Hpunoosicenue 1

KpaTtkaa dousnyeckasa teopus
UMNYNbLCHOrO peakTtopa

1. KuHeTUKa OAMHOYHOrO UMNynbca

Kak wu3BecTHO, MIHOBEHHAas MOIIHOCTH peakTopa W (WM HHTEHCHBHOCTh TE€HEpAallMM HEWTPOHOB B
aKTHBHOM 30HE) MOJYHHSETCS MIPOCTOMY YpPaBHEHHUIO:
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rae K - koadduumenT pasMHOXKEHHS HEUTPOHOB, 3 - 3¢ deKTHBHAS DO 3aMa3AbIBaOIIMX HEWTPOHOB, T -
cpeHee BpeMs XH3HH "LIEHHOCTH" OTHOTO MOKOJIEH!S! HEUTPOHOB JENEHHS, S - UHTEHCUBHOCTb HCTOYHHKA
HEWTPOHOB, TIPH GOJBIION MOIIHOCTH PEaKTopa 3TO UCTOYHHK 3aMa3/(bIBalOLIMX HEUTPOHOB.

K(—-B)-1 "
Komrmieke nmapameTpos K 0OBIYHO Ha3BIBAIOT "PEaKTHBHOCTBIO HA MTHOBEHHBIX HEHTpOHaX".
B peaktope UBP-2M peakTHBHOCTB €CTh MepHoaHYeckas GYHKIHUS BPEMEHH M3-3a IBMIKEHHS TMOJBHKHBIX

OTpaXkaTellel MMPH HAXOXKIEHWH OCHOBHOTO TOABHXHOTO OTpaXKaTens B paifoHe aKTUBHOM 30HBI £(t) MOXET
OBITH omHcaHa rmapabornoi

g(t)=em - a- 8202

Jlns Tako# GyRKIMH £(t) ypaBHeHue (1) MMeeT pelneHue, KOTOPOE MOXKET OBITH BHIpaXkeHO KpHBoii ["aycca ¢
TIOJTYITUPUHOM
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rae Y= € B MOMeHT t = t; (cm. puc. 1-1).
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Puc. 1-1.

Takum o6pa30M, JUTATEJIBHOCTB UMITYJIbCA TEM KOPOYE, YHEM MEHBIIE T H 6ompIne Y.
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DHeprus UMITYIIbCa, T.€. BETHUHHA Q = .[W -dt,

t

i (5 T - BpeMﬂ MEXOY COCEIHUMH I/IMHyJ'IbcaMPl MOIIIHOCTH, Bpra)KaeTCH cnenyrommw
COOTHOILIEHHUEM:
3,25-S 4¢32
Q= -exp m___-S-M(,,) (3)
al’?.9.gl? 302.9-1 "

2 KpMTM‘IECKMﬁ peXuM, KWHeTUKa nepexoaHbIX npoueccoB

WHTEHCUBHOCTE HMCTOYHHMKA 3ama3abIBarOIIAX HCﬁTpOHOB B HMITYJILCE ONPENCIACTCA 3Hepmeﬁ
MPEAbIAYIINX HWMITYJIBCOB MOIIHOCTH, OYEBUAHO, IS OCYLIECTBJICHUS MEPHOIHUYICCKOro PpaBHOBECHOI'O
pexuMa pa60n,1 UMITYJIECHOTO p€aKTopa HCOGXOI[HMO, 4TOOBI UCTOYHHWK 3aMa3bIBarOIINX HCﬁTpOHOB B
KaXXIO0M HMITYJIBCE ObIT OOWHAKOBBIM - y6BIJ'[b UCTOYHHKA 3a CYET pacriajga sAaep - TMpeAIIECTBEHHUKOB
MEXAY HMITyJIbCaMM MOIIHOCTH IOJDKHA B TOYHOCTH KOMIIEHCHPOBATHCA TIOABIIEHUEM HOBBIX A0€p -
MpeALIeCTBEHHUKOB BO BPEMS UMITyJIbCa:

