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06m;aH xapaKTepHCTHKa pa6oThl 

AKTyaJihHOCTh pa6oTbl l'.I3MepeHtte BbIXO,IJ;OB H crreKTpoB BTOpHl{HbIX 

qacTHII; B a,n;poH-.51,IJ;epHbIX B3aHMO,IJ;eMCTBH5IX 5IBJI5IeTC5I KnaccHqecKOM 3a,n;a

qe:ll: <i:>H3HKH aTOMHoro 51,n;pa H 3JieMeHTapHbIX qacTHIJ;. II011yqaeMhie rrpH 

3TOM ,n;aHHbie Tpa,n;HIJ;HOHHO CJiy)l(aT 3KCrrepHMeHTaJihHOM OCHOBOM ,D;JI5I TeO

pHH 11:,n;epHbIX B3aHMO,IJ;eMCTBHH, a TaIOKe IIIHpOKO rrpHMeH5IIOTC5I rrpH perne

HHH npaKTHqecKHX 3a,n;aq B Tex o6JiaCT5IX, r,n;e HCITOJib30BaHHe Teopen1qe

CKHX npe,n;rrOJIO)l(eHHH He II03BOJI5IeT ,IJ;OCTHqh Tpe6yeMOH ToqHOCTH H ,n;o

CTOBepHOCTH pacqeTOB. IlpHMepoM rro,n;o6HbIX 3a,n;aq MO)l(eT CJIY)l(HTb pac

qeT HCTOqHHKOB ITHOHOB rrpH npoeKTHpOBaHHH IlHOHHbIX KaHaJIOB Ha ycKO

pHTeJI5IX HJIH ITJiaHHpOBaHHH ycKOpHTeJibHbIX HeHTpHHHbIX 3KCnepnMeHTOB. 

II011yqeHne 3KcrrepHMeHTaJihHhIX ,n;aHHhIX B o6nacTH 3HeprH:ll: OT 1 ,n;o 20 

f3B 5IBJI5IeTC5I oco6eHHO Ba)l(HbIM B CB1l3H c TeM, l{TO B 3TOM ,n;HaITa30He ern;e 

He ITOCTpOeHa CTporaH MHKpOCKOnHqecKa5I TeopmI H HenpHMeHHMbI xoporno 

pa3pa6oTaHHhie MeTO,IJ;bI rrepzyp6aTHBHOM KBaHTOBOH xpoMo,n;HHaMHKH. Eo-

11ee Toro, a,n;poH-.5I,n;epHhie peaKu;HH B HacTo5Irn;ee BpeM5I n3yqeHhI ,n;a)l(e Me

Hee, qeM 51,n;po-51,n;epHbie B3aHMo,n;eH:cTBHJI. B pe3yJihTaTe, ,D;JI5I orrncaHH5I npo

u;eccoB B yKa3aHHOH 0611acTH rnHpoKo rrpHMeH5IIOTC5I <l:>eH0MeH011ornqecKHe 

H no11y<l:>eHOMeHOJIOrHqecKHe MO,IJ;eJIH, HCITOJib3YIOID;He no,n;rOHOl{Hhie rrapa

MeTpbI ,IJ;JI5I ,IJ;OCTH)l(eHHJl y,n;OBJieTBOpHTeJihHOro OITHCaHH5I 3KcnepnMeHTaJib

HbIX ,n;aHHbIX. B rrocrre,n;Hee BpeMH pa3BHTHe 3KcnepHMeHTaJibHOH TexHHKH 

H cpe,n;cTB aBTOMaTH3aIJ;HH c,n;e11a110 B03MO)l(HbIM npoBe,n;eHHe npeu;H3HOHHbIX 

H3MepeHHM rrpaKTHl{eCKH BO Bcex o6JiaCT5IX <i:>H3HKH 3JieMeHTapHbIX qacTHIJ;. 

IIpn 3TOM, Ha rrepBbIM ITJiaH BhIXO,l1;5IT ITOHCK II H3MepeHHe pe,n;KHX <l_JH3Hqe

CKHX 5IBJieHHH, Tpe6yrorn;He a,n;eKBaTHOTO yqeTa BKJia,n;oB H3BeCTHbIX <i:>H3Hqe

CKHX rrpou;eccoB, KaK rrpaBHJIO, ou;eHHBaeMbIX B xo,n;e qHcJieHHOTO Mo,n;eJIH-
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poBaH1u1 3KcrrepHMeHTa MeTo,n;oM MoHTe-Kapno. CHcTeMaTHqecKa51 norpern

HOCTb MO,n;enHpOBaHH51 3aqacTyIO CTaHOBHTC51 o,n;HHM 1'.13 3aMeTHbIX BKJia,n;oB B 

o6:w:yro CHCTeMaTHqeceyIO rrorpeIIIHOCTb H3MepeHHH. B CBOIO oqepe,n;b, npo

BepKa npaBHJibHOCTH H IIOBbIIIIeHHe TOqHOCTH npe,n;CKa3aHHH <PeHOMeHOJIO

rHqecKHX MO,n;eneH: B03M0)KHbI TOJibKO npH HaJIHqHH COOTBeTCTBYIO:W:HX 3KC

nepHMeHTaJibHbIX ,n;aHHbIX xopoIIIero KaqeCTBa. 0,n;HaKO, HMeHHO B 3TOH 06-

JiaCTH 3HeprHH HMeIOru:HeC51 3KCrrepHMeHTaJibHbie ,n;aHHbie ,n;OBOJibHO cppar

MeHTapHbI H, KaK npaBHJIO, nonyqeHbI B orpaHHqeHHOM KHHeMaTHqecKOM 

,n;Hana3oHe. B CB513H c 3THM, ToqHoe H cttcTeMaTHqecKoe H3MepeHHe crreK

TpoB BTOpHqHbIX a,n;poHOB B a,n;poH-51,n;epHbIX B3aHMo,n;eiICTBH51X ,n;JI51 B03MO)K

HO 6onee IIIHpOKOro ,n;HaIIa30Ha 51,n;ep, COpTa H 3HeprHH HaJieTaIO:W:HX qacTH:IJ; 

51BJI51eTC51 Heo6xo,n;HMbIM ycJIOBHeM KaK ,n;JI5I ,n;aJibHeHIIIeH pa3pa60TKH Teo

pHH 51,n;epHbIX B3aHMO,n;eHCTBHH, TaK H ,n;JI51 pa3BHTH51 MeTO,n;OB H IIOBbIIIIeHH51 

TOqHOCTH MO,n;enHpoBaHH51 cpH3HqecKHX rrpou;eccoB rrpH nnaHHpOBaHHH H o6-

pa6oTKe ,n;aHHbIX B COBpeMeHHOM cpH3HqecKOM 3KCnepHMeHTe. 

:QeJib pa60Thl IlpoBepKa rrpaBHJihHOCTH p51,n;a Q:>eHOMeHOJIOrHqecKHX 

MO,n;eneli 51.z::i:epHbIX peaK:u;Hli, HCIIOJih3yeMbIX B IIIHpOKO pacnpocTpaHeHHOM H 

rrpHMeH51eMOM ,n;JI51 MO,n;enHpOBaHH5I npaKTHqecKH Bcex COBpeMeHHbIX H rma

HHpyeMbIX ycTaHOBOK (BKJiroqa51 3KcnepHMeHTbI Ha LHC H FAIR) rrporpaMM

HOM rraKeTe Geant4 [1, 2] Ha ocHoBe HOBbIX 3KcnepttMeHTaJibHbIX ,n;aHHhIX no 

o6pa30BaHHIO a,n;pOHOB Ha 51,n;pax 6epHJIJIH51, BKJIIOqa51: 

1. CHCTeMaTHqecKoe H3MepeHHe HHKJII03HBHhIX ,n;HcpcpepeHu;HaJihHhIX ce

qeHHH o6pa30BaHH51 BTOpHqHbIX a,n;pOHOB c yrJIOM BbIJieTa 20° -125° B 

peaKD;H51X n+, n-, p + Be -7 n+, n-, p + X rrpH HMrrynhce rryqKa OT 3 ,n;o 

15 r3B/ C, C TOqHOCThIO He XY:>Ke 10%; 

2. rrpHMeHeHHe pe3yJibTaTOB H3MepeHHH .n:m1 rrpoBepKH npe,n;CKa3aHHH cpe-
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HOMeHOJIOrIIqecKHX MO,]];eJieii: 51.z:i;epHblX peaKI(IIM, HCIIOJib3YeMbIX B rrpo

rpaMMHOM rraKeTe Geant4. 

3. MeTO.Ll;IIqecKIIe IICCJie)J;OBaHII51: 

a) pa3pa6oncy MeTo.z:i;a II anropIITMOB KoppeKI(IIII rrapa3IITHblX 

KpOCC-TOKOB BO BpeMJCrrpoeKI(IIOHHOM KaMepe nmpoKoarrepzypHO

ro crreKTpoMeTpa HARP; 

6) pa3pa60TKY MeTo,n:a ll anropIITMOB peKOHCTPYKI(IIH TpeKOB B IDII

poKoarrepzypHOM crreKTpoMeTpe HARP; 

B) pa3pa60TKY rrporpaMMHoro o6ecrreqeHH51 ,n:Jrn cTaTIICTIIqecKoro 

M0.11;eJIIIpOBaHII5.l co6hITHM B mIIpoKoarrepzypHOM crreKTpOMeTpe 

HARP. 

