[image: image1.jpg]JononHuTenbHble pa3MepHOCTU NPOCTPaHCTBA
M posib KOCMUYECKNX HEMTPUHO B UX 0OHapyXeHuu

A.B. Kucenes (VHCTUTYT puaikin BbICOKUX aHeprnd, I

BUHO)

«Korpa Hayka nepexvBaet rnepuo CTDeMUTENbHOr0 HaCTYNAGHUS, y4eHble CMeno
6pocatoTcs Briepes B psne CTparervyeckux MyHKTos, MPOHUKast OTAE bHBIMY 0Tpsaami
AaneKo Briybb HEeNCCNEA0BAHHbIX TEPPUTOPWIA. B 3TO BpEMs BCSI SHEPIs UCIONb3YeT-
€1 Ha AanbHeviLyio pa3Besky B [yGuHy pPOHTa, 1 He xsaraeT Bpemenu Ans 6onee noa-
POBHOro MCCIeA0BaHNs v 3aKPEreHns 3aBoesaHHbIx obnacteii. OnHako aTn 3abpo-
LIEHHbIE 06IACTY HAYKM HACTO TasiT CEKPETLI, BEAYLUNE K HOBbIM BAaXHbIM 3aBOEBaHNSIM.
Hepenku ciy+aw, koraa cyas6a ynbi6anack UCCNEA0BaTeNsIM, TePHEHbE U UCKYCCTBO KO-
TOPbIX APUBOANIIO K PACKPBITVIO 3arafk. IMEHHO Takum 06pasom v Gblsit OTKDbITb! KOG-

MUYECKmne Jiy4m.»

Beenexue

CoBpemeHHast ¢u3unka HacTuL, BbICOKVX 3Hepruit
M3y4aeT B3aMMOAENCTBUA SNEMEHTApPHbIX HacTuL, Ha
cybbsaepHbIX MacliTabax. ACTPOGU3MKM Xe MMeloT
[1e/10 C NPOLIECCaMM, MPOMCXOARLLMMI B KOCMUYECKMX
0BbekTax, HaXOASLLUMXCS OT 3EMIN Ha TUraHTCKIUX Pac-
cTosHMSX. Vcnonbays yHWBEpPCanbHOCTb dyHaaMeH-
TanbHbIX PU3NHECKIMX 3KOHOB, Mbl MOXEM MOAENPO-
BaTh MPOLECCHI, NPOMCXOAsLME BO BceneHHoi (kak
1 NPOLLECC ee CTaHOBNEHUS 1 pas3snTus). U Hao6opoT,
n3y4as 4acTULbl, TPUXOASLLNE K HAM 13 FYGUH KOCMO-
ca, Mbl MOXEM NPOABNraThCs B 06NaCTb SHEPTWiA, KO-
TOpblE HEOCTYMHbI HA 3EMHBIX YCKOPUTENSX 4acTuL.

Kocmudeckue nyun (KJT) Gbinn OTKPBITHI aBCTPUIA-
ckum dusnkom B. Teccom (V. Hess) Bo Bpems ero no-
neta Ha aspoctarte B 1912 r. (Ho6enesckas npemus
1936 r., COBMECTHO C amepukaHckum Gusunkom K. AH-
nepcoHom (C. Anderson), oTkpbiwum B KJ1 no3untpo-
Hbl (1932 1) 1 MIOOHBI (1938 1)).

3a rop, [0 aTOro aHmuiicknii puank 3. Pesepdopa
nposen cepuio GNECTAWMX ONMLITOB N0 PacCesHuio
@-4acTul, KOTOPbIE MOATBEPANIM NAHETapHYI0 MO-
AenNb CTPOEHUSA atoma, BbiABMHYTYIO0 B 1904 . anoHc-
kum duavkom X. Haraoka (H. Nagaoka). fnepHas
1 aToMHas GU3MKa HaunHaloT GYpHO pa3BMBATHCA.
Bckope BO3HUKAET KBAHTOBAs MexaHuka (ypaBHeHue
LWpéaunnrepa — 1926 r., NPUHLMN HeonpeaeneHHOCTH
leizenbepra — 1927 r.), Ha CMeHy e NPUXOANT KBaH-
ToBas Teopus nons. IMEHHO B paMKax KBaHTOBO-MO-
nesoro noaxoga Geina NOCTPOEHa COBPeMeHHas
dusuyeckas Teopusi — Tak HasbiBaemas CtaHpapTHas
Mopenb (CM), koTopas eayHbiM 06pasom onucbisaeT
TPU TUNa B3aMMOAENCTBUIA (3@ UCKITIOYEHNEM rpaBu-
TaUMOHHOr0). A uMeHHo, CM Bkito4aeT B cebsi KBaHTO-
BYIO XPOMOAMHAMMKY — TEOPMIO CUSIbHBIX B3aMMO/Ei-
CTBWI (OTBETCTBEHHbIX 3@ CTPOEHWE AAEP) 1 MOAENb
Canama-BaiiH6epra, eauHbiM 00pasom onucbiBaro-
LYIO 3NEKTPOMATHUTHBIE U CNabble B3aMMOAencTBUS
(OTBETCTBEHHBIE 3 PACMa/lbl ANEMEHTaPHBIX HacTuLL).

JkcnepumeHTanbHov 6a3oin CoBPEMEHHON PUaNKn
BbICOKWX SHEPIWiA SIBASIOTCS MOLLUHLIE YCKOPUTEnu.
B 2008 r. ocywecteneH npobHblin nyck BAK (LHC) -
KPYMHENLWEero yCcKopuTensi NpoTOHOB C 3Hepruei

(1. Oxe. «4T0 Takoe KoCMUYecKue Jy4n»)

cTonkHoBeHust 14 TaB. Ho He Bceraa aHeprum yckopu-
Teneit GbiNn CTONb BREYaTSIOWMMI. HeyanBuTensHO
MOJTOMY, YTO MMEHHO B KOCMUYECKWX Nlydax, a He Ha
yckopuTensix Gbii OBHApYXeHs! MO3UTPOH U MIOOH
(cMm. Bbiwe), a B 1947 r. 6bin OTKPLIT NMOH. U B HacTos-
uiee Bpemsi, 1 B 0603pMMOM Byayliem UCTOHHUKaMI
4acTUL, CBEPXBLICOKMX 3HEPrUiA, O KOTOPbIX Nonaet
peyb B laHHOM 0630pe, ByayT BCe-Taku «<KOCMU4ecKine
YCKOpUTENN». A [@HHbIE, MOJyYEHHbIE U3MEpeHnem
cobbiTuii o1 KJI, No3sonaT NposepuTb Crnpasemn-
BOCTb TEOPETUHECKMX MPEACKA3aHWiA, aKCTPanompo-
BaHHbIX B 06N1ACTb 3TUX IHEPIUiA.

O[HOM 13 MaBHbIX XapaKTEPUCTUK NPOLECCOB, NPo-
MCXOASIMX NPU CTONIKHOBEHUW YacTWll, fBnseTcs
nonHoe apdekTMBHOE cedeHne, coaepxallee MHdop-
MaLMIO 0 PaaVyCe 1 UHTEHCUBHOCTY B3aUMOENCTBIS.
HanoMHUM, 4TO NONHOE GeYeHMe paccesHna onpenae-
NSIET BEPOSITHOCTh PACCesiHWA ABYX CTaKMBAIOWMXCS
4acTuL,. OHO PABHO YNCY PACCENHUIA B eanHULY Bpe-
MEHM, OTHECEHHOMY K NI0THOCTM NOTOKA YaCTUL B Ny4-
Ke, NajaloleM Ha MulleHb. B cBo ovepeab, noTok
PaBeH YNCNY 4aCTWLL, NPOXOASILLNX B EAVHILY BPEMEHI
4epes eAVHWYHYIO NIOWAAKy, NeprneHAnKYNspHYo
K HaNpaBneHNIo UX ABVXEHUS .

Ewe B 1952 r. B. leit3eHbepr, aHanuanpys sBnexus,
MPOVCXOASILUVE MPY B3AUMOAEGNCTBIM KOGMUHECKUX 1y~
el C HYK/IOHaMN aTMOCHEPSI, NPULLIEN K BLIBOAY O TOM,
4TO MOMHBIE CEYEHWsi BO3PACTAIOT G POCTOM 3HEpriu.
OpaHako Ha yCKOpUTENsX BNOTb A0 koHua 1960-x ronos
TaKoro pocTa He Habnoaanocs. SBNEHNE POCTA NOMHBIX
ceyeHuit GbINo OTKPLITO Ha yckoputene Y-70 B DB
B 1969 r. (CepnyxoBckuit acdekT). Cpasy BOIHUKIM
BOMPOCHI: SIBASIETCS /1 POCT CEYEHUIA MOHOTOHHBIM,
HaCKONbKO YHWBepcaneH u 6uicTp aToT pocT? B 19611
M. ®pyaccapom (M. Froissart) 66110 nony4eHo cTporoe
orpaH1YeHVe CBEPXY Ha MOBEAEHWE MOMHbIX CeyYeHui
aPOHOB, KOTOPOE MACKT: NPU ACUMNTOTUECKIX BHEP-
rusix E Ce4eHus He MOryT pacTu GICTpee, Yem dyHKuMs
[n?E. MOXHO 11 1 NPW KaK1X SHEPrUSIX CNEeyeT 0Xu-
[iaTb HACBILLEHWS CEYEHNI, NPe/CKa3biBaemMoro Teope-
Mot Ppyaccapa (cama TEOpeMa HUYero He roBopuT
0 HACTynneHuu 3Toro pexwma)? Hakoweu, kakue Be-
JINYKHBI CeYeHnin ByayT npu aTom HabnioaaTbes?

HomoCTH W NPOGAeME GyHAGMEHTANEHOR DUIMKH
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3ameTuM, YTO POCT MOSHBIX CEYEHMIA A0 CHX MOP He
noNy4Nn YAOBNETBOPUTENBHOTO OGBSICHEHUS. TyT Ha
NOMOLLb A0MKHbBI NTPUIATK aKcnepuMeHTsl ¢ KJ1. B ceoe
BpemMsi 60NbLLION Pe30HAHC B GU3VKE CUMbHLIX B3aun-
MOAEVCTBUIA NONYYUNN AaHHbIE MO W3BNEYEHMIO MON-
HOIO Ce4eHMs paccesHnsi NPOTOHOB 0, U3 AaHHbIX MO
KN. Nmetotcs B BUAY paHHbie ¢ aetektopos Fly's Eye
(Npu nHBapuaHTHoit aHeprun £=30 TaB) u Akeno (npn
E=24 T3B). MNony4eHHble AaHHbIMK Kosnabopaumsamn
3Ha4eHVs anga cevermii 120 n 125 M6 cooTBETCTBEHHO,
yKasam Ha T0, 4TO POCT CEYEHWIA NPOACXAETCS W Npn
9TVX CBEPXBLICOKMX BHEPrUsX (KCTaTW, 0 CUX NOP He
ROCTYMNHbIX Ha YCKOPWTESSX), W YTO OH COBMECTUM
C 3aBUCUMOCTbIO [n°E.

Bepremcs k KJ1. MiHTepecHo B3msiHyTb Ha cocTas KJ1
BbICOKVX GHEPTUiA, MO/ KOTOPBIMU Mbl B Aa/ibHEALLEM
Gyaem noppasymesatb aHeprim >10'¢ aB. Bonblyio
4acTb KJ1 cOCTaBNSIOT NPOTOHLI, MEHbLLYIO — SAPa U do-
TOHbI. 3apsXeHHbIE NPOTOHbI 1 SAPa (3a UCK0YEHEM
yacTuu ¢ aHeprueii 10%° 3B 1 BbILLE) 3aMETHO OTKNOHS-
10TC MEXranakTU{ecKMMI MarHUTHBIMU nonsMu. do-
TOHBI Xe C 3Heprusmu csbiwe 1 TaB nornowaiTcs
B MYTW, Paccensasch Ha KOCMUYECKOM GOTOHHOM (o-
He ¢ 06pa3oBaHNeM 31eKTPOH-MO3UTPOHHBIX Nap.

ToNbKO KOCMWYECKME HENTPUHO MOrYT nepecekaTs
BcenenHyio, He OTK/IOHSSICh U HE paccenBasich, Hecs
HaMm noJsiHyo nHdopmaumio 06 uctouHmkax KJ n mexa-
HW3Max UX yCKopeHus. MpuynHa M3BECTHA — 3TO OYeHb
cnaboe B3aMMOAENCTBUE HENTPUHO C APYrUMW NONsi-
My CM 1 ero cnabblil poCT € aHeprueii. Tak, YucneH-
HbIil PACYeT MOMHOrO CeYeHUs! PacCesHUS HENTPUHO
Ha HyknoHe B CM paet aHadenns 5:10° n 1,410 m6
LISt 3Hepruii HeiTpuHo 10 1 10'8 9B cooteeTcTBEH-
HO (4TO aKBMBaNEeHTHO 440 B 1 45 TaB 8 c.u.M.).

Hackonbko nerko kocMmuyeckmne HeMTPUHO AOCTHra-
10T 3eMNIN, HACTOMBKO Xe NIErko OHU N3BeraT feTek-
TUPOBaHWS. 4TOGbI KOMNEHCUPOBATL UX MasbIe Ceve-
HWSE U NOTOKW, MPUXOANTCS CTPOUTL, Kak Mbl yBUAUM
8 MOCNeAYIOUMX Pa3Aenax, HEATPUHHbIE TEeneckomsl
BHYLUIMTENbHLIX Pa3MepoB. Tem He MeHee, MHTepec
K NOWCKY HENTPUHO BLICOKMX 1 OCOBGEHHO CBEPXBBICO-
K1X 9HEPruii B NOCNEAHNE oAbl NOCTOSIHHO U BLICTPO
pacTer. OaHa M3 NPUYMH — BO3MOXHOCTL MOMCKA
B HEITPUHHBIX COBLITUSX «HOBON BU3MKW», T.e. B3an-
MopeicTBuiA 3a pamkamu CM. YuuTbiBas Manoctb
HENTPUHHBIX ceveHuit B CM, cneayeTt oxmpaatsb, uTto
BKNNa/ibl <HOBOWM GU3NKI» B PACCESHINE HETPUHO ByayT
CPaBHWMbI, @ TO 1 IOMMHUPOBATL C POCTOM HEPrUM.

B fiaHHOM 0630pe Mbl PAaCCMOTPVM OfIHY 13 BO3MOX-
HOCTE# Bbixoaa 3a pamku CM, nonyuvsLLyio B nocneaHee
8pemst GOMbLUYIO MONYASIPHOCTb 1 NPEANONAraloLLyIo Ha-
TW4UE [OMOSHUTE IbHBIX MPOCTPAHCTBEHHBIX PasMep-
HOCTeA. Hixe Mbl onvliem figa Tuna Teopuin ¢ 0NoNH!-
TeNbHLIMU Pa3MEPHOCTAMM 1 AAAMM OLEHKU CeqeHUi
paccesHns HeMTPUHO, a Takxke CnocoGhbl perucTpaumn
KOCMUYECKMX HEATPUHO COBPEMEHHBIMI HEATPUHHBIMU
[AieTekTopamu. B KOHEYHOM cHeTe, Liefb AaHHOro 0630pa —
yBeanTb YnTaTeneii, 4To acTpopuarka nepexveaer Gyp-
HbIlA POCT 1 4TO COBMECTHBIE YCUNNS CNELMAINCTOB B 06-
nacTn acTpopuankn 1 GU3NKM HYacTuL, JOMKHLI Npu-
BECTW (LMTUPYS B3STOE B KayecTse anurpada Bbicka-
3biBaHme M. OXe) «k HOBbLIM BaXHbIM 3aBOEBAHNSAM>.

Nel o MpoTauno e 2009

1. CnekTp KOCMUYECKUX Nlyyein

XO0TA raBHbIM NPEAMETOM PACCMOTPEHUS ByayT KOC-
MUHECKWE HENTPUHO, YMECTHO BYAET HauaTthb ¢ onuca-
Hus cBoiicTe KJ1 B Lenom 1 cnoco6oB Ux perncTpauuu.

Ha pwvc. 1 nokasan cnektp KJ1 (o6nactb aHepruit
>10' 9B). OH cTeneHHbIM 06pa3om ybbiBaeT ¢ aHep-
rueih ~E7, rae y=2,7-3,3 (B pa3HbIx 4acTax cnekTpa).
Osxwuaaembiii notok KJ1 oueHs Man: 3a rog Ha 1 m2 3em-
HOVi NOBEPXHOCTM NONafaeT OiHa YacTyLa C SHEPrueit
4-10'° 3B (06nacTb CnekTpa, 3a cBolo GOopMy Ha3BaH-
Has «KONEHOM»), W MWL OAHA YacTuua Ha 1 km?
C aHeprueit okono 5-10'® aB (Tak HasbiBaemas 06-
NacTb «NATKU»).

Equivalent c.m. energy N5, (GeV)
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Puc. 1. CnekTp Kol

Mpsimoe HabniogeHue NepBuYHbLIX KOMMOHEHT KJ1
BO3MOXHO NULLb AeTEeKTOPamMu, PacroNoXeHHbIMA Ha
BO3AYLUHbIX Wapax W CrnyTHUKax. Takne AeTeKTopbl
VIMEIOT, ECTECTBEHHO, OrpaHneHHble pa3mepsl. C apy-
roi cTopoHsl, KJ1 ¢ sHeprusmu sbiwe 10'4 3B, Baanmo-
AeiicTBys B aTMOCcdepe, PoX4aloT LMPOKME aTMOC-
depHble TMBHK BTOPWYHBIX YacTuy, (LLAJT), noctatouHo
VHTEHCUBHBIE, 4TOObI MX MOXHO GbIO PErMCTPUPOBaTL
Ha3EeMHbIMU AETEKTOPaMK.

Mepsble ykazaHus Ha cyuecTeoaHue LA nony4un
B 1934 r. utanbaHckuit ¢dusuk B. Poccu (B. Rossi).
MNepsooTkpuisatenem xe LUAJ no npasy cuutaetca
PpaHuyackunit puaunk M. Oxe (P. Auger), OH xe aBTop
addekTa aBTONOHM3AUNN BO3BYXAEHHbLIX ATOMOB.
Habnionas 8 1937 r. 3a 0AHOBPEMEHHBIM CpabaTbiBa-
HUEM NeTeKTOPOB, HaXOASLIMXCS HAa PAcCTONHUM CTa
METpOB Apyr OT Apyra, OH CAenas BepHblid BbIBOA,
0 TOM, 4TO OHO BbI3BAHO HE YEM UHBIM, kak LLAJT.

Zins pervcTpaumn 3apsikeHHbIX aapoHOB, a Takke
3NIEKTPOHOB U MIOOHOB WCTMONB3YIOTCS BOAHbIE YepeH-
KOBCKME cHYeT4Yukn (akcnepumeHTtsbl Volcano Ranch
(CLUA), Haverah Park (Anrnus), SUGAR (AscTpanus)).
B Akytcke 6onee 35 neT ycnewHo paGotaeT yctaHoB:
ka, peructpupyowas LWAJ. Heckonbko net Hasag
3asepwun paboTy askcnepumeHT AGASA (SnoHws)
¢ 06wen nnowaasto 100 kM2, JaHHbie YCTaHOBKM CMO-
coBHbI HabnoaaTts LUAJ ¢ aHeprusmu >10'9 oB.

OpnHako umMeeTcs 1 Aipyras BO3MOXHOCTb PErUCTpu-
poBath LLAJT 1 n3mepsiTb ux napameTpsl. [leno s Tom,
4TO 4ACTWLbI B INBHE MOHU3UPYIOT aTOMbI 830Ta, KOTO-
PbIE CNYCTA HEKOTOPOE BPEMS UCMYCKAIOT (MpakTuyec-
K1 M30TPONHO) NYyOPECLEHTHBI CBET B BUAMMOI
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6biTh MCNONL3OBAHA ANA PErUCTPALMM NMBHEN, Bbi3-
BaHHbLIX Kak 3apAXEHHOH koMnoHenTon KJ1 (NpoTomsl,
AAPA), TAK ¥ HEATPANLHBIMK HACTULAMM (POTOHAMM).
Mpwn atom onpepenserca coctas K, nyrem uamepe-
HUA FNYBUHBI NPOHUKHOBEHUS NMBHS B atMocdepy
X, HA KOTOPOA €70 MAOTHOGTH AOCTUTAET CBOErO
Makcumyma.

Bnepabie TeNeckon, PerucTpupyloLLmii bayopecue-
HTHBIN CBET OT LLAJ], 6bin npumeneH B aetektope Fly's
Eye («rna3 myxu»), PassuTiem ero cran COBPEMEHHbIi
netextop HiRes-ll, COCTOAWMIA 13 ABYX 3EPKANBHLIX
CUCTEM, Pa3HECEHHLIX Ha paccTosHuu 12 km. Mopor
peructpauvu HiRes pasen 10'7 9B, a ero addekTus-
Has aneptypa - npumepHo 600 km? (¢ yueTom Toro,
4TO nyopecueHTHbIn aetektop paGotaer npuMepHo
10% Bpemenu 8 roay, Tak kak Tpebyer YncToro v 6ea-
NYHHOTO HO4HOTO Heba)

[IN9 HAC BAXHO, YTO 3TOT AETEKTOP OMEHb MYBCTBM-
TENEH K NIMBHAM CBEPXBLICOKMX SHEPrUiA, MHAYLMPO-
BaHHbIX INEKTPOHHLIMU HEUTPUHO, NETALWMMM B Han-
PaBNEHWN AETEKTOPA CHU3Y YEpe3 3EMHYI0 KOpy.
Takve «socxopswwme» (up-going, Earth-skimming)
SMEKTPOHHBIE HEATPUHO POXAAIOT DNEKTPOMArHUTHBIR
NMBEHb My6OKO B 3eMHOI Kope. Bnaroaaps Tak Hagui-
Baemomy «appexty Nlapay-Nomepanyyka-Murpanar»,
CeNEHUR POXACHNS Nap U TOPMOSHOTO M3NYMEHNS ANs
HaCTULL B IMBHE OKa3bIBAIOTCS CUNLHO NOAABNEHHBIMI.
Kak cnepnctsuve, aneKkTpoMarHnTHbIN NMBEHb, HE yenes
NOMMOTUTLCS B BEWECTBE, BLIXOAUT B aTMOChEpY, rae
poXaaeT GyopecUEHTHbIN CBET.

