Koncrantunos C.H.
IMPOILIECC BU®YPKAIIMY 3HAHU U TPAHUIIBI ®YHIAMEHTAJIbHBIX TEOPUI
(OtBet Ha otkpeiToe THcEMO A.B.Kocapesa)

[Ipouen na crtpanunax AT otkpeiToe nucbMo ko MHe A.B. KocapeBa «Amonorersl Hayku -
MOCTIEIOBATEI TEHHEB M OOpIbI 32 YUCTOTY W YECTh HAYKW WIH HW30MIPEHHBIE HOCUTENN 3apasbl
['epocTpaTa?» 1 BOSHHUKJIO JKEIaHUE Pa3BUTh, BBICKA3aHHYIO B MUCbME MBbICIL: «/ICTOpHUS HAyKH YYUT, YTO
B Hayke (Kak, BIPOYEM, W Be3le) HET HHU AOCOJIOTHBIX 3HAHHM, HU aOCONIOTHBIX aBTOPUTETOB. EcCTh
yBaXCHHE K 3aciyraM. ECTb SBOJIIOIMOHHBIA MPOLECC MOCIESIOBATEIBHOTO MPUOMIKEHUS K HUCTHHE,
KOTOpasi Bc€ Tak >ke Jajeka. B 3ToM 0coObIii JpamMaTH3M Hay4dHOW palOThI, KOTOPBIM MPHUCYI] BCEM H
0coOeHHO BenmukuM (MO0 HACTOSIIIEMY, BEJIMKHAM). OBOJIOIMOHHBIA  MPOIECC  MEPUOTUUCCKU
conpoBokaaercst OudypkanusiMu (He TpPEACKa3yeMbIMH H3MEHEHHUSIMH), KOTOPBIE PE3KO COKPAIIAI0T
00JacTh 3HAYUMOCTH YK€ HAKOIUICHHBIX 3HAHUWH, AENAIOT YCWJIMS MHOTHX JIIOJIeH Mallo3HAYMMBIMU. DTO
OJlHa W3 NPUYMH HE JI0OBU albTepHATHB OOJBIIMHCTBOM». CerojaHs, Korja TEXHUYECKUN YpOBEHBb
DKCIIEPUMEHTOB PE3KO BO3pPOC U YEJIOBEUECTBA OCBAaMBAET KOCMHYECKOE MPOCTPAHCTBO, B
SKCTIEpUMEHTAIBHOW (U3WKE HacTynui, ykazaHHeIM KocapeBbiM, MOMEHT Oudypkammu, pe3Koro
HAKOILICHUSI HOBBIX 3HAHUM, KOTOPHIE TPYIHO OCMBICIIUTh B PAMKaX CTApPbIX YCTOSBIIUXCSA Teopui. B atux
yCcIoBUsAX, (PyHAAMEHTaIbHOW HayKe HEOOXOAMMO OYEPTUTH I'PAHUII, B paMKaX KOTOPBIX CTapble TEOPUU
CIIOCOOHBI a/IEKBAaTHO OINKCHIBATH HOBYIO PEaTbHOCTh, a Jajiee HYXKHO BBIJIBUTATh HOBBIE TEOPUH. ITOT
€CTECTBEHHBIN MPOIIECC HEBO3MOKHO 3aTOPMO3UTh HUKAKUMU CCBUIKAMHU HA aBTOPUTETHI U KOMUCCHUSIMU T10
O0oprOe ¢ epecbro. S BO3bMy Ha ce0si CMENOCTh yKa3aTh PsANl OTPAaHHYEHUH, KOTOPBIE HEOOXOIMMO
YUUTHIBaTh HUCCIENOBATENIIM MpPH OOpaIleHUH K TaKUM TOCIOJCTBYIOIIUM HBbIHE B (PU3UKE TEOPHSIM, Kak
kBaHTtoBas MmexaHuka, CTO u OTO DiiHmreiiHa W Teopusl dJIEKTpoAMHAMUKH MakcBemna (Ha
tepmoanHamMuKy KocapeB yxke yka3an B MHCbME M S HAQJCKOCh OH €IlE€ Pa30BbETE 3Ty TEMY B CBOMX
cTaThsix). HauyHeM C KBAaHTOBOW MEXaHUKH.

