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BBEJIEHHUE

OYHIAMEHTAJIBHBIE U ITPUKJIAIHBIE ®U3NYECKHE
HNCCJIEJOBAHUSA B HUM AL BI'Y (2010-2016)

B. I'. bapbimeBckuii, C. A. MakCHMEHKO

Ocenpto 1986 roma B coorBercTBuu ¢ mocTtaHoBiaeHueM I[K KIICC u Coseta
Munuctpos CCCP MunuctepctBo obpasoBanuss bBCCP otnmano mpuka3 o co3mgaHuu
HUWMW snepupix nmpobiem bemopycckoro rocyaapcTBEHHOTO YHUBEpCHUTETA (COBPEMEH-
Hoe o¢punmansHoe HazBanue HUY «MHcTuTyT siaepHbIx npobinem» benopycckoro ro-
cynapctBenHoro yauBepcuteta — HUU SI1 BI'Y). O6pa3oBaHre HHCTUTYTa B yHHUBEP-
CHUTETe, Ja €IIe TAKHUM CEPbe3HBIM IIOCTAaHOBJICHHEM, KOHEUHO ke, ObUIO 00YCIOBICHO
BECKMMHU IIPUYMHAMH, U ceidac, no npormectsun 30 et padorst HUU AIl BI'Y, unre-
PECHO BCIIOMHUTH, Ha KaKOM (PyHIIaMEHTE OH BO3HHK.

Cpenoii-uakybatopoMm siBriiachk kadeapa saepHoid dusuku (KAD) dbuzmue-
ckoro ¢akynpreta bI'Y. 3anoxxennsie Ha 3TO# Kadeape ee coszmarenem, npodec-
copoM A.H. IlucapeBckuM, TpaJuIi COBMECTHOTO Pa3BUTUS (pyHIAMEHTAIBHBIX U
NPUKJIaJHBIX HUCCICIOBAaHUN, IPEIOCTABICHUE BO3MOXKHOCTEH ISl TMYHOM MHULIMATH-
BBI OBITM COXPAHEHBI U B TTOJIHON Mepe peaTn30BaHbl 3aBeIyIoNTuM Kademnpoii mpodec-
copom C.C. llymkeBuyem. Ha kadenpe akTHBHO BEIUCHh (yHIaMEHTAIbHBIC UCCIICIO-
BaHUs (HAy4YHBIA pyKoBoauTens npodeccop B.I'. Bapeimesckuit), mogoxuBIIME Hava-
JI0 CO3/aHUIO HOBOTO HAlpaBiCHMS — AJEepHasl ONTHKA IOISIPH30BAHHBIX Cpell U OT-
KPBIBIINE MIUPOKUH CHEKTP MPAKTUYECKUX MPUIOKEHHH B (PU3UKE BBHICOKUX SHEPTHI,
actpo¢pusuke u saepHoit ¢usuke. [lox nayunsiM pykoBoactBoM C.C. IllymkeBuua
OCYILECTBISTUCH MHOTOYHUCIICHHBIE pab0ThI B 001aCTH HAYYHOTO MPHOOPOCTPOCHUS U
MPUKIIAIHBIX HCCIEIOBAaHUM, MHOTHE M3 KOTOPBIX OBLIM OTMedeHbl mpemusmMu CM
BCCP u menansmu BJIHX CCCP. Bricokuii ypoBeHb KBaNIU(UKAIMKA COTPYIHHKOB
Kaeapsl U MHUPOTa UX HAYYHBIX MCCICAOBAaHMN CHUCKAIHM 3aCITy’KCHHBIH aBTOPUTET
CpeaM CTYAEHTOB, Oyarojapsi 4eMy MOCTOSHHO HOAJEPKHUBAJICA MPUTOK MOJOABIX Ta-
JIAHTIIUBBIX CTIELUAINCTOB.

OcHOBOMONAraIOIUMHY I Oy yLIero HampaslieHus paboT B IHCTHTYyTe SBUIINCH
TEOPETUYECKUE IIPEICKa3aHUsl SIBJICHHUS MapaMEeTPUUECKOI0 PEHTIC€HOBCKOIO H3IIyue-
Hus (IIPH), Bo30yxk1aeMoro pelsTUBUCTCKUMHE 3JIEKTPOHAMH, MPOJIETAIOUIMME Yepes3
kpuctamun (B.I'. bapeimesckuit, 1.JI. ®epanuyk, 1971), u sBIeHUS pEHTI€HOBCKOTO
U3JTy4eHHs], 00pa30BaHHOTO NPH KAaHAJMPOBAHUH PEJISTUBHUCTCKUX 3JIEKTPOHOB U MO-
3utpoHoB (B.I'. bapermesckuii, 1.4, JlyooBckas, 1976). B satux paborax Obuta mmo-
CTpOEHA TeOpHus U 000CHOBaHA BO3MOXKHOCTH CO3JaHMS PSia HOBBIX TUIIOB PEHTI€HOB-
CKMX UCTOYHHUKOB C IUIABHON MEPECTPOHKON 4aCTOTHI, a TAKXKE CO3IaHHUS HAa UX OCHOBE
PEHTTeHOBCKHX J1a3epoB. DKCIEPUMEHTHI, HallpaBJieHHbIC Ha oOHapykenue [1PU, ObI-
JIU TIOATOTOBJICHEI 1 TIpoBeneHbl B 1985 1. B ToMcke Ha cuaxporpore «CUPUYCy». B
pe3yibTaTe B COBMECTHBIX C TOMCKMMH Y4YE€HBIMH paboTax ObLIO JOKa3aHO CYLIECT-



BoBanue [IPU (FO.H. Anumes, B.I'. bapsimesckwmii, C.A. BopoOneB u ap., [Incema B
KOT®. 1985. T. 41, C. 295).

B »TOT )€ mepuoa BpeMeHH y4eHble Halllero MHCTUTYTA MPUIIIN K BHIBOLY, YTO
TIPUHITUTIBEI CO3MaHMSI PEHTTEHOBCKHX JIa3epOB HAa OCHOBe BO30yxkaeHus I[IPU mverot
o0Iee 3HaYEHUE W MOTYT OBITh HCIIONB30BAHBI JJISI TCHEPAIUH DIIEKTPOMArHUTHOTO
M3ITy4eHUs B pa3iIMYHBIX AHaNa3oHax AJUH BOJH. B koHie 70 — Hauane 80-X IT. Ha 3TH
paboTsl oOparunn BHUMaHWE U B MunucrepctBe 06oponsl CCCP. Ananu3 moTeHnu-
QIBHBIX BO3MOXHOCTEH IOAOOHBIX MCTOYHHUKOB IOKa3aJl IEPCIEKTUBHOCTh HUX HC-
MIOJIb30BaHMsI B BOCHHOM 00JacTW ISl CO3JAHUS PA3IUYHBIX OOOPOHHBIX CHUCTEM H
opyus. bonbplryro noanepkKy yka3aHHOMY HalpaBiIeHHIO okaszanl pektop bI'Y aka-
nemuk AH BCCP B.A. bensrit, kotopsrit B 1980 T. D07I0KKI 0 pe3yibTaTax UCCIEIO-
Banuil nepomy cexperapio LIK KIIb I1.M. MamepoBy. CozeiicTBre B pa3BepThIBaHHH
pabort co croponsl I1.M. Mameposa u cexperapst LIK KI1b A.T. Ky3pMuHa nHUIIHUPO-
Bajio OoJiee MHTEHCHBHBIC MCCIEOOBaHMs B 3TOH oOmactu. Oco3HaHNE Ba’KHOCTH BO3-
HuKIero Hayuynoro Hampasienus noasurio 1K KIICC u LK KIIb x mupoxkomy pas-
BEPTHIBAHUIO HAyYHBIX MCCIEJOBAaHHUIA C LIENBI0 MX TOBEJCHUS 10 CTagud pa3paboTKu
SKCHEPUMEHTAIIBHBIX MAaKETOB M IPAaKTUYECKOIO HCIOJIB30BAaHUS B  ONBITHO-
KOHCTPYKTOPCKHX PaboTax II0 CO3JAHUIO0 HOBBIX BHUJOB MCTOYHHUKOB H3JIy4EHHs, I1O-
JYYUBIINX BIOCIEICTBUH B HAyYHOH cpejie Ha3BaHHE OOBEMHBIX Ja3epoB HA CBOOOJ-
HbIX 3nekTpoHax (OJICD). B To Bpemst paboThl MOTOOHOTO YPOBHS MPOBOAWIIVICH HC-
KiounTensHo B Poccun. brarogapst pekopaHbIM pe3yibraTaM 0enopycCcKoro Hay4Ho-
ro KOJUIEKTHBA OBIJIO MPUHSITO HE BIIOJIHE CTaHIApPTHOE pellieHne pa3BUBaTh B bemapy-
CH B KOOIIEpallUU CO CNEUUANTU3UPOBAHHBIMH POCCUICKUMH MHCTUTYTaMH CTOJb BaX-
HBIE JUIs CTpaHbl uccienoBannsa. OJHOBPEMEHHO C HAyYHBIM HalpaBICHHUEM 110 pa3pa-
6oTke HOBBIX TUIOB JICD Hamemy MHCTUTYTY MOPYUMIM CO3AaHUE CPEINCTB KOHTPOJISA
3a SAEPHBIM OpYyKHMEeM. JTH paboThl B 3HaUMTENbHOU Mepe ctumynupoBan E.®. Tut-
KOB, aKTHBHO 3aHUMAaBLIMICS Pa3paOOTKON JIa3epHBIX METOJIOB AUCTAHIMOHHOTO KOH-
TPOJIS PaIHaMOHHON 0OCTAHOBKH B OKPYXAIOIIEH cpere.

Cozpannio MHCTHTYTa NpenliecTBOBaNa aKTUBHAs HaydHas AWUCKYCCHS B BeIy-
mwmx ¢usnveckux nentpax CCCP. [Ipuuem cnegyer OTMETHTB, YTO AOJITOE BpeMs ca-
Ma BO3MOXHOCTh TEHEpAalluM KOTE€PEHTHOTO PEHTTEHOBCKOTO H3JIY4YEHUS ITy4YKaMu
3JIEKTPOHOB CUUTAJIaCh HEBO3MOXHOM BCIIEAICTBHE TOTO, UTO PACCTOSHUE MEXIY dIIEK-
TPOHAMH BO BCEX PEAIBHBIX IMyYKaX MHOTO OOJbIIE IJUHBI BOJHBI PEHTTEHOBCKOT'O
n3nmydeHus. Touka B quckyccuu Obuta moctabneHa B 1984—1985 rr. F0.b. Xapuronowm,
JLII. ®eoktucroBeiM u A.H. JleGeaeBsiM, a Takke Ha CIIEHAILHOM ceMHHape B Du-
sudeckoM nHCTUTYTe AH CCCP. Yyacte B HEKOTOPBIX TUCKYCCHSX BBHICOKOKJIACCHOTO
¢msuka-ontuka JL.U. KuceneBckoro (KOTOpelii K TOMy BpeMeHH cTall pekropoM bIY),
IIPEKPAcHO MOHABILETO CyTh NPOOJIEMBI, TaKKe CIIOCOOCTBOBAJIO IOJIOKUTENBHOMY pelle-
HHIO BoIlpoca o co3annu MHctutyTa nmenHo B bemapycn.

WHCTUTYT Havyan peaqbHO (YHKIHMOHHPOBaTH o4eHb ObicTpo. KocTsik ero cocra-
BWIN COTPYIOHMKH Kadenpsl simepHoi ¢usuku, gadopatopun siaepHoil ontuku KAD,
CO3/IaHHOW paHee JJIs BHIMIOJHEHUS 3TUX paboT, U BBHITYCKHUKH (PU3NIECKOTO (PaKyb-
teta BI'Y. K pabore B anmapare ynpaBneHus: ObUIM IPUBJICYCHBI ONBITHBIE H SHEPIUY-
HBIE JIIOJN: TIaBHBIA Oyxrantep A.A. Baiipam, rmaBaerit umxenep A.U. Ty3uH, 3amec-



THATEIh AUpekTopa mo obmmuMm BompocaMm B.I'. IlyTpoB, 3amecTuTensh AWpPEKTOpa IO
kagpaM u pexxumy A.U. JlukoBud. 3aMecTUTENeM TUPEKTOpa Mo Hayke crai mpodec-
cop H.M. lllymeriko.

Co3maHHbBI TakUM 00pa30oM OYEHH MOJIOAOW KOJUIEKTHB K Hadamy 90-X romos
CyMeJl 3aJIOKUTh YHHUKAJIbHYIO JKCHEPUMEHTAIbHYI0 0a3y, B OCHOBHOM pa3MEeCTHB-
mrytocs B TexHonornyeckoM kopryce HUU menmnopanuu (yn. bormanosuua, 153). be-
JopyccKas ILIKOJa Hay4HOro NpHOOpOCTpOEHUs Mo3Boimia cobpare B MHcTHTyTE
IPyNIly  BBICOKONPO(MECCHOHANBHBIX  CIELHUAIMCTOB IO  pa3padoTKe  SAEPHO-
(¢usudeckoll ammapaTypbl W Pa3NUYHBIX HM3MepHTENbHBIX cucteM (B.JA. Mopos,
M.I". JInpumm, 3.U. lomomsnsni, A.O. I'pyoud, b.A. Tapromonsckuii, M.B. barypuiikuii,
B.N. ViBanoB u 1p.).

OpnnoBpeMmeHHO B MIHCTUTYTE OYeHb OBICTPO pa3BUBAIKCH PAOOTHI MO CO3/IAHUIO
CPEACTB KOHTPOJIS 32 SIICPHBIM OPY>KHEM M TEXHHYECKOMY 00ECHEeUeHHIO TPOrpaMMbL
CTPaTErMYecKOro pa3opyKeHus (OTBETCTBEHHBIH ucmoiHuTens pador B.M. Mopos).
Bonpummm ycnexom kosuiekTuBa MHCTHTYTa OBUIO y4acTHe B NMOATOTOBKE COBETCKO-
aMEpHKaHCKOTO dKCIIepUMeHTa Ha O0pTy Kpeiicepa «CnaBa» B UepHOM Mope 1o oOHa-
pyXeHuto saepHoro opyxus (1989 r.), 4to sIBHJIOCH MPU3HAHHEM MHUPOBOTO YPOBHS
npoBoauMbix B HUU AIl BI'Y npukiaaHbix ucciae0BaHUMN.

Baxkneimum HampaBieHHeM paboT ¢ Havyasa JeBSIHOCTBIX SBHJIACH JAESTEIHLHOCTh
B 00JIACTH TIPEOJIOJICHUS TTOCIEACTBUN YepHOOBUTbCKON KatacTpodsl. B 1990 r. pemre-
aueM [IpaBurenscTBa Pb Oplna mpunsaTa PecryOnmkaHckas HaydHO-TEXHUIECKAs TIPO-
rpaMMa Io CO3JaHHIO M BBIMYCKY allapaTypsl U 000pyn0BaHU i 0OecredeHus pa-
JUOMeTpHYecKoro u nosumerpudeckoro koutposst (PHTII 18.02p). [Iporpamma Obiia
paccuntana Ha mepuog 1991-1995 rr. '0lIOBHBIM HCIIONHUTENEM MPOrPaMMBbI OBLIT
onpenener HUUM SI1 BI'Y. XapakTepuCTHKN OCHOBHBIX IPHOOPOB, pa3pabOTaHHBIX H
cepuifHO BbIMyckaembix 1o 3amanusiM PHTII, npuBenens! B katanore «lIpubopsr ams
PaZrO3KOJIOTHUECKOTO MOHUTOpUHTa» (MuHCK, 1996). Jlns pa3BuUTHS CETH pajuaiu-
OHHOTO M DKOJIOTHYECKOT0 KOHTPOJISI B cooTBeTCTBUH ¢ [locTtanosimennem CM Pb Ne 7
ot 17 suBapsa 1997 r. HUU SI1 BI'Y B xauecTBe TOJOBHOW OpraHU3aI[MH BBITOJIHSIT
locynapcTBeHHYI0 HayYyHO-TEXHHYECKYIO mporpammy «Pa3paboTtaTte M BHEOPUTH Me-
TOIBl U alNapaTypHbIe CPENCTBA Il 00ECIEUECHUs PaqUallMOHHON M 3KOJIOTHYECKOH
6e3onacHocTi» («Pagmoskonorusa») na nepuon 1997-2000 rr.

C nauvana 90-x ronos B MHcTuTyTe MO pyKoBoacTBoM M.B. Kopskuka Obutn Ha-
YyaThl CUCTEMaTUYECKHE HCCIEJOBAHNSA CBOMCTB KPHCTANIMYECKUX COCIUHEHHH C Lie-
JBI0 CO3aHMsI HOBOTO ITOKOJICHHSI BBHICOKO(D(PEKTUBHBIX TPAHC(POPMATOPOB SHEPTHH
MOHM3HPYIOIIEro M3IY4YeHHs B CBET, B YACTHOCTH, CLUMHTHIUIATOPOB. PazpaboTaH Ho-
BBII KJIACC CIIMHTWIUIAIMOHHBIX MaTepralioB — Bosb(pamara ceuania PWO. Ha ocHoBe
TSDKEJIOr0 CUUHTWIIIITOPA BOJb(paMara CBHUHIA CO3JaHBI 3JIEKTPOMAarHUTHBIE KaJo-
pumetpsl aetektopoB CMS u ALICE B LIEPH. Pa3paboTka u BHeapeHHE B IKCIEPHU-
MEHTAIBbHYI0 (M3UKY BBICOKMX JHEpruil cumHTH/uaTopa PWO sBiseTca ogHuM U3
HanboJjee 3aMeTHBIX BHeIpeHUH pazpaborok yueHsix CHI' B MexmyHapoaHbIe POEK-
THI 32 MTOCJIEAHNE ABAIATh JIET.

DyHIaMEHT HCCIIeI0BATENBCKOM MPOrpaMMbl HHCTUTYTa ObUT 3aJI0KEH eIle Ha Ka-
thenpe snepHoii dm3uku BI'Y, ¢ kotopoit UHCTUTYT 1 B HacTosIIIiee BpeMsl COXpaHSET Tec-



Hble Hay4yHO-TieJjarornyeckue cBa3u. JloctatouHo ynomsiHyTh BeixoAneB uz3 HUM AI1
BI'Y — ximoueBslx mnpenofaBareneil kadenpsr nomentoB M.S.JlyGoBckyo u
M.B. lexypko, a Takke cotpyanukos HUUM AIT BI'Y mpodeccopa B.B. Tuxomuposa,
noktopa ¢uz.-mat. Hayk A.C.Jlobko, xammummaroB ¢m3.-mMat. Hayk K.I'. baTtpakoga,
J.C. beruenka, X.I'. Cyapeca, Hayunbix cotpyauukoB W.B. Moposa, B.A. Meuunckoro,
KOTOpbIe 00eCHeunBalOT MPENnojaBaHue il CTYJCHTOB Ka(eapbl MHOTUX KIIIOYEBBIX
JUCLUIUIMH U YYacTBYIOT B MOArOTOBKe creuuanuctoB 1 benopycckoit ADC. Co-
BMECTHO ¢ (PM3MYECKIM M XHUMHUYECKHM (akynbTeramu bI'Y akTHBHO BemeTcs paspa-
60TKa y4eOHO-HAyYHOTO 3JIEKTPOHHOIO TOpTajia AAepHbIX 3HAHUN YUpexaeHui obpa-
3oBanus Pb BelNET.

3a mepuoa, UCTEKITNI ¢ MOMEHTA Iy OJIMKAITY TIpenpiaytero coopamnka B 2009 ro-
Iy, B MHCTUTYTE MPOU3O0LLIEN P[] CYIIECTBEHHBIX M3MeHeHH. Cpen HUX B MEPBYIO OYe-
penb ciaeayeT OTMETUTh IpHcoequHeHre K MHCTUTYTY B 2015 rogy HarmmonansHoro Ha-
YYHO-Y4eOHOTO IIeHTpa (M3UKH YacTHIl U BRICOKHX dHepruid BI'Y, mpousomeniiee B co-
otrBerctBuu ¢ [locranoBiennem CM Pb ot 27.07.2015 Ne 636 u mpuka3oM peKTopa
BI'Y ot 04.08.2015. MBI 0oXHgaeM OT 3TOr0 COOBITHSI CYIIECTBEHHOTO CHHEpreTHYe-
ckoro 3¢ddexra. B HacTosmiee Bpemst UHCTUTYT BBIMTOMHSAET OOSI3aHHOCTH 110 OpPTaHU-
3alIMOHHOMY OOECTeUeHHI0 HAyYHO-HCCIEIOBATENBCKUX Pa0OT, OCYIIECTBISIEMBIX B
OO0beNMHEHHOM MHCTHUTYTE siAepHBIX uccnepoBanmii (OUSN, [Iybna) ¢ yuactuem op-
ranuzauuit u yupexnenuit Pb.

B mHCTHTYTE CO37aHbBI M aKTUBHO JIEHCTBYIOT CIIEAYIOIINE HAYYHBIE ITKOIIBL:
—  Hoepnoii onmuxku u uzuxu 6vicoKux naommuocmeii Inepzuu. OCHOBATENb U

HaYYHBIH PyKOBOAMTEIH IKOJBI — ipodeccop B.I'. bapbimeBckuid.

—  dnexkmpoounamuku u INEKMPOMAZHUMHBIX CEOUCHE HAHOCHMPYKMYp (Hano-
INEKMPOMAZHEeMU3mMa), OCHOBOIIOJNIO)KHUKAMH U HayYHBIMHU JIMJEPaMU KOTOPOH
spisitorcst mpodeccop C.A. Makcumenko u 1.¢.-Mm.H. .. Crensa.

—  Qu3zuxku wacmuy u evicokux 3nepzuu. OcuoBannas B8 HIIOUBD npodeccopom
H.M. llymetiko, 3Ta mKOJa B HACTOSIIEE BpEeMs CYIIECTBEHHO YCHUIIMBAETCS II0-
cne npucoenuaernss HIIOUBD x HUUM Il BI'Y u oO0benubenus ¢ pabotamu,
BBINIOJHAEMBIMU B JaHHOW oOmactu B HWucrutyTte (B.I'. bapwimesckuii,
B.B. Tuxomupos, M.B. Kopxuk, A.C. JIo6ko u np.).

Crnenyer OTMETUTb, YTO HA CTHIKE ABYX LIKOJ, SACPHON ONTHKH U (PU3NKU YACTHIL
U BBICOKMX DJHEPIuil, pa3BHBAETCSI HOBOEC HANpaBICHHE — KOCMOMHKpO(dH3HKa
(B.B. Tuxomupos, A.D. Mapromnus, C.JI. Uepkac).

bnaronapst muoHepckuM pesyibTaTaM B 0071aCTH UCCIENOBAaHUS YTICPOIHBIX Ha-
HOCTPYKTYp H, B 9acTHOCTH, Tpadena, HUU Il BI'Y cranm ogHOW W3 ABYX HAyYHBIX
opranu3anuii B Pb — roJoBHBIX 110 BBIIOIHEHUIO IIPOEKTOB 7-i PaMO4YHOU IporpamMmel
HayuHbIX uccienoBanuii EC (koopaumnatop — mpod. C.A. MakCHMEHKO), a TakK e
equHCcTBeHHBIM HUY 3a npenenamu EC, Bomenmmx B Ka4ecTBE UCIIOTHUTENS B €BPO-
neiickuii Merarpant Graphene Flagship, oOwvemunsrommii ycumust 149 HaydwHO-
HCCIJIEIOBATENbCKUX OpraHu3alui EBpombl ¢ 1esnbo JOCTHKEHUS €BPONENCKOTo JIN-
JIepcTBa B WCCJIEIOBAaHWM W NMpHUMEHEHUW TpadeHa (OTB. MCHOJTHUTENH K.(h.-M.H.
ILII. Kyxwup). B nacrosimee Bpemst B HUU 11 BI'Y BoinonHsieTcs Tpu MpoeKTa Mmpo-



rpammel EC «opuzonTt 2020

3a 2011-2015 rr. coTpyAHMKaMH MHCTUTYTa Obuta onmyOnukoBaHa 1151 HayuHas
paboTa MO0 OCHOBHBIM HANpAaBJICHUSAM TEMAaTHKH HAaYYHBIX HCCIEIOBAaHUM, BKIIOYAs
780 crareit, B ToM uuciie 537 B peLEH3UPYEMBIX HAyUHBIX KypHAllaX U M3JIaHUSIX.
Ony6nukoBaHo 2 MoHOTpaduK U 5 COOPHUKOB TPYIOB.

CornacHo peifTuHry opranuzauuii benapycu no unnexcy Xupma HUU AT BI'Y
3aHUMAET:

* 3 mecTo B Tabmmie «Tom-25 opranusanuii bemapycu mo wHACKCY XUpIIay,

*2Mecto B Tabmume «PedTHHr yupexaenuid obpaszoBanus Pb u HayuHO-
UCCIIeIOBATENILCKUX YUPEKICHUN BY30B 110 HHACKCY XHUPIIay.

Heenaanate corpynnukoB HUM AIl BI'Y uMeroT nuvHOe 3HaYEHHWE HHJIEKCA
Xwupira 6oJblIe IATHAANATH.

bnaromapss 3HauMMBIM Hay4YHBIM pe3yJlbTaTaM, TIOJY4YEHHBIM COTpPYIHUKAMHU
HUMU AI1 BI'Y 3a BpeMsi ero cyiecTBOBaHUs, MIHCTUTYT 3aCiIy>Kuil BECOMBIM aBTOpH-
TeT Y HAIIMX KOJUIET KaK BHYTPHW CTpPaHBI, Tak M 3a ee MpeneiraMu. B gacTHocTH, 3TO
MO3BOJIWJIO MIPUBJIEYb K y4acTHiO B opranu3zoBanHeix B HUU AI1 BI'Y kondepenmmsx
U IIKOJIAX IIMPOKHHA KPYT BBICOKOKJIACCHBIX CIIELMAIMCTOB B PA3NUYHBIX OONACTSIX
Hayku. [IpuBeneM Ha3BaHMS HECKOJIIBKUX MEPONPHSITHUIL:

— 64 Mexnynaponnas koHdpepennus «S1JIPO-2014» (OyHmaMeHTaIbHBIC TIPO-
OneMbl siIepHOl (DU3HUKH, AaTOMHOM YHEPreTHKH M SICPHBIX TEXHOJOTHI), TPOLIE IIas
1-4 nronsg 2014 rona;

— 4-1 u 5-1 Mexnynaponasie koHpepenunun UCMAPT (MmxeHepust CHMHTHII-
JSIIMOHHBIX MaTEPHAJIOB M paAualioHHbIe TexHonoruu — Engineering of Scintillation
Materials and Radiation Technologies), npomeamue B okTsi0pe 2014 u centsa6pe 2016
rOJIOB;

— Paboune copemanus «CoBpeMEHHBIE SIEPHO-(QU3NYECKHE METOJBI UCCIE0-
BaHMA B (HM3MKE KOHICHCHPOBAHHBIX cpely, mpouienmue B centsope 2011, 2013 u
2015 romos;

— 1-1 u 2-1 Mexnaynapoansie koHpeperin FANEM (Fundamental and Applied
NanoElectroMagnetics), mpomremmue B mae 2012 u 2015 romos.

3a mocnegHue robl COTpYAHUKaMHU MHCTUTYyTa MOMy4YeH psA] BaXKHBIX HAyUHBIX
Pe3yABTATOB Kak B 001acTH PpyHIAMEHTAILHON HAYKH, TaK U B MPUKIIJAHBIX HCCIIEI0BA-
Husix. Cpenu HUX 6 oonacmu pynoameHmanbHbIX Ucci1e006anuii ClNenyeT OTMETUTD:

* Ha pa3paboranHoM u nzrotosieHHoM ¢ yuactuem HUU Il BI'Y anextpomar-
HUTHOM Kajopumerpe skcnepumenta CMS Ha bonbmioM anpoHHOM Kosaiizepe
(LHC) B EBponeiickoii opranuzanuu snepHbeix uccnegaosanuii (CERN) nomxyuens! pe-
3yJbTaThl, yKa3blBAIOIIKE HA CYLIECTBOBaHHE 0030Ha XuUrrca B IpoLEcce pachaza Ha
nBa (pOTOHA C BRICOKMM pa3zpemieHueM mo macce. 14 corpyaauxo HUUM SIT BI'Y cra-
JIM COABTOPAaMU MEPBBIX ABYX PabOT, COOOLIAIONINX OTKpbITHE 0030Ha XUITCa.

* IIpenckazan u Ha yckopurene SPS (CERN) obHapyxeH 3 dekT MHOTOKpAT-
HOTO YBEJIMYEHHS MHTEHCHBHOCTH HM3JIy4YeHHS I'aMMa-KBAaHTOB PacXOIAIIMMUCA IydY-
KaMU 3JIEKTPOHOB BBICOKMX DHEPIHH B YCIOBHSIX MHOTOKPaTHOTO OOBEMHOIO OTpake-
HUSI B OTHOM KPHUCTAJLIE.

» U3mepeHo muddepeHimanbHOe cedeHne 3-CTpyHHBIX coObIThil ipr sHepruu 7 ToB
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B cucTeMe IeHTpa mMace nmpotoHoB AetekTopoM ATLAS ma LHC, n muddepenimans-
HoOe ceueHme mporuecca Jpemna-Ana npu sueprun 8§ ToB B cucteMe meHTpa Mace mpo-
ToHOB AeTekTopoM CMS na LHC, MonepausupoBaH renepatop coobituii LePeProGen
oI MojenupoBaHus mpornecca [pemna-fHa, co3nan Moute-Kapio renepartop st
MOJIETTMPOBAHMS SKCKIIO3UBHOTO POXKIEHUS SJEKTPOHHBIX Map B 3JIEKTPOH-NPOTOHHOM
paccessHUM Kak ()OHOBBIN TpoIecC K POKACHUIO "TskENbIX" (oToHOB. OICHEH BKIIAJ
M3ITyYeHUs JKECTKOTO (POTOHA IPH HM3MEPEHUH 3apsAJ0BONH aCUMMETPHH B JIENTOH-
IIPOTOHHOM PAaCCESTHUU B YIBTPAPEIATUBUCTCKOM TPUOIINKESHAN.

+ [lokazaHo, 4TO IPH TOPMOKEHUH AHTUIPOTOHOB B BellecTBe d(PEKT sSAepHO
MIPEIeCCUH TI03BOJISIET MOMYYUTh CBEIEHUS O PeaJbHON YacTH aMILTUTYIbl PAcCesTHUS
AHTUTIPOTOHA HA TIPOTOHE (SIpe) MPH HYJICBBIX SHEPTHX, T.€. B 00JIaCTH HETOCTYITHOM
JUTA TIPSIMOTO M3MEPEHUS B CTAHJAPTHBIX 3KCIIEPHUMEHTaX 10 PACCESTHUIO.

* Bmepsrle Habmronancs npexackazanueiii B.B. TuxomupoBbiM 3ddext MHOTO-
KpaTHOTO 00BEMHOTO OTPaKEHHS OTPUIATENFHO 3apsSKEHHBIX YaCTHUI] BBICOKUX DHEP-
UM M30THYTHIMH IUIOCKOCTSIMU OJTHOT'O KpHCTajlsIa B SKCIIEpUMEHTE, TIPOBEICHHOM Ha
yckoputene SPS coBMecTHO ¢ ydeHbIMU yYHUBepcuTeTa r. @eppapa (Utanus) npu moa-
nepxke Uranpsackoro mHeTuTyTa sigepHoit ¢usuku (INFN). [Ipeackazan u obHapy-
JKEH OKCIIEPHUMEHTANbHO J(PQEKT YBETMUEHUS HWHTEHCHBHOCTH JKECTKOTO TaMMa-
W3ITy4EHHs 3JIEKTPOHOB B U30THYTHIX U MOAYJIHMPOBAHHBIX KPUCTAJIAX.

* Ilpenckazan u Ha MukpoTpoHe MAMI yHuBepcutera r. Maiinu, ['epmanus,
oOHapyxeH 3(pexT yBenuvueHns [UTMHBI JeKaHATUPOBAHUS AJIEKTPOHOB, BBI3BIBAEMBIH
MX 3aXBaTOM B I'TyOMHE KpHUCTaIIA.

* B paMkax Teopuu ¢ MUHUMAJIbHOM IIMHON MpEJIoKEeH HOBBIM MOAXOM K pe-
HICHHUIO TIPOOJIEMBI PACXOIUMOCTEN B KBAHTOBOM TEOPHH IIOJIS, MPOOJIEMBI TIepexoa B
TpaBUTAINH U3 HU3KUX YHEPTUN B BBICOKHE, MPOOIEMBbI TEMHOW YHEPTHH.

* Cozgana u OBICTPO pa3BUBACTCS HOBas MCCIEAOBATEIbCKAs JUCLUUILINHA — Ha-
HO3JIEKTPOMArHeTH3M, OOBEIUHSIONIAs METOIbl M TOAXOJBI KIIACCUYECKOH 3IIEeKTPO-
TUHAMHKH, COBPEMEHHOH KBAaHTOBOW (PM3WKH KOHJEHCHPOBAHHOTO COCTOSIHHS U (hu-
3UYECKOM DJEKTPOHUKH C IIeNBI0 MOJAETHPOBAHMS ONTHUYECKUX M DIEKTPOHHBIX
CBOWCTB HAaHOCTPYKTYyp. BrInonHeHHbIe uccaenoBaHus GOpPMUPYIOT HAHODJIEKTpOMAr-
HETH3M KaK CaMOCTOSITENIbHOE HallpaBJIeHUE, 00eCIIeYnBaroIlee MMOHEPCKIE pe3yIbTa-
ThI TI0 TPeACKa3aHu0 (HPU3MUYECKUX PPEKTOB B HAHOCTPYKTYPaX U MOACITUPOBAHUIO
OTKJINKA HAaHOCTPYKTYp Ha 3IEeKTPOMArHUTHbIE BO3IEHCTBHSL.

* PaccMOTpeH AeKTPOMAarHUTHBIA OTKIMK MHOTOCTEHHBIX YTJIEPOIHBIX HAHOT-
py6ok (YHT) xoHewHO! NIUHBI B CyOTEparepoBoi M TeparepIioBoi 00JacTH 4acToT.
[IpoxemoHCcTpUpOBaHO, 4TO 3PPEKT IKPAaHUPOBKH TPOJOIBHOTO TOJSI B MHOTOCTEH-
HBIX HAaHOTPYOKaxX B KBA3UCTATHYECKOM PEKHME 3HAYUTEIHHO OCIIA0IISIET UX DIIEKTPO-
MarHATHBIA OTKJIMK W CYIIECTBEHHO BIIMSAET Ha 3((EeKTUBHBIE MapaMeTphl KOMIIO3UT-
HBIX MarepuanoB. J(H(GEeKT CUIbHOW 3KpaHHPOBKU MPEIIOKEHO HCIONB30BAaTh B CO-
€IMHUTENBHBIX JINHUAX Ha OCHOBE MHOTOCTCHHBIX HAaHOTPYOOK, TJi¢ BHyTPEHHHUE Me-
TAJUTUYECKHE CIIOW UCTIONB3YIOTCS IS TIepeiadl CUTHAJA, 3 BHEITHUE CJIOM — IS DK-
PaHUPOBKHU.

* BrImonHeHbl SKCHEpUMEHTH Ha 00pas3lax KaduOpOBaHHBIX MO JAJHHE HAHOT-
pyOOK, yCTaHaBIMBAIOUINX OJHO3HAYHYIO CBS3b CIIEKTPAILHOTO TIOJIOKEHUS Teparep-
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LOBOr'0 MHKAa MOTJIOIIEHUSI TOHKUX IUIEHOK U3 0gHOCTeHHbIX YHT ¢ ninuHOM HaHOTpY-
6ok. [lokazaHo, 4TO OCHOBHBIM MEXaHHU3MOM (OPMHUPOBAHHS TeparepIioBOro MuKa siB-
JsieTcsl JTIOKaJM30BaHHBIM ITa3MEHHBIH (aHTEHHBIH) pe3oHaHC B omHocTeHHBIX YHT.
BrnepBble NOIYyYEHO AKCIEPUMEHTAIBHOE J10KA3aTEIbCTBO AHTEHHBIX CBOMCTB HAaHOT-
PYOOK M MOATBEPIKICH TEOPETUIECKHU TpeacKa3aHHbIN 3 dekT 3aMmeaIeHns: TOBEPXHO-
CTHOTO TUTa3MOHA B HAHOTPYOKax.

* Pa3paboraHa MeTOJMKa CHHTE3a CTPYKTYp THIIA COHABHY TpadeH/TmoiauMep
(ITMMA) Ha TUAIEKTPUYECKUX TOI0OKKaX. [IpoBeneHb dKCIIepUMEHTATBHBIC UCCIIe-
JIOBaHUS JJEKTPOMArHUTHOTO OTKJIMKa JAaHHBIX cTpykTyp B CBY numamasone. Ycra-
HOBIIEHO, YTO CTPYKTypa TrpadeH/moIuMep MOXKeT obecreduth 1m0 75% ocmabieHue
3JIEKTPOMArHUTHOTO cUrHama. [IpemmokeHsl crmocoObl yBENWYeHHS TOTIIOMICHHS TTa-
JTAIOIIEro 3JeKTpoMarHuTHoOro m3nydenns CBY nuamasoHa B MOHOCIHOSX TpadeHa 3a
CYeT TMOoJ00pa ONTUMAIBLHON TOJIIMHBI U JUAICKTPUUSCKUX MMapaMeTPOB TOJIOKKH,
ONTUMAJIBHOTO yTia MaJeHUs W MOJspU3aluy Nafaronie BoaHbl. Mcnonb3ysl JaHHBIM
a¢dekt, chopMyTUpOBaH MPUHIIMIT PAOOTHI U MpPEIoKeHa cxeMa 3(PPEKTUBHOTO TO-
JSIPU3aTOPa NEKTPOMATHUTHOTO U3IIYYCHHSI B IIKPOKOM JTHATIA30HE CIIEKTpa.

* [loka3aHa mpUHIMIHATEHAS BO3MOXXHOCTh BBIPALTUBAHMS KPUCTAIIOB BOIb(-
pamaTa CBHMHIIA B YCTAHOBKaX OTKPBITOIO THUIIA U3 UPUIUEBBIX TUIJIEH, YTO OTKPHIBAECT
MIEPCIIEKTUBY CO3JaHMUs TMPOU3BOACTBA ITHX CIUHTWUIALMOHHBIX KPHCTAJUIOB [T
HYXJ QU3UKN BBICOKUX SHEPTHIA.

B o6racmu npuknaonvix ucciedoganuii u pazpadomox:

* PaszpabotaH 3KcrepUMeHTalIbHbII 00pa3zen reHepaTopa CBY ummynbeca ¢ BUp-
TyaJbHBIM KaTOJOM, C CHCTEMOW NMHTAaHHWs, UCTIONB3YIOIEH npsMoe mpeodpa3oBaHHe
XUMHYECKON PHEPTHU B3PHIBA B DIIEKTPHUECKYI0. Pa3paboTaHbl, CO31aHBI ¥ UCTIHITAHBI
9KCIIEPUMEHTAIbHBIE 00pa3Ibl B3PHIBOMArHUTHRIX T€HEPATOPOB, IMTO3BOJIAIONINX 3aITH-
taTh CBY renepaTop u 06ecneyuTh MoTyYeHHe EKTPOHHBIX Iy4YKOB ¢ TOKOM 10 30 KA.
[IpoBenenb! ucTbITaHuS dKCTIEpUMEHTATEHOTO 00pasiia CBY renepartopa ¢ cucremoii rira-
HIS, MCTIONB3YIOMIEH Kak MpsiMoe MpeoOpa3oBaHMe XMMHYECKON SHEPTHH B3pbIBa B AJIEK-
TPUYECKYI0, TAK U OT €MKOCTHBIX HaKOMHUTeNed 3Hepruu. MakcuMasbHash MOITHOCTh
CBUY usnydeHus, NOIy4eHHas B SKCIIEPUMEHTax, JocTuraina yposHsa 500 MB1/M.

* BHeceH CymIecTBeHHBIH BKJIaJ B pa3pabOTKy W OOOCHOBaHHWE TEXHHUYECKHX
MIPEIOKEHUH 10 MOJEPHU3AINH TOPLEBHIX YaCTEeH JIEKTPOMArHUTHOTO KaJOpUMeTpa
3KCIIEPUMEHTABHOM ycTaHoBKU koiutaboparu CMS (CERN) s paGoTsl B yciaoBU-
sx LHC ¢ yBenuueHHO# cBeTuMOcThI0. IIpoBenieHa oLieHKa Aerpagaluy UUIUHApUYe-
CKOM yacTu Kajopumerpa Ha nepuoj A0 2018 r. BeisiBIeHbI TpaHUIIbl UCTIOIB30BAHUS
TIOHWKEHUSI TEMITePaTyphI Il YMEHbBIIEHUSI ITyMOB ()OTOTIPHEMHHUKOB B JICTEKTOPHBIX
s;YeHKax. Y CTAaHOBJICHBI OTPAHUYCHUS U MPEUMYIIECTBA PA3IUYHBIX CUUHTUIUIALAOH-
HBIX MaTEpHAJIOB JJI NOCTPOCHUS MEPEIHUX KAIOPUMETPOB 3KCIEPUMEHTAIBHBIX yC-
TAHOBOK Ha KOJUTalJepax ¢ BBICOKOI cBeTHMOCThIO. [lokazaHa mpuHIMNUATIBHAS BO3-
MOJKHOCTh HCIOJb30BaHHA MaTEpUaAOB CTPYKTYpHOTO THIIAa IpaHaTa Ha OCHOBE WT-
TpUS AJIs CO3JaHUS PaIualliOHHO-CTOMKUX 3JIEKTPOMATHUTHBIX KaJIOPUMETPOB.

* [lomy4yeno oOBscCHeHHWE W3OBITOYHOW pagUAIlMOHHON JeTpajalvyl aJIpOHHOTO
kanopumerpa nerekropa CMS (LHC) u mpemnoxkeH skoHOMUYeCKH >(h()EKTUBHBIM
METOJ TOBBIIICHUS €r0 PaJAMALMOHHON CTOMKOCTH, MO3BOJSIOIIUN BBIACPKATH BEChH
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CPOK 3KCIUTyaTaIliH TIPH MOBBIMICHHOHN cBeTUMOCTH Kojutainepa LHC.

* 3akoHYEHa MOATOTOBKA ACKU3HOM JOKYMEHTALIMU 10 3KCIIEPUMEHTAIBHON yc-
taHoBke koynadopauu PANDA (GSI, FAIR, Hapmmranr, I'epmanus).

* Pazpaborana TexHOJNOTHYECKas WHCTPYKIHS CHHTE3a MHOTOCIOMHBIX Trpade-
HOBBIX MaTepHajOB TUMAa rpa()eHOBBIX HAHOIUIACTHHOK C YMCIIOM ciioeB 10 10, B Tom
YHUCIIe XUMUYSCKU MOTUDUITUPOBAHHBIX, OTIMYAIOIINXCS MOBBINICHHON ajre3uell Ha-
HOMaTepualia K MEIHBIM IOJJI0XKKaM B3PBIBOIMUCCHOHHBIX KaTOIOB OOJBIIOTO AHa-
MeTpa, HEOOXOAMMOM as oOecredeHus] OJHOPOJHOCTH 3MHCCHU CO BCEH TUIOMIATH
Karona. BeipaboTaH moaxoj Ui MOAETUPOBAHUS B3PHIBOIMUCCHOHHBIX SIBICHUN H
TUHAMHKH 3JEKTPOHHOTO My4YKa B IUTAHAPHOM JHOJe, OCHOBAaHHBI Ha COBMECTHOM
YUCIEHHOM PEeIIeHHH THUAPOAMHAMHUYECKHX YPaBHEHHH, OMUCHIBAIONINX IBIKEHUE
MIPUKATOAHOMN IUIa3Mbl U KHHETHUECKUX YPAaBHEHUN, KOTOPBIM MO TYMHSCTCS ABHIKCHUE
AJICKTPOHOB B ITyYKe.

* Pa3paboraH MeTox NPUTOTOBIEHHUS KAIMOPOBAHHBIX IO JJIMHE HAHOTPYOOK
IUHO 50-250 HM myTeM ONTHUMH3ALUU TEXHOJOTUU «IOMKH» YIJIEPOIHBIX HAHOT-
pyOOK TIpH yIIBTPa3BYKOBOW 00pabOTKe WX CYCIICH3MHM B CMECH a30THON M CEPHOU KH-
cioT. MeToJ oTnUYaeTcsl JACUIeBU3HOM, MPOCTOTONW M BBICOKOW 3(PQEKTUBHOCTHIO (C
BbIxogoM 10 100%) u npeaHazHaueH, B IEPBYIO ouepeab, sl OMOPU3MUECKUX H Me-
TUIIMHCKHX TPUIOKEHAN YTIePOTHBIX HAaHOTPYOOK.

* Paszpaborana MeTOAMKA IMOJIyYCHUS TIOPUCTHIX (HaHOTEPGOPUPOBAHHBIX) TIIC-
HOoK CoPd u FePd, cunTe3npoBaHHBIX Ha OCHOBE OPUCTHIX TeMIuiatoB Al,O; u TiO; ¢
YHOPSIOYEHHBIM PACIIONI0XEHUEM HAaHOIIOP, KOTOPHIE MPOSBISIOT NEPIEHAUKYISIPHY IO
MarHATHYIO aHU30TPOTIHIO OTHOCHTEIHFHO TUIOCKOCTH TIEHKH W TMPUTOIHBI TS pa3pa-
OOTKH cpe] epIeHANKYIISIPHON 3anic HHQOpMAIHK CBEPXBBICOKON TNIOTHOCTH.

* Pa3zpaborana MeToanKa pacueTa pa3MarHUYMBAIOMIUX (HaKTOPOB U IPHEKTUB-
HOTO KO3 (UIMeHTa NEePIeHANKYIISIPHON MarHUTHOW aHWU30TPOIHHA MHOTOCIOWHBIX
TeTepOCTPYKTYp C OJHOOCHOW aHU30TPOIHEH M3 MarHUTHOIO-HEMarHUTHOTO MeTal-
JIOB, KaK CIUIOIIHBIX, TaK U Nep(OPUPOBAHHBIX, C MCIIOJIB30BAHUEM JaHHBIX MarHUT-
HOM Pe30HAHCHOW CIIEKTPOCKOIHY U BUOPAIIMOHHON WIIM CKBU-MAarHETOMETPHH.

* Ha ocHOBaHMM KOMILJICKCHOTO H3yUY€HHS CTPYKTYphl U MarHHTHBIX CBOWCTB
HaHOKOMITO3UIMOHHBIX MeHOK FeCoZr-CaF, BbIsBIEH crioco0 yCHIGHHS UX MEpPIICH M-
KyJISIPHOW MarHUTHOW aHW3OTPOIIMH ITyTeM OOJy4eHHS BBICOKO3HEPTETUYHBIMH TSKEITHIMU
noHamu Xe ¢ sHepruei 167 MaB B auanasone ¢umoercoB D = 8-20x10'? monos/cM?, uto
MPUBOJIUT K YBEIMUYCHHUIO WX TOJIS AHU30TPOIMU U CHUKCHHIO Pa3MarHUYMBAIOIICTO
TIOJIs1, TPAKTHYECKU 3HAYMMBIX JIJISI CO3/IaHUS Ha OCHOBE M3YYaeMBIX IJICHOK CEHCOPOB
MarHiTHOTO TIOJIS.

» Ilomyuensl nepBrie 00pasisl bazoBoro CtpykrypHoro Kpucramia — cpeacrsa
JUIS Pa3pa00TKUA MPOTPAMMHPYEMBIX aHAJIOTOBBIX WHTETPAIBHBIX CXEM JUIS KECTKHUX
YCIIOBHH 3KCILTyaTalluil ¥ TOJTBEPKICHNUE PACUETHBIX IMapaMeTpPOB OCHOBHBIX (PYHK-
IHOHANBHBIX dmeMeHToB (B pamkax HTII CI' «MonruTtopunr CI'», coBmectHo ¢ MHU-
[N, Mumuck, benapycs).

* B HCHBITaHUSX TIEPBOTO CBEPXIIPOBOISIIETO HHOOMEBOTO PE30HATOpPA OTEede-
CTBEHHOTO IPOM3BOJICTBA MPSMBIM aNllapaTypHBIM METOJIOM W3MepeHa JOOPOTHOCTH
pEe30HATOpa B COCTOSIHUM CBEPXIPOBOAMMOCTH. [IpsIMBIM ammapaTypHBIM METOIOM
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M3MEPEHO 3HAYCHHE JOOPOTHOCTH pe3oHatopa ~1.5x10° Ha wacrore 1.3 I'Tu. PaGota
MIPOBOJUTCS 110 3aKa3y U B TecHOM coTpyaaudectse ¢ OUSN ([lybHa) B coTpynHude-
ctBe ¢ BI'YUP, ®TU u HIIL no marepuanosenenuto HAH benapycu.

* Pa3pa0oTaHbl MPUHITUITEI TOCTPOEHUS MOJIENN MTPOLIECCOB H3MEPEHUS TOTOKOB
HEHTPOHOB B aKTMBHOM 30HE pEaKkTopa C y4eTOM IMapasHTHBIX (PaKTOPOB, BIHSIOMINX
Ha ToKazaHus npubopa. [IpenyioskeHO MPUHIMNUAIEHO HOBOE peIleHHE MPOOJIeMBbI
VIIyYIIeHUs] TUHAMAYECKOW XapaKTepUCTHKH JleTeKkTopa npsmoro 3apsnaa (JI13) — oc-
HOBHOTO IprOOpa UII W3MepeHUs] HEHTPOHHBIX IMMOTOKOB B aKTUBHOW 30HE peakTopa
tuna BBOP. MonepuusupoBannsiii J{I13 He TOMBKO MO3BOISIET MPOBOAUTH U3MEPEHUS
HEHTPOHHBIX TIOTOKOB B YCIIOBHSX CTallMOHApHOW pabOTHI peakTopa, HO U CBOEBpe-
MEHHO pearupoBaTh Ha OBICTPbIe N3MEHEHNSI HEUTPOHHOTO TMOTOKA (TIOpsI/IKa CEKyHIbI U
MEHEe), YTO KpaiHe BayKHO JjIs1 MHTeprpeTanun curaia /{13 B paboTtaroiieM peakTope.

* BrmonHena oneHka BKJaga HEUTPOHOB B 103y OONydeHHs MEpCcoHana Ha pa-
0odyeMm MecTe BO BpeMsi pabOThl MEAUIIMHCKOTO JIMHEHHOTO YCKOPUTEINS DJIEKTPO-
HoB Clinac 2300/CD (boposnsusi, PHIIL] oHKOJIOrMK ¥ MEIUIIMHCKON paguoIio-
ruu uMm. H.H. Anekxcanaposa).

* B pamxkax koHTpakTa ¢ Tuxookeanckoil CeBepo-3amaaHoil HAMOHAIBHOU Ja-
oopartopueii (CIILIA) Ha co3manme mporpaMMHOTO obecrieueHus: VHTErpupoBaHHOM
WNudopmarnmonnoit Cucrtemsl PerynmupoBanust ['ocaromuamzopa Pb coszmano mpo-
rpaMMHOE oOecriedeHHe IO YMPaBICHUI0 UCTOYHUKAMH HOHU3HPYIOIIETO H3ITydeHUs
eLab-Atom. IlomydeHno cBuaeTensCcTBO HarmoHanmsHOTO IIEHTPa WHTEIUICKTYaTbHOM
cooctBeHHOCTH Pb 0 peructpanuu nporpammsl Ne683 «KommpioTepHas mporpamma
CUCTEMBI YIIPaBIEHUS] HCTOYHUKAMHU HOHU3UPYIOLIETO U3TyUeHHS.

* Co3paH 3JeKTPOHHBIN TTOPTAI SIEPHBIX 3HAHUN y4pexneHuil oopasoBanus Pb
BeINET https://bsu.inpnet.net/belnet/. IlomydeHo cBumerenpcTBO HammonansHOTO
LEHTpa MHTEIUIEKTyalbHOH coOctBeHHOCTH PB 0 perucrpanmun KoMmblOTEpHOW Tpo-
rpaMMmbl Ne843 «CucteMa ynpaBieHus1 yueOHO-HAyIHBIM [TOPTAIOM.

* 3akoHUYeHA pa3paboTka W armpoOaItus HOBOTO METOJa M3MEPEHUH KOMITOHCHT-
HOTO COCTaBa CIIUPTOCOJEpXkKAIIUX MPOAYKTOB. [lomyueHo cBuaeTenbcTBO 00 aTTecTa-
IIUY METO/1a U3MEPEHNH KOIMYECTBEHHOTO KOMIIOHEHTHOTO COCTaBa JIETYYHX KOMIIOHEHTOB
B anKorojbHOM mpomykrmu Ne253.0169/01.00258/2013 denepanbHOro areHTCTBAa IO TEX-
HHYECKOMY peryirpoBaHmio 1 MeTponoruu Poccuiickoit deneparu (Poccrannapt). Jan-
HBI METOJl U3MEPEHUH MOXET OBITh MCIOJNB30BaH MPH pa3padOTKe MEXTyHapOAHBIX
CTaHJIaPTOB IO KOHTPOIIO KadecTBa U 0E30MacCHOCTH aJKOTOJIBHOW MPOAYKINHU, aBTO-
MOOWMIIBHBIX TOIIIMB C UCTIOJB30BAaHUEM JTAHOIA U JIp.

* Co3llaH OMBITHBIA 00pazer] KoMIUIeKca O0OpyAOBaHUS Al 00E3BPEKUBAHMUS
(hapMaIeBTHYECKUX OTXO/OB M IIUTOCTATUYECKUX (PapMaIleBTHUECKUX TpEnaparoB, Ha
KOTOPOM BEITIOJTHEH OOJIBITION 00HEM OIBITHO-TEXHOJIOTHIECKUX PabOT IO 00E3BpEKH-
BaHUIO IIMUTOCTaTHYECKHX (apmaneBTHUeckux npernapaTtoB (PHIIL netrckoit oHkono-
WU, TEMATOJIOTUU U uMMyHosioruu, PYII «lLleHTp 3KkcnepTu3 U UCOBITAHUI B 31paBO-
OXpaHEHUW» U JPYTUE OpTraHU3aINH 3IPAaBOOXPAHEHN).

®opwmel ceszeit HUU A1 BI'Y ¢ peansnbim cexkmopom IKoOHOMUKU MHOTOO0pa3-
HBI: 3TO WHHOBALIMOHHBIE U XO3SICTBEHHBIE JOTOBOPHI C MPEANPHUATHIMU Pa3IUYHBIX
(hopM COOCTBEHHOCTH ¥ HayYHBIMH OPTaHH3AIMSAMU, TIPOBEJCHHE DKCIIEPTU3, OCYIIIECTRIIE-
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HHE Hay9IHOTO COMPOBOXKACHNA. OTMETHM OCHOBHBIE HAMPABICHUS COTPYIHIHYECTBA.

Cpemu HUP, nanbomnee cTpaTernyecKy BaXXHBIX TSI JAIBHEHUINEro pa3BUTHs MH-
CTUTYTa, MOXHO Ha3BaTh YCIICNIHO BhIMOMHEeHHBIH B 2012 1. X/n «Pa3paboTka Teopuw,
YHCIEHHOE MOJETHPOBAaHUE M CO3/aHHE MAKETOB M IKCIIEPUMEHTAIBHBIX 00pa3IoB
0ecIydyKkoBOTO TeHepaTopa IIMPOKOIIONIOCHOTO MMITYJIbCa Ha OCHOBE WHAYKTHBHOTO
HAaKOIUTEJS HArPY>KEHHOT'O Ha HTUPOKOIOJIOCHYIO aHTEHHY», & TAKKE BBIMOIHECHHBIN B
2012-2013 rr. x/n «Pa3paboTka Teopuu, YACICHHOE MOJCINPOBAHHUE U CO3JIaHHE Ma-
KETOB U 3KCIIEPUMEHTAIbHBIX 00pa3I[0B UCTOYHUKOB IIMPOKOMOJIOCHOTO U3IYUYSHHS U
reaeparopoB CBY m3mydenus (akcHaiabHBIM BHPKATOpP) HA OCHOBE €MKOCTHBIX M WH-
OYKTMBHBIX HakomuTenei». beumn co3maHsl ¥ UCHBITaHBl T€HEPATOPhl MIHPOKOIOIO0C-
HOTO 3JIEKTPOMAarHUTHOTO UMIYJibca. PaGoThl cCIOCOOCTBYIOT CO3aHUIO B CTPAHE HKC-
MIePUMEHTAIBHOM 0a3bl IS MTPOBEJCHHS UCIIBITAHUH JIEKTPUIECKON TEXHUKH.

Corpynuaukun HUU A1 BI'Y paGoratot B 00J1acTH MEIUIIMHCKOW (QU3UKH U sSIIep-
HO-(pu3mueckoro mpubopocTpoeHus ¢ TecHoi koomnepanuu ¢ HIIO «ATOMTEX», Be-
IYIUM TIPEATIPUSTHEM B 007aCTH TIPOU3BOJICTBA SACPHO-(DM3UUYECKON anmapaTypsl, a
TaKKe ¢ yupexaeHmsMu Munzapasa (benopycckas MeTuIHCKas akaeMHst TIOCeTn-
mwioMHoro oopa3oBanus u PHIIL] 0HKOJIOTHH U METUITMHCKON PATHOJIOTHH).

B pamxkax BeImoiHEHHOro noroBopa «IIpoBecTH oleHKY METOMOB HCCIEAOBAaHUS
" TIpUOOPHOM 0a3bl CHCTEM paJaWaliMOHHOTO KOHTpois Poccum m bemapycu ¢ ygetom
COBpPEMEHHBIX MEXIYHAapOAHBIX MOAXO0I0BY 10 3aKa3y JlemapraMeHTa Mo JUKBUIAINH
nociencteuii karactpodsr Ha YADC MUC Pb npoBeneH 0030p HOPMATUBHOTO M Me-
TOIMYECKOTO O00ECIeYeHUsT PaJMallMOHHBIX W3MEPEHHH B CHCTEMaX paJHalliOHHOTO
KOHTPOJIS M aHaJIN3 TPUOOPHON 0a3bl CHCTEMBI paJHaliMOHHOTO KOHTpoJst Pb u PO;
JaHbl PEeKOMEHIAIIMHU 110 TAPMOHU3ALMH METOJ0B M METOAUK HCCIEIOBAHNUSA CHCTEMBI
PaaMalMOHHOTO KOHTPOJS B paMKax TaMOXEHHOTO COro3a. Pe3ynbTaThl BBITOIHEHUS
JaHHoro jgoroBopa BHenpeHbl B PVII «benopycckuil rocyaapCTBEHHBIH HHCTUTYT
METPOJIOTUI.

B 2012 r. corpyaaukamu HUUW AI1 BI'Y BrimonHen x/i «Pa3paborath, co3nath U
BHEJPUTH B 1abopaTopro 202 XUMMOTOJIOTHYECKOTO [IEHTPa TOPIOYETO AIEKTPOHHYIO
CHCTEMY KOHTpOJIS KadecTBa u ympasienus 3amacamu I'CM Boopyxerasix Cui Pby.
B pamkax maHHOTrO 10oTOBOpa Ha 0a3e CHCTEMBI YIpaBICHHS JTJaOOpaToOpHOU nHOpMa-
uueit E-Lab co3mana u moctaBieHa Ha 60€BOe IeKYPCTBO JIEKTPOHHAS CHCTEMa KOH-
TpoJIsT KadecTBa M ymnpasieHus 3anacamMu ['CM Boopyxenasix Cun PecryOnukn
Benapycs. B 2013 r. cucrema E-lab-I'CM Brenpena B MOOO «I"aznpoMHEPTH-
BennedrenpomykTy.

[Tonydena nuuensus ['ocaromuanzopa st HUU SAI1 BI'Y Ha npaBo npoBeaeHUs
9KCIEPTH3 OpraHM3allMi M YUpekKIEeHUI Ha MpaBo pabOThl C MCTOYHHKAMH HOHU3U-
pytouiero u3nydeHus. [1oaroToBieHsl cCrienUanicThl U pa3paboTaHbl JOKYMEHTHI I10
opranuzanuu pabotel Jlaboparopun SAepHON CIIEKTPOMETPHH U HKCIEPTU3 paJnalli-
OHHOI1 0€30TaCHOCTH.

B pamxax Bemmonnenuss HUP «IIpumenenne nporpammuoro koxa DYN3D nmns
pacdeToB CTAIlMOHAPHBIX M MEPEXOAHBIX PEKUMOB PAaOOTHI PEaKTOPa, HEOOXOIUMBIX
JUTSI OIICHKW ¥ 000CHOBaHUS ypoBHs Oe3omacHocTH benopycckoit ADCy» (I'ocymapcer-
BEeHHas nporpaMma «HaydHoe cONpoBOXI€HUE pa3BUTUS aTOMHOM YHEPreTUKU B Pec-
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myonmuke bemapycs Ha 2009-2010 romer u Ha miepuon a0 2020 roma») COTpyIHUKAMHE
HUN AI1 BI'Y pa3paboraHa MeTOAMKAa MPOBENCHUS pacdeTa MPOEKTHBIX HCXOTHBIX
COOBITHH, CBA3aHHBIX C OBICTPBIM BBOJOM PEAKTHBHOCTH, BHIOPOCOM OPraHOB PETYJIH-
POBaHHUS CHUCTEMBI YIPABICHHS W 3aIlUTHl PEAKTOPA, YUYNUTHIBAIOMIAS CIOXKHYIO CTPYK-
Typy HOIJIOLIAOIIUX CTEPKHEU B pEaKTOpE.

B teuenne 6omnee 10 ner corpyannku HUM SI1 BI'Y exerogHo mpoBoIsT Hpea-
MTOCEBHYI0 00pabOTKy CEeMSH OBOIIHBIX KYJIBTYP IUIS TEITMYHBIX X03s1iicTB Pb (PYAIL
«I"pomuenckas oBomHas gadbpuka», CYII «AzotCeprucy», KCYII «Mo3sIpckas oBoOIII-
Has (adpuka», [IBC HAH Benapycn).

HUU Al BI'Y no xoHTpakTaMm c PsA3aHCKUM rocylapCTBEHHBIM PaJUOTEXHUYE-
CKMM YHHBEPCHUTETOM y4YacTBYET B Ka4e€CTBE COMUCIOIHUTENS B BBIIOIHEHHH Pslia 3a-
nanuii denepanbHbIX LENeBbIX MporpaMMm P®: «XonoaHble B3phIBOOIMUCCUOHHbBIEC Ka-
TOJBl HA OCHOBE MHOTOCJIOHHBIX I'pa)eHOBBIX CTPYKTYp M IpadeHO-MOJOOHBIX HAHO-
METPOBBIX IUICHOK», «Pa3paboTka HOBOTO MOKOJICHHS YJbTPa-JIETKUX/TOHKUX IIPOBO-
JSIIIAX MaTepUaNOB HA OCHOBE rpad)eHa U HaHOPa3MEPHBIX GOpM Yriiepona Il MHK-
poBosHOBEIX 1 TT'11 ycTpoicTBY», «Pa3paboTka TEXHOJIOTHH MPOU3BOJICTBA HOBBIX TO-
JUMEPHBIX KOMITO3UIIMOHHBIX MaTEPHAJIOB C 3apaHee 3aJaHHBIMU U IEPECTPauBacMbl-
MH JIEKTPOMArHUTHBIMHU CBOWCTBAMHU C HCIIOJIb30BaHHEM I'pa)€HOBBIX HAHOCTPYKTYP
Y MHOTOCJIONHBIX YHT».

Takum 00pa3oM, MOXKHO YTBEpKAaTh, YTO 3a MCTEKIIWE roibl B MHCTHUTyTE
smepHBIX TpobaemM BI'Y co3maH BEICOKOMPOGECCHOHATBHEBIN TBOPUYECKHI KOJUICKTHB,
TOTOBBIM M CHOCOOHBIM peIIaTh caMble CEpbe3HBbIC 3a/la4d COBPEMEHHOW (yHIaMeH-
TaJILHON W TPUKIAIHON HAyKH M YHHBEPCUTETCKOro oOpasoBaHus. OrisabiBasch Ha-
3a], Mbl BUIUM — HHCTUTYT HE NMPOCTO BBDKMI B OYEHBb HEMPOCTHIX YCIOBHAX, HO H
JIOKa3ajJ CBOIO 3HAYUMOCTb M HEOOXOIUMOCTh B CTPYKTYpe HayKd M 0Opa3oBaHUS B
HaIei crpane. MBI ¢ YBepEHHOCTHIO CMOTPUM B OymyIiiee.

INTRODUCTION

BASIC AND APPLIED PHYSICAL RESEARCH
in INP BSU (2010-2016)

V. G. Baryshevsky, S. A. Maksimenko

The Institute for Nuclear Problems of Belarusian State University has been founded in
October, 1986. A short introduction into history and research activity of the Institute during the
past 30 years is given.
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AJEPHAS OIITUKA
N ITYUYKHU 3APAKEHHBIX YACTHUL

AJEPHASA OIITUKA ITOJAPU30BAHHBIX YACTHUIL
B. I'. bapbiueBckui

SBnenus nHTEphEpeHINN, TUPPAKIMH 1 TPEIOMIICHNS CBETa XOPOIIO M3BECTHBI
ke MIKOMbHUKAM. J[MMBIIAsCS CTONETUSMHU NUCKYCCHS, SBISIETCS U CBET BOJHOMN
WM 9acTuIllell, B KOHEYHOM WTOTE MPHUBENIa K CO3/IaHMI0 KBAHTOBON MEXaHWKH W pac-
MIPOCTPaHEHUIO BOJHOBOM KOHIIETIIIMU Ha MOBeAeHue Mo0bIX dacTull. Kak pesynbrar,
MOHATHS HHTepPepeHLUH, AU(HPAKUIUU U TPEIOMIICHUS ObLIM BBEACHBI AJIsl OTMMCAHUS
B3aMIMOJICHWCTBUS YaCTHI] C BEIIIECTBOM, SJIPAMHU U JIPYT C APYTOM.

N3yueHne B3aMMOJeCTBHA CBETA C BEIIECTBOM MMOKA3aj0, YTO IOMHUMO YacTOTHI
W HampaBJCHHUS PacIpOCTPaHEHUs CBETOBAs BOJHA XapaKTEPU3YeTCs MOJSpU3aLHCH.
[lepBrIii SKCTIEPUMEHT, B KOTOPOM HAOJIOATOCH SBIIEHUE, 00YCIOBIEHHOE MOIIpU3a-
nuel cBeta, ObLT TIpoBeneH E. Bartholin B 1669 roxy. B pesynabTate OBIIIO OTKPBITO
SIBJIIGHUE JIBYJTy4EIIPEIOMIICHHSI CBETa B HCIAH/ICKOM INTIATe.

B Hacrosimee Bpems XOpoIIo U3BECTHO, YTO B CITydae ABYIyUYEHPETOMIICHHUS CBe-
Ta, CTAIIMOHAPHBIMU COCTOSHUSIMH B CpEJie ABIISTIOTCS COCTOSHUS C JTMHEWHOU MOJISIpH-
3arpeil mapayuieTbHON WM MePIEHANKYIIPHON ONTHYECKON OCcH KpucTamia. DTH CO-
CTOSIHUS UMEIOT pa3Hble MMOKa3aTelIy MPEJOMIIEHHUS U JIBUXKYTCS B BEILECTBE C pa3HbI-
MU ckopocTsMu. Kak pesyibrar, Hanmpumep, MUPKYJSpHAS MOJISIPH3aIlvsl CBeTa Tpe-
BpalaeTcs B TUHEHHYIO M HA000POT.

Hpyras cepust sxcriepuMeHTOB Obuta ocymectsiena D.F. Arago B 1811 rogy u
J.B. Biot B 1812 romy. OHH OTKPBIIH SBJICHHE ONTHYECKOH aKTUBHOCTH, B KOTOPOM
IJIOCKOCTH TMOJIIPH3AINH CBETa BpaIIaeTcs PY IPOX0XKICHIH CBETA Yepe3 BEIIECTRBO.

B 1817 roxy A. Fresnel ycTaHOBWII, 9TO B ONITUYECKHA aKTUBHOH cpejie, Bpalaro-
el MIOCKOCTh MOJIAPU3alMH, CTALIMOHAPHBIMU SIBISIOTCS COCTOSIHMS C JIEBOM M Ipa-
BOU MUPKYJSIPHOHN MOJIIpU3alHel, KOTOpHIE, Kak OH 00Hapyx w1 B 1823 romy, NBIKYT-
CSl C pa3HBIMU CKOPOCTSAMH (T. €. O0JIaaroT pa3sHBIMHU ITOKA3aTENIIMU NPEIIOMIICHUS).
HanmomuuMm Taxke, 4o mo3aHee ObUT OTKPHIT 3QdekT Dapazes, T. €. MOBOPOT MIOCKO-
CTH TIOJISIPU3AIIUHU CBETA B BEILIECTBE, IOMEIIEHHOM B MarHUTHOE 1oJie, U 3¢ dekt Kep-
pa (3¢ dexT qByIydenpeIoMIICHUS B BEMECTBE, TOMEIICHHOM B JIEKTPUICCKOE TIOJIE).

MUKpPOCKONIMYECKUI MEXaHU3M, NMPUBOIAIIMM K ONTUYECKOM aHU30TPOIIUU Be-
IecTBa, 0OYCIIOBIIEH CBSA3SMH, HAOKEHHBIMH Ha 3JIEKTPOHBI B aTOMaX M MOJICKYJIax.
[Ipu BEIXOZE 32 ONITHYECKUH THUAaITa30H (B pEHTTCHOBCKUH M Y-THAIa30H), KOTJa 9acTo-
Ta (OTOHA CTAHOBHUTCS MHOTO OOJBIIECH XapaKTEPHBIX aTOMHBIX YacTOT, TAKUMH CBSI-
35IMH MOKHO ITpeHeOpeys 1 3G QEeKThl ONTHUECKONH aHM30TPONHHU Hcue3atoT. bomee To-
ro, JJIMHA BOJHBI (DOTOHA B ITOM CIIydae OKa3bIBA€TCS MHOTO MEHBIIE pPACCTOSHUS
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MEXly aTOMaMHU M, Ha MEPBBIN B3I, ABICHUS, CBA3aHHBIC C NPEIOMIICHUEM, TaKKe
npomagaT. TeM He MeHee, U B y-Auarna3oHe cymecTByeT 3¢dekt moBopora miocko-
CTH TIOJISIPU3AIMK CBETa, OOYCIIOBICHHBIH KBaHTOBO-3JIEKTPOANHAMUYIECKUMH 3 dek-
TaMH POXKIEHUS SJIEKTPOH-TTO3UTpoHHBIX map (B.I'. bapwimesckuii, B.JI. Jlro6ormmmi
1965). B BemiecTBe ¢ MOTIPU30BAHHBIMU SPaMU TIOMHUMO SBJIEHHS TOBOPOTA ILIOCKO-
CTH TIOJIIPU3aLMH Y-KBAHTOB CYIIECTBYET U 3(QQEKT ABOHHOTO JIydenpesOMIICHUS Y-
kBaHTOB. CleqyeT OTMETHTh, YTO JIBOMHOE JydelpeIoMIICHHE Y-KBAaHTOB, 00YCIIOB-
JICHHOE PACCEsHUEM Ha siApaX, BOBHHUKAET B CITydae SZiep CO CIIMHOM PABHBIM €IMHULE
i Oonee. B ciryuae sinep co CiMHOM %2 HMeeTCst TONBKO TIOBOPOT TIOCKOCTH TOJISIPH-
3ammu. [Ipu eme 6onpmmx sHeprusix (cotau 1'3B u TaB) cymectyer addexr aBymy-
YeNpeJIOMIICHUS] Y-KBAaHTOB B KpHCTaIax, OOYCJIOBIECHHBIH 3(p(deKTaMu pOoXICHHUA
BUPTYQJIbHBIX TIap 3JEKTPOHOB WU TMO3UTPOHOB B 3JEKTPUYECKOM IOJIE€ KPHUCTAIIIOB
(B.I'. bappiuesckuit 1979).

O dexTrl, aHATOTMYHBIC ONTHYECKOW AHU3OTPONHMH BELIECTBA, CYIISCTBYIOT U
JUIS APYTUX THUMOB yacTHll. lIpexne Bcero oTMeTHM, 4YTO, HANPUMEp, €CIIU HEUTPOH
IPOJIETaeT I'PAaHMIly BaKyyM—BEILECTBO, TO BO3HUKAET (G (EKT MPEIOMIICHHUS BOJHBI
e bpoiins, Takke Kak ¥ B ciydae (OTOHOB, XapaKTEePHUIYIOIIUIICS MOKa3aTeIeM Ipe-
nomienust (Pepmu, 1944). B sTom ciaydae 3¢ dexT npenomieHns onpeaesieTcs saep-
HBIMH B3aHMOJECHCTBUSAMH.

UccnenoBanus sinepHO-ONTHYECKON aKTHBHOCTH BEIIECTBA CTAPTOBAJIO C PabOTHI
B.I'. bapeimesckoro u M.U. [loaropenxoro, BeImoiaHeHHOH B 1965, B xoTOpoli 66110
MOKa3aHo, YTO IPU MPOXO0XKIAECHUH Yepe3 MUILEHD C TOJIAPU30BaHHBIMU SAPaMU BO3HH-
KaeT BpallleHHE CIIMHA HEHTpOHa, SBISIOIEeCcs KMHEMAaTUYeCKUM aHajoroM s¢dexra
MOBOPOTA IJIOCKOCTH MOJsipu3auu cBera onaronaps 3ddexry dapanes. 3ameuarensb-
HO, 9TO JAJIsl YAaCTHUIL[ CO CIIMHOM €IMHHIA CYIIecTBYeT 3 PEeKT aHATOTUYHBINA OBYIyde-
npenomieanio ceeta (B.I'. bapeimesckuii, 1992). Dddekr 00ycaoBiieH BHYTpeHHEH
aHM30Tpomnuel yacTuil, uMeroImux cnuH 1 u 6onee. [logpoOHOE paccMoTpeHHEe 3TOU
HOBOU pa3BUBAIOIICHCS MHTEPECHOHN 00JIACTH UCCIIeIOBaHUM TaHo B [1].

B nacrosiee Bpemst cpean NEPCIEKTUBHBIX MCCIEIOBAaHUNA B 3TOH 001acTH Hau-
0ojee BaXHBIMU SIBJISIOTCS IKCIEPUMEHTHI, HampaBieHHble Ha oOHapyxeHue T(CP)
HEMHBapUaHTHON ONTHYECKON TMPOTPOIUH BEIIECTBA U, KaK CIEACTBHE, HAa U3MEPEHHE
T(CP) HenHBapHaHTHOH MOJIIPU3YEMOCTH aTOMOB U SAEP, OCHOBAHHBIC HA MCIOJIb30-
BaHUU BBICOKOTOYHBIX ONTHYECKHX MeTozoB [1]. M3MepeHue yka3aHHBIX BEIMYUH Ha-
pAy C M3MEpPEHHEM JJIEKTPHUUYECKUX TUIOIBHBIX MOMEHTOB 3JIEKTPOHOB M s1ep IO-
3BOJIICT MOJYYUTHh O€3 HMCIOJB30BaHUs YCKOPHUTENIEH BBICOKHX SHEPIUH CBEICHHUS O
IpoLeccax MPOTEKAIINX B 00JIACTH IUIAHKOBCKUX JUIHH. [1epClIeKTUBHBIMU SBIISIOTCS
WCCIIEZIOBAaHUU SIBJICHUA JIBYJIydENPEIOMIICHHUS EHTOHOB BBICOKOM 3HEPTrHU Ha YCKO-
putenbHbix Komiuiekcax NICA, GSI, LHC u Gosiee BBICOKHX SHEPTHSIX, IOCTAHOBKA HA
LHC u FCC 3kcniepuMeHTOB MO U3MEPEHUIO aHOMAaJIbHBIX MAarHUTHBIX MOMEHTOB KO-
POTKOXKHMBYIIMX JJIEMEHTAPHBIX YACTUI] U KBaJPYIIOJIBHOTO MOMEHTA OMEra-THIEepOHa,
UCCIIEZIOBaHNE 3aBHCHUMOCTH aHOMAJIbHOTO MarHMTHOTO MOMEHTa 3JIEKTpOHa (II03H-
TPOHA) OT BEJIMUMHBI BHEITHETO IEKTPUIECKOTO TOJIS C ITOMOIIBI0 3¢ eKTa MOBOPOTa
CIMHA PENATHUBUCTCKUX YaCTHLl, ABWXKYIIUXCA B U30THYTOM Kpuctamie [1]. B cBs3u ¢
co3nanueM B LIEPH n GSI my4koB MeIJI€HHBIX aHTHUIPOTOHOB MOSBISAETCS BO3MOXK-
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HOCTh U3Y4YCHMS NMOTEHIMAla B3aMMOJEHCTBUS aHTHIIPOTOHA U siApa B OONACTH IIpe-
JIeTTbHO HU3KUX dHEPTUil (3JEKTPOHBOIBTHI) C MMOMOIIBIO SBJICHUS SACPHON MPELECCHU
[2]. CymecTBEeHHO, YTO SKCIEepUMEHTHl B o0nacTu usyuenus T(CP) nemHBapuaHT-
HOW ONTHYECKON THPOTPOIIHH BEIMIECTBA MOTYT OBITh IIOCTABJICHBI U B HaIlleH pec-
nmyOIuKe.

Crenyer OTMETHTD, YTO MCCIECAOBAaHHUSA KOTEPEHTHBIX MPOLECCOB MPU IeHepauuu
PEHTI€HOBCKOT'O U Y-U3TY4YEHUsI, COMPOBOXKIAIONINECS B3aUMOACHCTBUEM PENISITUBHUCT-
CKHUX 3apsDKEHHBIX YacCTHUI[ C KPUCTAJIOM, IPUBEJIO K PA3BUTUIO IPAKTHUECKH BAXKHOTO
HaTpaBJICHHsI, TIOYYUBIIEr0 Ha3BaHUEe 00BEMHBIE Jla3ephl HA CBOOOIHBIX 3JIEKTPOHAX
(OJICD) [3].
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NUCLEAR OPTICS OF POLARIZED PARTICLES
V. G. Baryshevsky

The centenary debate about the light being either a wave or a particle finally led up to
origination of the quantum mechanics foundations and extension of the wave approach to the
every particle behavior. As a result, the concepts of interference, diffraction and refraction were
introduced for description of the particle-matter, particle-nucleus and particle—particle interac-
tion. It was proved that the effects similar to the optical anisotropy of matter also exist for every
type of particles.
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HAPAMETPUYECKOE I'AMMA-U3JTYUYEHUE

A. Ahmadi’, H. JI. ®epanuyx’, A. C. Jo6ko’

'Physics Department, Malayer Branch, Islamic Azad University, Malayer, Iran
benopyccruti cocyoapcmeenubiil yHugepcumem
3HHcmumym s0epnvix npobaem BI'Y

O¢ddexr Meccbayspa (smepHBI Y-pe30HaHC) — SBIEHHE WCIYCKAHUS WU
MOTJIOIICHHUS Y-KBAHTOB aTOMHBIMH SpaMH B TBEPJAOM TeJie, HE COMPOBOXKAAOLICECs
W3MEHEHUEM KOoJleOaTeNbHON SHEpTUu Tena, T. €. 0e3 MCIyCKaHWs WM MOTJIOICHHS
doHoHOB (6e3 oTmaun) [1]. TakuM mepexomaM COOTBETCTBYIOT JIMHUU HCITYCKaHUS U
MOTJIONICHUS Y-Ty4eH, 00JIaJarolue €CTECTBCHHON MiMpuHOW /. Malibie BeUYUHBI
abcomroTabIX 3HaueHui 17 (10°~10"0 5B) m03BONSIOT IPOBOIUTE H3MEPEHHS CIBUTOB H
pacuienieHnui JTUHUH, 00YCIOBICHHBIX B3aMMOJICHCTBUEM S/Ipa ¢ BHYTPCHHUMH 3JICK-
TPUYECKMMH M MATHUTHBIMHM TOJIIMH, W TEM CaMbIM TOJNydYaTh HH(POPMALHUIO O
CTPYKType, COCTaBe, XHMHYECKHMX CBS35SX M MAarHUTHBIX CBOMCTBax BEIIECTBA,
COJepKaIleT0 PE30HAHCHBIA HYKJIHI. V3MepeHHss BEpOSTHOCTH Y-pe3oHaHca, T. €.
JIOJIM MCIYIICHHBIX WM MOTJIOMEHHBIX Y-KBAHTOB 0€3 OTHa4u, U €€ 3aBUCUMOCTH OT
TEMIIEPATypPhl 1 TO3BOJISAIOT MOJIYYUTh CBEACHUS 00 OCOOSCHHOCTSIX B3aUMOJICHUCTBUS
aTOMOB B TBEP/IBIX TeJaX M O KOJIIEOaHUIX KPUCTAIUIMIECKOH PEIIETKH.

Oro dusuueckoe sBieHUE, oTMedeHHOe HoOenerckoit mpemueii 1961 roma [2],
JIETJIO B OCHOBY MeccOayIpoBCKOW CIEKTPOCKONUU. MeccOayspoBcKast CIIEKTPOCKOIIHS
B HacTofIIee BPeMsl MPEJCTABISIET COOON MOIIHBIN U XOPOIIO pa3pabOTaHHBIH METOT
JTUAarHOCTHKH, IPUMEHSIEMBIH B OCHOBHOM B (PM3UKE TBEPJIOTO TEJIa, XUMHH, OHOIOTHH
u reojorud (Hamp. [3]). Xopolmo W3BECTHBI SKCIEPUMEHTHI C IPUMEHEHUEM dPdeKTa
Meccbayspa u B ¢dyHaamenTanpHoil pusuke [1]. MeccbayspoBckast CIIEKTPOCKOTIHS
NPEJOCTaBIsIeT HHPOPMAIIMIO O TPEX THUMAX CBEPXTOHKHX B3aUMOJCHCTBHI: W30MEp-
HOM (XMMHYECKOM) CIIBUTE, KBaJPYyMOJILHOM B3aMMOJICHCTBUN W MarHUTHOM paciier-
nennn (3ddekre 3eemana). biaromapst BHICOKOW dHEPrHMH raMMa-U3JIydeHUsS U MaJoh
€CTECTBEHHOW HIMPHHBI 0eCHOHOHHBIX (PE30HAHCHBIX) JIMHHMA, B MeccOayIpoBCKOU
CHEKTPOCKOIIHHU JIOCTUTACTCS PEKOPHOE OTHOCUTEIBHOE pa3pelieHre Mo SHEPTUH TMo-
paaka 10" u Beime. JIms OCYIIECTBIGHHS SIEPHOTO TaMMa-pe3oHaHca Tpebyercs
HaJIM4Me T.H. «MeccOaydpOBCKOM Mapbl» — HCTOYHHK—TIOTIIOTHTENb. B 3TOM ciydae
palMoaKkTUBHOE SAPO B UCTOYHHKE, MCITyCKas raMMa-KBaHT B MPOIECCE M30MEPHOTO
SICPHOIO MIEPEX0/ia, OKa3bIBAETCSA B CTAOMIIBHOM COCTOSIHUH. DTHM HM3JIydeHHEM 00-
JYYalT TOTJIOTUTENb, COACPKAIIUI COOTBETCTBYIOIIHNE SIIpa B CTAOMIBHOM COCTOSI-
HUH, C IETBIO MePeBoJia X B BO30YKJEHHOE COCTOSHHE, T. €. IMOJNYYCHHUsS] H30Mepa,
pacmaBiierocsi B HICTOYHHKe. TakuM 00pa3oM, U3MEpHUTENIbHAs YCTaHOBKA JIOJDKHA CO-
CTOSITh M3 UCTOYHUKA M3IyUYSHHS S, 00pa3la-MorIOTUTENs @, YCTPOUCTBA MOTYJISIAN
(BubOpaTopa) sHepruM U3aydeHus ¢ noMoInbio 3ddexra Jlormiepa £V (HECKOIBKO MM/C)
U CXEMBI CEJIEKTHBHOTO JICTEKTUPOBAHUSI PE30HAHCHOTO TaMMa-u3y4eHus. Perucrpa-
Ul CIICKTPOB 3aKJIFOYAETCs B HM3MEPEHUM CKOPOCTH CUETa PE30HAHCHBIX TamMa-
KBAaHTOB B 3aBUCHMOCTH OT CKOPOCTH OTHOCHTEJIBHOTO JIBM)KCHHS MCTOYHUKA W
MOTJIOTUTENS.
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TexHonoruyeckn HaubOoIee CIOKHBIM DIIEMEHTOM YCTAaHOBKH MeccOaysIpOBCKON
CTIIEKTPOCKOTIHH SIBJISIETCS CIICIMAIM3UPOBAHHBIN UCTOYHUK U3NMy4deHus. IMeHHO n3-3a
CIIO’KHOCTH TOJYYCHUS TAaKUX HUCTOYHHKOB 3TOT METOJ HE MOJYYMI JOJDKHOTO pac-
npoctpanenus. Jlo Hacrosmero Bpemenu 3ddexr Meccbayspa Habmogaics Ha Oosee
4yeM copoka uzoromnax (Puc. 1), oHako B peaqbHOCTH JOCTATOYHO MIHMPOKO HUCIIONB3Y-
FOTCS TOIBKO TpH — e, *°Sn u **'Eu, 11 KOTOPBIX H30TOIHEIC HCTOYHHKH HAHOOIIEE
JIOCTYITHBI.

p . ST 119G
W3otonmr, npumensiBinecs B 0orxee 1000 padortax: *'Fe, ~~Sn

5w 67 99 g
H3otonel, ncnons3oBarmmecs B oT 100 go 1000 crateax: " Ni. *'Zn, Ru, Sh,
125 1207 181 182vy7 1017 197 151 155~ 1 1661, 169 170 2377
Te, 7L “Ta, W, 7'Ir, "'Au, “Eu. 7Gd, Er, “Tm, "Yb, “'Np

DmeMeHTH, IMefolie  MecchayIpoBCKIle  M30TOMBI, HO  (paKTHUeCcKN  He
npuMeHsromnecs Ha npakTtnke: K, Mn, Ge, Kr, Te, Ag, Xe, Cs, Ba, La, Hf, Re, Os,
Pt, Hg, Pr, Nd, Pm, Sm. Tb, Dy. Ho, Lu. Th, Pa, U, Pu, Am

Puc. 1. Uzotomnsl, s koTopseix Habmogancs 3¢gdexkr Meccbayspa, 1 COOTBETCTBYIOIIEE THCIIO
Hay4YHBIX MyOJIMKaluUid ¢ UX HCIOJb30BaHHeM [3]

ITo mepe mporpecca B 00J1aCTH CHHXPOTPOHHBIX UCTOYHUKOB M3TY4YEHHUS UX CTa-
JIM PaccMaTpPHUBaTh KaK HOBBIN IIAT K PacIIMPEHHUI0 BOBMOXKHOCTEH MeToza MeccOaya-
POBCKOM crnekTpockonuu. B mepByto ouepenb Oblla MCHONB30BaHAa BBICOKAsl CIEK-
TpajbHas SIPKOCTh CHHXPOTPOHHOI'O M3JIyYEeHHUs], YTO MO3BOJIMIIO PACLIMPHUTH MCCIIEAO0-
BaHUs B 00jacTu MeccOayspoBckoi nudpakiuu. Takue 0COOCHHOCTH CHHXPOTPOHHO-
r'0 U3JIyYeHHs, KaK €ro UMITYJIbCHAsI CTPYKTYpa U BO3SMOXXHOCTb IEPECTPOHKH YacTOTHI,
MO3BOJIMJIM HayaTh SKCHEPHUMEHTHI COOTBETCTBEHHO B 00J1acTH BpPEMEHHOH MeccOaya-
POBCKO CIIEKTPOCKOIIMM M HMCIOJIB30BAHUKM MeccOaydIpOBCKUX DIIEMEHTOB, HE NMEIO-
IIMX M30TOIHBIX HCTOYHUKOB PE30HAHCHOIO M3Ty4eHus. B HacTosiiee BpemMst Ha MHO-
I'MX CHHXPOTPOHHBIX CBETOBBIX McTouHMKax (Hamp. ESRF, HASYLAB, NSLS, Photon
factory at KEK, SPring-8 u 1p.) 000pymoBanbl KaHaJIbl ISl UCIIOJIb30BAHHS B SJICPHO-
PEe30HaHCHBIX dKcnepuMenTax. s mpumepa Ha Puc. 2 mokazaHa cxema dKCIepuMeH-
Ta, IPOBEJCHHOTO Ha JJIEKTPOHHOM CHUHXpOTpoHe SPring-8 c¢ sueprueii nmyuka 8 5B
[4]. B HeM GbLI HONyUeH MeccOaydPOBCKHUI crieKTp “Ge ¢ sHeprueit 68.752 k3B, Ko-
TOPBIA HE MOXKET OBITH U3MEPEH C PaJMOM30TONHBIM HCTOYHHKOM. BBUay TOro, uto
SHEpreTUyYecKas MUPUHA CHHXPOTPOHHOTO U3Ty4eHus (~ 5B) 3HaunTeNBsHO MpeBbIa-
€T XapaKTepHylo MHMpUHY MeccOayspoBckoit nmuHun (< 100 Mx3B), mouyrn Bce magaro-
1iee U3ydeHue sBJsieTcsl HOHOBBIM M MIECT Ha HAarpeB yCTaHOBKH. B urore, ckopocTh
cdeTa KBAaHTOB CHHXPOTPOHHOTO M3JIy4EHHs, MONAJAIONINX B SICPHBIA PE30HAHC, AB-
JISETCS IOCTATOUHO CKPOMHOM ~ 150-200 ¢™. Macmrab CHHXpPOTPOHHOIO CBETOBOTO
MCTOYHHUKA Ha 3Heprur0 5—8 3B u 3aTpaThl HA IOCTAHOBKY AKCIIEPUMEHTA BBITJIIST
IpU 3TOM OYEHb BHYLIMTENHHO. TakuM 00pa3oM, albTepHATUBHBIE BO3MOXKHOCTH TO-
JIy4€HUs] UICTOYHHKA PE30HAHCHBIX KBAHTOB JIOJDKHBI BBI3BIBATh OOJIBIION MHTEPEC.
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Puc. 2. CxeMa dKcIiepuMenTa () 110 moMydeHnIo MeccOayspoBeKoro crekrpa ~Ge (b) Ha
kanae BLO9XU cuuxpoTpoHHOTr0 cBeTOBOrO HcTounnka SPring-8 [4]

Wnes npuMeHeHMsI mapaMeTpHUUecKoro peHtreHoBckoro uamyuenus (IIPU) nmms
reHepaluy Pe30HAHCHBIX TaMMa-KBaHTOB JJIsl MeccOay3pOBCKUX SKCIIEPUMEHTOB Oblia
BIIEpBBIC TIpEUIOKEeHa B padote [S5]. bpiio moka3aHo, 4TO 3TO M3ITyYeHUE — MapaMmeT-
puueckoe ramma-uznyuenue (I[1II'M) — taxke, kak u [IPU, Oyzaer usnmy4yarbest pensTu-
BUCTCKHM 3JIEKTPOHOM H3-3a AU(PPaKIUK €ro 3JIEKTPOMAarHUTHOTO IMOJISl B KPHCTAILIE,
colepiKalieM sIpa MeccOaydIpOBCKMX HM30TOIOB. [IpenMyIiecTBOM Takoro mnoaxozaa
spiseTcss TOT (akt, yro [II'M HeoOxomumol ajisi MeccOayIpOBCKHUX JKCIICPUMEHTOB
SHEPTUU MOXKET OBITh MMOMYYEHO HAa YCKOPHUTEISX AJIEKTPOHOB 3HAYMTENHHO MEHBLICH
SHEPTuH, YeM B CHHXPOTPOHHBIX CBETOBBIX MCTOYHHMKAX, & IMEHHO HECKOJIBKO COTECH
MbB. Ilpn 3ToM HHTEHCHBHOCTh PE30HAHCHBIX KBaHTOB OYyZET CpaBHHMa C WHTEHCHUB-
HOCTBIO, TIOTy4aeMOi B CHHXPOTPOHHBIX CBETOBBIX MCTOYHHMKAX I1OCIIE MOHOXPOMATO-
poB. Janee neranbHblil aHanu3 xapakrepuctuk IIT'M Obu1 mpoaenan B paborax [6—9].
KopoTko paccMOTpUM HEKOTOPBIE MTOJTyYEHHBIE PE3yIbTaThl HIKE.

OOmiee BBIpaKEHUE ISl CIIEKTPAIBHO-YIIIOBOTO paclpe/ielieHUsT U3TyYeHus], Te-
HEPHUPYEMOT0 TIO0 MapaMeTPUIEeCKOMY MEXaHU3MYy, YXKe PacCMaTpHBajoCh BO MHOTHX
nyOnukanusx, nocssimeHHbx [IPY, 1 MoxeTr ObITh 3ammcaHO Uit TEOMETPHH, MpPel-
CTaBJIeHHOH Ha Puc. 3, cinemyrommm oopazom:

2
azN:sg es > = \2 2 |2 g |1 1 —ikLg9 y=1
= = ., N A - (1—6 qus)/o)
Q0w hwrrzc( Y 9) |YO|B Zﬂ—l us qg qgs

MaKCI/IMYM H3JIYUYCHHA HAIpPaBJICH B HAIPABJICHHUU I[I/I(l)paKLII/II/I BOJIb BCKTOpa

k=21

-
kg, npyrue xapakTepHble BEKTOPHI M YIIIBI TAKXKe MpUBeIeHB! Ha Puc. 3
3 2

ky = 2w+ §; wp =c-L—. 2
B=zWpTJY;, Wp 210, 2)

Hpyrue Benuuunsl u3 (1) onpenenstorcs: BeipaskeHussMu (3) u (4), ux nogpoOHoe
OTIHMCaHUE MOXET OBITh HalIeHO B [8]:

1 m2c*
@ e 2
@%b =" =gz + 0
kgl E
1 Zc* .
ql(g) = @ = —mEZC + 9(29) + 952(L) - 26#3,
Bhus
2y = EL
HOELE S ©)
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Lo u kpN
2 _ 92 2. 1 — 2. —_ Xy, _"B",
9(9)_‘9x+19y'k—k3+u'19x.y_ kB'Vo— k'’
- 7 s _lmpou=12 _I=2 = 1. p _ v(kpN)
g = kp/kp; €zg = E[k X Tgl; €ng = €59 X Ag]; B = WBN)' 4)

8

d i
) <
Detector

%
Wy —
%

Puc. 3. XapaktepHble BEITUYNHBI, OMPEICIAIONINE CIICKTPAILHO-yTIIOBOE
pacnpeneseHrne napaMeTpuueckoro raMMa-u3nydeHust

OctanpHbie mapameTpsl W3 (1) ompenenstoTcs ypaBHEHHSIMH JWHAMHYECKON
TG PAKIAN:

1
€us = Z([Xo + Bxo — Bagl £ \/[Xo + Bxo — Bag)? + 4B[xoas — (x5 - CS»Z)@X—@)D

_ 2kg+g? (22 . g _ CsXg
ap = k2 v G = (esesg)l A’l(Z)s - 2(52(1)5_61(2)5). (5)

Wuaeke s 0003HaYaeT Mosspu3alimio, 3HadeHust U = (+) COOTBETCTBYIOT 3HAKY
nepes KBaJPaTHBIM KOpHEM B (5), GIMHHYHbIC BEKTOpPA €; U €s5 COOTBETCTBYIOT
nojisipm3atusiM o(s = 1) u mw(s = 2) aia magaromed ¥ AudparupoBaHHOW BOJIH,
COOTBETCTBEHHO. be3pasMepHas BeJIMunHA (g XapaKTepU3yeT OTKIOHEHHUE BOJHOBOTO
BEKTOpa UCHYIICHHOT0 (DOTOHA OT TOYHOrO HampaBiieHus: bparra, COOTBETCTBYIOIIETO
ag = 1. Kpucrann xapakrepusyercs Qypbe-KOMIOHEHTAMH BOCHPHUMYHBOCTH Yo U
Xg» KOTOPBIE HANPSIMYIO CBSI3AHBI C AMIUTUTYIAMH KOTEPEHTHOTO paccesiHusi pOTOHOB
JNIEKTPOHAMHU M SJpaMH B KpHcrawie. B cimydae meccOay?poBCKOTO KpUCTaia OHH
BKJIFOYAIOT B €051 3JICKTPOHHYIO X, U SIECPHYIO YaCTH X,

Xo = Xe(0,0,) + xn(w), x5 = Xe(g, 0r) + xn (g, w), (6)
rac B cnyqae HFI/I BHCKTpOHHaﬂ 4acTb paCCLII/ITLIBaeTCH Ha peBOHaHCHOﬁ qacToTe a)r u

MOKET pacCcMaTpuBaTbCA Kak IIOCTOSHHAs BenuuyuHa. Jlpyrue mapaMeTpsl
ONPENEISAIOTCA COOTHOIICHUSIMU [6]:
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B 41S(§)e W@ 41S(§)e~"@)

Xe(g, wr) = er(ﬁ)r In(g w) = an(w),
L@ =L R@). (7)

3necy 1y — 0O0BEM dIEMEHTapHOW SYCHKHM KpUCTaia, f, M f, — aMIUIUTYyIbl
paccessHus (OTOHOB C DdHEprued HAw, dSJICKTPOHHOH OOOJOYKOH U SAPOM
COOTBETCTBEHHO, S(§) — CTPYKTYpHBIH (haKTOp SIEMEHTAPHOU SAYEHKH KpPHCTasLIa,
F,(g) — aromubiii dakrop paccesnus (F(0) = Z, — 3apsaa atoma), e W@ _ takTop
Jebas-Yomrepa, f,(w) — aMIumMTyga pe30HAHCHOTO pacCesHUs TaMMa-U3ITydeHUs
AOPOM.

U3otonHbie MeccOayIpOBCKHE WCTOYHUKU H3IYHYalOT B 47T F€OMETPHUH, OATOMY
1ocjIe KOJJIMMALUKM, HEOoOXOOUMOHM sl obecreueHHus MPUEMIIEMOI0 COOTHOLICHHMS
CUTHAJI-IIYM, OONbIIas YaCTh HHTEHCUBHOCTH TaMMa-U3JIydeHus OecleTbHO TepsAeTCS.
B cnywae ke III'M, pe3oHaHCHbIE ramMMa-KBaHTBl HCIIyCKAalOTCS B HaIPaBJICHUU
BEKTOpa EB B TenecHblid yron AQ = A9 A9,,. Jlnst pensTUBUCTCKUX DIIEKTPOHOB OTH
YIIBl J0CTAaTOYHO Manbl, Ad,~AY, < m,c?/E u OcHOBHas 4YacTh MOJTYYEHHOIO
M3JTy4EHHUs] MOXKET OBbITh HampaBlieHa Ha HccieqyeMblil oOpasen. B atom ciydae Ham
JIOCTaTOYHO  PAacCMaTpuBaTh  TOJBKO  cHEeKTpalbHOe  pacupeneneHue  III'U,
npounterpuposas (1) no yrnam Ad, u A9, B mmockoctu gerexropa (Puc. 3).

Jns  ynpomieHMsT JAIBHEWINEro  aHAIW3a  MCIOJIb3YEM  KHHEMATHYECKOE
npuOIKeHHe, KOTOpOoe MPHMEHMMO JJsl Ccly4as, KOrja TOJILIMHA KpHCTajia
OTrpaHWY€eHa JUIMHOM SKCTHHKIMH (Loyr~C/W|x0 (g, @)|), a yron pacxoxaenuns mydka
3JIEKTPOHOB M3-32 MHOTOKPAaTHOTO paccesHuss B KPUCTAJUIE MHOTO MEHBIIE yria
pacxoxzaenus myuka ¢ororoB [II'M. dopmyna 1y KHHEMAaTHYECKOTO NPUOIIKEHNS
cnekrpa [II'N ot pensTUBUCTCKOTO AIIeKTpOHA ObLIa TIoy4YeHa B [6]:

dANpg; 33\/7 E  wyL - 2
Wr dw  3v3hclsin20g| mec? ¢ lX(g' w)l ) (8)

BeibepeM TONIIMHY KPUCTAINTMYECKON MHINICHH L paBHON BO3MOKHOW MaKCHMAJIbHOM
semmunne L~ < ¢/w,|x. (g, w,|. Hanbonee nomxomsimmM s BOSMOMKHOIO HAOIIOIEHHS
reneparmy ITTU sBiIsieTcs KpUCTAILT C H30TOIIOM 52F e, IMEIOIMM ClIe/yIOIMe TTapaMeTphL:
w; = 14.41 k3B, T = 4.66 X 10712 k3B, k0>QUIMEHT BHYTpEHHEH KOHBEPCUM
a. =9. B srom cinyuae yroa Bparra Ha cemeiictBe miockocrerr (011) Oymer
cocTaBaTh A = 12.26°. YuTeM TaKxke, 4TO B HCKYCCTBEHHO BHIPAIIEHHOM KPHCTaLIe
OTHOCHUTENIbHAsI KOHIEHTpAIMsl PE30HAHCHOTO HM30TOMA MOKET 3HAYMTENbHO
MIPEBBIIIATh €T0 €CTECTBEHHYIO KOHIICHTPAIMIO W JOoCTUTaTh 3HadeHus 1) =~ 0.9. J{ns
JTaNbHENIIeH ONpeaAeIEHHOCTH HCTIONIb3YEM ITapaMeTphl ITydKa 3JIEKTPOHOB C 3HEpruei
855 MbnB wmmkporpona MAMI Maiianckoro yrmBepcutera (I'epmanms) [10] u
reomeTpuro Jlaya.

PesynbTaT unciaeHHoro a”anu3za yriooro pacnpeaenenus [II'M u3 kpucranna c
W30TOTNIOM 52Fe TIpU YCJOBHH ONTHMANLHOCTH TAapaMeTpoB TpuBencH Ha Puc. 4,
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=2y =u?, t=ap=16 0=y P+62(L). e 6, -

CpeI[HCKBaI[paTI/I‘{eCKI/Iﬁ YT'0JI MHOTOKPATHOT'O pacCesaHUrs SJICKTPOHOB. MoxxHO BUICTEH,
YTO U3ITYYCHHUEC JIECTBUTEIIHLHO COCpEAOTOYCHO B Y3KOM YTJIOBOM AHAIIa30HE.

Puc. 4. Yrnosoe pacnpenenenne IITH 171s kpucTamia ¢ 54Fe u 3MeKTpoHa ¢ yHeprueii
855 M»B nipu otknonenun gactotsl [1I'M ot pe3oHancHoM 9acToTsl paBHOM X = —0.04

UrtoObl ompenenuTh WHTErpaibHOE KoymuecTBO KBaHTOB [II'M, mcmymeHHBIX
OJTHUM 3JIEKTPOHOM C dHeprueit 855 M»aB B cniektpaibHblii uHTEpBan Aw~TI/#, Obino
NPOBEJICHO YMCICHHOE MHTETPUPOBAHKE CIIEKTpaibHOTO pactpeneneHus (Puc. 5) mo x
B IJIOCKOCTH JIETEKTOPA.

dN/dx(107-13 ph/e |/mrad”2 )

Puc. 5. Criextpanbras mnotHocTs [IT'Y reHepupyeMoro oTHIM SJIEKTPOHOM C SHEprueit
855 M»B B kpucTaiie ¢ MecchaydpOBCKUM H30TOTIOM 34Fe Kak (hyHKIMS MepeMeHHOM X
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Jns  OmNeHKHM CHEeKTpaJibHOH cBeTuMocTH ucTounmka I ma  0Oaze
PEJATUBUACTCKOrO 3JIEKTPOHHOTO IIydKa HCIOIb3YeM HMHTErPANBHOE KOJINYECTBO
raMMa-(OTOHOB, HWCHYLICHHBIX OIHMM OJJIEKTPOHOM C »Heprueil 855 Mb»dB B
CHEeKTpalibHBIA uHTepBan Aw =~ ['/h BOMM3M w, B Yy3KWUH TeNecHBIH yroiu

AQprossp~Aty/AY BOmm3m mmka [II'M, coorBercTByromero audppakimOHHOMY
OTpasKeHHIO OT cucTeMbl miockocTel (011) nCKycCTBEHHOTO KpUCTaiia ¢ KyOnuecKon
peIeTKoif, 060raleHHoTo MeccOayIpPOBCKHM H30TOTIOM SaFe:
- phot.
Nogg~1.2 x 10712 [ 220,
011 e'mrad
CooTBeTcTBeHHO, KonnuecTBO (oToHoB [II'M, reHepupyeMbIx TOKOM Myd4ka J 3a
OJIHY CEKYH/y, MOXET OBbITh PACCUUTAHO KaK
i s~1] ~ J _ 19. .
N, [s7] = Npir 5 = 0.6 X 1077 Ny JA].

UroObl CpaBHHUTH 3Ty HHTEHCHBHOCTH C HMCTOYHHKOM T'aMMa-pE30HAHCHBIX
KBaHTOB Ha OCHOBE CHHXpOTpoHHOro wu3iaydeHuss (CH), ymoOHO paccMOTpeTh
CHEKTPAJIbHYIO CBETUMOCTb 00€MX HCTOYHHMKOB. CHeKTpanbHasi CBETUMOCTb
CUHXpOTpoHHOTO wu3nmydeHuss CH, TeHepupyeMoro TOBOPOTHBIM MAarHHTOM,
omnpeenseTcs nHxxeHepHoi gopmynoi [11]:

Yeu [phot.- s™1-mrad=2 - (0.1%BW)~1] = 1.3 x 1013 - E2[GeV]- J[A].
roe BW = bandwidth, mmpuna mosocer usnydenus. [Ipy 3TOM MakCHMyM CIIEKTpa
nznydenust CY HaxoauTCst B MHTEpECYIONIeH Hac 00IacTH MOpsIKa AecsATKOB K3B (s
5/Fe — 14.4 xoB) npu dHEPrUM 3NMEKTPOHHOTO Myuka B 6—8 I'5B. XapakTepHbIi Tok
My4YKa COBPEMEHHOTO CHHXPOTPOHHOTO CBETOBOTO McTouHuKa — 100-200 MA.

Jns pacuera cooTBercTBYyIoME BenuuuHbl i [II'M yureM Takske, 4To MIMpUHA
nosnock! yactot III'U pasna I'/Aw, ~ 3.2 X 1071°(0.1%BW). B pe3ynbrate Haiinem:

Yy [phot.- s™1 - mrad=2 - (0.1%BW)~ 1] = 3.1 x 1016 - E2[GeV] - J[A].

VYuyuteiBas sHepruto myuka MmMukporpoHa MAMI, pasuyo 0.855 I'3B, u ero
cpeanuii Tok myuka 100 MKA, MOXHO caenaTh BbIBOA, 4TO UcTOYHUK [II'M Ha sTOM
OTHOCHUTEIIFHO KOMITAKTHOM YHHBEPCHUTETCKOM YCKOPHUTEIIE MOXKET UMETh CPAaBHUMYIO
CIEKTPAJIbHYI0 CBETUMOCTh C HCTOYHMKOM TI'aMMa-pE30HAaHCHBIX KBAHTOB Ha
CUHXPOTPOHHOM CBE€TOBOM MCTOYHHKE C dHeprue 8 IBB u croumocthio mon
MUJLTHAP]T TOJIIAPOB.

Takum  oOpazom, MeccOaydpOBCKas  CHEKTPOCKONHs, OCHOBaHHAs  Ha
Pa3BUBAIONINXCS YCKOPUTEIIbHBIX HCTOYHHMKAX PE30HAHCHBIX ramma-kBaHToB (CH,
III'), cnocoOHa BBIBECTH 3TOT METOJl AMATHOCTHUKH MAaTEPHAIIOB HA HOBBIA YPOBEHb.
JIOTIOTHUTENEHBIM  TIPEUMYIIIECTBOM ~ YCKOPHUTEIbHBIX HCTOYHUKOB SIBISIETCS  HMX
XapakTepHass BPEMEHHAS CTPYKTypa W3JIy4eHHUs, CBs3aHHas C OyHYMPOBKOM
AJIEKTPOHHBIX IYYKOB MPU YCKOPEHWH. OTa OCOOEHHOCTh II03BOJIAET IIONTyYaTh
MeccOay3pOBCKUE CIEKTPHI HE TOJIIBKO B YHEPIeTHUYECKOW (KaK PacCMOTPEHO BHIIIE),
HO M BO BpeMeHHOW obOnactu. Kpome TOro, 3IeKTPOHHBIE IyYKH MOTYT OBITh
MOJIBEPTHYTHl OYeHb CHIBHOH (OKYCHPOBKE, 4YTO MPHBOJAUT K BO3MOXHOCTU
TIOBBIIIICHHS JIOKAJLHOTO PAa3pEIICHHs CIEKTPOCKOIHH, KOTOPasi B CIIy4ae U30TOMHBIX
MeccOayPpOBCKMX HMCTOYHHKOB OrpaHWYeHa OaJaHCOM MeEXAy aKTHBHOCTHIO
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HCTOYHMKA M CTEIEHBIO MACCHBHOM KOJUITMMAIIHH. YCKOpI/ITeHLHLIC HNCTOYHHKH
TCHECPUPYIOT NOJIAPU30BAHHBIC (I)OTOHI)I, HCO6XOI[I/IMBIC JJIA UCCIICOAOBAaHUA MarHUTHBIX
CBOMCTB MaTcpuaioB. I/L HAKOHCH, CIIMCOK HCCICAYCMbIX HM30TOIIOB paCHIUPACTCA 3a
mpeacibl YKC CYHICCTBYHOIINX <<MCCC6ay3pOBCKI/IX mnap». CTaHOBUTCS BO3MOXKHEIM
HCCIICIOBAHNC KOPOTKOXXUBYIIUX n BBICOKOOHEPI'€THYCCKUX HU30MEPOB. B
COBOKYITHOCTH, NEPCUUCICHHBIC BO3MO>KXHOCTH, HCCOMHCHHO, CTUMYJIUPYIOT
HuccJIca0BaHrd B JaHHOM HAIIpaBJICHUU.
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PARAMETRIC GAMMA-RAYS
A. Ahmadi, I. D. Feranchuk, A. S. Lobko

Some specific features of parametric gamma-rays (PGR), which is the physical analog of
the known parametric x-rays (PXR), are considered. From the physical point of view, PGR
originates from the diffraction of electromagnetic field of a relativistic charged particle on the
Mossbauer nuclei containing in a single crystal target. Possibility of the Mossbauer quanta
generation according to the PXR mechanism is demonstrated. At that, spectral brightness of a
PGR source is comparable with the spectral brightness of a resonant gamma-quanta source
based on the synchrotron radiation. Advantages of accelerator-based sources of the resonant
gamma-quanta in comparison with the conventional isotope Mdssbauer sources are discussed.
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PASPABOTKA TEOPUHU U METOJOB YIIPABJIEHUSA
ABU/KEHUEM U DJIEKTPOMATI'HUTHBIM MU3J1YYEHUEM
YACTHI] BRICOKUX DHEPTUH MPU MOMOIIMA KPUCTAJLIOB

A. . CpITOB, B. B. Tuxomupos

JIaBHO U3BECTHO, YTO KPUCTAJUIBI IPEJOCTABISIOT IIUPOKUE BOZMOKHOCTH YIIPaB-
JIEHUS IIyYKaMH 4YacTHUI] BBICOKMX OJHEPrHil W TEHEpalHuHh >KECTKOTO JIIEKTPO-
MarHuTHOro wu3nydeHus. OIHAKO IIUTETbHOE BpeMsi OOJNIBIIMHCTBO 3THUX HJIEH He
TOJBKO HE YJaBaJOCh MPOBEPUTHh IKCIEPHUMEHTAIBHO, HO JlakKe IMyTeM HaJeKHOTO
YUCJICHHOTO MOJENUPOBaHUs. JIWIIh TIOCIETHUE TOABl HAMETHIICS CYIICCTBEHHBIM
mporpecc. bbI0 JOCTUTHYTO KOJUYECTBEHHOE COTJAcHE pPe3yJNbTaTOB MOJEIHPO-
BaHUS C PE3yJbTaTaMU IIUPOKOTO Kpyra 3KCIEPUMEHTOB, CIEIABIIET0 BO3MOXHBIM
HaJS)KHOE TIpeICKa3aHue Pe3yabTaToB OYIyIIUX SKCIEPUMEHTOB. [1oaBOAS UTOT ATHX
paboT 3a mocieqHue MATh JIET, Mbl OCTAHOBUMCS Ha HanOOJee BaXKHBIX pe3ylibTaTax
WCCIIEZIOBaHUS MPOOJIEMBI KOJUIMMAIMH ITYYKOB YACTHI[ BBICOKMX JHEPTHM, a TaKkKe
JIBIDKEHUS U M3JTYyUYEHHUS YaCTUI] B U30THYTHIX KpUCTaJIax.

1. OxcnepumenT UAY U BIMsIHUE YIJIa MU CKATA

D¢ GeKTHBHOCTh CHUCTEMBI KOJUIMMAlMM Ha OCHOBE KPHUCTALIOB BO MHOTOM
3aBHUCHUT OT NEPBOTO CTOJKHOBEHHS YacCTHUI[ C KpUCTAJIMYECKuM neduiektopoM. Ecim
IEPBOE CTOJIKHOBCHHE IPOUCXOAUT MPH IOBOJIBHO MAJIOM yTIJI€ JBMKEHHS YacCTHUIIBI 10
OTHOLICHUIO K KPHUCTAIMYECKHM IUIOCKOCTSIM, BEPOSITHOCTH €€ 3aXBaTa B PEXUM
KaHAJTMPOBAHUS JIOCTHUTAeT CBOEro MakcumyMma. OpHako, Aaxe Maias Hemapal-
JIETBHOCTh OOKOBOW MOBEPXHOCTH KpHUCTaJla aTOMHBIM IIJIOCKOCTSIM, XapaKTepH-
3yeMasi yriaoM MUckara 6,, crmocoOHa 3HAYMTENBHO MOBIUATH HA JIBUKCHUE YACTHII,
NajaloIluX Ha KPUCTAUl MOJ MaJbIMU IPULEIBHBIMH IapaMeTpamu. B wacTHOCTH,
€CIIY YIroJI MUCKaTa OTPUILIATENEH, IBI)KEHIE YaCTHUIl B PEKUME KaHATUPOBAHUSI MOXKET
OBITH PEPBaHO A0 TOrO, KaK YacTUIa JOCTHTHET BBIXOAHOW MOBEPXHOCTU KPUCTaUIA
[1]. ITockonbKy 3HAYMTENBHOE YHCIO TAKMX YACTHIl CPa3y HE MOMagyT B MOTJIOTUTEND,
OTPHULATENILHOTO yTiia MUCKaTa pexoMeHayercsi uzberats [1]. Ilo 3Toif mpuumHe B
skciepuMente UA9 [2], menpio KOTOpPOro ObLTa JEMOHCTpAIHS KHU3HECITOCOOHOCTH
KOJUIUMAIlU Ha OCHOBE KPUCTAJUIOB, OBLT BHIOpPAH MOJOXKUTENBHBIN YIOJl MHCKATa,
n300pakeHHbI Ha Puc. 1. OgHako HabmomaeMoe KOJMYECTBO SACPHBIX PEakIHuid B
U/ICATBHO OPUEHTHPOBAHHOM KPHUCTAIIIMYECKOM KOJIMMATOPE B MATh pPa3 MPEBBILIACT
TEOPETHUECKHU MPECKa3aHHYI0 BeTU4HHY [3].

Jns MOOemupoBaHUsl CUCTEMBI KOJUTUMAaLMU HEOOXOOMMO 3alaTh MapaMeTphl
My4Ka, MaJarolero Ha KPUCTAII — MPHLEIbHBIN MapaMeTp U YTIIOBYIO PacXOJHMOCTh
ny4yka. YToObl HX IONYy4HTb, HYXXHO pPACCMOTPETh YPaBHEHHUS, OIUCHIBAIOIINE
OeraTpoHHble KosneOanus. [lomepednas KoopAuHAaTa YacTHLBI X BBIPAXKAETCS depe3
(hasy GeTaTpOHHBIX KONEGAHHIT i K AMILTHTYLY Xo=\/3¢, OnpenensiemMyio B-hyHKIueH 1
SMUTTAHCOM &, CIeIyIomIel (hOpMyJIOii:

X =X,COSY - (1)
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dopmyna TS TOTIEPETHOTO yriia 6 IMeeT BU:

ﬁEsinl//-l%cosy/j, (2)
p 2 ds

rIe s — MpOJOJbHAs KOOpAMHATAa B YCKOpHTene, [-QyHKuus — mapamerp TBucca,
3aBHCAIINI TOJBKO OT S ¥ H3BECTHBIH ISl KAKIOTO YCKOPHUTETIS.

Ucnonw3ys ¢opmynsr (1)—(2) u monydeHHbIE MO HUM pacrpeneieHus [4]
HaYaJIbHBIX KOOPAWHAT W YTIIOB MAJCHWS YACTHI[ Ha KPHUCTal, MOKHO MPOBOJIUTH
Momnre-Kapimo MomennpoBaHHe OSKCIIEPHIMEHTOB IO KOJUTUMAlMA Ha OCHOBE
kpucTauioB. OJHAKO B PEaTbHOCTH BCE OCIIOKHSACTCS HAIMYMEM YIJia MUCKarta 6, U
OTKIIOHEHHEM TUIOCKOCTEH KPUCTAJUIa OT X HUIeabHOTO HAIPaBIIEHUS 6., BRI3BAHHOTO
MTOTPEITHOCTHIO0 FOCTUPOBKH. 3HAK yTila MUCKATa OMPEAEIAeTCs KaK IMOJIOKATENBHEIN B
cllydae OTKJIOHEHHUS TUIOCKOCTEeH OT OOKOBOW MOBEPXHOCTH B HANpaBlICHMH H3THOa
KpHUcCTasia.

0 =-

X

Puc. 1. Yactuma, BXos1mas B KPUCTAILT Yepe3 OOKOBYIO IIOBEPXHOCTH Oiraromaps
BJIMSHUIO MOJIOKHUTEIBHOTO yTila MHCKaTa

OcHOBHasE MPUYHMHA, MO KOTOPOH IOJIOXKWUTEIBHBIA YroJ MHCKAaTa yMEHbLIAET
3¢ GEeKTUBHOCTh KOJUIMMAIIUK, 3aKII0YAaeTCsl B TOM, YTO YACTHLA, IPOILIENIIas yepes3
OOKOBYIO ITOBEPXHOCTH KPHUCTaJUIa U aMOP(HO paccesBLIasics HA HEM, OTKJIIOHAETCS OT
MIepBOHAYANIFHOTO HarpaBiieHus. BeaencTeue aToro, cormacHo ypaBHeHusM (18)—(19),
€e aMIUIMTya OeTaTpOHHBIX KOJIeOaHNH yBEIMYUBAETCS, a 3HAUUT — yBEJIMUUBACTCS U
yToJI CIEYIOLIETO €€ MaieH s Ha KpUCTaILI.

W3 mpoBeneHHOro MOJENUPOBAaHUS CJIENyeT, YTO 3TOT YIroj CTaHOBUTCS CpaB-
HUMBIM C KPUTHYECKHM YIJOM 3axBaTa B DPEXHUM KaHAJIMPOBAHUS, YTO 3aMETHO
yXyIIIaeT HavajdbHble ycloBus. l[lomydaercs, 4Tto 3(QEKTUBHOCTH KOJUTMMAIHN
ofpesensieTcsd yIriaoM OTKJIOHEHHs IpHU NEpPBOM IMPOXOXKIAECHUH, a, CIEIOBATENbHO, U
paccrosHueM Az (cMm. Puc. 1), koTopoe yacTuia mpoXoIUT BHYTPH KpUCTaUla U Ha
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KOTOPOM OHa pacceuBaeTci. Az INPONOPIMOHATIBHO CPEIHEKBAAPATUYHOMY YITIY
paccesHus <0f2>, KOTOPOMY B CBOIO OdYepeab IPONOPIUOHAILHO YBEIMYCHUC
aMIUTUTYAbl OCTaTPOHHBIX KoJeOaHWH. OTOH aMIUIMTyAE NpPOMOPLUUOHANIEH YIoi
NaJieHus 4YacTUIBl Ha KPHUCTaUl, KOTOPOMY B II€PBOM NPHOIMXEHUU OOpaTHO
MIPOMOPIIMOHAIIbEHA BEPOSATHOCTh 3aXBaTa B PEXUM KaHATUpoBaHU. VIHBIMU clioBamH,
yeM Oonbiie Az, TeM MEHbLIE BEPOSTHOCTh, YTO YacTHIA MOMAAET B DPEXKHUM
KaHanupoBaHus. TakuM oOpa3om, 3a1a4a CBOAUTCS K UCCIIEAOBAHUIO CPEIHEH IUINHBI,
KOTOPYIO IIPOIIeT YacTulla BHYTPU KpPHUCTa/Ula B 3aBUCUMOCTH OT yIJla MHCKaTa 0, u
MpUIEIbHOrO mapameTpa dvactuilel A. [locnmemnuii, kak ObUIO TOKazaHo B [4],
MOJTHOCTRIO ompeensercs qudGy3nOHHBIM IIIATOM 0.
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Puc. 2. Cnesa: cpenusis aiuHa (Az, cM) IPOXOXKJICHUS Yepe3 KPUCTAILT YaCTHLL, ITOTIABIINX Ha
€ro OOKOBYIO ITOBEPXHOCTh M3-3a BIIMSHUS MOJIOKHUTEIBHOTO yTJla MUCKATa;
CIIpaBa: 3aBUCUMOCTD JOJIM ITOTEPh YaCTHII BCJICACTBUE HEYNIPYTUX SAEPHBIX PEAKIMH
B KPHCTAJIIC OT yIJla MHUCKaTa

[lomydyeHHass mpH MOAENHPOBAaHMU 3aBUCHUMOCTb cpenHed anuHbl (Az, cM)
MIPOXOXKIEHHUS Yepe3 KPUCTAN YaCTHIL, MTOMABIINX HA ero OOKOBYIO MMOBEPXHOCTH U3-3a
BIIMSIHUS MTOJIOKUTENBHOTO yIla MUCKaTa, NpuBeneHa Ha Puc. 2 [4]. [IpumeuarensHo,
9TO JUIMHA Az, COOTBETCTBYIOIIAs mapamerpaM skcnepumenta UA9 (6 ~1 A, 6, ~ 10
MKpaz) TomamaeT B 00JIacTh HaWOONbIICH BO3MOXKHOW IIHHBL T. €., SKCIEPUMEHT
UA9 obGecrieunBaeT HauOOJbIIEe BOZMOXKHOE BIMAHME yria MHcKara. s MpoBEpKU
9TOTO yTBEPKACHUS HaMH OBIJIO MPOBEACHO MOJACIMPOBAHHUE SKCIIEPUMEHTA MpU TU]-
¢y3norHOM mare d ~1A 11 pasmMYHEIX yrIoB MECKaTa (KpacHas nuHHS Ha Puc. 2).
[TonydeHHas 3aBUCUMOCTh Takke puBenaeHa Ha Puc. 2 [4]. Buano, uto mpu 6, ~125
MKpaj IOCTUraeTcsd MaKCUMYM, [P KOTOPOM HEYNpYyTHe MOTEPH YacTHIl B KpUCTaIlIe
Bo3pacratoT B 8.6/1.9 = 4.5 pa3. Kpome Toro, mjs OTpUIATEIBHOTO yrila MHUCKaTa
HabmronaeTcs NpUOIM3UTENbHO TAKOE )K€ YBEIUICHUE ITOTEPb.

TakuMm 00pa3oM, MOXHO cZenaTb BBIBOJ, YTO YIJIBl MHCKaTa OOOMX 3HAKOB
OPUBOIAT K 3HAYUTEIBHOMY YMEHBLICHHIO 3((EKTHBHOCTH KouManuu. Panee
CUUTAJIOCh, YTO Ha IOCJIEJHEE CYILIECTBEHHO HEraTHBHOE BIMSIHUE OKa3bIBAET TOJIBKO
oTpunarenbHbit yron muckata [1]. Ilpu atom skcnepument UA9 mpoBoawics MpH
napameTpax, KOTOpble HarTy4ieM o0pa3oM criocoOCTBYIOT TAKOMY BIMSHUIO (IPpUYeM
HMMEHHO IOJIOKUTEJIBHOTO yIiia MUCKaTa). IMEHHO 3TUM MOXXHO OOBACHHUTDH pa3indus
MEXy pe3ybTaTOM 3KCIIEpUMEHTA U MOACIMPOBAHUEM, ITpoBeAeHHbIM B [IEPH.
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2. Cucrema ko/utmManuu boJibioro aipoHHoro koJuiaiiaepa

OxcnepumeHT UA9 sBisieTcs MPOTOTHIIOM CHCTEMBI KOJUIMMauuu bombiioro
aIPOHHOTO KOJUTaiiiepa, KOTopas MpHU3BaHa 3alUTUTh CBEPXIIPOBOISIIINE MarHUThI OT
rajo dvactui. B mepBoMm a3kcmepuMmenTte mo koummMmanuu Ha bBbAKe [5] Oymyt
HCIIONIB30BaThCs 1BAa KpHUcTaia ATUHON 4 MM, BBICOTOM 50 MM, TOJIIMHOW 2 MM U C
yraoMm wm3rmba 50 MKpax Iuisi BBIBOAA Tall0 NMPOTOHHBIX Iy4KOB dSHeprueir 7 ToB
M30THYTHIX BHONH Tiockocted (110) m (111). IlepBeIit 3 HUX TpemHA3HAYCH IS
TOPU30HTAIBHOMN CHCTEMBI KOJUTMMAIIUH, BTOPOH — 71 BepTUKaibHOU. O6a KprcTaia
MOMEIIEHBI Ha 6G [5], TIoe G — cpeqHeKBagpaTHYHbBIN paanyc mydka. B manHoii pabote
ObLTa CMOZIEIMPOBAaHA TOJIBKO TOPU30HTANIBHAS CHCTEMAa KOJITTMMALIHSL.

Komnmumaropsr Ha BAKe SBISIOTCS OBYCTOPOHHMMH, TO €CTh NPEACTABISIOT
co00# 2 KoJIUTMMaTOpa CHMMETPHYHO PaCIOIOKEHHBIX [0 00€ CTOPOHHI OT my4ka. Ha
BAKe wumMmeercs MHOXECTBO KOJUIMMATOPOB, YCTAHOBJICHHBIX Ha Pa3IHMYHBIX
paccTosiHUSAX OT IeHTpa mydka (Oonee 70). Kommmmarop TCSG.6R7.B1, pacmoio-
JKEHHBI Ha 70C, SBJIsETCA TJABHBIM MOIJIOTHTENeM. BakHO MOMYepKHYTh, YTO B
ornnuue ot cinydad UA9 Ha Bonbiiom agpoHHOM KoJulaiaepe MpHULEIbHBIN MapaMeTp
[aIeHNs Iy4Ka Ha KPUCTaUl CYIIECTBEHHO BhIlIE, 4eM Ha SPS — nopsaka HEeCKOJIbKUX
MKM [4], 4TO MO3BOJIAET NMPeHEOPeUb BIMSHUEM YTiia MUCKaTa.

Pacnpenenenue  momepeyHBIX ~ TOPU3OHTANBHBIX ~ KOOpAMHAT  NPOTOHOB,
OTKJIOHEHHBIX KpucTayuioM (110), mpu nmomaganuu B nornotutens TCSG.6R7.B1 npu
OpHEHTAIINN KaHAJTHPOBAHHS M306paxkeHo Ha Puc. 3 co crartmctukoit 107 wactun [6].
D¢ heKTHBHOCTD KaHANMPOBAHHUSA TNPH TEPBOM MPOXOKACHUH KpHUCTajula JOCTHIJIA
78%. BaXHO OTMETHTh, YTO B 3TOM paclpelesieHMH €CTECTBEHHBIM 00pa3oMm
BO3HHKAIOT MUKW JeKaHATAPOBAHUS [6—8], KOTOPHIM ITOCBSAIICH CICAYIOMUN pa3med.
MonenupoBanue npoBeaeHo npu nomorry nporpammel CRYSTAL [6, 7, 9].
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Puc. 3. Pacnipenenenue nonepevyHoi rOpu30HTAIBHON KOOPAMHATHI MTAJeHHS YaCTHI] Ha
norotutesib TCSG.6R7.B1 B pasHbix Maciitadbax

O hexTHBHOCTh KaHAIUPOBAHUS MOXKHO OBITh 3HAYHTEIHLHO YBEIHYCHA NPHU
HCIIONIB30BaHUM KPHCTANJIa ¢ BBIpe30M, Noka3zaHHoro Ha Puc. 4 [10, 11]. Unes metona
3aKII04aeTcs B TOM, YTO €CIM YIJIOBAas PAacXOAMMOCTh Iy4yKa, MaJAioIIero Ha
KpHUCTaJIJI, JOCTATOYHO MaJla, Mbl MOXEM [0J00paTh Takue IapaMeTpbl BbIpe3a, 4TO0ObI
pa3NuYHble YaCTHIBI 3aXBaTBHIBAIUCh B PEKUM CTAOWIBHOTO JBIDKCHHS KaHa-
JIUPOBAHMUS W JBUTaIMCh JalIeKO OT KpHUCTAJUIMUecKuX miockoctet [10, 11].
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MopenupoBanue 31oro 3ddekra, MpoBeIeHHOE MPU AHAJIOTUYHBIX YCIOBHSX, YTO H
IUIsl KpUcTaia 06e3 BeIpe3a, n3o0pakeHo Ha Puc. 3. DT pe3ynbTarhl IEMOHCTPUPYIOT
BBICOKYIO 3(Q(EKTUBHOCTh JaHHOTO METOJa, CHHMKasi KOJIMYECTBO JCKaHAINPOBAHHBIX
YacCTHI] ¥ BEPOSATHOCTH SIEPHOTO paccesHus. IPPEKTUBHOCTL OTKIIOHEHHUS JACTHIT 32
OJTHO TIPOXOKIEHUE KpHUcTaiia mpebimaeT 98%, uro moutu Ha 20% BBIIIE, YeM IS
KpHcTaiuia 6e3 BbIpesa.

Db heKT MHOTOKPATHOTO 00BEMHOr0 OTpaxeHus: B oJHoM Kpuctamuie (MOO wnu
MVROC) [12-14], xak 1 KaHAIAPOBaHHE, OOECIICYNBACT JOCTATOYHO BBICOKHH yTOJ
OTKJIOHEHHSI M TPU OTOM He TpeOyeT OONBIION TOYHOCTH OPHEHTALUH KpHCTALIA.
Unes storo sddekra 3akmoyaeTcsi B OOBEMHBIX OTPAKCHUAX OT HAKIOHHBIX
KpUCTAUIMIECKAX  IUIOCKOCTeH, Kak TokazaHo H©Ha Pumc. 4 [12-14]. s
MOJCIIUPOBAHUA B3AT KPHUCTAJLI TOM XKe TreoOMETpUHU, YTO AJIA KaHAJIUPOBAHUSA, HO
BBIpE3aHHbIN BAOJb oceil <111>.

Puc. 4. Cnesa: kpucTajul ¢ KpUCTAUIMYECKUM BbIpe3oM; crpasa: apdext MOO

[penmymectea MOO B 0ZHOM M30THYTOM KpUCTaIE U KaHATUPOBAHHUS MOMXHO
o0wvenuHuTh. [lpn onpenenennoit opueHTanuu kpucramwia ;i MOO w3 npeapayero
Cllydasl BO3MOKEH 3aXBaT B PE)KUM KaHAJIMPOBAHMS HAKIOHHBIMH ITOCKOCTSIMH [14].
OCHOBHBIM TpeUMylIecTBOM 3Toro 3¢ddekra sBIseTcs MHOTOKpaTHOE OOBEMHOE
OTpaKCHHE YacTHll, HE [OCTUIIIMX KOJUIMMATOpa IOCie IEPBOTO IMPOXOXKIACHUS
KpHCTaJlIa, BMECTO OOBIYHOTO OOBEMHOIO OTPAXKEHUS, YTO IMO3BOJIIET UX OTKJIOHATH
Ha KOJUITUMATOp 3a CYLIECTBEHHO MEHBIIIEe KOINYECTBO MPOXOKASHHUH KpucTalia.

PesynpTaTel MogenupoBanus cuctembl koumManuu BAKa ¢ npumenenunem Bcex
nepedrcieHHbIX 3PPeKkToB u 3pderrta 0OBEMHOTO OTPAKEHHS TPH COOTBETCTBYIOIIEH
OpHEHTAITMH KPHCTaJIa, BRIPE3aHHOTO BAOIK TwiockocTei (110), n3obpakens! Ha Puc. 3, 5.
[IpunensHBId MapaMeTp MaJeHUS YaCTHL HAa KOJUIMMATOpP 3HAYMTEIBHO BBIIIE JUIS
MOO, yem aast OOBIYHOTO OOBEMHOIO OTpaXKeHUs, Onaronmaps yemy OOJBLIMHCTBO
YacTUIl MOIJIOIIAeTCA KoauMatopoM. Takas ke cuTyanus HaOmromaercs Ui
koMOuHarmu MOO u xkaHanupoBaHus. Hanbonpmuii mpuiieIbHbBIA mapaMeTp JOCTUTa-
eTcs Ipu Hcmoib3oBaHuM d(p¢exta KaHanupoBanus. Hanbomnee Bricokas 3QeKTuB-
HOCTh KOJJIMMAIMH (OJIS YacTHULl, HE PACCEUBIIMXCA HEYIPYro Ha Aapax KpHCTallia)
TaKXke OCTUTHYTa sl ddexTa kaHanupoBaHus — 99.66%. Mcnonp3zoBanue BbIpesa
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MO3BOIISIET €€ YBenn4uTh 0 99.95%. OmHako B o0oux ciydasx TpeOyeTcs OdeHb
TOYHAasA HOCTUPOBKA KpuUCTalsla MCHBIIC 1 MKpanu. Ee MoxHO M30eKaTh IIpyu HUCIOJIb-
3oBanuu komOuHanmu MOO wu kaHanmupoBaHus. B 3ToM ciywyae gocturaercs
cpaBHnMas dddextuBHOCTF — 99.5%, omHako TpeOyeMas TOYHOCTb OPHEHTAINH
KpHCTaJlJIa aIaeT Ha MOPSIOK.

T - T
—l— channeling (110)

— I— channeling (110)+cut

1.000

0,995 .} channeling (111)
MVROC+channeling .

---I-- MVROC

Neft

T
X

0.990

0.985

Bhin, prad
Puc. 5. 3aBucumMocTb 3PEKTUBHOCTH KOJUTUMAIIMU OT OPHEHTALMH KPUCTAJLIa

Takum oOpa3oM, Hanbosee IPPEKTUBHBIM METOJIOM Ui KPUCTAIIOB HA OCHOBE
komMarn Ha BAKe sBnsercs mnpuMeHeHHe KpucTamia ¢ Bbipe3oM. OmHako
koMmOuHarss MOO ¥ KaHATUPOBAaHWS TIO3BOJIAECT 3HAYNUTEIHHO CHU3HUTH TPEOYEMYIO
TOYHOCTh OpPHUEHTAI[MH KPUCTAJJIA, COXPAHss IMPH STOM BBICOKYIO 3((EKTHBHOCTH
KOJITUMAIIWH.

3. [Inku fekaHATHPOBAHMSA H KBA3MKAHAJIUPOBAHMSA

Kak Obuto ckazaHo B mpenplAyIIeM paszesie, B MOJyYEHHOM MOJCIUPOBAHUU
MIpe/ICKa3bIBAeTCSl HOBBIA I(PQPEKT — NHKU JekaHanupoBaHus [6—8] (cm. Pmc. 3).
HabnronaroTcst oHM Ha yII0BOH pa3BepTKe MydKa I1OCIE €ro IPOXOXKIAESHHUS N30THYTOrO
KpUCTaJUla, Kak IoOKa3aHo Ha Puc. 6. Pe3ynprarel MoaenupoBaHUS OTKIOHEHUS
3NEKTPOHOB U TO3UTPOHOB 3Heprueidl 20.35 I'3B B BO3MOXHOM 3KCIIEpUMEHTE Ha
SLAC npusenensl Ha Puc. 7. MoaenupoBaHue MPOBEACHO MPH MOMOIIH MTPOTPAMMBI
CRYSTAL [6,7, 9].

OT1oT 3QdeKT 00BICHAETCS BBHICOKOW KOppessiuueil pa3IuyHbIX TPACKTOPUH IO
(aze OGnmaromapss Manoil yriioBoil pacXoAMMOCTH IIy4YKa, MAJaloIIero Ha Kpucraul. B
pe3ynbTaTe 4yacTUIBl HOYTH CHH(A3HO MPUOMIKAIOTCS K KPUCTAUIMYECKUM IIJIOC-
KOCTSIM, TJIé OHH aKTHBHO JEKAHAIMPYIOT, YTO U COOTBETCTBYET IHUKaM JI€KaHa-
nupoBanus (cM. Puc. 6). YrinoBoe paccTossHIE MEXIY ITMKaMH 3alMChIBACTCA, KaK:

A

AQ,u = E ) (3)

rae R — paauyc KpUBU3HBI KPUCTaILIa, A — JUIMHA BOJHBI KOJICOAHUN B KaHAIUPOBAHUH.
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Puc. 6. Cxematnueckoe n300paskeHUe YII0BOH pa3BepTKHU ITy4Ka, OTKIOHEHHOTO H30THYTHIM
KpHUCTAJTOM, (CJeBa) M KoeOaHWi YaCTHIBI TP KaHAIMPOBAHHH (CTIpaBa)
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Puc. 7. YrnoBele pacnpeeneHus 3IeKTPOHOB U MO3UTpOoHOB sHeprueit 20.35 I'HB
B BO3MOKHOM 3kcniepuMenTe Ha SLAC, npoimenmux uyepe3 KpUCTal KpeMHHs
JunHOM 60 MKM 1 yrioM u3ruda 0.4 Mpaz, BeIpe3aHHOro B0k iockocTei (110)
(cBepxy) u (111) (cHU3Y)

Taxoxke oOHapyskeH HOBBIH 3()(heKT, COOTBETCTBYIOIINN HanO0apbepHOMY ABHXKE-
HUI0 4YacTHIl II0Jl MajJbIMH YIJIAMM K IUIOCKOCTSIM, TaK Ha3bIBAEMOMY KBa3HKaHa-
nupoBaHuio [15-16] — mukm kBaszukanaimupoBaHus [8]. OcHoBHas wuaest 3ddexra
3aKIII0YaeTCs B TOM, YTO IOCJIE JICKaHAJMPOBAaHUS HaaO0aphepHOE IBM)KEHHE YaCTHIL
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TaKke obmamaer koppemsinued. [lomepednas 3Heprust IEKAHANIMPOBABILIMX YaCTHIL
MIPEBBIIIAET MOTEHLIUANBHBIN O0apbep He3HAaUnTeIbHO. [l03TOMY 3HaYeHHs MonepeyHoi
SHEPIUU pacHpeleleHbl B JOCTATOYHO Y3KOM HHTEpPBANIE HYHEPTUM, 4TO IPUBOIUT K
TOMYy, YTO JUIMHA BOJIH HaA0aphepHBIX OCHWUIALMN pPa3IUYHBIX dYacTHLl (32
HCKITIOYEHHEM TIePBOIl OCIIMIIISINN) TIOYTH OJWHAKOBBI.

Ha Puc. 8 mpuBemeHbl mpuMepsl TPaeKTOPHH YacTHIl (3aBUCHMOCTh YIJla OT
MIPOIOJILHON KOOPAMHATHI B COMYTCTBYIOIIEH CHCTEME OTcYeTa), HauMHAIOIIUECsS B
TOYKE Haja OmkalmuMm OappepoM K TOYKE [EKAHAIMPOBAHMS, BBIPAXKAIOLIUECS
CJIEIYIONIUM COOTHOIIICHUEM [8]:

6. - 2(5L—Ueﬂ.(x(z—zb,gl))) ’ @
pv

rae Oy — yroil 4acTMupsl, €, — ee nomepeyHas sHeprusa, Ugy(x) — >ddexTuBHBIN
MEXXIUIOCKOCTHOM NMOTEHIHAN (C y4eTOM LEHTPOOSKHON CHUIIBL), p — UMILYJIbC YAaCTHLIBL,
V — ee CKOPOCTb, X U z — TIONIepeyHasi ¥ MPoJI0JbHasi KOOPAWHATHI COOTBETCTBEHHO, Z), —
MpojoJibHas KOOpAWHATa Hadana Tpaektopuun Ha Puc. 8. Ha Hem aeiicTBHTENBHO
3aMETHBI KOPPEJISILMY Pa3IMYHbIX TPACKTOPUH.

Ha Puc. 8 Tarxke mpuBeneH >(QeKTHBHBIA MoTeHIHaN. KpacHbIMU JTUHHAMHA
0003HaveHbl 3aMemisromue ¢aspl HamdapbepHbIX Konebanuil (dfy/dz>0). Yrmosoe
pacrpeneneHue 4YacTHL BeIpaxkaeTcsi PopMyIIou:

dN _dN 1
==y
do, dz T'db,/dz|

/e CyMMHPOBaHHWE IIPOBOJUTCS IO KOPHIM YpaBHEHUS (4) Ha BBIXO/IE M3 KPHCTAILIA.

)

0 . . . . B : . . . . .
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Puc. 8. Cnea: ugeanbHble TPAEKTOPHU HA0apHEPHBIX MMO3UTPOHOB (O€3 paccesHus), Hayao
TpaeKTOpuii — HaJl OnrKaiIIeM K TOUKE JAeKaHAJIMPOBaHMUS MMOTEHINAILHBIM O0apbhepoM; CrpaBa:
3¢ PEKTUBHBIA KyJOHOBCKUI MOTEHIINA B U30THYTOM KPHUCTAJIIE ISl TIO3UTPOHOB

MakcuMyMsl, cOOTBETCTBYIOIUE dKcTpeMyMaM (yHkiuu Ugy(x), HabmromaroTcs
IIPY BBIIIOJIHEHUH YCIIOBHS:

do,
dz
Ecmu popmyiry (1) mepernncats 11 1a00paTOPHON CHCTEMBI OTCUETA!

=0, (6)
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2 2(5l—UE‘l,(x(z—zb,gi)))

R pv

; (7

‘9Xde/z

rae yron Oy — yroi, mo KOTOPOMy CTPOMIIOCH yIJIOBOE pacmpejeneHue Ha Puc. 7,
MOJICTAaBUTh YCJOBHE (6) M y4ecTh, YTO B M30THYTOM KpPHUCTaJIJIe Pa3HHULA SHEPTHi
MEXAY COCETHUMHU MOTCHIUATBHBIMU OapbepaMu orpenensercs GopMyIIoin:

Vy=pvd,/R, ®)

e dyp — MEXIUIOCKOCTHOE PACCTOSHHE, MOJYYHM KOOPAWHATHI MHWKOB HA YTJIOBOM
pacipeneeHIH pacCesBIUXCS YacTHII [8]:

2d n
HXdeﬂ = eb - RO >
2dn 28V ®
n
Oxien =0, = TO e

rae AV — pa3HOCTb MOTEHIMAIBHBIX YHEPTUH B COCETHEM JIOKATHbHOM MaKCHUMyMe U
muHuMmyMme QyHkuun Ugy(x), 0, — yronm wusruba Kpucramiga, n — HOMEp IHKa
KBa3MKAaHAIMPOBAHUS C OTCUETOM OT THKa KaHanmupoBaHus. Kak mpaBmio, oba
MOJOOHBIX TIMKA TPYAHO HAOIOAATh M3-32 UX CIUIIKOM OJIM3KOTO PACIOIOKEHHS IPYT
K JpPYry W BIUSHHUS paccesHus. MHbIMH ciloBaMH 00a THKa CIMBAIOTCS B OJUH
3aKTIOYCHHBIA B HHTEPBAJE YIJIOB, OMMCHIBaeMEIH (9). YrioBas pa3HHUIIA MEXKITY ABYMS
COCETHUMH MUKaMH 3aMUIIeTCs Kak [8]:

d
Dy = \/%"'(01; _‘9qu/1 )2 _(‘9}) _nge/Z) . (10)

Ha Puc. 7 wHTepBaipl YIJIOB, 3aKIIOYAONIMX NHUKH KBasuKaHaiupoBaHus (9),
0003HaYEHBI BEPTHKAIGHBIMH JIHHUAMUA. OHH OYEHb XOPOIIO HAKIAIBIBAIOTCS Ha
MTUKH, TIOJTyYCHHBIE TTPH MOJISITHPOBAHNUH.

Omucannbie 3PQPEKTHl — MUKW JeKaHATHPOBAHHUS HAOIFOMAIOTCS TOJBKO IS
TIOJIOXKUTEIILHBIX YACTHII, & MUKW KBAa3MKAHATUPOBAHUS — U JIJIS TOJIOKHUTEIBHBIX, U
IUIS  OTPULATENBHBIX. [IpUHIMNUATBPHBIM OTPaHWYEHUEM SIBIIIETCS KYJIOHOBCKOE
paccesHre YacTHI[ Ha MyTH depe3 KPHUCTAUT IOCle JeKaHAIWPOBaHUSA. YTOI 3TOTO
paccesiHusS HE JOJ/DKEH MPEBBINIATH MOJOBHHBI YIJIOBOH Pa3HUIBI MEKIY COCCIHUMH
MTUKaMHU.

Takum oOpas3oM, mpenckKa3zaHbl HOBBIE IPQPEKTH — MHKH JIEKaHAIUPOBAHUS W
KBa3MKAHAJIMPOBAHUS, KOTOPBIC TMO3BOJISIOT  HAOMIOAAaTh  KOJEOAHUS  YaCTHII
COOTBETCTBEHHO NP KAaHATUPOBAHUH U KBa3HMKAHATUPOBAHUH.

4. I/IaMepe}me AJIMHBI J€KAHAJIUPOBAHUA B U30IHYTBIX KPUCTAJLJIaX
H IMMOATBEPKACHUE BA’KHOCTH IIpoLecca 00BbEeMHOI0 3aXBaTa 3JICKTPOHOB

3a mocnemHUe TPUANATH JIET OBUIO MHOTOKPATHO MPOJAEMOHCTPHPOBAHO, YTO
W30THYTHIE KPHUCTAUIBI SBISIFOTCS YHUKaJIbHBIM WHCTPYMEHTOM TIO YIPaBICHHIO
MyYKaMU NOJ0AHCUMENbHO 3aPSHKEHHBIX YacTUll. Ha ceromHAmHuN 1eHb BOBMOXHOCTH
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yIOpaBJlIe€HHsT HMH ILIMPOKO MCCIECAOBaHbI B HHTEpBaJe SHEPrui OT Mera- Jo
TEPa’TeKTPOHBOIBTA. VI30THYThIE KPUCTAIUIBI TaKKe OBLIO MPEATIOKEHO UCIIOB30BaTh
Jutd Kosutumanyi [17] v BEIBOJIa IPOTOHHBIX U SJIEPHBIX MTyYKOB boNBIIOro aApOHHOTO
koJtaiimepa [18].

VYnpaBneHue MydyKaMu ompuyamenbHo 3apsKEHHBIX YacTUI[ C ITOMOIUIbIO
KOTE€PEHTHBIX B3aUMOJACHCTBUN B M30THYTBHIX KpHUCTalIaX, HAaIpPOTUB, HAXOIUTCI B
3a4aTOYHOM COCTOSHHUHM. B o00yiacTh OuYeHb BBICOKMX HHEPIrUM KPUCTAJUIBI OBLIO
TIpe/IIOKEHO UCTIONb30BaTh 11 KOJUIUMALMH € ITy4KOoB MeKTyHapoHOro TMHEHHOro
koJutaiimepa [19], B To Bpems Kak B AUaNa30HE YHEPTHI TOPSIKa TUTadIeKTPOHBOJIBTA,
KOTOPBI JOCTYHEH BO MHOTHUX YCKOPHUTENBHBIX J1a0OpaTOpHsX, OTKJIOHEHHE
3IEKTPOHHBIX MyYKOB B NEPUOANYECKH U30THYTBHIX KpHUCTaJIaX MIPEICTaBIsIeT HHTEPEC
JUISL peayIn3alii HeTPaJUIMOHHBIX HCTOUYHMKOB M3JIy4EHUS BBICOKOM MHTCHCHUBHOCTHU
[20]. IIpenpiayuue 3xcnepuMeHTsl [21, 22] Mo OTKIOHEHUIO IyYKOB OTPHULIATEIBHO
3apsDKEHHBIX YacTUL ObUIM HEYAaYHBIMH, IMOCKOJIBKY MCIHOJIb30BaINCh H30THYTHIC
KPHUCTAJIJIBI C JJIMHOM, MHOTO OOJIBbILICH JUIMHBI IeKaHATTUPOBAHUSL.

BriepBbie 3 eKTHBHOE OTKIOHEHHE 3JIEKTPOHOB CYOTrIBHOTO IMara3oHa SHEPTuit
OpU TOMOIIM TJIOCKOCTHOTO KaHAIWPOBAaHUA M OOBEMHOI'O OTPaKEHHs yIaloch
HaOIIOAaTh TOJIBKO B HAIIEM HEIaBHEM JKCIIepuMeHTe [23], KOTOPHIH OBLT MOCTABJICH
Onmaromapst HOBOH METOUKe U3ruda KpUCTAIUIOB [24], ocHOBaHHOW Ha 3¢ (deKTe KBa3H-
Mo3an4HOCTU. ['‘eoMeTpusi KpHUcTamiga TMO3BOJISUIa MCIOJIB30BaTh IUIOCKOCTH (111)
KpHcTaUIa KpeMHus, uMmeBiiero tommuHy 30.5+0.5 MxMm u yrom m3ruda 905+15 mxpan.
OHeprusi 3NMEKTPOHOB cocTaBmsia 855 MbaB. [lpuHnumnmansHOH 0COOEHHOCTHIO
JaHHOTO OJKCIIEPHMEHTa SIBJsUIaCh BO3MOXHOCTH Pa3lelIbHOTO HaONIOJCHUs KaHa-
JUPOBAHHBIX M JAEKAHAIUPOBAHHBIX YaCTHLl, HEBO3MOXKHOI'O B O3KCIIEPUMEHTaX C
KpUcTaloM 0e3 wu3ruba. l3MepeHHBIE YITOBBIE PACHpPEAEIECHUs] YacTHULl MOCie
B3aMMOJCHCTBUS C KPHUCTANIOM CPaBHHUBAIOTCS C pe3yJbTaTaMH HUX MOAEITUPOBAHUS
meronoM MonTte-Kapmo ma Puc. 9. IlompoOuyio mHMOpManuio o Mporecce Moje-
JUPOBAHUS MOXXHO HalTH B paboTax [25, 26].

Campiii mpaBelii MK Ha Puc. 9 COOTBETCTBYET OTKIIOHEHMIO 3JIEKTPOHOB IPH
KaHATUPOBaHUM. ATNIMpOKCcUMAIHs rayccuanoM jaet 910+5 Mkpas s yriia OTKIOHEHHUS.
Jonsg OTKIOHEHHBIX YacTHL B HHTEpBajJe 3G BOKPYr HaNpaBICHHs MaKCHMyMa
cocraBisier 20.1+1.2%, 4To XOpomIO corjacyeTcst ¢ pe3yjbTaTaMH MOJAEIMPOBAHMS
(21.2%). JleBBIif MK TOM K€ KPUBOW CBA3AH C OTKIOHEHHEM HaA0aphepHBIX YACTHII,
pacmpeneneHue KOTOPBIX COCPEAOTOYEHO B HANPABICHHH, IMPOTHUBOIOIONKHOM
HaIpaBJICHUIO OTKJIOHEHHUS IpU KaHAIMpPOBAaHUU. PacmpeneneHue sBISETCS acHUM-
METPUYHBIM H3-3a BKJIaJa OBICTPO AEKAHAJUPOBAHHBIX YAaCTHIl B €T0 IPaBYIO 4YacTb.
[Ipodune myuka ObUT (UTHPOBaH CYMMOH JABYX TayCCOBBIX M OIHOTO 3KCIIO-
HEHIMaIbHOro pacnpeneieHuid. IlocTossHHas pacmaga SKCIMOHEHLMAIBHOTO pacipe-
neneHus oOecreyuBaeT MpPAMOE SKCIEPUMEHTAJbHOE HW3MEPEHHE [UIMHBI JeKa-
HaJUpOBaHUs, OKa3aBIieics paBHod 19.2 +1.5 MxM.
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Puc. 9. DKCIiepUMEHTAIBHBIE M IPOMO/ICTMPOBAHHBIC YITIOBBIE PACIIPEACICHHS JIEKTPOHOB 32
KpHCTAIOM () — pu 00beMHOM OTpaXkeHuH (b) — B Cilyyae OpHUEHTAIMH, 00eCIeYrBaroIIeit
MaKCHMaJIbHOE KOJIMYECTBO KAHATMPOBAHHBIX YaCTHII

Bbonee Bbicokass kpuBas Ha Puc. 9 wimocTpupyeT OTKIOHEHHE YacTHI], KOTJa
KPUCTAJUT OPUCHTUPOBAH TOCepeuHe 0071acTi 00beMHOr0 oTpaxkenus (450 Mkpaj oT
MUKa KaHaJIMpOBaHWA). l'ayccoBa ammpoKCUMAanus pachpefesieHHs OTPaKeHHBIX
yacTUIl AaeT yrou orkioHenus 191+10 mpax u s dextuBHOCTE 76.7+1.1% B X0pomem
coriacuu ¢ TmpenckasanneM Merona Monrte-Kapino (75.8%). Kak u oxwupganocs,
00BEMHOE OTpPaKEHHUE IMPOUCXOIUT C MEHbINEH 3PPEKTUBHOCTHIO, YeM B BBICOKO-
SHEPreTUYECKUX HKCIEPUMEHTaX W3-3a OOJbIIeld BEpPOATHOCTH OOBEMHOTO 3axBaTa
MIPU HU3KHUX DHEPTHUAX.

MonenupoBanue meronoM MoHTe-Kapiio mo3BosseT He TOJBKO BOCIPOU3BOIUTH
HaOI0aeMble YTIIOBBIE paclpeAeNieHus, HO TaKXe BBISICHUTHh JIMHAMUKY YaCTHII,
JAHHBIE O KOTOPOW HE MOTYT OBITh HEMOCPEACTBEHHO W3BIIEYEHBI U3 JKCIIEPHMEHTA.
Hampuwmep, Puc. 10 (a) nyutroctpupyet BKJIaJ OAMHOYHOTO M MHOKECTBEHHOT'O peKaHa-
JTUPOBaHMS B MK KaHAIMPOBAaHW», M300pakeHHbd Ha Puc. 10 (a). Puc. 10 (6)
MOKA3bIBAET IBOJIOIHUIO JTOJM KaHAIMPOBAHHBIX YACTHII, PACCYMTAHHYIO C YUETOM H
0e3 ydera BKJIa/1a peKaHAJIUPOBABIIHNX 3JIEKTPOHOB.

AHanu3 pe3ylbTaTOB MOJICIUPOBAHUS TOKa3bIBAET, 4YTO OKONOo 55% wacrwil,
00pa3ylIINX «MHK KaHATUPOBAaHUS» OBUIM MOBTOPHO 3aXBaueHBl B PEXKHUM
KaHAIMPOBAHMA, TO €CTh TpPEeTepIeNn peKaHAIUPOBaHWWE. AHAIN3 PpEe3yIbTAaTOB
MOJICIIMPOBaHUs, TpeAcTaBiIcHHbIX Ha Puc. 10 (0), Takke mokas3bpiBaeT, YTO JTMHA
JIEKaHAJMPOBAHUSI MTOCTOSHHO KAaHAIMPYIOLIUX AJIEKTPOHOB L', cocraBiger 13.6 MKkMm
(HWKHAS JIMHASA), OJHAKO OHAa Bo3pactaeT no L, = 19.5 MM mpm ydere
pexaHanupoBaHHUs (BepxHss juHUA). [locnenHee 3HAUCHHWE HAXOAMUTCSA B XOPOIIEM
COTJIACUU C DKCIIEPUMEHTAIBHO W3MEPEHHBIM. MOAECTUPOBAHUE TO3BOJISICT OLECHUTH
OO0 KaHAIMPOBAHHBIX YaCTHI[ Ha BBIXOAE Kpuctama kak 16% mpum ydere
pexananupoBanus U 9% 06e3 Hero. Takke MoaenupoBaHuE OBUIO NMPUMEHEHO IS
OTpe/ICTICHHUS BIUSHUSI KPUBU3HBI KPUCTAJIa HA JUIMHY JICKAHAIMPOBAHUS C YYCTOM
(L,) m 6e3 yuerta (L',) pekaHaIMpoBaHHUS (CM. TaOIHILY).

37



1.0

(a) —— Tatal 00 F(h) Fl
— Never rechanneled particles| 3 B o [ -
0.8 1 time rechanneling B 0.70 0 W
B — 2 limes rechanneling £t [ |
? 3 timas rechannaling H4 L i \/_\
€
5 ost § 0.40 Y
g e
k3 §
8 04f K
c P L
3 = w— Channeled partices sccountng
o H recharmelng senliisulizn
0.2 = w— (i ever channeied paicis
8 Exgonenlial fits of fhe channeked Iracions
w 0A0f
0.0 o 3 L L L L L i h
-1000 -500 1] 500 1000 1500 0 5 10 15 20 25 30
Deflection angle (urad) Crystal depth (pm)

Puc. 10. (a) Monre-Kapio moziennpoBanue BKJIaJ0B B YIJIOBOE paclpeie/ieHUe YacTull,
3aXBaYCHHBIX B PSKUM KaHAJIMPOBAHMS B 00beMe KpUcTaJUIa. BepXHsist TMHUS — NpeCTaBIsIeT
BCE YaCTHIIBI; CJIEIYIOMIAs 10 BHICOTE — YACTHIIbI, KOTOPBIE HUKOTIa He OBUIM PEKaHAIMPOBAHBI;
MTOCTIEAYIOIINE JIMHAN — YaCTHUIIBI, peKaHamupoBapiue 1, 2 u 3 pasa, coorBeTcTBeHHO. (b)
BepxHsas JIMHAS IPECTABIAET CyMMHUPHBIA BKJIaJ HUKOTIA HE JEKaHAIMPOBABIINX YACTHI] U
pEKaHAIMPOBAHHBIX YacTull. HIKHAS — TOJIBKO BKJIAJ HUKOTZIa HE ICKaHAINPOBABIINX YACTHII.

Tabauya. 3aBUCHMOCTH OT paamyca n3rnba Kpuctaymia (JIEBBIH CTOJOEI) IJTHH
JIEKaHATTUPOBAaHUS 855-MIBHBIX 3JIEKTPOHOB B Toyie Iuiockoctedt (111) kpucramma
kpemuus ¢ yaerom (L, ) u 6e3 yuera (L,’) pekananupoBanus

Bending radius (mm) L, (um) L}, (pm)
8 6.9 49
16 13.6 10.2
33 19.5 13.6
67 25.5 15.4
134 355 16.2
Flat 47.2 16.5

Kak BuWIHO, pekaHATMpOBAaHHWE WrpacT HambOolee 3HAYUTCIBHYIO pPOIbh IPH
yMepeHHOU KpuBHU3HE (0ONbIIMX paanycax) u3ruba. [Ipu 3ToM CylIeCTBEeHHBIH BKIa]
ATOr0 Tporecca B TUHAMHKY YacTHI[ XapaKTEepeH HMMEHHO I OTPHIATEIBHO
3apsOKEHHBIX dYacTull. HemaBHee MopenmupoBaHHEe AWHAMHUKH 3JCKTPOHHOTO ITyYKa B
NpSMBIX KpUCTAIaX M KpUCTAUIaX ¢ TepuoAudeckord medopmarmeit Taxoke
MOATBEPKIACT BaXKHOCTH DJIEKTPOHHOI'O pPEKAHAIMPOBAHHUS B JOMANa30HE SHEPTHi
TOpsIIIKA TUTAdJIEKTPOHBOIBTA [25]. KOCBeHHBIE SKCIIEpUMEHTAIBHBIE JOKA3aTeIbCTBA
BOXHOCTH PEKAHATUPOBAHHMS OBUIM TaK)Ke BBIABICHBI B CIEKTpaxX pPaJaHallMOHHBIX
MOTEPDh AIEKTPOHOB ¢ 3Heprucit 150 I'»B B ToHKOM KpuCTaie TepMaHus, B KOTOPBIX
pEKaHaIMpPOBaHHUE 1aBaJI0 CYLIECTBEHHBINA BKIa B «IUK benkacemay [27, 28].

Takum 00pazoM, pe3yibTaThl SKCIIepUMeEHTa [23] BIIEpBBIC ITO3BOJIIIINA MTOKA3aTh,
YTO IJIOCKOCTHOE KaHAJIMPOBAaHWE U OOBEMHOE OTPAKCHHE B TOHKHMX KPHUCTAJLIAX
JOCTaTOYHO 3()(PEKTHBHBI JUIS YIPABICHUS MyYKAMU OMPUYAMETbHO 3aPSHKEHHBIX
gactur. MoHTte-Kapio monmenmpoBaHWe NTWHAMHKH YacTHI] IO3BOJIIIO ITOJHOCTBIO
WHTEPIPETUPOBATh DKCIECPUMEHTAIBHBIE JAaHHBIE W BBIACIUTH KIIOUYEBYIO POJIb
a¢dekra pekaHamupoBaHHMs. BBUIO TIOKa3aHO, YTO OHO JenaeT 3PPEKTUBHYIO [UTUHY
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JIEKaHATTUPOBAHMSI DJICKTPOHOB OOJIBINEH, YeM 0e3 ero ydeTra. Ita HHPOpMaIius uMeeT
BAXXHOC 3HAYCHUC [JId IIOHHMMAaHUA JWHAMHKU CY6F3BHI)IX OJICKTPOHOB B YCJIOBHAX
KOTEPEHTHOTO B3aWMOJICHCTBUS C W3OTHYTHIMH KpHCTaIaMH. B dYacTHOCTH, OHO
JIOJDKHO OBITH TIPUHSTO BO BHUMaHHE TIPU UCIOIB30BAHUH TIEPHOAMICCKA U30THYTHIX
KPUCTAJUIOB B HWHHOBAIIMOHHBIX HNCTOYHUKOB HWHTCHCUBHOI'O JKECTKOI'O J3JICKTPO-
MarHUTHOTO WU3JTyUYCHUSI.

ITockonbKy peKaHATUPOBAHUE CYIISCTBEHHO HM3MCHSCT IUHAMHUKY JBHKCHUS
JJNIEKTPOHOB, OHO JIOJDKHO TAaKXKE CKa3bIBaThCs HAa WHTEHCHBHOCTH M CIIEKTpPE
3JICKTPOMAarHUTHOTO  W3JIY4YEHMs] 3JICKTPOHOB, TI'E€HEPUPYEMOrO0 B  pe3yjbTare
KOTEPEHTHOTO B3aUMOJICHCTRHSI SNIEKTPOHOB C KPUCTAJIAMH.

5. Bei3piBaemMoe 00LeMHBIM 3aXBaTOM YBEJINYCHUE UHTCHCUBHOCTH
U3JIYyYCHUSA NIPHU 00beMHOM OTPAKCHHUHU IJTTCKTPOHOB

Kak m B ciyyae pacCMOTPEHHOTO BBINIE PAacCCEIHUS, M3IyUYEHHE JIIEKTPOHOB
npuoOpeTaeT HOBBIE HYepPThl TPH HCIOJb30BAaHWM HW3O0THYTHIX KpUCTAIOB. B
YaCTHOCTH, U3JIy4YeHHE, COIPOBOXKIAroImee OOBEMHOE OTpaK€HHE B H30THYTBIX
KpHUCTaJUIaX, MOXKET HMETh IEPCIIEKTHBHbIE NPUMEHEHHS OT HMCTOYHHUKOB TIaMMa-
U3TY4YeHHUsS W TO3UTPOHOB J0 KPHUCTAUTMYECKUX KOJUIUMATOPOB OYIyLIUX 3JIEKTPOH-
MO3UTPOHHBEIX KosutakaepoB [29, 31]. IlockombKy YacTHIIBI, KOTOPBIC HCHBITHIBAIOT
00BEMHOE OTpa)KeHHE, HaXOAATCA B HaJ0APhEPHBIX COCTOSHUIX, OHU HE IMOJIBEP KEHBI
JEKaHATHPOBAHHUIO, YTO MPHBOAUT K OoJyiee BHICOKOH A(PPEKTHBHOCTH OTKIOHEHHUS,
YyeM IS ciy4as KaHaJIMPOBaHMA KakK TMOJOXKHUTEIbHBIX, TAK U OTPUIATENIbHBIX YacTHII.
Kpome Toro, Gonee ciabast 3aBUCHMOCTh M3JIy4EHHS OT 3HaKa 3apsja 4YacTHULl MPHU
00BEMHOM OTpa)K€HUH [IeaeT €ro MPHUBJIEKATeIbHBIM I MPUMEHEHHUs Ha YyCKOpH-
TEJSIX 3JIEKTPOHOB, KOTOpPBIE HAMHOTO 00Jiee paclpoCTpaHEeHbl, MEHee TIOPOTH U 4acTo
00Ja1atoT JIyYIINM KayecTBOM ITy4Ka, YeM CYIIECTBYIOIINE YCKOPUTENIN TTO3UTPOHOB.
Eme omHMM mpeuMyIIecTBOM H3IyYeHUS NpH OOBEMHOM OTPAXCHHUU SBISETCS
OONBITION peryIupyeMBbIid YIiaoBod akcenTaHc. [locinenHuil MpakTUYECKH PaBEH YTy
u3ruba KpucCTa/ula M 3HAUWTENbHO TIPEBBIIACT AaKCeNTaHCHl (00JacTh yrIJioB
MIPOSIBJICHHUS) TOPMO3HOTO M3IyUeHHUS U U3Iy4YeHHs NPH KaHAIMPOBAHWUU B IPSIMBIX
KpHUCTaJUIaX. JTO OOCTOSATENBCTBO OTKPHIBAET HOBBIE BO3MOXHOCTH HCIOJIB30BAHUS
U3TY4YeHHUs TpPU OOBEMHOM OTPAKEHUH MJS JJIEKTPOHHBIX IYYKOB, OO0JIaJaroIinx
OTHOCHUTEILHO OOJIBIIUM SMHUTTAHCOM.

