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B ttacTO.llIUeM eblITycKe ony6mtKoeaHbI .uoKJia.UbI, 3a'IHTaHHbie Ha 56-H Me)l{.uyttapo.uttoH KottcpepeHUIDt no .ll.!lepHOH 
cneKTpOCKOilHH H CTPYKTYPe aTOMHOro )l.!lpa, rrpoxo.l{KeUieH c 4 no 8 ceHrn6p)l 2006 ro.ua e r. Capoee e P<l>.fil.{-BHMJ13<1> 
B COOTBeTCTBHH C nnaHOM Me)l{,!lyHapo.uHoro HayqHO-TeXHH'leCKoro COTPY.UH11'ieCTBa PocaTOMa. KottcpepeHUHJI 
noce)lmetta 60-JieTl1IO P<l>.511l-BHl1M3<1>. B HeH rrp11H))Jil1 yqacrne y'leHble 113 ,uam,ttero 11 6JI11)1(Hero 3apy6e)l(b)l 11 113 
ee.uym11x ttay'IHbIX ueHTPOB Pocc1111. Ha 4 nnettapHbIX H 12 ceKu110HHbIX 3ace,uaHl1)1X 6brn11 3acnyUiaHbI 147 ,uoKJia.uoe. Ha 
KOHcpepeHUIDl pa6oTaJIO 5 ceKUHH no CJie)ly!OIUHM HanpaeJieHl1)1M: 

I . Teopl1)1 )l.!lepHbix peaKUHH. 
2. Teopl1)1 )l.!lpa H cpyH.UaMeHTaJII,Hbie B3aHMO,!leHCTBl1)1 B )l.!lpax. 
3. 3KcnepHMeHTaJibHbie 11CCJie,uoeaHl1)1 CBOHCTB )l.!lep. 
4. 3Kcnep11MeHTaJibHbie 11CCJie.UOBaHl1)1 MexaHHJMOB )l.!lepHblX peaKUHH. 
5. TeXHHKa H MeTO.UHKa :)KCIIepHMeHTa 11 IIp11JIO)l{eHHJI )l.!lepHO-cp11311'1eCKHX MeTO,!lOB. 
B .uaHHOM BbmycKe ony6J111KOBaHO 13 ,!lOKJI8.!lOB H O.UHa CTaTb)l. tfacTb .UOKJI8.!l0B 6y,ueT ony6JIHKOBaHa B )l{ypHaJie 

"I,1.JeecTHJI PAH. CepH)l. <l>HJHciecKM". 2007. N2 3, 5, 11. 

In the present issue there is published a part of materials of the 56-st International Conference on Nuclear 
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RFNC-VNIIEF. In the conference there took part scientists from different countries, as well as from different leading 
scientific centers of Russia (universities, institutes of RAS and Rosatom). At 4 plenary and 12 sectional sessions 147 
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4. Experimental studies of nuclear reaction mechanisms. 
5. Experimental methods and technique, and nuclear methods applications. 
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Y ,[l,K 539.172.4 

K BOIIPOCY O XAP AKTEPHCTHKAX IIPE)J,IlOJIAr AEMOrO H30 MEPA rnmPa 

3 . <I>. <l>oMyWKHH, M. <I>. AuJJ.pees, C. H. A6paMOBHl.f 

cDfYII "PcD.fil.l-BHJU13cD" 607188, r . Capos HIDKeropo.n:cKOM o6JI. 

}lnJI H3Y1JeHl1'1 .u:emITeJJbHbIX xapaKTepHCTHK rrpOTaKTJ.llflUl-232 HCCJie.uyeMbJM J,fJOTOn Hapa6aTbl8aJICll B peaKUHll 232Th (p, n) lTpH 
JHeprHll lTpOTOHOB E p ;:::. 11 ,5 M3B. KomrqeCTBo .11.u:ep npOTaKTHlfl!ll-232 a CJIOe onpe.u:eJUIJIOCb MeTO,laMH y-cnel<TpOMeTpHll. npH o6ny­
'fe!flnl CJIOll TelTJIOBb!Mll H pe3OHaHCHbJMJ,f HeHTpOHaMll B BbJXO,laX OCKOJIKOB .U:eJICITTlll 6&1mt o6Hapy,t<eHbl KOpOTKOlKHB)'lllJ.le KOMlTOHeR­
Tbl c nepHO,lOM nonypacna,la ~ 6 'f. Bell COBOKynHOCTb JKcnepHMeHTaJibHbIX .u:aHHbIX MOlKeT 6bITh 06bllCHeRa TeM, '!TO rrpH 6oM6ap.u:n­
pOBKe TOpHll-232 ycKopeRHblMH npOTOHaMH ll,lpa npOTaKTJ.IHllJl-232 o6paJyJOTCJI a J,fJOMepHOM COCTOllHHH c nepHO.U:OM lTOJiypacna.u:a 
T112 ;:::, 2,3 'f. I13oMep 232mpa npHMepHO C O,ID!HaKOBOH aepOJITHOCTblO pacna,[laeTCJI HJOMepHblM nepeXO,lOM B OCHOBHOe COCTORHHe 232Pa 
H B peJyJibTaTe a-pacna,la B J,fJOTOlT 228 Ac (T112 = 6, 15 '!). Ilo peJyJibTaTaM aHanHJa IlOJIY<feHa oueHKa CC'feHHll .u:eneHHll 228Ac TeruIOBbl­
MJ.I HCHTPOHaMll. 

ON THE PROBLEM OF ASSUMED 232"'Pa ISOMER CHARACTERISTICS / E. F. FOMUSHKIN, M. F. ANDREEV, 
S. N. ABRAMOVICH II To study fission characteristics of protactinium-232 the isotope under investigation was built up in 232Th (p, 11) 

reaction at proton energy E P;:::. I 1.5 MeV. The number of protactinium-232 nuclei in a layer was determined using a method of 
y-spectrometry. At irradiating the layer by thermal and resonance neutrons there were found in the yields of fission fragments the short­
lived components with a half-decay period of ~ 6 hours. The entire totality of experimental data can be explained by the fact that at tho­
rium-232 bombardment by accelerated protons the protactinium-232 nuclei are formed in the isomer state the half-decay period being 
T112 ;:::, 2.3 hour. The isomer of 232"'Pa is approximately with the similar probability decays by isomer transition to the basic state 232Pa and, 
as a result of a-decay, to isotope 228 Ac (T112 = 6.15 hour). Basing on the results of analysis there was obtained an estimate of the cross­
section value of228Ac fission by thermal neutrons. 

BBe,lleuue 

B 1995- 1996 rr. so BH}U13cD 6brno npose.n:etto He­
CKOJibKO cepHtt H3MepeIDU1 ceqeHH.JI .u:eJieHl1.JI TeilJIOBhlMH 

HeITTPOHaMJ.I H pe30HaHCHOrO HHTerpana .u:eneHH.JI .U:JIJI He­
'!eTHO-Hel.feTHOro H)'KJIH.n:a 232Pa (T112 = l ,31 .U:H.). MoTHBa­

UIDI '.)TI!X IICCJie.u:osaHJ-rii H MeTO.U:HKa 3KCnepKMeHTOB no.u:­

po6tto om1caHb1 s pa6oTax [ 1, 2]. B npouecce KJMepettHM 
cnoii rrpOTaKTHHH.Jl-232 H CJIO.H ypatta-235, HCl10Jlh30BaB­

werocll s Ka'!ecTse penepa, 06Jiy<1aJIHCb JaMe.u:neHHhJMH 
tteHTPOHaMH. OcKOJIKH .u:e11eHH.J1 perHCTPHPOBaJIHCb .u:11-

:>neKTPH'!eCKHMH TPeKOBbJMH .U:eTeKTopaMH. PeJynbTaTbl 
J,fJMepeHHtt., ITOJI}"leHHbJe B O.U:HO.H H3 cepHH, np~rne.n:ettbl Ha 

pHC. 1, 2. 
JJ,ocrnTo'IHO .u:onroe speMJI o6cY)K.u:aJICll sonpoc o 

npupo.l(e KOpOTKO)l(KBYUleH KOMITOHeHTbl (T112 - 6 4) BO 
speMC!lliOH JaBHCMMOCTH BblXO.U:a OCKOJIKOB .u:eJieHliJI np11 
06.JJY'!eHHH CJIOl[ npOTaKTKHf,fJl-232 TeilJIOBblMH H Ha./ll(a.l(­

MHeBhJMH HeHTPOHar.rn. O6cY)K.u:aJIHCb pa3JIH'IHbJe sepc1111, 

6bJJI npose.u:eH .U:OllOJIIDITeJlhHbl.H UJ,ll(Jl KJMepeHH.H (3, 4]. 
B KOHUe KOHUOB, 6b!Jl0 BblCKa3aHO npe.u:nono)l(eHHe, qTQ 

KOpOTKO)KHBYUlaJI KOMIIOHCHTa o6ycnosneHa .u:eJieHHeM 

tteiiTPottaMH He'leTHo-He'leTHoro wa 
228

Ac (Z = 89, 
N = 139, T112 = 6, 154). 
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' Equaaon P1' exp(-x/8 8726) 
+P2'ecp(-x/45 358) 
+P3"(1.exp(.xf45 358)) 

P1 0,0136 ±0.00119 
P2 0.02245 ± 0,00003 
P3 0.002 ± 0.00026 
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PHc. I. BpeMeRHoe pacrrpe.u:eneHHe BbJXO,la OCKOJTKOB .u:eneHHJI 
J,13 CJIOJI rrpoTaKTJ.IHltll rrpH o6nyqeHlfJ,f TCITJIOBb!Mll HeHTpOHaMH 

CJie.ll)'eT OTMeTHTh, '!TO H30TOIT 228Ac JIBJIJleTCJI .l(O­

'!epHHM npo.n:yKToM pacna.u:a 232Tb H s mo6oM Top11esoM 
o6pa3ue HaXO.l(HTCll s paBHOBeCHK c TOpHeM. To eCTb npH 
BbJ.U:eJieHHH npOTaKTHHl{JI H3 06ny<1eHHOH TOpHeBOH MHWe­
HH KaKOC-TO KOJIH'leCTBO .11.u:ep 228 Ac MOlKeT nonacTb B 

npoTaKTKHKBYIO Mlill.JeHb. O.n:HaKO H3-3a KOllOCCaJibHO.H 
pa3HH.l.\bl B nep110.u:ax nonypacna.u:a 228 Ac H 232Tb eCTeCT­
settttoe co.u:ep)l(aH11e .11.u:ep aKT1uu1J1-228 s TOp11esb1x o6pa3-



uax HaCTOJibKO HH'-ITO)KHO, '-ITO ero BJIHJIHHeM Ha peJyJibTa­
Tbl 6oJibWHHCTBa Jl)lepHO-cjlHJHLJeCKHX HCCJie.nosaHJIH 
MO)KHO npeHe6pe'ib. 
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PHc. 2. BpeMe1rnoe pacnpenenem1e s1,1xona ocKOJIKOB neneHHll 
H3 CJlOll npOTaKTHHHll npH 06.1JY'leHlflf HaJ(KaJlMlfeBblMH 

HeHTJlOHaMH 

IJonoMy npe.nnonolKHTeJlhHhlH MexattHJM reHepauHH 

,i.nep 228 Ac cne.nyioruHH: npH o6nyYeHHH Jl.llep 232Tb nporo­
HaMH c :meprneii EP = 11 ,5 M:38 'iaCTb HJIH see ll.llpa npo­
TaKTHHIDl-232 o6pa3)'lOTCll s HJOMepHOM COCTOJ!li.IDI, 
B CBOJO O'iepe.nb 3TH ll)lpa HCfiblTblBaJOT H30MepHb1H nepe­

xo.n B OCHOBHOe C0CTOJIHHe 232Pa H LJaCTH'iHO a-pacna.n 
c o6pa3osaHHeM ,i.nep 228 Ac. 3aTeM J1.npa 232Pa s peJyJlbTaTe 

P-pacna.na (T112 = 1,3 I ./lH.) nepexo.nJ1T Ha yposHH 11.npa 
232U. IlpH 3TOM C sep011THOCTblO 71,7 % 3aceJU1eTCll ypo­
BeHb 2,T (E = 1016,8 108) Mpa 232U [5, 6]. 3TOT yposeHJ, 
BblCBe'IB.BaeTCll Ha 6onee HHJKHe ypOBHH c HcrrycKaHHeM 
y-KBaHTOB C3Heprnei-i 969,2 108 (41 %), 453,6 108 (5,7 %) 
[5, 6] H Jlp. 

51.npa 228Ac s peJym.TaTe p-pacna.na {T112= 6,15 'i) Ja­
ceAAJOT ypOBHH 11.llpa 228Th. Ilepexo.n B OCHOBHOe COCT011-
HHe 228Tb conpOBO)K)laeTCJI HcnycKaHHeM y-KBaHTOB, cpe.nH 
KOTOpblX npHCyTCTBYeT seCbMa JHaLJHTeJibHal! (16,2 %) 
y-JlliH.HJI c 3HeprneH 968,971 108 [6]. 

TaKHM o6pa30M, CBe)KeHJroTOBJleHHhlH o6pa3eu npo­
TaKTHHHJl-232 MO)KeT HcnycKaTb rpynny y-KBaHTOB C 3Hep­
rnei-i, 6JIHJKOH K 969 K38, o.nttaKo B JaBHCHMOCTH OT Mpa, 
HcnycKaJOruero 3TH y-KBaHTbl, CKOpOCTb cna.na HHTeHCHB­
HOCTH KBaHTOB c 3TOH 3Heprnei-i 6y.ner pa3JIH'iHOH {TI12 = 
= 1,31 )lH. HJlH 6,15 'i). 

Oco6eHHOCTbJO npose.nelOUI 3KCnepHMeHTaJlhHblX HC­
cne.noBaHHH c o6pa3uaMH )lOCTaTO'iHO KOpOTKOlKHBYIUHX 
HYKJIH./lOB HBJU!eTCll TOT cj>aKT, '-ITO B CBe)KenpHrOTOBJJeH­
HOM o6paJue (cnoe) co BpeMeHeM npOHCXO)lHT HJMeHeHHe 
3JJeMeHTHOro COCTaBa Ja CLfeT ecTeCTBeHHOH pa)lHOaKTHB­
HOCTH. TaK, s CJJOe npOTaKTHHHll-232 s pa3Hble MOMeHTbl 
soeMeHH, B pa3HblX KOJlH'ieCTBaX MOryT HaxO)lHTbC11 Mpa 
HJOMepa 232mpa (no npe.nnono)KeHHJO), aKTHHIDl-228, npo­
TaKTHHHll-232 H ypaHa-232. 8 npaKTHKe ,i.nepHO­
cj>H3H'ieCKHX 11'.jj\f{"peHHii C HCfi0JlhJOBaIrneM TellJlOBblX Hei-i­
TP0H0B npHCyTCTBHeM B CJIOe npO.llYKTOB pacna.na 228 Ac 
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11 232U, 110-BH.llHMOMY, MO)l(HO npette6peLJb. 
8 HJMepeHHl!X MO)KHQ HCn0JibJOBaTb cne.ny10ruy10 an­

p11optty10 (a priori) HHcj>opMau1,uo: 
- nepH0.llbl nonypacna.na (speMeHa )KHJHH) HYKJIH.ll0B, 

YLJ8CTBy10ruux B npouecce: 
232Pa - T112 = 1,31 ./lH. (t = T 1nlln2 = 45,368 LJ), 

228 Ac - T112 = 6, 15 q (t = 8,87 q); 
- BbIX0.llbl y-KBaHT0B npH P-pacna.ne 232Pa H 228 Ac 

[5, 6]; 
- ceLJeHHe ,ueJieHHR TenJIOBhlMH HeHTPOHaMH H peJ0-

- 2Jsu HaHCHhlH HHTerpan .neneHHl! ' HCfiOJlhJyeMoro B KaLJe-
CTBe 3Tanotta (penepa): 

O.fJ = 584,0 6 f1= 275 6 [7]. 

McnOJlbJYll .naHHYJO HHcj>OpM8UHIO H peJyJlhTaTbl 3KC­
nepHMeHTOB, MO)l(HQ B npHHUHne oueHHTb cne.ny10ru1:1.e 
xapaKTepHCTHKH: 

- ce'ieHHll ,ueJieHHll TenJI0BbJMH HeHTPOHaMH H pe3o-
H8HCHble HHrerpanbI .neneHHll .llJUI 

232Pa, 232U H 228 Ac; 
- speMll )KHJHH npe,unonaraeMoro HJ0Mepa 232mPa; 
- :rneprmo HJOMepHoro COCT0RHHll 11.npa 232mPa; 
- K03cj>qJHUHeHT BeTBJieHHll, T. e. 0TH0CHTeJibHbJe .llOJIH 

pacna.ua HJOMepHoro C0CTOJIHHll 232mPa Ja C'ieT HJOMepHO­

ro nepexo,ua H a-pacna.na. 
Mero.nHxa mMepeHHll xapaKTepHCTHK .aeneHHll 232Pa 

232U paCCMOTPeHa B [I , 2], rrpHBe.aeM JlHlllb 0KOH'i8TeJlh­
HhJe peJyJlbTaThJ: cr/232Pa) = (1021 ± 37) 6, I1{232Pa) = 

= (1066 ± 375) 6, cr/232U) = (83,3 ± 11,0) 6, Ij(232U) = 

= (I 194 ± 102) 6. 

Aua JIHJ epeMeHHOH JaBHCHM OCTH BblX0 ,11,a 

1'3MMa - KBaHTOB 

8 o.ntty HJ ceccHH Hccne,uosaHHll .aeJIHTeJibHhlX xapaK­
TepHCTHK 232Pa (arrpem. 1996 r .) Ha nepeJapMHOM 3JieK­
TPOCTaTl1'-IeCKOM ycKopHTene 3fTI- l O 6b1JIO npose.neHo 
o6JiyYeHHe nJiaCTHHKH HJ TOpHJl-232 np0TOH8Mli C 3Heprn­
eH Ep = 11,5 M38. 3aTeM 6eJ s1,1,nenemui HaKorrHBwerocJ1 
npoTaKTHHIDl-232 6blJlO npose.neH0 HJMepeHHe Bb!XO.Ua 
OT,UeJibHhIX JIHHHH y-KBaHTOB HJ o6JiyYeHHoro o6pa3ua 
TOpHll. OCHOBHOH ueJJhlO 3THX HJMepeHHH 6bma oueHKa 
K0JIH'iecrna HaKonneHHoro rrpoTaKTH.IDUl-232 H no.nrnep­
)K)leHHe, '-ITO CKOpOCTb cna.na HHTeHCHBH0CTH .aaHHhlX 
y-JlHHHH C00TBeTCTBYeT nepHo.ny nonypacna.ua rrpoTaKTH­
HHll-232. 

8 raMMa-cneKrpoMerpe HcnoJlhJosanc,i HPGe-.aereK­

rop c 3HepreTH'iecKHM pa3peweHHeM Mr= 1,7- 1,8 10B 

npH Er :,; 1,5 M38. 8peMJ1 06JIYLfeHHJ1 TOpHesoii MHilleHH 
COCT8BHJIO 2,5 'i, JaTeM qepe3 5,5 '{ 6blJIH Ha'iaTbl 

y-cneKrpOMerpH'ieCKHe HCCJie,U0BaHHl!. 3a HHTepsan spe­
MeHH 5,95- 76,43 'i nocne OKOH'iaHHR 06JIYLfeHHll 6blJIO 
JaperncrpHposaHo IO y-cneKrpOB. 

K CO)KaJleHHJO, Tor.aa (s 1996 r.) 8HaJJli3 BblXOJla OT­
neJihHblX y-JIHHHH .llJUI MaJlblX HHTepsanOB speMeHH nocne 
0KOH'iaHHll o6JiyYeHHJI 6b1Jl BbllTOJIHeH He,UOCTaTO'iHO Trua­
TeJlbHO. flpenno11aranocb, LJTO rro.nrnep)K)leHHeM HMH'iHll 
BpeMeHHOr0 cna.na C T ,12 = 1,31 .llH, ueHH0CTb IT0JIYLfeHHOH 



HHq>OpMaUHH HC'-lepllblBaJiaCb. 6onee Toro, JallliCH 

y-cne!CTJ)OB Ha MarHHTHhlX HOCl1TeJUIX 6blJU1 CTepTbl. B Ha­

CTOJIIJ.lee BpeMJI (2005 r .) Mb! o6na)laeM TOJibKO l1Hq>OpMa­

UHeii 06 HHTeHCl1BHOCTJ,f '-leTb!pex y-mrn11i1 B )leCJITH TO'-!Kax 

no BpeMeHH nocne OKOH'-laHJ,UI o6ny\JeHHJI (CM. Bblllle). 
TTp11 o6pa60TKe )J.8HHblX )].JUI HaCTOJIIJ.ldi pa60Tbl HC­

IlOJib30BaJlHCb B OCHOBHOM )laHHbJe no y-JIHHl1JIM C Er = 
= 453,6 KJB H Er"' 969 K:>B. KaK y)l(e OTMe'-!anocb, e JIH­

HHH c Er "' 969 KJB JJ.a!OT BKJlaJJ. 232Pa H 228 Ac. 
Ha pHC. 3 npHBeJJ.eHbl speMeHHble 38BHCHMOCTH Bbl­

XO)la y-KBaHToe c Er = 453,6 oB 11 Er "' 969 oB. ,U8)1(e 
6e3 TIJ.laTeJibHOro KOMnblOTepttoro 8Ha.JUf3a BH)J.HO, '-ITO 

<pOpMHpOBaH}le HCTO'-IH.HKa HcnycKaHl1JI JIHHHH 453,6 KJB 

H)leT KaK MHHHMYM B )J.Ba :>Tana: ttapa60TKa (B03pacTalO­

IJ.lal! '-!aCTb KpHBOH) H pacna)J. (HHCna)J.alOIJ.lal! '-!aCTb Kp11-
BOH). no HallJeMy MHeHHIO, yx<e JTOT <paKT JIBJUleTCJI cepb­
eJHblM apryMeHTOM B nOJib3Y Tl1IlOTe3bl O reHepal.(HH 

H nocneJJ.ylOIJ.leM pacna)le HJOMepttoro cocTOl!HHll 232mPa 

npH 6oM6apJJ.HpOBKe TOpl1ll-232 ycKopeHHbJMl1 npoTOHaMH. 

.[(JUI JIHHl1H c Er "' 969 oB xapaKTep epeMeHHOH JaBHCH­
MOcnt He CTOJib O"leBl1)J.eH. 

10 

0,969 M:>B 

0,454 M:iB 

10 
BpeMll, 'I 

PHc. 3. BpeMeHHble 3aBl1CHMOCTH BLIXO)la y-KB3HTOB 
c Er = 453,6 K.3B 11 Er"" 969 K.3B H3 TOpuesott MHUJeHH, 

o6nyqeHHOH ycKopeHHLIMH npOTOH3MII 

.[(JUI aHaJIH3a 3KCnepHMeHTII./IbHh!X ,!l.aHHblX no BblXO­

)laM y-nHHHH Hcnom.Joeancll naKeT nporpaMM ORIGIN 
v.7.0. B paMKax nmoreJbI o cymeCTeosamrn H30Mepa 
232mPa eCTeCTBeHHO 6bIJIO ape,unOJIO)l(J,(Tb, '!TO npu 6oM-

6ap,nHpOBKe TOpl1ll-232 npOTOHaMH H,Upa npoTaKTHHHJl-232 
o6p83y!OTCJI B .nsyx COCTOJIHHHX - H30MepHOM (232mPa) H 

OCHOBHOM (232Pa). Tio:noMy BHa'-!ane )J.JI1I annpOKCHMaUHH 

BpeMeHJIOH JaBHCHMOCTH BblXO,ll.a y-JIHHl1H 453,6 KJB HC­

nOJib30BaJlaCb q>yHKUJ1JI 

Y1(t) = (P3 + P2 (I - exp(- t/P1 ))) exp(- t/45,368), (I) 

rJJ.e t - speM11; Pl - speMJI )l(HJHH HJOMepttoro cocTOJ1H11J1; 

P2 - napaMeTp, orrpeJJ.eJIJIIOll.(IDi BLIXOJl npoTaKTHHl1ll-232 
B H30MepHOM COCTOll.HIDI; P3 - napaMeTp, orrpe,n.eJUIIOlllJ,IJ{ 
BblXO.U npOTaKTHHHll-232 B OCHOBHOM COCTOJIHHH. 
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ltfcnOJlb30B8HHe <l>YHKUllH ()) ,UJIJI aHaJJll38 38BHCl1MO­

CTl1 BblXOl(a y-JU1HHH 453 6 KJB HeH3MeHHO (JJ.a)l(e npH Ba­

pHaUJJH napaMeTPOB PI 11 P2) ,n.aaruto OTPJJJ.-laTenbttoe 3Ha­
<1eHJ1e napaMeTPa P3, '-!TO q>H3HLJecK11 6ecCMblCJietttto. OT­
c10,!l.a BblBO,ll - npH 60M6ap,n.11pOBKe TOplill-232 npoTOH8MH 

c :>tteprneii "' 11,5 MJB ll,n.pa npoTaKrntt11H -232 o6p83y­
lOTCll npeHMyllleCTBeHHO B H30MepHOM COCTOl!HIIH (232,nPa). 

B ,nanLtte.H111eM llJIH atta.JUfJa .uaHHOH epeMeHHOH JaBH­
CHMOCTH HCnOJib30BaJiaCb q>YHK1-l11ll 

Y2(t) = P2 ( I - exp(-t/PI )) exp(- t/45,368), (2) 

o603H3'-!eHHJI Te )Ke, '-!TO B (1 ). 
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Puc. 4. AHaJJJ,fJ epeMeHHOH 3aBHCHMOCTII BblXO)la y-KBaHTOB 
c Er= 453,6 K.38 

Eb1JU1 noJJ)"-leHhI cne.ny10m11e 3Ha4etttiJI napaMeTPoB: 
Pl = (3,347 ± 0 145) 4; 

P2 = 5,076 ± 0,051. 
PeJyJILTIITb1 aHa.JUf3a .naHHLIX no Bb!XOJJ.Y JIHHHl1 
453,6 KJB npHBeneH.bI Ha pHC. 4. 

TaKHM o6p830M, epeMJJ )l(J,(3HH HJOMepttoro COCTOJI­
HHJI 

232mpa no HallJHM li3MepeHJ,UIM COCTaBJIJleT (3,35 ± 
± 0, 15) '-1, COOTBeTCTBeHHO - nep110.n rronypacna)J.a T112 = 
= (2,32 ± 0, I 0) '-1; 3TO 3HatJeHHe 11cnOJib30BaJIOCb B ,!l.aJib­
HeHJl!H.X pactJeTaX. 

KaK yx<e OTMe'-!aJIOCL, y-KllaHTbI c JHeprHeH Er "' 
"' 969 KJB HcrrycKalOTCll KaK npu f3-pacaa)J.e 232Pa, TIIK 11 

npu f3-pacna,!l.e 
228 

Ac. Ilo:>TOMY speMeHHall 3as11cHMOCTb 

BbIXO)J.a TaKHX y-KBaHTOB, o6ycnosneHHal! f3-pacnanoM 
232

Pa, llOJI)l(Ha 6bITb TaKOH )Ke, KaK y y-JIHHHH 453,6 K:>B. 

.[(Jlll y-KBaHTOB C 3Heprne11 Er "' 969 K:>B, HCrryCKaeMhIX 

npH f3-~acna)J.e 228 Ac, c11TyauID1 HeCKOJibKO npyraJ1. HaKon­
neHHe 28 Ac npoHCXOlJ:HT 3a C'-!eT pacna)J.a l-l30Mepa 232mPa, 

a cnana!OIJ.lal! 48CTL KpHBO.H BLIXO)J.a 3THX y-KBaHTOB -

f3-pacna,!1.0M 228 Ac c nepHOJlOM nonypacaa)J.a T112 = 6, 15 4 

(epeM11 )l(ff3Hl1 t = 8,87 '-1). flo3TOMY ,!I.JI.JI aHaJIJ13a BpeMeH­

HOH JaBHCHMOCTH Bb!XO)J.a y-KllaHTOB c :meprne11 Er "' 
"' 969 KJB HCnOJib30BaJiaCb q>YHKUIDI 

YJ(t) = (Pl ·exp(-t/45,368) + 
+ P2·exp(- t/8,87) (I - exp(- t/3,3466)), (3) 



r)le Pl - napaMe-rp, rrponopmtOHaJJbHblH sepollTHOCTM HJO­
Mepttoro nepexo)la 232mPa ➔ 232Pa 11 sepOllTHOCTH 11cnyc­

KaHHll y-1111tt1111 969,2 K3B (41 %); P2 - napaMeTP, nponop­
UHOHaJJbHblH sepOllTHOCTH a-pacna)la 232mPa ➔ 228 Ac H 

sepOllTHOCTH HCfIYCK3HHll y-JHIHHH 968,971 K3B (16,2 %). 
bblIDI rronyqettw cneJ:1y10l[lHe JHaLJemtll napaMe-rpos: 

Pl = 12,6096 ± 0,2835; 
n = 5,4432 ± o,674I . 

228A 6 _ C K HaLJaJJY O nyqeHl1ll CJIOll TeJIJJ0BbIMH Hel1TµOH3MH 
pacna;iaci,. To >Ke caMoe MO>KHO cKaJaTb o npaseneHHOM 
JHaLJeHaH peJoHaHcttoro HHTerpana 11(228 Ac). 