3HAYUTEIbHBIC YCIEXH KBAaHTOBOW MeXaHMKH (0OCOOCHHO B CTal[MOHAPHBIX CJIydasx) ObUIH
OCHOBaHbl Ha MPOCTBIX COOTHOLIECHHSX MEXKAY MIMHOW 1€ BbpoiieBCKOM BOJIHBI M I€OMETPUYECKUMH
cBoiictBamu moTeHHanoB. [Ipu 3ToM (opmanbHO 4YacTHIA CUMTANACh TOYKOW, TaK Kak B MPOTHBHOM
ciydae ObUIO TPYTHO MPUIKUCATH BOJHOBON (DYHKIIMU XapakKTep aMILTUTYIbI BEpOosiTHOCTU. HO TOUeYHOCTS,
KaK ¥ OpUHOUN J{ONOJHUTENBHOCTH, HE IO3BOJIUIM IPOJBHHYTHCS BHYTPh CTPOEHHS 3JIEMEHTapHBIX
YaCTUI[ U JalbHEHIIee pa3BUTHE KBAHTOBOM TEOPHUU MOJIsl B paMKaxX MPUHATOMN MapagurMbl 3aTOPMO3UIIOCH
U B KOHEYHOM CYETe MPUBENIO K MOJHOMY (uacko. B HacTosiee BpeMs B CTaHAAPTHOW MOJIEIHN HET JaxKe
000CHOBAaHHOTO aNTOpPUTMAa JJsi BBIYMCICHUS CIIEKTpa Macc 3JeMEHTapHbIX dYacTull. CyIIecTBYIONIYIO
KOHIIEIHIO cTaHaapTHoi Mozaenu (CM) Gu3UKH 3IeMEHTapHBIX YaCTHI[ CPEACTBA MacCOBON MH(pOpMAIIHU
YaCTO HAa3bIBAIOT «TEOPUEH MOUTH BCEro». JTa COBPEMEHHAsi TEOPHUs CTPOEHUS M B3aUMOACHCTBUSA
3JIEMEHTApHBIX YACTHIL], HEOAHOKPATHO IMOATBEPKICHHAs SKCHEPUMEHTAMH, MO3BOJISIET MPOTHO3UPOBATH
CBOMCTBA Pa3IUYHBIX NPOLECCOB PACCESIHUS M MPEBPALIECHUS B MHUPE DJIEMEHTApPHBbIX yacTul. Du3ukw,
paboTaronie B paMKax 3TOM MOJeNH, YTBEPXKAAIOT, YTO BCE MX IMPEACKa3aHUs MOATBEPKICHBI
sKcniepuMeHTanbHo. Ho 3Ta coBepuieHHas (M3-3a OTCYTCTBHSI YEro-TO JIYYIIETO) MOJCIb HE MOXKET
NpeAcKa3arb JaXke MacChl JJIEMEHTApHBIX dacThl, no3toMy CM Hens3s paccMarpuBaTh —Kak
OKOHYATEIbHYI0 TCOPHIO DJIEMEHTapHbIX uacTull. B cranmaptHoit Momenu (CM) maxe OTCYTCTBYET
QITOPUTM pacueTa Macc-CIIeKTpa 3JIeMEeHTapHbIX dactui. Y CM HeT TeopeThdecku OOOCHOBAaHHOTO
aIropuTMa JJIsl pacdeTa MacChl CIIEKTpa M HET uieu, kak 3to caenarb! CM conmepxur or 20 go 60
IPOM3BOJILHO HACTPAWBACMBIX MTapaMeTpoB (CyriecTBYIOT pasubie Bepcun CM) [uis pacyera Macchl YacTHIL.
Bce 310 cunpHO HanmomuHaeT cutyauuio ¢ Moaensimu Iltonemess ConHedHOM CHUCTEMBI A0 MOSBICHUS
3akoHOB Kemiepa u wmexanuku HproToHa. Hu Ttoueunas rumoTe3a, HHU yCTapelbld MPUHIUII
JIOTIOJIHUTEILHOCTH bopa He OKa3ajauch MOJIE3HBIMU JIJIsi IOHUMAHUS CTPYKTYPbI JIEMEHTApHBIX YaCTHUIl U
pa3pabOTKH KBAaHTOBOW TEOPHH TMOJS B pamMkax npuHATOM mapaaurmbl. OTkpeiTHe B BAK Tspkembix
pe3onancoB 0o3ona Xwurrca (Macca 12513B) B 2012 rony ¢ pp-COyIapeHUSMU MPH BBICOKUX DHEPTHUAX
Bpojie ObI TTOATBEPAMUIIO CIPABEIJIMBOCTh MPEICKAa3aHUK aBTOPOB Teoperndeckux padot I1. Xurrc u .
DHrIep, onyOIMKOBAaHHBIX 3a TMOJBEKA A0 OTKPHITHI. ABTOpaM Oblna mpucyxkiaeHa HobeneBckoit mpemun
no ¢usuke B 2013 rogy ¢ GOpMYITHPOBKON: «TEOPETHUECKOE OTKPBITHE MEXaHW3Ma, KOTOPBIA MOMOTaeT



HaM MOHSTh MPOUCXO0XKIEHUE MacC CyOaTOMHBIX YacCTHI] M KOTOPBIA HEJaBHO ObUT MOATBEPXKACH Omaroaaps
OTKPBITHIO HOBOM IIPEACKAa3aHHOM 4YacTHULBI Ha bosblIOM agpoHHOM Koiuiaizepe ». Bcee, uro rteneps
M3BECTHO O HOBOM YacTHIIE, XOPOLIO COTjacyeTcsi ¢ ee MHTeprperanueil 0030Ha Xurrca, mpeacKka3aHHOro
TEOpUEH 3JEMEHTAPHBIX YacTHUI] B paMmkax Ipocteiimero Bapuanta CM. Cuwurtaercs, yto mose Xwurrca
3amonHseT Bclo Bceemennyro. Ho BoO3HHMKaeT BONMpOC: «B3aUMOJEHCTBYS C IMOJEM XUITCA, BCE YAaCTHIIBI
npHOOpETaloT Maccy, HO 0030H XWITca W3 3TOr0 YHHBEPCAIHLHOTO MEeXaHW3Ma BhiMagaer! DTo janeko He
Npa3AHbIA BONPOC, 3Ta JBYCMBICIEHHOCTh (YyHJAaMEHTallbHA W 4YpeBaTa 4Ype3BbIUalHO CEepbEe3HBIMU
nocneactBusimMu st CM ». B atoit cBsi3u akagemuk PAH B.A. Py6akoB B crathe «b030H Xurrca» 3amaer
BOIpOC: «3adeM HY)XHO HOBOE mojie Xurrca?», I cam orBeuaeT: «KpaTKuii OTBET 3aKII0YAETCS B TOM, UYTO
CUMMETpPUHU TEOpUU MUKpomHpa — Oyas To CTanaapTHas MoJeIb WIHM Kakas-To Ooyiee CIoKHas Teopus -
3alpellaoT 3JIEMEHTAPHBIM YacTHIlaM HMETh Maccy, a HOBOE TII0JIe HapyllaeT 3TU CHUMMETPUU U
obecreurBaeT CymecTBOBaHue Mace Yactuil. B CTaHaapTHON MOJCIH - IPOCTEHIIIEM BapHaHTe TEOpUH (HO
TOJILKO B Heii!) - Bce CBOWCTBA HOBOI'O TOJSI M, COOTBETCTBEHHO, HOBOTO 0030HA, 332 MCKIIFOUCHHUEM €ro
Macchl, OJHO3HAYHO TNPEJCKA3bIBAIOTCSA OMATH-TAKM Ha OCHOBE COOOpaxeHH cummeTrpuu ». Takum
o0pa3oM, BOIPOC O Macce caMoro 0o3oHa Xwurrca OOBIYHO BBIBOIUTCS M3 paccMorperus CM. Ceronus
CYLIECTBYIOT JIB€ aJbTEPHATUBHBIX TEOPHUH, HE TOJIBKO OOBSICHSIOUIME TPOUCXOXKIECHHUE MAaCChl Y
DIIEMEHTApHBIX YacThil 0e3 ydactuss 0030Ha XUITCa, HO M MPEIJararolue TeOPETUYSCKUE aNTOPUTMBI
pacueTa CreKkTpa Macc 3JeMEeHTapHbIX JacTull. Ito YHurtapHas Ksanrosas Teopus (YKT) JIsBa Camoruna
u teopusi broona (TB) IOpus baypoBa. O6 VKT mnpodeccopa JI.I'. Canoruna, s yxe YIOMHHAI B
NpeapIayIeM MUChbMe U ceiuac a00aBito Heckoyibko cioB. CormacHo UQT JI. CamoruHa, 4acTHibsl Kak
crycTku (BOJIHOBBIE TAKETHI) PEabHOTO MOJISI ONPEICNISIOTCS CTPYKTYPHOH (yHKIHEH ¥ MOTyT OBITh
pa3ioKeHbl Ha IJIOCKHE CHUHYCOUJANbHBIE BOJHBI C MOMOIIBIO IpeoOpazoBanuil psga dypwe. CTpykTypa
3IeCh  NPEACTaBJICHAa KaK TapMOHHUYCCKas  aMIUIMTYIHO-4acTOTHas  QyHKIUs  (CHEKTpalbHOE
npejcTaBieHue). KBaHTOBas yrmakoBKa CTAHOBUTCS KJIACCHYECKOM C YBEIMYCHUEM MAcCChl U KBAHTOBAaHHEM
Macchl B TOHKOM OajlaHce MEXIy TUCIepCHel U HETMHEHHOCThI0. DU3HMUECKUIl CMBICI 3TOTO YpEe3BbIYANHO
OBICTPOro Koje0aTeNbHOro IMpoliecca 3aKJIoYaeTcsi B TOM, YTO IIOCJIE€ BHEIIHEro BO3JCHCTBUS Ha
KBAaHTOBBII BaKyyM, KOTOPBIH MpeacTaBiseT cOOOH TiIo0anbHOE MOJe CYNEpHO3ULUi OCHHIUIATOPOB C
KOHTHHYYMOM YacTOT, B HEM BO3HHMKAeT BOJIHOBOM MakeT, KOJEONIOIIMICcS Kak MeMOpaHa WM CTpYHA.
YacroTa wg 3TUX CBOOOJHBIX KOJeOaHUI OYEHb BBICOKA: OHA MPOIMOPLHOHATIbHA YHEPTUH MTOKOS YaCTULIbI U
paBHa yacToTe Tak HaspiBaeMoro apoxanusi Ilpemunrepa (“zitter-bewegung”)ws = ”;—:, y=4/1-v* /c*.
]
Brrurcnenus: moka3bIBalOT, YTO JUTMHA BOJTHBI OTHOAONICH B TOYHOCTH paBHA JIJIMHE BOJHBI J¢ bpoiins, u
3aBUCUMOCTh 3TOW JJIMHBI BOJHBI OT CKOPOCTH IMakeTa ojuHakoBa! BHyTpu JBUXKEHUS BO3HHUKAIOT