[TockonbKy TpH SHEPTHSAX D3JEKTPOHOB TOPSIKAa OJHOTO THra’IeKTPOHBOJIBTA
JUTMHA JIeKaHAJTUPOBaHMs cocTaBiseT mopsaka 10-20 mxm [23], mus ux mMOBOpOTa
3NEKTPOHOB HEOOXOAMMBI M30THYThIE KPUCTAIIIBI C aHATOTUYHOM TONIIUHOMN. Bo3mox-
HOCTh WCIIOJB30BAHUA TaKWX KPUCTAUIOB Il KaHAIUPOBaHUSA W OOBEMHOTO
OTpaXCHUS TOSBUJIACH JIHMINb HENAaBHO [23] M TO3BONMIA HAM ITOCTaBUTH IEPBBIMA
9KcnepuMeHT [32] mo HaOMIONeHHI0 TeHEepaluH 3JICKTPOMArHUTHOTO H3Iy4YeHHS B
W30THYTHIX KpHCTANIaX B JMAla30HE DJHEPruil JIIEKTPOHOB TMOPSJKA THUTAdJICK-
TpoHBOJBTA (TOouHee, 855 M»nB). B askcmepuMeHTe 10 HAOMIOMCHUIO HW3ITYyYCHHS
UCIIOJIL30BATUCH TE€ K€ METOJl M3rn0a TOHKUX KPHUCTANIOB W JKCIIEPUMEHTAIbHAsS
YCTAaHOBKAa, YTO U B 3KcmepumeHTe [23] mo paccesHuro. /s u3MepeHust coekTpa
W3TydeHUs] HWCHONB30BaIcs Nal JeTekTop, NpOKATMOPOBAaHHBI € HMCIIOJIH30BAHHUEM
ECTECTBEHHBIX PaIHoaKTHBHEIX H30Tonos K (1.461 MaB) u *®T1/7*Th (2,6146 MaB).
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Puc. 11. CnexkrpanbHble HHTEHCUBHOCTH M3IIyYeHH IPH KaHAIMPOBAaHUH (KPYTH U
KBaJipaThbl) 1 00bEMHOM OTPa)XEHHHU (TPEYTONBHUKH, OOpaleHHbIE BBEPX U BHU3),
MPOMOJIETTUPOBAHHBIE C Y4eTOM (KPY)KKH U 0OpallleHHbIE BHU3 TPEYTOJIBHUKH) U
0e3 yuera (KBaapaThl U TPEYTOJIbHUKH, OOpaIlleHHbIE BBEPX ) HEKOI'€PEHTHOTO
paccestausi. sl cpaBHEHUS IIpHUBeieHa BeposTHOCTh bere-T aiiTiiepa (pomObI).
Crpesnky, HanpaBJIeHHbIE BHU3, T0{YEPKUBAIOT YMEHBIICHNE HHTEHCUBHOCTH
W3JTyYeHHs IPH KaHAJIMPOBAHWH, BBI3BIBAEMOE HEKOTEPEHTHBIM PAacCEesTHUEM, a
CTpEIIKH, HallpaBJICHHBIE BBEPX, HOAYEPKUBAIOT POCT NHTEHCUBHOCTH U3JTyYCHUS
Ipu 0OBEMHOM OTPa)KEHHH, BBI3BIBAEMBIN HEKOTEPEHTHBIM PACCETHUEM

CHexTpbl U3IIy4YeHUs], U3MEPEHHBIEC U POMOJIECIUPOBAHHBIE AJIS Cy4aeB MalCHUS
IydKa 3JIEKTPOHOB ¢ 3Heprueit 855 M»sB B ycioBHAX KaHATHUpOBaHUS U 0OHEMHOTO
oTpaxeHusi, npuBeneHsl B [32] wa Puc. 10. Xopomiee coBmageHue 3KCHEPU-
MEHTAJbHBIX M TPOMOJECIUPOBAHHBIX CHEKTPOB TMO3BOJSET MPOAHAIU3UPOBATH
HEJOCTYITHBIE JKCIEPUMEHTY OCOOEHHOCTH IIpollecca W3Iy4YeHHs JJIEKTPOHOB B
M30THYTHIX KpucTamiax. Puc. 11 mokas3siBaeT creKTpanbHble HHTEHCUBHOCTH M3ITyde-
HUS [IPU KaHAJTMPOBAHUHU U OOBEMHOM OTPaKEHHH, IIPOMOJICIIUPOBAHHBIC C YUETOM U
0e3 ydera HEKOTepeHTHOTro paccesHud. g cpaBHeHHWS NpWBEICHA BEPOSITHOCTH
n3nydeHust bere-Talitnepa. Kak u 0XuAanoch, M3JIydeHUE IPU KAHAIMPOBAHUM
MO/IaBISIETCS. HEKOTEPEHTHBIM paccesiHUEM. JTO U MOHSTHO — JaHHBIN BUJ U3ITy4EHUS
TeHepUpyeTcs TMpH  KoJeOaTeNbHOM [BWUKCHUW YacTUI] BHYTPH IDIOCKOCTHOH
MMOTEHIIMAIBHON SIMBI, WU TIO9TOMY OCHa0JIAeTcsl, KOTJa HEKOTEPEHTHOE paccesHue
NPUBOJUT K JeKaHalMpoBaHWIO. HampoTwB, Koraa KpUCTall OPHUEHTHPOBAaH B
YCIIOBUSX OOBEMHOTO OTpaKE€HHS, HEKOTEPEHTHOE pacCessHWe IOBBINIACT HHTCH-
CHUBHOCTb UCILyCKa€MOIr0 U3ITy4YCHHUS.

PocT MHTEHCHBHOCTH U3NMYy4eHHUs, OOBSICHIEMBIH 3aXBAaTOM YaCTHUI] MPH 00BEM-
HOM OTpakeHHMH, HaOmrojancsi Hamu BrepBble [32]. Mbl yTBepiKaaeMm, 4TO MOCie
3axBaTa B KaHaJl 9aCTHUIIBI TIPOIOJDKAIOT IBUTAThCA MOJOOHO IPYTHM KaHAJTHPOBAHHBIM
YyacTUIlaM, UCIycKas Mpucyllee UM u3iIydeHue. st moaTBepKACHUS 3TOM KapTHHBI
MBI YMCJIEHHO MHCCIENOBAIM JIUHAMHKY YacTHUI], AAIOIUX BKJIaJ B CIEKTPAIbHYIO
WHTEHCUBHOCTH, N300pakeHHY!0 Ha Puc. 11 TpeyrompHHKamu, oOpalleHHBIMHA BHU3.
OTH 9acTHIBRI TMagaroT moa yrioM 493 Mkpan K THYyTBIM ImiockocTsaM (111) u mmbo
OTpaXkaloTCs OT HUX, JHOO 3aXBaTHIBAIOTCS HMMH, Kak mokazaHo Ha Puc. 11 (a).
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Oxkazanock, 910 68% W3 3TUX YaCTHII IIpeTepreBaeT 00bEMHOE OTPAKEHHUE, B TO BPEMSI
Kak ocranbHble 32 % 3aXBaThIBAIOTCA B PEKUM IUIOCKOCTHOTO KaHAJIWPOBAHUS B
pe3ynbTare 00bEMHOI0 3aXBaTa.
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Puc. 12. TIpomoienupoBaHHEIE CIICKTPAITBHBIC 3aBUCUMOCTH HHTCHCUBHOCTH
EdN/dE ot snepruu potonos E myist yactuisl, uemsitaBiiei 00beMHbIH 3axBaT (1) u
YaCTHUIIBI, UCIIBITABIICH 00beMHOE oTpakeHHe (3). PeansHoe u3mydenue (2),
COIIPOBOXKAAOIIEe 00BEMHOE OTpakeHUe, BKItogaromee Bkiagsl (1) u (3).

(4) — criexkTpanbpHAas 3aBUCUMOCTh HHTCHCUBHOCTH m3ny4yeHnst bere-I"aliTiepa

Ha Puc. 12 nmpuBeneHsl ciydaw, KOTJia BCE€ YACTHIIBI HCHBITHIBAIOT OOBEMHOE
orpaxxenne (kpuBas 3) Wi 0ObeMHBIH 3axBaT (kpuBas 1). Y chekTpaibHOR
MHTEHCUBHOCTH W3JIyYEHHs NMPH OOBEMHOM OTpakKeHHH (KpHBas 3) MUKHU MOJHOCTBHIO
OTCYTCTBYIOT, YTO OOYCJIOBJICHO IUIABHBIM HM3MEHEHHEM YIJia MEXAy TpaeKTopueit
YaCTHUIBI M KPUCTAUIMIECKHIMH TUIOCKOCTSMH BONHM3M TOYKH OTpPaXeHUS (CM.
TpaekTopuio 3 Ha BcTaBke Puc. 10), B TO BpeMs Kak CIEKTpajbHash MHTEHCUBHOCTh
W3Iy4YeHHs YaCTHII, 3aXBAaThIBAEMbIX B 00beMe (KpuBas 1), IPOXOAUT BBIIIE, YEM IS
00BEMHOTO OTpaXKEHUs, W uMeeT (OopMy, THIUYHYIO I U3IYUCHHS IIPH
kananmupoBaanu (Puc. 12, kpyxku). IT0 00BICHIETCS TEM, YTO 3aXBAUYCHHBIC DJICKT-
POHBI KaHAJIHPYIOT OKOJIO TOJIOBUHBI BPEMEHM MABIKEHHUS uepe3 KpUCTALT (CM.
Tpackropuro 1 Ha BctaBke Ha Puc. 12). KpuBas 2 mpencraBisgeT coboif CyMMapHBIA
BBIXOJ] M3ITYUYCHHSI, COMIPOBOKAAIONIETO 00BEMHOE OTPAKCHUE B PEANTbHBIX YCIOBUSIX,
NpEeACTaBISIONINN COO0H B3BEIIEHHBIE BHIXOIBI M3TYUYEHHsI IPH 00BEMHOM OTPasKeHUN
(xpuBast 3) u 3axBare (kpuBasd 1).

Uznydenne, compoBoxnparoniee 00beMHOE OTPaKEHHE, CPABHUMO IO BBIXOAY C
U3Ty4YeHHEM B TIPSIMOM KpHCTaJIE U ABJSAETCS B HEKOTOPOM CMBICIE TPOMEKYTOUYHBIM
MEXIy M3ITydeHHEeM IpH KaHaJIHMPOBAHWH W KOTEPEHTHBIM TOPMO3HBIM H3ITyYEeHUEM,
JIEMOHCTPUPYS HEKOTOpBIE BaKHBIE 0cOOeHHOCTH oOomX. IIpexme Bcero, m3mydeHue,
COIPOBOXKIaIoNIee 00bEMHOE OTpakeHUe, 00NagaeT PeryJMpyeMbiM W OOJIBIIAM TIO
BEJIMYMHE AaKCENTAaHCOM, YeM M3JIyYeHHE IpU KaHAIMPOBAHHU U KOTE€PEHTHOE
TOPMO3HOE W3JIYYCHHE, W TOITOMY MOXET OBITh HCIIONB30BAHO MJIsi TeHeparuu
JIOCTATOYHO WHTEHCHBHOTO M3JIYYEeHHUS ITyYKaMy ¢ OOIBIIUM SMUTTAHCOM. BO-BTOPBIX,
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3 (PEKTUBHOCTL YINpaBICHUS IIYYKOM TIPH OOBEMHOM OTPaXCHHH MCEHEE YYyBCT-
BUTCJIbHA K KPHUCTAJUIMYCCKUM Z[e(i)eKTaM M0 CpPaBHCHHIO C KaHAJIUPOBAHHUEM, UYTO
OTKpBIBACT MyTh K KCIIOJIb30BAHUI0 MAaTEPHUAlIOB C OOJILIIMM aTOMHBIM HOMEPOM,
TaKuX, Kak BOJb(pam, KOTOPHIH, KaK MPaBHJIO, HE MOXET OBITh BBIPAICH C TEM Ke
COBCPIICHCTBOM CTPYKTYPBI, UTO U KPUCTAJIJIbl KPEMHHA, HO B TO K€ BpEMsA OoJbIIe
MOIXOAUT IJIsl TeHepalul WHTEHCHBHOTO M3IydeHHs. HakoHew, mporecc u3mydeHHs
MPOSIBJIACTCS B YCIOBUSIX OOBEMHOTO OTPaKCHHSI BMECTE C OTKIOHECHHEM YACTHII, a
codyeTaHHe 3TUX JBYX JI(PQPEKTOB MOXKET OBITh IMOJIE3HBIM B psjiec TMPAKTHYSCKHX
npuwiokeHuit. Tak, B KadecTBe MpUMeEpa, ObUIO MPENIOKEHO HCIIONB30BaTh 00hEMHOE
OTPAXKCHUE W COMPOBOXKIAIOIIEE €r0 M3IyYCHHE B KPUCTAITHUYSCKHX KOJUTUMATOpax
OyIyIIHX AJIEKTPOH-TIO3UTPOHHBIX KoJutaimepoB [29]. Beibop 00beMHOTO OTpaskeHHUS
BMCCTO KaHaJIMPOBAHUA MOKET GBITB MMPEATIOYTUTECIICH OJId HEKOTOPBIX HpI/IHO)KeHI/Iﬁ
3a cueT 0oJjee BRICOKOH 3(h(heKTHBHOCTH U OOJIBILETO YMUTTAHCA.

TakuM 00pa3oM, BO3MOKHOCTh HCIOJBb30BAHHUS HM30THYTHIX KPHUCTAIIOB IS
réHepanuun KECTKOIro HNHTCHCHUBHOT'O SJICKTPOMArHMuTHOT'O H3IIYyUYCHUA GI)UIa
MPOJAEMOHCTPUPOBAHA  OKCIEPHUMEHTAJbHO W  XOpPOLIO  BOCIPOW3BEICHA MpHU
MoenupoBannd. Kpome Toro, 6pU10 MOKa3aHO, YTO U3NTYyUCHHE MPU KAHATUPOBAHUU U
00BEMHOM OTPaKEHUH CYIIECTBEHHO 0OJIee HHTEHCUBHO, YeM B aMOpP(HOM BEIIECTBE.
B gactHOCTH, BHiepBbIe OBLIO MOKa3aHO, YTO H3Iy4YEHHE NMPH OOBEMHOM OTPaKEHUHU
€CTECTBCHHO COYeTaeT B ceOc HM3IydYeHHE MPH YHCTOM OOBEMHOM OTPAKECHHH C
M3Ty4YeHUEM YacTHIl, HWCIBITABIIMX OOBEMHBIM 3axBaT. [Ipu 3TOM mocieqHee
OKa3bIBACTCs HO,Z[O6HBIM H3JIYUCHHIO TIIPpU KaHAJIWPOBAHWHK, OAHAKO IIpU ISTOM
mposiBiIsieTcs B OOJbIIEM YTIIOBOM HHTepBale, 4eM mocienHee. KomOuHamms 3Tux
0COOEHHOCTEH JieTaeT W3Iy4YCHUE YACTHIl B M30THYTHIX KPHCTAIIAX MEPCIEKTHBHBIM
JUIE  TEHEpaIll JKECTKOTO O3JEKTPOMArHUTHOTO HW3IMYYCHUS Ha DJICKTPOHHBIX
YCKOPHUTEISIX, TOpa3ao 0ojiee JOCTYIHBIX, Y4eM YCKOPUTETH MO3UTPOHOB.

3aKjao4YeHue

MojenupoBaHue CUCTEMbI KOJUTMMAIMM HA OCHOBE M3OTHYTHIX KPUCTAJUIOB Ha
yckoputene SPS B ycnoBusix skcnepumenta UA9 BrepBble HPOJAESMOHCTPHPOBAIIO
CYIIIECTBEHHOE TIOBBIIICHUE HEYNMPYTHX MOTEPh YACTHI[ B KPUCTALTUYECKOM KOJLIH-
MaTope TpU TUIMMYHBIX BEJIMYHMHAX yriia MUckata. OaHako Ha BosblioM aapoHHOM
KoJutaiiiepe u3-3a OOJBINUX MPUIEIBHBIX MMaPaMETPOB MAJCHHUS YaCTHIl Ha KPUCTAILI
BIIUSTHUE MUCKATa 0Ka3aJI0Ch 3aMETHO MCHBIIIHM.

[Ipu ucnonp3oBanun Ha BAK cucrembl KommuMmaliii Ha OCHOBE H30THYTHIX
KpUCTAJUIOB HauOoJbInas 3()EeKTUBHOCTh JOCTHTACTCS B PEKUME KaHATUPOBAHUS —
99.66%, a pu UCIIOJIB30BAHUH KPUCTAJUIMUYECKOTO BRIpE3a OHa Bo3pacTaeT 10 99.95%.
OMHAKO 3TOT PEeXUM TPEeOYeT CIUIIKOM BBICOKOW TOYHOCTH OPUCHTAIIUU KPUCTAILIA —
MEHEEe OJIHOTO MHKpopanauana. M30exarh 3TOr0 MO3BOJSET KOMOWHAIWMSI MHOTO-
KpaTHOTO OOBEMHOTO OTPaXCHHS W KaHAIUPOBaHUS, Ui KOTOPOH 3(PQPEeKTUBHOCTH
KoutuManuu jgocrturaet 99.5%, a HeoOXomuMmas TOYHOCTh OPHUCHTAIIMU TAJaeT Ha
MTOPSIIOK.

[Mpeackazanbl HOBbIE dPQEKTH — MUKU JEKAHATHPOBAHHUS W KBa3UKaHAJIHPOBa-
HUS, KOTOPBIC TO3BOJISIOT HAOMIOATh KOJEOAHWsS 4YacTUI[ NMPU KAHATUPOBAHUHM U
Ha0aphEPHOM JIBUKCHUH.
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KommuecTBeHHO omnmcaHBl TIEpBHIE YCIENIHBIE SKCIIEPUMEHTHI 110 OTKJIOHEHUIO U
U3TYYCHHUIO 3JEKTPOHOB THrad’IeKTPOHBOJBTHOIO JHAala3oHa CBEPXTOHKMMH H30T-
HYTBIMH KpHcTamnamu. IIpoBeneHHOe MoJenupoBaHUE AMHAMUKH YacCTHIl TO3BOJIMIIO
HE TOJBKO TIOJIHOCTHIO WHTEPIPETUPOBATh SKCIIEPUMEHTANbHBIE MHaHHbIE, HO W
BBIJICNIUTH POJIb dPQeKTa peKaHATUPOBAHHUS, KOTOPBIN JenaeT d3QQEKTUBHYIO UIMHY
JeKaHATHPOBAHUS HJIEKTPOHOB OoJbINeH, YeM Oe3 ero ydera.

Bruto mokazaHo, 4To M3NMydeHHE MPU KaHAIUPOBAHUU M 00BEMHOM OTPaKCHHU B
M30THYTHIX KPUCTAJUIAX CYIIECTBEHHO 00Jiee MHTEHCHBHO, YeM B aMOP(YHOM BeIECTBeE.
[Ipu 3TOM H3NMy4YeHHE P 0OBEMHOM OTPa’KEHUH €CTECTBEHHBIM 00pa3oM COYeTaeT B
cebe M3ITydeHue NpU YUCTOM OTPKEHUH C U3ITYYCHHEM DIIEKTPOHOB, WCTBITABIINAX
oOvemHBIN 3axBaT. I[locnmemHee okaspiBaeTCss MOJOOHBIM HM3IYYCHHIO TIPU KaHAIH-
pOBaHMH, OJHAKO IMPOSBISAETCS B OOJNBIIEM yrioBOoM HMHTepBase. KomOmHanusa >THx
0coOeHHOCTEH AenaeT W3Ty4YeHHE YacTHLl B M30THYTHIX KpPHCTAIIaX MEPCIEKTHBHBIM
JUIS  TEHEepalid KECTKOTO DJIEKTPOMAaTrHUTHOTO W3IY4YeHHS Ha SIEKTPOHHBIX
YCKOPHUTEISX, Topa3fno Oosiee JOCTYIMHBIX, YeM YCKOPUTENH TTO3UTPOHOB.
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RECENT DEVELOPMENT OF THEORY AND SIMULATIONS OF HIGH
ENERGY PARTICLE MOTION AND RADIATION IN CRYSTALS

A. L. Sytov, V. V. Tikhomirov

The crystal-assisted collimation of the LHC and SPS is simulated. We compare possible
application at the LHC of different coherent effects in a bent crystal deflector, such as
channeling, volume reflection, multiple volume reflection in a one bent crystal, the combined
action of channeling and multiple volume reflection and channeling in a crystal with a narrow
plane cut. Channeling effect provides the highest collimation efficiency, however it requires a
very high accuracy of crystal alignment. The combination of channeling and multiple volume
reflection solves this problem remaining very efficient. The miscut angle considerably increases
the inelastic losses in the crystal deflector at the SPS in the UA9 experiment. However, it
doesn't have any considerable effect at the LHC.

The effect of dechanneling and quasichanneling oscillations in the deflection angle
distribution have been predicted. It allows one to visualize the oscillations of particles in both
channeling and quasichanneling modes.

The experiments on the observation of efficient steering and gamma-radiation of a 855 MeV
electron beam at Mainzer Mikrotron by means of planar channeling and volume reflection in a
bent silicon 30.5 pum thick crystal was numerically interpreted. Monte Carlo simulations have
proved that rechanneling plays a considerable role in a particle dynamics and hinders the
spoiling of channeled particles.

The same also demonstrated that incoherent scattering significantly influences both
radiation spectrum and intensity either for channeling or volume reflection. In the latter case, it
has been shown that incoherent scattering increases the radiation intensity due to the
contribution of volume-captured particles. As a consequence, the experimental spectrum
becomes a mixture of channeling and pure volume reflection radiations.
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IAJNIEKTPOCTATHYECKAA KYMVYJIAAIUA
CWIBHOTOYHBIX JSJIEKTPOHHBIX ITYYKOB

C. B. Aunienko, B. I'. bBapeimeBckuii, H. A. BeJoye,
A. A. I'ypunoBuy, E. A. I'ypunosuy, E. A. I'ypHeBnu,
I1. B. MoJyiyanoB

Teopernueckr 0OOCHOBaH U AKCIIEPUMEHTAIBHO MOATBEPKAEH 3 dekT Kymys-
MM CHJIBHOTOYHBIX 3JIEKTPOHHBIX IIYYKOB B PEIATUBUCTCKUX BAKYYMHBIX THOIAX CO
B3PBIBOSMHUCCHOHHBIMU KOJIBLIEBBIMU KaTOAAMH, IHPHUBOAAIIMNA K BO3HUKHOBEHUIO
aHOMAaJIbHO BBICOKOH IUIOTHOCTH TOKa 4YacTHll. D(PQPeKT 00yCIOBICH dIEKTpoCTaTnyie-
CKUM OTTAJKUBAaHHUEM 3apsDKEHHBIX YacTUL. HecOMHEHHBIM TOCTOMHCTBOM OITMCAHHO-
ro MEXaHu3Ma KyMyJIALUH 110 CPABHEHHUIO C TPAAULMOHHBIM, OCHOBAaHHBIM Ha COKaTHH
CHJIFHOTOYHOTO ITy4Ka COOCTBEHHBIM MAarHUTHBIM TIOJIEM, SIBIISICTCS YPE3BBIYAHO HU3-
KU pa3dopoc 3JEKTPOHOB MO YHEPTUsIM B 00IaCTH MaKCUMaIbHOM TUIOTHOCTH TOKA.

1. BBenenue

[lepBble nccnenoBaHus KyMYJISALUH CUIBHOTOYHBIX 3JIEKTPOHHBIX MYYKOB, CHKH-
MAIOIINXCS O] AEUCTBHEM COOCTBEHHOTO MarHUTHOTO IOJIs, OTHOCSTCS K 30-M rogam
nporwtoro Beka [1]. Ilockonmbky B Te BpeMeHa €M OTCYTCTBOBaJla IKCIIEPUMEHTAIb-
Has TeXHUKA, IO3BOJISAIONIAS MMOIYYaTh MOIIHBIE ITyYKH 3apsHKEHHBIX YACTHII B 3¢MHBIX
YCIIOBUSIX, UCCJIEJIOBATENN B OCHOBHOM OTIpaHHMUYMBAINCh TEOPETHUYECKUM pPaccMOTpe-
HUEM acTpo(U3NIecKuX 3amad [2].

HacTosmas peBomonys B UCCIEAOBaHUN KyMYJISIIUH POU30IIIIA CITYyCTS TPH Jie-
CATHUJICTHS, KOTAA BIEPBBbIE OBUIM IOJNyYEHB CHJILHOTOYHBIE BJIEKTPOHHBIC ITyYKU
MOIIIHOCTBIO OT HECKOJBKHUX THIaBaTT 0 HECKOJBbKUX TepaBarT [3—7]. Bo3aMoOXHOCTD
TeHepaIiy CHIIFHOTOYHBIX 3JIEKTPOHHBIX ITyYKOB ObliIa 00YCIIOBIEHA IBYMSI HOCTIDKE-
HUSIMH dKCIIepUMEHTaNbHOH pusuku. Bo-niepBeiX, B nccnenoanuax Jlaiika ¢ corpyn-
HUKaMmu [8, 9] ObLIM MONTYYeHBI TUIOTHOCTH TOKA 710 10® A/eM® ¢ KOHUHKOB MeTasTHye-
CKHX OCTpHil, MOMENIEHHBIX B CHIBHOE dJIEKTpHUYecKoe Toje. Bo-BTOphIX, HccenoBa-
HUS 110 BBICOKOBOJIBTHOM MPOYHOCTH JUAJIEKTPUKOB, TpoBeAEHHBIe MapTiHoM [6, 10],
o0ecTieyrii BO3MOXKHOCTh CO3AaHUs MOITHBIX UMITYJIbCHBIX T€HEPAaTOPOB HANIPSHKCHUSI.

C moMomIbIo CKATUS PENATUBUCTCKUX CHIIBHOTOYHBIX AJIEKTPOHHBIX MTyYKOB CO0-
CTBEHHBIMH MarHMTHBIMU TossiMu [11, 12] ObUTH JOCTUTHYTHI MHTEHCHUBHOCTH 3apsi-
eHHBIX 1myukoB 1 TBT/cM’, I03BOMBIIIHE M3yUaTh SKCTPEMATbHBIC COCTOSHUS BEllle-
CTBa B JIabOpaTOpHBIX ycnoBusax. [Ipenmmonaraisock, 4TO C TOMOIIBIO KyMYJISIIUH
CIJIBHOTOYHBIX ITy9KOB BO3MOXKHO OyIeT MyTEM HMITYJIbCHOTO CXKaTHs W pa3orpeBa
JIeNTepuil-TpUTHEBBIX MUILIEHEH 3a)Kedb TEPMOSAAEpHBbIE PEAKIIMHU U OCYIIECTBUTH TEM
caMbIM MHEPIIMOHHBIA TepMOsAepHbIN cuHTe3 [13, 14].

Hecmotps Ha TO, 4TO NMEpBOHAYANIBHO MOCTAaBJIEHHAs 11€JIb, CBA3aHHAS C MOJIyde-
HUEM YIPaBISEMOr0 TEPMOSIIEPHOTO CHHTE3a, TaK M HE Obljla TOCTUTHYTA, CHIIBHO-
TOYHBIE DJIEKTPOHHBIE ITyYKH CTAJN C YCIEXOM MPUMEHSIOTCSA B JPYTHUX 00nacTax ¢u-
3ukd [15—-17]. C uX MOMOIIBIO TPOBOASAT HMCCICIOBAHUSA IO paTUAIMOHHOW (pu3u-
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ke [18], reHepupyrOT MOIIHOE MHUKPOBOJIHOBOE m3nmydenue [19, 20], ocymecTBIsOT
KOJUIGKTHBHOE YCKOpeHHue MOHOB [21, 22] u Hakadyky ra3oBbIX jJa3epos [23]. Bo Bcex
yKa3aHHBIX TIpolleccax HEJTMHEWHbIe SBJIEHHA, OOYCIOBJIEHHbIE B3aMMOAECHCTBUEM
CHJIBHOTOYHBIX IIYYKOB C COOCTBEHHBIMH M BHEUTHUMH AJIEKTPOMAarHUTHBIMU TIOJISIMH,
UTPAIOT IEPBOCTEIIEHHYIO POJTb.

B nacrosmieit pabore peub TOWAET 00 OJHOM TaKOM SIBIICHUH, PEICTABIISIONIAM,
[0 CyTH JeJia, aIbTePHATUBHBIN MEXaHU3M KyMYJISIIIUU CHIIBHOTOUYHBIX 3JIEKTPOHHBIX
mydkoB. OH UMeeT MEeCTO B PENIITUBMCTCKHUX BaKyyMHBIX JAHOJAAX C KaToOJOM, oOia-
JAIOIIUM OTBEPCTHEM IO LEHTpY. HecMoTps Ha TO, UTO 3TO ABIEHHE YK€ MHOTO JIET
HaOMOJaeTca B OKCIIEPUMEHTAaX, ero MocIeI0BaTeIbHOE TEOPETUIECKOe OOBSICHEHUE
orcyTcTByeT. I ocHOBHOM Hamieil 3amaveld OyaeT MmociieZloBaTeIbHOE TEOPETHUECKOE
OlMCaHUe MeXaHN3Ma KyMYJISIHH U ero SKCrepuMeHTanbHas Bepudukanus. Hike Mbr
MOKa)KeM, YTO MEPBOCTEIICHHOE 3HAYEHHUE B MPOIECCe KYMYJISIUU UTPacT B3PHIBHAA
JMIEKTPOHHAS 3MHUCCHUS, MPUBOIAMIAS K HM3MEHEHHIO 3MHCCHOHHOW IOBEPXHOCTH B
CIJIbHOTOYHOM JIHOJIE.

[Tnan paboTe! Oymer ciemyromuM. BHagane MBI JOCTATOYHO MOAPOOHO OMHIIIEM
SIBIICHUE B3PHIBHOHN AJIEKTPOHHOM AMHCCHU. 3aTeM OyIIeT U3TI0XKEH MEXaHU3M KyMYJIsi-
LMY DIIEKTPOHHOTO TIOTOKA, KOTOPKIH OBLT BHISIBIICH B MPOIIECCE MOJEINPOBAHUS PElsi-
TUBUCTCKOTO BaKyyMHOT'O JHOJa C ITOMOIIbIO pa3paOOTaHHON HaMH MPOrpaMMbl [24]
(anmroputM™, JIexaluii B OCHOBE IPOrpaMMBbl, TOMEIIEH B MpHIokeHue). B 3akioueHne
MBI TIPUBENEM PE3yJIbTaThl HKCHEPUMEHTATBHBIX HCCIeIOBaHUM, MOATBEPKAAIONINI
ONMCAaHHBINA B HACTOSIIEH CTaThe MEXaHW3M KyMYJISINH CHIIBHOTOYHBIX 3JIEKTPOHHBIX
ITy4YKOB.

2. B3pbIBHAsl 3JIEKTPOHHASI MU CCHS

CHUJIBHOTOYHBIC 3JICKTPOHHBIC IMYYKH IMOTY4YalOT B PEISATUBHCTCKUX BAaKyyMHBIX
JINOJIaX, COCTOSIINX M3 KaToJa W aHO/da, B PE3yJIbTaTe B3PHIBHOHN 3JIEKTPOHHON SMHUC-
cun (Puc. 1). MexaHu3M B3pBIBHOH 3IIEKTPOHHOW 3MHUCCHH [25—27] BBITISANT Clie-
oyromuM oopaszom. [Ipu mogade HanpsHKeHUs Ha SIEKTPOABI PEISITHBHCTCKOTO INO/IA C
MOBEPXHOCTU KaToOAa HAUYMHAET HCITyCKAaThCA aBTOSPMUCCHUOHHBIA TOk [28-31], mpen-
CTaBJISIONTUN COOOM MOTOK AJIEKTPOHOB, TYHHEIUPYIONIUX W3 METayila BBAKyYM IOJ
JIEACTBHEM DJIEKTPUUYECKOTO TOJIs. J[BUTasch BHYTpH METalia, dJIEKTPOHBI pa3orpena-
FOT TTIOBEPXHOCTH KaToja. M3-3a MOBEpXHOCTHBIX JAe(PEKTOB MPOBOIHUKA MUKPOCKOIIH-
YEeCKOe AIEKTPUIECKOe ToJie BOJIU3M KaTo/Ia HEOJHOPOIHO. B 4acTHOCTH, Y MUKPOOCT-
puil moyie CyIIEeCTBEHHO YBEIMYEHO IO CPAaBHEHUIO C €r0 CPeJHUM 3HaueHHEM, YTO
MIPUBOJUT K OBICTPOMY Pa30rpeBy KOHUMKOB OCTPUH W UX B3PBIBY MPHU JOCTHKCHUU

YJIeTbHON TJIOTHOCTH SHEPTUU 10* Jix/r. Eciu Makportoiie opsaka 1 MB/cwm, To 3a-
JIep’KKa B3pbIBa [, cocTaBisgeT MeHee 1 Hc. KaxIplii MMKPOB3PBIB CONPOBOKIAETCS
TEPMORIIEKTPOHHOW AMHUCCHEH C TIOBEPXHOCTH KaTOMHOTO (pakena — pacIIupsromeics
co ckopoctsio v~ 10* M/c mposomsieit miasmsl (Puc. 2).
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Puc. 1. KyMyJ'IHHI/Iﬂ CHUJIBHOTOYHOI'O ITy4YKa B PEIIATUBUCTCKOM BaAKyyMHOM JJUOAEC

Cnenyer OTMETHUTH, YTO f, CyIIECTBEHHBIM O0OPa30M 3aBUCHUT OT COCTOSIHHS IO-
BEPXHOCTH KaTo/ia, 2 MIMEHHO, OT MUKPOHEOTHOPOJHOCTEH M MPUCYTCTBUS AUDICKTPH-
YECKUX BKJIIOUCHHM, HATMYINE KOTOPHIX MPUBOIUT K aHOMAJIFHOMY POCTY aBTOAIMUCCH-
OHHOTO TOKa [25, 26, 27, 32]. Kokcom u Bunbsmcom [33] skcriepuMeHTAILHO TIPOJIe-
MOHCTPHPOBAHO, YTO OOJBIITNE HANIPSHKEHHOCTH TIOJISI BO3HUKAIOT BOJIU3U JIUAJIEKTPH-
YECKMX BKJIIOYEHWH Ha TOBEPXHOCTH KaTOZd, MPUYEM HANPSHKEHHOCTH JIOKATHHOTO
moJI BOJM3M ATUX BKIIFOUCHUNA MOXKET B HECKOJIBKO COTEH pa3 IMPEBHINIATH CPEIHEE
MoJie B MEXKAJIEKTPOJHOM 3a3ope. EcTecTBeHHO, YTO HEOAHOPOAHOE PACIOIOKEHHUE
KaK IMIJIEKTPUYECKIX BKIIOUEHUH, TaK W MUKPOHEOIHOPOIHOCTEH, BOOOIIE, TPHUBO-
JUT K pa3dpocy Mo BpeMeHH 00pa30BaHUs KaTOAHBIX (haKeIoB f, Ha Pa3IMYHBIX MHK-

poy4dacTKax Karoaa.
Electrons ¢ e

Cathode flare \\ I // E
2]

Ze*

\ e
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A

Puc. 2. B3pbIBHasI 3JI€KTPOHHAS YIMHUCCHUS
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Kpome nHuLMaImy B3pbIBHON 3JIEKTPOHHOM AIMUCCUU JUIEKTPUUECKHUE BKITIOUYE-
HUS CMOCOOCTBYIOT M e€ moanepxauuto [34]. [leno B ToM, 4TO (YHKIIMOHHUPOBAHHE
KQX0TO B3PBIBOIMUCCHOHHOTO IIEHTPA COMPOBOMKIAETCS MOTOKOM HOHOB Ha KaTOJ
(Puc. 2). Ecnin BONIM3HM B3PBIBOOMUCHOHHOTO IICHTPA IMPUCYTCTBYIOT TUAICKTPUICCKHE
BKIIIOYCHUSA, TO IPOUCXOAUT UX 3apsaKa TOKOM HOHOB, 3aKaHUMBAIOUIasACA HpO60€M u
o0pa30BaHWEM HOBBIX I[EHTPOB 3Muccuu. Eimé oanH MexaHu3Mm oOpa30BaHUs MPUKa-
TOJHOW TIJIa3MBI CBS3aH C IOJIEBOH JecopOmmell aTOMOB, afcCOPOMPOBAHHBIX Ha TIO-
BEpXHOCTH Karomaa [35]. DTOT mpoIecc MPOUCXOANT B TeX OOJACTSIX, T JIOKAIHHOE
3IeKTPUUECKOe MoJe ITpeBbimaeT 3HaueHue ~ 10 B/cm. JlecopOMpOBAaHHBIE ATOMEI
WCTIBITHIBAIOT YJAPHYI0 MOHM3ANNI0 TOKOM aBTOAJIEKTPOHHOW 3MHCCUH U Ha TIOBEPX-
HOCTH KaToJa 00pasyeTcs IIa3MEeHHBIH CIIOM.

Pasn€r mpoBosIei 1ia3Mpl KaTOJHBIX (AKEJIOB MPUBOIUT K 3KPAHUPOBKE CHO
ONM3NeKaNMX y9aCTKOB Ha MOBEPXHOCTH KAaTOAa OT JCHCTBHUS CHIIBHOTO 3JIEKTpHYE-
CKOTO TToJIsI. AHAIM3, MPOBEASHHBIN B paboTax [36—38] moka3sIBacT, UTO XapaKTePHBIHA
panuyc 3KpaHUPOBAHHOI 00JIaCTH COCTaBIISIET

~ 2 -3/4 .1/2
rjvcr ~510 U l hac’

rae U[B] — nmpunoxenHoe HampsbkeHue, I [A] — Tok karogHoro ¢akena, £, [cM] — Be-
JUYMHA MEX3JIeKTpoaHoro 3asopa. s U =400 kB, i =10 A, i, =1.5 cMm, xapak-

TEpHBIA paanyc SKpaHupoBaHHOW oOmactu cornacHo (1) pasen r,, =0.15 cm. Takum

scr

06pa30M, YHCJIO B3PBIBOOMUCCHUOHHBIX HCHTPOB N), KOTOpbIC MOT'YT OJHOBPEMCHHO

e

CyHmICCTBOBATh Ha MOBEPXHOCTH KAaTOJa C paIMyCOM 7, = 3 CM, MOXXHO OIICHHUTH KakK

2 2
N, ~r /7

scr

=60. Yucio omHOBpeMEHHO (DYHKITMOHHUPYIOMIMX B3PHIBOAMHUCCHOHHBIX

HeHTpoB N, sBJIAETCSA MEpOil HEOJHOPOAHOCTH MONEPEUHOH CTPYKTYpHBI ITydKa.

3. MexaHu3M KyMYJISIHH

Kak yxe OblI0 OTMEYEeHO, B3pBIBHAS 3JEKTPOHHAS SMHCCHUs HauMHaeTcsi ¢ oOpa-
30BaHUs U pacUIMpeHus KaToaHbIX (akenaoB. Hanbonee nateHcmBHO BOD naér u3 BhI-
MMYKJIBIX YYaCTKOB KaTo/a, B YaCTHOCTH, C €r0 BHyTpeHHel kpoMku (Puc. 1). M3-3a kxy-
JIOHOBCKOTI'O paCTaJIKMBaHUA 3aps’KCHHBIC YaCTUIbI YCTPEMIIAIOTCA B O6HaCTB, HC 3aH-
TyI0 ITy4KoM. B pesynbrare, Ha yCKOPEHHOE B HANpaBJICHUE aHOMA JIBIKEHHE JIIEK-
TPOHOB HAKJIAJBIBAETCS IIEPEMEIIEHIE B PaIUaIbHOM HAINPaBIEHUH K OCH CHMMETPUHU
karona. Kak crmeactBue, Ha OCH PEISATHBUCTCKOTO BaKyyMHOTO IHMOZA IUIOTHOCTD
CIJIBHOTOYHOT'O ITy4Ka BO3pacTaeT BO MHOTO pa3 [0 CPaBHEHMIO CO CpPEeAHEH IUIOTHO-
CTBIO TOKa B MEXIJIEKTPOTHOM 3a30pe.

Ha Puc. 3 mpencraBieH OTIE4aToK 3JIEKTPOHHOTO ITyYKa Ha aHOJE, OMyYSHHBIN
B XOJI¢ YUCJICHHOTO MOJCIHPOBAHHS C MOMOILBIO0 pa3pab0oTaHHONH HaMU MPOTPAMMEBI.
[Ipu umcnenHoM pacu€re paguyc KaToja ObUI TOJOXeH paBHBIM 3.0 cM, Karon-
aHoAHBIN 3a30p — 2.0 cM, paguyc BHyTpeHHero oteepctusi — 0.8 cM. MakcumanbHOe
3HAYCHHE MMITYJIbCca YCKOPSIOUIEro HampshKeHHs OBLIO MosokeHo paBHBIM 360 kB, a
ero aaurenbHocTh — 330 He. MonenupoBanue, MOKa3aio, YTo IMJIOTHOCTh TOKA B 00-
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JacTH LEHTPAJbHOIO IISITHA Ha aHOAE B MOMEHT, COOTCTBYIOUIMH MaKCUMYMy YyCKO-
PSIIOIIEr0 HATPSKEHHS, TOCTHTaeT 3HaueHus 1.0 KA/cM”, 4TO NpUGIH3UTENBHO B 5 pa3
MIPEBBIIIACT CPEAHIOI0 MIIOTHOCTh TOKA B CHJIIBHOTOYHOM auoje. Takum oOpa3om, Mo-
JeITUPOBAHUE MOKA3bIBAET, YTO HA OCH CHJIBHOTOYHOTO AMOJA C KaTolIoM, obiajaro-
UM OTBEPCTHEM IO LIEHTPY, MPOUCXOAUT KyMYJISAIHS SJIEKTPOHHOTO ITy4Ka.

U=360 kV, r,=0.8 cm, hy.=2.0 cm, Neee=14 cm ™2

y, cm

(0] =i | | | 3
0 5 10 15

X, Cm

Puc. 3. OTrieyaTok 3JeKTPOHHOTO My4Ka (Pe3ysIbTaT MOAEINPOBAHNS)

HecomMHEHHBIM JOCTOMHCTBOM OIKCAaHHOTO BBIIIE MEXaHH3Ma KyMYJISIIUU TI0
CPaBHEHHMIO C TPAAWIIMOHHBIM, OCHOBAHHBIM Ha C)KaTHH CHIIBHOTOYHOTO ITy4Ka coOCT-
BEHHBIM MarHUTHBIM II0JIEM, SIBIISIETCSl KpaiHe HU3KUI pa3dopoc YacTHIL 10 SHEPTUSM B
00J1aCTH MaKCUMaJIbHOM IUIOTHOCTH TOKA, YTO OOYCIIOBIICHO JIAMUHAPHBIM XapaKkTepoM
TEUEHHsI MTOTOKA 3apsDKEHHBIX YacTHL. B ycroBusx ke camockaTusl mydka cOOCTBEH-
HBIM MarHATHBIM TI0JIEM TE€YEHHE MOTOKA CTAHOBUTCS CYNIECTBEHHO TYpOYJIEHTHBIM U
3apspKEHHBIE YacTUIIBI TPHOOPETAIOT 3HAUUTEIBHBIN pa3dpoc mo uMiyascaMm [39]. [Ipu
3TOM 3JICKTPOHHBIN MOTOK OOJbIIC HAIOMHUHAET CXKATbI PEISITUBUCTCKUNA Ia3 C TEM-
TepaTypoil JEKTPOHOB MOPSIIKA MPUIIOKEHHOTO K U0y HapspkeHus [16].

4. Pe3yJIbTaThl IKCIIEPUMEHTOB

[Ipu sKcriepUMEHTaNbHOM HCCIEIOBAHUU 3IEKTPOCTATUUECKOM KyMYJSILIMHM HC-
TOJIB30BAJICSI HAaHOCEKYHIHBIH HMMITYJIbCHBIH YCKOPUTENb JJIEKTPOHOB. McTOUHMKOM
MATAHUS YCKOPUTEIS SIBJSUICS KOMIAKTHBIN YacTOTHBIM T€HEPaTOp MMITYJIHCHOTO Ha-
npsoxkenust (TMH) ¢ anera3oBoii n3onsnuel, ciocOOHBIN BbIIaBaTh Ha aKTHBHOW Ha-
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rpy3ke ~30 OM UMIyIbCHl HanpsokeHus amruatyaon mo 400 kB, mIuTenbHOCTRIO Ha
nonyBeicote 130 He u ppontom 30 He [40].

Jns momydeHHss WHTETPAIBHBIX IOJHOPAa3MEPHBIX OTIEYaTKOB 3JIEKTPOHHOTO
IIyyKa HCIIOJIb30Bajach no3uMerpudeckas ieHka tuna I[IOP (mueHka oxpamieHHas
pamuarmonHo-ayBcTBuTENbHAS TY 2379-026-13271746-2006) [41], koTOpas pacmoa-
rajach Ha PaccTOSIHUM 3 MM 3a aHOJHOW CETKOM, BBHIMOJHEHHOW W3 HepiKaBerouen
craau Mapku AISI 316 (reomerpuyeckas nmpo3padHocts cetku 0.77); KaTon-aHOIHBIN
3a30p cocrtaBistl 20 MM. Jlo3uMmeTpudeckas TUIEHKA MTO3BOJIMIIA TTOIYIUTh HHOOp-
MaIMIo0 O TOJTHOM MOTJIOMIEHHON 03€, 00YCIOBICHHONW MPOXO0XKACHUEM 3apsKEH-
HBIX YaCTHULI.

[Toce oOmrydeHws (SKCTIOHUPOBAHUS) JTO3MMETPUICCKON TUICHKH JJICKTPOHHBIM
Iy4KOM OHa CKaHHpPOBaJach (Ha MPOCBET) C MPEABAPUTEIHBHO HAIO0KEHHBIM CBETO-
¢uneTpoM ¢ momompio ckanepa EPSON Perfection V100 Photo. [To oTckanupoBan-
HBIM OTIICYaTKaM M pPe3yibTaTaM KaJHOPOBKH OJHO3HAYHO BOCCTAHOBAJIOCH pacIpeie-
JIEHHE TIOTJIOIIEHHOW 103l (M COOTBETCTBEHHO IUIOTHOCTh 3HEPTUH IydYKa) MO cede-
HUIO 3JIEKTPOHHOTO MyYKa.

1021102 Number of foils: 0 10700 Number of foils: 1

o and 1Tem ——

Puc. 4. OTrieyaTKy 3JIEKTPOHHOTO ITy4yKa B OTCYTCTBHUE (OJIBIH (CIIeBa) U C OJHOM
¢orproi (cnpasa)

[lepBble SKCTIEpUMEHTHI, IPOBENEHHBIE HAMH, ITOKA3aJH, YTO IMOTOK 3apsDKEHHBIX
YaCTHUIl HA OCH HACTOJIFKO WHTEHCHUBHBIN, YTO MPOXKUTAET TUIEHKY HACKBO3b. [lo3aToMy,
YTOOBI YMEHBIINUTH PATUANIMOHHYIO HATPY3KY Ha JO3UMETPHUYECKYIO TUIEHKY Tepes Her
OBUTM TIOMEILEHbl aTIOMUHHUEBbIE (OJBrH TOMUHON 70 MKM Kaxnas. [lomumo cHu-
JKEHHsI SHEPTHH YaCTHUI] YKa3aHHas MPOIeypa MO3BOJIAET TOTHOCThIO OTCEYh KaK IO-
TOK CJa0OPEIITUBUCTCKUX DIIEKTPOHOB, 00Pa3yIOIIUXCS Ha CIaje MMITyJbca Harpsi-
JKEHMsI, TaK U MOTOK KaTOAHOM IuIa3Mbl. DKCIIEPUMEHTHI, IPOBEAEHHBIE C OAHOM, ABY-
Ms U TpeMs (OJIbraMy MTOKa3aJH, YTO PE3KOe YBEINUCHHUE TTOTIIOMIEHHON /TO3BI MO IIEeH-
TPy COXpaHseTCs. A 3HAYUT, MOTOK YacTUIl 00pPa30BaH BBHICOKOIHEPTETUYHBIMH DJIEK-
TpoHaMu. B skcriepumMenTe ¢ TpeMs (GoJIbramMu, OTCEKAIOIIMMHE BCE 3JIEKTPOHBI C dHEP-
rueil MeHbie 250 k3B, nornoménHas 103a B HEHTpe NPUOIU3UTENFHO B YETHIPE pasa
MIPEBBICHIIA CPEIHION J03Y IO CEYSHHIO MydYKa, YTO HAXOAWTCS B Ka9eCTBEHHOM CO-
[JIACHH C pe3yJIbTaTaMy YHCICHHOTO MOJEIUPOBaHUS.
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tsonirez Number of foils: 2 seni7/01 Number of foils: 3

Puc. 5. OTneyatku 3IEKTPOHHOTO ITy4Ka ¢ ABYMs Qobramu (CieBa) u ¢ TpeMs
¢doseramu (crpana)

OTmeTnM, 9TO MOAETUPOBAHUE U SKCIIEPUMEHTAIbHOE HCCIIEIOBAHUE KyMYJISITUI
CHJIBHOTOYHBIX DJICKTPOHHBIX ITYYKOB OCYIIECTBISZIOCh HAMH IPH MaKCUMaIbHOM
3HaueHUu yckopstomero Hanpsokenus 400 kB u karog-anogHom 3a3ope 2 cMm. OueHKH
MOKa3bIBAIOT, YTO YBEIMYEHHE HaIpsDKeHUs 10 2 MB u maTukpaTHOE yMEHbIIEHHE
KaToA-aHOJHOTO 3a30pa IMO3BOJHUT JOCTHYh WHTECHCHUBHOCTEH IydKa TOPsIKa
1 TB1/cM?, HEOOXOAMMBIX ISl M3yHEHHS SKCTPEMATbHBIX COCTOSHHII BEIECTBA H MPO-
BEJICHHS UCCIICJIOBAaHUH B 00JIACTH HHEPIIMOHHOTO TEPMOSIIEPHOTO CHHTE3A.

3akjaro4yeHue

B nacrosmeli pabore moapoOHO ONMUCAaH MEXaHU3M KyMYJISIUU CHIBHOTOYHOTO
My4Ka PENITUBHCTCKOTO BAKYYMHOTO JIHO/A C KATOJOM, KOTOPBIH 00JIaaeT OTBEPCTH-
€M TI0 IICHTpY. B OCHOBE SIBIICHHS JISKHUT 3JIEKTPOCTATUUECKOE PACTAIKWBAHKE AJICK-
TPOHOB, UCITYCKaeMBIX B3PHIBOOMUCCHOHHOM IJIa3MOi, 00pa3yeMol Ha BHYTpPEHHEH
KPOMKE KaTroja. B YHCICHHOM MOJEIUPOBAHMU 3a(MKCHPOBaHA IUIOTHOCTh TOKA
1 kA/cm® 1 uHTeHCHBHOCTD yuKa 0.36 TBT/cM%, 94TO HAXOAUTCS B KAYECTBEHHOM CO-
TJIACHH C Pe3yJIbTaTaMU 3KCIIEPUMEHTOB.

HecoMHEHHBIM JOCTOMHCTBOM ONMCAHHOTO BBIIIC MEXaHH3Ma KyMYJISIIUU TI0
CPaBHEHHIO C TPAJUIIMOHHBIM, OCHOBAaHHBIM Ha CYKAaTHW CHJILHOTOYHOTO My4Ka cOOCT-
BEHHBIM MarHUTHBIM IIOJIEM, SIBISIETCS KpaliHe HU3KUN pa30opoc YacTHIL 110 IHEPTHUAM B
00J1aCTH MaKCUMAIIBHOM IJIOTHOCTH TOKA, YTO 00YCIIOBIICHO TAMHHAPHBIM XapaKTEPOM
TEUCHHUS MOTOKA 3aPSKECHHBIX YACTHII.

IIpnaoxenne. MoaeJupoBaHue CHIbHOTOYHBIX MIyYKOB

[Ipu mMoaenupoBaHUU AMHAMHUKHU DJIEKTPOHHOTO IyYKa B YCIOBHSIX HEOTHOPOI-
HOW B3PBIBOAIEKTPOHHOW IMHCCHU HEOOXOIUMO YUYUTHIBATH PACIINPEHHE MPUKATOI-
HOH TUTa3MBI, UCITyCKaeMON M3 OTAEIBHBIX B3PBHIBOOMUCCHOHHBIX IIEHTPOB. Camoco-
TJIACOBAaHHOE MO/ICIMPOBAHUE JBMKCHUS YaCTHUI] B COOCTBEHHBIX M BHEIIIHUX JICKTPHU-
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YeCKMX M MarHUTHBIX TMOJSX OOBIYHO MPOBOIUTCS C TIOMOIIBI0 METOJa KPYITHBIX dac-
tun [43, 44, 45] B kBazuctanmonapuom npudmmkennn [46, 47]. KBasucramumonapHoe
NpUOTMKEHHE MOXKET OBITh MPUMEHEHO MPH MEIJICHHOM M3MEHEHHH IOJIEBBIX BEJIH-
YUH B CHJIPHOTOYHBIX JHOJaX, IPHW 3TOM TOKH CMEIIEHHS ¥ WHIYKIIMOHHBIC TOJS He
YUUTHIBAIOTCA.

MopenupoBaHue MpOBOAUTCS KaK B JEKapTOBBIX, TaK M B HUWJIMHIPUYECKHX KO-
opAWHAaTaX. B JexapTOBBIX KOOpAWHATAX PACCUUTBHIBAIOTCS AIIEKTPUYECKHE MO H
IBIDKEHUE 3apsSHKEHHBIX YacTHIl, B NWJIMHIPHYECKUX — MarHUTHBIE Totst. [IpocTpancr-
BEHHBIE pa3Mephl A4eeK CEeTKH, Ha KOTOPOH MPOU3BOIUTCS PacdET MOJIeH, MmoyiararoTcs
paBHBIME ApYT ApyTYy, T. ¢. AX =AY =AZ.

i.jk+1 i,j+1,k+1
WAX
i+1,],k+1 i 1,j41,k+1
| macroparticle
.---.--‘¢//
waz| ik
5 i,j+1,k
wAy
i+1,j,k i+1,j+1,k

Puc. 6. KpynHas yactuua B siueiike

1. Memoo kpynnuix uacmuy

Paznuunble BapuaHTBl METOJa KPYIHBIX YacTHIl pa3palaTblBalUCh HAuuHas C
KoHIa 40-X TOAOB MPOILIOro BeKa A MOJEIUPOBAHNS KUHETUYECKUX SBJICHHUN B pas-
JUYHBIX O0NACTAX (PU3UKU: BaKyyMHOH snekTpoHuke [48—51], ¢usuke mmazmer [52—
61], runponuHamuke [62], MarHUTHON THUApoAWHAMHKE [63, 64], acTtpodusuke [65],
(huzuke momynpoBOAHUKOB [66, 67]. CyTh MeTOAA 3aKII0YACTCS B MPEACTABICHUN Pe-
ANBHBIX MOTOKOB 3apsDKEHHBIX YACTHIl (AJIIEKTPOHOB, MPOTOHOB, MOHOB) COBOKYITHO-
CTBIO KPYITHBIX YACTHII, KaXJas W3 KOTOPBIX COAEPKUT OTPOMHOE HYHCIIO PeaTbHBIX
HocuTesel 3apsana. Kaxxnoil KpynmHOM 4acTHIle IPUIHMCHIBAETCS ONpPENEIEHHOE IMpo-
CTPaHCTBEHHOE pacIipe/ielieHne Macchl U 3apsana. B 3aBucHMOCTH OT 3apsiia M IMoJo-
JKEHHsI KPYTTHOM YaCTHIIBI C TIOMOINBIO CIEIHabHON TPOIleTyphl B3BEIINBAaHUS OIN3-
JeXKaIUM K HEeH y3jaM Ha NPOCTPAHCTBEHHOM CETKE MPHUIIHUCHIBAETCS ONPEAEIEHHBIN
BKJIaJ] B IUIOTHOCTh TOKa M 3apsna. C IMOMOIIBIO0 NMOX0XKEH MPOLEAYyphl O 3HAYEHUIO
roJielt B OIKaMIIMX K 4acTHUIle y3/1ax BBIUMCIAIOT CHIIBL, JeiicTBytone Ha Heé. [lon-
CTaBIIAA 3aT€M CHJy B KOHEYHO-PA3HOCTHBIE aHAIOTH PENSTUBUCTCKUX ypaBHEHHMA
JBVD)KEHHUS, HAXOIAT HOBBIE MOJIOKEHUS M MMITYJIbChI KPYIHBIX YacTUll. s moimHoro
OINHCAHMs CUCTEMBI, COCTOSIIEH U3 MOJEH M 4acTHll, BBIIEU3JIOKEHHBIE ONIepallui He-
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00X0AMMO [JOINOJHHUTh HPOLEAYPAMU HHXKCKIMH 3apsDKEHHBIX YacTHUIl B PAcCUETHYIO
00J1acTh U yJaJeHUsl YaCTULL U3 HEE.

VIMeHHO peanu30BaHHAs YUCICHHO WHXKEKLUS 3aPSIKEHHBIX YACTHIL C TOBEPXHO-
CTH PACIIUPSAIONINXCS KAaTOAHBIX (DAKeJIOB SIBISCTCS OPUIMHAIBHBIM M Ba)KHBIM 3JI€-
MEHTOM pa3paboTaHHOI HAMHU TIPOTPaMMBI.

TUnuYHBINA MUK IPOTPaMMBI, PEATU3YIOLIE MOAEIUPOBAHUE METOLOM KPYIIHBIX
YaCTHL, COCTOUT U3 IIECTH ONEpalyil: BBIYMCIECHHE HOBBIX KOOPAWMHAT U MMITYJIbCOB
YaCcTHL, WHXKEKIMA W YJAJIEHUE 4YacTHUI], pacd€T IJIOTHOCTH TOKAa M 3apsina, pacuér
JNEKTPUIECKUX M MarHUTHBIX monei. [lepeiiném Temepb K MOAPOOHOMY OINHMCAHUIO
Ka)X101 U3 MpoLenyp, pealu30BaHHOM B HAIIEH MporpaMMe.

2. Dnekmpuueckue noas

B kxynmoHOBCKO#l KannOpoBKE B KBAa3HCTALMOHAPHOM MPHOMMKEHUH HampsKEH-
HOCTB JJICKTPHYIECKOTO MOJISI CBA3aHa CO CKALIPHBIM MMOTEHIMAIOM ¢ , TIOUHHSIOIIE-

Mycq ypaBHeHuto [lyaccona
A¢ =—4np,
COOTHOULIEHHEM

E=-V¢.

Amnanus, nmpoBeAEHHBIN B padote [69], mokasan, yTo Haubosee MOIXOAAIINN Me-
TOJ pemeHus ypaBHeHus [lyaccoHa B 3aadax miIa3MOJAWHAMUKY SBISETCS METOJ IIPO-
cTeIX mreparuit SIlkodu. Xopomo u3BecTHO [44], UTO WTEpPAIMOHHBIC METOIBI, Tpe-
Oyromye npuOIMKEHHOTO 3a/laHKs MOTEHIIMAIA Ha TIEPBOM IIare UTEPAIfid, SBISIOTCS
MEJICHHO CXOJIAIIMMHUCS, IIOCKOJIbKY HaYalIbHOE PaCHpe/Ie/ICHUE, KaK MPABHUIIO, CHIIb-
HO OTKJIOHSIETCSI OT TOYHOTO PEIIeHHs] KOHEYHO-Pa3HOCTHOTO aHanora ypaBHeHus [ly-
accona. B 3amauax ke MIa3MOJMHAMHUKH IOJIOXKECHUE BeUIeH NMPUHIMIHAIBHO HHOE,
4TO OOYCIIOBJICHO XOPOIIUM BBIOOPOM HAa4YalIbHOTO MPUOJMKCHUS HA TIEPBOM HUTEpa-
[MOHHOM IIIaTre: B KA4eCTBE HETO OepyTCs 3HAYSHHS CETOYHOTO MOTESHIINANA, MOTyYeH-
HbIC Ha TIPEIBIAYIIEM BpeMeHHOM mare [69]. B pe3ynbrare, Bech UTEpaIlMOHHBINA MIPO-
[IeCC Ha Ka)XIOM BPEMEHHOM IIIare CBOJUTCS K OJHON-TPEM HUTEpalMsIM, BBITIOJICHHUE
KOTOPBIX 3aHUMACT Ha MHOTO MEHbIIIC BPEMECHH, YeM, CKaKEeM, Pacu€T HOBBIX KOODP.IH-
HaT Y MOJOKEHUIN YaCTHII.

TakuM 00pa3oM, KOHEYHO-PAa3HOCTHBIA aHanor ypaBHeHus I[lyaccoHa B merone
MPOCTHIX UTepanuii SIkobu MeeT BUI:

1 1
¢z+1jk_2¢z“+ +¢z 1,7,k ¢1/+1k_2¢1“+ +¢zj 1k

AX? AY?
¢ _2¢n ,s+1 +¢
+ 1,j,k+1 AIZ2 1,),k—1 :—47Z'pinj’k,
0 _ -l
¢ii’j,k - ¢ii’j,k7

rae S 0003HayaeT HOMEp UTEPAIUH, & /1 — HOMEP BPEMEHHOTO 1iara. MITeparioHHbIi mpo-
niecc B (4) MAET 10 Tex TOp, TIOKa HeBsi3Ka | ¢™* — ¢ ' | He craHer MeHbIne ¢ |¢™* |. Benn-

4ynHa | @™ |, ABIAIOMIASCS HOPMOW MaTpHLBI @"° , BEIYUCISIETCS 110 POpMyJIie:
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[Mapamerp & QakTHUECKU OMpPEENSACT MOrPEIIHOCTh, C KOTOPOW peIraeTcs Ko-
HEYHO-Pa3HOCTHOE ypaBHeHHe [TyaccoHa.

s perienust ypaBHeHusl [lyaccoHa ero Hy»KHO JIOTIOJNIHUTH MPAaHUYHBIMH YCIIO-
BUsIMU. B KauecTBe TaKOBBIX Mbl UCIIOJIB30BAIIM T'PaHUYHOE ycioBue Jupuxie, noapa-
3yMeBarolliee 3aJaHue noreHnuana Ha karone (¢=U, ) u anozme (¢=U, ). Ha kxparo
pacdy€THON 007acTH, B IPOMEKYTKE MEKIY KaTOIOM W aHOIOM OBLIO B3SATO JIOTapud-
MHYECKOE pacrpezesieHrne moTenmnuana [71]

_ (U, -U)In(r/R)
p=Uc+ In(R,/R))

KOTOPOC TOYHO ONHCHIBACT U3MCHCHUC ¢ B 3a30p€ MCXKAY ABYM: OCCKOHEUHBIMHU ou-

b

nuHApamu. OYEeBUIHO, YTO B CUIILHOTOYHOM TUOJIC pachpeieficHrue MoTeHana oy et
IpUOIKATECA K (6), €ClM yKa3zaHHas TPaHHIA PacuETHOW O0JIACTH pacIoJIOKeHa Ha
3HAYUTCIIBHOM pPaCCTOSAHHUU OT BMHTI/IPYIOHIeﬁ 3JICKTPOHBI ITOBEPXHOCTHU.

CeTo4HyI0 MIIOTHOCTE 0, HAHAEM C MOMOIIBIO JIMHEWHON NPOLETYPhI B3BEIIH-

BaHUs, NPUIKCHIBAIOIIEH BOCbMM ONMKAWIINM K KaXKJ0H 4acTHIE y3JaM ONpeaenéH-
HBIA BKIAA B ) , KOTOPBIH MBI 0003HAYMM HHJIEKCOM (X :

AP =g, (=) (A=W =w})/ AV,

i,jk

Aph ik =g (L=w)(=w))/ AV,

i+l,/,k
Api o =q,A=wHw (1—w))/ AV,
A an :qa(l—M/in)(l_W;')WZ /AV,

i,j,k+1
AP ok =q Wi Wi (L=wi) [ AV,

i+1,j+1,k
AP i =4, (L= W)W [ AV,
AP i =W, (L= W)W / AV,

i+1,j,k+1

an _ n_.n_.n
A101'4-1,_/'4-1,k+l =4, W W/‘Wk /AV

3nece AV =AXAYAZ wn w"=((x;, —x, )/ AX, (v, =y, ;) AY (2, —z,,,) | AZ).

[Nocne HaxOXACHUS OTEHIMATIA JIEKTPHYECKOE MOJIE HAXOUTCSI aBTOMATHYECKU
o ¢opmyiie [70]

En _ _( ¢in+l,j,k - ¢£1,j,k ¢ir,lj+l,k B ¢[’,1j—l,k ¢i’,1j,k+1 - ¢iy,lj,1<—l )
bk 20 2AY 0 2AZ '
3. Maznummnote nons

[Ipu ananu3e ABMXKEHUS PENATUBUCTCKUX 3apsSKEHHBIX YaCTHULl MPUHIMIIHAATIBHO
B2)KHBIM CTAHOBHTCS YYET BIMSHUS COOCTBEHHBIX M BHEIIHUX MAarHWTHBIX TOJIEH Ha
TUHAMHKY 3JIEKTPOHHOTO MydYKa B CHIBHOTOYHOM nuone. [lockonpky Hac OymyT wHTe-
pecoBaTh aKCHalbHO-CHMMETPHYHBIE KOH(PUTYpalru, Mbl NepeiinéM K HUIMHApHYe-
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CKMM KOOpIWHATaM. B crily akCHanbHON CHMMETPHH TOJO0XHM, YTO MAarHUTHOE TIOJe
H , IJIOTHOCTH TOKA j HE 3aBHCST OT a3MMYTaJIbHOTO yria 6.

B oTcyTcTBHE BHEIIHEro 0ceBOro moist H:", eMHCTBEHHONW KOMIIOHEHTOM Mar-
HHUTHOTO NOJA sABNsgeTcss H,, KOTOpas CBA3aHa C IUIOTHOCTBIO TOKA j_ M TEKyLIHMM IO
katony TokoM [ Teopemoii CTokca:

4x(1(r,2)+ 27| j.(r,2)rdr)

6
27cer

3nech B TOK [(7,z) MarOT BKJIAA BCE DJICKTPOHBI, HHXKEKTHPOBAHHBIC B TOUKAX C

r
KOoOpAMHAaTaMu >z . MHTerpan j. J.(r,z)rdr, 1erko MOKeT ObITb BBIYUCIIEH, HAIPH-
0
Mep, ¢ TTOMOIIBI0 MeToAa Tpaneruit [70].
4. Pacuiupenue KamooHoll naiamol

B3prIBO3MUCCHOHHBIN IIEHTP Ha KaTtonae obpasyeTcs, ecny HanpsHKEHHOCTh AJIEK-
TPUYECKOT0 IIOJI IIPEBLICUT OIpEJeNEHHOE NIOPOroBoe 3HaueHue £, , 3aBucsllee OT

cr
COCTOAHUA MOBEPXHOCTHU BJICKTPOAA. ITocne gero BO Bce CTOPOHEBI OT B3PBIBOOMHCCH-
OHHOT'O HOCHTpa HAYWHACT paClIupATHCA KaTOI[HLII\/'I (l)aKCJ'I CO  CKOpPOCTBIO

6
V... ~2-10° cM/c. B oTcyTcTBHE CHIEHUAIBHOTO KOHTPOJS MUKPOCTYKTYpBI IOBEPXHO-
CTH AMUCCHOHHBIE IEHTPHI PACIONAraloTCs XaOTUYECKH Ha MOBEPXHOCTH AIIEKTPOJA.
CpenHee paccTOsIHAE MEXIy HUMH OINpEIersIeTcsl pa3MepoM dKpaHHPOBaHHOH obJac-

™ d, =2r, ~3 MM (cM. (1)), ¢ TOMOIIBIO KOTOPOTO JIETKO OLIEHUBAETCS XapaKTep-

scr

2 -2
Hasl IJIOTHOCTb B3PBIBOOMUCCHOHHBIX LIEHTPOB 7, =1/ 7r, ~0.14 mm ~.

eee
HpI/I MOZACIIUPOBAHUN CUIIBHOTOYHBIX OUOA0B 6y,Z[GM CUHUTaTh, 4YTO 30HBI DMHUCCHUHU

¢ BepoATHOCTHIO 71, (AXAYAZ)*”® obpasyroTcs B Tex y3nax KaToja, Ijie dIeKTpHue-

eee

ckoe none npesbicuT E, . [Ipu npesblmienun £, 13 30HBI SMUCCUM HAUMHAET PACIIU-
PSTHCS BO BCE CTOPOHBI C MIOCTOSIHHOW CKOPOCTBIO V,  KaToAHbIM (axen. Kaxxaplii xa-

TOJHBIN (haKen SBISAETCS UCTOYHUKOB DIICKTPOHOB. Bo BpeMs ke cBOEro (pyHKIIMOHH-
pOBaHMA TOK TE€PMOXJIEKTPOHHOW SMHUCCHH, MCIyCKaeMbIM KaTOIHBIM (hakedamH, BO
MHOTO pa3 MPEBBINIACT TOK, OrPAaHUYCHBIM MPOCTPAHCTBCHHBIM 3apsIOM Iy4YKa, YTO
MO3BOJISIET TOBOPUTH O HEOTPAaHMUYCHHOW 3JICKTPOHHOW SMHCCHH, KOTOpasi MPUBOIUT K
NpUONIU3UTETHFHOMY PaBEHCTBY HYJIIO IMOJI Ha MOBEPXHOCTH PaCIIUpPSIOIIEHCS KaTo-
HOW 1ia3mbl. [IpeanonoxeHre 00 3KpaHUPOBKE KATOJa MO3BOJISET CYHICCTBEHHO YII-
POCTHUTh YHCIICHHBIN pacuéT KHHETHKH 3apsKEHHBIX YacTHIl, U30aBIssA HAC OT HEOOXO-
JMMOCTH MOJICIIPOBAHHS OBICTPOIPOTEKAIOIINX TPOIECCOB HEMOCPEACTBEHHO B 00-
nactu smuccun. [locnenHee moTpeboBano Obl BHICOKOTO BPEMEHHOTO U MPOCTPAHCT-
BEHHOTO pa3pelleHus BBUAY MAJIOCTH J1eOACBCKOW JTHHBI U BHICOKOTO 3HAYEHUS Yac-
TOTHI JICHTMIOPOBCKHUX KoJieOanwmii [69].

WHKeknuro 3apsHKEHHBIX YACTHUI] HAa KaKIOM BPEMEHHOM Imare OyaeM OCyIIecTB-
JSATh B T€ y3JIbI, 3aHUMAaeMbIC TUIa3MOM, KOTOPhIE UMEIOT TI0 COCEACTBY C COOOH XOTS
OBl OJIVH y3ell, He 3aHATHIN MPOBOASAIIMM MaTepHaIoM. BemnunHy WHKEKTHPOBAHHOTO
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3apsaaa Qi ik OorpeacjanuMm U3 COOTHOIICHUA

n n n n n n
Q _ (Ex[+1,j,k - Exi—l,j,k " Exi,j+1,k - Exi,j—l,k " Ex[,j,k+l - Exi,j,k—l ) AXAYAZ
k=
" 2AX 2AY 2AZ 4z
OTMeTHM, 9TO WHXKEKITUS 3apsaa OCYIIECTBIIACTCS, SCIH Qf ix < 0.

. (10

5. Jleusncenue 3aparxcennvix yacmuy

YucneHHOE WHTETPUPOBAHUE PESITUBUCTCKUX YPaBHEHUI IBHMIKEHHUS SIBISETCS
caMoM 3aTpaTHOH Mo BpeMmeHHu mporueaypoit. IloaTomy mpu paspaboTke mporpamm ei
yaenseTcs ocoboe BHUMaHME. [Ipy WHTErpUPOBaHUM HEPENSTHBUCTCKUX YpaBHEHHN
IBIDKCHHS HauOoJee pacpoCTpaHEHHON SIBIISIETCS CXeMa C MepellaruBaHieM BTOPOTO

TOpsiIKa TOYHOCTH 110 BpeMeHH [45, 61]

—n+l/2 —-n-1/2 —=n
. =D, +FAT,

—n+l/2 (11)
Fut=pu+Lear,

ma

[TockoabKy B HEPEISTUBHCTCKOM CIIy4a¢ MAarHUTHBIMU ITOJIIMUA MOXKHO TpEHEO-
pedsb, TO CHIIBL [, =q, F COAEp)KaT TOJIBKO NEKTPHYECKHE MOJIS, 3HAUCHHS KOTOPBIX
OJIHO3HAYHO 33JIAI0TCS MOJOKCHUSIMHU YaCTHUI[ M TPAHUYHBIMH YCIIOBUSIMH.

B ycnmoBusix penarumsMma cxemy (11) HampsMyro HCIOIB30BAaTh HENB3S, IO-
CKOJIBKY B ﬁ’z BxoauT cuia Jlopenua ¢, v, x [, , 3aBUcsAIIas OT CKOPOCTH Vi, , OIpe-
JNeN€HHOM B MOMEHT BpeMeHH 1 =nAT . Mexay TeM B METOIE ¢ NepellarnBaHhEeM
CKOPOCTH YacTHIl 3aJal0TCsl B TIOJyLENble MOMEHTHI BpemeHu 1., =(n+1/2)AT .
EcTecTBeHHBIM BBIXOJIOM U3 CIIOKUBIICHUCS CUTYAIIUH, TIO3BOJISIFOIIMM COXPAHUTH MPO-
CTOTY METOJIa C IepelIaruBaHueM, 3aKIII0YaeTCs B WCIOJb30BAHUH WHTEPIOJSIINOH-
HOM (opmynsl Jlarpanka, MO3BOJSIONIEH MO TPEM 3HAYeHHAM ckopocTu (7247,

—-n+l ,

prl2 502y ppraucuth

a

3‘72—3/2 _ 10‘72—1/2 + 15‘72+1/2

< (12)

Takum oOpa3oM, IMoNTHAs CXeMa WHTETPUPOBAHUS YPABHEHUU IBW)KCHUS MPUHH-
MaeT CJICIYIOIIHNI BUT

—n+l __
Va —

—n+l/2 _ —n-1/2

D D, +q,(E.+vax H)AT,

—n+1/2

—n+l1/2 _ a
a - b
2.2 —n+1/22
\/mac +(p, ) (13)
—-n+l _ —n —n+1/2
Va —la +Va AT:
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ELECTROSTATIC CUMULATION OF HIGH-CURRENT
ELECTRON BEAMS

S. V. Anishchenko, V. G. Baryshevsky, N. A. Belous, A. A. Gurinovich,
E. A. Gurinovich, E. A. Gurnevich, P. V. Molchanov

A drastic cumulation of current density caused by electrostatic repulsion in relativistic
vacuum diodes with ring-type cathodes is described theoretically and confirmed experimentally.
The distinctive feature of the suggested cumulation mechanism over the conventional one,
which relies on focusing a high-current beam by its own magnetic field, is a very low energy
spread of electrons in the region of maximal current density that stems from a laminar flow
profile of the charged-particle beam.
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EXPERIMENTAL STUDY OF AN AXIAL VIRCATOR
WITH RESONANT CAVITY

V. Baryshevsky, A. Gurinovich, E. Gurnevich, P. Molchanov

1. Introduction

Microwave devices with a virtual cathode attract many researches by the ability to
operate without a guiding magnetic field, rather short operation region, enhanced
tunability of the operation frequency, high output power, and relative simplicity of the
resonator design [1-3]. However, low efficiency and instability of the generation fre-
quency are typical disadvantages of most vircators.

The efficiency of vircators can be increased, particularly, by setting resonant con-
ditions for the conversion of the beam energy into high-power microwaves. Different
vircator designs with resonant cavities yave been analyzed both experimentally and
numerically [6-9]. The studies of axial vircators with multicavity resonators prove the
possibility of a resonant increase in the efficiency [10-12]. The authors of [12] have
described the design of an axial vircator capable of power efficiency 6-7%. According
to [12], the electron beam produced in a 630 kV, ~ 24 kA diode interacting with a
multicavity resonator at a frequency of about 4 GHz provided the average output
power of about 1 GW.

Numerical analysis of various configurations of axial vircators we made [13-18]
yielded three designs of a multicavity resonator for an axial vircator, operating in the
frequency range from 3 to 4 GHz with 400 keV electron beam and promising about 5%
efficiency.

In the present paper, the experimental investigation of the axial vircator with the
developed multicavity resonators is represented. The frequency and radiation power
are analyzed for different cathodes and anode meshes and varied cathode-anode gaps.

2. System description

The developed axial vircator is driven by a pulsed power supply using a 30 kJ/100 kV
capacitor bank and an exploding wire array (EWA) capable of generating a 600 kV
voltage pulse. The EWA consists of parallel connected oxygen-free high-conductivity
(OFHC) 99.99% purity copper wires 100 pm in diameter. The length and the number
of wires can vary to match the EWA and vircator impedances. The EWA case is de-
signed to be filled with gas (nitrogen or nitrogen and SF, mixture) at pressures up to 5

gauge atmospheres, but the array can also be fired in air. A pressurized SF, spark gap

sharpens the high-voltage output, so that the diode voltage pulse approaching 400 kV
with a rise time well below 100 ns is generated: the gas pressure and the gap between
the electrodes can be varied.

The equivalent electrical scheme of the system is shown in Fig.1: marks 1, 2, and
3 indicate the location of three Rogowski coils.
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Fig. 2. System photo

Three designs of three-cavity resonators (see Fig.3 and Table 1) were considered
in [14, 15] for an axial vircator operating in the frequency range from 3 to 4 GHz.

The operation of each design was simulated [14, 15] for a constant cathode volt-
age, ranging from 400 to 450 kV. The cathode parameters and the cathode-anode gap
were determined so as to provide a stable generation and the highest possible values of
the output power. The radiation frequency for the axial vircator with resonator #1 was
predicted to be 3.2 GHz, and for systems #2 and #3, the expected radiation frequency
was 3.6-3.7 GHz.

Resonators #1 and #2 are fabricated for the experimental study. They are housed
in the drift tube, superposing the resonator output section with the horn input.
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Fig. 3. Three cavity resonator geometry [15]

Table 1. Dimensions of three-cavity resonators (mm)

Ll L[| L[l RIJt
#1 60 25 17 160 50 25 40 60 70 5
#2 54 26 20 160 45 25 33 37 50 5
#3 48 22 17 160 45 21 40 53 62 4

Fig. 4. Resonator drawing (left) and photo (right)

62




Stainless steel woven anode meshes with 77% and 91% geometric transparency
are used in the experiments; the diameter of the mesh thread is 224 um. The cathodes
are made of dense fine-grained graphite MPG-8: solid and ring-type with outer diame-
ters 50, 60, and 71 mm and different hatching.

A o PN

@

Fig. 5. Cathode installed on the cathode holder (left) and resonator with anode mesh (right)

Three Rogowski coils enable detecting the current derivatives in the system at
points 1, 2, and 3 in Fig.1. Accurately measured inductances and resistances in the cir-
cuit allow evaluating the EWA voltage and the voltage applied to the cathode. The mi-
crowave emission is detected at a distance of 11.5 m from the horn output window by
two receiving antennas Geozondas 1 — 4.5 GHz and Tektronix oscilloscopes TDS7704
and TDS7354. All the measuring channels are synchronized.

3. Experimental results

The experimental investigation of an axial vircator with multicavity resonator is
intended to ascertain the system parameters providing stable, single-frequency, high-
power microwave generation. The typical voltage and current signals obtained for
EWA containing 20 wires of 700 mm length are presented in Fig. 6. Two peaks emerge
on the voltage curve: the first one (left) corresponds to spark gap closing and the
second (right) marks the maximum diode voltage. The diode current value correlates
with that in the simulation [15].

The sample of the detected microwave signal and its spectral content obtained by
the short-time Fourier transform are shown in Fig.7. All the signals are synchronized.
Knowing the gain and directivity of the system output horn and the parameters of the
receiving antenna, we can convert the electric field strength measured at a certain
distance from the output window to the radiated power.
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Fig. 6. Evaluated voltage U,y and diode current measured by sensors 2 and 3 (see Fig.1)

30000
20000
10000

0

E, Vim

=10000

=20000

[, GHz

=200 =100 a 100 o0 fons

Fig. 7. Detected microwave signal and its spectral content obtained by the short-time Fourier
transform
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The simulation results [15] are used as a guideline. When selecting what parame-
ter is to be tuned, we analyzed the operation frequency, the microwave pulse duration
and amplitude, as well as the correlation between microwave and current pulses.

Resonator #1

According to the simulation [15], at the cathode voltage of 450 kV and the cath-
ode-anode gap h =14 mm, the peak power reaches 700 MW at 3.2 GHz. In the ex-
perimentally obtained spectrum for the solid cathode with outer diameter of 60 mm at
h=14 mm, two frequencies are present (see the upper spectrum in Fig.9). The radia-
tion frequency grows with decreasing beam current and voltage, and the radiated peak
power is as low as 70 MW. The radiation frequency changes with the cathode-anode
gap value change as shown in Fig. 8. This behavior is in harmony with the simulation
of radiation spectra for different beam impedance values (see [16]): when the cathode-
anode gap is reduced (i. e., the beam impedance is reduced) to appear below a certain
value, the basic vircator frequency grows. This is due to an increase of the electron
beam plasma frequency [4, 5].

With the cathode-anode gap h varying from 13 to 17 mm, the diode current
pulse, the microwave pulse duration, and the peak power remain almost the same; but
further increase of h leads to power reduction and the microwave pulse delay with
respect to the current pulse. Finally, the cathode-anode gap value h=16 mm is
selected for later experiments.

The increase of the solid cathode diameter to 71 mm gives ~50% gain in the
microwave signal amplitude Fig.10 (peak power is about 120 MW).
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0.4
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frequency, GHz
=
[ I 7
_ - LY |

Power spectral density, a.u.

=
[ ]

]

.’-u mimn
Fig. 8. Comparison of spectra obtained for different cathode-anode gap values.
The increase of the cathode-anode gap provides a suppression of the higher frequency in the
spectrum and results in a single-frequency generation (see the lower spectrum in Fig.9 obtained
for the same cathode ath =17 mm)
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Fig. 9. Spectrogram of the microwave signal obtained for h = 14 mm (upper) and
h =17 mm (lower)
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Fig. 10. Detected microwave signal and its spectrogram for the solid cathode with outer

diameter 71 mm and cathode-anode gap h = 16 mm
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Fig. 11. Detected microwave signal and its spectrogram for the ring-type cathode with outer
diameter 60 mm, inner diameter 24 mm, and cathode-anode gap h = 16 mm
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Fig. 12. Detected microwave signal with the highest amplitude and its spectrogram for the ring-
type cathode with outer diameter 60 mm, inner diameter 24 mm, and cathode-anode gap h = 16 mm
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The study of the ring-type cathodes with outer diameter of 60 mm enables us to
achieve the peak power values close to those predicted in [15]. The progressive
enlargement of the cathode inner diameter from 20 to 24 mm, when keeping all other
parameters the same, results in an increase of the peak radiated power to 300 MW
(Fig.11) and even to 600 MW in several shots (Fig.12).

The microwave signal decreases at the cathode inner diameters greater than
24 mm.

The comparison of the simulation results [15] and the data obtained experimen-
tally demonstrates a perfect fit in the basic frequency and accordance in the radiated
power (see Fig.13)
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Fig. 13. Comparison of simulation results [15] (upper pictures) and data obtained experi-
mentally (lower pictures) for ring-type cathode with outer diameter 60 mm, inner diameter
24 mm, and cathode-anode gap h =16 mm

Resonator #2

According to the simulation [14, 15], for resonator #2, a stable generation with in-
stantaneous peak power of about 800 MW at the frequency of 3.6 GHz can be ob-
tained.

Performing similar series of experiments, we also managed to find the set of the
system parameters for resonator #2 (solid cathode with outer diameter 60 mm and
cathode-anode gap 14 mm) stably providing the microwave output as high as 200 MW
at the frequency ~3.6 GHz (see Fig.14). However, occasional shots with higher power
are also observed. The voltage pulse and diode current are the same as in Fig.6.
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Fig. 14. Detected microwave signal and its spectrogram for resonator #2 with a solid cathode
with outer diameter 60 mm and cathode-anode gap h = 14 mm

Use of the ring-type cathodes and the cathodes with a diameter other than 60 mm
for this case gives no benefit. The increase in the cathode-anode gap is destructive for
both single-frequency generation and power level.

4. Conclusion

Multicavity resonators for an axial vircator have been developed and experimen-
tally investigated. The frequency and radiation power have been analyzed for two dif-
ferent resonator designs. The influence of the cathode-anode gap, the cathode shape
and size have been considered.

However, the results with the highest power appeared to be poorly reproducible,
though the parameters of the system and the records in the utmost and ordinary cases
seem to be identical. We associate the observed instability of the results with the fea-
tures of the electron beam, particularly, the homogeneity of electron emission from the
cathode surface and momentum (energy) spread. According to simulation of the axial
vircator with multicavity resonators [16], when the momentum (energy) spread is in-
creased from 1% to 5%, the efficiency drops from 6% to ~1%. Different variants of
cathode hatching have been tested to ensure a homogeneous emission from the cathode
surface. The effectiveness of this approach has been confirmed experimentally, but to
get a sustained result, a thorough analysis of the cathode-anode gap geometry and the
electron beam dynamics is required. In addition, an extremely fast damage of the anode
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mesh in the experiments with the ring-type cathodes, in contrast to the experiments
with solid cathodes, remains to be explained.

The anode mesh with higher transparency gives no advantages; moreover, addi-
tional efforts are needed to retrieve the impedance matching by changing the EWA
parameters. Perhaps, anode meshes made of different materials could contribute to the
momentum spread decrease.

All the above questions initiate simulation of explosive-emission and electron
beam dynamics in a cathode-anode gap for cathode and anode optimization in an axial
vircator [18].
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SHOCK-WAVE INITIATION OF A HIGH-EXPLOSIVE
CHARGE TO CREATE AXIALLY SYMMETRIC
DETONATION FRONT

A. Gurinovich', P. Bogdanovich', A. Komorny?

!Institute for Nuclear Problems of Belarusian State University,
?Research Institute of Pulse Processes with Pilot Plant, Institute of Powder
Metallurgy, National Academy of Sciences of Belarus

1. Introduction

Helical flux compression generators (HFCG) initiated at one end are well-studied
and widely used. They have a relatively high initial inductance (100 uH) and a long
operation time (100 ps) limited by the speed of the contact point motion. But there are
a number of applications in which a shorter operation time (10 ps) is required. Such
operation time is achievable using HFCGs with simultaneous axial initiation of an ex-
plosive charge, described, e.g., in [1, 2]. The explosive charge therein is initiated via a
chain of electric detonators. To achieve homogeneity and symmetry of the armature
expansion in this case, one should use detonators with the function time simultaneity
< 0.2 ps. Such detonators exist, but are sometimes unavailable to research teams.
General industrial detonators have the function time simultaneity ~10 ps and can-
not be applied.

However, detonation of condensed explosives can be initiated by any intense ex-
ternal action initiating a fast chemical reaction accompanied by a sustained shock
wave. Detonation of primary explosives can easily be initiated by shock, friction, or
heat. Secondary (brisant) explosives can also be initiated by firing, heating, or a strong
shock, but a sustainable detonation thereof is only possible under favorable conditions,
the most important of which is a high external pressure produced, e.g., through com-
bustion of the explosives in a closed metal shell. The most reliable way to initiate det-
onation in secondary, brisant explosives is shock action.

A shock wave can be generated by the explosion of primary explosives, spark
discharge, electrical explosion of wires (EEW) [1], or high-velocity impact of a thrown
shell. Electrical explosion of wires is accompanied by a shock wave, dispersion of
metal, and fast expansion of boiling metal drops and vapor into the ambient, occurring
along the whole wire length. With EEW ignition the temperature at a shock wave front

reaches 10* K, and the pressure amplitude in the ambient can be as high as 1.5 GPa,
depending on the supplied energy and the material of the wire, as well as its diameter
and length. These values are high enough to initiate detonation in sensitive condensed
explosives. High temperature of dispersed molten metal drops also serves to initiate
detonation in explosives. Discharge processes could also contribute. But contributions
to the above phenomena in detonation initiation are the subject of special research.
Seeking to provide homogeneity and symmetry of the armature expansion, we
developed a shock wave unit using electrically exploding wire for initiating high-
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explosive (PETN or HMX) charges to create an axially symmetric detonation front.
The detonators were made and tested in two designs.
The present paper reports the design details and the results of experiments.

2. Configuration Design

A high-voltage lengthy detonator using an electrically exploding wire of
100-500 um was developed. Pentaerythritol tetranitrate (PETN) was selected as a sen-
sitive explosive for the detonator for being technologically safe and widely used to
load industrial detonators and detonating cords. It has a small critical diameter of the
charge that depends on its granulometric composition and is about 0.70-0.86 mm for
particle size of 0.025-1.0 mm and 2.1-2.2 mm for particle size of 0.15-0.25 mm [5].

Two detonator modifications were made:

e type detonator: detonating composition is ignited by a shock action via an interven-
ing medium (3-mm-thick plexiglas) (Fig.1)

e type detonator: dense explosive charge is initiated by a high-velocity impact of a
thrown shell (Fig.2).
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Fig. 1. Design of A-type detonator
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Fig. 2. Design of B-type detonator

A-type detonator (Fig. 1) consists of casing / made of a transparent cylindrical,
plexiglas shell with the outer and inner diameters of 12 mm and 6 mm, respectively. A
duct in the detonator casing is filled with the powder explosive, and then the casing is
hermetically sealed by sealing sleeve 9. The transparent casing enables checking the
tension and the continuity of wire 3, whose position is rigorously specified: it cannot
deviate from the axis or sag in the central section. The current is driven to the wire by
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means of two end plugs 2 having the same thread pitch, but the opposite-hand thread
forms. This design feature makes it possible to avoid torsional strain when stretching
the wire before compacting the charge. The wire is connected to the end plugs by
clamps 6 via copper powder 5 (grain size is less than 100 um ) and insert 4. The power
source is connected to the end plugs by insulated multifilament copper leads 8 with a
2.5 mm? cross section conductor. The leads are fixed with screw nut 7.

The modified version of the detonator (B-type detonator) comes from the need to
initiate high-density explosives (1.4 g/cm® and more), because the energy of a shock
wave propagating in a high-density intervening medium is dissipated, and the secon-
dary charge may not be initiated even under stable initiation of detonation in the explo-
sive charge of the detonator.

A higher initiating power of B-type detonator (Fig. 2) is achieved by initiating the
detonation in a high-density charge by a high-velocity impact of a 0.5 mm thrown shell
made of aluminium AMC alloy. The modified casing is made up of thrown shell / and
dielectric extenders 2 and 3, whose outer diameter is larger than the outer diameter of
casing /, thus forming an air gap between the surface of the ductile thrown shell and
the initiated explosive charge, where the thrown shell is accelerated. Aluminium was
chosen as a shell material for its small density and high ductility that permit high ve-
locity impact with the initiated charge and prevent damage of the shell integrity as the
shell flies.

The detonator is made in two stages:

e Assembly and preparation for loading the explosive,
o Compaction of condensed highly brisant explosive to form a blasting cap of the
detonator.

The assembly begins with mounting the end plug on the one end of the detonator
casing. Then we thread the exploding wire through the punch mark in the end plug and
the duct of the detonator. The wire is fixed on the end plug. The other end of the wire
is threaded through the punch mark in the other end plug, and the plug is then mounted
onto the other end of the casing. The wire is fixed to the other end plug. The punch
marks on the end plugs are then hermetically sealed. The wire is stretched by counter-
clockwise rotation of the casing at a stationary position of the end plugs. No wire sag is
allowed. If the wire is broken, the detonator is disassembled and the broken wire is re-
placed. Powder PETN preparation before compaction consists in size grading and
checking for foreign inclusions: the size of PETN fractions is less than 200 um. The
explosive is compacted using a vibratory table.

3. Experiment

A low inductance 10 pF capacitor bank feeds the electrically exploding wire in-
stalled in the detonator via a 33 m long high-voltage coaxial cable. Copper wire with a
diameter of 315 um and a length of 210 mm is used in all the experiments. The applied
voltage, which in all our experiments equals 15 kV, is matched to provide the current
through the wire sufficient for initiation of PETN charge by wire explosion. The cur-
rent in the circuit is measured by Rogowski coil. Optical pins are used as time-of-
arrival detectors to control:
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— electric explosion of wire inside a transparent detonator shell without explosive
charge;

— simultaneity of initiation of the detonator charge along its whole length;

— simultaneity of initiation of the main charge in the armature tube by a lengthy det-
onator.

Step 1. Observation of the electric wire explosion using optical pins. The experi-
mental layout (Fig.3): A-type detonator, whose casing is made of a transparent material
(plexiglas), without explosive charge with three optical pins spaced 70 mm apart from
one another. The graphs in Fig. 4 show the discharge current and the signals from the
optical pins versus time.

Fig. 3. A-type detonator, whose casing is made of transparent material (plexiglas), without
explosive charge

12.0 1.2
T -
7’ ~ \
10.0 » st L 1.0
’ No |
/ . %‘n
8.0 - | 0.8
/ h
g 60 e L 0.6
/ \
—_ I \
4.0 - % 0.4
/ \
I! AN
20 / N 0.2
! R
/ ..J‘
00 f—=%" r*-'-:_':f[v 0.0

200 250 300 350 400 450 500 550  60.0
Time, us
Fig. 4. Discharge current (dashed curve) and three signals from optical pins (solid curves)
at explosion of a copper wire in the duct of A-type detonator
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copper wire explosion in B-type detonator with PETN charge
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Fig. 8. Liner expanded through the failure of retarded HMX charge initiation from the axial
detonator

As is seen in Fig.4, for three optical pins distant 70 mm from one another, the ar-
rival time spread is less than 150 ns.

Step 2. Control of the simultaneity of PETN charge initiation along the effective
length of the detonator. Simultaneity is controlled using optical pins, each covered with
a 30 um copper shield in a similar manner as in the observation of wire explosion at
Step 1. The layout includes detonators of type B (Fig. 5) or A (Fig. 6) filled with
PETN. Figure 7 shows a typical curve of time dependence of the discharge current and
the signals from optical pins at the PETN charge detonation.

The arrival time spread for three optical pins is less than 150 ns for both types of
detonators.

Step 3. The detonator’s initiating power was tested for detonators A and B to as-
certain steady initiation of the main charge.

In our experiments, we used the armature of length 412 mm and outer diameter of
41 mm with the wall thickness of 3 mm and retarded HMX charge of density
1.47 g/cm®. A duct in the charge is formed along the liner’s axis and then sized using
an extra punch to fit the outer diameter of the detonator — 12 mm. Then the detonator is
placed symmetrically into the duct in such a way that it fits closely against the walls of
the duct in the main explosive charge. To ensure a uniform initiation of the main
charge, the gap between the detonator’s surface and the main charge must be less than
or equal to 0.03 mm.

The main charge initiation failure occurred in the experiment with A-type detona-
tor (Fig. 8).

The experiment with B-type detonator gave positive results. The experiment was
performed with a shorter armature of length 212 mm; the density of retarded HMX
charge was 1.47 g/lcm®. It should be noted that the detonator effective length for deto-
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nator B appears less than that for detonator A, the length of the exploding wire being
the same for both.

No detonator failure was observed in the experiments. All conclusions about the
main charge detonation were made from the analysis of fragments and traces of the
armature tube on the protective screens. The protective screens were made of 10mm
steel plates and placed at the distance of 1.5 m from the charge. The fragment size,
shape and penetration depth were considered.

Experiments are in progress. At the next stage, the expansion velocity for the ar-
mature tube with HMX charge initiated by B-type detonator will be measured.

Interestingly, to ensure a reliable charge initiation, the energy delivered to the ex-
ploding wire appears to be lower than that necessary for a rigorous wire explosion. Re-
ally, according to [3], the current providing wire explosion can be evaluated by the

ty

specific action 4 =Ij2dt , Where ; is the current density and ¢, is the time to explo-
0

sion. The value of the specific action depends on the wire material and is about

4.1-10° A%s/cm* for copper (3.1-10° A%s/cm* from melting to explosion). In our ex-
periments, the specific action at which successful detonation occurs in the PETN
charge adjacent to the exploding wire is /= (2.1—2.4)-10° A%s/cm®. It should be men-

tioned here that it has not been proved that the obtained value of the specific action is
the minimum value permitting the initiation of explosives.
A similar relation is known [4] for exploding bridgewire (EBW) detonators using

a gold wire: the specific action for gold wire explosion is about 1.8-10° AZ%s/cm* [3],

whereas the value 0.57-10° A%s/cm* is sufficient for EBW detonator operation [4].
This effect can be attributed to several factors, for example, detonation stimulation by
discharge processes and deflagration to detonation transition. But all these phenomena
fall out of the scope of the present study.

The main challenge of the suggested detonators is that wire explosion requires
power supplies capable of storing large amounts of energy. To reduce the required
amount of stored energy, one can use copper wires of smaller cross section or replace
copper wires with aluminium or gold ones, since the specific action for aluminium
(gold) wire explosion is about 1.8-10° A%s/cm* [3]. Use of aluminium wires could
probably provide additional benefits for explosive initiation in the vicinity of the ex-
ploding wire because of increasing the explosion strength due to additional heat release
through aluminum burning after detonation.

Fig. 9 exemplifies the use of the suggested detonator in an FCG with axial initia-
tion. Axially initiated detonator / is fitted into armature 2 installed coaxially with FCG
3. The length of the armature is such that it allows for loading extra explosive charges
5 of density 1.0-1.2 g/cm®, thus reducing the effects of main charge 4 discharge. Outer
covers 6 of the armature provide a means of preventing the explosives from spilling
during the installation into the FCG. The projecting open ends of the armature are en-
cased in sleeves 7 to prevent them from being untimely cut off along the open face
ends of the flanges during the armature expansion. Leads & connect the detonator to a
high-voltage capacitor bank.
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Fig. 9. Scheme of detonator installation into FCG

4. Conclusion

The experiments on the initiation of high-explosive charges by a shock wave ini-
tiation unit with a lengthy exploding wire fuse have been described. The simultaneity
of initiation of the detonator charge along its length and the simultaneity of initiation of
the main charge in the armature tube by a lengthy detonator have been experimentally
confirmed.
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YUCJEHHBIE METO/Ibl B MOJAEJUPOBAHUU HEJUHEHHON
JUHAMMUKHU IMTPOLHECCOB U3JYYEHUSA, OBPA3YEMOI'O
CWIBHOTOYHBIMHU ITYYKAMMH 3APAKEHHBIX YACTHUIL

B HEOJHOMEPHBIX IMPOCTPAHCTBEHHO-IEPUOJANYECKHUX

CTPYKTYPAX

C. H. CbiTOBA

BBeaenue

[Mpuxnun paboTel 00bEMHBIX Ja3epoB Ha cBOOOIHBIX 31ekTpoHax (OJICI) ocHo-
BaH Ha B3aMMOJACHCTBHU PENSTHBHUCTCKOTO 3JIEKTPOHHOIO Iy4YKa B CHHXPOHHU3ME C
(dopmupyromMuUCS B 00NAaCTH TCHEpallUK IBYMsSI HIM OoJiee CHIBHO CBSI3aHHBIMH
3JIEKTPOMAarHUTHBIMM BOJHAMHU B CYLIECTBEHHO HEOJHOMEPHOW T'€OMETPUHU BCIEACT-
BUE TUHaMu4eckoi audpaxuuu bparra BOIM3u nepeceyeHnss KOpHEH QUCIIEPCHOHHOTO
ypaBHeHus [1, 2]. Teopus OJICO cnpaBeamBa BO MHOTOBOJIHOBBIX T€OMETPHUSIX IS
BCEX JACTOTHBIX TUAMNa3oHOB [3, 4]. B kauecTBe pe3oHaTOpa B pa3IudIHBIX JHara3zoHax
JUIMH BOJIH BBICTYTIAIOT €CTECTBEHHBIE KPUCTAJIBI (B PEHTTEHOBCKOM AMANa30He) 100
HCKYCCTBEHHBIE IPOCTPAHCTBEHHO-NIEPHOINYECKUE CTPYKTYPbl — JIEKTPOMATHUTHBIE
(dboroHHBIE) KpUCTAJUTBI B APYTrUX Ouana3oHax. |JiMHa mepuoja NMpoCTPaHCTBEHHOM
pelIeTKH TaKOro KpUCTajula MPONOpPLUOHATIbHA AJMHE BOJHBI. ODKCIEPHUMEHTATbHOE
uccnenoBanue OJICD B Hactoswee Bpems npooautcs B HUU AIl BI'Y B auanazone
e BoiH [T ¢ cerounsiMu U (OJIBrOBHIMM MHOTOCEKLIMOHHBIMH PE30HATOPaMHU
(dboronHBIME KpUcTaIIaMHK) [5].

I'maBHo#T ocobeHHOCTRIO OJICD sABNSETCS OJHOBPEMEHHOE BBIMIOJIHEHUE ABYX yC-
JIOBUH — YCJIOBHSI CHHXPOHHM3MA 3JICKTPOHHOTO Iy4Ka € 3JIEKTPOMAarHUTHBIMH BOJIHAMHU
U yCTIOBUS Ju(paKiy 3TUX BOJH B pe30HATOPE B 001aCTH BOJIHM3M NepeceUeHUsT KOp-
HeW TUCTIEPCHOHHOIO ypaBHEHUs. HU B OHOM M3 M3BECTHBIX 3JIEKTPOHHBIX IPUOOPOB
kpome OJICD He ucnonp3yercs pabora reHepaTopa B TaKMX yCIOBHAX. JlMHaMudeckast
Iudpaxiys, B pe3ybTaTe KOTOpOH B 00nacTy reHepanuu GopMHUPYIOTCs nBe (viu 60-
Jiee) CUJIBHO CBS3aHHBIC BOJHBI, oOecrednBaeT OOBEMHYIO paclpelesieHHYI0 00paT-
Hyto cBs3b (OPOC), B KOTOPOIi BOJIHOBBIE BEKTOPHI MMPOXOSAIINX U TU(PArUPOBAHHBIX
BOJIH, a TAKXK€ BEKTOP CKOPOCTH 3JIEKTPOHOB ITy4Ka PACIIOIOKEHBI IO YTIaMHU APYT K
Ipyry. B pesynpTare 3meKTpOMarHUTHBIE BOJHBI B3aWMOJEHCTBYIOT C 3JIEKTPOHHBIM
ny4koM Ooisiee 3((EKTHUBHO, MOCKOJIBKY TIPYMIIOBas CKOPOCTb 3JIEKTPOMAarHUTHON
BOJIHBI PE3KO YMEHBIIAETCS, M3JyYCHHUE 3a CUET HEIPEPHIBHOTO IEPEOTPAKEHHS Ha
MEPUOANYECKUX IIJIOCKOCTSIX pe30HaTopa 3aJepKUBaeTCs B 0OJACTH B3aUMOJECHCTBUS
3NEKTPOHHOTO ITyYKa C BOJIHOW M, TAKMM 00pa3oM, B3aUMOJCHCTBHE MPOUCXOAUT 00-
nee >dextuBHo. Eme ogHo mpenmymiectso OJICD — ero cBepxpa3MepHOCTh, O3HA-
Yarolasi UCIOJIb30BAHNE IEKTPOHHOTO IIydKa C MONEPEYHbIM CEYEHUEM MHOTO 0OJIb-
e AMUHBI BONHBL biarogaps stomy m OPOC snexTponsl mmyuka 6onee 3¢(heKTHBHO
OTIAIOT CBOIO DHEPTHUI0 AIEKTPOMAarHUTHOMY IOJIO. bombiue monepedHble pa3Mepsl
JEKTPOHHOTO ITy4YKa II03BOJIIOT PACIpeesInTh €ro MOLIHOCTh U MOIIHOCTh T€HEPH-
pyeMoii BOJHBI 1O 60NbIIEMY 00BEMY, TEM CaMbIM CHIDKas JIOKAJbHYIO Harpy3Ky Ha
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OTJIENbHBIE AJIEMEHTHI. | eHepanuss OONBIIOTO KOJHMYECTBA HEXKEIATENbHBIX MO, Be-
IOymiasi K JECTPYKTUBHOM MHTEpP(QEPEHIMM M HEKOTEPEHTHOCTH M3ITYYCHUS, MOAABIICTCS
OPOC, xoTOpast HO3BOJISIECT BBACIUTE TpeOyeMble MOABI U TIOAaBUTH HEXKeNaTebHBIE.

B [2, 6] moka3ano, uro OJICD MoxeT GyHKITHOHHUPOBATH B KOHPUTYpAITHH C He-
CKOJIbKUMH ITyYKaMH 3apsDKEHHBIX 4YacTUIl U Takue MHoromydkoBele OJICD moryt
OBITH PaccCMOTpPEHBI Kak cucTeMbl ¢ (pazoBoii cuHxpoHmzamuen — self-phase-locking
system. AHanoramu MHOronydkoBbix OJICD 4BIAIOTCS NBYXIOTOKOBBIE, MHOTO-
MMOTOKOBBIE W MHOTOMydkoBble JICD, mmupoko ucciemyeMple HAUMHAs C Hadaia
80-x romos [7-10].

Jluneiinpnii pexum padotel OJICD uzyden nocratodHo xopoiio [1-4], Ho oH ObI-
CTPO CMEHSIETCA HEeTMHEWHOM cTajJiieil, Ha KOTOPOM MPOUCXOIUT OCHOBHAS IEHepalus
U3Ty4yeHus. MaTeMaTuyecKue MOJENU 3TOM CTaguH MpEeICTaBIAIOT cO00 CHCTEMBI
MHOTOMEPHBIX HENWHEHHBIX HHTETrpo-AnudepeHIrnanbHeIX ypaBHeHHH. OueBUIHO,
YTO HEJIMHEHHBIA PEKUM PabOTHI MOXKET OBITh UCCIIEIOBAH TOJBKO METOJaMH MaTeMa-
THYECKOTO MoaenupoBanwms [11-18].

B nannoil pabote mpeanaraercsi 0000IIeHHass CHCTEMa YPaBHEHHH, OMHCHIBAIO-
mas paslu4Hble TeoMeTpUH MHOTOBONHOBBIX OJICD, BKItOYas MHOTOCEKIIMOHHBIE
OJICD, a Takke BHEIIHUE 3epKajia, JAUCIIEPCHIO AJICKTPOMATHUTHBIX BOJH B CUCTEME H
np. Ipennaraercs Bapmant OJICD, korma depe3 pe3oHATOpP MOTYT ABUTATHCS He-
CKOJIKO TIYYKOB (HaBCTpeuy JMOO MapajuieNbHO), HAXOAACh B CHHXPOHHU3ME C OJIHOM
13 DJIEKTPOMArHUTHBIX BONH. Takas cucTeMa ypaBHEHHH MOKET OBITh IONydeHa W3
ypaBHeHH MakcBeiuia B NPUONIDKEHHN MEIJICHHO MEHSIOIIUXCS aMIUTUTYA. [lydku
3apsDKEHHBIX YaCTHI MOJEIUPYIOTCS YCpeIHEHHEM Mo (hazaM BieTa PEesIITUBHCTCKUX
ANIEKTPOHOB B 00JacTh B3aMMOJEWUCTBUS — [0 MOMEHTY W TIONEPEYHON KOOpAMHATE
Brera. B [11] mpemnmoskena cucrema mist asyxoiHoBoro OJICD ¢ BHEIIHUMH 3epKa-
JaMH, a Takke MeToAbl ee pemeHus. B [12—13] paccMaTpuBaroTcs pa3nudHble MHOTO-
BostHOBBIE cxeMbl OJICD. B [13] Taxke Oblia rccienoBaHa CUCTEMA C YIETOM JTUCTIE-
CHUH DJIEKTPOMArHUTHBIX BOJH M OBUIO MTOKA3aHO, YTO XOTS XapaKTep JUHAMUYECKOTO
pemenust OJICO coxpaHsieTcs, JUCTIEPCHIO 3JIEKTPOMArHUTHBIX BOJH B CUCTEME Y4H-
TBIBaTh HEOOXOJMMO, OCOOCHHO NPHU HCCIICAOBAHUU PA3NUYHBIX XaOTHYECKHUX PEKH-
MoB paboTer OJICO. CucreMa ypaBHEHHH 111 MHOTOomy4YkoBEIX OJICO BIIepBBIC pac-
CMaTpHUBaIKCH B [14].

B nanHoit paboTe mpeniararoTcsl TakKe YMCICHHbIE METOBI peleHus 0000IIeH-
HOM CHCTEMBI, TIO3BOJISIONINE MCIIOIB30BaTh IMapalljielIbHbIe BRIYUCICHUS, a TAK)Ke He-
KOTOpBIE pe3ybTaTel MoaemupoBanus OJICD, B acTHOCTH, TPOMOJICITUPOBaHa paboTa
JIBYXBOJIHOBOTO AByXmy4ykoBoro OJICD.

O0o0mennas cucrema ypasHenuii OJICD

Paccmotpum Heckonbko cxem OJICD. Ha Puc. 1a nzoOpaxena cxema «kiaccuye-
ckoro» aByxBosmHoBoro OJICD B reomerpum Bbparra. 3mech pensiTHBUCTCKUN BIleK-
TPOHHBIH IMy4YOK CO CKOPOCTBIO U MAJIaeT Ha Pe30HATOpP ((POTOHHBIA KPUCTAILT) JITHHON
L. TIpoxons depe3 pe3oHATOp, HIEKTPOHBI MydYKa HAYWHAIOT WCITyCKAaTh CHOHTAHHOE
W3y4yeHHe, KOTOpOoe IPH OJHOBPEMEHHOM BBIMOJHEHHHM YCIOBUM Iu(pakIivu
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2kt + 1’ ~0 ¥ yCIOBHI CHHXPOHH3MA |a) - ku| = 0w~ (0 npeobpazyercs B KOJUICKTHUB-

HOE KBa3MYEPEHKOBCKOE M3JIyUYeHHE C YaCTOTOW @ W BONHOBHIMH BekTopamu K u k, =
k + 1, Tne T — BekTOp 00paTHOH pemeTku pe3oHartopa (ormedeHsl Ha Puc.la mud-
pamu 3 u 4).

B OJICD B03MOKHBI HECKOIBKO PA3IMYHBIX PEXKUMOB padoThI. [IepBhIit pesxum —
KOTJIa BeJTMYMHA IUIOTHOCTH TOKa MyYKa j JIMOO JAJIMHA CUCTEMBI L MEHBIIIE TIOPOTOBBIX
3HaYeHU M KOJUJIEKTHMBHOE M3Iy4YeHHE OTCYTCTBYeT. CIEeNyIOmMid PEeKUM — PEXHUM
YCHJIEHUS 3JIEKTPOHHBIM ITyYKOM BHEIIHHUX MaJarolliX 3JEKTPOMArHUTHBIX BOJH (OT-
MeueHHbIX Ha Puc.la mudpamu [ u 2) — peanusyeTcs Npu TOCTIKEHHN KPUTHUECKIX
MOPOTOBBIX BEJMYHUH j UM L, KOrJa IOTEPH B CUCTEME CPaBHUBAIOTCS C DHEPTUEH U3-
nydenusi. [Ipn manpHeIIeM yBEIMYEHUU TOKA WJIM JUIMHBI CUCTEMBI M NPEBBILICHUH
UMM CJIEAYIOIIEro IOPOroBOT0 3HAYEHUSI OCYILECTBIISIETCS PEXKUM T'€HEepaluy.
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a 0
Puc. 1. Cxemsr OJIC3O: neyxBomHOBO# OJICD B reomerpun bparra (a),
MHOTOITYYKOBBIH MHOTOCEKIIMOHHBIH OJICD ¢ BHemHuME 3epkanamu (6)

B MuoTOmyukoBoM OJICD HECKOIBKO JIEKTPOHHBIX ITYYKOB MPOXOISIT Yepe3 pe-
30HAaTOpP M HaxXOOATCd B CHUHXPOHU3MC C pa3HbIMH JBJICKTPOMArHUTHBIMU BOJIHAMU B
cucTteMe. BapuaHT, KOrjia Ha CHCTEMYy MajaloT HECKOJIbKO 3JIEKTPOHHBIX MYyYKOB CO
CJIeTKa Pa3IMYarOIUMHUCS CKOPOCTSMHU, HAXOJAANIMXCS B CHHXPOHHU3ME C OJHOW BOJI-
HoH, Oyner OJICD ¢ MHOrONOTOKOBOW HEYCTOMYMBOCTHIO. Takke MOKHO pacCMOTPETh
PE30HATOP, COCTOSAMINN M3 HECKOJIBKUX CEKUUH C Pa3sIMYHBIMH MapaMeTpamu, U JIpy-
rMe BApUAHTHI, B TOM YHCIIC YCTAHOBKY CHAPY)KH CHCTEMbI BHEITHHX 3epKal, odecre-
guBamMux AoMONMHATENEHYI0 OPOC »31eKTpOMarHMTHBIX BOJIH B CHUCTeMe. Bce 3To
n3o0paxeHo Ha Puc. 16.

Takum 00pa3oM, crcTeMa YpaBHEHUH, OMUCHIBAIONIAS BBIIICTICPEUHUCICHHBIC CITY-
gau, MOXET OBITh TOTydeHa ciemyronuM oopasom. Ilycts pezonarop OJICO mmuHOM L
COCTOHT U3 / CEKIM C OTIIMYAIOIIMMUCS TTapaMeTpamu. PaccMOTpUM clieyroliy o 001acTh:

Q=G(z)U{=27r<p<27}Uit>0}, (1)

[ i+1°

l
G(2)=\JG,.G =[z.2/1,z} =2),,,2/ =0,z = L.
i=l1
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[IycTs B cucTeMe B YCIOBHAX ITWHAMHYECKOH mudpakmmm obpasyrorcs N dJiek-
/

TPOMArHUTHBIX BOJH Ej(z,f) IO n; BOJH B KKIOW i-TOM CEKITHH, Zni = N. Ilycts
i=1

Ha cucTeMy magaet M = MY+ M'™" nyukos smnexrporos: M my4kos, npumeammx ¢
rparuust z = 0, 1 M™" nyukos, npumenmux ¢ rparune! z = L. Kaxsiii mydox ¢ Ha-
YaJlbHOW CKOPOCTBIO U, OMHCHIBacTcs ¢a3oit ,(f, z, p) 3MEKTPOHOB OTHOCUTEIILHO
ANIEKTPOMArHUTHOM BOJHBI M CcUHMTaeTcs BO Bceil obmactu G. B kaxnod cexmuum oH
MOYKET HaXOAUTHCA B CHHXPOHHM3ME C OJJHOM BOJIHOU E, C BOJIHOBBIM BEKTOPOM K,. MbI
HE paccMaTpUBacM CHHXPOHHU3M Iy4YKa OJJHOBPEMEHHO C HECKOJIBKUMH BOJIHAMH, TIO-
CKOJIbKY OH MPaKTHYECKU HEJOCTIKUAM IO TTapamerpam audpakiuu. Pemenue umercs
B BHUJC:

N M
_ i(k;r-ot) . _ H i(k,r-ot)
E(r,t)—ZEEj(Z,t)e ' B j(r,t)—zejm(z,t)e r )
j=1 m=1

IZi€ € — BEKTOP MOJsIpU3aliu.

Torma n3 ypaBHeHMI MakcBenia B IpHOIMKCHUH MEIJICHHO MEHSIOIIUXCS aM-
IIMTYy D CUCTEMA ypaBHeHI/Iﬁ I10JI1 OTHOCUTCIIBHO BEKTOpPA aMIIJIUTY ]

i—1
T , -
E=(E.E,,...Ey) . E; =E;(t,2),z€G;, j=Y m +], j=12.....n,

k=l
1 BeKTOpa npasbix dacteit pasmepuoctu N I = (11,1,,...,1;.0,.. .,O)T MOJKET OBITH B
MaTpUYHOM BHJIE 3aIIMCaHa CIIELYIOIUM 00pa3oM:
%) OE
A B L CE=DI, )
ot 4
I+a, a, ay b, 0
A a.21 1+‘a22 ayy . B-| ’
0 b
ay Ay, l+ay, w
cll clN
C= D,
Cn Caw
27[272__ ' .
I,=@, [P (e emn 4 o D Yy =12, M,
y 4r
%0 (t,z, 00 (t,z,p)\’ _
96,02p) g (kw BCEACLY.) p)j Re(E,(t-z/u,,2)e™"").  (3)
oz z
I'paHKMYHBIE YCIOBUS I/ AMILUTMTY/I OIS U (pa3 My4YKOB UMEIOT BHI:
E@T,)=E’(t)+FE(,T,), ®)
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aem (tarlm’p)
0z

KommnonenTs! Bektopos I'y u I'; U1 BONHEI ¢ aMIUIATY 10K E; €CTh COOTBETCTBEH-

=k —wlu,, 0,¢I", p)=p. (6)

. L 1 2
HO KOOPAUHATHI «BXOJa» U «BbIXOAa» 3TOU BOJIHBI B I-TOU CCKIIUU (Zi n z; 1100 Ha-

000pOT B 3aBHCHMOCTH OT HAlpaBJICHUs PaCHpPOCTPAHEHUs BOJH). [ paHWYHBIC yCIIO-
Bus (5) ans BonmH E comepkar aMIuiuTy (bl BHEIIHUX MAJAIONIKX HA pe3oHaTop (IpH z
=0 uz=L) Bonx E’, KOTOpbIC MOTYT GBITH PABHBIME JTHOO OTIMYHEIME OT 0, B TOM
YHUCIIe UMETh HeKylo (GopMmy Bo BpemeHu (Hampumep, ['aycca). BHyTpenHue rpaHuy-
HBIE YCJIOBHSI MEPexXojia BOJH U3 OJHOW CEKIIMU B JPYTYIO U YCIOBHUS CBSI3H, OTHCHI-
BafOINE BHEMTHUE 3epKaia [11], 3amaroTcst BTOPBIM cllaraeéMbIM ITpaBoi gacTH (5).

m o
B (6) I']” paBHO 0 1100 L B 3aBHCHMOCTH OT TOTO, C KAKOH CTOPOHBI Pe30HATOpa

o o 0
npumest m-"u 3JICKTPOHHBIN ITYYOK — CJICBAa WIH CIIpaBa. km COOTBCTCTBYCT IIPOCKINUN

Z
Ha OCh z BOJIHOBOT'O BEKTOpA AJICKTPOMArHUTHOM BOJIHBI B TIEPBOU CEKIIUM BIETa Myd-
Ka, HAXOIAIIEHCS B CHHXPOHU3ME C ITyYKOM.

Martpura A MOXeT OBITh €AMHUYHON JHArOHAIILHON B OTCYTCTBHC TUCIIEPCHU B
cucreme, 1160 UMETh COOTBETCTBYIOIINE YJIEHBI djj, OIMMCHIBAIOIME AUCIEPCUIO (CM.
[13]). Matpuua B sBnsercs AMaroHanbHON M COAEPKHUT HAIPABISAIONINE KOCHHYCHI
audpakuun. Kosddunments ¢;; MaTpuibl C ONUCHIBAIOT CUCTEMHbIE AU(PAKIOHHBIE
napameTpbl, B TOM 4duciie KO3QOUIHEHTH pa3ioKeHNsT JUAIEKTPHUECKON TpOHUIae-
MOCTH Cpeabl B Psill [0 BEKTOpaM oOpaTHON pemeTku, 1160 0 Ui HECBSI3aHHBIX MEX-
Iy co0oit BoitH ¢ HoMepamu k u j. MaTtpunia D cocTouT U3 Hysel U eUHHII, OTIHCHIBAs
CBSI3b MEKIY BOJIHAMH W ITy9kaMd. Bua xkoad¢unueHToB cucteMbl (2)—(6) MOXHO
Haiitu B [11-13].

OO6paTtum BHUMaHUE, 9TO cucTeMa (2)—(6) sBisercs ogHoMepHoit (1D) cucremot,
B KOTOPOH paccMaTpHWBaeTcsi OJHAa MPOCTPAaHCTBEHHAs KOOpAWHaTa z. TeM He MeHee
OHa XOpOIIO OMHUCHIBAET JABYMEPHOCTh WIJIM TPEXMEPHOCTh TEOMETPHH JHHAMHYECKON
JuQpaKuy, 9TO BKyIE ¢ MOACIMPOBAHHEM IIUPOKOIO B MONEPEUYHOM CEUCHUH 3JIEK-
TPOHHOTO TIy4YKa NAET YyJOBJIETBOPUTENBHBIE PE3yJbTAaThl MO0 MOJIEITHPOBAHUIO IBY-
MEPHBIX U TPEXMEPHBIX CUCTEM.

JAByxmyukoBblii AByXBoJHOBOMH OJICD

Pacrmmem akkyparHo cuctemy (2)—(6) mist cirydasi IBYXITy9KOBOTO JIBYXBOJIHO-
Boro oxaHocekiuonHoro OJICO-reneparopa B reomerpuu bparra. O6a 3meKTpOHHBIX
My4Ka, IBIKYIIUXCS B PE30HATOPE CO CKOPOCTSAMH U; U Uy, HAXOSTCS B CHHXPOHU3ME
C OJTHOM M3 BOJIH — MPOXOIAIIEH U qudparupoBaHHONW U OMUCHIBAIOTCS (pasaMu dIieK-
TpoHOB O,(¢, z, p) u 0,(t, z, p).

Urtak, perenue umercs B BUAE:

E(r,1) = (E(z,0)e™ ™ + E_(z,£)' "),

rae k; = k+1, T— BekTOp 00paTHOM peleTKu pe3oHaTopa.
[epermmmem (2)—(6) 6e3 yuera AuCIIEpCHH CIIEIYIOIIAM 00pa3oM:
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oF oF . . = D( —i6zp) | ~i6(tzp)
54‘ }/OCE-F 0.5i/E-0.5iwy E, =27 j®, _([ v(e +e )dp,
OF, OE, . . - f2m- P ( -iby(t.2.p) | -i6,(t.2.-p)
Py + }/TCE -0.5iwy E+0.5iwl E, =27 j,0, _([ = (e 2 +e )dp,
3*0,(t D 26,(1 ’ ,
l(azzap)z 631 Z[kz_ 1()Zap)j Re(E(t_Z/ul’Z))elﬁl(t,z,p)’ (7)
0z my,’ @ 0z

8292 (t,zz,p) _ eqzz : [krz B 00,(t,z,p) js RC(ET () MZ,Z))eiHZ (z‘,z.p),
Oz my, @ Oz
E(,0)=0, E_(t,L)=0,
00,(1,0, p)
Oz
00,(t,L,p)
oz
t>0, ze€[0,L], pe[2x,2x].

:kf —a)/ul, Hl(taoap):p’

:kr(z)_Q)/uZﬂ Hz(taLap):pa

30€ech ¥, U ¥, — HaNpPaBJIAIOIME KOCHHYCBI Audpakiuun. CHCTEMHBIE TapaMEeTPhI OIl-

PEACTAOTCA KaK
Lh=(kc-o'e,)l o, 1=l,+3,, 1, =(kic -a'c,)/ &, =1 +5,.

Jdp M1 J; €CTb OTKJIOHEHHSI OT TOYHOTO BBIMOJHEHUS yCIOBUSI CHHXPOHHU3MA ISl 000MX
MIyYKOB, y1 U ¥, — UX JlopeH-(hakTopHI.

2 2
@ = Z +l - c b @ = lT +Z _7 .
1 \/0 ’ %”17/1 )2 ’ \/ ’ (“272 )2

& = 14y — nusnexkTpruyeckass NPOHUIAEMOCTb CPENbl, o, Y+r — KO3 PUIUEHTHI
Pa3I0KEeHUsT AMAIEKTPUUECKON NMPOHUIIAEMOCTH CpeAbl B PAJl MO BEKTOpam 00-
paTHOU pEILIEeTKH.

YucjaeHHbIE METOABI

[IpuBenem unciaeHHBIE METOBI UIA pemieHus cuctemsl (2)—(6). Besge nuxe, rue
3TO y#oOHO, OyaeM Monb30BaThCcs oOo3HaueHUsMH [19]. OTMeTHM, 4TO MHIEKCH B
Pa3HOCTHBIX YPaBHEHHSAX HE CIEAyeT MyTaTh C HCIOIB30BAHHBIMH B TPEIBIAYIIHX
pasnenax 0003HAUYCHUSMH.

Beenewm B obnactu (1) paBHOMEpHBIE CETKH:

o ={t,=1h,1=01,.}, o ={z,=nh,n=0,L...,N ,Nh =L},
o, = {pj =hpj,j =—Np,...,—l,O,l,...,Np,hpr =2r}.

Torna nns perenust ypaBHeHHH (3) MOXHO 3amucaTh Pa3HOCTHOE YpaBHEHHE:
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. . 3 ~ .
=k~ Re(Eexp(i6, ), j=0.41...4N,, (8)

mz

P

N,
F= AY ¢, (exp(—iémj) +exp(—=if )),
j=0

rne  E=E({t,-n"t,z,).n" =h | (hu,).
B pacuerax Oepercs 1ienast 4acthb . 31€Ch U, — CKOPOCTh M-TOTO JIEKTPOHHOTO

My4yKa, ¢ KOTOPBIM HAaxOAWTCS B CHHXPOHHM3ME paccMmarpuBaemasi BojHa. [lpum
m T _ >
t,—n"t, <0 monaraem E=E(0,z,). ¢; — KodppuUHCHTH! KBanpaTypHOH (HOpMyIIbL.

JIJis 4MCIIEeHHOT0 MHTErpUpOBaHus Oblila MCIIOJIb30BaHa (opMmyiia Tpanenwmii. [Tomara-
0J
eM 6 =h,j I BHYTPEHHUX TOYEK CETKH.

PasnoctHas cxema mis (2) umeeT BU:

E -E E -E E +E
A n n +B n n+l +C n n+l ZDI,
h, h, 2

©)

L,=0,3 (exp(—iémn") +exp(—if) )).

Jj=0

E -E . .
B——— o3Hauvaer, 4TO IS KaXXJIOW KOMIIOHEHTHI 10JiA E Ha Pa3HOCTHOMU

h

E
CeTKe He00X0IUMO OpaTh MPaByIO WIIH JIEBYIO Pa3HOCTHYIO MIPOU3BOJHYIO IO Z B 3aBU-
CHUMOCTHU OT HallpaBJICHUS PACIPOCTPAHEHUS JAaHHOW BOJIHBI B pe3oHarope. s pa3Ho-
CTHBIX ypaBHeHUH (§) HampaBiieHHe IBUKEHU ITydKa IEKTPOHOB (ClieBa HAPaBo WU
HA000pPOT) HEMPHHUMUIHAAIBEHO, TIOCKOJBKY 3/1€Ch CTOUT Pa3HOCTHAs NPOM3BOAHASI BTO-
POro mopsiaka (B JICBOW YacTH YpaBHEHHS) U LIEHTpalbHAsl pa3HOCTHAS! IIPOU3BOAHAS (cpa-
Ba). | paHNYHbBIE YCIIOBUS B CHCTEME alIPOKCUMHPYIOTCSI TOYHO.

Pe3y.]'ll>TaTI)I YUCJICHHOI'0 MOAECTUPOBAHMSA

[Ipoenennoe B [11]-[18] MmaTemMaTHdeckoe MOICTUPOBAHNE HETMHEHHOMN CTaaNH
pabdoter OJICD moaTBepaAUIO BCce OCHOBHBIE (PM3NUECKHE 3aKOHOMEPHOCTH M TPHHIIU-
nbl ero padotsl. [lokazano, 4to Ans 3QPEeKTUBHON reHepaluy CYIIECTBYET ONTHMANb-
He1id HaOop mapamerpos OJICD. Ilomy4eHbl MOPOTH reHepauy Ui IKCIIePUMEHTAITb-
HbIX ycraHoBok OJICD. IMokazano, uto OJICD sBisieTcss AMHAMHUYIECKOW CHCTEMOU C
0COOEHHOCTAMHU HENTMHEWHON IMHAMHUKH TeHepauru, 00yCIOBIEHHBIMUA HEJIOKAIbHON
TIPUPOJION B3aMMOJEHCTBHUS ITyYKa 3JIEKTPOHOB C AJIEKTPOMATrHUTHBIM TIOJIEM B YCIIO-
BUaX mudpakmuu. B mpomecce umccienoBanus xaotmdeckoi mpupoas OJICD Opumm
W3yUYeHBI €r0 MPOCTPAHCTBEHHO-BpEeMeHHas U (a3oBasi JuHamMHKa. [lomydeHsl pa3nuy-
HBbIC JUHAMHUYeCcKue pexumbl padotel OJICD co croxHoit ux Tpanchopmarmei. Hcecne-
JIOBaHA YyBCTBUTEIFHOCTh PA3IMYHBIX PEKUMOB K M3MEHEHHIO HaYaJbHBIX yciaoBuid. [1o-
CTPOCHBI pa3MyHbIe TapaMETPHUUECKIE KapThl IIEpeXxo/ia K Xaocy.
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PaCCMOTpI/IM PE3YJIbTaThl MATCMATHYCCKOI0 MOACIMPOBAHUA IBYXITYYKOBOI'O
JIBYXBOJIHOBOTO o/tHOCEeKIIMOHHOT0 OJICO B COOTBETCTBUH C cUCTEMOM ypaBHeHUH (7).
[Tapamerps! paccmatpuBaemoro OJICOD mpuOmMKeHB! K peaqbHBIM MapaMeTpaM ycTa-
HOBOK [5]. O0a 3JIEKTPOHHBIX IyYKa HaXOMSATCS B CHHXPOHH3ME C OJHOM U3 BOJH —
MPOXOIAIICH W TUPPArHPOBAHHOW M JIETAT HAaBCTpedy Apyr Ipyry. [TockoibKy pac-
CMaTpUBACMBIC TUIOTHOCTHU IIYYKOB HE3HAYUTECIJIbHBI, MOJXHO JIETKO IIOKa3aTbh, YTO OHU
B3aMMOJICHCTBYIOT TOJBKO C 3JIEKTPOMAarHUTHBIM IIOJIEM depe3 00bEeMHYIO pacrpene-
JICHHYI0 00paTHYIO CBs3b, oOecrednBaeMyto nudpakunueid. bonee Toro, myuku mMoryr
OBITH pa3HeceHbl B MPOCTPAHCTBE, MOCKOJIbKY MBI PACCMAaTPUBAEM IUPOKHH B IOIIE-
peunoM ceuernu pesonatop u OPOC.

b bt

200 — 200 —
100 —| 100 —
0 \ \ \ \ 0 i i i ‘
0 100 200 300 400 0 100 200 300 100
t,ns tns
a o
SOJ)EL 30J)EL
200 — 200 —
100 —| 100
0 I I I \ 0 : : : :
0 100 200 300 400
tns 0 100 tz??s 300 400
B r

Puc. 2. BpemeHHast 3aBHCHMOCTB aMIUTATY/] IPOXOAIIEH 1 AudparupoBaHON BOJIH IS
Pa3IMYHON IJIOTHOCTH TOKA MEPBOT0 3JICKTPOHHOTO My4Ka MPH (PUKCUPOBAHHOM 3HAUCHHUU
BTOporo. Cephle IMHUM — IPOXOASIIast BONHA IPU Z = L,

YepHBIe JIMHUU — UdparupoBaHHas BoyHa rnpu z = 0

Ha Puc.2 npuBeneHsl BpeMEHHBIE 3aBUCHMOCTH aMIUIUTYJA HPOXOAAIIECH H
I(parupoBaHON BOJH JUIS CIEAYIOIIMX IUIOTHOCTEH TOKOB 3JIEKTPOHHBIX ITyYKOB!
J» =2 kA/cm® n Ha Puc.2a — j; = 100 A/em®, 6 — j; = 150 Alem?, B — j, =200 A/em?’, T —
J1 =250 A/cm’. Cepble THHHY COOTBETCTBYIOT MOJIYJIIO aMILIMTYIbI IIPOXOJIAIIE BOII-
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HBI TIpH z = L, 9epHbIe JIMHUHA — TA(parupoBaHHo¥ BOHEI TIpH z = (. [Ipn oTcyTCTBHH
1epBoro myuka (j; = 0) IWIOTHOCTh BTOPOTO MyUKa j, = 2 KA/CM® HAXOJHUTCS HIXKE I0-
pora reHepaniy U M3Iy4YeHHsl B CUCTeMe HeT. BBeJqeHne oueHb MajeHBKOro IO CpaB-
HEHHIO C j, = 2 KA/CM” 3HAYCHHsI IUIOTHOCTH TOKA TIepBOro mydka j; = 100 A/em” mpu-
BOJIUT K MPEBBILICHUIO [TOPOTa TeHEPAIU U MOTYYCHUIO CTAllMOHAPHOTO OJHOYACTOT-
HOro pesxuma (cM. Puc.2a). Crenyromee 3Hauenne j; = 150 A/cM® IPUBOINUT K YBEIH-
YEHHUIO aMIUTATY]T TIOJIsl TIPU COXPAaHEHHWH OJJHOYACTOTHOTO pexknma (cM. Puc.20). 3Ha-
uenne j; = 200 A/cm” maer mepuoamdeckoe pemenne (cM. Puc.2B), a  j; = 250 A/em’
(cM. Puc.2r) — xaoTuueckoe pelleHre ¢ JIeMEHTaMHU IEePEeXOJHOTo xaoca (transient
chaos). HuzkoaMmruntyable KoneOaHus IepeXxosT B BRICOKOAMIUTHTY iHbIe. KcraTh, B
OTCYTCTBHE BTOPOTO ITy4YKa [IOPOrOBOE 3HAUYEHHE reHepamuu ectb j; = 250 A/em”. Ta-
KM o6pa30M, BUIHO, YTO HAJINYUC ABYX IIYUYKOB B CUCTCMC ITO3BOJIACT CYIIECTBCHHO
MOHU3UTH TIOPOTOBBIE 3HAYEHHUSI TOKOB B CUCTEME, a TAKXKE SIBISACTCS OJHUM M3 MeXa-
HU3MOB KOHTPOJIS Xaoca B CHCTEME. e

o
200 —
zw —
100 —| 100 —
0 I I I \ 0 \ \ \ \
0 100 200 300 400 0 100 200 300 400
t,ns t,ns
a 0
E| E
30!) ] Ul/\—wvvww»«ﬁ—»ww/wmw 40& L
200 —|
7 200 —
100 —
|
0 \ \ \ \ 0 \ \ \ \
0 100 200 300 400 0 100 200 300 400
t,ns t,ns
B r

Puc. 3. BpeMmeHHas 3aBUCMOCTb aMILTUTY/] TPOXOJISILEH U [udparupoBaHoil BOJIH ISt
Pa3NUYHOM MIOTHOCTH TOKAa BTOPOTO IEKTPOHHOTO Imydka. Cephle TMHUM — MPOXOISIIas
BOJIHA IIpH z = L, 4epHbIe JIMHUHU — TudparnpoBaHHas BosHa mpu z = 0
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Paccmorpum Tenepsb citydaih (QUKCUPOBAHHOM TNIOTHOCTH MEPBOTO IMy4Ka U U3Me-
HAIOIIEHCS TIOTHOCTH BTOoporo. Ha Puc. 3 u 4 m3o0pakeHa BpeMeHHasT 3aBUCUMOCTD
aMIUTUTY I TPOXOASIIEeH M AudpardupoBaHHON BOJH AJsl Pa3IUYHON IJIOTHOCTH TOKA
BTOPOT'O 3JIEKTPOHHOTO Ty4Ka NP (UKCHPOBAHHOM 3HAUYEHHH MepBoro j; = 400 A/cum’
Ha Puc 3: j, =0 (a), j» = 1.1 kA/eM*(6), j» = 1.2 kA/eM*(B), j» = 1.3 kA/cM*(r). Ha
Puc4: j, = 1.5 kA/em*(a), j» = 1.6 kA/em*(6), j» = 1.7 kA/em*(B), j» = 1.8 kA/eM*(T).
Cepble IMHUH OIISATH COOTBETCTBYIOT MOJYJIIO aMIUTHTY bl TIPOXOASIIEH BOJIHBI MPH Z
= L, 9epHBIC THHUHA — TUdparupoBaHHON BOHEI pu z = 0. [Ipu OTCYTCTBHHM BTOPOTO
nyuka (j, = 0 A/cm®) MbI HMeeM B cucTeMe cabbiit xaoc (Puc 3a). Buaso, uto yBemu-
YEeHHE TUIOTHOCTU BTOPOTO My4YKa KapIWHAJIbHO MEHSET XapakTep JUHAMHYECKOTO pe-
IEHUsT CHCTEMBI co ciraboro xaoca (Puc. 30, B) k pazButoMy xaocy (Puc. 3r) u manee
yepes nepemexxaeMocts (Puc. 31 1 €) k moutn nepuonryeckoMy perienuto (Puc. 3, 3).

E E|
o bl
200 — 200 —|
I
0 I I I \ 0 I I I \
0 100 200 300 400 0 100 200 300 400
t,ns t,ns
a §)
E|
$E| 40!) L
400 —
200 200 —
0 \ \ \ \ 0 I T \ |
0 100 200 300 400 0 100 200 300 400
t,ns t,ns
B T

Puc. 4. BpeMeHHas 3aBUCUMOCTb aMIUTUTY I TIPOXO/ISIIIEH U TU(pparupoBaHOi BOJIH JUIs
Pa3IMYHON IMIIOTHOCTH TOKA BTOPOTO 3JIEKTPOHHOTO Mydka. Cepble TMHNHU — TPOXOsIast
BOJIHA IIpH z = L, 4epHbIe JIMHNH — qudparupoBanHas BosHa mpu z = 0
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3akjarouyeHue

B pabore mpemioxkena o000IIEHHAsS CUCTEMa YPaBHCHWH, OMKCHIBAIOINAS Pa3-
JIMYHbIE BAPUAHTBl MHOTOIYYKOBBIX MHOTOBOJIHOBBIX OJIC3. OHa yYUTHIBAET MHOTO-
CEKIIMOHHBIE PE30HATOPHI, TUCTIEPCHIO JIEKTPOMATHUTHBIX BOJH B CUCTEME, BHEITHHUE
3epkania U T.J. MaTeMaTH4YeCKO€ MOJAEIUPOBAHHUE IABYXITYYKOBOTO JBYXBOJIHOBOTO
OJICD npoBelieHO ¢ UCIOJIB30BAHUEM IIpeaaraeMoi cucteMsl ypaBHeHuid. [lokazano,
YTO W3MEHEHHE IJIOTHOCTH TOKa 3JIEKTPOHHBIX ITyYKOB MPHUBOIUT K M3MEHEHHIO Xa0-
trdeckoit muHaMuku OJICO u m03BOJSIET CYIMIECTBEHHO MOHU3UTH OPOTOBEIE 3HA-
YEHHSI TOKOB B CHUCTEME, a TaKXKe€ SIBISIETCS OJAHUM M3 MEXaHU3MOB YIIPaBICHUS
Xa0COM B CHCTEME.
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NUMERICAL METHODS IN SIMULATION OF NONLINEAR
DYNAMICS OF PROCESSES OF RADIATION FORMED
BY HIGH-CURRENT BEAMS OF CHARGED PARTICLES
IN MULTIDIMENSIONAL SPACE-PERIODIC STRUCTURES

S. Sytova

The principle of volume free electron lasers (VFEL) is based on the interaction of
relativistic electron beam with two or more strong coupled electromagnetic waves generating in
essentially non-one-dimensional geometry as a result of dynamical Bragg diffraction inside the
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resonator (natural or artificial electromagnetic (photonic) crystal). Previously VFEL were
considered in various two- and three-wave diffraction geometries theoretically and experimen-
tally. Now multiple beam multi-wave VFEL are considered as laser self-phase-locking system.
In the paper the general system of equations describing the various variants of multiple beam
multi-wave VFEL is proposed. It takes into account multi-section resonator, the dispersion of
electromagnetic waves in the system, external mirrors and others. The mathematical modeling
of two-beam two-wave VFEL was carried out using the proposed system of equations. It is
shown that the change of current density of electron beams leads to change of VFEL chaotic
dynamics and is one of the ways of chaos control in the system.
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KOCMOMUKPOPU3NKA

MHOI'OMEPHBIE ITEPBUYHBIE YEPHBIE /1bIPbI:
IBOJIIOIUA B I'OJAOI'PAOUNYECKOU BCEJEHHOU
N NOIVIOINEHUE KOMITAKTHBIX HEBECHBIX TEJI

B. B. Tuxomupos, 1O. A. leiakos

1. DBosTIOIMSI MEPBHYHBIX YEPHBIX AbIP B KOCMOJIOTMHU
Panpana—Cynapym II ¢ yuerom AJIC/K$TII-coorBeTcTBUS

1.1. Beeoenue

lonorpaduveckuii MPUHIIKIL, MOCTYJIUPYIOMUN IKBUBAJICHTHOCTh KJIACCUYECKON
TEOPUU B HEKOTOPOM MHOTOMEPHOM O0BEME M KBAaHTOBOW TEOPWUH HA IMOBEPXHOCTH
3TOr0 00BEMa, SABISAETCA MPEIMETOM aKTUBHOTO WCCIIEIOBAHUS B TeUEHHE MOCIETHUX
necsrunetuii [1]. Briepeeie ronorpadudeckuii IpuHIUN ObLT MPEIIOKEH B paboTax
Xodta [2] u 3ackunga [3], a Hanbolee MOCIEAOBATENFHYIO PEATU3AINI0 MTOTYyYnT B
pabore MannmaceHsl [4] B TepMHHAX SKBUBAJICHTHOCTH MEXIY TEOpHUEH CTPYH B TIPO-
ctpanctBe AHTH-Ae-Currepa (AnC) u konpopmHoii Teopueit monst (KGTII), ompene-
JICHHOH Ha TPaHUYHON MOBEpXHOCTH AC-TIPOCTpaHCTBA.

B cooTBeTcTBUM C TOCTHKEHHUSIMH B TEOPUHU CYNEPCTPYH U CMEXHBIX C HEH Ha-
MpaBlIeHMX, Hamma 4-mepHast BceneHHas MokeT OBITh IpecTaBlieHa KaK IMOJAMHOTO-
oOpasue «OpaHay, BIIO)KEHHOE B MHOTOMEPHOE MPOCTpaHCTBO «Oank». [Ipu atom rpa-
BUTAIIVSI MOKET PaCIpPOCTPAHATHCS BIOIbh BCEX MPOCTPAHCTBEHHBIX U3MEPEHHUH, a Imo-
7 MaTepuu JIOKAJTM30BaHBl Ha OpaHe. 3aMedyaTeNbHBIM CBOHCTBOM TaKOW KapTHHBI
SIBISIETCS. KOPPEKTHOE BOCIIPOM3BOJCTBO BCEH HHU3KOIHEpreTHUecKod (u3uku Ha 4-
MepHoii Opane [5].

Cpeny pa3nmMYHBIX BapHMaHTOB MHpa Ha OpaHe S-mMepHas Monenb PaH-
nan—Cynanpywm 11 (PCII) [6] BeITOAHO BBIIENSETCS, C OJHON CTOPOHBI, KaKk Hanbolee
MPOCTasl U TEOMETPUYESCKH IPHUBIICKATEbHAS MOJICINb, C JAPYToi — KaK MpHMEp KOH-
kperHoit peammsaruu AnC/KdTII-coorBerctBus [5]. I'omorpadus B 3TOM KOHTEKCTE
MOXeET OBITh PUMEHEHA K YepHOH AbIpe Kak K PEHICHUI0 KIACCUYECKUX YpaBHEHUH
NOJIsI, B Pe3yJbTaTe Yero MOXKHO 3aKIIOUUTh, YTO «peuienus OJid NOKANU308AHHOU HA
bpane uepnoil Ovipbl 6 mupe Ha 6pane muna AdS,,,, komopvie nonyuaiomecsa nymem

+1”
Ppeuienus K1accuieckux ypasnenuu 6 npocmpancmee AdS, | ¢ epanuunbimu ycioguamu
Ha Opane, COOMEEMCMBYIOM peuleHul0 YepHou Ovipvl 6 D-meprom npocmparncmee-
BDEMEHU C YHEemOM K6AHMOBLIX NONpasox» [7].

HenocpencTtBeHHOE NpPHUMEHEHHE 3TOTO YTBEP)KIACHMS OINpPENEIseT 3BOIIOLUIO
yepHBIX AbIp B Mojienu PCIl. A WMEHHO: SBONIONHS YEPHBIX IBIP C PaguycoM OO0Ib-
UM, Ye€M XapaKTepHbIi MacmTad AnuHbl L-paguyc AdS, -poCTpaHCTBA, MOXKET OBITH

MTOJIHOCTBIO OMHCaHa OO0 noCpeaACTBOM KJIaCCHUYECKO AVWHAMUKHA B MHOTOMEPHOM
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obreMe, MO0 Kak Mmonykiaccndeckas muHamuka myanbHoi KGTII mpu Gompmmx N ¢
rpasutanueit [8]. [locieqHsss BO3MOKHOCTh OTKPBHIBAET HOBBIE OCOOCHHOCTH YEPHBIX
1eip B AnC/KpTII-kapTurHe. MOXHO yTBEpKIaTh, YTO MPUCYTCTBHE OOJIBIIOTO YHCIIA
crenieHeit cBoOowI, 00ycioBieHHBIX KGTII, yckopser pacmam depHOU IBIPH depes
u3nydeHre XokuHra [8]. HamoMHuM, 4TO JIOKamM30BaHHbIE HA OpaHe YepHBIC JBIPHI C
OOJIBLIMM IPAaBUTALMOHHBIM PAIUYCOM 7, > L SBIAIOTCA 5QPEKTUBHO 4-MEPHBIMH 1

AnC/K$TII-cooTBeTCTBUE MOXKET OBITH MPUMEHEHO TOJBKO K TAKOTO Poja 00BEKTaM.
N HaoOopoT: >PPEKTHBHO 5-MEpHBIE UYEpHBIC [IBIPHI C MalbIM  PagdyCcoM
F=8/ (3\/5) ~1.54 ne moamanarot nox ycinoBus AaC/KoTII-coorBercTBus [8, 9] u

HCTIapSIIOTCS B COOTBETCTBUH C OOBIYHBIM S-MepHBIM peskumoM [11, 10].
[MockonbKy MCTapeHWe YEepHBIX ABIP MOCPEICTBOM KOH(POPMHBIX MO SIBISIETCS
3G GEKTUBHO 4-MEPHBIM, CKOPOCTh MX HCMApEHHUS CTh

dM a (0
dt  (G,M)*’
rae M — macca 4epHoi 1pIpbl, G, — rpaBUTALMOHHAs [IOCTOSIHHAS Ha OpaHe,
a=ny, &, +n, q,, +na, 2

— dakrop, KoTopbIil onpenenser koHcTaHTy Ctedana—bosbiMana 1 yduThIBaeT mO-
IIPAaBKHU 3a CUET U3JIyUYEeHUS YACTHI] C Pa3IMYHbIM CIMHOM. Bxozsuue B (2) mapameTpsl
MOKHO OLEHHTh KaK ,q,,,e, ~107, a n,n,,,,n, OPeICTaBIAIOT coOOi uncna neicr-

BUTENBHBIX CKAJSPOB, BEHIEBCKUX (MM MaOPaHOBCKHX) ()EPMHUOHOB U KaTHOPOBOY-
HBIX BEKTOPHBIX 0030HOB COOTBETCTBEHHO [8].

B mpocrefitiem ciiydyae TOJHBIM MPOCTPAHCTBOM SIBJISIETCS TPOCTPAHCTBO
AdS; x S5, 6a30Boe MPOCTPaHCTBO TeopuHu cynepcTpyH 1IB, kotopoe nyansHo k N = 4
cynepcummMerpuuHort SU(N) teopun SHra—Munica, koTopas ipu 00bux N IpuBo-
T K ny=6N’,n,=4N> u n =N’. C npyroii cropousi, AnC/K$TII-cooteTcTBHE
naer N’=rxL'/2G,[8], a B coorerctuu ¢ PCIl momenvio G, =LG, [6], T.o.
N’=rxL’/2G,. B pesynsrate momydaem dM /dt~a~N’m(L/L,)’, tne L, — 4-
MepHas IUIAHKOBCKas UIMHA. YuuThiBas, uto L B momemu PCII MoxeT GbITH Makpo-
CKOITMYECKH OOJBIIUM, MOXHO HEMEIUIGHHO 3aKIIOUUTh, YTO CKOPOCTHh HCIIApPEHUS
dM / dt~(L/L,)’ 6naromaps KdTII-Monam MoxkeT GBITh OrpoMHOif [8]:

2 2
M

M
—=-28x107| — L M yr, (3)
dt M 1mm

rane M —macca Connua. JIerko BUAETH, 4TO 171 aCTPO(YU3MIECKU 3HAYUMBIX YEPHBIX
IBIP ¢ Macco M ~ M BpeMs KM3HH B KOCMMYECKHX MacIITadax MCYE3ArOUIEe MaJo:
by (M o) ~ 10° yr . D10 (haKT, OUYEBHIHO, HPUBOIMT K CTPOTHM OrPAHHYEHHSIM Ha pa3-
Mep JOMOJIHUTENBFHOTO u3MepeHus L. HekoTopsle U3 3TUX OrpaHu4eHHi pacCMOTPEHBI
B [8], rme orpaHMYMBANINCH AHAJIM30M YEPHBIX ABIP COJHEYHOI Macchl, TAKUX Kak, Ha-
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MpUMEp, B PEHTTCHOBCKUX TBOMHBIX. B maHHOW paboTe MBI MpoaHATH3UPYEM HHBIC
BO3MOKHOCTH, CBSA3aHHBIC ¢ KOCMOJIOTHYECKON MOIU(pHUKAIIUEH CIICKTpa Macc NepBUY-
HeIx uepHbIX Ablp ([TY]]) Ha OpaHe, yuuThIBas BIMsSHUE KOH()DOPMHBIX MOJ Ha CKO-
pOCTh pacmaja.

Hanomuum, yto 3Bomtouns nomyssiuu [TY/] ¢ r, < L u cBA3aHHBIE C HEH acTpo-

(hM3UYECKHUE CIICICTBUSA YIKE aHAIM3UPOBAIMCH JCTAIBHO M C Pa3HbIX CTOpoH [13, 14,
18, 15, 16]. Ceituac mosBHMIaCh BO3MOXKHOCTh MPOCIEAUTH 3BOJIOLHUIO MOMYJIALNUN
ITY/1 B ipyrom MaccoBOM jAuarasoHe — r, > L 1 TakuM o0pa3oM JaTh IOJNHYIO KapTH-

HY MO,E[I/I(I)I/IKa]_[I/II/I CIICKTpa Macc Hqﬂ Ha BCEM OOIMYCTUMOM KOCMOJIOTHYCCKUMU pPC-
MICHUAMHU MAaCCOBOM MHTCPBAJIC.

1.2. Ceonicmea I19]], uzayuarouwux Kongopmusie moowt

PaccMoTpuM ocHOBHBIE CBOHCTBa (OONBIIMX) S5-MEPHBIX UYEPHBIX IBIP, pacra-
Jarommxcs 3a cueT u3nydeHus: koHpopmHbx Mon (KPTII [TY/J]), u onpeaenum ux ot-
JIUYMe OT CTaHAAPTHBIX 4-MEPHBIX U S-MEpHBIX (ManbIx) aHainoros. I[lepenuimem ypas-
HeHue (3) B TepMUHax 4-MEPHBIX TUNIAHKOBCKUX €MHMIL:

2 2
M :_10—3[_%) LM, @)
dt |sonr M)\L )T

4 4

rae L4 — IINIAaHKOBCKasA AJINHA, ]—;— IJIAaHKOBCKOC BpCEM:. 3amnuineM aHaJOTHIHOE CO-

oTHoUIeHue 11 3PPEeKTUBHO S-MepHBIX Manbix [TY/]
1

| (M) L] M )
dt Ssmall M L4 T;l
a TaKXKE IJIs1 O6LI‘IHBIX 4-MepHLIX
2
a :_ZXW(&J M, 6)
t, M) T,

[ockonbky 5-mepubie KGTII ITYJ] mposBnstoT cedst kak 4-MepHbIE 00BEKTHI, OHU
MMEIOT TaKOH K€ TPaBUTALIMOHHBIN paAnyc, KaK U I OOBIYHBIX CTATUYHBIX 4-MEPHBIX
ITY/[, onHako ¢ MHOW CKOPOCTBIO MCHIAPEHUs, COXPaHss, IPHU 3TOM, 3aBUCUMOCTb OT

maccol dM/dt ~ M~ . Yaursisas BBIPAXKCHUE JUIS TPABUTALMOHHOIO pajmyca r, 5-

MepHbIX Manbix [TU]], MOXKHO 3anucaTh
1/2 1/2

8( L M M

Ty soman = e L, 1 lyscrr=2 L, 7

. 3r\ L, M, £ M, )

[Moncranoeka maccwl ITYJT M w3 ypasuenus (7) B (4)—(6) qaeT cCKOpoCTh UCIIa-
PEHHUs [0 OTHOLICHHIO K 7, , UTO n3o0paxeno Ha Puc.l npu HekoTopoM (ukcupoBaH-
HOM 3Ha4eHUH L, OTKyJa BUIIHO, YTO pOJIUBIIUCH, S-MepHast KGTII [TY/] ucnbiTeiBaet
OBICTPBII pacmal 3a cueT M3JIyueHHs KOHPOPMHBIX MOJ BIUIOTH 10 Painyca, COOTBET-
CTBYIOILETO TPAaHUYHOMY 3HAYEHHIO L, IPH KOTOPOM IPOMCXOIUT pe3Kasl IepecTporka
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ckopocty ucnapenus u3 (4) B (5), mpudem B gampHedmem [TYJ] ucmapsiercst kak 5-
MEPHBII 0OBEKT B COOTBETCTBUU C ypaBHEHUEM (5).

3amernm, uro dM/dt|s, ., (r,) ne sasucur or L, nostomy orHOWEeHHE
{amdt |, (r,)}/{dM/dt|, (r,)} Gyner nocrosuubM Hesasucumo ot L. Onna-

2
xo dM/dt |scpp (1,) ~ (L/r,)" m MUHEMATBHO JOMYCTHMOE 3HAYEHNE KPUBHM3HBL L
JIOCTHTaeTcs pu [ =10 L, , B COOTBETCTBUM ¢ aHau30M 3Bosotmu [TY]1, mposesien-

HeM B [10]. Puc. 1 moctpoen ¢ yuerom 31oro 3HadeHuss L . MakCUMalbHO JIOITyCTH-
moe 3Hauenue [ =10’ 'L4 < lmm yCTaHaBIMBAETCsA SKCHEPUMEHTAMHU IO IOHUCKY OT-
KJIOHEHHUs OT 3akoHa HproToHa [12]. OueBHAHO, YTO BBIOOP 3HAYEHMIA, MPEBOCXOIS-
IUX MUHEManbHbIe [ =10"L,, MOKET TOIbKO YBEIHYHTh CKOPOCTH HCIIApeHHS,

NPUBOJAS TaKUM 00pa3oM K Oojiee CYIIECTBEHHOMY MPOSBICHUIO KOH(POPMHOTO
pacnana ITY/.

dM/dt, [ke/s]

—
=
-
G
/
v
4
4
(7]
]
-

. U-ZS I / w“‘\ |

10-37 ) B B B B B .
1073 1072 1072 1077 107V 1075
Fg,[m]

Puc. 1. Cxopoctu ucnaperus 4- u S-mepHsx [TU]]

VYpaBuenus (4)—(6) onpenensror BpeMms xxu3zau [1Y/], koTopoe cBs3aHo ¢ pa3mep-

HOCTBIO TIPOCTPAHCTBA!
3 2
M, M;

t = —1 =
Haw,4 b Haw,5 >
aw. 3 a4 aw 2 as

(®)

rae M, — HavanbpHas Macca [TY/], a He3aBucsIIe OT Macchl KO3(DGHULIUCHTHI Onpee-
JIAIOTCS Kak
M am
=M*——|, a;=M—/|. )
dt |, dt |
Uro0b1 oneHnTh HavadbHble Macchl [1Y/], chopmupoBanHbIX B panHed Bcenen-

HOHM, KOTOPBIE CIIOCOOHBI COXPAHHUTHCS IO HACTOSIICH SIOXH, HEOOXOIUMO BBHIOPATH
E= 1ty =ty F13.7 % 10° yr . Pesynbrar usobpaxen Ha Puc. 2. BugHo, 410 5-MepHbIe

a,

Haw
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Ko TII ITY/] nmeroT HavaTbHBIE MacChl HA MHOTO TTOPSIIKOB OOJIBINE, YeM IS IPYTHUX
paccMoTpeHHbIX THIOB [TUJ] Ha BCceM I0MycTMMOM jauanasone kpususasl L . Ctporo
TOBOPsI, HAYAJbHBIE MacChl S-MepHbIX Manbix [TY]] TpeOyroT yueTa BRICOKOIHEPIEeTH-
YECKOW aKKpelWH, 3HAYUTENbHO Moaudumupyromei macceel [TY]], uto sBasercs oco-

6ennocteio PCII-monenu. B mannom ciysae M, coorercrByer macce ITUJ] B Mo-

MEHT nepexojia Ha (hpUIMaHOBCKHN pekuM pacumupenus (moxpodnee cm. [18]). Ipu
MaKCHMaNbHOM L MOXHO IOIyunts Juist 5-MepHBIX Gonbmux [TYJL M, s ~ M .

104F - - " - =7
1077} / 1
?Illlur 5D CFT .
=2
= 107} 4D 1
SD:ir< L \\
107t

10-13 10-11 10 10-7 10-5
L, [m]

Puc. 2. Hauanbnbie macce! [TU/] ¢ XxaO0I0BCKUM BpeMEHEM >KU3HU

107
1000
;
= 0IF spcFT 1
',E 10-5} 1
10~ 1
10-13 -
10-1 10-1 10-* 10-7 105

L., [m]

Puc. 3. Hauaneubie Temmepatypst [TU]] ¢ xaO0IOBCKHMM BpeMEHEM JKU3HU

Macca ITU/] cBsizana c ee Temneparypoii kak 1 ~ 1/ Ty Puc. 3 nokaseiBaer, 4To B

3aBUCUMOCTH OT 3Ha4eHus L , Kak 5-MepHble Maible, Tak U 4-mepHble [TY]] ciocoOHbI
K T€HEpalUu KECTKMX H3IIy4€HUH Ha dHeprusax > Mel . Onnako, S-mepubie KQTII
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ITY]I umeroT o4eHb MaJeHbKYIO TEMIIEPATypy U, MO3TOMY, U3HAYAJIBLHO B3aUMOICHCT-
BYIOT C OKpY’Kalolleil MaTepuei, TIaBHBIM 00pa3oM, TPaBUTALMOHHO.

1.3. Cnexkmp macc 5-mepnvix I19/]

Teneppr MOXHO paccMOTpPETh MOAM(PHUKAIMIO CIIEKTpa Macc Oiaromaps M3Iyde-
HUIO0 KOH()OPMHBIX MOJ] ICPBUYHBIMHU Y€PHBIMU JbIpaMHU. B COOTBETCTBHHM ¢ KilacCHUe-
ckuM crieHapuem, [TY]], kak penukToBbie 00BEKTHI, (POPMUPYIOTCS B pe3yJbTare rpa-
BHUTAI[MOHHOTO KOJUIATica TEPBUYHBIX HEOJHOPOTHOCTEH W HecyT WH(GOPMAIHIO O
CIEeKTpe TEPBUYHBIX BO3MYIICHHH, TEHEPHPYEMOM B TOCTHH(DIAIUOHHBIA ITEPHO,.
HanoMHMM, 4TO CHIEKTP MOLIHOCTH BO3MYILEHHUH Py (k) MOXeT ObITh NPEACTABIEH B
MPOCTeHIeM Kak cTerneHHast (ZyHKIUS BOJIHOBOTO YHCIAa k C TIOCTOSHHBIM CIIEKTPallb-
HBIM WHIEKCOM 7:

n—1

k
B (k) = B (k)| — | > (10)

k 0
rae ko — HEKOTOPBI HOPMHPOBOUYHEIN MacmiTad. M3BecTHO, 4TO 3ddhekTHBHOE 00pa-
3oBanue ITYJ] mpoucxoauT B ciiydae «rosiyboro crektpa», T.e. mpu n>1. OgHako B
COOTBETCTBHM C TOCIEAHUMH HaOJIOATeNbHBIMUA JAHHBIMU CHEKTPaJIbHBIA WHAEKC:
n, =0.963°001% [22], 1O3TOMY €CilM CTIEKTP MOLIHOCTH SBJISETCS YUCTBIM CTETCHHBIM
3aKOHOM, TO oOpa3oBanue [TY]] OymeT CyIeCTBEHHO MOJABICHO. 37€Ch BAKHO OTME-
TUTh, YTO €CJIM IEpBUYHBIC BO3MYIIEHHs oOpasyrorcsi Onaromapsi MHQISLNU, TOTAA

CIIEKTP WX MOIIHOCTH He 00s3aH OBITh CTPOTO CTEIEHHBIM IS BCceX MacmTabos [21].
HeﬁCTBHTeHBHO, B Cjlydyac I/IH(bHHHI/II/I C MCJICHHBIM CKAaTbIBAHWEM CIICKTP BO3MYIIC-

HUI MOYKHO Pa3JI0KUTL B P OKOJIO 3HAYCHUS kO .

In P, (k) ~ In P, (k,) +[n(k,) —1]In ki +%a(ko)ln2 ki Fo (11)

0 0
OTO BBIpA)KEHHE TOJPa3yMeBaeT, YTo 3HaueHue In(k/k,) mano u 310 HeiicTBH-
TENBHO CIPABEJIMBO JJIsI KOCMOJIOTHYECKHX HAONOJIEHNH W KpyMHOMacIITaOHOM
CTPYKTYpbI, KOT/Jla U3MEPSAIOTCA BOJNHOBBIE uncna B mpeaenax k € (10°,1)Mpe™ . On-
Hako, [TY]] u3BecTHBI Kak MPEBOCXOJHBIE MHCTPYMEHTHI AJISl UCCIEIOBAaHUS CYIIECT-
BEHHO OOJNBIINX MHTEepBaNOB BosMymeHuit: k € (107,10%)Mpc™" [20]. TTosromy s

MY Bennumna In(k / k,) Moxer ObITH OIIyTHMOH U B OOLIEM CIydae IPOCTOE Pa3Jio-

xenue (11) Bmecte co creneHHbIM criekTpoMm (10) MoxkeT He umeTh Mecta. Mmes 310 B
BHIY, Bcien 3a [17] MOXKHO 3ammcarh KyCOYHO-TIQAKUN CTEMEHHOH CIEKTP C JABYMS

YacCTsaMH, OTBETCTBCHHBLIMHU 3a Pa3JIMYHbIC MAacCIITa0bI:
k n—1 k Mo
P(k)=A| — | , A=A |2
kO kl

rae ammuryjga A= 2.28x107° COOTBETCTBYET HaOIIOaeMOMY 3HAUEHHUIO Ha KOCMO-
JIOTMYECKUX MaciTabaxX, a CIEKTPaIbHBIM HHICKC /A TENeph PacCMaTPUBACTCS Kak

-1
) 12)
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CBOOOHBIA TapamMeTp, KOTOPHIM, B CBOIO Ouepenb, oOecreumBacT (GopMHUpOBaHHE
ITY/]. 3ameTuM, 4TO MOXOKUE BBIPAKEHHS BCTPEUYAIOTCS B MOJEISIX C JIBOMHON HH-
(dAnmei, B KOTOPHIX pa3iIWYHbIC YacTH CIIEKTPa BO3MYIICHHH OTBEYAIOT PAa3IMYHBIM
HHOIATTHOHHBIM MexaHu3MauMm [19].

Ceituac MOXHO OOpaTHTHCS K XapakTepy MOAM(PHUKAIINN CIIEKTPa Macc S-MEPHBIX
MY/ 3a cuet koHpopmHOTO pacmana. Crextp macc amst [TU/] ¢ Mmaccamu HayaIbHBIMU

M pgpy ;B MOMerT ux hopmuposanus 6bin nosyyen B [17]:

52
' min

1/2 7202’(M o8I )
dn 2 3 +n pequq 5h,min e me

dMPBH,i r 4 (1+ Zeg )3 Oy, (MPBH,i)

3
9/8 4 £-3/8 2 s —17/8
_f Mc MPBH,i’ MPBH,i Scha

x3 4
3/2 -5/2
f MPBH,i’ MPBH,i szc’

rue p,,,z,, — IWIOTHOCTh U KPACHOE CMELICHHUE B SII0XY PaBEHCTBA MAaTEPUH U U3ITy4e-

(13)

mmst, M, ~10°'gr — 510 Macca, 3aKoueHHAs B XaGOIOBCKOM O0beMe MpH z =z
1)

h,min

eq?
~ (.1 — MUHUMaJIbHAsI aMIUTUTYJ]Ja BO3MYIIIEHUH TUIOTHOCTH, BXOJslas B rOpH-
30HT, f — MaccoBas IOJS TOPU30HTA, MOJUIEKaIlas IPaBUTALMOHHOMY KOJUJIAICY,
M, =L/4~=3.37x10°(L/0.1mm)gr — macca, COOTBETCTBYIOI[as MOMEHTY BPEMEHH
t,=L/2 OKOHYaHWS BIVSIHUS JONOJHUTEIBHBIX M3MEPEHHII Ha KOCMOJOTHYECKYIO
sBosronmio. HakoHen At nucnepcuyu uMeeM

9
ol=— _x
"oawa
(n=1)/4
S( My, M
3, o Moy SIM, (14)
X M (n-1)/4
ﬁ ’ MPBH,i Z Wc’
h,0

rme W>=1/2I[3+n)/2]lu M o = 1.94x10" gr — 5T0 Macca TOpU30HTA, COOTBETCT-

BYIOII[asl HOpPMUPOBOYHOMY MaciuTaly ¢hopmuposanust [TYJI.
3aMeTuM, 4TO HauyalbHBIM CIIEKTp Macc COCTOWUT M3 JByX uactel. IlepBas coot-
BETCTBYET S-MepHBIM MaieiM [TY/], BTopas — 5-MepHBIM OOJIBIITNM, KOTOPEIE, KaK yKe

TOBOPUIIOCH, SIBISIFOTCS A (QEKTHBHO 4-MEpHBIMH OOBEKTAMH C OOBIYHOW 4-MEpHOM
-5/2
3aBHCHUMOCTBIO CIIEKTPa Macc B PaAMaIMOHHYI0 3py ~ M ,z,7 .. MbI Oynem uHTEpeco-

BaThCS MOCIETHIMH KaK MMOTEHIINAIHHO TOBEPKEHHBIMU KOH(POPMHOMY pacrafy.
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Puc. 4. Cnextp macc 4- u 5-mepubix [T4]] Ha MOMEHT uX GOPMUPOBAHUS B CITydae
MacmTaOHOW MHBAPHAHTHOCTH BO3MYILIEHHH (7 = 1) U1 pa3NMu4HbIX 3HAUYCHUHA aKKPEIIMOHHOM
s¢dexTrBHOCTH. CIUIONIHAS JTUHUS COOTBETCTBYET S-MEPHBIM 00JbIINUM 1 MasibiM [TH]]

c F=8/33

Kax 3ameueno panee, mogens PCII mepecka3blBaeT CYLIECTBEHHOE OTKJIOHEHHE
OT CTaHJapTHOM KOCMOJIOTMH Ha PAHHUX CTaJUAX, YTO, B CBOIO OYEPE/b, OTPAXKAETCA
Ha [TY/] xak Hanmure HOBOW cTtaanuu d(P(EKTUBHON aKKpEIUH, NPAKTHUECKH OTCYTCT-
BYIOILIEH B 4-MEpHOM cilyyae:
2F/n

t
j— C
MPBH - t_ MPBH,," (15)

i
rae F — koadduuueHT akKpenroHHOH 3(pPEeKTHBHOCTH, 3HAYEHHE KOTOPOro OYEHb
YYBCTBHUTENBHO CKa3bIBaeTcsi Ha pocte Macchl [IU]] u koTopslit Obin HaiineH B [18]:

F:g/(3\/§). YuuteiBas BIWSHHE AaKKpPELUMH, MOXKHO 3amucarh crnektp macc ITHJ k

OKOHYaHHIO BBICOKOIHEpreTHyeckoii crammm xorma Moy, =My, (t,)[17]:

1/2 " 203, (Mppr 1)
dn dM .. dn 23+n p,M, 5,

=, X

dMPBH,p - dMPBH,p dMPBH,i r 4 (+ Zog )3 0, (M pgy, )
(16)
) %(1 +8I9FNE" [ MM My, S M,
f3/2M}_’[532,p’ M oy, 2 M.,

rne F =9F/[8(r —F)]. B MoMenTsI £ > {, yxe HeT 5Q(EKTUBHOM aKKpeuuu, Cyab0a

ITY/] onpenensercss B OCHOBHOM M3JIy4eHUEM M CHEKTp (16) MOXKET paccMaTpuUBaThC
KaK UCXOTHBINA TSI TIOCIICIYIONTHX JIT0X.

Brauane paccMoTpuM ciaydait MacmiTaOHOW MHBAPHAHTHOCTU CO CIIEKTPAIBHBIM
HUHJEKCOM 7 = | U MOCTPOUM CIEKTP Macc, 3ajaBaeMblii cooTHomeHueM (16) u3 [17]
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1ot amoxu popmuposanus [TU/] ¢ yuerom 3Hadenus > 1 (B [17] momaranochk F = 1),
4yTO MOKa3aHo Ha Puc. 4. Bunno, uyTo BiusHME Bo3pacTanus 3HadeHus F ot F =1 mo

F=8/ (3\/3 ) ~1.54 IOBOJILHO OLIYTUMO Y IIPUBOJHT K POCTY YMCIIa ManoMaccuBHbIX ITH/L.

YToObl OTCIEAUTH TMPOIECC KOH(POPMHOTO pacmaga HEO0OXOIMMO MOCTPOUTH
CTEKTP MaccC JUTs TIPOU3BOILHOTO MOMEHTA B 00Jice MO3IHHE DIIOXU:

dn =dMPBH,p dn . (17

dMPBH ,t dMPBH Jt dMPBH D

BcenencrBue Toro, uro manbHeiee usMenenue maccel [TU]] npoucxoaut ms-3a
W3ITy4YeHHs, UCHOIb3Ysl (4)—(6), MOKHO TTOTYyIUTh:

MPBH
(M, )< L,
dMPBH,p _ My, +ast (18)
2
dMPBH’t >, MPBH,t M L
M3y, +3agy o)
PBH t 4

rae Ko3QQUUUEHTH &, s onpeneneHsl B (9).

[Tomyuennsie B pe3ynbTate crieKTpsl (17) ¢ yuerom cootHomenwuit (18) u (16) mo-
Ka3aHbl Ha Puc. 5 u 6 B pa3nudHbIe MOMEHTHI BpEMEHH IS IBYX CITy4aeB: MacIITaOHO-
uHBapuaHTHOro (7 = 1) u mpumepa rosrydoro crekrpa (n = 1.6) COOTBETCTBEHHO. DTH
PUCYHKH JEMOHCTPHUPYIOT KOCMOJIOTHUYECKYIO TpaHchopmanmio S-mepHBIX ITY]] Ha
BCel MPOTSHKEHHOCTH MX CIIEKTpa Macc.

