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HpI/I CPpaBHEHUU BBIXOZIOB KyMYJIATUBHBIX IIPOTOHOB U T

+_Me30HOB, pOsKIeHHBIX TTO/T yrytom 40° (a6, cuct. )

BO B3aMMO/IEMCTBUAX IPOTOHHOTO MIYYKa C sITIPOM YIJIEPOMA U C OOJiee TSKEJIbIMU SAPaMU, HaflIeHO ocaabiie-

HHUE BJIUAHUA dpPa Ha BBIXOJAbI 9aCTHUIL C OOJIBIINMU HOIIEPEIHbIMU UMITYJIbCAMU. Pabora BbImonnena B paMKax

sxcepumenta CIIVH npu ucnonp3oBannu mydka, BbiBeeHHOr0 n3 yckopuress ¥ 70 (UPBY, IIporsuno).

DOLI: 10.1134/S0370274X18240025

Iens nposogumbix B sxcmepumente CIINH uccie-
JIOBaHUI COCTOUT B TOM, YTOOBI U3ydasl CIIEKTPhI U CO-
CTaB BTOPUYHBIX YACTHUIL, POXKJIEHHBIX C OOJIBIIUMHU I10-
nepeTHbIME nMIyIbcamu (pr > 1198 /c) B Tax naspsa-
eMoil KyMyJISTUBHO# 06J1aCTH, OJIyIYUTh HWH(OPMAIIUIO
KaK 0 MeXaHu3Me O0Opa30BaHUsl TAKMX YACTUIl, TAK U O
CTPpYKType OapmoHHON Marepun siapa. KyMyasTuBHOIM
00JIACTBIO HA3BIBAECTCHA O0JIACTD MMILYIbCOB, 3AIIPEIEH-
HBIX 10 KUHEMATHKe JJIsi B3aMMOJEHCTBUII Ha CBOOOJI-
HBIX HYKJIOHAX. JacTuilpl, 00pa30BaHHBIE BO B3aWMO-
JIEWCTBUSX C SAPAMU B KyMYJISTABHON YaCTU CIEKTPA,
[IPUHSITO HA3BIBATH KYMYJISTUBHBIMH.

CorylacHO TeOpeTHYIeCKNM OIeHKaM [1], ocHoBHOI
BKJIaJT B KHHEMATHIECKYIO 00JIACTh, KOTOPYIO U3ydaeT
skcnepumenT CIIMH, maior »KecTkue B3auMOIEHCTBUSA
¢ MHOTOHYKJIOHHBIMEU KOH(UTypaIrusaMu B siipe. B pa-
Hee onyOJMKOBaHHBIX paborax [2-5] skcuepumenTta co-
NIepKATCS JAHHBIE 110 POYKJIEHMIO TL, P ¥ JIETKIX siIep-
HBIX (parmMedToB d u t ¢ 6oabMUMHU P 1O, yriioM 35°
(y1ab. cucr.) BO B3aUMOJEHCTBUAX IIPOTOHOB C MMILYJIb-
coMm 50IB/c ¢ Torkumn sigepubivu Mutnersima C, Al,
Cu u W. B ny6umkanusix [2, 3] BuepBble npeICTaBIeHbl
JTAaHHBIE 10 HAOJIIOAEHIIO KyMYJISITUBHBIX YACTHI C TIOIE-
peunbiMu uMItysibcamu Boie 2 9B /c. Tam ke MoxkHO
HafTH CXeMy yCTAHOBKHU W JleTajiu KcuepumenTa. IIpo-
BeJIeHHbIH aHaau3 [4,5] CHEKTPOB KyMyJATHBHBIX JIer-
KUX siJIepHBIX (bparMenToB (d,t) NpuBes K BBIBOILY, 4TO
B HUCCJIE/lyeMOl KMHEMaTUIeCKO 00JIaCTU PEerucTpupy-
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eTcsl MPsIMOe BBIOMBAHUE U3 siJIpa JIEHTPOHOB U TPUTO-
HOB.