xoneOanus e bpoilns ¢ wactorolt wg = ”;—L BCJIEACTBHE Aucnepcuu. IIpu ManbIX SHEPrusx ws >>wg U
LY

HAJIMYUU OBICTPBIX COOCTBEHHBIX KOJeOaHMN He BIUSAET BCE KBAaHTOBBIC SBIICHHS, BO3HHUKAIOUIME B
pesyabTare Kojebanuit ae bpoitna. B cmydae, korga V — C, yacTota wy— ws (4aCTOTa pe30HAHCA (),

BO3HUKAET SBJICHHE POCTa DSHEPTUU M PE30HAHCA, KOTOPOE MPHUBOJIUT K YBEIMUYEHUIO OCHUIUIAPYIOMIEH
AMIUTUTYIBI U YBEJIHUYECHHIO MacChl KBAHTOBOro 00bekTa M, = h w, / €2 [1]. [Ipyroii MexaHH3M IeHEpaluu
Macchl 3JIEMEHTapHbIX YacTull ObUT npeaioxker npodeccopom FO.A.baypoBsimM B ero HOBO# Teopuu broona
(TB) [2]. OcHOoBHBIM 00BEKTOM It 0Opa3oBaHust Macc JienToHOB B Th sBisercst o0bekT 4B, KOTOpBIi
BO3HUKAET B MPOIECCe MUHUMM3AINH MOTEHIIMAIBLHON dHeprun O0rooHa. OCHOBHAs 4acTh MOTEHIUATHHOU
SHEPTUHM TMEPEeXOJAUT B HSHEPIUI0 BpalieHHs (CMMH) dJeMeHTapHBIX dYactui. OcTaTovHas YacTh
oOpabarbiBaeTcst Kak Macca 4acTull. /st aeKTpoHa MUHUMANIbHAST OCTaTOYHAsl TIOTEHIIMANbHAS YHeprus E
= 335B. Buyrpu Tb ¢uzndeckoe npocTpancTBo 0€3 4acThIl U3 OAPUOHHOW MaTEPHUH MPEIACTABIAET COOO0M
KBaHTOBYIO Cpefy, oOpa3oBaHHYIO OrooHamu 4b, umeromuMu UHTEpBal HeonpeaeneHHocTH [ eiizenOepra.
Pa3maspiBanne 00bekTOB 46 Bo BeenenHoii co3maeT Habm01aeMyto TUIOTHOCTh MaTepun Bo BeenenHoit pv
= (0.721 + 0.025) - 18 g - cm(remuas SHEpPrus U TEMHAs MaTepusi) U COCIUHSIECT BCE OOBEKTHI
Bcenennoit B ogHoM wuHpopMmanuoHHOM mojie [2]. S mMor Obl IMPHBECTH COJIMIHBIA MaTEeMAaTHYECKUN
amnmapar, pa3pa0OTaHHBI aBTOpaMH STHUX TEOPUH, HO ITO MOXKET YBECTH HAC JalleKO OT TE€MbI MHUCHMA,
103TOMY sI OTchlIat0 Bac k mepBoucTounuku [1, 2]. [Ipexae yeM nepeitu K CleayroIeMy BOIpoCy, 1 X0qy
NPUBECTH TIPOTHO3 OTHOCHTENbHO Oymymero CM, BbICKa3aHHBIM y4YacTHHKOM OTKpbiTHs Ha BAK
TaWMHCTBEHHOTO BCIUIecKa naHHbIX npu 28 3B, Pomxkepa bapnoy, onyonukoanusiii 13 Hosi0pst 2018roma
«Ecnu 9Ta yacTuia JeiCTBUTENHLHO CYIIECTBYET, TO OHA JOJDKHA OBITh 3a Mpe/ielaMy CTaHJapTHON MOENH,



