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1. BBEAEHHE 

B HBCTOA~ee speMR HAeT HHTeHcHBHoe HaKonneHHe 3KcnepHMeH

TanbH~X A8HH~X 06 3MHCCHH nerKHX 48CTH~ B peaK~HRX C TRmen~

MH HOH8MH npH 3HepfHAX HaneTa~~ero HOHa nopRAKa 
10 MaB/HyKJlOH11- 71. ~eHoMeHonont4ecKa.111 aHam1a 3KcnepHMeHTanb

H~x cneKTpOB HCnycKaHHR OOKa3~BaeT, 4TO HX MO*HO npeACTaBHTb 

B BHAe CYMM~ ABYX KOMnOHeHT, nepaaR H3 KOTOp~X o6yCJlOBJleHa 

3MHCCHeH H3 KOMnayHA-RAP8 H OnHC~aaeT HH3K03HepreTH4eCKY~ 

48CTb cneKTpa HCnyCK8HHR, a BTOpaA BKJ1~4aeT 6onee mecTKHe 48C

TH4~, B~JleTa~He npeHMy~eCTBeHHO snepeA• 
EcnH aHa11H3HposaTb HHTerpallbH~e Ce4eHHR ·HcnycKaHHR nerKHX 

48CTH4, TO HMe~HXCR 3KcnepHMeHT8JlbH~X A8HH~X HeAOCT8T04HO, 

~T06~ nOJlHOCTb~ HCKJ1C4HTb K8KOH-11H60 H3 npeAnaraBW~XCR Mexa

H~3MOB. Ecn~ JKe orpaH~4~TbCR paccMoTpeH~eM Ha~6onee 
11JKecrKol1'• 

4aCT~ CneKTpa, TO, Ha HaW B3r11RA, 3Kcnep~MeHTa!lbH~e AaHH~e 

Aena~r npeAno4T~Te11bHo~ r~noreay o npeApaeHoeecHo~ 3M~cc~~ 

4aCT~4 npOMeJKyT04HOH C~CT€MOH, o6pa3y~e~CR np~ CTOilKHOBeH~~ 

ABYX RAep ~ 3B011~~~0H~py~e~ B HanpaBI1€H~~ Cil~RHHR: 

- C€4eH~e B~XOAa aJ1b$a-4aCT~~ OCTaeTCR A0CTaT04HO 60I1bWHM 

np~ nepexoAe or anb$a-KnacrepH~x(C 12 .o 16 ) K 6onee TRJKen~M 

Hanera~~M ~oHaM/5,131; 

- MaKc~Ma!lbH~e 3Hepr~~ ~c~ycKaeM~X ai1b$a-4acT~4 cooraercr

ay~r ABYXTeilbHOMY npo4eccy, B KOTOPOM B~eT a!lb$a-4aCT~4~ co

npOBOlKASeTCR nOilH~M Cil~RH~eM OCTaT04H~X RAep/4,5/. 

- Ce4eHHe ~cnycKaH~R 6~CTP~X He~TpOHOB npaKT~4eCK~ H€ ~3-

MeHR€TCR np~ nepeXOA€ OT ~OHOB l2C K ~OHaM 13C, H€CMOTPR 

Ha TO, 4TO 3Hepr~R CBR3H HeHTPOHa B Ha!leTa~eM ~OHe H3M€HReT

CR np~ 3TOM OT 18,7 AO 4,9 M3B !7/. 

B AaHHO~ pa6ore aHan~aHpy~TCR cneACTBHfl rHnoreabJ o6 3MHCCHH 

HaH60J1ee 6~CTp~X 4SCTH4 npoMelKYT04HO~ COCTaBHO~ CHCT€MO~. 

2. MOAEflb 

~eHOM€HOI10rH4€CKaR MOA€I1b, pa3BHBaeMaR B 3TOM pa3A€l1€, OCHQ

BblBaeTCfl Ha npeAnOJ10}1(€H~J.1, 4TO 3H€pr~R ~ ~MnYilbC, BHOCHMbl€ B 

COCTaBHy~ C~CTeMy Hanera~~HM J.10HOM, nepBOHa4ai1bHO J10Kai1H3Y~TCR 

Bfil1H3~ MeCTa KOHTaKTa RA€P. 8 nOCJ1€AY~He MOM€HT~ apeMeH~ 

o6beM o6nacr~ noKan~aa4J.1J.1 3HeprHH aoa6y}I(AeH~fl J.1 nepeAaHHoro 
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~MnYllbCa YBe11H4~BaeTCR. 3TOT np04ecc conpoaO~AaeTCR HCnycKaHHeM nerKHX 4acTH4 H aaKaH4HBaeTCR o6paaoaaHHeM cocraaHoro RApa, B KOTOPOM YCTaHOBHJ10Cb rennoaoe paBHOBec~e. Ha4~HaR C 3TOrO MOMeHTa, 3MHCCHR 4aCTH4 o6paaosaswe~CR CHCTeMO~ 6yAeT OnHCbiBaTbCR HCnapHTellbHO~ MOAeJlbiO. 
npeAnono~eH~e 0 J10KSJ1H3a4H~ 3Hepr~H B036Y~AeH~R H nepeAaHHOrO HMnyllbCa B HSCTOH~ee BpeMR He11b3R C4HTaTb CTpOrO 060CHOBaHHbiM. B np~11o~eHH~ Mbl paCCMOTPHM M~KpOCKOnlo14eCKYIO MOAeJlb np04ecca CTOJlKHOBeHHR RAeP H noKameM, 4TO J10Ka11H3a4~R 3Hepr~~ B036Y~AeHHR H HMnynbca B np1o1H41o1ne B03MOmHa. Ho 3TO He ~CKJ110-4aeT TOro, 4TO He y4TeHHble HaMH 3~~eKTbl CHJlbHO ~3MeHRIOT 06~y10 KaprHHY. Hy~Ho, OAHaKo, ~Merb a SHAY, 4TO ce~Yac HMeiOTCH n~wb npeAsapY!renbHble 3KCnep~t~MeHral1bHbte AaHHble o6 3M~CCH~t~ nerK~x 4aCTH4 8 HHTepeCyiO~~X HaC peaK4HRX, H3 KOTOPbiX MOmHo lo13Blle4b TOJlbKO CSMYIO rpy6y10 YIH$0pMa4HIO 0 npo4ecce. B TO me apeMR A11R 

