
II :: II II 

B.,lJ;.TotteeB, P.lllMH,D;T 

CRHHHHE, KBA3H,l1;EREHHE 
H rnYBOKOHEYTTPYrHE CTORKHOBEHHH 
B PEAKUJ1HX C TH~ERhlMH HOHAMH: 
orPAHHqEHHH HA CEqEHHH 

P7 - 10452 



BBE,l{EHHE 

Ba)KHOCTb npo6neMhl cnHHHHH HAep AnH ~H3HKH B3au

MOAeHCTBHH TH)KenLIX HOHOB B0061.Qe H 3aAa'IH HCKYCCTBeH

HOr~ nony'leHHH CBepxTH)Kenhlx 3neMeHTOB B qacTHOCTH, 

npHBneKalOT B nocneAHHe rOAhl 6onLIIIOe BHHMaHHe KaK 

3KCnepHMeHTaTopoB, TaK H TeopeTHKOB. HaKonneHHhlH 3K

cnepHMeHTanLHbIH Ma Tepuan noKa3b1BaeT qpe 3BbllJ:aHHOe 

pa3Ho'o6pa3He CBOHCTB COCTaBHblX CHCTeM. OKa3anocL, 

'ITO celJ:eHHe cnHHHHH HOHOB MO)KeT 6hlTb cyI.QeCTBeHHO 

MeHLIIIe .CelJ:eHHH Heynpyroro B3aHMOAeHCTBHH, a COOTHo

IIIeHHe Me)KAY 3THMH celJ:eHHHMH 3aBHCHT OT KOM6HHaUHH 

3apHAOBhlX H MaCCOBhlX 'IHCen cTanKHBaIOI.QHXCH HAep H 

HX OTHOCHTenbHOH 3HeprHH. B OTAe.TILHhlX cnyqaHX npu 

COYAapeHHH O'IeHh TH)Kenblx HOHOB B 3KCilepHMeHTaX BOBCe 

ue 06Hapy)KHBa10T BKnaAa OT npouecca nonHoro cnHHHHH 
HAep. BMecTe C TeM 3KcnepHMeHTanLHO AOKa3aHO cyI.QeCT

BOBaHHe cneuu~eqecKHX npoueccoB, Ha3hlBaeMhIX peaK

UHHMH rny6oKoHeynpyrux nepeAa'I 111 , 1rna3HAeneHHeM 

HAep 121 KOTOPLie - B onpeAeneHHOM CMhlCne - KOHKypupy-, . 

IOT C npoueccoM cnHHHHH HAep. 

JIBneHHe cnHHHHH HAep eI.Qe AaneKO He IlOHHTHO H C 

TeopeTHlJ:eCKOH TO'IKH 3peHHH. HMeHHO 3THM o6ycnoBneHo 

rpoMaAHoe 11ucno ~eHoMeHonorutiecKHX MOAeneii 13- 211 

HCXOAHIUHX lJ:aCTO H3 BeCLMa pa3nH'IHhlX npeAnono)KeHHH 
I 

u TeM He MeHee OilHChIBaIOI.QHX 6onLWYIO HnH MeHLIIIYIO 

COBOKYilHOCTb 3KCilepHMeHTanLHhlX ):\aHHhlX. Ho Aa)Ke Hau-

6oiiee YAalJ:Hhle MOAenu He MoryT o6'bHCHHTb Bee 3KCnepu

MeHTanLHhle ~aKThl, oco6eHHO AnH cny11aH B3aHMOAeHCTBHH 

oqe~b TH)Kenhlx HOHOB, npeACTaBnHIOI.QHX HCKnIO'IHTenLHhlH 

HHTepec AnH IlOHCKa "ocTpoea" HAepHOH CTA6HnhHOCTH. 

Qvic-·,H 
'11.iUOTl:.KA 
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OCHOBHaH uem. HaCTO.Hmeii pa60Thl - OCMhICilHTh COBpe

MeHHOe COCTOHHHe «i>HJHKH CilHHHHH TH)KenhIX HOHOB. KaK 

peJynhTaT 3TOro, ,IJ,aHa KnaccH«i>HKaUHH HMeIOIUHXCH MO,IJ,eneii 

CilHHHHH H,IJ,ep cornacHO «i>HJHqecKHM npe,IJ,IlOilO)KeHH.HM, Ja

IlO)KeHHhIM B HX OCHOBY, BhIHBneHhl COCTaBHhie 3IleMeHThl 

npo6neMhl H c HX yqeTOM c«l>opMynHpoBaHa HOBaH MO,IJ,enh. 

B paMKax npoCTOH napaMeTpH3aUHH MO,IJ,eilhHbie pacqeTbI 

cpaBHHBaIOTCH C 3KCnepHMeHTOM, npH 3TOM. oco6oe BHH

MaHHe· y,IJ,enHeTCH o6Cy)K,IJ,eHHIO npe,IJ,CKa3aHHH Tpex pe)KH

MOB B 3HepreTHqecKOM IlOBe,IJ,eHHH ceqeHHH CilHHHHH H pe

aKUHHM C yqaCTHeM oqeHh TH)KeilbIX H,IJ,ep. 

KJIACCH<PHKAI.(HJI MO,l(EJIEH 

qT06bI OXBaTHTb MHOroo6pa3He MO,IJ,eneii, HCilOilbJO

:eaHHbIX B pa3HOe BpeMH B CBH3H C o6Cy)K,IJ,eHHeM HBneHHH 
CilHHHHH, none3HO ,IJ,aTh ,!J,IlH HHX e,IJ,HHY~ KnaccH«i>HKaUHIO. 

Bo3HHKaromaH npH 3TOM TPY.IJ.HOCTb 3aKnroqaeTCH B TOM, 

qTQ IlOHHMaTh IlO,!J, npoueccoM CilHHHH.H Ji,IJ,ep. Pa3Hhie aB

TOphl BKna,IJ,LIBaIOT B 3TO IlOHHTHe HeCKOilbKO pa3nHqHoe 

CO,IJ,ep)KaHile, qTo H Ha:XO,IJ,HT OTpa)KeHHe l3 HCXO,IJ,HblX MO,IJ,enL

HhIX npe,IJ,Il0ilO)KeHHHX. no «i>HJHqecKHM npe,IJ,IlOCbIIlKaM Bee 

«l>eHOMeHonorHqecKHe MO,IJ,enH MO)KHO KnaccH«i>HI.tHPOBaTb 

cne.IJ.YIOIUHM o6pa3oM: 

1. OzpaHU'leHue ce11eHuii CAWIHWI 3a c11em Hecma6UAb
Hocmu 06pa3oeaHHoii cucmeMbl UAU KoMnayHo-11opa. Ilo

cKonLKY B peaKUHIO c TH)KeilhIMH HOHaMH BOBneqeHhl 6onh

WHe yrnOBhie MOMeHThl, o6pa3oBaHHaH CHCTeMa MO)KeT 

OKa3aTbCH HeycToiiqHBOH no OTHOWeHHIO K pa3Bany /Ka

IlHHKHH, fleTKOB 131 / HilH KOMnayH,IJ,- H.D.PO ca~rn HeCTa-

6HilbHO HJ-3a ucqeJHOBeHHH 6apbepa ,IJ,eneHHH /IlHK-IlH

qaK 141, lie~HH,IJ,)Kep, KHoKc 
151

,cnep6ep 161,Ko3H, IlnaJHn, 

CmITeUKHii 71, rpoBep 181, Kpanne
191

/. PeJynhTaThI pa-

6oT /7 / HCilOilh30BanH linaHH. H Ilna3Hil, paCCMOTpeB KOH

KypeHUHIO npouecca ,IJ,eneHHH H,IJ,ep npH 4>opMHpoBaHHH KOM

nayH,IJ,-CHCTeMhl/lO I. 