B ocHoBy pa6oThI rroJio)J(eHhI IIcc11e.z:i;oBaHH5I, BhIIIOJIHeHHhie aBTopoM B 

cocTaBe rpyrrrrhI CERN-,[(y6Ha-IIpoTBIIHO (HARP-CDP) B xo,n:e 3KcrrepIIMeH

Ta HARP. 

Hayqua.H HOBH3Ha BrrepBbie cIIcTeMaTIIqecKH H3MepeHhI .z:i;mpQ.:>epeHn;II

anbHhie ceqeHII51 o6pa30BaHII51 BTOpIIqHbIX IIpOTOHOB ll 3ap51)J(eHHbIX IIIIOHOB 

B peaKI(II51X rr+, rr-, p + Be ~ rr+, rr-, p + X rrpII HMIIYJihce rryqKa 3,0; 5,0; 8,9 

(8,0 .11;JI51 rryqKa rr-); 12,0 ll 15,0 r3B/c B .11;IIaIIa30He yrJIOB BbIJieTa 20°-125°. 

,[(ocTHrHyTa ToqHOCTh H3MepeHII51 ceqemiii: paBHa51 3-10%. BrrepBbie II3Me

peH BbIX0.11; BTOpHqHbIX KaOHOB ITO OTHOIBeHIIIO K BbIXO,n:y IIIIOHOB B peaKD;HII 

B3aIIMo.z:i;eii:cTBH51 rrpoTOHOB c IIMIIYJihCOM 8,9 f3B/c c 51.z:i;paMII 6epIIJIJIII51. 

IlpaKTHqecKaH 3Haqu:MoCTh Pa3pa6oTaH anropHTM II co3.z:i;aH KOMIIJieKc 

rrporpaMM .11;JI51 reoMeTpH:qecKOM peKOHCTPYKI(Hll TpeKOB BO BpeM51IIpoeKI(II

OHHOM KaMepe ycTaHOBKH HARP. Pa3pa6oTaH MeTo,n: KoppeKn;IIII p51.z:i;a He)Ke

JiaTeJihHhIX 3Q.:>Q.:>eKTOB, CHH:)J(aIOII(IIX T01IHOCTb II3MepeHII51, TaKIIX KaK rrapa-
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3HTHhie CHI'Ha.JihI (KpOCC-TOKH), a TaIOKe HOHH3aI.J;HOHHhie IIOTepH H MHOrO-

KpaTHOe KYJIOHOBCKOe pacce.SIHHe BTOpHqHhIX qacTHI.J; B MaTepHa.rre MHIIIeHH. 

3TH a.rrropHTMhI H rrporpaMMhI 6hrnH HCIIOJih30BaHhI B aHa.JIH3e ,IJ;aHHhIX 3KC

rrepHMeHTa HARP H MoryT HCIIOJII>30BaThC5I rrpH o6pa6oTKe ,IJ;aHHhIX ,D;pyrHx 

3KCrrepHMeHTOB, HCIIOJih3YIOII.J;HX CXO,IJ;HYIO arrrrapazypy. 

CpaBHeHHe rro11yqeHHhIX 3KcrrepHMeHTa.JihHhIX ,IJ;aHHhIX o BhIXO,IJ;ax BTO

pHqHhIX a,IJ;pOHOB B a,IJ;pOH-51,D;epHhIX B3aHMO,IJ;eHCTBH5IX c rrpe,IJ;CKa3aHH51-

MH <l>eHOMeHOJIOrHqecKHX MO,IJ;eJieH, HCIIOJih3yeMhIX B rrporpaMMHOM rraKeTe 

Geant4, rro3BOJIHJIO BhrnBHTh p.SI,D; He,n;ocTaTKOB 3THX MO,IJ;e11e:H, KOTOphie 6:omH 

ycTpaHeHhl B IIOCJie,IJ;yIOru;MX BepCM51X rrporpaMMHOro rraKeTa. 

B xo,IJ;e ,IJ;aHHoii pa6oThI rro11yqeH 6011nmo:H 3KcrrepHMeHTa.JihHhIH MaTe

pna.rr, IIOJIHa.~ o6pa6oTKa KOTOporo ,r:i;acT HOBYIO HH<i>opMaI.J;HIO 0 MeXaHH3Me 

B3aMMO,[l;eHCTBH51 qacTHI.J; B 51,D;epHOH cpe,IJ;e. 

Ha 3arn;ury BhlHOCHTCH CJie,IJ;yrorn:ue OCHOBHhie pe3yJihTaThl H DOJIO-

~eHHH: 

1. BIIepBbie CMCTeMaTnqecKH H3MepeHhl HHKJII03HBHhie ,IJ;H<P<i>epeHI.J;Ma.Jih

Hhie ceqeHM5I o6pa30BaHH51 rrpOTOHOB H 3ap1DKeHHhIX IIHOHOB B peaKI.J;H-

51X 7[+' 7[-' p + Be ~ 7[+' 7[-' p + x rrpH HMIIYJihCe rryqKa 3 - 15 r3B/ c' B 

,IJ;HaIIa30He yrJIOB BhIJieTa 20° -125°. ,[(ocTHrHyTa TOqHOCTh H3MepeHH5I 

ceqeHHH paBHa51 3-10%; 

2. BrrepBbie H3MepeH BhIXO,IJ; KaOHOB ITO OTHOIIIeHHIO K BhIXO,IJ;y IIHOHOB B 

peaKI.J;MH B3aHMO,IJ;eHCTBH5I rrpOTOHOB c MMIIYJihCOM 8,9 r3B/c c 51,D;paMH 

6epH1111m1; 

3. pa3pa6oTaH H rrpMMeHeH Ha rrpaKTHKe MeTO,IJ; KOppeKI.J;HH rrapa3HT

HhlX Kpocc-ToKOB B KaMepe TPC IIIHpoKoarrepTypHoro crreKTpoMeTpa 

HARP· 
' 
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4. pa3pa6oTaH H npHMeHeH Ha npaKTHKe anropHTM reoMeTpHqecKOH pe

KOHCTPYKI(HH TpeKoB B KaMepe TPC HARP; 

5. pa3pa6oTaH H npHMeHeH Ha npaKTHKe MeTO,Il; KOppeKI(HH HOHH3al(HOH

HblX noTepb H MHOrOKpaTHOro KYJIOHOBCKOro pacce.HHH.H BTOpHqHblX 

qacTHI( B MHIIIeHH; 

6. pa3pa6oTaHo nporpaMMHoe o6ecneqeHHe ,n;n.H cTaTHCTEfqecKoro Mo,n;e

nttpoBaHH.H co6hITHH B nrn:poKoanepTypHOM cneKTpoMeTpe HARP; 

7. pa3pa6oTaHa npou;e,n;ypa OT6opa ,n;aHHbIX, y,n;OBJieTBOp.HIOII(HX KpHTepH

.HM Ha,n;e)l(HOH pa6oThI mHpoKoanepTypHoro cneKTpoMeTpa H ToqHoro 

H3MepeHH51 ,n;mp<PepeHI(HaJibHblX ceqeHHii; 

8. npoBe,n;eHo cpaBHeHHe pe3yJibTaTOB H3MepeHHH c npe,n;CKa3aHH.HMH 

HeKOTOpbIX mHpOKO pacnpocTpaHeHHbIX MO,n;eJieii .H,n;epHbIX peaKI(HH, 

HCnOJib3yeMhIX B nporpaMMHOM naKeTe Geant4. Bbl5IBJieHo 3HaqHTeJih

Hoe pacXO)l(,IJ;eHHe pe3yJibTaTOB MO,IJ;eJIHpOBaHH.H H 3KCnepHMeHTaJibHblX 

,n;aHHhIX, Bhl3BaHHOe He,n;ocTaTKaMH ,n:aHHhIX MO,IJ;eJieii. 

Anpo6au;uH pa60ThI IlonyqeHHbie aBTopoM H npH ero yqacTHH pe3yJih

TaThI, BKmoqeHHbie B ,Il;HCCepTal(HIO, ,Il;OKJia,IJ;bIBaJIHCh Ha ceMHHapax JUIIl 

OIUill, Ha o61I(eM ceMHHape CERN, 6bIJIH npe,n;cTaBJieHbI Ha Me)l(,n;yHapo,n;

HhIX KOH<pepeHI(H.HX no <PH3HKe BhICOKHX 3HeprHH B <l>HJia,n;enb<PHH (2008 r.) 

H IlapH)l(e (2010 r.), a TaIOKe Ha Me)l(,n;yHapo,n;HOH KOH<PepeHI(HH no <PH-

3HKe BbICOKHX 3HeprHii EBponeiicKoro <PH3HqecKoro o61I(ecTBa B KpaKoBe 

(2009 r.). OcHOBHbie pe3yJihTaThI, Bome,n;mHe B ,n;HccepTal(HIO, ony6JIHKOBa

HhI B 5 neqaTHbIX pa6oTax. 

CTpyKTypa H o6'heM ,n;uccepTau;uu ,Il;HccepTal(H.H COCTOHT H3 BBe,n;eHH.H, 

qeTbipex rJiaB H 3aKJiroqeHH.H. 
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Bo BBe~euu:u: paccMoTpeHa rrpo6rreMa 06pa30BaHm.1 a.n;poHoB B rrnoH

H rrpOTOH-5.I,D;epHbIX B3a:I:IMO,n;eii:CTBHJIX npH 3HeprHH rryqKa MeHee 20 f3B. 

