pacnoJIO}KeHwe nponoJio<rer< rr03BOJI.sieT ycTpaHHTh 

JieBo-npaByro He0,11,H03HaqHQCTh B onpe.n,eJiel!Hll rrpocTpaHCTBeHHbIX KOOp,11,HHaT 

Tper<oB qacrn:n;. B ,11,aHHoiii: rnaBe no,11,po6Ho ocnern;eHhI npwnn;Hrrbr pa6oTbI n 

KOHCTPYKD;HH HCIIOJih3yeMbIX .n;peii<PoBbIX KaMep, KaK HaH60Jiee Ba}I(HbIX aJie

MeHTOB ycTaHOBKH. 

lfo:cJio scex perHcTpwpyeMhrx cM:rHaJIOB c npoBoJioqer< cocTaBJI.sieT 162. Ha 

Ka)K,l.l,OH KaMepe ycTaHOBJieHbI IIJiaTbI c MIIKpocxeMaMH, B KOTOpbIX ocyw,eCTB

JIHeTC.sI yCHJieHHe, cPOPMHpOBaHHe H ,IJ,HCKpHMHHau;1rn BX0,11,HbIX CHTHaJIOB OT crrr-

15 



HaJibH&rx npoBoJio'IeK .n;pett¢oB&rx KaMep. C¢opMHpoBaHH&re curHaJibI nocTy

naroT rm BXO.D;hl TDC MO,D;YJiefi .n;m1 ou;H¢poBKH. IloJiy'!eHHaH HH¢opMaIJ;HH ne

pe.n;aercH IIO OIIT!i'ICCKOH JiliHHH B nepCOHaJlbHhlll KOMIIbIOTep ,D;JI5I ,D;aJibHeiiIIIefi 

o6pa60TKH. 

Ha ycTaHOBKe CTPEJIA, .n;na oprattH3au;m-1 cHcTeMhI c6opa aKcnepHMCH

TaJII>HbIX .n;aHHbIX npHMCH5ICTCH HCCKOJibKO MO,D;YJieii 6bICTpOfi 3JieKTPOHHKH B 

¢opMaTe cTaH.n;apTa VME. ,l:t;aHHhifi CTaH.n;apT rrpe.n;rronaraeT co3.n;a1me B&rco

Koupon3BO.D;HTCJihHhIX BbI'IHCJIHTCJlbHbIX CHCTeM MO,lJ;YJlbHOI'O THna Ha OCHOBe 

ytt:mpnu;!ipOBaHHOH MarHCTpaJIH H o6Jia,n;aeT ,!J,OCTaTO'IHOii YHHBepCaJibHOCTbIO 

H pacIIIHpaeMOCTbIO. Ynpom;eHHaH 6noK-cxeMa cucTeM&r c6opa .n;aHHhIX ycTa

HOEKH IlOKa3aHa Ha pHC. 9. 

Puc. 9. BnoK-cxeMa CHCTeMbI c6opa ,u.aHHbIX Ha ycTaHOBKe. Ccj:>opM11poBaHHble CHr

HaJibI c ,n;peM:cj:>oBblX KaMep 01.1,mppOBbIBaIOTCH B MO,!l;YJIHX BpeM.a-1.1,mppoaoro npeo6pa-

30BaHJ.rn TDC-96 H PhTDC. TpHrrepHbrlt CHrHaJI 11ocTyrraeT Ha MO,!J.YJIH PhLOM H 

Ph TDC. 1'h·1Tepcj:>eficHb1fi FVME KOHTponnep o6ecne<JHaaeT CB513b VME c y.u.aneHHbIM 

KOMJiblO'l'epoM no BblCOKOCKOPOCTHOll OIITH'!eCKOfi JIHHHH. 

