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O6masi xapakTepHcTHKa paGoThbl

AK!!aJleOCTb TEMbI H COCTOSIHHE BOMpoca.

ITyuKkn 3apsHKEHHBIX YaCTHL| IIMPOKO HCIMOJB3YIOTCA B PasiMYHBIX O6NACTIX
HayKH U TEXHUKH, IPOMBILICHHOCTH ¥ 3HEPreTUKH. Cpeain Hay4HbIX Mpo6iieM QU3MKK
BBICOKMX DHEPruii BBIAEIAIOTCA Takhe 60/bLIME NPOEKTHI, KaK CO3AaHHUe YCKOpUTeek
(xonafnepoB) HOHOB M 3NEKTPOHOB Ha CBEPXBBICOKME SHEPTHHM C GOMBIIMM TOKOM
YCKOPEHHBIX YacTHLl IPH MajOM 3HAYEHHH SMUTTaHCA Iy4Ka (Iy4KH C BBICOKOI
APKOCTBIO).

B nocnennee Bpema BO MHOrMX (M3HYECKMX LEHTpax BedyTcs pa3paGoTKH
JIMHEHHBIX YCKOPHMTENeHd HMHTEHCHUBHBIX HOHHBIX IY4YKOB HHU3KMX 3Hepruil. Takue
YCKOPHTENIM  HEMOCPEACTBEHHO  MCHONB3YIOTCS B SAAEPHO-QU3MYECKUX  H
acTpopU3MYECKHX HCCIIENOBAHUAX WM BXOIAT B COCTAaB MHXKEKLIMOHHBIX KOMILIEKCOB
yCKOpHTEneH (M3MKK BBICOKHX DHEpPruii. BoJbIIOe MECTO 3aHHMAIOT CHIBHOTOYHBIE
HOHHBIC YCKOPHUTE/IM HAa HU3KME SHEPTHH U B NMPHKIAAHBIX 3a1auax. K HUM oTHocsaTcs
npoGnieMa CO3JaHMA HHTEHCHBHBIX HEHTPOHHBIX TI'EHEPATOPOB, HCCIIELOBAHMS,
HanpapiCHHbIE Ha CO3JaHHE YNpPaBJIAEMBIX TEPMOSAEPHBIX M  JJEKTPOSAEPHBIX
PeaKTopoB, CO3laHHe UMILIAHTATOPOB U [p.

Cospatorcs  yCTaHOBKM Il  pPELICHHS KIIOYEBBIX BOMPOCOB Pa3BUTHS
Ge3omacHO! aTOMHOM SHEpreTHKH, MpOGJEeM pasopyKeHHs M TpobieM YTHIH3ALUH
OTXOJI0B COBPEMEHHON aTOMHOMN MPOMBIIIIEHHOCTH.

Bo MHorux ueHTpax, 3aHMMAIOWMXCS SAEPHOM (HU3MKOM, CyIIECTBYET
npobnema cenapauuu paaMOaKTHBHBIX Agep. B wactHoctd, B OMSIU peanusyercs
npoekt DRIBS, B pamkax KOTOpPOro HCCIENOBAHHS JIETKMX M TSXKENBIX HEHTPOHHO-
M30BITOYHBIX S7€p 3aHUMAIOT 0coGoe Mecto. Ilydok HMccleayeMBIX Sep MOomajaeT B
Cenapatop M3 MCTOYHMKA HMOHOB, paboTalOEro Ha MPUHLMIE 3JIEKTPOH-
LMIJIOTOPOHHOrO pe30HaHCa. DHEPrHMM HOHOB Ha BBIXOJE HCTOYHMKA HHU3KHE, a
CYMMapHbIi TOK mnyyka— Gonpwod. Takum o06pasoM, NpH CO3JAHHM HOBBIX
CenapaTopoB BO3HMKAIOT NpOGJEMbl yyeTa NPOCTPAHCTBEHHOTO 3apsijia My4KOB C
OOMBUIMMH TOKAMH M HENMHEHHOCTBIO MNBIDKEHHMs YacThll. I103ToMy Heo6XoauMo

pa3BUBaTh aACKBaTHYI0O MAaTEMaTHYECKYIO 6&3}’, T.C. UCNOJIB30BAaTh MaT€MaTHYE€CKOE



MOJIe/IMPOBaHUE ISl PEIICHHs CIOXKHBIX HENWHEHWHBIX 3aJau JMHAMMKM HOHHBIX
IYYKOB.

B nmaHHO#M mMccepTalMy MPOBENEHO MOAEIUPOBAHHE METOAOM MaKpOUYacCTHIL
JMHAMUKH MOHOB C Y4€TOM MPOCTPAHCTBEHHOrO 3apsja MMyvka B cernaparope Buna s
npoekrta DRIBS.

B TeopuM myuykoB 3apsHKEHHBIX 4YacTdl Haubojee MOJHO HCClIeA0BaHO
JOBIDKEHHE 4YaCTUl] B 3afaHHBIX BHELIHUX TMOJAX, KOrAa COOCTBEHHBIMHU
3JIEKTPOMAarHUTHBIMH TOJISIMM 4acTHIl My4YKa MOXHO MpeHeOpeyb (Tak Ha3biBaEMOE
OIHOYACTHYHOE NpubMKeHue). B ofmeM ciaydyae OMHaMHKa MY4YKOB 3apsHKEHHBIX
YaCTUI| ONHUCHIBAETCS CaMOCOIJIaCOBaHHOM cucTeMol ypaBHeHuit Bnacopa. Pemenue
TaKOH CHUCTEMBI COINPsDKEHO € GOJNIBINMMH BBIYHCIHUTEIbHBIMU TPYAHOCTAMH, IMO3TOMY
Ha NpaKTHKE UCMONb3YETCS HEOONBIIOE YUCIIO TOYHO PEIIaeMBIX MojieNiel. YuuThiBas
COBpEeMEHHbIe 3ajayd (U3MKH M TEXHUKH CHJIBHOTOYHBIX MYYKOB, HEOOXOJUMO
UCIMONB30BaTh U pa3pabaThiBaTh HOBBIE MaTEMAaTHYECKHUE METOMbl MOJEIMPOBAHUS
JUHAMUKH NYYKOB ¢ OGOJBIIMM MPOCTPAHCTBEHHBIM 3apsaoM. B Hactosiiee BpeMs
Yalile BCEro MCIHONB3YIOTCS METOJ MaKpouyacTHll (WJIM METOJ 4HacTull B sueikax) M
METOJ, MOMEHTOB.

B Mmerone MakpoyacTuu Gosbline rpynmbl OIM3KO pacroNOKEHHbIX B (a3oBoM
NPOCTPAHCTBE YaCTHL] 06’be,ElI/IHﬂ}OTCﬂ B TaK Ha3bIBA€MbI€ MaKpoO4acTULbl — CryCTKH
4acTHLl onpejeneHHON ¢opMbl, 3aBUCALIEH OT PasMEPHOCTH U CBOWCTB CHMMETPHU
uccaenyeMoit moaenu. B HayanbHbIf MOMEHT BpeMeHH (a3oBblii 00bEM, 3aHUMaEMBbIi
BCEMU YaCTHLAMH Iy4yka, pa3buBaeTcs Ha OOJBIIOE 4YUCIO HEMepeceKaroLMXcs
3NIEMEHTapHBIX OOBEMOB, W JABIKEHHE KaXJOro Takoro o6bheMa OTOXAECTBIAETCSA C
JBIXXEHHEM  OJHOW  MAaKpo4yacTHLbl C CYMMAapHBIM 3apsifioM M MAaccod YacTHLL,
BXOIAIUMX B 3TOT 006beM. TakuM 06pa3oM cO3Aal0TCs MaKpOYacTHLBl ¢ KOOpAHMHATaMU
B (a30BOM NpPOCTPAHCTBE 7;, V; (i — HOMEp MakpodacTHLbl). B MeTose MakpouacTHi]
CYILECTBYIOT HEKOTOpPbIE OOIIME MOAXOMBI, O3BOJIAIOLIME CTPOUTH MOAENHU C HY)KHBIMU
CBOMCTBaMH, HamnpuMep: ONTHUMAJbHBIE MO HEKOTOPbIM KpPHUTEPHSM, C 3aJaHHBIMH
3aKOHaMH COXPAHEHHs C YMEHBLIEHHBIMH HE()M3UUECKUMH, CUETHBIMHU dddexkramMmu u

ap. OOwuM ans BceX MogeNiell SBSETCS JNOMYIIEHHE O TOM, YTO BHYTPH IOJHOTO



obbema V comepxurcs N >> 1 MakpoyacTHI] ONPEAENEHHOro copTa ¢ 3apsiaamu kZe (Z

— 3apsJHOCTb UOHA, e — 3aps] 3NEKTpoHa), Maccoll kAM (4 — MaccoBoe YHCIIO HOHa,
e
M — macca npoToHa) M ¢ TEM )Xe OTHOLIEHHEM 3apsjia K Macce g =0 9TO U IJIS

¢usuyeckux yactvl. KosdouumeHT ykpynHeHus k>> 1 BbIOMpaeTCs TaKuM, YTO

CYMMapHBbIi 3apsi BceX 4YacTHL kNZe U cpenHss IUIOTHOCTb MPOCTPAHCTBEHHOIO

3apsjaa pcp = B MOJEJIK T€ XKE, YTO H B MO).ICJIpreMOﬁ (bHSI/I‘lCCKOﬁ CHUCTEME.

brnarosaps coxpaHEeHHIO 3HAaUE€HHUs g, B MOJENH COXPAHAIOTCH M YPaBHEHHUS JBHIKEHHS
yacTull. IlosToMy, ¢ y4eToM coxpaHeHHs UIOTHOCTH 3apsAja COOCTBEHHOE MOJiE€ U
JYHaMHKa ITy4Ka B MOJENHU U B PU3MUECKOI cHCTEME BYayT GIM3KH.