B apreHTUHCKO NPEPUN NPakTUHecK 3aBepuweHo
CTPOUTENLCTBO K0KHON 4aCTU CaMoro MacwrabHoro
nertektopa K/ - o6cepeatopuu Pierre Auger, kotopas
covetaet 8 cebe NpeuMyulecTsa AByx TUNOB AeTek-
TOpOB, Takux kak AGASA u HiRes (cM. puc. 2). Ha
nnowaam 3000 km? pacnonoxensl 1600 BOAHbIX e~
PEHKOBCKIX AGTEKTOPOB Ha PACCTOSHMM 1,5 kM Apyr
OT Apyra, 06pa3yioLLnX NPABUNbHYIO FeKCaroHaNnbHyo
pewerky. CeTb Ha3eMHbIX ABTEKTOPOB AONONHSAIOT 24
Teneckona, aHanoruusie Teneckonam HiRes, crpyn-
NMPOBAHHBIE B 4 CTAHLMM U PACNONOKEHHBIE NO Ne-
PUMETPY AeTekTopa.

Puc. 2. O6cepsatopws Pierre Auger - kpynHeiwas ycTa
HOBKA@ NO NOMCKY WMPOKMX aTMOCHEPHLIX NUB:
aHa pervcTpauns NMBHA ORHOBPE-

MEHHO BYMS TUNaMV ACTEKTOPOB.

Detextop Auger Gyaer 3asepuwied nocne BsoAa
8 CTPOWA €ro cesepHoi wacTn 8 Konopano (CLUA). Tor-
[ia OH GMOXET NPoCMaTpueatb 06a NOAYWapus, 410
O4€Hb BAXHO, TaK Kak PacnpeaesneHne CPaBHUTENsHO
BAN3KUX K HAM acTPODUINHECKUX OOLEKTOB B Cesep-
HOW NoNoBMHE HeGa 3aMETHO OTIMYAETCA OT UX pacn-
Peaenenns B IOXHOM NoNywWwapuy,

MpoekT Hauenex Ha perncTpaumio LUAJ, poxaeHHbix
K1 caepxevicokux akeprui (>10'8 9B), ¢ uensio on-
penenenns cocrasa KJ1 1 ux acTROGUINHECKIX CTOY-
HukoB. OaHa U3 rasHbix 3anay4 obcepsatopum Auger -
NOVCK NNBHEA, NHAYUNPOBAHHBIX KOCMUYECKUMUN HEAT-
PUHO, @ TaKKE NMBHENA, BLIBBAHHBIX “BOCXOAALAMMY
Tay-HENATPUHO NPV NPOXOXAEHM UM CNOR 3EMHOI KO-
Pbl N0/ OTPUUATENLHBIMU YINAMM K FOPUIOHTY.

3a spems csoeit pabotel oba aetektopa, HiRes
v Auger, He 3aperncTpupoBani COBLITUA OT KOCMM-
HECKIX HEITPUHO. [laHHbIe BTUX KONNABoPaLMit O3B0~
DWAM MWL YCTAHOBUTH BEPXHIOKO rPaHULy Ha Anddy-
3UOHHBIE NOTOKM HEATPMHD (CM. HUxe puc. 19). ak-
Hble, NonyueHHble oGcepeaTopuei Auger 3a nepuoa
2004-2007 rr., 3KBUBANEHTHBI BCEIO OAHOMY rOAY pa-
60Tl NONHOCTLIO COBPAHHOTO AETEKTOPa, HO Habpak-
HaR CTATUCTUKA YXe BABOE NPEBBILIAET CyMMAPHY
craTtneTuky Teneckona HiRes.

Ewe oaun nyTh pasBuTus aKCNEPUMEHTANBHON acT-
PODUINKN — CO3AAHUE ONTUYECKIMX KOCMUHECKUX ABTEK-
TOPOB AN pervcTpauny LA, MPUHUMA UX AGACTBUS -
OAHOBPEMEHHOE HaBNIoAEHNE KaK (NyOPECLEHTHOrO,
TaK W PACCESIHHOTO YepeHKOBCKOro caeta ot WA, Op-
HUM U3 Takux NPOEKTOB siBNsieTCs npoekT EUSO, cxema
KOTOPOro NoKagaHa Ha puc. 3. Apyroi npoext QWL npe-
AYCMaTPUBAET PErncTpaumio hnyopecuUeHTHOro Ceeta
OT NMBHEI OHOBPEMEHHO C ABYX CMIYTHUKOB S MOy~
HeHUsi NPOCTPAHCTBEHHON KapTUHLI NBHen. Mpu atom
Gyner npocmarpueatses okono 4-10° km? atmocdeps,
a noporosas aHeprus coctasut 10%° 3B,

2. O6pesanne cnekTpa KOCMUYECKUX Nyyei
lpeisena-3auenuna-Kyasmuna
B 1966 r. K. Mpensen (K. Greisen), I. 3auenvu
1 B. Ky3bMuH Npeackasani peakuin 06pbis cnektpa kil
npu areprusx >10'? 9B, nonyumswnin nassanme GZK-

Puc. 3. CyTHUKOBbIi AeTeKTOp EUSO AnA pervcTpaunm
DNYOPECUEHTHOIO W YEPEHKOBCKOro CBETA, Bbi3-
BAHHOrO aTMOCHEPHBIMU NMBHAMM

HOBOGTU 1 NPOGNEMM GyNAAMENTSnLAOA BUINK
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o6pesaHus. [1eno 8 TOM, YTO MPOTOHbLI CBEPXBBICOKNX
3HEpPrvid (a MMEHHO OHM COCTaBASIOT GOMbLUYIO YaCTb
KJ1) Ha nyTn Kk 3eme A0MXHbLI PACCeNBaTLCS Ha KOCMU-
4eCkOM MUKpPOBOJSIHOBOM doHe (CMB), 3anonHsiowem
BcenenHyto. Kak nssectHo, oH 6bin npeackasa I Ma-
moBbiM  P. Anbdepom (R. Alpher) v P. lfepmaHom
(R. Herman) B 1948 r. CnekTp 3T0ro peavkToBoro na-
ny4eHns GOTOHOB COOTBETCTBYET CMEeKTPY abCOMOTHO
4epHoro Tena c Temnepartypoi 2,7 K, 4To aKBUBaNEHT-
HO BHEPruM pPenukToBbIx GOTOHOB ¢=3,7-107 3B.

PaccesiHne Ha MUKPOBOSHOBOM (OHE MPOUCXOaUT
3a CYET PE30HAHCHOrO POTOPOXAEHUSI MMOHOB:

(1)

Moporosas sHeprvs AaHHOW peakuuu pasHa E ., =
m.(m,+m,/2)/e, 4TO fAET OUEHKY E;,=6-10" 9B.
JnvHa NOrIOLLEHIS NPOTOHOB Ha MUKPOBOMTHOBBIX (pO-
TOHax oOkasblBaeTcs pasHON ~10 Mnk (HanomHum,
1 nk=3,26 ceeToBOro roaa). Taxenble aapa CBEPXBbI-
COKMX 3HEPruil U3 COCTaBa KOCMUHECKUX Nydeit Toxe
TEPSAIOT CBOIO BHEPT IO, HO 3a CYET GOTOAUCCOLMAaLN
Ha oToHax nHdpakpacHoro ¢ona (CIB), kak, Hanpu-
Mep, B peakumun Fe+y . p>Mn+p.

Takum 06pa3oM, ecin NCTOYHMK KOCMUYECKWX My-
yelt HaxoanTCs Ha paccTosHUM ~50 Mnk ot 3emaun nnmn
nanee, To AONXKHO BbITb BUAHO NpeackasaHHoe GZK-
obpesaHie crekTpa. KOHeYHo, IMBHN OT KOCMUYECKIX
yactuy, ¢ aHepruamu >10%° 3B MoryT Habniopatsesi,
©CN UX UCTOYHWK HAXOAMTCS OT HAC B paauyce MeHee
50 Mnk. OaHako Takux aCTPOPU3NYECKUX UCTOYHUKOB,
PacnonoXeHHbIX Ha «GNN3KUX» PAcCTOSIHUAX U CMo-
COBHBbIX YCKOPUTL MPOTOHLI 1 SAPA 10 CBEPXBBLICOKMX
aHepruii (>10%° aB), He 3aduKCMpPOBaHO.

PHrepg=A'=pr’, nat.
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470 roBOPUT HaMm akcnepumeHT? Ha puc. 4 npuse-
AeHbl AaHHble ¢ ycTaHoBOK AGASA 1 HiRes. Kak BugHo,
OHU NpOTUBOpPEYaT Apyr Apyry: konnabopauvs AGASA
Habnoflana HeckoNbko COBLITUI C 3HEPrusMn Bbilue

10'9° 3B, a panHble konnabopauuun HiRes ogHo3Ha4HO

roBopaT B nonb3y GZK-obpesaHus. HepasHo nosieu-
NMCh PE3yNbTaThl C AETEKTOPa AUger, KOTOPbI 3aduk-
cupoBan B 06nactu aHepruit cebiwe 4-10'° oB 69
COBbITUIA, XOTS NPU IKCTPANONALWAN CNeKTpa B 3Ty 06-
nacTb A0NXHO Bbino Habniopatbes 167 cobbiTui.
Konnabopauueit Auger caenaH BblBOA, 4TO Habnoaa-
etca GZK-o6pesaHue cnektpa KJ1 ¢ 4OCTOBEPHOCTbLIO
6onee 6 cTaHAAPTHLIX OTKAOHEHN. OTMETUM, HTO 9KC-
noauumsi, HabpaHHas neTekTopom Auger, BABOE npe-

Nel o MpoTsuno e 2009

TPUHO B NX O6HADYXEHMN

BblWaeT akcnoaunumio HiRes, 1 B 4eTbipe pa3a — akcno-
3uumio yctaHoeku AGASA, HaBpaHHylo 3a BCe Bpems
ee paboTbl.

Tem He meHee, LLIAJ] cBEPXBBLICOKMX 3HEPrUit, 3ape-
rMCcTpUpoBaHHble aetektopom AGASA, TpebyioT ceoero
0BbACHEHUS. MOXHO NPeANONOXNTb, YTO 3TH COBLITUS
BbI3BaHbI HE MPOTOHAMMU, @ WHAYLMPOBAHbI HEATPUHO
CBEPXBbICOKNX 3HEPruit. OHAKO Takne BHePriv HenT-
puHO noTpeGosanu bl etiie 6oNbLIMX HEPTUi NPOTO-
HOB B acTpoduanyecknx «yckoputensix». Mpobnema
pelaeTcsa B Tak HasbiBaeMbix «TON-gayH» (top-down)
MOZENAX, B KOTOPbIX UCTOYHUKAMU KOCMUYECKUX Ny-
4el cayxat pacnajbl 04eHb MACCUBHbIX OGbEKTOB
(noapo6Hee 06 aTom cM. pasaen 4).

3. AcTpodm3niecKue UCTOHHUKN KOCMUHECKUX
HEWTPUHO

HelTprHO BLICOKUX 1 CBEPXBBLICOKMX SHEPTUI reHe-
PUPYIOTCS B KOCMWUYECKUX OBbEKTax B pesynbrate
CTONKHOBEHMNS YCKOPEHHbIX NMPOTOHOB C SiAPaMi OKpy-
XaloLero rasa uim C HN3KOIHepPreTUIeckumMm GpoToHa-
MU C NOCeyIowMM PacnafioM 3apsikeHHbIX MMOHOB.
Cpeaun BO3MOXHbIX ranakTUHECKUX «yCKopuTenei»
KOCMUHECKMX Nlyueit paccmaTpuBaioTcs 060N0NKM
CBEPXHOBbIX 3BE3/l, HEWTPOHHBLIE 3BE3/bI, [BOIHbIE
PEHTrEHOBCKME CUCTEMbI, rafiakTUYeckuit auck. Ham-
Gonee BepOATHbIE BHETaNaKTU4ECKNE NCTONHUKN KOC-
MUYECKMX JIy4ei, B TOM YWUCNIE HEUTPUHO, — 3TO NCTON-
HUKM ramma-secnneckoB (GRB) u spgpa akTuBHbIX
ranaktuk (AGN), KOTOPbIE Mbl CE4ac 1 PACCMOTPUM.

VICTO4HNKM ramMma-BCNNECKOB SBASIOTCSH 06beKTamn
C YpesaBblvaiiHO  BBLICOKOW CBETUMOCTbIO, OKONO
10°'-10% apr/cek, KOTOpasi peanuayeTcs 3a KOPOTKOe
BPEMSA — OT 0/1HOM A0 10 cekyHA. 3TO KOCMONOoruYec-
K1e 06beKTbI, HEKOTOPLIE U3 HUX MMEIOT U3MEPEHHOE
KpPacHoe CMeLLEHUE, NPEeBbLILIAIOLLEE BENMYUHY z=4.
ECnv NpeAnonoxuTs, 4T UX NIOTHOCTL BO BCENEHHO
CYLLECTBEHHO HE MEeHsiNack B NPOLECCE 3IBOMIOLMN,
1 Npy 3TOM U3NlyueHNe ramma-nyyeit OT UCTOYHWUKOB
KOMNMMWNPOBAHO, TO Ha OfIHY ranakTyKy MOXET MPUX0-
AVTHCA OIMH UCTOYHUK raMMa-BCIIECKOB B rOf,.

[Hamuka MCTOYHMKA ramMma-BCrIecKOB TakoBa.
Brauane obpasyetcs daniep6on — «Cyn» 13 NenToHoB
1 HOTOHOB C Masnol NpUMeckio HapuoHoB. McnbiTsiBas
pafrauMoHHoe aaBneHue, Gpanepbon HauMHaeT pacLum-
PSATLCS C YCKOPEHUEM 10 TeX MOp, MoKa He CTaHEeT Npo3-
padHbiM Ans paguaumn. K aTomy BpeMeHU CKOpOCTb
pacLUMpeHns AOCTUraeT PensiTMBUCTCKMX 3HAYEHWI
¢ JNlopeHu-cdaktopom y~300. B pesynsrate paclumpe-
HUs baiiepbona B MexaBeaaHylo cpealy B Hem 06pasy-
10TCA yAapHbIE BOMHbLI, B KOTOPbIX, Kak MOKasbiBAOT
OLEHKM, MPOTOHbI MOTYT YCKOPSITbCS [0 3HEpruii
10%° 3B. YCKOpPEHHbIE MPOTOHLI B3aWMOAENCTBYIOT
€ HOTOHAMU 1 POXAAIOT 3APSHKEHHBIE NMOHBI, A T, pac-
nafasch, POXAAIT HEATPUHO C aHeprusmm ao 10'€ aB.

SiApa aKTUBHbIX ranakTuk — HauGosee spkne 0Gbek-
Tbl BO BCEIEHHON. YacTb 13 HUX, HasbiBaemas Gnasa-
pamu (blazar), nany4aet aHepruio y3kumm KonnimMmnpo-
BaHHbLIMV Nly4aMu, HaNPaBiEeHHLIMM Ha 3eM0. XOTs 1x
cBeTuMocTb (~10%5-10%° apr/cek) MeHbLue, yem y uc-
TOYHWKOB raMMa-BCMNIECKOB, OHM U3NY4AIOT B TEYEHUE
60nee ANMTENLHOMO NEPUOA BPEMEHN — OT HECKOSIb-
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Knx yacos ao roaa. Habnopaemsie Gnaszapbl — Toxe
KOCMONOrM4ECcKNE 0GBEKTHI, HO HAXOAATCH GNXKE, Yem
ramma-Bennecky (13-3a MeHbLIeN CBETUMOCTH UX HaM-
HOrO TpyAHEe HabNIAATL HA CPABHUMBIX PACCTOAHUAX).

Pyc. 5. AKTVIBHO® SAPO ranakTvk — HauBoNEe BEPOST-
Hblii GCTPODUINIECKIIA UCTOUHIK HOHTPUHO Bbi-

COKMX IHEPrIiA

B uenTpe 6nazapa HaxoauTCs yepHas abipa ¢ Mac-
COWA OKONIO CTA MUNNMAPAOB MacC CONHUA, Ha KOTOPYIO
NPOVICXOANT aKKPEUNSi MATepIM 13 OKPYKAIOLLEro ee
Avcka. HacTb 3ToM MaTepum BLIGPACLIBAETCS U yOKO-
PAETCA B BUAE Y3KWUX CTPYIA, HANPABNEHHBIX BAONL OCH
BPALLEHNA YePHON AbIPLI (CM. puc. 5). B aTux penstn-
BUCTCKMX CTPYAX 06Pa3yioTCs CrycTkW Marepum ¢ wm-
puHON ~1 1Kk n TonwwmHoi ~0,01 nk, ABMxywMecs
BAONL CTPYWA C JlopeHu-akTopamu y~10-100. B Hux
BOZHUKAIOT YAAPHBIE BOMHbI, KOTOPbIE B KOHEYHOM UTO-
re POXAAIDT ramMma-nyuu ¢ aHeprusmu okono 1 TaB
W BLICOKOIHEPreTUHECKNE HETPUHO.

ECAn B CTPYSIX NPUCYTCTBYIOT NPOTOHBI, TO OHW MO~
ryT B3aUMOAEHCTBOBATL C APYrMI NPOTOHAMU, NGO
€ poToHaMu nyTem peakumin

Prp=>NN+nnombl, pry-=na'. (2)
Heitpuo 06pasyioTes 3 pacnana 3apsxeHHbIX NMOHOB
Aty ) e (3)

4TO NaeT CneayloLLee COOTHOLIEHNE aPOMATOB B NOTO-
K€ HeWTPUHO BG/M3N OT SAepP aKTWBHLIX ranakTuk:
vy, v, =1:2:0. OAHaKo, Gnaropaps OCUMANAUMSM
HEHTPUHO Ha KOGMONOrMHECKIX PACCTORRMSIX, B npu-
XOASUEM Ha 3EMNIO NOTOKE HERTPUHO BBICOKMX IHEP-
i Mol ﬁyneM WMETE PABHLIE N0V HEATPUHO BCEX
copros: 110

o cux nop He ACHO, NPOUCXOANT W B peRcTBUTENb-
HOCTU B AAPAX AKTMBHBIX FANAKTUK YCKOPEHWE NPOTO-
HOB, NN TONBKO YCKOPEHNE 3/IEKTPOHOB (NO3NTPOHOB)?
MPOSICHUTL MEXaHN3M YCKOPEHUSI NOMOXET NWLLb Ha6-
NIOAEHUE KOCMUYECKIX HEATPUHO OT 3TIX UCTOHUKOB.

4. MOTOKM KOCMUYECKNX HENTPUHO

Motok HeirTpuHo @ (E,) onpepensietcs kak wvcno
HERTPUHO N, B MHTepBane aHeprui ot £, 1o (E+dE),
NAnAILINX 33 EAMHULY BPEMEHN B EAMHULE TENECHOrO
yrna dQ Ha eauHULY NNOLLAAN 3EMHON NOBEPXHOCTM:

TRYEE S A OUNIPYRONNE

dN,
d1dQd S

B TO BpeMs kak NOTOK aTMOCHEPHBIX HENTPUHO X0~
POLWIO U3BECTEH, CMIHANOB OT KOCMUYECKUX HENTPUHO
Ha ero ¢oHe A0 Cux Nop He 3aperncTpuposano, Coor-
BETCTBEHHO, He OGHApYXeHbI U UX acTpodU3NIeckme
VCTO4HUKN. MOXET GbiTb, NOTOK KOCMUMECKMX HENTPU-
HO HACTONBLKO MaN, 4TO HE CMOXET GbiTh 3aperucTpu-
POBaH AGVCTBYIOWMM M AAXE NPOEKTUPYEMbIMA
HeATPUHHBIMK Teneckonamm?

K cuacteio, Mpupoaa v Tyt Aaet wam wawc. [eno
B TOM, 4TO [IONXEH CYWECTBOBaTL <rapaHTUpOBaH-
HbIf» (N, KaK ewe ero HasblBaloT, coSmogenic) and-
DY3NOHHBINA NOTOK KOCMUMECKNX HETPUHO. 3TO Cre-
Aayet u3 asyx daktos: 1) KJ1 COCTOAT B OCHOBHOM U3
npotoHos; 2) cnextp K umeer GZK-obpesanve no
aHepruu. B pesynerate paccesHns Ha KOCMUNYECKOM
MWKPOBONHOBOM OHe 06pasyloTca 3apsaxeHHbie
nMoHBI (CM. popmyny (1)). B pesynbrare uenouku pac-
nanos (3), 06pasyioTes HENTPUHO, KOTOPLIE YACTO Ha-
3bIBAIOTCA GZK-HEATPUHO, XOTS UX CMIEKTP HAXOANTCR
uenukom nesee GZK-nopora, a Touxee, B npeaenax
o1 10" no 107 3B.

AetanbHoe nosenenve cnektpa GZK-HedTpuHo
CUNLHO 3aBUCHT OT coctasa KJ (MpoToms! — aapa), or
HEPreTMHeCKOro CNeKTPa NCTOYHMKA NPOTOHOB (CTe-
NeHun yGeIBaHUA NO GHEPrun) 1 OT APYrux (GakTopos.
MoaToMy Teopetuueckue npeackasanns ans hopMsl
cnektpa GZK-HeiTpuHO BapbyupyloTCs OT MUHUMaNb-
HOrO rapaHTMPOBAHHOrO NOTOKa A0 Haubonee ontu-
MucTUYHOro notoka. B 3akniovenuu (puc. 19) mbl
YBUNM, HACKONBKO BNN3KO K MOCNEAHEMY HAXOAATCH
9KCNEPUMEHTANBHBIE BEPXHWE OrPaHMMEHUS Ha and-
DY3NOHHBIE NOTOKU KOCMUHECKUX HENTPUHO.