B o6macru sueprun (v/s ~ 10T9B), rme paGoraer
ycranoska CITITH, umetorcs mosryyeHHsie [6] B 9xcnepu-
merte POJIC (POxycupyromuii JIsyxminedesoit Crek-
rpomerp) (I®BI, IIporBuno) JaHHBIE 110 POXKIECHUIO
m£, K+, p u p ¢ IOIEPEYHBIMA UMILYJIbCAMHI B MHTEP-
BaJie oT 1 110 4.65 "B /¢ npu B3auMoieficTBUN TPOTOHOB
¢ sapamu C, Al, Cu, Sn u Pb. Usmepenua @O C mpo-
Boauauch nipu duepruu mydka 70 I'sB u mpu yrie BoLie-
Ta BTOPUYHBIX YACTHI], cooTBeTcTBYMoEeM 90° B cucre-
Me IIeHTpa MacC (C.IL.M.) CTAJKHUBAOIIMXCS HYKJOHOB.
st Gostee BoICOKOrO MMITyJibca mydka, 300-400 9B /c,
POXKJIEHUE 3apsIZKEHHBIX AJPOHOB C OOJIBIIUME P IO
yraom ~ 90° (c..M.) B pA B3anMoieficTBUSX ObLIO U3Y-
4eHo |7, 8] Bo ®HAJL

Ilesibro 3TOI PabOTHI OBLIO OIEHUTH BKJIAJ[ BTOPUY-
HBIX B3aUMOJEUCTBUI IIyTeM CPaBHEHUA COOTHOIICHUIR
MEXKJIy MPOTOHAMU U T-ME30HAMHU Ha, BBIXOJE U3 Pas-
HbIX sijiep. lIpoBejeHue u3MepeHUil OBLIO WHUIUUPO-
BaHO HabJojeHneM Hamu paHee|3] unrepecnoro daxra
JUTS KyMYJISSTABHBIX YACTHI], POXKIEHHBIX MO yIJIOM 35°
(1a6. cuct.) B pA B3anmogneiicreusix. OKa3aioch, 4TO OT-
HOIIIEHUE BBIXOJIOB 3aPsi?KEHHBIX YaCTHUI[ C Pa3HbIM 3Ha-
koM, hT/h™, usmepennoe pu pr > 21'5B/c, ciabo 3a-
BHCHUT OT @TOMHOI'O HOMEPA siJIPA, CTAHOBSICH IIPAKTUIE-
CKU OJIMHAKOBBIM JIJIsI BOJIbppaMa U ajlloMuHUsi. B Ha-
crositiell paboTe UCIOJIBL30BAIUCH CIEKTPHI TPOTOHOB 1
-ME30HOB, POXKIEHHbIX 1101, yriaoMm 40° (sab. cucr.) mo
OTHOIIIEHUIO K IIyYKY B IIPOTOH-sIIEPHBIX CTOJKHOBEHU-
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Ax npu HadagbHO# sneprun 50 9B, Yroa Beutera wac-
THIl cooTBeTCTBYeT ~ 150° B cucreme neHTpa Macc HaJjie-
TAIOIIEro IPOTOHA U IMOKOSIIIEr0Csi HYKJIOHA s/ipa. BeLin
ucnoab3oBanbl Te ke Toukue muinenu (C, Al, Cu, W),
9TO U B IPEJAbLILYNUX HAmuX paborax [2-5].

Wsamepennsie it yrra 40° UMIyJIbCHBIE CIEKTPBI
3apsIXKEHHBIX 7T-ME30HOB W IIPOTOHOB BBIIJISJAT Kade-
CTBEHHO MOXOXKUMU Jjist Beex 4-x muineneit. Ha pucyn-
ke 1 B BHUJe TOYEK NMPUBEJEHBI CIHEKTPBI OTPUIATEb-
HBIX U IIOJIOXKUTEJIbHBIX T-ME30HOB U IIPOTOHOB JJIsl Ca-
MOfi JIETKOH U3 WCIIOJIB30BAHHBIX MHUINEHeH (yriepo,
JieBas IOJIOBUHA) U Jyis caMoil TszkeJioil (Bosbdpam,
npasasi dacTh). Jus simep Al m Cu crekTpbl BBIDJIS-
JIAT TOJO0HO TOMY, KaK 3TO IIPEJCTaBJIEHO Ha PHC. 1
mrss C u W. [l Bcex MuIlieHeidl BBIXO/I IPOTOHOB IIPH
OOJIBININX WMITYJIbCAX CTaHOBUTCS npuMmepHO B 20 pas
00JIbIlle, YeM BBIXOJ[ T-MEe30HOB. BepTukaJjibHbIE JIMHUU
Ha 00erX TIOJIOBUHKAX PUC. | MOKA3bIBAIOT KUHEMATHIE-
CKUIi TpeJiest JIjIsi HYKJOHOB B CJIyvae B3auMOJEHCTBUS
[IPOTOHA HA CBODOJHOM HYKJIOHE. Hanommum, 4mo oco-
b6eHHOCNBIO NPEICTNABAAEMBIT DESYALMAMOE ACAAETNCA
mo, 4Mo Bvx00 YACTUY, USMEPAEMCA KAK 6 NPEOKYMY-
AAMUBHOT, MAK U 8 KYMYAAMUGHOT 00AGCTMAL KUuHe-
MAMUKY.