r7e ee HUKTO He oxkunai. [lomoOHO ToMy, Kak HBIOTOHOBCKasl TpaBUTAlIMsl YCTYMHIIa MECTO 001Iel Teopuun
OTHOCHUTEJIBHOCTH OHHINTEWHa, cTaHaapTHas Mojenb Oyner 3ameHeHa. Ho 3amena He Oyzaer
COOTBETCTBOBATh KaHAMJIaTaM, KOTOPbIE YK€ ObLIN MPEIOKEHBI ISl paCHIMPEHUsl CTaHAAPTHOW MOJEIH:
BKJIIOYasl CyNEepCUMMETPUIO, JAOMOJHHUTENbHbIE U3MEpPEeHUs: U Teoputo Bemukoro oOwenunenus. Bee onn
npeiaraloT HOBBIE YACTUIIBI, HO HU OJIHA M3 HUX HE 00JIaJJaeT TaKUMHU CBOMCTBAMHU, KOTOpPbIE MOTJIH OBITh
00HapyXeHbI. DTO JOJIKHO OBITh YTO-TO HACTOJBKO CTPAHHOE, YTO HUKTO HUKOTAA HE Tpeiarai 31o.» [3].
Yactuiy ¢ maccoit 28.9354I5B npodeccop JI.I'.Canorun npenckazan teopernuecku B 20074, To ecTh 3a
11 net 1o ee SKCIEPUMEHTAIBHOTO OTKPHITUS. YacTuia ¢ Takoi Maccoil mpuBeeHa B o0miel Tabauie Bcex
3JIEeMEHTapHBIX YacTHIl, BKItouasi Maccy bo3ona Xwurrca, Takke npeackasanHoro CamoruHeiM, 3a 5 jer 10
€ro SKCIIEPUMEHTAIBLHOTO OTKPBITHS [4].

Tenepr s cpaenaw TMOMNBITKY OYEPTUTh TPaHUIBl AJACKBATHOIO OMHCAHUS PEATbHOCTH IS
«CBSIIIEHHON KOPOBBI» B Mupe Teopetrdeckort ¢puszuku - CTO u OTO Ansbepra Diinmreiina. Ceroans B
dynaameHTanbHONW (pu3MKe TpeOOBaHHE PENATUBUCTCKON MHBAPUAHTHOCTU SIBISICTCS BXOJIHBIM OHIIETOM
Uit mo6oi Oynymeit Teopun. HeoOpaTtumble mporiecchl, Takhe Kak pOXJIEHHE 3JIEMEHTapHbBIX YacTHIl B
BaKyyMe, IMBITAIOTCS BTUCHYTh B MPOKPYCTOBO JIOKE€ WMHBAPUAHTHBIX, CHUMMETPUYHBIX pELICHUN
OiHITeHa. PensiTuBMCTCKasT WHBApUAHTHOCTh, HMEIOIIAs B  CBOCH OCHOBE CYOBEKTHBHBIC
IPOCTPAHCTBEHHO—BPEMEHHBIE  IPEACTABIEHUS  HE  COIVlacyeTcsls C  KBAaHTOBO-MEXaHUYECKOMU
HEJIOKAJTbHOCTBIO, UMEIOIel O00BeKTHBHBINA Xapaktep [5]. B 3ToM mposiBisieTcs riiyO0okoe BHYTpPEHHEE
MPOTUBOPEYNE KBAHTOBO-PEJIATUBUCTCKONW TEOPUM TOJIS, MPUBOJAIIEE K HEMPEOJOTUMBIM TPYAHOCTSIM B
pelieHnd TpobsieMbl KBAHTOBOM TEOpWUHU TpaBUTALMM, €IWHBIX TEOPUM U BBIBOAA MpPEICTaBICHUI
IPOCTpPaHCTBA-BpeMeHH U3 (pu3uku Mukpomupa. Heo6xonumMo OoTMETHTB, 4TO JH0O0H KBAaHTOBBIM MpoIece
POXIEHUS TIap U3 BaKyyMa COMPOBOXKIAETCA pa3IMUYHBIMU MHOTOYACTUYHBIMU Tpoueccamu. B KO/I no cux
MOp HET TMOJIHOM SICHOCTH, KaK PElINTh MPOOJIeMYy POKICHUS Map SJIEMEHTAPHBIX YaCTHUI] M aHTUYACTHUI] B
BAKyyMe IOJ JCUCTBMEM BHEIIHMX MOJIEH, OMUPasCh Ha COOTBETCTBYIOIME ypaBHeHUsa Kielina-I'opaona-
®oxka u [upaka. Jlj1g1 HEKOTOPBIX M3 TAaKUX IOJIEW YAACTCS IMOCTPOUTH COOTBETCTBYIOLIYIO KBAaHTOBYIO
Teopuro moJs Jlupaka, HO B LEJIOM BO3HUKAKOT HEMPEOJOJIUMbIE TPYAHOCTH, CBSI3aHHBIE C POXKICHUEM M3
BaKyyMa Map KOPOTKOXHUBYIIMX YaCTUIl U AHTUYACTHI], IPUBOMASIIUX K HEJIMHEHMHBIM MHOTOYACTHYHBIM
3aga4dam [6].

