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lfccneAOBaHIIe npou.eccoa cpparMeHTaiJ,llll HAep Bbi3biBaeT B nocneAHIIe 

roAbi Bo3p.acTaiOIIJ,IIH IIHTepec 11 1
• OH o6ycnoaneH; rJiaaHbiM o6pa3oM, noHc

KOM 3KCnepiiMeHTaJibHO Ha6JIIOAaeMblX npOHBJieHIIH cpa30BblX nepeXOAOB 

B ropHqeft HAepHOH MaTepiiii, B03M0)Kl{Oe cyiiJ,eCTBOBaHIIe KOTOpblX lliHpOKO 

o6cy)I()J.aeTCH B paMKaX pa3JIHqHblX TeopeTIIqeCKHX llOAXOAOB. llpeAUOJiaraeT· 

CH, qTo OAHIIM ll3 npOHBJieHIIH cpa30BOro nepeXOAa THna )KHAKOCTb - ra3 

B HAepHOM BeiiJ,eCTBe MO:lKeT 6biTb np011,ecc MYJibTllcpparMeHTaiJ,llll, KOrAa Bbl· 

COKOB036y:lKAeHHOe HApO, o6pa30BaHHOe B pe3yJihTaTe coyAapeimH, "B3pb1Ba· 

eTCH" C IICnycKaHIIeM 60JiblllOrO qiiCJia <PparMeHTOB 12 I. 

3a nOcJieAHee BpeMH pa3pa60TaHO 60JiblllOe qllCJIO pa3JillqHblX MOAeJieii 

MYJihTIIcpparMeHTaiJ,IIH, OAHaKo aonpoc o MexaHII3Me 3Toro npou.ecca npo

AOJI:lKaeT OCTaBaTbCH OTKpblTblM. B 3HaqiiTeJihHOH CTeneHII 3TO CBH3aHO C xa

paKTepoM cyiiJ,eCTBYIOIIJ,eH 3KCnepiiMeHTaJibHOH IIHcPOpMaiJ,HH, KOTOpaH 

BKJIIOqaeT B OCHOBHOM IIHKJII03HBHble XapaKTepiiCTHKII clJparMeHTOB; .lJ:aHHblX 

o6 3KCKJII03IIBHbiX KaHanax MYJibTII¢parMeHTaiJ,HII, qyBCTBIITeJibHblX K Mexa

Hll3MaM npou.ecca, qpe3BbiqaHHO MaJIO H OHII He CHCTeMaTII3HpOBaHbl. · 

B ·AaHHOH pa6oTe npeAcTaaneHbi 3KcnepiiMeHTaJihHhie AaHHbie o ¢parMeH

TaiJ,IIII HAep KHCJIOPOAa B I 
6 Op-B3aiiMOAeiicTBHHX npH 3,1 A r3B/c. XoTH qiiC· 

JIO HYKJIOHOB B RApe KHCJIOpo,na He.lJ:OCTaTOqflO BeJIIIKO, qT06bi paccqHTbiBaTb 

Ha npoRBJieHIIe cpa3oaoro nepexoAa, Mbi HaAeeMCH, qTo ,neTanhHoe m;cneAoBa

HHe MHO:lKeCTBeHHOrO o6pa30BaHIIH <PparMeHTOB Ha nerKOM H,npe ll03BOJIHT 

HaAe)KHo ycTaHOBlfTb MexaHH3M peaKU.HII. Oco6eHHOCThiO AaHHoro 3Kcnepii

MeHTa13 1 , BblllOJIHeHHOrO Ha OAHOMeTpOBOH BOAOPOAHOH ilY3blpbKOBOH Ka

Mepe QlfHlf, HBJIHeTCH BbiCOKaH TOqHOCTb HMllYJibCHbiX H3MepeHIIH, ll03BO· 

JIHIOIIJ,aH npOBOAIITb IIAeHTIIcPIIKaiJ,HIO 3apRAOB H Mace clJparMeHTOB H llOJIY· 

qllTb CBeAeHIIH 0 XapaKTepiiCTHKaX KaHaJIOB <PparMeHTaiJ,IIH R,nep KHCJIOpO· 

Aa. CTaTHCTIIKa 3KcnepHMeHTa cocTaBJIHeT 17 448 co6biTHii, 3aperiicTpiipoaaH

HhiX B pa6oqeii o6nacTH KaMephi. )J;nH u.eneii HaCTORIIJ,e:H pa60Tbi 6bmo CMO· 

AeJIIIpoBaHo 6onee 22000 co6biTIIii. 