Kpusbie Ha pucyHke 1 IpeicTaB/IsilOT pacyerbl ce-
Jennit ¢ momornibio Fritiof crpymmo#t dpparmenTarmon-
Hoit Mojienbio (FTFP), koropast B HaCTOsIIIEe BPEMsI siB-
JIIeTCsl OZIHUM M3 6a30BbIX reHepaTopos B Geant4d [9]
JUIsl MOJIEJIMPOBAHUS aJIPOH /MOH B3aUMOJICHCTBHI C $1JI-
pamu. Drta Mojeab BbiOpana moromy, 4ro B [10] GbLia
[IPOJIEMOHCTPUPOBAHA €€ CHOCOOHOCTD OINCATH POXKJIe-
HEE aJIPOHOB B IIUPOKOM Juarazone yriaos (0—420 mpag)
B pC B3amMomeicTBUSX pu OJIUM3KON K HAM SHEPrUU.
W3 pucynka 1 BHIHO, YTO CIEKTPBI IIPOTOHOB OIUCHI-
BAIOTCsl MOJIEJIBIO YI0BJIeTBOPUTEIbHO it pC B3auMO-
nmeticrBuit. s pW B3amMomelicTBuil CIEKTPHI IPOTO-
HOB BOCIIPOU3BOJIATCS MOJEJIBIO JJIsi UMILYJIbCOB GoJiee
3B/ ¢, o1HAKO BBIXOJ MEJJIEHHBIX IPOTOHOB HEI00IIE-
wen. Kak gna pC tak u mis pW, momens FTEFP mepe-
OIIEHUBAET MHOYKECTBEHHOCTH OBICTPBIX T-ME30HOB.

IIpu ananm3e BAUSHUS SIEPHONR MATEPUN HA KAKYIO-
HUOYIb XapaKTEPUCTUKY ODOBIYHO CPaBHUBAIOT pp U pA
B3aMMOJIeiicTBYA. B HaleM cirydae UMITYJIbCHBIH CIIEKTP
[IPOCTUPAETCS B KYMYJISITUBHYIO 00JIaCTh, HEJIOCTYITHY IO
JUIsT PP CTOJIKHOBEHMWIi, II09TOMY B 3TO# paboTe IIPOBO-
JIUTCSI CPaBHEHUE IIPOIECCOB Ha H0Jjiee TSXKEJIbIX sjIpax
[0 OTHOIIIEHUIO K MPOIeccaM Ha sijipe yriepona. Bims-
HUE sJIEPHOI MaTepuu Ha OTHOCUTEJIBHBII BBIXO] IPOTO-
HOB U IIMOHOB OBLJIO OIIEHEHO Yepe3 JIBOMHOE OTHOIIEHIEe
R = (p/m)a/(p/7)c, rae nanexcamu C u A 0603HAYEHDL
UPUHAJJIEXKHOCTD BEJIMYUHBL P/ K APy yIjepoja u K
60JIee TSKEJIOMY SIIPY COOTBETCTBEHHO.

Ha pucynke 2 npusenenst Besmmannst R, m3mepenabie
st map anep Al/C, Cu/C u W/C npu pasubix 3nade-
Husix pr. Jljisi IOCTpOEHMsT STOTO PUCYHKA HCIIOJIb30Ba~
such p/mt-orHomeHus. B obacTu MaJbIX UMILYJILCOB
OKAa3bIBAETCs, ITO 9eM OOJIbIE PASHUIIA MEXKy MaCCON
YIJIEPOJIa M MACCOM 6oJiee TIXKeJIOro sijipa, TeM OoJIbIe
BesimanHA R, a 3HAYUT, TeM BBIIIIE 10/ IPOTOHOB CPEIN
YACTHIL, TOKIJIAIOMUX OoJiee Tskesoe siiapo. OaHako, B
obJiacTu 60JIBIINX UMITYJIBCOB 3HaueHue R crpemurcst K
eJIMHUIIE JIJIS BCEX PACCMOTPEHHBIX I1ap sJiep, YTO yKa-
3pIBaeT Ha MposBieHue dddeKTa ocaabieHns 3aBUCU-
MOCTH P/7 OT Pa3sMepoB sijpa.

