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V 2.. 

06ll{aH xapa1rrepHCTHKa pa60Tbl 

Arnam.HOCTb TeMbl H COCTOHHHe Bonpoca. 

flyqKH 3aplD!(eHHblX qacnu.1 WHpOKO HCDOJlb3YJOTCll B pa3JIHqHblX o6nacrnx 

HayKH H TeXHHKH, npOMbIWJieHHOCTH H :mepreTHKH. Cpe.l(H HayqHbIX npo6JieM lpH3HKH 

BbICOKHX :meprnii BbI.l(eJillJOTCll TaKHe 60JibWHe npoeKTbl, KaK C03,l(aHue YCKOpHTeJiett 

(KOJIJiatt,l(epos) HOHOB u :rneKTpOHOB Ha csepXBbICOKHe :meprnu c 6oJibWHM TOKOM 

ycKopeHHblX qacTHU npu MaJIOM 3HaqeHHH 3MHTTaHca nyqKa (nyqKu C BbICOKOH 

llpKOCTb!O). 

B nocJie,l(Hee BpeMll BO MHOrHX cpH3uqecKHX ueHTPaX Be.l(yTCll pa3pa60TKH 

JIHHeHHbIX ycKOpHTeJiett HHTeHCHBHbIX HOHHbIX nyqKoB HH3KHX 3Heprnii. TaKHe 

ycKopuTeJIH Henocpe.l(CTBeHHO HCUOJlb3YJOTCll B ll.l(epHO-cpH3HqecKHX H 

acTpOcpH3uqecKHX HCCJle,l(OBaHHllX HJIH BXOAJIT B COCTaB HH)l(eKL(HOHHbIX KOMnJieKCOB 

ycKop1:1TeJ1ett lpH3HKH Bb!COKHX 3Heprnii. EoJibWOe MeCTO 3aHHMaJOT CHJlbHOTQqHbie 

HOHHbie ycKopuTeJIH Ha HH3KHe 3Heprnu H B npuKJia.l(HbIX 3a,l(aqax. K HHM OTHOCllTCll 

npo6JieMa C03,l(aHHll HHTeHCHBHbIX HettTpOHHblX reHepaTOpOB, HCCJie,l(OBaHHll, 

HanpaBJieHHbie Ha C03,l(aHue ynpaBJilleMbIX TepMOll.l(epHbIX H 3JleKTp0ll.l(epHbIX 

peaKTopoB, C03,l(aHHe HMnJiaHTaTopoB H AP· 

Co3.l(aJOTCll ycTaHOBKH ,!(Jill peweHHll KJIJOqeBblX BOnpocoB pa3BHTHll 

6e3onaCHOH aTOMHOH 3He'preTHKH, npo6JieM pa3opy)l(eHHll H npo6JieM YTHJIH3al..(HH 

OTX0.1(0B cospeMeHHOH aTOMHOH npOMblWJieHHOCTH. 

Bo MHOrHX ueHTPaX, 3aHHMaJOIUHXCll ll.l(epHOH lpH3HKOH, cyIUecrnyeT 

npo6neMa cenapauuu paAHOaKTHBHbIX llAep. B qacTHOCTH, B OIUIH peanu3yeTCll 

npoeKT DRIBS, B paMKax KOToporo uccne.l(osaimll nerKHX u Tll)l(eJibIX HettTpOHHO

H36blTOqHbIX ll.l(ep 3aHHMaJOT oco6oe MeCTO. flyqoK HCCJle,l(yeMblX l!Aep nona,l(aeT B 

cenapaTop H3 HCTOqHuKa HOHOB, pa6oTaJOIUero Ha npHHL(Hne 3JleKTpOH

L(lIKJIOTOpOHHOro pe30HaHCa. 3Hepruu HOHOB Ha BbIXO,l(e HCToqHHKa HH3KHe, a 

cyMMapHblH TOK nyqK,a - 6oJibillOH. TaKHM o6pa30M, npu C03,l(aHHll HOBbIX 

cenapaTOpOB B03HHKaJOT npo6JieMbl yqern npocTpaHcTBeHHOro 3apl!.l(a ny4KOB C 

60JiblllHMH TOKaMH H HeJIHHeHHOCTbJO ABH)l(eHHll qacTHL(. IT03TOMY ueo6xo,l(HMO 

pa3BHBaTb a,l(eKBaTHYJO MaTeMaTHqecKyJO 6aJy, T.e. HCOOJlb30BaTb MaTeMaTHqeCKOe 
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MOJ).eJmpoBaHtte JI.JUI peweHH.H CJIO)l(HbIX HeJittHeHHbIX 3aJ].a4 AHHaMHKH HOHHblX 

ny4KOB. 

B ,AaHHOH AHCceprnutttt npoBeJ].eHo MOAeJittpoBaHtte MeTOAOM MaKpo4aCTHL{ 

AHHaMHKH HOHOB C y11eTOM npocTpaHCTBeHHOro 3ap»Aa ny4Ka B cenaparnpe Btttta AJI.H 

npoeKTa DRIBS. 

B TeOpHH ny4KOB 3ap.H)KeHHbIX 4aCTHL{ Hatt60Jiee noJIHO HCCJieJ].oBaHO 

ABH)KeHtte 4aCTHL{ B 3aJ].aHHblX BHeWHHX nOJI.HX, KOr,Aa . co6CTBeHHblMH 

:rneKTpOMarHHTHbIMH nOJI.HMH 4aCTHL{ ny4Ka MO)KHO npette6pe4b (TaK H33bIBaeMoe 

O.AH04aCTH4HOe nptt6Jitt)KeHtte). B o6ll_\eM cny11ae .AHHaMttKa ny4KOB 3ap»)KeHHbIX 

4aCTHL{ OnHCbIBaeTC.H caMocornacoBaHHOH CHCTeMOH ypaBtte'ttttH BnacoBa. PeweHHe 

TaKOH CHCTeMbl conp.H)KeHO C 60JibillHMH Bbl4HCJIHTeJibHbIMH TPY.AHOCT.HMH, no3TOMY 

Ha npaKTHKe HCI10Jib3YeTC.H He6oJibWOe 4HCJIO T04HO pewaeMbIX MO,AeJiett. Y4HTbIBa.H 

COBpeMeHHbie 3a,Aa4H !pH3HKH H TeXHHKH CHJibHOT04HbIX ny4KOB, Heo6XO.AHMO 

HCITOJib30BaTb H p33pa6aTbIBaTb HOBbie MaTeMaTH4eCKHe MeTO,Abl MO,AeJittpoBaHH.H 

.AHHaMHKH ny4KOB C 60JibWHM npOCTpaHCTBeHHbIM 3ap».AOM. B HaCTO.Hll_\ee BpeM.H 

4all_\e Bcero HCITOJib3YIOTC.H MeTO.A MaKpo4aCTHL{ (ttJIH MeTO.A 4aCTHL( B .H4ettKax) H 

MeTO.A MOMeHTOB. 

B MeTo,Ae MaKp04aCTHL{ 60JibWHe rpynnbl 6JIH3KO pacnoJIO)KeHHblX B cpa30BOM 

npocTpaHCTBe 4aCTHL{ o6oe,AHH.HIOTC.H B TaK Ha3bIBaeMbie MaKp04aCTHL{bl - crycTKH 

4acrnu onpe,AeJieHHOH cpopM.bl, 3aBHC.Hll_\ett OT pa3MepHOCTH H CBOHCTB CHMMeTpHH 

HCCJie,AyCMOH MO.ACJIH. B Ha4aJibHbIH MOMCHT BpCMCHH cpa30BblH o6oeM, 3aHHMaCMblH 

BCeMH 4aCTHL{aMH ny11Ka, pa36ttBaCTC.H Ha 60JibWOC 4HCJIO HenepeceKa!Oll_\HXC.H 

3Jl.CMeHTapHbIX o6oCMOB, H .ABH)KCHHC Ka)K,Aoro TaKOro o6oeMa OTO)K,ACCTBJI.HCTC.H C 

.ABH)KCHHCM O.AHOH MaKp04aCTHL{bl C cyMMapHblM 3ap.H,AOM H MaCCOH 4aCTHL{, 

BXO.A.Hll.\HX B 3TOT o6oeM. TaKHM o6pa30M C03,Aa!OTC.H MaKp04aCTHL{bl C KOOp.AHHaTaMH 

B cpa30BOM npocTpaHCTBC r;, V; (i - HOMep MaKpo11aCTHL{bI). B MeTO,Ae MaKp04acmu 

cyll_\CCTBYIOT HCKOTOpbie 06ll_\tte ITO,AXO.Abl, n03BOJI.HIOll_\He CTpOHTb MO.ACJIH C HY)l(Hb!MH 

CBOHCTBaMH, HanpttMep: onTHMaJibHbIC no HeKOTOpbIM KpHTeptt.HM, C 3a,AaHHbIMH 

3aKOHaMH coxpaHCHH.H C yMeHbillCHHblMH He<pH3H4eCKHMH, C4CTHblMH 3cpcpeKTaMH H 

,Ap. O6ll.\HM .AJI.H BCCX MO,ACJICH .HBJI.HCTC.H .AOnyll_\CHHC O TOM, 4TO BHYfpH nOJIHOfO 
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o6oeMa V CO.ACP)KHTC» N >> I MaKpo11acTHU onpe,AeJieHHOro coprn c 3ap.H.AaMtt kZe (Z 

- 3ap».AHOCTb HOHa, e - 3ap».A 3JieKTpOHa), MaCCOH kAM (A - MaCCOBOC 4HCJIO HOHa, 

Ze 
M- Macca npOTOHa) H C TeM )Ke OTHOWCHtteM 3ap»,Aa K Macce g = --, 4TO H .AJI.H 

AM 

qJH3H4CCKHX 4acmu. K03<p!pHL{HeHT yKpynHeHH.H k >> I BbI6ttpaeTC.H TaKHM, 4TO 

cyMMapHbltt 3ap.H.A BCCX 4aCTHL{ kNZe ti cpeAHH.H ITJIOTHOCTb npocTpaHCTBCHHOro 

kNZe - ,1-, -
3ap.H,Aa Pep = -- B MO.ACJIH TC )KC, 4TO H B MO.ACJittpyeMOH 4'H3H4CCKOH CHCTCMC. 