2. O2paHU'leHu11, o6ycAoeAeHHble nomem,1uaA0M e3auMo
oeiicmeu11 oeyx 11oep V(f ,R).BoJMO)KHOCTL cnHHHHH CBHJL1-

4 

I 
• 
I 

BaeTCH C cymecTBOBaHHeM MHHHMyMa, "KapMaHa", B «i>YHK

UHOHaJihHOH JaBHCHMOCTH V(f , R). HaH6onee HpKo 3TOT 

IlOTeHUHanhHbIH IlO,IJ,XO,!J, npe,IJ,CTaBneH B pa6oTe BHnbqHH

CKOro1111, KOTOpbIH Bhlpa3Hil ycnOBHe HCqeJHOBeHHH "Kap

MaHa" qepe3 6anaHC CHil, yqaCTBYIOIUHX B npouecce CilHH

HHH. KpoMe TaKoro CTaTHqecKoro BapHaHTa IlOTeHUHanL

HhIH IlO,IJ,XO,!J, HMeeT .IJ.HHaMHqecKyIO BepCHIO, OTnHqa10iuyIOCH 

IlHWh BKnIOqeHHeM B pacCMOTpeHHe CHil TpeHHH. IlpocTeii

waH MO,IJ,enh C HCilOilb30BaHHeM O -«l>yHKUHH ,!J,IlH pa,IJ,Hanb

Horo «l>opM«i>aKTopa cHnLI TpeHHH 6Lrna npe,IJ,nO)KeHa liac -

COM 1121. Ilocne,IJ,OBaTeilbHO ,IJ,HHaMHqecKHe MO,IJ,enH pa3BHilH 

B CBOHX pa6oTax rpocc H ,IJ,p/13 ,141, liOH.IJ.OP«l> H ,IJ,p/ 151, 

QaHr<161.r,;3BHC 1 17< CHBeK-BHnbqHHCKa H BHnbqHHCKH/l8/. 

3. OzpaHU'leHUJI, HaKAa0bieaeMble 603M0JICHblM cy11,1ecm
eoeaHUeM Kpumu11ecKozo paouyca. KoHuenuHH KpHTHqec

Koro pa,IJ,Hyca 6Lrna nepBOHaqanLHO npe,IJ,IlO)KeHa 4>paHUY3 -

CKOH rpynnoii /ranHH H ,IJ,p./ 19/ / KaK anLTepHaTHBa 0ilH

caHHIO H,IJ,epHhIX peaKUHH B TepMHHax KPHTHqecKoro yrno

Boro MOMeHTa. rnac H> Mo3enL/20/ npHMHpHnH 3TH ,IJ,Ba 

IlO,!J,XO,IJ,a, IlOKa3aB, qTo KOHuenuHH KpHTHqecKoro pa,IJ,Hyca 

peanHJyeTCH IlHWb B cnyqae 6onLWHX 3HeprHii E OTHOCH

TenLHoro ,!J,BH)KeHH!J CTanKHBaIOIUHXCH HOHOB. IlpH Manhlx 

E orpanuqeHHH o6ycnoBneHhl pa.IJ.HYCOM 6apbepa BJaHMo-

,IJ,eiicTBHH. KpoMe Toro, HMH 6Lrno ,IJ,aHo B03MO)KHOe o6'hHC

nenne cymecTBOBaHHIO TaKoro paccTOHHHB. ,il;HHaMHqecKHe 

/MHKpOCKOilHqecKne/ BhlqncneHHH IlOKa3anu12!1qTo B CT0nK

HOBeHBHX TH)KeilhIX BOH0B, KOr,IJ,a o6onoqeqHaH CTPYKTypa 

CTanKBBaIOIUHXCH H,IJ,ep nepecTpaHBaeTCH B CTPYKTYPY co

CTaBHOH CBCTeMhl, 6onLwaa qacTh KHHeTuqecKoii 3HeprBH 

npeo6pa3yeTca B TennoByro. C6nBJHBWHCh .IJ.<> ~npi,IJ,eneH

Horo paccTOHHHH R er, H,IJ,pa "CJIHilaIOTCH" HJ- 3a noTepu 

OTHOCHTenLHOii KHHeTHqecKoii 3Hepruu B HaXO,!J,BTCH B Ta

KOM COCTOHHHH ,IJ,OCTaToqno ,IJ,onro, qTo6hl c«l>opMHpoBa

nacb o6iuaa H,IJ,epHaH CTPYKTypa, Be,IJ,ymaH K cnHHHHIO a,IJ,ep. 

3To paCCTOHHHe xapaKTepaJyeTCH "o6peqeHHOCTblO" H,IJ,ep, 

HeB03MO)KHOCThlO BepHYTbC.H BO .BXO,IJ,HOH KaHan. lihlnO 06-

Hapy)KeHO Y.D.HBHTenhHOe cornacae Me)K,!J,y. KPHTHqecKHM , 

pa,IJ,nycoM rannHa a .IJ.p. /l 9 / :a 3Toii "ToqKoii o6peqeHHo-
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CTH" * no Bee ii rrepHOAH'-IeeKoii Ta6nm:~e 
1211

• ,LJ;pyrHMH 

enoBaMH, AOeTH:>KeHHe BeJIH'-IHHhl Rcr OTBe'-IaeT MOMeHTY' 

KOrAa B 3Ha'-IHTeJihHOH eTerreHH Tep.iieTeH HHAHBHAyanb· 

HOeTh eTaJIKHBaIOIUHXeH HAep. 

<POPMYJIHPOBKA MOJJ,EJIH HEE 
IIAPAMETPH3AIJ,HJI 

KaK eneAyeT H3 AaHHoii BhIIlle KnaeemlmKaUHH, pea -

JIHeTH'-IeeKaH MOAeJib AOJI:>KHa Y'-IHTbIBaTb cmpyKmypy cma/1· 
l(U(JQ101JlUXCJI JIOep, xapaKTep nomeHijUQ/IQ HX B3aHMOAeii

eTBHH H cma6U/lb1lOCmb cucmeMbl, o6pa30BaHHOH B pe3yJih· 

TaTe eoyAapeHHH. Bee TpH 3JieMeHTa paBHO eyIUeeTBeH· 

HLI, X0TH OTH0eHTeJibHaH HX ponb MO)KeT' KOHe'-IHO, Me· 

HHTheH B 3aBHeHMOeTH OT KHHeTH'-IeeKOH 3HeprHH HOHOB 

H KOM6HHaUHH HX MaeeOBhlX H 3apHAOBhIX '-IHeen. 

C HeKOTOpbIMH oroBOpKaMH rrepBbIM IllaroM B 3TOM 

HarrpaBneHHH MO)KHO 6hmo 6hI e'-IHTaTh rrorrynHpHyIO MOAeJib 

Eaeeal 12/, eenH HHTeprrpeTHPOBaTb e~o rrapaMeTp IlOTeH· 

UHana RI +R2 KaK KpHTH'-IeeKoe paeeTOHHHe, a uerronb· 

30BaHHYIO HM rHI10Te3y "enHrraHHH" • KaK yenoBHe eTa· 

6HJihHOeTH eHeTeMbl. OAHaKo, KaK o6ey)KAanoeh Bhlllle, 

KpHTH'-IeeKoe paeeTOHHHe Rcr HBJIHeTeH He eTOJibKO eBoii

eTBOM IlOTeHUHana B3aHMOAeiieTBHH, eKOJihKO eaoiieTBOM 

eTpyKTYPhl eTaJIKHBaIOIUHXeH HAep. KpoMe Toro, eneAyeT 

IlOA'-IepKHYTh, '-ITO e poeTOM MaeeoBhIX '-IHeen H aeHMMeT· 

PHH B3aHMOAeiieTBYIOIUHX HOH0B rHI10Te3a "enHrraHHH", rro

BHAHMOMY' HMeeT Bee MeHblllee 0THOilleHHe K eyiueeTBeH· 

HOMy orpaHH'-IeHHJO ee'-leHHH eJIHHHHH. 
OTMe'-IeHHbie BbIIlle qiaKTOpbl M0:>KHO yqeeTb B paMKax 

OAHOH MOAeJIH, eenH eAeJiaTh ABa eneAYIOIUHX 06IUHX rrpeA· 

IlOJIO)KeHHH, HOeHIUHX xapaKTep orpaHH'-IeHHH Ha rrpoueee 

eJIHHHHH BO BXOAHOM H BhIXOAHOM KaHanax. 

*B HHOeTpaHHOH JIHTepaType AJIH 3Toro paeeT0HHHH 
Herronh3yeTeH TepMHH "point of no return". 