HoBeie TeopeTmueckne HEIMHINTEWHOBCKHE MOJEIM BKJIKOYAKOT HOBBIE THUIIBI B3aUMOJAECHCTBHUS,
KOTOpBIE MOTYT MPHUBECTH K HAPYUICHUIO MPUHLHUIIA 3KBUBAJCHTHOCTH, BapHalUsaM (QyHIaMEHTaTbHBIX
KOHCTaHT U HapylieHuto cummerpuu Jlopenna [7]. DTo onpenenseT mpeaesibl IPUMEHUMOCTH YpaBHCHUN
OTO DiiHmTeitHa paMKaMHd OOpaTUMBIX TIPOIECCOB B CTallMOHAPHOW, 3aMKHyToW Bceenmennoit. Jlms
OTKCaHMsI HEOOPAaTHUMBIX MPOLIECCOB B U3MEHSIOLICHCS BO BpEMEHH, OTKPBITO BcereHHO# HYXHBI HOBBIE
teopur [5, 8, 9, 10]. Ha ceroaHsmHuii JOeHb JOCTOBEPHO H3BECTHO CYIICCTBOBAHHE YCTHIPEX
(yHIaMEHTabHBIX B3aUMOJACHCTBUN (MCKiIOYass mose XWITCa). TPAaBUTALMOHHOE B3aMMOJICHCTBUE;
AJICKTPOMArHUTHOE B3aMMOJICUCTBHE, CHJIBHOE B3aMMOJICUCTBHE, cllaboe B3aWMOJEHCTBHE. AHaIu3
OKCIIEPUMEHTAJIBHBIX JaHHBIX, CBS3aHHBIX C WCCIEAOBAHWEM AaHM30TPONMUU (PUINIECKOTO MPOCTPAHCTBA,
MO3BOJISICT TPEANOI0XKHUTh CYIIECTBOBAHME MATOr0 B3amMmojeicTBus (msToi cuisl) [11]. KBantoBsbIid
BaKyyM Yy4YacTBYeT BO BCeX ()YHIAaMEHTAIbHBIX B3amMoAeicTBUsAX. ClieyeT OTMETHTh, YTO OTKPBITHE
SIBJICHUS TOJIAPU3AIMH KBAHTOBOTO BaKyyMma (TEMHOW MaTe€puHu) B TEOPHUSX KBAHTOBOH 3JEKTPOANHAMUKU
(KD) u xBanToBO# XxpomoauHamuku (KXJ) mprBoANT K HAPYIICHHIO CHMMETPUH, 3aKOHOB COXPAaHCHUS U
3anperoB B CtangaptHoi moxaenu. Kaxnas cummerpus B SM umeeT cBoit 3akoH coxpaHeHus. Hampumep,
CUMMETPHUS OTHOCUTEIBHO BPEMEHHBIX CIBUIOB COOTBETCTBYET 3aKOHY COXPAHEHMsI SHEPIUU, CUMMETPUU
OTHOCHUTEJIBHO CJIBUTOB B IIPOCTPAHCTBE - 3aKOHY COXPAHEHMSI HMMITYJIbCA, & CUMMETPUM OTHOCHTEIIBHO
BpalllcHUd B TPOCTpPaHCTBe (BCe HANpAaBICHHUS B TMPOCTPAHCTBE OKBUBAJICHTHBI ) COOTBETCTBYET
COXPaHEHHMIO MOMEHTa HMITYJIbCca. 3aKOHBI COXpPAHEHHUS MOTYT OBbITh MHTEPIPETUPOBAHBI KaK 3alpeThl:
CUMMETPHUU 3aMPENIaloT U3MEHEHUE YHEPTUU, UMITYJIbCA U MOMEHTA UMITyJIbCca JJIsl 3aMKHYTOMU CHUCTEMBI B
npolecce ee pa3BUTHsA. Y4acTHe KBAaHTOBOIO Bakyyma (TEMHOW MarepuH) BO BCEX B3aMMOJCHCTBHSIX
NPUBOJIUT K OTKa3y OT MapagurMbl 3aMKHYTOW CHUCTEMBI SBOJIIOLIMU U TpeOyeT mepecMoTpa BCEX 3aKOHOB
COXpaHEHHUS U CUMMETPpUi. TOJIBKO ¢ TOYKH 3pEHUs HOBON (DU3UKHA MOXKHO OOBSICHUTH IPUHITUI ACHCTBUS U
TEXHOJOTUI0 MHKpPOBONHOBOro jsurarenss Pomxepa Illoyepa EmDrive, neurarenss bBaypoBa wu
AHTUTPABUTAIIMOHHOTO KBAaHTOBOTO jaBurarens JleoHoBa, peaktopa E-catAnapea Poccu, reneparopa Ilona
baymana «Mammna Tecratuka M». / L Converter »,HoBblii ucTouHMK 3Hepruu JIpBa CarmoruHa,



topcronHas niepemada ['. [llunosa, cucremsr Hukoma Tecna s 6ecipoBogHOM TIepeadn SHEPTUU U TOMY
no00HoE.

W nakownen, teopus snekTpoauHamMuku MakcBemna. Eme B Hauane 20-0ro Beka CTaio sSCHO, YTO
aNeKTpoarHaMUKa MakcBemia TpeOyeT mepecMoTpa W JallbHEUIero coBepiieHCTBOBaHMs. Ho mpomuio
601seel00 neT, a 9Ta 3a7a4a HE BHITIOJIHEHA W ceroaHs. B pe3ynbrare ypaBHeHHs MakcBeia OKa3aauch
OTJICJICHBI OT WMCXOJHOW MOJENHU CPEeIbl, B KOTOPOH TOKH MPOBOJMMOCTH M CMEIICHHS] WIrpalid BIIOJIHE
omnpezeneHHyl0 (u3ndyeckyio poib. C 3TOro MOMEHTa JJIEeKTpoAMHAMHMKA MakcBelaa JHUIINIach
MPAKTUYECKH JTF000H BO3MOXKHOCTH CBOETO JOIOJIHEHN S, U3MEHEHUS 1 COBEPIIICHCTBOBaHUS. B HacTosiee
BpeMsl B DJJEKTPOAMHAMHMKE HAKOMMUJIOCh MHOTO IPOTHBOPEUYMH U MapajioKCoOB, KOTOPbIE B paMKax
TEOPETUYECKUX MpPEJCTaBICHU He UMeIT o0bsicHeHud. IlpuBeny QaxTel, yka3bplBaroniye Ha
HEOOXOIUMOCTh MOJICPHHU3AIUU TCOPHH SICKTPOAMHAMHUKH