V .. . . 

Enaro,Aap» coxpaHCHHIO 3Ha4CH,H.H g, B MO.ACJIH coxpaH.HIOTCH H ypaBHCHHH .ABH)KCHHH 

4aCTHL{. Ilo3TOMY, C y11eTOM coxpaHCHHH nJIOTHOCTH 3ap»,Aa co6CTBCHHOC none H 

.AHHaMHKa f!Y4Ka B MO,ACJIH H B <pH3H4eCKOH CHCTCMC 6y.Ayr 6JIH3KH. 

CttcTeMa ypaBHCHHH MO.ACJIH MaKpo4aCTHL{ COCTOHT H3 ypaBHCHHH MaKCBCJIJia H 

ypaBHCHHH .ABH)KCHHH 4aCTHL{ B 3JICKTpOMarHHTHbIX ITOJIHX C HanpH)KCHHOCTblO 

3JICl(TP,H4CCKoro noJI.H E H HH.AYKUHett MarHttTHoro non» B 

dr. I ~ df=V;, 
av - e -

AM-' =eE+-[v;,B], 
dt C 

(I) 

r,Ae c - CKOpOCTb csern. 3m CHCTCMa ypaBHCHHH HBJI.HeTC.H HCJIHHeHHOH, ITOCKOJibKY 

.ACHCTByIOll.\HC Ha 4aCTHL{bl noJI.H 3aBHCHT OT pacnpe,ACJieHHH nJIOTHOCTH 3ap».Aa H TOKa, 

KOTOpbie caMH onpe,ACJIHIOTC.H .ABH)KeHHCM 4aCTHL(. 

Tiptt HCCJIC.AOBaHHH ny4KOB 3apH)KCHHbIX 4aCTHL{ npaKTH4eCKHH HHTepec, 

3a4acry10, npe,ACTaBJIHIOT ycpe,AHeHHbie xapaKTCpHCTHKH, TaKHC KaK ITJIOTHOCTb, 

cpe,AHHH CKOpOCTb, TCMneparypa H T.,A. 3ry HH<pOpMal.{HIO MO)KHO noJiy4HTb, Bbl4HCJI.H.H 

MOMCHTbl cpyHKL{HH pacnpe,ACJICHHH 4aCTHL{ B cpa30BOM npOCTpaHCTBC. ,ll;BH)KeHHe 

ny11Ka paCCMaTpHBaCTCH KaK .ABH)KCHHe 3aMKHYTOro !p330B0ro MHO)KCCTBa, 4TO 

n03BOJIHCT BBeCTH MOMCHTbl cpyHKL{HH pacnpe,AeJICHH.H no BCCH COBOKynHOCTH 

cpa30BblX KOOp.AHHaT. 

rnaBHa.H 3a,Aal!a MeTO.Aa MOMeHTOB - ,AaTb COKpall_\CHHOe (no cpaBHCHHIO C 

ypaBHeHHHMH Bnacosa) ontt_canue .AHHaMHKH ny'IKOB, no3B0JIH!Oll_\CC npocJie,AHTb 

OCHOBHbie <pH3H4eCKHC 3aKOHOMepHOCTH H npOBO.AHTb C .AOCT3T04HOH 06ll.\HOCTbIO H 

CTCITCHblO nptt6Jllt)KeH!rn paC4CTbl KOHKPCTHblX qJH3H4eCKHX ycTaHOBOK (KaHaJIOB 
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TpaHcnopTHpOBKH, ycKOpHTeJJbHbIX CTPYKTYP, ycTaHOBOK AJJll l!AepHO-qJH3H1-leCKHX 

3KcnepHMeHTOB HT. n.). 

8 HacT0»111ee BpeM» AJJ» aHaJJH3a AHHaMHKH ny11KOB HCnOJJb3YIOTCll ypaBHeHHll 

AJJll MOMeHTOB BTOporo noplIAKa, COOTBeTCTBYIO!llHe 3qJqJeKTHBHOtt JJHHeapH3aUHH 

BHelllHHX H co6crneHHblX 3JJeKTpoMarHHTHbIX nonett no OTKJJOHeHHlIM OT OCH ny'!Ka. 

TaKHM o6pa30M, onycKalOTC» HeJJHHettHbie 3qJqJeKTbI; B 'laCTH0CTH, H3MeHeHHe BHAa 

nJJOTHOCTH ny11Ka H cpeAHeKBaApaTH'IHOro 3MHTTaHca ny'!Ka B HeJJHHettHblX nOJJlIX H 

AP- qT06bI . npaBHJJbHO y11HTb1BaTb 3TH Ba)I(Hble AJJ» npHJJO)I(eHHtt lIBJJeHHll, 

Heo6XOAHMO HattTH npoueAYPY o6pbIBa 6ecK0He11ttott cHCTeMbI 3a1..1enJ1ll10ll1HXCll 

ypaBHeHHtt AJJ» MOMeHTOB B BbIClllHX noplIAKaX H Bbipa3HTb ycpem1eHHbie co 

CTeneHHblMH BecaMH 3Ha'!eHHll co6crneHHOtt CHJlbl Jlopettua qepe3 HCnOJJbJyeMbie 

MOMeHTbl. 

3aAa'!a O npeACTaBJJeHHH CTeneHHbIX MOMeHTOB co6cTBeHHOtt CHJJbl Jiopettua 

qepe3 MOMeHTbl HH3lllHX noplIAKOB H 3aAa11a o6pbIBa ueno'IKH paccMaTpHBaeTCll B 

AaHHOtt pa6oTe. 

~a60Tbl. 

Ha OCHOBe MaTeMaTH'leCKOro MOAeJJHpOBaHHlI C HCnOJJb30BaHHeM MeTOAa 

MaKpO'laCTHU HCCJJeAOBaTb AHHaMHKY TPeXKOMnOHeHTHOro HOHH0ro IIY4Ka C Y4eTOM 

HeJJHHettttoro co6cTBeHHOro ::meKTpH11ecKoro nonll ny'!Ka B cenapaTope BHHa. 

OnpeAeJJHTb onTHMaJJbHbie napaMeTpbl cenaparnpa AJJll pa3AeJJeHHll paAHOaKTHBHblX 

l!Aep B npoeKTe DRIBS, KOTOpbitt ocy111ecrnnlleTcll B Jia6oparnpHH »AepHbIX peaKUHtt 

HM. r.H. <I>nepoBa B OIUU1 

IlocTpOHTb MaTeMaTH'!eCKYIO MOAeJJb ny'!KOB 3apll)I(eHHblX 'laCTH'--1 Ha OCHOBe 

MeTOAa MOMeHTOB, BKJJIO'!a10111y10 HeJJHHettHbie AHHaMH'!eCKHe 3qiqieKTbl, B TOM 'IHCJJe 

CBl!JaHHble C HeJJHHettHOCTblO co6cTBeHHOro non» ny11Ka. lfccneAOBaTb HeJJHHettHYIO 

AHHaMHKY ny'!KOB B HeKOTOpbIX Ba)I(HblX AJJ» npHJJO)I(eHHtt cny11a»x. 

HayqHan H0BU3Ha. B pa6oTe nony'!eHbl CJJeAYIOlllHe HOBble pe3YJJbTaTbI: 

BnepBble npoBeAeHO MaTeMaTH'leCKOe MOAeJJHpOBaHHe cenaparnpa BHHa C 

HCnOJJb30BaHHeM MeTO,L\a MOMeHTOB QlYHKl(HU pacrrpe.neneHHlI '!aCTH'--1 B qiaJOBOM 
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npocTpaHCTBe H MeTOAa MaKpo11acTH'--1. BBeAeHa HOBall cxeMa onTHMH3aUHH 

napaMeTpOB QlHJlbTpa BHHa. 

BnepBbie npH HCCJJeAOBaHHH AHHaMHKH ny'!Ka HOHOB B cenapaTope BHHa 

Y'!TeHbl 3qJqJeKTbl npocTpaHcTBeHHOro 3apl!Aa nyqKa H HeJJHHettHOCTH co6cTBeHHOro 

3JJeKTpH'!eCKOf0 nOJJll 11 nony11eHbl CB»JaHHbie C HHMH orpaHH'!eHHlI Ha TOK ny'!Ka. 

BnepBbie npoaHaJJH3HpOBaHo BJJHlIHHe co6crneHHOro 3apl!Aa HOH0B 6annacTHOro raJa 

Ha AHHaMHKY cenapHpyeMbIX ny'IKOB. 

IlocTpoeHa nepBall MaTeMaTH'!eCKa» MOAeJJb ny'!KOB Ha OCHOBe MeTOAa 

MOMeHTOB, Y'IHTbIBaIO!llall HeJJHHettHOCTb BHelllHero H co6crneHiloro 

3JJeKTpoMarHHTHbIX nonett. 

BnepBbie '1HCJ1eHH0° peanHJOBaH MeTOA MOMeHTOB C HCnOJJb30BaHHeM 

CTeneHHOtt annpOKCHMaUHH nJJOTHOCTH 3ap»Aa H Hatt.nett cnoco6 o6pbIBa 6eCKOHe'!HOtt 

Jal(enJJlIIO!llettc» l(enO'IKH AHqiqiepeHl(HaJJbHbIX ypaBHeHHtt AJJll MOMeHTOB. Ilony11eHbl 

HeJJHHeilHbie 3qJqJeKTbl co6crneHHOro nOJJll ny'IKOB: 3cpcpeKT H3MeHeHttlI nJJOTHOCTH H 

H3MeHeHHe 3MHTTattca. 

IIpaJITnqecKan geuuocTb }lnccepTagnu. 