6 

• 

(i). JJ,ocmuxeuue 1<pumu11ec1<ozo paccmo1111u11 Rcr HBJIH • 
eTeJI He06XOAHMhIM yenOBHeM eJIHHHHH. Ha 3TOM paeeTOH· 

HHH rrpoHeX0AHT eyiueeTBeHHaH IlOTepH HHAHBHAYaJibH0eTH 

B3aHMOAeiieTBYIOIUHX HOHOB, eorrpOBO)KAaIOIUaHeH e6poeoM 

3HeprHH OTHOeHTeJibHO ABH)KeHHH. BenH'-IHHa R er eCTb 

qiyHKUHH eTpyKTYPhl HAPa, a. ue BHAa Il0TeHUHana HOH·HOH· 

uoro B3aHMOAeiieTBHH. XapaKTep IlOTenuuanbHhIX KpHBbIX 

'V( f ,R) IlPOHBJIHeTeH B B03M0)KHOeTH AOeTH'-Ih Heo6XOAH

Moro e6JIH)KeHHH. 

(ii). Cma6uAbHocmb 06pa3oea1111ou cucmeMbt - Apyroe 

Heci6xOAHMOe yerlOBHe eJIHHHHH. YeTaH0BJieHHe 0eHOBHoro 

rrpoueeea, orrpeAeJIHIOIUero eTa6HJihHOeTb HAePHOH eHeTe· 

MLI, Tpe6yeT KOHKpeTHOro paeeMOTpeHHH peaKUHH'. 3To 

MoryT 6LITh, uarrpHMep, eyiueeTBOBaHHe HpaeT·ypoBHH H 

BhITeKaIOIUHe OTeIOAa orpaHH'-IeHHH, pa3JIH'-IHOrO THI1a rrpo

ueeehI AHHaMH'-IeeKOH ueyeTOH'-IHBOeTH, HeeTa6HJihHOeTb, 

eBH3aunaH e HC'-Ie3HOBeHHeM 6apbepa AeJI~HHH HAep /ponL 

rroeneAnero qiaKTopa oeo6euu~ BoipacTaeT AJIH TH)KeJILIX 

cueTeM/H T.Il. KpoMe Toro, qiopMHPOBaHHe eAHHOH eHeTe· 

Mbl eiue He 03Ha'-IaeT yeTaHOBJieHHH B Heii TepMOAHHaMH· 

'-IeCKoro paBHOBeCHH. B XOAe BpeMeHHOH 3B0JIIOUHH eHeTe • 

Mbl B03MO)KHO rrpeApaauoaecuoe HerryeKaHHe HYKJIOHOB H 

nerKHX qaeTHU. EcnH "AO'-IepHne" HAPa, o6pa3oBaHHble B 
II ~ 

pe3yJibTaTe rrpeApaeuoaeeuou 3MHeCHH, YAOBJieTBOPHIOT eo-

OTBeTCTBYIOIUHM ycnOBHHM CTa6HJibHOeTH, TO TaKHe KaHaJibl 

6YAYT AaBaTb BKJiaA e ee'-IeHHe eJIHHHHH .HAep. 

Reno, '-ITO IlOCJieAOBaTeJibHaH peaJIH3aUH.H 3TOH MOAe· 

Jill Tpe6yeT rrpoaeAeHH.H AeTaJibHhIX MHKPOCK0I1H'-IeCKHX pac -

qeTOB. OAHaKo y)l(e B paMKax H3naraeMoro HH)Ke yrrpo

IUenuoro IlOAXOAa, KOTOPhlH MO)KeT paccMaTpHBaTbe.H KaK 

rrepeoe I1pH6JIH)KeHHe K pa3BHTOH o6IUeii cxeMe' MO)KH0 

rrpoeneAHTb Ka'-IeeTBeHHO HOBbie 3qJqieKTbl B IlOBeAeHHH 

ee'-IeHHH CJIH.HHHH HAep H oueHHTh 0TH0eHTeJibHYIO Ba:>KHOeTb 

coeTaBHhlX 3JieMeHT0B MOAeJIH. 

Mbl 6yAeM CJieAOBaTh Knaceu'-IeCKOMY, a He KBaHTOBO· 

MeXaHH'-IeCKOMY orrucaHHIO, '-ITO AOCTaTO'-IHO XOPOill0 orrpaB

AaHO B rrpuMeHeHHH K peaKUH.HM C T.H:>KeJILIMH HOHaMH. 
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IIome1111uaA V(E,R) HoH·HOHHoro BJaHMo.neiicTBHH onpe

.neneH .nn.11 axo.nHoro * KaHana B npH6nH:>KeHHH BHeJanHoro 

B03MYIUeHHH. ,D;n.11 f -on napuHanLHOH BOilHbl OH co.nep:>KHT 

TPH 1rneHa 

'V(e,R) = 'VN(R)+Vc(R)+'h 2 e2 /(2µR
2

), /1/ 

r.ne V r-f.R) H V c(R) - .11.nepHa.11 H KynoHOBCKa.11 qacTH BJaHMo • 

.neiiCTBHH, COOTBeTCTBeHHO, µ - npHBe.neHHaH Macca .11.nep. 

3HeprHH B3aHMo.neiiCTBHH ABYX .11.nep BhI6paHa B 4JopMe 

KOHTaKTHoro IlOTeHUHana** 

RI R2 
V (R)=2rr(yl +y2) R +R so 

N I . 2 

5 -1,6 s/s0 

3 (1+ :
0

) e , s>O 

5 s (s)2 - - - - - ,, 
3 so so 

s < 0 

/2/ 

C napaMeTpaMH, iiiHKCHPOBaHHhIMH Mo.nenLIO :>KHAKOH Kan

nH /22/, 

2 
y i = 0,95 [ 1_-1,8 (1-2 Z / A i ) ], 

l/3 
R = 1,17 A. <PM 

i 1 
S:R-(R +R ), s = 1 <PM. 

I 2 0 

CooTHOllleHHe /2/ nony'ieHo B npe.nnono:>KeHHH, 'iTO B .11.npe 

cyiuecTByeT TOHKHH IIOBepXHOCTHbIH cnoii, - ycnoBHe, Ko· 

*K BXOAHOMY KaHany OTHOCHTCH ABH:>KeHHe CTanKHBa10-

IUHXCH .11.nep no paccTOHHHH R = max I Rcr, Rrct I, r.ne Rret -
KnacCH'ieCKaH TO'iKa IIOBOPOTa. 

** )];nH 3TOro IlOTeHUHana B HHOCTpaHHOH nHTepaType 

HCilOilh3yeTCH TepMHH "proximity". 
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Topoe TeM ny'illle BbIIIOnHHeTCH, 'ieM TH:>Kenee .11.npo. B 06-

naCTH cpe.nHHX .11.nep KOHTaKTHhlH IlOTeHuHan naeT pe3ynL

TaTLI, 6nH3KHe K Bhl'iHCneHHHM C IlOTeHUHanoM, 3aBHC.ff• 

IUHM OT IIIlOTHOCTH 3HeprHH/23/. 

