Iamamu npogheccopos
C.b. Hypywesa u FO.M. Kazapunosa
nocesauaemcs

KoHuenryajbHbIil MPOEKT IKCIIEPUMEHTA
CIHACYHAPM

B.B. A6pamos!, M.JI. Axrupeiil, A.A. Bopucos?, C.11. Bykpeea', A.H. Bacunbep™?,

B.U. T'apkymal, F0.M. T'onuapenxo?, A.M. Fopun?, A.A. lepesmuxos’, B.H. 3anonbckuii?,
A.H. Ucaes!, H.K. KanyrHHl, B.A. Kauanos!, A.C. KO)I(I/IHl, A.K. Jluxomen®, A.B. Hyt{I/IHCKI/Iﬁl,
E.B. Macnoga!, B.A. Maumrees?, FO.M. Menbuux®, A.IT. Meutanun®, H.I'. Munaes?,

B.B. Moucees?, H.A. MOpOSOBl, B.B. Moqan031'3’*, K. Hosukos!, JI.B. Horau?,

C.B. [Nocnasckuii?, A.®. [pyaxornag®, C.B. Peoxuxos!, B.W. Peikanun®, A.JI. Pa6os!, T/,
Psi6oBal, A.B. Ps3annes?, ILA. CeMeHOB1’3, B.A. Cenbko?, C.P. Cnabocrnmukuii’,

M.M. Connaros?!, J.®. Conosres?, A.B. V3yusn!, P.M. ®axpyrmunos?, H.A. Illanannal,
B.N. HKHquKl, AE. HKyTI/IHl, H.A. Ba>I<aH0B2, J.B. Benor?, H.C. BOpI/ICOBZ, B.I1. BosbHbIX?,
C.B. I'onockoxos?, U.C. l'opoxuos?, A.C. Jlomxuxos?, A.B. Jlazapes?, A.b. Heranos?,
FO.A. Tlnuc?, O.B. TepﬂeBz, A H. q)éILOPOBZ, I0.A. YCOBZ, 10.H. Y3I/IK0B2’7, A.A. BoraaHos®,
M.B. Hypymega®, B.A. Oxopoxos®, B.JI. Perkos®, M.H. Ctpuxanos®, .I'. Anekccen?,
B.M. HeCTep0B4, B.B. Prutbios?, D.1. CaMI/IFYJ'IJ'II/IH4, JI.H. CBI/IpI/I,I[a4, B.A. AHszeeB5,
A.B. I'punner®, H.I'. Kosnenko®, B.C. Kosnos®, /1.B. Hopunckuii®, B.1. Tapakanos®, B.C.
Temup6ynaros®, B.U. Kpusopyuko®

(Corpynuuuectso CITACHAPM)

YdenepansHoe TOCYJapPCTBEHHOE OIOKETHOE yUpekaeHHE « THCTUTYT (DM3UKH BBICOKHMX SHEPTUH MMEHH
A.A. JlorynoBa HauuoHnanbHOro wuccienoBaTenbckoro HeHTpa «KypyaTOBCKUA — MHCTUTYT»,
wioniaas Haykw, 1, . [IpoTBuHO, MockoBckas obnacth, Poccus, 142281

MexmyHapoqHas — MEXKIPABUTEILCTBEHHass opranuzanus OObeIUMHEHHBI  HMHCTHTYT  SIEPHBIX
nccienoBanni, yi. XKomuo-Kropwu, 6, r. Jlyona, Mockosckas o601, Poccus, 141980

3denepanbHOe TOCYIAPCTBEHHOE ABTOHOMHOE OOPa30BaTENIbHOE YUPEKAEHUE BBICIIETO O0OPa30OBaHMs
«HannonaneHbeId UccnenoBaTeNnbCckuil saepHbld yHuUBepcuteT «MUDW», Kammpckoe mocce, 31, T.
MockBa, Poccnst, 115409

*HanuonanbHeii  uccnenoBarenbckuii 1eHTp «Kypuatosckuii unctutyt» (KKTO®), yin. Bosbmias
Uepemymkunckasi, 25, T. Mocksa, Poccust, 117218

SDeepanbHOE roCyIapCTBEHHOE OOKETHOE yupexkaeHue «IleTepOyprekuil MHCTUTYT sepPHON (QH3UKH
uM. B.I1. KoncrantunoBa HanmoHanbHOTO Hecaen0BaTenbcKoro ueHTpa « KypuaroBckuii MHHCTUTYT», MKP.
OpioBa poma, 1, . ['atunna, Jlenunrpaackas o6i., Poccus, 188300

®Aximonepnoe 00mectBo «Hayuno-npoussoacteennoe mpeanpustue «ACTOK» um. lllokuna», yiI.
Boxkzanbhas, 2B, 1. ®ps3uno, MockoBckas 0011, Poccust, 141190

TocynapcTBeHHbli yHuBepcuTeT «JlyOHa», yin. YHuBepcuterckas, 19, r. JlyoHa, MockoBckas 0071acTh,
Poccus, 141982

“E-mail: mochalov@ihep.ru



OxcnepumeHT CITACYUAPM HaneneH Ha CHCTEMAaTHYECKOE HCCIEAOBAHHE CIMHOBOMU
CTPYKTYpPbl HYKJIOHa W CIHMHOBOM 3aBHCHMOCTHU CHUJIBHOTO B3aUMOJCHCTBHUSI aHTUBEILECTBA U
BelllecTBa ¢ Marepuell npu 3Heprusix no 45 I»B. B pamkax mnepBoro sTtana »KCHEpPUMEHTA
U3Y4EHHE CIIMHOBBIX CBOWCTB aJpOHOB OyAE€T IPOXOAWUTh Ha JAEUCTBYIOUIEH YCTaHOBKE
CITACYHAPM Ha nydyke OTpPHULATENIBHO 3apsDKEHHBIX aJpOHOB KaHajla 14 yCKOpUTEIbHOTO
koMmruiekca ¥Y-70. Ha BropoM 3tamne B kanane 24A yCKOpPUTEIbHOTO KoMIuiekca ¥Y-70 mpenmosia-
raerca (OpMUPOBAHUE TOJSPUIOBAHHBIX MTyYKOB IPOTOHOB U aHTUIIPOTOHOB. [lossipr30BaHHbII
AHTUIPOTOHHBIM Iy4OK, O€3yCIIOBHO, CTaHET YHHMKaJIbHBIM IIyukoM B mupe. Ilmanupyercs
MIPOBECTH U3MEPEHUS OJHOCIMHOBBIX ACUMMETPUI B JECATKAaX PEaKIMil Kak Ha BOJOPOJE, TaK U
Ha paznuuHblXx saapax. Ha ycranoBke CITACHAPM B03MOXHO TakKe MU3MEPEHHME NONEPEYHON
MOJISIPU3ALMU TUIIEPOHOB U 3JIEMEHTOB CIIMHOBOM MAaTpHUIbl BEKTOPHBIX ME30HOB. {111 n3ydyeHus
CIMHOBOM CTPYKTYpbl HYKJIOHAa NIPEAIOJAraercs IPOBECTH HCCIEIOBaHMUs 00pa3oBaHUs
KBapKOHUsSI JUIsl OIPENENIeHUs] BKIIAaJa TIJIFOOHOB B CHOUH IpoTOHa. Hamuuwme IByX THUIOB
HOJIAPU30BAHHBIX IIyYKOB M BOCHMM THUIIOB HENOISPHM30BaHHBIX mydkoB (7, K*, p, p, d, C) B
KOMOMHAIIMM €  TOJSIPU30BAHHOM  MHUIIGHBIO  PACHIMpSeT  JUarna3oH  HMCCIEeIOBAHUMN
MOJISIPU3AMOHHBIX SIBJICHUN U yCHJIMBAET YHUKAIBHOCTb IIPOEKTA.

The SPASCHARM experiment is aimed at a systematic study of the nucleon spin structure
and the spin dependence of the strong interaction of antimatter and matter with matter at energies
up to 45 GeV. As part of the first stage of the experiment, the study of the spin properties of hadrons
will take place on a beam of negatively charged hadrons on existing beamline 14 at the operating
SPASCHARM setup at U70 facility. At the second stage, the formation of polarized beams of
protons and antiprotons is assumed in beamline 24A of the U-70 accelerator complex. A polarized
antiproton beam will certainly become a unique beam in the world. It is planned to measure single-
spin asymmetries in dozens of reactions, both on hydrogen and on various nuclei. At the
SPASCHARM facility, it is also possible to measure the transverse polarization of hyperons and
elements of the spin density matrix of vector mesons. Spin structure of the nucleon will be
investigated in the study of the quarkonium production to determine the contribution of gluons to
the proton spin. The presence of two types of polarized beams and eight types of non-polarized
beams (z*, K*, p, p, d, C), in combination with a polarized target, expand the range of studies of
polarization phenomena and enhance the uniqueness of the project.

PACS numbers: 41.85.-p, 13.30.-a, 13.88.+e, 13.85.D
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PE3IOME ITPOEKTA

Ha kpynneitmem B Poccum yckoputensHom komruiekce Y-70 B HUILL «KypuaroBckuit
uactuty™ — UOBD, TlporBuno (nanee NDBD) co3nan 3HAUMTENBbHBIN 3a/€i ISl TPOBEICHUS
uccnepaoBanuii mupoBoro ypoBHs Bakcrnepumente CIIACHAPM (CllunoBsie ACummerpuu
B oOpazoBanun YAPMownus). Otu uccnenoBanus no3soisat HULl «KypyaToBckuii MHCTUTYT»
3aHATH JIAUPYIOUINE B MUPE TIO3UIUHU B 00JIACTH CIIMHOBON (DU3UKH.

IIpoekT HauneneH Ha MCCIEAOBAHUE CIMHOBOM CTPYKTYpbl HYKIOHA W CIHUHOBOHU
3aBUCHUMOCTH CHJIBHOTO B3aUMOJICHCTBUS aHTUBEILECTBA U BEILECTBA C MATEPUEH NPU IHEPTUAX
10 45 I'B. CniuH B KBaHTOBOI MEXaHUKE SIBJISICTCSI COOCTBEHHBIM YTJIIOBHIM MOMEHTOM YacTHIL CO
cneun(uyeckuMu CcBoiicTBaMu. B oTnuume oT OpOMTATBbHOIO MOMEHTAa, CIHMH HE CBSI3aH
C IEPEMEICHUEM 4YacCTHLBl B IPOCTPAHCTBE U ABIAETCS €€ BHYTPEHHEH KBAHTOBOU
XapaKTepUCTUKOH, Haroo0ue Macchl Wi 3apsaa. CrinH 061 BBesleH B HayKy noutH 100 net Hazaz
JUI OIIMCAaHMsI aTOMHBIX CIIEKTPOB. Ero nmpupozga 10 CHX IOp OCTAeTCsl HEpa3raJaHHON TalHOM.
JIaHHBI TPOEKT 3aMETHO MNPHOIM3UT pas3ragky »dSTOW TalHbl, W O3TO OyJeT MpOpHIB
B ()yHJJaMEHTAJIbHBIX HAYYHBIX UCCIECIOBAHUSAX.

UroObl MpOBOAWTH TOJIIPU3AIMOHHBIE WCCIEAOBAaHHMS HAJ0 CO3[aBaTh IY4YKH
MOJIIPU30BAHHBIX YACTULl W/WIIM HCHOJb30BaTh TEXHUKY IOJISIPU30BAHHBIX MulIeHed. B
MIOCJIEHUE TO/Ibl IPOU3O0IIEI 3aMETHBIM MPOrpecc B SKCIEPUMEHTATILHOM M3YUYE€HUU CIHUHOBBIX
3¢ dexToB MpH BbICOKMX dHeprusx. llogapmnstomee OOJBLIIMHCTBO 3SKCHEPUMEHTOB ObLIO
IIPOBEJIEHO B 00iacTu HenepTypOaTuBHOM KBaHTOBOU XpoMmoauHamuku (KX/I), npu ymepeHHbIX
IIONEPEYHbIX NMITyJIbcax. HTeppeTanys 3TuX pe3yJJbTaToB B paMKaxX KBapK-IIapTOHHOW MOJAEIN
3aTpyHEHa.

[TostBiieHHE PKCIEPUMEHTAIbHBIX JAHHBIX CTUMYJIMPOBAJIO TEOPETUYECKOE OCMBICICHHE
cMHOBBIX P exToB. [Ipr 3TOM XapaKTepHBI BHICKa3bIBAaHUS W3BECTHBIX TEOPETUKOB, HAIIPHMEP
aHrMyaHuHa Omuora Jluaepa: «CnuH B 3KcnepuMeHTax yOusl Oonblie Teopuil, yem JIr00i
npyro# dusmdeckuii mapamerp»’. Unm amepukanna Jxeiimca Boépkena: «IlonspusanuoHHbIE
JIaHHbIE 4acTO ObUIM KJIaJ0UIIeM MOJHBIX Teopuid. Eciu Obl TeopeTuku ObUIM B CHJaX, B LEJSIX
CaMO3aIIUThl MM CTOMIO OBl BOOOIIE 3alpeTHTh Takue H3MepeHHs»?. CerogHs HET TEOpHH,
IpEeTeH1yIoIIEeN Ha TOJHOE ONMCAaHNe BCeX HAOII0AaeMbIX MOJSPU3alMOHHBIX dpdexToB. HoBble
AKCIIEPUMEHTAJIbHBIE CIIMHOBBIE PE3YJIbTAThl B OOJIBIIOM YHCIIE Pa3HOOOPA3HBIX peaklui, Kak Ha
MOJIAPU30BAaHHOM aHTUIIPOTOHHOM ITy4K€, TaK M Ha MOJSIPU30BAHHOM MPOTOHHOM ITy4KE B 3TOH
TpyaHOM obmnactu HemeprypOatuBHOM KXJI kpaiiHe BaKHBI ISl Pa3BUTHS TEOPETHUECKUX
MOJIXOI0B M BO3MOKHOTO CO3JIaHMsI TeOpUH (MOJENH) Uil ONMCaHUs BCEX CIMHOBBIX 3((HEeKTOB
B CHJIbHBIX B3aUMOJIeHcTBUSX. B kanane 24A yckopuTenbHOTO KoMIuiekca ¥Y-70 mpeamonaraercs
(dopMHpOBaHKE MOJSAPU30BAHHBIX MTyYKOB MPOTOHOB M aHTHIPOTOHOB. IIpoBeNeHbI pacueTsl Ux
napaMmerpoB. IHTEHCHUBHOCTh aHTUIIPOTOHHOTO My4kKa ¢ 3Heprueit 15 I'3B moxer nocrurats 109
aHTUIIPOTOHOB 3a LUK yckopurens (10'© aHTUIPOTOHOB B CYTKH) IpU cOpoce Ha MEPBUUHYIO
mumieab 10" mporoHoB u3 Y-70. Ilonspu3oBaHHBIA AHTHIPOTOHHBIA MYYOK OT pacmajia
aHTU-JIAMO/1a THUIIEPOHOB, KOTOpBI MoxeT ObITh fnoctyneH B HUL[ KU — UDBD B 2027 roxy,
SIBUTCSI, 0€3YCIIOBHO, YHUKAJIbHBIM ITyYKOM B MUp€E. B aHTUIIPOTOH-IPOTOHHBIX aHHUTUJISLIUSAX HET
OTpaHUYEHUS Ha KBAHTOBBIE YMCIIAa OOJBIIMHCTBA POXKIAIONIMX PE30HAHCOB B OTJIIMYHUE OT KaHaja
ANEKTPOH-TIO3UTPOHHON aHHUTHIALMU. VTHTEHCUBHOCTh MOJSPU30BAHHOIO IMPOTOHHOTO MyYKa C
sHeprueit 10+45 I'3B Oyzaer Ha nopsiiok OoJblle, YeM aHTUIPOTOHHOTO, IPU TOH K€ BETMYNHE
cpenHeil nmongpuzauuu. Bee 310 mo3BoauT B sxcnepumente Ha yctaHoBke CITACYHAPM pemats
MaciTaOHble HayyHble TPoOJIeMbl, CBA3aHHbIE cO CIMHOM. bimkaiinero aHamora co3iaBaeMoi
HoBoi ycrtaHoBkM CIIACYHAPM pans paGoTbl Ha MNONSPU30BAHHBIX Iy4YKaX B MHpPE HET.

! Elliot Leader, Spin in Particle Physics, Cambridge U. Press (2001)
2. D. Bjorken, Proc. Adv. Research Workshop on QCD Hadronic Processes, St. Croix, Virgin Islands (1987)
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Oxupmaemblii mepuoa coxpaHeHus yHUKaIbHOCTH Komruiekca CITACUAPM - He wmeHee
NATHAALATH JIET.

[lonspu3oBaHHbIE NYYKH SBSATCS  MOIIHBIM  HMHCTPYMEHTOM Ui  MPOBEICHUS
CHCTEMAaTUYEeCKHX MOJSPU3ALMOHHBIX UCCIEIOBAaHUNA. JTH HCCIeIoBaHus OyIyT MPOBEACHHI Ha
AQHTUIPOTOHHBIX U MPOTOHHBIX My4YKax Mpu SHepruu 16 I'3B u BhIle, npu cpeHel noaspu3anuu
45%. Ilmanupyercsi ompenenuTh OOJBIION HA0Op HEOOXOMUMBIX (U3NYECKUX HAOIIOTAEMBIX,
BKJIIOYasi OJHOCIUHOBBIE aCUMMETPHUU B JIECATKAX Peakiuil B 00JacTu ¢parMeHTAlUU MOJSIPU-
30BaHHOTO ITy4Ka, KaK Ha BOJOPOJIE, TAK U HA Pa3IMYHBIX 1pax. JlaHHBIX B TAKOM 00bEMe HET HU
IIPU KaKou sHepruu. Pe3ysbTaTel CpaBHEHUS YKaXYT Ha OTJIMYME B3aMMOJICHCTBUS aHTUBEILIECTBA
U BEILECTBA C MATEPUEH, UTO YKE B TECUEHHE MHOI'MX JIET SIBJISAETCS aKTyaJlIbHOM HAYYHOU 3a1a4eH.
Jlis u3ydeHusi CIMHOBOW CTPYKTYpbl HYKJIOHa OyIyT MPOBEIEHBbI HUCCIEA0BaHUS 00pa3oBaHUs
4apMOHUS B 0071acTH (parMEeHTAMH MOJIIPH30BAHHOTO IMyYKa, C MONBITKOW ONpPEACTUTh BKIA[]
[JIFOOHOB B CIIMH MPOTOHA, YTO MOTJIO ObI TOMOYb Pa3raJike «CIIMHOBOTO KPU3UCa» MPOTOHA (BCE
KBapKH B IIPOTOHE OTBETCTBEHHBI BCeTo 32 ~30% crimHa MpoTOHA), CYIIeCTBYIOMIETO yke 6onee 30
neT. Mbl yuuTbiBaeM TOT ()akT, YTO 3HAYMMBIN BKJIAJl B CEUCHHUE POKICHUS YapMOHHUEB OyJleT
BHOCHUTb IPOLIECC aHHUTUJISLIMU KBAapKa M aHTHKBapka. TeM He MeHee, Mbl 0XKHJaeM, 4To B Pp-
B3aUMOJICHCTBUU POXKICHHE UMEHHO yc2 (3555 MbB) cocTosiHHS CO CITMHOM 2 ONpPEIeIIsSIONInin
BKJIa/1 OyZIeT BHOCUTH IIIIOOH-TIIFOOHHOE clusiHue. JlaHHast 3a/1aua sSBisieTcsl HanboJiee CI0XKHON 1
KOHEUYHOH LIEeJIbI0 3KCHEPUMEHTA, IIPU 3TOM IJIAHUPYETCS BBHIIOJIHUTh HE MEHEE Ba)KHbIC, a IO
00beMy M3MEpEeHHId 00JIee HHTEHCHBHBIE UCCIIEIOBAHUS IPYTHX PA3IMYHBIX CIIMHOBBIX SIBJICHUN.

Hanuuue mnonsipu3oBaHHBIX KakK IMPOTOHOB, TaK M aHTUNPOTOHOB B CP-HelTpanbpHOI
pp-cucTeMe NOTEHUUATbHO OTKPBIBAET BO3MOKHOCTH ISl U3YUEHUSI U CPABHEHUS APYT € APYTOM
CP-conpsik€HHBIX peakuuii. DTO MO3BOJISAET B3MIIAHYTh HAa CP-HHBapHaHTHOCTH B HOBOM paKypce,
HEJOCTYITHOM JIJI1 CTOJIKHOBEHUH HEMOJISPU30BaHHbIX yacTUll. [IpoBeneHue Takux u3MepeHuil B
OyaymeM mnoTpeOyer, CKOpee BCEro, HEKOTOpOW MOAM(UKAIUN YCTAaHOBKH, B YaCTHOCTH,
pacmpeHus e€ akcenrtaHca Ha 33/IHIO0 moirycepy B CHCTEME LIEHTPA MacC CTOJIKHOBEHHS.

JomnonnurenpHble yHHKalIbHbIE ocoOeHHocTH dkcrnepuMeHTta CIIACUAPM  cBsizaHbl
C BO3MOYKHOCTbBIO U3MEPEHNS MHOKECTBEHHOCTH 3apsKEHHBIX aJJpOHOB B COOBITUH, OIIPEIEICHUS
LEHTPAJIbHOCTH COYJApeHWil ajgpoHa C sAApOM. Takux UCCIENOBaHMM B MHUpE IIOYTH
HE IIPOBOJIMIIOCH, HO €CTh IEPBBIC YKAa3aHUSA HA UX aKTyaJlbHOCTh. EIII€ HOBU3HA IPOEKTa CBsA3aHa
C BO3MOYKHOCTBIO PErMCTPUPOBaTH HE TOJIBKO CTAOMJIbHBIE IO CHJIBHOMY B3aMMOJAEHCTBUIO
YacTHUIIbl, HO U MHOTOYHUCIIEHHbIE PE30HAHCHI, KAaK ME30HHbIE, Tak U OapuoHHbIe. Ha ycTaHOBKE
CITACYHAPM BO3MOHO TaKX€ U3MEPEHHE MONEPEYHON MOISAPU3ALUN TUIIEPOHOB U HJIEMEHTOB
CIIMHOBOM MaTpPHIIbl MJIOTHOCTH BEKTOPHBIX ME30HOB, YTO SIBJISIETCS OTPOMHBIM IPEUMYIIIECTBOM
npoekta. HakoHell, HaJnure BOCBMH THIIOB HEMOJAPM30BaHHBIX myukoB (77, K, p, p, d, C),
B KOMOWHAIIMU C MOJISIPU30BAHHON MUIIEHbBIO, HA MOPAJO0K PAaCIIUPSIOT AUANa30H MCCIIEJOBAHUMN
MOJIAPU3ALUOHHBIX SABJIEHUN U YCUIMBAIOT YHUKAJIbHOCTD IIPOEKTA.

[Monspuzanuonnsiii npoektr CITACYHAPM otnuyaer ri1o0anbHbIM, cHCTEMAaTHYeCKUN
MIO/IXO0J1 B U3YYEHUH CUCTEMbI aHTUIIPOTOH-IIPOTOH (SIIpO) U MPOTOH-IIPOTOH (s11po). B oTnuuume ot
OOJIBIIMHCTBA MOJIAPU3ALIMOHHBIX 3KCIIEPUMEHTOB, B HIMPOKOANEPTYPHOM MPELHU3MOHHOM
cnektpomerpe CITACHAPM Oyzet peann3oBaHa MoaHasi TeOMETPUS 110 a3UMYTaJIbHOMY YTy, UTO
MIO3BOJIUT MCCIENOBAaTh HE OJUH JECITOK HOBBIX NPOLECCOB C IPEAEIbHO HU3KUMH IOTPELL-
HocTsiMH. CodeTaHue IMPOKOro Habopa MyYyKOB U MUIIEHEH C BO3MOXHOCTBIO OJTHOBPEMEHHOMN
pETUCTpalMK 3apsDKEHHBIX U HEUTPAIBHBIX YAaCTULl — NPOAYKTOB PEAKLMH, BBIFOJHO OTINYAET
JAHHBIA MPOEKT OT JAPYTUX MOJISIPU3ALUOHHBIX MPOEKTOB, CO3JJaHHBIX MO/l OTPAHUYEHHOE YUCIIO
n3ydaeMbIX peakiuil. I3Mepenne cnimHOBBIX 3PQEKTOB B OOJIBIIOM KHHEMAaTHUYECKOM JIMana3oHe
U CpaBHEHHE CHUHOBBIX 3()(PEKTOB B pazIUYHBIX PEAKUUAX NPUHIUIHAIBHO BaXXHO JUIS
PacKpbITUS MEXaHNU3Ma B3aUMOJIEHCTBHUS YaCTHULL.

OcHOBOH KOJIJIEKTHBA aBTOPOB JITaHHOTO MPOEKTa SIBISIETCS JIabopaTOpHs MOJISIpU3alii-
OHHBIX 3KcniepuMeHTOB UDBD. DTOT KOMIEKTHB UMeeT 00JIbIION HAYUHBIN 3a/1€J1 110 IPOEKTY, Kak
0 HAayyHOW YacTH, TaK U MO TMOATOTOBICHHOMY oOopynoBaHuto. OH 3aHMMaeTCs



MOJIAPU3ALMOHHBIMU UCCIeoBaHUsIME Oosiee 40 J1eT ¥ IpUHKUMAaJ y4yacTHe MPaKTUYECKU BO BCEX
KPYIHEHIINX aJpOHHBIX SKCIEPUMEHTAX 10 CIIMHOBOW TEMAaTHKE B POCCHMCKHUX U 3apyOeKHBIX
LeHTpax. B 4YacTHOCTH, KOJUJIEKTHB ChIIpaj pelarollyl0 poJib B IOATOTOBKE W MPOBEICHUU
noJisipu3annoHHbix skcnepumernToB B @HAJT (axcniepumentsr E581 u E704) u BHJI (CTAP u
E925). B akcniepumenTax, mpoBeIeHHBIX B [IpOTBHHO 1 3apyOeKHBIX IIEHTpaX, ObUIH OOHAPYKEHBI
3HAYUTENbHbIE TOJSpU3aUMOHHBIE 3((EKTh, KOTOpple HE MOTYT OBITh OOBSCHEHBI
CYILIECTBYIOIIUMH TEOPETUUECKUMHU MoAesIMU. 1o pe3ynbpTaTamM 3TUX 3KCHEPUMEHTOB TOJBKO 10
CIMHOBOW TeMaTuke omybmukoBaHo Ooinee 100 pabor, 3amuiieHo 6 AOKTOpckux u Ooiee 10
KaHJIUJATCKuX nuccepranuid. Takske MHOTO Apyrux coTrpyaHukoB DB ydacTByIOoT B MpOEKTE.
Cpenu aBTOpOB JaHHOT'O IIPOEKTA BAXKHOE MECTO 3aHUMAET IPyIIa MOJISIPU30BaHHBIX MUILIEHEH 13
OUsAN (Mly6na), xotopas 40 ner, coBmecTHO C ¢uznkamu 3 UDBD, 3anumaercs monspusa-
[IUOHHBIMHU HCCIICIOBAaHUSIMU Ha yCKopHUTeIbHOM Komruiekce Y-70 B IlporBuno. I'pynma y4ensix
u3 aByx apyrux uncrutytoB HUILL «KypuatoBckuii uHCTUTYT», @ UMeHHO UTO® u [TUAD, Tak
xe, kak u HUAY MUOU, spnstorca nonHoueHHbIMH yuyacTHUKamMu CIIACHAPM. Untepec
K YYaCTHI0O B OJKCIIEPUMEHTE C TOJSIPU30BAaHHBIM IIyYKOM M TOTOBHOCTh Yy4YacTBOBaThb B
sKkcrepuMenTe® Beickasanu rpynisl Kapnosa Yuusepcurera (r. ITpara, Uexus — pyKoBOIMTENb
M. ®unrep) u Yuusepcurera Tpuecra (Utanust — pykoBoautens @. bpagamante), YHUBepcuTeT
Maiinn, Yuuepcurer bonn, YauBepcurer boxym (Bce I'epmanust). KonruecTBo noTeHIMaIbHBIX
MoJib30BaTeseil HHGPACTPYKTYPhl JAHHOTO MPOEKTa U e€ pe3yabTaToB npeBbiiiaeT 100 denoBexk.
Bc€ 5T0 mpHBOAUT K O4EHBb BBICOKOW BEPOSTHOCTH YCIIEHIHOW pealu3alyyd COOTBETCTBYIOLIEH
MHGPaACTPYKTYpHI U HaUaja BHIIIOJIHEHUS HAYYHBIX 3a7a4 IPOEKTa B TEUCHUE ONMKANIINX 1eCATH
JIeT.

CyMmMmapHbIe pacxo/ibl Ha U3roToBjIeHne B Poccun HE00X01MMOT0 HAyYHOTO 000pYI0BaHUS
it uccnenosarenbekoir yecranoBku CITACHAPM cocrassat 1 mupn py6sei. Kpome toro, emé
1 mipn py6. moTpedyeTcs Ui BBIMOIHEHUS paboT 10 CO3JaHII0 aHTUIIPOTOHHOTO (M IPOTOHHOTO)
kaHana 24A Ha yckoputenbHOM Komiuiekce Y-70. Takum 00pazom, HTOrOBasi CTOMMOCTB IPOEKTa
OLICHHUBaeTCs B 2 MIpH pyOsieldl. DKCIepuMEHTAIbHbIE HCCIEIOBAHUS C TMOJISIPU30BAHHBIMU
IIyuyKaMM Ha HOBOM KaHaje 24A MoryT ObITh HauaThl 4epe3 YeThlpe roja Iocie Haudajia
(buHAaHCUPOBAHUS MPOEKTA.

3 Bxirouast BO3MOKHOE y4acTue B CO3JaHNMU U U3TOTOBJICHUN YCTAHOBKH.
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EXECUTIVE SUMMARY

At the largest accelerator complex in Russia, the U-70 of the National Research Center
Kurchatov Institute (NRC KI) — IHEP, Protvino (hereinafter IHEP) a significant base for
conducting world-class research in the fixed target SPASCHARM experiment (SPin ASymmetry
in CHARMonia) has been created. These studies will allow the NRC KI to take the world's leading
positions in the field of spin physics.

The project is aimed at studying the spin structure of the nucleon and the spin dependence
of the strong interaction of antimatter and matter with matter at energies up to 45 GeV. Spin in
guantum mechanics is an intrinsic angular momentum of elementary particles with specific
properties. Unlike the orbital angular momentum, spin is not associated with a spatial motion of a
particle or its constituents but is an internal quantum characteristic, like a mass or a charge. Spin
was introduced almost 100 years ago in order to describe atomic spectra. Its nature is still an
unsolved mystery. The SPASCHARM project intends to become a breakthrough in the
fundamental science which will bring closer the understanding of the spin mystery.

Spin-dependence of fundamental interactions represents the essence of polarization
phenomena. In order to carry out polarization studies in collisions of high-energy particles, it is
necessary to create beams of polarized particles and/or to use the technique of polarized targets. In
recent years, there has been noticeable progress in the experimental studies of spin effects at high
energies. The overwhelming majority of experiments have been carried out in the kinematic region
of nonperturbative quantum chromodynamics (QCD) at moderate momentum transfers. These
experimental data stimulated the development of theory on the spin role in physics of strong
interactions. However, the subject appeared to be so difficult that once the leading theorist in the
field, Elliot Leader, pronounced in desperation "Experiments with spin have killed more theories
than any other physical parameter”. Another famous statement of this kind was from James
Bjorken: «Polarization data has often been the graveyard of fashionable theories. If theorists had
their way, they might well ban such measurements altogether out of self-protection». Today there
is no theory which provides a complete and consistent description of all the observed polarization
effects. Therefore, the systematic experimental study of polarization effects in a wide variety of
reactions, including antiproton-proton and proton-proton collisions, is of great importance for
development of a theory for the consistent description of all observed spin phenomena in QCD
nonperturbative region.

It is proposed to form polarized beams of protons and antiprotons in the beam channel 24A
of the accelerator complex U-70. Calculations of their parameters have been carried out. The
intensity of the antiproton beam with energy of 15 GeV can reach 10° antiprotons per accelerator
cycle (10' antiprotons per day) for the 10'* primary protons from the U-70 to the primary target.
A polarized antiproton beam from the decay of the anti-lambda hyperons, which can be reached by
NRC Kl in 2027, will certainly be a unique beam in the world. In antiproton-proton annihilations
there is no restriction on the quantum numbers of the majority of the producing resonances in
contrast to the electron-positron annihilation. The intensity of a polarized proton beam with
energies of 1045 GeV will be an order of magnitude larger than that of an antiproton beam with
the same mean polarization. All this will allow the SPASCHARM setup to solve large-scale
scientific problems related to spin. There is no closest analogue of the new fixed target
SPASCHARM complex being created for operation on polarized beams. The expected period of
preserving the uniqueness of the SPASCHARM complex is no less than fifteen years.

Polarized beams will be a powerful tool for carrying out systematic polarization studies.
These studies will be carried out on antiproton and proton beams at an energy of 15 GeV and above,
with an average polarization of 45%. It is planned to determine a large set of necessary physical
observables, including single-spin asymmetries in dozens of reactions in the region of fragmen-
tation of a polarized beam, both on hydrogen and on various nuclei targets. Data in this volume is
not at any energy. The results of the comparison will point to the difference between the interaction



of antimatter and matter with matter, which has been an actual scientific task for many years. To
study the spin structure of the nucleon, studies will be made of the formation of charmonium in the
fragmentation region of a polarized beam, with an emphasis on determining the contribution of
gluons to the proton spin, which will help solve the "spin crisis” of the proton (all quarks in the
proton are responsible for only ~30% of the proton spin) existing already over 30 years.

The presence of polarized both protons and antiprotons in the CP neutral pp-system
potentially opens up opportunities for studying and comparing CP conjugate reactions with one
another. This allows us to look at CP invariance in a new perspective, inaccessible to collisions of
unpolarized particles. Carrying out such measurements in the future will most likely require some
modification of the experimental setup, in particular, the extension of its acceptance to the rear
hemisphere in the collision center-of-mass system.

Additional unique features of the SPASCHARM experiment are associated with the
possibility of measuring the multiplicity of charged hadrons in an event, determining the centrality
of the hadron-nucleus collisions. There have been almost no such studies in the world, but there
are first indications of their relevance. Another novelty of the project is connected with the possibil-
ity to register not only stable particles that are stable by strong interaction, but also numerous
resonances, both meson and baryon ones. In the SPASCHARM setup, it is also possible to measure
the transverse polarization of hyperons and the elements of the spin density matrix of vector
mesons, which is a huge advantage of the project. Finally, the presence of eight types of unpolarized
beams (z*, K%, p, p, d, C), in combination with a polarized target, extends the range of studies of
polarization phenomena by an order of magnitude and enhances the uniqueness of the project. The
study of energy dependence of spin effects reveals the dynamics of interaction. The measurements
might be conducted at several energies in order to estimate the model parameters.

The SPASCHARM polarization project is distinguished by a global, systematic approach
to the study of the antiproton-proton (nuclei) and proton-proton (nuclei) systems. Unlike most fixed
target polarization experiments, in the wide-aperture precision spectrometer SPASCHARM, the
full geometry along the azimuthal angle will be realized, which will allow us to investigate not one
dozen new processes with extremely low errors. The combination of a wide range of beams and
targets with the possibility of simultaneous detection of charged and neutral particles in final states
of reactions, distinguishes this project from other polarization projects created for a limited number
of reactions studied. Measurement of spin effects in a large kinematic range in the beam
fragmentation region and comparison of spin effects in various reactions is of fundamental
importance for revealing the mechanism of particle interaction.

The core of the team of authors of this project is the laboratory of polarization experiments
of IHEP. This team has a large scientific background on the project, both in terms of the scientific
part and the equipment prepared. It has been engaged in polarization studies for more than 40 years
and has been involved practically in all of the largest hadronic experiments on spin topics in
Russian and foreign scientific centers. In particular, the team played a decisive role in the
preparation and conduct of polarization experiments at FNAL (experiments E581 and E704) and
BNL (spin part of STAR and E925). In experiments conducted in Protvino and foreign centers,
significant polarization effects were found that can’t be explained by existing theoretical models.
According to the results of these experiments, more than 100 papers have been published on spin
topics, 6 doctoral and more than 10 PhD theses have been defended. Also, many other IHEP
employees participate in the project. Among the authors of this project, an important place is
occupied by a group of polarized target experts from JINR (Dubna), which for 40 years, together
with physicists from IHEP, is engaged in polarization studies at the U-70 accelerator complex in
Protvino. A group of scientists from two members of the “Kurchatov Institute”, namely ITEP and
PNPI, as well as the National Research Nuclear University MEPhI (hereinafter MEPhI) are also
active participants of the SPASCHARM. Physicists from Italy (the Bradamante’s group) and the
Czech Republic (the Finger’s group) sent Letters of Intention to join this experiment. We are
expecting the entry of several German universities and national laboratories into this project.
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The number of potential users of the infrastructure of this project and its results exceeds
100 people. All this leads to a very high probability of successful implementation of the relevant
infrastructure and the beginning of the fulfillment of the scientific tasks of the project over the next
ten years.

The total costs for the manufacture in Russia of the necessary scientific equipment for the
research facility SPASCHARM will amount to 1 billion rubles (about 14.5 M Euro). In addition,
another 1 billion rubles will be required to carry out work to create an antiproton (and proton)
beamline 24A at the U-70 accelerator complex. Thus, the total cost of the project is estimated at 2
billion rubles (about 29 M Euro). Experimental studies with polarized beams on the new beamline
24A can be started four years after the start of project funding.
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BBEJAEHHUE

HccnenoBanus NOCIEIHUX HECKOJIBKUX JECATKOB JIET MOKA3aJIM HAJIMYME 3HAYMTEIbHBIX
CIUHOBBIX A((PEKTOB B pas3nuyHbIX (U3HYECKUX mporeccax. OmHako HaOI0eHHE OOJBIINX
CIMHOBBIX (P (PEKTOB NOKA HE yNAIOCh OOBSICHUTH B paMKaxX CTAaHAAPTHOM TEOPHM BO3MYIICHUH
kBaHTOBOM xpomoauHamuku (KX]I), mpeamosnararomieii KoJUIMHEApHYIO KHHEMaTHKy. B aToi
CBSI3M SIBJIIIOTCSl AKTyaJbHBIMU JaJIbHEHIIME CHUCTEMAaTHYECKHE SKCIIEPUMEHTAIIbHBIE HCCIe-
JIOBaHUSI B 3TOW 00JacTu, NpPEosaralolie U3MEpeHHe HECKOJIBKMX 3aBUCAIIMX OT CIUHA
HaOmogaeMpIx (OZHOCIIMHOBAS W JBYXCIIMHOBAas AaCHUMMETPUH, THOJSPU3ALUS THUIIEPOHOB,
JIEMEHTHl CIIMHOBOM MAaTPULbI BEKTOPHBIX ME30HOB) B JECATKAX PpA3JIMYHBIX PpEAKIHMH.
I'moGanbHblii aHAM3 TOJNYYCHHBIX TAaKUM O0pa3oM JAHHBIX ITO3BOJUT BBIIBUTH O0IIHE
3aKOHOMEPHOCTH IIOBEJIECHUS [aHHBIX, B TOM YHCJIEC CPAaBHEHHE B3aUMOJECHCTBUN YaCTHUIIBI
U @aHTUYACTHUIbl C IPOTOHAMU U AJPAMHU, POJb LBETHBIX CHUJI, CIIMHOBYIO CTPYKTypa HYKIJIOHA,
3aBUCUMOCTh CIIMHOBBIX 3(PEKTOB OT U30TOMMUYECKOIO CIIMHA U YHEPIUU ITyyKa, COPTa KBApKOB,
aTOMHOT'0 BeCa MUIICHN 1 MHO)KECTBEHHOCTH YaCTHI] B COObITHU. PaHee moqo0HbIe NCCIIeIOBAaHUS
TAKOro Macuraba He MPOBOJMINCH. B3aumoneicTBus MOISPU30BaHHBIX YaCTUI[ MPEICTABISAIOT
cO00M YHUKAIBbHBI HMHCTPYMEHT JUIS WICCIICAOBAaHUS MEXaHM3Ma CHIIBHBIX B3aUMOJICHCTBUN B
obnacTi KOH(aHMEHTa, 4TO HE YAAeTCs IOKa cleNaTh, U3ydas coyJapeHus HeToJIIPU30BaHHbIX
a/IpOHOB.

Jlis mpoBeAeHHs YKa3aHHBIX BBILIE MCCIEJOBAHUN TpeOyeTcs: 3KCIepUMEHTalIbHas
yCTaHOBKAa MUPOBOTO YPOBHS U CO3/IaHUE KaHaa MOJISIPU30BaHHBIX IPOTOHOB U aHTUIIPOTOHOB.

IIpoekt sxcniepumenta CITACUHAPM Ha co3naBaeMOM HOBOM aJpOHHOM KaHaje 4acTHII
24A ycKOpPUTENBHOIO KoMIUleKca ¥Y-70 HalelleH Ha HCCIEIOBAHHWE CIIMHOBON 3aBUCHUMOCTH
CHJILHOTO B3aMMOJICHCTBMS aHTHBELIECTBA (M BEILECTBA) C MaTepued M CIMHOBOW CTPYKTYPbI
HykioHa. Ilpexne Bcero, Oyaer mnpoBeneH OO30pHBIM MOJIPU3ALMOHHBIN 3KCIHEPUMEHT Ha
AHTUIPOTOHHOM U IPOTOHHOM IOJISIPU30BAHHBIX ITy4YKax Mpu 3Hepruu 16 I'3B u nonspuzanuu no
45% c u3MepeHreM OJTHOTO M TOTO ke Ooybiioro Habopa (Gpu3muecKux HaOII0IaeMBbIX BEITHUNH
(0AHO- M IBYXCIIMHOBBIE ACUMMETPHUHU POKICHUS YACTHLL, MTOJIAPU3ALMH B POXKIAECHUU IMIIEPOHOB U
ApyTrue) Uisl U3y4eHUs] AMHAMUKU W POJIM CIIMHA B CHJIBHBIX B3aUMOJAEUCTBUAX. DUHANIBHON
3ajaueil sKcrepuMeHTa OyIyT UCCIIeJOBaHUS, KOHEUHOM 11eIbI0 KOTOPBIX SBJISIETCS ONpeieieHne
BEJIMYMHBI TOJSPU3AIMN KBAPKOB U IJIIOOHOB B IMOMNEPEYHO U MPOJOJBHO MOJISIPU30BAHHOM
IPOTOHE M AHTUIPOTOHE yepe3 0Opa3oBaHUME KBAPKOHHUS CO CKPBITOM CTPaHHOCTBIO (@-ME30H
u 12(1520)) u ckpeiThiM o4apoBaHueM (yc2 (3555 M»3B) u yc1 (3510 M»aB)). Bnepseie Takue
u3MepeHuss OyIyT NpoBeleHbl HAa YHUKAJIbHOM IIy4YKe MOJSPU30BAaHHBIX (aHTH)IPOTOHOB OT
pacnaza (aHTH)IUIIEPOHOB.

B HUL «KypuaroBckuii uHCTUTYT» — UDBD 3aBepiieHs! paboThl IO CO3AAHUIO 3CKU3HOTO
MIPOEKTa HOBOT'O aJipoHHOro KaHana 24A. IIpoekTHble paboThl mpoBoamiIKch coBMecTHO ¢ ['CITN.
K 2015-my rony OblT MOTy4eH 3CKU3HBIA MPOEKT «rojIoBbl KaHanay (anuHa 50 MeTpoB) — 3TO
MPOBOJIKA IMyYKa MPOTOHOB OT €ro BbIBojAA U3 Y-70, 10 MEpBUYHON MHIIECHH, PACIIOIOKEHHON
nepesl ClenraabHbIM paguallMOHHO-CTOMKMM MarHUTOM. [lonHas anmHa ka”ama OT NMEPBUYHON
MUIICHH U JI0 KOHIa kaHana coctarisier 180 merpoB. B 2016-2019 romax ObLIM MOATOTOBICHBI
Bce HeoOxoaumble TexHndeckne 3ajaHns Ha CO3JjaHNe Pa3IMYHBIX Y3JI0B KaHaua.

B kanane 24A mnpenmnonaraerca (OpMHUPOBAHHME MOJSPU3OBAHHBIX ITYYKOB IPOTOHOB
U aHTUNPOTOHOB. IIpoBenens! pacueTsl nx napaMmeTpoB. HTEHCMBHOCTD aHTUIIPOTOHHOT'O ITyYKa
MOXeT JgocTurath 10° aHTHIPOTOHOB 3a 1k yckoputens (10'° B cyTku) mpu cOpoce Ha mepBuY-
Hy!0o MunieHb 10" npotonoB u3 Y-70. [lonsspu3oBaHHbINH aHTUIIPOTOHHBIH ITy4OK, KOTOPBIH OyeT
noctyned B HULL KU B 2026 roxy, craneT, 6€3ycI0BHO, YHUKAIBHBIM ITyYKOM B MHpe. B niporniom
a"HTunpoTonHsle myuku Obuin B LIEPH c sneprueit mopsaka 113B u 3atem B maboparopuu
M. ©epmu (PHAJL, CIIIA) c¢ ssaeprusmu 8 IPB u 200 [3B. Ilpum 3TOM eAMHCTBEHHBIM
MOJIIPU30BAaHHBIM TYYKOM aHTHNPOTOHOB Obul mydok Bo PHAIJI mpu 200 I'3B. ITlosBnenue
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AHTUMPOTOHHOT'0, BRICOKOMHTEHCUBHOT'O, HO HEMOJISIPU30BAaHHOIO My4YKa ¢ dHeprueit 10 15 5B B
npoexkte PANP B I'epmanuu mnanupyercs He panee 2030 roaa.

AHTUTIpOTOHHBIN Noysipu30BaHHbIN mydok HULL KW siBUTCS MOIIHBIM HHCTPYMEHTOM JJIsI
MPOBEICHUS] CHCTEMATUYECKOT0 0030pHOT0 TMOJIIPU3AIMOHHOTO SKCIIEPUMEHTA C ONpEICICHUEM
IIOJIHOr0 Habopa HEOOXOIUMBIX (PU3MUECKUX HAOIIOAAEMBIX, TAKUX KaK CEUEHUE; MOJIApU3aIMs B
yIPYroM aHTUIPOTOH-IPOTOHHOM PACCESTHUM KaK B 00JacTH KyJIOH-SIEPHON MHTEp(EepeHInH,
TaKk ¥ JUPPAKLUOHHOIO KOHYCA; OJHOCIHMHOBBIX aCUMMETpU B OOJIBIIIOM 4YHCIIE peakluil B
o0macT (parMeHTaIMH MMOJIAPHU30BAHHOTO ITyYKa, KaK Ha BOJOPO/E, TaK U HA PA3JIMYHBIX SIPax
u 1ap. /laHHBIX B TakoM oObeMe HET HM IpU KakuX SHeprusx. Takue ke u3MepeHus OyIayT
IIPOBEJIEHBI U Ha IO PU30BAHHOM ITIPOTOHHOM ITy4Ke. Pe3ysibTaThl CpaBHEHUS YKaXKyT Ha OTJIIMYUE
B3aMMOJCHCTBUS aHTUBEILECTBA U BEILIECTBA C MATEPUEH, YTO YK€ B TECUEHUE MHOTUX JIET SIBJIETCS
aKTyaJdbHON Hay4HOH 3anmaueld. MccnemoBanus Ha kaHane 24A MOXHO OyaeT HpPOBOIUTH B
JManazoHe sHepruil nosspuszoBaHHoro myudka 10+4515B, nmpu sTom onTuMmanbHas >HEprus
AHTUIIPOTOHHOTO ITyUKa, yYHThIBas (POHOBBIE IIPOLIECCH, JocTHraeTcs pu 15 2B, IMonsapusanus
IIy4Ka ITIOMOJKET IPU INPOBEACHUH NapLHUAIbHO-BOJIHOBOIO aHAJIN3a JAaHHBIX IIPU IOMCKE HOBBIX
¢dopM marepuu, BKIIOYAsh SK30TUYECKHE COCTOSTHHMA. 3aMETHM, YTO B aHTHUIPOTOH-TIPOTOHHBIX
B3aMMOJCHCTBUAX HET OIPAaHUYECHMS Ha KBAHTOBBIE YMCJIA POXKIAIOIIMUXCSA COCTOSIHUM M YacTHIL,
BKJIIOYAsi U COCTOSIHUS C SK30TUYECKMMHU KBAaHTOBBIMH YHCIIAMHU, KOTOpbIE OYAYT PpOKIAThCS
B CONPOBOKICHUM C APYTUMH SK30TUYECKUMU YaCTUL[AMMU.

B HacTosdmuii MoMeHT B jelcTByromieM skcnepuMmente noj HazBanuem CIIACHAPM
C BKJIQJIOM 110 obopynoBanuio u jroasam yuactBytoT HULL «KypuaTtoBckuii unctutym — UDB),
OUAH, «KypuaroBckuit uncturyt — UTO®, «KypuaroBckuilt uncturym» — [IUAD u HUAY
MU®DU. Tlpu npuasTHH pemieHus o (UHAHCHPOBAHUM pPabOT MO CO3JaHUI0 KaHaina 24A B
skcnepumenT Take Bouayt MSAD CO PAH, mpexne Bcero ¢ BKIagOM B CHUH-(QIUONED, U
3apyOeKHble WHCTUTYTbI, YK€ IpOSBUBIIME MHTEpPEC K JaHHOMY Mpoekry. Ilpu sTom
SKCIEPUMEHTAIbHAs YCTAaHOBKA JIOJDKHA OBITh, O€3yCIOBHO, OCHAIlEHA TEXHOJOTHYECKUM
000pyI0BaHUEM HAa MUPOBOM YPOBHE.

B orinuume oT OONBIIMHCTBA BBINOJHEHHBIX PaHEE MOJIIPU3ALMOHHBIX SKCIIEPUMEHTOB,
B CITACYHAPM Oyner peann3oBaHa 27-reOMETpUs IO a3UMYTaJIbHOMY YIUIy, YTO I103BOJIET
3HAYUTENIBHO YJIYYIIUTh TOYHOCTh U3MEPEHUS CIIMHOBBIX HAOJI0/Ia€MBbIX, a [NIaBHOE — MHHHUMHU-
3UPOBATh CUCTEMaTHYECKUE OMHOKH u3Mepenuii. TenecHslii yron ycranoku (46 = 200 mpan 1o
Beprukanu u 300 Mpaa mo ropu30HTAIN B 007JaCcTH (PparMEeHTAlNH ITyYKa) TTO3BOJISIET TIPOBECTH
U3MEpeHHs B HIMPOKOM JHAla30He KHHEMATHYECKUX MEePeMEeHHbBIX (Pr, Xr) M IaCT BO3MOXKHOCTh
pa3aeNuTh 3aBUCUMOCTH OT 3THUX JABYX MEPEMEHHBIX, UTO OOBIYHO HE y/1aeTCs B OKCIEPUMEHTAb-
HBIX YCTaHOBKAaxX C MaJbIM TEJIECHBIM YIJIOM PETUCTPALUH.

K HacTosieMy BpeMeHHU CYLIECTBYET 3HAYMTENbHBIM 3a/el MO CO3/JaHHUI0 YCTaHOBKH
CITACYAPM. IlpoBeneH KOMILJIEKCHBIM 3allyCK M HaudaThl MCCIEJOBaHMUS HA NEPBOM oudepenu
skcriepumenTa CIIACYHAPM Ha kanane 14. CoOpaH, ucnbplTaH M yXe paboTaeT IIHPOKO-
anepTypHBIN crieKTpoMeTprudeckuii MarauT. Co3faHa M 3amyllieHa TPEKOBask CUCTEMa Ha OCHOBE
MPOIMOPLIMOHANIBHBIX Kamep U JipeiidoBbix TpyOok. Co3gaHbl 1Ba MHOTOKAaHAIbHBIX OPOTOBBIX
YEepeHKOBCKHMX JIETEKTOpa M BeleTcs HMX HacTpoiika. OHM cIOCOOHBI OOecreyuTh IepBble
U3MEpEHUs] Ha aHTUIIPOTOHHOM ITy4YKe, XOTS M B OTPAaHUYEHHOM TEJIECHOM YIJi€ B CPaBHEHHUH C
MIOJTHOM NPOeKTHOW KoHpurypauueil. B coctaBe ycTaHOBKHM MCHOJIb3YETCSl IEKTPOMArHUTHBIN
KaJIOpUMETp M3 CBUHIIOBOrO cTeksa. B Hammuuu mMomynu aapoHHoro kanopumerpa. Co3gaHsl U
HACTpOEHBI IyYKOBas amnmnaparypa, HacTpauBacTCsl HOBas PETUCTPUPYIOIIAs AJIEKTPOHUKA U
cucrema coopa nanHbix B ctannapre EBpoMUCC.

Opnaxo, 115 POBEAEHUS SKCIIEPUMEHTa MUPOBOI'O YPOBHSI ATOI'O COBEPILIEHHO HEJO0CTa-
TOYHO. J[7151 BBIMOJTHEHUS MPOTPAMMBI UCCIIEIOBaHUIN TpeOyeTcss camMoe COBpEMEHHOE 000pyI0-
BaHue. B wacTHOCTH, TpeOyeTcs CO3AaHNEe CHUCTEMBI CBEPXIPOBOISAIINX MAarHUTOB, «CUOUPCKUX

* TIpu SHEprUM NEPBUYHOTO My4YKa MpoToHoB 60 ['3B.

13



3MeeK», 00ecreuuBarollell MOBOPOT MOJSAPU3ALMYU MydyKa HAa MMIIEHH, a TAKKE KPUOTEHHOMH
cucteMbl kaHana 24A. O1o 00opyJ0BaHUE MBI IPUYHCISIEM K YCTaHOBKE, a HE K KaHaily. B ycra-
HOBKE HEOOXOAMMO CO3/laHHE IPELU3UOHHOTO TOHKO-CErMEHTHUPOBAHHOTO 3JIEKTPOMArHUTHOIO
KaJIOpUMETpa TUINA «UIALUIBIK» C MEJIKOH SYEWKOW, MIMPOKO-allepTypHOIO0 MHOTOKaHAJIbHOIO
yepeHkoBckoro nerekropa tuna RICH, co3nanue cucteMbl HOJISAPUMETPOB Ul H3MEPEHUS
a0COIOTHOW BEJIMYHMHBI MOJIIPU3AINH ITYUKa, a TAK)KE HEKOTOPOTO APYroro 000py10BaHUS.
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1 ®dusnueckas nporpamma CITACHAPM

CrinHOBBIe HaONIOJaeMble SBIISIOTCS TEMU NPEUM3MOHHBIMH WHCTPYMEHTaMH, KOTOpbIE
MO3BOJISIOT INIy0sKe MOHSTh IPUPOAY CUIIBHBIX B3auMoJeiicTBUi. M3yueHne cTpyKTyphl CIEKTPOB
M3IYYCHUS U TOTJIOMICHUS aTOMOB IPHUBEJIO OKOJIO CTa JIET Ha3al K HEOOXOIUMOCTH BBEACHUS
caMoro MnoHATus crnuHa yactul. Co BpeMEHHU NIPOBEIEHUS 3HAMEHUTOr0 dKcniepumenTa [lltepHa-
I'epnaxa ¢ mydykoM aToMoB cepeOpa B CHJIIBHOM HEOJHOPOAHOM MAarHUTHOM IIOJI€ HAdaloch
HKCIEPUMEHTAIbHOE HCCIIEIOBAHNE BIMAHUSA CIIMHA Ha B3auMozelcTue yactull [1]. Pe3ynbraTsl
9TUX MEPBbIX MCCIEA0BaHNN OKa3aJICh HEOXKUJIAHHBIMU U ITIOMOIJIM PAaCKPBITh NapajoKCAIbHYIO
KBaHTOBYIO IIPUPOJY CIIMHA, IPUHUMAIOIIETO TOJIBKO LIEIBIEC U NOJIYLIEIbIe 3HAUCHUS.

VuuBepcanbubii kaHan 24A c ycranoBkoii CITACUAPM coszpatorcst It U3y4EeHHS
(yHIaMEHTaJIbHBIX BOIPOCOB CHJIBHBIX B3aMMOAEHUCTBUI M CIIMHOBOHM (PM3MKH, BO B3aMMOJEH-
CTBUSIX TOJSPU30BAHHBIX INPOTOHOB M AHTUIPOTOHOB C HYKJIOHAaMU U sAapamu. M3yueHue
MOJIAPU3AaLMOHHBIX SIBJICHUM IIO3BOJIMT DPACIIMPUTH HAIIM 3HAHUSA O CTIPYKType aIpOHOB
U AMHAMUKE UX B3aUMOJEHUCTBUS, B TOM YHCJIE HA YPOBHE CTPYKTYPHBIX COCTABIISIOLIUX aJPOHOB
— KBapKoB U I0oHOB. Llenbio 6oraroit gpusndeckoii mporpammel kcnepumenta CITACHAPM
SIBJIETCS paclIMpPEHUE HAIIUX 3HAaHUMN B 00JIaCTH CUIIbHBIX B3aUMOJIEHCTBUM, CTPYKTYPBI aIpOHOB
U pOJIA CIMHA B JVHAMMKE CHUJIBHBIX B3aUMOJEHCTBUM. V3MepeHue pas3iudHbIX CIHUHOBBIX
HaOmo1aeMbIx (acumMerpun An, mossipuzanuu P, epenadn crimHa Dnn, 2JIEMEHTOB CIIMHOBOM
MaTpUIbl IUIOTHOCTH pik U JIPYTHX) OTKPHIBAET JOMOJHUTEIbHbIE BO3MOXHOCTH Ul CPABHEHUS
JAHHBIX AKCIIEPUMEHTA U IIPECKa3aHUM MoJiesel, yTo OyAeT criocoOCTBOBATh, B KOHEYHOM UTOTE,
peleHHI0 0003HAaYE€HHBIX BbIIIE IPOOIIEM.

Teopus Bosmymenuit KXJ[ mnpenckaspiBaia HE3HAUYMTENbHBIE CIUHOBBIE 3((EKTsl,
nopsanka 0.1%, BEIMHpAIOIIME C POCTOM DHEPIHMM B3auMOJeHcTBHE (v/S) M TomepedHoro
ummyJibca (pr) [2]. OnHako SKCIIepUMEHTAIBHBIC HCCIISIOBAHUS TOKa3au, 4T 3((GeKThl, HAOII0-
JlaeMble B HHKIIO3MBHBIX PEAKIMAX, He yOBIBAIOT 3aMETHBIM 06pa30M ¢ yBeIUdeHHeM V'S u pr.

Hapsiny ¢ monspu3oBaHHBIMHM NIPOTOHHBIM M AHTUIIPOTOHHBIM IyYyKaMH KaHal 24A
MO3BOJIMT BBIBOJMUTH HA YCTAHOBKY HEMOJSPU30BAHHBIC ITy4KH NHOHOB (7°), kaoHoB (K7),
IIPOTOHOB M QHTUIIPOTOHOB, & TAKXKE YIVIEPOAHBIA U ACHUTPOHHBIN IMyykH. B kadecTBe MuieHen
IIPENIIOIIAracTCs UCIOJb30BaTh MONEPEUYHO U MPOAOJIBHO MOJISPU30BAHHBIE TPOTOHHBIE MUILIEHU
3aMOPOXKEHHOI0 THMA, a TaKXKe IIMPOKUN HabOp HEMOJIIPU30BAaHHBIX MUIICHEH, BKIOYast
KHUJIKOBOJOPOJIHYIO U TBEPABIE SACPHBIE MULLICHH.

Bce BhlleckazaHHOE 03HaYaeT BO3MOKHOCTb MCCIIEA0BATh C BHICOKOM TOYHOCTBIO CITIUHO-
Bble 3((EeKThl JUIsI MHOTHX JECSATKOB PEAKIMH, C Pa3IMYHbIMU HAyaJIbHBIMH U KOHEUHBIMHU
COCTOSIHUSIMHU. DTO MO3BOJIUT BBIIBUTH OOIIHE 3aKOHOMEPHOCTH a/IpOHHBIX B3aUMOJIEHCTBUI, UTO
BbIroAHO oTiinyaeT 3kcnepuMeHT CITACHAPM ot npyrux nosisipu3aliMOHHBIX DKCIEPUMEHTOB,
I/Ie U3y4aercs, Kak MpaBuiio, HEOOIbIIOE YUCIIO PEaKIIUH.

B skcniepumente CITACHAPM Ha kanane 24A OyaeT u3ydyaTbcs B3aUMOACHCTBUE OJISPU-
30BaHHBIX MMPOTOHHBIX M AHTUIPOTOHHBIX MYYKOB C MPOTOHHON JMOO C SAEPHBIMH MHILEHSMHU.
Vmnysnbc MONSPU30BAaHHOTO IIydKa MOKET BapbUpoBaThcsi B juanasone 10+4515B/c, a
nonepeyHasi nosisgpusanus nmydka coctaBut 40+45%. HenonspuzoBaHHbIE MyYKH MOTYT UMETh
umnyiasc ot 10 mo 50 I3B/c. Huxke mnpeacraBieHa ¢usuueckas mporpaMma 3KCIIEpHUMEHTA
CITACYAPM u oxunaemble pe3ynbTaThl.

Hayunas nporpamma CITACHAPM BxirodaeT HECKOJIBKO CEpUNl M3MEpPEHUH, KOTOpbIE
HaIpaBJIeHbl Ha HcclefoBaHre GpyHIaMeHTanbHbIX TpodsieM KX/ B HenepTypOaTuBHOI 06acTy,
rJie IPOSBIISIIOTCSA TaKue SBJICHUA Kak KOH(paiHMEHT, ciausHue Jubo (parMeHTanusi KBapkoB B
a/IpOHBI ¥ CIIOHTAaHHOE HapyIIeHNWE KUPAJIbHON CUMMETPHH.

Hasanue skcnepumenta CIIACUAPM sBiseTcst cOKpalleHHEM OT KOHEUHOW Lenu
npoekta,— CllunoBbie ACummerpuu B poxkaeHnn YAPMounus. ByayT nsmepeHns! nonepedynbie
OJTHOCIIMHOBBIE aCUMMETPUH AN B PEaKLUsIX MHKIIO3UBHOTO oOpasoBanus ¢, f2(1520), J/y, yc1 u
Xc2 Ha IPOTOHHBIX ¥ AHTUIIPOTOHHBIX MOJIIPU30BAHHBIX MTyYKaXx.
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Jlnis u3ydeHus nonspu3alvy KBapkoB U INIIOOHOB B 00J1aCTH OONBIINX Xr, OYIYT U3MEPEHBI
JIBYXCHHHOBBIE acumMMeTpun Ann 1 ALL B Tiporieccax obpasoBanust yactull ¢, f2(1520), J/iy, yc1 u
Xc2 B COYAApPEHMSAX IONEPEUYHO U MPOJOJIBHO MOJIAPU30BAHHOIO Iy4YKa MPOTOHOB C MONEPEYHO
(mpo1oNbHO) TOJSIPU30BAHHOM MPOTOHHOW MHIICHBIO. Haieid 1enpio SBISETCS MOMy4YCHUE
nH(pOpMalLMU O BKJIAJ€ KBAPKOB U TJIFOOHOB B CIIMH IIPOTOHA U3 aHAJIM3a 3TUX IPOLIECCOB. AHAIN3
BBIXOJIOB 3TUX YaCTHUI[ B T€X CIIydasx, KOTrJa CIMHbI MULIEHHU U IIyYKa HaIllpaBJIEHbI B OJIHY WIH B
pa3Hble CTOPOHBI, T03BOJIUT OLEHUTH JIOJIIO0 CIIMHA HYKJIOHA, IEPEHOCUMYI0 KBapKamH (IIpodiaema
«CIIMHOBOT'O KPU3UCa», 3aKIH0YAIOIIErocs B TOM, YTO CEerofHs, ciycts 30 jeT nociae npoBeaeHUs
nuoHepckoro skcrnepuMenta B LIEPH, Bce BaneHTHBIE M MOpCKHE KBapKH B IPOTOHE B CyMMeE
OTBETCTBEHHBI Bcero Juiib 3a 30% mpoAoapHOTO CIMHA TPOTOHA).

HccnenoBaHue OTHOIIEHUM BBIXOMOB yc1 U Xc2 IO3BOJUT IPOBEPUTH HOBYIO TEOPEMY
0 MaclTaOHOW WHBAPHMAHTHOCTM B BBIXOAAX OTHX Me30HOB [3], JKCHepUMEHTaIbHOE
OATBEPIKICHUE KOTOPO 0OHapy KeHO B 3kcriepuMenTax Ha BAK [4, 5].

JlanHble HccnenoBaHus SIBISIFOTCS HamOosee cioxHbiMH B nporpamme CITACHAPM
Y HAKJIQJBIBAIOT )KECTKHUE OTPAaHUYEHUs Ha TPEOOBaHUS K 3KCIEPUMEHTAIbHOW YCTaHOBKE, NMPHU
3TOM Ha PaHHUX dTarnax OyIyT pelaThCcsi He MEHEe MHTEPECHBIE 3a/1auu:

— H3mepeHne OJHOCHMHOBBIX IMONEPEUYHBIX (a3UMYyTaJbHBIX) aCUMMETpUl AN aJpOHOB,
COCTOSIIIUX M3 JIETKKX U, 0, S KBAPKOB, MPH PACCESHUH TONEPEUHO MOJISIPU30BAHHOTO MTy4YKa Ha
HEMOJISIPU30BAHHOM MUILEHH, JIMOO HEMOJIAPU30BAaHHOIO ITydKa Ha IONEPEeYyHO MOJISIpU30-
BaHHOM MuieHH. B KkauecTBe perucTpupyemMoil 4acTHIbl MOXXKHO HCIIOJIb30BaTh JIIOOBIE
gactuilbl (co crmmaom J = 0, 1/2, 1 ...) u gaxe sapa. B kauecTBe MUIIIEHH MOKHO HCIIOIB30BaTh
IIPOTOHBI U s1/Ipa, YTO MO3BOJIIET UCCIIENOBATh 3aBUCUMOCTh AN OT aTOMHOT'O BEca MUILIEHHU.
Perucrpanus agpoHHbIX PE30HAHCOB, B JOMOJIHEHUE K OOBIYHO U3MEPSAEMbIM, CTAOUIIBHBIM 110
CHWJIBHOMY B3aUMOJICHCTBUIO aJpOHAM, IIO3BOJUT CYIIECTBEHHO pAaCIIUPUTh CIIHCOK
JOCTYIIHBIX JUIsl U3ydeHUus peakiuil. Panee nuamepenuilt An a1 pe30HaHCOB MPAKTUUYECKU HE
ObLII0.

— Ormpenenenue nNonepeyHsIx (0 OTHOIIEHUIO K INIOCKOCTH paccessHus ) nosipuzauuit Py
TUIIEPOHOB W AHTUTUIIEPOHOB, OOPa3yIOIIMXCS HEMOJSIPU30BAHHBIMM ITyYKaMH Ha HEIO-
JSIPU30BaHHBIX MUILEHSX (IPOTOHHOM M AnepHbIX). M3mepenue nonspuzaunu PN BO3MOKHO
Onarojgapss HapyLIEHMIO YETHOCTH B cJaObIX JBYXYAaCTUYHBIX pacnazax THUIEpPOHOB.
[TapameTpsl  YIJIOBOTO  pacHpelelieHuss TNPOAYKTOB pacmaja TUIEPOHOB  CBSI3aHBI
¢ mojspusanueit pacnanatomieiicss yactuipl. CpaBHeHue An U Pn A runepoHoB (aHTUTH-
MIEPOHOB) OTKPBIBAET JIOMOJHUTENIbHBIE BO3MOKHOCTH JJIsl BbIOOpa (WIM TUCKPUMHUHAIIUMN)
KOHKPETHOH MoJeNnu reHepauuu 3HauuTenbHbIX An U Pn. [lo Hacrosimiero BpemeHH
OJTHOBPEMEHHBIX U3MepeHuit AN 1 PN JUIs 3a1aHHON peakluy MpakTUYecKu He ObLIO.

— H3mMepeHne BHICTPOEHHOCTH (3J1IEMEHTOB MAaTPUIIbl IUIOTHOCTH pik) BEKTOPHBIX ME30HOB
(ctuH J=1, yeTHOCTh P oTpuLaTenpHas), pacrnajarolluXxcs Ha JIBE YacTUIbI, B IPOIEcCcax
coyJapeHul HenosIpu30BaHHbIX YacTull. Kak u B cilydae runepoHoB, /17151 BEKTOPHBIX ME30HOB
MOKHO U3MEPUTh M CPaBHUTH BBICTPOEHHOCTh U AN, YTO paHHEe HUKOIJa HE JeNajld, U YTO
MO3BOJIAET  IOJIyYUTh  JOIOJIHUTENbHbIE OrPAaHWYEHHS] HAa  MEXaHU3M  CHJIBHOTO
B3aMMOJCHCTBHSL.

Jlna Bcex Tpex MEepEedMCIIEHHBIX BBIIIE CEPUIl U3MEPEHMM MOTYT NPOBOJUTHCS UCCIIENO-
BaHMS 3aBUCHMOCTH OT P1, XF, HOMepa Aapa A, JHEpPTHH PeakIuy /S B C.IL.M., MHOKECTBEHHOCTH
BTOpUYHBIX YacTUI] B COOBITUU (Nch), a Takxke oT meHTpaabHocTH (CT) coymapeHHs MydKOBOM
qacTullsl ¢ aapoM. CTosb pazHooOpa3HbIil HAOOP MOJNIPU3ALMOHHBIX JaHHBIX IT03BOJISIET MOTYYUTh
OTpaHMYEHUS HAa BO3MOXKHBII MEXaHH3M IMPOMCXOXKICHHS CIHUHOBBIX 3()(PEKTOB B CHUIBHBIX
B3aUMOJCHCTBUAX. B JaHHOM cilydae MOXHO TOBOPUTH O CHCTEMaTHYECKOM IIOJIXOE
K UCCJIEIOBAaHUIO MPOOJIEM CUJIbHBIX B3aUMOAECMCTBMM M CIHUHOBOM (PU3UKU. XOTSI TOYHOCTh
M3MEPEeHUH BO MHOTHX CIy4asx OrpaHUYeHa, IN100aNbHbIM aHaIN3 BCe JOCTYITHOW COBOKYITHOCTH
JAHHBIX HAaKJIAJbIBAET CEpPbE3HbIE OrPAHWYEHMS] HAa BO3MOKHBIM MEXaHHM3M IPOHCXOKICHHS
MOJIAPU3ALMOHHBIX SBJICHUHN U MO3BOJISIET BBIIBUTH HOBBIE 3aKOHOMEPHOCTH.
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W3mepeHne pa3iMyuHBIX JIBYXCIIMHOBBIX KOppENALUd, B HAaYaJbHOM HW/UIM KOHEYHOM
COCTOSIHUSIX, SIBJsIETCSl Oosiee TpyIHOU 3ajaueii, koTopas OyJIeT pemaThCsi 10 Mepe TOTOBHOCTH
anmnapaTtypsl U IporpaMMHOro oOecredeHus 3KcnepumMenTta. Hampumep, BO3MOXHO U3MepeHHE
nepenaun  cnuHa (Dnn)  oT  Hameraromiero  nosiIpM30BaHHOTO IPOTOHA  (AHTHIPOTOHA)
K oOpasymomieMycs: TUrepoHy. Ellle MHTEpEeCHO HM3MEpEeHHE JBYXCIHMHOBOW acumMmeTpuu (Ann)
B [IPOLIECCaX PACCESIHUS IOINEPEYHO MOJSPU30BAHHOIO ITyyKa Ha IMONEPEYHO MOJISIPU30BAHHOMN
MUIICHU B UHKIIFO3UBHBIX M 3KCKIIO3UBHBIX PEAKIUIX.

OxcnepuMeHT CITACYHAPM mno3BoisieT Takke IPOBECTH OJHOBPEMEHHOE H3MEpPEHHUE
AHATM3UPYIONIUX CIIOCOOHOCTEH Mmyuka Ag, MulieHH At 1 K03 uIlneHTa CIIMHOBOW KOPPEISIITUN
AnN B yripyrom pp-paccesinnn. B oonactu audpakimonsoro konyca 0.075 < —t < 0.6 (I'3B/c)? npu
uMmiyiabce Oombmiem 12 IPB/C Her manHbix 11 Ann. Kpome Toro ectb BO3MOMKHOCTH
9KCIIEPUMEHTAJIILHO ITPOBEPUTH OYEBUAHOE PaBEHCTBO Ag U Ar.

[IpucyTcTBHE B CTOJKHOBEHUSX MOJSPU30BAHHBIX YACTHIl JIBYX aKCHAIIbHBIX BEKTOPOB
UCXOJHOW MOJIAPU3aLMK, HAXOIALIUXCS M0/ MOJIHBIM KOHTPOJIEM 3KCIEPUMEHTAaTOPOB, CYLIECT-
BEHHO YBEJIMUYMBAET YHCJIO BO3MOKHBIX KOPPENALUNA MEXy BEKTOPAMH B TOW MJIM MHOU peaKIIH,
TeHEPUPYIOLINX H3MEPUMBIE CIUHOBBIE acuMMeTpuu. Cpeir HUX 0COOBII HHTEpEC MPECTABIISIOT
T€, HAJIMYUE KOTOPBIX 3aMpelieH0 3aKOHAMHM COXPaHEHHs, B YaCTHOCTH, 3aKOHAMH COXpPaHEHUs
TMCKPETHBIX CHUMMETpuil. [IpUMEHWTENhbHO K AHHUTWIALWU MOJSPU30BAaHHBIX KBAapKOB U
AHTHUKBApPKOB Takast MpobJieMa paccMaTpUBaiach B IEJIOM psijie myonukanwii [6, 7, 8, 9, 10, 11, 12].
OOmMpHBIA CNUCOK MOTEHIMATbHO HMHTEPECHBIX OJHO- ¥ JBYXCIIMHOBBIX ACHMMETpPHH,
Hapymaromux CP/T-uHBapuaHTHOCTh, HpuBeneH B pabore [7]. M3BecTHO, OAHAKO, YTO U
CP/T-uHBapHaHTHBIE B3aMMOJCHCTBHS B HAYAIbHOM W KOHEYHOM COCTOSIHMM TaKK€ MOTYT
UMUTUPOBATh T-HEeU€THBIE S(PPEeKThl. YHHUKAIBHOCTh CHUCTEMBl CTAJKHUBAIOIIUXCS TMOJSIPHU-
30BaHHBIX NMPOTOHA U AHTHUIIPOTOHA COCTOUT B TOM, YTO OHA SIBJIsieTCsl UCTHHHO CP-HeWTpanbHOI
o BceM 3apsaaM (RJIEKTpUYECKUM, OapHOHHBIA, CTPaHHBIN...). DTO MO3BOJISIET MPOBECTU
cpaBHeHHE HAOMIONEHHBIX 3(dexToB B CP-CONpsKEHHBIX PEAKIHAX W TEM CaMbIM OTICIIUTh
peanbuble HapyieHus: CP/T-uHBapUaHTHOCTH OT (PUKTHUBHBIX.

B ucTMHHO HEUTpaIbHOU POTOH-AaHTUIIPOTOHHOM CUCTEME CYIIECTBYIOT TAKUE CIIMHOBBIE
aCUMMETPHUH, KOTOPbIE HE MOTYT ObITh UMUTUPOBaHbl CP/T-MHBapUaHTHBIMU B3aUMOJICHCTBUSIMU
B HAY&JILHOM M KOHEYHOM COCTOSIHMSIX. B KadecTBe OHOTO M3 IpUMepoB [6,7] npueném Aot o«

(ﬁ [(;, X (;3]) , TIe P — BEKTOp MMITyJbCa IPOTOHA, a ( o 1 c 5 — BEKTODBI TOJSIPU3aLNN

NpPOTOHA W AHTHIPOTOHA. OTa AaCUMMETPHs MOXXET OBbITh HaOJIOZeHA B CTOJKHOBEHHSIX
MOTIEPEYHO-TIOISIPU30BAHHBIX YaCTUIL C B3aHMHO OPTOTOHAJIBHBIMU MoJsipuzauusmMu. IIpu cmene
3HaKa OJHOW u3 moussgpu3auuil Aol Takxke MeHser 3Hak. [IpucyrcrBue Bkiaga Acl B ceueHUU
PP-peaklnu C AETEKTUPOBAaHHEM B KOHEYHOM COCTOSIHUM MCTMHHO HEHTPaIbHOM MOJCHCTEMBI B
aKcenTaHce, CHMMETPUYHOM OTHOCHUTENBHO Xr=0, OBbUIO OBl OJHO3HAYHBIM CBUICTEIHCTBOM
CP-napymenus. K duciny Takux 5KCIEPUMEHTOB C UCTUHHO HEUTpPaJbHBIMM IO BCEM 3apsiam
KOHEUHBIMU COCTOSIHHSIMA MO’KHO OTHECTH, B YaCTHOCTH, M3MEPEHHS YIPYTroro, HEympyroro u
MIOJTHOTO CEUEHUs] B PP-B3aUMOJCHCTBUSAX MM CEUEHUS WHKIIO3UBHOIO POXKJIEHHS HCTUHHO
HEHTpaIIbHBIX PE30HAHCOB W YaCTHII, HAPUMEp 7’-ME30HOB, B CHMMETPHYHOM IO Xr aKCETITaHCE.

[lensto nccnenoBanuii Ha ycraHoBke CIIACYAPM sBnsercs pemieHue 3anad 1o
WCCIIC/IOBAaHHUIO CITMHOBBIX CBOWCTB CHJIBHOTO B3aWMOJICHCTBHUS, KOTOPHIE €Ille HUKTO B MHUPE HE
IBITAJICS BBIIOJHUTH U B OJIDKaiiiee BpeMsl HE TUIAHUPYET M3-3a CIIOKHOCTH M KOMIUIEKCHOCTH
uccinenoBanuii. Hambonee O1M3KkuM U JOMONHSAIOMUM (U3NYECKYIO MPOTPAMMY SKCIIEpUMEHTA
CITACYAPM sensiercss mpoekt cosznanHoi B 2021 romy kommabopaumu SPD (Spin Physics
Detector) [13, 14, 15] Ha coopysxaemom yckoputene NICA B OUSIN. Kparkuit 0630p pusudeckoit
porpamMmsl skcriepuMenTa B JlyoHe npusezeH B paznene 5.1.5.

Hmwxke B pmanHOM pasaciic IMpPUBCACHBI HOIIpO6HCC ONMMCAHUC OCHOBHBIX H3Yy4YaCMbIX

(bU3UYECKUX TIPOIIECCOB, MPUMEPHI PEAKIMi, B TOM YHCIE OIEHKA OXHIAAEMOW CTATHCTHKH,
ypoBHS (hOHA U CTATUCTUYECKON TOYHOCTH H3MEPEHUH.
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11 HccaenoBanue CIHHOBBIX 3(P(PEKTOB B POKIACHUN KBAPKOHUA

OKCIEpUMEHTHl 10 TIIyOOKOHEYNpPYroMy PpacCesHUIO HEMOJIIPU30BAHHBIX AJIEKTPOHOB
¥ MIOOHOB Ha HETOJIIPU30BAHHBIX HYKJIOHAX MPUBEIN K OTKPBITHIO KBapKOB B 60-x romax. B 1988
rogy skcriepuMeHT EMC (European Muon Collaboration) 8 IIEPH mo rmyGokoney-npyromy
paccestHUIO MOJSPU30BAHHBIX JIENITOHOB HA MOJIIPU30BAaHHBIX HYKJIOHAX MPEACTaBUI PE3YJIbTaThl,
B KOTOPBIX BKJIAJ CIIMHOB KBapKOB B CIIMH MPOAOJBHO-TIONSPU30BAHHOTO MPOTOHA Mall
(nmpumepno, coctaBisier 30%), uto mpotuBopeumsio pacueraM KXJI. Dta mpobnema momyuunia
Ha3BaHME “‘CIIMHOBBIM Kpu3uc HyKJIOoHA . /o cux mop 3Ta mpobiieMa He pelieHa, 1 Ha MHOTUX
YCKOPHUTEIISIX MUPA UJIET €€ MHTEHCUBHOE n3ydyeHue. Baxnenmei 3agadeit npoekta CITACHAPM
SBJIETCS PELIEHUE 3TOT0 CIIMHOBOI'O KpHU3HCa.

B xBantoBoii xpomoauHamuke (KXJI) ectb Tpu pyHmameHTanbHbie GyHKIMHM pacrpese-
JeHus 1yis npoTtoHa. Jto pynkuwms f(X) pacrpeaeneHus napTOHOB 110 UMITYJILCaM, YCPEIHEHHAS 110
cnuHaMm, QYHKIHS COupadbHOCTH ((X) pacmpelencHdss MapTOHOB IO  CHHPATBHOCTAM
B IIPOJIOJIBHO-TIOJISIPU30BAaHHOM TNPOTOHE M (QyHKIMsA nomnepeuHoctd h(X) pacnpenenenus
MapTOHOB MO CIMHAM B MOMNEPEYHO-TOJISIPU30BAHHOM MNpoTOHE. CIHMHOBBIM KPU3HC MPOTOHA
ces3al ¢ pynkumeit g(X). U3yyenue dpynkunu h(X) ToabKO HAYaIOCh.

Pe3ynbTaThl vccienoBanus GYHKIHHA CIIUPAIbHOCTH ((X) MOKa3bIBAIOT, YTO TOJIbKO 30%
CIIMHA TPOTOHA MEPEHOCATCS BAIICHTHBIMH X MOPCKUMH KBapKaMHU M aHTHKBapKaMHU.

Ocranbubie Hepoctatomue 70% cnuHA TPOTOHA MOTYT OBITH OOBSCHEHBI BKIAAOM
TJIIOOHOB /MM OpOMTAIbHBIM MOMEHTOM. BOJBIIMHCTBO MOJSIPU3AMOHHBIX AKCIEPUMEHTOB
B HACTOAIIEE BpEMsl HAINPaBJICHO Ha MOWCK BKJIaJa TTIOOHOB B CIHMH HYKJIOHOB. /[0 HegaBHEro
BPEMEHHU BCE IMOMBITKH OOHAPYKUTh BKJIAJ TIIOOHOB B CIIMH HYKJIOHA JABAIM OTPULIATEIHHBIN
pe3ynbTar.

DKCIIEPUMEHTHI C MOJIIPU30BAHHBIMU JICITOHHBIMH ITy9YKaMH, POBEJICHHBIEC B MOCTIEIHEE
BpEMS B Pa3NIUYHbBIX YCKOPUTENIBHBIX LIEHTPAX, MBITATHCh OOHAPYKHUTHh MOJSPU3AIMIO TIIFOOHOB
IIPY OTHOCUTEIBHO MaIbIX 3HAUEHHUAX nepeMeHHoN brépkena Xs, 70 0.1+0.15. DxcnepuMeHThl Ha
RHIC (STAR u PHENIX) npeanpuHsiid MONBITKY OOHAPYXHUTh MOJIAPU3AIMIO TJIFOOHOB IMPH
Mautbix (okoJ0 0.01) u mpomexyTounbIX (10 0.2) 3HaYEHUAX Xg, TOTIA KAK HEOOXOMMO MPOBECTH
M3MEpEHUs BO BCEM JHarna3oHe, 0COOCHHO MpU OOIBIINX 3HAYCHUAX Xg.

B skcnepumente COMPASS B pesynbpraTe 11100aibHOr0 (GUTHPOBAHUS JaHHBIX OBLIO
MOJIyYEHO yKa3aHHe, UTO BKJIA]] [NIFOOHOB B CITUH POTOHA BO3MOXEH P 3HAYEHUSAX Xg IPUMEPHO
0.3 (Puc. 1.1) [16].

Jlo mocnenHero BpeMeHU BCe M3MEPEHHUsl JBYXCIMHOBBIX aCUMMETpPUM ObUIM CPaBHHUMBI
C HyJIeM B mpejenax omuook, u Toibko B 2017 r. skcnepumenT CTAP ony6iukoBan gaHHbIE,
yKa3bIBaloIie Ha HeHyleByto acummerputo (Puc. 1.2) [17].

CrnenyeTr OTMETHUTD, UTO BCE UCCIIE0BAHNUS SIBISIOTCS MOAEIBbHO-3aBUCUMBIMU KaK C TOUKU
3pEHMsI BOCCTAHOBJICHHSI TAPaMETPOB PEaKIMH, TaK U C TOUKH 3pEHHSI OIIMCAHUS ITPOLIECCOB.

OaHUM U3 BO3MOXHBIX CIIOCOOOB M3MEPEHHUS MOJSIPU3alUY TAPTOHOB (KBAapKOB U TITIOOHOB
B NPOTOHE) SIBISICTCS M3y4deHHe oOpasoBaHus vacTtuil ¢, f2(1520), a taxxke yc1 (1P) u yc2(1P),
KOTOpbIe pacmanaroTcs Ha J/y u (poroH. Xopomo H3BECTHO, YTO OOpa3oBaHHUE KBapKOHUS
BKJIIOYAE€T TPU OCHOBHBIX IIpoliecca Ha MapTOHHOM ypoBHe (cM. Puc. 1.3): KBapk-riirooHHOE
paccesinue (a), aHHUTHISINS JIeTKUX KBapkoB (b) u rimooH-rimoonHoe cnusHue (C) [18,19]. Tlpu
3TOM B pacCMaTpHUBAaEMON 00JIACTH SHEPTUH JOMUHUPYIOLIMHA BKJIAJ] AJIs1 IPOTOHHOTO Iy4YKa Oy1eT
JaBaTh MPOLECC KBAPK-TIIFOOHHOTO PACCestHUS, a JUIsl aHTUIPOTOHHOTO — KBapK-aHTHKBApPKOBast
AQHHUTHJIS M.

Uto0bl u30exaTh BIUSHUS OCHOBHOTO KBapK-aHTHMKBAPKOBOIO BKJIaJa OCHOBHBIE
UCCIIEIOBAaHMsI ITUIAHUPYETCs MPOBECTH Ha MOJSPU30BAHHOM IPOTOHHOM Tydke (B pPp-
B3aMMOJICHCTBUM) U MPU MakCUMalIbHOM sHepruu (okoso 40 ['3B), 4ToObl yBETUUNUTH BETUUUHY
CeUCHMs] WHKIIO3UBHOTO POXXKICHHMS KBApKOHHMA. V3 3KCIepUMEHTANbHBIX JAHHBIX HM3BECTHO
CeueHue POXKIACHUS COCTOSIHUSA ¥ co criuHOM | coctaBisieT mpuMmepHo 30% OT ceueHus y COCTOSTHUS
co crimaoM 2[20].
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Puc. 1.1 Pe3ynbTaT rinodanpHOro aHanu3a JaHHbIX [16] Puc. 1.2 ViaMepeHHe IBYXCIHHOBOM

acuMmmMetpuu B 3kcriepumernTe CTAP
[17]

XapakTepHOi 0COOEHHOCTBIO TPOIIECCOB 00pa30BaHMS KBAPKOHHUS SIBIISICTCS UX BBICOKAs
YyBCTBUTEJIBHOCTh K TIJIIOOHHOMY COJAEP)KaHUIO B3auMoOJeHCTBYroUMX dvactul. OOpa3oBaHue
COCTOSIHUM KBapKOHHS B CTOJKHOBEHHUSX HYKIIOHOB OCOOCHHO MHTEPECHO, TaK KaK COCTOSHHS
C KBaHTOBBIMU yuciaMu /- -, "%, 2** HecyT MH(POPMALIUIO O MJIOTHOCTH IJIFOOHOB B HYKJIOHAX.
[TomoOHBIE COCTOSHUSI OTHOCHTENBHO JIETKO PETUCTPUPOBATh 4Yepe3 WX IHICHTOHHBIC
Y paJMallMOHHBIE MOJIbI paciasa.

