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06~aH xapai.."TepncniKa pa6oTLI 

AKI)'aJihHOCTh paooThl lliMepeune BhiXO.D;OB H cneKTPOB BTopnqHhiX 

qaCTHI( B a.n;poH-H,ll;epHbiX B3aHMO,ll;eHCTBHHX HBJIHeTCH KJiaccnqecKOH 3a.n;a

qeii <)>H3HKH aTOMHoro ».n;pa n 3JieMeHTapHbiX qacTHD;. IIonyqaeMbie npn 

3TOM .n;aHHbie Tpa,li;HD;HOHHO CJIYiKaT 3KCnepHMeHTaJibHOH OCHOBOH .n;JIH TeO

pHH ».n;epHbiX B3aHMO,ll;eHCTBHH, a TaKiKe IIIHpOKO npHMeHHIOTCH npH perne

HHH npaKTnqecKHx 3a.n;aq B Tex o6nacTHX, r.n;e ncnOJih30BaHne TeopeTnqe

CKHX npe.n;nOJIOiKeHHH He ll03BOJIHeT~,li;OCTHqb Tpe6yeMOH TOqHOCTH H ,li;O

CTOBepHOCTH pacqeTOB. IlpHMepOM llO.D;06HhiX 3a.n;aq MOiKeT CJIYiKHTb pac-

qeT HCTOqHHKOB llHOHOB npH npoeKTHpOBaHHH nHOHHbiX KaHaJIOB Ha YCKO

pHTeJIHX HJIH nJiaHHpOBaHHH YCKOpHTeJibHbiX HeiiTpHHHbiX 3KCllepHMeHTOB. 

IlonyqeHHe 3KCnepHMeHTaJibHbiX .n;aHHbiX B 06JiaCTH 3HeprHH OT 1 ,li;O 20 

f3B HBJIHeTCH OC06eHHO BaiKHbiM B CBH3H C TeM, qTO·B 3TOM .n;nanaJOHe eiD;e 

ue nocTpoeHa cTpora» MHKpocKonnqecKaH TeopHH n HenpnMeHHMhi xoporno 

pa3pa60TaHHhie MeTo.n;hi nepTYP6aTHBHOii KBaHTOBoii xpoMo.n;nHaMHKH. Eo-
. ~ ; ' 

nee TOro, a.n;pOH-H.D;epHbie peaKD;HH B HaCTOHID;ee BpeMH H3yqeubl ,ll;aiKe Me-
' . 

uee, qeM H.n;po-».n;epHbie B3aHMo.n;eiicTBHH. B pe3yJihTaTe, .n;JIH onncaHHH npo-

n;eccoB B yKaJaHHOii o6nacTH rnnpoKo npnMeHHIOTCH <)>eHoMeHonornqecKne 

n nony<)>euoMeuonornqecKHe Mo.n;enn, ncnOJih3Y!PID;He no.n;roHoqHbie napa-

MeTpbl .n;JIH ,li;OCTHiKeHHH y.n;OBJieTBOpHTeJibHOro OnHCaHHH 3KCnepHMeHTaJib

HblX .n;aHHhiX. B nocne.n;Hee BpeMH pa3BHTHe 3KcnepnMeHTaJihHOii TeXHHKH 

H cpe.n;CTB aBTOMaTH3aD;HH C,ll;eJiaJIO B03MOiKHbiM npoBe.n;eHHe npeD;H3HOHHbiX 

H3MepeHHH npaKTnqecKH·BO BCeX 06JiaCTHX <)>H3HKH 3JieMeHTapHbiX qaCTHD;. 

IlpH 3TOM, Ha nepBbiH nnau BbiXO.n;HT llOHCK H H3MepeHHe pe.n;KHX <)>H3Hqe

CKHX HBJieHHH, Tpe6yiOID;He a.n;eKBaTHOro yqeTa BKJia,li;OB H3BeCTHbiX <)>H3Hqe-

cKHX npon;eccoB, KaK npaBHJIO, on;eHHBaeMhiX B xo.n;e qncneuuoro Mo.n;enn

i 06'1e,((HHeHH.&IH I:HCTHTJT 

i SI):{epHbiX l!CcnehosaHHti. 
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poBamrn 3KcnepuMeHTa Mem.n.oM Moine-Kapno. CncTeMaTuqecKID~·norpem

HOCTh M0,1l,CJII1pOBaHIDI 3a'!aCT)'IO CTaHOBUTCH 0,1l,HUM U3 3aMeTHbiX BKJia,1l,OB B 
' 

o6~y10 CUCTCMaTU'lCCKYIO. norpeiiiHOCTb U3MepeHUH. B CBOIO O'l~pC,1l,b, npo-

BCpKa npaBUJibHOCTU ll llOBbiiiiCHHC TO'!HOCTH npe,1l,CKa3aHJIH <t>eiiOMCHOJIO

rH'!CCKHX M0,1l,CJICH B03MO)I(Hbl TOJibKO npH HaJill'lllll COOTBeTCTBYIOinHX 3KC

nepHMCHTaJibHblX .n.aHHbiX xopornero Ka'!eCTBa. O.n.HaKo, HMCHHO B 3Toll: o6-
.J 

JiaCTH 3HCprHH HMCIOI.qllCCH 3KCnepHMCHTaJibHbiC ,1l,aHHbiC ,1l,OBOJibHO <l>par-

MCHTapHbl H, KaK npaBUJIO, llOJIY'lCHbl B orpaHH'lCHHOM KllHCMaTH'lCCKOM 

.n.nanaJOHC. B CBH3ll C 3THM, TO'!HOC ll CHCTCMaTJI'lCCKOC ll3MepeHHC CllCK

TpOB BTOpH'!HbiX a.n.pOHOB B a,1l,pOH-H,1l,CpHbiX B3aHM0,1l,CHCTBHHX .D.JIH B03M0)1(

HO 6onee rnnpoKoro .n.nanaJoHa H.D.ep, copTa n 3Hepnm fianeTaiO~nx qacTHII 

HBJIHeTCH He06X0,1l,llMbiM yCJIOBHCM KaK ,1l,JIH ,1l,aJibHCHIIICH pa3pa60TKH TCO

pHH H,1l,CpHblX B3aHM0,1l,CHCTBHH, TaK ll .D.JIH pa3BHTHH MeT0,1l,OB ll llOBbiiiiCHHH 

TO'!HOCTH M0,1l,CJIHpOBaHHH <I>H3ll'!CCKHX npOIICCCOB npH nnaHHpOBaHHll ll 06-

pa60TKC ,1l,aHHbiX B COBpCMCHHOM <I>H3ll'lCCKOM·3KCTiepHMCHTC. 

' 
~enh pa6oTLI ITpoBepKa npaBHJibHOCTH pH.n.a <PeHoMeHonornqecKnx 

M0,1l,CJICH H,1l,CpHbiX peaKIIHH, llCTIOJib3YCMbiX B IIIHpOKO pacnpOCTpaHCHHOM ll 

npHMCHHCMOM ,1l,JIH M0,1l,CJIHpOBaHIDI npaKTH'lCCKH BCCX COBpeMCHHbiX ll nna

HHpyeMbiX ycTaHOBOK (BKJIIO'laH 3KcnepnMeHTbi Ha LHC n FAIR) nporpaMM

HOM naKeTe Geant4 [1, 2] Ha OCHOBe HOBbiX 3KCnepnMeHTaJibHbiX .n.aHHbiX no 

o6pa30BaHHIO a,1l,pOHOB Ha H,1l,pax 6epHJIJIHH, BKJIIO'laH: 

1. CllCTCMaTH'lCCKOC ll3MCpCHHC llHKJII03HBHbiX . .n.n<P<I>epeHIIllaJibHbiX ce

'!CHHH o6pa30BaHHH BTOpH'!HbiX a,1l,pOHOB C yrJIOM BbiDeTa 20°-125° B 

peaKIIIDIX ;r+,n-,p +Be~ ;r+,n~;p +X,npnnMnyni>ce nyqKa OT 3 .n.o 

15 r:.1B/c, C TO'lHOCTbiO HC X~e 10%; 

2. npHMCHCHHC pe3yJibTaTOB ll3Mep,eHI~H .D.Jm, npOBC_t)Kll npe.1J.CKa3aHHH <Pe-
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HOMCHOJIOrH'lCCKJIX M0,1l,CJICH H,1l,CpHbiX peaKIIIIH, UCnOJih3YCMbiX B npO

rpaMMHOM naKeTe Geant4. 

3. MeT0,1l,ll'lCCKJIC UCCJIC,1l,OBaHIDI: 

a) pa3pa60TKY MeT0,1l,a ll . anropiiTMOB KOppeKIIHII napa3UTHbiX 

KpOCC-TOKOB BO BpeMHnpOCKIIHOHHOH KaMepe IIIHpOKOanepTYPHO

ro cneKTpOMcrpa HARP; 

6) pa3pa60TKY MeT0,1l,a II aliJ'9PHTMOB peKOHCTpYKIIHH TpCKOB B Illll

poKOanePTYPHOM cneKTpOMCTpC HARP; 

B) pa3pa60TKY nporpaMMHOro o6ecne'!CHHH ,1l,JIH CTaTHCTU'lCCKOro 

M0,1l,CJIHpOBaHIDI C06biTHH B IIIHpOKOaTICPT)'pHOM cneKTpOMCTpC 

HARP. 