KaK IlOKa3bIBaeT OilhIT pa60Thl C AHHaMH'ieCKHMH MO· 

.nenHMH, Y'iHThIBaIOIUHMH TpeHHe, cyiuecTBeHHOH .nn.11 ceqe

HHH cnHHHHH HBnHeTCH aenH'iHHa CHilhl, a He 4lopM4laKTOp 

pa.nuanLHoro TpeHHH 124 1_ B Hallie ii Mo.nenu npeHe6peraeTc.11 

.nuccunauueii 3Hepruu OTHOCHTenLHoro ABH:>KeHHH Ha pac

CTOHHHHX R> Rcr. Ilpu R_s R er npoHCXOAHT pe3KHH c6poc 

KHHeTH'ieCKOH 3HeprHH CTanKHBaIOIUHXCH HOHOB, H B 3TOH 

o6naCTH IIOTeHuuanLHhIH no.nxo.n HenpHMeHHM. IlOCKOilhKY 

CHilhl TpeHHH All.ff paCCTOHHHH R > R er He Y'iHThIBaIOTCH, 

.nononHHTenLHhIM ycnOBHeM Ha BbI6op noTeHUHana B3aHMO· 

.neiicTBHH .11.nep MO:>KeT cny:>KHTh Tpe6oBaHHe · npaBHilhHOro 

onucaHHH noTeHuuanoM 6apLepoB peaKUHH. ,D;n.11 6onLllIHH· 

CTBa KOM6HHaUHH .11.nep_KOHTaKTHhIH IlOTeHUHan y.nonneTBO· 

pHeT 3TOMy Tpe6oBaHHIO, HO B OT.nenbHbIX cnyqanx B03MO>K· 

Hhl OTKilOHeHHH, Torna cornaCHH C 0IIbITOM no BenH'iHHe 

6apbepoB peaKUHH MO)KHO .no6HThCH nyTeM "pa3Mopa:arnna

HHH" KOHCTaHThl s 
O 

B COOTHOllleHHH /2/. 
l/3 l/3 

KpUTllU'lec,wu paouyc re~ =Rcr /(Al +A 2 ) OTpa>Ka-

eT CTpyKTYPY CTanKHBaIOIUHXCH HOHOB, B03MO>KHOe nponn

neHHe 34iilieKTOB .96ono'ieK. IloCKOilhKY B HaCTOHIUee apeMH 

HeB03MO)KHO TO'iHO Bhl'iHCilHTb r O 
' OH HBnHeTCH CB06o.n-cr 

HhIM napaMeTpoM Mo.nenu. KaK cne.nyeT HJ peJynLTaT~B 

pac'ieTa Ce'ieHHH cnHHHHH aCF H cpaBHeHHH HX C 3KCne~ 

PHMeHTanhHbIMH 3Ha'ieHHHMH, r 
O = 1 <PM, 'iTO coana.na

eT c aenuquuoii KpHTH'iecKoro pa.nuyca ranuHa u .np. /I 9/ • 

O.nHaKo, B oTnuque OT nocne.nHero, Rcr He CBH3aHo c no

no)KeHHeM MHHHMyMa · B .11.nepHoii qacTu 'VN(R) noTeHuuana 

B3aHMO.neiicTBHH, 'iTO oco6eHHO cyiuecTBeHHO .nn.11 cnyqa.11 

CTOilKHOBeHHH oqeub TH:>KenhIX .11.nep. 

Cma6U/lbHOCT/lb o6pa30BQHH0U cucmeMbl 3aBHCHT, KaK 

IlOKa3aHO Bhlllle, OT uenoro p.11.na IlPH'iHH. O.nHaKO 4Jop

ManLHO ee MO:>KHO oxapaKTepH30BaTb cyiuecTBOBaHHeM MaIC

CHManLHOro 3Ha'ieHHH op6HTanhHOro MOMeHTa est; KO· 

TOpbIH .naHHaH .11.nepHaH CHCTeMa MO:>KeT BOCIIPHHHTh. 3a

_naqa HaXO)K_neHHH £ st 6y.neT . o6cy)l(AaTLCH 6onee ICOHIC· 
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peTHO B npHMeHeHHH K onpeAeneHHOH rpynne CTallKHBaIO

mHXCH HOHOB. 

TPH PE)l(HMA B IIOBE,l(EHHH CEl/EHHJ.l CJIHJ.lHHJ.l 

THilH'IHhIH BUA IlOTeHI.(HanhHhlX KpHBhIX V ( £ ,R) IlOKa -

3aH Ha puc. 1: 

vre.RJ 
M38 

(00 

75 

50 

25 

V,t-

E,,.12/ 

EC,.{{} 

Vs 

s 'Re,, 7 is (I 13 ~ fl)M 

Puc. 1. CxeMamu'-lec1<aJ1 1<apma nomen11uaAbHOii 3Hepzuu 
OAR e3auMooeiicmeuJ1 oeyx uonoe. OnpeoeAenue pa3/IU'-l
HblX napaMempoe, npueeoeHHblX na pucyn1<e, oano e me1<cme. 

10 

' 

' 

B KnaccH'ICCKOM npeACTaBneHuu e -an: napuuanhHaH 

BOnHa MO)KeT AaBa Th BKllaA B ce'IeHue' ecnH TOllhKO KUHe -

TU'IeCKaH 3HeprHH OTHOCHTenhHoro ABH)KeHHH /B CUCTeMe 

ueHTpa Mace/ E BhIIIIe 6aphepa B3aHMOAeHCTBHH V(f, R nr) , 
rAe paAHYC B3aUMOAeHCTBUH Rne HaXOAHTCH H3 ycnoBHH 

av (f ,R) I = o u 
aR R=Hne 

a 
2

v( e , R) I :s: o; 

aR
2 

"="nr 
/3/ 

Rn= RHO , VB = V (0, RH ). 

B COOTBeTCTBHH C (i) ADH CDHHHHH He06XOAHMO, 'IT06hl 

KnacCH'IecKaH TO'IKa noBopoTa R ret, onpeAenHeMaH ypaB

HeHHeM V(r, R ret )=E, HaXOAHnach cneBa OT KPHTH'IecKo

ro pacCTOHHHH, T.e. R ret .::;:R er /cM. puc. 1/. Ho l.(eHTpo-

6e)KHaH 'IaCTh IlOTeHl.(Hana pacTeT c f 6hICTpee ADH 

ManhIX, tJeM ADH 6onhIIIHX R, IlO3TOMY cymecTByeT TaKoe 

3HatJeHHC fer (1), IlPH KOTOpOM 3HCprHH Ha 6aphepe COB-

IlaAaeT c 3HeprHeH B TO'IKC R , er 
V(f,.r (1),RBf) ~V(fer (1),Rcr ). 

CoOTBeTCTBy10my10 BeDH'IHHy 

E Oh V (r (1),R )=V +t/ r 2 (1)/(2µR 2 
) /4/ 

er er er er er er 

6yAeM ua3hIBaTh nepeoH KPHTH'ICCKOH 3Hepraeii. IlpH 

E < E er (1) CC'ICHHC onpeACllHCTCH 6aphepoM peaKl.(BH 

AllH Ka)K_noro yrnoeoro MOMCHTa, T.e., B KOHC'IHOM HTore, -

IlOTCHl.(HanoM B3aHMO,D:CHCTBHH. B o6nacTH E> E (1) ce-. · er 
'ICHHC CDHHHHH y)Ke HC 6y,neT 3aBHCCTh OT 6aphepa p~aK-

1.(HH H OTpa)KaCT nHIIIh BO3MO)KHOCTh c6nH)KCHHH .no pac

CTOHHHH Rer . 
CaMhIH 6onhIIIOH MOMCHT, KOTOPhIH eme Mor 6hI ,naBaTh 

BKna,n, oTBC'IaeT napuaanhnoii Bonne, ,nnH KOTopoH R ret= Rer. 
Ho ycnoBHe CTa6HnhHOCTH CHCTCMhl (i i ) orpaHH'IHBaeT 

AOilYCTHMhIC yrnOBhIC MOMCHThl BCllH'IHHOH _fst = fer (2) 
B pe3ynhTaTe HMCCTCH BTOpoe KPHTH'ICCKOC. 3Ha'ICHHC 

3HeprHH 

11 



E (2h V(e (2),R )=V +1i
2 £ 2 

(2)/(2µR
2 

), /5/ 
er er er er er er 

IlpH KOTOpOM BnepBhie napl.{HailbHaH BOilHa e er (2) ,IJ;OIDICHa 
6Lrna 6bI ,naaaTb BKna.n a Ce'l:eHHe cnHHHHH H,nep /cM. 
puc. 1/. TaKHM o6pa3oM, npH E>E (2) ce'l:eHHe cnHHHHH er 
onpe,nenHeTCH CBOHCTBOM CTa6HnhHOCTH o6pa3oBaHHOH CH-
CTeMhl. 

