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B HMnym.cHhlX pea1tTopax ua 6hlCTphlx ue8Tpouax cTaTHCTHqec1tH8 xapa1tTep npouecca 

pa3MHOlK8HHB ue8TpoHOB MOlK8T IIpOBBnBTLCB B 38BHCHMOCTH OT pelKHMa pa6oThl peaKTopa 

B pa3nHqUblX ua6mo1weMblX sq,q>eKTax. Ta1t, B HMnynLCHOM peaKTOpe Godiva 
/1/ 

OTpHnaTenLHOI"O TeMn_epaTypuoro KOsq>q>HUH8HTa aMMHTYAbl BC8X ue8TpoHHhlX BCilhlmelt OKa-

3b[B8IOTCB npaKTHqecKH OAHHaltOBhlMH, a CT8THCTHqec1tH8 xapaKTep npouecca pa3MHOlK8HHB 

ue8TpOHOB npoasnaeTcB B pa36poce MOMeHTOB BpeMeH BCnhlme1t. CTaTHCTHqec1taa MottenL 
12 31. 

pea1tropa Godiva ·paccMaTpuBanacL B pa6oTax ' 

· /41 
,PeaKTOJ3 HEP pa6oTaeT B pelKHMe 6b1cTporo nepHonuqec1toro H3MeueuHa peaKTBB-

uocTH 38 cqeT BpameHHB qacTH ero aKTHBHO8 3OHhlo B H8M CT8THCTHqec1tH8 xapa1tTep npo

uecca pa3MHolKeHHB ue8TpouoB npoaBnaeTca B uanHqHH 3aMeTuo8 AHcnepcHH aMnnHTYA BCilhl
/4 6/ 

me1t, H3yqaBmel!ca B pa6oTax ' • B STHX pa6oTax oTMeqanocL xopomee cornacue s1tcne-
r 

pHM8HT8IlLl!blX naHHblX C TeopeTHqec1tol! 38BHCHMOCTLIO nucnepCHH aMnnHTYA BCilblW81t peaK-

Topa oT ero cpenuel! MOWHOCTH, nonyqeuuo8 ua ocuoBe onuorpynnoooro u onuoaouuoro 

npH6nii:JKeuua H.11. Eounapeu1to u IO,.H, CTaBuccxuM, noanuee Ta JKe 38BHCHMOCTL 6Lma Bbl

Beneua c yqeTOM npocTpaHCTBeuuoro u suepreTuqecxoro pacnpeneneuHa MruoBeHHhlX ue8Tpa

HoB B pa6oTe
161• HacToamaa 3aMeT1ta nocBameua nonyqeuHro B onuorpynnoBOM u onuoaou

HOM npu6nulKeHuu cTaTHCTHqecxoro pacnpenenEiHHa aMnnHTYA BCnb1me1t pea1tropa HEP. 

PacCMOTPHM npouecc pa3MHOlK8HHB MI"HOB8HHblX ue8TpoHOB 3a BpeMB onuoro HMnynL

ca peaKTOpa HEP, ponL Buemuero HCToquuxa H88TpoHOB 'B ltOTOpOM HI"p8IOT HaltOilHBWH8CH 

B peaynLT8T8 npeAblAYillHX BCilhlW81t Hnpa - npenmecTB8HHHKH 38Il83AhlB8l0IllHX ue8TpOHOB. 

CTyCTL p ( n, t) - BepoHTHOCTL uaxOlKA8HHB B peaKTOpe B MOM8HT BpeMeHH qHcna 

MI"HOB8HHblX uel!TpOHOB 

Bonamel! q>ynxuueA 

D • ITpu paccMoTpeuuu npouecca yno6uo nonL3oBaTLCH npoH3-

H(z,t) 
n 

l: z P(n,t), 
n=O 

/7-9/ 
KOTopaH MOlKeT 6hlTL npencTaBneua B BHAe 

' H(z,t) = IIH(z,t;t0 )I exp If dt'S(t')[H(z,t;t') - l] I. 
'o 

3necL S(t) -MOillHOCTL Bnemuero _HCTQqHHK8 HeA,:pouoB, l(z) 

( 1) uaqanLHOI"O pacnpeneneHHB nel!TpoHOB ( B MOM8HT Bp8M8HH 

H3BOA!IW8!1 ¢yu1tnHR pacnpeneneHHB uel!TpOHOB B MOM8HT BpeMeuu 

3 

( 1) 

(2) 