Q-B-A = S(1 - exp[-AT]) C))
WK
M(em)-B-A = (1 - exp[-AT]),
rae /A - cpeHee BpeMs U3HH Sep - MPeLIECTBEHHAKOB 3aMa3/IblBAlOMIMX HEHTPOHOB. [l UBP-
2M npoussenenne AT<<I (A~0,1c”, T =0,2c); B 3TOM CiTy4ae cooTHOMEeHHUE (4) yrpouaeTcs:
M(em)-B/T =1 (%)

Venoeue (5) ecTh ycioBue CTaOWUIBHOH pabOTBI HMITYJIBCHOTO PEaKTOpa B TMEPUOANYECKOM PEKHMME.
HyxHoe ("paBHOBecHOE'") 3HaUEHHE HMITYJIbCHOM HAJKPHUTHYHOCTH, YIOBJIETBOPSIOLIEE yPABHEHHIO 5),
BEIOMpaeTcs yCTaHOBKOM 610k0B perynuposanus; ansa UBP-2M:

Emo ~107 Kachob.

B mnpoMexyTkax MexXITy WMITYJbCaMH MOIIHOCTH MOIBIXKHBIC OTPAXKATENIH HAXOXATCS JAleKO BHE
aKTUBHOM 30HBI, H PEaKTMBHOCTH HE 3aBHUCHT OT BpeMeHHW. (DOHOBas MOIIHOCTh PEAKTOpa COTrIacHO
ypaBHeHHIO (1) onpenenseTcs COOTHOIEHHUEM:
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mo
rae AKpo - pa3smMax MOTyJISUMH peakTHBHOCTH TpH asrxkenuu OO0 n JIT10.

[Ipd OTKJIOHEHWH 3HAYEHHS €, OT DPABHOBECHOTO PEAKTOp BEAET Cebs aHANTOTHYHO TPAAHLIHOHHOMY
("cTauMoHapHOMY") peakTopy - TOJOXHTEIbHOE OTKIOHEHHE A€ TMPHBOIWT K pasrOHy peakTopa (te. K
TMIOCTENIEHHOMY ~YBEJIMYEHHWIO OJHEPrMH WMITYJbCOB), OTpHUUATENBHOE - K 3aTyXaHWIO HMITYJIBCOB.
JleiCTBUTENBHO, YPABHEHHS KWHETHKM U MMITyJIbCHOTO (crieBa) M OOBIYHOrO (Cripaa) MOTYT OBITH
3aITUCaHbl B TAKOM BUJE:

Q=M(en) 2 MG, W=Y"1G,——

! i B_p

G, =-1G,+8, 2 G =-1,G, +BW
i=12,..,6

(O603HaueHNs OGIIENPHHATEIE; UCTIONB30BAHO YCTIOBHE, YTO 3aMa3/blBalOLIHe HEHTPOHBI TEHEPUPYIOTCS B
MMITYJILCHOM PEaKTOpe HETIPEPLIBHO).

Jlerko 3aMETHThb, YTO YpPABHEHHS WMITyJIbCHOTO peakTopa MPHUBOAATCA K BHAY, COBMAlAOIIEMy C
ypaBHEHMSMH OGBIYHOTO peaKTopa, €ClM Komrulekc BemwuuH (1 - T/M(gn)-B) 0603HaUUTE P*(Em); OTY
BETMYMHY MOYKHO Ha3BaTh "HMITYIbCHON PEaKTHBHOCTBIO", T.K. OHA HMEET TOT XK€ du3MYeCKUt CMBICIT, YTO
M pEaKTHBHOCTb OOBIYHOTO peakTopa. [IpH MaibiX OTKIOHEHHSX PEaKTMBHOCTH €p OT PaBHOBECHOTO
3HAYEHHAX Emo MOXKHO pa3NoXWTh GyHKUMIO p*(€,) B pan Teidnopa, W TOTAa, HCMONB3YS YCIOBHE
KPUTHUYHOCTH (5), TIOTy4HM:
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TakuMm 06pa3oM, JUisl UCTIONB30BAHMA W3BECTHBIX PEIIEHUH ypaBHEHWH KHHETHKH 0OBITHBIX PEAKTOPOB
CleTyeT BEIpaXaTh U3MCHEHUC PEaKTHBHOCTH B JIOMIAX:
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- "MMITYJIECHOM JI0JTH 3ana3IbIBaroInX HeWTpOHOB".