=1

_ ———= = 10"y
= = —
= I = fyyybh
=
£
L
=
= >
<
E—TU

=50

10 15 20 25 30
lg Mppyu|gr|

Puc. 5. OBomonus criektpa Mace I[TH/] ¢ koHGOPMHBIM CEKTOPOM ISl MaCIITa0HO-

MHBApHAHTHOTO Cllydas. BepTuKaibHas CTpelka MokasbiBaeT 3HadeHne Macchl [TUJ] M PBII

COOTBETCTBYIOLIEE 3a/IaHHOMY 3HAYEHHIO Pajinyca KpUBU3HBL [ =107 L,
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Puc. 6. To e uro Ha Puc. 5 gns romyboro cexTpa

MEI nony4yaeM Be HEOKBUBAJICHTHBIE YaCTU: OHA COOTBETCTBYET OTHOCHTEIBHO
MEJJICHHOW 3BOJIONUN MajioMaccuBHBIX [IU/[, BTOpas 4acTh MOMYJIAIAN OBICTPO HC-
Toulaercs, Oarogaps OrpOMHONM MOIIHOCTH M3Iy4eHHs KOHPOPMHBIX MOJ. DTO paiau-
KaJIbHO OTJIMYAaeTCA OT OJHOPOJHOro Mo MaccaM ucnapeHus 4-mepHsix [TU/I, uro Tak-
e M300pa’keHO Ha PUCYHKaxX IJIsl CPaBHEHUS. 3aMETUM, YTO €CJIM OLUIyTHUMbIE H3MEHe-
HUS B CIEKTPax Macc Kak 4-MepHBIX, Tak U 5-mepHbIX Majibix [TYJl mpoucxomut 3a
BpeMs mopsiika xab0JI0BCKOTO, TO M3MEHEHHS B MOIMYJSILUN KOHPOPMHO H3ITyUaroInX
5-mepubix ITYJ] CTAaHOBSITCSA 3aMETHBI, HAYMHAsA CO BpeMeHH f~ 10T, ~107s. D10

JIEMOHCTPUPYET OCHOBHOE CBOWCTBO JTAHHOW MOJEIH: €CIId NeUCTBUTEILHO KOH(DOPM-
HBIA CEKTOp MpWIOKUM K Mupy Ha Opane PCII, To oOHapykuBaeTcs CHIBHBIN nedu-
UT B momyJisinuu MaccuBHBIX [TY/] cpa3y mocie nx ¢popMupoBaHus 3a HUYTOXKHBIE TIO
KOCMOJIOTHYECKUM MEPKaM CPOKH ISl pa3IMYHbIX 3HAYEHUH CIEKTPaJIbHOIO HHIEKCA.

2. [ToryomeHne KOMNAKTHBIX HeOECHBIX TeJI MHOTOMEPHbIMHU
NMEePBUYHBIMU YePHBIMH bIPAMU

B kauecTBe anbTepHATHMBHOIO KOCMOJIOTMYECKOMY HCTOYHHMKAa HH(GOpPMAIUH O
BIIUSTHUM JIONOJTHUTEIBHBIX U3MEPEHUN B MOJECIAX MHUpa HA OpaHe MOXKHO paccMaTpH-
BaTh OCOOEHHOCTH B3auMoJeHCTBHUsI MHOTOMEpHBIX [IUJ[ ¢ mioTHBIMH HEOECHBIMHU
TeJaMH. DTOMY CIIOCOOCTBYIOT cBoiicTBa MHOoroMmepHbIX ITYJI, obmamarormux Oonee
CHJIBHBIM TPABUTALMOHHBIM TOJIEM, YCHUIMBAIOIIUM aKKPEIUI0 MaTEpPHH HA HHUX, YTO
MIPUBOJUT K OOJBIIEMY TOPMOXKEHHIO B BEIECTBE TUIOTHBIX HEOECHBIX TEN W, TAKUM
obpasomMm, k Oonee 3ddextuBHOMY 3axBaty [IUJI. Ilo >TUM mpUYMHAM ITOTJIOIICHHE
HEOECHBIX TeJl MEPBUYHBIMU YEPHBIMHU JBIPAMHU, UMEIOIee HAaOII0AaeMbIe CIICICTRUS,
MOYKHO paccMarpuBarh Kak Merojn noucka ITYJ[. Hanomaum, yto Takoil mMeron uc-
MOJIL30BAJICS BO MHOTUX paboTax, HauMHas ¢ MUOHEPCKuX [23-26].
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[ornomenrne KOMIaKTHBIX OOBEKTOB KaK MUKPO YEPHBIMH JTBIPAMH U3 YCKOPHTE-
Jel 1 KocMUUYecKux nyderd, Tak u [TU]l, MOXeT ABISIThCA UyBCTBUTEIbHBIM MHANKATO-
POM MHOTOMEPHOUW TpaBUTAIMU, MOJHUMAS, BMECTE C TEM, BOIPOC O CTAOMILHOCTH
HEOECHBIX Tell. B3amMoselicTBre pa3IMdHbIX 00beKTOB ¢ MHOTOMepHOU Y/] paccMoT-
peHo B [27] B HEPENATHBUCTCKOM MpUOIMKeHHH. J{Js aHaM3a NOTIOICHHST HEHTPOHHOM
3Be3ibl (H3) paccmoTpum penstuBucTckoe o0o0IeHre akkperuu Ha D-mepryto [TY]1.

Hcxons u3 KoBapuaHTHOTO coxpaHeHuss V T =( TeH30pa SHEPTUU-UMITYJIbCa

v r
T HUACAIIbHON XHUAKOCTH C HNOJUTPOIIHBIM YPaBHCHUEM COCTOSAHUA P =Kn , TI€

p, n — JABJICHHUE ¥ TUIOTHOCTH YHciIa 6apuoHOB, [ — MHJEKC TOJIHUTPOIIBI, a TAKKE U3
V ,(nu*)=0, rme u" — 4-CKOpOCTb, MOKHO TIOJYYUTh YPABHEHHUsS aKKpeUuW Ha D-

MEpPHYH HeBpaujaroulyrocss u HesapshkeHHyro UYJ[ ¢ merpukoin IIsaprmminbna-
TaHrepinHy, CIPOSUPOBAHHYIO Ha 4-OpaHy:

D 3 p D-3 , . D-3 2 , ,
- SRS I A T e = Ay L))
2r \ r p+p r r v n

vVv=

rae V- pajauanbHas KoMnounenta u’, Ox/0r =x', r, — rpaputanuonnsii pamuyc Y1,

Orta cucTeMa ypaBHEHHI nMeeT 0co0yI0 («3BYKOBYIO») TOUKY, KOTOpasi XapaKTepU3yeT
CYLIECTBOBaHUE €IUHCTBEHHOTO BO3MOXKHOTO U1 U/J] pesknma akKpeun TpaHC3BYKO-

2 o
Boro. Mcmoib3ys CKopocTb 3Byka d,” =dp/dp, MOXKHO HAlTH PAacCTOSHUE 7, IO
3BYKOBOI1 TOYKH M CKOPOCTb BEIIECTBA V, B HEl:
2 2
rD—3_D_3_aS(D_7)rD—3 V= aS(D_3)
s 2 g > N7 2 :
4a (D-3)+a,(7-D)

s

(20)

HuterpupoBanue BToporo ypaBHeHus u3 (19) anemeHTapHO U IPUBOIUT K CKOPO-
ctu akkpeuuu Ha [TY/] maccoii M:

M
= = 47v(r)r*mn(r) = const, (21)

t
r/ie m-Macca 4acTuil cpeabl. MiHTerpupys nepoe ypaBHeHue u3 (19) u yunteiBas (20),
noiayauM D-mepHoe 0000IIeHHe peNIITHBUCTCKOTO ypaBHeHHsT bepHyu ans agnaba-
TUYECKON aKKpeLnu

2
2

2\2
l_as(rs) [1_D 7ag(rs)2): 1_ aoo , (22)
-1 D-3 I'-1

KOTOpOE MO3BOJISIET CBA3aTh NMapaMeTphl B 3BYKOBOIl Touke @ (7,) ¥ Ha GECKOHEYHO-

ctu a, . BugHo, uto mpu a, < 1coorHomenus (20) n (22) mepexonar B D-MepHbIe

HepessituBrctckue [27], a mpu D =4 B 4-mepHble pensiTuBUCTCKHE [28].

[IpumeHnM nony4yeHHBIE ypaBHEHHs I8 akkpenuu saaepHoil marepun H3 Ha
MHoromepHyto ITHJI. PaccmMoTpuM 6-MepHYIO TpaBUTALNIO, KaK MEPBbIM dKCIIEpUMEH-
TaJbHO pa3pelIeHHBbId Cydail MUpa Ha OpaHe C MJIOCKHMHM JOTIOJHUTENbHBIMUA U3Me-
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penusimMu. B xadecTBe ypaBHEHUS COCTOSHMS BO3bMeM monutpomny bere—/[xoHcoHa ¢
kecTkuM uHAeKcoM ['=2.54 | xopormo ommceiBaIIy0 coctossurne H3 mpu mioTHO-

cTax umcia HeitpoHoB 0.1 ou ™ < n<3¢hm~> . MOKHO TI0KA3aTh, 4TO CHKATHE BENIECTBA
Ha 3BYKOBOM pajauyce coctaBiseT He Oonee 20% W T.0. HEIOCTATOYHO IS 00pa3oBa-
HHS KBAapK-TUIFOOHHOW IUIA3MBl B aKKpEIMOHHOM TMoToke. MuTerpupys (21), mMoxHO
MTOJTIYIUTh XapakTepHoe Bpemsi pocta ITY]] mo BBIXOma W3 pekmma 6-MepHOH akkpe-
iy, Korjga 7, =L, rae L — macmrab MakpOCKOIMUYECKUX JOHNOIHUTENbHBIX U3Mepe-
Hui. JanpHeiimuit poct maccsl [TU][ npoxoaut B 4-MepHOM pexume. MOXKHO HOKa-

3aTh, YTO MPONOJDKUTENBEHOCTh 6-MEPHON aKKpELMK ~ MHHYTHI, a 4-MEpHOH — BILUIOTH
110 nosiHoTO noriomeHus H3 ~ gackl.

12(Q6 ppaH)

12 13 14 15 16 17 18
lg(Mp), >B

Puc. 7. Orparndenus Ha Bkiax 6-mepHbIX [TY/] 10 mMoTiomeHnio HeHTPOHHBIX 3BE3]] B
TUTIOTHOCTH CKPBITOH MacChl, M300paKeHHOW MYHKTUPOM. BUaHO, 9TO B 3TOM Cirydae

rpaButanys ¢ M, > 10* TeV 3anpelieHa pacipocTpaHEHHOCTBIO HEHTPOHHBIX 3B€3/1

BriBoaBI

[Mony4yeHHble pe3ynbTaTbl AeMOHCTpUPYIOT 3¢ddexktuBHocTh [T/ kak HHCTpY-
MeHTa noucka 3¢dexroB MHOrOMepHOU TpaBuTanuu. Tak GakT cTaOMIBHOCTH CyIIe-
cTBoBaHMsA H3 Mo3BONIsSET HATOKUTH OTPaHUYEHHS Ha MaciuTad JOMOJHUTEIbHBIX HU3-
Mepenuit. s aToro paccMoTpuM 3axBat u Topmokenue [TUJ1 B Bemectse H3. Ilomy-
yuM, 4yTO TopMoxeHue B H3 6-mepubix ITH/] nmo3BomstoT nccnenosars ropasuo 00Jb-
muii mo cpaBHeHuto ¢ OenpiMu kapiukamu (BK) [29] uaTepBan 6-mepHON Macchl
[nanka 1TeV <M <10°TeV . B untepsane M, <10*Tel) ITU]] cnocoOHa MOJHOCTHIO

3aTOPMO3UTELCS TIPU OJHOKPATHOM TMpoXokaeHuu depe3 H3. YuuTeiBas peinsiTUBUCT-
CKHe IOTPaBKM B 3aKOHaxX coxpaHeHus mnpu 3axsare [IY]] u pacmpoctpanennocts H3,
TTOJIYYUM OTpaHWYEHHUS Ha IIOTHOCTH 6-MepHBIX [TU][, m3o00paxkenusie Ha Puc. 7.
BumHo, uTo OHM OnmM3KM K orpaHmdeHHsM 1o mnoriomierno bK [29], omHako mpu

M, >10*TeV npeBOCXOAT MIOTHOCTH CKPBITON MacChl (ITyHKTHP) U T.0. TAaKHe 3Haue-

Hus M, HEOIyCTUMBI.
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B orHOomennn 3Bomrornu [TY/] B romorpaduyaeckoit KOCMOJIOTHH TTOKa3aHO, YTO
MaccuBHble S-MepHble [TU]] pa3aenstor npouecc ucnapeHus Ha JABE HEpaBHO3HAUHbIE
craguu. Ha mepBoli W3 HUX OHU HM3JIy4alOT MPEUMYINECTBEHHO KOH(OPMHBIC MOJFI,
IIOCJIE YEro CKOPOCTh MCHAPEHUS 3HAUYUTENBHO NAAET 10 YPOBHS, COOTBETCTBYIOILETO
ucrapeHuio Ha OpaHe oObIuHBIX S-MepHbix [TYJI. Takoe paaukaibHOE W3MEHEHHE
CIIEKTpa MAacC MPUBOIUT K OBICTPOMY MCUYE3HOBEHHUIO momysisiiuu MaccuBHbIX [TY]] u
OCTaBJISIET B JAJIbHEHUIIEM TOJBKO MAaJIOMAaCCUBHYIO 4acThb MacCOBOro crekTpa. Kpome
TOTO, PUHAIBHAS CTATUs KOH(GOPMHOTO paciaja IpUBOIUT K dhopmupoBanuio ITH/] ¢
TPaHUYHOM MaccoM, pa3JeNsomei pexXuMbl UCTIapeHns. JTa IpaHulla CBA3aHa C KOH-
KpeTHBIM 3HaueHueM AdS -pamuyca L wu coorBerctByer IIYJ[ ¢ maccoi
M, =337x10"(L/0.1mm)gr. Ananu3 cnekrpa macc [TYJ] mokaspIBaeT, 4TO yMEHbIIIe-

Hue yucina nomyssinuu [TYJ1 B obnactu M ,,, > M NpUBOAMT C HAKOIUICHUIO «KOH-

(OPMHBIX OCTaTKOBY» — MEPBUYHBIX YEPHBIX JBIP, 3aKOHYMBIIMX CBOE HCIIAPEHHUE IMO-
CpeAcTBOM KOH()OPMHBIX MOA M CKAaIUIMBAIOIIMXCS Ha YYacTKE CIEKTpa Macc Ipu
M, =M, . Ilo3TOMYy MOXKHO KOHCTaTHPOBAThb, UTO KOH(GOPMHBIH pacmaj npeackasbl-
BaeT OCTphIi UK B pacnpegenennu [TY]] mo maccam.

T T - o

1['_’12
1025

I['IE

o
=

-fﬂ'ap(-'w- ')iffllulnln

=

0.001

10" 107 10% 10% 10*!

Puc. 8 Bpems »xu3HN MKa «KOHPOPMHBIX OCTATKOB» (CM. TEKCT BBIIIE) B PACIIPEACIICHIH
5-mepubix [TY/] B equaAIaX Xa00JI0BCKOTO BpeMeHH. [[yHKTHpHAS TUHUS COOTBETCTBYET
xa00JIOBCKOMY BpEeMEHHU

OTOT aKT Takke HE 3aBUCHUT OT CIIeKTpanbHOoro uHaekca. T.kx. [TY]] u3 sToro mu-
Ka 3BOJIIOLMOHUPYIOT KaK S-MepHbIe Majble OOBEKTHI, OHH MPUXOIAT K (QUHAIBEHOH
CTaIU WCMapeHus Oojiee WM MEHee OJHOBPEMEHHO. DJTO €Ille OJHO NpeicKa3aHUe
KoHpopMHOTO pacmana. [ImoTHOCTh 3Hepruu, BhIAENIsAEMasi BCIEICTBUE TaKOTO KOII-
JISKTUBHOI'O B3PBIBA, MOXKET OBITh OLIEHEHA KAaK P~ MC2 dn/dM |M , KOTOpast 3aBUCUT

OT L , OTKpBIBasi TEM CaMbIM BO3MOXHOCTh JIbTEPHATUBHOTO IMOUCKA TPOSBICHUHN J10-
TIOJTHUTEIBHBIX U3MEpEeHUl. B 3TOl CBs3M BO3HUKAET ABa Bompoca. Korja takoit sHep-
TeTUYECKUHN OKa3LIBAeTCS BO3MOXKEH B 6YI[YH16M, B HACTOSAIIEM WIH B TpornuioM? A
TaK¥Ke CIIOCOOEH JIM 3TOT B3PHIBHOM MPOIIECC MPUBECTH K HAOIOATSILHBIM MOCIIE/ICT-

103



BussM? O4YeBHIHO, YTO 3TH BOMPOCHI CBS3aHBI APYT ¢ npyroM. Hampumep, eciu mpen-
MIOJIOKUTh OIPOMHOE 3HEPTOBBIAEIEHUE JTOCTATOYHO PaHO, TO ATO IMPUBEAET K JOMOJI-
HUTEJIHHOMY BO3MYILEHHIO PEITMKTOBOrO (JOHA, MOXKET CKa3aThCs Ha PAacHpOCTPaHEH-
HOCTH JIETKMX JIEMEHTOB, a TaKXE MPUBECTU K FEHEpaluu KocMuyeckux jgydeid. Ha
Bce 3TH uHayuupyemble [THJI mpoiecchl HamoXeHbl JOCTATOYHO JKECTKHUE OrpaHuye-
Hus. OTCYTCTBHE MHTEHCUBHOIO U3JTyYEHHS B HACTOSALIYI0 KOCMOJIOTHUYECKYIO 30Xy TOBO-
PHT WK 0 HEOOXOMMOCTH OTpaHUYEHHUs Ha pacnpocTpaHeHHOCTh [TH/], mim ykasbiBaeT Ha
BO3MOKHOCTH TaKOTO SHEPTOBBIZCNICHNS B Oy XyIIeM, TN U TO, U IPYTOe BMECTE.

Jns Toro 4To6b! MPOSCHUTH OTBET Ha MEPBBIN BOMPOC O TOM, KOTJa BO3MOXHO
SHEProBbIIEICHUE U3 MTUKA B MaccoBoM pacnpeneienuu [TY]], paccmorpum Bpems uc-
napenus S-mepsbix ITU/] (8) s rpaHuyHOM Macchl M, B 3aBUCHMOCTU OT pajuyca

KPUBU3HBI JIOTIOJHUTEIHHOTO M3MEpEeHHs, 4To u300pakeHo Ha Puc. 8. Buano, drto
«BpeMs JKM3HU» IHUKA CYIIECTBEHHO MPEBOCXOAMT XaOOIOBCKOE BpeMs Ui 3HAYM-
TEJIbHOTO MHTEPBaja pa3pelIeHHbIX 3HAa4eHuil L. DTO CBHUIETENBCTBYET O TOM, YTO
MY npu TakoMm BbIOOpe L CHOCOOHBI MPOSBISTH CE0Sl TOJNBKO KaK YacTh CKPBITOM
Mmaccel. OnHAaKo ecTb HeOonbIIoNH WHTepBadX L >10"7, OKOJIO MHUHHUMYyMa, KOraa

Lo (M) ~ 1y, - B 5TOM Cilyyae 0CTaTOYHO MalbIX L OKa3a10Cch Obl BOSMOXKHBIM Ha-

OmoaTh KOCBEHHOE TposiBIIeHre KoHGopMHoro pacmana [T/ mocpencTBom mporecca
HOBOT'O HEPTOBbIJIENIeHUSI BO BeeneHHoi.
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MULTIDIMENSIONAL PRIMORDIAL BLACK HOLES: EVOLUTION
IN THE HOLOGRAPHIC UNIVERSE AND ABSORPTION OF COMPACT
CELESTIAL BODIES

V. Tikhomirov, Yu. Tsalkou

Astrophysical consequences of evolution of primordial black holes in five-dimensional
holographic cosmology RSII are considered. It is shown that the conformal sector of the
ADS/CFT-correspondence first of all significantly modifies the mass spectrum of primordial
black holes in both flat and blue limits, secondly it leads to the existence of significant energy
release stage during cosmological evolution because of extremal accumulation of primordial
black holes on the transitional limit corresponding to the completion of their radiation of CFT-
modes. All this leads to establishing new constraints on the multidimensional space-time con-
figuration. Another possibility of Primordial Black Hole detection, connected with the interac-
tion of Primordial Black Holes with dense compact objects, is also considered and respective
constraints on the Primordial Black Hole mass fraction in the six-dimensional Arkani—Hamed-
Dimopoulos—Dvali braneworld are obtained. It is shown that the absorption of a neutron star by
an extra dimensional Primordial Black Hole imposes an upper limit of the six-dimensional
Planck mass.
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MOJAEJIMPOBAHHUE ITPOBOSA HA PEJIAATUBUCTCKHUX
YBEI'AIOIIUX J3JIEKTPOHAX C YYETOM ®OTOHHBIX
U MO3UTPOHHBIX IHEMOYEK OBPATHBIX CBA3EM

IO. A. lleakos, B. B. Tuxomupos, B. B. I'aBpusosen, A. I1. Mopo3oBa

BBenenune

IlocnenHue roap! MPUHECIN MHOTO HOBOTO B MIOHMMAHNUU HECTALIMOHAPHBIX DJIEK-
TPOMAarHUTHBIX TPOLIECCOB, MPOMCXOAALINX B BepxHed atmocdepe. Ilpexxne Bcero,
ObU1 OOHApY’KEH LENbIH PsAA HOBBIX SIBICHUH, IPOCTUPAIOIINXCA HA JECATKU KUIOMET-
POB OT BepXHEH rpaHuubl Tpormochepsl, aenas NPOCTPAHCTBO BIUIOTH A0 MOHOC(HEPEI
JOCTaTOYHO aKTUBHBIM, YTO WiLTIOCTpUpYyeT Puc.1.

IONOSPHERE
ELVES
n SPRITES

tendrils

MESOSPHERE

£
=
&
g1
=
=
<

STRATOSPHERE
upward
superboit

BLUE JETS conventional
cloud-to-air
discharge stratiform region

TROPOSPHERE

negative cloud-to-ground 8 b1 2 < ) ) .

flash near convective core 3 } positive cloud-to-ground flash with "spider lightning’
100

Distance, km Adapted from 5 M son (FMA)

Puc.1. Paznuunble »5eKTpopa3psIHbIE SBICHUSA B BEpXHEH aTMocdepe, WUTIOCTpanus

HaGmrogaemple sSBIEHUS OXBAaTHIBAIOT COOOH IMMPOKWIN JHMAMTa30H 3JICKTpOMAr-
HUTHOTO CIIEKTpa, HAYMHAS C ONTHYECKUX U JaKE CBEPXHU3KUX YACTOT — TaK Ha3bI-
BaeMble KpaTkoBpeMeHHBIC cBeToBbIe siBieHUs (KCSI, anrim. — «Transient Luminous
Eventsy, TLE), cpeaut KOTOPBIX BBACISAIOT PAa3IHMYHBIC THUIBI CBEUCHHUH: «CIIPANTHI»,
«IbOBI», «IKEeTh [1, 2, 3], BIUIOTh 10 PEHTTCHOBCKOTO M T'aMMa H3ITyYeHHUS — TaK
HasbIBaeMble 3eMHble ramma Berviecku (3B, anrnm. — «Terrestrial Gamma Flashesy,
TGF) [4, 5]. UnTepecHO, 9TO JOMOIHUTENHHO K AJIEKTPOMAarHUTHOMY U3JIYYCHHIO Ha-
OIMOJATOTCS TaKXKe MYYKH YCKOPEHHBIX AJIEKTPOHOB W MTO3WTPOHOB, PACIIPOCTPAHSIO-
IUXCS OT 3eMJIM B KOCMHYECKOE IMTPOCTPAHCTBO [6].
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Ceifgac oOIIMIM MECTOM SBJSIETCS MMOHWMAaHWE TOTO, YTO BCE ITH SIBJICHHUS TEM
WM UHBIM 00pa30M CBSI3aHBI C MOIIHBIMY I'PO30BBIMH KOMIUIEKCAMHU B HUXKHEH aTMO-
cdepe, 00pa3yroTCcs B UX CHIIBHBIX MOJSAX M, IO KpaitHel mepe, HekoTopbie u3 KCS u
3I'B koppemmupyIoT cO BCHBIITKaMH MOJHUU [7]. Peructpupyemsie COOBITHS UMEIOT
JOCTaTOYHO BBICOKHE DHEPTUH, TaK YTO BOHUKAET BOIIPOC O (OTOTCHEpAlH HEUTPO-
HOB [8, 9].

XopoImIo W3BECTHO, YTO BIEKTPUUYECKUE TOJI B TPO3OBOM CHCTEME HUKOTIA HE
JOCTHTAIOT 3HAYCHHUI 0OBIMHOrO arMocdepHoro mpobost £, = 23 kB-em™, mostomy
MOJIHASI WHHUIIMUPYETCS] Pa3BUTHEM CTPUMEPHO-THACPHBIX KaHamoB [10]. OObruHBIC
TOJISl B TPO30BOM Tyde Ha MOPAJOK MEHBIIE, TeM He MeHee, KaK ObLJIO BIEpPBHIE MTOKa-
3aHO BuMibcOHOM, 3J7€KTpOHBI, 00pa30BaHHBIE NMPH WOHHU3AIMH YaCTHUIIAMH KOCMHYe-
CKUX JIydei, CIOCOOHBI YCKOpATHCS M «yOerarb» Oiaromapsi 3aBHCHMOCTH MEXIy
SHEPTHEH & YacCTHIIBI U CHITON TopMokeHus F B cpene [11]. [JeficTBuTensHO, B HEpes-
THBUCTCKOM TIpeJieNie & << mc¢” HOHM3ALMOHHBIE MOTEPH YOBIBAIOT C YHEPrueil Kak F ~
&'In &. B NPOTHBOMONOKHOM CIlydae &> mc’ OHH MEUICHHO PacTyT Kak F ~ In 7,
rae y — Jlopenu—gakrop. O4eBuIHO, YTO F UMEET MUHUMYM F,,;, , TAK YTO €CIIU
9NEKTPOH C BHEPrHeH, MPEBHILAIOIIEH TOPOTOBOE 3HAYCHUE &, T/IC

e>e,, ¢ ~mc’E /2E, (1)

OKa3bIBA€TCSA B JJIEKTpHUUECKOM mone Ey > E > E. = F,;/e, TOrIa OH HEMPEPHIBHO
YCKOPSIETCS, T.€. CTAHOBUTCS «yOerarommm». DTOT MPOLECC MOXKET COMPOBOKAATHCS
MOSIBJICHUEM JOTOJTHUTENBHBIX O-3JICKTPOHOB W JIABUHOOOPAa3HBIM POCTOM YHCIIA
yOeraonmx 3J1eKTPOHOB, IPUBOSA K 00pa30BaHUIO OOJBIION MOMYISIIMNA BEICOKOIHEP-
TeTU4eCKUX YacTUll, YTO MO3BOJIIET OCYIIECTBUTh OCOOBIN THII IPOOOS B cpezie — Mpo-
0oii Ha yberaronux dIeKTponHax [12].

B cuny oTHOCHTENBHO HE OYEHB OOJIBIIOTO NEKTPUUYECKOTO OIS, HE0OXOIUMOTO
Uil cBoero (hOPMHUPOBAHUS, JIABUHBI PENSTHBUCTCKUX YOETaloLIMX 3JIEKTPOHOB
(JIPYD), obpazyemble B TIOJIIX TPO30BBIX KOMILIEKCOB, PACCMATPUBAIOTCS KaK OCHOB-
HOU 3¢ dexT npu reHepanuu Takux siieHuid kak KCS u 3I'B. Bonee Toro, mo Bceit
BUAUMOCTH, JIPYD urparor oCHOBHYIO pOJIb B pa3BUTHU OOBIYHOI TPO30BOI aKTHBHO-
CTH B CHJIy TOTO, YTO CIIOCOOCTBYIOT 3HAYWUTEILHOMY BO3PACTaHMIO IIPOBOJMMOCTU
BHYTPH Ip0o30BBIX Ty4 [13].

Hecmotps Ha mporpecc, ZOCTUTHYTHIA B HAOMIOAEHUSIX U TEOPETUYECKOM OIMHUCaA-
HHUH JIEKTPOPA3psIHbIX SBJICHUI BepXHel aTMocdephl, HEKOTOPbIE BOMPOCHI, Kacaro-
IIMecs UX CBOWCTB, OCTAIOTCS HEpeUIeHHBIMH. Tak, HesICHO, KaK pa3inuyHble ONTHYe-
CKHE€ M BBICOKOIHEPTeTHUYECKHE SIBIEHUS CBA3aHbI Apyr c¢ apyrom [14]. IIpeamerom
JUCKYCCUHM OCTaeTCs TaKKe UCTOYHUK U BbIcOTa reHeparuu 3I'B [15].

HenaBHo nosiBuiiace emie ogHa npoOiemMa, KOrJa B XO/€ YyBCTBUTEIbHBIX H3MeE-
penuit opoburtansHoro ’kcnepumenta AGILE Obuto HazmexHo oOHapy»KEeHO IMpEeBHIIIe-
HHe KecTKoro gona B cnekrpax 3I'B mpu sueprusx & > 10 MbB, HeoObsicHHMOE C
TOYKH 3PEHUS CYIIECTBYIOMUX Mozenei [16].

[lo 3TuM mpuuMHaAM IeTaNbHOE HCcenoBaHe GopMUpoBaHus u pazButus JIPYD
IpEeACTaBIIseT COO0H aKTyaJbHYIO HAaydHYIO 3a/ady, TeM Oosee, 4TO YHCIICHHbIC HC-
CJICZIOBaHUS JTAHHOTO ()EHOMEHA CPEICTBAMU MOIIHBIX MMAKETOB MOJICIIMPOBAHNUS B3au-
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MOJCHCTBHS U3ITyUCHHUS C BEMIECTBOM, Takux kak GEANT4, Becbma MajounciieHHBI [14].

Kpome Toro, Bo3HHKaeT HEMaJIOBa)XHBIM BOMPOC O BIMSHUU Pa3IUYHBIX U3Tyde-
HUI, TEHEPUPYEMBIX B XOJI€ BEICOTHOTO MPOOO0sI HA aBUALIMIO U KOCMUYECKYIO TEXHHKY.

B pamkax maHHO#N pa®oTH OBLTH MPEAIPUHSATHI TOMBITKH MOJEIUPOBAHUS aTMO-
cteproro JIPYD-nipobos ¢ uccaemoBaHUEeM COMPOBOXKIAIONINX U3IYUYCHHN CPEICTBa-
mu maketa GEANT4, ocoboe BHHUMaHue oOpamianocs Ha (OpMHPOBaHHE OOPaTHBIX
CBsI3eU Ha 3peJoN CTaINH Pa3BUTHA JIABUHBL. B 4acTHOCTH, MOEIHPOBAIOCH CIIEKTPHI
JIPYD m ux paamanuioHHOE BO3JIEHCTBHE HA BEIIECTBO JICTATCIBHBIX ammapartoB. Mc-
CJIEJIOBAJIOCH TAK)K€ MPOCTPAHCTBEHHO-BPEMEHHOE Pa3BEPThIBAHME KackKaja JIaBHH C
ydeTroM popMupoBaHus (OTOHHBIX U IOBUTPOHHBIX OOPATHBIX CBSI3EH.

500

100¢
50t

N,-

10¢

0 20 40 60 80
h,m

Puc.2. Uncno yOeraromux 3JeKTPOHOB B 3aBUCHMOCTH OT BBICOTHI JIABUHBI, CIUIOIIHAS
JTUHAA. 3eIeHBI MYHKTUP — SKCIIOHEHINATBHEIA (DUT B COOTBETCTBUH C (2)

1. CnexTpajibHble H IPOCTPAHCTBEHHbIE XaPAKTEPUCTUKH JIABHHBI
PeISITUBUCTCKHUX y0eraluux 3J1eKTPOHOB

Jnga wucciemoBaHMs TeMIla TeHEpallMM 4YacTHll MopenupoBaiack JIPYD B
BEPTHKAIILHOM OJHOPOJHOM TIOJIe, YAOBJIETBOPSIOIIEM KPUTEPUIO TMpoOOosi Ha
yOerarommx oanekTpoHax [17]. Hasg mons 3amaHHOW HANPsHKEHHOCTH TOTYYaics
BBICOTHBIH MPOQWMIIL pacrpeesicHHs JIABUHBI, KOTOPbII HOPMHUPOBAJICSI Ha YHCIIO Yac-
THI] BHU3Y MoJenupyeMoro oobemMa (cM. Puc. 2).

Uwncao 37eKTPOHOB MOJHOCTHIO COOTBETCTBYET IKCIIOHEHIIMABLHOMY Pa3MHOXKe-
HHUIO, KaK U IPEICKa3bIBACTCS B TEOPETHUCCKUX Moaelsx [13, 14]:

Fos = Fyexpl@), &= <, ®)

rae A — JuIMHa TeHepalnuu JaBuHBL B ypaBHenuu (2) & paBHO L/A 111 OXHOPOIHOTO
nosist. [lomydeHHbIe 3aBUCUMOCTH F(z) (DUTHPOBAINCH, YTO ITO3BOJISIIO yYCTAHOBHTH
3HAUYEHHE JUIMHBI TeHEePaIH JaBUHBI A.

[IpoBoas cepum SKCHEPUMEHTOB MJiA TOJIEM pa3HOW HANPSKEHHOCTH, MOYKHO
MOJTyYUTh 3aBUCUMOCTb JUTMHBI T€HEPAIlUH JIABUHBI OT MOJIs, YTO MoKa3aHo Ha Puc.3.
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Puc 3. 3aBucumocts anuHbl reHepanuu JIPYD oT HanpsbkeHHOCTH AJIEKTPUYECKOTO OIS
(TOUKM), KpacHas TMHUS — COOTHOIIECHUE (3)

N3 Puc.3 BumHo, uto monenmupoanue Ha GEANT4 nmpuBoauT K HEKOTOPBIM OT-
JUYHSIM OT paHee MPeACKa3aHHBIX 3HAUYECHUN NITUHBI TeHepaluu [14], BeIpaxaronmxcs
3aBUCHMOCTBIO

el -F,
rae F;=0.276 MaB/M X n, n — KOHIIEHTpAIUs MOJICKYJI BO3[lyXa B €IUHMIIAX KOHIICH-
Tparuii Ha ypoBHE MOpPsS. DTO CBA3aHO C BHIOOPOM KJIACCOB MOJICIHPOBAHUS (PU3UKH
HU3KOHEPreTHUECKUX AJIEKTPOMarHuTHbIX mnpoueccoB B nakere GEANT4 u monHo-
CTBIO MOATBEPKIACT BBIBOJI, CACIAHHBIN He3aBUCUMO B [18], yTo BakHO AJA Banupaa-
i GEANT4' (mopoGHee 3TOT BOpoc paccMOTpeH B pasene 4.2).

Ha Puc.4 nokazan Tunnynsiii criektp JIPYD B mIMpOKHX SHEPreTUYECKHUX Mpeje-
Jax. XOpOIIO BUIHO, YTO CHEKTP COCTOUT M3 2-X YacTeil: YCKOPEHHBIX 3JIEKTPOHOB
HU3KUX dHepruit (¢ < 0.5 MeV) u coOOCTBEHHO yOETalomuX dIEKTPOHOB, 00JI1aJaroITIX
Oonbiielr sHeprueit (&> 0.5 MeV). ®dopma HONTHOro CIEKTpa XOPOILIO COTIACYETCs C
JAaHHBIMU, IPUBEIECHHBIMU B [14].

CHeKTphl MOMydYaauch MPHU Pa3INdHBIX 3HAYCHUAX JJIEKTPUUIECKOTO TIONS U CO-
MTOCTABJISUTUACH C TIPEICKA3bIBAEMBIMH 3HAUCHUSIME JIJIS1 DJIEKTPOHHOTO

-

F
=—LP _ex , 4
2 7.3 M>B P 7.3 M5B @

"' B GEANT4 ectb Bo3smokHOCTS TIOAKITIOUEHUS Pa3TUIHbBIX (PU3UIECKUX «JITHCTOBY, HMEIOIINX
YaCTUYHOC SHCPICTUYCCKOC NEPEKPLITUE W HALICJIICHHBIX Ha PCHICHUC PA3/IMYHbIX 3adad. Kax
noka3aHo B [18], ncnonp3oBanue JIMBEpMOpPCKOI JIEKTPOMArHUTHON MOJENU NaeT BIOJHE
YIOBJIETBOPUTEIBHOE coriacue ¢ (3).
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Puc. 4. Criextp JIPYD BMecTe ¢ YCKOPEHHBIMH JIEKTPOHAMH HU3KAX SHEPTHA

" U1 POTOHHOTO TOPMO3HOTO CIIEKTpOB [19]:
Jon~ 1/epn exp(-epn /7.3 MeV). ®)]
Kak u B citydae ¢ onpeneneHueM JJIMHbI TeHEepallii, OTMEUYAeTCs 3aBUCHMOCTh OT
BBIOOpPa (U3MYECKOTO JIMCTAa TMPH  MOJAETHpOBaHWH. [lodydeHHBIE  CIEKTpPHI
YCPEIHSINCh, U MpPU JOCTATOUYHOW CTAaTUCTHKE Tmosydaioch <E>= 7.3 MeV, uto
coryacyercs ¢ pesyibraTamu [14] ¥ MOATBEpKIACT MPHUPOIY raMMa U3IYUYCHHUS KaK
TOPMO3HOTO B OJHOPOAHOM TOJ€ (YTO BHUAHO U CXOXKECThIO OJKCHOHEHT B
cootHomeHusX (4) u (5)).

2. PaguanuoHHoe BO3/€iiCTBHE KACKAI0B HA MaTepHaJl JIeTaTeJbHbIX
anmapartos

2.1. Cxema mooenuposanusn

BosneiicTBre SHEpruy U3ITy4YCHUs, BO3HUKAIOIIECTO TIPU KacKaJle B YCIOBHUAX MPO-
00s1 Ha yOerarommx AJIEKTPOHAX, Ha JIeTaTeNbHbIE ammapaTbl MOXeT MPUBECTH K BO3-
HUKHOBEHHIO Pa3JIMYHBIX OOpPAaTUMBIX M HEOOpaTHMMbIX 3((EKTOB B Marepuagax M
aeMeHTax 000pyI0BaHMs, & B KOHEUHOM UTOTe — K X HOBPEXKISHUIO [23].

PanguanmronHast CTORKOCTD JIETAaTEIbHBIX alllapaToB — BaXkHas MPUKJIAJHAS 3a/1a-
ya. Pa3muyHbIC CTOPOHBI PaJMAallMOHHOTO BO3JCHCTBUS HAa MAaTEPUANBI JICTATEIbHBIX
amnmapaTroB M3yJaroTcs B TOM 4ucie u cpenactsamu maketa GEANT4 [20]. B mamHoii
r1aBe OyayT M3ydaThCs HEKOTOPHIE OCOOEHHOCTH PaIUAIIMOHHOTO BO3JICUCTBUS JKECT-
KHX U3JIyYCHUH, TOPOXKIAEMBIX MPOOOEM Ha YOETaIOIINX ICKTPOHAX.

PaccmarpuBaeTcs MUIMHIAPUIECKHA CTOJO C BO3IYXOM BBICOTON H 4is1ice , PATHY-
COM — Ryoravomme (cM. Puc 5). s moacdera MOTIIONMIEHHON 03B IETEKTOP BBICOTOM
hp pazouBaetcs Ha Np> 100 croes.
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Puc. 5. Mopenupyemslii 00bEM

B pesynbprare momydaem pacripeleneHre MOTIOMICHHON 036l BIOIb IETEKTOpA.
Tak kKak aFOMUHUIN — OYE€Hb BXKHBIA MaTepUall JUIsl aBUAIIMOHHON TEXHUKH, a TIPU UC-
MOJIb30BAaHUH JPYTHX MATEPHAJIOB PaJUAIlMOHHAS CTOHKOCTH BHICUMTHIBACTCS B DKBH-
BAJICHTC Ha aJIIOMHHHﬁ, TO MBI UCIIOJIB30BaJIi UMCHHO 3TOT MAaT€pHaJl B KaUCCTBC Ha-
MOJTHUTENS JeTekTopa. B pesynbrare, Hanpumep, i H yysice = 50 M U Ryoriavonme = 20 M
OBUT IOJTyYeH MPOQIITH TIOTTIONIEHHON 0361, YCPETHEHHBIN IT0 MHOTHM 3amyckaM (Puc. 6).

Bugno, 4To moriomeHHas q03a CHWIKaeTcs Ha 2 TOpSAKAa TPU TOIIIHHE

anroMuuus B 10 cm.

100;
50¢

20¢
10;

D 107!, Gy

[

0 50 100 150
L, mm

Puc. 6. 3aBUCUMOCTB MTOITydEHHOH MOTIOMEHHON TO3BI OT TIYOHHEI CII0S ATFOMUHHS

Eme omHO BemecTBO, BaXKHOE JIJISl OIEHKH PaJHallMOHHOTO BO3JICHCTBUS HA OWO-
JOTUYEeCKUe TKaHu — Boja. PesyneraT pacuera i H i siice =150 M U Ryoriavorme =100 M
B mmoste £ = 10 kB/cM ipuBenen Ha Puc. 7.
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Puc.7. 3aBECHMOCTB TIOTTIOMIEHHON JO3bI OT TITyOHHBI CIIOST BOJIBI

2.2. loznowennvie 00361 OM eOUHUUHOZ0 U MHOZUX KACKAO06

PaccmoTpum, Kak yCHITUTCS TIOTJIOIIEHHAs 103a, €CM YYUTHIBATh Oojee MmpoTs-
JKEHHBIE 00BEMBI, B KOTOPBIX MOTYT Pa3BHBAThCS MHOXKECTBEHHBIC KacKaJlbl, (popMu-
pyemble 3a cueT 0OpaTHBIX cBsi3ei. i1 KOHTPOJIs peanu3anui o0paTHOI CBA3HM B MU-
poBOM 00BEME KpOME OYCBUAHOTO YBEITMUCHHS MAITHHHOTO BpEMEHHU OBLT chopMupo-
BaH MPOTrPaMMHBIA WHAUKATOP, PUKCUPYIONINN BRICOKOIHEPIETHUECKUE TO3UTPOHBI U
(dhoTonbl B MUPOBOM 00BEME (HE B IETEKTOPE, B KOTOPOM WX MHOTO H3-3a B3aUMOJICH-
CTBUS C €r0 IUIOTHBIM BEIIECTBOM). B X01e MoaenmupoBanusi OTOUPAIHCh TaKHe COOBI-
THSI, KOTOPBIE SIBHO 3aIlyCKald MHOTHE JIMBHH, O YEM CBUAETEILCTBOBAIN BBICOTHBIC
MpoHIU M Y KOTOPBIX ObUT HEHYJIEBOM MHIMKATOp cpabaThiBaHUs 00paTHOH cBsizu. U
Hao0OpOT: Koraa OTOMPaNHCh COOBITHS C OMMHOYHOHN JIABMHOW, TO MAITHHHOE BpeMs
OBUTO 3HAYMTENIFHO MEHbLIE, a MHAMKATOPHl He (PUKCHUpPOBaIX MHOTrO 4dacThil. [lome
0CTaBaJOCh OJJMHAKOBHIM B 3TOM cepur MojenvpoBaHus. He MeHsmack u BbICOTa MU-
poBOTO 00BEMa, 4TOOBI 00ECIIEYNTh OJMHAKOBYIO Pa3HOCTH MTOTCHIIMAJIOB TIPU CpaBHE-
HUM BKJIaJa COOBITHH ¢ 0OpaTHOW CBsA3bI0. Pe3ynbTaThl MOAETHPOBAHHS H300pakeHbI
Ha Puc. 8. OT™MeTHM, YTO BBIYMCICHHE JJISI OJUHOYHOW JIABUHBI OBUIO MPOM3BEICHO
TIOJTHOCTHIO (CTIIONTHAS JIMHUA), & B CIydae MHOTHX JIABUH OIpaHMYNBaEMCs yKa3aHH-
€M TOJbKO HIDKHEH TPaHMIIBI MOTJIONICHHOW MT03bI, T.K. TIOJHBIA IUKI BBIYUCIICHUI
TpeOyeT 3HAYUTENLHOIO YBEJIMYEHUsI PACUETHOTO BPEMEHH M TEKYIUE TaHHBIC aKKy-
MYJIIPOBAJINICHh OTIEIBHO.

BuHo, 4TO BKJIaJ HOBBIX JIABHH, BOSHUKAIOIIUX M3-32 HATHYUS 00paTHOH CBA3H,
YBEJIUYMBACT IMOTJIOMEHHYIO 103y KaK MUHHUMYM Ha TOPSIOK, IPH 3TOM OCHOBHOMW
BKJIaJ] B paJMallMOHHOE BO3ACWCTBHE HA BEIIECTBO JAET JJIEKTPOHHAS KOMIIOHEHTa
kackazna. @oToHHBIH BKIad HAa 2—3 MOpsAKAa MEHBLIE AIEKTPOHHOTO.
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Puc. 8. Nnnroctpanus BkI1aga oOpaTHOH CBSI3H B MOTIJIOIIEHHYIO A03Y: CIUIOIIHAS JTUHHS —
TIOTJIOIEHHAsS 1032 OT OJHOTO Kackaja. I[lyHKTHp — TeKyIee 3HaueHHe 10361, OITy4aeMOi OT
MHOTHX KacKaJIoB, 0Opa3yronuxcs 01arogaps BKIIOUYEHHUIO IIEMTOYEK OOpaTHOH CBSI3H B
MupoBoM oobeme. [Tome — 1000 kB/M, 3aTpaBOYHAS YaCTHUIIA — IEKTPOH ¢ dHeprueit 1M»aB

3. IIpocTpaHCTBEHHO-BpPEeMEHHOE Pa3BePThHIBAHME KACKaAa JIABUH
PeJSATUBMCTCKUX YOeraiuux 3JIeKTPOHOB (popMUpYIOIIUXCH 32 cYeT
(OoTOHHOM ¥ MO3UTPOHHOI 00PATHOM CBA3H

3.1. IIpocmpancmeennan cmpykmypa kackaoa JIPY?9

B nmanHOM paszzmerne mccienoBaioch BIMSHKE (OTOHHBIX M IMO3UTPOHHBIX 00pat-
HBIX CBf3€H, T.K. IIO3UTPOHBI, JBUTAIOIIMECS II0 IOJII0O B HalpaBleHUH OOpPaTHOM
JIPYD, yCKOPSIOTCS M CTAHOBATCS MICTOYHMKOM HOBBIX JIABUH. DTO ke KacaeTcs U do-
TOHOB, PAacIPOCTPaHSAIONINXCS B 00paTHOM HampasiieHHH. Bele Takue coObITHA Ipea-
ctaBieHbl. OOpaTHbIE CBSA3M MPUBOIAT KaK K CYIIECTBEHHOMY BO3PAaCTaHHUIO ILUIOTHO-
CTH YHCJIa YaCTHII, TaK U K CAaMOCOTJIACOBAaHHOMY Pa3BHUTHIO JIABUHBI, KOTOpas mepe-
CTaeT 3aBUCETh OT 3aTPABOYHBIX YACTHIl. YUECTh 3TO MOXHO BBEIECHHUEM IapaMmerpa
oOpatHoii cBsi3u ¥ [14], cBSI3aHHBIM C XapaKTEPHBIM BO3pAacTaHHEM YHCIIA YACTHIL IO~

CJIe peaM3aliy LUKIa 00paTHO! CBsI3M, Y4TO BieYEeT MOIH(MHKALUIO BHICOTHOTO IIPO-
¢una N(z)=N,exp(z/A)/(1—-y). BunHo, uro B ciydae CHIBHON 0OpaTHOM CBs3U

y — 1 npoduib N(z) mepecraer 3aBuceTb oT Ny. JJist MccnenoBaHus BIUSHUS 00part-

HOI CBSI3M HA YCHJICHNE JTO30BBIX XapaKTEPUCTHK OIS N3ITyYCHUS CPABHUBAIHNCH O/IU-
HOYHBIC JIaBUHBI W JIABUHBI, KOTAAa 3aIlyCKaJIMCh LCIIOYKU O6paTHBIX CBsI3el IIpu 1mpo-
YUX PaBHBIX ycHOBUsX. [loyueHHbIe MyYKH HAlpaBIsUTUCH B aJIOMHHHUEBBIN JeTEK-
TOP, KOHTPOJIMNPYFOILIHH ITOTJIOMIEHHYIO 103y .

B ycnoBusix, peanmsyembix B atmMocdepe 3emin, snekTponHas JIPYD crmocobna
3¢ (PEKTUBHO T€HEPUPOBATh raMMa-KBaHTBI, KOTOPbIE, MOPOXIasi mapbl, GOpMHUPYIOT
OT/ICNBHBIH MMOTOK IO3UTPOHOB, PACIIPOCTPAHSIONIMICS IO MO0 B 00paTHOM Harpas-
JICHUH TI0 OTHOLIEHHIO K 3JIEKTPOHHOMY ITyUKY.

310 NPUBOAUT K (OPMUPOBAHUIO OOPATHOW CBSI3U B LIETIOYKE: DJICKTPOHHBINA ITy-
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YOK — TOPMO3HBIE TaMMa-KBaHTbl — IIO3UTPOHBI — HOBBII 3JEKTPOHHBIM ITYYOK.
OueBuTHO, YTO HOBBIN MYyYOK (POPMHPYETCS HIKE 110 BBICOTE, Y€M HCXOIHBIN.

s vccnenoBaHus JaHHOW OOpaTHOM CBSI3U MPOBOIMIIOCH MOACIHPOBAHKE HPO-
005 Ha yOeTaImuX JICKTPOHAX B MHOTOKHIIOMETpOoBOM (15 kM) cioe ¢ yueToM Heo-
HOPOJHOCTH aTMOC(hEpHI.

ATMOChepHBI IMIMHAPUYECKUH cI0i pazouBaics Ha Nsl-ciioeB ¢ ogqHOpoaHON
aTMocdepoii Ha COOTBETCTBYIOIIEH BbicoTe. PU3HUECKHE MapaMeTphl CJIOEB BBHIUNCIIS-
JUCh IMKJIMYECKH M OINPEe/UINCh IOCPEICTBOM peanu3anuu 0a30BOro Kijacca
G4Material.

Bbina npexycMoTpeHa BO3MOKHOCTb JIOKATU3AIMU 3IEKTPUIECKOTO MO BHYTPU
MHUPOBOT0 00beMa, U 4ero B (PyHKIHMAX, ONPEACIIIIOINX T€OMETPUIO CI0E€B, Ha BbI-
coTax JIOKaJTM3allui MOJKIIIoYanachk npouenypa «meHemxep noias» fLocalFieldMan-
ager, peanu3syromas 6a3oBblii ki1acc G4FieldManager.

Pe3ynpTaThl MHOTOIHEBHBIX BBIYHCICHHH MHOTOKHJIOMETPOBOTO MPO0Os ¢ yde-
TOM OOpPaTHOW MO3UTPOHHON CBSI3U B YCIOBHUSX JIOKQTM30BAHHOTO TOJIST U HEOJTHOPOI-
Holi aTMocepsl npeacTasieHsl Ha Puc. 9.

1 2000

S 1000

L= 1000

+=2000

S000 |

am 0

®dopMupOBaHUE SIMHUIHOTO KacKasa,
—5000 | Wk iy
| ’ N e e KPaCHBIH — JIEKTPOHBI,
T ~1000 ~2000 3eNIeHbIH — (POTOHBI,

2000 1000
CUHHI — TO3UTPOHBI

Puc.9. Tlpumep mo3UTPOHHON 00paTHOH CBSI3H, (HOPMHUPYIOIICH HOBBIE KaCKaIbI.
CrnieBa: cepwusi KaCKajioB B IWJIMHIPE BBICOTON 15 kM, 00pa30BaHHBIX U3 OJHOM
4acTHUIBI (3JIEKTPOHA), BIETAOIIEH B IMJIMHAP U3 ero AHa B Todke (x =0,y =0,

=-7500 ™). IToka3aHbl B OCHOBHOM TJIaBHBIE TPEKH BTOPHYHBIX dJIEKTPOHHBIX Kac-
KaJI0B (KpacHbIit), KOTOpbIe (POPMHUPYIOTCSI 33 CYET IO3UTPOHHBIX ITyYKOB (3EJICHBIN).
BBepxy n300pakeHbl BTOPHYHBIC YACTHIIBI [T CAMOM BEpXHEH YacTH TIIaBHBIX
TPEKOB. YBEIMYEHHBIH ()parMeHT BEpXHEH 4acTH TJIaBHBIX TPEKOB IIOKa3aH CIpaBa
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BuHO, 9TO € IMHUYHBINA IEKTPOH CITIOCOOEH BBI3BaTh MHOTOKPATHOE TIOBTOPEHHE
JIaBUH yOerarIux 3JIEKTPOHOB, KOTOPBIC B UTOI'€ 3HAYUTEIBHO YBEINYMBAKOT TOTOKH
BBICOKOOHEPTeTUYCCKUX YaCTHUI], PACIPOCTPAHSIOIIUXCSI B arMocdepe U B KOCMHYE-
CKO€ MPOCTPAHCTBO.

3.2. Bauanue «ghuzuueckux nucmoe» Ha pe3yibmamsl MOOEAUPOCAHUS

Kak yxe Obuio cka3aHo, OONBIIYIO PONb NMPH MOJCTHUPOBAHUM UIpaeT BHIOOP
KOHKPETHOM MOJENH, YYUTHIBAIOIIEH CHeUU(pUKY B3aMMOACHCTBUN IMPHU pa3IUIHBIX
sneprusx. B makere GEANT4 peannzoBana BO3MOKHOCTh OPTaHU30BBIBATH BBIYHUCIIE-
HUS Pa3IMYHBIX MPOIIECCOB B PaMKaX pa3HBIX YMCIEHHBIX Mojeneld. COOTBETCTBYIO-
M BEIOOP 0000IIaeTCs MOIKIIOYEHNEM OTIENBHBIX KIIACCOB, Ha3hIBAEMBIX «(r3mue-
CKAM JHICTOMY». Il IIEKTPOMAarHUTHEIX MPOIECCOB CYHIECTBYET HECKOJBKO YUCIICH-
HBIX MOAeJel, pa3paboTaHHBIX I pacueTa KOMITOHOBCKOTO PAcCESHUS, POKICHUS
nap, ¢porodddexrra, TOPMO3HOTO UIITYUEHHS, HOHU3AUOHHOTO TOPMOKEHUS U JIPYTUX
nporeccoB. OCHOBHOM SIBIsIeTCS MOJENb CTaHAAPTHON HU3KOIHEPTeTUYECKOW 3JeK-
tponuHamuku (STEM), HO ecTh emie Oojiee TOYHAS JIMBEPMOPCKAsT MOJIEIH JJICKTPO-
MarHuTHBIX niporieccoB (LVEM), Gonee TouHO yunThIBaromas 000JI0YeYHY0 aTOMHYFO
ctpyktypy [21]. Ecth eme uncnennas monens PENELOPE, criermansno pa3paboran-
Has A7 MOHTEKapjOBCKOTO MOJAETHPOBAHMS SHEPreTHUECKUX paclpeneieHU Npu
HU3KHX SHeprusx [21], Takxe yUUThIBarOIAs pa3jiMyHbIe aTOMHbIC 3 eKThl. Moaeib
PENELOPE npumennMa mpu sHEprusix oT HECKOJIbKUX coTeH 3B [21], B To Bpems Kak
LVEM npumenuma s suepruit ot 10 3B. 1o 3Toil npuunHe paccMaTpuBaiIoch, Kak
OTpakaeTcs Ha pe3yJbTaTax MPUMEHEHNEe CTaHJAPTHOUW U JIMBEPMOPCKOM MOJIEIH.

Jis 3TOro B pe3ynbTaTe YWUCIEHHOTO MOJCIHPOBAHHUS CPEICTBAMH ITaKeTa
GEANT4 nomnyudeHbl BBICOTHBIE MPOMUIN 3IEKTPOHHBIX JIABHH, TEHEPUPYEMBIX B OA-
HOPOJIHOM 3JIEKTPHUECKOM I0Jie B aTMocdepe 3eMiIn ¢ IpUMEHEHHEM JHUBEPMOPCKOit
YHCJICHHOW MOJICTM 3JIEKTPOMArHUTHBIX B3aMMOJEHCTBUI, 0O0jee TOYHO OMKCHIBAO-
IeH TpOoIecChl NP HU3KKUX dHeprusix. [lomydyeno, 9to muBepMopcKas MOJIENb TTPHUBO-
JUT K OOJbIIel TeHepanny yOerarmux 3JeKTPOHOB, YTO OTPAKAETCS Ha YMEHBIIIEHUH
JUTMHBI TeHEPAIUH JIABUHBI TIPH TAaHHOM 3JIeKTprUieckoM molie. Kpome Toro, moiaydeHsl
3aBHCHUMOCTH BBICOTHBIX MPO(MUIEH JaBUH OT U3MEHEHUs MOIEPEYHOro pasMepa co-
JIepIKaIero ux oorema.

[IpumeneHue OoJiee CTPOrUX MOJEICH NpH pacdyeTe NpoQuiieH JICKTPOHHBIX Jia-
BUH MO3BOJIsIET 00Jiee TOYHO OLIGHUTH yIepd OT paAuallMOHHOTO BO3ACHCTBHS Ha Jie-
TaTelbHBIC aIapaThl.

3.3. Anecopumm oucKkpumuHayuu omoeabHbIX 1A6UH 8 KAcKade

Kak BuAHO M3 MpepIoyLIEro, HAWTH HMHIMKATOP HOBOM JIABMHBI IO CKAuKy B
npoduie Mo BHICOTE 3aTPYAHUTEIBHO (POCT MOPSIKA €Xp, U OTACIHUTh HaJOKECHUE
IBYX €Xp TpyAHO (A — OJMHAKOBast)), MO3TOMY MpeIaraeTcsi IMCKPUMHUHUPOBATh Yac-
TUIBI B JICTEKTOPE MO BPEMEHH PErHCTpaluu. JTO (HU3MYECKH OYEHb 3HAYMUMO, II0-
CKOJIbKY JIaBHHBI PEISITUBUCTCKUE, V ~ ¢, TO YAaCTHIIbI OT OJHOW JIABHHBI MPUXOIAT B
JETEKTOp IPHUMEPHO B OIMHAKOBOE BpeMs. Pa30poc B mpuxone oueHb MajJCHbKUH U
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€CTh XapaKTePUCTHKA BEPTUKAIBHON M TOpU3OHTAIBHOU Muddy3un naBuHb. HoBas
JaBHHA OYJET CYIIECTBEHHO yJIaleHa 10 BPEMEHH OT MPEIbIAYIICH, T. K. JJIs ee TeHe-
paluu HYXHO IMPOJIETETh B OOpAaTHOM HaNpaBJICHHH, Pa30THATHCS 0 dHEpruu yoOera-
HUS ¥ TIPOJIETETh CHOBA B NETEKTOp. TakmM obpazom, Bpemst obparHoii cs3u (OC) (vH-
TepBa MKy JJABUHAMH ) MHOTO OOJIBIII€ ITMPUHBI Pa30poca BPEMEHH MIPUX0/1a YaCTHI]
B OJHOU JIaBUHE.

[NomyyaeTcst cieayonMil aIrOpUT™M, OCHOBaHHBIA Ha HEOOXOUMOCTH TTOCTPOUTH
pacrpeneneHne Yrcia YacTUll B JETEKTOPE OT BPEMEHH PETUCTpalHi, OTCUUTHIBAEMO-
r'o C MOMEHTA 3aIyCKa 3aTPaBOYHON YaCTHIIBI B ICTEKTOP:

1) merexTop HacTpanBaeM Ha PETHCTPAIHIO TI00ATHHOTO BpEMEHH JAETEKTHPOBA-
HUS YacTull (He MyTaTh C JIOKAJbHBIM BPEMEHEM, OTCUMTHIBAEMBIM OT Havaya J[aH-
HOTO Tpeka)®,

2) VHHIUAIU3UPYEM TEHEPATOp YACTHII, MPOBOJMM 3allyCK OJHOM 3aTpaBOYHOMN
YaCTHIIBI B MUPOBOH 00BEM,

3) peanusyem cOOp JaHHBIX B MPOLIECCE BBIUUCIICHUS, BEIONPast Kaxayro N-1o 4a-
cruy (N =1, 10%, 5x10% 10°, ...),

4) o xomy BBIYMCICHUHN, HE3aBUCUMO OT peanmuzanuu pexknma OC ctpoum pac-
MIpeIeIeHne: YHCII0 YaCcTHI] — BPEMSI PETUCTPAIiH,

5) MpUBOIMM TOJIYYEHHOE pacIpe/ieieHne K TUCTOrpaMMe, BBIYUCIISS YUCIIO Jac-
TUI] B (DMKCHPOBAaHHBIX BPEMEHHBIX WHTEpBajlax, T. €. CYMMHPYEM BC€ YacTHUIIHI B JIaH-
HOM BPEMEHHOM HHTEPBAJIC,

6) KaXI0¥1 HOBOH JIaBHHE OyJE€T COOTBETCTBOBATH CBOU MUK HA TUCTOTPaMMe,

7) mo Mepe pa3BHTHS KacKala IMHUKH OyIyT BOSHUKATh BO BCE HOBBIX BPEMEHHBIX
WHTEpBajax, 4To 03Ha4YaeT BOSHUKHOBEHHE O0Jiee TI03THUX BTOPUYHBIX JaBHH,

8) peanmmzanus pexxuma crnaboit OC A < 1 o3HauaeT 3aTyxaHue (B CpeHEM) IIHKOB
[0 aMIUTUTYJIe U OTHOCUTENHLHO OBICTPOE MpeKpaleHne padoThl MPOTrPaMMEbl, CBHJIC-
TENLCTBYIOIIEE O TOM, YTO BCE MPOLECCHl BHYTPH MUPOBOTO 00BEMa POCYUTAHBI,

9) peanmzanus pexxuma cuibHoid OC A > 1 o3Hauaer He3aTyxaHHe (B CpEIHEM)
MMUKOB 0 aMIUIUTYAE CO BpeMEHEM, BO3HHMKHOBCHHE BCE HOBBIX W HOBBIX JIABUH U
MIPOJI0JDKEHNE TeHEpaIlni Kackaza B 0oJiee OTAaIeHHbIE BPEMEHHBIE TPOMEXKYTKH, TIPH
ATOM TIporpamMmma MpooiKaeT padoTaTh OYEHb J0JT0,

10) mezaBucumo ot pexnma OC, pacrpeneneHne YUCIIo YacTUIl — BPeMsl PEerUCT-
palyu IeTEKTOPOM MOXKET BO3BpAIAThCS HAa MPEIbIIYIUE BPEMEHHBIC HHTEPBAJIBI,
JIOTIOJIHSASL PAHHIOK JIABHHY JIPYTMMHU €€ «BETBSIMH», OOpa30BaHHBIMH JIPYTUMH BTO-
PUYHBIMH YacTHLAMH M3 JaHHOHW JIABUHBI, KOTOpHIE ellle He ObUIM MPOCYUTAHBL. JTO
MIPUBOJHUT K TIOCTENIEHHOMY U3MEHEHHIO aMIUTATY] IIMKOB Ha TECTOTPaMMe HE TOJBKO
B HOBOOOpa30BaHHEIX JIABHHAX, HO U B 00JIee PaHHUX 10 BpeMeHH POPMHUPOBAHUS.

Peanuzanus naHHOTO anropuTMa MO3BOJISIET OJHO3HAYHO MPOBECTH TUCKPUMIHA-
LU0 OTJICNIBHBIX JIABUH B KacCKaje.

B ciydae oHOM TaBUHBI 3TO IACT CISAYIONIYyI0 KapTuHy (cM. Puc.10).

2
Kak rio0anbHoe, Tak M JIOKaJIbHOE (COOCTBEHHOE) BpeMs SIBISIOTCA (YHKIHSIMHU-YIICHAMU
kmacca G4Track.
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Puc. 10. Ilpumep oaHOM JIaBUHBI

Ecnn ke B MupoBoM o0bemMe copmupyercsi Oonee OIHON JaBUHBI, TO MO yKa-
3aHHBIM BBILIE IPUYMHAM MBI IIOIy4YUM HECKOJIBKO BEPTHKAJIBHBIX «CTOJIOOB» Ha Iua-
rpaMMe YHCII0 YacTHIl — BpeMs peructpanuu (cMm. Puc.11).

Puc. 11. Tlpumep HECKOJIBKUX JTaBUH

YuuteiBas OrpOMHOC 4YHCJIO YaCTHL, UX MOXHO YYUTBHIBATH BbI60pO'—IHO, YTO HE
CKa)XxeTcs Ha N300paKEHUH TII00ATBbHON CTPYKTYPBI KacKaja JIaBUH.

BuaHO, 4TO JMCKpUMUHAINS 110 BPEMEHU — IOpa3Jo JIYYIIHA HHIUKATOp 00part-
IHﬁiCBHSH,qu BHCOTHHﬁ:HpO@HHL,H MBI YETKO BUJIUM IIOSABJIICHUC HOBOM JIaBUHEI.
Takum 00pa3oM, CUTHAIBI B JCTEKTOP UAYT KBa3UIIEPUOIUYECKHU, IO Mepe hOopMUpO-
BaHMs HOBBIX JIaBUH M3 WX Kackana. TGF u3iaydaeT He HENpephIBHO, a UMITYJIBCHO.
Ba)kHO OTMETHTB, UTO ATO SBJICHHUE 3aUKCUPOBAHO H Ha CITyTHUKaX [14].

D¢ GeKTHBHOCTH TAKOTO MPEJCTABICHUS JaHHBIX €Ie ¥ B TOM, YTO BBICOTA CTOJI-
0OB TPOMOPIMOHATIPHA YHCITYy YaCTHUI[ B JIABHHE, a, 3HAYUT, AaeT U JJIUHY FeHeparun
nauHbl (A). [llupuHa ke, KaK ye cka3zaHo, xapakrepusyer nuddy3uoHHbIC CBOWCTBA

JIABUHBI, & IPOMEXKYTOK BPEMEHH T p MEKIY CTONOAMHM — BpeMs OOpaTHOW CBA3H.

[Ipuuem oTHOIIEHUS BBICOT CTOI00B MponopuroHaasHb! napamerpy OC (7).
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Puc. 12. Tlpumep kackana ¢ orpuriateabHoit OC. Touku 0TMEUaroT yOeraromue 3JIeKTPOHBHI,
3aIITPUXOBAHHBIC TUKU- THCTOTPaMMa 110 BPEMEHH, CYMMHUPYIOIIasi 00IIee YHCII0 YaCTHII B
JTAHHOM BPEMCHHOM HHTEpBAJIC

Ha Puc.12 npencraieH npumep ¢ yMEHBLIEHHEM BBICOTHI CTOJIO0B CO BPEMEHEM,
T.¢. ¥ <1, OC orpunarensHas, TaBHHBI 3aTyXalOT.

[Mpu yBenuueHnn oObeMa MpH 3aJaHHOM IIOJI€ BPEMsl pacdeTa yBENU4uTCs (IpH
3TOM BpEMsl PETUCTPALIMH, COOTBETCTBEHHO, BO3PACTET), CBUACTEIHCTBYS O BOSHUKHO-
BEHUH OOJIBIIOTO YKCIIa JJABUH B MUPOBOM 00BbeMe, HO 00paTHast CBSI3b MO-TIPEKHEMY
OyIeT OTpULaTENIbHON — IMKH YKcia YO OyAyT B CpeHEM yMEHbIIAThCA, Kak v Ha Puc. 12.

3.4. Kpumuueckuit 00vem 10Kanu3ayuu 31eKmpudecKozo nois, 02paHuyduearoujuil
CMAOUNBHBLIL PEIHCUM PA3CUMUA KACKAOA JIA8UH

Yro Oyzer, ecny yBEIMYUBATH MOJE (MM BHICOTY 00BeMa NpH 3aJaHHOM IIOJIE),
MIPENOCTABIss JaBUHAM Bce OoJblie yBelnunBaTheca? BuaHo, 4TO B 3TOM Cityyae cy-
LIECTBYET BO3MOKHOCTH HACBHIIIECHUS I1apaMeTpa OOpaTHOW CBSI3M, YTO JOCTUIACTCA B
paMKax TaK Ha3bIBAEMOT'O «KPUTHYECKOr0 00beMa»: KPUTHUECKUI 00BeM — 3TO Mak-
CHUMAJBHBIA 00BbEM JIOKATU3AIMN 3IIEKTPUIECKOTO MOJIsI, IPU KOTOPOM TIOJHOE YHCIIO
yOeraiomumx 31eKTPOHOB Y BHOBb OPOXKJAEMBIX JIABHH yOBIBa€T CO BPEMEHEM, T.€. 3TO
NOTPAaHUYHBIA PEKUM, ISl KOTOpOTro A—>1.

B ciydae, Korzna 3TOT KpUTHYECKHH 00BEM MPEBBILLIECH, YHCIIO YaCTHLl B ITOCIEA0-
BaTeNbHBIX JIABUHAX He yOBIBaeT B CpeJHEM, a HaoOOpOT, MOXKET Bo3pacTatb (A>1).
Oto n300paxkeno Ha Puc. 13.

bbina npoBenieHa cepysl YUCICHHBIX KCIIEPUMEHTOB JIsl YCTaHOBIICHUSI KPUTHYE-
CKOTrO 00beMa MpH Pa3HbIX MosIX. Pe3ynbrarel npeacrasnensl Ha Puc. 14.

Kputnueckuit 00eM npeacTaBiseT co00i MUIUHAP C BEICOTONW paBHOU pajinycCy.
B ciaydae 00beMOB, JIeKaTuX BEINIE KpacHOW JWHWH Ha Puc. 12, reHepamus 4acTHIl B
3JIEKTPOHHOI JTaBUHE MHOTOKPAaTHO BO3pPACTaET.
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Puc.14. 3aBuUCHMOCTD BBICOTHI KDUTHYECKOTO 00bEMa OT HATIPSHKEHHOCTH
EKTPHIECKOTO TIOJIS

3.5. Onpeoenenue epemenu 06pamuoil céa3u

Bpems oOpaTHO# CBSI3W — CpEeAHUN MHTEpBA BPEMEHHM MEXIY JaBHHAMH. DTO
BpeMsi OOnblIe OUCIIEPCUH BPEMEHU MPUXOAa YacTHI B OJHOW JaBWHE. Brrunmcmum
pPa3sHOCTb BPEMEHU PETHCTPALMH DICKTPOHOB M3 COCEIHUX JABHH M YCPENHUM IO JIa-
BHHAM MU, HCIIOJIb3YS MOJIyYCHHBIE PAHEE NAHHBIC ITPU BBIYHUCICHUU NIEPEXOAA B PEKHUM
¢y > 1, mONyYMM 3aBUCUMOCTb BPEMEHH OOPATHOM CBA3U 7, (L) OT HaNPSIKEHHOCTH

anekTpudeckoro mons (cm. Puc.15).

OTMETHM, YTO YCTAHOBHB 3aBUCUMOCTbH 7r3(E) MoxHO 1o Habmonenusm TGF
OTIpEeNICTUTh BpeMsi 00paTHON CBsi3u B kackaae JIPYD, a 370 mo3BoiseT HAlWTH TOJE,
KOTOpO€E TeHepupyeT kackan u3 Puc.15.
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Puc.15. 3aBucuMoCTb BpeMEHHN 00paTHOW CBSI3U OT HANPSHKEHHOCTH DJIEKTPUIECKOTO TTOJIS

[Toy4yeHHBIC pE3yABTATHI JOMOIHIIOT UCCIEAOBAHMS, IPOBEACHHBIC paHee B [22]
u [24]. Tak B [24] He yYUTHIBAJIOCH BIUSHKE paguyca MUPOBOrO 00beMa Ha KpUTHYE-
ckuit 00beM, a B [22] He OblIa YCTaHOBJIEHA 3aBHCUMOCTh BPEMEHH 00paTHON CBS3H OT
HaNpsDKEHHOCTH TIOJIA.

3akaro4yeHue

[NokazaHo, YTO CrEKTpaIbHBIC MPOMHIN AISKTPOHHBIX JABUH U TOPMO3HOTO T'aM-
Ma-U3ITy9eHHUSI COOTBETCTBYIOT TEOPETHUECKOMY MEXaHW3MY T€Hepaliu 3a cuer yoe-
TaIoNTUX JIEKTPOHOB B OJHOPOIHOM ToJjIe. IloydeHa 3aBUCHMOCTD JUTMHBI T€HEPaITHH
3JICKTPOHHOH JTABUHBI M CPEIHEH YHEPTHUHN DJICKTPOHOB OT HAIPSDKEHHOCTH DIIEKTpHUe-
CKOI'0O MOJIS.

[IpoBeneHO YHCIIEHHOE MOJIETUPOBAHUE MPOIECCOB T'eHEPAIl MHOKECTBEHHBIX
JIABUH PEISTUBUCTCKUX YOETAIONIMX 3JICKTPOHOB B aTMOC(HEPHOM KBa3HCTAI[HOHAPHOM
3JIEKTPUYECKOM TI0JI€ B PEKUME 3aIyCKa MO3UTPOHHBIX U (POTOHHBIX IEMOYEK 00part-
HOM CBSI3H.

[IpomoaenupoBaH MPOIECC MPOCTPAHCTBEHHO-BPEMEHHOTO Pa3BepTHIBAHUSI BTO-
PUYHBIX JIABHH B XOJe MPpo0osi Ha yOerarmux 3neKTpoHax. [Ipennoxen u mpoTecTu-
pOBaH NPOTPaMMHBIN TUCKPUMUHATOP OTACIBHBIX JIABUH B MHOXXECTBEHHOM KacKaJe,
MTO3BOJISIONIUI U3BJICKATh JOMOJHUTEIHLHYIO UH(POPMAIIMIO O CTPYKTYpPE Iy4Ka, BKITIO-
YarOIIyI0 YUCIIO U monepedHyto nuddy3uio yoeraromumx JIeKTPOHOB B jaBuHE. Pa3pa-
0OTaH aNTOPUTM BBIYHCICHUS TapaMeTpa W Iepruoaa OOpaTHOW CBS3HM, XapaKTepH-
3VIOIIHUX, COOTBETCTBEHHO, YBEIIMUCHUE YHCIIA JACTHIT ¥ TIPOMEKYTOK BPEMEHU MEKIY
MIOCIIEIOBATENILHBIMUA 3aITyCKaMU IUKIIOB (POTOHHOU 1 IO3UTPOHHOUM 0OpaTHOI CBSI3U.

HccenenoBan pexxuM mepexofia mpoiiecca reHeparii JaBUH U3 CTaOMILHOTO B He-
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CTaOMJIBHOE COCTOSIHME, KOTJIa YMCIIO YacTHIl B JIABUHE IEPECTAET 3aBUCETh OT YHCIIA
3aTPaBOYHBIX YACTHII, a MapaMeTp 0OpaTHOH CBsI3M JOCTUTAeT HachilieHus. [lokazaHo,
4TO TaKas MepecTporKa pekrMa T'eHepaly CTAHOBHUTCS BO3MOXKHOW JIMIIb NPH J10C-
TIDKEHUH 00BEMOM, 3aHMMAEMbIM AAHHBIM JIEKTPUYECKUM IOJEM, HEKOTOPOI'O KpH-
TU4ecKkoro 3HaueHus. COOTBETCTBYIOIIMI KPUTHUYECKHH OOBEM JIOKaIM3alUHU TIOJIS
HalJIeH ¥ MOKa3aHo, YTO B CIy4yae ero MpPEeBBILICHUS TeHEepalus MOPOKAAEMBIX B HEM
JaBMH yOeraromux 3JIeKTPOHOB U COMPOBOXKIAIOIINX UX M3yYEHUH 3HAUUTEIHHO BO3-
pacratotT. [lonydeHa 3aBHCHMOCTh KPUTHYECKOTO 00BbEMa U MepHoaa oOpaTHOH CBA3M
OT HaNpPsHKEHHOCTH 3JICKTPHUUECKOTO TIOJIS.

HccnenoBano pagnanmoHHOE BO3ACHCTBUE JTaBUH YOETalOUIUX 3JIEKTPOHOB M CO-
INPOBOXKIAIOIINX MX HM3Iy4YEHUH Ha pa3IuuHble MaTepHajbl NPHU Pa3HBIX MOJSIX M HA
pas3HbIx BeicoTax. [TokazaHo, 4TO y4eT 3ammycka eno4ek oOpaTHbIX CBs3el PUBOJNT K
YBEJTUYEHHUIO TIOTJIOMIEHHON 03Bl B BEIIECTBE MHHMMYM Ha HOPSIOK, & MakKCHMyM
ompenensiercs, (HakTHUYECKH, BPEMEHEM CYLIECTBOBAHHUS IMOJIS, OOECICUYNBAIOIIEIO
npo0oii Ha yOeraromumx MeKTPoHax.
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SIMULATION OF RELATIVISTIC RUNAWAY ELECTRON
BREAKDOWN WITH PHOTON AND POSITRON CHAINS FEEDBACKS

Yu. A. Tsalkou, V. V. Haurylavets, V. V. Tikhomirov, H. P. Marozava

The results of simulation of the process of generating multiple avalanches of relativistic
runaway electrons in an electric field with positron and photon feedback chains are presented.
The process of space-time deployment of secondary avalanches during runaway breakdown is
modeled. The software discriminator separating avalanches in the plural cascade, allowing to
extract additional information about the beam structure, including the number and lateral diffu-
sion of runaway electrons in the avalanche is proposed and tested. An algorithm for calculating
the parameter and the feedback period characterizing a corresponding increase in the number of
particles and the time interval between successive starts of the photon and positron cycles feed-
back is proposed.

The critical volume field localization corresponding to the feedback chains saturation is
found and it is shown that in the case of field localization in bigger volume the generation of
avalanches of runaway electrons and their accompanying emissions increase significantly. The
dependencies of the critical volume and the feedback period on the electric field are found.

It is shown that taking into account feedback chains leads to an increase of the absorbed
dose in matter at least an order of magnitude and the maximum dose is determined, in fact, by
the lifetime of the field, providing runaway breakdown.

122



MINIMAL LENGTH AT ALL ENERGIES SCALES,
MEASURABILITY AND MATHEMATICAL TOOLS
OF QUANTUM THEORY AND GRAVITY

A. E. Shalyt-Margolin

In the paper the minimal length and time are introduced as minimal measurement
units for all quantities having the dimensions of length and time, respectively. In this
case the mathematical apparatus of the theories under study (specifically, quantum
theory and gravity) should be changed: infinitesimal space-time quantities should not be
involved; the definition of measurability in terms of minimal length is a natural
inference. Besides, it is shown that the entropic approach to gravity in its present form is
impossible in this case because the theory must be free from such infinitesimal quantities
as infinitely small variations in the surface of the holographic screen, its volume, and
entropy. Moreover, the theories, because of their nature, become discrete, however,
approaching the starting continuous theories at low energies as is demonstrated in this
work. In conclusion the author puts forward a progarm for further studies that is based on
the above-mentioned mesurability definition.

This paper is devoted to Professor Nikolai Maksimovich Shumeiko memory.

1. Introduction

Within the scope of modern understanding, it is known that a minimal length on the
order of the Planck length [, o [, becomes important only at very high (Planck)
energies E « Ep. At low energies E « Ep it is practically not apparent. What results
from this fact?

Provided the minimal length 1,,;, is involved, then on going from high to low
energies the corresponding low-energy theory, to a high accuracy, may be considered to
be continuous in agreement with the limiting transition

lmin - 0. (1)

But this is only one of the approaches possible.

According to second approach that is an alternative to the first one, the minimal
length [,,;, # 0 is involved both at high and low energies. In this case the theory in
general becomes discrete though being very close to the initial continuous theory for low
energies E < Ep as it has been demonstrated by the author in his recent works.

What is inferred on this basis for real physics? At least, it is suggested that the use
of infinitesimal quantities dx, in a mathematical apparatus of both quantum theory and
gravity is incorrect, despite the fact that both these theories give the results correlating
well with the experiment (for example, [1]).

Indeed, in all cases the infinitesimal quantities dx, bring about an infinitely small
length ds [2]:

ds? = v dx, dx, 2
that is inexistent because of [,,;,, .
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As shown in [3], instead of these infinitesimal quantities, reasonable are "minimal
variations possible” A,,;,, of the quantity L having the dimension of length, i.e. the
quantity

AmL’n L= lmin . (3)

However, the "minimal variations possible™ of any quantity having the dimensions

of length (3) which are equal to [,;, « [p require, according to the Heisenberg
Uncertainty Principle (HUP)[4]:

h

maximal momentum p,,., < Pp; and energy E,,.. < Ep. Here Ilp, Pp;, Ep — Planck

length, momentum, and energy, respectively. (Note that the normalization AxAp = # is
used rather than AxAp > h/2).

But at low energies (far from the Planck energy) there are no such quantities and
hence in essence A,,;, L = L,;, = lp (3) corresponds to the high-energy (Planck) case
only.

For the energies lower than Planck energy, the "minimal variations possible"
A,im L Of the quantity L having the dimensions of length must be greater than [,,,;,, and
dependent on the present E

Amin = Amin ,E'Amin ,EL > lmin ' (5)
Besides, as we have a minimal length unit [,,;,, , it is clear that any quantity having
the dimensions of length is "quantized", i.e. its value measured in the units [,,;, equals
an integer number and we have
L= Nlein' (6)
where N; is a positive integer number.
The problem is, how the "minimal variations possible” A,,;, r (5) are dependent
on the energy or, what is the same, on the scales of the measured lengths?

This paper presents a possible approach to the above-stated problem and its
inferences.The work is based on the recent publications [3], [5] and in part on [6].

2. Minimal length and uncertainty principle at all energies scales

We begin not with Heisenberg's Uncertainty Principle (HUP) (4) but with its
widely known high-energy generalization the Generalized Uncertainty Principle
(GUP) [7-15]:

h 2 Ap
Ax25+alp? (7

Here «' is the model-dependent dimensionless numerical factor and I, is the
Planckian length.

Note also that initially GUP (7) was derived within a string theory [7-9] and,
subsequently, in a series of works far from this theory [10-15] it has been demonstrated
that on going to high (Planck’s) energies in the right-hand side of HUP (4) an additional

«high-energy» term « l,%%p appears. The work [10] is of particular interest. Here by
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means of a simple gedanken experiment it has been demonstrated that formula (7) is
valid with regard to the gravitational interaction.

As (7) is an quadratic inequality, then it naturally leads to the minimal length
Loim =&lp = 2Valp.

This means that the theory for the quantities with a particular dimension has a
minimal measurement unit. At least, all the quantities with such a dimension should be
«quantized», i. e. be measured by an integer number of these minimal units of
measurement.

Specifically, if 1,,;, is a minimal unit of length, then for any length L we have
the «Integrality Condition» (IC) (6)

What are the consequences for GUP (7) and HUP (4)?

Assuming that HUP is to a high accuracy derived from GUP on going to low
energies or that HUP is a special case of GUP at low values of the momentum, we have

(GUP,Ap — 0) = (HUP). (8)

By the language of N, from (8) it is nothing else but a change-over to the
following:

(Nax = 1) = (Nay » 1). 9)

The assumed equalities in (4) and (7) may be conveniently rewritten in terms of

Lnin With the use of the deformation parameter a,. This parameter has been introduced

earlier in the papers [16-27] as a deformation parameter on going from the canonical

quantum mechanics to the quantum mechanics at Planck’s scales (early Universe) that is

considered to be the quantum mechanics with the minimal length (QMML):
lrznin
a, = a_z' (10)
where a is the measuring scale.
Definition 1.

Deformation is understood as an extension of a particular theory by inclusion of
one or several additional parameters in such a way that the initial theory appears in the
limiting transition to specific values of these parameters [28].

The assumed equalities in (4) and (7) may be conveniently rewritten in terms of
Lnin With the use of the deformation parameter a,, (10).
Let us consider the equality (7) of the form:
h a

=" A
Ax = e +, Ax. (11)
In this case due to formula (6) the equation (11) takes the following form:
A 1

Npxlmin = E + m Liin (12)

or
1 _A

(NAx - M) lmin - Ap' (13)

That is
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h

Ap = (14)

(NAx_ﬁ)lmin.
From (12)—(14) it is clear that HUP (4) in the case of the equality appears to a high

accuracy in the limit Ny, > 1 in conformity with (9).
It is easily seen that the parameter «, from (10) is discrete as it is nothing else but

2

— ]2 2 _ _lmin _ 1

ag = lmin/a - 2m2m - vz (15)
Nﬂ-lmin Ng

At the same time, from (15) it is evident that «,, is irregularly discrete.
It is clear that from formula (14) at low energies (N, > 1), up to a constant

h? _ hc?
i T 4a'G (16)
we have
Upx = (AP)Z' (17)

But all the above computations are associated with the nonrelativistic case. As
known, in the relativistic case, when the total energy of a particle with the mass m and
with the momentum p equals [29]:

E = p?c?+m?ct, (18)
a minimal value for Ax takes the form [30]:

And in the ultrarelativistic case
E =~ pc (20)
this means simply that
h
AX ~ ; (21)

Provided the minimal length 1,,;, is involved and considering the "Integrality
Condition™ (IC) (6), in the general case for (19) at the energies considerably lower than
the Planck energies E = Ep we obtain the following:

Ax = Npxlmin = %'
or " (22)
C
Similarly, at the same energy scale in the ultrarelativistic case we have
p = h/Npy- (23)

Note that all the foregoing results associated with GUP and with its limiting
transition to HUP for the pair (Ax, Ap), as shown in [18], may be in ultrarelativistic
case easily carried to the energy - time pair (At, AE). Indeed (7) gives [18]:

Ao h oLz le
= Ape +a'ly — (24)
then
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A P1E Ape  h ' o AE
AtZE+aC—ZT—E+atPT. (25)

where according to (20) the difference between AE and A(pc) can be neglected and ¢p
is the Planck time tp = Lp/c = y/Gh/c®; 0,54 10~*3sec. From whence it follows that

we have a maximum energy of the order of Planck's:

Emax e ¢ Ep.
Then the foregoing formulas are rewritten by the following substitution:
Ax — At; Ap - AE; lmin = tnin s NL - Nt=L/c (26)
Specifically, (14) takes the form
1 R
(NAt - 4NAt) tmin = AE" (27)

As shown, for the ultrarelativistic case there is t,,;, -
Next we assume that for all cases there is a minimal measuring unit of time

lmin lmin
bnin = = (28)

Umax ¢

Then, similar to (6), we get the "Integrality Condition™ (IC) for any time t:
t = t(Ne) = Netiin, (29)
for certain |N;| = 0 that is integer.
According to (27), let us define the corresponding energy E

h

E=EN) =1— (30)

| t_m|tmin
Note that at low energies E « Ep, thatis for |N;| > 1, the formula (30) naturally

takes the following form:

h h

E=EWN,) = Neltmn VT

(31)

Definition 2.

1.Let us define the quantity having the dimensions of length L or time t
measurable, when it satisfies the relation (6) (and respectively (29)).

2. Let us define any physical quantity measurable, when its value is consistent with
point 1) of this Definition.

Thus, measurable infinitesimal changes in length (and hence in time) are
impossible and any such changes are dependent on the existing energies.

In particular, a minimal possible measurable change of length is L, . It
corresponds to some maximal value of the energy E,. Or momentum B, . If
Lin &< Ip, then E,o X Ep,Bpax < Pp;, Where B, « Pp;, where Pp; is the Planck
momentum. Then denoting in nonrelativistic case with 4, (w) a minimal measurable
change every spatial coordinate w corresponding to the energy E we obtain

APmax w) = AEmax W) = Lnin - (32)
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Evidently, for lower energies (momentums) the corresponding values of 4, (w)
are higher and, as the quantities having the dimensions of length are quantized (6), for
p =p(N,) < Pax s 4p(w) is transformed to

|Ap(Np)(W)| = |Np|lmin- (33)
where |N, | > 1-integer so that we have
h
Mo =53] e = iy (34)

In the relativistic case the formula (32) holds, whereas (33) and (34) for E =

E(Ng) < E, 4 are replaced by
|AE(NE)(W)| = |NE|lmin' (35)

where |Nz| > 1-integer.

Next we assume that at high energies E « Ep there is a possibility only for the
nonrelativistic case or ultrarelativistic case.

Then for the ultrarelativistic case, with regard to (20)—(27), formula (34) takes the
form

1 hc n
|NE ~ gl min = By T T (36)
where Np = N,,.
In the relativistic case at low energies we have

E K E, 4 % Ep. (37)
In accordance with (18), (19) formula (33) is of the form

|AE(NE)(W)| = |Ng|lyin = E(N 5 ,INg| > 1 integer. (38)
In the nonrelativistic case at low energies (37) due to (34) we obtain
h .
|Ap(Np)(W)| = |Np|lmin =Bl |Np| > 1 —integer. (39)

In a similar way for the time coordinate t, by virtue of formulas (29)-(31), at the
same conditions we have similar formulas (32), (33), (34)

A Emax ( ) = Unin - (40)
For E = E(N;) < Epgx
|4E) O] = INeItimin, (41)
where |Ng| > 1 is integer, so that we obtain
[N = | tin. = 2o (42)

4N, | MR E(N,)
In the relativistic case at low energies
E =E,. < Ep, (43)
in accordance with (18),(19), formula (33) takes the form

|ag iy W)| = INc|Lpir, = E(N) ,INe| » 1 — integer. (44)
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Comments

Comm 2.1. It should be noted that the lattice is usually understood as a uniform
discrete structure with one and the same constant parameter a (lattice pitch). But in this
case we have a nonuniform discrete structure (lattice in its nature), where the analogous
parameter is variable. This parameter is a multiple of 1, ,(i. €. a = l,,,; ), and also it
depends on the energies. Only in the limit of high (Planck's) energies we get a (nearly)
uniform lattice with (nearly) constant pitch a = l,,;, or a = kl,,;,, where k is on the
order of 1.

Comm 2.2 Obviously, when [,;, is involved, the foregoing formulas for the
momentums p(N,) and for the energies E(Ng), E(N,) may certainly give the highly
accurate result that is close to the experimental one only at the verified low energies:
IN,| > 1,|Ng| > 1,|N¢| > 1. In the case of high energies E o E,,, o Ep or, what is
the same [N, | - 1,|[Ng| = 1,|N;| - 1, we have a certain, experimentally unverified,
model with a correct low-energy limit.

Comm 2.3 It should be noted that dispersion relations (18) are valid only at low
energies E < Ep. In the last few years in a series of works [31-35] it has been
demonstrated that within the scope of GUP the high-energy generalization of (18) —
Modified Dispersion Relations (MDRs) — is valid.

Specifically, in its most general form the Modified Dispersion Relation (formula
(9) in [35]) may be given as follows:

p* =f(E.m;1,); E* — p? + ay L,E® + ap IZE* + O(BE®), (45)
where in the notation of [35] the fundamental constants are ¢ = h = kg = 1, f is the
function that gives the exact dispersion relation, and in the right-hand side the
applicability of the Taylor-series expansion for E = 1/lp is assumed. The coefficients
a; can take different values in different quantum-gravity proposals. m is the rest
energy of a particle, and the mass parameter p in the right-hand side is directly related
to the rest energy but p # m if not all the coefficients «; are vanishing.

The general case of (MDRS) (45) in terms of the considerations given in this section
is yet beyond the scope of this paper and necessitates further studies of the transition
from low E < Ep to high E = Ep energies.

For now it is assumed that at low energies formula (18) is valid to within a high
accuracy, whereas at high energies, i.e. for |[N,| - 1,|Ng| = 1,|N;| - 1, (18) should
be replaced by (45). Besides, it is important that in this paper, as distinct from [31-35],
the author uses the simplest (earlier) variant of GUP [10-15], involving a minimal length
but not a minimal momentum.

Also note that references [31-35] give not nearly so complete a list of the
publications devoted to GUP (and, in particular, MDR) — a very complete and interesting
review may be found in [32].

Comm 2.4 In what follows, within the scope of the above definitions, we consider,
unless stated otherwise, only measurable increments (variations) of the space-time
guantities and the corresponding momentums and energies.

Proceeding from all the above, this simply means that all minimal increments
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(variations) of the space-time quantities are dependent on the present energies and
coincident with the corresponding minimal uncertainties from the Uncertainty
Principle at All Energy Scales.

3. Gravity in terms of measurable quantities. Space with horizon

In this Section we examine an indicative example from gravity for the case when all
changes in the system are considered in terms of measurable quantities of Definition 2
[31. [5].

Gravity and thermodynamics of horizon spaces and their interrelations are
currently most actively studied [36], [37-48]. Let us consider a relatively simple
illustration-the case of a static spherically-symmetric horizon in space-time, the horizon
being described by the metric

ds?> = —f(r)c?dt? + f~1(r)dr? + r?dQ?. (46)

The horizon location will be given by a simple zero of the function f(r), at the
radius r = a.

This case is studied in detail by T.Padmanabhan in his works (in particular [36]) .
We use the notation system of [36]. Let, for simplicity, the space be denoted as H.

It is known that for horizon spaces one can introduce the temperature that can be
identified with an analytic continuation to imaginary time. In the case under
consideration ([36], eq.(116))

kBT = %;T(a)_ (47)

Therewith, the condition f(a) = 0 and f'(a) # 0 must be fulfilled.

Then at the horizon r = a Einstein's field equations

< 2f@a~1] = 4npa?, (48)

where P =T is the trace of the momentum-energy tensor and radial pressure.

Now we proceed to the variables "a" from the formula (10) to consider (48) in a
new notation, expressing a in terms of the corresponding deformation parameter a. In
what follows we omit the subscript in formula (10) of a,, where the context implies
which index is the case. In particular, here we use « instead of «,. Then we have [49]

a = Ly,a /2 (49)
Therefore,
’ _ 3 ’
f (@) = =2, azf (a). (50)

Substituting this into (48) we obtain in the considered case of Einstein's equations
in the "a-representation” the following [49]:

4 ' 1 -
%(—af (a) — 5) = 4nPa~ 112, . (51)
Multiplying the left- and right-hand sides of the last equation by «, we get
4 , 1
% (—f ()a? — Ea) = 4nPI2,, . (52)
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L. h.s. of (52) is dependent on a. Because of this, r.h.s. of (52) must be dependent
on a aswell,i.e. P = P(a),i.e

66—4 (—f’ ()a? — %a) = 47P (@) L3y, - (53)

Note that in this specific case the parameter a within constant factors is coincident
with the Gaussian curvature K, [50] corresponding to a:
lrznin
B = 1 in Ko (54)
Substituting r. h. s of (54) into (53), we obtain the Einstein equation on horizon, in
this case in terms of the Gaussian curvature

4 ’ 1
= (—f (K)KZ = 5K, ) = 4mP(K,). (55)
This means that up to the constants
—f (K)KZ =5 Kq = P(K,), (56)

i e. the Gaussian curvature K, is a solution of Einstein equations in this case.

Then we examine different cases of the solution (56) within the scope of Definition
2 —in the case when a is a measurable quantity (6).

3.1) First, let us assume that a >» L, . As, according (6), the radius a is
quantized, we have a = N,l,,;, with the natural number N, > 1. Then it is clear that
the Gaussian curvature K, = 1/a? ~ 0 takes a (nonuniform) discrete series of values
close to zero, and, within the factor 1/l,2m-n, this series represents inverse squares of

natural numbers
1 1 1
(Ky) = (N—gmm) (57)

Note that N, > 1 is associated with the low-energy case E <« Ep and hence all
variations (increments) of the radius R = a are given by the formulas (38) or (39).
For definiteness, without the loss in generality, we suggest that the case under
consideration (38) is relativistic, and the minimal increment a is given by
a—-at NE lmin
1 = [Ng| = N,. (58)

Then it is clear that
— INg|
aiAE(NE) =at AE(NE)(W) = N, (1 + Ni ) Lmin - (59)

But,as N, > 1, for sufficiently large N, and fixed E, the bracketed expression in
r.h.s. (59) is close to 1 under (58):
INg|

1+ N, 1. (60)
Obviously, we get for fixed E
Jim, (1¢ %) -1 (61)
As a result, the Gaussian curvature K, Sep) corresponding to r = At Apoy )
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K SR S — (62)

%ayn a? 2012 INEl2
T4ENE) iAE(NE) Na(liw)

in the case under study is only slightly different from K, .

Thus, the Gaussian curvature K,, for fixed E, due to its smallness K, «< 1, is
practically continuously dependent on the increments Agy, (formulas (59)-(62)).
Then in terms of K, up to the constant factor, we can obtain the following:

d[L(K)] = d[P(K,)], (63)
Where we have
’ 1
L(Ka) = _f (Ka)K(% - EKa: (64)

i. e. . h.sof (55) (or (56)).
But in fact, as in this case the energies are low, it is more correct to consider

L (Ka+AE(NE)) —L(K,) =P (KQME(NE)) — P(K,) = Fz[P(K)], (65)

with fixed E and Ay, from (37), rather than (63).

In view of the foregoing arguments 3.1), the difference between (65) and (63) is
insignificant and it is perfectly correct to use (63) instead of (65).

3.2) Now we consider the opposite case or the transition to the ultraviolet limit

a= Klmin- (66)
Here x is on the order of 1.
Then it is clear that formulas (60) and (61) are no longer valid as the energies
E < Ep, N, =k arecloseto 1 and |4gy,yl/a = [Ng|/N, = 1.
In this case the Gaussian curvature K, is not a small value continuously dependent

on a and takes, according to (62), a discrete series of values Ko, Koy, ,I(a+ e
=1 min N ‘min

where 7, n', ..— integers on the order of 1.

Yet (48), similar to (55) (56), is valid in the semiclassical approximation only, i.e.
at low energies.

In accordance with the above arguments, the limiting transition to high energies
(66) gives a discrete chain of equations or a single equation with a discrete set of
solutions as follows:

~f (RIKE =5 Ke = OK,);
—f' Koty YK A1, — %Kain i = Oyt Vs

and so on. Here ©(K,) — some function that in the limiting transition to low energies
must reproduce the low-energy result to a high degree of accuracy, i.e. P(K,) appears
for a >» l,,;, from formula (56)

Am O(K,)) = P(Kq). (67)

In general, ©(K,) may lack coincidence with the high-energy limit of the
momentum-energy tensor trace (if any):

lim P(K,). (68)

A=1min
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At the same time, when we naturally assume that the Static Spherically-Symmetric
Horizon Space-Time with the radius of several Planck units (66) is nothing else but a
micro black hole, then the high-energy limit (68) is existing and the replacement of
0(K,) by P(K,) inr.h.s. of the foregoing equations is possible to give a hypothetical
gravitational equation for the event horizon micro black hole.

In all the cases under study, 3.1) and 3.2), the deformation parameter a, (10) is,
within the constant factor, coincident with the Gaussian curvature K, that is in essence
continuous in the low-energy case and discrete in the high-energy case.

Comment 3

In this way the above-mentioned example shows that, despite the absence of
infinitesimal spatial-temporal increments owing to the existence of l,,;, and the
essential ""discreteness' of the theory, this discreteness at low energies is not "'felt",
the theory being actually continuous. The indicated discreteness is significant only
in the case of high (Planck) energies.

It is seen that the infinitesimal increment of entropy dS of the spherically
symmetric holographic screen S with the radius R and with the surface area A is a
nonmeasurable quantity.

Really, it is obvious that infinitesimal variations of the screen surface area dA are
possible only in a continuous theory involving no 1,,;,, .

When L,,;, «< lp is involved, the minimal variation 44 is evidently associated
with a minimal variation in the radius R

R—-R i lmin =R i AEmax (R) ’ (69)

it is dependent on R and growing with ~R for R > l,;, (possible only at the
maximum energy Epqx % Ep)

A:AR) = (AR % Lyyin ) — AR)) o (£2RUyin + 12 ) & (£2Ng + 1), (70)
where Np = R/l,,in , @s indicated above in (6).

But if E < E,;4 x Ep, then a minimal variation in the radius R is obviously
greater than [,,,;,,

R - R+ Apw,)(R) =R £ |Ngllpin, (71)

2 .
min?

and in this case in the right-hand side of (70), within the constant [ we have the

number quickly growing at low energies as well:
A+AR) = (AR £ Lyin) — A(R)) ¢ (£2RNglynin + NfLyi)
X NE(iZNR + NE)

In any case from this it follows that dA has no chance to be a measurable
guantity, as its measurability suggests measurability of the quantity dR, and this is
impossible.

Since dS, within a multiplicative constant, equals dA [51, [52]: dS «< dA/4, dS
is also a nonmeasurable quantity.

Because of this, the "main instrument” in the well-known paper [53] that is the
infinitesimal variation dN in the bit numbers N on the holographic screen S is also a

(72)
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nonmeasurable quantity as dN « dS to within an integer factor.

In fact, we have no-go theorem.

It should be noted that the example given in this Section has been studied in [3],
with a single but significant difference — instead of the energy dependent increments of
the radius R = a, in [3] the quantum space fluctuations R [54]-[76] have been
considered.

4. Comments and conclusion

The last statements concerning dS,dN may be explicitly interpreted using the
language of a quantum information theory as follows:
due to the existence of the minimal length 1,,;,,, the minimal area I2,;,, and volume
13,,, are also involved, and that means "quantization' of the areas and volumes.

As, up to the known constants, the "bit number" N = lizfrom [53] and the entropy
P

S= 4%) are nothing else but

A A
it is obvious that there is a "minimal measure" for the "amount of data” that may be
referred to as "one bit" (or "one qubit™).The statement that there is no such quantity as
dN (and respectively dS) is equivalent to claiming the absence of 0,25 bit, 0,001 bit,
and so on [3].

This inference completely conforms to the Hooft-Susskind Holographic Principle
(HP) [77-81] that includes two main statements:

(@) All information contained in a particular spatial domain is concentrated at the
boundary of this domain.

(b) A theory for the boundary of the spatial domain under study should contain
maximally one degree of freedom per Planck area [3.

In fact (but not explicitly) HP implicates the existence of [,,;, = [p. The existence
of l,in o lp totally conforms to HP, providing its generalization. Specifically, without
the loss of generality, 13 in point (b) may be replaced by 2, [3].

So, as demonstrated in the previous Section for the particular cases, provided a
theory involves the minimal length [,,;, o lp, gravity is almost independent of the
parameters associated with this length, specifically a; <« 1 i.e. the dependence is weak,
and so the theory is practically continuous. This stems from the fact that these
parameters are very small due to remoteness of the energies characterizing them from
the Planck energies and almost insensitive to the corresponding change in
measuring scales.

Despite a discrete nature of the theory owing to the existence of [,,;,, to a high
degree of accuracy we can use infinitesimal variations of dx,, coincident in the case
under study with L, and t,,;,. In this way in the case considered in Section 3 the
Conformity Principle stating that ( on going to low energies the known theory (in
particular GR) must be reproduced to a high degree of accuracy, at least its
experimentally verified part) holds to a high accuracy.
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Still it is clear that, as formally GR has no additional parameters associated with
l.in and the low-energy for now hypothetical variant of the minimal length theory
denoted as Grav'mn has such parameters, there is also the high accuracy limit
indicated above. This limit in every case determines the gap between GR and Grav'min .
Evaluation of this gap is a real challenge for those trying to construct a unified theory at
all energy levels.

As noted in 3.2), for high energies, i.e. for [ - L,;, , a discrete chain of equations
(or a single equation with a discrete set of solutions) is derived that is numbered by
inverse squares of the integers 1;1/4;1/9;.....

We have used GR to demonstrate that the above models in 3.2) at low energies are
actually insensitive to variations of the discrete parameters a; associated with the
minimal length. Of course, it is more correct to use Grav'm» and to compare the
obtained results with GR. But, as yet there is no Grav'mn | it is connived that at low
energies GR and Grav'min differ insignificantly and the indicated parameters, provided
L., isinvolved, are introduced into GR similarly to Grav'min .

As the Planck length I, = (hG/c?)1/? is expressed in terms of the fundamental
constants, the proportionality coefficient & from formula (7), relating [,,;, and Ip, ina
minimal-length theory [;, should also be a fundamental constant because it (along
with G, A, and ¢) must be involved in all the basic formulae of this theory. Then the
question arises: what is its value?

In [10] for the coefficient @ in GUP (7) the substantiated value was equal to 1.
Provided this is true, £ = 2 and hence the Bekenstein-Hawking formula for the black
hole entropy in semiclassical approximation SB# [51],[52] may be written most
naturally and elegantly as follows:

SBH = (74)

So, the principal inference of Section 3 this work is as follows.

Provided the minimal length L, is involved, its existence must be taken into
consideration not only at high but also at low energies, both in a quantum theory and in
gravity. This becomes apparent by rejection of the infinitesimal quantities associated
with the spatial-temporal variations dx,,,.... In other words, with the involvement of
L.in » the General Relativity (GR) must be replaced by a (still unframed) minimal-length
gravitation theory that may be denoted as Grawv'min . In their results GR and Grawv'min
should be very close but, as regards their mathematical apparatus (instruments), these
theories are absolutely different.

Besides, Grav'mi» should offer a rather natural transition from high to low
energies

[N, = 1] = [N, > 1] ("'Dequantization™ in [28]) (75)
and vice versa
[N, > 1] = [N, = 1], (Quantization) (76)
where N isinteger from formula (6) determining the characteristics scale of the lengths
L (energies E:1/L o< 1/N;).
In this way the general results may be summarized as follows.
135



4.1. When in the theory the minimal length [,,,;, # 0 is actualized (involved) at all
the energy scales, a mathematical apparatus of this theory must be changed
considerably: no infinitesimal space-time variations (increments) must be involved, the
key role being played by the definition of measurability (Definition 2 from Section 2).

4.2. As this takes place the theory becomes discrete at all the energy scales but, as
shown by the example considered in Subsection 3, at low energies (far from the Planck
energies) the sought for theory must be very close in its results to the starting continuous
theory (with [,;, = 0). In the process a real discreteness is exhibited only at high
energies which are close to the Planck energies.

4.3. By this approach the theory at low and high energies is associated with a
common single set of the parameters (N, from formulas (75), (76)) or with the
dimensionless small parameters (1/N, = Va;) which are lacking if at low energies the
theory is continuous, i.e. when [,,,;, = 0.

The principal objective of my further studies is to develop for quantum theory and
gravity in terms of measurable quantities (Definition 2 from Section 2), within the
scope of the considerations given in points 4.1-4.3, the corresponding discrete models
(with 1,,;, # 0) for all the energy scales and to meet the following requirements:

4.4. At low energies the models must, to a high accuracy, represent the results of
the corresponding continuous theories.

4.5. The models should not have the problems of transition from low to high
energies and, specifically, the ultraviolet divergences problem.

It should be noted that n the above-mentioned formalism for Grav'min the cos-
mological term A(t) no is no longer a constant A(t) # 0 (and the Bianchi identity
VMG, ~ 0 [2] will appear to a high degree of accuracy only in the low energy limit). In
Grav'min this term is dependent on a, (10) and we have [27], [49], [82], [83] with the
known quantum field theory

Ala) < (a? + a3 + - )Ap 77
and, provided the holographic principle [78]— [81] is valid, we get
Ala) < (a + & a? + “)Ap (78)

where Ap is a cosmological term at Planck’s scales.

However, we can assume that Comment 3 to the preceding Section holds true in
the general case too, i. e. in the hypothetical discrete theory Grav'min we have the result
that is close to (77), (78).

The author is hopeful that the correct construction of a low-energy Grav!min close
to GR allows for a more natural transition to quantum (Planck’s) gravity. Besides, within
the notion of measurability, gravity could be saved from some odd solutions, from
wormholes in particular.
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PEIIEHUE JUCKPETHOI'O YPABHEHUSA YWIJIEPA-JEBUTA
B OKPECTHOCTHU MAJIBIX MACIHITABHBIX ®AKTOPOB
N KBAHTOBASA MEXAHUKA B ITPOCTPAHCTBE
MMOCTOSIHHON OTPHUIATEJIBHOM KPWBU3HBI

C.JL lIeplcacl, B. JI. Kanamunkos®

IHHcmumym sa0eprbvix npobnem BI'Y
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VYpaBuenne Ywmiepa—/leBura [1, 2] aBnsercs QyHKIMOHATBHBIM ypaBHEHHEM,
ONMCHIBAIOIIMM KBaHTOBOE TIPOCTPaHCTBO—BpeMs. I[loCKonbKy pelieHHe JaHHOTO
YpaBHEHUS MPEACTABISIECT OOJbLINE TPYOHOCTH, MPEACTABISETCS Ba)KHBIM HCCIENO-
BaTh ACHMIITOTHKY PELICHHI, HAIIPUMED, B OKPECTHOCTH MANbIX MacIITaOHBIX (HakTo-
Yo(r), rney =dety,, y,;(r) -

MeTpI/I‘ICCKI/Iﬁ TEH30p TPEXMEPHOI'0 MPOCTPAHCTBA SaBHCHH_II/Iﬁ OT KOOpAUHAT I TOYKH

pog. Ilox macmtabHbIM (pakTOpoM MOHUMAETCs a(r) = ¥

mpocTpaHcTBa. YpaBHeHnue Ywmiepa—JleButa mist rpaBuTanuy 1 HECKOJIBKUX CKaJIsIpP-
HBIX MOJIEH B OKPECTHOCTH MaJIbIX MacIiTabHBIX hakTopoB a ~ (0 mMmeeT BHJ
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BomnroBas pynkuus Y[y,4] ssusercs pynkunonanom. YpasHernue (1) 3amucano

B KQIHOPOBKE COOTBETCTBYIOIICH KoH(popMHOMY BpeMeHH [3]. [TockonbKy ypaBHEHHE
Yunnepa-JleButa conepxut GyHKIHOHATBHBIE MPOU3BOAHBIC, IEHCTBYIONTNE B OTHOM
TOYKEe, B 00IIeM ciiyyae, 4TOObI M30€XKaTh MOSIBJICHUS OCCKOHEYHBIX BEIUYUH TPeOy-
ercs perymsapusamus. KpoMe 3Toro, HeoOXOAMMO BBIOpPATh CIOCOO YIOPSIOYCHHS
omepatopoB. Hanbosee ecTecTBEHHBIM SIBJIICTCS BBIOOP YIOPSIOYEHUS B BUJIEC MHO-
romepHoro Jlamuracuana. [T0sSiCHUM, 9TO 3TO 3HAYUT. 3alHIIeM BCe UMEIOIIHECs CTere-
HH CBOOOJIBI B BUJIE OIHOTO BEKTOPA & = {71,725 V33>V 125 V13> V235 Pps---Py } » TOTHA YpaB-
Henue (1) mpumer BUI:
w00 g, @
65" (r) 657 (r)

rae Matpuna G*° mmeer Bux:
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o o o0 0 0 0 0 ¥

) )

S O O o O O
S O O O O O O

)

- 1/6
Giu =%GW u ypaBHeHue (10) 3ammcaHo IS 4aCTHOTO Ciydyasl JIBYX CKaJSPHBIX
»

TOJIEH.

VYpaBaeHue (2), Takke Kak UCXOAHOe ypaBHeHHe (1), COmep UT (yHKIIMOHAIIb-
HBIE TIPOU3BOJIHBIE, ACUCTBYIONINE B OJHON Touke U TpedyeT perynspusanuu. Hanbo-
Jee eCTEeCTBEHHOH peryisipu3aunueil sBisercs AuCKpeTrusanus. JuckpeTusauus ¢ mo-
MOIIBI0 TPHAHTYJLIIUY TIpearaigacs B padore [4]. s Hamero ciydas J0CTaTOYHO
BBIOpaTh MPOCTEHINYIO JUCKPETH3ALHIO, T. €. BBECTH NMPAMOYTOJBHYIO IPOCTPAHCT-
BCHHYIO CETKY C pa3MepoM siueiiku ¢ . MOKHO OTOKIECTBISITh JUTHHY JUCKPETH3AINH
¢ niuHoi [Tnanka, ogHaKo 3TO He sBIsieTcs 00s3aTeNnbHBIM. Ecii mpoBecTH qucKpeTu-

3aIMI0, T. €. Pa3ONTh TPOCTPAHCTBO HA SUEHKM 00BeMOM AXAyAz =/(° ¢ HeHTpaMH B

TOYKAX I,L,........ Y, , TO (QYHKINOHAIBHYIO NIPOU3BOAHYIO HY>KHO 3aMEHHTh Ha OOBIU-
HYIO 110 IIPABUILY 6§f(r) %é , The moA &, mojpa3yMeBaeTCs 3HAYCHHE BEKTOpa &

BTOuKe I, : §, =&(r,). B pesynprate ypaBueHue (2) OyaeT HMETh OMHAKOBBIN BUJI BO

BCCX MPOCTPAHCTBCHHBIX TOYKAX 7, TaK YTO €r0 PCHICHUC IIPEACTABIACTCA B BHUIC

MIPOM3BEICHHSI PELICHUH I KaXKI0H POCTPAHCTBEHHON TOUKH

V(6,88 =w (@Y (&)W (&) 4)

Bri0op ynopsaodenus: onepatopoB B Buae Jlamnacuana MpUBOAUT K CIEyIOLIe-
My YpaBHEHUIO

1 0 0
—— VGG — =0
Cor o y () =0, )

rie G=detG,, =1/det G . B ypaBHEeHUH (5) W Be3le Aaliee 3aBHCUMOCTH OT IIPO-

CTPAaHCTBEHHOTO WHIeKca k omyineHa. Cieayer 3aMeTHTh, YTO UL CAydasl YHUCTOM
rpaBUTalUK (B OTCYTCTBUE CKAJISIPHBIX MOJIEH) ypaBHEHHE, coBmazaromiee ¢ (5) MOKeT
OBITH 3aIMCaHO B BUIIE

~ ki

1.
77’2\-11 ;Gijk[ﬂ- l//(}/mp):()) 6)

rae
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Bynem uckarp pemienue ypaBHeHus (5) B BuAe “Tuiockux BoiH” [5, 6]. Bemem
ciejtyrolue nepeMennsie i = k' y i V= kY Yk V> ®=p ‘¢, e k” — Hexoropas

1

TOCTOSIHHAS. MATPHILIA PA3MEPHOCTH 3X3, p' — MOCTOSHHbIH BEKTOP Pa3MEPHOCThIO N
(4ucino cKanApHBIX ToNel). 3anumem

W (Vs #) = f(@,9,7)exp(i®). ®)

[oncrasisist Beipakenue (8) B (5) wim A5 4UCTOM rpaBuTanuu — B (6), mocie J10-
BOJIGHO TPOMO3JKHX BBIYHMCIICHHH, KOTOPbIE MOTYT OBITh BBINOJHEHBI C MCIIOJIB30Ba-
HHEM KOMIBIOTEPHBIX mporpamMm (Matematuka, Maru), NPUXOJUM K CIIEAYIOIEMY

ypaBuenuto uist Gyuxuun f (i, v,7):

1277 (-37? >’f (5 4 ﬂ]yjl + 2[5,2 + (Z—%jﬁja—{+

M; oy’ 2 ¥ 3 ov
2
QW -t + 8ku]/) 0 f (% —%) gf
v 62/}‘ ©)
2P ) S A2+ k)~
o f o f 2
24 —4vy 0,
ity — o "5 0y )—py U f=

rme p>=(p" )Y + (P +..(p"), k=detk”.

Y 100HO TPe/ICTABUTD METPUIECKHI TCH30p B BUAE J, = a’ 7, Tak 4o dety, =1.
Marpuua 7, onucsiBaeT Tak HasbiBaeMyto KOH(OpMHYI0 reomerpuro. Torga ypasHe-
HUE )] MOXET OBITH TIepenrucaHo B HOBBIX MIePEeMEHHBIX

a:yl/ﬁ’u:kijf/li':ﬁ]/ V kl] /lk 7/””—‘}7/2/3

L(_ﬂ_wi = f+(3v )% f+(3u 1 f

+2(48ku +v* + 6u’v — 3u) f+2u(18k+7v 3u) f))—izp2f=0. (10)
o a

Penrenvie TaHHOTO YpaBHEHUSI MOKHO MICKAaTh METOJIOM Pa3JIelICHUs TEPEMEHHBIX
f(a,u,v)=R(a)g(u,v) . B wactHOCTH, ecnu HaliieHbl COOCTBEHHBIE (PYHKIIMU U COOCT-

BCHHBIC 3HAYCHUA YPABHCHUA
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+2u(18k +Tv - 3u) )=—/1g, (11)

TO ypaBHenue st GyHkuy R(a) npuHAMAeT BHI:

(R _(5+N)OR 84+M,p’

2

R=0 (12)

oa’ a Oa a

peleHne, KOTOPOoro BeIpaxkaeTcs yepe3 pyHKuuu beccers.

Takum o0pasom, TIIaBHOH 3anmaveil sBIsercs pemieHue ypaBHeHUs (11) omucer-
Balolllee KBAaHTOBAHWE TaK Ha3bIBaeMON KOH(OPMHOI reoMeTpuH 3ajaBaeMOd MaTpH-
Ueil 7, ¢ NETEPMHHAHTOM PAaBHBIM efuHHIE. YpaBHeHHE (11) MOXeT ObITH MOTYYeHO

Apyrum CII0COOOM: pacCMOTpUM I'aMUJIbTOHHUAH

~ ji

=_( lj) 7/1/ _]/tlk};klfl;y 4 (13)

rae dety, =1 1 WTpUX O3HAYACT NPOU3BOAHYIO [0 BpeMeHH. [amunbronnaH (13) co-

OTBETCTBYEeT CBOOOJHOMY JBIDKEHHIO YACTHUIBI 1O TMSATHMEPHOW MOBEPXHOCTH
det Vi= 1 moCTOSIHHOM OTpHIIATEILHON KPUBU3HBI.

PaccMoTpuM CHavasa IpoOCTO Cilydaid, Koraa MaTpuua 7, UMeET pa3MepHOCTh
2x2 u moBepxHocTh det Vi= 1 sBnsieTcst IByMEpHOIA.

B3sB HEKOTOpYIO MapaMeTpU3aLII0 }7{./.(51 (¢),E%(t)) , IPUXOUM K BBIPAKECHHIO:

H=1G,,0 0" o),

g OY . O
rne G,, =Tr[¥"
AB [Y afA ’Y ag ]
O0600IIEHHBIE UMITYJTHCHI UMEIOT BH/T
OH 5
Dy :F: AB§ . (14)
[lepenuceiBast raMIJIBTOHUAH B TEPMUHAX UMITYJIBCOB, HAXOIUM
1
H=2G"(0)p,(0p, ). (15)

KBantoBanue npuBoauT k ypaBHenuto llIpenunrepa

1 0 s 0 )
ﬁ@[ﬁG aé”‘®j_w'

B xauectBe koopmuHaT {&'(¢),£°(¢f)} Bo3bMeM KoopamHATHl {r(1),¢(1)}, mpen-
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CTaBJISIsl MaTpULy 2X2 C JETePMHUHAHTOM, PaBHBIM €AWHUIE, B BHUIE NPOU3BEICHUS
TpeX MaTpHLl

. [cosp/2 —sing/2\(expr 0 cosp/2 sing/2) (§-¢ o (16)
i = sinp/2  cosp/2 0 exp(—r)\—sinp/2 cosp/2) | o E+¢)
rzae
g=rcosp, oc=rsing, c=rsing, £=r. a7
Takum obpasom, st Matpull 2x2 moBepxHOCTh dety, =1 B KoopauHatax r,@

ABIAeTcs TunepoononnoM & —¢° — o’ =1, TouHee, KOOPAMHATHI 7,¢) TAPAMETPU3Y-
I0T OJIHY ero mosocTh. bynem uckath penienue ypaBHenus lllpenunrepa B BHIe
O(r,p)=g(k” 7;)» B PE3YIbTATE YETO IPUXOAUM K YPABHEHHIO

1 n !
— U () ~ug'(u) = Ag(w),
rae u=k" 7,; - PellleHne ypaBHEHHUs 3alUChIBAETCS KaK

g(u) :u—1/2+i4l2l—1/4 . (18)

Ecmu npencraButs MaTpuily k" B BunE

fe cos@/2 —sin@/2\(1 0\ cos@/2 sinb/2 (19)
“|sin@/2 cos@/2 )10 0\ -sin@/2 cos@/2)

TO MBI HalJIeM, UTO

u= k”}/[j =&—ng—no, (20)

rae n, =cosd, n, =sin@ u, Takum 06pasoM, (18) B TOYHOCTH COOTBETCBYET ILIOCKOI
BosTHE [5,6] Ha runiepbononse B 2+1 mpocTpancTBe MUHKOBCKOTO.

Jlns cyuas 3x3 Gynem uckathb permenue B Bune (&', &2, &, &4, &%) = g(u,v) , Te
u =k[j;7!.]. , v=k[j;7ﬂ ™y ., k" — nexoropslii Tensop. Ilocie rpOMO3IKUX BbIYHCIIE-
HUI MBI CHOBa IIpuxoauM K ypaBHeHuIo (11). ITockonbky nMeeTcs msITh HE3aBUCHMBIX
KOOpPJMHAT, BOJHOBas GyHKIUs © M0/KHA 3aBUCETH OT COOCTBEHHOrO 3HaueHus A u
elle YeThIpex MapaMeTpoB, TaK uTo Ha TeH30p k’ Mo KpaiiHeil Mepe MOXKHO HATIOKHTH
JBa JIOTIONHHUTENBHBIX YCIOBHA. 3aMeTuM, uto korna k =detk” =0, ypasaenue (11)
CTAHOBUTCSI OJHOPOJHBIM OTHOCUTEJIBHO V U u’. Peurenue ypaBaenus (11) mpu
k =0 MOXXHO UCKaTb B BUJIE

gu,v) =W’ —v)* s’ /v). 21
[Moacrasisist (21) B (11) momydaem ypaBHeHHE I GyHKIIAA $(Z)
3(z— 1)(2(2 -2)(z—Dzs"(z)+(z(4z—-T) + 2)s'(z)) - (/”L —%2 - %]s(z) =0, (22)

143



o0l1ee pereHne KOTOPOro BEIPAXKAETCS Yepe3 THIIEPreOMeTPUIeCKY 0 QYHKITHIO

s(z) = F(&[9-2v3a —20+3] 523V 224349 ) dimy l))
J_ 23)

te, ,F [ [3 23Var —22+3 J (2\f\/a —2/1+3+3) T 1))

Takum o6pa30M, BOJIHOBas (bYHKL[I/Iﬂ ® 3aBUCHUT OT napamMeTpoB a, An CIIC TPEX

HapaMeTpoB COJIEPsKAIIUXCs B TeH30pe k” Ha KOTOpHIH kpoMe yciaoBus k =0 T0KHO
OBITH HAJIOXKEHO ellle ABa YCIOBHs. Mbl He OyJieM 00CYXIaTh 31€Ch BOIPOC O HOPMH-
poBKe BoiHOBOW (pyHKIMHU. 11 KBaHTOBaHUs Ha TunepOosione mogpoOHOe paccMoT-
peHue comepxurcsa B padore [7]. 3aech ke MBI 3aMETHM, YTO JJISi TOTO, YTOOBI BOJTHO-
Basg QyHKIUs Obljla HOPMUPYEMOM, HEOOXOAMMO, YTOOBI TIOJKOPEHHOE BBIPAKEHHE B
ypaBHEHUH (22) ObUTO MOJ0XKUTENBbHBIM. MHUHUMATBFHO BO3MOKHOE COOCTBEHHOE 3Ha-
yenne A =3/2 pocruraercs pu o =0.

B nmanHO# paboTe MBI pelIMIM METOIOM pas[elieHHs MEePEeMEHHBIX AUCKPETHOE
ypaBHeHue Yuniepa—/leBura B okpecTHOCTH MalibiXx MaciiTaOHbIX (akTopoB. [loka-
3aHO, YTO KOHCTAHTa pa3JielieHHs IEpEMEHHBIX HE MOXET OBITh CKOJIb YTOAHO MAJIOH.
MuHNUMaTFHO BO3MOXKHOE 3HAYeHHE BO3IHMKAET M3-32 KBAHTOBAHMS HAa ITOBEPXHOCTH
IIOCTOSIHHOM OTPULIATENBHON KPUBHU3HBI.

ABTOpBI BeIpaxatoT O6JarogapHocTs B.M. PeapkoBy 3a mosne3Hble 00CyKICHHS.
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SOLUTION OF THE DISCRETE WHEELER-DEWITT EQUATION
IN THE VICINITY OF THE SMALL SCALE FACTORS
AND QUANTUM MECHANIVS IN THE SPACES
OF THE NEGATIVE CONSTANT CURVATURE

S. L. Cherkas, V. L. Kalashnikov

Asymptotics of the solution of the discrete Wheeler—DeWitt equation is found in a vicin-
ity of the small scale factors. It is shown that this problem is equivalent to the solution of the
stationary Schrodinger equation of in a (super)space of constant negative curvature. The mini-
mum positive eigen value from which continues spectrum begins is found.
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ONPEJEJIEHUE U AHAJHN3 KOH®OPMHOW CHMMETPUHA
PEJIITUBUCTCKHUX BOJIHOBBIX YPABHEHHMI
JJIs1 MACCHUBHBIX MU BE3MACCOBBIX CKAJISAPHBIX
YACTHIl U YACTHUL CO CIIMHOM

A. 51. CuiieHKO

B pabote HaiineHbl HOBbIE CBOMCTBa CHUMMETPHH Ui TOYECYHOIOAOOHBIX CKa-
JSIPHBIX M AUPAKOBCKUX yacTul] (0030H XUITca U BCe JICNTOHBI) B IPOCTpaHCTBax Pu-
MaHa 1 Pumana-KapTaHa npu Hanuuuy 3J€KTPOMATHUTHBIX B3aumopeiicteuil. Ilomy-
yeHa SpMuTOBa (hopMa ypaBHeHus KiteliHa-I opoHa s TouedHOIO00HOH CKASIPHOMN
YacTUIBl B TMPOMU3BOJBHBIX N-MEpHBIX NpocTpaHcTBax Prumana n Pumana—Kaprana.
YcraHoBIeHBI HOBBIE KOHPOPMHBIE CHMMETPHH HCXOJHOW W SPMHUTOBOM (OpM 3TOTO
ypaBHeHUs. B yka3aHHBIX IMPOCTPAHCTBAX BHIBEICHBI TAMHUJIBTOHHUAHBI OOIIEro BHIA B
o0oOmenHoM mnpencraeineHun  Dembaxa—Bumiapca u  npencraeBieHun  Doii-
nu—Baytxoiizena. Halineno koH(pOpMHO-TI000HOE MPeoOpa3oBaHUE, COXPaHSIOIIEE
JTAaHHBIE TaMIUTBTOHHUAHBL. OIpenereHbl COOTBETCTBYIONINE KOHPOPMHBIE CUMMETPUHI
JUTSL TUPAKOBCKUX dacTHIl. [loka3zaHo, 4TO Bce KOH()OPMHBIE CHMMETPHH COXPAHSIOTCS
ITPU BKIIIOYCHUUN 3JICKTPOMArHUTHBIX B3aI/IMOILCI>'ICTBPII>'I.

1. BBegenue

Onwucanne OecCTPYKTYPHBIX TOUEHHO-TIOAOOHBIX (DJIEMEHTApHBIX) YacTHIl SIBIIS-
€TCsl BOXKHOM 3a/1aueili KBAHTOBOU TeopuH 1mosis. [Jis perieHus 3Toi 3a1a4i HE0OX0IUMO
OIpezieICHNE CBOMCTB CUMMETPHUH PEISATUBUCTCKUX YPaBHEHHUH, OMMCHIBAIOIINX TaKUE
yactunpl. HaxoxxneHne cummerpun 0a30BBIX PENSITUBUCTCKUX BOJHOBBIX ypaBHEHUH,
OTMCHIBAIOIIMX TOYCUHO-T10I00HBIC YyacThilbl co ciuHamu 0 (6o30n Xurrca) u 1/2 (Bce
JIETITOHBI) 3aHUMAET BAXKHOE MECTO B 3TUX MCCIEAOBAaHUAX. IS CKasIpHBIX 4acTHL (CO
cnHOM () MHTEHCHBHOE M3YyY€HHE CBOWCTB CUMMETPHH PEJISITUBUCTCKUX YPaBHEHHM
Haganoch 50 jeT Ha3aJ ¢ MHUPOKO M3BecTHOW paboThl Ilenpoysa [1]. OH oGHapy)kui
KOH(QOPMHYIO HHBapUAHTHOCTh KOBapraHTHOTO ypaBHeHus Kneitna—I opnona (KT) [2]
Uit 0e3MaccoBOl CKaJISIPHOM YacTHIIBI B PUMAaHOBBIX IPOCTPAHCTBAX M JIOMOJIHUI 3TO
YPABHEHUE YICHOM, IPONOPLUHUOHAIBHBIM CKaSIpHOM KpuBu3HEe. UepHukoB u Tarupos
[3] paccmoTrpenu ciydaii HEHYJIEBOW MacChl M N-MEPHOTO PHUMaHOBA IIPOCTPAHCT-
Ba—BpeMEHHU. BxitoueHne pomnoiHUTENbHOrO cinaraemoro Ilenpoysa—YepHukosa
—Taruposa (ITYT) ObLIO apryMEeHTHPOBAHO W JAJIsl MACCHBHBIX, M JJsI 0€3MaccOBBIX
gactunl [3]. Axcwomu u bna3z [4] BemonHWIM TO4YHOE TpeoOpasoBanue Poi-
mu-Baytxoiizena (OB) myis MaccMBHOM yacTUIBI C HYJIEBBIM CIIMHOM B CTaTUYECKOM
MIPOCTPAHCTBE—BPEMEHH U HAIIJIM HOBBIE CEPhE3HBIE APTYMEHTHI B I10JIb3Y BBEJICHUS B
ypaBHeHue KI' nonosiHATENBHOro ciaraeMoro. BeIBOA peNITUBHCTCKOrO IaMHJIBTO-
HuaHa B npejactaBieany @B Bechma BakeH /ISl CPaBHEHUS TPABUTALMOHHBIX W HHEP-
IUaNbHBIX 3((EKTOB B KIACCHUECKOW M KBAHTOBOM TEOPHUH T'PaBUTALUH, MTOCKOIBKY
npeacrabieHrne OB BoccTaHABIMBAET UIPEAMHIEPOBCKUNA BHUJ] TaMUJILTOHHAHA U
YpaBHEHUH IBIDKEHUs. DTOT BUA YIOOEH JUIsl HAXOXKIEHHUs KBa3UKIIACCUYECKOro Ipu-
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OIMKEHHS M KJIACCHYECKOTO MPeIelia PEISTHBUCTCKON KBAHTOBOM MeXaHHKH (cM. [5-9]
Y [IUTHPOBAHHYIO TaM JIUTEPATYPY).

OpHako MeToa mpeoOpa30BaHus, UCIIOIL30BaHHbBIN B [4], HEIPUMEHUM HHU K 0€3-
MAacCCOBBIM YaCTHUI[AM, HU K HECTaTUYECKOMY IMPOCTPAHCTBY-BpeMeHH. YTOOBI HaWTH
crienugeckoe MposiBieHNEe KOHMOPMHOM HMHBAPHAHTHOCTH B TipemcraBiieHnn DB,
KOTOpasi IMEET MECTO MMEHHO I 0€3MacCOBBIX YACTHIl, OBUIO MPOM3BEIECHO 0000-
nieHHoe npeodpasoanue dDembaxa—Bummapca (OIIDB) [11]. Tlocnenyromee pens-
THUBUCTCKOE TIpeoOpazoBanne OB mo3BoNMII0 BRIBECTH TAMUIBTOHUAH B MTPECTABICHUN
OB 11 MacCUBHBIX U 6€3MaCCOBBIX CKASIPHBIX YaCTHI] B HEMHEPIIHAIBHBIX CHCTEMaX
oTcueTa OOIIEro BHJIA U CTAI[MOHAPHBIX IPABUTAIMOHHBIX IMOJIAX. MBI HAILTU TaKke
HOBOE TIPOSIBIICHUE KOH(POPMHON MHBAPUAHTHOCTH JUTsI 0€3MAaCCOBBIX YAaCTHII, 3aKIIO-
Yaromieecss B COXpAaHEHUH BHJIA TAMIJIBTOHHAHOB M BOJHOBBIX (DYHKIIMI B IIpencTaB-
nennu ®B. HoBble TOYHBIC TaMUIBTOHUAHBI B 3TOM MPEICTABICHUN OBUIA TOJTYYCHBI
JUIS. MAaCCHBHBIX M 0O€3MaCCOBBIX CKaJSIPHBIX YacTHUI[ B CTaTUYECKOM IIPOCTPAHCT-
Be-BpPEMEHHU OOIIEero BHAA M B CUCTEMax OTCYeTa, Bpamarommxcs B moie Keppa, am-
MPOKCHUMHPYEMOM TPOCTPAHCTBEHHO M30TPOIHON METpPHUKOW. MBI BBIBENH B 0OIIEM
BUJIC TPCIM3MOHHOE BBIPAXKCHUE JJIA FaMHJIbTOHMaHa B mpencTtaBieHnn ®B. Beuio
MOKa3aHO, YTO KOH(POPMHBIE TPeoOpa30BaHMsl U3MEHSIOT TOJBKO TaKHe YJICHBI B 3TOM
raMHIIbTOHHAHE, KOTOPBIE TPOMOPIIMOHANBHBI MacCe YACTHUIIBI M.

B HacrosiieM ucciaeIoBaHUM MBI PelllacM 3HAYUTEIBHO OoJiee 00IIyt0 mpodiemMy
CKaJISIPHBIX W JIUPAKOBCKHX YACTHUI[ B MPOU3BOJBHBIX HEHHEPUUAIBHBIX, TPaBUTALIH-
OHHBIX U AJIEKTPOMATrHUTHBIX MOJIAX ¥ HAXOIUM (Ha KBAHTOBO-MEXaHHMYECKOM YPOBHE)
HOBBIE CBOWCTBA CHMMETPHH IO OTHOIIEHWIO K KOH(POPMHBIM NpeoOpa3OBaHUSAM He
TOJIBKO B IpejicTarieHnyd @B, HO U B UCXOHBIX MPEJACTABICHUSIX. DTUMHU CBOMCTBAMU
007a/1al0T He TOJIBFKO M3BECTHBIE TOUYSYHO-TIOA00HBIE CKAISPHBIE U TUPAKOBCKHUE Yac-
Uil (0030H XWrTca W JITITOHBI), HO TaK)K€ W THIOTETUYECKUI TICEBIIOCKAISPHBIN
AKCHOH.

Mpsi 0003HaUYaE€M MUPOBBIE U IIPOCTPAHCTBEHHbBIEC MHICKCHI IPEUYSCKUMH U JIATHH-
ckumu OykBamu o, W, V,... = 0,1,2,3, i,],k, ... = 1,2,3 coorBeTcTBeHHO. TeTpaaHbie
WHJICKChl 0003HAYAIOTCSA HauyalbHBIMH OyKBaMHU JIaTHHCKoro andaeura, a,b,c, ... =
0,1,2,3. BpeMeHHbBIE U NPOCTPAHCTBEHHBIE TETPAJHBIE HUHAEKCHI BBIACISAIOTCS LUISII-
kamu. CurHatypa umeer Buj (+ — ——), CKalsipHas KpuBH3Ha Puuum onpenensercs
kak R = g"' Ry, = g’“’RTMV , TIe R‘;ﬁv = 0 I‘ZV — -+« — TEH30p KpuBHU3HBI Pumana.

O6o3nauenve f,, osmadaer df /(dx"). Mbl ucionb3yem cuctemy eqmamit h = 1, ¢ = 1.

2. OpmuroBa popma ypasHeHus Kueiina-I'oparona u kondpopmHuasi cum-
MeTpHus AJ151 TOUEYHO-MOA00HOI CKAJSAPHOM YaCTHUIIBI

Koapuanthnoe ypaBuenue KI' ¢ mononnutensHbeiM cnaraembiM [TUT [1,3], onu-

CBhIBAIOIIICC CKAJIAPHYIO 4aCTULY B -MCPHOM PUMAaHOBOM IIPOCTPAHCTBC, UMCCT BUM!
1
(I:|+m2—AR)l/)=0, DE\/—_G#,/—gg‘“’av. (8]
-9

MunumanbHas (HyJeBast) CBsI3b C KpUBH3HOM cooTBeTcTBYeT A = 0, B TO BpeMms
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kak norpaBka [TUT umeer Bug A = (n — 2)/[4(n — 1)] [3]. 3Hak monpaBKH 3aBUCHT
ot ompenenenns R. Jis HenmHepUaNbHBIX (YCKOPSHHBIX M BPAIAIOIIUXCS) CHCTEM
OTCYETa MIPOCTPAHCTBO-BPEMSI SBJISIETCS TIIOCKUM U R = 0.

s 6ezmaccosoui yacTuibl KOHGOPMHOE TIPe0Opa3OBaHKE

5 _ -2
G =07 G )
coxpansieT Buj ypaBHeHus (1), HO M3MEHACT BOJIHOBYIO (DYHKIIMIO M JCHCTBYIONIHME HA
Hee oneparopsl [1, 3]:
_n+2 . n—2 _ n—2 3
O-AR=0 2 (8—-AR)0 2, Y =0 2 y. ®)
Jlns meTaqu3anyd CBOMCTB CHMMETpHUH HadaiabHOro ypauenus KI' (1) ymo6HO
MPEJCTABUTh €r0 B OPMHUTOBOM BHJIE. DTO MOXKHO CIe/aTh C MOMOIIBIO MPOCTOrO He-
YHHUTAPHOTO Pe0Opa30BaHHUS:

Y=o, f= [g% /=g g=detg,. )

[ockonbky § = 0~ 2"g, BonHOBas QyHKIUs O MHBAPUAHTHA 11O OTHONIEHUIO K
KOH(QOPMHOMY NpeoOpa3oBaHuio (2). Ta MHBAPUAHTHOCTH UMEET MECTO TOJBKO IS
Oe3maccoBbix yactuil. [locie mpeoOpasoBanus (4) MBI YMHOXAaeM TOJTYYEHHOE ypaB-
nenne Ha f/g°° m maxomum spmuTOBY (popMy ypaBHeHms KI':

1 1 m* 2R
Z —gg" 0. —+——"_ o =
fa#,/ 99 avf+g00 00 P =0. (5)

VYpaBuenus (2)—(4) mokasslBaloT, 4To ypaBHeHHE (5) KOH(GOPMHO MHBAPHAHTHO
[t 6e3MaccoBbIX yacTull. OJTHAKO OHO He SBJISIETCS KOH(OPMHO WHBAPHAHTHBIM IS
MacCHUBHBIX 4acTull. J{iist onpeneneHuss KOHPOPMHONW CHMMETPHH B 3TOM clly4yae J0cC-
TATOYHO HAWTH (pU3MYECKyro BeJIMYHMHY, TOACTAHOBKA KOTOPOW BMECTO 1M BOCCTa-
HaBJINBaeT KOH(OPMHYIO HHBAPHAHTHOCTH ypaBHeHUs (5). s oToM 1enm Mel MOXXeM
MCIIOJIb30BaTh BEJIMYMHY 1M , PaBHYIO M B MCXOAHOM IPOCTPAHCTBE-BPEMEHH U MPH-
HUMaroIyo Buj [12]

—_— l
m =0m (6)
nocie KoHPOPMHOTO TpeodpazoBanus (2). Y paBHeHHE, IOJTY4YEHHOE U3 ypaBHEeHus (5) B
pe3ynbTaTe MOJCTAHOBKH 1M BMECTO M,
2
1 1 m AR
Z0 [—gg™o — 4+ — — = 7
fau 99 avf+g00 g% ¢=0, (7)
KOH(QOPMHO WHBAPHAHTHO. XOTs 3TO ypaBHEHUE HE OMKCHIBACT PEAbHYIO YACTHILYy U
HEOKBHUBAJICHTHO YPaBHEHHIO (5), HaXOXKICHHE MOIXOMSALICH MOICTaHOBKH (6) ompe-
JenseT KOHQOpPMHYI0 cUMMeTpuio ypaBHeHus (5). OmpenesieHHe HOBOTO CBOWCTBA
CUMMETpPUU JUISI MAaCCUBHBIX YACTHIL SIBIISICTCS BECbMa BAXKHBIM, MOCKOIBKY €IWHCT-
BeHHas1 oOHapy>KeHHash TOYEYHO-IIO00HAas CKaJsipHasi yacTuia, 0030H Xurrca, sBis-
€TCsl MACCHUBHOI.

Takum 00pa3om, MBI MOKEM CIENATh 3aKII0YCHHE O TOM, YTO ypaBHEHHE (5) HE

MEHSET BHJIa TIPH KOHPOPMHO-TTOA0OHOM MpeoOpa30BaHIH
~ _ _2 ! — _ !
Jow =079y, m->m, m =0m. (8)
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B uactHOCTH, 3TO TIpeoOpa3oBaHue HE U3MEHICT BONHOBYIO (pyHKiuio ©. B 00-
IeM cy4ae, Mbl MOYKEM TIOJICTABHUTH JIFOOYIO BEIIMUYHHY, YAOBICTBOPSIONIYIO ypaBHe-
Huto (6) BMecTo m B ypaBHeHHe (5).

MBI MOXEM Terepb YCTAaHOBUTh KOHQOPMHYIO CHMMETPHUIO HAYaIHbHOTO ypaBHE-
st K (1). TloacTaHoBka M BMECTO M IENAET u3MeHeHHOe YPABHEHHE KOH(OPMHO
WHBAPUAHTHBIM CO CJICTYIOIIUMU CBOWCTBAMMU:

12 _w,\, ~2 ~ ﬂ
o+m-"—AR=0 2 (@+m —AR)0 2,
~ n—2 (9)
Y=0 2.

OTH cBOIiCTBa yCTaHaBIMBAIOT KOHGOPMHYIO CHMMETPHIO KOBAPHAHTHOTO YpaB-
Henus KI' (1) u cneundudeckyro ¢popMy ero MHBApHaHTHOCTH 110 OTHOLICHHUIO K KOH-
(hopMHO-TI0100HOMY TIpeoOpa3oBaHuIo (8).

Merton npeobpazoarns OB, nucnonas3oBaHHBI B padore [11], mpuMeHuM U K
HEeCTAI[HOHAPHOMY IIPOCTPaHCTBY-BpeMeHH. OfHAKO B 3TOH padoTe ObLI pacCMOTPEH
TOJIEKO CTallMOHAPHBIN ciy4ail. s 6osee 001ero ucciaeoBaHus CBOMCTB CHMMETPUHI
B mpencTaBieHun @B Heo0XoauMo npencTaBuTh ypaBHeHHE (5) B Apyroii (3KBUBa-
JICHTHO#) (hopMme.

Beenem cienyromme 0003HauUCHUS:

. . . - g%g¥
It = /_gg()l’ GYU = gl] _ gOO ] (10)
I'poMo3KHE, HO TPOCTHIC BHIYUCICHUS TPUBOIAT YpaBHEHHUE (5) K CIEAYIONIEMY
BU]LY:

GY m?
(60+Y)2+6igﬁa-+gm+A]<D=0, (11)

rae
1 J1 o 1(. g%
Y=—10,,T'"t===490;,,—= ¢,
Zf{ 14 }f 2{ i gOO}
nelon (G Lo o8 fus_ (o) I
fo\g®) f 9 f \g%*),f
_1<9_“> _L<9_°i> p__ 9"
00 2\ 400 % 2,00 )i
2\9% )y, 2f*\g"), 7 2f°g
iy - (& fi_ 67 fij AR
42\ g0 g0 f 00
,L
Ora popma ypasHenus KI' Taxoke 3pMuTOBa, ¥ BOJTHOBasK QYHKIIUS HE MEHSIETCS 110
cpaBHEHHUIO ¢ ypaBHeHHWeM (7). 3aMeHa M BETUYMHOM m’ nemaer ypaBHenue (11)

koH(GOPMHO HMHBapHaHTHBIM. CiemoBaTellbHO, ypaBHeHue (11) MHBApMAHTHO MO OT-
HOIIIEHUIO K KOH(POPMHO-TIOA00HOMY TpeoOpa3oBaHuio (8).

(12)
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3. Kondopmuasi cuMMeTpUsi TaMUJIbTOHHMAHOB

Uto0s1 BeIMIONHUTE TochenoBarenbable OIIDB u npeobpazosanne @B, MBI nc-
MOJIb3YEM METOJ], pa3BUTHIH B [10] 1 MpUMeHEHHBIN K KOBapruaHTHOMY ypaBHeHuIo KI' B
[11]. Opurunaneseii MeTon Pembaxa—Bumiapca HenmprUMEHNM K 0€3MacCOBBIM dac-
THIIaM, B TO BpeMs Kak ero o6o6tmenue [10] mo3BosieT pacpoCTpaHUTh JaHHBIH METO
Ha TaKHe YacTHLIBI.

Mb1 BBOIUM JIBE HOBBIC QYHKIIMU ¢ U Y ciemayromum obpasom [10, 11]:

P=¢+yx (0 +Y)P=N(p—y), (13)
rae N — npou3BONbHBINA HEHYJIEBOH eCTBUTENbHBIN napameTp. st mpeoOpa3oBanus

Oembaxa-Bummapca oH paBeH Macce YacTHIBEI m. BBeneHHble QyHKIMHA 00pa3yroT
JIBYXKOMIIOHEHTHYIO BOJHOBYIO (YHKIHIO B 0000meHHOM mpexacraBieann Demiba-

xa-Bumnapca: W = (j?) W3 ypaBrenwii (11) u (13) caemyer (cp. [11]):

N2+T = —N2+4T v
N Ty T
Gi m2 (14)

T = 08— 0; +—=+ A,
1900 ] gOO

'aly—H‘P H=

rnie H — ramunproHman B o0oOmeHHOM mpenctasieHnn Oembaxa—Bumiapca u
p; (i = 1,2,3) — marpunst [laynu. Ypasuenue (14) sBnsieTcst TOUHBIM.

Jnst 6e3MaccoBBIX YacTUI] 3TOT T'aMWJIBTOHHAH HE M3MEHSEeTCs KOH()OPMHBIM
npeoOpazoBanueM (2). B obmem ciiygyae OH MHBapuUaHTEH MO OTHOLICHUIO K KOH-
(hopMHO-TIOTOOHOMY TIpeoOpa3oBaHuio (8).

OOt MeToj, pa3paboTanHusiii B [6, 8, 10], mo3BossieT HAM HPOM3BOIUTHL TIpe-
oOpazoBanne @B ramunsronnana (14) ans pelxsITUBUCTCKUX YacTHIl BO BHEUTHHX I10-
JsIX. DTOT METOJ] — UTePaTUBHBIN. HayanpHbIH raMUIBTOHUAH MOXKET OBITh MPE/ICTaB-
JIeH B 00ILEeM BHJE:

H:p3M+E+0, p3M:Mp3,
p3E = Eps, p30 =—0p;,
rnie E u O o0o3HayaloT cymMMbl 4YeTHBIX (OJOK-IMAroHaJbHBIX) W HEYETHBIX
(6710K-HEqMAarOHABHBIX) ONEPAaTOPOB COOTBETCTBEHHO. B paccMaTpuBaeMoM ciydae
[M,0] =0,

(15)

M_N2+T Ee iy 0=i —N2+4T
TN ET T P E Ty

U orepaTop npeodpa3oBanus, HailieHHbIN B [8], penyuupyetcs k Buay [10, 11]:

e+N+p(e—N)
U= , €=+M2+ 0% =AT, 17
2VeN (17)

ST0T OIepaTop npeodpa3zoBaHus sABIseTCS p3-niceBpoyHuTapusM (UT = psU~1ps3).
BakHo, 4TO TaMHJIBTOHHAH, MMOJYYEHHBIH B pe3ysbTaTe MpeoOpasoBaHus ¢ Ole-
paropom (17), ve 3aBucut or N [10]:

(16)
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H =pse+E +0, psE =Ep;, p3;0 =-0p;,

1 1
! -
E =—-iY +——=[Ve [V, F]]|—=,
2ve Ve (18)
' 1 1 , ,
0 =p——=|e,F]—, F=—idy—1iY.
2Ve Ve
OTO AEMOHCTPUPYET CaMOCOTIIACOBAHHOCTH HMCIIOIB3YEMOTO0 METOAa Mpeodpas3o-
BaHUS. TOuHbILl TIPOMEKYTOUHBIN ramruibToHHAH (18) ommceiBaeT MaccuBHBIE U 0e3-
MAcCCOBBIC YaCTHIIbI U HE U3MEHSETCS MPH KOH()OPMHO-TI0T00HOM ITpeoOpazoBanuH (8).
Crnenytomiee npeoOpasoanue [10] ymanser ocTaBIIMECS HEYETHBIC UICHBI U
MPUBOANT K OKOHYATEITFHOMY BUAY NPUOIUHCEHHO20 PETSITHBUCTCKOTO TaMITFTOHHAHA
B IpeacrasiieHnn OB:

1 1
Hrw = pye =0 = ——= | Ve, [Ve, (ia, + )] = (19)

OTOT TaMWIBTOHMAH TaKK€ HHBAPHMAHTEH [0 OTHOLICHHIO K KOH(OPM-
HO-TI0JT00HOMY TIpeoOpa3oBanuio (8). Kak mpaBuiio, peiaTUBUCTCKUIN IaMUIbTOHUAH B
npeacrasieHnn OB pasnaraercs no creneHsM NMocTossHHOW [lmaHka M MeTon MoXker
MIPUMEHATHCS, KOTAa JUIMHA BOJIHBI ¢ bpoiisd mana o CpaBHEHHIO C XapaKTEpPHUCTH-
YecKUM paccTosiHueM [8]. B TakoM ramMuiabTOHHMaHE ciaraeMble, MPONOPLHOHANBHBIE
HYJIEBOM U IIEPBOM CTENEHsAM NOCTOAHHOM [liaHka, onpenensroTcss TOYHO, B TO BpeMs
KaK cJlaraeMble BBICIIUX IOPAIKOB 1o h He ompexenens! (cM. [8]). B pesynbrare mo-
ciefHee ciaraemoe B ypaBHeHHH (19) MokeT OBITH OITyLIEHO, €CIM OHO MPOHOPLHUO-
HAJILHO BTOPOM MJIK 00Jiee BBICOKUM CTeIeHs M .

4. Bk/royeHHe 3JIEKTPOMATHUTHBIX B3auMoeiicTBU

BecbMa BaykHO, YTO BKIIFOUEHHE JIEKTPOMArHUTHBIX B3aUMOJICHCTBHI HE BEJET K
KakoMy-THOO CyIIECTBEHHOMY YCIIO)KHEHHIO TPUBEICHHBIX BBIIEC BhIYHMCICHWH. Ha-
yaJbHOE KoBapHaHTHOe ypaBHeHue KI' umeer Bun:

[9" (V, + ieA,)(V, + ieA,) + m? — ARy =0, (20)
rac VM — KOBAapHaHTHas MNPOU3BOJHAdA, a AH — UYCTBIPCXIMOTCHIMUAJT 3JICKTPOMAIrHUT-
HOTO IOJIA. JTO YPaBHCHUC 3KBUBAJICHTHO CJICAYIOUICMY:

1
(\/T_gpﬂﬁgw D, + m? — /1R>1/) =0, (21)

rne D, = d, + ieA,. Heynurapnoe npeoGpa3osanue (4) NPUBOJUT €10 K 9PMHUTOBOMY
BUJIY, COOTBETCTBYIOIIEMY YpaBHEHHUIO (5):

1 1 m* AR
<?Dﬂ,/—gg‘uvaf+gW—gm>q):0. (22)

VYV 100HO MpeCTaBUTh 3TO ypaBHEHHE B dKBHBaseHTHOU Gopme (cm.( 11)):
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) GY m?
(Dg +Y)? +DigWDj +W+A ® =0,
Y = i{a- ri}l _ 2y, 9 (23)
2f VA 2T g%y
' GY m?
T =D gWD]- + W + A,
rae GY u A onpenenstorcs ypapaenusmu (10) u (12) COOTBETCTBEHHO.
[loBTOpenue npeoOpa3oBaHusl, NPUBEIECHHOTO BBIIE, MO3BOJSIET HAM BBIBECTU
raMUJILTOHHAH B 0000IeHHOM TipeacTaBiennn Pembaxa—Bummapca:
N2 +T —N2+T
2N P27 on
[IpeobpazoBanne OB MOXeT OBITH BHIMONTHEHO ¢ onepatopoM (17), rae € = VT .
IIpeoOpazoBanuslii oneparop H He 3aBucut oT N. OKOHUATENBHBINA MPHOIMKESHHBIN
raMmIbTOHHAH B TipeactaBneHnn OB umeer Bup (6 = VT):

H = p; — Y + ed,. (24)

HFW = p3€ — lY’ + eAO

1 , 1
—Z—ﬁ[ﬁ, [Ve, (idy + iY' — eAO)]]ﬁ. (25)

[locneanee ciaraemoe B ypaBHEHUH (25) MOXET OBITH OITYIIEHO, €CIIH OHO IPO-
MOPIMOHATIBHO BTOPOU WIIM 00JIee BEICOKUM CTEIEHsAM h (CM. MpenblIynuil pasien).

Bce ramunbToHHAHBI, TOTy4YE€HHBIE C BKIIOYEHHEM 3JIEKTPOMAarHUTHBIX B3aUMO-
nevcteuit (H, H ‘u Hpy), MHBapUAHTHBI 0 OTHOIICHHIO K KOH(QOPMHO-TIOJJOOHOMY
npeoOpasoBanuio (8). ['amMuiIbTOHMAHBI KOHG)OPMHO MHBApUAHTHBI JUII 0€3MaCCOBBIX
yactull. Takum 00pa3oM, yKkazaHHOE BKIIOUEHUE HE M3MEHsET KOHPOPMHON CHMMeET-
pUH TaMUIIETOHUAHOB.

B pazgenax 2—4 Mbl paccMOTpeNu CKaJsipHbIE YacTHULl B PUMAaHOBOM IPOCTpaH-
cTBe-BpeMeHH. ONHaKo BCe TOJIyYE€HHBIE pe3yNbTaThl MPUMEHHMBI K TPOCTPAHCT-
By-BpeMeHN Prumana-Kaprana. [IpocTpancTBeHHO-BpeMeHHOE Kpy4YeHHE HE BIHSIET Ha
BUJ] TaMIJIbTOHWAHA I O0€3MacCOBBIX YaCTHUI] U Ha COOTBETCTBYIOIEE ypaBHEHHE
JIBKEHHS. B 4aCTHOCTH, Kpy4eHHE BIMSAET HAa IMHAMHUKY CIIMHA, HO HE Ha OpOUTAIb-
HBIH YTJIOBOM MOMEHT IpoOHO# yacTuusl [13].

5. CBoiicTBa KOHGOPMHON CHMMeTPHH VI JHPAKOBCKHX YaCTHIL

Jlerxo ompenenuTh CBOWCTBA KOH(MDOPMHON CHMMETPHH JUIS TOUYEHIHO-TIOJJOOHBIX
JMPaKoOBCKUX yacTuil. B pabote [11] ObLI0 TIOKa3aHO, YTO AJIST He3MACCOB0U YACTHUIIBI
raMHJIbTOHHAHBI B mpenactaBieHun Jlupaka u @B u cooTBeTCTByOIINE BOJIHOBBIC
(GYHKIIMM WHBApUAHTHO IO OTHOLICHHIO K KOH(OpMHOMY mpeoOpaszoBanuio (2). Mc-
XOJTHOE KOBapUaHTHOE ypaBHeHHUe J/[upaka Takke KOHPOPMHO WHBAPUAHTHO IO OTHO-
HICHUIO K 3TOMY IpeoOpas3oBanuio. B pesynprare KoH(pOpMHOTO npeodpasoBanus (2)
BOJTHOBasi (YHKIUS ypaBHeHUs Jlupaka anst 6e3maccogoil 4acTUIlbl IPUOOPETAET JI0-
TONHATENbHBINA MEOKHTEns 0372 [11].
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OTH pe3yapTaThl MOTYT OBITH OOOOIIEHBI HA MACCHUBHBIE YaCTHIBI. Toded-
HO-TI0/T0OOHAsT AMPAKOBCKAasl YacTUI[A B PUMAaHOBOM IPOCTPAHCTBE—BPEMEHH OIHCHIBaA-
eTCsl KOBapHaHTHBIM ypaBHeHueM Jlupaka (cm. [14, 15] u uutupoBaHHYIO Tam JUTeE-
parypy)

(thy®D, —mc)p =0, D, =elD,,

. L b (26)
D“=0#+leA#+Zo Fyab'

rae D, — KoBapuaHTHas IIPOM3BOJHAS, o = i(yayb — ybya) /2, a matpuiisl Jlupaka
y® onpezencHbl B JOKAIBHO JIOPSHIIEBBIX CUCTEMaX OTcYeTa. AHTOJOHOMHBIC KOMITO-
HEHTHI CBSI3HOCTH paBHbI [14,15]:

— — ,C
F,uab - _Fuba - eu cab» l—‘cab

1
= E (_Ccab + Cabc - Cbca )' Cabc (27)
= eg eg (ecv,y - ec,u,v)f

rae el — tetpana u el — oOparHasi TeTpaza. YI0GHO IAPaMETPU30BATh IPOCTPAHCT-

BEHHO-BPEMEHHYIO METPHUKY CleayroimmM odpasom [15]:
ds? = V2(dx®)? — 8 Wiw/ (dx* — K*dx®) (dx! 28)
— K'dx?).

®yukmun V u K!, Tak ke Kak KOMIIOHEHTHI MaTpHIBI 3 X 3 VI§] MOTYT IIPOHU3-

BOJILHBIM 00pa3oM 3aBuceTb oT x*. MoxHO moka3aTh [15], uTo 3Ta mapameTpu3aius
ompenenser 10 HE3aBUCHUMBIX NEPEMEHHBIX, KOTOPBIE XapaKTEpU3YIOT HPOCTPAHCT-
BEHHO-BPEMEHHYIO METPUKY OOIIEro BUAA. DTO MOAWPHUIIMPOBAHHAS BEPCHUS XOPOIIO
M3BECTHOM MapaMeTpU3aIlii METPUKH, IPEI0KEHHON APHOBUTTOM U coaBTOpamiu [16]
u ne Burrom [17] B KOHTEKCTE KaHOHMYECKOH (DOPMYITUPOBKH KBAaHTOBOW TEOPUHU
rpasuTarmy. Henuaronansaeie kommonenTsl Metpuku g% = K'/V? onucwiBaroT -
(extsl Bpamienus. [lapamerpuzanust (28) siBisercst o0meH U NPUMEHUMON K JTFOO0MY
PUMaHOBY IIPOCTPAHCTBY-BPEMEHH U NPOCTpaHCTBY—BpeMeHn Pumana—Kaprana.
[IpeanourutensHbIM BEIOOpOM TeTpanp! [ 18] aensercs kanubposka llIBunrepa:
euo = V6u0' eft = Vlé'i(% — K 6110)'
1 u U pri B slyar] (29)
V(50 +81K'), ef =8iW/,
r7e BBeAeHa oOpaTHas maTtpuia 3 X 3, Wi] Vlg-i = (S}L Kanubposka llIBuHrepa xapax-

Bo_
e =

TEPU3YETCs YCIOBUAMU eiﬁ =0, eio = 0.
g oOmeit merpukw (28) ¢ Terpanoi (29) Mpl HaxonuM B siBHOM Buze [15]:

1 . ~ 1 R
= J 0 _ ]
Lo =3 W Ve — Qap &> (30)
L 0 R
Ly =7 Quned + (Cyr + Gy + Crjle’ (31)
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rac
Q= gil}ml(wﬁl + KmamWEl + kaale), (32)
Cyp' = WiW™m opWh = =G, Cyjp = g Gy - (33)

Touka ~ 0603Ha4aeT TPOM3BOAHYIO0 1o Bpemenu t = x°. 31ech Cifk — aHToJI0-
HOMHBIH OOBEKT /ISl NPOCTPAHCTBEHHON Tpuansl W', Unnekcel, mpoGeratomue o 1
J0 3, TOJHUMAIOTCS M OITyCKAIOTCSl C MOMOILBIO MPOCTPAHCTBEHHON YacTH METPUKH
Munkosckoro gq, = diag(1,—1,—-1,-1), g;; = —6;; .

B reometpun Pumana-KapTana cBsS3HOCTE (27) HOKHA OBITH JOITOJTHEHA BKIIAIOM
MPOCTPAHCTBEHHO-BPEMEHHOTO KPYUCHHS U IMEET BUJI:

1
Fy ab = Ee;f(_ccab + Cabc - Cbca) - K,u ab - (34)
[MocT-prmManoB TeH30p AedopMaluu onpeaensercs BeipaxenueM [ 19]:

1
Ku ab = _Ku ba = E (_Tuab + Tabu - Tbua )'

— — b b
Tuva - _Tvua - eav,u - eau WV + F[lba ey, — l—‘vba eu . (35)

s pacyera BKJIaza MPOCTPAHCTBEHHO-BPEMEHHOTO KPY4YEHUS yIOOHO HMCIHOb-
30BaTh KOMIIOHEHTHI aKCHAJILHOT'O BEKTOPa KPYUEHHUS:

g 1
To = — E T’abcd Tped» (36)

rae 7 — TIOJIHOCTBIO AHTHCUMMETpHUYHbIM TeH3op JleBu-UeBurta ( Mg1az =

[Ipsmas npoBepka nokaseBaet [20], 4To TaMHIBTOHOBA (hOpMa UCXOITHOTO YpaB-
HeHus Jupaka (26) xapakTepusyercsi HEOPMUTOBBIM I'aMHIIBTOHHAHOM. UTOOBI mpe-
OJIONIETH 3TY TPYAHOCTh, MBI MOXKEM OMNpEAETUTh HOBYIO BOJHOBYIO (YHKIIUIO Clie-
myrorumM obpasom [15, 19, 20]:

w = (/=ged)*y. (37)

Taxkoii Buz omepaTopa HEYHUTAPHOTO TIPe00pa30BaHUS SBISAETCS YHUBEPCATHHBIM
Y IPUMEHHUM K JII000MY mpocTpaHcTBy—BpemMeHn Pumana n Pumana—Kaprana.

Jia mpoctpancTBa-Bpemenn Pumana n Pumana—Kaprana spMUTOB raMuIIbTOHMAH
ompenenseTcs Beipaxenuem [19]:

1 . .
H = pmV + eA, +Eal{F]ir7tj}

1 1
+o - mhmK) + (X Yys), (38)
Y =—Velkcy + VIO, gl =€k @y — VT,

rne F/y=VW/, ys = —iyPyly?y3 u €U — tpexmepnniii monHocThIO aHTHCHM-
MeTpuuHbIil Ter3op Jlesn-Uenra (e123 = 1).
Kondopmuoe mpeobpazoBanre mapaMmeTpoB METPUKH UMEET BU;
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V=07, wi,=0"twi, Wi;=0W, K=K
B pe3ysbrare Mbl HAXOIHUM:

Cabe = OCqpc, Qvij = Qij' CFi;}} = OCi]‘IAc' ﬁi = Fji' (39)
Kondopmuoe npeobpazosanue (2) He u3MeHsET Tensop nedopmaiuu K, o,. B

cormacum ¢ otuM, 17¢ = OT?.

Taxum oGpasom, & = E and Y = Y. [IpuBecHHbIE BBIIIE COOTHOLICHHS JEMOH-
CTPUPYIOT, 9TO 3pMumos raMmibTornan Jupaka (38) mHBapuaHTEH O OTHOIIEHHUIO K
KOH(pOpMHOMY ITpeoOpazoBaHuio (2) s 6e3maccoBbIX yacTull [11] v IO0 OTHOIMIEHHUTO K
KOH(OPMHO-TIOZOOHOMY ITpeoOpa3oBaHuIo (8) 1T MACCUBHBIX YaCTHIL.

MBI MOXeM TakKe OTMETHTh, YTO aHTOJIOHOMHEIE KOMITOHEHTHI CBS3HOCTH (JI0-
KaJIbHO JIOpeHIEeBa CBA3HOCTh [19]) T}, o, He maMensroTCs npu KOH(GOPMHOM Mpeod-
pa3oBaHMM. OTH KOMIIOHEHTBI BMeECTe C TeTpaaod e; dopmupyror Ilyanka-
pe-kanuOpoBouHbIie MoTeHIMalbl [19]. Cpeau 3TUX NOTEHIMAIOB TOJIBKO TeTpaaa W3-
MEHsIeTCS TPH KOH(POPMHOM NpeoOpa3oBaHUH.

Jlerko HaiiT KOHPOPMHYIO CHMMETPHUIO TaMIJIFTOHHAHA B TipencTaBineHun OB.
Ypasnaenne (38) moxkeT ObITH TIpencTaBieHo B Buze (15) (¢ p3 — ), e

1 1
M=mV, E=edy+5(K-m+m-K)+,E-% 0

1 .7 (40)
=5 a{Fum} = Yys.
VYpasuenue (40) mokas3bIBaeT, 4TO
M=0"'M, E=E 0=0. (41)
VYHurtapHsiii onepatop npeodpazosanus OB nmeer Bux [8]:
E+pM—-0
fet P B, €=~M?+ 02 (42)

V(Be + M = 0)?
3TOT omnepaTop WHBAPUAHTEH MO0 OTHOMIEHHIO K KOH(MOPMHO-TI0I00HOMY MTPeod-
pazoBanmio (8). Ilocie mepBoii urepayu ¢ oneparopom (42), mocieayomre nTepauu
WCKJTIIOYAIOT OCTaBIIMECS HEYEeTHbIe ciaraemble. OKOHYATENBHBIA MPUOIKEHHBIN Ta-
MUJILTOHHAH B nipecTaBicann OB pasen [8]:

1
oy =pes B s bt
w=p 41262 + {e, M}’ (43
Od4eBUIHO, UTO 3TOT TaMUJIBTOHUAH, SIBHBIM BT KOTOPOTO MOIy4YeH B padote [19],
TaK)Ke MHBAPUAHTEH 10 OTHOIIECHHUIO K KOHPOPMHO-TI0J00HOMY MpeoOpazoBanuio (8) B
o0miem ciyyae.
BonHoBas GyHKIMs ypaBHEHUS IJIs 9pMUmMoso20 TaMuibToHaHa Jlupaka,

(810, [0, M]] - [0, [o,Fm}, F=E—ih

i— = HY, (44)

ynoBneTBopsieT ypaBHeHuio (37). OHa WHBapuWaHTHA IO OTHOIIEHHUIO K KOH(DOpPM-
HO-TIoT0OHOMY TIpeoOpa3oBaHui0. BomHoBas ¢yHKIus B npencrasieHun @B Taxke
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obnamaer 3TUM cBoiicTBOM. Vcmonp3oBanne ypaBHeHHs (37) MO3BOJSET HAM HAWTH
CJIeTyFollee CBOMCTBO BOJHOBOM (DYHKIMH MCXOMHOTO ypaBHeHHs Jupaxa (26) mo ot-
HOIIIEHUIO K KOH(POPMHO-TIOA00HOMY MTPEOOpa30BaHUIO:

P =03y, (45)

B oTimuane oT craHmapTHON KOH(GOPMHONH WHBAPHUAHTHOCTH, 3TO CBOMCTBO CIIpa-
BEJUIMBO W TSI MACCUBHBIX, U JIJIs1 0€3MaCCOBBIX YaCTHIL.

Bce cBoiicTBa, yCTaHOBIEHHBIE B 3TOM pasfelie, CIPaBEIIUBHI MPH HATUIAN
9NEKTPOMAarHUTHBIX B3aUMOJICHCTBUIA.

MpbI MOXeM 3aKIIIOYHTh, YTO PaHee YCTaHOBIICHHAS aHAJIOTHs MEXIy Oe3macco-
BBIMY CKJISPHBIMH U TUPAKOBCKUMH YaCTHIIAMUA B PUMAHOBOM MTPOCTPAHCTBE-BPEMEHHU
[11] cymecTtByeT mist MrOOBIX TOYEYHO-TIOJOOHBIX YACTHIl, KAK B PHUMAaHOBOM IIPO-
CTpaHCTBE-BpEMEHH, TaK U B MPOCTpaHCTBe—BpeMeHN Pumana—Kaprana u He Hapyma-
€TCsl PU HAJTMYHH DJIEKTPOMArHUTHBIX B3aUMOJICHCTBHN.

3akjaoueHue

B mpencraBieHHOM HcclIeIOBaHMM HAWICHBI HOBBIE CBOMCTB CHMMETPHH AJISA
(yHIAMEHTATBHBIX TOYEYHO-TIOO0HBIX CKaJSIPHBIX M IUPAKOBCKAX dacTHIl (0030H
XWrrca W BCE JIENTOHBI) B PHMAaHOBOM IIPOCTPAHCTBE-BPEMEHH M B TPOCTPAHCT-
Be-BpeMeHr Pumana-Kaprana. Bee pe3ynbTaTsl moigydeHsl B 00IIeM BUAE U NIPU yUeTe
3JIEKTPOMArHUTHBIX B3auMojeicTBui. YpaBHenue K[ s TodyeuHO-11000HOM CcKa-
JSIPHOM 4YacTHULbl B IPOM3BOJIBHBIX N-MEPHBIX IpocTpaHcTBax Pumana u Puma-
Ha—KapraHna npuBeneHo kK 3pMUTOBOMY BUAY (5). DTOT BUA BecbMa yA00€H ISl BRIBOA
00X TaMUIBTOHHAHOB B 0000IIeHHOM TmpencTtaBiennn Dembaxa—Bumiapca u B
npencrasiennn  OB. [amwibronmanel B 0000mEeHHOM TmpencTaBieHnn Demida-
xa—Bumnapca (14) u (24) sBasiores TouHbIMUA. COOTBETCTBYIONINE TAMIIIBTOHUAHBI B
npencrasienun OB (19) u (25) aensrores npubnmxkeHHbIMU. OHU pa3nararoTcs B psil
10 CTEMEHSIM NocTossHHOM [l11aHKa 1 mpUMEHNMBI, KOT/1a JIJTMHA BOJIHBI Jie bpoiins mana
[0 CPABHEHUIO C XapaKTEPUCTUUECKUM pACCTOsIHUEM. TeM He MeHee, JaHHbIE TaMUlb-
TOHHMAHBI SBIAIOTCS BecbMa 0oOmmMu. OHU TIOKPHIBAIOT HECTAIMOHAPHBIN CIlydall U
MOTYT OBITh HCIIOJIB30BAaHBl Ul PENSTUBUCTCKUX YAaCTHI] B MPOM3BOJIBHO CHUIIBHBIX
TPaBUTAIIMOHHBIX (M WHEPLIMANBHBIX) MOJIX. B raMunberonnanax B npencrasiennn OB
YJIEHBI, IIPONIOPLIMOHAIBHBIE HYJIEBOM U MEPBOM cTeneHsM nocrossHHou Ilmanka, pac-
CUUTBIBAIOTCSI TOYHO, B TO BpeMs Kak WieHbI OoJiee BRICOKMX IMOPSAKOB MO h He on-
pEnemneHsl.