-npoH3BOA!IIll8B q>yHltllHH 

0 ) , H ( z , t ; t O ) - npo

npH ycnOBHH OTCYT-



i 
I 

. . I 
CTBHH B peaxTope BHemnero DCTO'IJIBK8 D H8XOlKJl8HDH B H8M B MOM8HT Bp8M8HD to roqno 

OJlHOro H8l!TpOH8, ¢,yHKIIDH H (z, t; to> ll01UKH8 YJlOBneTBOpHTb na'ian&HOMY ycnOBDIO: 

/2 8,9/ 
D IlpHMOMY ypaBH8BDIO ' 

H(z,t
0

;t
0

)~z 

au ·G(z)- z au 
az at 

/7-9/ 
HnD JK8 o6p8THOMY ypaBH8HDIO : 

r 2!! 
at G IHI- H. 

(3) 

(4) 

(5) 

3Jl0Cb qepe3 

qepea G(z) 

r o6oanaqeno cp8JlH08 Bp8MH lKD3HD MrHOB8HHOro H8l!TpOH8 B peaKTOpe, a 

npoD3BOJlHlll8H ~ynxuuu enunuqnoro axTa paaMHOJKenuu nel!TpoHoB: 

G(z)= 1- p(t)+ p(t)(I p,z' ), 
(8) 

rAe p(t) -ycnoBnasr aepo·uTHOCTb Toro, qTo ucqeanoaenue Hel!Tpona ua peaxTopa conpo-

'BOJKJlaeTcH nenenneM, pr -ycnoBHbl8 aepOHTHOCTD Toro, qTo npH 3TOM B03HHK80T BTO.,. 

puqnhtX MrnoaennhIX nellTponoa, 

Hanoa pemeuue ypaaneHull (4) u {5)' aoaMoJKHo numb a cnyqae 
/9/ .. 

= 2 • Onnaxo 

pemeuue aanaqu BO acex ocTanhHblX cnyqanx MOJKeT 6btTb caeneno K ee pemenmm 3TOM qacT·

HOM cnyqae nyTeM npnaneqenuu aec&Ma xopomo Bblnonnn10merocn npn6nnJKeHnn, Bocnonb3y

eMcn T0M 06CTOHTenbCTBOM, qTO aepollTHOCTb BblpOJKJl0Hllll HellTpoHHOl! uemi OT OJlHOro Hell-

. T po Ha H( 0. t; t O) nnn peaKTOpa He6onhmoll H8JlKpHTl!qHOCTH HpH JlOCT8TOqHo 6onhmHX ae-
/3 8/ 

nHqHHax Bp0M0HHOro HHTepaana t - t O B0ChM8 6nH3K8 K 0)lHHHll8 I • B HHTepaane 

0 < ,z .. < 1 BenHqHH8 H (z. t; to> T8KlK8 6yneT 6nuaxa K 0JlHHHue, H noaTOMy MOJKHO BOC-

nonh30B8ThCll paanoJKeHH0M. npouaaonnmell ~YHKllHH GI H I a pnA no aenHqHHe H - 1. 

Ho nocxonhKY ypaBH0HDH (4) H (5) B38HMHO o6paTHMb!, TO OK83b!B80TCSI cnpaaennHBblM H 

paanoJKenue G(z) a pl!Jl no aenn'IHHe z - 1 ; 

G(z)- z r r 2 
a (t)(z-1) + _ 2 _ (z - 1) + ••• , 

(7) 

2r 

rne 
a (t) 

Pr :- 1 

I rp r 
r -

(8) 

r = I r(r-l)p /(r) 2 • 
2 r r 
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Ecnu B paanOJK0HDD (7) orp8HDqffTbCH JlBYMSI nepBblMH .. qnenaMH, TO y'paBH8HH8 (4) MOJK8T 
. . /9/ 

6b!Tb pemeno M8TOJlOM. xapaKT8pHCTDK B llBHOM BDll8 • Bocnonb30B8BWHC_b necymecTBeH-

HOCTbIO TOll .-raCTD nepDO)l81 KOrJla .P88KTOp H8XOJlD~Cll B rny60KO nOJlKpHTHqBOM no MI'HOB8B-

Bbl~ nel!TpOH8M COCTORHHH, ·MOJKHO B ~OpMyne (2) nonoJKUTb t·o ➔ - "" D IIH(z,t; t )l=l, . . 0 

TorJla npoD3BOJlRl!lall ~YBKUUR pacnpeAenenuu aMnnDTyJl Bel!TpOBHhIX BCnblmex oxouqaTen1,no 

onpeAenueTcn. BbipaJKenueM: 
-t/(. 