B ocHoBy pa6oTbi noJIO)I(CHbi nccne.n.oBaHHH, Bi>monHeHHLie aBTopoM B 

cocTaBe rpynnbi CERN-.IJ:y6Ha-rtpoTBHHO (HARP-CDP) B xo.n.e 3KcnepnMeH

TaHARP. 

HayquaB HOBH3Ha BnepBbie cncTeMaTn'!eCKH H3MepeHbi .n.n<P<I>epeHIIH

anhHbie CC'!CHIDI o6pa30BaHIDI BTOpH'!HbiX npOTOHOB ll 3apH)I(CHHbiX nHOHOB 

B peaKIIIDIX ;r+, 1r-, p + Be ~ ;r+, 1r-, p +X npn HMnynLce nyqKa 3,0; 5,0; 8,9 

(8,0 ,1l,JIH nyqKa 1r-); 12,0 ll 15,9 r3B/c B ,1l,Hana30HC yrnOB BbmeTa 20°-125°. 

.IJ:ocTnrnyTa TO'!HOCTL II3MepeuiDI ceqeunii paBHaH 3-10%. BnepBbie H3Me

peH BbiXO.ll. BTOpH'!HbiX KaOHOB no OTHOIIICHHIO K BbiXO.ll.Y llllOHOB B peaKIIllll 

B3aHM0,1l,CHCTBIDI npoTOHOB c IIMnynbCOM 8,9 r3B/c c H.n.paMU 6epHJIJIIDI. 

IlpaKTnqecKaB 3naqnMOCTL Pa3pa6oTaH anropHTM n C03.D.aH KOMnneKc 

nporpaMM ,1l,JIH reOMCTpH'lCCKOH peKOHCTPYKIIHH TpCKOB BO BpeMHnpOCKIIH

OHHOH KaMepe ycTaHOBKH HARP. Pa3pa6oTaH MeTO.D. Koppe~un pH.n.a ue)l(e

naTeJibHhiX 3<P<I>eKTOB, CHJI)I(aJOI.qliX TO'lHOCTb U3MCpCHIDI, TaKHX KaK napa-
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3IITHbiC CHnia.T.Ibi (KpOCC-TOKII), a TUIOKC HOHII3a~IIOHHbiC ITOTCpii II MHOro

KpaTHOC K)'JIOHOBCKOC paCCCHHIIC BTOpH'IHbiX qaCTII~ B MaTepiia.T.IC MIIlliCHII. 

3TH a.T.IropiiTMbi II nporpaMMbi 6bmii HCITOJib30BaHbi B aHaJIII3C ~aHHbiX 3KC

nepHMCHTa HARP n Moryr IICITOJib30BaTbCH npii o6pa6oTKe ~aHHhiX ~pyrnx 

3KCnepHMCHTOB, IICITOJib3YIO~IIX CXO~HYIO annapaTYPY· 

CpaBHCHIIe nonyqeHHbiX 3KCnepiiMCHTa.T.IbHbiX ~aHHbiX o BbiXO~ax BTO-
. .J 

pnqHbiX a~pOHOB B a~pOH-H~CpHbiX B3aiiMO~CllCTBIIHX C npe~CKa3aHUH-

MII lf>.eHOMCHOJIOriiqCCKHX MO~CJICH, IICITOJib3YCMbiX B nporpaMMHOM naKCTC 

Geant4, no3BOniino BbiHBIITb pH~ He~ocTaTKOB 3THX Mo~eneii, KOTOpbiC 6Lmn 

ycTpaHCHbi B ITOCJIC~YIO~IIX BCpCIIHX nporpaMMHOro naKCTa. 

B xo~e ~aHHOii pa6on1 nonyqeH 6onLmoii 3Kcnepurl'eHTaJibHbiH MaTe

piia.T.I, ITOJIHaH o6pa60TKa KOTOporo ~aCT HOBYIO IIHif>OpMa~IIIO 0 MCXaHII3MC 

B3aiiMO~CllCTBIIH qaCTII~ B H~CpHOll cpe~e. 

Ha 3am;ury BbiHOCHTCH CJie~yrom;ue OCHOBHble pe3yJibTaTbl H nOJIO

~eHJIH: 

1. BnCpBbiC CIICTCMaTIIqCCKII II3MCpCHbi IIHKJII03IIBHbiC ~IIIf>lf>epeH~IIaJib

HbiC ceqeHIIH o6pa30BaHIIH npOTOHOB II 3apH)KCHHbiX niiOHOB B peaK~II

HX :Tr+' :Tr-' p + Be ~ jr+' :Tr-' p + X npii IIMITYJibCC nyqKa 3 - 15 r3B/ c, B 

~IIanil30HC yTJIOB BbmCTa 20°-125° . .ll:OCTIIrHYTa TOqHOCTb II3MCp(!HIIH 

ceqeHIIii paBHaH 3-1 0%; 
,. 

2. BnCpBbiC II3MCpCH BbiXO~ KaOHOB no OTIIOlliCHIIIO K ~biXO~y niiOHOB B 
• ~' j < 

pea~IIH B3aUMO~CllCTBIIH npOTOHOB C HMnynbCOM 8,9 r3B/c C H~paMII 
.. ' ' . '"' ,' . : .. '" ' 

6epiiJIJIHH; . ~ , ';_ 

3. pa3pa60TaH II npiiMCHCH Ha npaKTUKC MCTO~ KOppe~UII napa3IIT

HbiX Kpocc-TOKOB B KaMepe TPC miipoKoanePTYPHOro cneKTpOMCTpa 

HARP· 
' 

4 
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4. pa3pa6omH u npiiMCHCH Ha npaKTnKe a.T.IropnTM reoMCTpiiqec:Koii pe

KOHCTpy~uu TpCKOB B KaMepe TPC HARP; 

5. pa3pa60TaH H npHMCHCH Ha npaKTIIKC MCTO~ KOppeK~IIII IIOHII3a~IIOH-

HbiX nOTCpb II MHOroKpaTHOro K)'JIOHOBCKOro paCCCHHIIH BTOpiiqHbiX 

qaCTII~ B MIIlliCHII; 

6. pa3pa6oTaHo nporpaMMHOe o6ecneqeHIIC ~ CTaTIIcrnqecKoro MO~e

JIIIpoBaHHH co6LITIIii B miipoKoanePTYPHOM cneKTpOMCTpe HARP; 

7. pa3pa60TaHa npo~e~ypa OT6opa ~aHHbiX, y.IJ;OBJICTBOpHIO~IIX KpiiTepii

HM Ha~C:>KHOH pa60Tbi lliiipOKOanCPTYPHOro cneKTpOMCTpa II TOqHoro 

II3MepeHHH ~IIIf>lf>epeH~IIaJibHbiX ceqeHIIii; 

8. npOBC~CHO cpaBHCHIIC pC3YJibTaTOB II3MCpCHIIll C npe~CKa3aHIIHMII 

HCKOTOpbiX lliiipOKO pacnpOCTpaHCHHbiX MO~CJICH H~CpHblX peaK~IIH, 

IICnOJIL3YCMbiX B nporpaMMHOM naKCTe Geant4. BLIHBJICHO 3HaqiiTCJib-

HOC paCXOiK~CHIIC pC3YJibTaTOB MO~CJIIIpOBaHUH II 3KCnepiiMCHTaJibHblX 

~aHHbiX, Bbi3BaHHOC HC~OCTaTKaMII ~aHHbiX MO~CJICH. 

Anpooau.un paooTbi IlonyqeHHLie aBTopoM II npii ero yqacTIIII pe3ynL

TaTI>I, BKJIIOqCHHbiC B ~IICCCpiaU.IIIO, ~OKJia~biBaJIIICb Ha CCMIIHapax JUlfl 

OIUIH, Ha o6~eM ceMIIHape CE~,l'6Lmii npe~cTaBJieHLI Ha Me~yHapo~-
. ' 

HblX KOHif>epeH~X no lf>II3IIKC BbiCOKHX 3HCpruii B <l>IIJI~CJiblf>IIII (2008 r.) 

II Ilapii:>KC (2010 r.), a TaiOKe Ha Me~yHapo~Hoii KoHif>epeHU.IIII no lf>II-

3IIKC BbiCOKHX 3Hepruii EBponeiicKoro lf>I13IIqecKoro o6~ecTBa B KpaKoBe 

(2009 r.). OcHOBHbiC pe3YJibTaTbi, Bome~miie B ~IIccepTaU.IIIO, ony6niiKOBa

Hbi B 5 neqaTHbiX pa6oTax. 

CTpyKTYPa u oo'LeM ~uccepTan.uii .D:IIccepia~HH coCTOIIT !f3 BBe~eHHH, 

qCTLipex rnaB II 3aKJiroqeHHH. 
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Co,u;epnmunc pa6oTLI 

Bo BBe~emm paccMOTpeHa npo6neMa o6paJoBaHHH a~poHOB B nnoH

n npOTOH-H~epHbiX B3aHMO~eiiCTBHHX npH 3HeprHH nyqKa MeHee. 20 r3B. 