8 6 nR 
JllO OM cnyqae MO)l(HO yrnep)f(JlaTb, LJTO ll,D,pa Ac 

npH B3al1MO)leHCTBl-ll1 C TeITJJOBblMH HeHTµOHaMH C 6onh­
lll0H sepOllTHOCTblO 11CnblTbJBa!OT Ha.n6apbepHoe )lenemIe. 
n 228A - -0-BHJlHMOMY, C - caMblH JierKHH 113 HCCJienosaHHblX 
0THOCHTeJibHO ,llOJIT0)l(HBYllll1X HYKnH.JlOB, 06na.na10ll_\Htt 

PeJyJJbTaTbl arrnpoKCHM3[ll-ll-l npHBe)leHbl Ha pHC. 5. OTCIO- 3THM CBOHCTBOM. 

)la OTHOlllem1e sepoJ1THocn1 a-pacna,D,a 1-tJOMepa 232mPa K 
sepOllTHOCTH HJOMepHoro nepexona COCTaBJIJleT 1,09 ± 
± 0, l l. TaKHM o6paJoM, cxeMy pacnMa 1130Mepa 232mPa 
MO)l(HO npeJlCTaBl1Tb B BH)le 

~2,3 tt IT (~ 48%) 

232 Th(p,n) 232m Pa 

a (~ 52 %) 

P11c. 5. CxeMa cpopMHpoeaHHll H pacn8)la 232mpa 

Cne)lyeT OTMeTHTb, LJTO Ha p11c. 3 H 4 norpelllHOCTH 
3KCnepKMeHTa He npKBe)leHbl, B 6om.llll1HCTBe cnyqaes OHM 
MaJibl. O)lHaKO np11 BbJl-IHCJieHJm napaMeTpOB arrnpOKCH­
Mau1111 3TII norpelllHOCTH, 6eJyCJIOBHO, }"IHTbJBaJIJ,!Cb. 

OueuKa ,!J.eJJHTeJJbHblX xapaKTepucruK 228 Ac 

AHaJJm BhlXOJla OT)lem.tt1>Ix y-JlllHHH l-l3 TOp1tesow 
MHllleHM, o6nyqeHHOH ycKopeHHblM11 npoTOHaMH, Il03BO­
Jil-lJI onpe)leJJHTb OTHOCHTeJibHOe CO)lep)l(aH11e Jl)lep 232Pa 11 
228 Ac B )laHHOH Ml-lllleHl1. 3Tl1. pe3yJibTaTbl, B CBOIO otte­
pe)lb, JlaJOT 803MO)l(HOCTb oueHl1Tb )leJil1TeJibHble xapaKTe­
pHCTHKli 228 Ac, HCITOJib3Yll )laHHbie no BblXO.D.Y OCKOJIKOB 
)leJJemtJl l-l3 CBe)l(el1JroTOBJ1eHHoro CJ!Oll npOTaKTHmtJl-232 
[l, 2](cM. p11c. I, 2). 

EcJIH rrpe)lnOJIO)l(HTb, LJ.TO K HaLJany ll}tKJla 1-lJMepeHJffl 
)leJI11TeJJbHblX xapaKTepl-lCTl-lK npOTaKTilliHll-232 KOJIHLJeCT-
80 llJlep 228 Ac 11 232Pa s H3roTosneHHOM cnoe npHMepHo 
OJll1HaKosoe: N,w.(228 Ac)/N.1/

32Pa) ::::: 1, I (cM. BbJllle), TO, 
3Hall OTHOCJITeJibHble BKJ!a)lbl B Bb!XO)lbl OCKOJIKOB )leneHHll 
KOMnoHeHTOB c T1n = 6, 15 LJ (228Ac) 11 Tw = 31,4 LJ (232Pa), 
MO)l(HO oueHHTb ceLJeH11e )leJiemtJl TeITJIOBblMl1 HeHTµOHaM11 
11 peJOHa.HCHbIH 11HTerpaJJ )leJieHHJl JlJIJI 

228 Ac 
cr1o(228 Ac)= 520 ± 100 6; 

11(228 Ac) = 3400 ± 1500 6. 
CnenyeT OTMeTl1Th, LJTO rrp11eeneHHoe JHaLJeHHe ceqe­

HHll llBJIJleTCll HJ1)1(HeH rpammew peaJibHOro 3HaLJeHHll 
cr,0(228 A1:). )leno B TOM, LJ.TO B npouecce 1-lJrOTOBJJemtll CJIOll 
npoTaKTHHHJl-232 ITJJaCTHHI<a l-l3 TOpHJl-232 o6nyqaJJaCb 
upOTOHaMH B TeLJeHHe ~ 24 LJ 11 HeKOT0pM LJaCTb ll)lep 

3aKJJIO'lellHe 

B pe3yJJbTaTe attan11.3a pattee nonyqeHHblX 3Kcnep11-
MeHTaJibHbIX ,l{aHHblX r11n0Te3a O cyl[leCTBOB3HHl1 1-lJOMep­
HOro COCTOllHHll ll)lpa 232mPa ITOJI}"IJilla BeCOMOe IlO)lTBep-
)f(JleH11e. 

11JMepeHO epeMJl )1(113HH :noro cocT0llmtll, onpe,uene­
Hbl KaHaJibl pacna,D,a. O.uttaKO ,UJIJI ycTaHOBJJeHHll He)lOC­
TalOl[ll-lX napaMeTµOB ,uaHHOro 1130Mepttoro C0CTOHHHll -
3HeprH.H 11 KBaHTOBblX xapaKTepHCTl-lK - Tµe6ylOTCll JlOTTOJI­
HHTeJJbHble ueneHarrpasneHHbie 11cc11e,uosattHll. 8 npouecce 
JTl1X HCCJie)lOBaHHH np11eeneHHbie BbJWe KOJIJ1LJeCTBeHHble 
xapaKTep11cTHKJ1, no-BHJU1MOMY, 6y.UYT yrnLJHeHbL 

)lJIJI Ha)le>KHOH oueHKII )leJIHTeJlbHblX xapaKTep11CTHK 
aKTHHHll-228 TaK)l(e Heo6xo,UHMbl ,uonOJIHHTeJJbHble H3Me­
peHHll. )locTaTOLJHOe KOJIJ1LJeCTBO aTOMOB aKTl1HHJl-228, no-
811Jll1MOMY, HaH6onee peaJJbHO BbJ,UeJlliTb 113 paCTsopa co­
JieH TOpHll-232 pa)ll10JUIM11LJeCK11MJ1 MeTo,UaM11. 
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K HCCJIE)].OBAHIDO KYJIOHOBCKOH 3HEPrmt SI,llEPHOM CHCTEMl,J B TOllKE PA3PbIBA DPI1,ll.EJIEHlffl // 
A. B. KYrAEB, IO. H. KO6JIT1K, n. )].. HOAHIIOY, E. C. '1>JIHl(HAH / PaccMaTJ)l!BaeTCll KYJIOHOBCKlUI JHeprn11 )Ieq>opMJ1poBaH­
HbIX l!Jiep B 3aBlfCHMOCTH OT cpopMbl II pacnpe)IeneHlf/1 ll)IepHOTI MaTepm1. ,/lnll Jnm!TICOHJiaJibHOH Q)OpMbl llJipa H O)IHOpOJIHOfO pacnpe­
)IeJieHHll ll)Iepttofi MaTep1rn pe3yJib18T nonyc1eH B npOCTOH 8R8JllITll'leCKOH cpopMe, YJJ.06Hott JlllJI ,1J.8JlbHeHIDero HCITOnb3088HWI. Oco6oe 
BHHMaHHe yJJ.eneHO paccMOTJleHHIO cpepMHeBCKOfO pacnpeJJ.eJieHHll l!JJ.epHOH MaTepHH npH p83JIH'!Hb[X cpopMaX 11,1l.pa, OTP8lK8l0lUHX He­
KOTOpble p83JIH'IHbJe TH0bl KOnneKTHBHOfO .1l.B1VKeHH11. nocne JTOfO 6bma HCCJieJJ.OBaHa eynoROBCK8ll JHeprHJI rrp0JlYKTOB ,1J.eJieITT111 
B TO'!Ke p83pb188 npH peaKl.{HKX 61rnapRoro )IeJICHHll B 38BHCHMOCTH OT lfX KOHCjmrypaunH, q>OpMbl H pacrrpeJJ.eneITT!ll l!JJ.epHOH M8TepHH . 
.D:eT8JlbHO HCCJie,lJ.OBaHa 38BHCHMOCTb napaMCTJ)OB JJ.eq>opMaami llJICp B TO'IKe p83pb188 OT HX OOJIHOH KHHCTH'ieCKOH JHeprHH. O6C)'JK· 
,lJ.aeTCll enW!HHe o6ono'!e'IHblX Jcj>q>eKTOB Ha 1,,IaCCOBbJH BbIXO)l npO/lYJ<TOB ,1J.eneHHll. 

TO THE DETERMINATION OF COULOMB ENERGY OF NUCLEAR SYSTEM IN THE SCISSION POINT AT THE 
FISSION// A. V. KHUGAEV, Yu. . KOBLIK, P. D. IOAN OU, E. S. FLITS IVA / In the presented paper the Coulomb energy of 
deformed nuclei m the dependence of the shape and nuclear matter density distribution is considered. For the ellipsoidal shape of the 
nucleus and homogeneous distribution of nuclear matter the result was obtained in the simple analytical fonn convenient for the further 
using. Separate attention was paid to the consideration of Fermi-like distribution of nuclear matter at the different shapes of the nucleus 
reflected some different kinds of collective motion . After these con iderations was investigated the Coulomb energy for the fission 
products in the sc1ssion point at the binary fis ion reactions in the dependence of their configurations, shapes and nuclear matter distribu­
tions. Consideration of the dependence of the shape of nuclei deformation parameters in tbe scission point from tbeir tota l kinetic ener­
gies was made m detail. In the end the influence of shell effects on the mas yield of fission products is discussed. 

1. Introduction 

In thi paper we consider determination of the Cou­
lomb energy of deformed nuclei in the dependence from 
their shape and nuclear matter distribution at the different 
assumptions including homogeneous and fermi - like distri­
bution with some shell model corrections. The importance 
of the correct determination of Coulomb energy follows 
from the nuclear fission, where the dynamical picture of the 
fission depends from the competition between surface 
forces of the nucleus and Coulomb forces acting in the nu­
cleus interior. At such kind of the physical picture it is very 
interesting and useful to estimate this dependence in the 
more quantitative and convenient at the numerical consid­
erations ways what allows us to understand nuclear phe­
nomenon in more detai ls. Here we investigate dependence 
from the den ity distributions at the different fixed shape of 
the nucleus, dependence of the nucleus shape parameters at 
the constant nuclear density in the nucleus interior and the 
last one was included investigation of the Coulomb energy 
of the nucleus at the deviations of the nucleus shape and 
nuclear density distribution. The separate investigation was 
devoted to the calculation of the Coulomb energy of fission 
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fragments in the scission point at the nuclear fission in the 
assumption of their arbitrary shape and nuclear density dis­
tributions. 

We start from the simple cases, having pure methodi­
cal interest and step-by-step complicate considering physi­
cal picture for the further more interesting and physically 
more acceptable cases. 

2. The Coulomb energy of the nucleus. 
General consideration 

2.1. The Coulomb energy of nucleus at the fixed 
spherical form and different distribution of the nuclear 

matter 

The simplest expression for the Coulomb energy we 
have at the consideration of nucleus as simple sphere with 
constant distribution of charge and nuclear matter in the 
nucleus interior in the frame of the liquid drop model (LD). 
This result is well known and gives us the fo llowing 
expression [ I]: 

2 2 
Coul 3 e Z ( Ew = ---ll-

3 
g shape) , 

5 ,0A 



where we take as in the [I] following notations: E;_i"' is 

the Coulomb energy of nucleus in the frame of liquid drop 
model, e - electron charge, Z and A are charge and mass 
numbers of the nucleus, g(shape) - is some factor, ex­

pressing the Coulomb energy dependence from the shape 
parameters at the constant distribution of the charge and 
rule volume conservation rule at the nuclear fission. At the 
assumption of [ 1] we take r0 = 1.2249 frn and 

2 
i::_ = 0.7053 MeV. For the spherical distribution of nu-
5 r0 

clear matter at the fixed parameters of the shape of nucleus 
in the simple spherical form we can write total expression of 
the Coulomb energy in the dependence of the radial charge 
distribution of pz (r) in the following general and conven-

ient for our purposes form: 

uCo"'(A, Z) = I 6,2 I pz (r)r(l pz (r'),'' dr'] dr, (2) 

where the density distribution satisfies to the condition, 
which take electromagnetic r.m.s radius of the nucleus at the 
fixed values Z + N = A : 

here N is a neutron number in the considering nucleus and 
for these densities distribution we have, that: 

00 00 

41tf pzr2dr=Z and 41tf pNr2dr = N . (4) 
0 0 

Using now expression (2) for the Coulomb energy at the 
fixed spherical shape of the nucleus it is easy to calculate it 
for the any given distribution of the charge in the nucleus 
with fixed values Z and N . For instance, for the simplicity 
we can take following distributions for the charge: 

Z[ 05,r5,R=noA113 
p (r) =- PLD, 
z A O r>R 

' 

(5) 

or Fermi-type distribution: 

(6) 

where Po , ~ and a are new characteristics of the charge 

distributions. Therefore at the determination of the Cou­
lomb energy we can calculate this energy in the dependence 
from these values. 

The last step for this kind of consideration connected 
with shell model corrections at the Coulomb energy calcula­
tions. It is easy to see, that for the nuclear matter distribu­
tion we can introduce in the case of spherical symmetry the 
radial wave function \j/ , which satisfies to the ordinary 

Schrodinger equation with Hamiltonian ft = f + V , where 
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interaction operator can be taken as some of the well -
known shell model potential : 

here q; are some generalized coordinates of the nuclear 

system and in general these coordinates can be considered 
as some degrees of freedom connected with the collective 
motion of the nucleons in the nucleus interior . 

2.2. The Coulomb energy of nucleus at the fixed axially 
symmetric form and different distribution 

of the nuclear matter 

After previous, pure methodical step now we can con­
sider physically more general and attractive case of the axi­
ally symmetric shape of the nucleus at the same manner as 
before. We can see, that in this case it is necessary to gener­
alize the expression (2), obtained in the section 2.1. But in 
this case the order of the system symmetry is more low and 
the integration procedure looks not so simple as in the case 
of the spherically symmetric nucleus. Here we develop the 
general procedure of the Coulomb energy calculation in this 
case. After this generalization we will consider separately 
the case of the ellipsoidal shape of nucleus with arbitrary 
distribution of nuclear matter and charge density in the nu­
cleus interior. 

Let us start from the general well known from the clas­
sical electrodynamics expression for the density of electro­
magnetic field energy [2]: 

2 2 
WEM = E ;H ➔ UCoul =-81 JH(V<D)2 d3r' 

7t 7t V 
(8) 

here we used that iI = 0 (electrostatic case) and E = -V<D, 
where <l> is a scalar electrostatic potential of the nucleus 
and the last one expression is integrated over the nucleus 
volume. For the further we assume, that our nucleus has a 
static axially symmetric shape and in this case we can write 
a simple relation [3]: 

o<l> I o<l> o<D o<l> o<l> 8<1> 
V<D =-+--+-➔ V<D =-+-, atthe -=0, 

or r o<j> oz or oz o<j> 
(9) 

where (r,<j>,z) are coordinates of the point in the cylindrical 

coordinate system. The final expression for the Coulomb 
energy determination looks as following: 

uC0111 (A,Z)=.!. II (o<l> + o<l>)
2 

rdrdz . (10) 
4 (r,z) or oz 

The last one expression is general for the any axially sym­
metric nucleus shape and leads the problem of the Coulomb 
energy calculation to the determination of the nucleus elec­
trostatic potential distribution. It means, that up to this mo­
ment the problem of the nucleus Coulomb energy determi­
nation is not completely solved, because the charge distribu-



lion is still unknown. This distribution depends from the 
nucleus model and should be found from the quantum me­
chanics and nuclear physics rules. 

Let's to consider axially symmetric nuclear shape, de-

fined as: = = ±c✓l - (r/ a )2 , where O::;; r ::;; a and 

-c::;; z::;; c . Then from the integration of the expression 
( l 0) for the Coulomb energy determination we have: 

(11) 

Using Poisson equation for the arbitrary charge distribution 
and potential, we can write complete set of expressions for 
the determination of the Coulomb energy: 

(12) 

After that we can simply describe the procedure of the Cou­
lomb energy detem1ination, consisting from the following 
separate steps: 

• For the known charge distribution pz(r,z), de­

pending from the nucleus model we determine the potential 
distribution <I>(r,z) and its first derivatives after the solu-

. . . 1 a ( a<I>) a2
<1> t1on of Poisson equation: --::;- r-;::- +-
2
- = 41tpz (r, =) . 

r or or az 
• After the determination of <I>(r,z) and its first de­

rivatives the function under the integral sign is defined and 
we can integrate the expres ion for the Coulomb energy at 
the any given distribution of charge at tbe axially symmetric 
nucleus shape. 

2.3. The Coulomb energy of nucleus at the fixed axially 
symmetric form and uniform charge distribution in the 

nucleus interior 

Let's take uniform charge distribution in the nucleus 
interior such as p(r, z) = Po for any given point inside nu­

cleus. Then we can rewrite Pois on equation as: 

(13) 

Introducing new function <I>(r, z) = $(r, z) + 21tp0z2
, 

we can rewrite equation ( 13) in the convenient for the fur­
ther solution fom1: 

(14) 

For the mathematical solution of the differential equa­
tion ( 14) let's assume, that exist such arbitrary functions 
fi(r) and Ji(::) satisfying to the following: 

$(r,z)=Ji(r)fi(=) and after simple substitution in the 

initial differential equation relatively function $(r z) to 

obtain, that: 

d2 Ji dfi 
r--+--vrfi =0; 

dr2 dr 

d2/2 
-2-++vfi = 0, 
dz 

(15) 

here v is some undefined constant. The set of differential 
equations can be easily solved and in the result of the sim­
ple considerations [3] one can see, that finally we have: 

<I>(r, z) = Colo ( ✓vr) cos ( ✓v= + o0 ) + 21tp(r, z)z2
, ( 16) 

where the charge density satisfies to the following simple 
condition: 

[
Po (r, :) E 0. - inside ; 

p(r,:) = . . 
0, (r,=) ~0.-outsrde. 

( J 7) 

Potential 

10 

The potential surface, described by the formulae ( 16) at the fixed 
values for the constants C0, 80 and v and nuclear matter density 

distributed as in the ( 17) 
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CBOHCTBA A TOMA Il03HTPOHIDI B KBAPU.E 

B. If. rpacl>yrun1, A. r. 3any,teHLIH1, C. Il. THMOWCHKOB2, 0. M. JipHTKOB2, 0. B. liJIIOXHHa1, 
B. B. KaJ1yruu2, r. r. MHcumeea1, E. n:. IlpoKonLee1, IO. B. <l>ynTHKoe1 

1<1>rYTI rHl.{ P<l> l1HCTHTYf Teopent'ICCKOH 11 )KCnepHMCHTaJlhHOH q>l1311Kl111M. A. 11. AmrxaHOBa, 

117218,MocKBa, Pocc11J1 
2
MOCKOBCKl1H 11HCTl11Yf )JICKTpOHHOH TCXHl1Kl1 (TCXHH'ICCK11H ymrnepCHTCT), 

124498,MocKBa,3eneHorpa.n 

11ccne.noeam,I eonpOCbl TeOpHH epeMeH lKH3Hll H JIHHaMHKH aTOMa nOJHTpOHHll B KBapue. Tipoee)leHHble uccne)lOBaHHll npouecca 
aHHHn{J)llUHH MeTOJlOM HJMepeHHll yrnoeoro pacnpeJleneHHII aHHHfHmlUHOHRb!X q>OTOHOB noJBOnlllOT roeopHTb O HanH'IHH B '-IHCTblX 
KpHCTannax KBapua TepM3JJH30BaHHOfO .nenoKanHJOBaHHOfO noJHTpOHHII, a B KpHCTannax C JlOCTaTO'-IHO 6onbWHM KOnH'-leCTBOM rrpH­
MeceH (Jleq>eKTOB) - 0 H3nH'-IHH noKanHJaUHH 3TOfO aTOMa B o6naCTH onpe.neneHHOfO 061,eMa (nonOCTK) C paJlHYCOM nopJU1Ka ITOCTOJIH­
HOH peweTKH KBapua. 

POSITRONIUM PROPERTIES IN QUARTZ / V. I. GRAFUTIN, A. G. ZALUZH.i~YI, S. P. TIMOSHENKOV, 
0. M. BRITKOV, 0. V. ILYUKHINA, V. V. KALUGIN, G. G. MYASISHCHEVA, E. P. PROKOP'EV,YU. V. FUNTIKOV // 
Questions of the theory of life times and dynamics of positronium atom in quartz are considered. Carried out researches of annihilation 
process by method of measurement of angular distribution annihilation photons (ADAP) have allowed to speak about presence in pure 
quartz crystals of termalised delocalized positronium, and in crystals with enough big of impurity (defects) - about presence of localiza­
tion of this atom in in the field of the certain volume (cavity) with radius of the order of a constant lattice. We shall note also, that tem­
perature dependence of intensity narrow components IN from in ADAP curves weak enough, that in general satisfies theoretical depend­
ence IN. 

Bee,lleune 

OCHOBHblMl1 MCTO,!laM11 H3YlfCHHJI IT0311TJ)OHHOH aHHl1-

rl1JUIU1111 8 BCll.(eCTBe HBJUIIOTCJI: a) onpe.neneH11e CITCKTpOB 

yrnosoro pacnpe.neneHl1JI aHHHrHJUIUHOHHhlX q>OTOHOB 

(YPA<l>) I (0) ; 6) 113YlfCHl1C CITCKTpOB BpCMCHHOro pac­

npe.neneHl1JI aHHHrHJIJl.lll10HHhlX q>OTOHOB (BPA<l>), xapaK­

Tep11JyeMhrx HHTCHCl1BHOCTIIMl1 I; 11 BpeMeHaM11 )Kl1JHl1 

'i; B) 113Mepett11e .norrnepOBCKOro yrn11peH11J1 aHHlffHJUIUH­

OHHOH n11H1111 (,DY AJI), xapaKTep113yeMoe mtHCHHhIM na­

paMe-rpoM s - OTHOWCHHC UCHTJ)aJlhHOH 1.facrn aHIDITHJUI­

UHOHHOro cporon11Ka K rrnoma.n11 scero pacnpe.neneH11J1 

aHHHrHJIJIUHOHHOfO q>OT0Il11Ka. 

11ccne.noaaHl1JI )Tl1Ml1 MCTO,!laMH [ 1-4], npOBC,!lCHHhlC 

B no11ynpOBO,!lHHKax 11 HOHHhlX Kp11CTilJJJiax Ja ITOCJIC,!lHl1C 

rO,!lhl, BhlJIBHnH p.11.n HOBblX Jq>q>eKTOB B IT03HTJ)OHHblX aH­

Hl1rl1JUIUHOHHblX cneKTpaX )THX BCll.(CCTB: cymecTBOBaH11e 

HCCKOJlhKl1X BpeMeH )KJ,{JHl1 IT0311TJ)OHOB, TOHKYIO CTJ)YKTY­

py KpHBhlX yrnoaoro pacnpe.neneHHJI aHIDlrHJIJIUHOHHhIX 

q>OTOHOB (YPA<l>), IT0BhlWCHHYIO BCpOHTHOCTh TJ)CXKBaH­

TOBOH aHHHTHJIJll{l1H, HaJllf'IHC MarHHTHOro TYWCHHJI HCKO­

TOpb!X OCII0BHhlX xapaKTepHCTHK IT0311TJ)OHHblX aHHlfrHJIJI­

UH0HHhlX CITCKTfl0B (T. e . ryweHl1JI opTOITOJHTJ)OHHhlX co­

CTOJIHHH) 11 T. ,!l. TaKHM o6paJOM, MO)KHO c.nenaTb BblBO,!l 

0 TOM, '!TO B nonyrrpOBO,!lHHKax If 110HHblX KJ?lfCTannax Ha-

6JIIO,!laCTCJI WHpOKHH cneKTp IT0311TJ)OHHblX H Il03HTJ)OHlfe­

BblX COCTOJIHHH. 

TTOJIYlfCHHhlC peJynhTaTbl ycHnHBalOT lfHTepec K ,!laJlb­

HCHlilHM JKCnepHMCHTaJlbHhlM 11 TCOpCTH'ICCKl1M HCCJIC,!lO­

BaHHJIM IT0311TJ)0HHhlX COCTOJIH}IH, Il03HTJ)0HHhlX apouec­

COB If IT0311TJ)OHHOH aHHHrl1illlUHH B KpHCTaJJJiax C uenhlO 

ClfCTCMaTHJaQHH ~e HaKonneHHOro MaTep11aJJa, KJiaCCH­

q>11Kau1111 fi0311TJ)OHHblX 11'. IT0311TJ)OHlfCBhlX COCTOJl:Hl1H, 

OillfCaHHJI HX CBOHCTB, BJIHJIHl1JI Ha Hl1X pa3JIH'IHhlX BHCW­

Hl1X cpaKTOpOB (BHCWHero MarHHTHOro ITOJUI, TeMnepary­

pbl, .naBJICHHJI H T . .n.), a TaK)Ke 6onee 4CTKOro Bh!Jl:CHCHHJI 

B03M0)KHhlX np11MCHCHl1H ITOJHTJ)0HH0r o MCTO,!la. Oco6bJH 

HHTepec npe.ncTaBJIJIIOT 11CCJIC,!lOBaHHJI CBOHCTB aTOMa no­

JHTJ)OHHJI a pa3Jil1'1Hb!X cpe.nax .LJ.aHHall pa6oTa rtOCBJIIUC­

Ha, B '!aCTHOCTl1, lfCCJIC,!lOBaHHJIM CBOHCTB )Toro aTOMa 

B KBapue. 

TeopHH DOJHTpOHHH B HOHHLIX KpHCTaJ1J1ax 

3KcnepHMCHTbl no BJll1JIHHIO TCMnepaTYPhI Ha npo­

uecc aHHHrl1JUIUHlf IT03HTJ)OHOB 8 nonynpOBO,!lHHKax 

11 H0HHhIX Kp11CTanJiax (1 , 4] CBJIJaHhl npe)K,!le acero C YlfC­

TOM BJIHJIHHJI q>OHOHOB peWCTKlf Ha )HeprCTH'ICCKHH 

........... 



cneKTJ) H aHHHrHJHIUHOHHble xapaKTepHCTlil<H aToMa OO3H­

TPOHHlI (Ps), 06paJy101UefOClI B HeKOTOpblX Kp11CTaJJnax 

(Hanp11Mep, B nonyrrpoBO,UHHKax, B ll.{eJIO'!HO-raJIOH.llH.blX 

KpHcTaJIJiax (1U[K), KBapue, OKC11,!J,e aJl10Ml1IDUI H T. Jl.) 
[1-3]. EcTecTBeHHO, '!TO crporoe pemeHHe :now 3a,ua'!11 

npaKTH'!eCKM HeBO3MO)l(HO, OO3TOMY 1-1cnom,3yeM rrpH6JIH­

)l(eHHble MeTO)lb] , pa3BHThle a pa6oTax [5-7]. Cyr& HX co­

CTOHT s CJie.llY!Oll.{eM. KaK IlOKa3aHO s [7], s npocTei1weM 

Cny'iae raMHJibTOHl-!aH CHCTeMbJ, COCTOJlll.{eH 1-13 KBa3H'!a­

CTH'!HhlX COCTOJIHHH IlO3HTPOHa (p) H 3JieKTJ)OHa (n) 

paBHOH Macchi (mn = mp * m, r)le m - Macca KBa3!f'la­

CTHU B KpHCTaJIJie), C )"IeTOM HX B33HMO)leMCTBWI Me»<.ll)' 

co6oi1 1-1 c OilTfllJeCKOM BeTBblO KOJie6aHHM pellleTKH HOH­

HhlX KpHCTaJUIOB HMeeT BM.ll 

3,uecb p - onepaTOp MMIIYJihCa IlO3HTPOHMJI; wk - '!aCTO­

Ta OilTK'!eCKOM BeTBH KOJie6aHHM KpHCTaJIJIH'leCKOH pe-
v • 

rneTKM; k - BOJIHOBOH BeKTop; vk, vk - MarpH'!Hble 3Jie-

MeHTbl IlOTeHUHaJia; a;, ak - onepaTOpbl po>K,lleHHJI H 

yttlf'!TO)l(eHWI 4)0HOHOB. HcnoJih3Yll yttHTapHoe npeo6pa-

3OBattHe K raMHJihTOHHaHy (1 ), MO)l(HO 33ID!CaTb 

(2) 

(3) 

3.uech E - )].H3JieKTJ)H'!eCKaJI TipOHHUaeMOCTb; Eo = n 2
' r.ue 

n - IlOKa3aTeJih apeJIOMJieHMJI. 

B CBOIO o'!epe.llb, raMIDibTOHHaH (2) np1-1 k ➔ 0 MO)l(­

HO rrpeo6pa30BaTb K BH.llY 

- j:,2 e2 ( R) H =--- l+e-q . 
m ER 

(4) 

C yqeroM ( 4) ypaBHeHHe llJpeJJ.HHrepa )lJIJI aToMa Ps s 

HOHHblX KpHCTaJIJiax 3anHllleTCJI CJie.llY!Oll.{HM o6pa30M: 

(7) 

r.ue [,=qr. 