nocTaHOBK~ 3KCneplo1MeHTOB, KOTOpbte MeTOAH4eCKH 04eHb CJ10~Hbl, He06XOAHMbl reopeTH4eCKVIe Ol-'eHKIII, HanpYIMep, BKJlaAa npeApaBHoBeCHbiX np04eCC08 B nonHOe Ce4eHIIIe ~t~cnycKaHHR. noaTOMY Mbl pac
CMOTp~M npo4ecc HCnycKaHHR nerKHX 4SCTitl4, OCHOBbi8SRCb Ha C$OpMYJ1HpOBaHHOa:i BbJWe MOAeJlVI. ,llpyr~M o6CTORTe11bCTBOM 8 nOJ1b3Y raKOrO paCCMOTpeHHR RBJlReTCR TO, 4TO npeAnO~eHHaR MOAellb ~MeeT HeKOTOpOe CXOACTBO C MOAellbiO 11RAepHOrO $a~ep6ona 11 114 /, C ycneXOM npHMeHReMOH np~ OnHCaHHH 4eHTpallbHbiX H 6Jl~3KHX K HIIIM 
CTOJlKHOBeHitl~ RAep npH 3HeprHRX HaneTaiO~ero HOHa nOPRAKa HeCKOJ1bKHX COT MaB Ha HyKllOH, H MOmeT paCcMaTpHBSTbCR K8K 0AH0 H3 B03MOmHbJX ee npoAOJ1}t{eHHH B o6naCTb MeHbWHX KIIIHeTH4eCKHX 
3HeprH~. C 3TOH T04KH 3peHHR HaWH peayJlbTaTbl MOryT OKa3aTbCR none3HblMJ.1 AllR noHHMaHHR 3801110411~ MeXaHH3Ma B3aHMOAe~CT8HR RAeP C H3MeHeHHeM KJ.1HeTH4eCKOH 3HeprHH. 

npeABaPV!TeJ1bHble peaynbTaTbl, nony4eHHble Ha OCHOBe pa38~BaeMO~ MOAellH H OTHOCR~VIeCH K $OpMe 3HepreT~4eCKOH H yrnoeoH aaBHCitiMOCTH Ce4eHHR ~cnycKaHHR JlerKHX 4aCTH4, 6btllH npHBeAeHbl g/15/. 0HH Ka4eCTBeHHO BOCnpo~t~3BO,QRT HMeiO~HeCR 3KCnep~t~MeHTSJlbHble A~HHbJe. 0AHaKO s 1151 He 6biJ1Itl pacC4HTaHbl a6C01110THble Ce4eHHR, H3-3a 4ero TPYAHO 6biJ10 CAeJ1STb KaKHe-nH60 8bi80Abl OTHOCHTeJlbHO 8KJ1aAa Q6cy~AaeMoro MeXaHH3Ma 8 Ce4eHHe VICnYCKaHHR. B HaCTQR
~e~ pa6oTe 3TOT HeAOCTSTOK 4aCTH4HO J1HK8J.1AHP08aH, TaK KaK AJlR He~TpOH08 ,QaHbl a6COJ110THble ce4eHHR HCnycKaHVIR. 

Mo,Qenb, 6nHaKaR K c$opMynHpo8aHHoH ·BbtWe, Hcnonb308anacb npH paCCMOTpeHH~ nepH$epH4eCKHX VI 4eHTpa11bHbiX COYAapeHH~ TRmeJ1biX HOHOB s pa6orax 116 •171• 0AHaKo 8 HHX npeAnonaranacb noKanHaa4HR J1HWb 3HeprHH B036Y~AeHHR. 4TO KacaeTCR nepeAaHHOro HMnyJlbCa, ro Aenanocb yrsepmAeHHe, 4TO OH pacnpe,QenReTcR npaKTH4eCKH MrHOBeHHO CpeAH 8CeX HYKnOHOB COCTa8HOH CltiCTeM~. 3TO pa3J1H4He 8 MO,QellRX npORBJlReTCR npH OnHCSHHH yri1080H 3aBHCHMOCTH Ce4eHVIR HCnyCKaHHR. 
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nepe~AeM K 6onee AeTailbHOMY OnHC8HH~ MOAenH. 5yAeM C4H

T8Tb, 4TO o6naCTb noKanH38~VIH 3HeprHH B036YmAeHH~ VI HMnynbCa 

BKn~4aeT BCe HYKI10Hbl HaileTa~w.ero VIOHa Ap H 48CTb HYKilOHOB 

~Apa-MvtweH~t~ A(t). 3Hepnm soa6ym.QeHvt~ E*(t), cocpeAoTo4eHHY~ 

B 3TO~ 06Il8CTH *, VI CKOpOCTb V{t), C KOTOPO~ OHa .QBH}f{eTC~ 
/B na6opaTOpHO~ CHCTeMe/, nerKO HS~TH, HCnOilb3Y~ 3aKOHbl CO

XpaHeHH~ 3HeprHH, HMnyilbCS VI yrilOBOrO MOMeHTS: 

.,. ApA(t) /1/ 
E*(t)- LOp-----E (t)-Qggf(t) 

Ap-t< A(t) rot 

v(t): v /(1+ ~(t)_ ). /2/ 
P Ap 

3.QeCb &;p - npHXO.Q~Il.\8~C~ Ha OAHH HYKilOH KHHeTH4eCKa~ 3Hep-

rH~ Hanera~w.ero HOHa, vp- ct<opocTb Hanera~w.ero HOHa, Q gg

- 3H84eHHe Q -peSKL\VIItl. ¢yHK~VI~ f(t) Y4V!TbiB8eT KOHe4HOe Bpe

M~ <{)OpMHpOBaHit!A cpe.QHero non~ COCTSBHO~ CHCTeMbl. 0Ha paSHa 

HYiliO npH t = 0 VI BblXO.QVIT Ha nnaro a a speM~ nopA.QKa 1 o-22 c. 