IlpHBO,ll;HTC5I KpaTKHH o63op 3KCrrepHMeHTaJihHhIX pa6oT, IIOCB5IIll;eHHhIX 3TOH 

TeMe. CcpopMYrrHpoBaHa u;errh ,n;aHHOii ,n;MccepTaIJ;HH, KopoTKO H3JIO)l(eHo ee 

co,n;ep)l(aHHe. 060CHOBaHa aKTyaJihHOCTh ~HccepTaIJ;HOHHOH pa60ThI H apry

MeHTHpOBaHa HayqHa5I HOBH3Ha HCCJie,D;OBaHHH, IIOKa3aHa rrpaKTHqecKa5.I 3Ha

qJIMOCTh rronyqeHHhIX pe3yJioTaTOB, rrpe,n;cTaBJieHhI BbIHOCHMhie Ha 3am;HTY 

pe3yJioTaThl H IIOJIO)l(eHH5.I. 

B nepsoii: niaBe orrncaHhI nocTaHOBKa n xo.n; 3KcrrepHMeHTa HARP H 

IIOKa3aHO ycTpOHCTBO 3KCIIepHMeHTaJihHOH ycTaHOBKH. 

II;errb 3KcrrepnMeHTa HARP cocToMna B ToqHoM H3MepeHHH ,n;ncpcpepeH

u;HarrhHhIX ceqeHHH o6pa3oBaHH5.I a~pOHOB BO B3aHMO,n;eiicTBH5.IX rrpOTOHOB 

H 3ap5.I)l(eHHhIX IIHOHOB c pa3rrnqHhIMH 5.I,D;paMH Ha cpHKCHpoBaHHOH MHIIIeHH. 

3KcrrepnMeHT rrpOBO,ll;HJIC5.I B 2001 H 2002 rr. Ha BTOpHqHOM rryqKe rrpOTOHHO

ro CHHxpoTpoHa CERN. B cocTaB rryqKa Bxo.n;nnn, B OCHOBHOM, rrpoTOHhI H 

3ap5.I)KeHHhie IIHOHDI c HMIIYJihCOM B ,D;HaIIa30He OT 1,5 .n;o 15 f3B/c, c He60Jib

moii rrpnMeChIO MIOOHOB H He3HaqJITeJihHhIM KOJIHqecTBOM aHTHIIpOTOHOB H 

3ap5.I)l(eHHhIX KaoHOB. Ilpn MaJihIX HMrrynhcax B rryqKe TaK)l(e rrpncyTCTBOBa

na 3JieKTpOHHa5.I KOMIIOHeHTa. 0THOCHTeJihHOe co.n;ep)l(aHHe pa3JIHqHhIX TH

IIOB qaCTHIJ; H3MeH5.IJIOCh B 3aBHCHMOCTH OT BhI6paHHOro HMIIYJII>Ca rryqKa. 

KaHarr o6ecrreqnBarr HMrryrrI>CHhIH pa36poc op/ p ~ 1 % H II03BOAAJI Bo16paTh 

rrH6o rroJIO)l(HTerrhHO, nn6o oTpHu;aTerrhHO 3ap5.I)l(eHHh1e qacTHIJ;hI. B ,n;arrh

HeiimeM, 3HaK 3apH,n;a qacn1u; rryqKa 6y~eT 5.IBHO yKa3hIBaThC5.I rrpH yKa3aHHH 

HMrryrroca (HarrpnMep, +8 f3B/c HJIH -3 f3B/c). ~eTeKTOp B 3KcrrepnMeHTe 

HARP 6orn crrpoeKTHpoBaH ,n;rrM perHCTpau;nn H H3MepeHH5I CBOHCTB BTopnq-
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HhIX qacTHU: B ,n;Harra3oHe TenecHoro yrna, 6nH3KOM K 4n. OH cocT05IJI H3 ,n;Byx 

OCHOBHbIX IIO,IJ;CHCTeM - ManoarreprypHoro crreKTpoMeTpa H mHpOKOarrepry

poro crreKTpoMeTpa. CxeMa ,n;eTeKTopa IIOKa3aHa Ha pHc. 1. 

B pa6oTe HCIIOJII>3YIOTC5I ,n;aHHI>Ie, rronyqeHHhie B 2002 ro,n;y Ha 6epHn

nHeBoii MHmeHH c TOJI:W:HHOH, paBHOH 5% 51,n;epHoii ,IJ;JIHHhI. Hatt6onnma5I 

CTaTHCTHKa co6hITHH Ha 3TOH MHmeHI:I ("' 8 x 106) 6nrna Ha6paHa rrpH HM

rrynnce rryqKa +8,9 f3B/c. IlpH HMrrynbcax rryqKa ±3,0, ±5,0, -8,0, ± 12,0 

H ±15,0 I'3Blc 6bIJIO 3aperHCTpHpoBaHo qI:ICJIO co6hITHH ~ 1 - 2 x 106 ,IJ;JI5I 

Ka)l(,IJ;OH KOHcpHrypan;HH, qTo BIIOJIHe ,IJ;OCTaToqHo ,IJ;JI5I CTaTHCTHqeCKH o6ec

rreqeHHOro H3MepeHH5I ,Il;HcpcpepeHU:HaJibHbIX ceqeHHH. 

lIIHpoKoarrepTypHhIH crreKTpoMeTp HARP rro3BOJI5IJI perHcrpI:IpoBaTI> 

BTOpHqHbie 3ap5I)l(eHHble qaCTHU:bI B yrnoBOH arreprype OT 15° ,IJ;O 140°. 

0CHOBHbIM 3JieMeHTOM crreKTpOMeTpa 6blna BpeM5IrrpoeKU:HOHHa5I KaMepa 

(TPC), rrpe,n;Ha3HaqeHHa5I ,IJ;JI5I H3MepeHH5I HMrrynhca BTOpHqHhIX qacTHII; H 

HX H,IJ;eHTHcpHKaU:HH no HOHH3aU:HOHHblM IIOTepHM B ra3e. BHyTpH KaMe

pnl pacrroJiaranacb MHilleHh, OKpy)l(eHHa5I II;HJIHH,Il;pHqecKHM CII;HHTHJIJI5III;H

OHHbIM cqeTqHKOM (ITC). CHapy)l(H KaMepa 6hma oKpy)l(eHa ,IJ;ByM5I CJIOHMH 

IIJIOCKHX KaMep c pe3I:ICTHBHbIMH rrnaCTHHaMH (RPC), rrpe,n;Ha3HaqeHHbIX ,IJ;JI5I 

H,n;eHTHcpHKaU:I:IH BTOpHqHhIX qacTHU: no BpeMeHH rrpoJieTa. Bee ,n;eTeKTOpnI 

6nIJIH IIOMeru;eHbl B MarHHTHOe IIOJie c HH,IJ;yKu;Heii 0, 7 Tn, HarrpaBJieHHOe 

B,IJ;OJib OCH rryqKa. 

ManoarrepTypHbIH crreKTpoMeTp 6hrn rrpe,n;Ha3HaqeH ,n;n5I perttcTpau;HH 

BTOpHqHhIX qacTHU: c yrnoM BnrneTa MeHee 15°. B ,n;aHHOH pa6oTe H3Mepe

HH5I, c,n;enaHHble c ero IIOMO:W:bIO, He l:ICIIOJih3YIOTC5I. lICKJIIOqeHHe COCTaB

JI5IIOT H,IJ;eHTHcpI:IKaTop MIOOHOB H 3JieKTpoMarHHTHblH KanOpHMeTp, KOTOpbie 

rrpHMeH5IJIHCb ,IJ;JI5I ou;eHKH rrpHMeCH MIOOHOB H 3JieKTpOHOB B rryqKe. 

,ll;JI5I KOHTpOJI5I rrapaMeTpOB rryqKa HCIIOJib30BMHCb CU:l:IHTHJIJIHII;HOHHbie 

7 



CL/eTYMK KOCMM'ieCKMX nyLfeii 

/ //11,11,eHrmp11Karop 
MJOOHOB 

C'leT'llllK FTP 

,[JereKTOpbl KOHTpOnfl nyLfKa 
~m 

PHc. 1. 06~HH BH,IJ; 3KcrrepHMeHTa.JThHOH ycTaHOBKH HARP 

CKB03HOe OTBepcn1e H BIOIIOqeHHbie B cxeMy aHTHCOBIIa,n;eHIIH ,n;m.1 no,n;aBJJe

HUSI raJJO nyqKa. ll,n;eHTII<i>IIKau;nSI nyqKOBbIX qacTHIJ; ocy:rn;eCTBmmacb BpeMH

npoileTHOH CIICTeMoii: Ha 6a3e CU:HHTIIJJJJHIJ;IIOHHhIX cqeTqJIKOB TDS, TOF-A 

H TOF-B, c npoJJeTHOH 6a3oii 24,3 M, a TaIOKe ,IJ;BYMH noporOBbIMII qepeH

KOBCKHMH cqeTqJIKaMII BCA H BCB. ,lJ;JJH H3MepeHHH HanpaBJJeHHH noJJeTa 

qacTHIJ; H BOCCTaHOBJleHHH BepIIHIHbI npHMeHHJlIICb MHOrorrpOBOJ10qHbie npo

rropu;HOHaJJbHhie KaMepbI MWPC 1-3. 