Ilepeae,neM :ny gJH3H'l:eCKYIO KapTHHY Ha H3hIK giopMyn. 
Ce'l:eHHe cnHHHHH 3ailHIIIeM B BH,IJ;e 

2 00 

a = TT-?'t 2 (2£ + 1) T ,,(E) P ,,(E), 
cF e = o L L 

r~e Te (E) H Pe (E) - K03g>g>HUHeHT npoxmK,neHHH qepe3 
6apbep B3aHMO,IJ;eHCTBHH H aepOHTHOCTb nocne,ny101Qero cnHH -

HHH ,nnH £ -on napuHanhHOH BOilHbl. l1cnonh3YH ,nnH Te (E) H 
Pe (E) npH6nm1<euue pe3Koro 06pe3aunH 

Te (E) = l 
1, 

0, 

HMeeM 

e~emax P(E)= 
, e 

e > e max l 
1, 

0, 

£~£CF 

e > e cF 

2 2 2 2 2 2 
a =TTn(eCF+l) ::TTX f =TT"fi e !(2µE). 
CF CF CF 

/6/ 

3a,naqa Teneph CBO,IJ;HTCH K TOMY, 'IT06hl HaHTH 

e =d (E) 
CF CF 

B Ka)K,IJ;OM H3 Tpex pe)KHMOB. 

I peJICUM: V8 ~E::;Eer (1) 
BenH'IHHa eCF uaxo,nHTCH H3 paaeHCTBa E 3HeprHH 

Ha 6apbepe C MaKCHManbHO BO3MO)l(HblM 3Ha'IeHHeM e 
E=V(fCF ,Ree )r-'V(0,RBe )+t?e~F /(2µR~e), 

OTKy,na nonyqaeM 

a =TTR 2
0 (l-V(0,R 0 )/E). 

CF . BL BL 
/7/ 

KaK BH.o;uo H3 ypaaneHHH /3/, aeJIB'IHHa R Bf B 0611.{eM 
cnyqae HBnHeTcH giyHKUHeu e H, cne,noaaTenLHO, E . EcnH 

12 

II 

' ·j 

I 

A 
V' 

npeue6petIL pa3nHtIHeM Me)K,ny V(0,R
8

e) H 6apLepoM B3aHMo
,neucTBHH VB, T. e. V (0,R Bf ) = V 8 , TO COOTHOIIIeHHe /7 / 
MO)KHO nepenHCaTb ~aK 

2 
a CF= TT Reff (1-VB /E), 

r,ne 
2 

Reff 
Eer (l) -Ver 2 
-----R. 
Eer(l)-V8 er 

I I peJICUM: Ee/1) $. E $. Eer (2) 

B 3TOM cnyqae 

· 2 2 2 
E ~ V ( e c F, R ) =- V + 'h e c F / (2 µ R ) , er er • er 

'ITO ,naeT 

a = TT R 2 (1-V /E). 
CF er er 

III peJICUM: Ee/2)< E 

B COOTBe:CTBHH c giopMynou /6/ HMeeM 

a 
CF 

" 
2 2 ~ 2 2 

TT1r f {2)==TTh f (2)/(2µE). 
er er 

/8/ 

/9/ 

/10/ 

IlocKonLKY aenH'IHHa fer (2) onpe.nenHeTCH ycnoaHeM cra-
6HnLHOCTH CHCTeMbl, OHa He ,nom1rna cyll.{eCTBeHHO 3aBHCeTb 
OT 3HeprHH E. Cne,noaaTenLHo, limaciE)➔ 0, xorH 

E➔oa 

nonHoe ce'l:eHHe peaKUHH B npe,nene BbICOKHX :rneprHH BbI
XO.IJ;HT Ha KOHCTaHTY. 

TaKHM o6pa3oM, a 0611.{eM cnyqae Mo,nenh npe.ncKa3LI
aaer TPH 3HepreTH'l:eCKHX o6nacTH, pa3.neneHHbIX KPHTH
'IeCKHMH TO'l:KaMH E (1) H E (2) cornaCHO /4/, /5/, r.ne er er 
xo.n ce'IeHHH cnHHHHH acF OilHCbIBaeTCH COOTBeTCTBeHHO 
giopMynaMH /8/ /9/, /10/. 
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KOHKPETHb/E PEAJIH3All,HH M0,4EJIH. 
CPABHEHHE C 0/Ib/TOM 

YKa3aHHhie TPII pe)KIIMa no-pa3HOMY npOJIBJUIIOTCJI .D,IlJI 

pa3Illl1.J.HblX KOM611HaI.1,IIH B3allMO.D,eHCTByIOII.J,IIX JI.D,ep. I'py6o 

Bee peaKI.J,1111 MO)KHO pa3611Tb Ha TPII rpynnw no Ben111.J.11He 

Z1Z2 - npoll3Be.D,eHIIJI 3apJI.D,OBhlX '-I.Ileen JI.D,ep, BOBne'-1.eH

HbIX B CTOilKHOBeHlle. 

Z I Z 2.$ 200 

3TO cpaBHIITenbHO nerKlle JI.D,pa. Ilp11MepOM TaKIIX peaK

I.J,IIH MO)KeT cny)KIITh 12 C + 27 Al, noTeHQ11anhHb1e KpllBbie 

.D,IlJI KOTOPOH np11Be.D,eHbl Ha puc. 2. IlocKOilbKY KynOHOBCKaJI 

3Hepr11JI V(!R) nenen11Ka II cpaBHIIMa c nen111.J.11noii 3nepr1111 

JI.D,epnoro B3allMO.D,eHCTBIIJI VN (R), TO B03MO)KHbIMII OKa3bI

BaIOTCJI cny1.J.a11 KaK C V,,r > 0, TaK II C Ver < 0. Tor.D,a, 

cornacno /9/, Kp11naJI ac 1~E) KaK <PYHKU.IIJI E 6y.D,eT 11MeTb 

COOTBeTCTBeHHO IlOilO)KIITenbHbIH 11n11 OTp11u.aTenhHbIH na

KilOH BO BTOPOM pe)KIIMe, '-I.TO 11nn10cTp11pyeTCJI pe3ynhTa

TaMII, npe.D,CTaBneHHbIMII Ha puc. 3. )J,nH peaKI.J,1111 
2 C+ 58 Ni 

IlOTem1.11an Ha KPIITH'-1.eCKOM paCCTOJIHIIII 6nH30K K nyn10 

/Ver = -1,5 M:JB/, H no BTopoM pe)K11Me a cr,,(E):::const. 
)].nH o6cy)K.D,aeMoii rpynnh1 JI.D,ep Ben01.J.11na f c-/2) Mo

)KeT 6bITb ou.eueua B npe.D,IlOilO)KeHIIII, '-I.TO OCHOBHOe orpa -

Hll1.J.eH11e Ha CTa6HnhHOCTb CIICTeMbl HaKna.D,hIBaeT 3aKOH 

coxpaHeHIIJI yrnoBoro MOMeHTa, T .e. np11 E >E r/2) BKna.D, 

B ce1.J.eH11e CilHJIHIIJI 6y.D,yT .D,aBaTb Illlllib Te napu.uanhHhle 

BOilHbl fi , .D,IlJI KOTOpbIX 3HeprHJI CIICTeMhl Ha KpllTH'-1.eCKOM 

paCCTOJIHHII R er B BhIXO.D,HOM KaHane OKa)KeTCJI Bbillie 6apbe -

pa B3allMO.D,eHCTBHJI .D,IlJI COOTBeTCTBYIOII.J,ero KOHe'-1.HOrO yr

noBoro MOMeHTa e i. 3TO IlO.D,pa3yMeBaeT 3HaH11e He TOnb

KO e { , HO II IlOTeHI.J,llana B BbIXO.D,HOM KaHane. )J,onycTIIM, 

'-I.TO B BbIXO.D,HOM KaHane .D,eHCTByeT TOT )Ke caMblH noTeH

u.uan, '-I.TO H BO BXO.D,HOM, - 3TO Hennoxoe np116nH)KeH11e 

B cny1.J.ae peaKU.HH c nerKHMH JI.D,paM11. Tor.D,a,paccMaTpH

BaJI CIICTeMy a BbIXO.D,HOM KaHane KaK .D,Ba "cnHilllillXCJI" JI.D,pa 

/ sticking r11n0Te3a/, H3 JaKona coxpaHeH11JI yrnoBo

ro MOMeHTa nony'-1.HM COOTHOllieHHe 

µR! e 1= e i --2~-
0
-

4
- _2 ______ 2_) _ 

µ R er + ' .( MIR I +M 2 R 2 
/11/ 

14 

..., 
~ 

~ 
q 

~ .... 

-~*~ ~ _,,,,, ,· __ .,, . , 

':>'t:, ~ 

";i" ~ ~ ~ 

I 

- 151 ~ ~ 
~ 

I=:? 