Kak yxe 0TMe4anoch, HEMTPUHO BLICOKWX BHEprui
MOryT reHEPUPOBATLCH B KOCMUYECKNX OBLEKTaX B pe-
3yNbTaTe  CTONKHOBEHUSI YCKOPEHHBIX MPOTOHOB
C aTOMHBIMU AAPAMI OKPYXAIOWErO rasa (pp-Hedrpu-
HO) WM € HU3KOIHEPTeTUHECKUMU dOTOHaMMU (py-
HEATPUHO), B LENOYKE PACNAA0B 3aPSKEHHBIX NMOHOB
(em. dbopmynei (2), (3) npeasiaywiero paanena).

Cpean NCTOYHUKOB py-HEATPUHO BLIAENSIOT ONTY-
HECKM TOHKUE M ONTUYECKM TONCTBIE NO OTHOLEHHI
K BbIN@TY HeRTpoHoB. Moa ONTUHECKON TONWMHON
B AaHHOM CNyyae NOHUMAETCS OTHOWEHUE pa3mepa
WCTONHUKA K ANMHe ny-B3aumopencteus. [ing ontu-
YeCKW TOHKUX UCTOuHMKoB 3. Bakcman (E. Waxman)
v 1x. Bakan (J. Bahcall) nonysunu cnepyiouiee orpa-
HUYEHWE HA AMDDY3NOHHBIA NOTOK HEATPUHO (Ans
CyMMbl BCEX apomaros), cnpaseagnmsoe 8 obnacti
10'9-10% o8

E®(E,)<410% GeV em

> (E

(@)

d

. (5)

MNockonbky Bakcman u Bakan oCywecTsnsnm Hop-
MWPOBKY Ha CNEeKTP NPOTOHOB C 3HEpPrvei Bolwe
10 9B, Ux OrpaHMuEHIE HE PACIPOCTPAHAGTCA Ha No-
TOKN HEATPUHO OT UCTOYHVKOB C MAKCUMANGHOR 3Hep-
rUelt YCKOPEHHbIX NIPOTOHOB MHOTO MeHbweit 1020 38,

B Mopenu Z-BCnneckoe HeMTPUHO YNbTPABBICOKMX
9HEPIYU OT OTAANEHHBIX UCTOYHMKOB AHHUIMAMPYIOT
C PENVKTOBLIMU HEATPUHO Yepe3 Pe3OHAHCHOe POX-

HOBOETW W NPOGACUL ByWABMENTARLION Guiucn
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fenve Z-6030Ha, poxaas BTOPUYHbIE YacTuLbl: NPo-
TOHBI, POTOHbI U HEATPUHO. MOPOroBasi 3HePrus Npo-
uecca pasHa E,,=(M,)?/(2m,)=4-10?' (aB/m,) 0B,
e m, — Macca PenvkTOBbIX HEMTPUHO. [laHHas Mo-
[ieNb MPaKTUYECKN 3aKpbiTa 3KCNEPUMEHTaNbHLIMU
BEPXHVMM rPAHNLIAMU Ha NOTOK POTOHOB, NONYHEHHBI-
MK, Hanpumep, aetektopom EGRET.

ANLTEPHATVBON KOCMUYECKUM YCKOPUTENSIM SBIS-
10TCsi Ton-aayH moaenu. OaHON N3 MOTVBaLMIA 1X pas-
BUTUS NOCNYXWNU AaHHble no HabnoaeHvio GZK-co-
6bITuit getekTopom AGASA (cM. oBcyxaeHve cnekTpa
KJ1 B pasaene 2). B Takux mopensix uctouHmkom KJi,
a 3HAYNT, U HEIATPWHO, CNYXWT pacnaj CynepMaccus-
HbIX OGBLEKTOB, TakWx Kak TONOAOrM4eckue aedekTsl,
KOCMUYECKME CTPYHbI (He NyTaTh C 06bI4HBIMI CTPYHA-
mul) unu Mowononu, ¢ maccamu >10%2 3B. Bce Ton-
[iayH MOAENM JAloT XECTKOe Npe/fckasaHne: B CocTase
KN hOTOHBI AOMXHLI AOMUHUPOBATL Haf, NPOTOHAMK.
Mocnepxvie aanHble konnabopauun Auger roBopsiT,
ofHako, 4To 8 KJ1 ¢ aHeprusmn meHbiue 10'° 3B doto-
Hbl COCTaBAAOT NULLb 2%, U MeHee 31% — B KJ1 ¢ aHep-
rueit 4-10'° 3B. TakuM 06pasom, aKCNEpUMEHTanbHbIE
naHHble no cocTasy KJT npoTusopeyar npeackasaHusm
TON-AayH Moaenei.

5. Teopum C AONONHUTENLHBIMUA Pa3MEPHOCTAMU.

MpOCTPaHCTBO-BPEMS C MNJIOCKOA METPUKOMN

Bonee 80 net Ha3ap B pabotax T. Kanyuel (T. Kaluza)
1 O. KneitHa (O. Klein) nonessle TeopeTuyeckme Moae-
1 6biNn BNEPBbIE PACCMOTPEHBI B POCTPaHCTBE-BPE-
MEHY C A0MONHUTENBHOI PAa3MEPHOCTBIO (OIHO BPEeMS!
V1 4ETBIPE NPOCTPAHCTBEHHBIX N3MEPeHNst). Lienbio aTnx
paBoT GLIO ONUCaHME BNEKTPOMArHNTHbIX 1 rpaBuTa-
LMOHHbIX CUN @ANHBIM MHOTOMEPHBIM NONEM.

HeobxoanMocTe AONONHATENbHBIX Pa3MepHOCTeR
MOTVBMPYETCS TEOPUEit CYNepcTpyH. B Teopum CTpyH
9NEeMEHTapHbIE 4aCTWLbl PACCMATPUBAIOTCS Kak BO3-
ByxneHus (konebaHus) CTpyHbl. MocTpoeHue Teopun
€aMOCOMNaCcoBaHHbIM 0GPA3OM BO3MOXHO, EC/N TONLKO
MOJIHOE YWCIIO0 UBMEPEHWIA, B KOTOPbIX «KWUBYT» CTPYHBI,
pasHo D=10. MockonbKy Haw MUp 4-MepHbid (nmeeT
O[IHO BPEMSI 11 TDW NPOCTPAHCTBEHHBIX N3MEPEHUS), 0C-
TaBLUMECS LWECTb UBMEPEHUIA A0NKHBI ObITb «CBEPHYTHI»
(KOMNAKTUULIMPOBAHBI) U NPY 3TOM UMETb OYeHb Ma-
Nble PasMepbl, He NPOTUBOPEYaLINE COBPEMEHHbIM
9KCMEPUMEHTAM, B TOM YMC/IE U FPABUTALMOHHBIM.

Teopu CTPYH NPEe/CKa3bIBaIOT TKkKe CYLLIECTBOBaHNE
HEKOTOPbIX CreLyabHbIX TUMepraocKocTer (G 4Mcnom
M3MEPEHMIA MEHbLLINM, Yem D), HasbiBaeMblx «GpaHami»
(branes). Mo GpaHam ABMXYTCSA KOHLbI OTKPbITIX CTPYH,
ONUCHIBAIOLMX  KAaNMGPOBOYHBIE  B3aUMOAEMCTBUSA.
3aMKHYTbIE CTPYHbI OMUCHIBAIOT rPaBUTALMIO. OHM OKKY-
NUPYIOT BCE MHOrOMepHOe NPOCTPaHcTBo (bulk).

PaccMoTpuM MPOCTPAHCTBO-BPEMS C OBLLUM YnC-
noM uamepexuin Gonblie 4, obbeauHsaollee Halwe
00bl4HOE 4-MEpHOE MPOCTPAHCTBO W N AONONHNTENb-
HbIX MPOCTPAHCTBEHHbIX W3MepeHuii. Bes notepun
OBLHOCTH MOXHO CYMTaTh, YTO [OMONHUTENBHOE KOM-
nakTHOE NOANPOCTPAHCTBO €CThb /1-MEepHbIi TOp C pa-
amycom R (n=1). MycTb (x*, 1) eCTb TO4Ka B NPOCTPa-
Hetee (u=0,1, ... 3, «= n), rae y ecTb kKOOpAMHaTLI
AONONHUTENbHBIX U3Mepenmii. Mpn atom xO=ct, a oc-

et e PR DD

TaNbHble KOOpAUHATLI OTBevaloT (3+1) npocTpaH-
CTBEHHbLIM n3MepeHusiM. Kaapat paccTosiHus (MHTep-
Ban) Mexay AsyMs GecKoHeYHo BAN3KUMKU ToYKamn
naetca GopMynoin:

(6)

Kak Tonbko 3asaH uHTepsan (6), To onpeaeneHa u
METpUKa NPOCTPAHCTBA-BPEMEHMU, T.€. €70 FeOMETPHS!.
Mpu aTOM reoMeTpus Hawero mvpa ¢ ero (1+3) name-
PEHUAMY ONPeaenseTcs MEeTPUYECKUM TEH3OPOM g,
a reoMeTpusi [0NONHUTENbHbIX /1 MNOCKUX M3Mepe-
HWiA — TEH30POM MWHKOBCKOTO 77, HanomHum, uto
8 MNIOCKOM 4-MEPHOM MPOCTPaHCTBE MUWHKOBCKOrO
wnTepBan umeet Bua ds?=(cd1)?-(dx')?-(dx?)?-(dx°).

Kak 1 B Cyyae 4eTbipex W3MepeHWil, ypasHeHus
MnebepTta-BiHLITeHa NONY4aIoTCs U3 rPaBUTauUMOoH-
HOro D-mepHoro aeicTeus. AHanorom HoloTOHOBCKOA
KOHCTaHTbl Gy CAYXUT B HEM PaBUTALMOHHAs KOHC-
Tanta G, KOTOpas Bbipaxaercs yepes D-mepHyio
maccy Mnakka M, a umenro, G,=(M ) #'". Nepexo-
At OT D-MepHOro  rpaBuTaUMOHHOTO [AenCTBNs
(D=4+n) Kk 9pPEKTUBHOMY 4-MEPHOMY AEWCTBUIO My-
TEM WHTErPUPOBAHNS MO [ONONHUTENBHBIM CTENEHAM
CBOGOABI, HETPYAHO NOY4UTHL COOTHOLLEHWE Mepap-
X1 MacLuTabos:

MG=M (2R )" (6]

Kak BWAMM, 9TO COOTHOLIEHWE CBs3biBaeT dyHaa-
MEHTaSIbHbIN FPaBUTALNOHHBIN MaclTab M, u 4-vep-
Hylo maccy Mnarka Mp,=1,2-10'9 TaB. Tpebys, 40O
rpaBuTaLUMsi BO BCEM MPOCTPAHCTBE Gbina CUbHOM
(M ~1 TaB), HaxoanM OTCIOAA, HTO pasMep AOMOMHN-
TeNbHbIX N3MEPEeHUit foxXeH GbiTb pageH R ~0,1 MM,
107 cm 1 1072 cm ana n=2, 3 u 6. COOTBETCTBEHHO
nmeem: 1/R(_~1()'3 3B, 100 aB 1 10 MaB. Cnyuaii oa-
HOFO M3MEPEHWsl MOMHOCTBIO UCKNI0HAeTCs, Tak Kak
R‘_~1OB kM npu n=1. MpocTewas kapTuHa M1Upa BO3-
HUKAET, eCAMN NPEANONOXMUTb, 4TO Bce nonst CM xueyT
Ha (1+3)-MepHoii 6paHe (CM. puc. 6). PACCMOTPEHHbIR
HaMU 30€Chb CLEHapuit C «GoMbLINMU» AOMONHUTEb-
HbIMW Pa3MepHOCTAMK 1 NNOCKOW METPUKOIA (pedb
MAET 0 MEeTpUKe BCEro NPOCTPaHCTBa) NoMy4mn Ha3sa-
Hue ALL (ADD) cxembl.

(1s2=gw(1,\“zlx"+quﬂz1 dy.

1
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Puc. 6. [POCTPaHCTBO-BPEMS! B TEOPUI C AONONHUTENb-
HbIMW PA3MEPHOCTSIMU C NAOCKOI METPUKOW
(AL cueHapuii)

3ametum, 4TO BKNag, AOMNONHUTENbHBIX M3MEPEHN
B rPaBUTALMOHHBIA NOTEHUMan (3akoH HbloToHa) Ha
MaKpOCKOMUUYECKMX PACCTOAHUSX 7>> R . npeHebpexu-
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MO Man Npu 112, [Ipyrumin CNOBaMK, rpaBnuTauMonHoe
B3aMMOAENCTBNE Mexay YacTuuamu CM, Haxoaswm-
MUCH Ha GpaHe, BNNoTe A0 04eHb Manbix PACCTORHMIA,
He YYBCTBATENBHO K MPUCYTCTBMIO AONONHUTENbHbIX
wnamepennin. O3HavaeT N 310, 4TO OHK CebA HUKaK He
nposensloT? Beas Mbl HE MOXEM Nepemewiatscst Bo
BCEM NPOCTPAHCTBE 1, CNIA0BATENBHO, 3AMETUTE, YTO
FPABUTAUVMONHBIE CUNbI B HEM HAa MHOTO NOPSAKOB
CUNbHEE, YEM B HALLEM 4-MEPHOM MUPE.

K CYaCTbI0, AONONHUTENBHBIE U3MEPEHUA AOMKHLI
NPOSBNATL Ce6A NO-APYroMy. [eNo 8 TOM, 4TO 4-Mep-
Hbli HABNKOAATENb YBUAWT (B AONONHEHNE K 6e3Macco-
BOMY rPaBUTOHY — NEPEHOCHUKY OBbIYHBIX rpaBuTaum-
OHHBIX C1N) BECKOHEUHOE YNCNO MACCUBHBIX FPABUTO-
HOB, HasbiBaeMbix «Moaamu Kanyua-Kneina» (KK).
Wx mMaccel ONpeaensiioTcs pasmMepomM AONONHUTENL-
Hbix Mamepenuin m=k/R , rae k - uenwie Heotpuua-
TenbHbie YMcna. ECIM BCNOMHUTL, Kakosa BenvdMHa
1/R, ans pasmbix 3Hauenmin n, ybexaaemes, 4to nos-
BUBLUMECH B TEOPUM HOBbIE “YacTuLbl, KK-rpasnToHsl,
MMEIOT BecbMa Manbie Maccul. Hauneryaiuwmit ua Hnx
umeet maccy 1/R,, cneaylouwmii 3a vum - macey 2/R,
“ T.A. NONYYABTCA NOYTW HENPEPbLIBHLIN MACCOBbIN
CNEKTP C NOCTOAHHBIM MHTEPBANOM MEXLY COCEAHAMM
COCTOSHUAMMN, pasHbiM 1/R .

BO3HUKAET NOTEHUMANbHAS BOIMOXHOCTb PEruCT-
PUPOBATL MACCHBHBIE rPABUTOHBI B NPOLIECCAX pacce-
AHNA 0BbIMHBIX YacTUL. MPaBaa, KOHCTAHTA CBA3N Mac-
CHMBHLIX rPaBuTOHOB C nonamu CM Takas xe, Kak
vy 6€3MaccoBOro rPaBuTOHa (ATO CREAYeT U3 BUAA
4-MEpHOTO FPaBUTALMONHHOrO AeiicTaus). Kazanock
6bi, UX BKNAJ B CEHEHUN PACCERHNA (KaK 1 BKNag 00biM-
HbIX FPABUTALIMOHHBIX CUN) AONKEH BLITh NPEHEBPeXM-
MO Mman. OAHAKO HANO YHECTb, HTO B NPOLECCE C IHEP-
rueil CTONKHOBEHMA E MOXET POAUTLCS NPUMEPHO
(ER,)" rpaBUTOHOB (X YMCNO OFPAHUYEHO NNLIL KNHE-
marvkoit npouecca). Toraa NoNYHaeTcs, 410 CeveHne
umeet senuunny ~E"/(Mp)?*. To xe umeet mecto
W ANS NPOLECCOB C BUPTyaNbHbIMM BKnaaamu ot KK
rPaBUTOHOB. [pYruMu CNOBaMU, ManoCTb KOHCTAHTbLI
B3aMMOAEACTBIS rPABUTOHOB C NONSIMU MATEPUK NON-
HOCTBIO KOMNEHCUPYETCH OrPOMHBIM KONM4ECTBOM
rPaBUTONHOB, YYaCTBYIOWMX B NPOUECCE PACCERHUA.
Kak cnencreve, Macwtab cevennin 3agaetcs dywaa-
MEHTaNbHLIM MacCoBLIM MacWTabom UCXOAHOI Teo-
pum — D-mepHoit Maccoi Mnavka M .

B cxeme A/l rpaBUTOHbI SBASIOTCA YacTULAMKU CO
CNMHOM 2 ¥ Manoi MacCoi, KOTOPHIE «B OAUHONKY»
NPaKTUHECKN HE B3aUMOAEICTBYIOT € nonamn CM, u,
CNeposatensHo, crabunbhel. MoaToMy B nMpoueccax
C ux ydactmem aonxew wabmopatbes aucbanamc
QHEPrUM (MACChl) KOHEYHbIX COCTOAHWIA, NOCKONLKY
KK-rpaBuTOHbl CBOGOAHO NPONETAIOT CKBO3b AGTEKTO-
Pbl, YHOCA € cOBOIA YacTb aneprun. CnenosarensHo,
CUrHaTypa MX NOWMCKA Ha YCKOPUTENAX Takas Xe, Kak
W ANS NPOUECCOB C POXAEHUEM HENTPUHO.

6. Teopum C O/AHOM AONONHNTENLHOW pasmep-
HOCTBIO. MPOCTPAHCTBO-BPEMSA C NOCTORH-
HOW OTPULATENBHON KPUBNU3HON
B npealaywiem pasnene Ml PaccMoTpenn cxemy
C TaK Ha3blBAEMbIMW «GONLLWMMU» AONONHUTENLHBIMU

N i

NPOCTPAHCTBEHHLIMU PA3MEPHOCTSIMK G MNOCKON MeT-
pukoir, Npobnema uepapxun IHePreTUIeckux Macuw-
TaboB (pa3pbiBa MexXay MacwTabom anekTpocnabbix
cun (~10? [3B) 1 macwrabom rpaBuTaLMOHHBIX CUn
(~10'% M3B)) B Het He PEWaeTCs, HO MW OGLACHSIET-
c51 6oNbWIM 06LEMOM V| AONONHNTENbHBIX N3Mepe-
Hain, V ~(R)". Cer4ac Mbl paccMoTpum Apyrylo
cxemy, npeanoxexHyilo J1. Pawpan (L. Randall)
w P. Cynapymom (R. Sundrum), 8 k0Topoit npobnema
Mepapxun pewaeTcs 6e3 BBEAEHWS B TEOPMIO HOBbIX
MaclTabos, CPABHUMBIX NO BENMYMHE C MACCOi Mnan-
xa. B mopenw Panpan-Cynapyma (PC) npeanonaraer-
CA, 4TO HALL MUP NOTPYXEH B NATUMEPHOE «TPOCTPAH-
ctBo [le CutTepar, NPOCTPAHCTBO-BPEMA C OfHUM
BpEMEHEM, YETHIDLMSI NPOCTPAHCTBEHHBIMU Mamepe-
HUSMW, U C NOCTOAHHOM OTPULLATENBHON KPUBUIHOA.
Kax 1 B NpeAbIAyLLeM CNyHae, A0CTATOMHO 3aAaTh MeT-
PVKy 9TOrO NPOCTPAHCTBA:

dsP=e 01y dd ey, (8)

JlononHuTenbHan KOOPAMHATA ¥ MEHAETCS B Npeae-
nax: -ar<y<ar, Tae r - «paauycr NATOro M3mMepenns,
NPUYEM TOUKM (X, ¥) 1 (¥, -Y) OTOKAECTBACHBI. Pagu-
YC KPUBM3HBLI NpocTpaxcTea [le Cuttepa 06paTHo npo-
NOPUMOHANEH NapaMeTpy K.

Hac 6ynet untepecosats PC cxema ¢ asyms (1+3)-
MEpHBIMI GpaHaMu, PacNONOXEHHBIMW B Toukax y=0
W y=1r. OHW NONYYNIN HA3BAHUS: «NaHKOBCKasi Gpa-
Ha» 1 «1aBHas Gpanar» (pUc. 7). CMBICN Ha3BaHwi cTa-
HeT AceH Huxe. Boe nons CM pacnonoxeHbl Ha TIBHOR
6Hpawne. Nonywaercs, 4To Beenennan 3aknovena 8 or-
PaHMYEHHYIO YacTb npocTpakcTea fe Currepa (pas-
Mepom r~1/x) mexay Asyms Gpawamu. Mpasutaums,
€CTECTBEHHO, OKKYNUpYeT BCe YeTbipe NPOCTPaH-
CTBEHHBIX N3MEPEHNS.

a=o" kRl

s C

Puc. 7. Mpoc
MepeH1em 1 OTPULATENbHOM

PaHCTBO-Bf AONONHUTENBHBIM 1

10CTOSIHHOM KF

813HOiA (PC cueHapwi)

O6paTUM BHUMAHWE Ha IKCNOHEHLMANbHBINA hakTop
8 MeTpuke. OH rOBOPUT HaM O TOM, 4TO MacwTabbl Ha
NByx BpaHax CBSI3aHbl MHOXUTENeM exp(-21xr) (CM.
puc. 7). Boiuucnne adpexTnaHoe 4-mepHoe rpasuta-
UMOHHOE AEACTBME, Mbl NONYMAEM CBA3b MAcChl MNnau-
Ka ¢ PYHAAMEHTANLHOI MPaBUTALMOHHOR MaCccon B 5

vamepenuax Mg

3
s

o (A1), (9

2.
M=

YT06b! 3TO COOTHOWEHME BLINOHSNOCH, ¥ NPY ATOM
rpasuTauma Gbina cunbron (Mg ~1TaB), nocratoyHo
NONOXUTL k7=12. HETPYHO BMAETH, YTO B Npeaene

Homocrn w ApoGaamu bynasm

no Bnauxn
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PONE KOCMUYECKUX HEWTDPUHO B WX O6HADYXEHUN

k=0 paccmaTpusaeMoe 3/1eCk MPOCTPAHCTBO-BPEMS!
NepexoinT B NIOCKOE NPOCTPAHCTBO C OAHUM A0M0N-
HUTENbHLIM n3mepexuem, a dopmyna (9) nepexoant
B dopmyny (7) npeaslayiero pasaena.