CenapaTOpbl H Mace - aHaJJH3aTOpb1 Ha OCHOBe QlHJlbTpOB BHHa lllHpOKO 

HCnOJJb3YIOTCll B pa3JJH'IHblX o6nacrnx QlH3HKH H TeXHHKH. Ilo3TOMY paccMaTpHBaeMa» 

pa6oTa HMeeT npaKTH'leCKYIO l(eHHOCTb, T.K. pa3BHTbie B Hett MeTOAbl npHMeHHMbl AJJll 

pellleHirn lllHpOKOro KJJacca JaAa'! npoeKTHpoBaHHlI H C03AaHHlI HOBblX cenapaTopoB, B 

11acTHOCTH, AJJ» npoeKTa DRIBS. PeJynhTaTbI, nonyqeHHbie B ,L\HccepTal(HH, MoryT 

HCnOJJb30BaTbCll npH aHaJJtt3e BJJHlIHHll npocTpaHCTBeHH0ro 3ap»Aa ny'IKOB, 

HeJJHHellHblX 3qJqJeKTOB pa3JJH'!H0rO npOHCXO)I(,LleHHlI H ,L\JllI OTTTHMH3al(HH napaMeTpOB 

cerrapaTopoB C l(eJJblO nony11eHH» BbICOKOrO pa3pellleHHlI H BblCOKOro Ka'lecrna 

HOHHblX ny'IKOB B TaKHX YCTPOttCTBaX. 

Pa3pa6oTaHHa» Ha OCH0Be MeTOAa MOMeHTOB MaTeMaTH'!eCKa» MOAeJJb 

n03B0JJlleT aHaJJH3HpOBaTb ,l\HHaMHKY ny'IKOB C y'leTOM HeJJHHettHbIX 3qiqieKTOB B 

pa3JJH'!Hb1X QlH3H'!eCKHX ycTaHOBKax . 
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OCHOBllbIC peJVJlbTaTbl, BbIII0CIIMbIC Ha Jamnry: 

1. I1ccJie,L(OBam1e .L(HHaMHKll TpeXKOM!lOHeHTHOfO llOHHOro rrytJKa C Y'ICTOM 

HeJI11HettHoro co6cTBeHHoro 3JieKTplltJecKoro rron51 rrytJKa B cerrapaTope B11Ha Ha 

OCHOBe MaTeMaTll'-IecKoro MO,L(eJIHpoBaHll51 C llC!lOJ!hJOBaH11eM MeTo,L(a MaKp04aCTllU II 

MeTO,L(a MOMeHTOB. HoBa51 cxeMa 011TllMH3aUllll rrapaMeTpOB cpllJihTpa B11Ha II 

orrpe.neneHlle OllTllMaJihHhlX rrapaMeTpOB cerrapaTopa .L(Jl51 pa3.L(eJieHH51 pa.n11oaKTllBHhlX 

51.L(ep B rrpoeKTe DRIBS, KOTOphIH ocyiuecTBJI5leTC51 B Jla6oparnp1111 51.L(epHhIX peaKUIIH 

HM. r.H. <I>neposa B Ol15II1. 

YtJeT 3cpcpeKTOB rrpoCTpaHCTBeHHOfO 3ap51.L(a rrytJKa ll HeJIIIHeHHOCTH 

co6crneHHOro 3JieKTpll4eCKOfO 110JI51 B cerrapaTope B11Ha II CB513aHHhle C HIIMll 

orpaHlllJeHll51 Ha TOK rrytJKa. YtJeT BJ!ll51Hll51 co6cTBeHHOro 3ap51.na llOHOB 6aJIJiaCTHOfO 

raJa na .L(HHaMHKY cerrapnpyeMhlX rrytJKOB. 

2. ITocTpoeHHa51 rrepBa51 MaTeMaTH'leCKa51 MO.L(eJih rrytJKOB 3apmKeHHhlX lJ3CTllU 

Ha OCHOBe MeTO.L(a MOMeHTOB cpyHKUllll pacrrpe.neneHll51 lJaCTHU B KJiacce CTerreHHhlX 

pa3JIO)KeHllH llJIOTHOCTll 33p51.L(a, BKJIIO'la!O)Ua51 HeJIHHettHhie .L(llH3MlllJeCKlle 3cpcpeKThl, 

B TOM lJllCJie CB5133Hllhle C 11eJI11HeHHOCTh!O co6CTBennoro 110JI51 rrytJKa. 

BocCTaHOBJieHlle llJIOTHOCTll 3ap51.L(a B KJiacce CTeneHHhlX (nOJIIIHOMllaJihllhIX) 

cpyHKUllll ll onpe.nene1111e rpaHHUhl nytJKa rrpoBO.L(llTC51 no ll3BeCTHhIM MOMeHTaM. 

O6phIB 6eCKOHelJHOH uerrolJKll ypaBHeHllll .L(Jl51 MOMeHTOB ocyiuecTBJI5IeTC51 TaKllM 

o6pa30M, lJTO BhICWlle MOMeHThl Bhlpa)K3IOTC51 4epe3 MOMeHThl Hll3WllX nop51.L(KOB 

3BpllCTlllJeCKllM rryTeM C ytJeTOM acnMnTOTlllJeCKOfO nose,L(eHmI MOMeHTOB, 

ll3BeCTHOrO 113 lJIICJieHHhlX 3KcrrepnMeHTOB, aHaJillTHlJeCKOll MO,L(eJill HeJIHHeHHOH 

.L(IIHaMllKll rrytJKOB, BXO.L(5I)Ueil B .L(llCcepTau1110, ll 3KCnepHMeHTOB C CllJihHOTOlJHhIMll 

rrytJKaMII. 

3. 1-lttcJieHHa51 peaJill33Ull51 MeTO.L(a MOMeHTOB C llC!lOJ!h30BaHHeM CTeneHHOH 

annpOKCllM3Ullll llJIOTHOCTll 3ap51.na ll Bh16paHHOfO B .L(llCCepTaUllll crroco6a o6phrna 

6ecKonetJuoil 1auerrJIHIOIUefic51 uerrotJKll .n11cpcpepenu11anhHhIX ypasnennil .L(JI51 

MOMeHTOB cpyHKUllll pacnpe.neJieHH51 43CTHU .L(Jl51 rrytJKOB C .L(OMllHllPYIOJUllM BJ!ll51HlleM 

rrpocTpancrnennoro 1ap51.na. ITonytJeHhI HeJI11Hettnh1e ::icpcpeKThI co6crnennoro nonH 

rrytJKOB: 3cpcpeKT ll3MeHeHll51 nJIOTHOCTII ll 113MeHeHHe 31\!llTTanca. 
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4. ITocTpoenHa51 na ocuose MeTo.na ycpe.nHemrn KphmoBa - Eoromo6oBa 11 

MeTo.L(a MOMeHTOB aHaJillTlllJeCKa51 MO.L(eJih .L(llliaMHKII nytJKa 3ap5IlKeHHhlX .lJaCTHI.\ B 

nemlHeHHOM BHewneM cpoKyc11py10iueM none. CooTHOllleH11e Me)!(,a:y MOMeHTaMII 

BhlCWIIX II Hll3WIIX nop51AKOB, n03BOJl5IIO)Uee peWHTh npo6JieMy o6phIB3 .6ecKoHelJHOH 

1aue11JI5IIO)Uettc51 uenOlJKII ,a:11cpcpepeHU113JlhHhlX ypasHeHIIll ,[(JI51 MOMeHTOB. 

qllCJie1111a51 peanll3aU1151 HOBOH 1\10,[(eJill .L(Jl51 anamna .L(lll!aMIIKl1 nytJKa B 

rna.L(KOM HeJIIIHeHHOM. cpoKycupy10iueM KaHaJie C llCnOJih30B3HHeM Bh16paHHOfO B 

.L(IICCepTaUHH cnoco6a o6phIBa 1auenJ15IIO)UeHC51 1.1en0lJKH MOMeHTHhlX ypaBHeHIIH ll 

cTerreHHOH arrnpoKCHMaUIIII llJIOTHOCTH 3ap51.L(a. 

Anpo6agm1 pa6oTbl. 

ITo TeMe .L(IICCeprn~HII ony6JIIIKOBaHO 6 pa6oT. OcHOBHhie pe3yJihTaThl 

rrpe.ncrnBJieHhl na ce~mnapax Jla6oparnp1111 51.L(epHblX peaKUllH HM. r.H. <I>nepoBa 11 

Jla6opaTOpHH HHcpopMaUHOHHhlX TeXHOJIOrHH (Ol15II1, )zy6Ha), a TaK)Ke Ha 2 

Me)!(.nynapo.L(HhlX K0HcpepeHQII51X: Ha 1151TOH EBponettCKOll KOHcpepeHl.\1111 no 

ycKopHTeJI5IM tJacrn1.1 (EapceJIOHa, 1996) H Ha 10-/.l Me)K.L\yHapo.nHoil Ko11cpepeHQH11 no 

IIOHHhlM HCTOlJHHKaM ()zy6Ha, 2003). 

· CTpyKTVpa II o6beM LjHcceprngnn. 

,[(nccepTaUH51 COCTOllT 113 BBe,L(eHH51, Tpex rnaB, 3aKJIIOlJeHH51 11 cn11cKa 

JIHTepaTyphI. O6iu11tt o6beM '.L(HCCepTal\HH - 94 CTpaHHl\hl, BKJIIOlJa51 31 pucyHOK 11 3 

Ta6JIHl.\hl. 

Cot1.epw:am1e pa6oThI 

Bo BBeJJ,emm YKaJhIBa!OTC51 naytJHhie HanpaBJieHl151, .L(Jl51 KOTOpb!X neo6xo,a:11Mo 

npHMeH511:h II paJBHBaTh MeTO.L(hf MaTeMaTlllJeCKOfO MO,L(eIIHpOBaHH.51 .llHHaMHKH ny11KOB 

3ap51)KeHHhlX ~aCTHU C ytJeTOM co6crneHHOfO rrpocTpaHCTBeHHOrO 3ap51.lla 11 

HeJIHHeHHOCTH BHeWHHX H co6cTBeHHhIX 3JleKTpoMarnttTHhlX llOJiett. O6cy)!(.llaeTC51 

aKTYaJihHOCTh II rrpaKTJ!lJeCKa51 QeHHOCTh .llHCCepTaQHH, H0B113Ha rronytJeHHblX B Hett 

pe3yJihTaTOB, a TaK)!(e rrepetJHCJieHhl OCHOBHhie pe3yJihTaThl, BhlHOCHMhie Ha 1aiu11Ty. 