MBI ycTaHOBMIJIM HOBBIE CBOICTBa KOHPOPMHOW CHMMMETPHUM HUCXOJHOW U 3PMU-
toBoi (popm ypaHenus KI. Korma macca 3ameHsieTCss BETHYHHOM m, YIAOBJIETBO-
psromielt KoH(GOpPMHOMY TpeoOpazoBanmio (6), uzmeHeHHble YPaBHEHUS CTAHOBSITCS
KOH(QOPMHO HWHBapUaHTHBIMH. DTO CBOWCTBO OIpenessieT KOH(POPMHBIE CUMMETPUHU
craHgapTtHoro u spmuroBoro ypaBHeHui KI'. Ilocnennee ypaBHeHHe, a Takxe HOJY-
YeHHBIC TaMWJIBTOHHAHBI B 0000meHHOM mpencTtaBicHun dDembaxa—Buimiapca u B
npencrasieHurn OB MHBapUAHTHBI IO OTHOMICHUIO K KOH(POPMHO-IOJOOHOMY Mpeoo-
pazoBanuio (8).
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CooTBeTCTBYIOLIME CBOWCTBA KOH(POPMHOW CHMMETPHH TaKKe HaWAEHBI IS
MAaCCHBHBIX B 0€3MaCCOBBIX JUPAKOBCKUX YACTHUII. | aMIIIbTOHHAHBI B MTPEICTABICHUSIX
Jupaka 1 ®B wHBapuaHTHBI MO0 OTHOIIEHUIO K KOH(GOPMHO-TIOIOOHOMY MpeoOpas3o-
BaHUIO (8). DTO mMpeoOpa3oBaHUE TAKKE OMpeAeNsieT KOHGOPMHYIO CHMMETPHIO HC-
XogHOTo ypaBHeHus Jlupaka nis maccuBHbIX 4dactuil. Korna m, ornpenensemMoe
ypaBHeHUeM (6), 3aMEHsIET M, AUPAKOBCKask BOJHOBAs (DYHKIUS IMEET CBOMCTBO (45).

MpI nokasainu, 9YTO BCE CBOMCTBA KOH()OPMHON CUMMETPHH OCTAIOTCSI HEU3MEH-
HBIMH TIPY HaJMYWW SJIEKTPOMArHUTHBIX B3auMoJelcTBHil. TakuM oOpa3oM, pe3yib-
TaThI, MIPEJICTABICHHBIE B HACTOSIIEM HCCIIECIOBAHHH, MTO3BOJISIIOT YCTAHOBUTH HOBBIE
CBOICTBa KOH(POPMHON CHMMETPHH IS TOYEYHO-TIOJOOHBIX CKAJISIPHBIX U TUPAKOB-
cKuX yacTull (0030H XUITca 1 BCe JIENTOHBI) B pPUMAaHOBOM IIPOCTPAHCTBE—BPEMEHH U B
MIpOCTpaHCTBe-BpeMeHn Pumana—KapTaHna mpu Haqu4uy 3JIE€KTPOMArHUTHBIX B3aHMO-
JICUCTBUH.
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DETERMINATION AND ANALYSIS OF CONFORMAL SYMMETRY
OF RELATIVISTIC WAVE EQUATIONS FOR SCALAR
AND SPIN-1/2 PARTICLES

A. J. Silenko

New symmetry properties are found for pointlike scalar and Dirac particles (Higgs boson
and all leptons) in Riemannian spacetimes in the presence of electromagnetic interactions. A
Hermitian form of the Klein—Gordon equation for a pointlike scalar particle in an arbitrary
n-dimensional Riemannian spacetime is obtained. New conformal symmetries of initial and
Hermitian forms of this equation are ascertained. In the above spacetime, general Hamiltonians in
the generalized Feshbach—Villars and Foldy—Wouthuysen representations are derived. The
conformal-like transformation conserving these Hamiltonians is found. Corresponding confor-
mal symmetries of a Dirac particle are determined. It is proven that all conformal symmetries
remain unchanged by an inclusion of electromagnetic interactions.
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®U3NKA YACTHUIl U BBICOKUX DHEPIUIA

IPOLIECC JPEJLIA-STHA HA BOJIBIIIOM AJIPOHHOM
KOJUIAMJIEPE

E. B. Ipiabimko, B. JI. Epmoabunk, X. I'. Cyapec, H. M. Illymeiiko

BBeaenune

ITepserit aTan padoter LHC 3aBepitieH ¢ pe3ynbraTaMu, KOTOPEBIE ITPEB3OIILIN BCE

-1
oxunanusa. Ha stom stane skcriepumentom CMS nabpano 19.6 ¢6  ceprudumupo-
BaHHBIX JaHHBIX. B Hacrosmiee Bpemsi skcnepumentsl Ha LHC 3aHsaTHI cOopoMm
00paboTKON JaHHBIX B PP-CTOJKHOBEHHUSX C JHEpPruUeld B CHCTEMe LEHTpa Macc

JS =13 TsB. D10 nourn B 1Ba pa3a MpeBOCXOANT 3HAUEHHE 3HEPTrUU Ha IEePBOM
stane paborsr LHC.
Poxnenne nenToHHOM mapsl yepes MexanusMm pemna—Saa (J151) [1, 2]
P+P—q(p)+q(p,) >y 1 Z—>10k)+1 (k) (1)

rae p,(p,) — YETHIPEX-UMITYJIbCHl (QHTH)KBapka, a k,(k,) — YeTBIPEX-HMITYJIbCHI
(anTH)NENTOHA, MILTIOCTpHUpYeTcs Puc. 1.

: AT -

Puc.1. [uarpamma ®OeifHMaHa poxAEHUS JENTOHHBIX Hap uepe3 MexaHusm J[51

Ha anponnsix xomnaiaepax mpouecc 4 sBnsercs 3TanoHHbBIM. OH OTIHYaeTcs
OOJIBIION BEIMYMHONW CeueHHs, KOTOpOe OBIJI0 M3MEPEHO YK€ C MOMOIIBIO JaHHBIX,
HaKOIUIEHHBIX B TEpBbIE JHM pabOTHl KoOJUTaiijiepa, W BHOBBH OIPENEIUIOCHh TPHU
Ka)XIOM HOBOM 3HaueHHHU dHepruu mydkoB [3]. [Ipouecc JIS Taxxke siBisieTcss OHOM K
MHOTMM JPYI'MM IIpolieccaM, HCCIeIyeMblM Ha aIpoHHBIX Kojainepax. OH
UCTIONB3yeTcs UL u3MepeHus 3pQeKTUBHOCTH PEruCTPaly AETEKTOPaMU MIOOHOB U
3JIEKTPOHOB 0 METOAMKE «METKU U NpoObl» (tag and probe method); st npoBeneHus
cTporoit mpoBepku CraHAapTHOW MOAeNd (PyHIaMEHTAIBHBIX B3aUMOJCHCTBUN ITyTEM
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NPEIU3MOHHOTO  M3MEpPEHHs MapaMeTpoB JTOH MOJAENH W pachpeieicHUi
HAOJIOACMbIX BEJIMYMH; JUISI YMEHBIICHUS HEOMNPEACICHHOCTH B MapTOHHBIX
GYHKIMAX pacrpeseeHuii; pH MOMCKe «HOBON (usukw» (Hanpumep, Z') W s
U3MEpEHHsT AaKTHBHOCTH KBapKOB, HE YyYacTBYIOIIMX B JKECTKOM TMpolecce
B3aMMOJICHCTBUS TPU CTOJIKHOBEHUH JIBYX MPpoTOoHOB (underlying events) [4].

19.7 b’ ee and py (8 TeV'
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Puc.2. IlnddepeHnnanpHOe ceueHne dﬂ s mporiecca 15 [7]
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Puc.3. OtHotieHue muddepeHImanbHbIX ceueHnid porecca 5 npu
JS =7 TsBu /S =8 THB[7]
ITIponecc [Apessa—SIna na nepsom 3tane padorsr LHC

Ha mepBom stane padotrsr LHC ¢ momomnsto mporiecca /IS ocymectBieHn psin
MPENM3NOHHBIX W3MEPEeHHI, a TakXKe IMOMCK MposBieHUi 3(h(deKkToB 3a mpenenamu
CrangaptHoi Moaenu. Cpeln 3TUX UCCIeNOBaHUI HEOOXOAMMO OTMETUThH U3MEPEHUE
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OTHO- W JBYKPAaTHOrO JU(QGEPEHIIMANBHBIX CEUSHUH 110 WHBAapHAHTHOW Macce
JIeNTOHHOU napsl M B npouecce 1S npu JS=7 ToB u /S =8 TsB [4-7] (Puc. 2).
Taxoke, BIepBble Ha aJAPOHHBIX KOJJIaiIepax, H3MEpPeHO OTHOIIeHHe muddepeHiua-
JIBHBIX ceueHuM R mponecca IS mpu \/§ =7 TsB n \/E =8 TaB [7] (Puc. 3).
Cepbesnoit npoBepkoit s CTaHZapTHOW MOAENTH CTall0 HM3MEPEHHUE aCUMMETPHUH
Brepen-Hazag Ag, B mpouecce [ (pu JS =17 T3B) [8] (Puc. 4). B cBoto oueperp,
nu3Mepenre AupQepeHNanbHOTO CEUSHUsT POXKACHUS Z-0030HOB NpH JS=7 TsB
M0Ka3aj10, 4To TPH 3HaYEeHUAX TIONEPEYHOro UMITybca Z-6030Ha ¢, okoiuo 100 I'xB/c
HaOmOJaeTcs HEKOTOpOe PACXOXACHHE MEXIy JaHHBIMH W TEOPETHYECKUMHU
npenckazanusMu (pasauna 6onee 2o ) [9] (Puc. 5). JpyruM 3HaKOBBIM aHAIHU30M,
MpOBEIEHHBIM Ha TiepBoM dtarie padotel LHC, sBisincs nouck Z'-6030na [10] (puc. 6).
OH mnpoBoOAWICS TpPU 3HAYCHUSX WHBAPHMAHTHOW MAcCChl JIEITOHHON TMaphl, He
npesbimapmux 2 ToB. CurHan B JaHHOH KMHEMAaTHYeCKON 00JIacTH He ObLT HaiilieH.
['maBHBIM pe3ysabTaTOM aHajM3a CTaJO yCTAHOBJIGHHWE HIKHETO Mpejesia 3HaueHUs
maccel Z'-6030oHa, paBenoro M, =1.7 TsB. Oxcnepumentom CMS Brepssie
MpoBEeNEeHO HM3MepeHue cuHyca yria BalinOepra Ha anponHoMm koitaigepe. [lpu
SHEPruM KoJulaiaepa JS=7 TsBuc BBIOOPKOW MHTErpajlbHOW cBeTUMOCTH B 44 pb -
JOCTUTHYTa TOYHOCTH 1 % [11].

b
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Puc.4. Acummetpus Bnepea—Hazaz AFB B mporiecce J{S1. OTHOIIEHNE JaHHBIX SKCIIEPUMEHTa

U pe3ynbTatoB MonTe-Kapiio MoaenupoBaHus IPUBEACHO MO KaXKIbIM IpahuKoM
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UMIyJbca ¢ . OTHOIIEHHS TAHHBIX IKCIIEPUMEHTA U PE3YJIbTAaTOB PA3INUHbIX BAPUAHTOB
Monre-Kapiio MoaenupoBaHus IpuBeAeHsI 101 rpadukom [9]
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Puc.6. 3aBUCUMOCTD Ynciia COOBITHH OT MHBAPHAHTHOW MAacChl JIenTOHHO#H napsl M [10]
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Onenka BKJIaJa 3J1eKTPOCIA0bIX PAIMALMOHHBIX 3(PPeKTOB

VYauTeIBas MccaeyeMblil AUana3oH BEICOKUX dHeprui (1o 13 TaB), MoxxHO 0Xu-
JaTh 3HAYUTENbHBIM BKJIAA paguaunoHHBIX 3¢ ¢ektoB (kak KX, Tak u snexTpo-
c1abbix) B HaOMIOmaeMble BEIMYMHBI mporiecca (1) B ompemeneHHBIX palioHaX
KMHEMaTH4ecKoi o0nacTd. 37ech MBI MPHUBEICM HEKOTOpPhIe pe3yJbTaThl HaIlUX
pacyeToB 3JIEeKTPOociaboil paluanOHHON HONMPABKU IEPBOrO MOPAIKA

= Fow = Fom 109, ©)
O-born

5EW

rae oy (0y,.,) — AubdepennuansHoe ceueHue npouecca (1) ¢ yuerom (6e3 yuera)
ANEKTpocnadbix paauanuoHHbIX 3¢dekroB O(cr), K CHEKTpYy WHBapHAHTHBIX Macc
JIENTOHHBIX Map B nporuecce (1).
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Puc. 7. Dnextpocinabasi onpaBka O K MPOLECCy POXKICHHS mapsl 31eKTpoHoB (1), MIOOHOB
(2) u Tay-renToHOB (3) B 3aBHCHUMOCTH OT HHBAPHAHTHON MAaCCHI JICITOHHON Taphl: IPH
40 <M <160 I'B (cmea) u 1000 < M <5000 I'3B (cmpaa)

Kax cnezmyer u3 pucyHka 7, monpaBka & Bemuka (~80% Iy MIOOHHOM mapsl)
B obmactu M = 50-95 I'sB u mnpakTHuecKH MOJHOCTHIO ONpEAeiseTcs BKIaIoM
n3nydeHust B koHeuHoM coctostaud (FSR). B oGmactu 120-160 I'3B mompaBka mana
(oxomno 5 %), Ho Bce ke OoJibllle SKCIIepUMEHTAIBHBIX HeonpeaenenHocteilt Ha LHC, a
MOTOMY JIOJKHA OBITH yUTEHA MPH aHalN3e JaHHBIX. BumHo, uto B obmactu M = 1-5 TaB
abcomoTHOE 3HaUCHME MOMpaBKH pacteT U gocturaeT 30 % Ha BepxHeH rpanuue. ITo
yKa3bIBaeT Ha HEOOXOANMOCTh HCCIICAOBAHUS BKIaJOB 00Jiee BHICOKOTO MOPSIIKA.

Hns o, mNoNyYeHbl KOMIIAKTHBIE AaHAJIMTUYECKHE BBIPAKEHHS, HA OCHOBE
KOTOpBIX co3maH Monte-Kapiao renepatop cobOpituii LePaProGen (Lepton Pair
Production Generator) [17]. Drta mnporpamMma, OCHOBaHHas Ha COBPEMEHHBIX
ITOPUTMAX, OTIAMYAETCS OBICTPOTOHN U CTAOUIBHOCTEIO.

IlepcnexkTuBbI HccaeaoBaHni npouecca /{peana—Sina Ha BTOpoM 3Tane
pa6orsl LHC

-1

B 2015 romy skcnepumentom CMS nHaOpaHo 2.6 ¢0 cepTudHIMPOBAHHBIX
JaHHBIX. B KkommaGopamnu cO34aHO HECKOJBKO TIPYyNIl A aHaIu3a JaHHbIX,
CBsI3aHHBIX ¢ Tmporeccom 5. B wacTHOCTM, Tpynmbl MO HM3MEPEHHIO OAHO- HU
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IByKpaTtHOTO anudepeHnranbHpIX CedeHuil, 0 H3MEPEeHHI0 aCHMMETpPUH BIIEpe/l-
Ha3aj ¥ MoucKy Z' .

OpHAM U3 OCHOBHBIX aCTEKTOB MPH aHAIH3E TAHHBIX SBIISETCS YUET YCTPAHUMBIX
1 HEYyCTpaHUMBIX (OHOBEIX mporieccoB. Jis mpomecca /S meycTpanmmbeiMu GoHaMH
ABIISAIOTCS KaHAJBl POXKICHUS JIEMTOHHOW Maphl ABYX(OTOHHBIM B3aWMOJEHCTBHEM U
B3aMMOJIeHiCTBUEM KBapka ¢ horoHoM (Puc. 8).

Puc. 8. lnarpammbl DeitHMana JUTs pOKACHHS JIENTOHHOW Mapbl IBYX()OTOHHBIM
B3aMO/IEICTBHIEM (Cl1eBa) U KBapK-(DOTOHHBIM B3aUMOAEHCTBUEM (CIIpaBa)

Hamu nmpoBeneHO ucClle0BaHUE 3TUX IPOLECCOB C NMOMOIIBIO nporpaMmM FEWZ
[18] u POWHEG [19].

IIpouecc poxneHust JENTOHHON Mapbl ABYX(OTOHHBIM MEXaHM3MOM PacCMOTPEH
KaK Tomnpaska K npoueccy 5

o=—", 3)

DY

rie o, (0py) — AupdepeHInanbHOe CeYeHHEe POXKACHUS JICNITOHHOM Mapbl JABYX-
¢doronHbiM MexanuzMoM (Mexanu3mom JIS1). TlokazaHo, YTO pOXKICHUE JENTOHHON
napel JABYX()OTOHHBIM MEXaHHU3MOM U3MeHseT auddepeHIranbHOe CceueHne I10
MHBapHAHTHOM Macce JienToHHOM mapel mpouecca JS npu /S =13 TaB Ha 20-60 %
npu M =3—-5 TsB (Puc. 9).

[lomydyeHo Tak)ke OTHOIIEHWE CIIEKTPOB Macc /s TIpoIecca pPOXKISHUST
JICTITOHHOW Tapbl IBYX()OTOHHBIM MEXaHHU3MOM C HCIIOJIb30BaHUeM nporpaMm FEWZ
u POWHEG

R= POWHEG(yy)

FEWZ(yy) “®

3nece POWHEG(yy) (FEWZ(yy)) — cnektp Macc aisi Tpolecca pOXKIECHUS
JIEITOHHOH Tapbl ABYX(OTOHHBIM MEXaHU3MOM, MOJy4YeHHbIH mporpammoit POWHEG
(FEWZ). Bennuuna R B (3) omnyaercs OT eAuHULBI pubnusurenbio Ha 1—4% npu
M =3-5 TsB (Puc. 10).
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Puc.9. TlonpaBka ok mporieccy 5 npu ydere Mexann3Ma IByX(HOTOHHOTO
POKICHUS JISITOHHOM Maphl B 3aBUCUMOCTH OT MHBAPHAHTHON Macchl M
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Puc.10. 3aBUCMMOCTb OTHOLIEHHS R OT MHBAPUAHTHON MacChl JISNTOHHOM
napsl M

C nomompio mporpaMmMmel FEWZ onenena HeonpezneiaeHHOCTh ydyeTra (DyHKLHU
pacnpeneneHus (OTOHA B IPOTOHE

A
_ Bpprrip)
0=——7, (%)
O (Dy+y)
1€ Apprpy.,,, — AOCONIOTHAS HEONPENENCHHOCTh CEYCHHs, BHI3BAHHAS HEOTpese-

JICHHOCTBIO (byHKLII/II/I pacipeaciicHus (bOTOHa B IIPOTOHC, G(DY+77) — CyMMapHO¢ ,I[I/I(b—

(bepennmanpHoe ceyenue mporecca JIS w mporiecca poXkICHHS JICITOHHOW Maphl
JIBYX(OTOHHBIM MEXaHHU3MOM Ha OOPHOBCKOM ypoBHE. PaccMaTpuBanach 3aBUCUMOCTh
OT WHBAapPHAHTHOW MAcChl JICITOHHOM Maphl, TPU 3TOM BBIYHMCICHHS MPOBOIMIUCH C
romombio nporpammel FEWZ mipu +/S =13 TaB. BersicHeHo, 9TO HEONpeneIeHHOCTD

[PH KCTIOJBb30BaHUU (DYHKIIMH pacrpejielicHdst pOToHa B MPOTOHE MOXKET JOCTUraTh
100% npu M =3 T3B (Puc. 11).
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Puc.11. 3aBUCUMOCTEL HEOTIPEAETERHOCTH O OT MACCHI JIENTOHHOMN Tapbl M
(cwHUIT) B CpaBHEHUH C HEOTPEAEIEHHOCTIO, BEI3BAHHOW (DYHKIIHAMHU
pacnpeneneHus KBapKoB (KpacHBIH)

DTO SBHO TOBOPUT O TOM, YTO HEOOXOAMMO Oojiee TOUHOE M3MEpEeHHE (DYHKIHH

pacnpezencHus GOTOHA B MPOTOHE MPH 3HAYCHUSIX MHBAPUAHTHON MAcChl JICITOHHON
napel, npesbimaromux 1 TeB. K coxanenuio, 3To W3MepeHue HEOCYLIECTBUMO Ha
aJpOHHBIX KOJUTAMJepax W MOXET OBITh BBINOJIHEHO Ha OyAymIeM 3JIeKTPOH-
MIPOTOHHOM KoJjuaiaepe (Hanpumep, LHeC [20]).
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THE DRELL-YAN PROCESS AT THE LHC
Y. Dydyshka, V. Yermolchyk, J. Suarez, N. Shumeiko

A brief review of results concerning the Drell-Yan process at the CMS experiment during
the LHC run I is given. Some original results dealing with this process are presented. The
perspectives for further investigations of the Drell-Yan process at the Run II LHC are
considered.
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RADIATIVE CORRECTIONS TO INELASTIC PROCESSES
IN LEPTON-NUCLEON SCATTERING

I. Akushevich®, A. llyichev?

'Duke University, Durham, USA
?|stitute for Nuclear Problems of Belarusian State University

Introduction

The process of lepton—nucleon scattering has played a crucial role in the
understanding of internal structure of the nucleon. The unprecedented precision of such
measurements requires knowledge of the higher-order electromagnetic effects at a
percent level. In this work, we discuss the radiative corrections (RC) to inclusive deep
inelastic scattering (DIS) and semi-inclusive DIS (SIDIS) as well as to the Bethe—
Heitler (BH) process.

All presented corrections are calculated in the model-independent way which
includes the real photon emission from lepton leg only, vertex corrections, and the
contribution from vacuum polarization. Uncertainties of the model-independent RC
can come only from fits and models used for structure functions. The calculation of
model-dependent corrections (box-type graphs, real photon emission from nucleon)
requires additional assumptions about the hadron interaction resulting in additional
pure theoretical uncertainties that are hardly controlled. Moreover, the model-
dependent corrections are much smaller compared to leptonic radiation because it does
not include large logarithmic terms log(Q®/m?). Two methods are used for the

calculation. The first one is based on the Bardin—Shumeiko approach [1] and the
second involves the so-called electron structure functions (ESF) [2, 3].

Deep inelastic scattering
The process of DIS
e(k,, &)+ N(p,n) > €'(k,) + X(p,), 1)
where k; (k,) and p are the initial (final) momenta of electron and nuclei,
respectively (k? =kZ=m?, p*=M?), & and n are vectors of polarization initial
particles, is defined by p? = (p+k;, —k,)*> > (M +m_)?. The additional radiated photon

adds a new degree of freedom such that all three scattering channels of the virtual
photon on the nucleus (elastic, quasielastic and inelastic) become kinematically
possible [4, 5]. Therefore the model-independent RC of the lowest order can be written
as the sum of bremsstrahlung and loop effects:

o _ Ao _ LR 468, +0. +8" )0+ + 0% +0°, )
dxdy =«

where o is the lowest order (Born) cross section that is well known [4, 5]. The
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quantity 54 appears when the infrared divergence is extracted in accordance with the
Bardin and Shumeiko method [1]. In spite of the classical work by Mo and Tsai [6],
the approach suggested in [1] allows us to present the final expressions for RC free of
any artificial parameter A, the quantity occurring to separate a real photon emission
into soft and hard parts. A detailed comparison of explicit formulae obtained within
these two approaches is given in [7] for the case of DIS. The virtual photon
contribution contains the Iepton vertex correction &, . and the vacuum polarization by

vert
leptons S!._ and by hadrons & [8]. These corrections are given by formulae (20)—

(25) in [4].
The quantity o} is the infrared-free part of the contribution of the radiative tail

from a continuous spectrum

oy I de{al(r) E {JTR?) _Siéo“.o)}+

Tmin

vac

@)

k Rmalx j-2
+Q 0;() | R——53(R,7) (.
j=2 '[ Q R )
Here the photonic variables are R=2pk and 7z =k(k, —k,)/ pk. The limits of
integration, as well as the explicit form of functions g, (), are given in [5].

In the case of elastic scattering, the nucleus remains in the ground state, so we
have an additional relation R =R, =(S,, —Q?)/(1+r,) resulting in

o 1d%c" a’y s 2MRy*

- AdxAdy - A2 j dTA;; (%) (1+7,)(Q° +Ryz,)*

Here invariants with the mdex "A" contain the nucleus momentum p, instead of

p (pi=M2, M, is the nucleus mass). The quantities 3% are given in Appendix
A.l of [5].

Due to the lack of experimental data, the peak type approximation is normally
used for the structure functions of quasielastic scattering when estimating the cross
section of the radiative tail from the quasielastic peak. The factors at these quasielastic
structure functions are estimated at the peak, and subsequent integration of the
structure functions results in the suppression factors S, ¢, (or of sum rules for

electron-nucleus scattering [9]):

S (Ra7a) ()

max

ki 2pj-2
a® y 4 2M“R
ol =- dr (r) d
I lel 1+7)(Q* +Rr)’
The quantities 37 can be obtained in terms of quasielastic structure functions (see

Appendix A.1 of [5]).
At present, the lowest-order radiative corrections have only been calculated

IR, 7). (5)
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completely for inelastic [4] lepton—hadron scattering using the covariant approach
developed in [1]. The second-order correction (~ (e log(Q? / m?) / z)?) for unpolarized

and polarized inelastic lepton—hadron scattering was evaluated numerically in [10] and [11].
The results obtained using the formalisms were implemented in a FORTRAN code
POLRAD [5] and a Monte Carlo generator RADGEN [7] (without the second-order
correction) for simulation of radiative events in DIS.

For the estimation of the high-order RC, the ESF method was proposed by Fadin,
Merenkov, and Kuraev [2, 3], who adopted the Drell-Yan representation for the
electron—positron annihilation cross section for the case of electron—nucleon scattering.
According to this method, the observed radiatively corrected cross section can be
written as a convolution of two ESF with its hard part that is the sum of the Born cross
section together with the possible contribution of one noncollinear hard photon
radiation.

ks

D(z,,L) D(z,L)

Z.ky

Pi

Fig. 1. Diagram for the corrected cross section within the ESF method

1
dQ dy 1] dz, szmdz D(zl,L) D( 2,|_) dey . (6)

The physical meaning of the integration variables z, and z, is clarified in Fig. 1.

The hard cross section in the integrand depends on so-called shifted variables, which
are defined as follows
~ ~ _k, x, 2 ~ 1-
k =zk, k,==,Q°=2Q% §=1- y- (7
ZZ Z2 leZ

This approach allows taking into account all corrections of the order
(! 7log(Q?* / m?))" and (& / )" log(Q? / m?)"™* by resumming from n=1to N =00,
Based on this method, the FORTRAN code ESFRAD [12] has been developed.

The NMC parametrization for the unpolarized hadron structure function F,
used for the numerical analysis performed within the experiments on fixed proton
targets at JLab (E,,,, =4 GeV) and HERMES (E,,, =27.5 GeV). The polarized
hadron structure functions g, and g, are expressed by the asymmetries

A =a+x"(1—exp(cx)), with a=1.90202x102, b=-1.16312x10"°, c=-1.8451,

beam
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and A, =0.53Mx//Q? .

The y -dependences of the relative RC on the unpolarized part of the cross section

S5 = do® /dQ’dy —do® / dQ*dy
’ do’ / dQ?dy ’
calculated in the FORTRAN codes and the methods discussed above are presented in
Fig. 2. It should be noted that the numerical estimates of the lowest-order RC provided
by POLRAD, RADGEN and ESFRAD are identical. However, the higher-order
corrections in these codes are estimated in a different way:
¢ In RADGEN, the soft photon approximation is used to account multiphoton
events [13];
e In POLRAD, only the second-order leading correction is included [10, 11];
e In ESFRAD, the next-to-leading correction (in addition to the leading
contribution) is partly incorporated in accordance with Eq. (6).

(8)

6, 8,
1 - 1
lowest order
0.8 lowest+higher orders (POLRAD)
0.8
lowest+higher orders (RADGEN) :
0.6 lowest+higher orders (ESFRAD) , i e 420.03
i 0.6
0a |\ . \;0'05 lowest order
o - 0.4 lowest+higher orders (POLRAD)
02 lowest+higher orders (RADGEN) ;
e ] 0.2 lowest+higher orders (ESFRAD) /
— x=0.3 e 4
0 — — = x=0.3 /
Rt 4 0 % i It
0.2 N a0 \:0'_
TTaa . : & . T 7)) AU [ U S R —
° 02 04 06 08 y1 0% 0.2 0.4 06 0.8 y 1
a) b)

Fig. 2. Relative radiative corrections to the unpolarized cross section defined by formula (8) for
a) HERMES (E, . =27.57 GeV)andb)JLab (E, . =4 GeV) kinematic conditions

beam beam

It can be seen from Fig. 2, a) that POLRAD and ESFRAD give very similar
results for the unpolarized part of the cross section at HERMES kinematics, whereas
the behavior of the higher-order correction generated by RADGEN coincides with
POLRAD and ESFRAD only at large values of the variable y. The higher-order
effects at JLab kinematics (see Fig. 2, b)) show more distinctions: the results of
POLRAD and ESFRAD agree only at lowy, and there is a noticeable disagreement
between them when vy increases and approaches its maximum value. On the other
hand, the RC given by RADGEN deviates from that given by POLRAD and ESFRAD
at low y and coincides at large y .

Radiative corrections to the polarized asymmetries A and A, are presented in

Fig. 3 and Fig. 4, respectively. One can see that the higher-order effects give a very
small contribution to the total correction in the entire kinematic region. This means that
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the effective higher-order correction has a rather factorized form (at least within the
approximations used) and disappears in the ratio of the polarization-dependent and
unpolarized parts of the cross section. It should be noted that the main difference in the
behavior of RC to A and A, reveals itself when x increases: the RC to A also
increases, whereas RC to A, decreases. Similarly to the case of unpolarized RC, the

value of RC to asymmetries for JLab is larger than the respective RC for HERMES.

A (o/; } (o
oo BDA‘( 2 )
70 x=0.7 Born 70 ’ x=0.7 Born
Born+lowest order ceeeeeeee-o--- Born+lowest order
60 Born+RC ESFRAD 60 Born+RC ESFRAD
Born+RC RADGEN ~---. Born+RC RADGEN
50 50
40 x=0.3 40 . x=0.3
30 30
20 20
10 10 ]
x=0.03 T x=0.03
0 0.2 0.4 0.6 0.8 Y 1 0 0.2 0.4 0.6 08 v 1
a) b)
Fig. 3. Radiative correctionsto A asymmetry for a) HERMES (E,,,,, = 27.57 GeV)
and b) JLab ( E,,,,, =4 GeV) kinematic conditions
A% ) o
2 Az( ‘o )
30 [ 50
| Born 45 \ ’ - Born
2 | ‘l Born+lowest order L Born-+lowest order
\ . 40 Born+RC ESFRAD
[\ Born+RC RADGEN Born+RC RADGEN
20 <eieieeeeo Born+RC ESFRAD 35
I 30
25
20
15
10
. — - _ 5 - S
0 0.2 0.4 06 0.8 vl 0 0.2 0.4 06 08 1
y
a) b)
Fig. 4. Radiative correctionsto A, asymmetry for a) HERMES (E,,,, = 27.57 GeV)
and b) JLab (E,,,,, =4 GeV) kinematic condition
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Semi-inclusive deep inelastic scattering

The cross section of hadron h electroproduction
e(k)) + N(p) - e'(k,) +h(p,) + X(p,) 9)
depends on five kinematical variables, which can be chosen as two usual scaling
variables x and y, t=(q-p,)*, z=p,p/ pq, (here as usual q=k, -k, ), and 4, the
angle between the planes (k;,k, ) and (q, p, ) in the rest frame ( p =(M,0)).

Similarly to inclusive DIS, the RC to SIDIS can be separated into a sum of two
parts. The first one includes the real photon emission and the contribution from
additional virtual particles within SIDIS reaction. The second one can be presented as a
contribution of the radiative tail from the exclusive reaction at the threshold. Therefore:

do, _ Sint I h R
Opps = —dxdydzgk;fd% 08 " (L+ 85 + O + One) + O + 00 (10)

Here o, is the lowest-order (Born) cross section [14]. The corrections & are the

vac

same as in Eq. (2), o, comes from the radiation of multi-soft photons [13], the

correction d,, is the infrared-free sum of factorized parts of the real and virtual photon
radiation. The explicit expressions for o, and J,; can be found in [14].
The contribution of the radiative tail has the standard form like Eq. (3):

_ ays max Rmax Hi Hio
T _2fjd¢k Idrz{ e[ {(Q +Re) ?}

(11)

j-2 Hi
S J o W}

Here the photonic variables R and z are the same as in the previous section, and

& is the rest frame angle between the planes (k;,k,) and (q,k). The explicit formulae
for functions &(z, ¢, ) as well as the limits of integration and other notation are given in [14].
The contribution of the exclusive radiative tail to the SIDIS cross section reads:

T
R 3882 max eX(\N Q t)
O = 27 411 J. dfjd¢kze( ¢k - =i

Tmin

(12)

Here f =2k(p+qg—p,)/R and the exclusive structure functions ™ together with

other notation can be found in [15].

To understand the impact of the obtained exclusive radiative tail in SIDIS, we
developed the FORTRAN code for these corrections and made a few numerical
estimates. The code uses the parameterization of photoabsorption cross sections taken from
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MAID 2003 [16] and extrapolated to higher W and Q? by means of the fit from [17] .

Fig. 5. t -dependence of the ratio o, / o, for the semi-inclusive 7" electroproduction

in Jefferson Lab kinematic conditions [18]: solid lines show the total correction, dashed lines
represent the correction excluding the exclusive radiative tail

Here we restrict our numerical studies to the case of 7 production in electron-
proton scattering. The examples of the RC factor including the exclusive radiative tail
contribution are shown in Fig. 5.

It is seen from Fig. 5 that the exclusive radiative tail contribution at small z is
negligible and rapidly increases with growing z near the SIDIS threshold when
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t—t.,. The main contribution to the integral in Eq. (12) comes from the integration

region at the lower limit over 7, where the shifted transferred momentum square that
is one of arguments of the structure function reaches its minimal value.

On the other hand, the absolute value of the exclusive radiative tail increases with
growing invariant t (or missing mass of the detected lepton—hadron system).
Fortunately, the SIDIS cross section is rising with t much faster, making the relative
contribution of the exclusive radiative tail negligible at larget . Meanwhile, from Fig. 5
it can be clearly seen that at small t, i.e. close to the threshold, the situation changes to
the opposite, and the exclusive radiative tail exceeds the SIDIS cross section.

Moreover, one can see in Fig. 5 that the exclusive radiative tail significantly
modifies the ¢, distributions at middle t, distorting the usual A+ Bcosg, + C cos 24,
behavior. The bump structures in the exclusive tail contribution, seen in Fig. 5, are due
to the contribution of nucleon resonances in the MAID parameterization.

Bethe-Heitler process
The BH process
e(k) + p(p) > €'(k;) + p'(p") + 7 (k), (13)
is traditionally described using four kinematical variables: Q? =—(k, —k,)?,
x=Q*/(2p(k,—k,)), t=(p-p’)?, and ¢, the angle between the planes (k,,k,) and

(a.p) (a=k —k;).

The simplest way to estimate RC to BH process consists in the calculation of the
leading-order (LO) contribution and its generalization ti the highest-order over « using
the electron structure function method presented above (see Eg. (6) and comments
therein) as it was done in [19]:

11
dz

O (5, %,Q%1,4) = fmljzioapqﬂDquﬁ

T 4 (14)
2

Xp | SiNG' . 2,Q° 2, o, -

- 10 ZSI—I_ !t! i)

X[ xj D2 %(n (2,2,S - X) 22Q 2

where, as usual, D(zl,Qz) is the electron structure function, &' is the angle between
q and p', 6, =c,[a® > a’l(1l-al(2x)s,.)?], and o, is the lowest-order (Born)
contribution to BH process. The limits of integration together with other notation can
be found in [19].

The other possibility to estimate the radiative effects consists in the direct
calculation of the one-loop lowest-order RC to BH process in NLO approximation
[20]. According to this approach, the observable cross section has the form:

F F
s = (14 % (5, + 6L, +on)) 20 Gou Aoy | Oog (15)
aT, r dr,  dr, dr, dr,

where:
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ar, = L dkzdp(jk§%&+p_kf_w_k): Q2dQ?dxdtd ¢

(2”)5 2E2 Zpé 20 (471.)4)(2\/2@' (16)

The corrections multiply on the Born cross section do, /dT’, and &% are the

vac

same as in Eq. (2), whereas the correction &, is the infrared-free sum of the factorized
parts of the real and virtual photon radiation.

RC factor

t=-0.5 GeV’ t=-1.2 GeV’

0.95

0.85

0.95 |

".\";ﬂucs of RC factor
0.85 for ¢, =mare

30 for solid line and
36 for dashed lines.

0.8
02 04 06 08 1 02 04 06 08 1

0,/2m

Fig. 6. The RC factor vs. ¢ for beam energy 5.77 GeV, x=0.4, and Q2 =1.8GeV°.
The solid (dash) lines correspond to the result of calculation without (with) the cut
on missing energy ( Ey <0.3GeV)

The ratio do; /dT, corresponds to the nonfactorized infrared-free contribution

of the additional virtual particles. The last two terms include nonfactorized infrared-
free contribution to/from/of double photon emission (see [20] for detail).

There are four kinematical regions contributing to the cross section in the leading
approximation: when one of the photon is observed and another one is in the so-called
s- and p-peaks. For the s-peak (p-peak), the additional unobserved photon is emitted in
the direction of the initial (final) lepton.

In Fig. 7 the observed cross sections of the BH process (upper plot) and respective
RC factors (lower plot) for beam energy ~5.77 GeV, x = 0.4, and Q° = 1.8 GeV?. The
line with (without) dots shows the results of calculation without (with) the cut on
missing energy (E, < 0.3 GeV).

Applying leading log Eq. (14) to the numerical analysis (see [19]), one can see
that the region close to s- and p-peaks, i. e., when

QX t=t =S
S-Q*’ X +Q%

t=t =- (17)
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the RC factor that is the ratio o, /o, slowly decreases (when -t approaches the s-
peak from the left or p-peak from the right reach its minimum at t =t or t=t , and

then rapidly increases, reaching its maximum at t = —Q°.

10°%tq) Cross Section, nb/GeV*

103}

102}
10 [

1 L
-1

10 ¢
-2

10 ¢

-3
10

b) RC Factor
1.8

16|
141
12 ¢

1 \—
08|
0.6 |
0 05 1 15 2 25 3 35 a4
-t, GeV?

Fig. 7. Cross sections of the BH process (upper plot) and respective RC factors
(lower plot) for beam energy ~5.77 GeV, x = 0.4, and Q* = 1.8 GeV?

The analysis of the integrand shows that the region around the point ¢ =z is

responsible for this difference. Therefore the ¢ -dependence of the RC factor (Fig. 6)
was analyzed. The RC factor typically has a flat behavior except the point ¢ =7
corresponding to the situation when the scattering and production planes coincide. In
this case, the RC factor can rapidly increase. Further analysis of the integrand showed
that the large contribution comes from the two-photon emission process when two
irradiated photons are collinear to the initial and final electrons. The corresponding BH
process (i.e., one-photon emission process) is the process with the emitted photon with
4-momentum corresponding to the sum of momenta of the two collinear photons. This
photon is not collinear, and therefore the respective cross section of the BH process is
not large. The RC factor can become larger than 2, i.e., the RC to BH cross section can
be larger than the BH cross section. Roughly, the effect for the RC factor can be
estimated as 1+al® (one collinear photon produces one leading log
L =log(Q®/m?)). If L ~15, then the RC factor equals 2.64.

The radiative correction factor can be defined for the polarization asymmetries in
terms of RC factors for unpolarized and polarized parts of the cross section as

5, =0 [ 55 because

o _ o
A\)bs = u?]p = éE(n:p A\J = é‘A% (18)
obs RC
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Fig. 8. The Q? dependence of LO Eq. (14) (dashed) and NLO Eq. (15) (solid) radiative
correction factors for polarization asymmetries (7 = (0,0,1) for upper plots, 77 = (1,0,0) for
lower-left, and 77 = (0,1,0) for lower-right plots) for several X, t and ¢ =180°,

E
0, =1 for both values t. Nine curves at each plot correspond (from left to right) to nine values
of x:0.1,0.15,0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5. Q°_ is defined by the kinematics. Only

max

the curves for X: 0.25, 0.3, 0.35, and 0.5 are shown for the lower-left plot

= 5.75 GeV without cuts on V ?. LO RC in the upper-left plot is not shown because

beam

The superindices unp and pol characterize the polarization structure of the cross
sections:

— __unp unp
Oobs,0 ~ Oobs,0 + PL PN Oobs,0° (19)

The radiative correction factor for asymmetries is not defined for the kinematical
points where o2’ = 0. Several examples of &, are presented in Fig.8 . The RC factor

to asymmetries is close to 1 comparing to the RC factor for the unpolarized cross
section. The NLO correction could essentially change both the magnitude and the
shape of 9, .
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Conclusion
In the present work, we have considered RC to DIS, SIDIS and the BH process

using the Bardin—Shumeiko [1] and the ESF [2, 3] approaches. Our numerical
analysis shows that

12.
13.

14.
15.
16.
17.
18.

19.
20.

In DIS, the RC to the unpolarized cross section and the spin asymmetries decrease
with increasing beam energy, whereas the higher-order effects contribute to the
polarization asymmetries very little because they have a rather factorized form.

In SIDIS, the exclusive radiative tail contribution at small z is negligible and
rapidly increases with growing z near the SIDIS threshold when t —t_ ... The

exclusive radiative tail also significantly modifies the ¢, distributions at middle t,
distorting the usual A+ Bcosg, +C cos2g, behavior.

In the BH process, the RC factor including the LO contribution typically has a flat
behavior except the point ¢ = 7z corresponding to the situation when the scattering

and production planes coincide. In contrast to the LO contribution, the NLO
correction could essentially change both magnitude and the shape of RC to
asymmetry.
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LIMITS OF INORGANIC SCINTILLATING MATERIALS
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1. Introduction

From only a few scintillation materials that were in operation in the sixties, ex-
perimentalists today have a choice among hundreds of species that are produced by in-
dustry or are under study [1]. However, radiation resistance of these materials has not
been systematically studied and requires further investigation. Since the publication of
the fundamental work by L. Chadderton [2], only few publications treated this topic in
detail [3—5]. Traditionally, review articles related to detector systems in High Energy
Physics (HEP) do not consider those issues. A recent review [6] presented a compre-
hensive picture of the experimental techniques in today’s experimental particle and
high energy physics, though the effects in detectors that are due to background radia-
tion, produced by particle collisions or the interaction between the beams and the tar-
get, remained beyond the scope of this valuable work.

Further physical programs at the LHC will require a significant increase in the ac-
celerator luminosity of L =3 x 10** ecm™ s, with an integrated luminosity of 3000 fb™!
from 2025 to 2035 [7]. At such beam luminosities, charged hadrons with fluences
higher than 10" p/cm? per year in a large pseudo-rapidity region of the detectors will
have a non-negligible influence on the radiation damage of materials. Similar effects
will arise in experimental setups at FAIR (GSI, Darmstadt) [8] and the FCC [9], widely
discussed now. Moreover, with the increasing activation of experimental equipment, it
will become more difficult to periodically replace and maintain the detector elements.
Therefore, for the selection of materials for new detectors in such high radiation envi-
ronments, a more reliable assessment of the risks of detector failures due to high radia-
tion is required.

In the last 40 years, use of scintillating radiation detectors has played a crucial
role in the discovery of matter properties and contributed to a continuous progress in
this technique. A variety of detectors have been built: small detectors based on
Nal(TI), CsI(Na), BaF,, PbF,, and Bi;Ge;0,, and large detectors, such as the electro-
magnetic calorimeter of CMS, consisting of 11 m’ of PbWO, scintillator crystals. The
high quality of the CMS PWO electromagnetic calorimeter and its excellent perform-
ance have been a keystone in the discovery of the Higgs boson [10].
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The systematic study of the radiation hardness of inorganic scintillation materials
began with the development of the new colliders. In the mid-80s extensive investiga-
tions on the development of new scintillation materials were performed under the Su-
perconducting Super Collider program (SSC, USA). Also, a dedicated Research and
Development Project (RD18, Crystal clear Collaboration) was initiated at CERN in the
frame of the DRDC for LHC experiments with the participation of experts from 15
countries. Similar research was performed at KEK (Japan) and under the UNK pro-
gram (Protvino, Russia). The announcement of the LHC upgrade project, in order to
significantly increase its luminosity [11], has renewed interest in the radiation damage
studies of inorganic scintillating crystals. Since 2005, several research teams based at
CERN investigated the effect of the high-energy proton-induced damage on the proper-
ties of inorganic scintillators [12—22]. The possibility to irradiate the crystal samples
with 24 GeV protons of the PS accelerator with the 10° p/cm?s with fluences up to 10"
p/em’ contributed to the progress in this research.

It has recently been established experimentally that the damage effects from 150 MeV
protons [23] are comparable to those measured after the irradiation with 24 GeV pro-
tons. It is well known [24] that the cross-section o for heavy nuclei fission from pro-
tons strongly depends on the energy of the incident particle. For instance, for ***Pb it
shows a fast growth from 107 to 0.1 b for an incident particle energy from 20 to 90
MeV, followed by an increase up to 1 b at 1 GeV. Smooth behavior of the 6renergy
dependence above 100 MeV allows extrapolation of this behavior into the regime of a
few tens of GeV. Thus, the radiation effect produced by 150 MeV protons will be the
same as for 24 GeV protons for the same order of fluence, but smaller in magnitude,
since 07(150 MeV) < g,(24 GeV). The observed identity of these damage effects be-
tween low and high energy protons considerably simplifies the investigations of had-
ron-induced damage.

Until now, the description of the deterioration of scintillating materials by ioniz-
ing radiation has been described by a simplistic interpretation, because only the main
physics performance requirement was taken into account, i.e. the capability of electro-
magnetic calorimeters to maintain a high energy resolution throughout the full life of
the detector operation. The energy resolution of electromagnetic calorimeters is usually
defined as follows:

oE)__a @ b ®c, ()
E E E

where the stochastic term a is proportional to the light output (LO) of a scintillator as
LO™?, the noise equivalent term b is proportional to LO™, and the constant term ¢ de-
pends on, e. g., light collection non-uniformity along the detecting element; a is pro-
portional to LO™ and to the derivative d(LO)/dz (z coordinate along the crystal axis)
[25]. As the deterioration in energy resolution is directly linked to the decrease of light
output of the crystals, generally, only the effect of the radiation on the light transmis-
sion is considered.

However, the interaction of ionizing radiation with the crystals gives rise to sev-
eral other effects similar to transmission degradation. The change in the optical trans-
mission due to the formation of color centers under ionizing radiation represents only a
portion of the damage effects.
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Restricting the discussion to the consideration of the effects that influence the ap-
pearance and propagation of photons in the detector medium, one should take into ac-
count the metastable color centers of short lifetime, as well as the effects of the interac-
tion between the active material and the radioisotopes generated in the detectors
through nuclear reactions. The combination of these effects can lead to a large degrada-
tion of the detector performance, manifesting itself in an increase of all terms in the en-
ergy resolution equation, the appearance of nonlinearity in the detector response and a
noticeable deterioration of the time resolution of both separate detector units and the
detector as a whole.

The combination of all these effects actually determines the limiting value of the
absorbed radiation dose for operation of the crystal detector material in a high dose
rate, ionizing radiation environment.

II. Creation of defects under ionizing radiation

Synthetic crystals a priori contain structural defects, and their concentration can-
not be less than the thermodynamical limit at a given temperature. There is always a
certain concentration of anion and cation vacancies, and some clusters thereof under
thermodynamic equilibrium in a crystal. Most of the synthetic crystals grown to be
scintillators are reasonably “perfect” and have only few types of defects that are at least
partially due to fluctuations of the parameters of the crystal growth and the presence of
some impurities in the starting raw material. As a rule, empty defects do not influence
the crystal transparency, except for the case when Charge Transfer Transitions (CTT)
are allowed, during which the valence band electrons are transferred to unfilled defects.
Similar to ionizing radiation, CTTs can also create color centers and initiate the carrier
capture and energy storage mechanisms in the crystal. Use of CTTs is a simple and re-
liable tool to create and study color centers in many inorganic compounds [26].

The electromagnetic component of ionizing radiation interacts predominantly
with these defects. Charged particles, even as light as electrons, create additional de-
fects in crystals. Heavier charged particles, such as protons, hadrons, or nuclear frag-
ments, lose much more energy and generate avalanches of displaced ions in a crystal.
Obviously, the damage created in a crystalline material by high-energy hadrons passing
through the crystal results from the combined effects of primary particles and frag-
ments of nuclear interactions. Recoil atoms produced by primary particles and frag-
ments create point vacancies (V), interstitials, Frenkel Type Defects (FTD), and cas-
cades of secondary recoils along their paths. Secondary recoils will also create vacan-
cies; however, when their energy reaches about 4—-6 keV, the concentration of vacan-
cies and FTD at the end of the trajectory becomes so high that they form a defect clus-
ter [27]. This produces a perturbed structure along the paths and results in a relatively
long-lived change of the crystal macroscopic properties. Moreover, hadrons create in
the scintillation material hadronic showers that consist of charged and neutral compo-
nents. Nevertheless, since the length of the crystal module in the electromagnetic calo-
rimeter is of the order of a single nuclear interaction length, the damage effects caused
to the scintillation material of electromagnetic calorimeters by the hadronic shower are
much lower than those produced by incident particles.
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Once the defects have trapped electrons or holes, they change their charge state,
and in many cases appear to be in a stable or a metastable state. The main feature of
many recharged defects is the ability to create absorption bands in the UV-IR range
through intra-center transitions, CTT, or photoionization. For this reason, these defects
are called color centers [28]. As a rule, metastable centers exhibit a spontaneous recov-
ery of the transparency of the crystal with temperature-dependent kinetics [29]. Colour
centers, scintillation and Cherenkov photons appear in inorganic detector materials un-
der ionizing radiation during 10"'~10” s [30]. However, the characteristic time of Che-
renkov photon formation is much shorter than that of defect formation, or in other
words, color centers in a medium can affect only the propagation of Cherenkov radia-
tion in the medium, but by no means its formation. In contrast to Cherenkov radiation,
scintillation occurs as a result of a chain of processes characterized by different time
constants [31, 32], and both the appearance of scintillations and their propagation in
the crystal can be subject to the influence of the defects and related color centers.
Moreover, color centers not only can quench luminescence but also sensitize lumines-
cence via multipole interaction as well as via tunneling, thus redistributing the scintilla-
tion kinetics of the luminescence emission in favor of slow and ultra-slow components.

III. General damage properties in scintillating materials under gamma
irradiation

It is common practice to investigate the damage effects with gammas using “’Co
or ’Cs sources with energies of 1.2 MeV and 0.662 MeV, respectively. With such en-
ergies, the formation of defects through photonuclear reactions can be neglected. In ac-
tual experimental setups, y-background can reach values of the order of GeV; Howev-
er, y-background in the CMS detector, e.g., is dominated by energies below 1 MeV
[33]. So, although photonuclear reactions [34] can potentially lead to the formation of
new defects in crystals, their effect can be neglected due to their small cross section
[35]. The rate of new defect formation in crystals from high-energy photons is two or-
ders smaller than that from charged hadrons, say protons.

On the other hand, irradiation with commonly used sources of low-energy gamma
can lead to the formation of new defects and thus to an increase in the concentration of
color centers.

First, this effect is observed at high intensities of ionizing radiation. For instance,
the authors of [36] have shown how the defects and the related color centers are
formed in PbWO, (PWO) crystals with different initial imperfections. Crystals with
isomorphous and nonisomorphous substitutions were irradiated by **Co. Crystals with
a small number of vacancies due to La- (Y type ion-) ion doping [37] are characterized
by a small induced absorption for a dose rate up to 10° Gy/h. As the dose rate increases
above 10° Gy/h, an additional increase in the induced absorption at A = 420 nm, grow-
ing with dose rate, was observed. This effect is caused by a strong polarization of the
crystal media due to color centers and free carriers. At high dose rate, most of the de-
fects are converted into color centers, and their electric field promotes a shift of atoms.
Thus, Frenkel pairs and additional vacancies are generated. The signature of the Fren-
kel Type Defect (FTD) in lead tungstate is an absorption band near 350 nm. Under ir-

182



radiation, two electrons are captured by the Frenkel defect and form a deep electronic
center. This capture results in the conversion of the 350 nm band to another band with
a maximum at 410 nm. Similar effects and aggregation have been observed in alkali
halide crystals under high dose rates of y-irradiation [38, 39]. The aggregation of such
kind of defects can lead even to the formation of colloid metal particles in a crystal at
extremely high dose rates of 10° Gy/h [40, 41], however, being beyond reach at the
High Luminosity LHC or future FCC.

Second, the effect of the increase in the concentration of the defects is also
observed in the case of irradiation with a low dose rate of low-energy y-quanta, but
under long-time exposure. This effect was observed in PWO crystals. Even grown
from a purified raw material, synthetic lead tungstate crystals still contain shallow
electron centers associated with oxygen vacancies [3]. It was found that their influence
was too small to contribute to the optical transmission radiation damage in lead
tungstate under short-term irradiation [42]. However, steady-state crystal irradiation
creates the conditions for the diffusion of neutral shallow electronic centers, which
significantly increases the probability of their coupling into pairs and more complex
defects [43—45]. The pairs have deeper capture levels than single vacancies and can
create metastable color centers increasing the optical absorption in the visible spectral
region under ionizing radiation.

Another effect owing to shallow traps is the creation of short-lived color centers
contributing to the transient induced absorption bands and decreasing the amount of
light seen by the photo-detector at a short time scale [46]. This occurs at a relatively
high irradiation dose rate when a fraction of shallow traps becomes populated. The
model of this phenomenon is described in [3].

In spite of the long history of scintillators [47], there are only few scintillation
materials where crystal defects and color centers were investigated in detail: halides
and oxides. This study was driven mostly by high Energy Physics (HEP) applications.
For the last two decades, the crystal calorimeter in HEP projects was based on the de-
velopment of BaF, scintillators for the SSC project [48], as well as CeF; and PWO
crystals for the LHC at CERN and FAIR (Darmstadt, Germany) [3, 26, 49—-51]. One of
the most critical requirements for these scintillators was to achieve a low level of radia-
tion damage under y-irradiation [3]. The other example of such developments com-
prises radiation hard Csl(Tl) scintillators for medium energy physics in the projects
like BELLE and BaBar [52-57].

Summing up the radiation damage effects under y-irradiation, we note that shal-
low traps also contribute to the optical transmission deterioration. In general, the ab-
sence of structural imperfections in the crystal is the most important requirement for
the scintillating crystal to operate reliably in a high dose rate y-irradiation environment.
One of the best approaches is the compensation of the defects by technological means.

The Czochralski method and certain modifications of the Bridgman method are
used most frequently to grow high-quality crystalline scintillating materials [58]. The
relatively fast rate of melt transformation in the crystal mass during the crystal growth
and the limited purity of the raw material cause the creation of specific defects in crys-
tals, which affect the scintillation parameters. Besides color center creation, irradiation
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can also change the valence state of the ions in the crystal. This specific damage effect
depends on the kind of scintillation material. Widely-known self-activated scintillation
crystals, such as Bi;Ge,Oy,, Bi3Si4O1,, PbWO,, and CeF;, possess luminescent centers
that are part of the matrix host [59-63]; these luminescent centers are regular anionic
complexes based on tungsten, bismuth, and cerium ions, which are not recharged under
y-radiation. Therefore, the majority of self-activated scintillators show only color cen-
ters under y-irradiation. On the other hand, Ce-, Eu-, and Pr-doped scintillators can
show both the creation of color centers and a change of their valence states. In oxide
crystals, a possible mechanism of this effect is the direct ionization of Ce" ions by the
incident ionizing radiation. After the ionization of Ce’" ions, a fraction of electrons is
captured by the neighboring oxygen vacancies.

One of the most useful techniques to minimize the concentration of the intrinsic
point structure defects is to dope the crystals. Recently the general criteria for a neces-
sary impurity to compensate the point structure defects at the crystal growth have been
proposed [64]. The results reported in [51, 65—67] have shown how spectacularly the
induced absorption spectra were reduced due to doping the lead tungstate crystal with
yttrium and lanthanum.

Some of the scintillation crystals, for instance, YAP:Ce, are produced in a vac-
uum [68] at temperatures near 1900°C. Under such conditions of crystal growth, an ad-
ditional intensive accumulation of oxygen vacancies V, occurs. The decrease in V,
concentration is confirmed by a strong suppression of red luminescence in Zr-co-doped
crystals, whose presence correlates with oxygen vacancies [69]. The Zr*'-co-doping ef-
fect in YAP:Ce was also confirmed in [70]. Co-doping is less effective for complex ox-
ides where one cation is localized in sites with several coordinations, for example, in of
Y;A5501,, and LuzA;sOy; crystals of a garnet structure, where aluminum ions are local-
ized in octahedral and tetrahedral coordinations. Here Si*" co-doping was found to be
more effective than that of Zr [70]. The Zr-ions in a garnet structure preferentially as-
sociate with octahedral sites and leave uncompensated cation vacancies in tetrahedral
sites. The Si-ions, on the other hand, can occupy tetrahedral sites. In crystals with sev-
eral possible anionic arrangements of the same cations, co-doping with two impurity
ions is favored, one for each coordination site.

The Ca" co-doping in Lu,SiOs:Ce (LSO) crystals is another good example of this
method. Orthosilicate crystals are typically grown in atmospheres with oxygen concen-
trations ranging from zero to a fraction of 1%. First, we may consider whether a given
crystal composition is likely to develop oxygen vacancies. Moreover, a dominating
leakage of Si from the melt occurs. So a divalent ion in the orthosilicate structure
should suppress the appearance of oxygen vacancies. It is proven that all high tempera-
ture Thermo Stimulated Luminescence (TSL) bands, associated with oxygen-vacancy-
based color centers [71] are strongly suppressed when the crystal is co-doped with a
divalent Ca-ion [72]. A divalent ion, substituting for Lu’" in the matrix, may offset the
uncompensated positive charge due to oxygen vacancies in the crystal. Moreover, it
may prevent electron recapture processes in the case when it creates a shallow electron
trap in the crystal.
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Another useful technique to minimize the concentration of defects is annealing of
grown crystals in different atmospheres at temperatures below the crystal melting
point. Though LSO:Ce crystals have been studied for more than 20 years [73-75], it is
only recently that the positive impact of oxygen annealing on the reduction of defect
concentration in crystals has been recognized [76—78].

IV. Gamma-induced color centers in PbWO, and Lu,SiOs5:Ce

By way of example, let us consider the color centers that appear under y-
irradiation in two scintillation crystals: PWO and LSO:Ce. Fig. 1 shows the induced
absorption (dk) spectrum of the PWO crystal and the spectrum decomposition into
Gaussian components.
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Fig. 1. Induced absorption spectrum of PWO crystal measured at room temperature
1 minute after irradiation with a ®*Co source (30 Gy) and its deconvolution [18]

It is well established that the induced absorption spectrum of y-irradiated lead
tungstate crystals contains several bands with maxima located in the vicinity of 348 nm
(3.56 €V), 390 nm (3.18 V), 470 nm (2.66 eV), 520nm (2.4 eV), 600 nm (2.08 eV),
and 700 nm (1.77 eV). The origin of these absorption bands and details of deconvolu-
tion are described elsewhere [18, 37]. Almost complete recovery of the damage was
observed after 200°C treatment during 2 hours. Commercially produced LSO crystals
doped with Ce (LSO:Ce) are considered y-radiation-resistant [79—82]. Usually, they
are grown from a melt with doping concentration of 0.1-0.5 at% with respect to the
rare earth ion. Activating ions have a strong absorption in the UV range due to Ce’" in-
ter-configuration 5f—4d electron transitions. Owing to this effect, a large fraction of
the transmission spectrum — from the crystal’s fundamental absorption cutoff (at 200 nm) to
the activator’s long wavelength shoulder of the lowest absorption transition (at 370 nm) is
reduced to zero. Despite more than 20-year of research into LSO:Ce crystals, the radia-
tion-induced absorption in the UV-VIS range has been studied only recently [20]. Fig.2
shows the optical transmittance spectra of an LSO crystal with low cerium concentra-
tion before and after y-irradiation and its annealing at different temperatures. The in-
tensity of all color center absorption bands falls after annealing. Almost complete re-
covery of the damages was observed after 300°C treatment in the spectral range from
270 to 600 nm. Fig. 3 shows the induced absorption spectrum of the sample after y-
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irradiation in the eV scale and results of the spectrum approximation with the set of
Gaussians-type bands.

The observed absorption spectrum after y-irradiation can be approximated by
summing five distributions with peaks, denoted as Center 1 to 5, at 5.2 eV (240 nm),
4.08 eV (306 nm), 3.64 ¢V (343 nm), 3.32 ¢V (376 nm), and 3 eV (416 nm).

Hence, we may deduce that several color centers appear in LSO:Ce because of re-
trapping of the charge carriers by point defects created during crystal growth. It should
be noted that practically all color centers lie in the spectral range that does not overlap
with the luminescence band of Ce’* ions.
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Fig. 2. Optical transmittance of a low Ce-doped LSO crystal: 1: before irradia-
tion, 2: after irradiation with ®*Co source (1,22MeV, 2000Gy absorbed dose),
3: after annealing at 300°C [20]
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Fig 3. Ce low-doped LSO y-radiation induced absorption spectrum at room tem-
perature and its approximation by a set of Gaussian type bands [20]

This demonstrates that the effects of gamma irradiation are similar for cerium-
doped and self-activated scintillators.
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V. Stimulated recovery of radiation-induced absorption in inorganic
scintillation materials

Because the formation of color centers drives the crystal system into a non-
equilibrium state, since a fraction of the electrons is localized above the Fermi level
and their distribution differs from the statistical energy distribution (equilibrium state),
spontaneous relaxation of color centers through thermal activation naturally occurs. In
addition, there are two processes initiated by the photons: (1) ionization of colour cen-
tres, and (2) transport of the captured electron from the ground state of the color center
to its radiating level. The first process (sometimes called «optical bleaching’ [83]) de-
pends on the energy gap between the conduction band and the position of the color
center ground state in a forbidden zone and may be initiated in a wide spectral range
from the UV to visible light. However, the ionization is not efficient because the en-
ergy of the injected photons should be much greater than the Thermo Activation en-
ergy of the color center Ers. The second process, called stimulated recovery”, is an in-
tracenter resonant transition that requires photons of lower energy ~Er4_such that even
infrared (IR) photons can initiate it. The authors of [84] described the conditions when
the stimulated recovery becomes efficient. The energy range of photons needed for FTD
ionization is calculated on the basis of PWO spectroscopic data, and is 3.3-1.8 eV
(380—700 nm). The minimum photon energy needed for stimulated recovery is ~0.7¢eV,
whereas the upper limit is defined as the ionization threshold of FTD, i. e., 1.8 eV (700 nm)
[37]. Tonization is a more effective process to release color centers, but it initiates re-
trapping of carriers and the “rebirth” of the color centers. Stimulation with IR has a
smaller absorption cross-section, and hence is a slower process, which, however, does
not recreate color centers.

Spontaneous and stimulated recovery from the induced absorption at 420nm of a
PWO:La,Y crystal irradiated to a dose of 30 Gy is shown in Fig. 4. Fast recovery from
the induced absorption is observed at FTD ionization with light at 464 nm and with
stimulation via intra-center transitions in the IR range of 860—1300 nm. This is
achieved by injecting LED photons with an intensity of 2-9x10'® photons/s into the
wrapped crystal of 20 cm length. Stimulated relaxation produces an additional decline
of the induced absorption curve over a wide spectral region.

A similar recovery-by-stimulation effect has recently been observed in a newly
developed scintillation glass, such as BaO-2Si0,:Ce (DSB:Ce), which is also found in
the form of glass ceramics [85—87]. Fig. 5 shows the spontaneous recovery at room
temperature and 420 nm in comparison to the enhancement achieved by illumination of
irradiated DSB:Ce with LED light of different wavelengths. Spontaneous recovery
from induced absorption has a fast phase in the initial part of the recovery curve. Up to
25% of the lost transmission is recuperated within six hours. Afterwards, the induced
absorption remains nearly stable if the samples are kept in the dark. A significant en-
hancement of the induced absorption recovery is observed when illuminating the sam-
ples with visible and IR light. This behavior is similar to that observed in PWO.
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Fig.5. Room temperature changes of dk,, of a DSB:Ce glass due to spontaneous re-
laxation and stimulated recovery by photons with different wavelengths [85]

VI. Damage properties in crystalline materials under high energy proton
exposure

Although the radiation damage in inorganic scintillators from proton irradiations
was studied already in 1990 [88, 89], the cumulative effect of optical transmission
damage was first investigated only in [90]. The spontaneous relaxation of induced pro-
ton absorption has been found to be almost two orders of magnitude slower than that
after y-irradiation. Later, a team of ETH-Zurich ascertained by dedicated experiments
that the cumulative effect of optical transmission damage was observed in all investi-
gated crystals; the induced absorbance varies approximately linearly over a wide range
of fluences [15].
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Historically, the damage effects in heavy materials were first studied in [12-23].
The authors of [18—23] compared the optical transmission damage from protons of four
heavy crystalline materials, PWO, BSO, PbF,, LSO:Ce. A common feature of these
crystals is that they have heavy, matrix forming, elements, moreover three species have
atoms with Z = 82(Pb) and Z = 83(Bi). Hence, one can expect an increase in the con-
tribution of secondary interaction products to the matrix host damage from protons.
Besides the knock-on process, where atoms are displaced from their sites, protons can
cause two types of hadron-nucleus reactions: spallation and fission. The cross section
of these interactions with nuclei of PWO is energy-dependent. The measurements
made with 1 GeV protons on ***Pb show the cross section for spallation interactions ten
times larger than that for fusion [91]. This leads to the expectation that spallation will
dominate the high energy proton interactions with high Z-nuclei. This is supported by
early observations of proton interaction products with the heaviest elements [92]. Spal-
lation is characterized by the creation of light fragments with high kinetic energies and
low-energy recoiling heavy nuclei [91, 93]. Due to their high kinetic energy, the light
fragments will contribute most to the damage of the host, whereas the heavy recoiling
nuclei will have a short recoil path and lose most of their energy by ionization. Both
the light fragments and the nuclear recoils create similar defects due to the incident
particles. In contrast to randomly distributed defects, which practically do not interact
with each other, new effects appear in the clusters of the defects which have a high
concentration of vacancies, interstitials, and FTD.

For instance, in a PWO crystal an additional effect appears in clusters from local
changes in the symmetry of the crystal lattice. The deformation of regular WO,> oxy-
complexes occurs in the clusters stemming from the high concentration of the sur-
rounding defects. Since the bottom part of the lead tungstate conduction band is
formed by d-orbitals of the W™ ion, which are very sensitive to the local crystalline
field, the deformation of the regular host cell causes their splitting, and as a conse-
quence, the local band-edge tailing. The same is true for LSO crystals, the top of the
valence band mainly originates from oxygen 2p states, below which are Si-3p and Lu-
4f states. The bottom of the conduction band is mainly composed of Lu 5d states.
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Fig. 6. Induced absorption spectrum of a PWO crystal measured three month after
irradiation with protons: the spectrum is deconvoluted under similar constraints as
described in [18]
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Obviously, there is not a significant difference between the vacancies created dur-
ing the crystal growth and those created by protons, and therefore they should induce
similar color centers. The only difference is that knocked-off oxygen ions remain in the
crystal after irradiation, especially in the defect clusters. They cause a high concentra-
tion of FTD and interstitials, which perturb the crystal lattice. In general, however, the
spectroscopic properties of color centers measured in crystals after y- and proton irra-
diation should be rather similar.

Fig. 6 and 7 show the induced absorption spectra of PWO and LSO:Ce crystals
after proton irradiation. The same set of absorption bands as that after gamma-
irradiation is observed, confirms that proton irradiation creates the sets of defects simi-
lar to those appearing in the matrix during crystal growth in both PWO and LSO.
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Fig. 8. Induced absorption spectrum of a PWO crystal measured three month
after irradiation with protons, annealing at 300°C (5 hours) and irradiation with
a °°Co source (500 Gy) and its deconvolution [18]

Fig. 8 and 9 show the induced absorption spectra of PWO and LSO:Ce crystals
after proton irradiation and annealing at 300°C and repeated irradiation with y-quanta.
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Annealing destroys clusters and recovers the regular crystal lattice. Therefore anneal-
ing of the color centers is accompanied by a decrease in absorption in the “short-
wavelength shoulder” in both crystals. Nevertheless, even after annealing some resid-
ual absorption still remains in the crystals. Most probably this means that, besides clus-
ters, macro-defects from fission causing Rayleigh scattering were also produced, as
discussed in [16].
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Fig. 9. Induced absorption spectrum of an LSO:Ce sample after proton irradiation,
annealing at 300°C for 5 hours, irradiation with y- quanta and its approximation by
a set of Gaussians [20]

The light scattering in the proton irradiated PWO crystal was observed after irra-
diation with protons. This, however, disappeared after annealing at 100°C [94]. Figure
10 shows scattering of a laser light in a proton-irradiated PWO and its diminishment in
the same crystal after annealing. Scattering is strongly reduced after annealing, indicat-
ing that the production of clusters and point structure defects dominates for exposure to
high energy protons.

Fig. 10. Scattering of laser beam light in a proton-irradiated PWO crystal after
irradiation with protons (1) and after annealing at 50 (2), 80 (3) and 100 (4)°C.
Observation of light scattering is made perpendicularly to the laser beam
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The shift in the transmission cutoff due to the above reasons was observed in
PWO, BSO, PbF,, LSO [21, 20], and BGO [95] crystals; hence we can conclude that
this is a general feature of proton damage in heavy crystalline materials.

Similarly to y-irradiated PWO crystals, recovery of transmittance damage via op-
tical stimulation was also observed in proton-irradiated crystals [94]. It was shown that
the illumination of damaged crystals with light accelerates the recombination of color
centers, but does not produce a cutoff shift. Mild heating of the crystals to only 75°C in
combination with light illumination disintegrates the color centers and shifts the spec-
trum cutoff to the spectral position of non-irradiated crystals.

The lightest crystalline material among the irradiated crystals was lithium fluo-
ride, LiF. It was expected that the compounds consisting of light elements alone will be
subject to strong damage from a variety of reactions of °Li and 'Li with protons, lead-
ing to the creation of high energy nuclei of 'Be, *H, and ‘He. Figure 11 shows the re-
sults of the optical absorption change in a LiF crystal after different irradiations. A
large increase in light absorption after proton irradiation was observed, in contrast to
that of y-irradiated samples. This effect stems from numerous elastic interactions of the
protons with °Li and 'Li nuclei, resulting in the creation of high-energy secondaries
knocked out from their positions in the matrix. In the LiF crystal, we observe several
absorption peaks similar to y-irradiation. Note that LiF has the largest band gap, nearly
13eV, among crystalline materials; thus, the detection of new FTD-type defects and
specific color centers was not possible with our photospectrometers.

Another relatively light material is yttrium aluminum garnet. Fig. 12 shows the
induced absorption spectra measured with Y;Al;0y,:Ce garnets. The proton irradiated
YAG:Ce crystal was subsequently irradiated once more with gammas to see how many
color centers generated by the gammas would spontaneously recover in 90 days. The
measurement indicates that only a negligible fraction of color centers recombined.
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Fig. 11. Induced absorption spectra measured in a LiF crystal after y- and 150
MeV proton-irradiation [85]

It is worth noting that most of the color centers generated in YAG:Ce crystals
from proton and y-irradiation appear in the spectral range below 400 nm. Therefore,
they do not overlap with the luminescence peaking at 540 nm.

Yttrium silicate crystals (Y,SiOs:Ce) that are the structural analog of lutetium sil-
icates are also found to be radiation-hard [96].

192



110 - 4 after proton and gamma (dose = 100 Gy) irradiation
90 - t after gamma irradiation (dose = 100 Gy)
70 i‘ — — after proton irradiation
p 4
ss b4
SRl
30 | 4 3
o3
-10 T T T T T
230 330 430 530 630 730

wavelength. nm

Fig. 12. Induced absorption spectra measured in YAG:Ce after y- and 150 MeV
proton-irradiation. The upper curve shows the induced absorption spectrum after
irradiation with protons. It perfectly coincides with the result superimposing an-
other dose of 100 Gy of y-rays. The lower curve was obtained after the initial
y-irradiation [85]

Crystals with barium are also found to be radiation tolerant to exposure to -
quanta and protons [85]. Contrary to oxide crystals, BaF, induced absorption spectra af-
ter y- and proton-irradiation are very different. The irradiation with y-rays creates a set
of bands with maxima near 415 and 620nm, whereas only a single band, peaking near
280nm, is observed in a proton irradiated crystal 90 days after irradiation.

When the proton-irradiated crystal was irradiated once more with y-quanta, the
same set of bands was observed. This indicates that color centers responsible for the
induced absorption bands with maxima near 415 and 620 nm recombine completely
within 90 days following proton irradiation. However, the absorption band peaking at
280nm is slowly relaxing. It overlaps with the cross-luminescence band and makes the
light yield of the fast scintillation component decrease.
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Fig. 13. Induced absorption spectra measured in (BaO-2Si0,) glass after y—irradiation
(solid), 150 MeV proton (dashed) and repeated irradiation with y-quanta with an absorbed dose
of 100 Gy after proton irradiation (A) [85]

Another barium containing scintillation material recently proposed is BaO-2SiO,
(DSB:Ce) glass ceramics [86, 87]. The radiation damage effects observed in the
“mother” glass and the DSB:Ce glass ceramics were compared in [85]. Fig. 13 and 14
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show the induced absorption spectra of (BaO*2Si0,) glass and the corresponding glass
ceramics. Both glass and glass ceramics show similar behavior under different kinds of
the ionizing radiation.

Medium-heavy, self-activated, materials also exhibit minimal damage effects. The
most extensively studied material is CeF; which, of all crystals studied in [15], showed
the smallest reduction in optical transmittance from 24 GeV proton irradiation.
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Fig. 14. Induced absorption spectra measured in DSB:Ce glass ceramics after
y—irradiation (solid), 150MeV proton (dashed) and repeated irradiation by y-quanta
with an absorbed dose of 100 Gy after proton irradiation (A) [85]

VII. Phosphorescence

Color centers from tunneling or the Coulomb interaction can deliver carriers to
the emitting centers and cause a long decay tail of the scintillation kinetics spectrum
with time constants in the range of microseconds to hours. The luminescence emitted
after the decay of the scintillation light is called phosphorescence. Phosphorescence
appears under any form of excitation if in addition to the luminescence centers, other
electron/hole-capturing centers are also excited. The parameter allowing the characteri-
zation of phosphorescence is afterglow. Afterglow is the ratio of the scintillation pulse
amplitude at a certain time and the maximum amplitude. The time depends on the
method used for scintillation pulse registration, for instance, in the case of X-ray imag-
ing with photoreceivers operating in current mode, this time is usually chosen to be
several ms. Phosphorescence is one of the negative side effects that accompany scintil-
lation in many inorganic materials. Its presence in the light emission kinetics depends
on many factors, especially those influencing the appearance of traps and color centers
in crystalline compounds. Hence, the defects from crystal production as much as mate-
rial damage from ionizing radiation are both responsible for the appearance of phos-
phorescence in scintillators. There is not a substantial body of evidence on phosphores-
cence in scintillators, but the analysis of those published shows that phosphorescence is
less likely to appear in self-activated scintillators in view of the following fact: Be-
cause the anion complexes of metals that form the basic structure of the crystal are the
luminescence centers themselves, there is always a luminescent center in the vicinity of
the color center that provides a rapid relaxation of the color center. That is why
CdWO, [97] is one of the most commonly used materials in X-ray scanners employing
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an intense X-ray flux. Having relatively slow scintillation kinetics, it still provides the
lowest level of afterglow after 20 ms. In high-energy physics, lead tungstate crystals
have a low level of afterglow [98], and there are two reasons why this is so: the crystal
is a self-activated scintillator, moreover, it has strongly quenched luminescence, and
hence, a lower scintillation yield.

When the activator concentration in doped crystals does not exceed 1 at.% of the
substituted crystal lattice element, and hence the average distance between the color
and luminescence centers is necessarily greater than the size of the unit cell, there are
favorable conditions for phosphorescence to appear. The authors of [99, 100] observed
a large afterglow in LSO:Ce crystals. It has been found that Ce-activated LSO, LY SO,
and LaBr; crystals exhibit a much higher level of afterglow than BGO and Gd,SiOs:Ce
(GSO) crystals.

The mechanism of phosphorescence in silicate crystals has been discussed in
[101-105]. It has been found that tunneling and conduction band transfer both contrib-
ute to the appearance of phosphorescence. It is assumed that the delayed luminescence
in Ce’" doped Y,SiOs originates from charge transfer processes.

Thus, in orthosilicate crystals irradiated with protons, one should expect a signifi-
cant increase in phosphorescence because of the production of additional defects. This
was experimentally proven in the study of phosphorescence in irradiated LSO and
Y SO crystals [106].

The phosphorescence level in YSO:Ce irradiated with protons is comparable to
the phosphorescence of non-irradiated “reference” LSO:Ce crystals. Even doped with
low concentrations of cerium, LSO shows a ten times higher phosphorescence level
than the reference crystals. A single exponential approximation of the initial part of the
phosphorescence curve results in a decay time constant of roughly 900 s. In an LSO
crystal with cerium concentration of ~0.1 at.% and irradiated with 24 GeV protons, the
phosphorescence-induced photon flux reaches 5 MHz/cm® immediately following the
irradiation with a dose rate of 0.15 Gy/h.

Phosphorescence leads to a redistribution of the scintillation light from the fast
component to a very slow one and therefore leads to a strong noise background rate in
an LSO:Ce-based detector in the radiation environment with high hadron flux. Phos-
phorescence could thus be a limiting factor in the use of doped materials in homogene-
ous electromagnetic calorimeters, especially in experiments at high luminosity LHC.
For example, LSO:Ce scintillators of 25X0'(1.5RM)2 that contain more than 90% of
electromagnetic shower will produce a total background flux of phosphorescence pho-
tons of more than 1.3 GHz. A large part of these photons will reach the photodetectors
(PMTs or APDs) and hence dramatically increases their dark current.

VIII. Radio-luminescence due to produced radioisotopes in heavy and
light scintillation crystalline materials

Hadrons induce nuclear reactions producing radioisotopes. Radioisotopes emit a-,
B-, and y-radiation, initiating scintillation in scintillation crystals, thus producing back-
ground light in the crystal.
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The higher the scintillator light yield is, the higher the light background in the
crystal at the same absorbed dose from radioisotopes. For example in PWO, with a
scintillation yield by a factor of 100 lower than in LSO:Ce, the background light will
also be lower by the same factor at the same absorbed dose rate from radionuclides.

By way of example, we compare the absorbed radiation energy of the measured
isotopes in two crystals with the same scintillation light yield of 30 000 ph/MeV:
LSO:Ce (p = 7.4 g/em’) and YSO:Ce (p = 4.45 g/em’), both with dimensions of
25x25x3 mm’, and a volume of 1.9cm’. Such blocks of scintillators can be used in de-
tectors with alternating layers of scintillators and absorbers. The total energy, deposited
in a single LSO crystal by radioisotopes in LSO:Ce is estimated at 8§0.9 GeV/s. The
corresponding photon background in LSO:Ce is 2.4x10° photons/s equivalent to
1.3 HGz/cm®. On the other hand, the total energy deposited in a YSO single crystal
wafer by radioisotopes in YSO:Ce is only 12 GeV/s. Therefore the photon flux in one
proton-irradiated YSO:Ce crystal was estimated to be 0.34x10’ photons/s, or 180 MHz/cm’.
As it is shown, the photon background from produced radioisotopes is much larger in
LSO:Ce than in YSO:Ce. This is attributed to the lower density of YSO:Ce, and small-
er number of radionuclides formed in lighter crystals. Furthermore, the contribution of
isotopes to the total photon background is much larger than that provoked by phospho-
rescence. Therefore, radioisotopes produced by proton irradiation could be a limiting
factor for the use of heavy and high light yield scintillators in sampling electromag-
netic calorimeters in future experiments at high luminosity LHC. As a consequence, in
order to significantly reduce isotope-induced photon background, one must resort to
«medium-heavy’ crystal material with a low scintillation light yield.

Radioisotopes are produced not only in scintillation crystals, but also in the (pas-
sive) construction material of the detectors. The material of this type located in the vi-
cinity of the scintillation elements is of particular importance. The authors of [107]
have measured the radioisotopes produced in tungsten and lead layers following irra-
diation by 24 GeV protons. The radiation energy from radioisotopes produced in these
metal plates and absorbed in LSO:Ce or YSO:Ce scintillator layers with dimensions of
25x25x3 mm’ were computed using GEANT 4. The scintillator was modeled to be
placed between two metal plates, imitating the structural element of the detector unit,
called «Shashlik».

The activation of Pb and W plates was measured six months after proton irradia-
tion, and hence only long-lived isotopes were detected in the metal plates. Neverthe-
less, the measurements, considered to be a lower limit to the activation estimates,
showed that the total energy deposited by the radioisotopes from W and Pb in the LSO
crystal was 5.92 GeV/s and 12.14 GeV/s, respectively. At the end of the proton irra-
diation, the total energy deposited in the LSO crystal between the two metal plates was
86.8 GeV/s for W and 93 GeV/s for Pb.

A count of short-lived isotopes was also performed for a single crystal layer be-
tween two lead plates. The concentration of short-lived isotopes in Pb was estimated
through the correlation of the concentration of the accumulated isotopes with the con-
centration of '*'Te, the most active isotope at the end of irradiation. The cross sections
for the production of radioisotopes were taken from [91]. The analysis was made tak-
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ing into account 50 most active isotopes out of about 800. These 50 isotopes generated
about 50% of the activity of the whole set of created isotopes. The total energy depos-
ited in the LSO crystal by both short- and long-lived radioisotopes induced in Pb was
found to be 755 GeV/s, 63 times higher than from long-lived radioisotopes alone. On
the other hand, YSO showed three times less energy deposit, i.e. only 257 GeV/s.
Therefore LSO and YSO crystal blocks should show photon flux of 12 and 4 GHz/cm’
respectively, due to the excitation of the crystal from proton-irradiated metal plates.

In summary, the photon background produced in a scintillator through the absorp-
tion of ionizing radiation in the structural material, especially heavy metals, can be
much larger than the photon background from radioisotopes produced in the scintilla-
tors. Hence, the combination of heavy metals and high-light-yield scintillators will in-
evitably lead to a high photon background in the detectors exposed to ionizing radia-
tion with a strong hadron component. The intense photon background not only loads
the photodetectors, but also noticeably deteriorates the their time resolution. As in the
previous case, the minimization of the photon background implies the use of light con-
struction materials in a combination with light to medium-heavy scintillation crystals
with a small scintillation yield.

IX. Concluding remarks

The above analysis shows that scintillation crystals can be used in detectors of
ionizing radiation under heavy radiation loads. The electromagnetic component of ion-
izing radiation is unlikely to be a limiting factor to use inorganic scintillation materials
in experiments. Even after a long-time exposure to high y-ray dose rates the defects in
crystals can be suppressed through radiation-induced diffusion. This, however, leads to
a change of defects rather than an increase in the defect concentration. These changes
can be corrected for by monitoring the transmittance spectra of crystals, as it is done in
the CMS Collaboration [108].

High-energy protons lead to the creation of damages and radioisotopes in scintil-
lation and construction materials, thus setting strict limits for their application.

Heavy, self-activated materials developed earlier for electromagnetic calorimetry
and HEP applications are most vulnerable in terms of damage effects from high-energy
protons. Fluences of the order of 10" p/cm” appear to set limits for the use of such crys-
tals as, e. g., PWO in homogeneous calorimeters. The BGO and BSO crystals are safer
in this respect because of the large luminescence Stokes shift.

On the other hand, medium-heavy, self-activated materials have an advantage for
a combination of damage effects. The most extensively studied material, CeF;, in fact
shows the smallest damage in terms of optical transmittance under 24 GeV among all
investigated crystals.

Our analysis shows that compact homogeneous calorimeters operating near the
beam vertex in future high luminosity collider experiments, will give way to seg-
mented detector arrangements, where one incorporates small-sized medium-heavy
scintillation elements within passive absorbers. These structures have the extra advan-
tage that they appreciably reduce the dependence of light collection on the formation of
crystal defects and diminish the effects caused by phosphorescence and the excitation
of radioluminescence by isotopes produced in the scintillation and the surrounding
construction elements.
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Ob YYACTHUH B PABOTAX IO INPOEKTHPOBAHHUIO
BYAYHIEI'O JUHEMHOI'O KOJIJIAUAEPA

K. T'. Adpanacwes, B. B. /Ipyrakos, U. ®. EMe1bIHYHK,
B. B. Makapenko, H. M. Illymeiiko

[IpoekT Oymymiero TUHEHHOTO AIEKTPOH-TIO3UTPOHHOTO KoJUlaiaepa akTyajieH, B
MIEepBYIO OYepe/ib, B CBETE OTKPHITUS 0030HA XUTTCa Ha BONBIIOM afpOHHOM KOJUIAk-
nepe (BAK). CymectByer psa GpyHIaMEHTAIBHBIX MapaMeTpoB 0030HA Xurrca (KOH-
CTaHT B3aWMOJCHCTBUS), W3MEPHUTHh KOTOPBIE C JOCTATOYHOH TOYHOCTHIO CIIOCOOCH
Tonbko Oymymuii nentonnsiit komaitnep (ILC, CLIC). Kpome Toro, B Oyayiiem Ha
BAK BO3MOXHO OTKPBITHE HOBBIX YaCTHII, YTO TaKkKe OyaeT TpeOOBaTh MOCTPOMKH JIH-
HEMHOTO JIENTOHHOTO YCKOPUTENS IS IPELM3UOHHOTO U3yUYEeHHUs CBOMCTB 3TUX YaCTHLL.

[IpoexTHBIE paOOTHI IO CO3MAHUIO JIMHEHHOTO 3JIEKTPOH-TIO3UTPOHHOTO KOJIIa-
Jiepa TPOBOMATCS B paMKaX JBYX MEXIYyHapoIHbIX koutaboparwmii: ILC (MexayHa-
ponubiii muHeHHBIH Komainep) U CLIC (kommakTHBIN nuHeWHBIH komaiaep). ILC
MPOEKTUPYETCA M0 MAKCUMAJIbHYIO SHEPTHIO CTOJIKHOBeHUH 10 1 THB u npenmnonaraet
HCIIOJI30BAaHUE CBEPXIPOBOMAAIINX PE30HATOPOB A yckopeHus dactwil [1]. [Ipoekt
CLIC nmpenycmaTpuBaeT MakCUMaJIbHYIO 3HEPTHUIO CTOJIKHOBeHUH 10 3 T3B, a ans yc-
KOPEHUS YacTUll MpeANnojaraeTcs UCHOIb30BaTh HOBYIO JBYXITYYKOBYIO CXEMY U pe-
30HATOPHI, pa0oTaroIIMe IPU KOMHATHOH TeMmieparype [2].

1. IlepenHue KaaopuMeTPbI 1S TUHEHHBIX KOJJIAHIEpPOB

B o0oux ymoMsHYTHIX NPOEKTax B COCTaBE IETEKTOPOB IPEIyCMOTpPEHBI I1Ba
CHeIMaIN3UPOBaHHBIX Kanopumerpa: LumiCal, nmpenHa3HadeHHbIH A8 TOYHOTO W3-
MepeHus cBetuMoctH, 1 BeamCal — mis OBICTPON OIEHKH CBETUMOCTH M KOHTPOJIS
napameTpoB myuka [3]. Kpome Toro, 06a kainopumerpa 00ecrieuuBarOT repMETUIHOCTD
JETEeKTOpa B 00JaCTH MAJIBIX YTJIOB paccessHus. DTO TpeOOBaHME SIBISICTCS BaXKHBIM IIPU
aHaJM3€e BO3MOXKHBIX COOBITHH C AE()UIIUTOM HEPruH, TaK KaK TaKue COOBITUS MOTYT
SIBIISITBCS. TIPU3HAKOM HOBBIX (DU3UUECKUX IPOLIECCOB, OJHAKO TPHU HEIOCTATOYHOM
TePMETUYHOCTH JETEKTOpa OHU OyIyT HEOTIMYMMBI OT COOBITHI, P KOTOPBIX YacTb
IIPOAYKTOB B3aMMOJEICTBUS paccesulach MOJ MaJIbIMU yIJIaMU U HE ObliIa 3aperuct-
pupoBaHa.

Kanopumerep LumiCal gomken obecrieuuBaTh TOUHOCTh H3MEPEHUST CBETHMOCTH
Ha yposHe 3-107 11 xomnaitnepa ILC npu suepruu 1 TaB u 1-107 ans konmaiizepa
CLIC c sneprueit 3 TaB. [lns onpenenaeHus: CBETUMOCTH B HEM HUCHOJIb3YyETCSl U3MeE-
peHME YacTOThl COOBITHI Ipolecca YIPYIoro 3JIeKTPOH-TIO3UTPOHHOIO PaCCESHUS
(paccesnust baba). B cymiectByronieir Moaenu nerekropa kamnopumerep LumiCal me-
pexpeBaeT yriasl oT 30 mo 80 mpan. KonctpykruBHo LumiCal mpencrasisier coboii
COMIUIMHT-KAJIOPUMETEP, B KOTOPOM CJIOM TOTJIOTHTENS MEPEMEXKAIOTCSl CO CIOAMHU
CEHCOPHOI0 MaTepHuaia. B KkauecTBe HOIVIOTUTENS IPEANOJaraeTcs HCIIOJIb30BaHUE
BOJI()PaMOBBIX TJIACTUH TOJMIMHOHK 3.5 MM (IpUMEPHO O/IHA paJuallMOHHAs UIHHA). B
Ka4eCTBE CEHCOPA UCTIONbB3YIOTCSI KDEMHUEBBIE IETEKTOPDI, Pa3/ie/ICHHbIC HA aKTUBHBIC

202



JJIEMEHTHI B COOTBETCTBHH € TPEOOBAHUSIMH K YTIIOBOMY Pa3pelICHUIO KAIOPUMETPA.
st obecnieueHus MOJTHOTO MOTJIOIIEHHUS PETHCTPUPYEMBIX YaCTHI TONIIMHA KAJIOpH-
MeTpa Oyaet coctaBusaTh 30 cloes.

Kanmopumerep BeamCal mepexpriBaet yrisl ot 5 1o 40 mumupanuad. OCHOBHAsS
3a/a4a 3TOr0 KajopuMmeTpa — OBICTpas OLEHKAa CBETHMMOCTH OT CTOJNKHOBEHHS K
CTOJIKHOBCHHIO U O0ecrieueHne OBICTPOi 00paTHOM CBS3HU TSl CUCTEM (DOKYCHPOBKHU H
CBEJICHHS MYYKOB YCKOPUTEN. JKCIUTyaTalli0 3TOTO KaJOPUMETpa OCIIOKHSET HaH-
yhe OOJBIIOTO KOJNUYECTBA BTOPHUYHBIX BHICOKOIHEPTETHYHBIX SJIEKTPOHOB W TIO3U-
TPOHOB, 0Opa3ylIUXcS B pe3yjibTaTe MEXKIyYKOBOTO B3amMozewcTBus (beam-
strahlung). Oxxumaemas 103a U3JIy4CHHUS, TOMANAIOIIETO BO BHYTPEHHIO 00JIaCTh Ka-
JopuMeTpa, oueHuBaercs npuMepHo B 1 MI'peii/ron, uto TpeOyeT nmpruMeHEeHHs B Ka-
YeCTBE CEHCOpa MaTepHajIoB C OYeHb BRICOKON pagaliiOHHON CTOHKOCTEIO.

e |

BeamCal

Puc. 1. Pacnonoxenue kanopumerpoB BeamCal u LumiCal B nepeanem peruone aerekropa ILD
(International Large Detector), npenHa3HaueHHOTO JJIs MPOEKTa JUHeHHOro Koyutaiiaepa ILC

Paspabotkoii kanopumerpoB BeamCal u LumiCal 3aHuMaeTcst MexIyHapoIHas
komnabopauusi FCAL [4], B xotopyto Bxoasar Oosnee 70 yueHblx u3 11 MHCTHTYTOB.
3amagaMyu KOJUTabopaIiiy SBISTIOTCS pa3pabOTKa M ONTHMH3AIUS ACTEKTOPOB IS T10-
KPBITUS 00JaCTH MaJIbIX YIJIOB paccesHusi, UCCIeIOBaHUE PaUAllMOHHO-CTOMKUX Jie-
TEKTOPHBIX MaTepHalloB, pa3paboTKa OBICTPOH AIIEKTPOHUKH CUUTHIBAHUS C OOIBLIMM
JUHAMHYECKUM AMAIa30HOM, a TalkKe CO3/JaHHE M MCIBITAHWE IIPOTOTHIIOB pa3pada-
TBIBAEMBIX JETEKTOPOB Ha 31eKTpoHHbIX ITyukax. HUW AII BI'Y npencrasien B 3Toit
komnabopaunu LlenTpoM GU3MKHM yacTuIl U BeICOKHX dHepruii (Jlaboparopust ¢usuku
yactul u Jlabopatopus GpyHAaMEHTANbHBIX B3aUMOICHCTBUI).

IIpn HemocpeacTBEHHOM ydacTuUM COTpyIHHKOB JlaGopartopum (H3MKH YacTHIL
OBUIO TPOBENEHO HCCIEAOBAaHUE PaJUAIMOHHOW CTOWKOCTH MEpPCHEKTUBHBIX JETeK-
TOPHBIX MaTepHaJiOB Ul WCHONb30BaHHS B Kanopumerpe BeamCal. MccnemoBanus
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npoBoamuchk B 2007, 2008 un 2009 roxax Ha yckoputensx S-DALINAC B Texuude-
ckoMm yHuBepcurere T. Japmmrant u ELBE B r. Pozennopd (I'epmanmus).

B kauecTBe AETEKTOPHBIX MaTepHAJIOB IMPEAINOJIAraeTCs UCIONb30BAHUE CHHTE-
THYECKOTO aiMas3a W TONYH3OJIUPYIOMIET0 apCeHHla Tajulhs KOMIIEHCHPOBAHHOTO
XpoMoM. B pesynbTaTe MpoBEIEHHBIX HCCIEI0BaHHUM ObLIO YCTAaHOBJIEHO, YTO JETEK-
TOpbl Ha OCHOBE CHMHTETHYECKOI'0 aJMa3a MOTYT BBIAECPKMBATH IOTJIOLICHHYIO A03Y
n3mydeHus (JIeKTpOoHHI ¢ 3Heprueit § MaB) no 10 MI'peii. Heobxommumo oTMeTHTB, 4TO
3TO OBLIO OJHO M3 MEPBBIX CHCTEMATHICCKUX HCCICIOBAHUN PaTAalMOHHON CTOMKOCTH
QIMa3HBIX JETEKTOPOB MPH O0TyYeHUH CBEPXOOJBIIUMH J03aMH DIIEKTPOMATHUTHOTO
n3nydeHus. Pesynbrarel ucciaenoBaHusi onmyOJMKOBAaHBI B MEXKIYHApOIHBIX Xyp-
Hamax [5] u [6].

B nanbHeiiem, ¢ UCIONL30BaHMEM TMPOBEICHHON yYacTHHKaMU KoJutaboparuu
FCAL »kcneptussl, B corpyannuectBe ¢ kosabopammedi BRIL (Beam Radiation
Instrumentation and Luminosity, CERN) 0b11 pa3paboTad 1 yCTaHOBJIEH Ha AETEKTOPE
CMS npubop ans uU3MEpeHUs CBETUMOCTH M MOHUTOPHHra CoCTossHUs myuka BCM
(Beam Condition Monitor) Ha 0CHOBE aqMa3HbBIX ACTEKTOPOB 3apsDKEHHBIX YacTHL. B
HacToslIee BpeMsi OH UCIIONb3YyeTCsA KaK OJIUH U3 OCHOBHBIX MOHHTOPOB CBETHUMO-
ctu BAK [7].

OOHOBPEMEHHO C MCCIIEZIOBAHHUEM PAJAMALMOHHON CTOMKOCTH alMa3HBIX IETEeK-
TOPOB OBUIO MPOBEICHO M HCCIENOBaHUE JETEKTOPOB Ha OCHOBE MOJIYH30JIHPYIOLIETO
apceHuIa Tajulis KOMIIEHCHPOBAHHOTO XpOMOM. Pe3yipTaTsl MOKa3bIBaIOT, YTO TaKOH
JIETEKTOP MOXKET BHIICPKUBATH MOTJIOMICHHBIE 0361 10 1,5 MI'peit u, Takum o0pazom,
TaK)ke MOKET MCTIOJIb30BAaThCS B KAUECTBE JIETEKTOPHOI'O MaTeprana Uil KalopuMeTpa
BeamCal. MccnenoBanue pagnaliiOHHOW CTOWKOCTH TaKOTO apCeHHa Tajuins OBLIO
mpoBeneno rpymmnoit FCAL Brepssie. PesynbTatsl onmyOnukoBaHs B [8].

Puc. 2. CneBa — miacTHHA CHHTETHYECKOTO carupa ¢ MeTaJuIn3alnei.
CrpaBa — neTekropHasi cOopka u3 8 carnupoBbIX IIACTUH

B nacrosimee Bpems komnabopanus FCAL mpoBOAUT cepHio MyYKOBBIX MCIIBITA-
HU#l nporoTtumnos kanopumerpoB LumiCal u BeamCal ¢ nenpto oueHkH paboThl Kayio-
pUMETpa B pEaTUCTUYHBIX YCIOBHAX. B mepByro ouepeap 3TO KacaeTcs padOTHI dIIeK-
TPOHHUKH CUUTBHIBAHUS, IPOTOTUIIOB KPEMHHUEBBIX IeTekTopoB aist LumiCal u TexHo-
JIOTUM HOJKJIIOYEHUS 3JIEMEHTOB AEeTeKTopa K anekTpoHuke [9]. B 2015 roay Ha yc-
koputene DESY Il Obuti mpoBeneHBI MepBBIE WCIIBITAHUS MPOTOTHIIA CEKTOpa Kallo-

204



pumetrpa LumiCal rioyOuHO# B 4 AETEKTOPHBIX CIIOSI C UCIOJIB30BAaHHEM BOJIb(PpamMo-
BOTO TIOTJIOTUTEINS C 3a30pOM MEXKAY ITacTHHaMH B 1 MM. B nanpHeliniem mianupyercs
TECTUPOBaHHUE Ha My4yKe MOJHOPYHKIMOHAIBHBIX MPOTOTUIIOB 000HMX pa3pabaThiBae-
MBIX KaJOPUMETPOB.

Taxxe xommaboparmeit FCAL Bexercs uccienoBaHue IPYTHX MEPCIEKTUBHBIX
JETEKTOPHBIX MaTepHalioB C BBICOKOH pagMalioHHOHN CTOMKOCTBIO. B wacTHOCTH, OBLI
UCTIBITaH NMPOTOTHUI JETEKTOpa YacTHIl Ha OCHOBE CHHTeTHUYecKoro camngupa (Puc. 2),
IPOJIEMOHCTPUPOBABUIMN BBICOKYIO PaJHAlMOHHYIO CTOMKOCTh M CIIOCOOHOCTH PEru-
CTpalliil MUHMMAJIbHO HOHU3UpYytonmx yactull [10].

2. [Iporpamma-reHeparop Ajs MOAeJMPOBAHUS MPOLECCOB, HCIOJIb3yeMbIX
IS U3MepeHus cBeTUMOCTH Ha kostaiaepe CLIC

[Ipouecc 3MEeKTPOH-IO3UTPOHHOTO paccesiHUs OyneT SBJIATHCS KIIOYEBBIM (o-
HOBBIM IIpolieccoM B skcnepumenTax Ha CLIC, a Taxoke MCIONIB30BaThCs I U3MEpe-
HUSI CBETHMOCTHU KoJutaimepa. Peructpanus coOwituii (Puc. 3) BiIro4aeT cxemy COB-
naJieHus Naphl JIENTOHOB, PACCEHHBIX KaK MOJ] OOJBIINMH, TaK U MO MaJbIMHU YIiaMu
(B obmacts kanmopumerpoB LumiCal u BeamCal).

CymecTByomue B HacTosimee BpeMms Mporpammel-reneparopsl (BHLUMI,
BHWIDE u npyrue) He yI0BIETBOPSIOT psiAy TpeOOBaHMI SKcriepuMenTa. B wactHocTH,
OHHU HE BKJIIOYAIOT 3 ¢EKTHl MONIPU3aLUH JIEONTOHOB, HE MO3BOJIIIOT MPOBOJUTE MO-
JeTUPOBAHUE COOBITUI C y4EeTOM CIIEKTpa SHEpPIuu HadaubHbIX dacTuu. Kpome toro,
CYLIECTBYIOIIHE MPOrPaMMbI He ObLITH B JJOCTATOYHOM CTENEHH BepUPHUIUPOBAHBI MTPU
ruranupyemsbix 3Heprusix padoter CLIC (380 3B, 1.4 ToB u 3 TaB).

forward scattering,

A polar angle ~ 1°-6°
S e —
0 0 -~ N

80 0 ¥

=
-80 +30 =

o

4 J
b’

wide region, polar angle > 6°
Puc. 3. Cxema peructpaiuu npoiecca paccesiaus bada na komnaiinepe CLIC

Coszgannas B LIOUBO HUMU AI1 BI'Y HoBasg nporpamma-reneparop [11] ynosie-
TBOpsieT TpeboBaHmsM koymabopanuu "CLIC detector and physics" (CLICdp), otBe-
YaLed 3a MoJenb JeTeKTopa U (U3MYECKyl0 IporpaMMmy SKCIepuMeHTa. B mpo-
rpaMMe peaar30BaHa BO3MOKHOCTb MOJEITMPOBaHUs coObITHiI porecca baba ¢ yuetom
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BKJIAJIOB OJHOIICTIICBOM paTUaAIlMOHHON ITONPABKH, MOJSAPU3ANNH JISITOHOB W BO3-
MOYKHOCTBIO MOJICTHPOBAHUS YHEPTUH HAYATBLHBIX YaCTHI] B KAXKJIOM COOBITHH.

CrekTp 3HEpruy HavyalbHBIX JICNTOHOB (cM. Puc. 4) umeer nuk B o0nacTu Mak-
cuMaiabHOU 3Hepruu. OgHAaKOo B OOIIEM YHCIIE CTOJKHOBEHHM CYIIECTBEHHYIO POJIb
UTPAIOT ¥ COOBITHS C JAIEKONW OT MAKCUMAIHHOTO 3HAYCHUS SHEPTHUECH.
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Puc. 4. Cnextp »Hepruu Ha4daabHbIX JENTOHOB Ha Ko/utaiiaepe CLIC

PaccMoTpuM ympomieHHY0 cXeMy MOAETHUpOBaHMs COOBITHI B 3KCTIepUMeHTe. B
MIEPBYIO0 OYepenb HE3aBUCUMO TE€HEPUPYIOTCS MMITYJIbCH HaYaIbHBIX YacTHI] M, COOT-
BETCTBCHHO, BBIYMCIISICTCS SHEPTUsl CHCTEMBI. 3aTeM B CHCTEME IICHTpa MacC Hadajlb-
HBIX JICTITOHOB T€HEPHUPYIOTCS UMITYJILChI KOHEUHBIX YacTUll. BBumy Toro, 4ro cyiie-
cTBytontie nporpammel-renepaTopsl (BHWIDE, BHLUMI) cioco6HBI MOmeTupoBaTh
COOBITHS TOJIBKO TPHU (HUKCUPOBAHHOH (3apaHee 3a[JaHHOW) SHEPTUH, MOYUYCHHBIE Te-
HEPaTOPOM 3HAYCHUS UMITYJIbCOB KOHEYHBIX YaCTHIl HEOOX0AUMO MacIITaOUPOBATh, T.C.
MIPUBECTH K DHEPTUH HAYaJbHBIX JIENTOHOB. [I0CKONBKY yrioBoe pacipelieneHne Ko-
HEYHBIX YaCTHII 3aBUCHUT OT SHEPTHH, MACIITA0MPOBAaHNE UMITYJIHCOB MMPUBOIUT K CHC-
TEMaTHYECKOW OmmbOKe MOAeTUpoBaHMs. B KoHIE mpoueaypsl MOACIMPOBAHUS BbI-
YHUCIISIOTCS UMITYJIbCH KOHEYHBIX YaCTHIl B JIA0OPATOPHOI cHCTEME OTCUETA.

Jng momaBiIeHUs CUCTEMAaTHYEeCKOH OIMMOKH MOJIETHPOBAHUSA, CBI3aHHOW C Mac-
MTaOUPOBAaHUEM HMMITYJILCOB YAaCTHUIl, HOBas MPOTrpaMMa-reHepaTop MCIOJb3yeT mapa-
MeTtpudeckuii meron Monrte-Kapno [12], mo3Bosisitonuii reHepupoBaTh COOBITUS C
IUIOTHOCTBIO BEPOATHOCTH, 3aBHUCAIICH OT BHEIIHErO MapaMeTrpa (IHEPTHH CHUCTEMBI
YaCTHI).

CrnemyeT OTMETHTD, YTO OJHON KOH(UTYpallid UMIYJIhCOB KOHEYHBIX YACTHII B
m1abopaTOPHOM CUCTEME MOTYT COOTBETCTBOBATh Pa3lIMYHbIC KAPTHHBI B CUCTEME IICH-
Tpa Macc HadanbHBIX dactui (Puc. 5). CiiemoBaTellbHO, AT KOPPEKTHOTO MOJIEITHPO-
BaHUs paccesHus baba B mabopatopHoi cucteme Ha CLIC reHepatop IODKEH KOp-
PEKTHO MOJETMPOBATh COOBITHS KaK MOA MaibiMH (MeHee 1°), Tak ¥ 1Mo GONBIIUMHE
yrilaMH B CHCTeMe IIeHTpa Macc. [t perenns 3Toi 3aaun B CO3MaHHYIO IPOTPaMMy
BKJTFOUEHBI J[BA PA3JIMYHBIX alTOPUTMA T€HEpalUd YacTHUIl, — JJIT MAJIbIX U OONBIINX
YTIIOB, BBIOOP MEXAY KOTOPHIMH IPOMCXOJUT B 3aBHCHMOCTH OT TPOJIOJIEHOTO HM-
IyJIbCa CUCTEMBI Had9aabHbIX dacTwil [12].
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Puc. 5. CriexTp 3Hepruu KOHEYHBIX JIEITOHOB B CUCTEME LIEHTpa Macc (TiaaKas KpuBasi) Ipu
HaJIOXKEHHOM OTpaHMUYeHUH Ha uX sHepruio 4.5-5.5 I'3B B n1abopaTopHoii cucteme

[Ipumeps! pe3ynbpTaToB pabOTHl CO3JAaHHOHN IMPOrpaMMBI-T€HEpPaTopa MpeicTaB-
neHsl Ha Puc. 6. [IporpaMMa BKITIOUaeT TaKKe BO3MOKHOCTh MOJCITHPOBAHUS (POHOBBIX
MPOIIECCOB, TAKUX KaK

ele” »eeee,
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C TOYHOCTBIO, COOTBETCTBYIOUICH TUIUPYIOMIEMY TOPSAIKY TEOPUU BO3MYIIICHUMN.

I[J'IH MponecCOB CTOJIKHOBCHUA HCTOJISIPU30BAHHBIX YAaCTHUL IMMpOrpaMMa IOKa3bI-
BacT Xopomee corjiaCue ¢ CymeCTBYrommnuMn JaHHbIMU.
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Puc. 6. Ilpumeps! pe3ynbTaToB paboOTH IporpaMMbI-TeHepaTopa. CIeKTphl KOHEYHBIX JIEITOHOB
MPECTaBICHEI B 3aBUCUMOCTH OT yTia (OBICTPOTHI), MOMIEPEIHOTO UMITYJIECA U SHEPTHH
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Cucremarnueckas ommbka reaeparopa ounenuaercs B 0.3—1.0% B 3aBucumocTu
OT KHHeMaTH4eckoi obmactu [11]. DTo 3HaYEHUE MPEBHIIIACT HEOMPEACICHHOCT CY-
mectBytomux nporpamm (BHLUMI, BHWIDE), ognako siBisieTCsi JOCTaTOUYHBIM IS
nmauaHOTO 3Tana pa3padborku npoekta CLIC [2]. TouyHOCTh CO3MaHHOI MPOTPaMMEI OT-
paHHuYEHa B MEPBYIO OYepeab TOYHOCTHIO MCIOIB30BAHHOTO B PAacUeTe OTHOIETIEBOTO
npubImKeHus. B nanpHelieM 3ariaHupoBaH KOMILIEKC paboT Mo aHaIu3y BKJIAJIOB
BBICIIUX TIOPSIIKOB TEOPUU BO3MYIICHHA W YBEIHMYCHHIO TOYHOCTH MOICITUPOBAHUS
coOwrTuit 1o ypoBHa 0.1-0.3%.

3akjarouyeHue

BrlnonHeHre 3amiaHUpPOBAHOM AOITOCPOYHOM MPOTrpaMMbl HCCIEIOBAaHUHM ITO-
3BouT yuensiM HUU SII BI'Y crarth mogHONpaBHBIMU COABTOPAMM PE3YyJIbTATOB U
OTKDBHITUH, TIOJYYCHHBIX B OKCIECPUMEHTaX Ha OyIymeM JUHEHHOM DJIeK-
TPOH-TIO3UTPOHHOM KOJIIalaepe.
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ON THE PARTICIPATION IN THE FUTURE
LINEAR COLLIDER PROJECT

K. Afanaciev, V. Drugakov, 1. Emeliantchik, V. Makarenko, N. Shumeiko

CPHEP INP BSU actively participates in the development of the future linear collider
project. We are represented in both existing linear collider collaborations: ILC (International
Linear Collider) and CLIC (Compact Linear Collider). Members of the institute participate in the
activities of the FCAL collaboration which develops and tests the prototypes of the very forward
calorimeters BeamCal and LumiCal. Our other contribution to the project is precision calculation
of processes used for luminosity measurement in the CLIC project.
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N3MEPEHUE CBY IMAPAMETPOB CBEPXITPOBOIAIINX
PE3OHATOPOB TECJIA-TUIIA JJIs1 HOBOI'O IMOKOJIEHUSA
JIUHEMHBIX YCKOPUTEJIEN

H. C. A3apﬂH2, M. A. BaTypnuRnﬁl, 10. A. BynamBz, . JL. I[eMnHZ,

C.E. I[eMLHHOBS, B. A. Kapnomml, B. B. K}mras, H. B. Jlro6euxuii’,

C. . MaKCI/IMOBl, n. JI. l'[060.111>4, B. H. Pozmonosal, I. 1. ]_HI/IpKOBZ,
H. M. IHyMeﬁlcol, C.B. IOpeBnq4

YUnemumym soepuvix nponem BI'Y
206vedunennbiii uncmumym sdepuuix ucciedosanutl, Jyona
IO «HIIL] HAH benapycu no mamepuanosedenuroy
‘THY «Dusuro-mexnuueckuii uncmumym HAH Benapycuy

Beseoenue. PazpabatbiBaeMblii B HACTOSIIIEE BPEMS B IIUPOKOH MEXTYHAPOIAHOM
koomeparmu Jlunaerinsnii Komnatinep (JIK) — cnoxxaas MammHa-yCcKOpHUTEIh IIHHON B
HECKOJIBKO JICCSITKOB KHJIOMETPOB — OyJeT CIIOCOOCH Pa3roHsThH 3apsKEHHBIC JJIEMEH-
TapHbIC YaCTUIBl BBICOKOYACTOTHBIM JJICKTPOMATHUTHBIM MOJEM JO CyOCBETOBBIX
ckopocTeid. Takue BBICOKOIHEPTreTUUECKUE YaCTHIBI HEOOXOAMMBI (PU3UKaM i OoJiee
r1yOOKOTr0 MPOHUKHOBEHUSI B OOBEKTHl MUKPOMHPA C LIEJIBIO UCCIEIOBAHUS €r0 BHYT-
pennelt npuponsl. Ha JIK mpenmonaraercss JOCTUYb SHEPTUUA CTOJKHOBEHUH 4acTHI
nopsinka 1 TaB. Han mpoekrom JIK paboraioT Beaymime HaydHbIe OpraHH3alldd B
CHIA, T'epmanun, Anonuu, Poccun, ®panuuu, Munuu, Kutae, Kk pelieHUI0 CI0KHBIX
HAYYHO-TEXHHUUYECKHUX 3a[a4 10 IPOEKTY IPHUBIIEKAIOTCS YUeHbIe-(DU3UKN U UHKEHEPHI
13 MHOTHX cTpaH mupa. B 2012 roay k MexayHaporHOMy nipoekTy co3fanus JIK, 6ma-
roiapsi TECHOMY COTPYIHUYECTBY MPOPHIBHBIX HAYYHO-HUCCIIETOBATEIbCKHX HHCTHUTY-
toB BI'Y — HarmonanpHOTO 1IeHTpa (M3KUKH YacTHIl B BeICOKUX dHepruit (HL ®UBD),
u Hayuno-nccregoBaTenbckoro MHCTUTYTa siaepHbIX mpodiem (HUU AIT) — ¢ O6b-
€MHEHHbIM MHCTHUTYTOM SJepHBIX HcciemoBaHuil r. Jlyona (Poccus), mpucoenuHu-
nack benapyce. Llenbio coTpyaHndecTBa SBISETCS ONBITHOE IPOU3BOJICTBO U aTTeCcTa-
IIUsI CEpUM HUOOMEBBIX CBEPXIIPOBOIAIINX PEe30HATOPOB Tecia-Tuia — KIIOUYEBBIX y3-
soB JIK, B KOTOPBIX MPOUCXOIUT TMepenada SHEPTUU IEKTPOMArHUTHOTO TOJIST YCKO-
psieMbIM 3apsoKeHHBIM udactunam. st ctpoutenscrBa JIK TpeOyercst HECKONBKO ne-
CSITKOB ThICAY TaKMX PE30HATOPOB, NMO3TOMY MX MPOM3BOJCTBO HPEATOJIaraeTcs pac-
TIpEJIEIIEHHBIM U OPTaHU3YeTCsl B Pa3HBIX CTPaHaxX, MMEIOIIUX COOTBETCTBYIOUIUH IMO-
TEHIHAJL.

KiroueBpIM 351€MEHTOM Kouaiiiepa — yCKOPHUTENs 3apsKEHHBIX YacTHIL BBICOKO-
YaCTOTHBIM JJIEKTPOMArHUTHBIM TToJIeM — SBIAIOTCa CBY yckopUTenbHBIE CEKITNN U3
[ETMOYeK BBICOKOJAOOPOTHBIX CBEPXIIPOBOJSIINX PE30HATOPOB. DIEKTPOMArHUTHAS
BOJIHA ITO/IA€TCS B pe30HATOPHI OT MouHoro reHepatopa CBY Ha pe3oHaHCHON yacTo-
T€ U BO30YX/IaeT B KAKJIOM MX HUX KoJjieOaHHs OonblIol ammiuTyabl (3ueprun). I1a-
pamMeTphl HaKa4yKy My9YKa 9aCTHUI] SHEPTUel Mol MoA00paHbI TaK, 9TO 3apsyKEHHBIE Ya-
CTHIIBI TPOJIETAIOT KAKABIA PE30HATOP B IPOMEXKYTOK BPEMEHH, KOTJa JIEKTPUUECKOE
10JIe B HEM UMEET YCKOPSIOILYI0 a3y 3JIeKTpUUecKol KoMIoHeHTHl nons E,. Ilpone-
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Tasi B TAKOM YCKOPSIOLIEM I10JI€ TI0 OCH OYEPEAHOr0 PE30HATOPa B TEUEHHUE OTpe3Ka
BpPEMEHH, T0Ka yCKOpsitomas (aza He CMEHUTCS TOPMO3ALICH, MyYOK YaCTHULl KaXKIbII
pa3 mojJy4aeT IOMOJHUTEIBHYIO MOPLUUI0 KHHETUYECKOW SHEPTUU H, TAaKUM 00pas3oM,
MOCTETIEHHO YCKOPSETCS 10 CKOPOCTH OJIM3KON K CKOPOCTHU CBETA.

CTOMMOCTH OJTHOTO TaKOTO pe3oHaTtopa paBHa ~15 Teicsa momiapoB CIIIA. Paz-
JTUIHBIC MOAU(PHUKAIINA BEICOKOJOOPOTHBIX CBEPXITPOBOISAIINX PE30HATOPOB pa3pado-
taHbl B 1aboparopun Fermilab (r. barasus, CILIA) 1 u3rotoBneHsl HEOOIBIIMMH TTAP-
tisiMu pupmoit «Teslay (Fepmanus). ['mybokoe OXJTaXICHHE PE3OHUPYIONIAX CHCTEM
BIUIOTH JIO TeMIiepaTyp unkoro remus (4.2 K) sisercs 6e3abTepHATUBHBIM METO-
JIOM JTOCTHKEHHsI BHICOKOH N0OpoTHOCTH. Kak HU3KOTeMIepaTypHble HCIBITAHUS TIPH
temneparype 4.2 K, Tak u ucnbITanus Ipyu HOpMaNbHbIX ycrnoBusax (293 K), saenstorcs
BO)XHBIM aCIIEKTOM pEaln3alliy HAEU CO3IaHUs BBICOKOJOOPOTHBIX PE30HATOPOB M3
CBEPXMPOBOISIINX MaTepuanoB. TeXHMUECKHe U METOINYECKUE TPYAHOCTH OJOOHBIX
WCCIIEIOBAHNHN CBSI3aHBI ¢ HEOOXOIUMOCTBIO NMPOBEICHHS UCHBITAaHUNM H3AeTuil HaTy-
palbHBIX Pa3MepoB, YTO TPeOyeT HETPUBHAIBHBIX MOAXONOB K CO3JAHHIO CHCTEMBI
criocoba BBoga u BhIBoga CBY momHOocTH. Pe3onaHcHas cucteMa MepCreKTHBHOTO
KoJUTalifiepa, HM3rOTaBIMBacMasi M3 CBEPXMPOBOISIINX MaTEepHaloB, AOJDKHA Oyaer
MOJBEPralOTCsl KOHTPOJIO M JUarHOCTHKE B Ipolecce npou3BoicTsa. Ilpu 3tom m106-
POTHOCTB KayK[OT0 Pe30HATOpa HOJDKHA ObITh He Menee Q = 10™ | a pesonancHas ga-
crota Fp = 1.3 + 10° I'T'y mpu temmepatype 4.2 K; cOOTBETCTBYIOLIHE OKA3aTENH IIPH
KOMHATHO#T Temmepatype Q =3 x 10°, pe3onancHas uactora Fp = 1.25+10° I'T'y [1-4].

AHanuzupys cocTosiHie yHIaMEHTAIbHBIX U MPUKJIAJAHBIX UCCIIEIOBAHUI U3Me-
pEeHHS TapaMeTpPOB CBEPXIIPOBOJSIIMX PE30HATOPOB, HEOOXOIUMO OTMETHUTH, 4YTO
OOJIBIIMHCTBO Pa3pabdOTOK B 3TOM 00JACTH MMOKA HAXOJUTCS HA YPOBHE KaYeCTBEHHBIX
IKCTIIEPUMEHTAIIBHBIX HCCIECIOBAaHUN U €Ile HE BBIIUIO 33 IPEAEbl NCCIeI0BaHUH a-
6oparopwii [5-10].

g u3smMepeHust XapakTEpPUCTHK PE30HATOPOB CYLIECTBYET HAOOp METO/IOB, HaCTh
KOTOPBIX 3aMMCTBOBaHA M3 TPAJAUIIMOHHBIX METOJIOB M3MEPEHHUS TapaMETPOB BBHICOKO-
JOOPOTHBIX PE30HATOPOB IPH KOMHATHOM Temrieparype [11-13]. Kak u3BecTHO, HEmo-
CpeICTBEHHBIE M3MEPEHUSI KOHTPOIMPYEMBIX pabouuX XapaKTepUCTHK U MapamMeTpoB
(hU3BHYECKUX YCTPOUCTB SIBIISIIOTCS MPEATNOUTHTEIBHBIMHU, TIOCKOJIBKY YYHUTBHIBAIOT BIIH-
SHUE BCeX (PAaKTOPOB I'€OMETPUUYECKOr0, MaTepPHaIbHOIO XapaKTepa, BHEIIHUX YCIIO-
BUI M3MepeHUi. DTO B IMOJIHOW Mepe KacaeTcsi 1 KOHTPOJIS (IIOJTHOTO MM BBIOOPOUYHO-
ro) AUX u 106pOTHOCTH MOJIBIX CBEPXIIPOBOASIINX HHOOMEBBIX MUKPOBOJIHOBBIX pe-
3oHaropoB MJIK B mporecce ux MaccoBoro npou3sBoiacTsa. [loaromy pazpabotka u co-
BEPLICHCTBOBAHUE COOTBETCTBYIOLUIMX METOAMK M3MEPEHHH W aBTOMATH3MPOBAHHBIX
u3MepHuTenbHBIX KoMIuiekcoB (AUK) sBisieTcs BechbMa akTyalbHOW MPaKTUYECKOH 3a-
Jadeil I u3MepeHui CBEpXy3KOMOJIOCHBIX AUX W COOTBETCTBEHHO CBEPXBBICOKHX
3HaueHuit 1o6potHOCTH (~10™).

Opzanuzayua u mexnuueckoe obecneyeHue paouoOyacmOMHBLIX UIMeEPEHUIl
IN1EKMPOOUHAMUYECKUX XAPAKMEPUCIMUK C8EPXNP08ooauieco Huoouegozo 1.3 I'l'y
pezonamopa Tecra-muna. O6pazenr CBY pesonaropa Tecna-tuma, npeocTaBICHHBIH
nabopatopueii Fermilab (r. barasus, CILIA), npencrasiser co00i OHY CTaHAAPTHYIO
SYEHKY BBICOKOJOOPOTHOTO 9-I4E€YHOTO PE30HATOPa U IO3TOMY OTKPBIT C TOPIIOB.
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s obecrieueHust U3MEPEHHI PE30HAHCHOM YacTOTHI M JOOPOTHOCTH JaHHOTO 00pas-
11a TpeOOBAIOCH 3aKPBITH PE30HATOP TOPIEBBIMU KPBIIIKAMU, YTOOBI H30EKATh MMOTEPh
Ha U3JIyYCHUE B OKPYKAIOIICE MPOCTPAHCTBO U 00SCIICUUTh PEIKUM CBOOOHBIX KOJIe-
Oanwmii. /)11 BBOJa/BBIBOIA M3MEPUTEIBHOTO BEICOKOYAcTOTHOTO curHana B CBY peso-
HaATOp TpeOOBasOCh pa3padboTaTh YCTPOWCTBO CBS3H, MpPEJHA3HAYEHHOE JUIS BO30YXK-
JICHUS] HY’)KHOTO (JU1s1 5 (QEKTUBHOTO YCKOPEHHS 3apsUKEHHBIX SJIEMEHTAPHBIX YaCTHUIT)
THIA KOJICOAHHs AJICKTPOMArHUTHOTO TIOJISL ¥ OJTHOBPEMEHHO 00ECIICUMBAIOIIEE ONTH-
MaJIBHYIO BEJTMYMHY CBS3U JUIST HEBO3MYILCHHOTO N3MEPEHUs pe30HAHCHOM YacTOTHI U
JTOOPOTHOCTH PE30HATOPA.

Usrorosnennsie Topuesbie kpbiiku st CBY pe3oHaropa mpencTaBisuiv cooon
KpYIJble IJIACTHHBI U3 THTaHA TOJNMIMHON 8 MM C KPENEKHBIMH OTBEPCTHSAMH JUIS
KpEIUIeHHs KPBIEK O0oNTaMu K (uiaHmaMm pe3oHaTropa (Ha KOTOPBIX MMEIOTCS OTBET-
HBIC TEXHOJIOTHYECKUE OTBEPCTHUS JUISl KPEILJICHUs); B OHOW M3 KPBILICK UMEETCS I10-
CaJI0YHOE OTBEPCTHUE JJIsI MOHTaXa M KPEIUICHHs yCTpoiicTBa cBsi3u (cM. Puc. 1).

Puc.1. ®ororpaduu TOPLEBHIX KPBIIIEK

Pacuer MecTOMmONOKEHNST OTBEPCTHS i1 MOHTaXKa M KPEIUICHHUS YCTPOMCTBA CBSI-
3H Ha KPBIIIKE TPOU3BOAMIICS C YIETOM €r0 THIIA U THITa BO30YKIaeMOTO KOJIeOaHus —
Eoo- [lanubIi THI KONeOaHus oOecrieuuBaeT 0CeBOE, BJIOJb HANPABICHHUS YCKOPEHHUSI
JJIEMEHTAPHBIX YaCTHIl B ITHEWHOM YCKOpHTEIIE deKkTpudeckoe nose. [Ipu 3Tom mar-
HUTHOE TIOJIe SIBJISIETCS a3MMYyTalbHBIM. Pa3paboTaHHOE yCTpPOWCTBO BBOJIA/BHIBOJA
n3MeputensHoro curHana B CBY pe3onarop (YCTpOWCTBO CBSI3M) MPENCTABISIIO COOOM
TOKOBYIO TIETJIO, T. €. 00ecleYnBaIo0 MarHUTHYIO CBsi3b (110 MAarHUTHON COCTaBIISIO-
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mei nosst). s yMeHbIIEHUs! CHIIBl CBA3M U BIIMSHUS YCTPOWCTBA Ha MCTHHHBIC Xa-
PaAKTEPUCTUKU PE30HATOpa MEeTJIS CBSI3M pa3MellleHa Ha TOPLEBOM KPBILIKE CO 3HAYH-
TEJbHBIM CMEIEHHEM OTHOCUTENIBHO LIEHTpa KPBIKU (0cH pe3oHaTopa). MarHuTHas
CBSI3b CO CBOOOTHBIM TIOJIEM B PE30HATOPE CO3AaBajach C IOMOLIBIO (TUIOCKOT0) BUTKA
IPOBOJHHKA, BBEJICHHOT'O B PE30HATOP TaK, YTOOBI INIOCKOCTh BUTKA OblIa IEPIEHAM-
KyJISIpHA K JIMHUAM TpeOyeMoro THIla MarHUTHOTO IoJis. BUTOK cBs3M pacrionaraics B
TOYKE COOTBETCTBYIOIIEH MyYHOCTH MAarHUTHOT'O 10Jisl B pe3oHaTope. Ilpu 3ToM Benu-
YHHY CBA3M MOYKHO PEryJINpOBaTh INIyOMHOI BBEJCHHS BUTKA B PE30HATOP (M3MEHEHU-
€M pa3Mepa IETiH), a TAKXKE [I0OBOPOTOM IUIOCKOCTH BUTKA IPU ITOCTOSIHHOM ITyOHHE
ero norpykeHusi. OCyIecTBUTh MarHUTHYIO CBA3b B YHCTOM BHJIE IOBOJIBHO TPYIHO,
T. K. DJIEKTPUUECKUE JINHUHU TAK)KE 3aMBIKAIOTCSl HA BUTOK, M CBSI3b HOCUT MAarHUTHO-
anekTpudeckuil xapakrtep. CylIHOCTh pa3pabOTaHHOTO HaMU YCTPOMCTBa CBS3M 3a-
KJIIOYaeTcsd B TOM, YTO OHO COAEPKHUT PaglodacTOTHBIN KOaKCHAIbHBIM pa3beM U IeT-
JII0, U3TOTOBJICHHYIO U3 METAJJIMYECKOTO MPOBO/A, MEPBBIH KOHEL KOTOPON COenHEH
C LIEHTPAJIbHBIM KOHTAaKTOM pa3beMa, a BTOPOH KOHELl — ¢ €ro KOPILyCOM. DTOT KOHELl
KpEIUTCA K BpallarouIeiicsl Kpyriaol METAINIMYECKOH TIIOIIaiKe, YCTaHOBJIEHHOM B OT-
BEPCTUH TOPLEBOM KPBIIIKU IOJIOTO IMJIMHAPUYECKOro pe3oHaropa. Ilpu aToM kpyr-
Jasi METAJUTMUECKas! MJIOIAAKa ¢ 3aKPEIUICHHBIM Pa3beMOM MOXKET IMOBOPAYMBATHCS B
OTBEpPCTHH KPBIIIKH pe3oHaTopa Ha 360° BOKpyT cBoel ocH, U JIOMOJHUTEIHHO BBEJE-
HO YCTaHOBJICHHOE Ha BpAalLAIOIIEHCs IUIOMAAKE YCTPOHCTBO PEryJIUPOBKH BBICOTHI
neri. Beicora netiu h BeiOupanacs paBHoi A/8 (rae A — JIMHA BOJHBI 3JEKTpOMAr-
HutHoro CBY kosebaHusi, COOTBETCTBYIOMIAS IICHTPAJILHOW YacTOTE Pe30HATOpa), U
MOXeT U3MeHAThca Ha £10 % c momompto perynupytouiero ycrpoicTsa. [lociennee
COCTOUT U3 Bpalllarolleiicsl BTYJIKH, YCTaHOBJICHHOW Ha KpYrjoW Bpamjaronieiics me-
TaJNTNYECKON TUIOMIAAKE, U TOJBM)KHOTO IUTyHXKEpa, TOJIOBKAa KOTOPOr0 COEAMHEHA CO
BTOPHIM KOHIIOM TieTnu [14].

C nomopio BekTOpHOTO aHanu3zaropa reneit Agilent E5S061B, paboraromiero B
yactotHoM jauanazoHe ot 0.1 MI'u go 3.0 [T, Obiit u3MepeHsl Sy MapaMeTpsl KOH-
TPOJMPYEMBIX CBEPXIPOBOAAIINX PE30HATOPOB C pa3pabOTaHHBIM yCTPONHCTBOM CBSI3U
IpU Pa3IMYHBIX PEXUMaX HACTPOHKHU: 1) B pexuMe MoJydyeHHs HauOOJbIIEro 3Have-
Husl fobpotHOoCcTH Q, (BpalleHHs METIM BOKPYT CBOEH OCH); 2) B peXHME MOTYUYSHHS
HanOOJBIIETO 3HAYCHUS JOOPOTHOCTH Q, W ONTHMAIILHOTO COTJIACOBAHUS C JIMHHEU
riepeiauu (BpalleH s MeTIn BOKPYT CBOCH OCH U U3MEHEHHs €€ BbICOTHI h).

Ha Puc. 2 npeacrasnena ¢ortorpadust Hnoouesoro CBY pesonaTopa, U3rotos-
nenHoro B 'HY «®uzuko-texundeckuii nnctutyT HAH benapycu», Ha HCTIbITaHUAX B
nabopaTtopuu Ipu KOMHATHOM TeMIiepaTtype.

Kak u3BecTHO, 100pOTHOCTH MUKPOBOJIHOBOTO pe3oHaTopa Tuma Tecna — 6a30Bo-
ro 3JIEMEHTa YCKOpUTENIbHOM cucteMbl MJIK — siisieTcst KitoueBbIM (haKTOPOM, OIpe-
JEIISIOIMM SHEPIHUIO 3JIEKTPOH-TIO3UTPOHHBIX IIYYKOB Ha €ro BeIxoae. B pabouem pe-
xume MJIK, T.e. mpu Temneparypax >KHIKOTO reyusi, TOOPOTHOCTh TaKHX CBEPXIPO-
BOJAIIMX PE30HATOPOB, M3FOTOBIEHHBIX M3 HMOOMS, jocturaeT 3Hauenmii 107°-10",
YTO TOpOXKIaeT mpodiieMy w3MepeHus cBepxyskomomocHeix AUYX mpomycka-
HUSI/TIOTJIONICHUSI SJHEpPTrUuH B HUX. COOTBETCTBYIONIYIO HHPOPMAITUIO O XapaKTEePUCTH-
Kax pe3oHatopoB Tecna-Tumna MOXHO OYEPIHYTH B [2].
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Puc. 2. ®otorpadus anoduesoro CBUY pe3oHaTopa Ha UCIIBITAHUAX B 1a00OpaTOpUU
HHWU AI1 BI'Y npu koMHaTHOU TeMIiepatype

Hna 1.3 ITo pe3oHaTopoB 3TO O3HAYaeT H3MEpPEHHE TIOJOCHI MpPOIycKa-
HUs1/TIoTIomeHns mopsiaka 1 ', 9To BO3MOXKHO TPH YCIOBHU TOTO, UTO pa3pelnaromnias
CIOCOOHOCTHh M3MEPUTENHHOT0 Tprbopa 1o yactote cocrapiseT He menee 0.01 ', B
CBOIO O4Yepe]lb, TAKHE 3HAYECHUS] JOOPOTHOCTH CBHJCTEIBCTBYIOT O KpaliHE HH3KOM
YPOBHE 3HEPreTHYEeCKUX MoTeph (B cTeHKax pe3oHaTopoB). Ilostomy BTOpOIl cymie-
CTBEHHOW TPOOJIEMOM SBISETCS TWHAMHUYECKHN AMANa30H M3MEPEHUH, KOTOPBIA 10JI-
xeH ObITh He MeHee — 120—130 nb. Tpetbs nmpoOiieMa COCTOUT B TOM, YTO KOMILJICKT
pezonaropoB MJIK nomkeH xapakTepu30BaThCsl BHICOKOU CTEMEHBIO HACHTUYHOCTHA UX
LHEHTPAJIBHBIX 4acTOT. C TOUKH 3peHHs U3MEPEHHH, IOCIIeAHEe SKBUBAIEHTHO Tpe0o-
BaHUIO BBICOKON OTHOCHTENILHOW CTAaOMIBLHOCTH YaCTOTHOW 0a3bl OTCUETHOM IIKAJIbI
U3MEPUTENHHOTO prbopa (M0 CYIIECTBY — HE HIXKE 0OpPaTHOTO 3HAYEHHS U3MEpIeMOon
no6potHoCTH, T. €. ~ 107°-10™). O6beaunenne sTHX Tpex TpeGoBaHMiT AeNaeT 3a1ay
M3MEpeHHs JOOPOTHOCTH CBEPXIPOBOAALIETO pe3oHaTopa Tecia-Tuna B «XOJIOJHOMY
peXuMe HETPUBUAIBHOM.

dusnyecKkre OrpaHuueHHsI U TEXHUYECKUE TPYJHOCTH MOJOOHBIX U3MEPEHUH aM-
IUINTYAHO-YaCTOTHBIX XapaKTEPUCTUK M JOOPOTHOCTH HHUOOMEBBIX PE30OHATOPOB B
YCIIOBHUSIX pab0o4mx (TeIMEBBIX) TEMIIEPATyp, KOTJa pacyeTHas JOOPOTHOCTh TaKUX pe-
30HATOPOB JIOCTHTAET BeTMUMHBI Topsiaka 10!, 0OyCTOBICHBI TeM, YTO H3MEpEeHHs
HaxoAATCAd Ha Tpelesie XapaKTepUCTUK COBPEMEHHOM CTaHIApTHOM H3MEPUTENBHOMN
anmapaTypsl.

Hnst noctrkeHus: MakKCUMalIbHO BO3MOYKHOM TOYHOCTH M3MEPEHMM W MpeojoJie-
HUSl BBIIIEOTMEUEHHBIX TPYAHOCTEH TpeOyIOTCS HECTaHIapTHBIE HHXEHEPHO-
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TEXHUYECKHE M HAYYHO-METOJANYECKUE PEIICHHS, YIIydIIarolie METPOJIOTHIECKHE Xa-
PaKTEPUCTUKN MPUMEHSIEMON NU3MEPHUTEIHHOH anmaparypsl.

Jiist u3MepeHusl aMIUITY THO-YACTOTHBIX XapaKTEPUCTUK U JOOPOTHOCTH BBHICO-
KOZOOPOTHBIX PE30HATOPOB MPH KOMHATHOW TeMIIepaType MPUMEHSIOTCS M3BECTHBIC
TPaAUIIMOHHBIE CXEMBI U METOIBI m3MepeHni [15—17]. Onu ke, Kak MPaBHIIO, MPUME-
HSFOTCS W IS MOTOYEUYHBIX m3MepeHndt AUX u pacdera JOOPOTHOCTH PE30HATOPOB,
HaXOJSIUXCA B COCTOSHUU CBEPXNPOBOAMMOCTH (M, COOTBETCTBEHHO, CBEPXMAJIBIX
noteps). [Ipu 3TOM JOMONHWTENBHO IJS CTa0WIM3allMd YacTOTHl M3MEPHUTEITHHOTO
CBUY-reneparopa 10 ypoBHs ~10™, ompeensieMoro cBepXBBICOKOH JOGPOTHOCTBIO,
NPUMEHSIOTCSl CHCTeMBI a30Boii aBTonoacTpoiku 4acToTsl (DAITY). AnbTepHaTHBOR
SBJISICTCSl CTAOMIIN3AIMsl BPeMEHHOM 0a3bl (CETKH YacTOT) U3MEPUTENHHOTO Mproopa, B
HAaIlleM cIydae — BEKTOPHOTO aHaIn3aTopa, MoTodedHo nm3Mepsitoiero AUX pezonaro-
pa B obmactu pe3oHanca. [Ipu 3ToM TeopeTHyecKr U METPOJIOTHYECKH MOYKHO rapaH-
TUPOBATh (MTOBEPHTH) TOYHOCTh M3MEPHUTEILHOIO KOMIUIEKCAa U HAOII0aeMble CBEpX
MTOBEPOYHBIX 3HAYCHUN OTKIIOHEHHS OTHECTH Ha CUET H3MEPIEMOTO 00BEKTa — Pe30Ha-
Topa. st aTOoro OBUT IPOBEAECH aHATW3 PHIHKA H METPOJIIOTUYECKHX XapaKTEPUCTHK
(cBepx) BBICOKOCTAOMIILHBIX MICTOYHHKOB YaCTOTHI, OCYIIECTBIICH BHIOOD, TPOHU3BEICHA
3aKyTKa W BCTPaWBaHNE B U3MEPUTEIHHBIN CTEH] MpUOOpa — reHepaTopa pyouaneBoro
omopaoro LPFRS-01.

Pacuemnple 3n1ekmpoounamuiecKkue XapaKmepucmuKkuy pe3oHamopa 6 «xXonoo-
HOom» pexcume. [IpuBeneHHBIE B JAHHOM pa3Jieiie CBEACHUS HEOOXOIMMBI sl OLICHKH
KauecTBa W OOBSICHEHUS MOJMY4YaeMbIX B dKCIepuMeHTe — m3MepeHun AUX u modpot-
HocTH HUoOMeBoro 1.3 I'T'm pezonatopa MJIK Tecma-tuna — B T. H. «XOJOIHOM» pe-
JKUME, T. €. IPU TeMIepaType KUAKOTO TeITusl.

JoOpoTHOCTH 00BEMHOTO CBEPXIPOBOJSIIECIO PE30HATOPA 3aBUCHT OT €ro Ieo-
MeTpuH (T. H. ¢pakTopa reomeTpun G), CBOICTB CBEPXIPOBOAIIECIO MaTeprania, u3 Ko-
TOPOTO OH M3TOTOBJICH, U BHEIIHUX MArHUTHBIX MOJIEH Hey, B 4aCTHOCTH MarHUTHOTO
noJisi 3eMJIH, BIUSIOMIMX HAa CyMMapHOE IMOBEPXHOCTHOE CONMPOTHBIIEHHE PE30HATOP-
HoW monoctu. J{ns cBepxmpoBonHuKoB |l poma (Hampumep, HuOOHIT) Ry = Rges + Ryes
rie Rgcs — conporusnenne bapauna—Kynepa—1luddepa B Teopun cBepXIpoBoIuMO-
CTH, a Ryes— T. H. «OCTaTOUHOE» CONPOTUBIICHNUE (MaTepuaa) He 3aBUCSIIEE OT TeMIIe-

paTypsl.
Jli1a BEIIIeyKa3aHHBIX BETUYXH U3BECTHBI hopMynsr [18]:

2
. 2 _17.67/T
a)/’lo |H| dV 4 f e
G=——"F—, Rges =2x10 5
||H| ds 1.5x10 T
MIPUYEM TIOCTICIHSS BEIMYMHA SBJIICTCS allPOKCUMAIIMEH, CITPaBeIIMBON JJIsl HUOOHS
npu temneparypax 1 < 4.65 K (moioBrHHOE 3HaYeHHWE KPUTHUYECKOH TEMIIepaTyphl
Teit=9.3 K mns Hnodus). Uto kacaercs OCTaTOYHOTO CONMPOTHBIICHUS, Rres, To oHO
OTIPEACISACTCS MENBIM PSIOM (aKTOPOB, CPEAM KOTOPBIX JUISi CBEPXIPOBOIHUKOB |l
poJia CYIIECTBEHHBIM SIBJISICTCS BHEIIIHEE MArHUTHOE MMOJie Hey . JJIs Takux marepua-
JIOB B 3JICKTPOMArHUTHOM ToJie 4acToThl f

7’
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f.

B wuneanbHOM ciy4yae JUIs SKPaHMPOBAHHOTO OT MArHUTHOTO TOJS 3eMIH
Hexi=Hearn = 40 A/M o ypoBHs 0.02Hg, = 0.8 A/m Hro6ueBoro 1.3 I'T'r pe3oHaropa
Tecna tuna npu T < 4.65 K monyuyum ciieyroiue OleHKN BhIIICYKa3aHHBIX BEIIMYHH:
Recs = 4.55 HOM; Ries = Ry = 3.42 HOM; Ry = 7.97 HOm™; G = 270 Owm. Ilpu 3tom pac-
YeTHAS OIICHKA JOOPOTHOCTH 3KPaHUPOBAHHOI'O PE30HATOPA!

QoozHey = RE =3.4x107 .

S

R, ~R, =9.49x10H

ext

B orcyrcTBHE cnenuanbHOW MarHUTHOM 3KPAHUPOBKH, T.€. AJI1 YCIOBUN HAILIErO
JKCIEPUMEHTa B KPHOTEHHOH KaMepe U3 HeprKaBerollel cTaay (MarHuTHas IpOHHULIAe-
MocTh = 1.008), ¢ BIMsIHIEM MarHUTHOTO TIOJS 3€MITH, TIOJTYYHM OIIEHKY JOOPOTHOCTH

Q. = % =0.68x10° .

S
B noznpo6nom 0630pe [19] Takke 0TMEUEHO, YTO BEIMUMHA U3MEPsieMOil 100poT-
HOCTH TaKOT0 POAa PE30HATOPOB HEIKPAHMPOBAHHBIX OT MATHUTHOTO MOJA 3eMIIH HE
MOXeT mpesbimath 10°,

Puc.3. ®ororpadust cTeHaa A1 KPUOTSHHBIX H3MEPEHHIA

DKCIIEpUMEHT MPOBOAMIICSA B Kamepe 0e3 BaKyyMHUPOBaHHS PE30HATOPA, YTO HE
rapaHTUpOBaJI0 TpeOyeMoW YHCTOTHI 3KCIIEPUMEHTa (B IMOJOCTH PE30HATOPA MOTJIH
NPUCYTCTBOBAaTh CIleAbl TBEPAOH (a3bl pa3IMYHBIX ra3oB M COOCTBEHHO KUAKHUHN Ie-
JIMiA) ¥, KaK CIEICTBHE, JOCTHXEHUS BRICOKOH H0OpoTHOCTH. McTibITyeMblii pe3oHaTop
pacmosiarajics BepTHKaJbHO B KPHOTEHHOH KaMepe M3 HeprkaBeromiel cranu. Maccus-
Hasi KpUOT'€HHAas KaMepa pacronarajack Ha moiy, 6e3 nemndepa (Puc. 3 u 4).
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Puc. 4. ®ororpadus BepxHEH KPHIIIKH KpUOCTaTa ¢ BEIXOAHBIM pazbeMoMm CBY kaberns

Memoouka uzmepenuii, 6b100p U3MEPUMETbHOI ARNAPAMYPLL U CXEMaA U3Me-
Ppenuil. VI3MepuTeNbHbIN KOMIUICKC ObLT Pean30BaH Ha Oa3e BEKTOPHOTO aHAIM3aTOpa
neneir (BALl) Agilent E5061B ¢ onmueii 1ES u BHEIIHEro MCTOYHHKA CBEPXBBICOKO-
cTaOUIBPHONW BPEMEHHOW 0as3bl M3MEpEeHWH — TeHepaTopa OMOPHOTO PyOHAMEBOTO
LPFRS-01. [lns peructpanuu pe3yibTaTOB M3MEPEHHUHA HCIOIH30BAH BHEIIHUN KOM-
nbploTep, noakimodeHHbId kK BAILL uwepes USB-untepdeiic. Pesynbrarel coctostHMs
(ycranoBok) BALl u mudpoBbeix nsMepernii Moayins AUX B morapudpmuueckom Mac-
mrade (1b) umnopTupyroTes u3 mamatu BALL B kommnbioTep B BHe Tabnui u rpadu-
koB MS Excel 2007. Meronuka u3MepeHuil OCHOBaHa Ha M3MEPEHUU MapaMmerpa Sip
pe3oHaTopa, MOAKIIOUEHHOTO K Bhixoay BAIL uepe3 kaOenbHbBIN TPaKT, BKIIOYAFOIIAN
pasBsi3bIBarOIIMi aTTeHtoaTtop (61b) W HacTpanBaeMbId BPYYHYIO NUIEH(OBBINA coria-
cyroiui Tpancopmarop (KOMIUIEKCHBIX cONpoTHUBcHU). [Tocneanuii ucmob3yercs
JUIL YCTpaHEHHsT MENIAIUX OTPaXEHWH B KabenbHOM TpakTe (pazpeMHble BU-
coenuHeHus ) coequnstonieM BALL u ucciemyemslii pe3oHaTOP.

Taxum o6pa3oM, HCIIOIb3yeMasi HAMH METOJIMKA U3MEPEHN OCHOBaHA Ha OLICHKE
OTHOCHUTEJIFHOT'O YPOBHS TIOTJIOIIEHHUS JHEPTUU B pe3oHaTope. Takas oleHKa Mpou3BO-
murcs BALL B undpoBoM Buzae — B popMe JTMHEHHO yNOPSAAOUYEHHBIX MO YacTOTE OT-
CYETOB OTHOILIECHWH KBAJAPAaTOB aMIUIUTYJ (MOIIHOCTEH) OTPaXKEHHOTO OT pe30HATOpa
Y HampaBIsIeMOTO B PE30HATOP CHTHAJIOB B 331aHHOH (IIOJIb30BaTENIEM) ITOJIOCE YaCTOT.
st ynoOCcTBa aHAIM3a 3TO OTHONIEHHE OTOOpakaeTcs U PErUCTPUPYETCst TPHOOPOM B
JorapupMuIeckoM MacmTade Tak, YTO ypoBeHb +3 1b OT MUHMMYyMa KPHBOH IOTJIO-
menns (AUX) oTBewyaeT MOJOBUHHOW MOIIHOCTH, Ha KOTOPOW HM3MEpSAETCs IoJioca
NPOITYCKAHHUSI TIPU OTIpeIeIeHNH TOOPOTHOCTH. M3MepsieMast JoOpOTHOCTh OIICHUBAET-
csl AByMS criocob0amH: mepBbIid — Buaeodorodukcanueil sxkpana BALl B HenpepsIBHOM
pexume (24 kagpa/cex), Ha KOTOPOM OTOOPaKaroTCsl 3HAYSHHUS TTOJIOCHI TIPOITYCKAHUS
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HCCIIeyeMOro 00beKTa Ha yPOBHE MTOJIOBUHEI MTOTJIOMICHHONH MOIITHOCTH, C OTMETKAMH
HIDKHEH U BEpXHEW YaCTOTHBIX IPaHUL] U LIEHTPa MOJIOCHl IPOIYCKaHUs, a TAKXKE 3Ha-
YeHHe JOOPOTHOCTH, BTOPOM — MO TaOJMYHBIM JaHHBIM AUYX, UMIOPTHPYEMBIM W3
namsTi BAILL B mamMsTh BHEITHETO KOMITBIOTEPA JUISL UX JaJbHEHIIeH 00paboTKH.

Bexropuril ananuzatop regepaTop pybHHEELIH
Agilent ES061  C-1E5 oMopHLH
Bxog Braxog

W3

S

p—

Jwio

Perymmpyenmi
CBY pesosaTop

Puc.5. CtpykTypHas cxeMa HaCTPOIKH 1 H3MEpEHHs ITapaMeTpOB Pe30HATOPA MPHU HCIIOIB30-

BaHUM BeKTOpHOTO ananu3aropa Agilent ES061¢c-1ES u renepaTopa omopHOro pyousueBoro

LPFRS-01(u3mepeHus mapaMmeTpoB KCCIIEyeMOro pe3oHaTopa pyu KOMHATHO# TeMIieparype
U TIpH TeMIIepaType KUIKOTO T'eITHs)

A — Bekropnsrit ananmszarop nerneit ES061-1ES, crabmnmi3npoBaHHBI T€HEPATOPOM OITOPHBIM
pyounuessim LPFRS-01 ;

W1,W?2 — ITepexon koakcuanbsHslit [1K 50-22-06 CBE1.430400.000 TY -2 mr.;

W3,W4 — KoakcuanbsHbli Kabens ceueHueM 7/3 — 2 mr.;

WS5 — CBU arrentoatop, auanason 1,07—4,0 [Tu: A = 6 nb;

W6 — KoakcuanbHbiil kabenb ceuenuem 7/3 — 1 mrT.;

W7 — cornacyromuii Tpanchopmarop

W8 — CornacoBaHHas Harpy3Ka,

W9 — CBU ¢uanen (kpblinka) — 2 mrT.;

W10 — CBY tepmocTotikuii kabeab — 1 1T,

ITpuem «Bupeodorodukcannsy HMCIOIH30BAaH HAMH JUIS JOCTOBEPHOTO IOA-
TBEpXkIeHUs (DaKkTa M3MEPEHUs] BEICOKUX 3HAYEHHUH JOOPOTHOCTH, UMIIOPT M300pake-
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HUs 5KkpaHa BALL Bo BHEIIHUI KOMIIBIOTEp W/WIIM €r0 3allOMUHAHKE TPUOOPOM TaKKe
B NPHUHIMIE BO3MOXHBI, HO 3aHMMaeT OOJbLIe BpeMEHH, YeM BuiecopoTodukcamms.
Takum 00pazom, Buaeo()OTOPHUKCALINS MO3BOJSIET ¢ OONBILICH 0JeH BEPOSTHOCTH 3a-
peructpupoBath (hakTsl n3MepeHusi BALL BbICOKHX 3HaueHH TOOPOTHOCTH UCCIETye-
Moro pe3oHaTopa. UMmopT ganubIx usMepenuit u3 BAIl B mepcoHanbHBIN KOMITBIOTED
U3MEPUTENHHOTO KOMITJIEKCA OCYIIECTBIIsIETCS B 14-pa3psagHoMm AecaTudaHoM (opmarte,
T.€. C TOYHOCTBIO Ha MOPSIOK MpeBbIIalonel (MHINIUPYEMYIO) pa3pagHOCTh OTcUeTa
vyactotel BAIT Agilent E5061B. 3to mo3BosiseT oCyIiecTBUTh AadbHEHINYI0 00padboT-
Ky JaHHBIX (M0 TUMy UMGPOBOH (PHUIBTpALMU) C LENbl0, HAPUMEpP, aHATUTHYECKON
anIpoKCUMAIINK PE30HAHCHON KPHUBOHM M YTOYHEHMS 3HAUEHHUN IIEHTPaIbHOM 4acTOTHI
U JOOpOTHOCTH pe3oHaTopa (T. H. TEOPETUKO-IKCIEPHUMEHTAIBHBIN CIOCO0 OLICHKH).
CrpykrypHas cxema uzMepeHuid AUX u 706pOTHOCTH pe3oHATOpa MpecTaBleHa
Ha Puc. 5.

[Ipu nmoctwxeHNH pekrMa CBEPXIPOBOIUMOCTH (CBEPXBBICOKOH JOOPOTHOCTH) €
Henplo oOHapykeHus/uneHTuuKanuu nrka AYX pexoMeHIyeTcsl OTKIIOYHTH Ha
BAIl pexuMm «ckomnp3diee CriakKMBaHUE», YCTAaHOBUTh MUHHMAJIbHO BO3MOXKHOE
yCpeHEeHHE U MAaKCHMaJIbHO BO3MOKHOE KOJIMUYECTBO TOUEK U3MEpPEHUs B MOJIOCE aHa-
nu3a. Bece oTMeueHHbIe TpolLieAyphl MOKHO B JabHEHIIIEM BBIONHUTD, IPU HEO0XO-
JUMOCTH, Ha ITU(POBBIX TAaHHBIX, 3aPETUCTPUPOBAHHBIX Ha BHEIIHEM KOMIIBIOTEPE.

Ycnoeua u pezyromamut usmepenuii. 1IpoBesieH HUKI «TEIIBIX» U3MEPEHUN pe-
30HAHCHOHM YacTOTHl U JOOPOTHOCTH pe3oHaTopa oOpasla sSUeiKu CBEPXIPOBOISIIECTO
Huobueroro CBU pe3onaropa Ha pabouyro yactory 1300 MI'1, B X071¢ KOTOPBIX OCY-
IIeCTBJIEHa HAcCTpOWKa ONTUMAIBHOTO PEeKHMMa COIIacOBAaHHUS pPEe30HaTopa ¢ M3MEpH-
TEJILHOW ammnapaTypoil (ZOCTUTHYTHIH ypOBEHb COTIacoBaHUs obecnieunuBaeT Kodpu-
nueHT crosueit BomHbl — KCB =1.003, 4TO COOTBETCTBYET Mepeaaue B PE30HATOP
99.9% nonaraemori CBY moiHOCTH). Pe3ynbraThl H3MEpeHUI pe30HAHCHOW YacTOTHI,
KCB, 1oOpoTHOCTH M OTHOCUTEIHHOTO YPOBHS MOTEPh HAa PE30HAHCHOMN YacTOTe HUO-
OmeBoro pe3oHaTopa Mpu KOMHAaTHOW TemIiepaType rpuBeieHsl Ha Puc. 6 u 7.

Uzmepenne pezonancHoit yactotel, KCB, 100pOTHOCTH M OTHOCHUTENFHOTO YPOB-
HS TIOTEPh Ha PE30HAHCHOW YacTOTE MPOBOAMINCH HA BEKTOPHOM aHAJIU3aTOpe Liemneit
Agilent ES061B (+ ommust 1ES), ¢ moaxiitoueHHeM K U3MEPHUTEIILHOMY CTEHIY BBICO-
KOCTaOMJILHOTO MCTOYHHMKA BHEIIHErO OMOPHOI'0 CUTHAJIA TeHepaTopa pyOHIMEeBOTO
onopHoro LPFRS-01 (3aB. Ne02513). [TorpenHocts u3MepeHus: MOIYIs KO3 PHUIIIEH-
Ta nepeaadu B quamnazone 9actot ot 10 MI' mo 3 I'T'ii mpu 3HAUeHHH H3MEPSIEMOil Be-
nuauHbl 0T -30 1o -70 nb paBna +0.37 nb. [lomydeHs! ciemyromupe pe3yabTaThl. Pe3o-
HaHCHAas yacToTa pezoHatopa 1.2903500 I'Tt. Harpyxennas nodpotaocts 36564; KCB =
1.0032. OtHOCHTENBHBIN YpOBEHb NOTEPh — 55.8 Ab (Ha LeHTpanbHOMN YacToTe).

[IpoBeneH nMKI KPUOTEHHBIX U3MEPEHUH PEe30HAHCHOM YacTOTHI U TOOPOTHOCTH
CBEPXIIPOBOJISIIETO HUOOMEBOTO PE30HATOPAa COBMECTHO C OTJNIENIOM KPUOTEHHBIX HC-
cnenoBanmii HIIL[ mo marepmanosenenuto HAH benapycu. [lomydeHHsle 3HaueHHS
n06poTHOCTH pe3onHaTopa ~ 10™ moATBEpAMIM JOCTIKEHNE B PE30OHATOPE SBICHHS
CBEPXIPOBOJIMMOCTH H MOMYYCHHUE MAaKCHMAIBHOTO 3HAYEHUS HArpy>KEHHOH IT0OpOT-
HOCTH. Pe3ynbTarhl WcIbITaHU HUOOMEBOTO PE30HATOPA MPH TEMIIEPAType KUIAKOTO
renus cieayromue. PesonancHas wactora pesonaropa 1.3002027 I'Tu. Harpyxennas
nobpotHocTh 1 316 700 000; KCB = 1.0001. OtHOCHTENBHEIH ypoBeHb moTeps — 129.01 nb
(aa meaTpanbHOi Yactote). Jlanasie ¢ BALL npuBenenst Ha Prc. 8 1 9.
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E5061B Network Analyzer

1Active ChfTrace  2Response  3Stimulus 4 Mkr/Analysis 5 Instr State Resize
PN s11 swR 100.0 m/ ref 800.0 m a
1.800
»1  1.2903500 GHz |1.0032
BW: 0.000000000 Hz
cent: 0.000000000 Hz
1.700 Tow: 0.000000000 Hz
high: 0.000000000 Hz
Q: 0.0000
Toss: 1.0032
1.600
1.500
1.400
1.300
1.200
1.100
1
1.000
900. Om
800. 0 '
1

Target value not found

Puc. 6. Pe3ynpTaTsl n3MepeHuil mapaMeTpoB HHOOUEBOTO pe30HATOpa IIPH KOMHATHOM
TemriepaType (pe3oHaHcHas yactora, KCB)

eChTrace I@ssponse 3Gtmukss 4 Miv/Analyss 5 Inst State

P 511 Log Mag 10.00 dB, Ref -30.00 dB

*1  1.2903500 GHz -%%,.800 d8
BW: 3529033400 kHz
|eem: 1.290352398 GHz
10.00 Fow: 1290334753 GHz
high: 1.290370044 GHz
: 36564
loss: -55. 800 d

-40.00

Puc. 7. Pe3ynbraTsl n3MepeHnii mapaMeTpoB HIOOMEBOTO PE30HATOPA IIPH KOMHATHON
TemrepaType (pe3oHaHCHas 4acToTa, J00pOTHOCTh, OTHOCUTENILHBIH YPOBEHB IIOTEPh)
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E5061B Network Analyzer

1Active ChfTrace  2Response  3Stimulus 4 MirjAnalysis 5 Instr State

Resize
PR 511 SwR 500.0 p/ Ref 998.5 m Format
+5.000m SWR
>l 1.3002026 GHz [1.0001
Bu: 0.000000000 Hz
cent: 0.000000000 Hz
+4.500m | “Taw: 0,000000000 Hz
high: 0.000000000 Hz
Q:  0.0000
Toss: 1.0001
+4.000m
+3.500m
+3.000m
+2.500m
i
+2.000m M
1
+1. 500m
+1.000m
+500.0p
998. =
L

Target value not found Meas ExtRef| 2015-03-06 11:32

Puc.8. PesynpTaThl H3MepeHU mapaMeTpoB HIOOMEBOTO Pe30HATOpA TP TEMIIepaType
JKHUJKOTO renust (pe3oHaHcHast yactota, KCB).

1Actve ChiTrace IResconse 3 Stmubs 4 M fAnalyss 5 Instr State
Pl 511 Log mag 20.00 dB, Ref -50.00 dB

50. 00

»1  1.3002027 GMz -129.01 g8

BW: . Q000000 mH2
cent: 1,300202693 GHz
30,00 | ow: 1. 300202692 GHz
high: 1. 329!02693 GHZ

q: 7
loss: -129.01 de

Puc.9. Pe3ynpraTsl n3MepeHui mapaMeTpoB HHOOMEBOTO pE30HATOPA IIPH TEMITEPAType
JKHJIKOTO Tesns (pe30HAaHCHAS 9acTOTa, Harpy>KeHHas! T0OpPOTHOCTB,
OTHOCHTEIIbHBIA YPOBEHB MOTEPH)
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3aka4eHue

Pazpaborannsiii AUK no3Bomnser o6HapyxuBath 3Q(EKT CBEPXIPOBOAUMOCTH U
U3MEPATh BBICOKHE 3HAUYEHHWs AOOPOTHOCTH W Maible TOTEpH, XapaKTepHbIC s
CBEPXIIPOBOIAIIMX PE30HATOPOB (B pabodueM 4acTOTHOM AuamasoHe mpubdopa Agilent
E5061B).

[Ipumenenne B AWK B kadecTBe MCTOUYHMKA BPEMEHHOH 0a3bl (aMILTUTYAHO-
YaCTOTHBIX) U3MEpEeHUl BhicOKocTaOmibHOro 10 MI't omopHoro reneparopa LPFRS-
01 Ha mapax pyOMIus MO3BOJMIIO CYIIECTBEHHO CHU3WTH BIMSHHE YaCTOTHBIX IIyMOB
anmaparypsl IpH U3MEPEHHSIX, O YeM CBUACTEILCTBYET MacCOBO 3apErHCTPUPOBAHHBIC
daxter m3mepenns BAIT Agilent E5061B nobpotHocTH HecnenyeMbix 00bekToB —1.3 TTh
HUOOHMEBBIX PE30HATOPOB - Ha ypoBHe He Hibke 0.1x10° (¢ MAKCHMANEHEIM 3HAUCHHEM
~1.2x10") u ypoBHs oTHOCHTENBHBIX TTOTeph HIKe -130 1B (¢ MUHUMATBHBIM [TOKA3a-
teneMm -139.7 nb) npu Temmneparype >KUIKOTO Teyus.

ABTOMAaTH3aNNs U3MEPEHUH ¢ MPUMEHEHNEM UKINIECKOH MpoIeayphl (M3mepe-
HUS) Ui MaccoBoro m3mepeHuss AUX u m3MepeHuss JOOPOTHOCTH W TIOTEPh C Tpe-
JIensHBIM T ipubopa Agilent E5161B paspertieHreM Mo 4acToTe MO3BOIMIA JOCTO-
BEpPHO 0OHAPYXUTH 3(P(PEKT pe3Koro Bo3pacTaHusi JOOPOTHOCTH M CHIDKEHUS TIOTEPD B
HHOOHMEBBIX PE30HATOPAX MPH MEPEX0/IC B PEKUM CBEPXIIPOBOIMMOCTH.
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MEASUREMENT OF UHF-PARAMETERS OF TESLA-TYPE
SUPERCONDUCTING MICROWAVE RESONATOR FOR NEW
GENERATION OF LINAC

N. S. Azaryan, M. A. Baturitsky, Ju. A. Budagov, D. L. Demin, S. E. Demyanov,
V. A. Karpovich, V. V. Kniga, N. V. Liubetsky, S. I. Maximov, I. L. Pobol,
V. N. Rodionova, G.D. Shirkov, N. M. Shumeiko, S.V. Yurevich

A method is presented for direct measurement of the amplitude-frequency characteristic
and estimation of Q-factor of niobium Tesla-type microwave resonator in the state of supercon-
ductivity. The developed automated setup allows to detect state of superconductivity in the res-
onator and to perform measurements high values of Q-factor in it in this state. The measured
values of Q-factor of the 1.3 GHz Tesla-type niobium microwave resonators manufactured in
Belarus were found at the level about 0.1x10° (maximum value 1.2x10) at the relative loss
level -130 dB (minimum value -139.7 dB) at liquid helium temperature.
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CPEACTBA PETUCTPAIIMU UMITYJBbCHOI'O BUIUMOI'O
V3JIYYEHUSA MAJIOWM MHTEHCUBHOCTH

0. B. I[BOpHI/IKOBl’Z, B. JI. {ata08', B. A. UexoBcknii’

1 o o o
OAO « Munckuii HayuHO-UCCIe008aMeNbCKUL BPUOOPOCMPOUMETILHBLU UHCIUNTYHLY)
2
Hucmumym soepnvix npoonem BI'Y

BBenenune

[Tpu cozpanum pa3inMyHBIX ONMTHKO-3JEKTPOHHBIX MPUOOPOB BO3HUKAET MpodieMa
perucTpaury BUAUMOIO U3TYUEHHs Majloll MHTEHCUBHOCTH, KOTOpasi 00bIYHO peliaeT-
Csl Kak IyTeM COBEpIISHCTBOBaHMS (HOTONPHUEMHHUKOB, MpeoOpasyromux (GOTOHBI B
9NIEKTPUUYECKUI CUTHAJI, TaK M aHAJIOTOBBIX YCTPOMCTB, OCYLIECTBISIOUINX MpeaBapH-
TeJIbHYI0 00paboTKy CUTHAIIOB (hOTONPUEMHHUKOB (MpeoOpa3oBaHUe TOK—HAMPSKEHHUE,
ycuiieHue, GUIbTpauio 1 ap.)

Ha ocHoBe aHanu3a KOHCTPYKLMiI U MapaMeTpoB (POTONPUEMHHKOB YCTaHOBJIECHO,
YTO peayin3alisl BHICOKOKAUECTBEHHBIX ONTHKO-3JIEKTPOHHBIX CHCTEM LienecooOpa3Ha
Ha ocHoBe [1]:

—  KPEeMHHUEBBIX (OTOINEKTPOHHBIX yMHOXHUTenei (SiDdDY) ans ogHO- U MHOroka-
HaJIbHBIX YCTPOMCTB C 0IHO(POTOHHBIM pa3pelieHreM;

—  OXJIaKJaeMbIX JaBUHHBIX (otonuonoB (JI®J[) U rojoBHBIX BIEMEHTOB CUWTHI-
BalOLIeH 3JEKTPOHUKH 111 MaJlOKaHAIbHBIX YCTPOMCTB, PErUCTPUPYIOIIMX AECAT-
KU (DOTOHOB.

Lenbto HacTosiliel cTaTbu SBISETCS PAacCMOTPEHHME CEPUM aHAJIOTOBBIX MHTeE-
rpasibHbIX cxeM (MC) M 21eKTpOHHBIX MOAyJiel, CO3AaHHbIX B MOCIEAHUE oAbl I
o0pabotku curHanos JIOJ[ u SiODY.

1. YHuBepcaJbHasi aHAJIOTOBasi MUKPOCXeMAa /IS JATYHKOB [2]

HecmoTps Ha cyiiecTBoBaHME W MPUMEHEHHE B PAaIMOIEKTPOHHOM armaparype
pa3zHOOOPAa3HbIX JATYUKOB (DU3NYECKUX BeJduurH, B ToM uucie JIOJ] u SidDY, ¢ Tou-
KW 3pEHUsl DIIEKTPUUYECKUX MapaMeTpOB UyBCTBUTEIbHbBIE DJIEMEHTHI JATYUKOB MOKHO
paccMaTpuBaTh Kak BBICOKOMMITEIAHCHBIE WJIM HU3KOMMITEIAHCHBIE MCTOYHMKH TPO-
JOJDKUTEITBHBIX WM KPaTKOBPEMEHHBIX JIEKTPUYECKUX CHUTHAJIOB.

Jnst o6paboTKM KOPOTKMX TOKOBBIX CHTHAJIOB JAaTYMKOB Hallle BCEro MpPUMEHs-
I0TCSI UMITYJIbCHBIE TTpeoOpa3oBaTeNy 3apsa B HaNpsDKeHHe, TaK Ha3bIBaeMble «3apsi-
novyBcTBUTENbHBIE» ycunurenu (3UY). Ecan ummnynbe Toka qaTtdyMka MMeeT MpoTs-
KEHHYIO TUIOCKYIO BEPIIHHY, KOTOPYIO HEOOXOIMMO 3aperucTpUpOBaTh, TO UCTIONB3Y-
I0TCSI UIMITYJIBCHBIE TTpeo0pa3oBaTesv ToKa B HAaNpsHKEHHE («TPaHCPE3UCTHUBHBIE» YCH-
murenu TPY). Oun o6manatoT MasibiM BXOAHBIM COMPOTHBIICHUEM M Oylarofapst 3Tomy
TaKoke TPUMEHSIOTCS TIPH paboTe ¢ JaTYMKaMH OOJBIINX €eMKOCTeH M BBICOKOH 4acTo-
TE MOCTYTJICHUS BXOIHBIX UMITYJIbCOB.