Anga 4-mepHbix HabnoaaTenen, XUBYLIUX Ha TOBHO
GpaHe (T.e. Hac ¢ Bamu), 5-MepHbI 6@3MacCcoBbIN rpa-
BUTOH MPE/ICTAeT B BUAE CYMMbI 06bI4HOMO (6e3mac-
COBOr0) rpaBuTOHa u GeckoHeuHoro Habopa KK rpasu-
TOHOB C Maccamu m,=x,k (n=1, 2, ...), rae x, — Hynn
dyHKumn Beccensi nepsoro nopsiaka. MpasuTaumoH-
Hoe B3anmogeiicTane Yactuy, CM Ha aToi 6paHe Takoe
xe cnaboe, kak v B 4-MepHOM Cilyae, T.e. onpeaens-
eTca BenuuuHoii 1/M .. A BOT pasmepHasi KOHCTaHTa
cBAau vacTul ¢ KK rpasutoHamu nNponopuvoHansHa
BenuumHe 1/ToB, ecnu napameTpel Te0pUM BbIGPAHDI
cneayowmm o6pagom: k~M ~1 TaB. OTciona cneayet
HagsaHve: TaBHas 6para. Ha apyrou xe 6paHe rpasu-
TaUMOHHbIE B3aMMO/ENCTBNA YacTWL, CTaHOBSATCS
CunbHbIMK, a nx cea3b ¢ KK rpaButoHamun — cnaboi
(Mp; v Mg mensioTcs ponamu!), noatomy aty 6paHy
Ha3bIBAIOT NJIAHKOBCKOM.

B paccmarpusaemom cueHapum ahbekTsl, CBAsaH-
Hble C [IOMONHUTENbHBIM 5-M U3MEPEHNEM, AO0MKHbI
NPOSIBAATLCS B BUAE POXAEHUS MACCUBHBIX PE3OHAH-
COB, MacCa Hauferyaiillero u3 KOTOpbIX paBHa HeC-
KONbKIM T3B. TouHOe 3HaueHue ero Macchl 3afaercs
napamMeTpoM Kpueu3Hbl k£, Ans k=1 TaB oHa okasbia-
ercs paBHoit 3,84 TaB.

OpnHako CywecTsyeT u Apyrasi MHTepecHas BO3-
MOXHOCTb, OTBevalowas Bblbopy «k<KMg~1 TaB
(B panbHenwem mbl Gynem HasbiBatb ee PC-mo-
AEnbio C Manon KpUBM3HON). B aToi cxeme maccel
HU3KO NexXallux rpasnToHOB MOTYT BapbUpOBaTLCS
oT coTHn MaB no pecsitkos @B, a cnekTp rpaBuTo-
HOB @HasnornyeH HenpepsIBHOMY cnekTpy A moae-
1. DOPMybl AN CEYEHUIT NONYHAIOTCS U3 COOTBET-
cTeylowmx dopmyn, nonyyeHubix B ALJ cxeme,
nytem $opmanbHbix 3ameH: R —>1/(ax), MM,
Mockonbky MMeeTcs BCEro OAHO [OMOMHUTENbHOE
U3MEepEeHUe, CeYeHNs 0KasbiBaloTCs GONbLIMMU (Kak
npasuno, oHW yBbiBAIOT C POCTOM 4YMCna namepe-
Hwit). MopdepkHem, 4to PC cxema ¢ Manoi Kpusms-
HOW (k~100 MaB) oTHioab He akBuBaneHTHa AL
CXEME C OAHWM [I0NONHUTENbHLIM U3MEPEHUEM.
OueHKN NoKaskiBaKOT, YTO OHA CTAHOBUTCS rU3UYEC-
KV HEOTINYMMOWA OT MOAENU B 5-MEPHOM NPOCTPaH-
CTBE-BPEMEHN C MIOCKOI METPUKON Nnlb npu
k<10°% 3B!

Wrak, 8 mopenn PC ¢ manoii KpuM3HoON cneayet
0X1AaTh POXAEHUS O4EHb Y3KNX MPABUTALIMOHHBIX Pe-
30HAHCOB, 06Pa3yIOWMX (C TOYKM 3PEHUsi IKCTepu-
MEHTasIbHOro PaapelueHunsi Mo Macce) HenpepbIBHbIA
cnekTp. CUrHaTypoii 13 noucka B 9KCMEPUMEHTax
6yAeT CNyXuTb HElOCTAIOLLAS SHEPT St KOHEYHBIX COC-
TOAHWIA. BUpTyanbHble s-KaHasbHble U f-KaHasbHble
0BMEHbI TAaKUMI FPABUTOHAMM [OMKHbI MPUBECTY K 10~
NONHNTENbHLIM BKNIA/IaM B POXAEHUE OObIYHBIX H4acTuL,
(cm. paspen 8). O apyroi HeoObl4HOW curHatype,
XapaKTepHO A/ BCEX TEOPWA C AOMOMHUTENbHBIMM
Pa3MEPHOCTSIMUN, POXAEHWN YEPHBIX MUHU-AbIP, Mbl
noapo6Ho pacckaxem B pasaene 9.

Nel o Mporsuno o 2009

7. 9KCnepUMeHTasbHbIE OrPaHNYEHUs!
Ha D-mepHyto maccy Mnanka

Kak otmeuanocs Bbiwe, ecnv B cxeme ADD vmeetcs
TONbKO OAHO AONOJHUTENBHOE n3MepeHne (n=1) 1 Ha-
NOXeHo TpebosaHve MD~1 TaB, T0 pa3mep 3T0ro A0-
NONHWTENILHOrO N3MepeHus GyeT CPaBHUM C pasme-
pom ConHeuHol cuctembl. ACTPODU3UYECKUE AaHHBIE
VICKJIIOHaIOT ciyyait n=2 (ecnu He AONyCTUTb, YTO M,
MoxeT BbiTb 6onblie 50-100 TaB), v cunbHO OrpaHu-
umBaet senuunHy M, cHuay ans n=3. OaHo 13 Hanbo-
€€ XECTKUX OrPaHNYEHNI CIelyeT U3 laHHbIX MO 0C-
ThIBAHWIO CBEPXHOBBIX, APA KOTOPbIX — NOTEHUNANLHO
MoLwHble ucTodHuku KK rpasutoHoB. Hanpumep,
CUAbHBIE NPEAENBI HA YUCIO M3MEPEHWI NONYHAIOTCS
n3 HabnioaeHuin 3a Tem, kak GbICTPO CBepxHOBas
SN 1987A TepsieT CBOIO 3HEPrUI0, BEAb 4aCTb ee [0/X-
Ha yHOCWTbCA rpaBnToHamMu (¢ maccamu <10 MaB).

HanomHum, 4To MasbIM 71 0TBEYAIOT (MPU HEM3MEH-
HOM MmacwTabe M) Gonblume 3HaueHns paguyca
LONONHNTENbHBIX M3MEPeHUid R, a, cnefosaTenbHo,
Masnble 3Ha4eHUa Macc rpaBUTOHOB ~1/R‘. Takum 06-
pasoM, Npu n=2(3) Mbl UMeeM 60NbLIOE YNCNO HU3KO
nexalunx rpaBuTaunoHHbIX MoA. Pacnaz u nanyyenve
Takux Mof, Npusenyt Gl K NPOTUBOPEUMIO C acTPOdNaN-
4eCKMMM AaHHbIMW. Paguyc R, o4eHb 6bICTpo yobiBaeT
C POCTOM 4uCfia AOMONHUTENbHBIX N3MEPEHU, 4TO
06BSCHAET, NOYEeMy acTPOPUINYECKUE OrpaHUyeHns
«paboTaloT» MUWb Npu 1=2 1 n=3.

SpdekTsl, CBAZAHHBIE C AOMONHATENbHBIMW NPOCTPa-
HCTBEHHBIMW PA3MEPHOCTAMU GblN MPEAMETOM NoMcka
Ha yckopuTensix. B nepeyio o4epefb, M3y4anince npo-
uecchl ¢ poxaeHvem KK rpasutoHoB. Ha TaatpoHe Ha-
MBONbLIMIA CUFHAN OXAANCS B POXKAEHUA MOHOCTPYA:

prpjettl, . (10)
Nnavpyowuin Bknap B (10) gaet noanpouecc
q+g~>q+G, rne G obosHavaet KK rpasutoH (TouHee,
CYMMY 10 BCEM rPaBUTOHaM, A0MYCTUMBIM KUHEMATH-
ko1 npouecca). OCHOBHbIM GOHOM SIBASETCH peakums
c 06pa3oBaHNeM HENTPUHO: p+p—jet+Z, Z-2v. [py-
rov npouecc,

prp=y+E,, (11)

VIMEET MeHblliee CeyeHe, Ho Gonee YeTKYIO CUrHaTy-
py. MaccyBHble rpaBUTOHBI MOTYT Takke POXAATbCs
B CTO/IKHOBEHUM IENTOHOB, HANPUMEP B NpoLecce

(12)

B peayneTate 6611 NONYYEHbl OrPaHUYEHNs Ha ByH-
AaMeHTaNbHbIA rPaBUTALMOHHBIN MacwTab M, koTo-
pble npuseaeHsbl B Tabn. 1. Kak BUAHO, HA HbIHEWHWA
AeHb NPakTU4ecku uckmyYeHa o6nacTb MD<1 TaB.
OTMETIM, 4TO C POCTOM N OrpaHNyeHus Ha M, cTaHo-
BAaTCA 6onee cnabbimu.

eyl

Tabn1ua 1. SKCNEPUMEHTAIILHBIE OrPaHUNEHVS HA MG
cy Mnatika 8 (4+n)-uamepenmsx M, nony-
YEHHbIE HA YCKOPUTENSX

094

LEP 0.77 0.66
CDF 0.97 0.93 0.90
DO 0.87 0.85 0.83




[image: image9.png]MpasBuTaunoHHbie 3dEKTsl MOryT NPOSBASTLCS
¥ B NPOLECCAX, B KOTOPLIE AAIOT BKAAAL BUPTYANbHLIE
06MeHbl KK rpaBuTonamu. MPpuMepom MOXeT CayxuTs
peakunmn ¢ +¢'=»G-2f. OnHaKo GECKOHEUHbIE CYMMbI,
ONMCHLIBAIOLIME TAKUE BKNAAbI, ABSIOTCA PACXOAALIM-
MuCs Npu n>1 (Npu 71=1 CyMMUPOBaHWe NO Maccam
rPaBUTOHOB XOPOWO onpeaeneHo). Boanukaet Heob-
XOAUMOCTH BBEAEHNA 06pe3anns, KOTopoe u onpeae-
nset MacwTab ceveHuit. B peaynerare, u3 akcnepu-
MEHTaNlbHbIX AAHHLIX M3B/IEKAIOTCH HE NPeaensi Ha
yHNAMEHTaNbHYIO MacCy Teopun M ), a orpaHuieHns
HA «BBEAEGHHBIN PYKAMU» HOBbIA MACCOBbIA MacwTab.
Mbi HE NPUBOAUM 3€Ch COOTBETCTRYIOWME IKCNEPN-
MEHTaNbHbIE O PaHNIEHHs BBULY X Manoi MHbOpMa-
TUBHOGTH.

KonnaGopauus DELPHI, pa6oTaswas 8 cBoe Bpems
Ha INEKTPOH-NO3UTPOHHOM Konnanaepe LEP 8 LLEPHe,
nbiTanack 06HapyXMTL B CBOUX AaHHBIX IPDEKTHI, CBA-
3aHHBIE C BUPTYANLHLIMU BKNAAAMUM OT MACCHBHbIX
rpasuToOHOB 8 Moaenn PC C Manoi KpUBM3HON, B NPO-
uecce (12). OTknoHenmns o1 npeackasanmnii CM obwa-
PYXEHO He ObiNo, 4TO NO3BONMNO NONYYUTL OLIEHKY
M>1,7 TaB. AHanna nanHeIx N0 p, -pacnpesenenmio
8 ABYX(OTOHHOM POXAEeHUN Ha TagaTpoHe aaeT 6nu3-
KOE K OTOMY 3HAYEHWIO OFPaHUYEHUe CHM3y:
M>1,5 TaB.

8. BbICOKO3HEpreTUYeckoe paccesHne
nonei CM Ha GpaHe B Teopusix
© AONONHUTENBHBIMM PA3MEPHOCTAMM
B naHHOM pasfiene Mbl M3y4UM BLICOKOIHEPreTU-
“eckoe paccesHue 4actuu CM 8 Te0puM C A0NOAHN-
TeneHbIMK paamepHocTamu 8 A1 cuenapuu. Kak
6biN0 OTMENEHO B pa3esne 5, Mbl paccMaTpuBaem ciy-
yan, xorna sce noni CM «xueyT» Ha (1+3)-mepHoin
6GpaHe, N NVWb rPaBUTaUMs OKKYNUPYeT Bce (4+n)-
MEPHOE NPOCTPAHCTBO. Kak e CKaXeTCs Ha CeveHnsix
paccenHus NPUCYTCTBUE B TEOPUU GECKOHEYHOrO Ha-
60pa MACCUBHbIX FPABUTOHOB?
PaccMoOTpUM paccesiHne BYX TOMEYHbIX 4ACTWLL
(ckaxem, NenToHa UK HENTPUHO Ha KBApKe) B Tak Ha-
3bIBAEMOI TPAHC-NNAHKOBCKOM 06NACTH IHEPruiA:

(13)

rae V3 eCTb MHBAPWAHTHAA JHEPrUs CTONKHOBEHMS,
af- 4-mepHulil KBaApPaT NEPeAaHHOro WMNynbca
(paccesHue npoucxoaut wa Gpawe!). OB6nactb s>>-1
AOMMHUDYET Haj 0BNACTBIO (BUKCUPOBAHHBIX YINOB
($~-1), NOATOMY ANA BLIMUCNIEHMA KaK ynpyrux, Tak
¥ NONHBIX CEYEHHIl CNIeAYeT MCNONb30BATL TaK Hadbl-
BaeMoe «3AKoHanbHoe npubnuxenne». B kmHematu-
HecKkoit 06nacTu s>>-1 «3aTpasoyHas» m GopHOBCKas
amMnNanTyaa paccenHus NpeacTaenseTcs 8 suae 6ecko-
HEYHOW CyMMbI, OTBeYalouLen O6MeHaM «peaxe3oBaH-
HbIMU» FPABUTOHAMU, KOTOPAsi MOXET ObiTh BbIMUCNEHA
aHanuTuieckn. COOTBETCTBEHHO, MOXET BbiTb nonyye-
HO IBHOE BbIDAXEHWE KaK ANs 3aTPaBo4HON GOPHOBC-
KOM aMNAuTYAbl, Tak n Ans «ankoHana» z(s,b) :

Hs.0)=(bo/b)", bo=M ,\(s/M )", (14)

rAe b eCTb «NPULENbHbLIA NApaMeTp», NonepeyHoe pac-
CTORHME, C KOTOPOFO HaCTULA ABUXETCS HA MIALLIEHD.

Vs>>M ),

3Has amMninTyaly PAaCCesHUA TOMEYHbIX 4acTuu,
MOXHO PacCHuTaTh CeYEHNE PACCERHUA HEMTPUHO Ha
Hyknowe. MMpu 3TOM HEOGXOAMMO Y4ecTb, 41O
8 AEACTBUTENLHOCTM PACCesHNE NPONCXOAMT Ha TO-
HEYHBIX KBAPKAX W [I00HAX NPV SHEPTIN XS, T X €CTh
A0NS UMNYNLCA KBApKaA/rMIOOHA B HyknoHe. Basewn-
Bas ankoHan y(xs, b) ¢ GyHkumsMK pacnpeaenenus

KBAPKOB W [IOOHOB, NPUXOAUM, B KOHENHOM Cuere,
K CEYEHUAM PACCenHUs, NPEACTABNEHHBIM Ha puC. 8.

Puc. 8. Cevenms AR HEITPUHO Ha HYKNOHE E

0puK ¢ n=5. CnowHas KpvBas OTBe4aeT 6eck

HEUHO TOHKOW GpaHe, NYHKTUPHas - Gpak

C HATAXEHNEM. HUXHRAR NPAMan NUHUA €

npeackasanme CM.

MNpeaviaywee paccMoTperne anennmposano k 06-
MEHaM «rONBIMU» FPABUTOHaMU. Bonee 060CHOBaHHBIM
ABNRETCA NPEANONOKEHUE, YTO 6e3MacCoBbIit rpasu-
TOH v BCe KK-rpaBuTOHbI NexaT Ha Tak Ha3blBaemoi
TPaeKTopuu Pesxe (3aBUCHMOCTH YINOBOrO MOMeHTa
OT Maccel), Kak 370 IMEeT MECTO B aAPOHHON NN faxe
B aTOMHOA duanke, rae TpaekTopus Penxe 3anaert,
Hanpumep, ypoBHI aToMa BOAOPOAA B 3aBUCUMOCTY OT
NONHOrO YrNOBOro MOMeHTa. OAHAKO UMEETCA YCNOX-
HEHUE, & MIMEHHO: N3-33 NPVCYTCTBIA AONONHITENBHbIX
M3MEePeHMi rPaBUTALMONHAR TPAEKTOPUS PAcLLenns-
erca Ha GecKoHeYHOe YNCNO CYOTPAEKTOPWIA («rpaBu-
peaxeoHos»), Hymepyembix KK-4ncnom k:

=24yt m?, k=01, (15)

Teopusi CTPYH FOBOPUT HaM, YTO HAKNOH BCEX TPaek-
TOpWit .z’:, yHUBEPCaneH u OnNpeaensieTcs CTPYHHOR
MaccoR, = 1/(Ms)2.

Mpy TakoM PACcCMOTPEHUN He BOZHMKAeT Npobnem
CO CXOAUMOCTHIO CYMMBI 110 MACCaM rPasnToHOB, KO-
TOpas UMEeeT MECTO B Cyyae HepeaXe30BaHHLIX rpa-
BWTOHOB. BbIYMCNEHHBIE B 3TOM NOAXOAE CeueHus
€ 06MEHOM rpaBu-peaXeoHaMn HaqMHaloT Npesbi-
wartk cevenme CM 8 o6nactu >107 M8,

WHTEpecHO, 4TO Heynpyroe ceveHne PaccesHnsa no-
neit Ha GpaHe n HeynNpyroe CeveHne PaccesHus asyx
D-MepHbIX rPaBUTOHOB, NONYYEHHOE B TEOPUN CTPYH,
NONHOCTLIO COBNAAAIoT. [Ipyrumu cnosamm, Ans Heyn-
PYrAX NPOUECCOB COBCEM He BAXHO, «PUKOBaHbI N
CTaNKMBAIOWMECH YaCTUUL! K BPaHe, Um xe OHN MoryT
PACNPOCTPAHATLES BO BCEX D-U3MEPEHMAX. BaxHbIM
ABAKETCA NMWb TO, 4TO B 060X CAyHasx NPOUCXOAMT
06meH D-mepHbiMi KK-rpasutoHamu.

MOROCTH W APOGAOMI BYNAAMONTANKNOR BuaNeK
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BO3MOXHOCTb  POXAEHUS  YEPHBIX MUHW-AbIP
8 CTO/IKHOBEHWU 3NIeMeHTapHbIX YacTuL CM B Teopusix
¢ D-uamepenvismu (D>4) ocHoBaHa Ha creaylolem
nonyknaccu4eckom npeactasneHun. Ecnu npuuens-
HbIll NAPaMETP YacTuUL, C MHBAPUAHTHOM SHepriei Vs
0Ka3blBAETCS MEHbLUE PAANYCa YEPHOM AbiPbl UK pa-
Avyca LWsapuywimnbaa R(s), TO B pesynsrate ux B3au-
MoAencTBMs 06pa3yeTcs YepHas fblpa (BEpXHSSA 4acTb
puc. 9). CeyeHvie aTOro Npouecca JaeTcs reomeTpu-
yeckoii popmynoit (BH=black hole) :

(16)

I Dopmyna ans paguyca LLsapuwunbaa B (4+n) us-
MEpeHNsIX NMEET BIf, (NS YEPHOM AbIPbI C HYNEBbIM
l CMVHOM)

Ry(s): M"(Vs /M), an

370 BbIPaXeHNe NPUMEHUMO NPK COBMIOASHUN He-
paseHcTBa Rg(Mp,)<<R_ koTOpoe BCeraa BbinonHa-
ertcs, ecnun T?l'leO My, Mu<Mp, toe MR,, ecTb
Macca YepHOW AbIpbI.

= 2,
Opy=R(s).

3-brane

MpuBeaeHHbIE BbILLE WHTYUTUBHBIE COOBPaXeHUs
Hawnn Gonee cTporoe oGocHOBaHWe B psige paGoT.
A MeHHO, 6bls10 NOKa3aHO, YTO NPV CTONKHOBEHUM [IBYX
4acTuLL IEMCTBATENLHO BO3HUKAET 3aMKHYTas NMOBEPX-
HOCTb «rOPU30HTA», XaPAKTEPU3YIOLLErO YEPHYIO AbIPY.
OnvcaHne Npouecca paccesHUs B pamkax Knaccuyec-
KO/ TEOPUM rpaBMTaLMM CNPABEASIMBO, KOTZA BbINOJHE-
Ho ycnosue My, >>M ), Tak kak Npu 3TOM KBaHTOBbIE
nonpaBki MOAABNEHbI CTENEHHbIM 06Pa3oM (Harom-

' HAM, 4TO M |, UrpaeT ponb maccl Mnatka B D-nsmepe-
Huax). Mpu M, ~M [, HacTynaeT pexmvm KBaHTOBO rpa-

‘ BITAUMM, KOTOPBbINA, Kak HaIelTCs MHOMVe, MOXET BbiTh
afeKsaTHO OMMCaH B pamkax TEOpWUM CynepcTpyH.
B NpaKkTM4ecKuX BLIYMCNEHUAX O6bIYHO nonaraioT
My, >5M .