0-, 

~ '. ~ . _ .. ·. ·• ~tt;,f'7~k~ 
' /.<½"°'"'"~%~'°<•'%/'. 

i' <~;:.>. -,;. . . 1' ))f~• 

t 

..... ... "'( ._ 
"' ,, ..., ... <I 

~'-J 

~ Sl 

. ~--' . ~~~-.:.~>~~~· 

~ ~ 
~ -~ ~ 

# , /{;.?/i/1//l;Jif/21'/211//·fl_ 
,, . ~ 1 1.::W1/l!/!/lll1 

.. •1/.1/,,;/11//,/! Ji 
/::fff;)ftlfi//11$1 

//((({( «l\((!dl 

~ ~ 

0 

IX) 

0 

~ 
~ 

I 
!i 

i 
,e. -

:;!: 

:? 

~ 

-L. 
u 

Pt' 

::, 

~ 
,0 
D: 

ti 
)< 
:3 
;:!" 
52 
t::l 
Q) 
:3 
:c 
':: 
(:I 
£: 
\,J 

1:3 
:3 
::s
(:1 
:t: 

15 
~ 
0 
~ 

"' )< :a 
:t: 
;r 
:3 
':: 

ti ~ 
--<Ac (:I 

>b 

t; 
Cl( 

L 
<, 

>. 

Q, 

)< 
~ 

~ 
D: ,a 
~ 

:ii 
Q) 
:3 

~ 
~ 

:a 
:t: 
,Q 

':: 
t::l 
:3 
::s-
:t: 
~ 
£: 

~ 
~ 
\,J 
:3 
~ 

15 



Puc. 3. 311ep2emu'1eCKaJ1 
3U8UCUM0Cmb ce'leHUJI CAUJI
HUJI. Ha pucy11Ke npueeoe-
11a ee.11u'1u11a Kpumu'lecK020 
paouyca u 311a'1e11ue nomeu-
11ua.11b11oil 311ep2uu, coom
eemcmey10111ee 3m0My pac
cmoJ111u10. Kpueb1e - 11a111 
pac'lem. Tpey20AbHUK, 
ceem/lble u meMHble KPYJIC
KU - 3KCnepuMe11mallb1lble 
mo'IKU U3 pa6om /25,26,27/ 
coomeemcmee11110. ' 

6a, • 

I.S 

l,DJ-

QS [ .I 

:1 

so 
T 

ti 

'f 

0 t t. I • 
so 

40C • 11Al 

f{){J (.I'() 

'i'. SIM 

~ 

r,:. • a96' fl}l'f 

Y,,.• - 1,sM,I 

1(/0 

12$ • ''At 

r,:..o.91? 
V,,• ,. 7 ,.,,, 

100 ISO {,fbl 

r,IJ.e ,IJ.n.11 MOMeHTOB HHepUHH Ka)K,IJ.OrO H3 CTanKHBaIOlUHXC.11 

.11,IJ.ep HCilOnL30BaHLI HX TBep,IJ.OTenLHLie 3Ha'leHH.II. 11.cKo

Ma.ll BenH'lHHa f e/2) = f i, eCnH nonO)KHTL f ( =fer (1). 
Cne,IJ.yeT OTMeTHTL, 'ITO orpaHH'leHHe Ha BXO,!J.HOH Ka

ttan ( i) ncnonLJouanocL pattee rnacoM H MoJeneM 
121/ 

O,IJ.HaKo OHO paccMaTpHBanocL KaK He06XO,IJ.HMOe H ,!J.OCTa

TO'lHOe ycnOBHe ,IJ.nB cnH.IIHH.11 .11,IJ.ep. B pe3ynLTaTe 3TOrO 

BMeCTO Tpex pe)KHMOB B MO,IJ.enH rnaca-MoJenH npe,IJ.CKa-

3LIBanocL nHWL ,IJ.Ba. KaK BH,!J.HO H3 npHBe,IJ.eHHLIX ,IJ.aHHLIX, 

H3MepeHHH BLIIlomieHLI B OCHOBHOM B nepBLIX .D.BYX o6naCTHX, 

TOnLKo B cny'lae peaKUHH 
32 S +27 Al TO'lKa npH E = 154 M 3B 

HBHO OTHOCHTC.11 K TpeTLeMy pe)KHMY. IlonLITKa HHTepnpe -

THPOBaTL 3TY peaKUHIO B TepMHHaX MO,IJ.enH rnaca-MoJe

nH npHBena K npOTHBOpe'lHBOMY pe3ynLTaTy: npH BLICOKHX 

3HeprHHX BenH'lHHa r 0 OKaJanacL 3aBHCHlUeH OT 3Hep-er 
rHH, ,IJ.OCTHraH npH E = 154 M3B 3Ha'leHHH r 0 = er 

16 

= 0,56 <PM 12~/0'ieBH,!J.HO, 'ITO HCilOnL30BaHHe IlOTettuuanL

HOro IlO,IJ.XO,IJ.a ,IJ.nH CTOnL CHnLHOro nepeKpblTH.11 H,IJ.ep Be CL -

Ma COMHHTenLHO. B paMKax Haweu MO,IJ.enH 3TH pe3ynL· 

TaTLI nony'laIOT pa3yMHYIO HHTepnpeTaUHIO, 'ITO qiaKTH'leCKH 

MO)KeT paccMa TpHBa TLCH KaK 3KCnepHMeHTanLHOe IlO,!J." 

TBep)K,IJ.eHHe cyI.QeCTBOBaHHH TpeTLero .Pe)KHMa B IlOBe,IJ.e

HHH acJE). 

2 00 .:$'. Z I Z 2 .:$'. 2000 

IlpHMep IlOTeHuHanLHLIX KpHBLIX ,IJ.n.H 3TOH rpynnLI H,IJ.ep 

noKaJaH Ha puc. 2 /cM. peaKUHIO 
40 Ar+ 107 Ag /. Kyno

HOBCKaH 3HeprHH B 3TOM cnriae ,IJ.OCTaTO'lHO BenHKa, TaK 

'ITO Bcer,IJ.a OKa3LIBaeTCH Ver > 0. KpoMe Toro, BenH'lHHa 

Ver He O'leHL CHnLHO OT nH'laeTC.11 OT VB, 'ITO npHBO,!J.HT 

K OTHOCHTenLH0MY yMeHLWeHHIO pa3MepoB nepBOH o6naCTH. 

BenH'lHHa eer (2) ,IJ.nH peaKUHII 40 Ar+ 107Ag TO)Ke oueHeHa 

cornactto /11/, HO 3,IJ.ecL TaKaH oueHKa Mettee Ha,IJ.e)KHa, 

XOTH H Il03BOnHeT cornacoBaTL pe3ynLTaTLI pac'leTa C 3K· 

cnepHMeHTanLHLIMH TO'lKaMH / puc. 4/. 
,Jl;aHHa.!l rpynna .11,IJ.epHLIX KOM6HHaUHH BBmieTC.11 npoMe -

)KYTO'IHOH Me)K,IJ.y pacCMOTpeHHOH BLIWe H cny'laeM B3aHM0· 

,IJ.eHCTBIIH O'leHL TH)KenLIX H,IJ.ep, K o6cy)K,IJ.eHHIO KOTOporo 

MLI H nepeX0,IJ.HM. 

Z 1Z 2?. 2000 

)];nH CTOnL T.ff)KenLIX H,IJ.epHLIX CHCTeM Bonpoc YCTOH· 

'IHB0CTH rrpuo6peTaeT nepBOCTeneHHYIO Ba)KHOCTL. OCHOB· 

HLIM KOHKypupyIOI.QHM co cnHHHHeM npoueccoM, O'leBH,!J.HO, 

HBnHeTCH ,IJ.eneaue H,IJ.ep. IlonynHpHaH Mo,IJ.enL Ilna3una -

linaHHa /IO/ 'lpe3BLI'laHHO ynpolUaeT CHTyauHIO H 3aBe,IJ.OMO 

He IlO,!J.XO,!J.HT ,IJ.n.11 Hau6onee HHTepeCHLIX cny'laeB B03MO)K· 

Hor9 o6pa3oBaHHB cuepxTB)KenLIX JneMeHTOB. 
84 209 

. 