PaccMOTPHM cnyqait s-cOCTOJIHHH aTOMa Ps. C yqeTOM 

(7) ypaatteHHe (5) npHBO)lHTCJI K BHJJ.Y 

d
2
R([,) +~ dR([,) +_!!!_ER([,)+ me2 l+e- ½ R([,) = 0 . 

d[,2 [, d[, h 2q2 eh2q [, 

(8) 

Ecm1 saecn1 o6oJHa'!eHWl 

(9) 

11 HCK3Tb perueHHe ypaaHeHHJI. (8) B BJ,t)].e 

R(r) = v([,)/[,, (10) 

TO rnr,ua )lJIJI <PYttKm111 v([,) nonyqaeM 

(II) 

)lJU1 cnyqall [, > I q>yHJ<J.1.1-110 ( 1 + e -½) / [, B xopoweM 

rrpH6Jil1)1(eHHH MO)l(HO 3aMeHHTb Ha (I+ e -l;) /sc, Tor.ua, 

ecmt sse)leM o6o3HatJeHHe 

TO ,UJUI ql)'HKUHH F(x) 6y.ueM 11MeTh 

x(I-x) d~;x) +(2J;"i +I )(1-x) d:x) +2bF(x) = 0. 

(12) 

3-ro ypasHeHHe C rpattl-llJHblMJI ycJIOBHJIMH 

F(0) - KOHe'!Ho, a F(I) = 0 

J1BJU1ercJ1 rHITepreoMeTpH'lecK11M ypaaHeHHeM, KOTopoe 

pewaeTCJI TO'lHO. Ifa csoMCTB 4)YHJ<J.1.HH F(a.,p, y,x) cne,uy­

er ycnosHe 

(13) 

J,13 ypaBHeHHJI (9) H (13) MO)KHO BH)].eTb, '!TO ,UJUI s-co-
(5) CTOJIHHM aTOMa Ps B KpHCTaJIJie COOTBeTCTByIOIUee 3Ha'!e­

HHe 3HeprID1 En onpe,ueJIJ1eTCJ1 qiopMynow 

(6) 

,[(ruI 60JiblllHHCTBa HOHHb!X KpHCTaJIJIOB napaMerp y 
6nH30K K e,UHHHUe. Tio3TOMY 
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(14) 

npH'leM n y.n.osneTBopJ1eT ycnoamo n ~Jib, r.ne n -

ueJible IlOJIO)l(HTeJibHbJe 'IHCJia. 



OpTOHOpMHpOBaHHru! BOJIHOBaJI <PYHKUl1JI OCHOBHOrO 

COCTOJIHHJI aTOMa Ps (n = 1) C y,-ieTOM B3aHMO)leHCTBl1JI 

:meKTpOHa H n03HTpOHa Me)l(.ny co60H H C npo.nonbHblMH 

onTH'!eCKHMH KOJie6aHJ-UIMH np11 3TOM HMeeT BH.ll 

( 15) 

r.ne a1 = Eh
2 

/ e2 m = 2F.0n2 I e2 m = 1, 06€0 / m . Cne)loaa­

TeJibHo, 3JleKTpOHHru! flnOTHOCTb B Hyne aTOMa fl03HTpOHJ,UI 

B 3TOM CJI}"-lae paaHa 

I lo 1 [ 4 q2l 'l'(o) = - --- . 
kp 41t a( a, 

(16) 

lh Bblp3)1(eH1U1 ( 16) cne,nyeT, '!TO apeMeHa )!(J,13fil1 aTOMa Ps 

C )"-leTOM B3311MO)leHCTBJ,U! Ps C !pOHOHaMH pellieTKH paBHbl 

[6] 

4€3 
t =i O C 

s,t s,I 3 ( 2 2 ), · 
m 4-q a1 

(17) 

~ aToMa Ps Manoro pa.llHyca Eo ➔ 0 , a m = mo (mo -

Macca cao6o.nHoro 3JieKTpoHa (no3HTpOHa)) HMeeM 

o 4 
ts,t =ts,t 3( 2 2)'c, 

m 4-q a1 

(18) 

r.ne al q2 = 2 · 10-16 
( E5 /m) we [7], a apeMetta )!(J,13HH t~,1 

paBHbl t~ = ], 25 · 10- IO C, t? = 1, 7 · 10-? C. ~ 60JibllIHH­

CTBa meJIO'IHO-ranOJ,!JlHblX KpHCTa./IJlOB w K.Bapua €6 /m ~ 
~ 2,5, a roe = J013

c-
1 (8] . Tio.nCTaBJIJ1J1 3TH 3Ha'leHJ-UI 

a ( I 8), ttaxo.nHM, '!TO al q2 = 0, 01 H nonpaaKa Ha B33HMO­

.neHCTBHe aTOMa Ps Manoro pa.nHyca C !pOHOHaMH peweTKH 

tte3H3'1HTeJibHa. O.nHaKo a Tex aemecTBax, r)le 3Ha'!eHHe 

a, MO)l(eT 6b1Tb BeJIHKO (HanpHMep, repMaHHH, KpeMHHH, 

3aKHCb Me.nH H apceHH.Ll ra.JJJIHJI, K.Bapu H T . .n. [4], r.ne a1 

MO)l(eT .LlOCTHraTb HeCKOJibKHX .necJITKOB 6opOBCKOro pa­

.LlHyca), 3Ta nonpaaKa MO)l(eT CTaTb cymeCTBeHHOH IIpH 

oueHKH apeMeH )l(H3HH aTOMa Ps. B TaKHX aemeCTBax CJie­

JlYeT O)l(J,!JlaTb 3aBHCHMOCTb OT TeMnepaTYPbl cneKTpOB 

BPA<I>, YPA<I> H )lY AJI. 

.LJ:uuaMHKa DOJHTJ)OHHH 

B HOHHblX KpHCTaJIJl8X (Keapne) 

Hapw C paccMOTpeHHbIMH Bblllie TeMnepaTYPHhlMH 

3q>q>eKTilMH apeMeH )l(H3HH npe)lCT3BJIJleT 60JibllIOH HHTe­

pec HCCJie.noaaHHe .LlHHllMHKH aTOMa Ps B KpHCTaJIJie )lJIJI 

npaBWlbHOro IlOHHMaHHJI xapaKTepa TeMnepaTYPHOH 33BH­

CHMOCTH HM11)'JlbCHOrO pacnpe.neneH.HJI, COOTBeTCTBy10me­

ro Y3KOH KOMflOHCHTe B KpHBbIX yp A<I>. IlonaraeTCJI 

12 

o6bJ'IHO, '!TO 3TO 11MIIYJibCHOe pacnpe.neneHHe OTHOCHTCJI K 

aHHl1rl1JIJIUHOHHOMY pacna.uy aToMa napa-Ps [ I 0, 11 ]. 
3KcnepHMCHTMbHOe H3}"-ICHHe TeMnepaTYPHOH 3aa11-

CHMOCTH 3HatJCHHH HHTCHCHBHOCTH Y3KOH KOMflOHCHTbl 

( a cne.noaaTeJibHO, H HMnynhcttoro pacnpe)leJieHHJI) [IO] 
fl03B0JIBJIO C'JHTaTb, '!TO B K.Bapue HMflYJibCHOe pacnpe.ne­

JICHHe aTOMa Ps xapaKTepH3yeTCJI MaKCBeJIJIOBCKHM pac­

npe)leJICHHCM BH)la 

N(p) ~ exp[ P.
2 1 l · (19) 

2M (T) ksT 

3.necb T - TeMnepaTYPa; p - HMnynhc; k8 - noCTOJIHHaJI 

DOJibUMaHa. IlpH 3TOM 3Ha'leHHe 3q>q>CKTHBHOH MaCCbl 

aTOMa Ps M• (T) yaeJIJ1'!HBaeTcJ1 c pocTOM TeMneparypbl. 

EcTeCTBeHHO, '!TO C flOBbllllCHHCM TeMnepaTYPbl Ha6n10.na­

CTCJI YlllHpeHHe Y3KOH KOMflOHCHTbl, o6ycJIOBJieHHOH aHHH­

rHJIJIUHOHHblM pacna)lOM aTOMa napa-Ps. 3To fl03BOJ111JIO, 

B CBOIO oqepe)lb, Ha OCHOBe TeopeTH'leCKHX paC'!eTOB [ 11] 
nony'lHTb 11H!pOpM3UHIO O .LlHHaMIU<e aTOMa Ps B KpHCTan­

Jie, o6ycnoaneHHYIO ero B3al1MO)leHCTBHeM C aKyCTHtJe­

CKHMH !pOHOHaMH peilleTKH. B 3TOM np116nH)l(CHHH y.nanocb 

onpe,neJIHTh 3cpcpeKTHBHy10 Macey aTOMa Ps H ee 3aa11c11-

MOCTh OT TeMneparypw M• = M• (T). )lJIJ1 a-K.Bapua [ I 0, 

• II]: M =(I,67±0,15)2m, aq>yHKUHJI 

3.necb b - napaMeTp TeopHH (10, I I], paBHhIH 

g4M2z2 
b=----

(2fn2)k8 ' 

(20) 

(21) 

r)le g - KOHCTaHTa CBJl3H Ps-cpoHOHHoro B3311MO,LleikTBJiJI; 

M - Macca cao6o,uttoro aToMa Ps; z - TaK Ha3b1BaeMhIH 

napaMeTp nepeHOpMHpOBKH TeopHH [11]. 
<I>opMyJia (20) )laeT TeMTieparypHyIO 3aBHCHMOCTb 

3!pq>eKTHBHOH MaCCbl aTOMa Ps H npeBOCXO)lHO onpe)leJIJleT 

3KcnepHMeHTaJibHbie .LlaHHhie pa6oTbl [ 1 O]. Otta MO)l(eT 

6bJTb 3anHCaHa B BJ,!Jle 

r· = aT /(I-bT)' (22) 

TaK KaK no orrpe)leJieHHIO 3cpcpeKTHBHrui reMnepaTypa arn­

Ma Ps paatta [10] 

r• =[ M*(T)l2m Jr, (23) 

TaK '!TO 

a =M• 12m. (24) 

<I>opMyna (22) npeBOCXO,LlHO onpe)leJIJleT TeMnepaTYPHYIO 

3aBHCHMOCTb r· ' o6Hap~eHHYIO )lJ1JI aTOMa Ps B a-K.Bap­

ue (10, JI]. IlpH 3TOM a=l,62±0,15; b=(2,0±0,7) x 

x l o-4 K-1 • IlpH'iCM TeMneparypHaJI 3aBHCHMOCTb 3q>cpeK­

THBHOH MaCChl aTOMa Ps o6'bJICHJICTCJI 3!p!pCKTOM 3aryxa­

H.HJI ero K.Ba3H'!aCTH'¾HOro COCTOJIHl1JI. 



Hap11.ny C .nenOKaJll130BaHHbJM aTOMOM Ps B Kpl-lCTa.JlJle 

KBapua MO)l(eT B03HHKaTb noKanH30BaHlib!H Ha .ue(j)eKTax 

CTpYKTYJJbl Ps . .ZJ.n,i OrutCaHl1JI CBOHCTB TaKoro aTOMa Ps 

Ha.no paccMaTpHBaTb 3a,na4y B3aHMO,lleHCTBl1JI ero C KOJJe-

6aTeJJblib!MH COCTOJIHl1JIMH .neq,eKTOB CTpYKTYPbl KBapua. 

B CBJl31-1 C 3THM B pa6oTe [ 12) B paMKaX Teop,m [ 11] 6b!Jll1 

paccMOTpeHbl oco6eHHOCTH Ps-q>OHOHHOro B3aHMO,lleHCT­

BI-UI B KBapue, CBJl3aHHOrO C .ne(j)eKTaMH CTpYKTYJJbl. AHa­

nH3 q>aITTopa 1/(1-bT), exo.usuuero e q>opMyJJhI (20), (22), 

noKa:JaJl, '!TO ,llJIJI nOKanH30BaHHOrO aTOMa Ps 3Ha'leHJ1e 

napaMeTpa ·bioc HecKon&KO 6oJlbwe, 'leM napaMeTpa bdeloc 

,llJIJI ,neJJOKaJll130BaH.Horo aTOMa Ps. OTcJO,na cne,nyeT eec&­

Ma Ba)l(HhJH Bb!BO.ll O TOM, "!TO HMnynbCHOe pacnpe.neneH11e 

B cnY4ae nOKaJll130BaHHOro aTOMa Ps HeCKOJlbKO YilllipeHO 

no cpaeHeH1110 c 11MnyJlbcHb1M pacrrpe,neneHJ1eM .nenoKamI-

3oeaHHoro aTOMa Ps. KaK ITOKa:JaHo HJ-l)l(e, )TO o6CTO.HTenb­

CTBO Hap11,ny c oco6eHHOCTHM.11 cneKTpoB YPA<l> e KBapue 

n03BOJIJleT pa3nH'laTb 3TH )lBa copTa aToMa Ps. 

3KcoepuMeHTaJlbHble peJyJJbTaTbl 

HJ,t)l(e rrpHBe,lleHhJ pe3ynbTaTbl Haurnx 3KCnep1-1MeHTOB 

no 1-1ccne.nosaIDUO aHHHrJ-ln/11..\111-1 n03HTpOHOB B MOHOKpl-1-

CTannH'leCKHX o6pa:Juax Keapua: B o6pa:Jue c Mli.HHMan&­

HhlM co,nep)l(aHHeM np11Mecei1, B o6pa3Ue C MaKCJ-IMaJlbHO 

6onhillHM KOnH'leCTBOM rrpHMeceii Mernnnoe (p1-1c. I) 1-1 

B 3THX )Ke o6pa:Juax MOHOKpHCTannH'leCKOro KBapua np1-1 

pa3nH'llibIX TeMnepaTYPax (p1-1c. 2-4) . .ZJ.illl onpe.nenem1S1 

COCTaea npHMeCHb!X HOHOB B HCCne,noBaHHb!X TIJiaCTHHax 

MOHOKpHCTaJlnH'leCKOro KBapua HCITOJ1b30BaJlCSI HCKpOBOH 

Macc-cneKTpoMeTplf'lecKHii MeTO.ll. Bcero 6&1JI0 o6Hapy­

)l(eHo 46 3neMeHTOB [ 13), lf3 KOTOpblX 6blJIJ,{ BbUIBneHbl 

0CH0BlibJe npKMeCH, rrpKcyrCTBYJOl..l\He B KOHUeHTpaUl1JIX 

Bblille nopora 4YBCTBHTenbH0CTl1 HCn0Jlb30BaHHblX MeT0-

)lHK aHaJlH3a. K '!Hcny 3THX rrp1-1Mecei1 6blJIJ,f 0THeCelibJ 13 
3JieMeHTOB (Fe, V, Mn, Cu, Cr, Ni, Co Al, Mg, Ca, Ti, Na, 

K). KOHileHTpaUJ,tJ,f TaKHX 3neMeHTOB onpe.neMnHCb MeTO­

.llOM 3MHCCl10HH0ro cneKTpaJlhHOr0 aHanH3a C HCnOJib30Ba­

HHeM .nyroaoro HCT0'lHHKa 8036~.nelOUI J,f nnaMeHH0-

q>OTOMeTpH'leCKHM MeTOA0M (LUeJIO'lHh!e HOHb!). B 3KCne­

pHMeHTax no aHHHrl-ln/11..\IDf HCnOJlb30BaJlCJI CTaH,llapTliblH 

MeTO.ll, ocHosaHHbIH Ha H3MepeHJ,tJ,f yrnoaoro pacnpe.nene­

HIDI aHHHrHn/11..\HOHliblX q>OTOHOB. MeTO,llKKa 3KcnepHMeH­

TOB notipo6Ho orr1-1caHa e pa6orax [4, 9). Yrnoaoe pa3pe­

weHHe coepeMeHH&Ix ycTaHOBOK .nocnrraeT 0,3 Mpa.n 1-1 

MeHee rrpH xopoweii CTaTHCTHKe ( 104 
- I 05 

HMIIYJibCOB Ha 

TO'lKY e MaKCHM)'Me KpHBOH YPA<l>), '!TO no3B0J1JleT nony­

'i11Th .lleTaJlhHYJO CTpYKTYPY KoppeMUHOHH&1x KpHllb!X. 

BH.llHO, '!TO ace cneKTpbI YP A<l> co.nep)l(aT Y3KYJO 1-1 urnpo­

KYJO KOMITOHeHTbl (CM. Ta6JJHUY 1-1 pKC. 1-4). KaK Il0Ka:JaHo 

pattee [4, 9), rrp1-1 B3aHM0,lleHCTBKH IT031-1Tp0H0B C MOHO­

Kpl-lCTaJlJIH'leCKHM KBapueM o6pa3yeTCJI aTOM n03HTpO­

HIDI - CBJl3aHHoe C0CTOJlHHe rrapbl 3JieKTpOH - IT03HTp0H 

B opTO- 1-1 rrapa-C0CTOJIHl1JIX. AHHHrJ-ln/11.,\HJI TepManH30BaH­

H0ro naparr031-1TpOHHJl, 06na.na10LUero MHHKManhHblM HM­

nyn&COM npHBO,llHT K yaefil1'leHIIIO C'leTa .llBOHHhlX coana­

.neHl1H npll He60JibWHX yrnax pa3JJeTa Q)OTOHOB. ilpM 3TOM 
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B crreKTpax YPACI) no11Bn/leTCJ1 Y3KaJI KOMITOHCHTa. TaKIIM 

o6pa30M, Y3KaJI KOMnOHeHTa 11 = IN = Si I s .wm 06bt'lHO 

06113a1-1a CB0HM npoHCX0)l(,lleHHeM Me,nJJeHHb!M 8TOMaM 

napano3HTpOHHJI, a urnpOKaJI I 2 = S2 / S rnm - aHH~U-HJUI­

UHH CB060.llHb!X no3HTpOHOB J,fJIJ,j opTOITO'HiTpOHIIJI 1-1a 

:>neKTp0Hax cpe,nbI. 3,necb S1 , S2 - cKopocrn C'lern coa-

na.neHHH, COOTBeTCTBYIOLUHe KOMilOHeHTaM f N 11 /2 , a 

S S U/11 - cyMMapHoe 3Ha'leHHe CK0pOCTJ-1 C'leTa, C00TBeTCT­

BYJOIUee ru10ma.n1-1 rro.n KpHBoH YPA<l>. 

KaK Il0Ka3aJlH HaillH )KCnep1-1MeHTbl, np11 8HHHI'HJIJI­

UHli rronH0CTblO TepMaJil130BaHHblX aT0MOB napa□031iTpO­

HHJI B MOHOKpliCTannax KBapua np11 KOMHaTHOH TeMnepa­

Type OTKJIOHeHHe yrna .neyx aHHHrJ-ln/11.,\H0HHb!X "/ - KB8HTOB 

OT 180° cocraen,ieT ecero 0 ,,, 0,5- 1,0 Mpail, a .nn,i Wlipo­

KOH KOMnOHeHTbl 0 :a:: JO Mpa.n (CM. ra6muzy). 

ITapaMeTpbl aHIDlrHJJ/IUHH n031-1TpOHOB 

B KBapueBOH mui3e npH pa3Hb!X TeMnepaTYPaX 

f 1± f 2 ± 
T, °C ± t.r1, S1/S,urn E1, :>B ± t.f2, S2/S,um Rp,(A) 

MPaJJ. MPa)l 

360 1,25- 0,0300- 0,107- 10,70- 0,9700-
11,4 

0,05 0,0026 0,007 0,05 0,Q210 
200 1,18- 0,0326- 0,096- 11 ,00- 0,9674-

12,05 0,04 0,0021 0,005 0,04 0,0170 
15 1,02- 0,0359- 0,072- 10 70- 0,9641-

13,9 
0,05 0,0041 0,007 0,09 0,0320 

3T11 ,D,aHHhJe Il03BOJ1JIIOT roeopliTb O HaJIH.LUlH □apano-

31-1TpOHl1JI B MOHOKpMCTanJJaX KBapua. O6LUHH BblXO.ll IT0311-

Tp0Hl1JI a KBapue .nocTaraeT nopJ1,nKa 12 %, a ero :>Hepr11J1 

nopH,nKa 0,025-0,06 3B. OTMeTHM, '!TO B3aHMo.nei1cra11e 

.nenOKaJil130BaHHOro rraparr0311Tp0liHJI C KpllCT aJinli'leCKOH 

peweTK0H. KBapua npHBO,llHT K n0JIBJieHHIO 6oKOBb!X ITHK0B 

npli yrnax, o6paTHO nponopUHOHaJibHb!X 3Ha'leHHIO BeKT0-

pa o6paTHOH peweTKH. TaK, ecmI KpHCTaJ!JlOrpaq>lf"!eCKaJI 

OCb y nepneH,llKKyn,ipHa JIIIBHJ.1 pa3n eTa cjJOTOHOB, TO y:i­

KHe nHKli n0HBJJJIIOTCJI np1-1 yrnax 0, 2,75, 5,50 Mpa.n (CM . 

eepXHIOIO KpHBYJO YP A<l> Ha plic. I). B TO )Ke epeMJI 3TH 

6oKOBb!e fiJ,f.l(J,f nonHOCTblO OTCYTCTBYJOT e MOH0KpHCTaJI­

nax KBapua, C0tiep)l(aLUHX MaKCHMaJibHO BblCOKHe 3Ha<JeHKJI 

KOHUeHTpaUHli rrp11Mecei1 ( CM. Hli)l(H}OIO Kpl1l!YJO YPA<l> Ha 

p11c. 1 H KpHBbie YPA<l> Ha p11c. 2-4). Tio-BH,llKMOMY, :no 

o6cTOJITeJlbCTBO roeopIIT O TOM, '!TO aTOM napan0311TpOHl1JI 

B ,llfil!HOM CJIY4ae noKaJil13YeTCJI B MOHOKpliCTaJIJiax KBapua, 

co.nep)l(aLUKX MaKCHManhHO Bb!C0KHe 3Ha"!eHHJI KOHUeH­

TpaUHH np11Mecei1, B 06JrncT11 onpe.neneHHoro o6oeMa (no­

nocrn) C paJJ.IiYCOM IlOpJl,llKa nOCTOJlliHOH peweTKH KBapua. 

Cpe,nHee 3Ha'!eHJ,fe pa.nliyca n0JI0CTH (CM. ra6nHUy), MOAe­

J111pyeMOH noTeHUHaJlhHOH JIMOH pa.neycoM Rps c 6ecKo­

He'!HbIM BbJC0KHM noTeHl.,\lianhHblM 6apbepOM, e KOTOp0H 

apOHCX0,llHT aHHHrHJ1JIUl1JI IT031-1Tp0Hl1JI B KBapue, oueHHBa-

nocb no CTaHAapTIIOH cjlopMyne [4, 9) Rps = 3, 734/ J'£i, A. 
PaCC'iliTaHHble ITO 3TOM Q)OpMyne Ha OCHOBe ,llaHHb!X Ta6-

nHUbl pa.n11ycbl Jl0KaJIH3auI,rn aTOMa naparr031fTpOHl1JI 3aBli­

CJIT OT TeMnepaTypbl 1-1 J-13MeHJIIOTCJI B TeMnepaTYPHOM 



HHTepsaJie OT 15 .no 360 °C OT 3HalfeHltll 11,4 A npH 15 °C 
.no JHaLfeHH11 13,9 A npH 360 °C. 0rMeTHM TaIOKe, LfTO 3a­

BHCHMOCTb HHTeHCHBHOCTH Y3KOH KOMnOHeHTbl 

IN = Si I Ssum (cM. rn61rnuy) .nosonhHO cna6asi, LfTO B 06-

iueM y.nosneTBOp11eT Teope-rHqecKOH JaBHCHMOCTH ] N , 

noJJ)'LfeHHOH B pa6oTax [10, 11]. 

Si0
1
(Y -<:pe:,) N(8) 

-8,Mpan 12 10 8 6 4 2 0 2 4 6 8 10 12 +8,Mpllll 

PHc. I . CneKTJ) yrnosoro pacrrpe.aeneHHJI aRRHrHJI111llfOHH01X 

qJOTOHOB .llJlJI MOHO!CpHCTaJIJIOB KBapua. Bsepxy - o6paJeu 'IHCTO­

ro KBapua C MHHHManbHblM co.aepJKaHHeM ITpHMecei:i, BHHJY -

o6paJeu KBapua c 6onbWHM co.aepJKaHHeM npHMecei:i. C-rpeJIKH 

COOTBeTCTBYJOT rrepHO.llY o6parnoi:i peweTKH KpHCTanna no OCH Y 
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PHC. 2. YrnOBble pacrrpe.aeneHHJI aHHHrHJUIUHOHHbIX qJOTOHOB 

B MOHO!CpHCTa.nml'leCKOH KBapueBOH JIHH3e ITpH T = 633 K: I -
KpHBaJI yp A <I>, TTOCTpOeHRaJI no JKCllepHMeHTaJil,HbJM TO'IKaM; 

2 - C)'MMa yJKOH H WHpOKOH rayccOBbIX KOMTTOHeHT; 3 - yJKaJI 

rayccosa KOMTTOHeHTa crreKTJ)a, cooTBeTCTBYJOWaJI pacrra.ny napa­

nOJHTPOHIDI. no OCH a6c1rncc OTJIOJKeHbl KaHanbl aHaJIHJaTopa 

(ueHa KaHana 0,2 Mpa.a), no OCH Op.llHHaT - 'IHCJIO co6blTHH 
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PHC. 3. YrnOBble pacnpe.aeneHHll aHHHrHJI11QHOHHblX q>OTOHOB 

s MOHO!CpHCTaJIJIH'leCKOH KBapueBOH JIHHJe ITpH T= 573 K. 
060JRal.feHHll Te JKe, LfTO Ha pHC. 2 
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PHc. 4. YrnoBble pacrrpe.aeneHHJI aRHHrHJillUHOHHblX qJOTOROB 

s MOHO!CpHCTaJIJll{\jeCKOH KBapueBOH JIHHJe rrpH T = 288 K. 
060JHa'leHHll Te JKe, LfTO Ha pHC. 2 
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B03MOJK.HhIE CBOHCTBA 1103HTPOHHblX COCTOHilH.H 
B ME30<1>H3H.KE IIOJIYIIPOBO,ri:HHKOB H HAH03JIE.KTPOHHKE 

B. II. rpa(j>yTHu1, A. r. 3anyiKHL1n1, 0. B. Hmoxuua 1
, B. B . .Kanyruu2, r. r. MHcu~eBa, 

E. II. IlpOKOnbeB 
1
, C. Il. THMOWeHKOB2, IO. 8. <l>yHTHKOB 

1 

I<1>fYTI fHU P<D 11Hcnnyr TeopeTJ11•1ecKoi111 JKc□ep11MeHTa.JlbHOH q>l1311KH HM. A. 11. A1rnxaH0Ba, 

117218,MocKBa,PoccWI 
2
MocKOBCKHH 11HCTl1Tyr JJieKTpOHHOH TeXHHKH (TeXID1'-leCKl1H yHHBepc11TeT), 124498, MocK.Ba, 3enettorpa.n 

IloKaJaRO, 4TO aHHlffJoUUIUHOHHb!e xapaKTepHCTHKH 3D, 2D, ID (,f OD ITOJIIT)JOHHeBb!X COCTO/IHHH B KpHCTaJ!Jle, KBaHTOBb!X /!Max, 
KBaHTOBblX npOBOJJOKax 11 KBaHTOBblX TO4Kax HMelOT llpKO Bbipa)KCHHble aHOMamJH, 'ITO ITOJBOJJlleT rosopHTb O BOJMO)KHOCTH l1X HC­
cne.uosaHHH C ITOMO[[lblO MeTOllOB npeuH.3HOHHOH OO3HTpOHHKH. 

POSSIBLE PROPERTIES OF POSITRON STATES IN SEMICONDUCTOR METHOPHYSICS AND NANOELECTRO­
NICS / V. I. GRAFUTIN, A.G. ZALUZHNYI, 0. V. ILYUKHINA, V. V. KALUGIN, G. G. MYASISHCHEVA, E. P. PRO­
KOP'EV, S. P. TIMOSHENKOV, Yu. V. FUNTIKOV // It is shown, that annihilation characteristics 3D, 2D, ID and OD positronium 
states in a crystal, quantum wells, quantum wires and quantum points have strongly pronounced anomalies that allows to speak about an 
possibility of their researches by means of methods precision positronics. 