CucTema ypaBHEHHH MOJIENTH MaKpOYacTHLl COCTOUT U3 YpaBHEHHH Makcsenna u

ypaBHeHPlﬁ ABMIKCHHSI 4YacTHLl B JJICKTPOMAarHUTHBIX TOJIAX C HaNpsXKEHHOCTBIO

JJIEKTPHUYECKOI'O 1MOJIA En l/IH[lyKI.IHCﬁ MarHuTHoro nons B
@=v,., AMﬁzeE+£[\7,,§], (1)
dt dt c

TZie ¢ — CKOPOCTh CB€Ta. DTa CHCTEMA ypaBHEHHH ABJSETCA HENMHEMHOM, MOCKONBKY

}.'IeﬁCTByI'OIILHC Ha YaCTUILbI TOJIA 3aBUCAT OT pacnpe,uene}mﬁ MJIOTHOCTH 3apsja 1 TOKa,

KOTOPBIE CaMH OMNPEACIAOTCA ABUKCHHEM YaCTHULL.

le/l HCCJIENOBAHUU IYYKOB 3apsKCHHBIX YacCTHL| npaKanecxnﬁ HHTEpPEC,
3a4acTy1o, NpEeacTaBIAIOT YCPEAHEHHBIC XapaKTEPUCTUKHA, TaKH€ KaK IIJIOTHOCTb,
CPEMHAA CKOPOCTB, TEMNEPATYpa U T.A. DTy HHOPMALIKIO MOXKHO MOTYYUTh, BEIYMCIIASL
MOMEHTB! (DyHKLMH pacnpefeNeHus 4acTul, B (a3oBOM MpOCTpaHcTBe. J[BHXKEHHE
Inmy4Ka paCCManHBaCTCSI KaK JOBHXCEHHE 3aMKHYTOro ¢>a3030r0 MHOXECTBa, 4YTO
NMO3BOJIACT BBECTH MOMEHTHI q)yHKI_lHPI pacnpencicHus 1o Bcei COBOKYITHOCTH
q.)a30BLlX KOOpAUHaT.

FJ'IaBHaﬂ 3ajaya ME€Toda MOMEHTOB — JaTh COKpalll€HHOEe (I'[O CPaBHECHHIO C
YPpaBHCHHUAMMU BHaCOBa) ONNHCaHUC NWHAMHMKH IMYYKOB, IO3BOJIAIOLLCE NpOCICANTDb
OCHOBHBEIC (bPlSPI‘ICCKHe 3aKOHOMEPHOCTH H MMPpOBOANUTE C IIOCTaTO'-lHOf;l 06H1HOCTI>IO Hu

CTECINCHBIO HpHGJ’IH)KCHHS[ pacye€Tbl KOHKPETHBIX ¢H3I/I'-ICCKHX YCTaHOBOK (KaHaJ'IOB



TPaHCIOPTHUPOBKY, YCKOPUTEJBHBIX CTPYKTYP, YCTaHOBOK JUIl SAEpHO-(PH3HUECKHMX
9KCIIEPUMEHTOB H T. I1.).

B Hactosiee Bpems /14 aHanM3a JMHAMHKH [1yYKOB HCTIONB3YIOTCS ypaBHEHHS
A8 MOMEHTOB BTOPOro MOpsiAKa, COOTBETCTBYIOWIME 3(P(EKTHBHOM IHHEapH3alUK
BHELIHUX U COOCTBEHHBIX 3JIEKTPOMATHMTHBIX NOJEH MO OTKJIOHEHHMSAM OT OCH ITyyKa.
Takum o6pa3oM, omyckaloTcs HenuHeiHble 3Q(EKTHI; B YaCTHOCTH, U3MEHEHHE BUIA
TUIOTHOCTH Ny4Ka W CPEAHEKBAJAPAaTHYHOrO SMUTTAHCA MYYKa B HEJIMHEMHBIX MOJAX U
Ap. UToGbl NpaBHIBHO YYMTBIBATH O3TH BaXHbIE I MPUIOKEHHI SBJICHH,
HeoOXOMMMO HaHTH NpoLeAypy OOpbiBa GECKOHEYHOM CHMCTEMbl 3alleIUISIOLUXCS
YPaBHEHUH [UIs MOMEHTOB B BBICUIMX INOpPSAKAaX M BHIPA3HTh YCPEAHEHHBIE CO
CTENEHHBIMA BECaMH 3HA4Y€HHMA COOCTBEHHON cuibl JIOpEHL@ 4epe3 MCIHOJb3yeMbIe
MOMEHTHI.

3ajaya O MpeNCTaBNEHHH CTEMEHHBIX MOMEHTOB COGCTBEHHOH cuibl JIopeHia
Yepe3 MOMEHTBHl HU3LIMX MOPSAKOB M 3aja4ya OOphIBAa LENOYKH paccMaTpPUBAETCs B

JlaHHOM pabore.

Heasb paGoTsl.

Ha ocHOBe MareMaTH4ecKOro MOJEIMPOBAHMSA C HCNOJB30BAHHEM METoa
MaKpO4acTHLl UCCIICAOBAaTh JUHAMUKY TPEXKOMIOHEHTHOTO MOHHOIO IyYKa C y4€TOM
HE/IMHEHHOr0 COGCTBEHHOTO 3EKTPHYECKOr0 IOJsA MyyKa B cemapaTope Buma.
Onpenenuts onTUMasbHblE MapaMeTphbl CemapaTopa I pasfeNeHHs paJHOaKTHBHBIX
anep B npoexre DRIBS, koropriit ocymectsnsercss B JTaGopaTopuu saepHBIX peakLuit
uMm. I"'H. ®neposa B OVSIU

TToCTPOUTE MaTEMATHHECKYIO MOAENb MyYKOB 3aPSKEHHBIX YACTHLl Ha OCHOBE
METO/la MOMEHTOB, BKJIOYAIOLLYIO HEJIMHEHHbIE AUHAMUYecKHie SPEKTEI, B TOM YuCie
CBSI3aHHbIE C HEIMHEHHOCTBIO COGCTBEHHOrO Mons myuka. Kccienosats HenMHEHHYIO

AWHAMUKY ITYYKOB B HEKOTOPBIX BaXXHBIX JJI npuno;xeﬂuﬁ Clly4yasx.

Hayyuas HoBu3Ha. B paGoTe noiy4eHs! clieyrolye HOBBIE Pe3ybTaThl:
BriepBeie npoBeseHo MaTeMaTHYeCKOE MOAENMPOBAHME cemapaTopa Buma c

HCINOJIb30BAHUEM METOJa MOMEHTOB (1)}’HKLII/IP1 pacnpeneneHus 4actul B (1)3.30BOM



NPOCTPAHCTBE M METOJAa MaKpoyacTHL. BBeaeHa HoOBasg cxeMma ONTHMH3alUH
napameTpoB ¢unsTpa Buna.

BriepBeie mpH HccneOBaHHM JIMHAMMKM IMy4YKa HOHOB B cemapartope BuHa
yuTeHBI 3QEKThl NPOCTPAHCTBEHHOrO 3apsiia MydyKa W HEJMHEHHOCTH COOGCTBEHHOTO
3JIEKTPUYECKOrO MOJIS M MOJIYyYEHBl CBA3AHHBIE C HUMM OIPaHHUYEHHS HAa TOK ITydYKa.
BriepBrie npoaHalnu3upoBaHO BIMAHHE COGCTBEHHOrO 3apsjia MOHOB 6aaacTHOro rasa
Ha IMHAMHKY CerapupyeMBbIX Iy4KOB.

[NocTpoena nepBas MareMaTHueckas MOJENb IMYYKOB Ha OCHOBE MeToAa
MOMEHTOB,  YYHTHIBAIOLIAasd  HENMHEMHOCTH  BHEIIHETO WM COGCTBEHHOrO
3JIEKTPOMArHUTHBIX MOJIEH.

BriepBeie  YHCIEHHO peajM30BaH METOA MOMEHTOB C HCIIOJIb30BaHUEM
CTENCHHOH anmnpoKCUMalMH IMIOTHOCTH 3aps/ia U HailieH croco6 o6pbiBa 6eCKOHEUHOM
3alEeMIIOWEACs LenouKy AuddepeHIHaTbHbIX YpaBHEHHH [iss MOMeHTOB. [ToydeHsl
HeJlHeHHbIE 3G EKTBI COOCTBEHHOTO MOMS MyYKOB: 3PHEKT U3MEHEHHS MIOTHOCTH H

M3MECHCHHME OJMHUTTAHCA.

Hpamnqeckaﬂ HEeHHOCTDh AHCCEPTALIMH.

