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Beeoe11ue 

lbyl.feHHe pe3yJibTaTOB HJMepeHHH Cel.feHHH H,IlepHbiX · peaKUHH 

noJBOJIHeT onpe.aenHTb .aoMHHHpyromnii MexaHJIJM peaKUHH u CTPYKTYPY 

BOJ6y:>K,IJ;eHHbiX COCTOHIIliH H,D;pa. IloBe,IJ;eHJie Cel.feHHH peaKI.(llll KaK 

<iJyHKI.(liH :meprHH na,IJ;aiOII.(JIX l.faCTliU, 3HepreTHl.feCKHH cneKTp l.faCTHU 

a BbiXOAHOM KaHane peaKUHH n nx yrnoBbie pacnpe.aenennn onpe.aemnoT 

MexaHHJM peaKUHH. ,D;nH Bbil.fncnennH a6conroTHbiX u OTHOCIITenb­

HbiX Cel.feHIIH Hy:>KHO JHaTb BOJIHOBbie <iJyHKI.(llll OCHOBHOrO II B036y:>K,IleH­

HhlX COCTOHHIIH'H,Ilep. B JaBHCIIMOCTII OT THna MeXaHIIJMa peaKI.(HII 

MO:>KHO onpe,D;eJIHTb TY IIJIII HHYIO KOMnOHeHTY H,D;epHOH BOJIHOBOH 

<iJyHKUIIH. 
ll111poKo HJBeCTHbi ycnexu B onpe,D;enenim o.ano- 11 .IlBYXKBaJnqac~· 

TII"'HbiX KOMnOHeHt ll113KOJie:>Kall(IIX H,IlepHblX COCTOHHHH B npHMbiX 

peaKUHHX nepe.D;al.fn o.D;noro u ABYX nyKnonoa/11. OrpanHl.fenue pac­

cMoTpeunn TOJibKO HII3KOJie:>Kall(HX COCTOHHHH B03HHKaeT H3 3KCnepu­

MeHTaJibHbiX TPYAHOCTeii B onpe,IleJieHHII Cel.feHHH BhlCOKOB036y:>K,IleHHbiX 

COCTOHHIIH H He,IJ;OCTaTKOB B TeopeTH"'eCKOM onucaHHH TaKHX COCTOHHHH. 

B.r.ConoabeBbiM PSLJpa6oTana Teopun CTPYKTYPhi cocTonnuii .ae­

<lJopMIIpoaaunhiX n.D;ep~21; B paMKax Mo.aenu c napnbiMH KoppennuunMH 

u MYJibTIInonh-MYJihTIInonhHbiMH cunaMH 6bma nccne.aoaana CTPYKTypa 

-- coc-fonituii ,D;e<lJopMIIpoaanHhiX n.D;ep. PaccMoTpeno anunuue BJanMo.aeii­

CTBHH KBa3Hl.faCT.Hl( C <lJonouaMH na yCJIO:>KHeHHe CTpyKTYPhl COCTOHHHH 

npu yaenul.feHHH 3Hepnm BOJ6y:>K.D;eHHH. Ilpn 3Heprllnx,paBHhlx·2-3 M:m 

H 6onee, npOHCXO,IJ;HT npouecc pacnpe,D;eJieHHH O,IlHOKBa3Hl.faCTH"'HhlX 

/n TpexKBaJnl.facTH"'HhiX/ i<oMnoueHT no uepoTaUHOHHbiM ypoBHHM 

a uel.feTHbiX Ae<lJopMnpoaaHHbiX n.D;pax. Cae,IJ;ennn o cTpyKType · TaKnx 

COCTC)HHJIH B ,D;ecpopMHPOBaHHbiX H,D;pax HBJIHIOTCH BeCbMa .CKY.IlHblMH. 

O.anoii HJ 6hlcTpo paJBHBaiOII.(HXCH o6nacTeii n.aepHbiX peaKUHii, 

B. KOTOpblX B03HHKaiOT -BbiCOKOB036y:>K,IJ;eHHble COCTOHHHHJ HBJIHIOTCH 

peaKUHH ( n, a) c 6biCTpbiMH neiiTponaMH, En= 14-18 M3B 
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'· IJ.enh HacToH~eii · pa6oThi - ·o6cy)K~eHue aorrp'< 
CTPYKTYPhi · B036y)K~eHHhiX cocTOHHUH ~e<IJopMHpoaaH 
.riuHX . (n, a ) •. B rrpHHHTOH -MO~enH ~nH 3TH X p.eaKUHH B 
KOTopaH 3aBHCHT OT ·cTpyKTYPhi aonHOBhiX <IJYHKUHH H 

rrpociaH Morienh ·~nH orrucaHHH cocTOHHHH KOHeqHor 
. . . I ' .. 

-COIIOCTaBnHIOTCH C 3KCTiepHMeHTanhHhiMH ~aHHhiMH J_ 

peat<uuu. PaccMaTpuaaeTCH aoripoc o6 ycoaeprne:Hc 
' . .. . . 

· I;IYTeM BKmoqeH~H rrpouecca ycnO)KHeHHH CTpyKTYPhl B 
HhlX COCTOHHHH •. 

·. 
1. Mexa11U3M 6bl6uea11UJI a - ~acmUfl 'e I­

c 6biCmpbiMU HeumpOIIQMU 

B TeqeHHe HeCKOnhKHX neT B Jia6opaTopHH 
BaprnaacKoro y-HHBepcH:TeTa H Jia6opaTopuu H~epHhi 
TyTa H~epHhiX uccne.i(oaaHHii /Baprnaaa/H3MepHnHch 
~e<IJopMHpOBaHHhiX H~pax /6,7/. _ bhinH rrony~eHhl ,D 

~nH HeCKOnhKHX pe~K03eMenhHhiX H~ep IIpH 3HeprHH I 
14 M3B. llpuao~HM pe3ynhTaThi 3KcrrepuMeHTa: 

a/. Bo acex . peaKUHHX ' Ha6nm~aiOTCH BhiCOJ 
a_-qacTiiUhi annoTh ~o 3Hepruu 22-24 M3B.· 
~ 6/. Bee. 3HepreTuqecKHe pacrrpe~eneHHH H~ 

KOTOpaH H3MeHHeTCH B ,3aBHCHMOCTH OT THIIa H~pa-~ 
a/. Bee y'rnoahie pacrrpe~eneHHH a - qacTHU cum 

C IIO~aBnHIOU{HM npeHMy~eCTBOM a -qacTHU,. neTH 
yrnaMH. 