W3 sbipaxerus ana paguyca Lsapuwwnspa (17) sua-
HO, 4TO ceyeHne 0Bpa30BaHUsi YEpPHOW AbIPbl pacTeT
C QHEPr1en CTeneHHbIM 06pasoM. OXmaaeMble CeveHns
C poXaeHeM YepHbix Abip Ha yckoputene BAK Bapbupy-
fotcs T 15 H6 A0 1 NG Npu n3meHeHun D-mepHoi mac-
cbl Mnaxka ot 1 oo 5 TaB, 4To OTBEYAET HaCTOTE X POX-
AeHus ~1 Ty ana HopManbHoi ceeTumocTy BAK.

YepHble MUHU-AbIPLI CMOTYT BbiTh MAEHTUGULMPO-
BaHbI N0 NPO/lyKTaM CBOEro pacnana. icnapeHue yep-

Net o Mpoteuno e 2009

LononHUTENbHbE PASMEPHOCTM NPOCTPAHCTBA W PONb KOCMNYECKUX HEATPUHO B Mx 0GHApYXeHun

HOVi AbIpbI NpoucxoanT 3a Bpemsi ~1072% cek B Hec-
KONbKO 3Tanos. Ha Tak HaabiBaeMoi «cTaauu obneice-
Hus» (balding phase) npoucxoauT knaccuyeckoe nsny-
YeHUe rPaBUTOHOB W KanMOPOBOYHLIX GO30HOB. Mpu
3TOM acuMMeTpuyHasl YepHasl [blpa TepsieT OKOso
15% cBOelt Macchbl, a €e KOHe4YHOE COCTOSIHNE OMUCHI-
BAEeTCA U3BECTHLIM CTALMOHAPHBIM pelleHnem B (4+11)
namepeHuax. Ha cneayiouleii (spin-down) ctagvm Hep-
Has Ablpa TepseT elle npuMepHo 25% Macchl, a rmas-
HOE, CBOW YrNOBOW MOMEHT ~R (M ;. N3ny4as KBaHTbl
C YrnoBbIM MOMEHTOM L~1.

3aTem HacTynaeT Hanbonee BaxHas, C TONKM 3PEHUs
curHaTtypel pacnaga, dasa LWsapuwmnbaa, Ha KoTopon
NPOVCXOANT TEMNOBOE M3NyYeHue npu Temnepatype
T,;, Ha3biBaeMoil Temnepatypoit XokuHra (Hawking),
T =(n+1)/(47R;). YepHas nbipa n3ny4aeT kak YepHoe
TeNo, 0[IHAKO W3-3a NCKPUBNEHNS FEOMETPUM NPOCTPa-
HCTBA-BPEMeHM B6/IM3M YePHOM AbPb! ANst HabnoaaTe-
NS, HaXOASLIErocs BAANN OT Hee, OHa BbIMMSAUT Kak
«cepoe» Teno. BaxHo, 4To YepHas Abipa pacnagaeTcs
NpenMyLIecTBEHHO Ha YacTuuel CM, Haxogsimecs Ha
4-mepHoii 6paHe (HUXHAS YacTb puc. 9), a ucnapeHvem
B [OMONHNTENbHLIE U3MEPEHNS MOXHO npeHebpetb
(Kyaa uany4aeTcs NWLlb rPABUTOH Kak OAHA 4acTvLa).
370 OGBLACHAETCS TEM, HYTO N3YHEHUE NPOMCXOANT B S-
BOJIHE, 11 BONHOBbIE (YHKUNW MACCUBHBIX rPaBUTaL-
OHHBIX MOJL 04eHb C1aGo NEePeKPLIBAIOTCS C BOSHOBOI
YHKUMEN UCTOYHMKA U3NYHEHUST.

Ha nocnepaHeit, nnaHKoBCKOWM CTaaumn yepHasi Abipa
C ocTasweiica maccoit My, ~M , pacnapaeTcs, kak
CYMTAETCS, HAa HECKO/bKO MACCHBHbIX KBAHTOB. 3Ta
cTaaus O4eHb NoX0 U3yyeHa, Tak kak TpeGyeT npume-
NeveHuns KBAHTOBOW rpaBUTaLMN.

HecmoTpsi Ha To, 4TO AeTanu pacnaaa YepHon MUHU-
[bIpbl 3aBUCST OT MHOTUX (aKTOPOB, €CTb ABE YeTkie
CUrHaTypbl OT ee pacnana, — GONblLAs MHOXECTBEH-
HOCTb 1 HEHYBCTBUTE/bHOCTL NPOAIYKTOB Pacna/a K apo-
MaTtam (MOCKOMbKY U3fydeHre XOKWMHra sSIBIsSieTcsl Tep-
ManbHbIM). KpoMe Toro, AONONHUTENBHBIMK CUrHanammn
OT pacna/a YepHo [bipbl MOMYT CIYXUTb: HanM4ue npsi-
MbIX IENTOHOB 1 POTOHOB C aHeprusimu ~100 3B 1 go-
MUHVPOBaHWE afiPOHHON MO/ibl PACNaAa Haf, NIENTOHHOMR
MO0/ (0XnaaemMoe OTHoLLIEHWE pasHo 5:1).

10. HeiATpUHHBIN Teneckon
Ha lOxHom nonioce IceCube

Mockonbky B CM HeirTpuHo cnabo B3auMoaencTsy-
10T C BELLECTBOM fIaXe NPV BbICOKMX SHEPIUsIX, & WX MO-
TOK 113 KOCMOGa O4eHb MaJl, NPUBOPSLI A/1S PErUCTpaLmmn
KOCMWUYECKMX HENTPUHO, HENTPUHHbLIE TENecKors,
[OMXHBI MMETb GONbLIME FEOMETPUHECKNE Pa3mepbl.
MpuHUMN PaBoTbl TaKMX IETEKTOPOB ~ PErMCTPALS Ye-
PEHKOBCKOTO CBETa OT PENATUBMCTCKUX 3apsiKeHHbIX
4acTuLL, NPOXOAALLMX YePE3 NPO3payHyio cpeay. Nase-
CTHO, 4TO [/IMHA NOTNOLLEHNS YEPEHKOBCKOrO CBETA BO
nbay (8 uncTtoi Boge) ~100 m, 4TO No3BonsieT cospa-
BaTb HEWTPUHHbIE TENECKOMbl C pa3mMepamu B COTHU
MeTpoB 1 6onee B eCTECTBEHHBIX CPeaax — MMbo B Mac-
CUBE YNCTOro /baia, MMBO B rMyGuHE Mopei (03ep).

B 9TOM pasaene Mbl ONULIEM OfIH N3 TakuX AeTek-
TOpOB, IceCube, cTposiwmiics Ha KOxHoM nontoce. OH
npeaHasHayeH Ans 0GHaPYXEHUs Tak Ha3blBAEMBbIX UP-
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8 ARTEKTOP, NPOAR CKBO3b TONWLY 3eMAn NOA Manbl-
MV OTPULATENLHBIMA YINamMu K ropuaoHTy. MpoekT
npeaycmarpusaet ycranosky 4800 undpossix ontu-
“ecknx Moaynen, cobpanHbix B 80 rupnsHa, Hasbisae-
MBIX «CTPYHaMW». DTU CTPYHBI BMOPAXMBAIOTCH B aHTa-
PKTUYECKWI NEA Ha rybuHe mexay 1450 u 2450 m
(c™. puc. 10). B HacTosLLee BPEMS YCTaHOBAEHBI U Pa-
6otaioT 6onee 40 Takux CTPYH. PaccTosHne Mexay Hu-
MW NPUBAM3NTENLHO 125 M, TaK 4TO NO 3aBEPLIEHNIO
ycTanoskn Bcex cpy lceCube Gyner ucnonbaosars
KYGMUYECKMIA KUNOMETD 4MCTOrO nbaa. Teneckon
IceCube nONONHEH CETLIO NOBEPXHOCTHBIX AGTEKTO-
POB, Ha3biBaeMoi IceTop, ANs perucTpaunmn NNBHEN.
Teneckon IceCube - normyHoe passuTue NpoekTa npe-
Aviaywero nokonenns AMANDA, addekTubiit 06bem
kotoporo 0,01 km® (cm. puc. 10). 3a Bpems paboTsi Te-
neckona AMANDA-II (2000-2003 rr.) konnaGopaumn He
YAANOCH 3aPErMCTPUPOBATL GUTHANIOB OT KOCMUMECKIX
HEATPUHO, YTO NO3BONWNO €i4 AaTL OfPaHUUEHUE Ha And-
GY3NOHHBIA NOTOK HEWTPUHO B 0GNACTH BHEPruid
2:10'-10'° 3B (on Gyser npuseaeH Huxe Ha puc. 19).

Puc. 10. KpynHeitwuii HeATpukHbIi Teneckon Ice
Ha IOXHOM MOMIOCE 8O NbAy AHTAPKTHKA

DY BADA CUrH:
b, doub

B OT PaanuH

e bang coGbiTH

MpuHUAN PaBOTLI OAMHAKOB ANS OBOMX AETEKTO-
POB - 3T0 PErUCTPAUMA MMNYNLCOB YEPEHKOBCKOrO
CBETA OT PeNATUBUCTCKMX 3aPRKEHHbIX YacTuu. KoH-
durypaums Teneckona lceCube oNTUMU3NPOBaHa NOA
PErUCTPALMIO MIOOHOB, MHAYUAPOBAHHbIX MIOOHHBIMMA
HEATPUHO. 3TO OGLACHSIETCS CReayIoUMM 0BCTOR-
TeNLCTBOM. MIOOH, 06PA30BABWWIACS B peayabrare
B3aNMOAGNCTBUA BLICOKOIHEPrETUHECKOrO HeNTPUHO
C HYKIOHOM 4epes 3apsixeHHbiii TOK, yHocut 80%
IHEPrun HeNTPUHO. Takoh MIOH 06pasyer ANMHHLIA
TPEK, NOITOMY MIOOHbI, POANBIMECS BHE AETEKTOP,
TAKKE MOTYT GbiTh 3aDErMCTPUPOBAHE], ECAM UMNYALC
HENTPUHO Gbin HanpasneH B CTOPOHy netexTopa. Kak
cnencTene, adEKTUBHLIN 06LEM AETEKTOPa NPEesbi-
LIAET €rO reOMETPUMECKUiA OBbEM

B pesynbrate B3aUMOAEHCTBUS INEKTPOHHOTO
HEITPIHO C HYK/IOHOM B MIPOLIECCE

(18)

POXAAETCS HNEKTPOH, KOTOPBIA, B CBOIO OHEPE/L, UHI-
UMMPYET NEKTPOMAr HUTHBIN Kackaz ANMHoA A0 10 MeT-
POB, YTO MEHbLUE PACCTOAHNA MEeXAy CTpyHamu, OcTa-
TOK aHeprum (20%) nepenaeTcs afpoHHOMY Kackapy.
C 0AHOW CTOPOHBI, TPYAHO BOCCTAHOBUTL Hanpasne-
HUE ABUXEHWUS DNIEKTPOHHOIO HeRTpuHo. C Apyroi
CTOPOHBLI, XOPOWO ONPeAeNseTcs ero HavanbHas
BHEPrus, NOCKONbKY COBLITUE LENNKOM 3aKMNOMeHO
BHYTPU AeTeKTopa (Hanpumep, npu aneprium 100 ToB
4EPEHKOBCKOE MANy4eHue OrpaHnieHo cdepoi paany-
com 130 m)

Kak CKaaaHo BLILE, MIOOHHOE HEATPUHO pPoXaaeT
ANMHHBIA TPEK, COCTABNRIOWNA KMIOMETPLI NPY BHep-
rn MIooHa ot 1 TaB u seiwe. B atom cnyvae o6pasy-
eTCH YePEHKOBCKUI KOHYC BAONL TPEKa OT CNabouoHm-
3MPYIOWEro MIOOHa.

Tay-HEATPUHO NPAKTUMECKU HEBOZMOXHO OTAMNUTL
OT ANEKTPOHHBLIX HEATPUHO NPU HU3KNX IHEPrUsX, Oa-
HAKO NPY BLICOKMX IHEPTUSIX CUTYaLMA MenseTcs. Of-
Ha M3 APKUX CUHATYP WX NOUCKA ~ TaK HA3LIBAEMbIE
double-bang cobbiTUA («ABOIHOI BLICTPEN»), B KOTO-
PbIX OAUH W3 KACKAf0B POXAAETCS Tay-nentoHom,
a BTOPOW - OT pacnaaa aToro Tay-nentoxa. Npw anep-
ruax Tay-HeilTpuHo <2-10'® 9B, npoGer Tay-nentowa
He npesbiwaet 1 kM, T.e. paamepa IceCube. [ipyras

VNt X,

Tope Ic

Cube. Cne

MomoCTH W NpoGReMU GyuaaMONTaNLNOR GaNEH
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vHTEpecHas curHatypa — lolli-pop cobeitus («neneHew
Ha nasnoyke»), B KOTOPbIX NEPBbIN Kackag, (C POXAEHN-
€M Tay-NlenToHa) NPOMCXOAMT BHe 0GbeMa [AeTeKTopa,
Tpek Tay-nenToHa nepecekaeT AETEKTOP, a cam Tay-
NenToH pacnafaeTcs BHyTPY AeTekTopa.

Ha puc. 11 nokasao, kak BbIMSAAT COBLITUS OT
Pa3NNYHBIX TUMOB HENTPUHO.

MMasHbIM GOHOM K aCTPOPUIUHECKUM HENTPUHO AB-
nalTes «Huexoaswwme» (down-going) atMocdepHbie
HerTpuHO. OanH 13 HakToB, NO3BONAIOLLUIN AVCKPUMU-
HMpOBaTL Nepsble Ha (OHE NOCNEAHUX — WX PasHble
3HEpreTN4eckne CneKTPbi (MOTOK KOCMUYECKNX HERT-
PUHO HaYMHAET NPEBbILLATL NOTOK aTMOCHEPHbIX HENT-
puHo B 06nacTu >10'4 aB). [ipyroit NyTb — NONLITATLCS
3aperncTpupoBaTk Cpasy HECKONIbKO HENTPUHO, Mpu-
WeAWNX G OfIHOTO 1 TOrO Xe HarnpasfeHusi, 0COGEHHO
€C/M OHO MPUBSI3AHO K U3BECTHOMY MCTOYHUKY ramma-
Nnyyeirn BbICOKUX 3HEPruid. MoTeHuManbHbIMU NCTOYHU-
KaMu MOFyT C/yXWTb aKkTUBHble siapa ranaktuk (AGN)
wnu Bcnneckn ramma-nyyeit (GRB). OTmeTum, 4o ans
$OHOBbIX aTMOCHEPHBIX HEVTPUHO BEPOSTHOCTL dou-
ble-bang u lolli-pop cobbiTnit oueHs Mana.

B 3aK/i04eH1e NPUBEEM OLIEHKY HYBCTBUTENLHOC-
1 IceCube k nonHoMy AMGPY3NOHHOMY MOTOKY acTt-
POPUBNYECKNX HEMTPUHO [N UHTEpBana aHeprui
2.10°-10"" 3B (ros paboTel NONHOM YCTaHOBKM):

E2®(E)<1.510% GeViem™2.s7\sr'. (19)

3TOT BEPXHUIA Npeaen Ha NopsiaoK MEeHbLLE Npeae-
na, noctasneHHoro getektopom AMANDA.

CTponTensCTBO HenTpuHHOro Teneckona lceCube
3asepwmntcs B 2011 . B pasgene 12 Mbl pacckaxem
0 nnaHax AononHuTL IceCube feTeKTOPOM paaronm-
NyNbCOB M aKyCTUHECKNM AETEKTOPOM.

11. MoasoaHbIE HENTPUHHDBIE TENECKOMbI

MepBbiM B MUPE KPYMHBIM HENTPUHHbBIM TENECKOMOM
4EPEHKOBCKOrO U3Ny4EHWs, PACTIONOXEHHbIM ryBOKO
MOA BOAO# M MCMO/b3YIOLLMM €€ B Ka4eCTBe akTUBHOM
cpefbl, CTan AeTeKTop, HaxoAsLMiACs B o3epe Baiikan
8 3,6 km OT Gepera Ha mybute ~1 kM. Kak n getektop
IceCube, OH COCTONT M3 NOrPYXeHHbIX B BOAY CTPYH,
Ha KOTOPbIX PACMONOXEHbI ONTUYECKIME MOAYNN. Camu
CTPYHbI PAcnonaraioTCs Ha HEKOTOPOM PaCCTOSHAW
Apyr oT Apyra, 06pagdys, Takium 06pa3om, 06beM ae-
TekTopa. MPOTOTMN HBIHEWHErO HEUTPUHHOMO Tenec-
kona Baiikan (NT36) Havan paGoty 8 1993 1, n Toraa
e Bbinn NoNyyeHsl Nepsbie KaHAMAATbl Ha HEATPUH-
Hble cobbITus. PaboTaswwmii ¢ 1998 no 2005 r. geTek-
T0p NT200 umen acbdekTnsHIi 06bem 0,2-106 mM° (ana
perncTpaunu nuBHew ¢ aneprueit 10 TaB). B 3aknoyun-
TeNbHOM paspene Ha puc. 19 GyaeT nokasaHo orpaHu-
YeHne Ha NOTOK KOCMUYECKUX HENTPUHO, NOMYYEHHOE
Ha 3TOW YCTaHOBKE.

[eiicTBylollan B HACTOsILLEE BPEMS MOLEPHU3NPO-
BaHHas yctaHoska baiikan NT200+ (cm. puc. 12) ume-
eT reomeTpuyeckuii paamep 4:-108 M 1 HamHOro 6o1b-
wuit adpdekTnBHLIA o6bem, 107 M3 (ans aweprum
nmeHs 10* TaB). CoOTBETCTBEHHO, yBenuuunacb
¥ YYBCTBUTENBLHOCTL AETEKTOPA K MOHOMY Anddyan-
OHHOMY MOTOKY HEMTPWHO, KOTOPYIO MOXHO AOCTUYbL
3a 3 ropga paboTbi:

Nel o MpoTauno o 2009

WHO B Wx 06HapyxeHun

E2®(E)<2:107 GeVeem® A, (20)

B nnanax akcnepumenTa Baiikan — cosganue Ha oc-
HOBE CYLLECTBYIOLIEHA YCTAHOBKU MraTOHHOTO AETeK-
Topa ¢ adpdekTnHbEIM 06bemom (0,4-1,0)-10° M3 anst
pervucTpaunmn nueHe ¢ aHeprueit >100 TaB 1 MiooHOB
¢ aHeprusamu 10-30 TaB. Pa6oTy nnaHupyeTcs HauyaTb
82009+

Ewe Tpu rny6oKOBOAHBIX HEMTPUHHBIX Teneckona
cTposATCs U/Mnn paboTaioT B CpeansemMHoM Mope. 310
ANTARES (Ha rnybuHe 2500 m, y 6eperos ®paHumum
86713n Tynoxa), NEMO (Ha rny6uHe 3500 m, y 6eperos
Cuumnnun) n NESTOR (Ha ry6uHe 4500 m, Bo3ne nobe-
pexbs Mpeunn). Ctpoutenscteo Teneckona ANTARES
3aBeplieHo B 2008 r. OH HaueneH B OCHOBHOM Ha pe-
rNCTPALMIO MIOOHOB OT MIOOHHBIX HEATPUHO. Ero reo-
MeTpudeckuit pasmep paseH 2-107 M%, a adpdekTuaHas
nnowaap (AN MIOOHOB C aHepruen >1 TaB) cocTasns-
€T 2:10* M2 Mo CBOWM BO3MOXHOCTAM OH CONOCTaBUM
¢ netektopom AMANDA (cm. npeabiayLimi pasaen).

KOpOTKO OCTaHOBMMCS Ha Ayx APYruX MpOEKTax.
MopsopaHas yacTb petektopa NEMO npeacraenser co-
6ot «BalHio» C yKPenneHHsIMU Ha Helt yepes 30 m
naowaakamu ansa onTuHeckux Moaynei. Ha nepson
ctagun npoekta (NEMO-1), ocyuiecTeneHHom
8 2003-2007 rr., Gbina CMOHTUPOBAHaA U NPOTECTUPO-
BaHa yMeHbLIEeHHas konuu 6alHn Ha ry6ure 2000 m.
Ha BTopoit ctanun (NEMO-2) Ha rmy6uHe 3500 M co6-
PaH NOsHbIA NPOTOTUN GatlHK.

B 2009 r. HENTPUHHBIN TENECKON AOMKEH Ha4aThb pa-
60Ty. OdbdekTuBHas nnowaap Teneckona NESTOR
(Npy perncTpaunm MIOOHOB C aHeprueit >10 TaB) npu-
MepHO Takasl e, kak uy Teneckona ANTARES. B 2003 r.
konnabopauus NESTOR Takxe nposena TeCT 0HO 13
6GalueH getektopa Ha my6uHe 3800 M.

Kak yxe noa4epknsanocs Beilue, A5 0GHapyxXeHus
KOCMUYECKNX HEUTPUHO OT acTPODUINYECKUX UCTOH-
HIKOB HEOGXOMMMBI [16TEKTOPbI C 0GLEMOM HE MeHee
1 kM3, B TO e Bpems reoMeTpudeckuit 06bem aeTek-




[image: image13.png]TOPOB NEPBOrO NOKONeHus, Takux kak AMANDA
v ANTARES, pasen 0,01 km®. Bot novemy ANTARES,
NESTOR u NEMO 8 2006 r. 06beanHnnm ceou yeunus
€ uensio cosnanma 8 CpeansemMHom mope Ha 6ase on-
HOrO U3 3TUX AETEKTOPOB HEATPUHHOTO TENECKONA HO-
BOro NOKoNeHus, ¢ paGounm obuemom 1 km?. MpoexT,
nonyumswnii Hassawme KM3Net, Gyner perextupo-
BaTb YEPEHKOBCKOE CBETOBOE M3NYYEHNE OT 3apAXeH-
HBIX 4ACTULL, POXAAIOWNXCH NPY B3AUMOABNCTBAN MIO-
OHHBIX HENTPUHO C HYKNOHAMU

v AN X (1)

Hecmotps na 1o, 4to KM3Net n IceCube umeror
CPaBHUMbIE reoMeTpudeckne paamepsl (KyGuyeckuit
KWNoMeTp) yscTautentHocTe KM3Net k notoky Heitr-
PWHO MpY 9HEPrusx HeRTpuHO cebiwe 100 TaB Gyaer
NPEBOCXOAUTL HYBCTBUTENLHOCTL Teneckona lceCube
8 2-3 pasa. Ero TeXHUHECKUiA NPOEKT A0NKEH BbiTh rO-
TOB K KOHUY 2009 1.