W3mepeHue pa3HuUlbl CEYEHUN (IBYXCIIMHOBBIX acMMMeETpuil Ann U ALL) JUIs 4acTHll ¢,
f2(1520), J/w, yc1 1 Yc2 € UCTIOJIB30BAaHUEM IOJIIPU30BAHHBIX IyYKa U MUIICHU SIBJISIETCS TECTOM
IUISL TIPOBEPKH PA3IMYHBIX MOJIEIICH, HEKOTOPBIE M3 KOTOPBIX MPEICKA3BIBAIOT TPOTHBOIOIOKHBIN
3HaK Juid ALL JUI1 4YacTUIl C pa3HbIM cHOuUHOM. [IpojonbHas JBYXCIMHOBash acCUMMETPHUS

1 (EH-1(+-)
(PePf™)  (IG+H)+I(+-))
3 deKTHBHAS TONAPH3ALHA MUIIIEHN®, [(++), I(+—) — KOINUECTBO HOPMATHU30BAHHBIX COOBITHIA.
Cocrosinust (++) U (+—) COOTBETCTBYIOT 3HAYCHUSIM IMOJISIPU3AIMN MTyYKa ¥ MHUIICHH (—<—) U
(——>) COOTBETCTBEHHO.

bonbiias BeanuuHa ALl OyJeT yka3blBaTh Ha 3HAYMTENIbHBIA BKJIAJA IIOOHOB AG/G(x)
B CIMH MPOTOHA, HE3aBHCHUMO OT MPEIONI0KEHH KOHKpeTHOH Motenu [19]. Kak O6put0 mokasaHso,
B ToM umcie B[2l], yrioBoe pacmpenereHHE KOHEYHbIX (DOTOHOB M JICITOHHBIX Map
00€eCTIeYrBaOT BO3MOYKHOCTh H3MEPEHHSI TTOJISIPU3ALNN HAYaIbHBIX KBAPKOB H TJIFOOHOB.

omnpezensercs Kak A;; =

e Ps —3Hauenue nonspusanuu myuka, Pref —
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Puc. 1.3 Tunuynbie AuarpaMmsl 00pa3oBaHUs KBAPKOHHS

Onnoit u3 mneneit skcriepumenta CIIACYHAPM sBnsieTcst uccienoBaHHE CIUHOBOM
CTPYKTYpPBI IPOTOHA U M3y4eHHe PyHKIMI crnupanbHocTh §(X) U TpaHcBepcanbHocTH N(X) uepe3
M3MEPEHUs] PA3TUYHBIX OJHOCHHHOBBIX M JIBYXCIHHOBBIX 3(P(EKTOB B CTOJKHOBEHHUSX JBYX

5 HOJ’IS{pI/I?,OBaHHI)Ie MHIICHHU TOJILKO YaCTUYHO COCTOSAT U3 NOJIIPU30BAHHLIX SJ€P BOAOPOIA, OOBIYHO KOJIHUYECTBO

HEMOJISIPU30BAHHBIX TPOTOHOB B MUIICHHU, YMCHBIIAONIUX PEAJIbHOC 3HAYCHUEC TOJIsIpU3alluu, B 7-10 pa3 Ooble
4urciia NoJIIpu30BaHHbIX.
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anapoHoB. [IporpamMma skcnepuMeHTa BKJIIOYAET B Ce0S KOMIUIEKCHOE HM3YYCHHE MEXaHU3MOB
o0pa3oBaHMs KBAapKOHHSI B CTOJKHOBEHUSX HEMOJSPU30BAHHBIX M MOJISIPU30BAHHBIX aJPOHOB
coneprued gm0 50 I'»B, BkiIOYas MCMOJIB30BAHHME ITy4YKa MOJSAPU30BAHHBIX AHTHUIIPOTOHOB.
B03MOXXHOCTh HMCHOJIB30BaHUS PA3IUYHBIX TUIOB IMYYKOB JJISI PETUCTPAIMU  Pa3IMYHBIX
KBAapKOHUEB IIO3BOJIAET OINPEACIUTh BKJAJ OCHOBHBIX KaHaJOB OOpa3OBaHHS KBapKOHUS
(cMm. Puc. 1.3).

Eme omHuM BaXHBIM MOMEHTOM SIBIIIETCS TO, YTO MPH DHEPTUSIX YCKOPHUTEIHHOTO
koMIuiekca Y-70 B COOTBETCTBHM C pacueramu [22] wccinenoBaHue 0OOpa3oBaHUS YapMOHHS
MPOUCXOAUT MMEHHO B TOW OO0JAacTH, TJI€ MOXXHO OKMIATh BKJIAJ TIOOHHOW KOMITOHEHTHI
(cMm. Puc. 1.4), a umenHo npu Xg B paiioHe 0.3, rae OXHIAeTCS MaKCHUMaIbHOE 3HAUYCHHUE
MIPOJIOIBHOM IBYXCITUHOBOW aCHMMETPHH.

Puc. 1.4 CooTBeTcTBHE MEXy pealbHO U3MEPSEMBIM 3HaUCHHEM nepeMeHHoN DeifHMaHa Xr
Y TOJSIMHU UMITYJIbCA, YHOCHMBIMH NTapTOHAMH

B pamkax onmHO#l M3 Mojeneil JBYXCIIMHOBAas aCHMMETPHs TJIFOOH-TIIFOOHHOTO BKIJIaja
Benmka (cm. Puc. 1.5).

iy (42)°

Puc. 1.5 — 3aBHCHMOCTb MAPTOHHBIX CIMHOBBIX aCHMMETpPH gg — Wg (CIUIOWHAS THHUA), Jg — Xc19
(TlyHKTUpHASI IUHKUS) U §g = Xc2g (TOUEUHAs JTMHUSI) OT MOMEPEYHOr0 UMITYJIbCa YapMOHUS (PHCYHOK U3 22)

Tak Kak W3MEpPEeHHs TIPEAINONIAaraeTCsl BBHIMONHATH B 00JAcTH, T/€ OXHIACTCS
MaKCUMaJbHBI BKJIQJ MNapTOHHOW CIMHOBOM acMMMETPUU B OXXKHAAEMYIO JABYX-CIUHOBYIO
aCUMMETpHUIO, TO wu3MepseMas (Qu3MYecKass BEIMYMHA HMEHHO B JTOH OO0JIACTH MOXKET
CYLIECTBEHHO OTIMYAThCs OT Hylsl. M3MepeHue ke IBYXCHMHOBOM aCUMMETPUM B POXKACHUHU
COCTOSIHUH CO CIIMHOM 1, a Tak)Ke MOMEPEeYHBIX JABYXCIIMHOBBIX aCHMMETPHUH MO3BOJIUT OIICHHUTH
BJIMSIHME KBAPKOBBIX MOJISPU3ALIUI.

CnoxHOCTb U3MepeHull 00pa30BaHNs YapMOHHUS CBsI3aHa C ABYMsI OCHOBHBIMH (paKTOpaMu
— OJM30CTHIO MO Macce OCHOBHBIX COCTOSHUM yc1 M )c2 U MalbiM ceueHueM. [IpoBeneHHoe
MOJICTTHpOBaHKe (pu3nueckux mporeccoB [19] mokaszano BO3MOXKHOCTh pa3jieieHus] yKa3aHHBIX
coctosiHu# (cM. Puc. 1.6) mpu BBINOJIHEHUH JKECTKUX TPeOOBaHMN K 3KCIIEPUMEHTAIbHOU ycTa-
HOBKE, a IMEHHO: €CIIH pa3pelieHne TPeKoBol cuctembl cocTaBut Ap/p = 0.004 mpu 10 I'3B/c,
a SHEPreTUYeCcKOoe pa3pelIeHre MEKTPOMAarHUTHOTO KaJlopuMeTpa OyJeT HaXOJUThCsS Ha YPOBHE
3% WE. XapakTepuCTHKH WM  pACIOJNOKEHHE JETEKTOPOB ONPECISUINCh  YKA3aHHBIMHU
TpeOOBaHUSMHU.
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Puc. 1.6 Pa3nenenue y Mme30HOB Ha ycraHoBke CIIACUAPM

Crnenyer OTMETHTb, YTO MOMHUMO HOJPOOHO PAcCCMOTPEHHBIX HCCIIEAOBAaHUM BKIIaja
KBapKOB U IJIIOOHOB B CHUH IPOTOHOB M AHTUIIPOTOHOB B POXKJIEHUU KBApKOHUS, OyayT
HCCIIEIOBAaTbCSl OJHOCHUHOBBIE A(PQEKThl B POXKAECHUU OSTHX JK€ 4YacTHUL HA TONEPEeYHO
MOJISIPU30BAaHHON MHIIEHH. XO0YETCS OTMETHTh, YTO ATO OyIyT MEpBbIE M3MEPEHUS CITHHOBBIX
3¢ dexToB B 00pa3oBaHUU KBAPKOHHMS.

OnHOBpEMEHHO C M3MEPEHUSMU CHUHOBBIX 3((EKTOB OYIET M3MEPEHO COOTHOILIECHUE
BBIXOZIOB jci/yc2 Ha HAJNCKHONH CTAaTUCTHKE C WCIOJIB30BAHUEM IHOHHOTO, IPOTOHHOTO
Y QaHTUIOPOTOHHOTO IIYYKOB, 4YTO TII03BOJIMT IIPOBEPUTH HENABHO OOHAPYKEHHBIH APPEeKT
MacuITabHoM nHBapuaHTHOCTH [3], oOHapyskeHHbIl Ha BAK [4, 5].

3a 20 nueilt Habopa JAAHHBIX HA MPOTOHHOM ITy4Ke ¢ MHTEHCHBHOCThIO 10 ~107 p/nmkin
MO>KHO 3aperucTpUpOBAaTh HECKOJIBKO MUWJUIMOHOB COOBITUH pOXKIEHUS @-ME30Ha, TaKkKe
oxumgaercs ~10.000 J/ ¥ u ~1.000 yci/yc2 Ha p-niyuke. IIpu 3TOM CTaTHCTHYECKHE OMIHOKU O(AN)
B 00pa3zoBanuu J/ ¥ cOCTaBAT HECKOJIbKO MporieHTOB. HeoOxoaumasi [Jisi OLEHKH acHMMETPHUU
CTaTHCTHUKA Jc1/ Jc2 MOKET OBITh HaOpaHa 32 HECKOJIBKO CEaHCOB PaOOThI yCKOPUTEIIS.

Taike OyneT mNpeanpuHATA IONBITKA HM3MEPEHHs JBYXCIIMHOBOMH acuUMMETpUH AN
B Iporieccax oOpa3oBaHus map JenToHOB (rmporecc Jpemn-SHa) ¢ 1enbl0 MOMyYeHUs] OLICHKH
nonepeynoctu h;(X) kBapkoB B mpoToHe. [Ipu 3TOM, MOHMMAsI, YTO B IKCIEPUMEHTE C «OTKPBITON
reomeTpuei» (He «beam-dump» SKCHEPUMEHT), KaKk B HAlleM SKCIIEPUMEHTE, B KadecTBE
JIEITOHHOM Mapbl OpaTh JBa MIOOHa B mporecce Jpemi-SHa 6eccMbICIEHHO M3-3a KOJIOCCATBHOTO
KOMOMHaTOpHOro ()oHa JBYX paclaHbIX NMHOHOB (BEpPOATHOCTH paclajia MHOHAa Ha MIOOH U
HelTpuHo cocraBiseT ~99.99%). B 1o ke Bpems, BEpOATHOCTh paclaja MUOHA Ha JJIEKTPOH U
HEUTpHHO cocTanseT nopsaka 10, Ceuyenns oOpa3oBaHus Maphl SIEKTPOHOB U MAPhl MIOOHOB
PaBHBI H3-32 IENITOHHOM YHUBEPCATLHOCTH H COCTABNAIOT MpuMepHo 107 ot ceuenus o6pazopanus
napbl THOHOB. OJTHAKO, MCIIOIB30BAHKE MPEIIM3UOHHON TPEKOBOM crucTeMbl, AetekTopa RICH u
ANEKTPOMAarHUTHOTO KaJOpUMETpa IO3BOJIAET IpPH OJHOBPEMEHHOM BBIOOpE JJIEKTpOHA U
no3uTpoHa B mpouecce [penn-fIHa mogaBuTh KOMOMHATOPHBIM ()OH OT JIBYX pacmaiHbIX (Ha
7IEKTPOH U HEWTPHHO) MHoHOB (moxasnenne 10 s KaxI0ro MHoHa).

Kak ormeuanoce Bo BBeneHMM gaHHBIE W3MEpPEHHUs SIBISIOTCS HanOoyiee CIOXKHOU H
¢buHanbHON 3a7auell dKCIEpUMEHTa, Korga OyaeT co3/laHa BCs ammaparypa dKCIEpUMEHTa C
TpeOyeMbIMU XapaKTePUCTUKAMH, TOT/Ia KaK MpH 0oJiee paHHUX HCCIEIOBAHUAX TPEOOBAHUS K
MOJIHOTE U PA3pELIEHUIO UCIIOJIb3YEMBIX JETEKTOPOB CYIIECTBEHHO HUXE. B cnenyromux pasaenax
9TOM TJIaBBI OYJIET Y/I€JI€HO BHUMaHUE IPYTUM MTPOIleccaM, KOTOPhIE BaXKHBI JJIsl TOHUMAaHUSI POJTH
CIIMHA B CUJIbHBIX B3aUMOJICUCTBUSX.

21



1.2 N3mepeHne 01HOCIIMHOBBIX NONEPEYHbIX ACHMMeTpHi AN apOHOB

OOBIYHO OCHOBHOM MOTHBAILIMEH HUCCIENOBAaHUN C HUCIOJIb30BAHUEM MOJSPU30BAHHOMN
MHUILIEHU JH00 MyuyKa IEKIApUpyeTcs 3ajada U3ydeHHsl CTPYKTypbl NpoToHa. OIHAKO, Kak
MOKa3bIBaET MOJAEITBHBIN aHAIN3 3TUX W3MEPEHUi, eHHas nHpopManus, CoAepKallascs B HUX,
CBSI3aHa C JIMHAMHMKOW CHJIBHOI'O B3aUMOJIEMCTBUS aJPOHOB M KBapKOB B 00JacTU JEHCTBUS
KoHpaitHMeHTa. CIUHOBBIE AP PEKTHI TAKKE MOTYT OBITH CBSI3aHBI C TAKUMU (PYHAAMEHTATEHBIMU
pobeMaMu, KaKk CIIOHTAHHOE HapyIlIEHUE KUPaIbHON CHUMMETPUH, MOSIBIIEHHE MAcChl Y KBAPKOB
Y aJIPOHOB, 00pa30BaHUE B aIpOHAX KBA3UYACTHIl — COCTaBIsIOIIMX KBapKkoB [23]. UccnenoBanue
CIIMHOBOM CTPYKTYpbl HYKJIOHA, PACCMOTPEHHO! B MPEAbIAYILEM pa3ieie, ABIsSETCs B TO )K€ BpeMs
Tojibko oxHod u3 nened skcnepumenta CIIACYHAPM. JlpyruM Ba)KHBIM HalpaBJIEHUEM
UCCIIEIOBAaHUM SABISIETCA U3yUeHHE JUHAMUKU CUJIbHBIX B3aUMOJIECHCTBHUH C YUETOM CIIMHA.

Kak yxe Obuto oT™MedeHO panee, Teopus Bo3mymeHud KX]| mpenckaspiBania HE3HAUYU-
TeJbHbIe CHUHOBBIE 3P deKThl, nopsiika 0.1%, BeIMUparoIue ¢ poCTOM SHEPIUU B3aUMOIEHCTBUH
U rmomnepedyHoro ummynbca [2]. OgHako 3KCHEpUMEHTANbHbIE HCCIEIOBAaHMSA IOKA3ald, 4YTO
> deKTh, HAGTIOACMbIE B MHKITIO3MBHBIX PEAKIHSX, HE YOBIBAIOT ¢ yBenuueHHeM \s H Pr.
DKCIepUMEHTATbHO OOHAPYKEHHBIE MOJIsipU3anus /A-THIepoHOB M OJHOCIIHHOBAS IOTIEpeYHast
aCUMMeTpUs B UHKJIIO3UBHOM 00pa30BaHUM IMMOHOB B 00JIACTH (pparMeHTaLUU NOISIPU30BAaHHOTO
IIPOTOHHOTO IIy4yKa HMEIOT OONbIIME U NPAKTUYECKHd OJUHAKOBBIE IO BEJIUYMHE 3HAYEHUS
aCUMMETPUH U MOJSIPU3alMK B IIUPOKOM JiMara3oHe SHepruu B 1abopaTopHoit cucrteme ot 20 110
20 000 I'»B (sxBuBanent suepruu RHIC B cucreme nentpa macc).

OnHOI M3 OCHOBHBIX (M3MUECKUX HAOIIOJAaEMBbIX SBJSETCS MONEpevHas OJHOCIMHOBAs
acummeTpusi AN, KOTOopas NMpONOPLHOHAIBbHA PAa3HOCTH CEYEHUH (IpU OJHOM U TOM K€ yTIje
paccesHUs1) IpU MPOTHBOIOJOXKHBIX HAMpaBJIEHUSAX MONEPEYHON NOJsIpU3alUu IydyKa WIN

O'T O'l

MUIIEHH Ay = WIN pa3HoCTH cedeHuidd moxa yriaamu 90° (BneBo) m -90° (BmpaBo) Ay =

ol+aV’
T
Oleft~Oright

T T
Oleftt0right

, OTHOCUTCJIbHO HAIIPABJICHUA BCKTOPA IMOJIApU3alUU ITIPOTOHA. <<Cblpaﬂ» OAHOCIIMHOBAasA

acummertpust Ay 2° onpenensiercst CieyonmM 00pa3oM Yepe3 u3MepsieMble BeTHUHHbL: AN 2% =
D (NT-NY
P-cos@ . (NT+NYY
HOPMAaJIBbIO K IIIOCKOCTH PACCESHMS M HATIpaBlIeHHEM CIMHA Mydka uiy mumeHn®. Bemmumna D
Has3pIBaeTca (pAaKTOPOM pa30aBleHHs TONAPU30BAHHON MumeHn'. HOpMHpOBaHHBIE Ha YHCIIO
MYYKOBBIX YaCTHI[ BBIXOJbI HaON0gaeMoro aapoHa h [uis moJsipu3aivy 1Mydka WIH MHUIICHH,
HaIpaBJIEHHON BBEPX WM BHU3, 0003HAYEHBI KaK N' i N! cootBercTBeHO. COrylacHO KOHBEHIIUH
[24], nonoxuTenbHO AN cUMTaeTCs B TOM Cilydae, €ClIM BJIEBO JIETHT OoJibie aapoHoB h s
ydKa ¢ MOMSAPH3aIHei BBEpX®.
Kak ye OTMEYEeHO BBIIIE, SKCICPHUMEHTAIBHO W3MEPEHHbIC 3HAYCHUS aCUMMETPUH AN
BeIyT ceOs MPaKTUYECKH OJMHAKOBO B OOJBIIIOM JHana3oHe SHepruil. B kauectBe mpumepa Ha
Puc. 1.7 cpaBHMBAIOTCA Pe3yIbTaThl 10 AN UIsl peakuuii p'p— 7+ X, HomydueHHbIe IIPU pa3THIHbIX
sHepruax Ha yckoputensx ZGS (Vs=4.9T15B) [25], AGS (vs==6.5513B) [26], FNAL
(v/s==19.43 T5B) [27] u RHIC (+/s= = 62.4 T'3B) [28]. Jlpyrue pe3ybTaThl IpeicTaBIeHkI Gonee
o ipoOHO B pazzene 5. O030p JaHHBIX U MX aHATM3 MOXKHO HaWTH Takke B padorax [29, 30, 31].
JlaHHBIH TpUMeEp MPHUBEEH, MPEXK/IE BCETO I TOTO, YTOOBI MOKa3aTh — Ha MEPBOE MECTO
B IOJSPH3AIMOHHBIX HCCIAENOBAHMAX YK€ BBIXOJAUT HE DHEPrUs, a CHCTEMATHYECKOE
UCCIIeIOBaHME W aHAIN3 JaHHBIX OOJBIIOTO YKCIa Pa3iM4yHbIX peakiuii. Hayunas mpoGiema,

rae P — nonspusanus nyyka Ui MULIEHH, COSp — CPEIHUN KOCUHYC YIJla MEXKIY

6 TIpu nonHoli (277) reoMeTpUH 0 a3UMYTAIILHOMY YTy HPOBOAMTCS (PUTHPOBAHME MO COSQ.

7 ®axtop pasbapienus D ompenensercs Kak MOJHOE YMCIO B3aUMOJEHCTBUM B MUIIEHHM, OTHECEHHOE K YHUCIY
B3aMMO/ICHCTBHI Ha MOJISPU30BAaHHBIX POTOHAX. [Ipy MCTIONBE30BaHIH MOJIPU30BAHHOTO ITydka D=1,

8 Jlns cpaBHEHHUs OJIHOCTIMHOBBIX ACHMMETPHIA, MOJTyYEHHBIX B U3MEPEHHUSX C MOJIAPU30BAHHBIM ITyYKOM H Ay,
TIOJTyYEHHBIX Ha MOJISIPU30BAHHOM MHIIEHH, HEOOX0ANMO U3MEHHUTH 3HaK Ay JUTs I3MEPEHHUH Ha TOJIIPU30BaHHOM
MHUILIEHH.
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KOTOpaAa ABJIACTCA LECJIBIO JAHHOI'O IMTPOCKTA — UCCICAOBAHUC TUHAMHUKU CIIMHOBOI'O BSaHMOHeﬁ'
CTBHs, B TOM YHUCJIC B MPOHCCCC aHHUTUIIANUU C UCIIOJIB30BAHUCM AHTUIIPOTOHHOTO ITy4Ka, IpUu
POXACHUH LIIHMPOKOTO KJ1acCa YaCTHIl, B TOM YHUCJIC COACPKAIIUX S- U C-KBAPKH.

A
o7
o4f > 7- 4| ot §§{, 04} , ; + 0.4f
02} o® 0.2} ¢ 02} oo 0.2f ?
% ) .
o] S P Y| S ) Of---- S Of---a % ]
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5=4.9 GeV {5=6.6 GeV s=19.4 GeV 15=62.4 GeV
-0.6L -0.6L -0.65 -06
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Puc. 1.7 An jutst peakiii ptp—z* +X. Jaunsie ZGS [25], AGS [26], FNAL [27], RHIC [28].
KoMnuisims 3KCIepuMEHTANbHbIX JAHHBIX U3 MyOnukamuu [32]

B mpennaraemeix Ha ycrtaHoBke CITACUAPM wuccrnenoBanusix mpejaraeTcs oOpaTUTh
BHUMAaHHUE, IIPEXKIE BCErO, HA JIBA ACIIEKTAa:
— CpaBHeHHUE MOIAPU3ANUOHHBIX 3P(HEKTOB MPH B3aUMOJICHCTBUU YACTHUIl U aHTHUYACTHIL
C BEILIECTBOM IPU OJIHOM U TOM K€ IHEPIHU U B OJTHOM U TOM k€ KHHEMaTHUUECKOH 001acTH.
— MHccnenoBanne cnmHOBBIX A((EKTOB Isg OOJBIIOTO Kjacca peakiuii B IIMPOKOH
KUHEMATHYCCKOI 00J1acTH.

1.2.1 H3mepenue 00HOChUHOGBIX IheKmoe ¢ UCnONb308AHUEM ROJAPUIOBAHHOZ0
nyuKa aHMUNPOMOHOE

[Tpoext CITACHAPM npenocTaBisieT yHUKaJIbHYIO BO3MOYKHOCTb UCCIIEIOBATh CTUHOBbBIE
3¢ eKTh P B3aMMOICHCTBUM aHTHBEILECTBA C BELIECTBOM M T€ e CIIMHOBbIE 3(P(eKThl npu
B3aMMO/ICHCTBHH BEIIECTBA C BEIIECTBOM M CPAaBHUTH PE3YJIBTATHI [0 OJHOCTMHOBOW aCUMMETPUH
POX/IEHUS PA3JIMYHbIX YACTHUI] IIPU OMHAKOBBIX YCIOBUAX (3HEPrUs U KUHEMaTHuecKas 001acTh
peakiun). C MoMeHTa OTKpbITHS aHTUMarepun B 1930-x romax oHa Bcerga Obula M ocTaeTcs
npeaIMeToM OOJIBIION MPHUBJIEKATENbHOCTH, MpeXae Bcero s ¢u3ukoB u Quiiocodos. s
(U3MKOB aHTUIIPOTOHBI MPEACTABIAIOT OCOOBI HHTEPEC, MOCKOJIBKY OHHU SBISIOTCS MapTHEpaMH
MIPOTOHOB, KOTOPHIE SIBIISIIOTCS: @) E€AMHCTBEHHBIMH a0CONIOTHO CTAaOWJIBHBIMH aJpOHAMH,
OOWIBHBIMU M 3(Q(PEKTUBHO «CBOOOJHBIMHUY»; O) 3apsKEHHBIMH, IIO3TOMY HMH JIETKO
MaHHITYJIUPOBATh: YCKOPATh, CO37aBaTh MYYKH C U3BECTHBIMH XapaKTEPUCTUKAMH U TOMY
no106H0e’. DTO 03HAYAET, YTO AHTUMPOTOHBI MOTYT OBITH HCTIONL30BAHBI IS H3yUEHHS TIpolecca
AHHUTWIISIUN U3 HEUTpaJIbHO 3apspKeHHOTo (C-HEMTpanbHOIO) COCTOSIHUS B IIUPOKHUM CIEKTP
KOHEUHBIX KBAaHTOBBIX COCTOSIHUI. C HENOJSPU30BaHHBIM IPOTOHOM M aHTHUIIPOTOHOM HCXOJHBIE
coctosiHusl Takke sBisitorcss CP-meiitpampabiMu. Opnako CP-mapymeHwe B mporiecce
QHHUTHIISIUM TOTEHIMAIbHO MOXeT HapymuTh CP-HeWTpaabHOCTh KOHEUHBIX COCTOSIHHMM.
W3mepenune monspu3aiy YacTHIl, TAKMX KaK THIIEPOHBI, B KOHEUHBIX COCTOSHHSIX MOXKET TTIOMOYb
npoBepuTh CP-HEHTpabHOCTh KOHEUHBIX COCTOSIHUH, T. €. coxpaHeHne CP B pp-aHHUTUIIALMH.

AHHUTWIIALINS TEPBOHAYAIBHO MOJSPU30BAHHBIX MTPOTOHOB M AHTUIPOTOHOB MPUBHOCUT
HOBOE KauecTBO B wuccienoBaHue. CocTosHue ¢ mnossgpusanuend Oojbllle HE  SIBJISETCS
CP-neiitpanpabiM. Ho, u3MeHsist monsipuszanuu o0eux (p U P) 4acTHIl, MO)KHO CKOHCTPYHPOBATh
CP-conpsixenHoe coctostare. CpaBHEHHE XapaKTEPUCTUK KOHEUHBIX COCTOSHHIMA, IPOHCXOISIINX
u3 1ByX CP-conpspkeHHBIX HauyalbHBIX COCTOSIHMM, NMOTEHIHAIBHO MOXET MOMOYb B IOHCKE
Hapymenust CP B mporecce pp-aHHUTWISIINAN. Pe3ynbTaThl U3MEpEeHNH OISPU3AIiA THIIEPOHOB

9 EHI/IHCTBCHHLIMI/I HU3BCCTHBIMHU YaCTULIaMU C HO,Z[O6HBIMI/I CBOICTBaMU SIBJISIOTCS SJICKTPOHBI (I/I HOBI/ITpOHI)I), HO OHH
HE Y4acCTBYIOT B CUJIbBHOM BSaHMOﬂCﬁCTBHH.

23



i aAByX CP conpsiKeHHBIX HaualbHBIX COCTOSIHUMN TOJKHBI OBITH OJJUHAKOBBI, €CITU UMEET MECTO
CP unBapuantaocts. K coxanenuto, He3aBHCUMBIN OT Mojenu TecT CP-HapyieHus: HEBO3MOKEH
C IBYMs NOJIAPU30BAaHHBIMHM ITPOTOHHBIMU ITyYKaMH H3-32 HEIOCTYITHOCTU CTOJKHOBEHHS JIBYX
MOJISIPU30BAHHBIX AHTUIIPOTOHHBIX ITYYKOB.

B Hacrosimee Bpemsi NpaKTHUECKHU JHOObIE MOJSPU3ALUOHHBIE SKCIEPUMEHTAIbHbBIE
JaHHBIC NI PP-PeaKIHid PEICTABISIOT OOJBIION HHTEPEC XOTs OBl TOJIBKO TIOTOMY, YTO TAKUX
JAHHBIX OYE€Hb MaJIO, 3 BO3MOXKHOCTh CPaBHEHHUS PE3YJIbTATOB U3MEPEHUH C TaHHBIMU Ha TOJIf-
PU30BaHHBIX NPOTOHAX IMPU TEX K€ CAMBIX YCJIOBHUSAX MPEICTABISAETCA OYEHb NEPCIIEKTUBHOM.
Panee momoOHbIe Mccaen0BaHUS Ha MHKIIIO3MBHO OOPa30BaHHBIX MHOHAX MPOBOAMIHMCH TOJIBKO
B akcriepumente E704 mis m-me3oHoB [33,34], B KOTOPBIX acHMMETpPHUS 3apsHKCHHBIX MMHOHOB
MeHsJ1ach Ha IPOTUBOIOIOKHYI0, a ACUMMETPUS T’-ME30Ha OCTaBajlach OJTHOTO 3HaKa, YTO BIIOJIHE
OOBSICHSICTCSI KBAPKOBBIM COCTaBOM IOJISIPU30BAaHHOTO HYKJIOHA M KHHEMAaTHYeCKON 00JacThbio
u3MepeHuit (00sacTh hparMeHTaIuu MOJISPU30BAHHOTO MTy4YKa). Pe3ynbTaThl 3TUX HCCIeTOBAHUI
npuBeeHsl Ha Puc. 1.8.

OxcniepumeHT CITACYHAPM naet BO3MOXXHOCTh HE TOJIBKO U3MEPUTH (CPaBHUTH) AN JUIst
T-ME30HOB C JIy4lI€il TOUHOCTHIO U B IIMPOKOM KMHEMATHUYECKOM JIMANA30HE, HO U CYLECTBEHHO
pacmpuTh Kiace peakiuii. OcoOblii HHTEpEC MPHU MCCIEIOBAHUU OJHOCITMHOBON aCMMMETPHUU
MPEACTABISIET POXKACHHE 4YacCTUL, COCTOSALIMX M3 TSKENbIX KBAPKOB, TO €CTh B IpoLEcce
AQHHUTWISIIIUY, KOTJIa BTOPUYHBIC YACTHUIIBI JOJDKHBI «3a0BITh» PO MOJISIPU3ALMI0 HCXOIHBIX
KBapKoB. C 3TOH TOYKM 3pEHHs BaXKHO U3YUWUTh CIIMHOBBIE CBOMCTBA YAaCTHL], COAEPKALIUX S- U
c-kBapku’. Ecim B PP-CTONKHOBEHHMSAX IIPH HM3KHMX JHEPIHAX B 0OPA30BAHUM SS- M CC-TIAp
JOMUHHUPYET (g MPOLECcC, TO BAXKHONH 0COOCHHOCTHIO aHTUIIPOTOH-TIPOTOHHBIX PEAKIU SBISETCS
IIPSAIMOM AOCTYN K ¢ -B3aUMOJIECHCTBHM.
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Puc. 1.8 CrneBa A B p'-B3anMOIEHCTBUY B MHKITIO3MBHOM POXKICHHUH 3apsHKEHHBIX [34] M HeHTpatbHBIX
[33] Me30HOB, cripaBa — aHATOTHYHBIN pe3yabTaT s PP-B3aumMoeiicTus [27, 33]

UccrnenoBanune JOOBIX COMHOBHIX d¢dekroB B obOpasoBanuun ¢, f:(1520), J/¥
U el yc2-ME30HOB TO3BOJIAIOT TOJYYHTh COBEPIICHHO HOBYIO HMH(POPMAIMIO O POJIM CIUHA
B CHJIbHOM B3aMMOJIEHCTBHH, OJTHAKO CE€UYEHHUE 3TUX MporeccoB HeBennko. Ha Puc. 1.9 mokazan
pe3ymbTaT GBICTPOTO MOIETUPOBAHNS PETUCTPAINH 5 -THIIEPOHA U #-Me30Ha .,

M3yuenne Ha OJHON YCTAaHOBKE MHKIIIO3MBHOTO POXKICHHS (-ME30HA C MCIOIh30BAHUEM
AQHTUIIPOTOHHOT'O M MPOTOHHOTO MOJIIPU30BAHHBIX MTyYKOB TOMHMO HCCIICAOBAHUH MOJSpU3AIU-

10 b- u Tem Gosiee t-KBapKK He OCTYIHBI B OKCIIEPUMEHTAX Ha yCKOPUTENbHOM Komiutekce Y-70.
11 OcHOBHEIE Pe3yIBTAThl MOJIETMPOBAHHS, BKJIIOUAs MACCOBBIE CIIEKTPBI YACTHIL JUIS PA3JIMYHBIX PEAKIIMI U OLEHKA
yucna coObITHH NpuBeeHb! B [Ipuinoxenun b.
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OHHBIX 3(Q(EKTOB NPENOCTaBUT HH(POPMALMIO O MEXAHU3ME POXKACHUS CTPAHHBIX YacTHIL.
CnenyeT mOJUYEepKHYThb, YTO HEBO3MOXKHO IOJYYUTh YHUCTBIM My4YOK AHTUIPOTOHOB: B COCTaBE
IIyyKa BCEr/la MPUCYTCTBYET 3HAUUTENbHasl (PpaKkuMs 7 -ME30HOB (BO MHOIO pa3 Oouiblle, 4eM
aHTUNPOTOHOB). MccnenoBaHus B3aMMOIEHCTBUN C YHaCTUEM 7T -ME30HOB JIaCT JIOMIOJIHUTEIbHYIO
MHGOPMALIHIO O MEXaHU3ME POKACHUS YapMOHUS U CTPAHHBIX YACTHLI.

1500 = 5 x :: " ¢"(1020)
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Puc. 1.9 Oxxunaemble MaccoBbIe CIIEKTPEI 00pa3oBaHust =& — A 7~ (cieBa) U ¢-Me30Ha (crpasa)

JlpyruM MHTEpPECHBIM HCCIEOBAHUEM C HCIHOJIb30BAHUEM IMOJSPU30BAHHOIO AHTHIIPO-
TOHHOTO ITyYKa SIBJISICTCSI MCCIIEJOBAHUE JIBYXCIUHOBBIX 3(P(PEKTOB B POXKACHUU BEKTOPHBIX
ME30HOB, TJ€ CleAyeT OXHIaTh II0JIaBJICHUE CEYEHUs OOpa30BaHUS BEKTOPHBIX ME30HOB
C IPOTUBOIIOJIOKHBIMU 3HAUEHUSMM MOJIIPU3ALMU B3aUMOJICHCTBYIOIIMX HYKJIOHOB, TO €CTh
Oonbmoe 3HaueHue ArL. Taxke BO3MOXHBIM HalpaBlIEHUEM HCCIICIOBAHUI SIBIISETCS MOMCK
[JIFOOHHOM KOMIIOHEHTBI B JIETKMX 3K30THYECKHMX COCTOSHUAX. Takue COCTOSHUS HE JOJKHBI
YyBCTBOBaTh TMOMEpEeUHble Mojspu3aioHHbie 3G dexkTsl (AnN), HO OBITh YYyBCTBUTEIbHBI
K MIPOAOJIBHBIM ACHMMETPHSIM.

Co3naHue MONAPU30BAHHOTO AHTUIIPOTOHHOTO IIyyKa TakKXKe I103BOJUT HPOBOJIUTH
MIPELIM3UOHHBIE MCCIEA0BAHUS 10 CHEKTPOCKONUHU C HCIOJB30BaHUEM MaplMaIbHO-BOJIHOBOIO
aHanu3a. B kauecTBe anmapara A NPOBENCHMs TaKUX MCCIIEAOBAHUM IMpeularaeTcsi UCIoJb30-
BaTh METOJIbI, pa3BuBaeMbIe Juist dkcriepuMenta [TAHJIA [35].

Eme ogHMM MHTEpECHBIM HAIIpaBICHUEM HCCIEA0BAaHHM, /i€ HEOCPEICTBEHHO CPaBHU-
BAIOTCS PE3YJIbTAThl B3aMMO/ICHCTBHS aHTUIIPOTOHOB C TIPOTOHAMH, SIBJISIETCS U3YYECHUE YIIPYTHX
peakuuii. JlaHHast omuus TaKKe MPeAyCMOTpeHa B MpenIaraeMoM 3KCIIEpUMEHTE, a OMHCAHUe
MOTOOHBIX M3MEPEHUH TIPUBEICHO HIKE B paznene 2.3.1, MOCBSIIEHHOM MOISPUMETPHH.

Ha ycranoBke CITACUAPM BO3MOXHBI /IB€ MOJBI pabOThl C MyYKOM aHTUIIPOTOHOB:
nepBasi CTajus OKCIEpUMEHTa MPEANOoJiaraeT HCIOJIb30BAHUE HEIMOJISIPU30BAaHHOTO ITy4Ka
U TIOJISIPU30BaHHOM MUIIIEHH, a BTOpasi — IMOJIAPU30BaHHBIN My4yoK. HemonspuzoBaHHbIH OTpHIIa-
TEJILHO 3apsKEHHBIH My4oK UMeeT cieayromuii cocras: (7 /K /p’): 97.9/1.8/0.3%.

WHTerpanbHas CTaTMCTUKA I MOJIIPU30BAHHOTO AHTHIPOTOHHOTO ITydKa C HEpruei
34 I'>B u uaTencuBHocThIO 80 THIC. 32 cOpoc 3a 30 guel Habopa mpeacrasieHa B Taom. 1.1.

Tabn. 1.1 Oxugaemoe yncio coobTuil Nev U oTHOIIeHUE Y dexTa k GoHy S/B mms MecsqHOTO ceaHca
Ha HOJIAPU30BAHHOM aHTUIIPOTOHHOM IIyuKe ¢ 3Heprueii 34 I'sB (3.6:10° B3aumoneiicTauii)'?

Ne | vactuna | Nev S/B | No | vactuma | Nev S/B
1 |z 2.1-10° 7 |n 1.6-108

2 | w 2.6:10° 8 | n 1.4-10°

3 | K" 1.7-10% 9 |A—pr [2.1:107]10
4 | K- 2.2-108 10 | A—» fiz® | 1.1-107 | 0.13

L PeByJ’ILTaTH 3/1€Ch U JaJieC MOJYy4YCHbI C IOMOIIbLIO 6I)ICTpOFO MOJCINPOBAHNUA
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S |p 1.6-108 11 | A —nr | 4.2:10% ] 0.14
6 |p 1.8-10° 12 | 55— Ax | 1.0-10° | 10

OTmeruM, 4TO MHOTHE U3 YaCTHII, MPEACTaBIeHHBIX HIDKE B Tabm. 1.5 nans cimydas myuka
7, HA aHTUIIPOTOHHOM TMOJISIPU30BAHHOM ITy4Ke Tak)kKe OyayT UMETh 3HAYUTEIbHYI0 CTATUCTHKY
Nev ~ 108, nmocratounyio s usmepeHus An ¢ TOUHOCTBIO OAN2.5/y/Ngy, wim 0.025%,
JI715 IPOLIECCOB ¢ BEICOKMM YPOBHEM (hOHA CTAaTHCTHYECKAs TOYHOCTH OyAeT Ha IOpsAIoK Xyxke'.
Jns xapaktepHoit crtatucTukd Ng, = 10®8 B 3KcnepuMEHTE C MOJIIPU30BAHHOM MMIIIEHBIO
MOJTy4aeM TOYHOCTh 0AN = 1.3%1073,

s 6onee Huszkoi sHeprun 16 B, npu koTopoii mIaHupyeTcsi HAaUMHATD UCCIIEIOBAHUS
Ha TIOJISIPU30BAHHOM Iy4YKe, WHTEHCHBHOCTH nocTuraer makcumyma (mo 400 TwIc. 3a cOpoc,
a B cllyyae ONTUMM3AlMKM KaHajla JUlsl aHTUIIPOTOHHOrO Iydka 10 10° aHTMIPOTOHOB 3a LMK
yckoputens, win 10 10'° aHTUIPOTOHOB 32 CYTKH), IPUTOM BBIXOJIbI YACTHII MEHSFOTCS HE3HAYHU-
tenbHO. TakuM 00pa3oM, Uit aHTUIIPOTOHHOTO Iy4YKa ¢ 3Heprueil 16 I'3B konuuecTBO peakiui,
B KOTOPBIX BO3MOXKHO IIOJIyY€HHE BBICOKOTOYHBIX JaHHBIX, € O0AN < 2%, cTaHOBUTCS
3HAYUTEIbHBIM.

1.2.2 H3mepenue AN ¢ ucnonvzoearnuem UHMEHCUBHO20 RPOMOHHO20 nYyUKa

HHTepec K M3MEPEHUI0 MOJSAPU3ALUOHHBIX 3(B(HEKTOB C HCIIOJIb30BAaHUEM IOJIIPU30BaH-
HOTO HPOTOHHOTO My4Ka 00BACHAETCS MHOTMMH (haKTOpaMu’>:

— CpaBHUTENbHBIE H3MEPEHUS C AHTUIIPOTOHAMHU (CMOTPH MPEAbLAYILUN pa3jen)
MO3BOJISIIOT TOHATH PA3HUILy CIHMHOBBIX A(PQPEKTOB B CHIBHOM B3aUMOJCHCTBUU MEXKIY
BEIIIECTBOM U aHTUBEIIECTBOM.

— Jlocturaemasi MHTEHCHBHOCTH TMOJSPU30BAHHOTO IIy4Ka MPOTOHOB IPEBBIIIAET
MHTEHCHBHOCTb AHTHMIIPOTOHHOTO MyYka B JECATKH Pa3’, COOTBETCTBEHHO, 3HAYUTENHHO
pacmMpsieTcss KMHEMaTUYECKUH JHMAla30H M COCTaB HCCIeAyeMblX peakuuid. [Ipm stom
BO3MOXHO pa3JeluTh 3aBUCUMOCTh 3((EKTOB OT KHHEMATHYECKUX [apaMeTpoB, YTO
HEOOXOaUMO Uil JAMCKPUMHUHALMUM MOJENEed M HEJOCTyNMHO JJIs  CYIIECTBYIOLIUX
HKCIIEPUMEHTOB.

— MHccnenoBanus MOXHO MPOBOAUTH B obsactu sHeprum myuyka 10+4515B, 1o ectb
IPOBECTHU UCCIIEI0BaHUE 3aBUCUMOCTH OT YHEPIUH B CHCTEME LIEHTpa Macc.

— Eme nmo mpoBeneHuss W3MepeHHd Ha OCHOBE CYIECTBYIOMIMX JaHHBIX MOXHO OBITh
YBEpEHHBIMH, 4TO B 00JacTH (parMeHTaluu MOISIPU30BAHHOrO myuyka 3¢ddexTsr OyayT
3HAYUTEIBHBIMH, TIOITOMY OYyJIeT JOCTUTHYTA BBICOKAsi OTHOCHTEIbHAS TOYHOCTh U3MEPEHUH.

— By,Z[YT MPOBOAUTHCA UCCICAOBAHUA C PA3JIMYHBIMHA AACPHBIMU MUIICHIMU.

[Tocnenuuii MyHKT mpeAcTaBisieTcs OCOOEHHO WHTEPECHBIM B CBETE pe3yJbTaToOB
skcriepumenta @EHUKC, oOGHapyXuBIIEro M3MEHEHHE 3HaKa aCUMMETPUU HEUTPOHOB IpHU
nepexoie OT MPOTOHOB K 30J10Ty [36]. DTH NaHHBIE U HpeJCKa3aHHs CHIbHONW 3aBHCUMOCTH
aCUMMETPUM HYKJIOHOB OT sJipa B PaMKax MOJEIM XPOMOMAarHWTHOW IOJIApU3alMy KBapKOB
(XTIK) [31, 37] noka3anbl Huxe Ha Puc. 1.10.

13 TIpu nanuunu ona uzmMepsemast OHOCIIMHOBAs acuMMETpHst A™3Sy cBs3aHa ¢ aCMMMETPUAMH cUrHana Ay 1 oHa
AB\ cnenyrommm obpazom: AMy = Ay(1-B/Ney) + ABN(B/Nev), rne B — uucio (oHOBBIX COOBITHIH MOJ MUKOM
pe3onanca, a Ngv — mosiHOe yncno cobbiThiil. Kak mokaszanu mccnemoBanus, acuimMMeTpusi GpoHa BHE muKa axpoHa h
6sm3ka K Hyo [13], uto u npemnosaraeTcs Aajnee NpH OLEHKE TOYHOCTH U3MEPEHHH cUrHana JA.

1 TounoCTh M3MEpPEHNIi 0JIHOCTTMHOBOM acuMMeTpuH JAN JUIS MATBIX 3HAYEHUI Ay onpesensieTcss GpopMyIIoii

J0An = D/[(1-B/Nev)P COS(/)\/IWV]. [Tpu Hu3KOM ypoBHe (ona B dakrop (1-B)/Nev ~ 1, a 71 BBICOKOTO ypoBHS (hoHA
nopsiaka 0.1. B OOJBLIMHCTBE CilydaeB B JAHHOM JIOKYMEHTE JUIsi OLIEHOK TOYHOCTH, MBI IpeAroyiaraeM, 4To IJist
noJsipu3oBaHHOrO Imyuka P = 0.4, nust nonspuzoBannoi mumueHu P = 0.75, a cos ~1.

15 B jjanHoM pasziene He paccMaTpUBAETCS MOAPOOHO MCCIIEIOBAHHS YaPMOHHS, ONIMCaHHbIE B pasaene 1.1,

18 Pacuer xapakTepHCTHK TONSAPU30BAHHBIX TYYKOB PUBEJAEH B paszene 2.1.
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Puc. 1.10 3aBucumocts An(A) mist peakuuu p'4d— nX B sxcnepumente ®EHUKC [29]

Hab6monaemast acummerpust B P'p cTOIKHOBEHUsAX cocTaBiser —8%, B p'Al coynapenusx
yMEHBIIAeTcs 110 BeauurHe 10 —1.5%, Toraa kak npu nepexoze k PTAU CTOIKHOBEHHSAM MEHSET
3HaK u gocturaer +18%. 3aBucumocts An(A) Habmogaercs u i K- u mw'-me30H0B [38].

B To0 ke Bpems nocnennue pe3ynbrarsl 3kcnepumenta CTAP no namepenunto 3aBUCUMOCTH
ACUMMETPUU HMHKJIO3UBHOTO POXKACHHS 7°-ME30HOB OT aTOMHOTO BECa MHIIEHHU IMOKa3bIBAIOT
onuskoe mosenenue acummerpun B P'p-, PTAl- u pTAu-saumopeiictuax [39, 40]. Tem
WHTEPECHEE IMPOBEPUTH 3aBHCHMOCTH MOJIIPU3AMUOHHBIX 3((HEKTOB B 00pa30BaHWH Pa3HBIX
YaCTHUI U PE30HAHCOB OT HOMEPA sJIpa.

Cnenyer oTMeTuTh, uTO B pamkax mojenu XIIK 3aBucumMocTh U BO3MOXHOE U3MEHEHHE
3HaKa MpeJICKa3bIBaIoCh emle 10 pe3yiabTaToB skcnepuMmenta ®EHUKC. Ha Puc. 1.11 noka3zansl
pacyeTsl B paMKax JIaHHOM MOJEIHU ISl APYToi peakiuu (¢ 00pa3oBaHUEM MTPOTOHOB), TI€ TAKKE
OXKHMIAETCs CUIIbHASI 3aBUCHMOCTh OT aTOMHOT0 Beca (A) siipa MUIIICHH.

z 0.1
« pA S pX ® x,=020 <Z 0.1 p+Pb—pX Py =2GeVie
Vs =8.77 GeV ® py=1GeVie
s pr=1GeVie O xp=0.536 )
0.05 Q 0.05 )
| .
0 ' ) j®e < ‘;4;,0 PoYoL ]
® [
K Vs =8.77 GeV
® °
-0.05 - ° . -0.05 | .
%o 00000 b o oo NP0 SO
-0.1 - . . : ' -0.1 - : ! g
0 50 100 150 200 0 0.2 0.4 0.6 08 1
A X

Puc. 1.11 Ipencka3anus Ay B paMKax MOAETH XPOMOMAarHUTHON MOJISIPU3aIMH KBapKOB

MHoroo0pa3ue peaxiuii, KOTOpble MOKHO HCCIIEOBATh C HMCIIOJIb30BAaHUEM IOJISIPH30-
BAaHHOI'O TPOTOHHOIO IIy4Ka, MOXXHO NPEACTaBUTh XOTS Obl MO pe3ylbTaTaM OBICTPOro
MojienupoBaHus — B Tabm. 1.2 mpuBeneHa oKujaemasi CTaTUCTHKA B HEKOTOPBIX PEAKIUAX 32
OJIUH MECSI] U3MEPEHUH C MOJIIPU30BAHHBIM IPOTOHHBIM ITyYKOM NpH 3Hepruu 45 [3B.

Tab6n. 1.2 Oxungaemoe uncio codbitii Ney 1 oTHOIeHHe 3ddexra k houy S/B
ISl MECSIHOTO CEaHca Ha MPOTOHHOM Tyuke (6-10'° BzaumoneiicTpuii)t’

Ne yacTuna Nev S/IB | Ne YyacTHIa Nev S/B
1| 6.1-10° 17 | p(770)> n* ° 3.0-10® | 0.4
2| 3.6-10° 18 | p(770)—>  7° 1.5-10% | 0.31
3| K* 5.5-108 19 | 20(980)— n n° 5.7-10° | 0.8

e Pacuetnr BbIXOJ0B YaCTHUI] IIOJTYYCHBI IJIS TPUTTEPA HA B3aHMOﬂCI>iCTBPIC B MUIICHU U, NOIIOJHUTCIIBHO, TpCGOBaHI/ISI
Cpa6aTHBaHI/IH AaJIPOHHOI'0 1 3JICKTPOMAIrHUTHOI'O KAJIOPUMETPOB AJI IMOJAABJICHUA COOBITHH ¢ MaJILIMU PT U XF.
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4| K- 2.5-10% 20 | pon 7.8-10° | 4.0
5|p 4.7-10° 21 | w(782) > n'n n°|3.0-10" | 1.4
6|p 2.3-10¢ 22 | K¥(892)— K*7° |3.4-107 | 0.29
7!n 3.5-10° 23 | K7(892)— K #n° |9.7-10° | 0.71
8| n 2.5-10° 24 | w(782)— y n° 7.8-10° | 2.5
9 | -y 2510191 |25 | A—>pn 2.3-107 | 10.0
10 | n—oyy 1.3-102| 25 |26 | A—>nx° 2.1-107 | 0.67
11 | 9(1020)> K*K™ [ 3.7-10° |25 |27 |A"—>px 1.0-10° | 0.59
12| E>drn 35110 |10 |28 | E—dx 1.0-10° | 17
13 | K%—n'n” 6.7-107 | 0.9 |29 | 2> Ay 3.5-107 | 0.25
14 | p%770)—> " | 3.6:10% | 0.37 | 30 | 2°(1385)—> A =° |9.8-107 | 0.77
15 | K7(892)— K 7~ | 5.8:107 | 0.77 | 31 | w(782)— e* €~ 2.0-10° | 4.0
16 | K9(892)— K x| 3.1:107 | 1.25 | 32 | p%770)— u* = 1.0-10° | 4.0

JIJist OlleHKH 0’KHMJIAa€MOTO YUCIIa COOBITHI MCHONB30BaAMKHCh reHeparop dactuil PYTHIA
6.2 [41], ¢ yueTOM reOMETPHH M Pa3peIleHUs] YCTAHOBKHM, MATHUTHOTO IIOJIsL, 1 0TOOpa COOBITHIA
o TpUITepy Ha OOJbIIME 3HAUYCHUS XF. B KadecTBe MHIIEHH B pacyerax HCIOJIb30BAIACH
MPOTOHHAsI MUIlleHb. [IpyU MCIONIb30BaHUK SACPHBIX (2 HE BOJOPOIHON) MHINEHEH CTaTUCTHKA
Oyzaer OoJbIle, MOCKOJIBKY CEYeHHUE ISl MTPOIECCOB C OOJBIIMMH MOMEPEYHBIMU UMITYJIbCAMU P1
nMeeT A-3aBrcuMocTb Buja AP, rae a(pr) > 1 [42].

CraTucTuyeckass TOYHOCTh H3MEpPeHHH AN IS TOJSPU30BAHHOTO Iy4YKa COCTaBUT
0AN = 2.5/[(1-B/Nev)+/ Ngy ], unu B quamaszone ot 3.2-107° qust 7'-me30H0B 10 3° 1073 11 peakuuu
p'p —K"(892)+X. MHoOrue 4acTHIbI MOKHO OyIeT PErHCTPUPOBATH IO HECKONLKHM KaHaIaM
pacnaga. Takoli 00beM JaHHBIX Jae€T BO3MOXHOCTh PACIPEIEIUTh CTATUCTHKY MO OOJIBIIOMY
YHUCIYy SYEeK C LENbI0 HMCCIEJOBAHUS 3aBUCUMOCTH AN OT Pr U Xp, IPH 3TOM Ha MOPSIOK
YBEIUYUTCS CTATUCTUYECKAsE HEOMPEIEICHHOCTh, HO M B 3TOM CJy4yae CTaTUCTHKa Oyjaer Ooiiee
9YeM JOCTaTOYHOW JJIsl aHaJIM3a TaHHBIX.

Ha Puc. 1.12 B xadyecTBe nmpumepa MPUBEICH MACCOBBIH CIIEKTP 7' 7~ 7° MPUMEPHO 3a OJTUH
JIeHb HAa0opa HKCIEPUMEHTAIBHBIX JTaHHBIX. Pe3ynbTaT moisydeH npu ObICTPOM MOJIEIHPOBAHUHT
MeToa0M MonTe-Kapio nmpu cieayronmx yciaoBusiX:

— DHepretnueckoe paspemrenne  kanopumerpa oe/E=0.15VE@0.03, xoopauHaTHOE

paspenrenne oxy=1.5+6/VE mm.

— Jns 3apsHpKeHHBIX YacTHI[ HMMITYJIBCHOE pa3pellieHre He 3aBHCEN0 OT UMITYJIbca U
coctaBisio AP/P=2%. Kpome Toro, ObIJIO BBEIEHO OTpaHUYEHHE IO HMITYJIbCY
3apspkeHHbIX yactui P>0.5 IhB/c.

— Bwino passirpano 5-107 minimum bias co6bITHiA.

— WnTepsan Macc 714 BbIIETeHHS 70 - ME30HOB COCTaBIAN £10 MaB.

Incl pi+pi-pi0 in accept(REAL)

h305
Entries 773124
Mean 0.7474
StdDev  0.1272

10000—

8000—

6000—

Covoid ol L L L L,
93 04 05 0.6 0.7 0.8 0.9 1

Puc. 1.12 Cnexrpsl Macc 7' 7~ 7 (enununa usmepenud I'3B/c?)
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Camo mno cebe wHcclaeOBaHHE TAaKOrO KOJIMYECTBA PEAKLIMH SBISETCA YHHUKAIbHBIM,
0COOEHHO C YYeTOM OKMAAaeMOi TOYHOCTU u3MepeHuid. Bosmoxknoctu ycranosku CITACHAPM
MO3BOJIAT UCCIENOBaTh 3aBUCHUMOCTb CIIMHOBBIX 3()()EKTOB OT TaKMX NEPEMEHHBIX Kak IoIie-

peunsIi uMmyse (Pr), mepeMenHas DeiiaMana (X), SHEPTHSA PEaKIHH V/S B C.II.M., aTOMHBIH BEC
MUIICHA Az WK TTydKa A1, MHOKECTBEHHOCTh BTOPUYHBIX 3apsKEHHBIX YacTHIl B cOOBITHH (Nch),
atakke wneHTpanbHOCTh (C7) coymapeHuss MYYKOBOM 4YacTUIBI C sapoM. JIBe mocienHue
BO3MO>XHOCTH MOTYT OBITh peajn30BaHbl OJlarojaps MCIOJIb30BAHUIO T'OJI0CKOTIOB MHOYKECTBEH-
HOCTH U BPEMEHH IIPOJIETA.

M3mMepenne MHOKECTBEHHOCTH aJPOHOB JaeT JAONOJHHUTENbHYI MH(OpMAIMIO O JWHA-
MHUKE CHJIBHBIX B3aUMOJCHCTBHIl. MHOXKECTBEHHOCTh 3apsSKEHHBIX aJIpOHOB XapaKTepU3yeT
TEMIIEPaTypy M IUIOTHOCTh COCTOSIHUS, OOpa3yrOIIErocss B MOMEHT B3aUMOJCHCTBUS, a TaKKe
MpoLecC aJpOHU3alMU U KOoH(pailHMeHTa KBapkoB. llepBbie m3mepenuss An U1 3apsKEHHBIX
nuoHoB B 3kcniepumenTe BRAHMS na komnaiinepe RHIC (BHJI, CIIIA) nokasanu 3Ha4uTENbHYIO
3aBUCHMOCTh ACHMMETPHHM OT MHOXECTBEHHOCTH dacTuil B coObitum [43]. HccnemoBanue
KOppEISAIUK CIIMHOBBIX HaOM0aaeMbIX (AN, PN, pmm, DNn) 1 MHOKeCTBEeHHOCTH Nch OTKpBIBaeT
HOBBIE BO3MOXKHOCTH M3y4YEHHUSI MEXaHU3Ma MTPOUCXOXKICHUS MOJIIPU3ALUOHHBIX SBICHUI.

JIyist MHOTHX peakIuii ¢ 00pa3oBaHueM 0apHOHOB M aHTHOAPHOHOB B KOHEYHOM COCTOSIHUU
BaXHO MMETh BO3MOKHOCTb PETUCTpallUd HEHUTpOHOB. [ 3TOro ycraHoBka OyAeT OCHaIeHa
aJIpPOHHBIM KaJIOPUMETPOM, KOTOPBII TaKkKe BayKeH JJIsl OpraHu3anu dPGEeKTHBHOTO TPUTTEpa U
peructpanuu HeUuTpoHoB U K’ -Me30HOB.

B Ta6x. 1.3 mokazana oxugaeMasi CTATUCTHKA PETUCTPAIIH THIIEPOHOB.

Tab6un. 1.3 Oxunaemoe urcio coOiTrii Ney pOXKICHHUS THIIEPOHOB U OTHOIICHUE dQdekTa K hony S/B
IUTSI MECSTIHOTO CeaHca Ha IPOTOHHOM ITydke (6 10'° B3anmoeiicTBuiN)
IIPU TPUTTEPE TOIHKO HA B3aMMOJICHCTBHE B MUILICHH

JacTuIa Nev | S/B | Ne | gacruna Nev | S/B
A—>pr 69107100 | 7| A-pr |2.1:10°]| 125
A—nz® | 63107020 | 8| A—nx® | 1.2-10°|0.13
Y —nn 2610003 | 9| Y —nx |44-10°]0.06
J—nn | 15108003 10| Y —>nax | 6.0-10°| 0.14
A" —>pr|2310°]033 |11 | A—px |2.3:107|0.20
E—Ar 99107100 |12 | > Az |2.810°| 17

Pasnuria B cratuctuke no cpaBHeHuto ¢ Tadum. 1.2 0OBSICHATCS MCIOIB30BAHUEM PA3HOTO
Tpurrepa (IpH PETUCTPAIMU THIIEPOHOB HCIONB3YETCS TOJBKO TPUTTEP HAa B3aWMOJEUCTBUE).
Cratuctudeckas TOUHOCTh M3MEpPEeHH AN COCTaBUT OAN ~ 2.5/[(1—B/NEV)\/N—EV]. Ona Oynet
HaxoauUThcsl B jguanazoHe ot 2-10* ngus  oOpasoBanus = -rumepoHa 1o 2-1072 musa
Y -anturunepona. Pa36uenne Bceit cratuctuxu 1mo 10 sueiikam (o Pr MepeMEHHBIM MIH Xg),
YBEJIMYUT CTAaTHUCTUYECKHE OIIMOKM B KaxkaoM OuHe A0 ypoBHA 6-10* ans obOpazoBaHus

Z-runepoHa u 6-1072 111 X -aHTUTUNEPOHA.

CDU'I-POOI\JI—‘%

1.3 N3mepenne nonepeyHsbIX MoJasipu3anuii Pn runepoHoB M aHTUTHIIEPOHOB

OxcnepumeHT CITACYAPM craHeT mnepBbIM 3SKCIEPUMEHTOM, B KOTOpPOM Oyner
BO3MOKHOCTh OJHOBpeMEHHbIX u3MepeHuil An u Pn rumeponoB. CpaBhenne An u Pn s
TUIEPOHOB (aHTUTHUIIEPOHOB) OTKPBIBAET JOIMOJHUTEIbHBIE BO3MOXKHOCTU MJisi BbIOOpa (MU
JUCKPUMHHALINN) KOHKPETHON MOJIENIN Te€HEpaluy 3HAaUUTENbHBIX ACUMMETPHM U MOJIIPU3ALUI.

M3mMepeHune nonspusany rurnepoHOB BO3MOXKHO Onarojaps HaIM4MIO caadoro pacrnaja,
IIPOUCXOJAIIETO C HAPYIIEHUEM ITPOCTPAHCTBEHHOM 4eTHOCTH. Tak, B cilydae pacnaja /-runepoHa
U3 COCTOSIHUA € moJisipu3anueil P, Ha 7-Me30H W IPOTOH, 3aBUCHMOCTbh BEPOSITHOCTH BbLIETA
MPOTOHA MO/ YIIIOM Op K HalPaBJICHUIO BEKTOpA MOJIApU3AIMU TUiepoHa P umeeT B

AN/AQ = (1 + aPey) | 47 = (1 + aPcos6y) | 4x.
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r7ie €p — E€IUHUYHBIN BEKTOp B HANpaBICHUH JBUXKEHUS MPOTOHA B CHCTEME ITOKOS TUIIEPOHA.
BexTop P HampaBiieH, B CHITy COXpaHEHHS YETHOCTH B CHIIBHBIX B3aUMO/ICHCTBUSX, BIOJIb BEKTOPA
HOpPMaJM N K IUIOCKOCTU PAacCesiHUs, OMpEeesiieMOil HampaBlIEHHEM HMITYJIbCa HaJIETAOILIErO
OaprioHa Pa M UMIyJbca oOpasyromierocs rurmepoHa Pe: N = (Pa X Pe)/| Pa X Pc|. Mo maHHBIM
skcnepuMeHToB 1960-1970 romoB mapamerp acummetrpuu o = 0.642 + 0.013 nHapymaromiero
YETHOCTh CJIA0OTO pacmajia, sBISETCS Mepoi HHTep(EePEHITNN MEKTY S U P BOTHAMH B KOHEYHOM
coctosiuuu [44]. Cienyer moa4epKHYTh, 4TO HOBbIe HM3MepeHus skcrepumeHTa BES-III mamu
Jpyroe 3HadyeHue, a uMeHHo: o= 0.750+0.009+0.004 [45].

[Tonepeunsie nonsipuzanuu PN THIIEPOHOB M AHTUTHUIIEPOHOB MOTYT U3MEPATHCS HA JTI0OOM
13 IIyYKOB, PACCMOTPEHHBIX BBIIIE, HETIOISPU30BAHHBIX U TIOJISIPH30BAHHBIX. B mocenHeM cinyyae
HeoOxonuMo Oyzaer ycpenHsaTs Py mo 1ByM mnoispu3anusiM. Takxke MOXKHO HCIOJIb30BaTh
HEMOJIIPU30BAHHYI0 YacTh Iy4Ka, KOTOpas OyJeT MPUCYTCTBOBATh M M3MEPATHCS MPU padoTe
cUCTeMbl MeueHHs Iyuka [46]. Oxxugaemas CTaTUCTHKA [0 COOTBETCTBYIOIIUM PEAKIIUSIM UMEETCS
B TMPUBEICHHBIX BhIMIE TaOiunax. J[ms OICHKW CTaTHCTUYECKOW TOYHOCTH HU3MepeHus Py
TUIIEPOHOB MOKHO BOCIIOJIB30BAaThCs OJHOM H3 (QOpMyJT oOmpelneneHus MOoJApU3alud —
Pn=2/0(Up—Down)/(Up+Down), tne Up u Down o06o3Ha4at0T WHTETpallbl MMOMPABICHHOTO HA
3 PEKTUBHOCTH YIIIOBOTO pACMpeaeiicHUss B 001aCTH MONOKUTEIbHBIX (UP) M OTpHUIATEIbHBIX
(Down) 3HaueHM KOCHHYCA yTiia fp, MEXKy HOPMAJIBIO K TUIOCKOCTH PAcCesSHUS U HAlpaBJICHUEM
BbUIETA MPOTOHA B CUCTeMe MOKos rumnepoHa [47]. Craructuyeckass TOYHOCTh u3MepeHus Py
THIIEPOHOB, 110 aHANOTHH ¢ dAN, ompexensercss Bepaxernem 0Py = 2/ [(1 — B/Nev) aVy/Ngy],
rne Nev = Up + Down = S + B — nonHOe 4nciio coObITHI ¢ THTIEPOHOM B KOHEYHOM COCTOSIHHH,
B — uncno hoHOBBIX COOBITHII MO MUKOM MacCchl PEKOHCTPYHPOBAHHOTO TUriepoHa. [lapametp o
JUIsE OONBINMHCTBA THUIIEPOHOB MMEET 3HAYMTEIBHYIO BEIUYHMHY, Mopsaka (.5, 94To TO3BOJSET
MOJIyYUTh BBICOKYIO TOUHOCTh U3MepeHuit Py .

V3mepeHus: moJIIpU3aliii THIIEPOHOB Hadaiuch B 70-X rojgax MPOIIIOro BeKa W Jallv
HEOKUJAHHBIN pe3yJIbTaT — MOJISIpU3alins /-TUIepoHa BeTUKa U He yObIBACT C DHEPTrHe, KpaTKuil
0030p CYIIECTBYIOIIMX SKCIICPUMEHTAIBHBIX JaHHBIX M TPEJICKAa3aHWi B paMKax OIHOW W3
Mozelei npuBeneHsl B [Ipunoxenun B pasaene 5.1.4.

B oskcnepumente CIIACHAPM B0O3MOXXHO M3MEpEHHE NOJSPHU3ALUM HE TOJIBKO
/-TUnepoHa, HO W APYTUX THIEPOHOB M aHTUTUIEPOHOB. ITOCKONBKY paccTosHUE OT IEHTpa
MUIICHH JI0 TIOCJICIHEH KaMephl Mepel CIICKTPOMETPHISCKUM MarHUTOM COCTAaBIISIET IMOYTH 3 M,
OOJIBIIMHCTBO PACIa 0B TUIEPOHOB OyAET MPOUCXOAUTH B OCHAIIIEHHOW TPEKOBBIMH JETEKTOPAMHU
o0JacTy yCTaHOBKH, U TTapaMeTPhl TPEKOB OT paciajia TUIIEPOHOB MOTYT OBITh U3MEPEHBHI.

B Tab6mn. 1.4 npeacraBieHbl 3HaAYCHHS TTApaMETPOB paciiajia TUIEPOHOB (o | ¢T), TAe T —
BpEMS )KH3HU, ¢ — CKOPOCTb CBETA, a TAKXKe CpeJJHEe PACCTOSHUE MPOJieTa THIIEpoHa 10 pacmaja
npu sHeprum runepona 10 I'B (L) [44].

Tabn. 1.4 CpoiicTBa pacnaza THIICPOHOB

KsapkoBb1it
Mona pacmaga COCTaB BR % o CT, CM L,cm
Jropn’ uus 51.57 +0.30 —0.980 +0.016 | 2.404 20.21
2t—snnt uus 48.31 +0.30 0.068 +£0.013 | 2.404 20.21
2 —>nn dds 99.848 +0.005 | —0.068 +0.008 | 4.434 37.03
> Ay | uds 100 2.22x10° | 1.86x10°*
A—>pr uds 63.9 £0.5 0.642 +0.013 | 7.89 70.7
A—nn’ uds 35.8 +0.5 0.650 +0.040 | 7.89 70.7
E%— Ax° | Uuss 99.524 +£0.012 | —0.406 +0.013 | 8.71 66.2
E —>Ax | dss 99.887 +0.035 | —0.458 +0.012 | 4.91 37.1
Q —> AK | Sss 67.8 0.7 0.0180 +0.0024 | 2.461 14.71
Q — 57 | sss 23.6 0.7 0.090 +0.14 | 2.461 14,71
Q — = 1% |sSS 8.6 £0.4 0.050 £0.21 | 2.461 14,71
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C yuerom cratrctuku rurepoHoB (Ta6:1. 1.1-Ta6xa. 1.3) u mapamerpos pacmaza (Tabma. 1.4)
CTaTUCTHYECKasi TOYHOCTH JIJIsl OONBIIMHCTBA peakuuii OyaeT He xyxe 0.5%, a 1 peakuuu K p —
2"X ona coctaButT 8%. Ha Puc. 1.13 npencraBiieHsl npeacka3zaHus MOJIIPU3AIMN aHTH-TIIMO1a
TUIIEPOHOB B PA-B3aUMOJEHCTBUM B paMKax MOJEIHA XPOMOMArHUTHOW MOJISIpU3AlMU KBapKOB
[29-31].

OxcniepumeHT CITACYUAPM 1no3BOJsieT MpPOBECTH HU3MEPEHHE MapaMeTpoB Mepeaadu
cnuHa (mapamerpoB Bondenmreitna) B peakuun p'+p—A'+X. Brepsele mnpemocTasisercs
BO3MOKHOCTh U3MEPUTH B 3TOM PEAKIMU cpa3y MATh MapaMeTpOB Mepeaadyu CruHa, a UMeHHO D,
R, A, R u A", rne D — 1011 KOMIIOHEHTHl HOPMAJIBHOW MOJIAPU3AIMH ITy4YKa, NEepeIaHHON
HOPMAaJIbHOW KOMIOHEHTE mojisipu3aiuu A; R — 10715 monepeuHoi KOMIIOHEHTHI MOJIIpU3aliiu
My4Ka, TepeaaBacMasi IMONEPEeYHOW KOMIIOHEHTE mojisipu3zanuu A; A — o1l TpOJa0JIbHON
MOJIApU3alluU Iy4YKa, [epefaBacMasl IONEepeuHoll KoMnoHeHTe nossgpusauuun A; R — nons
MONEPEYHON KOMITOHEHTHI TIOJIApU3AIlMU IydYKa, TepenaBaemMas IPOJOJIbHON KOMIIOHEHTE
nossipuzanuu A, 1 A" — 078 NPOAOIABHON NOJSpU3AMKU TydKa, Mepe/laHHas MpPOJOJIbHON

KOMITOHCHTC IIOJIApU3alun A 'FI/IHepOH318.

p‘Z 0.4 z 0.4 —
[~ Vs = 6.98 GeV pPA—>AX
0.3 "o e . 03+ .o ce, ® p+Se, x; =0.30
[ )
0.2+ . o 02Fs ‘
e 0 pA 5> AX .
01l ¢ pr=1GeVic 0.1
[ ]
0 0
@ e} o0 @ 0. O Q °
-0.1F e -0.1 ro .
(@) . ®
K ® x,=030 | © .
-0.2 O‘@O' 0 X, =055 -0.2 OOO o-@ O © O p+Na, x; = 0.55
- 1 1 1 L 1 _0_3 L 1 1
0350 100 150 200 0 1 2 3 4
A Pp GeV/e

Puc. 1.13 [peackazanus monsipu3aiyy aHTH-JIIMO/1a TUIIEPOHOB B PA-B3aMOISHCTBIN
B PaMKax MOJIEIM XPOMOMAarHUTHON MOIAPU3aIMK KBapKOB

14 H3mepenue 3J1eMEeHTOB MATPHIBI IVIOTHOCTH Pik BEKTOPHBIX ME30HOB

Kak u B cilydae TrunepoHOB, [UIsl BEKTOPHBIX ME30HOB MOXXHO M3MEPUTb U CPAaBHUTH
BBICTPOEHHOCTh U AN. DJI€MEHTBI MaTPUIIbI INIOTHOCTH pik BEKTOPHBIX ME30HOB MOTYT U3MEPATHCS
Ha JIIOOOM M3 IyYKOB, PACCMOTPEHHBIX BBIIE, HEMOJSAPU30BAHHBIX M MOJSAPU30BaHHBIX. Eciu
OJIHOCTIMHOBBIE 3(P(EKTHl CBsI3aHbl C MOJSpHU3AIMEl KBAPKOB U aHTHUKBApPKOB O Ipoliecca UX
aJipOHU3aIMK, TO Mbl JOJDKHBI HaONOJaTh HE TOJIBKO MOJSPU3ALUI0 THIEPOHOB, HO U
MOJISIPU3AIINIO BEKTOPHBIX ME30HOB [48]. BBICTpOCHHOCTh BEKTOPHBIX ME30HOB (V) OMKCHIBACTCS
JIEMEHTaMHU pmm CIIMHOBOM MaTpHUIBl IUIOTHOCTH p, Ile M U M' 0003HAYalOT CIHHOBBIE
KOMITOHEHTHI B/10JIb OCH KBAHTOBAHMSI.

JlnaroHaJIbHBIE DJIEMEHTBI P11, Poo U p-1-1 JUISL MATPULBI C €IUHUYHBIM CJIEIOM SIBISIOTCS
OTHOCHUTEJIbHBIMM MHTEHCUBHOCTSIMU KOMIIOHEHT CIIMHA M€30Ha M MpUHSTH 3HadeHus 1, 0, u —1
COOTBETCTBEHHO, KOTOpPbIE JOJDKHBI OBITH paBHBI %3 Ui ciyyas HEMOJISPU30BAHHBIX YACTHII.
ITockonbKy BEKTOpHBIE ME30HBI OOBIYHO PACMaJarOTCs CUIBHBIM 00pa3oM Ha JBa IICEBIOCKa-
JISIPHBIX ME30HA, TPYAHO U3MEPHUTDH BCE 3JIEMEHTHI MaTpHIlbl p. Ho HEKOTOpble N3 HUX MOTYT OBITh
JIETKO OIpeNeeHbl U3 H3MEPEHUM YIJIOBBIX paclpelelieHUid MNpOoAYyKTOB pacmana. MoxkHO

18 Bri6pana cie n=p; X8:/10:1| Br| — ki=pi/| 8| —
P Jyromas cuctema Koopaunar 1 = p; X pe/| pil| by HOpMasbHas KoMroHeHTa, ki= pi/ | pi
HPOIOJIbHAS KOMIIOHEHTa, S = 71 X ki momepeunas 60koBas KOMIIOHEHTA, TIIE Pi — UMITYJILC MOISIPU30BAHHOTO MyYKa,
a Pr — UMITyJIbC A-TUnepoHa.
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OKa3aTh, YTO B CHCTEME IMOKOSI BEKTOPHOTro Me3oHa V, mis pacrnaga V — h: + h, roe h; u ha
SIBJISTIOTCS TICEBJIOCKASIPHBIMU ME30HaMH, yrioBoe pacrpenerneaue W(6,¢) = dN/dQ2 nponykToB
pacmaza umeer Bug [49]:

W(6,0) = 0.75{c0526 poo + SiN20 (p11 + p-1-1) 12 —sin26 (cos ¢ Re po — sing Im pro)/A2
+ 5in26 (cos gRe p-10 + singlm p-10)/N2 — sin20[(cos(2¢)Re p.— — sin(2p)Im p,-1)]M .

3nech 6 SIBIISETCS MOSPHBIM YITIOM MKy HAlpaBlICHUEM JBHKEHHUs Ni ¥ OCbIO KBaHTO-
BaHUs, (@ €CTh a3UMYTaJIbHbIN yroj. MHTEerpupys no yriy ¢, noxydaem

W(0) = 0.75[(1 - poo) + (3 poo - 1) c0s26].
AHAJIOTUYHO, UHTETPUPYS 1O YTy §, MBI TIOJTy4aeM
W(p) = 0.5[1 — 2cos(2¢)Re p:-1 + 2sin(2¢) Im p.-1]/x.

OTKJIOHEHHUE oo OT %3 TPUBOJUT K HEPABHOMEPHOMY pacIpe/le]ICHHIO IPOAYKTOB pacraja
o cosf. Uzmepsiss W(6), MOXKHO ONIPEACTHTh poo. JIpyrue 3JIEMEHTBI, pio ¥ pi-1, MOTYT U3y4aThCsl
nytem usmepenust W(60,¢). B psje ciiyyaeB Takue H3MEPEHHUS YxKe ObUTHA BBIMOJHEHBI IS aIpOH-
aJIpOHHBIX COyJapeHwuii, Hanpumep B padotax [50, 51, 52, 53, 54].

B ornuuume oT monspuzanuu THIIEPOHOB, MapaMeTp BBICTPOSHHOCTHU CIHMHA BEKTOPHBIX
ME30HOB, poo, HE CBS3aH C HAINPABICHHEM IJIOCKOCTH PEAaKIMH, TaK KaK OH 3aBHCUT TOJBKO OT
c0s?f. TIo3ToMy, HEBO3MOMKHO M3MEPHTh 3HAK MOJISAPU3ALMH KBAapKa TIOCPEICTBOM ONMpE/IENeH s
napamMeTpa BBICTPOCHHOCTH CITMHA BEKTOPHBIX Me30HOB. C Apyroil CTOPOHBI, HE BO3HHMKAET
HEOOXOUMOCTH OMPEAETATh HAMpPaBICHHUE IUIOCKOCTH PEAKIUH JUIS U3MEPEHHsS poo, KOTOpas
IpsSIMO CBSI3aHA C BETMYMHOW IMOJIIPH3AIMY KBapKa BIOJb HANPABICHHUS HOPMAJIH K TUIOCKOCTH
peakimu [53].

Jlpyrasi BO3MOKHOCTh M3MEPEHHS TOJSIPU3AIMH BEKTOPHBIX ME30HOB PEaTU3yeTcsl B MX
pacnanax Ha napy depmuoH-aHTHQepMuoH [55]. Tak, Hampumep, I U3MEPEHUS MOJIAPU3ALUU
J/w-Me30Ha UCTIONB3YyeTCsl aHAJIM3 YTIIOBOW 3aBHCHMOCTH €ro pacraja Ha u'y~ B CHHPAIBHOM
0asuce, B KOTOPOM OChb KBAaHTOBAHMSI HAIlpaBJICHA BJOJb HAMPABJICHUS IBUKECHHS BEKTOPHOTO
Me30Ha B JlabopaTopHoii cucteme. Ml onpezieniieM 6* kak yroi Mexay UMIYJIbCOM i B cUCTEME
nokost J/yy ¥ ochl0 KBaHTOBaHUs. HOpMHUpPOBaHHOE YIIIOBOE paclpelelieHHue (5 OMUCHIBACTCS
BeIpaxkenueM 1(cos 6*) = 1.5 (1 + a cos? %) / (o + 3).

[TapameTp MOJSIPU3ALMH ¢ CBSI3aH C CEUCHUSAMH 00pa30BaHHUsI ONEPEYHO (0T) ¥ MPOIOIBEHO
(o) mONMAPHU30BAaHHOTO BEKTOPHOTO Me30HA cooTHomieHueM o = (o1 — 201) / (o7 + 201). [ns
HEMOJIIPU30BaHHBIX BEKTOPHBIX ME30HOB MBI UMeeM o = (0, Toraa kak o = +1 unu —1 qia 100%
MIOTIEPEYHOHN MITH TIPOJIOIBHOM TTOSPU3AIHA COOTBETCTBEHHO.

Jlnst psiia BEKTOPHBIX Me30HOB (w, ¢ u J/w) B skcriepumente CITACYUAPM B0o3MOXHO
OTHOBPEMEHHOE HW3MEpPEHHE DIEMEHTAa MATPHIBl IUIOTHOCTH poo B MOJE pacmaga Ha
TNICEB/IOCKAJIIPHBIE ME30HBI U MapaMeTpa o B MOJAX UX pachaloB Ha u'u u €'e". meercs Takxke
BO3MOYKHOCTh H3MEPEHHUsl ISl ATHX BEKTOPHBIX ME30HOB OJHOCIMHOBOW acHUMMeETpuu An
C UCIOJIb30BaHUEM MOJISIPU30BAaHHOM MUIIIEHH JINOO MOISIPU30BAHHOTO MTyUKa.

CucreMaTH4ecKUX HCCIIEOBAaHUI BBICTPOSHHOCTH paHee He mpoBoamiock. Cremyer,
OJTHaKO, BBIJICIUTh HENaBHIO paboTy skcnepumeHta CTAP, rae oOHapykeHa HEOXHIAHHO
OoJTbIIIasi BRICTPOSHHOCTh ¢-Me30Ha[56].

OnHOBpeMEHHOE H3MEpEeHHEe Ha OJHOM YCTaHOBKE TpeX pa3jIMyYHBIX I[apamMeTpoB
MOJISIPU3AIMN  BEKTOPHBIX ME30HOB SBJISETCS OONBIIMM MPEUMYIIECTBOM IpeiaracMoi
IIpOrpaMMbl UCCIIEIOBaHHM, MOCKOJIBKY MO3BOJIAET CAeiaTh 0ojiee 3HAUUMYIO JAUCKPUMHMHAIIUIO
ITbTEPHATHBHBIX MOJIEJICH TIPOUCXOXKICHUS TOISIPU3aMOHHBIX d(QdekroB. B Tadmn. 1.2 u Hmxke B
Ta6n. 1.5 mpuBeaeHbI pa3IMuHble BO3MOXHBIE PEaKIH, B TOM YHUCIe 24 peakiuu ¢ BEKTOPHBIMU
ME30HaMH B KOHEYHOM COCTOSIHWUHU. [T HUX MOTYT OBITh M3MEpPEHBI HE TOJIBKO AIEMEHTHI
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MaTpullbl IUIOTHOCTH pPik, HO W OJHOCHUHOBbIE acumMmeTpuu An. Panee cronp maciuTaOHBIX
UCCIIEIOBAaHUH CIMHOBBIX 3()(hEeKTOB /17151 BEKTOPHBIX ME30HOB HE TUIAHUPOBAJIOCh.

15 I/I3Mepeﬂne OJHOCIIMHOBBIX aCHMMeTpI/Iﬁ Ha MY4YKE OTPUHATEC/IbHBIX YaCTHUIX

CucreMaT4ecKkoe uccie10BaHue CIMHOBBIX A ()EKTOB HaYaIoCh elle A0 CO3JaHus KaHala
24A TONAPU30BAHHBIX YACTHI[ — C HCHOJIb30BAHMEM MWJIOTHOW BEPCHH YCTaHOBKHU
U TIOJIIPU30BAaHHOM MHILIEHU. B 3TOM ciyyae OCHOBHBIE H3MEpEHMsI MPOBOISATCS B 00JIaCTH
(hparMeHTaIy HETIOJIIPU30BAHHOTO MTyYKa Ha KaHaie 14. Mi3MepeHus Ha CyIeCTBYIOIIEM KaHaje
14 MOXHO MPOBOIAUTH C HUCHOJH30BAaHUMEM Iy4YKa OTPHUIATEIbHBIX YACTHUI] U C BbIBEJICHHBIM
METOJIOM  KaHAJIMpPOBAaHUS MPOTOHHBIM IydykoM. OCHOBHas TporpamMmma H3MEpeHUi
HE IpeayCcMaTpUBAaeT UCIOJIb30BaHUE MPOTOHHOIO IMy4YKa, TaK KaK OJHOCIIMHOBBIE aCUMMETPUU
B 00nacTu ero (hparMeHTaIM! JOKHBI OBITh COBMECTHMBI C HYJIEM.

IlepBbie u3mepenus, npoeaecHHbIe HA ycTaHoBKe [[PO3A, nam HeoXuJaHHBIA PE3yJIbTaT:
ACUMMETpHUSl WHKIIO3MBHO POXKICHHBIX YACTHI[ JaXe B JTOH 00JacTH MOXKET JOCTUTaTh
CYIIECTBEHHBIX BEJIMUYMH BOIM3H rpaHuIlbl pa3oBoro oobema (cm. Puc. 1.14).

JletanmbHble  WCCIEAOBaHHUS OyAyT TMPOBOTUTHCS I OOJIBIIOTO YHCIA YaCTHIL
C HCIIOJIb30BAaHUEM MOATOTABINBAEMOT0 000PYI0BAHUSI.

I LIS I
1.5 .
pr. GeVie

[—]
=
tn
[y

|

Puc. 1.14 3aBucumocts An(pr) aust peakuuu 7 0hv—7%X npu sHepruu my4ka 40 3B B oGnactu

¢bparmentanuu 7 -mydka [57] (3Hauenue Xr nexut B uaTepBase 0.7< Xr <1.0)

15.1 Hccnedosanue unK03uHbIX peaKyuil, 6KII0YAA NYYOK AHMURPOMOHO8

HccnenoBanusi UMHKIIO3UBHBIX —MpOIlECCOB Ha KaHane 14 OyayT MOpOBOJIUTHCA
C UCTIONb30BAaHUEM TTyUKa OTPHIIATEIBHBIX YACTHII ¢ SHeprueii 28 umu 34 B, Henonspusosan-
HBIIl OTPHUIIATETIBHO 3apsDKEHHBIN MyYOoK uMeeT crenyrommuii cocras: (z /K /p) — 97.9/1.8/0.3%.
Tun mydkoBO# YaCTHIIBI OMPEIENSETCS MyYKOBBIMH ITOPOTOBBIMUA YEPEHKOBCKUMH CUETUYNKAMHU
(cm. pasznen 3.1). MuaTerpanbHas CTaTUCTHKA 32 MECsII pabOThI U BETMYMHA KOMOMHATOPHOTO (hOHA

JUTS. pA3TTUYHBIX MHKITIO3UBHBIX PEaKIUil, TOTyYeHHbIE TPH OBICTPOM MOJEIMPOBAHUHU, TOKA3aHbI
B Ta0mn. 1.5.

