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OxcnepumeHT CITACYUAPM HaneneH Ha CHCTEMAaTHYECKOE HCCIEAOBAHHE CIMHOBOMU
CTPYKTYpPbl HYKJIOHA U CIHMHOBOM 3aBHCHMOCTHU CHUJIBHOTO B3aUMOJCHCTBHUSI aHTUBEILECTBA U
BeIllleCTBa ¢ Marepuedl mpu 3Heprusix no 45 IHB. B pamkax mnepBoro stana 3KCHEpPUMEHTA
M3yYeHHE CIUHOBBIX CBOWCTB aapOHOB OyAeT NPOXOAWUTh Ha JACUCTBYIONIEH YCTaHOBKE
CITACYHAPM Ha mnydyke OTpPULATENIBHO 3apsDKEHHBIX aJpOHOB KaHala 14 yCKOPHUTEIBHOIO
komiuiekca ¥Y-70. Ha BropoMm srtamne B kanane 24A yCKOpPUTEIbHOTO KoMIuiekca ¥Y-70 mpenmosia-
raerca (OpMUPOBAHUE TOJSPUIOBAHHBIX MTyYKOB MIPOTOHOB U aHTUIIPOTOHOB. [losipr30BaHHbII
AHTUIPOTOHHBIM Iy4OK, O€3yCIIOBHO, CTaHET YHHMKaJIbHBIM IIyukoM B mupe. Ilmanupyercs
MIPOBECTU U3MEPEHUS OJHOCIMHOBBIX ACUMMETPUI B JECATKAaX PEaKIMil Kak Ha BOJOPOJE, TaK U
Ha paznuuHblXx saapax. Ha ycranoBke CITACHAPM BO3MOXHO Takke U3MEpPEHHE IONEPEYHOMN
MOJISIPU3ALMU TUIIEPOHOB U 3JIEMEHTOB CIIMHOBOM MAaTpHUIbl BEKTOPHBIX ME30HOB. {111 n3ydyeHus
CIMHOBOM CTPYKTYpbl HYKJIOHAa NIPEAIOJAraercs IPOBECTH HCCIEIOBaHMUs 00pa3oBaHUs
KBapKOHUsSl JUIsl OINpENENEeHUsl BKJIAJa IVIFOOHOB B CHOMH IpoTOHAa. Hanmuuwme 1ByX THUIIOB
HOJIAPU30BAHHBIX IIyYKOB M BOCHMM THUIIOB HENOISPHM30BaHHBIX mydkoB (7°, K*, p, p, d, C) B
KOMOMHAIIMM €  TOJSIPU30BAHHOM  MHUIIGHBIO  PACHIMpSeT  JUarna3oH  HMCCIEeIOBAHUMN
MOJISIPU3ALMOHHBIX SIBJICHUN U YCUIIMBAET YHUKAJIbHOCTh MPOEKTA.

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 xpymnueitmem B Poccun yckoputensHoM komruiekce Y-70 B HULL «KypuaroBckuit
uactuty™ — UOBD, TlporBuno (manee NDBD) co3nan 3HAUMTENBbHBIN 3a/1€i ISl TPOBEICHUS
uccaenoBanuii mupooro ypoBHs B akcrnepuMente CIIACUHAPM (CllunoBsie ACummerpuu
B oOpazoBanun YAPMownus). Otu uccnenoBanus no3soisat HULl «KypyaToBckuii MHCTUTYT»
3aHSTh JUAUPYIOIIKME B MUPE MTO3UIIUU B 00JIaCTH CIMHOBOM (PU3HKH.

IIpoekT HaleneH Ha UCCIECIOBAHUE CIIMHOBOM CTPYKTYpbl HYKIOHAa M CIMHOBOH
3aBUCUMOCTH CHJIBHOTO B3aWMOJICHCTBUS aHTUBEIIECTBA U BEIIECTBA C MATEPHUEH MpU IHEPTUsX
1m0 45 I'B. CniiH B KBaHTOBOM MEXaHUKE SIBIISIETCS COOCTBEHHBIM YIJIOBHIM MOMEHTOM YaCTHIL
co crnenuuueckuMu CBOWCTBaMU. B oTnuume OT OpOUTAIBLHOTO MOMEHTA, CIIMH HE CBSI3aH
C IEPEMCILIEHHEM YacTHIbI B TPOCTPAHCTBE U SBIsETCA €€ BHYTPEHHEH KBaHTOBOM
XapaKTepUCTUKOM, HamogoOue Maccel win 3apsaa. CrnuH Obul BBeZeH B Hayky moutu 100 ner
Ha3zaj JUIsl ONMCaHUsl aTOMHBIX CHEKTpoB. Ero mpupoga 10 cux mop ocraercs HepasrajaHHON
TaiiHOM. [laHHBIA TPOEKT 3aMeTHO MPUONM3UT PasrajKy ATOW TalWHBL, U 3TO OyIeT HPOPHIB
B (DyHIaMEHTaJIbHBIX HAYYHBIX UCCIIECIOBAHUIX.

UTtoOBl TPOBOAWTH IMOJIIPU3ANMOHHBIC WCCICAOBAHHUS HAIO CO3JaBaTh IyYKH
MOJIAPU30BAHHBIX YAaCTHI[ W/WIM HCIIOJIb30BaTh TEXHUKY IMOJIIPU30BAHHBIX MHUIICHEH. B
MOCJICIHUE TObI MPOU3OIIEN 3aMETHBIN MPOTPECC B IKCIIEPUMEHTATLHOM HU3YyUYE€HUHM CITUHOBBIX
3¢(}eKToB MpH BBICOKUX JHEprusx. [lomaBmnsioniee OOJBIIUHCTBO SKCIEPUMEHTOB OBLIO
MPOBEJICHO B 00acTU HenepTypOaTuBHOM KBaHTOBOW XpoMmoanHamuku (KX/I), mpu ymepeHHBIX
MONEPEYHbIX  UMITyJbcax. [losiBIeHHMe HSKCIEPUMEHTAIbHBIX JAHHBIX  CTUMYJIUPOBAIIO
TEOPEeTUYEeCKOe OCMBICIeHHuEe CINUHOBBIX 3(hdexToB. Ilpu 3TOM xXapakTepHbl BBICKA3bIBAHHS
M3BECTHBIX TEOPETUKOB, HANpPUMEp aHrIM4aHuHa Jimorta Jlugepa: «CnuH B 3KCHEpUMEHTax
yOuI GoNbIIe TeOpHii, eM moboii apyroii pusmuecknii mapamerp»l. Mnn amepukanna Jlxeimca
boépkena: «Ilonspu3zaliiOHHbBIE J@aHHBIE YacTO OBUIM KJaAOWIIeM MOAHBIX Teopuil. Eciam Obl
TEOPETHKU ObUIM B CHJIAX, B ILENSAX CAMO3AIIUTHI UM CTOWJIO OBl BOOOIIE 3alpeTHTh TaKue
m3MepeHns»>. CerofHs HET TEOPHH, PETEHIYIONMEH Ha MOHOE ONMCAHNE BCEX HAOIIOIAeMBIX
noJIApu3auoHHbIX 3P dexToB. HoBbIe SKCIIEpUMEHTANbHBIE CIIMHOBBIE PE3YyJIbTaThl B OOJIBIIOM
quclie pa3HOOOpa3HBIX peakluid, Kak Ha MONSIPU30BAHHOM AHTHIPOTOHHOM ITyuYkKe, TaK U Ha
MOJIIPU30BAaHHOM NPOTOHHOM ITy4YKe B 3TOM TpynHOU obnactu HenepTypOaTuBHOM KXJI kpaiine
BYKHBI JJI Pa3BUTHS TEOPETUUECKUX MOJIXO0B U BO3ZMOXKHOTO CO3/IaHUSI TE€OPUH (MOJENN) NS
OMMCAaHUs BCEX CHUHOBBIX J((PEKTOB B CHIBHBIX B3aUMOJEHCTBUSAX. B kaname 24A
YCKOpUTEIbHOTO KoMmIulekca Y-70 mpexamonaraercss (poOpMHpOBaHUE IMOJSPU30BAHHBIX ITYIKOB
MPOTOHOB H  AHTUNPOTOHOB. [IpoBedeHBl pacueTsl UX NapaMmeTpoB. HHTEHCUBHOCTH
AHTUIIPOTOHHOTO Iyuyka c sHeprued 15 13B moxker nocturare 10° aHTHNPOTOHOB 3a LMK
yckopurens (10'° aHTUIPOTOHOB B CYTKH) IIpH cOpoce Ha NepBUUHYIO MulieHb 10" mpoToHOB U3
VY-70. [Tonsgspu3oBaHHBINA AHTUIIPOTOHHBIN IMyYOK OT pacrhaja aHTH-JIIMOa THIIEPOHOB, KOTOPHIH
MoxkeT ObiTh goctyneH B HUL[ KU — UDBD B 2027 roxy, sButcs, 6€3yCIOBHO, YHHUKAIBHBIM

L 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)



IIly4KOM B MHUpPE. B aHTUIIPOTOH-IPOTOHHBIX AHHUTWIISALUAX HET OTPAHWYCHUS HAa KBAHTOBBIC
yrcaa OOJIBIIMHCTBA POXKIAIOMIMX PE30HAHCOB B OTJIMYME OT KaHala 3JIEKTPOH-TIO3UTPOHHOMN
AHHUTUIISAUHU. VIHTEHCHBHOCTH NOJSPU30BAHHOIO MPOTOHHOIO Iydka ¢ 3Heprue 10+45 3B
OyzeT Ha MopsAJ0K OOJIbIIe, YeM aHTUIIPOTOHHOTO, TIPU TOH )K€ BEJIMYMHE CPEIHEH MOJISPU3ALIHIH.
Bce aTo no3Bomaut B skcniepumente Ha ycraHoBke CITACUAPM pemats MacmrabHble Hay4YHbIE
poOJeMbl, CBSI3aHHbIE CO CIMHOM. bimkaifiero axamora co3/laBaeMOM HOBOM yCTaHOBKH
CITACYHAPM nns paGoThl Ha TOJIIPU30BAaHHBIX IMy4dKax B Mupe HeT. OKuaaeMmblid Mepuoj
coxpaneHus yHukaiabHocTH Komiiekca CITACYHAPM — He MeHee nsATHAALIATH JIET.

[Tonsspu3oBaHHBIE ITyYKH  ABATCS  MOLIHBIM ~ MHCTPYMEHTOM Ui IIPOBEICHUS
CHCTEMAaTUYECKHUX MOJSPU3ALMOHHBIX UCCIEIOBaHUNA. JTH HCCIeI0oBaHUs OyIyT MPOBEACHHI Ha
AQHTUIIPOTOHHBIX U MPOTOHHBIX MyYKax MpH 3Hepruu 16 ['5B u BeIe, mpu cpeaHe noaspuzanuu
45%. Ilmanupyercsi ompenenuTh OOJBIION HA0Op HEOOXOMMMBIX (U3NYECKUX HAOIIOTACMBIX,
BKJIIOYasi OHOCIIMHOBBIE aCUMMETPUU B JIECATKAX peakUuil B 001acTH (parMEeHTAUU MOJISPU-
30BaHHOTI'O Iy4Ka, KaKk Ha BOAOPOJE, TaK U Ha Pa3JIMYHbIX sapax. [JaHHBIX B TaKOM 00beMe HET
HU IIpY KaKoW 3Hepruu. Pe3ynbraTel CpaBHEHHs YKaXXyT Ha OTJIMYUE B3aUMOJCHCTBUS aHTHBE-
LIECTBA U BEILECTBA C MATEPUEH, UTO YXKE B TEUCHHE MHOTMX JIET SBJISIETCS aKTYaJbHOU HAy4HON
3ajaueil. [ u3ydeHHs CHOUHOBOM CTPYKTYyphl HYKJIOHa OyAyT HpPOBEICHBI HCCIIEIOBAaHUS
o0pa3oBaHMsl YapMOHHUsI B 00JacTH ()parMEeHTAIMH MOJSPU30BAHHOTO ITyYKa, C aKIIEHTOM Ha
olpesieJIeHUE BKJIa/la IVIFOOHOB B CIIMH MPOTOHA, YTO IOMOKET Pa3rajKe «CIMHOBOTO KPU3UCa»
IIPOTOHA (BCE KBAPKU B MPOTOHE OTBETCTBEHHHI Bcero 3a ~30% crnuHa IpoTOHA), CYLIECTBYIO-
miero yxe 6osee 30 mner.

Hanuuue mnossspu30BaHHBIX KakK IPOTOHOB, TaK M aHTUNPOTOHOB B CP-HelTpanpHOU
pp-cUcTEME IOTEHLIUAIBHO OTKPBIBAET BO3MOKHOCTH ISl U3YUYEHUSI U CPABHEHUS APYT € APYTOM
CP-conpsk€HHBIX peakuuid. OTO NO3BOJsAET B3MIAHYTh Ha CP-MHBapMaHTHOCTH B HOBOM
pakypce, HEIOCTYIHOM JUIsl CTOJIKHOBEHUM HENOJsIpHU30BaHHbIX dacTull. [IpoBeneHue Takux
U3MepeHuil B OynaymeM ToTpeOyeT, CKOpee BCero, HEKOTOpOH MOIM(UKAIUU YCTAaHOBKH,
B YaCTHOCTH, pacUIMpeHusi €€ aKcelnTaHca Ha 3aJHI0K0 moiycdepy B CUCTEME ILIEHTpa Macc
CTOJIKHOBEHHUS.

JlononHuTenbHble yHHUKaTbHbIE ocoOeHHOcTH skcrepuMeHTa CITACUAPM cBs3aHbl
C BO3MOKHOCTBIO U3MEPEHUSI MHO)KECTBEHHOCTH 3apsKEHHBIX JIpPOHOB B COOBITHH, OIIPECIICHUS
LEHTPAJIBHOCTH COYJApeHUH ajgpoHa ¢ sAapoM. Takux HccIenoBaHMH B MHpE IIOYTH
HE IIPOBOJIMJIOCH, HO €CTh NIEPBBIEC YKA3aHUS HA UX aKTyaJdbHOCThb. Elll€ HOBU3HA IPOEKTa CBA3aHa
C BO3MOXKHOCTBIO PETUCTPUPOBATh HE TOJBKO CTaOWJIbHBIE 1O CHJIBHOMY B3aUMOEHCTBHUIO
YacTHUIIbl, HO U MHOTOYHUCIIEHHbIE PE30HAHCHI, KAaK ME30HHbIE, Tak U OapuoHHbIe. Ha ycTaHOBKe
CITACYAPM BO3MOHO TaK)X€ M3MEPEHHE MONEPEYHOMN MOISPU3ALUN TUIIEPOHOB U AJIEMEHTOB
CIIMHOBOM MaTpHIIbl MJIOTHOCTH BEKTOPHBIX ME30HOB, YTO SIBIISIETCS OTPOMHBIM NPEUMYIIIECTBOM
npoekta. HakoHell, HaJnure BOCBMH THIIOB HEMOJAPM30BaHHBIX myukoB (77, K, p, p, d, C),
B KOMOMHAIIMH C MOJIIPU30BAaHHONW MMILIEHBIO, HA MOPSIOK PAaCHIUPSAIOT AUAINa30H UCCIeI0BaHUMN
MOJIAPU3ALMOHHBIX SBJIEHUN U YCUJIMBAIOT YHUKAJIBHOCTh IIPOEKTA.

[Tomstpuzarmonnsnii npoekT CIIACYUAPM otimuaer T1700ambHBINA, CHUCTEMAaTHYECKUN
MOJIXOJT B U3yUYEHUU CUCTEMBI aHTUIIPOTOH-MIPOTOH (SAPO) U MPOTOH-IPOTOH (s1Apo). B oTnuune
0T OOJIBIIMHCTBA MOJIAPU3ALUOHHBIX 3KCIEPUMEHTOB, B IIUPOKOANEPTYPHOM MPELU3MOHHOM
cnekrpomerpe CITACHAPM Oyzner peanu3oBaHa MOJHAs TEOMETPUS MO a3UMYTAIBHOMY YTy,
YTO IO3BOJIUT UCCIIEOBATh HE OJIMH JIECATOK HOBBIX IPOLIECCOB C MPEAEIBHO HU3KUMU MOTPELL-
HocTsiMU. CodeTaHHe IMPOKOro Habopa MyYKOB U MUIIEHEH C BO3MOXKHOCTHIO OJHOBPEMEHHOMH
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PEruCTpalvy 3apsKEHHBIX U HEWTPAIbHBIX YACTUIl — MPOAYKTOB PEAKIMil, BHIMOJHO OTIMYAET
JaHHBINA MPOEKT OT APYTHX MOJSPU3ALUOHHBIX IPOEKTOB, CO3JaHHBIX 10/l OTPAHUYEHHOE YUCIIO
M3y4daeMbIX peakiuii. i3sMepenne cnmHOBBIX 3PQEKTOB B OOJIBIIOM KHHEMAaTHUYECKOM JTMana3oHe
U CpaBHEHHE CIHHOBBIX AS(PPEKTOB B PA3IUYHBIX PEAKIUAX NPUHIHUIHAIBHO BAXHO IS
PacKpbITUSI MEXaHNU3Ma B3aUMOJIEHCTBHUS YaCTHULL.

OcHOBOM KOJIJIGKTHBA aBTOPOB JTAaHHOTO MPOEKTa SIBISIETCA JIabopaTOpHs MOJISIpU3AlU-
OHHBIX JKcriepuMeHTOB MDBD. DTOT KOJUIEKTHB MMeeT OOJIBIION HAy4HBIN 3a/ell 10 MPOEKTY,
KaK COOCTBEHHO MO Hay4YHOH 4acTH, TaK U 10 MOAr0TOBIEHHOMY 000pyAoBaHuI0. OH 3aHUMaETCs
MOJIAPU3ALMOHHBIMU UCCIeoBaHusIME Oosiee 40 JieT ¥ IpUHKUMAaJ y4acTHe MPaKTUYECKU BO BCEX
KPYIHEHIINX aJpOHHBIX SKCIEPUMEHTAX 10 CIMHOBOW TEMAaTHKE B POCCHMCKHX M 3apyOeKHBIX
LEHTpax. B 4YacTHOCTH, KOJUIEKTHB CBIFpajl PEIIAIOLIYI0 POJb B IOJAIOTOBKE U IIPOBEIECHUU
noJisipu3anoHHbix dkcnepumernToB B ®HAJI (axcniepumentsr E581 u E704) u BHJI (CTAP u
E925). B skcnepumMeHTax, mpoBeeHHBIX B [IpOTBHHO M 3apyOeKHBIX LEHTpax, ObUIM OOHapy-
KEHBbl 3HAYUTENIbHbIE MOJIAPU3ALUOHHBIE 3(PEKThI, KOTOpble HE MOTYT OBbITh OOBSICHEHbI
CYILIECTBYIOIIMUMH TEOPETUUECKUMHU MOeNsIMU. 1o pe3ynbpTaTamM 3TUX 3KCHEPUMEHTOB TOJBKO 10
CIMHOBOW TeMaTuke omyOiukoBaHo Ooznee 100 pabor, 3ammuiieHo 6 AOKTopckux u Oojee 10
KaHAMJATCKUX Auccepranuil. Takke MHOro qpyrux corpyaHukoB MPBD y4acTByIOT B pOEKTE.
Cpenu aBTOpOB JaHHOI'O IIPOEKTa BaXKHOE MECTO 3aHMMAET Ipyla MOJISIPU30BaHHBIX MUIIEHEN
u3 OUSAN (dyO6na), kotopas 40 ner, coBmecTHO ¢ ¢uzukamu u3z UDBI, 3anumaercs nonsipuza-
[IMOHHBIMHU HCCIICIOBAaHMSIMU Ha yCKOpHUTeIbHOM Komruiekce Y-70 B IlporBuno. I'pynma y4eHsix
u3 aByx apyrux uacturytos HULL «KypuaroBckuit unctuty», a umenno UTO® u [IUAD, Tax
xe kak u HUAY MUODU seisarorcs nonHoueHHsiMU yyacTHukamu CITACYHAPM. Hurtepec
K YYaCTHI0O B OJKCIIEPUMEHTE C TOJSPU30BAaHHBIM IIYYKOM M TOTOBHOCTh Yy4YacTBOBaTb B
skcrepuMenTe’ Beickasanu Tpymisl Kapnosa Yausepcurera (r. ITpara, Uexus — pyKOBOIHMTENb
M. ®unrep) u Yuusepcurera Tpuecra (Utanus — pykoBoautens @. bpagamante), YHUBepcUTeT
Maitnn, Yuusepcuter bonH, VYuuBepcutrer boxym (Bce ['epmanmsi). KomuuectBo mnoTeH-
LUalbHBIX TOJb30BaTeNed MHPPACTPYKTYpbl AAHHOTO MPOEKTa M €€ pe3ybTaTOB IMPEBBIIIACT
100 uenoBek. Bc€ 3T0 mpUBOAMT K OYEHb BBICOKOM BEPOSTHOCTHU YCHEIIHOM peanus3anuu
COOTBETCTBYIOIIEH MHPPACTPYKTYphl U Hauaia BHIMOJIHEHHS] HAyYHBIX 3a/1a4 [IPOEKTa B TEUECHUE
OJIM>KaUIUX TECSTH JIET.

CymMmapHble pacxo/ibl Ha U3roToBieHue B Poccun HE0OX0IMMOro Hay4HOro 0bopyaoBa-
Hus 1S uccnenosarenbckoil yecranoBku CITACUAPM cocrtapst 1 mupa py6neit. Kpome toro,
emé 1 mupa py6. morpebyeTcs Uis BBINOJIHEHUS pPAabOT MO CO3AAHUIO AHTHIIPOTOHHOTO
(v mpoTOHHOTO) KaHana 24A Ha yckopurenbHOM Komiuiekce Y-70. Takum obpa3zom, UTOroBas
CTOMMOCTb IPOEKTa OILIEHHWBAeTCs B 2 MIpH pyOsei. DKcrnepUMEHTalbHbIE HCCIEIO0BaHUS C
MOJIAPU30BaHHBIMU ITyYKaMM HAa HOBOM KaHasle 24A MOTyT ObITh HayaTbl Yyepe3 YeThIpe roja
rocJie Hauajia (pMHAHCHPOBAHUS MTPOEKTA.

8 Bkrouast Bo3MOkHOE y4acTue€ B CO3JJTaHNU U U3TOTOBJICHUN YCTAHOBKH.



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
quantum 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 annihila-
tions 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 10+45 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
fragmentation 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 possibility 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.
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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 lItaly (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.

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

HccnenoBanusi mocieIHUX HECKOJIbKUX JECATKOB JIET MOKa3aIM HAJIMYUE 3HAYUTEIbHBIX
CIUHOBBIX A((PEKTOB B pas3snuyHbIX (U3HYECKUX mporeccax. OmHako HaOI0eHHE OOJBIINX
CHMHOBBIX () (EKTOB MOKa HE YJAIOCh OOBSICHUTH B paMKaxX CTaHJAPTHOI TEOpUU BO3MYILECHUI
kBaHTOBOM xpomoauHamuku (KX]I), mpeamonararomnieil KoUTMHEapHYIO KHHEMAaTwKy. B aToi
CBSI3M SIBJIIIOTCSl aKTyaJbHBIMU JalIbHEHIINE CHCTEMaTHYeCKHE SKCIIEpUMEHTalbHbIE HCce-
JOBaHHUSI B JTOW 007acTH, MPEANOIAralonlie U3MEPEHHE HECKOJIbKHX 3aBUCSIIUX OT CIHHA
HaOo1aeMbIX (OJIHOCTIMHOBAasE W JBYXCIIMHOBAs ACUMMETPUHU, TMOJSIPU3AINS TUIIEPOHOB,
9JE€MEHThl CIUHOBOM MAaTpHUIIbl BEKTOPHBIX ME30HOB) B JIECATKAX PA3JIUYHBIX PEaKIUH.
['mobGanpHBI aHaMM3 TOJMYYEHHBIX TaKUM OOpa3oM JaHHBIX MO3BOJIUT BBISBUTH OOIIUE
3aKOHOMEPHOCTH TIOBEJICHUS JAHHBIX, B TOM YHCIIE CPaBHEHUE B3aWMOJICHCTBUN YaCTUIIBI
Y aHTUYACTHUIIBl C IPOTOHAMU U AAPAMU, POJIb IBETHBIX CHUJI, CIIMHOBYIO CTPYKTypa HYKIJIOHA,
3aBHUCHUMOCTh CIIUHOBBIX 3(()EKTOB OT M30TONMUYECKOTO CIIMHA U SHEPTUU IMydKa, COpTa KBapKOB,
aTOMHOTO Beca MHILIEHH U MHOXKECTBEHHOCTH 4dYacTull B coObiTuH. Panee mnomoOHbIE
UCCIIEIOBaHMs TAaKOro macitaba He MPOBOAMIMCH. B3auMonelcTBUS MOMSPU30BAHHBIX YaCTHUI]
MPEJICTaBISAIOT CO00M YHHKAJIBHBI HWHCTPYMEHT JUIsl HMCCICAOBAHUS MEXaHW3Ma CHIIBHBIX
B3aMMOJICHCTBHIA B 00JacT KOH(AWHMEHTa, YTO HE YJAeTCs MOKa CIIeNaTh, U3ydasl COyIapeHus
HETIOJISIPU30BAHHBIX aJIPOHOB.

s mpoBeneHUsT YKa3aHHBIX BBIIIE HCCIEAOBAHUN TpeOyeTcss HSKCIepUMEHTaIbHAs
yCTaHOBKAa MHUPOBOT'O YPOBHS M CO3/IaHUE KaHAJIa MOJISIPU30BAaHHBIX MPOTOHOB M aHTUIIPOTOHOB.

[Tpoekt sxcniepumenta CITACUHAPM Ha co3naBaeMOM HOBOM aJpOHHOM KaHaje 4acTHIl
24A yckopuTelbHOro KoMmiuiekca ¥Y-70 HalelleH Ha MCCIIEOBAaHUE CIIMHOBOM 3aBUCUMOCTH
CHJIBHOTO B3aMMOJICHCTBHS aHTHUBENIECTBA (M BEIIECTBA) C MaTepuel W CIUHOBOU CTPYKTYpBI
HykioHa. IIpexnme Bcero, Oyner mpoBefeH OO30pHBINA TMOJSPU3AMOHHBIM JKCIEPUMEHT Ha
AQHTUTIPOTOHHOM U MPOTOHHOM TOJIIPU30BAHHBIX MyYKax Mpu sHepruu 16 9B u nmomstpuzanuun
no 45% c u3MepeHHeM OJHOr0 W TOro ke Oospuioro Habopa ¢U3NYECKUX HaOII0JaeMbIX
BenWuuH. JlJis M3ydeHHs] CIUHOBOM CTPYKTYphl HYKIJIOHA OYIyT TPOBEIEHBI HCCIIECIOBAHMS
oOpa3oBaHus YapMOHHS B 00jacTu ¢parMeHTaIH MOJIIpU30BaHHOTO Myuyka. bynet onpenenena
BEJIMYMHA MOJSPU3ALUA KBAapKOB M TIJIIOOHOB B TMONEPEYHO W MPOJOJBHO MOJISIPU30BAHHOM
MPOTOHE W AHTUIIPOTOHE uepe3 oOpa3oBaHME KBAPKOHUS CO CKPBITOM CTPAHHOCTBHIO ((-ME30H
u f2(1520)) u ckpeiThiM o4apoBarueM (yc2 (3555 M»sB) u yc1 (3510 M»aB)). Brnepsoie Takue
u3MepeHus: OyayT MPOBEACHbI HAa YHHUKAIBHOM Iy4YKe TMOJSPU30BAHHBIX (AHTH)IPOTOHOB OT
pacnaza (aHTH)IUIIEPOHOB.

B HULI «KypuaroBckuii uactutyt» — UPBD 3aBepiieHsl paboThl MO CO3JaHUI0 ICKU3-
HOTO TMPOEKTa HOBOTO ajapoHHOro KaHama 24A. IlpoexkTHple pabOTHI MPOBOJUINCH COBMECTHO
¢ I'CIIN. K 2015-my romy ObUT MOTyYEH SCKU3HBIN MTPOEKT «TOJIOBHI KaHama» (mmHa 50 METpOB)
— 3TO MPOBOJKA IMy4YKa MPOTOHOB OT €ro BbIBOAA M3 Y-70, 10 NEPBUYHOM MUIIEHH, PACIIOJIO-
KEHHOHN TMepe]] CIeUUaTbHbIM paAuallMOHHO-CTOMKMM MarHuToMm. llonHas mivHa kaHana oOT
MEePBUYHON MUIIIEHU U 0 KOHIa kaHana cocraBiseT 180 merpoB. B 2016-2019 rogax Owuim
MOATOTOBJIEHBI BCce HEOOXoauMble TexHnueckue 3alaHus Ha CO3/IaHUE Pa3IMYHBIX Y3JI0B KaHala.
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B kanane 24A npeamnonaraercss (OpMHpPOBAHUE TMOJISIPU30BAHHBIX ITYYKOB IPOTOHOB
U aHTUNPOTOHOB. IIpoBeneHbI pacueTsl X napaMeTpoB. HTEHCMBHOCTD aHTUIIPOTOHHOI'O ITyYKa
MOXeT gocturath 10° anTHIpoTOHOB 3a 1HKI yckopurtens (10'° B cyTku) mpu cOpoce Ha nepBuY-
Hyto mumieHb 10" nporoHoB u3 VY-70. Ilonsipu3oBaHHBI aHTUIPOTOHHBIM IyYOK, KOTODPBII
oyzaer nocrynen B HULL KU B 2026 roxy, craner, 6e3yci0BHO, YHUKAIBHBIM ITy4KOM B Mupe. B
npouwioM aHTUnpoTroHHbie myukn Obutn B LIEPH c aHepruedt mopsiaka 1 15B u 3arem
B nabopatopun uMm. @epmu (OHAJI, CIIA) ¢ sueprusmu 813B um 200 I»B. Ilpu stom
€MHCTBEHHBIM IOJISPU30BAHHBIM ITYYKOM aHTUNMPOTOHOB ObLI mydok Bo ®HAJI mpu 200 I'B.
[losiBNieHME aHTUIIPOTOHHOTO, BBICOKOMHTEHCUBHOTO, HO HENOJIIPU30BAaHHOIO IIyYKa C YHEPruen
1o 15 I'3B B npoexkre ®AUP B ['epmanuu mnanupyercs He panee 2030 roxa.

AHTUNpOTOHHBIN mNosigpu3oBaHHblli mydok HUI[ KU sBUTCS MOIIHBIM HMHCTPYMEHTOM
IUISL IPOBE/ICHUSI CHCTEMATUYECKOT0 0030pHOTO MOJISIPU3ALMOHHOTO 3KCIIEPUMEHTA C OTpe/ieie-
HUEM TIOJHOTO Habopa HEOOXOOUMBIX (U3UYECKUX HAOIIOAaeMBIX, TaKHUX KakK CEUYCHHE;
NOJISIpU3aLUs B YIPYIOM aHTUIIPOTOH-TIPOTOHHOM PAcCesIHUMM Kak B OO0JIACTH KYJIOH-SAEPHOMN
UHTephEepeHH, TaKk U JUPPAKIUOHHOINO KOHYCA; OJHOCHMHOBBIX ACUMMETPHH B OOJIBLIOM
qucie peakuuid B 00jgacTu GpparMeHTaluu MoIpU30BaHHOIO Iy4Ka, Kak Ha BOJOPOJAE, Tak U Ha
pasnuyHbIX sAApax U Jp. JlaHHBIX B TakoM oObeMe HEeT HM NpU KaKUX SHeprusax. Takue xe
u3MepeHus OyyT NMPOBENEHBI U Ha MOJSPU30BAaHHOM IIPOTOHHOM ITydKe. Pe3ynbraTel cpaBHEHUS
YKaXyT Ha OTJIMYME B3aUMOJECHCTBHSI aHTUBELIECTBA U BEILIECTBA C MATEPUEH, UTO YK€ B TEUECHUE
MHOTHUX JIET SIBJISIETCA aKTyajJbHOW Hay4yHOW 3anadyeil. MccnenoBanus Ha kaHaie 24A MOXXHO
OyzeT MpOBOAWTH B JAMANa3oHE SHEPruil mnojsipuzoBanHoro myuka 10+4515B, mpu sTom
OINITUMAJIbHAs SHEPTHsl AHTUIPOTOHHOT'O Iy4Ka, YUYUTHIBAsI (POHOBBIE MPOLIECCHI, IOCTUTAETCS PU
15 5B* Tlonspuszanus mydyka MOMOMKET IIPHM IIPOBEAEHHH MapLUUaIbHO-BOJIHOBOIO aHAIM3a
JAHHBIX IPU MOUCKE HOBBIX (hOPM MaTEepHH, BKIIIOYAsl SK30TUYECKUE COCTOSHUSA. 3aMETUM, YTO
B @HTUIIPOTOH-IIPOTOHHBIX B3aUMOACUCTBUSIX HET OTPAaHUYEHUS HA KBAHTOBBIC YMCIIA POXKJIA-
IOLMXCSl COCTOSSHUM M YacCTHII, BKJIHOYas U COCTOSHUSA € DK30TUYECKMMHM KBAaHTOBBIMH UHUCIIAMU,
KOTOpBIE OYIyT POKIATHCS B COMPOBOXKIEHUU C IPYTUMH 3K30TUUECKUMHU YaCTULIAMHU.

B Hacrosimuit MOMEHT B JeicTBylomeM 3kcriepumente mnon Ha3zBanuem CIIACUHAPM
C BKJIaJIoM 1o obopyaoBanuto u droasam ydactBytoT HULL «KypuaTtoBekuit unctutym — DB,
OUAH, «KypuaroBckuit unctutyt — UTO®, «KypuaroBckuilt uncturym» — [IUAD u HUAY
MU®U. Ilpu npuHATHM pemeHus o (UHAHCUPOBAaHUHM PabOT MO CO3JaHUIO KaHana 24A B
skcnepuMeHT Take BouayT MAD CO PAH, mpexnae Bcero ¢ BKIaJOM B CHUH-(QIUONEp, U
3apyOekHble WHCTUTYThI, YK€ IpOSBUBIINE HMHTEpPEC K JaHHOMY mpoekry. Ilpu sTom
SKCHEpUMEHTalbHas YCTAaHOBKA JIOJDKHA OBbITh, O€3yCIOBHO, OCHAIlleHa TEXHOJOTHYECKUM
000py/10BaHNEM Ha MUPOBOM YpPOBHE.

B ornnume oT OONBIIMHCTBA BBINOJHEHHBIX PaHEe MOJIIPU3ALMOHHBIX SKCIIEPUMEHTOB,
B CITACUHAPM Oyner peanu3zoBaHa 27-T€OMETPHUsS IO a3MMYTAIBHOMY YIUIy, YTO IO3BOJISET
3HAYUTENIBHO YIYYIIUTh TOYHOCTh U3MEPEHHUS CIIMHOBBIX HAOJI0/Ia€MBbIX, a [NIABHOE — MHHHUMHU-
3MpOBaTh CUCTEMAaTHYECKUE OMMOKH m3MepeHuid. TenecHsiit yron ycranoBku (46 =~ 200 mpax mo
Beptukaiau u 300 Mpaa o ropu3oHTaIU B 007acTH (pparMEeHTalUU IydKa) MO3BOJISIET MPOBECTH
U3MEPEHHS B IIMPOKOM JHaNa30He KHHEMAaTHYECKUX MepeMEHHBIX (Pr1, XF) U 1aCT BO3MOKHOCTB

4 TIpu SHEprUM NEPBUYHOTO MyYKa MpoToHoB 60 I'3B.
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pa3AeauTh 3aBUCUMOCTH OT 3TUX JBYX IIE€PEMEHHBIX, YTO OOBIYHO HE Y1AeTCsl B SKCIEPUMEHTANb-
HBIX YCTAHOBKAaX C MaJbIM TEJIECHBIM YIJIOM PErHCTPaLUH.

K HacrosmeMy BpeMEHHU CyIIEeCTBYET 3HAYUTEIIBHBIA 3a1ell 110 CO3JAHUI0 YCTaHOBKH
CITACYAPM. IlpoBeneH KOMILJIEKCHBIM 3allyCK M HauyaThl MCCIEJOBaHMUS Ha NEPBOM ouepenu
skcnepumenta CITACYAPM na kanane 14. CoOpaH, ucnbiTaH U yxe paOOTaeT MIUpPOKO-
alepTypHBIN crieKTpoMeTprudeckuii MaruuT. Co3faHa 1 3alyllieHa TPEKOBas CUCTEMa Ha OCHOBE
IIPONOPLMOHANIBHBIX Kamep U ApeioBbix TpyOok. Co3aHbl JBa MHOIOKAaHAJIbHBIX IOPOIOBBIX
YEepeHKOBCKUX JI€TEKTOpa M BeleTcs MX HacTpoiika. OHM cIOCOOHBI OOecredyuTh IepBbIe
U3MEpPEHUsI Ha aHTUIPOTOHHOM ITy4YKe, XOTS M B OTPAaHUYEHHOM TEJIECHOM YIJIE B CPaBHEHHUH C
MOJIHOM MPOEKTHON KoH(pwuryparmei. B cocTaBe yCTaHOBKH HCIOJIB3YETCSl 3JIEKTPOMArHUTHBIN
KaJIOpUMETpP M3 CBUHLIOBOrO CTeKJa. B Hamumuuu mMonynu aapoHHoro kajopumerpa. Co3gaHsl U
HAaCTPOCHBI ITy4KOBas ammaparypa, HacTPauBaeTCs HOBAas PErUCTPUPYIOLIAs JJICKTPOHUKA H
cucrema cbopa nannbix B crangapte EBpoMHUCC.

Opnaxo, 11 IPOBEAEHUS SKCIIEPUMEHTa MUPOBOI'O YPOBHSI 3TOIO COBEPILIEHHO HEJOCTa-
TOYHO. JIJIs1 BBIMOJIHEHUs MPOrpaMMBbl UCCIIEOBaHUI TpebyeTcs caMoe COBpEMEHHOE 000pyI0-
BaHue. B yacTHOCTH, TpeOyeTcs co3AaHue CUCTEMBbl CBEPXIPOBOIAIIMX MAarHUTOB, «CUOUPCKUX
3MeeK», oOecreyuBarollell MOBOPOT MOJSPU3ALMHU IydYKa HAa MMIIEHH, a TaKKe KPUOTEHHOMH
cucTteMbl kaHana 24A. Oto 000opyA0BaHKE Mbl IPUYHUCIIAEM K YCTAaHOBKE, a HE K KaHaily. B ycra-
HOBKE HEOOXOIMMO CO3/laHUE MPEUU3UOHHOIO0 TOHKO-CETMEHTHPOBAHHOIO 3JIEKTPOMArHUTHOIO
KQJIOPUMETPA THIA «LIAIUIBIK» C MEJIKOM SYEUKOH, IMIHMPOKO-alepTypPHOr0 MHOTOKAHAJIBHOIO
yepeHkoBckoro aerekropa tuna RICH, co3nanue cucreMbl MOJIPUMETPOB AJIsi U3MEPEHMS
a0COJIIOTHON BEJIMYMHBI MOJIIPU3ALIMHI ITYUKa, a TAK)KE HEKOTOPOTo APYroro 000py10BaHuUs.
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1 ®dusnueckas nporpamma CITACHAPM

CrinHOBBIe HaONIOJaeMble SBIISIOTCS TEMU NPEUM3MOHHBIMH WHCTPYMEHTaMH, KOTOpbIE
MO3BOJISIIOT TJIyO’ke IOHATh HPUPOAY CHIBHBIX B3auMOJEHcTBUH. W3ydeHue CTPyKTYpbl
CIIEKTPOB M3JIy4€HHUS U IOIJIOILEHHUs aTOMOB IPHUBEJIO OKOJIO CTa JIET Ha3al K HE0OXOAUMOCTH
BBEJICHUS CaMOr0 MOHATUSA ciiuHa yacTtull. Co BpeMEHH NIPOBENECHUS 3HAMEHUTOTO SKCIIEPUMEHTA
HItepna-I'epiaxa ¢ myykomM aToMOB cepeOpa B CHJIBHOM HEOAHOPOAHOM MAarHUTHOM I10JIe
HAYaJIOCh AKCICPHUMEHTAIBHOE HMCCIICJIOBAHNE BIIMSHUS CIIMHA Ha B3auMojeicTBHE yacTull [1].
Pe3ynbpTaThl 3TMX NEPBBIX HMCCIEAOBAHUN OKA3aJIUCh HEOXHUJIAHHBIMM U TIOMOIJIM PAacKpPbITh
[1apalOKCaIbHYI0 KBAHTOBYIO INPUPOAY CIHMHA, IPUHHUMAIOLIETO TOJBKO LENbIE M IOJIYLENbIE
3HAYEHUS.

VuuBepcanbubii kaHan 24A c ycranoBkoil CITACUAPM coszpatorcst it U3y4EeHHS
(yHIaMEHTaJIbHBIX BOIPOCOB CHJIBHBIX B3aMMOAEHUCTBUI M CIIMHOBOHN (PM3MKH, BO B3aMMOJEH-
CTBUAX IOJSAPU30BAHHBIX IIPOTOHOB M AHTUIIPOTOHOB C HYKJIOHAaMU U sAnpamu. M3yuenue
MOJIAPU3ALMOHHBIX SIBJICHUI IIO3BOJIMT PACUIMPUTh HAIIM 3HAHUA O CTPYKType aIpOHOB
U IMHAMHUKE UX B3aUMOJICHUCTBHS, B TOM YHCJIE HA YPOBHE CTPYKTYPHBIX COCTaBISAIOIIUX aJPOHOB
— KBapKoB U I00HOB. Llenbio 6oraroit pusnueckoit nmporpammel sxcnepumenta CITACHAPM
SBJIAETCA PACUIMPEHUE HAIlMX 3HAaHUM B 0O0JACTH CUJIbHBIX B3aUMOJIEHCTBUM, CTPYKTYpBI
aJpOHOB M pOJIM CIMHA B JIMHAMUKE CHJIbHBIX B3aUMOAEUCTBUN. l3MepeHue pa3inyHbIX
CIMHOBBIX HaOo1aeMbIX (acummeTpun An, nossspusanuu Py, nepepgaun cninHa Dnwn, 31€eMeHTOB
CIIMHOBOW MAaTpHLbl IUNIOTHOCTU pik U JPYT'MX) OTKPBIBAET JAONOJHHUTEIbHbIE BO3MOXHOCTH JJIS
CpPaBHEHMsI JaHHBIX HKCIEPUMEHTa M IpeJCcKa3aHuil Mopesnei, 4yro OyJaer crnocoOCTBOBATH,
B KOHEYHOM HUTOTI'€, PEIIEHUI0 0003HAYEHHBIX BBIIIE IPOOIEM.

Teopus Bosmymenuit KXJ[ mnpenckaspiBajla He3HAauMTENbHbIE CHUHOBBIE 3((EKTHI,
nopsiaka 0.1%, BBHIMHpAOIIME C POCTOM SHEPTHH B3amMojeiicTBuii (v/S) M mHomepeunHoro
ummyibca (Pr) [2]. OgHako 3KCIepHUMEHTAlbHBIE MCCICIOBAHUS MOKa3alld, 4YTO 3(PQEKTHl,
HaOIroaeMble B MHKITIO3UBHBIX PEAKLUAX, HE YObIBAIOT 3aMETHBIM OOpa3oM C YBEJIWYEHHEM
\/E H Pr.

Hapsiny ¢ noispu30BaHHBIMM TPOTOHHBIM M AHTUIIPOTOHHBIM IIydKaMH KaHal 24A
MO3BOJIMT BHIBOJMTH HAa YCTAHOBKY HEMOJSAPU30BAHHBIE ITy4KH NHOHOB (7°), kaoHoB (K¥),
IIPOTOHOB M QHTUIIPOTOHOB, 4 TAKXKE YIVIEPOAHBIA M JCHUTPOHHBIN MyykH. B kadecTBe MunieHen
IpeioJiaraeTcs UCIOJIb30BaTh MONEPEYHO U MPOJIOJIBHO MOISPU30BaHHbIE TPOTOHHBIE MUILIEHU
3aMOPOXKEHHOI'O TUIIA, a TAKXKE IIUPOKUI HaOOp HEMOISPU30BaHHBIX MULIIEHEH, BKIIIOUYast 5KHJIKO-
BOZOPOJHYIO U TBEPABIE SIIEPHBIE MUILICHH.

Bce BblleckazaHHOE 03HAYaeT BO3MOYKHOCTD HCCIIEN0BATh C BHICOKOW TOYHOCTBIO CIIMHO-
Bble 3((EeKThl Ul MHOTHX JECATKOB PEAKIMH, C pa3IMYHbIMH HAyaJIbHBIMU U KOHEUHBIMHU
COCTOSIHUSIMU. DTO MO3BOJIUT BBISIBUTH OOIIME 3aKOHOMEPHOCTH aJIpOHHBIX B3aMMOIEHCTBHIM, UTO
BbIroAHO oTinyaet 3kcnepuMeHT CITACHAPM ot npyrux nosisipu3allMOHHBIX AKCIEPUMEHTOB,
/i€ U3y4aeTcs, Kak MpaBuiio, HeOOJIbIIIOE YUCIIO peaKLUi.

B okcnepumente CITACUHAPM Ha kanane 24A Oyner u3ydaTbCs B3aUMOJICHCTBUE
MOJIAPU30BAaHHBIX TMPOTOHHBIX M AHTUIPOTOHHBIX MYYKOB C TMPOTOHHOM JHOO C SIEPHBIMU
MunieHssMi.  MMOynec  MONSpU30BaHHOTO Mydyka MOXKET BapbUpOBAaThCAd B JIMANa30HE
10+45 I'>B/c, a nonepeunas nonspuszanus mydka coctaBut 40+45%. HenonsgpuzoBaHHbIe My4KH
MoryT uMmeTh umiyssc ot 10 mo 50 I'3B/c. Huke npencraBiena ¢usnyeckas mporpamma 3Kcrie-
pumenta CITACYAPM u oxxugaemsbie pe3yJIbTaThl.
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Hayunas nporpamma CITACHAPM BxIIO4aeT HECKOJIBKO CEpUN U3MEPEHUH, KOTOPHIC
HampaBjIeHbl Ha wHccienoBanue (QyHnamentanpHbix npobdiaem KXJI B HemepTypOaTHBHOM
00J1acTH, /i€ MPOSBIAIOTCS TaKUE SIBICHUS KaK KOH(AWHMEHT, CIMsHUE TUOO (parMeHTaIus
KBapKOB B aJJpOHBI U COHTAHHOE HAapYILIEHUE KUPATbHONU CUMMETPUHU.

Hazpanue skcnepumenta CIIACUAPM sBnsieTcss COKpalieHHEM OT KOHEUHOM 1eIu
npoekta,— CnuHoBbie ACummerpuu B poxaeHun YAPMounus. BynyT uaMepensl nonepedHbie
OJTHOCITHHOBBIE aCHMMETPUHU AN B PEaKIMIX WHKIFO3UBHOrO obpaszoBanus ¢, f2(1520), iy, yc1 u
Xc2 Ha TIPOTOHHBIX ¥ AHTUIIPOTOHHBIX MOJISIPU30BAHHBIX ITyYKaX.

Jns u3ydeHus MNONspU3allMd KBApKOB M TJIIOOHOB B 00JACTH OOJBIIMX Xp, OYIyT
M3MEPEHBI IBYXCIHHOBBbIC acuMMeTpun AnN 1 ALL B Tiporieccax oOpazoBaHus yactuil ¢, f2(1520),
JAW, xe1 M yc2 B COYJApPEHHUSAX IOMEPEYHO W TPOJOJIHHO MOJSPU30BAHHOTO IyYKa MPOTOHOB
¢ rmorepeuHo (TPOJI0JILHO) TMOJIIPU30BAHHON MPOTOHHOW MHMIICHBIO. Haiell 1mesnbio sBiseTcs
NoJlyyeHne MHQPOpPMALUU O BKJIaJe KBAPKOB W TJIIOOHOB B CIUH IMPOTOHA M3 aHAIM3a ITHX
MPOLIECCOB. AHAIM3 BBIXOJOB 3TUX YacTHUIl B TeX CIIy4asX, KOTJa CHUHBI MUIICHH U Iy4Ka
HaIpaBJIeHbl B OJHY WJIM B Pa3HbIe CTOPOHBI, TTO3BOJIUT OILICHUTH JOJIIO CIIMHA HYKJIOHA, IEPEHO-
CUMYI0 KBapkamu (MpoOjemMa «CIHMHOBOTO KpPU3HCa», 3aKJIIOYAOIIErocs B TOM, YTO CErOJHS,
cnycts 30 ner mocie mpoBeneHuss nmuoHepckoro skcnepumenta B L[EPH, Bce BanentHbie
1 MOPCKHE KBapKH B IPOTOHE B CyMME OTBETCTBEHHBI Bcero Juiib 3a 30% mpoaoiabHOro cruHa
IIPOTOHA).

HccnenoBanne OTHOLIEHUH BBIXOJOB yc1 M )Yc2 MO3BOJUT INPOBEPUTH HOBYIO TEOPEMY
0 MaclTaOHOW HWHBAPHMAHTHOCTH B BBIXOAAaX OTHX Me30HOB [3], JKCHepuMEHTalIbHOE
MOJITBEPIKACHHE KOTOPO 0OHapykeHO B skcnepumenTax Ha BAK [4, 5].

JlanHble HccrenoBaHusl SIBISIIOTCS HamOomee cioxHbiMU B mporpamme CITACHAPM
Y HaKJIQ/IbIBAIOT JKECTKHE OTpaHUYEHHUs HAa TPeOOBaHUSA K IKCIEPUMEHTAbHON yCTaHOBKE, MPU
3TOM Ha paHHUX 3Tanax OyJyT pelarbcs He MEHEe HHTEPECHBIE 3a/1a4H:

— H3mepeHne 0JHOCIMHOBBIX MOMEPEYHBIX (a3UMYTalIbHBIX) acUMMETpuil AN aJpOHOB,
COCTOSIIUX M3 JEerkux U, d, S KBapKOB, MPH PACCESIHUU MOMEPEYHO MOISIPHU30BAHHOTO MyYKa
Ha HEMOJISIPU30BaHHON MUIIEHH, JTUOO0 HEMOJIIPU30BAHHOIO MyUYKa Ha MONEPEYHO MOJISPHU30-
BaHHOM MuieHH. B KauecTBe perucTpupyemMoil YacTHUIbl MOXXHO HCIOJIb30BaTh JIIOOBIE
gactunbl (co crmHomM J=0, 1/2, 1 ..) u naxke sapa. B kadecTBe MHIICHH MOXKHO
UCIIOJIb30BaTh MPOTOHBI U s/Ipa, YTO MO3BOJISET UCCIEN0BaTh 3aBUCUMOCTh AN OT aTOMHOIO
Beca MUIlIEHHU. Perucrpanus agpoHHBIX PE30HAHCOB, B JIONOJHEHUE K OOBIYHO HU3MEPSEMBIM,
CTaOWIJIBHBIM 10 CUJIBHOMY B3aMMOJICHCTBUIO aJpOHAM, MO3BOJMUT CYIIECTBEHHO PACIIUPUTh
CIMCOK JOCTYIHBIX JUIS M3ydeHUs peakiuil. Panee n3amepenuit AN JUIisi pe30HAHCOB MPAKTHU-
YeCcKH He ObLIO.

— Onmnpenenenre nonepevHbIxX (0 OTHOUIEHUIO K IUIOCKOCTH paccestHus) moisipu3anuii Py
TUIIEPOHOB U AHTUTUIIEPOHOB, OOPa3yIOIIMXCS HEMOJSIPU30BAHHBIMM ITyYKaMH Ha HEMo-
JSIPU30BaHHBIX MUILIEHSX (IPOTOHHOM M sinepHbIX). M3mepenue nosisipuzauuu Py BO3MOXKHO
Onmarosapst HapylIICHHIO YETHOCTH B CJIA0OBIX JIByXYacTUYHBIX pacrnajgaX TUIEpOHOB.
[TapameTpsl  YIVIOBOTO  pacHlpefesieHuss MNpPOAYKTOB pacmaja TUIEPOHOB  CBSI3aHBI
¢ mossApu3anMen pacnangaromiericss yactuubl. CpaBHeHre AN U Pn Ui TUIIEpOHOB (aHTUTH-
MIEPOHOB) OTKPBIBAET JIOTOJHUTENIbHBIE BO3MOKHOCTH JJIsl BbIOOpa (WM TUCKPUMHUHAIIUMN)
KOHKPETHOH MoJenu reHepauuu 3HauuTenbHbIX An U Pn. [lo Hacrosimiero BpemeHu
OJIHOBPEMEHHBIX n3MepeHuit AN u PN 11 3a1aHHOM peakluy IpakTUYeCKU He ObLIO.
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— H3mepenue BEICTPOEHHOCTH (3JIEMEHTOB MATPUILIBI INIOTHOCTH pik) BEKTOPHBIX ME30HOB
(ciur J=1, yetHOCTHh P oTpumaTenpHas), pacnajarolIUMXcs Ha ABE YacTHUIBI, B IIpoleccax
COoyJapeHull HENOoJSIpU30BaHHBIX yacThll. Kak u B cirydyae runepoHoB, /Ul BEKTOPHBIX ME30-
HOB MO>XHO M3MEPHUTb U CPaBHUTh BBICTPOEHHOCTb M AN, UTO paHHEE HUKOIZla HE JeJiajH,
M UYTO IMO3BOJIIET MOJYYMTH JIONOJHUTEIIbHbIE OrPAHUYEHUS HA MEXaHU3M CUJIBHOTO
B3aUMO/JICHCTBUS.

st Bcex Tpex MEepEeUrCIICHHBIX BBILIE CEpU U3MEPEHUN MOTYT IMPOBOJMTBHCA UCCIENO-
BaHUS 3aBHCUMOCTH OT PT, X, HOMepa apa A, JHEprun peakiyH Vs B C.II.M., MHO)KECTBEHHOCTH
BTOpUYHBIX 4YacTul] B coObITUU (Nch), a Takxke oT 1eHTpanbHocTH (CT) coymapeHus MydKOBOM
gactulpl ¢ siapoM. CTonb pa3HOOOpa3HBI HAOOP MOJISIPU3ALMOHHBIX JAaHHBIX T103BOJISET
MOJyYUTh OTPAaHUYCHHS HA BO3MOXHBIH MEXaHHM3M IPOUCXOXKICHHS CIHUHOBBIX 3((HEKTOB B
CWJIbHBIX B3aUMOJICHCTBUSAX. B TaHHOM ciyyae MOYKHO T'OBOPUTH O CUCTEMATUYECKOM IOJXOME
K UCCIICZIOBAaHUIO TPOOJIEM CHJIBHBIX B3aUMOACWCTBUH M CIUHOBON (HU3MKH. XOTS TOYHOCTh
M3MEpEeHUil BO MHOTUX CIy4asX OrpaHUYeHa, TJI00albHBINA aHalu3 BCel JOCTYIHON COBOKYITHO-
CTH JIaHHBIX HAaKJIaJbIBAET CEPhE3HbIC OPAHUYCHUS HAa BO3MOXKHBII MEXaHU3M MPOUCXOKIACHUS
MOJIAPU3ALMOHHBIX SABIEHUH U MO3BOJISET BHIIBUTH HOBBIE 3aKOHOMEPHOCTH.

H3mepeHune pa3iuyuHBIX JIBYXCIIMHOBBIX KOpPPENALUd, B HAaYaJbHOM HW/UIU KOHEYHOM
COCTOSIHUSIX, SIBJSIETCSl Oosiee TpyIHOU 3ajaueii, KoTopas OylIeT pemaThCsi M0 Mepe TOTOBHOCTH
anmnapaTypbl U INpOorpaMMHOI0 oOecredeHus: 3kcrepuMeHTa. Hampumep, BO3MOXKHO HU3MEpEHHE
nepenaun  cnuHa (Dnn)  oT  Hanmeraromero MosiIpU30BAaHHOTO MPOTOHA  (AHTUIPOTOHA)
K oOpasyromemycsi runepony. Erle MHTEpecHO M3MepeHHe IBYXCIHUHOBOW acuMMeTpuu (AnN)
B [IpOLIECCaxX paccesiHUs MOMEPEYHO MOJSPU30BAHHOIO IMyYKa Ha MOMEPEYHO MOJSPU30BAHHOMN
MUIICHH B UHKIIFO3UBHBIX M SKCKIIO3UBHBIX PEAKIUIX.

OxcniepumeHT CITACYAPM 1no3BoJisieT Takke MPOBECTH OAHOBPEMEHHOE H3MEpPEHUE
aHAIM3UPYIOMIMX CIIOCOOHOCTEH myuka Ag, MutiieHd At 1 ko3 dulineHTa CIMHOBON KOPPESIUH
ANN B ympyroM pp-paccesaun. B oOnactu audpakumonHoro konyca 0.075 < —t < 0.6 (I'sB/c)?
npu umnyiabce OonbiieM 12 I'3B/C Her nanHbix ans Ann. Kpome Toro ecte BO3MOXKHOCTH
AKCIIEPUMEHTAJIBLHO TPOBEPUTH OYEBUAHOE PaBEHCTBO Ag 1 Ar.

[TpucyTcTBHE B CTOJKHOBEHUSX MOJSPU30BAHHBIX YACTHIl JIBYX aKCHAJIbHBIX BEKTOPOB
UCXOJHOW MOJIAPU3aLMH, HAXOIALIUXCA MO/ MOJIHBIM KOHTPOJIEM 3KCIEPUMEHTAaTOPOB, CYLIECT-
BEHHO YBEJIMYMBACT YHCIIO BO3MOKHBIX KOPPEJSLMA MEXIy BEKTOpaMH B TOW WM HWHOHN
peaKIy, TeHepUpYyIOIUX HU3MEpUMBbIe CIIMHOBBIE acUMMeTpuH. Cpeau HUX ocoObli MHTEpec
IIPECTABIISAIOT T€, HAIMYUE KOTOPBIX 3alPEIIEHO 3aKOHAMHU COXPAHEHUs, B YACTHOCTH, 3aKOHAMH
COXpaHEHUsl JHUCKPETHBIX CUMMETpui. [IpUMEHHMTENbHO K AHHUTWISLMUA MOJSPU30BAHHBIX
KBAapKOB M aHTUKBAPKOB Takas MpoldiieMa paccMaTpUBaIach B LEJIOM psijie myOnuKamnmii [6, 7, 8,
9, 10, 11, 12]. OOmupHBIA CHHCOK IOTCHIIMATHLHO WHTEPECHBIX OJIHO- H JBYXCITHHOBBIX
acuMMeTpui, Hapymaronux CP/T-uHBapuaHTHOCTb, NIPUBEIEH B padote [7]. MI3BecTHO, OHAKO,
yto 1 CP/T-nHBapuaHTHBIC B3aUMO/JICHCTBHS B HAYAJIbHOM U KOHEYHOM COCTOSTHUU TaKKE MOTYT
UMUTHPOBATh 7-HEu€THbIE APPEKTh. YHHUKAIBHOCTH CUCTEMbI CTAJKUBAIOIIMXCS MOJSPHU-
30BaHHBIX NIPOTOHA M AHTUIIPOTOHA COCTOUT B TOM, YTO OHa SBJIsAETCS UCTUHHO CP-HelTpaibHON
0 BCeM 3apsiiaM (RJIEKTPUYECKUH, OapUOHHBINA, CTPAaHHBIN...). DTO MO3BOJSET MPOBECTH
cpaBHeHHE HAOMIONEHHBIX 3(PexkToB B CP-CONpsKEHHBIX PEAKIUAX U TEM CaMbIM OTICIUTh
peanpHbie HapyeHus: CP/T-WHBapUaHTHOCTH OT (PUKTHBHBIX.
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B ucTMHHO HEWTpaJbHOW NPOTOH-AHTUIPOTOHHOM CHUCTEME CYIIECTBYIOT TaKHe
CIIMHOBBIE ACHMMETPUH, KOTOpbIE HE MOTYT OBITh HMHUTUPOBaHBl CP/T-WHBapHaHTHBIMHU
BSaHMOHeﬁCTBI/IHMH B Ha4aJIJbHOM M KOHEYHOM COCTOSHHUSX. B KauecTBe OIHOTO M3 INPUMCPOB

—

[6,7] npuseném Aot o< (- [Ep X C;]) , Te P — BEKTOp MMITyJbCa POTOHA, a §, W &, —

BEKTOPHI MOJSpU3AIMKM MPOTOHA W AHTUIIPOTOHA. DTa aCUMMETPHUs MOXKET OBbITh HaOIoJIeHa
B CTOJIKHOBEHUSX MONEPEYHO-TIOISIPU30BAHHBIX YACTHI] C B3aUMHO OPTOTOHAJLHBIMH TOJIIPU3a-
uusaMu. [Ipu cmene 3Haka onHON U3 nossgpusanuii Aot Takxke mMeHseT 3Hak. [IpucyrcTBue Bkiiaga
Aot B ceueHuu pp-peakluu ¢ JeTeKTUPOBAHUEM B KOHEYHOM COCTOSIHUM UCTHHHO HEUTPaJIbHOM
MOJICUCTEMBl B aKCENTaHCe, CUMMETPUYHOM OTHOCUTENbHO Xr=0, ObUIO OBl OJHO3HAYHBIM
ceugerenbcTBOM CP-Hapymenus. K uucity Takux 3KCIIEpUMEHTOB ¢ UCTUHHO HEUTPAIBHBIMU T10
BCEM 3apsiiaM KOHEUYHBIMH COCTOSHUSIMU MOYXHO OTHECTH, B YACTHOCTH, U3MEPECHHS yIPYyToro,
HEYMPYTOTO U MOJHOTO CEUEHUS B PP-B3aUMOJACUCTBUSX WM CCUCHUSI MHKITIO3UBHOTO POXKICHUS
HUCTUHHO HEUTpalbHBIX PE30HAHCOB M YaCTHUIl, HAPUMEP 7’-ME30HOB, B CUMMETPUYHOM IO X¢
aKcernTaHce.

Lenpto wuccnenoBanunii Ha ycraHoBke CIIACUHAPM sBnsiercss pemieHwe 3aaad 1o
WCCJICIOBAaHHUIO CITMHOBBIX CBOWMCTB CHIIBHOT'O BXaMMOJICHCTBHS, KOTOPKIC €Ile HUKTO B MHPE HE
MIBITAJICS BBIIOJIHATH W B OJIMKaifiiee BpeMs He TUTAHUPYET M3-32 CJIOKHOCTU U KOMIUIEKCHOCTH
uccienoBanunii. Hambonee OMM3KUM M JOMOJIHSIOMUM (PU3NICCKYIO MPOTrPaMMy SKCIIEPUMEHTA
CITACYAPM sBisiercst mpoekT cosmaHHod B 2021 romy kosumaboparuu SPD (Spin Physics
Detector) [13, 14, 15] na coopyxaemom yckoputeae NICA B OUSAU. Kpatkuit 0630p
¢busnueckoil mporpamMmsl 3KcriepuMenTa B J[yoHe npuBezaeH B pasaene 5.1.5.

Hwxke B manHOM paszaene mnpuBeleHbl MOApPOOHEE OMHCAHWE OCHOBHBIX H3y4aeMBbIX
(U3HYECKUX TPOIECCOB, MPHUMEPHI PEAKIUi, B TOM YHCJIEC OIEHKH OXXHIAEMOW CTATUCTHKH,
ypoBHS (hOHA B CTATUCTHYECKON TOYHOCTH H3MEPECHUH.

11 HccaenoBanue CIHHOBBIX 3(P(PEKTOB B POKIACHUH KBAPKOHUA

OKCIEpUMEHTBl 10 TIIyOOKOHEYNpPYyroMy PpacCesHUIO HEMOJIIPU30BAHHBIX 3JIEKTPOHOB
Y MIOOHOB Ha HEMNOJSPU30BaHHBIX HYKJIOHaX INPHUBEIN K OTKPBHITUIO KBapkoB B 60-x ronax.
B 1988 roay skcnepument EMC (European Muon Collaboration) B HIEPH mo rmy6okoney-
MIPYrOMY pacCesHUIO TOSIPU30BAHHBIX JIETITOHOB Ha IOJIIPH30BAHHBIX HYKJIOHAX IPEICTABHI
pe3yabTaThl, B KOTOPHIX BKJIAJ CIUHOB KBAPKOB B CIIMH TPOJIOJIHHO-TIOSPU30BAHHOTO IPOTOHA
Man (mpumepHo, cocraBisieT 30%), uro mnpotuBopeumsno pacueram KXJ[. Orta npobnema
MOJTy4YuJia Ha3BaHUE “‘CIIMHOBBIN Kpu3uC HyKJIoHA”. Jlo cux mop sTa mpobiema He pelieHa, U Ha
MHOTMX YCKOPHUTENIIX MHUpa HJeT €e MHTEHCHBHOEe u3ydeHue. Baxuelmed 3amaueil mpoekTa
CITACYAPM sBasieTcst peleHne 3TOro CIMHOBOIO KPU3HCa.

B kBanToBo#t XxpomonuHamuke (KX/I) ects Tpu ¢yHIameHTanbHble GYHKIUM pacrpere-
JeHus Ui npotoHa. Jto ¢yHkius f(X) pacnpeneneHus mapToOHOB MO UMITYJIbCaM, yCPETHEHHAS
no crnuHaMm, (QyHKIUS crnupaibHOCTH ((X) pacrmpenesieHus MapTOHOB IO CHUPATLHOCTIM
B TMIPOJIOJIBHO-TIOJISIPH30BAaHHOM TMPOTOHe U (QyHKIMsA mnonepeunoctd h(X) pacmpenenenus
MAPTOHOB TI0 CIMHAM B TONEPEYHO-TIONSIPU30BAHHOM MpOoTOHE. CIHHOBBIA KPH3HC IMPOTOHA
cBsi3al ¢ pynkimeit g(X). U3ydyenue dpynkumu h(X) Toapko HAYaIOCh.

Pesynbrarel uccnenoBanus GYHKIUH CIHPaTbHOCTH §(X) MOKa3bIBAIOT, YTO TOIBKO 30%
CMHMHA NPOTOHA MEPEHOCATCS BAJICHTHBIMH Y MOPCKUMH KBapKaMU M aHTHKBapKaMU.
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Ocranpubie Hemoctaronue 70% cnuHA MPOTOHA MOTYT OBITH OOBSCHEHBI BKIIAJIOM
TJIFOOHOB W/WIIM OpOUTAIbHBIM MOMEHTOM. BONBIIMHCTBO MOJNSPH3AIMOHHBIX IKCIEPUMEHTOB
B HACTOSIIEE BPEMsI HAIMPABJICHO Ha MOWCK BKJIaJa TIIOOHOB B CIHH HYKJIOHOB. /[0 HegaBHEro
BPEMEHH BCE€ IMOMBITKM OOHAPYKUTh BKJIAJ TIFOOHOB B CIIMH HYKJIOHA JIaBajll OTPUIIATEIBHBIN
pe3yibTar.

DKCHEepUMEHTHI C MOJISIPU30BAaHHBIMU JIENTOHHBIMH MTyYKaMHU, MIPOBEICHHBIE B MOCIEIHEEe
BpEMS B Pa3NIMYHBIX YCKOPHUTENbHBIX LIEHTPAX, MBITATUCh OOHAPYKHUTh MOJSPU3ALMIO [IIFOOHOB
MPU OTHOCUTEJIBHO MaJIbIX 3HAYEHUSX nepeMeHHoN brépkena Xg, 10 0.1+0.15. DkcnepuMeHThl Ha
RHIC (STAR u PHENIX) npeanpuHs/IM MOMBITKY OOHAPYKHTh IOJISPU3AIIMI0 TJIOOHOB IIPU
Masbix (okoso 0.01) u mpomexyrtounbix (10 0.2) 3HAUEHHUSX Xg, TOTJAa KaK HEOOXOIMMO
IIPOBECTH U3MEPEHHsSI BO BCEM JIMAIia30He, 0OCOOCHHO MPHU OOJBIINX 3HAUCHUSIX Xg.

B skcnepumente COMPASS B pesynbrate 17100a1bHOTO (UTHPOBAHUS TAHHBIX OBLIO
MOJIy4eHO YKa3aHHWe, YTO BKJAJ] TJIIOOHOB B CIIMH MPOTOHA BO3MOXKEH IPH 3HAYCHUAX Xg
npumepso 0.3 (Puc. 1.1) [16].

Jlo mocrienHero BpeMeHU BCE M3MEPEHHs ABYXCHHHOBBIX aCUMMETPUN OBbLIU CpaBHUMBI
C HyJIeM B mpejaenax ommnook, u Tonbko B 2017 r. skciepument CTAP omyOnukoBan naHHbIE,
yKa3bIBaloIKe Ha HeHyeByto acummerputo (Puc. 1.2) [17].
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Puc. 1.1 Pe3ynbrar rio0aisHOro aHamu3a JaHHbx [16] Pc. 1.2 VIsMEpeHNe IBYXCIMHOROM

acummetpu B dkcriepumente CTAP [17]

Crnemyer OTMETUTb, YTO BCE HCCIICAOBAHUS SIBISIOTCS MOJENBHO-3aBUCHMBIMU  KaK
C TOYKM 3pEHHs BOCCTAHOBJECHHUS MAapaMETPOB PEAaKLUWH, TaK M C TOYKH 3PEHUS ONHCAHHUS
MIPOIIECCOB.

OaHuM W3 BO3MOXHBIX CHOCOOOB HM3MEpPEHMsI MOJIAPU3alUU IAapTOHOB (KBAapKOB
Y TJIFOOHOB B MPOTOHE) SIBISICTCS M3ydeHue oOpaszoBanus 4actui ¢, f2(1520), a taxxke yc1 (1P)
u yc2(1P), xortopeie pacmamarorcs Ha J/Ay ¥ GoTOH. XOpOIIO HM3BECTHO, YTO 0Opa30oBaHUE
KBapKOHHsI BKJIFOYAET TPH OCHOBHBIX MpOIlecca Ha MapTOHHOM ypoBHe (cM. Puc. 1.3): kBapk-
TIIIOOHHOE paccesiHue (a), aHHurwisinus jerkux kBapkoB (D) u rmoon-rimoonHOE criusiaue (C)
[18,19]. Ilpm sToM B paccMaTpuBaeMod 0ONAaCTH SHEPruid JOMHHUPYIOIIUMA BKJIaJ IS
MPOTOHHOTO ITy4Ka OyJIeT JaBaTh MPOLECC KBAPK-TIFOOHHOTO pacCesiHUs, a JUIsl aHTHIIPOTOHHOTO
— KBapK-aHTUKBApKOBasi aHHUTHJISIIINS.
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(a) (b) (c)

Puc. 1.3 Tunu4nbie AuarpaMmsl 00pa3oBaHUs KBAPKOHHS

XapakTepHOl 0COOCHHOCTBIO TPOIIECCOB 00pa30BaHUS KBAPKOHHUS SIBIISICTCS UX BBICOKAs
9YBCTBUTEIBHOCTh K TJIFOOHHOMY COJIEP)KaHUIO B3auMoJeHCTByrommx yactui. OOpa3zoBaHue
COCTOSIHMI KBapKOHHSI B CTOJIKHOBEHUSX HYKIOHOB OCOOCHHO WMHTEPECHO, TaK KaK COCTOSHHS
C KBaHTOBBIMHU yMciamMu /- -, 177 2** HecyT MH(pOpPMAIMIO O IJIOTHOCTH IJIIOOHOB B HYKJIOHAX.
[TomoOHble COCTOSIHMSI OTHOCHUTENBHO JIETKO PErucTpUpOBaTh depe3 UX JIWICITOHHbBIE
U paaualMOHHbIE MOJBI pacrhaja.

W3mepeHne pasHUIBI CeUYCHHUH (IBYXCITUHOBBIX acHMMeETpuil AnN ¥ ALL) [UIS 4acTHIl ¢,
2(1520), J/w, yc1 ¥ yc2 C UCTONB30BAHUEM MOJSIPH30BAHHBIX IMyYKa M MHIICHHU SBISCTCS TECTOM
AJId  IMPOBEPKH  PA3JIMYHBIX MOI[CJICﬁ, HCKOTOPBIC H3 KOTOPLIX MPCACKA3bIBAOT IMPOTHUBO-

MOJIOKHBINA 3HAK JUIs ALL JUIS YaCTHIl C Pa3HBIM CIIUHOM. IIpooJIbHast IBYXCIIMHOBAs aCHMMET-

1 (EH-1(+-)
PePET) UG+H+H ()Y
P — sddexrusnas momspusauus mummenn®, |(++), |(+—) — KOIH4ECTBO HOPMATM30BAHHBIX

puA OIPCACIIACTCA KaK ALL = rac Ps —3HaueHnue noJjeipu3anu Iry4dka,

coobituii. Cocrostust (++) U (+—) COOTBETCTBYIOT 3HAYCHHSIM HOJSPU3ALUI MMyYyKa ¥ MUILICHH
(—<«) u (—>—>) COOTBETCTBEHHO.

bonbmias Benmunua Apl OyneT yka3blBaTh Ha 3HAYMTENbHBINA BKIal TN0oHOB AG/G(x)
B CIIMH MPOTOHA, HE3aBUCHMO OT MpPENoIokKeHuii KoHkpetHoit wmomenu [19]. Kak Obuio
mokaszaHo, B ToM uucie B [20], yrioBoe pacrnpenesieHine KOHEYHbIX ()OTOHOB U JIEHTOHHBIX Tap
00€CIeYrBaOT BO3MOKHOCTh H3MEPEHHSI MOJIIPU3AIAN HAYaIbHBIX KBAPKOB U TITFOOHOB.

Onmnoit w3 meneit skcriepumenta CITACYHAPM sBnsiercst uccilienoBaHHE CIUHOBOM
CTPYKTYpPBI IPOTOHA U M3y4eHHe QyHKIMI cnupanbHocTh §(X) U TpaHcBepcanbHocTH N(X) uepe3
MU3MEPEHHUsT PA3TUYHBIX OJHOCIHHOBBIX M JIBYXCIHHOBBIX 3(P(PEKTOB B CTOJKHOBEHHAX BYX
anpoHoB. IIporpamMma sKcriepruMeHTa BKITIOYAaeT B ce0s KOMIUIEKCHOE H3YYEeHHE MEXaHHU3MOB
00pa3oBaHMsl KBAapKOHHS B CTOJIKHOBEHHSX HEMOJSPU30BAHHBIX M MOJISPU30BAHHBIX aJPOHOB
coHeprueir g0 50 [9B, BkiIrOYas MCIOJIL30BAaHWE Iy4YKa IOJISIPH30BAHHBIX AHTHIIPOTOHOB.
B03MOKHOCTh HCIOJIb30BaHMs PA3jIMYHBIX TUIOB IYyYKOB JUIS PETHUCTPAIMUA Pa3IMIHBIX
KBapKOHHMEB TIO3BOJISICT OIPEIENIUTh BKJIAJ] OCHOBHBIX KaHAJOB OOpa30BaHUS KBapKOHUS
(cm. Puc. 1.3).

Emte omHMM BaXXHBIM MOMEHTOM SIBJISICTCSI TO, YTO IMPH DHEPTHIX YCKOPUTEIHHOTO
koMIiekca Y-70 B COOTBETCTBHM C pacdyeramu [21] umccieqoBaHWe 0Opa3oBaHUS YapMOHUS
MIPOUCXOUT UMEHHO B TOH 0OJAcTH, TJe MOXKHO OXKHJIATh BKJIAJl TJIFOOHHOH KOMITOHCHTHI
(cMm. Puc. 1.4)

® TToNsIpU30BaHHbBIE MUIEHH TOJBLKO YaCTHYHO COCTOST M3 MOJAPH3OBAHHBIX SAJIEP BOJOPO/Ia; OOBIMHO KOJIMYECTBO
HETIOJISIPU30BAHHBIX MPOTOHOB B MUIIEHH, YMEHBIIAIONINX pPealbHOE 3HAaYeHUe moisipu3anuy, B /—10 pa3 Gompie
4yCJla NOJSIPU30OBAHHBIX.
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Puc. 1.4 CooTBeTcTBHE MEXITy pealbHO H3MEPSEMBIM 3HaUCHHEM repeMenHol DeffHMana Xr
U JI0JISIMH MMITYJIbCa, YHOCHMBIMHU ITApTOHAMHU

CnoXHOCTh M3MEpEeHH 00pa30oBaHMs YapMOHUS CBS3aHA C JBYMS OCHOBHBIMH (haKTo-
pamMu — OJIM30CTHIO IO MAaCCE OCHOBHBIX COCTOSIHUM )c1 U Yc2 U MaJlbIM ceueHueM. IIpoBenenHoe
MOJIeTMpOBaHKe (pu3nueckux npoueccoB [19] mokaszano BO3MOXKHOCTh pa3/ieieHus yKa3aHHBIX
cocrostHuil (cM. Puc. 1.5) npu BBINOIHEHUH KECTKUX TPeOOBaHUM K SKCIIEPUMEHTAIBHOM ycTa-
HOBKE, a MMEHHO: €CJIM pa3pelicHre TPEKoBOi cucrteMbl coctaBuT AP/ = 0.004 mpu 10 I'B/c,
a SHEPreTUYeCKOoe pa3pelIeHre MEKTPOMAarHUTHOIO KaJlopuMeTpa OyJleT HaXOJUThCsA Ha YPOBHE

2.5% WE. XapakTepuCTHKH ¥ PpACIOJIOKCHHE JETCKTOPOB OINPEAC/SUTUCh  YKa3aHHBIMU
TpeOOBaHUSMU.
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Puc. 1.5 Pa3nenenue y Me30HOB Ha ycraHoBke CITACHAPM

Crnenyer OTMETHTh, YTO IMOMHUMO MOAPOOHO PAaCCMOTPEHHBIX HCCIEAOBAaHUN BKJaaa
KBapKOB W TJIFOOHOB B CIUH TPOTOHOB W AHTHIIPOTOHOB B POXKJICHUU KBApKOHUS, OyayT
HCCIIEIOBAThCSl OAHOCHUHOBBIE J(PGPEKTHl B POXKIACHUM OSTUX KE YaCTHI[ Ha TOMEPEUYHO
MOJIIPU30BAaHHON MHIICHH. XO0YETCS OTMETHTh, UYTO 3TO OyayT MEpBbIC MU3MEPEHUS CITHHOBBIX
3¢ dexToB B 00pa30BaHUM KBApPKOHMSL.

OMHOBpPEMEHHO C U3MEPEHUSIMH CIHHHOBBIX 3()()EKTOB OyIeT M3MEPEHO COOTHOIIEHUE
BBIXOZIOB jci/yc2 Ha HAASKHONW CTAaTUCTHKE C WCHOJb30BAaHHEM IMHOHHOTO, MPOTOHHOTO
Y QaHTUNIPOTOHHOTO TYYKOB, 4YTO TIO3BOJIMT TPOBEPHUTh HEJABHO OOHAPYKEHHBIA APPEKT
MaciTaOHOM nHBapuaHTHOCTH [3], 0OHapyxeHHbIl Ha BAK [4, 5].

Taxke OymeT NPEANPHHATA TONBITKA HM3MEPEHHs JBYXCIIMHOBOW acHUMMETpUU ANN
B IIpolieccax oOpa3oBaHMsI Tap TraMMa KBaHTOB (mporecc Jlpemn-fHa) ¢ LenbI0 MOTYYEHHS
OLIEHKH TonepevHoCcTH N:(X) KBApKOB B MPOTOHE.
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3a 20 mueit HaOOpa MAaHHBIX HA MPOTOHHOM Iy4YKE C MHTEHCUBHOCTHIO 70 ~107 p/mmki
MOXKHO 3aperUCTPUPOBATh HECKOJBKO MUJUTHOHOB COOBITUN POXKICHUS (-ME30HA, TaKKe
oxumaercst ~10.000 J/ ¥ u ~1.000 yci/ yc2 Ha p-myuke. [Ipu 5TOM CTaTUCTHYECKUE OMIMOKU O(AN)
B 0Opa3oBanuu J/ ¥ COCTaBAT HECKOJIBKO MPOIIEHTOB.

1.2 HN3mepeHue 0THOCTIMHOBBIX MONEPEYHBIX aCHMMeTpHid AN aIPOHOB

OOBIYHO OCHOBHOM MOTHBALIME€W HCCIEAOBAHUNA C MCIOJB30BAHUEM MOJISPU30BAHHON
MUIIEHH JHO0O0 Mydka JeKJIapupyercs 3ajadya U3y4eHUs CTPYKTypbl nporoHa. OjHaKo, Kak
MOKa3bIBAeT MOJICIBbHBIN aHAU3 3TUX W3MEPEHUi, lleHHas uHbopMalus, coaepKallasics B HUX,
CBfI3aHA C JMHAMUKOW CHJIBHOTO B3aWMOJIEHCTBHUS aIpOHOB W KBApKOB B 00JAacTU AECUCTBUS
KoHpaitHMeHTa. CrnuHOBbIE 3((EKTH TaKke MOTYT OBITh CBSI3aHBI C TakKUMH (yHIAMEH-
TAJIBHBIMU TPOOJIEMaMM, KaK CIIOHTAHHOE HapyIIEHWE KHUPAJbHOW CHUMMETPHH, MOSBICHUE
Macchl y KBapKOB U aJJpOHOB, 00pa3oBaHUE B aIpOHAX KBA3MYACTUI] — COCTABIISAIOLINX KBAapKOB
[22]. UccnenoBanre CIMHOBOM CTPYKTYpBI HYKJIOHA, PACCMOTPEHHOM B MpEABIIYIIEM pasJele,
SIBJISIETCS. B TO K€ BpeMsl TOJIbKO oHOM U3 1enent skcnepumenta CITACHAPM. Jlpyrum BaKHbIM
HaIlpaBJICHUEM MCCIIEJOBAHUN SBJISETCS HM3Yy4YCHHE JAMHAMUKH CHJIBHBIX B3aWMOJICHCTBUU C
Y4€TOM CIIMHA.