KBaHTOBbie T04KH, KBaHTOBbie □pOBOJJOKH, KBaHTOBble 

.!IMbl, cy□epaTOMbl pa3JJH'-IHOH □p11p0.l(bl 11 MHOroe ,npyroe 

B Me30q>l1311Ke □ony□pOBOAHHKOB H HaH03JJeK1'pOHl1Ke 

npe.ncTaBJJ.!IIOT, no-cymecTBy, ttoeoe ttanpaeneID1e B ¢>11311-

Ke TBep.noro Tena [J - 30]. B CB.11311 C pa3BHTl1eM □peU11311-

0HHOH 1103111'pOHHOH ilYlfKOBOH aHIDU'HJUIIJ,110HHO.H c□eK-

1'pOCKOl1Hl1 (IIIIAC) [28] MeTOA aHH11I11JI.11Ul1H □03111'pOHOB 
MO)l(eT 6b1Tb 11CflOJlb30BaH ):.lJl.!I HCCJJe,noeaHWI 3TKX CTPYK· 

TYP B Me30q>l13HKe nony□p0BOAJ-ll1KOB H HaH03JJeKTpOHl1Ke 

[30]. TaKHM o6paJoM, B03HHKaeT npo6neMa Teop1111 ND = 
= 1 2 , 3-MepHbIX (ND cocTO.!IHHH, r.ne D - c11MBOJI pa3-

Mepttocrn) ll03111'pOHHblX 11 fl03111'pOHHeBblX COCTO.!lfillH B 

non ynpoeo.l(IDI.KOBbIX CBepXCTPYKTYPax [30]. Ha116onb11JHH 

HHTepec npe.ncTaBJI.!IIOT B03MO)l(Hble CBH3aHHble COCT0.11.HWI 

Ha ND JJieKTpOHHblX COCTO.!IHWIX: 3JieK1'pOHhl, 3KCl1TOHbl, 

1'peX4aCTl1'-IHbie KOM□neKCbl (tta□pHMep coe,l(HHeHWI Y11J1e­

pa, BKJIIO'ial0lll,11e B CBOH COCTaB ,!{Ba 3JieKTpOHa 11 00311-

TPOH (HJIJ1 .l(blpKy)), 6113KCl1TOHbl 11 .npyrne KOMOJieKCbI Ha 

rpamme paJ.nena, a TaK)l(e cynepaTOMh1, cynepattT11aTOMb1 

H o6paTHbJe cynepaTOMbl 11 o6paTHbie cynepattrnaTOMbl 

[4, 25]. 1.(eJiblO .nattttoro coo6meHWI .11BJI.1110Tc.11 11ccne.noea­

HHe 11 ycraHOBJieHJ1e CB.11311 Me)l(.l(y OCHOBHhlMl1 xapaKTep11-

CTl1KaMJ1 (napaMel'paMH) □03H1'pOHHOH aHHHrHJI.!IUHH SND 

(napaMel'p c□eKTpOB .no□JiepoBcKoro yw11peHWI aHHHrHJI.11-

UHOHHOH JIHHHH UJ,Y AJI)), hND ( cKopocTb C4eTa 

e MaKCHMYMe KpHBhlX yrnoeoro pacrrpe.neneHWI aHIDITHJI.11-

u110HHbIX q>OTOHOB (YPA<I>)), f ND (OOllYI1JJ1P11Ha Ha nony­

BblCOTe KpIIBbIX YPA<D), <jlopMbI 11 nono)l(eHWI cneKTpOB 

(YPA<I>) P ND(k,) a • ND BpeMeH )l(HJHH BO epeMeHHbIX crreK­

TPax atttt11r11mm11ottmrx <jloTOHOB (BPA<D) H napaMe1'paM11 

16 

nonynpoBOAHHKOBblX CTPYKTYP C K.BaHTOBbIMH T04KaMl1, 

KBaHTOBblMJ1 npOBOJIOKaM11 11 KBaHTOBbIMH .!IMaMH H 3JieK-

1'pOHHO-Il03H1'pOHHblX COCTO.!IHHH B HKX. TaKHM o6pa30M, 

HJMep.11..11 epeMeHa )l(H.3HJ1 • ND Il03111'pOHOB, <jlopMy H napa­

Mel'pbl P ND (k,), hND, r ND KpHBblX (c□eK1'pOB) YPA<I> H SND 

napaMeTP c□eKTpOB ,ZJ;Y AJI, MO)l(HO B paMKax JIOByille'-IHOH 

Mo.nen11 [26, 27] onpe.neJIHTb KOHUeHTPau-1111 ND JJieKTpOH­

HblX COCTO.!IHl1H li nonyqaTb 11Hq>OpMaUHIO 06 HX C1'pyxrype 

11 pa3Mepax. EoJlbmoe JHaqeH11e 11MeeT eonpoc o BJIH.11.HH11 

BHeWHero 11 3neKTp114eCKoro nonei:i Ha ceoacTBa ND JJieK­

TPOHHbIX cocT0.11.IDlH. B nepcneKTHBe nonyqaeMbie TaKHM 

o6pa30M pe3yJibTaTbl MOryT 6bITb HCOOJlb30BaHbl ):.lJl.!I pa3-

B11TWI 003H1'pOHHOH .l(HarHOCTHKH H □03H1'p0HHOH aH.IDITH­

Jl.!IU110HHOH cneKTpOCKO□HH H TOMorpaq>HH B □pHMeHeHHH 

K oony□pOBO.l(HHKOBblM CBepXC1'pyxrypaM. 

Ha OCHOBaHHH pa6oT [ 1- 3 I] 6bIJIJ1 rrpoee.neHhl HCCJie­

.l(OBaHIDI CBOHCTB ND □03111'pOHl1eBblX COCTOJIHH.H B nony­

npOBOAHHKOBblX CBepxCTPYKTYPax, BKJIIO'-laIOll!KX B CBOH 

COCTaB KBaHTOBbie TO'-IKH (Ky6 04eHb Ma.JlblX pa3Mepoe), 

KBaHTOBble rrpoBOJIOKH ( C nonepe'-IHblM ce4eHHeM B B11.l(e 

K.Ba.nparn), KBa.npaTl:lble KBaHTOBble .!!Mb! H cynepaTOMbl 

pa3Jll1'-IHOH npHpO.l(bl. ,ll,JI.11 cpaBHeHWI oueHHBaJIHCb TaK)l(e 

CBOHCTBa aTOMa Il0311TPOHWI B TPeXMepHOM KpHCTaJIJie. 

lli!HeHHbrii pa3Mep CTOpOHbl K.Ba,npara (Ky6a) o603Ha'-IHM 

'-Iepe3 d. Ceo»cTBa ND □03111'pOHWI B TaKHX CTPYKTYPax BO 

MHOroM OOXO)K.11 Ha CBOHCTBa ND 3KCHTOHOB [27]. 11c□OJlb-

3YH 3KCHTOHHYIO MO.l(eJlb □03H1'pOHIDI, oueHHM xapaKTepH­

CTHKH ND □03111'pOHWI. Ba)l(HeHI1JeH eeJI11411HOH, onpe.ne­

Jl.!I.IOll!e» ceo»cTBa ND □03H1'pOHHeBbIX cocTOHHHH, .11.BJI.!I-

---



eTCll :meKTpOHHaJI ruioTHOCTh s Hyne: l"P(O)l~o. Cne.nyll 

[7- 10, 24, 26), nonyqaeM Bhlprut<e1me .Ullil l'l'(O)l~o oc­

HOBHOro COCTOllHHJI Il03liTpOHl-UI 

(1) 

a.30 =xip; a.w =(xzp/1921t)(d/ao) ; 

a.w =( a.xkµ/l81t){ d2
/ a5) ; aoo = (J/277t){ d3 

/ a5) . 

3.necb Xkp = (em/2µ) ; f: - )ll13JICKTpWICCKall npoHm~ae­

MOCTh; m Macca cso6o,uHoro 3JICKTpoHa; 

µ = m11m P /(m11 +mp) - npHse,ueHHaJI Macca aToMa no311-

TpOIDtJ1; Inn 11 mp - :>cpcpeKTHBHl>le M3CCbl :meKTpOHa 11 rro-

3HTpOHa cooTBeTCTBeHHo; l'I' 0 (0)1
2 = l I 81ta5 - :meKTpoH­

HM 11JIOTH0CTh B Hyne BaKYYMHOro COCTOllHI1JI n03HTpOHI1JI; 

a0 - 6oposcKHi1 pa.n11yc; a << l - rrapaMetp Teop1-rn Jio­

y.noHa [31] O,UHOMepttoro II0311TpOHHll. 

lir,IJI11 pacctJHTaHhl TaIOKe Kp11Bbre YP A<l> PND(k.) no-

3111-p0HHeBbIX COCTOJIHHH )lJlll HanpaBJieHHH, rrapaJIJICJlhHhlX 

J,f nepneH)lHK)'JlllpHI,IX IlJlOCK0CTH (x, y), IlOJI)'IIDlpIDI ,qm­
BbIX YPA<l> r ND, OTHOCHTCJlbH.1,IC sepo>ITHOCTM 3y-amrn­

nuum1111 P31(ND) ND noJHTpOHHeBhIX coCToID111M 11 HX 

speMeHa :>KH3HH .umr OCHOBHOro COCTO.llHIDI 

a TaIOKe rrapaMCTp Marn11rnoro 1}'llleHID1 QND ND opTOrro-

3HTpOHIDI [7- 10, 24, 26), onpe.nemuomHJ':i ,ueikTBHe BHern­

ttero M3rHHTHOro TIOJlll Ha 0CHOBHbie xapaKTepHCTHKH aH­

HHrl-UU!U.1111 JND(0) (y3K3JI K0MTIOHCHTa B KpHBbIX YPA<t>, 

o6.sl3aHHaK aHHHr~HH rraparro3HTpOHm1), PND(kJ, 
P31(ND) H fi(ND) (HHTeHCHBHOCTb .nonrO)KHBymei':i KOMno­

HeHTbI, 06,iJaHHaJI pick- ojf-aHHIITHAAUIDI OpTOTI03HtpO­

Hll.11) 

(3) 

r.ne Qo - rrapaMCTp MarIDITH0rO T)'II.!CIDI.J{ 0pT0il03l1Tp0HHJl 

B BaKYYMe. 

Ou.eHHM a.ND ,un.11 apceHl1)la raJIJIHJI, r.ne E: = 12 

m11 ~ mp ~ 0,2m . 0Tc10,ua Xkp ~ 60. TaK KaK d ~ 2a ~ 

~ lOA (a - nocTOj[fili3JI peIIIeTKH), TO cornacHo onpe,uene­

HIDIM a.ND K cpopMyne (1) 1-lMeeM a.ND >> 1. B cnyqae ,Ke ID 
Il0311TpOHJ1eBhlX COCTOllIDIH aw>> 1, TaK KaK a << I [31 ] . 

TaKHM o6pa30M, aHHHrl1JJ.JIIjHOHHhle xapaKTepHCTHKJ1 

3D, 2D 11 OD n0311TpOIIBeBhlX cocTOllHHH B KpHCTaJIJie, 

KBaHTOBhlX 'IMax u KBaHTOBhlX TO'JJ(ax HMeJOT 'lpKO Bh!pa­

)KeHHhJe aHOMaJIJ1H: BblC0KH.e 3HatJeHHll tsN H t,N no cpas-

HCIDIIO C t~ 11 t? (0 - CHMBOJI Il03HTpOIDUI B BaKyyMe), 

aHoMamrn B semtl.fi-rHax PND(k,) 11 r ND Jlllil p8.3JI11'IHbIX Ha­

npasneHi-ri1 1-1a6JIJO,ueHJ,ljj P ND(kJ, cynepCHJlhHOe .neikTB11e 

BHeUIBero MarHl1TH0ro IlOllil, 'ITO npHB0,UHT K llpK0 Bhlpa­

)[(eHHb!M aHOMaJI11.JIM Ha6n10,uaeMbLX t sN. ,N, IND(0), P31(ND) 

H fi(ND) B 11onynposo.nHJ1J(OBblX csepxcTpyJ<TYPax, BKJ110-

Ltaiom11x B CBOH COCTaB KBaHTOBblC T01.(Kl1 (Ky6 oqeHb Ma­

JlhlX p8.3Mepos), KB3HTOBhle npOBOJI0KH (c nonepel{_HblM 

ce'!eHHeM B 811Jle KBa,upaTa), KBa,L{paTHble KBaHT0Bble 'IMbl 

11 cynepaTOMbl pa3Jil14HOH npHpO.L{bl. 
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PACqETHO-TEOPETHqECKHE H 3KCIIEPHMEHTAJihHbIE METO~bl OilPE~JIEHIDI 
TEMIIEPATYPLI MHKPOTB3JIOB B 3KCIIEPHMEHT AX HA IDIP fiHrP 

B. A. YcTuueuxo, B. H. fioraauoe, B. B. rop6yuoe, r. r. Heauoea, B. <I>. KoJJecoe, M. H. Kyenrnuoe, 
A. K. Jlbt'lfaruu, B. B. Ca,KHOB, A. B. CuHHl.{blH, B. H. Cocj>pouoe, H. A. TecanoecKuii, A. A. Twnauoe 

<I>rYTI "P<l>.fil.l-BHM113<I>", 607188, r. Capos HmKeropo,ncKOH o6n. 

TTpe.nCTaBJieHbl npe.llBapHTeJJ&Hble peJyn&TaTbl paC'ieTIIO-TeopeTlf'leCKOro H JKcnepHMeHTaJibHOfO MeTO,llOB onpe.nerremu1 TeMTie­
parypbl MHKpOTBJ.11O8 B HMTIYn&CRbIX 06.11)"1eHHllX Ha HJI.P EHfP. qHC.lleHHOe MO,llC.lllfpOBaJrne JKCnepHMeHTOB C MHKpOTBJ.llaMJf Ha 
Hccne.noeaTeJibCKOM peaKTope EHfP TipOBO,llH.IIOCb no nporpaMMe CAFR. 3KcnepHMeHTan&HOe HJMepeHHe TeMTieparypbl noeepXHOCTH 
o6p33UOB B xo.ne 06.ll)"leHHll npoBOAH.IIOCb 6ecKOHTaICTRLJM TIHpOMeTplf'leCKHM MeTO,llOM. IlOJJ)"leHO xopomee coerra.neRHe paC'ieTHblX ff 

JKC!lepHMeHTan&HblX .naHHblX. 

CALCULATED-THEORETICAL AND EXPERIMENTAL METHODS OF MICRO FUEL ELEME T TEMPERATURE 
DETERMINATION IN EXPERIMENTS ON NPR BIGR I V. A. USTINENKO, V. N. BOGDANOV, V. V. GORBUNOV, 
G. G. IVANOVA, V. F. KOLESOV, M. I. KUVSHINOV, A. K. LYCHAGIN, V. V. SAZHNOV, A. V. SINITSYN, V. N. SOF­
RONOV, N. A. TESALOVSKII, A. A. TYUPANOV II Preliminary results of calculated-theoretical and experimental methods of mi­
cro fuel element temperature determination under pulse irradiation on nuclear pulsed reactor (NPR) BTGR are given in the paper. 
Numerical simulation of experiments with micro fuel elements on NPR BIGR was done with help of code CAFR. Experimental 
measuring of specimen temperature under irradiation was carried out with help of contactless pyrometric technique. Perfect coincidence 
of calculated and experimental data was obtained 

Beeaeuee 

K cepe,llHHe 1990 r. oreqecraeHHLie H 3apy6e)l(Jfl,1e 

AOCTIOKCHIDI B TeXHOJIOrnH o6opy.noBaH.HJI ra3OBblX -ryp6HH, 

Bb!COK03q>q>eKTHBHbIX TellJI006MeHHHKOB H 3JICKTpOMarHHT­

HblX no.nwHilHHKOB no3BOJIHJIH C'IHTaTb peam,HOH pa3pa6oT­

KY npoeKTa H co3,naHHe peaKTOpHOH YCTaHOBKH, CO'leTIUO­

meii 6e3onacHb1H Mo,nyJlbHhlH BblCOKOTeMDepa'I)'pHbIH ra3o­

OXJI!l)KJlaeMblH peaKTOp (BTfP) H CHCTeMY npeo6pa3oBaHIDI 

3Hepnrn, peaJIH3yiomyJO BblCOK03q>q>eKTHBHbIH ra30T)'p6HH­

HblH UIOOI EpaiiTOHa c KTILJ: ~ 50 %. 3Ta KOHUellUWI nerna 

B ocHosy Me)l(Jl)'Hapo,nHoro npoeKTa IT-MfP. 
B Ka'leCTBe TOnJIHBa paCCMaTpHBaeTCll npHMeHeHHe 

TOllJIHBHblX '13CTHU C MHOrOCJIOHHblMH 3amHTHblMH Kepa­

MH'ICCKHMH nOKpbITHllMH (MHJ<POTB3Jib1) [ J ]. MHKpOTB3Jlbl 

(MT) roMoreHHO pacnpe,neJilllOTCll B rpaq>HTOBOH MaTpHUe, 

o6pa3yll TOllJIHBHblH KOMnaicr UHJIHH.llPH'leCKOH qiopMbI. 

OHH npe.ncTaBJilllOT co6oi1: 'laCTHUbl .llBYOKHCH ypaHa cqie­

pH'ICCKOH q>OpMbl (KepHbI), KOTOpbie 3aKJJIO'ICHbl B MHOro­

CJIOHHYJO, BbICOKOTeMneparypHylO H O'ICHb npO'iHYJO Ke­

paMH'ICCKYJO o60JIO'IKY, cnoco6H}'l0 3q>q>eKTHBHO y.nep)KH­

BaTb npOJlYKTbl ,neJieHHJI (pHC. 1 ). 
TTpH paCCMOTpCHHH cueHapHeB BO3MO)1(HOro pa3BHTIDI 

asapHii Ha BTfP Bbl.lleJIHM .nae npH'iHHbJ HX BO3HHKHOBeHHl!: 

- pe3KOe sse,neHHe B aJCTHBHYJO Joey (A3) peaicropa 

3Ha'IHTCJlbHOH nOJIO)l(HTCJlbHOH peaKTHBHOCTH, noBbllllalO-

19 

K8P'1 

8~ nopMC'TbUI CIIOM 
(~blil) 1,3 llMl)Oyr/lePQQS 

T Miw,,il .HyTPeKHMil CIIOM M3 
nMpo)lmepQQII 

npoMOCYfCNHblM C1IOM Kl 
1(3~ ICl)e~MJI 

T DOpQOO H9P)?l(H08 OOl(J)bHMG M3 

llMpoymepc:wl 

PHC. I. lliJmq>-p33pC3 MHKpOTBJ.lla 

mee nJIOTHOCTb nOTOKa HCHTpOHOB, 3HeprOBbl,lleJieHHe 

H TeMnepa'I)'py TB3nos; 

- CHIDKeHHe HJlll npeKpameHHe pacxo.na TennottocH­

TeJill .llJill OTBo~a Tenna H3 A3, rrpHBo.llllmee ttenocpe.ncr­

seHHO K pocry TeMnepa'I)'pbl TOnJIHBa. 

BcruieCKH TeMlleparypbI B KepHax MHKpOTB3JIOB MOryT 

npHBO,llHTb K HX llJiaBJieHHJO, K He)KenaTeJibHblM XHMWie­

CKHM peaKUHl!M H K JIOKa.Jll,HblM TepMH'ICCKHM HanpJl)KeHH­

llM, T. e. K nopqe H ,lla)KC pa3pyweHHJO TB3JIOB. KpoMe Toro, 

3TH BCnJICCKH TeMnepa'I)'pbl B CJIY'lae HX 11pe3MepHO BblCO­

KOro ypOBHll MOryr HMC'Ib cne,nCTBHeM YMCHblllCHHe KO-

3q>q>Hl(HCHTa TeMneparypHoro rauJeHHJI peaKTHBHOCTH 

B MOMeHT HMnyJlbca ~eJieHHH, IIOCKOJlbKY B ypaH-rpaq>H­

TOBblX peaKTopax rauJeHHe peaKTHBHOCTH ocyweCTBJille'ICll 



B peJyJJhTaTe p83orpesa rpacjmTOBOH Maipm.u,1, a He ypaHa. 

OtJeBH)].HO, lJT0 s ueJlJIX o6ecnetJeHHJI coxpaHH0CTl1 
11 pa60TOCnoco6HOCTH T0flJJ11Ba, a T8!0Ke CTaforn.hHOCTH 

TeMaeparypHoro raUleHHJI peaKTH.BH0CTl1 B0JHHKH0BeH11e 
3H8411TeJJbHhlX scnneCK0B TeMneparyphl B KepHax M11Kp0-

TBJJJ0B, BX0JJ.JIIU11X B T0flJJHBH)'IO K0Mfi03H.Ul1IO, )].0J])K.H0 
6bITh 11CKJJIO'leH0. TeM He MeHee npouecCbl neperpesa T0-

nJJ11Ba 11 TepMHtJeCK0ro p83pyweHHJI M11Kp0TBJJJ0B ipe6y­
lOT np11CTaJJbH0ro 113}"1eID!JI. 

IlocTaHOBKa JKcnepHMCHTa H MCTOAOJIOrHH 

l..{eJJ.hlO )].aHHOH pa60Tbl JIBJlJIJJaCb oipa6oTK8 paCtJeT­
H0-TeopeTHtJeCKoro 11 3KCnepH.MeHTaJJbH0ro MeT0)].0B on­

pe.u.eneHW! TeMnepaTypbl MHKp0TBJJJ0B B lfMnyJJhCHhlX 06-
JJ}"leIDIJIX ua MJIP 611fP, M0JJ.enHpylQlUHX npoeKTH.h1e 
H 3aapoeKTH.hie aaapHHHbie pe)KJ,lMhI peaKTopa, s npouec­
cax peaKTH.BHOCTHOH asapH.11 11 c11ryauHJ1x, CBJIJaHHhlX 
c tJaCTl1tJHOH HJJ11 nOJIHOH noTepeii TenJJ0Hoc11TeJlJI. Bse.u.e­
mIe JHeprHH B KepH MHKJ)0TB3JJa c nocne,ny10ru11M HJMepe­
HtteM JHatJeH.J,IH 3Hepr mt H TeMilepaTypbl ocyrueCTBJl.llJl0Ch 
Ha 6aJe 06.ll)"laTeJihHoro K0MTIJieKca BH11113cl> 611TP [2] . 

,ll.JlJI rrpose,neIDIJI 06nyqeuH.11 o6p83Uhl noMema.,rncb 
a CTaJJ.hHOH TKreJJ.h, pacrrono)KeHHhIH s aaKyyMH0H repMe­
TH'lHOH aMnyJie. B KpbllllKe aMOYJihl opraHH3088Hbl 00Tl1-
tJeCKl1H BblXO,ll (repMOp83beM) 11 raJOBblli p83beM ,llJlJI Ba­

KYYM11pOB8Hl1JI o6beMa aMnyJJ.hJ. ,lJ.JlJI n0BbJUJeHH..11 lJHCJJa 
,neJJeHHH B KepHe Ja nycK peaKTopa aMnyna c o6p83UOM 
0Kp~aJJ8Ch Il0J1113THJJeH0BblM JaMe,llJ111TeJJeM. 

TioJJHJTHJJeHOBhlli 6JIOK c aMnyJJOH yCTaHaBJJliBaJJCJI 

B o6nyqaTeJJbHOH II0JJ0CTl1 6noKa 0lp8)KaTeJlJl-38Me)].JJl1TeJlJI 
(603). 603 C~l1T ,llJlJI yaeJJUtJeHl1JI HeiiipoHHOro p830-

rpesa M11Kp0TB3JJ0B 38 C'leT poem II0TOKa HeHipOHOB B 
06nacT11 p83MerueIDIJI o6nyqaeMhIX o6paJuos 11 c1,U1TtJeH11J1 
HeiiipoHHoro cneKipa. Ott npe,nCTaBJlJleT co6oii rpaqrnTo­
BbIH 6noK npJ1MoyroJlbHOH <popMbl (Bb!COTa - 700 MM, )].JJl1-
Ha - 700 MM, rmq,11Ha - 550 MM). TiosepXHOCTb £03, 06-

parueHHa.ll K 8KTHBHOH J0He, ape,ncTaBAAeT co6oii l.l,}UlHHJl.­

p11tJeCKYIO rrosepXH0CTh, pa.u.11yc KpHBH3Hhl KOTOpOH 
(- 512 MM) C00TBeTCTByeT pa,neycy KpHB113Hhl KOprryca A3. 
O6nyqaTeJlbHa.si nonocTh pacnoJJo)KeHa s 06nacr11 nepe,u­
Heii (o6parueHHoii K A3) aosepxHocrn 603. PaJMepbl no­

JI0CTM 200 x 200 x 450 MM. Me)K,lly A3 11 603 pacrroJiaran­

c.si IU11T 113 Kap611JJ.a 6opa. 
CxeMbl p83MerueIDl.ll JKcnepHMeHTaJJhHOH aMrryJJht 

s 603 11 603 y 6oKosoii rrosepXH0CTM A3 npe,ncrnaneHh! 

Ha p11c. 2. 
TiepeMerueHHe 6JioKa 0lp8)1{8TeJlJI-JaMe,llJ111TeAA Ha 

06.IIy'laTeJlbHYIO Il03HUHIO K A3 ocyruecTBJlJIJJ0Ch )].11CT8H­

Ul10HH0 113 rryJlbT0B0ro OOMeIUeHHJI. l13MepeHHe TeMrrepa­
TypbI noaepXHOCTl1 o6p83UOB B xo.u.e o6rryqeIDUI ap0B0)].11-
JJ0Cb 6ecKOHT8KTHblM MeT0)].0M C Il0M0IUhlO CBeTOB0)].8 [3], 
Topeu K0T0poro opraH1130BhlBaJJ CBeTOc6op C nosepXHOCTl1 
o6p83U8 Ml1KpOTB3JJa B M8rHClp8JlhH.hl.H CBeT0B0)]. )].JJl1HOH 

30 MeT!)0B, BbIXOJJ.JIIUl1H tJepeJ 611onor1-NeCKYIO 3aru11ry 
MJIP EMrP K 11JMepH.TeJlbHOH annapaType. 

CipYKTYPHa.si cxeMa 11JMep11TeJJbH0H c11CTeMh! npe.u.­
crnsneHa Ha p11c. 3. Onn1l.!eCKOe 113nyqeH11e p83orpeTOro 
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A(5 I) 

CBl?IOBOJI. 

P11c. 2. CxeMi.1 p83MemeHHJI :>KcnepHMeHTaJTi.Hott aMnyn1,1 e EO3 

H I,O3 y OOKOBOtt noeepX.H0CTH 8KTHBHOH 30Hhl: I - 8KTHBH8JI 

J0Ha 11JIP I,WP; 2 - 603; 3 - aMnyna c MHKp0TBJnoM; 

4 - CBeT0B0Jl 

B npouecce 06.ll)"leHHJI o6paJua socnp11H11MaeTc.11 BX0JJ.HhIM 
T0pU0M CBeT0B0)].a, pacrroJJ0)KeHH0ro B OTBepCTl111 06JJ}"la­
TeJJbHOH aMnyJJhl. OCHOBOH MaTep11ana caeT0B0,lla JIBJlJleTCJI 
.u.ayoK11Cb KpeMHIDI SiO2, seruecTBo x11M11tJecKH tteiiipanb­
Hoe, B )].0CTaT0'-IH0H CTeneHH TepMOCTOHKOe. TeMrrepa-rypa 

nnaaneHHJI KBapua coCTaBAAeT 1700-1800 °C. Om1-NecKoe 
113JJ}"leHHe no B0JJ0K0HHOMY CBeT0B0)J,y BhlB0JJ.11TCJI 113 Bbl­

COK0TeMnepaTypH0H JOH.hi K <pOT03JJeKlpl1l.!eCKOMY npeo6-
p83088TeJIIO. TeXHHKa nepe)].8411 0ITTl1tJeCK0ro lf3JJ}"leIDIJI 

no CBeT0B0JJ.Y fl0JBOJlJleT .u.errHTb CBeToaoe 113.ll)"leHHe Ha 
HeCK0ITbK0 KaHaJJ0B 11 penIcip11posaTb B HeCK0JlhKHX crreK­

lpaJJbHblX HHTepaanax np11 fl0M0Ull1 C00TBeTCTBYIOI.Ul1X 
<pOT03JJeKlp11'1.eCKHX rrpeo6p83088TeJJeH. 11JMepeHHe CO0T­

H0WeHHJI 11HTeHCl1BHOCTeH HJJl}"leHHJI Ha p83JUflJH.hlX ,llJIH­
H8X. B0JJH fl03B0JlJleT onpe,neJJl1Tb TeMnepaTypy cpeJJ.bl. B 

KatJeCTBe cj,0Tonp11eMHHKOB 11Cil0JJ.h3YlOTCJI nonynpoao.u.­
Hl1K0BbJe cj,0To,naTtJ11K11 Kopnopau1-rn Oriel Instruments, 

USA (UV Enhanced Si Detector 71883 11 Fused InGaAs 
Detector 71898). C noM0IJ.lhlO Mo1-1oxpoMaTopa M,ll.P-2 
HJMepeHbl HX a6COJIIOTH.hle cneKlp8JJ.hHhle 4YBCTBl1TeJlhH0-
CTl1 B 11HTepsanax ,llJ111H B0JJH OT 0,4 )].0 1,8 MKM. 

,ll.JlJI 3KCrrep11MeHT8JTbHOH rrpopa60TKH aap118HT0B HJ­
MepITTeJJbHOH CHCTeMbl 6b!JJ C03,ll8H crreutt8JJ.hHblH HJMep11-

TeJlbHhlH CTel1)]., BKJTIO'i810IUHH OIITl1tJecKIDi 8HaJJ0r p830-
rpeTOro o6paJua - cseToHJMep11TeJJ.htta.si naMrra CM-6-100 

P11c. 3. CrpYKTYPH8JI cxeMa m1pOMeTplf'leCKOH HJMepHTem,HOH 

CHCTeMbl: I - MHKp0TB3n; 2 - BOJlOKOHHhltt CBeT0B0Jl; 

3 - BOJJOKOHHO-OITTH"ICCKHH p83BeTBHTeni.; 4, 5 - <j>HJThTphl; 

6, 7 - <j>OTOnpHeMHHKH 

--



(11CTOlfHl1K H3Jl)"-lel:UIJI nma A) C JieHTO'lHblM TeJIOM HaKa­

JlHBfilUU! 11 na6oparopHhlH 6noK nl1'ra.Hl1JI RFT 3217. JJaMna 

HaKaJ111Bamu1 yCTaHOBJleHa Ha OOTl1'{eCKOH CKaMbe. 