Tab6n. 1.5 Oxungaemoe uncio codbrtiii Ney u oTHOIeHHe 3ddexra k hory S/B
JUI MECSIYHOTO ceaHca Ha 7 - imyuke (6-10'° B3aumozeiicTBuii) npu sxHepruu 34 I'»B

Ne | wactuua Nev S/B Ne | wactuna Nev S/B
1 |7 4.2-10° 20 | p—on'nn 5.3-10° | 5.0
2 | T 8.7-10° 21 | w(782) > n ' x® |3.5-107 | 4.0
3 | K* 6.7-108 22 | w(782)—> yx° 3.8-10” | 0.5
4 | K- 9.0-108 23 | 9(1020)— K* K~ 43-10° | 3.3
5 |p 9.2-107 24 | pH(770)> " 7° 2.9-10% | 0.17
6 |p 2.6-108 25 | p(770)—>  7° 7.5-10% | 0.33
7 |n 3.2-108 26 | K%— 7% 7° 1.7-107 | 0.29

1% DHeprust BTOPHYHBIX YACTHIL 3aBUCUT OT SHEPTUM ycKOpeHHOTO B Y-70 myuka (50 nim 60 I'3B cooTBeTCTBEHHO).
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8 |7 8.0-107 27 | a0 (980)— n n° 1.8-107 | 0.11
9 | KL 1.0-10% 28 |A—>pr 1.4-10° | 10
10 | 71—y 43-10° |10 |29 |A—>px 1.1-10° | 20
11 | >y 4.2:10* [2.0 |30 |A—>nx° 1.8-10° | 0.33
12 | p>nay 83-10° |20 |31 |A—>7Ax’ 7.7-105 | 2.2
13 | KS— a7 13107 |33 |32 |A4"—>pr 9.3-10° | 0.5
14 | p%(770)— " 42-10° |04 |33 |4 —>pm 2.5-107 | 0.18
15 | K*(@892)> K'z~ | 1.1-1108 |17 |34 | E—dx 1.9-10° | 10
16 | K**(892)—» K 7~ | 4.3-10" |05 |35 |E—Ax 1.6-10° | 10
17 | K*892)> K'z® | 1.9:107 [ 0.38 |36 | 2> Ay 1.2:10° | 2.0
18 | K *(892)— K n° |3.8:10" | 0.77 | 37 | 2°(1385)— A n° 3.9:10° | 5.0
19 | 0(782)— e*e" 1.7-10° | 2.0 [38 | p%770)— p' 9.7-10* | 1.4

YKa3aHbl TUIT PEFUCTPUPYEMOM HACTULBI M MPOAYKTHI €€ pacnaga. [ HEeKOTOpBIX U3
peakLuil NpeaIoiIaraeTcs NCIoIb30BaTh HECKOJIBKO MO/ paciiaja YacTHUI] U PE30HAHCOB.
Jns peakuuid Ha MOJSPU30BAHHON MMILIEHHM, MpeAcTaBiIeHHbIX B Tabin. 1.5, mpu HU3KOM

ypoBHE ¢oHa umeeM npubnmxeHHo oAn = 13/,/Ngy . Ana xapakrepHoit ctatuctuku Ney = 108

noiryyaeM To4HOCTh 0AN = 1.3x1073. Ecnu pa3genuts Bcro craTtuctuky Ha 100 sueek, mo mepe-
MEHHBIM Pr U Xr, TO 3TO YBEIMYUT XapPAKTEPHYIO OMIMOKY B OTAEIBHOM TOuke M0 ypoBHA 1.3%.
B ciyuyae menbieit craructuku (mopsinka 10°) uHTerpanbHas To4HOCTh coctaBut 1.3%. s psna
peakiuii ¢ BbICOKMM ypoBHeM ¢ona (S/B<0.3) TodHOCTh M3MeEpeHHil OyaeT HECKOJBKO XYIKe.
OtmeTuM, YTO 111 MHOTUX M3 IepeuncieHHbIX B Tabma. 1.5 aqpoHOB 0IHOCIIMHOBAs ACUMMETPHS
HUKOr1a He u3Mmepsiack. B [punoxxenun b Hibke nmpuBeieHbl CTATUCTHKA U MACCOBBIE CIIEKTPHI C
MCIIOJIb30BAaHNEM OTPHUIATEILHBIX KA0HOB (CcM. pasjen 6.4). [Ipumech K-Me30HOB B HETIOISPU30-
BaHHOM IIy4Ke cocTaBisieT Bcero 1.8%, 4To MPUBOAUT K 3HAYMTEIHLHOMY CHIDKEHUIO YHCIa
COOBITHI 110 CPABHEHUIO C 77 -ITyYKOM, OJTHAKO 3TH U3MEPEHHS MO3BOJIAT MapaJUICIBHO C HAOOPOM
JTAHHBIX HA 77 -MTy4YKe MOJIYYUTh YHUKAJIbHBIC IaHHBIE [0 paHEe HEUCCIEIOBAHHBIM PEAKIUSIM, C
MTyYKOM, COJICPKAIIM CTPAHHBINA KBapK.
1.5.2 Hccnedosanue IKCKAI03UBHBIX KAHAI08

Kommnekc wu3MepeHui, ONUCAHHBIX BbIME (OJHOCHMHOBBIE TIPOLECCHl, B KOTOPBIX
U3MepseTcs MOJIpU3alus JIMILb OJHON U3 YacTHIl, YYaCTBYIOIIMX B PEAaKIMH, B HAUaIbHOM JIHOO
B KOHEYHOM COCTOSIHMH), BKJIIOYAET HE TOJBKO MHKIIIO3MBHBIE, HO M 3KCKJIIO3UBHBIE MPOLIECCHI.
B nocnennem ciiydae npeamnosnaraeTcsi UCHOIb30BaTh JOMOJIHUTEIBHO BETO CUCTEMY IMOJISIPU30-
BaHHOW MHUIIEHH. OTO MO3BOJUT 3HAYUTENBHO CHHU3UTh YPOBEHb (POHA B HKCKIFO3UBHBIX
nporeccax.

3HaYMTeNbHBIN BKIIA B UCCIIEAOBAaHNE CIIMHOBBIX 3((PEKTOB B IKCKIIO3UBHBIX 3aps10BO-
OOMEHHBIX peakUusax ObLI MOJy4YeH B cepuu 3KcriepuMeHToB B [IpoTBuHO Ha ycranoBke [TPO3A
npu dHepruu nydka 40 =B [58, 59, 60, 61, 62, 63, 64]. BoJbPMIMHCTBO NaHHBIX B APYTUX
IKCIIEPUMEHTaX OBUIO MOJYYEHO MPU YMEPEHHBIX 3Heprusx myuka (mo 12 I'B), Huxe sHepruii
yCKOpHUTeNbHOTO KomIuiekca UDPBD.

UccnenoBanus Ha yctaHoBke CITACHAPM 103BOJISAT CyIIECTBEHHO TMOBBICHTH TOYHOCTD
nu3MepeHuil. OTMETUM, YTO B ME3OHHBIX IyYKax HAOIIOJAl0TCS HEHYJIEBBbIE MOJISPU3AL[MOHHBIC
adpdexTter B oOmactu (parMeHTAIMU HEMOJSIPU30BAHHOTO IIy4YKa, YTO HE HMEET II0Ka
Teoperndyeckoro oobsicHenus. Ha ycranoBke [IPO3A B 80-x romax u3Mepsuiuch acUMMETPUHU
B DKCKIIFO3MBHOM 00pa3oBaHWM B peakuuu 7 P'— h’n npu sueprum 40 I'5B. O630p naHHBIX
HCCIIeIOBAaHUM MpHUBeIeH HIKE B pasnene 5.1.2. 3nech 0TMETUM TOJIBKO JIBE peakiuy, a UMEHHO:
7P’ (782)n (eM. Puc. 1.15) u 7 p'— 77(958)n (cM. Puc. 1.16), B KOTOPHIX MONYYEHBI YKA3aHHS
Ha Oosbire 3¢GEeKThl U OCHMUISINN ACUMMETPHH.

Craructuka B peakuuu 7 p' —w(782)n (33 ThICAYM MOJNE3HBIX COOBITHI HA MONSAPU3OBAH-
HOM MuIeHn) ObU1a HaOpaHa B TpeX ceaHcax C TEJIECHBIM YIJIOM 3JEKTPOMAarHUTHOIO KaJlopu-
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METpa, COCTABJISIONINM MMOJOBUHY OT TEJIECHOTO yriia kaopuMerpa ycraHoBku CITACYHAPM. 3a
TpH ceaHca paboThI, C YYETOM JIBYX MO/l pacnaia — Ha 77 7’ u 7£°y— MOKHO HaOpaTh CTATUCTUKY
B 20 pa3 Gonbuie. MoaennpoBaHie MacCOBOTO CIIEKTPa COOBITUH, B KOTOPBIX 3aperucTpUpoOBaHa
KoMOuHanwms 77w 7°, npuBeaeHo panee Ha Puc. 1.11. Toraa, Hanpumep, B IEPBBIX YETHIPEX TOUKAX
omuOka acumMmeTpur Oyaet okoso 2% BmecTo ceroansimaux 10%.

® R
& al 50

(1) 0.5 1 :
<, (GeV/e)y -50 o 0.5 i 15 2
-1, (GeV/ie)
Puc. 1.15 Acummerpust B peakuuu 7 p'— Puc. 1.16 Acummerpust B peakuuu 7 p'—
w(782)n nipu suepruu 40 I'B [63], w -Me30H 77(958)n mpu suepruu 40 I'B [61], n'-me30n
pErHCTPUPOBANICS B MOJIE pacnaja Ha ° U Y pEerucTpUpOBaiICs B MOJIE pacnaja Ha 1Ba
Y-KBaHTa

CrarucTuka B peakiun 7 P’ —77(958)n (11 ThIcAY MONE3HBIX COOBITHIA HA TIONAPH30BAHHOIN
MullleHH) Oblia Takke HaOpaHa B TpeX CeaHcaX C TEJIECHbIM YIJIOM 3JIEKTPOMarHUTHOIO
KaJIOpDUMETPA, COCTABJISIOLIETO TIOJOBUHY OT TEJIECHOIO yrjia KaJlOpUMeTpa YCTaHOBKH
CITACYAPM, u B 1ByX ceaHcax C TeIEeCHbIM yriioM, cpaBHUMbIM co CITACHAPM. 3a tpu ceanca
paloThbl, C y4eTOM JIBYX JOIOJHHUTEIbHBIX MOJ| paclaja Ha #'m 1 U @'m ), MOXKHO HaOpaThb
cTaTucTUKy npuMepHo B 20 pa3 Oompmie. Tornma, Hampumep, B MEPBBIX TPEX TOYKAX OIIMOKA
acUMMeTpuu OyZeT cocTaBisTh 3—4% BMmecTo ceroansiHux 13—17%. Pe3ynbraThl B peakuuu
np—> f:(1270)n npeacrasiaensl Hwke Ha Puc.5.4. 3a Tpu ceanca pabOThl, C Yy4eTOM
JIONIOJTHUTEIBHON MOJIBI pacliafia Ha ', MOXKHO HaOpaTh CTaTMCTUKY JiBa pa3a Oousbuie. Torna
CyMMapHas omuOKa aCUMMETPHUU 110 BCEM ceaHcaM OyJleT MMoYTH B ABa pa3a MeHblue. Mccneno-
BaHusa Ha ycraHoBke CIIACYAPM mno3BOJAT CyIIECTBEHHO NOBBICUTH TOYHOCTb HM3MEPEHUM.
OTmeTHM, 4TO BCE MU3MEPEHHUs B HKCKIIO3UBHBIX KaHaJIaX MPEAINOIaraeTcsl NpoBOIUTh OJHOBpE-
MEHHO C UCCIEeIOBaHUAMU MHKIIO3UBHBIX MPOLIECCOB, TO €CTh He TpeOyeTcss AOMOIHUTEIBHOTIO
YCKOPUTEIHHOTO BPEMEHH.

1.5.3 Hauano uccneoosanuii no npozpamme CITACHAPM na xanane 14

B Hacrosiee BpeMsi NHJIOTHAS BEPCUsSl YCTAHOBKU MOJTOTOBJIEHA K UCCIIEIOBAHUAM U yKe
MIPOBE/ICHBI TIEPBHIE METOIUYECKHE CEaHCHl M TECTOBBIM CEaHC M0 M3MEPEHHIO OJIHOCIIMHOBOMN
aCHMMETPUM HMHKIIO3UBHOTO DOXKIECHHSA 3apsUKeHHBIX aapoHoB2’. OINHCaHMe HCIOIb3yeMoil
HKCIIEPUMEHTAIBHOMN YCTaHOBKH MPHUBENICHO HIDKE, B pazzaene 3.1.

B pamkax 3THX ceaHCOB ITPOBE/IEHBI 3aITyCK  HACTPOHKA OCHOBHBIX IETEKTOPOB (TPEKOBOM
CUCTEMBbI). AHAJIU3 SKCIIEPUMEHTAJIBHBIX JTAHHBIX MO3BOJIMII J10OUTHCS BHICOKON 3(PPEeKTUBHOCTU
JETEKTOPOB TPEKOBOM CUCTEMBI (MMOApOOHEE B COOTBETCTBYMOMEM pazaene 3.4.2.4). HaGpanusie
MepBhIe AKCIEPUMEHTAIbHBIC JaHHBIC Ialld BO3MOXKHOCTH OIEHHUTH CTATUCTHUYECKHE OIIUOKH
U3MEpEeHusi B TPOBEJICHHOM CEaHCe M MPOBECTH BepU(UKALNIO AITOPUTMOB PEKOHCTPYKLUHU
JaCTHI]

OxujaeMble CTaTUCTHYECKHE TOYHOCTU HM3MEpPEHHUs] acUMMeTpuu OAy HHKIIO3MBHOTO
POSKJIEHUS 10 JIAHHBIM [IEPBOTO TECTOBOIO CEAHCa JJIsl Pas3JIMUHbIX HHTEPBAJIOB M0 PT U XF IS TT°
U T Me30HOB npuBe/ieHbl B Tabn. 1.6 u Tabn. 1.7 cooTBeTCTBEHHO.

20 I/IHGHTI/I(I)I/IKEIIII/IH COopTa 4aCcTHll HE MMPOBOANIACH, OOJIBIIMHCTBO PEruCTpUPYCMbBIX YaCTHULL ABJIAIOTCA [TN-ME30HAMMU.
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Tab6n. 1.6 Oxxumaemast cTaTHCTHYECKAs! TOYHOCTD O Ay U3MEPEHUS OIHOCIIMHOBOH aCHMMETPHH
MHKJIIO3MBHOTO POXKIEHHS 7T -ME30HOB M0 YK€ HaOPaHHBIM JaHHBIM

0.0<xr<0.1 | 0.1<xr<0.2 | 0.2<xr<0.3 | 0.3<xr<0.4 | 0.4<xr<0.5 | 0.5<xr<0.6 | 0.6<xr<0.7 | 0.7<xr<1.0

0.0<pr<05 |  (0.004 0.004 0.007 0.011 0.017 0.025 0.035 0.035
0.5<pr<4.0 | 0.106 0.019 0.012 0.013 0.016 0.021 0.026 0.021

Tao6n. 1.7 Oxxupaemast CTaTHCTUYECKAS TOYHOCTD 0 Ay H3MEPEHMUS OIHOCIIMHOBOH aCHMMETPHH
WHKITIO3UBHOTO POXKJICHUS 77 -ME30HOB TI0 YK€ HaOpaHHBIM JTJaHHBIM

0.0<xr<0.1 | 0.1<xr<0.2 | 0.2<xr<0.3 | 0.3<xr<0.4 | 0.4<xr<0.5 | 0.5<xr<0.6 | 0.6<xr<0.7 | 0.7<xr<1.0

0.0<pr<05 |  0.004 0.004 0.006 0.008 0.010 0.013 0.016 0.013
0.5<pr<4.0 | 0.078 0.013 0.009 0.009 0.011 0.013 0.015 0.010

OxujaeMasi CTaTUCTHYECKAs TOYHOCTh M3MEPEHHUs aCHMMETPUHU COCTABIISICT MPUMEPHO

1.0-2.5%. B mHacrosmee BpeMs pa3paOaTbIBaeTCsl AJITOPUTM BBIYMCICHHUS OJHOCIMHOBOM
aCHMMETPHUH 3apsDKEHHBIX aJIpOHOB C MUHUMAJIBHBIM YPOBHEM CHCTEMATHYECKHX OIIHMOOK, 4TO
IPUHLIUIMAIBHO BA)XXHO MPU MCCIEIOBAHUU TMOJSPU3ALUOHHBIX SIBIEHUM € H3MepseMoil
acUMMETpUEH TOpsIKa HECKOJbKUX TMPOIEHTOB. lIpenBapuTenbHBIE pe3yJIbTaThl aHAIH3a
noJnosxeHsl Ha MexaynapoaHoii koHpepenuuu |ICPPA-2020 8 MUDU u onyOarkoBaHbl B padoTe
[65].
Lenbio Gmmkaiiimero ceanca? mo mabopy SKCHEpUMEHTATIBHBIX NAHHBIX OYAET HOBBII
HAaOOp CTAaTHCTUKU /IS M3MEPEHHUs OJHOCIHHOBOW AaCHMMETPHH WHKIIO3UBHOTO POXKICHUS
3apsDKEHHBIX TIMOHOB, a TaKXKe JaHHble M HW3MEpPEeHUs OJHOCIMHOBON acUMMeTpUu
MHKJTI03UBHOTO pokiaenns KQ-mezona. M3mepenue oJHOCIMHOBON aCHMMETPUH MHKIIO3MBHOTO
poxenns K2-Me30HOB cTano BO3MOKHBIM TIOCJIE BKJIFOYEHHS B COCTaB TPEKOBBIX JETEKTOPOB
CTaHIIMU M3 TOHKUX TPYyOOK (CM. HMIKE ONMCAHWE YCTAaHOBKM) M HACTPOMKHM Bcell apeiidoBoit
cuctembl. [IpoBeieHO peaTucTUdeckoe MojieupoBanue peakuuu - py — K2X. Tlo pesynabTaram
sToro MozaenupoBanus 3a 20-Tu nHeBHbIM ceaHc Ha yctaHoBke CIIACUAPM nns pa3nuyHbIX
KMHEMaTHYeCKMX MHTEPBAJIOB aCHUMMETpPUS B JaHHOM peakUUu MOXKET OBbITh M3MEpeHa C
TOYHOCTBIO HECKONBKHX TporeHToB (cM. Tabm.  1.8). IlogpoOHee monenupoBaHHWe JTaHHOU
peakimu onucano B [Ipunoxkenun b B paznene 6.4.1 u B pabore [66].

Ta6n. 1.8 Oxunaemast cTaTMCTHYECKAS TOYHOCTh M3MEPEHHS OJHOCTIMHOBOM aCMMMETPHUH B peakuuu - p; — KOX
3a 20-Tu nHeBHHBIN ceaHc Ha yctaHOBKe CITACHAPM

0<pz<40 | 40<pz<80 |80<pz=<120| 120<pz<16.0 | pz>16.0
0<pr=<0.25 0.016 0.01 0.018 0.043 0.073
0.25<pr<0.5 0.024 0.008 0.012 0.024 0.039
05<pr<1.0 0.237 0.013 0.011 0.019 0.033
pr>1.0 - 0.186 0.039 0.039 0.058

Taxxe ObUIO TPOBEIEHO peaTbHOE MOIETUPOBAHNE BOZMOKHOCTH U3MEPEHHSI aCHMMETPUH
®(782)-Me30HOB Ha NEPBOM 3Talle SKCIEPUMEHTa Ha KaHaje 14 B paMkax yxke AeHCTBYIOLIEH
ycTaHoBKHM. O’kujgaemasi CTaTUCTUYECKash TOUHOCTh M3MEPEHUsI OJHOCIMHOBOM aCHMMETPHUH B
peakimu - pr = wX 3a 20-tu qHeBHBIN ceaHc Ha ycraHoBke CITACHAPM npusenena B Taou.

2 Mnanupyercs B HoAOpe-nexadpe 2022 T.
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1.9. B uHTepecyromemM Hac KWHEMaTHYeCKOM MHTEpBayie (B 00JacTH (parMeHTaIluu IydKa Tpu
OTHOCHUTEIILHO OOJBIINX MOTEPEYHBIX UMITYIIHCAX) ACUMMETPHUIO MOKHO U3MEPUTH C TOYHOCTHIO
ayuamie 3%. [lonpoGHee MoaenupoBanue naHHOM peakiuu onucano B [Ipunoxkenun b B pazgene
6.4.1 u B pabote ®’

Tabn. 1.9 Oxumaemasi cTaTHCTUYECKAS TOYHOCTh H3MEPEHHS OTHOCITHHOBOWM aCHMMETPHUH B PEaKIUU T~ Py = wX 3a
20-tu nHEeBHBIH ceaHc Ha ycTtaHoBke CIIACHAPM

pz<12.0 pz>12.0
pr<0.5 0.052 0.022
prt > 0.5 0.050 0.024

B 2022 roay npoBeieH nepBbiii HAOOP TaHHBIX HA HETIOISPU30BAHHBIX SIEPHBIX MUIIICHIX
71 HACTPOMKH aArOPUTMOB PEKOHCTPYKLMU HHKIIO3MBHOrO poxkaeHus KO- u o(782)-Me30HOB.
beutn HaOpaHBI SKCIIEPUMEHTAIBHBIC JaHHBIC HAa HECKOJBKUX Spax, TUIAHUPYETCS 1O ATHUM
JAaHHBIM HE TOJIBKO OTJIAJUTh aJITOPUTMbl PEKOHCTPYKLMU, HO U TMOJYYUTH JaHHBIE 1O A-
3aBUCHMOCTH CE€YEHHUs MHKIIO3UBHOTrO poskaenus KO- u o(782)-me3zon0B. Maccosslie ciektpsl hth
nap, NoJdydeHHbIe NPH IIEPBOM aHAIM3E JAHHBIX HAa Iy4Ke - ME30HOB B obmactu macc KO-
ME30HOB U //-TurnepoHa npuseeHsl Ha Puc. 1.17.
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Puc. 1.17 — Maccossie criektpsl h*h™ niap, nonydueHHble U IEPBOM aHATK3E JIAHHBIX HA My4YKe 77 ME30HOB (ClieBa)
u K" Me30HOB (cripaBa)

Ha neBoit kapTHHKE MacCOBBIH CIIEKTP MOJy4YeH IS TaHHBIX, HAOPAaHHBIX Ha OJTHOM S/Ipe
B TEUCHHE HECKOJBKHX YacOB B MPEIIOJIOKEHHUH, YTO 00€ 3apsDKCHHBIC YAaCTHIbI SIBISIOTCS 7-
ME30HaMH, a Ha MPaBOM — B MPEINOI0KEHIH, YTO MOJIOKUTEIBHO 3apsHKEHHAST YaCTHIIA SBIISETCS
npotonoM. [Toiydennas mupuna K2-Me30Ha NPy NpeIBapUTENLHOM aHaIn3e cocTapnseT 13 MoB,
a A-runepona — 6 MsB (kK ¢uTHpoBaiCcs rayccuanoM, poH — MPON3BEACHUEM SKCIIOHEHTHI Ha
CTENCHHBIC (PYHKIIHH).

1.6 Pe3tome u nepcneKkTUBBI

[TosrydyeHne HHTEHCUBHBIX MOJIIPU30BAHHBIX ITyYKOB IPOTOHOB U aHTUIIPOTOHOB Ha KaHaJle
24A B HULI «KypuatoBckuit ”HCTUTYT» — IDBD 103BOAMT OCYIIECTBUTH OOIIMPHYIO TPOrpamMmy
(U3HYECKUX WCCIIEOBAaHUN CITUHOBBIX sIBJICHUN B oOyactu sHepruit 10+50 I'3B. Bo3moxHOCTH
ycraHOoBKM CITACYHAPM u 4yBCTBUTENBHOCTh K pPa3iMYHBIM (HU3MUECKUM KaHajaM ObLTH
OLICHEHBI IyTEM MOJEIUPOBaHUS COOBITUH C yuyeToM (¢usuueckoro ¢ona. Hapsgy c
MOJISIPU30BAaHHBIMU MTyYKaMH Ha YCTAaHOBKY MOTYT OBbITh BBIBEJICHBI HEMOISPU30BAHHbBIC MTYUYKH
nnoHoB (), kaoHoB (K*), MPOTOHOB M AHTHUIIPOTOHOB, & TAKKE YIJIEPOIHBIA W ACHTPOHHBINA
nydykd. Hamuuume mnonsipu30BaHHON MUIIEHM M Pa3IWYHBIX IIyYKOB ITO3BOJIMT MCCIIEN0BATh
OJIHOCTIMHOBBIE U JABYXCHUHOBBIE 3(()EKTH B MPUMEPHO CTa Pa3IMYHbIX PEaKUUAX U MOJYyUUTh
YHUKaJIbHbIE JaHHbIE. Bce 3TM M3MepeHHs MO3BOJIAT AOCTHUYb 3HAYMTEIBHOIO IIporpecca B
MMOHMMaHUU KBAaHTOBOI XPOMOJMHAMUKH U MIPUPO/IbI MOISPU3ALIMOHHBIX SIBICHUH.
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2 Co3nanue My4YKOB NOJISIPU30BAHHBIX IPOTOHOB M AHTUIIPOTOHOB

Co3nanue Ha yCKOpUTENIbHOM Komiuiekce Y-70 kaHanma yactul, (HOpMHUPYIOMIETO s
skcnepuMenTa CITACHAPM nyuku moJisipu30BaHHBIX MPOTOHOB M AHTHUIIPOTOHOB OT pacmajaa
A(A)-THIEepoHOB, TIO3BOJUT CYIIECTBEHHO PACIIMPMTh HpoBoauMylo B MM®BD mporpammy
WCCIEAOBAHUIN TOJISPU3ALMOHHBIX SBJICHUM B aJpOHHBIX peakuusx. Bmecre ¢ TeMm, Hapsay
C MyYKaMU TOJIIPU30BAHHBIX YACTHII, pa3padaThbIBaeMblii KaHAJI MOXKET OBITh MCIOJIB30BAH LIS
MOJIy4EHHUS ITyYKOB BTOPUYHBIX aIpPOHOB 000MX 3HAKOB 3apsi/ia, IyYKOB AJIEKTPOHOB B IHaIa30He
umnyiascoB or 10 mo 4501mB/C, a Takxke mydyka NEPBUYHBIX NPOTOHOB TOHKEHHOMN
WHTEHCUBHOCTH ¢ umiyJibcom 10 50 [B/c.

OnTumu3zanus OCHOBHBIX MapaMETPOB MArHUTOONTHYECKOM CHUCTEMBI KaHalla IOJISIpU30-
BAHHBIX IPOTOHOB MU AHTUIIPOTOHOB MPOBOAWIACH B paMKaX, OIPAaHUYEHHBIX JOCTYIHOCTBIO
IUIOIIAZIe SKCIepUMEHTaNbHOU 0a3pl yckoputens Y-70 ans pasMmemieHus caMoro KaHaia
u ycranoBku CITACYHAPM, a Takke HE0OXOTUMOCTBIO0 00ECIIEYUTh OJHOBPEMEHHYIO paboTy ABYX
KAaHAJIOB YaCTHUI[ C OJHON MulIeHbto. OCHOBHBIE PE3yJIbTaThl pacueTa KaHajla IOJIIPU30BaHHBIX
YacTUIl TpeJcTaBieHbl B pabore [68]. Bce mpencraBieHHbIe B JaHHOM IPOEKTE PE3yibTaThl
pacuera KaHana 24A B35THl U3 JaHHOU PaOOTHI.

2.1 Kanan MOJIAPU30BAHHBIX IPOTOHOB U AHTUIIPOTOHOB

[Inanupyemoe NOBBIIEHHME MHTEHCUBHOCTH YCKOPEHHOTO IIPOTOHHOTO IIyyka [0
(2-3)x10"* mpoTOHOB 3a LUKJI OTKPHIBACT HOBBIC BO3MOXKHOCTH [UIsi MPOBEACHUS (PU3HUUSCKUX
HCCIIeIOBAaHM Ha yCKopUTeIbHOM KoMiuiekce Y-70 UDB3. B To xe Bpems epcriekTuBa paboThl
C TMPOTOHHBIM IIY4KOM 0Oojee BBICOKOH HMHTEHCHUBHOCTH OHNpEIENsieT HEeOOXOIUMOCTb
3HAYUTEIBbHOW MEPECTPOUKN CYLIECTBYIOUIEH CHCTEMBI KaHAJIOB YacTUL. B skcnepuMeHTaIbHOMN
30He yckopurens Y-7/0 Ha mUomaasx, OCBOOOXKIAIOIIMXCS IIOCIE 3aBepLICHUs psala
AKCIIEPUMEHTOB, IJIAHUPYETCSI CO3AATh JABa HOBBIX KaHaJla YaCTHUI] Ha OCHOBE MEUIEHHOT'O BHIBOJA
YCKOPEHHOr'0 MPOTOHHOro Iydka ¢ sHepruei 50 I'3B u MHTEHCHBHOCTBIO BBIBOJA A0 ~2x10"
IIPOTOHOB 3a LIUKJI.

Co3naHue 3TUX KaHAJIOB, Pa0OTAIOIIMX OJHOBPEMEHHO C OJHOW BHEIIHEH MUILEHBIO,
MO3BOJIUT CYIIECTBEHHO YIy4YIUTh 3()PEKTUBHOCTH WCIONB30BaHUS YCKOpeHHOTO B Y-70
IIPOTOHHOT'O Iy4Ka, IOBBICUTh MHTEHCUBHOCTh M KaYECTBO BBIBOJUMBIX HA DKCIEPUMEHTAJIbHbBIE
YCTaHOBKH Iy4YKOB BTOPUYHBIX YACTHI U, YTO TaKKE HEMaJOBAXKHO, OTKA3aThCS OT BHYTPEHHHUX
MHUILIEHEH, SKCITyaTalys KOTOPBIX MPUBOJIUT K MEPEeoOTydeHUI0O MAarHUTHOW CHCTEMbI YCKOPH-
Tens. /IBa HOBBIX KaHaja, MONYyYUBINUX 0003HaueHus 24A u 24B (Puc. 2.1), npenHasHavaroTcs
Uil o0ecreyeHns My4yKaMHM dYacTul] 3KcrepuMeHTanbHbIX ycTaHoBok CIIACYHAPM u BEC
COOTBETCTBEHHO.

VceranoBka CITACYAPM, mnpencrtaBieHHass B HACTOSIIEM JOKYMEHTE, CO3AAeTcs IS
MIPOBEJICHUSI CUCTEMAaTUUYECKUX HCCIICJOBAHUN TOJISIPU3ALMOHHBIX SIBICHUM B HIKCKIIO3UBHBIX
Y MHKJIFO3MBHBIX AJPOHHBIX peakiUsaX B 00JacTu 3HEpPruil yckopuresnbHoro komiuiekca UPBO.
[IporpaMMoil pu3NYeCKUX HCCIETOBAHUM B 3TOM AKCIEPUMEHTE IUIAHUPYETCS MCIOJIb30BaHUE
LIEJIOT0 psifia MYyYKOB Pa3Iu4HOIO COpTa: B NEPBYIO OYEPEb ITyUYKOB MOJISPU3OBAHHBIX IIPOTOHOB
Y aHTUIPOTOHOB, IMYYKOB MOJOXKHUTEIBHO U OTPULIATEIBHO 3apsKEHHBIX THOHOB, a TAKXKe IyYKOB
3JIEKTPOHOB, HEOOXOAMMBIX [T KaJTHMOPOBKH anmaparypbl SKCIIEPUMEHTAIbHON YCTaHOBKH.

MeTon nosydeHus Ha YCKOPUTENAX MYYKOB MOJISIPU30BAHHBIX TPOTOHOB (aHTUIIPOTOHOB)
oT pacnanos A(A)-runepoHoB, ObIT mpeaoxkeH B pabore [69]. OH ObIT BIEpPBHIE YCHEIIHO
peasimzoBan Ha 800 I'3B-Hom yckoputene ®HAJI 1 co3naHus NOMSPU30BAHHBIX ITYYKOB
MPOTOHOB M aHTHIIPOTOHOB ¢ mMmmyibcoM 185 I@B/c [70]. Tlo3aHee mydok MONISPU30BAHHBIX
npoToHOB ¢ ummysbcom 40 I'3B/C Obu1 ostyden Ha 70 ['3B-HOM yckoputene UDBD [71].
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Puc. 2.1 Cxema pazmemieHus kaHanoB 24A u 24B B skcniepumenTtaapHoM 3ane 16B
yckopurens Y-70

Cxema MOJIy4eHUS TOJISIPUIOBAHHBIX
Virtual [[ IPOTOHOB MoKa3aHa Ha Puc. 2.2, Cuuranocs,
Source /' P YTO B CHCTEME IOKOs /-TUIEepOHa, POKIEH-
HOTO B MHUIICHU TEPBUYHBIM IPOTOHHBIM
ITy4KOM, MPOTOH W3 HApPYIIAIOIIEro Y€THOCTh
pacnana A—pr OpoAOIbHO MOJISPU30BAH CO
CpefHel crupaabHOCThIO o = 0.642+0.13 [44]
(mo naHHBIM 3KcmepumeHToB  1960-1970
rosioB). Bce pacueTsl mpoBeIeHbI KMEHHO TSt
3TONW BenuuuHbl o. Cleayer NOJ4YEepKHYTb,
YTO HOBbIE U3MepeHus skcniepumenta BES-111
szeping ::;2‘:] Jamd  Apyroe  3HaYeHWe, a  HMEHHO:
gnet a=0.750+0.009+0.004 [45].
B nmaGoparopHoii cucteMe MpPOTOHBI
Puc. 2.2 Cxema noiyueHus Iydka HMEIOT KOMITOHEHTY TIOTEPEeYHOM
HOMpHSOBaHHAI’_I:H?; 02?{1:)? 13 pactianos MOJISIPU3ALIMU, KOTOpas TeM OoJbIle, YeM
P Oosblile yroiy BbUIETA NMPOTOHOB OT paclaaa
M0 OTHOIICHWIO K TPACKTOPHUSM POAMUTEIBCKUX TUIIEPOHOB. B NMpyrux TepMmHax, momepedHas
MOJISIPU3ALUs 3THUX IMPOTOHOB KOPPEIUpPYET C KOOPIAMHATOM MepeceueHus] MPOJOJDKEHUS HX
TPAEKTOPHUH € TNIOCKOCTHIO BUPTYAJIbHOT'O HCTOYHHKA, IIPOXOIAIIEH Yepe3 IEHTP MUTIICH! KaHaa.
Cpenusisi omnepeyHasi MoJjisipu3anys Mo BceMy aHCaMOJIl0 MPOTOHOB OT pacmajia /-TUIEpOHOB,
OYEeBHJIHO, paBHa HyNI0. OIHAKO MOXHO TIOJXYYUTh BBIOOPKHM C HEHYJEBOW TOMEPEYHOM
noJisipu3zanueil myTéM COPTUPOBKHM MX TPAaEeKTOPHUH MO yrily BbUIETa WJIM, YTO TO XK€ CaMoe, 10
KOOp/IMHATE TEpPeceueHrs] C IUIOCKOCThIO BHUPTYaJIbHOTO HCTOYHUKA. COPTUPOBKA OOBIYHO
OCYIIECTBIISICTCS B OJJHON M3 IUIOCKOCTEH, HampuMmep, B BEepTHUKAIbHOM, BIOJb ocH Y. C TOUYKH
3peHHsT MUHUMH3AIMHA CTAaTUCTHYECKHMX OMMOOK WM3MEpEeHHs CIMHOBBIX aCHMMETpHH,
ONTUMAJIFHBIMU SIBIISFOTCSI BRBIOOPKH C MaKCUMAaIbHBIM 3HauUeHUEM mpousBeneHus FOM = | x &2
rae | — MHTEeHCHMBHOCTH BBIOOPKH, a &y’ — cpelHee MO BbIOOpKE 3HAUYE€HHWE BEPTUKAJIbHOMN
noJsipu3anuu. B peasbHbIX TeOMeTpUAX KaHaJI0B MHTEHCUBHOCTh ONTUMAIIBHBIX BHIOOPOK OJJHOTO
3HaKa MOJISIPU3ALNU COCTABISIET, KaK MPABWIIO, MMPHUMEPHO 3 OT IMOJHOW WHTCHCHUBHOCTH TIPU
cpenneit momspuzaiuu &y’ <~ +40%. Ocrampomascs TpUMEpPHO Y53 TOJIHOM WHTEHCHUBHOCTH

Primary

Protons
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MPUXOAUTCS HA HEMOJSPU30BAHHYIO «IEHTPAIbHYIO» 4YacTh Iyuyka. Takum oOpa3om, riaBHas
3a/a4ya pa3pabOTKH ONTHUKH KaHaja COCTOMT B OOECTIEUeHUH JOCTaBKU C(HOPMUPOBAHHOTO MMyYKa
IIPOTOHOB (aHTHIPOTOHOB?Z) OT pacHaja I'MIEPOHOB (AHTHTHIIEPOHOB) 3aJaHHOTO MMITYIbCA Ha
MUIICHDb 3KCIIEPUMEHTA C MUHUMAJILHBIMH MMOTEPSIMH MHTEHCUBHOCTH W TOJISIPU3AINH, & TAKKE
C MPEAOCTaBICHUEM BO3MOKHOCTH COPTUPOBKH W/MIIA OTOOpa TPAEKTOPHM MYyUYKOBBIX YACTHI] O
MOJISIPU3AIUH.

B nmanHoM paszzgene mpuBeneHbI pe3yJbTaThl Pa3paOOTKH MAarHUTOONTHYECKON CHCTEMBbI
KaHana 24 A, ONTUMU3UPOBAHHOMN JUIS OTYYCHHSI ITYIKOB TIOJISIPH30BAHHBIX YACTHI], TIPUBOISTCS
xapaktepucTuku ¢dopmupyeMbix Ha yctaHOoBKY CITACYAPM mnyukoB. Paccmotpenuro
XapaKTePUCTHK KaHala MPEAIIeCTBYeT OINHMCAHWE MUIICHHON CTaHIMU, OO0eCIeunBaroleit
OJIHOBPEMEHHYI0 paboTy KaHaioB 24A u 24B ¢ oHON MUIIIEHBIO.

2.1.1 Muwennas cmanyus kananoe 244 u 24B

Mumennas cranius (Puc. 2.3) kananoB 24A u 24B Oyzaer ocHailieHa TpeMs AUMOIbHBIMU
MarHuTaMu, 00ECIICYHBAIOIIUMH OTHOBPEMEHHYIO pa0OTy 3THX KaHAJIOB C MHUIIICHBIO, HA KOTOPYIO
OyneTr cOpachIBaThCsl MEUICHHO BBIBEICHHBIH M3 YCKOPHUTENS MPOTOHHBIA My4oK. Brepseie
MOAOOHBIE CUCTEMBbI OTOOpa BTOPUYHBIX YACTHI] OJJHOBPEMEHHO B JIBa WJIM TPH KaHajla ObLIN
NPUMEHEHBI B OKCIIepUMEHTaIbHbIX 30Hax yckopurenss SPS B CERN [72]. Marautet MT1 u MT2
MpeAHa3HaYEHbl JUIsl HABEJICHUsI IEPBUYHOIO MPOTOHHOIO MyYKa MO/ ONPEJEICHHBIM yIJIOM ¢ B
neHTp marauTa MT3, KOTOpBIM, B CBOKO ouepeab, oOecrieunBaeT oTOOp B KaHaibl 24A u 24B
3apsUKEHHBIX BTOPUYHBIX YaCTHI], POKICHHBIX B MUIIIEHU KaHana T.

B kauectBe marauToB MT1 u MT2 ninanupyercst HCOAb30BaTh JUIOJIbBHBIE MATHUTHI TUIIA
CI1-129 u CII-7%, Bxoxsmue B HOMEHKIATYPY 000PYI0BaHKS SKCIIEPHMEHTATBHOIO KOMILIEKCA
yckoputens Y-70. B aToM ciiydae MakCUMabHBIM YToJl HaBeJEHUS TPOTOHHOTO ITyYKa HA MUIIICHb
Pmax, onpenensemblii mapamerpamu marHuta CII-7, paBen 27 mpan. Ilox stum ke yriiom
HaBEJEHUS «CMOTPAT» B LIEHTp MarHuta MT3 kananel 24A u 24B, 4T0 M03BOJIIET MaKCUMAJIBHO
MPUOIU3UTH K MUIIICHU KBAAPYTIOJIbHBIC IUH3BI, BXOSIINE B COCTAB F'OJIOBHBIX 00bEKTUBOB 000UX
KaHAJIOB, COXPAaHsSA IMPH 3TOM BO3MOXKHOCTH OTOOpa HEWTpPaJbHBIX BTOPUYHBIX 4YacTHIl B 00a
KaHaua.

Dump

MT1 MT2
//\q}f
__k' | L
T | T | T | 7
-15 -10 -5 0 5 10 15 m

Puc. 2.3 Cxema MUILIEHHON CTaHIIMHU KaHAIOB 24A u 24B.

T — mumens ka"anga, MT1+MT3 — nunonsable MarHUTE, MC — MarHUTHI-KOPPEKTOPHI,
Dump — cTanpHOM MOTIAOTUTENH [UIMHON 5 M. [IpuBeIeHHBII Ha cCXeMe MUIIIEHHOH CTaHIIHA
BapHaHT HAaBEACHUS IPOTOHHOTO ITyYKa Ha MUIIEHh COOTBETCTBYET OTOOPY HEHTPAThHBIX
BTOPUYHBIX YaCTHUI] B KaHAT 24 A ¥ MOJIOKUTEIHHO (OTPHUIIATEIFHO) 3aPSHKCHHBIX YACTHII B KaHAI
24B. IlyHKTUPHBIMY JTUHHSIMH TIOKa3aHbI TPACKTOPHH BTOPHUYHBIX 3apsSHKEHHBIX YacTHII,
0oTOMpaeMbIX ¢ KaHal 24B ¢ HeHyJIEBBIMH YTJIAMU POXKICHUS B MUIICHU.

22 CxeMa TOJTydEHHs NOJIAPM30BAHHBIX My4YKOB aHTHIIPOTOHOB U3 PACIaioB A-THIIepOHOB aBCONFOTHO HIAEHTHYHA
C TOI JIMIIb Pa3HULIEH, YTO 3HAK KOPPEISIHH TOIEPEYHOH HOISIPHU3ALMH C MTOJIOKEHUEM TPACKTOPHHU B IIOCKOCTH
BUPTYAJILHOT'O HCTOYHHKA POTHBOIOJIOKHBIH.

23 TTapametpsl Mmarautos CIT-129: niuna L = 4 M, nonesnas aneprypa IIxB = 330x100 MM2, MAKCUMAJILHOE 0JIE
Bmax = 1.8 Ti; marauta CII-7: qymmaa L = 6 M, IIIxXB = 500x200 mM2;, Bmax = 1.8 Ta.
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SBnsAsACch GYyHKIIMOHATBHBIM 3JIEMEHTOM MUIIICHHOW CTaHIMM KaHaioB 24A u 24B, maraur
MT3 B TO € BpeMs UCIIOJIb3YETCS JIJIsl OYMCTKHU OT 3aPSKEHHBIX BTOPUYHBIX YaCTUIl HAITPaBICHUS
kaHana 24A npu GopMHUPOBAHUH B HEM ITYYKOB IMOJIIPU30BAHHBIX TPOTOHOB M AHTUIIPOTOHOB OT
pacniana /A(A)-TUIepoHoB, a TAKXKe IyYKOB JJIEKTPOHOB. B CBS3M ¢ 5TMM OCHOBHBIE HIAPAMETPHI,
MOJIOKEHHbIE B OCHOBY Tmipoekta MarHuta MT3 (mmmna L =2.6 M, MakcuMalbHOE TMOJE
Bmax = 1.9 Tn, pasmep paboueii obmactu Ul (rop.) x B (Bept.) = 140 % 56 MmMm), sBIsitOTCA
KOMITPOMHUCCOM JIOCTAaTOYHO MPOTHUBOPEUMBBIX TPEOOBAHMN K €ro AJUHE NPU MaKCUMAIbHO
BBICOKOM 3HAYE€HUU MarHUTHOTO TOJIA.

[Tockonbky MT3 pacnoioxkeH HENOCPEICTBEHHO IOCIE MHUIIEHU KaHala, Ha KOTOPYO
MpeArnoaraeTcsi HaBOJAUTh BHICOKOMHTEHCUBHBIN MPOTOHHBIA MYy4OK, €r0 KOHCTPYKIUSL OMpeie-
JsieTcsl HeOOXOAMMOCTBIO JOJITOBPEMEHHOM paboThl B YCJIOBHSIX BBICOKMX DPaIUAIlMOHHBIX
Harpy30K, MPUBOAAIIUX K Pa3pYIICHHIO H30JSIHA OOMOTOK BO30YyXIeHHs. VI3BECTHBIMHU
BapHaHTAMM PELICHUS 3TOW MpOOJIeMbI SBISETCS HCIOIb30BAaHHE 3HAYUTENLHO 0oJiee CTOMKOM
K BO3JIeHCTBUIO paauanuu acoonemenTHoH mim MgO uzonsiuu oOMoTok [ 73, 74]. BBUay ClioxHO-
CTH ¥ OTHOCUTEIIbHO BBICOKOHW CTOMMOCTH H3TOTOBJIEHMSI TakMX OOMOTOK, B HAIlleM Ciyd4ae
€IMHUYHOTO MPOM3BOJCTBA MPEINOYTEHHUE OBUIO OTJAaHO KOMIIOHOBKE MAarHWTa C BEIHECECHHOU
BBEpX OT IJIOCKOCTH Iy4YKa OOMOTKOW BO30YXACHHUSA [ /5], U3TOTOBICHHON METOJAOM BaKyyMHOMN
MIPOMUTKHA SHOKCUAHBIM KomnayHJoM. Ilomepeunoe ceuenue wmaruura MT3 B BeIOpaHHOH
KOMITOHOBKE MMOKa3aHo Ha Puc. 2.4.

Kaxk ciemyer u3 pac4eToB MOITHOCTH JI03bI, POBEJIEHHBIX C UCIIOJIH30BAHUEM ITPOTPAMMBI
MARS [76], pecypc ooMoTku Maruuta (Bpemst Habopa 103sl 10 MI'p) cocrasnser ~300 cytok. B
pacderax MOIIHOCTH J03bl U MapaMeTpoB POPMUPYEMBIX MyYKOB YACTHII IMPEATIOIAraioch, 4YTO
anmoMuHUeBas MulieHb kaHana T pnuHod 0.4 M u tonmuHol 3.0 MM pa3MmelleHa BIUIOTHYIO K
BxonHoMmy Topuy marauta MT3. Illupuna mumenu cocraBisieT ~100 MM, 4TO MO3BOJISET HE
repemMeniaTh MUIIEHb B TOPU30HTAIILHOM IIJIOCKOCTH ITPU U3MEHEHUH YTIJIa HABEJCHHS POTOHHOTO
IIy4dKa B Ipezenax +£27 Mpan.

160

110

Y

Puc. 2.4 Tlonepeunoe ceuennst Marauta MT3 (Bce pa3mepbl IPUBEICHBI B CM)

JlomonHuTenpHas 3alliTa B BUAE OETOHA, 3aMONHSIOIIETO MPOCTPAHCTBO BHYTPH sipMa
MarHuTa OT HHXKXHETO IIOJIF0Ca J0 O6MOTKI/I, " CTAJIBHBIX INNIACTHH, 3aTCHAIOMIWX BBICTYIAIOIINC
9acTh OOMOTOK, TMOBBIMIAET ee pecypc A0 2600 cyTOK ImpH MHTEHCUBHOCTH MEPBHUYHOTO IMydYKa
2x10" mpoT./IMKII, 9TO peniaeT OCHOBHYO MPOOJIEMY JKCILTyaTallud 3TOT0 MAarHUTa B YCIOBUSIX
BBICOKHX PaJUAIlMOHHBIX HATPY30K.

[MpuBenennas wa Puc.2.3 cumMMerpuyHasi OTHOCHTEIBHO HANPABICHUS HMCXOIHOTO
MPOTOHHOTO IMydYKa CXeéMa MHIICHHON CTaHIIMU CO3JaeT SKBUBAICHTHBIE YCIOBUS JUIsI OTOOpa
BTOPUYHBIX (HEHTPAIBHBIX U 3apsHDKEHHBIX ) YaCTHI] B HAIIPABJICHUU 000MX KaHAIOB. [Ipu sToM:

—npu OTOOpE MO HAMpaBICHUIO OJHOTO M3 KAaHAJIOB MyYKa HEHUTPATbHBIX BTOPHUYHBIX
qacTull (¢ = +@max), BO BTOPOM KaHAJIEe MOXET OBITh MOJYYECH MyYOK ITOJOKUTEIBHBIX HITH
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OTPHUIIATEILHO 3apsOKEHHBIX BTOPUYHBIX YaCTHI] B IMaa3oHe UMITYJILCoB OT 16 ['3B/C 10 28 I'hB/c
C HYJEBBIM YTJIOM POXICHHS B MHIICHW. HIDKHSS TpaHuWIla AMana3oHa WUMIYJIbCOB YaCTHII,
OoTOMpaeMbIX BO BTOpOM KaHaj, OMNpeNeiseTcss M3 YCIOBUS TallleHUs B IOTJIOTUTENE
HEMPOB3aMMOJICHCTBOBABIIETO B MUIIEHU NPOTOHHOTO MydykKa (KOTOPBIA MOCIE OTKIOHEHUS
B Maraute MT3 He O/DKEH Monaaath B HHTEPBAT YIJIOB @max = A@), TOra Kak BEpXHsSA TPaHUIIA
ONpeIesAeTCs MAKCUMAJIbHBIM UHTETPAJIOM MAarHuTHOTO noJist MT3;

— IIpY HaBEJAECHUHU MMPOTOHHOTO IyYKa Ha MHIICHD C YIIIOM |¢| < @max B KaHaiel 24A u 24B
OyIyT OTOMpAThCS 3apsHKCHHBIE BTOPUYHBIC YACTHIIBI C Pa3HBIMU 3HAKaMHu 3apsiaa. CBs3b MEXITY
UMITYJIbCAMU 3TUX IYYKOB IIPH HYJIEBOM YyTJi€ POXKICHUSA B MUILIEHHU OMPEAEISETCS BHIPAKEHUEM
Pz (pmax — @) + Pz (pmax + @) = 0, B KOTOPOM P ¥ P2 CUUTAIOTCS aIreOpandeCKUMHU BEININHAMH,
T.€. OTPULIATEIbHOE 3HAYCHHE UMITYJIbCA COOTBETCTBYET OTPUIATENILHO 3apsyKEHHBIM YacTULIAM.
Kak u B mpenpiayieM ciydae, raiieHie HEMpOB3aUMOACHCTBOBABIIEIO B MUIIEHU MTPOTOHHOTO
Iy4Ka HaKJIaJbIBAET CYLICCTBEHHbIC OIPAaHUYCHHS Ha OTOOpP B KaHAJBI 3apSKEHHBIX BTOPUYHBIX
YACTHII C HYJICBBIM yTJIOM POXKJCHHUS B MUILICHH [77].

[IpumeHneHue B cocTaBe MUIIEHHOW CTaHIMU MAarHUTOB-KOppekTopoB MC mo3BossieT
3aMETHO PacCHIMPUTh AUAINa30H UMITYJIbCOB 3apsKEHHBIX YACTHI] B 000MX KaHAJIax 3a cueT oToopa
C MUILIEHHU YACTHUL[ C HEHYJIEBBIM YIJIOM POXKJICHHS B MUIICHHU.

2.1.2 Onmuueckasa cxema Kanana nOAAPU3I06AHHBIX RPOMOHO8 (AHMUNDPONIOHOB)

Paspaborannas 6a3oBasi oNTHuYECKas cxXeMa KaHaja MOJSPU30BAHHBIX MPOTOHOB 24A
(Puc. 2.5), cocrosiias U3 ABYX 3epKabHO-CUMMETPHYHBIX YacTeH, pa3ieiCHHBIX MPOMEKYTOU-
HBIMH H300pakeHUsIMU ((hoKycamu) mydka B 00€UX MOMEPEUHBIX MIOCKOCTIX B CEperHe KaHama,
Y/IOBJIETBOPSIET OCHOBHBIM TPEOOBaHUSM, OOYCIIOBIEHHBIM OCOOCHHOCTSIMH CO3/IaHUSI TaKOTO
kaHana [78]. OnHa yuHTBIBae€T TakXKe psJ OrPAaHUYCHHI, HAKIAIBIBAEMbBIX IUIAHUPYEMbBIM
pa3MelIeHHeM 3TOro KaHajia Ha IJIOLAASIX CYIIECTBYIOIIEH 3KCIEpUMEHTANIbHON 0a3bl yCKOpHU-
TeapbHOro KoMiuiekca Y-70, 0cBOOOIUBIINXCS MTOCIIE 3aBEPIICHUS JPYTHX YKCIIEPUMEHTOB.

MT3 MC1 Qi1-3 M1 M2 Q4-5 Qo6-7 M3 M4 Qs8-10

c2
100 I

X, mm

[——
[ m—

) V

100

c1
Y, mm MC2 MC3  MCA

[ T f T f T | ! | ! ! I

[
0 20 40 60 80 100 m 120

Puc. 2.5 ba3oBas onTuueckas cxema kaHana 24 A, npegHazHayeHHas 11l GOPMUPOBAHUS ITyYKOB
TOJIIPU30BAHHBIX MPOTOHOB M AHTUIPOTOHOB OT pacnaza A(A)-runepoHos: Q — KBaAPyNOIbHbIE
nuH3bl, M — aunosbHble MarHuThbl, C — xosutumaropbl, MC — MarHuThl-koppekTopbl, T U Texp
— MHIICHH KaHaJla U SKCIePUMEHTANbHON ycTaHOBKHU. CIUTOIIHBIMHU JIMHUSMH [IOKa3aHa
(hokycHpoBKa Iy4yKa B 00eHX MOMEPEYHbIX IIOCKOCTSIX, IYHKTHPOM —

JIMCTIEPCHS TOPU30HTAIBHON MTockocTH it Ap/p = 5%

[Tornouienre  HENMPOB3aUMOJIEHCTBOBABIIMX B  MHIIEHUM TMEPBUYHBIX  MPOTOHOB
U POXJIEHHBIX B MUILIEHU 3apsKEHHBIX YACTHI] OCYIIECTBIISETCS B MIpeeaax MUILIEHHONW CTaHIIUU
kanana (Puc. 2.3), a HeliTpanbHBIX YacTHIl (B OCHOBHOM HEHTPOHOB) — BO BTOPOM IOTJIOTHUTEIIE,
pacnosokeHHOM Mexay marHutamu M1 u M2 Ha pacctosiHuu 6 M 0T ieHTpa Marauta M1; yron
MOBOpOTa IMydYKa coctaBisier 52 mpaza. TenecHbll yroia nmonajarolnxX B KaHaJl HEHUTpalbHBIX
qyacTul] orpaHnuuBaercs koyummmaropamu Cl u C2 takum oOpasom (+2.8 mpax u £3.2 mMpaj
COOTBETCTBEHHO), YTOOBI MPEAOTBPATUTH BO3MOKHOCTD B3aUMOACHCTBUSI HEUTPOHOB CO CTEHKAMHU
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BaKyyMHBIX KaMep B KBaJpyIoJbHbIX JuH3aXx Q1+Q3 u B Maraute M1, 4TOOBI UCKITIOYUTH OJTUH
13 UCTOYHUKOB (DOHA B ITyYKE MOISIPU30BAHHBIX aHTUIIPOTOHOB.

Marautelt M1+M4 OTKIIOHSIIOT Tpaccy KaHalla B OJIHY CTOPOHY Ha oOmmwmii yros 147 mpan.
Jis  aHanu3a 1mydyka [0 UMIYJbCaM  HUCHOJB3YyeTCS  MPOMEXYTOYHOE H300pakeHue
B FOPU3OHTAILHON TIJIOCKOCTH, JUCIIEPCUSI B KOTOPOM co3jiaerca maruutamu M1 u M2 u 3atem
KOMITICHCUpPYETCsl 4uepe3 KBaapymonbHble JUH3bI Q4+Q7 marnutamm M3 m M4. TpeOyemsblit
pa3bpoc mydka Mo ummyiabcam Ap/pP ompenessieTcs packpbiTHeM kojutmMatopa C3. YdacTku
KaHaja JI0 ¥ nocjie MaruutoB M3 u M4 nianupyercs uCHoib30BaTh IS pa3MelIeHHs JETEKTOPOB
CUCTEMBI U3MEPEHUSI UMITYJIbCA YACTHULL.

BepTukanbHas TIOCKOCTh ONTHYECKOM CXEMbl KaHala HMMEeT EeAMHUYHYI0 MaTpHIly
npeoOpa3oBaHusl MApaMETPOB TPACKTOPUM YAaCTUI] OT MHUIINEHH KaHajla J0 MHUILICHH
AKCIIEPUMEHTAJIbHONW YCTAaHOBKH, UTO 00ECIIEYUBACT B TUHEHHOM MPUOIUKEHUHU 110 TONIEPEUHBIM
napamMeTpam TPaeKTOpUil COXpaHeHHE Mospu3ay mpoToHoB Ay = 0 aist Bcex pexXuMOB paboThI
kaHana. Hanuume xoppensiiuuyu MexJy KOOPAMHATOM YacTUIbl B BEPTUKAIbHOU IJIOCKOCTU Y U
COOTBETCTBYIOILIEH KOMIIOHEHTOW BEKTOpa MNOJSApHU3alUU ¢y B IPOMEXKYTOUHOM H300paKEHUU
myuka®* mpenonaraeTcsa NCIONb30BaTh TS OPraHW3AIMH 3/1eCh CUCTEMbI MEUEHHUS TIONAPH3AINHN
YacTHIl, JIMOO JUTS BBIACIICHHS C TOMOINBIO KojutnmaTtopa C4 4acTu mydka ¢ HEHYJIEBOM CpeTHeil
nosigpu3anueit yactuil. Bo BTopoM ciydae koppekTupytommii MaruuT MC2 ucnonb3yercs s
cMellleHus: nmyuyka Ha kosuimMartope C4, a koppektupytoume mMarHutel MC3 u MC4 — nis
BBIBEJICHUS BBIICJICHHOM YaCTH My4YKa Ha OCh SKCIIEPUMEHTAIbHOM ycTaHOBKH (pasa. 2.1.4).

Jlis co3nanus kaHasla OIS PU30BaHHbBIX YACTHIL IUIAHUPYETCS UCII0JIb30BATh CTAHAAPTHOE
MarHUTOONTUYECKOE OOOpYyIOBAaHUE HKCIEPUMEHTAIBHOIO KOMILUIeKca yckoputens Y-70:
kBagpynonbHbie JuH3bI TUNa 20K200 nnuHO#M 2 M ¢ MakCUMaJIbHBIM TPaJUEHTOM MarHUTHOTO
noinia 13 Tn/m B aneprype auamerpom 20 cm u otkionstonme MaruuTel Tuna CII-7A u CII-12A
JUIMHOM 6 M W 3 M, COOTBETCTBEHHO, ¢ MakcuMaibHbIM TosieM 1.8 Tm B paboueit oOGiactu
500x200 MM (TOpPH30HTAJIbXBEPTUKANIb), a TaKKe KOJUIMMATOPHI YaCTHI[ C MaKCUMaJIbHBIM
pacKpbITHEM £75 MM.

MaxkcuManbHbI UMITYJIbC (POPMUPYEMOTO MyUYKa MPU HUCIIOJIB30BaHUU 0a30BOM ONTHYE-
ckoii cxemsbl (Puc. 2.5) cocraBnsier 45 [9B/C. MoauduumpoBanHas onTh4eckas cxema KaHaja
(c BKIIIOYEHHBIMU TIO AyOJIETHOH cxeMme MepBbIM U TOCIEeTHUM OOBEKTHBAMHU) 0OecreunBaeT
TPAHCIOPTHPOBKY MYYKOB dYacTull ¢ uMmiyiabcoM a0 50 [5B/C, uro mo3BomseT mocTaBiATh
K okcriepuMeHTanbHOl ycraHoBke CITACYUAPM nepBUYHBII IPOTOHHBIN ITyYOK IOHWKEHHOH
WHTCHCHUBHOCTH, BBIBEICHHBIN U3 ycKopuTess Y-70 ¢ MOMOIIBI0 H30THYTOro KpucTaia [79].

Jlpyrue XapakTepHCTUKH KaHalla, BKJIIOYas MUHHUMAJIbHBIA W MakCUMalbHBIA pa3Opoc
Iy4YKa M0 UMITYJIbCaM, CYIIECTBEHHO 3aBUCAT OT pa3MepoB 3 (HEKTUBHOIO UCTOYHHUKA IPOTOHOB,
KOTOpBIE B CBOIO OYepe/b SIBISIFOTCS (PYHKIMEW UMIYIbca YacTHll. Tak, MUHUMAaIbHBIA (MaKcu-
MaJIbHBIN) pa30poc Mmydka Mo UMIyJIbcaM B KaHaie m3MeHsiercs ot +4.5% (+11.0%) s mydka
¢ ummyibscoM 15 I'BB/C mo +3.0% (£9.5%) nns myuka ¢ ummyiascoMm 45 IHB/c.

Kak crnenyer u3 ommcanusi MumeHHoH craHmmu (pasn. 2.1.1), kanan 24A MOXeT OBITH
MCIOJIb30BaH TaKxke JUIsi (GOPMHUPOBAHUS M TPAHCIIOPTUPOBKHU K IKCIIEPUMEHTAIBHON YCTaHOBKE
ITy4YKOB BTOPUYHBIX YacTULl 000MX 3HAKOB 3apsiia. B aToM ciyuyae BBUY CYIIECTBEHHO MEHBILINX
pa3MepoB HCTOYHUKA YACTHUII, HE 3aBUCIINX OT UMIYJbCa (GOPMUPYEMOTO MydYKa, MUHUMaTbHBIN
pa3z0poc myyka 1o UMIyJibcaM B KaHaje coctaBisieT +1.2%.

24 TloMMMO KMHEMATHKH pacnajia A-rurnepoHoB, CTENEHb KOPPENSIMH 3aBUCHT TAKXKE OT Pa3MEPOB MULIEHH,
pa3dpoca 1o UMITyJIbcaM 3aXBaThIBAEMOr0 B KaHAJI IIPOTOHHOT'O My4Ka M CTPYKTYPhl HA4aIbHON YacTH KaHasa
[Puc. 2.5]. BaxBar B KaHAJ IPOTOHOB, 06PA30BABIINXCS OT paciaja A-THIepoHOB Ha BeIXoe U3 MarauTa MT3,
3aMETHO CHM)KAeT BEJINYMHY KOA(PQUIIMEHTa KOPPEISILIMU B INIOCKOCTH JIE€HCTBUS OUHMIIAIONIET0 MarHUTa (B HallleM
Cllyyae B TOPH30HTAILHOM).
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2.1.3 Ilapamempol nyuka npomono8 6 NPOMEIHCYmoOUHOM U300PaXHceHuU

Pa3mepsl myuka B mpOMEXYTOYHOM M300paKEHUH BEPTUKATBHOW IUIOCKOCTH OIIpesIelis-
I0TCSL pasMepamMu APPEKTUBHOTO MCTOYHHKA MPOTOHOB M KOA(PPHUIIMEHTOM MaTpHUIlbl Mpeodpa-
3oBaHus (Y/yo) OT MHUIIEHH KaHaa JI0 TOr0 CEYCHHs KaHalla, KOTOPBI B pacCMaTpUBaeMOii cxeme
MOJKET BapbUPOBATHCS B JOCTATOYHO MIMPOKHX IPEENiaX ¢ COXPAaHEHWEM €MHUYHOCTH MOJTHON
MaTpuIbl MpeoOpa3oBaHusl KaHajla. DTO IO3BOJSET MMETh B MPOMEXKYTOYHOM H300paKEHUH
HEM3MEHHBIE pa3Mephl Iy4yka B BEPTHKAIBHOW IUIOCKOCTH TpH (POPMUPOBAHUH ITyYKOB
HOJIIPU30BAaHHBIX IIPOTOHOB C Pa3HBIMH IICHTPaIbHBIMU UMITyJIbcamu (Taom. 2.1).

Tabn. 2.1 [lapaMeTphl MPOTOHHOT'O My4YKa B IPOMEKYTOUHOM U300pakeHUU. Pa3Mepsl mydka MpUBEICHBI IS
MHHHMAIIBHOTO W MAaKCHMAJIBHOTO (B CKOOKaX) 3HaueHust AP/P, MpOImyCcKaeMoro KaHaIoM

LlenTpanpHbIii UMITYJIbC Ty4Ka, [9B/C 15 30 45

Pasmep 5 (PEKTUBHOrO HCTOYHHKA IPOTOHOB
B BEPTUKAILHOMU IUIOCKOCTH (0y), MM

145 10.1 8.5

Koadhdurment yseauuenus (Y/yo) mis
[EHTPAJIBHOTO UMITYJIbCA ITyYKa

1.4 2.0 2.4

Pa3mep myuka mpoTOHOB B BEPTHKATbHON

1WI0cKOCTH (0y), MM 20.6 (22.1) | 20.9 (22.0) | 21.3(21.7)

Pa3mep myuka mpOTOHOB B TOPU3OHTAILHOM 100 (32.2) | 7.7(37.0) | 6.6 (35.0)
IUIOCKOCTH (0%), MM

CBsi3p M@Ky KOOpPAMHATAMU TPOTOHOB B BEPTHKAIBHOW IUIOCKOCTH W CPEIHUMH IO
Ka)XJIOMy OMHY TUCTOTPaMMBbI 3HAYEHUSIMH KOMIIOHEHTBI ¢y BEKTOpA MOJISIPH3aLUH, UCIIOIb3yeMast
JUIE MEYEHHUs TMOJIIPU3AlMK OTIENBHBIX 4YacTHI], NpeAcTaBieHa Ha Puc. 2.6 mis myuyka ¢
uMmysbcom 45 I'B/c.
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04|

Mean value of { polarization component
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Puc. 2.6 CBs13b MeX/y BEPTUKAIbHBIMH KOOPMHATAMH POTOHOB
U CPEJHUMH 3HAUCHHUSMH Cy-KOMIIOHEHTBI BEKTOPA TOJISIpU3aLN
B IIPOMEXXYTOYHOM H300pakeHNH JUIA TIydKa ¢ uMItyibcom 45 I'3B/c

Koo duument xoppensiimu Mexay STHUMU BeauuuHamu coctaBisier 0.83 mia myuka
c oplpo=1.2% u 0.78 mns myuka c¢ op/po = 4.2%. IlpuBeneHHbIe 37eCh U Jaliee Pe3yabTaThl
MOJICIMPOBAHUS TAPAMETPOB ITyUYKa MOJTy4eHbl ¢ ucnoiib3oBanueM nporpaMmmbel DECAY TURTLE
[80], MmomudumpoBanHO# As1 pacu€TOB XapaKTEPUCTHUK ITyYKOB MOJISPHU30BAHHBIX IPOTOHOB
(aaTHTIPOTOHOB) OT pacnana A(A)-TUIepoHOB.
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2.1.4 Ilapamempol nyyka noaapu306aHHbIX NPOMOHOE HA MULLEHU YCHIAHOBKU

Pe3ynbTaThl pacueTa mapaMeTpoB IyYKa MOJIIPU30BAHHBIX MPOTOHOB B KOHIIE KaHaia (Ha
MUIICHA IKCIEPUMEHTAIBHON YCTAHOBKH) JJI TPEX 3HAYCHUU IIEHTPAIBHOTO HMMITYJIbCa ITyYKa
npuBeieHbl B Tabm. 2.2.

Ta6u1. 2.2 TlapaMeTpsl MyuKa MOISPH30BAHHBIX IPOTOHOB B KOHIE KAHANA
p, [3B/c 15 30 45
oplPo,% 2.0 45 1.4 4.4 1.2 4.2
Ox X 0y, MM 17x14 [ 19x16 | 14x10 | 17 x11 | 11x 8.7 | 16 x 9.0
Oy’ X Oy, MPan | 1.4x15 | 1.3x1.5 | 1.5x1.8 | 1.3x1.8 | 1.4x1.7 | 1.3x1.7
Ipcay 110 pot | 35x106 | 9.2x10° | 2.1x107 | 7.8x107 | 1.5x107 | 6.8x107
I ey/10% pot | 3.8x105 | 1.1x10¢ | 3.5x10° | 1.4x10° | 1.3x10* | 7.6x10*

Ha Puc. 2.7 npuBenensl npomin my4yka HAa MHIICHH SKCIIEPUMEHTAIBHON YCTaHOBKH
CIUTOIIHOM JTMHUEH s y4Ka ¢ uMiryiibcoM 45 IB/C (op/po= 1.2%) u nyHKTUPHOM JIMHUEH 1S
ny4ka ¢ umiyiscom 15 B/ (op/po=4.5%). UHTEeHCHBHOCTB ITy4Ka MOJISIPU30BAHHBIX IIPOTOHOB
Ha MHIICHU SKCIIEPUMEHTAIFHON YCTAaHOBKM KaK (YHKIHMS HEHTPAJIbHOTO HMITyJbca ITyYKa
npuBeacHa Ha Puc. 2.8 st MakcuManbHOTO paszdopoca Ap/p, mpormyckaeMoro kaHaiom. Tam ke
NPUBOJIUTCS 3aBHCUMOCTH OT MMIYJbCa IydyKa HHTCHCUBHOCTH 7'-ME30HOB OT pAacIajoB
K2-Me30HO0B, ABIAIOIMXCA OCHOBHBIM MCTOYHHMKOM (DOHA B ITyHYKe MOJNSAPU3OBAHHBIX MPOTOHOB
npu yciaoBuu 3()(HEKTUBHONW OYNCTKHM HANPABICHUS KaHajla OT POXKICHHBIX B MHIICHH KaHaia
7'-ME30HOB M MPOTOHOB, KOTOpasi Npu (OPMUPOBAHUHU TOISIPH30BAHHBIX ITYYKOB C HMITYJIHCOM
>30 I'2B/c obecrieunBaeTcsi TONBKO MpH ONM3KMX K MaKCUMyMy pexumax wmarHura MT3,
BXOJISIIEr0 B COCTaB MUIIEHHOW CTaHIIMU KaHaaoB yactuil 24A u 24B (paza. 2.1.1).
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Puc. 2.7 Tlpoduy mydyxka Ha MULICHH SKCIIEPUMEHTAIBHON YCTAHOBKH
st p = 45 TaB/c u op/po = 1.2% (cruionHas TuHMs)
u st p = 15 TaB/c u op/po = 4.5% (yHKTUPHAS JTHHUSL)

OTO COOTBETCTBYET OTOOpY B KaHai 24B BTOpPUYHBIX YacTUIl C MMITYJIbCOM, OJIM3KUM
K MakcUMaJlbHOMY 3HaueHuto 28 ['3B/C npu HyneBoMm yrie ux pokaeHus B mumeHH. [Ipu sTom
0oTOOp B KaHai 24B BTOPUYHBIX YACTHI] C HEHYJIEBBIM YIJIOM POXKJEHUS B MHUILIEHU MO3BOJISET
3aMEeTHO PacIIMPUTh AUANIA30H UMITYJIHCOB IYUYKOB, (POPMHUPYEMBIX B 3TOM KaHaJE.

B cuiry eauHMYHOCTH TOJHOW MaTpuIpl MpeoOpa3oBaHUS KaHalla B BEpPTHUKaJIbHOU
TUTOCKOCTH, KOPPEJALUS MEX1y KOOPAMHATAMH YacTHUI] U {y COCTABIISAIONIEH BEKTOpa MOJspU3a-
1uuu, npucymas 3p(QeKTUBHOMY MCTOYHUKY MPOTOHOB, UMEET MECTO TaK)K€ B BBIBEJCHHOM Ha
MUIIEHb JKCHEPUMEHTAIBHON YCTAaHOBKM NPOTOHHOM Iniyuke. [Ipum 3TOM cpenHss mo mydky
rornepevHast HoJsipu3als MPOTOHOB paBHA HYJIIO. /)11 MeueHus Moaspyu3aliy OTAEIbHBIX YaCTHUI]
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MOKET OBITh MCIIOJIb30BaHA CBSI3b MKy BEIMYMHAMH Y U &y B IPOMEKYTOYHOM H300paKeHUN
(Puc. 2.6).
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Puc. 2.8 IHTeHCUBHOCTS ITy4Ka MOJISIPU30BAHHBIX TPOTOHOB M ()OHOBBIX 77'-ME30HOB B KOHIIE
KaHaJa Mpu MakcuManbHoM Ap/p, paccunrtanHas Ha 10'® magaronyMx Ha MHIICHb KaHalla IPOTOHOB
¢ snepruei 60 I'3B. Ll TpuxoBoil muHUEN JaHAa CyMMapHasi HHTEHCUBHOCTb IIPOTOHOB UIS IBYX
HMHTEPBAJIOB C MIPOTHBOIIOJIOKHBIM 3HAYCHNUEM U cpefHel nosipusanueit & = 40%

[TpocreiimM crnocoOOM MONy4EeHUS Ha MMIIEHM SKCIIEPUMEHTAJbHOW YCTaHOBKHU
MOJIIPU30BAHHOTO ITyUYKa C 33/1aHHBIM HaIIPaBJIEHUEM BEKTOpA MOJISIPU3ALIUY SBJISIETCS BbIIECICHUE
YacTH Iy4yKa C OTIMYHOM OT HyJsl CpeAHed mojspusauueil BepTUKaIbHBIM KOJUIMMATOPOM,
PaCIOJIOKEHHBIM B MIPOMEXYTOUYHOM H300pakeHnu. B paccmaTprBaeMoM KaHajie ¢ 3TOW IEIbIO
Iy4OK B IPOMEXKYTOUYHOM H300pak€HUM CMeEIIaeTcsl KoppekTupyrommM MarautoMm MC2 no
BEPTUKAIM B Ty WIM JPYIyl0 CTOPOHY MapajuleIbHO OCH KaHaia mnepesa kojummaropom C4
C (UKCUpPOBAHHBIM pACKPBITHEM IIEeK. Takoll BapuaHT, HE TpeOYIOIIMH NepeMelIeHHs IIEeK
KOJUIMMATopa, MO3BOJISIET OBICTPO (B Ipejene — OT LUKJIAa K LUKIY YCKOPUTEINS) OCYIIECTBIATh
peBepc MoJsApU3aLMU MyYKa Ha MMUIIEHHU 3KCIIEPUMEHTAIbHOW YCTAaHOBKH, COXPaHssA MPH 3TOM
AKCILTYyaTallMOHHBIN pecypc HUCHOJIb3yeMoro Koymumaropa. Ilapamerpsl NpOTOHHOrO ITydka
¢ ummnyiabcoM 45 I3B/C u op/po= 1.2% Ha MUILICHH SKCIIEPUMEHTATBHON YCTAaHOBKH MPU PACKPHI-
iU KoJutmMaTopa C4 paBHoM 15 MM npuBenens! B Ta0um. 2.3 muist psija peKUMOB KOPPEKTHPYIO-
niero marauta MC2 ¢ oJI0KUTENBHON MOISPHOCTIO BKIIIOUEHMUS.

B sToM peknmMe paboThl KaHasa pa3Mep MydKa Ha MUIIEHU SKCIIEPUMEHTAIIbLHON YCTaHOBKHU
B BEPTHKAIBHOM IJIOCKOCTH YMEHBINAETCA JI0 0y, ~ 3.2 MM IIPY HEM3MEHHBIX JIPYTUX MapamMeTpax
nyuka, npuBeleHHbIX B Tabu. 2.2. Ilpu cMeHe MONIpHOCTH KOppeKTHpyromero Maraura MC2
CpejIHUEe KOOP/IMHATA V U YTOJl aJeHHs [TyYKa ) Ha MUIIEHH B BEPTHKAILHOM IIIOCKOCTH, @ TAKIKE
&y-KOMITOHEHTA BEKTOpa MOJISPU3ALUN MEHSIOT 3HaK Ha IPOTUBOMOIO0KHBIH.

Tab6n. 2.3 [lapamMeTpbl MOAPHU30BAHHOTO TIPOTOHHOTO MydKa ¢ UMIysscoM 45 I'3B/C u op/pe= 1.2%
Ha MUIIEHU SKCIIEPUMEHTAILHON YCTaHOBKH KaK (DYHKIHS pexXnMa KoppeKTupylomero maraura MC2
IIpU pacKpbITUU Kosumaropa C4 paBHoM +15 MM

(BL)wcz, Tmxum 0.06 0.08 0.10 0.12
& 0.3240.19 | 0.39+£0.15 | 0.44+0.14 | 0.47+0.13
I, per 10% pot 6.5x10° 5.2x10° 3.8x10° 2.5x10°

TunuaHoe pacmupeseneHre noaspu3aliu ¢y Ui BHIOpaHHBIX 00pa3IoB ¢ HEHYJIEBOW MOJIs-
pusanuel nmpuBeaeHo Ha Puc. 2.9. JIns BeIBEICHHSI BBIICIICHHBIX TIO0YEPETHO YacTel IMy9YKa Ha OCh
AKCIEPUMEHTAIBHON YCTAHOBKHU UCIIONB3YIOTCA KoppekTupytoume Mmarautsl MC3 u MC4.
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Puc. 2.9 INonsipuzanys NpOTOHHOTO ITy4Ka ¢ UMITyJ1bcoM 45 ['9B/C Ha MUILIEHN YCTaHOBKH JUIS PEXH-
MoB KoppekTopa MC2 pasabix +0.12 Tinxwm (cieBa) u —0.12 Tixwm (cmpaBa) mpu C4 = +15 Mmm

2.1.5 [Ilapamempul nyuka noaapu3o6anHsIX AHMUNRPONIOHOE

[apameTps! 5G(PeKTHBHOrO HCTOYHUKA AHTUIPOTOHOB OT pacnana /A-ruIepoHoB, a ciie0-
BaTeIbHO, M TapaMeTpbl (HOPMHUPYEMOr0o AHTHIIPOTOHHOTO MydYKa (pa3Mephl, PacxXxOJIMMOCTH,
pa3dpoc 1O UMITyJIbCaM, KOPPENSLHUsS MEKAYy KOOpIWHATAMH YAaCTHI[ W COOTBETCTBYIOIICH
KOMITOHCHTOH BEKTOpa MOJISIPU3AIUU B IPOMEKYTOUHOM U300PaKCHHH) MIOTHOCTHIO MJICHTUYHBI
MIPUBEICHHBIM BHIIIIE TapaMeTpaM IpoToHHOTro myuka (Tabmn. 2.1 u Tabn. 2.2, Puc. 2.6). Ilpu atom
WHTEHCUBHOCTh ITyYKa aHTUIPOTOHOB B KoHIEe KaHama (Puc. 2.10) onpenensiercss cynecTBeHHO
MEHBIIUM CEYEHHEM POKIEHUs /-TUMepoHOB MO CpaBHEHMIO ¢ A-rumepoHamu. Tak, Makcu-
MajibHasi UHTEHCUBHOCTh aHTUIPOTOHHOTO IMyd4Ka MpH umityibce ~15 ['3B/c npumepno B 20 pa3
MEHBIIIC UHTCHCHBHOCTH ITPOTOHHOTO IYYKa C TEM K€ IICHTPAIBHBIM UMITYJIbCOM. C MOBBIIIEHUEM

uMmIyiabca (HopMUPYEeMOro Imy4yka pas3HuIa
B UHTEHCUBHOCTSAX IPOTOHHOI'O W aHTUIIPO-
TOHHOTO ITyYKOB CYIIIECTBEHHO BO3pPACTAaET.
Uro kacaeTcsi (OHOBBIX YCIOBHUH, TO
B IIly4KE AHTUINPOTOHOB C  HMMILYJbCOM
<15 I'?B/C noMuMO 7 -ME30HOB OT pacraioB
K9-Me30HOB mpHCYyTCTByeT Takike 3HAYM-

TEIbHOE KOJIWYECTBO OTHUX YaCTHI[ OT
pacniaoB /-rurnepoHoB. Takum 00pazom,
ONTUMAJIHHBIM o WHTEHCUBHOCTHU
u q)OHOBI)IM YCIIOBUAM ABJIACTCS IIy40K

MOJIAPU30BAHHBIX AHTHUIPOTOHOB C IIEHTpa-
JTBHBIM uMIyJbcoM 16 I'BB/C, mpu xotopowm,
COTJIACHO TMPOBEJAEHHBIM pacdyeTaM, YHUCIO
7T -ME30HOB NMPHUOIM3UTEIBHO B 3 pasa BBIIIE
WHTEHCUBHOCTH  QHTUIIPOTOHHOTO  IydYKa
(cocrapmstromeit 4x10° yactury wHa  10%°
MaJaroluX HAa MUIICHb KaHalla MPOTOHOB C
SHEpruen 60 IB). Brinenenue
AHTUIPOTOHOB TIPU TaKOM YpoBHE (oHa
BITOJTHE B TIPEJIeIaX BO3MOXKHOCTEH MTy9IKOBBIX
YepEHKOBCKHUX CUETYHKOB.

ITpocTpaHcTBEHHBIE
AHTUIPOTOHHOTO  TyYKa

pacrpeaeneHus
C  HMMIIYJIbCOM
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Puc. 2.10 VIHTEHCHBHOCTH ITy4YKa HOJISIPU30BAHHBIX
AQHTUIIPOTOHOB U (JOHOBBIX T -ME30HOB B KOHIIE
KaHasa pyu MakCUMaibHOM AP/p, paccunTaHHas Ha
10" nagaromMx Ha MUIIEHb NMPOTOHOB C dHEPrHei
60 I'>B



16 I'»B/c Ha sKcnepUMEHTAIbHON MHILIEHU JUIsi MaKCUMaIbHON MPOMYCKHOM criocooHocTH Ap/po
OJIM3KH K TAKOBBIM JIsI IPOTOHHOTO MTy4Ka ¢ uMItyjibcom 15 I'3B/c, mpeacrasnennsim Ha Puc. 2.7.

MHTEHCUBHOCTH ()OPMUPYEMOTO MOJIIPU30BAHHOTO ITyYKa aHTUITPOTOHOB (KaK U (POHOBBIX
7 -ME30HOB OT pacnajoB KO-Me30H0B) CyIleCTBEHHBIM 00Pa30M 3aBHCHT OT JUTMHBI MarauTa MT3.
OpaHako MOBBIIIEHHE UHTEHCUBHOCTH aHTUIIPOTOHHOTO MyYKa 33 CUET yMEHbIeHUs ATuHbl MT3
CBS3aHO C YXYALIEHUWEM OYMCTKM KaHajla 24A OT 3apsDKEHHBIX BTOPUYHBIX YacTHUIl IIPH
(GbopMUpOBaHHM ITYYKOB TOJSPHU30BAaHHBIX dacTUll ¢ wumiyiabcom >301mB/c, a Takxke
C MPOMOPIHOHATBHBIM ~ YMEHBIIEHUEM MAaKCUMAJIbHOTO HUMIYJbCAa BTOPUYHBIX  YACTHII,
oTOMpaeMbIX B KaHal 24B.

[ToaTomMy ObLT pacCMOTPEH BapHaHT UCIOJIB30BAaHUS JOMOJHUTEILHON MUIIECHH, KOTOpas
Ha BpeMsl MPUOPUTETHON paboThl KaHana 24A C aHTUIPOTOHHBIM ITYYKOM BBOJAUTCSA B 3a30p
Marauta MT3 6e3 usmenenus ero mapamerpoB. OCHOBHAsI MUIIICHb KaHATIOB 24A u 24B nipu 3TOoM
BBIBOJIUTCSL U3 My4YKa, YTO 3aMETHO yXY/IIACT YCIOBHUS JJIsi 0TOOpa BTOPUYHBIX YACTHIl B KaHAI
24B. Ha Puc. 2.11 noka3aHbl 3aBUCHMOCTH MHTCHCUBHOCTH aHTUIIPOTOHHOI'O MTy4Ka ¥ ()OHOB Ha
MUILEHU SKCIIEPUMEHTA OT MOJ0KEHHUSI MUIIIEHU KaHalla OTHOCUTEJIHHO MEePETHEro Kpasi MarHuTa
MTS3 pmst myuka 16 I's9B/C 1 MakcuMaisHOM TIepe1aBaeMoii BeTMIrHbI Ap/po.

Ecnu neHTp 10noJHUTEIbHON MUIIIEHU PacofiokuTh B Touke +0.7 M B MT3 npu 3HaueHuu
MarHMTHOTO ITOJIsSI 0K0JI0 Makcumyma (1.9 Tir), To MHTEeHCUBHOCTH AaHTHIIPOTOHOB BO3pacTaeT B 2.5
pasza (o 106 3a nuxin) npu yBenuyeHuu ¢oua B 3.5 paza. Peskoe yBenuuenue ¢poHa OT BTOPUUHBIX
7T -ME30HOB, O0Opa3yIOIMXCS HEMOCPEACTBEHHO B MHILICHH, JeJaeT HEBO3MOXKHBIM €€
nepeMelneHne riryoxe BHyTpb Marauta MT3.