CemapaTopbl M Macc - aHaTM3aTOPbl Ha OCHOBe (WILTPOB BHHA IMIMPOKO
HCTIONIb3YIOTCSA B Pa3/IMYHbIX 0651acTAX QUMK M TeXHUKHU. [ToaToMy paccMmatpuBaemas
paboTa UMEET MPaKTHYECKYIO IEHHOCTb, T.K. Pa3BHTHIE B HEH METO/IBI IPUMEHMMBI IS
peLIeHHs IMPOKOTO Kilacca 3a11a4 NPOEKTHPOBAHHS M CO3JaHKsA HOBBIX CENapaTopoB, B
4acTHOCTH, s npoekra DRIBS. Pesynbrathbl, MonyueHHbIe B AMCCEPTAaLMM, MOTYT
VCTONB30BaThC MPM  aHAM3€ BJMAHMSA INPOCTPAHCTBEHHOTO 3apsia Iy4KOB,
HEJIMHEHHBIX 3 GEKTOB PasIMYHOro MPOUCKOXKACHHUS U 115l ONITUMHU3ALIMH 1apaMETPOB
CenapaTopoB C LEJIBIO MOJYYEHHS BBICOKOTO pas3pellleHHs M BBICOKOrO KayecTBa
HOHHBIX MTYYKOB B TAKUX yYCTPOHUCTBAX.

PaspaGoTaHHas Ha OCHOBE MeTOJa MOMEHTOB MaTeMaTH4ecKas MoJesb
MO3BOJIAET aHAIM3MPOBATh JMHAMHUKY MYYKOB C YYETOM HENHHEeWHBIX 3¢deKToB B

PasINYHBIX (PU3UYECKHX YCTAHOBKAX.



OcHOBHBIE pe3yabTaTbl, BHIHOCHMbIC HAa 3AINHUTY:
1. HccnenoBaHue NMHAMHKH TPEXKOMIIOHCHTHOTO MOHHOro my4kKa C Y4€TOM

HEJIMHEHHOro COOCTBEHHOrO 3JIEKTPUYECKOro Mojsi Iyyka B cemapatope BuHa Ha
OCHOBE MaTeMaTHYECKOTO MOZEIMPOBAHHs C UCHOJIb30BaHUEM METOJA MaKpO4acTHI[ 1
meroza MomeHToB. HoBas cxema ontuMH3auuu mnapameTpoB ¢uibTpa BuHa u
omnpeJie/IeHHEe ONTHMAJIBHBIX TAPaMETPOB cenaparopa JUlsl pa3fesieH!s pagioaKTHBHBIX
anep B npoekte DRIBS, koTopsiit ocymiecTBisercs B JlabopaTopuu sAepHbIX peakiuit
uMm. I".H. ®neposa B OUAN.

VaeT 3]¢exToB NpOCTPaHCTBEHHOro 3apsfa ITyyka M  HEJIMHEHHOCTH
COGCTBEHHOIO 3JIEKTPMYECKOro IOJsA B cerapaTtope BuHa M CBA3aHHBIE C HHMMH
OrpaHM4EHMA Ha TOK Iy4Ka. YYeT BIUAHHMSA COOCTBEHHOrO 3apsja MOHOB GajlaCTHOrO
rasa Ha IMHaMHKY CerapupyeMBbIX Iy4KOB.

2. IocTpoeHHas mepBas MaTeMaTHYecKast MOJIEJb MYYKOB 3apsyKEHHBIX YaCTHIL
Ha OCHOBE ME€TOJa MOMEHTOB (D)YHKLMH paclpefeeHH!s YacTULl B KJIacce CTENEeHHBIX
PasiokKeHHH IJIOTHOCTH 3apsfia, BKJIIOYAKoIlas HeJIMHEeHHble AnHaMuyeckue 3¢ deKTsl,
B TOM UYHCJI€ CBS3aHHBIE C HEJIMHEHHOCTBIO COOCTBEHHOTO MOJS  IMy4Ka.
BoccTaHoBNEHHE IIOTHOCTH 3apsfa B KJAacce CTENeHHBIX (MOJMHOMHANIBHBIX)
GyHKLME M ompeeneHHe TpaHULBl Iy4Ka MPOBOLUTCA IO M3BECTHHIM MOMEHTAM.
O6pbIB GECKOHEYHON LEMOYKHM YpaBHEHHM IJIi MOMEHTOB OCYIIECTBJAETCS TaKUM
00pa3oM, 4TO BBICIIME MOMEHTHI BBIPAXAIOTCA 4Yepe3 MOMEHTHl HH3LIMX MOPSAKOB
9BPUCTUYECKAM IIyTEM C YYETOM ACHMITOTHYECKOTO TMOBEJEHUS MOMEHTOB,
M3BECTHOTO M3 YMCIICHHBIX 3KCIIEPHMEHTOB, aHAJIMTHYECKOM MOJIENH HEIMHENHOM
JVHAMUKH MyYKOB, BXOAALIEH B AMCCEPTALMIO, H SKCIIEPUMEHTOB C CHJIBHOTOYHBIMH
My4YKaMH.

3. UncneHHas peanusalis METOJa MOMEHTOB C HCIIOJIb30BaHHEM CTENEHHON
annpoKCHMalM{ IIOTHOCTH 3apsja ¥ BHIOPaHHOrO B AMCCEpTaLMU crocoGa obpeiBa
GeckoHeyHOH 3auensolielics LeNMoykd uddepeHuManbHbIX — YpaBHEHUH s
MOMEHTOB (PyHKLIMH paclpeNeNIeHUs YacTULL TSl YYKOB C JOMUHUPYIOIUM BIHSAHHUEM
NPOCTPaHCTBEHHOro 3apsja. IlomydeHsl HenuHeilHble 3(deKThl COGCTBEHHOrO MO

ITY4YKOB: 3(1')(1)CKT HU3MEHCHHUS MJIOTHOCTH K UBMECHCHUEC DMUTTAHCA.



4. TloctpoeHHas Ha ocHOBe Meroaa ycpeaHeHus KpreuioBa — Boromo6osa u
METOla MOMEHTOB aHAJMTHYECKasd MOAE/b NAMHAMHMKH IyuKa 3apsKEHHBIX YacTHLl B
HeJIMHEHHOM BHeEWHeM ¢okycupylomem nojse. COOTHOLIEHHE MEXIy MOMEHTaMH
BBICIUMX M HU3LUMX MOPSJKOB, MO3BOJIAIOLIEE PEIIUTH NpobieMy oOpbiBa GECKOHEUHOI
3alerUIIoIencs enoyku auddepeHIUaNbHBIX YPaBHEHHH 111 MOMEHTOB.

YucneHHas peanu3alds HOBOM MOZENM Ui aHaiu3a AMHAMHKM ITy4Ka B
r1aKOM HENMHEHHOM (OKYCHpYIOIIEM KaHale C HCIONb30BaHHEM BHIOPAHHOrO B
aucceprauu crnoco6a obphbiBa 3aLEMUISIOMIEHC LENOYKH MOMEHTHBIX YpaBHEHHH M

CTENEHHOM alnpoKCUMalHy IUVIOTHOCTH 3apsija.

AnpoGanus paéoThl.
IMo Tteme namcceprauuu ony6aukoBaHO 6 paGoT. OCHOBHBIE peE3yJbTAThl

NpejcTaBjieHbl Ha ceMuHapax JlaGoparopuu snepHeix peakuuit um. I'H. ®neposa u
Jlabopatopun uHGbOpMalMOHHBIX TexHonoruit (OUSIH, [ly6Ha), a Takke Ha 2
MEXIYyHapOAHBIX KOHQepeHUMsX: Ha nsaTod EBpomeiickoii koHdepeHuuH Mo
yckoputenam yacTul (bapcenona, 1996) u Ha 10-it MexayHapoaHoit KoH(epeHIUHU 1o

HOHHBIM HCTOYHHUKaM ([{y6Ha, 2003).

CTpYKTYpa H 00beM JHCCEPTALMH.

I[Hccep’raum COCTOHUT U3 BBE€ACHHUA, TpPEX TrJjlaB, 3aKIIOYCHHUS H CIIMCKa

Juteparypbl. O6ui 06beM AUCcepTaluy — 94 cTpaHHLEbI, BKIOYas 31 puCyHOK M 3

TaOIMLBI.

Copepxanue pa6oTbl

Bo BBCICHHH YyKa3bIBalOTCA Hay4YHbIC HaAllpaBJICHUA, A1 KOTOPBIX Heo6X0auMo
NPUMCHATb U pa3BUBATh METOJbl MATEMaTUYE€CKOr0 MOJICJIMPOBAHHUS TMHAMHUKH [1y4YKOB
3apsDKEHHBIX YacTHL C Y4YETOM COOCTBEHHOr O NPOCTPAHCTBEHHOIO 3apsja H
HEJIMHEHHOCTH BHEIIHUX U COOCTBEHHBIX 9JIEKTPOMArHUTHEIX IMOJIEH. O6cyx<,uaercx
AKTyaJIbHOCTh M IMPAaKTHYECKass LUCHHOCTb AUCCEPTALMH, HOBH3HA IOJYYEHHBIX B HeHl

PE3yIbTATOB, a TAKXKE NMEPEYUCIICHBI OCHOBHBIC PE3YJIbTaThl, BLIHOCUMBIEC Ha 3alLUTY.