Kak yxe Obuio orMedeHo panee, Teopus Bo3mymieHuit KX/| mpenckaspiBana He3HAYU-
TeJNbHbIE CIUHOBBIE AP deKTh, mopsiaka 0.1%, BEIMUparomue ¢ poCTOM YHEPIHU B3aUMOICHCTBHIA
U rmomnepedyHoro ummynbca [2]. OmHako SKCHEpUMEHTANbHBIE HCCISIOBAaHHMSA IOKA3alld, 4YTO
> eI, HAOTIOJaeMBIe B MHKIIO3MBHBIX PEAKIMSAX, HE YOBIBAIOT C yBelTHYeHHeM \s H Pr.
DKCIepUMEHTATbHO OOHAPYKEHHBIE MOJIsipU3anus /A-rUInepoHOB W OJHOCIIHHOBAS IOTIEpeYHast
aCUMMETpHS B MHKIIIO3UBHOM 00pa30BaHUU MTUOHOB B 00J1aCTH ()parMEHTALIMH MOJIIPU30BAHHOTO
MPOTOHHOTO Ty4Yyka WMEIOT OONbIIME U MPAKTUYECKH OJUHAKOBBIE MO BEIUYMHE 3HAYCHUS
aCUMMETPUU U NOJIIPU3ALMU B LIMPOKOM JIMalla30HE SHEPTUU B j1abopaTopHO cucteme ot 20 10
20 000 I'»B (sxBuBanent suepruu RHIC B cucteme neHTpa macc).

OpnHol M3 OCHOBHBIX (PU3MYECKUX HAOIIOJAEMbIX SBIISETCS MOINEpeuHas OJHOCIIMHOBAs
acummerpusi An, KOTOpasi TIPOMOPIMOHATBbHA PAa3HOCTH ceueHHi (MPH OJHOM M TOM XK€ yIiie
paccesiHHs) TPH IPOTHUBOIOJIOKHBIX HANPABICHUSAX MONEPEYHON MONSAPU3AIUU ITydKa WM

T_g!

g o
MUILIEHU Ay = —Too1» WM PasHOCTH CEYCHHH MO/ yriamu 90° (BneBo) u -90° (BmpaBo) Ay =

1 1
Oleft—Oright

T T
OlefttOright

, OTHOCUTEIIbHO HaIlpaBJIEHHWs BEKTOpa mojspu3auuu mnportoHa. «Ceipas»

ofHOCHHMHOBas acummerpus Ap°*° omnpenensiercs cieayrommM o0pa3oM uepe3 H3MepsieMble

D (N'-NYH
P-cosp (NT+N1)’
CPeIHHUN KOCHHYC yIila MEXIy HOPMAIbIO K IUIOCKOCTH PACCESHHs M HAlpaBICHHEM CIHHA
myuka unm MunreHn®. Bemuumna D HaspiBaeTcss (hakTOpoM pas3GaBIeHMs MOJSPU30BAHHOIM
mumenn’. HopMUpOBaHHBIE HA YMCIIO TTYYKOBBIX YACTHII BBIXOJIBI HaOMII01aeMoro agpona h s

noJipu3au Iydka HWJIM MUILICHH, HaHpaBHCHHOﬁ BBCPX HJIM BHU3, 0003HaYCHBI KaK NT )51 Nl

BenmuumHbL: AN °©*® = rae P — momspuzanms my4yka WM MHIIEHH, COSp —

6 TIpu nonHoii (277) reoMeTpUH O a3UMYTAILHOMY YTy HPOBOAMTCS (PUTHPOBAHME MO COSQ.
7 ®axtop pasbapienus D ompenensercs Kak MOJHOE YMCIO B3aUMOJEHCTBUM B MUIIEHM, OTHECEHHOE K YHUCIY
B3aMMO/ICHCTBHI Ha MOJISAPU30BAHHBIX MPOTOHAX. [Ipy MCTIONBE30BaHIH MOJIAPU30BAHHOTO ITydka D=1,
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cooTBeTcTBeHHO. COrNIacHO KOHBEHIMU [23], MOJOKUTENbHON AN CUMTACTCS B TOM CIIydae, eCiu
BIIEBO JIETUT GOJIbIIIE apoHOB N s MyuKa ¢ monspu3alueii BBepx®.

Kak yxe oTMeueHO BbIlIe, SKCIEPUMEHTAIBHO W3MEPEHHBIE 3HAUYCHUS acUMMETpHH An
BEAYT ce0sl MPaKTUYECKH OJWHAKOBO B OOJBIIOM JHana3oHe 3Hepruil. B kauectBe mpumepa Ha
Puc. 1.6 cpaBHuMBaroTCs pe3ynbTaThl o An IS peakuuii plp— 7°+X, nonydeHHble Ipy pasind-
HBIX SHeprusx Ha yckoputensx ZGS (vVs=4.9 TB) [24], AGS (v/s==6.55T5B) [25], FNAL
(vs==19.43T15B) [26] u RHIC (v/s==62.4T53B) [27]. Jipyrue pe3yibTaThl IPEICTaBICHbI
Oosiee moapoOHO B paszzaeie 5. O030p AaHHBIX U MX aHAJIN3 MOYKHO HAWTH Takke B paboTax [28,
29, 30].

JlanHblll IpUMeEp MPUBEAEH, MPEXIE BCEro, JId TOro, 4TOOBI MOKa3aTh — Ha IEPBOE
MECTO B MOJSPU3ALHOHHBIX HCCIIEIOBAHUIX YK€ BBIXOJUT HE JHEPIUs, a CUCTEMaTHUECKOe
UCCIIEIOBaHNE M aHAJIU3 JaHHBIX OOJIBIIOTO YMCIa pa3iudHbIX peakuuil. Hayunas mpobiema,
KOTOpasi ABJISETCS LENbI0 JAHHOTO MIPOEKTa — HMCCIeA0BaHNE TUHAMUKN CIUHOBOT'O B3aUMO/ICH -
CTBUS, B TOM YHCJIE B MPOIIECCE aHHUTUIISIIUU C UCIIOJIb30BAHUEM aHTHIPOTOHHOTO Iy4YKa, PH
POXICHUH IHPOKOTO KIIacca YaCTHII, B TOM YHCIIE COJACPKANINX S- M C-KBAPKH.

AN, .

L1
04 * - K 0.4} .§+ 04} .‘o 0.4f
02} o® 0.2} ¢ 02} e 0.2 ¢

% ‘ o ’
] SRR Secdesad  plesazas s c=aas Of---Bomemeeenee 0..--5;: ............

-02} % -02} Ab -0.2} ®a . -0.2} A
-0.4f ANL -04} BNL $ -0.4| Fermilab_ & é -04LRHIC 4

15549 GeV (56.6 GeV 155194 GeV 1562 4 GeV
-0.6L. 06k -06 -0.6L.
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Puc. 1.6 An s peakimii ptp—a* +X. Jaunsie ZGS [24], AGS [25], FNAL [26], RHIC [27].
KoMmusiius 3KkcnepruMeHTaNbHBIX JaHHBIX U3 MyOnukanuu [31]

B npennaraembix Ha ycraHoBke CITACHAPM wuccrnenoBaHusix npenjaraercss oOpaTuth
BHUMAaHUE, IPEXKJIE BCErO, HA JIBA ACIICKTA:
— CpaBHeHHUE MONAPU3AUOHHBIX YPPEKTOB MPHU B3aUMOJACHCTBUN YACTHUI] U AHTUYACTHII
C BEIIECTBOM MPHU OJIHOM U TOM K€ PHEPTHH U B OJTHOM U TOM k€ KHHEMaTH4eCKOH 001acTy.
— HWccnenoBanne cnuHOBBIX 3((EKTOB g OOJBIIOTO Kilacca peakiuii B IIMPOKOM
KHHEMAaTHYCCKOW 00JIacTH.

1.2.1 H3mepenue 00HOChUHOGBIX IheKmoe ¢ uCnoIb308aAHUEM ROJAPUIOBAHHOZ0
nyuKa aHMURPOMOHOE

ITpoext CITACYHAPM 1npenocraBisieT YHHMKQJIBbHYIO BO3MOXHOCTb — HCCIENOBATh
CIMHOBBIE 3(P(PEKTH NMpH B3aMMOAEHCTBUM AHTHBEIECTBA C BEIIECTBOM M TE€ K€ CIIMHOBBIE
5¢G¢eKTsl NpU B3aMMOJEHCTBMM BEIECTBA C BELIECTBOM W CPaBHUTh pPE3yJIbTaThl 110
OJIHOCIIMHOBOI aCUMMETPHH POKJIEHHS Pa3IMnYHbIX YACTHIL IPH OJUHAKOBBIX YCIOBUSIX (IHEPTHs
¥ KHHeMaTu4deckasi oonactp peaknun). C MoMeHTa OTKpbIThs antuMarepun B 1930-x romax oHa

8 HHH CpaBHCHHUA OTHOCIIMHOBBIX aCHMMeTpHﬁ, TIOJIYYCHHBIX B UBMCPCHUAX C MOJAPU30BAHHBIM ITYYKOM U AN,
TIOJTYUYCHHBIX Ha HOHﬂpHSOBaHHOﬁ MUIICHHU, HCO6X0}II/IMO HN3MCHUTH 3HAK AN JIIA I/I3MepeHI/Iﬁ Ha HOHHpI/ISOBaHHOﬁ
MHIICHMU.
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Bcerja Obula U OCTAaeTCsl MPEIMETOM OOJIBLION MPUBIEKATENLHOCTH, PEXIE BCETO sl GU3NKOB
u ¢unocodo. s U3MKOB aHTUIPOTOHBI MPEACTABISIIOT OCOOBIH MHTEpPEC, MOCKOIbKY OHHU
SBIISIIOTCSL TIApPTHEPAaMH  IMPOTOHOB, KOTOpPbIE SBJSIFOTCA: a) EIWHCTBEHHBIMU aOCOJIOTHO
CTaOWJIBHBIMU a/IpOHAMH, OOWIBHBIMH U J(PQPEKTUBHO «CBOOOJHBIMIY; O) 3apsKEHHBIMH,
MO3TOMY HMMH JIETKO MAaHHUITYyJIUPOBAaTh: YCKOPSATHb, CO37aBaTh IyYKH C U3BECTHBHIMH Xapak-
TEPUCTHKAMH U TOMY M0106H0e’. DTO 03HAYAET, YTO AHTUIIPOTOHBI MOTYT ObITh MCIONb30BAHbI
IVl W3y4eHUs TMpollecca aHHUTWIILMMKM U3 HelTpaipHO 3apspkeHHoro (C-HelTpalibHOro)
COCTOSIHUSL B IIMPOKUI CHIEKTP KOHEUYHBIX KBAaHTOBBIX COCTOSIHUH. C HENOJspU30BaHHBIM
IIPOTOHOM U @HTUIIPOTOHOM MCXOJHBIE COCTOSIHUSA TaKxke ABJstoTcs: CP-HelTpanbHbiMU. OHAaKO
CP-napy1mienue B nporecce aHHUTHIISIUH TOTEHIIMAbHO MOXeT HapymuTh CP-HelTpansHOCTh
KOHEUHBIX COCTOSIHMI. V3MepeHHe Moispu3alii YacTHIl, TAaKUX KaK THIIEPOHBI, B KOHEYHBIX
COCTOSIHUSIX MOXKET MOMOYb NMpoBepuTh CP-HEeHTpanbHOCTE KOHEUHBIX COCTOSIHUH, T. €. COXpa-
Henne CP B pp-aHHUTHIISIINH.

AHHUTMIIALNS EPBOHAYAIBHO MOJSPU30BAHHBIX IPOTOHOB M AHTUIIPOTOHOB IPUBHOCUT
HOBOE KauyecTBO B wuccienoBanue. CocTosHue ¢ mnoisgpuzanueid Ooiblle HE SBISIETCS
CP-neiitpanpabiM. Ho, u3meHss nonspusaiuu o0eux (p U P) 4acTHll, MOXKHO CKOHCTPYHUPOBATh
CP-conpsixennoe cocrostane. CpaBHEHHE XapaKTEPUCTUK KOHEUHBIX COCTOSHHMA, IPOUCXOSIINX
u3 71ByX CP-conpspKeHHBIX HauyalbHBIX COCTOSIHMM, NMOTEHUHAIBHO MOXET MOMOYb B IOHCKE
Hapyenus CP B mponecce pp-aHHUTWISILKUY. Pe3ynpTaThl U3MepeHuil NoIsipu3aluii ruepoHoB
st 1ByX CP compspKeHHBIX HAYalbHBIX COCTOSHHM JIOJDKHBI OBITh OJAMHAKOBBI, €CIIM MMEET
mectro CP wmuBapmantHOCTB. K coxaneHuto, He3aBUCHMBIM OT mozaenu tect CP-mapymenus
HEBO3MOKEH C JIByMsI TIOJIIPH30BAHHBIMH TIPOTOHHBIMH ITyYKaMd H3-32 HEIOCYITHOCTH
CTOJIKHOBEHHUS JIBYX MOJISIPU30BAHHBIX aHTUIIPOTOHHBIX ITyYKOB.

B Hacrosiiee BpeMsi NpakTUYECKHU JHOObIE MOJSPU3ALMOHHBIE HKCIEPUMEHTANIbHbIE
JAHHBIE JJIS1 pP-peaklMii NpeACTaBIA0T O0JIBLIION HHTEPEC XOTSA Obl TOJIBKO MOTOMY, UYTO TaKUX
JTaHHBIX OYE€Hb MaJlo, & BO3MOKHOCTh CPaBHEHUS PE3yJIbTATOB M3MEPEHHIA C TAHHBIMH Ha TTOJISI-
PHU30BAHHBIX MPOTOHAX IMPH TEX YK€ CAMBIX YCIOBHUSAX IMPEICTABISETCS OYEHBb MEPCIIEKTUBHOM.
Panee momo0OHbBIe MccenOBaHUS Ha MHKIIIO3MBHO OOPa30BaHHBIX MHOHAX MPOBOJMIMCH TOJIBKO
B okcniepuMente E704 mis 7-me3onoB [32,33], B KOTOPBIX aCHMMETPHs 3apsOKCHHBIX MHOHOB
MEHsUIaCh Ha TPOTUBOIOJIOKHYIO, a aCUMMETpHs m’-Me30Ha OCTaBajlach OJHOTO 3HaKa, 4YTO
BIIOJIHE OOBSCHSETCS KBapKOBBIM COCTaBOM IOJIIPU30BAHHOTO HYKJIOHA M KHHEMAaTHYECKOH
obyacThio M3MepeHui (001acTh (parMeHTalMM MOJSPU30BAHHOTO Myduka). Pe3ynbraTsl 3THX
uccienoBanuii npuBeaeHsl Ha Puc. 1.7.

9 E)II/IHCTBCHHBIMI/I N3BCCTHBIMU YaCTULAMH C HO}IO6HBIMI/I CBOWMCTBAMH SIBJISIOTCS OJICKTPOHBI (I/I l'lOSI/ITpOHBI), HO
OHU HE YYaCTBYIOT B CUJIbHOM BSaHMOJIeﬁCTBHH.
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Puc. 1.7 Crniesa An B P'-B3aMMOJCHCTBAN B HHKITIO3UBHOM POJKIECHUH 3apsuKeHHBIX [33] 1 HelTpanbHbIX
[32] me30HOB, cipaBa — aHANOTHYHBIN PE3yabTaT IS PP-B3auMoaecTBus [26, 32]

OxcnepumeHT CITACYAPM naer BO3MOXKHOCTb HE TOJIBKO U3MEPUTH (CpaBHUTH) AN IS
T-ME30HOB C JIy4lIeil TOYHOCTBIO U B MIMPOKOM KHHEMATHYECKOM JIMAIIa30He, HO U CYIIECTBEHHO
pacmpuTh Kiace peakiuii. OcoOblii HHTEpeC MPH MCCIEIOBAHUU OJHOCIIMHOBON aCMMMETPHUU
IPEJCTABISAET POXKICHHE YAaCTHULl, COCTOSIIUX U3 TKENIbIX KBapKOB, TO €CTh B Ipolecce
AHHUTWJIALUK, KOTJa BTOPUYHBIE YaCTHIBI JIOJDKHBI «3a0BbITh» MPO MOJSAPU3ALUI0 HCXOJIHBIX
KBapKoB. C 3TON TOYKM 3pEHMsI BaXKHO MU3YYUTh CIIMHOBBIE CBOWMCTBA YACTHULI, COAEPKAIIUX S- U
c-kpapku'®, Ecim B PP-CTONKHOBEHHAX MPU HU3KHX JHEPTHAX B 0OpPa3OBAaHMH SS- M CC-TAp
JOMUHHPYET (g MPOIECC, TO BaXKHONH 0COOEHHOCTHIO AaHTUIIPOTOH-TIPOTOHHBIX PEAKIUH SBIISAETCS
IPSIMO TOCTYTI K q G-B3aUMOJIEHCTBHSIM.

UccrnenoBanue JOOBIX COMHOBHIX d¢dektoB B obOpasoBanuun ¢, f:(1520), J/¥
U Ycil yc2-ME30HOB TO3BOJIIOT TOJYYHTh COBEPIICHHO HOBYIO HMH(POPMAIMIO O POJIM CIUHA
B CHJIBHOM B3aMMOJIEHCTBMH, OJTHAKO CE€YEHHUE 3TUX IporeccoB Heenuko. Ha Puc. 1.8 mokazan
pe3ynbTaT GBICTPOrO MOJIETUPOBAHHS PETUCTPALUH = -TUIIEPOHA U #-Me30oHa .,

600 -

1500 = © 323 t o'(1020)
Ertres a8 ; /
1250 | = amere =
1000 assl
750 am
500 + 200 | l
=0 i "I"/"" 100 : J 1
0 1 1 ‘f-J 1 M/-
1 1.1 1.2 1.3 14 1.5 Sate N T8 wi. i 12

My (GeVie)

Puc. 1.8 Oxxnnaembie MaccoBbIe CIIEKTPHI 00pa3oBaHus =& — A 7 (cieBa) U ¢-Me30Ha (CrpaBa)

10 b- u TeM Gosiee t-KBapKM He JOCTYIIHBI B SKCIIEPUMEHTAX Ha yCKOPUTEIbHOM Komiuiekce Y-70.
11 OcHOBHBIE pe3yIbTaThl MOJICIMPOBAHHS, BKJIIOUYAs MACCOBBIE CIEKTPhI YACTHIL JUIs PA3IHYHBIX PEAKIUHA M OLEHKa
yrcia coOsITHil mpuBeaeHs! B [Ipunoxennn b.
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N3yueHne Ha OJHOM YCTAaHOBKE MHKIIIO3UBHOTIO POXKIECHHS (-ME30HA C UCIOJIb30BAHUEM
AHTUIIPOTOHHOT'O M MPOTOHHOT'O MOJIIPU30BAHHBIX MTyYKOB MOMUMO HCCIIEIOBAHUIN MOJISpU3ALIU-
OHHBIX 3(Q(EKTOB NPeNOCTaBUT HH(POPMALMIO O MEXAHU3ME POXKACHUS CTPAHHBIX YacTHIl.
Crnenyer moqUepKHYTh, YTO HEBO3MOXKHO IOJYyYUTh YMCTHIM ITy4OK AHTUIPOTOHOB. B COCTaBe
IIyyKa BCEr/a MPUCYTCTBYET 3HAUMTEIbHAs (PAKLUSA 7T -ME30HOB (BO MHOro pa3 OoJiblle, uyem
aHTUIIPOTOHOB). MccnenoBaHus B3aMMOAEHUCTBUM C y4acTHEM 7 -ME30HOB JaCT JOMOJIHUTEINb-
HYI0 HH(OPMAIHIO O MEXAaHU3ME POXKICHHUS YapMOHUS M CTPAHHBIX YACTHII.

JlpyruM MHTEPECHBIM HCCIECIOBAHUEM C HCHOJIB30BAHHUEM MOJSPU30BAHHOTO AHTHIIPO-
TOHHOTO IIy4YKa SIBIISICTCS HCCIICAOBAHHE BYXCHHHOBBIX 3(PQEKTOB B POXKIECHUH BEKTOPHBIX
ME30HOB, TJ€ CIEAyeT OXHIATh IIOJIaBJICHUE CEYECHUsT OOpa30BaHUS BEKTOPHBIX ME30HOB
C IPOTUBOIIOJIOKHBIMU 3HAUEHUSIMM TOJSPU3ALUN B3aUMOJEHCTBYIOUIMX HYKJIOHOB, TO €CTh
Oonbmoe 3HayeHue ArL. Taxke BO3MOXHBIM HAalpaBlIEHUEM HCCIIECAOBAHUMN SIBIISETCS IMOMCK
IJIFOOHHOM KOMIIOHEHTBI B JIETKMX 3K30TUYECKMX COCTOSHUAX. Takue COCTOSIHUSA HE JIOJIKHbI
YyBCTBOBATh IIONEpPEUHbIe Mosipu3anioHHbie 3PdekTsl (AnNN), HO OBITh YYyBCTBUTEIIBHBI
K IIPOAOJIbHBIM aCUMMETPHUSM.

Co3ganue TMONSAPU30BAHHOTO AHTHUIIPOTOHHOTO TIyYKa TAaKXKE ITO3BOJUT MPOBOIUTH
MPELUU3NOHHBIE HUCCIIEIOBAHUS TI0 CHEKTPOCKOIHUH C HCIIOJIB30BAaHHEM MapIHalIbHO-BOJHOBOTO
aHanm3a. B kauecTBe ammapara aiisi MPOBEICHHS TAaKUX MCCIICAOBAHUM MPEIaraeTcsi UCIOIb30-
BaTh METO/IbI, pa3BHBaeMbIe 11 dkciepumenta [TAHIA [34].

Eme oqHUM MHTEpECHBIM HAIPaBICHUEM HCCIEI0BaHMM, IJIe HEIOCPEICTBEHHO CPAaBHU-
BAIOTCS PE3yJIbTaThl B3aUMOACHCTBHS aHTUIIPOTOHOB C IPOTOHAMH, SIBJISIETCSA U3YUYEHUE YNPYTHX
peakuuii. JlaHHasi onuus TaKkKe MPeAyCMOTpEHa B MpeaIaraeMoM 3KCIIEpUMEHTE, a ONUCAHUE
110/1I00OHBIX U3MEPEHUH MPUBEIEHO HUXKE B pazzene 2.3.1, MOCBSIEHHOM MOJISPUMETPHH.

Ha ycranoBke CITACHAPM BO3MOXHBI JBE MOJABI paOOTHI C IMyYKOM AHTHUIIPOTOHOB:
nepBasi CTaausl HKCIEPUMEHTa NPEANOoaraeT HCIOIb30BaHUE HEMOMSIPU30BAaHHOTO IydKa
U MOJISIPU30BAaHHOM MMILIEHH, a BTOpas — MOJAPU30BaHHbIN ydoK. Henonsapu3zoBaHHbIN OTpULa-
TEJILHO 3apsKEHHBIH My4oK UMeeT cieayromuii cocras: (7 /K /p’): 97.9/1.8/0.3%.

WHTerpanbHas cTaTHCTUKA I MOJSPU30BAHHOIO AHTHIIPOTOHHOTO IydKa C HEpruei
34 I'>B u untencuBHocThiO 80 ThIC. 32 cOpoc 3a 30 guelt HaOopa npexacrasieHa B Tabm. 1.1.

Tabn. 1.1 Oxugaemoe uncio coobTuil Nev U oTHOIIeHUE Y dexTa k GoHy S/B mms MecsqHOTO ceaHca
Ha HOJIAPU30BAHHOM aHTUIIPOTOHHOM IIyuKe ¢ 3Heprueii 34 I'sB (3.6:10° B3aumoneiicTBuii)'?

Ne | gyactuna | Nev S/B | Ne | vactunia | Nev S/B
1 |#z* 2.1-10° 7 |n 1.6-103

2 | 2.6:10° 8 |n 1.4-10°

3 |K* 1.7-108 9 | Aoprt |2.1:1107 | 10
4 | K- 2.2-108 10 | A» nz® | 1.1-107 | 0.13
5 |p 1.6-108 11 | A——nx | 4.2-10% | 0.14
6 | p 1.8-10° 12 | ==— Az | 1.0-10° | 10

OTMCTI/IM, YTO MHOTUC U3 HaCTUl, MIPEACTABIICHHBIX HUKC B Tabn. 1.5 AJI Cliydad Imy4dKa
T, Ha aHTUIIPOTOHHOM IIOJIAPU30BAHHOM ITYYKEC TAKIKC 6y,[[}/T HUMCTH 3HAYUTCIIbHYIO CTaTUCTUKY

12 PesynbTaThl 31€Ch U Jlalee MOJIYYEHbI ¢ HOMOMLIBIO OBICTPOrO MOJICJIUPOBAHUS
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Nev ~ 108, nmocratounyio s m3mepeHHs An ¢ TOUHOCTBIO OAN2.5/y/Ngy, wmm 0.025%,
JI1 IPOLIECCOB ¢ BBICOKMM YPOBHEM (hOHA CTATHCTUYECKAs TOYHOCTh OyeT Ha MOpAIoK Xyxke's.
Hns  xapaktepHoil ctaTucTUKU Ngy, = 10®8 B 3KCHEpUMEHTE C MOJSIPU30BAHHON MMIIICHBIO
MOJTy4aeM TOYHOCTh 0AN = 1.3%1073,

s 6onee Huszkoi sHeprun 16 B, npu koTopoii nIaHupyeTcsi HAUMHATH UCCIICIOBAHUS
Ha TOJIIPU30BAHHOM ITy4Ke, MHTEHCHUBHOCTh Jocturaer makcumyma (mo 400 Twic. 3a cOpoc,
a B cllyyae ONTUMM3AlMKM KaHajla JUlsl aHTUIIPOTOHHOrO Iydka 10 10° aHTMIPOTOHOB 3a LMK
yckopuresst, win 10 10 aHTHIIPOTOHOB 3a CYTKH), IPUTOM BBIXOJIbI YACTUIL MEHSFOTCS HE3HAYH-
TenbHO. TakuM 00pa3oMm, I aHTUIIPOTOHHOTO My4ka ¢ 3Heprueit 16 3B konudecTBo peakuuid,
B KOTOPBIX BO3MOKHO IIOJIyY€HHE BBICOKOTOYHBIX JaHHBIX, € O0AN < 2%, cTaHOBUTCS
3HAYUTEIIbHBIM.

1.2.2 H3mepenue AN ¢ ucnonvb3oeanuem uHmMeHCUBHO20 NPOMOHHO20 NYUKA

HuTepec K U3MEPEHUIO MOJIAPU3ALUOHHBIX 3PPEKTOB C HCIOIB30BAHUEM TOJSPU30BaH-

HOT'O IIPOTOHHOTO ITyYKa 00BACHAETCA MHOTMMH (paKTOpaMu™>
— CpaBHUTENbHbIE U3MEPEHHS C AHTUIOPOTOHAMU (CMOTPHU MpPEAbIAYIIMA pasien)
MO3BOJIAIOT MOHSATH PA3HHUILY CIHUHOBBIX 3(PQPEKTOB B CHIBHOM B3aUMOJICHCTBUU MEXKIY

BELIECTBOM U aHTHUBEILIECTBOM.

— JlocTuraemass HMHTEHCUBHOCTb IOJIIPU30BAHHOIO IIy4YKa IIPOTOHOB IIPEBBIIIAET
MHTEHCUBHOCTh AHTHIPOTOHHOTO MydKa B JAECATKM pa3’®, COOTBETCTBEHHO, 3HAYUTENHHO
pacmMpseTcss KMHEMaTUYECKUH JHMAla30H M COCTaB HCCIeAyeMblX peakuuid. [Ipm stom
BO3MOXHO pa3JeuTb 3aBUCUMOCTh 3(P(EKTOB OT KHHEMAaTHYECKUX IapaMeTpoB, 4TO
HEOOXOIUMO /Il  JUCKPUMHHALMU MOJeJIed M  HEJOCTYNHO JJIs  CYLIECTBYIOIIMX
JKCIIEPUMEHTOB.

— MHccnenoBanuss MOXHO NMPOBOAMTH B obOsiacTu sHepruu mydka 10+4513B, 1o ecth
IIPOBECTHU UCCIIEOBAHNE 3aBUCUMOCTH OT SHEPTHH B CUCTEME LIEHTpa Macc.

— FEme no npoBeaeHus U3MepeHH Ha OCHOBE CYIIECTBYIOIIMX JAHHBIX MOKHO OBITh
YBEPEHHbIMH, YTO B 00jacTu (parMeHTaluu MOJISPU30BAHHOIO Myuyka 3(P¢ekTbl OyayT
3HAUUTENbHBIMH, I0ATOMY Oy/I€T JOCTUTHYTa BHICOKAsi OTHOCUTENbHAS! TOYHOCTh U3MEPEHUH.

— DByayT npoBoanThCS UCCIIEIOBAHUS C PA3IMUHBIMU I€PHBIMU MUILIEHSIMHU.

[Tocnenuuii MyHKT mpeAcTaBisieTcss OCOOEHHO HWHTEPECHBIM B CBETE pe3yJbTaToOB
skcriepumenta @EHUKC, oOGHapyXHBIIEro M3MEHEHHE 3HaKa acCUMMETPUU HEWUTPOHOB IpHU
mepexojie OT MPOTOHOB K 3050Ty [35]. DTH NMaHHBIC W TPEICKa3aHHs CHIBHOH 3aBHUCHMOCTH

13 TIpu Hanuunu oHa uzMepsemMas OJHOCTIMHOBAs acuMMeTpHst A4Sy cBsi3aHa ¢ aCMMMETpPHAMU cHrHana Ay 1 oHa
ABy crenyrommm o6pazom: AM3y = Ay(1-B/Ney) + ABN(B/Ney), rne B — umcno (OHOBBIX COOBITHIA 1O HHKOM
pesonanca, a Nev — mostHOe umciio cobbitnit. Kak mokaszanu mcciemoBanmsi, acuMMerpusi poHa BHE THKa axpoHa h
6su3ka K Hymo [13], 4o 1 npeamonaraeTcs qanee npy OEHKE TOYHOCTH H3MEPEHHIA CHrHaia JoAN.

14 TounocTs M3MEpEHNIT OTHOCHIMHOBOH acUMMeTprH JAN JUI1 MaJbIX 3HAYeHUH Ay onpenensercs GopMyIoit

J0An = D/[(1-B/Nev)P COSq)\/N_EV]. IMpu Hu3koM yposae dona B dakrop (1-B)/Nev ~ 1, a 1711 BBICOKOTO YpOBHS (poHA
nopsiaka 0.1. B OonboIMHCTBE cilydaeB B IaHHOM JIOKYMEHTE Ul OIIEHOK TOYHOCTH, MBI IpEAIoaraeM, 4To st
MoJISIPU30BaHHOTO Iyuka P = 0.4, s nonspusoBanHoi mumenn P = 0.75, a coso ~1.

15 B nanHOM pasjene He paccMaTPHBAETCA MOAPOOHO HCCIIEI0BAHUS YAPMOHHS, ONICaHHbIe B pasaene 1.1.

16 Pacuer XxapakTepHMCTHK NOJISAPU30BAHHBIX ITYYKOB NPHUBEICH B pasaene 2.1.
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aCUMMETPUHU HYKIJIOHOB OT Sijpa B paMKaX MOJIEIM XPOMOMArHUTHOW MOJSpHU3AIMM KBapKOB

(XTIK) [30, 36] moka3anb! Huxe Ha Puc. 1.9.

A

N
04
CPQ modd, P =0.108 GeV/e, X;=0.54, Vs =200 GeV
® PHENIX Data (incdlusive) .
A PHENIX Data (BBC-veto) /
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0 L
-0.2
/'v'
_0.4 saaal n PR | " aa s sl 2 "
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Puc. 1.9 3aBucumocts An(A) st peakunu p'A— n+X B sxciepumente ®EHUKC [29]

Ha6monaemast acummerpusi B P'P cTOIKHOBEHUsAX cocTaiser —8%, B p'Al coynapenusx
yMeHbIIaeTcs 110 Benuuune 10 —1.5%, Toraa xak npu nepexose K PTAU CTONKHOBEHHSAM MEHSET
3HaK u gocturaet +18%. 3aBucumocts An(A) Habmogaercs u s K- u mw'-me30H0B [37].

B 1o xe Bpems mocneanue pesynbTaThl dkcnepuMenta CTAP mo usmepenuto 3aBucu-
MOCTH AaCHMMETPUM WHKIIIO3UBHOTO POXJIEHUS 7°-ME30HOB OT AaTOMHOTO0 Beca MHUIIEHHU
HOKa3bIBAIOT OJIM3KOE MoBesieHre acuMmeTpun B p'p-, pTAl- u pTAu-B3aumopeiicteusx [38, 39].
Tem uHTEpecHee MPOBEPUTH 3aBUCUMOCTD MOJSAPU3ALMOHHBIX 3()(PEKTOB B 00pa30BaHUM PA3HBIX
YacTHUIl U PE30HAHCOB OT HOMEpa sIpa.

Cnenyer oTMeTuTh, uTO B pamkax mojenu XIIK 3aBucMMOCTh U BO3MOXXHOE M3MEHEHHE
3HaKa MPEeJICKa3bIBATIOCH ere 10 pe3yiabTaToB 3kcnepumenta ®EHUKC. Ha Puc. 1.10 mokazansl
pacueTsl B paMKax JaHHON MOJENH JUIsl Ipyrod peakuu (¢ 00pa3oBaHUEM MPOTOHOB), I/I€ TAKXKE
OXKHMJACTCs CUIIbHASI 3aBUCHMOCTh OT aTOMHOTO Beca (A) siipa MHIIICHH.
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Puc. 1.10 [peackazanust Ay B paMKax MOJICTIH XPOMOMArHUTHOM TOJISIpU3al[ii KBApKOB
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MHoroo0pa3ue peakuuid, KOTOpble MOKHO HCCJIEJOBATh C HMCIOJIb30BAaHUEM MOJISPU30-
BAaHHOT'O TPOTOHHOTO IIy4Ka, MOXXHO NPEACTaBUTh XOTS Obl MO pe3ylbTaTaM OBICTPOTO
MojenupoBanus — B Tabmn. 1.2 mpuBeneHa okKujaemasi CTaTUCTHKA B HEKOTOPBIX PEAKLHUAX 32
OJIMH MECSI] U3MEPEHUH C MOJISIPU30BAHHBIM IPOTOHHBIM ITy4YKOM IIpU 3HEepruu 45 1'3B.

Tab6u. 1.2 Oxumaemoe unciio coobrtuit Ney 1 oTHOmIeHHE ddderta Kk hony S/B
11l MECSIMHOTO CEaHca Ha MPOTOHHOM myuke (6-10'° BzaumoneiicTpuit)'’

No JacTHIIA Nev S/IB | Ne YJacTHIla Nev S/B
1| 6.1-10° 17 | p*(770)—> n* n° 3.0-102 1 04
2| T 3.6-10° 18 | p(770)> w n° 1.5-10% | 0.31
3K 5.5-10° 19 | a0(980)— nz° | 5.7-10° | 0.8
4| K- 2.5-108 20 |p—ornana’ 7.8-10°1 4.0
5|p 4.7-10° 21 | w(782) > wn n°|3.0-10" | 1.4
6|p 2.3-108 22 K**(892)—> K 7n® |3.4-107|0.29
71n 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 | #l—>yy 2.5-10°19.1 |25 | A—>prm 2.3-107 | 10.0

10 | y—yy 1.3-102 |25 |26 | A—>n =’ 2.1-107 | 0.67

11| p(1020)— K"K~ | 3.7-10° | 25 21 | A" —>pr* 1.0-10° | 0.59

12| E—>Arn 3.5-107 | 10 28| 5> An 1.0-10¢ | 17

13 | K%s— ™ 6.7-10" | 0.9 [29| 2> Ay 3.5-107 | 0.25

14 | p%770)—> ot~ | 3.6-10% | 0.37 | 30 | 291385)—> A =x° |9.8-107 | 0.77

15 K"*(892)—> K | 58107 0.77 | 31 | w(782)—> e" e~ 2.0-10°| 4.0

16 | K9(892)— K 7| 3.1:107 | 1.25 | 32 | p%(770)— p* i~ 1.0-10% | 4.0

Jl1s OLeHKH 05KMJIaeMOro Yucia coObITUM MCHoab30Banuch reHeparop yactun PYTHIA
6.2 [40], ¢ yueTOoM reoMeTpUH U pa3pellieHrs YCTAHOBKH, MArHUTHOTO TMOJISsI, B OTOOpa COOBITHI
o TpUITepy Ha OOJbIIME 3HAUYCHUS XF. B KadecTBe MHIIEHH B pacyerax HCIOJIb30BAIACh
NpOTOHHAsT MUIleHb. [Ipy WCIoONB30BaHUM SAEPHBIX (2 HE BOJOPOIHON) MHIIEHEH CTaTUCTHKA
Oyzer OoJbIle, MOCKOJIBKY CEYEeHHUE IS MTPOIECCOB C OOJIBIIMMH MOTEPEYHBIMU UMITYJIbCAMH P1
nMmeeT A-3aBHcHMOCTE Bua A4PT), tie a(pr) > 1 [41].

CratucTudeckass TOYHOCTh HW3MEpPEeHHMH AN I TONSPU30BAaHHOTO IyYKa COCTaBUT

O0AN = 2.5/[(1-B/Nev)y/Ngy], wmu B muamazone ot 3.2-107° maus z'-me3oHOB 10 3-107° mis

peaxiuu p'p —K (892)+X. MHorue yacTHIIBl MOXKHO OyJeT PErHCTPHPOBATh MO HECKOIbLKUM
KaHamaM pacrnaja. Takol 00beM IMaHHBIX JaeT BO3MOXKHOCTh PACHpPENEITUTh CTATHCTUKY TI0
OOJIBIIIOMY YHCIy Y€K C IIeNBI0 HMCCIEOBAaHUS 3aBHCUMOCTH AN OT Pr M Xp, TIPH 3TOM Ha
MOPSAOK YBEIUYUTCS CTaTUCTUYECKas HEONpPENeIeHHOCTh, HO U B ATOM cily4yae CTaTHCTUKa
Oyzer Oosiee ueM TOCTATOYHOM JUIsl aHAJIN3a JaHHBIX.

Ha Puc. 1.11 B kauecTBe nmpuMepa MPUBEAECH MacCOBBIA CHEKTp n* 7~ m° MpUMEpHO 3a
OMH JileHb Halopa OSKCIEPHUMEHTAJIbHBIX JaHHBIX. Pe3ynapTar mnoidydeH TMpu ObICTpOM
MOJISITMPOBAaHUH MeTOJoM MoHTe-Kapio mpu ciieayronmx yCiaoBusX:

— DHepretnueckoe paspemenne kanopumerpa oe/E=0.15VE@0.03, xoopauHaTHOE
paspemenue oxy=1.5+6/VE mm.

17 PaC‘IeTBI BBIXOO0B YaCTHIL l_IOJ'[y'-IeHBI JJISL TpI/IFFepa Ha BSaHMO}IeﬁCTBHe B MUIICHU H, JONOJHHUTCIBHO,
TpeGOBaHI/IH Cpa6aTBIBaHI/I$I aHpOHHOFO nu 3HeKTpOMaFHHTHOFO KaJTOpI/IMeTpOB IJI TIO4AaBJICHUA CO6LITHﬁ C MaJIbIMHU
Pt XF.
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— Jnsg 3apspKeHHBIX YacTHIl MMITYJIBCHOE pa3pelieHHe HE 3aBHCEN0 OT MMITYJhca U
cocraBisuio AP/P=2%. Kpome Toro, ObUIO BBEIECHO OTPAaHWYEHUE IO HMITYJIbCY
3apspkeHHbBIX yactui P>0.5 IB/c.

— Beuto paseirpano 5-107 minimum bias coGbITHiA.

— WnTtepsan Macc 1714 BblIeIeHus 7° - ME30HOB COCTaBIAI £10 MaB.

Incl pi+pi-pi0 in accept(REAL)

B ll Entries 773124
:, Mean 0.7474

100001 & Std Dev  0.1272
k | ]
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Puc. 1.11 Cniextprl Macc 7 7~ % B I'9B/c?

Camo mno cebe uccieOBaHHE TAKOTO KOJMYECTBA pEaKUUN SBISETCS YHHUKAJIbHbIM,
0COOEHHO C YYETOM OKHAAEeMOW TOYHOCTH m3MepeHuid. Bosmoxknoctu ycranoBku CITACHAPM
MO3BOJISAT MCCIIENOBATh 3aBUCHMOCTh CIIMHOBBIX 3()(PEKTOB OT TaKMX MEPEMEHHBIX Kak MOIIe-
peunsIii uMmyIIse (Pr), nepeMenHas OeitHMana (XF), SHEPrUs PEaKIMK \/S B C.IL.M., aTOMHEIH BeC
MUIICHA Az WK TTy4Ka A1, MHOKECTBEHHOCTh BTOPUYHBIX 3apsKEHHBIX YacTHIl B cOOBITHH (Nch),
atakke neHTpanbHOCTh (C7) coymapeHHss TYYKOBOM 4YacTHIBI C sapoM. JIBe mociemHue
BO3MOKHOCTH MOTYT OBITh peau30BaHbl Oarojapsi UCIOJIb30BaHUIO T'0JIOCKOIIOB MHOYKECTBEH-
HOCTHU M BPEMEHH MPOJIeTa.

M3mMepeHne MHOKECTBEHHOCTH aJIpOHOB JaeT JONOJHUTENbHYI MH(OpMAIMIO O JWHAa-
MHUKE CWJIBHBIX B3aUMOJEHCTBUN. MHOXXECTBEHHOCTb 3apsDKEHHBIX aJpOHOB XapaKTepU3yeT
TEMIIepaTypy ¥ IUIOTHOCTH COCTOSIHHS, OOpa3yIOIIEerocs B MOMEHT B3aWMOJICHCTBHSA, a TaKkKe
mporecc aIpoHU3alu U KoH(pailHMeHTa KBapkoB. IlepBble m3MepeHuss An AJisi 3apsHKEHHBIX
nmuoHoB B Hkcnepumente BRAHMS wna kommaitnepe RHIC (BHJI, CIIA) mnokazanu
3HAYUTEIBHYI0 3aBUCHUMOCTh ACHMMETPUM OT MHOXKECTBEHHOCTH 4YacTHIl B coObITuu [42].
VccnenoBanue KOPpesIiiU CIUHHOBBIX HaOMr0maeMbIx (AN, PN, pmm, DNN) B MHOXKECTBEHHOCTH
Nch OTKpBIBAa€T HOBBIE BO3MOXKHOCTH M3YyUCHHS MEXaHU3Ma MPOUCXOXKICHUS MOJIIPU3ALIMOHHBIX
SIBJICHUM.

Jnis MHOTHX peakiuii ¢ oOpa3oBaHueM OapHOHOB M aHTUOAPHOHOB B KOHEYHOM COCTOSI-
HUM BaXHO HMMETh BO3MOXXHOCTh PETHCTPAallMd HEUTPOHOB. [l 3TOro ycraHoBka OyneT
OCHAIIleHa aJJPOHHBIM KAJIOPUMETPOM, KOTOPBIA TaKkKe Ba)XeH Ui OpraHu3anuu 3(dekTnBHOTO
TPUITEPA U PETUCTPALIUU HEUTPOHOB U K’ -ME30HOB.

B Tab6mn. 1.3 moka3aHa okuaeMasi CTATUCTHKA PETUCTPAIH THIIEPOHOB.
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Tab6n. 1.3 Oxunaemoe 4nciio coobiTuilt Neyv poskaeHHs THIIEPOHOB U oTHOIIeHHE dddekra k hony S/B
JUIS MECSIYHOTO CEaHca Ha MPOTOHHOM Ityuke (6-10'° B3aumoencTBuil)
IIPU TPUTTEPE TOJBKO Ha B3aMMOJICHCTBHE B MUILICHH

Ne'| wacruma | Nev | S/B | Ne | wactmma | Nev | S/B
A—pm 69107100 7| A-pz |2.1-10°| 12.5
A—nzn® | 63107020 8| A—hnx® | 1.2:10°|0.13
St—nn 26108003 | 9|X—>nx |44-10°|0.06
X—nm | 1510|003 |10 | Z—nx | 6.0-10° | 0.14
A" —>pr|23-10°]0.33 | 11 LT’—)ﬁ 7 123107 ] 0.20
E—Ar 99107 | 100 |12 | E— A x+|2.8-10°| 17

OO B WIN -

Pasnuna B cratuctuke no cpaBHeHuto ¢ Tabu. 1.2 oOBSICHATCS MCHOIB30BAHUEM PA3HOTO

Tpurrepa (IpU PErvCTPAllUi THIIEPOHOB HCIIOJIB3YETCS TOJBKO TPUTTEP HA B3aWMOJICHCTBUE).
CraTrcTUvecKkas TOYHOCTh M3MEPEHUH AN COCTaBHT OAN ~ 2.5/[(1—B/NEV)\/N_EV]. Ona Oyxer
HaxoJUThCcs B jguamazoHe ot 2-10* mus  oOpasoBanus E -tumepoHa 10 2-1072  mua
Y -anturunepona. Pas6uenue Bceil cratuctuxu 1mo 10 sueiikam (o Pr MepeMEHHBIM MIIH Xg),
YBEIIMYUT CTATUCTHYECKHME OMIMOKM B KaxXIoM OmHe 10 ypoBHS 6-10™* mis oOpa3oBanHus

Z-runepona u 6-1072 g X -aHTUTUIIEPOHA.

1.3 HN3mepeHue monepevyHbIX MOJIsIpU3anuii PN rTHIIEPOHOB M AHTHTHIIEPOHOB

OxcnepuMeHT CITACYAPM craHeT mnepBbIM SKCIEPUMEHTOM, B KOTOpPOM Oyner
BO3MOXXHOCTh OJHOBpeMeHHbIX u3MmepeHuid AN u Pn rumeponoB. CpaBHenne An u Pn ans
TUIEPOHOB (aHTUTHUIEPOHOB) OTKPBIBACT JOIMOJHUTEIbHBIE BO3MOXKHOCTU MAJisi BbIOOpa (MU
JUCKPUMHHALIMN) KOHKPETHOM MOJIENI TeHepaIliy 3HAUUTEIbHBIX ACUMMETPHI U O PHU3AIIHIA.

W3mepenune nosispuszalii TUIepoHOB BO3MOXKHO Ojarogaps HalIuuuio ciaboro pacmaja,
MPOUCXOSAIIETO C HApyIIEHHEM TMPOCTPAHCTBEHHOM YETHOCTH. Tak, B cllydae pacraja
/l-TutiepoHa U3 COCTOSIHUS C Tossipu3anue P, Ha 7-Me30H U MPOTOH, 3aBUCUMOCThH BEPOSITHOCTH
BBUIETA MPOTOHA MO/ YTIIOM Jp K HAIIPaBJICHUIO BEKTOPA MOJISIpU3AIMY TUIIEpOoHa P umMeeT BU/I:

dN/dQ = (1 + aPep) | 47 = (1 + aPcosbp) | 4r.

r7ie €p — CIMHUYHBIA BEKTOP B HAMPABICHUU JBHKEHUS MPOTOHA B CHCTEME IMOKOS THUIICPOHA.
Bektop P HampaBieH, B CHIIy COXpaHEHHS YETHOCTH B CHIJIbHBIX B3aWMOJICUCTBHSX, BIOJIb
BEKTOpa HOPMalIXd N K TUIOCKOCTH PAacCEsIHUs, OMPEIeIIeMON HampaBJIeHHEeM HMITyJbca Hale-
TaroIero OapuoHa Pa W UMIyJbca oOpasyromierocss runepona Pe: N = (Pa X Pc)/| pa x pe|. Tlo
TaHHBIM dkcniepuMeHToB  1960-1970 romo mapamerp acummerpun o = 0.642 + 0.013
HAPYIIAOMIET0 YETHOCTh CIaboro pacmaja, SBISIETCS Mepoil HWHTephEepeHIMH MEXIy S U P
BOJMHaMH B KoHeuHOM coctosiauu [43]. Cremyer mMOAYEPKHYTh, YTO HOBBIE H3MEPEHHS
skcnepumenta BES-III gamu npyroe 3Hauenwue, a umeHHo: a = 0.750+0.009+0.004 [44].

[Tonepeunpie monspuzanl PN THMNEpPOHOB M aHTUTHIIEPOHOB MOTYT H3MEPATHCA Ha
mO00OM H3 TMYYKOB, PACCMOTPEHHBIX BBIIIE, HEMOISIPU30BAHHBIX U TOJSPHU30BAHHBIX.
B nocnennem ciayyae HeoOxoaumMo OyaeT yepeaHsaTh Py o AByM momspusanusaM. Takxke MOXKHO
WCIIOIh30BaTh HEMOJSPU30BAHHYIO YaCTh Iy4yKa, KOTOpas OyJeT MPUCYTCTBOBATh U U3MEPSITHCS
nmpu pabote cuctemMbl MeueHuss mydka [45]. Oxumaemasi CTaTUCTHKA IO COOTBETCTBYIOUIUM
peakmusM UMeeTCs B MPUBEACHHBIX BbIIEe Tabnmumax. s ONEeHKH CTaTUCTHYECKOM TOYHOCTH
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u3MepeHusi PN THIIEpOHOB MOXXHO BOCIOJB30BaThCS OJHOM U3 (Qopmyn ompeaencHUs
nossipuzaiuun — Pn=2/a(Up—Down)/(Up+Down), tne Up u Down 00603HaYaroT WHTETpaIbl
MOTIPABJICHHOTO Ha 3()()EKTUBHOCTH YIIIOBOTO pacipeae/icHUs] B 00JacTu moaokuTeabHbix (Up)
u oTpunarenbHbix (DOwn) 3HaueHuid kocuHyca yriia Gp, MEXKIY HOPMAIbIO K IJIOCKOCTH
paccesiHus U HAIpaBJICHUEM BbUIETa TPOTOHA B CUCTEME TOKOs rurepona [46]. Crarucrudeckas
TOYHOCTh H3MEpeHUs PN TUIIEPOHOB, IO AaHAJOTUU C OAN, OIpeAeNsieTcs] BBIpAKEHHUEM
0PN =2/[(1-B/Nev) a\/\/N_EV], rne Nev = Up + Down =S+ B — monHOe 4uCio CcOOBITHI
C TUTIEPOHOM B KOHEYHOM COCTOSIHMHM, B — umciio (OHOBBIX COOBITHI TOJ MUKOM MACCHI
PEKOHCTPYHpPOBAHHOTO THIepoHa. [lapameTp o 711 OONBITMHCTBA THIICPOHOB UMEET 3HAUUTEIb-
HYIO BEeIMUUHY, Topsaka 0.5, 9To mO3BOJISIET MOTYyYUTh BRICOKYIO TOUHOCTh U3MEpeHHit Py .

W3mepenus mossipu3aliui TMIIEPOHOB Hayaiuch B 70-X rojgax Mpouuioro Beka U Jallu
HEOXXKUJAHHBIA pe3yJbTaT — MOJsipu3anus /-TunepoHa BellMKa W He YObIBaeT C SHEpruew,
KpaTKUi 0030p CYIIECTBYIOIIUX IKCIEPUMEHTAIbHBIX JaHHBIX U MPEICKa3aHUil B paMKax OJHOMN
13 Mojieneit npuBeneHsl B [Ipunoxxenun B pazaene 5.1.4.

B oskcnepumente CIIACHAPM B0O3MOXXHO M3MEpEHHE TOJSPHU3ALUM HE TOJIBKO
/-TUnepoHa, HO W APYTUX THIICPOHOB M AHTUTUIIEPOHOB. ITOCKOJIBKY paccTOsHUE OT IEHTpa
MUIICHH JI0 TIOCJICIHEH KaMephl IMepe]i CIEKTPOMETPHUUECKAM MarHUTOM COCTAaBIISIET MOYTH 3 M,
OOJIBIIMHCTBO PACIaJOB THIICPOHOB OYJET MPOMCXOIUTh B OCHAIIEHHOW TPEKOBBIMHU JIETEKTO-
pamu 00JIaCTH YCTAaHOBKH, M ITApAMETPhI TPEKOB OT paciiaja THIEePOHOB MOTYT OBITh U3MEPCHBI.

B Ta6x. 1.4 npencTaBicHbl 3HAUCHHS TAPaMETPOB paciiajia TUIEepPOHOB (o U ¢7), TAe T —
BpEMs )KH3HU, ¢ — CKOPOCTb CBETA, a TAKXKe CpeJHEe pACCTOSHUE MPOJIeTa TUIIEpoHa 10 pachaja
npu sHepruu runepona 10 I'B (L) [43].

Tabn. 1.4 CpoiicTBa pacnana THIICPOHOB

KBapxoBblit
Mopa pacmnana CcOCTaB BR % o CT, CM L,cm
Jtopn’ 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 —>nm 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
F0— Ax° | Uuss 99.524 +0.012 | —0.406 +0.013 | 8.71 66.2
E —>An | 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 — E%7 | SsS 23.6 0.7 0.090 +0.14 | 2.461 14,71
Q — = 7% |sSs 8.6 £0.4 0.050 £0.21 | 2.461 14.71

C yuerom cratuctuku runepoHoB (Tab6m. 1.1-Ta6n. 1.3) m mnapamerpoB pacnaja
(Tabn. 1.4) cratuctuyeckass TOYHOCTD sl OONBIIMHCTBA peakiuii Oyner He xyxe 0.5%, a mis
peakiuu K p — 2°X ona coctaBut 8%. Ha Puc. 1.12 npencraBnens! npeackazaHus MOISpU3aLIH
aHTHU-IIIMO/Ia TUTIEPOHOB B PA-B3aMMOJCWCTBHM B paMKax MOJAETH XPOMOMarHUTHON
noJisipu3anuu keapkos [28-30].
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Puc. 1.12 [pencka3anus mospru3aIiii aHTH-TSIMOIa TUTIEPOHOB B PA-B3aNMOACHCTBUH
B paMKax MOJIENTH XPOMOMATrHUTHOH MOJSIPH3aIMH KBapKOB

OxcnepumeHT CITACYUAPM 1no3BoisieT NpOBECTH HU3MEPEHHE MapaMeTpoB Iepenadu
cnuna (mapamerpoB Bondenmreiina) B peakuuu p'+p—AT+X. Bnepsle mpenocTapisercs
BO3MOXXHOCTh U3MEPUTH B 3TOI peakKIiy cCpasy MATh MapaMeTpoB Mepeayu CruHa, a UMEeHHO D,
R, A, R u A", tne D — nons KOMIOHEHTHl HOPMaJbHOW MOJSPHU3AIMH MydYKa, NepeJaHHOU
HOpPMaJbHOW KOMITIOHEHTE mosisipuszanuu A; R — 1onsd nmonepeyHoi KOMIIOHEHTHI MOSPU3aAUuU
IyyKa, IeperaBaeMas IONEpeYHOW KOMIIOHEHTe mossgpu3auuu 4, A — 1011 NpoaosbHON
MOJIApU3alluy IydKa, MepeaaBaeMasl IONEepeuyHoll KoMmnoHeHTe mnosspuszauuun A; R — gons
MONEPEYHONM KOMIIOHEHTHI TOJIApU3aIlMU TydKa, T[epenaBaemMas MpOJOJIbHONM KOMIOHEHTE
noysipuzanuu A, 1 A' — 107 TPOMOIBHOM TMOJSPU3ALMH TydKa, MepeJaHHas MPOAOIbHON

KOMITOHEHTE HOJIApU3alKH A-Tunepona’s,

14 I/I3Mepe}me JIEMEHTOB MAaTPHUIbI IIJIOTHOCTH pik BEKTOPHBIX ME30HOB

Kak u B ciydyae rumepoHOB, JUisi BEKTOPHBIX ME30HOB MOXXHO H3MEPUTh U CPaBHUTH
BBICTPOEHHOCTh U An. DJIEMEHTHl MaTpHUIbl IJIOTHOCTH pik BEKTOPHBIX ME30HOB MOTYT H3MeE-
pATBCS Ha JOOOM M3 MyYKOB, PACCMOTPEHHBIX BBIIIE, HEMOJISIPU30BAHHBIX U MOJSPU30BAHHbIX.
Ecnu onHocnimHOBBIE 3(PPEKTHI CBA3aHbI C MOJISpU3ALME KBAPKOB M aHTUKBApKOB JI0 Ipolecca
UX aJpOHU3AIMM, TO Mbl JOJDKHBI HAOMIOAATh HE TOJBKO MOJIAPU3AMIO TUIIEPOHOB, HO U
HOJISIPU3AINI0 BEKTOPHBIX ME30HOB [47]. BRICTPOCHHOCTh BEKTOPHBIX Me30HOB (V) OIUCHIBAaETCS
JIEMEHTaMHU pPmm CIIMHOBOM MAaTpHIbl IJIOTHOCTH p, Ile M U M' 0003HAYalOT CIIMHOBBIE
KOMITOHEHTHI BJ10JIb OCH KBAHTOBAHMSI.

JlnaroHasibHbIE 3JIEMEHTHI P11, Poo U pP-1-1 AJI1 MATPULIBI C €AUHUYHBIM CJIEIOM SIBIISIOTCS
OTHOCHUTEJIbHBIMM MHTEHCUBHOCTSIMU KOMIIOHEHT CIIMHA M€30Ha M MpUHSTH 3HadyeHus 1, 0, u —1
COOTBETCTBEHHO, KOTOpbIE JOJDKHBI OBITh PAaBHBI Y3 NJIS Ciy4yash HEMOJSIPU30BAHHBIX YacTHI.
[TockonbKy BEKTOpPHBIE ME30HBI OOBIYHO paclajaloTcs CUIbHBIM 00pa3oM Ha JBa IICEBJIOCKA-
JSIPHBIX ME30HA, TPYAHO U3MEPHUTHh BCE 3JEMEHTHI MaTpullbl p. Ho HEKoTophle M3 HHUX MOTYT
OBITH JIETKO OIpeeNieHbl U3 U3MEPEHUI YITOBBIX pacHpeeNeH!i MPoayKToB pacnaga. MoXkHO

18 - _ > - - - ' - -
Bri6pana creyromas cucTeMa KOOpAMHAT 11 = P; X Pr/| pi|| pf| — HOpMaJIbHasl KOMIIOHEHTa, ki= p;/ | i |—
— 7 -
MpOJIONbHAs KOMIOHEHTa, § =17 X ki nonepeunas GOKOBas KOMIIOHEHTA, TJ€ Pi — HMIIYJIbC TOJISPU30BAHHOTO
2
My4Ka, a Pf — UMITYJIbC /A-TUIIEpPOHa.
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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
pacnana umeer Bun [48]:

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

3nech 6 sIBIISETCS MOSPHBIM YITIOM MEXY HAlpaBlICHUEM JBHKEHUs Ni ¥ OCbIO KBaHTO-
BaHUS, ¢ €CTh a3UMYTaJIbHbBIN yroj. IHTerpupys mno yriy ¢, nojiy4aeMm

W(0) = 0.75[(1 - poo) + (3 poo - 1) c0s26].
AHAJIOTHYHO, HHTETPUPYS 110 YTy 6, MBI TIOJTy4aeM

W(p) = 0.5[1 — 2cos(2¢)Re p:-1 + 2sin(2¢) Im pi-1]/x.

OTKIIOHEHHE poo OT /3 TPUBOAUT K HEPABHOMEPHOMY pacCIIpeICIICHUIO IPOJIYKTOB pacraja
o €os6. Uzmepsis W(6), MOKHO OIIPEEIUTh poo. Jpyrue 3JIeMEHTBL, pio ¥ pi-1, MOTYT HU3Y4aThCs
nyteMm usmepenus W(6,¢). B psae cinyuaeB Takue u3MepeHHs yKke ObUTH BBITOIHEHBI JUIS aJIPOH-
aJIpOHHBIX COyAapeHuii, Harpumep B pabdorax [49, 50, 51, 52, 53].

B ornuuune ot mosjsipuzanuyM rUNEpOHOB, MapaMeTp BBHICTPOEHHOCTH CIIMHA BEKTOPHBIX
ME30HOB, poo, HE CBS3aH C HAINPABICHHEM IJIOCKOCTH PEAKIMH, TaK KaK OH 3aBHCUT TOJBKO OT
cos?6). [TosTOMY, HEBO3MOKHO U3MEPHUTH 3HAK IOJIAPU3ALUU KBapKa MOCPEIACTBOM OIPEIAECICHUS
napamMeTpa BBICTPOCHHOCTH CITMHA BEKTOPHBIX Me30HOB. C Apyroil CTOPOHBI, HE BO3HHMKAET
HEOOXOMMOCTH ONPEACIATh HANpaBICHUE TUIOCKOCTH PEAKIMU ISl U3MEPEHUS Poo, KOTOpAs
IPSIMO CBsI3aHa C BEJIMYMHOM MOJIApU3allMM KBapKa BIOJb HANPABICHHS HOPMAIH K IJIOCKOCTH
peakimu [52].

Jlpyrasi BO3BMOKHOCTh M3MEPEHUS MOJSPU3ALMH BEKTOPHBIX ME30HOB pealu3yercss B MX
pacriagax Ha napy ¢epmuoH-aHTH(GepMuoH [54]. Tak, HapuMep, A U3MEPEHHsI MOJIAPU3ALUN
J/w-Me30Ha UCTONb3yeTCsl aHAJIM3 YIJIIOBOM 3aBHCHMOCTH €ro pacrnaja Ha u'y B CHHPAJIbHOM
0asmce, B KOTOPOM OCh KBAaHTOBaHHS HAlpaBiIeHA BJIOJIb HAIIPABICHHS IBIKEHUS BEKTOPHOTO
Me30Ha B JlabopaTopHOU cucTeme. Mbl ompenensieM 6* kKak yroia MeXIy HMIYJIbCOM
B cucTeMe TOKOst J/yy W OChbl0 KBaHTOBaHHsS. HOpMHpOBaHHOE YIJIOBOE pacrpeneneHue
omuckIBaeTcs BhIpaxkenueM 1(Cos 6*) = 1.5 (1 + a cos® 6%) / (a + 3).

[Tapamerp monspU3alUk ¢ CBsA3aH C CEYCHHSIMH OOpa3oBaHUS MONEpPedHO (oT)
U TIPOJIOJIBHO (o0) HOJISIPU30BAaHHOT O BEKTOPHOTO ME30Ha COOTHOILIEHHEM
a = (o1 — 20L) | (o1 + 201). JI5 HEMONAPU30BaHHBIX BEKTOPHBIX ME30HOB MbI HMeeM o, = 0, Toraa
Kak o = +1 win —1 g 100% nonepeyHoi UM NPoJOAbHON MOISPU3AMY COOTBETCTBEHHO.

Jnst psima BEKTOPHBIX Me30HOB (w, ¢ u J/y) B skcniepumente CITACYAPM B0o3MOXHO
OTHOBPEMEHHOE HW3MEpPEHHE DJJIEMEHTAa MATPHUIBl IUIOTHOCTH poo B MOJE pacrmaga Ha
TICEB/IOCKAIISIPHBIE ME30HBI U MTapaMeTpa o B MOJaX WX pacmhaloB Ha u'u u €'e”. meercs Takxke
BO3MOYKHOCTh HW3MEPEHHUs IUIsl ITHX BEKTOPHBIX ME30HOB OJHOCIHHHOBOW acHMMETpuu An
C UCIIOJIb30BaHUEM MOJISIPU30BAaHHOM MUIIIEHH JIMOO MOJISIPU30BAHHOTO MTyUKa.

CucreMaTH4ecKUX HCCIIEAOBAaHUM BBICTPOEHHOCTH paHee He mpoBoauiiock. Cremyer,
OJTHaKO, BBIJICIUTh HEOaBHIO pabory secnepumenta CTAP, rae oOHapykeHa HEOXUIAHHO
OoutbIIasi BRICTPOSHHOCTH ¢-Me30Ha[55].
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OnHOBpeMEHHOE M3MEpPEHHE Ha OJHOM YCTaHOBKE Cpa3zy TpeX pPa3iIN4YHBbIX MapamMeTpoB
MOJISIPU3ALIMU  BEKTOPHBIX ME30HOB SBISETCS OOJIBIIMM MPEUMYIIECTBOM IpejiaraeMoi
IPOrpaMMbl UCCIIEOBAaHUM, IIOCKOJIBbKY MO3BOJISET CleNaTh 0ojee 3HAYMMYIO TUCKPUMUHALIUIO
JIbTEPHATUBHBIX MOJIEJICH TPOUCXOKACHUS MOIApU3aMOHHBIX 3¢ dekToB. B Tabn. 1.2 u auxe B
Ta0n. 1.5 npuBeneHbl pa3IuyHble BO3MOKHBIE pEaKLUU, B TOM 4Hcie 24 peakliuy ¢ BEKTOPHBIMU
ME30HaMU B KOHEYHOM COCTOSHUH. /[ HUX MOryT OBITh M3MEpPEHBbl HE TOJBKO 3JIEMEHTHI
MaTpullbl IUIOTHOCTH pik, HO U OJHOCHMHOBBIE acumMMmerpuu An. Panee cTonp MacimTaOHBIX
UCCIIeIOBaHUM CIMHOBBIX 3()()EKTOB /17151 BEKTOPHBIX ME30HOB HE INIAHUPOBAJIOCh.

15 I/I3Mepeﬂne OJHOCIIMHOBBIX aCI/IMMeTpI/Iﬁ Ha MYyYKE OTPUHATC/IbHBIX YaCTHUI{

CucremaTtnieckoe HCCIEOBAHWE CIHMHOBBIX 3((EKTOB HaAuajaoch e€me A0 CO3JaHUs
KaHana 24A TONAPU30BAaHHBIX YAaCTUI[ — C MCIOJIB30BAHMEM IMHJIOTHONH BEPCHM YCTaHOBKHU
U TIOJIIPU30BAaHHOM MHILIEHU. B 3TOM ciyyae OCHOBHBIE H3MEPEHHsI MPOBOASTCS B 00JIaCTH
(dbparMeHTallMM HEMOJSPU30BAHHOTO Nyyka Ha KaHane 14. M3MepeHus Ha CyIIECTBYIOLIEM
kaHane 14 MOXHO TMPOBOJUTH C HCIOJIB30BAHUEM Iy4YKa OTPHUIATENIBHBIX YaCTHI]
Y C BBIBCJICHHBIM METOJIOM KaHAJIMPOBAHHUS TPOTOHHBIM Iy4dkoM. (OCHOBHas mporpamma
M3MEpPEHUN He MpeayCMaTPUBACT HCIIOB30BAHUE IMPOTOHHOTO Iy4YKa, TaK KaK OJHOCITHHOBBIC
ACMMETPHUH B 00J1aCTH €ro )parMeHTAIMH TOJDKHBI OBITh COBMECTUMEI C HYJIEM.

[lepBbie wu3Mepenus, mpoBencHHble Ha ycraHoBke [IPO3A, panu HEOXuIaHHBIN
pe3yJIbTAT: aCUMMETPHUsSl HWHKIIO3UBHO POXKICHHBIX YaCTHI[ JlaXke B JITOM 00JacTH MOXKET
JOCTUTATh CYIICCTBEHHBIX BEJIMYMH BOJIM3H IpaHuIlbl a3oBoro oobema (cm. Puc. 1.13).
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Puc. 1.13 3aBucumocts An(pr) aust peakuuu 7 0h—7’X mipu sHepruu mydka 40 3B B oGnactu

¢bparmentanuu 7 -mydka [56] (3Hauenue Xr nexut B uaTepBase 0.7< Xr <1.0)

JertanpHble uUCCENOBaHUS OyAyT TPOBOAUTHCSA JJisi  OOJNBIIOrO0 YHCIIA YaCTHI]
C MCIIOJIb30BaHUEM MTOATOTABINBAEMOT0 000PY1I0BaHUS.

1.5.1 Hccnedosanue unKiio3u8HbIX peaKyuil, 6K1104UAA NYYOK AHMUNPOMOHOG

HccnenoBaHusi MHKIIO3UBHBIX TpOIECCOB Ha KaHaie 14 OyayT NpOBOIUTHCS
C MCTIONB30BAaHMEM ITydKa OTPUIATENBHBIX 4YacTHI] ¢ OdHeprueidr 28 wmm 34 B
Henossipu3zoBaHHbIN OTPHULIATEILHO 3apsHKEHHBIN My40K UMeeT creayrommid cocras: (r /K 1p) —
97.9/1.8/0.3%. Tun my4koBO#l YaCTHIIBI ONPEACIACTCS MyYKOBBIMH TOPOTOBBIMH YEPEHKOBCKUMHU
cuerynkamu (cM. pasgen 3.1). MHTerpanpHas craTUCTHKAa 3a Mecsll pabdOThl M BEIUYMHA

19 DHeprus BTOPMYHBIX YACTHI] 3ABUCUT OT SHEPIUM ycKopeHHoro B Y-70 myuka (50 unu 60 3B cooTBETCTBEHHO).
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KOMOMHATOpPHOTO (pOHA MAJISl PA3IUYHBIX WHKIIIO3UBHBIX PEAKIUil, MOJyuYeHHBbIE MPU OBICTPOM

MOJICTTUPOBaHUY, MMoka3ansl B Tabm. 1.5.

Tab6n. 1.5 Oxunaemoe uncio coobrtii Ney 1 oTHOIeHHE 3ddexra k hory S/B
JUTS MECSTIHOTO ceaHca Ha 7 - mmydke (6-10'° B3aumozeiicTBuii) mpu sHeprun 34 I'HB

Ne | wactuna Nev S/B Ne | yactuna Nev S/B
1 | @ 4.2-10° 20 | p—n'n n’ 5.3-10° | 5.0
2 | 8.7-10° 21 | w(782) > o' 7 |3.5107 | 4.0
3 | K* 6.7-108 22 | w(782)— yn° 3.8-10"” | 0.5
4 | K- 9.0-108 23 | 9(1020)— K"K~ 4.3-10° | 3.3
5 | p 9.2-107 24 | p(770)> ' 7° 2.9-108 | 0.17
6 | p 2.6:10% 25 | p(770)—>  7° 7.5-10% | 0.33
7 |n 3.2-108 26 | K%— n’x’ 1.7-107 | 0.29
8 | n 8.0-107 27 | @0 (980)— n n° 1.8-107 | 0.11
9 | KL 1.0-10® 28 |A—>prm 1.4-10° | 10
10 | 71—y 43-10° |10 |29 |A—>px 1.1-10° | 20
11 | n >y 4.2-10 |20 [30 |A—>na’ 1.8-10° | 0.33
12 |n—>nny 8.3-10° | 20 31 |A>nn’ 7.7-10° | 2.2
13 | KS—> "7 1.3-10" |33 |32 (4> pa 9.3-10° | 0.5
14 | p%770)— n' 4210 |04 |33 |4 —>pr 2.5-107 | 0.18
15 | K%*892)—» K7~ | 1.1-10® |17 |34 | E—>Adn 1.9-10° | 10
16 | K**(892)—» K 7 |4.3:10" |05 |35 |E—Ax 1.6-10° | 10
17 | K™*(892)— K n° | 1.9-10" | 0.38 |36 | 2°—> Ay 1.2-10° | 2.0
18 | K *(892)— K n° |3.8:107 | 0.77 | 37 | 2°(1385)— A n° 3.9-10° | 5.0
19 | w(782)— e* e 1.7-10° 120 |38 | p%770)— p 9.7-10* | 1.4

VYka3zaHbl THI PETUCTPUPYEMON YaCTUIBI U MPOAYKTHI €€ pacmana. s HEKOTOPBIX W3
peaxkuuii mpeanoiaraeTcsi UCHoIb30BaTh HECKOIBKO MO/ paciiaja YacTHIl U PE30HAHCOB.
Jlns peakuuii Ha MOJNSIPU30BAHHOM MHUILIEHU, IIpeACTaBiIeHHbIX B Tabmn. 1.5, npu HuU3KOM

ypoBHe ¢oHa umeeM npubnmxeHHo oAn = 13/,/Ngy . Jna xapakrepHoit ctatuctuku Ney = 108

noiryyaeM TO4HOCTh 0AN = 1.3x1073. Ecnu pa3genuth Bcro craTuctuky Ha 100 sgeek, mo mepe-
MEHHBIM P1 U XF, TO 3TO YBEIMUYUT XapaKTEPHYIO OMIMOKY B OTAEIbHOM TOuke 10 ypoBHA 1.3%.
B ciyyae menbmiei cratuctuku (mopsimka 10°) mHTErpanbHas TOYHOCTh cocTaBUT 1.3%. [Jlns
psima peakiuii ¢ BbIcOKAM ypoBHeM ¢ona (S/B<0.3) To4uHOCTh M3MepeHHuil OyaeT HECKOIbKO
xyxe. OTMETUM, UYTO Uil MHOTHX M3 IepeyucieHHbIX B Taba. 1.5 ajpoHOB OJHOCHIHMHOBAs
acUMMeTpusi HHUKorja He wusMmepsuiack. B Ilpunoxenun b Huke mnpuBeneHbl CTaTUCTHKA
Y MacCOBBI€ CIEKTPBI C MCIIOJIb30BAaHHEM OTpUIATEIbHBIX KaOHOB (cM. pasaen 6.4). Ilpumech
K™-Me30HOB B HEMOJSIPpU30BAHHOM IIyyke cocTaBisier Bcero 1.8%, 4To mnpuUBOAMT K
3HAYUTEITHHOMY CHIDKEHHIO YMCIIa COOBITHH 10 CPAaBHEHHIO C 77 -ITyYKOM, OJTHAKO 3TH U3MEPEHUS
MO3BOJIAT MapaJlIeNIbHO ¢ HAOOpOM NaHHBIX Ha 77 -IIy4YKE MOJNYYUTh YHUKAIbHBIC JaHHBIC IO
paHee HeHCCIIeJOBAHHBIM PEAKIIUAM, C TyYKOM, COJIEPIKAIIM CTPAaHHBINA KBapK.

15.2 Hccneoosanue IKCKI03UBHBIX KAHAI06

Kommuiekc u3MepeHHil, ONMMCAHHBIX BbIIIE (OJHOCIMHOBBIE MPOLECCH, B KOTOPBIX
U3MepseTCs MOJIpU3alus JIMILb OJHON U3 YacTHIl, YYaCTBYIOIINX B PEAaKIMH, B HAUaIbHOM JIOO
B KOHEYHOM COCTOSIHUH), BKJIIOYAET HE TOJIBKO MHKIIIO3UBHBIE, HO U SKCKIIIO3UBHBIE MPOIIECCHI.
B nocnegnem ciydae npeanonaaraeTcsi UCIoJIb30BaTh JOIOIHHUTEIBHO BETO CUCTEMY IOJSPU30-
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BaHHOW MHUIIEHU. OTO MO3BOJUT 3HAYUTEIBHO CHHU3UTh YPOBEHb (OHA B HKCKIFO3UBHBIX
nporeccax.

3HaYUTENbHBIN BKIIAJ B UCCIIEAOBAHNE CIIMHOBBIX A(PPEKTOB B IKCKIIO3UBHBIX 3apsI0BO-
OOMEHHBIX peakIusX ObLI MOJY4YEeH B CEpHH dKcrepuMeHToB B [IpoTBuHO Ha yctanoBke [TPO3A
npu sHepruu nydka 40 [™B [57, 58, 59, 60, 61, 62, 63]. BoJBMIMHCTBO NAHHBIX B JPYTUX
IKCIIEpPUMEHTaX OBbLIO MOJYYEHO MPHU YMEPEHHBIX SHEeprusix myuka (zo 12 I'9B), Hinke sHepruit
YCKOpUTEIBHOTO KomIuiekca MPBDO.

Uccnenosanus Ha yctanoBke CITACHAPM 1o3BOJIST CyIIECTBEHHO MOBBICUTh TOYHOCTD
u3MepeHuil. OTMETUM, 4TO B ME3OHHBIX IyYKax HaOJIIOAAIOTCS HEHYJIEBbIE MOJIPU3ALMOHHbIE
apdexkTel B obOmacTu ¢parMeHTAIMK HEMOJSPU30BAHHOTO IIy4Ka, YTO HE HWMEEeT II0Ka
teoperndeckoro oobsicHenus. Ha ycranoBke [IPO3A B 80-x romax u3Mepsuiuch acUMMETPUHU
B DKCKJIIO3UBHOM 00pa3oBaHMU B peakuuu 7w P'— AN npu suepruu 40 I'3B. O630p DaHHBIX
HCCIIeIOBaHUM NpHUBEIeH HUXKE B pazjene 5.1.2. 3nech 0TMETUM TOJIBKO JIBE peaklUuH, a UMEHHO:
ap'— w(782)n (cm. Puc. 1.14) u zp'— 1/(958)n (cum. Puc. 1.15), B KOTOPBIX IONYYCHBI
yKa3zaHus Ha 6onbiire 3GEKTH U OCHIUIAINN aCHMMETPHUH.

Crartuctuxa B peakuuu 7 p' —w(782)n (33 ThICAYM HOJIE3HBIX COOBITHI Ha MONIPU30BAH-
HOW MuIIeHn) Obl1a HaOpaHa B TPeX CeaHcaX C TEJECHBIM YIJIOM 3JIEKTPOMArHUTHOIO Kalopu-
METpa, COCTABIIAIOLINM ITOJIOBUHY OT TEJIECHOTO yria kanopumerpa ycraHoBku CITACHAPM. 3a
TpH ceaHca pabOThl, C y4eTOM IBYX MOJA pacraga — Ha w7’ u 7’ — MOXHO Habpartb
cratuctTuky B 20 pa3 Oosbiie. MojenupoBaHHE MaccoOBOrO CIEKTpa COOBITHUH, B KOTOPBIX
3aperucTpupoBaHa KomMOuHauus 7'z ', npuBeneHo panee Ha Puc. 1.11. Torna, Hanpumep, B
MEPBBIX YETHIPEX TOUKAX OLIMOKA acCUMMETpHH OyneT okoio 2% BMecTo cerogusmuux 10%.

F\N
X
h
(—

-75
0 0.5 1 -50
P 0 0.5 1 1.5 2
<, (GeV/ieYy
Puc. 1.14 AcummeTtpus B peakuuu 7 p'— @(782)n Puc. 1.15 Acummerpus B peakiuu 7 p'— 77(958)n
npu sHepruu 40 I'9B [62], @ -me30H nipu suepruu 40 I'3B [60], n'-me30n
PErUCTPUPOBAIICS B MOJIC pachaja Ha 7° U y PErUCTPUPOBAIICS B MOJIE PACIIajia Ha J(BA Y-KBAaHTA

Craructuka B peaktmu 7 p'—77(958)n (11 ThIcSY MONE3HBIX COOBITHI Ha MOIAPHU3OBAH-
HOW MUIleHH) ObUIa Takke HabpaHa B TpPEX CeaHcaX C TEJECHBIM YIJIOM 3JIEKTPOMAarHUTHOTO
KaJIODUMETPA, COCTABJIAIOLIETO IOJOBHHY OT TEJIECHOIO Yyrja KaJopUMeTpa YCTaHOBKH
CITACYAPM, u B AByX ceaHcax C TeleCHbIM yrioM, cpaBHUMBIM co CITACYAPM. 3a tpu
ceaHca paboThl, C y4€TOM JBYX JOMOJIHUTENBHBIX MOJ paclaja Ha T'T 7] U T’ ¥, MO)KHO HaOpaTh
CTaTUCTUKY mpuMepHO B 20 pa3 Gombuie. Tornaa, Hampumep, B MEPBBIX TpeX TOYKAX OIIMOKa
acuMMeTpuu Oyner coctaBisATh 3—4% BMecTo ceronusmHuX 13—17%. Pe3ynbrarel B peakuuu
mp— f(1270)n mnpencraBnenst Hmke Ha Puc.54. 3a Tpu ceaHca pabOTBl, C y4eTOM
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JOMOJTHUTEIBHON MOJIBI pacnaja Ha 7', MOXKHO HaOpaTh CTaTHCTUKY J1Ba pa3a Oousbuie. Torna
CyMMapHas oIlnOKa aCHMMETPHUHU TI0 BCEM ceaHcaM OyJeT MOoYTH B JiBa pa3a MeHblue. Mccnemno-
BaHusa Ha ycraHoBke CIIACYAPM mno3BOJiAT CyIIECTBEHHO IOBBICUTH TOYHOCTH HM3MEPEHUIL.
OTmeTHM, 4TO BCE U3MEPEHUS B HKCKIIIO3UBHBIX KaHaJIaX MPEAIOIaracTcsl MpoBOIUTh OJHOBpE-
MEHHO C MCCIIEIOBAaHUSAMHU WHKIIO3UBHBIX TPOLIECCOB, TO €CTh HE TPeOyeTcs JOMOTHUTEIHLHOTO
YCKOPHUTEIBHOIO BPEMEHH.

1.5.3 Hauano uccneoosanuii no npocpamme CIIACHAPM na xanane 14

B Hacrosmiee Bpems MIJIOTHASI BEPCUSI YCTAHOBKH MOJATOTOBJICHA K HCCIICIOBAHUSM U yiKe
MIPOBEJICHBI MEPBBIC METOMWYECKUE CEAHCHI M TECTOBBIM CEAHC O M3MEPEHHUIO0 OJHOCITHHOBOMN
aCHMMETPHH HMHKIIIO3MBHOTO DOXKICHHS 3apsDKEHHBIX agpoHoBX. OmucaHuWe HCHOJIB3yeMOil
AKCIIEPUMEHTAIBHOM YCTaHOBKH MPHUBENICHO HIDKE, B pazaeie 3.1.