—_
o
oo

10

Particle flux per 10" pot

L

1 A SN S I AP
-0.4 0 0.4 0.8 1.2 1.6
Position of the target center, m

Puc. 2.11 3aBHCMMOCTH MHTEHCHBHOCTH AaHTHUIPOTOHHOTO ITydyka M (OHOBBIX 7T -ME30HOB
OT IOJIOXKEHHs] MHUIIEHN OTHOCHTEJIFHO mepenHero kpas maruuta MT3 g mydyka ¢ UMITyJIbcOM
16 I'%B/c ¢ mMakcuMallbHO# mepeaaBaeMoil BennunHON Ap / po (OCHOBHOE IMOJIOKEHHE MUILIECHU
cooTBeTcTBYeT KoopamHaTe —0.2 M)

Eme onHuM BapHaHTOM MOBBIIIEHUS MHTEHCHUBHOCTH aHTUIIPOTOHHOTO Iy4Ka, TpeOyro-
IIUM JIOTIOJIHUTEIbHON THIATENbHOM MpOopaOOTKH, SBISETCS HCIOJIb30BaHHE B kadectBe MT3
CBEpXIMPOBOASAIIEr0o MarHuTa JuinHOW 1 M ¢ monem 4.5+5.0 Tn. Kak mokasbIBaroT pe3ynbTaThbl
pacyeToB, MHTEHCUBHOCTh aHTHUIIPOTOHHOTO ITydYka ¢ uMItysibcoM 16 ['9B/C yBenmunBaercs B 3.5
pasa 1pu 6.5-KpaTHOM BO3pacTaHMH MHTEHCHUBHOCTH 7 -ME30HOB OT pacranoB KO-mMe30HOB; mpu
3TOM HE YXYALIAIOTCS BO3MOXHOCTU OTOOpa ¢ MMILIEHU BTOPUYHBIX YACTHI[ BO BTOPOH KaHal,
paBHO Kak M (OHOBBIE YCIOBHUS JUIsl TOJIIPU30BAHHOTO IMPOTOHHOIO My4yKa C HMMITYJIECOM
>30 I'>B/c.
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2.1.6 Bauanue O0emexkmoposé cucmemvl MeUeHUA U UOeHmuukayuu uwacmuy Ha
napamempul hopmupyemupix nyuKog uacmuy,

Cucrema MedeHHMS 4YACTHULl NPOEKTHPYEMOro KaHala TMOJSPU30BAHHBIX MPOTOHOB
Y aHTUIPOTOHOB (CM. MO33Ke pa3en 2.2 HACTOSIIEro JOKYMEHTA) NMpeAHa3HaueHa sl U3MepeHHs
UMIYJIbCa OTICNBHBIX YAaCTHUI] B IyYKe, a TAKXKe JUIsS OINpPENEeICHUS] BEePTHKAIBHBIX KOOPIMHAT
YacTUIl B MPOMEKYTOYHOM HM300paKEHUU, YTO IMO3BOJISIET IIPUIHUCHIBATHY) KaXIAOMY MPOTOHY
(aHTUIIPOTOHY) cpeAHee M JaHHOM KOOpAMHAThl 3HAYEHHE Cy-KOMIIOHEHTHI BEKTOpa
nossipusanuu  (Puc. 2.6). Bmecre ¢ Tem, mpemoctaBisomas HHGOPMAIMIO O MOJOXKECHUH
U pa3zMepax IydKa YacTHIl, CHUcTeMa MeueHHs OyneT >(QQEeKTHBHO HCIOJIb30BAaThCI U TIPU
HACTpOIKe KaHaJa.

[Ipennaraemasi cucTeMa MEUYEHHMS YaCTHIl BKIIOYAET B ceOS CeMb JABYXKOOPIMHATHBIX
TOJIOCKOIIOB, TPU U3 KOTOPBIX, PACIOIOKEHHBIE MEXIY KBaapyrnoJibHbIMU JuH3aMu Q5 u Q6
(Puc. 2.5), mpenHasHaveHbl JUISt U3MEPEHUST KOOPAMHAT YaCTHUI] B IPOMEIKYTOYHOM U300paKECHHH.
OcranbHble 4YEThIpE TOJOCKOINA PACIONararTCcs MONapHO OO0 M Iocie MarHuToB M3 n M4,
obecrieunBasi U3MEpEHUE UMIYJIbCOB yacTull. CyMMapHas TOJIIMHA CUMHTHIUIATOpA MO MYYKY
B K&)KJIOM T'OJJOCKOIIE€ COCTABIISIET 8 MM.

Kpome cuctembl MEUeHHUs YaCTHII, BO BTOPOH YacTH KaHajla B KBaJPyTOIbHBIX JTUH3aX Q6-
Q7 u Q9-Q10 npennonaraercs pa3MECTUTh JBa 6-METPOBBIX MOPOTOBBIX YEPEHKOBCKUX CUETUHKA
e UMACHTUUKAIMKM dYacTul. B ciiydae mpoToHHOro mydka ¢ wumiyiascoMm 40+4513B/C
YepEeHKOBCKHE CYETUMKH OyIy paboTaTh Ha BO3/IyXe MPH aTMOCHEPHOM JIaBIICHUH, TOT1a KaK TS
my4yka ¢ UMIysnbcoM 15 ['9B/C (aHTHIPOTOHBI M MPOTOHBI) MPEINOoIaraeTcs NCIoIb30BaTh (HpPeoH
R-22 (CHCIF-.) takxe npu atMOChEepHOM JTaBICHHN.

BrnusiHue mepedyrcIeHHbIX BBINIE JETEKTOPOB Ha KOHEYHBIE MapaMeTpbl (pOpMUPYEMBIX
MyYKOB, a TaKXKe HEOOXOAMMBbIE IJIs MX pa3MEIleHHs HEBaKYyMHpPOBAaHHBIE YYaCTKH KaHala
OLIEHUBAJIUCH ITOCPEICTBOM pacyeTa IOTJIOMICHUSI ¥ MHOTOKPAaTHOTO PACCESHHS B BEIIECTBE
MOHOUMITYJIbCHOTO Iy4Ka C HYJEBBIMH pa3MepaMH U PacXOJUMOCThIO (O-Myyka) Uisi ABYX
pexxuMoB paboTel kanana (Tabm. 2.4). CpaBHEHHE TOJYUYEHHBIX PE3yJbTATOB C PACUYETHBIMU
napaMeTpamMu Iy4YKOB, MpPHUBEACHHbBIMH B TalOu. 2.2, CBUAETEIHCTBYET O HE3HAYUTEIBHOM
YBEJIMYEHUH Pa3MepoB ITyuka ¢ uMmyibcoM 45 I3B/C u 10+12% yBenuueHun pa3MepoB Imyyka
¢ umnysbcoM 15 I'B/C npu notepe nareHcuBHocTH mmydka 14% u 17% cooTBETCTBEHHO.

Tabu. 2.4 TlapameTpbl HCXOJHOTO O-ITyYKa Ha MUIIEHH DKCIIEPUMEHTAIbHOW YCTaHOBKH

IleHTpanbHbIil KMIYJIbC My4Ka (p), I'9B/C 15 45
Pa3mepsl Imydka ox X Gy, MM 9.3x7.6 2.7x1.6
PacxoauMocTh mydka ox X Gy, Mpaj 0.53x0.57 | 0.14x0.24
[ToTepu vactuu, % 17 14

2.2 Cucrema MeyeHHs MOJISAPU3ALUN ITyYKa

Cucrema MedeHHMS 4YaCTHIl NPOCKTHPYEMOrOo KaHala TOJSPU30BAaHHBIX MPOTOHOB
Y aHTUIIPOTOHOB IpeIHa3HaueHa JUIsl U3MEPEHUS UMITYJIbCca OTJENIBHBIX YACTHIl B ITyUYKe, a TAKKe
OTIpeJIeJIeHUs BEPTUKATBHBIX KOOPAMHAT YaCTHII B IPOMEKYTOUYHOM N300pasKEHUH, UTO MTO3BOJISET
«TIPUIUCHIBATEY KaXJIOMY MPOTOHY (aHTUMPOTOHY) CpeAHEee Ul JaHHOW KOOPJMHATHI 3HAUCHHE
Py-KOMITOHEHTHI BEKTOpa moJsipu3aiuu. J[is aToro B mpomexyrounoMm ¢okyce kanana (Puc. 2.5),
rie GopMUpyeTCss MHBEPTUPOBAHHOE U YBEIHMUEHHOE N300paKeHHE BUPTYAIbHOTO UCTOYHHKA U3
TUTOCKOCTH TiepBUYHON mumieHn (Puc. 2.2), n3Mepsiercsi BEepTHKAIBHOE CMEICHHE Y-TPaeKTOPUHU
OT OCH ITy4Ka ¥ 3aT€M UCIIOJIB3YIOTCS pacyETHBIE 3aBUCUMOCTH Cy(Y) THIIA TOKa3aHHOH Ha Puc. 2.6.
Kpome TOrOo, ¢ mMOMOIIBIO TOJOCKONOB CHCTEMBI MEUEHHS, HW3MEPSIONINX TPOXOKICHUE
TPAaeKTOPHS B TOPU3OHTAIBHON IIIOCKOCTH, ONPEENAETCS UMITYJIbC KQKI0W IMYyYKOBOM YaCTHUIIBI C
TOYHOCTBIO OKOJIO +1%. Kak 010 0TMeueHo B pazzaene 2.1.2 u mporuTrocTprupoBaHo Ha Puc. 2.6,
XOpollee 3HAaHME MMIYJbCa BAaXKHO TaKXKe M JUIl yMEHbILICHUs H(PQeKTa «pa3MbIBAaHHUDY
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3aBucuMocTel Puc. 2.6 u3-3a pa3dbpoca 1Mo uMITyiabcaM M, TeM CaMbIM, JJis 00Jiee aKKypaTHOTO
BOCCTAHOBJICHUS TTOJISIPU3AINHN Cy JUTS KOKJOU TPACKTOPHH.

MeTtoauka co3jaHus CUCTEMbl MEYEHHS MTOJIIPU30BAHHOTO MPOTOHHOTO (AHTUIIPOTOHHOTO)
myyka Obuia pazpaboTaHa M yCHEIHO UCTIOoIb30Bantack B akcnepumente E704 [70] npu akTuBHOM
y4acTUU COTPYOHUKOB mpoekTta. [lomoOHas cucTemMa TakKe YCIEIIHO HCHOJb3YyeTCs
B akcniepumenTe @O/IC B [IporBuno [71]. OnHAKO ClielyeT OTMETUTD, UTO OXKHUJacMasi HHTCHCUB-
HOCTh Imy4ykoB B 3kcniepuMmeHTe CITACHAPM Oynet Beimie. Kpome toro, mpearnosnaraercs, 4to B
sxcnepumente CITACHAPM crimHoBbIe 3¢ (deKTh OyAyT U3ydaThes ¢ 00JIee BEICOKOH TOUHOCTHIO
(axcniepumenTsl POJIC u E704 MoxHO oTHecTH K paspsay mouckoBbix, a CITACYHAPM craBut
3aady TNPEHU3UOHHOTO HCCIEOBAaHUsS), MO3TOMY TOYHOCTh 3HAHHUS XapaKTEPHCTUK ITydKa
JIOJKHA OBITH BHIIIIE.

JleTekTopbl CUCTEMBI Me4eHHUs! OyayT TakkKe MCKIIOUUTENIBHO TMOJE3HBI JJIS HACTPONKHU
U ONTUMHU3ALMM pEeXKHMMa KaHalla IyTeM HW3MEpeHUsi TaKUX XapaKTEepUCTUK Iy4yKa Kak
WHTEHCUBHOCTh, MPO(HIN, MPOCTPAHCTBEHHBIC M YTIJIOBBIE PACXOIWMOCTH, SMUTTAHC Iy4Ka,
uMITyJbcHas aucnepcus. OnTuManbHas HaCTpoiiKa KaHalla IpenoaraeT JOCTHKEHHUE XOPOIIETro
COTJIacus U3MEPEHHBIX M PACUETHBIX MapaMeTPOB.

2.2.1 Cxema pazmeuwienus 0emeKmopos meueHus

OcCHOBHBIE JIETEKTOPHI CUCTEMBl MEUEHHUS PA3MEIIAIOTCS B OKPECTHOCTIX MPOMEXKYTOU-
HOTO (OoKyca, HaXOAsIIerocs: Ha pacctossaur 60.5 M OT IepBUYHON MUTIICHH 1 59.4 M OT MUIIICHU
skcrepuMenTa. CxXeMa pasMeIleHHs’> CHCTeMbl MeUYeHHs MoKa3aHa Ha Puc. 2.12 W BKIOYaeT
B ce0a 4 cuérumka moiiHoro moroka S1-S4, 3 romockoma POL1-POL3 mist BoccTaHoBIIEHHS
MPOCKIIMA TPACKTOPUHU B BEPTHKAIBLHON IUIOCKOCTH M 6 romockorioB MOM1-MOMG6 s
U3MEpPEHUs] UMIyJbca IYYKOBOM YacTUIpl IO €€ OTKJIOHEHHIO MarHutamMmu M3 u M4
B TOPU30HTAJILHOM MJIOCKOCTH.

BeprukanbHas KOMIIOHEHTA IMOJSIPU3ANNN ¢y BOCCTAHABIUBACTCS 1O ITHM H3MEPEHUSM
B PEKHME PEaIbHOTO BpEMEHU Ha OCHOBE 3apaHee MOATrOTOBIEHHBIX U COXPAHEHHBIX B TAOIUYHOM
BHJIE 3aBUCUMOCTEH, TTOJJOOHBIX TIOKa3aHHBIM Ha Puc. 2.6, 11 HECKOMBKHUX 3HAYCHHUI UMITYJIbCA B
npenenax akcentanca kanana. Jlerekroper POL2 u MOMZ2 pasmenieHbl B IPOMEXYTOYHBIX
dokycax cBoux Iuiockocte, a maper POL1, POL3 u MOM1l, MOM3 — cummMerpudHO
OTHOCHUTENLHO (OKYCOB Ha paccTosiHuu +2.2 M. Paccrosiaue B mapax rogockonos MOM3, MOM4
u MOMS5, MOMS6, u3Mepsromux UMIYJIbC MO OTKIOHEHHIO TPAaeKTOpWi B MarHUTax M3-M4,
cocraBisieT 4.4 M. YToll OTKJIOHEHUS 7Sl IICHTPAIBHOTO UMITYJIbCa COCTaBIsIeT 73.5 Mpas.

MOM3 MOM4 [B

S1  POL1 POL2 S2 Q6 Q7 M3 ma

Polarization Momentum

Puc. 2.12 Cxema pa3melieHUs JETEKTOPOB MEYCHHS ITy4Ka.

VIMITyJ1bC YaCTHIBI U3MEPSETCS B TOPH3OHTAIBHO IIIOCKOCTH € MMOMOIIBIO UMITYJIECHBIX
ronockonoB MOM1-MOM®6 u marautoB M3 + MA4.

[Nonspu3anus 4aCTULIBI ONPEEIIIETCs MyTEM H3MEPEHUS €€ UMITYJIbca U BEPTUKAIBHON
Y-KOOpANHATHI ToJIsipu3aiioHHbIME rotockoramu POL1-POL3. ITpomexxyTounslii ¢pokyc 1o
BEPTHKAJIH JJIsl [EHTPAILHOTO MMITYJIbCA HAXOMUTCS B TUIOCKOCTH pa3MellieHus rogockona POL2.
S1-S4 — CUMHTWIUIALUOHHBIE CUETYUKH TIOJIHOTO ITOTOKA

%5 Kpome cHCTEMBI MEYEHMSl YAacCTMIl, BO BTOPOH YacTM KaHalla MPEANoJaraeTcsl pasMeCTHTh J1Ba 6-METPOBBIX
MOPOTOBBIX UYEPEHKOBCKHX CHETYMKA ISl WASHTH(HUKALMK 4YacThl. B ciydae NPOTOHHOrO MydYKa C MMIIYJIbCOM
40+45 I'sB/c uepeHKOBCKHE CUETUUKH Oy Iy T paboTaTh Ha BO3/yXe PH aTMOC(HEPHOM JaBIEHUH, TOTIa KaK JUIs ITy4YKa
¢ ummyibcoM 15 ['9B/c (aHTUIIPOTOHBI U MPOTOHBI) MpEAIoiaraeTes uenons3osars hpeon R-22 (CHCIF,) taxxke npu
aTMoc(epHOM JIaBJICHUH.
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MarnutHas ontuka kanana 24A (Puc. 2.5) mo3Bosnsier uameHeHueM ko3 GUIMEeHTa yBEIH-
YEHUs JIepKaTh Pa3Mephl IydKa B IPOMEKYTOYHOM N300paskeHUH U €T0 UMITYJIECHYIO IUCTIEPCHIO
c1abo 3aBUCAIIMMU OT LIEHTPAIBLHOTO UMITYJIbCa B IMamna3oHe ot ~15 mo 45 I'B/C.

["abaputHble pa3Mepbl aKTUBHOW 30HBI KaXK/10H IJIOCKOCTH OIPEIENSIIOTCS pa3Mepamu
IIy4yKa B paiioHe pa3MelleHus 3Toi miockocTH. [lonepednsie pa3mepsl mydka B 00€UX MI0CKOCTAX
B CCUCHHUSIX pa3MEUICHUs TOJOCKONOB CHCTEMBbl MeuyeHHs He mpeBbimanT 170+180 mm.
PesynbraTel MOJEIMPOBaHMS MOKA3bIBAKOT, YTO MPH TAKUX pa3Mepax HeoO0XoauMash TOYHOCTb
n3Mepenus noispuzauuu Ady ~+5% pocturaercs npu MpPOCTPAHCTBEHHOM IIMPHUHE CETMEHTOB
ronockonoB POL1-POL3 4+5wmM. [[ns AoCTWXKEHHS TOYHOCTH HM3MEPEHHs MOJISIpU3aIliu Ha
ypoBHE 1+2% Heo0X0IuMO yMEHBIIUTH pa3Mep (LIMPHUHY) CETMEHTOB 110 KpalHEH Mepe 10 3 MM.
TouHOCTh U3MepeHUs UMITYJIbCa Ap/p IPU TAKOH K€ MIMPUHE CETMEHTOB UMITYJIbCHBIX T'OJIOCKOIIOB
MOMI1-MOMG6 coctaBut ~£(0.6+1)%. Takim 00pa3om, KCXO/Is U3 IPUBECHHBIX BBIIIE Pa3MEPOB
My4YKa B IPOMEKYTOUHOM H300paKEHNUH, KaXIblii OTACIBHBIN roJocKon OyaeT coctosTh u3 40-60
CErMEHTOB.

Tpebyemoe OBICTPOACWCTBUE JETEKTOPOB M AJIEKTPOHUKHA CHCTEMBl MEUYCHHS
OIIpeIeIIAeTCsl MHTEHCUBHOCTBIO IIyUKa, KOTOpas 0’KUJaeTcs Ha ypoBHe 10 ~10¢ yactuiy/cekyHuy
(mmmTenbHOCTh 1HKIa — 10 cek., IIUTeNbHOCT TUIATO BBIBOJA — 2+3 CEK.).

2.2.2 Jlu3aiin 2000CKON08 CUCHEMbL MEYCHUA

B nHacrosiiiee BpeMs paccMaTpuBarOTCs HECKOJIBKO MOJXO0A0B K IU3aliHy U KOHCTPYKLUHU
CHMHTWJUISIIMOHHBIX TOJOCKOTIOB CHUCTEMBI MEUYEHHs W BbIOOpa (oToneTeKTOpoB. OmHUM H3
BapUaHTOB SBIIAETCSl TaK Ha3blBaeMasi «rpeOeIIKoBasi CTPYKTypa», KOTOpas MCIOJb30BaJIach
B akcrniepumente ['EPA [81] 8 UDBD u 3atem B E581/E704 [70] B ®epmmitabd. Takas cTpykTypa
C IByMsl psiiaMU N€PEKPhIBAIOIMXCS CLIMHTUUISTOPOB NoKa3aHa Ha Puc. 2.13.

B «rpebemkoBoii CTpyKType» MEpeKpbIBAIOLIUECS APYT C JPYroM CLUMHTUJUIALIMOHHBIE
NAJIOYKHU BBICTPOEHBI B JIBA psla B ABYX IMapauIeNbHBIX IUIOCKOCTAX. Kakaplii cLUHTHILIIATOP
OJTHOTO Psijia MIEPEKPBIBACTCS C ABYMS OJIMKAMIIMMHU JIPYTOTo psizia Ha oqHY TpeThb. [Ipoxoasmast
YacTUIla MOXET Iepeceub JUO0 OJuH, JIMOO J1Ba CUMHTWUIATOpPA B ABYX psjuax. B pesynbrare
MIPOXOKACHUSI YacTULIbl 00pa3yloTCs TpU TUIIA CETMEHTOB: 1) cpabaThiBaHHWE OJHOTO KaHaja
B JIFOOOM M3 JIBYX PSZIOB, 2) COBIAAIOIINE CUTHAIIBI C JICBBIM CLHHHTHIUISITOPOM APYToro psina u 3)
C MPaBbIM CLUUHTUIUIATOPOM JIPYTOro psja.

|_,_li_ﬁ_iL_,__][7II_"'1l 113115!
Lﬁ_lL__ll_,ﬁ_llﬂlel'zll II 6 |

Ssgment ‘ 1
Number 125&567890

TEEHRERRE 2222'2‘222!2-‘213!5
23*55 90123"5.6?1"11
Puc. 2.13 Crpykrypa «rpeOemkoBoroy» roJockona MEUCHHs Mydka ¢ MEepeKPHIBAIOIIMMUCS
CHUHTWLIATOPaMHU. YKa3aHHAs Ha 9TOM PUCYHKE CTPYKTypa OTHOCHTCS K MOJSPU3aAHOHHOMY
TOJIOCKOITY, H3MEPSIOIIEMY KOOPAWHATHI BIIOJIb BEPTUKANBHOW ocH Y. HanmMeHbmne saeiikwy,
BO3HUKAIOIIAE BCJIEJICTBHE IEPEKPHITUS CIUHTWIUIATOPOB W3 Pa3HBIX PSIOB, 00pa3yroT
cermeHThl. M3 31 cermeHTa TOIBKO 27 IIEHTPAIBHBIX CETMEHTOB HUCIOJIL3YIOTCS MPOIIECCOPaMHU

JUIs1 BOCCTAHOBJICHUS MOJISIPU3AIINH Cy.

['pebemnikoBasi CTpyKTypa HMEET CIEAYIONIUME TOCTOMHCTBA B CPABHEHHH C OOBIYHOMU
OJIHOCJIOWHOW CTPYKTYPOH HEMEPEKPHIBAIOMINXCS CUUHTHIUISIIIUOHHBIX MaJIOYEK:

— TIpH 33/IaHHBIX TPOCTPAHCTBEHHOM pa3pelleHnH U TepeKphIBaeMOM TUIOIIAIN TpeOyeT

BJIBO€ MeHbIIe (hOTOIETEKTOPOB U, COOTBETCTBEHHO, KAHAJIOB AJICKTPOHHKH;

— OTCYTCTBYET IIeNb MEX]Iy CeTMEHTaMH, CHUXKAroIIast 3 (QeKTUBHOCTD PETUCTPALIUN

3apsKEHHBIX YaCTHII.
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K HemocTaTkaM MOXHO OTHECTH HECKOJIBKO 0OJI€e CI0KHBIM alrOpUTM BOCCTAHOBIICHUS
«HCTHUHHBIX)» CUTHAJIOB M TPEKOB, OCOOCHHO MPH BEICOKOM MHTEHCUBHOCTH U IMOBBIIIICHHOM YPOBHE
CllyyaillHbIX coBHaJeHHH. Takke KOJIMYECTBO BEIIECTBA HA IyTH IyYyKa B «IPeOEIIKOBOM»
TrOJIOCKOIIE B CpeTHEM Ha 67% Gomblie, 4eM B OHOCIOHHOM rofgockore 2°.

AnbTepHaTUBHAs KOHCTPYKIIMSI FOJOCKOIA CUCTEMbl MEUEHUs NpeicTaBieHa Ha Puc. 2.14.
B 3TOM BapuaHTe Bce CErMEHThI CLMHTUILIATOPA PAcloiaraloTcs B OJHOM IUIOCKOCTH, U UMEETCS
B3aMMHO-0/IHO3HAYHOE COOTBETCTBUE CpPAa0OTaBLIEr0 KaHajga OJHOMY U TOJIBKO OJHOMY
MPOCTPAHCTBEHHOMY HMHTEPBAJy MPOXOXKACHUS YacTUIbl. TpanenueBuHas (GopmMa CErMEHTOB
BbIOpaHa /1151 KOMIIeHCcaluu He3(h(heKTUBHOCTH HA KPasiX CETMEHTOB M B 3a30paxX MEX/y HUMHU.

B kadectBe OCHOBHBIX (POTOAETEKTOPOB [UIS CHCTEMBl MEUEHHs Ipeularaercs
HCIIOJIb30BaTh KpeMHHeBble (hoToymMHOkuTenH (SiPM?7), pasmelieHHbIe ¢ BYX CTOPOH MaI0ueK
rogockonoB. SIPM — 3T0 MaccuB (DOTOUYBCTBUTEIBHBIX KPEMHHUEBBIX SYCEK Ha 0OmIeH
nojyiokke. B ornuume ot naBuHHBIX Goroanonos (APD), paboTaromux B IponopLuoHaIbHOM
pexxume, Kaxaas siuerika SiPM paboTraeT B orpaHHYeHHOM TeHTrepoBcKoM pexume. [1o cpaBHEeHHIO
¢ APD, SiPM o06nagaet psgoM IperMyIIEeCTB: pabOTarOT MPH HU3KOM ITOPOTOBOM HANPSKCHUH
(~50 B), He ctpamaror QuyKTyalpel JIaBUHBI, HE UMEIOT Mpo0JieM ¢ HaBoAKaMH (HE TpeOyroT

AKpaHUPOBAHUSA). I
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Puc. 2.14. BapuaHT KOHCTPYKIIMH OJTHOCJIIOMHOTO FOJI0CKONA CHCTEMbI MEUSHUSI.

a) Bun ¢ Topma Ha cerMeHTH! CUMHTHIUIATOpA. TpanenueBuaHas ¢popma Mo3BOJSET YIyUIIUTh

3 PEeKTUBHOCTH PETUCTPAIIMN HA IPAHHIIE CETMEHTOB.

6) Kpernnenune horoerekTopoB (KpeMHHUEBBIX (POTOYMHOXHTEIIEH) K CerMeHTaM CLHUHTHIUISTOPA.
B) OOmuit BUI IBYXKOOPAMHATHOTO F'OJJOCKOTIA.

Ha Tekymmuii MOMEHT OCHOBHBIMH CEPUMHBIMH IPOU3BOJAUTEISIMUA JTAHHBIX W3IEIUN
apnsitoresi: Hamamatsu (Snonust), Zecotek (Cunramyp, corpyauuuatror ¢ OUSAN), Excelitas
(CHIA, corpynunuator ¢ MUOU/Tlynwcap), SensL (Upnanaus) u ap. YV kaxaoro npou3BOIUTENS
nanHoe uzgenue umeer ¢upmenHoe HazBanume: MPPC (Hamamatsu), SiPM (SensL), Si®dDY
(MHUDN), MI'JID/] (OUAN) u T.1. (Bcero okoiio 15 HaumeHoBanwuii). Ha peiHKe MPUCYTCTBYIOT
pasnuuHble BUABI SiIPM, CKOHCTpYUpPOBaHHBIE MO/ Pa3HBIC 3aIaUH.

Jns romockomna Tpedyercss MakcumaibHas 3¢¢exktuBHocTh peructpauuu (PDE), HO
He TpeOyeTcss 3HAYUTENbHBIN JUHAMUYECKUI [aMana3oH, MOSTOMY MBI MOAOUpad MOJAETH

26 TTpu Toii e TOJIIMHE NaJ0YeK CHMHTUILIATOPA U, CJIE0BATENLHO, IPU TOM e 3 (PEKTHBHOCTH PEFMCTPALIUH JLIs
YaCTHI], EPECEKAIOIINX TOIBKO OJUH CIOH «TpeOEIKOBOro» ToI0CKOIIa.
21 Jlns KpaTKOCTH 3/1eCh HCIIONB3YETCs HA3BAHME IPHOOpA, IPHHATOE Y MPOM3BOAUTENs SensL.
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¢ 6ompmumu stueiikamMu (ot 50 mo 100 pwm?), HU3KOW BEIWYWHON COMPOTHUBIICHHS PE3UCTOpa
U XOpOILEH ONTUYECKON U30IIALUEN MEXKAY STUYECHKAMM.

HaunydmuMu xapakTepucTUKaMH JJIS HAIlero JAeTeKTopa oOmamaroT usnenus S13360-
3050PE ¢upmbr Hamamatsu, HO OHM OTJIMYAIOTCS BBICOKOW IIeHOW. BimkaiimiM aHajaorom co
CXOKuUMHU xapakTepuctukamu sBisitorcs MicroFC-30050-SMT dupmber SensL: Ha Tekymmit
MOMEHT UX II€Ha C YYETOM JIOCTaBKH Ha 36% HuKe.

Ha Puc. 2.15 npeacraBnen pabounii yepTexk pambl JUIsl TPOTOTUIIA TOJIOCKONA CHCTEMBbI
MedeHus. Pama mpeaHasHaueHa Ui KpEIUIEHUS NAJOYEK CLHUHTWUIATOpPA B JBYX IIOCKOCTSAX
uIar ¢ (OToAETeKTOpaMH IO OJHOM € KaXJ0oro Topua cuuHTWuiaropa. [Ipeamomnaraercs
UCTOJIb30BaHuE POTOAETEKTOPOB SiPM ¢ akTuBHON 001acThio 3%X3 MM? M rabapUTHBIM pa3MepoOM
4 MM.

Ha Puc. 2.16 noka3zana pa3paborannas s SiPM miata ycuinrtesnei-IuCKpuMUHATOPOB,
Ha KOTOpPYIO ObUIM CMOHTHPOBaHbI (OTOAETEKTOPHl. CHUHTHIUISILIMOHHBIE CYETYUKHU MPOU3BO/I-
crBa UDBD ceuennem 3x4 mm? u mrHO# 20 cM ObUIM 00EPHYTHI B CBETOOTPAKAIOIINNA MaTepHa
(maiimap) ¥ ycTaHOBIEHbl Ha pamy rogockomna. C HCHONb30BaHUMEM JTaHHOW IUIAThl OBLIN
MIPOBE/ICHBI UCIBITAHUS MPOTOTUIIA TOJOCKONA HAa CBETOAMOJHOM CHTHAJIE M Ha aTMOC(HEPHBIX
MIOOHAX.

[TonHast MIMTENBHOCTH CHUTHAJA CO CTAHIAPTHOTO BbIXOJa cocTamisieT okoio 300 He,
CBETOBBIXOJ] ¢ OJHOM Nao4uku ~90 (HOTOAIEKTPOHOB HA MUHUMAIBHO-UOHU3UPYIOUIYIO YaCTUILY
(MIP). Ilpu paboTe ¢ nOASIPHU30BAHHBIM MPOTOHHBIM ITYYKOM MAaKCHUMaJIbHOM MHTEHCUBHOCTH (710
107) B xaHane 24A Takas JJIMTEILHOCTH MPUBEIET K HAJOKEHUIO CUTHAIA U HEKOPPEKTHOM paboTe
ANEKTPOHUKH Toockona. Microns3oBanue fast-Beixona SiPM ¢ moHON ATUTELHOCTBIO HE OoJiee
20 HC B 3TUX yCIIOBUSX 00Jiee MPEANOYTUTEIHHO, XOTS aMILTUTY/1a CUTHAA IIPH TOM Ha TOPSI0K
MEHbIIE.
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Puc. 2.15 Pama 1ByXKOOPJMHATHOTO rOJJ0CKONA Ha 32 KaHana 10 KaX0H KOOpAUHATE

SORNED ) —

Puc. 2.16 DnexrponHas riata ¢ pOTOAECTEKTOPAMH, yCHIINTEISIMH, JUCKPUMHUHATOPAMHU
u LVDS-nepenarunkamu
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Herextoper cuctembl MedeHus: nosspuszaiuu  CITACYHAPM  OynyT pacronoKeHbl
B I'OJIOBHOM 4acTH KaHana 24 Ha paccTostHUM ~60 M 10 ycTaHOBKHM. OpraHusanysi CUYMThIBAaHUS
JAHHBIX C HHUX 110 TPAIUIIMOHHON (TPUITEpHOI) cXeMe ¢ 00IIIel Ha BCIO YCTAHOBKY OJIOKUPOBKOM
CHJIHO YBEIMUYHIIO OBl «MEPTBOE BPEMs» CUCTEMBI cOOpa JAaHHBIX. J{JIs1 IpeaoTBpalleHus TaKOH
CUTyalluu IUId JIETEKTOPOB CHCTEMbl MEUEHHMs MOJSpU3AlMU TMPEAYyCMOTpPEHa JJIEKTPOHHUKA,
paboTatomiast B 6eCTpUITEPHOM pEKUME.

Ha Puc. 2.17 noka3ana apXuTeKTypa IUIaThl AJIsl CYUTHIBAHUS TOAOCKOIIOB CUCTEMbI Meue-
Hus. [lnata npeanonaraer CYUTHIBAHUE TaHHBIX 0€3 «MEPTBOTO BPEMEHW» IPU MHTEHCUBHOCTSIX
1o 107 yactuil 3a LUK, XpaHEHUE JAaHHBIX OJJHOTO cOpoca yCKOpUTENsl BMECTE C METKaMU BpEMEHU
C IMCKPETHOCThIO 6 HC W Tiepenady ux B o0mryro cucremy cbopa manubsix mo cetu Ethernet 100
Mobwur.

: READOUT BOARD
|
| FPGA MCL
................................... |
iceHmin: TvDsr | ]
Digeriminator —————I VDS H oma (" SDRAM
board —— —= - ot | . — |
................................... | I Event e
Diatection I
Logical [] .
i | Black : Ethernat |
i o= TCRIP
| W Time Bleiul
I Stamp | EAE 1
L | Counter Theaswkd | | |
canirs
|

Puc. 2.17 brok-cxema perucTpupyIomen 3IeKTPOHUKH CHCTEMBI MEUCHUS MOJISIPH3ALIIH
Juts pabOTHI B OECTPUTTEPHOM pPEXHUME

[Tockonbky OecTpUITepHBI METOJ B PETUCTPUPYIOLIEH 3JIEKTPOHUKE IOJpa3yMeBaeT
BBICOKOCKOPOCTHOM cOOp M XpaHeHHE OOJbIIOro 00beMa IaHHBIX, HEOOXOIUMO NPHUMEHSTH
JIBYXYPOBHEBYIO apXUTEKTypy. DYHKIUS perucTpaly cCOOBITHH U mpenBapuTenbHO Oydepu-
3allMM JaHHBIX ObuTa BO3NokeHa Ha Mukpocxemy [IJIMC, B koTOpoil BO3MOXKHO peaIn30BaTh
napauiesibHyl0 00pa0OTKy JIaHHBIX C MaKCHMAaJbHOTO 4Hcia KaHanoB. OTHOCHUTENBHO Ooiiee
MeJJIeHHbIe (DYHKIIMU 3aMuicy W XpaHeHus JaHHbIX B O3Y ¢ uxX mocnemyromieil oTrmpaBKoi Ha
cepBep BBINOJIHIET MUKPOKOHTpoJutep. Takas peanusanus cOopa JaHHBIX BO3MOXKHA HCKITIOUH-
TENBHO BBUAY UUKIMYHOW paboThl yckopurens Y-70: oOmydeHHe MUIICHH JUIUTEIEHOCTHIO
B HECKOJIBKO CEKYH/I TIEPEMeKAETCSI BpeMEHHBIMU TPOMEKYTKAMHU B HECKOJIBKO CEKYH/I 0€3 IyuKa.

Takoil nu3aiiH MOAPa3yMeBAeT MPOCTOTY Pa3BOJKM W W3TOTOBJICHHS OCHOBHOM IUIAThI
U J1aeT BO3MOKHOCTh OCYIIECTBIICHUS IOATAITHOTO MPOEKTUPOBAHUS ITPOrPAMMHOT0 00ecieueHUs
Y HE3aBUCUMOM OTJIa/IKU U TECTUPOBAHUS ABYX OCHOBHBIX y3J10B — MUKpOKoHTposuiepa u [TJINUC.
OCHOBHBIMHU 3JIEMEHTaMHU CXEMBbI siBisgeTcsi MUKpokoHTposuiep STM32F745 ¢upmsr STM u
mukpocxema FPGA Spartan-6 ¢upmbr  Xilinx. JlaHHBIH MUKpPOKOHTPOJUIEp HOMHUMO
BbIcOKONpou3BoauTenbHoro sapa ARM Cortex-M7 uMeeT B cBOeM COCTaBE MHOKECTBO IEpH-
¢bepuitHbIx MoayJel, B ToM uucie koHtposuiep namsatd FMC, koutpomnep Ethernet 1 DMA
KOHTPOJUIEP, KOTOPBIE UCIONb3YIOTCS B JJaHHOM pa3zpaboTke. MakcuMmabHasi TAaKTOBAas 4acToTa
STM32F745 coctaBnsier 216 MHz. IlomumMo MHKpPOKOHTpoOJUIEpa, HA OCHOBHOM IIaTe pacrio-
noxeHa Mukpocxema SDRAM-namstu, xontposiep ¢usuueckoro ypoBHs RMII Ethernet
u npyrue neMeHTs (EEPROM-mamsiTh, onepanioHHbIe YCHITMTEINH ), TIO3BOJISIONINE B Oy TyIIeM,
IIpU HEOOXOJIMMOCTH, BHEIPUTH B MPOTOTUIl HOBbIe (yHKIMU. [IpenycMoTpena rulkas cucrema
BbIOOpA BHEIIHETO0 MCTOYHMKA MUTAHUS Yepe3 pa3Hble THIIBI pa3beMoB, a Takxke uepe3 Ethernet-
pa3beM 1o cranaaprty passive PoE.
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Kak y»e oTMeuanoch panee, yCKOPUTENbHBIN KoMIUIeKC ¥Y-70 paboTaeT MUKINIHO: cOpOC
nmyuyka — 2+3 cek, naysa — /=8 cek. Takum o0pazom, o0 anropuT™ paboThl OecTpUrTepHOI
CUCTEMBI cOOpa JaHHBIX C FOJIOCKOIA CBOJIUTCS K MOTIEPEMEHHOMY BBITIOJIHEHUIO JIBYX IPOIIECCOB:
mporecca HENpepbIBHOW peruCTpalii CcOOBITMH BO BpeMs cOpoca Iydyka U Ipolecca
«BBIYUTHIBAHUS» HAKOIJICHHBIX JTAHHBIX M3 MaMSITH U Mepelayd X B CEThb BO Bpems may3bl. Ha
Puc. 2.18 mnpencraBieHa (yHKIMOHAJIbHAS CXEMa B3aMMOJEHCTBHS JIBYX Y3J0B IPOTOTUIA
C BHYTPEHHUMH aJITOPUTMaMU paOOTHI KaXkI0TO U3 HUX.

Muxkpoxoratpoiiep STM32F7451GT6 BemonHsET poib “MocTa” MeXay Tpems mnepude-
puiinbiMu  Onokamu: Mukpocxemoit FPGA, SDRAM-namsateio u cetbto Ethernet. Anroputm
paboThl KOHTPOJUIEPA CBOAMTCS K MOMEPEMEHHOMY BXOAY B OJMH M3 JBYX PEKUMOB: HETIPEPHIB-
HBbIW pekuM TnonydeHus JaHHbiX oT FPGA u ux 3anucu Bo BHemHIOI SDRAM namsite U pexxum
nepeaayn JaHHbIX U3 namsaTa B ceth Ethernet mo mpotokomy TCP/UDP. Ilepexox B TpeOyemblit
PEXKHUM PETyJIUPYeTCs BHEIIHUM CHHXPOCHUTHAJIOM OT YCKOPUTENs, KOTOPBIM ompesenser
BpPEMEHHOW MHTEpBaJI JJIs cOOpa JaHHBIX.

[MporoTun romockoma cucremMbl MedeHus ¢ SIPM B kadectBe (oTomerekTopa
1 OECTPUTTEPHON PETUCTPUPYIOIICH AIIEKTPOHUKON Ui paboThl ¢ MaKCUMAaJIbHONH MHTEHCUBHO-
CTBIO MOJISIPU30BAHHOTO MyYKa MOKa3all BRICOKOE KauecTBO paboTsl Ha ycranoBke CITACHAPM

C MHTEHCHBHOCTBIO 3% 10° 32 UK ycKopHuTens’,

Brok ° C6op AaHHbIX
%% pervcTpaLMn < «3anpodg»
L g cobbITns Ha o DMA
C 35! &) kaHane 1 | Guimo ol 7 SDRAM
s = = L «MMyyok» FMC
I o cobbiTne e
x @© ¥ Bnok ) 0 (cbpoHT)
(S~ o0 &)
B> gL pergcmaumm S
X coBbITvsA Ha
©
@ KaHare 32 ] OTnpaska AaHHbIX
% c6op 4} a
OaHHbIX [——— E FMC
Brok «[Maysa» S | mac Fast
Taiimepa- =
cueTuMKa (cnan) Ethernet
Cbpoc
Hutkn Astomar | Peructpaumg
COCTORHUIA Mayaa
EE—

Puc. 2.18 O0muit anroput™ B3anMOICHCTBHS IBYX IUIAT MPOTOTHIIA

2.3 N3mepenne aGcoII0THOH MOJASIPU3ALMHT MTYYKOB

MeueHure TpaeKTOPHi MyYKOBBIX YACTHI] AJISl ONIPEIETICHIS UX aOCOTIOTHON MOJIpU3alin
MPEACTABIISIET COOOM BITOJIHE aKKYPATHBIN U HAAEKHBIA METO/T, TOCKOJIBLKY OH OCHOBAH Ha XOPOIIIO
M3BECTHBIX pacmagax /-THIEPOHOB W JWHAMHUKE IBIOKCHHs CIUHA-1/2 B MarHMTHOM ITOJIE.
PesynbraTs! sxcriepumentoB E704 [70] u ®OJIC [71] ocHOBaHEI Ha TakoM moaxoae?’.

Tem ne menee, E704 cinoxHOCTh TeOMETpUH KaHalla U KOH(PUTYpAIIMU MarHUTHOTO TIOJIS B
€ro OINTHUYECKUX DJIEMEHTaxX, MOTCHIMAIHHOE MPUCYTCTBUE OIIMOOK B AJITOpPHUTMaxX MEUYCHHS
B peaJlbHOM BPEMEHH, HEOIPEAECIEHHOCTU B /-CIEKTpax U T.A. JENAIOT KpalHEe KelaTelIbHbIM
HE3aBHUCHUMOE MOATBEPKICHHE a0COTIOTHOM MOJISPU3AIIMU ITYYKOB, TAKKE KaK U, IO BO3MOXKHOCTH,
e€ MOHHMTOpPHpPOBAHHE Ha TpeaMeT HecTaOuiabHOCTE BO BpemeHH. l[losTomy, Hapsmy
¢ pa3pabotkoii cuctembl medeHus, TpoekT CIIACUAPM Bkimtodaer B ceOsi JOMOTHUTEIHHYIO

2 luTeHCHBHOCTH My4Ka Ha KaHase 14.

2% B oskcnepumente E704 [70] ObLla NpeinpuHATa Takke MHONBITKA M3MEPUTh MOJAPM3ALUIO IPOTOHHOTO
W aHTHIIPOTOHHOTO IYYKOB JBYMs APYTMMH MeTOoAaMH. Pe3ynbTaThl 3THX HM3MEpPEHWH ObUIM HaliJieHbl BIOJIHE
COBMECTUMBIMH C MedeHueM. OJJHaKO OHM yCTyNaad MEUEHUIO [0 BEJIMYMHE CTAaTUCTUYECKHX U CUCTEMATUYECKHX

OIINOOK.
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HE3aBUCHMYIO IMOJSIPUMETPUI0 HAa OCHOBE (DU3MYECKUX IPOLIECCOB  B3aUMOJEHCTBHS
(aHTH)IPOTOHOB C BEILIECTBOM.

WHTepec mpeacTaBisioT MPOLECCHl C JOCTATOYHO OOJBIIMM CEYEHHEM M H3BECTHOU M3
HE3aBUCHMBIX M3MepeHuii’ HeHyIeBoil CIIMHOBOM acuMMeTpueil. B HacTosIIee BpeMst OCHOBHBIM
CIOCOOOM M3MEpEHMsI MONISAPU3ALMHY ITydKa SBJISIETCS U3MEPEHNE aCUMMETPUM B 00JIaCTU KYJIOH-
saaepHoi uHTepdepeHmu. JJaHHblii MeToa akTUBHO ucnoib3yercs Ha yckoputene RHIC B BHJI
[82]. B mpakTH4eckoM IIaHe pacCMaTPUBAKOTCS MOJISPUMETPBI HA OCHOBE YIIPYTOro PP-paccesHus
Y MHKIIIO3MBHOTO 00pa30BaHUs 3apsOKCHHBIX MHOHOB ¢ M3BECTHOH acummerpuer An. Criemyer
OTMETUTH, YTO HEBO3MOXXHO HAWTH YKa3aHHBIC BBILIC IIPOLECCHI C U3MEPEHHBIMU paHEE WIH
HaJEKHO TEOPETUYECKHU NIPEICKA3BIBAEMBIMY CIIMHOBBIMU aCUMMETPHUSMH IS BCETO JOCTYITHOTO
JMana3oHa UMITYJIbCOB BO B3aWMOJICHCTBHAX IPOTOHOB U, TeM Oosee, aHTUIIPOTOHOB.
[ToguepkHEM, OJHAKO, YTO TJIABHOW 3aJa4ell HE3aBUCHUMOM MHOJISIPUMETPUU SIBIISIETCS IPOBEPKA
IIPABUIIBHOCTH OINPENENIECHUS MONSAPU3ALMU METOJO0OM MEUEHUs U, €CIM He0OXOAMMO, KOPPEKIHUS
€ro Mpoueayp U aropuT™MoB. M eciin MmedeHue paboTaeT KOPPEKTHO MPU HEKOTOPBIX UMITYJIbCAX,
TO €CTh OCHOBAaHMs I10J1araTh, 4TO OHO OyJeT paboTaTh CTOJIb K€ KOPPEKTHO U Ipu Apyrux. CTout
IIOAYEPKHYTh, YTO JJIs1 HEKOTOPBIX IIPOLIECCOB € IIPOCTON KHHEMATHUKOM, HAIIPUMED, ISl YIIPYTOro
paccessiHUsl, OJHOCIMHOBas acuMMeTpus AN, U3MepeHHass Ha MOJIAPU30BAaHHOM IPOTOHHOU
MUIIEHH C HEMOJISIPU30BAHHBIM ITyYKOM, MOXKET OBITh 3aT€M MCIIOJIb30BaHa JJIsi U3MEPEHUS
MOJIAPU3ALIUU IIyYKa TOTO KE COCTaBa U SHEPIHUH.

2.3.1 IHonapumemp na ocnose ynpyz020 pacceanus

Bo03MO0XHOCTB HCIIOIB30BAaHUSI PE3YJIbTATOB U3MEPEHUN HA IMOJISPU30BAHHOM IMPOTOHHOU
MUULICHU JUIS OJSIPUMETPHH IIy4Ka CYLIECTBYET B ITOAX0/I€, OCHOBAHHOM Ha YIPYTrOM PacCEesiHUU
(aHTH)IPOTOHOB B CHJIy JKECTKOM KMHEMATUYECKOM CBSI3M YacCTHI], PACCESIHHBIX B IIE€PEIHION0
U 33/HI010 nonycdepsl, a A aHTUIPOTOHOB — U B cuiny CP-MHBapMaHTHOCTH CHJIBHBIX
Y JIEKTPOMArHUTHBIX B3aUMOJICUCTBUI. MICIIOIB30BaHNUE yIIPYTrOro pacCEeHUS MO3BOJISET CO3/1aTh
TaK Ha3bIBa€MbIi AOCOJIIOTHBIM MOJSPUMETP, TJIABHOH OCOOEHHOCTBIO KOTOPOTO SIBISETCS
U3MEpEHUe, Ha I[EepPBOM JTale, AHATU3UPYIOIIEH CHOCOOHOCTH MpPU PACCEIHUU HENOJIs-
PH30BAHHOTO TTyYKa Ha MOIAPU30BAHHON MUIIEHH U HCTOIb30BAHHE MOJTYYEHHOTO PEe3yIbTaTa
JUISL TOM K€ CaMOM SHEPI'MH ITy4Ka M TOM K€ CaMOM YCTaHOBKM IIPH M3MEPEHHUM NOJISIpU3alMU Ha
HETOJIAPU30BAHHOH (BOJIOPOIHOI) MUIIIEHI 2,

B ynpyrom pp-paccessHUM MO>KHO BBIIETUTH JBE KMHEMaTH4eCcKHe 001acTu ¢ OONbIINM
CeueHHEeM U H3BECTHOH OJHOCTIHHOBOM acuMMeTpHeir>> Ay : 061acTh KyIOH-s1epHOi nHTepdepeH-
mn (KAT) mpu 0.002 < —t < 0.05 (I'B/C)?, rne t — 4-mepHbIil KBajpar mepeaadd UMITYJIbCa,
KOTOpas ¢ yBEJIHMUEHHEM Iepejadyd UMITyJIbCa MEPEXOUT B 00J1aCTh TUPPAKLIUOHHOTO paccesHus
npu —t > 0.04+0.05 (I'B/c)>.

KoMOuHMpOBaHHBIN MONSAPUMETp Ui YIPYTOro paccesiHHsl, MOKPHIBAIOIUN KUHEMaTH-
yeckuit quana3zon —t ot ~0.002 mo ~0.3 (I'3B/c)?, cxemarnvecku nokaszan Ha Puc. 2.19.

30 Vinu u3 HanéxHoit Teopun.

31 BenuunHa NOApU3aldK MUIIEHH H3BECTHA C XOPOIIei TOYHOCTHIO (Ha ypoBHeE 1+2%).

32 [Tpu u3MepeHUsaX MOAAPH3ALMK IIPU HEKOTOPHIX 3HAYEHUSX SHEPTHMH Ty4Ka MOXKHO HCIIONIb30BATh TAKKE U3BECTHBIE
3HAYCHUS aHAJIM3UPYIONIEH CITIOCOOHOCTH.

3 Koropas coBmajgaer c IIONEPEYHON IoJApH3amueli P paccesHHOro HYKIOHA B YIPYTHX CTOJKHOBEHMSIX
HETIOJISIPU30BAHHBIX HYKIOHOB. [103TOMY [T TAKHX IPOIIECCOB YACTO FOBOPAT O MOJSIpU3aiK P BMEcTo acCHMMETpUH
An.
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Puc. 2.19 Cxema xomOuHHMpoBanHOTO nosipumerpa. G — GEM nerexTopsr,
H — cOMHTHIUISIIMOHHBIE TOIOCKOMBI; S — CHUHTHIUILMOHHBIE CYETYHKU

35

[TonsspumeTp cocTOMT M3 HaOOpa TPUITEPHBIX CUETUUKOB S U TPEKOBBIX JETEKTOPOB Ha

OCHOBC GEM34 1 COHUHTUIIILIHUOHHBIX I'OAOCKOIIOB™. HepenHee IIC4O0, MpCAHA3HAYCHHOC IJIA

perucTpalyy IMy4YKOBBIX (QHTH)IIPOTOHOB, PAaCCESIHHBIX HA Majble YTIJIbl, MPEJCTABIAET COOOM
MarHUTHBIN CIIEKTPOMETP C 27-aKCENTAHCOM I10 a3UMYTY, KOTOPBIH OyJeT 3a/1eiicTBOBaH BO BCEM
KMHEMaTUYeCcKOM Juana3oHe. JIBa rmuieda cieBa M CIpaBa C a3UMYTAJIbHBIM AaKCENTaHCOM
~(15+17)% ot nomHoro yrina 2z UpeIHA3HAYCHBI Ul PErUCTPAllM HPOTOHOB OTAA4YM B
mdpakuuonHoi o6actu. [lapaMeTpsl rogOCKOIOB NoIsipUMeTpa npuBeaeHs! B Tadum. 2.5.

Tabun. 2.5 Tlapamerpsl rogockonoB H1-H10 nonsipumerpa ynpyroro paccesiHust

36

Paccrosinue I'abaputHbIe
OT LIEHTpa pa3mMepsl Pa3mep aemenTa
MHIICHH (M) TOJTOCKOTIOB (MM) IMTUPUHAX TOJIIUHAX JUTHHA (MM) KonmdgecTBo 351eMeHTOB
[TyuxoBsie romockonsl (IT17)
XxY X Y X Y >
H1 —4.25 54 x 54 6x3x54 6 x3x54 13 13 26
H2 —0.25 54 x 54 6 x3x54 6 x 3 x54 13 13 26
[epemauii nerexrop (I111)
H3 0.25 62 x 70 6 x3x62 6x3x70 15 17 32
H4 4.25 190 x 110 6 x 3 x190 6x3x110 | 47 27 74
H5 5.75 238 x 126 6 x 3 x238 6x3x126 | 59 31 90
H6 9.75 358 x 158 6 x 3 x 358 6x3x158 | 99 39 138
Herekrop otnauu (10)
ZxY Z Y Z Y >
H7 0.1 246 x 118 6 x 3 x 246 6x3x118 | 61 29 90
H8 0.3 294 x 230 6 x3x294 6x3x230 | 73 57 130
H9 0.1 246 x 118 6 x 3 x 246 6x3x118 | 61 29 90
H10 0.3 294 x 222 6 x 3x294 6x3x222 | 73 57 130
CymmMa sn1emMeHTOB = kordectBo POV = 826

34 Gaseous Electron Multipliers, razosbiii 21ekTpoHHBI ycUIUTENb

3 BwMmecTto CHUHTUIUIAIITMOHHBIX T'OJJOCKOIIOB MOI'YT HMCHOJIB30BATbCA TPEKOBLIC ACTCKTOPHI Ha OCHOBE ﬂpeﬁq)OBLIX

TpyOOK.

3 [TpuBenenb pasMeps! I€TEKTOPOB 1is u3Mepenus npu 45 I'3B, npu 16 T9B, TpebyeTcs yBeauIuTh pasMeph
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Usmepenuss An  (wium  momspusarus — P)

B IM(pakMOHHOW  0o0jacTu  Pp-paccestHus — MpU , : P
0.04 < —-t<0.525 (IB/c)? mns mmmynsca 45 I'aB/C 1:... PR 95,
Oobun mpoBeneHsl cotpyanudectsom ['EPA [83] na "“"; ; o
yckoputenbHOM Komiuiekce Y-70 UDBD. PesynbraTsl i { +

W3MEpPEHH W3 JaHHOM CTaTbU IMPUBEIAEHBI Ha ]

Puc. 2.20. OnHOBpeMEHHO ¢ M3MEpPEHUEM IOJIIpHU3a- i B
mun  cotpyaaudectBoM ['EPA  Obumn  momydeHbl | R

u nanaele o auddepenimansaeiM ceuenusm do/dt | 1 20
yIOpyroro  pp-paccesHusi ¢ TouHocThio  1+4 % =

B MHTEpECyIoleM Hac uHTepBaie mo —t [84]. Dtm 1

pe3ysbTaThl COBMECTHO IIO3BOJISIIOT — ONpPENEIUTH - H-.30

dakTop KaudecTBa JAU(PPAKIIMOHHOTO MOJIAPUMETPA o. s ’y
FoOM®*’=P2. dofdt (uem Gonbie 3navenue FOM, Tem (Gevic)?

Jydiie MoJsApUMeTp). Pe3ynapTaThl  BBIYMCICHUS Prc. 2.20 Tlonspusarms
¢dakTopa KkadecTtBa TmpuBeAcHBI B Tabm 2.6. B B YTIPYrOM pp-paccesHuH TpH
HauboJee HHTEPECHOM HHTEpBaJe ummynbee 45 T9B/c

0.075 < -t < 0.225 (I'aB/c)? ¢ 3ameTtHoIi cpeaneii acummerpueit An = (2.37+0.12)%, usmepeHHOK
¢ ~5% OTHOCHUTEIBHOH OMMOKOM, T (HepeHITnATLHOE CEYCHUE XOPOILIO OMUCHIBACTCS (POPMYIIOH
[84]: dofdt = ae™, rie a = (84.8+3.5) m6/(I'B/c)? n b = (11.42+0.35) (I'B/c) 2,

Tabun. 2.6 [onsipuzanus, KWHEMaTHYECKUE NapaMeTpbl ¥ (HOH AUPPAKIIHOHHBIX COOBITHI

FoM,ub/
—¢, (GeVIC) | n=S/(S+B) P (GeV/c)? Oscat Orec
004 —0075| 0944 | 0.03+0.01 | 387 |0.285-0395| 81584
0.075-0.125| 0.984 |0.026£0.002| 189 | 039051 | 79.07 815
0.125-0.175| 0.978 | 0.023+0.002 | 7.8 051-0.60 |77.13—79.08
0.175-0.225| 0.968 | 0.022+0.002| 5.3 0.60 — 0.69 | 75.47  77.13
0.225-0.275| 0.960 |0.016£0.002| 16 0.690.76 | 74.01 — 75.47
0.275-0.325| 0944 |0.021£0.004| 18 0.76 - 0.82 | 72.69 — 74.01
0.325-0.375| 0.924 | 0.009£0.005| 0.2 0.820.88 | 71.49 — 72.69
0.375-0425| 0.884 |0.009+0.005| 0.1 0.88_ 0.94 | 70.38 _ 71.49
0.425-0475| 0.861 |0.009£0.008| 0.07 | 0.94-0.99 |69.33— 70.37
0.475-0525| 0.814 | 0.007+0.010 | 0.03 | 0.99-1.05 | 68.37 - 69.33

N3 Tabun. 2.6 cnenyer, uto ¢dakTop KayecTBa nonsgpumerpa FOM pacter ¢ ymMeHblIeHHEM
KBajpata 4-MepHOTO NIePEeTaHHOTO UMITyJIbca —t Giaromaps pocty nuddepeHInaIbHOrO CEUeHuUs.
OTO cpa3y HAaBOJUT Ha MBICIb 00 M3YYEHHH BO3MOKHOCTH HCIOJIb30BAaHUS OJHOBPEMEHHO C
T(QPAaKIUOHHBIM TOJSIPUMETPOM U TIOJSIPUMETpa B OOJIACTH KYJIOH-SIEpHON HHTepdepeHnnn
(KAN). Ionspuzanus B ynpyrom pp-paccestuuu B obmactu KAW He u3mepeHa nmpu MMITyJibce
45 I'»B/c. Oagnako Takue usmepenus Obutn npoBeaeHsl Ha RHIC mpu sHeprusx B c.i.M. Vs=6.8,
7.7, 13.7, 21.7 I'»B [18, 19, 20]. HaiineHHbie myTeM NOATOHKH ITapaMeTphl IPUBEICHHBIX CITHH-
(munmoBsIx aMmuTy A Re I's i Im I's 6611 MHETEpIONMPOBAHE K Hameil sHepruu /s=9.3 I'3B u mo
3TUM MapaMeTpaM BBIYHCICHA aHATU3UPYIOIas CIOCOOHOCTh NpH uMImyibee 45 ['9B/C. YuutsiBas
OrpaHUYEHHBIE BO3MOKHOCTH AU(PPAKIIMOHHOTO MOJIIPUMETpPA (€r0 HENb3s UCIIOIb30BaTh MPSIMO
OpU M3MEHEHUHM HMIIyJIbCca TMOJSPU30BAHHOTO TMy4yKa), MPEICTaBIsAETCS IeecO00pa3HbIM
WCTIOJB30BaHUE TMApAILIENFHO C JAU(PAKIMOHHBIM U HHTEP(EPEHIIMOHHOTO Tossipumerpa. J(Ba
MOJIIPUMETpa MOTYT paboTaTh NapajieNbHO TOJIBKO Ha XKUAKOBOAOpoaAHOM MuiieHu (JKBM).

37 Figure of Merit.
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Kunematnueckuii nuana3zon KAT B ynpyrom paccessHud IpOTOHOB HAXOJIUTCSA B 00JIaCTH
o4eHb Manblx mnepexad ummynbca: 0.002 < —t < 0.05 (I'B/c)®. IlpuBiekaTenbHOCTh 3TOTO
rpolecca i NoJAIPUMETPUHU COCTOUT B clieytoiieM. Bo-niepBbIX, CHMHOBBIE aCUMMETPUU B 3TOM
MPOIIeCCe JOCTATOYHO XOPOIIO M3y4YeHBI TeopeTnyecku [85, 86], 4To mo3BossieT UCIOIB30BATh
TaKOW MOJSIPUMETP U IPHU SHEPrusix Iyuyka, IIe HET W3MEpPEHHBIX NaHHBIX. M BO-BTOPBIX,
acuMMeTpusi AN TOBOJIBHO cl1abo 3aBUCUT OT SHeprur. CpaBHUTEIHHO HEJAaBHO OHA ObLIa XOPOIIO
u3Mepena Ha yckoputene RHIC B BHJI i HeckoabKHX 3HAYCHHI UMITYJIbca myuka [87, 88, 89],
B TOM YHCIIE W B HECKOJBKHX TOYKax pabouero wunrepBasa ummyibcoB CIIACYAPM.
MakcumanpHoro 3Hadenus ~(4+4.5)% acummerpusi AN mocruraer mpu —t = 0.003 (I'sB/c)? a
cpeliHee 3HAYeHHE, B3BelICHHOE ¢ ceueHneMm Ha muTepBajie 0.002 < —t < 0.05 (I'vB/c)?, moxer
OBITh KOHCEPBAaTHMBHO OLIEHEHO paBHBIM ~3%. CeueHue yHpyroro paccessHUi B TOM Ke
t-unTepBase cocrapisier ~2.75 MO.

2.3.1.1 A6conmomuuiii noaspumemp Ha 0OCHOBe YNPY2020 PAcCCesHUsL

Hcnonb30Banue MOJMSpUMETpa HAa OCHOBE YIPYTOro pAacCesiHUs IO3BOJSIET CO31aTh
aOCOJIOTHBIN TMOJIIPUMETP KakK JJIsi MPOTOHHOTO, TaK W JUIA aHTUIPOTOHHOTO Iydka. MeToj
OCHOBAH Ha TOM, YTO aHAIM3HPYIOIIAsi CIIOCOOHOCTh YIPYTOro paccesiHHUsI HE 3aBHCUT OT TOTO,
MOJIIPU30BAaH IMyYOK WJIM MHIICHb. TakuM o0pa3oM, Juis JitoOOW 3HEPruv MOXKHO CHavaja
M3MEPUTh aHATM3UPYIONIYI0 CIOCOOHOCTh C WCIIOJB30BAHUEM TOJSPU30BAHHOW MHIICHU
Y HETIOJIIPU30BAHHOTO MyYKa.

[Monspuzanuss mumeHn cocraBiaser 75+90% (B 3aBHCHMOCTH OT HCIIOJIB3yEeMOTO
BEIIECTBA), & TOYHOCTh W3MEpPEHUsS MOJSpHU3alMH MHILIEHU cocTaBisier 2+3%, 4To Maio 1o
CPaBHECHHUIO C 0’KHJIAEMOU TOYHOCTHIO H3MEPEHUS MOJIIPU3ALUH TTyUKa.

Hwxe Oyzper npuBeieHa OLIEHKA BPEMEHH, HEOOXOJAUMOTO JUIS U3MEPEHUS TOJSIPU3AIIH
My4YKa KaK C HMCIIOJIb30BaHHEM a0COJIIOTHOTO MOJISIPUMETPA, TaK M C HUCIOIH30BAHUEM CYIIECT-
BYIOIIUX JTAHHBIX 110 U3MEPEHUIO aHATH3UPYIOIIEH CITOCOOHOCTH.

2.3.1.2 Oyenka épemenu 01 usmeperus NOAAPUIAYUU NYUKA NOAAPUI0BAHHBIX NPOMOHO8

Onenka HEOOXOAMMOTO BPEMEHH JUII W3MEPEHHUsS MOJSIPU3ALUU B pp-pacCcesHUU TPH
ummynsce 4513B/C B untepBane —t =[0.040+0.475] (I'sB/C)? npoBereHa B MPEANOIOKECHUH
uneanbHoi padotsl (3 dexktuBHOCTs 100%) monsipumerpa B 3ToM uHTEpBaje mo t. CBeTUMOCTh
L = vINapx, rae v= 0.1 — cKBa)KHOCTb IMy4Ka, OTNpe/eseMas Kak KOTHYeCTBO IIUKIIOB B CEKYH]TY,
| — nHTEeHCHBHOCTD TyuKa B 1uKiIe, Na = 6-:102 — uucio ABoraapo, p — MJIOTHOCTh MHIIECHH, X
— rommmea Mumtern. Onenka nposefena a1 | = 107 p/mukn®, MIOTHOCTH KUAKOBOIOPOIHOM
mutiern p = 0.07 r/em?, u gmuae mumenu X = 50 cm. CBetuMocTh cocTaBuT 2.1-10%° cm2cex .

Oomiee oxugaemoe komuuectBo coobithii N(to) = L dofdt(to) AtAgl ¢ npu cpentem 3Haue-
aun to=0.22 (IBB/C)? ans umnatepBata At=0.03 (I'9B/C)?, ¢ a3uMyTalbHBIM aKCENTAaHCOM
A@le =0.17 (npu HCMONB30BAHUU JBYX IUICUEBOTO CIEKTpoOMeETpa), auddepeHIIHaTbLHBIM
ceuerneM dofdt(to) (0.22) = (8.326+0.073) m06/(I'3B/C)? 3a o1H yac pabOThI YCKOPUTEIS COCTABUT
2.1-10%°-8.326-:10%7-0.03-0.17-3.6-10° = 3.21-10° npoToHOB/Uac.

OcHOBHOM BKJaJ B OMMOKY M3MEpPEHUS MOJIAPU3ALUU JAeT OLIMOKa W3MEPEHHOW Belu-
YUHBI aHau3upytoeit cnocodHoctH (10%). [Ipu u3mMepeHnn Nonspu3aliy Mydka ¢ TOUHOCTBIO
14% (ta xe camas omubka 10% npu usmepenun nosspuzauuu nyuka) Ae = 0.1,-¢ = 0.1-Pg-An.
[Tpu 3navyennsx Pg = 0.4, An = 0.022 nonyuaem Ae = 0.88:107 u, cooTBeTCTBEHHO, HEOOXOAMMAsT
craructuka cocrapisier N=1/(A4g)? = 1.29-10° coObiTHit. C y4eTOM MOJyYE€HHOMN BBIIIE CKOPOCTH
Habopa CTAaTHCTHKM HAXOAUM Tpebyemoe BpeMs s Habopa Takoii cratuctukn T=5+6 uacos®.
[Tpu 3TOM TOYHOCTH B M3MEPEHUHW CPETHEH TOJSIPU3AINH ITyYKa OKaKETCs, KaK MBI OTMETHIIN

38 PacueTHast HHTEHCHMBHOCTH MOKET 0CTHrath 1.5-107 NPOTOHOB 32 UMKJI, IPU 3TOM JIBE TPETH IIy4Ka HMEIOT
CpeIHIO Nossipu3anuio okoao 40%.

% TIpu ucnonk3oBanuu B pacueTax MUIIEHH JUIMHON 20 cM 1 MHTEHCHBHOCTH 1-10° MPOTOHOEB 3a UKJI BpEMst
cocraBut 110+120 gacos.
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Bblile, 14%. MOXHO, C HCIIOJIb30BAHMEM UMEIOIIUXCS JaHHBIX, TOCTUYb TOYHOCTh B U3MEPEHHUU
nosispu3anuu B 11%, ecnu cbIpyto aCUMMETPHUIO U3MEPUM C TOYHOCTBIO 5%. OqHAKO MpU 3TOM
BpeMsi Habopa CTaTUCTUKH YBEIMYUTCS B 4 pa3a (TO €CTh COCTaBUT NMPUMEPHO OJHU CYTKH).
AHanoru4HOe BpeMs IOJIYy4aeTCs MPH HCIOJB30BAHUM JIAHHBIX B OOJACTH KYJOH-SJEPHON
HHTEephEpEHITUH.

Baxxno, 4To npu MCMONIB30BAHUU U3BECTHBIX YK€ JAHHBIX TOYHOCTh U3MEPEHUS MOJISPU-
3aIlMM OTpaHWY€HAa TOYHOCTHIO CYIIECTBYIONIMX H3MEpeHHMH. B Takol curyanuum tem OoJjiee
HaIpalIuBaeTCs MPOBECTU aOCOIIOTHOE 3HAYCHHE MOJISIpU3AIMU, TO €CTh M3MEPUTh 3HAUCHUE
aHaNMM3upyromei crmocooHoctn An mpu Tpedyemoi sHeprun. Jjis u3MepeHus aHaIu3upyroIei
CIOCOOHOCTH € TOYHOCTBIO 5% Tpelyercs MeHee CyToK. Takum oOpazom, IpH MHTEHCUBHOCTH
nyuyka 107 mpoTOHOB 3a IUKJI MOKHO JOCTHYb TOYHOCTH MU3MEPEHUS MOJIApU3aALUUA TPOTOHOB 7%
3a HECKOJIBKO CYTOK.

2.3.1.3 Oyenxa e6pemenu Ona usMepeHus NOAAPU3AYUU NYYKA  NOJAPUZ0BAHHBIX
AHMUNPOMOHOB

[TpeumyiiecTBO MCIOJNB30BaHUS YNPYTOoro paccesHus s HU3MEpPEeHUs abCOJIIOTHOrO
3HAUEHUS MOJSIPU3ALMU yYKa 3aKJII0YaeTCsl B TOM, YTO JIAHHBIM METOJ MOXHO HCIOJIb30BaTh
TaKXKe W I M3MEpPEHUs NOJSApU3ALUM IyYyKa aHTUIPOTOHOB, AJS KOTOPBIX HET HUKAKHX
AKCIIEPUMEHTAJIbHBIX JaHHbIX. OlleHKa HE0OXOAUMOro TpeOOBaHMsS JJs MydKa aHTHUIPOTOHOB
npuBegeHa B pabdore [90], ucXods U3 MPENNONOKECHUs, YTO AOCOIIOTHBIC BEIUYUHBI JaHHBIX
3pGEeKTOB i TPOTOHOB M AHTHUIIPOTOHOB JOJDKHBI COBMAAarh. lIpu OIIGHKE BpeMeHHU
UCIIOJIb30BATIMCH JaHHbIe paboThl [91], B COOTBETCTBHU C KOTOPOW YNPYTrUe CEUYCHHS MPOTOH-
IIPOTOHHBIX U AHTUIIPOTOH-TIPOTOHHBIX B3aUMOJICHCTBUI coBHanaroT U paBHbl npu 16 ['3B
do/dt = (3.77+0.16)-102 mb/(I'>B/c)? mpu t = 0.3 (I'>B/c)>.

Jnis u3MepeHusi aHATM3UPYIOMIEH CIIOCOOHOCTH YIPYTOTro paccesHHsl aHTHIIPOTOHOB Ha
IPOTOHAX NpU 3Hepruu my4yka 16 ['3B ¢ ucnonb3oBaHMeM CyleCTBYIOLIEH NOJISPHU30BAaHHON
mumenu (cM. pasaen 3.3) gocratouno 5060 wyacoB. B maHHbIX pacderax Opanach MUHHUMAIbHO
BO3MO’KHasi ”HTEHCUBHOCTD ITy4Ka MOJISIPU30BAaHHBIX aHTUIIPOTOHOB (610 3a MKJT), YTOOBI ITy4OK
IIOJIHOCTBIO [1011a/1aJ1 B allepTypy MOJSIPU30BaHHON MULIeHU. J{J1 HEIOCPEICTBEHHOTO U3MEPEHUS
MOJISIPU3ALUY IyYKa C OTHOCUTEIbHOM TOYHOCTBIO 10% C HMCIOIb30BaHUEM >KHUKOBOJOPOJHOMN
MUIICHH TaKoOro ke pasMmepa HeoOxoammo emie npumepHo 300 wacos. [lpu ucmons3oBaHUU
KHUAKOBOJOPOAHOM mumieHH amuHou 50 cM m guamerpom 10 cM MOXHO HCIIOJIB30BAaTh BCHO
MHTEHCUBHOCTh ITy4Ka IMOJISIPU30BAHHBIX aHTUIIPOTOHOB (mpuMepHO 3.6-10%) Bpemst uzMepeHus
yMeHbInaercs B 15 pa3 u cocrasuseT 20 yacos.

2.3.1.4 Bozmoocnocmu 8bloeneHus ynpy2020 pp-paccesuuisl

Jnss mpoBepKH BO3MOXXHOCTH BBIICJICHHS YNPYTOro PpP-paccesHusi ObBUIO MPOBEICHO
MojienupoBane MetogoM MonTe-Kapno, 4yToObl OLIEHUTH YpOBEHb (POHA U BO3MOKHOCTh
BBIJICJICHUS] CUTHAJIA C UCTIOJIH30BAaHUEM PEeaJIbHOM anmaparypsl U pa3dpoca myJka.

[Tpr MonenupoBaHUM MCIOJIB30BAIMCH MapaMeTphl Myuyka (pa3Mep Mydka Ha MUILIEHH,
YTIJIOBOM pa30poc, MMIYIILCHBINA pa30poc Mydka B COOTBETCTBUU ¢ pa3aeiiom 2.1.4 u Tabn. 2.2 nus
sHeprun 15 I»B. Ilpu 3TOM y4MTBHIBAJIOCH, YTO HUMIIYJIbC ITyYKOBOTO NPOTOHA H3MEPSETCS
¢ TOYHOCTBIO 1% (MMIyIBCHBIN pa3Opoc mydka coctaBisieT 2%). Ha Puc. 2.21 noka3aHsl yrioBbie
pacripeieieHus] IPOTOHOB OTJAauu U PACCesTHUS JUI IBYX 3HEpruil, a Ha Puc. 2.22 — nBymepHbIe
pacrpenieieHust KOOpIUHAT IPOTOHOB B TUIOCKOCTSIX COOTBETCTBYIOIINX JIETEKTOPOB.

Jliss BOCCTaHOBJIEHUSI UCHOJB3YETCsl YCTaHOBKA, IMpejcTaBieHHas Ha Puc. 2.19 (MoxHO
WCITIOJIh30BATh YaCTh YCTAaHOBKH). PacueTsl MpOBOIMIINCH ISl AETEKTOPOB «TPEOEIIKOBOTO» THUTIA
(cMm. xak nmpumep Puc. 2.13) ¢ pasmMepoM CUMHTHIUISILIMOHHOTO 3JIEMEHTa 6 MM (TO €CTh C IIaromMm
2 mm). TpeboBaock momajaHue OOCHX YACTUI[ B JETEKTOP M HAXOIWJIOCh MPOM3BEICHUE
TAHT€HCOB YTJIOB JUISI YaCTHI[ OTAaYd U paccessHus. 1o peKOHCTpyHMpPOBaHHBIM KOOpPIMHATAM
MOCTPOCHBI JIByMEpHbIe pacnpenencuus s ynpyrux (Puc. 2.23) u qudpaxumonnsix (Puc. 2.24)
MIPOILIECCOB.
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Theta for elastic rec proton Theta for elastic scat proton
hai1
hg1
Eniries 10000
Enties 10000
Mean 1417 4500 Mean 0005388

RMS 007869 L Q005417
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Puc. 2.21 YrnoBeie pacipeneneHus IPOTOHOB OTAa4dH (CIeBa)
W paccesiHus crpaBa Juis oHepruii 45 (cunuii) u 16 I'5B

X AVSY scat p AT YvsZ rec. el. p
M ] 300,
3% E Entries 712656 Entries. T12656
E Mean x 0.01795 Mean x 5261
C Mean y 0.004178 Mean y 01255
200 — RMS x 1.79 RMS x 2846
£ RMS y 177 RMS y 156.9
100
3 -
00—
E Y mu Z, MM
p | | | | | I L
0 200 00 o 00 200 300 400 500 &0

Puc. 2.22 Pacnipenesnenue paccessHHbIX IPOTOHOB Ha IIOCKOCTH, TI€ HAXOAUTCS ACTEKTOP
paccesHHBIX IPOTOHOB (CJIeBa), U MPOTOHOB OTAAYU Ha IUIOCKOCTH, TJe HAXOIUTCS ACTEKTOP
oThauu (cmpasa), Ul YIIPYTHX COOBITHI

1g1*g2 dph re

h33
Entries 164612
Mean x 0.0001319
Mean y
RMS x
RMS

“Aql rad®

Puc. 2.23 TIpousBeneHus TAHTCHCOB OT PAa3HUIIBI A3UMYTaJIbHBIX YIJIOB
(TOMBKO IS yIPYTHX MPOLIECCOB € y4eToM pa3smepos aerekropos H3 u HS)

tg1™tg2 dph re

5 2
Ag, rad
Puc. 2.24 To KE, 4YTO M Ha IPEABIAYINEM PUCYHKE, HO TOJBKO JUIA ,IlI/I(i)paK].[I/IOHHBIX IIPOILIECCOB

Hcnonp3yst uHpopManuio 06 3TUX pacrpesesIeHUsIX U BHIOpaB CIIEAYIONNe Ipeenbl s
—-0.2<Ap<0.2 u 0.09 <tgl-tg2 <0.14, momyyaem OLEHKY JIsi OTHOIIEHHS CHUTHaJIAa K (DOHY
S/ (S+B) =0.995. Ha Puc. 2.25 noka3ansl pacupeaeneH st o UMITYJIbCY YaCTHIL ISl OTOOpaHHBIX
COOBITHH.
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Entries
Mean
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Puc. 2.25 PacnipenerneHne 1Mo AMITyITbCY pacCESTHHBIX YaCTHII (CIeBa) U YaCTHII OTAAYH (CIpaBa)
JUIsL ynpyrux (CMHUN) U AM(PPaKIHOHHBIX (KPacHBIH) POIECCOB

2.3.2 Ilonapumempusa Ha 0CHO8E UHKIIO3UBHBIX 3APANHCCHHBIX NUOHOG

M3mepeHne COMHOBBIX aCUMMETPUN B MHKIIIO3UBHBIX IPOLIECCAX B LIMPOKOM CIIEKTpE
sHepruii mpu v/s ot ~5 10 200 I'3B HaxoauI0ch B GOKyCe HENOro psaa IKCIEPUMEHTOB B TCUCHHE
HECKOJIbKUX MOCIEIHUX IeCATUICTU. Borpekn paHHUM peacka3zanusM neprypoatusHoi KX/I,
acuMMeTpusi AN B POXKACHUU 3apsHKEHHBIX IMHOHOB BHEpEN okazanach Oosblio, 10 ~40%, u
OCTaéTcsl TAaKOBOW BO BCEM JUaNa3zoHE NOCTUTHYTBHIX 3HEPruil. ITo MoApoOHO OOCyXKAaercs B
pasznenax 1.2.2 m 5.1.3 u wumoctpupyercs Ha Puc. 1.7, e nmoka3aHa moadopka pe3yinbTaToB
HECKOJIbKUX AKCHEpUMEHTOB. VIMEHHO 3Ty 0COOEHHOCTh OJHOCIIMHOBOM aCUMMETPUHU
npesaraercs ucnoiab3oBaTh B mpoekte CITACHAPM.

[lomo6HOE noBeaeHre An HaOIIOIAIIOCh TaKKe U B TIporeccax Plp—r’X. OxHako abcomroT-
HbIE BEMMYIUHBI AN JUTS MHKITIO3MBHBIX 77 NPEBBIIAIOT 3HaueHus An uist ¢ 6ojiee ueM B JiBa pasa.
Kpome toro, ans suepretmueckoro auamnazona CIIACYAPM ~10+4515B k Hacrosmemy
MOMEHTY MO 3apsKEHHBIM NHOHAM HAKOIUJICHO JAHHBIX OOJIbIIE W JIydlllel TOYHOCTH, YEM IO
HEWTpaabHBIM. BBUIO HalieHo Takxe, 4To acuMMeTpust An B mpomeccax p'A—mX Ha sapax
yrjlepojia TpakTHYeckd He oTiudaerca oT Plp—aX [26], W, kKak MHHUMYM, 10 MeIu
HE MMPOCMATPUBAETCS 3aBUCUMOCTH OT SIJICPHOTO cocTaBa muiienu [92, 93, 94].

Hcxons u3 aToro, npejiaraeTcs UCHOIb30BaTh CYIIECTBYIOUINI pe3yIbTaT JUlsl U3BMEPEHUS
noJiipu3anuy mydka. OnTuManbHbIM PEACTABIIAETCS UCIIONIb30BaTh JaHHbIE dKciepumenTa E925
npu 22 B, Tak Kak pe3ysbTaThl JAHHOTO SKCIEPHMEHTA TIOMydeHbl ¢ HauTydInei TouHocThio ™.
M3mepeHne OJHOCIMHOBBIX aCUMMETpUM, BKIto4Yas AN B WHKJIIO3UBHOM POXKIACHHUU JIETKHX
ME30HOB, SIBJISIeTCSl BaKHeiiie cocrapisionieil ¢usnueckoit nporpammsl CITACHAPM. 3Oto
O3HayaeT, YTO BCe HEOOXOAMMBIE JaHHBIE JJIS MOJIPUMETPUN HAa MHKITIO3UBHBIX MHOHAX MOTYT
ObITh monydeHsl B camoMm crnektpoMerpe CITACUHAPM, u Hukakoe Ipyroe JONOJHUTEIBHOE
obopynoBanue He mnoTpedyercs. [lerexkrop ycranoBku CITACUHAPM mnpencraBnser coOoif
HIIMPOKOANEPTYPHBIA CHEKTPOMETP JUISl 3apsDKEHHBIX W HEUTpaldbHBIX YacTHIl C XOpoLIei

0 Jlpyrum apryMeHTOM SBJISETCS GJIM30CThL SHEPTHH (M BOOOIIE BO3MOKHOCTE POBECTH M3MEPEHUS TIPH ITOM xKe
JHEPIUN).
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uAeHTUQUKAIMEH, UMEIOMUNA 27-aKCeNTaHC MO a3uMyTy, B KMHEMAaTHUYECKOM JMara3oHe IO
nepeyHomy umiyibcy Pr<2.515B/c u 0 <Xr< 1 (merampHOE OmHMCaHWE COCTaBa JETEKTOPOB
CITACYAPM copepskutcs B paszeie 2.5).

[TpuBeneHHbIE HUXKE OLEHKM MOJYYEHbI MMEHHO Ha OCHOBE PE3yJIbTaTOB IKCIIEPHUMEHTA
E925. B Tabmn. 2.7 u Tabn. 2.8 npuBeneHbI OIEHKH JIJIsi CKOPOCTH HAOOpa CTATUCTUKUA U BPEMEH
9KCIIO3UIIUU, HEOOXOAUMBIC IS M3MEPEHHS IMOJIIPU3ANUN MPOTOHHOTO My4YKa C HMITYJIBCOM
22 I'3B/c co cratuctuueckumu ommbkamu AP/P ~4% (AP/P ~ 10% ans P ~ 40%).

WMHTEHCUBHOCTh MOJSPU30BAHHOTO My4yKa B 3THX OIEHKAaX Ipeanojaraiach KOHCepBa-
TUBHO paBHOW 10° MPOTOHOB 3a IUKJI YCKOPUTENS C MHTEPBAJIOM MEXIy HIUKIaMH 9 cex (Ha
MOPSJTOK HUKE PACUETHOW HHTEHCUBHOCTH ). VI3MepeHHbIe 3HaueHHsT AN MHKITIO3UBHOTO POXKICHUS
n*-Me30H0B B p'p (Ta6n. 2.7) u p'C (Tabun. 2.8) cTONKHOBEHMAX B3ATHI U3 paboThl [26]. OneHkn
CEUYCHUI 0 CEaHbI TAKXKE 110 U3MEpeHHsIM [26], HOpMUPOBaHHBIM Ha JIaHHbIC TyOnuKammu [95].

Tabn. 2.7 CxopocTs Ha0Opa CTATUCTHKH U OLEHKH BPEMEHU JJISI H3MEPEHHUS TOJIIPU3AIIH IPOTOHHOTO ITy4JKa
B peakuuu p'p— "X Ha KUIAKOBOAOPOJHON MUILEHH JIMHOM 20 cM. JIpyrue IeTanu B TEKCTE.
IToxa3aHbl TONLKO CTATHCTHYECKHUE OIMOKK 1151 Ay 13 paboTsl [26]*

[MapameTp s peakuuu 0.55<x<0.6 0.6 <xr<0.65 0.65 <xr<0.7
plp—rX {pr) = 0.7 I'sB/c {pr) = 0.7 I'3B/c (pr) = 0.8 I'aB/c

An, % 15.7+1.5 23.7+£2.0 29.1+29
Heobxomumoe ~5.5x10* ~2.5x10* ~1.6x10*
g CI0Nevents
Ceuenue g, ub ~15 ~7 ~4
Nevents/TIAKIT ~12.7 ~6.0 ~3.4
Bpewms u3zmepenuit ~10.8 yac. ~10.4 yac. ~11.8 yac.

Tabu. 2.8 To xe camoe, uto U B Tabi. 2.7, Ho ;s peakiun P'C—x*X Ha MUIIEHH U3 TpaduTa TONIHMHOMN 4 cM.

IToka3aHbl TOJIBKO CTATUCTUYECKUE OMIMOKH 111 An U3 paboThl [26]

[TapameTp st peakiuu 0.55<xr<0.6 0.6 <xr<0.65 0.65 <xr<0.7
p'C—HrX (pr) = 0.7 I'B/c (pr) = 0.7 I'B/cC (pr) = 0.8 I"B/c

An, % 125+ 1.1 22.8+1.5 302+24
Heo6xoanmoe uncio ~8.7x10* ~2.6x10* ~1.5x10*
Nevents
Ceuenue g, ub ~110 ~50 ~30
Nevents/HI/IKJ'I "'48 "'22 "'13
Bpewms usmepenuit ~4.5 uac. ~3 yac. ~3 yac.

TakuM 00pa3oM, OLEHKH CBHJETENbCTBYIOT, YTO 3a HECKOJIBKO YacOB JKCIO3UIMU
MOJISIPU3ALIUS IPOTOHHOTO MyYKa MOXKET ObITh U3MEPEHA CO CTAaTUCTUYECKOM TOUHOCThIO ~3+5%.
N3mepenuss Moryt OBITH BBINOJHEHBl KaK C KPUOT€HHOM >KHMJIKOBOJAOPOJHOW MHIIEHBIO, TaK
u ¢ 6oj1ee MPOCTHIMU B OOPALIEHUH SACPHBIMH MUIIECHSIMHU.

ToyHOCTh MMEIOIIMXCS K HACTOSILIEMY BPEMEHM 3KCIEPUMEHTAJIbHBIX JaHHBIX ISl AN
B UHKJIIO3UBHOM PpOXKJIEHUU 3apsOKEHHBIX IHOHOB BIIOJIHE JOCTAaTOYHA U1 MCIOJIb30BaHUS
B LIEJISIX MPOBEPKH (QYHKIIMOHUPOBAHMS CUCTEMbI MEeUeHMsI. BHE COMHEHMSI, TOUHOCTh 3HaHUS AN
JUI MHKJTIO3UBHBIX TMOHOB OyJIeT yiydllleHa B mpoliecce peanusanuu nporpammsl CITACHAPM.
Cnenyer Takke OTMETHTb, YTO JAaHHBIE HW3MEPEHHS MOXKHO MOATBEPAMTH HU3MEPEHHEM
OJIHOCIIMHOBOM aCHMMETPHUH OTPULIATEIbHBIX THOHOB.