I1epBa51 rnasa ITOCB51ll(eHa MaTeMaTHtJeCKOMY MO.L(elrnpoBaHHIO .llHHaMHKll 

llOHOB B. certapatope B11Ha. B PaJ.lleJI~ 
11.l o6cy~.naeTC51 B03MO)!(HOCTh 11C~OJih30BaHl151 
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cpHnhTpa BHHa B Ka'lecrne Macc-cenapaTopa B HCCne.nosaHH.!IX pa.nHOaKTHBHhlX 

CBOHCTB HettTpOHH0-060rall.\eHHhIX .!l)lep, reHepHpyeMhIX B npot1ecce .neneHH.!I 
238U B 

paMKax npoeKTa DRIBS. <l>nnhTphI BHHa npe.ncrnsn.HIOT co6oi1 cenapaTOphI no 

CKOpOCT.!IM, .nettCTBHe KOTOphlX OCHOBaHO Ha paJ.neneHHH 3ap.H)KeHHhIX qacTHL\ B 

CKpell.\eHHhIX CTaTH'leCKHX :rneKTpH'leCKHX H MarHHTHhIX non.HX, nepneH)lHKyn.HpHhlX 

.npyr .npyry. Ha BXO)l cpHnhTpa BHHa B paccMaTpHBaeMOM cenaparnpe H3 HCTO'IHHKa 

no.naeTC.!I MHOfOKOMnOHeHTHhlH nyqoK HOHOB, HMeIOll.\HX O)lHHaKOBYIO 3HeprHIO. 

3neKTpOMarHHTHOe none s cpHnhTpe BHHa Ja.naeTC.!I TaK, 'ITO BhI)leneHHaH HOHHaH 

KOMnOHeHTa nyqKa C npo.nonhHOH CKOpOCThIO sneTa B cpHnhTp BHHa Vo npou.neT 

CTporo B)lOnh OCH )lBH)KeHH.!I nyqKa. OcTanhHhie KOMnoHeHThl ny'IKa, npo.nonhHa» 

CKOpOCTh sneTa KOTOphIX B cpHnhTP BHHa OTnH'IHa OT Vo' nony'laT sepTHKaJlhHOe 

OTKJlOHeHHe OT OCH )lBH)KeHHH ny"!Ka. TaKHM o6pa30M, KOMnOHeHThl nyqKa C 

pa3nH'IHhIMH npo.nonhHh!MH CKOpOCTHMH BneTa B cpnnhTp BHHa 6y.nyr pa3.neneHhl -

cenapHposaHhI. 

B pa3.nene 1.2 npHBO)lHTCH cxeMa tpHnhTpa BHHa, npHHL\Hn ero pa60Thl, 

OCHOBHhie HOHHO-OnTH'leCKHe xapaKTepHCTHKH. Ha OCHOBe MeTo.na MOMeHTOB 

npose.neHa onTHMH3al\HH ero napaMeTpOB C t1enhIO nonyqeHHH MaKCHMaJlhHOH 

pa3pernaIOll.\eH cnoco6HOCTH. ,[(HHaMHKa HOHHOro ny'IKa H B03MO)KHOCTh paJ.neneHH.!I 

TH)KenhIX OCKOnKOB HnnIOCTpHpyIOTCH pe3ynhTaTaMH 'IHcneHHOfO MO)lenHpOBaHH.!I 

tpHnhTpa BHHa MeTO)lOM_ MaKpO'IaCTHL\ 6e3 yqern npOCTpaHCTBe1rnoro 3ap».na nyqKa. 

IloKaJaHo, 'ITO B onTHMaJlhHOM sapHaHTe cpHnhTpa BHHa MO)KHO nony'IHTh 

pa3peIIIeHHe Ha ypoBHe BhIIIIe I 02 H o6ecne'IHTh cenapau.HIO T.H)KenhIX HOHOB C 

Bh!COKHMH 3Ha'leHHHMH MaCCOBhIX 'IHCen. 

B paJ.nene 1.3 Ha OCHOBe MeTO)la MaKpoqacTHU. pa3pa60TaHa MaTeMaTH'leCKa» 

Mo.nenh )lHHaMHKH MHOfOKOMnOHeHTHOro ny'IKa HOHOB c yqeTOM co6cTBeHHOro non» 

nyqKa B cenaparnpe BHHa, COCTOHll.\eM H3 .ny6nern Ksa.npynonhHhIX nHH3 H co6cTBeHHO 

tpHnhTpa B1rna. B paJ.nene 1.3.1 npHBOJlHTC» nocTaHOBKa caMocornacosaHHOH Ja)la'IH 

0 )lHHaMHKe HOHHOro nyqKa B cenapaTope BHHa C yqeTOM non» npOCTpaHCTBeHHOfO 

3ap».na. Mo.nenHposaHHe )lHHaMHKH HOHOB peanHJyeTCH nyreM HHTerpHposaHHH 

ypasHeHHH )lBH)KeHHH MaKpO'IaCTHU. (I) C Ja)laHHhlM Ha'laJThHhIM pacnpe.neneHHeM 
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qacTHlJ.. 3neKTpH'IecKoe none E 11 MarHHTHoe none B , .neucrny10ll.\11e Ha qaCTl1l\hI, 

npe.ncrnsn.HIOTCH s s11.ne cyMMhI BHeIIIH11x nonett (E,,B,), KOTophie cq11rn10TC.!I 

3a.naHHhIM11, H co6crneHHhIX nonett (Es, Bs) npoCTpaHCTBeHHoro Jap».na ny'IKa: 

E = E, +Es, B = B, + Bs. 

B 11HTepecyIOll.\eM Hae cnyqae HepenHT11B11CTCKHX 110HHhlX ny'IKOB C Me.nneHHO 

MeHHIOJJ..\11MHC.!I napaMeTpaM11 B)lOnh OCH pacrrpocTpaHeHl1.!1 nyqKa z co6cTBeHHhIM 

MarHHTHhIM noneM nyq~a MO)KHO npeHe6pe'Ih, a co6crneHttoe 3neKTpH'IecKoe none s 

nonepe'IHOM ceqe1m11 ny'IKa HCKaTh Ha Ka)KJlOl\f 3neMeHTapHOM speMeHHOM mare 

HHTerp11posaHHH nyreM perneHH» .nsyMepHoro ypaBH~HH.!I IlyaccoHa .nn» noTeHU.Hana 

U C rpaHl1'IHhlM ycnos11eM .[(11p11xne. IlpH TaKOM no.nxo.ne Mhl nonyqaeM 

caMocornacosaHHYIO Ja.naqy )lHHaMHKH ny'IKa, noCKOnhKY MaKpO'IaCTHU.hI __ ABH)KYTC.!I C 

yqeToM co6crneHHoro non», KoTopoe onpe.nensieTc» JlBH)KeHHeM scex qacTHU. ny'IKa . 

MaTeMaTH'leCKa» MO)lenh )ln.!1 perneHH.!1 CaMOMOrnacosaHHOH 3a.naq11 peanHJOBaHa B 

sn.ne Mo.nynhHOH nporpaMMhI IBS (Ion Beam Simulation), HanHcattHott Ha .HJhIKe 

nporpaMMHpOBaHHH . Cl1++. EnoK-CXeMa OCHOBHhIX Mo.nynefi nporpaMMhl JBS H 

no.npo6Hoe on11caH11e Mo.nenH npuso.nuc» s pa3.nenax 1.3.1- 1.3.4. 

B paJ.nene 1.3.2 co.nep)KHTC.!I on11caH11e cneu.uanhHOro reHeparnpa 11n.H 

MO)lenHpOBaHHH Ha'laJThHOro pacnpe.neneHH.!I qaCTHL\ B cpa30BOM npOCTpattcTBe. 8 

MO.nenu peanHJOBaHhl .nsa OCHOBHhlX HaqanhHhlX pacnpe.nenemrn MaKpoqacTHL\ B 

cpa30BOM npocTpaHCTBe: pacnpe.neneHHe Bna)lHMHpCKOro-Kan'IHHCKOro H rayccOBCKOe 

pacnpe.neneuue. Ilpu nocTpoeHHH rettepaTopos Ha'laJThHhIX pacnpe.neneHHH 

HCnOnh30Banc.H anrop11TM, pa3pa60TaHHhIH IO. EaThlrHHhlM. 

B paJ.nene 1.3.3 paccMaTp11saeTc.!I BhI'IHcnett11e co6crnettuoro 3neKTp11qecKoro 

non.!! nyqKa. Co6CTBeHttoe 3neKTp11qecKoe none ny'IKa HaXO.[IHTC.!I C 11cnoJih30Batt11eM 

perneH11.H .nsyMepttoro ypastteHl1.!1 Ilyaccotta .nn» 6e3pa3MeptthIX noTeHt111ana U 11 

nnOTHOCTl1 3ap».na Q II COOTBeTCTBYIOll.\11X rpaHl1'IHhIX ycnos11tt - ycnoBl1H .[(11p11xne 

.nn.H n0Tettu.11ana U Ha rpaH11t1e npm,10yronhHOH o6nacrn r c nonepe'IHbIMl1 pa3MepaM11 

ax b : 
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a2u a2u = -Q(x,y), -+ 2 ax2 ay U(I') = 0. 

Pacnpe.1:1eJieH11e npocTpaHcTBeHHoro 3apR.1:1a MaKpoqacTm.( no y3JiaM ceTKH 

ocyll(eCTBJUleTCJI TaKHM cnoco6oM, npH KOTOpOM 3apR.1:1 Ka)KJ:IOH qacTHl.(bl 

pacrrpe.1:1eJIReTCR cpe.1:1tt 6Jim1<ailnmx '!eTbipex y3nos o6parno nponopl.(HOHanbHO 

paccTORHHIO OT qacTHL\bl .1:10 Ka)KJ:loro y3na. ,n;JIR pernemrn ypaBHeHm1 IlyaccoHa 

BbI6paH MeT0/:1 bbICTporo Ilpeo6pa30BaHHJI <l>ypbe. 