12. flerexTuposanne paauouMnynbcos ot LLAS

Oxunpaemblit NoTok GZK-HEATPUHO OueHb man,
W COCTABNNET NPUMEPHO OAHY HACTULLY Ha | KM noBe-
PXHOCTV B AeHb. ECAK yMECTD, 4TO NULWbL 0AHO 13 500
NPUNETEBLUNX HEWTPUHO B3aUMOAGRCTBYET B TOMWE
NIbAA, TO CTAHOBUTCA NOHATHO, 4YTO aeTexTop IceCube,
© pa3mepom 1 km®, 3aperucTpupyer He Gonee oaHoro
€OBLITUR OT GZK-HEATPUHO B rOA. ACHO, 410 s HaGo-
Pa XOpOLWEit CTAaTUCTUKU HEOBXOAUMBI HeRTPUHHBIE
Teneckonsl ¢ oGbemom >100 km®. Takue neTexTopsi
€CTb, U OCHOBAHLI OHY HA PETMCTPALNM HE HEPEHKOBC-
KOro cBeTa (BO NbAy WNW B BOAE), @ YEPEHKOBCKUX Pa-
AMOCMrHANOB,

MNpumepHo nonsexa Hasaa COBETCKUM UaMKOM
[ AckapbsaHOM GbINO NPEACKA3AH0 CyLLeCTBOBaHUE
PAZMONACTOTHBIX U AKYCTUYECKIX CUTHANIOB OT BNEKT-
POMarH1THLIX Kackanos. Mpu passuTum anexTpomar-
HWTHOTO Kackana 8 AN3NEKTPUMECKOI CPe/e INeKTPO-
Hbl 1 OTOHBI Kackaja BLIGUBAKOT BNEKTPOMLI M3
ATOMOB CPEAbI, @ NOBUTPOHBI KACKAAA AHHUTUANDYIOT
C 3nekTpoHamu cpeas. 06a addekTa NPUBOAAT K U3-
6bITKY OTPMUATENLHOTO 3apsaa, pasHoMy 20-30% ot
HMCNA 3APSKEHHBIX YACTULL HA AAHHOM YPOBHE Pa3su-
TMA kackana, CyliecTBOBaHME OTPULATENbHOTO W3-
GbiTka 3apSina NPUBOANT K YEPEHKOBCKOMY M3NYHEHIO
OT Kackana B8 MUKPOBONHOBOW obnacTu. Npu [>d, e
1= pwna Bonkb, @ d - avametp kackana, uanyseHne
3aPANOB ABNRETCH KOTEPEHTHBIM, @ €0 WHTEHCHB-
HOCTb NPONOPUMOHaNLHa KBAAPaTy IHEPruv KAcKkana.
Mpy yNbTPaBLICOKNX IHEPTUsiX PAAMONNYHEHUE COC-
TABNACT CYLECTBEHHYIO YaCTb GHEPrM KacKaaa.

Kpome T0ro, MoHM3aLmOHHbIE NOTEPY HACTULL BbI3bI-
BAIOT MIHOBEHHBLIN HArPes BeulecTea B 0Gbeme Kacka-
Aa, 4TO NPUBOANT K NOABNEHNIO U GUNONAPHOTO 3BYKO-
BOrO curkana. 3ByKOBas BONHA PACNPOCTPAHAETCA
8 AMCKE, NEPNEHANKYNAPHOM Kackay, C MaKCuMans-
HOW 4acTOTON, PaBHOIA v/d, rae v - CKOPOCTL 3ByKa.

TeopeTuyeckue npeckasaHus AckapbaHa Gbiv noap-
HEe NOATBEPX/IeHb! B IKCTIEDUMEHTAX Ha YCKOPUTENSIX.

MPEeMMYLLECTBO PaaMONACTOTHOTO U aKYCTUNYECKOrO
AETEKTUPOBAHWUA CBA3AHO CO Cnabbim 3aTyxaHnem pa-
AMOCMrHANA B TaKWX CPEAAX, KaK XONOAHBIN Nea unn

Cyxasi COflb, W 38yKa B BoAe. ITO NOIBONSKET NPOEKTU-
poBaTe yCTaHoBKW C GONbWWAM (COTHW METpoB)
PacCTOAHMEM MEXAY OTARNBHLIMI AeTekTOpamu. He-
£OCTATKAMM 3TUX METO/I0B PErucTpaumin ABNAIOTCH
BLICOKWI BHepreTuieckuin nopor (~10'° 3B) u cnox-
HOCTb BBIAGNEHUS CUTHANG U3 LIYMOB

B 1997 1. Gbin 3anywen cnyTHuk FORTE, uensio ko-
TOPOro GbiNO AETEKTPOBAHME PAAVION3NYYEHNS, BO3-
HUKalowero 8 Tonwe nbaa pexnanann. CnyTHuk
HaxoAuncst Ha kPyrosoi opbute, Ha eicote 800 km
Nnowans neasHoi wanku MpeHnaHaum coctasnser
oxono 1,8:10° km?, ee aocTynHas TonumKa, onpeaens-
emas noTepamMn paavocurtana, ~1 kM, Tak 4to ad-
BekTMBHLIA 06bem aeTexTopa pasHsncs ~1,8-10° km’,

HeiTpuHo ¢ aHeprusimm cesiwe 10'® 9B MoryT ukay-
LMPOBATH NMBHU NI BIAUMOAEGVCTBIN C BELLECTBOM
Nynel. Ecnu B3anMoaeicTsme Npom3owno B ee Bepx-
Hem cnoe (A0 10 M), PaAMONMNY/ILCHI OT NBHA HE VG-
NEIOT B HEM NOMOTUTLES, U MOTYT GbiTk 3admKCUpOBa-
Hel pagvoTeneckonamu Ha 3emne. 31a uaes, snepssie
BbiCKadanHas U. XKeneambix, Gbina peannaosana g akc-
nepumente GLUE. HeTpyaHo oueHnTsb, 410 06bem nyH-
HOTO BEILECTBA, K KOTOPOMY YyBCTBUTENEH AETEKTOP,
pasen NpuMepHo 10° ki®. Takoi a(QeKTUBHbIA 0GbeM
0Ka3aNCA A0CTATOUHLIM ANA NONYHEHUSI OFPAHUHEHWNIA Ha
ANDOYIMOHHBIA NOTOK HENTPUHO B 06nacTn >10% 9B,

B 2008 r. 611 NONYYEHBI NEPBLIE AAHHLIE C HOBOFO
IKCMEPUMEHTA NO NOUCKY PAAUONMNYNLCOB C JTyHbl —
paavoreneckona WSRT. U3 CTposiwumxcs u nnanupye-
MbIX PaAWOTENeckonos, CNOCOBHBLIX 30HANPOBATHL
Nyny, otmetum npoektel LOFAR 1 SKA (nocneammit
AONXEH BCTYNWTL B cTPoi B 2020 r.). OBa aetektopa
obbeanHersl B pamkax akcnepumerta NuMoon,

€ 1999 no 2005 rr. wabupan ganubie papropeTekTop
RICE, pacnonoxenHuiit Ha KOXHOM nonioce & BepxHem
cnoe nbaa (140-260 M) U coBmewenHbIit © AeTeKTo-
pom AMANDA. Mpoekt RICE Gbin Hauenew Ha namepe-
HVE 4EPEHKOBCKOr0 U3NYHEHMS OT INBHEN, BbI3BAHHbIX
KOCMU4ECKUMU  HEWTPUHO B AMANa3oWe 4actor
200-500 M, 4TO NO3BONMAO MONYHUTEL OFPaHUuEHNe
Ha ANddY3NOHHBIN NOTOK HEATPUHO B OGNACTM aHep-

i 10'°-10%" 9B,
\
g//'é'&’é‘a" load”

cascade

produces
UHF-microwave EMP
e I 0.4-100 EeV neutrinos_

~700km to horizon

observed area:
~1.5 M square km

Puc. 13. PagvoneTexTop Ha B
>M0COM. Mokas:

AYWHOM U

3pe ANITA

IOXHBIM ©

1M1 PAAMOMMNYNLCOB, BLIBAHHBIX

HEATPUHO.

HOWOETM W NPOGAGMM BynaamenTanLnoR hudwen
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Hap IOxHbIM nonocom yenewHo pa6otaer pagvo-
netektop ANITA. OH MOXET B TeYeHue AAUTENLHOrO
BpemeHu (6onee Nonymecsua) netatb Ha BO3AYLIHOM
wape Ha BbicoTe 38 KM, 4TO MO3BONSIET EMY MPOCMAT-
pvBaTh LUMAMHAPWYECKW OGbEM Nbaa C Pasnycom
700 km (cMm. puc. 13). leTektop peructpupyer paavo-
CurHanel B auanasoqe 200-1200 Mru, ucxopswme ot
AHTAPKTMYECKOro Nbaa. Mopor peructpaunn pasew
10'%° 5B, MonyuenHoe ANITA OrpaHMdeHme Ha NoTok
KOCMUYECKUX HETPUHO MO3BOAMIO 3aKPbITh HaUGo-
lee ONTUMUCTA4ECKNE TEOPETUHECKNE OLEHKU CMeKT-
pa GZK-He#TpuHo.

CTposwnics paamoaeTekTop HOBOTO MOKONEHWS
AURA - oaun 13 npoekTos konnaGopauun lceCube.
Ero anTenHsl Ans AeTeKTMpOBaHus paamocurHanos
B8 06nacT 200-1000 MTU, pacrnonoXeHHble Ha rny6u-
He ot 200 no 600 M, GyayT AONOAHEHBI CUCTEMOI
SPATS ans perucTpaumm akyCTUYeCKUx CUrHanos ot
TMBHEN. AKYCTUYECKME AeTEKTOPbI BYAyT 3aKpensisiTe-
Cfl Ha TeX KE CamblX CTPYHaX, 4TO W PaAMOAETEKTOPSI,
HO Ha 6onbLuen my6uHe — oT 215 40 1100 M. Takum 06-
pa3om, lceCube cTaHeT KOMBMHUPOBAHHBIM (onTuyec-
KM, PAAVI0 1 aKyCTUYECKIM) AETEKTOPOM.

B pansHeiiwem netextop lceCube nnadvpyetcs no-
MONHUTL eule 1 CeTkoW pagnopeTekTopos IceRay,
KkoTopas 6yAeT pacnonaratbCs Haa HUM B MOBEPXHOCT-
HOM cnoe nbaa (50-200 m) Ha naowaan ~50 km2.
ApdexTnBHLIN 06bem IceRay Gynet paseH ~250 km®,
Y4MTbIBAS, 4TO JETEKTOP CMOXET NI0BUTb CUrHansl U3
mMyb6uHbI Nbaa A0 2,5 kM.

PagyocurHans oT nMBHEN BLICOKMX aHepruii cnabo
3aTyxaloT He TOMbKO BO NibAly, HO W B CyxOit conu. 3To
CBOWCTBO PaAvOCHrHana MCnonb3osaHo B MpoekTe
SALSA, npeflycmatpusaiolem pasmeLieHme AeTekTopa
BYMCTOM (Mpumecn <1%) consHom Maccuse. B Hem Ha
my6uHy ~3 km ByayT NnpocBepneHs! oTBEpCTUS, kyna by-
AyT ONyLLEHbI CTPYHbI C paaviofeTekTopami. Teneckon
6Bynet uyBCTBUTENEH K 06NacT aHepriit 1021018 oB.

[etexTop atMocdepHbix nuBHei Pierre Auger, o ko-
TOPOM LWNa peyb B pasaene 1, Takke NnaHnpyeTcs oc-
HacTUTL pannoaeTekTopoM. C NOMOLLBIO paguoaeTek-
TOpOB ByayT usydeHs! LLIAJT ynsTpaBbICOKUX aHepruin
(10"°-10% 5B), B KOTOPbIX YepEHKOBCKOE ManyyeHne
DOMUHVDYET Ha/i CBETOBBIM U3NyYeHneM.

13. MoMCK HAKJIOHHBIX NIMBHE OT HEeNTpuHO
Ha ycTaHoBke Auger

KpynHenwnin netektop K, obcepsatopus Auger,
VMeeT 0CTaTouHO 60s1bLyIo anepTypy, YTo6bl B Gu-
Xaillune HEeCKONIbKO NeT 3aperucTpupoBaTh COBbITHS
OT KOGCMUHECKIIX HBTPUHO C YHETOM TOro, 4To ANddy-
3MOHHbIA MOTOK HEMTPUHO HE AONXEH ObiTh MEHbLUE
notoka GZK-HenTpuHo. Ho kak BbloeNnTh LUAJT, BbI3-
BaHHbIX HETPUHO Ha OFrPOMHOM doHe LLIAJI, BbI3BaH-
HbIX NPOTOHamu (snpamun)? Beas B CM cedenmns pac-
CesHNs NMpOTOHOB (AAep) Ha sapax arMocdepsl Ha
HECKO/IbKO MOPSAKOB NPEBLILIAIOT CEYEHNs paccesiHue
HenTpUHO!

Kak 6bi10 npeanoxeHo ewe 40 net Hasap, B. Bepe-
3UHCKUM, T, 3auenuHbiM U A. CMUPHOBLIM, AN BbIAE-
NEHUs YUCTO HEMTPUHHBIX COBLITUIA CneayeT uckaTk
CUrHaNbl OT KBA3UIOPU3OHTAbHBIX, IMyBOKO NPOHWKa-

Nei e Mportauno & 2009

toumx B atmocdepy WA (cMm. puc. 14). Umelotcs
B BU/Y INBHU, BbIBAHHbIE KOCMUYECKMMU HacTULAMY,
KOTOpLIE BXOAAT B aTMOCHEPY NoA ManbiMu yrnamu
K TOPU3OHTY (<15-20°). 3amMeTum, 4TO NyTb OT rpaHu-
ubl atMocdepsl A0 AeTeKTopa BO3pacTaeT oT
1000 r/cm? (B BOAHOM IKBMBANEHTE) AN BepTUKab-
HbIX nMBHE ao 30000 r/cm? — ans FOPUBOHTANBHbIX.
TpOTOHbI HE MOryT NpoaenaTh CToNb ANMHHbIA NyTh,
o6pasys LLAJ] B BepxHeii yacTu artmocdepsl, B TO Bpe-
M KaK HEUTPUHO MOXET Bbi3BATb /IMBEHL Ha MOGOM
OTpeske nyTn Ao AeTekTopa. Mog rMy6oko NpoHMKalo-
UMM NIMBHEM MOHUMAETCS NNBEHb, POXAEHHBI Ha
paccTosHum He meHee 1700 r/cm2 oT Toukm BXxoaa
HENTPUHO B aTMoCdepy.

HE v

Puc. 14. ATMOCGEPHBI NMBEHB, POXAEHHBI BHICOKOS-
HEPreTUHECKUM HEeMTPUHO, NPOXOASILUMM MOA,
ManbiM YT7I0M K FOPUBOHTY.

MockonbKy HaknoHHbIE NBHW 06Pa3YIOTCsi NPOTO-
HaMmu B BEPXHUX CNOSIX aTMOCGhEPBI, TO 3neKTpoMar-
HUTHAs 4aCTb MX IVBHS MOTIOLLAETCS A0 NPUXOAA B e-
TEKTOp (MPUMepHo Ha my6ure 800 r/cm?). o nosepx-
HOCTU 3EMAIM A0MAET MLLIL ErO MIOOHHAS KOMMOHEHTA.
Kpome Toro, dpoHT Takoro LLAJT oTandaercs ot 6onee
nnockoro ¢poHta LUAJI, BbLI3BBAHHOIO HENTPUHO
B CPEAHNX W HXHUX Cnosix atmMocdepsl. Ecnn Hano-
KNUTb 06pe3aHie Ha CMEeKTP MIOOHOB Y MOBEPXHOCTY
3emnu, TO OKaxXeTes, YTO BEPOATHOCTL perncTpauun
yBOKO NPOHMKAIOLLVX MBHEN C SHepruei ot 10'° 5B,
VHAYUMPOBAHHbIX MPOTOHOM, COCTaBUT meHee 0,01%.

Ha puc. 15 nokasara dpopmyna ana pacuera uucna
KBA3MIOPUBOHTANbHBIX HEMTPUHHBIX INBHEN, KOTOPOE
MOXET ObITb 32PErMCTPUPOBAHO HA3EMHBIMU HEPEHKO-
BCKMMW aeTektopamu obcepsatopun Auger. Yucno
LWAJT pacTeT nponopumoHansHo noToky HEWTpUHO @,
U CEYEHMIO PACCEAHNS HEITPUHO Ha HYKIOHE 0, , €CTN
nocnenHee cpasHUMO C ceveHnem CM. ns 60nbLumx
ceudeHuit GyaeT urpate ponb (GakTop ocnabnenus no-
TOKa B HEWTPUHO B atMochepe att(E) (cm. puc. 15),
@ 3aBUCUMOCTL 4uCna CobbITUIA OT 0, CTaHeT Gonee
CNOXHO.

15. Gopmy,
LUATT, vray

Ans onpy
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Opna w3 uenen 063opa - Nokaszare, 410, Habnoaas
CUTHANbI OT KOCMUHECKIX HEATPMHO, MOXHO W3BAEUL
MX CEYEHMA PACCEAHNS 1 TEM CaMbIM N3MEPUTH BKNA-
Abl OT «HOBOW BU3NKU», HANPUMEP, IDDEKTLI OT BBE-
[IEHUA ONONHUTENLHEIX Pa3MepHOCTei. Ha nepsbiit
B3rNRA, BCE, YTO Mbl CMOXEM M3Bnedb w3 Gyayumx
AaHHbIX, - 3TO Npou3seaeHue B o, ., HO He NOTOK 1 ce-
4Y@HWE PACCeAHUA HENTPUHO NO OTARNBHOCTH.

MPo6AEMy NOMOXET PelTh PErucTpaLv AMBHei,
BbI3BAHHbBIX NYTEWECTBYIOWMMM CKBO3b 3emnio (Earth-

.skimming) Tay-HeiTpuHo. KocMuieckoe Tay-HenTpu-
HO C BICOKO GHEPIUel, TPABKTOPHS NONETA KOTOPOTO
COCTaBIAET OTPULATENbHLIN YTON C FOPUIOHTOM, NPO-
fnleras 8 BEPXHEM CNOEe 3eMHON KOPbI, NPeBpaulaeTcs
B Tay-nentoM. Tay-nentoH ¢ aHeprueit >10' B cno-
COGeH NPOATY B TONWE 3EMHOM KOPbI AGCATKW KNO-
METPOB 1 BLINETETL B aTMOCHEpY Haa AETeKTOPOM,
rae o6pasyer LLAJ Ha seicote 0-2500 M (puc. 16).

T conversion

Puc. 16. PoXaeHue Tay-enToHa BbICOKOIHEPreTHIEC-
KUM Tay-HEATPUHO B 3EMHOM KOpe, C nocneay-
JOLUMIM BLINETOM Tay-NenToHa B aTMOChepY, rae
OH 06pasyeT aTMOCHEpHbIl MBEH.

BaxHbIiM ABNSETCSH TO, 4TO BEPOSTHOCTL TAaKOro
CUrHANA YMEHBLIAETCA C POCTOM 0, . [lefcTenTens-
HO, NPY BONLLUMX 0, BENUKA BEPOATHOCTL TOTO, HTO
HENTPUHO NPOCTO NOMMOTUTCA B 3EMHON KOPE A0 TO-
0, Kak KOHBEPTUpYeTCs B Tay-nentoH. B tabn. 2 no-
Ka3aHo OXMAAEMOE YMCNO COBLITUIA/IOA Ha YCTAHOB-
ke Auger Ana AByx TMNOB CoGbITMA. BuiGpansl Tpu
PABNUYHBIX TROPETUHECKUX NOTOKA HERTPUHO, Ceve-
HUA 0, paccuntansl no gopmynam CM. U3 tabn. 3
BUAHO, KaK YUC/NO HAKNOHHBIX IMBHEA U NUBHEN, H-
AYUMPOBAHHBIX Tay-HEATPUHO, U3MEHAETCH C POCTOM
0,y Takum 06pa3om, PerucTpupys AETEKTOPOM
Auger OAHOBPEMEHHO Kak HakNOHHbIE NIMBHM, Tak
W IMBHW, BLI3BaHHLIE Tay-HEWTPUHO, MOXHO Gynet

Ta6nuua 2. Yncno LWAN OT HERTPUHO,
GbiTb 3aPErNCTPUPOBAHbI AETEKTOPO!

Cosmogenic 0.067 1.3
Waxman-Bahcall ~ 0.22 4.8
Top-down 0.16 4.1

Ta6nuua 3. Yncno LLAJ OT HEIATPHO Ha yCTaHOBKe Auger
B FOA B NPEANONOXEHUMN, HTO NONHOE Ceve-

U@ PACCEAHUR HEATPUHO HA HYKIIOHE HA NO-
PAAOK (83 NOPSAKA) GONbWE CeyeHnsi CM.

CMm 0.067 1.3
CMx10 0.20 0.68
CMx 100 15 0.081

e Y Yy O Ry MYy e Y A Y S YT

nasness senmumnsl B, W o 110 OTAENLHOCTH, MC-
NONL3YS ANAMETPANBHO NPOTUBONONOXHYIO 3ABUCH-
MOCTb YUCNa BTUX IUBHEN OT 0 .

B pasaene 5 Mbl roBOPUM O TOM, 4TO B TEOPUM
C IONONHUTENLHBIMU PAIMEPHOCTAMU U NNOCKOM
METPUKON HACTULBI, CTANIKMBASCh NP BLICOKUX AHEP-
rUsX, MOTYT POXAATH YepHbIE AbIPLI. Takue npoueccs
MOrYT MPOMCXOAUTE HE TONBKO HA YCKOPUTENSIX, HO
WNPU B3AUMOAEACTBUM KOCMUYECKMX HERTPUHO
C HYKNOHaMK aTMoCchepsl, B Pe3ynsTate Yero Takxe
o6paayiotcs WA (cm. puc. 14).