B pamkax 3THX ceaHCOB TPOBEIEHBI 3aIllyCK W HACTPOWKAa OCHOBHBIX JIETEKTOPOB
(TpekoBO# cHcTeMbl). AHAIM3 DKCIHEPUMEHTAIBHBIX IaHHBIX MO3BOJMI JOOHMTHCS BBICOKOM
3 (HEKTHBHOCTH JIETEKTOPOB TPEKOBOW CHCTEMBI (IMOApPOOHEEe B COOTBETCTBYIOIIEM pazjeie
3.4.2.4). HaOpaHHble TMEpBbIC HKCIECPUMEHTATbHBIC JAaHHBIC A BO3MOXXHOCTH OIICHHTH
CTAaTHCTUYECKUE OIMMOKM W3MEPEHHS B IPOBEIACHHOM CEaHCE W TIPOBECTH BEpH(PHUKAIUIO
QITOPUTMOB PEKOHCTPYKITUU YACTHUI]

OxunaeMple CTaTUCTHUYECKHE TOYHOCTH H3MEpPEHUs aCUMMETpuu OAy HHKIIO3UBHOTO
POKJIEHUS 110 JAHHBIM [IEPBOTO TECTOBOIO CEAHCA IS Pa3JIMUHBIX HHTEPBAJIOB [0 PT U XF IS TT°

1 T Me30HOB npuBeaeHbl B Taom. 1.6 m Tabm. 1.7 cOOTBETCTBEHHO.

Ta6n. 1.6 Oxxumaemasi CTaTUCTHIECKAs TOYHOCTh O Ay U3MEpEHHS OTHOCITHHOBOW aCHMMETPHU
MHKJIFO3UBHOTO POKIEHHS 7T -ME3OHOB M0 YK€ HAOPAHHBIM JTAHHBIM

0.0<xr<0.1 | 0.1<x¢<0.2 | 0.2<x¢<0.3 | 0.3<x¢<04 | 0.4<x¢<0.5 | 05<x¢<0.6 | 0.6<xe<0.7 | 0.7<xe<L0
0.0<pr<051 0.004 | 0.004 | 0.007 | 0.011 | 0.017 | 0.025 | 0.035 | 0.035
0.5<pr<40 | 0.106 | 0.019 | 0.012 | 0.013 | 0.016 | 0.021 | 0.026 | 0.021

Ta6n. 1.7 Oxunaemasi CTaTHCTHYECKAs! TOUHOCTh 6 Ay N3MEPEHUS OTHOCIIMHOBON aCHMMETPUHI
WHKIJTFO3UBHOTO POXKIIEHHS 7T -ME30HOB IO YK€ HAOpaHHBIM JaHHBIM

0.0<x¢<0.1 | 0.1<x¢<0.2 | 0.2<x¢<0.3 | 0.3<x¢<04 | 0.4<x¢<0.5 | 05<x¢<0.6 | 0.6<xe<0.7 | 0.7<xe<L0
0.0<pr<05 | 0.004 | 0.004 | 0.006 | 0.008 | 0.010 | 0.013 | 0.016 | 0.013
0.5<pr<40 | 0.078 | 0.013 | 0.009 | 0.009 | 0.011 | 0.013 | 0.015 | 0.010

Oxunaemasi CTaTUCTUYECKAs TOYHOCTh M3MEPEHHS] aCUMMETPHUHU COCTABIISIET MPUMEPHO
1.0-2.5%. B mHacrosmiee Bpems pa3padaThIBaeTCs aITOPUTM BBIYHCICHHUS OJHOCITHHOBOU
ACHMMETPHUU 3apsHKEHHBIX aJIPOHOB C MHHHMAIBLHBIM YPOBHEM CHCTEMAaTHYECKUX OIIMOOK, YTO
MPUHIUIAAIBHO BAaXKHO TMPU HCCIEAOBAaHUU TMOJSPU3ALUOHHBIX SIBICHUH C H3MEpsSeMoil

aCHMMeTpHCﬁ NnopsiKka HCECKOJIbBKHUX IIPOIICHTOB. Hpe,[[BapI/ITCJILHBIC PE3YJIbTAaThl aHalin3a

0 WpenTuuKauus copTa 4YacTHI HE HPOBOAMIACH, OONBIIMHCTBO PETHCTPUPYEMBIX YACTHIL SIBJISIOTCS ITH-
ME30HAMH.
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nonoxkeHsl Ha MexayHapogHoi koHpepenumu |ICPPA-2020 8 MU®OU u onybiukoBaHbl B
pabote [64].

Lenbto Gmmkaitmero ceanca’l mo HaGopy SKCIEPHMMEHTAIBHBIX JAHHBIX OYAeT HOBBIH
HA0Op CTAaTUCTUKU JJIs M3MEpPEHHs] OJHOCIMHOBOW ACHMMETPUU WHKIIO3UBHOTO POXKICHUS
3apsOKCHHBIX THOHOB, a TakKe JaHHbIE IS W3MEPEeHUS OJHOCIUHOBOM aCHMMETPUHU
MHKJTI03UBHOrO poxkiaenus KO-mezona. MsmMepeHue oJHOCIMHOBON aCHMMETPUH HUHKIIO3MBHOTO
poxeHns K2-Me30HOB CTaqo BO3MOKHBIM IIOCJIE BKIIFOUYEHMS B COCTaB TPEKOBBIX JETEKTOPOB
CTaHIMU U3 TOHKUX TPYyOOK (CM. HMXKE ONKMCAHUE YCTAHOBKM) M HACTPOWKH Bcell npeiidoBoii
cucteMsl. [IpoBe/ieHO peanucTuueckoe Mojenuposanue peakuuu 7~ py — K2X. ITo pesynsraTam
3Toro mojenupoBanus 3a 20-tu nHeBHbIM ceaHc Ha yctaHOBKe CITACYAPM miist pa3iaumyHbIX
KMHEMAaTUYECKUX HWHTEPBAJIOB aCHUMMETpHsl B JaHHOW pEaKIMH MOXKET ObITh HM3MEpeHa C
TOYHOCTBIO HECKONBKHX mporeHToB (cm. Tabm. 1.8). IlogpobOHee MoaenupoOBaHHE TaHHOU
peakiuu onucado B [Ipunokenun b B pasnene 6.4.1 u B pabore [65].

Ta6n. 1.8 Oxkunaemast cTaTUCTHYECKAS TOYHOCTh M3MEPEHHS OJHOCTIMHOBOM aCUMMETPUH B peakiuuu - p; — KOX
3a 20-Tu AHeBHBIN ceaHc Ha yctaHOBKe CITACHAPM

0<pz<4.0 | 40<p;<80 |80<p;<120| 120<p;<16.0 | pz>16.0
0<pr<0.25 0.016 0.01 0.018 0.043 0.073
025<pr<05| 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

Take ObBUIO TPOBEJIEHO pealbHOE MOJCIUPOBAHHE BO3MOXKHOCTH  HU3MEPEHHUs
acuMMeTpuu »(782)-MEe30HOB Ha IEpBOM 3Tale 3KCIEPUMEHTa Ha KaHaie 14 B pamkax yxe
neWicTByromeil ycraHoBkd. OkujaeMasi CTaTHCTUYECKas TOYHOCTh M3MEPEHHUs] OJHOCIHMHOBOM
aCUMMETPUHU B peakuuu 7 py = wX 3a 20-tu nHeBHBIM ceaHc Ha yctaHoBke CITACYHAPM
npuBenena B Tabn. 1.9. B wumHTepecyromemM Hac KHHEMAaTHYeCcKOM HHTepBaie (B 001acTu
¢parMeHTalMy My4YKa MPU OTHOCUTENBHO OOJIBIIMX MONEPEYHBIX HMITYJIbCAX) ACUMMETPHIO
MOKHO HM3MEpUTh € TouHOCThIO Jyyumie 3%. IlogpoOHee MonenupoBaHHE MaHHOW peaKLUU
omucano B [Tpunosxenuu b B pasaene 6.4.1 u B pa6ote

Tabn. 1.9 Oxumgaemasi CTATUCTHYCCKAs TOYHOCTh M3MEPEHHUsI OJHOCIIMHOBOM aCHMMETPUH B PEaKLMU T Py — WX
3a 20-Tu nHeBHBIN ceaHc Ha yctaHoBKe CITACHAPM

pz<12.0 pz>12.0
pr<0.5 0.052 0.022
pr>05 0.050 0.024

B 2022 roaxy mnpoBeneH mnepBbli HAa0Op JaHHBIX Ha HEMOJIIPU30BAHHBIX SJEPHBIX
MUIIEHSX JUIsl HACTPOMKHU aNropuTMOB PEKOHCTPYKIMM MHKIIIO3UBHOTO poskaenus K- u (782)-
Me30HOB. bbuin HabpaHbI SKCcIIepUMEHTAIbHbIE TaHHBbIE Ha HECKOJBKUX S/Ipax, MIIAaHUPYETCs 10

2 TInanupyercs B HoaOpe-aekadpe 2022 T.
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STUM JIaHHBIM HE TOJBKO OTJIAJUTh AITOPUTMBI PEKOHCTPYKIIUHU, HO U MOIYYUTh JaHHBIE IO A-
3aBHCHMOCTH CEUEHMs] MHKIIO3MBHOTO poxaeHus KO- m o(782)-Me30HOB. MaccoBble CIEKTPHI
h*h™ map, monydenHsle Npy NEPBOM aHANU3E JAHHBIX HA ITyYKE 77'- ME30OHOB B obnactu mMacc KO-
ME30HOB U /-THnepoHa npuBeaeHb Ha Puc. 1.16.
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Puc. 1.16 — Maccossie criektpsl h™h™ map, monyueHHbIe MpU IEPBOM aHATIHM3E IAHHBIX HA IMy4YKe 77 ME30HOB (ClIeBa)
u K" Me30HOB (crpaBa)

Ha neBoii kapTHHKE MacCOBBIN CIEKTP MOJIyYeH JJISl JaHHBIX, HAOpaHHBIX HA OAHOM S/Ipe
B TEUCHHE HECKOJBKUX YacCOB B MPEIIOIOKECHUHU, YTO 00€ 3apsDKEHHBIC YACTHIIBI SBISIOTCS 7T-
ME30HAMH, a Ha IPABOI — B MPEAOI0KEHNH, YTO MOJIOKUTEIHHO 3apsDKEHHAS YAaCTUIIA SIBIISIETCS
npotoHoM. ITonyuennas mmpunHa KQ-Me30Ha NpU NpEABApUTENHHOM aHAIW3€ COCTaBiseT 13
MbB, a A-runepona — 6 M»dB (muk ¢utupoBancs rayccuaHoM, (oH — MPOU3BEACHHEM
HKCIIOHEHTHI Ha CTETICHHBIE (PYEKIINN).

1.6 Pe3lome u nepcneKkTUBBI

[ToryyeHne WHTEHCUBHBIX MOJISPU30BAHHBIX ITYYKOB IPOTOHOB W aHTUIPOTOHOB Ha
kanaie 24A B HUILI «KypuaroBckuit mHCTUTYT» — DB MO3BONMUT OCYIIECTBUTH OOIIMPHYIO
nporpaMMmy (PU3MUYECKMX HMCCIIEOBAaHWN CIMUHOBBIX sBIeHWH B oOnactu »Hepruit 10+50 [1B.
Bosmoxnoctu ycranoBku CIIACYHAPM u 4yBCTBUTENBHOCTh K Pa3IMYHbIM (PU3NYECKUM
KaHajaM ObUIM OLIEHEHBI ITyTeM MOJIETUPOBaHMs COOBITUH ¢ yueToM ¢usndeckoro ¢pona. Hapsmy
C MOJISIPU30BAaHHBIMH IyYKaMH Ha YCTAHOBKY MOTYT ObITh BBIBEJCHBI HENOISPU30BAHHbBIC ITYUKH
muoHoB (%), kaoHOB (K¥), MPOTOHOB M AHTUIIPOTOHOB, & TAKKE YIJIEPOIHBIA ¥ JACHTPOHHBINA
nydykd. Hamuuwe nonsipu30BaHHON MUIIEHM M Pa3IMYHBIX ITyYKOB ITO3BOJIMT MCCIIEN0BATh
OJTHOCITUHOBBIE U JIByXCHMHOBBIE 3()()EKThl B NPUMEPHO CTA PA3JIMYHBIX PEAKIMAX U MOITYYUTh
YHUKaJbHbIE JlaHHBlE. Bce 3TM M3MepeHus MO3BOJAT JOCTUYb 3HAYUTENIBHOTO Iporpecca B
MMOHMMAaHUU KBAaHTOBOI XPOMOJMHAMUKH U MIPUPO/IbI MOJISPU3ALIMOHHBIX SIBIECHUH.
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2 Co3nanue My4YKOB NOJSIPU30BAHHBIX IPOTOHOB M AHTUIIPOTOHOB

Co3nanue Ha yCKOpUTENIbHOM Komiuiekce Y-70 kaHanma yactul, (HOpMHUPYIOMIETO s
skcnepuMenTa CITACHAPM nyuku moJiipu30BaHHBIX MPOTOHOB M AHTHUIIPOTOHOB OT pacmajaa
A(A)-THepoHOB, TIO3BOJUT CYIIECTBEHHO PACIIMPHMTh HpoBoauMylo B M®BD mporpammy
WCCIEAOBAHUM TOJSPU3ALMOHHBIX SBJICHUM B aJpOHHBIX peakuusx. Bmecre ¢ TeMm, Hapsay
C IMMy4YKaMU TOJIIPU30BAHHBIX YACTHII, pa3padaTbIBaeMblii KaHAT MOKET OBITh MCIOJIb30BaH IS
MOJIy4EHHUS ITyYKOB BTOPUYHBIX aJIpPOHOB 000MX 3HAKOB 3apsi/ia, IyYKOB AJIEKTPOHOB B IHAIa30He
umnyiascoB or 10 mo 4501»B/C, a Takke mydyka NEPBUYHBIX NPOTOHOB IOHMKEHHOMN
WHTEHCUBHOCTHU ¢ uMImyiscoM 1o 50 [B/c.

OnTumu3zanus OCHOBHBIX MapaMETPOB MArHUTOONTHYECKOM CHUCTEMBI KaHalla MOJISIpU30-
BAaHHBIX IPOTOHOB M AHTUIIPOTOHOB IPOBOJAWJIACH B pPaMKaX, OTPAHUYEHHBIX JOCTYIHOCTBIO
wioniaied SKCIepuMEeHTaIbHON 06a3bl yckoputens Y-70 ans pasMelieHuss caMoro KaHama
u yctaHoBku CITACYUAPM, a takxke HEOOXOIMMOCTHIO OOECIEUYHUTh OJHOBPEMEHHYIO padoTy
JIBYX KaHAJIOB YacTUIl C OAHOW MulieHbt0. OCHOBHBIE pe3yibTaTbl pacyueTa KaHajia
MOJIAPU30BAaHHBIX YaCTHUI] IIPEJCTaBICHbI B padoTte [67]. Bce nmpeacraBieHHbIe B TaHHOM MPOEKTE
pe3yabTaThl pacyeTa KaHajaa 24 A B3sThI U3 JAaHHOU PaOOTHI.

2.1 Kanaj nojisipu30BaHHBIX POTOHOB H AHTHIIPOTOHOB

[Inanupyemoe NOBBIIIEHHME MHTEHCUBHOCTH YCKOPEHHOTO IIPOTOHHOIO IIydkKa [0
(2-3)x10"* mpoTOHOB 3a LUKJI OTKPHIBACT HOBBIC BO3MOXKHOCTH [UIsi MPOBEACHUS (PU3HUUSCKUX
UCCIeIOBaHN Ha yckoputenbHoM kommuiekce Y-70 MDBD. B To xe Bpems mnepcrnekTHBa
paboThl ¢ NMPOTOHHBIM IIYYKOM Oo0Jjiee BBICOKOM HMHTEHCHBHOCTH ONpEAEseT HeoOXOIUMOCTh
3HAYUTEIBbHOW MEPECTPOMKN CYHIECTBYIOUIEH CHCTEMBI KaHAJIOB YacTUL. B skcnepuMeHTaIbHOMN
30He yckopurens Y-70 Ha TUIOmMAAfX, OCBOOOXKIAIOMIMXCS TIOCIE 3aBEpUICHHS psla
JKCIIEPUMEHTOB, IUIAHUPYETCS CO3JaTh JBa HOBBIX KaHajga YacTUIl HA OCHOBE MEIJIEHHOTO
BBIBOJIa YCKOPEHHOI'O IMPOTOHHOrO Imydka ¢ sHeprued 50 ['9B u MHTEHCHBHOCTBHIO BBIBOAA /10
~2x10" mpoTOHOB 3a IHKII.

Co3manne 3TUX KaHAJoB, padOTAONIMX OJHOBPEMEHHO C OJHOW BHEIIHEW MHUIIEHBIO,
MO3BOJIUT CYIIECTBEHHO YIy4YIUTh 3()PEKTUBHOCTH WCIONB30BaHUS YCKOpeHHOTO B Y-70
MIPOTOHHOT'O MyYKa, MOBBICUTh MHTEHCUBHOCTh U KaYECTBO BBIBOJUMBIX Ha SKCIEPHUMEHTAIbHbIE
YCTaHOBKH Iy4YKOB BTOPUYHBIX YACTHII U, YTO TaKKe HEMAJIOBaXXHO, OTKA3aThCsl OT BHYTPEHHUX
MUIIEHEH, dKCIUTyaTalys KOTOPbIX MPUBOIUT K MEPEOOTydeHHI0 MarHUTHON CUCTEMBI YCKOPH-
Tenst. J[Ba HOBBIX KaHaia, MOMy4MBINNX oOo3HaueHus 24A u 24B (Puc. 2.1), npenHa3HavaroTcs
Ui o0ecreyeHnss My4yKaMHM dYacTul] 3KcrepuMeHTanbHbIX ycTaHoBok CIIACYHAPM u BEC
COOTBETCTBEHHO.

VceranoBka CITACYHAPM, npencrtaBieHHass B HACTOSIIIEM JOKYMEHTE, CO3JAeTCs IS
MIPOBEJICHUSI CUCTEMATUYECKUX HCCIEAOBAHUN MOJIIPU3ALMOHHBIX SIBICHUNH B HKCKIIO3UBHBIX
Y MHKJIIO3UBHBIX aJIPOHHBIX PEAKIUAX B 00JacTH SHEPruil yckopuTelbHOro komiuiekca MOBD.
[IporpamMmoii pu3nYecKUX UCCIETOBAHUM B 3TOM SKCIEPUMEHTE IUIAHUPYETCS HCIOJIb30BaHUE
L[EJIOT0 psiZia MyYKOB Pa3IM4YHOIO COpTa: B MEPBYIO OUYEPEh MTyUYKOB MOJISIPU30BAHHBIX TPOTOHOB
U aHTUIPOTOHOB, ITYYKOB IOJIOKHUTEIBHO U OTPULIATENIBHO 3apsKEHHBIX TMOHOB, a TAKXKE MYyYKOB
3JIEKTPOHOB, HEOOXOAMMBIX [T KaJTHMOPOBKH anmaparypbl SKCIIEpPUMEHTATbHONW YCTaHOBKH.
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Puc. 2.1 Cxema pazmemieHus kaHanoB 24A u 24B B skcniepumenTtaapHoM 3ane 16B
yckopurens Y-70

MeTto/ Moy4eHHs Ha YCKOPUTEISX MyYKOB MOJISIPU30BaHHBIX TPOTOHOB (aHTUITPOTOHOB)
oT pacnanos A(A)-runepoHoB, ObLl IpeaaoxkeH B pabore [68]. OH ObLT BIEpBbIE YCHENIHO
peanu3zoBan Ha 800 ['3B-nom yckoputene ®HAJI st co3gaHusi MONSIPU30BAHHBIX ITYYKOB
[IPOTOHOB M aHTUIPOTOHOB ¢ uMmmyiabcoMm 185 IB/C [69]. [To3aHee mydyok MOISPU30BAHHBIX
IPOTOHOB ¢ uMITysibcoM 40 I'3B/c 6611 ontyuen Ha 70 I'3B-HOM yckopurtene UPBI [70].

Cxema MOJIYUYCHUS IMOJIAPU30BAHHBIX

;’;’::‘::: J] b MPOTOHOB MoKa3zaHa Ha Puc. 2.2. Cuuranocs,

. / YTO B CHCTEME IOKOS /-TUTIEpOHA, POKIAEH-

e ,,/ f,p HOTO B MHUIIEHH NEPBUYHBIM TMPOTOHHBIM

U A7 / MTyYKOM, TIPOTOH M3 HAPYIIAIONIETO YETHOCTD

primary - :E: 1 ("_ ;__,f.\-f‘""“ pacnaﬂevl A—pr~ IPOAOIBLHO TOJSPU30BAH CO

Protons i et 7Y cpeaneil  cnupanbHOCThiO o = 0.642+0.13

Ui AT [43] (o manuBIM 3kcriepumenToB 19601970

ﬂ ronoB). Bce pacderl MpoOBEICHBI UMEHHO

po— Decay 2 s 9ToM  BenmmuumHel  o.  Cruenyer

Magnet Region MOJYEPKHYTh, YTO  HOBBIE  HM3MEPEHHUS

skciepumenta  BES-IIl  manmm apyroe

Puc. 2.2 Cxema nonyuenus mydxa 3HaueHue, a uMeHHo: o= 0.750+0.009+0.004
NOJISIPU30BAaHHBIX IPOTOHOB U3 PACIAIOB [ 4 4].

/-THIIepOHOB

B nabopatopHoil cuctemMe NPOTOHBI UMEIT KOMIIOHEHTY MONEpPEeYHOM MOJIIpU3alny,
KOTopass TeM OoJjblie, 4yeM OoJbllle yroa BbUJIETa MPOTOHOB OT pachaja 0 OTHOUICHHUIO
K TPAeKTOPHUSM POJIUTEIbCKUX THIIEPOHOB. B npyrux tepmuHax, nonepeyHas moysspu3anus 3TUX
MIPOTOHOB ~KOpPPENUpYeT ¢ KOOPAWHATOM TepecedyeHus MPOJAODKEHUS UX TpaeKTOpHUil
C IUNIOCKOCTBIO BUPTYAJIBHOTO MCTOYHHUKA, IPOXOSAIIEH Yepe3 LIEHTp MUIIEeHN KaHana. Cpenssisa
rorepeyHast MoJisipu3alus Mo BCeMy aHCaMOJII0 MPOTOHOB OT pacmnaja /-rurnepoHOB, OYEBHJIHO,
paBHa Hymo. OJHAKO MOYKHO THOJYYHTh BBIOOPKM C HEHYJEBOW IOIEPEYHOH mMoisipu3anueit
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IIyTEM COPTHPOBKM HX TPAE€KTOPHH IO YTy BBUIETA WJIM, YTO TO K€ CaMO€, 10 KOOpAUHATE
MIEPEeCceueHus ¢ TIOCKOCThIO BHUPTYaIbHOTO UCTOYHHKA. COPTHPOBKA OOBIYHO OCYIIECTBIISCTCS
B OJIHOH U3 IJIOCKOCTEH, HAaIPUMEpP, B BEPTUKAIBbHOM, B10JIb OcH Y. C TOUKU 3pEHUS] MUHUMU3A-
LIMM CTATUCTUYECKUX OLIMOOK M3MEPEHHUs CIIMHOBBIX ACUMMETPUMN, ONTHUMAJIBHBIMH SIBIISIFOTCS
BBIOOPKH C MakCHUMaJbHBIM 3HaueHHeM mpousBerenus FOM = | x &2 rne | — uHTEeHCHBHOCTH
BBIOOpKH, a &y’ — cpe/iHee 10 BBIOOPKE 3HAYEHHME BEPTUKAIbHOHN mosisipu3auuu. B peanbHbIX
IeOMETPHUSIX KAaHAJIOB HHTEHCHUBHOCTh ONTHUMAJIBHBIX BBIOOPOK OJHOIO 3HAKa MOJSAPU3ALUU
COCTaBJISIET, KaK IPAaBUIIO, IPUMEPHO 73 OT IOJHOW MHTEHCUBHOCTU IIPHU CPEIHEH MOJIAPU3ALUU
&? = +40%. Ocraromascs NpUMEpPHO 5 MOJHOW HWHTEHCHUBHOCTU MPUXOAMTCS HA HEMOJSIPHU-
30BaHHYIO «IIEHTPAJIbHYIO» 4YacTh Myuyka. Takum oOpa3oM, riaBHas 3agada pa3pabOTKU ONTHKH
KaHala COCTOMT B  O0EClEYeHUH JOCTaBKM  C(HOPMUPOBAHHOTO Iyyka IPOTOHOB
(aHTMTIPOTOHOB??) OT pacHaja TUIEPOHOB (AHTUTHMIIEPOHOB) 3aJAHHOTO MMITYJIHCA HA MMIIEHD
9KCIIEPUMEHTa C MHHUMAJIBHBIMM TIOTEPSIMM HMHTEHCUBHOCTH U TMOJISIPU3ALIMM, a TaKke
C MIPeI0OCTAaBICHUEM BO3MOKHOCTH COPTUPOBKH M/MIIM 0TOOpa TPACKTOPHH My4YKOBBIX YacTHUIL 10
MOJIAPU3ALUH.

B nanHOM paszene mpuBeAEHbI pe3yJbTaThl pa3paOOTKH MAarHUTOONTHYECKOM CUCTEMBI
KaHana 24A, oNTUMU3UPOBAHHOMN VISl MOJTYYEHHS IIyYKOB IOJIPU30BaHHBIX YaCTHUL, IIPUBOIATCS
xapakTepuctuku  gopmupyembix Ha ycraHoBky CIIACYHAPM myukoB. PaccMorpenmro
XapaKTepUCTHK KaHala TNPEAIISCTBYET ONHMCAHHUE MUIICHHOW CTaHIMH, OOECIIeYHBAIONICH
OJTHOBPEMEHHYIO paboTy kaHAIOB 24A u 24B ¢ 0HOI MUTIICHBIO.

2.1.1 Muwennas cmanyusa xkananoe 244 u 24B

Mumennas cranius (Puc. 2.3) kananoB 24A u 24B Oyjer ocHallieHa TpeMs AUOIbHBIMA
MarHuTamH, OOECIEUYMBAIONIMMH OJHOBPEMEHHYIO pPa0OTy ATHX KaHaJIOB C MUIICHBIO, Ha
KOTOpYIO0 OyneT cOpachlBaThCsl MEIJICHHO BBIBEICHHBIH W3 YCKOPHUTEIS MPOTOHHBIA ITYYOK.
BrniepBbie 10/100HbIE CUCTEMBI OTOOPAa BTOPUYHBIX YACTUIl OJHOBPEMEHHO B JIBAa WJIM TPU KaHala
OBLTH TIPUMEHEHBI B SKCIIepUMEHTaNbHBIX 30HaX yckoputenss SPS B CERN [71]. Marautet MT1
nu MT2 npennasHadeHbl Ui HaBEACHHUS NEPBUYHOTO MPOTOHHOIO Iy4YKa IOJ ONPEAEIECHHBIM
yIJIOM @ B LIeHTp Marauuta MT3, KOTOpbIii, B CBOIO ouepesib, 0OecrieunBaeT 0TOOp B KaHAJbl 24A
u 24B 3apsKeHHBIX BTOPUYHBIX YaCTHUL, POK/ICHHBIX B MUIIEHU KaHana T.

B xauectBe marautoB MT1 u MT2 nnanupyercs HCIOJIb30BaTh TUIOJIBHBIE MAarHUTHI
tuma CI1-129 u CII-7%, Bxojsmme B HOMEHKIATYpy OOOpYNOBAaHHS JKCIEPHMEHTAILHOTO
KomIuiekca yckoputens Y-70. B 3Tom ciydyae MakcHManbHBIH yrojl HaBeJICHHS MPOTOHHOTO
IIydKa Ha MHIUEHb (p,,y, ONpenensemslii napamerpamu Maraura CII-7, pasen 27 mpaz. Ilog
9THM K€ yIJIOM HaBEJEHUS «CMOTpAT» B LeHTp MarHuta MT3 kananel 24A u 24B, 4To mo3Bo-
JSeT MaKCUMaJbHO NPUOIM3UTh K MHUILIEHH KBaJAPYIOJbHBIE JMH3bI, BXOJSIINE B COCTaB
TOJIOBHBIX OOBEKTUBOB 000MX KaHAJIOB, COXpaHss MPU ATOM BO3MOXHOCTh OTOOpa HEHTpaIbHBIX
BTOPUYHBIX YaCTHUII B 00a KaHaja.

22 Cxema TOJTydEHHS MOJIAPU30BAHHBIX y4KOB aHTUIIPOTOHOB U3 PACTaJIOB /A-TMIIEPOHOB aGCONOTHO UJIEHTUYHA
C TOH JIUIIIb Pa3HULIEH, YTO 3HAK KOPPEIALUY NONEPETHOH MOJIIPU3ALUY C NTOJIOKEHUEM TPACKTOPHUU B INIOCKOCTH
BHUPTYaJIbHOI'O UCTOUYHHUKA MIPOTHUBOMOIOMKHBII.

2 TTapametpsl marautoB CIT-129: qymna L = 4 M, nonesnas aneprypa LIxB = 330x100 MM2, MAKCHMAITbHOE MOJIE
Bmax = 1.8 Tur; maraura CII-7: nouna L = 6 M, IIIXB = 500%200 MM?; Bmax = 1.8 Ti1
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Puc. 2.3 Cxema MuIlleHHO# cTaHIMK KaHaaoB 24A u 24B.

T — mumens ka"ana, MT1+MT3 — nunonsable MarHuThl, MC — MarHUTHI-KOPPEKTOPHI,
Dump — cTanpHOM MOTJIOTUTENb JUIMHOU 5 M. [IpHBeIeHHBII HA CXeMe MUIIICHHOMN CTaHIIUU
BapHaHT HABEACHUS MPOTOHHOTO MyYKa Ha MHUILICHb COOTBETCTBYET OTOOPY HEHTPAIBLHBIX
BTOPUYHBIX YACTHI] B KaHAN 24 A Y TIOJIOKUTENBHO (OTPULIATENBHO) 3apsHKEHHBIX YaCTUI B KaHAT
24B. [IyHKTUPHBIMH JTUHUSMHU TIOKa3aHbl TPAEKTOPUH BTOPUUHBIX 3apsHKEHHBIX YaCTHII,
0oTONpaeMbIX ¢ KaHal 24B ¢ HeHyJIeBBIMU yTIJIaMH POXKICHUS B MUIIICHU.

SABnssack (QyHKIMOHAIBHBIM JJIEMEHTOM MHIIEHHOW CTaHIHMHM KaHaoB 24A u 24B,
MarHuT MT3 B TO ke BpeMsi MCIONB3YeTCs ISl OUYMCTKH OT 3apsDKEHHBIX BTOPHYHBIX YaCTHUI]
HampaBieHusl KaHaiga 24A npu (GopMUpOBAaHMM B HEM IYyYKOB MOJSPU30BAHHBIX IPOTOHOB
U aHTUIIPOTOHOB OT pacnajaa /A(A)-TUIepOHOB, a TaKKe IYyYKOB SJIEKTPOHOB. B CBsi3M ¢ THM
OCHOBHBIE TTapaMeTpbl, MOJIOKEHHbIE B OCHOBY Ipoekta marHuTa MT3 (mmuna L = 2.6 M, mak-
cuMaiabHoe 1oJie Bmax = 1.9 Tn, pazmep paboueii obmactu LI (rop.) x B (Bept.) = 140 x 56 Mm),
SBJIAIOTCSI KOMIIPOMHCCOM JOCTaTOYHO MPOTUBOPEUHMBBIX TpeOOBaHUN K €ro UIMHE Mpu
MaKCUMAaJIbHO BBICOKOM 3HaYEHUH MarHUTHOTO TTOJIS.

[Tockonpky MT3 pacrnosioxkeH HEMOCPEICTBEHHO IOCIe MHIICHHU KaHajga, Ha KOTOPYIO
MPEeIoIaraeTcs HaBOAUTh BEICOKOMHTEHCHBHBIM MPOTOHHBIN IMYYOK, €r0 KOHCTPYKIIHS OTIpesie-
JseTcss HEeOOXOIUMOCTBIO JIOJITOBPEMEHHOW pabOThl B YCIOBUSX BBICOKMX PaTUaIlMOHHBIX
HArpy30K, MPHUBOSIIMX K pa3pylICHUIO0 M30JAIUN OOMOTOK BO3OYKaeHus. V3BecTHBIMU
BapUaHTaMM pELICHUs 3TOW MpoOIeMBbl SBJISIETCS MCIOJIb30BaHUE 3HAYUTEIBHO OoJjiee CTOMKOM
K BO3JIeHCTBUIO panuanuu acOomemeHTHON unu MQO wmsomsmum obmortok [72, 73]. Beuay
CIIO)KHOCTM U OTHOCHUTEIBHO BBICOKOM CTOMMOCTH M3TOTOBJIEHUS TakuX OOMOTOK, B HallleM
cllyyae €IMHUYHOTO IPOM3BOJCTBA MPENNOYTeHHE OBIJI0O OTAAHO KOMIIOHOBKE MAarHuTa
C BBIHECEHHOM BBEPX OT IUJIOCKOCTH Iy4Ka OOMOTKOM BO30YykneHus |[/74], HM3roTOBIEHHOM
METOJIOM BaKyyMHOH IMPONUTKHU SMOKCUIHBIM KoMmnayHAoM. [Toniepeunoe ceuenne maraura MT3
B BHIOpaHHOW KOMIIOHOBKE ITOKa3aHo Ha Puc. 2.4.

Kak cnegyer u3 pacdeToB MOIIHOCTH J03bl, NPOBEACHHBIX C HCIOJb30BAHUEM
nporpamMmbl MARS [75], pecypc o6MoTkn marHuTa (BpeMsi Habopa 10361 10 MI'p) cocraBnsier
~300 cyrok. B pacdyerax MOIIHOCTM /J03bI M MapaMeTpoB (OPMHUPYEMBIX ITyYKOB YacCTHUI]
MPEJIIToJIarajioch, 4TO AOMHUHWEBas MUIIeHb KaHama T mmHoM 0.4 M m tommuHoW 3.0 MM
pa3MellleHa BIUIOTHYKO K BXoJHoOMy Topuy Marauta MT3. IlluprHa MumeHu cocraBiser
~100 MM, 9TO MO3BOJISIET HE TIEpEMENIaTh MUIICHh B TOPU30HTAIBHOMN TUIOCKOCTH TPH M3MEHE-
HUM yIJa HaBeICHUs IPOTOHHOTO IydYKa B mpeaenax +27 Mpa.
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Puc. 2.4 Tlonepeunoe ceuennst maraura MT3 (Bce pa3mepsl IPUBEICHBI B CM)

JlononHurenbHas 3amuTa B BUAE OETOHA, 3alOJHSIOIIETO MPOCTPAHCTBO BHYTPH sipMa
MarHuTa OT HIDKHETO TONI0ca 10 OOMOTKH, M CTAIBHBIX TUIACTHH, 3aTCHSIOIIUX BBICTYIAIOIINE
yacTh OOMOTOK, MOBBIIMAET ee pecypc 10 2600 cyTOK IpU MHTEHCUBHOCTU MEPBUYHOIO IydKa
2x10" mpoT./UMKI, 4TO pelIaeT OCHOBHYIO MPOoOJIeMy 3KCIUTyaTallud 3TOT0 MarHUTa B YCIOBUAX
BBICOKMX PaJUalMOHHBIX HAIPYy30K.

[IpuBenennas Ha Puc.2.3 cumMMmeTpuyHash OTHOCHTEIbHO HANpPAaBICHUS MCXOJHOIO
IPOTOHHOI'O IMy4YKa CXe€Ma MUIIEHHOM CTaHIMU CO3/1aeT SKBHBAJICHTHBIE YCIOBHA Uil 0TOOpa
BTOPUYHBIX (HEHTPaAIbHBIX U 3apsHDKEHHBIX ) YaCTHI] B HAIIPaBJIEHUU 000uX KaHaioB. [Ipu aTom:

—Tpu 0TOOpE MO HANPABICHUIO OJHOTO W3 KAHAIOB IyYKa HEUTPAJIbHBIX BTOPHUYHBIX
qacTull (¢ = *@max), BO BTOPOM KaHAJIE€ MOXET OBITh MOJYYEH IMyYOK IOJOKUTEIBHBIX HITH
OTPULIATEJIBHO 3apsKEHHBIX BTOPUYHBIX YacTUI[ B JAMana3oHe UMIyJIbcoB oT 16 IB/C mo
28 I'3B/C ¢ Hy7neBbIM yIJIOM POXICHHMsS B MUIIEHU. HMKHSS rpaHuMua Juana3oHa MMITYJIbCOB
YacTHl], OTOMpAeMbIX BO BTOPOH KaHal, ONpeJeNseTcss U3 YCIOBHS TallleHHs B TOIJIOTUTENe
HENPOB3alMO/ICHICTBOBABILIETO B MHIIEHH IPOTOHHOIO My4Ka (KOTOPBIM IOCIE OTKJIOHEHHS
B MarauTe MT3 He TOJDKEH Mmonaaath B MHTEPBAJ YIJIOB @max = A@), TOra Kak BEpXHssS TpaHUIIA
OTIpeIeNIieTCsl MaKCUMAJIBHBIM MHTETPaJIoM MarHuTHOro noist MT3;

—IpH HaBEJICHUU MPOTOHHOTO MydYKa HAa MHUIICHb C YIIOM |p| < ¢max B KaHambl 24A
1 24B OynyT oTOMpaThes 3apsHKEHHBIE BTOPUYHBIC YACTHIIBI ¢ pa3HBIMU 3HaKamHu 3apsna. CBs3b
MEXJy UMIYJbCAaMU 3THX IIy4KOB IIPH HYJIEBOM YIJIE POXACHHUS B MHUILIEHU OIPEACIAETCS
BeIpaKeHUEM P2 (Pmax — @) + Pr (Pmax + @) =0, B KOTOPOM P: U P2 CYMTAIOTCS aareOpandecKuMu
BEJIMYMHAMH, T.€. OTPHULATEIBHOE 3HAUYEHUE MMIYJbCAa COOTBETCTBYET OTPULIATEIBHO
3apsHKEHHBIM yacTuiaM. Kak v B peaplIylieM cilydae, raiieHue HENpoB3auMOAECHCTBOBABIIETO
B MUILIEHU NMPOTOHHOTO My4yKa HaKJIaJbIBaeT CYLIECTBEHHbIE OIpPAaHUYEHUS Ha OTOOp B KaHAJbI
3apsHKCHHBIX BTOPHYHBIX YACTHUI] C HYJIEBBIM YIJIOM POJKICHHSI B MUIIICHH [76].

HpI/IMeHeHI/Ie B COCTaBE€ MHUIIECHHON CTaHILUU MarHuToOB-KOPPEKTOPOB MC mno3Boiser
3aMCTHO PACIIUPHUTDH OUAIIA30H HMITYJILCOB 3aps’KCHHBIX YaCTUL] B 000X KaHajax 3a CYeT
0T60pa C MUIICHU YaCTUI C HCHYJICBBIM YI'JIOM POXACHHA B MUILICHU.
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2.1.2 Onmuueckasa cxema Kanana nOAAPU3IO6AHHBIX NPOMOHOE (AHMUNPOMOHOB)

Pa3pabGorannas 0a3oBasi onmTHUYecKas cXema KaHajla TOJSIPU30BAHHBIX MPOTOHOB 24A
(Puc. 2.5), cocrosiias u3 ABYX 3epKaTbHO-CUMMETPHYHBIX YacTei, pa3iaeieHHbIX MPOMEKYTOU-
HBIMU H300pakeHHsAMHU (doKycaMu) Tydka B OOCHMX IIONMEPEYHBIX IUIOCKOCTAX B CEpeIuHe
KaHaja, yJIOBJIETBOPSIET OCHOBHBIM TpeOOBaHMSIM, OOYCIIOBIEHHBIM OCOOCHHOCTSIMU CO3JaHUS
Takoro kKaHaia [//]. OHa y4MTBIBAaeT TAaKXe psJ OrpaHUYEHMH, HAKJIAJAbIBAEMBIX IIAHUPYEMbBIM
pasMeIIeHreM TOro KaHalla Ha IUIOMAIAX CYIIECTBYIOIIEH SKCIIEPUMEHTAIBHONW 0a3bl yCKOPH-
TEJILHOTO KoMIuIekca ¥Y-70, 0cBOOOMBIINXCS TIOCIIE 3aBEPILICHUS IPYTUX SKCIIEPUMEHTOB.

X mm M3 M1 Q13 M1 M2 Q4S5 Q67 M3 M4 Q8-10
(@] 3
100 | I I 2 W I Tew
~. ~1 '™
0 — | 1 I B b i B | ‘f“-««-_,,
\\"\\ ‘ n 1 i s n __/g' G
{ — P = _
I\ B | I = L L1
1m - | \—_N — —
C1 c4
Y, mm MC2 - R
‘ T ; T T r T r T
0 20 40 GO 8O 100 m 120

Puc. 2.5 ba3oBas ontuueckas cxema kanana 24 A, npeaHazHadeHHas 11l GOpMHUPOBaHHUS ITyUKOB
TOIAPU30BAHHBIX TIPOTOHOB M aHTHIIPOTOHOB OT pacniaza A(A)-runeponos: Q — KBaAPyNOIbHbIE
mH3bI, M — aunonbHble MarHuThL, C — komutumatopbl, MC — MarHUTEI-KOppeKTOphL, T U Texp
— MHIIECHH KaHajla U SKCIEPHUMEHTAIbHON yCTaHOBKHU. CIUTOIIHBIMHY JIMHUSAMY IIOKa3aHa
(hoxycHupoBKa ITy4yKka B 00€HX MONEPEYHBIX INIOCKOCTSX, MYHKTHPOM — AUCTIEPCHUS
TOPU3OHTANBHOM TocKocTH 1iist Ap/p = 5%

[TornomieHne  HENPOB3aUMOJEHCTBOBABIIMX B MHIIEHU IMEPBUYHBIX  IPOTOHOB
U POXKJICHHBIX B MUILEHU 3apSDKCHHBIX YACTHL] OCYILECTBIISETCS B IIpeeaax MUIIEHHONW CTaHIUU
kanana (Puc. 2.3), a HEUTpaIbHBIX YacTUI] (B OCHOBHOM HEHTPOHOB) — BO BTOPOM IOTJIOTHTENE,
pacnosoxkeHHOM Mexay marHutamu M1 u M2 Ha pacctosiHuu 6 M 0T leHTpa Marauta M1; yron
MOBOPOTA TMy4YKa COCTaBIsIET 52 mpan. TenecHbld yroj MOMaJallnX B KaHAT HEUTpaIbHBIX
yacTuI] orpaHuuyuBaercs kojumumatopamu Cl um C2 Takum oOpazom (£2.8 mpax u +3.2 mpan
COOTBETCTBEHHO), YTOOBI NPEJOTBPATUTh BO3MOKHOCTH B3aUMOJEUCTBUS HEUTPOHOB CO
CTEHKaMU BaKyyMHBIX KaMmep B KBaJApynoibHbIX JnH3aXx Q1+Q3 u B Maraute M1, 4T0OBI
UCKJIFOUUTh OJMH U3 UICTOUYHUKOB (DOHA B ITyUYKe MOISPU30BAHHBIX AHTUIIPOTOHOB.

Maruutsl M1+M4 OTKIIOHSIIOT Tpaccy KaHajla B OJHY CTOPOHY Ha oO0rwmii yron 147 mpan.
Jns  aHanu3a Mydka [0 HMIYJIbCaM  HUCHOJNB3YETCs MPOMEXYTOYHOE M300pa)keHue
B FTOPU30HTAJILHON IMJIOCKOCTH, IUCIEPCHS B KOTOPOM co3naercss marHutamu M1 u M2 u 3atem
KOMIIEHCUpYyeTcsa 4epe3 KBajpynoibHble JuH3bl Q4+Q7 marHutamu M3 u M4. TpeOyemblit
pa3dpoc mydka Mo uMmmyiabcam Ap/P ompenessieTcs packpbiTHeM kojutmMatopa C3. YdyacTku
KaHaJla 10 M 1mocie MarHuToB M3 m M4 mnnaHupyercss HCIOIb30BAaTh JUISl Pa3MEIICHUS
JETEKTOPOB CUCTEMBI H3MEPEHUS UMITYJIbCa YaCTHII.

BeprukanpHas NIOCKOCTh ONTHYECKOM CXEMbl KaHala HMMEET €IMHUYHYIO MAaTpHUIly
npeoOpa3oBaHusl MapaMEeTPOB TPACKTOPUM YAaCTUI] OT MHIIEHH KaHajla 0 MHUILIEHH
HKCHEPUMEHTAIBHON YCTaHOBKH, YTO 00€CIEUNBACT B JIMHEHHOM NPUOIMKEHUH TI0 MONEPEYHBIM
napameTpaM TPaeKTOpPUH COXpaHEHHE MoJspu3aluu NpoToHoB Ay =0 ams Bcex pexuMOB
paboTel kaHana. Hanmuume xoppensuuu MeXIy KOOpAMHATOM YacTUIBI B BEpPTHUKaJIbHOU
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IJIOCKOCTH Y U COOTBETCTBYIOILIEH KOMIIOHEHTOM BEKTOpa MOJIApU3ALUU {y B MIPOMEKYTOUHOM
M300pakeHuN Tydka? Tmpeamonaraercs WMCIONB30BaTh JUIS OPTAHM3ALUM 37€Ch CHCTEMBI
MEYEHHUs MOJISIPU3alMK YacTHIL, TUOO0 AJIs BBIAECTIEHUS C IOMOIIbI0 KoJtnmaropa C4 yactu mydka
C HEHYJIEBOM CpeJHeW moJigpu3anueil dactuil. Bo BTOpoOM ciydae KOPPEKTUPYIOIIMI MarHuT
MC2 ucnonb3yercs 1yl cMeleHusl my4yka Ha kosuuMmaTtope C4, a KOPppPEeKTUPYIOIIME MarHUThI
MC3 u MC4 — pnns BbIBEICHUS BBIJICJIICHHOM 4YacTH IMydyKa Ha OCh JKCIEPUMEHTAIbHOMN
ycTaHoBKH (pazn. 2.1.4).

s co3paHMs KaHaja IMOJIIPU30BAHHBIX YACTHI] IJIAHUPYETCSI MCIOJIb30BaTh CTaHIApPT-
HOE€ MarHUTOONTHYECKOE 000pYyNOBaHHME HKCIEPUMEHTAIBHOTO KOMIUIeKca yckoputens Y-70:
kBagpynosnbHble auH3bI TUna 20K200 nnuHO#M 2 M ¢ MakCMMaJIbHBIM TPaJUEHTOM MarHUTHOTO
nosist 13 Tn/m B aneprype auamerpom 20 cMm u otkiosstonme Maruutel Tuna CII-7A u CII-12A
JUIMHOM 6 M W 3 M, COOTBETCTBEHHO, C MakcuMaibHbIM TosieM 1.8 Tim B paboueit oGmactu
500x200 MM (TOpPH30HTAJIbXBEPTUKANIb), a TaKXe KOJUIMMATOPHI YaCTHI[ C MaKCUMaJIbHBIM
pPacKpBITHEM 75 MM.

MaxkcuManbHBI UMITYJIbC (POPMUPYEMOTO MyUYKa MPU HUCIIOJIB30BaHUU 0a30BOM ONTHYE-
ckoii cxemsbl (Puc. 2.5) cocraBnsier 45 [9B/C. MoauduumpoBanHas onTuveckas cxema KaHaja
(C BKJIFOUEHHBIMH 110 JyOJIETHOM CXEeMe IEpPBbIM M IOCIETHUM OOBEKTHUBAMH) 00ECIIEUMBACT
TPAHCIOPTHPOBKY MYYKOB dYacTull ¢ uMmiyiabcoM a0 50 [5B/C, uro mo3BonseT noCTaBIATH
K akcriepuMeHTabHON ycraHoBKe CITACUAPM nepBUYHBIM IPOTOHHBIM IyYOK MOHUKEHHOMN
WHTEHCUBHOCTH, BBIBEACHHBII U3 yckopuTens Y-70 ¢ HOMOIIBIO H30THYTOro Kpuctainia [78].

Jlpyrue XapakTepHCTUKH KaHalla, BKJIIOYass MUHHUMAaJIbHBIA M MakCUMalbHBIA pa3Opoc
My4YKa MO0 UMITYJIbCaM, CyIIECTBEHHO 3aBUCAT OT pa3MepoB 3((HEKTUBHOTO UCTOYHHUKA TPOTOHOB,
KOTOpBIE B CBOIO OYepe/b SIBISIFOTCS (PYHKIMEW UMIYIbca YacTHll. Tak, MUHUMAaIbHBIA (MaKcu-
MaJIbHBIN) pa30poc Mmydka Mo UMIyJbcaM B KaHaie m3MeHsiercs ot +4.5% (+11.0%) s mydxa
¢ mmirysbeoM 15 IBB/C mo £3.0% (£9.5%) nns myuka ¢ ummysascoMm 45 I3B/c.

Kak crnenyer u3 onmcanusi MumeHHOH cranmmu (pasn. 2.1.1), kanan 24A MOXeT OBITH
MCIOJIb30BaH TaKXke JUisl (GOPMHUPOBAHUS U TPAHCIIOPTUPOBKHU K SKCIEPUMEHTAIILHON YCTaHOBKE
My4YKOB BTOPUYHBIX YaCTUIl 000MX 3HAKOB 3apsijia. B 3ToM cinyuyae BBUIY CYIIECTBEHHO MEHBIIIUX
pa3MepoB HUCTOYHMKA YACTHI, HE 3aBUCAIIMX OT HUMIylbca (QOPMUPYEMOro TMydyKa,
MUHUMAaIbHBIN pa30poc myyka Mo UMITyJIbcaM B KaHale cocTaBiseT +1.2%.

2.1.3 Ilapamempul nyuxa npomonoe ¢ RPOMeHCynmouHom u3ooparxcenuu

Pa3mepsl myuka B MpOMEXKYTOUHOM HU300paKEHUU BEPTHKAIBHON IJIOCKOCTH ONpPEeIs-
I0TCSL pasMepamMu A(PPEKTUBHOIO MCTOYHHMKA MPOTOHOB M KOA(P(PHUIIMEHTOM MaTpUIlbl Mpeodpa-
3oBanus (Y/yo) OT MHUIICHHM KaHajda 0 JTOTO CEUCHHUsS KaHala, KOTOPBI B paccMaTpuBaeMOi
CXEME€ MOXET BAPBUPOBATHCSA B JOCTATOYHO IMIMPOKHUX NPEAENaX ¢ COXPAHEHHEM E€IMHUYHOCTH
MOJTHOM MaTpHullbl peoOpa3oBaHus KaHaia. DTO MO3BOJIIET UMETh B MIPOMEKYTOUHOM H300pa-
KEHUM HEU3MEHHbIE pa3Mepbl Mydka B BEPTHKAIbHON MIIOCKOCTU NpU (OPMUPOBAHUU ITYUKOB
MOJISIPU30BAaHHBIX MIPOTOHOB C Pa3HBIMHU IIEHTpaTbHBIME UMITyJibcamu (Tabm. 2.1).

24 TIoMUMO KMHEMATHKH pacmnajia A-runepoHoB, CTENEeHb KOPPENSALMH 3aBUCHT TAKAKE OT pa3sMEpPOB MULIEHH,
pa30dpoca 1o UMITyJIbCaM 3aXBaThIBAEMOT'0 B KaHaJI IPOTOHHOTO MyYKa M CTPYKTYPHI HA4aIbHOM YacTH KaHasia
[Puc. 2.5]. 3axBar B kaHaJ IPOTOHOB, 0OPA30BABILIMXCS OT pacnaja /A-runepoHoB Ha BeIXoae U3 MarauTa MT3,
3aMETHO CHIKAET BEIMYNHY KOA(PPHUINEHTA KOPPEISAIUH B TUIOCKOCTH JEHCTBUS OYHIIAIOIIET0 MarHUTA (B HAIIEM
Clly4ae B TOPU3OHTAIBHOM).

47



Tabu. 2.1 [TapameTpbl NPOTOHHOTO ITy4YKa B HPOMEXYTOYHOM n300pakeHuH. Pa3mepsl mydka npuBeAeHb! IS
MHHHMAITBHOTO M MAKCHMAaJIbHOTO (B CKOOKaX) 3HaYeHus Ap/p, MpomycKaeMoro KaHaJioM

LlenTpanbHbIii UMITYJIbC Ty4Ka, [9B/C 15 30 45
Pa3mep 3(1)(beKTUI/IBH0ro HCTOYHHUKA ITPOTOHOB 145 101 8.5
B BEPTUKAILHOMU IUIOCKOCTH (0y), MM

Koaddunment ysenuuenus (y/yo) mis 14 20 24

HCHTPAJIbHOT'O UMITYJIbCA ITy4YKa

Pa3mep myuka mpoTOHOB B BEPTHKAIbHON

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

Pa3mep myuka IpOTOHOB B TOPH30HTAILHOM
IJIOCKOCTH (0%), MM

10.0 (32.2) | 7.7(37.0) | 6.6 (35.0)

CBsi3b MEXIy KOOPJMHATAMHU MPOTOHOB B BEPTHKAIBHON IUIOCKOCTH M CPEIHHUMHU II0
KaXIOMy OHHYy T'HCTOTpAaMMbl 3HA4YCHHSMHA KOMIIOHEHTHI ¢y BEKTOpa MOJSIpPH3AIUH,
UCIIOJIb3yeMasl Uil MEUCHHsI TIOJISIPU3alUK OTACIbHBIX YaCTHII, MpeiacTaBieHa Ha Puc. 2.6 mis
mydka ¢ ummyiscoM 45 I'B/c.
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Puc. 2.6 CBs13p MeXIy BEPTUKATEHBIMA KOOPIMHATAMHE ITPOTOHOB

U CPEJHUMH 3HAUCHHUSIMH Cy-KOMIIOHEHTBI BEKTOPA TOJISIPU3ALN
B IPOMEKYTOYHOM H300paXCHUH IS ITydKa ¢ HMITyIbcoM 45 I'3B/c

KoahdummeHt koppensaiuu MeKAy ITHUMH BeTHYMHaMHU coctaBiser 0.83 mms mydka
coplpo=1.2% u 0.78 mus myuka ¢ op/po = 4.2%. IlpuBeneHHble 31eCh U Jajnee pe3ybTaThl
MOJICTUPOBAHKsI TApaMETPOB TIydYKa TMOJY4YeHbI C HCMoab30oBaHueM mporpaMmmel DECAY

TURTLE [79], moaupunupoBaHHOW Uil pacu€ToB XapaKTEPUCTUK IMYYKOB MOJISIPU30BAHHBIX
IPOTOHOB (aHTHIIPOTOHOB) OT pacmnaia A(A)-rurnepoHoB.

2.14 Hapamempbl nyu4Ka noaapu306anHbvlX nPOMOH06 HA MUWIEHU YCHAHOBKU

PesynbTaThl pacuera mapamMeTpoB My4yka MOJSIPU30BAHHBIX MPOTOHOB B KOHIIE KaHala (Ha
MUIICHH IKCIEPUMEHTATBHON YCTAHOBKH) AJIA TPEX 3HAYCHUU IEHTPAILHOTO HMMITYJIbCa MyYKa
npuBeaeHs B Tabm. 2.2.
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Tabu. 2.2 TlapameTpsbl ITy4Ka NOJISIPU30BAaHHBIX IPOTOHOB B KOHIIE KaHalla

p, [5B/c 15 30 45
oplPo,% 2.0 4.5 1.4 4.4 1.2 4.2
Ox X Oy, MM 17 x14 | 19x16 | 14x10 | 17 x11 |11 x 8.7 | 16 x 9.0
Oy X 0y, Mpajt | 14x15 | 1.3x1.5 | 1.5x1.8 | 1.3x1.8 | 1.4x1.7 | 1.3x1.7
Ipcay 1107 pot | 35x106 | 9.2x10° | 2.1x107 | 7.8x107 | 1.5x107 | 6.8x107
[oaey/107 pot | 3.8x105 | 1.1x106 | 3.5x10° | 1.4x10¢ | 1.3x10* | 7.6x10*

Ha Puc. 2.7 npuBenensl npoduiar mydyka Ha MHIICHH SKCIIEPUMEHTAIBHONH yCTAaHOBKH
CILIOIIHOW JIMHUEH VIS My4Ka ¢ UMITyJbcoM 45 ['3B/C (op/po= 1.2%) u myHKTUPHOW JTMHUCH IS
nyuka ¢ umiysibcoM 15 I'3B/c (op/po=4.5%). NHTEHCUBHOCTD IyuKa MOJSPU30BAHHBIX POTOHOB
HAa MUIICHU SKCICPUMEHTAIBHON YCTAHOBKHM KakK (DYHKIMS ICHTPAJIBLHOTO HMITYJbCa ITyYKa
npuBeseHa Ha Puc. 2.8 11t MakcuManbHOro pasbpoca Ap/p, mpormyckaeMoro kaHaaom. Tam xe
MPUBOAMTCS 3aBUCHMOCTh OT HWMIIYJIbCa Iy4yKa HHTEHCHUBHOCTH 7'-ME30HOB OT pAaclajioB
K2-Me30HOB, ABIAIOMUXCS OCHOBHBIM MCTOYHHKOM (DOHA B IyYKe MOJSPU3OBAHHBIX HPOTOHOB
npu yciaoBuu 3(H(HEKTUBHONW OYMCTKHM HAlpPaBJICHUS KaHajda OT POXKICHHBIX B MHIICHH KaHaJa
7T'-ME30HOB U TPOTOHOB, KOTOpasi Mpu (HOPMUPOBAHUU TMOJISIPU30BAHHBIX ITyYKOB C UMITYJIHCOM
>30 I'sB/c obecrieunBaeTcsi TONBKO MMpH ONM3KMX K MaKCUMyMy pexumax wmarHuta MT3,
BXOJISIIEr0 B COCTaB MUIIIEHHOM CTaHIIMU KaHaa0B yacTuil 24A u 24B (paza. 2.1.1).

504 0.4

1}

303 03

c

S

O

So2 0.2
0.1 0.1

-t -———r
]

(-)60‘-40 20 0 A20 40 60 960 -40 -20 0 20 40 60
X, mm y, mm

Puc. 2.7 Ipoduim nmyyka Ha MUIIEHH SKCIIEPUMEHTATIBHONU YCTAHOBKU
qutst p = 45 T'aB/c u op/po = 1.2% (crutonrHas THHUS)
u i p = 15 TB/c u op/po = 4.5% (IyHKTUpHAST TUHST)

DTO COOTBETCTBYET OTOOPY B KaHai 24B BTOPUYHBIX YAaCTHI[ C UMITYJIbCOM, OJIM3KUM
K MakcUMaJibHOMY 3HauyeHuto 28 I'3B/C npu HyneBoM yrie ux poxaeHus B MuuieHu. [Ipu atom
oTOOp B KaHai 24B BTOPUYHBIX YACTHI] C HEHYJIEBBIM YIJIOM POXKJEHUS B MHUILIEHU MO3BOJSET
3aMETHO PacIIMPUTh AUAINa30H UMITYJIbCOB IIYYKOB, (POPMHUPYEMBIX B 3TOM KaHaJIE.

B cwiy eauMHMYHOCTH TOJHOW MaTpulbl MNpeoOpa3oBaHUS KaHalla B BEpPTHKaJIbHOU
TUIOCKOCTH, KOPPEJIALUS MEXIy KOOPAMHATAMH YacTHUI] U {y COCTABIAIONIEH BEKTOpa MOJspU3a-
UM, npucynas 3pQPeKTUBHOMY HCTOYHUKY IMPOTOHOB, UMEET MECTO TakXe B BBIBEJICHHOM Ha
MUIIEHb IKCHEPUMEHTAIBHON YCTAaHOBKM NPOTOHHOM Iiyuke. [Ipym 3TOM cpenHsAs Mo Mydky
IONepeyHasl MoJIApu3alus IPOTOHOB paBHAa HyJI0. s MeueHus NOJspU3alMM OTAEIbHBIX
YacTUIl MOXXET OBITh HCIIOJIb30BaHA CBSI3b MEXKJIY BeIMYMHAMU Y U ¢y B MPOMEKYTOUHOM
nzobpaxenun (Puc. 2.6).
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Puc. 2.8 lHTEHCUBHOCTS ITy4Ka MOJISIPU30BAHHBIX TPOTOHOB M ()OHOBBIX 77'-ME30HOB B KOHIIE
KaHaJa pu MakcuManbHoM Ap/p, paccunranHas Ha 10! mamaronMx Ha MHIICH KaHala TIPOTOHOB
¢ sneprueit 60 I'9B. Ll TpuxoBoil muHUEN JaHAa cyMMapHasi HHTEHCUBHOCTb IIPOTOHOB IS IBYX
HMHTEPBAJIOB C MIPOTHBOIIOJIOKHBIM 3HAYCHNUEM U cpefHel mosipusanueit & = 40%

[TpocreiimM crnocoOOM MONy4E€HUS Ha MMIIEHM 3KCIEPUMEHTAIbHOW YCTaHOBKHU
MOJIIPU30BAHHOTO MyYKa C 3a/laHHBIM HAlpaBJICHUEM BEKTOpa IMOJIAPU3ALUU SBIISIETCS BbIAEIE-
HUE YacTU IyYyKa C OTIMYHOW OT HYJISl CpeaHel Mojspu3alieil BepTUKAIbHBIM KOJUIMMAaTOpPOM,
PaCIOJIOKEHHBIM B MIPOMEXYTOUYHOM H300pakeHnu. B paccmaTprBaeMoM KaHajie ¢ 3TOU IEIbIO
IIy4OK B NPOMEKYTOUYHOM M300paKEHUU CMEIIAETCs KOppeKTHpyromuM marHutoM MC2 mno
BEPTUKAJIM B Ty WM JPYTyH0 CTOPOHY MapajulebHO OCH KaHajla mepen KoyummmatopoM C4
C (UKCUPOBAHHBIM DPACKpBITUEM LK. Takoi BapuaHT, HE TpPeOYIOUMH NepeMelIeHUs LIeK
KOJIJIMMATOpa, MO3BOJISET ObICTPO (B Ipezesie — OT LUKIA K HUKIY YCKOPUTEN) OCYILECTBIISATh
peBepc MoJsApHU3aLMU MyYKa Ha MMUIIEHHM 3KCIIEPUMEHTAJIbHOW YCTAaHOBKH, COXPaHss MPH 3TOM
9KCIUTYyaTallMOHHBIN pecypc HUCHOJIb3yeMoro Koymumaropa. Ilapamerpsl NpOTOHHOro Iydka
¢ ummysbcoM 45 I'B/C u op/po= 1.2% Ha MHUIIEHH SKCIIEPUMEHTAIBHON YCTAaHOBKU TIPU PACKPBI-
Tuu kojuuMaTtopa C4 paBHoM 15 MM npuBenens! B Ta0um. 2.3 11 psijia peKUMOB KOPPEKTHPYIO-
niero marauta MC2 ¢ oJI0KUTENBHON MOISPHOCTHIO BKIIIOUEHMUS.

B sTom pexume paboThl KaHajla pasMep Mydka Ha MHILEHH SKCHEpUMEHTANbHOM ycTa-
HOBKM B BEPTUKAIBHOM IJIOCKOCTH YMEHBLIAETCS JI0 0y ~ 3.2 MM NPH HEM3MEHHBIX JPYTHX
nmapameTpax Iydka, NmpuBeleHHbIX B Tabm. 2.2. Ilpu cMeHe MONIPHOCTH KOPPEKTHUPYIOIIEro
marauta MC2 cpeqHue KOOpAWHATA y U YrOJ MAJCHUS My4YKa )' HA MUIIEHH B BEPTHKAIBHON
IUIOCKOCTH, a TaKXe {y-KOMIIOHEHTa BEKTOpPa MOJSIPU3ALMH MEHSIOT 3HaK Ha POTUBOMOIOXKHBIH.

Tab6u. 2.3 TlapameTpbl MOJISIPU30BAHHOTO MPOTOHHOTO My4Ka ¢ UMITyJibcoM 45 T'3B/C u op/po= 1.2%
Ha MUIIEHU SKCIIEPUMEHTAILHON YCTaHOBKH KaK (DYHKIHS peXXnMa KoppeKTupylomero maraura MC2
IIpU pacKkpbITUU Kosumaropa C4 paBHoM +15 MM

(BL)mcz, Tmxm 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 pacrpenencHue MONMSpHU3alUu Cy s BBHIOpAHHBIX 00pa3llOB C HEHYJIEBOU
noJisipu3anuel mpuBeaeHo Ha Puc. 2.9. JIns BeIBeICHHS BBIJICIICHHBIX TIOOYEPEIHO YacTel IMyvKa

Ha OCh DOKCIIEPUMEHTAJbHOM YCTAaHOBKH HCIOJIB3YKOTCA  KOPPEKTHPYIOIIME MarHWUTHI
MC3 u MC4.

50



o
(3

Proton flux, a.u.
o
NN

o
@

0.2 |

0.1}

o

NN
P

X -

0 o ok te.r.
-0.8 -0.6 -0.4 -0.2

0

02 04 06 08

£, polarization component

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

[apameTpsl 5((EeKTHBHOIO HCTOYHHKA AHTHUIPOTOHOB OT pacmana /-TumepoHOB,

a clefoBaTeIbHO, U MapaMeTpbl (OPMUPYEMOTO AHTUIIPOTOHHOTO Mydka (pa3Mephl, pacxoiu-

MOCTB, p336p0C 10 UMITyJIbCaM, KOppCauda MCXKAY KOOpAUHATAMHU YaCTUL] U COOTBCTCTBYIOH_[eﬁ

KOMIIOHCHTOM BCKTOpa MnoJrsipu3auu B IMPOMEKYTOUHOM I/I306pa)K€HI/II/I) ITIOJIHOCTBhIO MACHTUYHBI

MIPUBEJCHHBIM BBIIIE Mapamerpam mnpoToHHoro mydka (Tabm. 2.1 u Tabmn. 2.2, Puc. 2.6). Ilpu

9TOM MHTEHCUBHOCTP ITydKa aHTUIIPOTOHOB B KoHIE KaHana (Puc. 2.10) onpenensiercs cyiect-

BCHHO MCHBIIIUM CCUYCHUCM POKICHUA A—FI/IHepOHOB 10 CpaBHCHHIO CA—FI/IHepOHaMI/I. TaK,

MaKCuMaJilbHast HMHTCHCUBHOCTH

AQHTUIPOTOHHOTO IMydYKa TPU HUMIIYJIbCE
~1513B/c nmpumeprno B 20 pa3 MeHbIIE
WHTCHCUBHOCTH MIPOTOHHOTO ITyYKa C TEM XKe
HEHTPAILHBIM HUMITYJIbcOM. C TOBBIIIEHHEM
uMIyJbca (HOPMUPYEMOTO ITydKa pasHHIA
B UHTEHCUBHOCTSAX IPOTOHHOTO W aHTHIIPO-
TOHHOTO ITyYKOB CYIIIECTBEHHO BO3pPACTaET.
Yro kacaercs (HPOHOBBIX YCIOBHii, TO
B IIy4yK€ AaHTUIOPOTOHOB C  HMMIIYJIbCOM
<15 I'>B/C moMmumMo 7 -ME30HOB OT pacrmajioB
K2-Me30HOB TpPHUCYTCTBYeT TaKkke 3HAYM-
TEJNBHOE ITHX oT

KOJIMYECTBO HacCTHIL

pacniaoB /-runepoHoB. Takum 00pazom,
ONTUMAJIHHBIM o
1 (DOHOBBIM  YCIIOBUSM
MOJIAPU30BAHHBIX AHTHIIPOTOHOB C LIEHTpa-

JTBHBIM UMIyJIbcoM 16 I'3B/C, mpu koTopowm,

HWHTCHCUBHOCTHU
ABJICTCA  ITIYYOK

COIJIACHO HPOBEJEHHBIM pacyeTaM, YHCIO
T -ME30HOB NPHUOIM3UTENBHO B 3 pa3a BbIlIE
WHTEHCUBHOCTH  QHTUIIPOTOHHOTO

4x10° yacTurl

Iy4Ka

(cocraBstroreit Ha 10"
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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" majarolUx Ha MHUIIEHb MPOTOHOB C dHEPrHen
60 I'>B



MaJIafoMX Ha MUIIEHb KaHalla MPOTOHOB ¢ 3Heprucii 60 ['9B). BriaeneHne aHTHIIPOTOHOB MPH
TaKOM ypOBHE ()OHA BIIOJIHE B Mpe/IesiaX BO3ZMOKHOCTEH MyYKOBBIX UEPEHKOBCKUX CUETUUKOB.

[TpocTpaHcTBEHHBIE pacIpeesieHUs] aHTUIIPOTOHHOTO Iy4Ka ¢ umiyibcoMm 16 I'3B/c Ha
HKCHEPUMEHTAIBHON MUILIEHH i MaKCHUMAaJbHOW MPOIYCKHOW crocoObHoctu Ap/po OIM3KK
K TaKOBBIM JIJIsl IPOTOHHOTO Iy4YkKa ¢ uMmmyJsibcoM 15 B/, mpeacranennsiM Ha Puc. 2.7.

HHTeHcuBHOCT  (OPMHUPYEMOTO  MOJSIPU30BAHHOTO  IydKa AHTUIPOTOHOB  (Kak
¥ OHOBBIX 77 -ME30HOB OT pacnanoB K2-Me30HOB) CyLIECTBEHHBIM 00pPa30M 3aBUCHT OT JUIHHBI
Marauta MT3. OHaKko NOBBIIEHNE UHTEHCUBHOCTH aHTUIIPOTOHHOTO ITy4Ka 3a CYET yMEHBbIIIE-
Hus JuiMHBI MT3 cBs3aHO € yXyIIIEHHEM OYMCTKH KaHana 24A OT 3apsyKEHHBIX BTOPUYHBIX
qacTUll Ipu (HOPMUPOBAHHUHU ITyYKOB MOJSPU30BAHHBIX YacTull ¢ ummyiscoM >30 ['3B/C, a Taxoke
C IPONOPLMOHAIBHBIM ~ YMEHBIIEHUEM MAKCUMAJIBHOIO HMIIYJbCAa BTOPUYHBIX  YacCTHII,
otOupaeMbIX B KaHai 24B.

[TosToMy 0BT PaCCMOTPEH BapUaHT UCIOJIb30BAHUS JONOJHUTEILHON MUIIEHU, KOTOpast
Ha BpeMs NPUOPUTETHOH paboThl KaHana 24A ¢ aHTUIPOTOHHBIM IIyYKOM BBOAMTCS B 3a30p
marauta MT3 0e3 u3menenus: ero napamerpoB. OCHOBHas MUIIEHb KaHaloB 24A u 24B mpu
STOM BBIBOJIUTCS U3 Iy4Ka, YTO 3aMETHO YXYJIIA€T yCJIOBHUS AJi OTOOpa BTOPUYHBIX YACTHI]
B kKaHas 24B. Ha Puc. 2.11 moka3zaHbpl 3aBUCHMOCTH WHTEHCHUBHOCTH AHTHIIPOTOHHOTO Iy4Ka
1 (DOHOB HA MMILIEHU SKCIEPUMEHTA OT IOJIOKEHUS MMILEHU KaHaja OTHOCUTEJIBHO MEPEIHEro
kpast marauta MT3 st mydka 16 I'3B/C u MakcumanbHO# nieperaBaeMoii BemuauHbl Ap/po.

Ecnu ueHTp MONMOJHUTENbHOM MUIIEHH pacnojioxkuTh B Touke +0.7m B MT3 mnpu
3HAYEHUU MArHUTHOrO Nojs okoyio Makcumyma (1.9 Ti), TO MHTEHCHBHOCTb AHTUIIPOTOHOB
Bo3pactaer B 2.5 pasa (mo 10° 3a muxir) npu yBenudeHuH GoHa B 3.5 pasa. Peskoe yBenmueHue
(oHa OT BTOPUYHBIX 77 -ME30HOB, 0OPA3YIOUIMXCSI HETIOCPEACTBEHHO B MHIICHHM, JENAaeT HEBO3-
MO>KHBIM €€ IIepeMelleHue ri1y0xe BHyTpb Marauta MT3.
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Puc. 2.11 3aBHCMMOCTH HWHTEHCHBHOCTH AQHTHUIPOTOHHOTO Iy4yka UM (OHOBBIX 7T -ME30HOB
OT IOJIO’KEHHs] MHUIIEHN OTHOCHTEJIFHO HepenHero kpas maruura MT3 mns mydka ¢ uMIyiabcoM
16 I'5B/c ¢ mMakcuMaJIbHOH TNepeaaBaeMoi BennunHOH Ap / po (OCHOBHOE IOJIOXKEHHE MHILIEHU
cootBeTcTBYeT KoopauHare —0.2 m)
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Eme ogauM BapraHTOM TOBBIMICHHUS WHTEHCHUBHOCTH aHTHUIIPOTOHHOTO Ty4kKa, TpeOyro-
UM JIOTIOJIHUTEIBHON THIATENFHOW TPOPabOTKH, SBISETCS MCIONb30BaHHE B KadecTBe MT3
CBEpPXIMPOBOASAIIET0 MarHuTa JuinHOW 1 M ¢ monem 4.5+5.0 Tn. Kak mokasbIBaroT pe3ysbTaThl
pacdeToB, MHTEHCUBHOCTh AaHTHIIPOTOHHOTO My4yka ¢ uMmysibcoMm 16 ['9B/C yBenuuuBaercs B 3.5
pasza npu 6.5-KpaTHOM BO3PACTAaHUM MHTEHCUBHOCTH 7 -ME30HOB OT pacnanoB KO-Me30HOB; npu
3TOM HE yXYAMAIOTCS BO3MOXXHOCTH OTOOpa ¢ MHIIEHU BTOPUYHBIX YACTHI] BO BTOPOH KaHal,
paBHO Kak W (POHOBBIE YCIIOBHS IS TOJSPU30BAHHOTO IMPOTOHHOTO Ty4YKa C HMITYJIHCOM
>30 I'»B/c.

2.1.6 Bausanue 0emeKkmopoe cucmemvl MeUeHUA U UOCHMUDUKAUUU YACMUY HA
napamempul popmupyemvix HyyKoe yacmuy,

Cucrema MeueHHMs 4YacTULl IPOEKTHPYEMOro KaHajla HOJSPU30BaHHBIX IPOTOHOB
Y aHTUIPOTOHOB (CM. T03Ke pa3zien 2.2 HAaCTOSILEro J0KyMEHTa) IpeHa3HaueHa 1JI U3MEPEHUs
UMITyJIbCA OTJENbHBIX YAacTUIl B Iy4YKE, a TaKXe JUIsl ONpPENEICHUs] BEPTUKAIbHBIX KOOPAWHAT
4acTULl B IPOMEKYTOYHOM HM300paK€HUHU, YTO IMO3BOJISIET «IIPUIHCHIBATHY) KaXJA0My HPOTOHY
(aHTUIIPOTOHY) cpeAHee s JaHHOM KOOpJAMHAThl 3HAYEHHE Cy-KOMIIOHEHTHI BEKTOpa
nossipuzanuu  (Puc. 2.6). Bmecre ¢ Tem, mpenoctaBnstomas HHPOPMAIMIO O MOJOKCHUH
U pa3Mepax Iydyka YacTHll, cucTeMa MeueHHus OyneT >(QQEeKTHMBHO HCIIOJIb30BaTbCS U IPU
HacTpoHKe KaHaJa.

[Tpenyaraemas cucteMa MEUYEHMs 4YacCTHIl BKIIOYAeT B ceOs CeMb JABYXKOOPIMHATHBIX
TOZIOCKOIIOB, TPU M3 KOTOPBIX, PACIOJIOKEHHBbIE MEXIY KBaJpymnoiabHbIMHM JuH3aMH Q5 u Q6
(Puc. 2.5), npenHasHaveHbl ISl U3MEPEHUsST KOOPAMHAT YACTHIl B MPOMEKYTOUYHOM H300paxke-
Huu. OcTajabHbIe YETHIPE TOJOCKOIIA PACIIOIaratoTCs MOMAapHO A0 U 1nocie MaruutoB M3 u M4,
oOecrieunBasi U3MEPEHUE UMIYJIbCOB yacTuill. CyMMapHas TOJIIMHA CHUHTHIUIATOpA IO MYYKY
B Ka)KJJOM I'OJJOCKOIIE€ COCTaBJISIET 8 MM.

KpoMme cuctembl MedeHus: yacTUL, BO BTOPOM YacTH KaHajla B KBaJPYHOJbHBIX JIMH3aX
Q6-Q7 m Q9-Q10 mpeamonaraercss pa3MECTUTb JBa O-METPOBBIX MOPOTOBBIX YEPEHKOBCKHUX
CUeTYMKa JUI UICHTU(UKAUKN YacTull. B ciyyae npoToHHOro mydka ¢ uMmyibscoM 4045 I'3B/c
YEepeHKOBCKHE CUETUUKH Oy/ly paboTaTh Ha BO3/1yXe MpU aTMOC(HEPHOM JaBICHUU, TOT 1A KaK /s
y4yka ¢ uMIysiabcoM 15 ['3B/C (aHTUIPOTOHBI M IPOTOHBI) MpenoaraeTcs NCIoab30BaTh HpeoH
R-22 (CHCIF.) takxe npu atMOChepHOM JTaBIICHHUU.

BiusiHUe mepeyucieHHBbIX BBIINIE JETEKTOPOB HAa KOHEUHBIE MapaMeTpbl (pOpMUPYEMBIX
IIy4KOB, a TaKXe HEOOXOJMMBbIE IJIsl MX pa3MEIlEeHHs HEBAKYyMHpPOBAaHHBIE Y4aCTKHM KaHasa
OLICHUBAJIUCh TOCPEJICTBOM pacueTa IOIJIOIMIEHNUs UM MHOTOKPAaTHOTO pPAacCEsHUs B BELIECTBE
MOHOHMMITYJIbCHOTO IIy4Ka C HYJEBBIMH pa3MepaMH M PAaCXOAMMOCTBIO (O-ITyuka) Ui JIBYX
pexxuMoB paboThl kaHana (Tabm. 2.4). CpaBHEHHE TOJYUYEHHBIX PE3yJbTATOB C PACUYCTHBIMU
nmapamMeTpamMH ITy4KOB, NpPHUBEICHHBIMH B Tali. 2.2, CBUAETEIBCTBYET O HE3HAYUTEIHHOM
YBEJIMUCHUU pa3MepoB Iydka ¢ uMirysibecoM 45 [PB/c u 10+12% yBenmudyeHnn pa3MepoB IMydka
¢ ummynscoM 15 I'3B/c npu norepe nnTeHcuBHOCTH myuka 14% u 17% coOTBETCTBEHHO.

Tabu. 2.4 TlapameTpbl HCXOJHOTO O-ITyYKa Ha MUIIEHH YKCIIEPUMEHTAIbHONW YCTAHOBKH

LleHTpanbHbId HMITYJIbC TyUKa (p), I'9B/C 15 45
Pa3mepsl nyuka ox X oy, MM 9.3x7.6 2.7x1.6
PacxouMocTh IydKa Gy X Oy, MpaJl 0.53x0.57 | 0.14x0.24
[Torepu vactuu, % 17 14
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2.2 Cucrema MeyeHHS MOJISIPU3ALHUM MyYKA

CucremMa MeEYEHHS 4YACTHI[ MPOCKTHPYEMOrO KaHalla TOJSPH30BAHHBIX IPOTOHOB
Y aHTUIPOTOHOB TPeTHA3HAYCHA ISl H3MEPEHHUS UMITYJIbCA OTACTBHBIX YAaCTHUI] B ITyYKe, a TAKIKE
OTIpe/IeTICHUs] BEPTHUKAIBHBIX KOOPAMHAT YACTHI[ B MPOMEKYTOYHOM H300PKEHUU, YTO
MO3BOJISIET «IIPUITUCHIBATHY KAXKIOMY MPOTOHY (aHTUIIPOTOHY) CpEeIHEee ISl JAaHHOW KOOPMHATHI
3HaueHue Py-KOMIOHEHTHI BEKTOpa Mojsipu3aluu. s 3Toro B mpoMeKyTouHoM (pokyce KaHama
(Puc. 2.5), tae dopMupyercss MHBEPTHPOBAHHOE M YBEIMUYCHHOEC H300pa)KCHHE BHPTYAIbHOTO
MCTOYHUKA U3 IUIOCKOCTU NepBUYHON MulieHu (Puc. 2.2), uamepsiercsi BepTUKaIbHOE CMEIEHUE
Y-TpaeKTOPHH OT OCH IMydYKa M 3aTeM HCIIOJIB3YIOTCs pacuéTHbie 3aBucuMoOcTH Cy(y) Thma
nokaszanHoi Ha Puc. 2.6. Kpome TOr0, C TOMOIIBIO TOJI0CKOTIOB CHCTEMBI MEUCHHSI, H3MEPSFOIINX
MPOXOXKJACHUE TPACKTOPUS B TOPU3OHTAIBHON IUIOCKOCTH, OMPENEISICTCS HMITYJIbC Ka)IOH
MMy4YKOBOM 4YaCTHIBI C TOYHOCThIO oOkono +1%. Kak Obuto otrmedeno B pazgene 2.1.2 u
MPOMJUTIOCTPUPOBAHO Ha Puc. 2.6, Xoporiee 3HaHNE UMITYJIbCA BAKHO TAKXKE U JUIsl YMEHBIICHUS
addekTa «pa3mbIBaHUS» 3aBHUCUMOCTel Puc. 2.6 u3-3a pazdpoca mo UMITyJIbcaM U, TEM CaMbIM,
U1 6oJiee aKKypaTHOTO BOCCTAHOBIJICHUS MOJIAPU3ALUU Cy IS KaXI0H TPAeKTOPHUHU.

MeToauka cO34aHUS CHUCTEMbl MEUEHHMsS IMOJISIPU30BAHHOTO MPOTOHHOTO (aHTHIIPOTOH-
HOTro) mydka Oblna pazpaboTaHa M yCIEUIHO MCIHONb30Bajach B skcrnepumente E704 [69] mpu
AKTUBHOM YYacTUH COTPYIHUKOB TpoekTa. [lomo0Hasi cucTtemMa TakkKe YCIENTHO UCIOIb3yeTCs
B okcriepumerTe POJIC B IlporBuno [70]. OmHako cieayer OTMETHTh, YTO OXKHJaeMas
WHTEHCUBHOCTH Iy4yKoB B skcniepuMente CITACHAPM 6Gyner Boimie. Kpome Toro, npeamnosnara-
ercs, uro B akcriepuMenTe CITACUAPM crnmHOBBIE 2P eKThI OyayT N3ydaThes ¢ 00Jee BEICOKOM
touHocThio (9kcmepumeHThl DOJIC u E704 MoXHO OTHeCTHM K pa3psily MOUCKOBBIX,
a CITACYUAPM craBuT 3amavy NOpPELHU3HMOHHOTO HCCIEIOBAaHUS), MO3TOMY TOYHOCTH 3HAHUS
XapaKTePUCTHK IMy4YKa JOKHA ObITh BBIIIE.

JleTeKTophl CUCTEMBI MEUYEHHs OyIyT TakKe UCKIIOYUTENBHO IMOJIE3HBI AJIi HACTPOMKHU
Y ONITUMHU3AIMM pEeXKHMMa KaHalla TyTeM HW3MEpeHHUsl TaKUX XapaKTEepUCTUK MydKa Kak
WHTEHCUBHOCTh, MPO(MIIN, MPOCTPAHCTBEHHBIC W YTIJIOBBIE PACXOJUMOCTH, SMHUTTAHC ITydKa,
uMIyJbCcHas aucnepcus. OnNTUManbHash HACTpOWKAa KaHala TIPEAIoNiaraeT JIOCTHIKECHUE
XOPOIIETO COTJIACHS U3MEPEHHBIX H PACUETHBIX MTapaMETPOB.