HCQBaﬂ [J]JaBa  MOCBALICHA MaTeMaTH4Y€CKOMY MOACIUPOBAHHIO AMHAMHKH

HOHOB B cenapartope Buna. B paznene 1.1 o6cysxnaercs BO3MOXHOCTb HCIIO/Ib30BAHUS
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¢unbtpa BuHa B KauecTBe Macc-cemapaTopa B HMCCNENOBAaHMAX PaJHOAKTHBHBIX
CBOMCTB HEHTPOHHO-OOOTAILEHHBIX S€p, FeHEPUPYEMBIX B mpoliecce aeleHus U B
pamkax mnpoexra DRIBS. ®unbtpel Buna mnpenctaBisior co6oii cemapaTophkl Mo
CKOpOCTSIM, [IEHCTBHE KOTOPBIX OCHOBAHO Ha pa3le/ieHMH 3apsKEHHBIX YaCTHIL B
CKPCLUEHHBIX CTATUYECKHX DJICKTPUYECKUX W MAarHUTHBIX MOJSX, MEPNEHAUKYIAPHBIX
apyr apyry. Ha Bxon ¢muneTpa Buna B paccMaTpHBaeMoM cenmapaTope M3 MCTOYHHMKA
MOAAETC MHOTOKOMIIOHCHTHBIA MYYOK HOHOB, HMMEIOLIMX ONMHAKOBYIO SHEPIUIO.
OneKkTpoMarHuTHoe none B ¢unbTpe BuHa 3ajaeTcs Tak, 4TO BBIAENEHHAA HOHHAs

KOMIIOHEHTa My4YKa C MPOJOJIBHOH CKOPOCTBIO BieTa B (uiabtp Buna v, mpoiimer

CTpOro BAOJb OCH JBHXXCHHSA ITy4YKa. OcTanbHble KOMIIOHEHTHI my4kKa, npomojbHas

CKOpPOCTh BJIETA KOTOpBIX B (bPIJ'IBTp BuHa ornuMyHa OT Vo, NOJy4YaT BE€PTHUKAJIbHOC

OTK/IOHEHHE OT OCH MABWXXEHMA TNyuka. TakuM oOpa3oM, KOMIIOHEHTHI MydyKa C
PasUYHBIMU TNPONONBHBIMU CKOPOCTAMH BiieTa B (GunbTp Buna GynyT pasgenensl —
CenapupOBaHsbl.

B paspene 1.2 npuBoastca cxema duibtpa BuHa, mpuHuMn ero paGoTsl,
OCHOBHbIE HMOHHO-ONTHYECKUE XapaKTepUCTHMKM. Ha ocHOBE MeToga MOMEHTOB
NpOBEJCHa ONTHMH3ALMA €ro INapaMeTpoB C LEJbIO MOMYYEHHS MaKCHMajbHOM
paspearomei crioco6HOCTH. [[MHaMKuKa HOHHOTO Iy4YKa M BO3MOXHOCTh pa3ielIeHHs
TSOKENBIX  OCKOJIKOB HJUTIOCTPUPYIOTCA pE3ybTaTaMH YHCJIEHHOTO MOJIEMPOBaHHS
¢unbTpa Buna MeTooM MakpouacTHil 63 yueTa MpOCTPaHCTBEHHOTO 3apsiia MyuKa.
IlokasaHo, 4To B ONTHMankHOM BapuaHTe GMIbTPa BHHA MOXHO MOTYYHTH
paspewiende Ha ypoBHe Bbie 10° u 0GecneunTh CEmapauMio TSKEIBIX HOHOB ¢
BBICOKMMM 3Ha4YCHUSIMH MacCOBBIX YHCEL.

B pasgene 1.3 Ha ocHOBE MeToJa Makpo4acTHl pa3paboTaHa MaTeMaTHYecKas
MOZie/lb AMHAMUKH MHOTOKOMIIOHEHTHOTO Iy4YKa MOHOB C YYETOM COGCTBEHHOTO MOJS
ny4ka B cenapatope Buna, cocTosiueM u3 ny6ieTa KBaapynoabHBIX IMH3 H COBCTBEHHO
¢uneTpa Buna. B pasgene 1.3.1 mpuBomuTCA MOCTAaHOBKA CAMOCOIIACOBAHHOMN 32124y
O IMHaMHKE HOHHOrO Myyka B cenapatope BuHa ¢ y4eToM Mojis mpocTpaHCTBEHHOTO
3apsfa. MojenupoBaHHe [MHAMHKH HOHOB pEann3yercsi MyTeM WHTErpHpOBaHHs

YPaBHEHHH JBMXKECHMA MakpodyacTvnl (1) ¢ 3afaHHBIM HayaibHBIM paclpefecHHEM



YacTul. 3J'ICKTpH'-lCCKOC nose E u MarHutHoe mone B, }.ICFICTByiOU.lPIC Ha 4acCTHIIbI,

NMpejCTaBNAOTCA B BHAE CyMMbl BHemmux noneit (E,,B,), KoTopsle cuMTaloTcs
3alaHHbIMH, M COOCTBEHHBIX HOJIEH (Es,ﬁs)npocrpaﬂcmem{oro 3apsia Iydyka:
F=F +E, B=B+B,

B uHTepecylonieM Hac ciydyae HEPENSTHBUCTCKUX HOHHBIX MYyYKOB C MEIJIEHHO
MEHAIOLIMMHCSA NapaMeTpaMH BIOJb OCH PaclpOCTPaHEHHS Iyyka z COOCTBEHHBIM
MarHMTHBIM TOJIEM Iy4YKa MOXXHO NpeHeOpeub, a COOCTBEHHOE 3/EKTPUYECKOE M0Jie B
TMIONEPEYHOM CEYEHHM ITy4YKa HMCKaTb Ha Ka)XAOM JJIEMEHTapHOM BpPEMEHHOM luare
HHTErPUPOBaHUSA MyTEM PEILEHUs JBYMEpHOro ypaBHeHus IlyaccoHa [y MoTeHUMasa
U ¢ rpanuuneiM ycnoBueM Jlupuxye. Ilpy TakoM mopxoge Mbl MOJIydaeMm
CaMOCOIJIaCOBaHHYIO 3a1a4y JMHAMMKH My4Ka, MIOCKONbKY MaKpO4acCTHLBI ABHXKYTCH C
Y4ETOM COGCTBEHHOrO MO, KOTOPOE ONPENENseTCs ABWKEHHEM BCEX YacTHI| MydKa.
Marematueckas MOZAeNb JUIS PELIEHHs CaMOMOIJIACOBAHHOM 3alaud peaju30BaHa B
Buae MoAynpHOH mporpammsl IBS (Ion Beam Simulation), HanucaHHOM Ha s3bIKe
nporpammupoBanus CH++.  bBrnok-cxemMa OCHOBHBIX Mopyseit nporpammel IBS wu
noapo6HOe ONMKCaHUe MOJENH NPUBOASATCA B pasaenax 1.3.1— 1.3.4.

B pasmene 1.3.2 comepxuTrcs ONMCaHWE CHELUANBHOTO reHepaTopa s
MOJIEJIMPOBaHUs HAyajbHOro paclpefesieHuss 4acTHl B (a3oBOM MpoCTpaHCTBe. B
MOJIe/IM pealM30BaHbl J(BAa OCHOBHBIX HayaJIbHBIX PACIpEeleNeHUs MaKpOyacTHll B
(azoBoM NMpocTpaHCTBE: pacnpeseseHue Biagumupckoro-KanuuHeKkoro 1 rayccoBcKoe
pacnpenenedue. IIpy MOCTpPOEHMM TIEHEPATOPOB HayalbHBIX  pachpeieNeHu
MCIOJIB30BAaJICA alrOPUTM, padpaboTaHHsblil 0. BaThIrHHBIM.

B pasnene 1.3.3 paccMmaTpuBaeTcs BHIYUCIEHHE COGCTBEHHOTO JIEKTPUYECKOTO
nons myyka. CoGCTBEHHOE 3JIEKTPUYECKOE MOJE MyYKa HaXOAMTCHA C MCIIOJb30BaHUEM
pelieHus aBymepHoro ypasHeHMs IlyaccoHa mns GespasmepHbIX noteHuuana U u
IUIOTHOCTH 3apsfia O U COOTBETCTBYIOIIMX I'PaHMYHBIX YCIOBHM — ycioBuit J{upuxiie
A1 noTeHuMana U Ha rpaHuLe NpaMOoyroibHoi obnactu I ¢ monepeyHsIMu pasMepamu

axb :



2 2
9 2 oy, U =o.
ox Oy

PacripesienieHre NPOCTPaHCTBEHHOTO 3apsja MaKpOYacTHL MO y3/aM CETKH
OCYLIECTBIAETC TaKMM CIOCOGOM, IpH KOTOPOM 3apsAfl KaXOOW YaCTHLI
pacnpezensercs cpead OnMmKaHIIMX 4YeThIpEX Y3/OB 0OpaTHO MPOMOPLMOHATIBEHO
PacCTOAHMIO OT YaCTHLBl [0 Kaxaoro ysnma. JIns pemeHus ypaBHenus [lyaccona
BbIOpaH Metoa Brictporo IIpeo6pasoBanus Dypee.

KOMIOHEHTEl  3NMEKTPUYECKOTO  MHONA B y3Max  CETKM  HAxoasTcs
auddepeHIMpOBaHHEM  MONY4YeHHOM  CeTOYHOM  (QyHKUMM  noTeHumana U
Heo6xoaumele 11 MHTErpHPOBAaHMS ypaBHEHHI JBHXKEHHS 3HAY€HHS HANpSKEHHOCTH
9JICKTPUYECKOrO 108 B  MECTOHAXOXIEHHM  MaKpOYacTHL  HAaXOmATCs  C
MCIIOJIb30BAHMEM HHTEPIOJIALMM TONYYEHHBIX CETOYHBIX (PYHKUMM HanpsKeHHOCTH
COOCTBEHHOTO 3JIEKTPUYECKOrO MOJIS.