Ha puc. 17 nokasambi CeYeHna PaCcCeaHus HeRTpu-
HO BBICOKMX AHEP Uit B 3aBUCUMOCTH OT BBIBPAHHOrO
4MCNa AONONHNTENbHLIX UaMepennin. O6paTUM BHU-
MaHUE Ha TO, 4TO CEMEHNS POXAEHUS HEPHBIX bID Ha-
YMHAIOT IOMMHNPOBATL HAA cevenusimu CM yxe npu
aHepruax 10'°-10'° 9B (B 3aBMCUMOCTM OT MMHU-
ManbHOW Maccul Y4epHon Abipsl). Mpu 3Heprun
10% 9B cenenus AocTUraoT aHavenms 0,01 M6, wto
NPUMEPHO HA ABa NOPSAKA NPeBbLIIAET NPeCcKasa-
Hue CM (cMm. puc. 17).

4EPHBIX  MUHU-ABID
8 PACCEAHNM HEIATPYHO Ha HYK/OHaX B 3aBICH-
MOCTH OT SHEPTHM HEATPUHO B TEOPHM C (4+1)
M3MEPEHNAMM 1 DyHAAMEHTANLHON MacCcon
Mnanka M ;=1 TaB. Kpues epXy BHU3) OT
BevaloT 3xavenusm n=1, 2, 7. NokasaHo asa
cnyvan: My, =M, (ChiOWHbie KpuBbie)
¥ M, =3M,, (NyHKTUPHBIE KpuBbIE). HikHss
NPAMAR KNS - CceveHne CM.

B 3aKAIONEHNE NPUBEAEM PE3YNLTATH PACHETA HNC-
Na HaKNOHHBIX rNYBOKO NPOHUKAIOLUUX IMBHEA B MOAR -
m PC ¢ Manoi kpuBN3HON, KOTOPOE MOXET GuITk 3ape-
FUCTPUPOBAHO AETEKTOPOM AUger 3a rog, ero paboTs
H1Cno oxuaaembix CoGbITMIt NPEACTaBNEHO Kak yHK-
LA Z1IBYX OCHOBHLIX NAPaMETPOB MOAEMM (pHc. 18)

Puc. 18. Oxunaemoe
HeATPUHO Ha AeTeKTOpe Auger 3a 1 ro ero pa-

HUCAIO HAKNOMHBIX NMBHER OT

GoTbl 8 PC MOA@AM C Manoii KpUBM3HOW, Ans

OLEHOK Gbin BLIGPaH NOTOK Bakcmana-Bakana

HOROCTH W MPOBROMU BYMAAMONTANLKOR BuIwsw
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HecmoTpst Ha MHTEHCUBHBIE MOMCKM, HU OAHOO CUT-
Hana OT KOCMUYECKIMX HETPUHO MOKA He 3aperncTpu-
posaHo. OTCYTCTBME TakMX CUrHANOB NO3BOAWNO yCTa-
HOBWUTL NpeAeNbl Ha NOTOKU KOCMUYECKUX HEATPUHO.
Ha puc. 19 npeacTaBneHbl BEPXHWE OrpaHUYeHus
Ha AMbOY3NOHHBIN NOTOK HENTPUHO (B NepecyeTe Ha
0AMH apomart, Ans CpaBHeHWs C AaHHbIMU Auger).
OTMEeTUM, 4TO AETEKTOp Auger UMEEeT HanGonbLUYIO
4yBCTBUTENLHOCTB KAk Pa3 B T 06nacTu, rae npeac-
Ka3blBaeMblit NOTOK GZK-HEATPUHO UMEET MaKkCUMYM.
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Puc. 19. DKCNEpUMEHTaNbHbIE BEPXHUE OrpaHuieHus
Ha ANDDY3NOHHBIA NOTOK KOCMUY AX HeNT-
PUHO (NepecyuTaHHbIe Ha OAUH apoMaT HeWT-
puHo). Orpannyenve konnabopauwu Auger no-
Ny4eHO 13 aaHHbIX No nowcky Earth-skimming

Tay-HeTpUHO

OpHako, CornacHo oueHkam, AecTByIoLME U Npo-
eKTpyeMble 1eTEKTOPLI NO3BOMAT 3aperucTprupoBaTL
COBLITUA OT KOCMUYECKNX HEATpUHO B Gnvxaiiwve
HECKONbKO NeT. IMeloTCs B BUAlY HEATPUHHBIE TeNec-
onbl IceCube 1 KM3Net ¢ o6bemom 1 km®, a Takxe
obcepsatopus Pierre Auger.

OpHoBPEeMEHHasi PEernucTpaums KBasuropuaoHTanb-
HbIX IMBHE 1 INBHEA, BbI3BAHHBIX Tay-HEMTPUHO, NPO-
XOASLLMMM CKBO3b 3EMHYIO KOPY MO MasibiMi yrnamu,
[1IaCT BO3MOXHOCTb OMPEAEesNTL Kak MOTOK HeATPUHO,
TaK 1 CeYeHUsI PACCESIHIS HEATPUHO Ha HYKIOHE.

T T T T

Mpepensl Ha BenuuuHy D-MEPHON KOHCTaHTbI
MnaHka M, nony4eHHble U3 AaHHbIX rpasuTa-

UMOHHBIX 3KCMIEPMMEHTOB, M3 aHanu3a oxiax-

[IeHNsl CBEPXHOBbIX W Pa30rPeBa HEMTPOHHBIX

3BE3[1, ABYXNENTOHHbIX U ABYXOTOHHBIX NPO-

ueccos Ha TaBaTpoHe, u3 akTa OTCYTCTBUS

CUrHanoB OT YepHbIX Ablp Ha AeTekTope AGASA.

lMokasaHa oxuaaemas YyBCTBUTENbHOCTb K M,
ekTopa Auger.

Net o Mporauno o 2009

Ecnu Hallie NpOCTPaHCTBO-BPEMSt COAEPXUT JOMO-
HUTENbHBIE KOMMAKTHBIE M3MEPEHNS, TO 3TO CeyeHne
6ynet ycuneHo B ob6nactv SHEPrui, rae oXuaalTes
KOCMUYECKME HEMTPUHO (Hanpumep, 3a CHeT poxae-
HWS YepHbIX AbIP). Takum 06pa3oMm, NMOUCK COBBITUM,
MHYUMPOBAHHbIX HEATPMHO BBICOKNX 1 CBEPXBLICOKIX
QHEPrui, JAeT BO3MOXHOCTb 0GHapYXuTb 3@ hexTsl,
CBSI3aHHbIE C AOMONHUTEIbHBIMM PA3MEPHOCTSIMU.

B saknioyerne Ha puc. 20 Mbl OEMOHCTpUpyem
4yBCTBUTE/ILHOCTb fleTeKTopa Auger K hyHaaMeHTasb-
HOMY MacLUTaby TEOPUU C LONOHATENBHBIMU Pa3Mep-
HOCTAMM — Macce MnaHka B D-M3MepeHnsix.

AsTOp npusHareneH B.A. letposy
3a LieHHbIe 3ameyaHis.
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MpencrasneH 0630p CyLLECTBYIOLMX CUCTEM aBTO-
MaTUHECKNX BbIYUCTIEHNIA APEBECHbIX N NeTNeBbiX An-
arpamm ®eitHmana, MoHTe-Kapno uHTerpuposaHnsa
N0 MHOrOMepHOMY (ha30BOMY MPOCTPAHCTBY, reHepa-
UMM coBbiTUiA ANs KONNANAEPOB HOBOIO MOKONEHNS
LHC u ILC v apyrux npunoxeruin. Hanbonee noapo6-
HO PaccMOTPeHbI BO3MOXHOCTY cucTembl CompHEP.

Beenenue

B HacTosiliee Bpems B3anMOAENCTBUS 4acTuL, yC-
NELHO OMUCHIBAIOTCSH CTaHAAPTHON MOAENbIO, KOTO-
pasi BKlo4aeT B cebsi BCe N3BECTHBIE NENTOHbI U KBAp-
KU 1 ONUCHIBAET MX B3aUMOAEICTBUS NoKanusaumein
rpynnet cummetpun SU(3) xSU(2),<U(1). B To xe
BpPeMsi CTaHAapTHas Mojenb PacCMaTpUBAETCS, CKO-
pee, kak apdexTBHan Teopus Ha MaciuTabe SHeprn
nopsifka Macchl Ton-ksapka 11,=172 3B, a He 3aMKHy-
Tas kanubpoBouHas Teopws. V3BECTHble TPYAHOCTM
C 06bACHEHNEM MPOUCXOXAEHWs NMOKONEHUI dyHaa-
MEHTa/IbHbIX HGEPMUOHOB U UX CMELLMBAHWI, BOMbLIOE
4ncno cBo60AHbIX NapaMeTPOB, TPYAHOCTU KOHTPONS
KBAHTOBbIX NOMPaBOK Ha MaclTabax, 6AM3KuX K MacLL-
Taby 60/1bLIOr0 06LEANHEHUS B3AUMOAENCTBIIA U OT-
KpbITbIE BOMPOCH! B CBA3W C HEAABHUMYN acTPOPU3N-
HECKMMM AAHHBIMI BbIHYXAAIOT PACLIMPSTL COCTaB
yHAAMEHTANbHBIX YaCTULL U FPYNMy KanMBpOBOYHO
cummeTpun. Mo aToi xe npuumrHe dranieckne NPor-
pammbl konnainaepos HoBoro nokonexwst LHC u ILC
HaueneHs! Ha uayyerne spdeKTos Ha MacLuTabe aHep-
Vil nopsaka Heckonbkmx TaB.

MHOro4ncneHHble runoTessl O TOM, Kakasi UMEHHO
HoBas ¢uanka morna 6bl HabnoaaTeest Ha maclTabe
TaB, BKNIO4AIOT KaK CYLLLECTBOBAHME HOBBIX GYHAAMEH-
TanbHbIX GEPMUOHOB (HaNpPUMEp, MPaBbiX MACCUBHbBIX
HENTPUHO), TaK 1 CYLIECTBOBAHWUE HOBbIX CUN (Hanpw-
mep, moaenn c Z', W'), unu xe nposisneHne aononHm-
TesbHbIX M3MEPEHNiA NPOCTPAHCTBA-BPEMEHN, @ Takke
HOBbIE CUMMETpUM Npupoabl. MuHumanbHas cynep-
CMMMeTpuYHas ctaHaaptHas moaens (MCCM), sensi-
I0WAsACH OfHUM U3 NPEACTaBUTENe PaclUMPEHHOro
Habopa, No3BonseT PewnTs NPoGNeMsl 0GbEANHEHMS
B3aUMOJEVCTBUI 1 KaNMBPOBOUHBIX MEPAPXUI, OAHA-
KO MPUBO/ANT K CYLLLECTBEHHBIM YCIOXKHEHMUSIM MPY pac-
yeTe MHOXecTBa 9 HeKToB.

BonblIOE KONMYECTBO IKCMEPUMEHTANbHBIX AaH-
HbIX, MONYYEHHBIX B TEYEHNE NOCNeAHNX ABaALATY NeT
Ha e’e’-konnanpepax LEP1, LEP2 (CERN) v pp -kon-
nainpepe Tevatron (Fermilab), Nno3Bonuno ¢ BLICOKOW
TOHYHOCTBIO N3MEPUTL MACChl 1 KOHCTAHTLI CBA3M YaC-
M. Hanpumep, macca Z-6030Ha namepeHa B ¢'e -
cTonkHoBeHusx Ha LEP1 ¢ To4HOCTbIO, kOTOpasi cpas-
HUMA C TO4YHOCTBIO MBMEPEHNsi KOHCTaHTbl Depmin G
npyv pacnagax 4acTull. s OCMbICNIEHHOMO CPABHEHMS!

Net o Mporauno o 2009

1€L0BATENLCKIUY UHCTUTYT AEPHONA vk nmern [.B. CkobernbubiHa MIY)

3KCMNEPUMEHTANBHBIX AAHHBIX C MPEeACKa3aHUsMu Teo-
PETMHECKMX MOfieneit HEOBXOAMMO TOYHOE BbIYUCHE-
HIE KBaHTOBbIX NOMPABOK B PAMKax PasfinyHbIX Kanne-
POBOYHbIX Teopwit. MpeackasaHns NoAOGHOrO poaa
urpanu 60nblLIOe 3HAYEHNE NPY OBHAPYXEeHUM TOm-
KBapka Ha konnaviaepe Tevatron, macca KOTOPOro Gbl-
Na CPaBHWTENbHO TOYHO NPe/icKas3aHa npy CPaBHEHNN
pafa NpeunsnoHHbIX AaHHbIX LEP 1 SLC ¢ TeopeTtuyec-
KUMM pacyeTamt, CoaepXaliMi KBAHTOBbIE MOMpaB-
K1 OT Ton-kBapka. Moxoxasi CUTyaunsi MeeT MecTo
B HACTOsLLEE BpEeMs ANs OUEHKW Mmaccsl 6030Ha
Xurrca (xoTs 3Aech OHa CloxHee BCreacTsve Gonee
cnaboit (norapudMUHECKoit) 3aBUCUMOCTY KBAHTOBbIX
fonpaBsok OT M),

OKCMEPVMEHTBI HAa COBPEMEHHBIX W ByAyLINX KO-
naiiiepax HeBO3MOXHbI 63 IeTanbHOro MoAeNMpoBa-
HUS OXMAAEMbIX B VX [eTeKTopax (GpuanN4eckux npo-
LeccoB. MoaenvposaHme Gpuan4eckoro aKCrnepumeH-
TanpeacTasnsieT coboit CAOXHLIN, MHOTOCTYNeHYaTbIi
NPOUECC, KOTOPbI HAaYMHAETCs C HOPMYNMPOBKN Ka-
NMBPOBOYHOM MoAenu (T.e. 3aaaHusi narpaHxuada
83aMMOAEINCTBUS), C NOCNEAYIOUMM ONUCAHNEM MPO-
LieCCOB curHana v oHa, pacyeTom curHana v hpoHa, u,
ecnm Heo6X0AMMO, UHTEPdEPEHLMU MEXIY HAMK Ha
HEOBXOANMOM YPOBHE TOYHOCTY, reHepaumen cobbi-
Tuid curHana u GoHa ¢ y4eTom ahHEKTOB HAYANLHOrO
1 KOHEYHOro COCTOsIHMIA. MocneaHee BKloYaeT B cebst
CBEPTKY C afpOHHbIMI (QYHKLMSMW pacrpeneneHus
NapToHOB B Ha4afbHOM COCTOSIHUM U (BYHKLUSIMU
dparmeHTauMn Ans nepexofa napToHOB B KOHEYHOE
COCTOSIHWE, @ TAKKe HayasbHbIE U KOHEUYHbIE U3/y4e-
HUs. MofennpoBaHue [0MXHO AETanbHO yYuTbiBaTL
reoMeTpuyecknue XapakTepucTuku u duanyeckue
CBOWCTBA KOHKPETHOrO AeTekTopa, a Takke addekTb
MHOFO4YaCTUYHBIX COCTOSIHUIA B CTAaNKUBAIOLNXCS Ha-
YanbHbIX Ny4Kax U MyNLTUNAPTOHHBIX COCTOSIHUIA
B CTA/IKMBAIOLLMXCS aPOHAX.

Kak M3BECTHO, NPELIM3NOHHBIE BBIMMCIEHUS B KBaH-
TOBO/ TEOPUM MONS OCHOBLIBAIOTCS MOYTU UCKIIOHM-
TENbHO Ha TEOPUM BO3MYLLLEHUI, KBAHTOBbIE 3 DEKTbI
B KOTOPOW NPEACTaBNSIOTCH CXEMATUYECKM B BIAE Ha-
60pos avarpamm PeiiHmana. MocneaHue, B COBOKyN-
HOCTM ¢ npasunamu deitHMaHa, onpeaensoWMMmN
cooTeBeTcTeune rpaduyeckux n3obpaxeHnin ons avar-
PaMM MaTeMaTUHECKVUM BeIDAXEHUAM 415 Habnioaae-
MbIX, OfIHO3HAYHO COOTBETCTBYIOT MOPSIAKY TEOPUM
BO3MYLLEHWA. B pamkax Teopuvt BO3MYLLEHWI NOBYIO
MOAeNnb MOXHO 3afaTh, 3adUKCUPOBAB npasuia
®deiltHMaHa AN BEPLMH B3aUMOAENCTBUS 4acTuy,
1 nponaratopos. Mu3nyeckme NPoLEcch PaccesiHus
1 pacnagna Bbl4UCNAIOTCS HA NYTU COEAMHEHMS BEPLUNH
1 NponaraTopoB BCEBO3MOXHbIM 06pa3oMm, 4TOGkI No-
NY4UTb HYXHbIE Ha4aNbHOE U KOHEYHOE COCTOSHMS,




[image: image19.png]KpuoreHHas cuctema

ANg oxnaxgaeHusa ceepxnpoBoaqilero
cenapa'ropa Kanana cenapuposanublx KaOHOB
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Beepenne

B HU U®BS cospaH KaHan CenapupoBaMHbix
'KAOHOB W 3KCNEpuMeHTansHas yctamoska OKA
http://www.oka.ihep.su/, Ha KOTOPON HAYATO NByHeHne
PeaKuX pacnanos kaonos. Monyyenne cenapuposan-
HOrO nyvka K-MEe30HOB OCHOBAHO Ha UCMONB30BaHUK
AByx ceepxnposoasuwx CBY pesonartopos, paboran-
wwx npu temneparype 1,8 K. [lns oxnaxaenns peaona-
TOPOB 10 TeMneparypsl BCero Ha 1,8 rpazyca sbie ab-
COMOTHOTO HYNA NPUMEHEH CBEPXTEKYHMIA renuii.

HAanHan cratbs nocesweHa onucannio pabor no
KPUOTEHHOW cucTeme, obecneuvsalouien renvem
CBEPXNPOBOAAWIME PE3OHATOPbI KaHana cenapupo-
BaHHbIX KAOHOB. B HElt O4eHb KPaTKO OTPaxeHb! pato-
Thl NO ABTOMATU3ALMM M COBCEM HE 3ATPOHYTHI APYrve
GonblwMe 3aAauy, CBA3AHHLIE G COBAAHMEM KaHana,
TAKMe Kak MarHuTHas onTMka u Apyrue 9NemeHTbl
«TeNoN» 4acTh kawana, coBCTBEHHO Pe3oHaTopPBbl,
CBH cuctema.

CHauana, B ka4ecTee BBEAEHWS, WHTEPECHO NOC-
MOTPeTh Ha UCTOPUIO Pa3BuTUs PaboT C renuem, OTk-
PoiTbIM B 1868 roay npu uccneposanun cnekrpa con-
HEYHON KOPOHBI. SlNwb Yepes 27 net aToT anemeHT
GbiN NONYYEH B 3EMHBIX YCNOBUAX AHINACKUM Y4EHBIM
Yunbimom Pamaaem, KOTOPLIi BLIAENUN reNuin U3 pa-
AVOAKTUBHOrO MuHepana. Bnepswie nepesen renvin
B XUAKOE COCTOAHME Huaepnanwackuin duank I Ka-
MepauHr-OnHec 8 1908 roay. [lns oxuxenns renvs
ucnons3osancs adext Axoyns-Tomcona npu Apoc-
CenMpoBAHNM CXATOrO rada, NPEABAPUTENLHO OXNAX-
AEHHOrO XuaKkuM Boopoaom. B 1909 roay I, Kamep-
NMHr-OHHEC NYTEM OTKauku Napos Hag XuaKum
renvem poctur Temnepartypel 1,04 K, 410 MOXHO cuu-
TaTk CBOEro POAA PENepHON TOHKOI B Pa3BUTUN Guan-
K HU3KIX TeMNepaTyp.

B 10 Bpems 06beM KUAKOrO renvs M3MePSNCA B A0NAX
nUTpa, v A0 1923 roaa STOT KPUOreHHBIRA NPOAYKT NoNy-
Hanu Toneko B naGopatopuu I Kamepnunr-Onneca,
HOBBIM 3Tan B NONYMEHUM XUAKOTO FeNUS HAYaNCcs Noc-
ne coapanns 8 1934 ropy COBETCKMM (BU3MKOM
M. Kanuuein nepeoro renvesoro OXUxUTens ¢ ae-
TAHAEPOM, 4TO NO3BOAMANO OTKAZATLCS OT UCNONL30BA-
HWS B3PLIBOONACHONO XMAKOrO BOAOPOAA ANS NPeasa-
PUTENLHOTO OXNaxAeHws rasoobpasHoro renus.
B HacTonuiee Bpems CepuitHo NPON3BOASTCS OXUXN-
TeNN renvs Npov3BoAUTENBHOCTLIO ao 150 n/uac,
a8 0CO0bIX CNy4asx W 3HAYUTENBHO BbILWE, HAaNpUMep
ans oxnaxaenwn yckoputens Tevatron (Fermilab, USA)
MCMONL3YeTCA yCTaHOBKA, Nponasoaawan ao 800 n/vac.

CeepxTeky4ecTb XMAKOro renus Npu Temneparype
Huxe 2,17 K Gbina okpsita N1, Kanuueit 8 1938 roay.