H(z,t) = [l-(z-1) (.ii(t)] (9) 

rne 38BDCHMOCTb cpennero qucna HellTpOHOB OT apeMeHH HM88T BHJl: 

t t 

n(t) = sf dt'expl f a(t")dt"I • 
(10) 

t' 

a napaMeTp (. onpenenueTcll qepea napaMeTpbl npouecca paaMHOJKenuu nel!Tponoa cneAyro

m HM o6paaoM: 

?.= r,,;- _s_ 
2s, 2{3r w 

a 
W. (11) 

rne W -cpenHHH MOlllHOCTb pellKTopa (cp8/lH08 qHcno nenenHll B 8/lHHDUY ape~enu, co

/l0plKlllllYIO JlOCT8TOqHo 6onhmoe 'IHCno OTJl8nhHblX HMnyn&COB peaKTOpll) I f3 - 8~0KTHB

H8!1 )lOnSI 31lnll3Jlb!B8l0lllHX H8l!Tponoa. 

ITony'l0HH8SI npoH3B0JlSllll8SI ~YHKUH!!.(9) COOTB8TCTBY0T OTpDUBTenbH0-6HHOMH8nhHOMY 

pacnpeneneHHIO 

pt (n) = 

ITonHa: 

p /0)[ ii(t) t (l+ (.)(1+ 2(.) ••• [1 + (n -1)(. J 
1+ (,n(t) n.! 

Pt(O)= [1+(.n(t)J-
1
/(. 

{ 12) 

B BCHMnTOTHqecKOM cnyqae D 

~T8HJlllpTH00 p11cnpe)leneHH8 THnll 

D >> 1 
·2 

D (.n » 1 pacnp0Jl8n0HD8 ( 12) nep0XOJlHT' B 

rAe 

ITpu 

X 

Pt(n)dn [ D . 7; 
(. ii(t) ] 

r( X) , - raMM8-<pyHKUH9, 

OTHOCDT0nhHO aenD'IDHbl 

I 

expl--
0 -J. 

?.n<t> r.rcr.-~ 

· 2 2n 
X = (,ll'(t) 

dn 

D 

(13) 

(. >> 1 {'cna6blll' BH8WIIHH HCTO'IHHK H0llTpoHoa) p11cnpenenenue (13) HOCHT p83KO 

llCIIMM8Tp11qHb!l! xapax1;ep, cocpenoTO'IIIB8!1Cb, rnaBHblM. o6pa30M, ~ o6naCTH M8nbIX, no 

cpaaneHDIO co cpen11nM, .aHa'leHnil aMnnHTYJl'. Hao6opoT, np'.I (. « 1 a cornacHn c n~-

nenhHoll TeopeMoll, pacnpen_eneHHe nn11 ·aenH'IHHhI n/n(t) CTpeMuTCH K rayccoay. EcnH 

llOJlCT8BHTh B Bblp8lK0HH0 ( I _I) )ln!I (. 'IHCneHHbl0 3H8'18HHH BX':)Jl!llllDX B Hero napaMeT-
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/5/ . , , "' "' poB. , TO ycnoaneM cunbHOro llCTO'lHUKa vyJleT TpevOBSHlle 3HS'IUTenbHoro npeBbIIIIeHmt 
/ ,,, -· 

cpenuett MOIIIHOCTblO ypoBH>t B onuH BSTT, JleilcTa11-renbHO, npu cpe11u11l Momuo·cT>tX, nop>111xa 

HeCKOnbKIIX ·BaTT, B pacnpeneneHU>tX SMITnllTYJl IIMnynbCOB 0bma 3SMe'l8Ha cymecTB8HHS>t 
/4/ • 

H8CIIMM8Tpll>t , a np11 cpeJlHIIX MOil!HOCT>tX, nop>tJlKS uecKOnbKUX necHTKOB BSTT, Taxoe 
/4 5/ 

pacnpeneneu11e xoporno onucb!Banocb 3aa11c11MOCTb10 faycca ' , 

JlnH nonHOTbl paCCMOTpeHIIH np11B8JleM Bblpal!CeHue nnH OTHOCIIT81lbHOA n11cnepc1111 SMII

n11Tyll 11MnynbCOB Hel!TpoHoB, KOTOpoe cpa3y l!C8 nonyqa8TCH_ll3 Bb!pal!CeHIIH JlllB Hpoll3B01l>t

llleil «pyHxu1111 (9): 

u 
-V-- 2 2 
(n ) -(ii') = [ i! lnH(z,t) ] 