3KcnepiiMeHTaJibHble AaHHble COllOCTaBJIHIOTCH C npeACKa3aHIIHMII Kac-

.. KaAHO·cPparMeHTaiJ,IIOHHO·IICnapiiTeJibHOH MOAeJIH (KcDlfM) npOTOH·H)J;epHbiX 

peaKU.IIii npii cpeAHIIX 3HeprHHx 14 1
• OcHOBHOe pa3JIHqiie Me)I()J.y K<l>lfM 

H CTaHAapTHOH BepcHeii KaCKaAHO·HCnapiiTeJibHOH MOAeJIH, yqiiTbiBaiOIIJ,eH 

TpeHniiHr-3cp<PeKT IS I,~ COCTOHT BO BKJIIOqeilllii CTMIIII MYJibTII<PparMeHTHOI'O 

pa3Bana. 06miui cxeMa pacqeTa Heynpyroro npoToH-HAepHoro B3aHMOAeH!;T· 

BllH Bbir.riHAIIT'CJieAyiOIIJ,IIM o6pa30M. 

--------· 
Otn.t,jr,~,:. ,,,;;.;a lnlCTUTJYI 1 
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1. MonennpyeTcH BHYTPHHJJ;epHbili KacKaJJ;, HHHUHnpoaaHHhiH HaneTruo
IUHM npoTOHOM. OnpeJJ;eJIHIOTCH xapaKTepncTHKH acex 6blcTpbiX HYKJIOHOB 
H nHOHOB, nOKHHYBIIIHX HJJ;pO-MHIIIeHb, a TaKJKe xapaKTepHCTHKH HJJ;pa-OCTaT

Ka (Eo,Ao,Zo,Po); 
2. MoJJ;ennpyeTcH pa3Ban ropHqero HJJ;pa-ocTaTKa c 3aJJ;aHHbiMH 3HaqeHHH

' MH Eo, Ao, Zo, Po (ncnapeHne HJIH MYJihTHcpparMeHTauHH). YqnThiBaeTcH 
BJIH.HHHe nepeHOCHOrO HMnyJibCa p o Ha KHHeMaTHqecKHe xapaKTepHCTHKH 
npoJJ;yKToB pacnaJJ;a. 

3. MoJJ;ennpyeTCH JJ;eBo36y:lK)J;eHne KaJK)J;oro H3 o6pa3oBaBIIIHXCH cppar-

MeHTOB. . . .i 
B Ka:lK)J;OM pa3hirpaHHOM co6biTHH npoToH-HJJ;epHoro B3aHMOJJ;e:HcrnnH 

BblllOJIHHIOTCH 3aKOHbi coxpaHeHHH ::meprnH-HMnynhca, 3apHJJ;a n qncna HYK
JIOHOB. Ilpn 3ToM xapaKTepHoe BpeMH npoTeKaHHH 6biCTpo:H CTMHH IiHy~pn
HJJ;epHoro KaCKMa cpaaHHMO c apeMeHeM nponeTa HaneTruome:H qacTHUbi 
qepe3 HJJ;po: T cas- 10- 2 2 c. ,l{anhHeiiiiia.JI 3BOJIIOUHH o6pa30BaBIIIeroc.JI HJJ;pa
ocTaTKa 3aBHCHT OT BeJIHqHHbl ero 3HeprHH B036y:lK)J;eHHfl. IJpn cpaBHHTeJib
HO HeBbiCOKOH 3HeprHH B036y:lK)J;eHHH (Eo < 2 M3B/HYKJIOH) HJJ;pO-OCTaTOK 
nocneJJ;OBaTeJibHO ncnycKaeT (ncnapHeT) qacTHUbi. XapaKTepHoe apeMH JJ;e
B036yJKJJ;eHHH KOMnayHJJ;-H)J;pa Ha HeCKOJibKO nop.HJJ;KOB npeBbiiiiaeT BpeMH 
BHYTPHMepHoro KacKaJJ;a. Ilpn BhiCOKOH 3Heprnn Bo36y:lK)J;eHHH, cpaBHHMo:H 
C nOJIHOH 3HeprHeH CBH3H HJJ;pa, H)J;pO-OCTaTOK HCnbiThiBaeT 6biCTpblll no cpaB
HeHHIO C HCnapeHHeM B3pbiBHOH pa3Ban Ha MHOrO qacTeH (MYJibTHcpparMeH
TauHIO) • BpeMH cpopMHpOBaHHH cpparMeHTOB. npn noM B HecKOJihKO pa3 