IJpHBO~HTCH KpaTKHH 0630p 3KCnepHMeHTaJil>HbiX pa60T, nOCBH~eHHbiX 3TOH 

TeMe. CcpopMynnposaHa u:eni> ~aHHOii ~ncceJ>Tai~HH, KopoTKO H3JIO:>KeHo ee 

CO~ep:>KaHI~e. 060CHOBaHa aKryaJibHOCTJI ~HCCepTaU:HOHHOH pa60Tbl H apry

MeHTHpOBaHa HayqHaH HOBH3Ha HCCJie~OBaHHH, nOKaJaHa npaKTnqecKaH 3Ha

qHMOCTb nonyqeHHbiX pe3yJII>TaTOB, npe~CTaBJieHbl BbiHOCHMbie Ha 3a~HTY 

pe3yJII>TaTbl H nOJIO:>KeHHH. 

B nepBoii maBe onncaHbl nocTaHOBKa n xo~ ~Kcv,epnMeHTa HARP n 

noKaJaHO ycTpOHCTBO 3KCnepnMeHTaJil>HOH ycTaHOBKH. 

~eJII> 3KcnepnMeHTa HARP cocTom:Ia B TOqHOM H3MepeHHH ~ncpcpepeH

U:HaJII>HI>IX ceqeHHH o6pa30BaHHH a~pOHOB BO B3aHMO~eHCTBHHX npOTOHOB 

H _3apH:>KeHHbiX nHOHOB C pa3JIHqHbiMH H~paMH Ha cpHKCHpOBaHHOH MHllieHH. 

~KcnepnMeHT npOBO~HJICH B 2001 H 2002 rr. Ha BTOpHqHOM nyqKe npOTOHHO

ro cnHxpoTpoHa CERN. B cocTaB nyqKa sxo~nnn, B ocHOBHOM, npoTOHbl n 

3apH:>KeHHbie nHOHbl C HMnyJII>COM B ~HanaJOHe OT 1,5 ~0 15 r3B/c, C He60Jib

II10~ npnMeCbiO MIOOHOB H He3HaqnTeJibHbiM KOJIHqecTBOM aHTHnpOTOHOB H 

3apH:>KeHHbiX KaOHOB. IJpn MaJibiX HMnyJII>CaX B nyqKe TaKJKe npHCYTCTBOBa

Jia 3JieKTpOHHaH KOMnOHeHTa. 0THOCHTeJibHOe CO~ep:>KaHHe pa3JIHqHbiX TH-

- nOB qaCTHU: H3MeHHJIOCb B 3aBHCHMOCTH OT Bb16paHHOro HMnyJII>Ca nyqKa. 

Ka:Han o6ecneqnBan HMnyni>CHI>Iii pa36poc o pIp ::::: 1% n no3BOJIIDI Bb16paTI> 

nn6o nono:>KnTeJII>HO, nn6o oTpnu:aTeJII>HO 3apx:>KeHHI>Ie qacTHU:I>I. B ~ani>

HeiillleM, 3HaK 3apx~a qacTHU: nyqKa 6y~CT HBHO yKaJI>IBaTI>CH npn yKaJaHnn 

HMnyi:II>Ca (HanpHMep, +8 r3B/c HJIH -3 r3B/c). ,[(eTeKTOp B 3KCnepHMeHTe 

HARP 6I>m cnpoeKTnpoBaH ~JIH perncTpau:nn n H3MepeHHH csoiicTB BTOpnq-

6 

HbiX qaCTIII~ B ~Haml30He TeJieCHOro yrna, 6JIH3KOM K 47r. 0H COCTOIDI H3 ~Byx 

OCHOBHblX no~CHCTeM - MaJIOaneP'rypHOro cneKTJ>OMCTpa H IllHpOKOanepry

poro cneKTpOMCTpa. CxeMa ~eTeKTopa noKaJaHa Ha puc. 1. 

B pa60Te ncnoni>3YJOTCH ~aHHI>Ie, nonyqeHHble B 2002 ro~y Ha 6epnn

nnesoii MHilleHn c TOJI~HHoii, paBI~oii 5% x~epHoii MHHbl. Han6oJII>IllaH 

CTaTHCTHKa C06I>ITHH Ha :3TOH MHllieHH (- 8 X 106) 6nma Ha6paHa npn HM

nyJII>Ce nyqKa +8,9 r3B/c. IlpH HMnynncax nyqKa ±3,0, ±5,0, -8,0, ±12,0 

H ±15,0 r3B/c 6I>mO 3apernCTpHpOBaHO qHCJIO co6I>ITHH - 1-2 x-106 ~ 

KaJK~OH KOHcpnrypaU:HH, qTo BnOJIHe ~OCTaTOqHO MH CTaTHCTnqeCKH o6ec

neqeHHOro ll3MepeHHH ~ncpcpepeHU:HaJibHbiX ceqeHHH. 

IllnpoKoaneP'fYPHI>Iii cneKTpOMCTp HARP no3BOJIIDI perncTpnposaTI> 

BTOpnqHble 3apH:>KeHHble qacTHU:bi B yrnOBOH anepTYpe OT 15° ~0 140°. 

OcHOBHI>IM 3JieMeHTOM cneKTJ>OMCTpa 6I>ma speMHnpoeKU:HOHHaH KaMepa 

(TPC), npe~HaJHaqeHHaH ~ H3MepeHHH HMnyJII>Ca BTOpnqHbJX qacTHU: H 

nx n~eHTHcpnKau:nn no HOHHJartnoHHbiM noTepxM B raJe. BHYTPH KaMe

phi pacnoJiaranaCb MHilleHb, OKpYJKeHHaH U:HJIHH~pnqeCKHM CU:HHTHJIJIHU:H

OHHbiM cqe~HKOM (lTC). CHapYJKH KaMepa 6nma OKpYJKeHa ~BYMH CJIOHMH 

nJIOCKHX KaMep C pe3HCTHBHbiMH nJiaCTHHaMH (RPC), npe~HaJHaqeHHbiX MH 

n~eHTHcpnKau:nn BTOpnqHbiX qacTHU: no speMeHn nponeTa. Bee ~eTeiropbl 

6I>mn noMe~eHI>I B MarHHTHOe none c HH~YKD:~eii 0,7 Tn, HanpaBJieHHOe 

B~OJib OCH nyqKa. 

ManoaneP'fYPHblii cneKTpOMCTp 6I>m npe~HaJHaqeH MH perncTpau:nn 

BTOpnqHbJX qaCTHU: C yrnoM BbilleTa MeHee 15°. B ~aHHOH pa60Te H3Mepe

HHH, C~eJiaHHbie C ero nOMO~biO, He HCnOJib3YJOTCH. JiiCKJIIQqeHHe COCTaB

JIHIOT H~eHTHcpHKaTOp MIOOHOB H 3JieKTpOMarHHTHbiH KaJIOpHMCTp, KOTOpble 

npHMeHIDIHCb ~ OU:eHKH npHMeCH MIOOHOB H 3JieKTpOHOB B nyqKe. 

,[(nH KOHTpOJIH napaMCTpOB nyqKa HCnOJib30BaJIHCb CU:HHTIIJIJIHU:HOHHI>Ie 
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~ _ \ KanopuMeTp 

\ SpeMRnponeTHaR CUCTeMa 

'lepeHKOBCKKIA C"'eT'"IHK 

X~~ 
,/1eTeKTOpb1 KOHTpOnR ny"'KB -"fm 

.. 
Pnc. 1. 06mnil: ·BH.ll 3KcrrepnMeHTaJibHoil: ycTaHoBKH HARP 

cqeTqHKH BS n TDS, a TaK)I(e cqeTqnKn HALO-A n HALO-B, nMerow;ne 

CKB03HOe OTBepCTHe H BKJIIOqeHHbie B CXeMy aHTHCOBna~eHHH ,lVIH no~aBJie-
; . ' . 

HHH ra.rro nyqKa. ~eHTHQJHKaU:HH nyqKOBbiX qaCTHU: ocyw;eCTBIDIJiaCb BpeMH

npOJieTHOH cncTeMoil Ha 6aJe cu:nHTHJIJIHU:HOHHI>IX cqeTqnKoB TDS, TOF-A 

H ,TOF-B, C npOJieTHOH 6aJOH 24,3 M, a TaK)I(e ~BYMH noporoBbiMH qepeH

KOBCKHMH cqcrquKaMH BCA n BCB. ,[(nH H3MepeHHH HanpaBJieHHH noneTa 

qaCTHU: H BOCCTaHOBJieHHH BepiiiHHbl npnMeHHJIHCb MHOronpOBOJIOqHbie npo

IIOpU:HOHa.JibHbie KaMepoi MWPC 1-3. 