Km,moHeHTbl 3JieKTpH'IeCKOro nOJIJI B 

Att¢¢epeHl.(HpOBaHHeM noJiy'leHHOH ceTO'IHOH 

y3nax 

¢YHKL(HH 

ceTKH HaXOJ:ll!TCll 

noTeHL(Hana u 
Heo6XO/:IHMbJe .l:IJlll HHTerpttpOBaHHll ypaBHeHHH J:IBH)l(eHHll 3Ha'!eHHll Hanpl!)l(eHHOCTH 

3JieKTpH'IeCKoro nonR B MeCTOHaxm1<.1:1eHHH MaKpO'IaCTHI.( HaXO/:lllTCll C 

HCnOJib30BaHHeM HHTepnOJilll\HH noJiyqeHHblX CeTO'IHbIX ¢YHKL(HH Hanpl!)l(eHHOCTH 

co6cTBeHHoro 3JieKTptt'!ecKoro nonll. 

B pa3.1:1ene 1.3.4 3a.1:1a10TCll ypaBHeHHll /:IBH)l(eHHll MaKpO'IaCTHI.(. ,n;Jlll 

MOJ:leJIHpOBaHHll J:IHHaMHKH ny'!Ka s cenapaTope BttHa c· yqeTOM co6cTBeHHOro nonll 

He06XO/:IHMO 3aJ:laTb ypaBHeHHll J:IBH)l(eHHll MaKpO'IaCTHL( H BHeillHHe 

3JieKTpOMarHHTHbie nOJill B Tpex THnOBblX o6nacrnx (no npOJ:IOJibHOH KOOp/:IHHaTe): B 

o6nacrnx MarHHTHbIX KBa.1:1pynoJieH, B CB060.1:1HOM OT ITOJieH npocTpaHCTBe H B o6JiaCTH 

CKpell(eHHbIX CTaTH'leCKHX 3JieKrpH'IeCKOro H MarHHTHoro noJieH ( co6cTBeHHO B 

¢ttJibrpe BttHa). Ha'laJibHbie ycJIOBHll BbI6Hpa!OTCll B COOTBeTCTBHH C 3a.1:1aHHblM 

Ha'laJibHbIM pacnpe.1:1eJieHHeM '!aCTHI.( Ha ¢a30BbIX nnocKocrnx. 8 /:IHCCepTal.(HH J:IJlll 

'IHCJieHHOro HHTerpttpoBaHHll ypaBHeHHH J:IBH)l(eHHll MaKpO'IaCTHI.( BbI6paH MeT0/:1 

PyHre - KyTTa qernepToro nopllJ:IKa TO'IHOCTH. 3TOT MeTOJ:1 06Jia.1:1aeT ycTOH'IHBOCTblO 

H xoporno coxpaHl!eT CBOHCTBa MOJ:1enttpyeMOH ¢H3H'!eCKOH CHCTeMbl. 

B PaJAeJiaX 1.3.5 H 1.3.6 npHBO/:lllTCll pe3yJibTaTbl TeCTHpOBaHHll nocrpoeHHOH 

MOJ:leJIH /:IHHaMHKH 3apl!)l(eHHbIX 'laCTHI.(. lfro6u 01.(eHHTb norpernHOCTb 'IHCJieHHOro 

perneHHll ypaBHeHHll IlyaccoHa, B pa3.1:1eJie 1.3.5 npHBOJ:ll!TCll cpaBHHTeJibHbie 

pe3yJibTaTbl Bbl'IHCJieHHH Hanpll)l(eHHOCTH co6CTBeHHOro 3JieKTpH'IeCKoro noJI_ll J:IJlll 

paBHOMepHoro H rayccoBCKoro pacnpe.1:1eJieHHH nnOTHOCTH 3apl!.1:1a, noJiy'leHHbie C 

HCITOJib30BaHHeM Mo.1:1enH, C COOTBeTCTBy!Oll(HMH TO'IHblMH 3Ha'leHHl!MH B cnyqae 
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ny'!Ka c aJHMYTaJibHOH CHMMerpHeH, Kor.1:1a Hanpll)l(eHHOCTH co6crneHHOro 

3JieKTpH'IeCKoro nOJill HMelOT npOCTbie aHaJIHTH'leCKHe Bbipa)l(eHHll. KoHTponb 

TO'IHOCTH 'IHCJieHHOro perneHHll ypaBHeHHll IlyaccoHa ocyll(eCTBJillJICll TaK)l(e 

nposepKOH TO'IHOCTH BbIITOnHeHHll TeopeMbl raycca, KOTOpal! BblllBJilleT 

HHTerpaJibHYIO OWH6Ky Bbl'IHCneHHll Hanpll)l(eHHOCTH co6crneHHOro 3neKTpH'IeCKOro 

nonl!. TeCTHpOBaHHe npOBOJ:IHJIOCb /:IJlll. pa3JIH'IHOro 'IHCna KpynHbIX '!aCTHI.( N H 

KOJIH'leCTBa pa36HeHHH CeTKH q. Pe3ynhTaTbl nOKa3bIBaIOT, 'ITO HCnOJib30BaHHe B 

pacqernx N = IO 000 H q = 25 
o6ecrre'!HBaeT nptteMneMyIO .1:1nll MOJ:lenttposaHHll 

TO'IHOCTb Bbl'IHCneHHll Hanpll)l(eHHOCTH 3JieKrpH'IeCKOro nOJill. 

C l.(eJiblO TeCTHpOBaHHll nocTpoeHHOH MOJ:leJIH /:IHHaMHKH MaKpO'IaCTHI.( B 

pa3AeJie 1.3.6 npOBOJ:IHTCll cpaBHeHHe pe3yJibTaTOB 'IHCJieHHOro perneHHll 3aJ:la'!H 0 

CB060J:1HOM pa3JieTe ny'!Ka 3apll)l(eHHblX qacTHL\ C yqeTOM yrnosoro pa36poca H 

npocrpaHCTBeHHOro 3apll.l:la nyqKa, noJiy'leHHblX C nOMOil(blO .1:1aHHOH Mo.1:1enH H 

pe3yJibTaTOB peweHHll TOH )Ke 3a.1:1a'IH no H3BeCTHbIM aHaJIHTH'leCKHM MO.l:leJibHblM 

ypaBHeHHllM J:IJlll orn6aIOil(eH ny'!Ka. ,n;Jlll OL(eHKH TO'IHOCTH Bbl'IHCJieHHH 

cpe.1:1HeKBa.1:1paTH'!HbIX orn6aIOil(HX nyqKa no nporpaMMe IBS pac'!eTbl npOBOJ:IHJIHCb 

J:IJlll pa3JIH'IHbIX 3Ha'!eHHH rnara HHTerpttpoBaHHll ypaBHeHHH J:IBH)l(eHHll (h H h/2). Ilo 

pe3yJibTaTaM Bbl'IHCJieHHH 6bIJIH noJiy'leHbl 3Ha'!eHHll a6COJIIOTHOH H OTHOCHTeJibHOH 

norpewHOCTeH cpe.1:1HeKB~/:lpaTH'!HblX orn6a!Oll(HX ny'!Ka. 3Ha'!eHHll OTHOCHTeJibHbIX 

norpernHOCTeH Ma ~ o.oo9 
H, CJieJ:IOBaTem,Ho, MO)l(HO CJ:leJiaTb BbIB0/:1 0 xopoweil 

TO'IHOCTH pe3yJibTaTOB Bbl'IHCJieimH, noJiy'leHHblX C HCnOJib30BaHHeM nocTpoeHHOH 

MO/:leJIH. 

B pa3J:1eJie 1.4 ITOCTpOeHHal! MOJ:leJib MaKpO'IaCTHI.( HCITOJib3yeTCll /:IJlll 

HCCJie.1:10B~HHll 3¢¢eKTOB npocrpaHCTBeHHOro 3apl!J:la B cenapaTope BttHa, CBl!3aHHblX 

C co6cTBeHHbIM 3JieKrpH'IeCKHM noneM nyqKa, KOTOpbie MoryT npHBeCTH K 

yxy.1:1rneHHIO pa3perneHHll cenapaTopa H, TaKHM o6pa30M, orpaHH'IHBalOT CBepxy TOKH 

HOHHOro ny'!Ka. PaccMarpHBaIOTCll J:IBa BH.l:la Ha'!anbHblX pacnpe.1:1eJieHHH qaCTHI.(. 

IlepBoe - pacnpe.1:1eneHHe Bna.1:1HMHpcKoro-Kan'IHHCKoro .1:1aeT JIHHeHHYIO cttny 

paCCTaJIKHBaHHll qaCTHI.(, OTKJIOHHBillHXCll OT OCH /:IBH)l(eHHll. ,n;nll y'leTa HeJIHHeHHbJX 

3¢¢eKTOB H aHaJIH3a HX BJIHllHHll Ha /:IHHaMH_Ky HOHOB HCnOJib3yeTCll pacnpe.1:1eJieHHe 

11 



rayccoBcKoro nma. B Ka1IecTBe np11Mepa Ha p11c. 1 noKa3aHbI pacnpe).(eneH11.si 

nnoTHOCTll 'IaCTl1l.l Ha BXO).\e cenapaTopa (:mnl1TTCbl C nonyoc.siMH 2 CM 11 0.5 CM) 11 B 

nnoCKOCTH aHan11311py10JUeH men11 ).\n.si paBHOMepHoro pacnpe).(eneHl1.ll (H11)KHl1e 

3nnuncb1cooTBeTCTBY10T 110HaM c A = I 00, BepxH11e - A = IO I). ToK ny4KOB MeH.sinc.si 

OT Hyn.si (pHC. 1 a) ).\0 5 MKA (pHC. I 6). 

2.0 3.5 

~ 
3.0 

1.5 2.5 

2.0 

1• ~5 

>- 1~ 
0.5 .----..... >- 0.5 

0.0 
o.o~ U- ,. , • _..--,,,. I .

0
_
5 

, -0.5~ ....... -1.0 
-1.5 

-4 -2 0 2 4 -6-4-2024 

X X 

a) 6) 

Puc. I; Pacnpe).(eneHH.ll nnOTHOCTH 'IaCTl1l.l Ha BXO).\e cenapaTopa ll B nnoCKOCTl1 

aHantt311py10mett mentt ).(n.si paBHOMepHoro pacnpe).(eneHtt.si. 