B Ka'leCTBe rrpuMepa paccMOTPHM peaKUHIO Kr+ B1 , 
Ce'leHue CnHBHHB ,IJ.nB KOTOpOH paHee HHKeM He paCC'lHTLI· 

uanocL. 

B HaCTO.III.Qee BpeM.11 MLI He MO)KeM BLIIlOnHHTL ,IJ.eTanL

HLIX MHKPOCK0ilH'leCKHX pacqeTOB Il0Be,IJ.eHH.11 o6pa3oBaH

HOH B036y)K,IJ.eHHOH CHCH!MLI. O,IJ.HaKo B pa6oTe 13 o; ,IJ.n.11 KOM· 

nayH,IJ.·.11,IJ.ep n6nu3u Z = 114 paccquTaHLI 6apLepw ,IJ.enettu.11 

Br KaK qiyHKUH.11 yrnouoro MOMeHTa .11,IJ.pa H IlOKa3aHo, 
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6,,. 
fupH 

1.0 

0,5 

0 

4-0Ar- + I07Ag 

r:.o c I 0/t '"M er , 'Y 

Vc,. • Bll,4 M3.i 

~ ~ ~ E,~I 
Puc. 4. CetJe1we cAu.1111u.11 OAJI pea1<1.1uu. ·10 Ar+ 107 Ag. Kpu
ea.11 - 11aw pactJem, 31<cnepuMe11maAbHble mo'll<U 63.111/lbl U3 
pa60lllbl /28/ 

'ITO Bf ➔ 0 npu f = (70-100 )1'1 B 3aBHCHMOCTH OT Bhl -

6pauuoii cpopMLI H,IJ,pa. KaK oueuKy ,IJ,nH I' ..r(2) MLI pac -

CMOTPHM o6a rpaHH'IHhlX cnyqa,i: c f er (2) = 701i u 100-h . 
BH,IJ, noTeHIJ,HanhHhlX KpHBblX ,IJ,nH peaKUHH IM Kr +209 Bi 

npe,D,cTaeneH Ha puc. 2, a Ha puc. 5 HaHeceHhl pacl.feTHLie 

H 3KCnepuMeHTanbHhie 3Ha\.feHHH ce\.feHHH. 

Xapa.KTepuoii ,IJ,nH o6cy:lK,IJ,aeMoii rpynrrhl H,IJ,ep HBnH -

eTCH, KaK BH,IJ,HO H3 puc. 2, B03MO:lKHOCTh peanu3aUHH 

cnyqa,i: Ver > V 8 . 3To 03Ha'laeT, 'ITO B o6nacTu 3Hepruu 

V 
8 

< E <Ver H,IJ,pa He MoryT c6nu3HThCH ,IJ,O KPHTH'leCKoro 

paccTOHHHH R er H, CJie,IJ,oBa TeJihHO' He npouCXO,IJ,HT HX cnHH -

HHH. Jl,D,pa Ha'IHHaJOT CJIHBaTbCH JIHlllh npu E ~Ver 
npu'leM BKna,IJ, B ce'leHue o cF(E) ,IJ,aJOT napuuanLHbie eon

HbI, HU'IUHUJI C f = 0. TaKHM o6pa30M, BeJIH'IHHa Ver Hrpa

eT pOJib nopora CJIHHHHH H,D,ep, a CelJeHHe CJIHHHHH ·npu 

3Hepruu Ver < E < E er(2) OilHChlBaeTCH cpopMynoii /9 /. Mnu, 

18 

,IJ,pyrHMH _CJIOBaMH, ,IJ,nH O\.feHh TH:lKeJihlX H,D,epHhlX CHCTeM 

"BbICOK03HepreTH\.feCKHii" pe:lKHM rnacca-Mo3eJIH MO:lKeT 

peaJIH30BaTbCH B6JIH3H nopora CJIHHHHH H,D,ep. 

IlpoueccLI, npoucxo,IJ,HIUHe npu V 8 < E <Ver• ecTecT-

BeHHO CBH3aTh C KBa3u,IJ,eneuueM, O,IJ,HaKO,B npoTHBOilOJIO)K

HOCTb BblBO,IJ,aM pa60Thl / 33 /, Mbl He nonyqaeM npu 3TOM 

"OKHa" B f -npOCTpaHCTBe ,Il,JIH 3aceneHHH COCTOHHHH cu

CTeMhI, npHBO,IJ,HIUHX K KOMnayu,IJ,-H,IJ,py. Ilpu 3aMeTHO 6onb

llIHX 3Ha\.feHHHX E pa3HHUa Me:lK,IJ,y celJeHHeM peaKIJ,HH 

6, 
SapH 

2,0 

(,0 

s"K 2098 . r + L 

~er = 10,3{ cpM 

Vcr = 355,3 M3G 

i/. 

I 

® 

6CF 

'::::::( lfl I I 

O ' " ' u '' ' ' £, Mal, 
300 400 soo 

Puc. 5. CetJe11u.11 cAu.1111u.11 u 2Ay601<011eynpy2ux nepeoa'I 
OAJI fJ3UUMOOeiiclllfJUJI O'leHb . 1/lJIJICeAblX .11oep. KpyJICOK U 
mpeyzOAbHUKU - 3KcnepuMeHTllUAbHble 1/lO'IKU OAJI pea1<1.1uii 
cAu.1111u.11/30/u 2Ay601<011eynpy2ux nepeoa'I /30,31/. mmpuxoe
Koii nOKQ3QHbl 01.1e111<u ce'lellUJI CAUJIIIUJI COZAUCHO pa6o
TllQM /31,32/. CnAOUJHbJe KPUfJble - pac'lem C fl. er (2) = 100-h , 
nyHKTllUp - C fl. er (2) = 70fl . I.(u{fipaMU J ,2,3 06031IU'lellbl 
o6Aacmu, zoe npoucxooum cAu.1111ue, "tJucmb1e" 1<ea3uoeAe-
11ue u 2Ay601<011eynpy2ue nepeoa'lu, coomeemcmee11110. 
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H ceqeHHeM cnHHHHH B 3Ha1.fHTenLHOH CTeneHH o6ycnoB

neHa npoueccaMH rny6oKoHeynpyrHX nepeAa1.f *. KaK BHAHO 

H3 puc. 5, HMeeTCH nepeXOAHaH o6nacTL 3HeprHH, rAe 

o6a npouecca AOmKHLI cocyll(eCTBOBaTL. B AaHHOM KOH

TeKCTe 3TO 3BY1.fHT He KaK YTBep)KAeHHe, a CKOpee KaK 

rHilOTe3a. Ho y)Ke B TaKoii rpy6o Ka1.feCTBeHHOH qJOpMe 

OHa IlO3BOnHeT AaTL HHTepnpeTaUHIO 3KcnepHMeHTanLHLIM 

AaHHLIM, KOTOPLie He nony1.fHilH ell(e CBoero 061>HCHeHHH. 

PeqL HAeT O pa3nH1.fHH B MaCCOBOM pacnpeAeneHHH 

IlPOAYKTOB, nony1.feHHLIX B CXO)KHX peaKUHHX 84 Kr + 186 W H 
40 Ar+ 238 u npH npaKTH1.feCKH OAHHaKOBOH 3HeprHH BO3-

6Y)KAeHHH E*: 100 M3Bl33(3TH pacnpeAeneHHH BMecTe 

C IlOTeHUHanLHLIMH KPHBLIMH H aCF(E) npHBeAeHLI Ha 

puc. 6. B cnyqae 84 Kr + 186 W cpeAH npOAYKTOB peaKUHH 

qeTKO BHAHLI IlHKH KBa3Hynpyroro pacceHHHH, a TaK)Ke 

BLIXOA IlPOAYKTOB KBa3HAeneHHH C MaccaMH, 6nH3KHMH 

K HCXOAHLI_M HApaM, HO C 6onLWHM c6pocoM 3HeprHH; IlO1.fTH 

HeT co6LITHii B o6nacTH ( A 
1 

+A
2
)/2, OTBe1.fa1011.(eii AeneHHIO 

HAep nocne cnHHHHH. ,D;nH peaKUHH 40 Ar+ 238u KapTHHa 

o6paTHaH: OCHOBHOH BLIXOA IlPOAYKTOB cocpeAOTO1.feH B 
o6nacTI! (A 

1 
+A

2 
)/2. 