B uneansrom cityuae 3UY nosmkeH copMUpOBaTh W3 BXOJHOTO TOKOBOTO CHUTHA-
na B BUze O-(pyHKUMM BBIXOIHOE CTyNeH4YaToe HarpsbkeHue. Yare Bcero sty omepa-
LIWIO BBITOJTHAET UHBEPTUPYIOIINI YCUIIUTENb HAMPSHKEHUs ¢ OObIIMM KO3 HULIMEH-
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TOM YCUJICHUS M OJTHUM JOMUHUPYIOIIMM TMOJIFOCOM, OXBaYeHHBIN OTpHUIIATEIHbHON 00-
patHoii cBs3bio (OOC) ¢ nomouisto RC uenu. OTMETUM, YTO TAKYIO K€ CXEMOTEXHHU-
YECKYIO CTPYKTYpy MoskeT umeTb TPY. Paznuuue 3akitodaercs B COOTHOLIEHUU aK-
THBHOM M peakTHBHOI cocTasisgomunx nposogumoctu uenu OOC, a umenHo ansa 34Y
B M0JIOCE HACTOT CHEKTpa BXOAHOrO CHrHaja MmpeodnagaeT eMKOCTHAs COCTaBIIsOLIas
MPOBOAUMOCTH, a it TPY — pe3uctuBHas.

s ymeHbIeH!s: ypOBHS UIYMOB M TIOJy4YeHHs TpeOyeMoi aMIUTUTYAbl Hamps-
skeHus BeixogHoW curHai 3UY u TPY 06bMHO ycHNHMBAIOT M OTpaHUYHMBAIOT CIIEKTP
4acTOT ¢ MOMOIIBIO nosiocoBoro ¢uibtpa (I1D) win dbunerpa HwxHNX yacTot (OHY).

[IpenBapurensHas 06paboTKa cUrHajia HU3KOUMIIEIAHCHBIX JaTYUKOB (MCTOYHH-
KOB HaIpsDKEeHHS) TakKe BKIIIOYAeT YCHIIEHHE W TOJIaBJIeHre IyMOB BHE TOJIOCH Yac-
TOT CUrHaja aatyuka ¢ nomouuero [1® nim OHY.

]
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Puc. 1. Cxema KaHalia, coaepikaliero npeayCuiinTeiv ¢ roJIJOBHbIMU N-p-Nn- TPAaH3UCTOpaMU

C y4yeToM paccMOTPEHHOro, B COCTaB pa3pabOoTaHHOW MHKPOCXEMbI BKIIOYEHBI
ClIeyIOLINe aHaIOTOBbIE YCTPOHCTBA:
— HHCTpyMeHTaJbHbIHA ycunurenb (MY), BBIMONMHEHHBIH MO KIIACCHYECKOM cxeme Ha
Tpex onepanroHHbix yeunmrensx (U2A, U2B, U2C na Puc. 1, 2) u no3Bosstomuit
C TIOMOIIBIO BHEITHETO PE3UCTOpa yCTaHABIMBAaTh KOI(PPHULMEHT YCUIEHHS MOCTO-
SIHHOT'O HampsbkeHMs B Auarna3one oT 2 A0 200 1 yMeHbLIaTh NoJI0cy MPOIMyCKaHUs
3a CHET BHELIHEro KOHAEHcaTopa;
— [IBa TIpexycHiuTeNss Ha omnepauuoHHBIX ycunutensx (OY) ¢ ToloBHBIMH n-p-n-
ounonspueiMu Tpanzuctopamu (BT) u komnencanueii BxogHoro toka (U1A, UIB
Ha Puc. 1), kotopas obecrieurBaeT BO3MOXKHOCTh npuMeHeHus pesuctopa OOC c

224



HomuHaIOM 70 100 MOwm. [y yctaHOBJIeHHsT OJIM3KOTO K HYJIFO BBIXOJHOTO Ha-

npsokeHuss OY ¢ GonmplnuM Rp peKOMeHIyeTcs MCIojib3oBaHWe BbIBOJOB VERL

(m7s1 MOAKITFOYEHUS! BHEIIHEr0 MMKPOMOILIHOTO MCTOYHHMKA HANpPsDKEHUs BEJTUYH-

Hoit oT 1 1o 5 B) u CPA-CPB (s moakItoueHns BHEIIHETO TepeMEeHHOT0 pe3u-

CTOpA, C MOMOLLBIO KOTOPOTO BBIMOJHSETCS TOUHAst 0ajlaHCUPOBKA BXOAHBIX TOKOB);

— nBa npenycunurens (U4A, U4B Ha Puc. 2) Ha MHBEPTHPYIOIMMX YCHIIUTENAX Ha-
NPSOKEHUS] ¢ «TOJIOBHBIMUY» TMOJIEBBIMU TPAH3UCTOPAMH C p-N- MEPEX0I0oM M KaHa-
nom p-tuna (p-I1TII) u TokoBbiM aTTeHtoaTopom (TA) ansa peanuzauuu GyHKUAH
TaK Ha3bIBAEMOT'O «aKTHBHOTO PE3UCTOPAY.

Ha omgHoM kpHcTaiuie pacriofioXKeHbl BCE PacCMOTPEHHBIE aHAJOroBble OJIOKH,
OJTHaKO B 3aBMCHUMOCTH OT THIa YyBCTBHUTEILHOTO JIEMEHTA JIaTYMKa L1e1ecoo0pa3sHo
OCYLLECTBIIATh peanu3aurio (cOOpKYy B KOPIYC) OOHOTO M3 JIByX BapHaHTOB KaHasa
00paboTKH cUrHasia
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Puc. 2. Cxema kaHana, coepalliero npeayCuinuTenu ¢ rojioBHsiMu p-ITTIT

Oynkuun 3UY v TPY MoryT BBINOAHATE npenycuinTenyd odoux kaHanos. Jaxe
MPH HECUMMETPUYHOM ChEME CUTHaja C YyBCTBUTEJIbHBIX JIEMEHTOB PEKOMEHYeTCs
MCIMOJIb30BaHUe 000MX MpeaycuinTeNeil B KaHajle, BKIIOUSHHBIX OAMHaKoBO kak 3UY
win TPV, ¢ nocnenyonmmM ycuineHueM U GuibTpalumei curaana ¢ nomounsio Y. Ta-
Kas rncepnoauddepeHunanbHas CTPYKTypa MO3BOJSET YMEHBIIUTh TeMIepaTypHBIi
apeiid oCHOBHBIX MapamMeTpoB CKBO3HOTO KaHasa, MAaKCMMAaJIBHOTO pa3Maxa BBIXOIHO-
ro curHana, ko3GpGHLUEHTOB NpeoOpa3oBaHUsl BXOAHOIO 3apsAa B HampsbkeHue Kgy
WJIM BXOJTHOTO TOKa B HarpsbkeHue Kiy.
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[Ipu skcnepuMeHTaIbHBIX MCCIENOBAHUAX YHMBEPCAIbHOM aHATOrOBOM MHUKpO-
cXeMbl ObIIO YCTaHOBJIEHO, UTO:

— TUIaBHAas peryJupoBKa BEJIMYMHBI BXOJHOTrO Toka ycunutens Ul nenaet Bo3Mox-
HBIM 3HaYMUTENIbHOE YBelnueHHe koddduimeHTa npeodpasoanus TPY 3a cuer
yBenuueHus conpotueieHus pesucropa OOC Rg. bonee Toro, Bo3amoxHO obecre-
yeHue ctabuinbHOro padodero pexkuma TPY naxe npu otcyrcTBun Rp;

— TNpPUMEHEHHE TOKOBOTO aTTEHI0ATOpa IMO3BOJMJIO YBEJIWUYWTb 3KBHBAJIEHTHOE CO-
NpOTHUBJIEHHE pe3nucTopa oOpaTHOi cBs3u B 90+1800 pa3. Haunyuime pesynbrarsl
(poct B 1800 pa3) OblIM AOCTUTHYTHI MPU MaJlol BeTMUMHE BHEIIHETO pe3rucTopa
Rr=2 xOwm;

— npu peanuzauun TPY Ha ycunutene Ul HeoOXOAMMO yUMTHIBATb YMEHBLICHHE
MOJI0CHI POITYCKAHUS MPH YBETMUSHUH CONPOTHUBIICHUS Ry.

OCHOBHbBIE XapaKTEPUCTUKH aHAJIOTOBBIX YCTPOWMCTB, peallM30BaHHBIX Ha paspa-

OoTaHHOI MHKpocxeMme, npuBeaeHbl B Tabnuue 1. bonee mompobno mapamerpsr UC

paccMmoTpeHsl B [2].

Tabnuya 1. OcHOBHBIE TTapaMeTPhl AaHAJIOTOBBIX YCTPONCTB, BHITTOJTHEHHBIX Ha
YHHMBEpCaJIbHOM MUKpOCXeMe

HaumenoBanue napamerpa | Benuunna
oy u1
Jlrana3oH peryJMpoBKH BXOIHOIO TOKa, HA 40,0
H3meHeHne BXOAHOrO TOKAa NPU HM3MEHEHMM HamnpsbkeHus Ha BbiBoge VERL, or 15 no 30
nA/mMB
Pa3max BeIx0qHOTO HanpsbkeHus, B +4.0
Toxk morpebaenns, MA 2,1
NuBepTupyrommii yenaureas Ha Ul
CKopOCTh HapacTaHusl BEIX0HOTO HarnpsbkeHus npu Ry= 100 kOm, B/mkc 20,0
[Tosoca nmponyckaHus B pesxkuMe mMajioro cursana npu Rg= 100 kOm, MI'n 5,1
CKOpOCTh HapacTaHuUsl BEIXOAHOTO HanpspkeHus npu R= 10 MOwm, B/mxkc 0,2
ITonoca mpomyckanust B pexxuMe Masoro curaia npu Re= 10 MOw, k't 50,0
Ycuaurteas U4

Pa3zmax BeIxozHOTrO HarpsbkeHus, B 3.7
Tok norpebaeHus, MA 2,7

34Y na U4 npu Rg= 10 MOm
JlmurensHOCTh iepeanero gpponta npu Cp=0, HC

On=+0,1 K 120,0/130,0

=10,

On=+1,0 K1 80,0/160,0
JIMTENLHOCTD Niepeanero (pouta npu Cp=100 nd, He

gmzﬂ) e P portra tpi Co 770,0/740,0

On=t1.0 1K 710,0/810,0

34Y maU4 cTA

JnurensHoCTh nepeanero ¢pponta npu Cp=0, Rg= 100 kOM, HC

On=-0,1 nKn 160,0

On—=-1.0 nKn 190,0

JnurensHocTh nepeanero ¢pponta npu Cp=100 nd, Rx= 100 kO™, HC

On=-0,1 K 920,0

On=-1.0 iKn 910,0
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2. JIByxkaHa/IbHAs aHAJIOroBasi MUKpocxema s Si®IY [3]

HzeectHO, uTo SiDODY mnpenctapisiior coOOl €MKOCTHbIE MCTOUYHMKH TOKOBBIX
MMITYJIbCOB C aMIUIMTY0W OOBIYHO MPEBBILIAIOLIECH NECSITKH MHUKpOaMmIep, AJTUTENb-
HOCTBIO TIepeTHero ()poHTa OKOJIO HAHOCEKYH/BI, a 3aJHero (poHTa B AMATA30HE OT
JIECATKOB 10 cOTHUW HaHocekyH[ [1]. C y4eToM OCOOEHHOCTEH BBIXOJHOTO CHUTrHaia
kpeMmHHeBBIX SIDDY, a Takke oOLIMX 3a/1a4 M0 00pabOTKE TOKOBBIX UMITYJILCOB EMKO-
CTHBIX MCTOYHHMKOB, ObUTH BbIpaOOTaHbI TpeOOBaHUS K CTPYKTYpe cO3laBaeMON MHUK-
pocXeMbl, KOTopast AOJIKHA:

— coaepxarb TPY, komnaparop HanpsbKeHHs M yCTPOIMCTBO, 3aAatoliee nopor nepe-
KJIFOUEHMUS;

— ofecrneunBaTh MJIABHYIO JIEKTPOHHYIO PeryaupoBKy Kjy ¥ BEJIMUYMHBI MOopora e-
PEKJIFOYEHHs1 KOMIIapaTopa Ul COIIacOBaHMsl YPOBHEH BBIXOJHOIO HANPSDKEHUs
TPV u BHeuHero aHanoro-uMpoBoro npeodpazopateliss W/UIH ONTUMHU3AIMH pa-
Ooueit ToukH KoMIapaTopa;

— JIOIyCKaTh HemocpencTBeHHoe coeawHenrne TPY um xommapaTtopa 6e3 BHEUTHHX
pa3aenuTeNIbHBIX KOHIEHCATOPOB MPH CYIIECTBYIOLIEM TEXHOJIOIMYeCKOM pazopo-
ce MapaMeTpPOB MHTErPaIbHBIX 3JIEMEHTOB.

Pazpaborannas s anemeHToB 0azoBoro mMarpuyHoro kpucramia «AbBMK-1.3»
cxema TPY u Gnoka 3aaHusi mopora nepekiroveHus nmokazaHa Ha Puc. 3 1 Ha3BaHa
Ampl-1.18. Cxema Puc. 3 Boinonnena B cucreme npoektupoanuss ORCAD, B coot-
BETCTBHUHM C MpaBUJIaMHU KOTOPOl OAHOMMEHHbIE Y3/bl (Hampumep, Vgg) COEOUHEHBI
Mexay coboit. [Tonnblit kanan Brmouaer Ampl-1.18 u komnaparop Comp-1.5 [4].

Jnst Toro 4To0Obl anexBaTHO OLEeHUTh paboty MC B ONMTHKO-3IIEKTPOHHBIX CHCTE-
Max, ObIJIO IPUHATO peleHue npy u3mepennsx Ampl-1.18 momaBare Ha BXOA TOKOBBIH
CUTHaJl, MAaKCUMAJIbHO OJIM3KUK K BBIXOJHOMY curHamy SidDY, u peructpupoparth
ClIeyIoLI1e napaMeTpsl:

—  kodddunment Ky, kak OTHOILIEHWE MaKCUMaJbHOW aOCOMIOTHOW BEJTUYWHBI BbI-
XO/IHOTO HAMPSKEHUS! K MAaKCUMAITbHOM aOCOMIOTHO BETMUMHE BXOHOTO TOKA;

—  JUIMTETbHOCTH (PPOHTA HapacTaHMs/CMa/ia BBIXOJHOTO HATIPSHKEHHS;

— AMana3oHbl AOMYCTUMBIX PEryJUPOBOK MapamMeTpoB;

— CpeAHEeKBapaTH4YeCKOe 3Ha4YeHHE LIyMOBOIO TOKa, NMPHUBEIEHHOrO K BXOXY, MPH
Pa3InYHOM €MKOCTH HCTOYHMKA CUTHaJIA.

B Tabnuue 2 npuBeneHsl OCHOBHbIE pe3ysibTaThl u3Mepenuid Ampl-1.18.

Tabnuya 2. Pezynabratel u3Mepenuii napamerpos Ampl-1.18

HammMeHoBaHue napamerpa Benuuuna
Tok noTpedieHus B pexxuMe X0J0CTOro XoJa, MA <10
Bxoxnoe conporusnenue, Om <50
MakcumanbHoe 3HaueHue Ky Mexay BbixogamMu OutA u OutlnvA, MB/MKA <5,5
JlomycTrMoOe CONMPOTUBIIEHHUE HArpy3KH 1o BeixogaM OutA/OutlnvA, kOm 2
JlomycTiMast eMKOCTh Harpy3ku 1o Beixonam OutA/OutlnvA, nd 10
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BrinosniHeHHbIE M3MEepeHUs OKa3alu, YTo:
yeunutenb Ampl-1.18 coxpansier cBoro paboTOCNOCOOHOCTh B AMAra3oHe Harps-
JKEHUS NUTaHus oT £3 1o +5 B;
pa3bpoc HanpspkeHust Mexxay BeiBogamu InpD u InplnvD, T.e. noporosoro Hanpsi-
JKEHUsl KoMIapaTopa, He npeBbimaet = 2,5 MB st 67 % o0pasios;
pa3bpoc cuH(azHoro HampsbkeHus Ha Bbixoaax OutA u OutlnvA He mpeBbliaeT
+ 25 MB y1s 90 % o6pasios;
paz0poc HanpsbkeHus Mexay Bbixomamu OutA u OutlnvA He npebimaer = 10 MB
st 75 % o0pasios;
JMarnasoH peryJMpoBkH KoddduLeHTa Mpeodpa3oBaHusl TOK- HAIPSDKEHUE COOTBETCT-
BYeT JMHAMHUYECKOMY MaNa3oHy BXOJHbBIX/BBIXOJHBIX CUTHANIOB Oonee 72 ab;
IWana3oH peryJMpoOBKHA [OPOrOBOTO HAMpsDKEHWs KOMIapaTtopa He MeHee
+500 mB.

3. Mukpocxema (pyHKIHOHAIHHO-TIOJTHOT0 KAHAJIA 00Pa00TKH CHTHAJIOB
JDI [3]

Jlns obpabotku HenpepbiBHbIX curHaioB JI®OJ[ na «ABMK-1.3» [4, 6] co3nan

yeunutenb ¢portocurnanor (Y®C), cTpykTypa KOTOPOro U THUIOBAs cXeMa BKIIFOUYCHUSI
npuBeaeHbl Ha Puc. 4. UC copepxut uetbipe OV u pesuctopsl OOC. BHellHue KOH-
neHcaropsl Cy, C,, Cs, Cs mpuMeHSIFOTCS AJ OrpaHHUueHUs Toockl iponyckanus OV,
a Cs;, C4 - snementsl OOC ycunureneit U2 u U4. Takum oGpaszom, ycunurens Ul sB-
asieTcs mpeoOpaszoBaTesieM TOKa, moctynatoiero B y3ed INP, B HanmpskeHne Ha BbIBO-
ne Outl, U2 ®HY ¢ Berxogom Out0, U3, U4 1D ¢ Berxogom Out.
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Puc.4. Ctpykrypa mukpocxembl Y®C 1 TUNIOBasA cxema €€ BKIIIOUEHUS
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B Y®C npemycMoTpeHbl JOTIOHATENBHBIE BBIBOIBI, KOTOPBIE MO3BOJISIOT 33 CYET

BKJIFOYEHHS! BHELIIHUX PE3UCTOPOB U3MEHUTbh OCHOBHBIE XapaKTEPUCTUKH, & UMEHHO:

— pesuctop Mexkay BbiBogamu INP u Outl ymeHbiiaeT ko3¢ duuueHt npeodpasosa-
HUSI M paclMpseT MoJIocy MPOMyCcKaHus MpeoOpa3oBaTtesisi TOK-HaNpsLKEHHUE;

— pesuctop Mexay BeiBogoM EQZ6 (EQZS8) u mmHON MonoKUTeIbHOro HampsKe-
Hus nutanuss VCC u3MeHsleT BeTMYMHY W HampaBlieHWe Toka mo Bxoxy Inpl+,
Inpl-;

— pesuctop Mexnay BeiBogaMu Gec u Out ymeHbIraetT kodpGUIHeHT mpeodpa3oBaHus
11D;

—  pe3uctop Mexay BeiBogamu Inpl+ u Out0 unu WIKMHON HyJIeBOro MoTeHLMana us-
MeHsieT KodppuumeHT nmpeodpazoBanus OHY;

— pesuctop Mexay BeiBogoM S u VCC yBenn4uBaeT TOK MOTpeOseHus u ObIcTpo-
nericteue Becex OY. Ilpu coenvHeHun BpIBOAA S ¢ HMIMHOW HyJIEBOTO MOTEHIMAA
TOK moTpebieHus kaxkaoro OY BO3MOXKHO YCTaHOBHTH OT/EJIBHO PE3UCTOpaMHu
mexny VCCu 11, 12, 13, 14.

Kpome Toro, BenuunmHa BHeIWHWX KoHaeHcatopoB C;, C, ompenenseT mosiocy
npornyckaansg OHY u [1O B 065acTi HIHKHUX 4acTOT.
OcHoBHble pe3ynbTaTel n3MepeHnid Y®C nokasansl Ha Puc. 5-7.

Ky, BIMKA Ky, B/MKA
14 - 14 -
12 1.2 4
1 L
08 08 -
L il
06 1 08
04 | 04 -
0z | 02 -
0 : 0 '
0,001 0,01 0,1 1 10
0,010 0,100 1,00¢ £, My
f, kY
a) 0)

Puc. 5. 3aBucumocTs k03¢ purmeHTa nepeaaun o Beixoay Out OT 4acTOTHI MPH BKITIO-
YEeHHOU KOMIICHCAallM BXOJHOT'O TOKa: a B 00J1aCTH HIKHUAX qacToT, 0 B oOnactu BEPXHUX
4acToT

B pesynbraTe nmpoBeneHHBIX SKCTIEPUMEHTAJILHBIX MCCIIEIOBAaHUIA OTIpeaeIeHbI

OCHOBHBIE napaMeTpbl Y DC:

— HampsbkeHue nutaHus ot = 4,5 1o+ 6 B;

— TOK MOTpeOJIeHUs B pexuUMe XoJocToro xoaa < 30 MA;

— MakcuMajlbHas BeJIMuMHA Kod(dduimenTa npeodpasopanus no Beixoay Out co-
crasnseT Ky = 1,5 B/MKA nipu nonoce nponyckanus Af 3,5 = 15 T'u-1,2 MI;

— JMarna3oH peryJvpoBKH ycuiieHus no Beixogam Out0, Out ¢ moMoribplo H3MeHe-
HUS COMPOTHUBIIEHHs BHELIHEro pe3ucropa He meHee 20 nb;

— koad¢uuent npeodbpazoBanus no Beixoay Outl cocraenser okomo 0,1 B/MkA
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npu Af 55 = 0-1,6 MI'n 1 Moxket ObiTh yBenndeH 10 0,2 B/MKA nipu cHW>KeHUM
MoJIoChI MporrycKaHus 10 Af 5.5 = 0—0,8 MI';

— CcpelHEeKBaJpaTHYecKoe 3HaueHue LIyMoB Ha Bbixoae Out He mpeBbiaet 10 mB
nmpu Af 35 = 15 Tu—1,2 MTI';

— conpoTHBiieHHe Harpy3ku 2 kKOwM;

— eMKocTb Harpy3ku < 10 nd.

BriOpaHHas cTpyKkTypa MUKPOCXEMbI, JOCTUTHYTHIH YPOBEHb MapaMeTpoB, BO3-
MOKHOCTb M3MEHEHHMs TIOJIOChl MpoIycKkaHus U koddduumrenTta nepegaun npeodpa-
30BaTesis Tok—Hanpsbkenue, 110, ®HY, koMneHcalu BXOJHOrO TOKa MO3BOJISIIOT
MPUMEHSTh CO3aHHYIO MHUKpPOCXeMY Ul 0OpabOTKM Kak HeNpepbIBHBIX, TaK U UM-
MyJIbCHBIX CUTHAJIOB ()OTOOMOAOB C Pa3HOM €MKOCTBIO, TEMHOBBIM M PabO4YMM TO-
KOM, a TaKkxe pa3HOOOpa3HbIX eMKOCTHBIX HCTOYHHWKOB TOKOBBIX CUTHAJIOB.

Uoym: B Ugun ME  Phase, rpad
2,00 - outo [ 160 0 .
1,50 1 - 140 <10 - N
1,00 - 120 'ig 1
_ out -30 -
0.50 S0 o
0.009 - 0,80
0,50 - ' -0 1
L 0,60 -60 -
41,00 -
o409
1,50 - ’ -80 -
2,00 - - 020 gg
2,50 0,00 -100
-30 -10 10 30 0,001 0,01 0.1 1 1
Igx, MKA

f, kY

Puc. 6. 3aBucUMOCTb HaNIPSDKEHUS HA BbIXOodaX  Puc. 7. 3aBUCUMOCTD (ha3bl KoddduireHTa
Out0, Out OT BeIMYMHBI HOCTOSHHOTO nepenayu 1o Bbixoay Out OT 4aCTOThI MPU
BXOJIHOT'O TOKa BKJIIOYEHHON KOMIIEHCALIMK BXOJAHOTO TOKa

4. JNeKTPOHHBIH MOIYJIb ¢ HHTErpajdbHbIMU Majomymsimumn p-ITTII
s oopadorku JID] [7]

I'naBHO# 3ajmaueil pemaeMol MPH CO3JaHUM IIEKTPOHHOTO MOy oOpaboTku
curHanos JI®/ Obu1a MUHMMU3aLUMs YPOBHS LIYMOB MyTEM ONTHUMAaJbHOTO COeIUHe-
HUsI aHAJIOTOBBIX OJIOKOB, MOKa3zaHHbIX Ha Puc.2, u BbiOOpa mapameTpoB 3J€MEHTOB
OOC npy MUHMMaJIbHOM HCIIOJIb30BAaHUH OMOIHUTEIbHBIX AKTHBHBIX KOMIIOHEHTOB.

VYmpouiennas cxema paspaboranHoro moxyis «CRP-MDL-1» mnpuBenena Ha
Puc.8, a Ha Puc.9 — dotorpadus makerHoro obpasua. Tonbko akTuBHbIH snemeHT U5
apnsercs ciBoeHHbIM OV Ttrna AD8056, ocTanbHble aKTUBHBIE 3JIEMEHTHI PUHAIE-
skat anasnorooit UC, paccMoTpeHHol B pazzaene 1.

Kanan npenpapurensHoii odpadotku curHaia JI®J] npencrasnser coboi mocie-
noBatensHoe coeaurerne 3UY n aktusroro I1® co crpykrypoit CR-RC® u crynenda-
TOH perynupoBkoil Kqgy. 34Y peanusoBaH Ha uHBepTUpyroweM ycunurene U4B, oxsa-
yeHHBIM OOC uepe3 RC-uens ¢ conporusienreMm 10 MOwM u emkocteio 1,91 n®d. [1D
oOpa3yet nnBeptupytomuii ycunurenb U4A, MUY co cTyneH4aToi peryimpoBKOi ycH-
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nenus U2, Bxoasuiue B coctaB crienuanuzuposannoii UC, ¢ cooTBeTCTBYIOMUMHI
RC-uteiamu.

VceranoBka koadduumenra npeobpazoBaHust Tpakrta Koy MPOM3BOAUTCA MyTeM
BbIOOpa TpeOyemol KoMOMHALMK MoAKIoUeHus1 pe3uctopoB RA18-RA21 k BeiBogam
«G1» 1 «G2» NY ¢ momonipto kommyTatopa SWAT.
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Puc. 9. ®otorpadus neyaTHOM MIATH SIEKTPOHHOTO MOIYJIS

Boeixogno#t ycunurens USB u uctounnk USA onopHoro HarpsbkeHus, TOCTY-
natouiero Ha BbiBoJ REF, BeimonHens! Ha aByxkaHamsHOM OY AD8056. Chem curna-
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na ¢ JIOJI ocyuiectpisercs yepes pazaenuTenbHblii koHaeHcaTop (10—-100 ud). B mo-
IyJb BCTPOEHA LIeTlb KaIMOPOBKU/TECTUPOBAHMSI.
OcHOBHbIE pe3yJIbTaThl W3MepeHnii npuBeaeHs! Ha Prc.10, 11.
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6) RBIAS =10 kOm

Puc. 10. 3aBucumocTts Kgy OT EMKOCTH UCTOUHMKA curHana Cp

AHaJiu3 pe3ysibTaTOB M3MEPEHUI MO3BOJSIET YTBEpXKIaTh, YTO pa3pabOTaHHbIM
MOJyJIb 00JIaJlaeT covYeTaHUEeM TMapaMeTpoB, obecreunBaronviM 3(HeKTUBHYIO 00pa-
60TKy curHasioB JIMJI ¢ pa3iuyHOM BHYTpPEHHEH EMKOCTBIO, a YBETMYEHHE TOKa CTOKa
rojioBHbIX p-IITII ycunureneit 3a cuet BKIOUEHUS! BHELIIHETO PEe3UCTOpa Rpias cylle-
CTBEHHO yMEHbINAET BIAUSHUE BXOJHONW €MKOCTH Ha K03(HIMEHT nMpeodbpazoBaHus,
BpeMs MKKa, SKBUBAJICHTHBIN IIYMOBO# 3apsijl.

5. DaeKkTpoHHBIII MOAYJIb 11 00paboTKkH curHanoB JID/ [8]

B Hacrosiem paznene paccMaTpUBAIOTCS OCOOEHHOCTH MANOITYMSIIEro 3JIeK-
TpoHHOTO MOmynst «CRP-MDL-2», co3gaHHOro Ha OCHOBE ABYX CHEIHAN3HPOBAH-
HBIX MHUKpPOCXeM, M3roToBiieHHbIX Ha « ABMK-1.3»: yauBepcanpHo aHanoropoid MC
IUTs TaT9uKOB [2] u MmHOTOKaHambHOW MC MukpoMomHeix ManomymMsmux 34Y [9].

B monyne «CRP-MDL-1» nyis 06paboTku curHanos npumMensiics 3UY u noso-
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coBoil unbTp, 0OpazoBaHHbIE, B OCHOBHOM, IyTeM COEIMHEHMs BBIBOAOB YHHBEp-
canpHOIT a”Hamorosoii MC miist naTymkoB ¢ BHEIMHUMHU RC-3JIEMEHTaMU.

B monepHusupoBaHHOM ycTpoiicTBe, HazBaHHOM «CRP-MDL-2», ans ymeHb-
UIEHUS! YPOBHS 1IIYMOB KCIOJIb30BaHbl TPU HapauieabHO coeluHeHHbIX 3UY Ha uH-
BEPTUPYIOLLUX YCUIUTENIX HanpsbkeHust ¢ rofioBHbIM p-IITII (Puc. 12).

ENC, e
8000
7000
[Enc=16.20 cd+468.6]
6000 i i i
= r 2
5000 [enc 14.‘71 Cd+5|70.2| - -
[ENC=14.73Cd +613.2] e
4000 o
3000 i + Kqo=175 |
!!‘”‘M B Kq0=08
2000 /
1000 Kq0=30
o E | \
0 50 100 150 200 250 300 350
cd, nd
a) Rpias = o
ENC, e

8000

7000

[Enc=2177cd +467.1]
6000 | [ENC=18.10Cd+50838| :
I

I T
5000 | |ENGC=19.21Cd+418.3 |

4000
3000 + Kqo=112
o B Kq0=60 i
1000 | LGl
0 - | |
0 50 100 150 200 250 300 350

Cd, nd
6) RBIAS =10 kOm
Puc. 11. DxBuBaneHTHbIN 1yMoOBOii 3apsa ENC B 3aBUCMOCTH OT eMKOCTH HCTOYHHKA
curHana Cp JUIst pasHbIX 3HaUe€HNI K

VYnpouieHHass cxema pazpaboranHoro moxaynis «CRP-MDL-2» npuseaena Ha
Puc.13, a Ha Puc.14 — ¢ororpadus maketHoro obpazua. Kommnonentsr U2A, U2B
npuHauiexar casoeHHomy OV tuna AD8056; Ul BcTpoeHHBIH MUKPOMOIIHBIA Ma-
somrymsimuii 34Y; U3 komnoHeHTs! yHUBepcaiibHOM aHaoroBoit UC uis gaTuymkos.

Kanan obpaborku curnaia JIO/] npencraensier coboii mocieqoBaTenbHOe COeMHe-
tve 3UY 1 aktuBHoro [1d co ctpykrypoii CR-RC’ ¥ cTyreH4aToi pery/IMpoBKOi Koy
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Kak yxa3zeiBasioch paHee, 3UY peanu3oBaH Ha Tpex MapasuiesIbHO BKIFOUYEHHbBIX
WHBEPTUPYIOIUX YCHIUTENAX HanpsbkeHus ¢ romoBHeIMU p-ITTII (Bxomer Inpl-Inp3
mukpocxemsl Ul), oxBaueHHbIx OOC uepe3 RC-uens ¢ conpotuieHreM 10 MOM u
emkocteio 2,73 n®. [1® obpasyer uneeptupytomuii ycunutens USA u 1Y U3B co
CTYTIEHYaTOH PeryJMpOBKON YCHUIIEHHUS C COOTBETCTBYIOIIMMHU RC-LIETISIMHU.
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Puc. 12. Dnextpuyeckas cxema MUKPOMOILHOTO Majiowymsiiero 34y
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Puc. 13. YnpolueHHas snekTprdeckas cxema 3J1eKTpoHHOro Moxyist «CRP-MDL-2»
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Puc. 14. ®otorpadus neyaTHoi maaTsl 31eKTpoHHOro Moayas « CRP-MDL-2»

VcranoBka koadduumenta npeobpasoBanus Tpakrta Koy MPOM3BOIUTCS IMyTEM
BbIOOpa TpeOyeMoli KoMOWHALIMY TOAKIIIOYEHHST Pe3UCTOpoB K BbiBoAaM «G1» u «G2»
MY ¢ nomolpro 4eThIpexno3uMoHHoro nepexaoyatens SWAL.

Beixogno#t yeunurens U2B u uctounank U2A onopHOro HarpspbkeHHUs, TOCTY-
natoniero Ha BbeiBoa InNil MY, BeimonHeHs! Ha aByxkaHaiabHOM OY. CheM curHana c
JIOJI ocyecTasieTcs uepe3 pazbeM pazaenureiabHbiil kongeHcatop (100 Hd). B mo-
IyJib BCTPOGHA LieTlb KaJTMOPOBKK/TeCTUpOBaHuUs. Pe3ynbraTsl M3MepeHuii mapamMeTpoB
monyis «CRP-MDL-2» npuBenenst B Tabmmie 3.

Tabnuya 3. OcHoBHble napameTpbl moayist «CRP-MDL-2y

Pesyabrar
HaumenoBanue napamerpa

U3MEpEHUs
Hanpsoxenue nuranus, B +5
Tok norpediieHus: B pesxUMe X0JI0CTOro Xo1a, MA <32
ITocrosiHHAs BpeMEHU NPy CUNUTENS, MKC <40
JvanazoH perympoBky koddduimenta npeodpazosanus Koy mpu Cp = 0, MB/GKn 15—60
MaxkcuManbHBI# pa3Max BBIXOJHOTO HAMpsHKEHUs, He MeHee, B +3,3
MuHuMalIbHOE YCTaHABIMBAEMOE BPEMS IMKa BbIXOIHOTO curHaia npu Cp = 0, MKC 1.0
DKBUBAJIEHTHBII IyMoBo# 3apsin npu Cp = 0, He Gonee, TEKTPOHOB 490—560
VBenuyeHre KBMBAJIEHTHOrO LIyMOBOro 3apsiia npu yseiamuenun Cp Ha 1 nd, He 7—11
0oree, HIEKTPOHOB
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AHanuz pe3ysibTaToB M3MEPEHHH TO3BOJSET YTBEpP)KIATh, UTO pa3pabOoTaHHbIN
monynb «CRP-MDL-2» obecrnieunBaeT BhICOKYIO CTAaOMIBHOCTh KO3 QHIMEHTA TMpe-
00pa3oBaHHs U BPEMEHH MHUKa BHIXOJHOTO CUrHajla NPy U3MEHEHUH BXOAHON €MKOCTH
B nuanazone 10 300 n®d, umeeT Tok noTpebiieHus Ha 16 % W HAKJIOH IIyMOBOM Xapak-
tepucTiku Ha 8§87 % MeHsblie, yem mnpeapaymmii Bapuant « CRP-MDL-1». B cBs3u ¢
YKa3aHHbIM, MIpeANouTHTeNbHee npuMeHeHrne monyis «CRP-MDL-2» npu pabote ¢
JI®]], iMmeromumMu BHYTPEHHIO eMKOCTh Oosiee 15 nd.

6. DaexTponnsblii Moayab ¢ quckpeTrHsiMu IITII s 06padoTku curuanos
JIDJ [10]

Nzyvenne nHammydmmx mManomymsamux 3YY mokaszano, 4To TMpenesbHO Mallblid
YPOBEHb IIYMOB OOBIYHO JOCTHTalOT 32 CHYET MPUMEHEHHs IMCKPETHOTO MajolIyMs-
uiero n-ITTTI. B 3Tom ciiyyae MUHMMU3aLMs HIymMa BO3MOKHA 332 CUET eMKOCTHOIO CO-
rnacoBanus n-I1TI1 u JI®/ (>xkenarenbHo, yToObl BxonHas emkocTb n-I1TII 6b1a pas-
Ha emkoctu JIDJ]) n oxnaxnenws BHewmHero n-IITII. IlpumepoM Takmx ycTpoiicT
MoryT ciyxuts rubpunssie UC pupmbel Amptek (CLLA).

s co3pmanus yctpoiictBa o0paboTku curHaioB JIDJ[ ¢ mpemenbHO HU3KUM
YPOBHEM IIIyMOB ObIJT BBITIONHEH psiji paboT.

1. MonepHu3npoBaHa yHUBEpcallbHas aHaJoroBasi MUKpocxema AJisl JaTUMKOB, B
kotopoit OY UlA, UlB 3amenensl Ha BxoaHoil kackaa CSP-Stage2 (Puc.15), a OY
U2A, U2B, U2C, Bxoasiue B HHCTpYMEHTAJIbHBINA ycunuTenb, B HoBoit UC (Puc. 16)
BBITIOJIHEHBI B BUZIE OTAEIbHBIX KOMIIOHEHTOB.

2. Pa3zpaborana snekTpuyeckas cxeMa OBIEKTPOHHOIO MOIYJsl, MpexycMaTpH-
BaIOIIasi BO3MOKHOCTh MOJKJIIOUEHHUsl BHEINHUX Mastolnymsiuux n-T1TTLL

3. UsydeHsl XxapakTepuCTHUKH MOZYJs nipy ucnois3oBannu n-I11TII ¢ paznuanoit
BXOJHOM eMKocThIo (Tabnuua 4).

Tabnuya 4. Tunosle napametpsl n-I11TII, nprMeHEHHBIX B 3IEKTPOHHOM MOAYJIE

Tapamerp HaumeHnoBanue Tpansucropa
IF140A 2SK152 2SK363 HT009

Hanpsokenue orceuku, B ot -0,5 10 -6,0 ot -0,55 10 -2,0 or-0,3 no-1,2 or-1,0
10-7,0

MakcuManbHbIi TOK or5,01015,0 or9,5 10420 or 5,0 10 30,0 1020,0

CTOKa, MA

KpyTtuszna, MA/B >4.5 >21,0 >25.0 or 10,0
11030,0

Bxonnast eMkocTh, nd <30 <9,0 75,0 HET TaHHBIX

CTpyKTypa MOAEpHHU3UPOBAHHOW MHUKPOCXEMBI Moka3aHa Ha pucyHke 16. UC co-
JIepKUT JBa BXOAHBIX Kackamga CSP-Stage2-1, CSP-Stage2-2, paGoTarommx ¢ BHeIl-
HuMm n-I1TI1, gBa wHBepTUpYytoumx ycunutens Hanpspbkenus U4A, U4B ¢ rojgoBHbIM
manommrymsmmM p-I1TIT u TokosiM arTreHtoaTopoMm, Tpu OY U2A, U2B, U2C ¢ pe3u-
ctopoM, BesimunHOU 9,2 kKOM, B nenu OOC, 6noku U3B, U3C, 3anmarourue pabouuii
PEKUM.

[Mpu noaxmovennu k BeiBoay IN Ginoka CSP-Stage2 ctoka n-ITTII, uctok koro-
POro COeqMHEH C LIMHOW HYJIeBOro MOTEHLMana, a 3aTBOP C BXOAOM, U COCAUHEHUU
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BbiBOjIoB REF 1 ADD nonyueHHas cxema npezcTapiseT coOoi «MeperHyThlii» Kacko,
B KOTOpoM Tpanzuctop Q1 BritoueH ¢ oOuieli 6a30H, a ycuneHue Mo HaNpsHKeHHIO Of-
penensetcs kpyTusHoii BHewHero n-I1TII u cymmapHbIM compoTuBieHHEM Bcex Ma-
pasIeNnbHbIX LeNei, COeIMHEHHBIX ¢ BRICOKOMMIIEIAHCHBIM Y3JIOM-KOJuTeKTopoM Q1.
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Puc. 15. Dnextpuueckas cxema BxogHoro kackana CSP-Stage2
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Puc. 16. CTpyKkTypa MUKPOCXEMBI
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Kanan o6pabotku curnana JIO/I, peanr3zoBaHHEIN B 3JIEKTPOHHOM MOJTYJIE, PE/-
craBisier coboii coequnenne 3UY u akrusroro [1d tina CR-RC*.

Pesynbrarer u3aMepennii 3JeKTpOHHOTO MOAYJIs Moka3aHbl Ha Puc. 17—-19, Ha ko-
TOPBIX NPUBEIEHBI 3aBUCUMOCTH SKBUBAJIIEHTHOTO 1IymMoBoro 3apsaa ENC ot Cp npu
pazIMYHOM BpeMeHHU Muka BbixoHoro curnana (Tp).

ENC, an.
4000
KS152
001 sns
3000 | ® IF140

25001
2000

1500 |

1000 -

y = 3,8114x + 226,11

0 20 40 60 80 100 120
Cp, NP

Puc. 17. DxBuBaneHTHsIH 11yMoBoii 3apsaa ENC B 3aBUCUMOCTH OT EMKOCTH
UCTOYHMKA curHana Cp

ENC, an.
800
700, A Tes21mic
600 - B Tp=1,4 Mkc

5001
400 -
300 4
200 -

100 1

0 20 40 60 80 100 120
Cp, N®

Puc. 18. DxBuBaneHTHsIN M1yMoBOI 3apsan ENC B 3aBUCUMOCTH OT EMKOCTH
nctounmnka curaana Cp mis KS152
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ENC, an.

600
Te=1,5 mic
500
B Tp=2,2 MKc
400 -

y = 1,9385x + 291,55

300
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CD, n®

Puc. 19. DxBuBaneHTHsIN M1yMoBOI 3apsan ENC B 3aBUCUMOCTH OT EMKOCTH
nctounmnka curaana Cp miss KS363V

B pesynbrare n3MepeHuii yCTaHOBJICHO, YTO HIYMbI 3JIEKTPOHHOTO MOAYJIS C pa3-

HbIMU rosioBHbIMU ITTTI onuckIBaroTCs ceAyOUMHA COOTHOLLIEHUSIMU:

quist TITIT Tana KI1303 448 51.+29,5 31./n® npu Tp = 1,5 Mkc;

— ana [ITI tuna [F140 421 an.+14,1 sn./n® npu Tp = 1,5 mkc;

qutst TITIT tuna KS152 223 51.+5,0 sn./n® npu Tp = 1,4 Mkc;

qutst TITIT tuna KS152 226 5n1.+3,8 sn./n® npu Tp = 2,1 MKc;

—  ang [ITI tuna KS363V 321 3n1.42,3 a1./n® npu Tp = 1,5 mkc;

qutst TITIT tuna KS363V 292 51.+1,9 sn./n® npu Tp = 2,2 Mmke.

Puc. 20. ®otorpadus ONTHKO-31EKTPOHHOTO YCTPOHCTBA C KPOHLITEHHOM KperIeHUs
BOJIOKOHHO-OTITHIECKOTO CBETOBOJA
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7. ONTHKO-3J1eKTPOHHOE YCTPOiicTBO, coaepxamee JIDJL [11]

OnTuko-3nekTpoHHoe ycTpoiicTBo (Puc. 20) 6b110 pazpaboTaHo B Buae U3MEHsie-
MO M HapalMBaeMoOll KOHCTPYKLMH, TaK Ha3bIBAEMOM «3Ta)KepPKW», MO3BOJISIOLIECH
MCTIOJIb30BaTh MeYaTHbIE MIAThl C Pa3HBIMU KaHaJlaMi 00pabOTKH CUTHAJIOB 1aTYMKOB,
pa3HbIMU auckpeTHeiMU n-I1TTTI, a Taxke MOAKIIIOYATH TEPMOIIEKTPUUECKUI OXJIaau-
Tenb Ha aieMeHTax [ lenbThe 1 paznuunble TNkl potonpuemMHukos: JID/, v np.

Beimonnennsie uzmepenus (Puc. 21) noareepawiu paboTOCOCOOHOCTh CO30aH-
HOT'O YCTpOMCTBA.

Agilent Technologies SUN OCT 20 16:57:47 2013 2% Agilent Technologies SUN OCT 20 17:01:17 2013

, v |
a) QCLB =44 (I)KJ'I, hep= 100 HC 6) QCLB ==+16 (I)KJ'I, hep= 100 HC

SUN OCT 20 17:06:21 2013

2.00GSa/s

4D Acq Mode | <) # Avgs Realtime
Avs?agm 2 i

B) Ocig =% 16 pKu, f1gp~ 10 Mke

Puc. 21. BeIXOAHOW CUTHAJI ONITUKO-3JIEKTPOHHOTO YCTPOWCTBA MPHU BO3AEHCTBUU ONTHYECKO-
T0 UMITyJIbca (OeTbIi CBETOINON) C HITUTEIBHOCTEIO #1 pp Ha (HOTOAMO M KaTHOPOBOYHOTO
CUrHaja B BUIE JebTa-UMIyJbca 3apsaa Ocs. BepXHHUii Jyd curHaim Ha TECTOBOM BXOJE,
U3 KOTOPOTO uepe3 pa3aeuTeNbHbIi KOHIeHcaTop GOopMUpyeTCs AeNbTa-UMITYJIbC 3apaa.

HwxHuii 1yd BBIXOAHON CUTHAJ ONTHUKO-3JIEKTPOHHOTO ycTpoicTBa. Ha HM>kHEM Jyde ciieBa
HarnpaBo OTKJIMK Ha ONTHUYECKUI UMITYJIbC, OTKIIMK Ha OTPULATENNbHBIN 1 TIOJIOAKHUTENbHBII
KaJMOPOBOYHBII 3aps/] COOTBETCTBEHHO
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8. BuiBoabl

s mpyuMeHeHHs B ONTUKO-3JIEKTPOHHBIX MPUOOpax ¢ pa3ivyHbIM THUMOM (OTO-
npuemMHarkoB (JIOJI, Si®DY) coznana cepus crieUau3npoBaHHBIX aHaoroBeix MC u
SNIEKTPOHHBIX MOJYJIeHl C OTJIMYAIOIMMCSl COYEeTaHHWeM TMoTpediiiemMas MOLIHOCTb,
YPOBEHb LIYMOB, OBICTPOJCHCTBHE, FrabapUTHBIE Pa3Mephl.

Kpome ycTpoiicTB, paccCMOTPEHHBIX B CTaThe, CEpUsl BKIIIOUAET: YHUBEPCAIbHbIN
kommaparop [12] u nByxkananpHyto aHanorosyio MC c mporpamMMmupyembeiMu Tiapa-
meTpamu [13].

Co3aaHHbIe YCTPOWCTBA BbI3BAJIM ONpeAEICHHbIH MHTEpeC Ha HECKOJIbKUX Mpea-
npustusx PO: «HayuHo-npousBoacTBeHHOe mnpeanpusitue «M3mepurenbHble TEXHO-
soruny, HaydHoe KOHCTpyKTOpcKO-TexHosorndeckoe Oropo «IIbezompubop» HODY,
OObenrHEeHHBI HHCTUTYT SACPHBIX UCCIIEA0BAaHHUM.
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ANALOG IC DESIGN FOR LIGHT SENSOR APPLICATIONS
O. V. Dvornikov, V. L. Diatlov, V. A. Tchekhovski

Special-purpose analog integrated circuits and readout design based on structured chips for
sensor equipment with ADPs and SiPMs are considered. Some schematic decisions and exam-
ples of application, as well as results of critical parameters measurements are presented.
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BbBIYUCJ/IMTEJBHBIE PECYPCbl HEHTPA ®YBD HUU Il BI'Y
. B. Epmaxk, B. JI. Epmoabunk, B. A. Mocosaos, H. M. lllymeiiko

Corpymaukn [HOUBD HUU SI1 BI'Y yuacTByroT B pacuérax HaONIOIAaeMBIX
BEJIMYMH JJISI HYXKI MEXKIYHApOIHBIX SKCIEPHUMEHTOB, B TOM 4YHcie Ha bombmiom
Anponom Kommaiinepe (BAK), ¥ mOpuHUMAalOT HEMOCPEICTBEHHOE YYacTHE B
00paboTKe MOTy9daeMbIX HSKCIEpHU-MEHTaIbHBIX NaHHBIX. JTa paboTa compspkeHa C
NOTPEOHOCTEI0O B MOIIHBIX ~ BBIYHCIUTEIBHBIX pecypcax. [ns obecrieueHus
skcnepumeHToB Ha BAK paspaborana »s¢ddexTuBHas cucTeMa OpraHu3aluu
BBIYHMCIICHUH U XpaHEHUs! 0OJbIIOro 00bEMa NaHHBIX, KOTOPAask MOKET IPUMEHATHCS B
JPyTUX 3KCIIepUMeHTaX. Mcromp3yloTesl pacipeeseHHble BhIYUCIUTEIbHbIE LEHTPHI
CO CTpPOrol HepapxXM4ecKod CHUCTEMOH, KOHTPOJIUpYyEMble KaK OpraHU3alisIMU
HAIMOHAJBbHBIX TPUA-WHULMATHB, TaK U TIPYyNIIaMH, OTBEYAIOIIMMH 32 KOHKPETHBIC
JKCHEepPUMEHTHI. LleHTph! 00beauHEeHBI MEX Ly cO00H MOCPEACTBOM I'PUA-TEXHOJIOTH 1
UCIIONIL3YIOT HanOojiee COBEpIIECHHBIE M YTOHYEHHBIE METOIBI 0OpaOOTKM M aHaIW3a
JaHHBIX, pa3paboTaHHble il Haykd. ChIpple JaHHbIE MOCTYMAlOT B JABa ICHTpa
«ypoBus 0» B XKenese u bynanemnire, oTkyna nmocine npenBapuTeIbHONH PEKOHCTPYKIIMN
cOOBITHH TIepeaaroTcsa Ha XpaHeHue B 13 neHTpoB «ypoBHs 1» (Puc. 1).

Tier-2 sites
(about 160)

Tier-1 sites
10 Gbis links

e

Puc.1. YcTpoiicTBO BEIUNCIUTENBHBIX pecypcoB BAK.
http://wlcg-public.web.cern.ch/tier-centres
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HenocpencTtBeHHbl aHaIM3 JaHHBIX MPOBOAUTCS B IIEHTpPax «ypoOBHS 2».
OOBIYHO OHHM TIPHHAJICHKAT KPYMHBIM YHHUBEPCUTETaM, CIOCOOHBIM MPEIOCTaBUTH
HEOOXOIUMBIE BHIUMCIU-TENbHBIE MOIIHOCTH B 00BEeM ISl XpaHeHHsI JaHHBIX. L{eHTphI
«ypoBHS 3» 00ecTeunBaOT MOTPEOHOCTH KPYITHBIX JTa0OPaTOPHil M yIPOIIAIOT padoTy
C TPHI-pecypcami.

B cBmu ¢ orcyrctBueM B bemapycn  BBIYMCIMTENBHBIX — LIEHTPOB,
cepTu(UIMPOBaHHBIX AT paboThl B 3KcnepuMmeHTax Ha BAK, n HeoOxommmocThio
HaJaXHBaTh pPEANbHYI0 PAabOTy M pac-MHUpsITh ydacTHe B 00pabOTKe MaHHBIX B
obBimemM HI[ ®@YBD BI'Y 6but co3nan coOCTBEHHBII BEIYUCIUTENBHBIA HEHTP «YPOBHS
3» (B pamkax coBMecTHOro npoekra ¢ OMAN). Berauc-nmurensrbnii knactep LHOUBD
HUWMU AIT1 BI'Y 3apeructpupoBad kak BY-NCPHEP [1] B opranuzanuu EBpormeiickoii
I'pun-MHUOMATUBEL W YyCHEIHO cepTuduuupoBan kak CMS-caliT «ypoBHS 3»
T3 BY NCPHEP [2], umeromuii mpaBo paboTaTh C AaHHBIMH, NOCTYNHBIMH IS
yIeHOB KoJutabopamuu CMS.

p R D x M D x Proxmox Virtual Environment
Version: 4.1-22/aca130cf

Server View ¥ Datacenter
=)' Datacenter Search Summary Options Storage Backup Users Groups Pools Permissions Roles Authen!
= {=; gridhome1
2 100 (ctengine)
=2

101 (grid01) Type « Description Disk usage Memory usage CPU usage Uptime

£ 102 (dap)

103 (sbdi) g qemu 100 (cfengine) 0.0% 87.6% 1.2% of 1ICPU 7 days 15:30:23
: 104 (grid02) % gemu 101 (grid01) 0.0% 85.8% 2.0% of 1ICPU 7 days 15:30:16
105 (xp) ‘E’ gemu 102 (dap) 0.0% 50.3% 0.4% of 1ICPU 7 days 15:30:11
106 (ns1) Q qemu 103 (sbdi) 0.0% 94.0% 5.4% of 1CPU 7 days 15:30:07
7 (DC1) = qemu 104 (grido2) 0.0% 42.3% 58% ol 1ICPU T days 15:30:00
i 1::;’;5;] qemu 105 (xp) 0.0%
@ 110 (gridos) g gemu 106 (ns1) 0.0%
{2 backup (qrighome1) B gemu 107 (DC1) 0.0%
(] local (gridhome1) B gemu 108 (bdc2) 0.0% B
(=] lustre (gridhome1) };_Q gemu 109 (grid07) 0.0% 61.9% 6.1% of 1CPU 7 days 15:29:49
= {5 gridhome2 2 qemu 110 (grid05) 0.0% 56.1% 5.2% of 1CPU 2 days 09:05:14
L) 111 ric03) ) gemu 111 (grido) 0.0% 19.9% 02%0f1CPU  7days 15:33:34
g = gemy 112 (grid04) 0.0%
L P T — N Ann
Tasks Cluster log
Start Time End Time Node User name Description
Apr 05 17:19:26 Apr 05 17:19:50 gridhome1 root@pam VM 110 - Snapshot
Apr 04 17:21:55 Apr 05 06:26:40 gridhome 1 rool@pam VMICT 110 - Console
Apr 04 17:05:52 Apr 04 17:21:55 gridhome 1 root@pam VM/CT 110 - Console "‘

Puc. 2. Beb-unrepdeiic miathopmbr Proxmox

Crpykrypa kiaacrepa BY-NCPHEP

M3HadanpHO BBIYUCIUTENBHBINA IEHTP CTPOWJICS Ha 0a3e IMOIbh30BaTEIBCKUAX O-
ANEPHBIX KOMIBIOTEpOB. Ha maHHBIA MOMEHT [UIsI TIOBBIIIEHUS HAAEKHOCTH
OCYIIECTBIISIETCS  IIepexoJ] Ha CTOeYHble cepBepa Supermicro. ['pua-caiit
MOJIEPHHU3UPYETCA JUTS TTOBBIIIICHHUS HaAEKHOCTH, YIPaBIsIeMOCTH u
MacITadMpyeMOCTH TIpM  HEMPEeMEHHOM YCJIOBHHM COKpAllleHHs 3aTrpar Ha
aJIMUHUCTPUPOBaHUE, a TaKXKe TPYA03aTpaT W BPEMEHH BOCCTAHOBIICHHUS NPH COOSX.
I'maBHBIM cpencTBOM Oblta BbIOpaHa MaKCHMalibHas BUPTyalW3alldsl CEPBHCOB U
WCIIONB30BaHMe 00Jad-HBIX TutaTdopM. Bce cepBHCH M30MHMPOBAHBI B BUPTYaITBHBIX
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MaIlliHaX, KOTOpbIe B Clydyae Mepe3arpy3ku peaJbHOW MalIuHbl, cOO0s WU MTOJIOMKH B
MHUHAMAJIbHBIE CPOKH MOTYT OBITh Iepe3amylieHbl Ha JIIOOOH ApPYroi mcrpaBHOW U
HaMMeHee 3arpykeHHOll peanpHON MamuHe. llogBuimach BO3MOXHOCTH Ooee
pallMOHAJIBHO HCIOJIb30BaTh KOMIIBIOTEPHBIC pECypChl W O0ECHeunBaTh PEKUM
MIOBBIIIIEHHOM TOCTYITHOCTH I HanboJiee KPUTUYECKUX CEPBUCOB TPHUIA.

[Mo pesynpraTam aHamu3a BO3MOXKHOCTEH cymiecTByrommx [aaS mmatdopm
Proxmox, OpenNebula, CloudStack, OpenStack W TeCTUPOBaHUS pa3IUUHBIX
BapUAHTOB KOH(HIypaluii caliTa Ha HMX OCHOBE II0 KPHUTEPUSM JOCTYITHOCTH,
MIPOCTOTHI AaBTOMATH3alMK YIIPABIEHUS BUPTYyaJIbHBIMUA CEPBEPAMU C HCIOJIB30BaHHEM
BeO-uHTep(delica W CKPUNTOB HA OCHOBe mpemocraBiasieMoro APl BeiOpaHa
KOHUTypaluss ¢ Hcrnonb3oBanueM arGopmel Proxmox (Puc. 2). Ha cayuait
BO3HHKHOBEHHSI HEOOXOAWMOCTH MpPEIOCTABICHUS TIOJIb30BATEISIM  00JIa4-HOTO
uHTepdelica HACTPOEH TaKkKe TeCTOBEIH cTeH ] ¢ OpenNebula.

BY_NCPHEP aggregated load_one last day

Thu 18:00 Fri 0@:08 Fri 96:00 Fri 12:00

W cfengine.hep.by [ gridel.hep.by O gride2 . hep.by O gride7.hep.by E 1ldap.hep.by
[ lustre.hep.by E mirror.hep.by M node@02 . hep.by M node@03 . hep. by W node@04 . hep. by
B nodedd5. hep. by W sbdii.hep.by
Avg Total: 14.02 Current Total: 0.00
Avg Average: 1.27 Current Average: 0.00

Puc 3. 3arpy3ka BeraucnutensHoro kractepa BY-NCPHEP

B xkadecTtBe cuCTeMbl XpaHEHHsS JaHHBIX HCIIOJIB3YETCS pachpeeieHHas
(haiiymoBast crucTeMa mMaccoBoro mapamienusma Lustre, pa3zsépaytas moBepx RAID 60
MaccuBa Ha JIByX JIMCKOBBIX cepBepax. DainoBasg cucrtema Lustre xopoiio
3apeKOMeHioBajla ce0si TpH WCIONB30BAaHWM KaK B MallbIX, TaK W B KPYIHBIX
KOMITBIOTEPHBIX IeHTpax. OHa 00ecIeynBaeT BHICOKYIO MPOM3BOAUTENBHOCTD U MPH
9TOM BKJIFOYAET HAJAEKHBIM MEXaHU3M OTKa30yCTOMUYMBOCTH M BOCCTaHOBJEHUA. Anpo
Linux mmatdopMbl Proxmox mocTaBiseTcs ¢ KIMEHTCKHM MomayieMm Lustre, dTo
MTO3BOJIIET WCIIONIb30BaTh €€ U TOpsdell MHUTpalié BUPTYadbHBIX MamuH. | 'pum-
CEPBUCHI XKE 3aITyCKAIOTCSA B CTAaHAAPTU3MPOBAHHOM OKpykeHm: Scientific Linux, mis
KOTOPOTO, HauMHAasI ¢ BBITycka 2.8, Lustre Jierko MoOXKeT OBITh YCTaHOBJICHA B BHJIC
dkms (cimy»x06a TruHA-MIYIECKON MOIEPKKA MOAYIIeH siapa Linux) Mmomysis.

B xagecTBe MpoOMEKyTOTHOTO MPOTPAaMMHOTO 00eCTIedeHHs UCTIONb3yeTCsl Habop
nporpamm, mpenoctaBieHHbIX European Middleware Initiative. OTta mpocioiika
o0ecrieunBaeT IONIB30BATENAM JIOCTYI K PACIpeleNeHHBIM BBIYUCINTEIbHBIM
pecypcaM U TaHHBIM, Ta&T IIPOBOJUTH CIOXHBIE, BpeMsA3aTpaTHBIE PacUETHI.
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Puc. 4. UcnionszoBanue BY-NCPHEP 11 XxpaneHus TaHHBIX IIpU pacuére
Ha 00beqMHEHHBIX pecypcax BAK

€ ] hep.by
b | F -
m Allfiles # +
*
<
- Documents
<
generator-2016_paper Shared
- Photos w
i)
n ownCloud_User_Manual

private.

Untitled

Puc.5. Be6-unrepdeiic CERNBox

Jns ynpouieHnss afMUHUCTPUPOBAHUSI CUCTEM IEPBOHAYAIBHO HCIOIH30BANIACh
mporpamMma aBTOMaTH3aluU yopaBieHus Hactpoilkamu CFEngine 2. Ha naHHBIN
MOMEHT JJisl YNPOIIGHUs PYTHHHBIX 33Ja4 10 aJMUHUCTPHPOBAHHUIO TaKKe
WCTIIONB3YIOTCS mporpamma SaltStack.

Hcnoabn3oBanue BHIYHCIUTEIBHOIO HEHTpa

Cy1iecTByeT HECKOJNBKO OCHOBHBIX CIIEHAPHEB HCIONb30BaHMA KiacTepa BY-
NCPHEP. Bo-nepBbIX, TEOpeTHKM NIpH pacdyérax CTaJKMBAIOTCA C 3aJlayaMu,
TpeOYIOIUMH TPOAOI-KUTEIBHBIX KOMIBIOTEPHBIX pPacYéTOB W HCHOJIB3YIOMINX
CHeIMaIN3UPOBAaHHOE TpOrpaMMHOE oOecrieueHHe. B HEKOTOpBIX Cy4asx TaKue
3a/1auu HEyA00HO pelaTh, UCTIONB3Ys rpua-unTepdeiic. Tak, aHaTUTHUYECKHE PaCUEThI
paAMallMOHHBIX MONIPABOK K HAOIIOJaeMBIM BEJTMUMHAM BKJIIOYAIOT B ce0s TpyJ0EMKOE
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BbIUMCIIeHHEe (HEHHMAHOBCKMX HWHTETpajioB. OJTa 3ajJada MOXET OBbITh pelleHa IpH
MIOMOIIU CIIEHHAIM3UPOBAHHBIX MporpammM, Takux kak FIRE, koropsle mosnb3oBaTeilb
3alycKaeT HampsMyl0 Ha pabodedl Hoje, MuHys rpua-uHtepdeiic. Bo-BTOpEIX,
JIOKaJIbHBIN KJIacTep MIEaNbHO MOAXOAUT AJIS TECTHPOBAHUS 3ajadu Mepe] 3aIyCKoM Ha
OCHOBHBIX BBIYMCIHUTENBHBIX pecypcax BAK. B-TpeTpux, odepenp Ha BBITOJIHEHHE
3aJa4 Ha TpHUJI-CaliTaX «ypOBHS 2» B CPEJHEM COCTaBisfeT 8 9acoB. 3a 3TO BpeMsd
MHOTHE 3aJlaud, Hanpumep, MoHTe-Kapio MonennpoBaHys, YCHEIIHO BBITOIHIIOTCS
Ha JIOKANbHOM BBIYHC-THTENBHOM Kiactepe (Puc. 3). U, HakoHen, OCHOBHOE
ucrnonb3oanue kmactepa BY-NCPHEP — mpenmocraBmenue pabodero mecra s
XpaHEHHUs BBIYMCICHUU. [leo B TOM, YTO MO perieHuio kojutaboparuu CMS djieHb
KoJ1abopallid MOTYT HCIOJIB30BaTh BBIUMCIHTENbHBIE MoOIMHOCTH BAK, HO uM He
NPEAOCTaBISIETCSl XpaHWIWIIE, 0e3 KOTOpOro 3amycK 3alad B TPUJA CTaHOBHTHCS
HeBO3MOXHBIM (Puc. 4). [lns XpaHeHHs NaHHBIX BCE JOJDKHBI HCIOJIB30BAThH
HalMOHANIBHBIE pecypchl, u BY-NCPHEP — eauHCTBeHHBIM paboTarommimii
BeruncnuTenbHbid IeHTp BAK B Bemapycu. MIMeHHO TO3TOMY CTONB BaXHO OBLIO
obecrieunTs Bce HeoOXxommMble HHTep(delicel oOmeHa maHHbIX (caiit BY-NCPHEP
OpraHu3yeT IOCTYN K XPaHSIIMMCS JaHHBIM IO MpoTokonam srm, gridftp, root) m
MIPEIOCTAaBUTh MPUEMIIEMYIO CKOPOCTh 0OMEeHa JaHHBIMHU C Apyrumu nentpamu BAK.
Tak, mist ceprudukanuu areHra Phedex, yepe3 KOTOPBIH MOJIB30BATENN MOIYYalOT
JOCTYNI K CBHIPBIM JKCHEPUMEHTAIbHBIM JAaHHBIM, HEOOXOAMMAa CpPEIHSSI CKOPOCTh
oOMeHa IaHHBIMH C IIEHTpaMH «ypoBHsI 1-2» 6onee 40MOUT B ceKyHy.

Taxke BeraucautenbHbI Kractep BY-NCPHEP naér mome3oBarensM ymoOHYIO
BO3MOXKHOCTh ~ OOMEHMBAThCS  CBOMMM  pe3ylbTaTaMM C  KOJUIETAaMH |
CUHXPOHU3HUPOBATh CBOM JOKYMEHTBI MEXIY Pa3HbIMH KOMIIBIOTEPAMH C MOMOILBIO
cepsuca CERNBox, koTopsrit paspadarsiBaercs [IEPH ma 6aze OwnCloud (Puc. 5).

Joctynm Ko BceM pecypcaM MOXHO TMOJYYUTb, WCHOJIB3YS €IUHYI0 CHUCTEMY
ayTeH-TH(QHKaLUK [oJb30BaTeneil Ha 6ase ldap cepsepa.

Takum oOpazom [ID®UYBD HUM Il BI'Y ycmemHo co3man pabouyio cpeny,
MO3BOJIAIOLIYI0 KaK HENOCPEICTBEHHO NPHUHMMAaTh aKTHBHOE ydacTue B 00paboTKe
nMaHHBIX dKcnepuMeHToB BAK, Tak u mpoBoauTh He cBsizanHble ¢ BAK pecypcoémkme
Hay4Hble BblUMCIeHHs. JlanpHelimmee HeoOXoauMmMoe pasBUTHE TIpUA-CaliTa U
HOBBIIICHNE €T0 BO3MOXKHOCTEH 10 «YPOBHS 2» TpeOyeT, KOHEUHO, 0oJiee MIMPOKOTro
KaHana cBs3u (He MeHee 160 MOwUT/C), yBenTUUEHHS BBIYUCIUTEIHHBIX MOITHOCTEH U
00beMa XpaHUIIMILIA TaHHBIX.

JIureparypa

1. https://goc.egi.eu/portal/index.php?Page Type=Site&id=1225
2. https://cmsweb.cern.ch/sitedb/prod/sites/T3_BY NCPHEP
COMPUTATIONAL RESOURCES OF THE CENTRE PHEP INP BSU
V. Mossolov, N. Shumeiko, D. Yermak, V. Yermolchyk

BY-NCPHEP site is the only one WLCG Tier-3 center in Belarus. It serves for high
energy physics experiments such as CMS at LHC. The current status of computing capacities is
presented. The basic use case scenarios are described. The direction of future site development

is proposed.
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POU3NKA HAHOCTPYKTYP
N HAHODJIEKTPOMAT'HETHU3M

HAHO3JIEKTPOMAT'HETU3M - HOBOE HAIIPABJIEHUE
NCCIEJOBAHUU

C. A. MakcuUMeHKO

IIpencraBieHa HOBas UCCIIENOBATENbCKas NUCLUIUINHA — HAHOIIEKMPOMAZHe-
mu3m, OXBaThIBAIOIIAsl IIMPOKUI KIaccC SBJICHUN B3aUMOAEHCTBUS 3JIEKTPOMArHUTHBIX
BOJIH C HAHOPa3MEPHBIMHU 00BEKTaMU U CUCTEMaMHU U CHHTE3UpYIoIas B cebe XOpoIo
Pa3BUTHIE METOABI KJIACCUYECKOH JIEKTPOJMHAMUKU M COBPEMEHHBIE ITOIX0AbI (hu3u-
KH KOHJCHCUPOBAHHOTO cocTOosiHMS. CHopMyIHpOBaHbl KOHIETINS HaHOIJIEKTpOMar-
HEeTH3Ma, 0a30Bble MOAXOABl U OCHOBHBIC HANpaBJIeHUs HccienoBanuil. KpaTtko musino-
JKEHbl OCHOBHBIE Hay4yHbIC PE3YyJIbTATHI, IIOJIyYEHHbIC 33 JBA MCTEKIIUX JECATHICTHS.
Hana xapaktepucTtruka (OpPMHUPYIOIIECHCS HOBOM HAayYHOW IUKOJBI — MWIKOA HAHO-
INEKMPOMAZHEMUIMA.

1. UcTopuyeckuii 3KCKypcC

Jlns Havana naBaiiTe BEpHEMCSl B CEpE/IMHY JIEBSIHOCTBIX T'0JI0B. B 3TOT mepuon B
o0JlacTH HaydHOW AEATEIBHOCTH B bemapycu, 1a M BO BceX APYTUX TOCYIapCTBax
osiBiiero Coserckoro Coro3a MPOMCXOIWIA KOPSHHBIC U3MCHEHHS KaK MPHOPHUTETOB
HAyYHBIX WCCIIEIOBaHUH, TaK U MEXaHW3MOB WX (UHAHCHPOBaHUS. JlecATHUIeTUIMU
OTJIa)KEHHAs! CXeMa B3aMMOOTHOIIEHIH MEXKAY YUYE€HBIM U TEMHU OpPTaHU3aIUsAMHU, KOTO-
pele ompenensuin (UHAHCUPOBAHWE M CTABWIIM 3afadll MCCIEINOBAHWN, HEOXKHUIaHHO
MIpeKpaTuiia CBOe CYIIeCTBOBaHME, a HOBas cucTeMa (popMHUpoBaIach MEIJICHHO U MYy-
guTenbHo. PopMHUpOBaHHE TPOAOIKAETCS M B HACTOSINEE BPEMs, OJHAKO B 3aJa4d
MOEH cTaTbu He BXOIHUT OOCYKAEGHHE JITOTO Tpollecca M ero pe3yibTaToB. BaskHO
TOJILKO yKa3aTh HAa TO, YTO HOBBIC YCJIOBHUS MOTPEOOBAIM KapINHAIBHON NEPECTPOKU
TICUXOJIOTHU YYEHOTO.

HeoxxnpaHHO BBIACHWIIOCH, YTO «CHACEHHE YTOMAIOMIUX — JIEN0 PYK CaMUX yTO-
MAIONINX», a BOMPOCHl OIMPEICICHUS TEMAaTUKW W TOJydYeHHs (DUHAHCUPOBAHHS C
YPOBHSI aIMUHHUCTPAITUN WHCTUTYTA MEPEMECTIIINCH Ha YPOBEHBb 3aBeIyIOmero jgabo-
paTopuel U oTAeNbHBIX yueHbIX. C 0HOI CTOPOHBI, B psAle CIydyaeB JIIOJU OKa3bIBa-
JIMICh HETOTOBBIMH K PEIICHHUIO HOBOTO KJIacca 3a/1a4 M «BBIOBIBAIN U3 UTPB», a C JIPY-
roil — BO3HHKIIA PelIKas B HAyKe CUTyaIusi CBOOOIHOTO IMOMCKA HE TOIHKO NCTOYHUKOB
(hMHAHCHPOBAHUSA, HO W HAayYHOW TEMAaTHKH, CIIOCOOHOH B TEPCIEKTHBE OOECIICYUTH
JIOCTATOYHOE M JOCTOWHOE ()MHAHCHPOBAHUE HMCCICNOBaHMA. S manek oT yTBepxkie-
HUA, 4YTO 3TO Obl1a 061].[2151 CUTyalusa BO BCEX MHCTUTYTAxX, 4 JIMIIb YTBEPKAAr0, 4YTO C
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3TOW cUTyalMel CTOJIKHYJIMCh MHOTHE yU€HbIE M, B YACTHOCTH, PyKOBOJUTEIHN HCCIIE-
JIOBAaTEIbCKUX TPYI U Jaboparopuil. M, B 4aCTHOCTH, KOJUIEKTHB J1a00paTOPHUH dIIEK-
TPOAMHAMUKHA HEOJHOPOAHBIX cpen (JabopaTopuy HaHOAJEeKTpoMaruerusma c 2015
rona) HUU snepasix mpobiem BI'Y. B To Bpems mabopaTopus HOCHIIA IPyroe Ha3Ba-
HHE (J1abopaTopusi raMMa-ONTHKH) B COOTBETCTBUH C 3a/la4aMH, KOTOpasi OHa JOJKHA
ObLTa pemaTh B cTpykType coznaBaemoro HUU spepubix mpobnem BI'Y. S He ckaxy
4TO cpa3y, HO IIOCTENEHHO, KaK pe3yJIbTaT MHOTOUMCIIEHHBIX TUCKYCCHH C COTpPYIHU-
koM HUU AI1 moxropom ¢pus.-mar. Hayk ['.5. CrnemnstHom (HbIHE — mpodeccop Temn-
aBUBCKOTO yHHUBepcuTeTa, M3panns) 6pumM chopmMynupoBaHbl 06a30Bble HAIPaBICHUS
pabOThI KOMJIEKTHBA, KOTOPBIE, KAK MBI HAJESINCh, MOTJIM B OyaylieM 00eceunTs yc-
TOWYMBOE CYIIECTBOBAHHME M pa3BUTHE, Hay4yHOe U (puHaHCOBOE, JabopaTopuu. Ilox-
YEepKHY, YTO B TOT MOMEHT y Hac He ObUIO Ipyroi MOTHUBALMU K PaboTe KpoMe KaK HH-
Tepec K Hayke. Te, y KOro Takas MOTUBAIU OTCYTCTBOBAJIA, YXOAUIN U3 HAYKH.

Utak, BepHeMcsi kK 0a30BBIM 3afayaM pa3BUTHs JlabopaTopuu, chopMyIUpOBaH-
HBIM TIOYTH JIBAATh JIET Ha3aJ, Ha MIEPEJIOMHOM 3Talle CTAHOBJICHHUS KOJIIEKTHBA:

—  Onpedenumsb npusieKameIbHyI0 U HAYYHO 3HAYUMYIO 001ACHb UCCE006a-
HUIl U HAUIMU 6 Hell He3AHAMYI0 HUWLY;

—  /Mobumbca npusHanus 6 HAYUHOM cooOujecmee, KaK HA HAUUOHATbHOM,
MAaK u MeIcOynHapooOHoM ypoeHe;

—  Boiumu 6 Kauecmee ucnoaHumeeil 6 HAUYUOHAIbHbIE HAY4YHO-
uccneoosamenvckue npozpammol,

—  JMobumbca npuenexkamenbHoCmu GblOPAHHO20 HANPAGIEHUA ONA CHLYOCH-
o6 u acnupanmos;

—  Pazeums medxncoynapoonoe compyoHuiecmeo u 000umsca QuUHancuposanus
uepes paziuiHble MeHcOyHapoOHvie oHObL U NPOZPAMMBL.

O1H HOPMYITHPOBKU HE SBISIOTCS OTKPBITUEM B TEOPUH OpraHM3alMy HayKH. bo-
Jiee TOTO, 51 YBEpPEH, YTO MHOTHE HAay4YHbIC KOJUICKTHUBBI B TOW MM WHOW CTETICHU U He-
3aBHCHMO OT TOTO, CYIIIECTBYET JIU MOJ00HBIH MepeueHb B MIMCBMEHHOM BHUJIE WU HET,
HPHUICPKUBAIOTCS] B CBOCH pabOTe yKa3aHHBIX MPHHIUIIOB. J[pyroe Jej1o0, 4To J0CTHYb
nporpecca 1o BCeM IIATH HANPaBICHUSM — HENPOCTast 3a1a4a, TpeOyromas KpornoTiu-
BOH W HaNpsDKEHHOW paboTHI, U, TEM HE MEHee, He Bceraa pemaeMas. Hampumep, Opo-
CaloLIMMCS B T1a3a cJiabbIM 3BEHOM MHOTHX CHJIBHBIX aKaJeMHYECKUX JabopaTopuil
SIBJISIETCS. OTCYTCTBUE B HUX MOJIOISKH. WMimu npyroe — uHOraa Jaaxe Ha HOTyO(pHIH-
aIbHOM YPOBHE 3BYUHT MPEHEOPEKEHHNE K YPOBHIO HAYYHBIX JKYPHAJIOB U [IUTHPYEMO-
CTH Hay4HbBIX yOnuKaiuii. ToNbKO-TOJIbKO HAYMHACT BXOAUTH B MPAKTHKY OTCBUIKH K
MEXAYHApOJHBIM pedepaTuBHBIM U3AaHUsIM, TakuM Kak [SI Web of Knowledge - Web
of Science nnu Scopus. A MeXIy TeM UMIAKT-()aKTOp KypHaIa U HHACKC [ATHPYEMO-
CTH IMyOJMKauuK, Kak U h-(pakTop y4eHOro — MeXIyHapOIHO-TIPU3HAHHBIC KPUTEPHU
OLICHKM HMHTETPAIbHON AEATEIbHOCTH YYCHOrO (WM KOJUISKTHBA) 3a IOCTATOYHO
OOJBILION TPOMEXKYTOK BpeMeHH. [109TOMy, Kak MHE KaKeTCs, MPUBEICHHBIC BBIIIC
(bOPMYJIUPOBKH MOTYT OBITH MHTEPECHBI M TOJIC3HBI YUTATEII0 MMEHHO Kak IpHMEp
aMOHMIIMO3HOCTH M Ja)Ke HATrJIOCTH MPU MOCTAHOBKE 337a4 — MIMEHHO TOTO, Y€ro 4acTo
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HEIOCTaeT MOJIOABIM KOMaHIaM, U 9TO CO BpeMeHeM 00EeCIednsIO BUIUMBII MTOJIOKH-
TEJIbHBIA pe3yibTaT. B aHITIOSA3BIYHON COLIMOJIOTMU U SKOHOMHMYECKOW HAayKe TaKOU
pe3yNbTaT Ompenensercss TepMUHOM “‘success story”. B mpuioXkeHuH K KOHKpPETHOH
paccMaTpUBaeMOM CUTyaluu si Obl IIEpeBell 3TOT TEPMHUH KaK «MCTOPHS BBDKUBAHUS
WM K€ «OIBIT BBKUBAHUSD.

2. HaHoMHp M 3/1eKTPOMATHUTHBbIE BOJTHBI

Br16op TeMaTUK¥M MCCIeNOBAaHUN MUKTOBAJCS, C OJHOW CTOPOHBI, 0OJACTHIO Ha-
el npeamecTByomeld padboThl — B3aUMOACUCTBHUE JCKTPOMATHUTHOTO U3IYUYCHHUS C
BEIIIECTBOM, 4 C APYTrOi CTOPOHBI — MOIIHBIM JIaBIICHHEM Hay4HOI MOJIBI', KOTOpas Kak
pa3 B TOT MepHo]T aKTUBHO B3sJIaCh 3@ MPUCTABKY HAHO.

[eiicTBUTENBbHO, IOCIEIHUE ABA AECATUIIETUS Pa3BUTH HAYKH M TEXHOJIOTHH 03-
HaMCHOBAJIMCH OBICTPBIM NPOrPECCOM B CHHTE3€ PA3IMYHBIX THIIOB HCKYCCTBEHHBIX
Cpea 1 MaTepualoB, 00JIalaloIuX HAHOPa3MEPHOU CTPYKTYPUPOBAaHHOCTBIO U CBOMCT-
BaMU, CYIIECTBEHHO OTJIMYAIOIIMMUCS OT CBOMCTB mpuponHbix cpen. [lo cytu nmena,
MPOUCXOAUT (PyHIAMEHTANBHBIN NepenoM B (QU3MKe W XUMHHM KOHICHCHPOBAHHOI'O
COCTOSIHMS, 3HAQUHUTENBHO PAaCIIUPSIOMINN HallW MPEICTABICHUS O NMPHUPOAE TBEPABIX
TEJ ¥ Halll BO3MOKHOCTH YTIPABJIEHUS MX CBOWCTBaMH, CAETAaH PEIIUTENbHBIN IIar K
CO3JIaHHIO0 MaTEePHajOB, MPUOOPOB U YCTPOMCTB C HOBBIMH YHUKAJIBHBIMH CBOMCTBAMH.
CrnoBocoueTaHus ¢ IPUCTAaBKOM HAHO — HAHOIJIEKTPOHHKA M HAHOONTHKA, HAHOMEXa-
HUKa, HAHOCEHCOPHKa, HAHOMAaTepHaJIbl — OMPEENIAIOT LIeNble HAalpaBIeHUs B COBpe-
MEHHOH (hU3MKe, XUMHUHU, MaTepHaJIOBEACHUH, IPUOOPOCTPOCHHUH.

Pa3BuTHe HAHOZJEKTPOHUKH — JJIEKTPOHMKM Ha TIyOOKOM CyO-MHUKPOHHOM
YPOBHE, TO €CTh, C JUHEUHBIMHU pa3MepaMu JIEMEHTOB lieneil MeHblne 0.1 MKM — c03-
JIaeT MpeaNoChUIKH CYIIECTBEHHOIO Mporpecca B PEIIeHUH 3a7jaud MUHHATIOpU3AIluU
YCTPOKMCTB mepenauu, npuema u oOpabotku mHPopManuu. TepMUH OXBaTHIBAET Kak
TPaAULIMOHHBIE MUKPORJIEKTPOHHBIE YCTPOICTBA U TEXHOJIOTHH C 00Jiee BBICOKOH CTe-
MIEHBI0 MUHHUATIOPU3AIINH, TaK U MOCIEIHUE JOCTHKEHUS MOJIEKYJISIPHOU 3JIEKTPOHHU-
KM, KOTOpasi MaHUITYyJIUPYEeT OJMHOYHBIMHU aToMaMH U MoJieKyinaMu. OCHOBY AJIsl 3TOTO
CO3[aI0T HOBBIC HAHOTEXHOJIOTHUECKUE MaTepualibl, Takue Kak rpaden [1] u rpadeno-
000HbBIE ByMEPHbIE CTPYKTYPBHI (CHJIMLEH, FepMaleH, AUXaIKOI'CHUAbl METAJJIOB
MoS,, WS2 u 1.11.; cM. Haripumep, [2]) dymiepens! u yrinepoansie HanoTpyOku (YHT)
[3, 4] — KBa3MOAHOMEPHBIE MAKPOMOJIEKYJbl YIIepoaa, OpraHUuueCKUe MoIuMepsl [5],
CTPYKTYPBl HA OCHOBE KBaHTOBBIX SIM, KBAHTOBBIX IPOBOAOB U KBaHTOBBIX To4ek (KT)
— JIOKaJIM30BaHHBIX HAaHOPA3MEPHBIX BKIIOUEHUSIX B MOJYNPOBOAHUK [6—8], obecreun-
BAIOLIUX MPOCTPAHCTBEHHOE KBAaHTOBAaHHUE ABM)KEHUS HOCHUTENEH 3apsaa B OJHOM MU
HECKOJIBKMX HAIPaBICHUSIX U TEM CaMBIM BO3MOKHOCTbH HCIIOJIB30BAHUS TaKUX CTPYK-
Typ B Ka4eCTBE aKTHUBHBIX CpeJl MOJyIPOBOJHUKOBBIX J1azepoB. ONTHYECKHE U DIIEK-
TpoHHbIe cBoiicTBa KT mpuBnekaoT BHUMaHUE TaKKe MHOTOOOCHIAIOUIMMHU BO3MOXK-
HOCTAMH IS XpaHEHUs, Tepeaady U oOpaOboTKK KBaHTOBOH mHpopmarmu [9-13]. B
YaCTHOCTH, JOCTUTHYT 3HAYMTENbHBIA IPOrpecc B CO3AAHUM OJHO(MOTOHHBIX HCTOY-
HHKOB cBeTa [13, 14] .

' Moia — TaKoii sKe BaxHbIi (pAKTOP HAYKH, KK U OBCETHEBHOM HKH3HHL.
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HenaBuue uccnenoBaHusl NPOAEMOHCTPUPOBAIN MEPCHEKTUBHOCTh HCIIOIb30BaA-
HUSl HAHOYACTHIl B MEAMIIMHE B Ka4eCTBE HOCUTENEH U1 BHYTPUKIETOYHON TOCTaBKH
JIEKapcTB W M30HMpaTeNbHOTO TepMojiH3a OOJBbHBIX KieTok [15]. B pabortax [16-17]
ObUIO TIOKAa3aHO, YTO YIVICPOIHBIC HAHOTPYOKH SBISIOTCS BECbMa IEPCIEKTUBHBIM
TepMOareHToM. B cBA3M ¢ 3TUM 0CcOOYI0 aKTyalbHOCTh IPHOOPETAIOT MCCIETOBAHUS
rHOPUIHBIX HAaHOpa3MEpPHBIX (OpM, TaKWX Kak yriepogHas HAaHOTpyOKa M KBaHTOBas
Touka, MeTaundeckass Hanowyactuua U JJHK, u 1.n. B nmocnennee Bpemsi rubpuaHsie
HaHOCTPYKTYPHI IPUBJICKIIH K ceO¢ BHIMaHUE Kak OCHOBA I co3Manus Oomee rhdek-
TUBHBIX PoTod3IeMeHTOoB [18].

Pa3BuTHE COBpEeMEHHBIX CPEACTB IpHEMa, Iepeladyd M XpaHeHus HHGOpManuu
XapaKTepu3yeTcs CYIIECTBEHHBIM CIBUIOM B BBICOKOYACTOTHYIO 00IacTh padbodmx
4acTOT: MHTEHCHBHO OCBAaWBAaIOTCA MUJUTMMETPOBBIN U TepareploBbIi quama3oHsl. He-
JaBHO B 00yacTH OecIpOBOJHOM CBA3M aHOHCHPOBAH MEpexoA K cTanaaptry 5G — Ho-
BOMY ITOKOJICHUIO TEXHOJIOTUH MOOMJIBHOM CBSI3U, KOTOPBIM MO3BOJISET Nepeaady HH-
(dhopManuu co CKOPOCThIO MYJIBTUTUTAOUT/CEK U ¢ OOJNbIIeH Ha TOPSIKH IUIOTHOCTIO
IIPU CYLIECTBEHHO MEHBIINX BPEMEHAX O’KUIaHMsI MO0 CPAaBHEHUIO C CYLIECTBYIOLUIUMHU
CTaHmapTaMu MOOWIBHOH cBs3u [19, 20]. Cranmapt 5G 6a3upyercs Ha MHIUTUMETPO-
BOM M TE€pareploBOM IHaNa30HaX M UCIIOJIb30BAHUU HAHOPA3MEPHOW 3JI€MEHTHOM Oa-
3bl. Takum 006pa3oM, pa3paboTKa 3JeMEHTHON 0a3bl Ui YKa3aHHBIX TUAa30HOB U HC-
CJICZIOBAaHHUE ONEPAIMOHHBIX CBOWCTB TAKMX 3JIEMEHTOB M YCTPOMCTB, MO3BOJISIOLIMX
pacipocTpaHeHre 1 00pabOTKy BBICOKOYACTOTHBIX AJIEKTPUYECKUX CUTHAJIOB, BBIXO-
JUT Ha TIEpeHNUH TUTaH CPEeH KIIFOYEBBIX 33/1a4 HAHOTEXHOJIOTHH.

OpnHolt U3 BaXKHEHIINX TpoOIeM SBIIsIETCS MPodIeMa OCyIECTBICHHUS dJIEKTpHYe-
CKOTO KOHTaKTa HaHOPa3MEPHOI'O YCTPOHCTBA C MaKPOCKOITMYECKUM MHUpPOM Oe3 ae-
rpajauy MpOU3BOJUTENBHOCTH U HoTepu uHbopMmanuu. Bo3Hukaer 3amxaya uHTErpa-
UM HaHO- U KOMMYHMKAIIMOHHBIX TEXHOJOTHH, YTO HEMOCPEICTBEHHO MPHUBOAUT K
BO3HMKHOBEHHIO HOBOTO HAyYHOI'O HANpPaBIICHUS — HAHOINEKMPOMAZHEMUIMA — PE-
IIAIOUIET0 3aJaud B3aMMOJCHCTBUS 3JIEKTPOMAarHUTHOI'O H3IY4EHHUs] C HaHOpa3Mep-
HBIMU OOBEKTaMH U CHCTEMaMHM, U CHHTE3UPYIOIIETo B ce0e XOpOoIlIo pa3BUThIE METO-
Ibl KIIACCHYECKOM 3JIEKTPOIMHAMUKU U COBPEMEHHbIE TOAXO0Ibl (PU3UKH KOHICHCUPO-
BAaHHOT'O COCTOSIHUSI.

B MakpockonmmueckoM MHpe MpOLECChl B3aUMOJEHCTBHS 3IEKTPOMAarHUTHOTO
MOJISI C BEIIECTBOM SIBIISIIOTCS] MPEAMETOM KIIACCHYECKOTo pasfena (PU3UKH — DIEKTPO-
MarHeTu3Ma, a WHCTPYMEHTOM HCCJIEJOBAHHS ATHUX HPOLIECCOB SBISETCS 3JIEKTPOAM-
HaMuKa, 0a3upyromasics Ha ypaBHEHUAX MakcBeiia Ajsl 3J1eKTpOMarHUTHOTO IO U
o0Jaaromiast MOIIHBIM HA0OPOM METOJIOB U CPEJCTB PEIICHUS YPE3BBIYaiHO CIIOKHBIX
3agau [21, 22]. MHorue pa3znensl 3JIEKTPOJUHAMUKH, HAPUMEP TEOpHUS LEned WiH
TEOpHs 3JEKTPOMArHUTHOM COBMECTUMOCTH, JaBHO Y)K€ CTAJIN MH)XEHEPHBIMH IHUCIH-
TUTMHAMU, 0e3 KOTOPhIX HEBO3MOXKHA Ka4eCTBEHHAs! MOJTrOTOBKA CIIEHAINCTOB PajHo-
TEXHUYECKOro Mpoduisi. B cBeTe pa3sBUTUS HAHOTEXHOJIOTHH Modenuposanue HAHO-
CIPYKIYD U HAHOPASMEPHBIX IJIEMEHNIO06 UENell U CUCHeM AGNACMCA OOHUM U3
MAZUCMPATILHBIX HANPABGIEHUI PA3GUMUA COBPEMEHHOU IJIeKMPOOUHAMUKU. B cBsI-
31 C 3TUM BO3HHUKAIOT HOBBIE IIOCTAHOBKHM 33/1a4, & XOPOILIO U3BECTHBIE TPUEMBI U Me-
TOJIBI HATIOJIHSIOTCSI HOBBIM COZEpXKaHueM. BaskHO momdepKHyTh, 4TO B cuily 3¢ dexTa
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IIPOCTPAHCTBEHHOTO OrPaHMUYCHUS IBIKCHHMSA HOCHUTENEH 3apsia, NMPHUCYILEro HaHO-
pa3MepHbIM 00BEKTaM, pelIeHHE 3a7jady B3aUMOJCHCTBHS AJIEKTPOMAarHUTHBIX BOJH C
TaKUMH OOBEKTAaMH BBIXOAMT 32 PAMKH KJIACCHYECKOH AJIEKTPOAWHAMUKU M TpeOyeT
IIPUBJICYCHUSI COBPEMEHHBIX METOJOB (M3UKH TBepAoro Ttena. [lpyrumu cioBamu, B
HaHOMUPE BO3HHMKAET HEPa3phIBHAs CBs3b ypaBHeHHU Makcsemia u ypasHeHus Illpe-
JUHTepa, 1 HAHOAJIEKTPOMArHETH3M SIBIISIETCS METOJOJIOTMYEeCKOM 0a30if I pereHus
3a7a4 SIEKTPOAMHAMUKN HAHOCTPYKTYP KaK 3TO CXEMaTHYeCKH NpencTaBieHo Ha Puc. 1.
Hackonpko HaM M3BECTHO, TEPMUH «HAHORJIEKTpOMAarHeTu3m» (nanoelectromagnetics)
OBLI BIIEpBBIE BBEACH B HAYYHBIH 000pOT B Haiieil padorte [23] u B Hacrosiiee BpeMs
cTal 00IIEeynoTPeOUMBIM.

HAHO3NEKTPOMAITHETWU3M

T — T T
" ~ — PunzmkKa ~
< Knaccu4ecKas N

Teopuda au aKymnmy-~
\\3\ A CIJ[D/_/LI./%

>~
( KOHAEHCUPOBAHHOIO /)

T _COCTOAHWA_—
Kpaeable IagayvyMa gana Kouuenuua KBazHM-4yacTHu:

obnacTreil cno>XHoM chopmMbl: 3neKTpoHbl, (bOHOHBI, MAarHOHbI...
CNoHan reoMeTpusA, NpocTan CNOXHaRA 3/IEKTPOHMKa, NpocTan
3MeKTPOHMKA reoMeTpus
SNEKTPOOUMHAMUKA
HAHOCTPYKTYP

Puc. 1. CxemaTnieckoe NpeCTaBICHUE HAHOIIEKTPOMAarHeTU3Ma Kak
KOMIIJIEKCHON Hay4YHOW AMCIUIIIMHBI

3. UccaenoBanusi B 00J1aCTH HAHOJJIEKTPOMArHeTU3Ma B
HHUMU sinepHbIX podiaem

OcozHanue cBoeoOpa3usi U MPaKTHYECKON 3HAYMMOCTH 3P(EKTOB B3aMMOJICHCT-
BUS DJIEKTPOMAarHMUTHBIX BOJH C HAHOPa3MEPHBIMH OOBEKTaAMH M HAHOCTPYKTYpPHUPO-
BaHHBIMH CHCTEMaMH IOCIIY>KWJIO MOTHBALUMEH Il IIUKJIA UCCIIEI0BAHUH 110 DJIEKTPO-
JUHAMHKE HaHOCTPYKTYp, BoimoiHeHHbIX B HUU AI1 B nabopaTopun 31eKTpoAMHAMU-
KH HEOJHOPOJHBIX Cpell a 3aTeM J1abopaTopuu HaHOAJIEKTpoMarHeTusMma. bubmmorpa-
(us BKIItOUaeT cepuro paboT 0030pHOTO XapakTepa KaK Ha aHTIHCKOM [22—-28], Tak u
pycckoM [29-34] u make GoyrapckoM si3bIKax [35], B KOTOPBIX 0O0CHOBBIBACTCS €ITH-
HBIA MOJIXO/ K MOCTPOCHHUIO AJIEKTPOANHAMHKH HAHOCTPYKTYP, aKKyMYJIHPYIOUIHNA H
HCTIONB3YIOMNI XOPOIIO W3BECTHBIE METOMBI M MIPUEMBI MAKPOCKOIIUIECKOM 3IIEKTPO-
nuHaMukH [22]. B cuity 3TOT0, B TAHHOM CTAaThE S OCTAHOBIIOCH TOJIBKO Ha HEOOJBITION
IpyIIe pe3ylbTaToB, KOTOPbIC, IO MOEMY MHEHHIO, TIPEICTABIISIOT HANOONBIIHNA WH-
Tepec. bonee neranpHas mHGopManus MoKeT ObITH HaliZieHa B yKa3aHHBIX 0030pax H
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OPUTMHAJBHBIX CTAThSIX, CCBUIKM Ha KOTOpPbIE NaHbl B CIIUCKE JUTeparypsl. Mccneno-
BaHMS OXBaTBIBAIOT MIMPOKHUI Kiacc 3PQeKkToB mepeHoca U JTUHEHHON IIEKTPOIUHA-
MUKH YTJIEPOIHBIX HAHOTPYOOK M KOMIIO3UTOB Ha MX OCHOBE [36—51], HenmuHEHHOTO
nepeHoca n HenmuHelHOW ontuku YHT m rpadena [52—59], Teopun reHepariy dJieK-
TpomarHuTHBIX BOH B YHT u rpadene [60—64], aneKTpoJiHAMUKY KBAaHTOBBIX TOYCK
U UX MacCHBOB C YYETOM BIIMSHUS JOKAJIbHBIX MoJel [65—71], KBaHTOBOM 3/EeKTpoOIu-
HaMUKH HU3KOPa3MEPHBIX CTPYKTYp [72—83]. [IpoBoasTcs TeopeTHUECKUE U IKCIIEPH-
MEHTAJIbHBIE HCCIICMIOBAHUS B3aUMOJCHCTBUSI MHUKPOBOJIHOBOTO U TEPareploBOro H3-
Jy4eHUs] ¢ KOMIO3UIIMOHHBIMHA MaTepraniaMi Ha OCHOBE Pa3lHYHBIX (OPM HAHOYTIIe-
pona [84—106], mpoaHanu3upoBaHbl NpeceKTUBH ucnoiab3oBanusd YHT mias tepmonu-
3a PaKOBBIX KJIETOK B pamuodactoTHoM moje [107—111]. HemaBHO MBI mpUCTYyIHIIA K
WCCIIEZIOBAHUAM MOPUCTHIX YTIEPOTHBIX MUKO- U HAHOCTPYKTYp, — MIEH, ME30- U a3po-
reneit [112-114].

HarnsimaeiM mpuMepoM NPUMEHEHHST UACOJIOTHH HAHORJIEKTPOMAarHeTu3Ma SiBIs-
eTcsl pelleHne 3a7aun 00 UCTIOIb30BAaHUN YTJIEPOAHON HaHOTPYOKH B KayecTBE MOHO-
MOJIEKyJIApHON aHTeHHBI [39]. Ha mepBblil B3I 3Ta 3a1a4a BBIISAUT BECbMa Ipo-
ctoil. M3BecTHO, YTO yriaepoJHas HaHOTPYOKa MOXKET 00JagaTh METaNTHUECKON Hpo-
BOJMMOCTEIO, a e¢ JTuHa (0KOJIO OJHOTO MUKpPOHA) 0oJiee YeM B THICSUY pa3 MPEBOC-
XoauT ee nuameTp. [Ipu Takux ycioBHAX MPEACTaBIsAETCs, YTO, B COOTBETCTBUU C TEO-
pHell aHTEeHH, METAIMYECcKasi yriepoAHas HaHOTpyOKa sIBISIETCS aHTEHHBIM BHOpaTo-
POM ONTHYECKOro Auarna3zoHa. OHAKO TaKOH BBIBOJ SIBJISETCS HEBEPHBIM, TaK KaK BbI-
COKOYAaCTOTHAasI IPOBOJAMMOCTh HAHOTPYOKH CYIIECTBEHHBIM 00pa3oM OTIMYAETCs OT
MPOBOJAMMOCTH METAJIIIMYECKOT0 POBOJIAa U XapaKTEPU3YyeTCsl YpE3BbIUaifHO BBICOKHUM,
B 50-100 pa3, 3amensieHUEM pacIpOCTPAHEHUS! MOBEPXHOCTHOH 3JIEKTPOMATHUTHOU
BOTHBI [38]. DTOT 3(PPEKT MO3BOIAET MPEIIOKUTE YTICPOTHYIO HAHOTPYOKY B Kade-
CTBE HaHOpPa3MEpPHOW aHTEHHBI AJsI OECIPOBOJHON KOMMYTaLMM B HaHOCXEMax M, B
Oozee oOmeM mIaHe, B KauecTBe 0a30BOTO OJOKa [T pa3pabOTKH 3JIEMEHTHOH Oa3bl
TEparepLuoBoOro Juana3oHa 4acToT. MIHTepecHo, 4To 3G EeKT 3aMeIUIeHHs JIeKTPOMar-
HUTHOHM BOJHBI B HAHOTPYOKax MO3BOJIMI Takke 00bACHUTH [43] mosiBiIeHuEe Teparep-
I[OBOTO INHKAa B TOTJIOIEHUH KOMIIO3UTHBIMH MaTepHajaMH C yIJIepOJHBIMH HaHOT-
pyOKMMH. DTOT MUK, YpE3BBIYANHO IPUBJIEKATENbHBIN JUIA CO3JaHMS TEParepLoBBIX
GuIbTpoB M IpyruX (QYHKIMOHANBHBIX MAaTEpHANIOB TEPareplioBOro JHana3oHa, Ha-
Omomasncs B 9KCIIEPUMEHTANBHBIX PadoTaX MHOTUX TPYII, HO €ro MPOUCXOXKICHUE, a
3HAYUT M CIIOCOOBI YIPABJICHUS €r0 XapaKTePUCTUKaMHM, B OOJBIIMHCTBE CIIy4aeB I10-
HUMaJIMCh HEBEPHO WM ke He 10 KoHna. [locTpoeHHast HaMu Teopus U BHIIIOJIHEHHBIE
HEJIaBHO AKCTIIEPUMEHTHI C KAIMOPOBAHHBIMH 110 JUTMHE HAHOTPYOKamu [48, 49] mo3Bo-
JUIIM AO0KA3aTh AHTEHHOE MPOUCXOXKIEHHE YKa3aHHOTO NMUKA U TEM CaMbIM IIOCTaBHUTh
TOYKY B 3TOH muckyccuu. [lo3mHee He3aBUCHMEBIE dKcriepuMeHTsI [115, 116] moarsep-
WK cIIeTaHHbIA B paboTe [49] BBIBOSL.

OTMeTHM TaKKe, YTO Ha3BaHHBIN BhIIIE dPQEKT 3aMeJICHHsI IIEKTPOMarHUTHON
BOJIHBI B HAHOTPYOKE MO3BOJIMI HaM HPEATIOKUTE [58] 3TOT OOBEKT B Ka4eCTBE OCHO-
BBI JJIS1 CO3/1aHMsI JJaMIIbl OeryIueil BOJIHBI TeparepLoBOro Auana3oHa — MOHOMOJICKY-
JIIPHOTO aHaJIoTa XOPOIIO U3BECTHOTO ¢ 50-X TOJI0B PaJMO3JIEKTPOHHOTO YCTPOMCTRA.
JleiicTBUTENBbHO, HATMUWE Y HAHOTPYOOK TpeX KIIOYEBHIX (PU3MUECKUX CBOMCTB: (a)
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JIOCTHUTAIOMIEH JECATKOB MUKPOH JUTHHBI CBOOOTHOTO TIPOOETa 3JIEKTPOHOB, (0) KpaifHe
BBICOKOI, ~ 10'" A/cM?, TOCTIKMMOI TIIOTHOCTH TOKa, ¥ (B) 50—100-KkpaTHOTrO 3aMes-
JICHUSI TIOBEPXHOCTHOM BOJIHBI (IIa3MOHA-MOIIPUTOHA) MO3BOJISIOT Pealn30BaTh ycC-
JIOBHE CHHXPOHH3MAa JIJIEKTPOHHOTO TyYKa M AJIIEKTPOMArHUTHOW BOJHBI W TOCTHYH
YCJIOBUM F€Hepallvy MPU COBPEMEHHOM ypoBHE TexHojoruu cunte3a Y HT. ITokazano,
YTO MOJOOHOTO Pe3yjbTaTa MOXHO JHOOHUTHCS B rpadene [64]. Mbl monaraem, 4to Ta-
Kas JlaMmIria Oerymield BOJHBI OyIeT BOCTpeOOBaHa P CO3/IaHUU aKTUBHBIX 3JIEMEHTOB
LIENeH TeparepoBoro quama3oHa.

Kak y»xe yka3pIBalloOCh BBIIIE, CHIBHOE TOTJIONICHUE AJIEKTPOMArHUTHOTO H3ITY-
YeHHs] HAHOYACTHIIAMHU TIO3BOJISIET PEAIN30BaTh CENIEKTUBHOE YHUUYTOXKEHHE OOJBHBIX
KJIETOK (T€pPMOJIM3 KJIETOK) MyTeM BBEICHHS B HUX HAHOYACTHUIl U MOCIEAYIOMINM HX
HarpeBOM BHEITHUM H3JIyUYCHHEM. B HacTosiee BpeMs Takas TEXHOJOTHS OOPBHOBI C
PaKOM C HCIIOJIb30BAHUEM 30JI0THIX HAHOYACTHUI] U UH(PPAKPACHOTO U3ITYUCHHUS IIHPO-
KO HCCIeqyeTcss BO BceM mMupe. [Ipu 3ToM onmucanne MmoromeHus N3TyYeHrs HaHOda-
CTHUIIAMU KJIACCHYECKHMH METOJaMH HE JaeT TpeOyeMoro Corjacus ¢ IKCIIePUMEHTOM
Y, TaKUM 00pa3oM, 3aTpyIHSET ONTHUMH3AINI0 pa3pabaThiBacMbIX cucTeM. Kak yxke
YKa3bIBAJIOCh, YTJIEPOJIHBIE HAHOTPYOKHU SIBIISIIOTCS BEChMa IEPCIIEKTHBHBIM TEPMO-
areHToM, 0COOCHHO TPH Tepexoie 0T HH(PPAKPACHOTO JHAra30Ha K PaguodacTOTHOMY.
OmHako ¥ B 3TOM CIydae OTCYTCTBHE MPHEMIIEMON MOJEIN B3aWUMOJCHCTBHUS HAHOT-
pyOKH C paiHOY4acTOTHBIM TOJIEM II0 CYTH JeNaId HeBBITOTHUMOW 3a7ady ONTHMHU3a-
nuu napametpoB. [IpoBenerroe Hamu MozenmupoBanue [111] ¢ yueTom ocoOeHHOCTEH
MIPOBOJAMMOCTH HAaHOTPYOOK, BIUSHUS BHEIIHUX MOKPHITHH, 0€3 KOTOPHIX HEBO3MOXKHO
pPacTBOpPEHHE HAHOTPYOOK U UX CEIICKTUBHOE BBEACHUE B OOJIbHBIC KIICTKH, U BIUSHUS
MIPOBOAMMOCTH BHYTPUKJICTOYHOM JKUAKOCTH, IIPUBENIO, B YACTHOCTH, K HEOXKHJAaHHO-
My BBIBOJIy O NPEMMYIIECTBAX HCIOIH30BAHMAA METATMUECKUX HAHOTPYOOK BMECTO
MOJIYIIPOBOJHUKOBBIX, KaK IMOJIarajoch paHee BO Bcex uccienoBanusx. Koneuno, uc-
MIOJIb30BaHUE YTIIEPOAHBIX HAHOTPYOOK W APYTHX HAHOYACTHUI] B MEIUIIMHCKUX IEIIX
1 Ui Tenedl Ae3mH(EeKINH pacTBOPOB IyTEM HETEIJIOBOTO BO3JACHCTBHS BHEIIHUM
AIIEKTPOMATrHUTHBIM W3TYYEHHUEM SIBIICTCS KOMIUICKCHON HAYYHO-TIPAKTHISCKON Mpobiie-
MOM, TpeOyFoIel COBMECTHBIX YCUIIUIA CIICIIUATMCTOB-(PU3HKOB, OHOJIOTOB 1 MEMKOB.

B ycrmoBmsX CyIiecTBEHHOTO TMOBBIIICHAS YPOBHS WHTETPAMH AIIEKTPOHHBIX
CPEICTB M poCTa pabo4MX YacTOT, OCTPO BCTAET MpoOJieMa 3JEKTPOMArHUTHOU CO-
BMmectuMmoctd (OMC) 371eMEHTOB B CYOMHKPOHHBIX U HAHOPa3MEPHBIX MHTETPATBHBIX
cxeMax. BeposTHO, celiyac elie npexeBpeMEeHHO TOBOPUTH O IIMPOKOM TIPOH3BOJICT-
BE€ MHOTOKOMIIOHEHTHBIX M MHOTO(YHKIIMOHAJIBHBIX HAHOIJIEKTPOHHBIX CHCTEM — B
HACTOSIIEEe BPEeMs HAET MPOIECC CTAHOBIEHUS 0a3bl HAHOAIEKTPOHUKU. OTHAKO yKe
ceifuac MOXHO YTBEPXKIaTh, YTO COJACPKaHUE OCHOBHBIX MpUHIMIOB OMC npruMeHH-
TENPHO K HAHODJIEKTPOHUKE OyAeT CYIIECTBEHHO OTJIMYATHCA OT €€ KIIACCHYECKOH
(hopMyTUPOBKH, MPUMEHIEMONH B MaKPOCKOIHUYECKOW PaTUOTEXHUKE U SBIISIOIICHUCS
00s13aTeNbHBIM 3JICMEHTOM 00pa3oBaHUs PaMOWHXEHepa Jitoboro npodwis. Kapau-
HaibHOE oTiiH4Ke rpobiieMbl DMC Ha HaHOYPOBHE COCTOUT B TOM, (DYHKITMOHHUPOBA-
HUE HAaHOPa3MEPHBIX JICMEHTORB LieTiell Oa3upyeTcs Ha 3aKOHAX KBaHTOBOH (DM3MKH H,
COOTBETCTBEHHO, 3TH 3aKOHBI OYJIyT OKa3bIBaTh CYIIECTBCHHOE BIIMSHUC Ha UHTEpQe-
PEHLUMOHHOE B3aUMOACUCTBUE 3JIEMEHTOB [82]. BO3HUKAaIOT MEXaHU3MbI B3aUMOJICHCT-
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BUS, KOTOpPBIE HE UMEIOT aHAJIOTOB B KIACCHUYECKOM 3neKTpoauHaMuke. ITockombky
coBpemeHHas Teopust OMC 1eTMKOM OCHOBaHA Ha KJIACCHYECKOW MaKpPOCKOITHUYECKOM
9NEeKTPOANHAMUKE, B OyvpkaiiieM OyaymieM cliefyeT OXHMAaTb MWHTEHCHBHOTO Iepe-
cMoTpa ocHOB Teopuu OMC NPUMEHHUTENBHO K HAaHOCTPYKTYPHPOBAHHBIM MHOT'03JIE-
MEHTHBIM CHCTeMaM. JTa TeopHs OyAeT omupaThCs Ha ypaBHEHHMS MakcBeuia OJHO-
BPEMEHHO C MHOTOYACTUYHBIMH KBAaHTOBBIMHU YpaBHEHMSIMM JBHXeHUA. Pe3ynbpraTom
3TOTO ImepecMoTpa Oyner HaOop peKOMEHJAIHMK MO ONTHMAIbHOMY C TOYKH 3PEHUS
OMC cuHTE3y MHOT03JIE€MEHTHBIX HAHOIIEKTPOHHBIX CUCTEM U YCTPOUCTB.

Baxkneiimum HampaBieHHEM NPUMEHEHHs KOHIIETILMK HAHORJIEKTPOMarHeTu3Ma
ABIIIETCSI MOAETUPOBAHUE W HMCCIEN0BAaHUE IEKTPOMAarHUTHOIO OTKJIMKA MaKpOCKO-
MUYECKUX MaTEpUaOB C HAHOPa3MEPHBIMH BKJIIOYEHUSMH, TaK HA3bIBAEMBIX HAHO-
KOMIIO3HUTOB, a TaKkXe pa3padoTKa Ha MX OCHOBE pPa3iIMYHBIX (YHKIHMOHAJIBHBIX MaTe-
puanoB, obecleunBaOINX yIIydlIeHHbIE MOTPeOUTENbCKUE CBOMCTBAa. B uwacTHOCTH,
UCIIOJIb30BAHME YITIEPOJHBIX HAHOTPYOOK B KaueCTBE HAIIOJHUTENS HPHU MOTYyYCHUH
MOJTUMEPHBIX KOMIO3UIIMOHHBIX MAaTepHAJIOB MTO3BOJIAET CYIIECTBEHHO BIMATH HA UX
3NeKTPOMAarHUTHbIN oTkiuK [48, 87-88, 100]. IIpu 3TOM HCHONMB3YIOTCS JOCTATOYHO
MaJlbleé MacCOBble KOHIEHTPALUN HaHOTPYOOK (0T moinei 1o 2%), 4TO MO3BOJISIET CO-
XPaHUTh B KOMIIO3UTE IPAKTHYECKH HEBO3MYILEHHBIMU CBOMCTBA YUCTBIX MOJIUMEPOB
Y M30JIMPOBAHHBIX TPYOOK. ITO OTKPHIBAET LEINBIA CIIEKTP BO3MOXKHOCTEH TPH IMOITY-
YEHUHU JIETKUX HJIACTUYHBIX KOHCTPYKLHMOHHBIX MarepuanoB, 3()(EKTHBHO HKpaHH-
PYIOLIMX 3JIEKTPOMAarHUTHOE H3IydEHHE, KOTOpPhIE MOTYT OBITh HCIOJIB30BaHbBI VIS
pelieHuss 3a7ay 3JIeKTPOMAarHUTHOW COBMECTHMOCTH B YCIOBHSX JAeduuuTa Beca,
CIIO’)KHOH (OPMBI SKPaHUPYEMBIX OOBEKTOB, B YCIOBHUIX BO3JEHCTBUSI arpecCHBHBIX
Cpell, TO €CTh B CIy4asX, HE JOIMyCKAIOINX MPOCTHIX PEIICHNUH ¢ IOMOIIBI0 METAJIHU-
YECKUX 3KpaHOB. JIOTMYeCKH ONpaBAAHHBIM CIEAYIOIUM IIaroM B 3TOM HaIllpaBJICHUU
SIBIISIIOTCS TIOCJICAHUE Pa3pabOTKH MPOBOISIINX IOJIMMEPHBIX KPaCOK U USPHUI JUIS
CO3JaHMS PATUOTEXHUYECKHX YCTPOMCTB Ha TMOKHX IMOJMMEPHBIX HOCHUTEISIX C HC-
MIOJIb30BaHUEM, B TOM YHCIIE, COBPEMEHHBIX TEXHHYECKMX METOAOB meuaTH. Ecrect-
BEHHO, YTO yTJEePOJHbIE HAHOTPYOKH SIBJIAIOTCA TOJIBKO OJHHUM M3 BO3MOXHBIX THUIIOB
HaHOpa3MEpHBIX HamoJHUTeNel. Bo MHOrux ciydasx MeTaJuIMYecKHe HAaHOYACTHLIBI,
0COOEHHO BBITSIHYTbHIC, MArHUTHBIC HAHOYACTHUIIBI, & TaKxke Apyrue (GopMbl HAHOYTIIE-
poma, Takue Kak yTiaepo] JTYKOBHYHOUN CTPYKTYyphl [84—86, 89-90], muponutudeckuit
yraepon [95-97] rpadeHoBbIe criou U COHABUY-CTPYKTYpHI [99, 104-106], u T. 1., 5B-
JISIOTCSL MIPENMIOYTUTENBHBIMU TIPU PEIIEHUU TEX WIM MHBIX IMPAaKTHYECKUX 3afad. B
YaCTHOCTH, TPEXCOJIIHAS COHABUY-CTPYKTYpa, COCTOALIAsA U3 rpa)eHOBBIX MOHOCIIOEB,
pasneneHHBIX mpocioiikamu nmonmuMmepa [IIMMA tommmuuo#i 100400 aM oOecrieunBaeT
nornoenue 10 50% najgaromero rura- ¥ TepareproBoro U3Iy4eHusl.

B kayecTBe MaTpuIlbl COBEPIICHHO HE 00S3aTEIbHO BBICTYNAIOT MOJUMEPH. B
Hamieil HefmaBHel pabore [91-94], BHIMOTHEHHON B COTPYAHUYECTBE C POCCHHCKUMHU
yueHbiMu 13 MHCTHTYTa Heoprannyeckoi xumun CO PAH u yuensimu HUU ¢uznko-
xuMmuueckux npoodieM BI'Y mpencraBieH HOBBIH KepaMHUYECKUI MaTepHal, IMONy4YeH-
HBIM T100aBJICHUEM YTICPOIHBIX HAHOTPYOOK B TEPMOCTOMKYIO pochaTHyIO KEpaMuKy.
YCTaHOBNIEHO, YTO BBEICHHE 2 MAacCOBBIX HPOLEHTOB MHOTOCIOHHBIX HAHOTPYOOK
MPHUBOAUT K POCTY MPOBOJUMOCTH Ha 13 MOPSAAKOB IO CPAaBHEHUIO C HCXOJHBIM MaTe-
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puanoM. O4eBUIHO, YTO TAKUE MPOBOAALINE KEPAMHUKH SIBISIOTCS BEChbMa IEPCIEK-
TUBHBIM MaTePUAJIOM JIJISl pa3IHYHBIX TEXHUUECKUX MPUMEHEHUH.

NnTepecHol anbTepHAaTUBON MOJMMEPHBIM KOMIIO3UTaM SIBJISIOTCS TOPUCTBIE yT-
JIepOJHbIE MUKO- X HAHOCTPYKTYPBI, — IICHBI, M€30- U a’porenu. PasnooOpasue nopuc-
TBIX CTPYKTYp yriepoja (CiydaiiHble, ynopsaodeHHble, 3d-peryispHee pemérku U
Ip.) o0yciaBiIMBaeT MIMPOKHE BO3MOKHOCTH AJISI M3TOTOBJICHUS MAaTEpUANIOB C YHH-
KaJIbHBIMU 3JIEKTPUYECKUMU M 3JEKTPOMAarHUTHBIMU cBoMcTBaMu [112-114]. Vrne-
pOIHBIE IOPUCTBIE CTPYKTYpHI, CYIIECTBEHHO Oojee NpPOBOAALIME, YEM IOJIH-
Mep/yTJIepos KOMIIO3UTHI, U TIPH 3TOM YJbTpa-Jierkue (B cpemHeM, B 5—25 pa3 jerue,
4YeM TPaAULUOHHBIE TIONHMMEPHI, TaKKe Kak snokcuanas cmona, [IMMA u np.) obna-
JAl0T IPEBOCXOIHBIMU 3alIMTHBIMH 3JEKTPOMAarHUTHBIMU CBOWCTBaMu. JlomomHu-
TeNbHbIE NMPEUMYIIECTBAa YTIEPOIHBIX MEeH — MX YPE3BBIYaHO HM3KAs CTOMMOCTH U
UCKITIOYUTENbHBIC TEIION30JIIMOHHBIE/OTHEYTOPHBIE XapaKTEPUCTHKH.

Bonee noapoOHbI aHaNN3 COBPEMEHHBIX TCHACHLUUH Pa3BUTHSI HAHODJIEKTPOMAr-
HETU3Ma MOXKET OBITh HalJIeH B MOJITOTOBJICHHOM HaMH aHaJUTHYeCKoM 0630pe [33],
HEJaBHO oImyOauKoBaHHOM M3narensckum nentpom bI'Y.

4. Opranusanus pador

3a rogpl paboTel B BeIOpanHoM HamnpasieHun B HUU AI1 chopmupoBaics sipkui,
BBICOKOMOTHBHPOBAHHBIA KOJUIEKTUB yUEHBIX U 3TO, MOXKATYyH, ABIAETCS TJIaBHBIM pe-
3yJIbTaTOM BCEH AEATEIBHOCTH. B mepBylo ouepeab s XoTed Obl OTMETHTh BasKHEHUIITYIO
pOJIb B CTaHOBJICHUH paboT mokTopa ¢u3.-Mar. Hayk [. S. CnensiHa, a Ha MOCHIETyIO-
LIMX 3Tanax pa3BUTHS KOJJIEKTHBA — KaHAUAAToOB ¢.-M. Hayk [1. I1. Kyxup (HpiHemHe-
ro 3aBefyroIero Jaboparopueld HaHoanekrpomaraernsma), K. I'. Barpakosa, M. B.
[yOb1, a Tak ke COTPYIHUKOB JabOpaTOpUH, paHee MOKUHYBIINX €€ 110 pa3HbIM IpH-
ynHaMm — A. B. I'ycakoBa, A. B. Manssaposa, A. M. Hemunenuesa. B HacTosiee Bpemst
rmozipactaeT OoJbIlas rpyIa Mooabix uccienoBareneit — [I. beraenok, A. Ilommy©6-
ckas, A. ITmom, A. Mensaukos, I'. ['opoxos, B. Copoko, H. Bonsraern, C. Boponosud,
M. AnekceeBa, 1 Jp. — TBOpUecKasi paboTa KOTOPBIX U SHTY3Ua3M SBISIOTCS 3aJI0TOM
YCIICIIHOTO pa3BUTHA KOJUIEKTHBA B OyaymeM. CyliecTBOBaHHE KOJUICKTHBA OBIIIO OBl
HETIOJTHOIIEHHBIM 0e3 dHepTruH, ycepaus u ontumu3mMa M. W. JlemumaeHko.

OObmmpHas nporpamma padot, BeimonHeHHas B HUU SI1 B obGnactu HaHOAMIEK-
TpOMarHeTu3Ma 3a MUCTEKIINE JIBa JIECSTUIICTHs, Oblla OBl HEOCYIIeCTBUMA O€3 IIUpO-
KO MEXIyHApOJHOH Koomepanuu. ['eorpadus KoomeparmoOHHBIX CBA3CH OXBATHIBACT
MHorue crpansl EBponsl, CIHA, Muauto, a B nocneanee Bpems — Kurail. Otmedy MHO-
rojyieTHee IUI0A0TBOPHOE COTPYIHUYECTBO H JIPYKOY € HAIIMMHU POCCHUCKUMHE 1 Oelo-
pyccknmu komieramu B. Ky3nernossim (MHCTHTYT Katanm3a CO PAH, HoBocubupck),
A. Oxotpy6bom u JI. Bynymesoii (MacTuTyT Heoprannueckoit xumuu CO PAH, Hoso-
cubupck), O. Kubucom (HoBocHOMPCKMiA TOCYJapCTBEHHBIH TEXHUYECKUI YHHBEPCHU-
tet, HoBocubupck) B. CycnseBsiM (ToMCKHN TOCYIapCTBEHHBIN HCCIEIOBATEITHCKHM
yauBepeutet, Tomck), C. batypkunbiM (PsizaHCcKmid rocy1apCcTBEHHBIH pagioTeXHAYE-
ckuil yHuBepcureT, Pszanp), [1. JIpsukoBbiM (MHCTUTYT 0OWIEH W HeopraHMYecKOH
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xumun PAH, Mocksa), JI. Yepnozatonckum (MuctutyT bruoxumudeckoi Qusmku
PAH, Mockgsa), K. Jlaniko (MaCTHTYT (hM3uKko-xuMudeckux npooiem BI'Y, Munck), A.
I'ycunckum (BI'YUP, Munck), A. Iloxmonckum (pusuueckuii ¢akynbrer BIY,
MuHCcK).

Puc. 2. Tepareuosslii ciektpomeTp Gupmbl EKSPLA (JIutsa)

Heomennmoe 3HaveHue Ui pa3BUTHS HAMIPABIICHUS UMEET MHOTOJICTHEE COTPY/I-
HHYECTBO C HAIIMMH 3apyOCKHBIMU KOJUIETaMH, Cpelid KOTopbiX mpodeccopa A. Lak-
htakia (The Pennsylvania State University, University Park, USA), A. Hoffmann (In-
stitut fiir Festkdrperphysik, Technische Universitdt Berlin, Berlin, Germany), A. Maf-
fucci (University of Cassino and Southern Lazio, Cassino, Italy), P. Lambin (Univer-
sity of Namur, Namur, Belgium), Y. Svirko (University of Eastern Finland, Joensuu,
Finland), M.E. Portnoi (University of Exeter, Exeter, UK), A. Celzard (Université de
Lorraine Epinal, France), G. W. Hanson (University of Wisconsin-Milwaukee, Mil-
waukee, Wisconsin, USA), S. Bellucci (Laboratori Nazionali Frascati — Istituto Nazi-
onale di Fisica Nucleare, Frascati, Roma, Italy) R. Kotsilkova (Institute of Mechanics,
Bulgarian Academy of Sciences, Sofia, Bulgaria), G. Valusis (Center for Physical Sci-
ences and Technology, Vilnius, Lithuania), J. Banis (Vilnius University, Vilnius,
Lithuania), J. Zicans (Institute of Polymer Materials, Riga Technical University, Lat-
via), P. Lamberti (University of Salerno, Fisciano, Italy). BesycmnoBno, 3T0T IepeucHb
HE SIBJISICTCSI TIOJTHBIM. MBI OJIarofjapHbl BCEM HAITUM COABTOPAaM 3a IUIOJIOTBOPHOE CO-
TPYAHUYECTBO.

Otmeuy, gto Bkiaa rpynnsl HAN SI1 B pa3BuTHe HaHO3JIEKTPOMAarHeTH3Ma TIPH-
3HaH BO BceM MHpe. B kauecTBe nmprmMepa MOKHO YyIIOMAHYTh padoTy [118], B koTopoii
pa3pabaThIBaeMblil HAMH MOAXO0/] Ha3BaH OenopycckuM MeTogoM. O0 ypoBHE HCCIEeN0-
BaHMI CBUJICTENILCTBYIOT BBICOKHI WHICKC IUTHPYEMOCTH paboT HAIIUX COTPYIHUKOB
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— nHAeke Xupma h. Hanpumep, & = 38 — y I1. I1. Kyxwup, & = 25 — y aBTOpa 3TOH CTa-
TeU U h=23 —y I'. 5I. Cnensina. B cBoto ouepesb, BRICOKUIT ypOBEHb pabOT MOTHUBUPY-
€T MHTepeC K HaIllUM HCCIECAOBaHMUsAM. Benyiine HaydHbIE COTPYAHUKH JIaOOpaTOpUu
HEOJTHOKPATHO BBICTYNANHM C IUICHAPHBIMH W TIPUTJIANICHHBIMH JOKIAAaMH Ha TIpe-
CTHXKHBIX MEXIYHAapOJHBIX KOH(epeHIusx, cM. Hampumep noknansl [119-121]. 3a
paboThl B 00JacTH HAHOAIEKTPOMArHETH3Ma aBTOpP CTaThU MEPBBIM W3 OEIOpyCCKUX
YYEHBIX N30paH MOYEeTHHIM YJIeHOM MeXITyHapOHOTO OOIIECTBa ONTHKH M (POTOHUKHU
(SPIE Fellow), sBisieTcss 3aMeCTHTENIEM TJIaBHOTO pemakTopa XypHaia Journal of
Nanophotonics. B 2011 rogy rpynne corpyanukos nadoparopun (K.I'. Batpakos,
ILIT. Kyxwup, C.A. Makcumenko u ['.5l. CnensH) npucBoena [Ipemus BI'Y um. akane-
muka A.H. CeBueHKO 3a ITUKI paboT «DIEKTPOINHAMUKA HAHOCTPYKTYPY.

Od4eBHUIHO, YTO CTOJIP MacIITa0HAs MPOrpaMMa HAYYHBIX HCCIIEOBAaHUH, pean-
syemas B HU SI1 B oGnactn HaHORIEKTpOMarHeTusMa, TpebyeT CyIecTBeHHBIX (H-
HAHCOBBIX 3aTpar. B mepByro odepens ciieayeT MOTYEPKHYTh, YTO PaOOTHI BBIMOJHS-
I0TCS B paMKax ILIeJIoro psaa MpoekToB ['ocy1apCcTBEHHBIX MPOrpaMM Hay4YHBIX HCCIIe-
nmoBanuit PecrryOnmkn benapychk u mpoekToB benmopycckoro pecyoaukanckoro GoHaa
(yHIaMeHTanpHBIX HcchenoBaHuii. HecMoTpss Ha pasnMYHYI0 TeMaTHKy IPOEKTOB,
KOHIENIMS HAaHO3JIEKTPOMarHeTu3Ma SBJsIeTCS Uil HUX oObenuHstomend. [lomumo
3TOr0, BEICOKMH YPOBEHb HAayUHBIX HCCIEIOBaHUM, IMPOKas MEXAyHapoaHas Koolle-
pamys, a Tak >ke 3Ha4MMBbIe LIeJICHANpaBIeHHbIE YCUIUS MO3BOJIMIN MPUBJIEYb 3HAUH-
TeNbHbIE CPEACTBA MEXIyHAPOIHBIX IMPOrpaMM, TaKMX Kak 6-as U 7-as pamMOYHBIE
rporpamMmsI 1 riporpamvma «I oprzorT-2020» EBportetickoro Coroza, MHTL, mporpamma HATO
«Hayxka pagu mupa» u ap. B wactnoctu, HUM SII cran nepseim B benapycu HUU —
TOJIOBHOM opraHu3anuel mno npoexty 7-oil pamounoit nporpamMmel EC, a aBTop cratbu
— KOOpAMHATOPOM 3TOT0 MHpoekTa: «MHCTUTYyIIMOHAIbHOE Pa3BUTHE MPUKIAJAHOTO Ha-
HO3JIeKTpoMarHetusma: benapyce B pacumpenun EBporeiickoro nccienoBaTenbeKoro
npocTtpancTBa» (FP7-266529 BY-NanoERA). Kak BuanTe, camo Ha3zBaHHE MpPOEKTa
MMOTYEPKUBAET MEXIyHAPOIHOE MPHU3HAHKME pa3BHBaeMoro HampasieHus. C ymaoBOIb-
CTBHEM OTMeuy Tak ke ToT ¢akt, yro HUU SI1 BI'Y cranm ennHCTBEHHONW HAydHO-
HCCIIEA0BATENbCKON opraHu3auueit 3a npeaenamu EC, Boweamiei B kauyecTBe UCHOJ-
HuTeNsl B eBporneiickuil merarpanT Graphene Flagship, o0beaunsiiomuit yeunus 149
Hay4YHO-UCCIIEZIOBAaTENbCKUX M HayYHO-MHHOBAIIMOHHBIX opraHuzanuii EBpomnsl ¢ ne-
JIBIO JOCTHKCHUS EBPONEHCKOTO JTUIEPCTBA B UCCIICIOBAHUY U IPUMEHEHNH rpadeHa.
B meom B 00macTr HaHO3JIEKTpOMarHeTu3Ma B HacTosmuit MomeHtT B HUU AIl umyt
pabotel o 6 mpoekram EC. B mocnemgnwe roapl BechbMa YCHEIIHO Pa3BUBAETCS CO-
TPYJHHUYECTBO C PsA3aHCKUM paguOTEXHHYECKUM YHHUBEPCHUTETOM B PaMKaX BHITIOIHE-
HUS 3aJaHdi QeaepalbHBIX HeNeBhIX nporpaMm P®. B paMkax BBITOTHEHUS MOpyye-
uuit npenacenarenss CM Pb wvegasno B HUU Al coBmecTHO ¢ XapOMHCKUM YHUBEPCH-
TETOM HayKHd M TEXHOJOTHHU co3naHa benopyccko-Kutaiickas yraboparopus mo yrie-
POIHBIM MaTepHualiaM, IMpeayCcMaTpUBalOIas MPOBEICHWE COBMECTHBIX (yHIaMEH-
TaNBHBIX W TPUKIAAHBIX HCCIENOBaHWN B 0o0Onactu rpadeHa M IPYTHX YTIEPOTHBIX
HaHOCTPYKTYp. MBI pacCUMTHIBaEM Ha yCTAHOBIICHUE TPOYHBIX B3aMMOBBITOTHBIX CBSI-
3ell ¢ koyuteramu 3 XapOuHa.
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Puc. 3. Crapumii Hay9HBIH cOTpyIHUK [IMuTpuii BerdaeHOK BO3/Ie yCTaHOB-
k1 1o CVD cuHTE3y MHOTOCTEHHBIX YIJIEPOIHBIX HAHOTPYOOK

[IpuToK MOCTATOYHO 3HAYMTENBHBIX BHEOIOPKETHBIX CPEACTB B (prHAHCHpOBaHHE
paboT Mo HaHO3JIEKTPOMAarHeTU3My MO3BOJIMII MPHOOPECTH Tak HEOOXOOUMOe ISl pa-
00T 3KcIepUMEHTaIbHOE 00OpyZoBaHHE. B TOM uucie TepareploBbId CHEKTPOMETP
(cm. Puc. 2) m ycranoBky CVD cuHTE3a MHOTOCTEHHBIX YTJIEPOTHBIX HAHOTPYOOK
(Puc. 3), U3roToBIeHHYIO MO HameMmy 3aka3dy B MHCTUTyTe HeopraHM4ecKoi XUMHUHU
CO PAH (HoBocubupck). JlanmpHeimne IUTaHbI MPEIyCMAaTPHUBAIOT CYIIECTBEHHOE
pacuIMpeHne IKCIEePUMEHTAIbHOM 0a3bl. MBI pacCUMTBIBAEM B TOM BOIIPOCE M Ha
MOJJIEPKKY €O CTOPOHBI bI'Y.

Pa3Buras koomeparus U MeXAyHapOAHOE COTPYAHWYECTBO BBIHYXKIAeT HAC HE
TOJIBKO IIMPOKO YYacTBOBAThH B PA3IMUHBIX KOH()EPEHIMSIX U CEMUHApax Ha TEPPHUTO-
puu CHI" u B ctpanax EC, HO 1 caMUM BBICTYNaTh B Ka4eCTBE OPraHU3aTOPOB TAKHUX
BCTpEY, Ype3BBIUAHO 000TalalomyX BCEX X YUYACTHUKOB M CIOCOOCTBYIOIIMX yCTa-
HOBJICHHIO TECHBIX He(hOpMalbHBIX CBs3el ¢ koyieramu. B yacTHocTH, B Mae 2012 1. B
HUWU S11 namu npoBeneHa MexayHapoaHas KoHdepenmus “‘Fundamental and Applied
NanoElectroMagnetics”(FANEM 2012), npusnekiast 6onee 120 yuensix u3 19 ctpan
mupa (cMm. Puc 4). U36panuble Tpyapl KOHQEpPEHIMH OMyOJMKOBaHbl B CHEHUAIEHOM
Beimycke Journal of Nanophotonics [122]. besycnoBubi ycniex koH(pepeHIMH MO0Y-
JIAJT HAC OPTaHU30BaTh 2-¢ «u3Janne» KoHpepenun, koropas npounua B HUW 1T kak
NATO Advanced Research Workshop FANEM 2015. Tpyasl koHpepeHIun omy0iu-
KOBaHBI B u3natenbcTBe Springer [123]. Hanerock Ha nposenenue B 2018 roay Tperbeit
koH(pepennnn: FANEM 2018. ITomumo 3TuxX KoH(MDEpEeHINH HaMH OpPTaHW30BaH P
CHELUANBHBIX CECCH MO (QyHIAMEHTAIFHOMY M HPUKIAJHOMY HaHOARJIEKTpOMAarHe-
TU3MY Ha pa3INuHbIX KOoHpepeHuusx. B wactnocty, B 2011, 2013 u 2015 rogax Takue
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CECCHH COCTOSUTUCH Ha XOPOIIO M3BeCTHOW KOoH(pepeHIH Nanomeeting, MpOBOANMOM
BI'YUP. [IpoBeneHre TaKUX CECCUM INIAHUPYETCA U B TaJIbHEHUIIEM.

Puc. 4. Yaactauku koHpepernnun FANEM 2012 na miomann HezaBucumoctu B MuHCKe.
Cnesa nanpaeo: A. Lakhtakia (PenState, USA), I'. A. Cnenan (HUU A1, benapycs), A. Hoff-
mann (TU Berlin, Germany), M.E. Portnoi (University of Exeter, UK), G. W. Hanson (Univ. of
Wisconsin-Milwaukee, USA), M. I[Llyba (HUU All, Ferapycy)

5. 3akaoueHue

JBaauars jer Hazaa, B ceHTIOpe 1996 roxaa, Ham koiiera U3 XapbKoBa JOKTOD
O. EBtymenko, Oyayuu mpoe3goMm B MuHcke, pacckaszan HaM, MHe U [.S. Cnensny, o
HEKHUX HEJIaBHO OTKPBITHIX M BEChbMa HEOOBIYHBIX 00BEKTaX — YIIEPOJHBIX HAHOTPYO-
Kax. CeI‘O)IHSI s C YOAOBJICTBOPCHHUEM MOI'Y KOHCTAaTUPOBATh, YTO U3 TOr'0 pasroBopa
BBIPOCJIO HOBOE HAy4HOE HaIlpaBJICHUE, HAHOAJIEKTPOMAarHeTH3M, codeTaromee B cede
cTporuii (hyHIaMEHTAIbHO-HAYYHBIA MMOMXOJ K PEIICHUI0 3a]a4 B3auMOJCHCTBHA
3IEKTPOMAarHUTHBIX BOJIH C HAHOCTPYKTYypaMH M YETKYIO HAIIEJICHHOCTh Ha JOCTHKE-
HUC NPAKTUYCCKU-3HAYMMBIX PE3YJIbTAaTOB, CCTOAHAIIHUX WJIM B HE CIIMIIKOM )IaﬂeKOﬁ
nepcnektrBe. [lodydeH menslii psii MHOHEPCKUX Pe3yJIbTaToB, 00ECIIEUNBAIOLINX Y3~
HaBaeMOCTh W MPU3HAHHE HAMINX padOT Ha MEXAYHAPOIHOM U HAI[HOHAIIEHOM YPOBHE.
Cosznan 3(hHeKTUBHO paboTarONMii U OYEeHb KOM(OPTHBIN I paboThl J00poXkesa-
TENbHBIH MOJOAOH KOJIEKTHB. B paMkax BO3MOKHOTO oOecrieueHa (pMHAHCOBas CTa-
OMIIFHOCTH KOJUIEKTHBA. Y CTAaHOBJICHA IIUPOKas MEXIyHapoJHas Koomeparus. Pery-
JIAPHO MPOXOJAT 3allMThl KAHIUIATCKUX JAUCCEPTAIUi, B OnmKaiiineM OyIyiieM 0Ku-
JlaeTcs 3aluTa cpa3dy HECKOJNBKHX OKTOPCKUX, U4TO, O€3yCIOBHO, CBHIETEILCTBYET O
repexo/ie KOMaH/bl Ha Ka4eCTBEHHO HOBBIN ypoBeHb. DaKTHUECKH HA CTHIKE (U3NUe-
CKOM M KBAaHTOBOW DJICKTPOHUKH, COBPEMEHHON (DM3WKH TBEPIIOTO TEJa M AJIEKTpOMar-
HETU3MA (hopMUpyemca Ho6asa HAyUHAA WIKOA — WIKOJ1A HAHOIIEKIMPOMAZHEMUIMA.
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JpyrrmMu coBamM#, BO MHOTOM YAaJIOCh pean30BaTh 0a30BbIe 3a/a4l Pa3BUTHUS

KOMaHIbl, COPMYIMPOBAHHBIC B KOHIIC JIEBIHOCTHIX M M3JI0KCHHBIC B IEPBOM pa3/ie-
ne cratbu. Hamo TOMbKO MOMHHTE, YTO Hay4HAasi padoTa €CTh TUHAMHYECKUHN MPOIIEeCcC
U HU B KOEM CIIy4ae HENb3sl OCTaHaBIMBaThCA. Brepemu mopora. O yem erre MOKHO
MEYTaTh?
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NANOELECTROMAGNETICS — A NEW RESEARCH DIRECTION
S. A. Maksimenko

A new research discipline — nanoelectromagnetics — is introduced, which encompasses a
wide class of phenomena arising at the electromagnetic radiation interaction with nano-sized
objects and nanostructured systems. The discipline synthesises well-developed methods of clas-
sical electrodynamics and present-day approaches of the condensed matter physics. The con-
cept, basic approaches and main research directions are formulated. Main results obtained in the
team during last two decades are presented in brief. The school of nanoelectromagnetics is
characterised as a new scientific school which is currently under construction.
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HOI'VIOTUTEJIN 3JIEKTPOMATHUTHOI'O HU3JIYYEHUSI
ATOMAPHOU TOJIIIHWHDbI

K. I'. barpakos, O. I'. [lonnyockas, H. U. Boabinen, C. I1. BoponoBuuy,
I1. I, Kyxup, C. A. MakcuMeHKO

BBenenune

HNuTynTHBHOE TpeACcTaBieHHE O MPOXOKICHUH M3ITYYEHHUS depe3 IUIOCKOoIapa-
JIENBHYI0 METaJUTMYECKYI0 TUTACTUHKY C TOJIIWHOW MHOTO MEHBIIE TOJIIWHBI CKHUH-
CJI0S 3aKJII0YaeTcs B TOM, YTO TOYTH BCE U3NIy4EHHUE NMPOXOJIUT CKBO3b TaKyIO IlIa-
CTHUHKY 0e3 moTeps. [Ipu 3TOM cambIM yAHBHUTEIHHBIM B 3TOW CHTYAIWH SBISETCS TO,
YTO TaKoe yTBepXkAeHHe HeBepHO. OKa3pIBaeTCs, YTO TOHKHE METAJUIMYECKHe IuTa-
CTHUHKHU MOTYT noriomaTts 10 50% u oTpaxars 10 25% MOIIHOCTH Majarolieil BOIHBIL.
Tom4koM K HOBOMY MOHHMAHHIO PACIPOCTPAHEHHS 3JIEKTPOMATHUTHOTO H3ITyUeHUS
yepe3 Takue IUIOCKOMapasiebHble IACTHHKA CTalu paboTs! [1-3], B KOTOpHIX OBLIO
3aMEeYeHO, YTO JOPOTHe BBHIBOJALINE M3TyYyeHHE OKHA MOIIHBIX MUKPOBOJIHOBBIX YCT-
POWCTB HEOXHUIAHHO PAa3pPyMIAIOTCS TPU HHTEHCHUBHOCTSAX, KOTOPBIE IO pacdeTam
JIOJKHBI OBITH ONITUMANBHBIME T paOoThl. [Ipu 3TOM McxomHOE W HamboJee parmo-
HaJbHOE MPEIIOIOXKEHNE O BIUSHUHM NpUMeceil B anmase, SBISIONINXCS LEHTpaMu
TIOBBIIIICHHOTO BBIJICTICHNS TEIUIA, HE MOATBEPANIIOCH: alIMa3HbIe OKHA, UCIIOIb3yeMbIe
B paboTax, OKa3aluCh IOCTATOYHO YUCTHIMU. [locie momHoro ananm3a ObUTO BHIIBUHY-
TO TIPEAIOJIOKEHUE O BIHUSHUU TOHKHMX METAJIMYECKUX CJIO0EB, KOTOPbIE OCENAIoT B
mporiecce padoThI MOAOOHEBIX yCTpoicTB. B [4], [5] ObwI0 MOAPOOHO M3YyUYEHO MPOXOK-
JISHUE DIIEKTPOMArHUTHOW BOJIHBI Yepe3 CBEPXTOHKHE MeTaTnieckue rieHkn. Oxa3a-
JIOCh, YTO TaKHE€ CBEPXTOHKHE METAJUINYECKHE TUVIEHKH Ha MMOBEPXHOCTH OKOH ABJISIOT-
¢ 3¢ (HEKTUBHBIMH MTOTIOTUTEISIMH AIIEKTPOMArHUTHOTO M3ITYYEHUS, M BBIJEIIEHHOE 32
CYEeT IOTJIONICHHON SHEePTUH TETUIO MPUBOJUT K Pa3pyIICHUIO ajMa3HbIX OKOH. HOBBIi
TOIMOK B HCCIeN0oBaHWU 3()(EKTOB MOTNIONIIEHUS B CBEPXTOHKUX IUICHKAX MPHIAIO
OypHoe pa3BuTHe TpadeHono100HbIX MaTepuanoB. Tak B paborax [6], [7] BuepBbie Ha
npruMepe TOHKHX IJICHOK NMUPOKapOOHa SKCHEPUMEHTAIBHO M TEOPETHYECKH ObLIO
MPOJIEMOHCTPUPOBAHO OOIBINIOE TOTJIOMICHUE 3JEKTPOMArHUTHOTO H3IyueHus. Eire
OoJiee MoOpazUTENBHBIM OKa3aa0Ch OOJBIIOE TOTJIOUICHNE MMAAAIoNIel 3JIeKTPOMAarHuT-
HOW BOJHBI aTOMapHO TOHKMMH cliosimu rpadena [8], [9]. B wactHoCTH, B paboTax [6],
[8], [10] ObL1O MOKa3aHO, YTO, KOr/a rpad)eHOBbIC IUICHKM HAHECEHBI Ha IOJUIONKKY,
MIOTJIOIIEHKE B TICHKE MOXKET YBEIMYHUTHCS 110 CPAaBHEHHUIO CO CIIy4aeM «CBOOOIHOTO»
rpagena.

B nanHO# paboTe mHpeaiararoTcs CrocoObl JOMOJHUTEILHOTO YBEJIUYEHHUS I10-
TJIOIICHUS MAJarOIIEero 3JIEKTPOMAarHUTHOTO M3Iy4YeHHUs B TpadeHe 3a cueT moadopa
ONITUMAJILHOH TOJILIWHBI MTOAJI0KKH U ONTHMAIBHOTO YIJia MafCHUS BOJIHEL.

267



1. OcHoBHBIE BbIPAKCHUSA, OTUCBIBAKOINUE MPOXO0KIACHUEC U3JTYICHUA Y€pPeE3
CBCPXTOHKHEC MCTAVIMYECKHUE IIJICHKHU, U CJICAYIOIIUEC U3 HUX cBOlicTBA

1.1. Ocobennocmu npoxosrcoeHus u RO2IOULCHUA 8 MOHKUX MEMANTUUECKUX
HAeHKax

Paccmotpum 3amauy MpOXOXKACHUS TUIOCKOW 3JICKTPOMArHUTHOW BOJIHBI 4Yepe3
TUIOCKONApAIUICIIbHYIO TUTacTUHKY. KoadduimenTs! orpakenus R (OTHOIIEHUE UHTCH-
CUBHOCTH OTPaKEHHOMN OT IJIACTHMHKH BOJIHBI K HHTCHCUBHOCTH IaJAIOIICH) U IIPOXO-
xIeHus1 T (OTHOIIEHWE WHTEHCHBHOCTH MPOIIEANICH Yepe3 MIACTUHKY BOJIHBI K WH-
TEHCUBHOCTH TAJIAIONICH) TOIYYar0TCsl MPU PEIICHUU TPAHUYHOW 3a]aud MyTeM TIPHU-
PaBHUBaHUsI TAHTCHIMATLHBIX KOMIIOHEHT JJIEKTPUYECKOr0 U MarHUTHOTO TOJEH Ha
JIBYX TpaHUIax acTuHKu [11].

. 2
R - [i-a?] exp(ik,l;) —exp(k,l;) | )
(L+a)? exp(ik,b) - (1 @) exp(k, )|
2
T- I I @
L+ a)” exp(ik 1) — (1- @) exp(k, 1)
rae ana caydas TM — Bomuela =K, /(K,,)ua =K, /Ky, B cnysae TE — Bon-

ueL k, =k+/e —sin? 6 ,k,, = kv1-sin®@ k =w/c, - yacTora SIEKTPOMATHHTHOTO

M3ITy4eHus, 6 — yron majeHus, ¢, |, — QupIexTpudeckas HPOHUIIAEMOCTh U TOJIINHA
IJIACTUHKHU, COOTBECTCTBCHHO. I[J'IH paCCManI/IBaeMLIX HaMH CBerTOHKI/IX IINIACTHUHOK C
TOJ'IHII/IHOﬁ MHOT'O MEHBIIIC TOJIIIUHBI CKUH-CJIOA Ha6er (1)331)1 Ha TOJIIIUHEC IINIACTUHKHU
oyeHb Mas. B atom ciydae BeipakeHus (1) U (2) MOXHO CYIIECTBEHHO YIPOCTHTH,
packiajbIBasi MX 10 ManoMmy napametpy K,l; <<1. B pesyibrare Takoro pasioxeHUs
JUIs ciydast, Korja £'<< &= 470 [ @, nonaydaroTcs 0YeHb MPOCThIE BBIPAXKEHHsI, OIH-
CBIBAIOIINE OTPAKEHHUE, IPOXOXK/ICHIE U MOTJIOIICHUE B TOHKHX IJICHKAX

2 2
2k
I

T- 1| | Rzill . A=1-T-R= = @)

1+-1 1+-= I,

2 2
rae juia ciaydas TM Bonnsl | _ I =M Uit cnydast TE BOJHBI.
ocosf o

Beipaxkenust (3) B TakoM BuJie [UTst Citydast HopMasibHoro naaerunst (@ = 0) npusenensl B [5].
U3 ananusa BeipaxkeHui (3) ciemyer, 4TO ¢ POCTOM TONIIMHBI IIACTHHKY |, KO-

¢ unment npoxoxaeHus I ymeHbIIaeTcs, a oTpakeHus R yBemmumBaetcs. Takoe
IIOBEJICHUE SIBIISETCS BIIOJIHE O’KUAAEMbBIM, OHAKO «HEOXHUJAHHBIM» SIBIISICTCA TO, YTO
K03(pPUIIMEHT TPOXOKIEHHUS 3aMETHO MEHBIIE CAMHHUIIBI, a OTPaKEHHE CTAHOBHTCS
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CYIICCTBCHHBIM YK€ IIPU TOJIIUHAX Il ~ Ia‘ Benmnuuna mapamMeTpa Icr JUIsT METAJIJIOB

Ha HECKOJIBKO IMOPAAKOB MEHBINIEC TOJJIMWHBI CKHH-CJIOA. Eme Ooree «HCOXKHUITAHHBIM)
SIBJIsIETCS OOJbIIas BEIUYHHA IIOTJIONIEHHSI B TOHKOM METaJNIMYEeCKOM IniacTuHke. M3

(3) cmemyer, 4To MOTIOMIEHHE MAKCUMAIIBbHO KaK pa3 npu TommuHe |, =|_u mocturaer

50 % (Ha MPOXOXKICHHUE U OTPAKECHUE TIPHU STOM Mpuxoautcs 1o 25%). Cnenyer oTMme-
TUTH €Il OJJHY MHTEPECHYIO OCOOEHHOCTh, — @ UMEHHO, Pa3HyIo 3aBUCHMOCTH |_ (a

3Ha4uT U Bcex kodhdunmentoB T, R, A (Puc. 1)) oT yria nmageHus [uisi pa3HbIX MO~

. 2¢cs,
pusanuii. Tak, B ciyyae TM nonspusanuu |, =——— YyBEIMYMBACTCA C yBEIUYE-
ocosd
2cg, cosé
HMEM yIJIa MafeHus, Ipu 3ToM ajis TE nmonspusauuu |, = —————— 5Ta BEIMYHHA
o

Ha000pOT yMeHbIaeTcs. Takoe moBeneHue 0OBICHIETCS TEM, UYTO B cirydae 7FE BOIHBI
ANEKTPHYECKOE TIOJIE BCE BPEMsI OCTAeTCS B TUIOCKOCTH TJIACTUHKH, MHAYLHUPYS TaH-
TeHIIMANIbHBIE TOKH, a «3(QQEKTHBHAS TONIIMHAY» [UIACTHHKH YBEJIMYUBACTCS OOpaTHO
IPONOpLUUOHAIBEHO COSH. COOTBETCTBEHHO, Ui 1E BOJHBI paccMarpuBaeMble 3pdex-
ThI HAUMHAIOT UTPATh POJIb MPH MEHbBIIEH TONIMHE TUIACTUHKY 110 CPAaBHEHHUIO CO CITy-
yaeM HOPMaJlbHOTO majieHus. B cirydae TM BOJHBI BaXKHBIM CTAaHOBHUTHCSA TakoW (hak-
TOp, KaK yroj MeXJIy HOPMaJlblo M BEKTOPOM HAIPSHKEHHOCTH £ 3JIEKTPOMAarHUTHOTO
nosst: pu @ #0 TaHreHIManbHas COCTABIISONIAs BeKTopa £ MeHble, yeM npu 6 =0,
YTO TPUBOJUT K MEHBIICH BEIMYHMHE HHIYIUPOBAHHOTO TaHTEHIMAILHOTO TOKa. B
caydae TE nonspusoBanHON BOJHBI IIpH BeanuuHe napamerpa l,o/(2g,C) <1, cymie-
CTBYET ONTHMAIILHBIN YTOJI MaJIeHHs], JJIsl KOTOPOTO TOTIIOMEHNE MaKCUMAIBHO. JTOT
yroa  cooTBeTcTBYeT  paBeHCTBY |l o/(2g,cc086.)=1. AHamormyHo mpu
llo/(2g,c) >1, ecTh oNTUMANBHBIN yroa ¢ MaKCUMaJbHBIM HoriomenueM TM nons-
PHM30BaHHOI BOJHBEI.

[Tomyuennsle BbIpaskeHust it T, R 1 4 TpH COOTBETCTBYIOLIEH 3aMEHE JIETKO
000011at0TCs HA CITy4ai, KOTJja MpoIeCcChl MPOTEKAIOT He B CBOOOIHOM IPOCTPAHCTBE,
a B BOJIHOBOjIe. Tak HampuMep, JIeTKO TI0Ka3aTh, YTO JUISl IPSIMOYTOJILHOTO BOJIHOBO/IA
COOTBETCTBYIOIINE BbIpakeHUs st Kodhdupentos T, R u A monyyaroTes npu 3ame-

2 2
HEe c0sf — 1—(72”} —(ﬂmj [6], rne @ u b — nuHelHBIE pa3Mepbl BOJIHOBOAA, N U
\ ka kb

M — 11eTBIe YKciia, COOTBETCTBYIONINE MOAaM BOJIHOBOAA (B cirydae TM BOJHBI 00a WH-
JIeKCa JTOJDKHBI OBITh HEHYJIEBBIMHU, B ciydae 7F MONSApU3anuu XOTs Obl OJUH HHICKC
JIOJKEH OBITh HEHYJIEBBIM). [IpaBOMEpHOCTh TaKO# 3aMEHbI OYEBH/HA, TAK KaK MOJIbI
MPSIMOYTOJILHOTO BOJTHOBOJIA SIBJISIOTCS KOMOWHAIIMEH TUIOCKUX BOJIH C YIJIOM HAaKIIOHA
10 OTHOIIICHHIO K OCH BOJIHOBOJIa. AHAJIOTHYHO CUTYalluH B CBOOOHOM IIPOCTPAHCTBE
YMEHBITICHUE TpeOyemMon IIsT MAaKCUMAaJIbHOTO TIOTJIONICHHS TONIIWHBI 3a CUET Ha-
KJIOHHOT'O najieHust TFE BOJIHBI B BOJTHOBOJIE MPOUCXOIUT MPH MPUOIMIKEHUN K 4aCTOTE
OTCCUKHU.
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Puc. 1. 3aBucumocTh K03(h(HUIMEHTOB MPOXOXKICHUS, OTPAKEHHS U MOTJIOLICHUs! OT yria Ia-
JICHUSI DJIEKTPOMArHUTHOTO M3JIy4eHHs: a) st ciryyast TE — nonspu3oBaHHOMN BOJIHBI, 0) AJIst

cirydast TM — nonsipn30BaHHOM BOJHBL. B pacuerax BenmdnHa |lO' / (2800) rojaranach

pasHoit 1, 0.2 1 0.3

Takum 00pa3oM, MOXKHO cJeNiaTh BBIBOJI, YTO TOHKHE IUIEHKH MOTYT OBITH HC-
HOJIB30BAaHBl C OJHOW CTOPOHBI, KaK KOHIIEHTPATOPHI SHEPTUH B IMPEAEITHHO MajoM
o0beMe (IOTJIOIIEHHE TTOJOBHHBI M3/IAI0IIET0 H3Y4YeHHs TPH HAHOMETPOBBIX TOJIIH-
Hax), a ¢ Jpyroi CTOpOHHI B KadecTBe 3((eKTHBHOTO mMojsipu3aTopa. B wacTHOCTH,
NPY TOJILIMHE | yTJIE TaJICHNUS, YIOBIETBOPSIONINM HEPABEHCTBY

e <<l <<l (4)

Takas TieHka OyaeT oTpakaTs 7FE TMOIIPU30BaHHYIO BOJHY U POITyCcKaTh 7'M BOIHY.
[Ipu BBIBOAE BBIpaXKeHHH (3) MCIONB30BAIMCH YCIOBHS Ha 00EWX TpaHUIax
wieHky. CaMa IUIeHKa XapaKTepH30Ballach MapaMeTpoM OOBEMHOH YAEIbHOU MPOBO-
JUMOCTH o . T.K. TOJIIMHBI pacCMaTpUBaEMbIX HAMH IJIEHOK 3HAYUTEIBHO MEHBIIE
TOJIIMHBI CKMH-CJIOS, TO BO BCE OKOHYATENbHBIE Pe3ynbTarhl (3) U nanpiie oObeMHas
IIPOBOAMMOCTb BOLLIA BMECTE C TOJIIMHON ITACTUHKY B BUJE pousBenenuil ol, . Ota

BEJIMYMHA 10 CBOEH CYTH SIBJISIETCSI IIOBEPXHOCTHOM IMPOBOAMMOCTBIO. B paccmaTpu-
BaeMmoM Tipezee (K,l;<<1) mporme cuntarh TaKyro MIeHKY OECKOHEYHO TOHKOH U BMe-
CTO TOYHBIX YCJIOBHH Ha JABYX IPaHHUIAX HUCIONB30BaTh 3P PEeKTUBHBIC TPAHUYHBIE yC-
JIOBUS, 3aKJIOYAIOIIMECS B PABEHCTBE TAHTCHLMAJIBHBIX KOMIIOHEHT 3JEKTPUYECKOrO
II0JISL ¢ PA3HBIX CTOPOH IJIACTUHKU M CKA4KEe TAHME€HUMAIbHOW MAarHUTHOW KOMIIOHEH-
ThI, TPOTMOPUUOHATFHON MHIAYLIHUPOBAHHOMY B IUIACTHHKE MOBEPXHOCTHOMY TOKY (a
3HAYHT, IIOBEPXHOCTHOI npoBoauMoctH ol;). JlaHHBI HOAXOJ NPHBOAUT K TOYHO

TakoMy e pe3ynbrary (3). bosiee Toro, onrcanue ¢ MOMOIIBIO TOBEPXHOCTHBIX TOKOB
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Y TIOBEPXHOCTHOM MPOBOAMMOCTH CIIPaBEIJINBO JaKe B CIydae, KOT/Ia TOJIIHMHA TIia-
CTHHKHU MEHBIIIE JUTMHBI CBOOOIHOTO Tpodera 3MeKTpoHa U MOHSTHE YASTHHOW 00heM-
HOW MTPOBOJUMOCTH BOOOIIE TepseT cMbICH [ 12].

1.2.0cobennocmu npoxorncoenus u nO2n0WeHUA MemMaIIu4eckKux nieHoK Ha
HOO010JICKAX

Kak yxe 0110 OTMeueHO BBIIIe, MAKCHMAaJIbHOE MOTJIONICHHE B OTACIEHO PacIio-
JIOKEHHONM TOHKOH MeTamnueckod InieHke coctaBiisieT 50%. Ilormomienue MOXKHO
YBEJIWYHUTh, UCTIONH3YyS B CBSI3KE C TOHKOH IJICHKOHW JTOTIONTHUTENbHEIE dIeMeHThl. Ogi-
HUM M3 CIIOCOOOB YBEIMYCHHS TMOTJIONICHUS B TUICHKE SBJISETCS BHIOOP ONMTHMATBHOMN
TOJIIIMHBI TIOJUTOKKHU. Tak, B [8] ObLIO MOKA3aHO, YTO JJIsl CUCTEMbI TOHKOW IJICHKU Ha
JIUDJICKTPUYUECKOM TOJIOKKE BBIPAKEHUS I KO3(PPUIIMEHTa OTPaKECHUS U TPOXOK-
JeHus B ciaydae TE BOJHBI UMEIOT CIEAYIOIUNA BUL:

2
_ (A—oqe)A+Bre +arg)e. —(L+oge )AL+ Bre —ae e, ‘
A+ oqe )AL+ Bre +agg)e. —(L—age )+ Bre —age e, ‘

TE

(5)
Tre = Aotre ‘
QA+ ore )L+ Bre +oqe)e. —(L—agg )L+ Brg —age e, ‘
k .
Tae Oy = k—z, B.: =L, e, =exp(ik,l), | — Tomuunua nomnoxku, 77— 1o-
0z g,ccosd

BEPXHOCTHAs IPOBOJANMOCTD, & B CIIy4ae TOHKOH IUIEHKH € TOJIIHWHOM, MPEBBIIAIONIEH
3JIEKTPOHHBIN 1pober 77 = ol,, rie o — MpPoBOAMMOCTS, |, — TONIIMHA MIICHKN.
Hnst cmydass TM monsspu30BaHHOM BOJHBI BBIpOKEHUS JUIsE KOI((UIIMEHTOB OT-
PaskeHHs U POXOXKICHUS MOTYT OBITh MOJYYEHBI B CJICAYIOIEM BUE:
_ A=y )@+ By +amy)e. —(A+amy )+ By —am e, ‘2
A+ aqy )A+ By +aqy )e. —(L—aqny )AL+ By —aqy e,

™

. ®
L= dory ‘
QA+ oy )+ By +agy)e. —(L—agy )L+ By —agy e, ‘

k ncosa
B =

k, £,C

THE Oy =

BaxxHo oTMeTHTB, 4TO BhIpaxeHus (5), (6) MOTyUYeHBI I TEOMETPHH CUCTEMBI, B
KOTOPOM TIOJIOKKA O0pallieHa K MajgarolieMy u3iiyueHuro. Kak ObLIo TEOPETHUECKU U
AKCIIEPUMEHTAIIEHO MTOKa3aHO B paboTe [6], IMEHHO B TaKOM I€OMETPUH TOTIIONMIEHUE
B cUCTeMe MOXKeT npeBblaTh 50%. AHAIOrMYHO PAaCCMOTPEHHOM BBIIIE 3a7a4e BIIUS-
HAC TOHKOW IUICHKH TP HAKJIOHHOM TIQJICHHHM YyBENWYWBaeTCS Uisi 1TE BOJHBI

(Bre ~

) 1 yMeHbInaercs it 7M nonaspu3oBaHHOH BoiHSL ( By, ~ c0s@).

cosd
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Anamm3upyst cootHoteHus (5) 1 (6) MOKHO C/IeaTh BBIBOJ, YTO CYIIECTBYET Ha-
00p TONIIMH, TPH KOTOPHIX HOTJIOIMIEHNE B TUICHKE MPUHUMACT SKCTPEeMalbHbIC 3HAYe-
HUsI. DTH 3HAUCHHS COOTBETCTBYIOT OOpAILICHHIO B HOJIb IPOU3BOIHON OT MOTJIOLICHUS
no TonmuHe. Jlerko mokaszare, YTO 3TO YCIOBHE NPUBOJUT K MPOCTOMY PaBEHCTBY:
sin(2k,l) =0, 4ro 114 HauMeHbIIEH HEHyJIEBOH TONMIMHBI COOTBETCTBYET YETBEPTh-

BOJIHOBO# IIJJaCTHUHKE. HpI/I'-ICM, JJIs1 TOTO, YTOOBI OKCTPEMYM OTBCYAI MAaKCUMYMY,
JOJIDKHO BBIMNIOJHATHCSA CICAYIOICE YCIIOBUE HA TPOBOJAUMOCTL!:

3nech uHaeKc | mpuHMaeT 3HaueHus 7M wmu TE. B 3THX yCIOBHSIX TOTIIOICHHE PABHO:
2
4o B
A = i Pi > (8)
(1+ (2 i2 + Bi )
Takum o6pazom, u3 (8) ciaemyer cyiecTBOBaHHE ONTUMAIbHOTO &, a IMEHHO
al =1+B,. 9)
Torna nmornomexHue B MiIeHKE MAaKCUMAJIBHO U JIOCTUTAeT BETUYHUHBI
B
Ay = . (10)
1+ B;

B ycnosus (7), (9) u B 3HaueHne MakcumaibHoro mnornormenus (10) B kauecTBe
MapaMeTpoOB BXOJAAT IUAIEKTPHUUECKas MPOHULIAEMOCTh, YTOJl MajeHus U T. . DTH Ma-
paMeTpbl MOXKHO 1oAo0path Uit TE moisspu30BaHHOMN BOJIHBI TAKUMM, YTOOBI CIENATh
norionienue 6osee 50% (MakCUMaJIbHOE MOTJIONICHHE 0€3 TIOIOKKH), B TOM YHCIIE, —
MOYKHO MPHUOJIMKATHCS K CUTYalluy C MOJIHBIM TOTJIOMIEHHEM (ITOYTH YepHast JIEKTPO-
MarHuTHas apipa npu B;[11). Ins rpadena, KOTopblil paccMaTpuBaeTcs Aajiee UCIOIb-
3yeTcs CTaHAAapTHBIN BHJ IPOBOAMMOCTH, IPUBEACHHBIN B [12]. DKciepuMeHTaNbHbBIE
W3MEpPEHUs BBIMONHUINCh HAMH B BOJIHOBOJE mojepxkuBatomeM BoaHy TE10 B K,
nuanazoHe cnekTtpa. Kak ciexyer u3 oOmiero Buaa HOBEPXHOCTHOH NMPOBOIUMOCTH
rpadeHa, B 3TOM JHara3oHe MPOBOJMMOCTb NPAKTHUECKH ACHCTBHUTENIbHA (MHUMAS
4acTh Ha MHOTO TIOPSIIKOB MEHBIIIE).

2. Pe3yabTaThl H3MepeHHii 1 UX 00Cy:KIeHue

Jiist TOATBEPIKJICHUST TEOPETHUECKUX PE3YIIbTATOB B paboTe HKCIEePUMEHTAIBLHO
WCCIIEIOBATINCH JJIEKTPOMArHUTHBIE CBOMCTBa MHOTOCIOWHBIX (COHIBUY) CTPYKTYD
rpaden/monumep (nonumeruiaMmerakpuiar, [IMMA) Ha KBapleBOH IOIOKKE B MHUK-
POBOJTHOBOM YaCTOTHOM JiMiara3one. Jletann MEeTOJMKU CHHTE3a TaKUX CTPYKTYp pac-
cMoTpeHsl B pabote [8]. BkpaTie ocTaHOBHMCS TOJIBKO HAa OCHOBHBIX dTamax. Ha mep-
BOM 3Tare rpad)eH, MoIy4eHHbIH METOJI0OM XUMHUECKOTO OCaXICHHS U3 ra30BOM (a3bl
(CVD), cunTesupoBanHsIii mpu temmeparype 1000°C B arMochepe MeTaHa Ha MeIHON
nmoIoKKe (TommuHa 25 MKM, 9actoTa 99.8%), mpu MOMOIIM METO/la CIIHH-KOYTHHTa
nokpeiBasics citoeM [IMMA TommuHoM ~600 HM. KOHTPOE TONIIIUHEI TOTUMEPHOTO
ciost ocymiectisuics npopumomerpom VeecoDektakb6M. B manbHeliniem MemaHas mo-
JOKKa pacTBopsuiack B xyopuze xkeie3a FeCls. TTonydeHHass «cBOOOIHO CTOSIIIASN
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TUIeHKa rpadeHa, MOKpBITas MOJIMMEPOM, MHOTOKPAaTHO MPOMBIBajlach IUCTHILTHPO-
BaHHOH BOJOI M MepeHOoCHIach Ha KBAapILEBYIO MOAJIOXKKY 33aJaHHON TOJIIMHEI (B pa-
00Te MCIONB30BAUCH MOMIOKKH 7.2%3.4x0.53 MMm). Tak, mOBTOpSISL CIOW 3a CIIOEM
OTMCAaHHYIO BHIIIE MPOLEAYPY, NOIY4alIuCh COHABUY CTPYKTYPHI clioeB TpadeHna, pas-
JeneHHbIX nmonumepoM (Puc. 2). B nanHoil paboTte nccienoBanmuch o0Opasubl, Koauye-
ctBO cnoeB rpaden/[IMMA B KOTOpBIX cocTaBmsuio ot 1 10 6.

TIMMA

KBapueBast osioxka

Puc. 2. CxemaTnaeckoe H300pakeHUE SKCIIEPUMEHTAIIBHBIX 00pa3L0B THIIAa COHIABHY
rpadper/IIMMA

JIONOJIHUTENBHO, C LENbI0 KOHTPOJISl CBOMCTB MCIOJIB3yeMOro rpadena, cBoooa-
HO crosimasi rieHka pasmepoM 10x10 MM mepeHocHsIach Ha OTAETBHYIO KBAapLEBYIO
NOUIOKKY (pamuyc 55 mm, Tommmua 0.53 MM), mocie 4ero MOBEPXHOCTHBIA CION
I[IMMA pactBopsics B aneroHe. KoHTponb kaduecTBa rpadeHa OCyLIeCTBISIICS METO-
JTamu ckaHupytoiei mukpockonuu (SEMLEO 1455 Vand) (Puc. 3a), ciekrpockomin
KOMOMHALIMOHHOTO PacCesiHMs, a TaKXKe NPOBOIWINCH HCCIEIOBAHUS CIIEKTPOB IO-
TJIOLIEHNS B ONTHYECKOM YacToTHOM auanasone (Puc.36). Koadduuumenr npomycka-
HUSI B BUJMMOM JMara3oHe 4acToT rpadeHa Ha KBapLEBOH MOII0XKKE, CKOPPEKTHPO-
BaHHBIA HAa MYCTYIO MOANOKKY (cM. Puc. 36) cooTBeTcTBYyeT KOd(hDHUIIMEHTY TpOITyC-
KaHWS MOHOCIIOS rpadeHa.