B paspene 1.3.4  3ajaoTcs ypaBHeHHs [ABWXKEHMS Makpodactuu. Jlns
MOJEUPOBAaHUs JMHAMHMKH ITyYKa B cenapatope BuHa ¢ y4eToM COOGCTBEHHOro Mojs
HeoOXOOUMO  3aJaTh  YpPaBHEHHS  [BDKCHHs  MaKpodyacTHL, M  BHEIIHHE
9JIEKTPOMAarHMTHBIE MOJIS B TPEX THHOBBIX 06JACTAX (IO MPOAOIBHON KOOpAMHATE): B
06n1acTaX MarHMTHBIX KBaJpyroei, B CBOGOJHOM OT NOJIEH MPOCTPaHCTBE U B 061acTH
CKPEUICHHBIX CTaTHYECKHMX 3JICKTPUYECKOTO W MAarHUTHOTO mMojiel (COGCTBEHHO B
¢unetpe Buna). HauaneHble ycioBHsS BHIOMpAalOTCS B COOTBETCTBHH C 3aJaHHBIM
HayaJlbHbIM pachpefie/ieHHeM 4acTull Ha (a3oBBIX IUIOCKOCTAX. B muccepTauuu s
YUCJIEHHOTO WHTETPMPOBAHHMS yPaBHEHMH MABM)XKEHHS MaKpOYacTHIl BBIOPaH METOJ
Pynre — KyTTa yeTBepToro nopsjka TO4HOCTH. DTOT METOA 06/1aJaeT YCTOHUMBOCTHIO
U XOPOILO COXPaHAET CBONCTBA MOJETUPYEMOM HU3UUECKOM CUCTEMBI.

B pasmenax 1.3.5 u 1.3.6 npHBoasTCs pe3yNnbTaThl TECTUPOBAHHUS MOCTPOEHHOM
MOJeNIM NMHAMMKH 3apsHKEHHBIX 4acTHL. YToOBl OLEHHTH MOTPEUIHOCTH YMCIEHHOTO
peutenus ypaBHeHus Ilyaccona, B pasgene 1.3.5 mNpuBOAATCS CpaBHHTENbLHBIE
pe3yNbTaThl BHIYUCIEHHH HANPSHXKEHHOCTH COOCTBEHHOTO 3JIEKTPUYECKOro MOojs s
PaBHOMEpPHOTO M TayCCOBCKOTO paclpeleNIeHHH IUIOTHOCTH 3apsja, MOJNYYeHHbIE C

HUCIIOJIb30BAHHEM MOJC/IH, C COOTBETCTBYIOIUMMHU TOYHBIMM 3HAUYECHHSIMH B Cly4yae
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nmydka ¢ a3umyTaJle0ﬁ CPIMMCTpPICﬁ, Korjaa Hanps>X€HHOCTHU COOCTBEHHOrO
QJIEKTPUYECKOro mnoJids HUMEIOT MPOCThIE AaHAJMTUYECKHE BbIPpAXECHHA. KOHTpOHL
TOYHOCTH YHUCJICHHOIO PpELICHHs YpPaBHCHUSA Hyaccoua OCYLICCTBJIAJNICA TaKXKe
HpOBCpKOﬁ TOYHOCTH  BBINIOJIHEHUA  TCOPEMBI Faycca, KOTOpas BBIABJIACT
UHTETPAJIBHYIO 0[HP16Ky BbIYMCJICHHSI HaAIIPSOXKEHHOCTH CcOOCTBEHHOTO AJICKTPHUYECKOro
noJjs. Tecmponaﬂue NPOBOAMUJIOCH [JiA Pas3jIMYHOro 4YucCjia KpYNHBIX YaCTHL N u

KoJIMYecTBa pa3bueHui ceTkH ¢ . Pe3ynbTaThl MOKa3blBalOT, YTO HCHOJIB30BAHHE B

pacuerax N =10000 u ¢ =2’ obecneunBacT MPUEMIEMYIO AN MOJETHPOBAHUS
TOYHOCTb BBIYMCIIEHHS HANPSIKEHHOCTH SJIEKTPHYECKOTO MO,

C uenpi0 TECTUPOBAHUS MOCTPOCHHOW MOJENH AMHAMUKM MAaKpodacTHL[ B
paszenie 1.3.6 NpOBOANTCS CpaBHEHHUE pE3Y/NbTATOB YMCIEHHOrO PEIIeHHs 3aJaqd O
CBOOOJHOM pasjieTe Iy4YKa 3apsKEHHBIX YacTHL C Y4YeTOM YIjoBoro pasbpoca H
NPOCTPAHCTBEHHOrO 3apsfa IMydyKa, NMONYy4YEHHBIX C TMOMOLIBIO JAHHOW MOZENN H
pe3yJbTaTOB pEILEHUS TOW K€ 3aJayd MO HM3BECTHBIM AHAJIMTHYECKUM MOJENBHBIM
ypaBHEHMAM Ani orubamomed mnyyka. JInd OLEHKM TOYHOCTH BBIYMCIIEHUH
CpelHEeKBaJpaTUUHbIX Oorubarolyx Myyka no mporpamme IBS pacueTsl mpoBoaumuch
JU1s pa3M4HbIX 3HAYEHMH L1ara MHTErpupoBaHus ypaBHeHuUi nwxenus (h u h/2). Ilo
pe3y/nbTaTaM BBIYMCIICHUH ObLIM MOMyYeHbl 3HAYEHUS aOCOMOTHOM W OTHOCHTENBHOM
MOTPEeLIHOCTE} CpeaHEKBAJPAaTUYHBIX OrMOAlOMMX My4Ka. 3HAUCHHS OTHOCUTENBHBIX

norpemnocrei ARe < 0.009

H, CJel0BaTENIbHO, MOXKHO CIENaTh BBIBOJ O XOpOLIEi
TOYHOCTH PE€3YJIbTATOB BBHIYUCIICHHMH, TIOJYy4YEHHBIX C HCIOJb30BaHHEM MOCTPOEHHOM
MOJIEJTH.

B pazgene 1.4  nocTpoeHHas MOJENb MaKpOYacTHL MCIOJb3yeTcs [Jis
uccneoBaHus 3p¢eKToB MPOCTPAHCTBEHHOTO 3apsia B cemapartope BuHa, CBA3aHHBIX
C COOCTBEHHBIM OJJIEKTPUYECKUM MOJIEeM My4yKa, KOTOpble MOrYT MPHUBECTH K
YXYIIEHHIO pa3pellieHus cenaparopa d, TakuM o0pa3oM, OrpaHUUYMBAIOT CBEPXY TOKH
HOHHOro my4ka. PaccMaTpuBaroTcs [Ba BHIa HayalbHBIX paclpejeseHHH 4YacTHll.
Ilepsoe - pacnpenenenne Bnagumupckoro-KamymHCKOro [aeT JIMHEHHYIO CHIy
paccTanKUBaHHUS YaCTHL, OTKJIOHHMBIIMXCSA OT OCH JBHXKEHHS. [IJis yueTa HeTMHEHHBIX

G)CbCI)CKTOB U aHalm3a UX BJIMAHHUA Ha JUHAMHKY HOHOB HUCIOJIB3YETCS pacrnpeiacicHue
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raycCoBCKOro THma. B kauyecTBe mpuMepa Ha puc. | MOKasaHbl pacnpeieseHus
IUVIOTHOCTH YacTUIl Ha BXOJE cenapaTopa (3JUIMICH! ¢ noayociMu 2 cM u 0.5 cMm) U B
IUIOCKOCTH aHAJIM3UPYIOLIeH IUEeaM s PaBHOMEPHOrO pacrpefeieHHs (HHXKHHUE
3JIJIMIICBI COOTBETCTBYIOT HOHaM ¢ 4 = 100, Bepxaue — A4 = 101). Tok my4koB MeHsICS

oT HyJna (puc. 1a) 1o 5 MKA (puc. 16).

2.04 3.5+
3.0
2.5
2,0
1.5
1.0
0.5
0.0

-0.54

-1.04

T T T T T 1.6

1.5

1.0

0.5

0.0

a) 6)

Puc. 1. Pacnpenenenus mioTHOCTH 4acTHL Ha BXOJE CEMapaTopa U B MIOCKOCTH
aHaJU3UpYIOLIEH eI U pAaBHOMEPHOTO pacrpeeieH s.

Pe3ynpTaThl YMCIEHHBIX PacyeTOB IOKa3bIBAIOT, YTO B YKa3aHHBIX Npejenax Toka
HOHOB cenapatop BuHa npu napamerpax, GNM3KHX K ONTHMANbHBIM, HAET XOpoLlee
paspemenne Ha ypoBHe 10° u obecnieunBaer >(hEKTHBHYIO CENapalyio THKEbIX
HOHOB C BBICOKUMH 3HAYEHUSIMH MaCCOBBIX YHCE

B Bbi6paHHOH cxeMe cenapaTopa MCHOJB3YETCS MCTOYHHMK HOHOB Ha OCHOBE
3NIEKTPOH-LIUKJIOTPOHHOrO pe30HaHca, Tak HasbiBaeMblii OLIP - ucrounuk. s ero
paboTel MCTOJB3YIOTCS pa3nyHble OajutacTHbE rasbl. TOKM HOHOB GajIacTHOro rasa
3HAYUTEJIBHO TMPEBOCXOJAT TOKH CEeMapupyeMblX HOHOB, [O3TOMY  BIIMSHHE
COOCTBEHHOTrO 3apsja MOHOB 0alnacTHOro rasa Ha AMHaMHKY CenapupyeMbIX HOHOB
MOXET OKa3aTbCsl cymlecTBeHHbIM. IIpoGnema paboTocrmocoGHOCTH cemaparopa ¢
Y4ETOM HOHOB 06ajlIaCTHOrO rasa aHaJIM3UPYETCSs M pellaeTcs B paMKaX MOJENH
MaKpoyacTULl Ha MNpHUMEpEe pacyeTa AWHAMHUKH B CENapaTope WOHHBIX ITy4KOB C
aTOMHbIMM HoMepaMu A =100 u A = 101, pacnpocTpaHsOIKXCA BMECTE C HMOHAMH

GannactHoro rasa — renus (aTOMHbIH HoMep A = 4). Pe3ynbTaThl YUHC/IEHHBIX pPacyeTOB
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TOKA3BIBAIOT, YTO GasacTHBIH My4OK MOXHO OTCe4b B paioHe (uisTpa Buna n
BIMSHUE €ro Ha Cemapaldio MOHHBIX MyYKOB C aTOMHBIMH HOMepamu A =100 u

A =101 HeBenuko.