Ha . OCHOBe , MHOrHX pa60T, npo~emiHHhiX' ~0 1 
IIOIIhiTaThC~. npoaeCTH CHCTeM'J'KY ceqeHHH (il, a)·. 
MacrnTa6e Maccoaoro qucna A • . . 

Ha pucyHi<e 1 rroKa3aHo rronHoe ceqeHHe (n, a) pe 
~o A= 180. Bu~Ho cunhHOe noahiiiieHHe ceq« 
·A= 140-170 .. Ha pucyHKe 2 rroKa3aHa aenuquHa y = 
TeopeTuqecKaH ae.JiuquHa ceqeHHH a 1h BhlqucnHnacJ 
peHHH. ~ o6naCTH Mace A= 80, A= 130 H ~= 
cHnhHoe pa~xo~eHHe Me)K~y ceqeHHHMH, BhrqucneHI 
TanhHO H TeOpeTHqecKH. 

Bee cKa3a.HHoe rro~Taep~aeT, qTo a o6nacTH 
3neMeHTOB peaKUHH (n,a) 3aCTaBnHIOT HaC IlpHHHTb H 
qeM ~nH o6nacTH H~ep c A = 50, r~e Mo~enh 
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. ,·. · Uenh HacTon~eii · pa6oThi - ·o6cym,D;eHne aonpoca nccne,D;oBaHHH 

cTpyKTYPhi · BOJ6ym,D;eHHhiX cocTOHHHH ,IJ;edJopMnpoaaHHhiX H,lJ.ep B peaK! 
.IiHHX (n, a).· B npHHHTOH MO,D;eJIH ,D;JIH 3THX peaKUHH Bhi,D;eJIHeTCH q~CTh, 
KOTopan .JaBHCHT oT ·cTpyKTYPhi BOJIH~BhiX dJyHKUHH H,D;ep. llpnMeHHeTCH, 
npocTaH MO,D;eJih ,D;JIH onncaHHH COCTOHHHH KOHeqHoro H,D;pa. PacqeThl 
.conOCTaBJIHIOTCH C .. 3KCTiepHMeH~aJibHhiMH ,D;aHHhiMH ,Il;JIH ceqeHHH (n, a ) . ·. 
·peaKunn. PaccMaTpnaaeTcH aonpoc o6 ycoaepmeHCTBoBaHHH Mo,D;enn. 

· nyTeM BKJIIoqeHHH npouecca ycnomHeHHH CTpyKTyphl BbiCOKOB036ym,D;eH::,. 

HhiX COCTOHHHH. 

', 

1. MexaHU3M Bbl6ueaHUJI a - 'lacmu!J e peaKIJUJIX 

C 6biCmpbiMU HeiimpOHQMU 

. B TeqeHHe HeCKOJihKHX JieT B Jla6opaTOpHH H,D;epHOH dJHJHKH 
BapmaacKoro yHnBepcnTeTa H Jia6opaTopnn H,D;epHhiX peaKUHH HHcTn­
TyTa H,D;epHhiX nccne):(oaannii /Bapmaaa/HJMepHJIHCh peaKUHH (n, a) na 
,D;erlJopMHPOBaHHhiX H,D;pax / 6, 7/. bhiJIH nonyqenhl ,D;aHHble 0 ceqeHHHX 
,D;JIH HeCKOJihKHX pe,D;KOJeMeJihHhiX H,D;ep npH 311-eprHH neiiTpOHHOrO nyqKa 
14 M3B. llpnao,D;HM peJyJihTaTbi 3KcnepnMenTa: 

a/. Bo BCeX . peaKUHHX Ha6mo,D;aiOTCH BhiCOK03HepreTHqeCKH.e 
a_-qacTHUbi anJIOTh ,D;O 3Heprnn 22-24 M3B. 
· ·. 6/. Bee 3HepreTnqecKne pacnpe,D;enennn HMeiOT cTpyKTYPY, 

KOTOpaH HJMeHHeTCH B JaBHCHMOCTH OT THna H,D;pa-MHIIIeHH. 
a/. Bee y"rnoabie pacnpe,D;eJieHHH a - ~IacTHU CHJibHO acnMMeTpnqnbi 

C no,D;aBJIHIO~HM npeHMy~eCTBOM a -qaCTHU, JieTHIUHX fiO,Il; MaJibiMH. 

yrnaMH. 
Ha. OCHOBe MHOrHX pa60'I_', npo,D;emlHHMX ,Il;O 1969 ro,D;a, MO)KHO.J. 

nonbiTaTbC~ npoBeCTH CHCTCM'J'Ky ceqennii (n,a) peaKUHH BO BC.eM. 

MacmTa6e Maccoaoro qncna A • . 
Ha pncyHI<e 1 noKaJaHo noJIHoe ceqeHne (n, a) peaK~HH ,D;JIH A = 115 

,D;o A= 180. Bn,D;HO CIIJlbHOe noBhiiiieHne ceqeHHH ,D;JIH npe,D;ena ... 
A= 140-170. Ha pncyHKe 2 noKaJaHa aennqnna y = log (a I a th) 
· · exp 

TeopeTnqecKaH aennqnHa ceqeHHH ath BbJqncnnnacb no Mo~enn ncna-
peHHH. ~ o6nacTH Mace A = 80, A= 130 n A= 150 Ha6nro,D;aeTCH 
CHJlbHOC paCXO)K,Il;CHHe Mem,D;y ceqeHHHMH, BhlqHCJICHHblMH 3KCnepHMeH­

TaJibHO H TCOpCTHqecKH. 
Bee cKaJaHHOe no,D;TBep)K,Il;aeT' qTo B o6JiaCTH pe,D;K03eMeJibHblX 

3JieMeHTOB peaKUHH (n,a) JacTaBJIHIOT Hac npnHHTh HHyro. ToqKy 3peHHH, 
qeM ,Il;JIH o6JiaCTH H,IJ;ep C· A = 50, r,D;e MO,D;CJll> ''CJIO)KHOrO H,D;pa" 
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xopowo cornacyeTcH c JKcnepuMeHTOM/
9
/. Bo-nepE 

c MO,IJ;enhiO !'cno)KJioro. H,D;pa" nnoxo orrHChiBaiOT ceqeJ 

Bo-BTOphiX, BO BCeX IIOIIhiTKaX ycTaHOBneHHH KaKOH-~ 
MO,IJ;enu ,IJ;nH 3TH X peaKQHH "precompound model-~ TO)! 