5IpKOCTHaJ! TeMnepaTYPa pa3orpeToro Tena ttaKaJ1HBa­

Hl1JI H3Mep,rnacb npOMbllllJieHHhlM IDIJ)OMeTpOM C HClfe-

3a10meH Hl1Tb!O "TipOM.11Hb11 B ,llHanaJOHe OT 800 .no 

2500 °C. Ha 10crnpOBOlfHOM CTOJlliKe K JiaMne 00,llBO.llHJICJI 

CBeTOBO.ll, o6pa60TaHHblH TOpeu KOTOporo opraHl130BblBaJ1 

CBeTOC6op c JleHTO'IHOro Tena HaKanHBaHIUI JJaMITbl a Ma­

rHCl'paJlbHblH CBeTOBO,ll. 

B XO.Ile Kamt6pOBKl1 C waroM I 00 °C npOH3B0,llHJIHCb 

3aMepbl C11rHaJIOB C q>OTOrrp11eMH11KOB KOTOpble OTHOCl1-

JIHCb K KOHKpeTHOH TeMnepaTYPe, HJMepeHHoi-i omw,e­

CK11M mrpoMeTpOM. Ilo proyJlbTaTaM 113MepeHJrn 6bm HaH­

ne11 cneKl'paJJbHbIH K03q>q>11u11e11T K, onpeneJUJeMbrn OT­

Howe1111eM BeJJH'IHHbl CHfHana 0.llHOro q>OTOrrp11eMHHKa K 

BeJI.H'!HHe CHfHana BTOporo (Us; Detector, BI U1nGaAs Detector, B) 

np11 KOHKpeTHOH TeMnepaTYPe, 

Ko3q>q>HUHeHT K He 3aBHCHT OT 3aryxaHl1JI B MarnCT­

pam,HoM CBeTOBO,lle, OT Ka'!eCTBa CBeTOC6opa a ropeu CBeTO­

BO,lla, OT pacCTOHHHJI .llO H3Jl)"-la10mero 061.eKTa, a xapaKTe­

p113yeT Jl.Hlllb KOIDllfeCTBeHHoe H3MeHeHl1e 'l)'BCTBHTeJlbHO­

CTH K UBeTOBOMY COCTaBy Tennosoro 113JIY'ieHHJ1 q>OTOnpH­

eMHHKOB C pa3Jllfl{H1,JMl1 cneKl'paJibHbIMH xapaKTepHCTHKa­

M11. Ott O,UH03Ha'lHO OTHOCHTCH K TeMnepaTYPe 06'beKTa. 

3KcrrepHMeHTaJII,HO nOJJ)"leHa JaBHCHMOCTb K03q>q>H­

UHeHTa K a ,llHaflaJOHe TeMnepaTYP OT 800 .llO 2500 °C 

JJeHTO'IHOfO TeJla HaKamtBaHl1JI CBeTOH3Mep1neJlbHOH JlaM­

nhl CH.-6-100 (pHC. 4). ,llJUJ nonTBep)t(JleHHJI HCTHHHOCTH 

Kailli6poeo'!HOH KpHBOH nposenett na6opaTOpHbIH OilhlT c 

ruraeneHHeM Ta6JieTKl1 HJ CTaJIH nma l 2X e none TOKOB 

Bb!COKOH qacTOTbl H JlHCTaH.llHOHHbJM 3aMepoM TeMITepary­

pbl pa3pa6oTaHHOH MeTO.llHKOH. 3aMepeHttaH TeMrrepaTYPa 

IlJlaaneHHJI o6paJua coCTaaHJia 1550 °C npH cnpaao'lHOH 

1540 °C. 
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MeTo.Q onpe.QeJieHHH 'IHCJJa .z.eneueii e o6pa:n.{ax 

OrrpeJleJieID!e '!Hcna )leJieHHH HJlep ypatta e o6paJu;ax 
l40L rrpOBOJlHJIOCb no HJMepeHHIO y-aKTHBHOCTH a, .HBJIHI0-

11.leroc.H JlO'lepH11M H)'KIDIJlOM no OTHOIIJeHHJO K OCKOJlKY 

neneH11J1 
140

Ba. 
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'IuCJJeuuoe Mo.z.enupoeauue 

4HCJJeHHOe MOJleJrHpoea1111e 3KCnepHMCHTOB C MHKpO­

TB3JlaMH Ha HCCJieJlOBaTeJlbCKOM peaKTope .6l1I'P npOBO,llH­

JlOCb no nporpaMMe CAFR [4]. TiporpaMMa CAFR rrpe.ntta­

JHalfeHa JlJUI OID!CaHIDI TIOBCJleHHH TefIJlOBbl.llCJUIK>ll{HX 

:meMeHTOB BflJIOTb JlO pa3pyweHl1JI B 3KCnepHMeHTaX Ha 

HCCJleJlOBaTeJlbCKl1X peaKTopax H B aaapHHHblX c11ryaUHJIX 

Ha 3HepreTJ,[ljeCKHX peaKTopax. IlporpaMMa pa3pa6orntta e 

Ka'!ecTBe 6noKa pac'!eTa noeeneHHJ1 T0llJlHBHbIX 3JieMeHToB 

B nporpaMMe paC'!eTa rennornJlpaBJlHKH PA TB3JJ. 3aTeM 

6bwa paJBHTa 11 ycoeepwe11CTeoeatta a paMKax npoeKTa 

MHTU. N!! 614. 

OcttoBHbIM OTJI.H'lHeM rrporpaMMbl CAFR OT cymecT­

ey10mHX nporpaMM pacqe-ra noeeneHHJ1 TOIJJlHBHbIX 3ne­

MeHTOB JIBJUleTCJI 6onee 0611.lHH nOJlXO.ll K OID!CaHHIO Tep­

MOMexaHH'leCKHX npoueccoe. B nporpaMMe HCil0JJhJYeTCJI 

MeTO.ll 'IHCJleHHOfO MOJleJJHpOBaHH.H ,llHHaMHKH CflJIOWHOH 

cpeJlbl C )"-leTOM npO'IHOCUI, IlJlaCTHlfHOCTH H Tennonpo-

80,llHOCTH. CHcreMa ypaBHeHHH MeXaHHKH CfIJIOWHOH cpe­

.llbl .llOfIOJJHJleTCJI TepMOJlHHaMH'-ieCKl1MH ypaeHeHIDIMH co­

CTOJIHHJI P = P(p, £), E = E(p, T) H COOTHOWeHHJIMH 

Ilpfili.llTJUJ - PeHcca JlJUI JleBHaTOpa ttarrp.H)t(eHJrn. )J,JUI 'IHC­

JieHHoro peweHHJI ypaaHeHHH 11cnonhJyeTCJ1 MeTO.ll pacme­

TIJ1eHHJ1 no q>H3H'leCKHM npoueccaM. 

MeTOJlHKa OTKaJr116poea1-1a no pe3yJlbTaTaM aMrryJlb­

HbIX H fleTJieBbIX 3KCnepHMeHTOB Ha HMnyJlbCHblX peaKT0-

pax NSRR (5Inotttu1), EH.fP H HfP (PoccHJI) JlJUI OJlHO­

q>aJHoro TefIJIOHOCl1TeJlJI If MaJlblX CKOpOCTeH ero Te'leHHJI. 

H.cnOJlb3yeMb1e ypaeHeHHJI COCTOHHHJI 003BOJUIIOT OID!Cbl­

BaTb TefIJloeoe pacurnpeHHe H q>aJOBbie npeepameHHJI ae-

1.I(ecrn . .L{JlJI MO)lemrpoBaHl1JI 6bIJIO Bbl6paHO JlBa 3KCnepH­

MCHTa C MT, OCHOBHble xapaKTepHCTHKH KOTOpblX rrpHBe­

)leHbJ e Ta6JrHUe. 

3KcnepHMeHTaJ1.bHaJI " pac'leTHaJ! HHqJOpMaUHJI 

HoMep OITblT3 I 2 
ilOJJYl[llfl)lfHa HMITYJibC3 .6't, MC 2000 700 

E61frP, M.l{)I( 247 242 

.l{H3MeTp MT, MM 0,85--0,9 0,87--0,91 

Macca MT, Mr ± 0,2 % 
1,21/1 , 13 1,28/1 ,28 

(Jio I nocne onbrra) 

CpeJia BaKYYM BaKY)'M 

qHcno JieneHm1 s MT ± 8 % 2,58·1011 2,66·1011 

3HeprosBOJI B MT E,.cn, )l)I( ± IO % 7, 1 7,2 
MaKCHMaJibHOe 3Ha'!eHHe TeMnepa-

2250 2800 
TVPJ,J, K± 5 % 
CoCTOJrHHC MT nocne 06JJ)"leHHJ1 QCJll,Jii Qem.m 

3HeprossoJI s MT, HCilOJib30BaHHbIB 
6,5 6,5 

IlPH MO}leIDIP0BaHHH Eun••·, j{)I( 

CTeneHH qepH0Thl nosepXH0CTH 

MT I THTJUI, HcnonbJ0BaHHbTe s 0,85/0,5 0,85/0,6 
P3C'leT3X 

MaTeMaTir'leCKaJ! M0JleJib paClfeTa 0CHOBhlBaeTC.8 Ha 

CJle.ll)'IOlUHX npeJlHOJIO)l(eHID1x: 

- TeruroeaJ! cxeMa npoeeJleHHJI JKcrrepHMeHTa (cM. 

pHC. 2) xopowo OID!CblBaeTCJI OJlHOMepHb!M ypaaHeHHCM 

TennonpOBOJlHOCTH; 



- KepH 1™eeT cj>opMy wapa 11 OKp)')KeH ccj>ep111-1ecK11-

CHMMtITfH14Hh1Ml1 flOKpbITl1.JIMH; 
- BHyrpettHee nOKpbITHe H3 rropHcToro mrpoyrnepo.na 

He HeceT MeXattH4eCKOH Harpy3KH 11 nepe.naeT ace nepneH­

)lHKYJJ.JiPHbie K CBOeH noeepXHOCTH Hanp.11)1(eH11.J1 Henocpe.n­
CTBeHHO CHJIOBOMY noKpblTlliO 113 flJIOTHOfO n11poyrnepo.na; 

- HaJllilille nu-JI.Ji Mo.nenHpyeTc.11 wapoeoit CTeHKOH 113 
CTanH 12Xl8Hl0T c ettyrpeHHHM pa,imycoM RT1 = 900 MKM 

H BHeWHHM Rn= 2000 MKM. 
4HCJieHHOe peweHHe .naHHOH 3a)la4H rrpOBO)lHTC.11 B 

ccj>ep114eCKOH Cl1CTeMe Koop.nHHaT B O)lHOMepHOH ITOCTa­
HOBKe. TipH paC4eTe .1lJUI OilblTa NJ! 1 rrpHHHMa.JIHCb cne­

,!l)'lOIUHe rrapaMeTpbI MT: 
- KepH: U02, )lHa.MeTp 450 MKM, IlnOTHOCTb 10,6 r/cM

3
' 

rrop11cTOCTb 0,97, o6orameHHe::::: 36 %; 
- 6ycj>epm,rn cnoH 113 rrHpoyrnepo.na: TOJIIUHHa 80 MKM, 

ITnOTHOCTb 1, 15 r/cM3
, nopHCTOCTb 0,6; 

- nepBblH CHJIOBOH CJIOH H3 IlJIOTHOro mrpoyrnepo.na: 
TOJI(UHHa 50 MKM, IIJIOTHOCTh 1,9 r /cM3; 

- BTOpOH CHJIOBOH CJIOH 113 Kap6H)].a KpeMHl1.JI: TOJI(Ul1-
Ha 40 MKM, ITnOTHOCTb 3,2 r /cM3

; 

- TPeTHH cHJioeow CJIOH 113 rrJIOTHoro mrpoyrJiepo.na: 
TOJI[UHHa 55 MKM, ITnOTHOCTh 1,9 r /cM3

. 

TerrnonpOBO)lHOCTb ITOKJ)b!Tl1H 113 IT11poyrnepo.na B 

HanpaeneHHH, neprreHJ1.HKYJJ.JiPHOM noeepXHOCTH oca)l(,[l.e­
HH.11, np11HHMaJiaCb B paC4eTax IlOCTOHHHOH 11 paBHOH 

::::: 10 BT/(M·K) [4]. 
CornacHo TeXHOJIOrHH H3roTOBJieHl1.JI MT .norrycKalOT­

c.11 He60JlbWHe OTKJIOHeHl1.JI pa3Mepoe KepHa H IlOKpblTHH 
MT OT cpe.nHHX 3Ha'ieHHw. Tpe6oeaHH.II K rrnoTHOCTH 11 

reOMeTpH'ieCKHM xapaKTepHCTHKaM TOnnHBHbIX MHKpo­
ccpep 11 noKphlTHH npHee.neHhI e pa6oTe (4). KpoMe Toro, 

)lOilYCTHMOe 3Ha4eH11e K03!pqlHL(l1eHTa 1:1eccpepH'iHOCTH 
(Dmax/DmiJ KepHa MT COCTaBJJ.JieT He 6oJiee 1,05 [5, 6). 
TipH MO)leJIHpOBal:IHH OflbITOB npe.nnoJiaraJIOCb, 'iTO rrpH 
OTJIH'iHH MaCCbl MHKpOTB3Jia OT HOMHHaJlbHOH BeJIH4HHbl 
()lJJ.Ji OilbITa NJ! 1) ece pa3Mepbl H3MeHJlnHCb JIHHeHHO C Oil­

pe)leJieHHbIM K03!p!pMUHeHTOM no.no6H.II. 
3ttepr oeb1.neneHHe e peaKu1111 .nenel:IIDI coCTaeJJ.JieT 

~ 200 M3B 11 cKJia.m,rnaeTc.11 H3 MrHOBeHHOH qacTH (:rnep­

r11.J1 OCKOJIKOB, y-KBaHTOB, HeHTPOHOB) H 3arra3.m,rnaiomeH 

(P H y-H3Jiy'ieHHe, 3anaJ)lbIBat0mHe HeiiTPOHhl). 
MrttoeeHHOe 3HeprOBbJ)leJieH11e Ha O)lHH aKT )leJieHH.11 

U B rorrnHBe MT rrpaKTH4eCKH IlOJIHOCThlO orrpe.neJJ.JieTC.11: 
JtteprneH ocKoJIKoB )leJieHIDI EOCK. ,l],rur oueHOK 3Heproebl)leJie­

HIDI 6bmo 83.RTO 3Ha4eHHe 170 M3B (::::: 3,6· 1010 
)len./JJ;A<., 

CM. rn6nHUY)- 3a C4eT 3aITaJ)lbIBaiomHX HeiiTPOHOB 4HCJIO 
)leJieHHH e A3 peaKTopa 1-1 COOTBeTCTBeHHO e TOIIJIHBe HMH­
Taropa yeenH'l1-1eaeTc.11 e k = 1, 13- 1, 14 pa3a no cpaeHeHHJO 

C 4HCJIOM )leJieIDtii Ha KOHeu peniCTPaIJ.IDI (t::::: 160 MC) )lJJ.Ji 

HMITyJibCa c rronywHpHHOH t ::::: 5 MC H e 1, 12- 1, 13 pa3a Ha 

KOHeu perncTPaUHH (t ::::: 850 MC) )lJJ.Ji HMrryJibCa c IlOJiywH­

pKHOH t ::::: 600 MC. TiocKOJibKY aKTHBaUHOHH.hlH aHaJIH3 
rrpOBO)lHJIC.11 4epe3 HeCKOJII,KO )lHeH IlOCJie rrpoee.neHl1.JI 

JKcnep1™eHTa, TO .ll.JJ.Ji orrpe.neneH11.J1 eenH'iHHbI 3Heproeeo­
.na e KepH MT Ha KoHeu pemcTPaUHH 1-iMITyJII,Ca Heo6xo­
.!lHMO pa3)lejlJ1Tb IlOJIY4eHHoe 4HCJIO Ha MHO)KHTeJII, k. 
B CTaH)].apTHI,JX H3MepeHl1.ll:X perHCTPaUH.11 3aKaH'iHBaeTC.II: 
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npH HHTeHC.HBHOCTH HMITyJibCa, COCTaBillUO[UeH ~ 3- 6· l 0-3 

OT MaKCHMaJibHOH. TaK, B paC4eTax 6bIJIO npHH.11:TO, 4TO )lJJ.Ji 

onbITa NJ! I (c nonyn111p11How 11MrryJlbca t::::: 2000 MC) JTOT 

MHO)l(HTeJib paeeH k = 1,08, a .1lJUI onhlTa NJ! 2 (c nonywH­

pHHOH HMflYJlI,Ca t::::: 700 Mc) k = 1, 11. 
Pe3yJibTaTbI 4HCJJeHHOro Mo.neJIHpoeaH11.11 omnoe N!! I 

H 2 rrpHee.nem,J Ha p11c. 5 H 6 COOTBeTCTBeHHO. 
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l<: 2000 
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P11c. 5. CpasHeHHe ) KCnep11MeHTa.J1bHOH H paC'leTHOH JaBHCHMO­

CTeH TeMneparypw nosepXHOCTH MT OT speMeHH ,llJlJI omrra 

N~ I . Ilo BCITOMOfaTeJlbHOH OCH OTJIOlKeHI,J 3Ha4e8IDI MOmHOCTII 

)HeprOBbI.11enemu1 B KepHe MT, HOpMHJ)OBaHHbJe Ha MaKCHMa.J1b-

- - 3&.cnepa111eHT 

2800 - - pacqer 0,8 

:.: -11outuocn 

!, 2400 0,6 

[ ~ u 
" 0 
~ 2000 0,4 :,: 
u s 
E- 0 

~ 
1600 0,2 

1200 0 

0 0,5 I 1.5 2 
BpeMll. c 

P11c. 6. Cpasttem1e )KcnepHMeHTam.ROH H pacqeTHoH JaBHCHMO­

cTeH TeMneparypbl nosepXHOCTH MT OT BpeMeHH ,llJlJI OITbITa 

N2 2. Ilo BCITOMOraTeJibROH OCH OTJIOlKCHhl 3Ha4eHIDI MOLl(HOCTH 

)HeproBbI.lleneHW! B Kepue MT, ROpMHpOBaHHbJe Ha MaKClfMaJil,­

HOe 3Ha4eHHe 

OcHOBHbie xapaKTep11CTHKl1, 11CfiOJII,30BaHHI,Je B pac-
4eTax, np11ee.neHh1 e Ta6J111Ue. B pac"!eTax eap11al.(11e» 

MHO)KHTeJJ.Ji ~ 3!pqJeKT.HBHO Y4HTb!Ba.JIHCb HecqiepH'iHOCTb 
noeepXHOCTH MT (cM. p11.c. 1) 1-1 Terrnoeoe pacWHpeH.He 
MaTepHaJIOB cnoee MT. TaK)l(e e pacqeTax no.n6HpaJIHCb 
CTeneHH 4epHOTh1 113Jiyqa!OIUHX noeepXHOCTeH. .[lJJ.Ji no­

eepXHOCTH MT 6h1JIO Bb16paHO 3Ha"!eHHe 0,85, a )lJJ.Ji no­
eepXHOCTl1 THreJJ.Ji 0,5-0,6 (7) . CTOJI.b Bb!COKOe 3Ha4eHHe 

3qicpeKT.HBHOH CTefleHH 4epHOTh1 noeepXHOCTl1 THreJJ.Ji, 
HCflOJII,30BaHHOe B O)lHOMepHblX paC"!eTax, 06b.llCHJleTC.II, 

B 4aCTHOCTH, TeM, 'iTO OH HMeeT )lOCTaTO'iHO CJIO)l(HYlO 

qJOpMy. 

-



3a1u11011eHne 

Pacqe-rbJ IlOKa3aJUI, qTo 3KCnepHMeHTaJlhHbJe .naHHbJe 
OilHCbIBalOTCJI ny•uue npH He oqeHb BblCOKHX TeMnepary­

pax "' 2000 - 2200 K, e 3Tl1X ycnoeHJIX cnoH MT eme .na­
neKH OT pa3pyrneHHJI H .uecjJopMaUHH HeeeJUIKH. TaK, ,llJIJI 

OllbITa NQ I 3KCnepHMeHTaJlhHble H pacqe-rHbJe 3aBHCHMO­
CTH TeMnepaT)'P IlOBepXHOCTH MT xopowo cornaC)'K)TCJI 
.npyr c .upyroM. IlpH 6onee BhJCOKHX TeMnepaT)'PaX MT 
He06XO.ll.HMO }"UiTbIBaTb .uecjJopMaUHIO MT, Il03TOM)' 1:1 
coena.neHHe c 3Kcnep1:1MeHTOM OKaJbIBaeTCJI HeMHoro xy­
>Ke. Cpe.nHeMaCCOBaJI TeMnepaT)'Pa TOilJUIBa OTJJH'laeTCJI OT 
TeMnepaT)'PhI noeepXHOCTH MT Ha "' 6 % .ll.Jlll OilbITa NQ 1 
(c nonyrnHpHHOH HMil)'JlbCa 6t"' 2 c) H Ha "'12 % .ll.Jlll 

OilblTa NQ 2 (c IlOJlynIHpHHOH HMil)'JlbCa 6t "'0,7 c) Ha MO­
MeHT MaKCHMaJJbHOr0 3HaqeHHJI TeMilepaT)'Phl [IOBepXH0-
CTH MT. 

vb pe3yn1>TaT0B pacqe-roe cne.nye-r, ~o HcnoJJb3oBaH­
H0e HaMH 0.ll.H0MepHOe np1:16JJH>KeHHe JIBJIJleTCJI Bil0JlHe 
npHr0.ll.HhlM .ll.Jlll oueHKl:I TeMnepaT)'Pbl noeepXH0CTII MT. 
B .!J.aJJbHeiimeM B pacqeTHo-Teope-rHqecKOH qacTH pa60TbJ 
nnaHJ~pyeTCJI Hccne.uoeaTu H oueHHTb BJIHJIHHe cne.uy10mHx 
cjJaKTopoB Ha pe3)'JlbTaTbl 0ilblTOB: 

- HaJJHqHe K0HTaKTH0H Tennonp0B0.!J.H0CTH B MeCTe 
conpHKocHoeeHHJI MT H THrJJJI; 

- Terumeoe pacumpeHHe MaTepHanoe MT; 
- 3aBHCHM0CTb CTeneHH qepH0Tbl noeepXH0CTei-i OT 

TeMnepaT)'Pht; 
- HaJU!qHe BH)'TPeHHero .naBneIDI.JI CO BH)'TPH MT a 

pe3)'JlbTaTe B3aHMO.ll.eHCTBHJI )lH0KCH.ll.a ypaHa C yrnepo,noM 

U02 + 4C = UC2 + 2coi ; 
- B03MO>KHOe HcnapeHHe Kap6H.Z1.a KpeMHHJI npH Bbl­

COKHX TeMnepaT)'PaX (e .!J.HanaJOHe 2770-3070 K). 
B 3KcnepHMeHTax nnamrpye-rcJ1 npoBeCTH 1:1ccne.noea­

HHJ1 npH pa3JutqJfl,JX J.HaqeHHJ1x 3Heproeeo,na H )l)IHTeJJbHo­
CTH o6nyqeHHJI c eepOJITHblM .noee,neHHeM o6pa3UOB MT .no 
pa3pyweHHJI c ueJJblO oueHKH .nonyCTHMOH rpammbl pa6o-

TOCnoco6HOCTH. Orpa6oTaHHhlH MeTO.ll. 3anl:ICH TeMnepary­
pbl o6pa3UOB MT Il03BOJJHT B ,llaJlhHettllJHX 3KCnep1:1MeHTaX 
npH pa3JUf4HblX 3Ha4eHHJIX 3Heproeeo.ua H ,llJll1TeJlbHOCTH 
06nY4eHHJ1 cpHKCHpOBaTb pa3BHTHe H MOMeHT pa3pyweHHJI 
o6pa3UOB. 

Pa6o-ra BbinOJIHeHa npH cjJHHaHCOBOtt IlO.!J..!lep>KKe npo­
eKTa MHTI.l NQ 3 119. 
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HHTErPAJihHOE YPABHEHHE ,l],JUI PE30HAHCHoro PACCEfillIDI 

A. C. Y JibHHOB, A. A. Ca~osoii 

<l>rYTI "P<l>~-BHMM3<l>", 607188, r. Capoe HmKeropo.llCKOH o6n. 

C HCnOJI1,3OBaITT!eM cpopMaJJH3Ma q>)'HKl..lHH rpHHa JlaH BblBO.!l HHTerpanbHOro ypaBHeHHll Wpe,!lHttrepa, omfCbJBalOIJ.lero .!lByx•iac­
Tl{llHbJe Kaml.llbl ynpyroro paccel!HII.SI B ll,!lepRblX peaKUHllX C o6pa30BaRHeM COCTaBHOro ll,!lpa. IIpH HCnOJlb3OBaHHH cneKTpaJJbHOro 
rrpe,!lCTaaneHHJI q>)'HKUHH rpHHa aceii CHCTeMbI a ,!lHaroHanH3aU,HOHHOM rrpH6JlHJKeHHH npH )"leTe TOilbKO O,!lHOro KBa3HCTaulloHapRoro 
COCTOllHHll Hatt,!leHO perueHHe :noro ypaBHeITT!ll. Pa3BHTbTH cpopManH3M ITpOlfJlJllOCTPHPOBaR Ha rrpHMepe MO,!leJlH .!lByxKJiaCTepHblX pe-
3OHaHCOB. 8 pe3yJlbTaTe nOJI)"leHO aHanHTl{lleCKOe BbipaJKeHHe ,!lJlll urnpHHbl pe3OHaHca. 

INTEGRAL EQUATION FOR RESONANCE SCA TTERJNG I A. S. UL'YANOV, A. A. SADOVOY II The Schrodinger in­
tegral equation describing two-particle channels of elastic scattering in nuclear reactions producing compound nucleus was obtained 
using the Green function formalism. This equation was solved using the spectral representation of the Green function for the whole sys­
tem in the diagonal approximation and with account for only one quasi-steady state. The developed formalism is illustrated by the exam­
ple of the two-cluster resonance model. The result is the analytical expression for the resonance width. 

Jil3eeCTHO ycrrellIHoe rrp11MeHeHHe IIBTerpanbHhlX 

ypaeHemrn JI. )l <l>a.11eeea [ 1] .!lJUI HJy<1eHID1 pa3Jll1'illhIX 

COCTOJIHHH TPeX Ten. )],JlJI CHCTeMbl HeCK0JlbKliX '-!acnw 

HCll0Jlb3YJ0T c11cTeMy ypaeHeHHH <l>a,lleeea - J!Ky6oecKoro 

[2] .ll)UI C0B0KYllH0CTH CBll3aHHblX Me)l(,lly co6oH aHTHCHM­

M~HJ0BaHHhlX B0JlH0BhlX cpyHKU,Hii, C00TBeTCTBYIOllll1X 

BCeM B03M0)l(HblM pa3611eHJ1llM cp11311qeCKOH Cl1CTeMbl Hy­

KJl0H0B Ha Il0.!lCHCTeMbl. B Te0pHH pe30HaHCHOro pacce11-

HIDI 3JieKTP0H0B Ha aT0Max 11 H0Hax '-laCT0 11Cll0Jlb3YJOT 

npoeKUH0HHbie MeT0,l{hl, CJI0)l(H0CTb K0T0pblX B03paCTaeT 

npH 0pT0roHaJil13auHl1 pa3Jil1tIHbJX 6aJl1COB, 110 K0T0pbIM 

pa3nara1-0TcJ1 B<l> HenpepbIBHoro 11 .llHCKpeTH0ro crreKTPa 

[3] . B ll,llepHOH cpH3HKe pe30HaHCHble peaKUlili 0llilCblBa-

1-0TCJI cpeHOMeHOJIOrn'ieCKlf.MJ,l cpopMyJiaM.H 6peHTa -

BIITHepa [4]. PeJOHaHChI Ha6JIIO.D.aIOTCJI e JI.D.epHblX peaK­

uwrx npH He CJJ.HlllK0M 60Jibllil1X 3HeprID1X, H.!lYll.(11X '-!epe3 

CTa.D.HIO o6paJOBaHHJI 
11
C0CTaBH0ro Jl.!lpa" . B .D.aHHOH pa6o­

Te .ll)UI rrp0CT0Tbl H3Jl0)l(eHHJI orpaHWIH.MCJI ynpyrnM pac­

CeJIHHeM. Bwpa)l(eHHe .!lJUI napaM~0B peJoHaHca yrrpyro­

ro pacceJIHIDI 6y.D.eT ll0ny'ieH0 s paMKax MHOroHyKJI0HHOH 

TeopIDt aT0MH0r0 Jl.ll.Pa, 11CllOJib3YIOIUeH rnnepccpepH'-!e­

CKHe cpyHKU,HH. 