Torza ckadok SHEPTHM MMITyNbCa TPH pBefeHMM HeGOIBIION (MEHBIIC Bu) peakTUBHOCTH P = Atn
BBIPa3UTCS COOTHOLICHUEM:

AQ/Q = p/Bu, 9

a mepwojl pasroHa Gyner OmpelensThea HM3BECTHBIM ypaBHEHHEM "oGpaTHBIX HacoB", TAE peaKTUBHOCTB
IpeacTaBnseTcs B A0MAX Bu. s WBP-2M 3HaueHue Bu Ha MOPAIOK Mmenbme (. [ToaToMy peakTop HBP-
2M Ha TOpSI0K TyBCTBUTENBHEE 0GBIYHOTO PeaKTopa K H3MEHEHHAM peaKTHBHOCTH.

Tlpu Gonpmmx HIMEHSHHIX PEaKTHBHOCTH MOXHO pasNoKHUTh B PSR TOMBKO [IoKa3aTenb JKCTIOHEHTHI
bynxr M(En) (em. -y (3)), TOorAa BMECTO PEakTHBHOCTH B J0JIAX Bu Hy»KHO HCTIONB30BATE BETUUHHY

p*/B = 1 - exp(-p/Bu) (10)

Briepesle TeOpHs UMITyJIBCHOTO peakTopa THMa WBP 6bina W3l0XeHa B paGote /43/ u pa3BuTa aBTOpaMH
pa6or /2,44/.

JInst YMCNEHHBIX pactecToB xuHeTnkn Ha DBM BMECTO npUOTIDKEHHSA "HemnpepbIBHON morxaoctr" (7)
ynobHee "UMITyIbCHOE" npUOIHKEHHE. CyTb €ro B TOM, |TO npeHeOperatoT HAKOIUIEeHUEM HMCTOYHUKOB
3aMa3/BIBAIONIMX HEUTPOHOB MEXIY MMITYTbCaM# MOIIHOCTH ¥ MX pacriajioM 3a Bpems caMoro MAMITYJIbCA.
Torza BmecTo mHUbGepeHIMATBHBIX ypasuernit () MOTy4aroTCs "pa3HOCTHBIE" yPaBHEHMA, T.C.
anreGpandecKue PEeKyppeHTHBIC COOTHOLIECHHS MEXIy TEKYIIHMM sHAuEHWEM SHEPTHM WMITyJIbCa Q, u
MCTOUHMKA 3aMa3IbIBAIONIX HEHTPOHOB S,; ¥ MX 3HAYEHUAMH TPEBIIYIIAX HMITYTTCOB:

6
Qn = Sni 'M(Smn)
Z‘ (1

By = Cael ‘(S(n—ni 3 )“iBiQn—l)

HmmyabcHOE npubnkeHne Jaet Gonee MpPaBUIIBHOE HEM (7) pewenne A4 BHICTPBIX TIEPEXOIHBIX
[IPOTIECCOB.

3. AuHamMuKa UMnynbLCcoB MOLLHOCTH

B mepexomHBIX Mpoueccax Ha AHAYNTENHHOM YPOBHE MOIIHOCTH (ns WBP-2M 53TO yXe HECKOIBKO
JlecATKOB KBT) HeJb3s HE yIUTBIBATE BIMSTHAS W3MEHEHHUs TeMIEpaTyphl AKTHBHOM 30HBI HA PEaKTUBHOCTE.
BHyTpH HMITY/IbCa H3MEHEHHE TeMriepaTyphl He CKa3bIBacTCA Ha pEaKTHBHOCTH (ecii TOTBKO WMITYJIbCBI HE
oueHb GompuMe - He Oomee 10 - 20 xparHOro OT HOMHMHana); 3TO CBA3aHO C TEM, YyTO JTATEIBHOCTB
MMITyJTCa 3HAUUTEIBHO KOpOHE BpEMeHH pacrpoCTpaHEHHU BOJTHBI YTIPYTHX nebopmalyi 1O TBD (10
Bpems ~ 1 MC, CM. /3/), ® pacuIMpeHne TOTUTMBA HE ycrieBaeT 33 M3MEHCHHEM Temriepatypsl. 1103TOMY
JIMHAMHKY peakropa B o61acTH Hepa3pyIaroUHX HMITyIECOB MOYKHO OTTMCHIBATh ypaBHEHHAMH KWHETUKA
(7) wm (11), nobaBnsis K HMM YypaBHCHHSA s PEeaKTUBHOCTH o6paTHOH CBSA3H. B "uMMyJIBCHOM"
TIpUOTOKEHUM 3TH YPaBHEHHA OyayT TaKxke anrebpandecKuMH:

E€mn=Emo T Pn T P (12)
pn= Y Qo K(T): (12)

rae p- BHEUITHASA peaKTHBHOCTb,

Pn - PeaKTHBHOCTE 06paTHOM CBSA3U B N-OM (Texyem) UMITYITBCE,



K(t) - "uMmynscHas (yHKIHS oOpaTHOH CBS3H", T.e. N3MEHEHUE PEAaKTHBHOCTH, BBI3BaHHOE TOSIBJIEHWUEM
OIHOTO HMITY/Thca EIMHWYHON SHEPTHH. YI00HO MMITY/TbCHYIO GyHKUMIO TPENCTaBUTL B BHIE CYyMMBI
9KCTIOHEHT:

K(T) = Z K e %"
S
Torna Bmecto (12 ) MoMy4uM pa3HOCTHBIE YPaBHEHUS TOTO Xe THIA, 1TO U (11):
Pe =) P
S
pns = e—as‘T b (pn—l,s + Qn—l : Ks)

Vpasrenue (11), (12) u (13) BMecTe ¢ Ha4albHBLIMH YCIOBHAMU KPUTHYECKOTO peakTopa 06pasyroT
3aMKHYTYIO CHCTEMY YpaBHEHHit TMHAMUKH. J[d UBP-2M KOJMYeCTBO SKCTIOHEHT B UMITYTbCHOM QyHKIIHH
He MeHee 3; pelIeHMe ypaBHEHMIl TMHAMMKH Jaxe C OXHOH TPYTIION 3ama3/(bIBArOIMX HEHTPOHOB MOXET
OBITE BBITIONHEHO TONBKO HA DBM.

(13)

B CHIBHBIX (pa3pyIIalomuX) HMITYTbCaX MOIIHOCTH TIPH HArPEBE TOIIHBA 33 UMITYJIEC 110 1000 K u Gonee
(sueproeienenre Gomee 20 MJDk) pacuIMpeHHe TOIUIWBA HAYIMHAET Wrpath CYILECTBEHHYIO POJIb.
TemmepaTypHBIi 3b(hEKT peaKTHBHOCTH NPUBOAWT K yMEHBLICHHIO SHEPIHH UMITYJIbCA H COKpAILIEHHIO €T0
JUTUTENBHOCTH B CPaBHEHMH C Pe3yTbTaTaMH U3JI0KEHHOH BBILIE TEOPHH. daxtop ymHOXeHH M(g) yxke He
SKCTIOHEHIMATbHAsA QYHKIMS, a MEHee KpyTasi, BEIXOJSINAA HAa aCHMITOTY TIPH &m ~ 5-7-10 (puc. 17.1).
HaHume acHMIITOTHKH 0OBACHAETCS TeM, 9TO MPH 3HAYUTENTBHBIX HAIKPUTHYHOCTAX UMITYIIEC Pa3BHBACTCA
Ha JMHeWHOM ydacTke KpuBo# peaktuBHOCTH OINO. Pacwer acHMNTOTHHYECKOrO SHEPTOBBIAEIICHHS 32
nummynsc 8 UBP-2M nan B 11.7.3.