O,IJ;Ha H3 OCHOBHhiX qepT ceqeHHH (ry a) peaKl{HH - CT{: 

qecKoro CITeKTpa a -qacTHl{ /lOt: 3TO npHBO,Il;HT HI 

Mo,IJ;enu (n, a ) peaKUHH KaK npHMoro rrpouecca • 

. Ha puc: 3 rroKaJaHa JaBHCHMOCTh 3HeprHH cem 

KaK $yHKUHH Maccoaoro qucna A. ,ll;nH H,D;ep c A -160 
eTCH ,IJ;O uecKonhKHX ,IJ;eCHThiX qacTH M3B.BHpTyan 

o6pa3yiOT rrepmpepHIO H,D;pa H BhiTanKHBaiOTCH H3 H,Il; 

TaiOil{HMH ueiiTpouaMH. Mo)KHO Ha,IJ;eHThCH, qTo Bhi6HB 

3To rnaBHhiii, Ho He e,IJ;HHCTBeHHhiH MexaHH3M. B 3TC 

MeXaHH3M peaKl{HH Tlfiia pick-up renHH- 3 H TH» 

· ,ll;nH orrpe,IJ;eneHHH aMrrnHTY~hl (n, a J'· peaKUHH MIJ1 
paMMHYIO TexHHKY, paJpa6oTaHHYIO 11. C.lllarrupo 

3TOrO IIO,Il;XO,IJ;a COCTOHT B TOM, qTo xapaKTepHhH 

rrpoueccoa o6ycnoaneHhl 6nHJOCThiO K cPHJHqecKoii o6. 

qeK aMIInHTY,IJ;hl peaKl{HH, KOTOpajl HBnHeTCH. aHanHTI 

KHHeMaTuqecKHX rrepeMeHHhiX. B · TeopHH 11. C.lllarrup 

HHJMY peaKUHH COOTBeTCTByeT rpa$HK <l>eiiHMaHa, KC 

nHeT OIIpe,IJ;eneHHYIO COBOKYIIHOCTh BHpTyanhHhiX rrpou 

oTseqaeT orrpe,IJ;eneHHaH oco6aH TOqKa aMrrnHTY,IJ;hi peal 

HOCTH orrpe,IJ;enHeTcH cTpyKTypoii ·rpa$uKa, a ee rrono)Kt 

CTH (z=cosO) ~ 3Heprueii E HaneTaiOmeii qacTHUhi H :M 

H BHpTyanhHhJX qacTHU. Ha HJhiKe ,IJ;HarpaMMHOH Te 

peaKl{HH MO)KHO HaiiHCaTb B BH,IJ;e /pHC. 4/: 

n oL n. r' I 

--1-_ .... "_+ ~+ ~ 
·r T·J. 1' T cJ. 7 

Puc. 4 

B ,IJ;anLHeiimeM 6y,IJ;eM yrroTpe6nHTh TOnhKo Tpeyro; 

,IJ;nH HJyqeHHH peaKl{HH (n, a). IlpHHHMaeM BCe BeplliHl 

paMMhl KOHCTaHTaMH. IlpH 3THX rrpe,IJ;IIOnO)KeHHHX a: 

qaJOIUYIO TpeyronhHOH ,IJ;Harpa¥Me, MO)KHO uanuca 
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xoporno cornacyeTCH c 3KcnepHMeHTOM 1 1 • Bo-nepnhiX, nee pactieTbi 
C Mo,neJibiO ~'CJIO)f(HOrO H,npa" llJIOXO OllHCbiBaiOT Ce'leHHH (n,a) peaKUHH. 
Bo- nTOpbiX, no ncex llOllbiTKaX ycTaHOnJieHHH KaKOH- TO. npoMe)f(yTO'IHOH 
Mo,neJIH ,nJIH 3THX peaKU:HH "precompound model'~ TO)f(e He nonyqaeTCH 
o,nHa H3 OCHOnHbiX 'lepT Ce'leHHH (n, a) peaKUHH - CTpyKTypa 3HepreTH­
tieCKOrO cneKTpa a -qaCTHU: /to/. 3TO IIpHnO,nHT HaC K pa3pa60TKe 
Mo.nenu (n, a) peaKU:HH KaK npHMoro npou:ecca. 

,Ha pHc: 3 llOKa3aHa JanHCHMOCTb 3HeprHH cenapaU:HH a. -qacTHU 
KaK l))yHKUHH Macconoro tiHcJia A. ,LJ;JIH H,nep c A -160 3HeprHH rroHH)f(a­
eTcH .no HeCKOJihKHX .necHThiX qacTH M 3n. BupTyaJibHbie a- qacTHUhi 
oGpaJyiOT rrepHI))epHIO H,npa H nhiTaJIKHnaiOTCH H3 H,npa- MHliieim HaJie­
TaiOIUHMH HeiiTpoHaMH. Mo)f(HO Ha,neHThCH, 'ITO n&I6HnaHHe a·tiacTHU-
3TO rJianHbiH, HO He e,nHHCTneHHbiH MeXaHH3M. B 3TOH .cnHJH OTMeTHM 
MexaHHJM peaKU:HH THna pick-up renuH-3 H TH)f(eJioro rro.nxnaTa. 
, • ,LJ;nH orrpe.neneiiHH aMnJIHTy,n&I (n, a)". peaKu:un M'j