Ben~tt4~t~Ha Erot(t) pasHa n
2 e;ot (t)/2J r.Qe J- MOMeHT ~t~Hep-

~VI~tt COCTSBHOrO RAPS, a e rot (t) onpeAeilfleTCfl 3aKOHOM COXpaHe-

Hlt1fl yrnoeoro MOMeHTa. YrilOBO~ MOMeHT, BHeCeHHbl~ B COCTSBHYIO 

CVICTeMy HSileTSIOW.VIM fiAPOM, CKJ18.QbiBaeTCR Vl3 yrnosoro MOMeHTa 

.QB"1meHVIfl VICT04HVIK8 OTHOCVITel1bHO ~eHTpa COCT8BHOIIJ CVICTeMbl Itt 

yrnosoro MOMeHTa BPSW.eHVIfl COCTSBHO~ CVICTeMbl KaK ~enoro (f rot(t)). 

np'-1 MailbiX no CpaBHeHVIIO C COCTSBHbiM fi.QPOM pa3Mepax HCT04HVIKa 

( f rot (t)) =0. C pOCTOM pa3MepOB 3TO~ o6naCTVI, no Mepe C6I1VImeHH~ 

ee ~eHTpa TRmeCTVI C ~eHTpOM TR>KeCTVI COCTaBHO~ C~CTeMbl 6y.QeT 

paCH1 r rot(t). EC11H He y4VITb!BaTb OTI1YI4VIR ¢IOPMbl COCTSBHO~ CVIC-

TeMbl VI 06Il8CTVI IlOK8IlVI38~lt1J.1 B036Y>K.QeHitiR OT C¢leplt14eCKiti-CYIMMeT

pV14HO~, TO nplt16IlVI>KeHHO frot(t),. fi{l-b(t)/b i ), r.Qe fi
Ha48I1bHbl~ yrnosoH MOMeHT OTHOClt1TeilbHOro .QBiti>KeHY!R CT8I1Klt1BSIO-

Il\Y1XCA R.Qep, b i - npY!L.J,eJ1bHbli1 napaMeTp CTOilKHOBeHI-1~, 

! b i ' 
b(t) : 

RCN -R(t), ecnH R(t)>RCN-bi 

ecn~-1 

R\.t) R (Al/3 A113 /A - p8.Qlt1YC 1-1CT04HI-1K8, CN = r0 p + T ) T - 4HC-

Il0 HYKJ10HOB 8 fi.Qpe-MvtWeHYI/. LlTO KacaeTCfl 38BL-1CV1MOCTY1 A(t) OT 

speMeHH, TO a pac4erax npe.Qnonaranocb paaHoMepHoe pacwvtpeHvte 

V1CT04Hlt1K8, 

* TaK KaK 3Ta o6nacTb s ABilbHe~weM npe.QCTaBnReT .QilA Hac "1H

repec KSK "1CT04HV1K 6biCTpbiX Ilef'!'H1X 48CH1~, TO Mbl VI 6y.QeM .Q11R 

KpaTKOCTVI rosoplt1Tb 0 He~ K8K 06 lt1CT04HV1Ke. 
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6onbwaB 3HeprHR eo36ym,qeHHR H 6onbwoe 4Hcno HYKilOHOB, 
3SKJ1104€HHbiX 8 HCT04HHK€ *, ,qeJlSIOT B03MO)f(HbiM, no Kpai1Hei1 Mepe, 
,QJlfl Oni-!CSHHR HHKJ11031-1BHbiX cneKTpOB, 8Be,Q€HH€ TeMneparypbl. 1-iHbtMH CJlOBSMH, M~ 6y,qeM npe,qnonaraTb, 4TO pacnpe,Q€Jl€HHe HyKJlOHOB 
B HCT04HHK€ R8JlR€TCR $€pMH€BCKHM H nOJlHOCTbiO Onpe,qenReTCR T€M-

a t/2 neparypot1 T(t):= (-A A-E*(t)) , CKOPOCTbiO ,QBYHI<€Hlt1R V(t.) H "+ (t) 
'-H1CJ10M HYKJlOHOB B HCT04HHK€ (Ap + A(t)). 3,Q€Cb "a'' - KOHCTSHTS, 
BXO,cp:nqaFI B BbtpSH<€HV1€ ,Qilfl nJlOTHOCH! ypOBHe~. 6 CHCT€M€ nOKOR 
HCT04HHKS 3TO pacnpe,qeneHH€ HM€€T BHA 

-2 2 - 3 Ap + A(t) p - p F - 1 3 N(p,b 1 ,t)d p~-------------(l+exp(-----)) d p. 4rr 3 
1 

"2 m T 2(t) 2m T(t) /3/ -P F ( + -4 ----- ) 3 p'j, 

B 3TOM ebrpameHHI-1 Pr - HMnYilbC <l>epMH. ,[lnfl pacl.teTa cneKTpa 
8b1Jl€TSIOUV·1X HYKilOHOB H€06XO,QI1MO npeo6pa30B8Tb /3/ B na6opaTop
HY~ CHCTeMy H nepe~TH OT HMnYJ1bCa BHYTPeHHero p K BHeWHeMy 
PaHemH.: 

jj2 ~ p2 -p2 -2mB, 
BHenm. F 

rAe B- 3HePrHR CB.R3H HYK!10Ha. Ce4eHL-1e L-1CnycKaHH.R HYK!1oHOB 
cne,qy10~1-1M o6pa3oM Bblpa>t<aeTC.R 4epea nonyl.leHHOe TaKL-1M nyTeM HM
nY!1bCHoe pacnpeAeneHHe N nao<P BHeruH •• bi ,t)**: 

3AeCb Ac- sepo.RTHOCTb HcnycKaHHR HYKI10Ha /181, T- epeM.R )I(H3HH 
B036Y>t<AeHHO~ COCTaBHOH CHCTeM~. npH BbiBOAe /4/ He Y4TeH~ cne
AY~He ABa ¢aKTa: 

- yMeHbWeHHe TeMnepaTyp~ H 4HCJ18 HyKJ10HOB 8 HCT04HHKe H3-3a 3MHCCHH 48CTH~ AO MOMeHTa t; 
- norno~eHHe HYK!10HOB npH HX ABH)I(€HHH B XOJ10AHOM RA€PHOM ae~ecTae nocne a~neTa H3 HarpeToH t6nacTH. 
OcHoaaHHeM AI1R nepe,oro npH6nH>t<eHHR .RBn.ReTc.R TO, l.lTO npeA

paBHOBecHa.R 3MHCCHR ABeT BKJ18A nop.RAKB npo~eHTa 8 nonHoe Ce4eHH€ CJ1H.RHHR. no3TOMY Y4eT nepsoro ¢8KT8 npaKTH4eCKH He OTpa-

if 8 paCCM8TpH88€MbiX HH>t<e nPHMepax OHO paBHO ""40 B MOMeHT AOCTH>t<eHHR M8KCHM8!1bHOH TeMnepaTypbl. 