CTOHUT OTMETUTBD, UTO B MOJXO€, OCHOBAHHOM Ha MHKJIFO3UBHBIX MMOHAX, B OKCIIEPUMEHTE
CITACYHAPM mnpakTH4ecKd HET BO3MOXHOCTH BBINOJHUTH HEOOXOJMMBIE JOMOJHUTEIbHBIE
U3MepeHus: acUMMeTpuu AN Ha TOJISIPU30BAaHHOM MPOTOHHON MHIIEHH C TEM, YTOOBI 3aTeM
HCI0JIb30BaTh UX PE3yJbTAThI Ul NOJIPUMETPUH (AHTH ))IPOTOHHOTO ITyYKa TOM K€ Hepruu. [[is
ATOM LIeTM PULIUIOCH OBl CJIeNIaTh U3MEPEHUS Ha MOJIIPU30BaHHON MUILIEHU AJIs1 POKICHUS TMOHOB

4 Omnbka HOPMHPOBKHU MOJISIpU3AlUH ITYyYKa B ob0eunx Ta6nnuax HC BKJIFOYCHA.
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B «3a/IHIOI0» IO OTHOIIEHHUIO K HampaBleHHIO INydka mnosycdepy. Ho B mpoekre ycraHOBKH
CITACYAPM He npeanosnaraeTcss HAIMYME «3aJHET0» CHEKTPOMETpa JUIsl 3apsyKEHHBIX YacTHLL.
JlononHeHue ke €€ TaKUM CIEKTPOMETPOM IMIPEACTaBIseT co00M OYeHb CephE3HYI0 U
JOPOTOCTOSIIYI0 MOAM(PUKALIMIO B IIEIOM BCETO SKCIIEPUMEHTA.

2.3.3 Ionapumempus na ocnoee 3¢pgpexma Ilpumaxosa

Eme onHUM BO3MOXHBIM CIIOCOOOM U3MEPEHHS MOSPU3AIIH ITyYKOB MOXKET ObITh METO/
Ha ocHoBe 3 dekra [Ipumarosa. [Iporecc [Ipumakosa Obu1 BBesieH B 1951 roay B padote [96], rae
BIIEPBBIEC OBLJIO MMOKA3aHO, YTO MIMPHUHA PAIMAllMOHHOTO paciiaja aJ[pOHHOT0 pe30HaHCca CBsI3aHa C
CeueHHeM 00pa30BaHMA 3TOTO PE30HAHCA apOHaMU B KYJIOHOBCKOM IMoJie siapa. B monspumerpe
[IpumakoBa MCHOJB3yETCS AMCCOLMAIMS MPOTOHA B mapy Pz’ B KYJOHOBCKOM IOJIE SEPHOMN
MUIIIEHH ¢ 0OJIBIION BeMMYMHOM 3apsina Z: pZ — pyZ — pr’Z, e y — BUPTyalbHbIH poToH. DTa
peakuus cBsizaHa ¢ GoTopokaeHHEM 7’-Me30HA Ha MPOTOHHON MUIIEHU NMPU HUZKUX SHEPTUIX
(m3mepenHas acummetpus coctaBuia ~90% B obnactu sHepruit 500+800 MaB). Takum o6pazom,
MOJIAPU3ALUI0 MPOTOHHOTO IIyYyKa MOXKHO M3MEpPUTh, HCHOJIb3YS M3BECTHYIO ACUMMETPUIO
HU3KODHEPTETHYHOTO (DOTOPOKICHUS 7-ME30HOB KaK aHAIM3UPYIOLIYIO0 CIOCOOHOCTh PEaKIuH.

Kak Obu10 BriepBble moka3ano [IpumakoBbiM 1 coaBTopamu [97], mimpruHa padaliuOHHOTO
pacriaza agpOHHBIX PE30HAHCOB MOXKET OBITH CBSi3aHA C C€YEHHUEM OOpa30BaHUsS pe30HAHCA TPHU
B3aMMO/ICHICTBUH aIpOHOB B KyJIOHOBCKOM Tmouie saep [98, 99]. O6mas ¢popmyna is 9Toil cBs3u,
BKJIIOYast CIIMHOBBIE HaOIr01aemble, Obuta onrcana Mapronucom u Tomacom [100]. CoBpeMeHHBIH
ananu3 npouecca [IpumakoBa npeacrasien B padore [101].

Korna xoneuHoe cocrostaue Pz’ ABMKETCS TIOYTH BIIEPEJT, TO €CTh C OYSHb MAJIbIM UMITYJIb-
COM, MEpeJaHHbIM OT MPOTOHA SApPY, B pEaKUUUd JOMUHUPYET OJHOPOTOHHBIA OOMEH.
®deifHMaHOBCKAsl qUarpamMmma Juis ~peakiuy’’ BKIIOYAeT aMILTUTYLy “BUPTyalbHbIA POTOH” + P —
7° + P, ¥ 1751 OYEHb MaJIbIX MIepEeIaHHbIX UMITYJIbCOB B Tporiecce [Ipumakosa (ckaxem, [k? = 1073
(I'sB/c)?, rne k — 4-umMiynbc BUPTYaabHOTO (POTOHA) BUPTYAIbHBINA (POTOH HAXOJMTCS TTOYTH HA
MaccoBOM MOBEPXHOCTU. TakuM 00pa3oM, C OYEHb XOPOIIECH TOYHOCTHIO AIIPOKCUMAIIUU MOXKHO
paccMaTpuBaTh AMIUIMUTYAYy C BHPTYaJIbHBIM (OTOHOM Kak (U3UYECKYI0 aMIUTUTYAY IS
HacToAIIEero nporecca Goroodpa3oBaHus, KOTOPBIA W3ydalCs MPU HU3KUX U CPEIHUX IHEPTUIX
[102].

3aMedareNbHOM OCOOEHHOCTBIO JaHHOM peakiuu SBIsSETCS TO, YTO Ja)Xe NpPH OYEHb
BBICOKMX DJHEPrUsX HA4aJbHOTO MPOTOHA JHEPrusi B CILM. Juid peakiuu (poTooOpa3oBaHUs
C BUpPTyalbHbIM (poTOHOM Maia. Takke 3KCIIepHMMEHTAIbHO YCTaHOBJIEHO, YTO aHAJIM3HUPYIOLIast
CMOCOOHOCTh JaHHOW peakiMH MPH 3TUX dHeprusx Benuka u jgocturaet —90% [102].Maes
ucnosib3oBanus pdexrta [IpumakoBa A U3MEpeHUs NOJSAPU3ALUKN MPOTOHHOTO IMy4Ka ObuIa
npeiokena J[pitBom Auaepsyaom [103].

OKcrepUMEeHTallbHbIE BO3MOXKHOCTU IOAXO0Ja OBLIM BIEPBbIE MPOJAEMOHCTPUPOBAHBI
B 1989 r. Bo ®HAJI (CIA), rne Oblma mM3MepeHa aHAJIM3UPYIOUIas CIHOCOOHOCTh PEaKIUU
IIpumakoBa Ha MPOTOHHOM Iyuke ¢ umIyiabcoMm 185 I'3B/C u m3BecTHON mosspuzanuen u ruae
OBLIO TOKa3aHO, YTO OHA COOTBETCTBYET TeopeTHdyeckuM oxkuaanusiM [104]. Ananmusupyromias
criocobnocth T(0) KorepeHTHOro KyjoHoBckoro mporecca —0.57+0.12 (craructuueckas) +0.19
(ommbka HOPMHPOBKM u3-3a (hakTOopa pa3daBiieHHs)) B JUaANa3oHe Macc 7°0 CHUCTEMBI
1.36 +1.56 [3B/c* u 6p =60+120°. Ananusupyromass crnocoOHOCTh (oTooOpazoBaHus 7°,
ycpeaHEHHas 10 TOW ke KHHeMaTHdeckoi ooactu, coctarisier —0.65 + 0.04.

Jnis u3aMepenus nonsipuzanuu Ha agdexre [IpumakoBa miaHupyeTcs UCIOIb30BaTh MPEIy-
3MOHHBII TOHKO CETMEHTHPOBAaHHBIA KAJIOPUMETP THIIA «IIANUIBIKY», BXOAANIMA B COCTaB
HKCIEPUMEHTAIbHOM ycTaHOBKH. J{J1s onpeaeneHns BO3MOXKHOCTH U BpeMEHH M3MepeHus: Oynet
MIPOBE/ICHO JIOTTOJHUTEIHHOE HCCIIeIOBAHUE.
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2.3.4  Pe3tome no usmepenuio noaapu3ayuu nyuKka

[Tpr co3maHuM myuyka MOJIIPU30BAHHBIX (QHTH)IPOTOHOB 3HAHHUE MOJIAPU3ALMHU ITydKa
MO>KHO TOJYYHTh HE TOJBKO HCIOJB3Ys PacyeTbl U CUCTEMY MEUEHUS, HO U IPOBENs AONOIHH-
TeNbHble U3MepeHus. lcnonp3oBaHME YNPYTHUX MPOLECCOB Ul OINpeneleHuss aOCOIHOTHOIO
3HAYEHUs TOJIAPU3AIMHU TT03BOJIET MMPOBOIUTH U3MEPEHUS MOJIIPU3ALNH ITyYKa (aHTH)IIPOTOHOB
Ui 000N sHepruu 4vacTull. IIpoBeleHHbIE pacyeTbl MOKa3bIBAIOT BO3MOXKHOCTb M3MEpPEHUs
TaKOM MOJIIPU3ALUU 33 JOCTaTOYHO MaJIOE BPEMs Il IPOTOHOB (HECKOJIBKO YaCOB) U MIPUMEPHO
3a 200 yacoB g aHTI/IHpOTOHOB42.

Hcnonb30BaHue W3BECTHBIX JAHHBIX MO OJHOCIMHOBOW AaCUMMETPHH  POXKICHHS
3apsDKEHHBIX ITMOHOB IO3BOJISIET U3MEPUTH MOJSIPU3ALMIO ITy4yKa ¢ 3Heprueit 22 I'3B (ucnonbs3ys
M3BECTHBIC MaHHbIC SKcrepuMeHta E925) 3a Heckonbko (5+10) wacos. Jlannas mporemypa
MIO3BOJISIET IPOBECTU «KATUMOPOBKY» CHCTEMBl MEUEHHUS ITyUKa, KOTOpas OyleT peaJbHO MCIOJIb-
30BaThCS JUIs OTIPEIEICHUS TOISIPU3AIHH.

Crnenyer OTMETUTB, YTO MOJIIPUMETP Ha OcHOBe Ipouecca [IpumakoBa (¢ aHanu3upyromei
criocooHocThio B 90%) siBisieTcst, 0€3yCIIOBHO, YHUKAILHBIM PUOOPOM B CPABHEHHU C JIPYTUMH
IUTAHUPYEMBIMH MOJIIPUMETPaMH, B KOTOPBIX aHAJIM3UPYIOLIasi CHIOCOOHOCTh TOPa3/i0 MEHbILIE.

2.4 Cucrema MaruuToB «3Meiika» (spin flipper) nuist noBopora nonsipusanun

Cucrema NMOBOPOTHBIX MAarHUTOB «3MEHKa» JIOJKHA COCTOATH M3 MAarHUTOB, KOTOpbIE
MO3BOJIAT M3MEHUTh OPUEHTALMIO BEKTOpA MOJSAPU3ALMU IYYKOBBIX YacTHUIl (IIPOTOHOB WIIU
AHTUIPOTOHOB) OT OJJTHOTO HANpAaBJIEHUS K IpyroMy. JTa cUCTEMa HE JI0J)KHA BHOCUTh HUKaKUX
IIPOCTPAHCTBEHHBIX WJIM YTJIOBBIX MUCKAXEHUH B ONTHYECKUE MapaMeTphl NMyuka. Bee cmemeHus
U OTKJIOHEHMSI TPAEKTOPUM IydKa JOHKHBI KOMIEHCUPOBATHCS BHYTPU 3TOM CUCTEMbI MarHuTOB.
«3Mmeiika» OyneT pacrnoiaraTbcs BOJIM3M KOHEUHOro (hoKyca KaHasla MOJSIPU30BAHHBIX YaCTHIL
24A, HEenoCPEICTBEHHO MePe]] MUIICHBIO YKCIIEPUMEHTA.

Crnenyer OTMETUTb, YTO B OTJIMYME OT KaHaja MOJIIPU30BAHHBIX IPOTOHOB MU aHTUIIPOTOHOB
B ®epmunade B 80-90-x romax mporwioro Beka (3xcrmepumentsl E581 u E704) B kanane 24A
aHaJIM3 My4yKa [0 UMIYJbCY OyAET BECTHCh B TOPU3OHTAIBHOM IJIOCKOCTH, a MO MOJSPU3ALUU —
B BEPTUKAJIBHOM IUIOCKOCTH. Marpuna nepenadyd €IMHWYHAsT W B TOPU30HTAJIbHOM, U B
BEPTUKAIbHOMN TUIOCKOCTH.

Cuctema «3meiika» kanaiia 24A OyAeT UCTIONB30BaThCs IS IBYX II€JICH:

1) mepuoAMYECKOro M3MEHEHHs HANpPaBJICHHsS BEKTOpa MOJSIPU3AIMHU IyYyKa Ha MPOTHUBO-

I0JIOXKHOE HalpaBJIeHHE JUIsl yMEHBIIEHUS CUCTEMaTUUECKUX OLUIMOOK SKCIIEPUMEHTa U

2) TMOBOpOTa HANpABICHUs CIOMHA OT BepTHKajdbHOTrO (HampasieHue N), kotopoe Oyner

OIPECISITECS CTAHIIUEH MEYEHUs], K MPOJ0IbHOMY (HampasieHue L), 4To HeoOXoaumo

JUI Pa3INYHbIX SKCIIEPUMEHTOB.

[Tpennonaraercs paboTtath Ha KaHane 24A ¢ sHeprusiMu nyuka B quanazoHe 10+45IB.
Eciu mons B MarHurax «3Medku» OyAyT MNEpHeHAUKYJISPHbI K HaIlpaBJIEHUIO Iy4yKa, TO
MIPEUMYIIECTBOM TAaKOM CUCTEMBI OYyJET TO, UTO JJIsi IaHHOTO YIJIa MPEIecCuy CIIMHA BEeIMYUHA
I10JIs1 [TOYTH HE 3aBUCUT OT UMITYJIbCa YACTHIIbI B HAIlIEM JHAra30He YHEPrUil MydKa.
Huxe cymmupoBaHb! TpeOOBaHHS K CUCTEME IIOBOPOTA CIIMHA.

— Ilpenmnonaraercs, 4To Ha BXOAE B «3MEHKYy» IIyYOK COCTOMT U3 TpeX 4acTeu:
¢ noysipuzarmeii P(+), P(0) u P(—) (B ckoOkax yka3aHbl HAalpaBJCHUS MOJISIPH3ANUN BBEPX 1O
BEPTUKAJIH, YCIOBHO HyJIeBas MOJSIPU3AIU U BHU3 IO BEPTUKAIM COOTBETCTBEHHO). Heobxo1mmo
OCYILIECTBUTh IMOBOPOT nosisipu3anui Ha 180° Bokpyr ocu myuka. HasoBem 310 peBepcom
MOJISIPU3ALUH.

42300 4acoB ¢ y4eTOM BpEMEHH, HEOOXOIMMOTO JIJIsi U3MEPEHHUS AHATU3UPYIONIEH CTIOCOOHOCTH.
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— Ilonepeunyto Ha BXOJE MOJSPHU3ALMUIO CAENIATh HA BBIXOAE «3MEHKH» MPOI0JIBHOM,
HaIpaBJIEHHOHN B OJIHOM CIIy4ae BJ0JIb, B IPYTOM — IPOTUB HANPABJICHUS UMITYJIbCA ITyUKa.

— Ilpn »sTuUX omepauusx napaMeTpbl mydyka (pa3Mmepbl, YIJIOBbIE PAacXOAUMOCTH,
MIOJIOKEHHUE OCH U T.J1.) HE JIOJDKHBI MEHATHCS: OMYCKU Ha U3MEHEHHs MOTyT ObITh HXE 10%.

— Jenonspusyomuii 3¢phexT oT «3MEeHKN» Ha BBIXOJIE T0JKEH ObITh Hike 10%.

— Bpewms peBepca MarHUTHOTO MOJISI «3MEUKU» HE JI0JKHO IPUBOJIUTH K TOTEPE BPEMEHHU
Ha nyuke Bbiue 10%. Hanpumep, ecam Mbl coBepliaeM peBepc MOJSPU3ALMM KaXKIbIH 4yac, TO
peBepc MoJisd JOJKEH 3aBEPIIUTHCS MEHBIIE YeM 3a 6 MUHYT.

— Ha skcniepuMeHTaIbHyI0 YCTAaHOBKY B OHJIAIH-peXHUMe JI0JDKHA OCTynaTh HHpopMa-
LM O COCTOSIHUU «3MEUKW» B IAHHBIII MOMEHT B CEaHCE.

— «3MeliKka» I0JKHA Pa3MECTUThCS Ha KaHajle Ha JuliHe He 0oJiee BOCbMH METPOB.

— TpeboBanust kK BHyTPEHHUM pa3MepaM OIPEACIISIIOTCS pa3MEPOM ITyUyKa Ha BBIXOJE U3
nocieAHe JTuH3bI (repel «3MEHKOoi»), KOTOpble COBHAAAIOT ISl aHTUIIPOTOHOB C SHEPruei
14 B u nporonoB ¢ sueprueit 40 I'3B (makcumanpabiii 3axBaT) — 120 MM 1O TOpU30OHTANIH
1 160 MM 110 BEpTHKAIN IO OCHOBAHUIO.

2.4.1 Ilpoexm cucmemvl nogopoma cnuna onsa Kanana 24

[TpoekT cuctembl MOBOPOTa CIMHA Ui KaHaia 24 noarotosieH rpynnoit USA® CO PAH
nox pykoBojactBoM lO. M. IllatynoBa. OcHOBHblE HAE€M U MapaMeTpbl JAHHOM CHUCTEMBbI
npezcrasieHbl B padote [105]. Kak yka3aHo B TpeOOBaHMSAX K CUCTEME ITOBOPOTA CIIMHA, 331a4a
CIMH-(IIUIIIEpa — YMETh HE TOJIbKO IEPEeBOpauYrBaTh CIIMH HYKJIOHA Ha NPOTUBOIOJIOXKHBIHN, HO
TaK)Ke MEHATh TOIEPEYHYIO MOJISIPU3ALMI0 HA TPOAoJbHYI0. OOmuil Meron s MmoJo0HBIX
CHCTEM, OCHOBaHHbII Ha HMCIIOJIb30BAaHUM T'€JIMKOUIATBbHBIX MAarHUTOB, ObLT YCIIEHIHO PUMEHEH
Ha yckoputene RHIC [106].

[Tpocreiinias 3mMeiika COCTOUT U3 IBYX I'eIMKOMJAIBHBIX MAarHUTOB C IPOTUBOIOIO0KHBIM
HaIpaBJICHUEM BpAIIEHHS U YeThIPEX KOPpeKTUpyrommx MarautoB. Ha Puc. 2.26 moka3an nmpoekT
OOMOTKH T'€JIMKOUATIbHOIO MarHUTa.

00MOTKA MATHHTA

A

50

Puc. 2.26 IIpoekT nu3aitHa sipMa 1 OOMOTKH OJHOTO TeITMKOUIATFHOTO MarHUTA
(Ha MTaHHOM PHCYHKE OCh Z COOTBETCTBYET BEPTUKAILHOMY HAMPaBICHHIO)

MarsuTHO€E 1oJIe IBYX I'eJIMKOMJAIBHBIX MarHUTOB M ONTHUMAaJIbHAsl TPACKTOPHS YaCTHI]
npeacrasieHsl Ha Puc. 2.27. Jlnsg KOppeKIMH TPAaeKTOPUHM YacTUL[ HEOOXOIUMO HCHOJIb30BATh
KOPPEKTHPYIOIINE MarHUThl (OTMEYEHBI IPSMOYTOJIbHUKaMu Ha Puc. 2.27). Yka3zaHHasi TpaeKTo-
pus IOKa3aHa Il €AMHUYHOU MATPULIBI CUCTEMBI.
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Puc. 2.27 MarautHoe T0JIe ABYX TeIMKOUJATFHBIX MAarHUTOB
U TPACKTOPUS YACTHIl BHYTPH 3MEUKHU MPU CTUHUYHONU MAaTPHIIC

PacueTpl mOKa3bIBaOT, YTO KaKk MUHUMYM 97% moysipu3anuy COXPaHSETCS JUISl BCEX
KOMIIOHEHT.

Ha Puc. 2.28 noka3aHbl CHIMHOBBIE TPASKTOPHH IS BEPTHKAILHOW U MPOAOIBHON KOMIIO-
HEHT.

OO0m1me CBOMCTBA CUCTEMBI:

— TeJAKOUJANBHBIA MarHUT: MaKCHUMAaJIbHOE 110a€e Bmax = 47 xI'c, mmuna A = 2.5 Mm;

— KOPPEKTHUPYIOIIKE AUIOJIbHbIe MarHuThl; aauHa | = 30 cm, mone B = 23 kI'c.

OO0mias ayMHa CUCTEMBl — 6.5 M, CIUHOBAs MTpo3pavdHocTs — 97%.

'D

Spin

Puc. 2.28 CrinHOBBIE TPACKTOPUH IS TIOTIEPEYHOM (CBEpXY) U MPOMOIBHO#M (CHU3Y) MOJSIPU3AIil

OkoHuaTtenpHas pa3paboTKa ONTHYECKON CHUCTEMBI MOXKeT ObITh BhimosiHeHa B UAD CO
PAH (r. HoBocubupck), nzrorosnenne — B HUILL «KypuaroBckuii uncturyr» — UOBD unu B
OUAU (Hybna).
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2.5 Pa3melmenue 3kciepuMeHTAJBHOM YCTAHOBKH Ha KaHaJie 24

OkcnepumenTanbHas ycraHoBka CITACHAPM Oyner pacnonaraThest B KOHIIE KaHana 24
(cm. Puc. 2.1), mpu 5TOM JyIMHAa KaHaja BBIOpaHA TakKUM 00pa3oM, YTOOBI YCTaHOBKA
pacrionarajach yke€ B IIHPOKOH YacTW Tajeper YCKOPUTEIBHOI'O KOMILIEKCA, YTO ITO3BOJIUT
o0ecnieunTh HEOOXOAMMOE TMPOCTPAHCTBO MJsi pa3MelleHus (MepeMelieHHs) YCTaHOBKH U
BO3MOYKHOCTh €€ IIepEMEILICHHS.

Pa3paboTransl yepTexu pa3MelIeHHs] YCTAaHOBKH, KOTOPbIE NMPeAyCMaTPUBAIOT:

— pa3MeleHue COOCTBEHHO YCTaHOBKU M CUOMPCKON 3MEHKH B IIIMPOKOM YacTH Tajepeu;

— pa3MelieHue JBYX SKCIEPHUMEHTAIbHBIX JOMHUKOB JJISi pa3MelleHHs] CUCTeMbl cOopa
JAHHBIX ¥ BBICOKOBOJIbTHOM 2JIEKTPOHUKH, a TAKXKe I KOMIIBIOTEPOB cOOpa U aHalln3a IaHHBIX,
TaM ke OYIyT pacroiaraThCsi paboune MecTa OrmepaTopoB;

—  TIOMEMICHUS JJIs1 KPUOTEHHBIX CHUCTEM O0ECIEUEeHHUsI YCTAaHOBKH KHJIKUMHU a30TOM U
reaueM (HeoOXoauM JUisi GYHKIIMOHUPOBAHMSI MOJSIPU30BAHHON MHILIEHU M CHCTEMBbI BpaLCHUS
CIIMHA);

— mnomenieHus (TIaTGOPMBI) IS pa3MEIIEHUs] CUCTEMBI 00eCIIEUeHHUs Ta30M TPEKOBBIX
JETEKTOPOB YCTAaHOBKH.

Pa3memenue ycranoBky noka3ano Ha Puc. 2.29.

HemnocpencTBeHHO AKCIIEpUMEHTANIbHASL YCTAHOBKA Oy/I€T pa3MelnieHa Ha CYIIECTBYIOIIUX
JBYXYPOBHEBBIX MOJaX MIMPOKOW YacTH rajieper. J[JimHa yCTaHOBKH OT CTEHBI rajiepeu 10 3aTHETO
(bpoHTa MOTIOTUTENS My4yKa cocTaBiseT 37,5 meTpoB — 12,5 MeTpoB A0 LeHTpa MHUIIEHH U 25
MeTpoB, cobcTBeHHO, cama yctaHoBka CIIACYUAPM, mmpuHa 30HBI ycTaHOBKH Oonee 10 wm.
[IpeaycmoTpeHsl 30HbI (BbIIEIEHBI TPEYTOIBHOM IITPUXOBKOM) 711 pa3MEIIEeHUs JETEKTOPOB JIJIst
MOJIAPUMETPUU U U3YyUEHUS YIIPYTOro paccesiHusl.

Pa3merienne CrieKTpoMeTpUIecKOro MaruuTa (P(MKCHPOBAHO M ONPEACISAETCS CTPYKTYPO
nmosa B 30He raieped. OcranbHbIE AETEKTOPHl MOTYT MPH HEOOXOAMMOCTH CMEHIAThCS I10
HarpaBJieHU0 Tydka. KoMIuiekc mosisipu30BaHHOM MUIIIEHU MOYKET CMEIAThCS IEPIICHANKYISIPHO
HaIpPaBIICHUIO MTyYKa, €CJIH B YCTAHOBKE MCIIOJIB3YIOTCS BOJOPOIHAS WIH SCPHbIC MUILICHH.

Kpuorennoe u razoBoe o0OpyaoBaHue OyACT pacroyiaraTbCsi Ha TOM K€ YPOBHE, U4TO U
JKCIIEPUMEHTAIbHOE 000pyAOBaHNE.

JlomMuku 11l pa3MeIIeHUs YIEKTPOHUKH CUCTEMBI cOOpa JJaHHBIX, KOMITBIOTEPOB U MECTa
pa3MelieHus CIy>keOHOTO TepCcoHalla PacloiaraloTcs Ha BTOPOM dTaXke, Ha OJHOM YpPOBHE C
CYIIIECTBYIOIIMMH TEPEXOIaMH B Tajiepee.

Pa3zpaboTanHas cxeMa pa3sMelleHMs annaparypsl He TpeOyeT CyIEeCTBEHHOH MepenenKu
CYLIECTBYIOIIEl B JaHHOM MecTe HHQpacTpykTypbl Y-70 M He MeEIAlT MpPOBEICHHIO
HCCIEA0BAHUH B APYIUX YKCIIEPUMEHTAIBHBIX 30HAX.

bnaronaps 6eToHHOM 3amuTe, (JOH OT KaHaAJIa YaCTHUL], PACIOI0KEHHOTO PsI0M, HEBBICOK
U HE MEIIaeT NPOBEACHHMIO HKCIEpPUMEHTa (pacueThl BBIMOJHAIUCH B OThenax MyYyKOB H
pagnannonHsIx uccnenosanuii HULL «Kypuarosckuii uactutyT - UOBO.
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3 OkcnepuMenTajbHasa ycranHoBka CIIACUAPM

st uccrnenoBanusi COUHOBBIX A3((EKTOB B POXKISHUU 4YapMOHUS Ha KaHane 24
AKCIICPUMEHTAJIbHAsI YCTAaHOBKA JOJDKHA OOECIIeYUTh BBINTOJIHEHHE HEOOXOIMMBIX OCHOBHBIX
TpeOOBaHMI, HCXO/IS N3 KOTOPBIX OIMPENEISAETCSI COCTaB 000Dy IOBAHHUS:

— Perucrpanus BTopuuHBIX 3apsOKEHHBIX YacTull B auarnazone ot 500 MsB mo 50 I'»B
B 0OJIBIIIOM TEJIECHOM YTJIE U B MTOJTHOM a3UMYTAJILHOM YTJIE.

— Perucrpanus ramma-kBanToB B auanazone ot 200 MaB no 40 3B (¢ BO3MOXHOCTBIO
MEPECTPONKH SHEPTeTUYECKON MIKAIbl NPH HEOOXOIMMOCTH) B OOJIBIIOM TEIECHOM YTJIe
Y B ITIOJITHOM a3UMYTaJIbHOM YTJI€.

— MW nentudukanus 3apsoKeHHBIX 9acTll B quanazone 1+20 I2B.

— Bo03MOXXHOCTh perucTpanuu pacnajgoB BTOPUYHBIX YaCTHII, BKJIIOYAst TUTICPOHBI.

— Bricokoe kKoopIMHATHOE pa3pelleHne MyYKOBBIX YacTHI], MPEXKIE BCETro AJIA UCCIEH0-
BaHMsI YIIPYTHUX IIPOIIECCOB.

— MWmnynecHoe paspemenne Ha ypoBHe 0.4% npu 10 ['3B/c.

— DHepreTuyecKoe pa3peiieHue IEKTPOMarHuTHOTO KajJopuMeTpa 3%/E.

[lpuHunnuanpHas cxemMa yCTaHOBKM mpuBeneHa Ha Puc. 3.1. DxcrnepuMmeHTanbHas
YCTaHOBKA COCTOMT M3 CJICAYIOIINX OCHOBHBIX Y3JIOB:

— IlyukoBas ammaparypa, MO3BOJISIFOINAsl perucTpupoBath a0 107 wactui 3a cOpoc
YCKOPHUTENS, Uil ONpPEACICHUS KOOPAWHAT W TUIOB My4KOBbIX yactuil (Ha Puc. 3.1 He
MoKa3aHa).

— JXuzakxoBonoponHas (oKa3aHa Ha PUCYHKE), OJISPU30BAHHAS U AJEPHbIE MULLICHHU.

— CrnekTpoMeTp 3apsDKEHHBIX YacTHIl, COCTOSLIMKA M3 CHEKTPOMETPHYECKOrO MarHuTa
M31, nerekropoB GEM, nponopimonansubix (PC) u apeiidossix (DT u DC) kamep.

— Cucrema wuneHTH(QUKAIMKM COpPTa YaCTHI, COCTOSINAs M3 JETEKTOpa KOJIell
yepenkoBckoro m3nydenus: (RICH), mroonnoro nerextopa (MuonDet) u BpeMsIposieTHBIX
nerekropoB (TOF); mocnemHue Takke MOTYT HCIIOJB30BAaThCsl B KauyecTBE JETEKTOpa
MHO>KECTBEHHOCTH.

— DnexrpomarautHbiii (ECAL) u anponnsiii (HCAL) kamopuMeTpsl.

Crnenyer ormeTuTh, uTO Ha Puc. 3.1 mpuBeneH MakCHMaNbHBIM HaOOp 00OpYHOBaHUS,
KOTOPBIH OyeT CIOJIb30BaThCs MPU UCCIIET0BAaHUU OJHOCIIMHOBBIX aCUMMETPUINA U MOJIpU3ALIUT
rUIepoHoB. B aToM ciyyae He TpeOyeTcs BBICOKOTO MMITYJIbCHOTO Pa3pelieHus, HO HE00X0AUMO
HaXOJUTh BEPIIMHY paclaja TUIEPOHOB. YKa3aHHBbIE PACCTOSHUS COOTBETCTBYIOT paboTe ¢
KHUJIKOBOJOPOIHOM WM S/IE€pHBIMU MUILIEHSMU. [Ipy MCOIb30BaHUM MTOJIIPU30BAHHBIX MUILIEHEH
paccTosiHUE OT LIEHTpa MUILEHH JI0 TIEPBOTo JAeTeKTopa OyAeT COCTaBIATh Mo KpaitHe Mepe 70 cm
u3-3a NPUCYTCTBUS MarHuTa IMOJIIPU30BAaHHOW MHUILEHH, IOITOMY KOJIMYECTBO TPEKOBBIX
JNETEKTOPOB TaKXKe NPUACTCA COKpaTUTh. [Ipn mccienoBaHMM OJHOCIIMHOBBIX aCUMMETPUIN Ha
MepBOM JTare Ha KaHajie 14 TpeOoBaHUS K anmnapaType CyLIECTBEHHO HUXKE.

[Tpy wm3MepeHHMH 4YapMOHHMSI MHOTHE JAETEKTOpbl OyAyT YyOpaHbl, YTOOBI YMEHBIIUTh
KOJIMYECTBO BEIIECTBA U, TEM CaMbIM, YIYUIIUTh UMITYJIbCHOE pa3pelieHHE.

Jlanee TmpuBeIEHBI XapaKTEPUCTUKU OCHOBHBIX JETEKTOPOB JKCIEPHMEHTAIbHON
ycranoBku CITACYHAPM.
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MD  HCAL ECAL  Df5 DT&4 DC2 DT3 D72 D72 D11 DT TGT

TOF3/ RICH T0F2 / MS GEM2 / /PC2 GEM1
0C1-X PG/ PO, TOF1

Puc. 3.1 Cxema skcniepumenTanbHoi ycraHoBku CITACHAPM:

TGT — mokasaHa XUAKOBOAOPOIHAS MHUIIIEHb SKCIIEPUMEHTA;

GEM1-2 — nerexrops! Ha ocHOBe ["azoBoro DnekrponHoro Ycunenus (I'DY wiu GEM);
TOF1-3 — ro1ocKoIBl BPeMsI-IIPOJICTHOU CUCTEMBI;

DT0-5 — craniuu Ha OCHOBE TOHKOCTEHHBIX Ipel(POBBIX TPYOOK;

PC1-3 — nponoprmonanbHbie Kamepsl [TUAD-UTOO;

DC1-2 — npeiidosie kameps! [TUAD-UTOD;

RICH —nerekTop KoJiel YepeHKOBCKOTO H3JTY9ICHHUS,

ECAL — snexkrpomaruutHsiit kanopumerp, HCAL — anpoHHBII Kaopumerp;

MuD — MIOOHHBII IETEKTOP.

Paccrosnue o ocu Z (1'[0 HaITpaBJICHUIO r[yqKa) MIOKa3aHO B MCTPax OTHOCUTCIILHO LICHTPAa MUIIICHH.



3.1 JKCNEepUMEHTAJIBbHASI YCTAHOBKA NPHU padoTe HA KaHaJse 14

Ha nepBom 3Tane ucciaeoBaHUN SKCIIEpUMEHTaIbHAs YCTAHOBKA BBOAUTCS C OTPaHUYEH-
HBIM KOJIMUECTBOM JieTeKTopoB. Ha Puc. 3.2 npuBeneHna cxema sKCriepuMEHTAbHON YCTAHOBKH Ha
2021 rox (B0 BpeMsi KOMIUIEKCHOTO 3aIlyCKa M IIEPBOT0 ceaHca M0 HabOopy 3KCIEPUMEHTAIbHbIX
naHHBIX oTcyTcTBOBasia ctanuus DTSO u3 Tonkux, nuamerpom 15 MM, npeiioBbIX TPyOOK).

Spectrometer Magnet
ECAL
H1\2 HD Target Magnet \
/ \ BK
S3 PT PV\VC1-3
N
// -
\ DTS4-5

DTS0-1 DTs3

Puc. 3.2 Cxema ycranoBku CITACUAPM, netekropsl moka3aHsl He B MaciuTabe
(metextopsl DTS0-1 cootBeTcTBYIOT netekropam DT1-2 npu pabote Ha kaHaie 24)

CucremMa My4YKOBBIX JETEKTOPOB, PACHOIOKEHHBIX MO ocu mydka (BEAM), Bkirouaer
cuuHTHUIMOHHbIe (S1-S3) u moporoBeie yepenkoBckue cyerunku (C1-C3, nBa mepBbIX
YEPEHKOBCKHX CYETYMKA PACIIONOKEHBI paHee Ha IMy4YKe W HE IOKa3aHbl Ha CXEMeE), a TaKKe
cuMHTHUIAIMOHHBIe Togockonbl (H12, H2). K myukoBoii ammapaType TakKe MOXXKHO OTHECTH
cuetunk anTucoBnanenui (BK) u koppekrupyromue marautsl ycranoBku (KM1,KM2).

CreKTpoMeTp YCTaHOBKH B TEKYIIEH KOHPUTYpaLlUU COCTOUT U3 57 MIIOCKOCTEN TPEKOBBIX
JETEKTOPOB M HIMPOKOANEPTYPHOTO MAarHUTa; YCTAaHOBKA B IEPBYIO OYEpEAb paccuuTaHa Ha
perucTpalmio 3apsHKEeHHBIX 4YacTHll. BO3MOXXHO [OMOJHEHHWE YCTAaHOBKM €IIE LIECThIO
IJIOCKOCTSIMH.

Peructpanuss ramMma-KBaHTOB M 3JIEKTPOHOB OCYIIECTBISIETCS 3JIEKTPOMAarHUTHBIM
KaJIOPUMETPOM Ha OCHOBE CBHHIIOBOTO CTEKJIA.

OCHOBHBIM 3JIEMEHTOM YCTaHOBKM SIBJIIETCS KOMIUIEKC MPOTOHHOW MOJSPU30BaAaHHON
«3aMopoykeHHO» Mumienn (PT), BKIIOYAIONIMIA MaTHUT ¢ HEOHOPOAHOCTHIO 1o 107, MuIeHs
OKpY’K€Ha OXpaHHOW CUCTEMOM Jisl 0/IaBJIE€HUSI (POHOBBIX ITPOLIECCOB.

B 3710i1 cxeme oTcyTCTBYIOT TpekoBble AeTekTophl Tuna GEM, cuctema naeHtudukanuy,
cocrosiias u3 BpemsnponeTHbix aerekropoB TOF, nerexropa uepenkoBckoro usnyuenus RICH
Y MIOOHHOTO JIETEKTOpa, a TAKXKe alpOHHBIN Kanopumerp u apeiossie cranimu UTID-TITUAD.

3.2 IIyukoBasi annaparypa

[TyukoBas ammaparypa MpeacTaBisieT co0oi HaboOp AETEKTOPOB 3apsKEHHBIX YacCTHII,
PAacIoyIOKEHHBIX 110 OCH ITyYKa B 30HE KaHala JI0 MUIIEHU YCTAaHOBKH, a TAK)Ke CUETUMK YACTHIL,
KOTOpBIE HE MPOB3aMMO/IEHCTBOBANIN C BEILIECTBOM MUIIIEHHU, PACTIOIO0KEHHBIN 10 OCH ITy4Ka IOCIe
BCEX TPEKOBBIX JETEKTOPOB ycTaHOBKH. OHa mMpepHa3HadyeHa Kak Ui BhIPAOOTKH MEPBUYHOTO
TPUITEPA, TaK U JJIS ONpPE/IEICHNs] TUIIAa YaCTULIBI U €€ KOOpAMHATHl Ha MUIIEHU YCTaHOBKU IpHU
00paboTKe TaHHBIX.
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B kauectBe AeTEKTOPOB, BBIPAOATHIBAIOUIMX TPUITEP, MOTYT OBITH HCIOJIB30BAHBI KaK
OTJIeNbHbIE CUMHTUUIALMOHHBIE CUETYMKH, NEPEKPHIBAIOIIME IOJHYIO anepTypy Iydka, TaK
Y TOJOCKOIIbI CHCTEMbI MEUEHHUSI MOJISIPU3ALIMY ITyYKa, ONMCAaHHBIE B pa3aene 2.2.2.

B ciywae wucnonb30BaHMS IMyYKOBBIX CYETYMKOB JOJDKEH TPUMEHSATHCS OBICTPBIi
cuuaTIILIATOp (Hampumep, Pilot U) ¢ ¢pontom BeicBeunmBanusi menee 0.5 Hc. B kauectBe
(OTOANEKTPOHHBIX YMHOKHUTEICH I 3TUX CUETYHKOB HcHob3ytoTes @OV XP2020, umeronuit
nepenHuil QpoHT HapactaHusi ummnynbca < 0.5 HC npu oOmel ATUTENBHOCTH UMITYJbCA I10
OCHOBaHHIO MeHee 5 He. OmbIT paboThl Ha KaHane 14 moaTBEp’ AaeT BHICOKYIO 3((EeKTUBHOCTh
BBIPa0OTKM CUTHAJIa COBMAJICHUHN B TEJECKONe U3 TPEX CUETUYUKOB: IpU 3arpys3ke mydykom B 2-10°
YacTUIl B CEKYHJly YMCJIO CIy4yalHbIX coBHaAeHUN He npeBblaeT 3%. CUETYMK HENpOB3auMO-
NCICTBOBABIIMX YAaCcTUIl BKJIOYAETCS B  AHTHCOBMNAJAEHUS JUIsl  BBUICTICHUS  COOBITHIl
C B3aMMO/ICHCTBHEM TyYKa B MHILICHH.

Kpome cucrempl MeueHUs 4YacTWl, BO BTOPOM uacTH KaHama 24 mnpeanosaraercs
pa3MecTuTh JBa IOPOTOBBIX JETEKTOpAa YEPEHKOBCKOTO H3IYUYEHHs, KOTOpBIE MO3BOJSIOT
UACHTUQUIUPOBATh 4YacTUlbl 7- U K-mMe30HBI U (aHTH)IIPOTOHBI B JHAINa30HE HMITYJIHCOB
10+45I»B/c. B cnyuyae mpoToHHOro myd4ka ¢ ummyinbcoMm 40+4515B/C ot cuerunku Oyny
paboTaTh Ha BO3AyXe MpU aTMOc(hepHOM JaBICHUH, TOTJa KaK [ My4yKa ¢ uMitysibeoMm 15 BB/
(aHTHIIPOTOHBI M TIPOTOHBI) MpeAnonaraercss ucnoiab3oBath ¢ppeon R-22 (CHCIF:) Takke npu
aTMoc(hepHOM JaBJICHUU.

[Ipu pabore ¢ mMyykoM OTpUIATENBHO 3apshkeHHbIX yactul (7 /K /p :97.9/1.8/0.3%) Ha
CYIIECTBYIOIIEH YCTAaHOBKE UCTIOIB3YIOTCS TP MOPOTOBBIX IE€TEKTOPA YEPEHKOBCKOTO U3TyUEHHUSI.
JlBa mepBBIX CUETUMKA OTKadaHbl 0 AaBieHus 0,6 atM., a TpeTuil paboraeT npu arMmochepHOM
JaBiieHUu. WX IuHBI, COOTBETCTBEHHO, paBHBI 5 M, 3,5 M u 4,5 M. UepeHKOBCKUI CBeT
peructpupyercst ¢doroymHoxutersimu  S6DUVP, curHaibl ¢ KOTOpOTrO TIOCHE  YCHUIICHHS
MOCTYNAlOT Ha JUCKPHUMHMHATOPHI U 3alUCHIBAIOTCS CUCTeMOW cOopa maHHbIX. [Ipu anammze
TAHHBIX PAaCCMAaTPHUBAIOTCS TPH KOMOWHAIIUHM COBIIAJICHHUI/aHTHCOBIAJICHUI CUTHAIOB C ITHUX
CYETYMKOB:

e cpaboTanu Bce TpU CUETUUKA - T ME30H;
e He cpaboTan HU OJUH U3 CYETUUKOB — AHTUIIPOTOH;
e cpaboTay TONBKO TpeThii cu€Tunk - K- Me30H.

Jns  ompeneneHuss KOOpJAMHAT YacTMIBI HAa MMIIEHM Ha KaHaine 24 mpeJuiaraercs
HCIIOJIb30BaTh YETHIPE JIBYXKOOPAWHATHBIE CTAHIMU MpOonopuuoHanbHeIX Kamep UTOD-TTUAD
[107] c pa3smepamu uyBcTBHTENBHOM 0OmacTu 200x200 MM? M IIAarOM CHTHAIBHBIX MPOBOJIOYEK
1 MM, HanmexkHO pabdoraromue ¢ 3PPeKTUBHOCTRIO BhIe 99% mpu 3arpy3kax g0 4-10° gactwi B
cexkynny. Kaxnpiii mogyns kamep (Puc. 3.3) Brimrodaer B ceOsl JIB€ IMIOCKOCTH CHUTHAJIbHBIX
npoBosiouek (3w 6), HATIHYTBIX BO B3aMMHO-TICPICHAMKYJSPHBIX  HANPABICHUSAX VIS
OIpeJIesIeHUs] OJHOBPEMEHHO JBYX KOOpPAMHAT.

H H
.
2] 4
5 7
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6

Puc. 3.3 YcTpoiicTBO IBYXKOOPIMHATHBIX MPOMOPIHOHAIBHBIX KaMep ¢ marom 1 Mm
(ue B macmTabe):

3, 6 — IUTOCKOCTH CHTHAIIBHBIX TPOBOJIOYCK,

2,4,5, 7T — BBICOKOBOJIbTHEIC JIEKTPOJIEI,

1, 8 — maiiapoBbIe OKHA, OTPAHIMYUBAIOIINE TA30BBIH 00BEM.
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Huametp npoBosioyek 15 MkM. BBICOKOBOJIBTHBIE 3JEKTPOBI 2, 4, S ¥ 7 BBINIOJIHEHBI U3
XoJNoAgHOKaTaHoi ¢oneru u3 cruaBa Ab2 tommmuoi 40 MKM. 3a30p MeXAy CUTHAIbHON
IUIOCKOCTBIO M BBICOKOBOJBTHBIMU 3JIEKTPOJaMH cocTaBisieT 3 MM. Bpicokoe HampsbkeHue
MTO/IaeTCsl Ha KaTOIHBIE IIOCKOCTH HE3aBUCUMO ISl KQXKIOH MOJIOBUHKH KaMepbl. ['a30BbIi 00beM
KaMepbl — OOIIUA 111 00€UX MOJOBUHOK M OIPaHUYEH MaiIapOBBIMU OKHaMH | u 8 TONIIMHON
50 mxM. TlpomyB kamep OCYyIIECTBISETCS Ta30BOM cMechro, cocrosmiern u3 74.85% Ar, 25%
nuzobyrana, 0.15% CF3Br. CymmapHblii Ta30BbI 00b€M MPOMOPLHOHAIBHBIX KaMep YCTaHOBKH
HEBEIMK M coctaBisieT okoio 10, Tak uyto mpu pacxone razoBoit cmecu 0.2 J/MHH Bpems
MOATOTOBKU KaMmep K pabote cocraniseT 8+10 yacoB, a onHoro 6amiona Haubosee pacxoayeMoro
raza — aprona — xBaraet Ha 30 CyTOK HEMPEPBIBHOTO MOJIEPKAHUS YKA3aHHOTO PEXUMA.

s perucTpalMu CUTHAJOB cpabaThbIBaHUS MPOBOJIOUEK MCIIONB3YIOTCS ClielraibHbIe
IJIaThl DJIEKTPOHUKH, PACIOJIOKEHHBIE HEMOCPEICTBEHHO HAa paMKax MOJIyJied Kamep — IO
yeTelpe Ha OaMH Monayib. Kaxkmas turara Brimodaer B cebs 100 kaHajaoB ycwiHTenen
Y IUCKPUMUHATOPOB, a TaKXke MU(PPOBYIO YacTh, KOTOpasi 00eCrieunBaeT KOJAUPOBAHIE HOMEPOB
cpaboTaBIIKX MTPOBOJIOYEK, a TaKke (HOPMHUPOBaAHKE U epeaaydy MaKeTOB JaHHbIX M0 UHTepdeicy
USB2.0. [Ipenycmotpeno Takxke hopmupoBanue ObicTporo curHana «MJIN» Bcex cpaboTaBiimx
KaHaJIOB, KOTOPBIM MOXKET OBITh MCIOIB30BaH AJIsl BEIPAOOTKH TPUTTEPA.

Ha Puc. 3.4 npuBefcHBl TUIIUYHBIE KPUBBIC 3aBHCHUMOCTH 3((HEKTHUBHOCTH KaMephbl OT
HanpsDKeHUsST HAa BBICOKOBOJIBTHOM DJIEKTPOJIE MPH Pa3MYHBIX TOpOrax JUCKPUMHUHAIUH.
XapakrepHoe miato cocrapisier 150+200 B, addexkruBHOCTS Ha m1aTo — 6omee 99%.
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Puc. 3.4 3aBucumocTts 3¢p(heKTHBHOCTH MPOTIOPIIMOHAIBEHON KaMephl OT HAIPSDKCHHS
Ha MOTEHIINAJIBHBIX INIOCKOCTAX MPHU Pa3IMYHBIX TOPOrax AUCKPUMUHAIINN

B nacrosmee Bpems Ha kaHane 14 Tpu Takue KaMepbl BXOIST B COCTaB CIIEKTpOMETpa
3apsKEHHBIX YaCTULL.

st Gonmee TOYHOTO OMpeneNieHUs KOOPAWHATHI YACTHIBI BOJM3U MHUIIEHU MOXKET
WCIOJb30BaThCS CUMHTWIISUOHHBIN BOJOKOHHBIM T'OJIOCKOII, COCTOSILIUN U3 JABYX OJAMHAKOBO
YCTPOCHHBIX M PACIIONIOKEHHBIX OJM3KO JIPYT K IPYTy B3aUMHO MEPIEHIUKYISIPHBIX TIIIOCKOCTEH.
Pabouast oOmacte romockoma cocrtaBisier 42x42 Mm?2. B Kkakaol M3 IUIOCKOCTEH CIIMHTHII-
nsuuonHble BosiokHa SCSF-38 dupmer Kuraray aumamerpom 0.5 MM 00pasyroT kaccery u3z 96
KOJIOHOK, pacroiokeHHbIX ¢ maroM 0.44 MM, kak mokazaHo Ha Puc. 3.5.

Kaxxnas kojJ0HKa MMEET MATh BOJOKOH B HAINpaBJICHUH JBIKeHUs] 4yacTHIl. CocenHue
KOJIOHKH CJIETKA MEPEKPBIBAIOTCS, TEM CAMBIM YCTPAHSIIOTCS «MEPTBBIE» 30HBI HEUYBCTBUTEIbHBIX
0007109€K BOJIOKOH W TOBBITIAETCS 3P(HEKTUBHOCTh perucTpauu. benas BOAHO-IUCIIEPCHOHHAS
Kpacka, HcCmoib3yemas i (UKcallid BOJIOKOH B KAacCeTe, YMEHBIIAeT paclpoCTpaHEHHE
CIMHTUJUSIITAIOHHOTO CBETA B TIOTIEPEYHOM HAMPABIICHUH.

Jlist TpaHCTIOPTUPOBKU CIUHTHULSIIIHOHHOTO CBeTa K (DOTONETEKTOpaM HUCHOIB3YIOTCS
BOJIOKHA-CBETOBO/IBI TOTO JK€ IMAMETPA, MPUKIJICCHHBIE ONTUYSCKUM TOKCHIHBIM KJIEEM K TOpIlaM
CUMHTUJUISILIUOHHBIX BOJIOKOH C OJHOW CTOPOHBI KACCEThl, HE Hapylllas F€OMETPHUIO YKIIAJKH.
[IpoTuBOMONIOKHAST CTOpPOHA KACCEThl OTIOJIMPOBAaHA M COCTBIKOBAHA C 3€pPKajJbHOMI
MMOBEPXHOCTHIO, YTO TIO3BOJISIET YBETUYUTH CBETOCOOP.
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(@) (0)

Puc. 3.5 CxemaTrueckoe H300paKeHNE YaCTH CIMHTUIUISIIIMOHHON BOJIOKOHHOW KacCeThI (a)
¥ pacrojioyKeHHe BOJOKOH Ha poTokaTozae 16-anoaHoro @Y Hamamatsu R7600-200-M16 (6)

CseroBoabl umeror anuHy ~20 cm. WX cBOOOIHBIE KOHIIBI BKJIEEHBI B OTBEPCTHUS
KBaJ[PaTHBIX TUIACTHH U3 YEPHOTO MJIACTUKA TPYNIIAMHU 110 5 BOJIOKOH, COOTBETCTBYIOIIUX OHOMN
KOJIOHKE€ KacCeThl, OTIOJHMPOBaHbl W 3adUKCUpOBaHBl Ha (Qorokaromax 16-aHOTHBIX
¢borodnexTpoHHBIX yMHOXHTeNner Hamamatsu R7600-200-M16, kak mokazano na Puc. 3.5 (0).
B kaxx0#l MIOCKOCTH HCTIONB3yeTcs MO mecTh (OTOYMHOXKHUTENEeH. TUIHUHBIN CBETOBBIXOT —
10+12 ¢$oT03eKTPOHOB Ha KaHall. AHAJIOTOBbIE CUTHAJIBI C aHOJIOB MPE0Opa3yIoTCs B IHU(PPOBHIE
C IOMOIIBIO JUCKPUMHHATOPOB C HU3KUM MOPOTroM U napadasHeiMu Beixogamu B ctanaapte LVDS
IUIS TIepejadu K cuctemMe cOopa JaHHBIX. JJMCKPUMUHATOPHI PACIOIOKEHBI B HEITOCPEICTBEHHOM
01M30CTH OT (POTORIEKTPOHHBIX YMHOKHUTENEH.

O} PeKTUBHOCTh pErucTpanyy TOJAOCKONIOM OJMHOYHBIX YacTHI[ 10 BCEM KaHallaM
B cpenHeM jgocturaet 99% npu muokectBeHHocTd 1.1 [108]. BpemenHOe pa3pelieHue rogockorna
cocraBisier ~0.8 HC. B Hacrosiiiee Bpemsi M3rOTOBIEH OAMH TOAOCKON pa3MepoM 48x48 mm?,
KOTOPBIN UCIIONIb3YyeTCs Ha KaHane 14 u mpenonaraeTcs UCHOIb30BaTh Ha KaHale 24 npu padbote
¢ y3kuM (10 5 cm) myukom. Ha Puc. 3.6 mokasansl poTorpadusi BOJOKOHHOTO TOAOCKOIA B 30HE
AKCIIEPUMEHTAILHON YCTAaHOBKHU (CJIeBa) U ero 16-KaHaIbHOTO JUCKPUMHUHATOPA C PETYIUPYEMBIM
IIOPOTOM.

Puc. 3.6 ®oTorpadust BOIOKOHHOTO TOJIOCKOIA B 30HE KCIIEPUMEHTAILHON YCTaHOBKH (ClieBa)
¥ 16-KaHAIBHOTO TUCKPUMHUHATOPA C PETYIUPYEMBIM MTOPOTOM (CIIpaBa)

Ha Puc. 3.7 mnokazanbl npodmiu mydka (ciaeBa) M 3aBUCUMOCTb 3(P(HEKTUBHOCTH
BOJIOKOHHOT'O TO/IOCKOIA OT KOOPAHHATEHI.
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Puc. 3.7 Ilpodunm myuka (ciaeBa) u 3aBUCUMOCTH 3((HEKTUBHOCTH BOJIOKOHHOTO TOIOCKOIIA
OT KOOPAWHATHI (CIIpaBa)

K nyukoBoii ammaparype Takke OTHOCHTCS BETO-CHCTEMa, KOTOpas SBIISETCS YacTbiO
KOMILIEKCA TOTIepedHO-MOJIAPU30BAHHON MuIeHH (cM pasaen 3.3)*. dororpaduu BeTo-cucTEMBI
npencrasieHsl Ha Puc. 3.8. Ona npeacrasisieT co0o0i 1eTEKTOpP 3apsHKEHHBIX YaCTHIL U Y-KBAaHTOB,
POXTAIOUINXCS B MUILICHH B PE3YJIbTaTe B3aUMOJICHCTBUS C MPOTOHAMH ITyYKa U BBUICTAIONINX U3
Heé moa OoNbIIMMH yIiiaMu B JiabopaTtophoi cucteme koopaunart (0.25< 0 <z —0.25), He
rnonagasi B OTKPBITBIM TEJIECHBIM yTOJ, ONPENEIAEMbIM anepTypor HKCIIEPUMEHTAIBHON
YCTQHOBKH.

Puc. 3.8 ®otorpadust BeTo-cucTeMbl BOKPYT MOJISIPU30BAHHOMN MPOTOHHON MUILICHA

JIeTeKTOp BETO-CUCTEMBI COCTOUT U3 JBYX OAMHAKOBBIX MOJIYJIEH, KaKAbIH U3 KOTOPBIX
MEPEKPHIBAET a3UMYTAIbHBIN yroia Ap = z. Moaynu MOryT nepememiaTbCsi B FOPU30HTAIbHOMN
IUIOCKOCTH B IPOTHUBOIIOJIOKHBIX HAIpPAaBICHUAX NEPIEHIUKYJSIPHO OCH ITydKa, 4TO I103BOJISET
BBIBOJIUTh BETO-CUCTEMY W3 IPOCTPAHCTBA MEXAY IIOJIOCAaMU MarHuTa Ha BpeMs HaKauKu
MOJISIPU3ALIMU MUIIIEHH U BO3BpaIlaTh €€ B paboyee MOJ0KEHHUE TOCIe OKOHYAHUS HAKauKH.

B pabouem nosjaokeHUuu CUCTEMbI paCCTOSIHUE OT OCH ITyuKa J10 €€ BHYTPEHHE! MOBEPXHO-
¢t coctasisieT 50 MM 1o ropuzoHTany U 40 MM 10 BepTUKaIU. [l perucrpanuu 3apsKeHHBIX
YacTHUIl HCIOJIb3YETCSl NEePBBIN CIION eTEeKTOpa, COCTOSIIUNA W3 CUUHTWLIATOpPA (TIOIUCTHPOIT)
tonmuHOW 10 MM. YeTblpe MIacTHMHBI CUMHTWILIATOPA OKPYXKAlOT MHUIIEHb. J[JIMHA IUIACTHUH
cocraBiseT 400 MM. CBeT U3 KaXkJ10# TJIaCTUHBI COOMPAETCS CIEKTPOCMEIIAIOIUMU ONTHYECKUMH
BojiokHaMu auametrpoM 1 mm tuna BCF-91AMC, nponoxeHHbIMU B UMEIOIIUXCS B IUIACTHHAX
kaHaBkax. [lydku BOJIOKOH BBIBOJAT cBeT Ha paccrostHue 400 MM 3a rabapuThl MarHura,
NEPIEHANKYIIPHO K HaNpaBJIEHUIO IydyKa, IJle MarHuTHoe moiie cinaboe. IIpoTuBOnosaoxkHbIE
TOpPLBI BOJIOKOH C KaXJOW IJIaCTUHBI coOpaHbl Ha (OTOKAToAax ABYX (DOTODIEKTPOHHBIX

43 HpI/I HCIIOJIb30BaHUN )KH,I[KOBO,Z[OpO,Z[HOﬁ MHIICHU MOKET UCTIOJIb30BATHCA ApYyTras BETO-CUCTEMA.
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yMHOkuUTENe @Y -84-3, curHaibl OT KOTOPBIX UCIIOIB3YIOTCS B COBITAJICHUSIX JIJISl TIOJIaBJICHUS
myMoB. JlanbHelInas CTpYKTypa BETO-CUCTEMBbI B HANPABICHUSX, MEPIECHANKYISAPHBIX IMYUKY,
Mpe/ICTaBIseT cOO0N YepeoBaHHUE YETHIPEX CJIOEB CBUHIIA TOJIIMHON 7 MM U YETHIpEX CIIOEB
CUMHTWUISIIIUOHHBIX TUIACTUH TOJIIUHOM S5 MM CO COOpOM CHUTHAJIOB TakKXe MOCPEACTBOM
CHEKTPOCMEIIAIOIINX BOJOKOH. JTa YacTh JETEKTOPa PErUCTPUPYET Y-KBAHTHL.

B kaxmom MoIyle CHUTHaI OT J-KBAaHTOB perucrpupyercs asyms DOY-84-3
B coBHajieHUsAX. Takum oOpa3om, BETO-CUCTEMA PETUCTPUPYET 3apsHKEHHBIE YaCTULBI B YETHIPEX,
a HEUTpaJIbHBIE — B JIByX MHTEPBAJIaX M0 a3UMyTaIbHOMY yriry @. CymMMapHas ToJImHa COOpKU
cocraBisier 60 mM. KonmmyecTBo BemiecTBa B coopke cocrapisier 5Xo. Ha Puc. 3.9 npencrasien
AMIUTUTYIHBIN CIIEKTP CUTHAJIIOB OT KOCMUYECKHUX YaCTHUIl B OJTHOM U3 KaHAJIOB PETrUCTPALIMH BETO-
CUCTEMBI.

Bero-cucrema BikIOWaer B ceOs  Takke JBAa CHUHTWUIALMOHHBIX — CUETUHKA,
PacroJOKEHHBIX Ha TOpLAX MOAYJeH co cTopoHbl Kpuoctarta. OHM MPENCTaBISIIOT COOOU IBE
wiacTuHbl [-00pasznoit popmer tommumuoi 20 MM. CHMHTHIUISIMOHHBIN CBET NMEPEeU3ITydaeTcs
CHEeKTpOocMeIainuM BotokHoM Kuraray Y-11 auamerpoM 1 MM ¢ MaKCUMYMOM H3JIy4YEeHHS B
paitone 500 HM U peructpupyercs jgaBuHHbIM (hoTtoauoaoMm (SiIPM) tuna MicroFC-30035-SMT
¢dbupmer SensL.
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Puc. 3.9 AMIUTUTYIHBIH CIICKTP CUTHAJIOB OT KOCMHYCCKHX YACTHII
B OJTHOM M3 KaHAJIOB PErUCTPALIMU BETO-CUCTEMBI

Cxemaruueckoe u300pakeHHe cu€éTyukoB mNoka3aHo Ha Puc. 3.10. DddexTuBHOCTH
perucTpanmy 3apsKEHHbIX YAaCTHUI] STUMHU CUETYMKAMU cOCTaBisieT ~99,5%.
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Puc. 3.10 Cxemarnueckoe M300paKeHUE TOPLEBBIX CUETYMKOB BETO-CHCTEMBI

Cucrema cOopa JaHHBIX HCIOJIB3YyEeT BOCEMb KAaHAJIOB PETUCTPAIIMM CUTHAJIOB C BETO-
CHCTEMBI IUIS TanbHEHIIero aHaimsa.
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[Tpu u3MepeHus SKCKIIO3UBHBIX peakimii (cMm. pasgen 1.5.2) BeTo-cucreMa MOKET OBITH
UCTOJb30BaHA ISl (pOpMUpPOBaHHS TpuUrrepa mnepBoro ypoBHs. [lmaHupyercs opraHmzoBaTh
HECKOJIbKO THIIOB TPHUITEPOB Ui DKCKIFO3WBHBIX IPOIECCOB. /I BBIICIEHHS IPOLECCOB,
B KOTOPBIX B KOHCYHOM COCTOAHHMU HUMCHOTCA TOJIBKO HeﬁTpaHBHBIe JaCTHULbI, B TPUITCPC
B QHTHCOBIAJICHUSIX MOTYT HCIIOJIb30BaThCSI CHTHANBI KaK C BETO-CUCTEMBI, TaK M C JOIOJIHH-
TCJIBHOI'O CHUHTUIIIIAITHUOHHOT'O C‘IéTqHKa, PacCioJIOKCHHOI'0 3a MUIICHBIO W PCrUCTPUPYIOMICTO
COOBITHS, B KOTOPBIX B TEJICCHBII YTOJI yCTAHOBKH BBUIETACT XOTS OBl OJIHA 3apsDKEHHAs YacTHUIIA.

3.3 Muunienu

Jns u3MepeHus OJHOCIHMHOBBIX IONEPEYHBIX acuMMeTpuii An Ha Bojopoae Oyxaer
UCIOJIb30BaHA KUIKOBOJAOPOAHAsA MuUlIeHb. [ usmepenust An Ha siipax OyayT MCIOJIb30BaHbI
OOBIYHBIC SJIEPHBIE MUILIEHN — OT OEPHIUIHA A0 CBHHIA. DTH )K€ MHUILIEHH MOTYT UCIIOIb30BaTHCS
U1 MCCIIEI0OBaHUS MOJISIPU3ALIUU TUIIEPOHOB M BEICTPOEHHOCTH BEKTOPHBIX ME30HOB.

Bopopoanble  MHIIEHH, KOTOpbIE€  HCIOJB30BAIUCH M OyOyT  HCIOJIB30BaHbI
B 3KCIiepuMeHTax Ha yckoputenabHoM komiuiekce HULL «KypuaroBckuii mucturymy — MDBD,
cojiepkat B paboyeil yacT HeOOoJbIINE KOJINYECTBA KUAKOTO Boopoaa (110 4 mutpoB). [TosTomy
1e71eco00pa3Ho MPHUMEHSTh He MHUIICHH KJIACCHYECKOro THIA (C pe3epBHBIM BOJOPOAHBIM 0AKOM
00JIbIIOr0 00BEMA), @ MUIIICHU C 3aMKHYTBIM BOZOPOIHBIM [IUKJIOM, YTO 3HAYUTECIHHO YMEHbBIIACT
of1ee KOJIMYECTBO HCHOJIb3yeMOro Bojaopona. [Ipu 3Tom moBblmaeTcst 6€30MacHOCTh PadorT,
OTIa/IaeT HEOOXOJUMOCTh BO MHOTHX JOPOTOCTOSIIMX CHUCTEMaxX BOJOPOJHON O€30MacHOCTH U
3aMeTHO yrpoulaercs pabota ¢ pu3nuecKoil anmnapaTypoil BOKpYyr MullieHH. /i ocyiiecTBIeHUs
B MHILEHM 3aMKHYTOI'O IIMKJIa BOJOpOAA IPUMEHSIOT MEXaHWYECKUH KPHOI€HEepaTop WU
OXKIDKEHUE BOZOPOAA KHUJIKUM reiaueM. BonopoiHble MUILIEHH C KUIKUM T'eJIHMeM XOTS U MEHee
SKOHOMMYHBI, HO JIerYye B M3rOTOBJIEHUHU, NPOIIE U HAAEKHEE B OKCIUTyaTalluH, YEM MULIEHU C
KpUoreHeparopamMu. B 3aBUCHMOCTH OT KOHCTPYKIMH B TAKUX MHUILEHSX JUIS OXKIKEHUS BOIOPOia
MOTYT HCIOJB30BaThCS TEIUIOTAa HCHAPEHUs SKUIKOIO Tellks, XOJIOA MapoB Iejus WU, 4TO
HKOHOMHYECKH MPEANOUTUTEIbHEE, U TO U APYTOE.

B HUII «KypuatoBckuii unctury™ — MOBD pa3paborana »uaKkoBOJOpOIHAS MULIEHD,
B KOTOPOIl OKM)KEHUE BOJOpPOJA NMPOU3ZBOAMTCSA MOTOKOM KHJKOTO TeMs C HUCHOJIb30BAHHUEM
TEIUIOThl HMCMAPEHUs KHUJAKOrOo TelMsi M X0JoJa MapoB MPU MHUHUMAJIbHOM YHCJE CTyNeHel
TEII000MEHa MEXKIy TeIHEeM U BOJOPOIOM.

Mumienp BKJTIOYaeT B ceOs paboumii 00BEM, HAXOMANIUMHCA Ha TMy4YKe YaCTHI]
Y 3aII0JJHEHHBIA JKUJKMM BOJOPOAOM, KOHJIEHCATOp, B KOTOPOM OXKHMXKAe€TCs BOJAOPO,
1 TpyOOIIPOBO JKUJKOTO Teusl, 3aKaHYMBAIOLIUICS CTHIKOBOYHBIM Y3JIOM. DTH 4acTU MULIEHU
OKpY’KEHBI TETIJION30JIALUEHN U 3aKITIOYEHbI B BAKYYMHBIH KOXYX.

Ha Bpemst paboThl MHILIEHB TPUCOETUHSETCS K cocyy Jlproapa ¢ )kuakum renueM. biounas
KOHCTPYKIIMS MULIIEHU MTO3BOJISET 0€3 0COOBIX Mpo0IeM MEHATh KOHPUTypaluio pabodero oobEma
MIPUMEHMUTEIBHO K 3a/1a4aM KOHKPETHOTO (PM3NYECKOTO SKCIIEPUMEHTA.

OcHOBHBIE TapaMeTphbl CYLIECTBYIOIIEH MUIIICHU:

— Jlnmaa paboyero o6vémMa — 500 mm, qramerp — 100 mwm.

— Bpewms BeIxoJa MUIIeHH Ha pabouunii pexxuM — 3 daca.

— Pacxon xxuakoro renust B pabouem pesxkume — 0.7 m1/9ac.

Hcrnonb30BaHUE CHCTEMBI OXJIAXKJIEHHS HAa OCHOBE JKHUIKOTO TelUsl OIpaBJaHO eIle
1 HEOOXOJMMOCThI0 00ecreunuTh paboTOCMOCOOHOCTh MOJIIPU30BAHHBIX MHUIIEHEH (OMHCAHbI
HIDKE B JAHHOM pas3jielie) U CHCTeMbI TOBOpOTa criuHa (paszen 2.4).

JI1st SKCTIEpUMEHTABHOTO M3MepeHHs GakTopa pa30aBieHUs (3aBUCHT OT THUIIA PEaKIIHH,
MUILIEHA 1 KHHEMAaTHYECKUX TIEPEMEHHBIX) TPEOYIOTCS H3MEPEHUS Ha YHCTOM BOJIOPOJIE, 3aJTUTOM
B 000510uKy MuliieHH. TpeOyroTes Takke U3MepeHus cedeHuit Ha nerkux sapax (C, Al) ans ydera
3aBHCUMOCTH C€YeHUil 00pa30BaHUS YACTUI[ OT AaTOMHOI'O Beca MHIIEHM NPU BBIYHUCICHUHU
(hakTopa pazboaBIeHUSI.
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3.3.1 IHonapuzoeannan muuienv 014 U3MEPEHUA OOHOCHUHOBLIX ACUMMEMPUIL
U 0BYXCRUHOBBIX NONEPEUHBIX ACUMMEMPUTL

Jist u3MepeHust OTHOCITUHOBBIX MOTNIEPEUHBIX aCUMMETPU Ha KaHale 14 1 IByXCIMHOBBIX
MOMEePEYHbIX acUMMeTpuil ANy Ha KaHalle 24 TUIaHHPYETCS MCIIOJIb30BAaHUE CYUIECTBYIOLIEH Ha
KaHajue 14 nonepeyHo-1oJIIpU30BaHHON MULIIEHH.

[TonsipuzoBannas wmuiieHb g dkcrepumenta CITACYHAPM  sBisercss MUILIEHBIO
3aMOPOXKEHHOI0 THUMA. Takue MUIIEHM UMEIT psaj [PEeUMMYLIECTB IEpe]] MHULICHSIMHU
C HETIPEPHIBHON TMHAMUYECKON HaKaYKOM Moyigpu3aluu siaep. XOTs A HaKadyKu MOJSpU3aliu
ISl MALIICHEH 000MX THITOB MCIOJB3YIOTCS OOJBIIME MarHUTHBIE 1ToJis (B HatueM ciydae 2.4 To)
C BBICOKOU oaHOpoaHOCTRIO Mot AB/B ~ 10™* Bo Bcem pabouem oObeMe MHUIIEHH, B CIIydae
«3aMOPO’KEHHBIX» MHILIEHEH s yJep’KaHus NOJSPU3aLUU MOXHO HCIIOJb30BaTh JOCTATOYHO
ciabpie (> 0.25 Tu) mosnst ¢ HEBBICOKOM OAHOPOIHOCTHIO (0K0JI0 1%). DTO MO3BOIISIET 0OECTIEUUTD
OOJBIION TeNEeCHBIM yron ycraHoBKH. OOpaTHOM CTOPOHOIN Menanu SIBISETCS HEOOXOIUMOCTb
oOecrieueHrs CBEPXHU3KOW TeMIlepaTypbl B KpUOCTAaT€ MHUILIEHH, YTOOBI BpeMsi perakcaiuu
MOJIAPU3AIMU JJOCTUTAIO HECKONbKO coT (o 2000) yacoB. Pabouee BemiecTBO MHINEHU B BHIE
IIApPUKOB JMAaMETPOM 10 2 MM ¢ Kod(dduimeHToMm 3amonHeHus okojo 60% momeniaercs B
Te()IOHOBYIO amITyiry. AMITyJia BCTaBISIETCS B KPUOCTAT, CIIOCOOHBIN 00ECTIEUUTh TeMIepaTypy
HECKOJIbKO JeciITKOB MK B pexuMe 3aMOpo3Kd. JlocTikeHue Takod HM3KOM TeMmeparypbl
obecnieunBaercs pactBopenueM He* B He* mpu momomnm gomomHUTENBHON OTKauku. OaHON U3
TpyaHOCTEeH paboThl ¢ TAaKON MUIICHBIO SIBISIETCS TO, YTO TeIUil HAXOAMUTCA B CBEPXTEKyueM
COCTOSIHMM, TMO3TOMY TpeOyeTcs BbICOUAMIee KaueCTBO HM3TOTOBJIEHUS U COOpPKM JeTanei
KpuocTara.

Komrmieke «3aMOpoKEHHOIY MOJISPU30BAaHHOM MPOTOHHOM MUIIIEHU BKITIOYAET B cEOs:

a) TeJMEeBBI KPUOCTAT TOPU30HTAIBHOIO TUIIA C pedPHKEPATOPOM PACTBOPEHUEM TeIIHS -
3 B resninu-4, BKIJItOYasi CUCTEMY JIaTYMKOB U MPUOOP JUIsl U3MEPEHUS KPUOTEHHBIX TEMIIEPaTyp.

0) ammyny C BEHIECTBOM MHUIICHH, PACIOJIOXKEHHYIO B BaHHE PACTBOPEHHUS
pedprxeparopa;

B) ammapaTypy Ui CO3JaHUs U U3MEPEHUS BBICOKOH MOJISpU3AIMK TPOTOHOB MUIIICHH,

B) MarHUTHYIO CHUCTEMY.

B mnonsapusoBanHoit mumeHn skcnepumenta CIIACYAPM wucnosb30BaH rellMeBbIN
KpUOCTAaT TOPHU3OHTAJIBHOIO THIA C pPEPPUKEPATOPOM pacCTBOpPEHUEM Trenusi-3 B Tenuu-4,
o0ecreyrBaroUM JIBa peXUMa pabOThI:

- «T€IIBIA pexXuM» Hakauku nojsipusanuu npu T = 0,2-0,3 K;

- «XOJIOJIHBIN pexuM» coxpaHeHus noispusamuu mpu T = 30 MK.

TeruioBast U30JALUS HU3KOTEMIIEPATYPHBIX Y3JI0B KPUOCTATa OCYILECTBIISIETCS BAKYYMHOMN
pyOalkoi 1 repMeTHYHBIMHU 3KpaHamu mpu Temmneparypax 77K u 1K.

[Tocne nakauku nonsipuzanuu rnpu temneparype T=0,2-0,3K, peppurxeparop pacTBopeHus
He® B He* obecrieunBaeT HempepbiBHOE OXJIakKICHHUE TIONApU30BaHHOM MumnerH 10 T~30 MK, uto
MO3BOJISIET COXPAHATH €Ia00 MEHSIOUUMCS 3HaYeHHE NOJspU3alii IPOTOHOB B Te€UeHUE Habopa
CTaTUCTHUKH B C1a00M MarHUTHOM 1oiie ~ 0.4 T («3aMOpPOKEHHBIN  pexKUM»).

[upkymupyromuii  ra3oobpasHsiii remmit He® oxnakmaercs MocnenoBaTelnbHO B
TennooOMeHHUKaX a30THOro Gaka, 6aka He?, 1K BaHHe, KOHIEHCHpPYETCS U TIOCTYHAeT B BAHHY
ucrmapenns Hed, a 3atem mocTymaer B kaHan Temnoo6MeHHmKa. M3 Temmoo6mennmka Hed
MOCTYTaeT BHU3 BaHHbBI PACTBOPEHUS M «BCIUIBIBAETY 10 KaHAJaM MEXIy IIapUKaMU BEIlecTBa
MUIIEHH, PacTBOPSASICh HpPU 3TOM M, TaKUM 00pa3oM, OXJIaXJIaeT BELIECTBO MHUIIEHH.
Juddynupys BHyTpH pabouero obpasia mumenu, He® mocrynaer B Banny ucnapenus. OTkauka
remus He® w3 BaHHE! HcmapeHns ocymecTBisercs Hacocamu. [Tocie HacocoB He® mpoxoxuT gepes
a30THYIO JIOBYIIIKY M BO3Bpaliaercst B kpuocrat. [1ogpoOHO KprocTaT NOIPU30BaHHON MHUILIEHH
orucad B paborax [109].

PaGounM BerecTBOM moOJNIIpu30BaHHOW MuIneHH sBisieTcss neHtanosn — (CsHi20) ¢
napaMarHuTHOW mpumecbio Tempo. dakTop pa30aBieHHs (OTHOLIEHHE YUCIAa BCEX HYKJIOHOB K
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YHCITy MOJIIPU3YEMBIX NMPOTOHOB) cocTaBiseT §8.4. Pabouee BeliecTBO MUILIEHU B BHJIE IIAPUKOB
IUaMETPOM JI0 2 MM, 3aMOPO’KCHHBIX B JKHUJKOM a30T€, 3aChIMaeTcs B TE(PIOHOBYIO aMITyIy
nuameTpom 20 MM u asiuHOM 200 MM. AMITyJia BCTaBJISIETCS B BAHHY PACTBOPEHUSI KpHOCTaTa IIPU
a30THOM Temmeparype. KommdecTso Bemectsa B mumrenu 13.2 r/cm?. Dto coorsercTByeT ~10%
JUTUHBI B3aUMOJICUCTBUS JIJIs1 T -ME30HOB € 3Heprueit 28 [3B.

MakcuManbHas BEJIMYMHA MOJSIpU3alUM  cocTaBisieT 75% W JIOCTUraeTcsi METOAO0M
«iuHamMudeckor momspuzammu - saaep» (UAIIA). s  ocymectBienns IS  HeoO6Xxomumbl
OJIHOBPEMEHHO CIIEAYIOLUE YCIOBUS U anmnaparypa:

- CBUY - reneparop ¢ yactoroi okoio 70 I'T'm;

- marauTHoe none 2.4 Tn* ¢ oxsopoxHocTEIO MIONs 6(B)/B mopsakal0™ Bo Bcem pabouem
o6beMe 06pasia mutern (~60 cum).

Metox ocHoBaH Ha 3(deKrTe BO30YKIACHUS AIEKTPOHHOIO NMapaMarHUTHOTO pPE30HaHCa
(OIIP) ¢ monspu3arueli aTOMHBIX JIEKTPOHOB B MAarHUTHOM II0JIE M TIOCIICIYIOIIEH Iepeaadei
MOJIIPU3ALIMHU IPOTOHAM B PE3YJIbTATE IIETIOYKH aTOMHBIX repexo/10B [110]. Yactora DI1P 3aBucut
OT HWHIYKIMKM MarHuTHoro mnojsa. Mwmerommiics B Hamem pacnopsbkennn CBUY-renepatop
IIOKpPBIBAET Juana3oH 4acTtoT oT 66.17 no 67.17 I'Tu . [{na OIIP 310 cooTBETCTBYET MHAYKIUAM OT
2.365 10 2.401 T, HeoOX0UMBIM I YCIEIIHOM HaKauKH MOJISIPU3ALMU TPOTOHOB B MUIIICHHU.

Benuuuna nosnspuzany u3MepseTcsi METOA0M SIACPHOT0 MAarHUTHOTO PE30HAHCA MPH MOJIe
Hakaykd. HaGop cTaTHCTUKY IPU OJTHOM 3HAKe MOJSPU3AIUH TPOJOKAETCS OOBIYHO ABOE CYTOK,
MOCJIe Yero MPOMCXOIUT PEBEPC MOJSIpU3AIMU, BpeMs peBepca (HaKauKu MOJSIpU3alUu JIPYToi
MOJIAPHOCTH ) 3aHUMAET HECKOJIBKO YacoB.

Hcnonb3yeMasi B HacTosIee BpPEeMsl MHIIEHb TPONUIA TIyOOKYH0 MOJIEPHH3AIUIO IS
pabotel B mMarHuTHOM mosie 2.4 Tn (mpu Hakauke MOJSPU3AlMM) U YCIEUIHO OTpaboTana B
tectoBoM ceance 2018 r. dotorpadus mumenu npeacrasiena Ha Puc. 3.8 BMecTe ¢ oxpaHHOU
CUCTEMOM BHYTpPHU MarHura.

3.3.1.1 Maecnum nonapuzoearnHol MutieHu
OO01unii Bua Maraura nokasad Ha Puc. 3.11.
N y e

&

Puc. 3.11 O6wwmit Bux maranta JUHO3ABP — 2.4 T ¢ BBen€HHOIi B pabouee MojI0KEeHUEe OXPaHHOW CUCTEMON U
pabounmu komMmyHukanusmu Ha ycranopke CITACUAPM Ha kanane 14 yckoputenst ¥Y-70

B pexxuMe Hakauku noJisipu3alii MUIIEHb, oxJiaxkaéHHas 1o T~0,2-0,3° K, nomemniaercs B
IeHTpe ero pabouero 3azopa. Ilome dbopmupyercs B HEM momtocamu u3 nepmenaopa 49KO,
mupuHord 164 mMm, mmuHort 1000 MM m Tommumuo 80 Mm. IloTok mons 3ambikaeTcss 4epes

a4 HCO6XO,Z[I/IMOC 3HAYCHUEC BCIIMYUHBI MArHUTHOT'O OJIA NPSAMO IMPOMMOPHUOHAIIBHO YaCTOTE CBY re’eparopa
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MarHUTONPOBOIbI, U3rOTOBJIEHHBIE U3 CTanu-3. BepxHuil 1 HH>KHUH MarHUTOIPOBOIbI BMECTE C
MOJIIOCAMU MOTYT CUMMETPUYHO CIBHUIaThbCs WM Pa3/IBUTaThCsi. B CABMHYTOM COCTOSIHMM TIPHU
BBICOTE 3a30pa MEXIY MOJKOCaMH 75 MM M HOMUHQJIIBHOM TOKE NuTanusi Maruuta 1440 A nose B
€ro 1eHTpanbHou yactu aocruraet 2,4 T.

Ha Puc. 3.12 npencraBnena Harpy3ounas kpuBas marauta JIMHO3ABP — 2.4 T
MOJISIPU30BAaHHOM MHIIEHH SKCHEPUMEHTa IPU COMKHYTBIX ToJiocax. B asTtom pexume
OCYIIIECTBJISICTCS HAKauKa MOJISIpU3alli MUIIIEHU. 3aTeM, MOCJIe OXJIaxk1eHus: muienu 10 T~0,03°
K nomtoca pasasuratorcs Ha 250 MM, OTKpbIBas anepTypy MarHura JUisi BTOPUYHBIX YacTHII,
BBUICTAIONIMX U3 MUlIeHU, B nipeaenax £300 Mpaa mo ropu3oHTanu U +250 Mpal 1o BEpTUKAJIH.
[Tone pu 3ToMm ymenbiaercs 10 ~0,4 T, u B HEM nosisipU3alus MUIICHH YACPKUBACTCS B TCUCHUE
OJIHOTO-ABYX JIHEH.

= La i B Closed yoke
s [ 3-parameter illr ] (s -s_)(1+e 1,) mur b
CEB=(s +(s s e )R =E 7 X 1"7 o -
F +€
F._dB e ,,-/‘“
F So=gpl, ,=1-8292x10° T/A o
F1,1309.6 A Vel

[ 2=7.867x10" A" /
Fs 9B ., =0.44939x10° T/A (fixed)

o v e e e L 1 L L L

200 400 600 800 1000 1200 1400 1600
LA

Puc. 3.12 Harpysounas kpuBas marauta JJUHO3ABP nonsipu3oBaHHON MUIIICHH TTPA COMKHYTHIX TTOTFOCAaX

Cpasy nocie U3roToBJIEHUS] MarHUTA B LIEHTPaJIbHON YacTU B IMIIMHApPE, AuaMeTpoM 20
MM, 1 Ha jauuHe 200 MM OBUTO TIOYYEHO JOBOJIBHO OJHOPOAHOE mosie ¢ mHaykuuend ~2,4 T ¢
MaKCHMaJIbHOH OTHOCHTENBHOM Bapualueil OT MHHMMYMa K Makcumymy ~+13x10™ u cpenne-
KBaJPaTHYHBIM OTKIOHEHHEM OT KOHCTAaHTHI M0 00BbéMy~+4.3x10*. I'paduuecku Tomorpadus
OTHOCHUTEJIBHBIX OTKJIOHEHHUH MOJIY4YEHHOrO IOJIi Ha MOBEPXHOCTU MHILIEHHM OT €ro cpejHei
BEJIMYHHEI 110 00BEMY, <B>, mokazana na Puc. 3.13.

21-24.03.2016: Before shimming
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Puc. 3.13 PGSyJ’ILTaTLI NEPBOHAYAIILHOI'O UBMCPEHUS 1TOJId MarnuTa HOJ'ISIpI/I3OBaHHOI71 MHIICHU
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B nenranone CsH120 ¢ no6askoii pagukana TEMIIO, ucnonb3yemMoM B HACTOSAIIEE BpEMS
B KauecTBe paboyvero BellecTBa, OTHOCUTENbHAS MIMpUHA JMHUK noraouienus (RMS) B mone 2.4
T cocramser ~1.65x10%. TakuM 06pa3zoM, I yCIIEITHON Hakayky (IOTy4eHHs TpeOyeMoil
MOJIAPU3AIIUHU TI0 BCeMY 00beMYy MHIIIEHU) HEOOXOAUMO, YTOOBI OJTHOPOJTHOCTh MATHUTHOTO TOJIS
BHYTpH paboyero odbema MUIIEHH cocTaBisia +1.65%10* unum mMenbpmie. [ qocTHXKEHHS
TpeOyeMoil OZHOPOAHOCTH OBII TPOBEAEH LUKI HEOOXOMUMBIX paboT C MarHUTOM
nosispu3zoBaHHoM Munienu. Ha Puc. 3.14 u npuBeneHa kapTa mossi B MarHuTe MOJISPU30BAHHOMN
MUIICHH BO BpeMsl paObOT MO ONTHMH3AIMH MarHUTA U TI0 OKOHYAHUHU ITHX PadoT.

B(r=1.0 cm,p,z)/<B> - 1
B(r=0.9 cm,@,z)/<B> - 1

Puc. 3.14 Pe3ynpraThl U3MepeHUs MOJIsl MarHuTa MOJSIPU30BAaHHONW MHIICHH
nociie pabot B Havase 2017 1. (creBa) U B HacTOAIIEe BpeMs (CIpaBa)

Ecnu npu nepBbIX HM3MEpPEHHAX HEOAHOPOJHOCTh MAarHUTHOTO IOJI COCTaBIsjIa [0
(4.28+0.08)x10* (mpum maxkcuMaiabHOM pazdpoce 2.5x107%), 4To He NO3BOJIIO HaKayaTh
MOJISIPU3ALMI0 MHUILIEHHM BO BCeM 0OObEeMe, TO MO pe3ysibTaTaM MpPOBEAECHHBIX paboT yaaioch
CHHM3HUTH HEOHOPOAHOCTD moJist 10 (1.224+0.07)x10* (mpu MakcumaibHOM pazopoce 7.8x1074).