2.2.1 Cxema pasmewienus 0emeKmopos meueHus

OCHOBHEBIE ACTCKTOPbI CUCTEMBI MCUCHHA pasMCHIAIOTCA B OKPECTHOCTAX IMPOMEKYTOU-
HOTO (OKyca, HaXOSIIErocs Ha paccTossHur 60.5 M OT IepBUYHONM MUTIICHH B 59.4 M OT MUIIIEHU

2 cpcTeMbl MeYeHHs TMOKazaHa Ha Puc. 2.12 W BKIIOYaeT

skcriepuMenTa. Cxema pa3MelieHus
B ce0sa 4 cuérumka moiiHoro moroka S1-S4, 3 romockoma POL1-POL3 mist BoccTaHOBIIEHHS
MPOEKIIMU TPAEeKTOPUM B BepTUKaJIbHOW mIockocTd M 6 romockonoB MOM1-MOMG6 s
W3MEPEHUS] HMITyJbCa ITyYKOBOM YacTHIbl MO €€ OTKJIOHEHHIO MarHutamu M3 u M4

B FOpHSOHTaHLHOﬁ IIJIOCKOCTH.

% Kpome CHCTEMBI MeYEHHS YacTHIl, BO BTOPOH YacTM KaHajia MPEINOJaraeTcsl pasMeCTHTh JBa 6-METPOBBIX
MIOPOTOBBIX UYEPEHKOBCKMX CUETYMKA IS MACHTU(HKALMK 4YacTUI. B ciydae NpOTOHHOTO MydYKa C MMITYJIbCOM
40+45 I'3B/c yepeHKOBCKME CUETYMKH OyayT padoTaTh Ha BO3/AyXe MPU aTMOC(EPHOM NABJICHWH, TOT/A Kak JJIs
MydYka ¢ uMITyabcoM 15 I'5B/c (aHTHIPOTOHBI U MPOTOHBI) MPEAIONAraeTcs MCmonbp3oBars Gpeon R-22 (CHCIF,)
TaKXe IMPH aTMOC(HEPHOM JaBIICHHN.
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BepTukanbHas KOMIIOHEHTa MOJISIPU3aLUU ¢y BOCCTAHABIMBACTCS 1O 3TUM H3MEpPEHUSIM
B PSKMME pEalbHOTO BPEMEHM Ha OCHOBE 3apaHee IOATOTOBICHHBIX M COXPAaHEHHBIX
B TAOJIMYHOM BHJE 3aBHCUMOCTEH, IIOJOOHBIX IIOKa3aHHBIM Ha Puc. 2.6, a1 HECKOIbLKHX
3HaUEHUH UMIyJIbCa B Tpefenax akcenranca kanana. Jlerekroper POL2 1 MOM2 pa3menieHbl
B IPOMEXKYTOUHBIX (OKycax cBOMX IUiockoctel, a mapel POL1, POL3 u MOM1, MOM3 —
CUMMETPUYHO OTHOCHUTEIHHO (OKYCOB Ha paccTosiHMM 2.2 M. PaccTosiHUe B Mmapax rojocKonoB
MOM3, MOM4 u MOMS5, MOM6, u3Mepsomux HMIIYJIbC IO OTKIOHEHHUIO TPACKTOPHMA
B MarHutax M3-M4, cocraBiser 4.4 M. Yroi OTKJIOHEHHUS Uil LEHTPAIBHOTO HMITYJIbCa
cocrasisiet 73.5 mpan.

MOMY

B e

MOMG sS4

U~

poLz POL3 S2 Q6 Q7

Polarizabon Momenium

IR

Puc. 2.12 Cxema pa3melieHus JeTEKTOPOB MEUCHHS ITy4Ka.

Wmmynbe 4acTHIBI H3MEPSETCs B TOPU30HTAIBLHOM IUIOCKOCTH ¢ IOMOIIIBIO MMITYJIbCHBIX
rogockonioB MOM1-MOMG6 u marauroB M3 + M4.

[Nonspu3anus 4acTULBI ONPEEIIeTCs MyTEM H3MEPEHUS €€ UMITyJIbca U BEPTUKAIBHON
Y-KOOPIUHATHI OJApU3aiuoHHBIMU rogockonamu POL1-POL3. [IpomexxyTouHbIit OKyC Mo
BEPTUKAIH JJIS LICHTPAIFHOTO MMITYJIbca HAXOAUTCS B INIOCKOCTH pa3MenieHus rogockona POL2.
S1-S4 — CUMHTHIUIAIMOHHBIE CUETUYNKH IIOJTHOTO MTOTOKA

MarnutHass ontuka kaHaia 24A (Puc.2.5) mo3Bosiser u3MeHeHHeM KodhduimeHTa
yBEJIMYEHUS JIEpP’KaTh pa3Mephl Mydyka B MPOMEKYTOUYHOM H300paKEHHUH U €r0 HUMITYJIbCHYIO
JTUCTICPCHUIO C1a00 3aBUCSIIMMHE OT IIEHTPAILHOTO UMITYJIbCa B Inamna3zoHe ot ~15 mo 45 I'B/c.

["abaputHble pa3Mepbl aKTUBHOW 30HBI KaXJ10H IJIOCKOCTH ONPENENSIIOTCS pa3Mepamu
My4Yka B pailoHEe pa3MemieHusi STON IIocKOoCcTH. [lomepeuHbie pa3Mepbl Tydyka B 00eux
IUIOCKOCTSIX B CEUYCHUSAX pPA3MEUICHHUS TOJOCKOIIOB CHUCTEMBl MEUYEHHUS HE IPEBBIMIAIOT
170+180 mm. Pe3ynbTaThl MOAETHPOBAHUS MTOKA3bIBAIOT, YTO IPU TAKUX pazMepax HeoOXoaumas
TOYHOCTh M3MEpeHus nossipuzammu Ady ~t5% nocturaercss mpu MPOCTPAHCTBEHHOH HMIMpHHE
cerMmeHTOB TomockornoB POL1-POL3 4+5wmm. /[lng 1OCTHKEHHS TOYHOCTH HW3MEPEHUS
noysipu3anuu Ha ypoBHE 1+2% HEOOXOIMMO YMEHBIIUTH pa3Mep (IIUPUHY) CETMEHTOB IO
KpaiiHeit Mepe 10 3 MM. TouyHOCTh U3MepeHusl UMITyJibca Ap/p MIPU TaKOH K€ MIMPUHE CETMEHTOB
UMITYJIbCHBIX T010CKOOB MOMI-MOM®6 coctaBut ~+(0.6+1)%. Takum 00Opa3om, HUCXOAs U3
MIPUBEJICHHBIX BBIIIE Pa3MEpoOB IMy4yKa B MPOMEKYTOUHOM H300paKEHUH, KaKIbIH OTAEIbHBIN
rojockort 0yeT coctosth n3 40—-60 cerMeHTOoB.

TpeOyemMoe OBICTPONECUCTBHE JETEKTOPOB U  DJICKTPOHUKHA CHCTEMBl MEUEHUS
OTIpEeIeNIIeTCS] MHTEHCUBHOCTBIO TTy4Ka, KOTOpast O’KUAaeTcsi Ha ypoBHE 10 ~10¢ wactui/cexyHmy
(mmurenbHOCTD 1HKIa — 10 cex., JUTMTENBHOCTD TUIATO BBIBOAA — 253 CeK.).

2.2.2 Jluzaiith 2000CKON06 CUCMEMbl MEHECHUS

B Hacrosimiee BpeMsi pacCMaTpUBAIOTCSI HECKOIBKO TOJIXO0/I0B K TU3aHY U KOHCTPYKITUH
CIMHTWJUSIITAOHHBIX TOJOCKOTIOB CHUCTEMBI MEUYeHHUsi W BbIOOpa ¢oTomerekTopoB. OgHUM U3
BApUAHTOB SBJSIETCS TaK Ha3bIBaeMas «TPEOCIIKOBas CTPYKTypay, KOTOpas HCIOJIh30Bajach
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B okciepumente ['EPA [80] 8 UDBD u 3atem B E581/E704 [69] B ®epmuinab. Takas cTpykTypa
C IByMs psiiaMy TIEPEKPHIBAIOIINXCS CIUHTIIIIATOPOB MMOoKa3ana Ha Puc. 2.13.

B «rpebemkoBoii cTpyKType» MEpeKpbIBAIOLIUECS APYT C IPYroM CLUMHTUJUIALIMOHHBIE
MaJIOUYKKU BBICTPOCHBI B ABAa pAlda B ABYX HapaJlJICJIbHBIX IINIOCKOCTSAX. Ka)KI[BIﬁ CIHUHTUJLIATOP
OJTHOTO Psijia MEPEKPBIBACTCS C ABYMs OJIMKAMIIMMHU JIPYroro psija Ha ogHy TpeThb. [Ipoxoasmas
JaCTHI[A MOXKET Iepecedb MO0 OJMH, JIMOO JBa CHMHTHILUIATOPA B JIBYX psaax. B pesyibrare
NPOXOXKIAECHHUS YaCTHIBl 00pa3yloTCs TPU THIIA CErMEHTOB: 1) cpabaThiBaHHE OJHOTO KaHala
B JIIOOOM M3 JBYX DPSAIOB, 2) COBIAJAIONIME CHTHAIBI C JIEBBIM CHUHTHIUIATOPOM JIPYTOTo psiia
1 3) C IpaBbIM CHUHTHIUIATOPOM JPYTOro psijia.

e v e e e e

[j][‘j[5|L,__]|‘°JL2||‘4H 6 |
Segment  : ¢ it i it i oiyigiyiyiylyl 222:22'2:212:2233
Number 1234557390 112/34151617:8190:1:2:3.4/5:6:7:88:00

Puc. 2.13 Crpykrypa «rpeOemKoBoroy» roJockona MEUCHHs Mydka ¢ MEepeKPHIBAIOIIMMUCS
CHUHTWUIATOPaMHA. YKa3aHHas Ha 3TOM PUCYHKE CTPYKTypa OTHOCHTCS K MOJSPU3aHOHHOMY
TOJIOCKOITY, H3MEPSIOIIEMY KOOPAWHATHI BIOJIE BEPTUKANBHOW ocH Y. HanmMeHnbmne saeiikwy,
BO3HHUKAIOIIAE BCJIEICTBHE IEPEKPHITUS CHUHTWIUIATOPOB W3 Pa3HBIX PSIOB, 00pa3yroT
cermeHThl. M3 31 cermeHTa TONbKO 27 ILEHTPAIbHBIX CETMEHTOB HCIIOJb3YHOTCS
TIpoIiecCOpaMHy [Tl BOCCTAHOBIICHUS TTOJIIPH3ALHH Cy.

I'peOemikoBasi CTpyKTypa HMEET CIEAyIOIIHe JOCTOMHCTBA B CPaBHEHMHM C OOBIYHOMN
OJTHOCJIOMHOM CTPYKTYpPOM HENEPEKPBIBAIOINXCSI CUUHTUIUIALIMOHHBIX M1aJIOYEK:

— TIpU 33aHHBIX IPOCTPAHCTBEHHOM Pa3pEeLICHUH U NIePEKPhIBAEMON II0IaaN TpedyeT

BJIBO€ MEHbIIIE (DOTOAETEKTOPOB U, COOTBETCTBEHHO, KAHAJIOB 3JICKTPOHHKH;

— OTCYTCTBYET IIEJIb MEXY CeTMEHTaMH, CHIKaromas 3 (HeKTUBHOCTh PErHCTpaluu

3apsKEHHBIX YaCTHIL.

K HenmocraTkamM MOXKHO OTHECTH HECKOJIBKO 0OJiee CIIOKHBIM aJrOpUTM BOCCTaHOBJIIEHUS
«UCTUHHBIX» CHUTHAJIOB U TPEKOB, OCOOCHHO NPHU BBICOKOW HMHTEHCUBHOCTH M TOBBIIICHHOM
YPOBHE CiIy4ailiHbIX coBHmageHud. Taxke KOJIMYECTBO BEIIECTBA Ha IYTH IIydka
B «TpeOEIIKOBOMY TOJIOCKOIIE B CpeIHEM Ha 67% GoIbIle YeM B OJHOCIOWHOM Tofockone 2%,

AnpTepHaTMBHAs  KOHCTPYKLHUS  TOJOCKONA  CHUCTEMBI  MEYEHMsI  IPEACTaBJICHA
Ha Puc. 2.14. B »TOM BapmaHTe BCE CETMEHTHl CIHMHTHJUIATOPA PACIONAaraloTCs B OJIHOH
IJIOCKOCTH, U MMEETCSl B3aMMHO-OJHO3HAYHOE COOTBETCTBHE CpadOTaBIIEro KaHala OJHOMY
U TOJIBKO OJHOMY INPOCTPAHCTBEHHOMY MHTEpBAJIy MPOXOXKIEHHUS 4YacTulbl. TpamenueBugHas
¢bopMa cerMeHTOB BbIOpaHa id KOMIEHCalMu Hed((EKTUBHOCTH Ha Kpasx CErMEHTOB
U B 3a30pax MEX1y HUMH.

B kauecTBE OCHOBHBIX (DOTOAETEKTOPOB JJIsi CHUCTEMBl MEUEHMs Ipeaaraercs
HCTIOb30BaTh KpeMHHEBbIe hoToymMHOkuTenu (SiPM?7), pasMelieHHbIe ¢ BYX CTOPOH MaTOueK
rogockonoB. SIPM — »3T0 MaccuB (DOTOUYBCTBUTEIBHBIX KPEMHHUEBBIX S4YEEK Ha 0Omen
noanoxke. B ornuune ot naBuHHBIX hoToauonoB (APD), pabGoraroumx B MpONOpLHHOHAIBHOM
pexume, kaxzaas sueiika SiPM paOoTaer B orpaHu4eHHOM reirepoBckoM pexxume. [1o cpaBHe-

26 TTpu Toii e TONIMHE NATOYEK CHMHTUILIATOPA U, CJIEN0BATENBHO, IPU TOM ke 3((PEKTHBHOCTH PETMCTPALIUH JLIS
YaCTHIL, IEPECEKAIOIINX TOJILKO OJIMH CJIOH «TPeOeIIKOBOr0» I'O0CKOIA.
27 JInst KpaTKOCTH 371€Ch HCIIONB3yeTCs HA3BAHME IPHOOpA, MPHHATOE y MPOM3BOAMTENS SensL.
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Hutro ¢ APD, SiPM o6nagaer psaoM NOpedMyIIecTB: pabOTalOT TMPU HU3KOM ITOPOTOBOM
Hanpsbkenuu (~50 B), He cTpagaroT QuykTyalreii JaBUHbI, HE UMEIOT MPO0JIeM C HaBOJKaMu (He
TpeOYIOT SKPAaHUPOBAHHMS).

AW

a)

a‘!!;nwuuocoo-

i il

SIPM Seng
MicroF C-30050-SMT >

R T

6)

Puc. 2.14. BapuaHT KOHCTPYKIIUHU OJHOCIOWHOT'O TOJ0CKOIA CHCTEMbI MCUCHUSI.

a) Bun ¢ Topua Ha cermMenTsl cuuHTIWLISITOpa. TpanenueBuHas GopMa mo3BosseT yIydInTh

3¢ PEKTUBHOCTh PETUCTPALIMH HA TPAHUIIE CETMEHTOB.

0) Kpennenune hotonerekTopoB (KpeMHHUEBBIX (POTOYMHOMKHTEINEH) K CerMEHTaM CLHUHTHIUISTOPA.
B) OOmuit BUI ABYXKOOPAMHATHOTO FOJJOCKOTIA.

Ha Ttexkymmuii MOMEHT OCHOBHBIMH CEPUMHBIMH IMPOWU3BOJMUTEISAMU JAHHBIX H3JEIUI
spisifoTces: Hamamatsu (Slmonust), Zecotek (Cumramyp, corpynaudaror ¢ OUSIM), Excelitas
(CIIA, corpymamuaror ¢ MUDU/Ilynscap), SensL (Upnanaus) u ap. Y Kaxa0ro MPOU3BOU-
TeNs AaHHoe u3zaenue umeer Gpupmennoe HazBanue: MPPC (Hamamatsu), SiPM (SensL), Si®D2Y
(MHU®N), MI'JIOJL (OUAN) u T.4. (Bcero okono 15 HanmeHoBaHuit). Ha peIHKEe MPUCYTCTBYIOT
paznuuHble BUIbI SIPM, CKOHCTpYHpPOBaHHBIE 1O/ PA3HbIE 3a/1aUH.

Jns rogockoma Tpebyercss MakcuManbHas 3¢¢extuBHocTh peructpauuu (PDE), Ho
He TpeOyeTcss 3HAYUTENbHbIN JMHAMUYECKUI JAMana3oH, MO3TOMY Mbl MOAOWpad MOJAETH
c Oonpmumu stuerikamMu (0T 50 1o 100 um?), HU3KOM BENTMYMHOM CONPOTUBIICHUS Pe3ucTopa
1 XOpOIIEH ONTUYECKON U30ISLUEN MEXAY SUECHKAMH.

Hannyuymumu xapaktepucTUKaMu Ui Hallero jaerekropa obnagaroT uzgenus S13360-
3050PE ¢upmel Hamamatsu, HO oHM OTJIMYalOTCs BBHICOKOM IIeHOH. bmmkaiiim aHamorom co
CXOXKUMH Xapaktepuctukamu siBisitotess MicroFC-30050-SMT ¢upmbr SensL: Ha Tekymmit
MOMEHT HUX LIEHA C YYETOM JOCTaBKHU Ha 36% Huxe.

Ha Puc. 2.15 npencrasneH pabouuii uepTexx pamsl Ui MPOTOTUIIA TOJOCKONA CUCTEMBI
MedeHus. Pama mpeaHasHaueHa Uil KpeIUIEHUS NalOYeK CIHUHTWUISATOpa B JBYX IJIOCKOCTSAX
¥ mIaT ¢ (OTONETeKTOpaMu MO OJHOM C KaXJ0ro Topla cruHTwuiaropa. I[lpeamonaraercs
UCTOIb30BaHUE QOTONETEKTOPOB SiPM ¢ akTuBHON 00macThio 3X3 MM? B Ta0apUTHBIM pa3MepoOM
4 mm.

Ha Puc. 2.16 noka3ana pa3pabotannas st SiPM mnara ycuinTenei-1ucKpuMUHATOPOB,
Ha KOTOPYIO OBLIIM CMOHTHPOBaHbI (oTONETeKTOPbl. CHUHTUIUIAMOHHBIE CUYETUYUKU MPOU3BO/I-
ctBa UOBD ceuenuneM 3x4 mm? u anuHOW 20 cM ObUIM OOEpHYTBHI B CBETOOTPAXKAIOIIHIA
Matepuan (Maiap) U yCTaHOBIIEHBI Ha pamy rojockomna. C MCHOJb30BaHUEM JaHHOW IIATHI
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ObUTM TPOBEJEHBI HCIBITAHHUS MPOTOTUIIA TOJOCKONA HAa CBETOAMOAHOM CHUTHAJe M Ha aTMO-
chepHBIX MIOOHAX.

[Tonnast MIMTENBHOCTH CHUTHAMA CO CTAHJIAPTHOTO BbIXoJa cocTaBisieT okosio 300 He,
CBETOBBIXO]] ¢ OJHON NaIOYKH ~90 (HOTOIIEKTPOHOB HA MUHUMAIBHO-UOHU3UPYIONIYIO YaCTHUILY
(MIP). ITpu pabGote ¢ MOIIPU30BAHHBIM MPOTOHHBIM ITyYKOM MaKCHMAJIbHOW MHTEHCUBHOCTH (10
107) B kanase 24A Takas IJIUTEIBHOCTHh INMPUBEICT K HAJIOKEHHUIO CHUTHAIAa U HEKOPPEKTHOM
paboTe IIeKTPOHUKHU Trojiockona. Mcnonb3oBanue fast-pixona SiPM ¢ moJHON JJIUTETEHOCTHIO
He 6osee 20 HC B 3TUX YCJIOBUSX Oosiee MPeArnovYTUTEIbHO, XOTS aMILTUTY/Ia CUTHAA MPU 3TOM
Ha MOPSII0K MEHBbIIIE.

100-00-E59,0M) o
o250 -?—‘:'- (| domesss o210
+ L, z ES
H]
#44
A‘._I’ .
@
=)
o L @
- @ @
3 & o
¥ i —— QTQ
+ 4+ 5 FS P P &

]

7

Puc. 2.15 Pama 1ByXKOOpAWHATHOTO TOAOCKOIA Ha 32 KaHaJa 1Mo KaXKA0i KOOpAMHATE

AT —

Puc. 2.16 DnekrpoHHas riata ¢ GOTOAETEKTOPAMH, YCUIIUTEISIMH, TUCKPUMUHATOPAMH
u LVDS-nepenatankamu

Herextopel cuctembl MeudeHuss mnoispuzauun CIIACYHAPM OynyTt pacnonoxeHsl
B TOJIOBHOM 4acTu KaHana 24 Ha paccTosHuU ~60 M 10 ycraHoBKH. OpraHuzaiusi CUUThIBAHUS
JaHHBIX C HUX 10 TPAJUIUOHHON (TPUITEPHOIT) cxeMe ¢ 00IIel Ha BCIO YCTAHOBKY OJIOKHPOBKOM
CHJIBHO YBEIMUYMIIO OBl «<MEPTBOE BPEMsD» CUCTEMBI cOOpa JaHHBIX. J[1s1 mpeaoTBpaleHus Takoi
CUTyallun U1 JETEKTOPOB CHCTEMBl MEYEHHs MOJSApU3ALMU TNPEAYCMOTpPEHA JIIEKTPOHHUKA,
paboTatoriasi B OECTPUTTEPHOM PEXKUME.

Ha Puc. 2.17 nmoka3aHa apXuTEeKTypa IUIAThI UISI CAUTHIBAHUS TOAOCKOIIOB CHCTEMBI MeUe-
Hus. [InaTa mpenmosiaraeT cCuuThIBaHUE JaHHBIX 0€3 «MEPTBOIO BPEMEHW» MPU MHTEHCUBHOCTSX
no 107 gacTuil 3a IUKI, XpaHEHHWE TAHHBIX OJHOTO COpOca YCKOPHUTENIsI BMECTE C METKaMu
BpPEMEHHU C JMCKPETHOCTBbIO 6 HC M mepeAady HUX B OOIIyl0 cUCTeMy cOopa JaHHBIX IO CETH
Ethernet 100 Mowur.
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READOUT BOARD

\ FPGA MCU
AT TP TR RS TN - : tvas:— 1 —e
Discriminator r— - = 2 oma SDRAM
bos g TTL 4
hoard -— o B~ |
................................... | r Even: Request
R \ | Detection
i - 1 Logical | ] &
i Gate ; : | Block | Ethernet | Data
i pulse | ‘ == | TcPip s
P SEUE AN | | .r' ?In’_—e"' J- =S MLATE | Server
R ETI RRT TR ! | Stamp TJ R . o
| Trigger | TN | Counter ) e
{ (for testing) | | r contedd
L PR —- [ l | '

Puc. 2.17 bnok-cxema perucTpupyromen 3IeKTPOHUKH CUCTEMbI MEYESHUSI MOJISIPH3aLIUH
Juist pabOTHI B OECTPUTTEPHOM pPEXRUME

[TockonbKy OECTPUTITEPHBI METOJ B PETHCTPUPYIOMICH JJICKTPOHUKE IOApPa3yMEBaeT
BBICOKOCKOPOCTHOM cOOp M XpaHeHHe OOJbIIOro o0beMa JaHHbBIX, HEOOXOIUMO INPUMEHATh
JIBYXYPOBHEBYIO apXUTEKTypy. DyHKILUS perucTpalyy COOBITHH W NpenBapuUTeNbHON Oydepu-
3alMU JaHHBIX OblIa BozjoxkeHa Ha mukpocxemy IIJIMC, B KoTOpol BO3MOXHO peann30BaTh
napaiesibHyl0 00pa0OTKy IaHHBIX C MaKCHMAaJIbHOIO 4Hcia KaHanoB. OTHOCUTENBHO Ooiiee
MeIeHHble (DYHKIIMM 3alicH U XpaHeHus AaHHbIX B O3Y ¢ mx mocieayromeld OTHpaBKOM Ha
CepBep BBINOJHAET MUKpPOKOHTpoJuiep. Takas peanuzauus cOopa JaHHBIX BO3MOKHA HCKIIIOUYU-
TEJBHO BBUAY UUKIMYHOW paboThl yckopurens Y-70: oOmydeHHe MUIICHH JUIUTEIBHOCTBHIO
B HECKOJIBKO CEKyHJ IE€PEMEKAeTCs BPEMEHHBIMU MPOMEXYTKaMU B HECKOJIBKO CEKyHJ 0e3
yyKa.

Takolf nu3aiiH moJpasymeBaeT MPOCTOTY PAa3BOJAKUM U HM3TOTOBJIECHUS OCHOBHOW IIJIAThI
U J1aeT BO3MOKHOCTh OCYILIECTBJICHMs MO3TAMHOI0 MPOEKTUPOBAHUS MPOrpaMMHOI0 obecreye-
HUS U HE3aBHCHMOM OTJAJKH M TECTUPOBAHMS JIBYX OCHOBHBIX Y3JIOB — MHKPOKOHTpOJUIEpA
u [IJIMC. OCHOBHBIMHU 3JIEMEHTAMHU CXeMbl sBIgeTcs MUKpoKoHTposiep STM32F745 ¢gupmbl
STM u mumkpocxema FPGA Spartan-6 ¢upmsr Xilinx. J[aHHBIH MHKPOKOHTPOJUIEP MOMHUMO
BbICOKOTIpon3BoauTeNbHOTO simpa ARM Cortex-M7 mMeeT B CBOEM COCTaBE MHOKECTBO IEPH-
(dbepuiinbIx Momynei, B Tom yucie koHTposuiep mamsata FMC, koutpomiep Ethernet 1 DMA
KOHTPOJUIEP, KOTOPhIE UCIONb3YIOTCS B JJaHHOM pa3zpaboTke. MakcumalbHasi TaKTOBask 4acToTa
STM32F745 cocrasnser 216 MHz. [loMuMo MHKpOKOHTpOJIJIEpa, HA OCHOBHOM IUIaTe pacIo-
noxeHa Mukpocxema SDRAM-namstu, xonTposiep ¢usnueckoro ypoBHs RMII Ethernet
u apyrue sneMeHTs (EEPROM-namsTh, onepaniioHHble YCHIIUTENN), TO3BOJISIONINE B Oy IyIIEeM,
IIpU HEOOXOJIMMOCTH, BHEIPUTH B MPOTOTUI HOBbIe (yHKIMU. [IpenycMoTpeHa rulkas cucrema
BbIOOpA BHEIIHETO0 MCTOYHMKA MUTAHMS Yepe3 pa3Hble THIIBI pa3beMoOB, a Takxke uepe3 Ethernet-
pazbeM 1o ctanaapty passive PoE.

Kak y>xe oTMedanocek paHee, yCKOPUTEIbHBIH KOoMITIeKC Y-70 paboTaeT HUKIMIHO: cOpOC
mydka — 2+3 cek, nmay3a — 7+8 cex. TakuM 0Opa3oM, OOIIHI aITOPUTM pabOThl OECTPUTTEPHOMN
CHUCTeMBbl cOOpa JaHHBIX C TOJOCKOIIA CBOJUTCS K IIOMEPEMEHHOMY BBIMOJIHEHUIO ABYX
MIPOIIECCOB: MpoIiecca HEMPEPbIBHON perucTpanun coObITUI BO BpeMsi cOpoca Mmydka U Ipoliecca
«BBIYMTHIBAHUS» HAKOIIEHHBIX JAHHBIX M3 NaMATH U MEPENaYu X B CETh BO Bpems maysbl. Ha
Puc. 2.18 mnpencraBieHa (yHKIHMOHAJIbHAs CXeMa B3aMMOJEHCTBHS JIBYX Y3J0B IPOTOTHIA
C BHYTPEHHUMH aJITOPUTMaMU pabOTHI KaXk/I0T0 U3 HUX.
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MuxkpokonTtpoisiep STM32F7451GT6 BeImoNHIET poiib “MocTa” MEXIy Tpems mepude-
puitabiMu  Onokamu: Mukpocxemoil FPGA, SDRAM-namsateio u cervto Ethernet. Anroputm
paboThl KOHTPOJUIEPA CBOAMTCS K MOMEPEMEHHOMY BXOAY B OJMH M3 JBYX PEKUMOB: HETIPEPHIB-
HBIM pexuM noiydeHus gaHHbX oT FPGA u ux 3anucu Bo BHemH00 SDRAM namsars u pexxum
nepeaayn JaHHbIX U3 namsaTH B ceTh Ethernet mo mpotokomy TCP/UDP. Ilepexon B TpeOyemblit
PEKUM  PETyJIUpPYeTCs BHEIIHMM CHHXPOCUTHAJIOM OT YCKOpHUTENsS, KOTOpBI ompenenser
BPEMEHHOW UHTEpBaJl AJ1s cOopa JaHHbIX.

[MporoTun romockoma cucremMbl MedeHus ¢ SIPM B kadectBe (oTomeTekTopa
1 OECTPUITEPHON PEruCTPUPYIOIIEH IEKTPOHUKON Ul paboThl ¢ MaKCUMAaJIbHOH MHTEHCUBHO-
CTBIO MOJISIPU30BAHHOIO IyYKa IOKa3all BBICOKOE KauecTBO paboTsl Ha ycraHoBke CITACHAPM

C MHTEHCHBHOCTBIO 3% 10° 32 UK yckopuTens’,

FPGA MK
] BnGE " Chop famHHsx
& J pEmMCTRALMY = uﬂanpnc W .
E » ';% cofTva v ] OrA
m 3 1= KEHanS | Binn o '_—,F SDRAM
% % 'E cofiwTue & ally4oks FhC
i
r:: E Bnow | A {dpponT]
b § PEIMCTRALAM z
e =
o kEHaAmNS 32 ™ OTnpaBka QaHHRX
chop
r— i E FMC
Enok wlayaas % | | Fast
TEA R L {f‘ll.?]pj = Mlﬁucl
CHETHMHE | | ; F | Ethf}rnct
Chpoc |
LLHKI'I ABTOMAT ParvcTpaymp
COCTORHMA Mayas
Puc. 2.18 OOmumii anroput™ B3aUMOCHCTBHUS IBYX ILIAT MPOTOTHIIA
2.3 N3mepenne a6coIIOTHOM MOJASIPU3ALMH MTYYKOB

MeueHnue TpaeKTOpUil MyYKOBBIX YaCTHUIL AJIsl OTPEACTCHUS UX a0COTIOTHON MONIIpU3alin
Mpe/ICTaBiIsieT co0O0i BIOJMHE AKKypaTHBIM W HaAE&KHBIM METOJ, MOCKOJIbKY OH OCHOBaH Ha
XOpOIIIO M3BECTHBIX pacmajax /A-TUIEPOHOB M JMHAMHKE JBIDKCHHs CIHHA-1/2 B MarHUTHOM
none. Pesymbratel sxcriepumentos E704 [69] u ®OJIC [70] ocHoBaHEI Ha TakoM moaxomne?>.

Tem ne menee, E704 cinoxHOCTh reOMETpUM KaHalla ¥ KOHPUTYpallud MarHUTHOTO TIOJIS B
€ro ONTHUYECKUX 3JIEMEHTaX, MOTEHIMAJIbHOE MPUCYTCTBHE OIIMOOK B aJIrOpUTMax MEUYEHHS
B peaJlbHOM BPEMEHH, HEOIPEAECIEHHOCTU B /-CIEKTpax W T.A. JENAIOT KpalHe KelaTelIbHbIM
HE3aBHCHMOE TMOATBEPXKIACHHE aOCONIOTHOW TONSApH3AlMM IYyYKOB, TakXKe Kak U, IO
BO3MOKHOCTH, €€ MOHUTOPHpPOBAHHE Ha TNpeaAMeT HecTaOuiIbHOCTeW BO BpeMeHH. [losTomy,
Hapsay ¢ paspaborkoit cuctembl MedeHwusi, mpoekT CITACUHAPM Bkitouaer B ceOsi AOTOJIHU-
TEJIbHYI0 HE3aBHCUMYIO MOJSPUMETPUI0 Ha OCHOBE (PU3MYECKUX IPOLECCOB B3aMMOICHCTBHS
(aHTH)IPOTOHOB C BEIIECTBOM.

2 PluTeHCUBHOCTL My4YKa Ha KaHase 14.

% B oskcnepumente E704 [69] Obula mpeanpuHATAa Takke MONBITKA HM3MEPUTH MOJAPHM3ALUIO TPOTOHHOTO
1 QaHTUIPOTOHHOTO IIYYKOB JIByMsI IPYTMMH METOAaMHU. Pe3ynpTaTel 3THX W3MEpeHWil ObUTM HalJIeHBI BIIOJIHE
COBMECTHUMBIMH C MedeHHeM. OHaKO OHM YCTyHaJll MEUCHHIO IO BEJIMYMHE CTATUCTHYECKHX W CHCTEMaTHYECKHX
OIHOOK.
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WHTepec nmpeacTaBiIsiOT MPOLECCH C JOCTATOYHO OOJBIIMM CEYEHHEM M H3BECTHOU M3
HE3aBUCHMBIX M3MepeHuii™ HeHyIeBoil CIMHOBOI acuMMeTpueil. B HacTosIee BpeMsl OCHOBHBIM
CIOCOOOM M3MEPEHHS MOISAPU3AINH ITyUKa SBJSIETCS U3MEPEHUE aCHMMETPHH B 00JIaCTH KYJIOH-
saaepHoi uHTepdepeHmu. JJaHHbIil MeToa akTUBHO McHoib3yercs Ha yckoputene RHIC B BHJI
[81]. B mpakTHyeckoM IUIaHE pacCMATPHBAIOTCS MOJSPUMETPBl HAa OCHOBE YIIPYroro
Pp-paccesHUs ¥ MHKIIO3UBHOIO OOpa30BaHUs 3apsDKEHHBIX MMOHOB C M3BECTHOM acuMMeETpHel
An. Crenyer OTMETUTb, YTO HEBO3MOYKHO HAWTH yKa3aHHbBIE BBILIE MPOLECCHl C U3MEPEHHBIMU
paHee WM HaAEKHO TEOPETUYECKU IPEICKAa3bIBAEMbIMY CIIMHOBBIMHM ACHMMETPHSMH JJISl BCETO
JOCTYITHOTO JIMaria3oHa UMITYJIbCOB BO B3aUMOJIEMCTBUAX NMPOTOHOB U, TeM 0oJiee, aHTUIIPOTO-
HOB. llomuepkHéM, OJIHAKO, 4YTO TJIABHOM 3aJa4edl HE3aBUCUMOHM IOJAPUMETPUHU SBISACTCA
IIPOBEpPKA MPABUIBLHOCTU OIPENEIECHMSI MOJIIPU3aLUU METOJIO0M MEUYEHHS U, €CIUM HEOOXO0IUMO,
KOPPEKIHs ero mpoueayp U anroputMoB. M ecnu meueHune paboTaeT KOPPEKTHO MPH HEKOTOPBIX
UMIYJIbCAX, TO €CTh OCHOBAHUS IOJIaraTh, YTO OHO OyAeT paboTaTh CTOJNb K€ KOPPEKTHO U MPHU
apyrux. CTOMT NONYEPKHYTb, 4YTO Ul HEKOTOPBIX IIPOLECCOB C NMPOCTOM KHHEMATUKOH,
Hafnpumep, JJis yIpyroro paccesiHusi, OAHOCIMHOBAasE acuMMeTpusi An, U3MEpEHHAas Ha MOJSPU-
30BaHHOM MPOTOHHOM MHUIIIEHU C HEMOJIIPU30BAHHBIM ITYYKOM, MOXET ObITh 3aT€M HCIOJIb30BaHA
JUISL U3MEPEHUS TOJIAPU3ALMY ITy4Ka TOTO )K€ COCTaBa U SHEPTUU.

2.3.1 IHonapumemp na ocnose ynpyz020 paccesanus

B03MOXHOCTh HCIIONB30BAaHUS PE3YIbTATOB U3MEPEHUN HA MOJISIPU30BAaHHOW NMPOTOHHOU
MUILEHH ISl TOJIIPUMETPHUU ITyYKa CYIIECTBYET B MOJX0/I€, OCHOBAHHOM Ha YIIPYTrOM pacCesiHuu
(aHTU)IPOTOHOB B CHIIy JKECTKOM KHMHEMAaTUYECKOW CBSI3M YACTHI], PACCESIHHBIX B IEPEIHIOI0
W 33IHI0I0 TIonycdepsl, a ajis aHTHUNPOTOHOB — W B cuily CP-MHBapHaHTHOCTH CHIJIBHBIX
U DJIEKTPOMArHUTHBIX B3auMOJEHCTBUM. Vcmonb3oBaHuMe yNpyroro paccessHus MO3BOJISIET
CO3/1aTh TaK Ha3bIBAEMbIi aOCOIIOTHBIA NOJSPUMETP, TIJaBHOM OCOOEHHOCTHIO KOTOPOTO
SBJIAETCS U3MEPEHNUE, Ha TIEPBOM JTalle, aHAIM3UPYIOIIEed CIIOCOOHOCTH MPU PACCESTHUM HEOJIs-
PH30BAaHHOTO TTyYKa HA MOJISAPU30BAHHON MUIIEHH®' M HCHOJIB30BAHUE TIOMyYEHHOTO Pe3yIbTaTa
JUIS TOM K€ CaMOW PHEPIUM Iy4YKa U TOM K€ caMOM YCTaHOBKH IIPY M3MEPEHUH NOJIIPU3ALUU Ha
HETOJSAPU30BAHHOM (BOJIOPOIHOI) MUIIIEHI 2,

B ynpyrom pp-paccessHUM MOXHO BBLIEJIUTH JBE KHHEMAaTH4eCKHe 00JacTH ¢ OOIbIIUM
CeueHHEM U M3BECTHOM OJHOCTMHOBOH acumMmerpuei®> Ay : 06macTh KyJIOH-sAepHOit
unrepdepenu (KAT) mpu 0.002 < —t < 0.05 (I'9B/c)?, rae t — 4-MepHBIN KBajpaT mnepeaadn
HMITyJIbCa, KOTOpasi C yBEIMUEHUEM Mepeaaun UMITYJIbca IePEeXoUuT B 001acTh JUPPAKIIHOHHOTO
paccestaus ipu —t > 0.04+0.05 (I'>B/c)>.

KoMOnHMpOBaHHBIN MOJIIPUMETP Ui YHOPYIOrO PacCesiHMsl, MOKPBIBAIOIINNA KMHEMAaTH-

yeckuit quanaszon —t ot ~0.002 mo ~0.3 (I'aB/C)?, cxemarnuecku mokasax Ha Puc. 2.19.

30 Vinu u3 HaJEXKHON TEOPHH.

31 BenuuHa nosApu3avK MUIIEHH H3BECTHA C XOPOIIEH TOYHOCTHIO (Ha ypoBHe 1+2%).

32 Tlpu wu3MepeHMsAX TNONSAPU3ALMU TIPH HEKOTOPHIX 3HAYEHMSAX ODHEPIUM ITyYKa MOXHO HCIIOJB30BAaTh TaKKe
W3BECTHBIC 3HAUYCHHSI aHAJIM3UPYIOIIEH CIIOCOOHOCTH.

33 Koropas coBHajaeT ¢ MONEpedHol monspuszamueil P paccesHHOro HyKJIOHA B YNPYIHX CTOJKHOBEHHSX
HEMOJIAPU30BAHHBIX HYKJIIOHOB. HOSTOMy 1A TaKuxX IIPOHECCOB YaCTO TOBOPAT O MOJIApHU3ALUNN P Bmecto
acuMMeTpuu An.
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Puc. 2.19 Cxema xomOuHHMpoBanHOTO nosipumerpa. G — GEM nerexTopsr,
H — cOMHTHIUISIIMOHHBIE TOIOCKOMBI; S — CHUHTHIUILMOHHBIE CYETYHKU

[TonsipumeTp cocTOUT M3 HAOOpa TPUTTEPHBIX CUETUYMKOB S U TPEKOBBIX JETEKTOPOB Ha
ocroBe GEM3* u cupnTHIIAIMOHHBIX Trogockonos™®. Tlepennee miedo, npeaHasHaYeHHOE IS
pETHCTPalM MTyYKOBBIX (aHTH)IPOTOHOB, PACCESHHBIX HAa MaJlble YTJIBI, MPEACTaBIAET COOOM
MarHUTHBIN CIIEKTPOMETP C 27-aKCENTAHCOM 10 a3UMYTY, KOTOPBIH Oy/eT 3a1eiiCTBOBAaH BO BCEM
KMHEMaTHYeCKOM Juarna3oHe. J[pa mieya cieBa M ClpaBa C a3UMYTaJbHBIM aKCENTaHCOM
~(15+17)% ot momHOro yria 27 NUpPEAHA3HAYCHBI Ui PETUCTPAIlMM MPOTOHOB OTAAa4YH B
mdpakuuonHoi o0actu. [lapaMeTpsl TOAOCKOMOB NosipUMeTpa puBeaeHs! B Tadum. 2.5.

Ta6n. 2.5 Mapamerpsl rogockonos H1-H10 nonspumerpa yrnpyroro paccessus

Paccrosnue labapuTHbIC
OT LeHTpa pa3zmepsl Pa3mep anemeHTa
MHUIIIEHH (M) T'OJIOCKOIIOB (MM) HIMPUHAXTOJIIIMHA X IJIMHA (MM) KonugecTBo 31€MeHTOB
[TyukoBbie rogockotsl (1110
XxY X Y X Y >
H1 —4.25 54 x 54 6x3x54 6 x 3 x54 13 13 26
H2 -0.25 54 x 54 6 x3x54 6 x 3 x54 13 13 26
[epennuii nerexrop (I11)
H3 0.25 62 x 70 6 x 3 x62 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 x 238 6x3x126 | 59 31 90
H6 9.75 358 x 158 6 x 3 x 358 6x3x158 | 99 39 138
Herexrop otnauu (J10)
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 x 3 x 294 6x3x230 | 73 o7 130
H9 0.1 246 x 118 6 x 3 x 246 6x3x118 | 61 29 90
H10 0.3 294 x 222 6 x 3 x 294 6x3x222 | 73 57 130
Cymma 31eMeHTOB = kosmdecTBo DY = 826

34 Gaseous Electron Multipliers, razoBbiit 31eKTpOHHBIN yCHIUTEND

3 Bwmecto CHUHTUIUIAIMUOHHBIX T'OJOCKOIIOB MOTYT HCIHOJIB30BATHCA TPEKOBBIC ACTCKTOPHI HA OCHOBE ﬂpeﬁq)OBBIX

TpyOOK.

% TTpuBeneHbl pasMephl J€TEKTOPOB i u3MepeHus npu 45 T'3B, mpu 16 9B, TpebyeTcs yBeauIuTh pasMephl
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Usmepenuss An  (wmm  momspusarust  P)

B TUQPAKIIMOHHON  o0macTu  pp-paccessHUs  TpuU o . ¥
0.04 < —-t<0.525 (I'sB/c)* nns umnynbca 45 I'1B/C "+-.._”” PR 9%,
ObuTH TIpoBenieHBbl coTpynHudectBoM ['EPA [82] Ha N i } * °©
yckopuTenbHOM Komiuiekce Y-70 MDBD. Pesynb-

TaThl U3MEPEHUI W3 JaHHOW CTaThU MPUBEICHBI HA +4-.10
Puc. 2.20. OgHOBpeMEHHO C M3MEpPEHUEM IOJIIpH3a- <
nuu  corpyanuuectBoM [EPA  Obutm  momydeHsl

U JaHHble 10 auddepeHuanbHpiM ceucHusM do/dt =

yIOpyroro  pp-paccesHusi ¢ TOYHOCTbIO  1+4 %
H{-.30

B MHTEpeCyIoleM Hac uHTepBaysie mo —t [83]. Dru —
pe3yNbTaThl COBMECTHO TIO3BOJIIIOT — OMPENEIHUTH
¢dakTop KayecTBa AMQPPAKIMOHHOTO MOJSIPUMETpa

(Gewe)?

37_p2 Puc. 2.20 Ilonspuzanms
FoM*'=P<-dofdt (uem Gombiie 3HadeHune FOM, Tem B YIYTOM PP-pACCOSHUH TpH

Jaydiie TojspuMeTp). Pe3ynbTarthl  BBIYHMCICHHUS ummynbee 45 [B/C

(dakTopa KauecTBa TpuBeAeHbl B Tabn. 2.6. B Hambosee WHTEPECHOM HWHTEpBaje
0.075< -t <0.225 (I'3B/c)? ¢ 3ameTHO# cpenneii acummerpuein AN = (2.37+0.12)%, uzmepeH-
HOW ¢ ~5% OTHOCHTENbHOW OIMOKOH, AU(QEpeHIINATbPHOES CEYSCHUE XOPOIIO OIHCHIBACTCS
dopmynoii [83]: dofdt = ae®™, rue a = (84.8+3.5) M6/(I'3B/c)? u b = (11.42+0.35) (IB/C) 2

Tabmn. 2.6 [onspuzanus, KHHEMaTHIECKHIE TapaMeTphl ¥ (pOH TUPPaKINOHHBIX COOBITHH

FoM,ub/
—¢, (GeVIC) | n=S/(S+B) P (GeV/c)? Oscat Orec
004 —0075| 0944 | 0.03+0.01 | 387 |0.285-0.395| 81584
0075-0.125| 0.984 |0.026+0.002| 189 | 0.39-051 | 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
0.425-0.475| 0.861 | 0.009+0.008 | 0.07 | 0.94-0.99 |69.33— 70.37
0475-0525| 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 ¢ ymeHblIeHHEM
KBajZpata 4-MepHOro IMepedaHHOro wummnyibca —t Omaromaps pocty auddepeHInaIbHOTo
ceueHus. OTO cpa3y HABOAUT HA MbICIb OO0 M3yYEHUHM BO3MOXHOCTH HCIIOJIb30BAHUS
OJIHOBPEMEHHO C JU(PaKIMOHHBIM MOJIIPUMETPOM M MOJIIpUMETpPa B 00JIACTH KYJIOH-SJ€PHOMN
untepdepenuuu (KAN). Ionspuszauus B ynpyrom pp-paccesnun B obnactu KAU ne nsmepena
npu umnyiasce 45 I'3B/c. Onnako Takue nsmepenus 6wu1u nposeneHsl Ha RHIC npu sueprusix
B C.ILM. V/s=6.8, 7.7, 13.7, 21.7 3B [18, 19, 20]. Halinennble myTeM IMOJATOHKH TapaMeTphl
MIPUBEACHHBIX CIMUH-(QIMNNOBLIX aMIUIUTYZ Re s u Im Is Obuld MHTEpHONIMpPOBaHbI K Halien
sHeprun Vs=9.3 3B u Mo 3TUM mapameTpaM BEIYHCIEHA AHANM3UPYIOMAs CIIOCOOHOCTh MPH
nMmiryssce 45 ['9B/C. YuuTeiBas orpaHndeHHbIE BO3MOXHOCTH JU(PPAKIIMOHHOTO TOJIIPUMETpa

37 Figure of Merit.
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(ero Henmb3sl MCMHOJB30BaTh MNPSIMO MPU HU3MEHEHUU HMITyJIbCa MOJIIPU30BAHHOTO ITy4Ka),
MPEJCTABISETCS 11€7eCO00pa3HbIM UCIIONIb30BaHNE MAPAIUIETBHO ¢ TU(PPAKIIMOHHBIM U HHTEpde-
PEHLIMOHHOTO ToJisipuMeTpa. JlBa moisipumerpa MOryT paboTaTh MapauleIbHO TOJIBKO Ha
®uakoBogopoaHon muiieHu (KBM).

Kunemarnyeckwnii nuanason KAT B ynpyrom paccesHuu nmpoTOHOB HAXOJUTCSA B 0071aCTH
oueHb Manbix mepemad wummyiasca: 0.002 < —t<0.05 (I'sB/c)?. IlpuBiIeKaTENbHOCTE 3TOIO
mporecca Juisi MOJSIPUMETPUU COCTOUT B cieaylonieM. Bo-mnepBbIX, CIIHHOBbIE aCUMMETPUU
B ATOM IIpoliecce JOCTAaTOYHO XOpoLIo H3y4yeHbl Teoperudecku [84, 85], uro mno3Boiser
UCIOJIb30BaTh TaKOM MOJIAPUMETP U MPU IHEPrHsiX MydykKa, IJe HeT U3MEPEHHBIX JaHHBIX. M Bo-
BTOPBIX, aCUMMETpHsi AN JTOBOJNIBHO ciabo 3aBUCHT OT 3Hepruu. CpaBHUTEIHHO HENABHO OHA
Obuta xopomo u3Mepena Ha yckopurtene RHIC B BHJI misi HECKONBKHMX 3HAYEHUH HMITYJIbCa
nyuka [86, 87, 88], B ToM umciie ¥ B HECKOJbKHUX TOYKaX paboOYero MHTEpBaja HUMITYJIbCOB
CITACYUAPM. MakcumanbHoro 3HaueHus ~(4+4.5)% acummerpus AN JIOCTUTaeT Ipu
-t~ 0.003 (I’B/c)?, a cpemHee 3Ha4YeHHWE, B3BCIICHHOEC C CEYCHHMEM Ha HHTEpBAle
0.002 < —t < 0.05 (I'’B/c)?, MokeT ObITh KOHCEPBATHBHO OICHEHO paBHbIM ~3%. CeucHue
YIPYroro paccesHuii B ToM e t-uHTepBaiie coctaBisieT ~2.75 MO.

2.3.1.1 Abconomusiii noasipumemp Ha OCHOBe YNPY2020 PAcCCesiHUs

Hcnonp30BaHue MOJNSPUMETpa HAa OCHOBE YIPYrOro PpAacCesiHUs TO3BOJSIET CO3aTh
aOCOJIOTHBIN TOJIIPUMETP Kak JJIsi MPOTOHHOTO, TaK M JUIA aHTUIPOTOHHOTO Iydka. MeTon
OCHOBAH Ha TOM, YTO AHAIM3HPYIOIIAsi CHOCOOHOCTh YIPYTOro PAacCesiHUS HE 3aBHCUT OT TOTO,
MOJIAPU30BaH IMYYOK WIM MUIIeHb. Takum oOpa3zom, Ui J1H000H SHEpPruM MOXHO CHauaia
W3MEPHUTh AHAIM3HUPYIOUIYI0 CIOCOOHOCTH C HCIIOJIB30BAaHMEM IOJISIPU30BAHHONW MUIICHU
Y HETIOJIIPU30BAHHOTO TyYKa.

[Tonspuzanuss mumeHn cocraBiaser 75+90% (B 3aBUCHUMOCTH OT HCIIOJIB3YyEMOTO
BEIIECTBA), & TOYHOCTh W3MEpPEHUsS MOJSpHU3alMH MHILIEHU cocTaBisier 2+3%, 4To Maio 1o
CPaBHEHHMIO C 0’KUIAEMOM TOUHOCTBIO U3MEPEHUS MOJISPU3ALINY ITyUKa.

Hwxe Oyner mpuBeneHa omeHKa BpeMEHH, HEOOXOAMMOTO IS U3MEPEHUS TOJSIpU3alun
My4YKa KaK C HMCIIOJIb30BAaHHEM a0COJIOTHOTO MOJSIPUMETPA, TaK M C HUCIOIH30BAHUEM CYIIECT-
BYIOIIMX JTAHHBIX IO U3MEPEHUIO aHATH3UPYIOIIEH CITOCOOHOCTH.

2.3.1.2 Oyenxa spemenu 05t usmepeHus NOIAPUIAYUU NYYKA NOTAPUZ0BAHHBIX NPOMOHO8
OrneHka HEOOXOJMMOTO BPEMEHU JUISI M3MEPCHUS MOJISPU3ANNHA B pp-pacCesTHUM TIPH
umnyibce 45IB/c B untepBane —t =[0.040+0.475] (I'’B/C)? npoBeneHa B MPEANOI0KEHUN
uneanbHoi padotsl (3pdexktuBHOCTs 100%) monsipumerpa B 3ToM uHTEpBaje mo t. CBeTUMOCTh

L= vINppx, tne v=0.1 — CKBaXHOCTb ITyuKa, OIpejesiseMas Kak KOJMYECTBO IUKJIOB
B CeKyHNy, | — nHTeHCHBHOCTH Tyuka B 1ukie, Na = 6-:102 — uucno ABoraapo, p — IIOTHOCTh
MUIICHH, X — ToimmmHa MmumeHd. Omenka mposeneHa mis | = 107 p/III/IKJ'I38, IUIOTHOCTH

xuaKoBoopoaHoi mumenu p = 0.07 r/cm?, u pmuHe mumeHu X = 50 cM. CBETHMOCTH COCTaBUT
2.1-10%° cm2cex .

Oormiee oxugaemoe komuuectBo coobithit N(to) = L dofdt(to) AtApl ¢ npu cpentem 3naue-
Hun to=0.22 (IMB/c)> ans wunTepBama At =0.03 (I'3B/C)?, ¢ a3uMyTaJbHBIM aKCENTaHCOM

38 PacueTHas MHTEHCUBHOCTb MOYKET J0CTUraTh 1.5-107 MPOTOHOB 3a LKUKII, IPU STOM JBE TPETH MyYKa UMEIOT
CPENHION MOJsIpU3anuio 0koio 40%.
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Aplp=0.17 (upu HCIONB30BaHUM JBYX IIJICYCBOIO CIIEKTpoMeTpa), auddepeHIHaaIbHbIM
ceuenneM dofdt(to) (0.22) = (8.326+0.073) m6/(I'>B/C)> 3a omuH dYac pabOTBI YCKOPHUTEIS
cocraBut 2.1-:10%°-8.326-10727-0.03-0.17-3.6-10% = 3.21-10° mpoToHoOB/Uac.

OcCHOBHOI BKJIaJ B OMIMOKY M3MEpPEHHs MOJSPU3ALMH J1aeT OIIMOKa M3MEPEHHOH Beln-
YMHBI aHau3upytomei cnocodHoct (10%). [Ipu u3mMepeHnn MONSApU3aKMU ITy4YKa ¢ TOYHOCTBIO
14% (ta xe camas ommbka 10% npu u3mepenun nossipuzanuu nydka) Ae = 0.1,-¢ = 0.1-Pp-Aw.
[Ipu 3navenusx Pg = 0.4, An = 0.022 monmyuaem Ae = 0.88-107% u, cooTBETCTBEHHO, HEOOXOIUMAS
craructuka cocrapisier N=1/(Ag)? = 1.29-10° coObiTHit. C y4eToM MOJyuYeHHOMN BBIIIE CKOPOCTH
Habopa CTAaTMCTUKU HAXOAUM Tpebyemoe BpeMs s Habopa Takoii cratuctukn T=5+6 uacos.
[Ipu 3TOM TOYHOCTH B M3MEPEHUU CPEIHEU MOJSApU3AlUU MyYKa OKaXKETCs, KaK Mbl OTMETHUIIN
BhIe, 14%. MoHO, C HUCIIOJIb30BAaHUEM MMEIOIIUXCS JaHHBIX, JOCTHYb TOYHOCTh B U3MEPEHUU
nossipuzauuu B 11%, eciu ChIpyr0 aCHMMETPUIO U3MEPUM € TOUYHOCTBIO 5%. OqHAKO IpHU 3TOM
BpeMsi HabOpa CTaTUCTUKU yBEIMUYUTCSA B 4 pas3a (TO €CTb COCTAaBUT IPUMEPHO OJHHU CYTKH).
AHaoru4Hoe BpeMs IOJIydaeTcs NpU HCIOJNBb30BAaHUHU JIAHHBIX B 00JAacTH KYJOH-SAEPHON
uHTEpHEPEHIIH.

BaxHO, 9TO TMpU WCIIOTB30BAHUH U3BECTHBIX YK€ JIAHHBIX TOYHOCTh M3MEPEHUS TIOJSPH-
3allMd OTpaHWYeHAa TOYHOCTHIO CYIIECTBYIOIIUMX H3MeEpeHuu. B Takoil cutyanuu Tem Oonee
HaIpaIIuBaeTCsl MPOBECTU a0COMIOTHOE 3HAYCHHE MOJSPU3AIMH, TO €CTh M3MEPUTh 3HAYCHHE
aHanM3upyomiei cnocodnoctu An mpu TpeOyemoi sHepruu. [[inst uaMepeHus: aHaIU3UPYIOLIeH
CHOCOOHOCTH ¢ TOYHOCTBIO 5% Tpelyercs MeHee cyToK. Takum oOpazom, IpU MHTEHCHBHOCTH
nmyyka 107 mpoTOHOB 32 LUKI MOXHO JOCTHYb TOYHOCTH U3MEPEHHSI TOISIPU3AIIH IPOTOHOB 7%
3a HECKOJIBKO CYTOK.

2.3.1.3 Oyenxa e6pemenu Ona usMepeHus NOAAPUAYUU NYYKA  NOJAPUZ0BAHHBIX
AHMUNPOMOHOB

[IpenmymiecTBO MCIONB30BaHUSI YIPYTOTO pacCesHUS JIi HW3MEPEHUsT aOCONIOTHOTO
3HAYCHUs TOJSIPU3AIMH TTyYKa 3aKJII0YaeTCs B TOM, YTO JAHHBIH METOJ MOXKHO HCIIOJIB30BaTh
TaKKe W JUIS M3MEPEHHs TNOJSPU3AlUM ITydKa AHTUIPOTOHOB, JJISI KOTOPBIX HET HUKAKHX
HKCHEPUMEHTANIbHBIX JaHHbIX. OIleHKa HEOOXOAMMOTo TpeOOBaHUS A My4yKa aHTUIIPOTOHOB
npuBegeHa B pabote [89], ucxois M3 MPENNONOKEeHUs, YTO aOCOIIOTHBIC BEIUYUHBI JaHHBIX
3¢ ¢eKToB I NPOTOHOB M AHTUIIPOTOHOB JIOJDKHBI COBManath. [Ipu OIleHKE BpeMeHHU
UCIIOJIb30BATHCH AaHHbIe paboThl [90], B COOTBETCTBHU C KOTOPOW YNPYTrUe CEUCHHS MPOTOH-
MIPOTOHHBIX M aHTUIPOTOH-MPOTOHHBIX B3aUMOJEHCTBUI COBMAJAalOT M paBHBl npu 16 1B
dal/dt = (3.77+0.16)-1072” mb/(I'>B/c)? mpu t = 0.3 (I'B/C)>.

Jlns m3MepeHusl aHaIM3UPYIOLIEH CIIOCOOHOCTH YIPYroro paccesHHs aHTHIPOTOHOB Ha
MPOTOHAX Mpu 3Hepruu mydka 16 ['3B ¢ ucnonp3oBaHueM cyliecTByIOLIEH MOISPU30BAHHON
mumenu (cM. pazaen 3.3) gocratouno 5060 wyacoB. B maHHBIX pacuerax Opanach MUHHUMAJIbHO
BO3MOJKHasi MHTEHCHBHOCTh Iy4yKa MOJSPU30BAaHHBIX aHTUIPOTOHOB (6-10* 3a mmki), 4TOOBI
My4YOK TOJHOCTHIO MOMNajal B amnepTypy MOJISPU30BAaHHOW MUIIEHHU. [ HermocpeacTBEHHOTO
M3MEpEeHUs MOJSIPU3ALMM MTyYyKa ¢ OTHOCUTENbHOW TOYHOCTBIO 10% ¢ MCHOIb30BAHUEM JKUAKO-
BOJIOPOJIHOM MMILEHM TaKOro e pasMepa Heobxomumo emie npumepHo 300 vacos. Ilpu

% TTpu MCTI0/Ib30BaHMK B pacy€TaX MUILEHH JUIMHON 20 cM U MHTEHCHBHOCTH 1-10° MPOTOHOB 3a LMK BpeMst
coctaBuT 110+120 gacos.
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HCMOJIb30BAHUM KUJIKOBOJAOPOAHON MuIneHHu 1iauHod 50 cm u aumamerpom 10 cM  MOXHO
UCIIOJIb30BAaTh BCIO MHTEHCHBHOCTH ITy4YKa IOJIIPU30BAHHBIX aHTUIIPOTOHOB (mpuMepHO 3.6-10°)
BpeMs U3MEepeHUsl yMeHbIIaercs B 15 pa3 u cocrasisger 20 4acos.

2.3.1.4 Boszmoocnocmo gbloenenus ynpy2020 pp-paccestiis

Jis mpoBepKH BO3MOXKHOCTH BBIICTICHUS YNPYTOro Pp-paccesHusi ObUIO MPOBEICHO
MojenupoBane MetogoM MonTe-Kapno, 4ToOBl OLIEHUTH YpOBEHb (POHA M BO3MOKHOCTh
BBIJICJICHUS] CUTHAJIA C UCTIOJIb30BAHUEM PEeaJbHOM anmaparypsl U pazdpoca myJka.

[Ipu MoaenupoBaHUM HCIIOJIB30BAIMCH MapaMeTphl Mydka (pa3mep Mydka Ha MHUILEHH,
YIJIOBOM Pa3dpoc, MMIYJIbCHBIA Pa30poc Mmydka B COOTBETCTBUU C pazaenoMm 2.1.4 u Tabm. 2.2
g sHeprun 15 [3B. [Ipu 3TOM yuuTBIBaIOCh, YTO MMITYJIBC IIYYKOBOTO MPOTOHA MU3MEPSETCs
c TouHocThi0 1% (ummynbcHBIA pa3zdpoc myuka coctaBiser 2%). Ha Puc. 2.21 mnoxazanbl
YIJIOBBIE paclpezesieHus: MPOTOHOB OTAAuu W paccesiHusl AJisl JBYX SHeprul, a Ha Puc. 2.22 —
JBYMEpPHBIE pacIpeIe/IeHUs] KOOPIMHAT IPOTOHOB B TNIOCKOCTSIX COOTBETCTBYIOIIUX JETEKTOPOB.

Jlsiss BOCCTAaHOBJICHUSI MCTOJB3YETCsl YCTaHOBKA, MpencTaBieHHas Ha Puc. 2.19 (MoxHO
MCIIOJIB30BATh YaCTh YCTAHOBKH). PacueTsl mpOBOIMIINCE ISl AETEKTOPOB «TIPEOEIIKOBOTO» THUIIA
(cMm. xak mpumep Puc. 2.13) ¢ pa3sMepoM CUMHTHUISIIIMOHHOTO 3JIEMEHTa 6 MM (TO €CTh C IIaromMm
2 mm). TpeboBaioch TMomajgaHue OOCHX YACTUI[ B JETEKTOP M HAXOIWJIOCh MPOHM3BEICHUE
TQHTeHCOB YIJIOB JUIsl YacTUIl OTAauud U paccesHusa. [lo peKOHCTpyHpOBaHHBIM KOOpPIHWHATAM
MOCTPOEHBI ABYMEPHbIC pacnpeneincuus 1 ynpyrux (Puc. 2.23) u qudpakuunonnsix (Puc. 2.24)
MIPOLIECCOB.

Theta for elastx sec prolon Theta for elastic scat proton
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Puc. 2.21 YrnoBeie pacipeeneHus MPOTOHOB OTAa4yH (ClieBa)
U paccesiHus crpaBa Jyist aHepruii 45 (cunuii) u 16 I'5B
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Puc. 2.22 PacnipenienieHne paccesiHHbIX IPOTOHOB Ha INIOCKOCTH, TJI€ HAXOUTCS JIETEKTOP
paccestHHBIX IPOTOHOB (CJIeBa), M MPOTOHOB OTJauM Ha IUNIOCKOCTH, T'7Ie HAXOIUTCS JIETEKTOP
oTaauH (cnpasa), Juis yOpyrux coObITHH
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Puc. 2.23 TIpon3BeneHNs TAHTCHCOB OT Pa3HHUIBI A3UMYTAIBHBIX YTIIOB
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Puc. 2.24 To xe, 9T0 U Ha MPEIBIAYIIEM PUCYHKE, HO TOJIBKO U JU(PPAKIIHOHHBIX MIPOIIECCOB

Hcnonb3ys nHpOpMaIuo 00 3TUX paclpeaesieHUsIX U BEIOpaB CIICAYIONINE PEICIIbl IS
—0.2<Ap <0.2 u 0.09 <tgl-tg2 <0.14, nmomyyaeM OIIEHKY i1 OTHOILIEHHUS CHUTHaIa K (OHY
S/(S+B)=0.995. Ha Puc.2.25 mnoka3aHbl pacrnpelneiicHus MO0 HUMIYJIbCY YacCTHI[ JUIs
OTOOpaHHBIX COOBITHH.
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Puc. 2.25 Pacnipenenenue no MMITYJIbCy paccessHHBIX YacTHII (CJIeBa) M 4acTHUI] OTJa4uM (CripaBa)
JUTA yIPYTHUX (CHHUH) M TUPPaKINOHHBIX (KPACHBIH) IPOILIECCOB
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2.3.2 mepumempu}l HA OCHO6€ UHKIITIO3UBHDBLX 3APAINHCCHHBIX NUOHO6

H3mepeHne COMHOBBIX aCUMMETPUN B MHKIIIO3MBHBIX IPOILIECCaX B IIUPOKOM CIIEKTpe
sHepruit mpu Vs or ~5 mo 200 5B Haxommnoch B (OKyce HeIoro psAaa SKCHEPUMEHTOB
B TEUEHHE HECKOJBKHUX IMOCIEIHUX AecsITuieTHil. Bonpeku paHHUM mIpeacka3aHusM neprypoa-
tuBHOM KX]JI, acummerpust AN B pOXKICHUH 3apsOKEHHBIX ITHOHOB BIIEPE] OKazaslach OOJIBIION,
1m0 ~40%, u ocraércs TakOBOM BO BCEM aMAma3zoHE JOCTUTHYTBIX SHEPTHA. DTO MOIPOOHO
obcyxmaercs B pazaenax 1.2.2 u 5.1.3 u wunoctpupyetcs Ha Puc. 1.6, rae moka3ana moadopka
pe3yIbTaTOB HECKOJIBKHX AKCIEPUMEHTOB. MIMEHHO 3Ty 0COOEHHOCTh OJHOCIHMHOBOW aCUMMET-
puu npejuiaraeTcs ucroiib3osark B mpoekre CITACHAPM.

[Mono6Hoe mosenenue AN Habmoganoch Takxke M B npoueccax P'p—r'X. Omxuaxo
abCOMIOTHBIE BENMYMHBI AN JUIS MHKJIFO3MBHBIX 7T NPEBBILAIOT 3HaueHus An s 7 Gosiee yem
BBa pa3a. Kpome Ttoro, mis osHeprerumueckoro nuama3zona CIIACHAPM ~10+4515B
K HaCTOSIIIEMY MOMEHTY IO 3apsbKEHHBIM IMMOHAM HAKOIUIEHO JAHHBIX OOJIbIIE U Jyd4lled Tou-
HOCTH, YeM 110 HeHTpabHbIM. BbII0 HalifeHo Takxke, uTo acumMmeTpus Ay B mponeccax pld—rX
Ha A1pax yriaepoja NPaKTUYECKU He oTiudaercs ot P'p—nX [25], u, Kak MUHUMYM, 10 MeIu
HE MPOCMATPUBACTCS 3aBUCUMOCTH OT sIIEpHOTO coctaBa mutienn [91, 92, 93].

Hcxons u3 aToro, npeajiaraeTcs UCIoJIb30BaTh CYLIECTBYIOLIUI pe3yJbTaT AJs U3Mepe-
HUS NoJspu3almy nyyka. OnTUMaabHbBIM IPECTABIAETCS UCIONIb30BaTh JaHHbIE dKCIIEPUMEHTA
E925 mpu 22T1»3B, Tak Kak pe3ysibTaThl JAHHOTO HKCIEPUMEHTA IOJY4YEHbl C HaWIydllen
TouHOCTHI0*. M3Mepenne 0JHOCIMHOBBIX ACHMMETpHiA, BKII0Uast AN B HHKTIO3UBHOM POKICHUH
NErKUX ME30HOB, SBJsIETCS BaxHeel coctapnsromen ¢puznyeckoit mporpammel CITACHAPM.
DTO 03HAYaeT, YTO BCE HEOOXOIUMBbIE NaHHBIC VIS MOJSIPUMETPUM HA WHKIIO3MBHBIX MHOHAX
MOryT ObIThb monyuyeHsl B camoM crnektpomerpe CIIACUAPM, u Hukakoe [pyroe
JOTIONHUTENbHOE o0OopyaoBanue He morpedyercs. [derextop ycranoBku CITACUHAPM mpen-
CTaBJIIeT COOOM MIMPOKOANEPTYPHBIA CIIEKTPOMETP AJIS 3apSKEHHBIX U HEUTpanbHBIX YaCTHUI] C
Xopolueil uaeHTUPHUKaue, UMEIOIUi 27-aKCeNTaHe M0 a3suMyTy, B KUHEMaTUYECKOM JaMara-
30HE MO0 TepedyHoMy HUMMyJIbcy Pr<2.51mB/Cc m 0<Xe<1 (merajbHOE OMHWCAHHE COCTaBa
nerektopoB CITACYUAPM conepxutcs B paszene 2.5).

[IpuBeneHHbIE HUKE OLEHKH MOJYy4eHbl MMEHHO Ha OCHOBE pE3yJbTAaTOB SKCIEPUMEHTA
E925. B Tabxn. 2.7 u Tabu. 2.8 npuBeeHbI OLIEHKU 751 CKOPOCTH Habopa CTAaTUCTUKU M BPEMEH
AKCIIO3UIIUU, HEOOXOAUMBIE ISl M3MEPEHUs MOJIIPU3ALMK MPOTOHHOTO My4YkKa C HMITYJIBCOM
22 I'3B/c co cratuctuueckumu ommbkamu AP/P ~4% (AP/P ~ 10% ans P ~ 40%).

MHTEHCUBHOCTh MOJSIPU30BAaHHOTO Iy4YKa B 3THX OLEHKax IpeJroJiarajachk KOHCepBa-
TUBHO paBHOW 10° MPOTOHOB 3a LUKJ YyCKOPUTENS C MHTEPBAIOM MEXIy IUKIaMH 9 cek (Ha
MOPSAOK HHUXKE PACYEeTHOW WHTEHCUBHOCTH). M3MepeHHble 3HaueHUss AN HHKIIO3UBHOTO
poxnenus m'-me30H0B B p'p (Ta6m. 2.7) u p'C (Tab6mn. 2.8) CTONKHOBEHHAX B3ATHI U3 PaOOTHI
[25]. OueHku cedeHwii ¢ CAeNaHbl TakKe MO W3MepeHHsIM [25], HOPMHUPOBAHHBIM Ha JaHHBIC
ny6nukanuu [94].

40 JIpyrum apryMeHToM siBjIsieTcs 6JAU30CTh SHEPTHH (M BOOOIE BO3MOKHOCTh POBECTH M3MEPEHHS IPH 3TOM ke
SHEPTHN).
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Tabu. 2.7 CkopocTs HabOpa CTATUCTUKH U OLIEHKH BPEMEHH ULl U3MEPEHHs NOJISIPU3allMK IPOTOHHOTO My4Ka
B peakiuu p'p—7X Ha KUIKOBOAOPOAHON MuieHu 1iuHOoi 20 cM. Jlpyrue neTany B TEKCTE.

IToka3aHkl TONLKO CTATHCTHYECKKE OIIMOKY At Ay u3 pa6otsl [25]4

ITapameTp mIst peakiun 0.55<x<0.6 0.6 <xr<0.65 0.65 < xg<0.7
plp—rX (pr) = 0.7 I'sB/c (pr) = 0.7 I'sB/c (pr) = 0.8 I'sB/c

An, % 15715 23.7+2.0 29.1+£29
Heo0xonumoe ~5.5x10* ~2.5x10* ~1.6x10*
9 CII0Nevents
Ceuenue o, 16 ~15 ~7 ~4
Nevents/LIUKII ~12.7 ~6.0 ~3.4
Bpewms usmepennii ~10.8 4ac. ~10.4 4gac. ~11.8 4gac.

Tabu. 2.8 To xe camoe, uto U B Tabu. 2.7, Ho s peakiyn P'C—x*X Ha MuIIEeHH U3 TpaduTa TONIHMHOM 4 cM.

[oka3aHBI TOJIBKO CTATHCTHYECKHE OMIMOKHU tst AN U3 paboTh [25]

[Tapametp u1st peakuu 0.55<xr<0.6 0.6 <xr<0.65 0.65 <xr<0.7
p'C—rX (pr) = 0.7 I'>Blc (pr) = 0.7 I'>Blc (pr) = 0.8 I'sB/c

An, % 125+1.1 22.8+1.5 302+2.4
Heo0OxoanMoe yuciio ~8.7x10* ~2.6x10* ~1.5x10*
Nevents
Ceuenue o, uob ~110 ~50 ~30
Nevents/ITMKIT ~48 ~22 ~13
Bpems uzmepenuit ~4.5 uac. ~3 uyac. ~3 yac.

TakuM 00pa3oM, OIEHKH CBHJAETEIbCTBYIOT, YTO 3a HECKOJIBKO YacOB JKCHO3UIINH
MOJIAPU3alUsl TPOTOHHOTO MyYKa MOXKET ObITh U3MEPEHa CO CTATUCTHUYECKON TOUYHOCTHIO ~3+5%.
N3mepenuss MOTYT OBITH BBIMOJHEHBI KaK C KPUOTEHHOW >KUIKOBOJOPOJHOW MHILIEHBIO, TaK
1 ¢ 6oJiee IPOCTHIMU B OOpAIICHUH SACPHBIMA MHUIICHSIMH.

TOYHOCTHP MMEIOMIMXCSI K HACTOSIIEMY BPEMEHH IKCIIEPUMEHTAIBHBIX JAHHBIX Ui AN
B UHKJIFO3UBHOM POXKJIEHUU 3apSHKEHHBIX ITHOHOB BIIOJHE JOCTAaTOYHA [UJISi MCIOJIb30BAHMS
B L[EJISIX MPOBEPKH (QYHKIIMOHUPOBAHKS CUCTEMbI MEeUeHHsI. BHE COMHEHMSI, TOUHOCTh 3HAHUS AN
JUTSL UHKITFO3UBHBIX TTMOHOB OyZeT yiydilleHa B mporecce peanusanuu nporpammel CITACHAPM.
Cnenyer Takke OTMETHTh, YTO JaHHbIE HW3MEPEHHUS] MOXKHO MOATBEPAUTh H3MEPEHUEM
OJIHOCIIMHOBOM aCUMMETPHUU OTPULIATEIbHBIX THOHOB.

CTOUT OTMETUTb, 4YTO B MOAXOJE,
B okciepumeHTe CITACYAPM mnpakThyecku HET BO3MOXKHOCTH BBHITIOJHUTH HEOOXOIUMBIE

OCHOBAaHHOM Ha HHKIIO3MBHBIX IIMOHAaXx,

JIOTIOJTHUTEJIbHBIE U3MEPEHUSI aCUMMETPUU AN Ha MOJIIPU30BAaHHOW MPOTOHHON MUIIEHU C TEM,
YTOOBI 3aTE€M UCIOJIB30BaTh UX PE3YJIbTATHI IS MOJIIPUMETPUHN (AHTH)ITPOTOHHOI'O ITyYKa TOM ke
sHepruu. Jlns 3Toi nenau npuuuioch Obl cliesaTh U3MEPEHUs Ha MOJIIPU30BAHHONW MUIIEHU IS
POXJIEHUS THOHOB B «33JHIOI0» [0 OTHOUIEHHWIO K HAMNpaBICHUIO Iydka Moiycdepy.
Ho B npoexte ycranoBku CITACHAPM He mpennonaraercss HaIM4ue «3aJHET0» CIEKTPOMETpa
JUIs 3apsDKEHHBIX YacTull. JlononHeHue xe e€ TakuM CIIEKTPOMETPOM IMPEACTaBIsAET coO00M 0ueHb
CEpbE3HYIO U JJOPOTOCTOSIIYI0 MOAU(DHUKAIUIO B IIEJIOM BCETO 3KCIEPUMEHTA.

2.3.3 IHonapumempus na ocrhose 3¢ppexma Ilpumaxosa

Emte omHUM BO3MOXHBIM CIIOCOOOM U3MEPEHHS MOISPU3AIIH TyIKOB MOXKET ObITh METO/
Ha ocHoBe 3¢ dekra [Ipumakona. [Iponecc [Ipumakosa ObuT BBesieH B 1951 roay B padote [95],

4l Omubxa HOPMUPOBKH MONAPHU3ALMH ITydKa B 00eHX TabIMIaX He BKIIOYEHA.

69



r7ie BIEpBbIE OBLIO MOKA3aHO, YTO IIMPUHA PaJUAIlIOHHOTO pachaja aJpOHHOTO pe3oHaHca
CBSi3aHA C CEYEHHEM OOpa30BaHUS AITOTO PE30HAHCA aJPOHAMH B KYJIOHOBCKOM IIOJIE Spa.
B nonsipumetpe IIprmakoBa HCIONB3yeTCs NUCCOLUAINMSA MPOTOHA B Mapy Pz’ B KyJIOHOBCKOM
110JI€ IIEPHON MUIIEHU ¢ 0O0JIbIIONW BENMMYMHOM 3apsiaa Z: pZ — pyZ — pr’Z, Tae y — BUpPTyallb-
HBIA (QOTOH. DTa peakius cBs3aHa ¢ (POTOPOXKACHUEM 7’-Me30HA HA MPOTOHHOW MHIICHU TPH
HU3KUX DJHeprusx (u3mepeHHas acummerpus coctaBuia ~90% B o0macTu dHEpruit
500+800 M»B). Takum oOpa3oM, MOJSIPU3AIMIO TMPOTOHHOTO IIydykKa MOXKHO HW3MEPHThH,
UCIOJIb3Ysl M3BECTHYIO AaCHMMETPHUIO HH3KOIHEPreTUYHOro (OTOPOXKIACHHS m’-ME30HOB Kak
aAHATM3UPYIOIIYIO0 CIOCOOHOCTh PEAKIIHH.

Kak 6pu10 BriepBbie oka3aHo [IpuMakoBeIM 1 coaBTopamu [96], muprHa paualmoOHHOTO
pacraza aapOHHBIX PE30HAHCOB MOXKET OBITH CBSi3aHA C C€YEHHUEM O00pa3oBaHUs pe30HAHCA MPHU
B3aMMOJICHCTBHH aJPOHOB B KyJIOHOBCKOM moue siaep [97, 98]. O6mas dopmyna it 3TOH CBA3H,
BKJIIOYasi CHUHOBBIE Ha0roaemble, Oblia onrcana Mapromaucom u Tomacom [99]. CoBpeMeHHBIH
ananu3 nporecca [IpumakoBa npecrasien B padore [100].

Korna konewynoe coctosiHue Pz’ ABMIKETCS IMOYTH BIEpPEA, TO €CTh C OYEHb MAaJbIM
UMITYJIbCOM, MEPEAaHHBIM OT MPOTOHA SIPY, B PEAKIUU AOMUHHUPYET OJHO(POTOHHBIA OOMEH.
@®eilHMaHOBCKass AuarpaMma Uil peakuuu’ ~ BKIOYAET aMIUIUTYAY  ‘BUPTYaJbHbIN
¢doron” +p — 7°+ P, U WA OYEHb MAIBIX MEPEJAaHHBIX MMIYJIbCOB B mporecce Ilpumakosa
(cxaxewm, |k? = 1073 (I'3B/c)?, rae kK — 4-ummyibc BUPTYanbHOrO (pOTOHA) BUPTYaIbHBIH (OTOH
HAXOJWTCS MOYTH HAa MAacCOBOWM MOBEPXHOCTH. TakuMm 00pa3oM, ¢ OYEHb XOPOIIEH TOYHOCTHIO
anMpOKCUMAIIUH MOXXHO pacCMaTpUBaTh aMILTUTYAY C BUPTYaIbHBIM (POTOHOM KaK (PH3UUECKYIO
aMIUIUTYAy JJs HacTosiero mporecca (oTtoodpa3oBaHus, KOTOPBIH HM3ydaucs MPH HU3KUX
u cpennux sHeprusx [101].

3ameuaTeNbHON OCOOCHHOCTBIO JAaHHOW pPEaKIUH SBISIETCS TO, YTO JAa)Ke IPHU OYEHb
BBICOKMX SHEPrusX HA4YaJbHOTO MPOTOHA SHEPrus B C.IL.M. I peakiuu (HoTooOpa3zoBaHUS
C BUPTyaJIbHBIM (OTOHOM Mana. Takyke 3KCIEPUMEHTAIbHO YCTaHOBJICHO, YTO aHATU3UPYIOIIas
CIOCOOHOCTh peakiuu (GoTooOpa3oBaHus TpPU ITUX SHeprusx Benuka u jpocturaet —90%
[101].Vnes ucnonb3oBanus 3ddekra [IpruMakoBa aas U3MEpEHHs MOJISIPH3ANUU TPOTOHHOTO
ny4ka Obuia npeiokena JpitBom Angepsyaom [102].

DKcreprMEeHTaTbHBIE BO3MOXKHOCTH TIOAXO0Ja OBLIM BIIEPBBIE MPOJAEMOHCTPHPOBAHBI
B 1989 r. Bo ®HAJI (CIIA), rne Obula M3MepeHa aHAJIM3UPYIOLIas CIIOCOOHOCTh pPEaKLUU
IIpumakoBa Ha MPOTOHHOM Iyuke ¢ umIyiabcoMm 185 I'3B/C u m3BecTHON mosspuzanuen u ruae
OBLJIO MOKa3aHO, YTO OHA COOTBETCTBYET TeopeThueckuM oxuaanusMm [103]. Ananusupyromias
criocobnocth T(0) KorepeHTHOro KyiaoHoBckoro mporecca —0.57+0.12 (ctaructudeckas) +0.19
(ommbka HOPMHPOBKM u3-3a (hakTOopa pa3baBiieHHs) B JUana3oHe Macc 7#°pD CHUCTEMBI
136+~ 156 2B/c> u 6 = 60+-120°. Anamusupyromas crnocoOHocTh (oTooOpazoBanus x°,
ycpenHEHHas 10 TOW ke KHHeMaTHdecKoi oosactu, coctarisier —0.65 + 0.04.