'"' 3AeCb npeAnOnomeHO, 4TO K03¢¢H4HeHTbl npOHH48eMOCTH paBH~ 1 
npr-t. b s; b erit H Hyn~ npH b > b erit 



31r!TCfl Ha BeJ11r!41r!He CC4CHirlfl B patioHe 11 1r!Cnap~rtTellbHOrO MaKCir!MyMa 11 , 

"' TeM caM~M He nosn~r~ReT Ha OAHY ~rt3 ~r~HTepecy~~~r~x Hac xapaKTe

p~rtCTir!K cneKTpa ~rtcnyCKaH~rtfl: BCJ11r141r!HY cna,Qa Ce4eHHfl OT 11HCnapH

TeJ1bHOrO MSKCHMyMa 11 AO 11neperH6a 11 K npe,QpSBHOBeCHOiil KOMnOHeH

Te. 
Y4eT BToporo ¢aKTa He H3MeHHT pe3YJ1bTaTb1 cy~ecTBeHHbiM o6-

pa3oM, nocKOJlbKY AflHHa .ceo6op.Horo npo6era HyK!lOHoB e fi,QepHoM 

ee~ecTee npH HHTepecy~tqHX Hac · 3HepniRX npeBI;dwaeT 7 f 1121. 

B Bblpa~eHHH /4/ YA06Ho paa6HTb HHTerpan no speMeHH Ha 

npe,QpasHosecHy~ lAo 'eq. I 111 pasHoaecHy~ /oT 'eq. AO T I 4aCTH. 

nocKOilbKY, Ha4HHafl C MOMeHTa r eq.• HMnyJlbCHOe pacnpe,Qe11CH&.1e 

HYKilOHOB nepeCTaeT 3aB&.1CeTb OT speMeH&.1, TO /2/ MO*HO nepenH

CaTb cne,Qy~~HM o6pa3oM: 

d 2a· bcrit 'eq 

--:::--=--------- 2rr r bi dbi r dt Nnao<P BH8WH ,bi .t)x 
p 2 dp dO o o • 

BHeWH • BHemH • !51 
bcrit 

x A c (I!memH.l+ 2 rr J bi db iN nao~P BHemH: bi • eq)A c (PBHemH.J • T · 

3,Qecb npe,Qnono~eHo, 4TO N nao~P BHemH 1b ioeq)- pasHosecHoe pac-

npe,QeJleHVIe 1o1 T>> r eq. BTopoe cnaraeMoe s /5/ - 3TO BKnaA 

06b14HOfO &.1Cnap&.1TeJ1bHOfO MexaHH3Ma /HO 6e3 'y4eTa BJ1HfiH&.1fl spa

tqCH&.1R KOMnayH,Q-R,Qpa Ha HCnapeHHe HYKnOHOB/. 8 3TOM nerKO y6e-

,Q&.1TbCR, ecnH BCnOMHHTb, 4TO _ 
(p -mvl eq))2 

w[E*(eq)-B- BHemH. ' 
2m 

N na5. (p BHemii."q)= -----~
w[E*(eq)] 

----·g. /6/ 

- - 2 
(P BHemH- mv ( eq )) 

, w[E*(eq)-B- • ] 
2m 

- nnoTHOCT&.1 co-

CTOfiH&.111, COOTBeTCTBeHHO, KOMnayH,Q-R,Qpa H R,Qpa-OCTaTKa, g- O,Q

H04aCTH4HaR nnoTHOCTb 1181• E*(eq) 1o1 V(eq) - aHa4eH&.1R ee11&.14HH 

/1/ H /2/ npH l:req' noACTaBnRR /6/ B /5/ H HCnOnb3YR B~pa

~eHHR 1181: 

0' .• p2 
A (p )= BHemH. 

C BHemH. "21J.3 g 

r,Qe a - ce4eHI-1e aaxeaTa HYKJlOHa, a r - nonHaR sepoRTHOCTb pac

na,Qa KOMnayHA-R,Qpa, nony4aeM A11R BToporo cnaraeMoro e /5/: 

bcrit W (p ) 
2 rr f b. db. weisskopf . BHemH 

o l 1 r . 

rAe W weisskopr - npeo6paaoeaHHaR e na6opaTOPHY~ cJ.1cTeMy eepoRT

HOCTb HCnyCKSHJ.1R HYKJlOHa B036Y}f(,QeHHbiM R,QpOM, Ha~,QCHHaR 8 /19/, 
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~1TaK, Mbl €CT€CTB€HHbiM 06pa30M npl-lWJll-1 K Bblpa}f(eHHIO, KOTOpoe 
co,qepH<I-lT KaK npe,qpasHosecHbl~, TaK H pasHosecHbl~ BKna,qbl. Pac
YeT npe,qpaBHOB€CHOiil KOMnOH€HTbl 6blll BblnOJ1H€H C noMO~biO ¢l0pMyll /51 /nepaoe cnaraeMoe/ 1-1 /l-3/. ~cnapHTeTlbHaR KoMnoHeHTa pac
CYI-1Tblsanacb no ·6onee T04HbiM, YeM /5/, ¢opMynaM Ha ocHoae Kac
Ka,qHoro ltlcnapeHI-1R 4acTI-14 c noMO~biO nporpaMMbl OROOI-2 /20/ , 
KOTOpaR noaaonReT ,qeTallbHO npocneAI-1Tb aa pacna,qoM soa6yH<,QeH
Horo COCTaBHOrO R,qpa C 8blll€TOM He~TpOHOB, npOTOHOB, a.-4aCTY14 
1-1 y -KBaHTOB. Bee 3TH 8J.1Abl pacna,qa C8060AHO KOHKYPHPYIOT 8 co
OTB€TCT81-1H C ¢la30BbiM 06DeMOM 8 KaH<AOM KaHane. TaKHM o6pa30M, 
,qnR pac4eT08 HaM aa}f(eH Bbr6op onTH4ecKoro noTeH4Hana, BHA 
nJ10THOCTJ.1 yposHelil COCTaBHOro R,qpa. 