Bo Bropoii rnaBe pemaercs npoGiemMa MaTeMaTHYeCKOTO MOIETMpOBAHHS
HEJIMHEHHON NUHAMHMKM ITy4YKOB 3apsDKEHHBIX YacTMIl HA OCHOBE METOJa MOMEHTOB
(yHKUMHM pacnipenieneHus YacTHL B $a30BOM MPOCTPAHCTBE.

B paspene 2.1 BBOAMTCS MOHATHE MOMEHTOB QYHKIMH pacnpeeIeHUs YaCTHL
B ()a30BOM NpOCTPAaHCTBE, PACCMATPHBACTCS CMBICH MOMEHTOB HM3IUMX MOPSAKOB,
A2eTCs KpaTKOe ONHCAHHE METOJa MOMEHTOB, NMPHBOASTCS YPABHEHHS DBOJIOLHH
MOMEHTOB.

MomenTsl  yHkuuH pacnipeneneHHs 4acTML B JBYMEPHOM  (pasoBoM

MPOCTPAHCTBE OMNPEAEIOTCS KaK
MP(t,z)=N, x"V = Ix”(t)v"(t)f(t, z,x,v)dV(Q),
Q

rae N, — nuHeliHas MIOTHOCTh Myuka, dV(Q) — snemeHT o6beMma 3aMKHYTOIO

MHOXeCTBa (2 (pa30BBIX KOOPAMHAT MyyKa (X, v). MOMEHTbI HHM3MIMX MOPSIKOB HMEIOT

MPOCTOH (HPU3MYECKUH CMBICT: MOMEHT HYJEBOTO MOPSAKA COOTBETCTBYET JIMHEHHOM

2,0
IUIOTHOCTH  4acTHL, ITy4yKa MO’0= Nl’ BEJINYHNHA M NpeaACTaBJIACT coboii
1

CPEAHEKBAAPaTHYHBIA pasMep Iy4Ka, KOTOpBIH ABIAETCS BaXKHEHIUAM MapaMeTpoM
Iy4Ka IpH UCCIEOBAaHUU €r0 JUHAMHKH.
YpaBHeHus, ONpefieNAoIIHe H3MEHEHHE MOMEHTOB BJIOJIb OCH JIBIKEHHS IyUKa

Z, UMCKOT BH[

dam P9 - -
— =M ) a (M @
z k
n
rie  a,(2)= B+ 7, E, = Z}/kxk — BHEIUHEE DJJICKTPHYECKOE [OJIE,
k=0

m
E = Z ,Hkxk — cOBCTBEHHOE BEKTPHYECKOE MOJIE MyUKa.
k=0
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Jna  nomyveHus — ypaBHEHMH A MOMEHTOB  HEOOXOAMMO  HaWTH
MOJMHOMHUAJILHOE Pa3jIoOKEHHE BHELIHETO M COOCTBEHHOrO 3JIEKTPUYECKHX IOJieH
nyyka. B juHeHHOM NpUOG/IM)XEHHH BHELIHEro U COOCTBEHHOTO 3JIEKTPUYECKUX MOJIEH
cuctemMa (2) pacnajaeTcs Ha IOACHCTEMBI Ui MOMEHTOB OJHOrO rmopsaka. B
HEJIMHEHHOM NPUOIMKEHHH BHEIIHETO U COGCTBEHHOTO AJIEKTPUYECKHX MOJIEH cucTeMa
(2) mpeacTaBnser coboif GECKOHEYHYIO 3aLEIUIAIOLIYIOCS LENOYKY ypaBHEHHH, s
MHTErPUPOBAHKs KOTOPOH ClieAyeT pellnTh NpobieMy oOpbiBa LENOYKH (BHIYMCIICHHE
BBICILIUX MOMEHTOB) .

B pasgene 2.2 nokasplBaeTcsi BO3MOXHOCTb MOJYYEHHs MOJHHOMHAILHOTO
TNIPE/ICTABIEHUS HATpPSKEHHOCTH COOCTBEHHOrO 3JIEKTPUYECKOro IMOJI MyuyKa Mo
U3BECTHBIM MOMEHTaM IUIOTHOCTH 3apsiloB C HCIONB30BaHHEM  pas/IoKeHHs
HanpsHKEHHOCTH 3JIEKTPMYECKOro 10J1 MO OPTOrOHAIbHBIM MoauHOMaM. [IpuBoasTcs
pe3yJbTaThl YMCIEHHBIX PacyeToB I MJIOCKOro 3apspkeHHoro cios. ITokasmiBaercs,
YTO TMOJyYEHHE XOPOIUEH TOYHOCTH BBIYUCIEHUS HANPSXKEHHOCTH COGCTBEHHOIO
3JIEKTPUYECKOTO MOJIs MyuKa TpeOGyeT UCMONb30BaHUS MOJMHOMOB BBICOKOM CTEIIEHH H,
C/IeI0BATENbHO, TNPHUBOJMT K HEOOXOMUMOCTH BBIYMC/IEHHS MOMEHTOB BBICOKHX
MOPAAKOB.

B pasgene 2.3 ang pewieHus npoGiaeMbl HCHONB3yeTCs MNOJMHOMHAIbHAS
anmnpoKcHMauus  IUIOTHOCTH  3apsaga  nydka. [lokaspiBaeTcs  BO3MOXKHOCTB
BOCCTAQHOBJICHHsI [UIOTHOCTH 3apafa W pajvyca IMydKa C KpPYTOBBIM MONEpPEYHBIM
CCYEHHUEM B a3UMYTAIbHO-CHMMETPUYHOM Cilydae IO MEHSIOLIUMCS BO BpPEMEHH

MoMeHTaM GyHKUMM pacnpeeneHus. IIpuGarkerne MIOTHOCTH 3apsaa p(r) MILETCs B

m
BUIEC CTENEHHOrO psAfa N0 paguycy p(r)=Za,«r’. Henuneiinas cucrema
i=0

anreOpavyeckux ypaBHEHMH [ ONpENENEHHs HEU3BECTHBIX K03 OUIMEHTOB

CTeNeHHoro psama «;, i=01l..,m W pagdyca myyka a [OJNyYaeTcs IMyTeM
a m 2

MHHUMHU3aUMM  QyHKUHOHANA 1, (a,)= p(r)—Zair’ rdr, KoTopas
0 i=0

VCTIONIb3yeTC Kak Mepa TOYHOCTH mpubmmkeHus ¢yHkumn p(r). CreneHHoe

Pas3jIOKCHUE [Ji1 HaNpsHXKCHHOCTH COGCTBEHHOTO JIEKTPUYECKOr0 IOJIA My4yKa
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m
HAXOZWTCA MO  BOCCTAHOBNIEHHOM  IIOTHOCTH 3apsfa:  E, =Y B,r*, rae
k=0

a o
B = 47;(k—’;"TJ H 3aTE€M HCMOJB3yeTcs B cucTeMe A depeHuHanbHbIX YpaBHERMH 1st

MOMEHTOB.

B pasgene 2.4 npuBOAMTCA MOCTaHOBKA B  METOAE  MOMEHTOB
CaMoCOracoBaHHOM 3a1a4i IMHAMMKH Iy4Ka C y4eTOM ero cobeTBeHHOro noas. Jns
OMHCAaHUA NUHAMHUKH IyYKa MCIOJB3YIOTCS YpaBHEHMS, OINMKCHIBAIOIIME H3MEHEHHE
MOMEHTOB ~ GYHKUMM pacmipefieNieHMs TNpH [BWXeHMM mydyka. PaspaGoraHa
MaTeMaTH4YeCKasi MOAENb Ul PEeLIeHHs MOCTaBIECHHONW CaMOCOIIACOBaHHOM 3ajauM C
HMCIIOJIb30BAHUEM MNPEUI0XKEHHON BBILIE METOAMKH MOJHHOMMAJIBHOM aNnpoKCHMAalUH
NJIOTHOCTH 3apsna nyyka. IlpuBoaurcs O6n0K-cxeMa MaTeMaTHUYecKOM MOZIENH,
YMCJIEHHO peamu3oBaHHOW B makere «Mathematica 4.2». [Ins uHTerpuposanus
YPaBHEHHH [J11 MOMEHTOB HCIOJB3yeTCs KOHCEpPBATHBHAS CHMMETPHMYHAs cXema
Jiinepa BTOPOro mopsjka TOYHOCTH, KOTOpas B Clydae JIMHEHHBIX MOJNEH COXpaHseT
SMHUTTAHC ITy4YKa C BEICOKOH CTENEHBIO TOUHOCTH.