Jns w3mepenus: mnossipusaiu Ha dddexte [IpumakoBa TuTaHUpyeTCs HCIOIB30BATH
MPELU3NOHHBI TOHKO CErMEHTUPOBAHHBIN KaJOPUMETp THIA «IIAILIBIK», BXOIALIMNA B COCTaB
HKCIEPUMEHTAIbHOM ycTaHOBKH. [l onpeaeneHus BO3MOXKHOCTH U BpeMEHH M3MepeHus: Oynet
MIPOBE/ICHO JIOMOJHUTEIBHOE UCCIIEJOBAHUE.

2.3.4 Pe3tome no uzmepeHuro ROAAPU3IAUUL NYUKA

HpI/I CO3aHNHN ITydYKa MOJAPU30BAHHBIX (aHTI/I)HpOTOHOB S3HAaHUC MOJpU3alluA ITydKa
MOKHO ITOJIYYHUTb HC TOJIBKO HCIOJIB3YS PAaCUCThl U CUCTEMY MCUCHUSA, HO U IPOBCAA NOIOJIHH-
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TelabHble U3MepeHHs. lcronb30BaHME YNPYTruUX IMPOLECCOB IJs OIpeaeseHus aOCOMOTHOTO
3HA4YCHUs MOJIAPU3ALMHU TT03BOJIAET MIPOBOIUTH U3MEPEHUS MOJIIPU3ALNY ITyYKa (aHTH)IIPOTOHOB
i 000K sHepruu vacTuil. lIpoBeneHHBIE pacyeTbl MOKa3bIBAIOT BO3MOXKHOCTH H3MEPEHUS
TaKOW MOJISIPU3ALIMHU 32 IOCTATOYHO Majio€ BPEMs JIJIsl MPOTOHOB (HECKOJIBKO YacOB) U IPUMEPHO
3a 200 4acoB /I aHTHIPOTOHOB™Z,

Hcnonp30BaHWe W3BECTHBIX JAHHBIX 10 OJHOCIHMHOBOW aCHUMMETPHUH POXKICHUS
3apsHKEHHBIX THOHOB MO3BOJISIET U3MEPUTH MOJISIPU3ALIMIO TTyuka ¢ sHeprueit 22 [B (ucnonsiys
U3BECTHBIE JTaHHbIC SKcrepuMmenta E925) 3a meckoipko (5+10) wacos. JlamHas mporemypa
MO3BOJISIET TIPOBECTH «KAJTHMOPOBKY» CHUCTEMbI MEUEHHS Iy4Ka, KOTopas OyAeT peaabHO UCIOIb-
30BaThCs JJIs ONPEEIICHUS OJIAPU3ALIH.

Cnengyer OTMETHTh, UTO HOJAPUMETPp Ha  OCHOBe Ipouecca Ilpumaxosa
(c ananusupytomeit criocoonocteio B 90%) siBisiercs, 0€3yCIOBHO, YHUKAIBHBIM HPUOOPOM
B CPaBHEHHHM C JpPYyTUMH IUIAHUPYEMBIMU MOJSPUMETPAMH, B KOTOPBIX aHAIH3UPYIOIIAs
CHOCOOHOCTH TOpPa3/io MEHBbIIIE.

2.4 Cucrema MaruuToB «3Meiika» (spin flipper) nist noBopoTa nonsipuzanuu

CucremMa MOBOPOTHBIX MAarHUTOB «3MEHKa» JOJKHA COCTOATH W3 MAarHUTOB, KOTOpPbIE
MO3BOJISIT M3MEHUTh OPUEHTAIMIO0 BEKTOpa MOJSPHU3aLUM IYyYKOBBIX 4acTUIL] (IPOTOHOB HWIIHU
AHTUIPOTOHOB) OT OJJTHOTO HANpAaBJIEHUS K IpyroMy. JTa cUCTEMa HE JI0J)KHA BHOCUTh HUKaKUX
IIPOCTPAHCTBEHHBIX WM YIJIOBBIX MCKa)KEHUIN B ONTHYECKUE MapaMeTphl mydka. Bece cMenienus
Y OTKJIOHEHMsI TPAeKTOPUH ITyUyKa JOKHBI KOMIIEHCUPOBATHCSI BHYTPU 3TOW CUCTEMbI MarHUTOB.
«3meiika» OyzaeT pacnojaraTbcs BOJM3M KOHEUHOro (hOKyca KaHasla MOJSIPU30BAHHBIX YaCTHIL
24A, HenocpeACTBEHHO Mepe]] MULIEHbBIO HKCIEPUMEHTA.

Cnenyer OTMETUTh, 4YTO B OTJIMYHE OT KaHajla IMOJSPU30BAHHBIX IPOTOHOB
1 anTunpoToHoB B ®epmminade B 80-90-x rogax mpomuuioro Beka (3xcnepumenTsl E581 n E704)
B KaHane 24A aHaiu3 Mydka IO UMIYJbCy OyJeT BECTUCh B FOPHU30HTAJIBHOM IUIOCKOCTH, a IO
MOJIAPU3allii — B BEPTUKAJIBHOW IUIOCKOCTH. MaTpuila nepesadyn eMHuYHasi U B TOPU30HTAIIb-
HOW, U B BEPTUKAJIBHOMN MJIOCKOCTH.

Cucrema «3meiikay kanana 24A OyaeT UCTIONB30BaThCS IS ABYX IIeNeH:

1) mepuoAMYECKOro M3MEHEHHs HANpPaBJICHHsS BEKTOpa MOJSIPU3AIMHU IyYyKa Ha MPOTHUBO-

MIOJIO’KHOE HalpaBJieHHE Il YMEHbIIEHUS! CUCTEMAaTHYECKUX OINOOK SKCIIEpUMEHTA U

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

OIPECISITECS CTAHIIUEH MEYEHUs], K MPOJ0oIbHOMY (HampasieHue L), 4To HeoOXoaumo

JUIS pa3IMYHbIX SKCIIEPUMEHTOB.

[Tpeanonaraercst paboTtath Ha KaHane 24A ¢ sHeprusiMu nyuka B auanazoHe 10+45IB.
Eciu mons B MarHurax «3Medku» OyAyT MNEpHeHAUKYJISPHbI K HalpaBJICHUIO Iy4yKa, TO
MPEUMYIIECTBOM TaKOW cUCTEMBbI OYJET TO, YTO I JAHHOIO yria MPerecCuy CIuHa BeTNYHHA
I10JIs TOYTH HE 3aBUCUT OT UMITYJIbCa YACTHIIbI B HAIlIEM JHAra30He YHEPTUil MmydKa.
Huxe cymmupoBanbl TpeOOBaHUs K CHCTEME MIOBOPOTA CIIHHA.

— Ilpenmonaraercs, 4To Ha BXOJ€ B «3MEHKYy» IYYOK COCTOMT W3 TpeX 4acTeu:
¢ nossipusarmer P(+), P(0) u P(—) (B ckoOkax yka3aHbl HalpaBlIeHHs MOJSIPU3ALUN BBEPX IO

42 300 4acoB ¢ y4eTOM BpEMEHH, HEOOXOJUMOTO /ISl K3MEPEHHUS aHAJIU3UPYIOLIEH CIOCOOHOCTH.
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BEPTHKAIM, YCJIOBHO HyJieBasg TMOJSpU3alMsi M BHU3 IO BEPTUKAJIM COOTBETCTBEHHO).
Heo6xonuMo ocymiecTBUTh MOBOPOT mossipu3auuii Ha 180° Bokpyr ocu myuka. HazoBem 310
PEBEPCOM MOJIIPU3ALIMIA.

— Ilonepeunyro Ha BXOJl€ NOJSAPU3ALMIO CHETIAThb HA BBIXOAE «3MEUKH» IPOAOJBHOM,
HaIIPaBJIEHHOM B OJJHOM CJly4ae BJ0JIb, B IPyrOM — IIPOTHUB HAIIPABJICHUS UMITYJIbCA ITyUKa.

— Ilpn »oTuUxX omepauusx napaMeTpbl Iydyka (pa3Mmepbl, YIJIOBbIE PAacXOAUMOCTH,
MIOJIOKEHHE OCH U T.JI.) HE JOJDKHBI MEHSIThCS: IONYCKH Ha U3MEHEHHUS MOTyT ObITh HUke 10%.

— Jenonspusyomuit 3phexT oT «3MEeHKU» Ha BBIXOJE T0JKEH ObITh Hike 10%.

— Bpemsi peBepca MarHUTHOTO TMOJISI «3MEWKM» HE JOJDKHO MPHUBOIUTH K IOTEpe
BpeMeHM Ha Ityuke Bbiie 10%. Hanpumep, eciau Mbl coBepIIaeM peBEpC MOJIIPU3ALUU KaXkKIbIi
Jac, TO peBepC 0JIs JODKEH 3aBEPUIMTHCS] MEHbILIE YeM 32 6 MUHYT.

— Ha skcneprMeHTaIbHYI0 YCTaHOBKY B OHJIAITH-PEXKUME JIOJDKHA MTOCTYNaTh HHpOpMa-
LM O COCTOSIHUU «3MENKW» B IAHHBII MOMEHT B CEaHCE.

— «3MeliKa» I0JKHA Pa3MECTUThCS Ha KaHajle Ha JuIMHe He 0oJiee BOCbMH METPOB.

— TpeOoBaHMs K BHYTPEHHUM pa3MepaM OMpeAeIioTCs pa3MepoM Iyyka Ha BBIXOJIE U3
nocieaHe TUH3bI (Iepen «3MEeHKOoi»), KOTOpble COBMANAIOT JUIS AHTUIIPOTOHOB C SHEPruei
14 T5B u npotoHoB ¢ 3Heprueii 40 [3B (MakcuManbHbIi 3axBaT) — 120 MM MO TOPU3OHTAIH
n 160 MM 110 BepTHKAaIU 110 OCHOBAaHUIO.

2.4.1 IIpoexkm cucmembvl nogopoma cnuna 01sa Kanana 24

[IpoekT cuctembl MOBOpPOTA criMHA Juisl KaHana 24 noarorosiieH rpynnoit MO CO PAH
nox pykoBoactBoM [O. M. IllatynoBa. OcHOBHBIE WM M TapaMETPbl JAHHOW CHCTEMBI
npezcrasieHbl B padote [104]. Kak yka3aHo B TpeOOBaHMSAX K CUCTEME IMOBOPOTA CIIMHA, 3aa4a
CHUH-(IIMIIIIEpa — YMETh HE TOJbKO [IEPEBOPAUNBATH CIIMH HYKJIOHA HAa IMPOTUBOIIOIOXKHBIN, HO
TaKXX€ MEHSATh TOIMEPEYHYIO MOJISIPHU3ALMI0 HA MPOAoNbHYI0. OOmuil Meron s MmoJo0HBIX
CHCTEM, OCHOBAaHHBIM Ha UCIOJIb30BAaHUM IE€IMKOUJANBHBIX MarHUTOB, ObLI YCHEIIHO MPUMEHEH
Ha yckoputene RHIC [105].

ITpocreiimas 3Melika COCTOUT U3 JBYX INEeIMKOWJAIBHBIX MarHUTOB C MPOTHBOIIOJIOKHBIM
HamnpaBJICHUEM BpAIIEHUS M YEThIpEX KOppeKTupyroumx wmarHutoB. Ha Puc. 2.26 mnokazan
MIPOEKT OOMOTKH I'eJINKOMIaTbHOTO MAarHUTa.

OOMOT I METHIATA

& M

Puc. 2.26 TIpoekT nu3aiiHa sspMa 1 OOMOTKH OJHOTO T'eJTHKOUIAIFHOIO MarHuTa
(Ha TaHHOM PHCYHKE OCh Z COOTBETCTBYET BEPTHKAILHOMY HAIIPABJICHUIO)

MarsuTtHoOe 10JIe IBYX I'eJIMKOMAAIBHBIX MarHUTOB U ONTHUMAaJIbHAsl TPACKTOPHS YaCTHL]
npencrasieHsl Ha Puc. 2.27. Jlnsg KOppeKIMH TPaeKTOPHUHM YacTUI[ HEOOXOIUMO HCIOJIb30BATh
KOPPEKTHPYIOIINE MarHUThl (OTMEYEHBI PSIMOYTOJIbHUKaMu Ha Puc. 2.27). YkazaHHasi TpaeKTo-
pus IOKa3aHa Uil €AMHUYHOW MATPULIBI CUCTEMBI.
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Puc. 2.27 MarnurtHoe nosie JByX I'eJIMKOUIaIbHBIX MarHAUTOB
¥ TPAeKTOPUS YacTHUIl BHYTPH 3MEHKH NPU €AMHUYHON MaTpHIe

PacueTsl moka3pIBalOT, YTO Kak MUHUMYM 97% mnonspuzauuu COXpaHseTcs sl BCEX
KOMIIOHEHT.

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

OO0m1me CBOMCTBA CUCTEMBI:
— TEIMKOUAJIbHBIA MAarHUT: MaKCUMAaJIbHOE 10J1€ Bmax = 47 kI'c, mmna A = 2.5 Mm;
— KOPPEKTHUPYIOIIKE JUIObHbIe MarHuThl; AiuHa | = 30 cMm, mone B = 23 kI'c.

OO6wmas uyiMHa cucteMbl — 6.5 M, CIMHOBAs MPO3payHoOCcTh — 97%.

Spin

R |
0 %'|

Spin

Puc. 2.28 CrinHOBBIE TPACKTOPHH IS TIOTIEPEYHOM (CBEpXY) U MPOIOIBHO#M (CHHU3Y) MOJSIPU3AIil

OkoHuaTtenpHas pa3paboTKa ONTHYECKON CHUCTEMBI MOXKeT ObITh BhimosiHeHa B UAD CO

PAH (r. HoBocubupck), usroronerane — B HUIL «KypuaToBckuii nactutyt» — UPBD wnn B
OUsIU ([lyona).

73



2.5 Pa3melmenue 3kciepuMeHTAJBHOM YCTAHOBKH Ha KaHaJie 24

OkcnepumenTanbHas ycranoBka CITACUAPM Oyzer pacnonaratbes B KOHIIE KaHana 24
(em. Puc. 2.1), mpum sToM anuHa KaHaida BbIOpaHa TakuM 00Opa3oM, YTOOBI YyCTaHOBKa
pacrioniarajach yk€ B IIHPOKOH 4YacTW Tajeper YCKOPUTEIBHOI'O KOMILIEKCA, YTO ITO3BOJIUT
o0ecreynTh HEOOXOAMMOE MPOCTPAHCTBO MJISi pa3MELIeHHs (NEpEeMEIIeHUs]) YCTaHOBKH U
BO3MOKHOCTh €€ IIepEeMEILICHHSL.

Pa3paboTtanbl yepTeku pa3MeIeHus] yCTaHOBKHU, KOTOpBIE MPEAYyCMAaTPUBAIOT:

— pa3MmeleHue COOCTBEHHO YCTAaHOBKM M CHUOMPCKOW 3MEHKHM B IIUPOKOW dYacTu
rajepeu;

— pa3MelleHHue ABYX 3KCIIEPHUMEHTAIbHBIX JOMHUKOB JJI pa3MeLIeHHs] CUCTeMbI cOopa
JTAHHBIX U BBICOKOBOJIBTHOW 3JIEKTPOHUKH, a TAKXKE JJIs1 KOMIIBIOTEPOB cOOpa U aHAJIN3a JaHHBIX,
TaM ke OYIyT pacroiaraThCsi pabouue MecTa OrepaTopoB;

—  IIOMEIIEHUs JJs1 KPUOTEHHBIX CUCTEM O0ECIeYEeHUsl YCTAaHOBKH XKHMJKUMHU a30TOM U
renueM (HeoOXoauM JUTsi (YyHKIMOHUPOBAHUS TOJISIPU30BAHHON MUIIEHU W CUCTEMBI BpAIICHUS
CIIMHA);

— nomeueHus (IaTGopMbl) I pa3MEIIEeHUs] CUCTEMbl 00€CIIEUeHUs Ta30M TPEKOBBIX
JIETEKTOPOB YCTaHOBKH.

Pa3memenue ycranoBky noka3ano Ha Puc. 2.29.

HenocpeacTBeHHO 3KcliepUMEeHTallbHasl YCTaHOBKA OyJIeT pa3MellleHa Ha CYLIECTBYHOIUX
JIBYXYPOBHEHBBIX I0JIaX IIMPOKOM YacTu raieped. J[mMHa yCTaHOBKM OT CTEHBI rajleped [0
3aJHero (poHTa MOIJIOTUTENS ITyyKa cocTaBigeT 37,5 meTpoB — 12,5 METpoB /10 LIEHTPa MUILIEHU
u 25 metpoB cobctBeHHO cama ycraHoBka CITACHAPM, mupuHa 30HbI ycTaHOBKU Oosiee 10 M.
[IpenycmoTpeHsl 30HBI (BBLAEIEHBI TPEYrOJIbHOM IITPUXOBKOM) AJIsi pa3MELIEHUs JETEKTOPOB
JUISL TIOJIIPUMETPUN U U3yUEHUS YIIPYTrOro paccessHusl.

Pa3menienue crieKTpoMeTpUUECKOro MarHuTa (PMKCUPOBAHO U OTIPEAEIAETCS] CTPYKTYpOi
nosia B 30He raiepeu. OcraibHbIE JAETEKTOPHl MOTYT IMpPH HEOOXOIMMOCTH CMEHIaThCs IO
HampaBJICHUIO  Iydyka. Kommiekc  NONApU30BaHHOW  MMIIEHM  MOXKET  CMEIIAaThCs
NIEPIEHIUKYJSIPHO HAINPABICHUIO IY4YKa, €CIM B YCTAHOBKE HCIIOJB3YIOTCS BOAOPOJHAs WIIU
SJIEPHBIE MUILIECHU.

Kpuorennoe u razoBoe obopynoBaHue OyJeT pacmojaraTbCs Ha TOM K€ YPOBHE, UTO W
9KCIEPUMEHTAIBHOE 000pyI0BaHHUE.

JloMuKH Uil pa3MeIlIeHusl JIEKTPOHUKH CUCTEMBI cOOpa TaHHBIX, KOMIIBIOTEPOB U MECTa
pasMelleHns CIyKeOHOro InepcoHaja pacIojararTcsl Ha BTOPOM 3TaXke, Ha OJHOM YPOBHE C
CYLIECTBYIOIMMHU [IEPEXOJJAMHU B Tajuiepee.

Pa3zpaGoTanHas cxema pa3MelleHHUs anmnapaTypbl He TpeOyeT CYLIeCTBEHHOW IMepelesiku
CYLIECTBYIOIIEH B JaHHOM MecTe HHQPpacTpykTypbl Y-70 M He MeEIAlT MPOBEICHHIO
HCCIIEA0BAHUH B APYIUX JKCIIEPUMEHTAIBHBIX 30HAX.

bnaronaps 6eToHHOH 3amuTe, (POH OT KaHaJIa YaCTUL], PACIIOI0KEHHOIO PSZIOM, HEBBICOK
U HE MEIIaeT NPOBEACHHUIO HKCIEpPUMEHTa (pacueThl BBIMOJHAIUCH B OThenax MyYyKoB H
pagnanmonHsIx uccnenopannii HULL «KypuaToBckuit uncTUTYT» - UDBO.
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3 OkcnepuMenTajbHasa ycranHoBka CIIACUAPM

Jist uccrnenoBanusi CHOUHOBBIX AI((EKTOB B POXKICHUM 4YapMOHHUS Ha KaHaie 24
SKCIIEPUMEHTAaJIbHAsl YCTAHOBKAa JOJKHA OOECHEYHUTHh BBIMOJHEHHE HEOOXOIUMBIX OCHOBHBIX
TpeOOoBaHUM, KCXO0/1 U3 KOTOPBIX ONPEAEIAETCS COCTaB 000PYI0BaHUS:

— Perucrpanus BTopuuHBIX 3apsOKEHHBIX YacTull B auarnazone ot 500 MaB mo 50 I'»B
B 0OOJIBIIIOM TEJIECHOM YyTJI€ U B MIOJTHOM a3UMYTaJIbHOM YTJIE.

— Perucrpanus ramma-kBanToB B auana3zone ot 200 MaB o 40 I'3B (¢ BO3MOKHOCTBIO
MEPECTPOUKH JSHEPTeTUYECKON MIKAIbl IPH HEOOXOIMMOCTH) B OOJIBIIIOM TEIECHOM YTJIe
Y B [IOJIHOM a3UMYTaJIbHOM YTJI€.

— MWnentudukanus 3apsoKeHHBIX 9acTll B quanazone 1+20 [2B.

— Bo03M0XHOCTB perucTpanuu pacnajgoB BTOPUYHBIX YaCTHII, BKJIFOUast TUTIEPOHBI.

— BpbIcokoe KOOpAMHATHOE pa3pelleHue MyYKOBBIX YaCTHII, IPEXKIE BCEro i UCCIIEN0-
BaHUs yNPYTUX MPOLIECCOB.

— MWmnynecHoe paspemnienne Ha yposHe 0.4% npu 10 I'3B/c.

— DHEpreTHYecKoe pas3pelicHHe EKTPOMArHUTHOro Kanopumerpa 3%/ VE.

[lpuHuMnuagbHas cxeMa yCTaHOBKM mpuBeneHa Ha Puc. 3.1. DkcrnepuMeHTalbHas
YCTaHOBKA COCTOMT 3 CIICAYIOUINX OCHOBHBIX y3JIOB:

— IlyukoBas ammaparypa, MO3BOJISIFOINAs perucTpupoBarth g0 107 wactui 3a cOpoc
YCKOpHTEIIs, JJIsl ONpEACICHHs KOOPAWHAT W TUIOB IMydkKoBbIX vactul (Ha Puc. 3.1 He
MoKa3aHa).

— XwunkoBomopoaHas (MoKa3zaHa Ha PUCYHKE), TIOJIIPU30BAHHAS U SICPHBIC MUIIICHHU.

— CrexTpoMeTp 3apsDKEHHBIX YacTHIl, COCTOSIIMNA M3 CHEKTPOMETPHUYECKOrO MarHuTa
M31, nerekropoB GEM, nponopimonansubix (PC) u apeiidosbix (DT u DC) xamep.

— Cucrema uIeHTHGUKALMM COpPTa YacTUL, COCTOAIAS M3 JIETEKTOpa KOJIell
yepenkoBckoro uanyuenus (RICH), moonnoro aerexropa (MuonDet) u Bpems-niposieTHBIX
nerekropoB (TOF); mocnemHue Takke MOTYT HCIIOJB30BaThCsl B KauyecTBE JETEKTOpa
MHO>KECTBEHHOCTH.

— DOnexrpomarautheiii (ECAL) u anponnsiit (HCAL) kanopumeTpsl.

Crnenyer ormeTuTh, uTo Ha Puc. 3.1 mpuBeneH MakCHMalbHBIM HaOOp 00OpYHOBaHMUS,
KOTOpBIM OyZeT HMCMOIb30BaThCsl MPU HMCCIAEAOBAHUU OJIHOCIIMHOBBIX AaCUMMETPUN U MOJSPU-
3allMd TUIEPOHOB. B 3TOM cilydae He TpeOyeTcs BBICOKOIO HMIIYJIBCHOTO pa3pelieHusi, HO
HE00X0/IMMO HAaXOJHUTh BEPIIMHY pacraja TMIEPOHOB. YKa3aHHbIE PAaCCTOSIHUS COOTBETCTBYIOT
paboTe ¢ KUJAKOBOJOPOIHON MM sIIEPHBIMU MULIEHAMH. [Ipy MConb30BaHUM TOISIPU30BAHHBIX
MHUILIEHEH paccTOsIHUE OT LIEHTPa MUILEHH JI0 NEPBOT0 JETEKTOpa OyAeT COCTaBIAThH MO KpaiHe
Mepe 70 cM W3-3a TPUCYTCTBUS MarHUTa MOJSPU30BAHHONH MHIIEHH, MOITOMY KOJHYECTBO
TPEKOBBIX JETEKTOPOB TAaKXKe MPUAETCS COKpaTUTh. llpu wHcciaenoBaHUM OJIHOCIIMHOBBIX
acCUMMETpPHUH Ha TIEPBOM 3Tarie Ha kaHayie 14 TpeOoBaHUS K aImapaType CylneCTBEHHO HIKE.

[Ipy u3MepeHHH YapMOHUS MHOTHE JETEKTOphl OyayT yOpaHbl, YTOOBI yMEHBIIUTH
KOJIMYECTBO BEIIECTBA U, TEM CaMbIM, YIYUIIUTh UMITYJIbCHOE pa3pelieHue.

[lanee mpuBeAEHBl XapaKTEPUCTHUKU OCHOBHBIX JETEKTOPOB JKCIEPHUMEHTAIbHON
ycranoBku CITACHAPM.
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MuD HCAL  ECAL D1 DOT&4 DC2 DT3 D72 DT2 DT D71 TGT

TOF3/ RCH/ TOF2/ MS/ /GEM2/ /PC2 GEM1
DC-X. PG3/ PU1/  |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 (HO HaITpaBJICHUIO r[yqKa) MIOKa3aHO B MCTPax OTHOCUTCIILHO LICHTPAa MUIIICHH.



3.1 JKCNEepUMEHTAJIBbHASI YCTAHOBKA NPHU padoTe HA KaHaJse 14

Ha nepBowm 3Tane ucciaegoBaHuil SKCIEpUMEHTANIbHAST YCTAHOBKA BBOJAMUTCS C OrPaHUYEH-
HBIM KoJIn4ecTBOM jetekTopoB. Ha Puc. 3.2 npuBenena cxema SKCIEpUMEHTAIbHOM YCTAaHOBKH
Ha 2021 rom (Bo BpeMs KOMIUIGKCHOTO 3alyCcka M IIEpBOrO ceaHca II0 Habopy
IKCIEPUMEHTAIBHBIX JaHHBIX OTcyTcTBOBaja craHius DTSO w3 ToHKMX, mameTpom 15 MM,
apeidoBbIX TPYOOK).

Spectrometer Magnet

all

DTS4-5

ECAL
H12 HD Target Magnet

KM /3 ss PT PWC1'3
BEAM \ %é

DTS0-1 DTS3

\\

Puc. 3.2 Cxema ycranoBku CIIACUAPM, neTekTops! IOKa3aHbEl HE B Macmrade
(merextopel DTS0-1 cooTBeTcTBYIOT NeTektopam DT1-2 npu padote Ha kaHaie 24)

Cucrema MydYKOBBIX JIETEKTOPOB, PACIOIOKEHHBIX MO ocu myuka (BEAM), Bkiodaer
cuuHTHUIAIMOHEBIe  (S1-S3) u moporoBeie depeHkoBckue cuetunkn (C1-C3), a Taxke
cuuHTHUIAIMOHHEbBIe Togockonbl (H12, H2). K myukoBoii ammaparype Takke MOXXHO OTHECTH
cuetunk antucoBnanenuit (BK) u koppekrupytromue marautsl ycranopku (KM1,KM2).

CnekTpoMeTp YCTAaHOBKM B TeKylled KOH(UIypaluu COCTOMT M3 57 IUIOCKOCTEH
TPEKOBBIX JIETEKTOPOB M ILIMPOKOANEPTYpPHOIO MAarHUTa; YCTAaHOBKA B TEPBYIO OuYepelb
paccuMTaHa Ha PErMCTPaLMI0 3apsDKEHHBIX YacTUl. BO3MOXKHO JOMOSHEHHE YCTaHOBKU eIl
IIECTHIO TUIOCKOCTSAMH.

Perucrpanuss raMMa-KBapTOB M JJEKTPOHOB JICYHIECTBISIETCS AJIEKTPOMArHUTHBIM
KaJOpPUMETPOM Ha OCHOBE CBHHI[OBOTO CTEKJIA.

OCHOBHBIM DJIEMEHTOM YCTAaHOBKH SIBJISIETCS KOMIUIEKC MPOTOHHOW MOJSPU30BAHHOMN
«3amopoxeHHoit» mumieHn (PT), BKIFOYAIOMINI MAarHUT C HEOJHOPOIHOCTBIO IMOJSI Ha YPOBHE
10, MuIIeHb OKpY’KeHa OXPAHHOM CHCTEMOI /ISl OIaBIeH s (OHOBBIX MPOIIECCOB.

B »T0ii cxeme oTCyTCTBYIOT TpekoBbie neTekTopsl Tima GEM, cucreMa uaeHTHGUKALINY,

cocrosimas u3 BpemsanposeTHoix aerekropos TOF, nerexropa uepeHkoBckoro usnyduenus RICH
1 MIOOHHOTO JIETEKTOpa, a TAaKXKe aJIpOHHBIN Kanopumetp u aperidosbie cranuuu UTIO-TTUAD.
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3.2 IIyukoBasi annmaparypa

[TyukoBast ammapaTypa MpelcTaBisieT co00il HabOp IETEKTOPOB 3apsKEHHBIX YaCTHII,
PAacIoNIOKEHHBIX 110 OCH ITyYKa B 30HE KaHaJa JI0 MULICHU YCTAHOBKH, a TAK)KE CYETUMK YACTHIL,
KOTOpBIE HE MPOB3aUMOCHCTBOBAIN C BEIIECTBOM MHILICHH, PACIIOJIOKEHHBIA MO OCH ITydyKa
mocje BCEX TPEKOBBIX JETEKTOPOB ycTaHOBKM. OHa NpeHa3HAaYeHa Kak JJs BBIPAOOTKH
NEPBUYHOIO TPUITEpa, TaK U JJI ONpPENeNeHHs] TUIA YacTUIBl M € KOOPAMHAThl Ha MUILEHU
YCTaHOBKH MpU 00pabOTKE JaHHBIX.

B kauecTBe neTEKTOpPOB, BbIPAOATHIBAIOILUX TPUITEP, MOTYT OBITH MCIOJIb30BaHbI Kak
OT/EJbHbIE CUMHTUUIALMOHHBIE CUETUMKHU, NEPEeKpHIBAIOIIME IOJIHYIO anepTypy Iydka, Tak
Y TOJIOCKOITBI CUCTEMbI MEUEHUS TOJIPU3AINH ITy4YKa, ONHCAaHHbIE B pasnene 2.2.2.

B ciydae wucmonb30BaHUS IMyYKOBBIX CYETYHMKOB JOJDKEH TPUMEHSATHCS OBICTPBIi
cuuHTHUIATOp (Hanpumep, Pilot U) ¢ ¢pontom BhicBeunBanust menee 0.5 Hc. B kauectBe
(OTORIEKTPOHHBIX YMHOXKHTEICH JUIsI ATUX CYETYMKOB MOXKHO Hcmoib3oBate POV XP2020,
uMeroIuii  nepeqHui GpoHT HapactaHus ummyinbca < 0.5Hc npu oOmel UIMTEIBHOCTH
UMIIyJbCa MO OCHOBaHMIO MeHee 5 HC. OmbIT paboThl Ha KaHasie 14 MOATBEpP:KIAeT BBICOKYIO
3¢ GEKTUBHOCTh BBIPAOOTKM CUTHAA COBIAJCHUN B TEJIECKOINE U3 TPEX CUETUMKOB: IPU 3arpy3Ke
yykoM B 2:10° yacTuil B CeKyHly YMCIO cIy4dalHbIX coBnajaeHuil He npebimuaeT 3%. Cuérumnk
HEMPOB3aNMOJICHCTBOBABIINX YAaCTHI] BKIIIOYACTCS B AHTUCOBIAICHUS JJISl BBIACTICHUS COOBITUI
C B3aMMO/ICHCTBUEM ITyYKa B MHILICHH.

Kpome cucTremMbl MeueHHs YacTHIl, BO BTOPOM dYacTW KaHaima 24 mpenrnosaraeTcs
pa3MecTUTh JBa MOPOTOBBIX JETEKTOpa YEPEHKOBCKOTO H3IIyYEHHsI, KOTOpBIE IO3BOJISIOT
UACHTUGUIMPOBATh YacTUIbl 7- U K-Me30HBI M (QHTH)IIPOTOHBI B JMANa30HE HUMITYJIbCOB
10+451»B/c. B cayuyae mpotoHHoro myudka ¢ ummyibcom 40+4513B/C atu cueruuku Oyny
pa0oTaTh Ha BO3JlyXe NPH aTMOC(EPHOM JaBICHUHU, TOT/1a KaK Ul ITy4yka ¢ ummyiabcom 15 ['3B/c
(aHTHIIPOTOHBI W TPOTOHBI) MpeANoaracTcs ucnoiabp3oBath ppeon R-22 (CHCIF:) Takke mpu
aTMOC(EepHOM JIaBJICHHH.

[Ipu paboTe ¢ MyyKOM HEWTPAIBHBIX YACTHIl Ha CYIIECTBYMOIIEM KaHane 14 (MMITyiibe
ny4ka okoyio 27 ['9B/C) ucnosp3yroTcsi TpH MOPOTOBBIX JETEKTOPAa YSPECHKOBCKOTO HM3ITYYCHHUS.
JIBa mepBbIX cU€TuMKa OTKa4daHbl 10 naBieHus 0,6 atMm, a TpeTuil paboTaeT mpu aTMochepHOM
naBiaeHuu. VX JIMHBI, COOTBETCTBEHHO, paBHBI 5 M, 3,5 M u 4,5 M. UepeHKOBCKUU CBET
peructpupyercs (poroymHoxurensmMu S6DUVP, curhanel ¢ KOTOporo mnocie YCHJIEHUS
MOCTYMAalOT Ha JAUCKPUMHUHATOPBI M 3alMCHIBAIOTCS CUCTEeMOM cOopa maHHbIX. [Ipu aHammse
JAHHBIX PAacCMaTPUBAIOTCA TP KOMOMHAIIMM COBIIAJICHUI/aHTHCOBIAJEHUN CUTHANOB C 3THUX
CYETUHKOB:

e cpaboTanu Bce TpU CUETUUKA - T ME30H;
e He cpaboTajJ HU OJIUH U3 CYETUYMKOB — AaHTUIPOTOH;
e cpaboTay TOIBKO TpeTuit cu€Tunk - K- Me30H.

Jns omnpeneneHuss KOOpIWHAT 4YacTUIBI HAa MUUIIEHWM Ha KaHaie 24 mnpenjaraercs
HCIIOJIB30BaTh YETHIPE JIBYXKOOPJIWHATHBIE CTAaHLUH NMponopuroHanbHbeIXx kKamep UTOD-ITNAD
[106] ¢ pasmepamu uyBcTBUTENbHOM 0OmacTr 200x200 MM? M IIArOM CHUTHAIBHBIX MMPOBOJIOYEK
1 MM, HazexHO paboTaromue ¢ 3pGEeKTUBHOCTHIO BbIe 99% mnpu 3arpys3kax no 4-10° gactun B
cekynay. Kaxnwsiii monyns kamep (Puc. 3.3) Britouaer B ceOs JBe IMJIOCKOCTH CHTHAJIBHBIX
npoBosiouek (3 u 6), HATIHYTBIX BO B3aMMHO-TIEPICHAMKYJSPHBIX  HANPABICHUSAX  JUIA
OIpeJIesIeHUs] OJHOBPEMEHHO JBYX KOOpPAMHAT.
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Puc. 3.3 YcrpoiicTBO IByXKOOPANHATHBIX MPOMOPIIHOHATBEHBIX KaMep ¢ IaroM 1 Mm
(ue B MmacmTabe):

3, 6 — ITIOCKOCTH CHTHAIBHBIX ITPOBOJIOYCK,

2,4,5, 7 — BBICOKOBOJIBTHBIC JIEKTPOIFI,

1, 8 — maiimapoBbIe OKHA, OTPAaHIMYUBAIOIINE Ta30BBIH 00BEM.

Huametp npoBosioyek 15 MkM. BbICOKOBOJIBTHBIC 3JEKTPOJIbI 2, 4, 5 U 7 BBINOJIHEHBI U3
XoJogHOKaTaHOW ¢oneru u3 cruiaBa Ab2 TtonmmHoON 40 MKM. 3a30p MeXIy CUTHAJIBHOMN
IJIOCKOCTBIO M BBICOKOBOJIBTHBIMHU 3JIEKTPOJAaMHU COCTaBisieT 3 MM. BpicOokoe HampsixeHue
IIOAACTCS HA KAaTOJAHBIE IUIOCKOCTH HE3aBHCUMO JUIS KaXKIOM ITOJIOBUHKM Kamepsl. ['a30BbIi
00beM KaMepbl — OOWMil Uit 00enX IMOJIOBHHOK M OTpaHMYeH MaiaapoBBIMH OKHamHu 1 u 8
tonmuaon 50 MxM. [IpoayB kamep oCyIIecTBIsSETCs ra30BOM CMeChio, cocTosmen u3 74.85% Ar,
25% wu3obOyrana, 0.15% CFsBr. CyMmapHbIii Ta30BbIi 00BEM IPOMOPIUOHAIBHBIX KaMmep
YCTaHOBKHM HEBENHMK U cocTaBisieT okoso 10 1, Tak 4Tto mpu pacxone ra3oBoit cmecu 0.2 1/MuH
BpeMsl MOJATOTOBKM kKamep K pabore coctaBiseT 8+10 yacoB, a oaHoro Oamnona HauOoiee
pacxoyemMoro raza — aproia — xBaraer Ha 30 CyTOK HENpEepbIBHOTO MOAAEPKAHUS YKa3aHHOTO
pexuma.

s perucTpalMi CUTHANOB cpabaThbIBaHUS MPOBOJIOYEK MCIIONB3YIOTCS ClelralbHbIe
IJ1aThl JIEKTPOHUKH, PACHOJIOKEHHBIE HEMOCPEACTBEHHO Ha paMKaxX MOJyJed Kamep — IO
4yeTblpe Ha OAuH Monynb. Kaxnas mnnara Bkiaoyaer B ceds 100 kaHanoB ycuiuTenei
U AUCKPUMUHATOPOB, a TaKXe HU(PPOBYIO YaCTh, KOTOpasi 00eCreurnBaeT KOAUPOBAaHHE HOMEPOB
CcpaboTaBIIMX MPOBOJIOYEK, a Takke (opMHpOBaHME M IepeAadyy MaKeTOB JaHHBIX IO
untepoeiicy USB2.0. Ilpexycmotpeno takxke ¢popmupoBanue Osictporo curHana «MJIM» Bcex
CpaboTaBIINX KaHAIOB, KOTOPBIA MOXET ObITh UCIIOJIb30BaH [l BEIPAOOTKH TPHUITEpA.

Ha Puc. 3.4 npuBeneHbl TUNHWYHbIE KPUBBIE 3aBUCUMOCTH 3(PPEKTHUBHOCTH Kamepbl OT
HalpsDKEHNs Ha BBICOKOBOJBTHOM DJIEKTPOJE IPH Pa3IMYHBIX IOpOrax JIWCKPUMHUHALMU.
XapaxkrtepHoe 1uiato cocrasisieT 150+200 B, abdextuBHOCTS Ha 11aT0 — Go0siee 99%.
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Hangawanue, xB

Puc. 3.4 3aBucumocTtb 3¢ (heKTHBHOCTH MPONOPIIMOHAIEHON KaMephl OT HAIPSDKEHUS
Ha MOTEHIMAIBHBIX IUIOCKOCTSX IPH PA3JIMYHBIX TOPOrax JTUCKPUMHUHAILIN
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B nactosimee BpeMs Ha kaHaiie 14 Tpu Takue Kamepbl BXOISAT B COCTaB CIEKTPOMETpPA
3apsKEHHBIX YaCTHLL.

st Gonee TOYHOTO OMPENENICHUsT KOOPAWHATHI YaCTUIBI BOJIM3W MUIICHU MOXKET
WCIIOJIb30BaThCS CUMHTWUISIIUOHHBIM BOJOKOHHBIM T'OJIOCKOIl, COCTOSIIIUN U3 JBYX OJAMHAKOBO
YCTPOCHHBIX U PACIIONIOKCHHBIX OJIM3KO APYT K APYTY B3aUMHO MMEPIEHAUKYIISPHBIX IJIOCKOCTEH.
Pabouas oGOmacte romockomna cocraBisieT 42x42 mm?. B Kaxmoil M3 IUIOCKOCTEW CHUHTHII-
nsuuoHHble BoiokHa SCSF-38 dupmer Kuraray aumamerpom 0.5 MM 00pa3yroT kaccery u3z 96
KOJIOHOK, pacIioioykeHHbIX ¢ maroM (.44 MM, kak nokasano Ha Puc. 3.5.

35'1 '@ﬂ

‘@IMI

(a) (6)

Puc. 3.5 CxemaTrueckoe H300pakeHNE YaCTH CIMHTUIUISIIIMOHHON BOJIOKOHHOW KacceThl (a)
U PaCIoJIOKEHUE BOJIOKOH Ha (poTokatone 16-anoaHoro @Y Hamamatsu R7600-200-M16 (6)

Kaxxgas kojoHKa MMeeT NATh BOJIOKOH B HallpaBlIeHUWW JBIKeHus yactuil. CocenHue
KOJIOHKH CJIETKa TEPEKPBIBAIOTCS, TEM CaMbIM YCTPAHSAIOTCA «MEPTBBIEY» 30HBI HEUYBCTBH-
TEIbHBIX O000JIOYEK BOJIOKOH W TMOBbIMAeTcs 3(P(GEeKTUBHOCTh perucTpauuu. bemas BoaHO-
JMCIIEPCUOHHAs KpacKa, HCIoJb3yeMas sl (UKcallui BOJIOKOH B KacceTe, YMEHBIIaeT
pacnpocTpaHeHUE CIMHTUIUIALIMOHHOTO CBETA B IIOTIEPEYHOM HalpaBICHUH.

s TpaHCTIOPTUPOBKM CIHUHTUIUISIIMOHHOTO CBETa K (DOTONETEKTOpaM HCHOJB3YIOTCS
BOJIOKHA-CBETOBOJl TOTO K€ JUaMeTpa, MPHUKICCHHbIE ONTHYECKUM OJIOKCHIHBIM KJIEEM
K TOpLIaM CLUUHTWJUISMOHHBIX BOJIOKOH C OJHOW CTOPOHBI KacceTbl, HE Hapyllas F€OMETPHIO
ykaaaku. [IpoTuBomnosoxkHas cTopoHa KacceThl OTIONHMPOBAaHA M COCTHIKOBAHA C 3€pKajlbHOU
MIOBEPXHOCTBIO, YTO TIO3BOJISIET YBEIUYUTH cBeTOcOOp. CBeroBoAbl uMEIOT JUIMHY ~20 cM.
Nx cBOOOIHBIE KOHIIBI BKJEEHBI B OTBEPCTUS KBAJPATHBIX IJACTHMH M3 UYEPHOTO IIIACTHUKA
rpynnamMu 1O 5 BOJOKOH, COOTBETCTBYIOIIMX OJHOW KOJOHKE KacCETbl, OTIOJIUPOBAHBI
u 3apukcupoBanbl Ha GoTokaTonax 16-aHOAHBIX (HOTOANEKTPOHHBIX YMHOXUTENe Hamamatsu
R7600-200-M16, kak noka3ano Ha Puc. 3.5 (6). B kax10# MIIOCKOCTH HCIIOJIB3YETCs 1O MIECTh
¢dotoymHoxkuTeneld. Tunuunbiil cBeToBbIX0a — 10+12 (oTO21eKTPOHOB Ha KaHa. AHAIOrOBbIE
CUTHaJbl C aHOJIOB NpeoOpasyloTcs B LU(POBBIE C MOMOUIbIO AUCKPUMHHATOPOB C HU3ZKUM
noporoM u mnapadaszHbIMH BbIXoJaMu B craHjpapre LVDS nns nmepemaum k cucreme cOopa
JTaHHBIX. JIMCKpUMUHATOPBI PACcIIONIOKEHBI B HEITOCPEICTBEHHOM OJIM30CTH OT (POTOITEKTPOHHBIX
YMHOKUTEIIEH.

D¢ dekTUBHOCT, pEerucTpaluy TOAOCKOIIOM OJMHOYHBIX YAacTHUIl O BCEM KaHajaMm
B cpeaHeM jgocturaetr 99% mnpu wmHOkectBeHHocTH 1.1 [107]. Bpemennoe paspelieHue
ronockona cocrasisieT ~0.8 HC. B Hacrosimiee BpeMs M3rOTOBIEH OJHWH TOJOCKOIl pa3MepoM
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48x48 MM?, KOTOPBIM UCIIOIB3YETCS Ha KaHale 14 u mpeanoiaraeTcs uCob30BaTh Ha KaHaje 24
npu pabore ¢ y3kuMm (1o 5 cm) myukoMm. Ha Puc. 3.6 mokaszanel (oTorpadusi BOJIOKOHHOTO
rOJIOCKOIIa B 30HE 3KCIIEPUMEHTAILHON YCTaHOBKHU (ClIeBa) U €ro 16-kaHaJIbHOTO AMCKPUMHHA-
TOpa C PEryIupyeMbIM IOPOTOM.

Puc. 3.6 ®ororpadust BOTOKOHHOTO FOJOCKONA B 30HE SKCIEPUMEHTAILHON YCTaHOBKH (CJICBA)
U 16-KaHAIBHOTO TUCKPHUMHUHATOPA C PETYIMPYEMbIM IIOPOroM (CIpaBa)

Ha Puc. 3.7 mnokazanbl npodmim mydka (ciaeBa) M 3aBUCUMOCTh AS(P(HEKTUBHOCTH
BOJIOKOHHOT'O T'O/I0CKOIIa OT KOOPAUHATHI.

Puc. 3.7 Ilpoduiu myuxa (creBa) u 3aBUCUMOCTD 3 (HEKTUBHOCTH BOJIOKOHHOI'O TOJJOCKOIIA
OT KOOPAMHATHI (CIIpaBa)

K myukoBoii amnmapaType Takke OTHOCHTCS BETO-CHCTEMa, KOTOpas SIBJISETCS 4YacThbiO
KOMILIEKCa TONEepedHO-TIONAPU30BaHHON Mumenn (cM pasgen 3.3)*. dororpaduu Bero-
cucteMsl npeacrasieHsl Ha Puc. 3.8. Ona mpezacraBniseT coO00i NETEKTOp 3apsHKEHHBIX YaCTHIL
U Y-KBaHTOB, POKIAIOMIMXCS B MHIIEHU B pe3yjibTaTe B3aUMOJEWUCTBUS C MIPOTOHAMM ITyyKa
Y BBUICTAIONIMX ©3 He€ moj OONbIIMMU yriaamMu B JaOOpaTOpHON CHUCTeME KOOpIWHAT

43 TTpu MCHONB30BAHUH HKHIKOBOJIOPOIHOM MUIIIEHU MOKET MCHIOJb30BaThCs IPYras BETO-CHCTEMA.
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(0.25< @ <7m—0.25), He momamast B OTKPBITHIA TEJIECHBIA YTroj, ONMPEAC/IIEMBIN amepTypoi
HKCIEPUMEHTAIbHON YCTaHOBKH.

JleTekTop BETO-CHCTEMBI COCTOUT M3 JBYX OJUHAKOBBIX MOJIYJEH, KaKIbI U3 KOTOPBIX
MEPEeKPBIBACT a3UMYTaIbHBIA yroia A¢p = 7. Moayau MOTYT NEpeMeIIaThCsi B TOPU3OHTAIBHON
IUIOCKOCTH B MPOTHBOIIOJIOKHBIX HAMPABICHUSAX NEPHEHIUKYISIPHO OCH My4Ka, YTO IMO3BOJISET
BBIBOJMTh BETO-CHCTEMY W3 IMPOCTPAHCTBA MEXIy IIOJIOCAMM MarHuTa Ha BpeMs HaKauKu
MOJIIPU3ALIMU MULIIEHU U BO3BpaIlaTh €€ B paboyee NOJ0KEHHUE TI0CIIe OKOHYAHUS HAKauKH.

B paGouem 1nos1oxeHu CUCTEMBI PACCTOSTHUE OT OCH ITydKa JI0 €€ BHYTPEHHEH OBEpXHO-
ctu coctaBisieT 50 MM 1o ropusonTanu U 40 MM o BepTuKaiu. [l peructpanuy 3apsyKeHHBIX
YacTHUIl HCIIOJIb3YETCSl IEPBBIN CIIOM E€TEKTOpa, COCTOSIIMNA M3 CUUHTWILIATOpPA (MOIMCTHPOIT)
tommuHoi 10 MM. YeTblpe TUIACTHHBI CHUHTWILIATOPA OKPYXKAIOT MHIIEeHb. JlJIMHA MiacTuH
coctaBisier 400 Mm. CBeT M3 KaXIOW IJIACTUHBI COOMPAETCS CHEKTPOCMEIIAIONIMMH ONTHYE-
ckumu BoJiokHamu JuamerpoM 1 MM Tuna BCF-91AMC, mnposio)XeHHBIMH B HMEIOLIUXCS
B IUTaCTMHAX KaHaBKax. Ilydyku BOJIOKOH BBIBOAAT cBeT Ha paccrossHue 400 MM 3a rabGapuThl
MarHuTa, MEpHEeHJUKYJISIPHO K HalpaBJICHMIO Iydka, T[Je€ MarHuTHoe Mose ciaboe.
IIpoTHBOIOIOKHBIE TOPIIBI BOJIOKOH € Ka)KIOM IUIaCTUHBI cOOpaHbl Ha (poTokaronax AByX (oTo-
JIEKTPOHHBIX yYMHOXkHTened POVY-84-3, curHansl OT KOTOPBIX HUCHOJB3YIOTCS B COBIAJICHHIX
JUI TIOJIABJICHUS! IIyMOB. JlanbHeiIas CTpyKTypa BETO-CUCTEMBI B HANPABJICHUSX, MEPIICHIN-
KYJSIPHBIX YUKy, IpeICTaBiIseT co00il uepenoBaHue YEThIPEX CIOEB CBHUHIIA TOJIIMHON 7 MM
Y YETBHIPEX CII0OEB CUMHTH/UISIMOHHBIX TUIACTHH TOJIIMHOM 5 MM CO COOpPOM CHTHAJIOB TaKKe

IIOCPEJICTBOM CIIEKTPOCMEIIAIOLINX BOJOKOH. DTa 4aCTh JE€TEKTOPA PETUCTPUPYET P-KBAHTBHI.

\

Puc. 3.8 ®otorpadust BeTo-cucTeMbl BOKPYT MOJISIPU30BAHHOM MPOTOHHON MUILIEHN

B kaxaom wMomyne CHTHaI OT J-KBaHTOB peructpupyercs asymss @ODOY-84-3
B COBIAJICHUAX. TakuM 00pa3oM, BETO-CHCTEMA PErHCTPUPYET 3apsKEHHBIE YaCTHIIBI B YETHIPEX,
a HeHTpalbHbIE — B JIByX MHTEPBAJIAX M0 a3UMyTaJbHOMY YTy ¢. CyMMapHas TONIMHA COOPKU
coctasnsieT 60 MM. KonmuecTBo BemiectBa B coopke cocrasiser 5Xo. Ha Puc. 3.9 npencrasnen
aMIUTUTYAHBI CIIEKTp CUTHAJIOB OT KOCMHYECKHMX YacTHUIl B OJHOM M3 KaHAJIOB PErHCTPaLUU
BETO-CHCTEMBI.

Bero-cucrema Britoyaer B ce0s TakkKe JBa CHMHTWUISIHOHHBIX  CUETUYHKA,
PacrojOKEeHHBIX Ha TOpLax MOAYJeH co cTopoHbl KpuoctaTta. OHM MPENCTaBISIIOT COOOW ABE
maacTuHbl [-00pazHoit Gopmbr TommuHOM 20 MM. CIMHTHIUIAIIMOHHBINA CBET IMEPEU3IIydacTCst
CHeKTpocMeniarnmM BojokHoMm Kuraray Y-11 guamerpoMm 1 MM ¢ MakCUMyMOM HM3TyYeHHS B
paitone 500 HM U peructpupyercs jgaBuHHBIM (otoanogom (SiPM) tuna MicroFC-30035-SMT
¢dbupmer SensL.
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Puc. 3.9 AMIDIMTYAHBIN CIICKTP CHTHAJIOB OT KOCMHYECKHUX YaCTHI]
B OJTHOM U3 KaHAJIOB PETHCTPAIUU BETO-CUCTEMBI

Cxemarnueckoe u300pakeHHe CU€TYMKOB mokasaHo Ha Puc. 3.10. DddexTuBHOCTH
perucTpanmy 3apsKEHHbIX YAaCTHUI] STUMU CUETUMKAMU cOCTaBIsieT ~99,5%.

] ﬁ\- 7N

_/

A

—

Puc. 3.10 Cxemarnueckoe H300paKEHHE TOPLEBBIX CUETYMKOB BETO-CHCTEMEI

Cucrema cOopa NaHHBIX HCIIOJB3YET BOCEMb KaHAJIOB PETHCTPAllMM CHTHAJIOB C BETO-
CHCTEMBI IUIS TadbHEHIIero aHaimmsa.

[Tpu m3MepeHus: KCKIFO3UBHBIX peakimid (cM. pasaen 1.5.2) BeTo-cucreMa MOKET ObITh
UCNOJb30BaHa sl (pOpMUPOBaHMS TpuUrrepa nepBoro ypoBHs. [lmaHupyercs opraHm3oBaTh
HECKOJIBKO THIIOB TPUITEPOB MJsl DKCKIIO3MBHBIX IpoleccoB. Jlisg BBIAENIEHHS MPOLECCOB,
B KOTOPBIX B KOHEYHOM COCTOSIHUM HMEIOTCSA TOJIBKO HEWTpaJbHBIE YacTHIbl, B TpPUITEpE
B QHTHCOBIIQJICHUSAX MOTYT HCIOJb30BaThCS CHUTHANIBI KaK C BETO-CHUCTEMBI, TaK M C JAOIOJIHU-
TEIBHOTO CUUHTWUISIIMOHHOTO CYETYMKA, PACIIOJIOKEHHOTO 33 MUILEHBIO U PETUCTPUPYIOIIETO
COOBITHS, B KOTOPBIX B TEJIECHBIH YT0Jl yCTAHOBKH BBUIETAET XOTs Obl OJJHA 3apsDKEHHAs YaCTULA.
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3.3 Muunienu

Jnis u3MepeHuss OJHOCIMHOBBIX TIONEPEYHBIX acUMMeTpuii An Ha Bogopoae Oyner
MCTOJIb30BaHA JKUKOBOAOPOAHAs MUIlIeHb. [ n3mepenus An Ha siipax OyayT MCIOIB30BaHbI
OOBIYHBIC SJIEPHBIE MUIIEHU — OT OEpUIUIUS 0 CBHHLA. DTH € MHUIIEHH MOTYT HCIIOJIB30-
BaThCS [ MCCIICAOBAHMS MTOJIIPU3AIMY THIIEPOHOB U BHICTPOCHHOCTH BEKTOPHBIX ME30HOB.

Bogoponueie  MumeHw, KOTOpPBIE  HCHOJB30BAIUCh M OyAyT  HCIOJIb30BaHbI
B 3KcIiepuMeHTax Ha yckoputenabHoM komiuiekce HULL «KypuaroBckuii macturymy — MDBD,
coJiepkaT B paboueil yacTu HeOOJbIINE KOJTUYECTBA XKHUAKOro Bojopo/a (110 4 autpos). [ToaTomy
1eJIeCO00pa3HO MPUMEHSATh HE MUIICHH KJIACCHYECKOTo TUIA (C pe3epBHBIM BOJOPOIHBIM OAKOM
Oonpiioro 00bEMa), a MUIIEHHM C 3aMKHYTBIM BOJIOPOJHBIM IIMKJIOM, YTO 3HAYUTEIBHO
yMEHBIIaeT o00Ilee KOJUYECTBO HCHOJIb3yeMoro Boaopoaa. Ilpm »3TomM moBbImaercs
0e30macHOCTh paboT, OTmagaeT HEOOXOJUMOCTh BO MHOTHX JOPOTOCTOSIIUX CHCTEMax
BOJIOPOJIHOM OE30MaCHOCTH M 3aMETHO YIIpOIIaeTcst padora ¢ (U3NYECKOl anmapaTypoil BOKPYT
MunieHd. JlJig ocyIiecTBICHUS! B MUILIEHU 3aMKHYTOTO IIUKJIA BOJIOPO/a MPUMEHSIOT MEXaHH4e-
CKUH KpUOTEHEpaToOp WM OXIKEHHE BOAOPOJA JKUIKUM TreireM. BoaopoaHbie MUIIEHH
C )KUJKUM TeIMeM XOTs U MEHee SKOHOMHYHBI, HO Jierye B M3rOTOBJICHHHU, MPOIIE U HAAEKHEE
B DKCIUTyaTalliy, YeM MUIICHU C KpUOTeHepaTopaMu. B 3aBUCMMOCTH OT KOHCTPYKLHU B TaKHX
MUIIEHSX JUTS OXKIDKEHHUS BOAOPOAAa MOTYT MCITOJIb30BAThCS TEIUIOTAa UCTIAPEHUS JKUKOTO TS,
XOJIOZ TTAPOB TeJHS WX, YTO YKOHOMHYECKH MPEANOYTHTEIbHEE, H TO U APYTOE.

B HUII «KypuatoBckuii unctuty — MOBD pazpabortana »uakoBOJOpOIHAS MULIECHD,
B KOTOPO# OKM)KEHHE BOJOPOJA MPOU3ZBOAMTCS IOTOKOM YKHJKOTO TEHs C HCIOJIb30BAHHUEM
TEIUIOTHl HMCMApPEHUsS KHUAKOTO TelHsi M X0JoJa MapoB MPH MHUHUMAIbHOM YHCIE CTyINeHEeH
TEII000MEHa MKy TeIHEeM U BOAOPOJIOM.

Mumienp BkiouaeT B ce0s pabouuit 00bEM, HAXOASAIIMKCA HA Iy4YKE YaCTHI]
Y 3allOJIHEHHBIM KUJIKMUM BOJIOPOJOM, KOHJEHCATOp, B KOTOPOM OXKIKAeTCs BOAOPO/,
U TpyOOIIPOBOJ JKUJKOTO TeHsl, 3aKaHUYMUBAIOLIUICS CTHIKOBOYHBIM Y3JIOM. JTH YacTH MUIICHH
OKPYKCHBI TCTUTOM30JIAIIMEH U 3aKITIOYCHBI B BAKYYMHBIH KOXKYX.

Ha Bpems paboTbl MUIIEHB TNpHCOENUHSETCS K cocyny Jlproapa C KHIKUM TeIHEM.
briounasi KOHCTpPyKIIMSI MUIIEHH TO3BOJIsIET 0€3 OCOOBIX MPOOJIEM MEHATh KOHMUTYpAIHIO
pabouero o6bEMa MPUMEHUTENBHO K 3a/1a4aM KOHKPETHOTO (PU3UIECKOTO IKCIIEPUMEHTA.

OcHoBHBIE TapaMeTPhI CYIIECTBYIONIEH MHUIIICHU:

— Jlnuna paboyero o0béma — 500 mm, quamerp — 100 mm.

— Bpems BbIxo/1a MutieHn Ha pabouunii pexxum — 3 gaca.

— Pacxop xxuakoro renus B pabouem pexume — 0.7 j1/4ac.

Hcnonb3oBaHue CHCTEMBI OXJIAXKIEHHS HAa OCHOBE JKHUIKOTO TelUsl OINpPaBJAHO elIe
1 HEOOXOJMMOCTBIO 00ecrneuuTh paboTOCOCOOHOCTh MOJIIPU30BAHHBIX MHUIIEHENW (OMHCAHbI
HIDKE B JTAHHOM pas3jiesie) U CHCTeMbI TOBOpOTa criuHa (pasjen 2.4).

JI1st SKCTIEpUMEHTABHOTO M3MepeHHs GakTopa pa30aBieHUs (3aBUCHT OT THUIIA PEaKIIHH,
MHUIICHH M KHUHEMAaTUYeCKUX TIEPEMEHHBIX) TPeOYIOTCS W3MEpPEHHsT Ha YHCTOM BOJOPOJC,
3aJIUTOM B 000JI04Ky MHIIeHH. TpeOyroTcs TakKke M3MepeHus ceueHnid Ha serkux sapax (C, Al)
JUI ydeTa 3aBUCHMOCTH CEeueHHH oO0pa3oBaHMs YacTHIl OT AaTOMHOTO Beca MHIICHU IpH
BBIUUCIIEHUH (paKkTOpa pazOaBieHus.
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3.3.1 IHonapuzoeannan muuienv 011 U3MEPEHUA OOHOCHUHOGLIX ACUMMEMPUIL
U 0BYXCRUHOBBIX NONEPEUHBIX ACUMMEMPUTL

Jlis u3MepeHus OAHOCIMHOBBIX IONEPEYHbIX aCUMMETpHUM Ha kaHane 14 M AByXCIHHO-
BBIX IIONEPEUHBIX aCUMMETpUi AnN Ha KaHasie 24 MIaHUpYeTCsl UCIOIb30BaHUE CYLIECTBYHOIEH
Ha KaHasle 14 nonepevyHo-noysIpu30BaHHON MUILICHH.

[TonspuzoBanHas wmumeHb st dkcrepumerHta CIIACYHAPM sBisieTcss MUIIEHBIO
3aMOPOXKEHHOI0 THUMa. Takue MUIIEHM UMEIT psiJ  IPEUMYIIECTB Iepel MHUILIEHSIMU
C HEIPEPBIBHON AMHAMUYECKOM HAKAYKOM IOJIAPU3ALMU saep. XOTs I HAKAYKH MOJSPU3ALNN
ISl MALIICHEH 000MX THITOB MCIOJB3YIOTCS OOJBIIME MarHUTHBIE 1T0Jis (B HatueM ciydae 2.4 To)
C BBICOKOU oaHOpoaHOCTRIO Mot AB/B =~ 10* Bo Bcem pabouem oObeMe MHUIIEHH, B CIIydae
«3aMOPO’KEHHBIX» MHUILIEHEH NI yJAep’KaHUs MOJSPHU3ALMU MOXHO HCIOJb30BaTh JOCTATOYHO
ciabwie (> 0.25 Tir) mosnst ¢ HEBBICOKOHW OAHOPOTHOCTHIO (0K0II0 1%). DTO MO3BOIISIET 0OECIIEYHTh
OOJBIION TeNeCHBI yron ycTaHoBKH. OOpaTHON CTOPOHOH Menanu SIBISIETCS HEOOXOIUMOCTH
oOecrieyeHnsT CBEPXHU3KOM TemIeparypbl B KPHOCTaT€ MHIICHH, YTOOBI BpEeMs pellaKkCaIliu
MOJISIPU3AIMU IOCTUTAIO HEeCKoJbKOo coT (0 2000) vacoB. Pabouee BeliecTBO MHUIIICHH B BUJIE
LIAPUKOB JAMAMETPOM J10 2 MM € KO3(QUIMEHTOM 3amnojiHeHus okojo 60% nomemaercs B
Te(IIOHOBYIO aMIlysly. AMIIyja BCTaBJISIETCS B KPUOCTAT, CIOCOOHBIN 00ECIIeUUTh TEMIIEpaTypy
HECKOJIbKO JecATKOB MK B pexume 3aMOpo3Ku. JlocTHkeHHe TakoW HU3KOM TeMmIepaTypbl
obecneunBaercst pactBopenueMm He* B He* npu nmomoum gononHuTenbHOM oTkauku. OnHON U3
TpyAHOCTEH PabOThl C TAaKOM MMILEHBIO SIBISIETCA TO, YTO T'eJIMA HAXOIUTCS B CBEPXTEKYUEM
COCTOSIHMM, TMO3TOMY TpeOyeTcs BbICOUAMIee KaueCTBO H3TOTOBJIEHUS U COOpPKM JeTanei
KpuocTara.

Kommieke «3aMopokeHHOW MOJIIPU30BaHHON MPOTOHHON MUIIICHN BKJIIOYAET B CeOs:

a) reJINeBbI KPUOCTAT TOPU3OHTAIBHOIO THIIA ¢ peQprKEepaTOpoOM paCTBOPEHUEM TeIIus-
3 B renuu-4, BKIIIOYas CUCTEMY JAaTYUKOB U IPUOOD U1 U3MEPEHUSI KPUOT€HHBIX TEMIIepaTyp.

06) ammyly C BEIIECTBOM MHIIEHH, pACIOJOKEHHYI0O B BaHHE pPACTBOPEHMS
pedpuxeparopa;

B) anmapaTypy Ul CO3JJaHHs U U3MEPEHUs BBICOKOM MOJIspU3alii MIPOTOHOB MULLIEHH;

B) MarHUTHYIO CHUCTEMY.

B mnonspusoBannoit Mmumenu skcnepuMeHta CIIACHAPM wucnonb3oBaH renveBblid
KpUOCTAaT TOPHU3OHTAJIBHOIO THIA C PEPPUKEPATOPOM pACTBOPEHUEM Tenus-3 B Tenuu-4,
o0ecreyrBaOUM J1BA peXKUMa paOOTHI:

- «TEIIbIA pexum» Hakauky nojspusanuu npu T = 0,2-0,3 K;

- «XOJIOJHBIA peKUM» coxpaHeHus noaspusanuu npu T =30 mK.

TemoBas M30JSIIMST  HU3KOTEMIIEPATYypHBIX y3JI0B KPHOCTaTa OCYILIECTBIISIETCS
BaKyyMHOM pyOallkoil 1 repMeTHYHbIMU SKpaHaMmH npu temmneparypax 77K u 1K.

[locne nakaukum mnonspusanuu npu Temneparype T= 0,2-0,3K, pedpuxeparop
pactBopenns He® B He* oGecneunBaer HempepsIBHOE OXITaXKIeHNE TIONAPH30BAHHON MHUIIEHH J0
T~30 MK, uTO Mo3BONSIET COXpaHATH cIa00 MEHSIOUUMCS 3HaYeHHE MOJSpU3AIU IPOTOHOB B
TeueHHe Habopa CTATUCTUKH B claboM MarHUTHOM Tiosie ~ 0.4 T («3aMOPOKEHHBIN  PEKUM).

[upkymupylomuii Tazoo0pasHblii remmit He® oxmaxpaercs MoCTeIOBAaTENbHO B
TennooOMeHHHKaxX a30THOro Oaka, Oaka He?, 1K BanHe, KOHIEHCHpyeTCs M MOCTYNaeT B
TENMIOOOMEHHNK BaHHBI Hcmapenus Hed, a 3aTem mocTymaeT B KaHal TEMIOOOMEHHHKA.
TennooOMEHHUK 3aKaHUMBAeTCs BAHHOH pacTBopeHms. U3 temmooOmennuka He® moctymaer
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BHU3 BaHHbl PACTBOPEHHUSI M «BCIUIBIBAECT» MO KaHajdaM MEXAY IIapuKaM{ BeUIeCTBa MHILIEHHU,
pacTBOPSISACH TIPH 3TOM U, T.O0., OXJIAXKAAET BemecTBO muineHu. JuddyHaupys BIOJIb KaHala
TEMIOOOMEHHHKA C pAacTBOPOM C TpajueHToM KoHueHnTpamuyu, He® mocrymaer B Bammy
ucnapenus. Otkauka remus He® W3 BaHHBI MCHapeHHWs OCYIIECTBISETCS HacocaMH. Ilocie
HacocoB He® mpoxoauT yepes a30THYIO JIOBYIIKY M BO3BpAIIAETCs B KPHOCTAT. bonee moapoOHo
KPHOCTAT MOJISPU30BaHHON MHIIICHH orrcaH B paborax [108].

PabourM BemiecTBOM MOJsApH30BaHHONW MmumieHu sBisieTcs mnentanon  (CsHi20) ¢
napamarHuTHOU npumechto CrV. ®daktop pa3baBieHus (OTHOIICHHWE YHUCIIa BCEX HYKJIOHOB K
YHCITy MOJIAPU3YEMBIX NMPOTOHOB) cocTaBiseT §8.4. Pabouee BeliecTBO MUILIEHU B BHJIE IIAPUKOB
IUAMETPOM JI0 2 MM, 3aMOPOKCHHBIX B JKHUIKOM a30T€, 3aChIMAeTCs B TE(PIOHOBYIO aMITyry
nuametrpoM 20 MM u amuoi 200 MM. AMIynia BCTaBJISIETCS. B BAHHY PacTBOPEHUS KpUocTara Ipu
a30THOM Temmeparype. KommdecTso Bemectsa B Mumienu 13.2 r/cm?. Do coorsercTByeT ~10%
JUTMHBI B3aUMOJCHCTBUS ISl T -ME30HOB C 3Heprueit 28 ['3B.

MaxkcuManbHasi BeNWYMHA MOJISIPU3ALUU COCTaBisieT /5% U JOCTHraeTcsi METOAO0M
«auHamudeckor monsapuzaiuu  saep» (AILA). [dns ocymectBienus IS nHeoOxomumsl
OJTHOBPEMEHHO CIIEAYIOIIUE YCIOBUS U anmnaparypa:

- CBU - renepatop ¢ yactoroii okono 70 I'T';

- marauTHoe mnone 2.4 Tn* ¢ ommopommocThio mons 6(B)/B mopsakal0™* Bo Bcem
pabouem o6beme o6pasia mumenn (~60 cv’).

Merton ocHOBaH Ha 3¢ dekre BO30YKICHHS 3JIEKTPOHHOTO MapaMarHWUTHOTO PE30HaHCa
(OIIP) ¢ monsipuzarueit aTOMHBIX JIEKTPOHOB B MAarHUTHOM TI0JIE M TIOCIIEAYIOIEH Mepeaadeid
MOJSIPU3AIMK TIPOTOHAM B pe3yJibTaTe IEMmoYku aToMHbiX mnepexomoB [109]. Yacrora DIIP
3aBHCHUT OT MHAYKLIMWK MarHuTHOTO noJisi. Mmeromuiics B HameM pacnopsbkenun CBY-renepatop
MOKPBIBAET Marna3oH 4acTot ot 66.17 go 67.17 I'T'u . g DIIP 370 COOTBETCTBYET MHIYKLHIM
oT 2.365 10 2.401 T, HeoOXOAUMBIM I YCIIEIIHOW HAKauKH MOJIIPU3ALUU IPOTOHOB B MUIIICHHU.

Benuunna nonspuzanuu U3MepsieTcss METOJIOM sIIEPHOTO0 MarHUTHOTO pPe30HaHca Mpu
nosie Hakayku. HaGop CTaTUCTUKH MPU OJJHOM 3HAKE TOJISIPU3AIUH TTPOA0HKAETCSI OOBIYHO JIBOE
CYTOK, TOCJI€ Yero MPOMCXOAUT PEeBEpC MOJIApU3AINHU, BpeMs peBepca (HaKauKu MOJISPU3AINI
JIPYTOU MOJSPHOCTH) 3aHUMAET HECKOJIBKO YaCOoB.

Hcnons3yemass B HaAcCTOsIIIIEe BpeMsi MUIIEHb MpoILIa TIyOOKYH MOJEPHU3AIMUIO IS
pabotel B mMarHuTHOM Tmosie 2.4 Tn (mpu Hakauke MOJSIPU3AIMM) W YCIEUIHO OTpaboTana B
tectoBoM ceance 2018 r. dortorpadus muiieHu npeacraBieHa Ha Puc. 3.8 Bmecte ¢ oxpaHHOU
CUCTEMOU BHYTpPU MarHura.

3.3.1.1 Maenum noaapuzosannoti muuieHu

OOumii Bua marauta nokasad Ha Puc. 3.11. B pexxume Hakauku NOJSpU3ALUN MUILEHb,
oxnaxnaénnas o T~0,2-0,3° K, nomemaercs B ieHTpe ero padouero 3azopa. Iloxe ¢popmupyercs
B HEM nomtocamu u3 nepmenaropa 499K®, mupunont 164 mm, ymuoi 1000 MM n Tommumzo#R 80
MM. [ToTOK most 3aMBIKaeTCsl Yepe3 MarHUTONPOBOIBI, H3TOTOBIeHHBIE M3 Cranu-3. Bepxuuii n
HIOKHUM MarHUTONPOBOJBI BMECTE C IOJIOCAMU MOTYT CHMMETPUYHO CJABHUIaThCS WIIHU
paszaBuratbes. B CABUHYTOM COCTOSIHUM TPH BBICOTE 3a30pa MEXIY IMOJIOCAaMH 75 MM U
HOMMHaJILHOM TOKe nmuTaHus marauta 1440 A mose B ero neHTpaibHou yactu nocrturaert 2,4 T.

44 Heob6xouMoOe 3HaYeHHE BEIMYMHBI MATHUTHOTO TI0JIs IPSAMO HponopuuoHansHo yactotre CBU reneparopa
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Puc. 3.11 O6umit Bux marauta JMMTHO3ABP — 2.4 T ¢ BBenéuHOi B pabouee MOJIOKECHUE OXPAaHHOH CHCTEMOI U
pabounmu kommyHuKaIsaMy Ha ycraHoBke CIIACYUAPM na kanane 14 yckopurens ¥Y-70

Ha Puc. 3.12 npencraBnena Harpy3ouHas kpuBas marnuta JJMUHO3ABP — 24 T
MOJISIPU30BAHHON MHIIEHM SKCIEPUMEHTa IpPU COMKHYTBIX ToJiocax. B asTtom pexume
OCYIIECTBJISICTCS HaKayka MOJIApU3AIlMUd MHILICHU. 3aTeM, IOCTEe OXJIAKICHUS MHIICHH 10
T~0,03° K nomtoca pazasurarorcst Ha 250 MM, OTKpbIBasi anepTypy MarHuTa JJisi BTOPUYHBIX
YacTHIl, BRUICTAIONIMX U3 MHIIEHHU, B mnpenenax £300 Mpan mo ropuzoHTaid U +250 mpaja mo
Beptukanu. [lone mpu stoM ymensmaercs no ~0,4 T, u B HEM mnoisgpuzanus MULICHU
YAEPKUBAETCS B TEUEHHUE OAHOTO-/IBYX JHEH.

-
I 3-parameter tit ) ', Ciosed yoke |
P Mhuns 4 (s, s N1ve ") o . _:ff_-v-
L Da(8 o8 8. )0  "IxI- -
} LM Tee o
[ 5,=%, -raz92v10° Ta o
L 19086 A —*
L dez875100° &' T
P :% =0.44939+10" T/A (tixag) -~
. //
| L7
P
! 2
| f_/"
i >
S
0‘_// |
= ) %o o 00 kE Vi oy "

Puc. 3.12 Harpysounas kpuBas marauta JMUTHO3ABP nonspu3zoBaHHOW MUIIIEHH TIPH COMKHYTBIX MOJOCAX

Cpa3zy mnocie U3roTOBJIEHUS! MarHWTa B LEHTPAJIbHOW YacTU B LMIUHApE, AuameTpom 20
MM, 1 Ha anuHe 200 MM OBLTO TIONYyYEHO JOBOJILHO OJHOPOAHOE mosie ¢ mHaykuued ~2,4 T ¢
MaKCHUMAILHOH OTHOCHTEJIBHOM Bapualdeil oT MUHUMyMa K Makcumymy ~+13x10* u cpenne-
KBaJpaTHYHBIM OTKIOHEHHEM OT KOHCTaHTHI M0 00béMy~+4.3x10™. T'paduuecku Tomorpadus
OTHOCHUTEJIBHBIX OTKJIOHEHWM IIOJy4EHHOI'O IOJIsi Ha MOBEPXHOCTH MHILIEHH OT €r0 CpeaHeu
BEJIMYMHBI 10 00bEMyY, <B>, moka3zana Ha Puc. 3.13.
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2124108 2016 Buliee warriig

Puc. 3.13 PeByJ’ILTaTI)I NEPBOHAYAIILHOI'O UBMCPEHUS 1TOJI1 MarHuTa HOHS[pI/IBOBaHHOﬁ MHIICHU

B nenranone CsH120 ¢ nobaskoit pagukaina TEMIIO, ucrionb3yeMoM B HACTOSIIIEE BpEMs
B KauecTBe paboyvero BelIecTBa, OTHOCHUTENbHAS MHpUHA JMHUK nornomerns (RMS) B mone 2.4
T cocraBnster ~1.65x10, Takum 0Opa3om, [ yCHENIHONH HaKauku (TOTydeHHs TpeOyeMoit
MOJISIPU3ALIUY TI0 BceMy 00beMY MMILIEHH) HEOOX0IMMO, YTOObI OJJHOPOAHOCTh MArHUTHOTO MOJIS
BHYTpH pabodero oObema MuiieHu coctaBisia +1.65x10™* wnm menbwe. [lis JOCTHXKEHUS
TpeOyeMoii OJHOPOAHOCTH OBLI MPOBEAEH LHUKI HEOOXOAMMBIX pabOT ¢ MarHUTOM
nonsipuzoBaHHoi mumenn. Ha Puc. 3.14 u mpuBenena kapra mojisi B MarHUTe MOJISIPU30BAHHOMN
MUIIIEHH BO BpeMs padOT 10 ONTHMH3ALNN MarHUTa U 110 OKOHYAHUH ATHX padoT.

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

i
1
9
4

s
H

Puc. 3.14 Pe3ynbraTsl H3MEpeHHUs 10JIS1 MarHUTa TOJISIPU30BAHHON MUILICHN
nocine padot B Havase 2017 1. (crneBa) U B HacTosIIee BpeMs (CIpaBa)
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Eciu mpu mnepBbIX H3MEpPEHUSX HEOAHOPOJHOCTh MArHMTHOTO TIOJS COCTaBisIa [0
(4.28+0.08)x10* (mpm MakcumampbHOM pazdpoce 2.5x107%), 9TO He MO3BOJIIO HAKAYATh
MOJIAPU3AIIMI0 MUIICHH BO BCEM OOBEME, TO MO pe3yJibTaTaM MPOBEACHHBIX PaboOT yIaIoCh
CHHM3HUTb HEOJHOPOAHOCTD 1oJist 10 (1.224+0.07)x10~* (mpu MakcumaiibHOM pazopoce 7.8x1074).

i muTaHus ANEKTpPOMAarHuTa MCIOJIb3yeTCs TUPUCTOPHBIM MCTOYHMK nuTaHus 28TII2
(Unow =215 B, Liow=1500 A). TupuctopHblii mpeoOpa3oBaTeib BBIITOIHCH MO 3-X (ha3HOM
CUMMETPUYHON MOCTOBOM cxeme JlapuonoBa. [[nst oxnaxaeHus THPUCTOPOB MPUMEHEHbBI MOAYIH
BoJisiHOro oxyaxkaeHuss SS15BL. [Jlng monaBieHus myJibcaliiii BBINPSIMICHHOTO HAaIPSKEHUS
npuMeHEH naccuBHBIN [-00pa3ubiii LC ¢unbTp. [Ipumenenrne oOpaTHO CMEIMIEHHOTO HYJIEBOTO
JIM0/1a, MOJIKJIFOUEHHOT0 MapaljIeIbHO BBIXOAY UCTOYHHUKA, TO3BOJISET 3alIUTUTh FJI€KTPOMArHUT
U TUPUCTOPHI OT MEPEHANPSIKEHUS] MPU CHATHUM TOKA, a TaKKe MPEJOTBPAILAET MOSBICHUE
HaNpsDKEHUs 00paTHON MOJSPHOCTH HA KOHJCHCATOPAX MACCUBHOTO (QUIIBTpPA.

B pesynbrare B mocieaHeM ceaHCe Ha MUIIIEHU 0€3 YCHIIHIA U 32 KOPOTKOE BPEeMsl YIaJIOCh
MOJIy4yuTh nosisipu3anuio Bbiie 70% mnpu TEOpEeTHUYECKOM MakCHUMyMe OKojo 75%, a cpenHss
MoJIIpU3alus Ipu Habope TaHHBIX cocTaBuia 65%.

CymectByronuii Maraut J{uHO3aBp, KOTOPBINA HUCMOJIB3YETCS ISl TIONEPEUHO-TIOISPU30-
BaHHOI MUIIIEHH, UMEET TEJECHBIH yroia packpbiTus 250 Mpaj 1mo BepTHKAIH, YTO MO3BOJISET
MIPOBOJIUTH U3MEPEHUS B IIMPOKOM KHHEMATHUYECKOM JHarna3oHe.

3.3.2 Cywecmeyowana nonapu3zo6aHHas MuuieHb ONA U3MEPEHUA OBYXCHUHOBBIX
RPOOOILHBIX ACUMMeEMPUIL

Jlis m3MepeHusl 1BYXCIMHOBBIX MPOJOJIBHBIX aCUMMETpUN ALL B YCTaHOBKE BO3MOXKHO
UCIIOJIb30BAHUE MPOIOJIBHO-TIONSIpU30BaHHON MumieHu. Kpuocrat stoit mumenu [110] Obwi
usrorosieH B 1990 rogy B pamkax nossipuzanroHHoro skcrepumenta E704 so ®HAJL (CLHA).
On Haxogurcs B OUSU. Pororpadum kommiekca MNPOJOIbHO-TIONSIPU3OBAHHON MUIIEHU
npuBeaensl Ha Puc. 3.15 u Puc. 3.16.

B OMSIM ecth Takke U CBEpXIPOBOJAIIMN COJEHOWJ, HU3TOTOBJIEHHBIM MO 00pasily
(bpaHIry3cKOoro cBepxmpoBojsiiero cojeHouna g munienn E704. Kpuocrar BmecTe co
CBEPXIIPOBOJSIIMM COJICHOMIOM MOXET ObITh TpaHcmopTupoBaH B M®BD u ucnomaszoBaH
B akcriepumenTe CITACHAPM Ha kanane 24A.

OTa MUIIEHb TaKXKe€ 3aMOPOXKEHHOTO THUIA, B KPUOCTAaTE KOTOPOU AJIsl MOITy4eHUs] HU3KON
TeMIIepaTypbl Hcmoib3dyerca Merol pactBopenuss He® B He*!. Pabouas Temmepartypa mnpu
UCMOJIb30BaHUU JaHHOW MumieHu Obuta 60 MK. OcHOBHbIE HMPUHIMIBI paOOThl MUIIEHU U €€
XapaKTEPUCTHKU COBNAJAIOT C IIONEPEYHO-NONIPU30BAaHHONW MHUIIEHBIO, 3a HCKIIOUEHUEM
HaIpaBJICHUs MarHUTHOTO MOJIS.

OcHoBHBIE TapaMeTPHI MOJIAPU3OBAHHON MUILIECHU:

— xumudeckuii coctaB — nerranoi (CsHi0);

— JumHa pabodero oobema mutreHu cocraiseT 20 cM, a quameTp paBeH 30 Mv;

— TMOJIApU3alUs MUIIEHU MOKET A0CTUTaTh 75%);

— XuMHuYecKkuil (axkTop pazOaBieHHs (OTHOLIEHHE 4YHUCJIa BCEX HYKJIOHOB K YHCIY

MOJISIPU30BAaHHBIX MTPOTOHOB) — 7.3 AJI MEHTaHOA.