Bee napaMeTpbl Bbl6!-1panHCb a cooTBeTCTBIIIH c peKoMeH.Qa4HRMH 
pa6oT 121-24 1• ,lJ,nR Ka4eCTBeHHoro o6cym,qeHHR yrnoso~ aHH30Tpo-
nHH HCnOJ1b30Balli-1Cb $O~YJ1bl 1251

.,£lJl.R paC4eTa aHI-130TpOni-1J.1 Heo6xo
AHMO 3HaTb B€Jli-141-1Hbl !2 , f2 /cpe,qHH€ MOM€HTbl KOMnayH,q-R,qpa 
Y1 BbiJleTSIOLilelil 4aCTH4bl/ 1-1 napaMeTpbl, Tpe6yeMbl€ ,Qll.R Bbi4J.1CJ1€HH.R 
MOMeHTa J.1H€P4J.1H VI nllOTHOCTYI YPOBHe~. 8 ,qaHHbiX paC4eTax nnoT
HOCTb YPOBHe~ Bbl6vtpaeTC.R B MO,Q€J1H Q>epMH-raaa, a MOMeHT f.1Hep-
4HVI paCC4HTbiBaeTC.R B T8ep,QOT€JlbHOM npH~J1HH<€HJ.1J.1. 

3. PE3YnbTATbl PACYETA 

~3 npHBe,QeHHbiX BbiW€ $OPMYJ1 CJle,qyeT, 4TO yrnoaaR 3aBJ.1CJ.1MOCTb 
npe,qpaBHOBeCHO~ KOMnOH€HTbl Ce4eHHR J.1CnycKaHHR onpe,qel1R€TC.R 
CKOPOCTbiO ABHH<€HI-1.R J.1CT04HHKa, a 3HepreTH4eCKa.R 3SBI-1CHMOCTb -
ero TeMnepaTypo~. ~3 /1/ BJ.1,QHO, 4TO MaKCHMaJlbHa.R TeMnepaTypa 
HCTOI..IHI-1Ka ,qocTHraeTc.R npH A(t) .. Ap • B 3TOM cny4ae v(t)<= {-v P, 
LITO ,QJlR paCCMaTplo1BaeMbiX Hl-1)!{€ peaK4HiiJ 3aMeTHO npeBOCXO,QI-1T ~KO
pOCTb KOMnayH,q-R,qpa 1-1 06yCJ10BJ1HBaeT YCHJleHHe BbiXO,Qa HYKilOHOB 
a HanpasneHHI-1 ny4Ka. 

Ha pr.1c. 1 npr.1se,qeH pacc4f.1TaHHblt1 HaMI-1 3HepreTI-14€CKf.1~ cneKTP He~Tpo"HH'BB peaK41-11-1 18 ~Ttt+ 22 Ne (E na6 .= 8,1 M38/HyKJ1.)-.n+ ••• 
npH fJ= 0° Ail. B 3TOM npHMepe npe,qpasHosecHaR KoMnoHeHTa Ha-
4HHaeT npeo6na,qaTb Ha,Q HcnapHT€JlbHO~ npH 3HeprHH He~TPOHOB 
~23 M38. 0,qHaKO nepeXOA OT O,QHOH KOMnOHeHTbl K ,qpyro~ ,QOCTa
T04HO nnasHbiH, 6ea peaKoro neperr.16a. BKna,q npe,qpaBHOBecHo~ 
KOMnOH€HT~ 8 nOJlHO€ Ce4eHHe ltlCnycKaHHR COCTaBJ1ReT H€CKOJlbKO 
np04eHTOB. 

Ha PHC.2 npHse,qeH~ peaynbTaT~ aHanor~4Horo pac4eTa, HO AilR peaK~H~Gd+12C /E nao.=12,5 M38/HYKJ10H/~n+... 8 3TOM 
npHMepe Kf.1HeTH4ecKa.R 3HeprH.R, npHXOAR~a.RCR Ha OAHH HYKJ10H Ha
IleTa~~ero HOHa, e~we, 4eM a npe,q~AY~eM, H nepexoA OT vrcnapH
TenbHoH KOMnOHeHT~ K npeApaBHOB€CHOH npoRBHJ1C.R 6onee 4€TKO. 
O,qHaKo 3TOT nepexo,q HMeeT MeCTO npvr 6onbweH 3HeprHH HeHTpoHOB ; ... 20 M3B/, 4eM B 3KcnepHMeHTallbHOM cneKTpe /""12 MaB/ 171• 
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Pac.Z. CneKTp HeHTpoaoa a pe-

;;:;ru:;rn t58Gd+ t2c I E na6.~ 

~ 150 M3B I npH e ~ 16 ° 
- HCIIapHTeJib-

HaH KOMTIOHeHTa, - - - -

TipeApaBHOBeCHaR KOMTIOHeHTa, 

- CyMMapHbill 

cneKTp. 