6onbiiie (rfor - 10- 21 c) apeMeHH 6hiCTpo:H CTMHH Teas npoToii-HJJ;epHoro 
B3aHMO)!eHCTBHfl. IJpH pacqeTaX CTa)J;HH MYJibTHcpparMeHTHOrO pa3Bana HC
nOJih3yeTCfl CTaTHCTlfqecKa.JI MO)J;eJib MyJihTHcpparMeHTaUHH (CMM), pa3BH
TaH B pa6oTax 12 1

• B 3TOH MOJJ;eJIH cqnTaeTCH, qTo aepoHTHOCTh KaHana pac
naJJ;a nponopunoHanhHa ero CTaTHCTHqecKoMy aecy. IlpeJJ;nonaraeTcH, qTo 
B KaiKJJ;OM KaHane ycTaHaBJIHBaeTCH TepMOJJ;HHaMnqecKoe paaHoaecne, T.e. 
3HeprHH paBHOMepHO pacnpe)J;eJIHeTCH ITO BHyTpeHHHM H BHeiiiHHM CTeneH.JIM 
CB060)J;bl cpparMeHTOB. 3TO, B CBOIO oqepe)J;b, n03BOJIHJIO BBeCTH nOHHTHe 
TeMnepaTypbl KaHana H HCnOJib30BaTh TepMO)J;HHaMHqecKHe COOTHOIIIeHHfl. 
EbiJI npe)J;JIOJKeH npOCTOH peuenT BbiqlfcJieHHH 3THX COOTHOIIIeHHH, OnHpaiO
IUHHCfl Ha iKH)J;KOKaneJihHOe onncaHHe, o6o6rueHHOe Ha CJiyqaii KOHe~biX 
TeMnepaTyp. 

B K<I>MM HMeiOTCH JJ;Ba aaphnpyeMbiX napaMeTpa, onpeJJ;eJIHIOIUHe )J;OJIIO 
3HeprHH, nepeJJ;aBaeMyiO Ha BHyTpeHHHe CTeneHH CB060)J;bl cpparMeHTOB 
H CB060)J;Hblll 06'beM, )J;OCTYnHblli HX TpaHCJIHUHOHHOMY )J;BHiKeHHIO. Peann-
30BaHHaH B BH)J;e MOHTe-KapJIOBCKOH nporpaMMbl K<l>MM n03BOJIHJia ycneiii
HO OnHCaTb 3HaqHTeJibHblll 06'beM 3KCnepHMeHTanhHOH HHcpOpMaUHH 0 npo
ueccax cpparMeHTaunn HJJ;ep. 
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06cy:lK)J;aeMbie 3KcnepnMeHTanhHbie .JJ;aHHbie npnBeJJ;eHhi B Ta6nnue 
n Ha pnc.1,2 B cpaBHeHHH c pe3yJihTaTaMH pacqeTOB no K<l>MM (cTaTHCTnqec

KHe OIIIH6KH cpaBHHMbl C pa3MepaMH KpyiKKOB Ha pHCYHKaX) • 
B Ta6JIHUe npeJJ;CTaBJieHbl cpeJJ;HHe MHOJKeCTBeHHOCTH pa3JIH~biX THnOB 

3ap.HiKeHHbiX' qacTHU, o6pa30BaHHbiX B I 6 Op-coyJJ;apeHHHX npH 3,1 A r3B/c; 
3)J;eCb Di+ 03HaqaeT MHOiKeCTBeHHOCTb noJIOJKHTeJibHO 3apHiKeHHbiX qacTHU 

8 
C 3apHJJ;OM i, < n > = :E < D-+ >, < 1r- > - MHOJKeCTBeHHOCTb "BHOBb" 

+ i=2 I 

pOJK)J;eHHbiX OTpHUaTeJibHhiX qaCTHU (-rr- -Me30HOB) H < Dch > = < 1r- > + 
t < n + > . HopMnpoaKa cJJ;enaHa Ha o6ruee qncno· Heynpyrnx co6hiTHH. BnJJ;
HO, qTO npH paCCMaTpHBaeMhiX 3HeprHHX cpeJJ;HHH MHOJKeCTBeHHOCTb OTpHUa
TeJibHbiX nHOHOB Mana, OCHOBHOH BKJla)J; B MHOJKeCTBeHHOCTb 3apHJKeHHbiX 
qacTHU JJ;aiOT nOJIOiKHTeJibHO 3apHJKeHHbie npOJJ;YKTbl cpparMeHTauHH HJJ;pa 
KHCiiOpOJJ;a, cpeJJ;H KOTOpbiX BeJIHKO qncJIO O)J;H03apHJJ;HbiX qacTHU. qTO Ka
caeTCfl MHOr03apHJJ;HbiX (i ;;;. 2) cpparMeHTOB, HX MHOiKecTBeHHOCTb HMeeT 
xapaKTepHyiO i-3aBHCHMOCTb - OHa MaKCHManhHa )J;JIH JJ;BYX3apHJJ;HbiX qaCTHU, 