11
BJ;I6upaeM .nuar­

paMMHYIO TeXHHKY, pa3pa6oTaHHYIO H. C.lllarrnpo • OcHoBHaH H,neH 

3TOrO IIO,nxo,na COCTOHT B TOM, 'ITO xapaKTepHbie tiepTbi IIpHMbiX 
rrpou:eccon o6ycnonJieHbi 6nnJOCThiO K l))nJutiecKoii o6nacn1 oco6&Ix To­
tieK aMIIJIUTy,nbi peaKU:UU, KOTOpa_H HBJIHeTCH aHaJIUTI~'IeCKOH l))yHKU:Ueii 
KUHeMaTutiecKUX rrepeMeHHbiX. B Teopuu H. C.Illarrupo Ka)f(.nOMY Mexa­
HUJMY peaKU:HU COOTBeTCTByeT rpal))uK cl>eiiHMaHa, KOTOpbiH rrpe,ncTaB­
JIHeT OIIpe,neJieHHYIO COBOKYIIHOCTb BUpTyaJibHbiX IIpou;ecCOB U KOTOpOMY 
oTBetiaeT orrpe.nenennaH oco6aH TO'IKa aMIIJIHTy,n&I peaKuuu. Tun oco6eH- · 
HOCTU OIIpe,neJIHeTCH CTpyKTypoii 'rpal))uKa, a ee IIOJIOiKeHUe B Z •IIJIOCKO· 
CTU ( Z=cos()) ~ 3Heprueii E HaJieTaiOIUeii 'laCTUUbi U MaccaMU peaJibHbiX 

u nupTyaJibHhiX qacTnu:. Ha HJhiKe .nuarpaMMHOii TeXHUKU aMnJIHTy,ny 

peaKUUU MOiKHO HaiiUCaTb n BU,ne /puc. 4/: 

n oL n. r' n 

_.__~"_+]~~>---_..._J fi-e~ 
. 1 T· fJ. T I T rJ. T T I 

PHc. 4 

B .nan&HeiirneM 6y.neM ynoTpe6JIHTh TOJihKO TpeyroJI&Hyro .nuarpaMMY 
,nJIH H3y'leHHH peaKUHH (n, a), I1pHHHMaeM nee nepliiHHHbie tiaCTH ,nHar­
paMMbi KOHCTaHTaMH. I1pH 3TH X IIpe,niiOJIO)f(eHHHX aMIIJIHTy,ny, OTne­
tiaiOIUYIO TpeyrOJibHOH ",nuarparyiMe, MO)f(HO Harruca Tb B nH,ne / 7/ : 
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F/i = Fkin (En , f!) *S. /1/ 

- '2 
B ciJopMyne /1/IFkin I onpe.nenHeLBepOHTHOCTh BhiJieTa a -qacTHU-
no,u: yrnoM () H C ,u:aHHOH 3Heprneii, _:s2 

= y~ y; - eCTh YMHO:>KeHHe 
npHBe,neHHhiX IIIHpHH a -qacTHUhi B H,U:pe-MHIIIeHH H HeiiTpOHa·B KOHel.J:-
HOM H,U:pe T: BenHl.J:HHa y onpe,u:enHeTCH cne.u:rroruHM o6pa30M: -

. 11!. 2 
y. = ( 'Il 'h ]M ]M 

zs 2M a . ) . f ¢.s X . ds 
c .. c l c 

/2/ 

B ciJopMyne /2/ M c OJHa'iaeT npnBe,u:eHHYIO Macey ,u:nH BHpTyanhHOii 
l.J:aCTHUhi i B KaHane T ::> (T ~i)+·i, ac 03Hal.J:aeT pa,u:nyc 3Toro KaHana. 
<l>yHKUHH XJM - BOnHOBaH cPYHKUHH H,npa T. <l>yHKUHH rp onpe,u:enHeTCH 

cne,U:YIOIUHM o6pa30M: 

¢ 1~= -
1- I <11m1 12 ~ l·sm><smfm.e 11M •> * 

s,z a c m1m.2 . 

. I 
*1/J~l (~ )1/J 2 

z;m 1 1 i,m2 
e " ( t' 2) Yme (r ) 

Ce'ieHHe , (n, a) peaKUHH onpe,u:enHeTcH o6hll.J:HO: 

d 2a ----= 
dE d w 

U:nTmaT' 
4rr 2 

Pa .. , F j. 
-.. - !1 
·n 

/3/ 

., 

/4/ 

Ho, no:>Kanyii, ciJopMynhi I 4/ Hen:.JH conocTaBHTh c 3KcnepnMeHTani.HhiMH 
,u:aHHhiMH~ B peaKUHHX (n, a) · 3HepreTHl.J:ec:KaH pa3peiiiHMOCTh 3Kcnepn­

. MeHTa - OKOnO 300-400 K3B. MO:iKHO CKa3aTh, 'iTO B 3KCnepliMeHTe 
H3MepHeTCH ycpe,u:HeHHOe cel.J:eHHe Ha npe,u:en 300-400 K3B. KpoMe 
TOro, B. ,u:anhHeiiiiieM . 6y,u:eM JaHHMaThCH TOnhKO Cel.J:eHHHMH . ,nnH 

. .. . .. . 0 • 

onpe,u:eneHHoro yrna BhlneTa a -qacTHU oKono 30 .Bee 3TO npnBo,nnT 
K cne.nyrorueii ciJopMyne, KOTopyro Mo:>KHo conocTaBnHTh c 3KcnepnMeH-
TOM: 

< da > 
dE 30° 

1 da ) -~ ~ ( dE·. 30° y2rra l l 

2. 
(E~E ;) 

-). exp(- 2a2 · /51· 

. \ 

i· 
f 
t~. 

. l. 

-r 

'-!~ 
- :" 

~ 
~ 
[j 

f. 

j 

l 
\ 

i 

.. 
' 

.·f 

! 

. 

L 

;} 
} 
I 
\' 
! 