TaK KaK a paccMarp~eaeMoH MoAenH MaKCHManbHaR reMneparypa 

HCT04HHKa, peanHayeMaR a npo~ecce ero 3aon~~HH, onpeAenAercR 

TODbKO KHHeTH4eCKO~ 3HeprHeH, npHXOAR~eHCR Ha OAHH HYKnOH Ha

neTa~~ero HOHa, a He nonHoH KHHeTH4ecKoH 3HeprHeH, ro 6~no 6~ 

HHTepeCHO cpaBHHTb T~OpeTH4eCK~e cneKTPW ~ 3Kcnep~MeHTaflbH~e 

AaHH~e AflR OAHO~ H TOH me KoM6HHa~HH HaneTa~~HH· HOH - AAPO -

MHWeHb, HO npH pa3nH4H~X KHHeTH4eCKHX 3HeprHRX HaneTa~~ero HO

Ha. TaKHe AaHHble nony4eHbl s 14 •51• HO AJlR anb(J>a-4acTH~, a He 

HyKnOHOB, Pac4eT a6con~THbiX Ce4eHH~ BbiXOAa anb$a-4aCT~~ CBR3aH 

C HaXO*AeH~eM 3¢$eKTHBHbiX 4HCen anb¢a-~aCTH~ B AApax, 4TO npeA

CTaBnReT co6oH caMQCTORTeflbHY~ H AOCTaT04HO CflO*HY~ 3aAa4y, 

B AaHHoH pa6oTe 3TH eenH4HHbl He pacc4HTb1BanHCb, H Ha pHc.3 
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P11c. ~. 3uepreTHt.zeCKHe cneKTPhi 
am,q,a-qaCTHU B peaKI..J;HH 
18 1Ta; 22Ne I E 31 a 6.- I 10, 178 
" 196 H3B/ npH o-o·· . ; "-
3KCITC'pHM€HTaJihHble ,o;aHHbl€, 

------- - TeopeTHt.z€CKH€ 
CIT€KTpbJ, 

npl-lae,QeHbl reopen14eCKHe pe
ayllbTaTbt All.A C€4€HH.A BbiXOAa 
anbQ>a-4SCTJ.11..1 noA yrnoM 0= 0° 
a peaKtV1RX 181 Ta+ 22Ne I E na6.= 
- 5,5; 8,1 " 10 M38/HyKn./ • 
_,.a+ ... C npOH3BOJ1bHOIIf, HO o6-

14el4 Ail.A scex rpex peaK1..1_Hi1 
HOPMHpOBKoi1. TaM me nOKS3SHbl . 11 3-KcnepHMeHTa~bHble AaHHbte. Bl-1AHO, 4TO pac4eT eocnpol.1-3BOAI-1T H3MeH€HHe $OPMbl cneKrpa C POCTOM KYIH€H14€CKOJI! 3H€Pri-H1 HaneTSIOil.l€rO 1-lOHS. 

nPHnOlKEHHE 
raMHJlbTOHHSH ¢epMHOHHOi1 CHCT€Mbl C npOH380JlbH~M ABYX4SCTH4-HbiM B3aHMOAe»cTBH€M V(i,i') MO*HO CJ1€AYI014HM o6pa30M aanHCSTb B TepMvtHSX onepSTOPOB nllOTHOCTH p (i) H TOKS j(X.)'26 -': 

ll= ~ m r d 3x](ii)p- 1(i<)j(x) + r d 3
xd 3 yp(i)v(x,y)p(y). 

AJ1R npOCTOT~ 3,Q€Cb H€ npHB€,QeHa noaepXHOCTHSR 3HeprHR. 
6y,Q€M npe,QnonaraTb CJ1€,QYIOU4YIO KapTHH-Y npOL-4€CCS CTOilKHOB€HHR R,Qep. Ha4HHSR C MOMeHTS KOHTaKTa, npoHCXO,QHT nepeCTpO~Ka Cpe,QHHX none~ CTSJ1KHBSIO[l4HXCR R,Qep H ¢OpMHPOBSHHe o6~ero ,QJlR coCTSBHO~ CHCT€M~ cpe,QHero nO!lR. 6 pe3yllbTSTe 3TOro np04€CCS 46CTb 3HeprHH OTHOCHT€JlbHOrO ,QBH~eHHR nepe~,QeT BO BHYTP€HHee eoa6y~AeHHe. ApyraR ee 4SCTb cocpe,QoT04MTCR Ha KonneKTHBHO~ MO,Qe, onHc~eaeMO~ nepeMeHHO~ R-oTH001TellbHbiM paccTORHHeM Me)t{AY 1.-4eHTpaMH cTal1KHBa1014HXCR R,Qep. Ce~'-lac HeT· RcHoro noHHMaHHR TOrO, KSKOB OTHOCHTellbHbl.:::i BK!lSA 8 ,QJ.1CCJ.1nd!-4\.1IO KJ.1HeTH'-leCKO.:::i 3HeprHH 3THX ABYX npo~eccoe: penaKCS4HH cpe,QHero nonR H nocne

AYIO~ero nepeXOAS 3HeprHH OTHOCHTe!lbHOrO ,QBJ.1)t(€HHR HS BHyTpeHHee B036Y~AeHHe 3a C'-leT CBR3J.1 0AH04SCTH4HOro ABH)t{€HHR HYKflOHOB C KOJ1JleKTI-1BHbiM OTHOCI-1T€JlbHbiM ABH)t{€HHeM ABYX 46CT€~ COCTSBHOi1 CI-1CT€Mbl'. Mbt COCP€,QOT04HM BHHMSHHe HS BTOPOM np04€CCe, npe,QnoJlO>KI-18, 4TO penaKcattr.1R cpeAHero nonR npm1CXOAI-1T MrHoBeHHO. 
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YA06Ho B~AenHTb H3 onepaTopa nnoTHOCTH p(x} ycpeAHeHHY~ 

nnon~OCTb p
0
(x)=<p(X)> t.1 (f>nyKTYHPYIOLI.4YIO 4aCTb p ~ (p=po+p"). 

TOK j(~ paeeH CyMMe TOKa, CBR3aHHOrO C OTHOC~TenbHWM ABH*e-

HHeM 4SCTeH cocTaBHOH- CHCTeMbl T (X)~ H OAH04acn1LlHOro To-
- OTH. 

Ka i (i): s.p. 