Pe3ynbTaTbl 'IttCneHHblX pac'IeTOB TTOKa3bIBalOT, 'ITO B YKa3aHHbIX npe).(enax TOKa 

110HOB cenapaTop BttHa nptt napaMeTpax, 6n113Kl1X K OTTTHManbHblM, ).\aeT xopowee 

pa3peweHtte Ha ypoBHe I 02 
tt 06ecne1IttBaeT 3cpcpeKTHBHYID cenapa1.11110 T.sJ)KenbIX 

110HOB C Bb!COKHMH 3Ha'IeHtt.l!Mll MaCCOBbIX 4ttcen 

B BbI6paHHOH cxeMe cenapaTopa ttcnonb3yeTC.ll HCTO'IHHK HOHOB Ha OCHOBe 

3neKTpOH-UHKn0TpOHHOro pe30HaHca, TaK Ha3bIBaeMblH 31l,P - HCTO'IHHK. ,[(n.si ero 

pa60Tbl ttcnonb3YlOTC.ll pa3nll'IHbie 6annaCTHbie fa3bl. ToKH HOHOB 6annaCTHOro ra3a 

3Ha4HTenbHO npeBOCXO).\.!IT TOKH cenap11pyeMblX HOHOB, TT03TOMY Bn11.siH11e 

co6cTBeHHOrO 3ap.si).(a HOHOB 6annaCTHOfO ra3a Ha ).\HHaMl1KY cenapttpyeMbIX HOHOB 

MO)KeT OKa3aTbc.si cymecTBeHHbIM. Ilpo6neMa pa6oTocnoco6HoCTH cenapaTopa c 

y4eTOM HOHOB 6annaCTHOf0 ra3a aHMl13ttpyeTC.ll ll pewaeTC.si B paMKax MO).\en11 

MaKpO'IaCTlll.l Ha npttMepe pacqern ).\HHaMHKll B cenapaTope llOHHbIX ny'IKOB C 

aTOMHbIMll . HOMepaMH A = I 00 tt A = IO I, pacnpocTpaH.sJlOJUHXC.ll BMeCTe c llOHaMH 

6annaCTHOro ra3a - rentt.si (aTOMHbIH HOMep A= 4). Pe3ynbTaTbl q11cneHHbIX paC4eTOB 

12 

nOKa3bIBaJOT, 'ITO 6annaCTHblH ny'IOK MO)KHO OTCe'Ib B pattoHe cpttm,rpa BttHa tt 

Bnll.l!Hlle ero Ha cenapa1.11110 llOHHblX ny'IKOB c aTOMHblMll HOMepaMH A = I 00 tt 

A = IO I HeBenttKo. 

Bo BTOpOH rnaBe pewaeTC.ll npo6neMa MaTeMaTtt'IeCKOro MO).(enttpOBaHH.ll 

HenttHeHHOH ).\HHaMHKll ny'IKOB 3ap.si)KeHHblX 'IaCTlll.l Ha OCHOBe MeTO).\a MOMeHTOB 

cpyHKl.lHH pacnpe).(eneHtt.si 4aCTHl.l B cpa3oBo·M npocTpaHcTBe. 

B pa3).(ene 2.1 BBO).\HTC.ll nOH.l!Ttte MOMeHTOB <pyHKI.\llll pacnpe).(eneHl1.ll 'IaCTlll.l 

B cpa30BOM npocTpaHCTBe, paccMaTpttBaeTC.ll CMbICn MOMeHTOB Hll3WHX nop.!1).(KOB, 

,naeTC.ll KpaTKOe onttcaHtte MeTO).\a MOMeHTOB, npttBOMTC.ll ypaBHeHH.ll 3B0nIOl.lllll 

MOMeHTOB. 

MoMeHTbl <pyHKI.\llll
0 

pacnpe).(eneHH.ll 'IaCTlll.l B J.\ByMepHOM cpa30BOM 

npocrpaHCTBe onpe).(en.siIOTC.ll KaK 

Mp,q(t,z) = N1 xpvq = fxP(t)vq(t)f(t,z,x, v)dV(Q), 
n 

r,ne N1 - nttHeiiHa.si nnoTHOCTb ny1IKa, dV(Q) - 3neMeHT 061,eMa 3aMKHyroro 

MHO)KeCTBa Q cpa30Bb]X KOOp).(ttHaT nyqKa (x, v). MoMeHTbl Hll3illllX nop.!IJ.\KOB HMelOT 

npOCTOH <pll3H'IeCKHH CMblCn: MOMeHT HyneBoro nop.!1).(Ka COOTBeTCTByeT nttHettHOH 

nnOTHOCTll 'IaCTlll.\ ny'IKa Ai1·0 = N I' Bentt'IttHa r; npe).(crnBn.sieT 

I 

co6ott 

cpe,nHeKBa,npaTH'IHblH pa3Mep ny'IKa, KOTOpbIH .irnn.sieTC.ll Ba)KHeHWHM napaMerpoM 

nyqKa nptt 11ccne,noBaHtttt ero ,[(ttHaMttKtt. 

YpaBHeHH.ll, onpe,nen.si10mtte ll3MeHeHtte MOMeHTOB B,[(Onb OCH ,[(Bll)KeHH.ll ny'IKa 

Z, ttMeJOT Bll,[( 

d'Mp,q -I q+l " ( )Mp+k,q-1 ---=pMP· +qL,akz , 
. dz k 

(2) 

r,ne ak(z)=/Jk+Yk, 
n k 

'Ee= LYkX 
k=O 

BHewHee 3neKTptt1IecKoe none, 

m 

Es = LfJkx* - co6cTBeHHOe 3neKrptt1IeCKoe none ny'IKa. 

k=O 
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~JUI nonyIJemrn ypaB11e11HH fl.Jill MOMeHTOB ueo6xo)'.(HMO HaHTH 

nomrnmma.JlbHOe pa3JIO)l(eHHe BHewHero H co6CTBeHHOfO 3.JleKTpH'leCKHX noneli 

nyIJKa. B JIHHettHOM np116JIH)KeH11H BHewHero H co6CTBeHHOfO 3.JleKTPH'leCKHX noneli 

CHCTeMa . (2) pacnaflaeTCll_ Ha nOflCHCTeMbl fl.Jill MOMeHTO.B OflHOfO nopllflKa. B 

HeJIHHeHHOM npH6JIH)l(eHJrn BHewHero 11 co6CTBeHHOfO 3.JleKTPH'le_CKHX noneH CHCTeMa 

(2) npeflCTaBJilleT co6oi1 6eCKOHe'lHYIO 3auenJill!Oll(YIOCll uenO'lKY ypaBHeHHH, fl.Jill 

HHTerpupoBamrn KOTOpOH CJieflyeT pewHTb npo6JieMy o6pbIBa uenOlJKH (Bbl'lHCJieHHe 

BblCWHX MOMeHTOB). 

B pa3fleJie 2.2 noKa3bIBaeTCll B03M0)1(HOCTb nonyIJemrn nom!HOMHaJibHOfO 

npeflCTaBJieHHll Hanpll)l(eHHOCTH co6cTBeHHOfO 3JleKTpH4eCKOfO no.Jill nyIJKa no 

H3BeCTHblM MOMeHTaM nJIOTHOCTl1 3apllfl0B C HCnOJib30BaHHeM pa3JIO)l(eHHll 

1rnnp51)1(eHHOCTH 3.JleKTpH'leCKOfO ITO.Jill no opTOfOHa.JlbHb!M noJIHHOMaM. TTpHBOflllTCll 

pe3yJibTaTb! lJHCJieHHbIX pac'leTOB fl.Jill ITJIOCKOfO 3apll)l(eHHOro CJ!Oll. f10Ka3bIBaeTCll, 

'lTO nony'leHHe xopowei:'i T04HOCTH Bbl'll1CJieH11ll •Hanpll)l(eHHOCTl1 co6CTBeHHOfO 

3.JleKTpH'leCKOfO ITO.Jill ny4Ka Tpe6yeT 11cnoJib30BaHl1ll noJIHHOMOB Bb!COKOH CTene1m H, 

CJieflOBaTeJibHO, npl1B0fll1T K Heo6XOfll1MOCTH Bbl'll1CJieHl1ll MOMeHTOB Bb!COKHX 

fIOPllflKOB. 

B pa3fleJie 2.3 fl.Jill peweHHll npo6neMbl l1CnOJib3yeTCll ITOJll1HOMl1aJibHall 

annpOKCHMaUHll nJIOTHOCTH 3apllfla nyIJKa. f1oKa3bIBaeTCll B031\10)1(11 OCTb 

BOCCTa!IOBJieH11ll ITJIOTHOCTH 3apllfla H paflllYCa nyIJKa C KpyroBbIM f!Oflepe'lHblM 

Ce'leHHeM B a3HMYTa.JlbHO-Cl1MMeTpH4HOM cnyIJae no MeH5l!Oll(HMCll BO BpeMeHH 

MOMeHTaM cpymcu1rn pacnpefleJieHHll. f1pH6nmKeH11e nJIOTHOCTH 3apllfla p(r) Hll(eTCll B 

m 

BHfle cTene1rnoro pllfla ,.o pafl11ycy p(r) =Ia;/. HenuHettHall c11cTeMa 

i=O 

anre6pa11'leCKHX ypaBHeHHH flJlll onpefleJieHHll HeJBBeCTHblX K03cpcp11u11e1n0B 

CTeneHuoro pllfla ai, i = 0,1, ... , m 11 paflHYCa ny4Ka a nonyIJaeTCR nyTeM 

MHIIHMH3aUHH cpyHKUHOHaJia R m J2 Im(am)= p(r)-Ia/ rdr, 
0 1=0 

KOTOpall 

HcnOJib3yeTCll KaK Mepa TO'lHOCTH np116ml)l(eH1U1 cpyHKUHH p(r). CTerTeHHOe 

pa3JIO)l(eHHe ,L(Jlll Hanpll)l(eHHOCTll co6CTBeHHOfO 3JJeKTpH'leCKOf0 ITO.Jill nyIJKa 

14 

m 

HaXOflHTCll no BOCCTaHOBJieHHOH ITJIOTHOCTH 3apllfla: E, = LfJkrk, ffle 

k=O 

/Jk = 41r(ak-l) 11 3aTeM 11cnOJib3yeTC51 B Cl1CTeMe fl11cpcpepeHU11aJibHbJX ypaBHeHHH fl.Jill 
k+l 

MOMeHTOB. 