IIpoxoM,n;eHHe qacTHIJ;hI no KaHaJJY nyqKa 11 rrona,n;aHIIe ee B MHIIIeHb 

( c11rHaJJ BEAM) ycTaHaBJJIIBaJJHCh no coBna,n;eHHIO cHrHaJJOB co cqeTqHKOB 

BS, TOF-A, TOF-B 11 TDS BO BpeMH cTpo6-11MnyJJbca c ycKopIITeJJH, 11 oT

cyTCTBHIO B 3TO BpeMH c11rHaJJOB B cqeTq11Kax HALO-A 11 HALO-B. <l>aKT 

B3aHMO,n;eiiCTBHH qacTHIJ;bI B MHIIIeHH ycTaHaBJ1HBaJ1CH ITO CHrHaJJY co CIJ;HH

THJ1J1HIJ;HOHHbIX cqeTqHKOB ITC HJJH FTP B coBna,n;eHHH c cHrHaJJOM BEAM, 
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rrpII 3TOM Bblpa6aTbIBaJIC.H TpIIrrep ,IJ;JI.H 3arrncII co6bITII.H. ,[(JI.H IIOCJie,n;yro

rn;eii: HOpMIIpOBiill II3MepeHHblX ceqeHIIH Ka)l(,n;Oe 64-e co6hITIIe, ,n;mr KOTO

poro rrpIICYTCTBOBaJI CIIrHaJI BEAM, perIIcTpIIpOBaJIOCh 6e30THOCIITeJibHO K 

CIIrHaJIY 0 B3aIIMO,n;eii:CTBIIII B MIIIIIeHII. 

)::(mI MO,n;eJIIIpOBaHII.H, KaJIII6pOBKII II peKOHCTPYKU:IIII co6hITIIH B 

IIIIIpOKOarrepTYPHOM crreKTpOMeTpe 6hIJIII C03,IJ;aHbl KOMIIJieKCbl rrporpaMM 

TpcSimulation II TpcReconstruction, ocHoBaHHhie Ha MeTo,n;ax II aJiropIITMax, 

pa3pa6oTaHHhIX rpyrrrroii: HARP-CDP rrpII yqacTIIII aBTopa II orry6nIIKoBaH

HhIX B [Al], [3]. 

Bo BTopou rnaBe rrpe,n;cTaBJieHo rro,n;po6Hoe orrIIcaHIIe MeTo,n;oB reo

MeTpIIqecKoii: peKOHCTPYKit;IIH co6hITIIH B KaMepe TPC B ,n;eTeKTope HARP. 

PerIICTpau;II.H cBo6o.n;HhIX 3JieKTpOHOB, rro.HBJI.HlOII(IIXC.H B pe3yJihTaTe 

HOHH3aI(IIII II ,n;peii:<Pyrorn;nx B KaMepe TPC, rrponcxo,n;IIJia Ha o,n;HOM II3 

ee TOpI(OB, rrpe,n;cTaBJI.HlOlI(eM co6oii: MHOrorrpOBOJIOqHylO KaMepy c 3arrII

parorn;eii: ceTKoii:. CeTKa rrperr.HTCTBOBaJia ,n;peii:<Py rroJIO)l(IITeJibHhIX IIOHOB 

B pa6oqIIii: o6neM KaMepbI TPC. CIIrHaJihI CHIIMaJIHCh c 3972 KaTo,n;HhIX 

IIJiaCTIIH, pacrroJIO)l(eHHblX KOHI(eHTpnqecKIIMII p.H.n;aMII, pa3,n;eneHHblMII Ha 

IIIeCTh ceKTopoB. IIocne rrpe,n;BapIITeJihHoro ycIIJieHH.H II <PopMIIpoBaHII.H cIIr

HaJihI ou;II<PpoBhIBaJIIICh rrpn rroMOII(II 6hICTphIX napaJineJihHhIX AII;II. Ilo 

Ka)l(,IJ;OMY TpIIrrepy coxpaH.HJIOCb 300 OTcqeTOB AII;II, COOTBeTCTBYlOlI(IIX 

IIOJIHOMY BpeMeHII ,n;peii:<Pa 30 MKC. 

Ha pa6oTy KaMepbI TPC HARP BJIII.HJI p.H,n; He.n;ocTaTKOB, Bhl3BaHHhIX 

He,n;oqeTaMII, ,n;orryrn;eHHbIMH rrpH ee H3rOTOBJieHIIII II 3KCIIJiyaTaI(IIII. 0,n;HH II3 

HHX 6bIJI Bbl3BaH rrapa3IITHOH CB.H3bl0 Me)l(,n;y BXO,Il;HblMII II BbIXO,Il;HblMII u;err.H

MII rrpe,n;yCIIJIHTeJieii:, rrpIIBO,IJ;HBmeii: K IIO.HBJieHIIlO JIO)l(HblX CIIrHaJIOB (Kpocc

TOKOB ). KpoMe Toro, 3JieKTpnqecKoe II MarHIITHoe rro.llI BHYTPH KaMepbI 6b1-

JIH IICKa)l(eHbl. llaCTb IICKa)l(eHIIH rrpHCYTCTBOBaJia IIOCTO.HHHO, HO HeKOTOpbie 
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6bIJIH Bbl3BaHbI HaKOIIJieHHeM o6'beMHOfO 3ap.H,n;a B KaMepe BO BpeM.H c6poca 

H MeH.HJIHCb c TeqeHHeM BpeMeHH. B ncKaJKeHHbIX noAAx .n;peif<p 3neKTpo

HOB OTKJIOH5IJIC5I OT np.HMOJIHHeiiHOH TpaeKTOpHH, npnqeM CyMMapHoe OT

KJIOHeHHe MOfJIO ,ll;OCTHraTb 10 MM H npHBO,ll;HJIO K 3HaqnTeJibHbIM CHCTeMa

THqecKHM rrorpernHOCT.HM rrpM H3MepeHHH HMrrynhca qacTHU:. BrrH5IHHe 3THX 

He,n;ocTaTKOB ycTpaH.HJIOCb Ha CTa,D;HH peKOHCTPYKU:MH co6bITHH, ,ll;Il.H qero 

6bIJIH pa3pa60TaHbI cooTBeTCTByroiu:ne MeTO,ll;bI Kann6poBKH KaMepbI TPC. 

PeKOHCTPYKU:H5I TpeKOB B KaMepe TPC npoBo,n;nnach cne.n;yroIQHM o6pa-

30M. IlpeJK,n;e BCero, KOppeKTHpOBailHCb IIOMeXM, Bbl3BaHHbie rrapa3HTHbIMH 

CMrHanaMH. ,[(n5I 3Toro 6bIJI pa3pa6oTaH MO,D;eJibHO-He3aBHCMMbIH MeTO,ll;, oc

HOBaHHbIH Ha pe3yJibTaTax aHanH3a OTKJIHKa 3JieKTpOHHKH cqHTbIBaHH5I Ha 

npo6HbIH 3ap5I,ll;. bhIJIM BbNBJieHhI M KJiaccmpnu:npoBaHhI CB5I3H MeJK,n;y pa3-

JIML{HbIMH KaHanaMH H COCTaBneHbI KapTbI KpOCC-TOKOB. Ha HX OCHOBe 6bIJI 

pa3pa6oTaH anropHTM KOppeKI.I;HH IIOMex rrpOH3BOJibHOH BeJIHL{HHbI, KOTOpbIH 

no3BOil5IJI onpe.n;enHTb ,n;mI KaJK,n;oro KaHana nonpaBKY K cpopMe H aMIIJIHTy.n;e 

CMrHana. B pe3yJibTaTe, BJIH5IHHe napa3HTHbIX CHrHanOB y,n;anOCb CHH3HTb .n;o 

ypoBH.H, rrpH KOTOpOM IlOMeXH He CKa3hIBailHCb Ha pe3yJihTaTax cpH3HL{eCKHX 

M3MepeHHii B KaMepe TPC. AMIIJIMTYAbI cnrHanOB B KaJK,n;OM KaHane Kop

peKTHpoBanacb B COOTBeTCTBHM c OTKJIOHeHHeM K03cpcpHn;HeHTa ycnrreHM5I B 

KaHarre OT cpe,n;Hero ypoBH5I. IllyM5IIQHe H «MepTBbie» KaHanbI Bbl5IBJI5IJIMCh 

B Ka/K,D;OM ceaHce, H HCKJIJOqaJIHCb H3 ,ll;ailbHeiirnero aHailH3a COOTBeTCTBYIO

iu:ero Ha6opa ,n;aHHbIX. 

lfaorrHpOBaHHbie BO BpeMeHH rpynrrbI CMrHanOB Ha coce,n;HHX IIJiaCTMHax 

TPC ( oT,n;errhHO B KaJK,n;oM p5.1,n;y) o6ne,n;HH5IJIHCb B KJiacTephI. ,[(M ycTpaHeHH5I 

OCTaTOL{HhIX 3cpcpeKTOB KpOCC-TOKa rrpH BbJqncneHMH r<,b-Koop,n;HHaThI KJiaCTe

pa HCIIOJih30BaJIOCb He 60JibI1Ie Tpex ClffHailbHbIX rrnacTHH, paCIIOJIO/KeHHhIX 

B p5I.n;y rrocne,n;oBaTeJibHO H rrorryqnBrnnx Han6orrhrnHii 3ap5I.n;. Bb1qncrreHHbie 
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KOOp,ll;HHaTbl KnacTepoB KOppeKT11pOBa.JIMCb ,Zl;JUI ycTpaHeHl15l BJ1115IH115l MCKa