J(X)=J (X)+J (X); J (X)=..!..p(X)p (X), 
OTH. s.p. OTH. m OTH. 

j (x) ~ L(.p\x) \?of;(x)- Vo/;+(x)•if;(x)), 
s.p. 2mi 

rAe PoTH(~ - HMnynbc OTHOCHTenbHoro ABH*eHHR, npHXOARLI.4HHcR 

Ha OAHH ~yKJ10H. i4Mny.nbC P OTH. H3MeH.ReT HanpaeneHHe riPH nepe

XOAe 4epe3 11weH-Ky 11
, CBR3biBSIOil.IYIO ABe 4SCTI-1 COCTaBHOH CHCTeMbt. 

PaccMoTpeH~t~e BeAeTcR a CHCTeMe ~eHTpa Mace. B pesynbTaTe 3THx 

nOACTSHOBOK: 

1 3 -2 m 3 - · 1 -
H=- f d Xp(X)p (X)+ €(p

0 
)+- f d X j (x)p- (x)j . (X)+ 

2m OTH. 2 s.p. s.p. 

+ (,(p
0

+p')-,(p
0
))+fd

3xp rx)J (x), 
OTH s.p. 

;n . 11 

3 3 
r(p) ~ f d xd yp(x)v(x,y)p(y). 

nepabte ABa cnaraeMbiX a ;n.l/ - 3TO ·Kl-1HeTH4ecKaR H noTeH4Hanb

HaR.3HeprHR OTHOCHTeilbHOrO ABHmeHHR. noc!le o6pa30BSHHR CPeA-

Hero nOilR COCTaBHOH CHCTeMbl BeJ1H4HHa !{p
0

) nepeXOAHT B 

3HeprHIO OCHOBHOrO COCTORHHR, paCCI.U1TS'HHYIO B ntAP,OAHHaMHlleCKOM 

npH6!1H~eHHH, a KHHeTH4eCKSR 3HeprHR CTaHOBHTCR 3Hepr~t~eH KOilileK

THBHOrO ABH)f(eHHR COCTSBHOH CHCTeMbl ,_ C~R3aHHOrO C OTHOC\.1Te!1bHbiM 

ABH~eHI-1eM ee 4acTeH-. CneAYI0~\.1e ABa· l.lneHa - raMHflbTOHHaH eHyT

peHHero ABHmeHHR. Mbl soabMeM ero s OA~04aCTH4HOM npH6nHmeHHH. 

nocneAHee CilaraeMoe onHC~BaeT CBR3b OTHOCHTeflbHOrO ABHmeHHR 

C BHyTpeHHHM. 6yAeM B Aa!lbHelilweM npeAnOnaraTb I-13BeCTHbiM OAH0-

4SCTH4Hblali noTeH4Ha11 U(x), ()jQHo~acn14Hbte 3Hepn1H 1o1 co6cTBeH-

H~e ¢lYHK4HH f 5 (X) BHyTpeHHero OAH04aCn14HOrO raMHJ1bTOH\.1SHa. 

TaKII!M o6pa30M, BHy-TpeHHee COCTORHI-"te COCTaBHOH CHCTeM.bl Om1-

Cbl8aeTCR C11eAYIOW,\.1M 3aBHCRW,HM OT 'epeMeHH raMHflbTOH\.1SHO.M: 

H 1 .'3 -2 + 
= -

2 
( d Xp(X)p (X)+f{p )+ :l; f a a + 

ffi OTH. 0 s S S S 

r 3- -li +- -+ 
d Xp (X)•-. (if; (X)Vif;(X)- VW (X)·o/;(X)), 

OTH. 2ml 
;n.z; 

+ 
[a s• as~J +=8ss' 
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B npH6nHmeHHH, aHanorH4HOM RPA, KOr,Qa HCn0!1b3yeTCR Kija3H-
6o30HHOe nPH6nHmeHI-1e ,Q!lfl KOMMyTaTopoB napHbiX q>epMI-10HHbiX one
paTOpos~. HeTPYAHO Ha~TH C06CTBeHHOe COCTORHHe H: 

. t . 
){ ,(1)=-i-(dl'exp(-4-(, _, .)(t-l'))y .(1'), ss n 0 n s s ss 

;n.3/ 

y ,(1)=_!_ (d
3
yji (y,l)(f*(y)\7f ,(y)- \7f*(y)· r ,(y)), 

S S 2mi OTH S S S S 

r,Qe 10> - OCHOBHOe COCTORHHe. 
C nOMO~b~ BOJlHO~OH $yHK~HH /n.J/ Bb14HCJ1ReTCR nl10THOCTb pac

npe~eneHHR no fi,QepHo~ Cl-1cTeMe BHyTpeHHe~ 3HeprHH eoa6ym,QeHHfl 
H TOKa HYK!10HOB. 3TH peayJ1bTaTbl MOmHO nony4HTb, He KOHKpeTH3H
pyR BH,Qa Q>yHK~HH f 8 (X) , a HCnOJ1b3YR TOJ1bKO YCJ108He HX nOJlHQ-
Tbl H TOT <!>aKT' 4TO cyMMa L r• (x) r (Y) pasHa Po (x) npH 

S(!s<iF) S - s 
x =Y H 6biCTpo cna,QaeT c pOCTOM 1 i-..:y I· Mbl npe,Qnono>KHllH, 4To 

- -· -- 2 
L r•.(x)f,(Y)=po( •

2
+Y )exp(- (x-~) ). 

s(E 8<~:F) 2r 0 
r,Qe r 0 no nopRAKY aenH4HHbl paaeH Me>KHYKJ10HHOMY ~accTofiHH~. Mom
HO noKaaaTb, 4TO 3HeprHR eoa6ym,QeHHR H TOK <flj If> KOH~eH-s.p. -
TPHPY~TCR TaM, r,Qe 1-1111-1 pe3KO J..13MeHReTC1'1 HMnyJ1bC p(x,t), T.e. 
8 o6naCTH KOHTaKTa R,Qep, HJ1H Bel11-1K rpa,QHeHT nnoTHOCTH p

0
(x), 

T.e. a nosepxHOCTHOM cnoe. HanpHMep, A11R nnoTHOCTH 3HeprHH 
soa6y>K,QeHHR a o6nacTH KOHTaKTa R,Qep nony4aeM /npH MallbiX t I 
cne,Qy~~"'~ peaynbTaT: 

E*(x,l) =-
5112

2 
p(x)l dl' divii (x,l'). 