Ha pucynke 2 skcuepuMeHTaJIbHbIE JTAHHBIE [IPUBE-
JIEHBI CO CTATHUCTUYECKUMU OIMMOKaMu. Y POBEHb BO3-
MOXKHOM CHCTEMaTHYEeCKON MOTPEIIHOCTHA B OIIpenese-
HUU BeJIMYMH R Ipy pasHBIX 3HAYEHUSIX I[TOIEPEYHOIO
UMITYJIBCA OTParKaeT IIMPUHA CEPOil MOJIOCHI B HUXKHEH
qactu pucyHka. Cucremarndeckasi OmmOKa CBsS3aHA, B
OCHOBHOM,C HETOYHOCTHIO BOCCTAHOBJIEHUSI NHBAPUAHT-
HBIX CEYEHUIl U3 CHIPBIX IKCIIEPUMEHTAJIbHBIX JIaHHBIX.
Kpome Toro, B obractu 6OIBIMNX UMITYJIHCOB HATMHAET
CKa3bIBATHCs BEPOSITHOCTh HEITPABUILHON UAeHTHDUKA~
AU YACTHUII.

IIporonsr u w1+ meszonsr B 3xcuepumente CIITNH pe-
TUCTPUPYIOTCA B OJIHON U TOM K€ CEpUU U3MEPEHUd, TpU
OJIHUX U TeX K€ yCJOBUAX. /[aHHbBIE IO POXKIEHUIO OT-
PHUIIATEJILHO 3apsI?KEHHBIX JaCTHIl, HAOUPAIOTCsS B JIPY-
roit cepum uaMepeHuit. st MCKIIFOUEHUsST BO3MOXKHOI
CUCTEMATUYECKON MOTPENTHOCTU, CBA3aAHHOU ¢ pPa3HUIleit
B YCJIOBUSIX U3MEPEHUs [IOJIOXKUTEJILHO U OTPHUIATEIHHO
3apsiXKEHHBIX YaCTHUIl, JJIsl JIAHHBIX Ha PUC.2 OpaJiuch
TOJLKO p/7m T Besumuauubl. YTo6bB OKA3aTh, YTO 3aMeHa
77 Ha 7T HEYero IPUHIMINAILHO He MEHseT, Ha PHC. 3
st mapbl W /C mokasaHbl BeIMYUHbBL R, 110JIy9eHHbBIE C
UCIIONb30BAHUEM Kak p/7T, Tak u p/m~ OTHOIIeHuUi!.

B Buze kpuBoit Ha puc. 3 moKa3zaH pe3yabTAT pacde-
toB W/C ornommennst ¢ momorisio FTFP monemn. Pu-
CYHOK 3 yKa3blBaeT Ha sIBHYIO HECIIOCOOHOCTH MOJIEJIU
OIHCATH MTOBEJICHNE YKCIIEPUMEHTAIbHBIX JTAHHBIX.

N3 pamseix padorst [6] @OJC BO3MOXKHO HOCUH-
tarh Besmaunbl (p/7 1 )cw/(p/m )¢ A pasHbIX 3HATE-
uuit pr. [onyuatorcs snadennsst Cu/C =~ 1.2 mpu or-
CyTCTBUU KaKON-T1O0 sIBHOI 3aBUCHMOCTH OT IIOMEPEd-
HOro mMmIyJbca B unrepsajie 1-415B/c, uro orimya-
ercst or nosesiernst Cu/C wHa puc. 2. dpyroii tun mo-
BesieHnst R Habusonaercss B paborax [7,8], rae uccie-
JIOBAJIOCH POXKJIEHHUE aJ[POHOB B pA B3anMOJIEHCTBUSIX
npu +/s ~ 27.4TB. Eciu nocTpouTs JBoitHOE OTHOIIIe-
HUe, WCIIOJIb3ys JaHHbIe IJjis BOJIbMpaMa u Oepuuins,
R = (p/7")w/(p/7")Be, TO Bemuuna R npm pocre pr
or ~0.8 no 6 '9B/c, pacrer or 3navyenus ~ 1.3 mo 2.0,
YTO HE COOTBETCTBYET IIOBEJIEHUIO JTBOWHBIX OTHOIIEHUIA

IMucbma B 2K9TD

Tom 108 Bpm. 11-12 2018



Hab6uonenne achpexra nezapucuMocT p/m OTHOIMEHUS] OT PA3MEPA SLIPA. . .