.I 
' l-

B ciJopMyne /5/ cyMMHPOBaHne npoBOJJ:HTCH ·no 
KOHel.J:Horo H,npa. : EyKBOii a o6oJHal.J:eHa 3HepreTHl.J:e 
-3Kcnepn:MeHTa. ci>opMymi., o:ripe,u:enHroruaH ycpe,u:Hei 
KOHef~HQf'O H,U:pa, HBnHeTCH annpOKCIIMau;Heii 3KCne 

' ~ 12f BOH • _ 

2. HcC/zeooeaHue cmpyKmypbl oerftopMUPOE 
peOK03eMe/lb11biX JIOep C He<temHbiM '-IUC/lOM 

lfJyqeHne ceqeHnii (n, a) peaKUHII c 6I>icTphiMI 
B03MO:iKn<lCTh IIJyqeHIIH B036y:>K,U:eHHH KOHeqHor~ 
3Heprnn 4- 5 M 3B. M exaHIIJM Bhl6nBaHnH -a - qacTE 
KaK O,U:IIH 113 BllpTyanhHhiX npou;eCCOB, BllpTyanhHl 
HJJ:POM T -a. BnpTyanhHhiii npouecc JaxBaTa Hei 
B MHoroKpaTHO paccMaTpnBaeMOM npouecce. ,u:ei' 
Ha pnc. · 5 noKaJaHhi o6a npouecca. A:MnnnTy,u:hl 1 

npoueccoB ,u:on:>KHhi 6hiTh paBHhi Me:>K,u:y co6oii. B 
T-a uaxo,u:nTcH BHe 3HepreTnqecKoii noBepxHOCT 

,u:oBonhHO Man, TaK KaK oqeHh Mana 3HeprnH cen 

A 3TO oJ'uaqaeT, qTo 

2. . 2 
y~(d, p) =Yn(n, a) 

npn JaxBaTe Heii:rpoHa HJJ:POM :T-a. B 3Kcnepl 
ceqeHIIH (n, a) peaKI.J;IIII, B KOTOphiX nonyqaniiCh KC 
qeTHhiM qncnoM HeiiTpoHOB 161. BonHOBYIO cPYHKUIII< 
H,U:ep npiiHIIMaeM B BII,U:e /t3/ . 

I EIMK; = y 3i.±-1- I c: * 
16rr2 in .Jnk 

~ ~~ I 
*[DMK (O;)IjnK>+(-1) n DM-K (()iJI jn-

' 

a ,u:nH HeqeTHo-HeqeTHhiX H,u:ep 

I . 2 I +1 ~ G G 1"· n 
EIMK> = y --.,..-- . ~ . i 0 i fYH' 

- . 16rr 1 n1p P P n - p 



/1/ 

rL BblneTa a - qacTHU .· . 
· - ecTL yMno:lKenne 

H: n neiiTpoHa B Koneq-· 
:QHM o6pa30M: 

/2/ 

LCCY ,D;nH BHpTyanbHOH 
pa,D;nyc 3Toro KaHana. 
[K:QHH cp onpe,D;enHeTCH 

/3/ 

/4/ 

;3KCnepHMeHTanbHblMH 
t3pemnMOCTb 3Kcnepn-, 
:.; 'ITO B 3KCnepH¥eHTe 
300-400 K3B. K~oMe 
JnbKO Ce'leHHHMH ,D;nH 
30 °.Bce, 3TO npHBO,D;HT 

aBnHTb C 3KCnepnMeH-

·)2_. I , ~ J 

-:-) .. /5/. 

·~· 

. . . 

B tiJopMyne /5/ cyMMHpoaanne npoao,D;HTCH no aceM · cocTOHHHHM 
. KOHe'moro H,D;pa. EyKnoii a o6o3Ha'leHa 3HepreTntiecKaH paJpemnMOCTb 
· 3i<cnepnMeHTa. · <I>opMymi., onpe,D;enHmmaH ycpe,D;Henne no cocToHHHHM 
KOHe

1
'1HQrO H,D;pa, HBnHeTCH annpOKCHMa:QUeii 3KCnepHMeHTanbHOll KpH-

' v ,t2( 
BOH · . 

2. Hcc/leooeauue C111PYK111YPbl oetftopMupoeaHHbiX 
peOK03eMe/lb1lbiX .ROep C He<JeTIIHbiM '-JUC/IOM Heii11lp01108 

lfJyqeHHe Ce'leHHH (n, a) peaK:QHH C 6LICTpbiMH neiiTpOHaMH ,D;aeT 
B03MO:lKHOC1'b H3y'leHHH B036y:lK,D;eHHH KOHe'IHOrO H,D;pa BnnOTb ,11;0 
3neprnn 4-5 M3B. MexaiiH3M BLI6naaHHH a -qacTn:u; BKnroqaeT B ce6H, 
KaK O,D;HH H3 BHpTyanhHbiX npo:u;eCCOB, BHp~yanhHbiH JaXBaT HeiiTpOHa 
H,D;poM T -a. BnpTyanLHLiii npo:u;ecc 3axaaTa ueiiTpoHa noHBnHeTCH 
a MHOroKpaTHO paccMaTpnaaeMOM npo:u;ecce ,D;eiiTponlioro cpbiBa. 
Ha pnc. 5 noKaJaHLI o6a npo:u;ecca. AMnnHTY,D;LI o6onx BHpTyanLHbiX 
npo:u;eccoa ,D;on:lKHLI 6LITb paBHLI Me:lK,D;Y co6oii. B peaK:QHH (n, a) H,D;po 
T-a uaxo,D;HTCH nne 3HepreTH'IecKoii noaepxnocTH. Ho-3TOT 3tPtPeKT. 

,D;OBOnhHO Man, TaK KaK oqenh Mana 3Heprn~ cenapa:u;nn a -qacTH:Q. 

A 3TO 03HatiaeT, 'ITO 

2 2 
y ~- ( d, p )~ y n ( n, a) /6/ 

npn 3axaaTe neii:rpona H,D;pOM ·r-a. B 3KCnepnMenTe H3MepHnncb 
ce'leHHH (n, a) peaK:u;nn, B KOTOPLIX nonyqanncb KOHe'IHLie H,D;pa, c ne­
tieTHLIM qncnoM neiiTpouoa /6/. BonuoayiO tiJynK:u;mo ,D;nH tieTno-tieTHLIX 

H,D;ep npHHHMaeM B BH,D;e /13/ 

I 
. ' 21 +y-

. EIMK > = y --- !. C * 
- 16rr2 in .jnk 

/7/ 

I EIMK> = v _E.:_~ . ~ c iPn P c in~-t..n P 
· 16rr 1 n1p 

9 

• 
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*I . . I-j '-i 
!}pf!p >Jn K +f!P·>+(-1) P' n D1* (O.)Ij - f! · ·> * 

M,-k 1 P P 

lin-k ±f!p >J, In > = 2 c . ...... I if! '> • 
j JU 

/8/. 

ll3 «iJopMyn /2/, /7 I, /8/ nonyl.JaiOTC» cne,nyiOI.QHe «iJopMynbi .nm 

npnBe,neHHbiX lliHPHH: 

2 . 3/2 2 y, 
y n ( n, a J = (a c (--- ) c . f! R . £ 

2 i+1 ln n ln n 

,nn» l.JeTHO • Hel.JeTHblX R,IJ;ep, H 

2 
( ac)) 

,. 21y..f{ . 1 2 . . . . 2 
.t (n.a)=-~--·---- 2 c. 0 < 1 k±.D. IT-an IJK,' 
yn. 21'-1 1. ln~"n n p p 

• n 

2R2 * ac jnP.n (ac). 