CBepxnpoBOAAIIMI COJIEHOMT MMEET NOJHYIO IMHY 86 CM M BHYTPEHHHH JUaMeTp
9.4 cm. B E704 on ucnonb3oBan 1.5 11 xkuakoro renus B yac. MakcuManbHOE MoJie mpu Toke 185
A cocraBmsuio B E704 6.5 Tn. Opnako B xone Habopa cratuctuku B E704 marnuTHOe moie
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cocTaBisiio 2.5 Ti, 4o OBIIIO JOCTATOYHO VI HYKJ dKcriepuMeHTa. OAHOPOIHOCTE MarHUTHOTO
noJjisi BHYTpH pabodero oObema MuiieHH coctaBisuia +5-107°. IlomHbI TenecHBI yromn
packpbITus coctaBisul 130 Mpaj MO OTHOIIEHUIO K OCH ITyYKa.

Puc. 3.15 ®ororpadus koMIuIeKkca IpoI0THHOM MOIIPU30BaHHON MHUIIICHA

1\l 7h gt

o
“

Puc. 3.16 To xe uro Ha Puc. 3.15, Bun cOoky
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3.3.3 Hoeasa nonapu3oeannas muuieHsv 074 U3MEPEHUA NONEPEYHBIX U NPOOOTbHBIX
acummempuii

s m3MepeHusi ABYXCIHHOBBIX MPOJOJIBHBIX acCUMMETpHil ALL B AKCIEPUMEHTaIbHOU
ycranoBke CITACUHAPM muiaHupyeTcsl UCHOIb30BaHUE MPOJIOIBHO-TIOISIPU30BAHHON MHUIIICHHU.
JInst 3TOM 1enu Jiydille BCEro CO3JaTh HOBYIO NOJIIPU30BAHHYIO MUILIEHb 3aMOPOKEHHOTO THUIIA
C UCIIOJIb30BAaHUEM Pe3yJIbTATOB IOCIEIHUX YCHEIIHBIX pa3paboTOK B 3TOW obsactu. I'maBHOE
OTJINYME HOBOM MHUILIEHU — 3TO peajii3alusi BO3MOKHOCTU HCIIOJIB30BAHMS XOJOJHOIO dKpaHa
KpUOCTaTa Ui OXJAXACHHUS TMOJSPU3YIOWIEH W YyIEpPKUBAIOIICH MOJISIPU3AIUI0 KaTyIIEK.
Ha Puc. 3.17 mokazan mnpuMmep KpHOCTaTa IMOJSPU30BAHHONW «3aMOPOKEHHOW» MHIIECHU CO
CBEPXMPOBOAIIMMY KaTyIIKaMu, paspadoranasiii B OMSN.

B Takoif KOHCTPYKIMU OTHaAaeT HeOOXOIMMOCTh BO BHEIIHEM MOJISPU3YIOIIEM MarHure,
MU JETEKTUPYIOLas CUCTEMa HKCIIEPUMEHTAIBHOM YCTAHOBKM MOXET pacHoJiaraTbCsi MaKCH-
MajbHO OnM3K0 OT pabouero BemiecTBa MullleHU. bomnbime HapaOOTKH B 3TOi oOnacTu
K HACTOSIIIEMY BPEMEHHU €CTh y CICIHMAIMCTOB M3 yHHBepcuTeToB bonHa u Maitnma [111, 112].
Hpyroit 0COOEHHOCTBIO TaKOW MUIICHH SIBJISETCS BO3MOMXHOCTH CO3/JIaHMS KaK MPOJOJIBHOM, TaK
Y JIBYX TMOIEPEYHBIX (BEpPTUKAIbHAS U TOPU3OHTAIbHAS ) TOJISIPU3ALIAIA.

Tramaverse (Sadile coit)
_

Langiudinal (Sedesalil)
Laf

H pl)
Intersal W okl s 00 Mgt Tooket Ia
Walilling Piehd | L2, 06T) ARGy

Puc. 3.17 Kpuocrat nonsipu3oBanHoi MuleHu ¢ noisipusytorieii (Saddle coil)
U yaepxkuBaroieit nossipuzanuio (Solenoid) cBepXmpoBoASIIMME KATYIIKAMHI

Ha 3TOM jke pUCYHKE IOKa3aHO YCTPOMCTBO JUIsl HAMOTKM TaKHMX KaTyHIEK, CO3/IaHHOE
B yHUBepcuTeTe TI. MaiiHi. Hamuume coBMECTHBIX  pa3paboOTOK M JIOJTOBPEMEHHOE
corpyanudyectso OUSN ¢ »TuM M OpyruMM HEMEUKMMM YHUBEPCUTETaMH Jal0T HaJeXIy
peain30BaTh B IMOJIIPU30BAHHOM MMILIEHH SKCHEPUMEHTAa MHOTHE NPUHIUIUAIBHO HOBBIE
BO3MOYKHOCTH.

[Ipn wncnonb30BaHMM JaHHOM MUIIEHH ObUIM TMOJY4YEHBl OXHUAAEMbIE PE3YJIbTaThI,
MUHUMAaJlbHasl JOCTUTHYTas Temieparypa cocrtasuia MeHee 35 MK. Orto mo3Bomwio mnpu
UCTOJIBb30BAHUU B KadecTBe pabouero BellecTBa OyTaHONAa JOCTUTHYTH Hojsipusanuu 86% c
BpemeHeM penakcauuu 1800 yaco (500 wacoB mpu pabote ¢ myukom). Ilpu mcmonb3oBaHuM
JelTepUpoOBaHHOrO0  OyTaHojia, JjJonupoBaHHOro jgob6aBkod Finnland D36, mnonydena
MakcuMaibHas noJisipusamnus 79% c teM ke BpemeHeM penakcanuu 1800 gacoB (Ha myuke 1100
Y4acoB).

Eme onHON mNpuHBIIEKaTeNIbHOW YEPTOM TAaKOM KOHCTPYKLIMH SIBISETCS BO3MOXHOCTB
MIOMECTUTh B TOT € KPHOCTaT MOJSIPU30BAHHYIO0 MuUlleHb-cUuHTIILIATOp — “ACTIVE-
TARGET” [113]. MuleHu-CUMHTHIUIATOPBI YpE3BBIYAIHO MOJE3HBI IS W3MEpPEHHs psija
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peakiuii, Tak KaK IO3BOJIAIOT CYHIECTBEHHO YIYYIIUTh TOYHOCTh ONPENEICHUS BEPILIHHBI
B3auMoOJIeHicTBUA. B Hacrosimee Bpems mnoao0OHas MUIIEHb Obla YCHemHo paspaboTaHa
U UCIIOJb30BaHA B JKcliepuMeHTe Ha yckoputeine “MAMI C” B MaiiHue c ydacTuem
corpynaukoB OUSM. OObMHO OHA YCTaHABIMBACTCS HAa CHEIHAIBLHON BCTaBKE-IITAHTE
(Cryostat-Insert, Puc. 3.18 u Puc. 3.19), koTopast BBOAMTCS B KPHOCTAT IPH HEOOXOIMMOCTH.

Muwems
(T=45 mK)

MNnara gevexropos
(T=4 K)

Puc. 3.18 OcHOBHBIC BHYTPEHHHE y3JIbI CO3IaHHON COBMECTHBIMHU ycuiusaMu (Maiii- bonH-
Boxym-OUSN) MATIeHH-COUHTHILIATOpA

He- 't Mt

Outer Vacuum Ses et Vacuam Sae Targe! Head
Detector Soard

Puc. 3.19 IonspuzoBaHHas MUIIeHb-COUHTHILIATOP (MaifHIr)

V>ke ObLI BBIMOJIHEH MEPBbI B MUPE YCHEIIHbINH SKCIIEPUMEHT C ATOH aKTUBHOMN MOJISAPU-
30BaHHO# MumieHbto [114]. E€ Bbicokast 3(heKTUBHOCTh M HU3KHUI HOPOT PETHCTPALUH MIPOTO-
HOB OTJa4¥ OTKPBIBAIOT HOBBIE BO3MOXHOCTH B UCCIEAOBAHUU CIIMHOBOW CTPYKTYpPBI IIPOTOHA U
B IIOJyYEHUU MOJEIbHO-HE3aBUCUMBIX JaHHBIX. [lomsipu3anys HOPOTOHOB JTOM MMILEHU-
CIMHTHJUISITOpa cocTaBuia ~ 65%, BpeMs NoJAepkKaHUs MOJsSIpU3alnu npu Temnepatype 45 MK
B MarHUTHOM Tosie 0.4 T — okomo 100 gacoB. Ha mydke moOnsSpH30BaHHBIX MEUEHBIX ()OTOHOB
yckoputensi MAMI usmepens! mossipu3aiimoHHbIe HaOII01aeMble B peakiusax GoTopoKIeHus 1°-
U 7'-ME30HOB, a4 TaKX€ AaCHMMETpPHs CEYEHHS KOMITOHOBCKOTO pPacCEesSHUsA, MO3BOJISIOLIAS
W3BJI€Yb MOJEIBHO HE3aBUCHMBIE JAHHBIE O CTMHOBOM MOJISPU3YEMOCTH IIPOTOHA.

Hogas muiens mo3BosseT J00UThCS TaKKe MAKCHUMAJIbHOM aBTOMAaTU3alluu YCTAaHOBKH U
JUCTAHIIMOHHOTO KOHTPOJISI OCHOBHBIX MapaMETPOB, YTO YPE3BBIYAWHO BAaXXHO JJISl MOBBILICHUS
HaIEKHOCTH U SKOHOMHUYHOCTHU SKCIIEPUMEHTAIBHOM YCTaHOBKU. PaboThI 0 CO31aHUIO CHCTEMBI
u3MepeHus nonspusanuu Muinern (IMP) moryTt ObITh BbITIONIHEHBI cienuanuctamu u3 OUSU u
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yHuBepcurera boxyma, KOTOpble UMEIOT K HAaCTOSALIEMY BPEMEHU MHUPOBbIE pa3paOOTKH B ITOU
obmactu [115, 116].

Kpome kpuocTata MONSIPU30BAaHHON MHUIIEHH HEOOXOJUMO CO31aTh CIEIHATBHYIO
TepPMETUYHYIO HACOCHYIO TpyIiry ais mupkyisiiuu He®* u otkauku He*, pazpaborarh u co3nath
cootBeTcTByOImUEe cuctemsl AMP u nakauku (CBY). lns ynpaBiaeHUs npoueccamMy IMoJsipru30-
BaHHON MMHIIEHH U KOHTpoyisi e€ MapamMeTpoB HEOOXOAMM JAUCTAHIUOHHBIN  MYJbT
U CHelHaM3UPOBAHHOE MPOrpaMMHOE 00eCIIeUeHHE /I BCEX CUCTEM.

B kauecTtBe pabouero BemiecTBa MpeAnoiaaraeTcs UCIoiab30BaTh OyTaHOI: KaK MPOTOHHBIN
BapUaHT, TaK U JEHTPOHHBI — C MCIOJB30BAaHUEM B KaueCTBE XMMHUYECKOTO pamukana “Trityl”.
C OyraHolOM MOXXHO OXHJATh TMONXYyYCHHs mpeneinpbHou mnonspuzaruu: Pp~90%, Pg~80%,
C JIOCTaTOYHO OOJILIIUM BPEMEHEM PEJIAKCALIUU MOJISIPU3ALUH.

[Ipeanonaraercs, yto B padoTax MO CO3AAHUIO TOJIAPU30BAHHOU «3aMOPOKEHHOI
MUIIIEHH OCHOBHYIO poib Oyner urparb rpynma JISIT OUSN, umeromas yHUKaIbHBIA OIBIT,
JTOCTHKEHHUS U pa3paboTku B 310k obaactu (Tabum. 3.1) [117, 118, 116], moaTBep)KAEHUEM YeMY
ClIy’)KaT ACUCTBYIOIUE YCTAaHOBKU mojo0Horo tuma B ['atumue, IlpotBuno, Ilpare u Maiinie.
besycnoBHO, moTpedyeTcsi akTUBHOE U MOJIHOIIEHHOE ydacTue crenuanictoB uz MOBI, a takxke
MX HEMELKHUX KOJUJIET U3 Hay4HbIX 1IeHTpoB (Maiinu, bonn, boxym).

Tab6un. 3.1 [lelicTByronye 1 miaHUpyeMble TOJIIPU30BaHHbIE MUIIICHH,
co3nannble cotpyanukamu JISIT OUAN

Mecto Hyoaukauun
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 >KcrepuMenTa (paszaen 1) npegycmarpuBaer perucTpanuio 3aps-
KEHHBIX YacTHUI] U W3MEpPEHHE UX MMIyJbca. TpekoBas cucTremMa J0JKHA YJIOBIETBOPSTH TPEM
OCHOBHBIM TPeOOBaHUSAM:

— MMeTh OOJIBLION aKCeNTaHC;

— TIO3BOJISITH BOCCTAHABIIMBATH PacIajibl THIIEPOHOB,

— IIpM U3MEpeHHsX YapMOHHS HMeTh paspenienue Ha yposre 0.4 % mpu 10 B,

HUcxons w3 dTuUX ycnoBwii, ObUIa TOATOTOBJIEHA CXEMa, BKIIIOYAIOIIAs IIHPOKO-
anepTypHHﬁ MAardvT u CI/ICTeMy TpeKOBBIX JCT eKTOPOB.

45 Takast TOYHOCTH BOCCTAHOBJIEHHS MMITyJIbCa HEOOXO0MMA TOJILKO Ha MOCTIEIHEM JTare H3MepeHHil
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3.41 CnekmpomempuuecKkuit mazHum

CnekrpoMmerpruueckuii MarHuT u3rorosieH B UPBD. OcHOBHOW 0COOCHHOCThIO MarHuTa
sBIIsIeTCS OOJbIIasi anepTypa, MO3BOJISIIOIIAS MPOBOAUTH HCCIEAOBAaHUS B OOJIBIIOM TEJIECHOM
yIie 4, TakuM o0pa3oM, oOecrneyuTh OONbIIYI0 amnepTypy SKCIEPUMEHTAJbHOW YCTaHOBKHU
B 11eJioM. Ameprypa (okHO) MarHuTa umeeT pasmepsl 2300x1000 mm?, TonmmHa OOpaTHOTO
MarHuTonpoBosa cocrasisger 850 mm. M3-3a momepeyHOl HEOJHOPOAHOCTU MOJS peanabHas
paGoyast mupuHa ™marauta cocrtasiasier 1400 mm. Jlns SKpaHUPOBKM PACCESIHHOTO IIOJIS
YCTaHOBJIEHbl MarHUTHbIE AKpaHbl ToAMHON 100 MM, pacnonoxeHHble Ha paccTossHUM 800 MM
OT LIEHTpa MarHuTa. JKpaHbl HEMHOTO YMEHBIIAIOT allepTypy YCTaHOBKHU, OJHAKO, MPAKTUYECKH

HE UCKaXKaroT akcenranc. dororpadusi CIeKTpOMETPUIECKOI0 MarHuTa 0e3 3KpaHOB MPHBEICHA
Ha Puc. 3.20.

Puc. 3.20 ®ororpadus criekrpomerpudeckoro Mmaruura M3 1 Ha xanane 14

JIjs OLIeHKH XapaKTEepUCTUK HKCIIEPUMEHTAIbHOW YCTAaHOBKH OBLIM IPOBEAEHBI PACUEThI
marauTHOro noms. Ha Puc. 3.21 mokazana Harpy3o4yHas KpuBas, T.€. 3aBHCUMOCTh WHIYKIIUU
MarHuTHOTO ITOJISI B IIEHTPE MarHuTa OT NMPUJIOKEHHOW HArpy3Ku — 3HAYEHUS TOKA B KaXJIOM
BHTKE.

| Model M4

0.0 0.s 1.0 | 5] 240 2.5 3.0
I, [hA nurn |

Puc. 3.21 Harpy3o4Hasi KpuBas Jyisi MOJIENIN CIIEKTPOMETPHYECKOro MaranTa M31

B Tabn. 3.2 mpuBeneHs! pe3yabTaThl pacueToB IS TOKa 2.5 KA/BHTOK (Tpearoaraercs,
4YTO (pU3MUECKUE M3MEPEHHs] Ha BTOPOM 3Tare SKCIEpUMEHTa OyayT MPOBOIUTHCS MPH JAHHOM
3HAYEHUH I10J151); 3HAUEHUS] KOOPAMHAT JaHbl B MIJIJIMMETPAaX, HHTErpaibHoe noje — B Tirm.
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Tabu. 3.2 UurerpansHoe nojie 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

Ha Puc. 3.22 u Puc. 3.23 noka3zansl rpaduyeckue npeacTaBieHusi JaHHBIX PacueToB s
Tpex 3HaueHui Toka. laTerpain nomus B nueHTpe Maruura coctaBur 1.5 T M.

L4

Puc. 3.22 V30nmuHNN HHTETPAIBHOTO TOJIS B UeTBEpTON YacTH padoueit obmactu 700x500 Mm2.
1 =1.5,2.0u2.5 kA/BUTOK

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 MarHur sKcIUTyaTHUpyeTCs Ha MOHM)KEHHOM Toke 1 KA/BUTOK H3-3a
OTCYTCTBHSL TpeOyemMoro wucTtoyHuka. Crenyer MNOAYEPKHYTb, 4YTO OOJBIIOE 3HAYCHHE
MarHMTHOTO IMOJII HEOOXOAMMO TOJBKO IMPH H3MEPEHMSIX peakuud poXxaAeHHUs udapMmoHus. B
JPYTUX cllydasx HeOOoJbIIOe 3HaUaHUE MOJIS MO3BOJSET YBEIUUUTh 3 (HEKTUBHOCTh PETUCTPALIUU
gactul. PacuérHas kapTMHa mojs npu Toke 1 KA/BUTOK, MOJy4YeHHass METO/IOM YHUCIECHHOI'O
MOJISJIMPOBaHMs C Hcmoib3oBaHueM mnporpamMmbl ANSYS, noxazana Ha Puc. 3.24. Ilone B
LIEHTpe MaruuTa paBHo ~5.6 xI'c.

Jlis IpoBEpKU pacyeToB U IMOJYYEHHUS] TOYHOM KapThl MAarHUTHOTO IOJI OblIa co3/1aHa
cUCTeMa U3MepeHui Tonorpaduyu MarHUTHOTO MOJISi HA OCHOBE AaT4yukoB Xoiia. OHa COCTOUT
n3 22 rpynn matdyukoB Xoima ¢ To4HOCThIO 0.1%, mo Tpu nmartuymka B KakIOW TpyIIIe,
OpPUEHTUPOBAHHBIX HA U3MEPEHHUE OJHON U3 TPEX KOMIOHEHT MOJIS.

96



By at Y«0 B, at X«0

Puc. 3.24 Pacuérnoe momre marauta M31 mpu Toke 1 kA/BuTok. CieBa — BepTHKaJIbHAS
KoMmoHeHTa 1o By B miockoctu XZ npu Y=0; mocepenuue - miockocts YZ mpu X=0; crpapa -
3aBHCHMOCTB HHTerpana |By.dz ot momepeunsix koopauuar X u Y

Ha Puc. 3.25 nokazana cuctema H3MEpEeHHUsS MarHUTHOTO IOJIs, CMOHTHPOBAaHHAas Ha
CHeKTpoMeTpuyeckoM MarHuTe. Jlatunku Xoia pa3MmelleHbl Ha BEPTUKAIBHOM JepiKaTelie ¢
maroMm 40 MM, mokpbiBast 1o BepTukaiu (ock Y) 840 mm. JlepkaTenb 3aKperui€éH Ha KapeTke ¢
MPEIU3UOHHBIM aBTOMAaTHYECKUM MPUBOAOM MEpEMEIICHHs M0 JJIWHE MarHuTa (BAOJb Iy4Ka,
ocb Z) ¢ ocraHOBKaMu dyepe3 Kaxaple 40 mMM. Cucrema HO3BOJIIET IPOBECTH H3MEPEHUS B
00JIaCTH MEXTy MarHUTHBIMHU SKpaHAMH.

v

Puc. 3.25 Cucrema HU3MEPCHUS MATHUTHOT'O MMOJIsI, CMOHTUPOBAHHAA Ha COICKTPOMETPHUICCKOM MArHUTE

' — —
| —

N3mepennss NpoBOAMIMCH, B aBTOMATHUYECKOM  pEXHUME CO  CUHUTBIBAHUEM U
nudpoBU3aMe TMOKa3aHW JaTYMKOB Xoila B KakIoW octaHoBke mo Z. HM3mepeHus
OCYUIECTBIIAIOTCS KaK TMpPH JBIKEHUU KapeTKH «BHEepEm», TaKk W Ha OOpaTHOM MyTH MpH
BO3BPALICHUN KAPETKH B UCXOIAHOE MOJIOKEHUE B TEX K€ TOUKAX MO Z, YTO U MO IyTH «BIEPEI.
Takum o06pa3zom, B kax0i u3 50 Toyek mo Z npou3BOIUTCS 110 JIBA U3MEPEHHUS.

Y4uuTeiBas, 4TO TMOJHBIE H3MEPEHHUs Tomorpaduu MOJs — 3TO JIOBOJIBHO JUIUTEIHHBIN
MIPOLIECC MPOJOJKUTEIIBHOCTBIO B HECKOJIBKO YacOB M JAaXe JTHEW, IPEITyCMOTPEHBI HECKOJIBKO
CrocoOOB OTCNeXHUBaHUS Jpeida Monsg MarHuta U u3MepurenbHoW anmaparypbl. K Hum
OTHOCATCS 1) HEmpepbIBHOE CIEKEHUE 3a M3MEHEHUSIMHM TOKa IHUTaHUS MarHuTa MyTEM
U3MEpPEHUs] HaNpsHKeHHs] Ha CIeUUaIbHOM MPELU3MOHHOM CONpPOTHBIECHUHU; 2) Ha HUXKHEM
MOJIF0CE MarHuTa B (PUKCHUPOBAHHOM TMOJIOKEHUHM Pa3MENI€H CHEeIHMATbHBIA «OMOPHBIN» TaTuuK
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Xomna; 3) Ha 00OMX MOJIOCAX MAarHWTa, BEPXHEM M HIKHEM, pa3MELIEHbl B (PUKCHPOBAHHBIX
nonoxkeHusx nasa SIMP-3oHza; 4) B cuctemMe NPUCYTCTBOBAN Psii JAaTUUKOB CJEKEHUS 3a
TEeMIIepaTypoil, TOKOM IMUTaHHUS JATYMKOB XOJIa M Mp. DTH JAHHBIE TAKXKE CYNUTHIBAIHCH U
3aMUCHIBAINCH OHOBPEMEHHO C U3MEPEHUSIMU MarHUTHOTO TIOJIS.

W3mepenusimu OblIa MOKpBITA 3HAYMTENbHAs YacTh pabodyero oObEéMa MarHuTa, HO, K
COKaJICHUI0, HE BeCh 00BEM. M3-3a KOHCTPYKTHUBHBIX OCOOECHHOCTEH MarHuTa M OTpPaHUYCHHI
CHCTEMBI MepeMenieHns 1aTankoB Xosuia [119] He ymanochk cienarh U3MEPEHUs] Ha PacCTOSIHUAX,
yaanéHHeIx Oosee, yem Ha 0.4 M, OT LIEHTpa MarHUTa BBEPX IO MYyUKY, a TakkKe BOJIM3U T'paHUI]
anieptypbl. Cpenne-kBagparnyHoe otkioHeHue (RMS) pacuéroB n mamepenuii mo Bcem 101920
M3MEpEeHHBIM HuppaM sl BCeX TPEX KOMIIOHEHT MMOJisi ObUIO HaijeHo paBHBIM ~+1.9 MT, uro
cocraBisieT ~+0.35% oT nosns B IeHTpe MarHuTa. 3HaYUTEIbHBIN BKJIAJl B OTKJIOHEHUSI 110 BCEMY
00bEMY BHOCHT OLIMOKa MO3UIIMOHMPOBAHUS ATYMKOB BOIMM3HM pEOEp M YIVIOB MOJIOCOB, TIE
IPaJveHTHl UHAYKIUH OYeHb BEJIHKH M JOCTUTAIOT ~5 MT/MM. Ecnu orpaHM4uMTbCS TONBKO
00JIacThIO BIaJM OT morocoB Marauta mp |Y| < 30 cm, To 3aech RMS = ~+0.95 mT = ~£0.18%.
AOCOIIOTHBIE HOPMUPOBKHU PAacCYETHOTO U U3MEPEHHOT'O MarHUTHBIX MOJEH MpU TOKe MUTaHus 1
KA Ha BUTOK COBIaJIU C TOYHOCTHIO ~0.13%.

WnmocTpanuss K CpaBHEHHMIO pacd€ToB M H3MepeHHil mpencrasieHa Ha Puc. 3.26 B
TEPMUHAX HMHTETPAIOB TOJS BIOJAb OcH Z. BepxHsist CTpoka: pacu€THBIE paclpeneieHus
MHTETPAJOB B IMonepedHoi mrockoctu X-Y i monHoro padouero oobvéma marHuta. HikHsSA
CTpOKA: OTHOCHUTEIIbHBIE PA3HOCTH MEXIY pacu€THBIMH M W3MEPEHHBIMH HWHTETpaaMH,
HOPMHPOBAHHBIE HA HHTETPAJIbl OT OCHOBHOM KOMITOHEHTHI By, /i wactu pabouero o0béma, e
obutn caenanbl  w3Mepenus. O6o3nauenue: AB(X,Y,Z) = Bpacuem(X,Y,X) — Busuepenus(X,Y,Z). B
HIDKHEH CTpoke wnu@dpbsl B CTaT-00KcaX COOTBETCTBYIOT (DUTHPOBAHUIO KOHCTAHTOM C
eIMHUYHBIMU omnbKkamu 2D-pacnipenenenuit B mojoce |Y| < 30 cm.

f By(X,Y,2)-dZ

/ Bx(X,Y,2)-dZ

-50 X, cm

( / ABX(X,Y,2)-d2) / ( f By(X,Y,2)-d2) ( / ABy(X,Y.2)-d2) / ( / By(X,Y,2)-d2)

x*/ nat 0.0008125 / 479 22 ndf 0.0008027 / 479

po 1.035e-05 + 5.945e-05 p0  -0.0004103 + 5.908e-05

¥ )
@0.01 & 0.01
—~ i
§° g
g, 3
“0.01 -0.01:
= =

S
o
P3
o

20

Puc. 3.26 VmrocTpanyst K CTeIeHH corjiacusi pac4éToB M N3MEPEHHH 110 MHTETpajiaM BJIOJIb Och Z
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[Toka3zaHbl TOJBKO JBE MOMNEPEUYHbIE KOMIIOHEHTHI, KOTOPbIE BHOCST JOMHUHUPYIOLIUI
BKJIaJl B OTKJIOHEHUE B MArHUTE 3apsKEHHBIX YaCTHUIIL, JETAIIUX MO/ MaJIbIMU yriiamu K ocH Z. [1o
CpellHe-KBaIpaTUYHBIM OTKJIOHEHUSIM OT HYJS JUIsi BCeM mMokKa3aHHOW X-Y-TUIOCKOCTH HMEET
MecTto comtacue B npenenax ~+0.3% s unrerpana ot Bx u ~+0.18% - nnsa unrerpana ot By, A
Baanu ot nomocoB 1mpu |Y| < 30 cm comtacue He Xyxe, yeM ~+0.14% nist 00euX KOMIIOHEHT.
HuTterpan nosst BAOAL My4Ka MO JUHUW, TPOXOAAIIEH yepe3 1eHTp Marauta, paBeH 0.703+0.001
T-M. Unaykuus B ueHtpe marauta paBHa 0.5398+0.0004 T. BennunHa paccestHHOTO MOJis B 30HE
OJIKaHIIero TPEKoBOro JeTekropa Beime M31 mo myuky paBHa mpumepHo 15-17 mT, a B 30He
OJ KarIIero aeTekTopa Hike 1mo mydky — ~0.2 mT.

g orBoza Temia, BbIAEISEMOro IpU paboTe MarHuTa, depe3 oOMOTKY MpPOKAauMBAETCS
obeccosieHHast XojoaHas Boja moj aaeieHueM 11 armocdep. lannas cucrema He TpeOyer
CEphE3HOM JOMOTHUTEIBHOM MPOPAOOTKH.

[Ipu co3zganuu (pa3merieHnn) yCTAaHOBKY Ha KaHaie 24A 11 1OCTUXKEHUSI HOMUHAJIBHBIX
3HAYEHUI MarHUTHOTO I0JI1 He0OXOUM CIIeUaIN3UPOBAHHbII HCTOYHUK TOKA.

3.4.2 Tpexosas cucmema

TpexoBbIe NETEKTOPHI IKCIEPUMEHTA JOJDKHBI UMETh MHUHUMAJIbHOE KOJUYECTBO BeIlle-
CTBa U XOpollee KOOpJANHATHOE pa3pelieHre. Manoe KoJu4ecTBO BellecTBa TpeOyercs, Npexkie
BCEro, MpH HMCCIEAOBAHUM YapMOHHUSA. B 3THX uCCleOBaHMSIX MPEAINONaraeTcsi HUCIoiIb30BaTh
JIETEKTOPbI Ha ocHOBe ['a3oBoro anektponHoro ycuienus (I'DY, GEM) u craHmuu neTekTopoB
Ha OCHOBE TOHKOCTEHHBIX TpyOok. B Ta6u. 3.3 mpuBeIeHBI CIHCOK, MOJoXkeHne® u pazmeps
TPEKOBBIX JIETEKTOPOB; KUPHBIM MIPUPTOM OTMEYEHBI JETEKTOPHI, KOTOpPbIE MPEANOIaracTcs
WCIIOJIb30BaTh MPU HMCCIEIOBAHUN YapPMOHUS: BBIOOP ATHUX JETEKTOPOB OMPEACINACTCS JTydlluM
KOOPJAMHATHBIM pa3peicHUEM.

Tab6u. 3.3 Cnucok 1 XapakTepUCTUKU TPEKOBBIX JIETEKTOPOB.
KupHbIM mIpudTOM OTMEYEHBI IETEKTOPHI, KOTOPBIE MPEAIOJIaraeTcsi UCIOIb30BATh IIPH UCCIIEA0BAHUH YapMOHHUS;
* 3Be3/I0YKON OTMEUEHBI IETEKTOPHI Ha KaHaie 14, mpoTecTUpoBaHHbIE B ceancax '18 u '19 rr.

Ilar npoBoJiok

Nms Paccrosinue Komno3unus (amameTp TPyOOK) Pasmep kamepbl, | Ywucio
AeTeKTopa OT MUIIeHH [M] KaMep [mMm] Y[em] xX[eMm] Kanauon
GEM1 0.35% XY ctpur 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 ctpun 0.4 30 x 30 1500
DT1* 1.00 UV, XY 15 32 %32 384
DT2* 1.67 XY,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,UuVv 17 160 x 240 560
DT4* 8.07 XY, U 30 192 x 240 672
DT5* 9.77 X,Y,U 30 192 x 240 672

46 TlonoskeHHe AETEKTOPOB IIPEJACTABIEHO HPU MCCIEAOBAHMU OIHOCIHMHOBBIX ACHMMETPHIl C MCIIONIB30BAHHEM
BOJIOPOJIHOW WJIM SIIEPHBIX MHILCHEH [TPU M3MEpeHHsIX Ha KaHaie 24
47 Hauano meTexTopa.
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Hroro xananos: 2500 AIII nns GEM-gerextopoB, 2496 BIIIT mist kamep Ha OCHOBE
npeiipoBbix TpyOok u 1200 perucTpoB A MPONOPIUOHAIBHBIX KaMep.

3.4.2.1 GEM-oemexmopuwi

[Ipu uccrenoBaHUM YapMOHUST HEOOXOAUMOE KOOPIMHATHOE Pa3peIIeHHE JBYX IMEPBBIX
JIETEKTOPOB, PACIIOJIOKEHHBIX JI0 CIIEKTPOMETPUYECKOT0 MAarHWTa, JOJDKHO cocTaBiATh 6070
MUKpoH. Takumu xapakrepuctukamu obnanaiotr GEM-nerexropsr (Gas Electron Multiplier) c
BpeMeHHBIM paspemienueM 10 He. [Tnanupyercss MCoab30BaTh ABYXIUIOCKOCTHBIC JETEKTOPHI C
Tpems creneHsmu ycuieHus (triple-GEM). TpekoBast cuctema OyaeT BKJIHOYATh JIBa JETEKTOpa
tuma GEM, pacnoyio)keHHBIX Kak MOXXHO Onmxke K MuieHu. Jlerektopel GEM urparot BaxxHy1o
pOJIb Ui ONpEeNeleHHs] BTOPUYHBIX BEPIIMH, YTO TPeOyeTcs Al PerucTpalud PE30HAHCOB U
runieponoB. GEM1 nomken umets pazmep 20x20 cm?, GEM2 — 30%30cm?.

B U®BD ocBoena TexHosiorusa u3rotosieHus aerekropos GEM u3 marepuanos, mnojaro-
tapnuBaeMbix B IIEPH. Cosnmanet aBa mpororuna GEM-perekropa pasmepamu 10x10 cm?
(cm. Puc. 3.27). TlpoBeneHbl wucmbiTanus 3Tux mpototunoB. Jlerektoper GEM  mmeroT
MIPOCTPAHCTBEHHOE paspenieHue okoyio 70 MUKpPOH W paboTaroT mpH 3arpy3kax a0 10° mm2 ¢,
TO €CTh B MHTCHCHBHBIX IydkaxX. CamMH JETCKTOPBI MOJHOCTHIO YIOBIICTBOPSIOT TPeOOBAHUSM
JKCIIEPUMEHTA.

[To pe3ynbraTram MccieAOBaHUN XapakTepucTHK npoTotunnoB GEM mpusnano uenecoo0-
pa3HbIM CO3/aHHE JBYX JeTekTopoB. Ilpenmonaraercs, uyTo pa3paboTka M U3TOTOBJICHHE
HAJETeKTOPHOMU AJIeKTPOHUKH OyzaeT BbinoaHeno B MUDU unu OUSAN.

Puc. 3.27 ®ororpaduu nsyx npororunos GEM nerekropoB

3.4.2.2 IIponopyuonanvhsie kamepol

Mexny nsyms aerektopamu GEM1 u GEM2 pacnonokeHbl Tpu HpONOpLUOHATIbHBIE
kamepbl PC1-PC3 ¢ mpoctpancTBeHHBIM paspemeHreM 300 MHKpOH. DTH KaMepbl padoTaroT
3¢ (}HEeKTUBHO B ITyYKaxX 4acTHUI C MHTEHCUBHOCTBIO A0 4-10° yactuil B cexkyHy. Takue xe Kkamepbl
IpearoaraeTcss UCIOIb30BaTh B KAayeCTBE ITYYKOBBIX JETEKTOPOB, MO3TOMY HMX YCTPOHCTBO
omucano panee (cM. pazaen 3.1).

3.4.2.3 Tpexosvie demexkmopvl Ha 0CHOBe Opeligho8biX MPYOOK

3a nerekropom GEM2 pacnonoxena napeiidosas cranuusa DT, cocrosmas u3 AByx
JBYCIIOWHBIX KaMep ¢ nuameTpoM TpyOku 15 mm [120] u pabGoueii obnacteto 48x48 cm?. OnHa u3
ITHUX KaMep MOBepHyTa Ha yrou 45° otHocuTensHO BepTrkamu. Kaxmeiii cinoit (X u Y) cocTouT u3
TpeX psAnoB ApeidoBBIX TPYOOK, CKIEEHHBIX MEXIy cOo00M; cpelHuil psa CABUHYT Ha MOJIIAra
OTHOCHUTENbHO KpalHux. TpyOku “IIOTHO” yrakoBaHbl B 3 ciosi (Tak ke Kak U B «OOJbLINX»
KaMepax); B K&KAOM citoe 1Mo 96 TpyOOK, pacCTOSHUE MEX/TY JIFOOBIMU COCETHUMH CHTHATLHBIMHU
npoBoiokamu — 15.5 Mm (Puc. 3.28, neast manens). Illar Mexay TpyOkamu cCOCTaBIsieT
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15.5 MM; 3TO paccTosiHME OIpeneNseTcsl TOYHBIMU IOBEPXHOCTSIMH TOPLEBBIX 3JIEMEHTOB.
KomnuectBo JIT B citoe kpaTHO §, 4TO ONpEAEAETCS MOLYJIbHOCTBIO AIEKTPOHUKU. DTH KaMephbl
MMEIOT HEUYBCTBUTEIIbHYIO 30HY pazMepoM 3Xx3 cM? u paboTaroT 3()pPEeKTUBHO B MHTEHCHUBHBIX
nyukax dactul. Kamepst DT1 cMoHTHMpoBaHBl Ha OJHOW IIOJCTaBKE C CHCTEMOM
nporopiroHanbHbIX kamep (Puc. 3.28, mpaBas nanens).

O - wecTo ol

Puc. 3.28 Cxema pacmionoxxeHus TpyOox (neBaﬂ naHenL)
1 (OTO CMOHTHPOBAHHBIX Ha OJTHOM MOACTaBKE MPONOPIMOHAIBHBIX KaMmep (Ha IepeaHeM IUIaHe) U
npeiidooit kamepsl DT1 (paBas nmanesb)

Cranuus DT2 cocTouT U3 ABYX OJMHAKOBBIX KaMep, OJHA U3 KOTOPBIX IOBEpPHYTa Ha
yron 15° oTHOCHTENHEHO BepTHKATH. DTH KaMephl, KAK U BCe OCTanbHble kKamephl DT 3a mMaruu-
TOM, W3TOTOBJICHBI M3 MaillapoBBIX ApeidoBbix TpyOok ¢ muamerpom 30 mm [121]. Kaxnas
KaMepa COCTOUT M3 TPEX PSAAOB JApPeH(POBBIX TPYOOK, CKICEHHBIX MEXKIy COOOW; CpemHHM sl
CABUHYT Ha ToJIIara oTHOCUTeNnbHO KpaiHux. Illar mexny tpyOkamu coctaBisger 30.035 mm
(onpenensercs rpeOeHKaMu Ha TPAaHUTHOM CTOJIe IpU cKielike kamepsl). KoanuectBo TpyOGoK
B CJIO€ KPaTHO &, 4TO ONpPEAEIIAETCS MOLYJIBHOCTBIO 3JIEKTPOHUKHU. B LIeHTpe 3T Kamephl UMEIOT
30HY HEYYBCTBUTEJILHOCTH ITyuyka M paboTaroT 3(p(PEeKTHBHO B MHTEHCHBHBIX Iy4yKaX YacTHILI.
Cranmuu DT3-DTS pacnonokeHbl 32 MarHUTOM M U3MEPSIOT KOOPJIUHATHI (BOCCTAHABIMBAIOT
Tpeku) yacTull B Tpex miockoctax — B X,Y,U. Kamepa U mosepHyTa Ha 15~ OTHOCHTENIBHO
BEPTHUKAIH.

TexHosorust U3roTOBJIEHUS JaHHBIX Kamep Oblia co3naHa B UDBD, noiyyeH mateHT Ha
nose3Hy mozens [122]. Bee cranumu apeiioBbIX TPYOOK M3rOTOBJICHBI M CMOHTHPOBAHbBI Ha
kanaine 14 (Puc. 3.29).

iy

,‘,’ mlmthmmnm“v -

Puc. 3.29 YerBepras craHus kamep Ha paboyeM MecTe ¢ YCTaHOBJICHHBIM Iepe]] Heil TpUITepHbIM
CYETYMKOM Ha B3aUMOJCHCTBHUE; CIIpaBa — TPEThs CTAHIINSA,
pacrioyioXeHHas Cpasy Mocie MarHuTa.
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3.4.2.4 Onmumuzayus xapaxmepucmux Kamep Ha 0CHoge Opelighosbix mpyooK

Kamepsr Ha ocHOBe apeiidoBbIX TpyOOK pabOTAlOT HA CTAaHAAPTHOM Ta30BOW CMecH
93% Ar, 7% CO..[lpeiidoBbie KaMephbl YCTAHOBKH B CyMME MMEIOT T'a30BbIi 00BeM okoio 2700
1. Jlig npuBesieHns KaMep B ONTUMaIbHOE pabouee COCTOsHUE TpeOyeTcsl pacXo ra3oBoi cMecu
OKOJIO 5 JI/MUH B T€UYEHHUE CYTOK (TIPUMEPHO Tpu 0OBbeMa Kamep).

bbuin mpoBeneHBl HCCIIEOBaHMSI 3aBUCHUMOCTH XapaKTEpUCTUK pabOThl Kamep OT
paboyero HampsKEHUS UM CKOPOCTH MpojayBa. B Hacrosiiee Bpems mpeamnonaraercs padboTarh co
CKOPOCTBIO MPOJYyBa OKOJO OJHOr0 oO0beMa Kamep B CyTKU. JlaHHash MHUHMMAaJbHO BO3MOXKHAS
CKOPOCTh TPOJyBa TpeOyeTcsi Ui COXpaHCHHs CTaOMIBHOCTH CKOpocTH Jpeiida monoB (Rt-
3aBUCHUMOCTH).

Jns onpeneneHust paboyero HampsKEHUs: ObUTH CHSATHI CUYETHBIE XapaKTEPUCTUKU Kamep.
Ha Puc.3.30 mnpuBeneHa cueTHass XapakTepucTHKa Juis oOfHOM wu3 Kamep. CuerHas
XapaKTepUCTHKA U3HAYAIBHO CHUMAJIACh MPU MCIIOJIb30BAaHIMH KOCMUYECKHX MIOOHAX U IMO3/HEE
BepuduIpoBanacek Ha mydke. B pesynbrare uccinenopanuii 1t kamep DT2-DTS 6buto BeIOpano
pabouyee Hanpspxenue 2250 B, as kamepsr DT1 (¢ muamerpom Tpy6ok 15 mm) 1950 B.
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Puc. 3.30 CueTHbIe XapaKTepUCTUKU BCeX TPYOOK (cliecBa)
U yCpeHEeHHas XapaKTepUCTHKA BCel Kamephl (CrpaBa)

Jns pganHoro pexuma paboThl Kamep OBLIO TPOBEACHO HCCIEAOBaHHWE COOCTBEHHOE
paspelieHre KaMep Ha KOCMHYECKAX MIOOHAX, KOTopoe moka3ano Ha Puc. 3.31 (p2 = 143 Mkm) u
COOTBETCTBYET OKUIAHUSAM M TPEOOBAHUSM IKCIIEPHUMEHTA IO TOYHOCTH.

" Overall residuals hres

" Evres 12809
proc Mean 401344
& R’RMS 02141

- £/ ot 035134

[ po 13234 198
1000 L 0.0003992 + 0.0018702
»2 0.1425 £ 0 0021

» 13471

Pl 2.08752 1 0.00678

o5 0.55 : 0.00
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2
Residuals. mm

Puc. 3.31 Pa3HOCTE MKy BOCCTAHOBJIICHHON KOOPIMHATON TpeKa
1 KOOPAWHATOW B TaHHOW MOATUIOCKOCTH
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[lpy  mpoBeAeHWM  METOJMYECKHUX CEaHCOB OBUIO  TMPOBEACHO  HCCIICAOBaHHE
3¢ (HEeKTHBHOCTH BCEX TPEKOBBIX NeTekTopoB. Ha Puc. 3.32 crneBa mokazaHa 3aBHCHUMOCTH
3¢ (HEKTHBHOCTU OT HAINPSHKCHUS NIl OJTHOW M3 Kamep, a crpaBa — 3((HEKTHBHOCTh BCEX CIIOCB
TPEKOBBIX JeTeKTOpOoB. HekoTopoe yMeHbIieHne 3 EeKTUBHOCTH IPHU YBETUYCHUN HAMPSIKECHUS
CBSI3aHO C YBEJIMUYCHUEM IIIYMOB B Kamepe.

= FisDetPlane Efliceancy (RUNSS)

Efasecy

Puc. 3.32 Cnea — 3aBucUMOCTH 3(h(hEeKTHUBHOCTH OJHOTO U3 CIIOCB KAMEPHI OT HATIPSIKCHHUS,
crpasa — 3ppEeKTHBHOCTb BCEX CIIOEB TPEKOBOI CUCTEMBI, OJTyUYeHHAs! HA BTOPHYHBIX TpeKax

HccnenoBanue XxapakTepUCTHK KaMep B METOJAMYECKOM CEaHCe JEMOHCTPUPYET BBICOKYIO
3¢ (HEeKTHBHOCTh BCEX CIIOCB Kamep (OJHA TPONOPIIMOHATIBHAS Kamepa He paborana, 3TOMY
COOTBETCTBYET HyJeBast 3(ppekTuBHOCTE B 01HOM cioe) — 6onee 90% Bo Bcex ciosx, Boime 95%
s GonbiivHCTBA cioeB. Jns apelidoBbix TpyOok manHoe 3HaueHHe 3dekTuBHOCTH (95%)
SIBJISICTCS. BBICOKMM, TaK KaK TPU TPOXOXKICHUU TPEKOB MEXIy TpyOKamu (Ha pPacCTOSHUU
paaunyca TpyOKH OT CUTHAJIBHOM MPOBOJIOYKH) 3((HEKTUBHOCTh MaiaeT.

3.4.2.5 Jlpeiighosvie kamepovr TUAD-UTOD

Eme ogHrMH TPEKOBBIMU JAETEKTOpPaMH MOTYT cTaTh apeiidonbie kamepsl [TUAD-UTOO,
KOTopble paszpaboTtansl U co3fanbl mnsa skcrnepumenta DIIMKYP. [MoapoOHoe omucanue 3Tux
Kamep mpuseeHo B pabore [106]. VI3 BO3MOKHBIX KOHCTPYKLUH NaHHBIX Jped(OBBIX Kamep
Obuta BpIOpaHa Ta, KoTopas oOOecrneuynBaeT MUHUMAaJIbHOE KOJMYECTBO BEUIECTBa Ha MYyTH
PErUCTPUPYEMBIX MPOJIYKTOB PEAKIIMK — MPOBOJIOYHAs JpeiidoBas Kamepa ¢ rekcaroHaJIbHOM
ctpyktypoil. KoHdwurypanus mMoYTH NPaBWIBHBIX IIECTUTPAHHBIX JpEeH(OBBIX  sUeeK
wunoctpupyetcs Puc. 3.33.
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Puc. 3.33 Yactb nepuoguyeckoii CTpyKTypbI IPOBOJIOYHBIX Jpei(oBbix kamep DITEKYP
(ue B macmiTabe):
2,3,4,6,7,9,10, 11 — mrockOCTH MOTEHIMATBHBIX IIPOBOJIOUCK,
5, 8 — IJIOCKOCTH CUTHAJILHBIX MPOBOJIOYEK,
1, 12 — wmaiinapoBble OKHa, OTPAHUYMBAIOIINE Ta30BbIl 00bEM
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OTKPBITBIMH KPY>KKaMU H300paK€Hbl TOTCHIIMAIBHBIC POBOJIOYKU auaMeTpoM 100 MKMm.
[IpoBonouku B ciosx 3, 4, 6, 7, 9, 10 HaxoAsITCS IO BBICOKUM TTOJOXKHUTEIBHBIM MTOTCHIIMATIOM,
o0pa3ysi TOYTH UWIMHAPUYECKA CHUMMETpPUYHOE JApeiioBoe TMoye BOKPYT 3a3€MIJIEHHBIX
CHTHAJIBHBIX MPOBOJIOYEK (M300pakeHbl YEPHBIMUA TOYKaMHU B ciosX S5 u 8). J[mamerp curHaib-
HBIX MpOBOJIoYeK — 25 MKM. [loTeHuumanbHbie miockocTd 2 U 11 UMEOT HyJeBOH MOTEHIUAI
U CIIy’KaT JIJIsi CHMMETPU3AIMK TOJs SYeeK ¢ BHEIIHEH CTOpoHbl. JlelcTBUTEIBHO, 110 OTHOIIIE-
HUIO K BEpXHEMY (110 PUCYHKY) pSAY siYeeK, IPOBOJIOUKH IJIOCKOCTH 2 3a[al0T MOYTH TaKylO e
KOH(MUTYypalio NOTEHIMaNa, KaK M CHTHaJbHbIE MPOBOJIOYKH Mockoctu 8. Illar sueex
CTpyKTypbl — 17 MM. CaBur siueek B JBYX CHUTHAJIBbHBIX IUIOCKOCTSIX Ha TOJOBHHY Illara
no3BoJsieT 3()(PEeKTUBHO OmpenensiTh, C KaKOW CTOPOHBI OT CHUTHAIBHOW MPOBOJIOYKH IPOLIEI
TPEK PETUCTPUPYEMOI YaCTHUIIBI.

["a30BbIil 00bEM Kamep orpaHudeH MaitnapoBbiMu okHamu 1 u 12 (Puc. 3.33) c repme-
TH3allel 10 alroMHHUEBOW pame. Pabouas rasoBas cmech coaepxkut 70% Ar u 30% CO..
[MpexycMoTpeHa BO3MOXHOCTh moamemuBanus 10 3% ¢peona-14 (CFs) mnst ouwnrneHwus
AJIEMEHTOB BHYTPEHHETO 00beMa.

Ha Puc. 3.31 npuBeznena 3aBucumMoctb 3((HEeKTUBHOCTH KaMepbl OT BBICOKOTO HaIpshKe-
HUS, TIOJJAaHHOTO HAa MOTEHIIMAJIbHBIE MPOBOJOYKU T€KCArOHAIBbHOM CTPYKTYpPBI, Ui Ta30BOM
cmecu 65% Ar u 35% CO.. U3 pucyHka BHIHO, YTO B auamna3oHe padounx moporos 15+20 mB
mpurHa wiato 3¢ dexkruBHOCTH coctaBisieT 200+-300 B. Ilpu mpomyse kamepsl paboueii ra30Boit
CMEChI0 HANpPSKEHHsI, MPH KOTOPBIX JIOCTUTAETCS Takas k€ A(PQPEKTUBHOCTh, YMEHBIIAIOTCS
npubmmsurensHo Ha 50 B. Puc. 3.32 moxa3eiBaeT 3aBUCHMOCTh KOOPIWHATHOM TOYHOCTH
nperioBbIX Kamep OT TaHreHca yria HakjioHa Tpeka. llpu pabouem nanpsikenun 3.2 kB
HEOMpEAEeNIEHHOCTh BOCCTAHOBIICHUS KOOPJMHAT COCTaBisgeT MpuonuzutenbHo 200 MKM 1S
MePIEeHIUKYIISIPHBIX TPEKOB.
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Puc. 3.34 3aBucumocts 3¢hexTuBHOCTH Puc. 3.35 3aBUCHMOCTB TOUHOCTH APEeH(OBBIX
JpeiidoBoil KaMmephl OT MUTAIOIIETO HANPSHKEHUS Kamep OT TaHTeHca yIila HaKJIOHA TPpeKa Ipu
NPY pa3INYHbBIX TOPOrax JUCKPUMUHALIUH Pa3IMYHBIX HANPSDKCHUSIX HA TIOTEHIIUATBHBIX
HPOBOJIOYKAX U (PUKCUPOBAHHOM I1OPOTe
JMCKPUMHUHAIMHU. YTOJl OTCUUTHIBACTCS OT
HOPMAJIH K IUIOCKOCTH KaMephl B INIOCKOCTH,
NEePICHUKYJSIPHOW HAPABJICHHIO TPOBOJIOYEK.
35 JIEKTPOMATHUTHBIN KaJI0pUMeTp

OHUM WX OCHOBHBIX JIETEKTOPOB YCTAHOBKHU SIBJISIETCS DJIEKTPOMArHUTHBIN KaJTOpUMETP
(OMK), M3roTOBICHHBINA MO TEXHOJIOTHH «IIANUIBIK» C TOHKOW CerMeHTanuend W oOJagarorniuit
BBICOKHMM pa3zpenieHueM u 3 HEeKTUBHOCTHI0. TeXHOIOTHS U3TOTOBICHUS AETEKTOPA MOJIHOCTHIO
oTrpabortana npu moarotoBke skcrnepumenTa [TAHJIA. 3a ocHOBY OyayT B3siThI pa3paboOTKH,
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MOJIy4€HHbIE TpPH TOATOTOBKE IMpoekTa IlepenHero 3neKTpOMAarHUTHOTO KajJopUMeETpa THIa
mranuisik [123].

Monynb mnepeaHero 3JeKTPOMAarHUTHOIO KaJOPUMETpPa HMMEET COHIBUY-CTPYKTYPY.
B kaxxom mojnyine «manuibika»y HaxoguTcest 380 ciioeB CBUHIIOBOTO MOTJIOTUTENS ToamMHON 300
MUKPOH U CHUHTWUIATOpa TommuHONM 1.5 MM. IlonHas [iMHAa aKTUBHOM 30HBI MOAYJS
coctapnger 700 MM, win 20 paaualMOHHBIX JJIMH. YeThIpe SsYeHKU KaJOpUMETpa MEXaHUYECKHU
o0beIMHEHBI B OJWH MOAydb. UepTe:xx Moayss Kajopumerpa mpenctaBieH Ha Puc. 3.36.
[Tonepeunsie pazMepbl MOIYJIsl, COCTOAIIETO U3 YETHIPEX ONTHUYECKH M30JIMPOBAHHBIX KaHAJIOB
— 110%110 mm? (Puc. 3.37).

Peructpanus cBeTa B «ILIAIUIBIKE) OCYLIECTBIISETCS YE€PE3 CIEKTPOCMEIIAIOIINE ONTHYE-
CKHE BOJIOKHA, IPOXOJIAIINE Yepe3 SUeHKY KaJIOpUMETpa U Mepearoue cBeT Ha (GOTONETEKTOP
Ha Topue. [ImacTuHBl CHMHTUILIATOPA UMEIOT HaOOp OTBEPCTHUH Il MPOTATHBAHUS ONTUYECKUX
BOJIOKOH M IHHBI JIJIs1 TOYHOT'O O3ULIMOHUPOBAHHUS IUIACTUH OTHOCUTENIBHO JIPYT Ipyra.

PR

Puc. 3.36 UepTex cynepMoayis KaJopuMeTpa

Puc. 3.37 Yacth MOIyIIst KAIOpUMETpPa B pa3pese

Bech aerektop Oynet coctosath u3 40 crpok u 60 cronomos (220%330 cm?), T.e. B o0mIei
cinoxuocT u3 2400 stueek, wim 600 Mmogymei.

Moaynu KaJlopuMeTpa TOJHOCThIO HM3TOTABIMBAIOTCS HA Y4YacTKE CIUHTHIUISITOPOB
HN®BD, oT nuThsl MOJ JaBJICHUEM IUIACTUH CHUHTWLIATOPA J0 COOPKH MOAYJS U TOJHUPOBKH
MyYKa ONTHYECKUX BOJIOKOH.
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Peructpamust csera Oynmer ocymectBiathess POV Xamamarry R7899. Ha Puc. 3.38
IOKa3aHa JIUHEWHOCTH perucTpaiiu CBCTOBOI'0 CUIrHajad, IMOJYUCHHAs C MOMOIIBIO CUTHAJIA OT
CBETOIUOJIOB.

PMT LED signal

y =545 9 42

A0 = :
a-os&://
1000050

ADC integral [counts)

ight ftey transpamcy (%]

Puc. 3.38 [IpoBepka auHEHHOCTH (POTOYMHOKHUTEIS

Kak mokazanu mpoBefeHHBIC HA MYYKE TECTHI MPOTOTUIIA, 32 CYET TOHKOM CErMEHTAIMU
JHEPreTHYECKOe pa3pelicHHe KaJIOPUMETpPa COOTBETCTBYET TPEOOBAHHUSM K JCTEKTOPY

u cocraisier 3%/VE, 4TO TO3BOJIUT OOECIICYUTh HAIEKHOES (B COBOKYITHOCTH C MarHUTHBIM
CIICKTPOMETPOM M aJIPOHHBIM KaJIOPUMETPOM) pa3jeiicHue 3JIeKTPOHOB U ajpoHoB. Ha Puc. 3.39
MOKa3aHbl PE3yJIbTaThl U3MEPECHUS YHEPreTUYECKOTO Pa3peIICHUs MPOTOTHIIA AJIEKTPOMATHUT-
HOTO Kajopumerpa. Pe3ynpTaT perucrpanmu 7z°-Me30Ha MPU HHU3KUX DSHEPTUAX TOKa3aH
Ha Puc. 3.40.
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Puc. 3.39 Pe3ynbraTsl n3MepeHus Puc. 3.40 MaccoBslii crieKTp 7°-ME30HOB C dHEpruei
npororumna kajopumerpa B UOGBD ot 1 10 2 B (meTexTop pacmonaraiics Ha pacCTOSHUH

1.5 M OT MHIIIEHN)

CTaOuIbHOCTh SHEPreTHUECKON MIKabl KaJOPUMETPa MOXKET KOHTPOJIUPOBATHCS MOHU-
TOPHOW CUCTEMOI Ha OCHOBE CBeTOAMOA0B Ha ypoBHe 0.1%. ByneT ucnonb30BaThCst KannOpoBKa
JeTeKTopa in-Situ, B TOM 4YHCiIe Ha MIOOHAX, WACHTHOUIMPYEMBIX MIOOHHBIM JETEKTOPOM.
HauanbHas xanuOpoBKa W OTUMM3AllMs SHEPreTHMYECKON MIKANbl KaXI0M SYeHKH Kalopumerpa
OyeT MpOBOJUTHCS Ha aTMOC(HEPHBIX MIOOHAX U BBIBEJICHHOM 3JIEKTPOHHOM ITyUKe.
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3.6 AZIPOHHBII KaJOpuMeTp

3a BIEKTPOMAarHUTHBIM KaJTOPUMETPOM IPEAIONaraeTcsi pacnojIoKUTh aJIPOHHBINA Kalopu-
MmeTp (AK), HeoOXoauMBbIii [1s1 BBIpAOOTKM TPHUITEpa HA aAPOHBI C OONBUIMMHU XF, a TAKXKE IS
paszeneHus IEKTPOHOB, aJiPOHOB U MIOOHOB (TP COBMECTHOM HCHOJIBb30BAaHHHM C MarHUTHBIM
cnekrpomerpoM, DMK u mioonHeiM netekTopom). Emie ogHa BakHas (yHKIMS aapOHHOTO
KaJIOpUMETpa CBsA3aHa ¢ UACHTU(PUKAMEH 1 U3MEpEHUEM YHEPTUHU HEUTPOHOB, AHTUHEHTPOHOB U
K. -Me30HOB.

Monyie cyimecTByromiero aaponHoro kamopumerpa (Puc. 3.41) mpeacraBisieT co0oii
CaH/IBUY CBUHEI-CIUHTHIUISITOP, OTHOIIEHHE TOJIIHWH KOTOPbhIX 4:1 ObLIO BHIOpAHO HUCXONS U3
YCIOBUH KOMIIEHCALMM; TOJII[MHA JIETEKTOpa COCTaBiseT 6.5 snepHBIX JJIMH; MONEepeYHbIe
pasmepsl moayis 100x100 mm?; aymaa 120 cMm; Bec 120 k.

Puc. 3.41 Cxemaruueckoe u300paXkeHUE MOYJIS aAPOHHOTO KaJIOpUMETpa:
1— CIHUHTHIUIAIMOHHBIC ITJIACTUHBI, 2— CBI/IHHOBI)Iﬁ IIOTJIOTUTCIIb,
3 — cmekrpocmectutens (WLS); 4 — poroyMHOKHUTEITH

[TogpoGHOE omucaHue KajlopuMeTpa mpuBeneHo B pabote [124]. TommuHa MacCHBHOTO
ciosi paBHa 16 MM, TommmHa cuuHTWLIITOpa 4 MM. Kommencaunus e/h =1 pocrturaercst npu
HEeOOJIBIIIOM BPEMEHU MHTErpUpoBaHus curHaia (mopsiaka 50 He) ¢ kanopumerpa M3mepeHHas
C IOMOIIBI0  PAAMOAKTUBHOIO HCTOYHMKA HEOJHOPOJHOCTH IUIACTUHBI HAa MOMEHT
U3TOTOBNIEHUS ObliIa He Xyke +2%. J[119 KOHTpOss aJpOHHOIO KaJOpUMETpa HUCIONb3YITCS
paaroaKTUBHBIE HCTOUHUKHU Ha OCHOBE PU?*®, BHelpeHHbIEe B HEOPTaHMYECKUM CIIUHTUILISTOP
YAIO3z:Ce. CBeTOBOW HMCTOYHHK KPEIHUTCS HEMOCPEACTBEHHO HAa CBETOYYBCTBHTEIHHYIO
MOBEPXHOCTH oTonpueMHuKa — hoToymHOK)uTeNeH OOV 84-3.

CurHansl OT CBETOBBIX HCTOYHUKOB PETHCTPUPYIOTCS MEXKTY LIMKJIaMU yckopurens. Tpur-
repoM CIYXHUT CyMMa CUTHAJIOB CO BCEX MOAYJEN (MCIOIb3YIOTCS BBIXO/IbI C MOCIEIHUX TUHOJIOB
®3Y). Kpome 3TOr0, agpOHHBIH KaJOPUMETP HMEET OOIIYI0 CHCTEMY MOHUTOPHMPOBAHHUS Ha
CBETOMO/IaX, CBET OT KOTOPBIX Pa3BOJUTCS BOJOKOHHBIMU CBETOBOIAMU Ha Ka)KJbIi MOYJIb.

Pasperenne kanopumerpa coctasiser ~57%/VE; otHomenue curaaa e/p = 1.01+0.03.

B Hacrosiiiiee BpeMsi HMeEETCS OKOJO 256 Mojynei aapoHHOro Kamopumerpa. Jlis
aKCIiepuMeHTa Heobxomumo 400 wmomyneii. BHemHue rabapuThl KaJTOPHMETPa COCTABSIT
250x190 cm2.

[penmosnaraeTcst MOIEPHHU3AIMS aJAPOHHBIX MOIYJIEH Ha OCHOBE COBPEMEHHOM
TEXHOJIOTUN CBeTOC60pa Ipru ITIOMOIIM OITHUYCCKHUX BOJIOKOH. 9TO MO3BOJIUT Ha IOpAI0K
YBEJIMYUTH KOJIMYECTBO COOMPAEMOro CBETA, YIYYIIUTh pa3pelieHue U IMOPOr PEerucTpaluu
aJJPOHOB KAJIOPUMETPOM.
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3.7 Cucrema nieHTH(PUMKANMA BTOPHYHBIX YACTHI

OcHoBHoO# 3amaueil cucrembl uaeHTHukammuu yctaHoBku CITACYHAPM Ha mepBoM
JTarne SBISACTCS UACHTHU(PHUKAIMS 3apsDKEHHBIX aipoHOB (7- 1 K-ME30HOB M POTOHOB), KOTOpAas
MO’KET OCYIIECTBIISATHCS JETEKTOPAMH KOJIEL] YEPEHKOBCKOIO U3JIyUEHUS U IETEKTOPOM BPEMEHU
npostera (10 2 ['3B).

WnenTudukanus 31eKTPOHOB OyJIeT OCYILECTBIIATHCS C IMOMOLIbIO JIEKTPOMArHUTHO U
aJIpOHHOTO KaJOpUMETpa.

[Tpu uccnenoBaHUM YapMOHMSI BO3HUKAET HEOOXOAMMOCTh MAECHTH(HUKALMU MIOOHOB C
IIOMOILBIO COOTBETCBYIOILETO AETEKTOPA.

JIeTEeKTOp MHOKECTBEHHOCTH M BPEMEHH IIPOJIeTa, COCTOSINUI U3 TPeX HE3aBUCHUMBIX
JETEKTOPOB, MPEIIOIAraeTcsi MCIOJIb30BTh Uil WACHTH(UKAIMKA aJPOHOB HHM3KHX JHEPIUH.
Bpems-niponieTHas cucTeMa OYECHb BaKHA Ui WACHTU(UKAIMU MEJICHHBIX YacTUI[ —
NPOJIYKTOB pacrazia pe30HaHCOB, PA3JIETAIOIIUXCS MOJ OOJNBIIUMH YIIIAMH TOJ BO3JEHCTBHEM
noJsi crieKTpoMmeTpudeckoro Maruuta. Ha Puc. 3.42 moxasaHbl pe3yiabTaThl MOJCITHPOBAHUS
YyBCTBUTEIBHOCTH WACHTH(UKAIMM YaCTHILl OT pa3peuieHusl JAajbHero naerekropa H3,
pacnojokKeHHOro Ha paccTossHud 10.5 M OT MHIIEHH, €M pa3peuieHue AETEKTOpa 10 BPEMEHH
cocrasisier 120 ncek. MopenupoBaHue MpoBeACHO sl Minbias coObITHiA TPU SHEPTUH MyyKa 28
I'3B.

Resolution 120 ps,distance 10.5m Resolution 120 ps.distance 10.5m
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Puc. 3.42 Pacnpenenenue no kBaapaty maccel M? (I'3B/C?) B 3aBUCHMOCTH OT UMITYJIbCA YACTHUIIBI
IIPYU PACCTOSHUH 7.6 M OT MUIIEHU

Jaxe npu paspemenun 120 ncek u paccrosHuu 10.5 M KaOHBI XOpOIIO pa3iessioTcs He
6oxee, yem 10 3 I'3B/c, a mpoTons! 10 4.5 I'3B/c. Ucnons3nBare rogockomnsl H1 n H2 B kauecTBe
BPEMS-TIPOJICTHOTO JICTEKTOpAa TPAKTUYECKH HEBO3MOXKHO. OTH JETEKTOPHl MOTYT OBITh
HCTOJIb30BAHBI TOJBKO KaK JIETEKTOPHI MHOKECTBEHHOCTH I PEIICHUs ONpPEACTICHHbIX 3a/1a4 1
CO3JIaHMsl cnenuaigbHoro tpurrepa. C yd4eToM TOro, YTO YACTHMIIBI HU3KHMX SHEPruil OyayT
«BBIMETAThCS» CHEKTPOMETPHUECKUM MAarHUTOM, OCHOBHAs Harpy3ka Ha HWACHTH(PHUKAIHIO
aJIpOHOB JIOXKHTCSA Ha JETEKTOP KOJIEL YEPEHKOBCKOTO M3Ny4yeHHs (MM HEOOXOIMMO JI0CTUYb
pe3peleHne BpeMs-IpoJeTHOro JETEKTopa o BpeMeHH Jyuiie 60 ncek).
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3.7.1 Jlemexmop Ko1ey uepeHKoB8CKO20 U3Jy4eHus

JauHbiii getexkTop OyAeT OCHOBHBIM JCTEKTOPOM ISl pa3feieHus 7- U K-MEe30HOB.
3a OCHOBY mpejyiaraeTcs B3sATh JACTEKTOp, pa3pabarbiBaeMblii s skcriepumenta [TAHJIIA, Tak
KaK JMana3oH SHEPruil perucTpupyeMbIX YacTHUI[ B SKCIIEPUMEHTAaX HMPUMEPHO COBHaAaeT (10
12+15 I'sB).

B kagectBe nmerexropa mnpemnaraercs (pOKyCHUPYIONMIUN AETEKTOpP Ha OCHOBE HECKOJIBKHX
CJIOEB adporeliss. DTOT METO/ ObUT BIIEpBBIC MpeasiokeH B cepeaune 90-x romos [125]. Tlpuniun
(doxycupoBaHHs W TpPUHIMNUAIBHAS CXeMa JeTeKTopa mokasansl Ha Puc. 3.43. B merexrope
MpeUIaraeTcsi HCHOJIb30BaTh HECKOJBKO CIIOEB ad’poreis ¢ pasdudHbM  Ko3(dduuneHTomMm
MIPEIOMJICHUS.

mirrors

P

Puc. 3.43 [IpuHuun ¢poxycupoBaHus (CieBa) U MPUHIMITHATIBHAS CXeMa
JETEeKTOpa Ha OCHOBE a3pOreis

[Mpenyaraemplii TETEKTOP JOJDKEH pa3ieisaTh 7- u K-me30HbI g0 sHeprum 10+12 I'3B
¢ a¢dextuBHOCTRIO, OaHM3KO0M K 100% (cM. Puc. 3.44).
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Puc. 3.44 MopenvpoBaHue pasJiefieHns] Me30HOB U 3()(PEKTUBHOCTD UX PErUCTPALIUH
i nerexktopa I[TAHJIA

3.7.2 Mzwounwstii 0emexkmop

MIOOHHBIN AETEKTOp NpeJHa3HaueH AJIsi PEerucTpaluy M HISHTU(PHUKAUU OJAMHOYHBIX
MIOOHOB M MIOOHHBIX IMap, 00pa3yroIInuXcs IpU pacrajie BEKTOPHBIX MEe30HOB (w, ¢, J/y u op.).
JIaHHBIN AETEKTOP SABISETCS HEOOXOIUMBIM MPU HCCIEJOBAHUHN COCTOSIHUNA YapMOHHMS.

Jlnis uaeHTuuKaMy MIOOHOB MIPEIONaraeTcsl HCIO0Ib30BaTh YacTh OBIBILIETO MIOOHHOTO
cnekrpometpa Heitrpunnoro /Jlerexkropa UOBI3-OUSAN. MiooHHBIH eTekTop OyleT COCTOATh U3
6 TOpOMAANBHBIX AUCKOB AMAMETPOM 4 M M TOJMIIMHOW 22 cM Kaxabli. JIMCK COCTOMT M3 JIBYX
MOJYKOJIE, UMEET LEHTPpAIbHOE OTBEpcTHE AuamMeTrpoM 36 cMm. Bcero wucmosb3yercss MIeCTh
CTaJIbHBIX MOTIOTUTENIEH, KOTOPbIE 0OBEANHEHBI MTOMAPHO M 00Pa3yIOT TPU OJUHAKOBBIX OJIOKA.
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[Tocne xaxmoro Onoka pacronaraercs CTaHIus apeidoBbIXx TpyOok. Pazmep kaxkmoid
CTaHUMU — 3 M MO TOPU3OHTAIM M 2.4 M 1o BepTUKanu. OCHOBHBIE 3JEMEHTHI CTAHIMH —
aIOMHIHUEBBIC JIperpoBbie TpyOku auamerpom 30 mm [126]. Kaxnas kamepa COCTOMT UX Tpex
CJIOEB; BCE CJIOM U BCE KaMEphl OJMHAKOBBIC.

Bmecte ¢ aapoHHBIM KaJOPUMETPOM MIOOHHBIA JIETEKTOpP JOJDKEH 00eCeunuTh
HEo0X0MMoe pa3zieeHue MIOOHOB U aJpOHOB.

3.8 Tpurrep, cucrema c60pa JaHHBIX U PETHCTPUPYIONIAS YJIEKTPOHUKA
3.8.1 Tpuczzep

B nacrosiiee Bpems B sxcriepumente CIITACYHAPM Ha kanane 14 OCHOBHBIM TPUTTEPOM
SBJIAETCS TPUITEP Ha B3aMMOJCHCTBHE, KOTOPBIA (OPMUPYETCS U3 CUTHAJIOB C ITyYKOBOT'O
teneckona (S1-S3) B aHTUCOBNAJACHUU C CHTHAJOM cuyeTdynka BK oT my4koBOH YacTHIIb,
IpoIIe e yepe3 MUIIEHb He IPOB3auMoieiicTBoBaB (cM. Puc. 3.45).

s EMC

Puc. 3.45 Cxema Tpurrepa ycTaHOBKH

Cucrema coopa nanabix CITACHAPM peann3oBaHa Ha OCHOBE MOAYJICH 3JEKTPOHUKU B
crangapre EBpoMUCC u mo3BONSe€T pEerucTpupoBaTh 0 75 THICSY COOBITHI 3a cOpoc ¢
pacTsikkor 3 cexkyHabl. [Ipu BeposTHOCTH B3auMOEHCTBUS ¢ MuiieHbio B 10% 3T0 mo3BoJisier
paboTath ¢ HMHTEHCUBHOCTHIO Tydka 10 750 ThICSY dYacTHI] 3a cOpPOC C MaKCUMaJIbHOU
3¢ (HEeKTUBHOCTBIO perucTpaluu. VIHTEHCUBHOCTD ITydKa OTPUUATENIbHBIX YacTHI] Ha KaHaine 14
coctaBisier 600700 Teicay yacTHil 3a LUKI yckopuTens. TakuMm oOpa3om, Ha MEPBOM 3Tare
pabotbl skcnepumernta CITACHAPM MoryT perucTpupoBaThCsi NMPAKTHUECKHM BCE COOBITHS.
JlaHHBIA TpUTTEp TaKXe MO3BOJsAeT 0e3 MoAu(pUKaluU cUCTeMbl cOopa JaHHBIX IMOJHOCTBIO
NPUHUMATh Bce COOBITHS TIpM paboTe ¢ IyYKOM MOJAPU30BAHHBIX aHTHIpoToHOB'S. Tlpu
BbionHeHUH 4vactu mnporpamMmbl CITACYHAPM ¢ mnonsipu3oBaHHBIM TPOTOHHBIM ITyYKOM,
WHTEHCUBHOCTh KOTOPOro MOKeT gocturath 107 3a cOpoc, mpemyCMOTPEHO HCIOJIb30BAHUE
JIOTIOJIHUTEIBHOTO TpUITepa ¢ 0ojiee BHICOKUM KOA((UIIMEHTOM IMOJAaBIEHUS. AJIbTEpHATUBON
SBJIAETCS 3aMEHa PErUCTPUPYIOIEH 3JIEKTPOHUMKM Ha 0ojieeé  BBICOKOCKOPOCTHYIO —
C MOCJIeI0BaTEIbHBIMU TUTA0OUTHBIMU HIMHAMH.

[Tpu pabote Ha kaHaie 24 ¢ MyYKOM MOJSPU30BAHHBIX NMPOTOHOB OXHJIAETCS UHTEHCHUB-
HOCcTh 70 107 wacTum 3a MUK ycKopuTelds'®. B aToM ciydae KOJHYECTBO B3aMMOJCHCTBHiL

“8 TTpu 9TOM JIOMyLIEHBI JIBA PEJTONIOKEHHS, YTO TPUITED HA THIT MyYKOBOM YACTHIIBI TIO3BOJIAET PabOTaTh ¢ OOIIEH
HHTEHCUBHOCTBIO My4Ka 10 2-10° 4acTHIYIIMKII, X 9TO MyYOK aHTHIIPOTOHOB HE ONTHMHU3UPOBAH MO/l MAKCHUMAIbHYIO
HMHTCHCUBHOCTb.

49 JlaHHas MHTEHCUBHOCThH OrPAHUYMBAETCS TPEOOBAHUAMHU PAUAIIMOHHON GE30MACHOCTH K KaHaIy.
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C )KHJIKOBOJIOPOJTHOM M TOJISIPU30BAHHON MUIICHSIMH OyaeT mocturath 10° 3a UK yCKOpUTes,
a mpu paboTe ¢ sIIePHBIMU MUIICHSIMH MOXET MPEBHINIATh JAHHOE 3HAYCHHE B TIOJTOpa-/Ba pasa.
UToOBI HCIIOTB30BATh ITYYOK C BBICOKOW MHTECHCHBHOCTBIO TPEIIONaraeTcsi pabora B pa3IUvHbBIX
momax>C.

[Tpeamnonaraembie MOJIbI pabOTHI:

— Jlns wuccienoBaHus CIMHOBBIX A((EKTOB B POXKIACHUU KBapKOHUS, TIe HE0OXOaMMa
MaKCHUMaJIbHO BO3MOJKHAsI HHTEHCUBHOCTb ITy4Ka, IPEOoIaracTcs UCIoIb30BaTh TPUITEP HA
JIBa MIOOHA.

— JInst uccieioBaHUs MHKIIIO3UBHBIX PEAKIIMIA YacTHI], pACIIaJaroIuXCs Ha JIBE 3apsHKCH-
HBIC, TMPEANOIAraeTCsl MCIOJIB30BaTh TOJOCKOMBI MHOXXECTBEHHOCTH. JTH K€ JCTEKTOPBI
MPENIoJiaracTCs HWCIMOJb30BaTh MPH HEOOXOIUMOCTH BBIICTUTH COOBITHS € OOJBIION
MHO>KECTBEHHOCTHIO.

— UYtoOb1 BBIOpaTh (00OTATUTH COOBITHS) C OONBIIUMHU HMIYJIbCAaMH (B TOM YHCIE
TIOTIEPEYHBIMH) TAKXKE TPEAIOJIaraeTcsi UCIOIb30BaTh TOAOCKOIBI MHOKECTBEHHOCTH H/HIIH
NPOTIOPIIMOHATIBHBIE KaMepbl. [l BBIICICHHUS COOBITHI C TPeOyeMbIMH KHHEMAaTHYCCKUMU
napamMeTpamMH MOTYT HCIOJIb30BaThCsl MPOTPaMMUPYEMbIC JIOTUYSCKHE MATPHIIBI HA OCHOBE
GPU (rpaduueckue npoieccopsi).

Tpu TEpEUYUCIICHHBIX BBIMIE MOJBI PAOOTHI MOTYT OBITH JIOMOJHEHUEM TPHUITEpa Ha
B3aMMOJICHCTBHE, TOTJa KAaK TPU HCCICIOBAHWHM YIPYTUX peakuuid (M TpH HU3MEPESHUU
MOJIAPU3ALIMU Ha OCHOBE YNPYTUX pEaKiuil) HEOOXOIUM OTIENbHBIN TOMOTHUTEIbHBIA TPUTTEP.
DTO CBA3aHO C TEM, UYTO PAcCEesiHHAsl YacTHIla BBUIETACT MOJI MAJBIMH yTiaMH, U UCIOJIb30BaHUE
TpUITEpa Ha B3aMMOJCHCTBHE HEBO3MOXKHO. KuHemaTuka W ammapaTypa OMHCAaHBI B pasfele
nossipumerpun (2.3.1, 2.3.1.4). Tpurrep Ha ynpyroe paccesHHe IOJDKeH OyaeT oTodparhb
COOBITHS C KOPPEJSIIUAME 110 yIJTy BBUIETA PACCESHHOW YacTHIBI M YacThlbl oTaaun. OOmee
YUCJIO YOPYTHUX COOBITHM 3a IUKI YCKOPHUTENsS COCTaBUT mpuMmepHo 10° coOwIThif, HO camu
T'OJIOCKOITBI JOJDKHBI paboTaTh MPU MHTEHCUBHOCTH 10 107 gacTuIl 3a MUK ycKopHuTens. Tak Kak
mpearnoiaraeTcss Uil WCCIEAOBBIHUS  yNPYrOoro  pacCesHUs  HCIOJIb30BaTh  HaOOp
CIMHTUTUUIIIMOHHBIX JIETEKTOPOB CO CUMUThIBAHMEM Ha OcHOBe SiPM, TexHomorusi BbIOOpa
TPUTTEpa MOKET OBITh IOCTPOEHA AHAJIOTMYHO CUCTEME MeueH s mydka (2.2.2).

3.8.2 Cucmema coopa oannwvix

Ha ycranoBke co3naHa cereBasi cucreMa cOOpa JaHHBIX ¢ COBPEMEHHOM CTPYKTypoW Ha
OCHOBE YHUBEPCAJIbHOM JIOKAJIbHOW BBIYUCIMTENBHOMN CETH U KOMIBIOTEPOB OOIIEro Ha3HAYEHUS
(Puc. 3.46). Ta e ceTb UCTONB3YyeTCs Al KOHPUTYPHPOBAHUS U MOHUTOPUPOBAHHMS DIIEKTPO-
HUKH, YTO YIPOIIAET YNPAaBJICHUE YCTAHOBKOM M 3aKJIa[bIBACT MPAKTUUECKH HEOIPAHUYCHHBIN
MOTEHIMA MOJIEpHU3AIMHU 000 13 e€ yacTeil He3aBucuMoO OT JIpyrux. Cucrema cOopa JaHHBIX
HE HMMEET NPUBSI3KM K TPUITEPY, MO3TOMY MOMKET MCIOIb30BAaThCS OJHOBPEMEHHO B JABYX
peXHUMax: TPUITEPHOM (IS OCHOBHBIX JETEKTOPOB YCTAaHOBKHM) U OecTpurrepHom (ass
rOJIOCKOIIOB cUCcTeMbl MeueHHs). [Io Mepe coBepilIeHCTBOBaHMSI PETUCTPUPYIOMIEH AJIEKTPOHUKHU
MPUHIMITUAIBFHO BO3MOKEH MEPEBO]] BCEW YCTAaHOBKHU Ha paboTy B OECTPUTTEPHOM pexUME. ITO
MO3BOJISIET pa3MeEIlaTh PETUCTPUPYIOILYIO JJIEKTPOHHKY ONMXKE K DJIEMEHTaM YCTaHOBKH,

%0 JTo co3nanus GBICTPOI SIEKTPOHHKH.
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HCIIOJIb30BaTh €IMHYIO CETh JUIsl cOOpa JaHHBIX, YIPABIEHUS U KOHTPOJIS, a B JajbHeHIIeM JaeT
BO3MOXXHOCTh JIETKO MOJIEPHH3UPOBATh CUCTEMY, KOMOMHHUPYS B €IMHON CETH SJEKTPOHUKY
Pa3IMYHBIX POU3BOAUTENEH.

. m ApxuBs Cepsep
PervcTpupyrowan anexKTpoHmuKa BB, meanexHoro = DAQ
KOHTPONA -
TNoruxa Tpurrepa 106
' OtpaboTka
KanopumeTp 1 Cers Ethemnet (oxnank)
Jpeigossie kamepsl | | EM-5
Mponopy«oHanssHbie
Kamepb! |
fonockonbl, 8610, | | EM-5 ONeKTPOHHbIA
NYYKOBHIE MOHUTOPGI Q )KypHan
1
CuHxposnsay«a

c ¥-70

JexypHbli
CMEHbI
Puc. 3.46 Cetp cucTeMbl cOOpa JaHHBIX YCTAHOBKU

[Tepenaronumu  y3iaMu ceTH cOOpa JaHHBIX MOTYT ObITh JIIOObIE PErHMCTPUPYIOLIHE
MOJIyJIH WIIM KOHIICHTpaTopbl JaHHbIX ¢ Ethernet-unrepdeiicom. /st GonblIMHCTBA AETEKTOPOB
y37aMH SIBJISIFOTCS. MHTEIUICKTyallbHbIe KOHTpoiuiepl EM-5 [127] kop3uH ¢ peructpupyromiei
anektponukoir  “EBpoMUCC” [128], HO 1o Mepe COBEpUICHCTBOBAaHHA U OOHOBIICHUS
ANIEKTPOHUKH MMH MOTYT CTaTh KakK perucrpupyronme moxyiu ¢ Ethernet-unrepdeiicom, tak
U crienu(UIHBIC IS OTACTBHBIX JETEKTOPOB KOHIIEHTPATOPHI TAaHHBIX.