)KeHMH rroneiI BHYTPII KaMepbI TPC c norpemHOCTbIO MeHee 300 MKM. ,[(JI5I 

aHa.JIII3a rrpocTpaHCTBeHHblX o6pa30B, COCTaBJieHHbIX KnaCTepaMM, 11 pacno-

3HaBaHl15l OT,Zl;eJibHbIX TpeKOB 6bIJI IICIIOJib30BaH MeTO,Zl; rMCTOrpaMM, nepBO

HaqaJibHO npep;JIO)KeHHbIH B 3Kcrrep11MeHTe TOPAZ [4]. 3ToT MeTop; 6hm 

MO,ll;HcpHu;11poBaH c y-qeToM oco6eHHOCTeiI 3Kcrrep1IMeHTa HARP M ycnemHo 

rrp1IMeH5IJIC5l ,Zl;J15l BOCCTaHOBJieHM5I TpeKOB "l!aCTIIIJ; c nonepeqHblM l1MIIYJibCOM 

50 M3B/c 11 Bb1me. 3cpcpeKTl1BHOCTb peK0HcTpyKu;1I11 TpeKoB 6bma onpep;ene

Ha IIYTeM BM3Ya.JibHOro CKaH1IpOBaHM5l co6bITIIH M COCTaBl1Jia 95 ± 1 % (AJI5I 

TpeKOB c IPTI > 0,1 r3B/c M 20° < e < 135°). HMITYJibC qaCTMIJ; M l1X IIOHII3a

IJ;IIOHHbie IlOTepH B ra3e onpep;emIJIIICb nocne aHa.JIIITMqecKOH anrrpOKCIIMa

IJ;IIII TpeKOB. IlplI 3TOM, ,Zl;J15l ycTpaHeHI15I OCTaToqHbIX 3cpcpeKTOB, Bbl3BaHHbIX 

Kpocc-ToKaMII II 1ICKa)KeH1I5IMH rrorreiI BHYTPII II Ha Kpa5Ix KaMepbI TPC, rrpo

Bop;11nacb KoppeKIJ;l15l carHTTbI TpeKOB. Ben1Iq1IHa nonpaBKII Bapb1IpoBanacb 

B He60JiblliHX rrpep;enax B 3aBHCIIMOCTl1 OT a31IMYTa.JibHOrO II IlOJI5IpHoro yrna 

II onpep;eJI5IJiaCb II3 Tpe6oBaHM5l paBeHCTBa BpeMeHM nporreTa OTp11u;aTeJibHO 

II IlOJ10)1(11TeJibHO 3ap5I)KeHHbIX IIIIOHOB c paBHbIM MMilYJibCOM, COCTaBJI5!5l B 

cpep;HeM 8(1/pT) "'0,05 (f3B/c)-1. 

Hcnonh30BaH1Ie rrepBIIqHoiI BepmMHbI rrplI annpoKCIIMau;MM TpeKa rro3-

BOJI5leT no"l!TM B,Zl;Boe ynyqmHTb pa3pemeHHe rrp11 M3MepeHMM nonepeqHoro 

HMnynhca qacTl1IJ;bI. Op;HaKo, np11 BKnroqeH11H rrepBMqHoiI BepmMHhI B cpHT 

TpeKa cnep;yeT y"llMTbIBaTb 3cpcpeKT, B03HHKaIOIIJ;l1H M3-3a l10HH3au;110HHbIX no

Tepb 11 pacce5IHII5l BTOpH"l!HOH qaCTl1IJ;bl npH ,Zl;BmKeHl111 B MMllieHM H B Ma

TepHarre p;eTeKTopa. ,[(JI5I 3Toro 6bma npHMeHeHa npou;ep;ypa peKoHcTpyK

IJ;HM IlOJIO)KeHM5l «BIIPTYa.JibHOH» nepBIIqHoii BepIIIMHbl, KOTopa5I He l1Mena 

6bl CMeIIJ;eHII5l OTHOCIITeJibHO 3KCTpanOJI5IIJ;IIII TpeKa, 3aper11cTp11poBaHHOro 

B KaMepe TPC. Ee nonmKeHMe orrpe,n:en5lnoch MeTo,n:oM nocne,n:oBaTeJibHbIX 
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rrptt6mDKCHHM rryTeM BblqJICJICHH5I Q)l(H,JJ;aeMoro CMeru;eHH5I BCJie,JJ;CTBHe MHO

roKpaTHoro KYJIOHOBCKoro pacce5IHH5l H HOHH3a:u;HOHHbIX IIOTepb qaCTHIJ;bI B 

Beru;ecTBe. IloJiyqeHHa5l BHPTYaJibHaH BepmIIHa HCIIOJib30BaJiacb rrpH oKoHqa

TeJibHOM arrrrpoKCHMa:u;MH TpeKa. Bee BbiqJicJieHHH rrpoH3BO,JJ;HJIHCb ,JJ;JI5I Tpex 

rHIIOTe3 0 THIIe qaCTHD;bI, B rrpe.n;rroJIO)l(eHHH qTo qacTH:u;a 5IBJI.5IeTC5l 3JieKTp0-

HOM, IIHOHOM HJIH rrpOTOHOM. OrrttcaHHa5l rrpo:u;e.n;ypa O,JJ;HOBpeMeHHO II03BO

mma orrpe.n;eJIHTb 3HaqeHH5l HMIIYJibca H yrJia BbIJieTa qacTHIJ;bI B BepmIIHe, 

KOTOpbie 3aTeM HCIIOJib30BaJIHCb rrpH pacqeTe .n;mp<l>epeHIJ;HaJibHhIX ceqeHHM. 

B pe3yJI1>TaTe, 6bIJIH .n;ocTHrHyTbI cJie.n;yroru;Me xapaKTepIICTHKH KaMepbI 

TPC HARP. A6coJIIOTHa5l Bem1qJIHa HMIIYJibca qacTH:u; H3Mep5IJiaCb B KaMepe 

c CHCTeMaTHqecKoli omM6Koli MeHee 2%. llMIIYJibCHoe pa3pemeHHe (J"(l I PT) 

6bIJIO paBHO 0,20 (r3B/c)-1, H yxy.n;maJIOCb .n;o 0,25 (f3B/c)-1 rrpH MaJibIX 

yrJiax BbIJieTa HJIH MaJIOM CKOpOCTH qacTHIJ;. IlpH rro.n;o6HOM pa3pemeHHH, 

BepoHTHOCTb HerrpaBHJibHOM tt.n;eHTH<i>HKa:u;HH 3apH.n;a qacTHIJ;bI c PT, paBHbIM 

2 f3B/c, He rrpeB1>1maJia 2-3%. YroJI BhIJieTa qacTH:u; H3Mep5IJIC5l c pa3peme

HHeM oe ,..., 9 Mpa.n; (.n;JI5I rromipHoro yrJia, paBHOro 60°). CHCTeMaTJiqecKa5I 

OmH6Ka H3MepeHH5l IIOJI5IpHoro yrJia COCTaBJI5IJia MeHee 2 Mpa.n;. lloHH3a:u;H

OHHbie IIOTepH MHHHMaJibHO HOHH3Hpyroru;Hx qacTHIJ; H3Mep5IJIHCb c pa3pe

meHHeM 16% (,JJ;JI5I TpeKOB ,JJ;JIHHOM 6oJiee 300 MM). 

CJie.n;yeT yrroMHHYTb KpHTHKY rrpe.n;cTaBJieHHOM MeTo.n;ttqecKoH: pa6oTbI 

H IIOJiyqeHHblX pe3yJibTaTOB, orry6JIHKOBaHHYIO B [ 5]. 3aMeqaHH5l KacaIOTC5I, 

B OCHOBHOM, rrpo:u;e.n;yp KaJIH6poBKH KaMep RPC H KoppeKQHH 3<P<PeKTOB, BbI-

3BaHHbIX HCKa)l(eHHHMH rroAA B KaMepe TPC, KOTOph1e He paccMaTpHBaIOTC5I 

rro.n;po6Ho B .n;aHHOM pa6oTe. 3TH 3aMeqaHH5l Bbl3BaHbl pa3JIHqH5IMH B pe-

3YJihTaTax, ,JJ;OCTHrHyTblX rrpH KaJIH6pOBKe mHpOKoarrepTYPHOro crreKTpoMeT

pa rpyrrrroH: HARP-CDP H KOJIJia6opa:u;Meli HARP. CJie.n;yeT OTMeTHTh, qTo 

yKa3aHHbie pa3JIJiqJI5I o6'h5ICH5IIOTC5I He.n;oqeTaMH, .n;orryru;eHHbIMH rrpH rrpoBe-
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,n;eH1u1 aHaJIII3a ,n;aHHbIX Konna6opau;1Ieii: HARP, no3TOMY Kp1IT1IqecK1Ie 3a

MeqaH1IH, BhICKa3aHHhie Konna6opau;1Ieii: HARP, He IIMeIOT rro.n: co6oii ,n;ocTa

ToqHhIX OCHOBaHIIH. 

Pe3yn1>TaT1>I BTopoii rnaB1>I orry6n1IKOBaH1>I B pa6oTe [Al]. KoMMeHTap1I1I 

no IIOBO,n;y KplITIIqeCKIIX 3aMeqaHJIH K 3TOH pa6oTe, orry6n1IKOBaHHbIX B [5], 

,n;aHbI B pa6oTe [A2]. 