JUis muTaHus 3NIEKTPOMAarHUTa MCIONb3yeTCs TUPUCTOPHBIA HCTOYHHMK nuTaHus 28TII2
(Unow =215 B, Tuon=1500 A). TupuctopHblii npeoOpa3zoBareib BBIIOJHEH MO 3-X (ha3HOi
CUMMETPUYHON MOCTOBOM cxeMe JlaproHoBa. [{is oxnaxaeHuss TAPUCTOPOB MPUMEHEHBI MOTYJTH
BoAsiHOro oxjaxjaeHuss SS15BL. [Ins mopaBiieHus myJibCalyil BBIIPSMIIEHHOTO HamlpsKEHUs
npuMeHEH naccuBHbIM [-00pa3ubiii LC gunbtp. [IpMeneHne oOpaTHO CMEMIEHHOTO HYJIEBOTO
TIMOa, TTOIKIIOYSHHOTO MMapauIeIbHO BBIXOLy HCTOUYHUKA, TTO3BOJISIET 3aIUTUTh SJIEKTPOMArHHUT
U TUPUCTOPBI OT MEPEHANpPSDKEHHs] MPU CHATHM TOKAa, a TaKKe IMPEJOTBpAIaeT IOSBICHUE
HaTpsDKEHUsT 00paTHOW TOJSIPHOCTH HAa KOHJIEHCATOpaX MacCUBHOTO (DUIIBTpA.

B pesynbTare B mocieqHeM ceaHce Ha MUIIEHU 0e3 YCHIIUI U 32 KOPOTKOE BpeMsl y1aJloCh
MOJIYYUTh Toyisipu3aiuio Beiie 70% mpu TEOPETHUYECKOM MakcUMyMe OKojo 75%, a cpemHsst
MOJISIpU3aLus IPU Habope JaHHbIX cocTaBuia 65%.

CymecTBytonuii MaruuT JIMHO3aBp, KOTOPBIA MCHOJIB3YETCS ISl MONEPEYHO-TIOSPU30-
BaHHOW MUIIICHW, UMEET TEJEeCHBIH yron packpbitus +250 Mpaa 1o BepTHKaIM, YTO TO3BOJISIET
MIPOBOJIUTH U3MEPEHHUS B IIUPOKOM KMHEMAaTHUECKOM JHara3oHe.
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3.3.2  Cywecmeyowiana noaapu3o6anHas MuuieHb ONA U3MEPEHUA O8YXCHUHOBbIX
HPOOOILHBIX acumMmMempuii

Jlist u3MepeHus IBYXCIMHOBBIX MPOJOJIBHBIX aCUMMETPUi ALL B YCTaHOBKE BO3MOXKHO
HCIIOJIB30BaHUE MPOIOIBHO-MIONIAPH30BaHHON MumieHH. Kpuocrar sroit mumenu [111] Obux
uzrorosiieH B 1990 rogy B pamkax nossipu3aiiioHHOro skcrepumenta E704 o ®HAJI (CILIA).
On naxomutrca B OUSAUN. Dortorpaduu KomIuiekca MPOIOIHO-TIONSIPU30BAHHON MHILIEHU
npuBeaensl Ha Puc. 3.15 u Puc. 3.16.

Puc. 3.15 ®otorpadus komIuiekca npoIoabHO| HONSIPU30BaHHON MUILIEHH

YT |
{ |

Biii

Puc. 3.16 To xe uro Ha Puc. 3.15, Bux cOoky

B OUSAUN ecth Takke U CBEPXIPOBOMASIIMK COJICHOW, W3TOTOBJICHHBIA MO 00pa3Iry
(bpaHIy3cKOro CBEepXMpoBoAsAIero coneHonna s mumenn E704. Kpuocrat BMecte co
CBEPXIMPOBOIAIINM COJICHOUJIOM MOXET ObITh TpaHcropTupoBaH B M®D®BD u wucnonb3oBan
B akcniepuMenTe CITACHAPM Ha xanane 24A.
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DTa MHIIIEHb TaK)K€ 3aMOPOKEHHOTO THIIA, B KPUOCTATE KOTOPOU ISl MOJyYEHUS HU3KOU
TeMIepaTypbl HCHoJb3yercss Mmeron pactBopenus He® B He*. PabGouas temnepatypa npu
WCIIONh30BaHUM JaHHOW muineHn Obiia 60 MK. OcHOBHBIE NMPUHIMIIBI PAOOTHI MHUIIEHU H €€
XapaKTEPUCTUKUA COBIAJAIOT C MOMNEPEUYHO-TIONISIPU30BAHHON MUIICHbIO, 33 HCKIIOYEHUEM
HaIlpaBJI€HUsI MATHUTHOTO TOJIA.

OcHOBHbIE TapaMETPhI MOJIIPU30BAHHOM MUILICHU:

— xumudeckuit coctaB — nentanol (CsHi20);

— JumHa pabodero oobema muieHu cocrapiseT 20 cm, a quameTp paBeH 30 Mvm;

— TOJISIPU3ALMS MUILIEHU MOXKET 10CTUTaTh 75%;

— xumudeckuii (pakTop pazbaBieHHS (OTHOLICHHE YHWCIIA BCEX HYKIOHOB K YHCITY

MOJIIPU30BAaHHBIX MPOTOHOB) — 7.3 /I IEHTAHOMA.

CBepXIpoBOASIIINMA COJIEHOU ] UMEET MOJTHYIO JUIMHY 86 CM U BHYTpEeHHUM AuameTp 9.4 cm.
B E704 on ucnonp3oBan 1.5 1 )Kuakoro reiusi B yac. MakcuMmanabHOE MoJie nmpu Toke 185 A
cocraBisuio B E704 6.5 Tn. Opgnako B xoxe Habopa cratuctuku B E704 marnuTHOe mose
coctaBisuio 2.5 Ti, uTo ObUTO TOCTATOYHO AJIS HY K] dKcnepuMenTa. OTHOPOJAHOCTh MAarHUTHOTO
1oJIst BHYTpH pabouero oobema mumieHu coctanisiia £5-107°. [1omHbIN TeIeCHBIH Yroi pacKpBITUS
coctasisul 130 Mpaj 0 OTHOILLIEHHUIO K OCH ITyYKa.

3.3.3 Hoeasa nonapu3zoeannas muuieny 0 U3MeEpPeHUs NONEPEUHBIX U NPOOOTbHBIX
acummempuii

s m3MepeHust ABYXCIMHOBBIX MPOJOJIbHBIX acCUMMETpUil ALL B DKCIEPUMEHTaIbHOU
yctaHoBke CITACHAPM muanupyercsi MCHONb30BaHUE MPOAOIBHO-TIONSPU30BAHHON MHILIEHH.
JUig 3TOM 1enu Jdydlle BCEro co31aTh HOBYIO MOJISIPU30BAHHYK0 MUIIEHb 3aMOPOKEHHOIO THIA
C UCIIOJIb30BaHUEM Pe3yJIbTaTOB MOCIEIHUX YCHEIIHBIX pa3padoToK B 3TOH obusactu. I'maBHOE
OTJIMYME HOBOM MHILEHH — 3TO peaju3alis BO3MOXHOCTU MCIOJBb30BaHUS XOJOIHOTO IKpaHa
KpUOCTaTa JUIsl OXJIQXJEHUS HOJSApU3YIOIIeH M YIepKMBAIOLICH MNOJISApU3ALUI0  KaTyIlIek.
Ha Puc. 3.17 moxa3aH mnpuMep KpHOCTAaTa IMOJISIPU30BAHHONW «3aMOPOXEHHOI» MHIICHH CO
CBEpPXIPOBOISIIUMH KaTyIIKaMu, pazpadotanHbiii B OMSAN.

B Tako#l KOHCTpyKLHK OTHAAAeT HEOOXOAUMOCTh BO BHEIIHEM MOJISIPU3YIOIEM MarHure,
U IETEKTUPYIOLIAsl CHCTEMA JKCIIEPUMEHTAIBHOM YCTaHOBKH MOJKET PacloiaraTbCsi MAKCUMaJIBHO
05m3K0 OT padouero BellecTBa MUIIEHU. boibiine HapaOOTKU B 3TOM 00JacTH K HACTOSILEMY
BPEMEHHU €CTh y CIEIHAIUCTOB W3 yHHMBepcuTeToB bonHa u Maitnna [112, 113]. [pyroi
0COOCHHOCTBIO TaKOM MHUIIEHM SIBJISIETCS BO3MOXKHOCTH CO3/IaHUSl KaK MPOJOJIbHOW, TaK U JABYX
MOTIEpEeYHBbIX (BEpTUKAIbHAS U TOPU3OHTANIbHAS) MOJIIpU3ALIUN.

Transverse (Saddle coil)

-
‘ ‘ d
d \
an| L"
Longitudinal (Solenoid) B ;
= )’
1] pas 3
Internal New Coil w esla) in -
Holding Field (1.2K, 0.6T) Mainz mech R

Puc. 3.17 Kpuocrat nossipu3oBanHO# mutiieHn ¢ nossipusytomieii (Saddle coil)
U yIepkuBarome nosspusarmio (Solenoid) cBepXnpoBOASIINMY KATyIIKAMHU
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Ha sToM ke pHCyHKe MOKa3aHO YCTPOWCTBO JUIsi HAMOTKM TaKWX KaTyLIeK, CO3/IaHHOE
B yHUBepcuTeTe T. Maiini. Hammume COBMECTHBIX  pa3pabOTOK H  JOJITOBPEMEHHOE
corpyauudyectso OUSAN ¢ 3TuM u JOpyrMMM HEMEUKMMH YHHBEPCHUTETaMH Jal0T HaISKIy
peayin30BaTh B IOJIIPU30BAHHOM MMILIEHH 53KCIEPUMEHTAa MHOTME NPUHLIUINAIBHO HOBBIE
BO3MOYHOCTH.

[Ipu wucnonp30BaHMM JNAHHOW MUIIEHH OBUIM MOJNyYeHBl OXKHIAEMbI€ pe3yJIbTaThl,
MUHUMAaJbHAsE JOCTUTHYTas TeMmIiieparypa coctaBuia menee 35 MK. Dto mo3Bomwio mnpu
WCIOJIb30BAaHUM B KadecTBe pabouero BemiecTBa OyTaHoJIa JOCTUTHYTH Hosisspu3anuu 86% c
BpeMeHeM penakcamuu 1800 gacoB (500 wacoB mpu padote ¢ myukom). [Ipu mcmoab30BaHUN
JIeUTepupPOBaHHOTO OyTaHOJIa, AOMMPOBAHHOTO H00aBKkoi Finnland D36, monyuena MakcuManbHas
nosisgpuzanus 79% c tem xe BpemeneM penakcanuu 1800 yacos (Ha myuke 1100 yacoB).

Eme oxHOM IpHBIIEKATENIBHOW YEPTOM TAaKOM KOHCTPYKLMH SBISETCS BO3MOXHOCTb
IIOMECTUTh B TOT JK€ KPHOCTAT NOJSPU30BaHHYIO MulleHb-cUHTWLIIATOp — “ACTIVE-
TARGET” [114]. MulueHu-CUMHTHIUIATOPBI YPE3BBIYANHO MOJE3HBI IS WU3MEpPEHHs psijia
peakuui, Tak Kak MO3BOJSIOT CYIIECTBEHHO YIIYYIIUTh TOYHOCTH OIPEAEICHUS BEPIIMHBI
B3aMMOJIHicTBUSA. B HacTosmiee Bpemsi mojo0OHAash MHIIEHb OblIa YCHENHO pa3paboTaHa
U UCIOJIb30BaHa B dKcriepuMeHTe Ha yckopurene “MAMI C” B MaiiHlie ¢ y4acTueM COTpyJHUKOB
OUSIN. OOblUHO OHA YyCTaHABIMBACTCS Ha CIENUaNbHON BcraBke-mtanre (Cryostat-Insert,
Puc. 3.18 u Puc. 3.19), koropast BBOAUTCS B KpUOCTAT MPU HEOOXOTUMOCTH.

Mnara AeTeKToposB
(T=4K)

Puc. 3.18 OcHOBHbIC BHYTPEHHUE y3JIbI CO3aHHONW COBMECTHBIMH ycuiusamu (Maiiui- BonH-
Boxym-OUSIN) MATIeHU-COUHTHILIATOpA

*He-‘He-Mixture

Outer Vacuum Seal Inner Vacuum Seal Target Head
Detector Board

|

=

h

Puc. 3.19 Ionsipu3oBanHas MullieHb-cUMHTHILIATOP (MaiiHir)

Voke ObLT BBINOJIHEH MEPBBIN B MUPE YCIEIIHBINA SKCIIEPUMEHT € 3TOM aKTUBHOM MOJSpH-
3oBaHHOW MumIeHbI0 [115]. E€ Bricokast 3 pekTHBHOCTD M HU3KUH MOPOT PETHCTPAIIMH TIPOTOHOB
OT/Ia4¥ OTKPBIBAIOT HOBBIE BO3MOXHOCTH B MCCIIEIOBAHWH CIIMHOBOM CTPYKTYpbI IIPOTOHA U B
MIOJIyYEHUU MOJEJIbHO-HE3aBUCUMBIX JaHHbIX. llosgpusanus HOPOTOHOB OTOM MUILIEHU-
CLMHTHJUISITOpA cocTaBmiia =~ 65%, BpeMs noiep>kaHus nojasipusanuu npu remneparype 45 MK B
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MarautHoM Tosie 0.4 T — okomo 100 ywacoB. Ha mydke mossipu30oBaHHBIX MEUYEHBIX (POTOHOB
yckopurenst MAMI n3MepeHsl nonspu3alMoHHbIe HA0I0JaeMble B peakusax GoTopoxIeHus 7°-
U 7"-ME30HOB, a TAK)K€ ACUMMETPHUSI CEYEHUSI KOMITOHOBCKOTO PACCESHHUS, TO3BOJISIONIAs U3BIICYb
MO/IETIbHO HE3aBUCHMBIE JIaHHBIE O CIIMHOBOM MOJISIPU3YEMOCTH IIPOTOHA.

HoBas murienb no3BosisieT JOOUTHCS TaKyKe MaKCUMaJIbHOM aBTOMAaTU3allui YCTAHOBKH U
JUCTAHIIMOHHOTO KOHTPOJII OCHOBHBIX MapaMeTPOB, YTO YPE3BBIYAHHO BAXKHO JJISI TTOBBIIICHUS
HaAEKHOCTH U 3KOHOMUYHOCTH 3KCIIEPUMEHTAIBHON ycTaHOBKU. PabOThI O CO3JaHUIO CUCTEMBI
u3MepeHus nossipuzanuu muiienu (IMP) moryTt ObITh BbiNOHEHBI cieruanuctamu u3 OUSAN u
yHuBepcurera boxyma, KOTOpble UMEIOT K HACTOSALIEMY BPEMEHU MHUPOBbIE pa3paOdOTKH B ITOU
obnacrtu [116, 117].

Kpome kpuocTtata mMNONSpU30BaHHON MHILIEHH HEOOXOJUMO CO3[aTh CIENHUATbHYIO
TepMETUYHYIO HACOCHYIO rpymiy jais mupkymsimun He®* u otkauku He, paspaborars u co3nath
cootBeTcTBYOIIME cucTeMbl SIMP u Hakauku (CBY). [{ns ynpapieHus mpoleccaMmu MoJIspu30-
BaHHOW MHIIEHM W KOHTPOJds €€ TmapamMeTpoB HEOOXOAWM JUCTAHIMOHHBIA  IyJBT
U CHeHaM3UPOBAHHOE MPOrpaMMHOE 00eCIIeUeHHE /I BCEX CUCTEM.

B kauectBe paboyero BemiecTBa NpeANoIaraeTcsi UCIoJIb30BaTh OyTaHOJ: KaK MPOTOHHBIN
BapHaHT, TaK U AEUTPOHHBIN — C HCIOIb30BAHHEM B KaueCcTBE XUMHUYECKoro pagukana “Trityl”.
C OyraHOJIOM MOXXHO OXXHJATh TOJYyYCHHs NpeneiabHor mnoispuzanuu: Pp~90%, Pg~80%,
C IOCTaTOYHO OOJBIIMM BPEMEHEM PEJIaKCAINH MOJIIPU3ALINY.

[Ipenmonaraerca, 4yTo B paboTax IO CO3JAHUIO MOJIIPU30BAHHOW «3aMOPOKEHHON»
MUIIEHH OCHOBHYIO poiib Oyaer urpath rpymnma JISIT OUSIU, umeromas yHUKaIbHBINA OIBIT,
JIOCTHXEHUS U pa3paboTku B 3Toii obmactu (Tadx. 3.1) [118, 119, 117], noaTBep ICHHEM YeMy
Clly’)KaT ACHCTBYIOIME YCTAaHOBKU mojo0Horo tuma B ['atumue, IlporBuno, Ilpare u Maiinie.
besycnoBHo, moTpedyeTcsi akTUBHOE U MOJHOIIEHHOE yyacTue crnenuanuctoB u3 OB, a Taxke
MX HEMELKHUX KOJUJIET U3 Hay4HbIX [IeHTpoB (Maiinu, bonn, boxym).

Tab6un. 3.1 /lelicTByronye 1 MiaHUpyeMble TOJIIPU30BaHHbIE MUIIICHH,
co3nannble cotpyanukamu JISIT OUAN

Mecro IHyoankanuu
PINP, Gatchina JINR Preprints 13-10253, 10-10257, Dubna 1976
Prib Techn.Exp. 2(1978) 32
IHEP, Protvino JINR Preprint 1-80-93, Dubna 1980
Charles Uni., Prague NIM A 345, (1994) 421-428
JINR, Dubna NIM A 372 (1996) 349
Institut fur Kernphisik | Phys. Of Particles and Nuclei (2013) vol. 44, No.6, pp. 964-967
Uni. Mainz
Uni. Bonn Contract 200/1548
3.4 MarHuTHBIi CIEKTPOMETP

dusnueckas nporpaMMa dKcrepuMenTa (paszaen 1) npegycmarpuBaer perucTpanuo 3aps-
KEHHBIX YaCTULl U U3MEPEHHE UX MMITyJbca. TpekoBas cucTeMa JIOJKHA yIOBJIETBOPATH TPEM
OCHOBHBIM TPEOOBaHUSIM:

— MMeThb OOJIBIION aKCeNTaHC;

— TMO3BOJISITh BOCCTAHABJIMBATD PacIa/ibl THIIEPOHOB,;

— [IpM U3MEpEHHsX YapMOHHS UMETh paspenienue Ha yposHe 0.4 % mpu 10 T2B*.

Hcxonas u3 3Tux ycinoBuii, Oblia HOArOTOBIIEHA CXEMa, BKIIOYAIOIIast HIMPOKO-arepTypHBIN
MarHuT U CUCTEMY TPEKOBBIX JIETEKTOPOB.

45 Takas TOUHOCTh BOCCTAHOBJICHHS UMITyJibCa H€O6XO,HI/IMa TOJIBKO Ha IIOCJICOAHEM 3TaIie I/I3Mep€HI/Iﬁ
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3.41 CnekmpomempuuecKkuit mazHum

CnexTpoMeTpruyeckuii MarHuT u3rotorieH B UDBD. OcHOBHOM 0COOCHHOCTHIO MarHUTa
ABJIsieTCA OOJBIIIAs arlepTypa, MO3BOJISIONIAs TIPOBOAUTH UCCIIEIOBAHUS B OOJIBIIIOM TEJIECHOM YIJIe
U, TaKUM 00pa3zoM, o0ecreuuTh OONbIIYIO alepTypy SKCIEPUMEHTAIBLHOM YCTAHOBKH B LIEJIOM.
Aneprypa (oxkHO) MarHuTa wuMeeT pasmepbl  2300%1000 Mm%, TONmMHA  OOpaTHOTO
MarHuTonpoBona cocrasisger 850 mm. M3-3a momepeyHol HEOOHOPOAHOCTH MOJS peajbHas
paGoyast mupuHa wmarHuta cocraBiuger 1400 mm. s SKpaHUPOBKM PACCESIHHOTO IIOJIS
YCTAHOBJICHBI MATHUTHBIE 3KpaHbl TOAMMHON 100 MM, pacnionoxeHHble Ha paccTostHuU 800 MM OT
LIEHTpa MarHuta. DKpaHbl HEMHOTO YMEHBILIAIOT alepTypy YCTAHOBKH, OIHAKO, NMPAKTHUYECKU
HE UCKaXaroT akcenrtanc. dortorpadusi crieKTpoMeTpUUeCcKOro Maruuta 6e3 3KpaHoB MpHUBEICHA
Ha Puc. 3.20.

Puc. 3.20 dororpadus cnekrpomerpuueckoro Mmaruura M3 1 Ha xanane 14

,Z[JISI OLCHKHU XapaKTCPUCTUK 3KCH€pHMeHTaHBHOﬁ YCTaHOBKH ObLIU IMPOBCACHBI PACYCTBL
MmarautHoro mois. Ha Puc. 3.21 mokasana Harpys3ouHas KpuBas, T.C. 3aBUCHUMOCTb HHAYKIUHU
MAravMTHOIO IIOJId B LUCHTPC MAarHurTa OT HpHJIO)KGHHOfI Harpy3Ku — 3Ha4YCHHA TOKa B KaXKXIOM
BHUTKC.

Model M4

By | kGs|
o

0.0 0.5 1.0 1.5 2.0 25 3.0
L. [kA/turn]

Puc. 3.21 Harpy3ouHasi KpuBasi IjIst MOJIEJIM CIIEKTPOMETPUIECKOTr0 Marauta M3 1

B Tabn. 3.2 mpuBeneHs! pe3yabTaThl pacueToB IS ToKa 2.5 KA/BUTOK (Tpearoaraercs,
410 (PU3NYECKHE M3MEPEHUs Ha BTOPOM JTare SKCIEepUMEHTa OyayT MPOBOAUTHCS NMPH JaHHOM
3HAUYEHUH T10JIs1); 3HAYCHHSI KOOPIMHAT JaHbl B MIUTUMETPax, HHTErpaibHoe moie — B Ti-m. Ha
Puc. 3.22 u Puc. 3.23 mnokazanel rpaduueckue NpeACTaBICHUs JAaHHBIX pacyeToB JUISL TPex
3HaueHUM ToKa. MIHTerpan nons B neHTpe Maruura coctaBut 1.5 Tio-wm.
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Tabu. 3.2 UurerpansHoe noje B Maruute npu Toke 1=2.5 kA/BuTok

. X
Yy - 0 175 350 525 700
0 1.47493 | 1.40385 | 1.19856 | 0.89180 | 0.57204
100 |1.49826 | 1.42978 | 1.22662 | 0.91376 | 0.58583
200 | 1.56563 | 1.50726 | 1.31544 | 0.98377 | 0.62758
300 |1.67228 | 1.63846 | 1.48690 | 1.11726 | 0.69716
400 |1.80469 | 1.81748 | 1.80361 | 1.34885 | 0.79707

M4: 1=2.0 kA/urn Md: 1=2.5 kA/turn

M4: 1=1.5 kA/urn

ng b 2

X, [em] X, [em]

Puc. 3.22 V30omuHuK MHTErPAILHOTO TOJIS B YSTBEPTOM yacTu pabodeit oomacti 700500 mm2.
1 =1.5,2.0u2.5 kA/BUTOK

B_L[Tm]Lo0}

05

Y. [em]

Puc. 3.23 UnTterpanpHoe moJie Kak GyHKIHS momnepeuHsx koopauHat (X,Y) B pabodeii o0macTw.
1 =1.5,2.0u2.5 kA/BUTOK

Ha kanane 14 MarHMUT SKCIUTyaTHpPyeTCs Ha IMOHM)KEHHOM Toke | KA/BHTOK wu3-3a
OTCYTCTBHS Tpebyemoro ucrounuka. CieayeT noguepKkHyTh, 4YTO OOJIbIIOE 3HAUEHUE MATHUTHOTO
M0JI1 HEOOXOIUMO TOJIBKO NMPH M3MEPEHMSIX PeakUuil pokKIeHHs dapMoHus. B apyrux ciydasx
HeOOJIbIIOE 3HAYEHHE TOJS IO03BOJISIET YBEIUYUTh 3(PPEKTUBHOCTH pErucTpalvy 4YacTHUll.
PacuérHast kapTMHa mons Opu Toke | KA/BUTOK, IIOJlyuY€HHas METOAOM YHCICHHOTO
MOJISIIMPOBAHUS ¢ McTob30BaHreM nporpaMMbl ANSY'S, mokazana Ha Puc. 3.24. Tlone B neHTpe
Maraura pasHo ~5.6 xI'c.

Jlns mpoBepKU pacyeToB U MOJYYEHHUS TOUYHOM KapThl MarHUTHOTO MoJisi Obla co3JaHa
crcTeMa U3MepeHHi Tonorpaduu MarHUTHOTO MOJISl Ha OCHOBE JaTYMKOB XoJuta. OHa COCTOUT U3
22 rtpynn patuukoB Xouta ¢ TouHOCThiO 0.1%, 1o Tpu paruMka B KakJAOW TpyIIe,
OpPUEHTUPOBAHHBIX HA U3MEPEHUE OJHON U3 TPEX KOMIIOHEHT MOJI.

Ha Puc. 3.25 moxka3ana cucrema M3MepeHUS MarHUTHOTO IO, CMOHTHpPOBaHHas Ha
CHEKTPOMETPpUUECKOM MarHuTe. Jlarumkm Xoiia pa3MelieHbl Ha BEPTHKAIBLHOM JIepiKaTelie C
marom 40 MM, mokpsiBas o BepTukanu (ock Y) 840 mm. JlepkaTenb 3akperui€éH Ha KapeTke C
MPEIM3HOHHBIM aBTOMAaTHIECKUM MTPUBOIOM TIEPEMEIICHUS TI0 JUTMHE MarHuTa (BAOJb MyUYKa, OCh
Z) ¢ octaHoBKaMu yepe3 kaxapie 40 mm. Cuctema Mo3BOJISIET MPOBECTH M3MEPEHHUS B 00JIacTH
MEXy MAarHUTHBIMHU YKpaHaAMHU.
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B, atY=0

f By-dz

Puc. 3.24 PacuérHoe nosne marauta M31 nipu Toke 1 kA/Butok. CrieBa — BepTUKaIbHAS
KomroHeHTa 1oJist By B rutockoctu XZ npu Y=0; nmocepeanne - miockocts YZ npu X=0; cipasa -
3aBHCHMOCTH HHTErpana |By.dz oT monepeunsix koopauuar X u Y

; = " /.
— : {q O £ o
PI/IC. 325 CI/ICTCMa I/IBMepeHI/Iﬂ MAar"guMTHOTO I10JIA, CMOHTI/IpOBaHHaH Ha CHeKTpOMeTpI/IIIeCKOM MArHuTe

N3mepenus mpoBOANUINCH B aBTOMATHYECKOM PEKHUME CO CUUTHIBAHUEM U LIU(PpOBU3aLIUEn
MIOKa3aHUM JaTdyukoB XOJUla B KaXIOW OCTaHOBKE IO Z. M3MepeHus OCYILIECTBIAIOTCS KaK IIPU
JBUKEHUN KapeTKH «BHEpPEI», TaK U Ha 0OpaTHOM IYTH IPU BO3BPAILEHUH KAPETKU B UCXOJHOE
MOJIOXKEHUE B TeX e TOYKax o Z, 4To U Mo myTu «Brhepén». Takum obpa3zoM, B kaxaoi u3 50
TOYEK I10 Z NMPOU3BOAUTCS 1O JIBA U3MEPEHHUS.

VY4uuTeiBas, 4TO MOJHBIE M3MEPEHHUs Tonorpaduu IMojis — 3TO JOBOJBHO JJIUTEIbHBIN
MIPOLIECC MPOJOJKUTEIIBHOCTBIO B HECKOJIBKO YacOB M JIaXe JHEH, IPEIyCMOTPEHBI HECKOJIBKO
croco0O0B OTCIIEXKHUBAHUSA Apeii(a Mosst MarHuTa U U3MEepUTEIbHOM anmnaparypsl. K HUM oTHOCSTCS
1) HempepbIBHOE CJEKEHHWE 3a H3MEHEHHUSIMU TOKa NHTAHMUS MarHuTa MyTEM H3MEpEeHUs
HanpsHKEHUS Ha CIelUalbHOM MPEU3MOHHOM CONPOTUBIICHNH; 2) Ha HUYKHEM IOJII0Ce MarHUTa B
(UKCHUPOBAHHOM TOJOKEHHH pa3MEUIEH CHelHaIbHbIN «OMOpHBIN» HaTyuk Xoia; 3) Ha o0oux
MOJIF0CAX MarHUTa, BEPXHEM U HIDKHEM, pa3MeIlIeHbl B (PMKCHPOBAHHBIX MOJIOKEHUAX JBa SIMP-
30H7a; 4) B cucTeME NPUCYTCTBOBAN PsIJl IaTYMKOB CIEKEHHUS 3a TEMIIEPaTypoil, TOKOM IMUTaHUs
JATYUKOB XOJUIa M IMp. OTH JaHHBIE TAKXKE CUUTBHIBAINCH W 3aIlIMCHIBAJIUCh OJHOBPEMEHHO C
MU3MEPEHUSIMU MAarHUTHOTO ITOJISL.

W3mepenusimu Oblla TMOKpHITA 3HAYUTENbHAS 4YacTh pabodyero oObéMa MarHurta, HO, K
COXKaJICHUIO, HE BeChb 00BbEM. I3-3a KOHCTPYKTHUBHBIX OCOOCHHOCTEH MarHuTa W OTPaHUYECHUIN
CHCTEMBI IiepeMenieHus qarankoB Xoiuta [120] He ynanock caenare H3MEpEeHUsT Ha PACCTOSHHSIX,
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yaanéHHeIx 6onee, yeM Ha 0.4 M, OT LIEHTpa MarHUTa BBEPX IO My4YKY, a TaKXkKe BOIM3U PAHUL]
aneptypsl. CpenHekBagpaTHyHOe OTKJIOHEeHUE (RMS) pacuéroB u m3amepenuit mo Bcem 101920
U3MEpPEHHBIM Lu(ppaM sl BceX TPEX KOMIIOHEHT IoJis ObLIO HaiaeHo paBHbIM ~+1.9 MT, uro
coctasisieT ~+0.35% oT noss B IEeHTpe MarHuTa. 3HaYUTEIbHBIN BKJIAJl B OTKJIOHEHUSI 110 BCEMY
00bEMY BHOCUT OLIMOKa MO3UIIMOHMPOBAHUS IATYUKOB BOIMM3M pEOEp M YIVIOB IOJIOCOB, IJE
IPaJMeHTHl UHAYKIUH OYCHb BEIUKU M JOCTUraroT ~5 MT/MMm. Ecnm orpaHu4mMTbCS TONBKO
00J1acThIO BAANU OT ModrocoB Maruuta npi | Y] < 30 cm, To 3aech RMS = ~+0.95 MT = ~+0.18%.
AOCOIIOTHBIE HOPMUPOBKHU PAacYETHOTO M M3MEPEHHOIO MarHUTHBIX IOJIEH MPU TOKE NMUTAHUA 1
KA Ha BUTOK COBHAIM € TOUHOCTHIO ~0.13%.

Nnmroctpariuss K CpaBHEHHIO pPAacyéTOB M HM3MEpPEHUN mpencTaBieHa Ha Puc. 3.26 B
TEPMUHAX HHTErpajioB Mo BOAb Oocu Z. BepxHsst cTpoka: pacu€THbE paclpeieneHus
MHTETPAJOB B monepeuHoi miockoctu X-Y i monHoro pabouero oobvéma marHuta. HikHssA
CTpOKAa: OTHOCUTENIbHBIE PAa3sHOCTH MEXIY pacu€THBIMM M HW3MEPEHHBIMH HWHTErpalaMu,
HOPMHPOBAHHBIC HA UHTETPAJIbl OT OCHOBHOM KOMITOHEHTHI By, /1 wactu pabouero o0béma, e
obutn caenanbl  m3Mepenus. O6o3nauenue: AB(X,Y,Z) = Bpacuem(X,Y,X) — Busuepenus(X,Y,Z). B
HIDKHEH CTpOKe UQPBI B CTAaT-00KCaX COOTBETCTBYIOT (PUTUPOBAHUIO KOHCTAHTON C €MHUYHBIMHU
omubOkamu 2D-pacnpenenenuii B mosoce |Y| < 30 cm.

/ Bx(X,Y,2)-0Z / By(X,Y,2)-dZ

A
\\\\\“\\\\\?\‘&\\\

N
AR
RN

J By.dZ, Tm

0
P
e

40
S e
" om 20 40

( / ABX(X,Y,2)-d2) / ( / By(X,Y.2)-02) ( f ABy(X.Y,2)-dZ)/ ( / By(X,Y.2)-d2)
%2/ ndf 0.0008125 / 479 %2/ ndf 0.0008027 / 479

Hoo 0 x,cm

po 1.035e-05 + 5.945e-05 PO -0.0004103 + 5.908e-05

By-d2)
a
-4

/

°

2

{/_!BX dz)/ (/By a2)
o o
o
s
2

(| ABy-d2)/(

40

Puc. 3.26 VmmrocTpanus K CTeTIeHH coriacus pacd€éToB M N3MEPEHHMH 110 HHTETpaiaM BJIOIb och Z

[Toka3zaHbl TOJIBKO JBE MONEPEUHBIE KOMIIOHEHTHI, KOTOPbIE BHOCST JIOMUHUPYIOIINI BKIa/]
B OTKJIOHEHUE B MAarHUTE 3apsHDKCHHBIX YACTHIL, JIETSIINX O] MaJIBIMU yIiiamMu K ocH Z. [1o cpenne-
KBaJIpaTUYHBIM OTKJIOHEHHMSIM OT HYNs JUIsl BCEM MOKa3aHHOM X-Y-NJIOCKOCTHM HMMEET MECTO
cornacue B nipenenax ~+0.3% s unterpana ot By u ~£0.18% - ans unterpana ot By, A Baanu
ot nontocoB Tipu |Y] < 30 cm cornacue He xyxe, ueM ~+0.14% nns obeux kommnoHeHT. HTerpan
MoJisi BAOJNb IydKa MO JIMHUM, MpOoXonsuieil yepe3 meHtp marnuta, paseH 0.703+0.001 T-m.
Nunykuust B nentpe maruuta paBHa 0.5398+0.0004 T. BenuuumHa paccessHHOTO MOJsSI B 30HE
OmKalero TpekoBoro Jerekropa Bbiie M31 mo myuky paBHa npumepHo 15-17 MT, a B 30He
OmmKaliero neTekTopa ke mo myuky — ~0.2 MT.

Jlns oTBOoza Temia, BbLIENSEMOro IMpHU paboTe MarHuTa, yepe3 OOMOTKY MpOKauMBaeTCs
obOecconeHHasi XoJionHas BoAa moj mAaBieHueM 11 artmocdep. Jlannas cucrema He TpebOyer
CEpbE3HOM OMOIHUTENBHON MPOPAOOTKHU.

[Ipu coznanuu (pa3MelieHnn) yCTaHOBKU Ha KaHaie 24A Juisi JOCTHKEHHUS] HOMUHAJIBHBIX
3HaQYEHUW MAarHUTHOTO TOJISI HEOOXOUM CIIEIIUATU3UPOBAHHBINA UCTOYHUK TOKA.
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3.4.2 Tpexosas cucmema

TpexoBbIe JETEKTOPHI AKCIIEPUMEHTA JOJKHBI HIMETh MUHUMAJIbHOE KOJIMYECTBO BEIECTBA
U XOpolllee KOOPAMHATHOE pa3peleHne. Majioe KOJIMUeCTBO BEIeCTBa TPpeOyeTcsl, Ipexe BCEro,
IIPY UCCIIEIOBAHUH YapMOHUS. B 3THX HcclieoBaHUSX MPEAonaraeTcs HCIoIb30BaTh IETEKTOPHI
Ha ocHoBe ['a3oBoro anekrponnoro ycuienus (IDY, GEM) u cranium neTeKTOpOB Ha OCHOBE
TOHKOCTEHHBIX Tpy6ok. B Ta6i1. 3.3 mpuBescHBI CHHCOK, TONOXKEHHE™ M pasMepbl TPEKOBBIX
JETEKTOPOB; YKUPHBIM IIPU(PTOM OTMEUEHBI AETEKTOPBI, KOTOPHIE MPEAINOIAaraeTcsi HCIOJIb30BaTh
IIPU MCCIICIOBAHUY YapMOHHS: BBIOOP ATHUX JAETEKTOPOB ONPEEISeTCs JYUYIIUM KOOPJHHATHBIM
pas3percHueM.

Ta6x. 3.3 Crcok u XapakTepUCTUKH TPEKOBBIX JETEKTOPOB.
JKupHBIM MIpAGTOM OTMEUECHBI IETEKTOPHI, KOTOPBIE MPEATIONAracTcs HCI0JIb30BaTh IIPH UCCICIOBAHUH YapMOHUS;
* 3Be3JOYKON OTMEYCHBI JETEKTOPHI Ha KaHaie 14, mpoTecTupoBaHHEIE B ceancax 18 m '19 rr.

ITar npoBoJiok

Nms Paccrosinue Komno3unus (amameTp TPyOOK) Pasmep kamepsl, | Yuciao
JAeTeKTopa oT Muienn [m] KaMep [mMMm] Y[em] xX[em] Kananos
GEM1 0.35% XY ctpun 0.4 20 x 20 1000
PC1* 0.55 XY 1 20 x 20 400
pPC2* 0.63 XY 1 20 x 20 400
PC3* 0.71 XY 1 20 x 20 400
GEM2 0.85 XY ctpurn 0.4 30 x 30 1500
DT1* 1.00 UV, XY 15 32 x 32 384
DT2* 1.67 X,Y,UuV 30 72 x 96 336
DC1 3,00 X 17 80 x 120 140
DT3* 5.29 X,Y,U 30 120 x 168 432
DC2 5.70 X,Y,uV 17 160 x 240 560
DT4* 8.07 X,Y,U 30 192 x 240 672
DT5* 9.77 X,Y,U 30 192 x 240 672

Htoro xanamos: 2500 ALIT mmst GEM-gerektopos, 2496 BILIIT mis kamep Ha OCHOBE
npeiidoBbIX TpyOoK 1 1200 perucTpoB Jj1si TPOMOPIIMOHAILHBIX KaMep.

3.4.2.1 GEM-oemexmopuwi

[Tpu uccnenoBaHnM YyapMOHHSA HEOOXOIMMOE KOOPIAMHATHOE pa3pelieHHe JIByX MEPBBIX
JIETEKTOPOB, PACIIOJIOKEHHBIX JI0 CIIEKTPOMETPUYECKOTO MAarHWTa, JOJDKHO cocTaBiATh 6070
MuKpoH. Takumu xapakrepuctukamu obnanaror GEM-perextopsl (Gas Electron Multiplier) ¢
BpeMeHHbIM pazpenieHueM 10 He. [Inanupyercss UCnoab30BaTh ABYXIUIOCKOCTHBIE JE€TEKTOPHI C
TpeMs creneHsMmu ycuienus (triple-GEM). TpekoBasi cuctema OyJeT BKIIOUaTh JBa JIETEKTOPA
turma GEM, pacnoniokeHHBIX Kak MOXXHO Onmxe K MuieHu. Jlerektopelr GEM urparot BaxxHyto
pOJb ISl ONpeeNeHs] BTOPUYHBIX BEPIIUH, YTO TpeOyeTcs JUIsl perucTpalii pe30HaHCOB U
rurepoHoB. GEM1 nomxken umets pazmep 20%20 cm?, GEM2 — 30%30cm?.

B U®BD ocBoeHa TexHoiorus u3rorosieHus aerekropos GEM u3 marepuanos, moaro-
tapmuBaeMbix B IIEPH. Cosmaner aBa mpororunma GEM-perektopa pasmepamu 10x10 cm?
(cMm. Puc. 3.27). IlpoBeneHs! ucnbiTanust 3Tux npotoTunos. Jlerekropsl GEM umerot npoctpaHcr-
BEHHOE paspemieHne okoso 70 MUKpoH W paboTaroT mpH 3arpy3kax no 10° MM 2 ¢!, To ecTh B
MHTCHCUBHBIX Mydkax. CaMu JETEeKTOphl MOJHOCTHIO  YJOBJIETBOPAIOT  TPEeOOBAHUSAM
SKCIIEPUMEHTA.

4 TlonmoskeHHe AETEKTOPOB IIPEACTABIECHO IPU MCCIEIOBAHMH OIHOCIHHOBBIX ACHMMETPHI C MCIIONB30BAHHEM
BOJZIOPOJTHOM WJIM SJIEPHBIX MUILIEHEH NpU U3MEPEHUsIX Ha KaHaie 24
47 Hauayo meTekTopa.
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[To pe3ynbratam mccieqoBaHUN XapakTepuCcTHK MpoTtoTunioB GEM mpusHaHo 11€1eco006-
pa3HBIM CO3/IaHHE [BYX JeTeKTopoB. I[Ipenmonaraercs, 4To pa3paboTka W U3TOTOBJICHHE
HaJIETEKTOPHOM 3JIEKTpOHUKHU OyneT BoiosiHeHo B MUDU unmu OUAN.

Puc. 3.27 ®ororpadun nByx npororunoB GEM nerexkropos

3.4.2.2 IlponopyuonanvHovle kamepwvl

Mexny nsyms aerektopamu GEM1 u GEM2 pacnonoxeHbl Tpu HpONOpPLUOHATIbHBIE
kamepsl PC1-PC3 ¢ mpoctpancTBeHHBIM pazpemieHreM 300 MUKpOH. DTH Kamepbl paboTaroT
3¢ GEKTUBHO B IyYKaX YaCTHI] C MHTEHCUBHOCTBIO /10 4-10° yacTui B cekyHay. Takue e KaMepsl
MIpeIoiaraeTcs MCIONb30BaTh B KayeCTBE IYYKOBBIX JETEKTOPOB, MO3TOMY HX YCTPOMCTBO
ornucaHo panee (cm. paszuen 3.1).

3.4.2.3 Tpexosvie demexkmopvl Ha 0CHOBe Opeligho8bIX MPYOOK

3a nmerexkropom GEM2 pacnonoxkena npeiidoBas cranuusa DTI1, cocrosmias u3 AByx
JIBYCIIOWHBIX KaMep ¢ nuameTpoM TpyOku 15 mm [121] u pabGoueii obnacteio 48x48 cm?. OnHa U3
3THUX KaMep MOoBepHyTa Ha yrou 45° otHocuTenbHO BepTrkanu. Kaxmpiii cioit (X u Y) cocTouT 13
TpeX psAaoB OperihoBEIX TPYOOK, CKICCHHBIX MEXIY COOOM; CPpeIHHMA Psij CABUHYT HA IOJIIATa
OTHOCHUTENbHO KpaiHux. TpyOku “mioTHO” ymakoBaHbl B 3 ciosi (Tak ke KaK U B «OOJBIINX)»
KaMmepax); B KaKJIOM clioe 1o 96 TpyOoOK, pacCTOSTHUE MEX/Ty JTFOOBIMU COCEHUME CHTHAIBHBIMU
npoBosiokamu — 15.5 mm (Puc. 3.28, neBas maness). [llar mexay TpyOkamu coctasisiet 15.5 mum;
3TO PACCTOSIHUE OMPEACIISIETCS TOYHBIMU MOBEPXHOCTIMHU TOPLEBBIX d51eMeHTOB. KomuectBo T
B CJIO€ KpaTHO §, YTO ONPENENseTCS MOIYJbHOCTBIO S3JEKTPOHUKU. OJTHU KaMepbl UMEIOT
HEUYYBCTBUTEIBHYIO 30HY pazmepoM 3x3 cMm? u padoTatoT 3PGEeKTUBHO B UHTCHCHUBHBIX My4YKax
gactull. Kameper DT1 cMoHTHpOBaHBI Ha OJHON MOJCTaBKE C CHCTEMOUW MPOMOPIIMOHATHHBIX
kamep (Puc. 3.28, npaBast manesp).

15.5
N
d900000¢
Z\ Z\ AN Z\ AN /\ AN
‘ \V4 \V4 YV \V4 \V4 \V V
20000000
00000000
NN N NN N TN

@ - MeCTO CKaeiHKH

Puc. 3.28 Cxema pacrionoxxeHust TpyOoK (J1eBasi maHeJIb)
1 (OTO CMOHTHPOBAHHBIX Ha OJIHOI MOJICTABKE MPOMOPIMOHANBHBIX Kamep (Ha IepeHeM IUIaHe) 1
npeiidoroit kameps! DT1 (mpaBas manens)

Cranmus DT2 cocTouT U3 IBYX OJIMHAKOBBIX KaMep, OJIHA U3 KOTOPBIX MTOBEPHYTA HA yTOJ
15 oTHOCHTENBHO BEpTHUKAIU. DTH KaMmephl, Kak W Bce ocTanbHble Kamepbl DT 3a mMaraurtowm,
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M3TOTOBJICHBI U3 MaiIapoBbIX ApeiioBbiX TpyOok ¢ auamerpom 30 mm [122]. Kaxmas xamepa
COCTOUT U3 TpeX PsIoB Apei(POBBIX TPYyOOK, CKICCHHBIX MEKIY COOOM; CpelHUil psiJl CIBUHYT Ha
ToJImara OTHOCUTENbHO KpaiHux. Illar mexay Tpyokamu coctarisier 30.035 MM (ompenensercs
rpebeHKaMu Ha TPAHUTHOM CTOJIE TIPH CKIIeiike kamepbl). KomudecTBo TpyOOK B ciioe KpaTHO 8,
YTO ONpENENAeTCS MOAYJIbHOCTBIO DSJIEKTPOHUKH. B IleHTpe 3TH Kamepbl HUMEIOT 30HY
HEYYBCTBUTEIHHOCTH ITydKa ¥ padoTaroT 3(H(PEKTHBHO B MHTCHCUBHBIX MMy4YKaxX dacTull. CTaHIuu
DT3-DT5 pacrmonoxeHbl 3a MarHUTOM M HU3MEPSIOT KOOPAWHATHI (BOCCTAHABIMBAIOT TPEKH)
gactuIl B Tpex miockoctsx — B X,Y,U. Kamepa U nosepHyTa Ha 15° OTHOCHTENBHO BEPTHUKAIH.

TexHosorust U3roTOBIICHUS JaHHBIX Kamep Oblia co3nana B UDBD, monyyen mateHT Ha
noje3nyto mozaenb [123]. Bee cranuuu apeiioBbiX TpyOOK M3TOTOBIICHBI M CMOHTHPOBAHbBI Ha
kanaie 14 (Puc. 3.29).

Wy

|
3 umumnmmm ~w

ummu nmm‘ ‘

Puc. 3.29 YerBepras craHus Kamep Ha pabodeM MECTe ¢ yCTaHOBJICHHBIM Iepe]] HeH TpUITepHbIM
CYETYMKOM Ha B3aMMOJICHCTBHE; CIIpaBa — TPEThsI CTAHIINA,
pacIooXeHHas! Cpasy MOCiIe MarHuTA.

3.4.2.4 Onmumusayus Xapakmepucmux Kamep Ha ocHoge Opetihoswbix mpyook

Kamepsr Ha ocHOBe apei(oBbIX TPyOOK pabOTalOT HA CTAaHAAPTHOW Tra30BOM CMeECH
93% Ar, 7% CO:.. [peiidoBbie kamepsl yCTAaHOBKHU B CYMME UMEIOT ra30BbIid 00beM okosto 2700 1.
Jlnst mpuBeAeHUsT KaMep B ONTUMaIbHOE pabodee COCTOSHUE TPeOyeTcs pacxoj ra3oBoi CMECH
OKOJIO 5 JI/MHH B T€Y€HHE CYTOK (IIPUMEPHO TpH 00BbEMa KaMep).

Bbuti poBeieHbI CCeIOBaHUs 3aBUCUMOCTH XapaKTEPUCTHK PabOThI Kamep OT pabovero
HanpsDKEHUs U CKOPOCTH MpoAyBa. B HacTosmee Bpems nmpenoiaraercs padbotaTb cO CKOPOCTHIO
MpoayBa OKOJIO OJHOTO O00beMa Kamep B CYTKH. JlaHHas MHHHMAaIbHO BO3MOXKHAs CKOPOCTb
pojayBa TpeOyeTcs Al COXpaHEeHUs CTa0MIIBHOCTH CKOPOCTH Jpeiida noHoB (Rr-3aBUCUMOCTH).

st onipenenenust paboyero HampsiKeHUs: OB CHITHI CYETHBIC XapaKTEPUCTUKH KaMep.
Ha Puc. 3.30 npuBesneHa cueTHas XxapakTepUCTHKa JJIs 01HOM U3 KaMep. CueTHast XapaKTepHCTHUKa
W3HAYaJbHO CHUMAJach TPU  HCIOJIB30BAHWM  KOCMHYECKMX  MIOOHAX U IO3/IHEE
BepuduuupoBanack Ha nmyuke. B pesynbrare uccnenoBanuit 1 kamep DT2-DTS Obu10 BeIOpaHo
pabouee Hanpspkenue 2250 B, aiig kamepsl DT1 (¢ amamerpom Tpy6ok 15 mm) 1950 B.
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Puc. 3.30 CuerHble XapaKTEpUCTUKHU BCeX TPYOOK (cCiieBa)
U yCpeIHEeHHas XapaKTepUCTHKa BCei KaMephl (Crpasa)

Jnis ganHOTO pexxuma paboThl Kamep OBLIO TPOBEACHO HCCIEIOBAaHHUE COOCTBEHHOE
paspelieHre KaMep Ha KOCMHYECKHX MIOOHAX, KOTopoe mokazano Ha Puc. 3.31 (p2 = 143 Mkm) u
COOTBETCTBYET OKUJAHUSAM M TPEOOBAHUSM IKCIIEPHUMEHTA IO TOYHOCTH.

hres
Entries 12809
. ; Mean -0.01344
L RMS 0.2141
= ¥2 { ndf 105 / 34
F pl 1323+ 19.8
. p1 0.0009992 + 0.0018702
L p2 0.1425 = 0.0021
F p3 186.3= 7.1
B p4 -0.05752 + 000678
500|— ps 0.35 0.00
ob—— :

Residuals, mm

Puc. 3.31 Pa3HocTh MEXIy BOCCTAHOBIICHHOIN KOOPAMHATOMN TpeKa
U KOOPAWHATOW B TaHHOW MOAIUIOCKOCTH

[Ipy  TpoBeneHUM  METOMWYCCKUX  CEaHCOB  OBUIO  TMPOBEACHO  HCCIICIOBAaHUE
3¢ (}HEeKTUBHOCTH BCEX TPEKOBBIX NeTekTopoB. Ha Puc. 3.32 crneBa mokazaHa 3aBHCHUMOCTH
3¢ (HEKTHBHOCTH OT HANPSHKCHHS JIJIST OJTHOW M3 KaMep, a crpaBa — 3((HEKTHBHOCTh BCEX CIIOCB
TPEKOBBIX JEeTEKTOpoB. HekoTopoe ymeHbiieHNe 3(HEKTUBHOCTH TP YBEIWYCHUH HATPSKEHUS
CBSI3aHO C YBEJIMUCHUEM IIIYMOB B Kamepe.

1 FtsDetPlane Efficiency (RUN56)

07 0.71'

Efficiency
o o o
2 o o
o
o

o
©

o
)

o O R R D R R R N
Opxipxe Pa XL YOI VOUI UOLI XILL YILL UL VILL XU YU U1 XS YELL USLY UL Xed YAl

P PP IR IR |
1950 2000 2050 2100 2150 2200 2250 2300 2350
Volts

Puc. 3.32 Cnesa — 3aBucuMOCTh 3 PEKTUBHOCTH OJIHOTO U3 CIIOEB KaMePhl OT HANPSHKSHUS,
crpaBa — 3 HEKTUBHOCTD BCEX CIIOEB TPEKOBOIT CHCTEMBI, TOJIyYEeHHAs HA BTOPHYHBIX TPEKaxX

HccnenoBanue XapakTepUCTUK KaMep B METOJAMYECKOM CEaHCe JEMOHCTPUPYET BBICOKYIO
3G GEKTUBHOCTh BCEX CIIOEB Kamep (OJHA TPOTNOPIHMOHATBHAs Kamepa He paborana, STOMY
COOTBETCTBYET HyJeBas d3PPEKTUBHOCTH B OJTHOM clioe) — 6onee 90% Bo Bcex ciosx, Beime 95%
uis OonbiiMHCTBA cioeB. Jns npelidoBbix TpyOok naHHoe 3HaueHHe 3pdekTuBHOCTH (95%)

94



SIBIISIETCSI BBICOKHM, TaK KaK P IPOXO0XKICHUN TPEKOB MEXy TpyOKaMu (Ha pacCTOSIHUHU pajiyca
TPYOKH OT CUTHAJIBHOM MPOBOJIOYKH) 3(h(HEKTUBHOCTH MaJaeT.

3.4.2.5 Nlpeiighosuvie kamepwr [TUAD-UTOD

Eme oqHIMH TPEKOBBIMH JIETEKTOPAMH MOTYT cTaTh Apeiidobie kamepsl [INAD-UTOO,
KOTOpBIe pa3zpaboranbl U co3manbl sl dKkcrepumenta DIIMKYP. [TogpobHoe ommcanue 3THX
Kamep npuBeaeHo B padote [107]. 13 BO3MOKHBIX KOHCTPYKLUH JaHHBIX Ipei(OBBIX Kamep Oblia
BbIOpaHa Ta, KOTOpas oOecreuynBaeT MHUHUMAIbHOE KOJIMYECTBO BEIIECTBA Ha IyTH
PETUCTPUPYEMBIX HPOAYKTOB PEAKIUU — IPOBOJIOYHAsS JperdoBas kamepa € rekcaroHaJbHOU
cTpykTypoil. Koudurypanus modyru mnpaBWIBHBIX HIECTUTPAHHBIX JApEH(OBBIX  sUeeK

wuoctpupyetcs Puc. 3.33.
]

3 - O O O O omI
4 -0 o Q O o

5 - . * * +

6 --O o] Q O o]

7- o e Q- e o}
8 = . .- . .

9 - o} < ot <O O
10 --O o S s} o

11 = O O = Opes O O

12

Puc. 3.33 YacTp nmeproIndeckoil CTpyKTyphl IPOBOIIOYHBIX OpetipoBbix kamep JITEKYP
(1e B MmacmTabe):
2,3,4,6,7,9,10, 11 — nmockocTH NOTEHIMATBHBIX TIPOBOJIOYCK,
5, 8 — MIIOCKOCTH CHTHABHBIX ITPOBOJIOYCK,
1, 12 — maiinapoBble OKHA, OTPaHUYHBAIOIINE Ta30BBI 00bEM

OTKpBITBIMU KPYKKaMU U300paKeHbl MMOTEHIMAIbHbIE POBOJIOYKH AuaMeTpoM 100 MKM.
IIpoBonouku B ciosix 3, 4, 6, 7, 9, 10 HaxoaATCs MO/ BBICOKUM IOJIOKUTEIBHBIM TOTEHIIUAIOM,
oOpa3yss TOYTH IWIMHIAPUYECKH CHUMMETPUYHOE JIpeiioBoe I0Jie BOKPYT 3a3eMJICHHBIX
CUTHAJIBHBIX ITPOBOJIOYEK (M300pakeHbl YEPHBIMHU TOUKAaMH B €10sX 5 U 8). JlnameTp cUrHaIbHBIX
poBoJIoYeK — 25 MKM. [ToTeHIanpHbIe II0CKOCTH 2 U 11 MMEIOT HyJIEBOM MOTEHIIMAI B CITY)KaT
JUIE CUMMETPH3allMK T0Ji S4YeeK C BHEIIHEH CTOpOHbI. JleHCTBUTENBbHO, MO OTHOLIEHHIO K
BEpXHEMY (IO PUCYHKY) pALy S4€eK, MPOBOJOYKM IJIOCKOCTH 2 3a/JaloT MOYTH TaKyl e
KOH(UTrypaluio NOTeHIIHaNa, Kak ¥ CHTHaJIbHbIE IPOBOJIOYKH IIOCKOCTH 8. L1]ar siueek CTpyKTypbl
— 17 MM. CaBur siueek B JBYX CHTHaJIbHBIX IIOCKOCTAX Ha IOJOBHUHY IlIara IO3BOJISET
3G GEKTUBHO OIpeNeNATh, C KaKOH CTOPOHBI OT CUTHAJLHOW MPOBOJIOYKHU MPOLIEN TPEK PEerucT-
pUPYEMON YaCTHUIBI.

[a30BbIil 00bEM Kamep orpaHuueH MaitmaposeiMu okHamu 1 u 12 (Puc. 3.33) c repme-
TU3allMed 1O aTroMHHHEBOW pame. PabGodas raszoBas cmech coaepxut 70% Ar u 30% CO..
IMpexycMoTpeHa BO3MOKHOCTH moamemuBanus 10 3% ¢peona-14 (CFs) mnast ounrneHus
3JIEMEHTOB BHYTPEHHETO 00beMa.

Ha Puc. 3.31 npuBezaeHa 3aBUCUMOCTb 3 (HEKTUBHOCTH KaMephl OT BEICOKOTO HAIPSKEHUS,
MI0JIaHHOTO Ha MOTEHIMAIbHbIE TPOBOJIOYKH FeKCAaroHAJIIbHOM CTPYKTYPBI, /1715 ra30Boi cMecu 65%
Ar u 35% CO.. U3 pucyHka BUJIHO, UTO B Juana3oHe padouux noporos 15+20 mMB mupuna miato
spdextuBHOCcTH cocTtaBisier 200300 B. Ilpu mpoaysBe kamepsl pabouell Tra30BOH CMeECHIO
HampsDKeHUs, TPU KOTOPBIX JIOCTUTAaeTcss Takas ke 3((eKTUBHOCTh, YMEHBIIAIOTCS
npuomuTenpbHo Ha 50 B. Puc. 3.32 mokasbiBaeT 3aBUCHMOCTh KOOPAMHATHOM TOYHOCTH
npeidoBBIX KaMep OT TaHIeHca yrja HakjioHa Tpeka. llpum paboyem Hampsbkenun 3.2 kB
HEONPEICIEHHOCTh BOCCTAHOBJICHUS KOOPIMHAT COCTAaBISIET NpuoOmm3uTenbHo 200 MKM 1iist
NEePIIEHAUKYIISIPHBIX TPEKOB.
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Puc. 3.34 3aBucumocTs 3 PekTUBHOCTH Puc. 3.35 3aBUCHMOCTH TOUHOCTH APEeH(POBBIX

JpeiidoBoit KaMmepsl OT MUTAIOIIETO HANPSKEHUS KaMmep OT TaHT'€HCa yIJia HaKJIOHA TPeKa MpH

NP pa3INYHBIX TIOPOrax JUCKPUMUHALIIH Pa3IMYHBIX HANPSOHKEHUSIX HA MTOTEHIMAIBHBIX

MIPOBOJIOYKAX M (PUKCHPOBAHHOM TOpOTe
JUCKPUMHHAILIUH. YTOJI OTCUUTBIBAETCA OT
HOPMAaJIH K IIIOCKOCTH KaMepbl B TNIOCKOCTH,
MIEPIECHANKYIIPHON HATIPABJICHUIO TIPOBOJIOYEK.

3.5 JIEKTPOMATHUTHBIN KaJI0pUMeTp

OJHUM MX OCHOBHBIX JIETEKTOPOB YCTAHOBKH SBIISICTCS JIEKTPOMArHUTHBIN KaJIOpUMETP
(BMK), M3TrOTOBIICHHBINA IO TEXHOJIOTHH «IIANUIBIK» C TOHKOW CerMEHTAaIMed W 00amaromui
BBICOKUM pa3pelieHneM U 3PPEeKTUBHOCTbIO. TeXHOJIOrHsl U3rOTOBICHUS JAETEKTOpa MOJHOCThIO
orpaborana mpu moaroroBke skcmepumenta [TAHJIA. 3a ocHOBY OyayT B3ATHI pa3palOTKH,
[IOJIlyYeHHbIE NpPU TOATOTOBKE MpoekTa llepenHero 3J1eKTpOMarHUTHOIO KaJllopuMeTpa THUIa
manuibik [124].

Moaynb mepeiHero 3JIeKTPOMAarHUTHOTO KaJoOpuMeTpa HMMEET COHIABUY-CTPYKTYDY.
B kaxxnom monyie «manuibika»y HaxoguTest 380 cioeB CBUHIIOBOTO MOTJIOTUTENS ToammHon 300
MHUKPOH U CLHUHTWIIATOPA ToNmuHON 1.5 Mm. [TonHast 1yinHa akTUBHOM 30HBI MOJTYJISl COCTABIISIET
700 mm, mmu 20 paguanroOHHBIX JUIMH. YeThIpe SYeHKH KaIopuMeTpa MEXaHHIeCKH 00bheTMHEHBI
B OJIUH MOAYJIb. YepTex MOoyIIsl KaopuMmeTpa npescrasieH Ha Puc. 3.36. [lonepeunsie pazmepbl
MOJIYJIS, COCTOSIIIIETO M3 YETHIPEX ONTHYSCKU W30JMPOBAaHHBIX KaHaioB — 110x110 mwm?
(Puc. 3.37).

Peructpanus cBeTa B «ILIAIUIBIKE)» OCYIIECTBIISETCS Yepe3 CIEKTPOCMEIAONINEe ONTHYE-
CKHE BOJIOKHA, IPOXOJIAIINE Uepe3 SUeHKy KaJlopUMeTpa U Mepelatoline cBeT Ha (GOTOIETEKTOP
Ha Topie. [ImacTuHbl CHUHTUIUIATOPA UMEIOT HAOOp OTBEPCTUM ISl IPOTATUBAHUS ONTHUECKUX
BOJIOKOH M IHMHBI JIJIs1 TOYHOT'O NO3ULMOHNPOBAHUS IIJIACTUH OTHOCUTENIBHO JIPYT pyTa.

| 1IE

40 [1.5+0.3)x380=684
796

v

207

1033

Puc. 3.36 Ueprex cynepMotysast KalopuMeTpa
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Puc. 3.37 Yactp MOIyIIs KaIOpUMETpa B pa3pese

Bech gerektop Oynet cocrosth u3 40 crpok u 60 crondios (220%330 cm?), T.e. B o0mIei
cnoxHocT u3 2400 stueek, wim 600 Mmogysei.

Monynu KaJopuMeTpa TOJHOCTHIO M3TOTaBIMBAIOTCS HA YYacTKe CIMHTUIUIATOPOB
N®BD, oT 11Ths O/ JaBICHUEM IIJIACTHH CLHIUHTUIUIATOPA 10 COOPKHU MOJTYJIS U IOTUPOBKH ITy4Ka
ONTHUYECKUX BOJIOKOH.

Peructpanus cera Oynmer ocyuiectBisatbes POV Xamamamy R7899. Ha Puc. 3.38
MOKa3aHa JIMHEHHOCTh PETHCTPAIlMU CBETOBOTO CHUTHAJIA, IMOJIYYCHHAS C IOMOINBIO CHUTHAJA OT
CBETOJIHOJIOB.

PMT LED signal
100000,00 e
i R 2_ 0,999'//
E 10006.00
8 /
% 169
'G / .
9 '__,.-r— L6
T T 1 ,% T 1
0,001 0,01 01 1 10 100
light filter transpamcy [%]

Puc. 3.38 [IpoBepka muHEHHOCTH (POTOYMHOKHUTEIS

Kak nokazanu npoBelEeHHbIE HA IyYKE TECTHI IMPOTOTHUIIA, 32 CYET TOHKOM CErMEHTAINU
SHEPreTUYeCKOe pa3pelieHHe KaJopUMEeTpa COOTBETCTBYET TpPEOOBAHUSM K JAETEKTOPY

u cocTapmster 3%/VE, 4TO MO3BONUT OGECIEUNTh HAAeXKHOE (B COBOKYIHOCTH C MArHHTHBIM
CTIIEKTPOMETPOM U aJIPOHHBIM KAJIOPUMETPOM) pa3JieieHre MIEKTPOHOB U anpoHoB. Ha Puc. 3.39
IIOKa3aHbl PE3YJIbTaThl U3MEPEHUS SHEPTETUUYECKOTO Pa3pEeLICHHs] IPOTOTUIIA YIIEKTPOMArHUTHOTO
KajopuMeTpa. Pe3ynpTar perucrpannu 7°-Me30Ha Ipy HU3KUX SHEPTrusx mokasad Ha Puc. 3.40.

CTabuUIbHOCTh PHEPTETUUECKON IIKaJbl KAJIOPUMETpPa MOKET KOHTPOJIUPOBATHCS MOHH-
TOPHOM CHUCTEMOW Ha OCHOBE CBETOAMO0/10B Ha ypoBHE 0.1%. Byner ncmonas30BaThCsi KaTMOpPOBKa
JeTeKTopa in-situ, B TOM 4YHCI€ HAa MIOOHAX, UACHTU(PHUIMPYEMBIX MIOOHHBIM JIETEKTOPOM.
HavanpHas xanuOpoBKa M ONTUMHU3ALUS SPHEPIeTUUECKON HIKaIbl KaXa0M sSUeHKH KallopuMeTpa
OyzeT MpOBOJUTHCSA Ha aTMOC(HEPHBIX MIOOHAX U BBIBECHHOM JIEKTPOHHOM ITyUKE.
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[3] 100

- 4 X /ndf 2563 |/ 5 200 Entries 1350
— Meon 0.1453
m P1 3.151 ¢ 0.4289 RMS 0.4957€-01
o P2 1.374 0.1147 175 Pindl 3291 J 3
Constont 173.9

Mean 0.1323

150 Sigme  0.1281€-01

125
100
75

2 | o
: \+\+\+_“+ 50

25

0 5 10 15 20 0 01 02 03 04 05 06
E [GeV] M.‘,_, [GeVic']
Puc. 3.39 PesynbraTsl n3MepeHus Puc. 3.40 MaccoBblii CrieKTp 7°-ME30HOB C JHEpIrHeit
npoToTHIa kKainopumerpa B UGB ot | 1o 2 I'3B (meTextop pacmoiaraics Ha pacCTOSHIH

1.5 M ot mumIeHn)

3.6 AJIPOHHBIN KAJOPUMETP

3a 3JIEKTPOMArHUTHBIM KaJIOPUMETPOM IPEIIOIAraeTcs pacinoioKUTh aPOHHBIN KaJIopH-
MeTp (AK), HeoOXoauMBIH 11 BRIpAaOOTKHM TPHUITEpa Ha aApOHBI ¢ OONBIIUMH XF, a TAKXKE JJIS
pasneseHust JEKTPOHOB, a[POHOB U MIOOHOB (TMPU COBMECTHOM HCIOJIb30BAHUU C MAarHUTHBIM
cnektpomerpom, DMK u MrwooHHBIM aeTrekropoMm). Emie omnHa BakHas (yHKUHS aJIpOHHOTO
KaJIOpUMETpa CBsA3aHa C UACHTU(PUKALUEH 1 U3MEPEHUEM SHEPTUU HEUTPOHOB, AHTUHEHTPOHOB U
K’ -Me30HO0B.

Monynb cymectBytomiero aaponHoro kaiopumerpa (Puc. 3.41) mpencraBiser coOoi
CaH/IBUY CBUHEI-CIUHTHUISTOP, OTHOIIEHHE TOJIIHWH KOTOPBhIX 4:1 OBLJIO BBHIOpAHO HMCXONs U3
YCJIOBUI KOMIIEHCAIIUH; TOJIIMHA JACTEKTOpPa COCTAaBISIET 6.5 SAEPHBIX JJIMH; MOMNEPEYHBIC
pazmepsl moayis 100x100 mm?; nnmuna 120 cm; Bec 120 kr.

Puc. 3.41 CxemaTtnueckoe H300pakeHue MOJYJIS aJpOHHOTO KaJlOpUMETpa:
1— CIMHTHIUIAIIMOHHBIC ITJIACTUHBI, 2— CBI/IHHOBI)If/'I IOTJIOTUTCIIb,
3 — cnekrpocmectutenb (WLS); 4 — GhoTOyMHOKHTEND

[TonpoOHOE ommcaHWe KajopuMmeTpa mpuBenaeHo B padore [125]. TommmHa maccHBHOTO
ciosi paBHa 16 MM, TommuHa cuMHTWUIATOpa 4 MM. KommeHncanusi e/h =1 pocruraercs mpu
HeOOJIBIIOM BpeMEHU MHTErpupoBaHus curHana (mopsiaka 50 He) ¢ kanopumerpa. M3mepenHas
C IOMOIBI0  PAAMOAKTUBHOIO HCTOYHUKA HEOJHOPOJHOCTh IUIACTUHBI HAa MOMEHT
M3rOTOBJIEHUS Oblla He Xyxe +2%. Jljisi KOHTpOdsS aJIpOHHOIO KaJlOPpUMETPa UCIOIB3YIOTCS
paauoaKTUBHBIE NICTOUHUKH Ha OCHOBE Pu?’®, BHEApEHHBbIE B HEOPTAHNYECKUN CIIUHTHILIATOP
YAIO;:Ce. CBeToBOM HMCTOYHHMK KpPEHMUTCS HEMNOCPEACTBEHHO HAa CBETOYYBCTBUTEIHHYIO
MOBEPXHOCTh oTonprueMHUKa — (hoToymHOKkuTEIeH OOV §4-3.
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CurHanbl OT CBETOBBIX HCTOYHUKOB PETUCTPUPYIOTCS MEKIY LUKIaMu yckopurtens. Tpur-
TepOM CIYXKHUT CyMMa CUTHAJIOB CO BCEX MOYJEH (MCTIOIB3YIOTCS BBIXOJIBI C MOCTIEIHUX TUHOIOB
®DY). Kpome »3TOr0, aapOHHBIH KaJOPUMETP MMEET OOIIYI0 CHCTEMY MOHUTOPHPOBAHHUS Ha
CBETOJINOJIaX, CBET OT KOTOPHIX PAa3BOIUTCS BOJOKOHHBIMU CBETOBOJIAMU HA KaXK/bI MOIYIIb.

Paspemienne Kajnopumerpa coctapiser ~57%/\E; orHomenne curuana e/p = 1.01+0.03.

B nacrosiee Bpemsi uMeeTcs 0koJio 256 Moaynei aipoHHOro KajopumeTpa. s skenepu-
MeHTa HeoOxonaumo 400 momyneit. Baemnue rabaputsl kamopumMerpa cocTaBsaT 250x190 cm?.

[Ipennonaraercs MOAEpHU3ALIMS aIPOHHBIX MOAYJIE HA OCHOBE COBPEMEHHOM TEXHOJIOTUU
CBETOCOOpa MpU IMOMOIIM ONTHYECKUX BOJIOKOH. DTO TMO3BOJIUT HA TMOPSAOK YBEIUYHTH
KOJIMYECTBO COOMPAEMOro CBETa, YAYYIIMTh pa3pelieHue M IOPOr pEerucTpanuu aJpoHOB
KaJIOPUMETPOM.

3.7 Cucrema n1eHTUGUKATUN BTOPHYHBIX YaCTHIL

OcHoBHoIi 3aaueii cucteMsl uaenTuukanun ycranosku CITACUAPM nHa nepBom Tare
ABJISICTCSA UICHTU(DUKALUS 3apsKEHHBIX aAPOHOB (7- 1 K-Me30HOB 1 MPOTOHOB), KOTOPasi MOKET
OCYIIECTBIATHCS JETEKTOpaMU KOJIel] YEPEHKOBCKOI'O M3JIy4YeHHUS U JAETEKTOPOM BpPEMEHU
mpostera (10 2 I'5B).

WnenTuduxamnust >1eKTPOHOB OyJIeT OCYIIECTBISATHCS C IMOMOIIBIO AJIEKTPOMArHUTHO U
aJIpOHHOTO KaJOpUMeTpa.

[Tpu nccnenoBaHUM YapMOHUSI BO3HUKAET HEOOXOAMMOCTh UACHTHU(UKAIIMM MIOOHOB C
IIOMOILBIO COOTBETCTBYIOIIETO JIETEKTOPA.

JIeTeKTOp MHO>KECTBEHHOCTH W BPEMEHH IPOJIeTa, COCTOSIIUI M3 TpeX HEe3aBUCHMBIX
JCTEKTOPOB, MPEAINOJIAracTCsi MCIOJIb30BaTh ISl MACHTH(QHUKALUK aJPOHOB HHU3KHX SHEPTHUil.
BpemsinponeTHas cucteMa O4eHb BaKHA JUIs MACHTH()UKAIIMK MeIUIEHHBIX YaCTHULl — IPOJYKTOB
pacmazga pe30HAHCOB, pAa3JCTAIONIMXCS MOA OOJBIIMMHU YIJITaMH MOJA BO3JICHCTBHEM OIS
criekTpomerpudeckoro Marnuta. Ha Puc. 3.42 mnokazaHsl pe3ynbTaThl MOJACITHPOBAHHUS
YyBCTBUTCIBHOCTH WACHTHU(UKAIIMM YaCTHIl OT pa3pelieHus JajbHero jaerekropa H3,
pacnojokeHHOro Ha paccTossHud 10.5 M OT MHUIIEHH, €M pa3peuieHue AETEKTOpa 10 BPEeMEHH
cocrapisier 120 nicek. MozenupoBaHue MPOBEACHO sl Minbias coObITHIA TPH SHEPTUH MydKa 28
I'sB.

Resolution 120 ps,distance 10.5m Resolution 120 ps,distance 10.5 m

Negative particles % ‘Positive particles

Time of gflight
G
Time of gflight

% T

FEEEELY LLLIE L Y EE LR
oo oo

100000opoocoo oo of
I/ A; DO0D000 00|

T I000000000cCC e b
L D0D0ODOCO00000 Do
T LIEGEEEEEEEEY

= Ll EEREEREEEREEEEEEEE
OPEODDD0OPOODOOEODDODDOOROODDEDDDDD ol
cocoroeroreoeelolooopeEERnrrrEDDE

ooooooo
EerpCDEDDDDODRODRDODODE DD DeEoEoD r rr oD el

-IIII|IIII|'III'I|II'II|II'II'l'IIII'lI M-Illlllllllll'lIll'lll'lIIII|III'I'l'IIII|I:I'I'I|'III:I|IIII
15 2 25 3 35 4 45 5 55 6 15 2 25 3 35 4 45 5 55 6
Momentum GeVic Momentum GeVic

Puc. 3.42 Pacnipenenenue no kBaapaty maccel M? (I'9B/C?) B 3aBUCHMOCTH OT UMITYJIbCA YACTHIIBI
IIPH PACCTOSHUH 7.6 M OT MUIIEHU
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Haxe nipu paspemiennun 120 nicek u pacctostHun 10.5 M KaOHBI XOPOILIO Pa3leNsOTCA HE
6oxee, yem 10 3 ['3B/c, a mpotons! 10 4.5 I'3B/c. Ucnonk3oBatk romockomnsl H1 u H2 B kauecTBe
BPEMSIIPOJIIETHOTO JETEKTOpa MPAKTUYECKH HEBO3MOXKHO. OTH JETEKTOPhl MOTYT OBbITh
HCIIOJIb30BAHbI TOJIBKO KaK ACTCKTOPbI MHOXKXCCTBCHHOCTU Ui PCIICHUSA ONPCACIICHHBIX 3a1a4d U
CO3/1aHUs crHenuanbHoro tpurrepa. C ydeToM TOro, YTO YaCTUIBI HU3KUX HHEPruil OymyT
«BBIMCTATLCA» CIICKTPOMETPUYCCKUM MAIrHUTOM, OCHOBHAsA HArpy3ka Ha I/I[[GHTI/I(bI/IKaI_II/IIO
aIpOHOB JIOXKHUTCSI HA JETEKTOp KOJIEL YEPEHKOBCKOIO M3NydeHUs (MU HEOOXOAMMO JOCTUYb
paspelnieHue BpeMSIpPOoJIETHOTO JETEKTOpa 1Mo BpeMeHu Jiyutie 60 ncek).

3.7.1 Jlemexmop Ko1ey uepeHKo8CK020 u3jiyueHus

Jannsiit getekTop OyAeT OCHOBHBIM JIETEKTOPOM IJsl pas3jieieHus 7- U K-Me30HOB.
3a OCHOBY Ipeiaraercs B3sTh IETEKTOP, pazpadaTeiBaeMblii 1iis kciepuMenTa [TAHJIA, Tak kak
JMarna3oH SHEPruil PEerucTpUPYEMbIX YaCTUI[ B OSKCIEpUMEHTaX MPUMEPHO CcOBMNagaeT (10
12+15I'B).

B kauectBe nmetexTopa mpeniaraercs (OKYyCHPYIOIIMM TETEKTOp Ha OCHOBE HECKOJIbKUX
CJIOEB adporeliss. DTOT MEeTO/ ObLT BIIEpBBIC MpeiokeH B cepenune 90-x romos [126]. TIpuaiun
dboxycupoBaHUS M NPUHIUIHNAIBbHAS CXeMa JeTeKkTopa mnoka3anel Ha Puc. 3.43. B netextope
MpeUIaraeTcsi HKCIOJIb30BaTh HECKOJBKO CIIOEB ad’poreist € PpasIudHbM KO3 duunueHToM
MIPEIOMIICHUS.

> mirrors

Puc. 3.43 [purmun ¢poxycupoBaHus (ClieBa) U MPUHIMITHAIEHAS cXeMa
JETEeKTOpa Ha OCHOBE a3pOTeiLs

[TpemnaraemMelii AETEKTOP TOJKEH pa3feiaTh 7- U K-mMe30HbI j0 3Hepruu 10+12 I'HB
¢ addexTuBHOCTHIO, OmH3K0M K 100% (cm. Puc. 3.44).

WK separation, ¢

Particle
095 -
R o . K

| 1 1 1 | 1 1 1 1
? 3 { 5 6 7 8 [ 10

6 7 8 9 10 g 11
P. GeVic

P.GeVic

Puc. 3.44 MopenvpoBaHue pasJiefieHns] ME30HOB 1 3()()EeKTUBHOCTD MX PETUCTPALIUIH
quis gerekropa TAHJIA
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3.7.2 Mioounustii 0emexkmop

MIOOHHBIN A€TEeKTOp MpedHa3HaueH AJisl PEerucTpaluyd ¥ HUASHTU(PHUKAIUU OJAMHOYHBIX
MIOOHOB ¥ MIOOHHBIX Tap, 00pa3yroIuxcs MPU pachaie BEKTOPHBIX ME30HOB (w, ¢, J/iw u op.).
JlaHHBIN 1€TEeKTOp SBISIETCS HEOOXOIMMBIM MPHU HCCIEI0BAaHUU COCTOSHUN YapMOHUS.

Jlist uneHTUUKAIMd MIOOHOB TIPEIIOIaraeTcsl UCIOIb30BaTh YaCTh OBIBIIETO MIOOHHOTO
cnekrpometpa Heittpuraoro Jlerekropa UOBI-OUSAN. MrooHHBIH 1eTeKTOp OyIeT COCTOSATh U3
6 TOPOUJATBHBIX JUCKOB JTUAMETPOM 4 M U TOJIIMHOM 22 cM KaKIbIi. JIUCK COCTOMT U3 ABYX
MOJTyKOJIELl, UMEET IIEHTpaIbHOE OTBepcTHE ArameTpoM 36 cMm. Beero ucnonb3yercs mecThb cTalib-
HBIX TIOTJIOTUTENCH, KOTOPBhIe 00hEIMHEHBI TOTIAPHO U 00PA3YIOT TPU OAMHAKOBBIX OJIOKA.

[Tocne kaxporo Onmoka pacmojaraercss cTaHius ApeidoBbeIx TpyOok. Pasmep kaxmoit
CTaHUMU — 3 M MO TOpU3OHTAIU U 2.4 M 1o BepTUKaIU. OCHOBHBIE AJIEMEHTHI CTAaHIUNA —
amroMuHueBbIe npeidoBbie TpyOku auamerpom 30 mm [127]. Kaknas kamepa COCTOUT MX Tpex
CJIOEB; BCE CJIOU U BCE KaMepbl OJJMHAKOBEIE.

Bmecre ¢ aapoHHBIM KaJOPUMETPOM MIOOHHBIM JIETEKTOp JIOJKEH OOeCHeduTh
HEOOX0IMMOE pa3/iesieHue MIOOHOB U aJIpOHOB.

3.8 Tpurrep, cucTemMa c60pa JaHHBIX U PETHCTPUPYIOIAS YJIEKTPOHUKA
3.8.1 Tpuczzep

B nacrosimee Bpems B akcnepumente CITACHAPM nHa kanane 14 OCHOBHBIM TPUITEPOM
SIBJIICTCS TPUTTEP HA B3aMMOJCHCTBHE, KOTOPBIA (OPMUPYETCS U3 CUTHAJIOB C ITyYKOBOTO
teneckona (S1-S3) B aHTHUCOBHAACHMH C CUTHAJOM cyertdnka BK OT my4koBoi yacTHIIbI,
IpoIIe e Yepe3 MUIICHb He MPoB3auMoieiicTBoBaB (cM. Puc. 3.45).

H MULLEHE S3 52 S1
e EMC :' ..............................
beam
—-\Tpurrep

I A
Puc. 3.45 Cxema Tpurrepa ycTaHOBKH

Cucrema coopa nanubix CITACHAPM peannzoBaHa Ha OCHOBE MOAYJIEH 3JEKTPOHUKU B
crangapte EBpoMHUCC 1 no3BosseT perucTpupoBath 0 75 ThICAY COOBITHI 3a COPOC C PaCTSHKKON
3 cexyHbl. [Ipy BepOSITHOCTH B3aMMOJACHCTBHS ¢ MUIIeHbIO B 10% 3T0 mo3BoJisieT paboTaTh C
MHTEHCUBHOCTBIO IMydka 10 750 ThIcA4 YacTHIl 32 cOpOC ¢ MakCHUMalbHOH 3((eKTUBHOCTHIO
peructpanyu. MTHTEHCUBHOCTH ITy4Ka OTPUIATEIbHBIX YacTHIl Ha KaHane 14 cocrasisier 600+700
THICAY YaCTHIl 3a LUKJ yckopuTens. TakuM oOpa3oMm, Ha MepBOM 3Tare paboThl SKCIEPUMEHTA
CITACYHAPM MoOryT perucTpupoBaThCsi MPaKTUYECKHU Bce COObITHS. JlaHHBIA TpPUITEp TaKxkKe
1o3BoJIsieT 0e3 MOIM(pUKAIIMKY CUCTEMBI COOpa JaHHBIX MOJHOCTHIO MPUHUMATh BCE COOBITHS MPU
paboTe C TMyYKOM MOJNAPU3OBAHHEIX AHTUIPOTOHOB'S, [Ipy BBIMOIHEHWH YACTH MPOTPAMMBI
CITACYHAPM c nonsipu30BaHHBIM IPOTOHHBIM ITyYKOM, HWHTEHCHUBHOCTH KOTOPOTO MOXET
nocturathk 107 3a cOpoc, MpeayCMOTPEHO MCIOIB30BAHKE JOMOJHUTEILHOTO TPUTTEpa ¢ Oolee
BBICOKUM KO3((UIIMEHTOM MOAaBIEHHs. AJIBTEpHATHBON SBISETCS 3aMEHa PETrUCTPUPYOIEi
NEKTPOHUKHU Ha 00Jiee BBICOKOCKOPOCTHYIO —C MOCIEA0BATEIbHBIMUA THTAOUTHBIMU IIMHAMH.

“8 TTpu 9TOM JIOMYLIEHBI JIBA PEJTONIOKEHHS, YTO TPUITEP HA THII MYYKOBOM YaCTHIIBI MO3BOJISET paboTaTh ¢ OOIIEH
HMHTEHCHBHOCTBIO My4Ka 10 2-10° 4aCTHL/UMKI, U YTO My4OK aHTHIIPOTOHOB HE ONTHMH3UPOBAH MO/ MAaKCUMAJIbHYIO
WHTEHCHBHOCTb.
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[Ipu pabote Ha KaHaje 24 ¢ MyYKOM TOJSPU30BAHHBIX MPOTOHOB OKHUJIA€TCS WHTCHCHB-
Hocth 10 107 wactui 3a uuki yckoputens’®. B 3Tom ciydae KonmMuecTBO B3amMOjeiCTBHil
C JKUJKOBOJIOPOAHON U MOJIIPU30BAHHOW MUIIEHAMHU OyaeT gocturath 10° 3a MUK ycKopuTes,
a pu paboTe ¢ sAAepHBIMU MHUILIEHSIMH MOKET MPEBBIIIATH JAaHHOE 3HAYCHHE B MOJITOPa-IBa pa3a.
UToOBI UCIIONB30BATh MYYOK C BHICOKOM MHTEHCHUBHOCTBIO MpE/IoaaraeTcss pabota B pa3Iu4HbIX
momax>C.

[Ipenmonaraembie MOJIBI paOOTHI:

— JIng uccrnenoBaHus CIMHOBBIX 3((EKTOB B POXKACHUU KBApPKOHUS, Iie HE0OXOoaAuMa
MaKCHMaJIbHO BO3MOXHAsi HHTEHCUBHOCTD ITy4YKa, MPEANoIaraeTcsi UCIOIb30BaTh TPUITEP Ha
JIBa MIOOHA.

— Jlns uccnenoBaHusl MHKIFO3UBHBIX PEaKUi YacTHUll, paclaJaloniiuxcs Ha JBe 3apsHKeH-
HbIE, TPEAINOJaraeTcsi MCIOIb30BATh T'OJOCKOMBI MHOXECTBEHHOCTH. OTH K€ JETEKTOPHI
MpEIoyiaraeTcsd HUCIOJb30BaTh MpPU HEOOXOIUMOCTH BBIAECTUTH COOBITUS € OOJBILIONMN
MHOECTBEHHOCTBIO.

— UYrto06w1 BeIOpaTh (00OTaTHTH COOBITHSI) C OOJBIIMMHU HUMITyJbCaMU (B TOM YHCIIES
MOTIEPEYHBIMH) TAKXKE IPEATOIAraeTcsl UCIOIb30BaTh TOAOCKONBI MHOKECTBEHHOCTH H/MIIH
MPOMOPLUOHANIbHBIE KaMephl. {715 BblAeleHus: COOBITUN ¢ TpeOyeMbIMH KHHEMATHYeCKHUMHU
napamMeTpamMu MOTYT HCIOJb30BaThbCsl MPOTPaMMHUpPYEMbIe JIOTHYECKHE MAaTPHIIBI Ha OCHOBE
GPU (rpaduueckue npoieccopsi).