(,r)2 a(lnz)2 z=I 

l 
- + '., n 

a 
w 

/ [ alnH(z, t) 
a1nz 

ii» 1 

1 

I 

2 

•=I ( 14) 

. /4-61 
11 COBHS/lll8T C COOTBeTCTBYIOIIlllMII BblpSlKeHIIHMII B paooTaX , Kax YlK8 OTM8'1anocb Bbl-

IIIe, 3SBIICHMOCTb ( 14) 0b!ITS HOJlTB8pllCAeHa axcnepuMeHTSnbHO, HO npu 3KCTpanonuu11u 
. . "' B /5/ 

w ➔ - , OTHOCHTenbHSH nucnepc11H He ovpamanacb B Hynb, paooTe Obi no cnenaHo 

npennonoJKeuue O TOM, 'ITO Taxoe OTKnoHen11e OT TeopeT11qec1toA 3aBeCIIMOCTH CBB3SHO C 

OTCYTCTBll8M y<IeTa B nocnenueil «pmOKTyau11i! peaKTIIBHOCTH, ooycnoaneuuoi! MexaHH'leCKHMH 

BnopauuHMH SKTHBHOfl 30Hbl, Ecnu peaKTHBHOCTb p H3MeHBeTCH OT UMnym,ca K HMnynb!)Y 

cny'ISHHblM o6paaoM, II TSKOe H3MeHeHne MO)KHO xapaKTepu30BSTb pacnpeneneHHeM f(p ) 

TO aenH'IHHbl np H ~) -p cnenyeT ycpeAHHTb no 3TOMY pacnpeneneHuro: 

n = fdpf(p)np , ~) = fdpf(p)(n 2
) P • 

l1cnonb3YH JlllH -,--) (n -p Bblp8l!C8HH8, onpenenHeMoe H3 q,opMynbl ( 14). nnH OTHOCHTenbHOA 

JlHCnepCHII nony'IHM: 

rne 

2 

li 0 

2 
u = 8 

2 2 
wo + li o > + li o 

- 2 - 2 
fdpf(p)(n-p) - [fd·p f(p)nJ 

[fdpf(p)ii l 2 

p 

(15) 

(16) 

TaxnM o6pa30M, q,nyKTyaunu peaKTHBHOCTH npllBOJlHT He TOnbKO K "CABHry" OTHOCUTenbHOA 

nucnepCUH HS Benuquuy lJ: , HO H K H3MeHeHHIO HSKnoHa 3SBHCHMOCTH nucnepcuu OT 

cpenHefi MomnocTB peaxTopa, IlpaKTB'lecKu, onuaxo, sTO B3MeHeHue uaxnoua uecymecTaen-
' 2 . -3 
n9, TSK KBK 3KcnepnMeBTanbHOe 3HB'l8HBe li O COCTSBmteT oxono 10 • 

8 

OTMeTnM, 'ITO C'raTHCTH'lecKoe pacnpenenenue nonHblX auepr11li, Bb!AemreMbtX B OT)!enb

HbIX 11Mnynbcax, oyneT To-iuo TBKBM JK8, KSK B pacnpeneneuue aMnnBTYA, HOCKOnbKY q,nyKTya

llHH KSK Tex, TBK u .npyrux aenuqJtH, 06ycnoaneub1, rnaaHbIM o6pa3oM, q,nyKTyauu11t..iu a Ha-
/3/ . . 

qane pa3BHTH!I uel!TpOHHblX ueneil , a OCHOBHS!I non>t Bb!JlenHIOIIl8AC!I aueprun 38 OABH HM-

nynbC npuxon_BT~B HS nepuon UHTeHCUBHOro pa3BHTUSI 3TUX uenett, TaK )1{8, ecnu ~eKTHB

HOCTb perncTpauun Hel!TpOHOB neTeKTOp0M JlOCTSTO'IHO aenHKa: 

l ·» 1/(n, 

To pacnpeneneHue queen oTc'leToB·neTBKTopa 6yneT coananaTb c pacnpeneneHHeM aMnnHTYA 

Hel!TpOHHblX BCITbIIII8K, 

B 3aKnro'leHue aBTOpbI C'IUTaroT caouM npm1THbIM nonroM Bblpa3UTb onaroliapiiocTb 
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