B TpeT1>eii rJiaBe orr1IcaHa rrpou;e,n;ypa aHaJIII3a ,n:aHHhIX II rrplI

BO,ll;HTCH pe3yJI1>TaTbI II3MepeHIIH IIHKJII031IBHbIX ,n;mp<J?epeHQIIaJibHbIX ce

qeHIIH p0)l(,ll;eHII51 npOTOHOB II 3apH)l(eHHbIX IIIIOHOB B peaKD;IIHX 

re+, re-, p + Be ~ n+, re-, p + X rrpH 1IMrryn1>ce rryqKa B ,n:1Iarra30He OT 3 ,n;o 

15 f3B/c, II B1>1xo,n;a KaOHOB B peaKD;IIII p + Be ~ K+ + X rrplI 1IMrryn1>ce 

nyqKa 8,9 f3B/c. 

)J;JIH rrocne,n;yrom;ero aHaJIII3a OT61IpaJI1ICb co61>ITII5I, B KOTOpbIX O,I1;H0-

3HaqHo BOCCTaHOBJieHa TpaeKTOpH51 rryqKOBOH qacTIID;bI, orrpe,n;eneH ee TIIII, 

a B COOTBeTCTByIOm;eM c6poce ycKOp1ITeJI51 OTCYTCTBOBaJIII pe3KJie II3MeHe

HII51 IIHTeHCIIBHOCTII. IloJIO)l(eHJie MecTa rrorra,n;aHII51 rryqKOBOH qaCTIID;bI B 

MmneHb ,ll;OJI)KHO Jie)KaTb B pa,n;1Iyce 12 MM OT HOMIIHaJibHOro IIOJIO)l(eHIIH 

nyqKa, coBrra,n:arom;ero c u;eHTpOM MmneHII. 

0T61IpaJIIICb TpeKII, 3aper1ICTpHpOBaHHbie TOJibKO B 1, 3' 4 II 6 ceKTO

pax KaMep1>1 TPC. )J;nH Ha,n;e)l(Horo BoccTaHOBJieHIIH rrapaMeTpoB qacTIIJJ;hI 

Tpe60BaJIOCb, qTo6hI TpeK COCT05IJI He MeHee qeM II3 10 KJiaCTepoB. BeKTOp 

IIMIIYJibCa TpeKa B BepilllIHe He ,ll;OJI)KeH Jie)KaTb B6JIII31I CTbIKOB Me)l(,n;y ceK

TOpaMII B rrpe,n;enax 10° no a31IMYTaJibHOMY yrny c O,I1;HOH CTOpOHbI, II 2° 

c ,n:pyro:ii. 3TOT Kp1ITep1I:ii 6orn o6ycJIOBJieH IIOHII)KeHHOH 3<J?Q?eKTIIBHOCTbIO 

perlICTpaD;IIII B6JIII31I CTbIKOB, II 3aBIICeJI OT 3HaKa 3apH,n:a qacTIID;bI: ,ll;JIH qa

CTIID; rrpOTIIBOIIOJIO)l(HOro 3ap.a,n;a, a TaK)Ke rrplI II3MeHeHIIII HarrpaBJieHIIH IIH

,n;yKJJ;IIII MarHIITHoro noJIH KpHTepHii: MeHHJIC.H Ha rrpOTIIBOrrono)KHbIH. Yron 
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BbIJieTa TpeKOB ,l];Oil)KeH ne)KaTb B npe)J;enax OT 20° ,l];O 125°. KpoMe Toro, Tpe-

6oBanoch, qTo6bI 3KCTpaIIOil5III;H5I TpeKa npoXO,l];Hna qepe3 o6naCTb MHmeHM. 

IlpH BbJqMcneHHH 3HaqeHMH ,l];M<l:><l:>epeH:o;HanbHblX ceqeHHH npMMeH5IIlHCh no

npaBKH, yqHThIBaIOIII;He 3<l:><l:>eKTMBHOCTh penICTpa:o;HH TpeKOB, 3KCnepHMeH

TailbHOe pa3pemeHHe cneKTpOMeTpa, BilH5IHMe KpMTepHeB OT6opa co6bITHH, a 

TaK)Ke Bep05ITHOCTH IlOBTOpHoro B3aMMO,l];eHCTBM5I BTOpHqHbIX qacTHII; B MM

meHM H pacna,l];a BTOpMqHblX IIHOHOB. 

)J;n5I a6conIOTHOH HOpMHpOBKM IIOTOKa nyqKOBbIX qacTMII; OT6MpanMCb 

co6bITM5I, KOTOpbie 61>IJIM 3aperMCTpHpoBaHbl no perneHMIO HOpMHpOBOqHoro 

TpMrrepa. IlpH 3TOM Tpe6oBanOCh, qTo6bI rryqKoBa5I qacTM:o;a y,lJ;OBileTBOp5I

na TeM )Ke KpMTepM5IM, qTo M npM OT6ope co6bITHH c B3aHMO,l];eHCTBMeM B 

MMIDeHM. 

CTaTMCTMqecKoe MO)J;enHpoBaHHe co6I>ITMH ocyIII;eCTBnHnoch npM no

MOIII;H KOMITileKca nporpaMM TpcSimulation, pa3pa6oTaHHOro Ha OCHOBe 

nporpaMMHoro rraKeTa Geant4. Ebrna C03,l];aHa MO,l];enh mHpoKoanepTYPHO

ro cneKTpoMeTpa, yqMTbIBaIOIII;aH B3aMMO,l];eHCTBMe rryqKOBOH qacTMII;hl B MM

meHM, npOXO)K,l];eHMe BTOpMqHblX qacTMII; qepe3 BeIII;eCTBO M MO,l];enMpOBaHMe 

OTKilMKa ,l];eTeKTOpOB, KOTOpa5I 1103BOil5IIla ,l];OCTOBepHO BOCIIpOM3BeCTM 3KCIIe

pMMeHTailbHO M3MepeHHbie BenMqMHbl. )J;m MO,l];enMpoBaHM5I B3aMMO,l];eHCTBM5I 

npOTOHOB c MMITYilbCOM HM)Ke 12 f3B/c 6brn MCIIOilb30BaH CTaH)J;apTHbIH Ha-

6op MO,l];ene:ii <i:>M3MqecKMX rrpou;eccoB QGSP _BIC. ,ll;Il5I MO,l];enMpoBaHM5I B3a

MMO,l];eHCTBM5I IlMOHOB, a TaK)Ke rrpOTOHOB c MMilYilhCOM 12 M 15 f3B/c npM

MeH5IIlC5I crreu;ManhHO pa3pa6oTaHHbIH Ha6op MO,l];ene:ii <i:>M3MqecKMX npou;ec

coB HARP_ CDP. ):(AA pacqeTa co,l];ep)KaHM5I 3neKTpOHOB M MIOOHOB B rryqKe 

6brna C03,l];aHa nporpaMMa MO,l];enMpoBaHMH MarHMTOOIITMqecKoro TpaKTa T9 

npoTOHHoro CMHxpoTpoHa CERN. 

,ll;AA H,l];eHTM<i:>HKa:o;MM BTOpMqHbIX qacTMII; Ka)K,l];OH M3 HMX rrpMilMCbIBa-
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P:uc. 2. CneBa: cpaBHemi:e mMepeHHbIX B ,D;aHHOM pa60Te (qepH1>1e ToqK:rr) ceqeH:rrii pmK,D;e-

HIUI 3ap5.DKeHHbIX IIHOHOB B peaKl.l;HH p + Be ~ n+' 1(- + x npH HMIIYJII>Ce nyqKa + 15 .0 f3B/ c 

c ceqeHHHMH, H3MepeHHI>IMH B 3KcrrepHMeHTe E802 rrpH HMrryni,ce rryqKa + 14.6 f3B/c 

(6eni,ie TOqKn). CrrpaBa: cpaBHem1e H3MepeHHI>IX B ,D;aHHOM pa6oTe (qepH1>1e TOqKH) ceqe-

HHM poiK,D;eHmI 3ap5I)KeHHbIX IIHOHOB B peaKUHH p +Be ~ n+, n- + X rrp:rr HMrryni,ce rryq-

Ka + 12.0 f3B/c c ceqeHHHMH, H3MepeHHbIMH B 3KcrrepHMeHTe E910 rrpH HMrryn1>ce rryqKa 

+ 12.3 f3B/c (6eJibie TOqKJI). 

nacb Bep05ITHOCTb 5IBJ15ITbCH rrpOTOHOM, IIHOHOM (MIOOHOM) HJIH 3JieKTpOHOM. 

C)'MMa 3THX Bepo5ITHocreH: HopMHpoBanac:o Ha e,n;HHH:u;y, qT06n1 coxpaHHTh 

qficJio qacTHI(. Bepo5ITHOCTH ,n;JIH KalK,n;oH: qacTH:U:hI BI>IqHcJIHJIHCh Hcxo,n;5.l H3 

H3MepeHHH HOHH3a:u;HOHHI>IX rrorepn B KaMepe TPC H BpeMeHH rrponera rrpH 

rrOMOII(H KaMep RPC c yqeroM OTHOCHTeJII>Horo co,n;epiKaHH5.l qacTH:U: ,n;aH

Horo THIIa B BbIXO,ll;HOM rrpo,n;yKTe peaKI(HH. 0THOCHTeJibHOe co,n;epiKaHHe 

qaCTHI( orrpe,n;eJI5IJIOCb rryTeM CTaTMCTMqecKoro MO,n;eJIHpOBaHHH c rrocne,n;y-

IOII(HM B3BeillHBaHHeM ,ll;JIH ,ll;OCTMiKeHMH cornacHH c 3KCrrepHMeHTaJibHbIMH 

,n;aHHhIMH. Oco6aH rrpo:u;e,n;ypa 6I>ma pa3pa6oTaHa ,n;JIH H,n;eHTHQJMKaI(HM Kao

HOB M ,n;eH:rpOHOB. 