~poxoJK,~J;eHne qacTHU:bi no KaHa.rry nyqKa n nona~aHne ee B MHIIIeHb 

( cnrHa.rr BEAM) ycTaHaBJIHBa.JIHCb no coBna~eHHIO cnrHa.rroB co cqeTqnKOB 

BS, TOF-A, TOF-B n TDS BO BpeMH CTP06-nMny.rroca c ycKopnTeiDI, H OT

cyrcTBHIO B 3TO BpeMH cnrna.rroB B cqeTtJ:HKax HALO-An ~LO-B. <l>aKT 

B3aHMO~eHCTBHH qacTHU:bl B MHIIIeHJ:l. ycTaHaBJIHBa.JICH no CHrlla:zy CO CU:HH

THJIIDIU:HOHHbiX cqcrqnKOB ITC J;IJIH FTP B cosna~eHHH c CHrHa.JIOM BEAM, 
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npn 3TOM Bbipa6aToiBa.rrcH Tpnrrep MH 3anncn co6oiTHH. ,[(IDI nocne.zzyro

w;ell: HOpMHpOBI<H H3MepeHHbiX ceqeHHH KaJK,~J;oe 64-e . C06biTHe, ,lVlH KOTO

poro npncyrcTBOBa.rr cnrHa.rr BEAM, perHCTPHPOBa.rroco 6e30THOCHTeJioHO K 

CHrHa.rry 0 B3aHMO~eHCTBHH B MHIIIeHH. 

,[(IDI MO~ennpOBaHHH, Ka.JIH6pOBKH H peKOHCTPYKilHH C06biTHH . B 

IIIHpOKOanePTYpHOM cneKTpOMeTpe 6omH C03~aHbl KOMIIJieKCbl nporpaMM 

TpcSimulation n TpcReconstruction, ocHoBaHHI>Ie Ha Mem~ax n a.rrropHTMax, 

pa3pa60TaHHbiX rpynnoll: HARP-CDP npn yqacTnn aBmpa n ony6nnKOBaH

HbiX B [Al], [3]. 

Bo BTopoii rnaBe npe~cTaBJieHo no~po6Hoe onncaHne MeTO~OB reo

MeTPnqecKoil peKOHCTPYKU:HH co6orrnll: B KaMepe TPC B ~eTeKTope HARP . 

PerncTpau:HH CBo6o~HbiX 3JieKTpOHOB, nOHBJIHIOIII;HXCH B pe3ynoTaTe 

noHnJau:nn n ~pell:Q.lyrow;nx B KaMepe TPC, •nponcxo~nna Ha o~HOM H3 

ee TOpU:OB, npe~CTaBIDIIOIII;eM C060H MHOronpOBOJIOqHyiO KaMepy C 3ann

paiOIII;eH CeTKOH. CeTKa npenHTCTsosa.rra ~pell:Q.ly noJIO)I(HTeJibHbiX HOHOB 

B pa6oqnll: o61>eM KaMepoi TPC. Cnma.rroi cHnMa.rrnco c 3972 KaTO~HbiX 

IIJiaCTHH, pacnOJIO)I(eHHbiX KOHU:eHTpnqeCKHMH pH~aMH, pa3~eJieHHbiMH Ha 

IIIecTI> ceKTopoB. Ilocne npe~BapnTeJII>Horo ycHJieHHH n Q.>opMHpoBaHHH cnr

Ha.Jibi ou:ni}JpoBI>IBa.rrnco npn noMow;n 6oiCTPbiX napmenoHbiX AIJ;II. ITo 

KaJK}];OMY TpHrrepy COXpaHHJIOCb 300 OTCqeTOB _.AIJ;Il, COOTBeTCTBYIOW:HX 

nOJIHOMY BpeMeHH ~peiii}Ja 30 MKC. 

Ha pa6ozy KaMepoi TPC. HARP BJIHHJI pH~ He~ocTaTKOB, Bbi3BaHHbiX 

He~oqeTaMH, ~onyw;eHHbiMn npn ee n3roTOBJieHnn n 3KCIIJIYaTau:nn. O~nH H3 

HHX 6om Bbi3BaH napa3HTHOH CBH3bl0 MeJK,~J;y BXO~HbiMH II BbiXO~HbiMH U:eiiH

MH npe~yCHJIHTeJieH, npHBO~IIBIIIeH K nOHBJieHHIO JIO)I(HbiX CHrHa.JIOB {KpOCC

TOKOB). KpoMe TOro, 3JieKTPnqeCKOe H MarHHTHOe noiDI BH)'TpH KaMepbi 6oi

JIH HCKa)l(eHbl. qaCTb HCKa)l(eHHH npHC)'TCTBOBa.rra nOCTOHHHO, H<) HeKOTOpbie 
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6biDII Bbi3BaHbl HaKOIIJieHIIeM o6oeMHOI'O 3ap.SI~a B KaMepe BO BpeM.SI c6poca 

II MeH.SIJIIICb C TeqeHIIeM BpeMeHII. B IICKa)l{eHHbiX .llOJI.SIX ~peiiQ:> :meKTPO

HOB OTKJIOH.SIJIC.SI OT np.SIMOJIIIHeHHOH TpaeKTOpiiii, npiiqeM C)'MMapi:ioe OT

KJIOHeHHe MOf'JIO ~OCTHraTb 10 MM II npiiBO~HJIO K 3HaqiiTeJibHbiM CHCTeMa

TIIqeCKIIM norpemHOCT.SIM npu H3MepeHHII HMny.rrLca qacTHII. BJIH.SIHHe :nux 

He~OCTaTKOB )'CTpaH.SIJIOCb Ha CTa~IIH peKOHCTPYKIIHH C06biTHH, )J,JI.SI qero 

6LmH pa3pa6oTaHbi coOTBeTCTBYIOIIIHe Mho~hi KaJiu6poBKH KaMepbi TPC. 

PeKOHCTPYKIIH.SI TpeKoB B KaMepe TPC nposo~HJiach cJie~yiOIIIHM o6pa-

30M. Ilpe)l{~e BCero, KOppeKTIIpOBaJIHCb llOMeXH, Bbi3BaHHbie napa3HTHbiMH 

CHrHaJiaMII • .[I,JI.SI 3TOI'O 6biJI pa3pa60TaH MO~eJibHO-He3aBHCHMbiH MeTO~, OC

HOBaHHbiH Ha pe3)'JibTaTaX aHaJIH3a OTKJIHKa 3JieKT{>OHij:KH cqHTbiBaHH.SI Ha 

npo6Hblll 3ap.SI~. bbiDH Bbi.SIBJieHbl H KJiaCCHQJHIIHpOBaHbl CB.SI3H Me)l{~)' pa3-

JIHqHbiMH KaHaJiaMH H COCTaBJieHbl KapTbl KpOCC-TOKOB. Ha HX OCHOBe 6biJI 

pa3pa60TaH aJII'OpHTM KOppeKIIHH llOMeX npOH3BOJibHOH BeJIHqiiHbi, KOTOpbiH 

no3BOJI.SIJI onpe~eJIHTb ~ Ka~oro KaHaJia nonpasey K Q:>opMe II aMnJIHT)'~e 

curHaJia. B pe3yJILTaTe, BJIH.SIHHe napa3HTHbiX curHaJIOB y~aJIOCb CHH3HTb ~o 

ypOBH.SI, npii KOTOpOM llOMeXH He CKa3biBaJIHCb Ha pe3)'JibTaTaX QJII3HqecKHX 

H3MepeHHii B KaMepe TPC. AMnJIHT)'~bi curnaJIOB B Ka)I{~OM KaHaJie Kop

peKTuposaJiach B COOTBeTCTBIIH C OTKJIOHeHHeM K03QJQJIIIIHeHTa )'CHJieHH.SI B 

KaHaJie OT cpe~Hero ypOBH.SI. illyM.SIIIIIIe H «MePTBbie» KaHaJibl Bbi.SIBJI.SIJIHCb 

B Ka)I{~OM ceaHCe, H HCKJIIOqaJIHCb H3 ~aJibHeiimero aHaJIH3a COOTBeTCTB)'IO-

- mero Ha6opa ~aHHbiX. 