99 T T T T T
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e "
@« 87 m 4
g é
5 84 I o
1
S |
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78l |
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|}
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Wavelength, nm

a) 6)

Puc.3. a) COM u3obpaxenue ciost rpadeHa, mepeHeceHHOro ¢ MeAHOU (OJIbIu Ha KBapLEBYIO
noaoxky; b) Koadduuuent nponyckanus B BUTUMOM JHAa30He YacToT rpadeHa Ha KBapie-
BOM HO/IJI0KKE, CKOPPEKTHPOBAHHBIN Ha MYCTYIO HOAJIONKKY.
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N3yueHne 31eKTPOMArHUTHOTO OTKJIMKA HCCIETyeMbIX OOpasloB B JHAara3oHE
26-37.5 I'T'u mpoBOAMIOCH C HCIIOJAB30BAHHUEM [TAHOPAMHOI'O M3MEPHUTEI KOd(Pduim-
enrta crosiueil BonHbl (KCB) u ocnabnenns P2—408 P (VSWR and Transmission Loss
Meter R2-408R, Elmika, Bunbnioc, JIuTBa), npeaHa3HaYeHHOTO U U3MEPEHUS MO-
IyJsi KOOQQUIMEHTOB OTpakeHUs] W Tiepenadn (OTHOIICHHUSI aMIUTUTYABI Manarome
BOJIHBI K aMIUIUTYJIC OTPaXKEHHON BONHBI (Sy;), OTHOIIEHUE aMIUTUTYABI MaaronieH
BOJIHBI K aMIUIUTYZE Tpolleael BoIHb (S;;), cootBeTcTBeHHO), KCB 1 ocnabnenus
BostHOBOIHBIX CBY yctpoiictB. CoritacHO METOINKE W3MEPEHHs, IETATHHO PAacCMOT-
penHoO# B padotax [13] oOpaser B BUle TOHKOW ITUICHKH HAa KBapIIEBOM ITOJJIOKKE T10-
Meraincs B ceueHue (7.2%3.4 mm) BomHoBoaa (Puc. 4).
C uenpio MPOBEPKH TEOPETUUECKU MOJTYUYCHHBIX 3aBHCUMOCTEH O BIMSHUH TOJ-
[IWHBI MOJI0KKH Ha 3JIEKTPOMATHUTHBIA OTKIIMK HCCIEIYEMBIX 00pas3IoB JJis U3Me-
HEHHSI PEe3yJNbTHPYIOUICH TONIIMHBI TOJUIOKKH HCIIONB30Bajlach JOTMOJHUTEIbHAS
IUIOCKOTapaljieNibHasl  IUIACTHHKA, WM3TOTOBJICHHAs M3  OMOKCHIHOH  CMOJIBI
(EPIKOTETM Resin 828), koTopasi momMemianach B BOJHOBOJI CO CTOPOHBI KBapIEBOM
mnacTuHKE (cM. cxemy Puc. 4). B pabote MCHoOnbh30BaUCh IUIACTHHKH CIIEITYFOIINX
ronmuH: 0.7, 0.9, 1, 1.2, 1.5 mm. BeiOop Takoro croco6a UMUTALUN Pa3HOU TOJIIIMHBI
MOJUTOXKKH 00YCIIOBJICH HECKOIBbKUMU MTPUIHHAMH:
®  HCIOJb30BaHUE JOTOIHUTEIBHBIX MOJIUMEPHBIX TUIACTUHOK PA3HOM TONIIWHBI TO-
3BOJISICT JIETKO M3MEHHUTD PE3YJIbTUPYIONIYIO TOMIINHY MOJUTOXKKH (TONIIHHA STOK-
cunku + 0.53 MM KBapIr), 4TO B CBOIO OYEPE/lb, CYIIECTBEHHO YIIPOIIACT MPOBEIEC-
HHUE DKCIIEPUMEHTA, CHIKasi HE00X0IMMOE KOJIMUYECTBO 00pa3I0B MHOTOCIOHHBIX
CTPYKTYP 3a/IaHHBIX TEOMETPUICCKUX PA3MEPOB;

® OIOKCHJHAS CMOJIa B MEKPOBOJIHOBOM YaCTOTHOM JHara3oHe, KaK U KBapll, sIBIIS-
€TCA AUBJICKTPUKOM C MAJIBIM ITOTJIOMICHUEM. O,Z[HaKO, SABJIAACH MMOJIMMEPHBIM Ma-
TEpUAJIOM, TAKHEC IIJIACTUHKKW HAMHOI'O ITPOIIEC B U3rOTOBJICHUH, YEM KBApILCBLIC.

[JIACTHUHKA H3 AIOKCHIHON CMOJIbI

KBapueBast DO04JI0KKa

rpacheH/MMMA
C3HABMY

KBapHeBas IMoT0XKKa

Puc. 4. CxemaTnueckoe M300pakeHUE METOMKH MTPOBEJCHUS H3MEPEHHUI B MUKPOBOJIHOBOM
YaCTOTHOM JMaIa3oHe, a TAK)KE N300paKEeHHE SKCIIEPUMEHTAIBHBIX 00pa3I0B THIIA COHABHY
rpaden/IIMMA. DnekTpoMarHuTHOE W3JTy4eHHE PacIpOCTPaHIETCs BJOJIb OCH Z
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Ha Puc. 5 npenacTaBieHsl 3KCIIEPIMEHTAIBHO MOTydeHHbIE 3HaUeHHS K03 dumm-
enroB mpoxoskneHust (T = Sp%), orpaxerus (R = Sy, u normowenns (A = 1-T-R) s
o0pa3sioB, coaepxkamux Jio 6 rpader/[IMMA cnoes, paccunrtannbie Ha yactore 31 [T B
3aBHCHMOCTH OT TOJIIHHBI TIOTOKKH.
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Puc. 5. 3aBucumocts ko3 durmenta otpakerus R (Reflection), mpoxoxaerust T (Transmission)
u noromienust A (Absorption) ot TonmMHEL MOITOKKH
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Puc. 6. Teopernueckuii pacyeT 3aBUCUMOCTH MOTJIOIICHHSI OT TOJIIUHBI TOJIOKKH,
BEIPQYKEHHOW B CAHTUMETPax (CM), IJIsl pa3HOTO KOJIMYECTBa cioeB rpadena (ot 1 1o 6)

AHanu3upys MONy4YeHHBIC 3aBUCUMOCTH, MOXHO C/ETaTh BBIBOJ, YTO MAaKCUMYyM
norgiomeHus (okoo 80%), KOTOPHIH B CBOIO OYepelb COOTBETCTBYET MHHUMYMY OT-
paxenus (1-2%) B JaHHOM YacTOTHOM JHUAara3oHe, HAONIOMAeTCs MPHU TONIIINHE MMOJ-
JIOKKH, paBHOU 1.25 mm. [lomydeHHBIE dKCIIEPUMEHTANBHBIE JaHHBIC XOPOIIO COTJIa-
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CYIOTCSI ¢ PACCMOTPEHHBIMHU BBIIIE TCOPETHUSCKUMH TPEICKAa3aHUsIMH, HA OCHOBE KO-
TOPBIX TIOCTPOCHEI 3aBHCUMOCTH (cM. Puc. 6).

Crenyer OTMETHTB YpE3BBIYaHO BBICOKOE TOTJIONIEHHE TpadeHOM MUKPOBOIHO-
BOro m3nydeHusi. Jlaxxe onun rpadeHOBBIN cinoi nmornomaeT nopsaka 30 % namaroreit
BOJIHBI. B onTH4eckoM Juana3oHe CHeKTpa, TJie MOrTIOMECHHE ONPEACNseTCs] MeK30HHBIMU
HIepexoIaMu, TIOTJIONIEHHE 3HAYUTETLHO MEHBIIIEC 1 cocTaBisieT ~ 7z ~ 2.3% [14].

[NornomeHue B COHABHY CTPYKTYpE TPOUCXOJUT UCKITIOYUTENBHO 32 cueT rpade-
Ha. MHUMas 4acTh AUAIIEKTPUIECKON MPOHUIIAEMOCTH KBapla 1 SMOKCUAHON CMOJIBI B
paccMaTpMBaeMOM ~ YacTOTHOM  JHWala30HE  yJOBJIETBOPSET  COOTHOLICHHIO

kel <<1 uro, B cBOIO OUYepesb, ONpeaeeT HU3KUH YPOBEHb HMOITIOLICHHS B TAKHX

Martepuanax. Ciou [IMMA ¢ mupunoit ~600 HM B paccMaTpuBaeMOM AHANa3oHE sIB-
JSIFOTCS ONITHUECKH TOHKMMH U HE BHOCAT BKJIAJ B OOIIMI ypPOBEHB IOTJIOLICHUSI.

3akjao4eHue

B paboTe sKCHepHMEHTaTbHO M TEOPETHYECKH MPOAEMOHCTPUPOBAHA BO3MOXK-
HOCTB TIEPECTPONKH B IIMPOKUX IPEeax IEKTPOMArHUTHOTO OTKJIMKA TOHKHX ILIe-
HOK rpad)eHa, HAHECCHHBIX Ha JAUAIICKTPUUECKYIO MOIOKKY. Tak, ObIJIO TTOKa3aHO, YTO
YPOBEHb MPOXOXKJICHUS, OTPAKEHHS U MOTJIOMICHUS MOKHO PEryJHUpOBaTh TOIIIMHON
HOJIOKKH, YTJIOM HaJICHUS U MOJISIpU3alieil Taaatomeil BOJIHEL.

Omnwucanneie B pabote 3((deKThl MOKHO HCIIOIB30BaTh MIPH CO3JIaHUH AETEKTOPOB,
YYBCTBHUTENBHBIX JTATYUKOB, d(PQPEKTUBHBIX MOISAPU3ATOPOB B IIUPOKOM JIMAMa30HE
crieKkTpa. B Buy BOZMOXHOCTH TOTJIONIEHUS] MAKPOCKOIMMYECKN OOJIBIIOrO KOJMYECT-
Ba DHEPTUU B MUKPOCKOITMYECKUX 00BbeMax 3(pPeKkT MOKET HaAUTH ITUPOKOE MPUMEHE-
HUE B Pa3IMYHBIX IPUIOKEHHSIX, CBI3aHHBIX C SHEPTETUKOM.
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ATOM-THICKNESS ABSORBERS OF ELECTROMAGNETIC WAVES

K. G. Batrakov, A. G. Paddubskaya, N. I. Volynets, S. P. Voronovich,
P. P. Kuzhir, S. A. Maksimenko

The work discusses the interaction of electromagnetic waves with ultrathin metal films. It
is shown that such films, having considerably less then skin depth thickness, can stop signifi-
cant part of incident wave. The methods of transmittance, reflectance and absorbance tuning are
proposed and discussed. Particularly, > 50% absorbance can be reached by choosing of proper
substrate parameters. Choosing of incidence angle can lead to transmission of TM wave and
reflection of TE wave. Considered effects can be used for ultrathin (up to atom-size) absorbers
and polarizers development.

277


http://www.ncbi.nlm.nih.gov/pubmed/?term=Grigorenko%20AN%5BAuthor%5D&cauthor=true&cauthor_uid=18388259
http://www.ncbi.nlm.nih.gov/pubmed/?term=Novoselov%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=18388259

IPPEKTHBHBIE NOIVIOTUTEIA CBY U3JTYYEHMS
HA OCHOBE AHTHOTPAXKAIOIIUX IOKPBITUU

. C. beruenok, A. O. ILtromy, I'. B. I'opoxos, II. I1. Kyxup

[IpoBeneH KOMIUIEKCHBIH aHajiW3 3aBUCUMOCTH KO3((HUIMEHTa MOTJIOLICHUS
MOJIMMEPHBIX KOMIIO3UTOB C HEMAarHUTHBIMU YIJICPOIHBIMH BKJIIOYCHUSIMH  OT
BEIIECTBEHHOW M MHUMOM YacTeil KOMIUJIEKCHOM JUANEKTPUUYECKOU MTPOHUIIAEMOCTH, a
TaKke OT TOJIIMHBI Marepuana B pAuanazoHe dvactoT 2637 ITu. Ilomydensr
KOMITO3UThI, cofepxamue 0.2 macc. % yriaepoIHBIX BOJOKOH. DKCHEPUMEHTAIBHO
YCTaHOBJIEHO, 4YTO To(pUPOBAaHME IOBEPXHOCTH KOMIIO3UTAa IPUBOJUT K
CYIIIECTBEHHOMY YBEIUYCHHUIO0 KO3 duimenta moriomeHus (¢ 63 no 92% Ha yacrote
30 ITu npu Tonumue 4.50 MM) mpH yMEHBLICHMH Macchl oOpasua (Ha 28 %)).
[Ipenmoskera Metoauka pacdera Kod(@uIeHTa MOTIOMECHUS TOohPUPOBAHHBIX
komno3utoB B CBY nuamasone.

HccnenoBanusiM 3J1€KTPOMarHUTHBIX CBOMCTB KOMITO3UIIMOHHBIX MaTEpUallOB Ha
OCHOBE DPa3IMyHBIX (HOPM yriepoja IMOCBALICHO OOJbLIOE KojaudyecTBO pador [1-7].
Ycranosnenasle B [1, 6] OCOOCHHOCTHM B3aUMOJEUCTBHS AJICKTPOMArHUTHOTO
U3TY4YeHHS C HAHOYTJEPOJHBIMH KOMIIO3UTaMH TOKa3bIBAIOT IEPCIIEKTHBHOCTD
WCTIONIb30BaHMS JAHHBIX MAaTepUaloB ISl MIMPOKOTo Kpyra Hay4HO-TIPAaKTHYECKHX
npuMeHeHuil. OcoOeHHO TNpHUBIIEKATEIbHBI KOMIIO3UTHI C  YIJIEPOAHBIMH H
HaHOYTJIEPOAHBIMH BKJIIOYEHHSMH B KadeCTBE IOTJIOTUTENIEH 3JIEKTPOMAarHUTHOTO
U3TYy4YeHHUs] TMpH pa3paboTKe TEXHOJOTHMHM CHIDKEHHs 3aMETHOCTH IUis pajapa. [lus
pelieHnus psila NPaKTHYECKWX 3a4ad, HalpuMep, [pH pacdeTaX KOMIIOHEHTOB
(rozenmska  JeTaTeNbHBIX  amllapaToB,  BaXHO  3HATh, Kak  IapaMeTpsl
KOHCTPYKIIMOHHOTO MaTepualia BIUSIOT Ha €ro morjomarensHele cBoiicTBa B CBU
JMarna3oHe.

[Mormomenne CBY wu3mydeHHss MOXKET OCYIIECTBIATHCA 3a CUET OMHYECKHUX
noteps [8, 9, 10], deppomarautHOoro pezoHanca [11] B MarHMTHBIX MaTepHaiax,
JTUTOJIBHOM penakcanuu [12], a Takxke 3a c4eT CTpyKTyphl B MeTaMaTtepuanax [13]. B
JNAHHOW pPaboTe MbI OCTAHOBUMCS HA MCCIEJOBAaHMM IOIVIOLIATENbHBIX CBOICTB
HEMarHUTHBIX KOMITO3UIIMOHHBIX MaTEPUasoB C 3JIEKTPONPOBOIIIINMHU YIIIEPOTHBIMU
BKJIIOUCHHsIMH B Auana3zoHe dvactor 26—37 I'Tu (Ka-3ona). [laHHBIM YacTOTHBIM
JMaIa30H UCTIONB3YETCs UISL CBS3U CO CIIyTHUKAMHU, B OOPTOBOM 3JIEKTPOHUKE, a TAKKe
JUIL  ONpeleNeHus CKOPOCTH JABMXKyIIHMXca o0O0bekToB. Kak wu3BecTHO, Mauble
KOHIIGHTpAllMM YTJIEPOMHBIX BKIIOUEHHH B KOMIIO3UTaxX IO3BOJSIOT H3MEHSTH
3HAYCHHUsSI & TMOJUMEPHOM MAaTpUIBIl W TOJy4YaTh MaTepuajbl C KOHTPOJIHPYEMBIM
MorJIOMEeHNeM [7, 5]. YBennuuTh KO3QPHULIUEHT NOTTIONICHUS B KOMIIO3UTaX MOXKHO 32
CUET HCIIOJIb30BAHUS AHTHUOTPAXKAIOLUINX CBOHCTB TO()PUPOBAHHBIX IOBEPXHOCTEH.
JlaHHBIM TpUeM 3aMMCTBOBaH W3 MPHUPOJBLI M HANPIMYIO CBsi3aH ¢ 3¢ (EeKToM riaza
HouyHOHM Oabouku (moth-eye effect) [14, 15, 16]. Huwxke MBI moapoOHO paccMOTpuM
MOTJIONIAaTeIbHBIE CBOWCTBA TodpupoBaHHBIX ToBepxHocTed B CBY. [ns wavama
[IPOaHAIU3UPYEM OCOOCHHOCTH B3aHMMOJAEHCTBHS 3JIEKTPOMAIHUTHOIO H3JIy4€HHS C
IJIOCKOTapalyIeIbHBIM KOMITO3UTOM, TIOMEIIEHHBIM B IPSIMOYTOJIBHBIN BOJTHOBO/.

278



Jlyiss onmMcaHHs 3JCKTPOMArHUTHBIX CBOWCTB BOCIIOJIB3YyEMCS JIJIHHHOBOJHOBBIM
npUOIMKEHUEM, TTOJIPOOHO OMKMCAHHBIM B Halllel HenaBHew padote [8]. Hdysa pacuera
KOA((UITMEHTOB OTpaKeHUs R U nporyckanus 1 MI0CKONapauIeIbHOTO OJHOPOIHOTO
CJIOSl TOJIIIMHOM T MOXHO HCIIOJIB30BaTh (opmyiisl DPpeHesst b0 HEmoCpeaCTBEHHO
YpaBHCHUA Makcsemna. Y3 gux MOTYT 6LITL IMMOJTYYCHbI 3HAYCHUA DJICKTPHUICCKOTO U
MarHWTHOTO TOJISI B HAa TPaHUIAX CJlOsA. B MarpuuHOW 3amucu NMpU HOPMAIEHOM
NaJeHUX SJIEKTPOMArHUTHOW BOJIHBI Ha 00Opasel] B BOJIHOBOJAE 3TH MOJIS MPUHUMAIOT
BUJ (3I€Ch U ajiee ypaBHEHHS 3alMCaHbl ¢ CHOIb30BaHueM eauuaull CU 1iis miockux
BOJIH expliowt —ikz]) [17,18]:

E | cos(k,z,)isin(k,t,)k, / k, || E,
H,| |isin(kz,)k /k,cos(kt,) H,

1

2

rae E,H, n E,,H, — 3Ha4eHUs DJIEKTPUYECKOTO U MATHUTHOTO IIOJS HA JEBOW U

mpaBodf  rpammmax ~ obpasua  ToiumHOM  7,, k =2~n’a’-A*/4 wm

t a

2 2 2 2
ky =2%\nya” — A~ /4 — BONHOBBIE YHWCIIA BHYTPH CJIOSi ¢ KOI()(DUIMEHTOM MPETOM-
JeHHUs 1 U B BO31yXe (Koda(pduIueHT npenomienus #, =1) BHyTpU BOJHOBOJA IIHPH-

HOM @ =7.2 MM, COOTBETCTBEHHO; A=c /v, rae ¢=3-10° m/c, v — uwacroTa. ITepBerit
MHOXXHTENb ¢ TPaBOW CTOPOHBI BhIpakeHHs (1) M3BECTEH KaK XapaKTEpHUCTHUYECKas
MaTpHuiia ciosl.

B cimydae MHOTOCIOWHON cHCTeMBl (Hampumep, IUIEHKAa Ha ITOAJIOKKE)
XapaKTEepUCTHUYECKass MaTpHIla BCEH CTPYKTYpPBI MOXET OBITh paccUuTaHa Kak
MPOU3BEACHUE MATPHUI] BCEX, BXOISAIIMX B €€ COCTaB CJIOeB. B 3ToM ciydae
koo durpentsr R, T N-ca0iHO#N CTPYKTYpbl BHYTPH BOIHOBOIA MMEIOT BHI:

R=(n,—C/B) /(n,+C/B),
T=4n /(n,B+C),

rae
B ﬁ cos(k,v)isin(k,0)k, / k, |||1
C| || isin(k o)k /k,cos(kr) n |
IMockonmbKy OIS ~ HEMArHHTHBIX  MaTepHalioB n=ve=vJe—ig", 10

WCTIOJB30BAHNE  TIPEAJIOKEHHOW  BBIIIIE  MOJIENH  TIO3BOJSIET  PAaCCUHUTHIBATH
3JICKTPOMArHUTHBIN OTKIMK MaTEPHAJIOB C 3aJaHHBIMH 3HAYCHUSIMH KOMIUICKCHOMN
JMIADJIEKTPUYECKON TPOHHUIIAEMOCTH & . 3aBHUCHUMOCTH KO3 (HUIIMEHTA ITOTJIOMICHHS
A=1-R-T ot xoMIoHeHT & kommo3uta ToiamuHou 4.50 MM Ha dactoTe 30 I'T1x
npenacraBieHa Ha Puc.1.

Anamn3s Puc.] mokaseiBaeT, 4TO Ui JIIOOOTO 3HAYEHHS &' BCEraa CYIECTBYET
3HaueHHMe &, IpU KOTOPOM KO>((PULMEHT MOTIOMEHNS TPMHAMAET MAKCUMAJbHbIE
JUTS TaHHOW TOJIIIIMHEI 3HAYEeHUS. AHAIOTWUYIHBIN MAaKCUMYM TIOTJIONIEHHS HaOIroaacst
B Halel HenaBHei pabote [19], MOCBAMIEHHON yJIBTPATOHKUM TpadeHOBBIM IJICHKAM.
W3 Puc.1 takke BUIHO, YTO JUTSl TIOMYYEHHS] MAKCUMAIbHBIX 3HAYEHHWHA MOTIIOIIEHUS
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(84 % mma xkommosumroB TommuHOW 4.50 MM Ha wactore 30 I'Tm) mHeobxommumo
UCIIOJIB30BaTh MaTepuaibl ¢ MHHUMAIbHOM &' . VIMEHHO modTOMYy npH paspaboTke
IIPOMBIIIUIEHHBIX TIOTJIOTUTENEN UCTIONB3YIOTCS MOPUCTBIE MaTepuansi[20].

IMpy yBeNWYEHUM TOJIIUHBI MOJOXKEHUE MAKCUMYMOB CMEIIAETCsl BCIEICTBUE
HHTEPPEpPEHLIMH, OAHAKO B LIEJIOM TOTJIOLIEHHWE BO3pAcTaeT, MPHYEM MAaKCHMyM
CTAQHOBHUTCS 0OJiee OCTPHIM M CMEIIAeTCss B 00JacTh MeHbINMX 3HaueHuit & . Ilpu
YMEHBIIICHHH TOJIIUHBI IEPUOJ] OCIIMIUIAIMHI Ha Prc.]1 yBenuuuBaercs, a MoryiomeHne
B IIeJIOM yMeHblIaeTcs. Hanpumep, A KOMIO3uTa, TOJIMMHONW | MM MakCHMalbHBINA
BO3MOXHBIH Koaddurment normomienns Ha gactore 30 I'Tir cocramster 53 %. Jlnmur
norsnomenust Ha yactote 30 I'T'y B ynmprpaTonkux mrenkax mpu 7 — 0 mocturaer 50% [19].

o]
o

@D
[=]

Apsorption, %
8 B

(=]

15

Re(; )20 25

30

Puc.1. 3aBucuMocTh k03(ppUIlHeHTA TOTTIOMICHUS OT KOMIIOHEHT TUAJICKTPUYCCKOM
MPOHULIAEMOCTH KoMIo3uTa TonuHou 4.50 MM Ha yacrote 30 [T

O heKTHBHOCTh KPAaHUPOBKHA KOMIIO3UTOB HA OCHOBE YITIEPOJHBIX BOJIOKOH
HEOTHOKpaTHO oOcykmanack B muteparype [23, 9]. [loaToMy B kadecTBe HAIOTHUTEIIS
JUIl KOMIIO3UTOB ObLT BeIOpaH yriepoaHsiii ¢iok (Y®) [21], mpuroTOBIEHHBIH U3
yraeponnoit Hutn YPAJI-H-100 [22]. Cpennuit tuameTp MCHOIB3yEeMbIX YTIEPOTHBIX
BojokoH (YB) cocraBmsm 5 MM, mmuHa BookoH — 1 MM (COM-m3o0pakeHme
npencTaBieHkbl Ha Puc.2(a)).

OTMETHM HECKOJIBKO apryMEHTOB B TOJIb3y HCIIONIB30BaHUS Y B s momydeHus
MOMJIOIIAOIINX HOKPBITHM. M3-32 CHUJIBHON B3KPaHUPOBKH, BBI3BAHHOW BIUSHUEM
JETIOsIpU3alliy, B KOMIIO3UTaX HA OCHOBE HAHOYTJIEPOAHBIX BKIIOUEHHH HE00X0AUMO
JOCTUTATh OPOT MEPKOJISIIAN JUTA JOCTHYKEHHUS CYIIECTBEHHOTO Toriommenus [1-7]. B
CBOIO OY€pPEe.Ib, IPU UCIIOIB30BAHUH YTJIEPOJHBIX BOJIOKOH, 00JIaIal0ONINX MPaBMUIIbHOM
UWINHAPHYECKOH (JOpPMOH 1 BHICOKAM COOTHOILEHHEM IOMEPEYHBbIX pa3MepoB (aspect
ratio), BIMSHHEM JETOJspU3aluud MOKHO mpeHeOpeusb. [IpoBommmocte YB mocra-
TOYHO BeNHKa, HO MPH ATOM TOJNIIMHA CKUH-cJ0s B Ka-30He mpeBbIIaeT auamerp
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BOJIOKOH, ITOTOMY OHHM B3aMMOJEHCTBYIOT C M3Iy4E€HHEM BCEM CBOMM OOBEMOM. DTO
MO3BOJIIET CO3/aBaTh Ha OCHOBE YB KOMIO3UTHI € BBICOKHM KO3 UIHEHTOM
MOTJIOIIEHHS IPY KOHLEHTPALIMH BKIIOUEHHUI HIDKE TTOpOra MEepKOIALUH.

= %

Puc.2. (a) COM-n3o0paxxeHHe yriepoaHbIX BOJIOKOH, BXOSIIMX B COCTAB YIIIEPOJHON HUTH
YPAJI-H-100, (b) o6umii Bu rohpprpoBaHHBIX KOMIIO3UTOB

Kommo3utsr Ha ocHOBe 3moKcHAHON cMoibl Mapku DJ1-20, comepkamue 0.2 %
(o macce) Y® mpurotraBIMBalMCh MO0 METOAWKE, MOAPOOHO onvicaHHOi B [7]. 11.8 Mr
Y® nucneprupoBanuck B 10 mMi1 3TaHOJNa B yIBTPA3BYKOBOM BaHHE B TEUCHUE 8 MUHYT.
3areM B MOJIyYEHHYIO CYCIICH3HMIO J00aBJISJIOCH 5 T 3MOKCHUAHOW cmonbl DJ-20.
[Tommydennass cmech mojaBepranach 00pabOTKE yIbTPa3BYKOM B TE€UEHHE 8§ MUHYT,
rocjie 4ero rnomemanach B mneub npu temneparype 80°C Ha 3 waca g yaaneHUs
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cnupra. [locne wucmapeHuss dTaHoNa CMeECh CHOBa TOABEpraiach 00paboTKe
VIBTPA3BYKOM B T€UEHHE 8 MUHYT. 3aTeM K cMecH cMOJbl 1 Y@ mobasisutochk 0.55 T
orBepautenst [19ITA. Tlocne py4HOro nepeMemuBaHus B TEYCHUE 5 MUHYT KOMITO3UT
3anuBaics B (JOPMOUKH. 3aTBep/eBaHUE 00Pa3IloB MPOMCXOIUIO B TeUeHHe 16 4acoB
IIpU KOMHATHOW TeMIIeparype, Moclie Yero KOMIIO3UTHI TOMEIIAINCh Ha 3 Jaca B Ievb
nipu 80°C a1 OKOHYATENbHOM MOIMMEPHU3aIIH.

B oTiinyme oT HAHOYIJIEPOIHBIX KOMITO3UTOB, JaKe KpaTKOBpEMEHHAs 00paboTKa
Y@ ynbTpa3ByKOM T03BOJISUIA IMONYYaTh CYCIIEH3MH W3 OTACIBHBIX BOJIOKOH, 0e3
o0pa3oBaHUsl arjioMepaToB. JTO TMO3BOJIIO CYIIECTBEHHO YCKOPHUTH IPOIECC
MIPUTOTOBJICHUSA KOMITIO3UTOB.

IMoce OKOHYATENHHOU MOJIMMEpU3AIMKA 00pa3Ilbl KOMIIO3UTOB H3BJICKAIHCH M3
dbopmouek, nrdoBaTUch 10 TOMMMHBL /2 =4.50 MM U moABepraiuch Gpe3epoBaHuIo
KOHU4YecKol ¢pe3oii Ha cranke ¢ YIIY [24]. Vrom pacTtBopa KOHHUYECKOH (pe3bl
cocrasisut 45°, riyouna ¢peseposanus dh=2.5MMm. Macca (pe3epoBaHHON YaCTH
KOMIIO3UTa yMeHbInaniach Ha 28%. OOmmMiA BHJI IOJYYEHHBIX KOMIIO3UTOB
npexacrasiieH Ha Puc.2(b).

B  1NMHHOBOIHOBBIM — MPHOIMKEHUM TOQPHUPOBAHHBIA  KOMIIO3UT  MOXKET
paccMaTpuBaThCs ~ KaK  IUIOCKOMAPAJICNBHBIA  CIOW € HMPOCTPAaHCTBEHHOMN
3aBHCHMOCTBIO KOA(UIIMeHTa TIpeioMiieHuss 7 [8]. 3aBUCUMOCTh OT KOOPAMHATHI X
YCPEAHEHHOTO KO3 QUIMeHTa NPEIOMIICHHUS TO(PPUPOBAHHOTO KOMIIO3UTa MOMKET
OBITh 3aIMCaHa KaK:

n(x)=n,(1-S(x))+n,S(x),
Lx<-h
2= h=dh) < (h—an)
S(x)= dh
0<—(h—dh)x<0
Lx>0

rae n, =1 — kod(QUIMEHT NpeaoMIIeHHs BO3yXa, 71, — KOI(QQUIMEHT NpeaoMIeHHs
CIUIOITHOTO KOMIO3UTa, S(X) OmIpeaeNnseT yAeNbHBIA BeC BO3IyXa W KOMIIO3UTA B
roppupoBaHHOW dYacTh oOpasma. OOmui BHI 3aBUCUMOCTH #1(X) TIPEICTaBICH Ha

Puc.3. Jlna pacuera n, =+/¢ BOcmosb3yeMcsa (OpPMyYIOH A KOMIIO3UTA C MalbIMU

KOHIICHTPAITUSAMH IIMTHHIPUICCKIX BKITIOUCHHH [25,6]:
1 i
3 7 py 2wve,

rie ¢, =3-0.1i — amdaekTpuyeckas NPOHUIAEMOCTb JMOKCHIHOW CMOINBIL, 1, —

wt

MaccoBasg KOHLEeHTpauus YB B xommosure, p, U P, — IUIOTHOCTH CMOJIBI U VB,

COOTBETCTBEHHO, I — MHHMMas eauauia, o =20000 CmM/M — crarudeckas
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nposoauMocth YB, v — wactora, &, =8.85x107" ®/m snekTpuyeckas MOCTOSHHAS.
Tak kak B koMmmo3utre YB pacrosioxeHsl ciydaiiHbIM 00pa3oM, a IMOJIIPHU3yEeMOCTb
BIIOJIb OCH TOHKOI'O MPOBOJSAIICTO IMJIMHAPA HAMHOTO OOJIBIIE IONEPEYHOM
MOJISIPU3yeMOCTH, TO B (6) BozHUKaeT koddduument 1/3 [5, 6, 25].

3.0+
254 —— Re(n)
20 1 Incident === 1m(n)
o wave
—
1.5
=
3 104
=
£ 1
0.5
2 ]
E 00+ - NN _ _ ______
® 05
-1.04
-1.5 4
20 T T T T T T T 1
-8 6 -4 2 0 2 4

Coordinate, x (mm)

Puc.3. TIpocTpaHCTBEHHAs! 3aBUCUMOCTD KO3 (GHIMEHTA ITPETOMIICHNUS B
rodpupoBanHOM Kommo3uTe Ha yactote 30 [T

DJNEKTPOMarHUTHBIA OTKJIMK ITOJIyY€HHBIX MaTEPHUaNoOB M3MEPSUICS C MOMOLIBIO
ckaimsipaoro  amanmm3atopa memeii ELMIKA R2-408R. OOpasubl  KOMITO3UTOB
BBIPE3INCHh TOYHO MO pasMepsl 7.2 X 3.4 X 4.5 MM U TIOMEIIAINCH B BOJTHOBOJ JUIS
U3MEpEHUi MoJyiel S-napamMeTpoB (S,,, S;, — OTHOLIEHHs aMILUIUTY ]l NPOIIEeIIeN U

OTpa— JKEHHOM BOJH K AaMmIUIMTyJ€ [ajarolieil BOJHBI, COOTBETCTBEHHO).
TogppupoBaHHbIE KOMITO3UTHI BHIPE3AUCh TaK, YTOObI HampaBlieHHE (pe3epoBaHHs
OBUIO MapaJuiesIbHO OOJIbIIeH cTopoHe BOIHOBOAA. OOpa3ibl MOMEIIANINCH B BOTHOBO
roppupoBaHHON CTOpOHOW K manaromiemy wu3nydeHuto. Ha Puc.4(a) mpencrabneH
3JIEKTPOMATrHUTHBIN OTKJIMK IUIOCKOIAPAJUIENbHBIX M TO(QPHPOBAHHBIX KOMIIO3UTOB
onuHakoBol TonuHoM 4.50 MM, coaepxamux 0.2% (1o macce) YO. B ciyuae, korna
W3Iy4YeHHE TaAajo Ha IUIOCKYI0 IIOBEPXHOCTH (hpe3epoBaHHOIO KOMIIO3MTA,
NMEKTPOMArHUTHBIA ~ OTKJIMK  OBbUI ~ NPAakTUYECKM  TakUM  XKe, Kak Y
IUIOCKOTIapaJUIeNIbHOTO 00pasIia.

U3 Puc.4(a) xopomo BHIHO, YTO TO(QPUPOBAHME TOBEPXHOCTU MO3BOJISIET
CYLIECTBEHHO YBENMYUTHh KO3(D(UIMEHT moryiomenus kommnosura (¢ 63 mo 92 % Ha
gactote 30 I'Tm) mpu toit ke obmeit Tommmae 4.50 MMm. 3aBucumocTtn Ha Puc.4(a)
MOTYT OBITh YJOBJETBOPUTEIBHO ONHCAHBI C MOMOLIbIO UIMHHOBOJHOBOTO
npubmrkeHus. PaccMoTpuM ToQpUpOBaHHBIA KOMIIO3MT KakK IIOCKOMApaUIEIbHBIN
CJIOM C MPOCTPAHCTBEHHOW 3aBHCHMOCTHIO KO3 duitneHTa mpemomieHus (5), a 3aTemMm
paznenuM ero Ha N onuHakoBbIX dacTel. [Ipu 6ombmoM N MOXKHO CUWTATh #1 BHYTpHU
KaXIO0M YacTH MOCTOSHHBIM. B 3ToMm ciiyuae xapakrepuctudeckas matpuia (4)
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ro(ppupOBaHHOTO KOMITO3UTA PaBHA MMPOU3BEIACHUIO N MaTPHII CIIOEB, BXOIAIINX B €T0
cocraB. Pesynbrarhl pacuetoB (puc.4(b)) XOpoiIo COMIACYHOTCS C KCIEPUMEHTOM.
OTtMmeTuM, 4YTO JOOWTHCS JYYIIErO0 COBIAACHUS C DKCICPUMEHTOM MOXKHO, €CIH
YMEHBIIUTh TPOBOIUMOCTE 0 B (6). DTO MOXET OOBSACHATBCS TEM, YTO IPH
(pe3epoBaHNHM YacTb W3 BOJIOKOH TIOBPEXKIAETCSI M B KOMIIO3UTE TIOSBISETCS
pacripeesieHue BOJIOKOH T0 yiHe. KopoTkre BOJIOKHA BHOCAT MEHBINHMK BKIIAT B
AJEKTPOMATHUTHBIA OTKJIMK KOMIIO3UTa BCJICJCTBUC BJIUSHUS JICTIOSIPU3AIIH.
[Toxoskast cutyarus 4acTo HaOJIr0AaeTCsl B HAHOYTIIEPOIHBIX KOMITO3UTaX [6, 26].

(a)

100
80

60—

T A plain composite
T A corrugated composite

RT.A, %
s

40 -

20 4

100 (b)
80
60 T
x L= R----T—-—-A plain composite
;‘f. R---T---- A corrugated composite
o 40 4
20 4
0 e e e e e e ————— e .
T T T T T T
26 28 30 32 34 36

Frequecny, GHz

Puc.4. DneKTpOMarHUTHBIN OTKIIHMK [UIOCKOIAPAUISIBbHBIX U TOQPHUPOBAHHBIX KOMIIO3HUTOB
tonmmHO# 4.50 MM, conepxantux 0.2% (1o macce) YO: (a) sxciepuMeHT, (b) MoaeTnpoBaHne
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3aBUCHMOCTh KOX(h(HUIMEHTA TIOTJIOMEHUS TOQPUPOBAHHBEIX KOMIIO3HUTOB C
KO3 UIeHTOM TpenoMieHust (5) OT KOMIIOHEHT & CIUIONIHOTO KOMIIO3MTa Ha
gactore 30 I'Tm mpencraBmena wa Puc.5. M3-3a MeHbBIIET0 OTpakeHHS, 3HAYCHHS
ko3 duirenTa mornomeHus TopPUPOBAHHBIX KOMIIO3UTOB TpeBbimaoT Ha 10-25%
TIOTJIONICHHWE B TUIOCKOMAPAJUICTBHBIX 00pa3liax aHaJOTMYHOW TOJNIIMHBEL Takxke
ocnabneHre nHTep(EePEeHIINN MEXAY MaJaroield ¥ OTPAKEHHON BOJHAMU MPUBOIUT K
CIJIa>KMBaHUIO OCHI/IJUISIHI/Iﬁ 1 CYHICCTBECHHOMY YIHIMPCHUIO ITHKaA IMOTJIOICHUA Ha pI/ICS
no cpaBHeHuio ¢ Puc.l. PacyeThl mNOKa3pIBaOT, YTO MAaKCHMAJIbHO BO3MOXKHBIE
3HA4YEHWUs TOTIIOMEHHS B TOPPUPOBAHHBIX KOMITO3UTaX TOMIKHON 4.50 MM Ha dacToTe
30 ITa moryr gmocturath 94%, B TO BpeMsi Kak MaKCHMyM TIOTJIOIICHUS B
TUIOCKONapauieIbHOM 00pasiie He MOXeT NpeBbIaTh 84%.

100
X 80
5 w
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Puc.5. 3aBucumocts k03¢ GUIMEHTA MOTJIOICHUS ro(QPUPOBAHHOTO KOMIIO3UTA
toamHOH 4.50 MM ot KomrtoHeHT & Ha vactore 30 I'T1x

[IpuBeneHHBI aHAM3 TOTJIOMICHUS B BOJIHOBOZC B IIEJIOM CIPABEIINB W IS

CBOGOHOTO TPOCTPAHCTBA (WIS PacueToB HEOOXOMMMO MPOCTO yOpath wieH A°/4
0]l KOPHEM B BBIPRXECHHUHU Ui BOHOBOro uucna (1)). B cBoGOaHOM mpocTpaHcTBe
3aBUCHUMOCTH KOO((DUIMEHTA NOTIONIEHAS TOPPUPOBAHHBIX KOMIIO3UTOB B LEJIOM
anajormuebl  Puc.5. OtMeruMm, 4YTO i cioydas TIOTJIONIEHHUS B CBOOOTHOM
MPOCTPAHCTBE TOJYYEHHBIE PE3YJIbTAThl MACIITAOUPYIOTCS M CIPABEIMBbBI ISt
APYIUX JUANa30HOB 4acToT. Hanmpumep, Npu yMEHBUIEHWH YacTOTHI B 2 pasa W IpU
IPOMOPIMOHAIBHOM ~ YBEIMYEHHH pa3sMepoB o0pasua B 2 pasa 3aBUCHMOCTb
TMOTJIOMIEHHST OT £ MPAKTHYCCKH HE W3MEHSCTCS. JTO HAKIAIbIBACT CYIICCTBEHHbIC
OrpaHMYEeHHs HA MUHHUMAJBHYIO TOJMIMHY KOMIIO3MTA, MPH KOTOPOM MOTIYT OBITh
IMOJTY4YCHbI 3aJIaHHBIC 3HAYCHUA KOB(I)(bI/IHI/IeHTa IIOIVIONICEHUA B HHU3KHX YacTOoTax.
OUeHKH TIOKa3bIBAIOT, YTO 3a CYET OMHYECKHX IIOTEPb YAAeTcs JOOUThCS
CYLIECTBEHHOTO MOTJIONIEHHUS IPH TOIMIMHE 00pa3ia OoblIeH, YeM MOJOBHHA JUTHHbI
BOJIHBI TIA/IAIOIIETO U3ITYUECHHS.

B 3akmroueHue ClIe pa3 OTMCTUM, HYTO MCIOJb30BAHUC I‘O(i)pHpOBaHHLIX
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KOMITO3UTOB TIO3BOJIAET YBENHYUTHh KOI(PPHUIMEHT MOTIOMEHUs, a TaKKe CHHU3UTH
Maccy kommosuta (Ha 28% B paccMaTpuBaeMOM KOMIIO3HMTE), YTO, HaMpUMED,
OCOOCHHO Ba)XXHO B aBUACTPOCHHMU. B CBOI0O ouepenb TEOPETHYSCKUH aHAIIU3
[TOKa3bIBa€T OTPAHWYECHHS, KOTOPHIE HAKIAABIBAIOTCS Ha KOMIIO3UTHI Ha OCHOBE
KJIACCUYECKUX MaTepHaoB (YIJIEpOmHAs caxka, CTekioyriepon, YB wutm.) B aroit
CBSI3M BECbMa IEPCIICKTHBHBIMU SBIISICTCS WCCIICOBAHUS CBONCTB KOMIIO3UTOB Ha
OCHOBE YTJIEPOJHBIX HAHOTPYOOK, rpadeHa, MUPOTUTHUYECKOTO YTIepona W IPYyTUX
HaHOYTJIEPOJHBIX MAaTepHAIOB, B KOTOPBIX MOET HaOIIONaThC HEIPYAEBCKas
MPOBOJIUMOCTh ¥, COOTBETCTBEHHO, OTKJIOHEHHE OT KJIACCHUYECKUX 3aKOHOB
TTICTIEPCHH.

Jlurepatypa

Qin F., Brosseau C.// J. Appl. Phys. 2012. Vol. 111 (6). P. 06130124

Kuzhir P., Paddubskaya A., Bychanok D. et al. // Thin Solid Films. 2011. Vol. 519. P.

4114-4118

3. Sarto M.S., D’Aloia A.G. Tamburrano A. et al. /| Electromagnetic Compatibility, IEEE
Transactions on. 2012. Vol. 54 (1). P. 17-27

4. Bychanok D., Plyushch A., Piasotski K. et al. // Physica Scripta. 2015. Vol. 90 (9). P.
094019

5. Bwwuenox /. , Kanvieun M. , Oxompy6 A. u dp. // Ilucema B XKOT®D. 2011. T. 93, Ne. 10, C.
669-673

6. Bychanok D. S., Shuba M. V., Kuzhir P. P. et al. // J. Appl. Phys. 2013. Vol. 114 (11). P.

1143047

Bychanok D., Kuzhir P., Maksimenko S. // J. Appl. Phys. 2013. Vol. 113(12). P. 124103-6,

Bychanok D., Li S., Sanchez-Sanchez A. et al. // Appl. Phys. Lett. 2016. Vol. 108. P. 013701

Cao M., Song W., Hou Z. et al. // Carbon. 2010. Vol. 48(3). P. 788-796

0. Comnecone 1., Bannwiti B., Camogpanose A. u Op. // TlpobGneMbl (pU3UKH, MATEMATHKH W

texuuku. 2014. T. 4 (21)

11. Ipatov M., Zhukova V., Panina L. et al. // PIERS Proc. 2009. Vol. 5. P. 1657-1661

12. Buchner R., Barthel J., Stauber J. // Chemical Physics Letters. 1999. Vol. 306. P. 57-63

13. Withayachumnankul W., Abbott D. // Photonics Journal. IEEE. 2009. Vol. 1. P. 99—118

14. Stavenga D.G., Foletti S., Palasantzas G. et al. // Proc. Royal Society of London B: Bio-
logical Sciences. 2006. Vol. 273(1587). P. 661-667

15. Sun C.-H., Jiang P., Jiang B. // Applied Physics Letters. 2008. Vol. 92(6). P. 061112

16. Knouxo H., Xpunynos I. , Macuenxo FO. u op. /[ ®TII/ 2014. T. 48(4). C.549-555

17. Born M., Wolf E. Principles of optics (4th Edition). Pergamon Press, 1970

18. Angus MacLeod H. Thin-Film Optical Filters. Third edition. CRC Press, 2001

19. Batrakov K., Kuzhir P., Maksimenko S. et al. // Scientific Reports. 2014. Vol. 4. P. 7191

20. TlormoTtutens 31eKTpoMarHuTHBIX BOJIH « TOPAY http:/niipfp.bsu.by/index.php/oborud/tora

21. VYruepoausrit diok http://nano.bsu.by/products/carbon-flock.

22. VYraepoaHas HUTH «Ypam» (Yrienuts) http://www.sohim.by/rus/production/carbon/yarn/.

23. Chung D.D.L. // Carbon. 2001. Vol. 39(2). P. 279-285

24. ®pesepHblii ctanok ¢ UITY http://cnc.aircraft.by/.

25. Lakhtakia A., Slepyan G., Maksimenko S. et al. // Carbon. 1998. Vol. 36 (12). P.1833-1839

26. Shuba M. V., Melnikov A. V., Paddubskaya A. G. et al. // Phys. Rev. B. 2013. Vol.

88 (4)/ P. 045436

N —

= © 0N

286



EFFECTIVE MICROWAVE ABSORBERS BASED
ON ANTIREFLECTIVE COATINGS

D. Bychanok, A. Plyushch, G. Gorokhov, P. Kuzhir

We present the comprehensive analysis of the dependence of the absorption coefficient of
polymer-based composites with nonmagnetic carbon inclusions from the real and imaginary
parts of the complex dielectric permittivity and thickness of the material in the frequency range
26-37 GHz. Composites containing 0.2 wt.% of carbon fibers were prepared and experimentally
investigated in Ka-band. It was experimentally found out that the surface of the composite
corrugation leads to a substantial increase of the absorption coefficient (from 63 to 92 % at a
frequency of 30 GHz, at a thickness of 4.50 mm) with a decrease in mass of the sample (28 %).
The method of calculation of the absorption coefficient of corrugated composites in the
microwave range is proposed.

287



JEKTPOMATHUTHBIE CBOMCTBA YIJIEPOJHBIX
HAHOTPYBOK, COAEP/KALIUX JE®EKTHBIE YYACTKHU
BBICOKOI'O COITPOTUBJIEHUA

A. B. MeabnankoB, M. B. Illy6a, C. A. MakcuMeHKO

1. BBenenue

DJeKTpOMarHuTHBIE CBOWCTBA yriaepodHbix HaHoTpyOok (YHT) [1] uHTeHcHBHO
HCCIIEIOBAJIICH B TCUCHHE ABYX MOCIEIHUX NCCATHICTHNA. Y HUKAJIbHBIC SJICKTPOHHBIE
CBOIMCTBA W KBasWOZHOMEpHas Teomerpus, mpucymas YHT, oOycraaBnmmBaroT ux
3¢ PEeKTUBHOE B3aMMOJICHCTBUE C 3JEKTPOMArHUTHBIM IOJIEM MHKPOBOJHOBOTO H
cyOtepareproBoro auana3oHoB. K Hacrosimemy Bpemenn YHT Obuto mpezmsnioxeHo
HCTIONBb30BaTh B KAdyeCTBE O3JIEMEHTOB pPAa3IMYHbIX HHTETPAIBHBIX CXEM: JIMHUU
nepenadu [2—5], anemMeHTOB CcBs3M [6] u HaHoanTeHH [7—10]. s OGnomMeIMIIMHCKUX
npwioxkeHuit YHT paccMmarpuBaiuch B KauecTBE 4acTHIl, 3PPEKTUBHO MPeoOpasyro-
IIUX 3JIEKTPOMArHUTHYIO SHEPIUIO B TEIUIOBYIO B PaguodacToTHOM [11], MukpoBoOII-
HoBOM [12] wm wuHppakpacHom [13] nuamazonax. Kommo3uTHble MaTepwanibl C
OJTHOTIPOLIEHTHBIM cojepxkanueM YHT neMoHCTpupyroT Xopoline 3KpaHUpYIOLIHe
CBOIICTBa B TMrareplioBoM Auana3one yactort [14, 15].

brnarogapsi BBICOKOM KHWHETHUYECKOM MHAYKTUBHOCTH OJHOCTeHHBIX YHT
(OYHT), cunpHO 3aMe[UIeHHBIE TIOBEPXHOCTHBIE BOJIHBI MOTYT BO30YXJaThCS H
pacnpoctpanstecs mo OYHT. Bo30Oyxnenne crosueit moBepxHocTHOH BoHEI B OYHT
KOHEYHOH MJIMHBI IUIOCKUMM BOJIHAMM IIPUBOAUT K BO3HUKHOBEHHUIO aHTEHHBIX
(JloKaNM30BaHHBIX  IJIA3MOHHBIX) PE30HAHCOB B  CIHEKTPax  MOJIAPU3YyEMOCTH
onuHouHblx OYHT [13]. DOkcnepuMeHTaNpHO MOKa3aHO, YTO TeparepuoBbId INHK
MIPOBOAMMOCTH TuleHKH, cocrosimed w3 OVYHT, oOycnoBneH JIOKaTM30BaHHBIM
IJIa3MOHHBIM pe30HaHcOM B onHOCcTeHHBIX YHT [16, 17]. DddekT KOHSUHO! IIHMHBI
3HAYUTENBHO BIUAET Ha 3JIeKTpoMarHuTHele cBoiictBa OYHT B yacTOTHOM Juamna3oHe,
JeKAIEeM HIDKE YacTOThI JIOKAIM30BAHHOTO IUIa3MOHHOrO pe3oHanca (<1TI'm), dro
MPUBOJANT K 3HAYUTEITHLHOMY OCJAOJIEHHI0O OCEBOW KOMIIOHEGHTHI Tonst [18] m
3HAYUTEIFHOMY YCHJICHHUIO PaJuaIbHOTO mosd Bonu3u nosepxHoctd OYHT [13].

OcnabneHne OCeBOW KOMIIOHEHTHI TIOJISi HPOMCXOAMT U3-3a  CHJIBHOTO
JETIONISIPU3YIOIIETo MOJIsl, KOTOPOE HAIPaBJICHO NMPOTHB HaJaroIlero Mojst ¥ IPUBOIUT
K TOJABJICHUIO TOKOB Ha MOBEPXHOCTH TPYOKH. braronaps 3nauntensHOMy 3 ety
nossipuzau OYHT, IIoTHOCTE pa3HECEHHBIX 3JIEKTPHUYECKHUX 3apsI0B HAHOTPYOKH
BEJIMKA. DTH 3apsAbl CO3AAI0T PaAHAIbHOE AJIEKTpUUYecKoe none, kotopoe B 10-30 pas
CHJIbHEE OCEBON KOMITOHEHTHI NAAA0IIET0 TOJS.

Hecmotpst Ha To, 4TO 3JeKTpoMarHUTHBIE cBoiicTBa oThenbHbIXx OYHT Obutn
XOpOIIO HU3Yy4YeHBl TeopeTuuecku [9, 13], Teopus, onuckiBaromas 3JI€KTPOMATHUTHBIC
CBOHCTBAa CETOK M3 HAHOTPYOOK, He paszpaboraHa mo cux mop. i1 moHUMaHuUS
(U3NUECKUX MEXaHU3MOB, OINPEICIMIOMNX 3JICKTPOMArHUTHBIH OTKJIMK CETKH U3
VYHT, B nepByto ouepeap Hy>KHO PEIINTH 3JIEKTPOMArHUTHYIO 3a7ady paccesHHs IMoJis
CHCTEMOH, COCTOAIIEH M3 [BYX HPOMU3BOJIBHO OPHEHTHUPOBAHHBIX, JJIECKTPUUECKU
cBs3aHHbIX OYHT KOHEYHOU UTHHEL.
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JLtst Tako#t CHCTEMBI YCHJICHHOE paauaibHOE TIOJIe BIWSET HAa TYHHEIBHBIA TOK,
TEKYIIUH depe3 KOHTAKT MEXKIy TpyOkamu. KOHTaKTHBIM TOK MPUBOAWUT K MEPEHOCY
3apsAfa MEXAy COCEAHMMU TPYOKaMH WM 3HAYUTEIbHO HW3MEHSET MOJSIPU3YEeMOCTh
TpyOKH 10 CpaBHCHHWIO C TaKOBOW IS OAWHOYHBIX TpyOOokK. Pacuer u amamms
MOJIAPU3YEMOCTH CUCTEMBI U3 IBYX djekTpuuecku cBs3aHHBIX OYHT panee Hukem He
MPOBOAMINCE. B HacTosIeid craThe MBI NPEICTABISEM pEUICHHE W aHau3 Oojee
MpocTol 3amaun: paccesHue snekrpomarHutHoro noiuss OYHT ¢ yyacTkom BBICOKOTO
conpotusieHus (YBC) (cm. Puc. 1). laiee Mbl OymeM mpUMeHATh abOpeBUATYpHI C-
OVHT u 6-OYHT gns OYHT ¢ YBC wu 6e3 Hero, coorBerctBeHHo. C-OYHT
SKBUBAJICHTHA CHCTEME H3 [BYX IapaljIeNbHBIX TIIOCIIEA0BATEIBHO COeINHEHHBIX
OYHT c BBICOKAM KOHTAaKTHBIM CONPOTHUBJICHHUEM, W SBIAETCSA YaCTHBIM CITydaeM
CHUCTEMBI U3 IBYX dJIEKTpudecKu CBs3aHHBIX OYHT KoHEUHO# NITUHEL

@) 7
C C 0

m
v

Eex (r,t)

Puc. 1. Cxemarnueckoe uzoopaxenue c-OYHT Bo BHemHeM none; YBC npesicTaBieH TeMHBIM
Y4aCTKOM TPYOKH

bnaromaps umnMHApUYECKOW CHUMMETPHHM, 3a/ada pacCesHUs H3IyYeHHUs Ha c-
OVHT pemaercst cTporo, 1 0Ha MOXKET pacCMaTPUBATHCS KaK MEPBBIH 1IAT K PELICHUIO
3a/1a9d paccesHUs Ha JIBYX MPOM3BOIRHO opueHTHpoBaHHBIX OYHT, snekTpuueckn
CBSI3aHHBIX JpyT ¢ apyroMm. Kpome toro, c-OYHT o0namaer kaueCTBEHHO OTIMYHBIM
no cpaBHeHHI0 ¢ 0-OYHT »snekTpoMarHUTHBIM —OTKIMKOM, 4YTO IO3BOJISIET
MIPOJIEMOHCTPHUPOBATH HOBBIE (hH3MUSCKHE SBICHUS nMerorue Mecto B OYHT.

C-OYHT sBnsercss MOJeNnbi0 HE TOJNBKO JUISI CHCTEMBI M3 JBYX JJIEKTPUYECKU
cBa3aHHbIX OYHT KoHewHOH ANMHBI, HO W ANA APYTUX PEabHO CYIIECTBYIOIIHUX
¢msnueckux cucreM. Hampumep, sto moryt ObiTh (i) OYHT ¢ nmedekrom m3zmoma
[19,20], (i) OYHT, pa3pe3zannas B OTHOM MECTE KHUCIOPOIHOM IIa3MOM, M CITUTas B
9TOM MecTe MpOBOJMICH Monekynoi [21], (iii) momomanHast TpyOka, KoTopas 3aTeM
ObLTa coeTMHeHa KOHI[aMH B MecTe pazioma [22].

Ousnyeckas peanucTHUYHOCTE Momenun OVYHT ¢ ydacTkoM  BBICOKOTO
COTIPOTUBJIEHUS BBITEKaeT U3 JKCHEPUMEHTAIBHBIX M3MEPEHUM CONMPOTHUBICHUS
KOHTakTOB Mexay YHT u pa3nuuHbeix BHYTpUMONEKYJIApHBIX nepexonoB B YHT [19—
23]. B a3THX OKCIIepUMEHTaX COIMPOTHUBIEHHE KOHTAKTOB MEXIy TpyOKaMHd W
BHYTPUMOJEKYJIAPHBIX TIEPEXOAOB B HHUX CpPaBHMMO U JaXe MOXKET IpEeBBIIIATh
comnporuBieHne 6e3nedekTHhIX yuacTkoB YHT.

2. TeopeTnueckuii aHau3

Paccmotpum m3onupoBannyto OYHT mmunoit L, pamumycom R W uHaexkcamu
XUPaITbHOCTH (m, n) , COZIEPIKAIYI0 OIUH Y4acTOK, 00IaJarolii BHICOKUM COIPOTHUB-
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JIEHWEM, W HaxXomsdmytocss B cBoOomHoM mpoctpanctBe. YHT cBs3aHa ¢ muumHI-
pUYECKON CHUCTEeMOW KOOpAMHAT (go, p,z) TakuM 00pa3oM, 4YTO T'€OMETPUUECKHI

ueHTp YHT coBnanaeTr ¢ HayajaoM CHCTEMBI KOOPJIMHAT, a OCh Z CHCTEMBI KOOPIUHAT
napajuieJbHa OcH yriiepogHoit HaHoTpyOku. Ha OVYHT nefictByer BHemmHee mole

miockoii Bonusl: E, (r,t)=E (r)-exp(—iwt), rae @ — xpyrosas 4acrora. Cxema-

TUYECKHU paccMaTpuBaemas 3ajada npejcrabieHa Ha Puc. 1.

DNIeKTpOAMHAMHUYECKAsT 3a7ada pacCestHUS JJIEKTPOMArHUTHOTO U3ITyYCHUS
YJacTUIleH, HaXOIAIIEeHCS BO BHEITHEM I10JI€, CBOJAUTCS K HAXOXKACHUIO pactpeeieH s
TOKOB j(r,t), BO30YyX/JIaeMbIX B 4YacTUIIE IOJ JCHCTBUEM BHEIIHEro mous. s

pemieHus J3TOW 3aJadd MOXKHO TIPHMEHITh pPa3IHYHbIe MOAXONBI: 1) TOIXOo,
OCHOBAHHBIN Ha MPUMEHEHUH TMEPBLIX MPUHIIUIIOB KBAHTOBOW MEXaHUKH; 2) MOIXO,
OCHOBaHHBI Ha KJIACCHYECKOW OJIIEKTPOJUHAMUKE;, 3) TOIXOHA, OOBEIUHSIONIHIA
3JEKTPOAUHAMUYECKYIO U KBAHTOBO-MEXAHUUYECKYIO 331a4U.

2.1 ITo0x00, ocHOBaAHHBLIL HA NPUMEHEHUU NEPEBIX NPUHUUNO0E KEAHMOBOI Me-
XaHuKu

JIJ'ISI YHUCJICHHOI'O pCUICHUA MOCTaBJICHHON 3aJauy HIMPOKO MPUMEHACTCA METOI
(hyaknroHaNa mIoTHOCTH, 3aBucamui oT BpemeHu (TDDFT — Time-dependent density
functional theory). KBanTOBO-MEXaHHMYECKHI TTOAX0.T U3 TIEPBBIX MIPUHITUIIOB TTO3BOJISI-
€T TIOYYHUTh Pe3yJIbTaThl, KOPPEKTHBIE C TOUKH 3PEHUSI KBAHTOBOW MeXaHWKH. OHAKO
13-3a OTPAHUYECHHBIX BO3MOXKHOCTEH COBPEMEHHBIX cynepkoMnbrorepos TDDET mpu-
TOAHO UIA MOJETUPOBAHUS MaJbIX KOHEYHBIX HETEPHOANYECKUX CHUCTEM, ColepkKa-
mmx He 6osiee 200-300 3ekTpoHOB npoBoguMocTd. Hanpumep, ¢ momoipio TDDFT
OBUT pacCYMTaH AIEKTPOMArHUTHBIA OTKIMK CEPEOPSIHBIX M 30JI0THIX HAHOCTEPKHEH
IUTHON 10 7 HM [24]. Pe3ynbpTaThl pacdeToB MOKA3bIBAIOT, UTO B TAKUX YaCTHIAX Ha-
OmojaeTcs pe30HaHC MOBEPXHOCTHBIX IIa3MOHOB B OmmkHeM WK nmamazone smex-
TPOMAarHUTHOTO CIIEKTPA.

2.2 lIo0x00, ocnosannwlii Ha K1accueckou 3j1eKmpoouHamuKe

B knaccuueckoil »IIEKTpOJMHAMUKE U HAXOXKICHHS PACIpPEeleleHUs TOKOB,
TEKyIIMX B YaCTHUIlE MOJ AECHCTBHEM BHELIHETO IOJSA CUCTEMY ypaBHEHMH MakcBeia
HEOOXOIUMO JOTIOJTHHUTh MaTepHaIbHBIMU YPaBHEHUSMH, KOTOPBIE CBS3BIBAIOT Yepe3
3G PEKTHBHYIO TMPOBOJAUMOCTh IUIOTHOCTh BO30YXKIA€MOTO TOKa W HANpPsHKEHHOCTH
moyisi, AecTByromero Ha Tpyoky. Jms 6-OYHT kpaeBas snekTpoauHaMAdecKas
3amava Obuia copmymupoBana B [9]. B satom cinywae OYHT paccmarpuBaercs kak
TOHKOCTEHHBIN TPOBOJSAIINNA IWIHHID, 00JaNatolIeil MOCTOSHHONW B0 OCH TPYOKH
aKCHaJIbHOH MpoBOAUMOCTEIO0 O . IIpoBogumocts o, ang 6-OYHT Beruucngercsa na

OCHOBE KBaHTOBO-MEXaHHYECKOTO PACCMOTPEHHUSI NBIKEHHMSA 3JeKTpoHOB. [lns c-
OVHT akcuanbHasg MpOBOANMOCTD MOJIAraeTCsl 3aBUCSIIEN OT KOOPAWHATHI Z.

KpaeBas snexTpoanHaMudeckas 3a1ada CBOAUTCA K MHTETPAIIbHOMY ypaBHEHHIO
XanieHa, KOTOpoe MO3BOJISET HAaWTH pacrpeesieHHe TOKOB, TEKYIIUX M0 TPyOKe Mo
JeWCTBHEM BHEIIHETO IOJISL:
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0 0=(2) ’ 0
+27R. :”G(R,R,qﬁ,z_zv) (2"
rac
G(R, p,4,7) = ExP|ik\/R2 +p° =2pR-Cosg+z* |’ o

\/R2 +p°=2pR-Cos¢+z’

ectb pyHkims ['puHa B cBOOOIHOM mpocTpaHcTBe [9], kK = @/ ¢ — BONHOBOE YKCIIO B
CBOOOJHOM ITPOCTPAHCTBE, € — CKOPOCTH CBETA B BaKyyMe.
[MpoBogumocte OYHT Berumchsiiacek no cienyromeit popmyse [9]:

. 2
ie"w 1 - OF. Oe,
o (0)=-—=— —-> | dp. . 3)
T°hR a)(a)+l/ 2') = *1s8Z Op_ Op.
rae€ € — 3apdd 3JICKTPOHA, h — HOpPpMHUPOBAaHHad IMOCTOAHHAA HJ'IaHKa, pz —

HPO/IOJIbHAS TIPOCKIUs UMITyJibca 3iekTpoHa. Llenbie uucna s =123,...,m — 310
HOMEpPA JHEPreTUUYECKUX 30H T-3JEKTPOHOB. 7 — AJIEKTPOHHOE BpEMs pPellaKcalyi,
00yCJIOBIEHHOE paccesHUEM 3JEKTPOHOB Ha jAedekTax M (OHOHAX KPUCTATIIMYECKON
pemetku. F, — paBHOBecHas (yHKLUA pacmpeneneHus @epMu 31EKTPOHOB MPOBOIHU-
MOCTH I10 SJHEPTUH, £, — DHEPTHA JIEKTPOHOB MIPOBOIUMOCTH.

Bripaxkenne (3) oOmMCHIBaeT TOJNBKO BKJIaX BHYTPHU3OHHBIX IIEPEXOJOB B
npoBoauMocte OYHT. OTo sBAseTcd yMECTHBIM IPU BBIYMCIEHUH TNPOBOAMMOCTH
OVHT wManoro auamerpa, Ui KOTOPBIX MEK30HHBIE MEPEXOAbl MMEIOT MECTO Ha
Y4acTOTax, MPEBBILIAIONINX paccMaTpruBaeMblii YacTOTHBIN nuanazoH (1 [T — 10 Tl o).
YroObl pemuTh MHTErpagbHOe ypaBHeHHE (1), ero Hy»XKHO NOMOJHHUTH T'PaHUYHBIMU
YCIOBUSMH JUIsI TOKOB HA KOHIAX TPYOKH:

I(-L/2)=1(L/2)=0, 4)

VYcnoBue, 3amucaHHOe B BbIpaxeHWH (4) BBITEKA€T U3  OTCYTCTBUS
CKOHLEHTPUPOBAHHBIX HocuTenen 3apsna Ha koHuax OYHT [25]. Otnuune c-OYHT u
0-OYHT 3akmtodaercsi B TOM, YTO BJIEKTPOHBI MO-PA3HOMY ABMXKYTCS 110 Pa3ITHYHBIM
yuactkaM c-OYHT: uepe3 yuacTok ¢ BHICOKMM COIPOTHBIICHHEM OHH TYHHEIUPYIOT, a
mo Oe3feeKTHBIM y4yacTKaM TPYOKM OHH MJBIXKYTCS B KadeCTBE DJIEKTPOHOB
MPOBOAUMOCTU. Takoe pa3nuuue B OCOOCHHOCTAX [BW)KEHHS DIIEKTPOHOB IIO
pazmmuHbiM ydactkam c-OYHT mpuBoguT Hac K HEOOXOIMMOCTH HCITOIE30BAHUS
MOJIX0Ja, KOTOPBI, C TOYKM 3PEHUS KBAaHTOBOH MeXaHWKH, OyaeT KOPPEKTHO
OIHCHIBATh JIBIDKEHHE JIIEKTPOHOB KakK MO Oe3nedeKTHhIM ydacTKaM TPYOKH W B
obnactu YBC.

2.3 Ilooxo0, o0veounawwuil INEKMPOOUHAMUUECKYI0 U  KBAHMOB0-
MexaHuuecKyio 3a0auu

JToT moaxon Oa3Mpyercss Ha COBMECTHOM pEICHHH JJIEKTPOAWHAMUYECKOM
3a7a4yl JUIS OJHOTO y4YacTKa CHUCTEMBI (Hampumep, AJisi 0e3JeQeKTHBIX YYacTKOB C-
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OVYHT) u peuieHnr KBaHTOBO-MEXaHHUYECKOM 3aayul IS APYTOTO y4acTKa CHCTEMBI
(amanpumep, ans YBC). Dt aBe 3amaun 00beJUHSIOTCS MEKAY COOOH, U B pe3ylibTare
IOJIy4YaeTCsl CaMOCOIVIACOBAHHAS ANEKTPOJUHAMUYECKAs 3a7ada JJIsi BCEH CHCTEMBI,
KOppEeKTHasi C TOYKM 3pEHHMS KBAaHTOBOM MexaHMKH. C NOMOIIBIO 3TOW MOJAETH B
pabote [26] ObUIM BBIYMCIICHBI TOKH, TeKymue depe3 ydyacTok OYHT, momenieHHbIH
MEXIy METAJUIMYECKUMH KOHTaKTaMM, M HaXOIALIMICA B TUAJIEKTPUUYECKON cpene,
IpH T0Ja4e Ha O3TOT YYaCTOK BHEIIHEH pa3HOCTH TOTeHIHaioB. KBaHTOBO-
MeXaHHYeCKasl U DJEKTPOJMHAMHYECKAs 3a/la4d B 3TOM CiIydae OOBEANHSIOTCS Yepe3
3NEKTPOIMHAMHYECKHE TIOTEHIIHATIBI.

IIpuMeHUM ONMCaHHBIA BBIMIE METOJ K MOJEIHPOBAHHIO 3JIEKTPOMATHUTHOTO
orknnka c-OYHT. KBaHToBOo-MexaHMuecKkas 3afada B 3TOM CIydae pemaeTcs s
SJEKTPOHOB, TyHHenupyiomux dyepes YBC. Ha VYBC geifictByer pasHOCTB
MOTEHIMANOB }/ , KOTOpast 3a7aeTcs MoJieM, JCHCTBYIOIIUM Ha TOT y4acTOK TPYOKH.
[poBogumocts YBC Beruncnsercsa no ¢popmyne Jlannayspa-byrrukepa [27]:

2
G0)=L-0.[ & [ dE(-or 10E)-T(E). 5)
4 ah ) -

rne 1’ (E ) — K03 PHULIUEHT TPOXOKAEHHS IEKTPOHOB uepe3 YBC B 3aBUCHMMOCTH OT
SHEPTHH DIEKTPOHOB, [ — QYHKIHS pacrpeieeHns SICKTPOHOB 110 SHEPTHHL.

®dopmyna (5) HWCMONB3yeTCS I OMUCAHUS TPOBOISIINX CBOWCTB BHYTpPH-
MOJICKYJIIPHOTO U MEXKTPYOOUHOTO TYHHENIbHBIX KOHTakTOB B cuctemMax OYHT [28—
30]. ®opmyma (5) omMCHIBa€T MPOBOAMMOCTh YydYacTKa TPYOKH C BBICOKHM
COTIPOTHBJICHHEM Ha HYJIEBOM wYacTtoTe. BBICOKOYAacTOTHas MPOBOIMMOCTH TPYOKH
OTIpesieNsieTcs COOTHOLIEHUEM:
Glw)=1(0)/V (@), (©6)
Cnsur (a3 MexIy TOKOM W HalpsHDKEHUEM OIPeJeNsieTcsl TAKOW BEIMYMHOHN, KaK
BpeMsl TYHHEJIUPOBAHMSI 3JEKTPOHOB. B HMHTepnperanuy BpeMEHU TYHHEIUPOBAHUS
Jlanmayspa-bytrukepa [31] cymecTByer KBa3HCTAaTUYSCKUN pPEXHUM, KOTAa TOK,
TEKYIIUN 4Yepe3 TYHHENbHbI KOHTAaKT M3MEHSETCS MPAKTHUECKU CHH(A3HO C IOJIEM,
JEHCTBYIOLIMM Ha 3TOT y4acTOK. B 3ToM ciydae MOXHO CUMTATh, YTO IIPOBOJUMOCTb
ygactka OYHT ¢ BBICOKMM COMIPOTHBIICHUEM SIBJISETCS MPAKTUYECKU JIEHCTBUTEIHHOM
BEJIMYMHOW. Takoil  HU3KOYACTOTHBIA  Mpeded  NPUMEHHUM, KOrJa  BpeMs
TYHHEJIMPOBAHUSl 3HAUYUTEIBHO MEHBLIE MEpUOJa WU3MEHEHHUs BHEIIHero mnojs. B
paccMaTpuBaeMOM HAaMH YacTOTHOM JMama3oHe paldoTaeT KBa3MCTaTHYECKOE
NpUONIMKEHUE )i TPOBOJUMOCTH TYHHEJIBHOrO Oaphepa, M Mbl MOXKEM CUUTATh
MIPOBOJAMMOCTb Y9aCTKa TPYOKH C BEICOKUM COIPOTHUBIEHUEM YHCTO JEHCTBUTEIBHOM.
®dopmyna (5) mO3BONAET HAWTH TOK, Tekymuid depes YBC depes mone,
neictBytomiee Ha YBC:

I=E.-d-G(0), (7)
rne E_ — cpemHee 3HaueHuWe mnous, AeifctByromero Ha YBC. Drto mone sBisercs

CyMMOW IBYX IOJICH: BHENIHEro mois [, ¥ mons, paccesHHOro Ge3nedeKTHBIMU
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ydacTKaMd TpyOKu E ., KOTOpO€ HAXOIMTCS W3 PEUICHUs 3JIEKTPOJHHAMUYECKON

sc?
3a1auu 11 ABYX Oe3nedektHbix yyactkoB OYHT. d — wmna YBC.

IIpoBomnmMocTs Oe3medexTHrx ydacTkoB c-OYHT Bwrumcisiercst mo dopmyie
(7). DnexTponuHamMuueckas 3aaada s Oe3gedexTHoix yuyactkoB OYHT cBoautcs k
CUCTEME W3 JIByX HHTETPAIBbHBIX ypaBHeHuW XamuieHa Bupa (1). DOTu ypaBHEHHS
JIOTIOJTHSIIOTCSL TPAaHUYHBIMU YCIOBHUAMU (4) Utk TOKOB, Tekymmx Ha koHax OYHT u
YCIIOBHSIMH HEPa3phIBHOCTH IS TOKOB, TeKyIux BOam3n YBC:

]r+O:[r—O:1’ (8)

Bgenenue Bripakenus (8) B 3ajauy IpuBOAUT K TOMY, 4To Ha YBC He ckarmumBa-
€TCsl 3apsif], U 3TOT YYaCTOK HE PACCEUBAET 3JIEKTPOMArHUTHOE MOJIE.

CucteMa W3 JABYX HWHTETPalIbHBIX ypaBHEHHMH XallZIeHA YYUTBIBACT 3JICKTPO-
MarHuTHOE B3aUMOJICHCTBHE MEXIy AByMs Oe3nedextHbiMH ydacTkamu c-OYHT.
Pemenne »T0# cuCTEMBI IO3BOJIICT HAWTH TOKH j(z), TeKymme 1o 0e3aeeKTHRIM

yuactkaM c-OYHT. 3Hanne TOkOB, Tekymmx mo Oe3medexktHbM ydyactkam c-OYHT
MO3BOJISIET HAWUTH pacCesTHHBIE STUMHU yIaCTKAMH IO, KOTOpBIe AeHCcTBYIOT Ha YBC:

82
_| 72
Esc(r)_ k +aZZ 'Hea (9)
rae II, — omexrpudeckmii Bextop I'epma, KOTOpBHIM Ul MONEH, PacCesTHHBIX

oe3nedextapiMu yaactkamu OYHT Beraucisercs cinemyromum oopazom [13]:

iR r-d/2 +L/2
H(p,z)zl;-u J2)-Gla =2 o RY+ [ () Gz -2, p,R)dzvj 10)

-L/2

Oo0bennuaenne BeipakeHni (3)—(5), (7)—(10) m AByX WMHTETpaNbHBIX YpaBHEHUU
Xamnena s 6e3nedekTHoX yuacTkoB c-OYHT npuBoIuT Hac K caMOCOTIacOBaHHON
anekTpoauHamuueckol 3amade nus c-OYHT, pemeHue KOTOpoil MO3BOJSIET HAMTH
anexkTpoMarHuTHeIH OTKIMK c-OYHT. Ilomxon, Oasupyromuiics Ha OO0BEAMHCHHUH
KBaHTOBO-MEXAHMYECKOW U JJIEKTPOAMHAMHYECKOM 3a1ad, SBISETCS HECKOJBKO
rpoMo3akuM. IloaTomy Asis yHpOIIEHHUS PACCMOTPEHHS] BOCIOJB3YEeMCS APYTUM
MOAXO/I0M.

2.4 Dnekmpoounamuyueckas mooeab MpPYOKu ¢ NEPEMEHHbIM aKCUATbHBIM
conpomuenenuem

Ota Mozenb 0a3upyercst Ha KIacCHUECKON AIIEKTPOIUHAMUKE, IPH 3TOM yUYacTOK,
yepe3 KOTOPBIA TYHHEIUPYIOT 3JIEKTPOHBI, IPEICTABISIETCS B BUIE THIIOTETUYECKOrO
MaTepuana, MpPOBOJUMOCTH KOTOPOTO COOTBETCTBYET TYHHEIBHON IMPOBOAUMOCTH
paccMaTpuBaeMoro  ydactka. OTa  MoOJelb  IpPUMEHsIack K pacuery
JJIEKTPOMArHUTHOI'O OTKJIMKA CHCTEMBl U3 JBYX METANIMYECKUX c(ep, KOTOophle
HAXOAATCA JIPYT OT Jpyra Ha pacCTOSHUH, IIPU KOTOPOM TYHHETUPOBAHHUE 3JIEKTPOHOB
Mexay cepaMu SBISETCA 3HAUUTENBHBIM [32].

[IpumeHeHue >TOW MOAENU K pacyeTy dIeKTpoMarHuTHoro otkivka c-OYHT
o3HaudaeT, yTo Bce ywyacTku OVYHT xapakTepusyroTcsi cBOeil MpPOBOIUMOCTBIO,
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JJIEKTPOMAarHuTHAs 3ajada CBOAWTCS K ypaBHeHWto XaimieHa (1), mpu 3ToM TpyOKa
o0nafaeT  NepeMeHHOHl  OceBOH  IPOBOJAMMOCTBIO O, (z) [IpoBoauMOCTH

OeznedexTHpix yuactkoB c-OYHT o, Beumcnsercs mno dopmyne (3), a
npoBoauMOcTs Y BC BBIUMCIISETCS CIIEAYIONM 00pa3oM:

o, =d-G(0), (11)

rae G(O) — MPOBOIUMOCTb, BeIYHCIeHHas Mo (opmyde (5). [Ipoogumocts c-OYHT
MO>KHO 3aIMCaTh CIEAYIOIINM 00pa3oM:

o.(z)=0_,ze{-L/2,r—d/2}0{r—d/2,L/2}

O'Z(z)=0'1,ze{r—d/2,r+d/2} ’ (12)

rjie ¥ — KoopAuHaTa pacnoioxenus neHTpa YBC no ocu z (Puc. 1).

OTnryme 3TOro MOAXO0Ja OT MPEOBIAYIIETr0 3aKIF0YaeTcss B TOM, YTO B CITydae
WCIIOJIb30BaHMS 3JIEKTPOAMHAMUYECKON MOJETH TPYOKH C NepeMEHHBIM aKCHATbHBIM
compotuBieHueM, Ha YBC MoxeT ckamimMBaTbes 3apsij, KOTOPBI pacceuBaeT
3IEKTPOMAarHUTHOE TIOJIE.

IMogxon, paccMOTpeHHBIH BbIle MOXXHO 0000muTh Ha pacuer c-OYHT c
HeckoipkuMu YBC, 3agaB B cucteme (12) HU3KYIO MPOBOIUMOCTH AJISI HECKOJBKUX
YBC B OYHT.

Haxons toku, Tekymue mo c-OYHT, MBI MOXEM OTIPEIEHUTh TOIAPU3YyEMOCTD C-
OYHT B cBOOOAHOM NpOCTPAaHCTBE B Cllyyac AJMHHOBOJHOBOIO IMpefesia, Korjaa
JUTMHA BOJTHBI HAMHOTO O0IbIle reoMeTprdeckoro pasmepa YHT [9]:

Jj(z)dz . (13)

a:2m—'R.J-+L/2

a).EO -L/2

[ToBepXHOCTHYIO TJIOTHOCTH 3apsiaa, pacnpeaenceHuyo mo OYHT moxHo HailTh
o popmye:

i .9i(z)
o 0z

p(z)=~- (14)

[Ipu wcmonmp30BaHUM ISl pacdyeTa MOBEPXHOCTHOM IUIOTHOCTH 3apsia, TOKa
j(z), TOMY4EeHHOTO TP WCIIOJIB30BAHMH JJIEKTPOJIUHAMUYECKOW MOJIENIN TPYOKH ¢
MIEPEeMEHHBIM aKCHAIFHBIM COMPOTHBIIEHUEM, MOXET TOJIYYUTHCA TaK, 9TO HA yJaCTKE
C HU3KOH MPOBOAMMOCTHIO OyIEeT KOHIIEHTPHUPOBATHCS OOJNBIIOE KONWYECTBO 3apsia.
Tak, Kak 3TOT y4acTOK MPEICTaBIsAET cOOOU TYHHENBHBIN Oapbep IS 3JIEKTPOHOB, TO
KOHIICHTpAITUS 3apsIOB B dTOW OOJACTH MPEACTABISACTCS HepeanucTudHou. [loaTromy
3apsij, CKalUIMBa€Mbld B y4dacTKaX C HHM3KOM AJIEKTPUYECKOW IPOBOJMMOCTHIO, HE
MMeEEeT CMBICTA.

MomHocts, Bbigensemas B OYHT 3a cuer mporekanus Toka uepe3 YBC,
BBIYHCIIACTCS CIeAyomuM obpazom [13]:

r—d/2

P =7R-Re| - G - (15)
O,
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MomHOCTh, BBIIEISAEMas Oylarojmaps TNPOTEKAaHWI0O TOKa I0 Oe3medeKTHBIM
yuactkaM OYHT, Beruncnsercs no cieaytomieit popmyse [13]:

r—d/2 L/2

1 .
P, =7R-Re . U @[ d=+ |

-L/2

i) dz} . (16).
+d/2

Ou3nyeCcKud CMBICT JIeHCTBUTENRHOM mpoBoguMoctTn YBC u  MomrHOCTH,
BEIUMCIICHHOW 10 (hopmyiie (15) 3akmtodyaercs B TOM, 4To mpu mnepexojae uepes YBC
IEKTPOHBI TONYYalOT JOMOJHUTENBHYI0 JHEPTHI0, KOTOpas 3aTeéM IPUXOAUT B
TepMOJMHaMU4ecKkoe paBHoBecue ¢ atomMamu pemetrkn c-OYHT. Takum oGpazom,
9HEprus, TMOJyueHHash OJJIEKTpOHaMH OT monsi B obimactu YBC, B OCHOBHOM
paccenBaetcs Ha Oe3nedexTHpIx ydacTkax c-OYHT Bommzn YBC.

3. UncneHHble pe3yJbTaThl H HX 00CYKICHHE

[IpuMeHnM TeOpeTUIECKYI0 MO/IETh, ONIMCAHHYO B TIPEABLAYIIEH TTIaBe K pacyeTy
OVYHT, copepxameid OOWH yYacTOK C BBICOKMM CONpoTuUBiIeHUeM. [lnd
OTIpeIeIeHHOCTH paccuuTaeM Merammmieckyto OYHT tuma 3ursar ¢ wuHAekcamu
xupanbHoctd (12,0) u mmHoro L =1 wmxm, Pagmyc OYHT R =0.5 uwm, amuna
y4acTKa TPYOKH € BBICOKMM conpoTuBienrneM d =1 HM. Y4acTok TpyOKH ¢ BBICOKMM
CONPOTHBJICHHEM pacmojaraercs B neHrpe Tpyoku 7 =0. TpyOka Haxomutcs B
CBOOOMHOM  TPOCTPAHCTBE, BpeMs OJIEKTPOHHOH pemakcarmu 7 =50  de.
ConpoTuBlieHHE ydYacTKa TPYOKHM C BBICOKHM COTPOTHUBIEHHEM XapaKTephU3yeTcs
uncnoM N, = R, / R, , KOTOpOE OmpesesseT OTHOLICHHE CONPOTUBICHHS y4acTKa
TpyOKkn ¢ BbIcOKUM compoTtuBieHne (YBC) kx cyMMapHOMY CONpPOTHBICHHIO
0e31e(peKTHBIX yIaCTKOB TPYOKHU.

9000

6000 -

3000

(10 A% c'kr"

Re[a]

BespedextHan OYHT
-—=N_=0.1
R

Im[e] (10°*ACkr ™)

weeeeeN =10

1 10 100 1000 10000
STy

Puc. 2. Criextps nossipuzyemocts 0-OYHT (crumomnast smuanst) u c-OYHT ¢ onanm YBC
(TIyHKTHpHBIE JINHIH) Pa3HOH MTPOBOTUMOCTH
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Puc. 3. Cnextpsl neiicTBUTENBbHOM (a) 1 MHUMOM (0) yactelt nonsipuzyemoctu c-OYHT
(N =5)u6-OVHT u aByX napajieibHbIX d1eKTpudecku HecssaHHbix OVHT (N, = o0).

Cnexrtpsl MomHOCTH, BhIgensieMor B 6-OYHT, a takxe B YBC u B 6e31eekTHBIX ydyacTkax c-
OVYHT. (B). OtHomenune monyns s¢dexrrBroro nosst Ha YBC u cpennero mosus Ha
6e3nedextarx yaactkax OVHT k magaromemy nodro (T)

Ha Puc. 2 npencrasnensl crekTpsl nonsipusyemoctd c-OYHT npu paznuuHbIX
3HaueHUIX N,. na 6-OYHT B cnektpe Im[a] Ha yactote 2 TI'n HaGmomaercs

TeparepuoBbii K (TTI), KoTopsIii cBsI3aH ¢ 3hPeKTOM KOHEUHOH MHEI B TpyOKe [33].

B caywae ecnu comporuBnenne YBC sBnsercss 3HAUMTENBHO MEHBLIMM IO
CPaBHEHHIO C CyMMapHBIM CONPOTHBJICHHEM TPYOKH, CHEKTp HOJSIPU3yEeMOCTH C-
OVYHT cna6o otnuuaercst oT cnekrpa nomsapusyemocta 6-OYHT. Tlpu 3HaunTensHOM
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npeBbllieHud  comnportusneHuss YBC Hag  compoTuBieHHeM TpPyOKH, CHEKTp
MOJIIPU3YEMOCTH U3MEHSETCS Ha KauecTBeHHOM ypoBHe. Hacrtora TII yBenuunBaercs,
a "Ha yactoTe 100 I'T'1 nmosBnsieTcst TOMONHUTENbHBIN rurarepoblil muk (I'T1).

Pexum HaOnromeHuss IByX HE3aBHCHMBIX INHKOB B CIIEKTpe Imfa SIBIISIETCS
HanboJiee UHTEPECHBIM ISl HCCIIEOBAHMUS, TIO3TOMY ISl TOTO YTOOBI MOHSTH, KAKUM
oOpazom VYBC Biuser Ha cmektp mnomspusyemoctd OVYHT, Mbel npusenem
JIOTIOJTHUTEINIbHBIE PE3yJIbTaThl PACUETOB.

Yacrtotel I'TI u TII gensr crnektp noiaspu3syeMoCTH Ha TpU Juana3zoHa. Beiaenum
TPU pa3NUYHBIX pekuMa B3ammogedcTBus c-OYHT c 3neKTpOMarHUTHBIM H3ITyde-
HueMm: (1) pexum cmaboro BiamsHus YBC ©Ha momspusyemocts c-OVHT
(f<100/Ty), (2) npomexyrounsiii pexum (100/7Ty < f <5TTy), (3) pexum
3HAUUTEJBHOTO TOJaBlieHUs TOKa, Tekymero yepes YBC ( f > 57Ty ). Tpybka B
TPETbEM DPEXMME pa3JeisieTcd Ha JBa y4acTKa, KOTOpbIe MPAKTUYECKH HE3aBHCHMO
B3aMMOJICUCTBYIOT C JJIGKTPOMAarHUTHBIM H3TydeHHEeM. PaccMOTpUM 3TH PEXHUMBI
Gosee neTaIbHO.

3.1 Pesycum cnadozo enruanua YBC na nonapuzyemocms OYHT

Honspuzyemocts c-OYVHT B aTOM ciydae cnabo oTiaudgaeTcst OT HOISAPU3YEMOCTH
0-OVHT B auanaszone yactot ( f <100/7%y ). 310 NpOUCXOUT U3-3a TOTO, YTO TOKH,
tekyiue o 6-OYHT, npubiusutensHo paBHbl TokaM, Tekyium 1o c-OYHT (Puc. 4(a)).

1.0, (a)
08 =10 1Ty
f ;e _\_\_\__‘-‘-H-H""\-\.
§ 0.6 /
S 04
02
0.0
(6)
= s f=2001Tu
% _____________ \
----- '\.N = 5 o T
—— BesnedexTHas OYHT TN
f=5Try
= ] . et
<100 T P i
= | . - "‘ i E:
50 / R
p ™~
-1.0 -0.5 0.0 0.5 1.0
2z/L

Puc. 4. Pactipenenenust TokoB 1o OYHT, Bo30yXIIEHHBIX BHEITHUM I10JIEM, TIPH PA3TTMYHBIX
Y4acTOTax BHEIIHETO MOJIs
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N3 Puc. 4(a) Bugno, uto yepe3 YBC TedueT Takoil ke TOK, KaKk U 4epe3 ITOT JKe
yuactok 0-OYHT. Tak, kak CONpOTHBIIEHHE 3TOr0 y4acTKa B 5 pa3 Oouibliie, 4eM
CONpOTHBJICHUE Oe3nedeKTHOM TpyOKH, ncnonbdys dopmynsl (15) u (16) mMoxHO
MTOJTYIUTh, YTO CyMMapHas MoOITHOCTh, BeiiensseMas Ha OYHT ¢ YBC 6onpire, gem
CyMMapHasi MOIIHOCTb, BblAensieMas Ha OesnmedextHoirt OYHT. Dto mokazaHo Ha
pucynke 3(B). Maumas yacts nosnsipuzyemoctd OYHT nponopuuoHanbsHa MOIIHOCTH,

BolJesgeMOl Ha Hel. IlosTomy [m[a] ans ¢-OVHT ma wacrorax f <100 /7y

MPAKTUYECKU HA MOPAIOK OOJIbIIIe Im[a] st 6-OYHT (Puc. 3(0)).

PaBeHcTBO TOKOB, BO30YyKIaeMbIX BHEIIHUM mojeM Ha c- m 0-OYHT, Taxxke
03HaYaeT OJMHAKOBOE PACIPEICICHHUE 3apsaoB 1mo ux moepxHocTtu (Puc. 5(a)), T.e.
YBC He mnpensaTcTByeT meperekaHuio 3apsaa. W3 pucynka 3(a) BUAHO, YTO B
paccMaTpuBaeMOM YacTOTHOM JMamna3oHe JAeHCTBUTENbHAS YacTh MOJNSIPU3YEMOCTH C-
OVHT sBusgercs mocrosuuoii. To jxe camoe HaOII0MaI0Ch It MHOTOCTEHHEIX YHT,
KOTOpBIE€ B3aMMO/ICHCTBOBAIIH C 3JIEKTPOMArHUTHBIM H3JIyYEHHEM B KBa3UCTaTHUYECKOM
pexume [18]. B atom pesxxume o c-OYHT meperocutes 3aps, 3HaueHUE KOTOPOTO He
3aBHCUT OT 4YacToThl. llpW MOHIKEHHMH UYacTOTHI I TepeHoca JTOro 3apsia
HEOOXOJMM MEHBIIUI TOK, MO3TOMY IIoJie, AelcTByomiee Ha ydactku c-OYHT,
MIOHWKAeTCs ¢ yMeHblIeHneM 9actotsl (Puc. 3(1)).

Tak kak mpoBogumoctd YBC u 6e3nedextroix yuacTkoB c-OYHT 3HaunTenbHO
pa3NU4aoTCs, TO U TOrO, YTOOBI IO 3TUM ydYacTKaM MPOTEKall OJMHAKOBBIM TOK, Ha
YBC nomxkHo nefictBoBath ropaszno Oosbiiee noie (Puc. 3(r)). [one, neficTByroinee
Ha Oe3nmedextHpie yyactku OYHT 3HaunTensHO HIKE, YeM Majaioliee Ioyie, 4YTo
Habmoganock u it MYHT [18]. IIpu arom mone, aelicteytomiee Ha YBC, moxer
3HAYUTEIFHO MPEBHIIATH BEIUYNHY BHEIIHETO OIS,

3.2. IIpomesrcymounslii pexcum

ITpy TOBBIMIEHUH YACTOTHI ToNe F 4> AeuctByromee Ha YBC, mocrturaer

MaKCUMaJIbHOTO 3HAYCHHS M Jajee OCTaeTCs MpuMepHO mocTosHHbIM (Puc. 3(T)).
[Ipexpamenne pocra momst £, npusogur k ToMy, uro depe3 YBC Haummuaer

MepeTeKkarh 3apsijl, 3HaYCHHE KOTOPOro MEHBIIE 3HAYCHHUS 3apsijia, MepeTeKaroliero
gepe3 TOT ke ydactok 0-OYHT. YMmenemenue 3apsma, mepeHocuMoro depe3 YBC

SABJIACTCSA HpH‘lHHOfI criaga Re[a] HpI/I IIOBBIINICHHWHM 4aCTOThI B HaCTOTHOM AHalla30HE
100 [Ty < f<5TTy.

Takske 5T0 IPUBOJIUT K NOJABIEHUIO TOKa, TeKyuiero no c-OYHT no cpaBHeHuto
¢ Tokamu, tekymumu mo 06-OYHT (Puc. 4(6)). B mecre pacnonoxenns YBC B
(yHKIIMM ~ pacmpeneicHus Toka 10 TpyOke HaOJrOmaeTcs ToYKa H3JIOMa.
MaremaTtndecks 3TO O3Ha4aeT HaimWyhMe B MecTe pacronoxkeHue YBC ckauka
pactipeneneHus 3apsna (Puc. 5(0)). MMeHHO 3TOT CKadyoK 3apsga NPUBOIAUT K

3HAYUTENBHOMY YCHIEHHI0 mons £, mo cpaBHenuto ¢ momeM £, (Puc. 3(r)).
PaccmatpuBaembiii 3ddexT ycunenus mojs, aevcTByromero Ha YBC ananoruueH
s dexty ycunenus noist Bommzu konuoB OYHT, koTopslil OblT paHee TeOpeTUYecKn
ommcad [13].

Korna tok, texyummit yepe3 YBC, cTaHOBUTCS B HECKOJIBKO pa3 MEHbBINIE TOKa,
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TEKYIIETo uepe3 aHamornyueiid yuactok 0-OYHT, pacnpenenenne 3apsiga mo c-OYHT
CTaHOBUTCA TMPAKTUYCCKU IMOCTOSAHHBIM U cna60 MCHSCTCA IMPU U3MCHCHHUU YaCTOTHI.

D10 mpuBOAUT K ToMy, uTo mone £F, (Puc. 3(r)), MomHOCTb, BblIensdeMas Ipu

npoTtekaHuu Toka yepe3 YBC (Puc. 3()) u Re[a] st c-OYHT (Puc. 3(a)) sBisitorest

NPaKTHYECKH MOCTOSTHHBIMHU BENINYMHAMH B YaCTOTHOM Jana3oHe
500 ITy< f<3Tly.

3.3. Pesrcum cunvHo20 nooasieHus moka, mekyuezo uepes YBC

B srom pexunme uepes YBC meperexaeT o4deHb Majioe KOJIHYECTBO 3apsiia IO
CpPaBHEHUIO C 3apsa0M, KOTOPHIH TedeT uepe3 TOT ke yuacTok 0-OYHT. DTo BumHO 13
pucyska 4(B), Ha KOTOPOM JIEMOHCTpHpYeETCcs pacnpeneicnue Toka mo ¢-OYHT u 0-
OVYHT #na yactore 5 TI'u. 3HauuTenbHOE CHIXKEHHE TOKa, TeKyuero uepes YBC,
BBI3BAHO TE€M, YTO M3-3a HU3KOM mpoBogumoctu YBC, mos, aeiictByromero Ha YBC,
HC XBaTracT AJIsd TOrO, T-ITOG])I HHAYOHUPOBATH 3HAYNTEIILHBIN TOK, CpaBHHMBIﬁ C TOKOM,

TEKYIMM N0 6e31e(EeKTHBIM y4acTKaM TPYOKH.
(@)
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Puc. 5. Pacnpenenenus 3apsanos no OYHT, nepepacnpeneieHHbIX O] A€HCTBUEM BHELTHETO
II0JIS1, IPH PA3JIMYHBIX YACTOTaX BHELIHETO MO

TepareplioBblii MUK B CHEKTPE BEIUYMHBI Im[a] st c-OYHT cmemmaercs B
CTOpPOHY BBICOKMX 4YacToT 1o cpaBHeHuto ¢ TII mius 6-OYHT. Takoe moenenue TII
HaOmofaercs npu ymenbinennu ummHel OYHT [13]. Eciiu cpaBHUTH CIIEKTPBI Im[a]
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B obmactu TII mms c-OYHT xoneunoro comporuBinenus (N, =5) u naByx

3IEKTPUYECKH M30IUPOBaHHBIX Apyr oT apyra OYHT (N, =), To MOXHO
3aMETHTh, YTO OTH CIEeKTphl coBnanarot (Puc. 3(6)). YuuteiBas 3ToT (hakT U TO, YTO
TOK, TeKymui depe3 YBC 3naumtensHo monaisercs (Puc. 4(B)), MOKHO crenaTh
BBIBOA, uT0 YBC pazmenser c-OYHT Ha aBa ydacTka, KOTOpPBIE B3aUMOJCHCTBYIOT C
3MIEKTPOMAarHUTHBIM H3JyuY€HHEM IPaKTHUECKH Kak JBE W30JMPOBAHHBIE JPYr OT
apyra OYHT, nnuHbl KOTOpBIX paBHBI JuinHaM Oe3nedektHbix ydactkoB OYHT. Ha
PHUCYHKE 5 TIpeJIcTaBlIeHbl paclpeneieHus 1Mo TpyOKaM JeHCTBUTEIHHON YacTH 3apsa,
rocuntanubie o popmyiie (10) guepe3 Toku, n3oOpakeHHbIe Ha Puc. 4.

3.4 3asucumocmo nonsapuzyemocmu OYHT om pazmepos YBC

Paccmorpum, kakum oOpa3oM anekTpoMarautHbie cBoiictBa OYHT 3aBucsaT ot
pasmepoB YBC. L=1mxm, 7=50¢c .

9000
T AALELLALRRA0

f; 6000 “&2\%% L
<% — =d=1HM,N,= 10 \\@b

S 3000 =——d=IHM,N =20 TN

% O d=2HM,N =10

E? g A d=2HM,N =20

1 10 100 1000 10000
STy
Puc. 6. Honspusyemocts OYHT ¢ YBC npu pazmuunsix amuaax d YBC u npu pasmuusbix

3HaueHusX NV .

Ha Puc. 6 nokazans! ciekTpsl nonsgpusyemoct c-OYHT nipu paznuyHbIX JIHHAX
VYBC: 1 u 2 um. 13 Puc. 6 BunHo, uro cnektpel OYHT ¢ YBC xopomo HanaratoTcs

ApYyT Ha Jpyra IpH OJUHAKOBBIX 3HaueHHsX NN, . [Ipu stom pasmuuns B nmmae YBC

HE BJIMAIOT HA CHEKTPHI MOJSIPU3yEeMOCTH TPYyOOK. 3 3TOro MOXHO cienarh BBIBOZ,
YTO Ba)XHBIM I1apaMeTpOM, OMHUCHIBAIOIIMM Tojspusyemocts c-OYHT, sBnsercs
conpotusieHue YBC, a ero ¢opma u pazMepsl MOTYT 3aJaBaThCsl MPOU3BOJILHO. DTO
YIOBIETBOPAET HaIIeMy HpPUOIMKEHHIO, B KOTOPOM MBI paccMmarpuBaeM YBC B
KadecTBe MUJIMHAPA C TIOCTOSHHOM MPOBOAMMOCTEIO BIOh och OYHT.

3.5. OYHT c neckoavkumu YBC

Breime paccmatpuBanucek c-OYHT, kortopele coaepxanu Toidbko oauH YBC.
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Jlamee MBI paccMOTpUM, Kak Hamudue HecKombkux YBC mommmser Ha
anekTpoMarHUTHbIN oTKIMK c-OYHT. Ha Puc. 7 mokazaH CeKTp MOISPU3yeMOCTH C-
OVHT mnpu pa3nuuHOM 4YHCIE PaBHOMEPHO pacnosiokeHHBIX YBC, z-koopauHaThbl

KOTOPBIX 3aj1at0Tcs popmynoit: 7, = L/ (n + 1)— L/2. W3 Puc. 7 MOXKHO YBUJIETh, UTO

n
OYHT c¢ mneckompkmmu YBC wmmeer ommua ITI, gactroTra KOTOpPOTO 3aBHCHT OT
komuyectBa YBC, pacnonararomuxcs Ha TpyOke. Uem Oosbiie YBC comepxur c-
OVHT, tem mensie yactorta ['Tl. bnarogaps sHaunTeNnbHOMY MOIJIOLIEHHIO SHEPTHUH,

BBI3BAHHOMY IIPOTEKaHHEM TOKOB depe3 YBC, [m [a] st c-OYHT 3mauntensHO
BEIIIIE Im[a] st 6-OYHT Ha uactorax 1/7y< f <10 [Ty . OqHako, Ha BBICOKHX
yactoTax (500 /7Ty < f <57y ), 3HaunTeNnsHOE NOJaBICHUE TOKOB, BbI3BaHHOE YBC,

MIPUBOANT K YMEHBIIEHUIO MOINHOCTH, Bbyiensemoil B c-OYHT, no cpaBHeHuio ¢ 06-
OVHT. Takxe 3T0 npuBOAUT K yMeHbIIeHHO noaspu3annu c-OYHT mno cpaBHeHHIO C
oe3nedextHol TpyOKOil B yactoTHOM amanazone 100 [Ty < f <2 Tly.
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Puc. 7. Cnextpsl (a) geiictBuTenbHON U (0) MHMMOM YacTu nossipuzyemoct 6-OYHT
pasznuuHoi akcuanbHo# npoBoauMocTH U c-OYHT ¢ Heckonbkumu uaeHTHUHBIME Y BC.

Ry =5,7=50¢c, L=1mxm, d, =2 Hm

C-OYHT c¢ Gonbmmm komudectBoM YBC na wactorax f <1 TI'm Moker GbITH

paccmoTpeHa, kak O0-OYHT co 3HaunTeNnbHO 3aHW)KEHHOW IPOBOIMMOCTBIO.
OOOCHOBaHHOCTh TaKOrO PAacCMOTPEHMS BBITEKA€T W3 CPAaBHEHHSA CIIEKTPOB
nosipuzyemoctt c-OYHT ¢ 20 YBC wu 6e3nmedextHoit TpyOKH, HpPOBOAMMOCTH

KoTopoit paBHa O = o, /106 . Takas mpoBOAMMOCTH ObLTa B3siTa IS TOCTHIKCHUS

COTJIACOBAHMS MEXKJTy 3TUMU CIIEKTPaMH.
CoBrazieHne 3THX CIIEKTPOB 03HAYAET, YTO CyMMapHoe conpoTtuiaeHue c-OYHT
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¢ 20 YBC npubmusurensHo paBHO cymmapHoMmy comporuBieHnto OYHT c¢ 3anm-
KEHHOM TNPOBOAMMOCTBIO. Takum 00pa3om, A BBIYUCIEHHUS 3JIEKTPOMAarHUTHOTO
orkiimka c-OYHT ¢ Gonpmum komudectBoM YBC MOXHO HCHONB30BaTh MPOCTYIO
mozaenb 0-OYHT ¢ 3aHmkeHHOH TPOBOAMMOCTHIO, KOTOpas MPHUOJU3UTEIHLHO paBHA
ycpenHeHHo# no juymmHe nposogumMoct c-OYHT.

N3 Puc. 7 BugHo, uyro TII cmemaercs B CTOPOHY BBICOKMX 4YacTOT IIPH
yBenndeHnn konuvectsa Y BC, pacmonararomuxcst Ha TpyOKke. DTO MPOUCXOANUT H3-3a
M3MEHEHHUS JUIMHBI Oe3aedekTHhIX ydacTkoB c-OYHT, mMeromux OTKIWK, aHao-
THUYHBIA W30JIMPOBAaHHBIM KOPOTKHUM TPyOKaM Ha BBICOKMX dYacToTax. Yem Oosbiiie
0e31e(peKTHBIX Y4acTKOB CONEPXKUT TpyOKa, TeM MEHBIIEe HX JJIWNHA, CIEIOBATEIHHO,
TII HaxomuTcs mys HUX Ha OoJiee BRICOKMX dacToTtax [13].

4. 3akiaoyenue

Hamnume nedexroB crpykryper OYHT wMoxker 3HauuTeNnsHO 3aTpyIHATH
MIPOTEKAaHUE AKCHAJIBHOIO TOKAa 4Yepe3 HHUX, YTO IPUBOAWUT K CKOIUICHHIO 3apsioB
BOym3u AedektoB. Takue nedexTsl UMEOT 3((HEKTHBHOE MOBEPXHOCTHOE COIPO-
TUBJICHHE BO MHOTO Pa3 MPEBBIIIAIOIIEE TOBEPXHOCTHOE CONPOTUBIICHHE HAHOTPYOKH.
B 3aBUCHMOCTH OT 4aCTOTBI MAJAIOIIETO MOJI BEIMYNHA CKONIUBIIETOCS 3apsa1a MOXKET
BapbHpOBAThCA B IIMPOKHX IPHJIENaX U CYIIECTBEHHO BIHMATh Ha aKCHAJIBHBIA TOK B
OVYHT, onpexensis TeM caMbIM 3JIEKTPOMATHUTHBIA OTKIMK Ie(EKTHOH HaHOTPYOKH.
B Hactosmeit paboTte mpencTaBieH cmoco0 pacdera 3JEKTPOMArHUTHOTO OTKJIMKA
OVYHT metonoM MHTETPAIBHOTO ypaBHEHHMS XaJJIeHa, B KOTOPOM II0Jaraercs, 4To
akcuanbHas ipoBoanMocTs OYHT 3aBUCHT OT KOOpAMHATEI Z BJOJIb OCH TPYOKH.

[Tokazano, uro cnektp nomsapuzyeMoctd OYHT ¢ YBC otnuyaercst 0T TakOBOro
st OesmedextHoit TpyOkm. Korma compotuBnerme YBC mpeBwImacT cyMMapHOE
conporuBieHue Oe3nedektHrix ydactkoB OYHT, B cmekrpe MHUMO# yacTu
MOJISIPU3YEMOCTH  TPYOKHM XapakTepHO HaONIOJeHWEe JBYX OTHENbHBIX ITHKOB!
TEparepLoBOro M rurarepuoBoro. TeparepuoBslii MUK CBsA3aH C paHee HaOJII0JaeMbIM
pe3oHaHCOM TOBEepXHOCTHBIX BOMH B OVYHT. ['mrareprioBelii MUK pa3aenseT aBa
peXUMa B3aMMOJAEHCTBUS TPYOKH C SIEKTPOMArHUTHBIM M3TyYeHHEM: PEXUM CclIaboro
BnusHug YBC Ha mnporekanne Toka B OYHT u pexum NOpakTUYECKU MOIHOTO
HeTporryckanmsl Toka uepe3 YBC.

JIuteparypa

Tijima S. // Nature (London). 1991. Vol. 354. P. 56

Maksimenko S. A., Lakhtakia A., Yevtushenko O., Gusakov A. V. // Phys. Rev. 1999. Vol.
B60. P. 17136

3. Maksimenko S. A., Slepyan G. Ya. / Electromagnetic Fields in UnconventionalMaterials
and Structures, ed. by O. N. Singh and A. Lakhtakia (Wiley, New York, 2000). P. 217-255.
Hagmann J. // IEEE Trans. Nanotechnol. 2005. Vol. 4. P. 289

Miano G., Villone F. // IEEE Trans. Antennas Propag. 2006. Vol. 54. P. 2713

Salahuddin S., Lundstrom M., Datta S. // IEEE Trans. Electron Devices. 2005. Vol. 52, P. 1734
Wang Y., Kempa K., Kimball B. et al. // Appl. Phys. Lett. 2004. Vol. 85. P. 2607

Hanson G. W. // IEEE Trans. Antennas Propag. 2005. Vol. 53. P. 3426

o -

P NNk

302



10.
11.

12.
13.

14.

15.
16.
17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

Slepyan G. Ya., Shuba M. V., Maksimenko S. A., Lakhtakia A. // Phys. Rev. 2006. Vol. B73.
P. 195416

Burke P. J., Li S., Yu Z. // IEEE Trans. Nanotechnol. 2006. Vol. 5. P. 314

Shuba M. V, Slepyan G. Ya., Maksimenko S. A., Hanson G. W. // J. Appl. Phys. 2010. Vol.
108. P. 114302

Mashal A., Sitharaman B., Li X. et al. // IEEE Trans. Biomed. Eng. 57, 1831 (2010).

Shuba M. V, Maksimenko S. A., Slepyan G. Ya. // Journal of Computational and Theoretical
Nanoscience. 2009. Vol. 6. P. 20162023

Bryning M. B., Islam M.F., Kikkawa J. M., Yodh A. G. // Adv Mater. 2005. Vol. 17(9). P.
1186-91

Park S.-H., Theilmann P. T, Asbeck P. M. et al. // IEEE Trans. Nanotech. 2010. Vol. 9, No. 4
Shuba M. V. et. al // Phys. Rev. B. 2012. Vol. 85. P. 165435

Shuba M. V. et. al // J. Nanophotonics. 2012. Vol. 6. P. 061707

Shuba M. V, Melnikov A. V., Paddubskaya A. G., Kuzhir P. P., Maksimenko S. A., Thomsen
C. // Phys. Rev. B. 2013. Vol. 88, Ne 4. P. 045436

Yao Z. et. al // Nature. 1999. Vol. 402. P. 273-276

Postma H. W. Ch., de Jonge M., Yao, Z., Dekker C. // Phys. Rev. B 2000. Vol. 62, P.
R10653(R)

Guo X. et al // Science. 2006. Vol. 311, no. 5759. P. 356-359

Wang M. et al. // Adv. Funct. Mater. 2005. Vol. 15. P. 1825-1831

Fuhrer M. S. et al. // Science 2000, Vol. 288, pp. 494 — 497.

Lopez-Lozano X. et. al. // Phys. Chem. Chem. Phys., 2014, 16, 1820 - 1823.

Weinstein L. A. The Theory of Diffraction and the Factorization Method. Golem, 1969
Meng L. et al. // The Journal of Chemical Physics. 2013. Vol. 139. P. 244111

Buttiker M. et al. // Phys. Rev. B/ 1985. Vol 31, No 10. P. 6207-6215

Chico L. et. al // Phys. Rev. B. 1996. Vol 54, No 4. P. 2600-2606

Buldum A., Lu J. P. // Phys. Rev. B. 2001. Vol 63. P. 161403(R)

Yoon Y.-G. et al. // Phys. Rev. Lett. 2001. Vol. 86, No 4. P. 688—691

Buttiker M., Landauer R.// Phys. Rev. Lett. 1982. Vol. 49, Ne 23, P. 1739-1742

Esteban R., Borisov A., Nordlander P., Aizpurua J. // Nature Communications 2012. Vol.
3. Article number: 825 doi:10.1038/ncomms1806

Slepyan G. Ya., Shuba M. V, Maksimenko S. A., Thomsen C., Lakhtakia A. // Phys. Rev.
2010. Vol. B81. P. 205423

ELECTROMAGNETIC PROPERTIES OF CARBON NANOTUBES
WITH NARROW HIGH RESISTIVE DEFECTIVE SECTION
A.V. Melnikov, M.V. Shuba, S.A. Maksimenko

The scattering task for single-walled carbon nanotube with high resistive

defective section has been solved and analyzed in gigahertz, sub-terahertz and terahertz
ranges. The high resistive section causes appearance of a broad peak in polarizability
spectra of carbon nanotube. The peak locates in gigahertz range and divides the spectra
in the parts of weak and strong current suppression in the defective section.
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HETEROGENEOUS FILMS WITH PERPENDICULAR
MAGNETIC ANISOTROPY: CORRELATION OF STRUCTURE
AND MAGNETIC PROPERTIES

J. Fedotova’, J. Kasiuk®, A. Maximenko®, V. Bayev'
J.Przewoznik? Cz. Kapusta?, M. Marszalek®

YInstitute for Nuclear Problems of Belarusian State University
2AGH University of Science and Technology, Krakow, Poland
*The H. Niewodniczanski Institute of Nuclear Physics PAN, Krakow, Poland

1. Introduction

Heterogeneous and patterned nanostructured films with non-planar, i. e.
perpendicular, magnetic anisotropy (PMA) of oriented nanogranules or nanoarrays are
considered as promising materials for designing high density recording media [1, 2],
systems for visualization of magnetic fields distribution and magnetic tunneling
junction sensors [3]. Among the most convenient methods to produce magnetically
oriented planar structures are template-assisted synthesis of magnetic nanoarrays with
shape anisotropy [4, 5, 6] and formation of Pt, Pd-3d metal compounds with L, struc-
ture that exhibits high magnetocrystalline anisotropy [7].

Nowadays the attempts to fabricate such media for data storage with density as
high as 1 Thit/in?, and the bit size around 20 nm? face strong limitation because of
superparamagnetic (SP) effect which is undesirable thermal fluctuations of magnetic
moments when grain size falls down to a few nm [2]. The formation of percolated
perpendicular magnetic media containing exchange-coupled magnetic films with
densely distributed artificially engineered pinning centers (antidots) [5] enables to
overcome this restriction.

In this context, fabrication of antidot arrays in [3d (Co, Fe) — 5d (Pt, Pd)]n films
by deposition onto porous substrates, can be an effective method to tailor the magne-
tization reversal mechanism with simultaneous stabilization of the orientation of
magnetization at room temperature due to the strong domain-wall pinning. Magnetic
anisotropy of such nanoporous films is very sensitive to topographic features of
templates like anodized Al,Os used as a substrate, especially at length scales close to
domain-wall width and exchange length. It is known that complex morphology of
nanoporous films results in the deterioration of intrinsic perpendicular anisotropy due
to the local misalignment of easy magnetization axis at the proximity of nanopore rims.
At the same time, anodized porous TiO, has the structure of open-end nanotube arrays
with expanded flat interpore areas that could promote the conservation of PMA in
films despite of their porous structure.

It should be added that recent results reveal perpendicular magnetic anisotropy
also in granular composite films that contain metallic nanoparticles embedded into
non-magnetic (insulating) matrices [8, 9]. Such an intrinsic growth-induced magnetic
anisotropy is quite unusual phenomenon for granular films and was reported only for a
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few systems like granular Co,Ag,—. , Co-Zr-O and Co-Al,Os films, Co-rich Co-Ag and
Co-Cu granular materials as well as for (Fe-Ni-Co)-fluoropolymer films. It is generally
accepted that the origin of perpendicular magnetic anisotropy in granular films is
related to the preferential arrangement of metallic nanoparticles in the direction
perpendicular to the film surface resulting in the growth of columnar-like nanoparticles
or nanoparticle agglomerations. However, the driving force and the physical nature of
such specifically shaped columnar metallic structures growing inside non-magnetic
(insulating) matrices are still under dispute.

Present paper summarizes our latest results related to the correlation between
structure and phase composition of studied films and the effect of perpendicular (non-
planar) magnetic anisotropy observed in two types of materials: CoPd nanoporous
multilayered (ML) films fabricated on Al,O; and TiO, templates and granular metal-
insulator films like FeCoZr-CaF, and FeCoZr-Al,Os.

2. Experimental

The films were deposited by dc ion sputtering, using 2 keV argon ion gun, at
0.28nm/s, to a thickness 1-6 um onto Al uncooled substrates (T, ~373 K). The Ar
pressure was 67 mPa and base pressure in the chamber was 0.26 Pa. Sputtering targets
were composed of FeysCogsZry alloy plates, covered with strips of CaF, that were
pasted on top. In this way, the metal/insulator volume ratio in the deposited films could
be varied by changing the relative area coverage of the constituents. Composition of
(FeCoZn),(CaFy)100x (29 <x <73 at. %) films was verified by energy dispersive X-ray
spectroscopy (EDX) in a scanning electron microscope and by Rutherford
backscattering spectrometry (RBS).

Granular nanocomposite films (Fes;sC045Zr10)x(CaFs)100x (X =58, 73 at.%) were
irradiated by 167 MeV Xe?®* ions with fluence D in the range 8-10%*-1-10" ion/cm?
generated by IC-100 heavy ion cyclic accelerator (JINR, Dubna). Orientation of ion
beam is along the normal to the films plane.

The fabrication of nanoporous films is a two-step process consisting of the
preparation of porous Al,O; and TiO, templates and subsequent deposition of Co/Pd
multilayers. Details of templates fabrication are discussed in our recent papers [10, 11].

Multilayers (MLs) of Co/Pd were deposited on the surface of porous TiO, and
Si/SiO, wafers by thermal evaporation in ultra-high vacuum with pressure 107 Pa.
Simultaneous deposition on Si/SiO, wafers and templates of porous TiO, permits to
compare the effect of porous TiO, morphology on magnetic properties of films with
respect to flat multilayers. The thickness of the layers was monitored during the
deposition process by quartz crystal microbalance.

The surface morphology of initial TiO, templates and Co/Pd multilayers on TiO,
was checked by scanning electron microscope (SEM) HITACHI S-4800 at
voltage of 15 kV.

Microstructural studies of granular films were done by transmission electron
microscopy (TEM) at normal and high resolution (HRTEM), using Philips EM400T
and Philips CM200 microscopes, operated at 120 kV and 200 kV, respectively. The
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films deposited on Al substrates, prepared by ion-beam thinning for plan or cross-
sectional view were analysed.

X-ray reflectivity (XRR) and X-ray diffraction (XRD) of thin CoPd films were
performed with two-circle laboratory diffractometer (Panalytical X'Pert Pro) equipped
with PW3050/60 vertical goniometer and PW3383/00 X-ray tube (2.2 kW, Cu =
1.54056 A) were applied for verification of structure and phase composition of Co/Pd
films. XRR results were fitted using X’Pert Reflectivity software.

The magnetization (u) of granular films were measured in the temperature range
from 2 K up to 300 K and in magnetic fields H up to 90 kOe using the Vibrating
Sample Magnetometer (VSM) option of the Quantum Design Physical Property
Measurement System (PPMS). Magnetization (M) of CoPd MLs was measured at
room temperature in magnetic field H up to 20 kOe using MPMS-XL SQUID
(Quantum Design). During measurements magnetic field was applied in parallel (H))
and perpendicular (H,) direction to the film surface.

The *'Fe transmission and conversion electron Mossbauer spectroscopy measu-
rements were performed using a conventional constant acceleration type spectrometer
with a 20 mCi *'Co in Rh source moving at room temperature. Values of center shift ¢
are related to o—Fe at RT.

Peculiarities of magnetic anisotropy in complex composite systems were analyzed
by magnetic resonance spectroscopy at room temperature using continuous wave X-
band (microwave frequency 9.32 GHz) electron spin resonance (ESR) spectrometer
Varian E112 with modulation of magnetic field at frequency 100 kHz (the absorption
signals were detected as its first derivative in the spectrum) [12]. The features of
magnetic anisotropy were characterized in terms of components of demagnetizing
tensor Njp and Noop and the first order effective uniaxial anisotropy constant Keg.

3. Template-assisted CoPd antidot arrays with perpendicular magnetic
anisotropy

a. CoPd porous multilayered films fabricated on porous Al,O; template with
highly ordered nanopores distribution

SEM images of initial AAO templates reveal porous films with perfectly ordered
hexagonal arrangement of nanopores (see Fig. 1). The size of fabricated antidots is
equal to initial pore diameter of used AAO templates. SEM images for CoPd antidots
prepared by deposition of CoPd MLs over AAO template are shown in Fig. 1.

Due to imperfect round shape of nanopores the dimensions of pores were
characterized with two parameters, Feret's diameter D and equivalent diameter De. D¢
is the longest distance between any two points along the selection boundary, while Dg
is calculated from the mean area of the pores using the assumption of perfect circular
pores. Estimated from SEM images values of morphological features in the initial
AAO template and as deposited CoPd MLs are summarized in Table 1.

XRR analysis of continuous Si/SiO,//Pd/[C0g3nm/Pdoss nm]/Pd MLs (not shown
here) revealed that R values of Co and Pd interfaces are generally larger than the
nominal thickness of films. This should be associated with intermixing of Co and Pd
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layers during the deposition resulting in the formation of Co,Pd,.« quasi — alloy [5, 6].
Therefore we assumed that the whole CoPd multilayer constitutes Co,Pd;, quasi —
alloy with thickness that equals to the thickness of 15 deposited CoPd bilayers.

Experimental XRD patterns of continuous and porous CoPd MLs are presented in
Fig. 2. The patterns of continuous MLs show only broad overlapped reflections that
were deconvoluted by pseudo-Voigt functions into two contributions with position of
peaks at 20 ~40° for Pd buffer/cap, and 20 = 40.7°-41.1° for CoPd MLs. Lattice
parameters for both components are calculated based on approach assuming the
formation of Co,Pdy., quasi-alloy with cubic fcc structure. The obtained values (see
Table 2) well correspond to (111) peak of Pd and (111) peak of Co,Pd,., quasi-alloy
[13]. Similar lattice constants a calculated for continuous and porous films indicate
very close composition of Co,Pd .

Fig. 1. SEM images of initial AAO templates (a, b) and CoPd MLs deposited over the AAO
templates (c, d) obtained at angles of 90° (a, c) and 30° (b, d) with respect to the sample surface

Table 1. Nanopore diameters De and D for AAO template and Co/Pd MLs

deposited on AAO
Sample Dg, nm Dg, nm
AAO template 177+4 18644
Co/Pd porous ML film 17445 18545

From the width of Pd and CoPd reflections in XRD patterns of continuous and
porous films the coherent scattering length D" was estimated with Scherrer equation.
It is seen that <D*"> for porous CoPd is 17-18 nm and 8-12 nm, respectively. One
can see that the coherent scattering length for antidots does not change in comparison
to continuous films [14].
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Fig. 2. XRD patters of continuous Si//SiO,//[C0g 3 nm/Pdos5 nm]/Pd () and porous
Al,O3//Pd/[C0g 3 nm/Pdo.s5 iml/Pd (b) films [14]

Table 2. Structural data obtained by XRD analysis of CoPd continuous and porous
films: a — lattice parameter, D" — the coherent scattering length
corresponding to grain size [14]

Film a(A) D" (hm) a(A) D" (nm)
Pd COXPdloo_X
Continuous 3.877+0.002 7.1+0.5 3.801+0.002 12+2
Porous 3.888+0.005 9.5+1.4 3.808+0.005 11+3

Fig. 3 shows magnetization loops M(H) for continuous and porous CoPd ML
film. The values of coercive field (Hc), remanent magnetization (M,) and saturation
magnetization (Ms) (or magnetization at Hy, = 2.0 kOe) determined from these curves
are summarized in Table 3. The magnetization loops of CoPd MLs were normalized to
the mass of Co.

Almost perfect rectangular shape of M(H) dependence for reference CoPd films
for perpendicular geometry shows that easy axis of magnetization is along the normal
to the surface with squareness of the loop M,/Ms ~ 0.97. Additionally, the film shows
very large perpendicular coercive field H,c equal to 2.2 kOe, demonstrating its
prominent PMA. Noticeably, PMA is conserved in CoPd antidots, but with reduced
values of M,/Ms (up to 0.5) and coercive field Hc of approximately 1.2 kOe. Some
deterioration of PMA is also confirmed by M(H) curves for continuous and nanoporous
CoPd films in hard magnetization direction which demonstrated enhanced contribution
of in-plane magnetic anisotropy at the expense of PMA. It can be explained by
hemispherical distributi on of the material on the U-shaped surface of Al,O; templates
with advanced morphology.
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Fig. 3. Magnetization loops M(H) for reference (a) and porous (b) CoPd MLs [14]

Table 3. Magnetic properties of continuous and porous CoPd films. Hc — coercive

field, M, — remanent magnetization, Ms — saturation magnetization [14]

Samples Ms, emu/g Hec, kOe ‘ Mg/Ms Hec, kOe ‘ Mg/Ms
Hy H.
continuous 235 0.36 0.13 2.2 0.97
porous 210 0.83 0.26 1.2 0.50

b. CoPd porous multilayered films fabricated on nanotubular TiO, templates

The TiO, template is shown in Fig. 4 as top-view SEM image and images
obtained for electron beam tilted at 45° and 30° angles. Anodized TiO, has tubular
structure with quite homogeneous distribution of nanopores. Argon plasma etching of
template surface led to the efficient smoothing of surface relief as compared to the
initial relief observed immediately after anodization.

The analysis of SEM images exhibited specific features of template morphology.
In particular, Fig. 4b shows that the top of each nanotube consists of separate cells with
mildly declining crater-like shape with the pore inside with sharp outer edges. To
estimate size of morphological features of TiO, (D, d and w) the top-view SEM image
of the template was analyzed by Imagel platform. Because of inaccurate spherical
shape of the nanotubes and pores their dimensions were described by two Feret's
diameters (outer Dr and inner dg) [15] which are defined as the longest distance
between any two points along the selected boundary. For further considerations the
equivalent diameters (outer De and inner dg) were calculated from the mean area of the
nanotubes and pores with the assumption of their spherical shape. Distributions of Dg,
de and wg are shown in Fig.s 1d, e and f, respectively. Estimation of Feret's diameters
of the template gave the values of D = 256+£28 nm and dr = 50+14 nm, greater than
values of equivalent diameters Dg = 214 + 22 nm and dg = 32+7 nm. Value of interpore
distance wg was 153+36 nm.
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Fig. 4. SEM images of Pd/[C0g 3 nm/Pdo.s5 nm]/Pd ML film deposited on porous TiO, (a) top-view
image; (b) image taken at an angle of 60°%; and (c) at an angle of 45° with respect to sample
surface. The inset illustrate nanotubular structure of porous TiO, template

Experimental XRD patterns of continuous and porous multilayers measured in the
angular range 26 from 25 deg to 60 deg are shown in Fig. 5 (for clarity in the limited
range from 36° to 43°). The patterns of continuous multilayers show only broad
overlapped reflections that were deconvoluted by pseudo-Voigt functions to two
contributions with position of peaks at 20 = 40.23° for Pd buffer/cap, and 41.23° for the
alloy. Assuming the cubic fcc structure of Pd and CoPd alloy with [13] we calculated
the lattice parameters of both components. The values (see Table 2) well correspond to
(111) peak of Pd [27] and (111) peak of CoPd alloy [13]. The alloy-like Co
environment is in agreement with detailed X-ray absorption analysis (EXAFS) of short
range atomic structure and interatomic distances in Co/Pd MLs [13, 16].

XRD patterns of porous films besides of reflections for Ti substrate foil (the
porous TiO, is amorphous), which overlap with peaks of interest, reveal shoulder at
right side of Ti peaks and broadening much beyond the instrumental linewidth of the
diffractometer. On the basis of data for reference sample this shoulder was
deconvoluted with pseudo-Voigt functions into two lines reflecting contributions of Pd
buffer/cap and CoPd alloy. During the fitting the position and areal contribution of Pd
peak is fixed at the value obtained from XRD patterns for reference film. The lattice
parameter a of CoPd alloy is shown in Table 4. From the width of Pd and CoPd alloy
reflections in XRD patterns of porous films we deduced from Scherrer formula the
coherent scattering length D" which corresponds to grain sizes.
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Fig. 5. XRD patters of continuous Si//SiO»//[C0g 3 nm/Pdos nm}/Pd (2) films and
porous TiOy//Pd/[C0g 3 nm/Pdo 55 nm]/Pd (b) films

Fig. 6 shows magnetization loops M(H), normalized to the mass of Co, for
continuous and porous Pd/[C0g 3 nm/Pdossnm]/Pd films. Almost perfect rectangular form
of M(H) dependencies measured in perpendicular geometry shows that easy magne-
tization axis for continuous Co/Pd film lies along the normal to its surface. Herewith
continuous film shows high Hc = 2200 kOe in perpendicular direction (H,) and
squareness of the loop M,/Ms = 0.96, evidencing its prominent perpendicular magnetic
anisotropy. However, the (H;) loop for the film shows hysteretic behavior
characterized with the S-shape which is the signature of in-plane anisotropy
contribution typically originating from the shape anisotropy of thin film.

As demonstrated in Fig. 6b, perpendicular magnetic anisotropy is conserved in the
nanoporous film, but with a reduced value of M,/Ms = 0.71 and an enhanced coercive
field He = 2.7 kOe for H, loop associated with the pinning of magnetic moments on
nanopore edges [1, 4].

Table 4. Structural data obtained by X-ray diffraction analysis of continuous and
porous films: a — lattice parameter, D" — the size of regions of coherent scattering.
Parameters notified with* is fixed during fitting procedure

Fllm Pd COXPd100—X
a(A) D" (nm) a(A) D" (nm)
Continuous 3.871 £0.005 6.9 £0.3 3.776 £ 0.005 11.2 £0.8
Porous 3.871* 6.9* 3.819+0.019 10.3£5.9

Generally, in case of continuous film with well-defined hard and easy
magnetization axis, value of effective anisotropy constant K could be calculated by
formula Kgr = Hc-Ms/2. In this case value of effective perpendicular anisotropy field
Hx could be estimated directly from M(H,) loop as the field H required for saturation
of magnetization along hard magnetization axis. However, Fig. 6 clearly reveals that
M(H,;) curves for studied continuous and porous Pd/[C0¢ 3 nm/Pdo.s5 nm}/Pd films are not
ideally linear typical for magnetic orientation along hard magnetic axis thus drawing to
some uncertainty in estimation of Hy values from M(H,) curve.
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For that reason effective perpendicular magnetic anisotropy in both films should
be more accurately characterized as the difference of areas under M(H,) and M(H,)
loops [17]. Calculated values of K¢ and Hy for continuous and porous films are
summarized in the Table 5.
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Fig. 6. Magnetization loops M(H) measured in perpendicular (H,) and parallel (H ) geometries
for the continuous Si/SiOy//Pd/[C0g 3 nm/Pdos5 im] Pd (2) and porous TiO,//Pd/[C0Og 3 nm/Pd
0.55 nm]/Pd film (b)

Table 5. Values of effective anisotropy field Hy for continuous and porous Pd/Co/Pd
films as well as magnetocrystalline anisotropy field H,. Hy — magnetostatic shape
anisotropy (demagnetizing) field, Ms"" — volume magnetization of film in H, direction,
Keir — effective anisotropy constant, Ky — uniaxial (magnetocrystalline) anisotropy

constant
Film K 10°°, erg/cm® | Hy, kOe | Hy, kOe | H,, kOe | K10, ergicm®
Continuous 3.9 12.8 1.7 20.5 6.3
Porous 1.7 5.4 — — —

It should be noted that effective anisotropy field Hx = H, - Hg, where Hy is
magnetostatic shape anisotropy (demagnetizing field), H, is magnetocrystolline
anisotropy. For continuous infinite thin films Hy = - 4n-Ms", where Ms" is volume
magnetization of film as a whole [18]. Calculation of Ms" values is performed
assuming thickness of CoPd films and neglecting capping and buffer Pd layers.
Evaluated values of Ms", Hg and H, (for continuous film only) are presented in Table 5.

After that value of magnetocrystalline anisotropy constant Ky for continuous film
was calculated by formula Ky=Ms"®(Hc+4nMs")/2 [18], accounting for the value of
Ha = Hx + Hq presented in the Table 5. Estimated value of Ky ~ 6.3-10° erg/cm® is
consistent with previously reported for continuous Co/Pd ML films [19]. It should be
emphasized that value of Hy for porous film cannot be calculated reliably basing on
available experimental data thus making impossible determination of correspondent K.

In order to clarify the possible mechanisms of the magnetization reversal in the
continuous and porous films, the dependencies of the coercive field HC on the angle
0 between the direction of easy magnetization and the applied field H are presented in Fig. 7.
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Fig. 7. Coercive fields H¢ as a function of an angle ¢ between the applied field H and the easy
magnetization axis for the antidots and continuous films. Theoretical HC(¢) dependencies

according to a modified Kondorsky model [20] and the rotational mechanisms [21] are shown
on the plot by dashed black and dashed red color, respectively

For the continuous film we observed the maximum for HC(¢) at ¢ equal to
approximately 70-75 deg. Such shape is typical for the magnetization reversal
considered in a modified Kondorsky model, which combines the magnetization
reversal by domain wall propagation with the rotational mechanism [20]. The coercive
field HC for the porous film is constant in the ¢ range of 0-50 degrees, and then it
slowly decreases. Such dependence is similar to that characteristic for the
magnetization reversal by the incoherent/coherent rotation of magnetic moments in the
nanostructures [21]. Alternatively, experimentally obtained curves could be interpreted
as a combination of a domain-wall motion and the rotational mechanisms describing
the magnetization reversal in the interpore areas of the film and areas around the
nanopore edges, respectively [2].

The method of magnetic resonance spectroscopy allows determination the
peculiarities of magnetic anisotropy in complex composite systems. The uniqueness of
method of numerical analysis of magnetic resonance spectra is the opportunity to
calculate not only the gyromagnetic ratio but also components of demagnetizing tensor
and the effective uniaxial anisotropy constant Ky. This helps to understand the nature
of magnetic anisotropy of a particular specimen [22, 23]. Magnetic properties of CoPd
continuous and porous multilayered films fabricated on nanotubular TiO, templates
were analyzed by magnetic resonance spectroscopy at RT. The orientation of samples
in an external magnetic field was characterized by the polar angle 64 between the
normal to the surface of a sample and magnetic field H. The 6 value of 0° corresponds
to the direction of external magnetic field perpendicular to the surface of a sample
labeled hereinafter as OOP (out-of-plane). Similarly the direction of external magnetic
field parallel to the surface of a sample (6 = 90°) is labeled as IP (in-plane).

Magnetic resonance spectra of TiOy//Pd/[C0gznm/Pd1 nm]/Pd film at perpendicular

and in-plane directions of applied magnetic field represented on Fig. 8. The signals are
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not saturating with the microwave power increase that denote the ferromagnetic nature
of absorption. As one can see in case of perpendicular orientation besides the main
ferromagnetic absorption line signals of modes spin wave resonance (SWR) are
observed indicating the spin waves propagation towards the normal to the surface.

a) FMR signal  SWR modes signal
1 2 3 4 5 6
H, kOe
b)
1 2 3 4 5 6
H, kOe

Fig. 8. Magnetic resonance spectra of TiO,//Pd/[C0g 3 nm/Pd1 nm]/Pd film at perpendicular
(a) and in-plane (b) directions of magnetic field

Numerical analysis of magnetic resonance spectra of CoPd multilayered films
based on Landau-Lifshitz magnetization dynamics and the energy dispersion
relationship [24] was made using the Smit-Beljers-Suhl formula for a resonance
condition [25]:
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where h — Planck constant, f — microwave frequency, ug — Bohr magneton, M —
magnetization of a sample, Eqo, Ey 1 Egy — the second derivatives of the sample free
energy density E with respect to angles (6, ¢n) Of magnetization in spherical
coordinate system (see Fig. 1) calculated at (0, ¢) corresponding to the equilibrium
magnetization state. The equilibrium state of magnetization is defined by the condition
of minimum of free energy density of the system: (0E/00 = 0, 0E/0¢ = 0).

The free energy density E of a magnetized system with magnetization M in
external magnetic field B is considered as the sum of the Zeeman energy, the
demagnetization energy and the uniaxial anisotropy energy:

E=E,+E,+E,, (2
Assuming that
E,=—M-H=M H(Sin, -Sinb,, - Cos(¢— ¢g) + Cosb,, - Coshy, ),

Ed:—%M-Hd:—%M'Hd'COSZGM, (3)
EU = KU 'COSZOM =%M ) ZMKU COSZOM

S

where Ms — saturation magnetization of the sample, Hy — demagnetizing field caused
by the shape anisotropy of magnetic sample, Ky — the first order effective uniaxial
anisotropy constant, 6y, 6y — angles between normal to the surface and the
magnetization, magnetic field, respectively.

The results of MR spectroscopy reveal that for the in-plane orientations of
magnetic field the value of resonant magnetic field H, does not depend on angle ¢. This
fact indicates that magnetic properties are isotropic in (x, y) plane (z-axis is collinear
with the normal to sample surface). In this case in expression (3) the angle ¢ = ¢g. The
demagnetizing field Hy for isotropic in (x,y) plane film is proportional to
magnetization of a sample and is defined by components of the tensor of
demagnetizing factor [26]: Hy=(N,p —Ngop)M . It should be noted that

demagnetizing tensor is normalized to unity so as it is impossible to induce the Hy
greater than magnetization of a sample: 47t = 2-N;p +Noop.

Substituting expression (3) for the free energy E in the relationship (1) we obtain
the following equation for the resonant condition of absorption of microwave field by
film in an external magnetic field H,:

(hf /gmg)" = (H, -Cos(0 —0,) +((Njp — Noop)M +2- K, / M)+ Cos(26,,) ) x

@
x(H, -Cos(05 —0,)) +((Np = Noop )M +2-K; / Mg)-Cos?(6,,)).
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where the value of angle 0y, is defined by the condition of minimum of free energy
density of the system [24]:

H -Sin(0g — ) + ((Np — Noop)M —2- K, / Mg )-Sind,, - Cosb,, =0. (5)

In order to determine the values of components of demagnetizing tensor N;» and
Noor and the first order effective uniaxial anisotropy constant Ky magnetic resonance
spectra were registered at perpendicular (65 =0, H, = H,°°") and in-plane (8 = n/2,
H, = H'™) orientations of the samples. Thus solving the system of equation using
expressions (4) and (5) we determined the values Njp, Noop and Ky, represented in Table 6.

Table 6. Values of components of demagnetizing tensor (Np, Noop), the uniaxial
anisotropy constant (Ky) and demagnetizing field Hy for continuous and porous

CoPd films
Sample g-factor 2:Np / | Noop / Ku, Hg,
An Ar erg/cm® | kOe

Continues film 6 6.55
-0.01 1.0 1.7-10

[C00A3 nm/I_Dd 1 nm]

Porous film 053 0.47 1.6-10° 1.59

[C00A3 nm/Pd 1 nm]

Continues film 2.16 7.18
-0.03 1.0 2.1-10° '

[C00A3 nm/PdOASS nm]

Porous film 6 0.96
0.59 0.41 1.6-10

[C0g.3 m/Pdo.55 nm)

According to values of components of demagnetizing tensor represented in table 6
CoPd continuous multilayered films can be considered as infinitely thin films with
Hq = 4nMs. At the same time the porosity of multilayered CoPd films leads to
alternation of demagnetizing tensor with the decrease of Hy that can be easily
calculated using estimated values of Njp and Nggp. As it is known the value of Ky in
multilayered films is determined by the thickness and material of layers [18]. This can
explain a very small difference between the calculated values of K (see Table 6).

The calculated values of the uniaxial anisotropy constant Ky are in good
agreement with those represented in [18] for similar CoPd multilayered films. Thus we
believe that described method of determination of components of demagnetizing tensor
(Nip, Noop) and the uniaxial anisotropy constant Ky using magnetic resonance
spectroscopy and SQUID magnetometry data allows calculation of these parameters
quite accurately.

4. Growth-induced non-planar magnetic anisotropy in FeCoZr-CaF,
nanogranular films: structural and magnetic characterization

As was previously reported, oriented nanostructures inducing PMA could be
successfully grown in the films by ion-beam sputtering techniques at specific
deposition regimes [8, 9]. Complex analysis of microstructure and magnetic properties
of (FeCoZr),(CaF,)100x Nanocomposite films was carried out for verification of
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correlations between synthesis conditions, types of magnetic nanostructures formed
and an observed effect of PMA.

The results of cross-sectional TEM analysis of x =57 and x = 73 films are shown
on Fig.s 9(a), 9(b) and 9(c), 9(d), respectively. They clearly illustrate the columnar
nature of the films. Metallic columns are seen as dark and dark grey areas, and the
insulating as bright areas.

20 nm

Fig. 9. Cross-sectional TEM analysis of (FeCoZr)s;(CaF,)43 (a), (b) and
(FeCoZr)s5(CaFy) films (c), (d). Insets in (a) and (d) show SAED and FFT
patterns taken from the corresponding films

The bce a-FeCo(Zr) and fcc CaF, phases were identified by SAED (inset in Fig.
9(a)) and FFT (inset in Fig. 9(d)). The columns start to grow nearly perpendicular to
the substrate surface (Fig. 9(c)), but as can be seen in both (a) and (c) they tend to
incline with increasing distance from the substrate and close to the top of the film their
departure from the surface normal is of 20°. Nevertheless, the columns stretch in their
length over the whole film thickness, from the interface with the substrate up to the top
surface. Inset in Fig. 9(c) shows that the metallic columns consist of agglomerated
nanograins, approximately 3-5 nm in size, one sitting on top of another. However, the
high-resolution images in (b) and (d) show elongation of these nanograins along the
column lengths. Also, the metallic columns are denser in the sample containing higher
concentration of the metallic phase.

Columnar shape of metallic nanoparticles with preferential growth orientation in
the film normal direction influences on magnetic properties of material. Mossbauer
spectra of the films with elongated nanoparticles (x = 57 and x = 73) demonstrate
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specific ratio of line intensities (Fig. 10a). At x =73 magnetically split spectrum reveals
the ratio of line intensities in the sextet corresponding to a-FeCo(Zr) phase hy:h,:h;:
hs: hs:hg amountingto 3:~0.3:1:1:~0.3:3 instead of 3:2:1:1:2:3 occurring for
random orientation of magnetic moments. The coefficient defined as K = h,/h; equals
0.3 for the x =73 sample at RT. Its value is practically unchanged also at T=78K and
reflects preferential orientation of a-FeCo(Zr) nanoparticles magnetic moments in the
direction near to the film normal.

The angle 6 between normal to the film surface and the magnetic moments in
nanograins, estimated from the relationship 6 =arccos{[(4-K)/(4+K)]“%} [27] equals ~24° for
x=73 and ~29° for x =57 that correlates well with cross-sectional TEM images.

Magnetization curves p(H) of (FeCoZr).,s(CaF,),; film measured at different
temperatures in film plane direction are shown in Fig. 10b. They demonstrate almost
linear field dependence up to saturation that corresponds to out of plane easy
magnetization axis. Anisotropy field, H,, corresponding to a hard axis saturation is
about 1.5 kOe which his much higher than saturation of isotropic a-FeCo(Zr) film
(~0.3-0.6 kOe [28]). The pronounced linear field dependence up to anisotropy field,
H., points out domination of the easy axis of magnetization lies out-of-plain in these
films. Recalling a columnar character of the a-FeCo(Zr) nanograins evidenced from
TEM analysis which grow nearly perpendicular to the substrate surface one can try to
estimate the tilting angle 6 between the normal to the films surface and the mean
direction of magnetic moments (the easy axis) using relation 0 =90° — arccos(M,/Ms),
where M, — is remanence, M, — is saturation magnetization at H,. For x = 73 film
characterized at 2K by the derived 6 angle equals 5° that proves close to film normal
orientation of nanoparticles magnetic moments.

In order to minimize deviations of particles long-axes orientation from films
normal as well as to homogenate the size of magnetic nanocolumns and their
distribution inside matrix irradiation of (FeCoZr),(CaF,)100x films demonstrating PMA
was carried out with heavy Xe ions in the direction of the films normal.

Maossbauer spectra of X = 57 and x = 73 films irradiated with fluence D =
10" ion/cm? are presented in Fig. 11. Irradiation of x = 57 film with D = 10" ion/cm?
leads to the sextet lines broadening, whereas 0 decreases from 29 to 24°. The latter
indicates the enhancement of PMA as compared with initial film. Sextet broadening is
the result of some structural disordering in o-FeCo(Zr) phase after irradiation.
Masshauer spectra of x = 73 film after irradiation with D = 10" ion/cm? presented in
Fig. 11b also shows some PMA enhancement according to the relative line intensities,
similarly to the case of x = 57 sample irradiated with the same dose. However the
decrease of 0 is low (from 24° for initial film to 21° for irradiated specimen).

Magnetization curves p(H) of x = 73 film irradiated by Xe" ions with fluence
D = 8-10" ion/cm? measured in film plane and in film normal direction are presented in
Fig. 12. This regime of irradiation leads to the maximal changes of the film magnetic
anisotropy, according to the results of vibrating magnetometry.
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Fig. 10. RT Maossbauer spectra (a) and magnetization curves u(H) at different temperatures (b)
of (FeCoZr),3(CaF,),; film

As can be seen in Fig. 12a, irradiation leads to the essential increase of H, value
which exceeds 2 kOe at 3 K as compared to H, ~ 1.5 kOe for the initial film. The shape
of u(H) curves also changes. Namely, after irradiation, magnetization curves consist of
two almost linear regions joining at H,. Linear increase of p at low fields up to H,
evidences that such orientation of magnetic field corresponds to the hard magnetization
direction. The increase of H, after irradiation can, therefore, be attributed to the
enhancement of perpendicular magnetic anisotropy in the film. It is associated with ion-
induced refinement of metallic nanocolumns arrangement inside matrix perpendicularly
to the surface when single ion tracks “cut” nanoparticles that deviate from normal
orientation. In contrast to that, irradiation of the x=73 film with higher fluence
D =1-10" ion/cm® does not lead to such significant changes in the shape of p(H)
dependences. However, H, also increases after irradiation and its value is comparable
with that obtained after irradiation with D = 8-10" ion/cm?, especially in the case of low
temperature u(H) curves (T = 2-100 K).
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Dependences of p(H) for x =73 film after irradiation with D = 8-10" ion/cm?
measured in film normal direction are presented in Fig. 12b. The main peculiarity of
u(H) curves as compared to the initial film is the decrease of demagnetizing field Hy
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corresponding to u saturation in this detection of H from 12 kOe down to 9 kOe. High Hyq
parameter is usually observed in the normal direction to the film plane for films with
high value of magnetization. The highest Hy value corresponds then to uniform
ferromagnetic film. Thus, a decrease of Hy after irradiation indicates decrease of planar
contribution to the magnetic anisotropy due to the shape of film with high volume
fraction of ferromagnetic material (about 0.59). A possible reason for that is partial
destruction of ferromagnetic nanoparticles by single ion tracks that causes formation of
additional non-magnetic barriers between elongated nanoparticles preventing their
magnetic interaction.

Summary

Co/Pd multilayered antidot arrays with perfect hexagonal ordering were
fabricated by deposition of films on AAO templates with Dg ~ 180 nm. Phase analysis
of as-deposited continuous and porous Co/Pd MLs indicated formation of fcc Co.Pd;
quasi-alloy with coherence length D" ~ 12 nm.

Porous CoPd MLs revealed conservation of PMA with Hc = 1.2 kOe and Mg/Ms
~ 0.5, slightly deteriorated with respect to continuous CoPd film due to advanced (U-
shaped) surface morphology of CoPd antidot arrays.

For the first time, the nanoporous Co/Pd films with a perpendicular magnetic
anisotropy are fabricated by the deposition on the templates of tubular nanoporous
TiO2. SEM images of Co/Pd films show that Co/Pd film reflects the porous structure
of the template with a very similar diameter of the pores. It indicates that morphology
of the porous film inherits the geometry of the initial TiO2 template with a cone-like
shape of the cells with well-defined pores and good periodicity. Phase composition
studies for the continuous and porous films show the formation of the CoPd alloy.

The dependence HC(¢) for the continuous film with large perpendicular magnetic
anisotropy favors the reversal magnetization by the domain walls propagation. The
coercivity HC and remanence Mr values for the porous Co/Pd film show that the
perpendicular magnetic anisotropy is conserved, but we observed a small deviation
from the perfect rectangular shape of the hysteresis loops. This is reflected in the
decrease of Mr/MS value and an essential positive shift of the nucleation field Hn. An
additional indicator of the anisotropy change for the porous film in comparison to the
continuous one is a significant increase of HC for the in-plane loops. The HC(¢)
dependence for the nanoporous film can be explained by the rotational mechanism of
the magnetization reversal present in the ensemble of exchange-coupled single domain
nanograins. Granular nanostructure of the porous films, containing nanograins with
sizes below a single-domain limit is manifested by the estimation of D®"=10-11 nm.

Using numerical analysis of magnetic resonance spectra data of CoPd
multilayered films on the templates of tubular nanoporous TiO2 it was shown that the
porosity leads to alternation of demagnetizing tensor with the decrease of
demagnetizing field lowering the influence of magnetostatic shape anisotropy and
enhancing the PMA. The calculated values of the uniaxial anisotropy constant Ky are
about 2-10° erg/cm? that is in a good agreement with those represented in [18] for
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similar CoPd multilayered films. The similarity of K, values for continuous and porous
CoPd films can be explained by the fact that Ky in multilayered films is determined
mainly by the thickness and material of layers.

It should be emphasized that despite some deterioration of the perpendicular
magnetic anisotropy in the Co/Pd film on the tubular TiO, template, the value of the
coercive field Hc is essentially larger than values reported for the majority of porous
films, such as Co/Pd [2], deposited on the porous Al,Os, as well as for Co/Pt grown on
the porous ZrO; [1, 4].

A systematic analysis of structure, phase composition and magnetic properties of
granular (FeCoZr),(CaF;)100x films shows that at a high alloy content x = 58-73 at.%
nanoparticles demonstrate a columnar structure, with regularly distributed isolated
alloy and matrix columns, a few nm wide and stretching in length from the substrate to
the top of the films. Orientation of columns is nearly perpendicular to the film plane at
the substrate interface, but tilts by up to ~20° off normal. The alloy columns consist of
bcc a-FeCo(Zr) nanocrystalline grains (3—-5 nm), slightly elongated along the column.
Such a columnar structure explains non-planar shape induced magnetic anisotropy in
the films, observed already below the electric percolation threshold (x ~58). The effect
is more pronounced with increasing the alloy content (up to x =73). The best alignment
of easy magnetization axes of nanograins corresponds to an average angle 5-20° with
respect to the normal to the film surface.

The origin of columnar growth is attributed to the deposition conditions, where
the elevated substrate temperature allows for a sufficient atomic mobility and the two
phases — a-FeCo(Zr) and CaF; — can separate and form such a structure.

Irradiation of nanocomposite (FeCoZr),(CaF,)i00x films (x =58-73 at.%)
demonstrating perpendicular magnetic anisotropy by heavy Xe ions with fluences
D =8-10"-1-10" ion/cm? allows enhancement of anisotropic properties of the films,
namely, to decrease in deviations of particles magnetic moments orientation with
respect to films normal from 24-29° to 21-24°, increase in perpendicular magnetic
anisotropy field H, from 1,5 kOe to 2 kOe and decrease in demagnetizing field Hq from
12 to 9 kOe. These changes are associated with ion-induced refinement of metallic
nanocolumns arrangement inside matrix perpendicularly to the surface when single ion
tracks “cut” nanoparticles that deviate from normal orientation, as well as with formation
of additional non-magnetic barriers between elongated nanoparticles preventing their
magnetic interaction.
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NPUMEHEHUE METOJIOB MOHTE-KAPJIO
B PEIIEHUU 3AJIAY PAJTUAIIMOHHOM 3AIIUTHI
U SIIEPHOHM BE3OITACHOCTH

C. A. Kyrens, A. A. XpymuHckuii, B. ®. Munenko, K. A. Bepenuu,
K. O. Makapesuy, K. 1. YmieBa, T. 3. X. JI3

BBenenune

Bonpmioit kimacc 3amad B3auMOJCHCTBUS U3ITyUYCHHS C BEIIECTBOM B 00JIacTH pa-
TUAITMOHHON 3alTUTHI U SIIEPHON 0€30MaCHOCTH, HOCSIIUX CTATUCTUYCCKUN XapakTep,
YCIEIIHO pelIaoTcs ¢ MpuMeHeHneM Metona MoHTe-Kaprio, mocKoiIbKy 3TOT METOoJ
OYeHb OJIM3KO BOCIIPOU3BOJUT peallbHOE B3aWMOJCHUCTBHE YaCTHI] C BEIIECTBOM. B
Metone MonTe-Kapno orciexuBaeTcs MyTh KaKIOW YacTHIBI, MOKHUHYBIIEH HCTOY-
HUK, OT POKACHUS Yepe3 Bce B3aMMOJICHCTBYS 10 HCYE3HOBEHUS. PO3BITPHIII COOBITHI
OCHOBaH Ha Te€HEepaluu cilydaiiHbIX yucel. Vcrnonp3ys naHHbIE epeHoca, MOXKHO OIl-
pPEeAETUTh MECTOIOJIOKEHNE YaCTUIIBI Ha JTI0O0M dTane ee Ku3Hu. g onucanus pac-
CMaTpUBAEMOTr0 TpOIlecca B I[EJIOM HEOOXOAMMO IMOMYyUYUTh paclpeeieHne BeposTHO-
cTeil OONBIIOro Yucia OTANbHBIX coObITHH. [loaTOMy MoaenupoBaHue NOKHO BbI-
MIOJTHATHCS C TOMOIIBIO BBHIYUCIUTEIHHON TeXHUKH. C 3TOU Lenbio pa3paboTaH psfq
koMmIbioTepHbIX nporpamm: MCNP, EGS, Fluka, GEANT4 u np. [1-4]. Jocratouno
LIIMPOKOE MPHUMEHEHHe Ul pelleHus 3aAad pauallMOHHON 3aIlUTHI MOJydYMiIa Mpo-
rpamma MCNP, xoTopast MO3BONSIET PacCYUTHIBATH TPAHCHOPT TPEX BHUIOB HYACTHIIL:
HEHTPOHOB, OTOHOB U 3JCKTPOHOB, a TAKXKE JIIOOBIC UX coueTaHus [2].

[Tpumepamu ycnenHoro npumMeHenust metoaa Monte-Kapiio Kk peieHno BaxKHbIX
HAYYHO-TIPaKTUYECKHUX 3ajlad B OONACTH paJHalliOHHOMN 3aIlMTHI U siAepHO Oe3omac-
HOCTH CIyXaT Hay4HO-HCCIIEOBATEIIbCKUE pabOThI, BBHIMOIHEHHBIE J1abopaTopuen
TEOPETUIECKON (PU3UKH U MOAETUPOBaHU AAepHBIX mpoueccoB B 2011-2015 rr.:

— B 00JTacTH pajiallMOHHON 3alIUTHI PabOTHI IO OIEHKE 7103 OOIY4YeHHUs MMalreH-
TOB B pPE3yJIbTaTe MEIUIIMHCKOTO OONydeHHsS B YUPEXKACHUSIX 3apaBooxpaHeHus Pb
IIpH BBITIOJTHEHUH PEHTI'CHOACHTAIOTUYECKUX HCCIIEOBAHUN U 1O OLIEHKE 103 HeH-
TPOHHOTO OOJYy4YeHHS TIEPCOHANa BO BPEMs CEaHCOB JIYY€BOH Tepaluyu OHKOJIOTHYe-
CKHMX OOJIEHBIX Ha JIMHEWHOM yckopurene atekTponoB Clinac 2300C/D B PHIIL] onko-
JIOTUH U MEAUITMHCKOH pamuonoruu uM. H. H. Anekcannposa M3 Pb;

— B obnactu siiepHOi 0e30macHOCTH paboThl MO M3YUYCHHUIO XapaKTEPUCTUK OC-
HOBHBIX IPHUOOPOB, HCIIOJIB3YEMBIX IS U3MEPEHHUSI MMOTOKOB HEUTPOHOB B aKTHBHOM
30HE peakTopa — MOHM3AIMOHHBIX Kamep aenenus (MKJ]) u gerexTopoB mpsiMoro 3a-

psana (AI13).

/lo30BbIe HATPY3KH HA NALUEHTOB MPHU ACHTAJIbHBIX PEHTI€HOJIOTMYeCKUX
HUCCJICIOBAHUAX

JleHTaJIbHOE PEHTICHOJIOTHYECKOE HCCIICAOBAHHE CTANIO BEAYIIMM H IUPOKO UC-

MTOJTb3yeMBIM HHCTPYMEHTOM TIPH paclio3HABaHWW OOJBITHHCTBA 3a00JieBaHMA 3y00-

YEFOCTHOW CHCTEMBI, BRIBOSANINM JCHTAIBHYIO PEHTICHOIUATHOCTHKY Ha JIHIUPYIO-
U TIO3UITUU CPEIU TIPUYUH POCTa 103 MEAUIIMHCKOTO OOMydYeHHUs Ha ATy Hacele-

324



HUA [5]. DTOT BUI HICCIIEOBAHUS XapaKTEPHU3YEeTCs] CPABHUTEIHHO HU3KOW DHEPIHEH
pentreHoBckoro mmyuaenus (50+80 xk3B), ManpiM TI0JIEM OOJIYUICHUS U 3HAYUTEILHBIM
NpUOMIKEHNEeM HCTOYHHMKA K IOBEPXHOCTH Tella 4enoBeka. s M3mydeHHs Takux
HU3KHUX DHEPTUH CYIIECTBEHHBIM BKJIaJ B 703y OOJIydeHHS BHOCHT PACCESTHHOE H3IIy-
yeHue. [Ipu 3TOM reTeporeHHOCTh CTPOEHHUS YEJIOBEUECKOro Teja MPaKTHYEeCKHU HC-
KIIIOYaeT BO3MOYKHOCTh y4Ye€Ta PacCeSHHOTO M3JIydeHHUs Oe3 MPHUBICYCHHS METOJOB
Moure-Kapio. [loaTomy ¢ momompio nporpammsel MCNP npoBesneHo MoaenupoBaHue
JEHTAJIBHBIX PEHTI€HOIOTUYECKUX MCCIEOBAHUHN C LEIbI0 OLIEHKU MOTIIOUIEHHBIX 103
o0JTydeHus OpraHoOB M TKaHEH MalueHToB, a Takke d3()(HEKTUBHBIX 03 00IYUYCHHUS IPH
KOHTaKTHBIX PEHTTeHOTpapHuIECKUX UCCIIeTOBAHUH 3y0OB.

B xome MCNP 0Obuta moaroToBiaeHa MOJENTh CTATHIECKOTO JICHTAFHOTO PEHTTe-
HOJJMarHOCTUYECKOTO ammapaTa, YYATHIBAIOIIAs TaKUe MapaMeTphbl MpoLeayphl 00y-
YeHUs KaK BBICOKOE HampsbkeHue (U), IpUIIOKEHHOE K PEHTT€HOBCKOM TpyOKe, OIHAs
dunmpTpanysa n3mydeHus (dy;), pa3Mepsl ot oomydenus (X Y), pacCTOSHAE OT UCTOY-
HUKa H3Jy4yeHHs 10 MOBepXHOCTH obOiydaemoro oowekrta (PUII). Heobxomumsble mis
BXOAHOTO (hailyia COEeKTpPBl M3IIyUYeHHs PEHTTEHOBCKOTO MCTOYHHMKA CO3JAIOTCA C IO-
MOIIBI0 criennaibHON mporpaMMbl TASMIP [6]. [l BRIOTHEHHS OIIEHOK /103 00IIy-
YeHHs TIPOBE/IeHAa ajanTanus pedepeHTHBIX BOKCENBHBIX (DAHTOMOB YCIOBHBIX MYK-
YUHBI U KEHIIWHBI K Koxy mporpammsl MCNP [7]. KpoMe Toro, B X0/1€ BBITOJIHEHUS
UCCIIeZIoBaHus OblJIa MPOBEICHA ONTHMH3AIHSA BOKCEIBHBIX (DaHTOMOB JUISI MOAEIUPO-
BaHUS TIPOIEAYp 00IydIeHHs 3y00B. B 30HY 00iydueHuNs OblIa BKIIOUEHA YacTh (DaHTO-
Ma, KOTOpas HEMOCPEACTBEHHO TMoMaaia B Toje o0ydeHus, 1 00acTs MoJyTeHel Ha
paccrosaun 10 20 cM oT kpas nonsa. ['eomeTpusi oOyueHHs ManyeHTa MOACIHPOBa-
Jach B COOTBETCTBHM C MPaBHJIAMH TPOBEACHUS COOTBETCTBYIOIIETO ACHTAIBHOTO
PEHTTeHOJIOTHYECKOTO HCCIEA0BAaHMS, YUUTHIBAIOIIMMY OPUEHTAINIO IyYKa H3JIyde-
HUSI TI0 OTHOLICHUIO K ITOJIOKEHHIO UCCIIEyeMOoro 3y0a U PeHTIeHOBCKOM TUICHKH [§].

B xauectBe BhrxogHo# nHpopMarmu paciera MCNP Obuté mosrydeHsI IPOCTpaH-
CTBEHHBIE paclpee]IeHns OTIOIEHHOW YHePTuU B pe(pepeHTHBIX (paHTOMaX MYKUIH-
HBI ¥ KEHIIWHBI. DTH paclpeleieHns UCIOIb30BaHbI I pacdeTa J03bl 00IydeHUs
OTJIENBHBIX OPTaHOB U APPEKTUBHBIX JI03 B MPOLEAypax KOHTAKTHONH PEHTIe€HOTpauu
3y0o0B.

C nenpio MpakTUYeCKOro MPUMEHEHHUS pe3yJIbTaTOB UCCIIEOBAHNS OBIIM paccdu-
TaHbI 3HAYCHUsS] KOHBEPCUOHHBIX K03(pPUIIeHTOB CBsI3M 23PPEeKTUBHON 03I C pagua-
IMOHHBIM BBIXOJIOM PEHTTEHOBCKOTO amnmapaTta B COOTBETCTBUH C BEIpakeHueM [9]:

E=R-1-1-K,, 1)

rae E — s dextuBHas no3a, mk3e;

R — pajMalMOHHEIH BEIXOJ PEHTIEHOBCKOTO m3nydatens (ul p-m’)/(mA-c);

1 — TOK PEeHTI€HOBCKOM TPpYyOKH, MA;

t — BpeMst 00Iy4eHus, C;

K, — KOHBepCHOHHBIA KOA(HUIIMEHT ITepexoia OT 3HAYSHHS PaJalliOHHOTO BBIXO/a
PEHTICHOBCKOTO U3mydaTens K 3p(ekTuBHON 103¢ 00IyueHH s MallMeHTa JAHHOTO BO3-
pacrta ¢ yuyeToM BHUa MPOBEICHHOTO PEHTTEHOIIOTHUECKOTO UCCIIEOBAHMUS, IPOCKIINH,
pa3MepoB Mo, POKYCHOTO PACCTOSHUSA, OOIIeH (QrIBTpaIiiy U3TyUeHUS U aHOTHOTO
HATPSDKCHHS HA PEHTTEHOBCKOM Tpy6Ke, Mk 36/(ml par’).
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B Tabnmme 1 B xadecTBe mpuMepa MOKa3aHbl KOHBEPCHOHHBIC KOI(PMHUITHECHTHI
JUTSI HECKOJIBKUX MCCIICIOBAHUN BEPXHEH UEIIOCTH YelloBeka Ha 1 MAC.

Tabnuya 1. 3HaueHus KOHBEPCHOHHBIX K0d(duimentos K, (Mx3s-MIp ' -M?) s
HEKOTOPBIX HCCIIEAOBaHMM 3y00B BepXxHel uenmocTH (o0mas grisTparus 3 MM Al)

Bun uccnenoBanus

Pa3mep nons, cm | Hanpsbxenue, kB
Pe3upr | Knbiku | IIpemonsipel | Momsipst
3 x4 60 48,3 44,6 24,0 234
3x4 65 50,5 46,6 26,0 253
3 x4 70 52,7 48,4 28,1 27,1
26 60 68,1 65,0 48,9 40,1

Pa3Hble 3HAUEHMSI KOHBEPCHOHHBIX KOA(PQHUIMEHTOB JJISI HCCIEIOBAaHUN PE3IOB,
KJIBIKOB, MTPEMOJISIPOB M MOJISIPOB HArJISHO TOKa3bIBAIOT 3aBUCHUMOCTH 3()()eKTHBHOM
JI03BI OT yTJIa HAKJIIOHA PEHTT€HOBCKOW TPYOKH K MAIIMEHTY W BEITUYHHBI IO 00ITyde-
HUS TAIMeHTa MpU MPOYMX PaBHBIX YCIOBUAX. DTH pe3yJabTaThl OyAyT YUTECHBI B IO-
CIENYIOIUX METOAUYECKUX JOKYMEHTaxX YUPEKICHUH 3paBOOXPAaHEHUS HJI1 yTOYHE-
HUA JCHCTBYIOIIMX KOJMYECTBEHHBIX OIICHOK JTO30BBIX HArpy30K Ha MAlUEHTOB IpU
BBIIIOJIHEHNUHN JEHTAIBHBIX PEHTICHOAUArHOCTUYECKUX UCCIIEA0BAHUM.

O0JyueHHne HeliTPOHAMH MEPCOHAJIA BO BpeMs JIy4eBOi Tepanuu 00JIbHbBIX
HA JTUHEeHOM yckopuTee 3jaekTpoHos Clinac 2300C/D

B coBpemeHHOI TydeBOil Tepanuu A paAUKaIbHOTO JEUEHUS OHKOJOTHYECKUX
OOJIBHBIX MIMPOKO HCIOJIB3YETCS TOPMO3HOE M3JIy4YeHHE, KOTOPOE IOJIydaeTcsi C IOo-
MOIIHIO0 MEIUITMHCKOTO JTMHEHHOTO YCKOPHUTEIS 3IeKTPOHOB (JIYD) BRICOKHX DHEPTHIA.
Jost JIYD ¢ mauanwsHOM sHeprueit Beime 10 MaB B nomonHeHHe K TOPMO3ZHOMY H3ITY-
4yeHuto B ronoBke JIYD obpasyercs BropuuHoe HelTpoHHOe nanydenue [10]. Paano-
OMOJIOTHYECKOE NIEHCTBHE HEUTPOHOB 3aBHUCUT OT WX DHEPTUH M MPEBBIMIACT ICHCTBHE
TOPMO3HOTO M3Iy4deHus, nocturas 20-KpaTHOTO MPEBBIICHUS ST HEHTPOHOB C SHEP-
rueil okono 1 M»aB [11]. B cBszu ¢ 0co0olf OMacHOCTBbI0 HEUTPOHHOTO HM3ITyUEHHS
BaXHO 3HATh SHEPIeTUUECKUH CIIEKTp HEHTPOHOB BHYTPHU U BHE J€UeOHONH KOMHATHI
JUIL OLCHKH 1103 OOJIyueHHs IepcoHala M HaceleHus. Takas mpoOjeMa BO3HUKIA B
PHIIL] oHkosNOrMM M MEIULIMHCKON paguosornd MUHUCTEpCTBa 34paBooxpaHeHus Pb
B CBSI3U C OTCYTCTBHEM BO3MOKHOCTH MHCTPYMEHTAJIBHOTO M3MEPEHUS CIIEKTPa Hel-
TPOHHOTO M3TyUeHHS 3a mpenenamu oyakepa memuinackoro JIYD Clinac 2300C/D Bo
BpeMsi o0JTyueHHsT OONBHBIX (POTOHAMH BBICOKMX dHEpruil. M3-3a CIIO)KHOCTH peruct-
pauuu HEWTPOHHOTO CIIEKTpa MPU B3aUMOACHCTBHU HEHTPOHOB C BEILIECTBOM Hambo-
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Jiee peasIbHO MOIYYUTh CIEKTP HEUTPOHOB MOJEIMPOBAHUEM C UCIOJb30BAHHEM Me-
toga MonTte-Kapio.

s pentenus Bo3Hukiei 3agaun B koge MCNP 6buta moctpoera MonTe-Kapio
MOJIEIb BBIXOMHOM TonoBKH Memurmackoro JIYD Clinac 2300C/D dupmer Varian Ha
18 M»B. [lo manHbIM OOJBIIOTO YHCIIAa UCCIIECIOBATEICH UMEHHO B TOoBKe JIYD 006-
pasyercs OOJBIIMHCTBO COMYTCTBYIOIIUX HEUTPOHOB OT TOPMO3HOTO H3JIYYCHUS C
sHeprueli 6oxee 10 MaB [12]. Ha Bcem myTtn hopMupoBaHUs Iydka TOPMO3HOTO H3-
JTydeHus B ToioBke JIYD, HaumHAs OT TOPMO3HOW MUIIICHH Yepe3 BHIPABHUBAFOIIIHIA
(GUIBTP U KOJUIMMUPYIOIIME YCTPOMCTBA, B3aUMOJICHCTBHE raMMa-KBAaHTOB C SApaMU
aTOMOB BeJIET K POXKIEHUIO HEUTPOHOB uepe3 (oTosnepHbie peakuuu [13]. Eme oqun
MyTh 00pa30BaHMsI HEUTPOHOB — 3TO MPSIMOE BHIOMBAaHUE HEUTPOHOB U3 sIIEP DIEKTPO-
Hamu [14]. OmHAKO BEPOSTHOCTh TAKUX 3JIEKTPOSIICPHBIX PEaKIUii Ha JBa MOPSIKA
HWKE 110 CPaBHEHHIO C (DOTOSJCPHBIMH, a TIOSTOMY BKIIAJ TaKUX HEHTPOHOB OOIIHit
HEHUTPOHHEBIN ITOTOK MPEHEOPEKIMO Mall.