H,n;eHTHQJHKaI(H5.l rry1:1KOBI>Ix 1:1acTH:U: rrpoBo,n;MJiacI> Ha ocHoBaHHH cHr-
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HaJIOB qepeHKOBCKHX cqeTqlfKOB H H3MepeHHH BpeMeHH rrporreTa B CHCTeMe 

,n;eTeKTopoB KOHTpom.r rryqKa. Co,n;ep)KaHHe MIOOHOB B rryqKe ou;eHHBaJIOCh 

rrpn IIOMOIIl;H H,n;eHTH<pHKaTopa MIOOHOB. 3rreKTpOHbl rrpH MaJibIX HMIIYJibcax 

(3-5 I'3BI c) OTCeHBaJIHCb ,n;eTCKTOpaMH KOHTpomI rryqKa. II pH 6orree BbICO-

KHX HMIIYJibCax HX co,n;ep)KaHne B rryqKe on;eHHBaJIOCb rrpH IIOMOIII;H 3JieK-

TpoMarHHTHOro KaJIOpHMeTpa ll rrporpaMMbl Mo,n;errHpOBaHmI TpaKTa rryqKa. 

0.35 ~ o HARP Collaboration (b) 2.0 

+ O HARP Collaboration 
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PHc. 3. CneBa: cpaBHeHHe H3MepeHHbIX B ,D;aHHoii pa6oTe (1IepHhie ToqKH) ce1:Iem1ii po)l(.ne-

HHH 3apH)l(eHHhIX IIHOHOB B peaKI(HH p +Be ~ n+, 7l'- + x rrpH HMIIYJibCe rryqKa + 12.0 f3B/c 

c pe3yJihTaTaMH, rronyqeHHhIMH KOJIJia6opau:Heii HARP (6eJihie ToqKH). IloKa3aHhI rroJIHhie 

onrn6KH. CrrpaBa: ,n:JIH 3TOH )Ke peaKI(HH rroKa3aHo cpaBHeHHe mMepeHHoro B ,n:aHHoii pa6oTe 

(1IepHhie mqKH) OTHOIIIeHHH BhIXo,noB n+ ;rr- c pe3yilhrnTaMH Konna6opan;HH HARP (6eJihie 

T01:IKH) B 3aBHCHMOCTH OT IIOJIHpHoro yrna; rrp1me,neHO aHaJIOI'H'llHOe OTHOIIIeHHe, H3MepeH-

Hoe B 3KcrrepHMeHTe E910 rrpH HMIIYJII>ce rryqKa +12.3 f3B/c. Pe3ynhrnn1 KOJIJia6opan;HH 

HARP rroKa3aHhI c rroJIHhIMH omH6KaMH. ,l(JIH pe3yJII>TaToB, rroJiy'lleHHhIX B 3KcrrepHMeHTe 

E9 l 0 H B ,n:aHHOM pa6oTe, IIOKa3aHhl TOJihKO CTaTHCTHqecKHe OIIIH6KH. 

,l(IDI Ka)K,D;OH KOM6nHaII;HH HaJieTaIOIII;HX H BTOpHqHbIX qacTHII; ceqeHH5l 

6bIJIH H3MepeHbl B HHTepBarrax norrepeqHoro HMIIYJibCa BTOpHqHbIX qacTHII; 

PT ( B ,D;HaIIa30He OT 0, 1 ,D;O 1,25 f 3B/ C) H IIOJI5IpHoro yrrra HX BbIJieTa 8 ( B 
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,n;Hana30He OT 20° ,n;o 125°). IlpH Ka)K,ll;OM HMnyJibCe nyqKa ±3,0; ±5,0; -8,0; 

+8,9; ±12,0 H ±15,0 f3B/c H3MepeHH51 6bIJIH rrpoBe,n;eHbl B 96 HHTepBanax 

PT H 8. CHcTeMaTJ:IqecKa51 omH6Ka onpe,n;emmach, B ocHOBHOM, 3KcrrepH-

MeHTaJibHbIM pa3pemeHHeM cneKTpOMeTpa H rrorpemHOCT5IMH, CB513aHHbIMH 

c a6coJIIOTHOH HOpMHpOBKOH nOTOKa, ou;eHKOH 3Q:>Q:>eKTHBHOCTH perHCTpau;HH 

BTOpHqHbIX qacTHII;, pacqeTOM OTHOCHTeJibHOro co,n;ep)l(aHH51 qacTHII; ,n;aHHOro 

THIIa B BbIXO,ll;HOM npo,n;yKTe peaKIJ;HH H yqeTOM BJIH51HH51 KpHTepHeB OT6opa, 

H COCTaBJI51Jia B 60JibllIHHCTBe HHTepBaJIOB OT 3 ,ll;O 5%. 

EonhmM cTaTHCTHKa co6bITHii, Ha6paHHa51 npH HMrrynhce rryqKa 

8,9 r3B/c, n03BOJIHJia H3MepHTb BbIXO,ll; BTOpHqHbIX KaOHOB no OTHOIIIeHHIO 

K Bbixo,n;y nHoHoB B peaKu;HH p + Be ---? K+ + X. YKa3aHHoe OTHomeHHe, 

ycpe,n;HeHHOe no yrny BbIJieTa B ,z:t;Hana30He 20° < 8 < 32° H ITO HMnyJibCY B 

,n;Hana3oHe OT 400 ,n;o 700 M3B/c, paBHO 

R ( 8) = d2o-K(p, 8)/dpdQ =::: 0 02 ± 0 003 
K p, d2o-n(p, 8)/dpdQ . . . 

Pe3ynbTaTbI ,n;aHHoii pa60T1>1 Haxo,n;.HTC51 B xopomeM cornacHH c H3Me

peHH.HMH Ha rrpoTOHHbIX nyqKax c HMIIYJibCOM 14,6 H 12,3 r3B/c, BbinOJI

HeHHbIMH B 3KcnepHMeHTax E802 [6] H E910 [7], cooTBeTCTBeHHO (pHc. 2). 

B TO )Ke BpeM51, OHM cyrn;ecTBeHHO OTJIJ:IqaIOTC.H OT pe3yJibTaTOB, ony6JIHKO

BaHHblX KOJina6opa:u;Heii HARP [8] (pHc. 3). 3To TeM 6onee npHMeqaTeJibHO, 

ecnH yqecTh, qTo B aHaJIH3e, npoBe,n;eHHOM Konna6opau;Heii HARP, 6blJIH Hc

non1>3oBaHbl Te )Ke HCXO,ll;Hble 3KcnepHMeHTaJibHbie ,n;aHHbie, qTo H B ,n;aHHOH 

pa6oTe. YKa3aHHoe pa3JIHqJ:Ie o6'.b5ICH.HeTc.H He,n;oqeTaMH, ,n;onyrn;eHHbIMH rrpH 

aHaJIH3e ,n;aHHbIX Konna6opau;Heii HARP H CB513aHHbIMH, rnaBHbIM o6pa30M, 

c He,n;ocTaToqHo xopomeii KaJIH6poBKoii KaMep TPC H RPC. 

Pe3ynhTaTbl TpeTbeii rnaBbI ony6nHKOBaHbI B pa6oTax [A3, A4]. IlpH

qJ:IHhI paCX0)l()l;eHH51 H3MepeHHblX ceqeHHH c pe3yn1>TaTaMH, nonyqeHHhIMH 
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Konna6opau;ueii HARP, ony6nHKOBaHbI KaK npimo)Kemie K [ A3]. 

B 11eTBepToii n1aBe nonyqeHHhie pe3ynbTaTbI ucnonh30BaHbI ,n;m1 npo

BepKH npaBHJibHOCTH cpeHOMeHOJIOrHqecKHX MO,n;eneii 51,n;epHbIX B3aHMO,n;eii

CTBHM, npHMeH5IeMbIX B nporpaMMHOM naKeTe Geant4. 

QGSP_BJC QBBC 

"' "' ~ piplus_beam ~ piplus_beam ·.el400 .~ 

secondary _piminus 
t:: 900 
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PHc. 4. Ha6op Mo,n:eneM: QGSP _ BIC ( cneBa ): pacnpe,n:eneHHe yrna Bbmem 1C -Me30HOB, 06-

pa3oBaHHbIX HaneTarorn;MMH n+ -Me3oHaMH; Ha6op Mo.n:eneH: QBBC (crrpaBa): pacrrpe,n:eneHMe 

yrna BbmeTa rrpoTOHOB, o6pa3oBaHHbIX HaneTaIDm;HMM n+ -Me3oHaMM. KpecTbI coorneTcTBy-

IOT 3KcrrepMMeHTaJ1bHbIM .n:aHHbIM, CIIJIOmHaH J1MHH5I IlOKa3bIBaeT pe3yJibTaT Mo.n:enMpoBaHM5I 

c IIOMOIIl;blO Geant4. MacmTa6 BbI6paH HCXO,Il;5I lf3 paBeHCTBa MHTerpaJibHbIX BbIXO):(OB qa-

CTMIJ; B MHTepBane yrnoB OT 20° .n:o 125°. 