B pasnene 2.5 ¢ ucnons3oBaHHeM pa3pabGOTaHHOM MaTeMaTHYeCKOH MOAENH
MOMEHTOB YHMCJICHHO pelleHa CaMOCOIIacoBaHHas 3ajaya O pasjieTe B CBOGOIHOM
NPOCTPAaHCTBE CHJIBHOTOYHOIO IMy4YKa C paaManbHO-OJHOPOJHONW W HEOAHOPOAHOM
IJIOTHOCTBIO. IpuBonarcs CPaBHHUTENbHBIE pe3yJIbTaThl BBIYHCIICHUIA
CpeAHEeKBapaTHYHON Orubarommes Mmyyka ¢ OXHOPOAHON MIIOTHOCTBIO MPH CBOGOJHOM
pasneTe no MOAENH MOMEHTOB W IO H3BECTHOMY MOJEJIBHOMY YPaBHEHHUIO [
ornGaroweii. [l KOHTPONA TOYHOCTH pacyeTa MPHBOAATCS CPEXHEKBAAPATHYHEIE
orubarolye Myyka, COOTBETCTBYIONINE JBYM 3HAYEHHAM LIara MHTerpupoBanus (h u

h/2). CoBnasieHue 3THX pe3y/bTATOB I03BOJIAET CAEATh BBIBOJ O XOPOLIEH TOYHOCTH
cyeTa. B ciyyae myuka ¢ HEONHOPO/IHOM HAYANIBHOM IUIOTHOCTBIO P(r) = ay +a,7° B

Pa3BHUTOM BBILLE MOAXOJE Ha KaX/JOM LIIare HHTErPUPOBAaHUs YPaBHEHHIA [/i1 MOMEHTOB
BOCCTaHaBJIMBAETCS HAMPAKEHHOCTh COOCTBEHHOTO 3JIEKTPHYECKOTO MOJsS MydKa,
uMerolas KybMueckylo HelMHeHHocTb. [[si oOpbiBa GECKOHEYHOW 3aleMAoeiics

LHCMOYKH ypaBHCHI/Iﬁ Ald MOMCHTOB BBOJHUTCS COOTHOLUCHHUE MEXAY MOMEHTaMH
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BBICHIMX W HHU3IIMUX MOPAAKOB. HaanMep, JUIA 3aMBIKaHUS LEMOYKHU ypaBHeHnﬁ A

MOMEHTOB BO BTOPOM INOPAAKE MCIOJIB30BAJIOCE COOTHOILLICHHE:!

M*° = kM- (Mz"’)z, kM = kMo + (kM — kM) - [1 - Exp(— kE -z D 3)
zmax

M4,0
b

kM, cOOTBETCTBYET aCHMITOTHYECKUM 3HAYEHHUSIM 3TOrO OTHOWIeHus. [Tapamerp KE

rae Ko3Qp@UUUEHT kM, = — B HayaJbHbIii MOMEHT BPEMEHH, KO3 HULHECHT
0

BpIOMpaeTcs M3 ycnoBuit 3amaud. CooTHowleHHe (3) HalileHO M3 aHajaM3a
aCHMITOTHYECKMX CBOMCTB MOMEHTOB B METOJIE MaKpO4acTHll, aHAIMTHYECKOH MOJeIH
HEJIMHEHHOH AMHAMHUKH U B 3KCIIEPUMEHTAX C CHJIbHOTOYHBIMH ITy4YKaMH.

Pe3ynbraTel ~ 4YHCIEHHOrO  pelleHHA  3aJavyd NIOKa3bIBAIOT, 41O
CpenHeKBaJpaTUyHas orubaiolas Mydka ¢ HEOJHOPOAHOM IUIOTHOCTBIO MaJo
OTJIMYaEeTCsl OT CpeJHEKBaApaTHYHOH orubaromieil mydka IJs ciay4as OJHOPOXHOM

mioTHocTH. [Toka3eiBaercs, 4To npH cBOOOAHOM pasiere HEJIMHERHOCTh COOCTBEHHOTO

TOJIS MyYKa BBI3BIBAET POCT 3MHUTTaHCa (pUC. 2a), U3MEHEHME BENMUMHBI M 2" /a2,
COXpaHSIOLIEHCs B Cilyyae OAHOPOAHOW IUIOTHOCTH, U aCHMIITOTHYECKHM BBIXOJI 3TOM
BCJIMUYMHBI Ha HOBOE CTalMOHapHoe 3HayeHue. Ha puc. 26 nokasaHel rpaduku
TUIOTHOCTH 3apsijia B MOC/NEJOBAaTENbHbIE MOMEHTHI BPEMEHH, M3 KOTOPBIX BHAHO
CTPEMJIEHHE HEOJHOPOJHON HayaJlbHOM MJIOTHOCTH K OJHOPOJHOM Npu CBOGOJHOM

pasnere myuka.

0.0400 4.0+
0.0375 4 3.54

0.0350 - 3.0
£ 00325 2.5
E 0.0300 /\ p 20
% 0.0275 1.5
0.0250 1.0
0.0225 - 0.5
0.0200 ; T T T 0.0 ; T T T T
0 50 100 150 200 0.0 0.2 0.4 06 0.8 1.0
z r/a
a) 0)

Puc. 2. Poct amMuTTaHCa U U3MEHEHHE TUIOTHOCTH 3apsaga i Imy4dka ¢ HCOL[HOpOIlHOFI
TUIOTHOCTBIO IpH CBOOOZHOM pasiere.
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B Tperbedl rnabe wu3yuyaercs mpoGrieMa MaTeMaTH4ECKOTO MOJETMPOBAHMS
JAVHAMUKH 3apsDKEHHBIX IYYKOB C y4YETOM HEJMHEMHBIX BHELIHMX MNOJNEH METOIOM
MOMEHTOB.

B pasmene 3.1 usydaercss npoGieMa BbIBOAAa MOMENBHOTO YpaBHEHHS I
CPeIHEKBAJpaTUYHON oOrubaromedl mnyyka 3apsKEHHBIX YacTHL[ B Clydae HX
HEJIMHEHHOTO  [JBH)KEHMs. YpaBHEHHE IS  CpeJHEKBaJApaTUYHOH orubaromieit
BBIBOAMTCS U3 GECKOHEYHOH CHCTEMBI 3aueIUIAWUXcs  auddepeHnanbHbIX
YPaBHEHHH JUIi MOMEHTOB pa3iMYHBIX TMOPAJKOB C HCIOJIb30BAHUEM METOIA
ycpensenns KpeuioBa-boromoGoBa. B kauectBe mpuMepa paccMOTpeH aHcaMGiib
OCLIMJUIATOPOB BO BHEUIHEM CTAalMOHAPHOM IMOJNE C KyOMYECKOH HEIMHEHHOCTHIO.
ITosryueHo acuMNTOTHYECKOE COOTHOLIEHHE MEXAY MOMEHTAMH YETBEPTOrO H BTOPOrO
NIOPAAKOB, MNO3BOJIAIOIIEE PEIIMTL MpoONeMy 3aMBIKAHHA LEMOYKH 3aLEIUISIOLIHXCS
A depeHIMaNbHBIX YPaBHEHHUI 1111 MOMEHTOB.

B pasmene 3.2 paccmarpuBaercs 3ajada O OMHaMUKE KPYroBOTO Myuka C
paauanpHO-OAHOPOAHOM U HEOMHOPOAHOM IIOTHOCTBIO B IJIAAKOM (HOKYCHpYIOILEM
KaHane ¢ KyOu4yecKoH HenMHeHHOCThIo. JIIs pelleHHs 3ajaud  MCHOJB3yeTcs
BBIGpaHHBIA B pasfaene 2.5 cnoco6 o6pbiBa 3aLEMUIAIOENCS LENOYKH ypaBHEHHH st
MOMEHTOB. M3MeHeHHe MUIOTHOCTH 3apsja NMPH ABHXKCHHH IyyKa aHAIM3UPYETCs C
NOMOIIBIO MPEJIOKEHHON B pasfenax 2.3-2.4 MEeTOAMKH BOCCTAHOBJIEHUS TUIOTHOCTH
no MomeHtaM ¢yHKuuH pacnpenenenus. ITokasaHo, YTO [ MapameTpoB MyuKa,
GM3KMX K CTALIMOHAPHBIM B IAHEWHOM BHEIIHEM MOJIE, HEMMHENHHOCTD I10JIS BBI3bIBAET
M3MEHCHHE CPEIHeKBAaJPAaTHYHOrO MONEPEYHOTO pa3Mepa INMydyKa W MPUBOAMT K €ro
aCHMITOTHYECKOMY BBIXOJy Ha HOBOE CTallHOHApHOE 3HauyeHue. HenuHeHHOCTD
BHELIHETo (OKYCHPYIOLIEro Mo NPHBOJUT TAKXKe K POCTY SMUTTAHCA U M3MEHEHHIO

TJIOTHOCTH ITy4YKa.

3akiaroueHune

B AACCEPTALIMH MOJTYYEHBI CJIEAYIOLUNE OCHOBHBIE PE3Y/IbTATHI:
1. Ha ocHoBe MaTeMaTH4ecKoro MOJCIIUPOBAHUA C HMCIOJIB30BAHHEM METOJA

MaKpo4yacTHll M METOJa MOMEHTOB HCCJIEHOBaHa JIUMHAMHKa TPEXKOMIIOHEHTHOTO
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HOHHOTO IMyYKa C YYETOM HEJMHEHHOro COOCTBEHHOTO AJIEKTPUYECKOro MOJisA MydKa B
cenapatope Buna. BBezneHa HOBas cxeMa onTHMM3alUy napameTpoB GuibTpa Buna u
OIpeZieNeHbl ONTUMaNbHbIE NTapaMeTphl cenapaTopa Uil pa3leieHus paanOaKTHBHBIX
anep B npoexte DRIBS, kotopelit ocymecteisercs B JlaGoparopuu SnepHsix Peakiuuii
um. I".H. ®neposa B OUAN.