/9/ 

/10/ 

B ·«iJopMynax /9/, /10/ j 11 03Ha1.JaeT yrnOBOH MOMeHT, BHOCHMbl 
Heii:TpOHOM B KOHel.JHOe »p;po. C ·f! · K03«iJ«iJnuneHTbl pa3nO)I(eHH 
nnnbcconoBcKoii: «iJynKunn B c«iJepnqn~-cnMMeTpH'IHOM 6aJnce. R ·e(r) 
pa.nnanbHa» BOnHoBa» «iJYHKUH» neii:Tpona. IIpnBe,neHHb~e umpHHhf y; 
,non)I(Hbl Bbll.JHCnHTbCR npH TeX )l(e MO,nenhHbiX .napaMeTpax, l.JTO H 

. peaKUHHX (d, p) Ha H,npax T -a. 
IIpnMepi.I pacl.JeTOB noKaJaHhi _na pnc. 6-8. Ha 3THX pncynKa 

COnOCTaBnHIOTCH pacl.JeTbl OTHOCHTenbHblX ce.JeHHH C 3KCnepnMeHTanb 
HbiMH ,naHHbiMH 17•14 1. IIpnBe,neHHbie rnn:pHHbi Bbil.JHCn»nncb ,nnH o.nno 
l.JaCTifl.JHbiX cocTO»HHH, npe,ncKa3biBaeMhiX Mo,nenhiO Hnnbccona 
BKniOl.JeHneM cnn napHbiX KoppenHunii:. HapaMeTpbi nnnbcconoBcKor 
noTeHUHana B3 HTbl H3 ya6oT, B KOTOpblX paCCMa TpHBanHCb peaKUil 
(d, p) na ».npax T -a /15,. Bee o.nnoqacTHl.JHbie cocTO»HH» .no 3Heprll 
oKono 1, 5 M 3B o6aapy)l(eHbi B peaKUH»X (d, p). CocTo»HHH .nn» 6om 
BbiCOKHX 3Heprnii: Bbll.JHCn»nHCb TO)I(e no MO,nenH HHnbCCOHa C BKniOl.JE 
HHeM CHn napHbiX KOppen»UHH. KaK BH,II;HO H3 pncyHKOB 6· 8,' nonyqaeT< 
xopornee cornacne paccl.JnTaHHbiX KPHBbiX c 3KcnepnMeHTanbHbiN 
,naHHbiMH. 3Ha1.JiiT ,· O,IJ;HOl.JaCTHl.JHbie COCTORHHR,. paCCl.JHTaHHbie no MC 
.nenn Hnnbccona n ycpe.nneHHbie .na npe.nen 3Heprnn 300 K3B, xopou 
onHCbiBaiOT noBe.nenne ceqeimii: ( n, a) peaKUHH KaK «iJyHKUHH 3Hepn 

II 
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(.) 
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*I • . J-j ·-j 
!Jpflp >Jn K +flP·>+(-1) P n 

J* . 
n · (O.J! i - n ·> * 

M,-k 1 . p p 

!in-k ±flp >], lfl>=Z.C.n jjfl'>. 
j JU 

/8/. 

113 tiJopMyn /2/, /7 I, /8/ nonytiaiOTCJI cne,!l,yiOI.QHe tlJopMynhi ,!l,nJI 

npnBe.D.eHHhiX nmpnn: 

2 . '3/2 2 y, 
y ( n, a) = (a (-- ) c . n 

n · c 2j+1 lnun 

R ( 2 
inf'n 

8
c)) /9/ 

,!l,llH 'IeTHO-He'IeTH_hiX JI,!l,ep, H 

21 + '1 2 
·· -· T-a ~ 2 · k n 1 n II K· I (n,a) ='" ---·---- .:... c · o < 1 ±. T-a p · / 
n . 21.,1 in ln~'n n p 

/10/ 

*a~R~p (ac). 
ln.n 

B ·tiJopMynax /9/, /10/ j 11 03HatiaeT yrnoBOH MOMeHT, BHOCHMhiH 

Heii:TpOHOM B KOHe'IHOe JI,D,pO. · C ·fl - K03tPtPHUHeHTbl pa3llOJKeHHJI 

HHllbCCOHOBCKOH tPYHKUHH B ctiJepH'IH~- CHMMeTpH'IHOM 6a3n<:ie. R ·f (c) -
pa,!l,nanhHaH aonnoaaH tPYHKUHJI neii:Tpona. IIpnae,!l,eHHh~e nmpHHhf y; 
,!l,OmKHhl Bhi'IHCllJIThCJI npH TeX :>Ke MO)l,ellhHhiX .napaMeTpax, 'ITO H B 

. peaKUHHX ( d, p) Ha H,!l,pax T -a. 
IIpn:Mepi.I pactieTOB noKaJaHhi _Ha pnc. 6-8. Ha 3THX pncyHKax 