KaK BHAHO H3 puc. 6, HeCMOTpH Jia Ka)Kyll(ylOCH 6nH-

3OCTL peaKUHH xapaKTep IlOTeHUHanLHLIX KpHBLIX cyI.QeCT

BeHHO pa3nH1.feH. B cny1.fae 84 Kr+ 1JJ6w noTeHuHan Ha 

paCCTOHHHH, paBHOM KPHTH1.feCKOMY paAHYCY BLIWe 6apLe-

pa peaKUHH, V > V • BLI6paHHaJI 3HeprHJI E = 339 M3B er _B 
ne)KHT 1.fYTL BLIWe ·v er H, cneAOBaTenLHO, KBa3HAeneHHe 

oKa3LIBaeTCH AOMHHHPY~Il(HM npoueccoM. ,lJ;nH peaKUHH 
40Ar + 238 U KPHTH1.feCKHii noTeHuuan u 6apLep_ B3aHMOAeii

CTBHH npHMepHo paBHLI, TaK 1.fTO npu 3aAaHHOM 3Ha1.feHHH 

E = 257 M3B npouecc cnHHHHH HAeT c 6onLWHM ce1.feHHeM. 

CneAyeT IlOA'-lepKHYTL, 1.fTO B Haweii HHTepnpeTaUHH He 

BO3HHKaeT He06XOAHMOCTH BBeAeHHH "OKHa" B f -npo

CTpaHCTBe, T.e. AOilOilHHTenLHOro orpaHH1.feHHH ce1.feHHH 

cnHHHHH co CTOpOHhl ManLIX 3Ha1.feHHH yrnoBoro MOMeHTa 
/cp. /33/ /. 

* CyMMa ce1.feHHii cnHHHHH H rny6oKoHeynpyrHx peaKUHii 
a +a oueHHBanacL no qiopMyne /Bi c 3aMeHoii · R-

CF DI eff 
Ha RB" 

20 

~ 

~1 T k ~:> ~~ 
"' l I~ 

~ 
~ 

" t:, 0 

. 
•.l· ~ 

.:,
c:,· 

~c:, ' ... 1~ ~ ~ 'r.! ~·~ ~Q 

I 
I 

~ 

:::! 

!!! 

:::. 
J 

~-0 Q Ot ~ Q ~-- ~ s ;::? ... ~":Ill!:! > 2:. ... ... "' "' :::,; 2:.·· 

in 
!51 
j:,: 

~' 

ij 
; 

~ 
~ 

i 
;t 

ir= 
0 ... t 
~~~ 
j~~ 

!i! 

f 
I 

:l' .. 

~ ij 

~ 

!!! 

::: 
J 
... 

~:!» ~ 

!! 
r ... 
"C 

ij r 
~ i 

i 
~ § 

d 
::,: ~~(@_ 

I!!!~ ift! 
a I •l :. J: 

; !? 
(l•W) DWHI .. ,~. 1n1/J~HE 10,rn1tnumm)I 

)<::S I ::S I I 
,,.. (lj ::c C'? ::s 
~ ;z: :i- 0 C'? 
D: ::S Ole i:::, 
-0 ::C Eil O (!) 

~ 0 (lj~ ::c 
::s s:: - ~ 
Q.ai:~::so 
s:: ::s ,0 ~ !\I 

;z:,::: ::s 0 
- (lj i::::s ~ Eil 

:::i,::: Eil i::::s g 
co (lj ;z: t"\ :i
M ,0 (lj~~ 
IN (lj ~ =~ 
~~::S~::s 
< t.J g. 

0 i::::s s:: . g. 
.;, ~ u------ ,,.. :,cM . .., 

::s "C')C!:. ai: 
~ IN 0,: 

i:I= ~::s~ ::s 
IO <ll::SEil~ 
_:; Eil ::SO ::s 

t.J ::tie ,::: 
+ ::s ::c i::::s t.J 
~ugQ, 

.;, ~Q,C'?~ 
co :0 ::Su 

;z: (!) i::::s 

>::s (!) ~ :0,::: 
::s i::::s ::c Eil IQ 
;:s-Eil,.,. ai: 0 ::c t.J ~, C'? 

0 o-g (!) o 
(lj t.J ;z: 

Q,~~~~ 
- ;z: (!) 

(lj,O:sai:Eil 
::s (!) ::s :s t.J 
;z: 0 !\I,::: Eil 
(lj ::c Q, t.J (lj 
;z: i::::s (lj . (!) 

(!) ;z: ;z: ai: Eil 
i::::s ,g C') ::s 0 8-o :z: o 

•::s §! t.J • 
• ::s O (lj - ai: 

'OEil::C,..o::S 
:i- t.J ... ;z: ;z: 

·• 0 (lj (lj (lj 
gs:: :i- ai: :i-,::: 

~::c~~gi 

21 



3AKJIIO IJEHHE 

TaKHM o6pa30M, aHanH3 <liH3H'leCKHX rrpe,Il,IIOilO)KeHHH, 

ne)Kal.l..{HX B 0CH0Be pa3IlH'IHLIX <lieHOMeHonorH11eCKHX M0,IJ,e -

neii, II03BO.riHn BLI.HBHTL co,cTaBHLie JneMeHTLI, Heo6xO,IJ,H

MLie ,Il,Il.H peanHCTH'leCK0ro 0IIHCaHH.H rrpouecca CilH.H· 

HH.H, H c<tiopMynHpoBaTL 061.1..{yIO M0,IJ,enL CilH.HHH.H .H,IJ,ep B 

BH,IJ,e orpaHH'leHHH Ha BXO,Il,HOH H BLIXO,Il,HOH KaHanLI peaKUHH. 

OTnH'IHTenLHOH 11epToii M0,IJ,enH .HBJI.HeTC.H rrpe,IJ,cKaJaHHe 

Tpex pe)KHM0B B 3HepreTH'leCK0M II0Be,IJ,eHHH ce'leHH.H CJIH.H· 

HH.H, r·,IJ,e c paJHoii cTerreHLIO Ba)KHOCTH rrpo.a:Bn.a:roTc.a: J<!i• 

<tieKTLI CTPYKTypLI CTanKHBaIOl.l..{HXC.H H0H0B, xapaKTep rro

TeHuHanLHoro B3aHMO,IJ,eHCTBH.H Me)K,IJ,y HHMH H CBOHCTBa 

o6pa3oBaHHoii .H,D,epHoii cHcTeMLI. B JToii CB.H3H oco6Liii 

HHTepec rrpe,Il,CTaBn.HIOT H0BLie H3MepeHH.H Ce'leHHH a CF(E) 
IIPH 6onee BLIC0KHX 3Ha'leHH.HX 3HeprHH 6oM6ap,IJ,HPYIOl.l..{ero 

H0Ha. 

Mo,IJ,enL ,IJ,aeT B03M0)KH0CTL oueHHTL ce11eHH.H CilH.HHH.H 

0'leHL T.H)KeilLIX .H,D,ep, rro·H0B0MY CTaB.H B0IIpoc 0 C00THo· 

meHHH Me)K,IJ,Y rrpoueccaMH CilH.HHH.H, KBa3H,IJ,eneHH.H H rny-

6oKoHeyrrpyrHX CTOilKHOBeHHH B peaKUH.HX c T.H)KenLIMH 

IOHaMH. Ba)KHO, B 'laCTH0CTH, 'IT0 3KcrrepHMeHTanLHLie 

,IJ,aHHLie HHTeprrpeTHPYIOTC.H 6e3 IIpHBile'leHH.H rHII0Te3LI cy-

1.1..{eCTB0BaHH.H ,Il,Il.H rrpouecca CilH.HHH.H "OKHa" B e -rrpocT

paHCTBe. Ilpe,IJ,cTaBn.HeT 6onLmoii HHTepec IIPHMeHeHHe pa3 -

BHTLIX rrpe,IJ,cTaBneHHH K aHanH3Y 3KcrrepHMeHT0B no CHH· 

Te3y CBepXT.H)KenLIX 3IleMeHT0B. 

MLI 6naro,D,apHLI B.B.BonKoBy H B.II.IIamKeBH'IY Ja rro

neJHLie o6cy)K,IJ,eHH.H. 
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