2mr 0 o OTH. 
;n.4/ 

AJlR O~eHKH BeJ11-14HHbl 3HeprHJ..1 B036y>K,QeHHR, COCpe,QOT04eHHOH 8 o6-
naCTH KOHTaKTa, B03bMeM 

_ _ mApAT .: @(-x3 ) e(x3 ) 
p (x,l)- R (I)( --A-- - ). OT::· Ap+AT . p AT 

.3,QeCb R(t) - C-KOPOCTb OTHOCHTeJ1bHOrO ABHmeHHR R,Qep. 0Cb x 3 
npoXOAHT 4ep:a ~eHTpbl R,Qep. Ha4ano K20PAHHaT Bbl6paHo TaK, 4TO 
np1-1 x 3 <0 p OTH. HanpasneH BAOJlb R. a npH x 3>'0 - a npoTI-1-

* 3To onpae,QaHo, nocKonbKy ao36Y*AaeTCR 6onbwoe 4HCJlO paa
I1H4Hb1X 4aCTH4HO-,Qblp04HbiX COCTORHH~, 1-1 Ka>K,QOe KOHKpeTHOe COCTOR
HHe HMeeT MaJleHbKy~ sepORTHOCTb B036Y>KAeHHR. 
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sonono*HoM HanpasneH~~- npoHHTerp~posae ;n.4/ no o6nacT~ KoH

raKra A,qep, nony4aeM: 

t 

s r ctr· 
0 

~100 M38. TaKHM o6pa3oM, 8 30He KOHTaKra cocpe,qoro4HBa~rcA H 

HMnynbc, BHeceHHbli1 Haneral0ll.\14M ~OHOM, 14 6onbwaR ::mepr~A eoa6y*

,qeHHA. 

~CnOllb3YR BOI1H08YIO ¢YHK4~10 /n.3/, MOmHO pacc4HTaTb ~MnyllbC-

HOe pacnpe,qeneHHe HYKJ10H08 N(ii,t) 8 B036y>H.,qeHHOi1 COCTaBHOi:1 

C~CTeMe. 8 3TOM CJly4ae He06XOAHMO KOHKpeTH3HPOBaTb B~A ¢yHK4Hi:1 

f 8 (X). tlnA Ka4ecrBeHHbiX 04eHOK Mbl 3aMeHHM f 8(X) nnocKI-1MVI 

eonHaM~. 3ro o3Ha4aer, YTO Mbl npeHe6pern~ noaepxHOCTHbiMH 3$$eK

TaMH. B pe3YllbTaTe AilA HYKilOHOB c 3Hepr~ei1 BbiUJe 3Hepr~t~~ ¢epM~t~ 

nonyyaeTCA cne,qyiOll.\~~ pe3yllbTaT: 

d3qO(pF-q) rctrJctt 2 x 
0 0 

x ( (p- ill R (t 1) }[(p-Q)R (t 2)} exp 1- 1;-<r P-' ql(t C t 2) + i (p tQ)(R(t 
1
)

-R(t 2 Ji-(exp(-t-<ii+<dRg)+exp(- -}<l>+<ir R~Jl-

ECilH npeAnOJlO>KHTb AllR npOCTOTbl, YTO 3aKOH TOpMO>KeH~R CTyneH-

YaTbli:1: 

R(t) 
jv.t,:r, 

~ Q, t > T , 

ro nony4aeTcR cne,qyiOll.\ee Bblpa>KeH~e AI1R N ( P. r ): 

p 
F q 2 r q ctq(1- -- l x 

0 p 

1 ( 1 2 2 q 2] +-exp--pR-'1--), 
R2T 2. '!" p 

;n.4/ 

II 



Cne,QYJOU41-1e ocHoBHble 4epTbl xapaKTePH3yiOT pacnpe,QeneHI-1e ;n. 51: 
1- cos 1 t-c 'P _, q )-PV\1-qlpJ '' - ¢aKTOpb1 ( j)V) 2 

VI --------------- o6yCilOBilHBa-
f tc'P _,qJ-iivC1-qlpJ 12 

lOT npeHMYU4eCTBeHHoe eoa6y>K,QeHI-1e 4aCTI-1U. c I-1MnynbcaMI-1 P. Hanpae
neHHbiMI-1 B~O!lb CKOpOCTI-1 Ha!leTaJOUjero HOHa V. TaKJ.1M o6pa30M~ yr
JlOBOe pacnpe,Qe!leHHe I-1Meer MaKci-1MYM enepe,Q; 

- HaKJlOH BbiCOK03HepreTJ.14eCKO~ 4aCTJ.1 cneKTpa He 3aBY1CHT He
nocpe,QCTBeHHO OT CK0POCTY1 /3Heprl-11-1 Ha HYKilOH/ Ha!leTaiOUjerO 
L-10Ha. Ho BK!la,Q 3MI.1CCI.11.1 1-13 Ha4aJlbHOrO COCTOFIHL-1.A CI.1CTeMbl B non
Hbla:i cneKTp J.1CnyCKaHI.1FI 6y,QeT pacTI-1 C POCTOM V nponOpt,ti-10HaJlbHO 
v2 J.1 oAHo'BpeMeHHo 6y,QeT pacTJ.1 3¢¢eKTI.1BHbl~ HaKnoH 3Heprerl-1-

4eCKoro cneKrpa /orl.16aJOUiaFI 1.1CnapHrenbHO~ "" npe,QpaeHosecHoH 
KOMnOHeHT/, T.e. 3¢¢eKTVIBHaR TeMnepaTypa; 

- nOilHOe 4J.1C110 HYKilOHOB C p>pF pacTeT C POCTOM 41-1C!la HYKilQ
HOB 8 HaJleTaJOUieM J.10He. 

HMeHHO 3TI-1 4epr~ xapaKrepHayJOT J.1MnynbCHoe pacnpe,Qe!leHHe 
HYK110HOB 1-1 B MO,Qe!lJ.1 11,QBJ.1>KYUierOCR I-1CT04HI-1Ka 11 . 
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