Ta6nnua. Cpe.ziHne MHoJKecTBeHHOCTH 3apHJKeHHbiX qaCTHU, 

o6pa30BaHHbiX B I 6 Op-B3aHMO)J;eHCTBHHX npH 3,1 A r3B/c 

3KcnepnMeHT K<l>MM 

< 1r- > 0,296± 0,004 0,314± 0,003 

< nl• > 3,493± 0,015 3,366± 6,013 

< n2• > 0,616± 0,007 0,523± 0,005 

< nJ• > 0,103± 0,003 0,112± 0,002 

< n4•> 0,052± 0,002 0,106± 0,002 

<n•> 0,066± 0,002 0,123± 0,002 
s 

< n6• > 0,151± 0,003 0,210± 0,003 

8 
<~= :E n. + > 4,916± 0,016 4,751± 0,013 

i=l I 

B 
< nf = ~ n.+ > 1,423± 0,005 1,385± 0,005 

r i=2 I 

<nch > 5,214± 0,018 5,065± 0,014 
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3aTeM. mmaeT c i .n:o MHHHMyMa npu i ~ Z/2 = 4 u .n;a.rree Bo3pacTaeT annoTh 

.n:o MaKCHMaJihHO B03MO:lKHhiX 3HaqeHHH 3apH.n;oa <PparMeHTOB. K<I>HM He.n;o

Ol{eHnaaeT cpe.n;HIOIO MHO:lKeCTBeHHOCTh .O:BYX3apH.IJ:HhiX qacTHL{ li cymecTBeH

- HO nepeOL{eHHBaeT MHOJKeCTBeHHOCTh <l>parMeHTOB C i ;;;;, 4, B TO iKe BpeMH _ 

MO.IJ:eiTh OllliChiBaeT KaqecTBeHHO OC06eHHOCTH .n;aHHhiX. -

Ha puc.l npe.n;cTaaneHo pacnpe.n;eneHne no MHOJKecTaeHHOCTH nonoJKH

TenhHO 3apHJKeHHhiX qacTHL{. B 3KcnepuMeHTe OHO HMeeT .n;aa MaKcnMyMa. 

AHa.JIH3 llOKa3hiBaeT, qTO B nepBbiH H3 HHX (I4 _= 3) 3HaquTeiThHbiH BKna.IJ: 

.n;aroT nepn<PepuqecKHe 1 6 Op-coy.n;apeHHH, a ~<:on)phiX Marro qucno po)K.IJ:eH

HhiX OTpHL{aTenhHbiX llliOHOB (nu6o OHH BOBCe OTCYTCTBYIOT) li B KOHe~OM 
. COCTOHHHH peaKL{llll HMeeTCH 6one~ HITH MeHee TH:lKeiTbiH <PparMeHT. qTO Ka

caeTCH BToporo MaKCHMyMa (I4 -~ 7), cro.n;a .n;aroT BKna.D: KaK nepn<l>epuqec

Kne, TaK it "l{eHTpa.JihHble'• 1 6 Op-coy.n;apeHHH. Bo BTopoM cnyqae, HapR.D:y 

C He60IThlliliM qnciTOM pO)K.IJ:eHHhiX qaCTHL{, B KOHe~OM COCTOHHllll peaKL{Hll 

~cTaTo~oe H.n;po ucnhiTbiBaeT MYIThTH<l>parMeHTHhiH pa3Ba.JI. B Mo.n;enu BTO

poii MaKCHMyM B {4-pacnpe.n;eneHHH OTCYTCTByeT, li aepOHTHOCTh llOHBITe

HHH B KOHeqHOM COCTOHHHH peaKL{llll THJKenoro <l>parMeHTa 3HaqHTeiThHO Bbl· 

rne, qeM a 3KcnepnMeHTe. 
_/. 
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HaKoHel{, Ha puc.2 npe.n;cTaaneHbi aepoHTHOCTH ocymecTaneHHH pa3nuq