1. CpaBHUTENBHO CKPOMHBIE PE3yJabTaThl MHOTOJIETHEW paboThl KoJuiekTHBa HarmonaasHOTO
HCCJIEIOBATENLCKOTO IeHTpa «Kyp4aToBCKHII MHCTHTYT» HAJl CO3JIaHUEM TEPMOSEPHBIX PEaKTOPOB Ha
0a3e TOKamMakoB, BO MHOTOM OOYCIIOBJEHBbl 3HAYUTENIbHBIM OTIMYHUEM pPEabHOM 3JIEKTPOIUHAMUKU
TOKaMaKOB OT JJIEKTPOJWHAMHUKH, OMUCHIBAEMON HAa OCHOBAHUU KJIACCHUYECKUX YpaBHEeHHU MakcBesia.
PaboTel rmaBHOTO Hay4HOro cotpyauuka Cubupckoro otaenenust PAH mpodeccopa B.B.Akcenosa [12] ,
MO3BOJIUJIN YCTAHOBUTD, YTO CJIOKHASI KOH(PHUTYpaIUsl CUIIOBBIX JTHHUI MarHUTHOTO TOJIsS BHYTPU TOKaMaka
OTIIMYAETCS OT TOPOUAANBHOM, B pe3yabTaTe YEro YacTUIIBl Tropsueil Iuia3mbl B «OyOIMKe» TOKamaka
YCTPEMIISIFOTCS. TIO CHJIOBBIM JIMHUSIM MarHUTHOTO TIOJISl TIPOU3BOJIBHON TOIOJIOTHH K CTEHKAM TOKaMaka u
paspymaioT ero. Buxpu HECHIOBOTO TOPOMAAIBLHOTO MAarHUTHOTO TOJISi CO3JA0T CHUJIOBOE MOJIOMAATBHOE
MarHUTHOE TI0JIE W HAo0OpOT. DTO OAWH U3 BAPUAHTOB TaK HA3bIBAEMOTO JHWHAMO-BO30YKIEHUS
MarHuTHOTO MoJist. YeM HampsikeHHee TOpOMIadbHOEe MarHUTHOE TOJIe, Co3aBaeMoe 0OMOTKaMH TOPOM/IA,
a OHO B TOKamake pgocturaer 3-5 Tn, TeM UWHTEHCHUBHee OyAeT CO3JaHHOE€ WM JOTMOJHHUTEIHHOE
MOJIONIaJIbHOE MarHuTHoe Tmose. MakTUYecKd TMPOUCXOIUT CaMOBO30YXJIeHHE U OeCKOHTPOJIbHOE
HapacTaHWE MAarHUTHOTO TIOJNSl PA3MUYHON TOMOJOTHH, OTJIMYHOW OT TOPOMJAIBHOHM, 3a CYET Ccamoro
MarHUTHOTO TOJii BHYTPU TOKaMaka, IpH MOSBICHUM B HEM MPOBOAAIIEH IUIa3Mbl. JTO MPUBOAMUT K
HEKOHTPOJIMPYEMOI HEYCTOMYMBOCTH IIa3MEHHOTro mHypa. [Iporecc caMoBo30yxaeHust OyneT HapacTaTh
MPAKTUYECKH MTHOBEHHO 3a CYET B3aMMHOW I'eHepalluy BhINIE YIIOMSHYTHIX MarHUTHBIX mojieil. B pabore
[12] B3aumHast reHepalysi CUIOBBIX U HECUIIOBBIX MAarHUTHBIX MOJieH odopmiisieTcst B.AKCEHOBBIM B CTPOTO
MaTeMaTuyeckux (opMmyliax, a BO3HUKHOBEHHE OTHX TIIOJeH OmpenensieTrcs TEOpeMOd O IOJHBIX
AIIEKTPUUYECKUX TOKaxX B CepuuecKux o0yacTsx. Bce BBIIEH3NOKEHHOE YKa3bIBaeT Ha OIIMOOYHOCTH
COCpEIOTOYEHUE UCCIIEJOBAaHUM TOJIHKO HA MATHUTHBIX IMOJIAX U OTKa3a OT U3YyYEHUS AJIEKTPUUYECKUX TOKOB
OpU pacueTe 3JIEKTPOAUHAMMKM ToKaMakoB. CeromiHsd B MOACPHU3MPOBAaHHOM TokKamake T-15 B
KypuaToBCKOM HMHCTUTYTE BpeMsl YACp)KaHHsS IJIa3Mbl B CTAIHOHAPHOM pPEXHUME cOocTaBisieT meHee 1c.(B
MPOCKTE 3aJI0%KeHO Bpems 5-1().

2. [TapagokcanpbHO, HO YypaBHeHUs MakcBemia B cBoed nuddepeHmansHO  dopme
OKA3bIBAIOTCS HE MPHUEMJIEMBIMU JUIsI ONWCAHUS SIBICHUS DJIEKTPOMArHUTHOW WHAYKIHUUA TPH pabore
00BIYHOTO TpaHchOpPMATOpa, TaK KaK  BHXpPEBbIC dnekTpudeckue moist E(r) uHAyKIuH, B MPOCTpAaHCTBE
OKOJI0O TpaHcopMaTopa, HHIYNHUPYIOTCS BHE 3aBUCUMOCTH OT HAJIMYUS B 3TOM JK€ MPOCTPAHCTBE
U3MEHSICMBIX BO BpeMEHHM MarHUTHBIX mosieii H(r), T.e. mpu ycioBuw: dH/dt =0 /Ipyrumu cioBamu, st
1100011 TOUKM MPOCTpaHCTBA [ OKOJIO TpaHchopmaropa A nuddepeHInalbHbIX ypaBHEHU MakcBea,
UHAYKIHS BUXPEBOro ayiekTpudeckoro moyigs E momxHa BooOmie orcyrcTBoBaTh. OQHAKO, pealbHOCTh
CYIIICCTBOBAHMSI MAarHUTHBIX TOJICH B 3NieKTpuuecku BoctpunMunuBoil cpeae (€0, u0) s moboi Touku
MPOCTPAHCTBA OKOJIO OOMOTKM HaMarHMYKWBAaHUS IEPBUYHOTO KOHTYpA JIETKO YCTaHOBUTH, IOMECTUB B 3TO
POCTPAHCTBO OOMOTKY HaMarHMYMUBaHKS BTOPOTO 3aMKHYTOTO KOHTypa [13]. B pe3ynabTare MarHuTHOTO
B3aMMOJICHCTBHS C MEPBUYHBIM IOJIEM, BO BTOPUYHOM KOHTYpPE T'€HEpUPYETCS dHEPrus, KOTOPYI0 MOXKHO
3aperucTpupoBath. ITOT d3hPekT puznk-u3zodperarens AHApe MeTbHUYSHKO UCTIONB30BAN JJIs CO3/IaHuUs
cBoero «rpancreneparopa» ¢ KIIJ[>100% , paGoTaromiero BONpPEKH BCEM 3aKOHAM KaK KJIACCHYECKOU
ANEKTPOAMHAMUKN MakcBesia, Tak U KBAaHTOBOM AJEKTPOAMHAMUKU. B crathe «I Bce-Taku OHA CBETUTHCS»
A.MenpHUYEHKO OIHKCHIBAET MPOCTOM OMBIT C JBYMs JIAMIOYKAMH SICHO U 3pUMO IOKAa3bIBAIOUIUM, YTO
<«OHEPTUs BTOPUYHOTO MAarHUTHOTO TOJISl, CHHMAaeMOTO C OJJHOTO UM HECKOJIBKUX BTOPHYHBIX KOHTYPOB C
(beppuUTOBBIMU CEPICUHUKAMH, OTICIIEHHBIMH OT EPBUYHOM OOMOTKH TUAJIEKTPUKOM, JAET CYLIECTBEHHYIO
npuOaBKy K 3JCKTPOIHEPTHH, IOJNYy4aeMOW OT HMCTOYHHMKa Toka» [14]. [Ipu 3aMblkaHUM TEPBUYHOTO
KOHTYpa, B HEM 3aropaeTcs JIaMIIo4Ka, TOYHO TaKas K€ JJaMIIOYKa 3aropaercss U BO BTOPUYHOM KOHTYpE,