H3oJiuposaHHbie so speMeHH rpynnhl curHaJIOB Ha coce,ll,HHX nJiaCTIIHax 

TPC (OT~eJibHO B Ka~oM p.SI~y) o6ne~HH.SIJIHCb B KJiacTepbi • .[J,JI.SI ycTpaHeHH.SI 

OCTaTOqHbiX 3QJQJeKTOB KpOCC-TOKa npH BbJqHCJieHHH rt,b-KOOp,ll,HHaTbl KJiaCTe

pa IICllOJib30BaJIOCb He 60Jibille Tpex CHrHaJibHbiX nJiaCTIIH, pacnOJIO)I{eHHbiX 

B p.SI~Y nocJie)J,oBaTeJibHO u noJiyqusmux Haii60JibiDHii 3apM. BLiqiicJieHHLie 

10 

\ 

l· 
I 

Koop~uHaTLI KJiacTepos KoppeKTIIpOBaJIHCb ~ ycTPaHeHH.SI BJIH.SIHH.SI IICKa

)l{eHIIii no11eii BHYTPII KaMepbi TPC c norpemHOCTbiO MeHee 300 MKM • .[J,JI.SI 

aHaJIH3a npOCTpaHCTBeHHbiX o6pa30B, COCTaBJieHHbiX KJiaCTepaMH, II pacno-

3HaBaHH.SI OT~eJILHhiX TPeKoB 6bm ucnoJIL30BaH MeTO~ rncTorpaMM, nepso- -

HaqaJILHo npeMO)I{eHHhiii B 3KcnepuMeHTe TOPAZ [4]. 3ToT Mero)J, 6Lm 

MO,ll,H<iJHIIHPOBaH c yqcroM oco6eHHOCTeii 3KcnepiiMeHTa HARP II ycnemHo 

npiiMeH.SIJIC.SI ~JI.SI BOCCTaHOBJieHII.SI TpeKOB qacTHII C nonepeqHbiM HMll)'JibCOM 

50 M3B/c II BLime. 3<iJQ:>eKTHBHOCTb _peKOHCTPYKIIHII TPeKOB 6Lma onpe,ll,eJie

Ha ll)'TeM BH3)'aJibHOI'O CKaHHpOBaHH.SI C06biTIIH II COCTaBHJia 95 ± 1% (,ll,JI.SI 

TpeKOB c IPTI > 0,1 r3B/c II 20° < (} < 135°). HMn)'JibC qacTIIII H HX HOHII3a

IIIIOHHhie noTepii B ra3e onpe~eJI.SIJIHCb nocJie aHaJIHTuqecKoii annpoKCHMa

IIIIII TpeKOB. IlpH 3TOM, M.SI )'CTpaHeHH.SI OCTaTOqHbiX 3<lJ<lJeKTOB, Bbi3BaHHbiX 

Kpocc-ToKaMII u HCKa)l{eHH.SIMII no11eii BHYTPH u Ha Kpa.SIX KaMepbi TPC, npo

BO~HJiacL KoppeKIIH.SI carHTThi T,PeKOB. BeJiuquHa nonpaBKH sapbupoBaJiacb 

B He60JibilliiX· npe,ll,eJiaX B 3aBIICHMOCTII OT a3HM)'TaJibHOI'O II llOJI.SipHOI'O yrna 

u onpe~eJI.SIJiacL H3 Tpe6osaHII.SI paseHCTBa speMeHII npoJieTa OTPHIIaTeJibHO 

H llOJIO)I{IITeJibHO 3ap.SI)I{eHHbiX lliiOHOB C paBHbiM IIMll)'JibCOM, COCTaBJI.SI.SI B 

cpe~HeM o(lfpT) ~ 0,05 (r3B/c)-1• 

HcnoJih30BaHue nepsuqHoii sepmiiHhi npu annpoKCIIMaiiiiii ipeKa no3-
,_- .· 

BOJI.SieT noqTII B,ll,BOe yJiyqmiiTh pa3pemeHIIe npii II3MepeHIIII nonepequoro 

IIMll)'JihCa qaCTIIIIbl. 0)J,HaKO, npii BKJIIOqeHIIII nepBIIqHQH BepmiiHbl B QJIIT 

TpeKa CJie~yeT yqiiThiBaTb 31j}QJeKT, B03HIIKaiOIIIIIH II3-3a IIOHII3aiiiiOHHbiX no

Tepb II pacce.SIHII.SI BTOpiiqHQH qaCTIIIIbl npii ~BII)I{eHIIII B MIIilleHII II B Ma

TepiiaJie ,ll,eTeKTopa • .[J,JI.SI 3Toro 6Lma npiiMeHeHa npoiie,ll,ypa peKOHCTPYK

IIIIII llOJIO)I{eHH.SI «BIIPT)'aJibHOH» nepBIIqHOH BepmiiHbi, KOTOpa.SI He IIMeJia 

6LI CMellleHH.SI OTHOCIITeJibHO 3KCTpanOJI.SIIIIIII TPeKa, 3aperiiCTPIIJlOBaHHOI'O 

B KaMepe TPC. Ee noJIO)I{eHIIe onpe,ll,eJI.SIJIOCb MeTO,ll,OM nocJie)J,oBaTeJibHbiX 
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npH6JIIDKeHHH nyreM BblqHCJieHIDI O:am.n.aeMOI'O CMemeHIDI BCJie)J.CTBHe MHO

roKPaTHOI'O K)'JIOHOBCKOI'O pacCeHHWI II HOHH3a~HOHHbiX IIOTepb qaCTH~bl B 

nemecTBe. IIonyqeHHaH BHPTYaJibHaH nepnmHa HCIIOJib30Banacb npn OKOHqa

TeJihHOH annpoKCHMa~HH TPeKa. Bee BbiqncneHIDI npoH3BO.D.HJIHCb .D.JIH TPex 

rHIIOTe3 0 THne qaCTH~bl, B npe)J.nOJIO)I(eHHH qTO qacTH~a HBJIHeTCH 3JieKTpO

HOM, nHOHOM HJIH npOTOHOM. OnncaHHaHJIPO~e.n.ypa O)J.HOBpeMeHHO n03BO

JIHJia onpe.n.enHTb 3HaqeHIDI HMnynbca H yma BbmeTa qacTH~bi B nepnmHe, 

KOTOpbie 3aTeM HCnOJib30BaJIHCb npH pacqeTe )J.HcpcpepeH~HaJibHbiX ceqeHHH. 

B pe3yJibTaTe, 6hmH .n.ocTnrnyThi cne.n.ywmne xapaKTepncTHKH KaMepbi 

TPC HARP. A6coJIIOTHaH nennqnHa HMnynhca qacTH~ H3MepHnacb B KaMepe .. 
c cncTeMaTnqecKoil omn6Koil MeHee 2%. HMnynhcHoe pa3pemeHne cr(lfpT) 

6hmo panHo 0,20 (r3B/c)-1
, n yxy.n.manocb .n.o 0,25 (r3B/c)-1 npn ManbiX 

ymax BbiJieTa HJIH MaJIOH CKOpOCTH qacTH~. IlpH nO)J.06HOM pa3pemeHHH, 

nepoHTHOCTb HenpaBHJibHOH n.n.eHTHcpHKa~HH 3apH.n.a qacTH~bi c PT. paBHbiM 

2T3B/c, He npeBhimana 2-3%. Yron BbiJieTa qacTH~ H3MepHJICH·C pa3peme

HHeM o(} ~ 9 Mpa.n. (.D.JIH nOJIHpHOI'O yma, paBHOI'O 60°). CHCTeMaTnqecKaH 

OillH6Ka H3MepeHIDI nOJIHpHOI'O yma COCTaBJIHJia MeHee 2 Mpa.n.. llOHH3a~H

OHHbie noTepH MHHHMaJibHO HOHH3HpyiOIUHX qaCTH~ H3MepHJIHCb C pa3pe

meHHeM 16% (.D.JIH TpeKOB )J.JIHHOH 6onee 300 MM). 

Cne.n.yeT ynoMHHYTb KpHTHK)' npe.n.cTanneHHoil MeTo.n.nqecKoil pa6oTbi 

II HOJiyqeHHbiX pe3yJihTaTOB, ony6JIHKOBaHHYIO B [5]. 3aMeqaHHH KaCaiOTCH, 

B OCHOBHOM, npo~e.n.yp Kann6poBKH KaMep RPC H KoppeK~HH 3cpcpeKTOB, Bbi-

3BaHHbiX HCKa)l(eHIDIMH noJIH B KaMepe TPC, KOTOpbie He paccMaTpHBaiOTCH 

nO)J.p06HO B )J.aHHOH pa60Te. 3TH 3aMeqaHIDI Bbi3BaHbl pa3liHqWIMH B pe-

3YJlbTaTaX, )J.OCTHrH)'TbiX npH KaJIH6pOBKe illHpOKOanePTYPHOI'O CneKrpOMeT

pa rpynnoil HARP-COP H KOJIJia6opa~neil HARP. Cne.n.yeT OTMeTIITb, qTQ 

YKa3aHHbie pa3JIHqiDI o6oHCIDIIOTCH He.n.oqeTaMH> .n.onymeHHbiMH npii npone-
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.n.eHHH aHaJIH3a .n.aHHbiX KOJina6opa~neil HARP, no3TOMY KpHTnqecKHe 3a

MeqaHIDI, BbiCKa3aHHhie KOJIJia6opa~neil HARP, He IIMeiOT no.n. co6oil .n.ocTa

ToqHbiX OCHOBaHIIH. 

Pe3yJihTaTbi BTopoil maBbi ony6nHKOBaHbl B pa6oTe [A1]. KoMMeHTapnii 

no nOBO.ll.Y KPHTHqeCKHX 3aMeqaHHH It 3TOH pa6oTe, ony6JIHKOBaHHbiX B [5], 

.n.aHbi B pa60Te [A2]. 

B TpeTheil maBe onncaHa npo~e.n.ypa aH.ann3a .n.aHHbiX H npn

BO)J.HTCH pe3yJibTaTbl H3MepeHHH HHI91103HBHbiX )J.HcpcpepeH~IIaJibHbiX ce

qenHH po)I()J.eHHH npOTOHOB II 3apH)I(eHHbiX nHOHOB B peaK~HHX 

rr+, rr-, p + Be --t rr+, Jr-, p + X npn IIMnynbce nyqKa B .n.IIana3oHe OT 3 .n.o 

15 r3B/c, II BbiXO)J.a KaOHOB B peaK~IIH p +Be --7 K+ +X npH HMnyJibCe 

nyqKa 8,9 r3B/c. 