C11cTeMa 3anycKa ( TpMrrep) ycTaHOBKH .n;om1rna o6ecne'IHTh Ha6op co6br

THii peaKIJ;liH pasBaJia .n;eiiTpoHa. B HameM CJiy'!ae per11cTp11py10TCH o.n;uorrpo

TOHHble C06hITHH 113 peaKIJ;lili npHMOI'O pa3BaJia .n;efiTpOHa dp -t (pn )p H ,D;Ba 

npoTOHa c 6m13KHMH HMIIYJibCaM11 H MaJihIM yrnoM pacTBopa 113 peaKu;1111 ne

pe3apH.D;KH .n;efiTpOHa Ha npOTOHe dp -t (pp )n (pa3BaJI .n;eiiTpOHa c 3ap5I,LJ;OBbIM 

o6MeHoM). 3anycK ycTaHOBKH ocym;ecTBJI.HJICH c IIOMOI.IJ;b!O Tpex Tpn:rrepHbIX 

cu;HHTHJIJIHIJ;HOHHbIX c'!eT'iliKOB Sl-83 (pHc. 8), KoTop&re onpe.n;en5IIOT aKcerr-
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TaHC ycTaHOBKH H Bb1pa6aTbIBaIOT CHrHaJI ,D;JUI OTKPbITHH BpeMeHHOro OKHa 

perHCTpa~HH CHrH8JIOB c .n;peAQ>oBbIX KaMep H 3anycKa CHCTeMbl c6opa ,D;aH

HblX. 

IfayqeHMe xapaKTepHCTHK 6JIOKOB ,11;peAQ>oBblX KaMep sKcnepHMeHTaJibHoA 

ycTaHOBKH CTPEJ1A 6b1JI0 rrpoBe.n;e:uo npH o6JiyqeHHH noJIHSTHJieHOBOii MHrue

HH KOJIJIHMHpOBaHHblM rryqKOM ,n;eJ:iTpoHOB C HMilYJibCOM 3.5 rsB/c Ha KaHaJie 

BIT-1 ycKopMTeJihHoro KOMIIJieKca HyKJIOTpOHa J1<I>B9 OJi15IJil. AnnapaTypa 

ycTaHOBKH rrpoBepHJiacb B TeqeHHe noqTH ABYX cyToK. B pe3yJihTaTe o6Jiyqe:uHsi: 

6bIJIO Ha6paHO HeCKOJibKO MHJIJIHOHOB TpHrrepoB ,D;JIH IlOCJie,zzyro~ero aH8JIH3a. 

B "<IeTsepToA rnaBe npe,n;CTaBJieHbl aJiropHTMhI AJIH BoccTaHOBJieHHSI Tpe

KOB B ,11;pettQ>oBbIX KaMepax. P83pa6oTaH H npoTecTHpoBaH Ha peaJihHhIX co6b1-

THHX IlOJIHblli KOMilJieKC nporpaMM o6pa60TKH H aHaJIH3a SKCnepHMeHTaJibHbIX 

)J;aHHbIX. JilCXO,D;Hbitt KO,D; nporpaMM HailHCaH IlOJIHOCTbIO Ha H3bIKe C++ C HC

IlOJib30BaHHeM 6H6mi:oTeK ROOT, 'ITO ,n;eJiaeT HX yHHBepcaJibHbIMH H MO,lzyJih

HhIMH. 

Bb16op .npett<j>OBhIX KaMep B KaqecTBe KOOp,11.HHaTHhIX ,11.eTeKTopoB cneK

TPOMeTpa Ha ycTaHOBKe CTPEJIA o6ycJIOBJieH aeo6xo.n.HMOCTbIO noJJY'reHHH 

BbICOKoro npocTpaHCTBeHHOro pa.3pemeHHSl. IlpHMeHeHHe ,11;peAQ>oBbIX KaMep 

Tpeoyer onpe.n;eJieHH51 COOTHOllieHHH Mem:,zzy H3MepeHHbIM BpeMeHeM ,11;peiicf>a t 
npOXO,D;Sl~eA qacTH~I H ero rrpeo6pa3oBaHHeM B paCCTOSIHHe r OTHOCHTeJibHO 

,n;aHHOJ:i CHrHaJihHOA npoBOJIO"IKH, TaK Ha3bIBaeMaH r(t)-3aBHCHMOCTb. HepaB

HOMepHOCTb uanpsi:)KeHHOCTH SJieKTpHqecKoro IlOJISI B,D;OJib TpaeKTOpHH ,11;pett

cf>a SJieKTpOHOB npHBO,D;HT K H3MeHeHHIO BeJIH"IHHbI CKOpOCTH ,11;pe:A:Q>a, H COOT

BeTCTBeHHO, K AH¢¢epeH~aJibHott HeJIMHett:uocTH r(t)-3aBHCHMOCTH. ~ho B03-

MO)KHO B KOHCTPYK~H HcnoJih3yeMbIX ,11;peAQ>oBbIX KaMep, r,11;e :uanpH)KeHHOCTh 

SJieKTpHqecKoro IlOJISI B)l,OJib TpaeKTOpHH ,11;pett¢a 3~aeTCH pe3HCTHBHOA c6op

KOtt, pe3HCTOpbI KOTOpott HMeIOT pa36poc B HeCKOJlbKO npo~eHTOB. 