)],JlJI .D.Byx'-!aCTH'iHblX KaHaJI0B paccelfHHJI 6y.D.eM HCX0-

.D.HTh HJ ypaeHeIDUI Wpe.D.11Hrepa 

(1) 

r .D.e H1, H2 - raM.HJihT0HHaHbI BJaHMO.D.eMCTBYJOlllHX qac­

THU; V - II0TeHI.U1aJibHaJI 3HeprHll B3aHMO):leHCTBHJI .D.Byx 

'-!aCTHU; £ - ll0JIHaJI 3HeprHll CHCTeMbI. Orrpe):leJIJIJI cpyttK­

LU1lO rp11Ha HeBJUHMO.D.eHCTBYJOII.\HX qaCTHU 
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(2) 

M0lKH0 nepe1111caTb HCX0.!lH0e ypaeHeHHe Wpe.D.HHrepa B 

IIBTerpa.JlbHOH cpopMe 

(3) 

)],anee, HcnoJihJY,11 ceJ1Jh <j:>yHKU.HH fpHHa G0 11 G , oTBe­

'-!a1-0IUHX C00TBeTCTBeHH0 Hee3al1MO.D.eHCTBYIOIUHM '-!aCTH­

UaM H 11CX0.D.HOMY raMHJibT0HHaHy 

G0 =G+G0VG , 

r.D.e G onpe,lleJIJ1eTCJ1 BblpalKeHHeM 

(4) 

(5) 

ll0Jiy<1aeM ap116JIHlKeHHOe BblpalKeH11e .ll)UI BOJIHOBOH 

cpyHKUHH 

If' "' If' 0 - G V'P . (6) 

EcnH pelliaTb 3T0 ypaeHeHHe MeT0.ll0M 11TepaU.HH, HC­

nom,JyJI e Ka'-!eCTBe ttyneeoro npH6nHlKeHID1 pellieH11e 

ypaetteHHJI Wpe.D.HHrepa B HHTerpanbHOH cpopMe, TO M0lK­

H0 IlOJIY'-IHTb cne.D.y101.1..1ee .HHTerpa.JlbH0e ypaeHeHHe: 

(7) 

)],JlJI pellieHHJI 3T0ro ypaBHeHHJI B0Cl10Jlb3yeMCR cneK­

TPaJibHblM npe.D.CTaBJieHHeM <j:>yHKU,HH fpHHa BCeH C.HCTeMbl 

( ') "<t>d A)<I>d A') G A, A = £...,---'--'---'---'- , 

,., E,._ -E 
(8) 

-



r)le BOJUIOBall QJYHKUHJI KOMfla)'H)l-COCTOllHHH onpe)leIDleT- HanOMHHM, '!TO QJ)'HKUJ-ul fpHHa eceil CHCTeMbl OllHCblBU-

Cll H3 ypaeHeHJUI eTCll ypaaHeHHeM 

(9) 

Cne)lyeT CKa3aTL, 'ITO B 81,[pll)l(eHlrn (8) )lIDI QJ)'HKUMH 

fpHHa CYMMMpoeaHHe BbffiOJIHJICTCll no )lMCKpCTHOMY 

cneK"rpy, a 11HTerp11poaaHMe no HenpepLIBHOMY cneK"rpy. 

Ilocne no.u.crnHOBKH G ( A, A') a nonyqeHttoe HHTerpam,­

ttoe ypaaHeHHe (7), rrpeHe6perall HHTerpanoM no Herrpc­

pLIBHOMY cneK"rpy, nonyqaeM 

( 17) 

8 Ha'laJibHOM COCTO.IIHHH OTHOCHTCJibHOe )l8J,[)l(CHJ1C KJ!a­

CTepoa OllMCblBaCTC.11 ypaBHCHHCM 

r.ne 

(I 0) ( µ = 2m P - llpllBC)lCHHal! Macca CHCTeMbl )lByx Cl-'laCTlll..l); 

'Pa (I), 'Pa {2) - BHyrpeHIDte BOJUIOBLJe <jJyHKllJIH pac-

r)le BBe)lCHbl CJIC)ly]OIUHC o603Ha'ICHliJI: CA.= (cJ>A.V\jJ)' 

Jo= \jlo -GoV\jlo. 
IlpHMCIDUI 113BCCTil)'l0 TCXHMKY )lIDI perneHHJI HCOJU!O­

po.u.m,JX HHTerpam,m,rx ypaBHCHHH cJ>pe)lrOJ1J,Ma, nonyqaeM 

(11) 

.[{anee )lIDI nonyqeITTUI aHaJIJ,fTifll'CCKIDC Bbipa)l(CHHM np11 

perneHHH 3TOH anre6paM'ICCKOH CHCTCMbl orpaHW!MMCll 
11
)lMaroHan1nau11OHHLIM

11 
npH6JIIDKCHHCM, TOr)la 

(12) 

0rMCTHM, •no np.116mo1<ett11e cnpaee.u.m,tBo np11 Mam,rx 

3HeprHJIX OTHOCHTCJibHOro )lBH)l(CHJ-ul 'IUCTHll, Kor.a.a MO)l(­

HO npette6pe'lb CBll3bJO KaHanOB. 

11.cnom,Jyll CA. ' OKOH'laTCJ1J,HO )lIDI np116JIH)l(CHHoro 

pellleHJ-ul npe.u,nmKeHHoro HHTerpam,Horo ypaaHeHHll 

MO)l(HO flOJl)"JHTb 

(13) 

Ilepeoe cnaraeMoe e nonyqeHHOH q>OPMYJie cooTBCTCTBYCT 

flOTeHI..\HaJlbHOMY paCCCllHHIO, BTOpoe - 6opHOBCKOMY nep­

eoro nopll.u,Ka, TJ)CTLe cnaraeMoe OnHChlBaCT pe3oHaHcHwe 

3QJQJCKTbl. 

IlpOHJl.JllOCTJ)HpyeM pa3BHTblli q>OpMaJIH3M Ha rrpHMe­

pe MO.U.CJIH )lByx.KJiaCTCPHJ,IX pe3OHaHCOB. YpaeHeHHe 

Wpe)l11Hrepa JlIDI JlByx KJiacrepoe HMCCT BH)l 

(Hf+ H2 + VKYn +Vu -E )\jl(l,2,r) = 0. (14) 

Ha'laJll,HOe COCTO.IIHHC OIIHCblBaeTC.11 ypaBHCHHeM lllpe­

)lHHrepa 

H COOTBeTCTByJOlllal! q>YHKUHJI fpHHa onpe,ueJUICTC.11 CJie­

JlYIOlllHM o6pa3oM: 

(Hf+H2+Veyn-E)Go=I. (16) 
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CMaTJ)HBaCMblX KJiacrepoe; R ( r) - QJYHKLU-UI, OflHCbIBalO­

lllal! OTHOCHTCJibHOe )lBH)!(CHHC KJiaCTepoe. 

YMHQ)!(a.11 ypaaHeHHC ( 18) Ha BHyrpCHHIIC BOJIHOBbJe 

q)YHKllHH KJiaCTepoa H BblflOJIHll.ll HHTerp11poaaHJ1e no 

BHyrpCHHHM nepeMCHHblM KJiaCTepoa, nonyqaeM ypaette­

HHC Jlilll BOJIHOBOH q))'HKUHH OTHOCHTCJibHOro )lBH)!(CIDUI 

KJiacrepoe 

( T(r) +WKyn (r )-E )R(r) = 0, ( 19) 

r.u.e T ( r) - onepaTOp KHHCTH'ICCKOH JHeprHH OTHOCH­

TCJibHOro .U.BIDKeHH.11 KJiaCTepoe. AcKMnTOTHKa peweHHll 

ypaBHCHHJI ( 19) Ha 6eCKOHe'IHOCTJ,f HMeeT BH)l 

R(r)-sin(kr+81). (20) 

BoJIHOBall q>yttKUJ-ul KOMnayHJl-COCTO.IIHHJI HBJI.IICTCll pewe­

HHCM ypaeHeHJ-ul 

H ee MO)!(HO HCKaTb B CJICJlYIOlllCM np116moKCHHOM B.H,Ue: 

(22) 

BHOBb 11CilOJib3Yll rrpOCKUHOHHhlM MeTO.U .llJUI BOJIHOBOH 

<PYHKU1111, OflHCblBaJOll{CH CB.113aHHoe COCTO.IIHHC .nayx KJia­

crepoa, HaXOJlHM 

(r(r) + Weyn (r) + W ,m (r )-E). )cpl (r) = 0, (23) 

r.ne 6e3 yqera o6MCHHbIX :>q>QJCKTOB :>cj>q>eKTHBHb!C flOTeH­

lll1aJlb] B3311MO)lCHCTBHJI KJiaCTepoa paCC'IIITbJBaJOTCll B 

rrp116JIIDKCHHH .nayxKpaTHOH. caepTIOI 

ll1Hp11Ha pe3ottattca cornacHo [5] onpe.u.em1CTC.11 awpll)l(e­

HHCM 

XapaKTepHbltt MaTJ)H'IHblH JJICMCHT MO)l(HO rrp116JIH)l(CHHO 

3anHCaTb B B11.UC 



M!m =(<pa. (l)<pa. (2)<px (r)lvllJll<pa. (!)<pa. (2)R(r)) = 
= ( (l)x ( r) W llJl ( r) R ( r)) . (26) 

3aMeTHM, '!TO pa3BHTb1H cpopMaJIHJM MO)l(HO 11cnom,JoBaTb 

11 .llJlJI pac'!eTa .nsyxHyKJJOHHhlX peJOHaHCOB. IlpH 3TOM 

Ha'lafil>HOe COCTORHHe CHCTeMbl OITHCb!BaeTCll npOHJBe.ne­

HHeM BOJJHOBb!X cpyHICl.(HH CBJIJaHHOro HYKJJOHa (MHWeHb) 

H pacceHsaeMoro HYKJJOHa. KoMnaytt_n-COCTOJIHHIO COOT­

BeTCTBYIOT CBJIJaHHhie COCTOJIHIDI o6oHX HYKJIOHOB. 

Pa3BHTblH no.uxo.u npHMeHHM H .llJlJI OilHCaHID! MHOro­

HYKJJOHHhlX peJOHaHCOB, KOTOpble xapaKTepHJylOTCll nepe­

xo.noM HeCKOJlbKHX HyKJIOHOB a BOJ6~eHHble CBJIJaHHble 

COCTOJIHHJI. )];JJR onHCaHHR TaKHX MHOrOHYKJJOHHblX peJO­

HaHCOB, no MHeHHIO aBTOpOB, Ha116onee no.nxO_nllll.(HM llB­

JJReTCll MeTOJ.1 MHOroMepHbIX rnnepccpepH'!eCKHX Q))'ll.KUHH 
[6]. Ha116onee Tpy.noeMKHM B 3TOM Mero.ne llBJJReTCll pac­

'leT MHOrOHyKJIOHHblX MaTpH'!HblX 3JleMeHTOB Me)l(_ny BOJl­

HOBbIMH q>yHKl.lHllMH _nHCKpeTHOro H HenpepbIBHOrO cneK­

Tpa. Mero.uw paC'leTa no.uo6HbIX MaTpH'IHhlX 3JleMeHTOB 

B HaCTOllIUee speMR pa3BHBalOTCll. 
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B03IiYJK,nEHHE Il03HTPOHAMH 113m. psmln 

H. H. BuwnescKHH, B. A. ')l(eJJTOHO:iteCKHH , JI. 11. Kau:y6o., R. B. CTJ)HJJhlfYK, II. H. TpH(J>ouos, 
C. H. <l>eJlOTKHH 

11HCTHTYf ll.a;epHblX Hccne.nosaHHH HAH YKpaHHbl, 03680, KHeB, YKpaHHa 

BnepBb!e lf3MepeHbl ce'!eHHJI 6ec<j>OTOHHOH aHHHrnJUIUHH Ha I l)m,l l5mrn npH rpaHll'lHOH JHeprHH TTOJHTJ)OHOB 3,9 MJB. Ilonyqcflbl 
cf<I> (115min) = (5,0 ± 0,4)· 10 -27 cM2, o:,,j, (1 13rnln) = (3,4 ± 0,6)· 10 -27 c1.l. Ilon)"leHHb!e ce'!eHHll OTmr'lalOTCll Ra 4--5 nopll.UKOB OT Teope­
TH'!ec1rnx paC'leTOB. Ilpe.unonaraeTCJI HOBhlH MexaHHJM yqeTa TTO3HTJ)OHOB, yqaCTBYJOUmx B npouecce 6ec<pOTOHHOH aHHHfHJUIUl1H. 

IIJm, 115m1o EXCITATION BY POSITRONS / 1. N. VISHNEVSKY, V. A. ZHELTONOZHSKY, L. P. KATSUBO, 
N. V. STRILCHUK, P. N. TRIFONOV, S. N. FEDOTKIN II Photonless annihilation cross sections energy was measured at the fir t 
time on I l3m.l l5m1n at 3.9 MeV boundary positron. It was obtained o eff ( 115mln) = (5.0 ± 0.4)· 10 -27 sm2, ocff (1 Dmln) = (3.4 ± 0.6)· IO -27 sm2. 

Received cross sections differ from theoretical calculations on 4--5 orders. It is supposed a new mechanism of accounting of positrons 
which participate in photonless annihilation process. 

ilpH aHHHrHJIJIUHH IlOJHTPOHOB KpOMe o6bl'lHbIX Me­

xaHJ13MOB cyruecrnyeT TaK HaJbrnaeMaR 6ecqJOTOHHM au­

I-UITHJIJIL\llil. ilpH 6eccpoTOHHOH aHHHrHML\11.H :)Hepnui rre­

pe.a:aeTCll ll.lIPY, C 3JieKTPOHaMH KOTOporo rrpOHCXO.I{HT aH­

HHrHJIJIL\llil. l13)"ieHIUO 3Toro lIBJieHllil IlOCBlltUeHO MHOro 

pa6oT, o6Jop TeopenP-IeCKl1X H 3KCrrepHMeHTaJil,HblX HC­

cne.a:0BaH11H MOJKHO Ha»rn a [l]. B aocne.a:HHe ro)lbl npo­

ao.nHJIHc& B OCHOBHOM TeOpent~ecKHe HCCJJe.a;oBaHllil 

[2, 3), TaK KaK .a:o CHX rrop coxpaWieTCll pacxo)K,C(eHHe Me­

)KJ(y 3KCrrepHMeHTOM H TeOpHeH Ha 2-3 nop8,UKa, npHLieM 

JaHIDKetta TeopeTw-1ecKM oueHKa. 

3.necb Heo6XO.I{HMO OTMeTHTb, 'ITO HaH6onee Ha.a:e)l(HO 

3KCrrepHMeHTaJibHble ,llaHHble 6btnH IlOJJ}"leHbl npH BOJ6y­

)K,C(eHHH I ISmln Il03HlpOHaMH li3 pa.I{HOaKTHBHOro pacna.a:a 
64

Cu c rpaHH'lHOH 3Heprnei:i E~+ = 650 K3B . C1-pyKrypa 

HJ,IJKOJie)l(atl\HX COCTOlIHHH 
1151n TaKOBa, 'ITO JaceJieHHe 

H30MepoB 
1151n npH TaKHX 3Heprlli!X 1103Hlp0HOB MO)l(eT 

H,lITH TOJII,KO qepe3 B036~eHHe COCTOlIHllil C 3HeprHei-i 

1078 K3B (5/2\ CITHH H '1eTHOCTb OCHOBHoro COCTOl!Hllil 
115

I n - 9/2+, T. e. B036~eHHe rrpOHCXOAHT E2-nepexo.noM, 

a rrpH aHHHrHML\HH IlOJHlpOHOB y-HJnyqemte HMeeT B oc­

HOBHOM E 1-MYJibTHilOJll,HOCTb. 3-ro JHa'lHTeJibHO ycJIO)l(­

filleT TeOpeTH11eCKHe paC'1eTbl, Il03TOMY npelICTaBJIJleT on­

pe.a:eJieHHI,JH HHTepec llOJI}"lHTb 3KCnepHMeHTaJibHble .a:aH­

Hhle o 6ecq>oToHHOH aH.HHrHJUIUHH Ha 
1151n qepe3 El-xa­

HaJI. 11ccne.noaaHHe B036~eHllil 
115

mln B (y, y')- H (e, e')­
peaKUlliIX IlOKaJaJIO, '1TO ,no 3 M3B He cymeCTByeT COCTOll­

HHJI c KBaHTOBblMH xapaKTepHCTHKaMH (7/2·, 9/2"), KOTO­

pble 3aceJIJ1JJH 6bJ 
115

mln [ 4). B TO )l(e speMB (y, y')-peaKUllil 

apH 60JiblllHX 3Heprlli!X TOpMOJHblX y-KBaHTOB (T. e. EI-HJ-

27 

JJ)"iettHJ1) JaceJIJ1eT 
115

mln B 0611acTH OT 4 .no IO M3B [5]. 
TaKJiM o6paJOM, lillil HJMepeHllil ce'-!eHHll 6ecq>oTOHHOH 

aHH.HrHMUIDl 'lepe3 E 1-KaHaJibl Heo6xo.a;11MO HMeTb ll0311-

lp0Hbl c rpattJ1llHOM '.lHeprne:w 6onee 3 M3B. 

Pa,n110aKTHBHbie ll,llpa c TiiKOH rpaHM'iHOH 3HeprHei1 

HMel-OT MaJibie nepHO.I{bl nonypacna.na (Tin), ll03TOMY HC­

IlOJ!bJOBaTb lpa,lIHUHOHHYl-0 MeTO.llHKY .llllil HJy'leHllil 6ec­

qlOTOHHOH aHHHrllillll\HH HeBOJMO)KHO. 

B ,naHHOH pa6oTe npe.a:naralOTCll HOBaR Mero.a:11:Ka H 

peJyJ!bTaTbl Hccne,noBaHHH B036~eHHll 
113m. 115

mln npH 

6ecq>OTOHHOH aHI-UITHJllll\11H. 

MeTOJJ.HKa H PeJYJlbTaThl HCCJJe]losauuu 

,[lJIJI HJMepeHllil 6ecq>OTOHHOH aHHHrHJUIIJ;MM HCflOJII,­

JOBaJJHCb llOJHTPOlibI HJ pacrra.a:a 
29P(T1n) = 4, I c , Ep+ = 

= 3,9 M3B (pHc. I). AKTHBHOCTb 
29P ttapa6aTb!BaJiacb s 

peaxuaH 
28Si(p, y)

29
P . Bb16op TaKOH peaKUHH o6ycnosneH 

KaK ceqem1eM peaKUHll (p, y), TaK H MHH11MaJlbHblM Bb!XO­

lIOM BbJCOK03HepreTH4eCKHX y-KBaHTOB, KOTOpble MOrJIH 

6w B036~aTb B (y, y)-peaKUHH IISmln. 

.z:tmr 06Jl}"lelUUI HCilOJII,30BaJiaCb c6opKa, COCTOll_tl\all 

HJ nJiaCTHH Si, In, Pb, In, Pb, In (p11c. 2). Bb16op TOJJtl\HHbl 

Si H Pb 6bm TaKOH, 4To61,1 npoTOHbJ He nonaaaJIH Ha In, a 

B Pb llOJIHOCTblO raCHJJHCb Il03Hlp0Hbl. IlpH 3TOM BbICOK0-

3HepreTHLieCKHe y-KBaHTbl, 06paJy10WHeCl1 B peaKUHH 

(p, y), H aHHJ-trHJIJIUHOHHbJe y-KBaHTbl 6y.a:YT OlIHHMH H Te­

MH )Ke ,lIJIJI scex MHllleHei-i In. 3tteprHll npOTOHOB 6b1J1a 

4 M3B, HH)l(e nopora (p, n)-peaKUHH Ha KpeMIDtH, HO Bee 



)Ke Ha K0HCTJ)YKIDI0HHbIX MaTep1-1anax o6pa30Bb!Ba110Cb 

HeJHa•rnTeJJbH0e K0JII1'-leCTB0 Heii-rpOHOB C JHeprHJIMH 

MeHbWe I M J B . B peaKUHH (n, 11 ') TaK)l(e B0JM0lKH0 B0J-

6ylK.lleHMe I I Smln, 0L(H3K0 TO Ll0Jl)l(ll0 6b1Tb 0.llH0 H TO )Ke 

LlJIJI acex MHilleHeM HH.llHJI . TaKHM o6pa30M, .na1tHaJ1 K0HCT­

PYKl.ll1JI o6ecne'-IHBana 00J6y)l(.lleH11e noJHTJ)0HaMH 
115

mln 

T0JJbK0 BO BT0p0M MHWeHH. O.nHaKO a 0TJIH'-IHe OT paHHM.X 
64c V JKcnepHMeHT0B C □0JHTJ)0HaMH 113 pacna.na U B ).taHH0H 

MeT0.[lHKe B0JM0)l(H0 BOJ6Y*.lleH11e H30Mepoa Ja C'-leT 

(e+, e+')-pea.KUIDI. 

stable -1-12-•-...__..._...._ ________ o ~2~9%~~3=•~7~ 

Pttc. I . CxeMa pacna.na 
29

P, eOJ6}')1(.[la101UerocJ1 e peaKUHH 
2sSi(p, y)29p 

Si 

0,14 

In Pb In Pb In 

0,463 2,39 0,36 1 1, 17 0,283 
Tonunrna, r/cM

2 

PRC. 2. Crp)'KTypa c6opKH, KOTopall HCnOJJb30BaJl3Cb 

npH 0611)"-lCHHH 

B npouecce 06n)"-leHID1 c6op1G1 npoTottaM.11 HJMep,m­

C.!I cneKTJ) y -nyYeM Ha Ge-cneKTJ)OMe-rpe, y.uaneHH0M Ha 

JHalfHTeJlbH0e paCCTOJIHHe, TaK KaK Il0T0K np0T0H0B, KaK 

npaaKJJo, 6bm OK0JJ0 1 MKA. XapaKTepHbIH cneKTJ) rrpirne­

.neH Ha pHC. 3 . J,iJ .llaHHbIX 06 HHTeHCKBH0CTH y 5 I 1 KJB 

onpe.neJJJIJlC.!I O0T0K n0JHTJ)0H0B Ha 1-H MHllleHH. 

B (p, p y)-peaKUHH Ha 
28Si Ha6mo.uancJ1 CKJJhHblH y - nepe­

xo.n c JHepn1eii 1778 KJ B . OH TaK)l(e npHMeH.!IJIC.!I HaMH 

.llJIJI K0HTJ)0JJJI 00T0Ka O0JHTJ)0H0B C 11C00JJb30BaHHeM co-

28 

0TH0WeHJIJI Ce'-leHHH cr(p, y) H cr(p, p 'y). O6JJy'-lett11e c6op­

KII np0B0.lHIJI0Cb B Te'-leHHe 0./lH0ro - '-leTblpex lfaC0B. O6-

JJy'-leIIllbie o6pa31.lbl 11H,[IHJI HJMepl!JIIICb Ha aHTHK0M0TO­

H0BCK0M cneKTJ)0Me-rpe C Ge-.ueTeKTOpOM C (j)cpeKTl1BHO­

CTblO peruc-rpaum1 y-nyYeii 20 % no cpaatteHHIO c NaJ(Tl)­

neTeKTopoM pa3Mep0M 3' x 3". XapaKTepHbie cneKTJ)bl 

npHBeL(eIIbl Ha pHC. 4. Bo scex JKCnepHMeHTaX c BblCOKOH 

CTaTIICTHKOH Ha6mo)laJIOCb BOJ6y)l(L(eHHe 1- H MHWeHI1 no­

JIITJ)0HaMH a 1,5- 2 pa3a CHJlbHee, lfeM 2-H 11 3-H MHllleHeH. 
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Pttc. 3. Cnerrp ra~tM3-H3JJ)"-ICHl!ll Ha O)"-IKC 

.llJlll ttcnom,3yeMow c6opKH 

3000 

I" 
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3Hepll1ll, K38 

400 420 

PHc. 4. CneKTpbl o6JJ)"iCHHblX o6pa3UOB HH.llHll, ll3MepCHHblC 

Ha 3HTHKOMIITOHOBCKOM COCKTpOMC'rJ)C: - - - - o6p33C!l, 

o6JJ)"-ICHHblH 003HTJ)OH3MH;--KOHTJ)OJlbHblH o6p33Cll 

1'13 jlaHHblX 0 MTH0BeHH0M cneK-rpe y-JiyYeM Ha HyYKe 

np0T0H0B 6bIJJ onpe.neneH O0T0K 0OJHTJ)0H0B <I> = 5 ,4 x 
X 107

/ cM
2

·C • 

,l],nll ouettKH poll! (e+, e•·)- peaKUHH 6blJJH apoae.nettbJ 

HCCJJe,!l0B3HHJI B036Y*)leHl1JI MIHl.IeHH HJ HH,[IKJI JJieKTJ)0-

HaMH c JHeprKl!MH 3 , 5; 3 H 2 ,5 M JB. l1x JTHX .naHHblX 6bl­

JIH noJiyYeHbJ BblX0)lbJ aKTHBH0CTH I ISmln, C0HJMepHMbie 

---



C aKTHBHOCTblO, Hapa60TaHHOH B peaKU,HH C noJHTPOHa~IJI, 
HO nOTOK :)JleKTPOHOB COCTaBIIJI <J) = 6-1010/cM2·C, B TO 
apeMR KaK nOTOK nOJHTPOHOB <J) = 5,4· I 07/cM2·c. 

6onee ,lleTaJlbHO JKCnepHMeHTbl c (e, e')-peaKU,Heii 
01111caHbl B pa6oTe [6]. J,IJ )Tl-IX .naHHblX MO)l(HO c.nenaTb 
BblBO.ll O TOM, '!TO Ja C'leT (e+, e+')-peaKU,1111 BKJ18,ll 8KTHB­
HOCTl1 II5'"Jn He npeahnuaeT 0, I %. C Y'leTOM nony'leHHbIX 
.naHHblX u cjlOHOBblX HJMepeHHH HaMJ.t 6bJJIO llOJJY4eHO ce­
'!eHHe 6eccjloTOHHOH aHHHHIJUIU,1111 (J = II5'"ln (2,4 ± 0,2) X 

X 10-27CM2. 

HecMOTP.R Ha HHJKoe co.nep)l(aH11e II31n a ecTeCTaeH­
Hoii CMec11 1130TOnoa (4,3 %), MO)l(HO yaepeHHO Ha6mo.naTb 
H BOJ6y)KJ:1em1e I IJmln nOJHTPOHaMH (CM. pHC. 4) . .[{mi 
I IJmLn 6b1JJO nOJJY4eHO a = ( 1,6 ± 0,3)· 10-27 CM2. 

B JKCnep11.MeHTanbHb!X pa6oTax [I] 6blJIO aae.neHO TaK 
Ha.JbIBaeMoe :>cpcjleKTHBHOe cetJe1111.e, .llJUI KOToporo Y4l1.Tbl­
aa10TC.R ece nOJHTPOHhl, KOTOpble MOryT B036y)l(,llaTh Jl,llep­
Hble COCTO.RHIUI, 3ace.1U110ll.l,He ,llaH!lhJH 11.30Mep. KaK HaM11 
~e o6c~.nanocb, IDOKe 3 M3B El-KaHana He o6Hap~e­
HO, 11. :>To 03HatJaeT, '!TO no3H.TPOHbl c :>HeprneH .no 2 M:>B 
He r4acrny10T B )TOH peaKLJ,HH. IlOJTOMY MO)KHO ou,eHH.Th 
(J)(j, (

1 ISmln) = (5,0 ± 0,4)· I 0-27 CM2 11. (J,cj, C IJmln) = (3,4 ± 0,6)x 
X J 0-27 CM2

• 

vb JTH.X ,naliHhJX Heo6XO,llHMO onpe.nemrrh HHTe­
rpaJJhHOe CelfeHH.e 0 11

HT {1'51n) 11 0 11
HT e 131n) . .[{mi JTOrO Mbl 

,LIOJl)l(Hbl ou,eHH.Th 3Ha'!eHHe M30MepHOro OTHOWeHJ1.ll o,,/ag 
,LIJUI 3Tl1.X Jl,llep. 3Ha'!eHHe Omlag MO)l(eT 6b1Tb paCC'!J.ITaHO, 
11.Cll0Jlb3Y.R )KCnepMMeHTanbHbJe .naHHbJe .llJUI coce,LIHH.X 
.11.nep a (y, n)-peaKLJ,11.11.. B JTMX pac'leTax B8)1(HYIO pOJih 11r­
paeT Y4eT l1JUI HeY4eT CTPYK1)'J)bl HM3KOJle)Kall.l,J,lX COCTOJI­
HHH [7]. 1151n e JTOM npe.ncTaBJJeHHJ.I oco6eHHO MHTepecttoe 
.11.11po, TaK KaK JaceJieHJ.te I ISmln MO)l(eT npOH.CXO,llHTb Kac-

Ka,LIOM 1-13 cTaTH.CTH'!ecKH.X nepexo.1100 ( £1 = I M:>B ), 11 

rnr.na o,,/og::::: 0, I. B TO )Ke epeM.ll BOJMO)l(eH E l-nepexo.11 
11.3 COCTO.RmUI, B036~eHHoro 6ecq>OTOHHOH a.HHHrHJUII.{H­
eH Ha ypoeeHb I 078 M:>B, 20 % KOToporo pa.Jp.11)1(aeTc11 Ha 
II5mln. Y'leT noro Ka.Hana yaeJIH'!HBaeT o,,/og a 1,5- 2 pa.Ja. 
HaMH. .LIJUI ou,eHKJ.t 6bJJIO Bbl6paHO 3Ha'leHHe On/Og ::::: 0,2. 
C Y'leTOM 3TOro 3Ha'!eHl1JI HHTerpanbHOe Ce'!em1e 6eccjlo­
TOHHOH aHHHrHJUIUIDI a {1 I51n) = (1,2 ± 0,1) x 10-27 cM2. 