3KcnepHMeHTaJibHO H3MepeHHbie cneKTpbl npOTOHOB H 3ap5I)KeHHbIX IlH

OHOB npH HMIIYJibCe nyqKa +8,9 r3B/c H -8,0 r3B/c 6bIJIH cpaBHeHhI C 

rrpe,n;CKa3aHH5IMH 3THX MO,n;eneii (B pa6oTe HCilOJib30BaJiaCb BepCH5I naKeTa 

Geant4 9.1). AHanH3 pe3ynbTaTOB cpaBHeHH5I, B KOTopoM 3a OCHOBHoii KpH

TepHii B35ITa B03MO)KHOCTb a,n;eKBaTHOro OilHCaHH5I 3KCnepHMeHTaJibHO H3Me

peHHOH Q.:>opMbI yrnOBhIX cneKTpOB BTOpHqHbIX qacTH:Q, Il03BOJIHJI BbUIBHTb 

cy:rn;ecTBeHHhie He,n;ocTaTKH naKeTa Geant4: HM o,n;HH Ha6op Mo,n;eneii He 6hrn 

npH3HaH y,n;OBJieTBOpHTeJihHO OilHCbIBaIO:rn;HM Bee ,n;aHHhie O,IJ;HOBpeMeHHO. 
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,[(JUI 60JibIDMHCTBa Ha6opoB MO,n;e11eii 6oIJIII OTMeqeHbI Y3KMH Ill:IK BTOpn:q

HbIX npoTOHOB c yrnoM BbIJieTa, 6JIM3KMM K 70°, M HaJIMqtte CTPYKTypoI B 

pacnpe.n;eneHMM BTOpttqHbIX Ill:IOHOB (pnc. 4). 3TM xapaKTepHbie oco6eHHO

CTM cneKTpa He Ha61110.n;moTC5I B 3KcnepnMeHTaJibHbIX ,n;aHHbIX. IIo pe3y110Ta

TaM ,n;aHHoii pa6oToI, aBTopaMM naKeTa Geant4 yKa3aHH01e He,n;ocTaTKII 6omM 

ycTpaHeHoI B noc11e.n;yro:rn;ttx Bepcl:l5Ix nporpaMMbI [9]. 

CpaBHeHtte M3MepeHHDIX OTHomeHttii Boixo,n;oB K+ / n+ M d / p H3 51,n;ep 

6epttJIJIM5I no.n; .n;eiicTBtteM npoTOHOB c HMnyJihCOM +8,9 f3B/c c npe,n;cKa3a

HM5IMM HeKOTOpbIX Mo,n;eneii, BXO)J;5IIIJ;MX B COCTaB naKeTa Geant4, IlOKa3aJIO, 

qTo Mo,n;e110 FRITIOF Hennoxo onttcornaeT ,n;aHHoie, Ho He Bocnpott3Bo,n;HT 

3aBMCMMOCTb OT MMnyn1>ca ,n;AA KaOHOB. IIpe,n;cKa3aHM5I MO,n;eJIM 6ttHapHoro 

BHYTPM5I,n;epHoro KacKa,n;a c pe3y110TaTaMH II3MepeHttii He cor11acy10Tc5I. 

Pe3y110TaT1>1 qeTBepToii rnaBhI ony611ttKOBaH1>1 B pa6oTax [A3, A5]. 

0CHOBHhle pe3yJihTaThl II BhIBO,ZJ;hl 

1. BnepB1>1e cncTeMan1qecKM M3MepeHhI IIHKJII03MBHoie .n;mp<}:>epeH:u;tta.rrh

Hbie ceqeHM5I o6pa3oBamrn npoTOHOB M 3ap5I:>KeHHbIX Ill:IOHOB Ha 51,n;pax 

6epttJIJIM5I npoToHaMM M 3ap5I:>KeHHbIMII nIIoHaMM c ttMny11:ocoM + 3,0; 

±5,0; -8,0; +8,9; ±12,0 M ±15,0 f3B/c (3HaK MMITYJihCa COOTBeTCTByeT 

3HaKy 3JieKTpttqecKoro 3ap51,n;a qacTttu; B nyqKe). H3MepeHM5I BomonHe

HbI Ha ycTaHOBKe HARP B .n;ttana3oHe yrnoB BhIJieTa qacTttu; OT 20° 

.n;o 125°. )J;ocTMrHyTa TOqHOCTb H3MepeHM5I ceqeHMH paBHa5I 3-10%. 

II011yqeHHbie pe3yJioTaThI 5IBJI5IIOTC5I 3KcnepIIMeHTaJibHOii ocHoBoii ,n;AA 

pa3BMTM5I TeopIIII CHJibHbIX B3aMMo,n;eiiCTBHH H HMeIOT Ba:>KHOe 3Haqe-
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HHe ,n;mI yroqHeHHH napaMeTpOB cpeHOMeHOJIOrHqecKHX MO,n;eJie:ii 51,n;ep

HbIX pea:rm;Hii. 

2. BnepBbie H3MepeH BhIXO,IJ; BTOpHqHbIX KaOHOB no OTHOmeamo K BbIXo,n;y 

IIHOHOB B peaKI(HH B3aHMO,n;e:iiCTBH5I npOTOHOB c H,n;paMH 6epHJIJIH5I npH 

HMIIYJibCe nyqKa 8,9 r3B/c. I13MepeHH5I c,n;eJiaHhl B yrJIOBOM ,IJ;HaIIa30He 

20° < e < 32°. YKa3aHHOe OTHomeHHe paBHO 0.02 ± 0.003. 

3. IIonyqeHH:&Ie ,n;aHHbie BocnoJIHHJOT npo6en B To ii o6nacTH, r,n;e B HacTo-

51ru;ee BpeM5I TOqH:&Ie 3KCnepHMeHTaJibHbie H3MepeHH5I oco6eHHO BOC

Tpe6oBaHbl B CB5I3H c npoeKTHpOBaHHeM HOBhIX ycKOpHTeJibHhIX KOM

IIJieKCOB (HeiiTpHHHa5I cpa6pHKa, MIOOHHbIM KOJIJia:ii,n;ep ), Heo6xo,n;HMO

CTblO pacqeTa HeiiTpHHHbIX cneKTpOB B 3KCIIepHMeHTax c ycKOpHTeJib

HbIMH H aTMOCcpepHbIMH HeiiTpHHO lI IIOBbiilleHHeM Tpe6oBaHHM K TOq

HOCTH npe,n;CKa3aHHM rrporpaMM MO,IJ;eJIHpOBaHH5I. 

4. IlpoBe,n;eHO cpaBHemie pe3yJihTaTOB H3MepeHHM c npe,n;CKa3aHH5IMH pH

,n;a cpeHOMeHOJIOrHqecKHX MO,IJ;eJieii 51,n;epHbIX peaKI(HM, HCIIOJib3yeMbIX 

B mHpOKO pacnpocTpaHeHHOM lI npHMeHHeMOM ,IJ;JI5I Mo,n;eJIHpOBaHH5I 

npaKTHqeCKH BCex COBpeMeHHbIX lI IIJiaHHpyeMbIX ycTaHOBOK (BKJIIO

qa51 3KcnepHMeHThI Ha LHC H FAIR) rrporpaMMHOM naKeTe Geant4. 

BbrnBJieHo 3HaqHTenbHOe pacxo)K,n;eHHe pe3yJII>TaToB Mo,n;enHpoBaHHH H 

3KCIIepHMeHTaJibH:bIX ,n;aHHbIX, BhI3BaHHOe He,n;ocTaTKaMH 3THX Mo,n;e

Jie:ii. Ilo pe3ynbTaTaM ,n;aHHoii pa6oTbI, aBTopaMH rraKeTa Geant4 B no

cne,n;yroru;Hx BepcHHX nporpaMMhI YKa3aHHbie He,n;ocTaTKH 6bIJIH ycTpa

HeHbI. B HaCT05Iru;ee BpeM5.I, ynyqmeHHa5.I BepcH5I rraKeTa Geant4 npH

MeH5IeTC5I ,n;JI5I pacqeToB B OIUIH, CERN H ,n;pyrHx Hccne,n;oBaTeJibCKHX 

n;eHTpax cpH3HKH BhICOKHX 3HeprHii. 
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5. Bo1rronHeHa MeTO.ll;ffqecKa51 pa6oTa, BKmoqaroiu;a51 B cefoi:: 

a) pa3pa6on<y MeTO.ll;OB H rrporpaMMHoro o6ecrreqeHH51 .n:1rn: Kam16-

poBKH oT.n:enI>HhIX KaHanoB KaMep1>1 TPC, KoppeKu;HH napa3HTHhIX 

CHrHaJIOB, reoMeTpJiqecKOH peKOHCTPYKII;HH TpeKOB Ji rrepBHqHOH 

BepmHHI>I, Ji BbPIHCJieHml rrorrpaBI<H Ha HOHH3aII;HOHHble IIOTepH 

Ji MHOI'OKpaTHOe KYJIOHOBCKOe pacce5IHHe BTOpHqHbIX qacTHII; B 

6) pa3pa6oTKY rrporpaMMHoro o6ecrreqeHM51 )l;JI51 cTaTHCTaqecKoro 

MO,n:enHpOBaHH51 co6hITHH B mHpOKoarreprypHOM crreKTpoMeTpe 

HARP· 
' 

B) pa3pa60TKY rrpou;e,n:ypbI OT6opa .n:aHHbIX, y.ll;OBJieTBOp5IIOIII;HX Kp1I

TepH5IM Ha,n:e)KHOH pa60TI>I IDHpOKoarrepTypHoro crreKTpOMeTpa II 

TOqHoro II3MepeHH51 .n:mpcpepeHII;HaJibHbIX ceqeHHH. 
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