HhiX KaHanoa <PparMeHTal{HH u!m, KaK nHor.o:a roaopHT, Tononoruii <PparMeH

TOB B KOHeqHOM COCTOHHHH 16 0p-B3aHMO.IJ:eHCTBHH npH 3,1 A r3B/c. 3TH 

.n;aHHbie Han6onee nonHo xapaKTepu3yiOT H3yqaeMyiD peaKL{lllO. B 3Kcnepu

MeHTe B (34± 1)% cnyqaea B KOHe~OM COCTOHHHH 16 0p-B3aHMO.IJ:eHCTBHH 

Ha6nro.n:aeTCH .n;aa unu 6onee <PparMeHTOB c 3apR.IJ:aMu i ;;;;. 2 ( c cyMMapHhiM 

3apH.O:OM <l>parMeHTOB Z ;> 4) , qTo oqeHh 6nH3KO K TeopeTHqeCKOMY 3Haqe- . 

HliiO (36± 1)% (B pacqeTe 3a o6pa30BaHHe TaKHX <PparMeHTOB, B OCHOBHOM, 

OTBeTCTBeH MexaHH3M <PepMneac~<:oro pasaana) • O.n;HaKo Tononorim <Ppar

MeHTOB B 3THX cnyqaRX B MO.IJ:eiTH li B 3KCnepHMeHTe cymecTBeHHO pa3ITH· 

qaroTCH. TaK, a 3KcnepnMeHTe aepoHTHOCTh Ha6nro.n;eHHH .n;ayx HhH Tpex 

.IJ:BYX3apH.IJ:HhiX qacTHL{ B KOHe~OM COCTOHHHH B.O:BOe 60nhUie, qeM npe.n;CKa-

3biBaeTCH MO.O:eiThiO, a BepOHTHOCTh Ha6nro.n;eHHH qeTbipex .IJ:BYX3apR.IJ:HbiX 

qacTHL{ noqTn Ha nopH~oK 6onhrne TeopeTnqecKoro 3HaqeHHH. B TO iKe apeMR 

BepOHTHOCTh TOrO, qTQ B KOHe~OM COCTOHHHH peaKL{Hll qacTHL{a C 3apH.IJ:OM 

2 conpoaoJK.n;aeTCH 6onee THJKenhiM <PparMeHTOM, a Mo.n;enu B 2-3 pa3a 6onh

rne, qeM Ha OllbiTe. B MO.n;enu, B OTITHque OT 3KcnepHMeHTa, BepOHTHOCTh 

ocymecTBITeHHH KOHe~oro COCTOHHHH B03pacTaeT C yaenuqeHHeM MaCChi CO· 

npoao)K.IJ:aromero .n;ayx3apH.n;Hyro qacTHL{y <PparMeHTa. 

TaKHM o6pa3oM, npe.n;cTaaneHHhie HaMH .n;aHHhie noKa3hiBaiOT, · qTo 

B 16 Op-B3aHMO.IJ:eHCTBHHX npu 3,1 A r3B/c co 3HaqnTenhHOH aepOHTHOCThiO 

Ha6nro.n;aeTCH MyiThTH<l>parMeHTHbiH pa3Ba.JI H.n;ep KHCnopo.n;a. CpaaHeHHe .n;aH

HhiX c· npe.n;cKa3aHHHMH K<I>HM noKa3hiBaeT, qTo a 3KcnepHMeHTe MHOJKecT

BeHHOe o6pa30BaHHe .IJ:BYX3apH.IJ:HbiX qaCTHL{ ·npoHCXO.IJ:liT 3Ha~TeiThHO qaiiJ:e. 

Mbi nonaraeM, qTo B 3HaqHTenhHOH Mepe 3TO pacxo)K.IJ:eHne CBH3aHO c oco6eH

HOCThiO cTpyKTYPhi H.n;pa KHcnopo.n;a. B tiaCTHOCTH, xoporno H3BeCTHO, q-fo 

B nerKHX H.n;pax Ba)i(lfyro pOITh HrpaeT KITaCTepH3al{HH HYKITOHOB B a-qaCTHL{bl. 

C 3TOH TQqKH 3peHHH yaenHqeHHe BepOHTHOCTH KaHa.JIOB <PparMeHTal{liH C o6-

pa30BaHHeM HeCKOIThKHX a-qacTHL{ npe.n;CTaBITHeTCH BllOITHe ecTeCTBeHHhiM, 

H, no-BH.O:HMOMy, npH pacqeTe 16 Op-B3aHMo.n;eHCTBHH Heo6xo.D:HMO yqHThi

BaTh 3TY oco6eHHOCTh Ha acex CTa.IJ:HHX npol{ecca. 
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