801

Py (GeV/e) Py (GeV/e)
4 04 08 12 16 20 24 28 04 08 12 1.6 20 24 28
10 E T T T T T T T E T T T T T T T
10°F (@) Experiment — (b) ' Experiment
oF °p - < °p
10 3 ant £ aqgt
L 10F v 1 v
(] E E
Q le 3
5 3
e} E E
EN: E
m% 103?’ ?
B0 N 3 FTEP
S i o~ o i
S0 — P ~ - — 7
I T QN F — -
10°F . 3 -
10°F 3
po 7 B T U D T P D P B P D
0 05 10 15 20 25 3.0 35 40 45 50 0 05 1.0 1.5 20 25 3.0 35 40 45 5.0

p (GeV/c)

p (GeV/c)

Puc. 1. VIMuysibCHBIE CHEKTPBI 3aPsI?KEHHBIX T-ME30HOB M NIPOTOHOB, BbLIeTAOMMX mox yriaoMm 40° (1ab. cuct.) u3 yriuepos-

HOH (/1eBast OJIOBUHA) U U3 BOJLMPaMOBOii (cripasa) Murneneil. BepTukaibHble TUHAN yKA3BIBAIOT KMHEMATHIECKUI [IPeIesT

JIs HYKJIOHOB B CjIiy4dae YIIPYTOoro HYKJ/IOH-HYKJIOHHOT'O pacCedHUd. Ha BerHefI HIKaJIe IIPUBEJACHbI 3HAYCHUA ITOIIEPETIHOrO

ummysabca. Pacdersr cevennit ¢ momornsio FTFP momenn naner B Buge KpUBBIX
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Puc. 2. Beanunna R B 3aBuCHMMOCTH OT HOMEPEYIHOTO MM-
IIyJIbCA IPU CPABHEHUU yTJIEPOJIHOM MUIIEHU C MUIIECHAMU
U3 aJIOMUAHUs, Meiu U Bosibdpama. [llupuna cepoii moJio-
Cbl BHU3Y PUCYHKa COOTBETCTBYET BO3MOXKHON CHCTEMATH-
YECKOI MOTPENTHOCTH MTPU PA3HBIX P

R ma puc.2. Ormerum, uro jannbie paGor [6-8] mo-
JIy9€HBbI B KHHEMATUIECKONW YaCTU TMPOTOH-HYKJIOHHOTO
CTOJIKHOBEHHsI 6e3 Iepexo/ia B KyMyJIATUBHYIO 00J1aCTh.
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Puc. 3. Besmmuunnt R muia maper W/C npu ncniosib3oBasuu
TOJIOKUTEIHHO M OTPUIATETHBHO 3aPSA2KEHHBIX T-ME30HOB.
B Buze xpuBoit Ha pucyHKe MOKa3aH pacyeT C MOMOIILIO
FTFP monenn

OcHoBHBIE BBIBOABI. lloBejieHne OTHOIIEHUSI
p/7", U3MepeHHOro B HacTOdIIEH paboTe JIIs PA3HBIX
dAnep Kak QYHKIUS pr, OTJIXIAETCH OT MOBEICHUS

p/m BeJMYUH, MOJyYeHHBIX I DPOXKJCHUS HYACTHI]
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¢ OOJIBIIIMUI IIOIIEPEYIHBIMI HMITYJIbCaMU II0J YIJVIOM

90°

nyuka 70T9B/c [6] u npu 300-400T5B/c [7,8]. Dd-

2
(cm.) B pA B3aUMOJIEHCTBUAX NPU HMMILYJIbCE

dexr ocabienus 3aBUCHMOCTH P/ OT pasmepa aiapa,
BO3MOYKHO, TOBOPUT O IIPO3PAYHOCTH SIJIEPHON MaTEPUN

JJIA KYMYJIATUBHBIX 9aCTHIL C OO0JILIIIIMU IIorepeYHbIMU

AMITyJIbCAMA. IDTOT 3MdEKT He ONHUCHIBAETCS J1aXKe
KadecTBeHHO ¢ momornbio Momenu FTFP, asnaromeiics

onuoit u3 6azoBbix B Geant4 [9)].
AsTops! npusnaresbubl pykosoacTy HULL “Kypua-

toBckuit Uucruryr’ — UOBY 3a momaepkKy JaHHOTO

uccjie1IoBanus, repcoHaJly OTJAeJeHUs YCKOPpUTEJd U OT-

JleJleHus IyYKOB 3a 3ddexTusHyo padory Y70 u 8-

ro Kanaja. ABropsl Osaromapus mpod. A.M. SaiineBy

3a BHUMATEJIbHOE IPOYTEHHWE PYKOIUCH U 3a PAJ I0-
JIE3HBIX 3aMeYaHUil, O3BOJIUBIINX YJIyUIIATh KA9ECTBO

[IpeJICTABJICHNST PE3YIbTATOB. ABTODBI OJ1ar0IapsIT TaK-

ke A.T.TonoBuna 3a HEONEHUMYIO TEXHUYECKYIO TOJ-

Jepxkky npu noaroroske ycranosku CITVH k nposeje-

HUIO U3MEPEHUN.
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