JIst CUUTBHBIX MMITYTECOB HE MMEET CMBIC/Aa TOBOPHTE O pacteTe MEepeXOIHBIX TPOLECCOB, T.K. TIEPBBIN XKE
CHBHBIH MMITynbe (¢ 3HeproBbimenenuem Gomee 20 MJIX) TOIaBHUT PEAKTUBHOCTb HACTOIBKO, HTO
MOCNEIYIONIHE MMITYJIBCHI MOIIHOCTH HE CMOTYT pasBUBATBCA B TEHEHHWE, TIO KpaiiHeil Mepe, JecsTKa

CEeKYHI.
4. MoAKPUTUYECKUN PEXUM

[Ipi OTPULATENBHBIX 3HAYEHHAX MAKCUMAIbHOW PEaKTHBHOCTH B WUMITYNIbCE M3 ypaBHEHHA kuHeTukd (1)
15t OpMBI OTTHHOTHOTO MMITYJTBECA HMEEM:

W= S = S
e®)]  |em —Eno®)
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DT0 KBa3UCTALMOHapHOE TpPUOIMDKEHWE CMPaBelIMBO  TpH | €a l >(1+5)-10°.  TIpu ‘ & |>10
napabonudeckas 3aBUCHMOCTB £(t) coXxpaHseTcs Ha GoNbIei HacTH UMITyECa MOIIHOCTH 1 TO3TOMY

DHeprusi UMITyJIbCa:

CpenHsisi MOUIHOCTB PeakTopa B TMOAKPUTMYHOM PEKMME CKIAIbIBAETCS M3 MOIIHOCTH HMITYJIECOB QTmu
MOIIHOCTH (OHA S/s¢| . VYUTBIBAs, YTO UCTOYHUK HEWTPOHOB B MOJKPUTHYECKOM PEAKTOPE paBeH CyMME
MOCTOSIHHO JIeHCTBYIOIIEro UCTOYHUKA Sq M MCTOYHMKA 3aMa3/IbIBAIOLINX HEHTPOHOB S = W3, HeTpyaHO
TIOTYYUTh [UTS CPEIHEH MOIIHOCTH BBIPAKEHHE:

_5 _Ku
® B 1-Ku’

Ku= ———M(e‘“).B +—B—
T leo|

i (S

Tak kak daktop yMHOKeHUS M(Ey,) O4YeHb Mall TIPH €y < 0, TO cpeaHss MOLIHOCTh CNabo 3aBUCHT OT €n B
MOAKPUTHKE.
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5. ®nykTyauumu UMNynbLCOB MOLLHOCTH

B vMITyJIbCHOM peakTope MMEIOTCS JBE MPHUYHUHBI QITyKTyaldid WHTEHCHBHOCTH U (OPMBI BCTIBIIEK. DTO
CTOXaCTHYECKHI XapaKTep pa3MHOXKEHHUS HEHTPOHOB M (UIYKTyallMH PEaKTHMBHOCTU M3-32 MEXaHWYECKHX
konebanuii. CTOXacCTHYECKHH XapaKTep pa3MHOXKEHHS HEMTPOHOB (BBIXOI BTOPUYHBIX HEHTPOHOB Ly HA
OIIHO JeJIEHHE MUMEET pa3bpoc) CKa3BIBAETCS MPH Malloil HHTEHCUBHOCTH UCTOYHWKA HeWTpoHOB (W ;<100
BT). Mexanuueckue KojiebaHUs BBI3BIBAIOT (UIyKTYalMH MMITYJbCOB Ha JFOOOM ypOBHE MOIIHOCTH. Jlns
TIOIKPUTHYECKOTO peakTopa (£,<0) OTHOCHTENBHAs AUCIEPCHS YHEPrMH MMITylbca MPUOTKEHHO Oyner
paBHa /2/:

ol
P iy
S-0,, 'l5m|
rre r=2-D .08 =30
(V)

JUTUTENBHOCT BCIIBIIIKKA PACTET C POCTOM TOJKPUTHYHOCTH, OTHOCHTENIbHAs MAWUCIIEPCHS OSHEPrHH
HUMIyJibca magaeT. Pa30poc aMIUTUTY HWMITYIbCOB MOIMHOCTH B TTOJKPUTHYECKOM peakTope Oyner
OTIpeNIeNAThCS:

2 v-I'

AWmax = 2S. 1

DTO COOTHOIIEHWE TNPUMEHHUMO M I MIHOBEHHOM MOIOHOCTH B JrO00OW MOMEHT BpEMEHH B
MOIKPUTHIECKOM PEaKTOpe.