,[Vrn nOCJie)J.yiOmero aHaJIH3a OT6IIpaJIHCb C06biTHH, B KOTOpbiX O)J.H0-

3HaqHO BOCCTaHOBJieHa TPaeKTOpiDI nyqKOBOH qacTH~bi, onpe.n.enen ee THn, 

a B COOTBeTCTBYIOIUeM c6poce yCKOpHTeJIH OTCYTCTBOBaJIH pe3KHe H3Mene

HHH HHTeHCHBHOCTH. IlOJIO)I(eHIIe MeCTa , nona)J.aHIDI nyqKOBOH qacTHQbl B 

MHilleHb )J.OJI)I(HO Jie)l(aTb B pa.n.nyce 12 MM OT HOMHHaJibHOI'O nOJIO)I(eHIDI 

nyqKa, COBna.n.aiOmero C ~eHTpOM MHilleHH. 

0T6HpaJIHCb TpeKH, 3aperHCTpiipOBaHHbie TOJibKO B 1, 3, 4 II 6 CeKT0-
1' 

pax KaMepbi TPC. ,[VIH Ha)J.e)l(noro noccmHOBJieimH napaMerpon qacTH~bi 

TPe6onanocb, qT06bi TpeK cocTOHJI He MeHee qeM H3 10 KJiacTepon. BeKTop 

HMnynhca TPeKa B nepmiine He .n.oJI)I(eH Jie)l(aTb n6JIH3II CTbiKOB Me)l(.n.y ceK

TopaMII B npe.n.enax 10° no a3HM)'TaJibHOMY ymy C O)J.HOH CTOpOHbl, II 2° 

C .n.pyroil. 3TOT KpiiTepHH 6biJI o6yCJIOBJieH nOHH)I(eHHOH 3cpcpeKTHBIIOCTbiO 

perHCTPa~IIH B6JIII3H CTbiKOB, II 3aBIICeJI OT 3HaKa 3apH)J.a qaCTH~bi: )J.JIH qa

CTH~ npOTIIBOnOJIO)I(HOI'O 3apH)J.a, a Tal()l(e npii II3MeHeHIIH HanpaBJieHIUIIIH

)J.~IIH MarniiTHoro noJIH KpiiTepiiil MeHHJICH Ha npoTIIBOnOJIO)I(HbiH·. Yron 
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BbiJICTa TIJCKOB .r~on)KCH ne)KaTI> B npe.r~enax OT 20° .r~o 125°. KpoMe Toro, Tpe-

6oBanoci>, 'IT06bi 3KC'TpaiiOIDI:Qllil TpCKa npOXO,[IIUia qepe3 o6naCTb MIIIIICHII. 

ITpii BI>IqiicneHIIII 3HaqeHIIH .LIIIQJQJepeHIIIIanbHbiX ceqeHIIii npiiMCIDIJIIICh rro

rrpaBKII, yqiiTbiBaiOIIIIIC 3QJQJCKTIIBHOCTb periiC'Tpal!IIII TIJCKOB, 3KCIICpiiMCH

TanbHOC pa3pCIIICHIIC CIICKTIJOMCTpa, BniDIHIIC KpiiTCpiiCB OT60pa C06biTIIH, a 

TaK)KC BepmiTHOCTII IIOBTOpHOro B3aiiMO,[ICHCTBIDI BTOpiiqHbiX qaCTIIQ B MII-
.J 

IIICHII II pacrra,[la BTOpiiqHbiX IIIIOHOB. 

,lJ;IDI a6coniOTHOH HOpMIIpOBKII IIOTOKa IIyqKOBbiX qaCTIIII OT6IIpaniiCb 

C06biTIDI, KOTOpbiC 6biJIII 3aperiiCTpiipOBaHbi ITO pCIIICHIIIO HOpMIIpOBOqHoro 

Tpiirrepa. flpii 3TOM 'TpC60BanOCb, qT06bl rryqKOBaH qacTIIIIa )'.LIOBnCTBOpH

na TCM )KC KpiiTCpiDIM, qTo II IIpii OT6ope C06biTIIH C ~3aiiMO,LICHCTBIICM B 

MIIIIICHII. 

CTaTIICTIIqecKoe Mo.r~eniipoBaHIIe co6biTIIH ocyiiieCTBIDinoch rrpii rro

MOIIIII KOMIInCKCa rrporpaMM TpcSimulation, pa3pa60TaHHOro Ha OCHOBC 

rrporpaMMHoro rraKCTa Geant4. Ebma C03,LiaHa Mo.r~enh IIIIIpoKoarrepTYPHO

ro CIICKTpOMCTpa, yqiiTbiBaiOIIIaH B3aiiMO,LICHCTBIIC rryqKOBOH qacTIIIIbi B MII-

IIICHII, npOXO)K,[ICHIIC BTOpiiqHbiX qaCTIIII qepe3 BCIIICCTBO II MO,[(CniipOBaHIIC 

OTKniiKa ,[ICTCKTOpOB, KOTOpaH II03BOnHna ,LIOCTOBCpHO BOCIIpOII3BCCTU 3KCIIC

piiMCHTanbHO II3MCpCHHbiC BCniiqiiHbi. ,lJ;IDI MO,[(CniipOBaHIDI B3aiiMO,[ICHCTBIIH 

IIpOTOHOB C IIMrrynhCOM HII)KC 12 r3B/c 6hiJI IICIIOnb30BaH CTaH,L~aPTHbiH Ha-

6op MO,[Ieneii QJII3IIqecKIIX rrpOQCCCOB QGSP _BIC. ,lJ;IDI MO,LICniipOBaHUH B3a-

-IIMO,LICHCTBIDI IIIIOHOB, a TaK)Ke IIpOTOHOB C IIMIIynhCOM 12 II 15 r3B/c IIpii

MCHHnCH CIICIIIIanbHO pa3pa6oTaHHblll Ha6op MO,[(Cneii QJII3IIqecKIIX IIpOQCC

COB HARP_ CDP. ,lJ;mi pacqeTa co.r~ep)KaHIIH 3neKTpOHOB II MIOOHOB B rryqKe 

6I>ma C03,LiaHa rrporpaMMa MO,LieniipoBaHIDI MarHIITOOIITIIqecKoro TpaKTa T9 

rrpoTOHHoro CIIHXPOTIJOHa CERN. 

,lJ;mi II,[ICHTIIQJIIKaQIIII BTOpiiqHblX qaCTUQ KIDK,li;OH U3 HIIX IIpiiiiiiCbiBa-
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Pnc_ 2_ Cneaa: cpaaHeHne H3MepeHHhiX B ~aHtJOii pa6oTe (qepHhie TOqKn) ceqeHilii polK,Lie

Hil.ll 3ap.!I)KeHHhiX IIHOHOB B peaK~llll p +Be -+ 7r\ lf- +X IIpllllMIIYJihCe rryqKa + 15.0 r3B/c 

c ceqeHH.l!Mil, ll3MepeHHhiMll B 3KCnepnMeHTe E802 rrpn llMIIYJihCe nyqKa + 14.6 r3B/c 

(6eJihie TOqKII). CnpaBa: cpaBHeHne H3MepeHHhiX B ~aHHOii pa6oTe (qepHhie TOqKn) ceqe

Hnii pO)K~eHH.ll 3ap.!I)KeHHhiX ITHOHOB B peaK~Illl p + Be -+ lf+, lf- + X npn llMITYJihCe nyq

Ka + 12.0 r3B/c c ceqeHII.l!Mll, ll3MepeHHhiMll B 3KCnep!IMeHTe E910 np!I llMITYJihCe nyqKa 

+ 12.3 r3B/c (6eJihie TOqKn). 

naCb BCpOHTHOCTb HBnHTbCH IIpOTOHOM, IIIIOHOM (MIOOHOM) IInii 3neKTpOHOM. 