TeopeTHtJeCKH.e paCl.feTbl )la!OT .C{J.lq>cjlepeHU,HaJJbHOe 

ce'!eHHe, 11 OHO corrractto paC'!eTa.M [I] paeHo o:!<I> (1151n) = 

= 9-10-26 cM2. )].JI.R onpeJ1eneHHJ1 a!~<;C 11eo6xot1HMO orrpe­

.nenHTh epeM.R )KJ.13HH B036~eH!lhlX COCTO.RHHH. B .naH­
HOM cnr4ae paccMaTPHBaeTc.11 EI -Kattan, no:>TOMY MO)l(HO 
c,nenaTh O,llHO'!aCTH'!Hhle Ol.l,CHKH., KOTOpble 6y.nYT eepXHHM 
npeJienoM . .[{mi II51n a o6nacrn 4-5 M3B WHpH.Ha 11.nepHhIX 
cocTO.RHHH He MO)KeT npeeb1waTh JOO :>B. C11.cTeMaT1-u<a 
E 1-nepexo.noe a o6naCTH ~ I M:>B noKa.JbtBaeT, qro OHJ.t 

JaropMO)l(CHbl Ha 2 nop.R,llKa ,llJlll cpeJIHHX 110 A .R).lep. Ta­
KIIM o6pa30M, MO)l(HO c,nenaTb BblBOJ.l O TOM, <(TO 
r( II51n) ~ I :>B e 06nacT11 4-5 M JB . Bo36~JieHHe npII 
6eccpOTOHHOM aHHltrHJIJ!l.l,J.IH - aTOMHO-llJlepHhlii npou,e<.:c, 
llOJTOMY nOJJHall w11p11.Ha y-«<<li = r ., + r .D = 7 :>8 + I 1B = 

= 8 :>8. 
vlcxon.11 113 :>TOH BCJIH'IHHbl MO)KHO OU,CHHTb .uomo no-

311TPOHOB, r4acrny10ll.l,HX B npou,ecce 6ec<pOTOHHOH aHH11-
rllJUILl,HII n ::::: 4· I 0~ , OT llOJIHOrO IIOTOKa ll03HTPOHOB 11 

onpeJieJJHTb 0 ~~1<;; (115
1n) = I · IO 21 cM2

. KaK BHJIHO, JTa 

BeJll-l'IHHa Ha nJJTb nOpll,UKOB JaBbJWCHa no cpaeHeHHJO C 
TeOpeTH.'ICCKJiMH oueH.KaMH. ITp11.'!eM ,lla)l(e ecm, Mbl B03h-

<I> 0 ,, ' 3 MeM OJIHOl.faCTH'IHble WJ.tp11.Hbl , TO (J ,11111> > I -- CM-. )leCb 

Heo6XO.AIIMO OTMeTIITb, '!TO TaKoe paCXO)K,Ae1111e B o6meM­
TO xapaKTepHO H .llJUI Jipymx .naHHblX [ J]. ITOJTOMY, Ha 
Haw B3rJUI.U, Heo6XOJIH.MO paCCMOTpeTb 6onee BHl1MaTeJlb­
HO npyrne npoueccb1, conpoao)l(J.la10m11e 6eccpornHHyio 
aHHIITH.JUIU,11!0. 

B pa6oTe [8] npennaraeTCll YlJHThlBaTb BJIIUIHHe "HH­
cppaKpacttoro HJJJY4elillJI", conpoeo)K.Aa10mero eoJ6~ne­
HHe 3neKTPOHOB. Ecmt npennOJJO)KHTb O HaJI11.'lHH TilKJ.IX 
rrpoueccoe np1-1 peaKLJ,H.H c noJ11TpOHaM11, TO pacw11p.11eTC.R 
,llH8Tia.JOH nOJHTPOHOB, r4acrny1oll.l,JIX B 6ecq>OTOHHOH aH­
HHrl1Jl.RUHH. 3HatJeHHe n rrpH )TOM 6yneT He MeHbUJe I 0-2 

OT llOJIHOro TIOTOKa no3~(TPOHOB, T. e. Ce'!eH11e yMeHblllJHb-

C.R JIO o~~,<;p ( 115In) = I· I 0-25 cM2. 3TO xopowo coenaJiaeT 

c reopenrtJeCKHMH JHa'!eH11J1M11, oco6eHHO, ecm1 r4ecTb 
HeOt1HOJHa'!HOCT11 npH orrpe.neneHHH o,,/og. 
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<l>OPMA Jl,UPA B TO1IKE PA3PhlBA 
IIPH PA3HhIX KIIHETHl!ECKHX 3HEPrrurx OCKO.JIKOB ,D:E.JIEHIDI 

110. H. Ko6JJHK, 1B. II. IlHKYJJb, 11,. C. IOJJ.11.arneB, 2II. ,n:. Hoauuoy, 3E. C. <l>JJHU.Hau 
1 

l1HCTHTYf ,i.uepHOH <jJH3HKH, TaUIKeHT, Y36eKHCTaH 
2 

A<jJHHCKHH yttHeepCHTeT, 51.uepHrui ceKu11,i, 15- 77 I , A<jl11ttb1, fpeu1,ui 
3 

YH11eepcmeT ~eHTpaJibHOH <l>nopl1)1.hl, OT.uen <jJ11311KH, Opnatt.uo, ClllA 

8 paMKax MOlleml MaJJOH KannH BhmOnHeHbl paC'-!eThl necpopM3UHH OCKOflKOB l!enemu, npH <pHKCHp0B3HHblX '.lH3'-!eHW!X KHHeTil­
'-!eCKOH 3tteprITT! nernoro ocKonKa. PacqeThI noKaJbIBaIOT CY!IlecrnosattHe ccpepK'-lecKoii cpopMhI c A1 = 76 K A.= I 34 (P,, Ph :::: 0). Oc­
KonKH c A, < 76 H Ah < 130 rrepeXO.lll!T OT ccpepK'leCKOH cpopMbl K CnJTIOCHYTOH. OCKOnKH c Ah < I 26 CHOBa npHo6pe-raIOT Bb!Tl!HyryK> 
cpopM)'. 

THE NUCLEUS RORM IN THE BREAKING POINT AT DIFFERENT KJNETIC ENERGTES OF THE FISSION 
FRAGMENTS I Yu. N. KOBUK, V. P. PIKUL, B. S. YULDASHEV, P. D. IOANNOU, E. S. FLITSIYA II Within the framework 
of model of a small drop the accounts of deformations of fission fragments are executed at the fixed values of the kinetic energy of an 
easy fragment. The accounts show existence of the spherical form with A, = 76 and Ah = 134 (P,, p. "' 0). The splinters with 
A, < 76 and A. < 130 pass from the spherical form to flattened out form. The fragments with Ah < 126 again get rhe extended fonn. 

BBe.11.euue 

<l>opMa .uen,iU1eroc,i ll.Upa e T0'IKe pa:3pbtea onpe.uen,i­

eTCR OTH0WeHHeM Mace 6y.uyl.l.lHX 0CK0JlK0B, .uecpopMau11-

eii, o6ono'le'IHO.H CTpYKT)"PO.H H KBaHTOBO-MexaID1'1eCK11MH 

3q>q>eKTaMH (,i.uepHOH TeMneparypoii, ,i,aepHblM TpeHHeM, 

BHyTp11)1,UepHblM B3aHMO.UeHCTBHeM). Ba)KHO ycTaHOBHTb 

BKnli.n Ka)l(,UOro H3 3Tl1X q>aKTopoe B .UHHaMHKY ,i.uepHoro 

.ueneH11)1, '-!TO no3eon11:T 6onee TO'iHO on11caTb cpopM11:poea­

HHe ,i,aep OCKOJlKOB npH cnycKe OT ce.unoeoii T0'IKH K TO'!Ke 

pa:3pb1Ba. 

B KOHe'!HOM C'leTe cpopMa ,i.upa onpe.uen,ieT KHHeTH:­

'leCKYIO 3Hepr1110 pa:JneTa!Ol.l.lliXCR OCKOJlKOB, l1X 3Heprli!O 

eo36~eH11)1 H 3Heprmo .uecpopMat\HH. 3KcnepHMeHTaJlb­

HO orrpe.uen,i10Tc,i KHHeTH'leCKaJI 3Hepr11)1, 3ap,i.u, Macca 

H OTHOCHTeJlbHbIH BbJX0.U pa:JneTa!Ol.l.lHXCR 0CKOJlKOB, 

a IlOJIHaJI KHHeTH'ieCKaR 3Hepr11)1 OCKOJlKOB paCC'IHTblBaeT­

c,i. l1cnom,3y,i MO.UeJlbHbJe rrpe.ucrneneH11)1 npouecca .uene­

H11)1, no 3THM 3KCrrepHMeHTaJlbHblM pe3yJlbTaTaM M0)l(H0 

HaHTH cpopMy .uen,il.l.leroc,i ,i.upa B TO'IKe pa:3pb1Ba, a TOHKaR 

CTpYKT)"Pa B MaCCOBblX H 3HepreTH'leCKHX pacnpe.ueneID!)IX 

nOKa:JbIBaeT HepOBHOCTH Ha noTeH.UHaJlbHOH 3HepreTH'le­

CKOH noeepXHOCTl1 ,i,aep. 

3KcnepnMeUTaJJbHaH MeT0,IJ,UKa 

l13MepeHHJI MaCCOBblX 11 3HepreTH''leCKHX pacrrpe.ue­

neHJ.f.H rrpo.uyKToe .ueneHH.ll (II)]:) TIDKenoH rpyllil.bt 
235U 

H 
239

Pu TerrnOBblMH HeHTpOHaMH npoeomurncb Ha Talll-

KeHTCKOM MaCC-Ci leKTpOMeTpe, pacnOJlO)l(eHHOM Ha ropH-

HeHTpOHOB B MeCTe pacnonoJKeH11)1 MHllleHeii COCTaen,in 

2-1012 
HeHTp.l(cM

2
-c). IlpH H3MepeH11)1X 6b!JlH HCfl0Jlb30Ba­

Hbl HanbJJleHHble B eaKYYMe Ha aJllOMHHHeey10 nO)lJlO)l(KY 

MHllleHH 11.3 
235U TOJlJ.UHHOH 90 MKrlCM

2 
11. 

239
Pu TOJll.l.lHHOH 

50 MKrl cM
2
. l13MepeH11)1 rrpOBO,UH:JlHCb B ,UHana:J0He Macco­

BblX '!HCen A = 126-156 H npH q>HKCHpoeaHHblX 3Ha'leID!)IX 

KHHeTH'leCKOH :>HeprHH e .UHarra:Jotte E. = 55- 80 M3B. ,l],e­

TeKTHpoeam1e ocy11..1.ecTBJl)IJlOCb TBep,UOTeJlbHblMH TpeKO­

BblMH .ueTeKTopaMK, O.UHOBpeMeHH0 pernCTpHpYJOI.l.(HMl1 

ceMb nocne.uoearenbHbJX Mace II,l],, H nonynpoBO.UHH:KOBbtM 

,UeTeKTopoM. A6conJOTHble BblXO,Ubl IT,l], H3MepRJlHCb C no­

rpelllHOCTblO He 6onee 2 %. MaccOBbte BblXO.Ubl nonY'la­

JlHCb cyMMHpOBaHHeM pacrrpe.ue11eHHH ITO BCeM HOHHblM 

3apR,!laM. Ilo.upo6HO MeTO.UH.Ka 11.3MepeIDU1 H o6pa60TKH 

nonyqeHHbIX pe3yJlbTaTOB OITH.CaHbJ B [I). Pe3yJlbTaTbl 113-

MepeHHH MaCCOBblX H 3apR.UOBblX pacnpe.ueneHHH II,l], ner­

KOH rpynm1 HC0OJlb30BanHCb H3 pa60TbJ [2]. 

IlapaMeTpblJJ.e~opMa~uu 
H ~OpMa 0CK0JJK0B .11.eJJeHHH B T0'IKe pa:3pb18a 

Ilo npoue.uype, no.upo6HO OnHCaHHO.H e [I], HaXO.UH­

JlOCb paCCTOllHHe MeJK)ly 0CKOJlKaMH B TO'!Ke pa:3pbIBa npH 

q>HKCHpOBaHHhlX 3Ha'leHIDIX KHHeTH'leCKOH 3HeprHH E. 
nerKoro ocKonxa e )ll1aila30He MaccoebJX 1.{}fCen 68 < A < I I 0 
H TIDKenoro ocKonKa 126 <A < 156 np11: .ueneHJ1J1 

235U Ten­

noebIMH HeHTpOHaMH. Ilpe.ueapHTeJlbHO onpe.uen,inacb 

nonHrui KHHeTH'leCKaR 3Hepr11)1 TKE 

(I) 

30HTanbHOM KaHaJie peaKTopa BBP-CM. IloTOK TennoBblX r.ue E. - KHHeTH'lecKrui :meprIDI ocKonKa; Ao - Maccoeoe 

30 

-



r 
•rncno cocrnattoro .11.npa; A; - Maccoaoe •-111cno IT.ll; v, -

411cno tteihpOHOB, 11cnyweHHblX 113 OCKOnKa. 

411cno HeHTf)OHOB v, oupe,LleJUlnOCb no 3MnHp11'·!eCK11M 

cpopMynaM 113 [I]. Ha pHc. I nOKa3aHbl pacc1-rnTaHHhie 3Ha­

YeHl-l.H TKE B 3aBHCHMOCTl1 OT Maccoaoro '1.HCJla nerKoro 

IT)], AJUI cp11Kc11poaattttb1x 3HaYeHHH £. = 88,5 11 l 03,1 MJB. 

}13 p11cyHKa 811./lHO, '-!TO JTa 3aa11c11MOCTb 11MeeT Jlli.Hefilil,lH 

xapaK"rep 11 He Olpa)l(aeT 11Meiowy10cJ1 T0HKYJO CTPYKTYPY 

Ha noTeHUHaJibHOH noaepXHOCTl1 .H,Upa. B pa6oTe [3] npe.u­

naraeTCJI onpe,ueJU1Tb TKE c yYeTOM .uononHJ1Teill>HblX na­

paMeTf)OB (.uecpopMauaw OCKOnKOB, .H,aepHOH TeMnepaTY])bl, 

3Hepr1111 B036~eHl1.H npe,upa3pb1BHOH KOHcpKfYPauaH) 

C flOMOI.UblO l1Tepau110HHoro MeTO,lla. 
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Maccoeoe 4"1Cno, a. e. M. 

PHC. 1. nonttaJI KHHenfT!eCKaJI 3Heprn,i B JaBHCHM0CTH OT Macco­

B0ro •mcna rrpH <pHKCHp0B3HHOH :meprnH nencoro 0CK0nKa: 

-♦- -88,5 M:3B;-• - - 103,1 MJB 

p, 11 P1i- Ha p11c. 2 nOKa38Hhl pacc41nattHb1e .uecpopMaUHH 

TI)], nerKOtt rpynnbI C cp11KC11p088HHblMl1 3Ha'l.eH11.HMH £. = 
= 88,5 H I 03, I MJB 11 ,uonoJIH.HTeJJbHbIX K H.11M IT)], nl.)l(e­

noi:i rpynrlhl. 8blilOJJHeHHble pac'l.eTbI DOK83bl88.IOT, 'I.TO 

rrp11 3Ha'l.eIDUIX 88 MJB < Ek < I 08 MJB tta6nio.uaeTcll 

ccpep114.ecKaJ1 cpopMa y ocKOJIKOB c A1 = 76 H Ah = 134 (P,, 
Ph "" 0). 3m OCKOnKH o6pa3yJOTC.H c Ma.JibIM ao36y)l(.lleH11-

eM, JMl1CCl1.H HeHTf)OHOB 113 HHX npaKTl14eCKH OTCYTCTByeT. 

Y .ll0IlOJlHl1TeJlbH.blX K IDIM OCKOJIKOB (Ah = 160, A1 = ) 02) 
Ha6JJJO.!lalOTC.H 60JJbW11e JHeprmt B036~elll1.H 11 ,uecpop­

M8U1111. OcKOJIKH c A1 < 76 11 Ah< 130 nepexo)l.HT OT ccpe­

p11YeCKOH cpopMbI K COJUOCHYTOH. OcKOJlKH c Ah < 126 
CHOBa np1106peTaJOT BbJT.R"ttyrylO cpopMy. Ha pHC. 3 IlOKa-

3aHa cpopMa .neJU11UerocJ1 ll.Upa e TO'I.Ke pa3pb1aa np11 cpttK­

CHpoaaHHOM 3Ha11ettH11 £. = I 03, I MJB nerKoro ocKOJJKa . 

flp11 60JlbWOH MaCCOBOH aCHMMelpl111 OCKOJJKH MMe.JOT 

CHJJbHO Bb!T.R"HYTYJO cpopMy, a .uon0JIHl1TeJ1bHble K HHM oc­

KOJIKH 11MeJOT cpopMy, 6JJ113KYIO I( ccpepH4eCKOH HJIJ,! ,lla)l(e 

CITJl.lOCH YTYIO . 
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I 

ueHTf)a HI o6pa3ylOIU11XC.H OCKOJlKOB 0 
, 

I .. ( . . -
d = (Z,(Z0 - Z,)e2/fK.E)F(x,y) - 8, (2) 

r.ue Z, - 3ap.H.ll OCKOJII<a; F(x,y ) = 1,0 - I, I - napaMelp, 

38811C.Hll.{HH OT cpopMbl OCKOJIKa; 0 - pa3Mep wefurn, cpM. 

Ecn11 Yt.JeCTb, 'I.TO npeJlJ)a3pblBHaJI Jttepra.H COCTaBJUleT 

- 5 MJB, TO o = 0,6 cpM, '-!TO cpaBHHMO c pa3MepoM HYKJJO­

HOB. )],anee no MeTO,UHKe, npe.llJlO)l(ettttoti a pa6oTe [4], 
onpe,ueJUI.JOTC.H pa3Mepbl .H,!lep-OCKOJJKOB 11 HX .uecpopM8U1111 

a 6 

31 

70 74 78 82 86 90 94 98 102 106 A 

PHC. 2 . .[le<jlopMaUHH l11l nerKOH rpynnw H J10n0JIHJ1Tenh1U,IX K 

HHM J11l TJIJKenoH rpynnw npu <pHKCHposaHRbfX 3Ha4eHlUIX £. : 
- •- P, - 88,5 M:iB; -a- Ph - 88,5 MJB; 

- • -P,- 103,1 M:3B;-• -Ph - 103,1 M:iB 

PHC. 3. <l>opMa .!len.HmerOCJI JIJl· 

pa 
235U B T04Ke pa:!ph!Ba C p33-

l-fhIM 0THOllleHHeM A,/ Ah rrp1-1 

<pHKCHpOBaHHOM JHa'l.eHHH E. = 
= 88,5 M:lB (a) H 103, 1 M:lB (6) 

nencoro ocKonKa 



IloeepXHOCTHaff JHeprHH OCKOJJKOB 

TioeepXHOCTHajf '.)HeprMjf E, pacctfMTblBaJiaCb C HC­
fiOJlb30BaHHeM MO,UeJlH MaJIOH Karurn [5] ,UJljf n.n. nerKOH 
rpynrn,1 C qmKCHpOBaJfr{l,IM 3HatfeHJ1eM £. = 88,5 H 103,1 M.3B. 
Ha pHC. 4 fiOKa3aHa 3aBHCHMOCTb E, OT Maccoeoro 'IHCJia 
TI)].. 3m :meprJ,ljf HMeeT CTPYKTYPHhlH xapaKTep, CBl!3aH­
HbIM: C tfeTHblM H He'leTHh!M 'IHCJIOM npoTOHOB H HeHTPO­
HOB B ll.Upe. )J,Jlll 'leTHO-tfeTHblX l!.Uep E, ecer.ua HH)Ke, 'leM 
,UJljf He'leTHO-HetfeTHhIX. TlpH 3axeaTe HeHTPOHa l!Ji:pOM 
ypatta 11 nnyTOHIDI E, yMeHbWaeTcl! Ha 5 M3B H e nepeoM 
MHHHMyMe 6apbepa .ueneHHJI COCTaBJllleT 296 11 306 M:>B 
COOTBeTCTBeHHO. )J.Jlll HaH6onee eepol!THblX 3Ha'leHHH A, = 
= 97 H Ah = 139 e cnyqae .ueneHHl! 235U noeepxHOCTHM 
:)HepfJ,ljf E, = 186 H 213 MJB cooTBeTCTBeHHo. B cnyqae 
.ueneHHl! 239Pu A1 = IO 1 H Ah = 139 E, = 204 H 206 MJB. 
C 23su ~ Jie){OBaTeJibHO, npH .ueneHHH TJl)KeJlbll-i OCKOJIOK B 
TOY.Ke pa3p&rna 6onee .uecpopMHpOBaH. 
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PHc. 4. noaepxttoCTHaJI :meprm1 E, fl,[{ nencoii rpymn,i np11 JHa­
qelflfl!X KHHeTH'lecnrx :meprnn £.= 88,5 H 103,1 MJB: 

-♦- - 88,5 M3B;-• - - 103,1 MJB 

3aKJJIO'ICHHC 

8b1110JIHeHH&1e pactfeTbJ .ueqiopMauMH p,, Ph H <jiopM 
OCKOJIKOB .ueneHl1l! B TO'!Ke pa3pbIBa noKa3bIBal-OT, 'ITO 
B6JIH3H MarH'leCKHX 'IHCeJI cpopMa l!,Uep-OCKOJIKOB 6mt3Ka 
K ccpepH'leCKOH C He60JibWHMH JHeprJ,ljjMH B036y)K,UeHl1ll. 
803M0)KH0 cymeCTBOBaHHe ,UeJlllllleM:Cll CHCTeMbl co 
CUJII-OCHYTOH qiopMOH O,UHOro 113 OCKOJIKOB. IloeepXHOCT­
HM 3HeprJ,ljf £, JaBHCHT He TOJibKO OT KOJIH'leCTBa HYKJIO­
HOB, HO H OT OTHOWeHHJI 'IHCJia HeHTPOHOB I( 'IHCJIY npOTO­
HOB B ,i_upe. 

Pa6oTa BblfiOJIHeHa npH QlHHaHCOBOH no.u.uep)KKe 
<jlott.ua YHTU no npoeKry "Uzb-96". 
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CIIEKTPhl MrHOBEHHhlX HEHTPOHOB )l,EJIEHIDI U H Pu 
BhlllJE IIOPOrA 3MHCCHOHHoro )l,EJIEHlUl 

B. M. MaCJJoB 
O61,e,m1tteHH.bJH H.HCTH'Iyt' :mepreTH'IeCKHX H ll,llepHblX 11ccne.uosaHH.H HaUHOHaJlbHOH aKa,lleMH.11 ttayK 

yn. KpacID1a, .u. 99, M11HcK-CocH.b1, 220 I 09, Eenapycb 

Pac'!en.1 CMH.l{ 235U(n, F) 11 239Pu(n, F) BbmonHeHbI .wu, HeiTTpoHoB c JHeprnei:i .no 20 MJB. 3KCKJJIOJHBHblC cneKTpbl npeJlJlemr­
TenbHblX HeITTpOHOB peaKl{l!H (n, xnf) paCC'll!TaHbl B paMl<aX MOJlen11 XaY3epa - <I>eru6axa o.zmospeMeHHO C CC'leITTUIMH (n, F) If (11, 211) 
peaK1{11H. CneKTpbl HeHTpOHOB, HCnyuteHHblX OCKOJJKaMH .neneHH.R, annpOKCHMHpOBaJJl!Cb C)'MMOH .nsyx pacnpe.ncnCHHH Yana. Ko~mo­
HeHTbl CMH.l{, o6ycnosneHHble ape)].JlemtTeJlbHbfMH HeiTTpOHaMH, npOllBJl.RIOTCll B Ha6rr10.naeMbfX CMH,n. YCTaHOBJJeHa KOppeAAUHll 
JTOro J<p<peKTa c BKJJa.naMH JMHCCHOHHoro .nenemui (n, xnj) s Ha6n10.naeMoe ceqe1rne .nenemu1. 

SPECTRA OF THE INSTANTANEOUS NEUTRONS OF THE U AND Pu FISSIO HIGHER THAN A FISSION 
EMISSIVE THRESHOLD/ V. M. MASLOV // Statistical model calculations of prompt fission neutron spectra (PFNS) of 235U(11, F) 
and 239Pu(n, F) reaction were performed for incident neutron energies up to En of 20 MeV. Exclusive spectra of the pre-fission (pre­
saddle) (11, xnj) reaction neutrons, were calculated with Hauser - Fcshbach statistical model, fission and (11, xn) reaction cross section 
data being described consistently. Spectra of neutrons, evaporated from the fission fragments , were approximated as a sum of two Watt 
distributions. PFNS component due to pre-saddle neutrons is evidenced in the shape of the measured PFNS data. We show it to be 
strongly correlated with the emissive fission contributions to the observed fission cross sections. 

Bse.ueuue 

CneKrph! MrHOBeHHh1x HeHTJ)OHOB .ueneIDI.JI (CMH.n) 
aKTHHH.UOB 11ccne.uy10TCll TeopernlJ.eCKH 11 3KCnepHMeH­
TaJibHO c MOMeHTa OTKpblTl1JI rrpouecca .neneHIDI [ 1- 3]. TeM 
He Mettee JlHllll, .llilll .nsyx peaKUHH, 238U(n, F) 11 235U(n, F), 
CMH)], .neran1>Ho Hccne.QoBaHbl .llilll :meprnii HeHTJ)OHOB 
HJ,Ol(e H Bblllle nopora 3MHCCHOHHOro .ueneIDI.JI [4-10]. OT-

'-leTJIHBOe CHJ,Ol(eHHe cpe.nHeH :meprm1 CMH,A (E) s6moH 

noporos peaKUHii BTOporo 235
<
218>U(11, nj) 11 TJleTbero 

235
<
218>u(n, 2nj) lll8HCOB .neneIDI.JI ycTaHOBJleHO )lOCTaTOlJ.HO 

Ha,lle)KHO. )],aHH1>1e [9, I OJ no.uTBep.nHJIJ,f H3MepeIDI.JI CMH)], 

.llilll 238U(n, F) [ 11 ], cornacHo KOTOpbIM ( E) .llilll En= 7 M3B 

HIDKe cpe.nuew 3HeprnH .llJlll En = 2 M3B. YMeH.blllem1e 
cpe.nHeH 3Hepnrn TaKOH >Ke npHpO,llbl HMeeT MeCTO npH 
En= 14,7, T. e. s6JIHJH nopora peaKUHH 

238
U(n, 2nj) MJB 

no cpasHeHHIO co cpe.nttei1 3Heprnei1 .llilll En = 5 M3B, 
BnepBbJe o6Hap)'>KeHRoe s [4, 5] OHO 6bIJlO IIO)lTBep)KJ.leHO 
B [9, 10]. B cny•-iae peaKUHH 235U(n, .F) attruu13 CMH,A [12-
14] np11 En= 7 M3B np1-1sen K oueHKe (E) [15], KOTOpal! 

OKa3aJI8Cb HIDKe cpe,nHeH 3HeprHH MR)], AJUI .neneIDI.JI 235U 
TeITJlOBblMH HeHTJ)OH3MH [ 16-18). 

B o6JiaCTH 3Hepnrn B036}')KJ.leHl1JI 3MHCCHOHROro .ne­
Jiemu1 BKJia.u B Ha6JIIO.naeMwe CMH)], .naioT KaK npe.u.ne.rrn­
TeJ1bHb1e, TaK J,f nocT,neJIHTCJibHhle HewrpOHbl. BKJia.n npe.n­
paBHOBeCHblX HeHTJ)OHOB, KOTOpble MOryr 6b!Tb HCnylUeHbl 
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.no yCTaHOBJleHl1JI TeITJlOBOrO paBHOBeCI-Ul B COCTaBHOM ll)l­
pe 235

<
218>u + n, MO>KeT 6b(Tb 0)lH03H3'1HO orrpe.D.eJieH np11 

cornacosaHHOM om1caHHH ce'-leHH.H .neneHUll (n, F) 11 peax­
u,rn (11, Xfl). O,nHOBpeMeHHO {pHKCHpyIOTCll 3MHCCHOHH3JI 
CTJ)yx-rypa tta6mo.naeMoro ce'leHWI .ueneHID! H BKJia.D. npeA­
ce.unoBbJX HeHTJ)OHOB, K0TOpble MOryT 6bITb HCnYllJeHbI, 
npe)l(.ne '-leM .neJllllUeec,i ,i,npo )lOCTHrHCT Ce,llJlOBblX .ne­
cpopM3U11H. 3TO npOHCXO,D.HT B Tex CJIY'-lal!X, KOr.11a En Bbl­
rue nopora peaKUMH (n, nj) Ennf (z 5 M:>B), nocne 3Toro 
noCT)leJIHTeJlbHble HeHTJ)OH.bl 11cnycKalOTCR nepBH'-IHblM11 
ocKOJIKaMH .neneIDI.JI. AHan113 Ha6JIIO,naeMbIX CMHJJ. .llJlll 

peaKUH.H 232Th(n, F), 238U(n, F) 11 235U(n, F) IlOKaJblBaeT, 
'!TO ueJiblH: PR.ll. oco6eHHOCTeH s HHX MO)l(CT 6b!Tb CKoppe­
JIHpOBaH c BJlH.IIHHeM npe.n.neJIHTCJibHblX HeHTJ)OHOB [ I 5, 
19, 20]. HanpHMep, .llilll En> En2nf c,yneH'-laTu1e oco6eHHO­
crn B Ha6n10.naeM1>1X MHJJ. np11 E - 3- 5 M3B 06ycnoBJieHb1 
nepBbIM HewrpoHOM peaKUHJ,f (n, 2nj) [19, 20]. Oco6eHHO­
CTH B CMHJJ. np0RBJllllOTCll H B cpe,!UIJ1X 3HepntJIX, OHl1 
TeCHO CBll38Hbl C lllaHCOBOH CTJlYKTypOH Ha6mo.11aeMb!X 
ce'-leHHH .neneHIDI. 3Ta CTJlYKTYPa 3as11cHT OT .nenHMoCTew 
ll.D.ep (A + l ,Z), (A, Z), (A - 1,Z) 11 T . .n., rAe (A, Z) - 11.11po­
MHlllettb. Bap11aUHH B cpe.nHJ1x 3Hepnurx CMH)], tta11-
60Jlbwero MaCUJTa6a 6hlJIH npe,nCKa38Hbl .llilll peaKUHH 
232Th(n, F) B6JIH3H nopora peruamu 232Th(n, ,if)[l9,21). 
He.naBHHe 3KCnep11MeHTbl [9, 1 0] npoAeMOHCTpHp0B8JlH 
eme pa3, 'ITO npe.ncTasJieH11e CMH)], e cpa11nax ouetteHtt1>1x 
,naHH.bJX 238U(n, F) 11 235U(n, F) [22- 25] coeepwe11110 tte­
y.noenereopMTeJlbHOe. B cnyqae 239Pu cpe.ntt11e Jttepr1111 



CMH)]. a cpaifoax oueHeHHbIX H,uepHbIX ,uaHHbIX TaIOKe 

BeCbMa pa.3Jil1'-1Hhl (p11c. I). 0THOCl1TeJihHhlH BKJJa)l peaK­

U1111 
239Pu (11 , n/) a Ha6m-0)laeMoe ce'-leH11e .lleJJeH11ll 

239Pu(n, F) cy1UeCTBeHH0 HH)l(e, '-leM B CJiyYae peaKUlill 
235U(n, F), 238U(n, F) 11 

232Th(n , F). TeM He Mettee 11 a cny­
'-lae peaKu1111 

239Pu(n, F) nepahJH 11 aropoii npe,ll,llemneJJh­

Hhie HeihpO!ibI cy1UeCTBeHHO 1in11ll10T Ha cpopMy CMH)].. 