Tpu mepeuncneHHbIX BBIIIE MOJABI PaOdOTHI MOTYT OBITH JOIOJHEHHEM TpUITEepa Ha
B3aMMOJICHCTBHE, TOTJAa KaK NpU HCCICIOBAHWM YIPYTUX peakuuid (M TpH H3MEPEeHUH
NOJISIPU3ALMU HA OCHOBE YIPYTUX PeakiMii) HEOOXOAMM OTAENBHBIN JOMOJTHUTEIBHBIA TPUTTEP.
DTO CBSI3aHO C TEM, YTO pacCesHHAasl YacTHUIlA BBUICTAET MO MaJbIMU YTJIaMH, H UCTIOIb30BAHUE
TpUITEpa Ha B3aMMOJICHCTBME HEBO3MOXHO. KuHemaTnka M ammaparypa ONMUCaHBI B paszeie
nossipumetpuu (2.3.1, 2.3.1.4). Tpurrep Ha ynpyroe paccesHie 10JDKeH OyeT 0To0paTh COObITHS
C KOppeJLHUsAMU 10 yINIy BbIJIETa PACCESHHOM 4YacTHIBI M 4YacTHLbl oTAa4yu. OOuiee 4ucio
YIPYTUX COOBITHH 3a UK YCKOPHUTENIS COCTaBUT mpuMepHo 10° coObITHI, HO caMU TOJOCKOIIBI
JOJDKHBI paboTaTh NpU HMHTEHCUBHOCTH a0 107 wactum 3a mukin yckopurens. Tak Kak
OpeAnoyaraeTcss A HCCIECNOBAaHMA  YIPYroro  paccesHus  HCIOIb30BaTh  HaOOp
CHMHTUTWUIALIMOHHBIX JIETEKTOPOB CO CUMTHIBaHHEM Ha OcHOBe SiPM, TexHonorusi BeIOOpa
TPUTTEpa MOXKET OBITh IOCTPOCHA aHAJIOTMYHO CUCTEME MeueHHs mydka (2.2.2).

3.8.2 Cucmema coopa oannwvix

Ha ycranoBke co3zana cereBas cucreMa cOopa JAaHHBIX C COBPEMEHHOW CTPYKTYpOH Ha
OCHOBE YHUBEPCAJIbHOW JIOKATbHON BHIYMCIUTEIBHON CETH U KOMITBIOTEPOB OOIIEro Ha3HAYEHUS
(Puc. 3.46). Ta e ceTb UCTONB3YyeTCs Al KOHPUIYPHPOBAHUS U MOHUTOPUPOBAHHMS DIIEKTPO-
HUKH, YTO YIPOIIAET YIpaBJIEHWE YCTAHOBKOM M 3aKJIaJbIBa€T MPAKTUYECKU HEOIPAaHWYEHHBIN
MOTEHIMAJ MOJIEpHU3AIMHU 1000 U3 e€ yacteil He3aBucuMoO OT JIpyrux. Cucrema cOopa JaHHBIX
HE HMMEET NIPUBSI3KH K TPUITEPY, MO3TOMY MOMKET MCIOIb30BAaThCS OJHOBPEMEHHO B JABYX
peKuMax: TPUITEPHOM (11 OCHOBHBIX JIETEKTOPOB YCTAHOBKHM) M O€CTpUITEpHOM (Iis
TOJIOCKOIIOB cUCcTeMbI MeueHHs ). [Io Mepe coBepilieHCTBOBaHMSI PETUCTPUPYIOIIEH AJIEKTPOHUKHU
MPUHIUIHAIBLHO BO3MOXKEH IIEpEBOJI BCEH YCTAaHOBKH Ha paboOTy B OECTPUITEPHOM peXHUME. ITO
MO3BOJISIET pa3MellaTh PETUCTPUPYIONIYI0 DJEKTPOHUKY OJMKEe K 3JIEMEHTaM YCTaHOBKH,
UCIOJIb30BATh €AMHYIO CETh JJIs cOOpa JTaHHbBIX, YIIPABICHUS U KOHTPOJIS, a B JajbHEHIIEM JaeT
BO3MOXXHOCTb JIETKO MOJIEPHU3UPOBATH CUCTEMY, KOMOMHUPYS B €AMHON CETH 3JIEKTPOHUKY
Pa3IMYHBIX TPOU3BOIUTEIIEH.

49 JlaHHast MHTEHCUBHOCThL OTPAHUYMBAETCS TPEOOBAHUSAMH PAJMAIIMOHHON GE30MACHOCTH K KaHaIy.
%0 Jlo coznanmst GBICTPOM DIEKTPOHHUKH.
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rrrrrrrrrrr m Apxus CePBep
PerucTpupytowan aneKkTpoH1Ka BA=. veanenHoro DAQ
KOHTpONA
Ioruvka Tpurrepa 10G
Qb6paboTka

K OHNanH

ANOPAMETP Cetb Ethernet ( )
Dpedigoesie kamepsi | | EM-5
TMponepuneHansHsie
Kamepei
TOAOCKONE, BETO, EM-5 | A OneKTPoHHbIH
NY4YKOBLIE MOHMTOPSI KypHan

CuHXpOoHU3auua
cY-70

Akcnept

LexypHbli
;l CMeHbl

Puc. 3.46 Cetb cucteMbl cOOpa JaHHBIX YCTaHOBKH

[lepenaronumu  y31aMu ceTH cOOpa JaHHBIX MOTYT OBITH JIIOOBIE PErHCTPUPYIOLIHE
MOJIYJIH WIIM KOHIICHTpaTopbl naHHbIX ¢ Ethernet-unrepdeiicom. st GonblIMHCTBA AETEKTOPOB
y3JIaMH SIBJSIFOTCS MHTEIUICKTYyalbHble KOHTpoiuiepbl EM-5 [128] kop3uH ¢ perucrpupyroleit
anekTpoHukoit “EBpoMUCC” [129], HO 1O Mepe COBEpILIEHCTBOBAaHUS U OOHOBICHUS
ANIEKTPOHUKH MMH MOTYT CTaTh Kak perucrpupyronme moxyiu ¢ Ethernet-unarepdeiicom, tak
U crieuu(UUHbIe A1 OTAEIbHBIX JETEKTOPOB KOHIEHTPATOPhI JaHHbIX.

[TpyuHuMaromuii y3es1 CeTH IpencTaBiIsieT co0oil cepBep, MOJKIIOUEHHBIH K CETEBOMY
kommyTatopy 4epe3 Ethernet-nopt 10 I'6ut/c. Ilpn He06Xx0AMMOCTH, KOJIMYECTBO Y3JI0B IIpUeMa
MOXET OBITh YBEJIMUYEHO, B TOM WYHCJIE Il HCIIONB30BAaHUS PA3IMUYHBIX CXEM TOPSYETO
pe3epBUPOBaHUS (APXUTEKTYPOIl CUCTEMBI KOJIMUYECTBO Y3JIOB IIPHEMa HE OTPAHUYEHO).

s nmepenaun AaHHBIX HCNONb3yeTcs cTaHAapTHBIA npotokos TCP. Ha kaxnom yzne
nepefayd 3amylieHa Iporpamma, KOTopas aBTOHOMHO Iepelaer cojaepkumoe Oydepa
C HAKOIUICHHBIMU JITaHHBIMU Ha Yy3ed npuemMa. lcnonp30BaHHE TPaHCIOPTHOIO CETEBOTO
IIPOTOKOJIa CO BCTPOEHHBIM aJITOPUTMOM MPEAOTBPAIIECHUS IEPErPy30K MO3BOJIUIIO OTKA3aThCs OT
TPaJULIMOHHON CXEMBbI IOCJIEI0BATEIbHOTO BBIYMTHIBAHUS JAHHBIX W3 KOHTPOJUIEPOB KOP3UH
C 21eKTpoHUKOI (pull): KOHTpoOMIEpHl OTMPaBIAIOT JaHHbIE B XPAaHWIHIIE CAMOCTOSTEIbHO
U napajuieabHo ApyT Apyry (push).

[Tpu nonyuenuu push-3anpoca ot y3ia nepegayu, Ha y3Je npuema 3amyckaeTcs OTAETbHbIN
MIPOLIECC, BBHIMOIHSIONINM 3alIMCh HAKOIUIEHHOM 3a cOpOC MOPLMHU JTaHHBIX € 3TOTO y3ia B (aili B
pacripeielIeHHON WK JIOKallbHOU (aitnoBoit cucteme. COBpeMEHHBIE )KECTKHE AUCKU 10CTaTOYHO
MPOU3BOUTENBHBI ISl 3alUCU BCEH HMCXOAHOW (“ChIpoit”) MH(pOpMAIMH, MOCTYMHAIOmEHd OT
peructpupytomei 3nekTpoHukd ycraHoBku CITACYHAPM. Tak, maccuB u3 yetrbipex SATA-
IUCKOB obecrieunBaeT ckopocTh 3amucu 250 Mbaiit/c, uro Ha ABa mopsaKka HPEBOCXOIUT
0’KHU/1aeMblii OTOK JaHHBIX. COXpaHeHHEe JaHHBIX B HICXOJHOM (hopMaTe UCKII0YAeT BO3MOKHOCTh
MOTEpU PE3YyJIbTaTOB padOThl YCTAaHOBKU BCJIEACTBHE ANTOPUTMHUYECKHUX OIIMOOK WM cOOeB
B IIporpamMMax o0paboTKH.

3.8.3  Pecucmpupyrowan 3nekmpoHuxa

Paboratomas B Hactosmee Bpems B 3kcrnepumente CIIACUAPM peructpupytromas
anektponuka (BLIL, ALIII, peructpsl, cuetunku) B cranpapre EBPOMMUCC pazpabGorana
U IIpoM3BeJIeHa B oTAeNIeHnH 31eKTpoHukn MDBI. [IpoTtokon nepenadn mo3BoJsieT epeaaBaTh
no muHe 16-OMTHBIE JaHHBIE OJHOBPEMEHHO ¢ ajapecHoi mHpopmanueit 3a nuka 100+200 e
B 3aBUCHUMOCTH OT THIa MOAYJIS.

Nudopmanus ¢ kanopumerpoB peructpupyercs 3apsaoBbivu AL 12 6ut (Moxyns EM-6)
¢ uyBctBuTeNbHOCTRIO 250 fC Ha orcuer u BpemeHeM mpeoOpazoBanust <5 mkc. OOiee
KOJINYECTBO KaHAJIOB AJIEKTPOMArHUTHOTO U afpoHHOro kamopumerpoB — 3000.
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Jnst cumThIBaHUS JETEKTOPOB TPEKOBOM W BPEMSIIPOJETHOW CHUCTEMBI pa3zpaboTaHbI
u npousBeneHsl Mmoxynu BLIT (EM-3) na Ga3e 3aka3Hoit mukpocxembl HPTDC, no3Bosstrormeit
U3MEPATh BpeMs C TOYHOCThIO 70 25 HC Ha orcueT. 3500 kananoB BIIII pacnpenenensl mo
HECKOJIbKUM KapKacam ]I yMEHBIIICHUSI BPEMEHU Tepeayu.

['ogockonbl MHOKECTBEHHOCTH, ITYYKOBBIE M CHCTEMbl MEUYEHHsI OYIyT CUMTHIBATHCS
peructpamu (EM-4) ¢ riryounoii 1o 2+5 Mkc (B 3aBUCUMOCTH OT BbIOOpa miara 2 WM 5 HC), 4TO
MO3BOJIUT HE 3a00TUTHCS TOYHOM MOJI0OpE KaOeNbHBIX 3aJep>KeK JUIsl CUTHAJIOB C D3THUX
JIETEKTOPOB.

JIyist yMEeHbBIIIEHUSI BPEMEHH CUMTHIBAHUS JAHHBIX U TMEPEX0ay K OSCTPUTTEPHON CHCTEME
coopa JaHHBIX B OyaylieM IUIaHUPYeTCs 3aMeHa MOAyJiIbHOM anekTtponukun MUCC
C MapaJulelbHON IMHON Ha 3JMEKTPOHHKY Ha ocHOBe XTCA cramapra ¢ mocieaoBaTeIbHBIMU
TUra0UTHBIMU JIMHUSIMU TI€PEAaYd JaHHBIX. DTO MO3BOJIMT PETUCTPUPOBATH BCE B3aUMOICHCTBUS
Jake MpH paboTe ¢ BHICOKOMHTEHCHBHBIM IMOJISIPU30BaHHBIM ITPOTOHHBIM ITydkoM 110 107 3a cOpoc.
[Ipyn co3maHuM JAaHHOWM ANEKTPOHMKHU IPEIOJIAraeTcsi HMCIOJIb30BaTh OIBIT COTPYAHUYECTBA
ITAHJIA 1 BO3MOKHOCTH HEMEIKHX Y4aCTHUKOB IIPOEKTa L,

3.9 CucreMa MelVIEHHOT0 KOHTPOJISA Y3JI0B YCTAHOBKH

Cuctema wMemieHHoro koHtposisi CITACYHAPM mnpencraBiaseT co0OM  KOMILIEKC
MIPOTPaMMHBIX U aIllapaTHBIX CPEACTB, KOTOPHIC BHIMOIHSIOT CASAYIOIINE (PYHKIUU:

— KonTposs 1 gocTym K yIpaBlieHUIO TapaMeTpaMy I€TEKTOPOB U APYTUX MOJICUCTEM IIPH
paboTe 1 HaCTPOIKE IKCIIEPUMEHTAILHON YCTAHOBKH.

— CBoeBpeMeHHOE 00HapyKeHHE HEHCIIPaBHOCTEH B pabOTE YCTAHOBKHM W CUTHAIM3AIIHS
00 aBapUIHBIX CUTYALUSIX.

— MOHUTOPUHT MapaMeTPOB OKPY>KAIOIIEH CPEeIbl.

— ApXuUBHUpOBaHUE MapaMeTPOB pabOThl YCTAHOBKHU B 0a3e JaHHBIX ISl MOCJIETYIOMIErO
WCIIOJIB30BAaHUS TIPU aHAJIM3€ JAHHBIX SKCIEPHUMEHTA C IEJIbI KOPPEKIUU XapaKTEPUCTHK
JIETEKTOPOB.

Apxutektypa cucremsl ynpasieHusi CIIACYAPM mnpencrasnena Ha Puc. 3.47.

s obecrieueHHss COBMECTHMOCTH B YIPABICHHWU DPA3JIMYHBIX IMOJICUCTEM YCTAaHOBKH
npumensiercs nporpammuast cpea EPICS (Experimental Physics and Industrial Control System).
B npusenennon apxurektype EPICS ncnonb3yercs Ha IByX ypOBHSIX — YPOBHE yIPaBICHHS
U YPOBHE KOHTPOJISI — U OIpeeseT MPOTOKOJI 0OMeHa JaHHBIMU Mex 1y HUMHU 1o cetu Ethernet.
Ha ypoBHe ycTpoiicTB paboTaroT chenuaibHO pa3paboTaHHblE MUKPOKOHTPOJIJIEpHbIE MOYJIH,
KOTOpBIE OCYILIECTBIISIOT HEOCPEACTBEHHOE N3MEPEHHE U YIIPABJICHHE TapaMeTpaMu IETEKTOPOB.
OOMeH JaHHBIMU MEKIY MUKPOKOHTPOJUIEPHBIMU MOJYJISIMU M YPOBHEM KOHTPOJIS OIIpeesieTcs
nporokonamu Modbus RTU u CANbus.

YpoBeHb KOHTPOJIS 00pa3yroT OJHOIIaTHbIE KOMIIbIOTEPHI Raspberry Pi, urparomue poib
IIPUEMO-TIEPEJATUNKOB  JAaHHBIX MEXIY YPOBHEM YCTPOMCTB M YPOBHEM YIPAaBICHHUS.
Ha opHomnaTHeIX KoMmmblOTEepax 3amyckaroTcs mnpuioxkeHus Input/Output controller (IOC),
KOTOpbIE SBISIOTCS 4acThio mporpammuoro odecneuenuss EPICS u oOecneuuBaroT, ¢ OgHOMN
CTOPOHBI, HHTep(deiic K MaHHBIM MHUKPOKOHTPOJUJIEPHBIX MOJIYJEH COIJlacHO MPOTOKOJIaM
BBIODaHHBIX MOJEBBIX HIMH, a C JIpyrodl — oOpabareiBaioT 3ampockl 1o mporokony EPICS
OT YpOBHS ynpasieHus. s noaaepxxkn Gpusmueckux ypoBHe nepenaun nanabpix Modbus u CAN
aist Raspberry Pi usroroBnens! agantepsl csizu (Puc. 3.48).

51 Vuugepcurersl Bonna, Maiinna n MioHXeHa BBIPa3UiIn 3aMHTEPECOBAHHOCTD B TIOJTOTOBKE anlapaTyphl
9KCTIEpUMEHTa ISl pabOoTHI Ha ITyYKe aHTHIIPOTOHOB.
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Puc. 3.47 ApxuTekTypa CHCTEMBI yIIpaBJIeHHs SKcIiepUMeHTaIbHOU ycTaHoBkH CITACUHAPM:
Control System Studio (CSS)

Puc. 3.48 Apantep muH mis Modbus RTU u CAN

VYpoBeHb ympaBieHUs CIYXKHUT A BU3YalIM3allMd M apXUBUPOBAHHUS JaHHBIX. Ha 3TOM
YPOBHE HCIIOIB30BaH TporpamMmHbiid kKoMmruiekc Control System Studio (CSS), ¢ momorisio
KOTOPOTO pealn30BaHbl KIUEHT, (opMHpyomuil 3anpockl kK npuioxenusm [0C, oOpaborTunk
aBapUIHBIX CHUTYyallMii M apXWBaTOp JAHHBIX. B KadecTBe XpaHWIWIIA JaHHBIX BhIOpaHa 0a3a
nanHbIx PostgreSQL.

B HacTosmmii MOMEHT pa3paboTaHbl CIEAYIOINE MUKPOKOHTPOJIIEPHBIE MOTYJITH:

— Mezonunnsie miatel (Puc. 3.49) ocymectsisitor koHpurypanuio [IJIMC, kondurypa-

o mukpocxeM HPTDC u uteHue 1aTyukoB TOKa B MOJIYJISIX PETUCTPUPYIOIIEH 3JIEKTPOHUKH
EpoMHUCC.
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— Ilepexomnbie mnater (Puc. 3.49) cimyxat s TECTUPOBAHUSI U YCTAaHOBKH MOPOTOBBIX
HaIpPsSHKEHUN YCUIIUTEIIEN CUTHAJIOB TPEKOBOM CUCTEMBI.

— Moaynb MOHMTOPHUPOBAHMS IapaMeTpoB Maruurta muineHu «J{urozaBp» (Puc. 3.50)
CIIYKHT JUISI U3MEPCHHSI TOKA MarHUTa, OTCICKUBAHUS TEMIEPATYPhl BOABI B OXJIAXKTAIOIINX
KOHTYpaxX, MOHUTOPUPOBAHUS IMapaMETPOB OKpY’Karollell cpenbl (TemrmepaTypbl BO3AyXa,
BIIQXKHOCTH, aTMOC(EPHOTO TaBICHUS).

b

wil i
bl
sl

Puc. 3.49 Me3zonnHHas 1miata, yCTaHOBJICHHAs Ha Puc. 3.50 Monyap MOHUTOPHPOBAHUS ITAPaMETPOB
moxayis EBpoMUCC — 1; MarHuTa MUIIEHU «J{uHO3aBp»
MEPEXOHBIC TIATHl — 2

— HcToyHNKHM NUTaHUS C MHUKPOKOHTPOJUIEPHBIM YIIPABICHMEM IIpeIHA3HAUEHBl IS
NUTaHug Moayjiell peructpupytomed snaekTpoHukd EBpoMUCC, MonuTOpHUpOBaHUs
TEMIIepPaTypbl, HAPSHKCHUH TUTAHUS U TOKOB TIOTPEOJICHHS KapKaca MOJTyJIei

Benercs pazpaboTka MUKPOKOHTPOJUIEPHBIX MOJyJIEH JUIsl MEJIEHHOT'O KOHTPOJIS JPYTHUX
JETEKTOPOB U MOJCUCTEM yCTaHOBKH. CHcTeMa MEUIEHHOTO KOHTPOJIS UCIIONb3YETCs B TEUEHUE
TPEX CEaHCOB YCKOPUTEIBHOIO KOMILIEKca pu HacTpolike u pabore ycraHoBku CITACHAPM.
[ToapoGHee cuctema cOopa AaHHBIX onmucaHa B padbote [130] u muccepramnumu [131].

I'paduueckuii wunHTEpdEc M1 MEMICHHOTO KOHTPOJS U YIPaABIEHUS CHCTEMaMH
JIeTeKTOpOB, co3fanHbIi B CSS, npeacrasnen Ha Puc. 3.51 u BkiitoyaeT B ce0s1 HECKOJIBKO BKIIAJIOK,
OTHOCSIIIUXCS K Pa3HbIM MOJICUCTEMAaM YCTaHOBKH.

3.10 ITaker NnporpamMm AJid aHaJiu3a JaHHBIX «B JIMHUI0O» U «BHEC JIMWHUW>

OnbIT y4acTHsi BO MHOTHX COBPEMEHHBIX SKCIIEPUMEHTAX (PU3UKH BBICOKUX SHEPTUi TOBO-
PHUT O TOM, YTO Pa3BHTHE MPOTPAMMHOTO 00ECIeUeHUs TOJHKHO UATH B MapailjIeNb C Pa3BUTHEM
amnmaparypel, A0 TOTO, Kak YCTaHOBKa OyneT mocTtpoeHa. Ha Tekymmii MOMEHT CyLIECTBYET
JIOBOJIGHO OOJIBIIIOE KOJMYECTBO KAYECTBEHHBIX MPOTpaMM B OOJIACTH (PU3UKH DIIEMEHTapHBIX
gacTull. UToObl U3 3TOr0 MOJYYUTh MAaKCHUMYM IOJIb3bI, HECKOJIBKO 3KcrepuMeHToB B DANP
paspabareiBafoT TporpamMMmHyio cpeny FairRoot [132], koropas mpemrocTaBisIeT ITUM
HKCIEpUMEHTaM BCIO 0a30ByI0 (YHKIMOHAJIBHOCTh JUIS MOJECIUPOBAHMs, cOOpa JaHHBIX
Y aHaJIM3a, a TAK)KE MPOTrPpaMMBbl CTOPOHHHX pa3padOTYHKOB B (hOpMe «BHEITHUX MaKeToBy. Hama
Ipymnmna, SBISSICh AKTUBHBIM YYaCTHHUKOM pa3paOOTKU IMPOrPaMMHOIO oOecreueHHs s
skcriepumenta [IAHJIA B ®AUP, taxke B3sisia 32 OCHOBY nporpamMMHyto cpeny FairRoot.
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EurcNIP |HVADC | Temp. Magnet

CucreMa MeIeHHOro KoHTpons ycraHoeku CMACHAPM

Kpe#T#1 (0), nesan cToika

PanelTDC1 |PanelTDC2 | Dino | Gas

panel TDC 2 |
TPall treshall:ﬁ

X122 TP1 tresh1=
X132 _1p2 tresh2 =
X1.1.3 _TP3 | tresh3=p
— TP4 | tresha=
X134 _Tp5 | tresh5=p
Y111 _1p6 | treshe=p
¥1.21 _1P7 | tresh7= E
¥1.3.1 _T1P8 | treshg=

Ampl. number N
1.8

Press to LVDS drivers OFF |

panel TDC 4
TPall |treshall |o

¥1.23 _1P1 |tresh1= [0
¥1.33 _Ip2 |tresh2= |0
U111 _TP3 | tresh3= |0
— P4 |tresh4= o
Ut32 _Tp5 |tresh5= o
UL13  _TP6 | tresh6= |0
Ul.23 _TP7 |tresh7= ‘u
U133 _TP8 |treshB=

Ampl. number o
1.8

Press to LVDS drivers OFF ‘

panel TDC 6
TPall | treshall o

vizil _TP1 tresh1= |0
V131 _1p2 | tresh2=fo
V112 _TP3 | tresh3=fo

—  1P4 | tresha= o
V133 _TP5 | treshs=Jo
X0.1.1 _TP6 | tresh6=|o
X0.21 _TP7 | tresh7= |u
%0.3.1 _TP8 | tresh8=Jo

Ampl. number N
1.8

Press to LVDS drivers OFF |

panel TDC 34 |
TPall | treshall fo

X023 _TP1 tresh1= |0
X0.3.3 _TP2 | tresh2= [0
X0.1.4 _TP3 | tresh3=fo

—  1P4 | tresha= o
Y031 _TP5 | treshS=Jo
Y0.1.2 _TP6 | tresh6= |0
Y022 _TP7 | tresh7= |c-
Y0.3.2 _TP8 | tresh8= |0

Ampl. number b
1.8

Press to LVDS drivers OFF ‘

panel TDC 24
TPall | treshall [o

Y024 _TP1 tresh1= [0
Y0.3.4 _1p2 | tresh2= [0
UD1.1 _TP3 | tresh3=|o

—  TP4 | tresha=|o
U032 _Tp5 | tresh5=o
U013 _TP6 | treshé= o
U023 _TP7 | tresh7= |c-
U033 _TPB | tresh@= o

Ampl. number N
1.8

Press to LVDS drivers OFF

BLIM 1
panel TDC 1
TPall | treshall=’

X111 _1P1 tresh 1=
X1.2.1 TP2 tresh2 =
X131 _T1p3 | tresh3=
X112 _TP4 | tresh4=
X1.2.3 TIPS tresh5=
X133 IPG tresh6 =
X1.1.4 TPT tresh7=
X124 TPR tresh8=

Ampl. number

D

Press to LVDS drivers OFF

BUN2

panel TDC 3

TPall |treshall

¥1.1.2 _1P1 |treshi1=
¥1.22 _TP2 |treshz=
¥1.32 _1p3 |tresh3=
¥1.1.3  _TP4 |treshd=
U121 _Tps |tresh5=
U131 _1p6 |tresh6=
U2 _TP7 |tresh7=
U122 _TPR |treshB=

Ampl. number N
1.8

Press to LVDS drivers OFF ‘

1

=)

=

=)

Ell

=)

=]

BLIN3

panel TDC 5
TPall | treshall o

UL.1.4 _TP1 | tresh1=|0
Ul.24 _TP2 | tresh2=p
U1.34 _TP3 | tresh3=o
V111 _1P4 | resh4=|o
V122 _Tp5 | tresh5=o
V1.32 _T1p6 | treshé= ‘n
V113 _TPT | esh7=10
V123 _TPR | treshg= 0

Ampl. number b
1.8

Press to LVDS drivers OFF |

BUN4

panel TDC 25

TPall | treshall p

X¥0.1.2 _1P1 | tresh1=

X0.2.2 _TP2 | tresh2= E
X032 _TP3 | tresh3= P
%0.1.3 _TP4 | tresh4=j
*0.24 _Tp5 | tresh5=]
X034 _TP6 tresh5=E
Y0.1.1 _TP7 | tresh7=

¥0.21 _TPR | treshB=

Ampl. number A
1.8

Press to LVDS drivers OFF ‘

BUMNS

panel TDC 23
TPall | treshall fo

Y0.1.3 _1P1 | tresh1= |0
Y0.23 _TP2 | tresh2=Jo
¥0.3.3 _TP3 | tresh3=fo
Y0.1.4  _TP4 | tresh4=Jo
U0.21 _Tp5 | tresh5=p
U031 _Tp6 | treshé= |u
U012 _TP7 | tresh7=p
UD.2.2 _TPR | treshB=|o

Ampl. number b
1.8

Press to LVDS drivers OFF

anfoff HH State WVolt +5.0 Volt-5.2 WVolt+3.3 Curr+5.0 Curr-5.2 Curr+3.3 Temp Crate
] on/off EuroNIP #6 EM4,EM9
] on/off EuroNIP#14 EM6

on/off EurcNIP#12 EM3

Puc. 3.51 Dnements rpaduueckoro nHrepdeiica CUCTEMBbI YIIpaBICHHS

3.10.1 Cmpykmypa npozpammnozo obecneuenusn

«BHemHue nmakeTs» — 3TO HAOOp MPOrpamMM OT CTOPOHHHUX pa3pabOTUYMKOB, KOTOPHIE
HeoOxoauMmbl s 3amycka FairRoot. OHu  pacnpocTpaHsitOTCS OOHUM  JUCTPUOYTHBOM
¢ (UKCUpPOBaHHBIMU BEpCHUAMH, Ul coBMecTUMOCTH. [Tomaepikka M pa3BUTHE KaXKAOTro MakeTa
OCYILIECTBIISIETCA €ro pa3padOTYMKAMHU, OJHAKO B3aMMOJAEHCTBUE U BKJIAJ BCEro COOOILECTBA
FairRoot ne uckiroueHsl. [lepeunciiiM OCHOBHBIE HCIIONIb3yEeMbIC IPOrPaAMMBbI.

— ROOT [133], pa3zpaborannsiii B L ITEPH ¢u3nueckum coob1iecTBOM, MPEAOCTaBISIET OTPOMHOE
YHUCIO MHCTPYMEHTOB U HIMPOKYIO (PYHKIIMOHAJIBHOCTh, CHELU(UYECKYIO U MOJE3HYIO Ui
(GU3MKK BBICOKHMX HEPTUH. DTO OCHOBHOW MAaKET, KOTOPBIA MOBCEMECTHO HCIOJB3YEeTCS B
FairRoot (oTkysna ero Ha3zBaHue). OCHOBHbIE (DYHKUMOHAIbHOCTH, BaXKHbIE MJISI CpPEAbI
FairRoot, Bxitoyaror:

— CINT — unTepnperatop MaKpoOKOMaH ¢ HHTEPaKTUBHOI 000JI0UKOH;

— rpaduuecknii uHTepPeiic momp3oBatens (GUI) mist uccnenoBanus o0bekToB (Objects),
0TOOpa’keHHsI TOJIb30BATENBCKUX OOBEKTOB WM B3aUMOJCHCTBUS € OTOOpa)kaeMbIM
COJIEpP’)KUMBIM, a Takxke Bu3zyanuszarop coobituii (Event display);

— ormnepauuu ¢ (ainamu, BBOI-BBIBOJI JaHHBIX, MOJIIEpKKa OMHapHOTO (hopmara ¢aiinos;

— uHTepdeiic k 6a3aM TaHHBIX;
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— napasuienbHbie Berancienus (PROOF);

— T'HCTOTPaMMHUpOBaHKe, Trpaduku, MaTeMaTudeckue (QYHKUUH, (UTHUPOBAHUE ITAHHBIX,
MHCTPYMEHTHI aIreOpbl MaTPUILL U IPYTHE;

— OIMMCaHMe, YyIpaBlIeHUE U BU3yalTU3allHsl TCOMETPUHN U MaTEpPHAJIOB;

— (popmartsl npeAcTaBIeHUs TaHHBIX, OTHOCAIIMECS K (PU3UKE YacTUll (HallpuMep, BEKTOPHI
JlopeHua);

— MHCTPYMEHTHI MyJIbTUBapuaHTHOTO aHanu3a (TMVA).

— Bupryansnoe MonTe-Kapio (VMC) u BupryansHasi reomeTpryeckasi MOJICNIb IPUMEHSIOTCSI
JUISL TOTO, YTOOBI U3 OAHOTr0 HHTEpdelica UMETh JOCTYII K pa3INYHbIM TPAHCHIOPTHBIM MaKeTam
Mounrte-Kapno u ux onucanusm reomerpuil. [Ipu 3Tom reomerpuro HEOOXOIUMO OIMUCATH
TOJIBKO a3, a MoJIb30BaTeNlb UMEET BO3MOXKHOCTh «HA JIETY», TO €CTh 0€3 MepeKOMITUIISALNHY,
BbIOMpaTh MOJIENb, KOTOPYIO OH OyAET MCIO/b30BaTh. B HacTOSIIMNA MOMEHT peaan30BaHBbI
unrepdeticel 111 GEANT3, GEANT4 u ROOT (FLUKA 0Gosnbliie He MOIepKUBACTCS ).

— GEANT onmceiBaeT mporecchl MpoxXokaeHus dactul depe3 BemiectBo. GEANT3 [134]
Hanucan Ha s3pike FORTRAN wu ero nocneansis Bepcusa 3.21 matupyercs 1994 ropowm.
GEANT4 [135] 6bu1 paspaboran Ha ocHoBe (usmueckoit mojenn GEANT3, oxnako Obul
MOJIHOCTBIO pean30BaH Ha si3bike C++ 11 TOro, YT00BI UCTIOJIB30BaTh O0bEKTHO-OPUEHTHPO-
BaHHBI 1Moax0J]. Ero TpaHcHOpTHBIA KOx ObUT OOHOBJIEH, YTOOBI CleNaTh (PU3UUECKUE
MPOLIECCHI O0JIee peaTMCTUYHBIMU, OJJTHAKO PE3yIbTaThl 00EHX BEPCHI COMIOCTABUMBI.

— PYTHIA [136], reneparop yacTuil BHICOKOH 3HEprHH, BKIOUAIOIIUI Mozaeiau pacnaaa. OH
MOJICJIUPYET CTOJKHOBEHMsI 4dacTull. Cpenu MpoYuX B HEr0 BKIIOYEHBI TaKHUE IMPOLIECCHI
(UBHYECKUX PEaKIUMi KaK KeCTKHE UM MATKHE B3aMMOJICUCTBHS, TAPTOHHBIE pacCIpeeIeHUs
Y TIApTOHHBIE JINBHU, ()parMEHTAIHN U PaCHabl.

— PLUTO [137], makeT 11t MOJCTUPOBaHMSI aAPOHHBIX B3aUMOACHCTBHU, HanmucaHHbIN Ha C++.
OyuknuoHanbHOCTh Onbnuorekn PLUTO moxker ObiTh 3aneiictBoBana uz ROOT, rue ee
BBIBOJT MOKHO aHATM3UPOBaTh, 00 nepenaats B GEANT s nanpHeiime paboThl.

[Tporpammuas cpena FairRoot — sto Ombnmmoreka kimaccoB Ha C++, mpegocTaBIsomas
ylnpaBjieHUE TOTOKAMU JaHHBIX, a TaKkkKe HUHTepQeichl A pPa3IUYHBIX HHCTPYMEHTOB
MOJICIIMPOBAaHUSI M PEKOHCTPYKIMM W3 «BHEITHUX MakeToB». (CXeMaTHYeCKH ee CTPYKTypa
npencrasiaeHa Ha Puc. 3.52. FairRoot sBisercss untepdeiicom u 0a3zoil i peanuszanuu
nporpammHoro obecneuenus sxcnepumenta CITACHAPM.

{% SpascharmRoot

[ U70Hodo Oumdposka Powaenne Mouck W PpuTHpoBaHHe

[W XWTOB TPEeKoB

MeHeaxep Beona- FairRoot
BbliBOAA

np“nomeHHﬂ
COObITHA
leHepartopsl 3anaum BasoBbie QyHKuMK | | MariuTHoe
MHTepnonAUMA COBBITHIA NEeTEeKTOpOR none
Tpexos

Bubnuotexu

ROOT

[vMC | (Geant3| (Geant4| | GSL | [Monalisa| [ BOOST | (GLPK | [ vaM |

Puc. 3.52 Cxemaruueckas CTpyKTypa IporpaMMHoi cpefibl skcriepumenta CITACHAPM:
BHU3Y — OMONHNOTEKH CTOPOHHHX pa3padOTIHKOB, B IeHTpe — cpena FairRoot,
BBEPXY — KOHKpEeTHas peanusanus SpascharmRoot
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Cpena 6asupyercs Ha ROOT: ona ucnonbsizyer dopmar (aityioB JaHHBIX (.root), CHCTEMY
BeTBIeHUs naHHBIX (kimacc TBranch), memouku ¢aiimoB (TChain), KoHTeHHEpHI TaHHBIX
(TClonesArray), onucanue u ynparinenue reomerpuerd (TGeoManager u T.4.) | OJIOYHYIO
ctpyktypy 3anad (TTask). Cucrema cripoekTrupoBaHa TaKHM 00pa3oM, 4TOOBI JIFOObIE TEHCTBUS
MO>KHO OBbUIO BBINOJHATH U3 KoMaHAHOW cTpoku ROOT wnm myrem 3amycka crenuaibHBIX
ynpasisonmx (aiioB — Makpoco, HanucaHHbIX g C++-unrteprperatopa ROOT (CINT).
Bech xoa anst MogenupoBaHus Win cOopa TaHHBIX CKOMITUJIMPOBAH B IMHAMUYECKHe OMOINOTEKH,
U «rooty» — eOUHCTBeHHBIA wucnonHseMbld ¢ait. ROOT-Makpochkl HCHONB3YIOTCS IS
KOH(MUTYpUPOBaHUs, YIIPABICHUS U 3aIlycKa MOJEIUPOBAHUS (U OHJIAWH-CUNTHIBAHUS) COOBITUH,
TPACCHPOBKMU YaCTHI] Yepe3 BelecTBO MeToioM MonTe-Kapio, onucanus 1eTeKTOpOB, PEKOHCT-
PYKIUMM U aHaNM3a JaHHBIX. B TakoM moJxoje W3MEHEHHE HACTPOEK, MMapaMeTpoB WIIU J1axe
MEPEKOMITOHOBKA KOH(HUTYparuu 000pyAOBaHUS BCETO JIETEKTOpa HE MOTPeOyeT KOMITHIISIIUN
WIM UCTOJBb30BaHUS APYroro s3bika kpome C++ it penakTupoBaHusl Makpoca. bonee toro,
aOCOIIOTHO TOT YK€ MaKpOC MOXKET OBITh BBIIIOJIHEH Ha JIF000 MarHe 6e3 n3MeHeHUH (Harpumep,
MePCOHAIBHOM KOMIIBIOTEPE, paclpeieICHHON BBIUMCIUTENbHON (hepme Uit Tpua-KiacTepe).

3anyck MmojenupoBanus (¢ nomoibio VMC) siBisieTcss BHyTpEHHEN 4acThiO IPOrPaMMHOMN
cpensl (cMm. Puc. 3.52.). JlerekTopbl yCTaHOBKMU OMNPEIEICHbI KaK COBOKYMHOCTh UX T€OMETPH-
YEeCKOTO OMHUCAaHUS U UX (YHKIIMOHATBHOCTH KaK aKTHBHBIX 3JIEMEHTOB. J[OCTYI K BBIIOJTHEHUIO
BO BpeMs 1IaroB TpaccupoBku MoHTe-Kapio ¢ moMoIpio BEIOPAaHHOTO TPAHCHOPTHOTO MakKeTa
npeaocTaBisieTcst 0a30BBIM KitaccoM aerekropa u3 FairRoot.

BrinonHeHne nporeccoB OpraHM30BaHO yepe3 3a7auu, KOTOpble yHACIEAOBaHbI OT Kilacca
TTask makera ROOT. 3agaun MoryT 100aBIATHCS, YAATIATHCS WIH 3aMEHATHCS HEMOCPEICTBEHHO
B MaKpocax, MPe0CTaBIIsIs OJIOUHYIO CTPYKTYPY (KKOHCTPYKTOP») [Uid mojib3oBateneil. Ha ypoBHe
cpensl FairRoot mponcxoauT opranu3anmst JOCTaBKU BXOAHBIX/BBIXOIHBIX KOHTEHHEPOB JaHHBIX,
coeuHeHNe ¢ 0a30i NaHHBIX MapaMeTPOB, a TAK)KE BBIMOJIHEHUE 33/1a4d B LIUKIIE 110 COOBITHSIM.
MoHO XpaHHUTh 00IIHe IS 3a7a4 BpEMEHHbIE IaHHBIE TOJIBKO B MAMSTH, HE PACXOIysl MECTO Ha
HKECTKOM JTUCKE.

[Tpu nHUIIMANMU3AMY 3a/1a4a [T0JIydaeT yKa3aTesld Ha KOHTEHHEPHI IaHHbIX U TapaMeTpOB.
Bo Bpemsi BbIMOTHEHHS NporpamMMHas cpena 3a0upaer peanbHble KOHTEHHEpPHI MO 3THM
yKazarensiM. 3ajadyd MOTyT TIpYyHNIUpPOBaTbCS B POAMTEIbCKUE 3aJaud, CO3/1aBas HEpapXHio
BBIMOJIHEHUS,, YTO OCOOCHHO TOJE3HO Ui MPEJOCTaBIECHUS IENOoYeK 0 YMOJIYAHUIO JUIs
MaccoBOI0 MTPOU3BOJICTBA AaHHBIX. PaboTa ¢ peaqbHbIMU JaHHBIMU OPTaHU30BaHA aHAJIOTMYHBIM
obpa3om: Ha cxeme cienyeT 3ameHHTh (aitmel Monre-Kapno (SimData) na  daitnbl,
COOTBETCTBYIOIIIME pEaIbHbIM JAaHHBIM C JAETeKTOpoB. HemocpeiacTBEHHO BBINOJHEHUE 3aJaud
OCYILECTBIISIET KOHKPETHBIN peann30BaHHbIA 00BEKT Kilacca, HacienoBaHHoro ot FairTask.

baza nannsix nmepuona BbimonHeHus (RTDB) ynpasisier BBOJOM-BBIBOJIOM MapaMeTPOB
U UX pacrpenenenueM Mexay 3anadamu. @opmar ¢aiinoB ROOT mozBosser xpaHUTh Ooiee
CIIOKHBIE CTPYKTYPBbI, HEXKEITU ITPOCThIE YMCIa U CTPOKU — HaIlPUMEp, THCTOTpaMMbl UJTM MaTeMa-
tnyeckue QyHkiuu. OOBIYHO T'eOMETpHsi, MCIIOJIb30BABILIAACA MPU MOJEIUPOBAHUM, LETHUKOM
xpanutcs B RTDB. OT1o no3Bosnser npu MOAEIMPOBaHUN 3aHUMAThCS HACTPONKON Oe3 reHepu-
poBaHus HOBBIX JaHHbIX MoHTe-Kapino. Ilpu pabote ¢ skcnepuMeHTaIbHBIMU JAHHBIMU MOXHO
ucnonb3oBath AaHHble RTDB st paznuuHbIX NpuBsA30K. Takod MOAXOA MO3BOJISET OBITh
YBEPEHHBIM, YTO MOJIEIMPOBAHUE U aHAJIN3 SKCIIEPUMEHTAIbHBIX JAHHBIX IIPOM3BOASATCS B €AMHON
FE€OMETPHH.

B o0miem ciryuae, mporpaMmHoe o0ecrieuyeHue JOKHO MO3BOJIATh TPOMOJIETUPOBATh BECh
AKCTIIEPUMEHT IEJTUKOM JJIsi TOTo, YTOOBI pa3paboTarth HamOoJsiee MOAXOonsAIIee 000pY/IOBaHUE
JIETEKTOpa, a TaKXKe BCe HEOOXOAMMBIE AITOPUTMBI JUISl PEKOHCTPYKLHUHU SKCIIEPUMEHTATbHBIX
JaHHBIX. 3aTeM U3MEPEHHsI JOJKHBI ObITh CPABHEHBI C Pe3yJIbTaTaMH MOJETUPOBAHNUs, UTOOBI KaKk
MOXKHO TIHIAaTelIbHEE HU3YyYUTh (UINUYECKYI0 MOJEINb, SBISIONIYIOCS IEJIbl0 HKCIEPUMEHTA.
OO0paboTka NaHHBIX MOJEIMPOBAHUS M PEaJbHBIX IKCIEPUMEHTATIbHBIX JAAHHBIX CXOJIUTCS Ha
JTarne, I71€ HAYMHAETCS PEKOHCTPYKIMSI OTKIMKA OTJEJIBHBIX IETEKTOPOB.
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C onHo#i croponbl, B MoHTe-Kapno ¢uzudeckass peakiuss MOACIUPYETCS C IMOMOIIBIO
reHeparopa 4acTHll; 3aTeM YacTULbI JOJDKHBI OBITh TPACCUPOBAHBI Yepe3 BEIIECTBO JETEKTOPOB,
U pe3ysbTaT MX B3aMMOJEHCTBMS C aKTHUBHBIM BEIIECTBOM JIETEKTOpa MpeoOpa3yroTcs
B ouM()poBaHHBIC JaHHBIC, CIICIU(PUUECKUE I KKAOT0 JeTeKTopa. Takue AaHHBIE COAEp)KaT
UCKQ)KEHUS W U3MEHEHHs CUTHAJIOB, TUIHWYHbBIE JUIS KaXJIOro JETeKTOpa, U OHU IOXOXKHU
(v mpeaCcTaBICHBI B TOM e caMOoM ¢opmare) Ha JaHHbIE U3MEPEHUI B PealbHOM 3KCIIEPUMEHTE.
C npyroii CTOpOHBI, SKCIEPUMEHTAJIbHBIC JaHHbIE TaKKe HEOOXOIUMO MOATOTOBUTH Ul TOTO,
9TOOBI UX MOXKHO OBIJIO 00pabaThIBaTh B paMKax TOH ke ermoYku 00padoTKH.

ITpousBonuTcst KanuOpoBKa U INpeoOpa3oBaHME U3 BHYTPEHHEro (peaqn30BaHHOIO
B JK€JI€3€) MIPEICTABICHUS B IPOrPAMMHOE — HAIPUMEP, HyMepalus KaHaJloB, CUCTEMa KOOpPIU-
HaT U 1poyee. B onuceiBaeMoil 1ienoyke 3TarnoB peKOHCTPYKIHMS JaHHBIX IPOMCXOIUT MOIIAroBO
it o0oux HaOOpoB AaHHBIX. CHauana MPOMCXOMUT PEKOHCTPYKIUS OTKIMKA JUIS OTIEJIbHBIX
JIE€TEKTOPOB, 3aTEM IIPOU3BOASTCS II100abHbIE IEHCTBUS, TAKKE KaK PEKOHCTPYKIIMS 00pa30B AJs
TpeKa 3apsHKEHHOM 4acTHIIbI, PUTHPOBAHHE TPEKOB, PUTUPOBAHME JIMBHEH B AJIEKTPOMArHUTHOM
KaJOpUMEeTpe U T.I., a 3aTeM MJeHTU(ukauus vactul. Ha mocienHem srtame yxke BO3MOXKHO
MpOBECTH (PU3UUECKUI aHAIN3 KaHAUJATOB B YACTHUIIBI, KOTOPBIE MIPEICTABISAIOT 000 HAOOPHI U3
BEPLIMHBI POXKICHUS U YeThIpeX-UMITyJibca. OTMETHM, YTO AITOPUTM (PU3UYECKOrO aHaau3a
CWJIBHO 3aBHUCUT OT U3y4aeMOr0 KaHaJla WK peaKLuu.

HaGop u nopsiok 3a1a4 cocTaBiseT CTPYKTypy 3ajaHus Ais BbinonHeHus. Ha Puc. 3.53
IIOKa3aH MPUMEP TOro, KaK 3aJaul COEIUHSIOTCS JPYT ¢ Apyrom B ciayuae kanopumerpa (ECAL)
u craHuuil npeidoseix Tpybok (FTS) BMecTe ¢ TpeKMHIoM, PEKOHCTPYKLHMEH KIacTepos,
UICHTH(UKAITUCH YaCTHII.

| Meneparop 4acray |
T

FairMcTrack

| EcalDatactor H TpaucnopT H FitsDetactor |

|
FtsPoint

EcalPoint

EcalHitProducer

[ FisFastDigitizer ][ FtsRealDigitizer

EcalHit

EcalDigitizer

EcalDigi

EcalReco
FtsHit

EcalCluster / -

FtsDigi
FtsIdeal

TperHuHr

Tpex

MaeanbHbii
TpekHHr

PID

Davume

Kanpnpar

\ e

[ Auanus J

Puc. 3.53 TlocnenoBaTebHOCTD BHIMOIHEHHS 3a1a4 T 1ask mpu MoeTupoBaHuy B cpede SpascharmRoot,
Ha MpUMepe IeTeKTopa, HACHTUHUIMpPYIomero yacTumsl (kagopumetp win ECAL), n TpekoBoro gerextopa
(cucrema crannmii apeiidopbix Tpy6ok mwin FTS). MomynsHas apXuTeKTypa MpOrpaMMHOM CpeIbl TO3BOJISET
MOJKITI0YaTh KOMIOHEHTHI, HEOOXOANMBIE ST KOHKPETHOTO CITydast
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Cnavana 3amyckaercsi MonTe-Kapio MoaenupoBaHHre 4acTHI[ U UX TPaCCUpPOBKaA 4epe3
BEIIECTBO KAXKIOrO JETEKTOpPA, KOTOPOE MOXKET ObITh aKTUBHBIM (IIPOU3BOJAUTH JAaHHBIC) HIU
MacCCUBHBIM. YTOOBI MPOMOJICITMPOBATH TMOBEACHUE JETEKTOPOB UMEIOTCS Pa3IMYHbIE 3a/1a4d, OT
OBICTPBIX («HICATBHBIX») aJrOPUTMOB JIO JCTANbHBIX OINUCAHUI BCEX NPUHIUIOB PaOOTHI
npubopa. OT™METUM, 4TO, HANPHUMEpP, IJI TPACCUPOBKH, HE3aBHCUMO OT IIyTH, 110 KOTOPOMY
MPOUCXOJIUT BBIMOJHEHUE IETIOYKH, BCETa UMEIOTCS JaHHbIE B onpeaesnieHHoM ¢gopmare. Takas
K€ MOJYJIbHAs KOHIICTIIUS TPUMEHHMA W JUId WIACHTU(QUKAIMH YaCTUIl, PEKOHCTPYKIIUU
AJIEKTPOMArHUTHBIX JIMBHEH M T.N., YTO JaeT BO3MOKHOCTH II0JI30BATEIO BHIOMPATh CBOU
COOCTBEHHBIC KPHUTEPHH U ONTUMAIBLHOTO (C TOYKH 3pEHHsS JETaTU3allMH, CKOPOCTH WU
MIPOCTOTHI pabOThI) HAOOPa 00OPYIOBAHMSL.

Pa3paboranHbie OJ0KM TO3BOJISIFOT MPOBOIUTH MOJECIMPOBAHHE ITAHHBIX M WX aHAIU3
OHJalH («B NUHHIO») W o¢iaiiH («BHe auHUUY). [Iporpamma oOpabOTKM JaHHBIX OHJIANH
UCTOJB3YeTCs JUIsl aHAJIM3a JAaHHBIX HEMOCPEJACTBEHHO BO BpEMs NpHEMa U, MPEKIC BCEro,
TpeOyeTcsl [Uid OLEHKM KayecTBa MOCTYMAIOMIMX JaHHBIX M, NMPU HEOOXOAMMOCTH, MPHHATHUS
peleHnii o 3aMeHe (PEMOHTY) PETUCTPUPYIOIICH SJIEKTPOHUKU WM AJIEKTPOHUKU CHUCTEMBI
cbopa TaHHBIX.

3.10.2 Ilaxem npozpamm 05 aHanU3a OAHHBIX «8 IUHUIO»

B nporpamme oHnaitH-00paOOTKH pearn30BaHbl CIEAYIONIMe KOMIIOHEHTHI: TpeoOpa3oBa-
HUE [aHHBIX, IOCTYMNAIOIIMX U3 MonyJed perucrtpupytouieit anekrponuku (BUIL, AL,
PETHCTPOB) CHCTEMBI cOOpa JaHHbBIX, K3 Cbiporo Gpopmata B popmat ROOT-nepeBbeB; JoKaIbHAs
PEKOHCTPYKIIUSI XHTOB B IUIOCKOCTSX Kamep Ui TOCTPOCHUS TPEKOB 3apsDKEHHBIX YACTHIL,
KJIACTEpPOB B DJIEKTPOMArHUTHOM KaJOPUMETpPE, XUTOB B CIHUHTWUIALMOHHBIX ITYyYKOBBIX
TOZIOCKOIIAX; YIMPOIICHHBI alTrOpUTM TOCTPOCHHS TPEKOB IO KaMmepaM; BOCCTaHOBJICHHE
KOOpJMHAT IyYKa Ha MUILEHU dKcriepuMenTa. [lapannensHo pabote cuctemsl cOopa JaHHBIX, HA
cepBepe pabdOTaAIOT MPOLECCH MPOTPaMMBbl OHJIAHH-00paOOTKHM NTaHHBIX, BBIOJHEHHBIC B BHJIE
ROQOT-makpocoB. IIpeoOpa3zoBanue ¢aitnoB ¢ maHHeIMH B chipoM ¢dopmare B ROOT-nepeBbs
MIPOUCXOJIUT B MMPOMEKYTKE MEXKITY cOpOCaMH yCKOPHUTEIS; TOIyYeHHBIE (hailyibl 3aIMCHIBAIOTCS
HAa JIUCK.

Ha Puc. 3.54 noka3ana 0;10k-cxema paObOThI MPOTrPaMMBI OHJIAWH-00paOOTKH.

Event Builder Top

l *.dat

Storage

* root

*.root

SpascharmRoot

Puc. 3.54 biok-cxema nporpammbl 00pabOTKH IaHHBIX «B JIMHUIO»

Qaiinbl, coxepkamue ganHble B Buae ROOT-nmepeBbeB, YHTAIOTCS MPOrpaMMOi
BH3yaJIM3aIlMi U KOHTPOJIS KadecTBa AaHHBIX. OHA MOXKET CUMTHIBAThH JaHHBIC (aitn 3a daitiom
B IIpollecce€ MX Habopa, a TaKKe B peXUMe MaKeTHOW 00pabOTKH, KOrJa U3 OMpeleTIeHHON
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JTUPEKTOPUH CYUTHIBAETCS Cpa3y MHOXKECTBO .10ot-(ailyioB, HaKOIIeHHBIX paHee. OCHOBHAs LIEb
IPOrpaMMbl BU3yalTU3alll — OTOOpa)keHHe MPEICTaBICHUI, IMEIONNX OTHOIIEHUE K KaYeCTBY
HaOHpaeMbIX JaHHBIX B BUJE ructorpaMm. Elo monb3yercs mepcoHan cMEH BO BpeMsi CEaHCOB Ha
ycranoBke CITACHAPM. Bepxusis nanens uarepderica pazdura Ha BKIAJKU C HEPAPXUUECKON
CTPYKTYpO#l [IJIsi HaBUTALMKU IO JETEKTOpaM YCTAHOBKU (BEpXHUI psAl BKIAAOK), THIIAM
oroOpaxkaemoil mHpOpManuu (BpeMeHa, npodmiu, 3pGeKTHBHOCTH, MHOKECTBEHHOCTH U T.I1.), &
TaK>Ke /711 HAaBUTallUU 110 3JIEMEHTaM JETeKTOPOB (IUIOCKOCTSIM I'0JIOCKOIIOB, CJIOSIM Kamep | T.I1.).
B cTpoke cocTosHUSI MPUBOJUTCSA CITy>KeOHast mH(popMaIus, Takas Kak YicI0 CYUTAHHBIX (Paiiiios,
yucino coobiTuid. [IporpaMMa KOHTpOJIS KauecTBa JaHHBIX mpenacraBiser coooir ROOT-makpoc,
ucnonp3ytonuii  rpaduueckyro Oubmmorexky makera ROOT. IloaToMy ¢ TrHcTOrpamMmamy,
0TOOpakaeMbIMU B OKHE IIporpamMmsl (B Canvas) MOXHO BBITIOJIHATH BCE CTaHAAPTHBIC JIEHCTBUS,
KOTOpbIE MO>XHO BBINOJHSTH C THMCTOrpaMMmaMHu B HMHTepakTUBHOW ceccun ROOT: usmeHsATH
rpeiebl THCTOTPaMMHUPOBaHUs, GUTHPOBATH PACIIPEICICHUS U T.II.

[MoxroroBnennsie mpu paboTe «B JUHHUIO» .fOO-(hailyibl MOTYT HMCIIONB30BaThCS M TPU
ananuze. Ho crnegyer yuuThIBaTh, YTO YacTh (DailjioB MPpH ITOM MOXKET OTCYTCTBOBATh, TAK KaK MIPHU
paboTe «B JTMHUIO» AaHATU3UPYIOTCS TOIBKO MOCIETHIE MOCTYNUBIINE JaHHBIE.

3.10.3 Ilaxem npozpamm 012 aHAIU3A OAHHBIX «GHE TUHUWY U MOOCIUPOBAHUA

[Ipu paboTe «BHE JTMHUM» BEAETCS aHAIM3 MO BCEM 3aJaHHBIM (haiiam (0OBIYHO 3TO BCS
TUPEKTOPHS C TAaHHBIMH, HaOpaHHBIMH B OJHHMX ycloBHsX). llpum aHamms3e Ha mepBOM 3Tare
MPOBOAMTCS CIUSHHUE TAHHBIX M3 PA3JIHMYHBIX TIOTOKOB C IIOMOIIBIO IIOCTPOUTEINS COOBITHH (event-
builder)®2. DTot mporpaMMHbIil MOLYIIb CONOCTABIAET 3aIUCAHHBIE (DANIIbI JAHHBIX C PA3THYHBIX
JETEKTOPOB M 110 OTMETKaM BPEMEHH HAaXOAUT COOTBETCTBHE MEXKIY COOBITHSMHU BHYTPH Pa3HBIX
MIOTOKOB JIaHHBIX; Ha BBIXOAE (POPMHUPYETCS TOTOK COOBITHHA C NAaHHBIMH BCEX JETEKTOPOB
yCTaHOBKH. [Ipy 3TOM NpOMCXOIUT MpOBEpKa KadecTBa TAHHBIX, B TOM 4YHCIIC OOHApYKEeHHUE
MOTEepH BAXHOW HMHPOpPMAUU MpH CcOOSX PErucTpuUpyrouied >aeKTpoHuKH. [lo naHHBIM
MPOBEJCHHOTO C€aHCa C KOMIUICKCHBIM 3aITyCKOM YCTaHOBKH KOJIMYECTBO OIIMOOK Majo (J10JH
MPOIIEHTA), TAaK YTO MPAKTUIECKU BCS MPHUHATAS HH(YOpMAIH (C TOUKH 3PSHHS Ka4eCTBa TaHHBIX )
UCTIOJNIB3YETCS [UIsl aHAIN3a.

[IporpaMMHBI TakeT IS MOJACIMPOBAHUS HCIONB3YETCS UIS OTIAJKH AITOPHUTMOB
U OLEeHKH 3((EeKTUBHOCTH, MU B HACTOSIIMN MOMEHT OIHCBIBAET «HUACANBbHYIO» TI'€OMETPHUIO
IKCIIEPUMEHTAIBHON YCTaHOBKHU. M 1€alIbHOCTD 3aK/II0YaeTCst B a0COIIOTHOM OTHIOCTUPOBAHHOCTH
u 100% »sddexkruBHOCTH neTexTopoB. Ilocie omnpeneneHHs peadbHBIX T€OMETPHUM U
3G GEKTUBHOCTH HAa OCHOBE JKCIIEPHMEHTABHBIX JAaHHBIX, BCE peajibHbIE TapameTpsl OyIayT
BHECEHBI B IPOIPAaMMHOE OITUCAHNE YCTAHOBKH.

Puc. 3.55 nanmoctpupyet nociaeoBaTeabHyO LENoUKy TaKUX 0000IEHHBIX ITAIOB.

Oum BKa, EHTS ; SHTANE
lenepaTop TpaccupoBEka undpo! : ‘

e (Geant3ja) | O"eThone: cobpazoBaHH: .

Tpekn,
thuneTp
Kanemana

WoenTndmkaumn Duanuecknn
YacThL aHanwuz

EKOHCTPYKUMA
XuToB

Puc. 3.55 Cxemartuueckoe npeacTaBIeHHE IEMOYKH BBIIOJIHEHHUS 3TAoB B cpeae SpascharmRoot

52 MokHo MOPOBOAWTL aHAJIN3 OTACIIBHO JJISA KaXXI0TO BBI6paHHOFO II0OTOKa.
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[Tpumepnas auarpamma paboThI 3a7a4 roka3ana Ha Puc. 3.56.

MapameTpbl

RunliD 1

Pram
Container

Pram
Container

A

RunlD 2

Pram
Container

Pram
Container

OaHHele
FairTask
FairParlO i TasSate } daiin 1
> FairTask::SetContainers(
FairTask::Init() RunlD 1
-
FairTask::Exec{)
]| e——
Y
FairParlO daiin 2
k< FairTask::Relnit() RuniD 2
<
FairTask::Exec{)
on
9

Puc. 3.56 Cxemaruueckoe npezacraienue mporeccoB B FairTask, a Taxxke MexaHu3Ma oOpaleHus
K IIapaMeTpaM U JaHHBIM.
JlaHHbBIe ¥ mapaMeTphl CBSI3aHbI Yepe3 YHUKAIBHBIH uneHtudukarop “RunlD”

I[J'Ii[ BOCCTAHOBJICHUS TPCKOB 3aps’KCHHBIX YaCTUI] B TpeKOBOﬁ CHUCTEMC BI)I6paH METOL
IIOMCKA TPEeKa, U3BECTHBIHN Kak mpeoOpa3oBanue Xada. ITOT METO/] HCIOJIb3YET MapaMeTpUIecKoe
OIMCaHME TPEKa: KakJasi TOYKa B MPOCTPAHCTBE MAapaMETPOB OIMUCHIBAET TPEK B KOOPAWHATHOM
npoctpaHcTBe. [lonck KaHANAATOB B TPEK COOTBETCTBYET HAX0XKICHHUIO JIOKABHBIX MAKCHMYMOB
B ipoctpancTBe Xada. [Ipumenenne Merona B IByMEpHOM citydae 1mokaszano Ha Puc. 3.57.

WexoaHoe
NPOCTRAHCTBO

»
>
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napameTpoB

»
8

Puc. 3.57 Wnnroctpaiiys OCHOBHOTO MPHHITUIIA ITpeoOpa3oBanus Xada Iyt OJHOTO TpeKa

Ha Puc. 3.58 n3o0pakeHbl IpUMepHI MOTyYeHHBIX MPOCcTpaHcTB Xada B miockoctu ZY
it MC ¢ oTHUM U TpeMsl MIOOHaMH Ha COOBITHE.
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Puc. 3.58 [Ipumepsl nony4eHHbIX npocTpancTB Xada B miockoctu ZY Jyist OAHOTO Tpeka (clieBa) u
Tpex (crpaBa)
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[Ipy MozenupoBaHMM W HA MEPBBIX SKCHEPUMEHTAIBHBIX [AaHHBIX, HAOpPAHHBIX IPHU
KOMIUICKCHOM 3aITyCK€ YCTAHOBKH, TOJYYEHBI PACIPEICICHHS 10 OCHOBHBIM KMHEMAaTHYECKUM
MEPEeMEHHBIM: UMIYJbC (C y4eTOM 3HaKa 3apsja), MONEepedYHbIH HMIYJIbC Pr1, MepeMeHHas
Oeitnmana Xr. s aHanm3a kadyecTBa JAHHBIX HA BCEX PUCYHKAx CJieBa MPUBEJICHBI JaHHBIC
MOJIETIUPOBaHUS. YCJIOBUS, MPU KOTOPHIX MPOBOAMIOCH MoOJAEInpoBaHUE MPOBOIWIOCH IMPHU
CIIeYIOIIMX YCIOBUSAX: B KauecTBe reHeparopa ucnonb3dyercs naker PYPHIA 8 (B cocrase
POrpaMMHOTO TpoJyKTa SpascharmRoot mis 00pabOTKH SKCIEPUMEHTANbHBIX JaHHBIX B
obomactu ®BD), minbias coObiTus (0e3 QuIbTpanKU), B3aUMOJCHCTBHE TMPOUCXOTUT Ha
MEHTAaHOJIOBOW MHUIIEHH, S(PPEKTUBHOCTH KaXI0H IUIOCKOCTH TPEKOBOM CHUCTEMBI IpHU
MoenupoBaHuu — 95%, pa3pemenue aperioBbix TPyOOK Beex kamep - S00 MKM, «MEPTBBIE 30HBDY
B KaMepax He BKIoUeHbl. MIHTerpast koHctantHoro noiist 0.6 Tu-m.

MeTo/1 T03BOJISIET BOCCTAHABIMBATH TPEKH C BBICOKOU 3P PeKTUBHOCTHIO (O0see 98% st
OJIMHOYHBIX TPEKOB U Oojiee 85% 11 MHOTOYaCTHYHBIX co6LITI/II7153).

B crampaptHoM mporpaMMHOM O0ECHEUEHMHM aHajiu3a JaHHBIX JKCIIEPUMEHTA
peaIn30BaHbl TAKXKE aIrOPUTMbI BOCCTAHOBJICHMSI IEPBUYHON UM BTOPUYHBIX BEPIIUH, KOTOPHIE
HEOOXOIUMBI U UCTIONB3YIOTCS AJIsE 0TOOpa YaCTHIL.

%8 Tnst 100% a¢dexTBHOCTH Kamep.
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4 TIlnan-rpadux peaju3anuy U OIleHKA CTOMMOCTH MPOEKTA

OcHoOBHBIE pacxoabl TpeOyroTCS Ha CO3[JaHHe KaHala TOJSPU30BAHHBIX YaCTHII
Y MOJICPHM3AIMIO IKCIIEPUMEHTAIbHON YCTAaHOBKU ISl IPOBEACHUS MPEIU3NOHHBIX HCCIIeI0Ba-
HUH C UCIIOJIb30BAHUEM IOJIIPU30BAHHOTO ITyUKa.

BrinonHeHb! paboThI 1O pacyeTy M 3CKU3HOMY ITPOEKTHPOBAHUIO KaHajIa MOJIIPU30BAHHBIX
gacTull. /{1 BBIMOIHEHHS paObOT MO CO3aHMIO (aHTH )IPOTOHHOTO KaHaa 24 A Ha yCKOPUTEIHHOM
komIuiekce Y-70 morpedyercs 0kos0 2 Mip pyo.

st BBINOJIHEHHS] HAMEYEHHOM 3KCIEPUMEHTAIBHOM MPOrpaMMbl HEOOXOAUMO CO3AaHUE
CUCTEMBbI CBEPXITPOBOISIINX MAarHUTOB «CHOMPCKUX 3MEEK», CTUHOBBIX POTATOPOB, M KPUOT€HHOM
cucrembl K HUM (200 miH py0.), KOTOpBIE MOTYT OBITH pa3zpaboransl u co3nansl B USI® CO PAH
(HoBocubupck). [Ipenu3uoHHBIA 3JIEKTPOMATHUTHBIA KAJIOPUMETp THMa «manuibik» (150
MJH py0.), TIOJIHAS TEXHOJIOTHsI KOTOporo paspaborana B UDBD (co3manbl U ohopMIeHBI JBa
OTIBITHO-IIPOMBIIIJICHHBIX 00pa3ia), MO3BOJUT PErUCTPUPOBATH BCE AOCTYIHBIE [0 MAaCCE HOBBIC
COCTOSIHUSI MaTEPUH, PACTIaAAIONINeECs, B TOM YHcie, Ha (OTOHBI. JleTeKTOp KOJIel YePEeHKOBCKOTO
uznydenust (250 mutH py6.) mo oOpasiy Takoro ke gerektopa B mpoekte ITAHJIA mo3Bosut
UACHTU(UIIMPOBATH BCE 3apsDKEHHBIC aJpOHBI BO BCEM JOCTYITHOM DHEPTEeTHYECKOM HMHTEpBAJIE,
YTO HEOOXOAMMO JJIsi CIMHOBOTO MCCIEAOBAHUS EJIOr0 CIEKTpa pa3HOOOpPA3HBIX PE30HAHCOB U
oOHapykeHHs: HOBBIX. CHcTeMa TMOJAPUMETPOB Ui HW3MEPEHUsT aOCONIOTHOW BEITMYMHBI
nongpusanuu mydka (100 mun py0.) pa3pabarTeiBaeTcs W MoOKeT ObITh cozgaHa B MDBO
copmectHo ¢ MUODU. CroumocTh NOJAPU30BAHHOW MHIIEHH HOBOTO TIOKOJICHHS, C
BO3MOXXHOCTBIO TOJIy4aTh KakK IMONEPEYHYI0, TaK U MPOJOJIbHYIO MOJSPU3AIMIO, COCTABISET
250 mutH py©0., OHAKO 3HAYMTENLHBIA BKJIAJ MOXET OBITh BHECEH HEMEIKHMH YYaCTHHUKAMH
MIPOEKTA.

CyMMapHbIe pacxo/ibl Ha U3roToBjIeHHE B Poccun HE00X01MMOT0 Hay4YHOT0 000py10BaHUS
coctaBat | mupa pyOeit. Takum 06pazom, UTOroBasi CTOMMOCTh ITPOEKTa OILICHUBAETCS B 3 MIIP/I.
py6neir>.

[Tocne Hayana (UHAHCHPOBAHUS MPOEKTA IUIAH-TpadUK CO3AAHMUS OCHOBHBIX IMO3ULIUN
KaHana 24A U 5KCIIepUMEHTAIIbHON YCTAaHOBKHM Ha HEM BBIIVISLIUT CJIEAYIOIIKUM 00pa3oMm:

— 3aBeplIeHHe paboYero NPOeKTa Ha KaHAJ M 30HY YCTAHOBKU — IepBbIE 1Ba roja>;

— M3TOTOBJIEHHE AJIEKTPOMATHUTHOTO KAJIOPUMETPA TUIA «LIAILIBIK» — MEPBbIE YEThIPE TOAA;
— M3TOTOBJICHHE MarHUTOB «3MEHKa» U KPUOTEHHOTO 000PYA0BaHUS — MEPBbIC TPU TOJ1a,;

— M3TOTOBJICHHE JAETEKTOPA KOJIEI] YePEHKOBCKOT0 U3JIy4eHUsI — CO BTOPOTO IO MSITHIH roj;

— co3JaHue KaHana 24A 1 pa3MelleHre YCTAaHOBKH Ha 3TOM KaHalle — TPETHI-4eTBEPThINA TObI;
— CO3J]aHUE CUCTEM U3MEPEHHUS MOIAPU3ALUNA — BTOPON-UYETBEPTHIM TOBI.

[lepBblii MPOOHBIA CeaHC C MOJSPU30OBAHHBIM IYYKOM IUIAHHUPYETCS Ha MATBIA ToOJ
peanu3anuy poeKTa.

% B 3Ty cyMMy HE BXOJUT CTOMMOCTb HOBOH IOJIAPU30BAHHOM MUIIIEHH M JJIEKTPOHUKH B cTanaapte XTCA, Tak kak
CTETICHb Y4acTHsl HEMEIKHUX apTHEPOB B JAHHBIII MOMEHT HEU3BECTHA.
%5 311ech M BO BCEX TOCIIEYIONIMX CTPOYKAX JIAThl yKa3aHbl OTHOCUTENLHO Hauana (pUHAHCHPOBAHUS IPOEKTA.
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3akioueHue

[Monspuzanmonnsiii nmpoekt CIIACYAPM otnuvaer Tti00aibHBIA, CHCTEMATHYCCKHIMA
MOJXO0Jl B U3yYEHUU CHCTEMbl aHTUIPOTOH-TIPOTOH (SAPO) U MPOTOH-NIPOTOH (SAPO), BKIFOUAS
MPOBEJICHUE O030PHOTO MOJIIPU3AIMOHHOTO SKCIIEPUMEHTa W OJHOBPEMEHHOE HCCIICIOBAHUE
JECSTKOB pEaKIUi M HECKOJbKUX (PU3MYEeCKHX HAOII0AaeMbIX, 3aBUCSIIMX OT MHOTUX
MEepeMEeHHbIX. B TOM umcne OyaeT claenaHa MOMbBITKA ONPEACTUTh IMOJSIPU3AINI0 TIIFOOHOB B
MPOTOHE (AaHTUIPOTOHE) B 00JIACTU UX (PparMEHTALUU U3 UCCIIEIOBaHUs 00pa30BaHUs YapMOHHUSI.
Oxwunaemasi BBICOKas TOYHOCTh HM3MEPEHUH, MUHUMAJIbHBIE CHCTEMATHYECKHE OIINOKA B
COYETAaHHM C IIMPOKUM HAOOpOM IYYKOB, MUIIEHEH, BTOPUUHBIX 3aPSKEHHBIX M HEHTpPaIbHBIX
YaCTHI[ BBITOHO OTIMYAET 3TOT MPOEKT OT APYTUX MOJSAPU3ALIMOHHBIX POEKTOB.

[Tonsspu3oBaHHBIE AHTUIPOTOHHBIH U MPOTOHHBIA MYYKH SBJSIOTCS IOHMCTHHE
YHUKQJIbHBIMUA HHCTPYMEHTaMH B 3TUX UCCIIEIOBAHUSX.

Brinenum ocHoBHbIE TpeuMyiecTBa npoekta CITACHAPM:

— OOmmpHas  ¢uszMyeckas MporpaMMa U CHCTEMATHYECKOE  HCCIICJIOBAHHE

MOJIIPU3ALMOHHBIX SBIICHUH (TUIA TIepuoanyeckoi Tadbnuiel unu PDG).

— Pa3HooOpazue  TydYKOB:  MOJSIPU3OBAHHBIE  MPOTOHBI W AHTUIPOTOHEI,

HEMOJIAPU30BaHHbIe MyukH 7+, K+, p£, d, C.

— Peructpanus u uaeHTHUGUKAIMS HEUTPAIBHBIX U 3apSHKCHHBIX BTOPUYHBIX YaCTHIL,

BKIIIOYas y, 7°, w+, K+, p£, d 1 pe30HaHCHI.

— MHccnenoBanue JeCsATKOB pEaKIMil OTHOBPEMEHHO.

— Ilonepe4Ho- u MPOIOILHO-TIONSIPU30BAHHBIC U SCPHBIE MULIICHH.

— MHccnenoBanue pa3nuyHbIX COUHOBBIX HaOmoaeMbIX: An, Pn, Ann, ALL, Dan, pik. . .

— HccnenoBanne moNsSpU3alMOHHBIX A(PQGEKTOB B 3aBHUCUMOCTH OT Pa3lUYHBIX

IepEMEHHBIX: \'S, Pr, Xr, ATOMHOTO HOMEPa, MHOXKECTBEHHOCTH, PEAKIIHH. . .

— IlonHpIil a3uMyTaabHBIA YroJ, MO3BOJAIOMIMA MUHUMHU3UPOBATH CHUCTEMATHUYECKHE

OIIHOKH.

— Cnun-dnunnep, MO3BOJSIONIMA MOMYyYUTh KaK IOMEPEUHYI0, TaK U MPOAOIHHYIO

MOJISIPU3AIMI0 U MEHSTh HMX HAaNpaBlIeHWE, YTO TaKXKE€ BAXKHO JUISI YMEHbBIICHHS

CUCTEMAaTUUYECKUX OMIHOOK.

— beicTpas, nmpu pa3BuTHH, OecTpUrrepHasi, cucrema coopa IaHHbIX.

HTorosasi CTOMMOCTh NMpOEKTa (KaHall + SKCHEpUMEHTaJIbHAs yCTaHOBKA) OLIEHUBACTCS
B 2 Muipz pyOueid. Co3jaHne Takoro KaHaia v 9KCIIEPUMEHTATFHON yCTaHOBKH, MTOJTyYeHHE ITyYKOB
MOJIAPU30BAaHHBIX YACTUILL IPUBJICYET K UCCIIETOBAHNUAM Ha yCKOPUTEIBHOM KOMITJIEKCE YUEHBIX U3
Pa3IMYHbIX HAyYHBIX [IEHTPOB.

Texcm npoexma noo2comosner npu nodoepxcke Poccutickoeo nayunoco ¢ponoa, epanm 22-
12-00164. Paboma compyonukoe HUAY MUDHU evinonnena npu nodoepoicke Munucmepcmea
Hayku u gvicuteco oopaszosanusi, npoexm 0723-2020-0041 u npoepammor MUDHU «IIpuopumem
2030».
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5 Ilpunoxenue A. CoBpeMeHHOe COCTOSIHME HCC/IeA0BAHUI B JaHHOMH
odsacTn

OKclepUMEHTAbHbIE U TEOPETUYECKHE HCCIIEIOBAaHUS B OOJIACTH CIIMHOBOW (PU3HMKH
B IIporieccax oOpa3oBaHUS M B3aMMOJAEHCTBHS apOHOB C aJpOHAMHU, (POTOHAMHU M JIENITOHAMHU
BEIYTCSl YK€ HECKOJIBKO IECATUIIETUH, C MOMEHTA IOSBICHUS IEPBBIX YCKOPUTEIEH YacCTULL.
CoBeplIEHCTBOBAaHUE YCKOPUTEIEH M JETEKTOPOB YaCTHILI, CO3AAHHUE ITyYKOB IOJIIPU30BAaHHBIX
YaCTUL[ U PA3BUTHE TEXHOJIOTMM IOJAPU30BAHHBIX MMILECHEW ITO3BOJIMIIO IOJIYYUTH OIPOMHBII
MacCHB MOJISIPU3ALMOHHBIX JaHHBIX. B cIMHOBOI (u3MKe NMpH BBICOKUX SHEPIHSIX MPOBOAATCS
MPELU3NOHHBIE M3MEPEHHs], KOTOPbIE MO3BOJISIIOT BBISIBUTH OCOOCHHOCTH JMHAMHKHU CHIIBHBIX
B3aUMOJICHCTBUIA W NPOHUKHYTh INIyOXe B CTPYKTYpPY aApoHOB. DEHOMEHOIOIUS CIMHOBBIX
SBJICHUI OKa3aJ1ach YIUBUTEIHHO OOTaToi U TPYAHO OOBACHUMOM C (PyHIaMEHTAIbHBIX MO3UIHNA
KBaHTOBOU xpoMoauHamMuku — KX]I.

[TostBlieHHE TOYHBIX IaHHBIX CTUMYJIMPOBAJIO OYpHOE pa3BUTHE TEOPETUUECKUX MOJEIEH,
oOBsICHAIOIMX HaOiogaeMble siBieHus. IIpuBeneHHble B JaHHOM pasliene KpaTkue 0030pbl
OTHOCATCSI TOJIBKO K aJpOHHBIM B3aUMOJCUCTBUSIM.

5.1 Pe3yJII>TaTI)I MOJIAPU3ALMOHHBIX IKCIEPUMEHTOB

[lepBble MOMSAPU3AIMOHHBIE SKCHEPHUMEHTH MPOBOAWINCH UL YHOPYTHX W 3apsaoBO-
OOMEHHBIX PEaKLWH, MOCKOJIbKY NMPH HU3KHX DHEPTUSX CEUYEHHUS TAKUX PEaKIUil M CIIMHOBBIE
3¢ ¢exThl Benuku. C pOCTOM 3HEPruM YCKOPUTEIEH yBETMUYMBACTCS CPEHAS MHOXKECTBEHHOCTD
B COOBITHH, a CIUHOBBIE 3(D(PEeKTh B KOHKPETHBIX OWHAPHBIX MPOIECCaX W MX CEYCHHS OBICTPO
yObIBatoT. TUNWYHBIMU TIPUMEPAMHU MOTYT CIIY>KUTh CEYEHHE Ipoliecca mepe3apsaku w p—ain,
KOTOpOE IaJIaeT Kak S™!, ¥ CeYeHue npouecca 7 p—pp, KOTOPOoe MajgaeT Kak S 2, yKa3blBas Ha To,
YTO MPH BBICOKUX SHEPTUsIX B TAKUX IPOLECCaX MPOUCXOIUT 0OMEH pemkeoHom [138].

Jnis aHanu3a MaHHBIX TPU BBICOKUX DHEPTUSX ObUT MPEIIOKEH WHKIIO3WBHBIA TTOAXO/,
B KOTOPOM PErHMCTPUPYETCS JIMIIbL OJJHA MJIM HECKOJIbKO U3 oOpa3oBaBumxcs yactull [139]. Dot
METOJ OKa3aJCsi OYeHb yMOOHBIM IS UCCIIETOBAHMS TTOMEPEUYHBIX OJHOCITHHOBBIX aCUMMETPHUI
(An) ampoHOB, momepeuHbIX nosspusaiuii (Pn) TMICPOHOB M AJIEMEHTOB CIMHOBOW MAaTpPHIIbI
TUIOTHOCTH (pik) BEKTOPHBIX ME30HOB. B cuily orpaHmueHHOCTH MH(OPMAIIMN B HHKIIIO3MBHBIX
npolieccax, B MoclieHee BpeMs POBECHBI U3MEPEHMS, B KOTOPBIX MCIOIb3yeTCss HH(pOpMaIus o
MHOYKECTBEHHOCTH 3apsDKCHHBIX YaCTHIl W IICHTPAJIBHOCTH coyaapeHuid. [lomydeHHbIe TaHHBIE
MOKa3aJId 3aBUCUMOCTb IMOJIAPU3ALMOHHBIX YP(PEKTOB OT ITHX JOMOJHUTEIbHBIX MEPEMEHHBIX.
Jlnsi m3ydeHWs CIHMHOBOW CTPYKTYPHI aJPOHOB YACTO HCIONB3YIOTCS MOTY-WHKIIO3UBHBIC
HEYIpyTrue NpoLecchl, B KOTOPHIX TOMUMO a/IpOHa PETUCTPUPYETCS PACCESBIIMNACS JIENTOH.

5.1.1 Ilonapu3zauusa é ynpyzux peakyusax

Ha Puc. 5.1 nmokazano cedeHue yrnpyroro mpoTOH-TIPOTOHHOTO paccesHUs MPH dHEPTUU
11.75T5B npns coynmapenuii ¢ mapamienbHbIMU (11) M aHTUHapauiedbHbIMU (1) cHHHAMH
IIPOTOHOB B 3aBHCHMOCTH OT Oe3pa3MepHoil mepeMeHHO# p2, = 2 P2, 61t (S) / 38.3 [140], rae
P2,=p?. TaM e CIJIONIHEIME KBaJpaTaMH MOKAa3aHO CEYEHHe NMPH Topasfo Goniee BHICOKOI
snepruu nipu S = 2800 I'3B?, monmyuennoe B8 CERN ISR. B nudpakunonnoit ob6mactu, COOTBET-
CTBYIOIIIEH MaJIbIM YTJIaM PAcCEsIHHsI, CEYCHHE OJMHAKOBO B Pa3JIMUHBIX CTUHOBBIX COCTOSIHUSX U
TIPH Pa3HBIX SHEPTHAX. B 0611acTH MPOMeKyTOYHEIX 3HAUEHHUH P>r mMeeTcs cabast 3aBHCUMOCTb
or cnuHa. [ToBefeHMe cedeHHs B OOMACTH OGONBIIMX 3HAUEHHI P>r OKA3a10Ch HEOKHIAHHBIM.
Korga crimHBl IPOTOHOB MapalIeNIbHBI, CEUEHHE UMEET TOT K€ HAKJIOH, YTO W ISl COyIapeHui
HEMOJSIPU30BaHHBIX IPOTOHOB IMpH Topazfo Oosee BBICOKUX HHeprusix. OnHako as
aHTHTIAPAJUICBHBIX CIIUHOB HAaKJIOH CEYeHHUs Oojiee KpyTod. B To Bpems mpemmonaraiv, 4To
crMHOBBIE YP(EKTHI TOIKHEI BBIMEPETh TIPH BBICOKHX HEPrUaX U GONBIINX P2r.
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Puc. 5.1 Ceuenne npOTOH-IPOTOHHOTO YIIPYTrOTrO Puc. 5.2 OrHoleHue ynpyrux ceuenuii 611/61]
paccesHUs B 3aBHCHMOCTH OT CKEHIMHTOBOM B 3aBMcuMocTH oT P2, [141]

nepeMenHoit p?1 = 2P? 6i(S)/38.3 [140].

S. Brodsky Ha3Bas 3TOT pe3ynbTaT «OAHOW M3 HEpa3raJaHHbIX TallH apOHHON (U3HKK»
[142]. OnHako BO3HHMK BOIPOC: HE MPOSBISETCS JIM 3aBUCHUMOCTh OT CIMHA TOJBKO B 00JIaCTH
yIioB paccesiHust Boau3u 90° B c.1.M., I1€ BayKHA UIEHTUYHOCTh IPOTOHOB? YTOOBI OTBETUTH HA
3TOT BOIPOC, Ha yckopurene ZGS ObUT TOCTaBlIEH BTOPOIl SKCIIEPUMEHT, B KOTOPOM MEHSUINCH
sHeprus M P°7, a Yrod paccesHus ocTapajics paBHbM 90°. Ha Puc. 5.2 TOKa3aHO OTHOLICHHE
ynpyrux cedenuii 6''/6™ B 3aBucumoctu ot p?r [141], Hapaxy ¢ mammbivu [140] u3 Puc. 5.1.
CymiecTByeT 6oJbluas pa3HMIA CEYEHHH B 00JACTM MabIX P21, COOTBETCTBYIOIIMX MAIbIM
sHeprusM. Ho mipu p?r > 1.5 (IB/C)? aBa Habopa JaHHEIX MPAKTUYECKH COBIAAAIOT U HE 3aBUCST
oT HampabieHus crnuHa. IIpu p’r > 3.7 (I'>B/C)? 3aBUCHMOCTh OT CHHHA CHOBA CTAHOBHTBCS
CHJIBHOW. DTHW JaHHBIE YOeXJalT, 4To Ooyblive CIuHOBBIE OS((EKTHI HE CBS3aHbBI
C UJCHTUYHOCTBIO MPOTOHOB HpU yrie paccesHus 90° M BO3HUKAIOT B IpOIECCe HKECTKOTO
paccesHus B o6acTu Gonbumx P’ [142]. DTH yauMBUTENbHBIE Pe3yIbTaThl HE MOTYYHIH T0KA
JOCTaTOYHO YOEIUTEIBHOTO TEOPETHUECKOTO OOBSICHEHUS.

5.1.2 IHonapusayus u acummempus 6 3apad080-00MeHHbIX PEAKYUAX

3HAYUTENbHBIN BKJIAJ B UCCIIEJOBAHUE CIIMHOBBIX 3(PPEKTOB B IKCKIIO3UBHBIX 3apsI0BO-
OOMEHHBIX peakIHsIX ObLI MOJIY4YeH B Cepuu dKcnepuMeHToB B IIpoTBHHO Ha ycraHoBke [TPO3A
npu dHepruu nyuyka 40 [9B [58-64]. BonbIIMHCTBO NaHHBIX B APYTHX 3KCIEPUMEHTAX OBLIO
MOJyYeHO MpH YMEpPEHHBIX JHeprusx nydka a0 12 5B, Huxke sHepruil ycKOpUTEIBHOTO
koMmIuiekca MDBD.

K cepenune 80-x rr. OblIM 3aBepIIEHBI HCCIEJOBAHUS ACUMMETPHUHM B 3KCKIIIO3UBHOM
peakuuy 7 +p'— 7°+n npu ummynsce 40 I'3B/c [60]. UnTepec k 9ToM peakiuu 00yCIOBIEH TEM,
4TO B MOJENM TMomocoB Pemke 3Ta peakuus HUAET yepe3 OOMEH OJHUM P-TIOJHOCOM,
U TOJISIpU3alysl, Kak HHTephepeHIIMOHHBIN 3(p(eKT, T0KHA OTCYTCTBOBATD.