JIns MrHOBEHHOW KPUTHYHOCTH (€, = 0) mucmepcus OyaeT ompenensaTbes TOH ke GoOpMyNIOH, 4TO W s
JUCTIEPCHHA MIHOBEHHOM MOIITHOCTH B TOAKPUTHYECKOM peaKTope:

s 9l ]

W — B

S 2S.1 Set

B cioyuae €, > 0 ans t > -t; 4ucio BeTBeH LeENodeKk AeNeHUs OBICTPO HapacTaeT, MO3TOMY MpHpalleHHe
OTHOCHTEJIbHOW AWCIepcHH 3aTyxaeT. OTHOCUTeNnbHas aucrepcus OyIeT ocTaBaTbes TMOCTOSTHHOW Mocie
HEKOTOPOr0 MOMEHTa BpeMeHH t' > -t;. DIyKTyaluu aMIUTUTYIBl ¥ S3HEPTHH UMITyIbCa 3aBHCAT TOJIBKO OT
pa3bpoca 3HaueHHIt MTHOBEHHOW MOIIHOCTH TIPH €, < 0, KOTOpEIif onpeaenseTcs GopMyoit:

s _wT
Y os.q

CpClIHCKBa,HpaTPI‘ICCKOC OTKJIOHEHUE aMIUTATYd W SHEPTHH BCIIBIIIEK HUMITYJIBCHOTO p€akKTopa C BHEIITHEH
MOIIy.TIﬂHHCf;I PE€aKTHBHOCTH paBHO!

s Sz.H. >> SO.

Pa36poc HWHTEHCHBHOCTH  BCIIBILIEK  pE€aKTOopa, OGyCJ’[OBJICHHBIﬁ CTOXaCTU4YECKUMHU  MpoleccaMu
Pa3MHOXEHHUA, HE 3aBUCHUT OT Cl)OpMBI HMITyJIbCa PEAaKTUBHOCTH H abCOFOTHOTO 3HAYEHHS PEAKTHBHOCTH.

[TpuunHo#t MexaHWYeckHX GUIYKTyauWid HMMITYTECOB MOLIHOCTH sBistores cMemenus OIIO wu JIIO,
¢azoBere konebanus OI1O orHocurensHo [II10, konebanust pacxoaa HaTpHs.

Hanpumep, cormacHo SKCNiepUMEHTaTbHBIM JOaHHBIM Ha 6.06.88, cpenHss BenM4MHA MOYLIUPHHEI
pacripesieleHusl SHepruii UMIyJIbCOB peakTopa Wi ckopoctd OITO 1500 06/MuH, 4acTOTBI UMITYJIBCOB 5
WMIT/CeK, MOIIHOCTH peakTopa 2 MBT u pacxoze HaTpus uepe3 akTHBHYH 30HY G=80 M’/dac cocTaBIAna
5,3%. MakcuMmanbHbIA pa3max konebanuit - 40%. U3 Hux 70% npuxoauTcs Ha MeXaHHYecKHe KonebaHwus,
(17-20)% - Ha koneGaHus pacxoa HaTpHs Yepe3 aKTUBHYIO 30HY U 10% - Ha paccunxponmzanmio OI1O u
JTTO ¥ 4acTOTBI HMITYJIBCOB PEaKTopa.

[To skcrepuMeHTANbHBIM daHHBIM mmycka MBP-2M Ha 2011 r. craHmapTHBIE OTKJIOHEHHS GIIyKTyalui
SHEPrHM UMITYJIECOB MOIIHOCTH COCTAaBHIH B cpelHeM 5,9%, a pa3max konebanuii - 39%. U3 Hux ocHOBHas
nons GpIyKTyaurit MOITHOCTH BBI3BaHBI OCEBBIMH KONIeOaHUSMHU MOABWKHBIX OTpaXKaTese.