CyMMa 3TIIX BepoHTHOCTeii HOpMIIpoBanach Ha C,LIIIHIIIIY, qTo6hi coxpaHIITb 

qiicno qacTIIQ. BepoHTHOCTII .LIIDI Ka)K,LIOH qacTIIQbi BbJqiicnHniich IICXO.LIH II3 

II3MepeHIIH UOHII3aQIIOHHhiX rrOTeph B KaMepe TPC II BpeMeHII rrponeTa rrpii 
,., ·. 

rroMOIIIII KaMep RPC c yqeToM OTHOCIITenhnoro 'co.r~ep)KaHIIH qacTIIII .r~aH-

uoro TIIIIa B BbiXO,LIHOM IIpO,LiyKTe peaKIIIIII. 0THOCIITCnbHOC CO,LICp)KaHIIC 

qacTIIII orrpe.r~enHnoch IIYTCM cTaTIICTIIqecKoro Mo.r~eniipoBaHIIH c rrocne.r~y

IOIIIUM B3BCIIIIIBaHIICM ,[lnH ,[IOCTU)KCHUH COrnaCUH C 3KCIICpUMCHTanbHbiMU 

.r~aHHhiMII. · Oco6aH rrpoQe.r~ypa 6I>ma pa3pa6oTaua .r~nH n.r~enTucjlnKaQnn Kao

HOB II ,LICHTIJOHOB. 

li,[ICHTUQJUKaQHH rryqKOBbiX qaCTUQ IIpOBO,[IIInaCb Ha OCHOBaHUII CIIr-
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HaJIOB qepeHKOBCKHX cqeTqHKOB H H3MepeHHH BpeMeHH nponeTa B CHCTeMe 

~eTeKTopoB KOHlpOmi nytiKa. Co.ll.ep)KaHHe MIOOHOB B nyqKe on;eHHBarrocb 

npH nOMOll(H H)J.eHTHqmKaTOpa MIOOHOB. 3neK1pOHbl npH MaribiX HMnyni>CaX 

(3-5 r3B/c) OTCeHBaJIHCb )J.eTeKTOpaMH KOHTpOmi nyqKa. IJpH 6onee BbiCO~ 

KHX HMnynbCaX HX CO)J.ep)KaHHe B nyqKe OQeHHBaJIOCb npH nOMOll(H 3lleK-

TpOMarHHTHOI'O KariOpHMeTpa H nporpaM~bl MO)J.enHpOBaHIDI lpaKTa nyqKa. 

.J 
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Puc. 3. CneBa: cpaBHeHue H3MepeHHbiX B .n:aHHoil pa6oTe (qepHwe ToqKH) ceqeHuil po:>K.n:e-

HHJI 3apJI)KeHHbiX IIHOHOB B peaK~HH p + Be ~ lf+, lf- +X IIpH HMIIYJibCe rryqKa + 12.0 f3B/c 

c pe3YJibTaTaMu, nonyqeHHbiMH KOJIJia6opa~ueil HARP (6eJibie ToqKH). IloKa3aHbi rronHwe 

omn6Kii. CrrpaBa: .ll:JIJI 3T0ll :>Ke peamuu IIOKa3aHO cpaBHeHHe H3MepeHHOI'O B .n:aHHOll pa6oTe 

(qep~we mqKu) OTHomeHHJI BbiXO.ll:OB 1r+ /lf- c pe3yJibTaTaMu KoJIJia6opa~uu HARP (6eJibie 

TQqKH) B 3aBHCHMOCTH OT IIOJIJipHOI'O yrna; npHBe.n:eHO aHaJIOrHqHoe OTHOIITeHHe, H3MepeH-

Hoe B 3KcrrepuMeHTe E910 npu HMIIYJibCe nyqKa + 12.3 f3B/c. Pe3yJihTaThi Konna6opa~uu 

HARP IIOKa3aHw c IIOJIHbiMH omu6KaMH. ,ll;JIJI pe3yJibTaTOB, rronyqeHHbiX B 3KcnepnMeHTe 

E91Q H B .ll:aHHOll pafiOTe, IIOKa3aHbl TOJibKO CTaTHCTHqeCKHe OIITHfiKH. 

,[{lliJ: Ka)K)J.OH KOM6HHaQHH HaJieTaiOll(HX H BTOpHqHbiX qaCTHQ ceqeHHH 

6bmH H3MepeHbl B HHTepBarrax nonepeqHoro HMnYJibCa BTOpHqHbiX qaCTHQ 

PT (B )J.Hana3oHe OT 0,1 .11.0 1,25 r3B/c) H nomipHoro yma HX BbmeTa (} (B 
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~Hana30He OT 20° .11.0 125°). IJpu KmiQJ;OM HMnYJibCe nyqKa ±3,0; ±5,0; -8,0; 

+8,9; ±12,0 H ±15,0 r3B/c H3MepeHIDI 6bllH npOBe)J.eHbl B 96 HHTepBarrax 

PT H B. CncTeMaTuqecKaH onm6Ka onpe)J.emmacb, B OCHOBHOM, 3Kcnepu

MeHTaJibHbiM pa3perneHHeM cneKipOMeTpa H norpelliHOCTHMH, CBH3aHHbiMH 

C a6coniOTHOH HOpMHpOBKOH nOTOKa, OQeHKOH 3lf>lf>eKTHBHOCTH perHClpaQHH 

BTOpHqHbiX qaCTHQ, pacqeTOM OTHOCHTellbHOI'O CO)J.ep)KaHIDI qaCTHQ )J.aHHOI'O 

THna B BbiXO~HOM npO.ll.YKTe peaKQHH H yqeTOM BllH.SIHIDI KpHTepHeB OT60pa, 

H COCTaBn.Sina B 60llblliHHCTBe HHTepBariOB OT 3 )J.O 5%. 

Eoni>rnaH CTaTHCTHKa co6biTHH, Ha6paHHaH npn HMnyni>ce nyqKa 

8,9 r3B/c, n03BOllHna H3MepHTb BbiXO)J. BTOpHqHbiX KaOHOB no OTHOllleHHIO 

K BbiXO.ll.Y nHOHOB B peaKQHH p + Be --+ K+ + X. YKa3aHHoe OTHorneHHe, 

ycpe)J.HeHHOe no ymy BbmeTa B )J.Hana30He 20° < (} < 32° u no HMnyni>cy B 

)J.Hana30He OT 400 ~o 700 M3B/c, paBHO 

d2a-K(p, B)/dpdQ 
RK(p, B) = d2 ( . )/d d ~ 0.02 ± 0.003 • 

a-" p,e P n 
Pe3yni>TaThl )J.aHHOH pa6oTbi HaXO.lJ.HTC.SI B xoporneM comacHH c H3Me

peHH.SIMH Ha npOTOHHbiX nyqKaX C HMnynbCOM 14,6 H 12,3 r3B/c, BblllOll

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

B TO )Ke BpeM.SI, OHM Cyll(eCTBeHHO OTnHqaJOTC.SI OT pe3yllbTaTOB, ony6nHKO-

r• 
BaHHbiX Konna6opan;Heil HARP [8] (pHc. 3). 3To TeM 6onee npHMeqaTenbHO, 

ecnH yqecn, qTo B aHanH3e, npoBe)J.eHHOM Konna6opan;Heil HARP, 6bmH HC

nonb30BaHbi Te )Ke lfCXO)J.Hbie 3KCnepHMeHTaJibHbie ~aHHble,' .qTO H B )J.aHHOH 

pa6oTe. YKa3aHHOe pa3nHqHe o6n.SICIDieTC.SI He)J.oqeTaMH, )J.onyll(eHHbiMH npH 

aHaJIH3e )J.aHHbiX Konna6opa.u;ueil HARP. u CB.SI3aHHbiMH, maBHbiM o6pa3oM, 

- c He)J.OCTaToqHo xoporneil KanH6poBKOH KaMep TPC H RPC. 

Pe3yni>TaTbi TpeTbeil maBbi ony6nHKOBaHbi B pa6oTax [A3, A4]~ IIpu

qHHbi paCXO)K)J.eHIDI H3MepeHHbiX ceqeHHH C pe3yllbTaTaMH, nonyqeHHbiMH 
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1mJIJia6opaQHeii HARP, ony6nHKOBaHI>I KaK npHnO)KeHHe K [A3]. 

B qeTBepToii rJiaBe nonyqeHHI>Ie pe3yni>TaThi Hcnoni>30BaHI>I MH npo

BepKH npaBHnbHOCTH !lJeHOMeHOnOrHqecKHX MO,D;eneif H,D;epHbiX B3aHMO,D;eH

CTBHH, npHMeH.HeMbiX B nporpaMMHOM naKeTe Geant4. 

QGSP_BIC QBBC 

~ piplus_beam ~ piplus_beam .!; ·E sw 

,_ ~ secondary _piminus ~ •econdary _proton ~I ZOO 

a 
200<P1 <250 

';5-800 
SSO<P1 <700 

J,~J 
~ 
11"" 
~ :.:.,. 