BrepBseie mpu McciefOBaHMM AMHAMHUKM My4yka HOHOB B cemapaTtope BuHa
yuTeHbI 3 }EKTH MPOCTPaHCTBEHHOrO 3apsna My4Ka M HEIMHEHMHOCTH COGCTBEHHOTO
3JIEKTPUYECKOTrO IO ¥ MOTYUEHBI CBS3aHHBIE C HUMHU OTPaHUYEHHs Ha TOK ITyYKa.

Ha ocHoBe Meroma Makpouactun cosgaHa mporpamma IBS (Ion Beam
Simulation) ans MaTeMaTHYecKOro MOJENMPOBAaHUS cemapaTtopa BHHa C ydeToM
NPOCTPAHCTBEHHOrO 3apsifia MOHHOTO Iy4Ka, KOTOpas MOXET TaKXKe MCIOJIb30BaThCs
U 3a7au TPaHCIIOPTUPOBKM MHOTOKOMIIOHEHTHBIX HOHHBIX MYYKOB C GOJIBILMM

IIPOCTPAHCTBEHHBIM 3apAA0OM.

2. IlocTpoeHa nepBas MaTeMaTH4yeckasi MOJEJb MYYKOB 3apsHKEHHBIX YaCTHL] HA
OCHOBE METOJa MOMEHTOB (YHKLMH pacrpefe/ieHHsi YacTHIl B KJIacce CTENEeHHBIX
pasyioXkeHH# MIOTHOCTH 3apAja, BKIOYAOIAs HeMHEHHbIE JuHaMHueckue 3 eKThl,
B TOM UYHCJIE CBS3aHHBIE C HEJMHEHHOCTBIO COOCTBEHHOrO TMOJIA IIy4Ka.
BoccTanoBneHHe IUIOTHOCTH 3apsga B KJacce CTENMEHHBIX (IOJMHOMHUAJLHEIX)
GbyHKIMH ¥ onpesiesieHie IPaHULBI TyYKa NPOBOAUTCSA MO M3BECTHBIM MOoMeHTaM. ITo
HaWICHHOW TMJIOTHOCTH 3apsfia HaXOAMTCS COOCTBEHHOE BJIEKTPUYECKOE MOJie IyuKa.
st o6pbiBa GECKOHEUHOM LIEMOYKH ypaBHEHHH [Ii MOMEHTOB HaMBBICIIME MOMEHTBI
BBIPaXKAIOTCA YEPEe3 MOMEHTHI HU3IUMX IOPSAAKOB 3BPUCTUUECKUM IYTEM C YYETOM
aCUMITTOTHYECKOrO MOBEJECHUS MOMEHTOB, U3BECTHOIO M3 YUCJICHHBIX 3KCIIEPUMEHTOB,
aHaJIMTHYECKOM MOJIEIH HEJMHEHHOM NMHAMHMKY MyYKOB, BXOAAIIEH B JUCCEPTALUIO, U

SKCIIEPUMEHTOB C CUJIBHOTOYHBIMH IIYYKaMH.

3. C ucnonp3oBaHHEM CTENMEHHON aNNMpPOKCHMALMM IUIOTHOCTH 3apsaja H
BBIOpaHHOrO B AMCCEpTaLUH crocoba 0OpeiBa GECKOHEUHOM 3aLeMIAIOMENCs LIENOYKH
b depeHIManbHBIX ypaBHEHHH Ui MOMEHTOB HOBasi MOJIE/Ib YMCJIEHHO peaii30BaHa
JJis TyYKOB C JOMHHHPYIOLIUM BIIMSHHEM HNPOCTPaHCTBEHHOTrO 3apsza. [TokasaHo, 4To

B OTIMYHEC OT [IHPOKO HCI’]OHLSyeMOﬁ MU3BECTHOM MOZAEIU Ui SBOJIOLMH
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CpelHEeKBaAPaTHYHBIX pPa3MepoB (C HCNONBb30BaHHEM 3GQEKTUBHON JIMHEApU3aLHUH
9JICKTPOMArHUTHAIX MOJIeH), NpensaraeMas MOMENb YYHTHIBAET OYEHb BaXKHBIE JUIA
TEOPHH U NPUIOKEHHHA HeNMHe#Hble 3QeKTE COGCTBEHHOrO MOl MyykoB: 3ddexT

M3MEHEHUA IVIOTHOCTU U UBMEHEHUE SMUTTAHCA.

4. Ha ocHose MeTona ycpenneHust Kpbutosa - Boromo6oBa u METoJla MOMEHTOB
TMOCTPOEHa aHAIMTHYECKAs MOJENb [MHAMHMKHM [y4Ka 3apsOKEHHBIX YacTHL B
HEJIMHEHHOM BHewIHEM ¢okycupyomeM mnoie. M3 cpaBHeHHs pe3ynbTaTOB,
CIEAYIOIMX U3 MOCTPOCHHOW MOJENH, C Pe3y/bTaTaMH YMCIECHHOTO MOJEIUPOBAHHUS
METOZIOM MAaKpOYacTHL, [MOJyYeHO COOTHOLUEHHE MEXIY MOMEHTaMM BBICLIMX H
HH3IIMX MOPAAKOB, MO3BOJSIOIIEE pEMUTe MpobieMy oOpbiBa GeCKOHEYHOM
3aLeruIsgtoIencs UenoYku auddepeHInaNbHEIX ypaBHEHUH 111 MOMEHTOB.

HoBas Mogmens ¢ HCMONB30BaHHEM CTENEHHON AamMMpPOKCUMALMH IUIOTHOCTH
3apsfa ¥ BhIOpaHHOro B AuccepTaLuu cnocoGa o6peiBa 3aLETUIAIOWENCS [EeNOuKH
YPaBHEHUH 1/Ii MOMEHTOB (GYyHKLUMH Pacnpe/ieieH!s YaCTHL| YUCIEHHO peanu3oBaHa
Alld aHamM3a AWHAMHKHM [yYKa 3apsHKEHHBIX YacTHL[ B INAJKOM (HOKYCHPYIOILEM
KaHajle ¢ HenmuHeHHON ¢okycupylomelt cwiodl. I[lokazaHa BO3MOXHOCTH YueTa

HEJMHENHBIX 3 PEKTOB B KaHaaX TPAHCTIOPTUPOBKU ¥ GOPMUPOBAHHS MYUKOB.

OCHOBHBIE Pe3yJIbTATbI JAHCCEPTALUMH HM3J0KEHbI B CJIEAYIOIHNX HAYYHBIX
ny0auMKaHsAX:

1. bobbinesa JI.B. Boiuucnenue BbiCUIMX NpuGnwkenuid B metome Kpwuiopa-
BoromoG6oBa ¢ NOMOILIBIO CHCTEMBI IS AHAIMTMYECKOrO MPOrPaMMHPOBAHUS
SCHOOSCHIP. B Tp. MesxayHapogHOro pabo4ero COBeIaHus 110 CHCTEMaM
M METOJaM aHaMTUYECKHX BBIYMCIEHHH Ha OBM M MX NpUMEHEHHIO B
TeopeTHyeckor  Qusuke, dyOna, 1979, D-11-80-13, Jly6ua, 1980, c. 149,
IMpenpunt OUSIU P11-12-454, Jly6Ha, 1979.

2. Boovinesa JI.B., Kazapunos H.IO., Ilepenvwumeiin D.A. Berancnenue
COGCTBEHHBIX MOJIEH 3apsHKEHHBIX CTYCTKOB O NEPBHIM MOMEHTAM IIOTHOCTH
3apana. Coobwenue OUSY, P11-81-796, [Ty6ua 1981.

19



. Bobyleva L. V., Perelstein E. A, On RMS Envelope Equation Problem for
Nonlinear Motion, EPAC96, 1996, Bristol and Philadelphia, V.2, p.1060-1063.

. bobbinesa JI.B., Kysueyoe H.B., Ilepenvuumenin 3.A., Hepervumeiin 0.3. O6
MCMONIb30BaHUM (uiIbTpa BHHA B HCCleOBaHUSX HAa HU3KOIHEPreTHUYECKHX

My4YKax pajdoakTuBHBIX sazep. [Tucema B 3YAS, 2002, Ne6[115], c.5.

. bobvinesa JILB., JKuoxoe E.II, Kysueyoe H.B., Ilepenvuumeiin IA4.
MonenupoBanue JMHaMHKH HOHOB B cenapartope Buna. Ilpenpunt OUSIU P5-
2003-100, My6na, 2003, 14c.; HanpasneHo B xypHan «MaTeMaTHueckoe

MOJCIUPOBAHHUEY .

. Bobvinesa JLB., Ilepenvwumetin 3.A. Mozenuposanve AMHAMHKH ITyYKOB
METOJOM MOMEHTOB C HCIIO/Ib30BAHHEM CTEICHHBIX PAa3/IOKEHHH IIOTHOCTH

sapana. Coobwenune OVSIU P5-2003-124, [TyGHa, 2003.

Iomyueno 19 asrycra 2003 .



Maker H. A. Kucenesotii

Tlommucano B neyars 22.08.2003.
®opmar 60 X 90/16. Bymara odcernas. Ileqars odceTHas.
VYen. mew. 1. 1,25. Ya.-u3n. 1. 1,32, Tapax 100 ax3. 3akas Ne 54052.

HWanarensckuit ornen O6beAMHEHHOTO HHCTHTYTa ANEPHBIX HCCIENOBaHUH
141980, . Ty6Ha, MockoBckas 0611, yi. XKomio-Kropn, 6.
E-mail: publish@pds.jinr.ru
www.jinr.ru/publish/