IloJiy"IeHHe npaBHJibHOro COOTHOWeHHSI Me>K,zzy H3MepeHHbIM BpeMeHeM 

.n;peA¢a H ero npeo6pa30BaHHeM B pacCTOSIHHe SIBJISieTCH O,D;HOA H3 Ba)J<HettwHX 

3~aq npM BOCCTaHOBJieHirn TpeKOB B KaMepax. B xo.n;e no,11;rOTOBKH sKcnepHMeH

Ta 6bma pa3pa6oTaHa HTepaTHBHaH npo~e,zzypa onpe,11;eJieHHSI r(t)-3aBHCHMOCTH 

c HCilOJlb30BaHHeM TpeKOBOA HHcPOpMa~HH, Ha3bIBaeMaH aBTOKaJIH6pOBKOA. c 
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Ka)l{,Ll;OH HTepau;11eti IIOJiyqaeTC.H HOBaH, IIO,LJ;IIpaBJieHHaH cpyHKI.I;lrn npeo6p830-

Bamrn BpeMeHH .n.peticpa B paccTOf!HHe, c KOTOpoti BHOBh BbIIIOJIH.HeTCH peKOH

CTpyKI.J;HH TpeKa. 

IlpocTparrcTBeHHoe p83peUiemre ,LJ;petl:cpoBbIX KaMep onpe,LJ;eJrneTcH urnpH

Hoti pacnpe,LJ;eJieHH.H TpeKOBoro OCTaTKa 6.r ,LJ;aHHOti KaMepbI. TpeKOBhIH OCTa

TOK (residual) - 3TO p83HHI.J;a Mem,D;y paccTOHHHeM IIOJiytJeHHb!M npeo6p830-

BaHHeM BpeMemi: ,LJ;peticpa r(t)-3aBHCHMOCTbIO, H paCCTO.HHHeM BOCCTaHOBJieHHO

ro TpeKa OT cHrHaJihHOti npoBoJioqKH KaMepb1. O:arn,n;aeMoe cpe,n;r-iee 3Ha'IeHHe 

6.r = 0. KaK MeH.HeTCH pacrrpe,n;eJiemi:e TpeKoBoro ocTaTKa B 3aBHCHMOCTH OT 

HOMepa HTepaI.J;HH aBTOKaJIH6poBKM, rrOK83arw Ha pHc. 10. BH.n.rro, qTo c pocToM 

HOMepa HTepan;HH 6.r CTpeMMTC5! K HYJIIO, a UIHpm-ra pacnpe,D;eJieHH51 yMeHbUia

eTCH. 

-0.1 

P11c. 10. l13MeHeHHe pacrrpe,n;eJieHH.51 TpeKOBOro OCTaTKa 6.r B 3aBHCHMOCTH OT HOMepa 

HTepau;.1111 aBTOKa.1m6pOBKH B .n;peficjlOBOH KaMepe. 

Co3,n;aHHaH npou;e,D;ypa aBTOKaJIH6poBKH YJIY'IUiaeT rrpocTpaHCTBeHHoe 

p83peUierme ,LJ;petl:cpoBbIX KaMep, )J;OBO,LJ;H era cpe.n.ttee 3Ha'IeHHe .n.o 90-120 MKM. 

IToJiyqeHHhie xapaKTepHCTMKH TpeKOBhIX .n;eTeKTopoB no3BOJI.HIOT ocyII.J;eCTBHTb 

18 



HCCJie,n;oBaHHH 3apH,n;OB0-06MeHHbIX npou;eccoB B .n;etl:TpOH-IIpOTOHHbIX B3aHMO

.n;ei1:cTBHHX Ha ycTaHOBKe CTPEJIA. 

B 3aKJiro"!eHHH KpaTKO c¢opMymrpoBaHbI ocHOBHhre pe3yJihTaTbI H Bhl

BO,n;hr ,n;HccepTar.vm. 
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