OTJICJICHHOM OT IEPBUYHOIO HEOOJIBIIUM IMPOMEXKYTKOM, HO TOPUT OHA 03 BCSAKHUX 3aTpaT SHEpPruu
NEPBUYHOTO KOHTYpa. JIOTONHUTENBHYIO <«JIapOBYIO» DJHEPrHI0 B  «TpaHCTeHepaTtope» AHapei
MenbHUYEHKO OOBSCHSAET BO3MYILEHUSMU CPEbl B TPOCTPAHCTBE MEXIYy (eppoOMarHuTHBIMU
Cep/ieYHUKaMHu ¢ 0OMOTKaMH, pa3/IeIeCHHBIMA OTHOCUTEIBHO HEOONBLIMMHU 3a30paMU U3 TUIJICKTpHUKa (2-
3vm.). DeppHTOBBIC CEpACYHHKH, IMOMEIICHHBIE B O3TO IMOJ€, YCHJIMBAIOT 3JICKTPOMArHUTHBIC
XapaKTepPUCTHKH cpeabl (€,1L) 32 CYET pe30HAHCHOW CIIMHOBOM MOJISIPU3AIMK JOMEHOB. 3aMeHa ()epPUTOBBIX
CEpJICYHUKOB Ha CEPJACYHUKU U3 AIEKTPOTEXHUYECKOW CTalIM MOXKET YCHINTh 3G (EeKT reHepanuu ToKa BO
BTOPUYHOM KOHTYpPE B JCCITKH pa3, MOCKOIbKY B (heppuTax IEKTPOMArHUTHAS WHAYKIUS JTOCTHTaeT HE
6omee 0,4 — 0,5Tn , a B 27EKTPOTEXHUUECKOM CTaT MarHUTHas MHAYKIHS pocturaet 1,5 —2Tn u Gosnee.
DT0 MOATBEPKAAIOT IKCIIEPUMEHTHI A. MenpauueHko [14].

3. CaMm MakcBenn ykas3blBaJl Ha Hajgu4uMe TPYJHOCTEH C INPUMEHEHUEM CBOMX YpPaBHEHUH K
HE3aMKHYTBIM 3JIEKTPHUECKUM TOKAM M OTJIEIbHBIM AJIEMEHTaM TOKa. TpyIHOCTH ATH 3aKIIIOYAIOTCS B TOM,
YTO JUIS HE3aMKHYTHIX TOKOB OJHAa, HE paBHas HYIIO MPOCTPAHCTBEHHAs Npou3BojHas [OtA = H
BEKTOPHOI'O MTOTEHIIMAa A, YK€ HE MOXKET ONpPEAENsATh €ro NoJHoCThi0. OOHapyKUBAeTCs CyIIECTBOBAHUE
elie JApPyrod, HE paBHOM HYNIO, MPOCTPAHCTBEHHOW mpou3BoaHo dIVA # 0 3TOro ’xe BEKTOPHOTO
noTeHIana A. B o0mieM ciydae BEKTOPHBIN MOTEHITMAT A MOXKHO MPEICTABUTh B BUJIE CYMMBI BUXPEBOH U
MOTEeHIUATbHOU KOoMIOHeHT A= Ar + Ap. OxasbIBaeTcs, 4TO NPSIMOJTHMHEHHBIA OCCKOHEUHBIH TOK HE
CO3/a€T CKaJSPHOIO MAarHUTHOTO IOJIS, a JJIEMEHT TOKa KOHEYHOH HJIMHBI CO3[aeT KaK BEKTOPHOE
marautHoe mosie  Hr = rot Ar, tak u ckamspHoe marautHoe noie Hp = -div Ap . [Tockonbky
M30JIMPOBAHHBIN AJIEMEHT TOKa TPYIHO ce0e MPeaCTaBUTh, TaK KakK JUIsl 3TOr0 HEOOXOAUMBI UCTOK U CTOK
3aps/I0B, MPEACTABIACT MHTEpeC KOHUrypalus moyieid B Oosee pealbHOM ciyyae 3aMKHYTBIX TOKOB, B
YaCTHOCTH JIJIS 9THX IIEJICH MOKET CIYXKHUTh Topou [5] min «O0yomuk» Tokamaka [15].

Corpynaukn MAN HN.M.Arees u ['.I'. IlMIIKMH [peasoXuiau MOAEPHU3ALUIO YpaBHEHUN
JNEeKTPOAMHAMUKN MakcBemia Ha 0a3e MOCTYJIUPOBAHUM JIOMOJHUTEIBHOTO MAarHUTHOTO TOJIsl, KOTOPOe
MOPOXKIAET CUITY, OTIUYHYIO OT MOMEPEYHBIX cuil JIopeHIla u IeHCTBYET BIOJIb HANIPABIICHUS IPOTEKAHUS
TOKa B IUIa3MEHHOM IIHYpe Tokamaka. Hanuuue ckalsspHOrO MarHUTHOTO MOJIS M TOPOKIAeMON UM
NPOJIOJIHOM CHJIBI TOATBepkaatoT 3ddexter  AaponoBa-boma[7], a Taxke pabotel [.HuxosaeBa[l6].
Bripaxkenue 1715 MIOTHOCTH MOTOKA 3JIEKTPOMAarHUTHON SHEPTHUH HUMEET BU:

S=(E xHr)+ (E xHp) (1)