C menpro Bepudukarmuum Moaenu (GOpMUPOBAHHMS ITydyKa TOPMO3HBIX TaMMa-
KBaHTOB OBLIM PacCYMTaHbI TIyOWHHOE paclpeseiieHue U Mpo(uib MOTJIONICHHOH J0-
36l B BOAHOM (paHTOME 15t omopHOro mosst o0ayderns 10 cm x10 cM, KOTOpbIe CpaB-
HWIM C pe3yJIbTaTaMU NPSAMbBIX U3MEPEHU, BBIIOJHEHBIX B AHAIOTUYHBIX YCIOBUSX B
PHIIL] oHKOJOTMH U MEAUIIMHCKON PagMOJIOTUU C MOMOIIbI0 MOHU3ALMOHHON Kame-
pbl. Pe3ynbraThel cpaBHeHUs nmokaszansl Ha Puc. 1 u 2. IlonyuyeHo monHOe coBOajcHHE
pacueTa ¥ U3MepeHni TITyOMHHOMN 0361 B Ipeieax OmmdoK cueTa.
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Puc. 1. OTHOCUTETBHOE TITYOMHHOE pacipeaeeHre TOTIIONICHHON 036 TOPMO3HOTO
U3ITy4eHHs] B BOAHOM (paHTOME
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Puc.2. TIpodwie pactpeaeneHus MOTIOMEHHOHN 1036l TOPMO3HOTO U3JIYYCHUS B BOA-
HOM (panTOME Ha TIyOHHE 10 cM BIOIB OcH X

ITpoduns pacnpeneneHus MOTNIOIMIEHHON 1036l B Boae Ha riuyoune 10 cM, coot-
BercTBytomuil 80% n30m03€, TakKe COBNAM VISl PACUETHBIX M U3MEPEHHBIX JaHHBIX B
IpeJienax Moy oONy4YeHus, UMesd HEeKOTOpble pa3nuuus B o0nactu noxyTteHen. [lomy-
YEeHHBIE COBIMAACHUS CBHIETEIbCTBYIOT O MPAaBUILHOM BBHIOOpE HayallbHBIX MapamMeT-
POB HCXOIHOTO MyYKa 3JIEKTPOHOB, a TAK)KE JOCTOBEPHOM OIMCAHUU T€OMETPUH U Ma-
TEPUaJIHHOTO COCTaBa (POPMHUPYIOIIET0 TPaKTa TOPMO3ZHOTO ITyYKa.

C menblo COKpalleHus] BpeMeHH cueTa 3aJaud ObUla co3/laHa MOBEPXHOCTHAs MO-
Jie7Ib NCTOYHUKA HEHTPOHOB, MpeACTaBysIomas codoi chepy paguycom 76 ¢cM BOKPYT
rosoBku JIYD ¢ (a30BBIMH XapaKTepUCTHKAMH MTEPECEKAONINX €€ MMOBEPXHOCTh HE-
TPOHOB.

OpnoBpemenHo B koge MCNP co3mana mozmens Oynkepa JIVD u onpexpenena
reoMeTpHs 00JTydeHHUs IepcoHaa Bo BpeMs obmydenns manuenra. JIYD Varian Clinac
2300C/D pa3MeriieH B OyHKepe, TOJIIMHA KKIOH CTEHBI KOTOporo oosnbiie 1,9 m. Jls
pacueTa paclpoCTpaHeHHs U3IyUYeHHs B TaKOW TOJICTOM 3aIMTE MCIOIb30BaH OJUH U3
METOJIOB YMEHbIIIeHHs Aucriepcu (variance reduction technique) B pamkax MCNP. B
COOTBETCTBHU C 3TUM METOZOM OCTOHHAsl CTE€HAa HPEACTaBJIAETCS COCTOAIIEH M3 OT-
JIENBHBIX CJI0€B B MEPIEHAMKYJSIPHOM HalpaBIeHUH OT MCTOYHHMKA JO HUCCIETyeMOM
TOYKH, B KOTOPBIX yCTAHABIMBAIOTCS Pa3jIMUHbIC 3HAYCHUS LICHHOCTEH HEUTPOHOB M
raMMa-KBaHTOB. OTO INO3BOJISIET BBIPOBHATH HACEJIEHHOCTb YAacTHI] BCEX sueiikax Io
MyTH «UCTOYHUK—AETEKTOP», M KaK CIEACTBHE, YMEHBIINUTh AUCIIEPCHUIO PE3yJIbTAaTOB
BBIYUCIICHUM.
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ITocTpoeHHBIE MOJENN UCTIONB30BAHBI ISl OLICHKH HEHTPOHHOTO MOTOKAa BHYTPH
OyHKepa U B ITyJIbTOBOM IOMeIeHuH yckopuTens. Ha Puc.3 mokasan criektp HeHTpo-
HOB Ha YpOBHE IOJIOKEHHA MMallMeHTa B TOUKE M30LIEHTPa B MOJIE TOPMO3HOIO H3ITyue-
HES C HOMHHAIBHOM sHeprueit 18 MoB st otkpsrroro momst 10x10 e’

B criekTpe nmpucyTCTBYIOT B OCHOBHOM OBICTpBIE HEHTPOHBI CO CpelHEl 3Heprueit
oxojo 1 MaB.

7.0x10° 4
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Puc.3. DHepreTHyecKkuii CIEKTp HEUTPOHOB Ha YPOBHE M3OIEHTPA
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Puc. 4. DHepreTHdecKuil CIIEKTP HEUTPOHOB Ha MMOBEPXHOCTH CTEHBI B IYJIFTOBOM TIOMEIIICHHH
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Brutag TemimoBeIX HEUTPOHOB, 0OPAa30BABIINXCS B PE3YIIBTATE PACCETHUS MPSMBIX
HEHTPOHOB B I'OJIOBKE YCKOPUTEN, He3HaunTeNneH. Ha prucyHke 4 mokasaH crieKTp He-
TPOHOB B IYJIFTOBOM IOMEIIEHUH YCKOPUTENS IOCIE MPOXOXKICHHUS Yepe3 CTeHY Jia-
OMpHHTA U CTEHY OyHKepa.

B 3TOM cityuae B ceKTpe yx e MPUCYTCTBYIOT TOJBKO TEIUIOBbIE HEMTPOHBI, KO-
TOpBIE 00Pa30BANUCH B PE3YJIbTaTe paccesHusl OBICTPBIX HEUTPOHOB B BO3IYyXE M CTeE-
Hax OyHkepa yckoputens. [Ipu atom addexTrBHast 1032 00TyUeHHS HEUTPOHAMH TIep-
COHaJa, HaXOJAIIETOCS B ITyJIFTOBOM IOMEIICHWH JTUHEHHOTO YCKOPHUTENS B MEPHOX
ero pabotel, coctaBiseT He 6onee 610" M3B Ha 0/JHY MOHHUTOPHYIO €IUHHMILY.

[lomydeHHBIE pe3ynbTaThl YKa3bIBalOT Ha 3()()EKTUBHOCTH 3alllUTHI CTEH OyHKepa
yckopurens Clinac 2300C/D B PHIIL] oHKONOTHH ¥ MEIUITMHCKON paJHOIOTHH OT
HEHTPOHHOTO W3IyYCHHS IJIsl MEepCcoHana BO Bpemsi paboTel yckoputenss. OcoOeHHO
Ba)KHO TO, YTO B CIIEKTPE HEMTPOHOB 3a MpeaenamMu OyHKepa MPaKTUIEeCKH HE TPUCYT-
CTBYIOT OBICTpBIE HEUTPOHBI, OMTACHBIE C TOYKH 3PEHUS PaJHAMOHHBIX Y HEKTOB.

00 yay4nieHMU TUHAMUYECKUX XapPAKTEPUCTHK JeTeKTOpa NPSAMOM 3apsaKu

Jng n3MepeHus MIOTHOCTU MOTOKAa HEWTPOHOB B aKTMBHOM 30HE peakTopa IMpH-
MEHSIOTCSl IETeKTOPbl HeHTpoHOB mpsimoit 3apsinku (AI13 wmu SPND —Self Powered
Neutron Detector B aHTI0SI36I9HO TUTEpaType). BriepBole AeTEKTOp OBLI MPETOKEH
U onmcaH B padote [15]. DT IeTeKTOPHI OCHOBAHBI HA MIEPBUYHBIX 3P EKTaxX: 3aXBaTe
HEHTPOHOB SIIPOM U TocieaytomeM B-pacmane (3mMuccuonnsie JIP3), Ha BeIXOE DIEK-
TPOHOB OTJAYX U (POTOIIEKTPOHOB MPH IOTIOMICHUH BHEITHETO Y-M3IyIeHUs (KOMTO-
nosckue [II13). B snepHoil sHepreTrke, B 4aCTHOCTH, Ha peakropax BBOP, nHanbomns-
1Iee pacmnpoCcTpaHeHue MONydmiId SMuccuoHHsle poaueBbie 113 [17, 18]. OcHOBHBIE
npeumymectsa [I13 — 6oxpmioii pecypc paboThl (HECKOJIBKO JIET) Tpu padoueii Tem-
neparype 10 700°C, Manble TabapuTHBIE pa3Mephl, ciabas YyBCTBUTEIBHOCTD K TaM-
Ma-(pOHY peakTopa, TMHEHHOCTh MOKa3aHMH TOKAa B 3aBUCHMOCTH OT IUIOTHOCTH TTOTO-
Ka HEHTPOHOB, MPOCThIE BTOPUYHbIE 3JIEKTPOHHBIE YCTPOWCTBA, HHU3KAs CTOMMOCTH
usrotosieHusi. Kpome Toro, oHu He TpeOYyIOT MpeABAPUTENbHON TPalyupPOBKH.

JleTexTop mpsIMOTO 3apsa COCTOUT U3 IIJIUHAPHUYECKAX SIMUTTEPA, U30IATOpa U
KoJutekTopa. I1o amexTpuyeckoil CyTH JaTyuK JeTeKTopa MpeACTaBIseT TeHepaTop To-
Ka (BHYTpEHHEE CONpPOTHUBIIEHHE BENHUKO). JJaTunk mojcoequHseTca K H3MEpUTEIbHON
LIEMU C TIOMOIIBI0 KOAKCHAIBHOTO Ka0els, MMEIOIero JBa BHYTPEHHUX MPOBOTHUKA,
OJIMH M3 KOTOPBIX MIPHUCOEINHEH K AMUTTEPY, a APyToil He mpucoeqHeH HuKyaa. Koi-
JIEKTOP M BHEUIHMH AJIEKTPOJ Kabemns 3a3eMJIeHbI, CUTHAJBl ke C JABYX BHYTPEHHHX
MIPOBOJOB JaT4MKa MOAAIOTCS Ha BXOI AU((PEepeHIUANEHOTO YCUIIUTENS, YTO obecre-
YHBaeT BEIYMTAHNE OJHOTO CHTHasa u3 Apyroro. [lockonpKy cam kabenb mpeacTaBiseT
c00010 TONOTHUTEIHHBIHN (TTapa3uTHBIN) MCTOYHHMK TOKA B M3MEPUTENHHOI 11enH, 00y-
CIIOBJICHHBIN TaMMa U3JIy4YeHHEeM BHYTPH PEaKkTopa, TO, YUUTHIBas OJM30CTh BHYTPEH-
HUX TPOBOJOB KaOels, MOKHO OXHIaTh, YTO NpH TUPGEPEHIIUATEHOM BKIFOUYEHUU
TOKH OT 00OWX MPOBOJOB B3aWMHO COKPATATCS MPAaKTHYECKH MOIHOCTHIO. briaromaps
3TOMY 3a/1a4a CBOAMUTCS K OTPENEICHNUIO TOKOB TOJIBKO CaMOI'0 1aT4YMKa.

HenocpencTtBeHHO u3MepsieMOl BENWYWHON SIBISAETCS MPOTEKAOIIWNA B JIMHUU
CBSI3U DJIEKTPUUECKUHN TOK [, MPONMOPIIMOHAIBHBIN MIOTHOCTH HEUTPOHHOTO MOTOKA ¢ B
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Mecte pacnonoxkernus JI13. [To TeopeTnaeckuM OIeHKaM 3HAYCHIIE BEPXHETO Tpeena
TUIOTHOCTH MOoTOKa HeWTpoHoB g JI13 ¢ smurTepamu u3 poaus, cepedpa M BaHAIM
coctasmster 10'7-10%° 1/(em? ¢) [17,18]. [Ipu 3TOM HaAMOOJBIIUM AMANA30HOM JTMHEH-
HOCTH 00J1a/IaeT POJUCBBIA NETEKTOP (TPU JNECSITUYHBIX MOPSAKA), 3 HAUMEHBIIUM —
IUIATUHOBBIM, KOTOPBIM, MO CYIIECTBY, SIBJSICTCS CKOpee raMma, 4eM HEHUTpOHHBIM
HAI13. Hwxuuit npemen muHeidHoct [JII[I3 o00ycioBiaeH BIHSHHEM TramMMa-
U3JIyUYeHHS peakTopa, TOKaMH JIMHUU CBSA3HM U TOKAMU OT JIOJTOXXKHUBYIIUX PaaHoO-
HYKJIUJOB AIMUTTEPA.

Ha xapakrepuctuku JII13 BIHSIOT HE TOIBKO €T0 KOHCTPYKTHUBHBIE OCOOCHHOCTH
U CBOMCTBa NMPUMEHSIEMbIX MaTepHaJIOB, HO U YCJIOBHUS €ro 3KCIUTyaTaluy (MHTEHCHUB-
HOCTh U CIIEKTP HEHTPOHOB, TEMIIEpaTypa HEUTPOHHOTO Ta3a, BpeMs paboThl U TeMIle-
paTypa JeTeKTopa, YCIOBHS pa3MEIIeHHs JIMHUK CB3HM U T.1.). [loaromy pacueTHbie
OIIEHKH XapaKTePUCTHK JETEKTOPOB HOCAT MPHOIM3UTEIHHBIN, 3a9acTyI0 Ka4eCTBEH-
HBIM xapakTep. OcoOEHHO 3TO KacaeTcs ITATHBIX METOIUK U MPOTPaMM, II€ UCTIONb-
3yeTcs TOUYeYHOe MPHUOIIKEHUE U onucaHus netektopa. K Hambonee BaKHBIM (hak-
TOpaM, BIUSIONINM Ha MeTposormdeckue xapakrepuctuku JII3, ciemyer oTtHecTH:
BBITOpaHUe MaTepuaia SMUTTepa, FeHepaIfio TOKa, YyBCTBUTEIHHOCTS 7.

UyscrButenbHOCTh JII13 00bIUHO onpenernsieTcs Kak OTHOIICHHE TOKa Mprudopa K
HEUTPOHHOMY TTOTOKY

n= i(A / (netimpon | cm’c)) . 2)
»

UyscTBuTeIbHOCT pomueBbix JIII3 cocraBmser (3-21)-107° A-c-cm?/eiiTpoH,
npenen nuHeitHocTH Gonee 10''—10* meiiTpon /(cM’-c), paGouas Temmneparypa — ot 250
110 700°C. Pecypc pabotsr JI13 coctasmsier 10 107 Heitrpon/cm’.

Hocrounctra JII13 chirpany pemnaroIyo pojk B ITUPOKOM X BHEIPEHHUH B CHC-
TEMBI BHYTPHUPEAKTOPHOTO KOHTPOJIS pEaKTOPOB Pa3NU4HbIX TUMOB. K MX HegocTaTkam
OTHOCST: HU3KYI0 YyBCTBUTEJIBHOCTb, NHEPLHUOHHOCTh aKTHBAILMOHHBIX JETEKTOPOB,
OrpaHHYCHHBIH BBIOOp MaTepualloB SMUTTEpPA, ero Beiropanue. Haubonbiiee pacnpo-
CTpaHEHHE IS KOHTPOJIST HEUTPOHHOTO MOTOKA B peakTopax BBOP momyummm pogue-
Boie /{13, xoTopsie OynyT paccMaTpuBaTbCS HIKE.

CpaBHUTENBHO OOJBIIAS MHEPUUOHHOCTH poaueBbix JI13 B ocHOBHOM 00ycioB-
JieHa BpeMeHeM JKM3HH HyKiuaa ''Rh, BO3HHKAIONIETo MpPH 3aXBaTe HEHTPOHA AIpOM
smutrepa ('Rh). [pu 3axsare meiitpona sapom Rh'® o6pasyerca Rh'™ B mByx co-
CTOSTHHSAX:

e OCHOBHOE cocTosiHME 1’ ¢ cedyeHmeM oOpasoBanus ~145 GapH M BpeMeHeM
JKM3HM 42.3 cek;

e  BO30YKIEHHOE COCTOSIHHE 5 ¢ cedeHneM obpasoBanus ~10 GapH 1 BpeMeHEM
Ku3HA 4.34 MuH.

VYrpouieHHas cxeMa pacragoB 00pa30BaBIIMXCs AAep NpeacTaBieHa Ha Puc. 5.

Bo30yxaeHHoe cocTosIHME ITyTeM ramMma paciazia ¢ BeposiTHocTeio 99.87% nepe-
XOJUT B OCHOBHOE CO BpeMeHeM XU3HU 4.34 MUH.

[ocrosinnas Bpemenu poaueBoro I3 coctaBnsietr A ~ 42 cek, 4YTO HEAOCTATOYHO
B YCIIOBUSIX NEPEXOJHBIX M aBapUHHBIX PEKMMOB B aKTHBHOHM 30HE peakropa, Korzaa
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MPOLIECCHl PAa3BUBAIOTCS 33 BpEMEHA MOpsAKa CeKyHIbl U MeHee. Hanpumep, npu BbI-
BOJIE PEaKTOpa Ha MHUHHUMAJIbHO KOHTPOJMPYEMBIH YPOBEHb MOIIHOCTHU CYILECTBYET
MIPOMEXYTOK BPEMEHH, KOTJla HEHTPOHHBIA MOTOK (PaKTUUYECKA HE KOHTPOJIUPYETCS
cymecTBytommme mpudopamu. [losTomMy ymydinieHne TUHAMHYECKHX XapaKTePHCTHK
JI13 sBrnsercs akTyaabHOUM MPOOIEMON IS SAESPHOU dHEPTETUKU, KOTOPOU MOCBSAIIIE-
HO MHOXECTBO paboT. B dactHocTH, B [16] mpemiaraeTcs yaydlluTh TUHAMHYECKUC
cBoiicTBa prOOpa myTeM NU(GPOBOH (PUIBTPAIMN €TO CUTHATIA.

104m
I 45 Rh
Vi 7.7% 104m _ .
(7. 7%) (7.7%) Tqpp =44min
Y 104
'y 15 Rh
Nn(92.3%)
104
103 [B(100%) T 12 =42s
Rh
45
104
46 Pd

Puc.5. Ynpomennas cxema pacmaga s poauresoro 1113

B [19] mpemnoxen HECKOIBKO ApYyroi moaxoj. Hamu Obuto moka3zaHo, 9TO KOM-
OuHauA

J(@) :%I(t)+/11(t) , (2)

Ha3pIBa€Masi HUKE O606H_ICHHBIM TOKOM, YK€ HE COACPKUT COCTaBJISIONIEH TOKa C MO-
CTOSIHHOH A OCHOBHOI'O COCTOAHUA, @ TOJIBKO MIHOBCHHYIO COCTABJIAIOIIYIO U ~ 5%

v (v m (v
cocrapisitomeit ¢ mocrosHuoil A (T1,= 4.34 m), COOTBETCTBYIONIEN BO30YKIEHHOMY
cocrostamio '*Rh.
SIcHO, YTO ANsl pEerHCTpaly 3TOW KOMOMHAIIMY CHTHAaJa Hy)>KHA HOBas amrapary-

pa. Obuias cxema n3MepeHust 06001IeHHOro0 ToKa J(?) mpeacraBieHa Ha Puc. 6.

CurHan oT JeTeKTopa pas3JelisieTcsl Ha JIBe YacTH, OJHa U3 KOTOphIX auddepen-
IUpYeTCcs, BTOpas yMHOXAETCS Ha BEJIMUUHY A, TIOCIE Yero 00e MOCTYMAloT Ha BXOJ
cymmupymomero ycuurens. O0pa3oBasmmiicsi curHan noxaetrcs k AL u namee —
yCTpOHCTBY 00paboTKN HH(OpMAIIHH.

Jlnnamuka 00OOMIEHHOTO TOKa MOJKET OBITH IMOJydeHAa W3 KHHETHIECKUX
ypaBHEHHUH, OMUCHIBAIOMINX OOBIYHBIN dMuccHoHHbIH JT13:

ON™
ot

= [(@"(E)N'(t,r)p(t,r, EN)AE = A" N" (t,7),

. 3)
= [@ BN .1 p(t.r,E)dE + A"N" (t,r) - AN(1,r),
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rae: o (E) u o"(E)-— cedenns B3auMoeicTBus HeiTponos ¢ '°Rh ¢ oGpasoBaHiem
OCHOBHOTO ¥ BO30Y)KIEHHOTO COCTOSHHS siaep '*'Rh ¢ TMOCTOSHHBIME pacmaga A u
A", KOHLIEHTpAIMK KOTOPIX B amMuTTEpe ecth N(¢,7) u N"(t,r), ¢(t,r,E) — crek-
TpaNbHAs U IPOCTPAHCTBEHHAS UIOTHOCTh MOTOKA HEHTPoHOB, 1/ (MaB cM™-¢).

Audichep ey MayHLWmiA
YCMNMTENE

AuchihepeHumransHeIiA
YCUAMTENb \

ot ANz

CymMMUDY LG
YCHUIMTENE

YMHOHEHWE Ha

Puc. 6. llpuHniniuanbHas cxema u3MepeHus 00001eHHoro Toka J(7)

Hcxonst u3 oOmmx (U3NYSCKUX MPEICTABICHUH, MOXHO 3alHCaTh BhIPAXKEHUE
JUISL aKTUBALIMOHHOro ToKa B 00brunoM JII13 B Buge [17]:

I(H)=e j dVA(FIN i (1,1) j N, (r,t)p(r,E)dE , 4)

rae A(r) — byHKIHS, OTIPEAeIIIonas BEPOATHOCT IOTMACTh JICKTPOHY U3 HEKOTOPOM
TOYKH () SMUTTEpa Ha KOJJIEKTOP:

A(r) = j P(Ee(r,E,)dE,. (5)

Eg
B (5) doyukums g(E ﬂ,r) €CThb BEPOSITHOCTh TOTO, YTO POAMBIIMICS OETa-3JIEKTPOH C

sHeprueil E; B pe3yibTaTe pacnaja sapa B TOUKe I, JOCTUTHET Karoja, p(Ey) — Oerta-
CIEKTp pacmaja sipa.

B Beipaxenmsix (3), (4) e — 3apsn dnekTpoHa, V' — 00beM POAMEBOTO CTEPIKHS,
o(E) — ceuenue (n,y) peakuuu st JaHHOTO HyKauaa Ng,'”, ¢(r,E) — MOTOK HEHTPOHOB
¢ sHeprueii E. 3aBUCHMOCTb OT BPEMEHH { KOJIHYECTBA aTOMOB poaus B cM° Ng,'” (1)
VUHTHIBAET BBITOPAHHE POAMA B HeliTpoHHOM motoke. [ Rh'™ mopmuposanmoe pac-
npe/ieNieHre OeTa-3IeKTPOHOB 10 SHeprun B Teopun Pepmu Oeta-pacmana nmeet sy [20]:

105
P(Ey) =W(Em —E ) \E,, (6),
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rne Ez — Tekymias sHeprusi 6era-crekTpa, £, — MakCHUMallbHas SHeprus Oera-CrekTpa
(E,=2.44 MeV mns Rh'®”), uncnennble MHOXHTENIN OTPaXkaloT CIHH-YITIOBYIO CTPYK-
Typy cedeHus OeTa-pacnana.

3amagy pacuera Toka (4) 1 0000IIEHHOTO TOKA (2) MOXHO pa3JeHTh Ha JBE OC-
HOBHBIE 33/1a4H:

1. Pacuer &(E,,r)— BEpOATHOCTH HM3IYyYEHHOMY B TOYKE 7 OETA-DJIEKTPOHY C

sHepruei Ey ToiTH 10 Kartoja pemaercs Merogamu Monte-Kapio. [l sToro Ha nu-
JUHAPUIECKON 000JI0YKE C pamnycoM 7 BHYTPH OSMUTTEpA 3aJaeTCS MCTOYHUK DIIEK-

TPOHOB C BHCPFI/IGI\/'I E/;’ 1 C U30TPOIHBIM PACTIPCACIICHUEM 11O UMITYJIbCAM. Bemnuuna
S(Eﬂ,f') €CThb OTHOHICHHEC YHCJIa 3JICKTPOHOB, JOCTUTTIUX KaTOJA, K YHUCIY U3ITYy4YCH-

HBIX 3JIEKTPOHOB.
2. Pacuer moTokoB HEUTPOHOB @(7, E) B 3MUTTEPE HA JAaHHOM HTaIle BBITOPAHUS

U pacrpenencHusi atomoB N s (t,7) B 3aBUCHMOCTH OT KOOPJHMHAT U BPEMEHH Tpe-

OyeT yuera BBITOpaHus poaus. Tak Kak BHITOPAHUE IPOXOAUT HEOHOPOIHO IO PaJHYy-

Cy, IMEIOT MECTO HEOTHOPOTHOCTH pacCIpeAeNeHHs POAYs TI0 PaIIyCy, XOTs B HOBOM

JaTIUKE 3TO pachpereneHue ObUTo OmHOpOmHO. [ pacyera HEHTPOHHOTO TONA B

SMUTTEPE OH Pa30MBaeTCs Ha HAOOP IMIIMHAPUIECKUX 000JI0UEK, KaXIyI0 U3 KOTOPBIX

paccMaTpuBaTh Kak OTACIbHYIO cpeny. [Ipu 3arpy3ke Bce 3TH Cpelbl OAMHAKOBEI, TIPU

WTEPAIUH 110 BPEMEHU OHU MEHSIOT COCTaB B COOTBETCTBHH C BHITOPAHHEM.

Paspaborannas B pamkax koga MCNP Monre-Kapio moaens /113, 3amyckaemast
¢ momoiiplo Perl-ckpunrta, yYuTBIBaET MPOIECCHl BHITOPAHHS AKTUBHOTO BEIECTBA
smutTepa (Rh'®), uto MpHBOAUT K BPeMEHHOH 3aBHCHMOCTH JaXe CTATHYECKOH uyB-

CTBUTEIFHOCTH TaKOTO JIATYMKA, y9eT KOTOPOH SBISETCS CyIIECTBEHHBIM IPH peallb-

HOM SKCIUTyaTallMK JaTYMKa B MHTEHCUBHBIX HEUTPOHHBIX MOJISX peakTopa. JuHamuka

BBITOpaHUs pojus OblIa uccieaoBana i nByx tumoB 113 (muamerp smurrepa 0.5 u

1 MM) B pa3IMYHBIX HEUTPOHHBIX MOTOKAX /2.0-10", 4.0-10", 8.0-10", 10", 2.0-10"

ueitrpon/(cm>-c)/[21].

e [loka3aHo, YTO BBITOpPAaHUE AMUTTEPA HEOJHOPOIHO IO €ro Pajnycy, ¢ OOJbIIeH
CKOPOCTBIO TIPOUCXOJUT BBITOpPaHWE BHEIIHHX O0OJacTeld SMHUTTEepa NETEKTOpa.
Temm BeITOpaHHS ONpeensseTcss Kak HEUTPOHHBIM ITOTOKOM, TaK ¥ AHAMETPOM PO-
JIMEBO MPOBOJIOKH.

e [lokazano, uro aromHas (pakuus poaus-103 ymenspiaercs B 2—3 pasa 3a mepuo/
nopsijika 3 jet. 3To MPUBOAMT K CYIIECTBEHHOMY CHHXKEHUIO UYBCTBUTEILHOCTH.

e lccnenoBaHo BpeMEHHOE M3MEHEHHE CTaTHuyeckoi uyBcTBUTeNnbHOCTH JII13 (CMm.
ypaBHeHue (1)), 00yCIOBIEHHOE BHITOPAHUEM DMHUTTEPA, B PA3INYHBIX HEUTPOH-
HbIX oToKax (2.0-10",4.0-10", 8.0-10", 10", 2.0-10" meitrpon/(cm™c)).

e llokazano, uTo uyBcTBHTENBHOCTH /{13 magaer co BpemMeHeM 3a CUET BBHITOPAHUS
ponus mamaer Ha 20-40% 3a Tpw ToAa IKCIUTyaTallid TSI HU3KHUX IDIOTHOCTEH
10TOKOB HeiiTpoHos /2.0-10" Heiirpon/(cM” ¢)/ n 2-3 pasa s Beicokux /2.0-10'
HeHTpOH/(cM” )/, CBOMCTBEHHBIX MOIIHBIM PEAKTOPAM.
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Otxsnk 113 nmo 00bIKHOBEHHOMY M 00001ICHHOMY TOKAM HAa BPEMEHHOMH
CKAYOK IJIOTHOCTH NOTOKA HEHTPOHOB

HccnenoBanne otkiauka 13 mo oOBIKHOBEHHOMY TOKY Ha BPEMEHHOW CKAadOK
IUIOTHOCTH IOTOKA HEUTPOHOB B MOMEHT #

Sp(t, E)=0(t —1,)g(E), (7
rae 0(t—t,) — QyHKIUA €TMHUYHOIO CKauka, g(E) — ceKTp HEHTPOHHOIO MOTOKA Ha

JI13, mokaspiBaet, uto yBenudeHue toka 113 /(2) mpoucxomuT ¢ BpeMEHHOH IOCTO-
STHHOHW, OTpeAeNieMON MEPHOJOM IOJypacriaja OCHOBHOTO COCTOSHHS pomaus-104
(t.e. 43.2 cex).

Onyckas Tak Ha3bIBa€MbIi MTHOBEHHBIH OTKIMK, MPEICTABISIONINN COOOH TO-
CTOSIHHBIN BKJaJl, 0OyCIIOBIIEHHBI raMMa HM3JIyYeHHEM W BBHIOMBaHHEM KOMIITOHOB-
CKUX U (DOTORIIEKTPOHOB U3 SMUTTEPA, OTKIUK 000OIEHHOr0 TOKa J(?) Ha TOT ke CKa-
YOK IJIOTHOCTH TIOTOKA HEUTPOHOB MOXKET OBITH 3aIMCaH B BHUJIE:

5J(t) = e0(t—1,) [ AV AN {o(E)N' (t,)2(E) +
(- ef/lm(tfto))o.m (E)N“B (t r)]dE} ®)
, .
31ech B IEPBOM WICHE COXPAHSIETCS TOT )K€ CKA4OK BO BPEMEHH, UTO U B IJIOTHO-
CTH TIOTOKa HEUTPOHOB (T. €. Mepeadya BO3MYIICHUS MPOXOAUT Oe3 3aJIePKKH), B TO
BpeMsi Kak BTOPOW WIEH HapacTaeT MEIJICHHO C MOCTOSHHOW BpPEMEHH, COOTBETCT-
Bytomei m3oMepHoMmy mepexony (4.34 muH). OmHAKO, OCHOBHBIM UWICHOM SIBJISICTCS
TIEPBBIN ¥ 3TO TIO3BOJISCT YTBEPKAATh, YTO IPUOOP, KOTOPHIH U3MEPSET HE TPOCTO TOK
ot JII13, a Gonee ciokHYIO BenMW4uHY J(?), o0namaer ropa3no JydIIUMU TUHAMHIYeE-
CKHMH XapaKTEePUCTHKAMU, 9eM cranaaptHerit J(113.

B ycnoBusix MeaeHHON JUHAMHUKN BPEMEHHAsA 3aBUCUMOCTb IMHAMUYECKON UyB-
cTBUTenpHOCTH MoaudunmposanHoro JI13 7,(t), onpenensiemoii ananoruyHo (1), cBs-
3aHa ¢ OOBIYHON TyBCTBUTENBLHOCTRIO [{I13 #(2), BpeMeHHas 3aBUCHMOCTh KOTOPOU BHI-
3BaHa BHITOPAHUEM:

1n,(O)=LAn@), ©)

rae 7(t) — aysctBuTensHOCTh 113 (1) HA enuHUIYY IIWHEI L, onipenensieMas B yCIOBH-
SIX BEITOPAHWS.

Takum 00pa3oM, B YCIOBUSX MEIJICHHOW JAMHAMUKUA IMHAMUYECKas YyBCTBH-
TenbHOCTh MoaupuuupoBanHoro /13 ¢ TOYHOCTBIO O TOCTOSIHHBIX MHOMKHTENEH
COBIIAJAET ¢ OOBIYHON UYBCTBUTENBHOCTHIO [[[13 m MOXeT OBITH paccuynTaHa METOMa-
Mu Monre-Kapuio.

Hcnouab3oBanue Mo1e/ I TOYEYHOI0 PEAKTOPA /1 HCCIeJ0BAHUS
XapaKTepUCTHK ModepHU3upoBaHHOro /1113 B yc10BUsSIX mepexoaHbIX
U AaBApHMIIHBIX Pe:KMMOB PadoThl peakTopa

OKCIeprUMEeHTaIbHAS TPOBEPKa pabOTOCIIOCOOHOCTH MOJICPHU3UPOBAHHONW CXEMBI
nonkimouenua 13 u skcrnepuMeHTanbHOE M3Yy4EeHHE €ro XapaKTePUCTHUK SBISETCS
CaMOCTOSITEIILHOU 3aJaueH.
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st Toro 4TOOBI MPOBEPUTDH, YTO MPEJIOKEHHAS MOACPHU3UPOBAHHAS CXEMa H3-
Mepenust currana 13 Oyner s¢pdexTrBHO pemats npobieMy yIydlieHus] JHHAMHYE-
CKUX XapaKTepUCTUK MpHOOpa, B Ka4eCTBE BPEMEHHU3ABHCAIIETO MCTOYHUKA HEHTPO-
HOB HCIIOJIb30BaHa TOYEYHAs MOJENb SACPHOTO PEaKTOpa Ha TEIUIOBBIX HEHTpOHax. B
9TOW MOJENHN CII0KHAs MPOCTPAaHCTBEHHO-BPEMEHHAs 3aBHCHMOCTHh HEHTPOHHBIX IO-
JIe B pa3IMUHBIX TOUKaX aKTUBHOW 30HBI (PAaKTOPU3yeTCsl B MPOU3BEACHUE POCTPaH-
CTBEHHOH U BpeMeHHOHN 4acTted. DakTUUEeCKH, BPEMEHHOE IOBEICHUE HEUTPOHHOIO
MOJI1 B PA3fIMYHBIX TOYKAX aKTUBHOW 30HBI OKAa3bIBAETCS COTJIACOBAHHBIM. AKTHUBHAsS
30Ha JIOBOJIBHO OOJIBIIOTO 00beMa CIIOBHO ObI 3aMEHSIETCS OJHOM TOYKOH, €TMHCTBEH-
HBIM [TapaMeTPOM KOTOPOH 3aBHCAIIEE OT BPEMEHHU CPEHEE 3HAYECHUE TUIOTHOCTH TEI-
JIOBBIX HEMTPOHOB, MPHCYIEE PEATbHOMY PEAKTOPY B JTaHHBI MOMEHT BpEMEHH. JTa
MOJIEb IIMPOKO UCIOIB3YETCA B KHHETHKE PEAKTOPOB AJIST KAYECTBEHHOI'O M KOJIHYe-
CTBEHHOI'O OMNMCaHUs HECTAMOHAPHBIX ABJICHUH B peakTopax NpU MX paboTe Kak B
HOPMAJIBHBIX yCIIOBUsX 3Kcmuryaranuu (HY D), Tak u npu otkionenusax or HYD, npu-
BOJALINX KaK K MPOEKTHBIM, TaK M 3alIPOEKTHBIM aBapusaM. Mcronp30BaHNE TOYEUHOM
MOJIEH SIIEPHOTO PEAKTOPA MO3BOJINT U3YYHTh JUHAMHYECKHE XapPAKTEPUCTHKH CHI-
Hana /JI13 B pa3iauuHBIX yCIOBHUSX PE3KOrO BBEIEHUS PEAKTHBHOCTH B PEAKTOp, UTO
KpaiiHe BayKHO Juis1 mHTepnperanuu curaana /[[13 B paboratomem peakrope.

Jns uccnenopanmst otkiauka 113 Ha epexoIHBIX U aBapUMHBIX pexkumax pabdo-
Thl PEaKTOPa OOBIYHO PACCMATPUBAIOT 3TH PEXHUMBI CTAPTYIOIIUMH U3 CTAllMOHAPHBIX
YCIIOBUH, COOTBETCTBYIOIIMM CTAallMOHAPHBIM PELICHUSAM ypaBHEeHHUH (3), omuchIBaro-
mmx JAI13 u ero otknuk. CauTas, 4To OBICTPBIE H3MEHEHUSI HEUTPOHHOTO MMOTOKA MPH
MIEPEXOAHBIX U aBapUHHBIX PEKUMAax PabOThl PEaKTOpa MPOUCXOISIT TaKUM 00pa3oM,
YTO CHEKTP HEHTPOHOB BHYTPU IMUTTEpPA HE MEHSETCA BO BPEMEHH, IOTOK HEUTPOHOB
BHYTPH HETO MOKHO TPEJCTaBUTh B BUJE:

p(t,r, E) =n(t)g(r,E), (10)
r7ie n(t) — HOpMUPOBaHHAs IUIOTHOCTh HEHTpoHOB (n(0)=1), onpenensiemas ypaBHe-
HUSMHU TOYEYHOW KHHETHKH SIIEPHOTO PEAKTOPA.

Pemas ypaBHenus (1) ¢ ecTeCTBEHHBIMH HauyalbHBIMH YCJIOBHSMH, COOTBETCT-
BYIOILIMM CTAllHIOHAPHOMY COCTOSHUIO (1), B OBICTPO MEHSIOIIMXCS HEUTPOHHBIX MOTO-
kax (10) MOXXHO TONYYUTH BBIpOKEHHS AJS CTAaHAAPTHOTO M 00OOIIEHHOrO TOKOB
JI13. CtannapTHBIN TOK IPEACTaBUM B BUJE CyMMBI IBYX CJaraeMbIX

I()=1(0)+1(2),

I()=1 [/1_[ Ot )dt, + e (1+ ((E)))]
; (11)

O-m(E) t —Al=, —An (4~ ~Anli
12(t)=10ﬁ/1£e“ | A, [n(t)e 0 dt, + e a

0

C HaYaJIbHBIMU YCJIOBUSMU
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11<0>=10(1+%), 1) =0, (12),

rme E — cpenuss SHeprus HeHTpoHHOTo crekTpa B JII13, onpesensemas sHepreTHue-
CKOW 3aBHCHMOCTBIO CEUEHHsI MOIJIOLICHUS HEHTPOHOB B poauH (B OCHOBHOM B TOK
JI13 BHOCST BKJIA]l TEIJIOBBIC HEUTPOHBI M YaCTUIHO HAATEIJIOBBIC, OBICTPBIE HEHUTPO-
HBI, COOTBETCTBYIOILIME MpPOLIECCY JENEHHs], MPAaKTUIECKH HE BHOCAT BKJIaJa, U, CIEI0-
BaTeIbHO, HE MOTYT KoHTponupoBaThes I13). Benwunna /) XapakTepusyeT Havaib-
HBIE YCJIOBUSA JUIsl TOKOB M ONPEAEISAETCA MOTIOIEHNEM HEMTPOHOB B OMUTTEPE B MO-
MeHT BpemeHH ¢ = 0.
O060011eHHBI TOK MPEICTaBUM B aHAJIOTUYHOM BHUJIE:
ot

_ O'm(E) t — A, (t—t)
J(1)=1, n(t)+—O_(E) zm(l e n(t,)dt, + T ) 1. (13)

Hcnonp3yst aHaIMTHYECKOE TPEICTABICHUE U CTaHAaPTHOTO U 000OIIEHHOTO
tokoB JI13 (11)—(13), momyyena cBs3b X OTKIUKOB Ha OBICTPOE U3MEHEHUE HEUTPOH-
HOT'O TIOTOKA, ONPEAEIIEMOr0 PELICHUSIMA YPAaBHEHUH TOUEUHON KUHETHKH.

Jlnst ucenenoBanmst otkianka J[[13 Ha ObICTphIec W3MEHEHUST HEHTPOHHOTO MOTOKA
UCIIOJIb30BaHa Hauboliee MPOCTas MOJENb TOYEYHOI'O PEaKTopa — OJHOTPYIIIOBOE
npuOIIDKEHNE JUTS 3ala3IbIBAIOLINX HEHTPOHOB (MCHONIBb30BAaHUE IIUPOKO M3BECTHOTO
6-TH TPYNIIOBOTO NPUOIMKEHUS ATl 3aI1a3/bIBAIOIINX HEHTPOHOB Kau€CTBEHHO HOBBIX
pe3yIbTATOB HE aeT). B oHOrpynmoBoM mpuOImKEHH TSl 3a11a3IbIBAIOIINX HEHTPOHOB
YpaBHEHUS TOYEUHONW KHHETHKHU pPeaKkTopa OMUCHIBAIOTCSA ypaBHEeHUsAMH [22, 23]:

nt) _PO=F 4+ 200, %:%@)—M(z), (14)

dt A
rae n(f) — MIOTHOCTh HEUTPOHOB, p(f) — PEaKTUBHOCTH, 3aBUCHIIAsA OT Bpemenu, C(f) —
KOHILIEHTPAlKsl UCTOYHUKOB 3aMa3AblBalOIINX HEHTPOHOB, f/ — IOJS 3ama3abIBaroIiX
HEUTPOHOB, A — IIOCTOSIHHAS pacliaia 3ama3/IbIBaIOIINX HEUTPOHOB, A — BpeMsl )KU3HU
MTHOBEHHBIX HEHTPOHOB, ((f) — PyHKIHSI UCTOUHHKA.

[To ypaBuenusm (14) npu 3agaHHOM 3aKOHE MU3MEHEHHSI PEaKTHBHOCTH p(?) aHa-
JUTUYECKUM WM YUCICHHBIM METOAOM HaXOIHJICS BCIUIECK HEMTPOHHOTO MOTOKA 71(?)
B JII13, KOTOPEIi 3aTeM HCIONIb30BAICS I HaxoxkaeHus corinacHo (11)—(13) Bpemen-
HOT'O OTKJIMKa pruOopa mo 0600IEHHOMY U CTaHIAPTHOMY TOKY.

Uccnenosan Bpemennoit otk /JI13 mo 0600merHOMY (MOIEPHU3UPOBAHHOMY )
U CTaHAAPTHOMY TOKY ¥ IPOBEICHO MX CPAaBHEHME IS CIEAYIOLINX BapUaHTOB M3Me-
HEHHSI pEaKTUBHOCTH:

e CTyNEHYaTOe BO3pacTaHHe PeaKTUBHOCTU OT 0 O HEKOTOPOI KOHEYHON BEIMYUHBI
(3TOT BapuaHT OOBIYHO OTBEYAET BHIOPOCY PETYIHUPYIOIIETO CTEPHKHS);

e  IBa MOCJIEOBATENBHBIX CTYNEHYATHIX BO3PACTAHUS PEAKTUBHOCTH;

® JIMHEHHBIH POCT PEaKTUBHOCTH /0 HEKOTOPOTO MOMEHTA, 3aTe€M IOCTOSIHHOE 3Ha-
YEeHUE;

e JMHEHHBII POCT PEAKTUBHOCTU A0 HEKOTOPOTO MOMEHTA, 3aTE€M CKAaYOK PEaKTHB-
HOCTH K HYJIIO;
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® SKCHOHEHUIUAIBHBIHA POCT PEaKTHBHOCTH;

® CuHycoUAaJbHbIC KOJNICOAHUs PEAKTUBHOCTH;

®  OBICTPBI POCT PEAKTUBHOCTH B CLIEHAPHHM BBIOPOCA OPraHOB PErYJIUPOBAHUS CHCTEMBI
VTpaBJICHUS W 3allIUTHI PH pa3phIBe Yexiia mpruBomaa it peakropa BBOP-1000, orm-
ChIBAEMBIii C MOMOIIBI0 KHHETHYECKOT0 peakToproro koja DYN3D [24].

Bo Bcex atux cinyvasx otkiauk JAI13 mo 00001mEeHHOMY TOKY MPakTHYECKH MTHO-
BEHHO CIIeAyeT 3a BPEMEHHBIM XOJOM IUIOTHOCTH IOTOKAa HEUTPOHOB, MOJy4YaeMbIM
WJIU U3 PELICHU YpaBHEHUN TOUEYHOW KMHETUKHU WK ¢ moMouibio koga DYN3D, B To
BpeMsl KaK, OTKJIMK 0 CTaHAapTHOMY TOKY CYIIECTBEHHO 3ama3[biBaeT (Bpems 3a-
JEP>KKU MOPSIIKA HECKOJIBKUX MUHYT).

B xauectBe nmmoctpanuu Ha Puc.7 npuBenens! otkimku J{[13 mo o6o6menHOMY
(Moau¢uMpoBaHHOMY) (ClleBa) M CTaHAAPTHOMY (CIpaBa) TOKY IUIsl CLIEHapHsl C JKC-
NIOHEHUMAIBHBIM pocTOM peaktuBHoCTH P(f) = py(1—exp(—t/T,)). Pesynbrarel no-

JIydeHbl B OJHOTPYIIIIOBOM MPUOIKEHHH [T mapameTpos S = 0.0079 , A = 107,
4=0.077, pp=5.333 107, T,=0.5 cex.

o
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Puc.7. Orknuk 113 o moauduiuporanHoMy (CieBa) U CTaHIAPTHOMY (CIpaBa) TOKY JJIs
CIIEHapHs C 3KCIIOHEHIIMAIbHBIM POCTOM PEAKTUBHOCTH (CIUIOIIHBIE IMHUHM - OTKINK JI13,
IIyHKTUP — IUVIOTHOCTb IIOTOKA HEUTPOHOB KaK PE3yJIbTAT PELUICHUS YPAaBHEHUM TOUEUHOU
KHHETHUKH )

[IpoBeneHHOE HccneAOBaHUE MO3BOJSET YTBEPKIAATh, YTO MOAECPHU3UPOBAHHBIN
JI13 He TOABKO MO3BOJISIET MIPOBOJIUTH U3MEPEHUSI HEUTPOHHBIX MTOTOKOB B YCIOBUSIX
CTalMOHApHOW paboOTHl peaKTopa, HO CBOEBPEMEHHO PEarnpoBaTh Ha OBICTPHIE M3Me-
HEHUS HEHTPOHHOTO MOTOKA OKa (TIOpSIKa CEKYHIbl 1 MEHee) B HeIITATHBIX CUTYAaIlH-
sIX (aBapUIHBIN WM TTEPEXOIHBIA PeKUMBI). [ 3TOH 11e7TM HEOOXOIUMO TOJIBKO JI0-
TIOJTHATH CTAaHAAPTHYIO cXxeMy m3MepeHus Toka 113 cxemoii u3mMepenus 0000meHHo-
ro TOKa.

B menowm, nokazaHo, 4to MojiepHu3upoBanHkii JI[13 obmagaer ropa3mo aydimumMu
TUHAMAYICCKAMHA XapakTepucTUKamu, deM ctanmaptaeiii 113, [locTostHHAasS BpemeHH,
KOTOpasi MpU OOBIYHOM CIIOCOOE€ PErHCTPaldd COCTABIISIET MOPSAKA OAHONH MHHYTHI,
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YMEHBIIACTCA OO0 BEJIMYUHBI, onpez[enﬁeMoﬁ BXOOHBIMH XapPAKTCPUCTUKAMU HCIIOJIb-
3YEeMBIX YCHIIMTEJIEH W Mapa3uTHBIMH €MKOCTSIMH. DTO MO3BOJISET CYIMIECTBEHHO CO-
KpaTUTh BpeMs OTKJIWKA MPUOOpa Ha Pe3KOe U3MEHEHHE MOTOKAa HEUTPOHOB B aK-
TUBHOMU 30HE.

Momnrte-KapJiio monennpoBanue 3pgeKToB najgeHus
YYBCTBHUTEJIbHOCTH HOHU3ALHOHHOM KaMephl
H3-32 BBITOPAHUA MATEPHATIOB PaIuaTopa

MOIIHOCTE SIIEPHOTO PEaKTOpa OOBIYHO XOPOIIO KOPPEIUPYET C MOTOKAMH Hei-
TPOHOB, KOTOpBIE HAEKHO M3MEPSIOTCS C MOMOILIbI0 HOHU3aHMOHHBIX Kamep (UK),
YyBCTBHUTEIBHBIC JIEMEHTBI KOTOPBIX COJEPKAT O0p, TN WK ACAIINecs HYKITHIBL.
Kameps! Ha ocHOBE AEIAIIMXCS MAaT€pPHaOB HA3bIBAIOTCS MOHMU3ALMOHHBIMHU Kamepa-
mu nenerus (MK/). Orm 061agar0T BRICOKOM TyBCTBUTEIFHOCTHIO K HEHTPOHAM, HH3-
KO 4yBCTBUTEIBHOCTBIO K FaMMa-KBaHTaM, BBICOKMM OBICTPOIECHCTBHEM, TEPMOCTOM-
KOCTBIO, OOJNBIINM TUHAMUYECKUM JHANa30HOM. MOXKHO HCIOJIBb30BaTh MHUHHATIOP-
Hble MOHM3AaLMOHHBIE KaMepbl, MpeJHa3HAueHHbIE I U3MEPEHHH B aKTHBHOW 30HE
anepHoro peaktopa. Hemocratkom UK siBisiercs yMeHbIIeHHE KOJTMYECTBA aKTUBHOTO
BEILIECTBA, 33 CUET €r0 BBHITOPAHUS IO JCHCTBHEM HEWTPOHOB. DTO MEHSET UyBCTBH-
tensHOCTE UMKJ] co BpemeneM. C momornisio MonTe-Kapiio MoaennpoBaHUsT MBI HC-
ciepoBasin 3¢ ¢eKTs! BeIropanus padoueit cpenst amst MK/,

B mpocreitmem cnyuae UKJ][ cocToaT u3 nByX 3ieKTpojoB (TUIOCKUX WIIN ITH-
JUHIPUYECKUX): paguaropa (aHona) U karonga. Pagmatop — 3To 37€KTpoJ, Ha KOTOPBIH
HAHECCH TOHKHUH CJIOW BEIECTBA, COACPXKAIIUI JelsIieecs BelecTBo, 00baHO 310 U-
235. B nuauHApHUYECKUX KaMepax paguaTtop MOXKET OBITh KaK BHEIIHUM 3JEKTPOJIOM,
TaK ¥ BHYTPEHHHM DJIEKTPOAOM. MEXIIEKTPOIHOE MPOCTPAHCTBO (pabounii 00BeM)
3aII0JTHEHO PaboYrM ra3oM, OOBIYHO aproH ¢ HeOOoNbLIOH (~5%) MpUMechIo a30Ta.

Momnte-KapJso Moaesib HOHU3ALMOHHOM KaMepbl

B ocnoBy npusenennoit Huxe Monte-Kapno monenu UK mnosnoxkeHa reoMerpu-
YgecKas CTPyKTypa akKTHBHOM 30HBI kKamepbl KNT-5 [25, 26]. Ha Puc.8 npuBenen mome-
peUHBIi pa3pe3 Kamepsl U CTPYyKTypa aHoja. B Tabmune 2 npuBeneHbl pa3mMepsl 00-
Jacteii (region) ¥ MaTepHanbl, UCTIONB3yEMbIe B MOCIIH.

Tabauya 2. OcuoBHbIe TTapameTpbl MonTe-Kapiio Moenn HOHU3aI[MOHHON KaMeph
KNT-5 (mnuna aktuBHOM yactu — 10.25¢cM, oboramenue — 90%)

Ne o6nactu 1 2.1 2.2 3 4
Pamnyc, 2.85-3.85 | 2.825-2.85 | 2.82-2.825 | 1.07-2.82 | 0-1.07
R,mm
Martepuan Al Pt U203 Ar Al
ITnotHOCTB, T/CM3 2.698 21.45 8.38 0.003568 | 2.698
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Puc.8. TIpoponbHblid pa3pe3 MOJEIH HUIHHAPUYECKOH KaMephl (JIeBbIi puc.) 1 — BHEITHUI
anektpo (aHox), 2 — cioit okucu ypana (UsOg), 3 — ciioii aprona, 4 — BHyTPEHHHUN 3JICKTPO/I.
Pacnionoxenue paguaTopa v MOAJIOXKKH M3 IUIATHHBI HA TIONEPEYHOM paspese Kamephl: 1 —
BHEIIHUH 31eKTpo (aHON), 2.1 — MmIaTHHOBAs MOUTIOKKA, 2.2 — panuatop (U,03),

3 — cIoii aprosa (IpaBsblii puc.)

AJITOPUTM pacyeTa BbITOPAHHUS By s paauaTope ¢ MCNOJIb30BAHUEM
Monte-Kapiso mogesupoBanust

Jns ucnonezoBanus craunoHapHoro MCNP [2] B 3agauax Mounrte-Kapno moze-
JIUPOBAHUS MIPOIECCOB BHITOPAHUS (M3MEHEHHUS COCTaBa) B PA3IMIHBIX MAaTePHATBHBIX
00J1acTAX O] BO3ACHCTBUEM HEHTPOHHOTO WJIM TraMMa OOJydYeHMs] HEOOXOIUMO pea-
JIN30BaTh CXEMY U3MEHEHHS MaTEPUAIBHOTO COCTaBa 3TUX 00JacTell CO BpeMEHEM.

C Qusudeckoil TOYKM 3pEHHS IBOIIONMS HYKIHIHOTO COCTaBa B HEKOTOPOH 00-
nactu UK/l moxer ObITh ommcaHa HaOOpPOM CBSI3aHHBIX KHHETHYECKUX HHTETPO-
TG GepeHITUAIBHBIX YPaBHEHUH, YUYUTHIBAIOIIMX TOJBKO MPOIECCHl YOBLTH JCSIIEroO-
csl MaTepuana;

dN,

? = _(Ni(rat)_[o-f,i(E)(D(raEat)dE + Ni(l",t)IO'c_>i(E)¢)(l",E,f)dE + ;i’iNi) > (15)
rae or, E, f) — motok HeiiTpoHoB (n/cm?/sec), N(r, f) — 4ucI0 aTOMOB HYKIMJA j B
efuHHLIE 00BeMa, o ,;(£) — MHKPOCKOIIMYECKOE CEYeHHE JeNeHUs HyKIuzaa j,

o, _.;(E) — cymmaproe (6e3 aeneHus) cedeHHe 3aXBaTa HOUTPOHA HYKIHUAOM i, 4; —

CyMMapHasl IOCTOsIHHasA pacnana Hykiauaa i. Ilpu ycioBuu, 4TO HEMTPOHHBIA MOTOK
ocTaeTcsl ONHOPOAHBIM B npeaenax MK u nocTosHHBIM BO BpEMEHH, CUCTEMa ypaBHe-
Huii (15) ympomaercs:

% =—N,(r,0)E,, - 4N, (16)

rae N, (r,H)Z ;4 — KOIMYECTBO aKTOB JCTICHHS B 1 eM® mox neiicTBreM moToka HEUTpo-

HOB, YCPETHEHHOE TI0 CIIEKTPY.
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Pemenne sToro ypaBHEHHsI OBLIO TIOIYUYEHO YHCICHHO MeTomoM Oitnepa. s
atoro, ucnoiiszysi MCNP, paccuutbiBacTcst 3Q(PEKTUBHOCTh MPU HEKOTOPOM COCTaBE
paauaTopa, OTHOBPEMEHHO PACCUUTHIBACTCS YHCIO BHITOPEBIIMX aTOMOB ypaHa, mepe-
CUMTAHHOE Ha MHTEpBal Af, 3aT€M COCTaB paauaTropa MO ypaHy yMEHbBINAETCS Ha 3TO
KOJIMYECTBO aTOMOB M CHOBA BBIYMCISACTCS 3(P(EKTUBHOCTh Ha CICIYIOIIUNA MOMEHT
BpPEMEHHU U T. II.

N3menenne yyscrButenabHocTu UK/ co Bpemenem

B kadecTBe XapakTepHBIX BEJIMYUH ITOTOKOB MPH MOJEIUPOBAHUM ObLIH BHIOpa-
HBI ABa Ha60pa IOTOKOB, NEPEKPLIBAIOMUXCA IO MHTCHCUBHOCTHU: HHU3KOU MHTECHCUB-
HoctH — 2-10°% 2:10% 2-10'%; 2:10'%; 4-10" w/(cm’c) u BBIcOKO#t — 1-10'%;1-10"; 5-10";
1-10"; 1-10" n/(em’c).

HJ‘IH Kaxq:[oﬁ BCJIMYUHBI MTOTOKA UCCIICAOBAIMCH PA3JIMYHBIC CIICKTPbI HeﬁT”pOHOB,
HWIKE pE3yJIbTaT NPUBCACH TOJIBKO AJIsI MAKCBCIIJIOBCKOTO PACIIPEACIICHUA C TEMIICpa-
Typoit T =7.5 10® M5B u cnextpa Heiirporos s BBOP-1000.

00 0000108, \\iAFR spectr
EMBx-7.5e-8vBV 2662610 varsec
0031 266-2e10 nlon/sec
Z N > 2et2nint/sec
kS N 2et12n/ari/sec S
& 002 . 'S 0000102
. [0
] =
g BT 4e13r/artisec
001 S 4et3niontisec
000+
00 05 10 15 20 25 30 35 40 45 L A A A A A A
time(y) time(y)

Puc.9. 3aBucumoctb 3 (HEKTHBHOCTH OT BPEMEHH ISl pa3JIMUHbIX 3HAYEHUH IUIOTHOCTH NOTO-
Ka HEMTPOHOB I MaKkcBeJuoBcKkoro cnekTpa (E=7.5e-8 M»B, cieBa) u cnekTpa HEHTPOHOB B
peaktope BBOP-1000 (cripaBa)

Pesynprar MomenupoBanus mpeactasieH Ha Puc.9, 10. Xopomo BUAHO, YTO IS
nepBoro Habopa IMOTOKOB HEUTPOHOB 3(p(PEeKTUBHOCTH HA MPOTSLKEHUU 4 JIET MPaKTH-
YEeCKH MaJlo 3aBHCHT OT BPEMEHH, OHAKO JUI MHTeHCHBHOCTH Gonee 10'% H/(cm™c) 3a-
BUCHMOCTb CTAHOBUTCS CYIIECTBEHHOI, a PU MHTEHCHBHOCTH mopsika 4.10" u/(cm’c)
3aBHCHMOCTb YK€ JOCTaTOYHO O0JbInast, YToObl TaKOW MprOOp, MOZIETb KOTOPOTO UCCIIE0-
BaJIaCh, MOKHO OBLJIO IPUMEHUTH Ha MIPAKTUKE 0€3 KOPPEKIIMU 1yBCTBUTEIBHOCTH.

Jist BTOporo Habopa MOTOKOB MmoBeeHne 3P GEKTHBHOCTH CO BPEMEHEM MTOKa3bI-
BAeT, YTO HEOOXOIMMO BHOCHUTH B MOKa3aHWSl MPUOOpa CyIIECTBEHHBIC MOMPABKU B
3aBUCUMOCTH OT BPEMEHH.

B nuamnasose moTokoB Helrponos 1-10°-5-10" n/(cm’c) nosenenue s dexTus-
HOCTH HOCHUT JMHEHHBIM XapakTep W MOMNPaBKH MOKHO BHECTH JOCTATOYHO IIPOCTO.
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OzHaKo, Ipu MoToKaX, Gombux, gem 1.0-10' H/(cM’c), 3ddekTHBHOCTL CO BpeMeHeM
BeZeT ceds HEeIMHEHHO M BBEIEHHME IONPaBOK ocioxHsercsa. [Ipu Takux moTokax,
BO3MOXKHO, MTPEIIOYTUTEIHLHO UCIIOJIL30BATh HOHU3AIMOHHBIE KaMephl ¢ KOMITEHCAIlU-
eit Beiropanus [25].

003 EMex-7.5¢8 0,025, VWWER:- spectr
AN 2
1e12-1e13 anf/sec 0,020 1e12-1e13 n/omi/sec
-‘? 0% T 2> 0015
8 se13n/ani/sec S
i 3
m \ & 00104
0,014 \ W
1etd nionflsec 0,005
1e15 n/orrisec
_1e15n/anifsec
0,001 — ek 0,000
00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45
time(y) time(y)

Puc.10. Bpemennast 3aBucumMoctsb s dexrusHocty MK/ npu pa3inuHbIX 3HAYSHUSIX
TUTOTHOCTH TIOTOKAa HEMTPOHOB JUIsl MaKCBEIUIOBCKOTO criekrpa ¢ T=7.5 10-8 M»aB (cneBa) u
crnekrpa HelitpoHoB B BBOP-1000 (cripaBa)

CurbHOE BBHITOpaHHE YpaHa U CBS3aHHOE C HUM pe3koe MajeHue 3GGeKTHBHOCTH
peruCTpaInyi XopoIno aeMoHcTpupyetr Puc.11, rme mokazaH xox 3¢¢heKTHBHOCTH B
3aBUCUMOCTH OT BCJIMYMUHBI HeﬁTpOHHOI‘O IOTOKAa IJId YC€TBIPEX 3HAYCHUI BpEMCHU,
MIPOIIEIIIETO ¢ MOMEHTA Hayalla U3MEPEHUs. DTOT PUCYHOK MOATBEPKIACT CACIaHHBIC
BBIIIIE BBIBOJIBI O HEOOXOJMUMOCTHA BHOCUTHh KOPPEKIIHIO HA BBHITOpAHKE W JIaXKe Ha 3a-
MEHY KaMephI.

—=—t=1
0,14 —o—t=2
+ =3
0,014 —v—t=4
3 1E3]
c
Q
‘0 1E44
L=
o 1E54
1E64
1E7 T T T
1ENM 1E12 1E13 1E14

flux(n/cm’'2/sec)
Puc.11. 3aBucuMocTb 3GHEKTHBHOCTH HOHU3AITMOHHON KaMephI OT
BEJIMYMHBI MAKCBEJIIOBCKOTO MOTOKA HEUTPOHOB JJIsl Pa3INIHBIX
BpemeH paborsi (1, 2, 3, 4 roga)
TTokasaHo, 4TO eCiIH MOTOK HEeHTPoHOB He mpeBocxoaut 10" H/(cm’c), B TedeHne
OJIHOTO T0JIa YYBCTBUTEIILHOCTh U3MEHSIETCS HE3HAUUTEIHHO (~ HECKOJIBKUX MPOIICH-
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TOB), IpH OOJIee ITUTENHFHOM HCIOIB30BAaHHHM KaMephl HEOOXOAWMO NaXke I ITHX
WHTEHCUBHOCTEH HMCIOJIb30BaTh KOPPEKIUIO UyBCTBUTEIHLHOCTU. [IpH HHTEHCUBHOCTSIX
10"-10" n/(cM’c) KOppPEKIIHIO HEOOXOAUMO YUHTHIBATE IS BCEX BPEMEH H3MEPEHHIL.
[IpM MHTEHCHBHBIX MOTOKaX, Gompmmx 10" H/(cm’c), momoGHas kamepa HE MOXKET
OBITH HCIIONB30BaHA, TTOCKOJBKY HIET OBICTPOE BRITOpaHHUE pamuatopa. B mocinemnem
cllydae CleqyeT HMCIOJb30BaTh MOHM3ALMOHHYIO KaMepy ¢ CKOMIIEHCHPOBAaHHBIM II0
BEITOPaHUIO PaIaToOpoM (CHENHaIFHO MOX00PaHHBIN HA0OD NENSIIUXCS HyKJIH/IOB).

3akjaouenue

Ucnonp3oBanue merona MonTte-Kapro B pemeHun 3a1a4d paguaiioHHON 3alUThI
U SiIepHON OE30MMacHOCTH TIO3BOJISIET MPOBECTH MOJEIIMPOBAHNE UICTOYHNKA N3y deHHS
U TIepEeHOCca CO371aBaeMOTr0 U3JIYUYCHHS B PA3IHUHBIX CpeaX Hauboee MprOIMKEHHO K
peabHBIM (PH3MUECKUM TIpoIieccaM.

ITpumenenue metona Moute-Kapiio B pelieHuu 3ajiady pajualdOHHON 3alllUTh
MIPU MEIMIIMHCKOM OOJIYYeHUU SIBJISICTCS KIIFOYEBBIM IIArOM JJIi KOPPEKTHOW OIICHKH
J103 00JTydeHUs MAIMEHTOB U niepcoHaa. [Ipu 3ToM co3aeTcss BO3MOXKHOCTD IOJTy4aTh
pEeaTMCTHYHBIC W HaJle)KHBIE PE3yNbTaThl, OONBIIAsS YacTh KOTOPHIX HE MOXKET OBITh
MOJTydeHa ¢ TTIOMOIIBIO aJIbTEPHATHBHBIX METOJIOB NCCIIEIOBAHMSI.

B yactHOCTH, IS IEHTAIBHBIX PEHTTCHOJOTHUECKUX HCCIICIOBAHUN TOIYYCHBI
KOHBEPCHUOHHBIE KO3(DPHUIIMEHTH I HECKONBKUX HCCIIEOBAHUN BEPXHEH YeNOCTH
YeJI0BeKa, HOPMUPOBAHHBIE HA EAMHWYHBIA PaJWAIlMOHHBIA BBIXOJ] PEHTTC€HOBCKOTO
U3ITydaTensi, OMpeaesioNre J030BhIe HAarpy3KH Ha MaIllueHTOB.

Jyis apyroil MpakTHYECKU BaXKHOW 3aJlaud PaJUAIIMOHHOW 3allUThl — OICHKU
HEHTPOHHOU TO3UMETPUIECKOI 00CTAaHOBKM BOKPYT MEAMIIMHCKOTO JIMHEHHOTO YCKO-
putens snekrponoB Clinac 2300C/D B PHIIL oHkonoruu ¥ MEAUIIMHCKON Paguosio-
THH- TTOKa3aHa 3(PEKTUBHOCTh CYNISCTBYIOMICH 3aIUThI CTEH OYHKEpa YCKOPUTEIS OT
HEHTPOHHOTO M3ITYYEeHHUs JUIS ITepCOHANIa BO BpeMs paboThl yckopuTens. JlaHbl orleHKH
3 exTHBHON 10361 00TydeHN HEHTPpOHAMH TIepCOHANIa, HAXOSIIET0CS B IyJIETOBOM
MMOMEIICHUH JTHHEWHOT0 YCKOPUTENS B MEPUO ero padoThl. [lokazaHo, 9TO B CHEKTpE
HEHTPOHOB 3a TpenenaMnu OyHKepa MPaKTUIeCKH He MPUCYTCTBYIOT OBICTpBIE HEUTpPO-
HBI, OTTACHBIE C TOYKH 3PEHUS paaHanioOHHBIX 3((HEKTOB.

B obGnacTu simepHOl 0€30MacHOCTH U3YYEHBI PAa3IMYHbIC aCTIeKThl XapaKTEPUCTHK
OCHOBHBIX IPUOOPOB, UCIIOIB3YEMBIX JIJISI U3MEPEHUS TOTOKOB HEUTPOHOB B aKTUBHOM
30HE peakTopa — HoHm3aMOHHBIX Kamep AeneHus (MKJ]) u nerexTopoB mpsiMoro 3a-
psana (AI13).

HUcnonw3ys meton MonTe-Kapio, mpoBeneHo HCCIeI0BaHUE BIUSHUS BEITOPaHUS
4yBCTBUTEIBHOrO MaTepana > U) B HOHH3AILHOHHON KaMepe Je/eHNs B HeHTPOHHBIX
MOTOKAaX, XapaKTEPHBIX JJIS SIIEPHOTO PEaKTopa.

[IpemnoxkeHo MPUHLIUITHAILHO HOBOE PEUICHHE MPOOJIEMbl YIYUIICHUS TUHAMU-
yeckoil xapakrepuctuku /{113 — ocHOBHOTO mpubopa Juist U3MEPEeHUsT HEHTPOHHBIX T10-
TOKOB B aKTUBHOH 30He peakTopa Tuiia BBOP. B HOBo# cxeme perucTpanuu B KauecT-
B€ M3MEPSEMON BEJIMUMHBI MPEAIaraeTcs UCIOIb30BaTh HE OOBIYHBIN TOK, & TaK Ha3bI-
BaeMbIli 00OOIIEHHBIN TOK, MPEACTABIISIFOIINNA CO00H KOMOMHAIIMIO M3 OOBIYHOTO TOKA
U ero BpeMeHHOH mpousBogHoM. ITokazaHo, yto moaepuusupoBannbiil 113, peruct-
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pUPYIOMIHA 0000IIEHHBIA TOK, MTO3BOJISIET HE TOJHKO MPOBOIUTH H3MEPEHUS HEHTPOH-
HBIX MIOTOKOB B YCJIOBUSX CTAllMOHAPHOUW pabOTHI peakTopa, HO CBOCBPEMEHHO pearu-
pOBaTh Ha OBICTPBIC U3MEHEHUS HEUTPOHHOTO MOTOKA (TIOPSIIKA CEKYH/IBI M MEHEe) KaKk
B IITATHBIX, TaK U B HEIITATHBIX CUTYAIHIX.
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APPLICATION OF MONTE-CARLO METHODS TO THE SOLUTION
OF RADIATION PROTECTION AND NUCLEAR SAFETY PROBLEMS

S. Kuten, A. Khrutchinsky, V. Minenko, K. Viarenich,
K. Makarevich, K. Usheva, T. D. H. Le

This research paper features results of solving important theoretical and practical tasks in
the field of radiation protection and nuclear safety using Monte Carlo methods.

Researches based on the Monte Carlo simulation have been carried out in the field of ra-
diation protection to estimate patient doses obtained during dental X-ray imaging, which is cur-
rently becoming the leading contributor to the increase of medical radiation doses per person.

A model of a static dental X-ray unit has been developed with account of various parame-
ters of an X-ray examination procedure (high voltage, total beam filtration, X-ray unit spectrum,
radiation field, focus-surface distance, radiation yield of an X-ray tube, collimator characteris-
tics, etc.).

A tungsten anode spectral model using interpolating polynomials (TASMIP) was used to
compute the X-ray spectra of the unit. Reference male and female voxel phantoms were adapted
to the Monte Carlo N-Particle Transport Code (MCNP) in line with the ICRP recommendations
for dosimetry calculations and optimized for modeling dental irradiation so as to estimate effec-
tive doses of radiation.

Positioning of the X-ray source relative to the patent was modeled in compliance with the
corresponding examination protocols.

Modeling of X-ray dental examinations was aimed to determine coefficients enabling
conversion of a measurable dosimetric quantity (patient entrance dose, radiation yield of an X-
ray tube, etc.) into estimated absorbed and equivalent radiation doses to critical organs and tis-
sues, as well as effective doses for specific procedures of contact X-ray teeth examinations.

The results of this research will be incorporated into future guidance documents of health-
care institutions to make the existing quantitative estimates of radiation doses to patients ex-
posed to dental X-ray imaging more precise.

Another application of Monte Carlo methods in the area of radiation safety was a study to
assess the neutron irradiation exposure of personnel during cancer patient radiotherapy sessions
with the Clinac 2300C/D medical electron linear accelerator in the National Cancer Centre of
Belarus.

In addition to the bremsstrahlung, secondary neutron radiation is generated in the head of
the linear accelerator with the initial electron energy above 10 MeV. The radiation hazard of
produced neutrons depends on their energy spectrum.

Unavailability of instrumental measurements of the neutron radiation spectrum outside the
accelerator bunker during patient irradiation with high-energy photons (operation regime at 18
MeV) necessitated the use of Monte Carlo simulation of a radiotherapy session with the Clinac
2300C/D accelerator.
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A Monte Carlo model of an accelerator head which produces most of the bremsstrahlung-
caused neutrons has been developed using MCNP code. The model of bremsstrahlung beam
formation was verified by comparing the estimated depth distributions and the absorbed dose
profile in a water phantom (reference radiation field 10x10 cm) with the results of direct meas-
urements carried out under similar conditions with an ionization chamber in the National Can-
cer Centre of Belarus. An agreement between the calculated and measured depth doses and their
profiles proved to be within the measurement errors.

An accelerator bunker model has been developed and the personnel exposure geometry
during treatment specified. Studies of the neutron flux inside the bunker and in the accelerator
control room indicate that the neutron flux at the isocenter of the head at the height of the pa-
tient's position consists mainly of fast neutrons with the average energy of about 1 MeV. The
contribution of thermal neutrons at the patient's location is insignificant.

Having passed through the maze and bunker walls in the accelerator control room the neu-
tron spectrum contains only thermal neutrons produced as a result of scattering of fast neutrons
in the air and bunker walls. The neutron irradiation caused-by effective dose of personnel in the
control room during the operation of the accelerator does not exceed 6:107'° mSv per monitor
unit.

The research findings illustrate the reliability of the Clinac 2300C/D bunker walls protec-
tion in the National Cancer Centre of Belarus against neutron radiation for the personnel during
the operation of the accelerator. It is particularly important that outside the bunker there is vir-
tually no fast neutrons which are more hazardous in terms of radiation safety.

Studies have been done in the field of nuclear safety relating to the characteristics of the
main devices used for measuring the neutron flux in the reactor core — that is a fission ioniza-
tion chamber (FIC) and a self-powered neutron detector (SPND).

It is illustrated that burn-up of the active substance (‘**Rh) of a rhodium SPND emitter
leads to time dependence of even its static sensitivity, which is an important moment in the ac-
tual operation of the detector in intense neutron reactor fields. Burn-up of the emitter itself is
inhomogeneous in its radius with the external regions of the emitter burning up faster than the
central ones.

A fundamentally new solution to the problem of improving SPND dynamic characteristics
was found. In the registration scheme of a modified SPND it is proposed to measure so-called
generalized current (which is a combination of the normal current and its time derivative) in-
stead of the normal current of the device.

A response theory has been developed for a standard and the modified SPND, measuring
generalized current in rapidly alternating neutron fields. The time response of the device has
been studied for normal and generalized current in various versions of rapidly alternating neu-
tron fields described by the nuclear reactor point kinetics equations for the following scenarios
of reactivity changes:

1. stepwise change of reactivity;
two successive stepwise changes in reactivity;
linear reactivity increase followed by a transition to a constant value;
linear reactivity increase followed by a jump in reactivity to zero;
exponential increase of reactivity;
sinusoidal reactivity oscillations;
rapid increase in reactivity during control rod ejection in VVER-1000 reactor de-
scribed using the DYN3D kinetic reactor code.

Studies demonstrate that the modified SPND not only allows measurements of neutron
fluxes in the steady-state mode of a reactor, but a timely response to rapid changes of the neu-
tron flux (within a second or less). Such abrupt changes of neutron fluxes occur not solely in

Nownkwh
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case of power maneuvering during the normal operation of a nuclear power plant, but also in
the event of various deviations from the normal conditions as well as in various emergency
conditions.

The effect of the sensitive material (**°U isotope) burnout in an fission ionization chamber
(FIC) has been studied for neutron fluxes typical for the core of a nuclear reactor. This leads to
the FIC sensitivity change with time. The FIC efficiency behavior is linear in time in mild and
moderate neutron fluxes (less than 5-10"° n/(cm’-s)), and nonlinear in more intense fields.
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XAPAKTEPU3AIIA HAHOCTPYKTYPHBIX MATEPHUAJIOB
IO SJIEKTPOAMHAMHUYECKHM IMTAPAMETPAM
(METOJAUKU, AIIITAPATYPA, PE3YJIbTATDI)
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Beeoenue. Bospacraromuii Kpyr NPUKIAIHBIX BO3MOXKHOCTEH YTICPOIHBIX
HaHoMatepuanoB (YHM) ompenenseT akTyalbHOCTh CHCTEMHOW XapaKTepU3aIMH UX
ANEKTPOJUHAMUYECKUX CBOMCTB HA OCHOBE KOPPEKTHBIX METOOUK U CXEM H3MEPECHHUI,
YTO MO3BOJIUT pa3padaThiBaTh (PU3UKO-TEXHOJOTHUYCCKAE METO/bI MOyUYESHUS MaTepH-
aja ¢ 3aJaHHbIMU JICKTPOJAUHAMHYECKUMH MapaMeTpaMy U yCTaHABIMBATh HOBBIE 3a-
KOHOMEPHOCTU LEJICHAIPABICHHOTO YIPAaBICHUA 3THMU MapaMeTpaMu B peanbHOU
nponykiuu [1-7]. IlpuxiamHeie BO3MOKHOCTH HAaHOKOMITO3UTOB Ha OCHOBE YHM B
3HAYUTEJIBHOW CTENCHM OOYCIIOBJCHBI TEM, YTO MX MaTepUAIbHBIC XapaKTCPUCTHKH
MOTYT KapJUHAIBHO OTJIMYATHCS OT MAaTEPUAJIbHBIX XapaKTEPUCTUK COCTABIISIOIINX HX
KOMNIOHEHT. YHM 1 KOMITO3UTHI HA UX OCHOBE MOT'YT MCIIOJb30BaThCS MPU CO3JaHUU
MACCHUBHBIX M aKTUBHBIX JJIEMEHTOB CBepxBbicokouacToTHOM (CBY) TexHuku (corma-
CYIOIIIME W TIOTJIONIAONINE CUCTEMBI, (PUIBTPHI, BOIHOBEIYIINE TPAKTHI, HAIIPABIICH-
HBIE OTBETBUTEIH, U T.J.), U1 (POPMUPOBAHUS AIIEMEHTOB PA3IUYHBIX THOPUIHBIX CH-
CTeM, HallpUMeEp, T€TePOMATHUTHBIX MUKPO- 1 HAHOCHCTEM.

Iapamempur xapaxkmepuzayuu YHM. B Hacrosiee BpemMs BCe OCHOBHBIE HC-
CIICIOBaHMsI HAIIPaBJIEHbl HA PEIICHHE LEHTPAIBHON MpOOJIEMBI AJIEKTPOJHHAMUKI
KOMITO3UTOB — OMpEJICNICHHE MapaMeTpoB MaTepHalia uyepe3 CTPyKTypHbIe (HakTopbl U
MarepualbHbIe MapaMeTpbl KOMIOHEHT. OCHOBHBIMH 3JICKTPOPH3UICCKUMHU TTapaMeT-
paMu, XapaKTepU3yIOIUMH PAIHOMATEPHAIIBI C TOYKH 3PSHUS MPAKTUYECKOTO UCTIONb-
3oBanus ux B CBU nuamnasone, sBisitoTcs kodgduuuent orpaxenus /(@) (reflection
factor) u ocmabnenne A(w) (attenuation) smexTpoMarHuTHOM BONMHBL ST M3ydeHMS
B3auMoseiicTBus YHM c 251eKTpOMarHuTHBIM U3JTyYeHHEM B IIMPOKOM JHAaIa30He Ya-
CTOT, B 4aCTHOCTH 3()(HEKTUBHOCTH SKPAHUPOBAHHUS, & TAKXKE B CBA3U C aKTyaJIbHO-
CTBIO OCBOCHHSI TEPArepIioBOTO IHana3oHa U Pa3BUTHEM HAHOPA3MEPHBIX TEXHOJIOTHIA,
BOCTPEOOBAaHHBIM CTAHOBUTCS XapaKTEPH3ALH [0 TAKMM CIIEIU()UUECKUM ISl TAaHHO-
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ro JHMara3oHa 4acTOT CBOMCTBAM HAHOMATEPUAJIOB M KOMITO3UTOB HAa UX OCHOBE, KaK
KOMIUICKCHAsi MarHuTHas npoHunaeMocts 4 (@) (magnetic permeability), ausnexkrpu-
yeckas nponunaemocts ¢ (@) (dielectric permeability), yaenpras snekTpuyeckas npo-
BoIUMOCTE o (@) (specific conductivity). B CBY TexHuKe I OIEHKH KayecTBa CO-
IJIACOBAHUSI JIEMCHTOB BOJIHOBEAYIETO TPAKTa Yallle TOJIb3YIOTCS 3HAYCHHEM KOA (-
¢unrenTa crosuedt BoiHB To HampspkeHwio (KCBH). DroT mapameTrp omHO3HAYHO
ompezensieT kadectBo CBY ycTpoiicTBa 1 MCTIONB3YETCs B pealbHOM MpakThKe. CBA3h

mexay KCBH u [’ (a)) ompenensiercs cootrnomenneM KCBH=(1+1)/(1-), tne I —

sHauenus [ (a)) Ha ¢ukcupoBanHO dactore. M3meperne KCBH mpoBomsaTcs ¢ mmo-

MOIIIBbI0 TTaHOpaMHBIX 3MepuTeneit KCBH u ocnabmenust.

CyllecTByeT TakKe CHUCTEMa S-TIapaMETPOB, KOTOPBIC SIBIISIOTCSA 3JICMEHTaMHU
BOJIHOBOW MaTpHIIBl PacCesHUSI PacCCMAaTPHUBACMOrO 3JIEMEHTAa BOJIHOBEAYIIETO TPAKTA,
MPEJICTABICHHOTO B BUJIC YETHIPEXIIOTIOCHUKA!

Sll S12

[S]: S21 S22 , (1)

rae S;3 — KOMIUIEKCHBIH KO3(pQUIMEHT OTpaskeHUs BXOJa HCCIEAyeMOro OOBEeKTa,
Harpy>K€HHOTO Ha COTJIACOBAaHHYIO HArpy3Ky; Sy, — KOMIUIEKCHBIA KO0d(D(HUIIMEHT OT-
paskeHHsI BBIXO/1a HCCIIEAYEMOT0 00BEKTa IIPHU COTJIACOBAHUU €r0 CO CTOPOHBI T'eHepa-
TOpa; S;; — KOMIUIEKCHBIH KOX((UIMEHT Mepenayd B MPSIMOM HANpPaBICHUU; Sip —
KOMITJIEKCHBIM KOX(QQHIMEHT Tepenadn B oOpaTHOM HampaBieHuH. M3mepenme S-
napaMeTpoB OTIMYACTCS OT U3MEPEHUS aMIUIUTYTHBIX BEJMYUH TEM, YTO MPH HU3Mepe-
HUM S-TIapaMeTpOB IOJDKHBI yUUTHIBATHCS (Pa304aCTOTHBIE XapaKTEPUCTUKU U3MeEpsie-
Moro obbekta. Cucrema S-mapaMeTpoB HCIOJb3YETCs, KaKk HpaBWIO, IPU pacyere
koMIiekcupoBaHHEIX CBY yCcTpo#CTB, COCTOANMINX M3 TIOCIEIOBATEIILHOCTH YETHIPEX-
MOJIFOCHUKOB, M II03BOJISIET MPOTHO3MPOBATh XapaKTEPUCTUKU YCTPOICTBA B LIEJIOM.
W3mepenne S-riapaMeTpoB BBIIOIHSIETCS C IIOMOILBIO BEKTOPHBIX aHAIN3aTOPOB LICTEH.

Memoovt xapaxkmepuzayuu YHM. VicciemoBaHue >ME€KTPOAMHAMHYECKHX Xa-
paktepuctuk Y HM OCHOBaHO Ha PEUIEHUHU AJIEKTPOJAUHAMUYECKHUX 3a7a4 U BBITIOIHE-
Hun u3Mepennit B CBY auanasone. [lpu n3Mepenun (xapakTepu3alun) 3JeKTPOIUHA-
MHMUYECKUX XapakTepucTuK YHM HaMmu UCIOJIb30BajJvCh BOJIHOBOJIHBIN, aHTEHHBIA U
PE30HAHCHBINA METOJIBI.

Boanosoonuwiit memoo xapaxmepusayuu ocradnenus YHM. BomHOBOIHBIN Me-
TOJT TIO3BOJISIET U3MEPSTH OCITA0JICHNE DIIEKTPOMArHUTHOH BOJHBI A (@) YHM. B ocHo-
BY HOCTPOEHUS CXEMbI U3MEPEHUS IOJIOKEH NMPHUHIHUI Pa3fesIbHOTO JACTEKTUPOBAHUS
CUTHAJIOB TaJIal0Iei M MPOIIeaIIel BOJIHBI B BOJHOBeAyeM Tpakte [8]. M3mepsercs
MOIIHOCTbh BOJIHBI, NaJlaolleil Ha uccieayemblii YHM, 1 u3Mepsaercs MOIHOCTh BOJI-
HBI, Ipoleamend yepe3 uccieayemsldi YHM. OTHouleHue npouiennieil 1 naaaromen
MomHocTH onpenensier ocnabnenne A(@)=10 19(P,pou/Pnw) nccnexyemoro YHM.
CTpyKTypHast cXxeMa M3MEPEHHs OCIIAOJeHHs JIEKTPOMArHuTHOH BOMHBI A(w) YHM
npezncrasieHa Ha Puc. 1. M3mepsemslii oOpaszery YHM noaxitodaercsi K BEIXOJHOMY
TUIeYy HampaBJIEHHOTO OTBETBUTENS Majaouield MomHocTi. Kannbposka n3MepHuTenb-
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HOU CXEMbI OCYIIECTBIISCTCS B AHANa3oHe pabovyrx YacTOT MO ONpPEAETICHHUIO YPOBHEH
CUTHAJIOB OT COTJIACOBAHHOM HArpy3KH IMOCJEe YCTAHOBKH JHANa30Ha MepecTPOrKY va-
CTOTHI U YPOBHS NaJaOMIeH MOIMHOCTU. [lorpenHocTh u3MepeHus ocinabieHus MpH
KamuOpoBKe B paboueM nuanazone dactor usmepurenss KCBH u ocnabnenus B nenu-
Oestax He MpEeBbBIIIACT BEIUYHHBI, onpeaensemMoii mo gopmyie A4 ==+ (0.054, + 0.5),
rae A, — uamepsiemoe ocnabnenue, nb. [lorpenrHocts n3MepeHus 0caadICHUS IPH Ka-
muOpoBKe Ha (hukcupoBaHHOH dactoTe m3mepurelss KCBH u ocnabmenns B gemuben-
JaxX He MPEBBIIIACT BEIMUYHHBI, onpeaenseMoi mo Gopmyie A4 = + (0.054, + 0.35),
rae A, — n3MepseMoe ociadiienue, ab.

Magarowas [powemman
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Puc. 1. CtpykTypHas cxema nusmepenus ociabnerust Y HM BOJTHOBOIHBIM METOAOM

Jlnst m3mepenust ocnadnenus: A(w) nopomkoBeix 00pasnoB YHM ucnons3yercs
BOJIHOBOJIHASI U3MEPUTEIbHAS CEKIIHs, B KOTOPYIO nmoMeniaeTcs usmepsemoii YHM [9,
10]. BXoaHOE ¥ BBIXOJHOE CEUCHHS CEKIIUH 3aKPhIBAIMCH TUIOCKUMHU CIIOSIMH (PTOPO-
rracta tommmaod 0.1 MM. Beibop ¢roporutacta B kauecTBe Marepuanga 00yCIOBICH
ero ManeiMu niotepsamu (ocnabnenne < 0.1+0.2 ab). [Ipu HEeoOXomuMOCTH HCCIETye-
MbIii YHM ymnotHseTcsa. YIUIOTHEHHE HEOOXOMUMO ISl NCKITFOUEHHS TIOTPEITHOCTEH,
CBSI3aHHBIX ¢ (uIyKTyanusMu miotHoctd YHM BHyTpu oOpasiia v mpu nepexoje OT
onHOTO OOpasmna kK npyromy. Ilocne 3Toro maMepurenbHas CEKIUS YCTaHABIMBASTCS
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MEXXTy BOJTHOBOJHBIMH (DJIAaHIIAMHA WU3MEPHUTEIHHON CHCTEMBI MEPIEHANKYIISIPHO OCH
BOJIHOBOJIa. Takoe pacIoiokKeHHe W3MEPUTEIBHOW CEKIMH COOTBETCTBYET MAaKCH-
MalibHOMY ociabnenuo YHM.

Wsmepenne ocnadnenus uccneayemoro YHM npous3BoauTCs ¢ UCHOIb30BAHUEM
COTJIACOBAaHHOW HArpy3KH. JTO MO3BOJIAET HCKIIIOYUTH HEONPEAETIEHHOCTh H3MEPEHHS
ocnabnenus ans YHM ¢ maisiM ocnabieHreM, KOTopasl OSBISIeTCS B CITydae KpaTHO-
CTH TOJNIIMHBI U3Mepsiemoro YHM deTBepTH JIMHBI BOJHBI 3IEKTPOMArHUTHOTO U3IY-
YeHHsT B HaHOMaTepuayie (YeTBEPTHBOJIHOBHIM IOTJIOTUTENSIM PE30HAHCHOTO THIA
CBOMCTBEHHO SIBJIICHHE CaMOIIOTJIONMICHHSI 3JIeKTPOMArHUTHBIX BOJH). [Ipu m3mepenun
ocnabneHus TeHOYHbIX 00pasunoB YHM o0pasen mioTHO 3a)uMaics Mexay QiaH-
I[aMH BOJIHOBEIYIIEH CHUCTEMbl HOPMAJIBHO K OCH BOJHOBOJAA, YTO COOTBETCTBYET
Hauboee ">KeCTKUM ycIoBHAM" (MaKCHMallbHOMY OCITAa0JIEHHIO) B CIydae HCIOIB30-
BaHUsI TUIOCKOTAPAIIETBHBIX 00Pa3IoB.

MMagaromras Otpasennan
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Puc. 2. CtpykrypHas cxema m3mMeperus kodddumuenra otpaxenns Y HM
BOJTHOBOJIHBIM METO0M

Bonnoeoonwiii memoo xapaxmepuzayuu xkodgpguuyuenma ompasxcenus YHM.
BosHOBOA-HBIN METOJT TIO3BOJIIET M3MEPATh KOIPPHUIMEHT OTpasKeHHs dJIEKTpoMar-
HUTHO# BOJIHBI [ (@) YHM. B 0CHOBY MOCTPOCHHSI CXEMbI U3MEPEHHS MTOJI0XKEH PHH-
UM Pa3AeTbHOTO JETEKTUPOBAHMS CUTHAIOB MAJaromel U OTPaKeHHOM BOJHBI B BOJI-
HOBenylieM Tpakte. M3mepsieTcs MOIIHOCTh BOJIHBI, MaJarolle Ha HUCCIENyEeMbIil
YHM, n usMepsieTcs MOITHOCTh BOJIHBI, OTpakeHHast oT uccienyemoro YHM. OtHO-
[IEHHWE OTPAXCHHOW M MAaJalolleil MOIIHOCTH ompenesnseT K03)(UIHEHT OTpaKeHus

351



uccaenyemoro YHM I(w) = 10 19(P,,/Prao). CTpyKTypHasi cxeMa U3MepeHus Kodd-
(uIMenTa OTpaKEHNS dIIEKTPOMArHuTHOM BonHe! [ (w) YHM mpezcrasnena Ha Puc. 2.

Nzmepsiembiii o6pazenr YHM monkiroyaeTcss K BHIXOHOMY IJICUy HAINPaBICHHO-
0 OTBETBUTEIS OTPAKCHHOW MONIHOCTH. KalmOpoBKa M3MEPUTEIHLHOU CXEMBI OCY-
MIECTBIISIETCS] B AMAaNa3oHe pabOdMX YacTOT MO OIMpPENEICHUI0 YPOBHEH CHTHAIIOB OT
COTJIACOBAaHHOM HArpy3KHU MOCJE YCTAHOBKH JHMANAa30HA NEPECTPOUKHU YaCTOThI U YPOB-
Hs manatomeil MmomHocTH. llorpemHocTs ompeneneHus Kod(hUIMEeHTa OTpaKEeHHS
npu KanuOpoBke B pabouem amamnazone yactor uameputenss KCBH u ocnabnenus B
npouenTax npu K.,y < 2 He MpeBbIaeT BeMUYuHbl = 5 Ky, TIe Koy — U3MEpeHHas
BeinunHa KCBH. TlorpeniHocTs onpeneneHus OTpaXXeHHs MPU KaauOpOBKe Ha (PUK-
cupoBadHoi actote m3mepureiass KCBH u ocnabiienns B nmporenTax npu Ky < 2 HE
TIPEBBIIIACT BeMUMHbl + 4 K, THe Ky — n3mepennas Bemanaa KCBH. KCBH ommo-
3Ha4YHO omperersieT kadectBo CBY ycTpoiicTBa 1 MCHIONB3YeTCs B pealTbHOMN MPaKTHKE.

Jlnst u3mepenus: kodpduienTa orpakenus /(@) mopomkoBbx odpasino YHM
UCIIOJIb3yeTCs BOJIHOBOJHAS M3MEpUTENIbHAsA CEKLMs, TaKkas ke Kak U B cllydae u3Me-
peHust ocalbiIeHus AIEKTPOMArHUTHOM BONIHBI A (®). 3mepsiembrii YHM nomeniaercs
B BOJTHOBOJHYIO U3MEPUTENBHYIO CEKIIUIO.

APM . APM
ik et .
=g \ ==
CBU reneparop % Hupurarop
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= =
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KW o TR b
al Qg
Pazepasriearomes
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vCTpoficTEO
XW2 =I= XWi4
Hanpasnessiit N r?f;;}gruggﬁ - xE
i (= -
OTEETEMTENE MOMEOCTH
HW3 o= W3
. X4
Hanpapnenssit | 3 IE?E,RTDP = |0
OTESTEUTENE CTpaECHHEH -
MOMHOCTH
) Obpazen
EWE o . PATHOIONIOM AR ET O
AmHTeHHEI MOKPEITHA
H3TVIaTeNk

Puc. 3. CtpykTypHas cxema uzMepeHus kodddumnmenrta orpaxkenus YHM
AHTEHHBIM METOIOM
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Anmennslii Memoo xapaxkmepuzayuu KoIpgpuuyuenma ompaxcenuna YHM. An-
TEHHBIH METOJ TO3BOJIICT M3MEPATh KOIPGHUIMEHT OTPAXKEHHUS >IEKTPOMArHUTHOU
BoJtHbI [ (@) YHM, pacripesienieHHbIX Ha OOJIBIION MO, DTOT METO/, KaK MpaBH-
JI0, UCHOJb3YeTCsS NPU M3MEPEHUH KO3 HUUIMEHTa OTPaXEHUS! PaJAHONOITIOMIAIIINX
nokpeituil (PIIIT). B ocHOBY MOCTpOEHUSI cXeMbl U3MEPEHUS! MOJIOKEH MPUHIHIT Pa3-
JEJIBHOTO JIETEKTUPOBAHMS CUI'HAJIOB MAfarolel ¥ OTPa’KeHHOM BOJIHBI B BOJHOBEMY-
meM Tpakrte. 3MepseTcss MOIIHOCTh BOJIHBI, TAJAI0IeH Ha WCCIIEAyeMbIi o0paser, 1
M3MepsIeTCST MOIIHOCTh BOJIHBI, OTPayKEHHAs! OT HccieayemMoro obpasua. OTHomIEHHE
OTPaKEHHOM M TaJarolieil MOLUIHOCTU OmpeaeisieT KodpUIueHT oTpaxkeHus uccie-
ayemoro obpasua [ (w)= 10 I9(P,,/Pra). CTpyKTypHas cxema usMepenus kodbdunu-
€HTa OTpaXEeHUs daeKTpoMarHuTHOW BosHBI /(@) YHM mnpencrasnena ua Puc. 3.
dotorpadun u3MepuTeILHONH cXxembl B amama3zoHe udactoT 26-37.5 I'T'm mpen-
ctaslieHbl Ha Puc. 4.

Puc. 4. otorpaduu cxembl n3mepeHus kodpduirenta orpaxenus Y HM
AHTEHHBIM METOAOM B auana3oHe yactor 26—-37.5 I'T1g

Pezonancuotit Mmemoo xapaxkmepuzauyuu Oul1eKmMpuiecKoil npoHUUaemMocmu
YHM. B ocHOBE pe30HaHCHOTO METOAA ONPEEICHUS AUIEKTPUUECKOH MPOHUIIAEMO-
CTH JIS)KUT U3MEPEHNE N3MEHEHHS JOOPOTHOCTH PE30HATOpPA MPU MOMEIICHHH B HETO
obpasiia uccieayemoro matepuana [9—14]. Benmnuuna & (@) BeIpaxkaeTcsi yepe3 OTHO-
[IEHHWE PE30HAHCHBIX YacTOT W JOOPOTHOCTH pPE30HaTopa C O0pa3loM U HCXOIHOU
JI0OPOTHOCTH:
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0_ ¢0 0
g'=(f1—0f2)+1, g = 10 Q—lo—l, @
of, 9Q \Q;

0 0
rne f,; — wacrora pesonaropa Ges oGpasua, f, — gactorel pesonaropa ¢ 06pasuoM,

0 0
Q, — nobpotHocTs pe3oHaTopa 6e3 obpasua, Q, — 106pOTHOCTH pe3oHaTOpa ¢ 00pas-
oM, g — dakrop 3anomHenus [9]. CTpykTypHas cxeMa U3MEPEHHs AUIEKTPUUECKOi

nporntaemoct € (w) YHM npexacrasiena na Puc. 5.

Hetexrop JeterTop
ragarcmeil OTPAHEHHON
MOIMHOMCTH MOMHOCTH

HameprTensueni

=|= =|= peIcHATOp

Hanpaenennznt |44 Hanpasnenwsni | g
OTEETEHTEIE OTEESTEMTENE

1 1 7

Obpazen YHM

Pazpazriearomee

beppuTOBOE
YCTpOCTEO

=|=

CBY reneparop

HMunurarop

Puc. 5. CtpykrypHas cxema U3MEpeHHs JUAIICKTPUIECKOH IPOHUIIaeMOCTH & (@)
YHM pe30HaHCHBIM METOJI0M

0
Usmepsitotest uexoHast 1oOpoTHOCTH pezonatopaQ; 1 106pOTHOCTH pe3oHaTopa

0
C IOMCUICHHBIM B HEM 06pa3u0M Q2 . ITo MMOJIYY€HHBIM 3HAUCHUAM OIPEACIACTCA U~

JNIeKTpUYECKas MPOHUIIaeMOoCTh & (@) uccneayemoro YHM. B cxeme m3mepeHus uc-

N 6
TIOJIE3YETCS TEHEPATOpP C BBICOKOW CTa0MIIBHOCTBIO 4acTOTHI (He xyxe 107°), BoiHOBe-
JYUIMHA TPAKT U 3JIEMEHTHI B YACTOTHOM JIMANa30HE H3MEPCHUH.

Pe3yabTarsl 3kcepuMeHTAJIBHBIX HccaeaoBanni YHM

Hopowku YHM. Viccnenyemblii Matepuan, CHHTE3UpoBaHHBIM B OOmecTBe C
OTrpaHUYEHHON OTBETCTBEHHOCTHIO «llepcrieKTUBHBIE MCCIENOBAHUS M TEXHOJIOTUM,
NpeAcTaBiIsieT co00i COBOKYIMHOCTh 00pa30BaHU M3 yriepoja, COCTOAIIYIO U3 yrie-
poaubix HaHoBoJiokoH (YHB) nuamerpom 50—80 uwm (okoso 50%), amopdHoro yrie-
pona (oxono 30%), MHOTOCTEHHBIX yriiepoaHblx HaHOTPYOoK (YHT) (okorno 15%) u
coenuHenmii merayuia (3—-5%). Ha Puc. 6 npusenena [19M-dotorpadus obpasma uc-
cinexyemoro YHM.
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Puc. 6. Dotorpadus uccienyemMoro nopomkoodpasuoro YHM

Ha Puc. 7 npuBeaeHsI pe3ynbTaTsl H3MepeHuUst KOQ(HIEHTa OTPAXKEHHUS PA3TMIHBIX
(hpakimii uccnemyemoro YHM B yactoTHbIX muanazonax 26—37 [T u 53—79 I'T.

O6pasupl YHM (mmopomiky, cycneHsus, INIEHKa, 0CaloK) XapaKTepU3ylTCs CTa-
OMIIbHO BBICOKUM ociabierneM oT 45 no 60 n1b B MIIIITUMETPOBOM JHama3oHe JITHH
BOJIH. Pe3ynbTarhl 9THX HMCCIeIOBaHUH MO3BOJIIN: BO-TIEPBBIX, HOIYYUTh BOCIPOH3-
BonuMocTh YHM 10 37eKTpoAMHA-MUYECKAM XapaKTEepUCTHKaM, BO-BTOPBIX, CO3JaTh
B nuana3onax 4actot 8—12 I'T u 26—37.5 I'T11 0AHOCIIOMHEIE PagHOIOTIIOIIAIONIUE
HOKPBITUS ¢ Ko3¢urmenToM noraouienus -27...-33 nb, muorocnoitasie PIIII ¢ xo-
s¢dunrentom nornomenus -30...-34 nb, TkaHble paxuONOIIIOMIAOIINE MaTepHAaIbI
(PTIM) ¢ ko3¢ dunmentom nornomenus -23...-26 nb. TodmmHa MOKpHITUS B JHaria-
3oue 8—12 I'T'y — 3 MM, B quamasone 26—-37.5 I'T'y — 1 mm. Bec 4.2 Kr/M>.

1 A

0,5
0,8
2
E 0,4 4 £ 05 -
5}
% £
§. g 04
Q 03+
0,2 4
0.2 T T T T T \ 0 T T T T T T T T d
25 27 29 31 33 35 37 53 56 59 62 65 68 71 74 7 80
TIOP OILOK Cy CIIeH3Hst TUIEHKA 0CaJI0K TIOp OLIOK Cycnensus — IUICHKa 0canoK
Yacrora, I'Tu Yacrora, I'Tu
a) 6)

Puc. 7. Koadunmenr orpakenns pazmmuHslX $ppaknuii ucciaenyemoro Y HM
B YaCTOTHBIX Auana3zonax 26—37 [T (a) u 53-79 I'T' (0)

Ha Puc. 8 npeacrasnens! ¢ororpadun, a Ha Puc. 9 u 10 — xapakrepuctuku
ocnabseHuss ¥ Kod(QUIMEHTa OTPAKECHHUsS, IKCIEPUMEHTAIbHBIX 00pasuoB PIII u
PIIM, co3pmannbix Ha ocHOBe YHM.
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B) r)

Puc. 8. ®otorpaduu sxciepuMeHTanbHbIX 00pasios PIIIT u PIIM:
a) ogHocrounueie PIIIT, 6) muorocnoitasie PIIIT,
B) TkaHbIi PIIM (omHOCTOpOHHMIA), T') TKaHbIH PIIM (ABYXCTOpOHHMIA)

18 May 2012 13:02:01 TRM_ LOG 6.885 dB/REF 8 d8 1:-29.646 B 32.786 721 656 GHz
CHZ TRN  LOG  6.905 dB/REF © dB 1:-27.069 dB 32.786 721 656 GHz

*

32.786721636 GH=

32. 786721656 CHz

START 26.002 300 645 GHz STOP 37.502 167 214 GHz START 26.002 908 645 GHz 2 STOP 37.582 187 211 GHz

a) 0)
Puc. 9. Ocnabnenune tkanbix PIIM B nuana3one gyactor 26—37,5 I'T'ii:
a) ogaoctoponuuii PIIM, 0) neyxcroponuuii PIIM
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18 May 2012 12:11:01

18 May 2012 11:53:03
[CHI RFL_ LOG 6.803 dB/REF @ dB 1:-26.130 9B 9.140 734 170 GHz

[CHD RFL  LOG  3.801 dB/REF 8 dB 1:-32.363 dB  8.870675 939 GHz
» *
9.14073417 GHz 8.870675939 |GHz
START 2.800 831 896 GHz STOP 12.881 796 743 6Hz SRART e85 2805 0hE STOP 42808 652413BH=
a) 0)

Puc. 10. Kosppunment orpaxenus PIIII B nuanazone yactoT 8—12 I'T:
a) ogHocioinoe PIITI, 6) MHOTOCTOMHOE PIIIT

[lo amexTpoguHaMHYECKUM, (U3NKO-MEXaHUUECKUM W JKCIUTyaTal[HOHHBIM IT1a-
pameTpam, paspadotanubie PIIIT u PIIM MoryT ObITh OTHECEHBI K HOBOMY ITOKOJICHUIO
PIIII na ocHoBe YHM.

Maccuevt maznumuo-gynkyuonanuzuposanuuvix YHT (M@ YHT). Uccrnenye-
MBIi MaTepuan, cuHTesupoBaHHBI B BI'YUP, mpencraBmser coboii meproamdeckue
BEPTUKAIIBHO OpHEHTHpOBaHHbIe MaccuBbl YHT. Jlyig MCCiielOBaHUN HCIIONB30BAIN
00pa3Iel MAaCCMBOB BEPTHKAIBHO opueHTHpoBaHHEIX MO YHT. MaccuBsl BepTHKAIb-
HO OpHUEHTHPOBAaHHBIX TUIOTHO ynakoBaHHbIX YHT (Puc. 11) ¢popmmpoBamuces Ha Si
WJIM CUTAJIJIOBBIX TOJIOKKaX. BeicoTa MaccuBOB cocTapisiia oT 2 10 100 Mxm.

15,0kV x1,00k SE(U) 50,0um

Puc. 11. DnextponHas ¢ororpadust maccuba ucciaeayembix MOYHT
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Orpaikenne

Ocnabuenue, 16
N
3

014

25 35 45 55 65 75 25 35 45 55 65 75
Nel (27,4mxm; 1%Fe; Si) Ne2 (62,2mKm; 1%Fe; Si) Nel (27,4mxm; 1%Fe; Si) —— No2 (62,2mKwm; 1%Fe; Si)
Ne3 (113mxn; 1%Fe; Si) —— Ned (26,2mKm; 5%Fe; Si) Ne3 (113mk; 1%Fe; Si) —— Ned (26,2mkm; 5%Fe; Si)
Ne5 (35, Imkm; 10%Fe; Si) —— N6 (13,5mrm; 10%Fe; curasm) No5 (35, 1mkm; 10%Fe; Si) Ne6 (13,5mxm; 10%Fe; curasmr)

Yacrora, I'Ty Yacrora, T
a) 6)
Puc. 12. Xapakrepuctuku MmaccuBoB MOYHT B auanazone gactot 26—75 [Ty

(pasnuuHOe copepxanue hepporieHa, BBICOThI MACCHBOB M MaTepUaa MOIIOKKH):
a) ocrnabaenue, 0) KOAPPUIUEHT OTPasKECHHSI

N3mepenust snekTpoauHaMuyecKux xapaktepuctuk maccuBoB MOVYHT nposo-
Jurck B nuamnaszone yactor 26—78 I'T'n [15]. Pe3ynpTaTsl n3MepeHuil npencTaBieHbl
Ha Puc. 12.

Maccust MOYHT xapakrepu3yloTcsl BBICOKMM 3HaueHHeM Koddduimenra oT-
paxenus (0.2-0.5) u 06nanaroT BEICOKOH A(PHEKTUBHOCTHIO TOTIIOMIEHHS dJIEKTpOMar-
HUTHBIX BOJIH B 6 MM Juana3one JuinH BojH (1o 30 1b). AHanu3 3aBucuMocCTel Ko3(h-
(uimeHTa OTpaKeHUsT OT 4acTOThI Jijisi MaccuBoB MO YHT mno3Bosiser cuenarh mpej-
NOJIOKEHNE 00 M3MEHEHUH YCIIOBHH PacHpOCTPaHEHMs HJIEKTPOMArHUTHOM BOJIHBI HA
TpaHUIIe Pa3Jielia, MOCKOJIBKY MacCUBBI MIPEACTABISIOT COOOH «IIOPUCTHIN» MaTepua ¢
OOJBIION yJeNbHON TUIOIIA/IBI0 TIOBEPXHOCTH, KaK CaMHUX TPYOOK, TaK M HATIOJTHUTEIS
1 OOJIBIIION y/IeIbHON TUIOLIAIbI0 TPAHUL] pa3zieia MeKIy HUIMU. DTO MOXKET 03HauyaTh,
YTO B TAKUX MAaCCHUBaX MOXET MPUCYTCTBOBATH MEXAHU3M MHOT'OKPATHOI'O OTPaKEHUS
3JIEKTPOMArHUTHBIX BOJIH.

CoBMecCTHO ¢ KoJjIeraMH M3 Ja00opaTopyuu MHTETPUPOBAHHBIX MHUKPO- U HAHOCH-
creM BI'YUP Obuta co3pana moiauMepHas MaTpulla C MacCHBaMHU CKpaOMpPOBaHHBIX
MO®VYHT ans onbitHbix 00pa3ioB YHT CBY ycTpoicTB, 103BOJISIONIAS pPeali30BaTh
MEXaHUYECKYI0 TMPOYHOCTh M KIMMAaTUYECKYI0 YCTOWYHBOCTh JAaHHBIX MAacCHBOB IPH
MpakTHYecKoM ucrnonbp3oBann B CBU texHuke. B kadecTBe nmonmmepa sl MaTpHIIbL
HOCHUTENs ObLT BHIOpaH MOJIM3THIICH BBICOKOTO IABJICHHUS B CHJIY CBOEH TEXHOJIOTUYHO-
CTH U pacupocTpaHeHHOCTH. OCHOBHAS Hes 3aKII0YAaeTCs B MEPEMELINBAHIH MEIIKO-
JUCTIEPCHOTO TOJIMATUIIEHA BBICOKOTO JIABJIEHUS (C pasMepaMu IpaHysl COMOCTaBUMBI-
MU ¢ nTuHerHbIME pazMepamu YHT) ¢ nopomkom u3 YHT u ganpHeHIINM crijiaBaeHH-
€M - TIpeccoBaHheM Mojy4eHHoH maccel. Ha Puc. 13 mpexacrasnena dororpadus mo-
JUMEPHON MaTpuIlpl ¢ MaccuBaMu ckpaitoupoBanHbix MOYHT st sxcriepruMeHTab-
HbIX 00pasnoB YHT CBY yctpoiicts.

358



Puc. 13. dororpadus momuMepHOH MaTPHUIIBEI ¢ MaCCHBaMU ckpaiionpoBaHHRIX MOYHT
Jutst onbITHBRIX 00pa3noB YHT CBY ycrpoticTs

06 -
/
04 -
02 - /\/v\f
0 T T T T 1
2 35 45 55 65 75

Nel (0,5%Fe) Ne2 (5%Fe) Ne3 (10%Fe)

Puc. 14. Koadpdunment orpaxenus oopas3ioB ckpaiidupoanusix MOYHT
JUTSL Pa3INYHBIX BEIMYUH POIIEHTHOTO COIEPKAHNS MATHUTHOTO HATIOJIHUTEIIS

PesynbraTel M3y4eHUs MUKPOCTPYKTYPBI MaTPHIBI IIPU ITOMOIIM IIPOCBEYUBALO-

MIeT0 3JEKTPOHHOTO MHKPOCKOMA TO3BOJISET 3aKIFOYNTh 00 OTHOCHTEIHHOW PaBHO-
MepHocTy YHT B monmmMepe, 4To MOATBEPIKIAETCS PE30HAHCHBIMU METOJAMH H3Mepe-
HUSI DJIEKTPOJMHAMHYECKHX MapaMeTpoB CHHTE3MPOBaHHOTO KommosuTa. M3mepenue
KOMITJIEKCHOHM JTUDIIEKTPUUECKON TTPOHHUIIAEMOCTH PE30HAHCHBIM METOJIOM OBLIO TPO-
BeJieHO s 10 akcriepuMeHTanbHbIX 00pa3ioB. [lomydeHHbIe pe3ynbTaThl MOKA3bIBAIOT
XOPOIIYIO BOCIIPOU3BOJIMMOCTD TIAPAMETPOB, UTO SIBJISETCS CYIIECTBEHHBIM (PaKTOPOM
JUISL pa3pabaThiBaeMOM TEXHOIOTHHU u Tpoaykiuu. Ha Puc. 14 mpencraBieHs! pe3yib-
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TaThl U3MEpeHUsT KOI(GUIMEHTa OTpaKeHHsT 00pasloB ckpaibnpoBaHHbix MOYHT
IUIS PA3JIMYHBIX BEIWYHMH IPOLEHTHOIO COAEP KAHUS MATHUTHOTO HAIIOJTHUTELS.

Ocobennoct Texnonoruu Gopmuposanusi MaccuBoB MOYHT mo3BonsioT ocy-
LIECTBIIATh UX HANpaBICHHBIH POCT, GOPMUPOBATH CTPYKTYPHI C 3aJaHHOW TeOMeTpu-
eil Ha pa3IMYHbIX MOJI0KKAX, U3MEHATh UX IEKTPUIECKHE U MAarHUTHbBIE CBOMCTBA U
MOTYT OBITh MEPCIEKTHBHBI Ul Pa3paOOTKH pa3iuYHBIX THOpuaHblX cucteM CBY
TEXHUKH.

bymaca YHT. ViccnenoBaiics maTepuai, CUHTe3npoBaHHbli B BI'Y non pykoBoa-
ctBoM wi.-kopp. HAH benapycu @.®.Komaposa. s morydeHuss Oymara u3 MaccuBa
HAaHOTPYOOK HCIIONB30BaMCh OuHIleHHble oaHocTeHHble YHT, BhipamieHHsie MeTO-
JIOM ra3o()a3HOro KaTaJUTHYECKOTO POCTa U JIa3epHOM abisiuueil rpagUTOBBIX CTEPK-
Helt ¢ muamerpom okoio 1 Hwm [16]. TTomyuenHsie aucThl Oymaru, cocrosimue u3 YHT,
3aTeM OTKUraiauch rnpu temreparype 10 1000°C B Teyenue 9 yacos B motoke Ar s
yIaIeHUs] OCTaTKOB PAaCTBOPUTENICH M MOBEPXHOCTHO-AKTHBHBIX BEIIECTB. JJICKTPOH-
Has Gotorpadus Bepxuel croponsl Oymaru u3 YHT npeancrasnena va Puc. 15.

Pesynpratel m3mepenus kodpuUIMEHTa OTPaKEHUsI HAHOOyMard B 4acTOTHOM
nuanaszone 26—78 I'T npeacrasnens! Ha Puc. 16.

Puc. 15. Dnexrponnas Qororpadus Bepxueit croponst Oymaru us YHT

Co3znanmne PIIM Ha ocHoBe YHM. BrImonHeHB! HCCIENIOBaHUS MO CO3IaHUIO
TkaHbIX PIIM ¢ ncnonp3oBaHMEeM HaHOCTPYKTYypHpOBaHHOTO yriepoaa mapok HCY-4
u HCVY-5 [17]. Anroputm cunre3a PIIII u PIIM Ha ocHoBe YHM, 00beauHsrOmUi
pacdeTHble METOIbI U MeTOABI XapakTepu3zauun YHM u cunresupyemsix PIIIT u PIIM
B CBY nuamnasone, npeacrasieHd Ha Puc. 17.
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25 35 45 55 65 75
Puc. 16. Koapdpunuent orpakenust ymaru u3 YHT
VHM
IIAPAMETPBI TEXHOJIOTHYECKHME
PIII u PTIM [ TTAPAMETPEI
YHM
J\L ﬂ s A(w).KCB I'(a)
TEXHOJIOTUYECKUE — M3MEPEHHE
TLAPAMETPEI JJ<: BTty XAPAKTEPUCTHK ‘
PIII u PIIM - VHM
AHAT3 ‘
A(0),KCB_T(e),e(a). L(a)
HU3MEPEHIME
OBPA3LIBI PIII u PIIM XAPAKTEPHCTHK
PIII u PIIM
‘ TIPOIVET

Puc. 17. Anroput™ cunresa PIIII u PTIM na ocHoBe YHM

Ha nepsom stane 0but nonyueH YHM ¢ ocnabnennem He Menee 40 nb B nuana-
3oHe 8—12 [Tn. Takum oOpa3om, 1O pe3yabTaTaM XapaKTepHU3alUud UCXOJIHOTO MaTe-
puana (Metoapl xapakrtepusanuu Y HM M3I0KeHbI BhIIIE), ObUTH PEIICHBI 33]]a9H €T
BOCITPOHU3BOIMMOCTH ¥ TIOJyUEHUS TPEOYEMBIX ITapaMeTPOB.
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Ha BTropom 3Tane co3gaBannch cenuaabHble 00pa3nbl B BU/E IUIOCKUX A0 Juis
ompeneneHus dnekTpopusnueckux cBorctB PIIM. Ha GokoBble moBepXHOCTH Iaiid
HAHOCHIIMCh METAITM3UPOBAHHBIE CIION M C MIOMOILBIO U3MEpUTeENs (aHaIu3aTopa) Iu-
ANIEKTPUUYECKUX CBOMCTB MartepuaioB Agilent E4991A, onpenensiuch 3HauYeHHs JCH-
CTBUTENFHOW, MHIUMON H TMOIHOW (TI0 MOJYJIIO) COCTaBISIONINX OTHOCHTEIHHON ITH-
3IEKTPUIECKON MMPOHUIIAEMOCTH, CO3JTaHHBIX KOMITO3UITHI B osioce 9actot oT 1 MI'ng
1o 3 I'Tu. 3MmepeHHble 3HAYCHUS IEUCTBUTEILHON U MHUMOM COCTaBISIOIIUX OTHO-
CUTEJIBHOM JuanekTpudeckoit mponunaemMoct PIIM, npuBenens! va Puc. 18.

Ha Tperbem sTame mo HM3MEpeHHBIM 3HAYEHHSAM 3JIEKTPODU3MUECKUX CBOICTB
(e =¢&"—J&") cosnannpix PIIM 6butn paccuntanbl KOdGGUIUEHTH oTpaxenus [ (®)

u ocnabnenue A(W) obpasios PTIM c¢ 3amanHo# TomuHo# d:
N (- Az
A(a)): 1 12;5\ AZB s j2b A(a)): 1 A;Zo_jzb ' @)
T ApAgd —Apd
rae /1, — Ko3hGUIUEHT OTpakeHus! OT NMEPBOM I'PaHMIIBI BO3AYX-00paseL; [ 23 — Ko3d-

2

(GUIHMEHT OTpaKeHHs OT BTOPOW TpaHHUIBI 00pasen-Bo3ayx; b = 782, A — nnuHa

BOJIHBI.

0S8C 100.00 mV 3. 0SC 100.00 mv
START 1 MHz Sivg 0 STOP START 1 MHz Sivg OFF

o !/ 14
Puc. 18. [leiictBurenbHas £ (a) ¥ MHUMast € (0) COCTaBIISIOIIUE
OTHOCUTEJILHOM UAIeKTpudeckol nmponunaemoctu PIIM

Ha uetBepTOM, 3aKJIIOYUTENBHOM, 3Tane ObLIM M3MEpeHb! Kod(duumenTrs orpa-
xeuust [(w) m ocnabnenne A(w) oOpasuoB Tkawbix PIIM B jamama3one 4actoT
8-12 I'Tu. Mcnonb3oBasics BeKTOpHbBIH aHamu3atop ueneit Agilent 8722 ET: npu u3-
MepeHuH Ko3(duimenTa oTpaskeHus UCTIONB30BAJICS PEKUM U3MEpEHHs Sp1 Iapamer-
pa, Ipu U3MEPEHHUH OCIIAbJICHUS — PEXUM U3MEPEHHS Sy TapameTpa.

B pesynbrare npoBeleHHBIX UCCIIEAOBAHUN YCTAHOBJICHO, YTO OCJIAbJICHHE U JTU-
aneKkTpuueckad npoHunaeMoct PIIM pacTyT ¢ yBeluM4eHUE MPOLIEHTHOTO COJepKa-
Hus YHM B ceszyromem. [lonydeno nanbosnbiiee ociabiaeHne B mpeaenax ot -25 10 -
27 nb B nuanazone vactot 8—12 I'T, 4TO COOTBETCTBYET MOTJIONICHUIO DIIEKTPOMATr-
HUTHO# »Heprun 98%; pacuerHbie 3HaueHus koddduimenra orpaxenus [(w) u
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ocinabnenus A(w), NOIy4eHHBIC PACYSTHBIM ITyTEM, COBIAIH C IKCIIEPUMEHTAIBHO MO-
Jy4eHHBIMH PE3yJIbTaTaMH C MOTPEIIHOCTBIO He Oosee yeM 5%. IlomyueHHbIe pe3yib-
TaThl ABJIFOTCA YO€OUTEIbHBIM ITOATBEPKACHUEM NPABUILHOCTH NMPENTI0KEHHOTO CHU-
CTEMHOT0 OAXO0/a IIPH CO3JaHUU KOHEYHOT'O MPOIYKTa.

3akntouenue. B naboparopun paguodusnueckux ucciuenosanuit HUY UAI BI'Y
BEBITIOJTHGHA XapakTepu3aiis oOpa3noB YHM m kommo3uTtoB Ha uxX ocHoBe B CBY
JlAara3oHe:
— oOpasusl YHM, cunTe3upoBanHble B OOIIECTBE C OIPaHUYCHHON OTBETCTBEHHO-
cThi0 «IlepcrieKTHBHBIE HCCIEIOBAaHMS U TEXHOJIOTHI;
— obpasusl MaccuBoB MOVYHT, cunresuposannsie B BI'YUP;
— obpasusl 6ymaru YHT, cunresuposannsie B BI'Y;
— oOpasubl ndykoBuyHbIX YHM, cuHTe3upoBanHble B MHCTUTYTE MeTammopHU3UKH
HAH VYxpaunsr;
— o6pasubl YHT ¢ MarHWUTHBIMH HAITOJTHUTENSIMH, CHHTe3UpoBaHHBIe B PXTY nm.
JI.11.Menneneena;
— obpasusl cycnensun ¢ YHT, cunresuposannsie B UPD HAH Ykpaunsr;
— 00pa3ibl HAHOCErHETOAIEKTPUKOB, CHHTE3UpOBaHHbIE B IHCTHTYTE PU3HKH TBEp-
Joro tena JIaTBUIICKOrOo YHUBEPCUTETA;
— obOpa3susl MetautononumepoB ¢ YHT, cunrtesupoBanusie B BI'Y;
— 00pa3usl nonuyperaHoBbix PIIM ¢ HamomHHUTENEM U3 MIYHTUTa, CHHTE3UPOBAaHHbBIC
BbBI'Y;
— o6pasust PIIII ¢ YHB B amacTtomMepHBIX MaTpHUIlax, CHHTe3UpoBaHHBIE B bI'Y;
— o0pasmusl 6opocoaepxkartux PIIII ¢ YHT, cunaresupoBannasie 8 HUM OXII BI'Y;
— 00pasnbl MHOKOMITOHEHTHBIX OKCHIHBIX TOKPBITHH, cuHTe3npoBaHHeie B HIIL]
HAH Bbenapycu no MaTepuanoBeIeHUIO;
— o6pasusl PIIIT u PIIM, cuntesupoBanusie B HUU ATl BI'Y
— ¥ MHOTHE ApYyTHE.
[o pesynmbTaTam 3THX pabOT MOKHO CJENIaTh CIEAYIOIINE BEIBOJIBI:
e BBIMIOJIHEHA CHCTEMAaTH3aIMsI MeTOI0B Xapaktepusanun Y HM B CBY nuanazomne;
e pa3paboTaH PE30HAHCHBIA METOJ XapaKTepHU3alMy TUIEKTPHUUECKOI IPOHUIIAEMO-
ctiY HM Ha ocHOBE BBICOKOJOOPOTHBIX IIMPOKOANATIA30HHBIX PE30HATOPOB;
e ToNy4YeHBl BocnipousBoauMeie Y HM, cunTesnpoBannbpie B OOIIECTBE ¢ OTpaHHYCH-
HOI OTBETCTBEHHOCTHIO «IlepCreKTUBHBIE UCCIECAOBAHUS U TEXHOJOTUNY, C 3aJaHHBIM
ocnabnenueM A(w), KOTOPbIE MOTYT HCIIOJNIB30BAThCS MMPH CO3JIAHUH MTACCHBHBIX U aK-
TUBHBIX 37ieMeHTOB CBU TexHHKH (COoTacyrolye U MOTIOMA0IINe CUCTEMBI);
® TIOJIyYeHBl BOCIPOU3BOJINMBIE MMOJIMMEPHBIE MATPHUIIBI C MACCHBAMHU CKPAOMpPOBaH-
Hpix MOVYHT, cunte3upoBannbix B BI'YUP, ¢ 3agannbv ocnadierneM A(w) v I{w), koto-
pble MOT'YT HCIIOJIB30BaThCs MPU CO3AaHUM MMACCHBHBIX M aKTUBHBIX AneMeHToB CBY Tex-
HUKH (BOJTHOBEAYIIINE TPAKTHI, (GUIILTPHI, HAIIPABIICHHBIC OTBETBHUTEIN ),
e xapakrepm3arus B CBU gmanazone maccuBoB MOVYHT, cuHTe3npOBaHHBIX B
BI'YUP, no3ponsieT moiyyaTh MaTepHalibl C 3aJaHHBIMU AJIEKTPOAUHAMUYECKUMU Ta-
paMeTpaMu myTeM (OpPMUPOBAHMS CTPYKTYPBI C 3aJaHHON reOMETpHEl Ha Pa3IMyHbIX
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MOJJIOKKAX C Pa3TMYHBIMH HAMOIHUTEISAMH IS pa3padoTku rubpuaneix cucteM CBY
TEXHUKH;

e pazpaborana meronuka cuHte3a PIIIl u PIIM Ha ocHoBe YHM, oObemunstoNas
pacueTHble METOABI U METOABI XapakTrepuzaunu Y HM u cunresupyemsix PIIII u PIIM
B CBY nuama3sone;

e cunTe3upoBansl nepcnektuBHbie PIIIT u PIIM Ha ocHoBe YHM.
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OF EXPERIMENTAL STUDY OF ELECROPHYSICAL PARAMETERS
OF NANOSTRUCTURED MATERIALS AT UHF

V. A. Karpovich, V. A. Labunov, S. A. Jdanok, V. B. Odzaev, T. V. Gaevskaya,
F. F. Komarov, N. V. Liubetski, S. S. Grabchikov, L. A. Bliznyuk, S. I. Maximov,
V. N. Rodionova, A. V. Krauklis, O. V. Tanana, P. V. Stanovoi, O. M. Svergun

The research presents the results of study of electrophysical characteristics of a number of
carbon nanostructured materials (CNM). The study was performed with the use of measurement
equipment and techniques specially adapted for the purpose. Found that the studied CNMs may
be successfully used in manufacturing of lightweight composite radio-absorbing materials with
high level of absorption, and also for making absorbing structures for the UHF units of signal
processing.
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MHUKPOBOJHOBOM KOMILIEKC OBOPYIOBAHMS
BBICOKOTEMIIEPATYPHOI'O OBE3BPEXXUBAHUSA
MEJUIMWMHCKHUX OTXOA0B

B. A. KapnioBuu, B. H. Poguonosa, I'. 1. Boasinen, B. M. TepJ‘IeI_[KI/II/I
H. B. JIro6euxkuii, C. 1. Makcumos, H. B. [lymxkuna, JI. A. BIH3HIOK

Hnemumym soepruvix npoonem BI'Y
IO «HIIL] HAH Berapycu no mamepuanogeoeHuio

BcemupHast opranuzanys 3ApaBOOXPAHEHHS OTHOCHUT MEAUIMHCKHE OTXOIBI K
rpymie 0cob60 OMacHbIX OTXOIO0B U JEKJIAPUPYET OCHOBHBIE MOJIOKEHHUS, KaCAIOIUECs
nepepadoTKU MEAULIMHCKIX OTXOJIOB:
e pa3paboTKa M M[EPBOOYEPENHOE BHEAPEHUE HOBBIX, AJbTEPHATHUBHBIX
C)KUT'aHUIO0, TEXHOJIOTHH YIIPABJICHUS OTXOIaMH;
® [IOOMIPEHHWE NPUHIMIIOB SKOJOTHYECKHM YHCTOrO YIPABICHUS 31paBOOX-
paHeHHEeM B COOTBETCTBHHU ¢ ba3enbckoil KOHBEHIMEH, KOTopas 00sI3bIBacT ee
YYaCTHUKOB TapaHTHPOBaTh, YTO YTHWIM3AIMs OTXOJOB U HMX YHHUYTOXKEHHE
OCYIIECTBISIOTCS DKOJIOTHIECKH O€30IaCHBIMU METOJAMH.
OCHOBHBIMH KPHUTEPHUSMHU NIPH BHIOOpE METOAa 00E3BPEKHMBAHUS MEIULIMHCKHX
OTXOZIOB U COOTBETCTBYIOIIETO 00OPYJOBaHUs, COTIIACHO OCHOBOIIOJNAraroIIuM JOKY-
MEHTaM B 00JIaCTH OOpaleHusi ¢ MeIUIIMHCKUME oTXoaMu (B PecryOnnke benapych
— Canurapuble mpaBwia ¥ HOpMbI 2.1.7.14-20-2005 «IIpaBwia oOpailieHUsI ¢ MeIH-
MUHCKUMHU oTxomamm» ¢ u3MeHeHussMu 2008 r. [1]; B Poccuiickoit deneparuu —
CanurapHo-3nueMHuoNIoTHueckue mpaswia u HopMmarueel CanlluH 2.1.7.2790-10
«CaHUTapHO-3MTUIEMHUOIOTHYECKHE TpeOOBaHMSA K OOpallleHHI0 € MEIUIMHCKHUMHU
orxomamm» [2]; B Espomeiickom coroze — JlupektuBa ot 24 wHosOps 2010 roxaa
Ne2010/75/EC «O mnpoMBIIIIEHHBIX BbIOpocax (0 KOMIUIEKCHOM HpPEAOTBpAIlEHHH
3arpsi3HEHHs ¥ KOHTpoJie HaJ HuUM)» (HoBas penakimsi) (Directive 2010/75/EU of the
European Parliament and of the Council of 24 November 2010 on industrial emissions
(mtegrated pollution prevention and control) (recast) [3, 4], sBisitoTcs cnenyrommue:
0€30MacHOCTh M AKOJIOTHYECKast YUCTOTa METOAR;

— TOJHAs CTENeHb 00€3BPEKUBAHUS OTXO/IOB;

— abcomoTHass HEBO3MOXKHOCTb MOBTOPHOTO  HCIIOJB30BaHUS  KOMIIOHEHTOB
nepepadaThiBa€MbIX OTXOAOB MOCIIE 00€3BPEKUBAHUS;

— MakcHMalbHOE yMEHbIIEHHE 00bEMa OTXO0JIOB Ha BBIXO/IE;

—  aBTOMAaTH3alusi, KOHTPOIb M HEMPEPHIBHOCTh TEXHOJIOTUYECKOTO MPOIIECCa;

—  BO3MOXXHOCTH 00€3BPEXKUBAHMS OTXOI0B HAa MECTE X 00Pa30BaHUS;

— MHUHHUMAaJIbHBIE 3aTPAThl HA TOITOTOBUTEILHEBIE PA0OTHL;

— MHHUMAaJbHBIE 3aTPaThl Ha SKCIUTyaTallMOHHBIE PACXO/IbI;

— TpeOyeMblil ypOoBEHb IIOAIOTOBKH 00CIIY>KUBAOILETO [IEPCOHAA.

B Hacrosiee Bpems pexomenaanusimMu BO3 onTtuManbHbBIMU TEXHOJIOTUSAMH IS
00e3BpeKUBAHUS MEIUIMHCKUX OTXOJOB IMPEJIOKEHO CUUTATh TEXHOJIOTUH TEPMH-
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YecKoro o0e33apa’KMBaHMs U IEPEXO0] Ha LIEHTPAIU30BaHHBIA COOP M YHHYTOKCHHE
OMAacHBIX MEIUIMHCKUX OTXOIOB, a TAaKKe OTKa3 OT HPUMEHEHHUS TEXHOJIOIHH,
CBSI3aHHBIX C XUMHYECKOH Ne3uHdekuneii. BMecte ¢ Tem Oomnblioe BHUMaHUE YAEIs-
eTcs CO3JaHHI0 U NMPHMEHEHUIO HOBAaTOPCKHUX TEXHOJOTHMH, KOTOpbIE MOTYT obecre-

YUTHh OOJIee BBHICOKHIA OOIMIMK YPOBEHD 3aIIUTHI OKPYKAIOIIEH Cpebl WU 10 KpaiHei

Mepe TaKOW K€ YPOBEHb 3aIllUTHl OKPYKAIOIIEH CPeabl MPHU JOCTIDKEHUH OONbIIeit

3¢ (GEKTUBHOCTH B COKpAIICHUH 3aTpaT IO CPABHEHHIO C CYIIECTBYIOIIMMH HAWITyY-

IIMMH TOCTYITHBIMH T€XHOJIOTHAMHU.

Ienpto  paboOTHl, BHIIONHEHHOM B paMKaXx HMHHOBALMOHHOIO  IPOEKTa
«Pa3paboraTe KoMIIeKC 00OpyIOBaHMs AJisi 0OE3BpEKMBaHMS (PapManeBTHUECKUX
OTXOZOB M IIMTOCTAaTHYECKHUX (apMaleBTHUeCKHX mnpernapatoB. OCBOUTH MpPOH3-
BOJICTBO KOMIUIEKCa OOOpYIOBaHUs», SBISIACh pa3paboTKa KOMILIEKCa 000py-
JOBaHUS Al 00€3BPEKUBAHMS MEIUIMHCKUX OTXOJIOB Ha OCHOBE MHKPOBOJIHOBOMA
TEXHOJIOTHH  BBICOKOTEMIICpAaTYpHOTO HarpeBa U  CTEPHIW3AlMM, IOJHOCTHIO
YIOBIETBOPSIOLIEH TpeOOBaHUIM 00€3BPEXUBAHMS MEAULMHCKUX OTXOAOB, BKIIOYAs
(apManeBTHYECKHE OTXOIbl U LMTOCTAaTHYECKUE (hapMaleBTHUYECKHE Mpenaparsl, U
UMCIOIIEH BayKHbIE MPEUMYIIECTBA Mepe TPAAUIIMOHHBIMI METOAAMU:

—  JKOJIOTHYecKash 0e30MacHOCTh (HE HCIONB3YIOTCS W HE 00pa3yroTCsl TOKCHYHBIE
JUIS 4€JI0BEKA U BPEIHbIE ISl OKPYKAIOLIEH Cpebl COCTUHEHUS );

— IPOCTOTA, HAAEKHOCTh M 0E30MACHOCTh IKCIUTyaTaluu (OTCYTCTBHE TOKCHYHBIX
PacXOJHBIX MaTEPUAJIOB U BBICOKOTO TaBJICHHS);

— BO3MOXKHOCTh 00E€3BPEXHMBAaHHUSI OTXOJOB Ha MecTe uX 00pa3oBaHMs (MOOMIBHBIH
BapUaHT KOMILIEKCa 000pYA0BaHHUSA);

— DHEpreTHYEeCKHe 3aTpaThl CYIIECTBEHHO HWXKE, YeM IPH TEPMUUYECKHX METOJIax
(MHCHHEpaMN);

— mpouecc 00e3BPEKUBAHUS JIETKO aBTOMAaTH3UPOBATh, KOHTPOJIMPOBATH U BECTU B
HETPEPHIBHOM PEKUME.

B xoze coznanus koMIuiekca 000py10BaHus ObLTH PELICHBI CIEAYIONINE 3a/1a9H:
— co3laHbl (YHKIMOHANBHBIE KOHCTPYKIUHM DJIEKTPOJUHAMHYECKUX YCTPOHCTB H

OyokoB  (OJIOK ~ MHUKpPOBOJIHOBOTO  HarpeBa W CTEpWIM3alMH,  OJIOK
BBICOKOTEMIIEPATYPHOI0 MHKPOBOJIHOBOIO HAarpeBa, MOAYJIHM MHUKPOBOJIHOBOTO
HarpeBa, JJIEMEHTHl BOJHOBOAHOTO TpakTa Al padOThl B JKECTKHX YCIOBHSX
SKCIUTyaTaIluu | JIp.),

— BBINIOJHEH OOJNBIIOW 00BEM 3KCIIEPUMEHTAJIBHBIX MCCIEIOBAHUN W WCIBITAHUH,
pa3paboTaHbl PeXUMbI 00E3BPEKMBAHUS METUIIMHCKUX OTXOAOB, pa3paboraHa
TEXHOJIOTHYECKass AOKyMEHTalUsl IpoLecca MUKPOBOJIHOBOTO 0O0€3BPEKHBAHUS
Meaumuackux o1xo10B (komiuiekT T/ CKYA.113017.001 u CKYA.113019.001-
05 (MOOMITEHBIH BapHaHT)),

— U3rOTOBJIEH ONBITHBIA 00pasen KoMIuieKca 00OpYAOBaHHSA AJST 00€3BpEKUBAHUS
MeaumuHcKux oTxoa0B (komruiekt KJ[ CKVYA.113-00.00.000 u CKYA.113-M-
00.00.000 (MOOMIBHBIN BapuaHT)),

— YCHEIIHO BBIIOJHEHBl INPUEMOYHBIE M HKOJOTMYECKHE HCIBITAHUS OIBITHOIO
o0pasia KOMIUIEKCa 000pyI0BaHHS ATl 00e3BPEIKUBAHMUS MEAUIIMHCKUX OTXOIOB
(momyuena nunensus Ne02120/2621 Ha mpaBo 00E3BPEKHBAHUS MEIULIMHCKUX
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OTXONIOB, BBIIaHHaE MUWHUCTEPCTBOM TMPHPOIHBIX PECYPCOB U  OXPaHBI
OKpy:karorei cpeapl Pecrybnuku bemapycs),

—  BBINIOJHEHBI UCCIIEOBAHUS 0 OLICHKE COKPAIICHUS HArpy3kd Ha OKPYXKaroIlyio
Cpelly B pe3ylibTaTe HCIHOJIb30BaHHUS KOMIUIEKca 00OpynoBaHUS Ui 00e3Bpe-
JKUBAHUSI METUIIMHCKUX OTXOJOB, BHIMOIHEHBI OMBITHO-TEXHOJIOIHYECKHE PaOOTHI
Mo 00e3BPEeKMBAHUIO MEAWIWHCKAX OTXOAOB [ OCymapCTBEHHOTO YYpEKIECHUS
«PecrryOnukaHcknid ~ HAaydHO-TIPAKTHYECKHHA  IIEHTP  JETCKOW  OHKOJIOTHH,
reMaToJIOTHH W HMMYHOJIOTUM», PecrmyOJIMKaHCKOTO YHUTApHOTO MpEATIPHUATHUSL
«eHTp SKCIEPTH3 U MCIBITAHKI B 3ApaBooXpaHeHum» (06e3Bpexeno 6oiee 10 T
(apMameBTUYECKNX  OTXOJOB M  IIUTOCTAaTHYECKUX  (papMaIeBTHUECKUX
npenaparos),

— OCBOCHO IIPOU3BOJICTBO KOMIUIEKCa O0OOpYyIOBaHHS sl  00E3BpEKUBAHUS
MEIUIMHCKHUX OTXOI0B.

METHITHHCKHE
O0BEKT C M3MEHAMUMHCA OTXOJbI ITapamerpe! obserTa:
3MEKTPOIHMEAMITY e CEMMH - OW3IEKTPHYeCKAd IPOHHIIAEMOCTE
TapamMepan: - MarHWTHAY [IPOHWUIIAEMOCTE
- 1o 0bBeMy - KO3(QHULEHT MOTIOMmEHHA
- 110 OB EPXHOCTH - ko3hdHLIMEHT OTpakeH A
BJIOK MIKPOBOJHOBOI O
Hapamerpsr HATPEBA W CTEPHITH3AITHIT
TEXHOIOTMEECKOTO MIPOLIECCa

\
- - TEXHOJIQIHYECKIIE
RQPPERLU/IE APAMETPEL
PEXIIMA —‘

TIAPAMETPEL EJID‘R' BBEICOKOTEMIIEPATYPHOT' O AHATIIS
PEIIEHUS MHKPOBOJHOBOI'O HATPEBA TTAPAMETPOB

SKO0JIOTHYECKHE TPEEOBAHH A
\.

- I'paHWHMHEBIC YVCIIOBHA

- MOTIENE PACTIpeneneHa oI TEXHOJIOITMYECKIE
- pasmep obBerTa TTAPAMETPEI
- TI0Ne PACCeTHNA 3ME,
NS
OBIIHAI YUET OTX0I0B

Puc. 1. TeXHONOTHUECKHIA TTPOLIECC MUKPOBOIHOBOTO 00E3BPEKUBAHIS METUITUHCKHAX OTXOOB

Pazpaborannass  TexHONOTHSI  OOE3BPEKUBAHUS  MEAWIIMHCKAX  OTXOJOB
MIPEJICTaBISIET COOO0M MBYXCTaIMHHBIA MIPOIECC 00E3BPEKUBAHMS OMACHBIX OTXOJIOB C
WCIIOJb-30BaHUEM MUKPOBOJIHOBOW SHEPTUU: HA TIEPBOM CTaIUH NPU TEMIIEpaTypax OT
100 mo 600°C mpoMCXOMUT TEPMUYCCKOE PA3IOKEHHE MEIUIIMHCKMX OTXOJIOB IPH
OTCYTCTBHH JOCTyIa KHUCIopoa (CyXoi MUpOJN3) ¢ 00pa3oBaHUEM MHPOIUTHICCKUX
ra3oB W 0€30MacHOTO TBEPAOrO OCTaTKa, HA BTOPOH CTaauu IpH Temmeparypax ot 900
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mo 1200°C mOpoucXoguT MOXKHUT THPOIUTHYSCKHX Ta30B. C TOYKH 3pCHHS

9KOJIOTHYECKON YUCTOTHI METOAA U CTENEHU 00e3BPEKUBAHUS MEIULMHCKUX OTXOIIOB

nepBasi craaus HeoOxoamMma Uit o0e33apaXMBaHUSI OaKTepHATbHBIX W BHUPYCHBIX

uHQeKIuid (BUpYyChl TemaTuTa, BUPYCHl TPHIIA, BEreTaTWBHBIE MUKPOOPTAHM3MBI U

Ip.) U 00e3BPEXKHUBAHUSI TBEPIABIX OTXONOB, BTOpasl CTauus — Ui NPEAOTBpPAILECHHS

00pazoBaHMs TUOKCHHOB M OOE3BPCKUBAHUS ITUTOCTATHUECKHUX (hapMaIleBTHICCKUX

npenapaToB.  TeXHOJOIMYECKHH IPOLECC  MHMKPOBOJHOBOTO  00€3BpPEKUBAHUS

MEIWIMHCKUX OTXOAOB TpeAcTaBieH Ha Puc. 1. Meauuunckue OTX0Osl ¢

JNEKTPOAMHAMHYECKOH  TOYKH  3pEHHUsl  TPEACTAaBISIOT  CO00M  OOBEKTH ¢

M3MEHSIOLMMHUCS 110 00BbEMY U ITOBEPXHOCTH MEKTPOANHAMUYECKHMH NapaMeTpaMH,

OCHOBHBIMH M3 KOTOPBIX SBJSIFOTCA AMIEKTPUUECKas MNPOHHULAEMOCTb &(W),

MarHuTHasE OPOHULAEMOCTh A (@), KO3(PPUIUEHT moriomeHns U KodpduuueHt

orpaxkenus: A(w) u I'(w). I3MeHeHne 3TuX apamMeTpoB B MPOLECCe MUKPOBOJIHOBOTO

00e3BpeXUBaHMS JTOIDKHO YUWUTBIBATHCSA IS KOPPEKTHOW u 3()(PeKTHBHON pabOTHI
o0opynoBaHwUsL.

Bo03MOXHOCTB ymHpaBieHUs] pe)KUMOM PabOThl MUKPOBOJIHOBBIX T€HEPATOPOB 110
pe3yibTaTaM aHain3a TEXHOJOTHMYECKHX IapaMeTPOB IMO3BOJSET YYUTHIBATH MPOUC-
XOJsIIIee U3MEHEHUE IUAICKTPHUYECKON MPOHUIAEMOCTH &(@), MATHUTHOHN MpPOHHMIIA-
eMOCTH /L (@), K03 UIIMEHTOB NOTIIOMECHUS U oTpaxkeHus: A(w) u I'(w) MeTUIIMHCKUX
oTxon0B. TakuMm 00pa3oM, MBI MMEEM BO3MOXHOCTh oNTHMHU3anuu padotel CBU
00OpYIOBaHUsI C TOYKH 3PEHHUS] ONTUMAIBHOH 3arpy3KH My, JOIYCTUMBIX
OTKJIOHEHHH M,,,, U M, TIpHu pa3zmudHbix MoimHocTsx CBY renepatopa ¢ ydeToM
COTJIaCOBAHMUS TEHEpPATopa C Harpy3koi. IIpuHIMIBI ynpaBieHHMs AJIEKTPOIU-
HAMWYECKMMH XapaKTEPUCTHKAMU MPOLECCa MHUKPOBOJIHOBOTO 00€3BPEKHBAHUS
MEIUIUHCKUX OTXOJI0B 3aK/II0YAI0TCS B CICIYIOLIEM:

— TapameTpbl TEXHOJOTMYECKOTO MpoIlecca HarpeBa U CTEPUIIM3AIUK TIPU 33aJaHHOH
Temreparype B 0J0Ke MUKPOBOJHOBOTO HAarpeBa M CTEPUIIM3AIMH PETYIHPYIOTCS
M3MEHEHHEM MOIHOCTH MUKPOBOJIHOBBIX T€HEPATOPOB;

— OCHOBHBIMH TEXHOJIOTMYECKMMM IlapaMeTpaMd B TIIpolLlecCe HarpeBa H
CTepUIIM3aLMY [IPU 3aJaHHOW TemIepaTtype B OJIOKe MUKPOBOJHOBOTO HarpeBa U
cTepwin3alu sBJIsOTCS ON-line Temmneparypa B peakrtope mnmposusa, On-line
TeMIiepaTypa MIpora3oB Ha BbIxoze OJ0ka, ON-line naBiieHHe B ra30mpoOBOISIIEM
TpaKTe,

— TapameTpbl TEXHOJIOTUYECKOrO TMpOoIlecca BBICOKOTEMIIEPATYpHOTO HarpeBa B
OJIOKE  BBICOKOTEMIIEPATYpPHOTO MHKPOBOJHOBOTO HAarpeBa  PperyJUpyOTCS
U3MEHEHHWEM T1apaMeTpOB HACTPOMKH BBICOKOTEMIIEPATYpPHOTO pe30HATOpa H
MOITHOCTH MUKPOBOJIHOBBIX T€HEPaTOPOB;

— OCHOBHBIMH TEXHOJIOTMYECKUMH MapaMeTpaMh B MPOLECCe BBICOKOTEM-
nepaTypHOro HarpeBa B OJIOKE BHICOKOTEMIEPaTypHOIO MUKPOBOJIHOBOTO Harpena
ABJISIIOTCSE ON-line Temmeparypa B paboueil 30He BBICOKOTEMIIEPATYPHOTO Pe30Ha-
Topa, ON-line XumMHuYeckuii cocTaB KOHEYHOTO IPOAYKTa Mpolecca MHKPO-
BOJIHOBOTO OOE3BPEKUBAHUS MEIUIMHCKAX OTXOIOB, ON-line mmoTHOCTH mOTOKa
3JICKTPOMArHUTHOW SHEPTHH B pabouci 30He.
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Komrutekc  obopynoBanmsi aisi  00€3BPEKHMBAaHHS MEIUIMHCKHX — OTXOJIOB
pazpaboTaH Ha OCHOBE YHH()HIMPOBAHHBIX (YHKIHOHAIBHBIX KOHCTPYKIHUH,
MO3BOJIAIONINX PEajn30BaTh MOIYJNbHBIA TPHHLUI IOCTPOCHUs 00O0pYAOBaHMS,
npeAcTaBisier co0oil  00beAMHEHHBIE KOHCTPYKTHBHO — 3JIEKTPOJHMHAMHUYECKHE
YCTPOMCTBA U BKJIFOYAET B CBOM COCTAB!

— OJIOK MHKPOBOJHOBOTO HarpeBa M CTEPHIM3ALMM (HarpeB M CTEPUIM3AIMA

OTXOJIOB IpH 3a1aHHO# Temreparype ot 100 no 600 °C),

— OJOK BBICOKOTEMIIEPATYpHOTO MHKPOBOJIHOBOIO HarpeBa (00e3BpeKMBaHUE

OTXOJIOB TIpH 3aaHHOM Temmeparype ot 900 mxo 1200 °C),

— OJIOK M3MEpUTENbHO-aHAUTUTHYECKHH (aBTOMAaTHYECKOe HM3MEpEeHHe M KOHTPOJIb
rapaMeTpoB 00e3BPEKUBAHNA),
—  OJIOK ympaBJieHUs peKuMaMu paboTsl 000PYIOBAHHUS.

Ha Puc. 2 mpencraBnensr ¢ororpaduu KOMIUIEKCa OOOpYAOBaHUS I

00e3BpeKUBAHMS MEIUIIMHCKUX OTXOOB.

Puc.2. Kommeke 060pynoBaHus A1 00€3BPEKUBAHNS MEIUIIMTHCKIX OTXOIOB

OCHOBHBIE  TEXHWYECKHE  XapaKTEPUCTUKH  KOMIUIEKCa  00OpyAOBaHUS
00e3BpeXKUBaHMS MEAUIIMHCKAX OTXO/IOB!

—  MPOU3BOIUTENHHOCTH — 110 20 KT OTXOZOB B YaC B 3aBUCUMOCTH OT UX BUJIA,

— moTpebiiseMast MOIITHOCThL — He Oosiee 25 kBT,

— moTpediisieMast MOIITHOCTh MUKPOBOJTHOBBIM 000pyI0BaHHEM — He Oosee 9 kBT,

— nwuranue odopynosanus — 380 B wacroroii 50 I'n,

— pabouvas 4acTOTa UCTOYHHKOB 3M BOJH (MHUKPOBOJHOBBIX TeHEpaTopoB) — 2450 +
49 MI'u, paspemieHHass i TPUMEHEHUs B OBITOBBIX, IPOMBIILIICHHBIX U
MEIUITMHCKUX LIEIIAX,

— KOMIUIEKC  OOOpYy/IOBaHHMS  COOTBETCTBYeT  TpeOOBaHHSAM  0E30MaCHOCTH
IKCIUTyaTal[My 10 YPOBHIO 3JIEKTPOMArHUTHOTO M3TydeHus [5],

—  KOMIUIEKC 000pyIOoBaHMs 00eCIeuMBaeT HEMPEPHIBHYIO pabOTy B TeUeHUE 24 4acoB,

—  CpOK CITy>KOBI — HE MEHEe 8 JIeT,

— oOecrieyeHa BO3MOXHOCTh TMPOBEACHHUS (HYHKIIMOHAIHLHOTO KOHTPOJS TEXHH-
YECKUX CPEACTB, BXOMANIMX B COCTaB KOMIUIEKCa OOOPYIOBaHHUsS, B IPOIECCE
JKCILTyaTall|H,
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— wmacca — He 6onee 600 kr,
— Macca MOOMIIEHOTO BapuaHTta — He O0onee 1 800 kr.

Ha Puc.3 mnpencraBinenst ¢ortorpaduu  yCTpPOMCTB M Y3J0B KOMILIEKCA
o0opymoBaHUs ISl 00€3BPEIKUBAHUST METUITTHCKUX OTXOJIOB.

Puc. 3. YcrpoiicTBa 1 0J10KM KOMIUTIEKCa 000PYXOBaHUS JJ1s1 00€3BpeKUBAHMS
MEIMIIMHCKUX OTXO/O0B: @) PEakTop MUPOJIN3a, 0) OJOK GUIBTPAMK U Ta30IPOBOASIINI TPAKT,
B) YCTPOMCTBO OXJIaXICHHS IIUPOTa30B, T') BOIHOBOIAHBIA TPAaKT

Jiisi TEeXHONOTUM BBICOKOTEMIIEPATYPHOTO HAarpeBa IpeJIOKEeH HOBBIA THII
pe30HATOpa, TPEACTABISIONINNA cO00I HEOJHOPOIHYI0 KOAKCHAIBHYIO 3JIEKTPOHMHA-
MHUYECKYI0 CHUCTEMY — LMJIMHIAPUYECKUH PE30HATOp C KOAKCHAIBHBIM BBICTYIIOM,
[O3BOJIAIONIMA 00ECIeUNTh KOHIEHTPAIMIO 3JIEKTPOMAarHUTHON 3HEepruu B padoueit
30HE pe3oHartopa (T. €. ModyYeHue 3aaanHoi Temmeparypsl ot 900 mo 1200 °C). Ha
Puc. 4 npencrasnena ¢ororpadusi BHyTpeHHETO 00beMa 3TOro pe3oHaTopa.

Bnepsbie pazpaboTana cTporasi METOIHMKA 3IEKTPOJUHAMHYECKOro pacueTa Eqq,
— KoneOaHMi HMIMHAPHUYECKOTO PE30HATOPA C KOAKCHAJIbHBIM BBICTYIIOM IpPU y4eTe
KOHEYHOH NMPOBOAUMOCTH cTeHOK [6—10]. Pacuer BbmomHsuicS MOAWGUIMPOBAHHBIM
METOJIOM BBIYCTOB, PACIPOCTPAHEHHBIM Ha 3aJaud O COOCTBEHHBIX KOJCOAHHUSX.
[Mony4yeHo aHAMTHYECKOE COOTHOIICHHUE JJIsi COOCTBEHHOM JOOPOTHOCTH:
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2[(p+1/2)m+y(kp)]In(1/x)
[(p+1/2)7t+s(k0)]+21n%[1+k(27b2[3(k0)]}, (1)

q= {1+x

kobx

rae (| — aHATMTHYECKOE COOTHOIICHUE JUTsi COOCTBEHHOM JOOPOTHOCTH pe3oHaTopa (

=k, AQ, k, — pe30HaHCHOE BOJHOBOE YHCIO, Ag — TOJIMHA CKHH-CIIOS MarepHaia

pesonaropa, Q — cobGcTBeHHass TOOPOTHOCTH pe3oHaropa, p =1, 2... , x=alb, a —

paanyc BHYTPEHHErO IIJIMHIApA pe30Hatopa, D — paanyc BHENIHEro NWIMHAPA

pesonaropa. Bemuumnsl y(kg) , €(kg) , L(kp) omnpenenstorcs ClaeayrOMIAMA
BBIPKCHUSIMHU:

y (ko) =

ZOO kob kob kobx kob
S=1

- — arct —_—
\/vfn—kébz VIsm/A-x)~k?b?] Jv},l—k%bzxz g [v2 —k3b? (2)

kob kobx

+arctg| ——— ||,
/[sn/(1—x)]2—kgb2 /v,zn—kgbzxz
kobx [vZ—kZb2x? 2
kob 0 \/ m =Ko 1—x
e(ko)zzz"llﬁ v — kb2 - — (22) kob

ST_\? 212 kob kobx 3)
( ) —k§b® —arctg + arctg

arctg

— 0" 07"
* vz — k3 b2 vz — k3b2a?
1/2]
< kob > |
+ arctg ,
J(sm/1—x)2 — kZ J
B(ko) =
(4)
. 1 1 2 1-
Xs=1|77 = L)

vm \/v,zn—k%bz \[,,rzn_kgbzxz s2n2\[[sm/(1—x)—k2b2] |

KinroueBbIM ~ 37€MEHTOM  BBICOKOTEMIIEPATYpPHOIO  pE30HATOpa  SIBISETCA
HEHTPAIbHBI  CTEP)KeHb  HEOJHOPOJHOTO  IMIMHAPHUYECKOTO  PEe30HATOpa.
[lo3unmoHnpoBaHUE CTEP)KHSA MO3BOJISIET HACTPOWUTh PpE30HATOpP HAa MAKCHUMYyM
JOOpOTHOCTH Ha paboyeil yacToTe W OCYLIECTBUTH COTJACOBAHUE DE30HATOpa C
BOJIHOBEAYIIMM TPAaKTOM. BHeceHHe HEOTHOPOTHOCTEN B 00hEM PE30HATOPA U3MEHSIET
€ro TEXHUYECKHE MapaMmeTphl. lIpeaensl 3THX HM3MEHEHUH 3aBUCAT OT JJEKTPO-
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JUHAMUYECKUX XapaKTEPUCTHK, 00bEMa U MeCTa PACIONOKEHHUS HEOIHOPOTHOCTEH B
pe3onarope. Ilpu oaHOBpeMEHHOW pabOTe IBYX MHUKPOBOJHOBBIX T'€HEPaTOPOB B
pE30HATOpE YCTAHABIUBACTCA CYNEPHO3ULHA THUMNOB FEgyy, — KoneGaHWH IHIUHA-
PUYECKOrO pe30HaTopa ¢ KOaKCHalbHBIM BhIcTymoM (N = 1...10, p = 0...10),
B030YXIaeMbIX Ka)K/IbIM U3 TEHEPATOPOB.

Puc. 4. BeicokoTeMnepaTypHBIid pe30HATOP C KEPAMUUECKUM PEAKTOPOM

BnepBeie Ha OCHOBe YHH(DHUIMPOBAHHBIX (PYHKIIMOHATBHBIX KOHCTPYKIIHA
BBICOKOTEMIIEPATYPHOTO MHKPOBOJHOBOIO HarpeBa M CTEPUJIM3AIMHM CO3/IaHO HOBOE
MOKOJICHHEe  00OpyJIOBaHMsI Ui OOC3BPEIKMBAHUS ~ MEIUIIMHCKHX  OTXOJIOB,
MpenjioKeHa ajlbTepHATHBHASs BBICOKOA((GEKTHBHAS JKOJOTHYECKH Oe3omacHas
TEXHOJIOTHS 00E3BPEKMBAHUS OIMACHBIX MEIUIMHCKUX 0TX0a0B [11]. TIpoBemeHHBIi
aHaJIM3 PE3yJIbTaTOB MAaTCHTHO-UH(OPMAIMOHHBIX HMCCIICIOBAHMIA, OTCUCCTBECHHBIX U
3apyOeXHBIX MyONHWKamuid TOKa3al OTCYTCTBHE IIOJOOHBIX TEXHOJNOTHH U
obopymnoBanusi. [lomana 3asBka Ha eBpasuiickuii marent Ne NA 20140462
«OO0BbEeMHBIN PE30HATOP CBEPXBBICOKOW YacTOThl M YCTPOWCTBA I HArpeBa Ha
OCcHOBe J3TOro pesonatopa» ot 28.08.2014 r. [12]. MonynbHas KOHCTPYKIHS
MO3BOJIAET B KOPOTKHE CPOKM OINTHMH3UPOBATh OOOPYIOBaHHE II0J] KOHKPETHBIC
33Jla4d U YCJIOBUS OOE3BPEIKMBAHHUS OINACHBIX U YPE3BBIUYAHO OMACHBIX OTXOOB.
BriepBeie ObUIM BBITIONIHEHBI TEOPETUYECKHE M AKCIIEPUMEHTAIBHBIC UCCIIEIOBAHUS
BO3/ICHCTBHSI MHUKPOBOJIHOBOH JHEPIMM HA MEIUIMHCKUE OTXO[bI, MPEICTABIISIONINE
c000 CITOKHBIE XUMUIECKHE OOBEKTHI C U3MEHSIOIUMHUCS 110 00EMY 1 TOBEPXHOCTH
AJNIEKTPOIMHAMUYECKUMH  TapamMeTpaMu. BrepBble ObUIM  CO3IaHBI  AJIEKTPO-
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JUHAMUYECKHUE KOHCTPYKLUHMH Uil PaOOThl B CIIOKHBIX YCIOBUSIX OJKCIUTyaTalluH,
XapaKTEPU3YIOLUINXCSI HEOAHOPOIHOCThIO O00€3BPEKUBAEMOIO CBIPbS, BBICOKHMH
TeMIlepaTypaMHy, XMMUYECKH arpeCCUBHOU CPENON.

Pesynprarel Bemmonnenust HUOTP «Pa3paboTtats koMmmiekc 00OpyAoBaHUS ISt
00e3BpekMBaHUA  (apMaeBTHUYCCKUX OTXOJOB M IHTOCTATHYECCKUX (hapmarieB-
THYecKuX mpenapaToB. (OCBOHTH NPOM3BOACTBO KOMIUIEKCA 00OpPYIOBAHUS
CHOCOOCTBYIOT CHIDKEHHIO 3aBHCUMOCTH OT HUMIIOPTHBIX TEXHOJOTHH B 00JacTu
00e3Bpe-)KMBaHUsI MEIULMHCKHX OTXOAOB, COXPAHSIOT IIEPElOBBIE IIO3UIMU B
00TacTH MPHUKIAAHON 3JIEKTPOAMHAMHKH, CIIOCOOCTBOBYIOT IOBBIIICHHIO MPECTHXA
PecnyOonuku  bemapych, Omaromapsi HaJM4YUIO COBPEMEHHBIX  SKOJOTHYECKH
0e30macHBIX TEXHOJIOTHH O0PaIEHuUs ¢ OTTACHBIMH OTXOAAMHU.
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EQUIPMENT FOR HIGH TEMPERATURE DISPOSAL
OF MEDICAL WASTE WITH USAGE OF MICROWAVE

V. A. Karpovich, V. N. Rodionova, G. I. Volinets, V. M. TerletskKii,
N. V. Liubetski, S. I. Maximov, N. V. Pushkina, L. A. Bliznyuk

The electrodynamic equipment for hard usage operation (waste structure inhomogeneity,
very high temperature — up to 1200 °C, chemically aggressive medium) is designed. The alter-
native high effective appropriate technology of hazardous medical waste neutralization is de-
signed. The rigorous method of exact calculation of the eigenmodes Eq,, of cylindrical resona-
tor with coaxial peak is described. This method takes into account the finite conductivity of the
resonator walls, and the calculation of its Q-factor is performed by the modified method of residues.
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MPSIMOE ONPEJAEJIEHUE KOMIIOHEHTHOTO COCTABA
CIIAPTOCOAEPKAIIAX MPOIYKTOB
B COOTBETCTBHU C HOBBIM METOJIOM
«3TAHOJI B KAYECTBE BHYTPEHHET'O CTAHJIAPTA»

C. B. Yepenuua, C. H. CpiTOBa, A. A. Maxomer

BBenenune

B [1-5] mpenyoxkeH HOBBIA MeTOA OmnperesieH!us] KOMIIOHEHTHOTO COCTaBa CITUp-
TOCOEpKalLeH MPOAYKUMH, MPUHLMIHNAIBHO OTIMYAIOIIMICS OT BCEX LUMPOKO HC-
MOJIb3yeMbIX B MOBCEJHEBHON MPAKTHUKE METOAOB OMNpe/eieHUs] KOMIOHEHTHOrO Co-
cTaBa Takoi nmpoxykuuud. Heo6xonumocTs pa3paboTky U pa3BUTHS ObICTPBIX METOJO0B
ornpeesIeH!si KOMIOHEHTHOTO COCTaBa 3TOM MPOAYKLMH BbI3BAHO KOJIOCCATBbHBIM 00b-
€MOM MPOM3BOAMMBIX M MOTpeOsIeMbIX €KEAHEBHO BO BCEM MHpPE aJKOTOJbHBIX Ha-
MUTKOB (KOHBSIKA, OpeHAM, BUCKH, BOJKH, JIMKEPOB, BUHA, MMMBA U T. [1I.), @ TAKKE Or-
POMHBIM TPOW3BOJCTBOM OTXOJOB CIMPTOCOAEpIKalled MNpOoAyKUMH, Ouo3TaHO”a,
nap$roMepHOH NPOAYKUMHU U T. 4. OTMETUM, YTO CNIMPTOCOAEprKallasi MPOAYKLHUs BO
BCEM MHpe SIBJISIeTCS MOJAKUM3HOM, TpeOyollei TOUHOTrO onpeaesieHus colepKaHus B
Hell 3TaHoa.

CornacHO HalMOHAJIBHBIM M MEXIyHapOAHbIM AUpPEKTHUBaM [6—8], B alkorosb-
HBIX HalnWTKaX HOPMHUPYETCs NpeAebHOe COAEp)KaHWE CIENYIOLUMX AEBITH JIETyYUX
KOMIIOHEHTOB, M3MepsieMoe B MI' Ha JUTp Oe3BogHoro cnuprta (Absolute Alcohol —
AA): aneranpaerun, MeTWIaleTar, dTUIaleTaT, MeTaHOJ, 2-MPOMaHo, |-mpomaHon,
n300yTaHon, H-OyTaHoM, W3oamuion. s onpenesieHUs KOJUYECTBEHHOrO colepra-
HUS 9TUX KOMIIOHEHTOB BO BCEM MHUpe Haubosee MIHUPOKO MPUMEHSETCS METOJ BHYT-
pennero cranaapta (BC) [9, 10] ¢ nobGaBneHvem B aHaIM3WpyeMblii 0Opazer; KOMIIO-
HeHTa BC, KOTOpBIil HE MOXKET TIOSBUTHCS B 00pasiie MyTeM eCTeCTBEHHOTO OposKeHus,
a TOJIbKO CTeLMaJIbHBIM J00aBlieHHeM B J1a0opaTopuu. DTO MOKET ObITh |-meHTaHoM,
2-nentanon, 4-metui-1-nenranon u ap. B crpanax CHI' ncnons3yercs mMeTo BHel-
Hero craHgapta [11]. Takxke BO3MOXXHBI KOMOMHAIIMK 3THUX ABYX MetomoB [12]. Ha
OCHOBE YKa3aHHBIX METO/IOB pa3paboTaHbl pa3uuHble FOCYJApPCTBEHHBIC U MEKAyHa-
ponnble ctanaaptsl [6-8], [13—-16].

Kpome storo, mis noiay4eHust BeIMUMH KOHLIEHTPaLMi JIETYyYnX KOMIIOHEHTOB B
o0pa3ue HeoOXOOUMO HW3MEpUTh OOBEMHOE cofaep)KaHWe dTaHona (KpemocTh). OTa
npouenypa soinonHsetrcs coriaacHo I'OCT 3639 [17] ¢ ucnonb30BaHUEM CIUPTOMET-
PUUECKOrO apeoMeTpa MJIM MUKHOMETpa, KOTOPble M3MEPSIOT Ha camMoM [elie MJIOoT-
HocTh oOpasua. Jlanee no ankoronemerpudeckuM Tabiuuam [18] onpenensercs kpe-
nocth oopasua. OnHaKo MogYepKHeM, YTO AaHHBIA METOA M TaOIWLbl MpeAHAa3HAYEHbI
TOJBKO U151 OMHAPHBIX BOJHO-3TAHOJIBHBIX cMecei. bpeHau, BUCKH, KajabBagoC, KOHb-
SK He ABJISIOTCA OMHApHBIMH cMecsMH. Bonka — mourn GuHapHas cMmeck. OTcrona BbI-
TeKaeT npobiieMa: HeBO3MOKHO KOPPEKTHO U3MEPUTh 00BEMHOE COJepKaHHe ITaHOa
B oOpa3uax OpeHAM, BUCKH, KajbBaloca, KOHbSIKA W APYrol alkorojbHOH MpoayKUUU
¢ TpeOyemoii TouHocThIO He MeHee (,2% mpu BelrMunHe KOHUEHTPAIMid UCCIeTyeMbIX
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JIETYy4rMX KoMHoHeHToB Gonee 0,8%, MOCKONBKY JaHHbIE alIKOTOJIbHBIE MPOAYKTHI CO-
JIepKaT CYUIECTBEHHOE KOJIMYECTBO MPUMECEH, B TOM YHUClie UMEIONIMX ONHM3KYIO K
3TaHOJy TIOTHOCTB. T0O €CTh, B MpoLEAype ONpeAeeHUs KPEermoCTH CMECH BMECTO «HC-
TUHHOM» TONy4YaloT «BUAMMYIO» KperocTh oOpasua. [lomyepkHem Takke, YTO KOH-
TPOJIb KayecTBa W OE30MacHOCTH AJIKOTOJIbHOW MPOJYKIIMU HAXOAWTCS B 00JIACTH TO-
CYJapCTBEHHOT'O METPOJIOTMYECKOro Ha/l30pa, KOTOPbIi TpeOyeT obecrneyeHns HaJie-
JKallled JOCTOBEPHOCTU OMpeessieMbIX BeMYUH. YIUIaTa HaJOroB (akiU30B) HA JTH-
JIOBBIH CIIUPT TpeOyeT TOUYHOTO OMNpeAeNieHUs] KUCTUHHOWY, 8 He «BUAUMOM) KPErnoCTH
obpa3zua.

[Tpusenem npumep (cm. Puc.1). Ilpu onpenenenun o0beMHOTr0O collepxaHUs dTa-
HOJla B CHUpTOCOJAepXkalled cMecH BoJa+3ITaHOM+H30aMWION B COOTHOLIEHUH
60:30:10 crimpromerpuueckum apeometpom CHII-1 mo 'OCT 3639 nomy4aercs 3Ha-
yeHue «BUAUMOI» kpernocT 40% (v/v) BMecTo «ucTuHHOM» 30% Kkpernoctu (V/V).

|
=
Ss
c © BOoOAa
E<
o
o
=)
- N
| 3TaHOI
= b, NOTHOCTE 789300 Mrin 300 mn
o
g
1100 mn

Puc. 1. Onpenenenne 00bEMHOTO COIEPKAHMS ATAHONA B CTUPTOCOAEpKALIeH
cMecH BoJa+ 3TaHOI+U30aMmIoN B cooTHomeHnu 60:30:10

1. MeTtoa «ITaHOJ B Ka4ecTBEe BHYTPEHHEr 0 CTAHIAPTAY

VYka3aHHble MPoOIeMbl pellieHbl B HOBOM MeToJe «JTaHOJ B KaueCTBE BHYTPEH-
Hero cranaapta» [1-5], OCHOBaHHOM Ha WCTOJB30BAaHUM Ta30BOM Xpomarorpaguu 1
MCKITIOYAIOIeM HeOOXOIUMOCTh JOOABIEeHHs JOMOTHUTEILHOTO JIETY4ero KOMIOHEH-
ta BC B X01e mpoBeneHus ucnbitanuii. OnpoboBaHue MeToa NpOBeIeHO B aHAIUTH-
yeckux siaboparopusx benapycu, Poccun, Yipaunsl, Mcnanvu, [oabmm, JIuteel, Ap-
MEHMH, B TOM YHUCJIe HEMOCPEICTBEHHO Ha OCHOBE MOJIy4aeMbIX IKCIEPUMEHTAIbHBIX
JAHHBIX MPHU MPOBEACHWUM WCMBITAHUI aJIKOrOJbHOM MPOAYKLUMH B COOTBETCTBHHU C
pernamentom EC2870/2000, 1 moaTBep KIAeHO CBUIETENLCTBOM 00 aTTECTALIMK METO-
Ja U3MEpEeHUI KOJIMYECTBEHHOr0 KOMIOHEHTHOIO COCTaBa JIETYYHX KOMIIOHEHTOB B
ankorojibHOM Tpoaykimu Ne253.0169/01.00258/2013 denepanbHOro areHTCTBa MO TEX-
HUYECKOMY peryupoBaHuto U Metposoruu Poccuiickoi ®enepaunu (Pocctanaapr).