[TepBbie ke dKCIIepUMEHTANIbHBIC TaHHbIe Tipu S 1 12 ['9B/C mokasanu Hanmaue OOJBIIIX
MOJISIPU3ALMOHHBIX 3((eKkToB. DTOT (akT 3acTaBUII TEOPETHKOB MNEPECMOTPETh HCXOIHbIE
MpEeanochUIKM  Moaenu Pemke, BBECTM JIONOJHUTENBbHBIE TIONIOCA, Yy4ecTb A(P(EKThI
nepepaccessHust U T.7. OJTHaKO 3TH OIBITHI MPOBOAMIUCH NpH HU3KUX (<12 I'3B) sHeprusix, u ans
CTpOroil mpoBepKu Mojenau Pemke HYKHbI ObUIM JaHHBIE NIPU Oo0Jiee BHICOKUX SHEPrusix. ITUM
MOTHBHUPOBAJIACh IIOCTAHOBKA JKCIIEPUMEHTA II0 M3MEPEHUIO MOJIApU3alUMd HEUTpOHA Ha
yckoputenbHoM Komiiekce Y-70. Jlanubsie mo momspusanuu npu 40 [5B mpencraBnens Ha
Puc.5.3 u ObIM TpeAMETOM MHOTOYHUCIEHHBIX o00cyxaeHui. [IpuBrnexanuch pa3inuyHbe
Moaudukanuu Mozaenu Pemke. Jluaus Ha Puc. 5.3 npencrarmser pacueTsl Mojenu Pemke
¢ yuetom ojyiepona [143]. ABropsl padotsl [143] mpenckaspiBaloT pOCT aOCOMOTHON BETUYHUHBI
nonsipuzanuu ipu —t > 0.7 ['9B? ¢ yBenmueHneM sHepruu mydka. M3mMepenne monspu3ayuu Ipu

118



HeckoJbkuX JHeprusix Ha ycraHoBke CITACUAPM mno3Bommio Obl NMPOBEPHUTH CMEHY 3HaKa
noJsipuzanuu B obnactu suepruit Y-70.

P%

a0 5 GeV/c

40 Gev/c

T T3Nsy 7 9 1 13 15 17N -r(G'ew/c)2

-30F

50}

Puc. 5.3 Mogens oxnepona [143] B npiMeHEHHH K OIIMCAHHIO TTOSIPU3AIIH

B peaKkuuu T p(T)—) n°n npu uMnyiscax 5 u 40 ['3B/c [60]

Ha ycranoske [TPO3A B 80-X romax u3mepsuInch aCHMMETPUH B 3KCKIIIO3UBHOM 00pa3o0-
BaHWH HEKOTOPBIX PE30HAHCOB, TAKUX KakK 7 P — w(782)n, np'— 1/(958)n, 7 p'— 2(1270)n npu
snepruu 40 I'3B [62,144].

[TpakTHYecku BO BCEX MCCIEAOBAHUIX ObUTH OOHAPYKEHBI O0Jbiue 3P PEeKTh, HA yPOBHE
20+40%. PesynbraTel B peakuuu 7w P'—w(782)n npencrasiens Ha Puc. 1.15. Pesynprarhl 10
peakuuu 7 p'— 7/(958)n npencrasnens! Ha Puc. 1.16, a pe3ynsrarsl no peakuuu 7 p'— f2(1270)n
npeacTarieHsl Ha Puc. 5.4.

OTMmeTruM, YTO B ME30HHBIX ITy4Kax HaONIOMAIOTCS HEHYJIEBBIC MOJISPHU3AIMOHHbIC
3 dexThl Jaxke B o0OnacTu (parMeHTalMM HEMOJSPU30BAaHHOIO IMy4yKa, YTO HE HMMEET I0Ka
Y/IOBJIETBOPUTEIHLHOTO TEOPETUIECKOTO OOBSCHEHMs. 3HAYUTEIbHBIC OJHOCITHHOBHIE aCHMMET-
puM, HaOJIOJlaeMble B COYJApeHHUSX ME30HOB C MOJSPHU30BAHHBIMH MPOTOHAMM, HE TOJBKO
B o0jacTu (pparMeHTalnuu NpPOTOHA, HO M B oOiactu ¢parMeHTallMM Me30Ha, MOTYT ObITh
CBSI3aHHBIMH C HECHMMETPUYHOCTBIO HAYaJbHBIX M KOHEYHBIX COCTOSIHMHA: ME30H COCTOUT M3
KBapKa M aHTHUKBApKa, a HyKJIOH — U3 TPEX KBapKOB.

e

+++ H

0 0.5 1
-, (GeV/e )"

Puc. 5.4 Acummerpust B peakuuu 7 p'— f2(1270 n npu suepruu 40 T'>B [144],
korma f2(1270)-mMe30H perncTpupoBaiicst B MOJIe paciiaga Ha JBa ’-Me30Ha
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5.1.3 Oomnocnunosas acummempusn AN 6 UHKNIO3UGHBIX PEAKUUAX

Jlannbie o AN B MHKITIO3UBHBIX PEaKIMSIX MOMyUeHBl OoJiee 4eM Ui IBaIaTH peakiuil B
aJIPOH-aJJPOHHBIX COYJAPECHUSX M OKOJIO JCCATH PEaKIHid B JICTITOH-aAPOHHBIX COYIapCHUSX.
Jnamna3oH sHepruit s peakuuii B c.11.M. MeHsicsa oT 4.9 1o 500 I'>B. Bo BceM auamnazone sHepruit
HABIII0ANIACh 3HAUNTEIIbHAS ACHMMETPHs AN, KOTOPAst MOJKET MEHSITHCS B 3aBHCHMOCTH OT V'S, Pr,
nepemeHHoll MDelfHMaHa X, aTOMHOT'O Beca MUIIEHHU A, a TakKe OT LIEHTPAJIbHOCTH COyAapeHuit
Ct 1 MHOXEeCTBEHHOCTH 4acTHI] Nch B COOBITHH.

Ipu uMmysce 11.75 ToB/c (Vs =4.89 I'5B) GbUTH BBHIMONHEHBI TTOAPOOHBIE H3MEPEHHS
An(pr, X¢) Ui oOpasosanus -, K¥, p, p, B IpOTOH-TIPOTOHHBIX coyaapenusx [145]. Pesynbrarsl
114 peakiuii plp—m*+X, nokaszausl Ha Puc. 5.5 u Puc. 5.6 1 UMEIOT HEMOHOTOHHYIO 3aBUCUMOCTh
An(pr), c m3menenuem 31aka nipu pr ~ 0.6 [B/c [29].
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Puc. 5.5 An(p) s peakuuu plp—m+X Puc. 5.6 An(pr) ms peakuuu plp—a+X

Takoe moBenenue An(Pr, Xr), IPH YMEPEHHBIX 3HEPTHSAX, MOXKET OBbITh CBSI3aHO C MaJbIM
YHCIIOM 3KCKJIIO3UBHBIX KaHAJIOB, JAIOIIMX BKJIAJ B MHKIIO3UBHYIO peakuuio. Bo3MoxkHO Takxke,
9TO MPH MAIBIX Pr i VS KBAPKOBBIE CTETICHH CBOOO/IBI SIIIE HE SBIISIOTCS OMPEIESIOIIMHE UTs An.
Emé oHa 13 runoTe3 COCTOUT B YBEJIMYEHUH pajiyca eHCTBUS LIBETHBIX CHJI I' C YMEHBIIEHUEM
Pr, B CHIIy COOTHOIICHHUS HEOTIpeIeIeHHoCTel dpr or > h/2 [31].

[Tpu Gosnee BBICOKHMX DHEPIUsx, 5 < Vs < 70 I'3B, nmeer Mecto NpUOJIMKEHHBIA CKEHIMHT
(He3aBUCUMOCTb AN OT SHEPTUM) JUIS 3TUX JIBYX PEaKIUi.

[MoxpobHoe uccnenoBanue 3aBucuMoctu An(PT, XF, A) OT KMHEMaTHYECKUX MEPEMEHHBIX
1 aTOMHOTO Beca A MMILIeHU BbINOJIHEHO Ha yctaHoBKe POJIC-2 npu sHEpruM NoIsipu30BaHHOTO
nporoHHoro myuka 40 I'9B [146, 92, 93, 94]. M3Mepenust ObLIM MPOBEIEHBI Ha MPOTOHHOMH,
YIJIEPOIHOM M MEIHOM MMIIEHSX JUIsl TIPOLIECCOB HHKIIO3UBHOTO 00pasoBanus -, K*, p u p npu
HECKOJIbKUX yTIJIax poXaAeHus agpoHoB. Pesynbratel [92, 93] noka3ans! Ha Puc. 5.7. 3aBucumocth
An ot A oxazanach He3HauuTenbHOM. [loaTomy Ha Puc. 5.7 moka3aHbl ycpeIHEHHbIE Pe3yJIbTaThl
Ha yTIEPOJIHON U MEAHOW MUILEHSX.

3ametHas acummeTpus AN HaOmrogaercs B 00JacTH (parMEHTALMM IOJIIPU30BAaHHBIX
npoToHoB (Xe> 0.35) mus Tex axpoHos (°, K¥, p), B cOCTaB KOTOPBIX BXOJAT BaJE€HTHBIE KBAPKH
U3 npotoHa. J[is aapoHOB, cojepKaiux ToJbko Mopckue kBapku (K- u p), AN =0 Bo Bcei
UCCIIeIOBAaHHON KUHeMaTHdeckoil o6mactu. OOHapykeHbl ocUIuu An (Kak (QyHKIUH
KHHEMATUYECKUX TIEPEMEHHBIX Pr M X¢) Ui peakuun P'p — pX, Npu4eM 3HAYUTesIbHAs
acUMMeTpusi HabmiojaeTcss TONBKO B OONACTH HOJAPHBIX yrjloB MeHee 707 B C.ILM.
CTAJIKMBAIOIIMXCS HYKJIOHOB. B Mmonenu xpoMomarHutHo mnonsipuzanuu  kBapkoB (XIIK)
ocmAMs AN CBsi3aHa ¢ Tperieccuell crmHa kBapka B 3(dexruBHOM 1BeTHOM none [31]. Jlms
peaxuuu p'p— X 3aBUCUMOCTb AN OT HOJIIPHOTO YIJIa B C.IL.M. Ocm. MIMeeT IIOPOroBhIii XapakTep,
¢ moporomM BOM3M yria 73° [26].
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Puc. 5.7 3aBucumocts An(PT) TS TIPOIIECCOB HHKITFO3MBHOTO 00pa3oBanus n*, w°, P U p
B p'A-coynapeHusx Ipu JByX yriax POXIEHUs aqpoHOB ¥ uMIyibce 40 I'aB/c

BechbMa HEOXHJAHHBIMH OKas3alMch AaHHble 1o An aia peakuuit p'p—nX, pldl—nX
u p'Au—nX, moNyueHHBIE IIPU SHEPrUH \Vs=200T5B B oskcnepumente PHENIX [147].
PesynbTatel paccMoTpeHb! Bhiie B pasaene 1.2.2 u nmoka3ansl Ha Puc. 1.10, B 3aBucHMOCTH OT
atoMHoro Beca A. Acummerpusi An(A) I MHKIIO3UBHOIO Tpoliecca mokazaHa Ha Puc. 1.10
Kpyxoukamu. OHa MEHSIET 3HaK W PACTET IO BEJIMUYMHE B TPH pasa MpH MEpPexojie OT pr K pTAu
COyAapeHUsIM.

Korna HakJ1aapIBarOTCsI JOMIOJHUTEIbHBIC TPEOOBAHUS PETUCTPAIIMH 3aPSHKCHHBIX YaCTHI]
cuetynkamu BBC, pacmnosioxxeHHbIMH B 00JacTd (PparMeHTallUd CTaJIKUBAIOIIUXCS YaCTHI]
(BBC-tag, kBagpatsl), To AN(A) OCTaeTCs OTPUIIATSIIFHON U HEOOJIBIIONH 10 BennduHe. Ecnu ke
OTOMpPATh TOJNBKO COOBITHS, B KOTOPBIX HeT curHanoB B BBC cuetunkax, To An(4) caBuraercs
BBepX. JlJIs MHKIIIO3UBHOW peakuuu 310 noseneHue An(A4) MOKHO OOBSCHUTH IIpeLieccueil criuHa
kBapka u geiictBuem cunbl lltepHa-I'epraxa B HEOTHOPOAHOM KPYTOBOM TIOMEPEYHOM
xpomomarHuTHOM T1os1e [31]. TTockonmbky addexT HabmonaeTcs B obmactu Maibix pr~ 0.3 BB/
1 OonbmuX A, TO CyIIECTBEHHBIM Ui €ro OOBSICHEHUS SIBIISIETCS TAaK)Ke CHIIbHOE YBEIMUYEHUE
MOMEPEYHOT0 pajuyca IBETHOTO MOl TPH MabIX Pr. OTOOP COOBITUI C MOMOIIBIO CYETYHMKOB
BBC cMemiaer cpeHIO MEHTPATBLHOCTh COYIAPEHUS, YTO W MPUBOJUT K COOTBETCTBYIONIUM
n3MeHeHusaM a7t An(A). BaxxHo pookuTh UccieAoBaHue 3TOT0 3 deKTa mpu Ipyrux SJHEPTUix
Y Ha JIPYTUX MUMICHSIX, B TOM YHCIIE OT IEHTPaTHbHOCTH.

[Mpecka3zanust MOIEIHA XpPOMOMAarHUTHO! nosisipu3anuu kBapkos (XITK) [31] moka3ans! Ha
Puc. 1.10 cuneit crutomrHoi muaueit. ToHKME THHUNA 0003HAYAOT OJTHO CTAHAAPTHOE OTKIOHESHUE
JUIS 9TUX pacyeToB Mo Moaenu. Moaens [31] mpenckas3piBaeT JONOTHUTENbHBIE MUHUMYMBI An(A)
npu A=3 u A=86.

Eme onno HabmioeHre, He MOyYHBIIEe TIOKa SCHOTO OOBSICHEHHS] — 3TO 3aBUCHMOCTh
An(Xe,Nen) mtst peaxtmm p'p — 7°+X B skcnepumentre BRAHMS npu suepruu Vs=200 5B [36].
Oxka3zaiock, 9To An(XF, Nch) yBeTHUHBaETCsI IO aOCOMIOTHOM BEIWYHHE, €CITH OTOUPATh COOBITHS
C MHOXECTBEHHOCTBIO Nch BBINIE cpemHel. Takue maHHbIe MMOKazaHbl Ha Puc. 5.8 cruromrabiMu
Kpykoukamu. Eciu ke BRIOUPArOTCsl COOBITHSA, B KOTOPBIX MHOXKECTBEHHOCTh HIUXKE CpeIHEH, TO,
coorBeTcTBEHHO, B AN(XF, Nch) CTaHOBHTBCS MeHbIIE IO abcomoTHON Benmnunae. Mozens XITK
Ka4yeCTBEHHO 00bscHseT 3Tu naHHbIe O AN(XF,Nch) ycunenuem 3ppeKTHBHOTO IIBETHOTO MOJIS
B 00JTaCTH B3aUMOJICHCTBHS PH TpeOOBaHHMH 00JIee BBICOKOH MHOKECTBEHHOCTH, TOCKOJIBKY ITOJIE
CO3/1aeTcs IBMKYITUMUCS KBapkaMmu-criektaropamu [31]. Uem Gombiire uacTuil Neh B COOBITHH, TEM
Oo0JIbIIIe 0XKUIAETCST KBAPKOB-CIIEKTATOPOB.
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Puc. 5.8 3aBucumocts An(XF) s peakuuu p'p— 7°+X B sxcniepumente BRAHMS [30]

B HacTosiiee Bpemsi HOBBIE PE3yJbTaThl B JKCIIEPUMEHTAX I10 CIHMHOBBIM SIBICHUSIM
mocTynaiot ¢ yckoputenbHoro komiuiekca RHIC B BHJL. JlanHble 10 HHKITIO3UBHOMY POXKICHHIO
3apsHKEHHBIX M HEUTpaIbHBIX TMOHOB, KAaK YK€ OTMEYaJIOCh BBIIIE, CJIa00 3aBUCST OT SHEPTUU (CM.,
Hanpumep, Puc. 1.7).

Wukio3uBHOE 00pa3oBaHUe YaCTHIl HAa MyYKaX OTPUIATENbHBIX ME3OHHBIMU ITyYKaMH Ha
MOJIAPU30BAaHHOW MMILIEHU 3aMOPOKEHHOI'O TUIIA aKTUBHO M3y4ajioch B skcnepumente [IPO3A B
HUI] «KypuaroBckuii uHCTUTYT» - UDPBD. OnHa U3 Takux peakluu mpecTaBieHa B paszaene 1.5
¥ 1okasana Ha Puc. 1.14 qns peakuun nepesapsnxu 7 d'—z°X npu sHepruu mydka 40 I'sB [57].
OCOOEHHOCTh THX PEAKIMil B TOM, YTO OTJIMYHAs OT HyJs acummerpus An(Pr) MmosBIsieTCs B
o0acTi pparMeHTalMK 77~ My4YKa, KOTOPBI, €CTECTBEHHO, HE TOSIPU30BaH, MOCKOIbKY CITUH 7T
paBeH HyJa0. Bo3mokHo, 3HaunMTenbHas AN(PT) BO3HHKAeT H3-3a CHUJIBHOW aCHMMETPHUH
HAYaJIbHOTO COCTOSIHMSI, I/I€ KBapK M AHTHUKBApK MHOHA HAJIETAIOT HAa TPU BAJEHTHBIX KBapkKa
MoJIApU30BaHHOrO HyKJIOoHA. [loxoxkas cutyarnus HaOmrogaercs W Uil OMHApPHBIX PEaKIIHM,
paccMOTpeHHbIX Bbllle. OOMEHHOE B3aMMOJIEUCTBHE TAK)KE MOXKET UIPaTh 3HAYUTENIbHYIO POJIb
B IIPOMCXOXKJACHUU OJTHOCIMHOBON aCUMMETPHH.

5.1.4 Ilonepeunasa nonapuzayus Pn cuneponoe 6 uHKI103U6HBIX PEAKUUAX

OOHapyXeHre 3HAYUTEIBHON MONEPEeYHON MOJSPU3aANK /-THIIEPOHOB B WHKIFO3UBHBIX
peaKnusx SBUIOCH CIOPIPU30M, TOCKOJBKY TEOpHsl Mpe[CcKa3biBala BBIMUPAHHE CIHWHOBBIX
3 PEKTOB MPU BHICOKHX YHEPTHUIX U OOJBIIMX MOMEPEUHBIX UMITyIbcax [2]. B manbHeiimem 3tu
UCCIIeIOBaHMs OBLIN MPOJOKEHBI, TIaBHBIM 00pa3om B Fermilab (CLLIA). bonbiias nonspusaims
HaOIroanach MPaKTHYECKH ISl BCEX TUIIEPOHOB M AHTHTUIICPOHOB B IIMPOKOM HHTEPBAJE
SHEPTrUuil U AN pa3HbIX My4ykoB. M3MepeHus Ha MPOTOHHOW M SAEPHBIX MHILIEHSAX IOKa3alu
HE3HAYUTENFHYI0 3aBHCUMOCTh Pn OT aromuHoro Beca mumeHu A. Tlomsipuzanusi TUTIEpOHOB
B COYJApeHUsAX WJECHTHUYHBIX HEMOISIPU30BAHHBIX aJPOHOB, HANpUMEp B PP-COyAapEHHSIX,
SIBIIICTCS HEYCTHOH (yHKImed mnepeMeHHONH Xr: Pn(—Xr,p1)=—Pn(XF,pT), OTKyZa ciemyer
Pn(0,pT)=0. [TpubnmxeHHO 3TO COOTHOLICHHE BHIMOJHsAETCS U B PA-coyaapeHusx. O030p TaHHBIX
110 MOJITPU3AIIMY THIICPOHOB MOKHO HAalTH, B YacTHOCTH, B [148, 149, 150].

Ha Puc. 5.9 noka3zana nonspusanus B peakuuu pBe—/A+X npu sHeprusix myuka 400 I'>B
[151, 152] u 800 I'sB [153]. KpuBsie Ha Puc. 5.9 nmokaseiBaroT ¢put manHbIx M3 0030pa [150].
[Monsapuzanus B peakiun pBe—4+X oTpuiiarensHas, a €€ BeJIMUWHA PACTET C YBEIHUECHUEM Xr U
pr. 3aBUCUMOCTB OT PHEPIHH ITyuka He3HaunTenbHast. Ha Puc. 5.10 moka3zana Py B peakiuu pBe—
Z+X npu sreprusix myuka 400 I'3B [154] u 800 I'3B [155] u ¢ut [150]. XoTst 3Hak Pn B peakiuu
pBe— EZ+X TOXe OTpUIATEIIbHBIN, MaKCHUMaIbHasl BeJTMYrHA PN BIBOE MEHBIIE, U IOCTUTACTCS
oHa nipu Xf~ (.5, B oTau4ue oT A-rUNepoHa, AJisg KOTOporo MakcumyMm PN HaxoauTcs BOIHM3U
Xr = 1. Iloxoxkee moBeneHue HaOMIOAeTCs W A peakuuu pBe—E°+X mpu sHeprum mydka
400 I'B [156]. B pamkax moaenu XIIK [31] Takoe moBenenue Pn(XF) 0ObscHsAETCS Tperieccueit
cnuHa S-KBapka BOA()(EeKTHBHOM KPYroBOM TMOMEPEYHOM XPOMOMArHUTHOM TIOJIE TIPH
OJIHOBpPEMEHHOM JeiictBuM cuibl [ltepua-I'epnaxa.
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[Tonspuzanus B peakumu PA—2"+X nmokazana Ha Puc. 5.11 1 uMeeT noiaoKuTeabHbIN 3HaK.
JlanHble moONydeHbI TpH SHeprusx myuka 400 5B [157, 158, 159] u 800 I=B [160].
[TonoxurenpHas noispusanus HabmonaeTcs TaKke B peakuun PA—2~+X npu snepruu 400 ['B
[161,162]. ITonspusarus 4 onpeaenseTcs HoasSpu3alucii S-KBapKa, Toraa Kak 11 2 -ruIepoHa, B
CHJIy OCOOEHHOCTEW €ro BOJHOBOW (DYHKIMH, MOJIIpH3alMs MPOTHUBOIIOIOKHA MOJSPU3AIIUH
S-KBapKa, 4YTO MOXKET OOBSICHUTD MOJIOKUTEIBHBIN 3HaK PN B peakiuu pPA—2 +X.

BonbIMHCTBO M3MepeHnii Pn B peaxiun PA—A+X GbLIM BBINOTHEHH TIPH BHICOKOI
sHeprum, VS > 27 9B, U 1OKasald COBMECTHMYIO C HyJIEM MOISPH3ALHI0. EMHCTBEHHDIH
skcriepuMenT E766, B KOTOpOM HaOIII01aach 3HAUMTEIbHAS MOJIAPU3aIis A, 6Bl BBIIONHEH MPHU
\s=7.31T5B [163]. Pesynpratel E766 mokazansl Ha Puc. 5.12 criomHbIMEH KPY»KOUKAMHU.
CromHas kpuBast Ha Puc. 5.12 — pacuerst mo monenu XI1K [164]. 3aBucumocts Py oT s umeer
PE30HAHCHBIN XapakTep.
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[IpoBepka HITHX JaHHBIX SBJISCTCS AaKTyaJbHOM 3amadedd U oOJierdaercss Tem
00CTOSITENILCTBOM, YTO UMITYJILC IPOTOHHOTO Iy4YKa JOJKEH ObITh 27 I'9B, uro Oyaer 1ocTymHo
st yctanoBku CITACHAPM.

Ouenp OobmIas MoIsipu3aus (0AHAKO, ¢ OOIBIIMMH OMIMOKaMHU) U3MEpPEHA JUIS PEaKIH
K*p — A+X B mnanazoHe uMmyascoB mydka ot 8.2 1o 70 I'B/c [165, 166, 167, 168]. Pe3ynbTatsl
nokasanbl Ha Puc. 5.13, Hapsinay ¢ pacueramu [150]. [Tomyuenue Gosiee TOYHBIX JAHHBIX 1O 3TOM
peaxuu SBJISETCS aKTyalbHOU 3aauei.

PesymbraThl m3Mepenus Pn B peaknmm pp — A+X mokasamel mHa Puc. 5.14 [169].
OCOOEHHOCTBIO 3THUX PE3yJbTATOB SBJISCTCS YKa3aHWEe Ha OCHWLIINUI PN(Xe), 4to Oyaer
HMHTEPECHO MPOBEPUTH U MCCIIEA0BAaTh HA AHTUIIPOTOHHOM ITyuke skcriepumenta CITACHAPM.
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5.1.5 [Ilpozpamma 3xcnepumenmanvHvix ucciedosanuil 8 Ikcnepumenme SPD

B 6nmkaiiniee Bpemst OTHUM U3 JIMJIEPOB UCCIEA0BAHUN CTMHOBBIX 3P (EKTOB B aJpOHHBIX
peakiusx craHer OObenuHeHHbld MHctutyT Snepueix Hccnenoanuit B [yone. B OUSU
co3maercs koymaiep NICA st wcciaemoBaHUST CBOWCTB MaTepUU B YCIOBHSX BBICOKOM
IUIOTHOCTH (COyJIapeHusi MOHOB) W MPOBEIEHUS HMCCIEJOBAHUN B OOJIACTH CIIMHOBOM (U3UKU.
CrankuBaronyecs: MoJIsIpU30BaHHbIE MyYKH IPOTOHOB U JEHTPOHOB B 00JaCTH SHEPTHM B C.II.M.
10 27 I'>B no3BosisA0T peann3oBaTh OOIIUPHYIO IPOrpaMMy HCCIeI0BaHUN CTPYKTYpPbI IPOTOHOB
U IGUTPOHOB U POJIM CIIMHA B CUJIbHBIX B3aUMO/IEHCTBUSX.

VYcranoska SPD (Spin Physics Detector) mpeamosiaraer 41 reOMeTpHio, MPENU3HOHHbBIC
TPEKOBBIC U KAIOPUMETPUYCCKHUE ACTSKTOPhI U HACHTHU(pHKaUIo yacTuil [13].

OCHOBHOH LIETBI0 DKCIIEPUMEHTA SIBISETCS U3MEPEHME TIIIOOHHOM KOMIIOHEHTHI CIIMHA
HYKJIOHA NpHU OOJBIINX 3HAYEHUSX IepeMeHHOM bbépkeHa, ncrob3ys pa3inyHble TONOTHSIONINE
Apyr JApyra NpOOHMKH, Takue, KakK IMpOLecChl 0O0pa3oBaHMs YapMOHUS, OTKPHITOrO uyapMa M
npsMbIXx (QoTOHOB. llenmsiMu sKCHepUMEHTa SIBISIFOTCS IMOJIy4€HHE JOCTyNa K CIHMPAIbHOCTH
rimooHa, Gynkiun Cuepca Uit rooHoB U ¢yHkuuu boitepa-Mronbaepca B HykioHe. Takke
IUIAaHUPYETCS TONYyYUTh JIaHHBIE [0 TaK Ha3blBAEMOMY pAaclpeiesieHUuI0 "TpaHCBEpCUTH
(transversity)" s riooHoB u TeH3opHbIe TMD PDFS (3aBucsIMe OT MOMEPEUHOT0 UMITYJIbCa
GyHKIUHU pacnpezeneHus) B IeUTpoHe MOCPECTBOM U3MEPEHHsI CIeU(PUUECKUX OJHO- U ABYX-
CMHOBBIX acummerpuil. B Tabn. 5.1 mpexncraBiensl pasindHbie QyHKIUH paclipeesieHuil 1o
UMIYJIBCY, 0 KOTOPBIM MOXET OBITh TONy4eHa MHpopmanus B skcriepumente SPD. Komonku
MPEJCTABISAIOT TIIOOHHYIO MOJIAPU3ALHIO, a CTOJIOLBI- MOJISPU3ALUI0 aApOHOB. KpacHbIM 11BETOM
BbIienieHbl Te pyHkIu PDFs, kotopsle mianupyercs uccinengosars Ha SPD.
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Ta6n. 5.1 ['moonusie TMD (3aBucsinipe ot nmonepeyHoro umiryiabca) PDFS ms twist-2.

Unpolarized Circular Linear

Unpolarized g(x) hyf(x, k)

density Boer-Mulders function
Longitudinal |j.{3 (x) Kotzinian-Mulders
helicity function
Transverse Ay (x. kg ) Worm-gear Arg(x)
Sivers function function transversity (deuteron only),
pretzelosity

OsxuaeMoe MolydeHue Takux pe3yiabTaToB Ha SPD moMokeT OIleHUTh pPojib TJIF0OHA B
CIIMHOBOW CTPYKType HYKJIOHAa M OyJeT CIYKUTh BaXXHBIM J[OTIOJHCHHEM IPOUCXOISANINX H
IUTAHUPYEMBIX HccieqoBannii Ha kommaigepax RHIC u EIC (BNL) m mmanmpyembix
skcriepuMenTax ¢ (ukcupoBanHor wmumenpto Ha LHC (CERN), a Takke SKcrepuMeHTa
CITACYAPM. Tlonpobuee ¢ ¢pu3rKoii OCHOBHOTO dTara MCCIEJOBaHUNH MOKHO O3HAKOMHUTHCS B
[13] u [15].

Ha HauansHOM dTane padbotsl kosutaiaepa NICA, mpu MOHMKEHHOM CBETUMOCTH ¥ SHEPTHH
COyJIapeHUll MPOTOHHBIX M MOHHBIX IyYKOB HameueHa (DM3MKa, MOCBSIICHHAS HCCIICIOBAHUIO
MEXaHU3MY TPOUCXOXKJIEHUS TMOJSIPU3ANUOHHBIX AI(P(PEKTOB B CHIBHBIX B3aUMOJCHUCTBUSX.
[Iporpamma »TuX uccinenoBaHui MOAPOOHO W3NokeHa B [14]. Ona BKIIIOYaeT, B YaCTHOCTH,
OJIHOCIIMHOBBIE aCHMMETpPUU B 00pa3oBaHUM JIETKUX ME30HOB, oOpa3oBanue Jlpemn-SHr map,
MOJIAPU3AIUIO TUIICPOHOB, MOJIIPU3AIMOHHBIE (YHKIUH (parMEHTAIMH, YIPYroe paccesHue,
9KCKIIIO3UBHBIE J)KECTKHE MPOIIECCHI C IEUTPOHAMHU, paccessHUE Ha OOJbIINE YIIIbl, CKEUITMHTOBOE
MOBE/ICHUE WHKIIFO3UBHBIX M OKCKIIO3WBHBIX pEaKIUW, HCCICIOBAHUE MHUKPOCKOTMYCCKON
CTPYKTYpbl AEUTPOHOB, 00pa3oBaHHE YapMa U BEKTOPHBIX ME30HOB, 00Opa30BaHHE ME30HOB B
3anHel nmoycdepe (Hazan). Takxke moapoOHO 00CYKIACTCS UCCIICIOBAHKE IICHTPATHHBIX HYKJIOH-
HYKJIOHHBIX COYJAapeHUH, BKIIFOYass MHOTOKBAPKOBBIC COCTOSHUS.

5.2 Teopernueckue Mo/eJIH, ONUCHIBAIOIIHE OTHOCTIMHOBBIE SIBJIEHUS

B HacTosmem pasgene paccMaTpuBalOTCA pas3lIMyHbIE MOJENH, IMPENIOKEHHBIE IS
OOBSICHEHUS! OJHOCIIMHOBBIX MOJSPU3ALMOHHBIX JTaHHBIX. VcTOpUYeckH MEepBBIMU MOEISMH,
MPEIOKEHHBIMHU JUIs1 OOBSICHEHHS OONBIINX MOJISPU3ALMOHHBIX 3(()EKTOB BO B3aUMOIEHCTBUAX
aJIpOHOB, OBUIM MOJIENH, MCIIOJIB3YIOIIME MOJyKIaccudeckrue MexaHu3Mbl. OlMH U3 MOAXOJIOB
OCHOBaH Ha Mojiesin mmoJirocoB Pemke [170, 171, 172]. O630p 3THX MoIesIeil MOKHO HalTH B paboTe
[173].

pyras rpynmna mojenei npeanonaraetT pakTopusaluio nepTypOoaTuBHbIX U HenepTypoOa-
TUBHBIX (akTOpoB. JKecTkoe paccesHHe MapTOHOB (KBApKOB U TJIIOOHOB) OMHCHIBAETCS B TaKUX
MoOJeNIX B pamkax Teopuu Bo3mymieHuid KXJI. Msrkue mporiecchl (¢ HEOONMbIION mepemaaueit
UMIIYJIbCa) YYHUTBHIBAIOTCS, HAIpUMEp, uYepe3 BBEJCHHUE CTPYKTYpHBIX (yHKIMH M GyHKUMH
(¢parMeHTalMy MapTOHOB B AaJIpOHBI, KOTOpPbIE HAXOASATCS W3 OSKCIEPUMEHTa U YUUTHIBAIOT
MPEJICKa3bIBAEMYIO U3 TEOPHUHU IBOJIIOLUIO ATUX (DYHKIMN TPU U3MEHEHUH NepelaHHOT O UMITYJIbCA.

5.2.1 Mexanuszmot Cusepca u Konnunsa

B HacTosimiee BpeMst Hanbosiee MUPOKO 00CYKIAEMBIMI MEXaHH3MaMH, TIPETIOKEHHBIMU
Ui OOBSCHEHHS pacCMaTPUBAEMBIX TOJSIPU3ALUOHHBIX 3(PQPEKTOB, SBISAIOTCI MEXaHHU3MBbI
Cusepca [174] u Komumnnza [175]. B ocHOBe 3THX MOX0I0B JICKHUT MPEAMOIOKEHHE O CYIIECTBO-
BaHUM 3aBHUCALINX OT CIIMHA U TIONEPEYHOT0 UMITyJIbca QYHKIMHA pacnpeneneHus kapkos (TMD)
[174] B nonspu30BaHHOM TPOTOHE, JTUO0 QYHKIMH GparMeHTAIIMU MOJISPU30BAHHBIX KBAPKOB B
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anponsl [175]. B kaxkmoi W3 3TUX MOJENEH MOApasyMEBAcTCs HaIUYHUE KOPPEISIHUU MEXITy
HampaBJICHWEM CIOUHA U TIONMEPEYHBIM UMMIyJIbcoM. COBpEMEHHOE COCTOSHHE MOJeNei
obcy»xmaeTcs, Hanpumep, B pabore [176].

[Ipeackazanust B pamkax wMoxaenu CuBepca mnokazanel Ha Puc. 5.15 s naHHbIX
skcrepuvenTa BRAHMS 110 MHKIIO3HBHOMY pOXIeHHIo 7° mpu sueprun \s = 200 TsB [177].
3amTpruXoBaHHBIC TOJOCH TMOKA3BIBAIOT «IIOJIOCY CTATUCTUYECKOW HEOMPEACTCHHOCTHY IPHU
BapHallly MapaMeTpoB MOJIEIH, UCIIOJIb3YEeMBIX ISl u3BjieueHus: pyunkiuu Cusepca, U3 JaHHBIX
10 TITyOOKOHEYIIPYTUM MOTyHHKITFO3UBHEBIM Tpotieccam [178]. [lanusie STAR st z° mpu sHepruu
\s=200 I'>B [179] mokasansr Ha Puc. 5.16.

02 =T T T T T T 015 N 'DI T T T T T [T T T T ]
[ [ stat. bands PR 1f stat. bands ]
01 [F 1 ] 0.1 f I+ ]
S o R -ifﬂ”i_‘ g i g
Z 0} I 0% gt 5 /’/
i I 0 [~ ] rL ]
01 T 1 i ] ]
—02: 8=23 Jf e=40 . 005 ¢ n=33 F n=37 E
. 0.2 03 04 01 02 03 04 02 04 06 02 04 06
X X Xe Kp
Puc. 5.15 3asucumocts An(Xe) o plp — 7 X, Puc. 5.16 3asucumocts An(Xe) as plp — w0 X,
u3 pabotsi [178] u3 pabotsr [178]

Ha Puc. 5.17 nokasans ganasie BRAHMS o An ans K* [177]. U3 Puc. 5.15-Puc. 5.17
MOXKHO CJENaTh BBIBOJA, YTO IS 777 aCMMMETPHSI MOXET OBITH OIMKMCAHA OJHHM MEXAHM3MOM
Cusepca, Toraa kak s 7° 1 K* 310ro Mexanusma HeI0CTaTOYHO.

0.1 _II'{'_l — T T T T T T |::|;:_| — T T T T T T |:

: 0 1I :

005 4+ -

S T 1 R

< : 0 1I L ]
1 [ B |

I =23 ]| stat bands ]

_DDE [T B |--.| |-

0.2 0.3 0.4 0.2 0.3 0.4
X X
Puc. 5.17 3asucumocts An(Xg) 1t K*, u3 pabotst [177]

OTaenpHOr0 paccCMOTPEHUS 3aCIyXUBAIOT NpenBapuTenbHble naHHble STAR nns 7° npu
SHEPIUU \s=500 I'>B [180]. Onu cpaBHuBarOTcs Ha Puc. 5.18 ¢ mpenckazaHusiMu mo MoJenu
Cusepca u Komnmmnuza coorBerctBeHHo [178]. Acummerpust An(Pt) okasamach Oosblie, 4eM
MPEJCKA3bIBAIOT KaXKIBI M3 JIBYX MEXaHH3MOB B OTACIBHOCTH. ABTOPBHI IMPENIONAralT, YTO
B CyMMe€ JIBa MEXaHHW3Ma CMOTYT OMHUCATh 3TH JaHHBIE, KOTOPBIC BIEPBbIE U3MEPEHBI MPU CTOIb
OOJIBIITNX 3HAYEHUSX TIOTIEPEYHOTO UMITYJIThCA.
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Puc. 5.18 3asucumocts An(pr) st peakiuu P'p — 7°X, u3 pabotsl [178], v nmpenckasanus B paMKax
moneneit Cusepca (cireBa) u KommmHaza (cripasa)

5.2.2 BKnao evicuiux meucmoeé

Jpyroii MexaHu3M T'eHEepaluy OJHOCIIMHOBBIX aCUMMETpHi ObLT npeioxken EdpeMoBbiM
u TepsieoiM B 1982 r. [181]. B Hem paccmarpuBaercs, B paMKax KOJUIMHEAPHON KHHEMATHKH,
BKJI/I TBUCT-3, YYHUTHIBAIOUIMHA 3((EKThl KBApK-TIOOHHBIX KOppeisanuid. B manmpHelmeM 3TOT
[I0JIX0/T pa3BUBAJICS TAKXKE B IPYruX paborax, Hampumep B [182].

Oco0eHHOCThIO YKA3aHHBIX BBIIIE MEXAHU3MOB SIBJISETCSI 3aBUCUMOCTH OT IONEPEYHOIO
umiysbca Buga An ~ 1/pt, 94To XapakTepHO /IS BKJIAJ0B BBICIIHX TBUCTOB. DKCIIEPUMEHTAIBHbIC
JaHHbIE MPU JOCTUTHYTHIX HA CETOJHSAIIHUI JI€Hb MOINEPEYHBbIX MMITYJIbCAX HE YKa3bIBAIOT Ha
3HAYUTEIbHOE yMeHbIeHue An(PT) IpU YBETHYEHHUH Pr.

5.2.3 bepaunckaa moodens epamiaroujuxca K6apKos

Mogenb BpaIarouIuxcsl BAJICHTHBIX KBapKOB B MOJISIPH30BaHHOM mpoToHe (bepnmHckas
Mozenb) [183. 184] Owima mpemmokeHa Uil OOBSCHEHHS IMPOMCXOXIACHHUS OJIHOCITHHOBOM
acCUMMETpUU B OOpa30oBaHMM MHOHOB U MOJsipu3anuu A-runepoHoB. OpOUTaIbHOE BpallleHUE
KBapKOB MPOKMCXOJUT BOKPYT OCH IMOJISAPU3AIMU [IPOTOHOB, MpHUYeM U- ¥ O-KBapKH BpaIarOTCs
B IIPOTHBOMOJIOKHBIX HAINPABICHHUSX, YTO CBSA3aHO C WX TOJSIPU3AIMEeld W BOJHOBOHW (yHKIHEH
npoToHa. B3aumoneiicTBue nmpoucxoauT BOIM3K (PPOHTANBHOM MOBEPXHOCTH CTAJKUBAIOLIMXCS
a/IpOHOB, TaK 4TO 00pa30BaBIIMICS MHUOH NMPUOOPETAET JOTIOIHUTEIbHBINA MTONEPEUHBIH UMITYJIbC
IIPU PEKOMOMHAIIMM C MOPCKUM aHTUKBAPKOM U3 MUILIEHU. Mo/ieb JaeT KaueCTBEHHOE ONMCaHNe
OJTHOCITUHOBOM aCUMMETPHH, OJJHAKO HIYETO HE TOBOPUT O MOJISIPU3AIMHA aHTUTHIIEPOHOB.

Ha Puc. 5.19 noka3zansl ganHbIe skcriepumentoB E704 [27, 185] u E925 [26] npu sneprusix
200 u 22 5B, xoTOpBIE CPaBHUBAIOTCS C JBYMs BapHaHTaMH IMapaMeTpu3anuu TaHHbIX E704.
penckazanus moaenu a1 An(Xe) u Pn(Xe) B peaktuu p'p(4) — A X cpaBHUBAIOTCS C JAHHBIMH
Ha Puc. 5.20 [186, 187].

= 0.6 T T T T q:z 0.6 . . :
<
P(TH+P(0)— m +X P(T)+p(0)— m +X
0.4 o - 0.4+
0.2+
D2 ___ very high Vs > Sy
__g T b —a00GeVie
ol Tor P
BT [ et
— O r P, =26eVE +
08 0z 04 06 08 1

Puc. 5.19 An(Xe) st p'p — 77X st pasHbIX 3HaYeHuil napameTpoB bepauuckoit monesu [184]
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Puc. 5.20 An(x¢) (cnesa) nus peaxiuu p'p—A X u Pn(xe) st pp(A)—4 X

5.2.4 Mooenv uncmanmonHOu HCUOKOCIU
Jlpyras uHTepecHasi BO3SMOYKHOCTh pacCMaTPHUBAETCS B MEXaHU3ME, OCHOBAaHHOM Ha KBapK-
KBapKOBOM B3aHMOHCﬁCTBHH, I/IHI[YI_[I/IpOBaHHOM 60JIBH_II/IM AHOMAaJIbHBIM KBapKOBBIM

XpOMOMarHuTHBIM MoMeHTOM [188]. OueHku, caenaHHble Ha OCHOBE MOJIENM MHCTAHTOHHOM
Xunkoctr it Bakyyma KX/, moka3piBaloT BO3MOXXHOCTh T€HEpaIiy OOJBIION OJTHOCIIMHOBON
acCUMMETpPUU Ha KBapKOBOM YpoBHe. J[aHHBIH MeXaHHW3M MOXeET ObIThb OTBETCTBEHHBIM 3a Te
OoybIIie OJHOCIIMHOBBIE ACHMMETPHH, KOTOpbhIe HAOIIOMAIOTCS B peakuusx o0pa3oBaHUS
aIpOHOB NpH BBICOKHX 3Heprusix. Ha Puc. 5.21 mnokasansl 3aBucumoct acummerpun An(Qr)
OT TIepEIaHHOTO UMITYJIbCA TPU Pa3HBIX 3HAYCHHAX IMapaMeTpa MHQpakpacHOro oOpe3aHus Mg
U IMHAMHAYECKOM Macchl KBapka Mg. AcuMMerpus MokeT nocturatb 50%, a 3aBUCUMOCTb OT
MepelaHHOr0 UMITYJIbCa UMEET UHTEPECHBIE OCOOEHHOCTH.
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Puc. 5.21 An(Qr) /uist paccesiHust KBAPKOB, MPH Pa3HBIX MapaMeTpax Mg uHPpaKpacHOTo oOpe3aHus (CieBa)
Y pa3HbIX JTUHAMHYECKHX Maccax KBapka (crpaBa) u3 mojenu [188]

5.2.5 Kupanvuaa mooens punbmpayuu cRUHOBbIX COCHOAHUIL

Eme oaun MexaHu3M MArKod (HemepTypOaTUBHON) reHepaluu OJHOCIIMHOBON acHMMeET-
pUM OCHOBaH Ha KHPAJbHOW KBAapKOBOW MOJENH, B KOTOPOW TMPHUHATHI BO BHHMAaHUE TaKHe
(bakTopbl Kak YHHTApHOCTh M KapTHHA mpuilenbHoro mapamerpa [189]. B paccmarpuaemoit
MOJIENIA TIPOUCXOTUT (PUIBTPAIHsI CTUHOBBIX COCTOSIHUH, KOTOpasi 00yCIIOBII€HA YHUTAPHOCTHIO
B S-kaHasie. OHa CBSA3BIBACT MOJIAPU3ALMIO C ACHMMETPHUEH B IMOJI0O)KEHUH KBapKa B IMPOCTPAHCTBE
MPULEIBHBIX TapamMeTpoB. Mozienp npenckas3blBaeT JUisl OJHOCIIMHOBOM aCHMMETPHUH JIMHEHHBIN
POCT B 3aBUCHUMOCTH OT X¢ M BbIXOJ Ha tuiato mpu Pr > 1 IB/c [190]. Ha Puc. 5.22 nokasansr
npeaBapuTeNbHbie  MaHHble dkcmepuMmenta STAR  [191, 192], kortopele CpaBHUBAIOTCS
¢ npenckazanusamu mozaenu [190].

ABTOpBI MOAYEPKHUBAIOT, YTO COTIIACHE JAHHBIX W PACUETOB MMEET MOKa KaueCTBEHHBII
xapakTep. Iyl KOJMUECTBEHHOTO aHalu3a HeoOXOAMMO MMETh AaHHble npu Xr > 0.4. ABTOpPBI
npecKasbBaoT, 4To An = 0 st p'p — pX B 061acTu GpparMeHTanuy MydKa, oqHaKo AN He paBHA
HYJIFO JUIs TIpoliecca oOpa3oBanus HelTpoHa B skcniepumerte PHENIX [36, 38].
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Puc. 5.22 3asucumocts An(Xr) o p'p — 79X, u3 [190].
Yron uzonsuu moHa 70 Mpaf, Vs =500 B u 0.32 < X¢ < 0.40.
Haunsie STAR u3 [191, 192]

[Tonspu3zanus TunepoHoB nokazana Ha Puc. 5.23 B 3aBucumocTt Xr U Pr. CIOUIHBIMU
JUHHASMH TIOKa3aHbl pacyeThl 1o Mojaeu puiabpTpanuu ciuna [193].
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Puc. 5.23 Pn(xr) (ceBa) u Pn(pr) (cnipasa) ms peaxiuun pp(A) — A™X,
CIUIOIIHBIE IMHUU — TIPEACKAa3aHus 10 MOAETH GpuiabTpaiuu ciinHa [193]

5.2.6 Bpawenue napmonos 6 cmpykmype coCmasiaouieco KeapKa

B npyrux paborax TpomuHa u TropuHa Takke paccMaTpUBAeTCsd MEXaHU3M, B KOTOPOM
MPEIoIaracTcsi BOSHUKHOBEHHE OJTHOCTUHOBOM aCHMMETPUH ¥ TOJISIPU3ALIMHU THIIEPOHOB 33 CUET
BpAIlleHUs KBapK-aHTHKBapPKOBOT'0 00J1aKka BHYTPHU BAJICHTHOTO COCTaBJIsirolero ksapka [194, 195,
196]. OcHoBHasi poJib B MEXaHW3ME BO3HMKHOBCHUS MOJSIPU3AIMU THIICPOHOB MPUHAJICHKHUT
OpOMTAaTbPHOMY MOMEHTY | TOJISIPU3allMM Tapbl SS-KBApKOB, BXOISIIUX B CTPYKTYPY
cocTaBisitoniero kapka. OOpa3oBaHue TUTIEPOHOB MPOUCXOAMT B ABE cTanuu. Ha mepBoii ctanuu
MIPOUCXOJIUT NEPEKPHITHE U B3aUMOIEHCTBHE IIepUPEpUIECKUX 007IaKOB COCTABIISAIOLINX KBAPKOB,
YTO MPHUBOIMT K TOSBICHUIO MAaCCUBHOT'O CTPAHHOTO KBapKa WM reHepanuu cpenHero mois. Ha
BTOPOW cTaauu Iporecca padoTalT JBa KOHKYPHPYIOIIMX MEXaHU3Ma: MPOUCXOJIUT
PEKOMOMHAIINS COCTABIISIFOIINX KBAPKOB C MACCHBHBIM BUPTYaJIbHBIM CTPAHHBIM KBAPKOM (MSTKOE
B3aUMOJIeHCTBHE) ¢ 00pa30BaHUEM THIIEPOHA; JINO0 paccesHUE COCTABIIAIONIETO KBAPKa B CPEIHEM
noJsie (B3auMojelcTBUe ¢ OOJBLION Iepenayeil MOonepeuHoro MMIyJbca), ero Bo30yXJIeHue U
NOSIBJIEHHE CTPAHHOI'O KBapKa B pe3yJbTaTe pacmnaia Bo30yKJIeHHOTO KBapKa. 3aTeM MPOUCXOAUT
(dbparMeHTaIys CTpaHHOTO KBapka B rurniepoH. CpaBHEHHE TPEACKa3aHUH MOJICITH W JTAHHBIX JIJIS
umnyJibca myuka 400 '3B/c, B 3aBHCHMOCTH OT X¢ ¥ Pr, ToKa3aHo Ha Puc. 5.24 [195].
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Puc. 5.24 Pn(Xr) oo pp — A'X (cnesa) u Pn(pr) s pp(A) — A'X (cmipasa) u3 pabotsr [195]

Mogenb npenckasblBaeT OTPULATEIBHBIM 3HAK MOJIpU3aluu /4 U €€ 3aBUCUMOCTB OT Xr.
3aBUCHMOCTh QHAJOTWYHA MOJTY4aeMOil B MOJICIH XPOMOMArHUTHOM moJisipu3aiu kBapkos [31].
B 00oux ciydasx umeer mecto paccessHue B 3h(HheKTHBHOM 10JIe U 0OHAPYKUBAETCSI 3aBUCUMOCTh
MOJISIPU3ALMU  OT Xr, KOTOpas ONHCHIBACTCS TPUTOHOMETpHuYeckod ¢yHkmuenr. Mopaens
IIPENICKA3BIBAET TAKXKE CKEMJIMHT Nossipu3anuu /4 B 3aBucuMocTu oT Xr. IIpenckasanuil nomsipu-
3alUM I JPYTUX TUIIEPOHOB HE IPUBOJUTCS.

B pamkax 3Toil Moenu Takxke J1enaeTcs MOoNbITKa OObSICHEHUS CKEHIIMHIa OJJHOCITMHOBOM
acummerpuu [197].

5.2.7 Moodenv XxpomomacHUMHOI CIPYHbL

Mogenp PricknHa (Ha3zpiBaeMasi Takke MOJEIbI0 XPOMOMArHUTHOM CTPYHbI) OTIMYAETCS
MPOCTOTONH M HAIJSITHOCTBIO MEXaHW3Ma TMOJSIPU3AIMOHHBIX SIBICHHH M BO3MOXKHOCTBIO €0
IPUMEHEHUsT B  KauyecTBe OOBACHEHMs  NOJSApU3alUM  TUIIEPOHOB B COYIApeHMSIX
HETIOJSIPU30BAHHBIX YacTUI] W OJHOCIMHOBOM AaCHMMETPUH QJPOHOB B  COYAAPCHUAX
MOJISIPU30BAaHHON M HENoJIspru30BaHHo# yactuir [198, 199, 200].

Bosbiiue HabmojaeMble Tnonspusanuonnsie >gpdextel B AT+ B — C+ X cBsazansl,
BUIUMO, ¢ Oonpummu pacctostausiMé (I > 1/Qr ) u MoryT nate WHpOpMALUIO O MEXaHHU3Max
aZipoOHU3aIK 1 KoH(pailHMeHTa. B Moaenn cTpaHHBIM KBapK CO CIIMHOM BBEPX Yallle BBUIETACT
BIIPaBO 4YeM BJI€BO. Takoi pe3ynbTaT MOIy4aeTcsl, €CiIu NPUHATh BO BHUMaHNUE B3aUMOJCHCTBUE
[[BETOBOTO MAarHUTHOTO MOMEHTa KBapKa C XPOMOMArHUTHBIM II0JIEM, BO3HHKAIOIIUM ITOCIIE
coynapeHusi, Ha ctaauu aaponusauuu [198]. Ilocne coynapenuss 1 oOMeHa LIBETHBIM TNIFOOHOM
(IBETOBOM TIEpe3apsIIKi) MEX/Y CTATKHBAIOIIUMICS aJpOHAMH HATATHUBAETCS TPYOKa I[BETOBOTO
noroka  (crpyHa). OOBIYHO  paccMaTpuBaeTCsl  TOJIBKO  TOTOK  HaNpsKEHHOCTH
XPOMODBJIEKTPUYECKOTO TIOJIs, HO TaKoe pelieHne HeycroiunBo. Kak mokasano B padorax [201],
BOKpPYI' TpPYyOKHM BO3HHKAaeT XPOMOMArHMTHOE TMojie (KaKk BOKPYT TPOBOAHHUKA C TOKOM).
Cxemarnueckoe uzoOpaxkeHue TpyOku 1BetoBoro mnoroka (KX crpyHbl) MeXxay KBapKoM
U aHTUKBApPKOM Moka3aHo Ha Puc. 5.25.
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Puc. 5.25 Cxemarnueckas KapTHHA TPYOKH IIBETOBOTO TIOTOKA MEX/Y KBAPKOM M aHTHKBAPKOM.
IIpononbHBIE THHUY TOKA3BIBAIOT HANIPABICHUE XPOMOIJIEKTPHUIECKOTO ToJs E,
a KpyroBbIe — HaIpaBJICHHE XPOMOMAarHUTHOTO 1oJis B
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[Tone B3auMOJEHCTBYET ¢ XPOMOMAarHMTHBIM MOMEHTOM ( BBUICTAIOLIETO M3 00JIacTH
B3auMOJIeHCTBHS KBapka. [lockonbKy HampaBieHue TpyOKH OJM3KO K HAlpaBJICHUIO CTAKUBAIO-
IIMXCS YacTUll, HEOJHOPOJHOE XPOMOMArHMTHOE IOJe COOOIIaeT KBapKy CO CIMHOM BBEpX
JOTIOJTHUTEIBHBIN OMIEPEYHbII UMITYJIBC (r, HAIIPABJICHHBIH BIPaBO, @ KBAPKY CO CIIMHOM BHH3 —
BineBo [198]. IlogpasymeBaercsi, 4YTO CHIIBI, JEHCTBYIOIIME CO CTOPOHBI HEOIHOPOJHOTO
XPOMOMAarHUTHOTO T0Ji (aHajJoruyHble cuiiaM B skcriepumente ltepna-I'epinaxa [1]), cmemator
CHEKTpPbI HA0JI0/IaeMbIX aJJPOHOB BJIEBO HJIM BIPABO IO IIKaJe MOMEPEYHbIX UMITYJIbcoB. Dopma
Y MarHUTYJ1a CAMUX pacipeeNIeHH Y 3TOM He 3MEHs0TCs. [T0cKoIbKy 0OBIYHO 3aBHCUMOCTh
CHEKTPOB OT Pr OJIM3Ka K SKCIIOHEHIIMATLHOM, C/IBUT J1aykKe Ha HEOObIIYIO BETMYUHY OCt TPUBOIUT
K 3HAYUTEIHHOMY HW3MEHEHHIO COOTBETCTBYIOIIETO IU(P(HEpEeHIINATBHOTO CEUYECHUS IpHU
(UKCUPOBAaHHOM 3HAYEHUHM TOMEPEYHOr0 MMIYJIbCa, YTO M MPUBOAMUT K HAOIIOZaeMOMN
OJIHOCIIMHOBOM aCUMMETPUHU.

CpaBnenue naHHbiX skcnepumenta E704 [27, 202] ¢ npencka3aHUsIMH MOJIEIA XPOMOMAr-
HUTHOH CTpyHBI IpeacTaBieHo Ha Puc. 5.26.
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Puc. 5.26 Cpasuenue nannbix E704 nus p'p (uepubie kpyxouku) [27]
u p'p (oTkpeITEIE Kpy)0ukn) [202], u3 paGoTsr [200]

5.2.8 Mooenv xpomomazHUmMHOU nOAAPUAUUU KBAPKOB

[Toxoxue OCHOBaHUS JIETJIM B OCHOBY MOJIEIM XPOMOMArHUTHOW MOJISIPU3ALUU KBAPKOB
(XTIK). Ha nannom srane mozenb XITK MoxkeT paccMaTpuBaThest Kak 0000IeHHE SMIUPUUECKUX
3aKOHOMEPHOCTEH, HalIEHHBIX B XOJI€ TJ00aJbHOr0 aHAIN3a JaHHBIX. MeXaHu3M, MOJI0KEHHBIN
B OCHOBY MOJIEINH, SIBJISIETCSl HA CETOMHSIIHWEI JEHb JIMIIb OJHUM M3 BO3MOXHBIX, Hapsmy C
JAPYTUMH BapHaHTaMH FeHepaluy NOJSPU3aAUOHHBIX SBICHUH.

OCHOBHBIC MOJOXKEHUSI MOJeNU u3nokeHbl B [31]. OTaenbHbIe peakiu PacCMOTPEHBI
B padorax [30, 164, 203, 204, 205, 206, 207]. Mouenp XIIK Gasupyercs Ha CIEAyOIIAX
TIOJIOKCHHSX :

131



— llocne mepBoHa4YaJIbHOM I[BETOBOM MEpe3apsIK BO3HHMKAET IMPOAOJBHOE XPOMOSJie-
KkTpudeckoe mose E? u kpyroBoe momnepeunoe xpoMomMarautHoe mose B2,

— OpnHocnimHOBas acuMMeTpus oOyciosiieHa cwioi [lltepra-I'epmaxa, nelicTByromei Ha
KBapK B HEOJHOPOJIHOM MONEPEUHOM KPYTOBOM XPOMOMArHUTHOM IIOJIE.

— IlIpeueccusi cnuHa KBapka B IIBETOBOM IIOJi€ M3MEHsieT KOMIOHEeHTHl cuiibl LllTepHa-
I'epiaxa.

— JluarpaMMbl MOTOKAa KBapKOB M MpaBuJja MojcyeTa KBAPKOB OMUCHIBAIOT BKJIa/l KBAPKOB
Y aHTUKBAPKOB B 3P PEKTUBHOE I[BETOBOE MM0JIe. BK1a/1bl KBAPKOB M aHTUKBAPKOB — JINHEHHBIC
(GYHKIHMK MX YUCENl ¢ BeCaMH, orpeaeisseMbiMu 1iBeToBbIMU pakTopamu CF(qq) u CF(gq) mis
KBapK-KBapKOBOH U KBapK-aHTHUKBAPKOBOM Map COOTBETCTBEHHO.

D hexTHBHOE KPYroBoe MOMEPEYHOE XPOMOMAarHuTHOE Mmojie B?* renepupyercst pessTu-
BUCTCKUMH KBapKaMH-CIICKTATOPAMH, KOTOPBIC JIETAT B MPSIMOM M OOpPaTHOM HAaNpaBJICHUSIX
B C.II.M. CTJIKUBAIOIINUXCS HYKJIOHOB (cM. Puc. 5.27). [TpoOHbIi KBapK U3 HA0JI0IaEMOT0 aJipoHa
otkionsiercs cuioit IlltepHa-I'epiaxa B HEOJHOPOIHOM XPOMOMArHHUTHOM IIOJIE BJICBO WIIH
BIIPAaBO B 3aBUCHMOCTH OT HAMpaBICHHS €ro CcnuHa (BBEpX WM BHU3). B3ammojeicTBue
XPOMOMArdMTHOIO JUIIOJIBHOIO MOMEHTa COCTaBIAIONIEr0 IPOOHOr0 KBapka ¢ moiem B?
MIPUBONT K HAOJIFO1aEMbIM OJHOCITMHOBBIM acuMMeTpusim [31].

B*(z<0) B(z>0) Spin UP quark

oD LN, Y

~— 1

A J

Target fragmentation Beam fragmentation .
& reéion reggion Spin DN quark

Puc. 5.27 MexaHu3M XpOMOMarHuTHOM NONSPU3aMK KBApKOB (MUKPOCKOITMYECKHH arnmapar
ITepra-I'epnaxa). KBapk-mpoOHUK OTKIIOHSETCS BJIEBO MM BIPAaBO B HEOJHOPOIHOM Ioie B2

B mopenu XIIK crimHOBbIE 3¢ (eKThl BO3HUKAIOT Oy1arofapsi MEXaHU3My, aHAJIOTHYHOMY
3HamenuTomy onbiTy IlltepHa-I'epiaxa [1], TOJBKO Ha MHKPOCKOITMYECKOM IBETHOM Toie B,
BO3HHUKAIOIIEM Ha KOPOTKOE BpeMsl B MPOLECCEe B3aMMOAEHCTBHS aapoHOB. [lapameTpsl Moaenu
OLIEHUBAIMCH T10 TIIO0ATHHOMY aHAIU3y MOJISIPU3ANMOHHBIX JTaHHBIX /Ui 81 pa3imyHON MHKITIO-
3MBHO Peakiiy ¢ OOLIMM YHCIIOM IKCIIEPUMEHTAIbHBIX Touek 3670 [31, 37].

Hwuxe npencraBiensl pe3ynbraTsl u3Mepenuid An u pacuetsl o moaenu XIIK. Jlannbie as
peaxtmu p'p(4)— 7'+X mpu Vs = 200 (1a, 1b) u 64.2 (2) (BRAHMS [28]), 19.4 (3) (E704 [27]) u
8.77 (4) (FODS [92]) T»B moxa3ausl Ha Puc. 5.28. DHepreTnueckas 3aBHCHMOCTH JTaHHBIX
XOPOIIO OMMCHIBAETCS COOTBETCTBYIOIIMMHU KpuBbIMH Mozaenu XIIK. JlaHHble Ui peakuuu
p'p(Ad)— w+X [27, 28, 92] nokasans Ha Puc. 5.29.

A
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Puc. 5.28 An(Xr) st peakiuu

p'p(4)— T+X Pric. 5.29 An(XF)mist peakimu

p'p(4)— m+X
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3nak An Ha Puc. 5.28 u Puc. 5.29 onpenensiercs 3HakoM TOJIAPU3AIMKN BaJIEHTHBIX U- U
d-xBapkoB B TOJApH30BaHHOM BBepxX mnporoHe. Mozaens XIIK mo3BoiseT SKCTpamoimpoBarh
OJHOCITHHOBYIO 4CHMMETPHIO, TOJISIPH3ALNIO THIIEPOHOB IO TAKUM MEPEMEHHBIM, KaK Pr, Xr, S,
aTOMHBIN Bec MHILIEHH (A) U IIEHTPATBHOCTb.

5.3 Pe3rome u nepcneKTHBBI

MHoroo0pa3ue HOJIPU3AUOHHBIX JaHHBIX M MOJENEH, MPeaIOKEHHBIX IS UX 00bsic-
HEeHMsI, TpeOyeT NPOBEIECHUS NPELU3UOHHBIX CUCTEMATUYECKUX UCCIIEOBAaHUI OOJIBILIOrO Yucia
MPOIECCOB M TJI00aTBHOIO aHalM3a BCEH COBOKYIMHOCTH JAHHBIX JJISi BBISICHEHUS MeXaHH3Ma
IIPOMCXO’KACHUS CIIMHOBBIX ABJICHUN. B TaHHOM pa3zeine ObUIN MepeunciieHbl TOJIbKO HEKOTOPbIE
U3 CyLIECTBYIOIIMX Mojened. Psax monenei, Hanpumep, JIyHAcKas, OCTaJUCh BHE paMoOK
onucanuid. Cienyer NoJ4epKHyTh, YTO OOJIBIIMHCTBO MOJIENIEH HE NPETeHyeT Ha IiI00aabHbIN
aHaJM3, KpOMe TOr0, MHOTHE MOJIENIN PabOTaIOT (MM TOYHEE CKa3aTh MOTYT ObITh MCIIOJIb30BaHbI
IUIs Pac4eTOB) B OTPAaHUYEHHONW KHHEMAaTHYEeCKOH 00J1acTH.

Ba)xHbIM MOMEHTOM C TOYKH 3pEHHS CYIIECTBYIOLIUX SKCIEPUMEHTAJIbHBIX JIaHHBIX
SBJISICTCS OTPAHUYEHHOCTh HAbOpa CYIIECTBYIOIUX JaHHbIX, IPEX]IE BCErO M0 COPTY BTOPUYHBIX
yacTULl W 10 KHHEMaTudyeckod oOnactu. B OOJBLUIMHCTBE SKCIEPUMEHTOB H3MEpPEHUS
IIPOBOJIMIINCH B Y3KOM TEJIECHOM YIJe, YTO HE IO03BOJISIET NMPOBECTH Pa3/ieIeHUue 3aBUCHUMOCTH
sddexTa OT TpeX KHHEMATHYCCKHX IIEPEMEHHEIX (P, X¢, \S).

Takum o0pazom, ocTaercsi HEOOXOAWMBIM IPOBECTH CHCTEMAaTUYECKOE MCCIIEJOBAHUE
CIIMHOBBIX 2(PPEKTOB, KeTaTeIbHO Ha OJHON (U3NIECKOI YCTAHOBKE M B OJJMTHAKOBBIX yCIIOBHSAX
Habopa 11 MaKCUMaJIbHO OOJIBIIOTO KJIacca PeaklMii B HIMPOKOM KMHEMAaTHYECKOM JHara3oHe.
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6 Ilpunoxenune b. Pe3yabTarsl MoaeupoBaHust

B nannom IlpunoxeHuu npuBeaeHbl HEKOTOPBIE JOMOIHUTENbHBIE PE3YIbTaThl MOJIEIH-
poBanus ¢uznyeckux mporeccoB. Creayer OTMETUTh, TO MPUBEICHHBIE PE3YJIbTAThI MOTYUYCHBI
MeToAoM «ObicTporo» Monre-Kapno, To ectb 6€3 peasbHOro OMHCaHUs JETEKTOPOB H Oe3
KcnoJib3oBanus nojaHoro Monte-Kapno ¢ ucnonb3zoBanueM GEANT u HacTpoeHHBIX B cpeie
CITACYHAPM-pyT aJIrOpUTMOB PEKOHCTPYKLUU. B HacTosiiiee BpemMsi HauaTo MOJIHOE pealbHOE
MOJIETIUPOBaHUE JIJIsl SKCIIEpUMEHTa Ha KaHase 14.

6.1 MoaeaupoBaHue AJIsl My4Ka aHTUINIPOTOHOB

_ Ha Puc. 6.1 II0Ka3aHbl MAaCCOBBIC CIICKTPBI JUIA YCTBIPEX PEaKLMi TUIa pp—h+X: toe
h=d—pr(@);h=d—-ax’b);h=4—>pr (c);h=5— Az (d).

x 10
Entriss. QHﬂg Smoo B :\! L] !ﬂ?ﬂf\:
10000 B e om0 We  oszioros
8000 | 60000
6000 40000
4000
L C
w00 | 20000 (c)
0 0 I 1 |
1 1.25 1.5 1.75 2 1 1.5 2 25 3
mass P— + pi+, GeV, AntiLambda moss F— + pi—, GeV, AntiDelta——
:"Eriu 1543?‘; 1500 0 E’!tnu ug
6000 e otmeoor 1250 me  osmsios
1000
4000 | %0 |
2000 | 500
b 250 (d)
0 1 1 ( ) E— 0 I E—
1 1.5 2 —— 3 1 1.1 1.2 1.3 14 1.5
mass AntiNeutron + pil, GeV, ALambda(1116) mass Lom + pi— = Xi—, GeV

Puc. 6.1 DddexTrBHAsS Macca IPOIYKTOB paciaja B MPOIEcce
p p—h +X:h=A— pn*(a); h=A— i n° (b); =4 — pn (c); h=2"— A = (d)

6.2 MoaeaupoBanue peakuuii ptp —h +X u ppt —h +X

WHTerpanbHas cTaTUCTUKA JUIS CITy4asi B3aMMO/IEHCTBHUH HETOJIIPU30BAHHOTO IIPOTOHHOTO
nydka C TOJSIPU30BaHHON MwuimeHpro mpu sHepruu 60 ['9B mokazana B Tabm. 1.2. Ywucmno
B3auMoJieiicTBUi B MuIIeHH paBHO 6-10'°. Ha Puc. 6.2 nokaszano pacnpezeneHue 1no 3p¢pexTuBHON
Macce NMpoaAyKTOB paciaja HabJIr01aeMbIX YacTHUIl B Ipolieccax tumna pp—h +X.

Yucno cobwiTuii Ha Puc. 6.2 coorBercTByeT 6°107 B3aumozeiictBui, miu 30 MuUH. paboThI
YCTAaHOBKHM Ha IIPOTOHHOM Iyuke ¢ 3Heprueit 60 [9B u naTencuBHOCTHIO 2x10° / cOpoc. B ceance
anutenbHOCThIO 30 cyTok cratuctuka Oyaet B 1000 pa3 6onbie (cm. Tabum. 1.2).

500 + :-m- :ﬂ 200 E«.. :ﬁ
R oumirol s aner
400 + 150 F
300
100
200 f ﬂ
100 |- fI 50 .
0 L | 1 1 ] 0 1 / L H'"L i
0 05 1 1.5 2 0 0.5 1 1.5 2
mass K+ pid, GeV, Ke+(892)+ moss (K- pi0), GeV, Ke—(892)

Puc. 6.2 DddexruBHas macca NpoayKTOB pacnaja B mpoueccax muna pp—h +X:
roe h = K™*(892)— K*z° (BBepxy) u h = K*(892)— K n° (BHU3Y)
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6.3 MoaeaupoBaHue 0aPHOHOB M AHTHOAPHOHOB B Npoiecce pp—h +X

MogenupoBaHue IPOBEACHO € TPUITEPOM Ha B3auMozelcrBue. PacmpeneneHue 1o
3¢ deKTUBHON Macce NMPOJAYKTOB pacnajaa [uis 0apHMOHOB M COOTBETCTBYIOUIMX aHTHMOApHOHOB

nokasano Ha Puc. 6.3.

x102
[ 344
1200 - IEDMrieu 1 saeg;g 52'::’ ! stfg
1000 :;nsn 0.53991: l g: 60000 RMS 0.1684E-01
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mass nz + pi—, GeV, AntiSigma—(1189)

mass nz + pi+, GeV, AntiSigma+

Puc. 6.3 DddexturHas macca mpoayKTOB pacmana B npouecce pp—h +X:
rmeh=2"—>nz"(@);h=2—7az (b);h=2—>nz(c);h=2—7x (d)

Yucno cobwituii Ha Puc. 6.3 cooTBeTcTBYeT 3 yacam pabOTHl YCTAaHOBKH Ha IMPOTOHHOM
nyuke ¢ sHepruerd 60 I'3B u naTencuBHOCTHIO 2%10° poT./cOpoc.

6.4 MO)IeJII/IpOBaHI/[e HHKJIIO3UBHBIX MMPOHECCOB HA MYYKE OTPUHATEJTBbHBIX YaCTHIL

ITepBblil 3Tan SKCIIEPUMEHTA MPOBOJUTCS HA My4YKE OTPULATEIBHBIX YACTHII, IPUMEPHO
98% cocTaBa KOTOPOTO COCTABISAIOT 7 -Me30HBI. C yueToM 3ToH (pu3ndeckoi nporpamMmsl ObLIO
BBINOJIHEHO OBICTPOE MOJEIMPOBAHMS MHKIIO3UBHOTO POXKIECHUS PsiJia YaCTHUI] ¢ OECTPUTTEPHBIM
CbEMOM HH(pOpMAIUH (PETUCTPUPYIOTCS BCE B3aMMOAECHCTBHSI, YUCIO MPUHUMAEMbIX COOBITHI
OTIpeNieNIAeTCsl TOJNBKO CEUEHHWEM B3aHMMOAEUCTBUS M TeOMETPHUUECKOM 3 (EeKTUBHOCTHIO
ycranoBku. Ha Puc. 6.4 mokasansl, 1711 mpuMepa, MacCOBBIE CIIEKTPHI JIJISl YETHIPEX PEaKIUid THIIA
ap—h+X, tne h=n’—>yy (@); h=yn—yy (b); h=K%—z7w (c); h=p%770) - =7 (d).
JlanHoe MojenupoBaHuEe ObUIO BBIMOJIHEHO IS «HMJEAIbHOW» YCTAHOBKHM, BKJIIOYas
UACHTU(DUKAIIMIO YacTUI, ¢ HOMMHAIbHBIM IIOJEM CIIEKTPOMETPUYECKOIO0 MarHuta M Jjs
UMITyJIbca IYYKOBBIX yacTull npumepHo 34 IaB/c, uro coorBerctByer sHepruu 60 1B B
yckopurene. [loMMMO THMKOB COOTBETCTBYIOIIMX dacTHll Ha Puc.6.4 BugeH Ttakxke
KoMOuHaTopHbBIH (oH. Uncnmo coObiTuit Ha Puc. 6.4 coorBercTByeT 6-107 B3auMOoIeHCTBUM, YTO
BO3MOKHO HaOpaTh 3a 30 MUH. pabOTHl YCTaHOBKU Ha 7 -liyuke. B ceance anmurenbHOCTHIO 30
cyTok craructuka Oynet B 1000 pa3 Oonbiie.
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Puc. 6.4. DpdekTrBHas Macca MPOLYKTOB pacmana B porecce 7 p—h +X,
rae h = z°—yy (@); h = n—yy (b); h=K%—a 7 (c); h=p%770)—>z" 7z~ (d)

6.4.1 Peanucmuueckoe modenuposanue uUnKI03ueH020 poxcoenusn peaxyuu K® u w(782)-
Me30H06 npu Inepzuu nyuka 28 B

B cB3u ¢ 1npoBeeHHMEM KOMIUIEKCHOTO 3allyCKa YCTAHOBKM M IIPOBEJIECHUEM
METOAMYECKUX CEaHCOB U HAOOPOM MEPBHIX JAHHBIX IO U3MEPEHUIO OJIHOCIIMHOBON aCUMMETPUH
1 A-3aBHCHMOCTH WHKIIIO3UBHOTO pOXIeHHUs (cM. pazzmen 1.5.3) mosiBMiack BO3MOXKHOCTH U
BO3HUKJIa HEOOXOIUMOCTh PEAIMCTHUECKOTO MOJICIIMPOBAHUS UCCIIEyEMBIX peaKIuil.

Cnenyromieit peaknuend Juisi HM3MEPEHUN  OJHOCIHMHOBOW AaCMMMETPUU  BBIOPAHO
MHKJTIO3UBHOE poxieHne K2-Me30Ha, uTo 00BACHAIOTCS CIIEIyIONIIMM:

— H3Mmepenue 0HOCTIHHOBO aCHMMETPUM HHKIIFO3MBHOTO POKICHUM 70 yiKe MPOBEICHBI
(oxcnepument [TPO3A).

— VYcranoBka CITACYUAM conepXuT cuUCTEMY TPEKOBBIX JETEKTOPOB, KOTOpas JaeT
BO3MO>XHOCTb BOCCTAHABJIMBATh 3aPSKEHHBIE TPEKU.

— B cocta K2-Me30Ha BXOIAT TONBKO S-KBapKH, KOTOPhIE B HAYAIBHBIX YaCTHIIAX MOT'YT
OBITh TOJILKO MOPCKHMH, paHHEe HE IPOBOMINCH SKCIIEPUMEHTHI [0 U3MEPEHUIO OTHOCTIMHOBOMN
aCMMETPHUU B PEaKIIMsl C yYaCTHEM MOPCKOTO S-KBapKa.

— CeueHne MHKIIO3UBHOTO pokaeHus KO-Me30Ha 3HauMTENbHO i SHepruii V-70, Tak
YTO OKMJaeMasi CTATUCTHKA JIOJDKHA ObITh OOJIBILION.

Jnsg Toro, 4roOBl OLEHUTh BO3MOXKHOCTb HW3MEPEHMsI OJIHOCIIMHOBOM acUMMETpPUU
IIPOBEJIEHO MOAEIUpPOBaHus MeTo1oM MonTe-Kapio, npoBeieHHOE IPH CIEYIOIINX YCIOBHUAX:

— B kauectBe reneparopa ucnonb3yercs naker PYPHIA 8 (B coctaBe mporpamMMHOro
npoaykra, Markue KX/I npoueccel BkitoueHsl, xectkue KX/ mporeccsl OTKIOYEHBI.

— MozenupoBaH#e BBIIOIHEHO JUIS ABYX HA0OPOB TAaHHBIX: [isi MINDIaS ¥ MHKITFO3UBHBIX
COOBITHH.

— BzaumopeiicTBre TPOUCXOIUT HA MEHTAHOIOBOM MUILIEHU JIHHOMN 20 cM.

— DQPPEKTHBHOCTH Ka)X IO TUIOCKOCTH TPEKOBOW CHCTEMBI MPH MoenupoBaHun — 95%,
pasperieHue peioBeIx TpyOOK Bcex KaMep KOHCEPBAaTUBHO OlleHeHa Kak 500 MKM, «MepTBbIe
30HBI» B KaMepax He BKJItoYeHbl. MIHTerpan koHcTaHTHOrO 1mojs 0.6 Ti-m.

— Wnentudukanus aIpoHOB HE MPOBOAUIIACH, TAKMM 00pa3oM, BCe 3aperucTpUpOBaHHbIE
aJIpOHBI CUNTAINCh 7T ME30HaMH.
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CHavasa ObUla MpOBElIEHA MPOBEPKAa KOPPEKTHOCTH OMUCaHus mporpammoii Pythia
TIpoIieccoB 7 P-B3amMoneicTBuii npu vs=7.3 I»B. CeueHne WHKIIO3MBHOrO poxiaeHus KO-
Me30Ha, Kotopoe BbimaeT rereparop PYPHIA cocrasiser 2.207 mb, a skcnepuMeHTaIbHOE
3HaueHue cocrasisier (1.89+0.72) mb [208].

Ha pucynke Puc. 6.5 nokasan crnextp umHBapuanTHBIX Macc h'h™ cucremsl mius minbias
cOOBITHI 6e3 KakuX-1100 KpUTepreB 0TOOpa (Bce 3apsKECHHBIE apOHbI CYUTAINCH THOHAMH).

PexoncrpyupoBannbie MC nanHbie

?00005 PN \ [[m_inv_n-n+ system_reco |
I g 1 S L Entries 6630032
il g 1 | Mean 0.595

80000y L RMS 0.2417 |

50000/ |

40000 |

30000 — =

KounuecTBo co0bITHH

20000} N
E N
10000 S

| D T T N U S ST T N ) S S O W | | T
0 1

0 0.2 0.4 0.6 0.8 1.2 1.4
M(h-h?), [[3B/c?]
Puc. 6.5— CnekTp HHBapHaHTHBIX Macc T cUCTEMbI st Minbias cobbiThit 6e3 0TOopa

PesynbraT MoOnenupoBaHHs TIOKa3bIBAET HEOOXOIUMOCTh OTOOpa COOBITHH. bbiau
MIPUMEHEHBI CIICAYIOIINE KPUTCPUU:

1. Ot6op cobbIThii Mo paccrosuuio Mexay h™ um h™ Ttpexkamu. Bropuunas Bepiuvna
OTIpeeIsIach Uil TPEKOB, PACCTOSTHUE MEXKAY KOTOPBIMH HE MPEBBIIIATI0 6 MM.

2. OT60p coObITHIi MO Z-KOOpPAUHATE BTOPUYHON BEPIIHHBI (PACCTOSIHUE OT MEPBUYHOMN
BepIIMHBI Ooiee 8 cMm).

3. OT60p coObITHii 1O KpuTepUto ApmeHTepoca-IlogonsHckoro.

Ha Puc. 6.6 moka3zaH criekTp mociie oToopa 1o NepBbIM JIBYM KPUTEPHUSIM.

9000 Entries 193813

Mean 0.4313
RMS 0.1632
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KoauuecTro cOOLITHIA
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M(hh*), [[5B/c?]

Puc. 6.6— CrieKTp MHBapUaHTHBIX MacC CUCTEMBbI C GHIIBTPAIMEN JaHHBIX 110 Z-KOOPIMHATE BTOPUYHON BEPIIMHbI 1
PACCTOSHUIO MEXK/Ty TPEKAMH

Ha Puc. 6.7 mokazaH MacCOBBIH CIIEKTp TOCJIE MCIOIB30BAHUS BCEX TPEX KPUTEPHEB
or6opa. Crnektp uTHpOBaANCA TrayccoM. 3HaueHHe BoccTaHoBIeHHOM Macchl M(KO-me3ona) =
495.7+0.1 M»>B/c®> (PDG 3mauenme 497.614 M»>B/c?), mmpuna BoccraHoBIeHHOTO KC-Me30Ha
0=7.80+0.01 MeV/c?, otHOmenue currana k pony S/N = 2.35 B okHe +30.
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Data
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Puc. 6.7— MaccoBblii CIIeKTp TOCiIe UCTIONB30BaHIS BCEX TPEX KpUTEpHeB oTOopa

[To pesynpTaTaM MOJEIMPOBAHUS OLEHEHO OXHAAEMOE KOJIMYECTBO COOBITHIH
MHKJTIO3UBHOTO poxkaenns K2-me3ona 3a 20-1HeBHBIN ceanc Habopa CTATUCTUKU Ha SKCTIEPMMEHTE
CIHACYAPM npu ycnoBuH, 4TO 3a IHUKJI yCKOopHUTens Oyaer mpunumatbes 25 000 coObITHIA.
OsxMIaeMoe KOJIMYECTBO COOBITHI MHKIIFO3MBHOTO poskaeHus K2-Me30Ha 3a 20-1HeBHBII ceaHc HA

ycranoBke CITACAPM nis pa3iauuHbIX KMHEMATUYECKUX MHTEPBAIOB IO PT U Pz NPUBEACHO B
Tabn. 6.1.

Tabn. 6.1 OxumaeMoe KOMMYECTBO COOBITHII MHKIIO3MBHOTO pokiaeHus KO-mesona 3a 20-1HeBHBIH ceaHc Ha
ycraHoBke CITACAPM niist pa3nu9HbIX KHHEMATHYECKUX HHTEPBAJIOB 110 Pt U P;
0<pz<40 | 40<pz<80 [80<pz<120| 120<pz<16.0 | pz>16.0
0<pr<0.25 6.6:10° 1.6-10° 5.0:10° 9.3-10* 3.2:10*
0.25<pr<0.5 3.0:10° 2.4-108 1.1-10° 3.0:10° 1.1-10°
05<pr<1.0 3.0-10° 1.0-10° 1.3-10° 4.6-10° 1.6:10°
pr>1.0 - 4.9-10° 1.1-10° 1.1-10° 5.0-10*

[Io »TMM [aHHBIM pacCUMTaHa OXHJaeMas OuKMOKa W3MEpPEeHHs] OJHOCIIMHOBOM
acummeTpuu 3a 20-gHeBHBIN ceanc Ha yctaHOoBKE CITACYAPM i pa3snuyHbIX KHHEMATUYECKUX
WHTEPBAJIOB 110 PT U Pz, KOTOpOE MpuBeneHo Bhime B Tadn. 1.8.

PexoncTpyupoBanHslii ciektp h*hz® coOwITHii (Bce 3apsKeHHbIE YaCTUIBI CUMTAIOTCS 7T
Me30HaMH) ¢ 06pe3aHHeM TOIBKO Ha Maccy 7°-Me30Ha 3a TPU 4yaca Habopa JaHHBIX TIPHBEIEH Ha
Puc. 6.8.

omega_mass_pi0_cut
[ omega_mass pi0_cut |
Entries 23106
30 Mean 1.151
RMS 04175

300

250

0 02 0.4 [ 08 1 12 14 16 18 H
m, Gev

Puc. 6.8 — Maccossiii ciektp h*h'z° coOwITHii (Bce 3apssKeHHbIE YaCTUIIBI CYMTAIOTCS T-ME30HAMH) C 00pe3aHueM

TOJILKO Ha Maccy °-M€30Ha 3a TPH Yaca Habopa JaHHbIX
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6.5 MoaenupoBanue s peakuuii K pT—h +X npu s3ueprun 34 I'>B

WHuTerpanbHas CTaTUCTUKA AJI B3aUMOJAEHCTBUA Iyuka K~ ¢ MOJISIpU30BaHHON MUIIEHBIO
nipu 3Hepruu 34 ['9B nokazana B Tabu. 6.2.

Tabmn. 6.2 Oxugaemoe yuciio cooriThit Nev u oTHoIeHue 3ddekra k pony S/B
Ut MecaaHoro ceanca Ha K -mmyqke (1.1-10° B3anmopercTBif)

° | yacTHHA Nev S/B | Ne | yacTtuua Nev S/B
17 6.7-108 13| p(770)—>  n° 7.5-107 | 0.26
2| 8.9-108 14 | n'—yy 7.3-10° | 0.17
3| K" 8.9-107 15 | 9(1020)— K"K~ | 1.0-107 | 20.0
41 K- 4.0-10® 16 | K*(892)— K"z~ | 1.3-107 | 0.8
5| p 6.8:107 17 | K*%(892)—> Kn* [ 6.6:107 | 1.2
6|p 3.7-107 18 | K*(892) - K 7n°| 3.4-107 | 0.45
71n 6.2-107 19| E—>dArn 2.5-10° | 50.0
8 | T'—yy 42-108 |77 |20 | A>prm 1.8-10¢ | 50.0
9 | poyy 2510|125 |21 | A—»pn 2.9-10° | 12.5
10 | K%S— 7"~ 22107140 |22 | A—>nn° 4.0-10° | 1.7
11| p%770)—> n*n | 6.8:107 | 0.37 | 23 | 2> nn 3.1-10° | 0.2
12 | K%— n°n’ 42-10°10.9 |24

Ha Puc. 6.9 nmoka3ansl MaccoBbI€ CIIEKTpPBI [UIs ueThipeXx peakimii Tuna K p— h + X: rae
h=A—pr @);h=Ad—px (b);h=4—nz(c); h=2—nz (d). C yaerom npumecu
K™-Me30HOB B Iy4Ke yKa3aHHasi CTAaTHCTHKA COOTBETCTBYET 28 yacaM pabOThl yCTaHOBKH
Ha OTpuLaTeIbHOM Myuke ¢ 3Heprueit 34 ['3B. B ceance nurensHocThi0 30 CYyTOK CTaTHCTUKA
Oyner B 26 pa3 6oubiie (Tabdi. 6.2).

40000 b= D 243 1500 N 565
S ewr| 1250 F EL
30000 - @) 1000
a =
20000 750 (c)
500 -
10000 a0 |
0 . o | .
1 1.25 1.5 1.75 2 1 1.5 2 2.5 3
mass p + pi— = Lambda0, GeV, narrow mass Meutron + pi0), GeV, Lambda{1118)
5000 Eies 13201 Do 1435
4000 L mE o E'E'ln‘l: 6000 - vy mm'sl—‘g?
3000 | (b) w000 |k d)
2000 =
2000
1000 -
0 /\JW " 0 | )
1 1.25 1.5 1.75 2 1 1.5 2 2.5 3
mass P— + pi+, GeV, AntiLambda mass n + pi—, GeV, Sigmo—

Puc. 6.9 DddexTrBHAsS Macca IPOIYKTOB pacmana B nporecce K p—ha+X:
h=A—-pr @;h=Ad-pr (b);h=A-nz’();h=2—nz (d)
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