It jOO 

' o • • • • • m • • • JQO 120 146 161) 130 

Po!ar angle (degrees) Polar angle (degrees) 

Pnc. 4. Ha6op Mo.neneii QGSP _BIC (cnesa): pacrrpe,neneHne yrna BhlJiera rr--Me30HOB, o6-

pa3oBaHHhiX HaneraromnMn rr+ -Me3oHaMn; Ha6op Mo,neneii QBBC (crrpasa): pacrrpe.neneHne 

yma BhiJiera rrpOToHOB, o6pa3oBaHHhiX HaneraromnMn rr+ -Me30HaMH. KpeCThl cooTBeTCTBy-

lOT 3KCIIepHMCHTaJihHhiM ,naHHhiM, CIIJIOIIIHIDI JIHHHll: IIOKa3hiBaeT pe3yJihTaT MO,nennpOBaHHll: 

C IIOMOIIlhlO Geant4. MaCIIITafi BhifipaH HCXO,nll: H3 paBeHCTBa HHTCipaJihHhiX BhiXO,nOB 'Ia-

CTH~ B HHTCpBane ymoB OT 20° ,no 125°, 

3KcnepHMeHTanbHO H3MepeHHbie ClleKTpbl llpOTOHOB H 3apH)KeHHbiX llH

OHOB npH HMnyni>ce nyqKa +8,9 r3B/c H -8,0 r3B/c 6blnH cpaBHeHbl C 

npe,D;CKa3aHHSIMH 3THX MO,D;eneif (B pa60Te HCllOnb30BanaCb BepCHH naKeTa 

Geant4 9.1). AHanH3 pe3yni>TaToB cpaBHeHHSI, B KOTopoM 3a OCHOBHOH KpH-

TepHH B3SITa B03MO)KHOCTb a,D;eKBaTHOro OllHCaHHSI3KCnepHMeHTanbHO H3Me

peHHOH <}>opMbl ymOBbiX ClleKTpOB BTOpHqHbiX qaCTHQ, ll03BOnHJI BbiHBHTb 

cyiQeCTBeHHI>Ie He,D;oCTaTKH naKeTa Geant4: HH O,D;HH Ha6op Mo,D;eneii He 6I>m 

npH3HaH y,D;oBneTBOpHTeJibHO onHCbiBaiOIQHM Bee ,D;aHHbie O,D;HOBpeMeHHO. 
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,[{JIH 6onblliHHCTBa Ha6opOB MO,D;eJieH 6bmH OTMeqeHbl Y3KHH llHK BTOpHq

HbiX npoTOHOB c ymoM BhmeTa, 6JIH3KHM K 70°, H HanHqHe CTPYKTypi>I B 

pacnpe,D;eneHHH BTOpH'IHbiX llHOHOB (pHC. 4). 3TH xapaKTepHbie OC06eHHO

CTH cneKTPa He Ha6nro,D;aiOTCSI B 3KcnepHMeHTanbHbiX ,D;aHHbiX. ITo pe3yJII>Ta

TaM ,D;aHHoii pa6oTbi, aBTopaMH naKeTa Geant4 yKaJaHHhie He,D;OCTaTKH 6I>mH 

YCTPaHeHbi B nocne,D;yiOIQHX BepcHSIX nporpaMMbi [9]. 

CpaBHeHHe H3MepeHHbiX OTHorneHHii BbiXO,D;OB K+ j;r+ H d/ p H3 SI,D;ep 

6epHnJIHSI llO,D; ,D;eHCTBHeM npOTOHOB ~ HMllYJibCOM +8,9 r3B/c C npe,D;CKa3a

HHSIMH HeKOTOpbiX MO,D;eneif, BXO,D;SIIQHX B COCTaB naKeTa Geant4, ll0Ka3anO, 

qTo MO,D;eJib FRITIOF Hennoxo onHChiBaeT ,D;aHHhie, HO He BocnpoH3BO,D;HT 

3aBHCHMOCTb OT HMnyni>ca MH KaOHOB. ITpe,D;CKaJaHHSI MO,D;enH 6HHapHoro 

BHYTPHSI,D;epHoro KacKa,D;a c pe3yJII>TaTaMH H3MepeHHH He comacyiOTCSI. 

PeJyn~>TaTI>I qeTBepmii maBbi ony6nHKOBaHbi B pa60Tax [A3, AS]. 

3aKmoqeHne 

0CHOBHhle pe3yJILTaTLI H BbiBO,D;hl 

1. BnepBI>Ie cHcTeMaTHqecKH H3MepeHbi HHKJII03HBHbie ,D;HiiJ!lJepeHQHanb

Hhie ceqeHHSI 06pa30BaHHSI npOTOHOB H 3apSI)KeHHbiX llHOHOB Ha SI,D;pax 
,_ .· 

6epHnJIHSI npOTOHaMH H 3apSI)KeHHbiMH. llHOHaMH C HMllYJibCOM ±3,0; 

±5,0; -8,0; +8,9; ±12,0 H ±15,0 r3B/c (3HaK HMnyni>Ca COOTBeTCTBYeT 

3Haey 3JieKTPHqecKoro 3ap.s~,D;a qacTHQ B nyqKe). li3MepeHHSI BI>monHe

Hhi Ha ycTaHOBKe HARP B ,D;HanaJoHe ymoB BI>meTa qacTHQ· OT 20° 

,!1;0 125°. ,[{OCTHrHYTa TQqHOCTb H3MepeHHH ceqeHHH paBHall 3-10%. 

ITonyqeHHI>Ie pe3yni>TaTI>I SIBJIHIOTCSI 3KcnepHMeHTanbHOH ocHoBoii MH 

pa3BHTHH TeOpHH CHJibHbiX B3aHMO,D;eHCTBHH H HMeiOT Ba)KHOe 3Haqe-
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nne ,rom yroqnemrn napaMerpoB <lJenoMeuoJiornqecKnx MOJ(eJieii HJ(cp

HbiX peaK~IIH. 

2. BnepBble H3MepeH BbiXOJ( BTOpnqHbiX KaOHOB llO OTHOilleHUIO K BbiXOJ(y 

llUOHOB B pea~UH B3aUMOJ(eHCTBUH npOTOHOB C HJ(paMU 6epUJIJIUH npn 

UMllYJibCe nyqKa 8,9 r3B/c. li3MepeHUH CJ(eJiaHbi B yrJIOBOM J(UanaJOHe 

20° < 0 < 32°. YKa3aHHOe OTHOilleHHe paBHO 0.02 ± 0.003. 

3. IloJiyqeHHble J(aHHble BOCllOJIHHIOT npo6eJI B TOH 06JiaCTH, r,l(e B HaCTO

H~ee BpeMH TOqHbie 3KCnepnMeHTaJibHbie H3MepeHUH OC06eHHO BOC

TPe60BaHbl B CBH3H C npoeKTHpOBaHHeM HOBbiX YCKOpHTeJibHbiX KOM

llJieKCOB (HeHTPHHHaH <lJa6pnKa, MIOOHHbiH KOJIJiaH~ep), ueo6XOJ(HMO

CTbiO pacqeTa HeHTpHHHbiX ClleKTPOB B 3KCnepnMeHTax C YCKOpHTeJib

HbiMH n aTMoc<lJepHbiMH ueiiTpnuo n noBMmeuneM TPe6osaunii K Toq

HOCTH npeJ(CKa3aHHH nporpaMM MOJ(eJIHpOBaHUH. 

4. IIposeJ(euo cpasueune pe3yJII>TaTOB H3Mepeunii c npeJ(CKaJaHUHMH pH

J(a <lJeHOMeHOJIOrnqeCKHX MOJ(eJieH HJ(epHbiX peaK~HH, HCllOJib3yeMbiX 

B illHpOKO pacnpOCTpaHeHHOM H npnMeHHeMOM J(JIH MOJ(eJIHpOBaHUH 

npaKTnqeCKH BCeX COBpeMeHHbiX H llJiaHnpyeMbiX ycTaHOBOK (BKJIIO

qaJI 3KcnepnMeHTbi ua LHC n FAIR) nporpaMMHOM naKeTe Geant4. 

BbiHBJieuo 3HaqnTeJII>Hoe pacxo)K).l;eune pe3yJII>TaToB MOJ(eJinposaunH n 

3KCnepHMeHTaJibHbiX J(aHHbiX, Bbl3BaHHOe HeJ(OCTaTKaMH 3THX MOJ(e

JieH. ITo pe3yJII>TaTaM J(auuoii pa6oTbi, aBTopaMn naKeTa Geant4 B no

cJieJ(yiO~nx BepcUHx nporpaMMbi yKaJaHHble ueJ(OCTaTKH 6I>mn ycTpa

HeHI>I. B uacTOH~ee BpeMH, yJiyqmeuuaH BepcHH naKeTa Geant4 npn

MeHHeTCH J(JIH pacqeroB B OIUIH, CERN n J(pyrnx nccJieJ(oBaTeJII>CKnx 

~eHTPax <lJH3HKH BbiCOKHX 3Heprnii. 

20 

5. BI>moJiueua MeTOJ(nqecKaH pa6oTa, BKJIIOqaiO~aH B ce6H: 

a) pa3pa60Tey MeTOJ(OB H nporpaMMHOro o6ecneqeHHH J(JIH KaJIH6-

pOBKH OTJ(eJib~biX KaHaJIOB KaMepbi TPC, Koppe~nn napa3HTHI>IX 

CHrHaJIOB, reOM~HqecKOH peKOHCTPY~HH TpeKOB H nepBnquoii 

BepmHHbl, H BbNHCJieHUH nonpaBKH Ha HOHH3a~UOHHbie llOTepn 

n MHOroKpaTuoe KYJIOHOBCKoe pacceHune BTOpnqHbiX qacTn~ B 

MaTepnaJie Mnmeun; 

6) pa3pa60Tey nporpaMMHoro" o6ecneqennH J(JIH CTaTncTnqecKoro 

MOJ(eJinposannH co6I>nnii B. mnpoKoanePTYpHOM cneKTPOMeTpe 

HARP; 

s) pa3pa60Tey npo~eJ(ypbi OT6opa J(aHHbiX, yJ(OBJieTBOpHIO~nx Kpn

TepnHM naJ(e)KHOii pa6oTI>I mnpoKoarieprypuoro cneKTpoMerpa n 

TOquoro H3MepeHHH ,l(n<lJcpepeH~HaJibHbiX ceqeunii. 
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