CyTh MeTona «JTaHON B KauecTBe BHYTPEHHEro cTanmaptay» [1] 3akmrodaercs B
MCIMOJIb30BaHUM 3TaHOJIa B KayeCTBE BHYTPEHHEro craHaapra. MeTtoa McKioyaeT He-
obxoaumocth nobasnenuss BC B uccnenmyemsblil cnimpTocoiepkamuid oOpasew, Mo-
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CKOJIbKY 9TaHOJ yke conepkutcsi B oOpasie. TeopeTnueckre OCHOBBI MeTO/a M pas-
HBIE CTOPOHBI €T0 IKCIIePUMEHTATLHOM MPOBepKH AaHbl B [1-4], B TOM umncie cpaBHe-
HHUE pe3yJIbTaTOB C pe3yJbTaTaMM «TPaIWLMOHHBIX)», YKA3aHHBIX BbILLE METOJIOB ra3o-
Boii xpomatorpaduu. B [S] npuBeneHsl apryMeHTbl HEOOXOAUMOCTH pa3paboTKu HO-
BOT'O CTaHJapTa KOHTPOJIS KauecTBa CIIUPTOCOIeprKallei MPOIYKIHH, YTO MOXKET OBITh
C/IeJIaHO Ha OCHOBE HOBOTO MeToJa «OTaHOJ B KAUeCTBE BHYTPEHHEI 0 CTaHIapTay.

Ha ocHoBaHuM maHHOro Merona pa3paboTaH M pa3MellleH B MHTepPHeTe IS CBO-
6oaHoro noctyna on-line kanpkynsrop AlcoDrinks KoppekTHOro pacdera KOJIUYECT-
BEHHOI'0 COJEpKaHMsl JIETYUMX KOMIIOHEHTOB M 3TaHOJIa B CIIMPTOCOAEp Kalleil mpo-
nykuuu. PaboTa kanbKynasTopa OCHOBaHA Ha AaHHBIX M3MEPEHHUI Ha Ta30BOM Xpoma-
Torpade ¢ mIaMeHHO-HOHU3AUMOHHBIM JIETEKTOPOM U BEJTMUMHE U3MEPEHHON MIOTHO-
CTH UCTIBITYEMOro o0pasiia ClIMPTOCOAEPIKaIlel MPOAYKLIHH.

[lonHoe omucaHMe TeOpeTHYECKUX OCHOB MPENJIOKEHHOTO METOJa MPUBEIEHO B
[1-4]. O6paTum 31ech BHUMaHUE TOJBKO Ha OAWMH MOMEHT, KacarolMics Ko3Quim-
entoB RRF (Relative Response Factor) — oTHOocHUTenbHBIX (AKTOPOB OTKIIUKA IS
KOMITIOHEHTOB CIIMPTOCOAEpIKallleM obpasLe.

MaccoBasi KOHIIEHTpallMs 3TaHoJIa B a0comoTHOM (Oe3BoHOM) cnivpTe (AA) Xo-

polo u3BecTHa U paBHa O, = 789300 wmr/n. Jlna konuyecTBEHHOro pacyera Jie-

TY4MX COCAMHEHWH B TECTHMPyeMOM o0paslie NpH Mcmoib3oBaHuu metona BC Oynem
paccmarpuBaTh cMech ¢ i = 1,2,...,N HEM3BECTHBIMH JIETYyYUMH KOMIOHEHTaMH. 3Ha-
YeHHe KOHLECHTPALMHU i-T0 KOMIIOHEHTa B TECTUPYEMOM 00pasiie MOXKeT ObITh ONUCAHO
clieiyrouuMu GopMyJiaMu:

C, = Cy RRF, 2o [wr/a (AA)], (1)
AIS

C]-Sf _;btv

AT Ay

RRF. = RF, / RF,, = s 2)
rne C ;s — koHuentpauus BC B aHanusupyemom obpasue, mr/in (AA); A, Uu A1s -
IJIOLLAAM MUKOB i-Toro komroHeHTa u BC, cooTrBeTcTBEHHO; RF; 1 RF;g — OTKIIMK Ji€-

. st st .
TEKTOpa -TOr0 KOMIIOHEHTa U BC, (j]-S )41 ;S — KOHLECHTpalHu 1-TOIr0 KOMIIOHEHTa U

BC B cranmapTHo#i cmecH, Mr/in(AA); A,” u A;; — IUIOLLAJY NMUKOB i-TOF0 KOMIIOHEH-

ta u BC B cranmaptHoit cMec; RRF, — oTHOocHTeNIbHBIE (PAKTOPBI OTKIMKA JUISl i~TOTO

KOMITOHEHTA.
ITockosbKy 3TaHON COAEP)KUTCS B 00pasle M ero KOHLEHTpalus B Oe3BOAHOM
CriupTe U3BecTHa, BbIpaxkeHus (1) v (2) MoryT OBITh MepenncaHsbl:

A
Ci = peth(mol : RRF; : [MF/H (AA)]’ (3)
ethanol
Asz‘ . C.Vt
RR_F — e{hanol i , ( 4)
1 Ast‘ p
i ethanol
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st ~
, 1 A, — IUIOLIAH IMKOB 9TAHOJIA B 06pasLie ¥ CTaHAaPTHOM CMECH.

rne A

ethano

®opmyinbl (3)(4) ABAAOTCS OCHOBHBIMU B METO/E€ «IJTAaHOJ B KaueCTBE BHYT-
peHHero cranaaptay. CiellyeT OTMETHTh, YTO abCONMOTHBIE (aKTOpbl OTKIMKA RF; u
RFs MeHstoTcst oT npubopa kK npubopy U B TeUeHUe AHS Ha OJHOM npubope. OnHAKO
OTHOCHUTENbHBbIE (DAKTOPBI OTKIMKAa RRF; ABISAIOTCS MOCTOSHHBIMU IS IPUOOPOB OJI-
HOWM MOJIETM W He 3aBUCAT OT BPEMEHHW aHaju3a. JTOT (aKT MOATBEPKAAETCS MHOTO-
YUCIICHHBIMH HcciienoBanusamu [ 19-21].

Jlis onmMcaHust pacyeToOB KOHIIEHTPAIIMOHHOTO COCTaBa CITUPTOCOAEpIKAILETro 00-
pasuia Oyzem roJiarath, UTO OH MPUTOTOBJIEH MyTEeM CMEIISHUs ABYX OT/ENIbHBIX CMe-
ceit. [lepBas cmech mpencrariseT co0OH YMCTYIO BOoy. BTopas cmech mpencTapisiet
co0oii «Oe3BOJTHYIO YacThy» MCCIEAYEeMOro o0pasiia, COCTOSIIYI0 U3 N JIETYYHX KOM-
MOHEHTOB, B TOM 4HcJie ¥ 3TaHoa. [lioTHOCTh 00pa3ia mocse cMelieHusl BOJIbI C ero
«0e3BOAHOMN YacThIO» MOXKET OBITh Mpe/ICTaBIeHa B BUE CIIeIYIOIIEro ypPaBHEHHS:

N
pr=Cypifl +1=Cy)- 3 piCy )
i=1
rae pr — IIOTHOCTh oOpasua, Mr/i; p;f? = py - F(Cy) — pdexTrBHag NIOTHOCTh
BOJIBI B CMECH, MT/JI; Py =998230 MI/J1 — IJIOTHOCTB YrcTol Bozsl npu 20 °C; F(C),)
— daktop, yuuTbBaOmUi 3(PPeKT «yBeNMUYEHHs TIUIOTHOCTH BOJABI» B BOJHO-
3TaHOJIBHOM PacTBOPE MPH CMEIIMBAHUU €€ ¢ 3TaHoNoM [3]; p; — MIOTHOCTb i-ro je-
Ty4ero KOMIOHEHTa, MI/J; C,*— 0o0beMHasi KOHLIECHTpALMs i-T'O JIETY4ero KOMIOHEHTa,
B TOM YHCJIe 3TaHOINa, B 6e3BOHOM uacT obpasua, M/ i1, C;;, — 00beMHasi KOHLISHTpaLys
BOJtbI B oOpastie, M/mi, C,, — 00beMHas KOHIEHTpaLMs 3TaHoIa B 00pasiie, Mil/MII.

AHanuTu4eckas 3aBUcUMOCTb BenmuuuHbl [(C),) Ha OCHOBE JaHHBIX aJKOrolne-
MeTpuueckux Tadbmuil [ 18] MoxeT ObITh NMpeacTaBIeHa ¢ IOCTATOYHOM TOYHOCTHIO ar-
npoxcumupymoweit gpynkuueit f(C,,) (cM. (6) u Puc.2). 3aBucumocts f(C,,) or
BEJIMYMHBI KOHIIEHTPALMU BOJbI B BOJHO-3TAHOIBHON CMECH SIBISETCS MOHOTOHHOM
byHKLHeH 6e3 3KCTPeMyMOB CIIeIYyIOLIero BUa:

f(x)= ax® +bx° +ext + e +ex? + fx+g, (6)

rae a=2,927,b=-10,64, c=15,99,d=-12,69, e = 5,651, f=-1,532, g = 1,300.
BenuunHbl 00beMHBIX KOHLEHTpALUUH i-ro JIETy4ero KOMIIOHEHTa, B TOM YHCIIe
9TaHoja, B 6e3BOAHOM yacTh oOpasiua, MJ1 Ha MJI, MpeAcTaBjIeHbl ypaBHeHueM [1]:

N
C; = G / ZC_I i (7
Pi i=1 Pi

rae C, — KOHLEHTpaLUs i-ro JeTy4ero KOMIOHeHTa B 6e3BOIHOM YacTu o0pasiia, B TOM

yucie 3TaHona, MI/I(AA) onpezensercs U3 XpoMarorpadUuecKuX JaHHBIX METOIOM
NPSIMOTO OTpeieNIeHNs] KOHLEHTPALMi JIETYyYMX KOMIIOHEHTOB C MCIIOJIb30BaHUEM 3Ta-
HOJIa B Ka4eCTBEe BHYTPEHHEro CTaHJapTa.
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Puc. 2. 3asucumocts Benumaunsl f(C),) (Teopus u sKCniepuMeHT)

[Moncraensst (7) B (5), nomy4aem BbIpaxkeHHe s 00 bEMHOM KOHIICHTPAIMH BOJIbI
B 00pasie, MJ1/MIL:

Cy = i=l Pi_i=l . (8

=l Pi =l
Torpa BenuunHa OOBbEMHOW KOHLEHTpALMH i-TO JIETyYero KOMIIOHEHTa, B TOM
JycIie 9TaHoa, B obpasue C,, Mi1/Mi1, MOXKeT ObITh PeJCTaB/IeHa ypaBHEHUEM:

C, =(1-Cy)-C; . )

Annpokcumupyromas ¢yukumst f(C,,) sBiaseTcs IUIABHOM U CHCTEMY ypaBHEHHIt
(8)+9) MoxHO permiaTh METOAOM MPOCTHIX UTepaluii. Torga BeIMYUHBI j-TOH WUTepa-
wan C W s C ; 13 BbIpakeHu (8) n (9) OymyT NpecTaBIeHbl B CIIEAYIOLIEM BUJIE:

NCooN L
_ pT'Zj_ZCi
ci) = = ]’vgl . j=L2M, (10)
PW'fU_D'Zfl—ZCi

i=l Pi =l
. o o
i =a-ch-cl 1= 1O =1
VuuteiBas raaakocTb GyHKUMH f (C,,), NaHHBINA UTEPALMOHHBIA aIrOPUTM CXO-

JIUTCSI 32 HECKOJIBKO UTEePaLHii.

2. On-line kaaskyasTop AlcoDrinks

Pa3paboTaHHbIii Ha OCHOBE MpPUBEJCHHOW BbIlIE TEOPHUHM on-line KajabKynsaTOp
AlcoDrinks pasmenieH B HWHTEpHeTe s CBOOOJHOrO JOCTyMa TIO ajpecam:
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http://inp.bsu.by/calculator/vcalcr.html  (pycckas  Bepcus) (cm.  Puc.3) wu
http://inp.bsu.by/calculator/vcalc.html (anrnuiickas Bepcus).

PaboTa kanbKynsTOpa OCHOBaHAa Ha JaHHBIX W3MEPEHHH Ha ra3oBOM XpOMAaTo-
rpage ¢ miaMeHHO-MOHHU3aUOHHBIM IETEKTOPOM U BEIMYMHE U3MEPEHHOM MIOTHOCTH
UCTIBITYEeMOTO 00pasiia crupTocojiepxaileid mpoaykuuu. B mepBom crosbue npea-
CTaBJieHbl Ha3BaHWs 22 KOMIIOHEHTOB, JIOCTYIMHBIX JJisi 00paboTku. BTopoit cronben
COIEPKUT CHpaBOYHYIO MHPOpMaUMio 00 MX TIOTHOCTH. [IMOTHOCTH KOMMOHEHTOB
MpUBE/ICHbl B COOTBETCTBUM C JaHHBIMM HaruoHaabHON OUONMOTEKM METUIIMHBI
CIHA TOXNET - Toxicology Data Network, U.S. National Library of Medicine
http://toxnet.nlm.nih.gov/.

HaszsaHue npobH :
Mpuwep - CRH LGCS100 Whisky-Congeners

K ommonent Hnormocre), . RRE TMnomage, K onmenrpanus,

™mr/n Cpegmmitt CO6CTBOHHLIN HPOH3BO/IBLH. €. mr/n (A4)
AlETanbLOerH 783400 1233y 1.337 31.216 75.844|
H306yTHPaNLaerH (793800 1.108 1.109 0 [1]
STHI(QOpMHAT 916800 1.321 1.321 0 0
AlETOH 784500 1.300 1,300 0 0|
METHIALIETAT 934200 1.387 1.387 3.481 8.774|
STHIaueTar 900300 1.117 1117 121.388 246.401
METAHOJI 786600 1.223 1.223 23,757 52.800
2-6yTaHoH 805000 0.900 0.900 0 0|
2-TponaHon 785000 0.969 0.969 0.917 1.615
3TAHOJT 789300 1.000 1.000 434338 789300 (39.90 06. %)
NHaLlETHIT 920000 2.019 2,019 ] 0
2-6yTanon 806300 0.853 0.853 0 0|
1-ponaHon 805300 0.679 0.679 471.362 581.619
M30byTaHOT 801800 0.581 0.581 585.582 618.270|
HM30aMHIAlleTaT 876000 0.707 0.707 ] 0
1-ByTaHon 809800 0.648 0.648 4,443 5.232|
H30aMHIION 813000 0.632 0.632 775.877 891.095
reKCaHoI 815300 0.600 0.600 0 [1]
STHIIAKTAT 1032800 1.908 1.908 0 0|
LIHKNOrekcaHon 962400 0.556 0.556 0 0
GeH3MI0BH A CrIMpT|L 041900 0.909 0.909 0 0
(beHHUNsTaHOT 1013000 0.730 0.730 0 0
lImpoGa 948060

Me4aTh pesyneTaTos.

*[1romHocmMu KoMnoHeHmos npueedelbl 8 coomeememeuu ¢ TOXNET - Toxicology Data Network, U.S. National Library of
Medicine http:/itoxnet.nlm.nih.gov/.

*CpedHue koappuuuenmsl RRF 8bluuUcAeHbl HA OCHOBAHUU Pe3Y.1bMAMos, NO.AYYEHHbIX HA 2d308bIX XpoMamozpagax
Kpucma.an (OAO "Xpomamax", Poccus).

Puc. 3. Dxpannas popma on-line xanskynsatopa AlcoDrinks (pycckas Bepcusi)

TpeTuii, BKIIOUEHHBIH MO YMOMYaHHUIO, U YETBEPTHIK CTOJOLBI colepxar 3Have-
HUs RRF; — OTHOCUTENIBHBIX KO3()(DUIIMEHTOB YyBCTBUTEIBHOCTH JETEKTOpa XpOMaTo-
rpada ams i-ro onpenensieMoro KOMIOHEHTa oOpaslia OTHOCHUTebHO 3TaHona. Cpen-
HUe kK03(pPULMEeHTHI, MpeaiaraeMble aBTopaMu JUIsl SKCTIpecc-aHanu3a, NalTes B Tpe-
TheM cToJi0Le. OHU BBIYHMCIIEHBI HA OCHOBaHUM Pe3YJIbTAaTOB, MOTYUYEHHBIX HA ra30BbIX
xpomatorpadax Kpucramn (OAO «Xpomatsk», Poccus). Kospduumentsr s KoH-
KpPEeTHOro Xpomarorpada MoryT ObITb BBIYMCIIEHBI COTIACHO METOLY «JTaHOM B Kaue-
CTBE BHYTPEHHEro craHaapta» [1] u BBeAeHBbI JOMOJIHUTENBHO AJIs MOBBILIEHUS TOY-
HOCTH BBIYHCJICHHUM.

B nsTom cronbue B COOTBETCTBYIOLIME STYEHKHU 3aHOCSATCS W3MEPEHHbIE BEJIHUM-
HBI [UIOIIAAeH MO/ MUKaMU aHAJTM3UPYEMBIX JIETYYHX KOMITOHEHTOB, BKJIIOYas 3TaHOI,
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Y B HWXKHIOIO siUeiKy TaOiMLbl «pobay — BeJIMYMHA MIIOTHOCTH UCIIBITYEMOro oopas-
1a B MI/J1, ©3BMEpeHHas ¢ MOMOLIBIO apeoMeTpa.

BBIXOAHBIMM JaHHBIMK pacyeToB on-line KaJbKyJsTOpa SBISIOTCS 3HAUYEHMS
KOHLEHTPALM aHATM3UPYEMBbIX JIETYYMX KOMIIOHEHTOB B Mr/1 (AA) 1 oObeMHast KOH-
LEHTpALUs 3TaHoJa, BhIpaKEHHAs B OOBbEMHBIX MPOLEHTaX (KpenocTb oOpasua), Mmo-
MelaeMble B TOCHEHUI cronbel Kanbkynaropa. Kanbkysstop paboraer B on-line
pexuMe, MPaKTUYeCKH MTHOBEHHO MepecunThiBasi BBOAUMBIE 3HaueHHs. [Tomb3oBarens
MMeeT BO3MOXKHOCTb, Ha)kaB KHOMKY «lleyaTh pe3ynbTaToB), BHIBECTH MX Ha MevaTh B
ynoOHo# Gopme.

3. DkcnepuMeHTAIbHbIE HCCJICAOBAHUS

Jns BcecTOPOHHEro paccMOTpPeHHs BO3MOXKHOCTEH MpeyIoKeHHOro MeToda B
nadopaTopuu aHATIMTHYECKUX UcchenoBaHnii MHcTutyTa saepHbix npodnem BI'Y 6bI-
JIM TIPOBENIeHBI HKCIIEPUMEHTAIIbHBIE WCCIIeOBaHMUs, Pe3ybTaThl KOTOPBIX AAIOTCS B
HACTOAIIeW cTaTbe. DKCMEpUMEHTHI MPOBOAMINCH Ha ra3oBoM xpomatorpade Kpwu-
ctain 5000M, ocHaleHHOM IIaMeHHO-WOHU3aUMOHHBIM etektopoM (ITN]T). Ykaxkem
OCHOBHbIE TMapaMeTpbl paboOThl XpomaTorpada: KamwuigpHas KojoHka Rt-
Wax, 60 M x 0,53 mm, TonmmuHa tuieHkd ¢a3el — 1 MM (Restek, CIIIA); HauanbHas
nu3zotepma — Ha 75°C (9 muH.), nporpammupoBanure 1o 155 °C co ckopocthto 7°C/MuH
¢ KoHeuHOH m3oTepmoii 155°C mnutenbHoCThIO 2,6 MUH. ['a3-HOocHUTENh — a30T, MOTOK
raza — 2,44 mn/mun. Temneparypa umkektopa — 160 °C, temnieparypa nerekropa — 200
°C. O6beM BBOIUMOM MpoObI — 0.5 Mk, koadduiment copoca — 1:20.

Bce wHmuBMayanbHbIE CTaHOAPTHBIE COEAMHEHHWS OBUIM KyIJIEHBl B KOMIAHWUU
Sigma-Fluka-Aldrich (I'epmanus). Mcnionb3oBancs 4UCThINM 3TAHON W3 THILNEBOTO Chl-
pes «Kpeimrane cynep-mokey» npousBoacta OAO «Mwunck-Kpucramny. Cranmapt-
Hble paboyrie pacTBOPHI OBLTM MOMY4YeHBI TPABUMETPUYECKAM METOJOM B COOTBETCT-
Buu co ctannaprom ASTM D 4307 [22] myTem noOaBiieHHs OTIENIBHBIX JIETYYUX Op-
raHMYECKUX KOMIIOHEHTOB B OMHApHYIO cMech 3TaHoJia U Boabl (96:4). KoHlieHTpauu
JIETY4HX COCTMHEHUI B TOTOBBIX CTAHAAPTHBIX pabounX pacTBOpax ObUIM PacCUUTAHBI
B COOTBETCTBUM C «METOAMKOI M3MepeHHii MacCOBOW KOHLEHTPALMWH JIETYUHX KOM-
MOHEHTOB B BOJKE W CMHpPTE 3TUJIOBOM METOJOM ra3oBoii Xxpomarorpadum», CBuae-
TenbeTBO 00 arrectanuu Ne253.0169/01.00258/2013 denepanbHOro areHTCTBa IO
TEXHUYECKOMY PEryJMpoBaHUIO U MeTposioruu Poccuiickoit @enepaunu. JanHas me-
TOAMKA OCHOBaHA Ha pacCMaTPUBAEMOM B IaHHOW CTaThe MeTole «DTaHOJ B KaUecTBe
BHYTPEHHETO CTaHAapTay.

PaccMoTpuM pe3ynbTaThl SKCIEPUMEHTOB IO MCCIIEIOBAaHUIO HA/IEKHOCTH U yC-
TOWYMBOCTH MpeJiaraeMoro MeToja Ha MpruMepe BOIHO-3TaHONBHBIX cMecel, paz0as-
neHHbIX Bojoi. McxonHas OunHapHast cMmech sTaHon-Boaa (96:4) (cmeck A) ¢ Havalb-
HOW KOHIIEHTpalel JIeTyunx KoMmnoHeHT okomio 4000 mr/n (AA) pazbasnsnack Boo
B cootHomeHnu 1:1 (cmecwk B), 1:9 (cmech C), 1:99 (cmech D), 1:1999 (cmech E) m
1:9999 (cmech F). DxcnepuMeHTanbHbIe pe3ynbTaThl MpeacTaBieHsl B Tabmuue 1 as
10 OCHOBHBIX KOMITOHEHTOB: arleTalbJeruJl, MeTUJIaleraT, dTUialeTaT, MeTaHol, 2-
MPOMAHOJ, 3TaHOM, |-MponaHoyi, W300yTWIIOBBIA CHHPT, 1-OyTaHON, HW30aMUIIOBBIH
cnupT. Ha Puc. 4 mpuBeneHsl rpaduyeckue naHHbIe IS aleTalbAerdia, MeTaHona,
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sTaHosa U 1-nponaHona. Kpyxkamu nmomeueHbl KOHLEHTPALUK aHAJTIM3UPYEMOTrO KOM-
MOHEHTA, BhIpaKEeHHBIE B MI/11 (AA), TpeyroJibHUKH — OTKIIMK aetektopa (%10, nKi),
KBaJIpaTHMKH — KOHLIEHTpauuu (B Mr Ha | i1 pactBopa). Och X — KOJIMYECTBO paccMar-
pyBaeMoOro KOMMoOHeHTa B NT. i ocTalbHBIX pacCMOTPEHHBIX KOMITOHEHTOB TOJTyYe-
Hbl aHAJIOTHYHbIE 3aBUCUMOCTH. ClieqyeT NOAUYEPKHYTh, YTO AaXKe Mocie pazdapaeHus
Booi B 1000 pa3 paznuyire Mexmy W3MEpPEeHHBIMH TIO TMpeajiaraéMoMy MeTOAYy KOH-
LEHTPALMAMH U 3HAYSHUSMH, 1aBaeMbIMH TPaBUMETPHUUECKUM METOJIOM, HE TIPEBBICH-
na 7,8% Hu 1Mo 0OgHOMY M3 paccMaTpUBaeMbIX KOMIIOHEHTOB. B cmecu F ¢ pazbapnenn-
eM 1:9999 Ha xpomartorpamme ObITH 0OOHAPYKEHBI TOJILKO MUKKH METaHOJA U 3TaHOJIA.
Ho naxxe B 3TOM cilyuyae OTHOCHTENIBHOE PACXOXKICHUE ISl U3BMEPEHHBIX KOHLIEHTpa-
UMA MeTaHoJa He TpeBbIao 6,6%.
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100 100

10 10
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1 1

10 100 1000 10000 100000 1000000 10 100 1000 10000 100000 1000000
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a §)

10000000 100000
1000000 10000
100000 1000
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1000 10
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1-propanol

100
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B r

Puc.4. Pe3ynbTathl HCClIeIOBaHUS CTaHAAPTHBIX pacTBOpoB A-F. a) auetanbaerua, 6) MmeTaHod,
B) — 3TaHOJ, T') |-TIpOTIaHOJI, ® — KOHIIEHTpaIus, MT/1 (AA), m — KOHIIEHTPAIIXs, MT/JI PacTBOpa,
A — otk netekropa x 10, mKir, ropu3oHTaNBHAS OCh — KOJIMIECTBO, TIT

Jlns 1eMOoHCTpalMi TOYHOCTH MeToza «JTaHOoN B KadeCcTBEe BHYTPEHHEro CTaH-
JapTay pacCMOTPUM Pe3yJIbTaThl SKCIIEPUMEHTAILHOTO aHaJIM3a CePTUHHULIMPOBAHHOTO
stanonHoro marepuana CRM LGC 5100 Whisky-Congeners. M3mepenHsie xpomaro-
rpammsbl npuBegeHbl B Tabnuue 2 u Ha Puc. 5 B norapudmuueckoii mkase U JMHEHHON
uikase (B MpaBoM BepXHeM Yriy). 3mech 0003HaueHbl MUK CIEAYIOUIMX JETyUYrX Op-
TaHMYECKUX KOMITOHeHTOB: MeTaHod (1), atanon (2), 1-nponano:n (3), uzo0ytanon (4),
1-0ytanon (5), uzoamuion (6). OnpeseneHHbie MO MpeiaraeMoMy METOIY 3HaYSHHUS
KOHLICHTPALMi aHAJTM3UPYEMBIX COeIMHEeHHWIl mpejacTaBieHsl B Tabnuie 2 BMecTe ¢
JaHHbIMU cepTuduKaTa. BuaHO, 4TO morpemHocTh [Uisi MeTaHoja, |-mpornaHona |
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n3o0yTaHona cocrapwia Menbine 10%, mis wzoamunona — 10,8%. s 1-OyraHona
MOrPelIHOCTh OKaszanach 15,4% mpu HeompeneNeHHOCTH o cepThudukary — 22,9%.
Orcrona cremyer, 4TO TNMpeAjaraeMblii METOJ 1aeT BIIOJHE YIOBJIETBOPHUTENbHBIE pe-
3yJIbTaThl HA YpPOBHE TeX |6 MexIyHapOIOHbBIX J1abopaTopHid, KOTOpbIE MPHUHUMAIH
yuacTue B UCCIIEAOBAaHUAX AaHHOrO dTajgoHHoro matepraia CRM LGC 5100 Whisky-
Congeners.

Tabnuya 1. KoHIIEHTpaLyy JIeTy4YuX KOMIIOHEHT ¥ STaHOJIA TIPH pa3BeAeHUH BOIOM

KOHIIEHTPaLUK 10 TPAaBUMETPUIECKOMY METOIY MI/T (AA)
M3MEpEHHBIE KOHLIEHTPAMK MT /1T (AA)
OTH. TIOTPEITHOCTH, %

O0pazen 5 8 g 5 N = '
(nporopumn & %’ 5 5 g g g = E g % g
pasGaBneHus § 5 32 g % &g § é =z E £ § g

. = o <] Q@

BOAOU = =] x &
won - F5 8§ £ T 2% =3
A 42754397 4173, oo 391 789300 4012 3975 4071 4071
N 4536 4436 4253 000N 42 NA 4076 4049 4174 4S8
(No) 66 09 19 430 NA L6 1.9 25 9.5
B 4275 4397 4173 41995 3991 789300 4012 3975 4071 4071

(1:1) 4451 4127 4018 40462 4000  N/A 3973 4007 4096 4412

41 =61 37 37 02 NA  -10 08 0.6 84
c 4275 4397 4173 41995 3991 789300 4012 3975 4071 4071
o 4340 3961 3780 39043 3875  N/A 3868 3904 4012 4318

(1:9) 15 99 94 70 29 NA 36 -8 -4 6.1
b 4275 4397 4173 41995 3991 789300 4012 3975 4071 4071
119 4406 4002 3762 38645 3866  N/A 3862 3903 4107 4479

(1:99) 31 90 98 80  -31 NA 37 -8 0.9 10,0
B 4275 4397 4173 41995 3991 789300 4012 3975 4071 4071

Logg) 4280 4202 4107 38764 388 NA 3820 440 404 3937

(1999 o1 24 16 17 43 NA 48 41 12 33
. 41995 789300

Losgg, NA NA  NA 3200 NA  NA  NA  NA  NA N/A

(1:9999) 6.6 N/A

4. MeTOLI «OCHOBHOH KOMIIOHEHT B KaUecTBe BHYTPCHHETO0 CTAHAAPTA»

IIpensioskeHHbIM MeTOA yuyeTa OCHOBHOIO KOMITIOHEHTa CMECH MOJKET ObITh MpH-
MEHEeH W B JAPYrux o0jacTsAX KOHTPOJIS KauecTBa MUILEBBIX MPOAYKTOB, HAmpUMeED,
taba4yHoil mpoaykuuu. B npyrux (He BOOHO-3TaHOJIBHBIX) CMECAX 3TO OyIaeT MeTon
«OCHOBHOII KOMIIOHEHT B KayecTBE BHYTPEHHEro craHgapra». B ciyuae BoaHo-
STaHOIILHBIX CMECEH, TTOCKOJIbKY MbI MoJib3yeMcs popmynami (3)—(4), meton «dTaHon
B KauecTBE BHYTPEHHEro CTaHaapTa» MO3BOJIAET MOIy4YaTh Cpa3y pe3yjbTaThl, BbIpa-
keHHble B M/ (AA). Jlna merona «OCHOBHOW KOMIIOHEHT B Ka4eCTBE BHYTPEHHETO
CTaH/IapTa» HY>KHO MOJIb30BaThCs TOJMbKO Gopmynamu (1)—(2).
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Tabauya 2. Ananuz cepruduumpoBaHHoro odpasua
CRM LGC 5100 Whisky-Congeners

Cepr Heorpe-
pT- JeneH- Heomnpene- Ilnowans C, OrTH.
BEJIMUMHA,
Komnonenr ? HOCTb, JIEHHOCTb,  ITMKa, OTH. r/100 n rnorpert- RRF
/100 n o o
(AA) /100 n % eIl (AA) HOCTB, %
(AA)

MeTaHOoJI 52 0,32 6,2 0,3878 5,299 1,9 1,2982
JTAHO 7498 1,0000
1-nponanon 57 2,4 42 8,165 60,53 5,8 0,7043
n300yTaHOo 58,8 3,1 5,3 10,13 63,97 8.1 0,5998
1-GyTaHon 0,48 0,11 229 0,08277 0,5673 15,4 0,6511
HM30aMUIIOJ 79,58 2,8 3,5 13,55 89,20 10,8 0,6254

Haie npennokeHue ncnonb30BaTh OCHOBHON KOMIIOHEHT CMECH BMeCTO J00aB-
JIEHUS] BPYYHYIO KOMITOHEHTa BHYTPEHHEr0 CTaHAapTa SBISETCS MPOrPECCUBHBIM, TMO-
CKOJIbKY B MPHUHATOMN MO BCEMY MUPY MPaKTHKe aHATUTHUECKUX J1a0opaTopHuii BeIryu-
Ha YYWUTBIBAEMbIX MHUKOB JOJKHA ObITh ONM3Ka MO MOpPAIKaM, a Ha XpoMaTorpaMmmax
yale BCero MUK OCHOBHOTO KOMITOHEHTa CMeCH Ha 3—5 TOpPSAKOB MPEBBIMIAET MHKH
Ipyrux KOMNoHeHToB. O/IHaKO, KaK HEOAHOKPATHO MOJYEePKHBAIOCh B HAIMX paboTax
[1-5], nuneitHblii quana3on coBpemennbix [1M/], kak npaBuno, Oosklie, yeM 10. To-
9TOMY pervcTpalys CUrHajla OT KOMIIOHEHTOB TIpUMeceil ¥ OT OCHOBHOTO KOMITOHEHTa
MPOUCXOANT Oe3 KaKMX-TUO0 MCKaKeHHH, YTO J1aeT BO3MOXKHOCTH a/IeKBaTHO YUYHUTHI-
BaTh BKJIa[bl BCEX KOMIIOHEHTOB cMecd. Hibke Mbl JeMOHCTpUpYEM B MPOBEAECHHBIX
9KCMIEpPUMEHTaX MO aHanu3y TabauyHOW MPOAYKUMH, YTO HMCMOJB30BaHWE OCHOBHOTO
KOMIIOHEHTa cMecCH (He TOJBKO dTaHoja) 3P PEeKTUBHO W TIO3BOJISET CYIIECTBEHHO YII-
POCTUTH aHAJTUTHYECKHE MPOLIETYPHI.
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Puc. 5. dparmMeHT XpoOMaTOTpaMMBI B JIOTaprU(PMUAIECKOM U JIMHEITHOM MacITadax.

1 — metaHoII, 2 — 3TaHON, 3 — 1-MpomaHod, 4 — m300yTaHoM, 5 — 1-0yTaHON, 6 — M30aMHJION
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B cootBerctBum ¢ UCO 10315:2013 «Curapetsi. OnpeniesieHne HIKOTHHA B KOH-
JeHcate abiMa. MetoJ ra3oBoii xpomarorpaduu» [23] npokyprBaHHe MATH YCIOBHBIX
CUrapeT OCyLIEeCTBIISETCs ¢ UCTIOb30BaHUEM JTMHEHHON KypHUTenbHOW MatuuHbl. lasee
coOpaHHBIII KOHAEHCAT OCHOBHOM CTpyW JbIMa pacTBOPSIOT B pacTBoputene (2-
npornaHoi — u3onponuiossiii criupt — UIC), cogepxkammem BHyTpeHHU# ctanaapT. B
KayecTBe BHYTPEHHEro CTaHAapTa ucnosib3yercs renraiekad. CoaepskaHue HUKOTHHA
B aJIMKBOTHOM Mpobe pacTBopa OMpelesisioT METOAOM ra30Boi Xpomarorpaduu 1 Bbl-
YUCIISIFOT COACP>KaHNe HUKOTHHA B KOHICHCATe AbIMa.

Msbl npeniaraeM HCIOb30BaTh OCHOBHOWM KOMIIOHEHT [AaHHOTO pacTBopa 2-
MpPOMaHoJ B KauecTBe BHyTpeHHero ctaHgapTa. COOTBETCTBYIOLIME IKCIEPUMEHTaNb-
HbIe pe3ysibTaThl npuBeaeHsl B Tabmuue 3 u Ha Puc.6. B skcniepiMeHTax BECOBBIM Me-
TOZOM OBLTH TIOATOTOBJICHBI AEBATH CTAHAAPTHBIX PabOYMX PacTBOPOB HUKOTHHA B 2-
nponaxone. B coorserctBum ¢ ISO 10315, rentanekan O6bu1 10OaBIeH Kak BHYTPEH-
HUil cranaapt. [lomyyeHHble KOHLEHTPALUMU 3THX CTaHAAPTHBIX PacTBOPOB JAaHbl BO
BTOpOH KoJIoHKe Tabmnuiibl 3. DKCepUMeHTATbHO W3MEepEeHHbIEe TaHHbBIE ObIIIM paccuu-
TaHbl JByMs criocobamu: 2-nponanoi kak BC u renranekan kak BC. BugHo xopoiee
coryiacie MeKay pe3yJbTaTaMM, MOoJyuYeHHBIMUA IO OO0OMM METOAaM.

Tabnuya 3. DKcTiepUMEHTaIbHBIE TaHHBIE CTAHAAPTHBIX PaCTBOPOB
HUKOTHHA B 2-TIpOTIaHoIIe

CraHnapr-
HBbI pado-
YU pacTBOp

OCHOBHOI KOMITOHEHT

(2-npomnanomn) kak BC T'enranexan kax BC

Cy Cexpez- [loBropse-  OTH. cMele- Coxpiheptadeca IToBTopsie- OTH.
No MI/MIT p“’p*/‘“"l)’ MOCTB, % Hue, % “7’ MocCTb, % cMmernenue, %
o MI/MII MI/MII
1 0,141 0,138 4.1 -2.,0 0,134 1.1 -4.8
2 0,223 0,223 0.3 -4,5 0,230 0.4 -1,7
3 0314 0308 3,1 2,0 0,308 1,5 -1,9
4 0407 0,400 4,1 -1,7 0,404 0,5 -0,8
5 0,509 0,505 0,5 -0,7 0,505 0,3 -0,8
6 0,623 0,629 1.4 1,0 0,617 1,1 -1,0
7 0,701 0,703 0,5 0,2 0,707 1.5 0.8
8 0,884 0,891 0,0 0,7 0.888 0,3 0,5
9 0,999 1,003 0,6 0.4 1,002 0,5 0,3
3akiIroueHue

[IpoBeneHHast AOMOJHUTENbHAS K OCYILECTBJIEHHBIM paHee HUCCIEAOBAHUSIM Be-
puduKalrs HOBOro MeToJia «DTaHOJ B KA4eCTBE BHYTPEHHErO CTaHAApTay JJIs Ompe-
JIeJIeHNs] KOJTMYEeCTBEHHOTO COCTaBa MpUMecel B aJIKOrOJIbHON MPOIYKIMH MPOIEMOH-
cTpupoBaja 3PPEeKTUBHOCTh U MPOCTOTY METOJIa M0 CPABHEHHIO C «TPATUIIMOHHBIMY
METOJIOM BHYTPEHHETO CTaHJapTa, a Takke BO3MOXKHOCTH HCIIOJIb30BaHUS METoa
«OCHOBHOI KOMITOHEHT B KaueCTBe BHYTPEHHEro CTaHAapTa» AJs pazuvHbIX MprMe-
HEHUIi, HanpuMep, AJIs aHaTu3a TabauyHON MPOTyKIUH.

385



s | [0~ #-|ne fe <]i» | |
[o] ms [muss] = o =3 ] BE

o 0 oowem o =sme  zems o
0 0 ossis o qoeeces  1ee tss00
o o oowea o omues 1237 02

o mo/al A% Citoia Alim,. %
750 00 Ok 10
0341 11 On 15
0a076 31 ok 15

CIC i (( AVA 1)) = (0,65125540 « (AA y) ) £ 1,0627E-005

54 00012720 =
2 oozt o] R=0999085331 )
ooorizst -

00007
1239 000075383 @ A
00008t i
ooo0sest aou0s.] e

et 00austas7 o

3 000051847 o

o004 -

o004 B
oooczseea)
oguczseez)
sss7 0s0017sez aous ]

T T T T T
o 00000, 00005, o010 oobts, ootz A

égmnnnnnnnnnnnnnunng

[Visbie | Cobur |_Stye [ane ]
o

Time Cnsena = Fragm X Fragm 6%
455 04172 6,04 2 4,965 |4332,7921 | Lorery: Comporents of 1 ayer o icotns_2013_04_12_Fropuws:

2[a[s]=[[B[B[N[B[R[2[B[R[3]

aoh)

E00R00800

1

| I
2K

FD25 4
E T T T T T T T T T T
R is 20 25 B a5 B a5 0 s gy

o2
i

Twe o | Molaty -
o ooo0 0000

Puc. 6. ObpaboTKa HKCTIEPUMEHTAIBHBIX JaHHBIX CTAHAAPTHBIX PACTBOPOB HUKOTHHA B
2-nponaHone

[IpensioskeHHbI METOA MOXKET ObITh JIETKO BHEIPEH B MOBCEIHEBHYIO MPAKTHKY
UCTIBITATeNIbHBIX JTAOOPaTOpHil W BKITFOUSH B MEXKIYHApOIHBIE CTaHAAPTHI 1O KOHTPO-
JII0 KayecTBa U 0€30MaCHOCTU aJKOTOJIbHOM MPOIYKLMUH, MOCKOJIbKY €XKEeIHEBHOE MO-
TpeOsieHUe alKoroJIbHBIX HAMTMTKOB (KOHBsIKA, OpeHIH, BUCKHU, BOAKH, TUKEPOB, BUHA U
T. 1.) GopMHUpyeT HEOOXOUMOCTh Bce Ooliee ObICTPOro ¥ TOYHOTO ONpeAeIeHUs KOM-
MOHEHTHOIO COCTaBa TAaKMX MPOMYKTOB B HCHBITATENbHBIX J1a0OpaTOpHUsX MO BCEMY
mupy. On-line kanbkynsarop AlcoDrinks MokeT OBbITH TIOJI€3€H COTPYAHUKAM aHAIUTH-
YyeckHx J1abopaTopuii, MPOBOASLIMX KOHTPOJb KauecTBa CIUPTOCOAEp Kalleil MpoayK-
WM, JUTS SKCTIpecc-aHalIn3a TaKoM MpOIyKIHH.

Pa6ota Beimonnsiercs B pamkax ['TIHU «Konseprenuus-2020», nognporpamma 3
«O0bearHeHne».
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DIRECT DETERMINATION OF VOLATILE COMPOUNDS
IN ALCOHOL PRODUCTS BY THE NEW METHOD
"ETHANOL AS INTERNAL STANDARD"

S. V. Charapitsa, S. N. Sytova, A. A. Makhomet

This article focuses on further comprehensive examination of the new method "Ethanol as
Internal Standard" of determination of volatile compounds in alcohol products by gas chroma-
tography. This method fundamentally differs from all widely used in everyday practice methods
for the determination of volatile compounds in alcohol-containing products. The essence of the
method is in the use of ethanol as an internal standard to improve the measurement accuracy.
The method eliminates the necessity of manual adding a substance of internal standard in the
analyzed alcohol-containing sample, because ethanol is already contained in the sample. The
paper presents the results of experimental verification of the method for ethanol-water solutions
and certified materials CRM LGC5100 Whisky-Congeners. It is shown that the method "Main
component as Internal Standard" may be used in other areas of food quality control, e.g., in
analysis the quality of tobacco products. Description of algorithms and principles of work of
on-line calculator AlcoDrinks on correct determination of volatile compounds, including etha-
nol, in alcohol products is given. Calculator can be found in Internet at address
http://inp.bsu.by/calculator/vcalc.html.
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®PEMMBOPK eLab JUISI IINPOKOI'O KPYI'A MPUJIOKEHUM
C. H. CoiTOBAa, C. B. Yepenuua, A. JI. Mazanuk, A. H. KoBajienko

BBenenune

B cBsi3u ¢ HameTuBIIecsS MUPOBOM TEHICHLUEH Tepexoia Ha CBOOOJHOE TMpo-
rpammHoe obecriedenne (CIIO) n orpaHuueHHeM Ha HCIONB30BaHUE MPOIAYKTOB Mi-
crosoft 1 ApyruxX MEeXTyHAPOIHBIX KOMITAHUHA BO3HHUKAECT HEOOXOIUMOCTh Pa3paboOTKH
MPOrPaMMHBIX CHUCTEM, PabOTAIONIMX HE TOJBKO IO YIPABICHUEM OICPAIMOHHON
cucreMoit Windows, HO W, HampuMmep, MOJ pa3NTU4HbEIMH Bepcusmu Linux. B 2010 r.
onu10 puHATO Pacnopspkenune [paButensctBa Poccmiickoit denmeparim Ne2299-p 06
YTBEPKACHUH TIaHa repexona (eaepanbHBIX OpraHOB MCIOTHUTEILHON BIACTH U (e-
JepalbHBIX OIOKETHBIX yUpexaeHHi Ha ucnoib3oBanue CIIO. B 2014-2020 rr. 3a-
IUIAHAPOBAH TIEPEBOJ] TEXHOJIOTHIECKAX CEPBHUCOB POCCHICKOTO AJIEKTPOHHOTO TIPaBH-
TENLCTBA, pa3pabOTaHHBIX Ha JHIEH3MOHHOM KoMMmepueckoMm I[1O (Oracle, IBM u
Microsoft) U HCTIONB3YIOMUX TEXHOJIOTHYECKH HE HEHTpaabHOE ammapaTHOe U CHC-
temHoe obecnieuenue (OC Solaris, [TO Oracle, VMware, Symantec u Microsoft, apxu-
tektypa SPARC u n1p.), Ha cBo60oaHOE 10 M MoBepeHHOE (JIMIIEHHOE HE3aIeKIapupo-
BaHHBIX BO3MOXKHOCTEH) ammapaTHOe M CUCTeMHoe oOecrieueHue. B cBsizu ¢ BXoxe-
HueM Poccun, benapycu, Kazaxcrana, Apmenuu u Keipreizcrana B Tamoxennsiid Co-
103 EBpaswmiickoro skonommaeckoro corsa (EADC) u npomeccamMu yHHPHUKAITAN 3aKO-
HOJIaTENECTBA BO BCEX 00JacTsIX ku3HemesTenbHOCcTH mepexon Ha CIIO cranoButcs
AKTyaJIbHBIM JIJISl 3TUX CTPaH.

Crobomnoe 10 — sTo mmpoxuit ciektp U T-mpoaykToB, 3amuImEHHBIX CBOOOI-
HBIMH JIUICH3MSIMH, IPEIyCMaTPUBAIOIINX HEOTpaHWYEHHBIE YCTAHOBKY, 3aITyCK, a
TaK)Ke WX CBOOOJHOE HCIIONB30BaHNUE, N3yUeHHe, paclpocTpaHeHne u n3mMeHenue. Vc-
rob3oBanue Takoro I10 obnerdaer mporecchl oOecniedeHus M BepUPUKAUu 0e30-
MACHOCTH pa3pabaThIBa€MBIX MPOTPAMMHBIX IPOTYKTOB, TIO3BOJISSA MPOBOAMUTH TOJTHO-
LIEHHBIE TPOTIeyphl cepTu(ukann, MocKoIbKy ucxoanbie koasl CIIO, a Takxke Tex-
HUYeCKas JOKYMEHTaIlMs, OTMCHIBAIOIIAS apXUTEKTYypPy MPOAYKTa, TPOTOKOJBI M CTaH-
JApTHI B3aMMOAEUCTBHUS OTKPBITHL.

B coBpeMeHHOM MUpE 3IEKTPOHHBIA TOKYyMEHTOOOOPOT — 3TO BayKHBIH CEPBUC TI0
paboTe ¢ MOKyMEHTaMH, NPEICTaBIEHHBIMH B JJIEKTPOHHOM BHJE, DPEaTH3yIOIINi
MIPUHIUIEL «0e30yMaKHOTO JIENOTPON3BOJICTBAY. B HacTosIee BpeMsi B MHpE, B TOM
gucie B ctpanax EADC, mpucyTCTBYeT menblid psaa rotoBeix pemennit JIMC (mabopa-
TopHas wmHpopmarmonHas cucremMa wim LIMS — cokp. ot Laboratory Information
Management System) n COJ1 (cucreMa >JIEKTPOHHOTO JOKYMEHTOOOOpPOTa), KOTOPHIC
MOTYT OBITH HACTPOEHBI TOJ HETH W 33Ja4yd 3aKazdhka. PEIHOK TakWX MPOAYKTOB B
MIOCTIETHNAE TOMBI SBISIETCS OJHUM M3 CaMbIX JMHAMHUYHO Pa3BHBAIOIINXCS CETMEHTOB
UT-uanycrpun. Cremyer OTMETHTh, YTO MPOTPAMMHBIX HPOAYKTOB, COUYETAFOIINX
ceoiictBa JIMC u COJI, pazpaboraHHbIX Ha OoCHOBe cBoOomHoro I1O m moBepeHHOTO
CHUCTEMHOTO o0ecTieueHus, IpakTHIecku Het. @periMmBopk eLab, seusromuiicsa JIMC ¢
anemenTamu CO/I, Ha ocHoBe CIIO 3akprIBacT 3Ty HHITY.

JlanHas craThs MOCBsIIeHA onmucaHuio (peiiMmBopka elLab, mporpaMMHBIX TIPO-
IYKTOB, pa3pabOTaHHBIX Ha €T0 OCHOBE, a TAKXKE BAPHAHTOB €T0 IPUMEHEHNSI.
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Onucanue ¢ppeiimopka eLab

@peiimBopk eLab npencrapmuser co6oi Kapkac IPOrpaMMHOI CHCTEMBI, HECYILIUI
B ce0e THe3/a, B KOTOPBIX Pa3MEIIalOTCsl CMEHHBIE MOAYJIN U TOUYKH PaclIMpeHus. ITo
JJIEKTPOHHASL CHUCTEMa KIMEHT-CEPBEPHON apXUTEKTyphl, pa3paboTaHHass Ha OCHOBE
cBobognoro I10: Debian GNU/Linux, Web-server Apache, cepBep 6a3 nannbix Fire-
bird ¢ ucnonp3oBanuem cepsepa npuinoxkennit PHP. Cucrema paboraer mox yrmpasie-
HUEM omepanroHHbIX cucteM Windows u Linux gepe3 Web-unrtepdeiic B MHOTOIOIb-
30BaTENIbCKOM PEKUME C pa3JielIeHneM MpaB J0CTyIa MOCPEACTBOM ITUPOKO PacIpo-
cTpanéHHBIX Opay3epoB: Internet Explorer, Mozilla Firefox, Google Chrome, Opera u np.

YTIPaBIAM A KOMIBIOTED (cepBep NMPHITONeHH)
o yrp aenednen OC Linug, Unix wnu Windows
[

Cepeep bas JaHHEX -

KpoceraTdopas CYELL TTomssopatemeckad BIT

EubrmoTexa
IOCTYIIA K Hasan OaHHLE
ADObd nna PHE

Eubmiorera JCATAY mma
NOCTPOEHNT MHTEPAKTHE HBLX
OISO ATENE CHITE

HHTep deficor web-

[P HIIOKEHHHA

Kon web-npunosxeHna Ha
PHF 1 Javascript

Tl

$

‘ Cepeep web-punoxenui - Apache HTTP Server ‘

&

| CHCTEMHBIFR aNVHHUCTPATOP I I Annmauctparop eLab I

[Ty S R S S Sy SR g Sy RSy S Sy, R S Sy e -
1
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1 1
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1 1
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1 |
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Puc. 1. Apxutexrypa ¢ppeiimBopka eLab

YkaxxkeM OTIHYUTENbHBIC 0coOeHHOCTH (hpeiiMBopka eLab: pasnenenue 6a3 maH-
HeiX (B/l) Ha cucremHyro 0a3y JaHHBIX W IOJIb30BAaTEIbCKUE 0a3bl JaHHBIX, COXpaHe-
HUE TEKYIIUX COCTOSTHUH IOJIb30BATEIhCKOTO HHTEpdeiica, paboTa B pealbHOM PEkKH-
Me BPEMEHHU C OTKPBITHEM CTPAHUI] C JAHHBIMH MEHEe 4eM 3a MOJI-CeKyHABI pu pabdo-
T€ BO BHyTpeHHel (kopropaTuBHOW) cetu. Takum oOpa3zom, B paMkax (perMBOpKa
elLab ynadyHO HCIONB30BaHBI COBPEMEHHBIE MH()OPMAIMOHHBIE TEXHOJIOTHH C LENbI0
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co3ganus ynoOHo#, osicTpoit n Haaexkuoi JIMC ¢ anemenramu COJI, nerko Moaudu-
LUPYEMOH U alaliTUPYEMOM IO yCIIOBUS IIPOEKTA.

Paccmotpum apxutektypy (cMm. Puc.1l) ¢peiimBopka eLab. OCHOBHBIMUH KOMIIO-
HEHTAaMH CHUCTEMBI SIBIIAIOTCS] YIPABIAIOUINNA KOMIIBIOTED (CepBep MPUIIOKEHUI), cep-
Bep 0a3 maHHBIX, NOJb3oBareiabckue bBJI, cepeep web-npuiokenuii, kox web-
npuioKeHus, 0nbnuoreka AocTyna K 0a3aM JaHHBIX, OMOMMOTEKa IUIS MOCTPOCHHUS
WHTEPAKTUBHBIX TOJb30BaTEIbCKUX HHTEp(dEHcoB web-npuiiokeHuid, 0003peBarenb
(web-Opayzep) ximeHra, amMuHUACTpaTop elab, cucTeMHBINM aaMHHHCTpATOp, 3 KaTe-
TOPHH IOJIB30BaTelNel. 37iech YKa3aHbl CIeAyIONIHE MOTOKH JaHHBIX MEXITy OCHOBHBI-
MH KOMIIOHEHTAaMH CHUCTEMBI:

A. motoku maHHBIX MeKIy cepBepom b/l Firebird n monb3oBarenbckumu b/1;

B. mnortoku nansbix Ha ypoBHe 6ubnnoreku ADOdb u CYB/] Firebird;

C. B3aummogeiicTBue web-npunoxkenus elLab ¢ onbp30BaTeIbCKUMHU 0a3aMH JaHHBIX
yepe3 oubnmmoreky ADOdb u CYB/] Firebird;

D. Baeapenne XAJAX 6ubmuorexu B web-npunoxxenue eLab;

E. dQopmupoBanne u obpaborka HTTP(S) 3ampocoB cepBepom web-npuiioskeHHH

Apache;

F. nmepenaua maHHBIX OT cepBepa K KIMEHTY M OOpaTHO 4epe3 cepBep web-
MPWIOKEHU;

B3aMMoIelicTBHEe anMuHUCTpaTopa elLab ¢ cucremoii eLab;

B3aUMOJICHCTBHE CHCTEMHOI'0 aJMHHHUCTPATOpa C CEPBEPOM IPUIIOKEHUH U cHC-
Temoii eLab.

B3anmogeiicTBie MOTOKOB AaHHBIX (cM. Puc.2) mpoucxoauT crnemyromum o0Opa-
30M. CrcTteMa 1 JaHHBIE pa3MEILA0TCs Ha YIPaBIAIOIEM KOMIIBIOTEPE CETH — CEpBEpe
npunoxeHuil. CUCTEMHBIN aIMUHUCTPATOP UMEET MOJHBIA U HENOCPEACTBEHHBIN J0C-
TYII K CepBEpY NMPHUIIOKEHUH, BKiIroYasi 6a3sl JaHHBIX. OH oTBevaeT 3a (PYHKLHUOHUPO-
BaHHE, 3aIIUTy U 0E30IaCHOCTh CEPBEPHBIX NMPHIOXKEHUH W AaHHBIX. [lonmb3oBarenn
SIBIISTIOTCS KIIMEHTaMHU CUCTEMBI M B3aUMOAEHCTBYIOT C CUCTEMOW M JaHHBIMH IO CETH
WHTepHeT My 1o BHYTpPeHHEH (KOPHOPAaTUBHOM) CETH MOCPEACTBOM Opaysepa, KOTo-
PBII YCTAHOBIJIEH U UCIIOJIB3YeTCsl Ha pabovell CTaHLUK MoJIb30BaTelsl. B kauecTBe pa-
0ouell CTaHIIMM MOTYT HCIOJIb30BaThCs IIEPCOHATBHBIE HACTOJIBHBIE KOMITBIOTEPHI, HO-
yTOyKkH, miaHmersl U cMmapTdoHsl. IloToku maHHBIX Mexay KiueHTamMu U Web-
MPUWIOKEHHEM B 00OMX HaNpaBJCHUSAX OCYILIECTBIISIIOTCS 4depe3 web-cepBep Apache,
KOTOpBI oOecreunBaeT NpPOBEpKy, ¢uubTpauuto W nepeHanpasinernne HTTP(S)-
3arpocoB. MHTepakTUBHBIN UHTEpdeiic monp3oBarens GopMUpyeTCs Ha cepBepe MpH-
JOXEHUH 1 oToOpaXkaeTcsi B OKHE 0003peBatelisi Ha paboueil cTaHIMHU Yepe3 cepBep-
Hyto (Ha PHP) u xnnentckyto (Ha JavaScript) wactu mpocioiiku XAJAX B COOTBETCT-
Buu ¢ HTTP(S) 3ampocamu monb3oBarens. MaTepdeiic BrirodaeT B cedsl MOIb30Ba-
TEJILCKUE 3JIEMEHTHI — CCBUIKH, KHOTIKH, CITUCKH, Tabauubl 1 apyrue DOM-anemMeHTsl,
rne MOoANep KUBAeTCA AMHAMHUYECKoe oOpalleHue K cepBepy mo TexHojorun AJAX,
YTO MO3BOJISIET U3MEHSATH COAEPKUMOe 0003peBaTelsi 0e3 mepe3arpys3Ku Beeil cTpaHH-
bl (COAEPKUMOT0 OKHA) LEIMKOM. Bce mporpaMMHbBIe MOAYNH B BUAE OTIEIBHBIX
web-TIpUIIO’KeHUH BBIMOJIHEHBI B €OUHOM CTHJIE C HCIOJIb30BAHUEM OJHMHAKOBOI'O
M0JIb30BATENILCKOTO MHTEp(deiica U MOIKIIOUCHBI K MOJIb30BATEILCKUM 0a3aM JAaHHBIX
OpTaHU3alHtu.

G.
H.
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Cro obospeBarens

| "3MeMEHTHI MONb30EATENBECKOTO MHTepdefica |

| 1

| Brisos Javadeript | HIMIACES+
1 Java3cript
'—.'O6pa60TLIHK HATAY
L 4
| HTTP(S)sanpoc |

YIIpaBIAR IHA KOMIBIOTEp

‘ Web-cepeep Apache H HTTP(S)oTEeT ‘

L 4

‘ O6pa60TKa.XA.TAX P Ha}n{ble
v K,

J30N,

CEpalboTia Komon IpoTpavib :

| ose Iporp — HTML

¥

| Hoctym k ganHem (ADOdb Firebird BT |

Puc.2. Tloroku maHHbIX (perimBopka eLab

OTnuunTeIFHOM 0COOCHHOCTRIO cHCTeMBbl elab kak mabopaTopHO# mHGbOpMAIH-
OHHOW CHCTEMBI SBJSIETCSl paslelieHne 0a3 AaHHBIX Ha Mojb3oBaTenbckue b/l u cuc-
TemMHy10 B/l, 4T0 mO3BOJNISET JIErKO HACTPAaUBAaTh CUCTEMY MOJ TPeOOBaHMS 3aKa34UMKa.
Cucremnas b/l npennazHaueHa Ui ynpaBieHUs HOAKIIOYCHUSMH K II0JIb30BATEIb-
CKMM 0a3zaM JaHHBIX, IS YIPaBIEHUS TOIH30BATEISIMHU U MpaBaMH JOCTYTA, a TaKxkKe
JUIsl YTIPaBICHUSI U XpPaHEHHs TEKYIEro COCTOSHUSI CHCTEMBbI M web-uHTepdeiica mis
Kaxzoro mnonb3oBateis (cMm. Puc.1). Ilonp3oBaTensckue 0a3pl JaHHBIX ABISIFOTCS Xpa-
HIWIUIIAMA WHQOPMAaIUH, CIEUUPUYHON JUIs KaXIOro TNpWIoKeHUs (peiiMBopka
eLab. [Tonp3oBarensckue BJ] aBToHOMHBI. OHU HE CBSI3aHBI C apXUTEKTYpPOH, CTPYKTY-
POH M AaHHBIMH YIPABJISIOLIEH CUCTEMBI U APYT ¢ ApyroM. B oOmiem ciryyae, oHH MO-
ryT sBiaTees b/ mon ynpasieruem pasaeix CYBJI. Hampumep, cuctemnas 6aza maH-
HBIX Hcnofb3yeT Firebird B kauecTBe cepepa 0a3 naHHBIX, a 6a3a maHHBIX eLab-Atom
(cm. HEUxe) pabotaer mox ynpasienneM MS SQL. Cucremy el.ab MOXHO MOAKITIOYUTH
K 0a3aM JaHHBIX NPEANPUATHS, BKIOYasi 0a3pl JAHHBIX TAKOI'O M3BECTHOI'O IPOIYKTA
kak 1C «Ilpenmpusitue», padoratomem nox ynpasienueM PostgreSQL nimm MS SQL.
Bonee Toro, nonp3oBaTenbckue 0a3pl JaHHBIX MOTYT OBITh «Pa3HECEHbI B IPOCTPAHCT-
BE» M HAXOIUTHCS HAa COBEPLICHHO Pa3HBIX cepBepax. biaaromaps takoit ocoGeHHOCTH
cucrembl eLab mosblmaercss ypoBeHb 0€30IIaCHOCTH KaK CHCTEMHBIX, TaK U I10JIb30Ba-
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TEJIbCKUX JAHHBIX, IOCKOJBKY BBEACHBI Pa3rpaHUUEHUS MEKIY aIMUHUCTPUPOBAHUEM
0a3 TaHHBIX U aIMUHUCTPUPOBAHUEM I10JIb30BATEIbCKUX JAHHBIX B KaKIOW KOHKpET-
Hoit b/I. ®ynkumonansHOCTh cucTeMbl elab HacTpawBaeTcs u onpenensercs cojiep-
KUMBIM cucTeMHoOM bJI. A comepikaHue TOTB30BATEILCKAX 0a3 MAHHBIX MOXET Baphu-
poBaTbCA OT JTAaHHBIX 110 TOPIOYNM U cMa304HbIM MaTepuanam (I'CM), Msico-MOI09HOMH
MPOMBIIIUICHHOCTH, B3pPBIBUATHIM U JPYTHUM OIACHBIM BemiecTBaMm u T.4. Huke maercs
KpaTKoe ONHcaHue peanu3anuii ¢pperiMBopka elLab ¢ xapakTepucTHKON KOHKpPETHBIX
PELIEHHBIX MOJIb30BATEIBCKHUX 3aa4.

. p \"\\
PHP-kox \ / b1
— Tabauua ceccuil M pazpeLleHHbIX
OTKPBITLIA daiin ¢ WndpoBaHHbIM NOrMHOB K Bl ¢ WndpoBaHHbIMK
6ez0nacHbIM NOTMHOM K
J,, B4 OAaHHBIMK
] ®yHKUMA fewndpoBaHnA OyHKUMA pelndpoBaHus

DyYHKUMA NogKAO4EHUA K B, » bezonacHoe nogkntoueHne K bl ‘
flormH Nnonb20BaTeNA CUCTEMBI ‘
elab, nogeHTnduKauoHHbIE Mpoueaypa aytenmdnkaumu
paHHble KAWEeHTa K/AMeHTa U nosb3oeatens elab |

PazpelueHHbIl anA nonb3oBaTtens

noruH K Bf] ¢ paclwumpeHHbIMn

¥ l npaBammu AOCTyna
®yHKUMA nopkAtoueHUA K bl ¢ B W1$pOBAHHOM BUAE
pacliMpeHHbIMW NMpaBaMK AOCTYNa
ANA ayTeHTUUILMPOBAHHOTO
KAueHTa/nonk3oBatens elab SR RIS SIS

Pabouee nogknwoueHue k bf]

-

Puc.3. Cxema nogxmodenust k B[

B npomnecce cozmanust cucremsl elab ¢ 1enbpI0 MOBBIMICHHUS 0€30MaCHOCTH OBLI
pa3paboTaH aNrOpUTM MOAKIIIOYCHUS TI0Ib30BaTeNel K 6a3aM JTaHHBIX, TJe JUIS IIEPBO-
ro MoAKIItoYeHus K o060t BJI, B Tom uncine x cucremuoii b1 eLab, TpeOyeTcs yka3artb
COOTBETCTBYIONIMIA JorvH K BJ[. DTO crnpaBemanuBO Ui BCEX aHAJIOTHYHBIX CHCTEM.
Kak mpaBuio, mapaMeTpsl JocTyna K bJ] mMpomuchIBalOTCS B 3aIUINCHHOM KOH(UTY-
panmoHHOM (haiiie CHCTEMBI ¢ OTKPHITBIM KozoM. B eLab kxpome 3amuThl kKoH(MHUTYpa-
LIMOHHOTO (paiiyia MPUMEHSIETCS €Ile U 3allluTa JaHHBIX B 3TOM (haiiie myteM mudpo-
BaHUSI MOCTICTHUX.

B xondurypammonnom daitire 3ammdpoan Oe3omacHbl goruH K BJl, ¢ momo-
IO KOTOPOI'0 MOXHO BBIINIOJHUTH TOJIBKO OJHY XPaHUMYIO B 6336 OaHHBIX IpoUEay-
py. Jdoctyn k apyruM o0beKTaM U JaHHBIM JJIs JaHHOTO JIOTHHA OTpaHUYCH. YKa3aH-
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Hasl Tpoleypa NPUHAMAET Ha BXOJE MICHTU(HUKAIMOHHBIE NTapaMeTphl KIMEHTa U B
cly4ae yIayHOl aBTOpH3alli{ BO3BPAIAeT HOBBIM JIOTWH C PACIIMPEHHBIMH MIpaBaMH
JOCTymna K 0a3e JaHHBIX, KOTOPBIA 3aKpeIuIIeTCs 3a MOJIb30BaTeNieM U B JallbHEHIIeM
WCIIOJIB3YEeTCs IS ocTyna noyb3oBarens K bBJI. IIpu 3ToM yka3aHHBIE JIOTHHBI C pac-
HIMPEHHBIMH TIpaBaMu JOCTYIa HEJOCTYITHBI B SBHOM BHJC JUIsl MOJH30BATEINsT HU Ha
CTOpOHE KJIMEHTA, HU Ha CTOPOHE cepBepa MPUII0KEHUH.

JloruHel ¢ pacIIMpeHHBIMH MPaBaMH JOCTYIA 3allUILEHBI Ha CTOPOHE cepBepa
b/l. UnenTudukanoHHble apaMeTphl U JIOTUHBI XpaHITCA B 0a3e NaHHBIX B 3amIud-
POBaHHOM BHJIE U TIEpEAaroTCs [0 CETH TaKkKe B 3aIM(POBaHHOM BHUJE HE3aBUCHMO OT
npotokoia oomena (HTTP umu HTTPS). Jlns oGecrieuennst Takoro MexaHn3Ma rmnoTpe-
0OBaJIMCh OAMHAKOBBIE AJITOPUTMBI MIM(POBAHMS JAHHBIX, KAK HAa CTOPOHE CcepBepa
TIPUIIOKEHUI, TaK U HA CTOpPOHE cepBepa 0a3 naHHbIX. C 3TOH 1enbio ObUTH pa3padoTa-
HBl Ha s1361ke PSQL 1 BHeceHBI B CHCTEMHYIO 0a3y JaHHBIX COOTBETCTBYIOIIHUE aJro-
PUTMBI IU(POBAHUS, KOTOPHIE XPaHATCS B CIEIMATBHON 3aILMINEHHON MpaBaMH J0C-
TyIa TabJHUIe ¥ CKPBITHI OT MOJb30BaTeNeH, MOAKIIOYAIONIMXCS K 0a3e JaHHBIX C T0-
MouIbio Oe3omacHoro jJoruHa. Cxema noakmovenus k b/l m3oopaxena Ha Puc.3.

BaxsbiM B cucreme elLab sBsieTcsl coXpaHEHHE AJISl KaXKAOTO IMOJIb30BATENs Te-
KyIIUX COCTOSHUH IIOJIb30BAaTEIbCKOIO HHTepdeiica, BKIOYAs AaHHBIE BBOAUMBIC
MOJB30BaTENsIMH B COOTBETCTBYIOLIME O3JEMEHTHl pEJakTHpoBaHHWs. B web-
NPUIOKEHUSIX 3TOMY BOIPOCY HE BCeria yAenseTcs JOJKHOe BHHMaHMe. B kauecTBe
MpUMepa TaKuX MPIIoKeHH npuBeneM MHpopMmarmorHyto cucremy Perymupyrormiero
oprana RAIS MAT'ATO (ee omucanue cM. HWXKE), CUCTEMY YIIPaBIeHHUS 00ydeHHEM
Moodle u nap.

PaccMOTpHM 4acTo BCTPEUAIOLIYIOCS CHUTYALMIO: MOJIb30BaTeldb BBOAUT IdAaHHBIC
Ha TeKymelt web-crpanurie. B mportecce Habopa TpedyeTcs MepeKIIIOUnThCS Ha ApY-
TYIO0 CTPaHHIy, YTOOBI IOCMOTPETh, CKOMMPOBATh MM BCIIOMHHUTE YacTh HH(pOpMauu
U3 Opyroro paszgeina 0e3 MOATBEPKICHHUS COXPaHEHHs TEKYIIUX AAaHHBIX, a 3aTE€M Bep-
HYTBCSI Ha IIPEXKHIOK CTPAHULLY JUIS IPOJODKEHHS BBOJA JAHHBIX C IIPEXKHETO MECTA.
3avyactyio HabpaHHBIE JaHHBIE TEPSAIOTCA U MX MPUXOAUTCA HabupaTh 3aHOBO. B cuc-
Teme eLab pa3zpaboTan cOOCTBEHHBI MEXaHM3M COXPaHEHUs MPOMEXYTOUYHBIX (B TOM
Yycie, MEXCTPAaHWYHBIX) IAHHBIX, ONUPAIOIIMICSI HA CTaHIApTHBIC BO3MOXKHOCTH
sa3pika PHP u mpotokona HTTP ¢ yderom moBeneHus v JTOTUKK pabOTHI CTaHIAPTHBIX
OpaysepoB. Ilpuuem B elLab He HCHONB3YIOTCS CKPBITBIE TOJI WM CHEHUAIBHBIC
cookie-Habop#I, a Takxke MexaHu3M view state TexHomorun ASP.NET. B cucreme eLab
BBOJIUMasl KJIMCHTOM HMH(pOpPMAaLus COXpaHIETCs B CUCTEMHOH 0a3ze wiu B CHeMaib-
HOM (paiiie (aHajoruuyHo (ailyly CecCMH) Ha CEepBepe M BOCCTAHABIMBACTCS KaX bl
pa3 Ipu 3arpy3Ke COOTBETCTBYIOIIEH cTpaHuubl. KoH(UACHINAaIbHOCTh 3TUX JAaHHBIX
obecrieunBaeTCs TEMH e MpaBaMu IOCTyIa kiaueHTa k bJ] m HacTpoiikamu cepBepa
web-nipunoxxenuit Apache u §aiiioBoit CHCTEMBI.

IIpunoxenus ¢ppeiimBopka eLab

OcHoBa (petimBopka elLab Opla 3aymokeHa pa3pabOTKOM CHCTEMBI 3JICKTPOHHOTO
nokymenroobopora E-lab B pamkax ['ocynapcTBeHHOW mporpamMMbl Hay4HBIX HCCIIE-
nmoBanuii Pecniyomuku benapycs «MHpoTex» (2006-2008). Crcrema BHeIpeHa B yueO-
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HEIN MpoTIecC BEIyIMX OeTOpYyCCKUX BY30B cTpaHbl (bemopycckuii ToCcynapCTBEHHBINH
YHUBEPCUTET, benopycckuil rocy1apcTBEHHbIN TEXHOJIOTHUECKUM yHUBEPCUTET, bero-
pYCCKMH HallMOHAJBHBIA TEXHUUYECKUH YHUBEPCUTET), XUMHKO-TOKCHKOJIOTHYECKOMH
nabopaTtopun MUHCKOTO ropoACKOr0 HapKOJIOTUYECKOro JHCIaHCcepa.

E-labI'CM

B 2012 r. naboparopHas wHMOpMaLMOHHAs cHUCTeMa «DJEKTPOHHAs CHUCTEMa
KOHTPOJISI KAuecTBa W yNpPaBJICHMS 3arlacaMy TOPIOYUX U CMa304HBIX MarepuanoB E-
lab 'CM» mocTaBiiena Ha 60oeBoe AeKypCcTBO B 202 XHUMMOTOJIOTHYECKOM IICHTPE TO-
prodero amns KoHTpois kayectBa u ydeta ['CM Boopyxenusix Cun PecriyOnmku bena-
pycb. B 2013 r. oHa BHenpeHa B OEIOPYCCKOM OTIENEHUH POCCHIICKON KoMItaHuu [ 'a-
3lIlpomHedTh.

OnekrponHas cuctema «E-lab 'CM» Brmouaer B ce6st Mmoaynu: «E-lab Ananuza-
TOp» IUIsl yIIpaBieHUs: 00pa3iaMi U KOHTPOJISI KauecTBa rOpPIYe-CMa30uHbIX MaTepHha-
noB; «E-lab OcBexenune» nns ynpasnenus 3amacamu ['CM; «E-lab IpetickypanT» mns
pacuéra CTOMMOCTH IIATHBIX YCIIYT, OKa3bIBaEMBIX aKKpEIUTOBAaHHOM TlabopaTopueit B
yacTu npoBefeHud ucneltTanuii I'CM. Ona pemaer crienyronue MpoU3BOJCTBEHHbBIE
3a1a4n:

e ymOpaBieHHe 00pa3lamy, HOCTYNAIOMMMH Ha WCIBITAHUS, PETHCTPALUs pe3yibTa-
TOB WCITBITAHWM, TACTIOPTH3AINS U KOHTPOJIb KadecTBa ' CM, BeaeHue raboparop-
HBIX JKypHAQJIOB 10 YCTAaHOBJIEHHBIM HOPMaM B COOTBETCTBHH C CHCTEMOU Me-
HemkMeHTa kadecTBa (CMK) mpennpusrtus;

e ompeneNneHHe Moka3aTeield KayecTBa B paMKax MPOBOIUMBIX HUCHBITAHUI, CTPOTO
peTIaMEHTHPYIOIINXCS HOPMATHBHONW 0a30ff M CITUCKOM IapaMeTpPOB HCITBITAHHM,
[03BOJIAA YETKO KOHTPOJIMPOBATH BBIMIOJHEHHE pPAaOOThI, MHHMMHU3UPOBATH W3-
JEepKKH U o0ecrieunTh 3PPEeKTHBHOE UCTIONB30BaHNE 000OPYAOBAaHHS U PACXOIHBIX
pecypcos;

e  yOpaBJeHHE CKJIAJ0M PacXOJHBIX MaTepHaliOB, BKIOYas XMMUYECKUE PEAKTHUBHI,
y4eT U KOHTPOJb CPEACTB M3MEPEHHUI M HCIBITaTEIbHOTO 000pPYI0BaHUA, pacyeT
KaJIbKYJIALMN U MPEHCKYpaHTOB LIEH Ha YyCIIyTH 10 IpoBeaeHuto ucnbitanuii ['CM
B COOTBETCTBHH C HOpMaMH U Tapudamy, yCTaHaBIMBAEMBIMHU OEIOPYCCKUM 3aKO-
HOAATEeNhCTBOM M B pamkax CMK mpeanpustus, yrnpaBieHHE COOTBETCTBYIOMICH
JOKyMeHTanuen ¢ popMHpOBaHHEM UTOTOBOTO MaKeTa JOKYMEHTOB;

e BeJEHHE JOKYMEHTO000pOTa B 4acTH pabOTHl C 3aKa3duWKaMH, BKIIIOYAsi CHCTEMY
BEJICHMSI IOTOBOPOB, YIIPAaBJIEHHE CUeTaMHU-HapsJaMi U aKTaMH BBIITOJIHEHHBIX pa-
00T 110 yCTaHOBJIEHHBIM HOpMaM;

e ynpasieHue 3anacamu I'CM ynTenpHOTO XpaHEeHus], BKIIKOYasl YIPaBICHUE CKIla-
Iamu U pesepByapamu xpaHeHus ['CM, KOHTpOJIb U MPOrHO3UPOBAHUE COCTOSHUS
I'CM, dopmupoBanue cBOOHBIX TIaHOB cocTossHUS ['CM 11 BceX CTPYKTYPHBIX
CIMHMUII.

Cucrema «E-lab I'CM» mo3Bonmia ONTHMH3UPOBATH MPOWU3BOJICTBEHHEBIE IIPO-
LIECCHI, CYILIECTBEHHO COKPATHTh BPeMs Ha PETHUCTPaLUIO 00pa3loB U Pe3yJIbTaTOB UC-
MIBITAHUH, BBIUCKY HAcCIOPTOB, MOMCK COOTBETCTBYIOLIMX 3alUCed B J1a0OpPaTOPHBIX
XKypHaIax, YMEHBIIUTh BPEMs U IMOJHOCTHIO MCKIIOYUTh OHUIMOKM ONEpaTOpOB IIPH
CO3/IaHUU JOKYMEHTOB, TIOBBICUTDH ITPOM3BOAUTEIHHOCTh JIaOOpPaTOpHUU, TOBBICUTH Ka-
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YECTBO BBIMTONHAEMBIX PabOT M KauecTBO KOHTPOJIS 3a BHIMIOIHEHHEM paboT. Crucrema
paboTaeT Halle)KHO, B KPYIJIOCYTOYHOM pekuMe 0e3 cOOEB, MOIHOCThIO 00ecIeunBaeT
3alUTY OT HECAaHKIMOHUPOBAHHOTO JOCTYIA M 00JIaJ]acT BHICOKON CKOPOCTBHIO OTKIIH-
Ka Ha MOJIb30BATENIbCKUE 3alpoChl, 00ECIIeYnBaeT HATTISAAHOCTh M JOCTYITHOCTH WH-
(dhopMaIuu, 4TO CYIIECTBEHHO YIIPOIAaeT pabdoTy MOJb30BaTelicii, HE MOMyCcKas HX K
nH(pOpMaIUK, BRIXOJAINEH 3a mpeaensl ux npas pocryna [1-3]. Ee mmrtenbHas skc-
TuTyaTamnus MpOoAeMOHCTPUPOBANIAa BEICOKAN TEXHUYECKUN YPOBEHb pa3paboTku, obec-
neguBaronieit padory B coorBercTBur ¢ CMK mpeanpusatus MexIyHapOIHOTO CTaH-
nmapra MCO/MBK 17025-2007 «O06muue TpeOoBaHus K KOMIIETCHIIUH UCIBITATSILHBIX
1 KQTHOPOBOYHBIX JTA00PATOPUID».

Taxxe peammzoBaHa CHCTEMa JIIEKTPOHHOTO YIPaBIeHHUS 0OpaslaMu HCIbITa-
TEJBHOM JTA0OPATOPUH TI0 KOHTPOJIIO Ka4eCTBa B MSACO-MOJIOUHOM MPOMBIIUICHHOCTH.

Ioprau sspepubix 3HaHu BeINET

C mavama 2000-x TomoB MeXayHapOIHOE areHTCTBO M0 aTOMHOW sHeprun (MA-
'ATD) yaensier orpoMHOE BHUMaHUE YIPABICHUIO SIIEPHBIMU 3HAHUSMU, B TOM YHCIIC
pa3paboTKe CHeLUalM3UPOBAHHBIX MOPTAJIOB SACPHBIX 3HAHUI Ha Pa3IMUHBIX YPOB-
HiX. B pe3ynbrare 3T0i1 paboThl B MUpE NTOCTEIICHHO CKJIaJIbIBACTCS €AUHOE HH(pOpMa-
IIUOHHOE TIPOCTPAHCTBO B 00JACTH ANEpHBIX 3HaHMH [4, 5]. Pa3Butne aromMHO# oTpac-
nu benapycu cTaBUT 3aa4M MOATOTOBKU KBaTM()UIMPOBAHHBIX CIIEIIMATHCTOB B COOT-
BETCTBYIOIIUX OOJIACTAX HAYKH U TEXHOJIOTUH, B TOM YHCIIE SIACPHOM, HEUTPOHHOH U
peakropHoil (U3UKH, (U3MKA WOHU3UPYIOIIUX HW3IYYCHHH, NMPUMEHEHHH SJICpHO-
(hU3NUECKUX METOIOB B PA3IMUHBIX 00IACTIX HAYKH U TEXHHUKH, SIIEPHOU MEIULIMHBI 1
T. I. B CBsI3U ¢ 3TUM aKTyaJbHBIM SIBISETCS CO3JAaHHE B CTpaHE MOpTaja yIpaBJICHUS
AnepHbBIMY 3HaHUSMHU. [IpeanoxeHns o co3naHui0 y4eOHO-HAyyHOTO IopTaia siaep-
ueix 3HaHuit BeINET (Belarusian Nuclear Education and Training Portal), koTopbiii Obl
B MIEPCIEKTHBE MOT IEPepacTH B OOIIEHALMOHAIBGHBIA MOPTai SACPHBIX 3HAHHM, CO-
nepxarcs B [6, 7].

Lenps moprana — o0beanHEHHE HH)OPMAIIMOHHBIX PECYPCOB, TO3BOIIIONIEE CO3-
JaTensM U MOTPeOUTENsIM 3HaHUHM B3aMMOJACHCTBOBATH IPYT C APYTOM M INPENOCTaB-
JSIFOILCe UM €AMHBIN 3alUIIEHHBIH IOCTYN K MH(GOPMALUN W BUPTyaJbHbIC KaHAJbI
KOMMYHHMKALUH U1 COBMECTHOI paboThl Haj TOKYMEHTaMH U3 reorpapuyecku pasHe-
CEHHBIX MeECT 4epe3 enuHbI web-uHTepdeiic B pexuMe KOJIIEKTHBHOM paboThl co
CTPOTOH IepCcOHaNU3alMed U pa3rpaHUYCHUEM IpaBa JOCTYIAa K pecypcaM: JaHHBIM,
CepBHUCAM, IPHIOKEHUAM, TOKYMEHTaM.

CoupnanbHO-3KOHOMUYECKasi 3HAYUMOCTh M HACTOSITEIIbHAST HEOOXOIUMOCTh CO3-
JaHUsl TaKoTO MOopTajia 3aKIodaeTcs B o0ecreueHnH ObICTPOTo JOCTyMa K HeoO0XOoIu-
Mol MH(pOpMaLuy, HAKOIUICHHH, COXPAHEHUH M NMPEyMHOKCHWU 3HAHUI Ha YpPOBHE,
rapaHTupyomeM 0e30macHoe, yCTonunBoe U dQQGEKTHBHOE pa3BUTHE SICPHON dHEp-
TeTUKU U MPOMBIIIJICHHOCTH CTPaHbl, a TaKyKe MOMYJSIpU3alMU SOepHBIX 3HAHUH C 1e-
JbI0 MIPUBJICYCHHS B 3Ty 00JaCTh CIIOCOOHBIX MOJIOIBIX JIIOJICH U CO3MaHUS TO3UTHB-
HOT'O MUMHUKa SIICPHON 3HEPreTUKU.

B ocHoBe mporpamMMHOi yacTu mopTana JexuT ¢pelimBopk eLab. I[MTumotHbi
MPOEKT TMOpTalla PacIoyiokeH Mo azapecy https://bsu.inpnet.net/belnet/ (cm. Puc.4).
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31ech peann30BaHBl BCe OCHOBHBIE HEOOXOAMMBIC (DYHKIIMM TOpTaja, BKIOYAs BO3-
MOXHOCTh YAQJICHHON IPABKU CTPYKTYpPHI MOPTAJIA U 3aHECEHHs HOBBIX JTOKYMEHTOB,
Pa3HOO00pa3HOI COPTUPOBKH U (PUIIBTPAIINH, A TAKXKE JIBA YPOBHS JOCTYIIA K JIOKYMEH-
TaM B 3aBHCHMOCTH OT IIpaB IoJib3oBarelieli. MakTHYIECKH B paMKaX JaHHON pabOTHI
ObLTa CcO37aHa OpPUTHHAJIbHAS CUCTEMa YIPABJICHHUS KOHTEHTOM, MPEIOCTaBJISIONIAs B
TOM YHUCJIC BOBMOXKHOCTh BBOJIa TekcTa, hopmyi B LaTeX-momoOHoOM Gopme, 3arpy3ku
Pa3IMYHBIX THIIOB (ailyoB, CCHIIOK, BUEO, GoTOrpaduii U KAPTHHOK.

DACKTPOHHBIR NOPTAA HACPHBIX IHAHMT
il 0 i B i

Belarusian Nuclear Education and Training Portal - BelNET

Bac ppmbereTnyer opras assp saauck CHIF

e sspames

SaRATE BONDED

Puc.4. Dxpannas konwst padotel moptana BeINET

CrnenyeT HOAYEPKHYThH, YTO MPOLECC HANOJIHEHUs MopTana uHpopManuend u 3a-
MOJIHEHUs 0a3bl 3HAHUH SACPHBIMU 3HAHUAMH, Pa3palOTKa CIIEUAIM3UPOBAHHBIX Ma-
TEpUANIOB JISi CUCTEMbI JAMCTAHIUOHHOTO OOYYEHHsI — MPOLECC TPYAOSMKHH H IJTH-
TeNnbHBIN. 1 B 3TOM cMBbIcie paboTa IO CO3IaHMIO MOpTaia SASPHBIX 3HAHUKA HAXOIUT-
Csl B CaMOM HadJaje.

Cucrema eLab-Atom

B xagectBe mpumepa kpymHoOU crnenuanuzupoBanHoi JIMC MokHO mpuBecTH
nporpamMmHoe obecnieduenne MHpopMannoHHOW cucTeMbl Perymmpyromero oprana
RAIS 3.3 Web (Regulatory Authority Information System), moctymHoe Ha caiite MA-
T'ATD http://www-ns.1aea.org/tech-areas/regulatory-infrastructure/rais.asp?s=3 s
cBOOOIHOTO cKaunBaHUs U ycraHOBKH. MAI'ATO ykaseiBaer, uto qannoe [10 pabora-
eT B Oonee ueM 70 crpanax mupa. Hecmotps Ha 3To, RAIS 3.3 He nuineH HeJOCTaTKOB.
Cucrema pa3BEpThIBacTCS TOJBKO MOJ| ONepanuoHHoi cucreMoir Windows ¢ omnpee-

396



néuabMu Bepeusimu SQL Server u IIS, .NET. IlepeBon moiabp30BaTeIbCKOTO WHTEP-
(eiica He 3akoH4eH. CripaBOYHHUKH 0a3 NaHHBIX, CIIUCOK BHIOB JCATEILHOCTH CYIIECT-
BYIOT TOJBKO Ha aHTIIMHACKOM si3bike. CITUCOK MPOM3BOAMTENCH M CIIHCOK TUTIOB 000-
pyIoOBaHUS HE BKIIOYaeT mpousBoauTeneii TamoskenHoro Coro3a. Bo3MoXHOCTE pac-
mupenus: b/l (mobaBnenue nosiel u 3anpocoB) TpeOyeT OT aAMUHHCTPATOPa CHCTEMBI
3HaHusA MS SQL Ha ypoBHe 3kcnepTa.

Hamu Obu1 pazpaboTaH BapHaHT aHAJOTHYHOH MO (QYHKIHOHANy CHCTEMBI, JIH-
1eHHO# HemoctaTkoB RAIS: Ha ocHoBe dpeiimBopka elab cozmano 10 mo ympasie-
HUIO YYETOM HCTOYHUKOB HOHH3HUPYIOLIEro u3nyueHus eLab-Atom.

=)=
y Kareropin HAH no crenenn po. | 4 E
£ & locathont o B- PO B B ¥ A - =
AREKTPOKHAR SAGSPATSpMR ¥ MAmYRaRNT

¥ B oTeneRs a
tea of sources of ioniring radiation on the radiation hazard

Hadzenos sammcedr: 10
Crpamsmaz 1 w3 1

HOHHSMPYDRETS HATYMERHA
e Tozencmansno onacmdt 1550

Haxoeenee moTemuambuc cuacmest JOOL

SYNREMONANLECR BoEApRCH
cmacMocTH (400)

YoTanomMTE

@ #nTp: Do Banc
dsuanTpa new

Homssh $wansp +

Yeransnery

somwryT asepeasc Spofisest LIV .

Puc.5. Dkpannas xonust paboTsl cucteMbl eLab-Atom

Haznadyenne n ocHoBHBIE 3anaun 11O ympaBieHNs HCTOYHUKAMHA HOHU3UPYIOLINX
M3JIy4CHUH B COOTBETCTBHHU C JICHCTBYIOIIUM 3aKoHOAaTenbcTBOM PecryOnmku bena-
PYCh COCTOST B 00ECTIEUeHUH U MPOBEJICHUU PETUCTPALMN PAJANOAKTUBHBIX HCTOYHH-
KOB, 00OECIIEYEHUH yueTa U KOHTPOJS COCTOSHUS pajuallMOHHOM Oe3omacHocTH, OT-
CIIe)KMBaHUH W TPEJOCTABICHUH WH(POPMALUK O COCTOSHUHM PaIHMOAKTHBHBIX HCTOY-
HHUKOB, B TOM YHCJI€ HAXOASILINXCS HA XPaHEHUU U 3aXOPOHEHHBIX, KOHTpOJIE o0pare-
HUSI PaJlOaKTHBHBIX NCTOYHHKOB, 00ECIEUCHUH Hala30pa 3a palualrdoHHON Oe3omac-
HOCTBIO HICTOYHHKOB HOHU3UPYIOIIETO H3JIyUeHHUs, COICHCTBUN MIPABOOXPAHUTEIEHBIM
opraHaM IpHU pacclelOBaHWU CIy4YaeB HE3aKOHHOTO 000poTa paAlOaKTUBHBIX HCTOY-
HUKOB U PaIUOJIOTHYECKUX YPE3BbIYaHBIX CUTYAIUil, aHAJIH3€ COCTOSIHUA 0€30TacHo-
CTH TIpH 0OpALICHUU C ICTOYHUKAMH MOHU3UPYIOIIETO M3IIyueHHsI U 00eCTIeYeHUH HH-
(OpMHPOBAaHHOCTH COOTBETCTBYIOIIMX OpraHoB PecmyOmuku bemapych, a Tamoke
YIOJIHOMOYEHHBIX MEKAYHAPOIHBIX OPTaHU3alUil B COOTBETCTBUHU C 003aTEIbCTBAMU
Pecny6nuku Benapycs. Cuctema eLab-Atom peanusyer ykazaHHbIC 3aJaud. DKpaHHAs
KOIHsI pabOTHI CHCTEMBI TpecTaBlIeHa Ha Puc. 5.
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3akjao4eHue

Takum o0pazom, ¢ppeiimBopk eLab Ha ocHOBe CBOOOAHOTO MPOTpaMMHOTO obec-
MeYEHUs] NpEeACTaBiIseT co0OKW XOpoUIO NPOpPaOOTaHHBI NPOTPAMMHBIM HPOLYKT
[8-10], Haxomsmuiics B TOCTOSHHOM OKCIUTyaTalWH, JETKO MOAU(PUIUpYyEeMBId H
aJlanTUPYEMBbIH 110/ YCIIOBHS IIPOCKTA.

Eme pa3 momuepkHeM OTIMYUTENbHBIE OCOOCHHOCTH CHCTEMBI: BO3MOXHOCTH
pacuupsaTh GYyHKIMOHANEHOCTh CUCTEMBI, HACTPAHBAEMBIH MOJB30BATENbCKUN HHTEP-
(eiic 1 coxpaHEeHHE ero TeKyIUX COCTOSHUM, ObICTpast 1 yHoOHasi cucTeMa COPTHPOB-
KH, QUIBTpAllUK ¥ TIOUCKA JaHHBIX, aBTOMaTHYecKoe 0OHOBJICHHE U OTOOpaXKeHUE Te-
KYILEro COCTOSIHUSI BBIOOPKH, MPOCTOH MEXaHW3M BCTAaBKH, PElaKTHPOBaHUs, yAaje-
HUS 3amucel, peJaKTHPOBAaHHE OJHOBPEMEHHO HECKOJIBKHMX 3allicel, MpoBepKa Ipa-
BUJIBHOCTH BBOAMMBIX JaHHBIX, OTMEHA OIIMOOYHO BBEIEHHBIX JAHHBIX, UCKIIOUCHHE
OyOIMpoBaHusl BBOAMMOW WH(OpMAIMY, aBTOMaTHYecKas TeHepaIysi BHIXOJHBIX JI0-
KYMEHTOB JJIsl OTYETOB MO YCTaHOBICHHOH (hopMe, BOZMOKHOCTH TOJIB30BATEII0 BHO-
CUTh U3MEHEHHS B IIA0JIOHBI UTOIOBBIX JOKYMEHTOB, pPa3AeicHUE TOJHOMOYHMN II0JIb-
30BaTessl, UCKIIOUEHHE YeNIOBEYECKOTo (haKTOopa W CBS3aHHBIX C HUM OIIMOOK IpH
(hopMHPOBaHNH PETHCTPALMOHHBIX 3aIIMCEH B )KypHalIaX U BBIXOAHBIX TOKYMEHTaX.

VYKakeM Taxkke HEKOTOPbIC MEePCIIEKTUBHBIE TPUMEHEHHS TPOTPAMMHBIX POIYK-
TOB, KOTOPBIC MOTYT OBITH pa3paboTaHbl Ha ocHOBE (ppefiMBopka eLab: saboparopHas
nHPOpPMAaIIMOHHAs CUCTeMa B aTOMHOM SHEpPreTHKe; CHCTeMa ydeTa U KOHTpoussi 000-
poTa B3pHIBUATHIX U APYTHX ONACHBIX BemecTB B Boopyxennsix Cunax PecmyOmuku
benapycs; cucrema ydera ¥ KOHTPOJIS OMACHBIX BELIECTB B 00JACTH KPUMUHATUCTUKU
U CyneOHOM 3KCIepTH3bl; CHUCTeMa y4deTa W KOHTPOJS PaguOaKTUBHBIX OTXOJIOB, CHC-
tembl B/l nns celicMudeckoro M JApyroro MOHMTOPHHIA; CHUCTEMA 3JIEKTPOHHOTO
ynpasieHus oOpa3laMi HCIBITaTeIbHON JabopaTopuu B OOJIACTH aHAIW3a CTaId U
CIUIaBOB; CHCTEMa 3JIEKTPOHHOTO YTIpaBJIeHUs oOpa3liaMH MCIIBITaTeNbHOH J1aboparo-
puH B 001aCTH TUArHOCTHKH MACIIOHANOJIHEHHOTO 00OPYAOBaHHS B MOAPA3CICHUAX
MuH3Hepro, BKII0Yasi aTOMHYIO SHEPreTHUKY; CHCTEMa y4eTa U KOHTPOJIsI HCTOUHHKOB
HOHU3HPYIOIIETO U3TYUSHUS AT MK IYHAPOIHOTO UCTob30Banms MATATO.

Pabora Bemonnserca B pamkax ['HTII «MHTemiekTyansHpie HHPOPMAMOHHBIE
TEXHOJIOTHI.
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FRAMEWORK eLab FOR A WIDE RANGE OF APPLICATIONS
S. N. Sytova, S. V. Charapitsa, A. L. Mazanik, A. N. Kavalenka

Free software is a wide range of information products that are protected by free licenses
allowing unlimited installation, start-up, free use, study, dissemination and their modification.
Nowadays on the IT market there is a small number of electronic document management sys-
tems (EDMS) and laboratory information systems (LIMS), developed on the basis of free and
trusted (devoid of undeclared capabilities) system software.

The framework eLab is a LIMS with elements of EDMS. It is an electronic system of cli-
ent-server architecture based on free software: Debian GNU/Linux, Web-server Apache, the
Firebird database server using the application server PHP. It runs under Windows and Linux via
Web-based multi-user access with separation of user access rights through the widely used
browsers. eLab is easily modifiable and adaptable to the conditions of the project. All software
modules are realized as separate web-based applications in the same style with the same user
interface. It is connected to the organization databases.

The paper describes developed software products based on framework eLab: electronic
system of quality control and inventory management of fuels and lubricants “E-lab Fuel”, portal
of nuclear knowledge BeINET, software of management of ionizing radiation sources eLab-
Atom. There are also mentioned some possible applications of software products on the basis of
framework eLab: laboratory information system in the nuclear industry; system of accounting and
traffic control of explosives and other dangerous substances in the Armed Forces and others.
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INPHHLUIIBI ®OPMUPOBAHUSI KOHTEHTA
YUYEBHO-HAYYHOTI'O INTOPTAJIA AJAEPHBIX 3HAHUU BeINET

C. H. CbITOBal, M. JI. I[emyplcoz, n. s1. I[yﬁoncxaﬂz, H. M. KI/IMJIeHKOZ,
A. H. KoBaienxo', A. C. JIo6ko', A. JI. Masanux', H. 1. Ioask?,
T. A. CaBI/IHKaHZ, T. II. Cl/mopomm3 ,A. U. TI/IMOI[IeHKOZ, C.B. IIepemma1

i
HUncmumym sdepuvix npobaem BI'Y,
2 . .
benopyccruil eocydapcmeennulii ynusepcumenm,
3 . . f
Bpecmcexuii eocyoapemeennviii mexHuueckuil yHUgepcumen

BBenenune

Co3panue CrnenuagIu3upOBAHHOIO y4eOHO-HAYyYHOTO IOpTana sSACpHBIX 3HAHUUN
BeINET https://bsu.inpnet.net/belnet/, Ha3BaHHE KOTOPOTO pacIIN(QpPOBHIBAECTCS Kak
Belarusian Nuclear Education and Training (cMm. Puc.1), sBnsieTcst BaxkHOU 3amaucit
Ha »Tame crpoutenscTBa bemopycckoit ADC. DTO CBsA3aHO € PEKOMEHIALUUSIMHU
MexayHapomHOTO areHTcTBa 1o aromHoW sHeprunm (MAI'ATD). Kaxnas crpana,
(dopmupyIOLIas aTOMHYIO OTpPacilb, AOJKHA UMETh CBOM COOCTBEHHBIH HALMOHAIBLHBIN
MOPTaj SIAEPHBIX 3HAHWH, KOTOPBIH MHTETPUPOBAaH B MHUPOBYIO CHCTEMY YyNpPaBlICHHS
AepHbIME 3HaHUAMH. CO3aHHBIN CHEIMATU3UPOBAHHBIM yueOHO-Hay4HBIH IOpTal
snepubix 3HaHud BeINET ™Mbl paccmarpuBaem Kak MEpBBIH 3Talm B CO3/JaHUHU
HaI[MOHAIBHOTO TIOpTaja.

DaekTpoRnLIl NOPTAI ATEPALIX AW
yopeactenwii obparenswus Peenyimesn Beaapyen
Belarwiian Nuclear Education and Tralalng Portal - BeINET

Puc. 1. TTopran BeINET. Paznen «OCHOBHBIC IPUHIIUITBDY
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[IpuHIIMTIEI OpraHU3ayy TOCTYIIA MoJIb3oBaTeeil mopraia BeINET:
—  MHOTOIOJIb30BaTEIbCKUI PEKUM;
— BBOJ JIaHHBIX Yepe3 3amoiiHeHre BeO-hopM B on-line pexxnume;
— paszeneHHe IMpaB JIOCTYINA PAa3HBIX KATETOPHH IMOJIb30BaTeneld K JAHHBIM H
MI0JIb30BATENLCKOMY HHTEpQEiCy;
— pabota uepe3 Web-untepdelic MmocpeacTBOM IIMPOKO PacpOCTPAHEHHBIX
OpaysepoB:Mozilla Firefox, Google Chrome, Opera u np.

KoHTeHT moprana

OmHMM W3 TEPBBIX IArOB MPH CO3JaHHH IOpTana Oblaa (QOPMYIHPOBKA €T0
nenedd, 3amad u wmuccud. Mtak, mmccus moptama BelNET - ¢dopmupoanue
OarompuATHON WHGOPMAIIMOHHOW, COITMABHO-KYJIBTYPHOH © 00pa3oBaTeILHOM
CpeIbl JUIsl YCTOMYMBOTO Pa3BUTHS aTOMHOM PHEpreTuku crpanbl. OCHOBHBIE LIETH U
3aJla4M MMOpTaNIa SAACPHBIX 3HAHUH — ICJICHAPABICHHO YIIPABIISATH HHPOPMAIIMOHHBIMU
pecypcaMy, 3HAHUSMM M KOMIETCHLUSMHU SIEPHOW OTPACIU CTPaHbl, COXPaHSITh,
MOJICp)KUBAaTh W pa3BUBaTh O3TH 3HAHUS HA YPOBHE, KOTOPHIH oOOecreyuBaeT
OesonacHoe, ycrolumBoe H OS(QQEKTHBHOE pa3BUTHE SACPHOH DHEPreTUKH U
MPOMBIIICHHOCTH CTpPaHbl. AKTyaJbHBIM SBISETCA TaKKe Hay4YHO-IOMYJIsIpHAs
TpomnarafHaa AAepHbIX 3HAHUH C HENbI0 MPUBJICYEHHS B 3Ty 00JaCTh CAMBIX CIIOCOOHBIX
MOJIOBIX JIFOJI€M W MOBBILICHHWS HUMUIKA SAIE€pHOM oTpaciu. [anpHeWmwnid mar —
pa3paboTka TaKCOHOMHHM (MEpapXW4YecKOW CTPYKTypbl TOpTajga) W pa3paboTka
COOCTBEHHBIX MaTepHAJIOB.

KonTtent moboro moprana — 310 nHpopMaIus, pasMeIléHHas Ha ero CTpaHUIlax.
[Ipouecc HamonaHeHus moprajga WHPoOpManMeld © 3anojdHeHHs Oas3bl 3HAHUMH,
pa3paboTka CrHenuanbHBIX MaTEepPHaNIOB JISi CUCTEMbl TUCTAHIIMOHHOTO OOyYeHUS —
mpoIecc TPYAOeMKHIl W JuTenbHbIM. OdeBHOHO, YTO (OPMHpPOBAHHME KOHTEHTA
mopTajia SBISETCS TBOPYECKHUM TMPOIECCOM, KOTOPBIH TpeOyeT HETPUBUAILHOTO
MOAX0/1a Ha KaXKJOM dTarle CBOETr0 OCYIIECTBICHHUS.

B HacTosmmii MoMeHT BeneTcs padoTa HaJ 3alOIHEHUEM CIIeAYIOMUX Pa3IeioB
ropTaa:

— MeHemKMEHT SAEpHBIX 3HAaHUH,

— SnepHas sHepreTHka Kak (akTop CTa0MILHOTO SHEPIeTHYECKOTO Pa3BUTHS,
— @yHgamMeHTalbHAs HAayKa,

— Ilpuxnannas Hayka,

— T'moccapuii,

— AHanuTUYeCKHuil 0030p TEPMHUHOB,

— JlaGopaTopHble pabOThI JUIS IIKOJLHUKOB H CTYJICHTOB,

— Paguoxumus,

— Boano-xumuueckue pexumbsl ADC,

— buorpaduu yuensix benapycu.

Obmee konmmyectBo mokymeHToB mopTana BeINET B Hacrosimiee Bpemsi MpeBbI-
maet 400. KoHTeHT B 007aCTH SACPHBIX 3HAHUM BKIIOYACT TIIOCCapuii, MOHOTpadum,
YUeOHUKH, MaTepHabl MEXKIyHAPOIHBIX HAY4YHBIX KOH()EPECHLUH, aHATUTHYCCKUHN
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0030p TepMuHOB «®PU3NKa HMOHU3UPYIOMIETO U3IydeHHsI» U «JloznMmeTrpudeckue
CAVMHULBDY C YYETOM PCriIaMCHTUPYIOMIUX W CTAaHAAPTHU3UPYIOIIHUX JOKYMCHTOB.
Brurouensl  yueOHble MOAynu «MeEHEIKMEHT SIACpHBIX 3HAHUN» U «SaepHas
JHEpreThka Kak (akTop CTAOMIIBHOTO SHEPTeTHYECKOTO PA3BUTH». OTH MOIYIH
CO3JJaHbl B BHJAC ITIOAKACTOB. OHu BKJIIOYAIOT JICKOIUU B (bopMaTe ayauo- Hu
BUACO(aNIOB, TECTOBBIC 3a1aHKsI K HUM U JIaOOpaTOpHBIE paOOTHI.

Cozgan 1wk 7abopaToOpHBIX  pabOT MO  W3YYEHUIO  MPOXOXKICHUS
MOHM3UPYIOMIETO W3IYYEHHWsI 4Yepe3 BEeMIECTBO, KOTOPBIE MOXHO BBINIOJHHUTE,
WCIIONB3ysl  OOILIEAOCTYIHBIE HWHTEpPHET-pecypchl. OTH J1abopaTopHble pabOThHI
MpeIHa3HAYEeHbl IIKONFHUKaM, CTYACHTaM MIQAIINX KypCOB, a TaKXke JIOOBIM
MHTEPHET-TI0JIb30BATENSIM, HHTEPECYIOMUMCS TAHHOW TeMaTHKOM.

Hanee paccmoTpuM moapoOHee HEKOTOPEIE pa3/ieNibl KoHTeHTa mopraia BelINET.

MeHeKMeHT siIepHbIX 3HAHUI

ITo mpemnoxenuto J[pHuena bemna COBpEMEHHBIE 3KOHOMUCTBI U COLUOJIOTH
paccMaTpuBaroT HBIHEIIHIO0 CTa/INI0 pa3BUTHUA YeI0BeueCcTBa Kak
MMOCTHUH/Y CTPUAILHOE OOIIECTBO C OTPOMHBIM Oarakom 3HaHuid [3]. B Ham JiekcukoH
MIPOYHO BOLIEN TAKOW TEPMHMH KaK MHHOBAIIMOHHBIN YHHUBEPCUTET C MPUCYILUM €My
TPEYTOIPHUKOM 3HaHWiA: 00pa3oBaHWe, HAayKa, WHHOBAIMH. |lOSBHINCH TEPMHHBI:
TpaHchep 3HAHUWH, ympaBlieHHEe 3HAHWSIMH W OpPOKepUHT 3HaHWU. B KoHIemuro
MEHEDKMEHTa — YIpaBICHUS 3HAHUSIMU BXOAUT TIOJIOKEHHE O HEOOXOIUMOCTH
nepefayn W coxpaHeHHs 3HaHWH [4]. V3BecTHbI aHMMUHACKUA (U3WK, XUMHK H
¢dunocod Maiikn [Nojganu npeIoKuI yIauHyo MeTagopy: Bce 3HaHUSA — 3TO aicoepr,
HaJBOJHAs YacTh KOTOPOTO — SIBHbIE 3HAHWS, NPEACTaBICHHbIE B KHHTaX, 0azax
JAaHHBIX W T. A. A TOABOJHAS YacTb — HESIBHBIC 3HAHUS, KOTOpPbIE HMMEIOTCS Yy
CIEIMAaJIICTa C ONBITOM M HUTZIEe He 3aUKCUPOBaHbl. IMEHHO X HYKHO IIepeiaBaTh U
COXPaHSATh B IIEPBYIO OUEPEb.

Cpenn obnacreit, UIsl KOTOPBIX COXpaHEHHE HESBHBIX 3HAHWIA B HACTOSIIEE BPEMS
sIBIIsieTCsl HanboJiee KPUTUYHBIM, 0c000€ MECTO 3aHHMAIOT SIICPHBbIC 3HAHUS, TaK Kak
MMEHHO B SJIEpHOM OTpacid BO BCEM MHpPE HaMETWJIach TPEBOXKHASA TEHIEHIUS
CTapeHUs KaApOB IPU OTCYTCTBHM MPUTOKA MOJOIBIX clienuaiucToB. U 3To Kacaercs
HE TOJBKO MpEACTAaBUTENEH SAEPHBIX CIENHaIbHOCTEH, HO M MPOo(eccopCKo-Tpeno-
JlaBaTEIbCKOIO COCTaBa, OTBETCTBEHHOT'O 3a IOATOTOBKY KaJpOB.

PecnyOnuka bemapyce — Momonmas simepHasi cTpaHa, Tie TMPOOJIEMBbI CTapeHUs
KaJpoB eIe HeT. 37ech SAepHas dJHEpreTHKa W CHCTEMa SIIEPHOTO O00pa3oBaHUS
HaxoAsTcs B CTaauMu pas3BuTud. [loaTomy 3amadeil HOMEp OJMH B Halledl cTpaHe
SIBIISIETCS. CO3JaHHWE CHCTEMbl HAIMOHAJIBHOTO SIEPHOrO 00pa3oBaHus, a 3ajadyei
HOMEp JBa — MpPHBIEYCHHE JYYIINX a0UTYPHEHTOB K TOJYYCHHIO OOpa3oBaHUS B
00JIaCTH SIIEPHBIX HAYK M TEXHOJIOTHHA. B Takux ycnoBusx HeoOXoarMa ONTUMH3ALUS
y4eOHOT0 mpolecca U OpUeHTalus 0Opa3oBaHUsI B LIEJIOM Ha MPAaKTHUECKOE O0YUCHHE.

CrnemyeT yYuThIBaTh TOT (PAKT, YTO HBIHEUTHEE ITOKOJIEHNE MOJIOABIX JIFOCH — 3TO
MOKOJICHHE HUHTEepHeTa. Bolblilyl0 4acTh CBEJICHUN COBPEMEHHBIA CTYACHT MOJy4aeT
u3 uHTepHeTa. [loaToMy BO3HMKAaeT 3ajadya — IOBBIIIATE [PAMOTHOCTb CTYIEHTOB,
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MpUBHMBasi UM HAaBBIKM oOpameHus ¢ WHQOpManued W yMEHHS KaTaJoTH3HUpOBaTh.
Co3nanve W (QYHKIIMOHMPOBAHUE TOpTaja SACPHBIX 3HAHUN Ha 0a3e yUpexICHHMA
00pa30BaHUs MOXET UCIOJIb30BATHCS JJIS MOBBIIICHUS WHTEPHET-KYJIBTYPhl MOJIOJIE-
KM, a TaKkKe Ui TMPEeNOCTaBIEHHs JOCTyMa M CTYASHTOB W MperojaaBaTeleid K
uHQOpMaoHHEIM pecypcam MATATO.

Benopycckuil rocyqapcTBEHHBIH YHUBEPCUTET SIBIACTCS OJHMM M3 OCHOBHBIX
ucnoigHuTene ['ocymapcTBeHHONW NpOrpaMMbl TOATOTOBKU KaApOB JUISL SIIEPHOM
suepretukn Pecryommku bemapych Ha 2008—2020 roapl. [ 1aBHOM TIENBIO TPOTPaAMMBI
SBIISIETCS] OPTraHU3AIH CHCTEMBI KOMIUIEKCHOM ITOATOTOBKM KaJApOB, 00ecreunBaroeit
MoJTydeHNe 3HAHWA W HaBBIKOB, HEOOXOJHMMBIX JUIS CTPOUTENBCTBA U OE30MaCHOM
JKCIUTyaTallill aTOMHOM 3JIEKTPOCTAHIINK, OOCCIICUCHUS SICPHOW W paJaHaIlMOHHOMN
Oe3omnacHocTH, Oe3omacHocTH mnepcoHana ADC, HaceleHHs U OKpyXKarolled cpesbl.
Oco3HaBasi BBICOKYIO OTBETCTBEHHOCTH 3a OOECIeueHHe KaueCTBEHHOH MOArOTOBKU
crenuanucToB ais uHppacTpykTypsl Oynmymeir ADC, BI'Y Ha ocHOBE MHUPOBOTO
ONbITa YCHEIIHO pa3padarThbiBaeT HOBbIE HHHOBALIMOHHBIE 0OOpa3oBaTeNIbHBIC
TEXHOJIOTUM W TPOAyKThl. Cpeay HUX — CHICIUAIM3UPOBAHHBIA MOPTANl SACPHBIX
3HAHWH, TJIe COCPEOTOUYCHA CHCTEMAaTH3MpOBaHHAs ydeOHas WH(OpMAIHUs, HOBOCTH,
CTaThH, ITyOJIMKAIMK, OTYETHI, 0030phI KOH(MEPEHITH, CCHUIKN Ha MH(GOPMAIHOHHBIC
WHTEPHET-PECYPCHI H IIp.

KoHuenuus  MeHemXMeHTa  SACpHbIX 3HaHUM crtama Jui  MATATO
MIPUOPUTETHBIM HampapieHreM B XX crometuw W mpezroiaraeT Co3aHue 3HAHUS, ero
UICHTU(UKALINIO, TIEpeady, 3aluTy, OIICHKY, XpaHeHHe U pacnpocTpanenue [5—10].

Conepxanne Monayis «MeEHEKMEHT SACpHBIX 3HaHwi» moprama BeINET
BKIIFOYaeT MH(QOPMANHI0O O MEHEPKMEHTE SIACPHBIX 3HAHWH KaK WHTETPHPOBAHHOM,
CHUCTEMaTH4eCKOM  TOAXOA€ K  Tpoleccy  HACHTU(HUKAIMK,  MOTydYeHHS,
npeoOpa3oBaHusl, pa3BUTHA, PACIPOCTPAHEHHUS, MWCHOJB30BaHMs, TMepefayn |
COXpaHEHUS 3HAHUH, 3HAUUMBIX IJIS1 TOCTIKEHHS TIOCTAaBICHHBIX menei. [loka3ansl n
pa3bsiCHEHBI OCHOBHBIE (D)YHKIIUM MEHEIKMEHTA SJICPHBIX 3HAHUI, K KOTOPHIM CIICAYET
OTHECTH YIIpaBIIEHWE 3HAHUSAMH M (OPMHUPOBAHHE WHHOBAIIMOHHOW KOPIIOPATHBHOM
KYJBTYPBI, CIOCOOCTBYIOIIEH OOYUYEHHIO COTPYIHUKOB M MPOW3BOACTBY MHHOBAITHI.
Jlana wHTepripeTanus TOHATHH: NaHHBIE, WH)OpPMANHWsA, 3HAHUI, KOMIETCHIIUH.
[Tokazano neneHWe 3HAHWN Ha SBHBIC M HESBHBIC, M MPOAHAIU3UPOBAHBI CIOCOOBI
nepesaynd  KaxJoro BHAAa 3HaHWM. PaccMoTpeHa Mopaens B3auMOIPEBPALICHUS
CKPBITBIX W SIBHBIX 3HAHWH, KOTOpas TOJyYyWsia Ha3BaHUE «IETISI WA CHHpallb
no3HaHus». OXapaKkTepH30BaHbI MPHUYWHBI BO3PACTAaHUS POJHU SIIEPHBIX 3HAHUH B
COBpEMEHHBIX ycHoBUAX. IIpu 3TOM OTMEYeHO, 9TO 0COOEHHOCTHIO SIIEPHBIX 3HAHHIA
SBIISIETCS. WX OOMNBIIOH 00BEM, HAKOIUICHHBIH NHMBIIIM3AlMel B oOmacTu (QU3UKH,
ATOMHOW WH)KEHEPUHU, METAIUTYPTrUHU, XUMUHU, HHHOPMAIIMOHHBIX TEXHOJIOTUH, a TaKKe
TO, YTO M WX CO3/aHUS U Tepenadn TpPeOyIOTCS BBICOKOKBATU(HUIIMPOBAHHBIE
MperojaBaTeNy, COBPEMEHHBIE  METOAMWYECKHe  MOocoOWs,  TIoCyAapCTBEHHBIC
WHBECTHIINM W  CHenHajJbHOe OOOpyIOBaHWE, B YaCTHOCTH, HEOOXOJMMEI
WCCIIEZIOBATEIECKHE PEAKTOPBI, YHCIO KOTOPBIX BO BCEM MHpPE, K COXKaJICHHIO,
COKpaiaercs, a He pactetT [11].
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SinepHasi JHepreTuka Kak GakTop cTa0MJILHOTO YHEPTreTHYECKOT0
pa3BuTHS

Monynbs ¢ TakMM Ha3BaHHEM BKIIOYACT CIECAYIOLIUE Pa3Aeiibl: aHAIMUTHUYECKHU
0030p COBPEMEHHOTO COCTOSIHHSI JHEPIeTHKH B MHUpE, MNEPCHEKTUBBI Pa3BHTHUS
BO300HOBIISIEMBIX MCTOYHHUKOB SHEPIHU U SIIEPHOW DHEPreTHKH, UCTOPHIO Pa3BUTHUS
SIICPHON HEPreTUKH, KpaTKylo MH(popMaimio o MexAyHapoaHbix mpoekrax INPRO
(MATATO) u GIF-4, pa3paboTaHHBIX [UIS peIICHHS MpoOJeM pa3BUTHS SIACPHON
SHEPreTUKH, OCHOBHBIE IIPOTUBOPEYHUS COBPEMEHHOIO JTala pa3BUTHUS sIEPHOU
SHEPTETHKH, BOIPOCH AAEPHON KyIbTYpbl. 3eCh MOKa3aHO, YTO MPOOJIEMBI sICpHON
SHEPreTUKH HOCAT CUCTEMHBIN XapakTep, OT UX PELICHUS 3aBUCUT HE TOJBKO IIPOrpece
YeJOBEYeCTBa, HO M COXPaHCHHWE NMBWIM3ALUH. JTH MpOOJEeMbl B3aMMOCBS3aHBI,
OXBATBIBAIOT MHOTHE CTOPOHBI JKM3HU JIIOJEH M KACAKTCS BCEX CTPaH MUpa.
ObocTpeHue Tex WM UHBIX aClIeKTOB HOCHT JUHAMHYECKHIA XapakTep, B 3aBUCIMOCTH
OT COLMOIOIUTUYECKOTO OKPYKEHHS, KOTOPOE BO3HHKAET KaKk OOBEKTHBHBINH (pakTop
pasBuTus. B HacTosmee BpeMs CTal0 OYEBHUIHBIM, 4YTO JJISi CBOEr0 pEUICHUS
mpoOIeMBl SACPHON PHEPTETUKU TPeOYIOT OOBbEANHEHHST YCHUIIUI BCETO YeIOBEUECTBA.
B »Toli cBs3M B MOAYyJIE YACISAETCS BHUMAHUE aHAIU3y Pa3BUTUS SAICPHON SHEPreTUKH
B CBeTe TJ00aNbHBIX NpoOIeM denoBeuecTBa: Yrpo3bl TeppopU3Ma, HEoOpaTHUMOTo
3arpsi3HEHHs OKpYy’)Karolled cpeabl M HEOOXOAMMOCTH TPEOJOJNeHUs pa3pbiBa B
pa3BUTUU MeXAy cTpaHamu. [Ipy 3ToM momdepkHUBaeTcs Ta 3HAUUTENBHAs pOJIb,
KOTOPYIO UI'PAcT sAllepHas HayKa U TEXHUKA B JKA3HHU YEJIOBEYECTBA, HECMOTPS HA TO,
YTO MHOTHE BOIIPOCHI, CBSI3aHHBIE C SACPHOM 3HEPreTUKOM, 10 CUX IIOpP SBISAIOTCA
MPEAMETOM OCTPEUIINX JUCKYCCUM.

dyHaaMeHTAJIbHAS M NTPUKJIAIHAS HAYKA

Pazgensl «@ynpamentanbHas Hayka» u  «llpuknamHas Hayka» conepikar
MaTepHajbl HECKOJIbKUX MEXKAYHAPOIHBIX KOH(EPEHIMH, KOTOpble MPOBOIWINCH B
BI'Y B 2014-2015 rr. Dto — 64 wmexnyHapomHas kKoHgpepenuus "SJIPO-2014"
(dynpameHTanbHBIE MPOOJEMBI SIIEpHONW (DU3MKM, aTOMHOW PHEPreTHKH U SACPHBIX
TeXHOJIOTHH), KoTopas npoxoawia B bI'Y 1-4 utonsa 2014 rona, 4-1 MexayHapoaHas
koHpepennuss MCMAPT-2014 (MmxkeHepuss CHUHTHUIIMOHHBIX MAaTEpHUANOB H
paauanuoHHbIe TexHonoruu), 12—16 okrsaops 2014 roga, MexmyHapomHoe pabouee
coBemanne «CoBpeMeHHBIE SACPHO-(DU3NUECKUE METOIbl HCCICHOBaHUS B (PU3MKE
KOHJIeHcHpoBaHHEIX cpeny (AMKC-2015), 15-16 centsiops 2015 r. B nanHbIi pasnen
TaKke BOLUIM MaTepHaibl MOHOTpaguil M HAyYHBIX TPYIOB BEAYHIUX OEIOpYyCCKUX
yUYEHBIX.

I'occapuii

Padora Haxg xoHtenToM TopTama BeINET mokazama  umerorryrocs
HECOTJIACOBAaHHOCTh B ONPEAEICHUH TEPMHHOB, BCTPEUAIOLIMXCS B JUTEpaType U B
HWHTEPHETE, MPOTHBOPEYMBOCTb MEXKIY HUMH, B TOM YHCIE MEXIYy TEPMHHAMH,
NpUHATEIMEA B MokyMeHTaXx MAT'ATD [5-9] u ucnons3yrommMucs 4acTo B y4eOHOH
nmutepatype [12—14]. IlosToMy cTana o4eBHIHOW HEOOXOAMMOCTH pa3paboTKH COOCT-
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BEHHOI'O BBIBEPEHHOTr'O TJIOCCApUs IO fAJIEPHON TEMAaTHKEe, CHUMAIOIIEr0o MHOTHE BO-
MPOCHI U Pa3HOUTEHHUS.
[
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Puc. 2. Tlopran BeINET. Paznen «®@yHnnameHTanbHast Hayka»

[lepBbIM 3TAanioM B CO3[aHUH TiIoccapus ObUT COOP TEPMUHOB U WX OIPEICICHUN

Mo pasfenam siepHod (U3WKH W DHEPreTUKH, GU3NKH WOHHM3HPYIOIIUX H3ITydeHHH,
SANEPHOM W paJualOHHONW OE€30MacHOCTH, a TaKXe SIepHBIX MaTepuajoB |
paAMallMOHHOTO MaTepualioBeficHus. Ha OCHOBe MpOBEAEHHOTO aHaim3a ObLT
COCTABJICH MEPEUYCHb OTHOCSIINXCS K pACCMaTPUBAEMbIM TEMaM TEPMUHOB Ha PYCCKOM
W aHTJIMACKOM SI3bIKaxX C WX OMNpeAeleHHAMH, (GOPMYITUPYEMBIMH B COOTBETCTBHU C
JIEHCTBYIONTUMH HOPMATHUBHBIMH JOKYMEHTAaMH U pe3yJbTaTaMU MPOBEAEHHOTO
ananusza. I[lpuBenem B KauecTBe MpuUMepa IMepedueHb TEPMHUHOB rioccapus s
oyks b, Bul":

b
bapuonnoe uucno, bapuonsl, beitnut, bepunnuii, bop, bera-pacnan, bera-uacruua,
berarpon, buonormueckass 3ammra, boze-OHmTeiina cratucTtuka, bo30HHI,
BopocunmukarHoe ctekno, bpetipa-Buraepa dhopmya.

B
Baiiizekepa ¢opmymna, Bakancus, Benmkoe oOwvenamnenue, BekoBoe ypaBHEHUe,
BemectBo, amopduoe B., kpucrammdeckoe B., TOBepXHOCTHO-aKTHBHOE B.,
B3anmopeiictBue uactul, B3aumMoneicTBue B CHUCTEME: ypaH—aJIOMHHHNA, ypaH—
HUKEIb, yPaH—ILTyTOHHI—a30T, ypaH-(pUCcCHyM—KOPPO3HOHHO-CTONKAsT CTallb, YpaH—
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LUPKOHUH, YpaH—TYTOIIaBKHE METaulbl, BuamanmreT, BupTyanbHblE 4YacTHIBL,
Bo30yxnennbie cocrosHust siaep, BomnoBas ¢ynkums, Bomusl ge Bpoins, Bomo-
BoAsiHOU 3HepreTnyeckuil peaktop (BBOP), BocnpousBoacTBo TomnmBa, Brinrouenus
HeMmeTayuinueckue, Boaa nerkas, Bomna Tsxenas, BpamarenbHble cOCTOSHUS s/pa,
Bpemenn mnponera meron, Bcerpeunele nyuku, BTopuuHOE siiepHOE TOILIMBO,
BxonHoli kaHanm spepHOM peakuuu, Bbeixon peakiuuu, BBIXOIZHON KaHan saepHOU
peakiuu, Breiropanune TormBa, Beixon simepHO# peakuwu, BwicokooOoramieHHBIH
ypaH, BsizkocTh yaapHas.
r
l'amma-uznyuenue, [amma-pacnan, [aponunuii, ['aycca pacnpenenenue, ['amma-
aKTUBAllMOHHBIA aHanmu3, ['amMma mmoTHomeTpusi, [amMma-cruiaBel B aTOMHOM
sHepreTrke, ['eHeparop HelTpoHoB, ['ekcadTopun ypaHa, ['MraHTCKHH IUTONBHBIN
pesoHanc, I'mmepsapsan, I'mnepsnpa, I'mooHsl, I'paBUTaMOHHOE B3aUMOJECHCTBUE,
I'pagpuxk  Depmu-Kropw, I'pagpur, I'. sanmepHoit uwuctoter, ['padurnzanmus,
I'panynpoBaHHOE OKCUIHOE TOIJIUBO.
Marepuansl riaoccapus HOATOTOBIEHB! M YACTUYHO pa3MeIlleHbl Ha TIopTaje.
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Puc. 3. TToptan BeINET. Pazngen «[IpuxnagHas Hayka»

AHanuTHYeCKH 0030p TEPMUHOB

PabGora Hajg KOHTEHTOM MopTaia Mo cOOpy TEPMHHOB U MX ONpEAETCHHHA B
0o0JIACTH OCHOBHBIX M HOPMHUPYEMBIX [HO3MMETPUYECKHMX BEIWYHMH, a TaKKe
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WOHM3HPYIOIIEr0 M3IYYeHHs MpHUBEJa K HEOOXOIUMOCTH aHAaJUTHYECKOTo 0030pa
TCPMUHOB «Dusnka HUOHU3UPYIOLICTO U3IYUCHUA» U ((JIOSI/IMeTpI/I‘IeCKI/Ie CAUHHUIBD) C
Y4ETOM PETJIaMEHTUPYIONINX ¥ CTAaHAAPTH3UPYIOIIUX TOKYMEHTOB.

B  yueOHo-MeTommueckoM — Marepuane  «Jlosmmerpudueckne — BETMYHWHBDY
nmpeacraBjCcHa KJIaCCI/I(bI/IKaHI/IS[ JO3UMETPHUICCKUX BCJINYHH, IMPUBEACHBL ux
ONpE/ICTICHNS, TPHUHATHIC B JIMTEPAType, B COOTBETCTBHH C ITyOJUKAI[USIMU
MexnyHaponHoii KomMuccuu To panuonormdeckuMm eauannam (MKPE) [12] u
YTOYHEHUSIMM, BBEJICHHBIMM MEXIYHAPOJHON KOMHUCCHEH TI0 pPaaMOIOTHYECKOMN
samute (MKP3) [13]. PaccmarpuBaroTCsi CTOXacTHUECKHE W JIETCPMHUHHPOBAHHBIC
O3MMETPUYECKHE  BEIWYMHBI,  OTOBApPHBAIOTCA  YCIOBHS, MPH  KOTOPBIX
hopmyupyeMble TOHATHS TPUMEHUMBI. OOCYKIaeTCsl COBPEMEHHAs KIacCH(pUKAIINS
JO3UMETPUUICCKUX BCIIMYUH, KPATKO OMKCBIBACTCA X B3aUMOCBA3b MCXKIAY C060ﬁ.

Hanexo He Be3ne B y4eOHOW M HOPMATHBHO-TEXHHUYECKOW JIMTEPaType SICHO
(hopMynmpyeTcst pa3jielieHHe BCeX TO3UMETPUYECKHX BEIUYMH Ha MHKPOIO3UMET-
PUYCCKUEC BCIIMYMHBI, OCHOBHBIC JO3UMCTPUUCCKUC BCIMYMHBI W OKBUIO3UMET-
pUYECKHE BEIUYHMHBI, KOTOPHIC, B CBOIO OYepe/ib, MOAPAa3ACIAIOTCS Ha (DaHTOMHBIC,
pabodre ¥ HOpMHUpYEMbIe TO3MMETPHUUECKUE BEIMYHHBI. DKBUIO3UMETPUS — pa3mel
JIO3UMETPHH, B KOTOPOM pPacCMAaTPUBAECTCS Y4EeT CTOXACTHUECKHUX OMOIOTHYECKHX U
MeIUIMHCKUX  3(QdexkToB B  ompeneneHHH pacyeTHBIX  JICTCPMHUHHUPOBAHHBIX
O3UMETPUYECKAX BEIMYUH TPUMEHUTENFHO K YeIOBeKYy B 00JacTh ypoBHEH
00JTydeHus, TIPU KOTOPBIX TOJIBKO 3TH 3 (PEeKThI UMEIOT MecTo. DaHTOMHBIE U padodre
BCJIMYMHBI 3a1a0TCA B TOYKE, TOrJa KaK HOPMHUPYEMBIC BEJIMUMHBI OIIPEACTIAIOTCA IJId
OpraHa WY TKaHH, 100 K€ Ha BeCh OPTaHU3M B I[EJIOM.

MHOXECTBO COBPEMEHHBIX JO3MMETPHUYECKUX TTOHSATHH, OTHOCSIIMXCS K 00IacTH
SKBUAO3UMETPHH, ITOCICIOBATEIHHO H3JI0KEHBI, TOXKaIyW, TOIbKO B [14], HO 3Ta
nyOiuKanms HEJOCTYNHA IIMPOKOMY 4YHUTAaTelro. [lo3ToOMy KpaTKoe HU3II0KEHHUES
CUCTEMBI JIO3MMETPHUYECKUX TIOHATHUH B TPUHATOW CETOMHS HWEpPapXUHd MOXKET OBITh
TIOJIE3HBIM TS TIOJTb30BaTeNeH mopTaia.

HaHpI/IMep, IIpyu BBCACHUHU OICPALIMOHHBIX M (1)aHTOMHI)IX JO3UMCETPUICCKUX
BEJIMYUH HCIOJB3YIOTCS MOHATHS CIPSIMICHHOTO M PACIIUPESHHOTO TMOJIEH U3ITydeHUsl.
B paszpabotanHOoM yueOHO-METOAMYESCKOM MaTepuaje MPUBOIUTCS TOIBKO (HOPMYITH-
POBKa 3TUX MOHATHH U Har0TCA KPAaTKHUE PAa3bACHCHUSA I10 o0jlacTi ux MIPUMCHCHUA.
CChUTKH Ha COOTBETCTBYIOIIYIO JHTEPATypy, B KOTOPOH naetrcs Oojee IMOJIHOE UX
W3JI0KEHHE, TOJDKHBI TIO3BOJIMTH YUTATENIO YIIIYOUTh CBOHM 3HAHHSI TI0 ’TOMY BOIIPOCY.
CBsI3p O3MMETPHUYECKUX BEIWYMH C XapPAKTEPUCTHKAMH IO M3ITYYEHHS pPacCMOT-
peHa B OT/ICILHOM MaTepHale.

Pasmemnienre TEpMHHOB ¥ ONpeJeNeHHI MPOU3BOJUIOCH Ha OCHOBE 0a30BOTO
KITfo4YeBoro cioBa. Hanpumep, Tepmun «oHn3npyomee n3mydeHne» OmpeaeseH Mo
3arojioBkoM «M3iaydyeHue wuoHHU3UpYyIomiee». Jlias oOJerdeHus IMOMCKa TEPMUHOB
TIPUBOATCS U JPYTHUE COYCTAHUS CIIOB C OTCHUIKOI Ha OCHOBHOE COYCTaHUE, TPUHSATOC
B rioccapuu. Hampumep, TepMHH «BTOPHYHOE HOHU3UPYIOUIEE H3ITYICHUE)
pacmudpoBbiBaeTcs B TepMuHe «M3mydeHne HOHU3UPYIOIee BTOPUIHOE», HO CChUIKA
Ha STO OIPENCJICHUE NlaHa W B pas3felic TSPMHHOB moja OykBod «Bx»: «Bropuunoe
MOHM3HPYIOIIee HTydeHne» cM. « loHn3upyroiee u3rydeHne BTOPHIHORY.
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B kauectBe mpumepa u3 o030pa «Pu3NKa MOHWU3HUPYIOMIETO HM3IIyYEHHUS» pac-
CMOTPHM C Pa3JIMYHBIX MMO3UIUI ONpPeeICHHE MO HOHU3UPYIOLIEro u3inydyenus. [a-
JIUM CIICYIOIIEe ONPEACICHUE STOTO MO,

Honem uonusupyrowezo uziyuenus (paouayuoHHbIM NONEM) 6 HeKOMOpOl
obracmu npoCMpaHcmea HA3bIBAEMC A COB0KYNHOCMb YACHUY dMO020 U3NYYEeHUs.,
KOMOpdasi MOXdcem O0KA3ambCsl 8 KadCOoUu mouxke OaHHOU 0Oracmu npocmpancmed 8
OaHHBII MOMEHM 8PEMEHU.

Jnsa onpeneneHHoCTH OyIeM TOBOPUTH O TIOJI€ M3IIyYEHHUS YAaCTHI[ OJHOTO BHUA
(¢oTOHOB, HEUTPOHOB, ANEKTPOHOB, MPOTOHOB, aNTb(a-YaCTHII U T.11.).

B paccmarpuBaeMOM TMOHSATHH TIONST WOHU3HUPYIOMIETO W3IYYEHHS BCE €ro
yacmuybl CHUMAIOMCA MOYEUHbIMU U He 83AUMOOelCEYrowumMu mexcoy coboi. B
JAJIbHEHIIIeM T10J] TOYKOM MPOCTPAaHCTBA IMOHMMAETCS CPABHUTEIBHO HEOOJBIION
00beM, Ha3bIBAEMBIH 21eMEHMAaPHbIM 00BEMOM.

[lpu  ompemeneHWM  XapaKTEPUCTHK  HWOHM3HUPYIOIIETO  HM3IYYCHUS  TOJ
3JIEMEHTApHBIM 00BEMOM TMOHUMACTCS CPAaBHHUTEIBHO Mablii 00bEM MPOCTPAHCTBA, B
KOTOPOM YaCTHIIBl HOHM3HMPYIOIIEr0 U3IyYeHHS MOXHO paccMaTpuBaTh Kak
HEKOTOPBIH aHcaMOib. DTOT aHCaMOJIb MOXKET OBITh YHCTO KBAHTOBEIM, HAIPHMeEp, B
BaKyyMe 3TO MOXeT ObITh TuO0 ancamOib depmu—/lupaka s 4acTull ¢ TOIYLEIBIM
CIHOM, 1100 aHcamMOIb bo3e—DHHINTEHA AT YacTHIl ¢ LEJIbIM ciuHOM. Eciu ke B
JJIEeMEHTapHOM O0bEeMe HAXOAWTCS BEUIECTBO, B KOTOPOM IIEPBHUYHOE H3ITyYCHUE
MOXKET TIPOM3BECTH WOHHW3AIMIO ¥ JpyTHWE SIBICHUS, BO3HUKAIOIINE IIPH €ro
B3aMMOJICHCTBUHM C BEIIECTBOM, M MOPOXKIACT MPHU I3TOM BTOPHUYHOE HOHHU3UPYIOIICE
U3Iy4eHHe, TO HEOOXOJUMO TOBOPUTH O PE3yJbTHUPYIOIIEM IMOJie¢ MOHU3UPYIOUIETO
M3IIYYCHMSI, aHCaMOJb dYacTHI KOTOPOro OyIeT, BOOOIIEe TOBOpS, CMEUIIaHHBIM
KBaHTOBO-CTAaTHCTUYECCKMM aHcambOjieM. COCTOSHHME BEIIeCTBAa B TpejeiiaX 3JIeMEH-
TapHOTO O00bEeMa JIOJDKHO TIOJJIaBaThCsS OIUCAHUIO C TIOMOINBID  3aKOHOB
CTaTHCTUYECKONH MEXaHWKH, KOTOpBIE Hapsy C KBAaHTOBOW MPHPOMON YACTHI[ H
pacrpeeicHUeM  BEPOSTHOCTEH  COOBITMH  B3aWMOACHCTBUS ~ MOHU3HUPYIOIIETO
M3ITy4YeHUs ¢ BEIIECTBOM OYIyT ONPECIATh MATPHUILY TUIOTHOCTH.

Xapaxmepucmuxu nons usnyyenuss OyIyT pacCMaTpUBAThC KaK CpeIHUE
BEIMYMHBI TT0 dTOMY aHcambOmio. Kak creacTBue, 3Tv cpefHre BEIHMYUHBI HE TOJKHBI
HU3MEHATHCS B TpejeiaX JIeMEHTapHOTO0 00beMa M MO3TOMY MOTYT OBITh OTHECEHBI K
OJTHOM TOYKE MPOCTpaHCTBa. Takum 00Opa3oM, MPH PACCMOTPCHHU B3aUMOICHCTBHS
MOHM3MPYIOMIETO N3IYUYEHHSI C BEECTBOM DIIEMEHTAPHBIA 00beM IpecTaBIseT coboit
HEKOTOPBI MaKpOCKOMUYECKUN 00bEeM BEIIECTBA, KOTOPBIA JOCTATOYHO MaJj, YTOOHI B
€ro mpejienax MOXHO ObUIO Obl CUHMTATh OJHOPOJHBIMH _IOJIe HOHU3UPYIOUIETO
M3ITyYeHUs] 1 MaKPOCKONMMYECKHEe XapaKTePUCTUKY BellecTBa. FIMEHHO B 3TOM CMEBICIIE
3JIeMEHTapHBIH 00BEM 37€Ch U OyIeT TOHUMAThCS B JATbHEHIIIEM.

[TpoMekyTKH BpeMEHHU, KOTOPBIC AOMYCTUMO PacCMaTpUBaTh B 3TOM MOJEIH, HE
MOTYT OBITh MEHBIIIE CPEIHEr0 BPEMEHM IpoJeTa YacTUIAMH HOHU3HUPYIOIIETO
WM3ITydeHHs] 4epe3 DIIEMEHTapHBIA 00BeM (ClIeJOBAaTENbHO, XapaKTEPUCTUKH TIOJIS
U3IydeHHUs Cl1a00 M3MEHSIOTCS B MpEIeNiax pPacCMaTPUBAaEMBIX IMPOMEKYTKOB
BpeMeHH). TONBKO MpH 3TUX OTPaHHUYCHUSIX OOCYXKJIaeMbIe HIDKE XapaKTePUCTHKU
TIOJISI U3TYUYSHHUS UMEIOT CMBICIL.
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B pycckos3pI4HOM IUTEpaType BCTPEUAIOTCS HECKOJIBKO WHBIE (POPMYIMPOBKH
OTIpe/IeTICHNs MOJISl MOHU3UPYIOLIETO M3Ty4YeHHsI, KOTOpbIE ¢ TON WM MHOM CTEEeHbIO
MIOJTHOTHI OTPaXkatoT JaHHOE BhIIIE omnpenaeneHne. Tak B [15] moseM HOHU3UPYIOIIETO
W3Ty4eHUsT HaspiBaeTcsi «PacrpeneneHue YacTHII WOHW3UPYIOIIETO H3IYy4YeHUS B
paccMatpuBaeMoil cpeney». B [16] yTodnHseTcs, 9TO pedyb HAET O MPOCTPAHCTBEHHO-
BPEMEHHOM paclpeeeHN: MOHU3UPYIOMMNX YacTHIl B cpeae. A B [17] mox mosiem
U3TY4YeHHs ITOHUMAETCsl «00IacTh MPOCTPAHCTBA, KAKI0W TOUKE KOTOPOil TTOCTaBIEHBI
B COOTBETCTBHE (UIUUECKHE BEIUYMHBI (CKAISPHBIE M BEKTOPHEIC), SIBISIOLIHECS
XapaKTePUCTUKAMH TIOJISI M3ITYyUYCHHUS. XapaKTePUCTUKU TOJs OMPEACISIOT MPOCTPaH-
CTBEHHO-BPEMEHHOE paclpejiefieHle HU3IydeHHs B paccMaTpuBaeMoil cpere». B
TIOCTIEIHEM YK€ COJEPIKUTCS CChUIKA Ha TOHATHE XapaKTEPUCTHK MOJSA M3IYUYEHHS H
MPEIOKEHO pa3feNuTh WX Ha CKaJspHbIE W BEKTOpHBIE BeNWYHHBL. Cremyer
OTMETHTbh, YTO XAPAKTCPUCTUKU TOJS W3ITydeHus, ompenensemsie B [15, 17-19] kak
CKaJIIpHBIE, HA CaMOM JieJe MOTYT pacCMaTpHBAaThCS Kak BPEMEHHBIE KOMITOHEHTHI
HEKOTOPBIX YETHIPEXMEPHBIX BEKTOPOB B 4-MEPHOM MPOCTpPaHCTBe—BpeMeHH. [1loaTomMy
HEOOXOJJIMO C OCTOPOKHOCTBIO IOJIB30BATHCS TEPMHUHAMH «CKAISPHBIE» U «BEKTOP-
HBIE», OTOBApHBAas, B paMKaxX KakOW MOJIENIM MPOCTPAHCTBA OHHU OMNpENeNsoTcs. B
3amadax pagualMoOHHON 0e30MacHOCTH, KaK MpaBWIIO, HE BCTPEYAIOTCA CIy4au, Tie
OTHOCHTEILHOCTh OJIHOBPEMEHHOCTH Urpajia Obl pOJib PH U3MEPEHHU XapaKTEPHUCTUK
WOHU3UPYIOIIETO U3ITY4YCHUs. PelITUBHCTCKYI0O MEXaHUKY HEOOXOAUMO 37IeCh YUHTHI-
BaTh TOJBKO JJIS OTJENBHBIX ero yacTull. [103ToMy ocTaBUM MoKa B CTOPOHE BOIIPOC O
TOM, KaK XapaKTEPUCTHKH TOJIsl HOHU3UPYIOLIETO U3TYUYCHHUS MOTYT OBITh OTIPE/ICIICHBI
B TIPOCTPaHCTBe—BpeMeHN MHHKOBCKOTO.

uxka sadopaTtopHbIX padoT AJIs1 HIKOJIbHUKOB

Konumenmmsa mnoprana BeINET mnpennomaraer co3maHue CHCTEMBI AWCTaH-
LIMOHHOTO 00y4YeHHusl B 00JIaCTH SACPHBIX 3HAHWH, HOATOMY OOJBbIIOE BHUMAaHKE OBLIO
yIeleHo pa3paboTke KOMIUIEKCa YYeOHBIX JIa0OpaTOPHBIX pPaboT, TO3BOJISIONIECTO
MO3HAKOMUTH IMOJIb30BaTeNel € OCOOEHHOCTSMH MpPOBENCHHUS JKCIEPUMEHTOB U
00pabOTKH pe3yNIbTaTOB B 007aCTH SAACPHON (PU3HKHL.

B mkoneHOH mporpamme saepHas (HU3MKa TPAAULIUOHHO TMPEICTABICHA IHIIb
HEOONBIINM pa3JesioM, He TpeayCMaTpUBAIOLINM BBITIOJHEHUE J1a00paTOPHBIX paboT.
OT0 00BACHSAETCS TeM, YTO J1abopaTOpHble pabOTHl IO sAEpHON (U3MKEe TPeOyroT
MPUMEHEHUs] HMCTOYHHKOB HOHM3UPYIOIIMX M3IY4YeHUH, UYTO JJ IIKOJHHUKOB
3aIpelneHo CaHUTapHBIMUA HOpMaMu. OTHAKO PAaKTHYECKHe HaBBIKH, KOTOPBIE MOYKHO
MOJTyYUTHh TOJIBKO TIPH BBINOJIHEHUH J1a0OpaTOPHBIX PaboT, MO3BOJIAIOT Oo0Jiee MOJIHO
MOHATH OCOOEHHOCTH MPOXOXKIEHUS MOHM3MPYIOIIETO M3JIy4YeHHUs Yepe3 BEIIeCTBO, a
TaKkK€ OMNAacHOCTh W NPUHUUIBl 3aIIMTHI, CBA3aHHBIE C  HCIIOJIb30BAHUEM
paAMOaKTUBHBIX BeIIeCTB. B COBpeMEHHOM MHpPE 3TO OYEeHb BaXKHO, ITOCKOJIBKY
MaciiTaObl MCHOJB30BAHMS HOHU3UPYIOUIMX H3MyYEeHHH ¥ paguoOHYKIUTHBIX
HUCTOYHHMKOB B MENIHUIIMHE, TEXHUKE U IPYTHX OOJACTSIX PacTyT Ype3BbIUAifHO OBICTPO.
IIpouecc pa3BuTusi aToMHON 3HepreTukn B Pecmybnmuke bemapyck mnpeabsBiseT
COOTBETCTBYIOIINE TpeOOBaHUS K 3HAHUSAM OCHOB B3aMMOJEWUCTBUS H3IYUYEHHS C
BEIIECTBOM M €ro BO3ACHCTBHS Ha OKpyXamIlyro cpemdy. ONBIT M TMOCIEICTBUS
UepHOOBUTECKOM  KaTacTpo(bl  MOKa3aid, HACKOJIBKO HEOOXOIUM  XOTS OBl
MUHUMAaJIBHBIA YPOBEHb 3HaHWH B TaHHOW 00JIaCTH JIJIS IIUPOKUX CJIOEB HaceleHHs.
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Puc.5. Buneo x naboparopHoit padote Ne3

B pamkax passutus koHTeHTa moprtasia BeINET Obu1 pa3paboran UK
1a00OpaTOPHBIX PA0OT MO M3YYEHHIO MIPOXOXKICHUS HOHU3UPYIOLIET0 U3IIyYCHUs depe3
BEILIECTBO, KOTOPHIC MOXKHO BBIIOJIHUTB, HCHOJNB3YSl OOMIETOCTYIHBIE HHTEPHET-
pecypebl. ITH paboThl MOTYT OBITH BBIITOJIHEHBI ITKOJHHUKAMH, CTYICHTAMH MJIAIIIAX
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KypCOB, a Tarke JIIOOBIM WHTEPECYIOIINMCS TOJb30BaTeNieM MHTepHeTa. [l BhIToN-
HEHHUs paboT MOJIB30BATENI0 HEOOXOJUMO MMPOUTH PETHCTPAIMIO Ha TTOpTAlle.

OOmieit 4vacThio IMKIA JTAOOPATOPHBIX PabOT siBisieTcs Mmarepuan «Kpartkue
CBEJICHUS U3 SJICPHON (PU3UKHU U SACPHON CIIEKTPOMETPHMY, TJI¢ MPUBEACHBI OCHOBHEIC
3aKOHOMEPHOCTH SIBIICHHS PaJIMOAKTUBHOCTH. 3/1eCh OOBSCHSIOTCS paboTa AeTEeKTOpa
WOHM3HUPYIOIIEr0  W3JIy4YeHHs, MNPUHOWATE (POpMHUpPOBaHWS W  WHTEPIpPETAINH
9KCIIEPUMEHTAIBHOTO JHEPTeTHYECKOTO CHEeKTpa H3MydeHus. JlaHsl Gopmymnsl mms
OIIEHOK CTaTUCTHYECKUX MOTPEITHOCTEH IKCIIEPUMEHTA.
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MaBopaTopran paboTa N1 =
e :
At OonpepeneHne akTHBHOCTH MCTOYHMKA ' :

OTHOCHTENBHBEIM METOOO0M M

A BELYSCTOA. 3 SOMASETCR KIPAK TERHCTHROR QEMKOrD

Puc.6. On-line ctpanuma maboparopHoii paboTsr Nel

[IpakTuueckuil UK BKIOYaeT B cedsl IATh JabopaTopHbIX padoT: «Ompexne-
JICHWE aKTUBHOCTH PAaJHMOAKTHBHOIO MCTOYHMKA OTHOCHTEJIBHBIM MeTonoM», «Ilormo-
IIIEHHEe 3JIeKTPOHOB B BellecTBe», «l3ydeHue mpoHUKaromel crnocoOHOCTH TaMMa-
KBaHTOB pPa3IMYHBIX SHEpruil», «l3ydeHue NpoOHUKaIOMIEH CHOCOOHOCTH TamMma-
KBAaHTOB B Da3iIM4HBIX BellecTBax» U «EcCTecTBEHHbIE PaAMOAKTUBHBIE PSABD (CM.
Puc.4-7). Kaxnas maboparopHas paboTa COAEPKHUT KPaTKOE OINKCAHUE H3y9daeMBIX
MPOILIECCOB, YTO HEOOXOAMMO Uil MOHMMAHHS BBHIMOJHEHUS M3MEPHUTENBHOW YacTH
paloThl, a TakXke A aHajlM3a MOJIYYEeHHBIX B paboTe pe3ynbTaToB. B oTmensHOM
paszene paboThl ONKCAHbI YCIOBHS U IIPOBEAECHHE IKCIEPUMEHTAIbHBIX H3MepeHuil. K
Kax1oi pabore npunaraercst Buneodaiin (cMm. Puc.5), KoTopslil mo3BossieT HaObM0AATh
Ha JKpaHe KOMIIbIOTEpa IMaHeJb CIIEKTPOMETPa, a TAaKKe TO, KaK yCTaHABIMBAIOTCS
padoune peXUMbl Ha CHEKTPOMETpPE, BpPEMsl PETUCTpaluHd, caM Ipouecc Habopa
CIIeKTpa ¥ ero 3anoMuHaHus B (daitn. O0vem Buneodaiina cocraBiseT Heckobko MO.
Hcnonb3oBanue BuAaeoMarepuana MNpHONMKAeT MOJB30BATENI K IPOBEICHUIO
(u3MUecKoro 3KCIEpUMEHTa MO PETUCTPallMi HOHU3UPYIOIIEro u3nydeHus. [lomHbii
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Ha0Op CHEKTPOB, HEOOXOMWMBIX MJIA BBITIOJHEHHUS padoT, TpemraracTcs B BHJC
TEKCTOBBIX (DaiiyIoB.

B otnensHOM pasnene MaHb METOIUYECKHE YKa3aHUs IO TOPSAKY 00paOdOTKU
SKCIIEPUMEHTAIbHBIX JAaHHBIX, pacyeTy ¥ aHajiu3y KOHEYHBIX BeIMYMH. Tak Kak
9KCIIEPUMEHTAIbHBIE CIIEKTPHI TPHBEICHBI B BHJE TEKCTOBHIX (ailyioB, 00pabOTKY
pe3yJIbTaTOB MOXHO JeJaTh C MCIOJB30BAHUEM MIMPOKOTO Kpyra MOIMYJISIPHBIX
MIPOTrpaMM, MO3BOJISIONINX BBOJUTH TEKCTOBBIC JaHHBIC, IEaTh MPOCTEUIIINE PacyeThl
" pucoBath rpaduku. PaspaboTraHHas METOIMKA BHITIONHEHUS pabOT OpHEHTHpOBaHA
Ha MCIIOJIb30BaHUE IIMPOKO pacnpocTpaHeHHol mporpamMMbl MS Excel. OTo mo3BosisieT
BBITIOHSTH JIA0OpaTOpHBIE PabOTHI, UMes TOIBKO KOMIBIOTEP C YacTO MUCIOIb3yEeMBIM
HabopoMm mporpaMM. C ITOMOIIBIO 3JCKTPOHHBIX TAOIHII MOXKET OCYIIECTBIIATHCS
00paboTKa IKCIIEPUMEHTAILHBIX CIIEKTPOB, pacdeT HEOOXOIMMbIX BEIMYMH, ITPEICTaB-
JICHHUE PE3yJIbTaTOB B rpadiuecKOM BHJIE.
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Puc. 7. Tectol k 1abopaTopHoii pabote Nel

K xaxpoit pabote paszpaboransl TecThl (cM. Puc.7), Mmo3BOJSIONIME OLEHUTH
MIPaBWJIBHOCTh MOJMYYEHHBIX pE3yJIbTAaTOB, a TAaKXXE€ YpPOBEHb MOHUMAaHMS T0JIB30-
BaTeJIeM M3yYaeMBIX TIIPOLIECCOB M €ro TOTOBHOCTH MPHUMEHUTH IOJTyYCHHBIC
pe3ynbTaThl, HampuMmep, [UId OLEHKH [apaMeTpoB HEOOXOOUMOH 3aluThl OT
HMOHU3UPYIOIIET0 U3JTyUYeHUSI.

KonTeHnT noprajia B 00;1acTH paiMoOXuMHUH

B oOnactu smepHbIX 3HaHMK (U3KMKa HEOTAENMMa OT XHMHH M Hao0OpOT.
Pagnoxumus OTHOCHTCS K TOW 00JacTH XUMHYECKOH HAayKd, 3HAHHE KOTOPOM
COBEPLICHHO HEOOXOAMMO MJsi TOATOTOBKH CIIEHHUAINCTOB, CIIOCOOHBIX pEIIAaTh
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BOIIPOCHI, CBsi3aHHBIE ¢ obecrieueHneM Oe3omacHol pabotel ADC w  apyrux
MPEeANPHUATHN SIEPHOTO TOIUIMBHOTO IMKJA, BKIOUAas mepepaboTKy oTpaboTaHHOTO
SIIEPHOTO TOILUIMBA U 00€3BPEKUBAaHUS PallOaKTUBHBIX 0TX0H0B [20, 21].

Pagnoxumus  m3y4yaeT XMMHYECKHE CBOWCTBA W (DU3HKO-XMMHYECKHE
3aKOHOMEPHOCTH  TIOBEICHUS  PAaJUOAKTHBHBIX  3JEMEHTOB M  OTAEJIbHBIX
PaIMOHYKIUIOB, METOIBI MX BBIAEIICHUS W KOHIEHTpHpoBaHUs. OHa BKITIOYAET TAKXKe
MPOMBIIUIEHHYIO OTpPacib, CBA3aHHYI0 C TIOJy9€HHEM BBICOKOPAJANOAKTHBHBIX
MaTepUalIOB M pereHepalueil sIepHoro TOproYero, pa3padoTKy METOAOB PUMEHEHHS
PaIMOHYKIMAOB, a TAKXKE CIEHUaIbHOM TEXHWKHM W OOOPYAOBaHMS IJISi 3aIlIUTBHI OT
BpPEOHOTO BO3ACHCTBHA HOHHM3MpYyomero u3nydeHus. COBpPEeMEHHYIO PaldOXHMHUIO
MOXHO YCJIOBHO pa3[ellUTh HAa TPH paszieia: XHUMHUK PaJHOaKTHBHBIX 3JIEMEHTOB,
00IIyI0 M IPUKIAJHYIO PAIHOXHUMHIO.

KonTeHT mopTanma mo paamoXMMHK BKJIIOYAaeT B ce0S TPE3EHTAIMH JIEKIIHA,
KOMILUIEKC JTA0OPaTOPHBIX paboT, JNIEKIWU Ha AHTIUHCKOM SI3bIKE, YUEOHBI MOIYIIb
«OCHOBBl XMMHUH SIAEPHOTO TOIUIMBHOTO IIMKJIA», CO3NAHHBIA B BHIEC MOJKACTOB U
BKJIIOUAIOMINH JIEKIMH B (pOpMaTe ayInuo- U BUACO(ANIOB 1 TECTOBBIE 3aJaHUs K HAM.

B conepxxanue ydeOHOTO MOIynst «OCHOBBI XHMHHU SIIEPHOTO TOIUIMBHOTO
UKIa» BXOAWT WHGOpPMAIMS O THIAX SIEPHBIX TOIDIMBHBIX nukioB (SATLI), nx
JIOCTOMHCTBAaX M HEIOCTaTKaX, MPOMBINUICHHON wuHbpacTpykTtype STIl B pasHbBIX
CTpaHaX. 37ech MOKa3aHO, 4To BbIOOp omrtumansHoro Bapmanrta STLl — ceppesnHas
npoOieMa AJisl CTpaHbl M MUpPa B LIeNOM. B HacTosimiee BpeMsi TOJBKO IMSATh TOCYIapCTB
UMEIOT MpeanpusATHs 1o mnepepabotke oTpaboTanHoro saepHoro TomuBa (OAT) Ha
cBoeii Tepputopun (Ppannus, Poccus, BenmukoOpuranus, Anonus, Unaus). B mogyne
ocoboe BHUMaHHWE YNAEJICHO HamOoJiee pacHpOCTPAaHEHHOMY YpPaHOBOMY IIHKITY.
ITokazaHo MHUpOBOE pacmpeneieHne 3amacoB NPUPOJHOTO ypaHa, pPacCMOTPEHBI
CrocoObl A00BMM U TiepepaboTKU ypaHOBOW pPyIbI, a TaKke OOOraiieHus ypaHa,
o0CyXIaeTcsi MPOM3BOJACTBO SACPHOTO TOIUIMBA, THUIBI CYLIECTBYIOUIMX SACPHBIX
PEaKTOpOB, BKIIIOYAsl PEaKTOPBI C BOJAOH MOA JaBlICHHEM, PEaKTOPhI ¢ KUTISIIEH BOJOH,
OBICTpBIE PEAKTOPBI, PEaKTOPBl Ha TKENOW BOJE, Ta300XJaXKIaeMbIe PEaKTOPHI.
PaccmoTpena spepHas peakius [I€N€HWS, YCIOBHS ISl €€ OCYIIECTBIICHHS,
kod(punmeHT pa3sMHOKEHHST HEHTPOHOB M OCHOBHBIC NPOIYKTHI, 00pa3yroOIIHEcs B
xofnie neneHus. [lokazaHo, 4TO cpeam MPOAYKTOB NEICHUS MPEICTAaBIEHBI 3JIEMEHTHI
BCEX TPYIIN MEpUognuecKoi cucteMbl MeHneneeBa. PaccMoTper 3aBepiiaroniuii atam
SAIEpHOTO TOIUTMBHOTO mukia win “back end”, Brmrouyarommii BpeMeHHOE XpaHEHHE
0TpabOTaHHOTO SIIEPHOTO TOIUIMBA, €0 PaJIMOXUMHUECKYIO TepepadoTKy, a TakKxke
MOJTOTOBKY K  OKOHYATEIHbHOMY  3aXOPOHEHHIO  pPagHOaKTHBHBIX  OTXOJIOB.
O6cyxmatorcss  xapaktepuctuku OST, koTopele HEOOXOAMMO YUYUTHIBATH IIPH
nepepaboTKe. Y[eleHO BHUMaHHE OCHOBaM paauoxummudeckoil mepepadorkm OMAT
(paccMoTpeHbl BUcMyT-(hocdaTHbIil METO, MypeKc- U peJoKc-npouecchl). OTMeueHo,
YTO MMOJIHOMACIITaOHOE Pa3BUTHE SIIEPHON SHEPTETHKH, CIOCOOHOE PEIIUTh MPodiieMy
9HEPTETHYECKOTO CTAOMIILHOTO Pa3BHTHS, BO3MOXKHO TOJBKO B paMKax 3aMKHYTOTO
TOTUTUBHOTO IIUKJIA C UCTIOIH30BAHUEM OBICTPHIX PEaKTOPOB-PA3ZMHOKUTEIEH.
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BoaHo-xumMu4eckne pexuMbl 1 BOAONOATOTOBKA 11t ADC

Ha aTOMHBIX 3JIEKTPOCTAHIMSAX THIA BOJO-BOASHOH SHEPreTHUECKHH peakTop
(BBOP) npenpsaBnstorcss ocoObie TpeOOBaHUS K BOAHO-XUMUYEeCKOMY pexxumy (BXP).
BXP npencrasnser co0oil mapaMeTpsl, ONMPEACIISIIONINE COCTOSHUE TEITIOHOCUTENS (B
JaHHOM cllyyae BOIbI) pabouymMXx cpell, a TakKe KOPPO3HIO MOBEPXHOCTEH M 00pa3o-
BaHHE OTJIOKEHWH Ha oOopynoBanuu. KoHTpomupyembeiMu napamerpamu BXP sBis-
forest katuonsl (LiT, Na*, K*), annonsr (CI, SO4*, PO,>, NOy), ECTKOCTb, JIEKTPH-
yeckasi MPOBOJAMMOCTH, LBETHOCTh, pH, CyXxoil OCTaTok, IEIOYHOCTH, COJEp’KaHUS
xene3a, XIIK u npouee. B HacTosmee Bpemst koHTposas BXP mo pasnuuneiM napa-
METpaM OCYIIECTBIISIETCS KOMIUIEKCHO C TPHUBJICYEHHEM KaK KIIACCHYECKHUX METOIIOB
AQHAJMTUYECKOW XMMHH, TaK W TpPU TOMOIIM COBPEMEHHBIX (PU3HUKO-XUMHUYECKHX
METOAOB (OIHUM U3 KOTOPBIX ABJISETCS HOHHAsI Xpomarorpadus) [22, 23].

KoHTeHT B 00acTH BOJHO-XUMHUYECKAX PEKUMOB M BOIOTOATOTOBKH it ADC
BKJIFOYACT TIPE3CHTAIlMU JICKIIMH W KOMIUICKC JIabOpaTOpHBIX paboT. JlaHHBIHA
JIEKIIMOHHBIA KypC BKITIOYAET XapaKTEPUCTHKY POJIH BOABI U €€ (QYyHKIHI C aKIeHTOM
Ha 3Ha4eHHEe BOOIMOITOTOBKH U BOIHO-XUMHUYECKUX pexkuMoB ADC mis obecrieueHus
nx Oe3aBapHitHOW dKcIUTyaTanwu. /aHa XapaKTepucTHKa CTPYKTYPHI, (PH3UUIECKUX H
XUMHYECKUX CBONCTB BOIBI. PaccMOTpEeHO MCIIONB30BaHME BOBI KaK TETTIOHOCHTENS B
CUCTeMe OXJaXACHHS MEPBOTO W BTOPOTO KOHTYPOB, BojoeMe-oxiaaurtene. Ocoboe
BHAMaHHUE YAEJICHO XUMHUYECKOMY acHeKTy MpPOIECCOB, MPOTEKAIONMX B BOJE H C
y4actieM BoAbl. JlaeTcst TpakTOBKa BOJHO-XHMHYECKOTO PEXHMa KaK COBOKYITHOCTH
MEpOTPHUATHH, PEraMeHTHPYIONMX COOTBETCTBYIOIIEE KadecTBO paboumX cpem ¢
menpio  oOecrieueHus] HAASKHOW ¥ HOKOHOMHYHOM JKCIUTyaTallid 000pyIOBaHUS,
KOHTaKTHPYIOMIETro ¢ HuUMu. OOCYKIAI0TCS BOAHO-XUMHYECKHE PeKUMBI paboTel ADC
C peakTopaMHu Pa3INYHBIX THUTOB. [IpHBeneHO crcTeMaTHYeCKOe M3JI0KEeHUEe (U3UKO-
XUMHYECKAX OCHOB BHYTPHUKOHTYPHBIX MPOIIECCOB, BKJIIOYAIONNX KOPPO3HIO
KOHCTPYKITMOHHBIX ~ MaTepHajoB; MpeoOpa3oBaHWE ECTECTBEHHBIX  IPHMECEH,
MPUBHOCUMBIX B IIMKJ HW3BHE; pacIpelelieHue IMpuMecell W MPOAYKTOB KOPPO3UHU
MEXIy BOAOH M 0Opa3yromuMCs W3 Hee HACHIIEHHBIM IapOM; BBHITaJEHHE TBEPIBIX
COCIMHEHNH Ha TOBEPXHOCTH OOOpyHOBaHUS; B3aNMOJIECHCTBAE €CTECTBEHHBIX
MpuMecell W TPOJYKTOB KOPPO3WH C Pa3IMIHBIMH 100aBKaMH, KOPPEKTHPYIOIIUMHU
BOAHBIN pPeXHUM H Ip.; CIEeMU(PUIECKHX MPOIECCOB paanoinn3a Boxbl. llpnuBeneHsl
OCHOBHBIE 3arpsi3HMTENNM TPUPOJHBIX W CTOYHBIX BOJ, METOABl WX KOHTPOJISL.
OxapakTepn30BaHbl ~ MPOIECCHl  OYHCTKH  BOJABI, BKJIIOYAIONINE  OCBETICHHE
(unpTpOBaHNEM, KOAryJsIued, (IIOKYISAIuell, TeopeTHYecKhe OCHOBBI W ammapa-
TypHOE O(hOpMIICHHEe MEMOpPaHHBIX METONMOB (0OpaTHBIM ocMoc, HaHO(WIBETpaIus,
ynbTpaduIbTpanys, MHUKpOMHUILTpANHs), HOHHOTO OOMEHa W Jap. PaccMoTpeHs
TEXHOJIOTUW OYHCTKH BOJHBIX JKAIKWAX PaINOAKTHBHBIX OTXOJOB, B TOM YHCIIE Ha
mpuMepe pa3padoTok OelopyccKknX ydeHBIX. JlaHa XapakTepucTHKa COBPEMEHHBIX
HampaBJIeHUWH WCCIIEIOBaHMS TIO0 HCIONB30BaHMWI0O B peakropax ADC Bomel co
CBEPXKPUTHYECKUMH ITapaMeTpamH.

buorpaguun yyennix benapycu

B pamkax pabGorel Haa mnoptasom BeINET Obuto pemieHO mpeacTaBUTh
Oouorpaduu BBIIAIONIMXCS YUCHBIX Kadenpsl siaepHoi pusuku (uzndeckoro Qakyib-
teta BI'Y — akamemukoB, mpodeccopoB M AOKTOPOB HayK. 3AeCh MPEACTaBICHBI
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BI'Y — akanemukoB, mpodeccopoB M JOKTOPOB HAYK. 31eCh IIpeIcTaBlIeHb Onorpadum
B. I'. bapeuuesckoro, M. M. I'abpurnouda, M. A EnpsmeBnya, A. K. Kpacuna, B. H. JIu-
Hera, A. C. JIoOko, A. A. Muxanesuua, B. b. Hectepenko, A. H. [Tucapes-ckoro, 3. A.
Pynaka, B. B. Tuxomuposa, 1. 3. @ummepa, A. J1. Xomverkoro, J. A. Yepassckoit, A. @. Yep-
usieckoro, C. C. Ulymkesuyua, B. E. SImaoro (cm. Puc.8).
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3akJjarouenue

Cnemyer eme pa3 TMOMYEPKHYTh, YTO TMPOIECC HAIMOIHEHUS TopTaa
uHopMaIe W 3amojHeHUs 0a3bl 3HAHWU, pa3padoTKa CIEIHAaIbHBIX MaTepHaIOB
JUISL CHUCTEMBI TUCTAHITMOHHOTO OOYy4YeHHs ITI000ro mopTajia, TeM Oojiee mopTaia
SIIEPHBIX 3HAHWI — TPOIIECC TPYMOSMKHI M JUIMTENbHBIA. M B 3TOM cMbIcie pabora
Hax BeINET mnaxommtcs B camom Hawane. PaGora BeIMOTHeHa B paMKax
l'ocynapctBenHoit mporpamMmbl HaywHbIX wucciaenoBanuid (I'TIHW) PecmyOmmxu
Benapycr «MupopmaTrka 1 KocMocy, noanporpamma «MHapopmaruka» (2014-2015 1r.) 1
I'TIHU «QHepreTuyeckue CHUCTEMBI, MPOLECCHl W TEXHOJOTHM», MOANpOrpaMma
«ATOMHas dHEpTeTHKa | sAnepHo-hu3udeckue Texaonorum» (2016-2018 rr.).
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THE PRINCIPLES OF THE CONTENT OF EDUCATIONAL
AND RESEARCH WEB-PORTAL OF NUCLEAR KNOWLEDGE BeINET

S. Sytova, M. Dezhurko, I. Dubovskaya, I. Kimlenko, A. Kovalenko,
A. Lobko, A. Mazanik, N. Polyak, T.Savitskaya, T. Sidorovich,
A.Timoschenko, S. Charapitsa

It is given a detailed description of the content of educational and research portal of nu-
clear knowledge BelNET. Portal is developed by the group of scientists and teachers of the
Ministry of Education of the Republic of Belarus and is intended for students, teachers and all
interested in the subject Internet users.

Creating specialized educational and research portal of nuclear knowledge BeINET
(Belarusian Nuclear Education and Training) is an important step at the stage of the Belarusian
nuclear power plant construction, since by the [AEA recommendations, each country that forms
its own nuclear industry must have an original national portal of nuclear knowledge, integrated
into the global nuclear knowledge management system.
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The mission of BeINET is creation of favorable information, socio-cultural and educa-
tional environment for the sustainable development of the country's nuclear power industry. At
present a pilot version of BeINET is located here: https://bsu.inpnet.net/belnet/. It is imple-
mented all necessary functions of the portal, including the ability to remotely edit the portal
structure and recording documents, various sorting and filtering tools, as well as two level of
access to documents depending on the user rights. In fact, in this work the original Belarusian
content management system was established. It provides, inter alia, the ability to enter text, formulas in
LaTeX-like form, input of different types of files, photos, images, video etc.

We emphasize that the process of filling the portal by information and development of
special materials for distance learning is the process time-consuming and lengthy. In this sense,
the work on BeINET is at the beginning.
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