B pa3flene 2.4 npHBOflHTCll• nocTaHOBKa B MeTOfle MOMeHTOB 

caMocornacoBaHHOH 3a,L(a'll1 ,L(l1HaMl1KH ny'lKa C yIJeTOM ero co6cTBeHHOf0 no.Jill. ~Jill 

on11caHl1ll fll1HaMl1Kl1 ITY'lKa 11CITOJ!b3YIOTCll ypaBHeHl151, OITl1Cb!Bal011(11e H3MeHeH11e 

MOMeHTOB cpyHKU1111 pacnpefleJieH1151 npH flBl1)KeHHl1 ny4Ka. Pa3pa6ornHa 

MaTeMaT111.JeCKall MOfle.Jlb fl.Jill pellleHl1ll ITOCTaBJieHHOH caMocornacoBaHHOH 3a,L(alJH C 

11CnOJib30BaHl1eM npeflJIO)l(eHHOH Bblllle MeTOfll1Kl1 noJil1HOMl1aJibHOH annpOKCl1Mau1111 

ITJIOTHOCTl1 3apllfla ny'lKa. f1p11B0fll1TCll 6noK-CXeMa MaTeMaTl14eCKOH MOfleJil1, 

'll1CJieHHO peaJil130BaHHOH B naKeTe «Mathematica 4.2». ~Jill HHTerp11poBaHHll 

ypaBtteHltH fl.Jill MOMeHTOB l1CITOJ!b3YeTCll KOHCepBaTl1BHa51 Cl1MMeTp114Hall cxeMa 

3ttnepa BTOporo IIOpllflKa T04HOCTl1, KOTopall B cnyqae Jll1HeHHbIX noneH coxpaHlleT 

3Ml1TTattc ny4Ka C Bb!COKOH CTeneHb!O TO'lHOCTl1. 

B pa3fleJie 2.5 C HCITOJ!b30BaHHeM pa3pa60TaHHOH MaTeMaTH'leCKOH MOfleJIH 

MOMeHTOB 4HCJieHHO peweua caMOCOf.JlaCOBaHHa51 3afla'la O pa3JieTe B CB060,L(HOM 

npocTµaHCTBe CHJ!bHOTO'lHOfO nyIJKa C paflHaJibHO-OflHOpOflHOH 11 ueO)],HOPOflHOH 

ITJIOTHOCTblO. f1pHBOfl5ITCll cpaBHHTeJibHbie pe3yJibTaTbl Bbl'lHCJieHHH 

cpeflHeKBaflpaTH'lHOH orn6a10mei1 ny'lKa C OflHOPOflHOH IIJIOTHOCTb!O npH CB060flHOM 

pa3neTe no MO)],eJIH MOMeHTOB 11 no H3BeCTHOMY MO)],eJibHOMY ypaBHeHHIO fl.Jl51 

orn6a101l(ett. ~Jill KOHTPOJI51 TO'lHOCTH pacI.JeTa npHBOfl51TCll cpeflHeKBaflpaTH'lHble 

orn6a10L1(He nyI.JKa, COOTBeTCTBYIOLUHe flBYM 3Ha'leHH51M lllara HHTerp11poBaHHll (h 11 

h/2). C0Bna,nem1e 3THX pe3yJibTaTOB IT03B0JllleT CfleJiaTb Bb!BOfl O xopoweH TO'lHOCTH 

cIJeTa. B cny1me nyYKa c HeOflHOpoflHOH uaI.JaJibHOtt nnoTHOCTbJO p(r) = a 0 +a2r
2 

B 

pa3B11TOM Bblllle ITOflXOfle Ha Ka)K)],OM lllare HHTerp11poBaHHll ypaBHeHHH fl.Jill MOMeHTOB 

BOCCTaHaBJIHBaeTCll Hanpll)KeHHOCTb co6CTBeHHOfO 3JieKTp11'leCKOfO ITO.Jill nyIJKa, 

HMe!OLUall Ky611IJeCKYIO HeJIHHettHOCTb. ~Jill o6pb!Ba 6ecKoHe4HOH 3auenJill!OL1(eHCll 

uenO'lKH ypaBHeHHH fl.Jill MOMeHTOB BBOflHTCll COOTHOWeHHe Me)l(flY MOMeHTaMH 
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Bh!CIIIHX H HH3IIIHX rropJ:I)lKOB. HarrpuMep, )lnJ:I 3aMhIKaHHJ:I uerrol!KH ypaBHeHHH )lnJ:I 

MOMeHTOB BO BTOpOM rropl!)lKe ucrronh3OBMOCh COOTHOIIIeHHe: 

M4,o = kM. (M2,o), kM = kM0 +(kM00 -kM0 )·(1-Exp(- :!~:)} (3) 

r)le K03cpqmuneHT 

M4,o 
kMo =-( \2 - B Hal!anhHh!H MOMeHT BpeMeHH, K03cpcpuuneHT 

M2,o J 

kM 00 cooTBeTcTByeT aCHMIITOTH'!eCKHM 3Hal!eHHl!M 3TOf0 OTHOIIIeHHll. flapaMeTp kE 

BhI6npaeTCJ:I . H3 ycJJOBHH Ja)lal!H. CoOTHOIIIeHHe (3) Hatt)leHo H3 aHanH3a 

acHMIITOTH'!eCKHX CBOHCTB MOMeHTOB B MeTO)le MaKpoqacTHI.I, aHanHTH'!eCKOH MO)leJJH 

HeJJHHettHOH )lHHaMHKH lf B 3KcrrepttMeHTaX C CHJlhHOTO'!Hh!Mlf nyqKaMH. 

Pe3yJJhTaThI l!HCJJeHHOfO peIIIeHHJ:I. Ja)lal!H IIOKaJhIBalOT, . '!TO 

cpe)lHeKBa)lpaTH'!HaJ:I orn6aIOma» rryl!Ka . c HeO)lHOpO)lHOH IIJJOTHOCThlO MMO 

ornuqaeTcJ:I OT cpe.D,HeKBa)lpaTH'IHOH oru6aIOmeil nyqKa )lJJJ:I cnyqaJ:I o.D,Hopo)lHOH 

IIJJOTHOCTH. floKaJhIBaeTCll, '!TO npu CB060)lHOM pa3JJeTe HeJJHHeHHOCTh co6cTBeHHOfO 

IIOJJJ:I rryl!Ka Bhl3hIBaeT pocT 3MHTTaHCa (puc. 2a), H3MeHeHne BeJJH'IHHhl M
2

•
0 

I a
2

' 

coxpaHl!IO!l\eHCJ:I B cnyqae O)lHOpO)lHOH IIJJOTHOCTH, H aCHMIITOTH'leCKHH BhIXO)l 3TOH 

BeJJH'IHHhl Ha HOBOe CTa[_\HOHapHOe 3Hal!eHHe. Ha puc. 26 IIOKa3aHhl rpacpHKH 

IIJJOTHOCTH 3apJ:I)la B nocne)loBaTeJJhHh!e MOMeHThl BpeMeHH, H3 KOTOph!X BH)lHO 

CTpeMJJeHHe HeO)lHOpO)lHOH Hal!anhHOH nJJOTHOCTH K O)lHOpO.D,HOH rrpu CB060)lHOM 

pa311eTe rryqKa. 
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6) 

Puc. 2. PocT 3MHTTaHCa H H3MeHeHHe IIJIOTHOCTH 3apl1.D,a )lJJJ:I rryl!Ka C HeO)lHOpO.D,HOH 

ITJJOTHOCThlO npu CB060)lHOM pmneTe. 
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B TpeTbeil rnaBe HJyqaeTCll npo6neMa MaTeMaTHl!eCKOfO MO)lenupoBaHHll 

)lHHaMHKH 3apJ1)1(eHHhIX nyl!KOB C y'leTOM HeJJHHettHh!X BHeIIIHHX rroneil MeTO)lOM 

MOMeHTOB. 

B pa3.D,eJJe 3 .1 HJyqaeTCll npo6neMa BhIBO)la MO)leJJhHOfO ypaBHeHHJ:I )lJlll 

cpe.D,HeKBa.D,paTH'!HOH orn6aIOmeil IIY'!Ka 3ap»)l(eHHhIX qaCTHI.I B 

HeJJHHeHHOfO )lBH)l(eHHJ:I. YpaBHem1e )lJJJ:I cpe.D,HeKBa.D,paTH'IHOH 

cnyqae ux 

oru6aIOmeil 

BhlBO)lHTCll H3 6ecKOHel!HOH CHCTeMhl jauenJJJ:IIO!l\HXCJ:I .D,HcpcpepeH[_\HaJJhHhIX 

ypaBHeHHH )lJJll MOMeHTOB pa3JJH'!HhlX rrop»)lKOB C HCnOJJb3OBaHneM MeTO)la 

ycpe.D,HeHHll KphIJ10Ba-Eoro111060Ba. B Ka'leCTBe rrpnMepa paCCMOTpeH aHCaM6JJb 

OC[_\HJJJJl!TOpOB BO BHeIIIHeM CTa[_\HOHapHOM none c Ky6uqeCKOH HeJJHHeliHOCThlO. 

flonyl!eHO aCHMIITOTH'leCKoe COOTHOIIIeHHe Me)l()ly MOMeHTaMH qernepTOro H BTOporo 

nop».D,KOB, nO3BOJJJ:IIO!l\ee peIIIHTh npo6JJeMy 3aMbIKaHHll uenO'!KH 3a11eITJJJ:IIO!l\HXCJ:I 

)lHcpcpepeH[_\HaJJbHh!X ypaBHeHHH )lJJJ:I MOMeHTOB. 