[MpuHuMarommii y3e1 ceTH NpeAcTaBiIsieT COOO0H cepBep, MOJIKIIOYEHHBIH K CETEBOMY
kommyTatopy 4epe3 Ethernet-nmopt 10 I'6ut/c. Ilpn He06X0AUMOCTH, KOJIMYECTBO Y3JI0B IIpUeMa
MOXET OBITh YBEJIMYEHO, B TOM YHCIE I HCIOJNb30BAaHUS PA3IMUYHBIX CXEM TOpPSUYEro
pe3epBUPOBaHUS (APXUTEKTYPOIl CHCTEMBI KOJIMUYECTBO Y3JIOB ITpUE€Ma He OTPAHUYEHO).

i mepenaun AaHHBIX MCNONb3yeTcs craHAapTHeIA nporokos TCP. Ha kaxnom ysne
neperayd 3allyllleHa [porpaMma, KOTopas aBTOHOMHO Iepefaer cojepxumoe Oydepa
C HAKOIUICHHBIMM JaHHBIMM Ha Yy3el npuema. lcnosnb3oBaHuMe TpPaHCHOPTHOIO CETEBOTO
IIPOTOKOJIa CO BCTPOCHHBIM JITOPUTMOM HPEAOTBPALLEHUS NEPErPy30K MO3BOJIUIO OTKA3aThCs
OT TPAAULMOHHOW CXEMBI ITOCJIEN0BATEIBHOIO BBIYMTHIBAHUS JAHHBIX U3 KOHTPOJIJIEPOB KOP3UH
C 21eKTpoHUKOH (pull): KOHTpoOIEpHl OTMPaBIAIOT JaHHBIE B XPAHWIHIIE CAMOCTOSTEIbHO
Y TlapajuieIbHo apyT apyry (push).

[Ipu nonmyuyenuu push-3ampoca OT y3/na nepeAayd, Ha Yy3je MpueMa 3alycKaeTcs
OTJENbHBIN MPOLECC, BBHIMOIHAIOMINN 3alUCh HAKOIUIEHHOM 3a cOpOC MOPLUHU JaHHBIX C TOrO
y371a B ¢aill B pacrpe/eieHHOW WM JOKaJbHOH aiinoBoit cucreme. COBpeMeHHbIE KECTKUE
JUCKU JOCTAaTOYHO IMPOU3BOIUTENBHBI IS 3alUCH Bcel McxonHoM (“chipoil”) mMHpopManuuy,
MOCTyMaromiel oT peructpupyromen mekTpoHuku ycraHoBku CITACYHAPM. Tak, maccuB
u3 yetblpex SATA-auckoB obecrnieunBaeT ckopocTh 3anucu 250 Mbaiit/c, uTo Ha ABa mopsaka
MIPEBOCXOUT OKUJAEMbIN MOTOK AaHHBIX. COXpaHEHUE NaHHBIX B MCXOJHOM (hopMaTe HCKIIIO-
YaeT BO3MOXKHOCTb MOTEPU PE3yJNbTAaTOB PA0OThl YCTAHOBKHM BCJIEJICTBHE AITOPUTMUYECKHUX
omrOOoK 1M cO00eB B MporpaMmax 00paboTKH.
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3.8.3  Pezucmpupyrouwian 31eKmpoHuKa

PaGoTtatomass B Hactosmee Bpems B akcrnepuMente CITIACUHAPM peructpupytromas
anexktponunka (BIIIT, ALIII, peructpsl, cuetunku) B crtangapre EBPOMUMCC pa3paborana
U Ipou3BeJieHa B oTAesieHnu ekTponuku MDOBI. [IpoTokon nepeaaun mo3BosisieT nepeaaBaTh
1o mwuHe 16-OMTHBIE JaHHBIE OJHOBPEMEHHO ¢ aapecHoi mHpopmanmer 3a 1uka 100+-200 ue
B 3aBUCHUMOCTH OT THUIIa MOJTYJIAL.

WNudopmanus ¢ KamopumeTpoB peructpupyercs 3apsaoBbivu ALl 12 6utr (Momynb
EM-6) ¢ uyBctBuTeNnbHOCTRIO 250 fC Ha oTcuer u BpemeHeM mpeobOpazoBanus <5 mkc. O6iee
KOJIMYECTBO KaHAJIOB 3JIEKTPOMATrHUTHOTO U aApOHHOTO KamopumeTpoB — 3000.

Jlis cuuThIBaHUS JIE€TEKTOPOB TPEKOBOW M BPEMSIIPOJIETHONW CHUCTEMBI pa3paboTaHbl
u nipousBenieHbl Moayau BIIIT (EM-3) na 6a3e 3aka3noit mukpocxembl HPTDC, no3Bonstomeit
U3MEPATh BpeMs C TOYHOCThIO 70 25 HC Ha orcueT. 3500 kananoB BIIII pacnpenenensl mo
HECKOJIbKUM KapKacaMm JIJIsl YMEHBIICHHs BpEMEHU Tepeiayu.

['0m0CKOIIBI MHOKECTBEHHOCTH, ITYYKOBBIE W CHCTEMbI MEUYCHHS OYIyT CUYHTHIBATHCS
peructpamu (EM-4) ¢ riryounoii g0 2+5 MKc (B 3aBUCHMOCTH OT BbIOOpa miara 2 uid 5 HC), 4TO
MO3BOJIUT HE 3a00TUTHCS TOYHOM TOJM0OpPE KaOCNIBHBIX 3aJEPKEK ISl CHTHAIOB C 3THX
JETEKTOPOB.

Jlis yMeHbIlIeHUs] BpEMEHU CUMTBIBAHUS JAaHHBIX U MEPEX0o]y K OeCTpUITEpHOM cucreme
coopa JaHHBIX B OyAylieM IUIaHUpyeTcsd 3aMeHa MOJyJbHOM »snekTpoHukn MUCC
C MapaJulelbHON IIMHON Ha 3JEKTPOHMKY Ha ocHoBe XTCA cranmapra ¢ mnocieaoBaTeIbHbIMU
rUraOuTHBIMU JIMHUSIMH TI€PEaud JaHHBIX. DTO MO3BOJIUT PETUCTPUPOBATH BCE B3aMMOACHCTBUS
naxke mpu paboTe ¢ BBHICOKOMHTCHCHBHBIM TMOJSPU30BAHHBIM MPOTOHHBIM TydkoM 10 107
3a copoc. [Ipu cozmaHum TaHHOM ANEKTPOHUKHU MPEANoIaraeTcsi UCIoiIb30BaTh ONBIT COTPYIHU-

yectBa [TAHJIA 1 BO3MOKHOCTH HEMELIKMX YYaCTHUKOB HPOEKTa’..

3.9 Cucrema MelVICHHOT0 KOHTPOJISI Y3JI0B YCTAHOBKH

Cucrema wmemnenHoro koHtpoist CIIACHAPM mpencraBinser co0oil  KOMILIEKC
MIPOrpaMMHBIX U alfnapaTHBIX CPEACTB, KOTOPbIE BBHIOJIHSIOT CleyIoKe QyHKINN:

— KonTponp u ocTyn K ynpaBieHHUIO MapaMeTpaMy JAETEKTOPOB U JIPYTHMX MOJCHUCTEM
npu paboTe U HaCTPOHKE IKCIIEPUMEHTAIbHON YCTaHOBKH.

— CBoeBpeMeHHOE 00Hapy>KEHNE HEUCIIPAaBHOCTEN B pabOTE YCTAHOBKH M CUTHAIM3AIIMS
00 aBapUIHBIX CUTYaIHIX.

— MOHHUTOPUHT TapaMeTPOB OKPY’KAIOLIEN CPEBI.

— ApXUBHpOBaHHUE MMapaMeTPOB PabOTHl YCTAHOBKHU B 0a3e MaHHBIX Ul MOCIEIYIOIIEro
WCIIOJIb30BaHUs NIPU aHAIU3€ JAHHBIX JKCIEPUMEHTA C LIEIbI0 KOPPEKLHMH XapaKTEPUCTUK
JETEKTOPOB.

Apxutektypa cuctems ynpasieHus CIIACYAPM npencrasnena Ha Puc. 3.47.

51 Vuusepcutersl Bonna, Maiinia u MioHXeHa BBIPa3UiIn 3aMHTEPECOBAHHOCTD B MOATOTOBKE alnapaTyphl
9KCIEpUMEHTA JJIs pabOThI HA ITyYKe aHTUIIPOTOHOB.
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Puc. 3.47 ApxuTekTypa CHCTEMBI yIIpaBJIeHHs SKcIiepUMeHTaIbHOU ycTaHoBkH CITACUHAPM:
Control System Studio (CSS)

s obecrieueHHs COBMECTMMOCTH B YIPABICHUM Pa3IUYHBIX IOJCUCTEM YCTAHOBKH
npumensiercst nporpammuas cpena EPICS (Experimental Physics and Industrial Control System).
B npusenennon apxurektype EPICS ncnonb3yercs Ha IByX ypOBHSIX — YPOBHE YIpPaBICHHUS
Y YPOBHE KOHTPOJII — ¥ OIpPEAesieT NMPOTOKOJA OOMEHa JAaHHBIMH MEXIy HUMH IO CETH
Ethernet. Ha ypoBHe ycTpoiicTB paboTaroT crenuaibHO pa3padoTaHHblE MUKPOKOHTPOJUIEPHbBIE
MOJTyJTH, KOTOPBIE OCYIIECTBIIIIOT HEIOCPEJICTBEHHOE M3MEPEHHE W YIpaBJICHUE TMapaMeTpamMu
nerekTopoB. OOMEH TaHHBIMH MEXIY MHKPOKOHTPOJIJIEPHBIMH MOJIYJISIMH M YPOBHEM KOHTPOJIS
omnpenensercs nporokoigamu Modbus RTU u CANbus.

YpoBeHb KOHTPOJIS 00pa3yloT OIHOMJIaTHEIE KOMIbIOTEpH! Raspberry Pi, urpatomiue posb
IPUEMO-TIEPEAATYMKOB JAHHBIX MEXJAy YpPOBHEM YCTPOHCTB W YPOBHEM YIpPaBJICHHUS.
Ha ogHomuiaTHBIX KOMIbIOTEpax 3amyckatorcss mnpuiioxkeHus Input/Output controller (I0C),
KOTOpBbIE SBISIOTCS 4acThio mporpammuoro odecneuenust EPICS u obGecneunBarotr, ¢ ogHOMH
CTOPOHBI, HHTEpQEiC K JTaHHBIM MHUKPOKOHTPOJUIEPHBIX MOJAYJIEH COIVIACHO MPOTOKOJIaM
BBIOPAHHBIX TIOJIEBBIX IIWH, a C JPYyrod — oOpabareiBatOT 3ampockl mo mporokory EPICS
OT YpoBHs ympaBieHus. Jlig moajaepxku (u3Mdeckux ypoBHeW mnepenaun JaHHbIX Modbus
u CAN st Raspberry Pi usrotosienst aganrepsl cszu (Puc. 3.48).
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Puc. 3.48 Apanrep mun anst Modbus RTU u CAN

VYpoBeHb ymnpaBieHUs CIyXKHUT A BU3YalIM3allUd M apXUBUPOBAaHUA JaHHBIX. Ha 3TOM
YpOBHE HCIIONB30BaH Tporpammubidi komruieke Control System Studio (CSS), ¢ momorisio
KOTOpPOTO peaan30BaHbl KIMEHT, (GOpMUpYIONMI 3anpockl K npmiokeHusM [0OC, obpaboTumk
aBapuHBIX CUTYyallMii M apXWBaTOp AAHHBIX. B KadecTBe XpaHWIWINA JaHHBIX BbIOpaHa 0a3a
nanHbIx PostgreSQL.

B HacTosmuit MOMEHT pa3paboTaHbl ClIelyoIne MUKPOKOHTPOJIJIEPHbIE MOYIIH:

— Mezonunnsie miatel (Puc. 3.49) ocymectsisitor koHpurypanuto [IJIMC, kondurypa-
o MukpocxeM HPTDC u 4yreHwe [naT4MKOB TOKa B MOAYJSIX PETHCTPUPYIOLIEH
anextponuku EBpoMHUCC.

— Ilepexoansbie matel (Puc. 3.49) cioyxar A TECTUPOBAaHUS U YCTaHOBKH IOPOTOBBIX
HaIIPSOKEHUN YCUWINTEIEH CUTHAJIOB TPEKOBOM CUCTEMBI.

— Moaynb MOHUTOPUPOBAHUS HapaMeTpoB MaruutTa muiieHu «JluHozaBp» (Puc. 3.50)
CIY’)KUT JUISI U3MEPEHHsI TOKa MarHuTa, OTCICKUBAHUS TEMIEPATyPhl BOABI B OXJIAXTAIOLIIX
KOHTYpax, MOHHUTOPHUPOBAHHS IapaMeTPOB OKPYXKAarollel cpensl (Temrieparypbl BO3/1yXa,
BJIQYKHOCTH, aTMOC(HEPHOTO JaBJICHHS).

Puc. 3.49 Me3oHnHHas 1j1ata, yCTaHOBJICHHAs Ha Puc. 3.50 Moy MOHHTOPHPOBAHUS TAPAMETPOB

Moxyns EBpoMUCC — 1, MarHuTa MUIieHn «J{nHo3aBpy
MEPEXOIHBIC TIATHl — 2
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— HcToyHuKM NHUTaHHA C¢ MHUKPOKOHTPOJUIEPHBIM YIIPAaBICHHEM IIPEIHA3HAYCHBI IS
NUTaHUs MonyJsell peructpupytouiel snekrpoHukn EBpoMUCC, wMoHuTOpupOBaHus
TEMIIepaTypbl, HANPSHKECHUH TUTAaHUS U TOKOB IOTPEOJICHHS KapKaca MOyJIen

Benercs pazpaboTka MUKPOKOHTPOJUIEPHBIX MOJyJIEH ISl MEIJICHHOT'O KOHTPOJISL JPYTHUX
JETEKTOPOB U MOJCUCTEM ycTaHOBKU. CHcTeMa MEJIEHHOTO KOHTPOJIS UCIOIb3yeTCs B TEUCHUE
TpEeX CEeaHCOB YCKOPHUTEIBHOIO KOMILIeKca pu HacTpoiike u pabore ycranoBku CITACHAPM.
[MoapoGHee cucTema cOopa AaHHBIX onucaHa B padote [129] u mucceprauuu [130].

I'paduueckuii uwHTEpdEHC AN MEAJIEHHOTO KOHPOJS U YIPABICHUS CHCTEMaMU

THBHEBJIOA, co3maHHblii B CSS, mpencraBnen Ha Puc. 3.51 u Brirouaer B ce0si HECKOJIBKO
BKJIQJIOK, OTHOCSIIIIUXCS K Pa3HbIM MOJICUCTEMaM yCTaHOBKH.

CHcTeMa MepNeHHOTro KOHTPpONA ycTanosku CINACHAPM
EuONP. HYADC Temp Mognet | Pasel T0C 1 |PanesTOC2 [ Dve Gon

Kpeke B1 M), renas Crodes
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A3 _Ipg | Uethse D vt eshb= P Viaz _pg | trethés X034 treshbs D Ueis Ipg |m\§-:
XA _TPI_ tresh7s Wi TP loeshTa B Vi1 _TPZ | tresh7s Wil P17 | treshTa b W17 _IPZ | eshTe
KL14 _1Pa ml-E V122 _tes foeshBs P VI23 _1pa ) reshie Y2t _zpa | tesh@s D 022 _1on | eshie b
Ampl. rember Arrgl murrber b Arrpl. mernber Anpl remser Arph rarvhar
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Puc. 3.51 Dnements rpaduueckoro nHrepdeiica CUCTEMBbI YIpaBICHHs
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3.10 Ilaker nporpamMm 1Jjid aHaJIu3a TaHHbIX «B JIUHUIO» U «BHE JIUHUHW»

OnbIT y4acTusi BO MHOTHMX COBPEMEHHBIX AIKCIEPUMEHTaX (PHU3MKU BBICOKHX JHEPTUi
TOBOPUT O TOM, YTO pa3BUTHE NPOTPAMMHOTO OOECIEYeHHs JOJDKHO HATH B THapajuielb
C pa3BUTHEM amnmapaTypbl, JO TOrO Kak yCTaHOBKa OyneT moctpoeHa. Ha Tekymmid MOMEHT
CYIIECTBYET JIOBOJBHO OOJIBIIOE KOJMYECTBO KAUECTBEHHBIX MPOrpaMM B 00JacTu (U3UKU
AMIEMEHTapHbIX 4YacTUll. YToObI U3 93TOr0 MOJYYUTh MAKCUMYM IIOJIb3bI, HECKOJBKO
skcnepuMeHToB B ®AMP paspabarteiBator mporpammuyto cpeay FairRoot [131], koropas
MPEIOCTABIIAET ATHUM SKCIIEPUMEHTaM BCIO 0a30BYI0 (YHKIIMOHAIHHOCThH JJISI MOJEIMPOBAHMUS,
cOopa JaHHBIX U aHANIM3a, a TAKXKe MPOrPaMMbI CTOPOHHUX pa3paboTUYUKOB B (hOpME «BHEIIHUX
nakeToB». Hama rpymnma, sBISSCH AKTUBHBIM YYaCTHHKOM pa3pabOTKU MPOTPaMMHOIO
obecrieuenust st skcnepumenta [TAHJIA B ®ANP, Taxke B3si1a 32 OCHOBY HPOTPAMMHYIO
cpeny FairRoot.

3.10.1 Cmpykmypa npozpammnozo obecneuenus

«BHemHMe makeTs» — 3TO HA0Op MPOrpamMM OT CTOPOHHHUX pPa3pabOTYMKOB, KOTOPHIE
HeoOXxomuMbl Uit 3amycka FairRoot. OHM  pacmpocCTpaHSIOTCS OJHHM JTUCTPUOYTHBOM
¢ (pUKCHPOBaHHBIMU BEPCHSAMH, Ui coBMecTUMOCTH. [lomnepikka M pa3BUTHE KaKAOTO IMakeTa
OCYIIECTBIISIETCA €r0 pa3padOTYMKaMHU, OJHAKO B3aMMOJCHCTBHE W BKJIAJ BCEro COOOIIECTBA
FairRoot ne uckiroueHsl. [lepedunciiiM OCHOBHBIE HCIIONIb3yEMbIC IPOrPaAMMBbI.

— ROQOT [132], paspaboransiii 8 [ITEPH ¢usndyeckuM cooOIIeCTBOM, MIPEIOCTABISIET OTPOMHOE
YHUCIO MHCTPYMEHTOB U HIMPOKYIO (DYHKIMOHAJIBHOCTh, CIEUU(UUECKYIO U MOJE3HYIO IS
(GU3UKU BBICOKUX SHEPrui. ITO OCHOBHOH IMaKeT, KOTOPbIA MOBCEMECTHO MCIIOJIB3YETCs B
FairRoot (otkyma ero Ha3zBanue). OcCHOBHbIE (YHKIMOHAIHHOCTH, BaXKHBIC IS CPEIbI
FairRoot, Bxirouaror:

— CINT — unTepnperatop MaKpOKOMaH ¢ MHTEPAaKTUBHOI 000JI0UKOH;

—rpaduueckuit uatepdeiic nonp3osarens (GUI) mis uccnenoBanus oobekToB (Objects),
0TOOpa’keHHsI TOJIb30BATENBCKUX OOBEKTOB WM B3aUMOJCHCTBUS € OTOOpa’kaeMbIM
COJIEPKMMBIM, a Takke Bu3yanusatop coosituil (Event display);

— onepauuu ¢ ¢ailiiaMu, BBOJ-BBIBOJI JaHHBIX, OAJEPKKAa OMHApHOTO opMaTa (paitos;

— uHTepdeiic k 6a3aM TaHHBIX;

— napaienbHble Beruncienus (PROOF);

— THCTOTPaMMHUpOBaHKe, TrpaduKy, MaTeMaTH4yeckue (QYHKIUH, (UTHPOBAHUE ITAHHBIX,
UHCTPYMEHTHI alreOpbl MaTpUIl U JPYyTHE,;

— OMHCaHMe, yIpaBlIeHUE U BU3yalTu3allysl FeOMETPUN U MaTepHalioB;

— (hopMarThl MpeJICTaBIEHHs JaHHBIX, OTHOCSIMECS K (U3MKe YyacTULl (HapuMep, BEKTOPbI
Jlopenua);

— WHCTPYMEHTHI MyJIbTUBapHUaHTHOTO aHaiu3a (TMVA).

— Bupryansnoe MonTe-Kapio (VMC) u BuptyansHasi reomeTpuyeckast MOJIENb IPUMEHSIOTCSI
JUIsL TOTO, 4TOOBI M3 OAHOro HHTepdelica MMETh JOCTYN K pa3iIMYHbIM TPaHCIOPTHBIM
nakeraM Monte-Kapno u ux onucanusim reometpuii. Ilpu stom reomerpuro He0OX0IUMO
onucaTh TOJBKO Pa3, a IOJIb30BaTe€lb HMMEET BO3MOXHOCTh «Ha JIETYy», TO €CTb 0e3
NEPEeKOMIUIISILIMM, BBIOMpAaTh MOJENb, KOTOPYI0 OH OyAeT MCIoib30BaTh. B Hacrosmumit
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MomeHT peanu3oBanbl uHTEpdeiicsl mis GEANT3, GEANT4 u ROOT (FLUKA Gosnbmie
HE MO/IJIEPKUBACTCS).

— GEANT onmuchiBaeT mpolecchl MpoXokaAeHus dactul depe3 BemiectBo. GEANT3 [133]
Hanucan Ha s3pike FORTRAN wu ero mocnennsisi Bepcusi 3.21 patupyercs 1994 romom.
GEANT4 [134] 6bu1 pazpaboran Ha ocHoBe (usmyeckoit mojenn GEANT3, oxnako Obul
MOJTHOCThIO peanu3oBaH Ha s3bike C++ i TOro, 4ToOBI HWCMOJNB30BaTh OOBEKTHO-
OPUECHTHUPOBaHHBIN 1oX0A. ETo TpaHCHOpTHBINA KOJ OBbUT OOHOBIJICH, YTOOBI clienaTth (HU3H-
YeCKHe MPOIIeCcChl 00JIee PeaTMCTUYHBIME, OJTHAKO PE3YJIbTaThl 00EUX BEPCU COMTOCTABUMBI.

— PYTHIA [135], reneparop 4acTHil BBICOKOW SHEPrHH, BKIFOUYAOLIMA Mozieau pacmana. OH
MOJICIIUPYET CTOJNKHOBeHMs dacTull. Cpeau MpoYMx B HEr0 BKIIIOYEHBI TaKHE IPOLECCHI
($U3NUECKUX peaKkIil KaK >KeCTKUE M MITKHE B3aWMOJCHCTBUS, TAPTOHHBIC PACIpEeTICHHS
Y TIAPTOHHBIE JINBHU, ()parMEHTAINHN U PACTIAJIbI.

— PLUTO [136], maker [uis MOJAEIMPOBAHMS aIPOHHBIX B3aMMOJICHCTBHI, HAIIMCAHHBIA Ha
C++. OynknuonansHocTh OubIMoTeKkn PLUTO mosker ObiTh 3aneiictBoBana u3 ROOT, raoe
€€ BBIBOJI MOXXKHO aHAJIM3UPOBaTh, JIn00 nepenath B GEANT mis nanpHelend padoThl.

[Tporpammuas cpena FairRoot — sto Omubnmmoreka kiaaccoB Ha C++, mpeaocTaBIsomas
yIOpaBlieHUE TOTOKAMH JIaHHBIX, a TakKe HWHTEPPEHCHl IS Pa3sIuIHBIX HHCTPYMEHTOB
MOJICTTUPOBAaHUSI M PEKOHCTPYKIMU W3 «BHEIIHUX TMaKeToB». CXEeMaTHYeCKH €€ CTPYKTypa
npencrasiena Ha Puc. 3.52. FairRoot sBnsercs wHTepdeiricom m 0a3zoif ans peanu3anuu
nporpaMMHoOro obecneuenus sxcnepumenta CITACHAPM.

[ U70Ecal |

SpascharmRoot

[U70Fts |

|U/0Hodo| Oundpomn Pomaenmue MoMex n huTHposanne

| U70Cher I XxurTon Tpexon
(Meneaxep saoaa- FairRoot

BhisoAa
| " Orobpaxenme \ Mpunoxenus

cobuiTHin
e ——— levepatopb S mi Basoswie Gymwkumn | | MaruutHoe

HHTepnonaymn | COOLITUA by AeTexropos none
Tpexos
Bubnuorexu

| VMC | [Geant3| [Geantd| | GSL | [Monalisa| | BOOST |

GLPK | | VGM |

Puc. 3.52 Cxemaruueckasi CTpyKTypa nporpammHoi cpenst sxcnepumenta CITACUAPM:
BHU3Y — OMOIMOTEKH CTOPOHHUX Pa3pabOTUMKOB, B ieHTpe — cpeaa FairRoot,
BBEpXY — KOHKpeTHasi peanu3anusi SpascharmRoot

Cpena 6azupyerca Ha ROOT: ona ucnonesiyer dopmar (aitsioB JaHHBIX (.root), CUCTEMY
BeTBIEeHUs JaHHBIX (kimacc TBranch), memouku ¢aiimoB (TChain), KoHTeHHEpH TaHHBIX
(TClonesArray), omucanue u ympasieHue reomerpuein (TGeoManager u T1.1.) u OI0YHYIO
cTpykTypy 3amad (TTask). Cucrema cripoekTupoBaHa TakKUM 00pa3oM, 4TOOBI JIIOObIE TEeHCTBUS
MOKHO OBLIO BBHITONHATH U3 KoMaHAgHOW cTpokn ROOT wnu myrtem 3amycka crienuaibHBIX
yrpaBistomux (aisioB — MakpocoB, HanmucaHHbIX st C++-unteprperatopa ROOT (CINT).
Bech xox s MonenupoBaHus WM cOOpa JaHHBIX CKOMIMJIMPOBAH B JUHAMHuYecKue OUOIHOo-
TEKH, U «root» — EJAMHCTBEHHbIN ucnonHseMblil ¢aitn. ROOT-Makpochl MCHOIB3YIOTCS AJs
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KOH(PUTYPUPOBAHHUS, YIIPABJICHHS U 3aITyCKa MOJEIUPOBaHUS (M OHJIAWH-CUMTHIBAHMS) COOBITHH,
TPACCHPOBKM YaCTHI] Yepe3 BellecTBO MeToioM MonTe-Kapio, onncanus 1eTeKTOpOB, PEKOHCT-
PYKLUM U aHalM3a JaHHBIX. B TakoM 1moJxoje M3MEHEHHME HACTPOEK, MapaMeTpOB WIIU Jaxe
MEPEKOMITOHOBKA KOH(MHUTYparuu 000pyAOBaHUS BCETO JIETEKTOpa HE MOTPeOyeT KOMITHIISIIUN
WIM UCHOJIb30BaHUS APYroro sisblka kpome C++ [uisi penakTupoBaHusl makpoca. bosee toro,
a0COJIIOTHO TOT € MAaKpOC MOKET ObITh BBINOJHEH Ha 1000 MammHe 0e3 H3MEHEHUH
(HarmpuMep, NMEePCOHATLHOM KOMIIBIOTEPE, paclpe/leIEeHHON BBIUMCIUTENIBHONW (hepme Wiau rpuf-
KJIacTepe).

3anyck wmoxenupoBaHus (c momompo  VMC)  sBiseTcs  BHYTPEHHEH  4YacThIO
nporpamMMHOi cpenbl (cM. Puc. 3.52.). JleTekTophl yCTaHOBKH OIpeesieHbl KaK COBOKYITHOCTb UX
TE€OMETPHUECKOTO0 OMHCAHUS M HMX (YHKIMOHAJBHOCTH KaK AaKTHBHBIX 3JIeMEHTOB. JlocTyn
K BBIIIOJIHEHUIO BO BpeMsl 1IaroB TpaccUpoBKH MoHTe-Kapio ¢ nomomipio BBIOPaHHOTO
TPAaHCIOPTHOTO MAKeTa MpeocTaBiIseTcss 0a30BbIM KiaccoM JeTekropa u3 FairRoot.

BrInosiHeHne NponeccoB OpraHu30BaHO YePe3 3a7auu, KOTOPbIE yHACIEA0BAaHbI OT KJlacca
TTask makera ROOT. 3agauu MoryT 100aBIATHCS, YAAIATHCS WIM 3aMEHATHCS HEOCPEICTBEHHO
B MaKpocax, MpPeAoCTaBiisisi OJOYHYIO CTPYKTYpY («KOHCTpYKTOp») Ui mosb3oBateneil. Ha
ypoBHe cpeabl FairRoot nmporcxoauT opranuzanusi JOCTaBKU BXOJHBIX/BBIXOJHBIX KOHTEHHEPOB
JAHHBIX, COEMHEHHE ¢ 0a30il JaHHBIX IApPaMETPOB, a TaKXKE BBINOJIHEHHE 3aJaud B LIUKIIE I10
COOBITHSIM. MOXXHO XpaHWTh OOIIME IUIs 3a7ad BPEMEHHBIC JTaHHBIE TOJBKO B TaMSTH, HE
pacxomaysi MECTO Ha JKECTKOM JIMCKE.

[Ipy wHUIUMaNM3aUMKM 3a37ada [OJIy4daeT yKa3aTeld Ha KOHTEHHEpbl JaHHBIX
U napameTpoB. Bo BpeMs BBIIOJIHEHHUS IPOrpaMMHas cpejia 3a0MpaeT pealbHble KOHTEHHEPHI 110
9TUM yKa3aresasaM. 3aladyd MOTYT IPyIIIMPOBATLCSA B POJUTENIBCKHUE 3aaul, CO3/1aBas UEPAPXUIO
BBINOJIHEHUS,, YTO OCOOCHHO TOJE3HO Ui IPEJOCTaBIECHUS LENOYeK [0 YMOJIYaHUIO JUIS
MaccoBOI'0 ITPOU3BO/ICTBA JJaHHBIX. PaboTa ¢ peaabHbIMH JaHHBIMHM OpraHW30BaHa aHAJIOTUYHBIM
obOpazoM: Ha cxeme cieayerT 3ameHuTh ¢aitiel Monrte-Kapmo (SimData) na  daiiel,
COOTBETCTBYIOIIIME PEaIbHbIM JAaHHBIM C JETEKTOpOoB. HemocpeacTBEHHO BBINIOJIHEHUE 3a]1a4M
OCYIIECTBIISIET KOHKPETHBIN peain30BaHHBIN 00BEKT Kilacca, HacienoBanHoro ot FairTask.

baza nannsix nmepuoaa BbimonHeHus (RTDB) ynpasnsier BBOAOM-BBIBOJIOM MapaMeTPOB
U UX pacrpeneneHueM Mexnay 3agadamu. @opmar gaitnoB ROOT mnos3Bossier XxpaHuTh Oosee
CIIO)KHBIE CTPYKTYpBI, HEXKEIH IPOCTBIE YUCIA U CTPOKH — HAIpUMEpP, TUCTOTPAMMBI WM
MaTeMaTuueckue (yHKIUH. OOBIYHO TE€OMETpHsl, MCIOJb30BaBINASCS MPU MOJAEIMPOBAHUM,
nenukoM xpanutesd B RTDB. DT1o nmo3Bonser npu MoJaenpoBaHUM 3aHUMATbCs HACTPOIKoi 6e3
reHepupoBaHus HOBBIX JaHHbIX MonTe-Kapno. IIpu pabote ¢ 3kcriepuMeHTaIbHBIMU JaHHBIMU
MO>KHO ucnofib30BatTh AaHHble RTDB nins paznuunbix npuBs3ok. Takoil moaxoa mo3BoJseT ObITh
YBEPEHHBIM, YTO MOJEIMPOBAHHE W AaHAJIU3 DSKCHEPUMEHTAIbHBIX JaHHBIX MPOU3BOJSATCS
B €IMHON T€OMETPUHU.

B obmem ciydae, mporpaMMHOe oOecreueHHe JOJKHO IO3BOJSATh MPOMOJEIUPOBATH
BECh OKCIIEPUMEHT IIETUKOM JUIs TOro, 4dYToObl pa3paboraTh Haubojee MOIXOAsIIee
00OpyJIOBaHUE JETEKTOpa, a TakXKe BCE HEOOXOJUMbIE AITOPUTMBI JJIi PEKOHCTPYKLUHU
HKCHEPUMEHTANIbHBIX JaHHBIX. 3aTeM M3MEPEHUs JOJDKHBI OBITh CPaBHEHBI C pe3yJbTaTaMu
MOJICJIMPOBAHUS, YTOOBI KaK MOYKHO TIIAaTeJIbHEEe M3YUUTh (PU3MUECKYIO MOJEIb, SBISIOILYIOCS
1enblo skcrepuMenTa. OO0padoTka JaHHBIX MOJEIUPOBAHMS M peabHBIX IKCIEPUMEHTATbHBIX
JAHHBIX CXOJIUTCS Ha dTaIe, I HAYMHAETCA PEKOHCTPYKIUS OTKIIMKA OT/AEIbHBIX IETEKTOPOB.
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C onHo#i croponbl, B MoHTe-Kapno ¢uzudeckass peakiuss MOACIUPYETCS C IMOMOIIBIO
reHeparopa 4acTHUIl; 3aTeM YacCTULbI JOJDKHBI OBITh TPACCUPOBAHBI Yepe3 BEIIECTBO JETEKTOPOB,
U pe3ysbTaT MX B3aMMOJCHCTBHS C AaKTHBHBIM BEIIECTBOM JIETEKTOpa MpeoOpa3yroTcs
B ouM(poBaHHBIC JaHHbIE, CIIEHU(PUUECKUE I KKAOTO JeTeKTopa. Takue AaHHBIE COAEpKaT
UCKKEHUS U W3MEHEHMs CHUTHAJIOB, TUIIMYHbBIE I KaXKIOTr0 JETEKTOpa, U OHU IOXOXKH
(¥ mpeacTaBIeHbI B TOM K€ caMoM (opMarte) Ha JaHHbIe U3MEPEHUI B pealbHOM SKCIIEPUMEHTE.
C npyroii CTOpOHBI, SKCIEPUMEHTAJIbHBIC JaHHbIE TaKKe HEOOXOIUMO MOATOTOBUTH Ul TOTO,
9TOOBI MX MOXHO ObUTO 00pabaThIBaTh B paMKax TOM e IEMOYKH 00pabOTKH.

ITpousBonuTcst KanuOpoBKa U INpeoOpa3oBaHME U3 BHYTPEHHEro (peaqn30BaHHOIO
B JK€JIe3€) MIPEICTABICHUS B IPOrpaMMHOE — HAIPUMEP, HyMepalusl KaHaJloB, CUCTEMa KOOpP.IU-
HaT U npouee. B onuceiBaeMoi 11eNOYKe 3TallOB PEKOHCTPYKIMSI JaHHBIX TPOUCXOJUT IOLIAroBO
st o0oux HaOOpoB AaHHBIX. CHayasla MPOMCXOAUT PEKOHCTPYKIHS OTKJIMKA Il OTACIBHBIX
JETEKTOPOB, 3aT€M MPOM3BOIATCS TIO00ATbHBIC JACUCTBUS, TaKWe KaK PEKOHCTPYKIUS 00pazoB
IVl TpeKa 3apspKeHHOM vacThlbl, (UTUPOBAHUE TPEKOB, (UTHPOBAHUE JIUBHEH B 3JIEKTPO-
MarHuTHOM KaJIOpUMETpe U T.I., a 3aTeM HiaeHTH(]ukauusa dactuu. Ha mocienHem stame yxe
BO3MOKHO IPOBECTH (U3NYECKUN aHAIW3 KaHIUAATOB B YAaCTULI, KOTOpBIE MPEICTABISAIOT
co0oif HabOPbI U3 BEPIIMHBI POKICHUSA U YEThIpEeX-UMITyJibca. OTMETHM, YTO aIrOpuT™M (uU3U-
YECKOr0 aHajIn3a CHJIBHO 3aBUCUT OT U3y4aeMOro KaHajla WM peaKluu.

Habop u mopsimok 3amay cocTaBisieT CTPYKTYpy 3anaHus s BeinonaHenus. Ha Puc. 3.53
IIOKa3aH MPUMEP TOro, KaK 3aJaul COEAUHSIIOTCS APYT ¢ APpyrom B ciayuae kanopumerpa (ECAL)
u cranuuii napeiidoeix TpyO6ok (FTS) BMecTe C TpeKMHroM, pEKOHCTPYKIHEW KIacTepoB,
uAeHTUUKALMEeH YacTHll.

| MeHepaTop 4acTHy |
T
FairMcTrack:

| EcalDetector |—| TpaHcnopT |—| FtsDetector |

Fts Poinl‘\

l FtsFastDigitizer ][ FtsRealDigitizer l

I
EcalPoint

EcalHitProducer

EcalHit

FtsDigi
FitsIdeal

EcalDigitizer

EcalDigi

EcalReco

EcalCluster

TperHHT

Tper

HMaeanbHbiA
TpexuHr

MonTe-Kapno

PID

NanHpie

Kananpar

N o]

[ Ananus ]

Puc. 3.53 TlocnenoBaTebHOCTD BHIMOJHEHHUS 3a1a4 T 1ask mpu MoeiupoBaHuy B cpede SpascharmRoot,
Ha MpUMepe IeTeKTopa, HACHTUHUIHpPYIomero yacTusl (kagopumetp win ECAL), n TpekoBoro gerextopa
(cucrema crannmii apeiidopbix Tpy6ok mwin FTS). MomynsHas apXuTeKTypa MpOrpaMMHOM CPEIbl TIO3BOJISIET
MOJKITI0YaTh KOMIOHEHTHI, HEOOXOAUMBIE TSI KOHKPETHOTO CITydast
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Cnauvana 3amyckaercss MonTe-Kapino MojaenupoBaHue 4acTHIl U MX TPACCHUPOBKA yepes
BEILIECTBO KAKAOTO JIETEKTOpa, KOTOPOE MOXET ObITh aKTUBHBIM (IPOM3BOJAUTH JTAHHBIC) HIIH
MacCUBHBIM. YTOOBI MPOMOIEIMPOBATH MOBEACHUE JETEKTOPOB UMEIOTCS pa3iIMyHbIe 3a/1a4H, OT
OBICTPBIX («HIICABHBIX») aJTOPUTMOB JI0 JIETAJbHBIX ONHCAHWUN BCEX NPUHIUIIOB PAOOTHI
npubopa. OT™MeTHM, 4TO, HANpUMEp, IJIi TPACCUPOBKH, HE3aBHCUMO OT IIyTH, IO KOTOPOMY
IIPOMCXO/UT BBIITOJHEHUE IETIOUKH, BCETIa MMEIOTCS JaHHbIE B olpeaeraeHHoM (opmare. Taxas
K€ MOJyJIbHAs KOHIENIUS NPUMEHHMA M Uil WACHTH(UKAIMHA YaCTHL, PEKOHCTPYKLIUH
AIIEKTPOMArHUTHBIX JIMBHEH W T.I., YTO JaeT BO3MOXKHOCTH IIOJIb30BATENIO0 BHIOMPATh CBOH
COOCTBEHHBIE KPUTEPUH IJIi ONTUMAIBHOTO (C TOYKM 3pEHHS ICTAIU3allMd, CKOPOCTH WIN
MIPOCTOTHI pabOThI) HAOOpa 00OPYIOBAHHUS.

Pa3zpaboTannbie OJ0KM MO3BOJSIOT MPOBOAUTH MOJEIMPOBAHWE JAHHBIX U HMX aHAIM3
OHJalH («B NUHHIO») W o¢iaiiH («BHe auHUUY). [Iporpamma oOpabOTKM JaHHBIX OHJIANH
UCTOJB3YeTCs JUIS aHAJIM3a IAaHHBIX HEMOCPEJACTBEHHO BO BpeMs IMpHEMa M, NMPEKIEC BCETo,
TpebyeTcss Uil OIEHKM KadyecTBa MOCTYHAMONIIMX JaHHBIX M, MPH HEOOXOAMMOCTH, MPHHSATHS
peuieHuii mo 3ameHe (PEMOHTY) PETMCTPHPYIOMICH SJIEKTPOHUKU WM 3JICKTPOHHKH CHCTEMBI
cOopa JaHHBIX.

3.10.2 Ilaxem npozpamm 015 aHanu3a OAHHBIX «8 IUHUIO»

B nporpamme onnaifH-00pabOTKH peaan30BaHbl CIEAYIOIINE KOMIIOHEHTHI: Ipeo0pa3oBa-
HUE [aHHBIX, MOCTYMAIOIIMX W3 Monyled peructpupytomieit snekrponuku (BUIL, AL,
PErHCTPOB) CHCTEMBI cOOpa IaHHBIX, U3 chiporo ¢popmara B popmatr ROOT-nepeBbeB; oKanbHas
PEKOHCTPYKIUSI XUTOB B IUIOCKOCTSAX Kamep Ul IOCTPOEHHUS TPEKOB 3apsDKEHHBIX YaCTHIL,
KJIaCTEPOB B DJIEKTPOMAarHUTHOM KaJOPUMETpPE, XHUTOB B CHUHTHUBILMOHHBIX ITyYKOBBIX
TOZIOCKOIIAX; YIPOUICHHBI aJTrOPUTM TIOCTPOCHHUS TPEKOB IO KaMepaM; BOCCTaHOBJICHUE
KOOp/AMHAT My4Ka Ha MHIIEHH dKcriepuMenTa. [lapamiensHo pabote cucteMsl cOopa JaHHBIX, Ha
cepBepe pabOTaIOT MPOIECCH MPOTPAMMBI OHJIAHH-00paOOTKHM JTaHHBIX, BBIOJHEHHBIE B BHJIE
ROOQOT-makpocos. [IpeoOpazoBanue ¢aiinoB ¢ naHasiME B cbipoMm (opmate B ROOT-nepeBbs
MIPOUCXOJUT B MMPOMEXKYTKE MEXIy cOpocaMH yCKOPHUTEs; MOTy4YeHHbIE (ailyibl 3aMuChIBAlOTCS
Ha JTUCK.

Ha Puc. 3.54 noka3ana 6;10k-cxeMa paboThl IPOTrpaMMbl OHJIAHH-00paOOTKH.

WW ! I cp

dat

* root

v
| ' : - sp'sw.rmnm
N

Puc. 3.54 bnok-cxema mporpaMmbl 00paOOTKH JAHHBIX «B JIMHUIO»
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@aiinel, comepkamme gaHHbie B Buae ROOT-gepeBbeB, UYHMTAIOTCA ITPOrPaMMOM
BHU3YaJM3alliy U KOHTPOJISI KauecTBa JaHHbIX. OHa MOXKET CUMTHIBAThH NaHHBIC (paiin 3a daitiom
B IIporiecce MX Habopa, a Takke B PEKUME MAaKETHOW 00pabOTKH, KOrja W3 OINpeaeseHHON
TUPEKTOPUH CYUTHIBACTCS CPa3y MHOXKECTBO .100t-(hailiioB, HAKOIUIEHHBIX paHee. OCHOBHas 11€TTh
POTrpaMMbl BU3YalTU3alll — OTOOpakeHHe MPEICTaBICHUI, IMEIONNX OTHOIIEHUE K KaYeCTBY
HaOHpaeMbIX JaHHBIX B BUJE ructorpaMm. Elo monb3yercs nmepcoHan cMEH BO BpeMsi CEaHCOB Ha
ycranoBke CITACUHAPM. Bepxnss nanens untepdeiica pa3dura Ha BKIAJKU C UEPAPXUUCCKOMN
CTPYKTYpOHl [JIsi HaBUTAlMKW N0 JETEKTOpaM YCTAHOBKU (BEpXHUI psAl BKIAAOK), THIIAM
otoOpakaemort nHpopManuu (BpemeHa, npoduiu, 3hpGeKTHBHOCTH, MHOKECTBEHHOCTH U T.I1.), a
TaKKe Ui HABUTALMU TI0 AJIEMEHTAaM JETEKTOPOB (IIOCKOCTSIM T'OJOCKOIOB, CIOSIM Kamep U
T.IL.). B cTpoKe cocTOsIHUS IPUBOAUTCS CITy>KeOHas MHPOpMALUs, TaKas KaK YUCIIO CYUTAHHBIX
¢aitnos, uncno coOprTuii. [IporpaMMa KOHTpOJISE KauecTBa AaHHBIX mpeactasiser coboir ROOT-
MakpoC, HCIONB3YIOIMMK  Tpaduueckyro Oubmumoreky makera ROOT. TIlostomy ¢
rUCTOrpaM—"MaMH, OTOOpa)kaeMbIMU B OKHE mporpammbl (B Canvas) MOXHO BBIIOJHSTH BCE
CTaHJApPTHBIE JECUCT BHS, KOTOPHIE MOXXHO BBINOJHSATH C THCTOIpaMMaMd B HMHTEPAKTUBHOM
ceccurt ROOT: u3mMeHsTh npeaensl THCTOrPaMMUPOBaHU, (PUTUPOBATH PACIIpEECTICHUS U T.11.

[ToaroroBneHHble MpH padoTe «B JTUHHUIO» .IOOt-(halijibl MOTYT HCIIONIB30BAaThCA M MpPU
anamm3e. Ho crnemyer yunTeiBaTh, 9To 4acTh (hailIoB IPU ATOM MOXKET OTCYTCTBOBAaTh, TaK Kak
pu paboTe «B JIMHUIOY» aHAM3UPYIOTCS TOJIBKO TOCIIEAHNE TIOCTYTUBIINE TaHHBIC.

3.10.3 ITaxem npozpamm onsa ananu3a OAHHLIX «6HE TUHUUY U MOOETUPOCAHUA

[Ipu paboTe «BHE JTMHUM» BEAETCS aHAIM3 MO BCEM 3aJaHHBIM (haiiam (0OBIYHO 3TO BCS
TMPEKTOPHS C TAaHHBIMH, HaOpaHHBIMH B OJHHMX ycloBHAX). llpum aHanmms3e Ha mepBOM 3Tare
MPOBOJIUTCS CIMSHUE JAaHHBIX W3 PA3IMYHBIX TOTOKOB C TIOMOIIBIO IMOCTPOUTENST COOBITHI
(event-builder)®?. DToT TWporpaMMHBIA MOIYTh COIOCTABISET 3aIMCAHHBIE (hAKIBI JTAHHBIX
C pa3IMYHBIX JIETEKTOPOB M TI0 OTMETKAaM BPEMEHH HAaXOJUT COOTBETCTBHE MEXIY COOBITHUSMHU
BHYTPH Pa3HBIX IMOTOKOB JaHHBIX; HAa BBIXOJAE (OPMHPYETCS MOTOK COOBITUH C NAaHHBIMH BCEX
JIETEKTOPOB YCTaHOBKH. [IpM 3TOM NpOMCXOOWT MpoBepKa KadecTBa IaHHBIX, B TOM YHCIE
oOHapy’keHHe TOTepu BaXXHOM HMH(OpMalMU NpH cOOSX perucTpupyrouie 3aekTpoHuku. Ilo
JAHHBIM MTPOBEJCHHOT'O CEaHCa ¢ KOMIUIEKCHBIM 3aITyCKOM YCTaHOBKH KOJUYECTBO OIIMOOK Majo
(TonM TpOIIEHTa), TaK YTO MPAKTUYECKU BCS MPUHSATAs MHPOPMAIHS (C TOYKU 3pEHHS KauecTBa
JAHHBIX ) UCTIOJB3YETCS JIJISl aHAIH3A.

[TporpaMMHBIi TIAKET TSI MOJEIHMPOBAHUS HCIIONB3YETCS UIS OTIAAKH AITOPHUTMOB
U OoleHKH 3((eKTUBHOCTH, W B HACTOSIIMH MOMEHT OIMCBHIBAET «HUACATBHYIO» T'€OMETPHIO
HKCIIEPUMEHTATBHON yCTaHOBKH. MIeambHOCTh 3aKIo4aeTcsi B aOCOJTIOTHOH OTBIOCTHPOBAH-
Hoctu U 100% »sddexkruBHOCTH neTekTopoB. Ilocie ompenesneHuss peaqbHbBIX T'€OMETPHUH U
3 PEKTUBHOCTH Ha OCHOBE HSKCIEPHUMEHTAJBbHBIX JAaHHBIX, BCE pEAlbHBbIC MapaMeTpsl OyayT
BHECEHBI B IPOIPAMMHOE OMUCAHNE YCTAHOBKH.

Puc. 3.55 mmmoctpupyeT mociie0BaTeIbHY0 MEeMOYKY TaKUX 000OIICHHBIX ITAIOB.

52 Mo3HO IIPOBOJMTH aHAIIM3 OTENBHO JUIS KAa/0r0 BEIOPAHHOIO MOTOKA.
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Quudppoeka,
INeKTPOHUES,
Wymel

MeHepaTop TpaccupoBka
YacTvL (Geant3/4)

Tpekn,
thuneTp
LELATETE]

MoeHTrndmkaumn Duanuecknn
YacTHL aHanua

EKOHCTPYKUMA
XuTtoB

Puc. 3.55 CxemaTtnueckoe npeacTaBiIeHHE IENOYKH BBITIOTHEHHUS 3TaloB B cpene SpascharmRoot

[Ipumepnas auarpamma paOoThI 3a/1a4 oka3ana Ha Puc. 3.56.

Mapamerput Rasus
FairTask
izl FanParlO Sain 1
> FarTask SetContaners()
T B FairTask initf) RuniD 1
Contamner
<=
FaurTask Exec()
Container Oigi data
(]|
e FarPoriO Dann 2
Pram <ﬁ' Fabr Tk - Raslrn() RuniD 2
Cortanet < 2 W

FarTask Exsc()
Pram

Cortaner
i} DI_IQ-

Puc. 3.56 Cxemaruueckoe npezcranienue npoieccoB B FairTask, a Taxke MexaHu3Ma oOpaieHus
K IIapaMeTpaM U JaHHBIM.
JlaHHBIC U TapaMeTphI CBA3aHbI Yepe3 YHUKANBHBINA uaeHTHduKkarop “RunlD”

il

JIsi BOCCTaHOBJIEHHSI TPEKOB 3apsKEHHBIX YAaCTHIl B TPEKOBOM CHUCTeMe BBIOpaH METOJ
MOWCKa TpeKa, U3BECTHBIM Kak mpeoOpa3oBaHue Xada. OITOT METOJI  HCIHOIB3YyeT
napaMeTpruuecKkoe OMHCaHUe TPeKa: KaXk[asi Touka B IPOCTPAHCTBE MMapaMEeTPOB OMKCHIBAET TPEK
B KOOPAMHATHOM IMpOCTpaHCTBe. [IOMCK KaHIUAATOB B TPEK COOTBETCTBYET HAXOXKICHHIO
JIOKAJIBHBIX MAaKCUMYMOB B MpocTpaHcTBe Xada. [IpuMmeHeHHe MeTrona B JBYMEPHOM cCilydae
ImokaszaHo Ha Puc. 3.57.

&
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» »
Ll r o
z 8

WcxopHoe [MpocTpaKcTBo
NPOCTPaHCTBO napameTpos

Puc. 3.57 Wnnroctpamnust OCHOBHOTO MPHHITUIIA TPeoOpa3oBanust Xada A 0JHOTO TpeKa
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Ha Puc. 3.58 n300paxeHsl mpuMepbl OJYYeHHBIX MPOCTpaHcTB Xada B miockoctu ZY
it MC ¢ omHUM 1 TpeMsi MEOOHAMH Ha COOBITHE.

LineZY (1 track) LineZY (3 track)
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& o0 ™
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03-02-91 g o 150
i, radmrc.‘ 02 03 04

o

04 03 02 91 0

. 0.1 02 03 na -150
o, ragian 02 03 04

Puc. 3.58 [Ipumeps! moirydeHHBIX TPOCTPAHCTB Xada B m1ockoctr ZY UL OJHOTO TpeKa (CIeBa) u
Tpex (cmpaBa)

[Ipn MopmenupoBaHWM W HA TEPBHIX AKCHEPUMEHTAIBHBIX JaHHBIX, HAOpaHHBIX IPH
KOMILUIEKCHOBM 3aITyCKE YCTAaHOBKH, TIOJIYYEHBI PACIpEeNICHHs 0 OCHOBHBIM KMHEMATHUYECKUM
NEepEeMEHHBIM: HMMIYJbC (C Y4eTOM 3HaKa 3apsja), MONEPEYHbIH HMITyJIbC P, MEpEeMEHHas
@eiinmana Xr. s aHanmM3a KavyecTBa JaHHBIX Ha BCEX PUCYHKax CIlieBa NMPHUBEACHBI TaHHBIC
MOJICTTMPOBaHMs. YCIIOBHS, NPU KOTOPBIX HPOBOAMIOCH MOJENMpOBaHUE INPOBOIWIOCH IPU
CIIEIYIOIIMUX YCJIOBHSIX: B KadecTBe reHeparopa ucnoisidyercs maker PYPHIA 8 (B coctaBe
porpaMMHOT0 mpojaykra SpascharmRoot mns oOpaOOTKH SKCHEPUMEHTATbHBIX JAaHHBIX B
obmactu ®B3), minbias coobiTus (63 (uIbTpalym), B3aUMOICHCTBUE IPOUCXOIUT Ha TIPOIIaH-
JUOJIOBOM ~ MHILIEHH, dS(PQPEKTUBHOCTH KaXJOH IUIOCKOCTH TPEKOBOM CHUCTEMBI IpHU
MozenupoBaHuu — 95%, paspemienue apeioBbix TpyOok Bcex kamep - 500 MKM, «MepTBbIE
30HB» B KaMepax He BKJIoueHbl. IHTerpan koncranTHoro noss 0.6 Tou-m.

Ha Puc. 3.59 mpuBenens! pacrnpeaeneHus MO MONEPEUHOMY HMITYJIbCY Ui COOBITUH,
CHUMYJIMPOBaHHBIX MeToJJoM MoHTe Kapio (cieBa) 1 JaHHBIX SKCIIEpUMEHTa (CIpaBa).

Trangverse momentum dstribution (MC) TranEearee momentern catrbuton (FIUNGH 18

e
AV e

wsreber of frncas

400 * a0

200 200

100} 100

Puc. 3.59 — Pacmpezesenust o MOMEPEYHOMY UMITYJIbCY JUIsi COOBITHIA, CHMYJIMPOBaHHBIX MeToj0M MoHTe Kapio
(creBa) 1 TaHHBIX HKCHEPUMEHTA (CIpaBa)
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Ha Puc. 3.60 mokasanel pacmpeneneHus mo nepeMeHHONW DelHMaHa IJisi COOBITHIA,
CUMYJHUpPOBaHHBIX MeTooM MonTe Kap:o (crneBa) u JaHHBIX SKCIIEpUMEHTa (CIIpaBa).

B nienom pacnpeneneHnus COBMAIAIOT, 32 UCKIIOYCHHEM OOJIBIINX 3HAYCHUH MTePEeMEHHON
@eliHMaHa, TaK KaK BO BpPEMs DKCHEPUMEHTAIBHOM 3KCIIO3MLUHUHM HMCIOJIB30BAJICS TPUITEP HA
B3aMMOJICHCTBUE, TO €CTh HE 3allMCHIBAICH COOBITHS, €CITU XOTS OBl OJHA YaCTHIIA MOoTMajaaia
30HY PaILyCcOM 5 CM OTHOCHUTEJIBHO LIEHTPA ITyYKa.

Faynman variable distribution (MC) Feynman vanable distribution (RUN3&_18)
0 " x10" Lo ~2000)
[S2e
WS O

numbir of Backs
o

200

Puc. 3.60 — Pacnpenenenus mo nepemenHor deliHManHa i1l COOBITHI, CHMYIHPOBaHHBIX MeTomoM MonTe Kapio
(creBa) 1 TaHHBIX AKCHEPUMEHTA (CIPaBa)

MeTto[1 T03BOJISIET BOCCTAHABIMBATH TPEKH C BBICOKOH 3 (deKTUBHOCTRIO (6onee 98% mis
OJIMHOYHBIX TPEKOB U Oornee 85% I MHOTOYACTHUHBIX COOBITHIT).

B crapmaptHOM mporpaMMHOM OOECTIEYEHMHM aHalIW3a JaHHBIX JKCIEPIHUMEHTa
peaTM30BaHbl TAK)KE aJrOPUTMbI BOCCTAHOBIICHHS TICPBUYHON M BTOPUYHBIX BEPIIMH, KOTOPBIC
HEOOXOUMBI U HCIIOJIL3YIOTCS JUIsE 0TOOpa YacTHIl.

53 Jlnst 100% sddexTnBHOCTH Kamep.
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4 Ilnan-rpaduk peaju3ainuy U OIleHKA CTOMMOCTH MPOEKTA

OcHoBHBIE pacxolpl TpeOyIOTCSd Ha CO3JaHME KaHajla IOJSPU30BAaHHBIX YaCTHUI]
Y MOJICPHM3AIMIO YKCIIEPUMEHTAIbHON YCTAaHOBKU ISl IPOBEACHUS MPEIU3UOHHBIX HCCIIEI0Ba-
HUH C UCTIOJIb30BAHUEM MOJIIPU30BAHHOTO MTyYKa.

BoinonHeHsl paboThl O pacyeTy U 3CKHU3HOMY NMPOCKTHUPOBAHUIO KaHAalla MOJISIPU30BaH-
HbIX d4acTul. [[ns BbImomHeHHs paboOT MO CO3/JaHHI0 (aHTH)IPOTOHHOro KaHaima 24A Ha
yCKOpUTENbHOM KoMiuiekce ¥Y-70 norpelyercs 1 mipa pyo.

st BBINOJIHEHUS] HAMEYEHHOM 3KCIEPUMEHTAIBHOM MPOrpaMMbl HEOOXOAUMO CO3AaHUE
CUCTEMBl  CBEPXIIPOBOJSIIMX MAarHUTOB  «CUOMPCKUX 3MEEK», CIMHOBBIX pPOTaTOPOB,
U KproreHHou cucteMbl K HUM (200 mitH py0.), KOTOpBIE MOTYT OBITh pa3paboTaHbl U CO3JIAHBI
BUAD CO PAH (HoBocuOupck). I[Ipenu3noHHbBIN 3JI€KTPOMAarHUTHBIA KaJlOpUMETp THIA
«wanueik» (150 muH py0.), monHas TexHONOrus KoToporo paspaborana B MDPBD (co3manbl
1 0OpMIICHBI JIBa OIBITHO-IPOMBILIUICHHBIX 00paslia), MO3BOJIUT PETUCTPUPOBATH BCE
JOCTYIHBIE 110 MAacCe HOBBIE COCTOSIHHUSI MaTepUH, paclaarouifecsi, B TOM 4Yucie, Ha (OTOHBI.
JletekTop Kosel YepeHKoBckoro uanyueHus (250 muH py6.) mo oOpasily Takoro e JeTeKTopa
B nipoekte [TAH/IA no3BosiuT naeHTUPUIMPOBATH BCE 3apSKEHHBIE aIpOHBI BO BCEM JIOCTYITHOM
HHEPreTUYEeCKOM HHTEpBaJe, YTO HEOOXOIUMO IJisi CIIMHOBOTO HMCCIIEIOBAHUS IIEJIOTO CIIEKTpa
pa3HOOOpa3HBIX PE30HAHCOB M OOHApy>KEHHUS HOBBIX. CHCTEMa MOJIIPUMETPOB LIS U3MEPEHUS
abcomoTHON BenmuuuHbI noysipu3anuu mmydka (100 mia py0.) paspabaTeiBaeTcst U MOXKET OBITh
coznana B M®BD cosmectHo ¢ MUOU. CroumocTh MNOJISAPU30BAHHOW MHUIIEHU HOBOTO
MOKOJICHUS, C BO3MOKHOCTBIO TMOJydaTh KakK IMOMEPEUHYI0, TaK U MPOJOJBbHYIO MOJISIPU3ALHUIO,
cocraBisieT 250 mMiH py0., OJHAKO 3HAUUTENbHBIA BKIAJ MOXET OBITh BHECEH HEMEIKUMHU
YYaCTHUKAMHU MPOEKTA.

CymMmapHble pacxoipl Ha U3rotoBieHue B Poccun HeoOXOJUMOro Hay4HOTO
obopynoBanus coctaBat | mupa pyoOseit. Takum oOpa3oM, UTOroBas CTOMMOCTH MIPOEKTa
oLleHMBaeTCs B 2 MIIpJ. pyOeir*.

[locne Havana ¢uHAHCHUPOBAaHUS MPOEKTa IUIAH-TPaUK CO3JaHMUSI OCHOBHBIX IO3ULIUN
KaHana 24A 1 SKCIIepUMEHTAIbHOM YCTaHOBKH Ha HEM BBITISIUT CIIEIYIOIUM 00pa3oMm:

— 3aBeplleHHE PabOYEro NPOeKTa Ha KaHaI M 30Hy YCTAHOBKU — IEpBBIE JIBa rojla>>;

— M3TOTOBJICHUE DJIEKTPOMATHUTHOTO KAJIOPUMETPA TUIA «LIAIIIBIK» — MEPBBIE YETHIPE TOAQ;

— H3TOTOBJIEHUE MAarHUTOB «3MEIKa» U KPUOT€HHOT'0 000PYI0BaHUS — IEPBbIE TPU I'OJIa;

— M3rOTOBJIEHHE AETEKTOPA KOJIEL] YEPEHKOBCKOT0 U3JIy4€HHsI — CO BTOPOTO IO ISTHIHI FOJ;

— co3nanue kaHaina 24A u pa3MelieHHue YCTaHOBKH Ha ITOM KaHalle — TPETUM-YETBEPTHIN
TOJIBI;

— CO3JJaHUE CUCTEM U3MEPEHHUSI MOJIAPU3ALUNA — BTOPON-UYETPBEPTHIA TOJIBI.

HCpBLIfI HpO6HBIfI CCAHC C MNOJIAPU30BAHHBIM IIYYKOM IUNIAHUPYCTCA Ha MIATBIA TOJ
peainsanuun NpocKTa.

% B 5Ty cyMMy HE BXOJUT CTOMMOCTb HOBOH IOJIAPU30BAHHOM MUIIIEHH U 3JIEKTPOHUKH B cTanaapte XTCA, Tak Kak
CTENEHb Y4acTUs HEMELKUX IAPTHEPOB B JAHHBI MOMEHT HEM3BECTHA.
%5 311ech U BO Beex MOC/IEAYIOMIUX CTPOUKAX JIaThl yKa3aHbl OTHOCUTEJILHO Hayaa pUHAHCMPOBAHUS IIPOEKTA.
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3akiioueHue

[Monspuzanmonnsiii mpoekt CIIACYAPM otnuvaer r1io0ainbHBIA, CHCTEMATHYCCKHIA
MOAXOJ B M3YYCHHH CHCTEMbl aHTHUIIPOTOH-TIPOTOH (SIAPO) U MPOTOH-TIPOTOH (SIAPO), BKITFOYAS
MPOBEACHUE 0030PHOTO MOJSPU3ANUOHHOTO JKCIIEPUMEHTa W OJHOBPEMEHHOE HCCIICIOBAaHUE
JECSATKOB PEaKIMid W HECKOJBKUX (PU3MUECKUX HAOIIOAACMBIX, 3aBUCAIIMX OT MHOTHX
nepeMeHHbIX. byaer ompeneneHa monspu3alys TJIIOOHOB B MPOTOHE (AHTUIIPOTOHE) B 00J1aCTH
X (QparMeHTalMd W3 HCCIeNOBaHUsI oOpa3oBaHUs dapMoHus. OxupgaeMas BBICOKAs TOYHOCTh
W3MEpEHUl, MHUHHMAJbHBIC CHUCTEMATHYECKHE OIIMOKH B COYETAHWHM C IIUPOKHM HAO0pOM
My4YKOB, MUIICHEH, BTOPUYHBIX 3aPSIKEHHBIX U HEUTPAJIbHBIX YACTHUI[ BBITOJHO OTIUYAET 3TOT
MIPOEKT OT JIPYTUX MOJISPU3ALUOHHBIX TPOCKTOB.

[lonsipu3oBaHHbIE AHTUIPOTOHHBIA M TPOTOHHBIM TYYKH SIBJISIOTCA  TTOMCTHHE
YHUKQJIbHBIMU UHCTPYMEHTAMH B 3TUX UCCIIEIOBAHUSX.

Boinenum ocHoBHbIE TpenmyiiecTBa npoekta CITACHAPM:

— OOmmpHass  ¢usnueckas  ImporpaMmMa H  CHCTEMaTHYECKOE  HCCIICJOBAaHUE

MOJISIPU3AIMOHHBIX SBJICHUH (TUIIA IEpHOIUYecKol Tabnuibl i PDG).

— Pa3noobpazue MTy4KOB: MOJISIPU30BAHHBIC MPOTOHBI i AHTUTIPOTOHBI,

HEeTOoJISIPU30BaHHbIe MyukH 7+, K+, p£, d, C.

— Peructpanus u uaeHTUPUKAIMS HEUTPAIBHBIX U 3apSHKCHHBIX BTOPUYHBIX YACTHIL,

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

— HccnenoBanue AECATKOB peakiuii OJHOBPEMEHHO.

— TlonepeyHo- ¥ IpoOI0IBLHO-TIOJISIPU30BAHHBIE U SJIEPHBIEC MUIIICHH.

— MHccnenoBanue pa3auyHbIX CIUHOBBIX HaOmoaeMbIX: An, Pn, Ann, ALL, Dan, pik. ...

— HccnenoBanne moNSApU3allMOHHBIX J(PQPEKTOB B 3aBHUCUMOCTH OT Pa3lUYHBIX

MePEMEHHBIX: \s, Pr, XF, aTOMHOTO HOMEPA, MHOXECTBEHHOCTH, PEAKITUH. . .

— ITlonHpI1 a3uMyTaldbHBIA YIOJI, MO3BOJSIOMIMNA MUHUMH3UPOBATH CUCTEMATHYECKUE

OIIMOKHU.

— CnuH-daunmep, MO3BOJSIONIMN MOTYYUTh KaK IONEPEYHYI0, TaK M MPOAOTBHYIO

MOJISIPU3alMI0 U MEHSTh MX HANpaBJI€HHWE, 4YTO TaKK€ BAXKHO JUISI YMEHbBIICHHS

CHCTEMATUYECKUX OIIHOOK.

— beicTpas, npu pa3BuTuU OecTpUrrepHas, cucreMa coopa TaHHBIX.

HToroBasi CTOMMOCTh NMpOEKTa (KaHall + SKCHEpUMEHTaJIbHAs yCTAaHOBKA) OLIEHUBACTCS
B 2 miipa pyOseil. Co3naHue Takoro KaHaja M SKCIEPUMEHTAJIbHOM YCTAHOBKH, MOJy4YEeHUE
IIyYKOB MOJISIPU30BAHHBIX YACTHI] MPUBJIEYET K HCCIIETOBAHUSAM HA YCKOPUTEIHHOM KOMILIEKCE
YYEHBIX U3 Pa3IN4HbIX HAyYHBIX IIEHTPOB.

Texcm npoexma nodeomoeier npu npu noodepaicke Poccutickoeo Hayunoeo ¢onoa,
epanm 22-12-00164. Paboma compyonuxkos HUAY MH®DHU evinonnena npu nooddepoicke
Munucmepcmaa Hayku u svicuieco oboazosanus, npoexkm 0723-2020-0041 u npoepammoer MUDU
«IIpuopumem 2030».
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5 Ilpunoxenue A. CoBpeMeHHOe COCTOSIHME HCC/IeA0BAHUI B JaHHOMH
o0J1acTH

DKCTIEpUMEHTAIBHBIE U TEOPETUYECCKUE HCCICIOBAaHUS B 00JACTH CIIMHOBON (DHU3WKHU
B IIpoIieccax 0Opa30BaHUs M B3aWMOJICHCTBUS aJ[POHOB C aJpoHamMH, (OTOHAMH M JICITOHAMHU
BEIYTCSl YK€ HECKOJIBKO IECATHUJICTHH, C MOMEHTA IOSBJICHUS TEPBBIX YCKOPUTEIEH YacTHIL.
CoBepIICHCTBOBAHUE YCKOPUTEJIEH M JIETEKTOPOB YAaCTHII, CO3JaHUE ITyYKOB TMOJSPU30BAHHBIX
YaCTHUI[ U PA3BUTHE TEXHOJIOTHH IMOJSPU30BAHHBIX MHIICHEH IMMO3BOJIMIIO MOJYYHUTHh OTPOMHBII
MacCHB TOJISIPU3ANMOHHBIX JaHHBIX. B CIMHOBOHN (hHU3MKE MPU BBHICOKMX SHEPTUSX MPOBOJSTCS
MPEIU3UOHHBIE MU3MEPEHUsl, KOTOPHIE MO3BOJIIOT BBISIBUTH OCOOCHHOCTH JTMHAMUKHU CHIIBHBIX
B3aMIMOJICHCTBUI M MPOHHUKHYTH TIyOXKe B CTPYKTYpy aApoHOB. (DEHOMEHOJIOTHS CIHUHOBBIX
SIBJICHUI OKa3ajach YAMBUTEILHO OOTaToi U TPYAHO O0BSICHUMOMN ¢ (DyHIAMEHTATBHBIX TO3HITHNA
KBaHTOBOU xpoMoauHamMuku — KX]I.

[TosiBNIeHHE TOYHBIX TaHHBIX CTUMYJIUPOBAIIO OypHOE pa3BUTHE TEOPETUUECKUX MOJEIEH,
0oOBsCHSIONMX HaOmrogaeMbie sBlIeHUs. [IpuBeleHHbIE B J@HHOM pasjelie KpaTKue 0030pbl
OTHOCSATCSI TOJIBKO K a]pOHHBIM B3aTMOJICHUCTBHSIM.

5.1 Pe3yabTaThl NOJASIPU3ALHOHHBIX IKCIIEPUMEHTOB

[lepBbie TONSAPU3ANMOHHBIC SKCIIEPHUMEHTHI TPOBOJIMINCH U YIPYTHX W 3apsiOBO-
OOMEHHBIX PEaKIWi, MOCKOJIbKY MPH HU3KHX DHEPTUSX CEUYCHUS TAKHX PEaKIUil U CIIMHOBBIC
s dextsl Benuku. C pOCTOM SHEPTUU YCKOPHUTENEH YBETMYUBAETCSA CPEIHSAS MHOKECTBEHHOCTD
B COOBITHH, a CITIUHOBBIC 3(D(PEKTh B KOHKPETHBIX OWHAPHBIX MPOIIECCaX U MX CEYCHHS OBICTPO
yObIBatOT. TUMMYHBIMU TIPUMEPAMH MOTYT CIY)KUTh CEUCHHE Ipolecca mepe3apsaaku w p—u’n,
KOTOpOE Ma/aeT Kak S!, U ceueHue nporecca 7 p—pp, KOTOpoe MajaeT Kak S 2, yKa3blBas Ha TO,
YTO MPU BBICOKUX YHEPTHUSIX B TAKUX MPOIECcCcaxX MPOUCXOIUT 00MeH pemkeoHom [137].

s aHanm3a MaHHBIX TPU BBICOKUX DHEPTUSX ObUT MPEIIOKEeH WHKIIO3WBHBIA TTOAXO/,
B KOTOPOM PETHCTPHPYETCS JIMIIH OJTHA MIJIM HECKOJBKO M3 oOpa3oBaBmmxcs yactull [138]. Dot
METOJ OKa3ajcsl O4eHb yJOOHBIM JJIsi UCCIEIOBaHMs MONEPEUYHbIX OJHOCIMHOBBIX aCUMMETPUI
(An) amgpoHOB, momepedHbIX mossipusaiuii (PN) TMHIIEpOHOB M 3JIEMEHTOB CIIMHOBON MAaTpPHIIBI
IJIOTHOCTHU (pik) BEKTOPHBIX ME30HOB. B cuily orpaHn4eHHOCTH WH(OPMAlUUd B MHKIIFO3UBHBIX
nporieccax, B MocaeHee BpeMsl IPOBEACHBI U3MEPEHUSs], B KOTOPBIX HCIONb3yeTCs MHPOpMaLUsI
0 MHOXECTBEHHOCTH 3apsDKEHHBIX YaCTHIl M IIEHTPAITBHOCTH coyaapeHuid. [lomydeHHble TaHHbIe
MOKa3aJIi 3aBHCUMOCTD TOJIAPU3AIMOHHBIX YPPEKTOB OT ITHX OMOIHUTEIHHBIX MEPEMEHHBIX.
Jlnst m3ydeHWs CIHMHOBOW CTPYKTYPHI aJPOHOB YACTO HCIONB3YIOTCS MOJy-WHKIIO3UBHBIC
HEYIPYTHe TMPOIECCHI, B KOTOPHIX TIOMUMO aJIpOHA PETUCTPUPYETCS PACCESBIIUNCS JIEITOH.

5.1.1 Ionapuzayus é ynpyzux peakuyusnx

Ha Puc. 5.1 moka3zano ceueHue ympyroro mpOTOH-TIPOTOHHOTO pacCesHUs MPH dHEPTUU
11.75T3B npns coynapenuii ¢ mapamienbHbIMU (11) M aHTHUHapauiedbHbIMU (1)) cnMHAMH
IIPOTOHOB B 3aBHCHMOCTH OT Oe3pa3MepHoii mepeMeHHOH p2, = 2 P2, 61t (S) / 38.3 [139], rae
P2, =p?%. TaM *e CIUIOIHBIME KBAApPaTaMH MOKA3aHO CEYeHHe MPU Topas3io Gonee BHICOKOI
sHepruu npu S = 2800 I'3B?, nonyuennoe B CERN ISR. B nudpakunonnoit ob6mactu, cooTBeT-
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CTBYIOILIEH MaJIbIM YIJIaM PAcCEsHMsI, CEYCHUE OAMHAKOBO B PA3JIMYHBIX CIUHOBBIX COCTOSHUAX U
TIPY Pa3HBIX SHEPTHAX. B 061acTH MPOMEKYTOUHBIX 3HAUEHHUH P>r MMeeTcs cnabast 3aBUCUMOCTb
oT cnuHa. IloBefeHue cedeHuss B 00JACTH OONBIIMX 3HAYEHHI P>r OKA3alOCh HEOKMIAHHBIM.
Korna cnuHpl IpOTOHOB NapajljiesIbHbI, CEYEHHE UMEET TOT K€ HAKIJIOH, YTO M JJISl COyAAapeHUi
HETOJSIPU30BAaHHBIX TPOTOHOB TMpH Topazgo Oosee BBICOKMX HHeprusix. OnpHako amis
aHTUIIAPAJUICNIbHBIX CIMHOB HAKJIOH cedyeHus Oojee kpyTod. B To Bpems mpenmnonaraiu, 4ro
CTIMHOBbIE Q(EKTHI JOKHBI BHIMEPETh MPU BHICOKUX SHEPTHAX M GONMbIIMX Pr.
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Puc. 5.1 Ceuenue npoTOH-TIPOTOHHOTO YIIPYTOrO Puc. 5.2 OrHolenue ynpyrux ceuenuii 611/61]
paccesiHus B 3aBUCUMOCTH OT CKEMIIMHTOBOM B 3aBucumoctu ot P2, [140]
nepeMeHHoM p?; = f2P?, 6ior(S)/38.3 [139].

S. Brodsky Ha3Bai 3TOT pe3ysbTaT «OIHOI W3 HepasraJlaHHBIX TailH aJPOHHOIN (DH3HKN»
[141]. OmHako BO3HHUK BOHPOC: HE MPOSIBISICTCS JIM 3aBUCHMOCTB OT CIIHA TOJIBKO B 00JacTH
yIi0B paccesiHust Boau3u 90° B C.1.M., Ii€ BayKHA UIEHTUYHOCTh IPOTOHOB? YTOOBI OTBETUTH HA
3TOT BOIPOC, Ha yckopurene ZGS OblT MOCTaBlIeH BTOPOI 3KCIIEPUMEHT, B KOTOPOM MEHSUINCh
sHeprus M P’7, a Yroa paccesHus ocTapajics paBHbM 90°. Ha Puc. 5.2 TOKa3aHO OTHOLICHHE
ynpyrux cedennii 6''/6™ B 3aBucumoctu ot p?r [140], Hapaxy ¢ mammbivu [139] u3 Puc. 5.1.
CymecTByeT Gombllas pa3sHMIA CEYEHMH B OOTACTH MAlbIX P°7, COOTBETCTBYIONIMX MANBIM
sHeprusM. Ho mipu p?r > 1.5 (IB/C)? aBa Habopa JaHHEIX MPAKTUYECKH COBIAIAIOT U HE 3aBUCST
oT HampasneHus crmHa. Ipu p* > 3.7 (I'B/C)? 3aBHCHMOCTH OT CIIMHA CHOBA CTAHOBHTHCH
CHUJIBHOW. OTHM JaHHBle YOeXJalT, 4YTo OoJyblIMe CIHHOBBIE 3((EKTHl HE CBS3aHbI
C UICHTUYHOCTBIO TMPOTOHOB MNpU yrie paccesHus 90° M BO3HUKAIOT B MpoOIecce KECTKOTO
paccesHus B o6nactu Gombmmx P’r [141]. DTH yaMBHUTETbHBIE Pe3yIbTaThl He MOJYUMIN TOKA
JOCTaTOYHO YOEIUTEIBHOTO TEOPETHUECKOTO OOBSICHEHUS.

5.1.2 IHonapusauyus u acummempus 6 3apad080-00MeHHbIX PEAKYUAX

3HaYMTeNbHBIN BKJIAJ B UCCIEI0OBaHUE CIIMHOBBIX 3()()EKTOB B IKCKIIFO3UBHBIX 3aps0BO-
OOMEHHBIX peakIHsIX ObLI MOJIY4YeH B CepuH dKcnepuMeHToB B IIpoTBuHO Ha yctaHoBke [TPO3A
npu sHepruu myuyka 40 [9B [57-63]. bonpmMHCTBO NaHHBIX B APYTHX 3KCIEPUMEHTaxX OBLIO
MOJyYeHO TIPH YMEPEHHBIX JHEpPrusx mnydka a0 12 [9B, Hmke sHEpruil yCKOPUTEIHHOTO
komIuiekca UPBO.

K cepenuae 80-x 1T. ObUTM 3aBEPIICHBI HCCIEIOBAHUS ACHMMETPUU B IKCKIIO3UBHOM
peakiuu 7 +p'— 7%+n npu umnynsce 40 I'5B/c [59]. MaTepec K 5Toi peakmun o0yCIOBIEH TEM,
4TO B MOJIENM TOJIOCOB Pemxke 3Ta peakuuss HIET Yepe3 OOMEH OJHHM P-TIOJIFOCOM,
U TOJISIpU3alysl, Kak HHTephepeHIIMOHHBIN 3(p(eKT, T0KHA OTCYTCTBOBATD.
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[TepBbie ke dKCIEpUMEHTAIbHBIC TaHHbIe NTpU 5 1 12 ['9B/C moka3anu Hamudue OOJbIINX
MOJISIPU3ALMOHHBIX 3((deKkToB. DTOT (akT 3acTaBUII TEOPETHKOB MEPECMOTPETh HCXOIHBIC
NPENOChIIKM MojenH Pemke, BBECTH JOMOIHUTENBHBIC TONIOCA, Y4ecTh 3¢ ekt nmepepacces-
HUS U T.1. OJTHAKO 3TH OIBITHI MPOBOAMINCH NMpH HU3KKX (<12 I'3B) sHeprusx, u 1ist CTporoi
npoBepku Mojaenu Pemke HyXHBI ObUIM JaHHbIE INpH 0oJiee BBICOKMX DJHEPTUsX. JTUM
MOTHBHUpPOBAJIach IMOCTAHOBKA SKCIIEPUMEHTAa IO W3MEPEHUIO IMOJIApU3alMyd HEUTpoHAa Ha
yckoputenbHoM Komiuiekce Y-70. Jlannwsie mo momspusanuu npu 40 ['9B mpexacrarnensl Ha
Puc. 5.3 u ObulM mpeaMEeTOM MHOTOYMCICHHBIX 00cyxneHuit. IlpuBnekanuce paznudHbIe
Moaudukamuun mozaenu Pemxe. Jlunus na Puc. 5.3 mnpencrasnser pacuetsl monenn Pemxe
¢ yuetoMm ojyiepona [142]. Apropsl padotsl [142] mpenckaspiBaloT pOCT aOCOMIOTHOW BETUYUHBI
nonsipuzauuu npu —t > 0.7 ['9B? ¢ yBennueHneM sHepruu myuka. Mi3mMepenue nonspusanuu npu
HeckobKkuX dHeprusx Ha ycraHoBke CITACUAPM mno3Bonmio Obl MPOBEPUTh CMEHY 3HaKa
noJisipu3anuu B oonactu suepruit Y-70.

4«0 Ce&Vjc

'

Puc. 5.3 Mogens oaepona [142] B mpuMeHEHHH K OMIMCAHUIO MOJISAPU3AIIAT

B peaKiu T p(T)—) =°n npu umiyiscax 5 u 40 ['3B/c [59]

Ha ycranoBke [TPO3A B 80-x rogax u3Mepsuiuch aCHMMETPUH B DKCKIIIO3UBHOM 00pa3o-
BAaHWMH HEKOTOPBIX PE30HAHCOB, TAKNX Kak 7 P'— w(782)n, wp'— 1/(958)n, 7 p'— £2(1270)n npu
sneprun 40 I'3B [61,143].

[IpakTUuecku BO BCEX MCCIIEIOBAHUSIX ObIN OOHApYX)EHBI O0bIHe 2PGEeKThl, HA YPOBHE
20+-40%. Pesynbratel B peakuuu 7 P'—(782)n npexacrapiensl Ha Puc. 1.14. PesymbraTsl 1o
peakuun 7 P'—7/(958)n mpencrasnensr Ha Puc. 1.15, a pesynpTathl 10 peakuuu 7w pl—
f2(1270)n npencrasnens: Ha Puc. 5.4.