COnOCTaBllJIIOTCJI pactieThl OTHOCHTenhHhiX Ce'IeHHH C 3KCnepHMeHTallh­

HhiMH ,!l,aHHhiMH /7,14 /. IIpnBe,!l,eHHhie IIIH"pHHhi Bhi'IHCnJinnch .D.llJI O,!l,Ho­

qaCT!f'IHhiX cocTOHHHii, npe,!l,cKa3hiBaeMhiX MO,!l,enhiO Hnnhccona c 

BKlliO'IeHHeM CHll napHhiX KOppenJIUHH. llapaMeTphl HHllhCCOHOBCKOrO 

noTeHUHana B3JIThl H3 ya60T, B · KOTOphiX paCCMaTpHBanHCh peaKUHH 

(d, p) na H,!l,pax T-a /15,. Bee O,!l,HO'IaCTH'IHhie cocTOJIHHJI ,!l,O 3Heprnn 

oKono 1,5 M3B o6napy:>KeHhi B peaKUHJIX (d,p). CocTOHHHJI ,!l,nJI 6onee 

BhiCOKHX 3Heprnii: Bhi'IHCllJillHCh TO:>Ke no MO,!l,enH HHllhCCOHa C BKlliO'Ie­

HHeM cnn napHJ;>IX KoppenJiunii:. KaK im.D.HO H3J>HCYHKOIJ 6-8,' nonyqaeTcH 

xopoiiiee cornacne pacctinTaHHhiX KpHBhiX · c 3KcnepnMeHTanhHhiMH 

)l,aHHbiMH. 3Ha'IIIT ,· O,!l,HO'IaCTH'IHhie COCTOJIHHH,. paCC'IHTaHHhie no MO­

,!l,enH Hnnhccona n ycpe,!l,HeHHhie .na npe.Iien 3Heprnn 300 K3B, xopoiiio 

OnHChiBaiOT noBe,!l,eHHe Ce'Ieimii: (n,a) peaKUHH KaK tPYHKUHH 3HeprHH 

II 
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Pnc. 8. 3neprnH BOJjjyJK.neHHH /M 3B/. 

14 
-·r 

B036y)K~eHHH BIIJIOTh. ~0 4 M3B. 3TOT pe3yJibTaT MO 

KaK yKala!{He ~JIH·MO~~JibHbiX paC'IeTOB BOJIHOBLIX ~ 
6y)K~eHHLix cocToxnifH: ~eciJopMnpoaaHHLIX H~ep. B 

Gy)K~eHHLIX . COCTOHHHH, pa3pa6o-i-aHH,OH- B. r. Con 

TH'IHLie HX KOMIIOHeHTLI pacrrpe~eJIHIOTCH 110 pH~y C• 

poaaHHLIX H~ep •. PeJyJILTaTLI pac'leToB ceqennH: ( 

Taep>K~aroT 3ToT .. ciJai<T, TaK KaK · J~ecL npoao~nTc.f 
'laCTH'IHLIX Ce'leHHH B rrpe~e:rrax 3HeprHH 300-400 

IIpnMeneune BMeCTO o~oqacTH'IHLix·cllYHKUHH ciJy 

B3aHMo.zieHCTBIIe ciJoHOHOB C KBa3H1.JaCTHD;aMH, I 

ciJopMyne ~JIH _ ce'leHHH. (n, a) peaKD;HH 

. .. 2 

<. da ·>· _ ~ da( 1 ). 2 · ( (E-Ej) .) 
-- _ .:._ --- --=::-- c. exp - ----- •. 
dE i . dE i y2rr a J . 2 a 2 

B ciJopMyne /11/ cyMMHpoaanne rro j rrpoao~HTCH n 

· _KoHe'lnoro H~pa. Bee cJ orrpe~enHeT ~iman o~Hc 
HeHTLI B BOJIHOBYIO ciJyHKD;HIO. B KOH.e'IHOM H,D;pe. Oj 
ciJyHKD;HlO He'leTHoro H,D;pa C ~aHHLIM . 'K17 qepe3' t/J. ( 

J 

" -· ~.i + . t/J (k ).~c./'./2* :£!a+ + :£ D a 0- l.t/J 
}. 1 · · pa .- psa.,. ·sa ~ . ·0 

- . . - a ~;s 

r~e t/J ~ - BOJIHOBaH ciJyHKD;HH OCHOBHOrO COCTOHJ 

H~pa, 'lepe3 (p·s) 0603Ha'leHa COBOKYIIHOCTb KBaH1 

'laCTH'IHOrO COCTOHHHH C ~aHHLIM k 17, qepe3 j -
Ha OCHOBe paCCMOTpeHHOH 3a~a'IH IIOJiy'leHHH Cl 

nnciJopMa:u;nH: .. H3 ··pe_aKD;HH (n,a) ,_ MO)KHO c~e.naTL. CJ 

1. PaccMoTpennaH Mo.nenL (n, €!-)· peaK:u;im, B Kc 

BLI6HBalOTCH HaJieTalOID;HMH ·neii:TpOHaMH, XOpOWO 011 - . . 
3HepreTH'IecKoro crreKTpa a -qacTHU rrpn 3HeprHH 

2. Ycpe~neHHLie na rrpe~en 300 K3B onnoqac 

paCC'IHTaHLI 110 MO~eJIH · HHJILCCOHa, XOpOWO OIIH 

B036y)K~eHHH ~eciJopMHpOBaHHOro H,D;pa BIIJIOTL ~C 
3. ~JIH KOJIH'IeCTBeHHOrO paCCMOTpeHHH 34J4Je 

O,D;HO'IaCTH'IHLIX COCTOHHHH MO)KHO BOCIIOJIL30BaTLI 

15 
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B036y)K,IJ;eiiHH BnnOTb. '.no 4 M3B. 3TOT peJynbTaT MO)KiiO paCCMaTpJIBaTb 
KaK yKaJaHHe ,nnH MO,nenbHbiX pac'leTOB BOllHOBbiX !IJYHKL(HH BbiCOKOBOi~ 
6y)((,neHHbi~ cocToHHHii .ne!IJopMHpoaannblx H,nep. B TEWPHH BbiCoKoBoJ­
Gy)K,neHHbiX cocTOHHHii, pa3pa6oTann'oii · B. r. ConoBbeBbiM, o,nnoqac ~· 
TH'IHbie HX KOMnOHeHTbl pacnpe,nenHIOTCH no pH,ny COCTOHHHH ,ne~op~H> .. c:;. 

poaaHHbiX H,nep. PeJynbTaTbi pac'leTOB ceqenHii (n,a) peaK:u;HH no.n­
TBep*.naroT 3ToT· !IJaKT, TaK. KaK J,necb npouo,nHTCH ycpe,nnenHe o,nno- · 
'laCTH'IHbiX ce'leHHH B npeAenax 3Hepn1H 300-400 K3B. . ·:. 