I'eneparust mpoJOIBLHOTO B3aUMOACHCTBUS MPOUCXOAUT MPU M3MEHEHUHU 3JI€MEHTa TOKa, KOTOPBIH
MOPOX/IaeT HE TOJBKO BHUXPEBOE MArHUTHOE II0JIe, HO M CKaJlspHOE MarHUTHOe mose. l3MeHeHue
CKaJIIPHOTO MAarHUTHOTO IOJISI SKBUBAJIEHTHO 00Pa30BaHUIO FIEKTPUUECKUX 3aps/I0B, U3MEHEHHE KOTOPHIX,
B CBOIO OUY€pE/b, MOPOKAAET NOTEHLIMANIBHOE IeKTpUuecKoe noie. [IporosbHas BojiHA pacpOCTpaHsaeTcs
BIOJIb OCH TOpOWJa B IUIa3MEHHOM IIHype Tokamaka. Omupasch Ha pe3yJbTaThl 3KcrepuMeHToB [17],
npejiaraeTcst 0TKa3arbes oT KanOpoBKu JlopeHiia, a BMECTO 3TOro MPUHATH BBIPAXKEHUE IS TUIOTHOCTH
MOTOKA AJIEKTPOMArHUTHOM SHEPTUU B BUJE:

= - divA —\e0u0 dp/dt (2)

OueBHIHO, BBEJEHHBIE TaKUM OOpa3oM IMOTEHLMAIbl JOMYCKAIOT 3HAYUTEIbHYIO THOKOCTH B
UCIIOJIb30BaHUM ypaBHeHUH MakcBemna. B kmaccuueckom cinydae nmonaraercst S =0. [Ipu ncnonbs3zoBanun
kanubposku (17) npu A=0 monydaeTcst KyJOHOBCKast KaTnOpoBKa, a mpu A=1 umeeM KkaauOpoBky JlopeHiia.
Ecnu He mpenmnonarath paBeHCTBAa HYNIO BeIpakeHUs g S, To npu A=0 ckaisipHOe mose nmpuodpeTaer
CMBICI HOBOTO MPOJOJBHOIO MAarHuTHOro mois. JlanpHelme mnpeoOpa3oBaHUsT POU3BOIATCS

CTaHJApTHBIM 00pa3oM, YTO B UTOTE MO3BOJISET MOJIYUYUTh CICIYIOIIYIO CUCTEMY YPaBHEHUI:
dE/dt — rotH — grad S =0,

dH/dt + rBt= 0, (3)
div E — dS/dt = 0,
divH=0

Jlns mpocToThl BocmpusaTus ypaBHeHuil (17) paccMOTpeH ciiydail OTCYTCTBHSI TOKOB M 3apsiIOB U
npunsro €0=p0 =1 [15].

Urnopupys HOBoe cKallipHOE€ MarHuTHoe nose H || = - diVA u cBA3aHHOE C HUM HOBOE ITPOIOJILHOE
MarHUTHOE B3aWMOJCHUCTBHE, HayKa HE MOXKET O00eCMeYHTh JOCTATOYHO HAACKHYIO DIICKTPOJUHAMUKY
TOKaMaKOB, YCKOPHUTEJEH 3apsyKeHHBIX YacTHI] M KOJUIaWJepoB. DKCIEPUMEHTAIbHO J0Ka3aH (eHOMEH
MPOJOTBFHOTO MArHUTHOTO B3aUMOJICHCTBUS, TPHUCYTCTBYIOIIETO B YycKopuTene, B Buuae 3ddexra
MPOJOJIBHON HEYCTOWYMBOCTH YCKOPEHHBIX 3apsyKEeHHBIX dYacTull. [IpuMepoM 3TOro MOKET CIyKUTh



«kpaeBoil 3P GdeKT» TPONONHHBIX HWHAYKIIMOHHBIX TOKOB B mpoBoxsmier cpeae B MIJI-reneparope.
Hcnonbp3oBanue 3apsyKeHHBIX IPOTOHOB B HOBOM IipoekTte kosutaiiaepa AWAKE B kauecTBe apaliBepa ais
YCKOpPEHUS AJIEKTPOHOB, 10 CPaBHEHHUIO ¢ (DOTOHAMU MMEET BakHOE mpeumyiecTBo. OHO 3aKiIoYaeTcs B
NOSBICHUM DJIEKTPOJAWHAMUYECKONW TPOJOIBHON CHIIBI, MO3BOJIOMEH 3(()EKTUBHO YCKOPUTH IOTOK
9JIEKTPOHOB TMpPH JBMKEHHHM IIydyka MPOTOHOB. JTa MpOJOJIbHAs CHJIa HE MOXET OBbITh ONUCAHO
nornepeyHbpIMU cuiiaMu JIopeHIa 1 He CBs3aHa C KMIIbBATEPHBIM YCKOPEHHEM B Iu1azMe. J{i1st 0ObsACHEHHs ee
IpUPOIbl HEOOXOAMMO NpPHU3HATh HATUYHME CKAJSIPHOTO MAarHUTHOTO MOJIi M MEPEeCMOTPETh ypaBHEHUS
anekTpoauHamuk Makcemnta [18]. Corpymnuk Tomckoro monuTexHudeckoro yHuBepcutera [.B.
Hukonaes eme B 2003 mpumien kK BBIBOAY, YTO MarHUTHBIE CBOMCTBA TOKOB CMEIICHHS MOTYT OBITh
OIMCAHbI TOJBKO MPHU yYeTe ABYX BUIOB MAarHUTHBIX TOJIEH: BEKTOPHOTO U cKaisipHoro. OH nucan: «Uro
KacaeTcs HEWHBAPUAHTHOCTH YpPaBHEHMH DJEKTPOJMHAMHMKH, TO OHa OOYyCJOBJIEHa HE CTOJBKO
CYILIIECTBOBAaHHEM CKAJISIPHOTO MAarHUTHOTO TOJS, CKOJBKO JOMYIIEHHWEM pPEabHOCTH CYIIEeCTBOBAHUS
Cpezbl U ydeTa CylecTBOBaHUS 3((EeKTOB 3ama3bpIBAOINX TOTEHIINAIOB U Ae(GOopMaIuil IeKTPUIECKOr0o
MOJIsL IBIXKYIIUXCS 3apsaoB. [lonHasi ”HBaApUAHTHOCTh ypaBHEHUH AJIEKTPOJAMHAMUKH JOMYCTUMA TOJBKO B
abcomoTHO mycTtoM npoctpancTee CTO» [16].
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