Tenwin npu Temnepatype Huxe 2,17 K (reauit Il) pac-
CMaTpUBaeTCH TEOPWEN CBEPXTEKYYECTW Kak CMECch
ABYX KOMIOHEHT, OAAHA N3 KOTOPLIX SBNSETCH HOPMANb-
HOW, a Apyras - ceepxTekyyei. Mocne dpasosoro nepe-
XOAA B XWAKOM reNun U NOSIBNEHWUS CBEPXTEKy4ei
KOMMNOHEHTbI CTAHOBMTCS BO3MOXHBIM XOPOLLIA OTBOA
Tenna o 0GLEKTOB, Pa3MELLEHHbIX B ITOI Cpeae, Tak
KaK CBEPXTEKY4MIA reui NMEeT YPEe3BLIYANHO BLICO-
K1t KOIDOUUMEHT TENNONPOBOAHOCTH, 4TO OTKPLIBAET
HOBbLIE BOIMOXKHOCTH U151 OXNAKAECHUS.

lenwii Il KUNUT COBCEM HE TaK, Kak NPOYME KNAKOC-
T, OH He GyPNUT NPY KNNEHNK, NOBEPXHOCTL ero ocTa-
€TCH COBEPLEHHO CNOKOnHOIA. Mennii Il nposoawT Ten-
10 8 300 MAIH. Pa3 nyuwWe, Yem OBbIMHbBIA XUAKWIA renvit
(renwii ). BaskocTs renus Il NpakTuieckn pagHa Hynio,
0Ha B THICAUY PA3 MEHbLUE BAZKOCTU KUAKOrO BOAOPO-
Aa. Noatomy renuii Il 06nanaeT CBEPXTEKYHECTbIO —
CNOCcoBHOCTEIO BEITEKaTh 683 TPeHNs Yepes kanunns-
Pbl CKOMb YTOIHO MANOro AMameTpa.

MpupoaHsie rassi ABNAIOTCA NPAKTUYECKU EANH-
CTBEHHBIM WCTOMHUKOM CbIPbS IS NPOMBILINEHHOTO
nony4eHna renna. fennini 8 NPUPOAHLIX ragax NPUCYT-
CTBYET KaK HesHauuTensHasi npumech. Copepxanve
€ro He NpesbllaeT AeCATLIX A0Nen npouenTa. [ins or-
ZleNleHns OT NPONMX a308 UCTIONL3YETCH HUIKAR TeM-
nepatypa oxuxenus renus. Mocne Toro kak sce npo-
1€ KOMMNOHEHTHI IPUPOAHONO ra3a CKOHAGHCPYIOTCH
npu rNyGOKOM OXNAXAEHUN, ra3006pa3HbIi renuit or-
KaYMBAIOT 1 OMMLLAIOT OT NPUMECE.

Monekynbl renus HENONSIPHLI 1 CUNLI MEXMONEKY-
JNIAPHOrO B3aMMOARHCTBINA MEX/Y HUMU KpanHe Hese-
JWKN ~ MeHblLe, Yem B NI0GOM APYroM BeulecTse, Y10
NPUBOAMT K CaMBIM HU3KUM 3HAYEHUSIM KPUTUYECKIX
BENMYMHI HAUHU3WEN TeMNepaType KUNeHus, Hau-
MEHbLUEH TENNOTE MCNAaPEHMs 1 Nnasnenus. Y7o kaca-
©TCH TeMNepaTypbl NNABACHUS renus, To NPU HOPMAnb-
HOM Aasnenun ee BOOOWE HeT. XKuakuin renuin npu
CKONb YroAHO 6AM3KOIA K aBCOMIOTHOMY HYNIO Temnepa-
Type He 3aTBEPAEBAET, €C/M, NOMUMO TeMnepaTyphl,
Ha Hero He AeNCTBYET aasnexue B 25 unn Gonblue at-
Mocdep. [Ipyroro Takoro BeLWecTsa B Npupoae Her.

Npeanoceinku u Tpebosanns k paspaborke
KPWOTE@HHOW CUCTEMBI 4NN OXNAaXAEHNs
cBepxnposoasuiero cenaparopa

Mpeanoxenne No CO3AAHNIO HOBOTO KaHana ¢ ne-
NONb30BAHWEM  CBEPXNPOBOAALIErO  Cenaparopa
chopmynuposaro B pabote [1], TexHu4eckue napa-
MeTpbI NpUBeaeHs 8 [2].

NpuHumn paGoTbl CBEPXNPOBOASLMX CUCTEM ANs
Cenapaunm 3apSKEHHbIX YaCTVLL M3NOXEH B MOHOrPa-
dum [3], rae onucaHa KOHCTPYKLWS CBEPXNPOBOAALLE-
rO BLICOKOYACTOTHOrO CenapaTopa, PaspaboTaHHoro

HOBOCTH W APOBAEMN DyNAGMENTANLION BUINE
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Hosoctu FHLU UDBI

PaGoTa yckoputensHoro komnnekca FHU U®B3
B OCeHHeM ceance 2008 r.

KanexnapHble pamki oceHHero cearca paboTsl yc-
KopuTeneHoro komniekca ¥-70 FHLU, UDB3 6uinun noc-
TaTO4HO NPOTSXEHHbIMU. CeaHc anmncs ¢ 10 okTsGps
1o 12 pekabpa 2008 r. U3 Hux 11'/2 aneit wnm paGoTbi
Mo NporpaMme  GUBMKK MY4KOB 3aPSKEHHBIX YacTuL,
¥ pasBuTVIO CUCTEM YCKOPUTESNS. YKE CTano XopoLue
TpaaMuMen, 4To B cepeauHe paboT Ha U3NYECKUit
SKCMEPVUMEHT YaeTCA BbIAGNNTL BPEMS U ANS UCCre-
A0BaHMiA N0 COBCTBEHHO Nporpamme yckopuTens.
Kak npasnno, at1 paboTsl okaswIBaIOTCS BECHMA CO-
AepXaTesbHbIMU: 3aKOHYEH CNIOXHbIN Nepuog 3anycka
YCKOPUTENEl 1 NOABNAETCS BO3MOXHOCTbL MCCNE0Ba-
HAR C MY4KOM B YCTOMYMBOM, YCTAHOBUBLLEMCS PEXu-
me paboTbl komnnekca.

B TeueHvie 28 aHelt NpOBOANANC 3KCNIEPUMEHTBI Ha
duanyeckux yctaHoskax. PaBoTsl ¢ BbIBEIEHHbLIM MyY4-
koM wm ¢ 10 Hos6pa no 10 aekabpsi, 3a BbIYETOM ABYX
CYTOK, MCMONIL30BaAHHBIX A/ UCCNEA0BAHWIA NO Npor-
pavme yckoputensi. Bce aTo BpeMsi yCKOPUTENbHbI
Komnnekc padoran ycToi4meo. MpocTton u nponyckm
nydka coctasunm 4yt Gonee 17%. SHeprus nyuka
50 feB, cpeaHsisi uHTEHCWBHOCTL 3.5:-10'2 a makcu-
ManbHas — 0o 6-10'2 NPOTOHOB B yukne. JnvHa cryct-
ka Ha 9Heprum BeiBoAa coctasnsna 20 He (N0 oCHOBa-
HuO pacnpenenexus). KoadpbuumeHT 3axsata nyyka
B pexum yckopenus B Y-70 goctur 80-85%. Ynanock
YCTPAHWUTL NOTEPK MyyKa NPW NEPEXOaE Yepes KpUTu-
HYecKyio aHepruio. MosHble NOTEPU My4ka NPOTOHOB BO
BCEM LWKNe yCKopeHusi Bbinu cocTaBmnm Bcero 1-2%.

Byctep VY-1.5 oTpa6oTan C WHTEHCUBHOGTbIO
3-5.2.10" MNPOTOHOB B UMKNE, UHXEKTUPYS B KONbLO
¥-70 0T 5 00 15 CrycTKOB 13 29 BO3MOXHbIX. Mpw yko-
POYEHHOW AAMTENBbHOCTU nakeTa pabouux LMKIOB
CTabunbHO 0TPaboTana OCHOBHAas CUCTEMA MUTaHWS
KONbUEBOro anekTpomarHuTa Y-1.5 (Bknag B npoctou
okono 0.5%).

JInHeinbIii yckoputens Ypan-30 pabotan ¢ Tokom
30-40 MA 1 AANTENLHOCTBIO vmMnynsca B 10 MKc.
Ypanoce 3aMeTHO yNyylMTb YCTORYMBOCT PaBoThbl
VIOHHOTO MCTO4HMKA. BO MHOrOM 3TOMY CMOCOBGCTBO-
Ba/o yny4LUeHNe BaKyyMa BGAM3M NOHHOM MyLUKWA, OC-
TUTHYTOE NOCNIE MOHTaXa ABYX MOLLHbBIX TYypGOMOneky-
NAPHBIX BAKYYMHbIX Hacocos SHIMADZU 3203LM.

Heobxoanmo 0TMeTUTL HanGonee BaxHble pesysb-
TaThl, JOCTUTHYTBIE HA YCKOPUTENE B X0A€e NPOBEeAeH-
HOrO CeaHca.

Nl e MpoTsuno & 2009

B 26-M NpAMONUHEHOM NPOMEXyTKe MarHUTHOM
CTPYKTYpbl Y-70 Gbln CMOHTUPOBAH 1 BBEEH B aKkenny-
aTaumio HOBbIN CeNTYMHBI Markut CM-26 (anuHa no
ny4ky 4.9 M) C yBENMYEHHOI anepTypoit. STOT MarHUT
NpU3BaH yBENUIUTL 3PHEKTUBHOCTL PaBoThl CUCTEM
6LICTPOrO 1 MEANEHHOr O BLIBOAA NyHKa.

Bbinv npoaonxeHsl skcnepumeHTansHbie paGoTsi no
MCCNEeA0BaHNIo 0COBEHHOCTE AMHAMUKI My4ka Mpo-
TOHOB B PEXVUMAX LMPKYNISILWN NyyKa Ha HUKHEM NnaTto
MarHuTHoro nons Y-70 (aHeprus 1.3 M3B). Konbuesoii
SNEKTPOMArHUT ¥Y-70 NuTancs OT aBTOHOMHOIO UCTOY-
Huka nocToaHHoro Toka (131.1 A). OcHoBHas 4acTs pa-
60T 6bina NOCBALIEHA HACTPOMKE MOLLHBIX CUCTEM
KOpPeKLnM MarHuTHoro nonsi. Ux addekTnsnas paco-
Ta onpenensieT pasmep AWHAMUYECKON anepTypsbl
YCKOPUTENSi N BPEMS XN3HU NyyKa, LMPKYIMPYIOLLEro
Ha opbuTe.

B TeyeHve ceaHca yaanock nonyunTh XOpoLLYIO UH-
Xekumio nydka u3 Y-1.5. [lnMHa BBOAMMOrO cryctka
coctasuna Bcero 80 HC, MPU 3TOM AUHERHas nnoT-
HOCTb My4ka He MMena KorepeHTHbIX 406aBoK. BaxHblin
BKNaj B yCTOM4MBYIO PaBoTy BHEC HOBbINA LUMPPOBOI
3ajalowuin resepatop yckoputens Y-1.5, NOCTPOEH-
HBIV Ha NPUHLMNax DDS — Npsmoro LundpoBoro cutTe-
3a 33/1aI0LLEr0 PaAMO4ACTOTHOrO CUrHana. AToT reHe-
PaTop co3AaH B paMKax peanu3aunu Nporpammsl No
YCKOPEHWIO NIEMKIX MOHOB 1 YXe UCMONb3YeTCs B NPO-
TOHHOI1 MOAE PaBoTel YCTAHOBKM.

TMonyyen 3amMeTHBI NPOrpecc no ynyuLweHio yeno-
BUI NPOAONLHON AMHAMUKW 4acTWL, B CUHXPOTPOHE
¥-70. Tak, Bnepsbie 3a 4oNroe Bpemst yaanoce npopa-
GoTaTb Becb CeaHC 6e3 MPUMEHeHWs BCOMOraTesb-
HOW yCKOPAIOLLEH CUCTEMBI YacToThl 200 My, (MHTEH-
CUBHOCTb crycTka 5.5-10'" npoToHos). Panee ata
CrCTema CnonbL30Banack /s KOHTPONMPYEMOro pas-
MbITUS MPOAONLHOTO Ha30BoOro 06bema fyuka npu
nepexo/e Yepes KpUTUHECKYIO aHepruio, 6ea Yero 3a-
METHO YBE/IMYMBANNCE NOTEPU MydKa.

Bbi6paH 1 onpo6osaH onTUMAanbHbIi pexvm amnnun-
TyaHoW uenu o6patHoii cesian OC no nyuky B6AM3U
KPUTWYECKO BHepruu. MoATBEPX/AEHO, 4TO 3Ta CUCTe-
Ma 3pPEKTUBHO MofaBASIeT KoneGaHms AUHLI CrycT-
KOB, Tak Ha3blBaeMble KBaAPYNOMbHbIE KOTEPEHTHbIE
konebaHus nyyka. Cuctema ycnewHo otpaGotana
BECb CEAHC B LITATHOM PEXUME.

YAanocs npoBecTu MyGokylo MOAEPHU3ALMIO LN~
POKOMOJIOCHO CUCTEMBI NONEPEYHON 0BPATHOI CBS3Y
no nyuKy. BeICTpoaecTBUs aTOi CrcTeMbl (ee nonoca
nponyckanua 0.2-15 ML) LOCTATO4HO A5 He3aBUCH-
MOro ieMndupoBaHna nonepeyHsIx KonebaHuii Nio6o-
ro OTAenbHO B3ATOro cryctka B Y-70. 3Ta cuctema
GbICTPO NMOAABASET OWMBKN MHXEKUMU U yCTpaHseT
NOMEPEYHbIE KOTEPEHTHbIE HEYCTOWYMBOCTM Myuka.
B koHeuHom cyete, ee paGoTa [10XHA YCTPAHUTB HEO-
60CHOBaHHOE YBENMUYEHWE MONEPEeYHOro (a3oBoro
ofbema nyyka 1 yBENMYUTL €ro APKOCTb. Kniouesbim
3/IEMEHTOM CUCTEMbI ABNAIOTCS UMPPOBbLIE NMHWN 3a-




[image: image21.png]DEPXKU, NEPECTPAUBAEMbIE B LMKNIE YCKOPEHWA Takum
06pa3om, 4106kl 0Tpabotath 10%-0e MIMEHEHHe Hac-
TOTbI O6palLEeHUs nysKka no opbuTe. B caoeit HolHew-
He KOHPUrypaunmn cucTemMa BHOCUT AONOAHNTENbHBIA
daktop nemndmposanus, pasHein 20. 3101 dakTop
OTCHUTLIBAGTCA B CPABHEHUN C ECTECTBEHHBIM BPEME-
HEM 3aTyxaHus KOrepeHTHOro Curkana crycrka. Takoe
3aTyxaHue BO3HWKAeT n3-3a HeNUHeHOCTY 6eTaTpoH-
HOTO ABUXEHNS, BLI3LIBAIOLLETO NEPeMellnBatme no-
NEPeuHoro ha3oeoro nopTpeTa nyska.

Bropyio nonosuHy ceanca MeaNeHHbIi BLIBOA NyuKka
MPOTOHOB 8 HAMPABNEHMN IKCMEPUMEHTANBLHON yCTa-
HOBKM OKA OCYLIECTBARANCA C NOMOWbLIO MOALEPHU3N-
POBAHHON 3NEKTPOHUKM LLYMOBOrO HaBeAeHus. BHOBL
YAANOCH NONY4UTH COPOCHI Ny4Ka XOPOWEro KauecTsa
(Mansie nynbcaunn v ypepeqHas crabunnsauus noc-
TOAHHOW COCTaBNAIOWIEN TOKa BbIBOAA). B MeToauuec-
KOM NNaHe BaxHo, YTO BNEPBLIE YAANOCH CPABHUTL
TEXHONOTMYECKNE CurHans c6poca, uamepsembie
€ NOMOLLBIO MOHWTOPA NOTEPL NyHKa Ha NEPEeropoaKe
AednekTopa B KONbLUEBOM 3ane Y-70, ¢ curHanamm co
CHETYMKOB HacTULL B ONOBHOW 4acTu IKCNEpUMEH-
TaneHon yctaHosku OKA.

B koHue ceanca Gbinu NpoaonxeHs paboTsl no yc-
KOPEHUIO Nyyka AeRTPOHOB B Kackane yckoputenei
N-100-6yctep ¥-15. B nepuoa ¢ 10 no 12 pexabps
2008 r. BHOBb YAANOCh NOAYYWUTL YCKOPEHUE NyuKa
Aeirtporos B Gyctepe Y-1.5 (¢ 16.7 ao 455 MaB wa
HYK/IOH). MONYTHO Gbinu NPOBEAEGHBI NOArOTOBUTENb-
Hele paboTsl Ha Y-70:

1. OCywiecTBNeH NePEBOA CUCTEMBI NUTAHMA KONb-
UeBOro anekTpomarnmra ¥-70 Ha UCTOUHNK Noc-
TOSIHHOTO ToKa (131.1 A).

2. BHOBb NOMYHEHA LMPKYNIALMA NyuKa NPOTOHOB
npu anepruu 1.3 B (none 354 Ic).

3. OnpoGosaHa NPOUEAYPA MHXEKLMN NPOTOHOB
NPV OTKNONEHHOM BY yCKOPSIOWEM HanpsixeHun,

4. MposeneHa UMUTAUNS HAKONNEHNS NyyKa AGHT-
POHOB C NOMOLBIO NYYKa NPOTOHOB NOHUKEHHON
uHTencuerocTY (3:10'0 vacTuuy e crycrke).

Mocne 310ro GbiNa NPEANPUHATA NONBITKA MHXEK-
UuU Nyyka AeATPOHOB B KOMBLIO GONBILOTO CUHXPOTPO-
Ha ¥-70. [leidTpombl Gbiv 3aperncTpupoBaMbl Ha
CUMHTUNNAUNOHHOM 3KpaHe B 10-M NPSIMONMHERHOM
NPOMEXYTKE MarHUTHOM CTPYKTYpbI Y-70. Takum 06pa-
30M, Ny4OK Nerkux MOHOB BbIN NEPBbI pa3 NPoBeAeH
4epe3 4 marunTHbix 610ka No opbure yckoputens
¥-70. [106MThCH GONLLIErD HE NO3BONMNN Henpeasm-
ABHHBI@ TEXHUECKME NPOBNEMBI C CUCTEMOI CUHXPO-
HN33UMK NEPEBOAA W OMPAHUYEHHOCTL ANUTENLHOCTM
ceanca. Tem He MeHee, HaKOMNEH BAXHBIA ONbiT, KOTO-
puiit Gynet BoCTpebOBaH B NOCNEAYIOLWMX CeaHcax
1 paboTax no MOHHOM NPorpamme.

HoBoctu
M3 nabopatopuin Mmupa

Banyck 50-M'3B NPOTOHHOFO CMHXPOTPOHA

8 Sinonun

B nexabpe 2008 r. 8 naGopatopun [xu-Mapk
(J-PARC) 3anyuien NpoTOHHbIA CUHXPOTPOH Ha aHep-
rvio 50 MB. 23 fexabps NPOTOHHbI NYHOK GbIN YCKO-
peH a0 aHeprim 30 B 8 ocHoBHOM konbue (MR, Main
Ring) v sbiBesen Ha cuctemy nornowenus, Cneayio-
WA War - BLIBOA NYYKA B GAPOHHbIA AKCNEPUMEH-
TanbHbIA 320 N B HEUTPUHHYIO 30HY 3aNNaHNPOBaH Ha
nepsoe nonyroaue 2009 r.

B 10T xe aeHb 3-3B GbICTPOUMKAMPYIOLLMIA NPOTOH-
HBliA cunxpoTpon (Rapid Cycling Synchrotron, RCS)
Havan perynsipHoe CHabXeHWe Ny4koM KOMNNEeKca uc-
CNeAoBaHus MAaTepnance n GMONOrMYEcKUX 0BLEKTOB
(MLF, Materials and Life Science Experimental Facility).
Bbina pocturkyra napannensHas pabota OCHOBHOO
KOneua u komnnekca MLF Gnaropaps npumexenvio
VIMNY/IbCHOTO  MarHuTa, pPacnpeaensiBLero nyyok
MEX/Y ABYMSI CUCTEMAMM.

http://j-parc.jp/en/topics/2008/50Gev01 1. htm!

Ycranoeka Ans reHepaumn nyukos

Peakux u3oronos

B nexabpe 2008 ropa [lenaptament aHepreTvkn
CLUA yreepaun Muuuranckuii focynapcTBeHHblii Y-
BepcuTeT B KayecTse paspabotyuka U ucnonwutens
NPOEKTa NO CO3AAHNIO HOBOW YCTAHOBKU ANS SAEPHOI
Puanku - Facility for Rare Isotope Beams (FRIB). Cro-
VMOCTb yCTaHOBKW OueHuBaeTca 8 550 MUNNMOHOB
AONNApoB, CPOK CoopyxeHus - 10 ner.

Ha 3701 ycTanoske GyayT OPMUPOBATLCA UHTEH-
CHMBHbIE NYYKU PEAKUX W3OTOMNOB NS NCCNEAOBAHMA
B MHTEpecax ANepHON GNU3nKKM 1 acTpodU3NKK, saep-
HOM MEANUMHbI, MATEPNANOBEAEHUA.

Yetanoska FRIB Gynet GyHKUMOHMPOBaTL kak Hauu-
OHanbHas YCTaHoBka, 06ecne mMBaloiLan nyKkamu Mex-
AyHapoAHOe COOGIIECTBO, COCTOSILIEE U3 NPUMEPHO
THICAM CMIUMANVCTOB M3 PA3AMIHLIX OPraHN3aLMii

http://www.sc.doe.gov/np/program/FRIB.htm!

YrBepxaeH rpaduk 3anycka ycraHoBKku

AN NCCNEA0BAHUSA aHTUMATEPUN

B KOCMU4YECKOM NpOCTpaHcTee

B despane 2009 ropa AreHTCTBO N0 aspoHasTUke
CLUA (NASA) yteepauno rpadmk 3anycka yctaHoBKu
AMS (Alpha magnetic spectrometer). 3ta yctaHoska
GyneT A0CTaBAEHA HA MEXAYHAPOAHYI0 KOCMUYECKYI0
cranumio annapatom Wartn 16 cenra6ps 2010 ropa.
OcHoBHas 3anayn YCTAHOBKM ~ NOWCK aHTUMaTepuu
(aHTUNPOTOHOB U AHTUSAEP) B KOCMUMECKOM NPOCTPA-
HCTBE. 3TN CCNeA0BAHMA NOMOTYT NOHATL MPUNUHY
HabnIoAaeMOoi GaPHOHHOR ACUMMETPUI BCENEHHOM,
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