IlpHMeJieHHe BMeCTO O,IJ;HO'IaCTH'IHbiX ·!IJYHKL(HH !IJyHKL(HH, BKniO'IEliOIL(eH, . 
BJaHMo.rieiicTBHe !IJononoB c KBaJH:tlaCTH:u;aMH, npHBO,IJ;HT K HOBOH . 

!IJopMyne ,nna. c~'leHHH. (n, a) peaKL(HH 
,.;}-• 

2 
.cia· .. ~ da .( 1 ). 2 · ( (E-Ej)) 

<-- ·> =· ..:.. ---~ c. exp - ---2- • 
dE · · dE '2 1 

· 2 J ·: j y rr a a 
/11/ 

B !IJopMyne /11/ cyMMHpouanHe no j npoao,nHTCH no seeM cocTOHHHHM·, 
.KOHe'IHOrO H,D;pa. Bee. cj onpe,nenHeT ~Kna,n O,IJ;HO'IaCTH'IHOH KOMno­
HeJITbl B BOllHOBYIO !IJyHKL(HIO B KOHe'IHOM H,npe. 0603Ha'laH BOllHOBYIO 
!IJynK:u;Hro ne'leTnoro H,npa c ,naHHbiM . -K" qepeJ t/J . ( K "J, nonyqaeM/2/ 

." ·. . J • 

t/1 ( k" J ,.; c. I ,fi*·· I I a+ + I D ll,i a o + I t/1 
j . J ·. . a pa g; s p sa. sa g . 0 , 

/12/ 

r,ne tf~ BOllHOBaH !IJyHKL(HH OCHOBHOrO COCTOHHHH 'leTHO·'IeTJIOrO 
H,D;pa, qepe3 ( p·s) 0603Ha'leHa COBOKynHOCTb KBaHTOBbiX 'IHCen O,IJ;HO· 
'laCTH'IHOrO COCTOHHHH C ,naHHbiM k rr, qepe3 j - JIOMep COCTOHIIHH: 

· · · Ha ocnoue pacc:MoTpennoii Ja,na'IH nony'leHHH cnei<TpocKonH'IeCKHX 
HH!IJOpMa:QHH .. H3 ''pe_aK:QHH (n, a),. MO)KHO c,ne,naTb cne,nyiOI:QHe BbiBO,IJ;bi: 

1. PaCCMOTpeHHaH MO):(enb (n,a) peaKL(iiH, B KOTOpOH a -qacTHL(bl 
Bbi6HBaiOTCH HaneTaiOI:QHMH ·neif:TpOHaMH, XOpOWO OnHCbiBaeT noBe,neHHe 
3HepreTH'IecKoro cneKTpa a -"'ac.T:H:u; npH 3HeprHH neiiTponoB 14 M3B~ 

2. Ycpe,nHeHHbie Ha npe,nen 300 K3B O,IJ;HO'IaCTH'IHbie COCTOHHHH 
paCC'IHTaHbl no MO,nenH :·HHnbCCOHa, XOPOWO onHCbiBaiOT noBe,neHHe 
BOJ6y)K,neHHH . ,ne!IJopMHpouannoro H,npa unnoTb .no 3HeprHH 4 M3B. 

3. ~nH KOllH'IeCTBeHHOrO paCC~OTpeHHH 34J4JeKTa !IJparMeHTal(HH 
O,IJ;HO'IaCTH'IHbiX COCTOHHHH MO)KHO BOCnOnh3CmaTbCH !IJopMym)ii /11/, 
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Y cJIOBHs · o6MeHa 

ilpenpiiHTbi II coo5meHIIH OI1HI1 pacCbinBIOTCSI 6ecn; 

IIMHOI'O 06MeH8 1 YHIIBepCIITeTaM, IIHCTIITyTaM 1 na6op8TI 

HBy'lHbiM rpynnaM II OTJlenbHbiM y'leHbiM 6onee 50 CTt: 

nony'laTenSIM II3Jl8HIIll OI1HI1 npeJlOCTaBnSieTCSI B031 

HBIITb IIHIIUII8TIIBY B 6ecnnaTHOll noCbinKe ny6niiK8UIIll 

o6MeHa npiiHIIM8IOTCH HBy'lHbie KHI!I'II 1 JKypHanbi1 npen 
ny6niiK8UIIII no TeMaTIIKe 0115U1. 

EAIIHCTBeHHblll BIIJl ny6n!IK8UIIH1 KOTOpblll HBM npn 

9TO penpiiHTbl ( OTTIICKII CTaTefi · 1 y:lKe ony6niiKOB8HHbiX I 

B pHJle cny'laeB Mbi caMII o6pamaeMCH K Hay'lHbiM 
6onee KpynHbiM nony'laTenHM HBilliiX II3JlaHnfi - c npoc1 

cnaTb H8M K8KI!e-nn6o KHIII'II IInii Bb!ITIIC8Tb JlnH Hailleii: 

:lKypHanbi1 II3Jl810IlliieCSI B !IX CTpaHaX. 

0 TAeJibHhle 3anpOChl 

I1anaTenbCKIIii: oTnen e:lKeronHo BbiiiOnHSieT oKono 3C 
COB ·Ha BbiCbinKY II3JlBHIIii: Ol1.HI1. B TBKIIX aanpocax c 

YK83biB8Tb IIHJleKC 3anpailliiB8eMOI'O II3Jl8HIIH. 

AApeca 

iliiCbMa no BCeM BOnpOC8M o6MeHa · ny6niiK8UIIHMII 1 

OTJlenbHhle II3Jl8HIIH cnenyeT HanpaBnHTb no anpecy: 

MocKBa, 

. FnaBHblii IID'lTBMT, rr/H 79. 
HaaaTenbCKHii oTaen 

OobeaHHeHHDro HHCTHTyTa 
HaepHbiX uccneaosanuii, 

Anpec AnSI nocbmKII scex ny6niiKaunii: B nopSinKe c 

6ecnnaTHOii: nonniiCKII Ha H8Y'lHbie :lKypHanbi: 

MocKBa, 

FnaBHbrii IID'lTBMT, rr/H 79. 
Hay'lHO-TexHH'leCKBH 6uonHo7 
OobeaiiHennoro JIHCTHTyTa 

HaepHbiX nccneaoBaHHii. 