B pm.D,ene 3.2 paccMaTpnBaeTcll Ja.D,al!a o )lHHaMHKe KpyroBoro rryl!Ka c 

pa.D,HMhHO-O)lHOpO.D,HOH H HeO)lHOpO)lHOH nnoTHOCThlO B rna)lKOM cpoKycupyIOmeM 

KaHane C Ky6nl!eCKOH HeJJHHeHHOCThlO. ,ll;JJll peIIIeHttll 3a)lal!H HCITOJJh3yeTCJ:I 

BhI6paHHhlH B pa3.D,ene 2.5 crroco6 o6pbIBa 3a11errJJlll011\eHCJ:1 uenO'!KH ypaBHeHHH )lJJJ:I 

MOMeHTOB. l13MeHeHHe IIJJOTHOCTH 3apll)la nptt )lBH)l(eHHH rryl!Ka aHaJJH3ttpyeTCJI C 

IIOMO!l\hlO npe.D,JJO)l(eHHOH B pa3.D,enax 2.3-2.4 MeTO)lHKH BOCCTaHOBJJeHHll IIJJOTHOCTH 

no MOMeHTaM cpyHKl\HH pacnpe)leJJeHHJ:I. TioKaJaHO, '!TO )lJlll napaMeTpOB nyqKa, 

6JJH3KHX K CTal\HOHapHh!M B JJHHeHHOM BHeIIIHeM none, HeJJttHettHOCTh non» Bhl3hIBaeT 

H3MeHeHtte cpe.D,HeKBa.D,paTH'!Horo norrepeqHoro pmMepa rryl!Ka u rrpHBO)lHT Kero 

acHMIITOTH'leCKOMY BhlXO)ly Ha HOBOe CTa[_\HOHapHoe 3HaqeHue. HenuHeHHOCTh 

BHeIIIHero cpoKycupyIOmero nOJJll rrpHBO)lHT TaK)l(e K pocTy 3MHTTaHca H H3MeHeHHIO 

ITJJOTHOCTH nyl!Ka. 

3aKmoqeHtte 

B .D,ucceprn11u11 rronyqeHhI cne.D,y10m11e ocHoBHhre pe3yJJhTaThI: 

1. Ha OCHOBe MaTeMaTttl!eCKOfO MO)leJJttpoBaHHJ:I C HCIIOJlh3OBaHHeM MeTO)la 

MaKpoqacTHU H MeTO)la MOMeHTOB HCCJJe)lOBaHa )lHHaMttKa TpeXKOMIIOHeHTHOfO 
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UOHHOro Il}"-!Ka C yqeTOM HeJmttei1ttoro co6CTBeHHOro 3JieKTpH'IeCKOro nom1 ny'IKa B 

cenapaTope Butta. Bse.n:etta HOBall cxeMa OilTUMU3a1I1IU napaMeTpOB qJUJibTpa Butta II 

onpe,n:eJieHbl OnTUMaJihHbJe napaMeTPbl cenapaTopa .D:Jill pa1.n:eneHUll pa,n:11oaKTUBHblX 

ll.n;ep s npoeKTe DRIBS, KoTOphitt ocymecTBJilleTCll s na6oparnp1111 51.n:epHhIX PeaKL(Htt 

HM. r.H. <l>neposa s O115IH. 

BnepBhle npu uccne.n:osaHIIII .!J:UHaMIIKII ny'IKa UOHOB B cenapaTope B11Ha 

ytJTeHhl 3cjJcjJeKThI npocTpattcrneHHOro 3apl!.n;a nytJKa u ttenuttei1ttocrn co6crnettHoro 

3JieKTPII'leCKOro nOJill U nonyqeHhl CBll3aHHbie C HUMU orpaHU'leHUll Ha TOK ny'IKa. 

Ha octtose Mern.n:a MaKpoqacrn1I c03,n:atta nporpaMMa IBS (Ion Beam 

Simulation)· .n:m1 MaTeMarnqecKoro Mo.n;enuposattull cenaparnpa Butta c yqernM 

npOCTPaHCTBeHHOro 3apl1,n:a UOHHOfO nyqKa, KOTopall MO)KeT TaK)Ke IICnOJib30BaTbCll 

.n:m1 3a,n:aq TPattcnopTUpOBKU MHOfOKOMilOHeHTHb!X UOHHhIX ny'IKOB C 6oJibIIIUM 

npOCTPaHcTBeHHhIM 3apl1.!J:OM. 

2. IlocTpoetta nepBall MaTeMaTH'lecKall MO,n:eJih ny'IKOB 3apll)KeHHbIX 'laCTIIII Ha 

0CHOBe MeTo,n:a MOMeHTOB QJYHKIIIIII pacnpe,n:eJieHHll 'laCTUII B , KJiacce CTeneHHblX 

pa3JIO)KeHHi1 nJIOTHOCTII 3apll,n:a, BKJIIO'lalOll.{all He.ri11ttettHhie ,n:11HaM1I'leCKUe 3qJ~eKThl, 

B TOM 'IIICJie CBll3aHHhie C HeJIHHettHOCTblO co6CTBeHHOro nOJill nyqKa. 

Bocc'raHOBJieHue nJIOTHOCTII 3apll,n:a B KJiacce CTeneHHhIX (nOJIHHOMIIaJihHbIX) 

QJYHKL(IIH II onpe,n:eJieHHe rpaHIIIIhl ny'IKa npOBO.!J:UTCll no U3BeCTHbIM MOMeHTaM. no 

Hai1,n:eHHOi1 nJIOTHOCTU 3apl!.n;a HaXO.!J:UTCll co6cTBeHHOe 3JieKTPU'leCKOC none ny'IKa. 

,/J;Jill o6pbIBa 6eCKOHC'IHOi1 L(eno'IKU ypasttett11i1 .D:Jill MOMCHTOB HaUBblCIIIIIC MOMeHThl 

Bbipa)KaJOTCll qepe3 MOMeHTbl HH3llllIX nopll.D:K0B 3Bp1ICTII'leCKIIM nyTeM C Y'ICTOM 

aCHMnTOTU'leCKoro nose,n:eHUII MOMeHTOB, II3BeCTHOrO 113 'IUCJieHHhlX 3Kcnepm,teHTOB, 

aHaJIUTU'ICCKOtt MO,n:eJIH HCJIIIHCHHOH .D:HHaMIIKII ny'IKOB, BXO.!J:llll(ei1 B .n:11ccepTal(1IJO, II 

3KCnepuMeHT0B C CIIJihHOTO'IHbIMII ny'IKaMII. 

3. C ucnOJib30BamieM CTeneHHOH annpOKCHMal(HH nJIOTHOCTH 3apll,n:a If 

BbI6paHHOrO B .n:uccepTalIIIH cnoco6a o6pbIBa 6ecKOHe'IHOi1 3al(enJilllOll.{ei1cll L(CnO'IKH 

,n:11qiqiepeHL(HaJihHbIX ypaBHCHIIH .D:Jill MOMeHT0B HOBal! MO,n:eJib 'IUCJICHHO peaJIH30BaHa 

.D:Jlll ny'IKOB C .D:OMHH1Ipy10mm,1 BJIIIllHHeM npocTpaHCTBCHHOro 3apl!p,a. TioKaJaHO, 'ITO 

B OTJIU'IUe OT IIIIIpOKO 11cnOJih3yeMoi1 U3BeCTHOi1 MO,n:eJIH .D:Jill 3BOJIJOL(IIII 
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cpe.n:tteKBa.n;paTH'IHhlX pa3MepoB ( C 11cnOJib30BaHHeM 3qJqJeKTHBHOi1 JIHHeap1I3alIIIII 

3JieKTpoMarHIITHbIX nonei1), npe.n:naraeMall MO.!J:CJlh Y'IIITbIBaeT O'leHb Ba)KHbJe .!J:Jlll 

Teop1111 If npHJIO)KCHIItt HCJIIIHCHHbJe 3qJqJeKTbl co6cTBeHHOro nOJill ny'IKOB: 3qicjJeKT 

H3MetteHIIll nJIOTHOCTII II II3MeHCHHC 3MHTTaHca. 

4. Ha OCHOBe MeTo,n:a ycpe.n:ueumi KpbJJIOBa - Eoron1060Ba II MeTo.n:a MOMCHTOB 

nocTpoeua aHaJIIITII'leCKall M0.D:CJih .!J:IIHaMIIKII ny'IKa 3apll)KeHHblX 'laCTIIII B 

HeJIHHettHOM BHelllHCM qioKycupy10meM none. 113 cpaBHeHHll pe3yJihTaTOB, 

cne.n;yJOll(IIX H3 nocTpOCHHOtt MO,n:en11, C pe3yJihTaTaMH 'IIICJICHHOro MO,n:en11posaHHll 

MeTO.!J:OM MaKpo'IaCTIIII, nony'ICHO COOTHOllleHIIC MC)K.!J:y MOMeHTaMII BbICIIIIIX If 

HH3IIIIIX nopll.!J:KOB, n03B0JilllOll(ee peIIIUTb npo6JieMy o6pb1Ba 6eCKOHe'IHOi1 

3al(enJil!IOll.{ei1cll L(enO'IKII .D:H
0

qJqJepeHL(IIaJihHMX ypaBHeJrni1 .D:Jill MOMeHTOB. 

HoBal! Mo,n:eJib C IICn0Jih30BaHHeM CTeneHHOtt annpOKCHMaIIHII nJIOTHOCTH 

3apll,n:a II Bb16pauuoro s .n:11cceprnu11u cnoco6a o6phrna 3auennll10ll.{ei1cll ueno'IKH 

ypaBHeHHH .D:Jill MOMCHTOB qiyHKIIHII pacnpe,n:eJICHIIll 'laCTIIII 'IIICJieHHO peaJIII30BaHa 

.D:Jill aHaJIII3a .!J:IIHaMIIKII nyqKa 3apl!)KeHHhlX qaCTIIII B rna,n:KOM cjJ0Kycttpy10meM 

Kattane C HeJIHHei1Hoi1 qJOKyc11py10mei1 CIIJIOH. IloKa3atta B03MO)KH0CTb yqern 

HCJIIIHettHhlX 3qJqJeKTOB B Kattanax TpattcnoprnpOBKII II qiopMHpOBaHHll ny'IKOB. 
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