OTMeTHM, YTO B ME30HHBIX ITydKaxX HaOJFOAl0TCS HEHYJIEBBIE MOJISIPU3AMOHHBIC
ahdexTh gaxke B oOmacTu (parMeHTAIlMH HEMOJISPU30BAHHOTO ITy4Yka, YTO HE HMMEET TOKa
VAOBJIETBOPUTEIIBHOTO TEOPETHUECKOTO OOBSICHCHUS. 3HAYMTEIbHBIC OJHOCITHHOBBIC aCHMMET-
puu, HaOIOIaeMble B COYAApEHHSIX ME30HOB C MOJSIPU30BAHHBIMH MPOTOHAMH, HE TOJBKO
B oOnmacTu (pparMeHTanMu TPOTOHA, HO W B oOyacTu ¢parMeHTAIlMH Me30Ha, MOTYT OBITh
CBSI3aHHBIMU C HECUMMETPUYHOCTHIO HAUaTbHBIX U KOHEYHBIX COCTOSIHHW: ME30H COCTOUT U3
KBapKa U aHTUKBAPKa, a HYKJIOH — U3 TPeX KBapKOB.
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Puc. 5.4 Acummerpus B peakimu 7 p'— f2(1270 n npu suepruu 40 I'3B [143],
korza f2(1270)-me30H perucTpupoBaics B MOJE pacrana Ha IBa 7’-Me30Ha

5.1.3 Oonocnunosasn acummempusn AN 6 UHKIO3UBHBIX PEAKUUAX

Jannbie o AN B MHKITIO3UBHBIX PEAKIMIX MOMyUYEHBI OoJiee 4eM Ui IBaIaTH peakiuil B
aJIpOH-aJJPOHHBIX COYJAPEHUAX U OKOJO AECATU PEaKlUHil B JIENITOH-aAPOHHBIX COYIapEHUsIX.
Jlnamason sHepruii VS peakumii B c.aM. Memsuics ot 4.9 1o 500 I'sB. Bo BceM amamasone
SHEpPruil HaOII0JAIach 3HAYUTEIIbHAS aCUMMETPHsI AN, KOTOPasi MOXKET MCHSTHCS B 3aBUCHMOCTH
oT \/S, pr, nepemeHHoi DellHMaHa Xp, aTOMHOTO Beca MHIICHH A, a TaKKe OT LEHTPAIbHOCTH
coyaapenuiit Ct u MHOKeCTBEeHHOCTH 4acTHIl Nch B COOBITHH.

[Tpu ummnynsce 11.75 I'BB/cC (\'s =4.89 I'5B) GbUIH BBIMONHEHBI TTOAPOOHBIC H3MEPEHHS
An(pT, XF) i obpaszoBanus 7, K, p, p, B IPOTOH-TIPOTOHHBIX coyaapenusx [144]. Pesynbrarsl
s peakumit plp—a*+X, nokazamel Ha Puc.55 u Puc.5.6 M MMEIOT HEMOHOTOHHYIO
3aBrcuMocTh AN(PT), ¢ H3MeHeHreM 3Haka mpu Pr ~ 0.6 I'»B/c [28].
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Takoe moBenenue An(Pr, Xr), TPU YMEPEHHBIX SHEPTUAX, MOXKET OBITh CBS3aHO C MAaJbIM
YHCJIOM 3KCKITFO3UBHBIX KAHAJIOB, JTAIOIIUX BKJIAJ B MHKIIO3UBHYIO peakinio. Bo3MokHO Takxke,
9TO MPH MANBIX Pr U V'S KBAPKOBBIE CTEIEHH CBOOOJBI €IE HE SBISIOTCS ONPEICIIOMMMI s
An. Em€ omHa w3 rUmoTe3 COCTOMT B YBEIMYEHHM paauyca JICUCTBHS IIBETHBIX CHI I
C YMEHbIIEHHEM Pr, B CHITy COOTHOIIEHHS HeonpeenenHocteit dpror > hf2 [30].
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IIpu Gonee BHICOKHX dHeprusix, 5 < Vs < 70 9B, mMeeT MecTo MpHOIMKEHHBII CKEHTHHT
(He3aBuCcUMOCTb AN OT SHEPIUM) JUIS 3TUX JIBYX PEaKIUH.

[MogpooOHoe uccnenoBanue 3aBucuMocT An(PT, XF, A) OT KHHEMAaTHYECKUX TEPEMEHHBIX
Y aTOMHOTO Beca A MuIilleHH BhIMOJHEHO Ha ycTanoBke POJIC-2 npu sHEpruu noiasipu30BaHHOTO
nporonHoro myuka 40 [9B [145, 91, 92, 93]. M3mepeHus ObUIM NPOBEJCHBI HA MPOTOHHOM,
YIIIEPOIHOM M MEHON MHILEHSAX IS TPOLIECCOB MHKIIO3UBHOIO 00pa3oBanus 7, K¥, p u p npu
HECKOJIbKMX yrIJIax poxacHus aapoHoB. Pesympratel [91, 92] mnokasaner Ha Puc.5.7.
3aBucumocth AN oT A okazanmach He3HauuTedbHOW. I[losromy Ha Puc.5.7 mnoka3zaHsl
yCpeIHEHHbIE Pe3yIbTaThl HA YIJIEPOAHONW U MEAHON MUILICHSIX.
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Puc. 5.7 3aBucumocts An(PT) VTS TIPOIIECCOB HHKITFO3MBHOTO 00pa3oBanus n*, °, P U p
B pTA-coyaapeHusx Ipu JByX yriax POXIEHUs aIpoHOB ¥ uMiyibce 40 I'sB/c

3ametHas acummMmeTpus AN HaOmrogaercs B 00JacTH (parMEHTAlMM TOJISIPU30BaHHBIX
poToHOB (Xe> 0.35) s Tex agponos (7, K¥, p), B cOCTaB KOTOPBIX BXOISAT BAJICHTHBIE KBAPKU
u3 nportoHa. Jlns aapoHOB, comepkamux Tonbko Mopckue kBapku (K- u p), AN =0 Bo Bceit
UCCIIEIOBaHHONW KHHeMaTudecko ooOnactu. OOHapyxeHbl ocuuuisiuuu AN (Kak (QyHKIUU
KMHEMATHYECKUX ITIEPEMEHHBIX Pr M X¢) I peakmuu P'p — p+X, npuuem 3HAYMTENbHAS
acUMMeTpHsi HabImojiaeTcss TONBKO B OONACTH HOJAPHBIX yrjloB MeHee 707 B C.ILM.
CTAJKUBAIOIIUXCS HYKJIOHOB. B Monenn xpomomarHuTHOM mnonspusanuu kBapkoB (XIIK)
ocumusinUst A CBsi3aHa ¢ mpereccreil crnHa kBapka B dddextuBHOM 1BeTHOM mose [30]. s
peakuuu pP'p—r+X 3aBucMMOCTE AN OT MOJNSPHOTO yriia B C.ILM. Oc.m. MMeEeT IOpOroBbIi
XapakTep, ¢ moporom Bosau3u yraa 73° [26].

BecbMa HEOKUIaHHBIMU OKa3aluch NaHHblE 110 AN 11 peakumii plp—n+X, plAl—n+X
u plAu—n+X, nomyuenusie npu sHeprum s =200 5B B oskcrepuvente PHENIX [146].
PesynbTatel paccMoTpeHsl Beiie B pasnene 1.2.2 u mokaszanel Ha Puc. 1.9, B 3aBUCMMOCTH OT
atomMHoro Beca A. Acummetpusi An(4) IUIs WHKIIO3UBHOTO Ipoliecca mMoka3aHa Ha Puc. 1.9
kpykodkamu. OHa MEHsSET 3HAaK M pacTeT IO BeIMYMHE B TPM pa3a IpU mepexojge oT Pl+p
x p'+AU coyaapenusm.
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Korna HakyiaapiBatoTCs JOMONIHUTENbHBIE TPEOOBAHUS PETUCTPALIMH 3aPSHKEHHBIX YaCTHI]
cuetunkamMu BBC, pacmonoxxeHHbIMH B 00JacTd (PparMEeHTAlUW CTAIKUBAIONIUXCS YaCTHI]
(BBC-tag, kBagpatbl), To AN(A) OCTaeTcs OTPUIIATEILHON U HEOOJIBIIOH 10 BennduHe. Ecnn ke
OoTOMpaTh TOJNBKO COOBITUS, B KOTOPBIX HeT curHaioB B BBC cuerunkax, To An(A4) crBuraercs
BBepX. 151 MHKIIO3UBHOM peakuuu 3710 noseneHue An(A) MOKHO OOBSCHUTH MPELecCuei cruHa
kBapka u geiictBuem cuibl llrepHa-I'epiaxa B HEOIHOPOAHOM KPYTOBOM IIONEPEUYHOM
xpomomarautTHoM moste [30]. [Tockonbky 3 dext HabmomaeTcs B obaactu Maisix pr~ 0.3 ['3B/cC
u OonbluX A, TO CyIIECTBEHHBIM Ui €ro OOBSICHEHUS SIBIISICTCS TAK)Ke CHIIbHOE YBEIMYEHUE
MOMEPEYHOr0 pajnyca MBETHOTO MOJIA NpU MaibiX Pr. OTOOp COOBITUI C TOMOIIbIO CUETYHMKOB
BBC cmemnaer cpeqHiol IEHTPaTbHOCTh COYJApeHHs, YTO W MPUBOAUT K COOTBETCTBYIOIIUM
u3MeHeHusM Juit An(4). BakHO NpoNOIKHTH HccliegoBaHUE 3Toro 3ddexra mpu apyrux
SHEPTUSX U HA IPYTUX MUIICHSIX, B TOM YHUCIIC OT [EHTPATHLHOCTH.

[Mpenckazanust Mojenu XxpoMoMarHuTHON nossipusaiuu kBapkos (XIIK) [30] moka3anbl
Ha Puc. 1.9 cuneit cromHoi nuHuel. ToHkWe nWHWMKM O0O03HAYAIOT OJHO CTAHIAPTHOE
OTKJIOHEHHE Ui ITHX pacdyeroB mo moaenud. Mogens [30] mpenckasbpiBaeT JOMOTHUTEIBHBIE
MuHUMYMBI An(A) ipu A=3 u A=86.

Eme onno HabmiofeHue, HE MOJyYHBILEE TOKa SCHOTO OOBSICHEHHS] — 3TO 3aBUCHMOCTh
An(XF,Nen) mtst peaxtim p'p — 7+X B skcnepumente BRAHMS npu suepruu Vs=200 I'sB [35].
Oxka3anock, 4to An(XF, Nch) yBenmnuuBaercs Mo abCOIOTHOM BEIUYHHE, €CIIH OTOMPATh COOBITHS
C MHOXECTBEHHOCTBIO Nch BbIIe cpemneil. Takue naHHbie MmokazaHel Ha Puc. 5.8 cruromrabeiMu
Kpykoukamu. Eciu e BBIOMpAIOTCst COOBITHSI, B KOTOPHIX MHOXKECTBEHHOCTh HIKE CPEAHEH, TO,
cootBeTcTBeHHO, U AN(XF, Nch) CTAaHOBHTBHCS MEHbIIIE 10 aOCOMOTHOM Bennunue. Moaens XITK
Ka4eCTBEHHO OOBSCHsET 3TH aaHHble 0 AN(XF,Nch) ycuinenuem 3¢pHeKTHBHOrO IIBETHOTO MOJISI
B 00J1aCTH B3aMMOJICHCTBUS MpU TpeOoBaHMM OOJee BBHICOKOW MHOKECTBEHHOCTH, MOCKOJIBKY
moJie co3JaeTcsl JABIKyIIMMHUCA KBapkamu-crektatopamu [30]. Uem Oombmie wactuir Nen
B COOBITHH, TeM OOJIbIIIE OKUAAETCSA KBAPKOB-CIIEKTATOPOB.
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2 a2 a2 a0 4 4 4 4 0 4 4 4 4 0 4 a4 004
4+ B 33 33 94
Xy (n)

Puc. 5.8 3aBucumocts An(Xr) 1ust peakiu plp— 7*+X B skcnepumente BRAHMS [30]

B HacTosiiiee BpeMsi HOBBIE PE3yJIbTAaThl B JKCIIEPUMEHTAX IO CIHUHOBBIM SIBICHHSIM
MOCTYMakT ¢ yckoputenbHoro koMiuiekca RHIC B BHJIL. /lanHbIe 10 HHKIIIO3UBHOMY POXKICHUIO
3apsSDKEHHBIX M HEUTPAJIbHBIX IMHOHOB, KaK YK€ OTMEUaJIOCh BBIIIE, C1a00 3aBUCIT OT DHEPTUU
(cM., Hanpumep, Puc. 1.6).
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WHKnro3uBHOME 00pa30BaHUE YACTHIl HA ITyYKaxX OTPULIATENIbHBIX ME30HHBIMU ITyYKaMH
Ha TOJSPU30BAHHONH MHUILIEHH 3aMOPOXXEHHOTO THIIAa AKTUBHO H3y4aJlloCh B AKCIEPUMEHTE
I[TPO3A B HUII «KypuaToBckuii uHctuTy™ - UOBO. OfiHa M3 Takux peakuuu MpeAcTaBlieHa B
pasnene 1.5 u nokaszana Ha Puc. 1.13 s peakuun nepesapsaaxu 7 d'—z npu sHepruu mmyudxa
40 I'3B [56]. Oco0eHHOCTh 3THX pEakluii B TOM, YTO OTJIMYHAs OT HyJsl acummerpust An(pr)
HosIBJIsIeTCSL B 00jacTu (pparMeHTaluu 77~ Iy4yka, KOTOPbIM, €CTECTBEHHO, HEMOJSIPU30BaH,
HOCKOJIBKY CIIUH 7 paBeH Hyi0. Bo3mokHO, 3HaunTesbpHas AN(PT) BO3HHMKAeT M3-3a CHIIBHON
aCUMMETPUU HAYaJIbHOTO COCTOSIHUSA, T[[€ KBAapK M AHTUKBAapK IHMOHA HAJIETal0T Ha TpH
BAJICHTHBIX KBapKa IOJIAPU30BAaHHOTO HyKJIOHA. lloxoxkas curyauus HaOmromaeTcss U A
OMHApHBIX peaKUui, PaCCMOTPEHHBIX BbIIe. OOMEHHOE B3aMMOJCHCTBHE TAKXKE MOXKET UTPATh
3HAYUTEIBHYIO POJIb B IPOUCXOXKICHHUH OJHOCIIMHOBOIN aCHMMETPHH.

5.1.4 Ilonepeunasa nonapuszayus Pn cuneponog 6 uHKI03UEHBIX PEAKUUAX

OO6Hapy:xeHre 3HAUYUTEIbHON MOMEePEeYHON MONSIpU3aluu /A-TUIEPOHOB B MHKIIFO3UBHBIX
peaKnusx SBUIOCH CIOPIPU30M, IOCKOJBKY TEOPHS MpPEICKa3biBajla BBIMHPAHUE CITHHOBBIX
3¢ (GEKTOB TPH BBHICOKUX DHEPTUAX U OOJBIIUX MMONEPEUYHBIX UMIyJbcax [2]. B manabHeleM 3tu
HCCIIeIoBaHus ObUTM TIPOJODKEHBI, TTaBHBIM oOpa3oMm B Fermilab (CIIA). Bomiburas mosspusa-
1S HAOJIOJaTach MPAKTUYECKH ISl BCEX TUIIEPOHOB W aHTHTUIIEPOHOB B IIMPOKOM HWHTEpPBAJIS
SHEPruil U AN pa3HbIX My4yKoB. M3MepeHus Ha MPOTOHHOM M SAEPHBIX MHILIEHSX IOKa3alu
HE3HAYUTENIbHYI0 3aBHUCUMOCTh PN OT aTtomMHoro Beca mumieHu A. Tlonspusarusi rumnepoHOB
B COYJApeHUsX WJEHTHUYHBIX HEMOSIPU30BAHHBIX aJpPOHOB, HANpUMEp B PP-COyAapeHHSIX,
SIBJSIETCSL HEYeTHOWM (yHKIUeH mnepeMeHHOH Xr: PN(—Xr,p1)=—Pn(XF,pT), OTKYyIma ciemyet
Pn(0,p1)=0. TIpubamkeHHO 3TO COOTHOIICHHWE BBIMONHSAETCS W B PA-coymapenusx. O030p
JAHHBIX TI0 TOJISIPU3AI[MK THIIEPOHOB MOKHO HAiTH, B yacTHOCTH, B [147, 148, 149].

Ha Puc. 5.9 noka3zana nonsipuzanust B peakiuu pBe—/+X npu sueprusix myuka 400 I'>B
[150, 151] u 800 I'sB [152]. KpuBbie Ha Puc. 5.9 mokaspiBaroT put manHbeix u3 o0630pa [149].
[Monspuzanus B peakiuu pBe—/+X oTpunarenbHas, a €€ BeIMUYNHA PACTET C YBEIIMUCHUEM Xr U
pr. 3aBUCUMOCTh OT SHEPruu Mydka HesHauuTenbHas. Ha Puc. 5.10 moka3zana Pn B peakmuu
pBe— & +X mpu sueprusx myuka 400 5B [153] u 800 I'3B [154] u dpwur [149].
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Xots 3Hak Pn B peaknum pBe— = +X Toke oTpuniaTenbHbIN, MaKCUMalIbHAsI BETMYHHA
PN BIBoe MeHbIe, U JOoCcTUTaeTcst oHa npu Xr = 0.5, B oTiau4ue oT /-TUnepoHa, sk KOTOPOro
MakcumMyM Pn Haxomutcs BOmm3u Xr = 1. Iloxoxkee moBeneHue HaOMIOAAeTCS M IS PEAKLUU
pBe—Z°+X npu suepruu mydka 400 [3B [155]. B pamkax moxenu XIIK [30] Takoe moBeneHue
Pn(XF) oOmsicHseTcs TpeneccHedl ChnuHa S-KBapka B 3(QQEKTHBHOM KpPYroBOM IOIEPEYHOM
XpOMOMAarHMTHOM T0JI€ MPU OJTHOBpeMeHHOM JieiicTBuu cuiibl LlItepHa-I'epnaxa.

[Tomstpuzanusa B peakiuu pA—2"+X mokazana Ha Puc. 5.11 u uMeer MmojaoXUTETbHBIN
3HaK. JlanHble mosydeHsl npu sHeprusx myuka 400 5B [156, 157, 158] u 800 I'>B [159].
[TonoxurenpHas moispu3anus HabmopaeTcs Takke B peakuuu PA— 2 +X mpu sHepruu 400 ['2B
[160,161]. [onspuzanus A onpenensercs mojaspu3amnueil S-KBapka, Torjaa Kak s X -rurnepoHa,
B CHJIy OCOOCHHOCTEH ero BOJIHOBOW (DYHKLWH, MOJISIPU3ALMs IMPOTUBOMOIOKHA MOJSPU3ALIUH
S-KBapKa, YTO MOXKET OOBSICHUTH MOJIOKUTENBHBIN 3HaK Pn B peakiun pA—2"+X.

BosnbmmHECTBO mM3MepeHnii Py B peakimu PA—/J+X GbUTH BHITIONHEHBI HPH BHICOKOI
sHeprum, VS > 27 9B, U 1OKa3ald COBMECTHMYIO C HyJIEM MOISPH3ALMI0. EMHCTBEHHDIH
skciepuMenT E766, B KOTOpoM HaOmIonanach 3HAUMTENbHAs TONSApu3anus A, ObLT BHIIONHEH
npu Vs = 7.31 I'3B [162]. Pesynpratel E766 mokazansl Ha Puc. 5.12 cinmomHeiMu KpyKOYKaMHU.
CrutourHasi kpuBast Ha Puc. 5.12 — pacuerst mo momemn XIIK [163]. 3aBucumocts Py oT Vs
MMEeeT Pe30HAHCHBIM XapakTep.
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[IpoBepka HITHX JaHHBIX SABJISETCS AaKTyaJIbHOW 3adadeld W oOyierdaercss Tem
00CTOSATETHLCTBOM, YTO UMITYJILC MPOTOHHOTO IMy4YKa JOJDKEeH ObITh 27 ['9B, uto Oyaer gqoctymHO
st yecranoBku CITACUAPM.

Ouenp Oosnblas nossgpusanus (0HAKO, ¢ OOJBIIMMU OIIMOKaMH) U3MepeHa JJis peaklun
K'p — A+X B nuamasoHe MMIymbcoB mydka oT 8.2 o 70 I»B/c [164, 165, 166, 167].
PesynpraTtel mokazansl Ha Puc. 5.13, Hapsay ¢ pacueramu [149]. Ilonyuenue Gonee TOUHBIX
JAHHBIX 110 3TOM peaKIu ABJISIETCS aKTyalbHOM 3aaueil.
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Pesynbratel m3mepenus Pn B peakium pp — A+X mokazansl Ha Puc. 5.14 [168].
OCOOEHHOCTBIO 3TUX pE3yJbTAaTOB SBISICTCA YKa3aHWE Ha ocumuninuio Pn(Xe), 4ro Oyzner
MHTEPECHO NMPOBEPUTH U MCCIIEA0BAaTh HA AHTUIIPOTOHHOM ITyuke skcriepumenta CITACHAPM.
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5.1.5 [Ilpozpamma 3xcnepumenmanvHvix ucciedosanuii 8 yecnepumenme SPD

B Ommxaiimiee Bpemst OZHMM U3 JIMIACPOB MCCIEJOBAHUN CIHMHOBBIX 3((EKTOB B
anpoHHbIX peakiusax craHeT OOwveauHenHnlt Muctutyt fAnepusix MccnenoBanuii B JlyOHe. B
OUAU cozmaercs komnaiaep NICA st ncciieqoBanusi CBOMCTB MaTepHH B YCIOBUSAX BBICOKOM
MJIOTHOCTU (COYyJIapeHUsI MOHOB) U TPOBEACHUS HCCIIEIOBAHUM B 00JIACTU CIIMHOBOW (PU3UKH.
CrankuBaroniyecs: MoJIsPU30BAHHbIE MyYKH IPOTOHOB U JIEUTPOHOB B 00JIACTH SHEPTUM B C.I.M.
10 27 I'sB no3BossioT peaan3oBaTh OOMKUPHYIO MPOTrpaMMy HCCIEI0BAHUN CTPYKTYpPbI IPOTOHOB
U ICUTPOHOB U POJIA CIIMHA B CUJIbHBIX B3aUMOJIEHCTBUSAX.

VYcranoska SPD (Spin Physics Detector) mpeamonaraer 41 reoMeTpuio, MPEIU3UOHHBIE
TPEKOBBIC M KAIOPUMETPUUECKHE IETEKTOPBI M WAeHTU(HKaIHIO yacTuil [13].

OCHOBHOH LIETBI0 DKCIIEPUMEHTA SIBISAETCS U3MEPEHME TIIIOOHHOM KOMIIOHEHTHI CIIMHA
HYKJIOHA IMpH 3HAUYEHUSX NepeMeHHON bbhépkeHa, MCMonb3ys pa3iuyHble JOMOIHSIONIME JIPYyT
Jpyra NpoOHMKH, TaKue, KaK MpOLEcChl 00pa30BaHMsI YaAPMOHHUSI, OTKPHITOIO YapMa M HPSIMBIX
¢otoHoB. llensiMu sKcrepyMEHTa SIBISIFOTCS IMOJIyY€HHE JOCTyINa K CIUPAJbHOCTH TJIIOOHA,
¢ynknun CuBepca ans rmooHoB U ¢yHkuuu boliepa-Mronpaepca B HykJoHe. Takxke
IUIAaHUPYETCs TOJY4YUTh JIaHHbIE II0 TaK Ha3blBAEMOMY pACIpPEAEIEHUI0 '"TpaHCBEPCUTH
(transversity)" s rrooHoB U TeH3opHble TMD PDFS (3aBucsiine OT MOMEPEYHOTO MMITYJIbCa
(GYHKIMU pacTipesieieHus) B IUTpOHEe MOCPEICTBOM U3MEPEHUS CTIeU(pUUECKUX OJHO- U JIBYX-
cMHOBBIX acummerpuil. B Tabn. 5.1 mpexncraBiensl pa3indHble QyHKIMH pacrpelesieHuil mo
UMIIYJbCY, 0 KOTOPBIM MOXET OBITh MOdydeHa uHpopmanus B skcnepumente SPD. Kononku
MPEICTABISIOT TJIFOOHHYIO MOJSPU3AIHIO, a CTOIOLBI- MOIspU3aluio aIpoHoB. KpacHbIM 1IBETOM
BbiieneHbl Te QyHkiuu PDFs, kotopsle mianupyercs ucciaenosars Ha SPD.
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Ta6n. 5.1 ['moonusie TMD (3aBHCsIIIKE OT MOMEPeYHOro uMityibea) PDFS ms twist-2.

Unpolarized Circular Linear
Unpolarized g(x) hy® (x,kr )
density Boer-Mulders function
Longitudinal lAQ (x) Kotzinian-Mulders
helicity function
Transverse _\.v (x,ks) Worm-gear Arg(x)
Sivers function function | transversity (deuteron only),
pretzelosity

OxugaemMoe MOJyYCHHE TaKUX Pe3ysbTaToB Ha SPD MOMOXET OLIEHWTHh POJib TJIFOOHA B
CIIMHOBOW CTPYKTYpE HYKJIOHa M OyJIEeT CIY)KUTh BaKHBIM JOMOJHEHHEM HPOUCXOSIIINX H
IUTAHUPYEMBIX HccaeqoBannii Ha kommaigepax RHIC u EIC (BNL) m mmanmpyeMbix
sKcnepuMeHTax ¢ (uxcupoBannoit mwumenpio Ha LHC (CERN), a Takke sKcmepuMmeHTa
CITACYAPM. INonpobuee ¢ ¢pU3MKOI OCHOBHOTO dTara UCCIEIOBAaHUNA MOXHO O3HAKOMHTHCS B
[13] u [15].

Ha nawanpHOM »sTame pabotel kosutaiinepa NICA, mpu TMOHMKEHHONH CBETUMOCTH M
SHEPIUU COYJApPEHUH TPOTOHHBIX W MOHHBIX ITyYKOB HaMe4eHa (U3MKA, IOCBAIICHHAS
UCCIIC/IOBAHUIO MEXaHMU3MYy IPOUCXOXKICHHS MOJIIPH3AIMOHHBIX JI(PQPEKTOB B  CHIBHBIX
B3auMoeicTBUsX. [Iporpamma 3THX Ucciaen0BaHui moApoOHO u3nokeHa B [14]. OHa BKIIIOYAET,
B YacTHOCTH, OJHOCIMHOBBIC aCMMMETPUHM B OOpa30BaHMU JICTKUX ME30HOB, 00pa3oBaHUE
lpenn-SlHr map, MOJNSPHU3AlUI0 THIEPOHOB, TOJSPU3AIHOHHBIE (QYHKIUU (QparMeHTAINH,
YIPYToe paccesiHue, SKCKIIO3UBHBIEC )KECTKUE MPOLECCHl ¢ IEHTPOHAMH, paccesHue Ha OOJbIINe
VIJIbl, CKEHJIMHTOBOE MOBEJCHHE WHKIIO3MBHBIX M OSKCKIIO3MBHBIX PEAKIWH, HMCCICI0BAHNE
MHUKPOCKOIIMYECKONH CTPYKTYpBI JEHTPOHOB, 0Opa3oBaHME dYapMa M BEKTOPHBIX ME30HOB,
oOpa3oBaHWe ME30HOB B 3amHed moiycdepe (Haszam). Takke moaApoOHO 0OCYyX)maercs
WCCIIC/IOBAaHNE IICHTPAJIbHBIX HYKIOH-HYKJIOHHBIX COYAApPEHHH, BKIIIOYash MHOTOKBApPKOBBIE
COCTOSIHUSI.

5.2 Teopernueckue Mo/eJId, ONUCHIBAIOIIHE OTHOCTIMHOBBIE SIBJIEHUS

B HactosmieMm paszgene paccMaTpUBArOTCS Ppa3iIMyYHbIE MOJENH, MPEIOKEHHBbIE IS
OOBSICHEHUS! OJHOCIIMHOBBIX MOJSPU3ALMOHHBIX NaHHBIX. VcTOpuYeckn MEepBBIMU MOEISMH,
MPEUIOKEHHBIMU JJIs1 O0BSICHEHUS OOJIBIIMX MOJSPU3ALUOHHBIX 3(PPEKTOB BO B3aUMOICHCTBUAX
aJIpOHOB, OBUTM MOJIENM, WCIIOJIB3YIONINE TOJyKIacCHuYeckne MexaHu3Mbl. OIWH U3 TOAXO0JI0B
OCHOBaH Ha Mojenu mojircoB Pemke [169, 170, 171]. O0630p 3THX MOjeICH MOXHO HAWTH B
pabore [172].

pyras rpynmna mojenei npeanonaraetT pakropusaluio nepTypOoaTuBHbIX U HenepTypoOa-
TUBHBIX (pakTopoB. XKecTkoe paccesiHHe MapTOHOB (KBapKOB U TJIFOOHOB) ONMMCHIBAETCS B TaKHX
MoJIeNIAX B paMKax Teopun BodmymieHuid KXJI. Msrkue mpoueccsl (¢ HEOOJBIION nepenadeit
UMIYJIbCa) YYHUTBHIBAIOTCS, HANpPUMEp, 4Yepe3 BBEICHHUE CTPYKTYpHBIX (YHKIMA M (YyHKUUR
(¢parMeHTalM¥ MapTOHOB B aJPOHBI, KOTOpPHIE HAXOJATCS W3 HKCIEPUMEHTAa M YUYUTHIBAIOT
MPEJCKa3bIBAEMYI0 M3 TEOPHM 3BOJIIOLUIO 3THUX (QYHKIUA NpH H3MEHEHHM IepeJaHHOTo
UMITYJIbCA.
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5.2.1 Mexanuszmot Cusepca u Konnunsza

B Hacrosiiee Bpemst Hanbosee Mupoko 00CyK1aeMbIMU MEXaHU3MaMHU, TPEI0KEHHBIMU
Ui OOBSICHEHHS] pacCMaTpPUBAEMbIX MOJSAPU3ALUMOHHBIX J(P(PEKTOB, SBISIOTCI MEXaHU3MBbI
Cusepca [173] u Kommmuza [174]. B ocHOBe 3THX IOAXOIOB JIEKUT IPEANOIOKEHUE
O CyILIECTBOBAHUMU 3aBHUCSIIUX OT CIUHA U TOIMNEPEYHOr0 UMITyJibca (PYHKIMHA pacrpeneiaeHus
kBapkoB (TMD) [173] B monssipu30BaHHOM MPOTOHE, JTUOO0 (PYHKIMI (parMEeHTAIMK MOJIIPHU30-
BaHHBIX KBapKOB B aJpoHbl [174]. B kaxmoil W3 3TUX MOJENEH IMOJIpa3yMeBaeTCs HaIMYHE
KOPpEJSIUN MEX/Ty HAallpaBICHHEM CIIMHA U MOTEPEYHBIM UMITYJIbcoM. COBpEMEHHOE COCTOSIHUE
MoJieniell 00CyKaaeTcs, Harpumep, B padote [175].

[Ipenckazanuss B pamkax wmozenu CuBepca mnokaszanbl Ha Puc. 5.15 nans naHHbIX
skcrepuvenTa BRAHMS 110 MHKIIO3HBHOMY pOX/IeHHIo 7° mpu sueprun \s = 200 T'sB [176].
3amTpuxoBaHHbIE TOJOCH MOKA3bIBAIOT «IIOJIOCY CTATUCTUYECKOW HEONPEAEICHHOCTHY IPHU
BapHallly MapaMeTpoB MOJIEIH, UCIIOJIb3YEeMBbIX JJIsl u3BjieueHus: ¢pyHkiuu Cusepca, U3 JaHHBIX
M0 TITYOOKOHEYNPYTUM TOJNYHHKIIO3UBHEIM mporeccam [177]. Jlamueie STAR nmns #° mpu
sueprun Vs=200 3B [178] moka3sans! Ha Puc. 5.16.
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Puc. 5.15 3aBucumocts An(Xe) s plp — 7t X,
u3 pabotsl [177]

Puc. 5.16 3asucumocts An(Xe) must plp — 0 X,
u3 pabotsl [177]

Ha Puc. 5.17 nokasansl ganasie BRAHMS o An ans K* [176]. U3 Puc. 5.15-Puc. 5.17
MOKHO CJEeNaTh BBIBOJA, YTO JUIS 777 aCUMMETPHS MOXKET OBITH OIMKMCAHA OJHHM MEXAHH3MOM
Cusepca, Toraa Kak 1 7° 1 K* 3T0ro Mexannsma HeZ0CTaTOYHO.
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[ ] 1 :
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L p=273 stat. bands
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.KF :':F

Puc. 5.17 3aBucumocts An(XF) st K*, u3 pa6otsr [176]

OTaenbHOro paccMOTPEHUS 3aCiIyKUBAIOT NpeasaputTenbHble nanHble STAR mia 70 npu
suepriu Vs=500 5B [179]. Onm cpaBrmBatotcs Ha Puc. 5.18 ¢ mpeicKasaHUAMH [0 MOJENH
Cusepca u Komnmunza coorBerctBeHHO [177]. Acummerpust An(PT) Okasanack Oouiblie, uem
MPEJCKa3bIBAIOT KAX/IBIH M3 JBYX MEXaHH3MOB B OTACIBHOCTH. ABTOPBHI INPENIONararT, YTO
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B CYMMC€ ABa MCXaHHU3Ma CMOTI'YT OIIMCAaThb 3TU HJAaHHBIC, KOTOPBIC BIICPBBIC U3MECPCHEBI IIPU CTOJIb
OOJIBIIIMX 3HAYCHHIX TOINCPCYHOTr0 UMITYJIbCA.

0.1

T — T T 0.1
STAR preliminary

Jomrad "% STAR preliminary

TOmrad 8-
F 30 mrad —8—

[ SIVERS effect ¥ =0.28 stat. band COLLING effect  xp=0.28 stat. band

_ nosf l g 008 b

RS R Y

2 3 4 5 g T ] 2 3 4 5 i} T a
Pr(GeV) Py (GeV)

Puc. 5.18 3asucumocts An(pr) st peakiuu P'p — 7°X, u3 pabotsl [177], ¥ npeackasaHus B paMKax
Moneneit Cusepca (cireBa) u KommmHza (cripasa)

5.2.2 Bknao evicuiux meucmog

Jpyroii MexaHu3M IeHepaluy OJHOCIIMHOBBIX aCUMMETpH ObL1 npeioxker EdppeMoBbiM
u TepsieBbim B 1982 r. [180]. B Hem paccmaTtpuBaercsi, B paMKax KOJUTMHEAPHOW KUHEMATHKH,
BKJIA/I TBUCT-3, Y4UTHIBAIOUIMHA 3((EKThl KBapK-TIIOOHHBIX KOppensanuid. B manmpHelimeM 3TOT
MIOJIXO0JT Pa3BUBAJICS TAKXKE B IPYrux padorax, Hampumep B [181].

Oco0eHHOCThIO YKA3aHHBIX BBIIIE MEXAHU3MOB SIBJISETCSI 3aBUCUMOCTH OT IONEPEYHOIO
umItyJbca Buga An ~ 1/pt, 9To XapakTepHO IUIsl BKJIAJIOB BBICIINX TBHCTOB. JDKCIEPUMECHTAIbHBIC
JaHHBIC TPU JOCTUTHYTHIX HA CETONHAIIHUI JI€Hb MOINEPEYHBIX MMITYJIbCAX HE YKa3bIBAIOT HA
3HAYMTENIbHOE YMeHbIeHne AnN(PT) IIPU YBEIHYCHHH Pr.

5.2.3 Bepaunckasa mooennb 6pauiarouuxca K6apKos

Mogenp Bpalmaromuxcsi BaJCHTHBIX KBapKOB B MoJiApu3oBaHHOM TpoToHe (bepnmnckas
Mozens) [182. 183] Obima mpennokeHa s OOBSICHEHHS MPOUCXOXKACHUS OJHOCITHMHOBOMN
aCUMMETpUU B OOpa30oBaHWM MHOHOB U MOJspusanuu A-runepoHoB. OpOHUTanbHOE BpalleHHE
KBapKOB MPOKMCXOJUT BOKPYT OCH IMOJISAPU3AIMU MPOTOHOB, MpHUYeM U- ¥ O-KBapKH BpaIAlOTCS
B IIPOTUBOMOJIOKHBIX HAMPABJICHUAX, YTO CBS3aHO C MX MOJSIpU3alield M BOJHOBOUM (hyHKIMEH
npoToHa. B3aumozeiicTBue MpoucXoAuT BOJU3U (PPOHTAIBHON MOBEPXHOCTH CTAJIKHUBAIOIIUXCS
a/IpOHOB, TaK 4TO 00pa30BaBIIMICS MHUOH NMPUOOPETAET JOTIOIHUTEIbHBINA MTONEPEUHBIH UMITYJIbC
MIpY PEKOMOWHAIIMKA ¢ MOPCKHM aHTHKBApPKOM W3 MHIIEHU. MOJIeNb TaeT Ka4eCTBEHHOE OIHCa-
HUE OJTHOCITMHOBOM aCHMMETPHH, OJTHAKO HUYETO HE TOBOPHUT O MOJISIPU3ANNN aHTUTUTIEPOHOB.

Ha Puc. 5.19 mokasansl ganubie skcnepumentoB E704 [26, 184] u E925 [25] mpu sHep-
rusix 200 u 22 9B, xoTopble CpaBHUBAIOTCS C JABYMs BapuUaHTaMHU MapaMeTpU3alliu JaHHBIX
E704. Tlpexnckazanus moaemu mns An(X:) u Pn(Xs) B peaktuu p'p(4) — A X cpaBHHBaOTCA
¢ nauubiMu Ha Puc. 5.20 [185, 186].

139



= 08 T T

0.4

p(T)+p(0)— m +X

20.2f o - .
or . o, . ﬁ:
o4l Ton P m200GeV e % ]
— A r PGV *
1 1 1 1
0.6 02 0.4 06 08 1
Xp

Ay (%)

A0+

B di=p, = 1.5GeVic
® p, - 08 GeWic
A P 0B GEVIC

L & p,,. =18.5 GeVie

||I||\I|I|||

=20
0

524

[pyras uHTEepecHas BO3MOXHOCTb pPAaccMaTpPHBAETCS B MEXaHU3ME, OCHOBAHHOM Ha
KBapK-KBapKOBOM B3aUMOJICHCTBUHU, WHAYLUUPOBAHHOM OOJBIIMM aHOMAJIBHBIM KBapKOBBIM
XpOMOMarHuTHeIM MoMeHTOM [187]. OueHku, cienaHHble HA OCHOBE MOJENU HMHCTAaHTOHHOMN
xuakoctu st Bakyyma KX/, moka3piBaloT BO3MOKHOCTb T€HEpaIuu OOJIBIION OTHOCITHHOBOM
aCUMMETPUU Ha KBAapKOBOM YpOBHE. [[aHHBINI MEeXaHM3M MOXKET OBITh OTBETCTBEHHBIM 3a T€
OoJpIIIME OJHOCIIMHOBBIE ACUMMETPHUHU, KOTOpbIE HAONIOMAIOTCS B pEaKIusix o0O0pa3oBaHHS
aJIpOHOB TpH BBICOKMX 3Heprusx. Ha Puc. 5.21 mokasansl 3aBucumoctd acummetpuu An(Qt)
OT MepelaHHOT0 MMITyJIbca MPHU Pa3HbIX 3HAYCHHSX MapaMeTpa HHdpakpacHOro odpezaHus Mg
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5.2.5 Kupanvuas mooens punbmpayuu cRuHOBbIX COCHOAHUIL

Eme ogun Mexanu3M MArkor (HemepTypOaTHBHOW) TeHEpAIMK OJHOCITMHOBOW aCHMMET-
pUU OCHOBaH Ha KUPAJIbHOM KBapKOBOW MOJENH, B KOTOPOM MPUHATHI BO BHHMaHUE TaKue
(bakTophl Kak yHHTapHOCTh W KapTHHA mpuieibHoro mapamerpa [188]. B paccmartpuBaemoii
MOJIETIM MPOUCXOANUT (PUIBTPALIUS CIIMHOBBIX COCTOSIHHMM, KOTOpasi 00yCJIOBJIeHa YHUTAPHOCTHIO
B S-kaHasie. OHa CBSA3BIBACT MOJIAPU3AIMIO C ACHMMETPHUEH B IMOJIOKEHUH KBapKa B IPOCTPAHCTBE
MPULIEJIBHBIX MTapaMeTpoB. MoJienb MpecKa3bIBaeT sl OJHOCIIMHOBOM aCUMMETPHUU JTUHEMHBIN
POCT B 3aBHCHUMOCTH OT Xr W BBIXOJ Ha muiaro npu Pr > 1 [mB/c [189]. Ha Puc. 5.22 noka3anbl
npenBaputenbHble  gaHHble  okcrmepumenta STAR  [190, 191], kortopble CpaBHUBAIOTCS
¢ mpeackazanusamu mozaenn [189].
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Puc. 5.22 3asucumocts An(XF) miist p'p — 79X, u3 [189].
Yron uzonmsiuu muoxa 70 Mpaf, Vs =500 B u 0.32 < X¢ < 0.40.
Haunnsie STAR u3 [190, 191]

ABTOpBI MMOAYEPKHUBAIOT, YTO COTJIACHE JAHHBIX M PAacUYeTOB MMEET MOKa KadyeCTBEHHBIN
xapakTep. Iyl KOJMYECTBEHHOTO aHaln3a HEOOXOAMMO MMETh AaHHbIe mpH Xr > 0.4. ABTOpBI
npejckasbiBaoT, uto AN=0 gua p'p — pX B obmactu (parMeHTamMM mMydka, OAHAaKO Ay
HE paBHA HYJIIO JIUIsI IIpoliecca oOpa3oBaHust HeiTpoHa B skcriepumente PHENIX [35, 37].

[Tonsipuzanus runepoHoB nokazaHa Ha Puc. 5.23 B 3aBucuMocTd Xk ¥ Pr. CIUIOIIHBIMU
JIMHUSIMU [TOKa3aHbI PacyeThl 10 MoK GuiabTpalmu cnuHa [192].
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Puc. 5.23 Pn(xr) (ciesa) u Pn(pr) (cripaBa) mis peaxnuu Pp(A) — A™X,
CIUTONIHBIE IMHUK — TIPEACKA3aHust 0 Moesn GuisTpaiin ciuHa [192]

141



5.2.6 Bpawenue napmonoe é cmpykmype cocmagisiouiezo Keapka

B npyrux pa6orax TpommHa u TropuHa Takke paccMaTpUBaeTCS MEXaHH3M, B KOTOPOM
MpeJoiaraeTcss BOSHUKHOBEHHE OJHOCIUHOBOW aCUMMETPUU W MOJISPU3ALUU TUIIEPOHOB 32
CUeT BpallleHUs KBapK-aHTUKBAapKOBOIO 00Jlaka BHYTPU BaJICHTHOI'O COCTAaBIISAIOIIEIO KBapkKa
[193, 194, 195]. OcHoBHas pojb B MEXaHHU3ME BO3HHKHOBEHHUS IMOJSAPU3ALMU THUIICPOHOB
NPUHAUICKUT OpPOUTATPHOMY MOMEHTY ¥ TIOJSPH3AaLUH Tapbl  SS-KBapKOB, BXOJISIINX
B CTPYKTYpPY cocTaBisomero ksapka. OOpa3oBaHue TUIEPOHOB MPOUCXOIUT B JBE cTaguu. Ha
NEPBOl CTaJuM TPOUCXOAUT TIEPEKPHITHE W B3AUMOACUCTBUE MepudepruuecKux OoO0JIaKoB
COCTABIIIIOLIMX KBApPKOB, YTO MPHUBOAMT K TIOSBJICHUIO MAaCCHBHOTO CTPAaHHOTO KBapKa
U TeHepaluu cpenHero mnoiisi. Ha BTopolt craguu mpoiecca paOOTalOT JBa KOHKYPUPYIOIIUX
MEXaHHU3Ma: MPOUCXOTUT PEKOMOMHAIMS COCTABISIONIUX KBAPKOB C MAaCCHUBHBIM BUPTYaJIbHBIM
CTpaHHBIM KBapkoM (MSTKOE€ B3aMMOJEHUCTBHE) C OOpa3oBaHMEM THIEpOHA; JIMOO paccesHue
COCTaBJISIOUIET0 KBapKa B CpeHEM I1oJie (B3auMoIeicTBIE ¢ OOJbIION Nepeadeil monepeyHoro
UMITyJIbCa), €ro BO30Y)KJIE€HHE U TOSIBJICHHE CTPAaHHOTO KBapKa B pe3yibTaTe pacraja
BO30YKIIEHHOTO KBapka. 3aTeM MpPOUCXOMUT (pparMeHTanusi CTPAaHHOTO KBapKa B THIICPOH.
CpaBHeHHe TpeIcKa3aHui MOJICNN M TAaHHBIX JUIs UMITyJibca ydka 400 ['5B/c, B 3aBucuMocTH OT
Xr ¥ Pr, OKa3zaHo Ha Puc. 5.24 [194].

—0.2 1 E :
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Puc. 5.24 Pn(x) st pp — A™X (cnesa) u Pn(pr) st pp(A) — ATX (cnipasa) u3 paGotsr [194]

Mogenb npencka3piBa€T OTPULIATENBHBIN 3HAK MOJApU3aAUUM /] U €€ 3aBUCUMOCTh OT Xr.
3aBUCHMOCTh aHAJOTUYHA MOJTy4aeMOi B MOJIETH XPOMOMArHUTHOM mosspu3aiu kBapkos [30].
B 06oux cnyuasx mmeer MecTo paccessHre B d()(PEKTUBHOM Mojie U OOHAPYKUBACTCS 3aBUCHU-
MOCTh TOJNIPU3AIUU OT Xp, KOTOpasi ONUCHIBAETCA TPUTOHOMETpUUeckoi ¢yHkiueir. Moaensb
MPEACKA3bIBAECT TAK)KE CKEMIMHT MOJspU3aluu / B 3aBUCUMOCTH OT Xr. [Ipenckazanuii monsipu-
3alMU I APYTUX TUIIEPOHOB HE MPUBOJUTCS.

B pamkax 3Toi MOJenH TaKkXKe JeNIaeTCs MOMbITKa 0OBSICHEHUS CKEHIMHTA OJHOCTTHHOBOM
acummerpuu [196].

142



5.2.7 Mooenb XxpomomazHumHol cmpyHbl

Mogens PricknHa (Ha3zpiBaeMasi TaK:KE€ MOZICITBI0 XPOMOMArHUTHOW CTPYHBI) OTIHYACTCS
MPOCTOTONM W HAIJSITHOCTHIO MEXaHW3Ma TOJSIPU3AIMOHHBIX SIBICHHH M BO3MOXKHOCTBIO €0
MPUMEHEHHS B KaueCTBEe OOBSICHEHUS MOJIIPU3AIIMU THIICPOHOB B COYIApPECHUSX HETOJISIPHU30BaH-
HBIX YaCTHIl W OJIHOCIIMHOBOH AacCHMMETPHHM aJapOHOB B COYJapeHUSIX MOJSPU30BAHHON
U HenoJisipu3oBanHou vacTui [197, 198, 199].

Bonbiuue HabmonaeMble nojspusanuonusie 3¢pdektsl B Al + B — C+ X caasanbl,
BUMMO, ¢ OOJbIIUMHU paccTtosHusMu (I > 1/0r ) U MOryT nath MH(POPMALKIO O MEXaHU3Max
aJipoOHU3aIK 1 KoH(pallHMeHTa. B Mojenu cTpaHHBIM KBapK CO CIIMHOM BBEPX 4Yallle BBUICTACT
BIIPaBO 4YeM BJICBO. Takoi pe3ysbTaT MOIy4aeTcsl, €CJIM MPUHATH BO BHUMAHHUE B3aMMOJICHCTBUEC
[[BETOBOTO MAarHMUTHOTO MOMEHTa KBapKa C XPOMOMArHUTHBIM I10JIEM, BO3HHMKAIOIIUM I1OCIIE
coyaapeHusi, Ha ctaauu afaponusanuu [197]. Ilocne coynapeHus u oOMeHa I[BETHBIM TIIFOOHOM
(1BETOBOH TEpe3apsIIKi) MEXKIY CTAUIKMBAIOIIUMUCS aJpOHAMHU HATSATUBACTCS TPYOKa IBETOBOTO
motoka  (ctpyHa). OOBIMHO  paccMaTpuBaeTCs  TOJBKO  TMOTOK  HAMPSIKECHHOCTH
XPOMOJJIEKTPUYECKOTO TI0JIs, HO Takoe peleHne HeycTonunBo. Kak mokasano B pabdorax [200],
BOKpPYI' TpPYOKHM BO3HMKAeT XPOMOMArHHTHOE Toyie (KaK BOKpPYT TIPOBOJHUKA C TOKOM).
Cxemartudeckoe wn3oOpakeHue TpyOku mnBeroBoro mnotoka (KXJI cTpyHbI) MeXIy KBapKOM
Y aHTUKBapKOM TokaszaHo Ha Puc. 5.25.
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Puc. 5.25 Cxemarndeckast KapTHHA TPYOKH IIBETOBOT'O IIOTOKA MEXIY KBADKOM M aHTHKBAPKOM.
IIpomonbHBIE TMHIM MOKA3BIBAIOT HAIIPABICHNUE XPOMOIIEKTpHUecKkoro nons E,
a KpyroBble — HaIpaBJICHHE XPOMOMAarHUTHOTO moJisi B

[Tone B3aMMONEHCTBYET C XPOMOMArHMTHBIM MOMEHTOM [ BBUICTAIONIETO W3 OOJACTH
B3anMOJIeHCTBHS KBapKa. [lockonpKy HampaBieHue TpyOKH OJM3KO K HAIPaBICHUIO CTATKUBAIO-
IIMXCSl YaCTHIl, HEOJHOPOTHOE XPOMOMATHUTHOE IIOJIe COOOIIAeT KBapKy CO CIHHOM BBEpPX
JIOTIOJTHUTENBHBIN MONepeyHblii UMITYJIbC (r, HAIIPaBJICHHBIN BIPaBO, a KBApKy CO CIIMHOM BHU3
— BneBo [197]. IlogpasymeBaercs, YTO CHIIbI, JACUCTBYIOIINE CO CTOPOHBI HEOJHOPOIHOTO
XPOMOMAarHUTHOTO 1o (aHaJoruuHble cuiiaM B skcriepumente IlltepHa-I'epnaxa [1]), cmemator
CIEKTpBI HAaOJII0JaeMbIX aJPOHOB BJIEBO WJIM BIPABO M0 IIKaJe MOMEPEYHbIX UMITYJIbCOB. DPopma
W MarHuTyJa CaMHX paclpeleNieHHid TpH JITOM He HU3MEeHSIoTCs. [loCKOmbKYy OOBIYHO
3aBHCUMOCTh CIIEKTPOB OT Pr ONW3KAa K OSKCIIOHEHIMAIBHOW, CIBUT Ja)ke Ha HEOOIBIIYIO
BEIMYMHY O(r MPHUBOAWT K 3HAYUTEIHPHOMY M3MEHEHHIO COOTBETCTBYIOIIETro au(depeHnnas-
HOTO CEYCHHUs TNPH (UKCHPOBAHHOM 3HAUYEHHUH TIOMEPEYHOTO HMITYJIbCA, YTO W MPHBOIHT
K Ha0JII01aeMOi 0THOCTIMHOBOM aCUMMETPHH.

CpaBHeHue pmaHHBIX Okcrepumenta E704 [26, 201] ¢ mnpeackasaHusiMH MOZIETH
XPOMOMAarHUTHOI CTpyHBI MpecTaBieHo Ha Puc. 5.26.
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Puc. 5.26 Cpasuenue nanusix E704 s p'p (uepusie kpyxoukn) [26]
u p'p (oTkpeIThIE Kpys)k0ouku) [201], u3 paboter [199]

5.2.8 Mooenv xpomomacHUmMHOI nOAAPU3AUUU KBAPKOB

[Toxoxue OCHOBaHUS JIETJIM B OCHOBY MOJEIM XPOMOMArHUTHOW MOJIAPU3ALIUU KBApPKOB
(XTIK). Ha pannom ortame wmogens XIIK wmoxer paccMaTpuBaThCsi Kak —0000IIeHHE
SMIUPUYECKUX 3aKOHOMEPHOCTEW, HalIEeHHBIX B XOJ€ TIJ00AJIbHOIO aHalu3a JIaHHBIX.
MexaHu3M, TOJ0KEHHBI B OCHOBY MOJIEIH, SIBJISIETCS HA CETOMHSIIHUIN JIeHb JIMIIL OJHUM W3
BO3MOJKHBIX, HAPSIY C IPYTMMHU BapuaHTAMHU T€HEPAIIH MTOJIIPU3AIMOHHBIX SBICHUH.

OcHoBHbIC TOJOXKEHUsT Monenu u3nokeHbl B [30]. OTmenbHbIe peakiiu PacCMOTPCHBI
B paborax [29, 163, 202, 203, 204, 205, 206]. Moxenp XIIK Gasupyercs Ha CIEAyIOIIAX
MOJIOKEHUSAX:

— TIlocne mepBoHauanbHOM IIBETOBOM Mepe3apsIKud BO3HUKAET MPOJIOJIEHOE XPOMO3JIe-
KTpuueckoe nose E* u kpyroBoe momnepeuyHoe XxpoMOMarHuTHoe moie B2

— OpHocniuHOBas acummeTpust o0yciosieHa cuioit Lllteprna-I'epnaxa, gelicTByromeit Ha
KBapK B HEOJHOPOIHOM TIOTIEPEYHOM KPYTOBOM XPOMOMArHUTHOM IIOJIE.

— Ilpeneccust ciiHa KBapka B I[BETOBOM IOJIE M3MEHSET KOMIOHEHTH! cwibl llITepHa-
I'epnaxa.

— JlmarpaMMBbl OTOKa KBapKOB W TMPaBHJIA IMOJCYETa KBAPKOB OINMMCHIBAIOT BKIIAJ] KBap-
KOB M aHTHUKBAapKoB B 3((EKTUBHOE I[BETOBOE Mojie. Bkiajapl KBapKOoB M aHTHKBAapKOB —
JuHEiHbIe (QYHKIIMM UX YHCEeN C BecaMH, ompenensieMbIMu 1BeToBbIMU (hakTopamu CF(qQ)
u CF(qq) nns xBapk-KBapKOBOM M KBapK-aHTUKBAPKOBOMW Iap COOTBETCTBEHHO.
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D heKTUBHOE KPYroBOe IMOIEPEYHOE XPOMOMArHUTHOE Moje B? remepupyercst pesstu-
BUCTCKMMH KBapKaMH-CIIEKTaTOPAMU, KOTOPBIC JIETSAT B MPSMOM H OOpAaTHOM HAaIPaBICHUSIX
B C.II.M. CTJIKHBAIOIIUXCS HYKJIOHOB (cM. Puc. 5.27). [IpoOHbIi KBapK U3 HAOJII0JaeMOTO aIpoHa
oTkJIoHsAeTcss cwior lllrepna-I'epnaxa B HEOIHOPOAHOM XPOMOMArHUTHOM IIOJIE BJIEBO WU
BIIPAaBO B 3aBUCHMOCTH OT HAMpaBICHHS €ro cnuHa (BBEpX WM BHU3). B3ammojeicTBue
XPOMOMArHUTHOTO JWIOJBHOTO MOMEHTA COCTABISIOIIEr0 MpOOHOro KBapka ¢ moinem B?
MPUBOIUT K HAOJIIOaEMbIM OJTHOCITHHOBBIM acuMMeTprsiM [30].

B (z<0) B'(z>0) Spin UP quark

‘

-
N -—®
-

w—
LN SN At >

Target fragmentation Beam fragmentation .
region region Spin DN quark

Puc. 5.27 MexaHu3M XpOMOMarHUTHOM NONSPU3aK KBApKOB (MUKPOCKOIMYECKHH amnmapar
repna-I'epnaxa). KBapk-nmpoOHUK OTKIIOHSETCS BIEBO MJIM BIPABO B HEOJHOPOHOM Tose B2

B monenu XIIK crimHOBBIE 3((EKThI BO3HUKAIOT OJIarofapsi MEXaHU3My, aHAIOTUIHOMY
3HamenuTomy ornbITy IlTepHa-I'epiaxa [1], TOJbKO Ha MHUKPOCKOITHYECKOM IBETHOM mose B,
BO3HUKAIOIIEM Ha KOPOTKOE BPEMsI B MPOLIECCE B3aMMOCHUCTBHS aapoHOB. [lapamerpsl Moaenu
OLICHUBAJIUCH IO MI00ATBHOMY aHAJIU3y MOJISIPU3ALMOHHBIX JaHHBIX /Ui 81 pa3jiMyHON MHKITIO-
3MBHOM peaKIMy ¢ OOIIUM YUCIIOM dKCIIEpUMEHTaIbHBIX Touek 3670 [30, 36].

Hwuxe npencrasnensl pe3yapTaTshl n3MepeHuil An u pacuetsl no Mozaenu XIIK. /lannsie
st peakuun plp(A)— m+X npu Vs = 200 (1a, 1b) u 64.2 (2) (BRAHMS [27]), 19.4 (3) (E704
[26]) u 8.77 (4) (FODS [91]) I'sB moxkazansl Ha Puc.5.28. Duepreruueckas 3aBUCHMOCTb
JAHHBIX XOPOIIO OIHMCHIBACTCS COOTBETCTBYOHIMMH KpuBbiMU Mozenu XIIK. Jlanubie mns
peakuuu p'p(d)— m+X [26, 27, 91] nokasansl Ha Puc. 5.29. 3nak An Ha Puc. 5.28 u Puc. 5.29
OMpENeNSeTCs] 3HAKOM TOJISIPU3AlMN BaICHTHBIX U- M O-KBapKOB B MOJSIPH30BAaHHOM BBEPX
npotoHe. Moaens XIIK mo3BosisieT 3KCTpanoJupoBaTh OJHOCIUHOBYIO aCUMMETPHIO, MOJISpPHU-
3aIMI0 THIEPOHOB MO TAKMM IIEPEMEHHBIM, KakK Pr, Xr, VS, aTOMHbIi Bec Mmumenu (A)
Y IICHTPAJIBLHOCTbD.

A,
0.5 — -
0.4
“
0.3+ ! ' . 3
A

0.1 / 2

Ill)% T

() =9 g

0 t—“'/‘ ‘

-0.1 : y ; :
0 0.2 04 06 08 1

Puc. 5.28 An(XF) ans peakuuu Puc. 5.29 An(Xr)ms peakuuu
P'p(A)— m+X P'p(4)— m+X
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5.3 Pe3oMe U nepcrneKTUBDI

MHuoroo0pa3ue MOJISIPU3AMOHHBIX JAaHHBIX U MOJENEH, MPEAJIOKECHHBIX I UX 00bsC-
HEHUs1, TpeOyeT NMPOBENCHUS MPEIU3HOHHBIX CUCTEMATHYCCKUX UCCIICOBAHHUI OOJBINIOTO YHCIa
MIPOLIECCOB M TJI00AThbHOTO aHaIM3a BCEW COBOKYMHOCTH JAHHBIX JJISi BBISICHCHHS MEXaHHU3Ma
MIPOMCXOXKICHUS CIIMHOBBIX SBJICHUIA. B MTaHHOM pasnerne ObUTH MEePEeYUCIICHBI TOIHKO HEKOTOPHIE
U3 CYIIECTBYIOIIUX Mojenei. Psm moxpeneit, wampumep, JlyHAcKas, ocCTaluch BHE pPaMOK
onucanuid. Cienyer moI4epKHyTh, YTO OOJBIIMHCTBO MOJICNICH HE MPETEHIYeT Ha TI00abHBIN
aHaJM3, KpOME TOT0, MHOTHE MOJIEJIA PA0OTAIOT (MJIM TOYHEE CKa3aTh MOTYT ObITh UCIIOIb30BaHBI
JUISL PacYeTOB) B OTPaHUYCHHOW KHHEMATUIECKON 00JIaCTH.

BaxxHBIM MOMEHTOM C TOYKH 3pPEHUS CYIIECTBYIOIIUX SKCIEPUMEHTAIBHBIX JTaHHBIX
SIBJIICTCSL OTPAHMYEHHOCTh Ha0opa CYIIECTBYIOMIUX JTaHHBIX, TIPEXKAE BCETO 1O COPTY BTOPUYHBIX
YacTUIl W TI0 KHHEMaTudeckoi obnactu. B OONBIIMHCTBE SKCIEPUMEHTOB HW3MEpPEHUS
MPOBOJIMIIMCH B y3KOM TEJIECHOM YIJE, YTO HE IO3BOJISIET NMPOBECTH Pa3/eICHUE 3aBHCHMOCTH
3¢pexTa OT Tpex KHHEMaTHYECKHUX [ePEeMEHHBIX (Pr, Xr, VS).

Takum 00pazom, OcTaeTcsi HEOOXOJWMBIM IPOBECTH CHCTEMATUYECKOE HCCIICIOBAHHE
CIUHOBBIX 3(PEKTOB, KeIaTeIbHO Ha OJHON (U3NUECKOI YCTAHOBKE M B OJJMHAKOBBIX YCJIOBUSIX
HaOopa /Il MAKCUMAJIBHO OOJIBIIIOTO KJIAcCa PEAKIIMid BITMPOKOM KHHEMATHYECKOM JIHara3oHe.
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6 Ilpunoxenune b. PedyabTarsl MoaeupoBaHust

B nannom IlpunoskeHun npuBeAeHbl HEKOTOPBIE JOMOJHUTEIbHBIE PE3YyJbTaThl MOJIEIHU-
poBanus ¢uznyeckux mporeccoB. CreayeT OTMETUTh, TO MPUBEICHHBIE PE3YJIbTAThI MOTYUYCHBI
MeTosIoM «ObIcTporo» Monte-Kapno, To ectb 6e3 peanbHOro omMcaHus ACTEKTOPOB U Oe3
KCnoJib30BaHus nojaHoro Monte-Kapno ¢ ucnonb3zoBanueM GEANT u HacTpoeHHBIX B cpeie
CITACYHAPM-pyT anropuTMoB PEKOHCTPYKIMU. B HacTosiiee BpeMsi Ha4aTo MOJIHOE pealbHOE
MOJICJIMPOBAHUE JUIs SKCIIEPUMEHTA Ha KaHaie 14.

6.1 MoaeaupoBaHue 1JIs1 My4YKa AHTUIIPOTOHOB

Ha Puc. 6.1 nmokasaHbl MacCOBBI€ CIIEKTPBI JUIS YETHIPEX peakiuii Tuma pp—h+X: rue
h=Ad—-pr@;h=Ad-ir0);h=4 —pz (c);h=5— Az (d).

x 10
© : 3 Smoo B Entrim ms;i:
10000 |- 5 et S
RMS 0.3210E-02 6']]00 - L e ]
8000 | (a)
4000 -
20000 =
2000 =
0 Alr"l_'|—__‘\|‘_—‘—-|—— 0 I 1
1 1.25 1.5 1.75 2 1 1.5 2 2.5 3
mass P— + pi+, GeV, AntiLambda mass P— + pi—, GeY, AntiDelta——
] 33 1500 F ] 328
| R Lo
6000 - e osarest 1250 r RMS 05252602
1000
2000 500
250 M
0 ! ] 1 0 L L _.-J 1
1 1.5 2 2.5 3 1 1.1 1.2 1.3 1.4 1.5
mass AntiNeutron + pi0, GeV, ALambda(1118) mass Lam + pi— = Xi—, GeV

Puc. 6.1~ OddexTuBHAS Macca NpoJyKTOB paciajia B Ipoiecce
pp—h +X:h=4A— prn*(a); h=4— 7 n° (b); h=4—— pn(c); h=2— A 7~ (d)

6.2 MoaenaupoBanue peakuuii ptp —h +Xu pp? —h +X

WuTerpanbHas CTaTUCTUKA JJs Cay4as B3aMMOJEHCTBUI HEMOJIIPU30BAHHOIO MPOTOH-
HOTO TyYKa C TOJIIPH30BaHHOW MHIIEeHbI0 Tpu SHeprun 60 ['9B moxazana B Tabmn. 1.2. Yucno
B3aMMOJICHCTBUI B MulIeHH paBHO 6-10'. Ha Puc. 6.2 nmoka3aHo pacnpezaenenue 1no 3¢p(exkTus-
HOM Macce MPOIyKTOB paciaaa HaOIr0AaeMbIX YacTHIL B TIpolieccax Tuma pp—h +X.

Yucno cobwiTuii Ha Puc. 6.2 coorBercTByeT 6°107 B3aumozeicTBuil, uiu 30 MuH. pabOThI
YCTAaHOBKM Ha TPOTOHHOM myyke ¢ dHepruei 60 [3B wu wmHTeHCHBHOCTBIO 2x10°/ cOpoc.
B ceance qnmurenbHocThIO 30 cyTOK cTaTrcTika Oyzaet B 1000 pa3 Gomnbine (cm. Taodm. 1.2).
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1 1
0 0.5 1 L.5 2 0 0.5 1 1.5 2
mass K+ pi0, GeV, Ke+(892)+ moss (K— pi0), GeV, Ke—(892)

Puc. 6.2 DddexTrBHAS Macca IPOTYKTOB pacnaza B nporeccax muna pp—h +X:
rme h = K™*(892)— K* z° (BBepxy) u h = K*(892)— K n° (BHU3Y)

6.3 MoaeaupoBaHue 0apHOHOB M AHTHOAPHOHOB B Tpoiecce pp—h +X

MoenupoBaHue IPOBEICHO C TPUITEPOM Ha B3aWMoOJEHcTBHE. PacmpesenieHue 1o
3¢ GeKTUBHON Macce MPOJYKTOB pacmajaa Juis 0apHOHOB M COOTBETCTBYIOUIMX aHTHOAPUOHOB
nokasaso Ha Puc. 6.3.

>
x10°
0 pI)
l Ol » (e 1N
!‘n’ - (L Alem Vet -
5 awcn| 60000 | A\ i
1000+ \
\
800 | \-\ 40000 11N\
| h
|
00 - 20000 | 2 V8
200 - — [ | ~—
0 | \ " o — " 0 1 1 —
1 15 2 25 3 1 15 3 25 3
moss n + pie, eV, Sigma+(1189) e dfid il o 5""'“0’ -
- ufi— . e
had b Veur 1.
2000 - = | Y90 R -
1500~ J 2000 -
00 - /| 1
-' 1000 -/
{ f
500 -/ /|
| [
0 LU L i A 0 . L 4 —
1 1.5 2 2.5 3 1 L5 2 2.5 3
moss nz + pi-, GaV, AntiSigma~(1189) mass nz + i+, GeV, AntiSigma+

Puc. 6.3 Dddexrurnas macca NpoayKTOB pacmana B npouecce pp—h +X:
rmeh=2"—-nz"@);h=2—az (b);h=2—>nz (c);h=2— 7z (d)
Yucno cobwiTHii Ha Puc. 6.3 coorBeTcTBYeT 3 4acaM pabOThl YCTaHOBKM Ha MPOTOHHOM
nyuke ¢ sHepruei 60 [9B n unTeHcHBHOCTHIO 2x10¢ poT./cOpoc.

6.4 MoaenupoBaHue HHKJIIO3UBHBIX MPOLECCOB HA MMyYKe OTPULATEIbHBIX YACTHUI

[lepBelii 3Tan SKCIEpUMEHTA MPOBOAUTCS HA IyYKE OTPULATENIBHBIX YACTHL], IPUMEPHO
98% cocraBa KOTOPOTO COCTaBISIIOT 77 -Me30HBI. C y4eToM 3Toi (pu3ndeckoil mporpaMmMsl ObLIO
BBINOJIHEHO OBICTPOE MOJEIUPOBAHUS MHKIIO3UBHOTO POXKIECHUS PsiJia YacTUIl ¢ OECTPUTTEPHBIM
CbeMOM HH(pOpMaLUU (PETUCTPUPYIOTCS BCE B3aUMOJEHCTBHS, YUCIO NMPUHUMAEMBIX COOBITUI
OTpesIeNseTCs TOJbKO CEUYEHHUEM B3aMMOJEUCTBUS U TE€OMETPHUYECOKON 3(PPEeKTUBHOCTHIO
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ycranoBku. Ha Puc. 6.4 mokasanbl, A mpUMepa, MAacCOBbIE CIEKTPbI JJIS YETBhIPEX peakiuil
tuna 7P — h+X, rne h=7n’—>yy (@); h=n—>yy (b); h=K%— 7'z (c); h=pY770) - n'n"
(d). HManHoe MojenupoBaHHE OBLIO BBIIOJHCHO Ui «UICAIbHON» YCTAaHOBKH, BKIIIOYAs
UICHTH(PUKAIIUIO YaCTUIl, C HOMHHAJILHBIM TIOJIEM CIIEKTPOMETPUYECKOTO MAarHuTa W IS
UMITyJIbCa ITyYKOBBIX HacTull mpumepHo 34 I3B/c, yro coorBerctByer sHepruu 60 2B B
yckopurene. IlomMuMo mNHKOB COOTBETCTBYIOIIMX dacTull Ha Puc.6.4 BumeH Takxke
koMOuHaTopHBIA GoH. Uncno codwiTuii Ha Puc. 6.4 coorBercTByer 6-107 B3auMOACHCTBUH, YTO
BO3MOKHO HaOpaTh 3a 30 MUH. paOOTBl YCTAaHOBKH Ha 7 -Iiy4yke. B ceance mmurenbHOCTHIO 30
cyTok craructuka oyner B 1000 pa3 Oonbiie.

x 102
CH 201 C (] £
o [ e |
w00 | © 6000 -
2000 4000 -
1000 2000
0 . 0
0 0.1 0.2 0.3 0 0.5 1 1.5 2
12000 mass gamma+gamma =pi0l.JG.eV - 5000 mass pi+ + pi—, Gev, K[}E =
10000 | el i e
(b) RMS 0.1708E-01 4000 B RS 0.6323E-01
8000
4000 2000
2000 1000
0 1 L 0 ! 1 ]
0.4 0.5 0.6 0.7 0 0.5 ] r 2

mass gamma+gamma =eta, GeV mass pi+ + pi—, GV, tho0(770)

Puc. 6.4. DddexTrBHAs Macca NPOLYKTOB pacnaja B mporecce 7 p—h +X,
rae h = z°—yy (a); h = n—yy (b); h=K%—a*n(c); h =p%770)—z* 7" (d)

6.4.1 Peanucmuueckoe modenuposanue unK03UeHo20 poxcoenus peaxyuu K° u o(782)-
Me30n06 npu Inepeuu nyuxa 28 I'B

B cBA3M ¢ mpoBeAeHHMEM KOMIUIEKCHOIO 3allyCKa YCTaHOBKM U IPOBEJIECHHUEM
METOJIMYECKUX CEaHCOB U HAOOPOM IMEPBBIX JAHHBIX 110 U3MEPEHHUIO OJTHOCIIMHOBON aCUMMETPUH
1 A-3aBHCHMOCTH WHKIIO3MBHOTO poXaeHus (cM. pasgen 1.5.3) mosBuiIack BO3MOXHOCTh U
BO3HUKJIa HEOOXOAUMOCTh PEATUCTHYECKOTO MOJICIIMPOBAHUS UCCIETYyEMBIX pPEaKIii.

Crnenyromeit peakumei Juisi U3MEpEHUH OJHOCIMHOBOM acMMMETpPUM BBIOpaHO
MHKJTFO3MBHOE pokieHne K2-Me30Ha, 9T0 0OBACHSAIOTCS CIIELYIONIIM:

— H3MepeHne 0HOCTIHHOBOMH aCHMMETPUH HHKIIFO3MBHOTO POKACHUH 7 yiKe MPOBEICHBI
(oxcnepument [TPO3A).

— VYcranoBka CITACYUAM conepXuT CHUCTEMY TPEKOBBIX JE€TEKTOPOB, KOTOpas JAaeT
BO3MOKHOCTb BOCCTAaHABIIMBATh 3aPsKEHHBIE TPEKH.

— B coctaB K2-Me30Ha BXOJAT TONBKO S-KBapKH, KOTOPhIE B HAYAIbHBIX YACTHIAX MOTYT
OBITh TOJILKO MOPCKHMH, pPaHHEE HE IPOBOJMINCH KCIIEPUMEHTHI IO U3MEPEHUIO OJTHOCITUMHOBOM
aCUMMETPHUU B PEAKIIHS C yYaCTHEM MOPCKOTO S-KBapKa.
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— CeyeHne MHKITIO3MBHOTO poskieHus KO-Me30Ha 3HaumTensHO uis sHepruit Y-70, Tak
9TO OKHJaeMasi CTATUCTHKA JOJKHA OBITh OOJBIIION.

Jlist Toro, 4TOOBI OIEHUTH BO3MOXXHOCTH HW3MEPEHHS OJHOCIMHOBOH acUMMETpPUU
MIPOBEJICHO MOICTUPOBaHUs MeToIoM MoHTe-Kapio, mpoBeeHHOE IPpH CISIYIONINX YCIOBHUIX:

— B kadectBe reneparopa ucnoisbdyercs naker PYPHIA 8 (B cocraBe mporpamMmmMHOTO
npoxaykra, Msrkue KX/ mponeccel BkitoueHsl, xectkue KX/ mpoleccsl OTKIIOUEHBI.

— MonenupoBaHue BBIOJHEHO I JABYX HAa0OpPOB JaHHBIX: it minbias wu
WHKITIO3UBHBIX COOBITHH.

— B3sauMopeiicTBre MPOUCXOAUT HA MEHTAHOJIOBOW MUIIEHH JITUHOM 20 cM.

— D@ bheKTUBHOCTH KaXKI0H TUIOCKOCTH TPEKOBOM CHCTEMbI IpH MozeiupoBanun — 95%,
paszpeienue apeidoBbix TPyOOK BceX Kamep KOHCEpBATHBHO olleHeHa Kak 500 MKM, «MepTBbIe
30HBI» B KaMepax He BKJItoYeHbl. IHTerpan koHcTaHTHOro 1nojs 0.6 Ti-m.

— Wnentudukanus aapoHOB HE MPOBOAUIACH, TAKUM 00pa3oM, BCe 3aperucTpUpOBaHHbBIC
aIpOHBI CUUTAINCh 7T ME30HAMHU.

Chavana ObUla MpOBEIEHAa MPOBEPKAa KOPPEKTHOCTH OMMcaHus mporpammoii Pythia
TIPOILIeCCOB 7 P-B3amMoyeiicTBril pu \/s=7.3 T3B. CeueHne HMHKIIO3HBHOTO poxueHns KO-
Me30Ha, KoTtopoe BbimaeT rereparop PYPHIA cocrasmser 2.207 mb, a skcnepuMeHTaIbHOE
3Hadyenue cocrasiseT (1.89+0.72) mb [207].

Ha pucynke Puc. 6.5 nokaszan crextp uHBapraHTHBIX Macc h'h™ cucremsr s minibias
coOBITHH 0€3 KaKuX-IN00 KPUTEPHEB 0TOOpA (BCE 3apsKCHHBIC aPOHBI CYMTAIIMCH MTMOHAMH).

Pexoncrpyunposannsie MC pannsie

0000 W v =5e Spiie

Koausecrso cobwirni
©o

- .
M(h'h*), [TB/¢7)
Puc. 6.5— CniekTp MHBapHaHTHBIX Macc T cUCTeMbI it Minbias cobbiTrii 6e3 0TOopa

Pesynbprar MomenupoBaHUsS TOKa3bIBa€T HEOOXOIMMOCTH OTOOpa coObITHil. bplnn
MIPUMEHEHBI CIIEAYIONINE KPUTEPUU:

1. Ot6op coGbIThit Mo paccrosHuio Mexay h™ m h™ tpexamu. Bropuunas BepiuwHa
omnpezensiach sl TPEKOB, PACCTOSHUE MEX]Ly KOTOPBIMU HE MPEBBIIIAN0 6 MM.

2. OTOop coObITHI O Z-KOOpAHHATE BTOPHUYHOH BEpIIMHBI (PACCTOSHHE OT MEPBUYHOI
BepIIUHBI OoJiee 8 cMm).

3. OT60p cobbITHil 0 KpuTeputo Apmenrepoca-IlogonsHuckoro.

Ha Puc. 6.6 mokazan cnekTp mocie oToopa Imo MepBhIM IBYM KPUTEPHSIM.
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Ertreen
Mean 04313
ANVS 0,163
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Koamwecrso coburrmit
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M(hh*), |8/

Puc. 6.6— CnexTp MHBapHAHTHBIX MAacC CHCTEMEI ¢ (DMIIBTPAHe JaHHBIX 10 Z-KOOPIUHATE BTOPHIHON BEPIINHBI
PACCTOSHHIO MEXAY TPEKaMH

Ha Puc.
or6opa. CrnekTp (GuTHpoBaiCca rayccoM. 3HaueHHe BoccTaHOBIeHHON Macchl M(KQ-me3ona) =
495.7+0.1 M»B/c? (PDG 3nauenune 497.614 M»sB/c?), mmupuna BoccraHoBieHHOro K0-mezona
0=7.80+0.01 MeV/c?, otnonrenue curaana k ¢pony S/N = 2.35 B okue +3c.

6.7 moka3aH MacCOBBIM CIIEKTP IOCIE HCIIOJB30BAaHHUS BCEX TPEX KPHUTEPUEB

g 2500 Deata

£ o5

2 Background fit (exp)

-

2 2000 Signal fit (Gaussian function)
g [ Background fit + Signal fit

Z o A

= Frow

2 Vaur

=4 ety

03 04 Y 08 oy 0B

Mibh*), [1B/)

Puc. 6.7— MaccoBblii CIIEKTp MOCIIE UCTIONB30BAHHS BCEX TPEX KPUTEPUEB 0TOOpa

[lo pesynpraTaM MOJAETUPOBAHUS OLEHEHO O0XHIa€MOE€ KOJMYECTBO COOBITUI
MHKJIIO3UBHOTO pokaeHns KJ2-me3oma 3a 20 JHEBHBIM ceaHc Habopa CTATUCTHKM Ha
skcriepumenTe CITACHAPM nipu ycinoBuw, 9TO 3a MUK yeKopuTels OyneT mpuaumarbes 25 000
coObITHH. OXHMIaEMOE KOJUYECTBO COOBITHH HMHKJIIO3MBHOrO poxaenus K2-mesoma 3a 20-
nHeBHBIN ceaHc Ha ycraHoBke CITACAPM miig pa3inuyuHbIX KWHEMAaTHYECKUX HHTEPBAJIOB 10 PT U

p; mpuBeaeHo B Tabn. 6.1.

Ta6n. 6.1 OxuuaemMoe KOTHYECTBO COOBITHH HHKIIO3MBHOTO poxaeHHs KCO-mesona 3a 20-IHEBHbIH ceaHc Ha
ycranoBke CITACAPM 15t pa3/iuuHbIX KHHEMATHYECKHX HHTEPBAJIOB 0 PT H P;
0<pz<40 | 40<pz<80 |80<pz<12.0| 12.0<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 1.1-108 3.0:10° 1.1-10°
0.5<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%
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[lo »sTumM paHHBIM paccuMTaHa OXHAaeMas oOmHMOKa W3MEpPeHHUs OJHOCIHHOBOM
acummerpuu 3a 20-gHeBHBIM ceanc Ha yctaHoBke CIIACYHAPM nans  pasnumysbIx
KMHEMaTHYEeCKHX MHTEPBAJIOB MO PT U Pz, KOTOpOE MpuBeaeHO Bhimie B Tabn. 1.8.

PexonctpyupoBannsiii cektp h*hz® cobbiTuii (Bce 3apsykeHHbIE YACTHIIBI CUMTAIOTCS 7T-
Me30HaMH) ¢ 06pe3aHneM TOIBKO Ha MacCy 7°-Me30Ha 3a TPU 4aca Habopa JaHHBIX IPUBEJICH Ha
Puc. 6.8.

omega_mass_pi0_cut
omaga_mass ol cul
Entries 23106
350 Maan 1.151
AMS 0.4175

100

0.2 04 06 08 1 12 14 16 18

m, Gov

Puc. 6.8 — Maccossiii ciexktp h*hz® coObITuii (Bee 3apsKkeHHbIe YaCTHIbI CYUTAIOTCS T-ME30HAMH) C 0Ope3aHHeM

TOJIBKO Ha Maccy 7[0-M630Ha 34 TpH 4Yaca Ha60pa JaHHBIX

6.5 MoaeaupoBanue 1is peakuuid K pt—h +X npu >neprum 34 I'>B

WHrerpanbHas CTaTUCTHKA JUIs B3aUMOJCHCTBHS ydka K™ ¢ mossipu30BaHHON MUIICHBIO
npu sHepruu 34 3B nokazana B Ta0:1. 6.2.

Tabn. 6.2 Oxugaemoe gncio coosITHit Nev 1 oTHOIIeHUE dddekra k pony S/B
Ut MecssgyHoro ceanca Ha K -mmyake (1.1-10° B3aumomericTBif)

° | yacTuua Nev S/B Ne | yactuna Nev S/B
1| #* 6.7-108 13 | p(770)—> w n° 7.5-107 | 0.26
2| 8.9-10% 14 | "> yy 7.3-10° | 0.17
3| K" 8.9-107 15 | 9(1020)— K*K~ | 1.0-107 | 20.0
4| K- 4.0-10® 16 | K%*(892)— K*zw | 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 #n°| 3.4-107 | 0.45
71N 6.2-107 19| E—>Arn 2.5-10° | 50.0
8 | >y 42108 | 7.7 |20 | A—>p7m 1.8-10° | 50.0
9 | n—oyy 25107 | 1.25 |21 | A—> pn 2.9-10° | 125
10 | Ks—> ' 22-10" 140 |22 | A—>n=° 4.0-.10° | 1.7
11 | p%770)> ' | 6.8:107 | 037 |23 | Y > nxm 3.1-10° | 0.2
12 | K%— n°n’ 4.2-10°109 |24
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Ha Puc. 6.9 moka3anbl MacCOBBIC CIEKTPHI IS YeThipeX peakuuii tuna K p— h + X: rae
h=A— prn (@; h=Ad— pa (b); h=4— nz°(c); h=2— n 7 (d). C yuerom npumecu
K™-Me30HOB B MydYKe yKa3aHHas CTaTHUCTUKa COOTBETCTByeT 28 wyacam pabOThl YCTaHOBKU
Ha OTpHULIATEeNILHOM Iyuke ¢ 3Heprueit 34 I'3B. B ceance miutenbHOCThIO 30 CYTOK CTaTHUCTHKA
Oyxer B 26 pa3 6oubiie (Taou. 6.2).
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Puc. 6.9 DddexTuBHas Macca MPOIYKTOB pacmaja B nporecce K p—h+X:
h=Ad—-pr @;h=Ad-pr (b);h=Ad-nz’(@);h=2—nz (d)
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