CD 
(') 

2,8 

2,7 

2,6 

2,5 

2,4 

::E 2,3 

~ 
V 2,2 

2,0 

- 239Pu(n.F) a :O 7 

- - 239pu(n,FJ,a1:08 
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- -,- 235u(n,F)a,:Q.7 - .--- · 

1,9 0 
2 4 6 8 10 12 14 16 18 20 

En, M3B 

P11c. I. Cpe.llHJlll 3Heprn11 cneKTpa Mni0BCHHbIX 
Heihp0H0B )leJJeHHll .llJlll 

239Pu(n, F) 

,/J.JlJI pacqern CMH)]. peaKIJ.1111 
239Pu(n, F) .ll)UI En > Ennf 

HaMH 11Cil0Jlb30BaHa CTaTHCTH'-leCKaJI MO)leJih, OIIHCaliHaJI 

a [ I 5, 19, 20] . BKJia,u npe,upaattoaecHh!X Heihpottoa, K0T0-
240p ph1e Moryr 6bnh 11cnyruettb1 npe)l()le, 'ieM a .11,upe u yc-

TaHoa11rc.11 TeruIOB0e paBH0Bec11e, M0)l(eT 6bITh 0,!lHOJHa'iHO 

cjJHKc11poaaH rrp11 cornacoaaHHOM on11catt1111 cet.felilill 
239Pu(n, F), 239Pu(n, 2n) 11 

239Pu(n, 311). O,uttoapeMeHHo 

onpe,uen.sieTc.11 wattcoaa11 CTpyKTypa 
239Pu(n, xnf) tta6J11-0-

,uaeMoro ce'ieli11.11 ,ueJieHH.R 
239Pu(n, F). Mo)l(HO yTBep­

)l()laTh, '-IT0 coapeMeliHoe COCT0.RHHe 3KCnepHMeHTa.JlhHhlX 

.naHlihIX .ll)UI CMH)]. 11 cpe.ncTBa HX TeopeT11'iecKoro aHaJIH­

Ja anoJIHe noJBOJIJIJ-OT CYlUeCTBeHH0 yny'-lwHTh npe.ncTaa­

neHHe CMH)]. 
239Pu(n, F) a cpawnax oueHeHHhlX ttewrpoH­

HhlX )laHHh!X. 

Mo,aeJJb AJIH paclfeTa CMH,IJ: 

CMH)]. npH .nenemm .11.nep 
239Pu TeruIOBhJMH Hei-lTpo­

HaMH HCCJie)lOBaJIHCh B HeCKOJlhKHX 3KCnep11MeHTaX [ 16, 
17, 18, 26]. TeM He MeHee HX .naH!ihle .llOBOJlhHO rrpOTHBO­

pe'lliBhl, 6blJIH HCCJie)lOBaHbI XOTll 11 nepeKpb1Ba1-01Ul1eC.11, 

HO pa.3Hhle )lHanaJ0Hhl :>Heprnw MrH0BeliHblX HeHTpOHOB 

.neneHH.R: a [16] - E - 0,139 - 5 M3B, a [18] - E - 0,021 -
4,5 MJB, a [17] - E - 3,07 - 11,2 M 3B, a [26] - E - 0,03 -
3,85 M3B. IlpH 6onee Bh!C0KHX 3HeprH.RX HaJieTaJ-011.(HX 

HeUTpOHOB .naliHhJe HeMHOrO'-IHCJieliHbJe H HeHa)lelKlibie, Ja 

HCKJJJ-O'ieHHeM En = 1,5 MJB [27]. ,/J.attHhle [ 1, 2, 28, 29, 
30] Moryr l!Cil0JlhJOBaThC.11 JlHWh .ll)UI oueHKH cpe.nHHX 

:>Heprnw MH)]. ( CM. pHC. I). 
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)].n.11 pact.feTa CMH)]. 
239Pu or I e1111oab1x J11epmi1 Hew­

Tp0HOB )l0 20 M:>B 11C0OJlb30BaJJaCb M0)leJJb, 0rtl!CaHHall 

a [ 15, 19, 20, 3 I]. B o6nacrn :>n epntii aoJ6y)KJleH1U1 3w1c­

CHOHHoro )),eJJeH1U1 BKJJa.ll a Ha6mo,llaeMh1e CMH.ll ,llal-OT 

KaK npe,ll,lleJJ11TeJlbHble, TaK 11 rtOCTJlemrreJJhHble HettTpOHbl. 

BKJJa)),bl 6e33MHCCl10HHOroi3MllCCllOHHOro ,ueneHIUI onpe­

.ne11eHbl nyreM cornacoaaliHoro 01111caH1U1 cet.feH1111 ,ue11e­

HH.11 
239Pu(n, F), m Pu(n, F) [32, 33] H peaKU1rn 239Pu(n, 211). 

Cpe,uli.11.R :mepr11.11 CMH)]. (E) a JIC onpe,uen.HeTc.11 KaK 

(E) = (e)+ Ev , r.ne (e) - cpe,ulill.ll 3Hepr11.11 MH)]. a CUM, 

a E., - napaMei-p pacnpe,ueneHH.R Yarra, T. e. :mepnui CUM 

B JIC, paCC'iHTaHHaJI Ha 0,!lHH HYKJJ0H, I-IJIH, ,upyrHMH CJ!O­

B3MH, :>Hepr H.11 HYKJJOHa, )l811)({Yll.(eroc.si co CK0p0CThl-0 

CUM. oOJJbWIIHCTBO HYKJJOH0B 1-1cnycKacTCll nonHOCThJ-O 

ycKopeHHhlMH cpparMeHTaMH, 0,UHaK0 MO)l(HQ 11pe,unono­

)1(}1Tb, '-IT0 t.faCTh HeHTpOHOB 11cnycKaeTC.II BCKOpe nocne 

pa3pb!Ba ll,Upa [34] ,!lO nonHoro ycKopemu1 0CK0JJK0B. 3TO 

o6CTO.RTenhCTBO Il03B0lllleT cy1UeCTBeHHO YJIY'-IWl1Th on1-1-

catt11e Ha6n1-0,11aeMblX CMH)]. .llJUl peaKUHH 
238U(n, F), 

235U(n, F) 11 
232Th(n, F) [15, I 9, 20] (npu yMeHhweH1111 £,). 

)].n.si 0ill1CaHH.R CMH)]. .ll)UI En > E,,2nf 6hrno c,lleJJaHo npe,u­

nonolKeH11e O .UOTTOJIHHTenhH0M yMeHbWeHl1H CKOpOCTl1 

CUM a M0MCHT :>MJ1cc111-1 HeHTpOHOB [ 19, 20]. 

0,010 

0,001 

0 4 

- (n,nX),235U 
- - (n,nf) ' ,"'u 
- (n.nf)

1
,
235U 

(n,nf) ' ,.,.Pu 
(n.2nf)' ,238Pu 

- - (n,nX),230Pu 
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Pttc. 2. IlapUHa.JlhHble C0CT3BJUIIOIIlHe cneKTpa nepBblX 
HCHTpOHOB 239Pu(n, x1if) np11 En = 14,7 M3B 

3KCKJIJ-03liBHhJe cneKTphl HeHTpOHOB (n, xnf) peaKIJ.Hii 

.llJIJI a3a11Mo.neiicTB11.11 
239Pu + n cooTBeTCTBYJ-OT cornaco­

aaattoMy omi:caHH1-0 
239Pu(n, F) 11 

239Pu(n, 2n), OHH CYlUe­

CTBeHHO OTJIH'ial-OTC.11 OT aHaJIOfH'llihlX cneKTpOB ,!lJlJI peaK­

UH11 
235U(n, F) (p11c. 2). 3ttepreTH'ieCKaJI 33BHCHMOCTh 

CMH.[( 
239Pu(n, F) .ll)UI E < E,h - En - Bi onpe,ueJlJ!eTC.11 ,ue­

JIHMOCThl-0 OCTaTO'-IHOro .11.npa 
239Pu. B1 - BhlCOTa 6onee 

BhlCOKoro (BHYTpeHHero) rop6a 6aphepa ,uenett11.11 
239Pu 

[32]. Bepo.siTHOCTh .neneHH.R 
239Pu Ha)le)l(H0 onpe.neJIJ1eTC.11 

ceqeHJHeM .ueneHH.R 
238Pu(n,/). B cnyYae peaKIJ.HH 

238U(n, F) 
TaKOH onpe,ueneHHOCTl1 .ll)UI )leJIHM0CTH .11,upa 

238U ,uonro He 

6hmo. BbmOJIHeHHa.si a 2005 r. oueHKa [35] ce'ieH11.11 .nene­

HH.R 
237U(n, F), KaK OKaJaJI0Ch, xopowo cornacyeTc.11 c ,uaH-

---



HblMH cypporaTHhlX HJMepeHHH B 2006 r. OTHOWeHJ.UI ne­

nHMOCTeH 
238U H 

236U B peaKUHH (o.,a.'F) (36). 
HcnonhJyeMaJI HaMH cpeHOMeHonorw-ieCKaJI MO)leJlh 

xopowo socnpoHJBOJlHT tta6motJ.aeMhJe cneKT)}hI MTHosett­

HhlX HeHTpOHOB .nenemUI JlJUI SI.Ziep-MHWeHeH C pa3HblMH 

.nemtMOCTSIMH, TaKHX KaK 
232Tb, 238U H 

235U. Cpe)IHSISI 3Hep-

1'11SI CMH,lJ, 
239Pu(n, F) noKa1aHa Ha p11.c. I . Bmuurne upe,u.­

tJ.e.runerrhHhIX HeHTpOHOB cna6ee, '-!eM s cnyqae tJ.pyntX 

Sl,!lep-MHWeHeH, :no CBSl3aHO C OTHOCHTenbHO MeHbWHM 

BKnatJ.OM peaKUHH 
239Pu(n, nj) a Ha6JIJOtJ.aeMoe celf.eHHe 

tJ.eneHJ,UJ 
239Pu(n, F). 

Mo.neJIL pac'leTa cneKTpoe MH.l(. ,lJ,JUI 3Heprni1 

natJ.aJOUll1X HeHTpOHOB BbIWe nopora 3MHCCHOHHOro .nene­

HJ,UI CMH,lJ, eCTb cynepnoJHUJ,UJ npeMerr11.TeJibHOro cneK-

Tpa HeHTpOHOB HJ peaKUH.H (n, xnj) - do~ix11J / d& (x = I, 2, 

3, 4; k = I, ... , x) H nocTtJ.eJJJ,!TeJlbHbJX cneKT)}OB 

s A+2-x ( &, E,,) HeHTpOHOB (A = 239), HCITapRlOJ.UHXCSI HJ 

OCKOJIKOB .neneHI-UI: 

S(r.,E,,) = SA+I (r.,E,,)+SA (r.,E,, )+SA-I (r.,E,, )+ 

+SA- I (r.,E,,) = v- 1 (E11 )(v1 (E11 )p1 (E,,)SA+I (r.,E11 )+ 

( ( )) 
da:1111 

+v2 E11 - E,mf P2 ( E,, )SA ( &,E,, )+ P2 ( E,, )~+ 

+v3 ( E,, )P3 ( E,, -s: -( E]1211/ )-( E,72,,j) )s A-I ( f., Ell)+ 

+p3 E,, ---''-+---''- + ( )[
do~2ef dcr~2,,J l 

dr. dr. 

+v4{E11 -Bj-s;;IA -(E~3nf )-(E;3nf )-(E;,3nf ))x 
x p4 (En)SA-2 {r.,£11 )+ 

( )[
dcr~3nf dcr~311J dcr;,3 111 ]] + p4 Ell ---''-+---''-+--''- · 

dr. dr. dr. 
(1) 

S A+2-x ( &, E11 ) o6oJHal!aeT BKJJM B Ha6motJ.aeMbIH C.MH,D. 

OT x-ro rnattca tJ.eJJeHJ,!JI, ( E:X,,1 ) - cpe.!lHAA 3HeprM k-ro 

k 
dcrllX,,j 

HeHTpOHa peaKUHH (n, xnj), (k ~ x) co cneKT)}OM 
d& 

Dp11. 3TOM MHO)l(eCTBeHHoCTb MH)J. v(E,1 ) oueIDIBaeTCR KaK 

X 
v(E11 ) = I(vx(E,ix)+(x-J))Px(E11 ) , (2) 

x=I 
rtJ.e 1rn.neKC X = 1, ... 'X o6oJHal!aeT MHO)l(eCTBeHHOCTb ,!lJUI 

wattca tJ.eJieHJ,!JI S1,!lep 
240Pu, 239Pu, 238Pu H 

237Pu nocne 3MHC­

CHH (x - I) rrpeMenmeJlhHhIX HeiiTpottos; P x(E11 ) - BKJIM 

x-ro wattca ,u.eJieHJ,UJ B tta6ruotJ.aeMoe cel!eHHe tJ.eJieHJ,UJ, a 

v x (Enx) - COOTBeTCTB}'lOI.UaJI MHO)l(eCTBeHHOCTb MH,ll 

CneKT)}bI HCHTpOHOB S A+2-x (&, E,,) , HcnapS110IUHXCS1 

HJ OCKOJIKOB tJ.eJJeHJ,!JI, 6y.neM paCClf.HTb!BaTb KaK CYMMY 

tJ.Byx pacnpetJ.eJJeHHH YaTTa [3 l] 
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2 
Sr(&,£,,)= 0,5L wj ( &,E,i,T_rj (Ell ),a) ; (3) 

j=I 

wi ( r.11 , £ 11 , Tri ( E,,), a) = 

= ✓rr \ 12 ✓E exp[-~)exp[- Evij )shy:f); (4) 
rcTxj Txj Txj bxjf. 

0 
4Evxj 

b_rj = --2-, 
T_g 

rtJ.e T9 - TeMnepaTYPa ll.JJSI nerKoro H TSl.lKenoro ocKOJJKOB 

(j = I, h) MS! x-ro HtJ.pa np1-1 tJ.eneHJrn nocne npe.usap1-1TeJlb­

HOH JMHCCHH HeHTpOHOB; Er - :meprHSI ,u.eJieHHSI; a - OT­

HOWeHHe KHHeTli'leCKOH :rnepnrn OCKOJJKOB TKE B MOMeHT 

3MHCCHH HeHTpOHOB K JHalf.CHJ,!JO TKE ITOCJle nonHoro yc­

KOpeHHSI OCKOJlKOB a = 0 873 ,!lnSI 
240Pu 239Pu 238Pu 

11 
237Pu (31 ]. B cpo;Mynax (3)-(5) 3HeprHS1 C::11,M H~ OtJ.HH 

o Ahx 
HYKJJOH pasHa Ev.rj = --aTKEx. DpetJ.nOJ10)l(eH1-1e, '-!TO 

AtxAx 
nerKHH H TSl)l(eJlhIH OCKOJlKH ucnycKaJOT OtJ.HHaKOBOe '-lliCJIO 

HeHTpOHOB SIBJUleTCSI yrrpomemteM, OtJ.HaKO s (37] □OKa.Ja­
HO, lf.TO J'-!eT JaBHCHMOCTJi MHO)l(eCTBeHHOCTJi OT MaCCbl 

ocKoJIKa cna6o CKa3bIBaeTcSI Ha CMH,lJ,. OrnorneHHe "TeM­

nepaTYP" .!lJUI nerKoro 11. TSl.lKenoro OCKOJIKOB r = 1,248 S1B­

JU1eTCS1 eI.Ue OtJ.HHM ITOJJy3Mn11p111.JeCKHM uapaMeTpOM, KO­

TOpblH He 11JMeHS1J1CS1 OT RtJ.pa K R.!lPY, kl} - napaMe-rp, csR­

JaHHbIH C ITJlOTHOCTblO yposHeH. 

nocne 3MHCCHH rrpeMeJJJ,[TeJlbHOro HeHTPOHa 3HeprHS1 

BOJ6~.neHHSI u., OCTaTOllHOrO S!,!lpa yMeHblllaJiaCb Ha Be­

JJH'-IHHY 3HeprnH CBHJH tteii-rpoHa B, ~, ero KHHeTHlf.ecKyio 

3HeprnIO < Exj > . 3HeprJ,UJ Ux )!JUI Sill.pa A., = A + 2 - x 

nocne 3M11CCHH (x - I) HCHTJ)OHOB paCC'-IHTbJBaJiaCb H3 co­

OTHOWeHJ,UJ 

Ux=E11 +B11 -L(<Exj>+Bx)- (6) 
j<x 

3Hepr),UI BOJ6J)l(ll.eHHSI OCKOJJKOB ,!leJJeHJ,UI Sl,!lep C Macco-

• 
BhIM '-lHCJJOM (A+2-x) pastta Ex=Er-TKEx+Ux, 
11TeMnepaTYPa" ,!lJUI Ka.lK,[(Oro OCKOJJKa npH tJ.CJieHI111 Sl,llpa 

A., = A + 2 - x onpetJ.eJU1nacb cornactto ypaBHeHHIO (5). 
CMHJJ, .!lJUI TeilJJOBhlX HeHTpOHOB H E. = 1,5 M3B snoJJHe 

socnpOii3B0lJ.SITCR [31]. MHo)l(eCTBeHHOCTH HeHTpOHOB 

v.,(E,u) onpe)leJUIJOT OTHOCHTeJJbHbie BKJla_tJ.bl npeMeJJH-

k 
dcrllXllf 

TeJlhHbIX HeHTpOHOB --- Ii IlOCT,u.emtTeJJbHhlX HeHTpO­
d & 

- 239 
HOB SA+2-x(&,E11 ) B SA=2-x(&,E11 ) peaKUHH Pu(n,xnj) 
( CM. (I)) . .l(JUI onpe)leJJeHJ,UJ '-lHCJJa ITOCTtJ.eJJJ,!Tem,HhIX HeH­

rpOHOB v.,(E.) BbUile rropora 3MHCCH0HHoro .neneHHR 11C­

ITOJJb30BaJJJ,!Cb HJi3K03Heprent'-leCKHe tJ.aHHble IlO MHO)l(eCT­

BeHHOCTH .!lJUI Sl,!lep Pu u CHCTeMaTHKa [38]. 
CneKTpbl npeMeJJHTeJlbHblX (n, xn11: 11eiiTpot10B. 

BKnM peaKUHH 3MHCCHOHHOro ,u.eneHHSI 
39Pu(n, xnj) a 

tta6JJJOtJ.aeMoe ce'-leH11e tJ.eneHHH 
239Pu(n, F) 



X 

anF( En)= an/ ( £ 11 ) + L a 11,x11.ff ( E11 ) (7) 
x=I 

BbJ'l11CllileTC.11 c noMOUlbJO .aen11MOCTeii Pfrt ( E) .11.aep Pu, 

T. e. 239Pu, 238pu 11 .. . 240-xPu, KaK 

J u;:i-
011,xef (En)= I J wf+1(U)Pf!x+1)(U)dU' (8) 

Jrr O 

r.ae W/+1 (U) - 3aceneHHOCTb (x + I )-ro .11./lpa c :meprneii 

B036}')K.lleHl1JI u nocne 3Ml1CCHH X npe.ll,D,eJIHTeJlbHbIX Heii­

TJ)OHOB, :rnepr11J1 so36y)K.ueHl1JI Ur;;(' onpet1eJU1eTc.11 Jttep­

rneii HaneTalOU111X HeHTJ)OHOB 11 3Heprneii, yttOCl1MOH 113 
COCTaBHOfO .11,Apa HC11ap11TeJil>HblMl1 HeHTJ)OHaMl1. 

, IO 

o. KARI et al., 1g1a 
• CIERJACKS et al., 1978 
u CARLSON et al. , 1978 
0 STAPLES et al. , 1998 
, SHCHERBAKOV et al., 2001 
O CANCE et al , 1978 
Gl OUSHIN et al. , 1983 
O LISOWSKI et al., 1991 

-Hp 
-· JEFF-3.1 

(n,2nf) 

(n,3nf) 0 L___L.._ ______ .-c:::::...._ ____ __:._:_~ 

10 E M3B 20 
n• 

PHc. 3. Ce'leHHe ,aeJJeHHJI 
239Pu(n, F) 

KottKypeHUli.11 ,AeJieHH.11 11 3MHCCHH HeHTJ)OHOB 113 Jl,Aep 
Pu, o6pa30BaBlilllXC.II nocne 3M11cc1111 rrepsoro npe,Apastto­

secttoro tteHTJ)OHa [39], MOt1en11pye-rc.11 no cpopMan113MY 
Xay3epa - <l>ew6axa. BKna)lbJ peaKUHH (n, nj), (n, 2nj) . . . 
(n, xnj) orrpet1eJU110TC.11 cornacosattHhIM on11caHHeM tta-
6mo.aaeMoro ceqeIDIJI t1eJJeHH.11 239Pu(n, F) [40-47] (p11c. 3), 
ce'!eHH.11 peaKl..(HH 239Pu(n, 2n) [48- 50] (p11c. 4) 11 ce'!eIDUI 
t1eneIDU1 238Pu(n, F) [32, 33]. B cnyYae peaKUIDt 239Pu(n, F) 
BKna.A 6e33MHCCl10HHoro t1eneIDU1 rrepsoro wattca s no1rnoe 
CelJeHHe ,AeJieIDUI c~ecTBeHHO Bblllle BKJ!a,AOB ,AeJieHH.11 

sToporo 239Pu(n, nj) 11 TJ)eTbero 239Pu(n, 2nj) wattcos. Oue­
Hettttoe ce'!ett11e t1eneHHJ1 239Pu(n, F) JEFF-3. l [22] He­
CKOJlbKO OTJIHlJaeTCJI OT ,AaHHoro paC'leTa oco6eHHO B6Jil1311 
noporos peaKl..(HH (n, xnj), o.attaKo HX napu11an1,ttbie BKna­
.AhI s cpaHJie JEFF-3. l OTCYTCTBYJOT. J13MetteHHe 3Hepre-r11-
'leCKOH 3aBHCHMOCTH ceqeHHJI peaKl..(lfil 239Pu(n, 2n) np11 
E. = 7 ,5 M3B o6ycnosnetto so36}')K.lleHHeM .UByxKBa31-P,1a­
CTl1'lHhlX COCTOJIHHH Ha.A menh!O crrapHBaHl1JI B 'leTHOM 
.11,Ape 238Pu [51] C11CTeMarnqecK11e pacxo)l(.LleH11.11 pac'leT­
ttoro ce'!eHH.11 c .uattHhlMH [ 48] 06ycnosneHb1 omtcatt11eM 
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.aaHHblX LIO JJOJIHOMY Ce'leHl1!0 ,AeJJeHH.11 11 ,AeJJl1MOCTl1 239Pu 

(CM. p11c. 3). PaclJeTbJ 3KCKJIJ0311BHblX cneKTJ)OB npe.ll,D,en11-
TeJ1bHblX HeHTJ)OHOB llO)lp06Ho on11caHh1 B [15, 19, 20]. 
Hanp11Mep, cneKTJ) nepsoro ttefrrpotta .UJJ.11 peaKL{IUt 
239Pu(11, 2nj) 11n11 239Pu (11, 2111) 1 onpe.aeJU1eTc.11 KaK 

da),2nif E-B,739 da' (E) r}38(E11 -B,1-s-s1) 
= J 11!; 238 ( A ) dEJ 

dE o r En -Bn -E -E1 

(9) 

0,6 • Frehaut et al. ,1980 
•'· Lougheed et al.,2002 
') Bernstein et al. ,2002 

0,5 -H.p. 
JEFF-3.1 r 

I I -
0,4 r r; , 1 

IO • • 
~ 

/ .- , 
0,3 L 

N 

.s: 
t, 

0,2 

0,1 -

0,0 ~~~~-~----~----~--~ 
5 10 

E11,MaB 
15 20 

PHc. 4. Ce'leH1-1e peaKUHH 239Pu(n, 2n) 

- da),2,if 
)l(ecTKaJI '!aCTh cneKTJ)a nepsoro tteHTJ)OHa --~ peax-

dE 
l.{11J,f 239Pu(n, 2nj) onpe)leJllleTC.11 sepOJITHOCTblO ,neneHH.11 

.11t1pa 
238

Pu. CneKTJ) srnporo tteHTJ)OHa peaKUHH 
239p ( 2 r/) - -U n, n eCTb )lBOH.HOJ,f HHTefl)aJJ OT cneKTJ)a 3MHCCl111 

BTOpblX HeHTJ)OHOB 
239

Pu(n' 2nx)2. 3KCKJII03HBH.ble cneKTJ)bl 
nepsoro J,f BTOpbIX HeHTJ)OHOB peaKUHH 239Pu(n, 2nj) orrpe­
,neJI.IIIOTC.11 sepO.IITHOCTblO .ueneHH.11 .11,npa 238Pu. 

Pa3JIO)KeHHe Ha6n10.aaeMblX cneKTJ)OB MfHOBeHHblX 
HeHTJ)OHOB )lenemu1 Ha BKJ!a.llbl 3MHCCl1OHHOro J,f 6e3)Ml1C­
CHOHHOf'O ,AeJJeIDUI (cM. (1)) IIO3BOJllleT Bbl./leJIHTb BKna,Ubl B 

CMH./J; 6e33MHCCHOHHoro .nenem1J1 .11./lpa 240Pu 

S A+I (s,En), .ueneHHJI BToporo wattca - tteHTJ)OHOB peaK­

UHH (n, nj) J,f HeHTJ)OHOB 113 OCKOJIKOB .ueneHH.11 .11,Apa 239Pu, 

SA ( E, En) , ,AeneIDUI TJ)eThero wattca - tteHTJ)OHOB peaK­

u1111 (n, 2nf ) 11 HeHTJ)OHOB 113 OCKOJIKOB .neneHH.11 .11.upa 
238Pu, SA- I ( E, En) , .ueneIDU1 'leTBepTOro watt ca - HeHTJ)O­

HOB peaKl..(HH (n, 3nf) H HeHTJ)OHOB 113 OCKOJIKOB .ueneIDUI 

.11,Apa 237Pu, SA_2(s,En) . Ha p11c. 5 noKaJaHb1 napUHaJlb· 

Hhle BKna,AhI B nOHHbIH CMH./J; ,llJl.11 peaKl..(HH 239Pu(n, F) 
rrp11 E. = 7 MJB. BKna.u .uenett.11.11 sToporo wattca 

5239 ( E, En) c11cTeMaTJ,11ieCKH HH)Ke BKJia,Aa .ueneIDU1 nepso-

ro wattca S240(1:,E11 ) . CneKTJ) S239(E,En) ,llJl.11 E ~ 1,5 M3B 

onpe)leJllleTC.11 npe.u.uenHTeJibHblM HeHTJ)OHOM. HecMOTJ).11 
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,-- :::::-.... 

1/ -- " · .. 
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2 3 
En,M3B 

- 239Pu(n,F) 

239Pu(n,f) 

239Pu(n,nf) 
ENOF/B-7 
JEFF-3.1 

"-.: 

" ~ 

4 5 

Puc. 5. ITapU1-13.JlbHbJe COCTaBJIJIIOWHe cneKT])a MrHOBeHHblX 

HeirrpoHOB .aeJieHHJl 
239Pu(n, F) ,!lJI/1 E. = 7 M::iB 

Ha To, '-!TO BKJia,11, BToporo waHca §239 ( E, £ 11 ) CHCTeMaTH'fe­

C!GI HJ1)1(e BI<Jia,11,a ,11,eneHIDI nepaoro maHca S24o(i:,E11 ), OH 

onpe,11,emieT noJIHblli cneKTJ) a o6nacrn wrrKJ1X HeihpoHoB 
,11,eneIDUI. Brrepable H36b1TOK Mm"KHX HeiiTpOHOB a Ha6mo­
,11,aeMOM CMJI,U rrpH E. = 7 MJB 6r,m JaMe'-!eH ,11,m1 peaK­
UHH 235U(n, F) a [12, 13, 14]. Ha pHC. 6 JKCnepHMeHTam,­
Hble ,11,aHHbie ,1J,IDI 

235U(n, F) cpaBHHBaIOTCH C paC'-!eTaMH 
,1J,ID1 

239Pu(n, F). Ll,aHHble npe,11,cTaBJJeHbI B BJ,f,11,e OTHomeHIDl. 

K MaKcBeJJJJoBcKoMY cneKTJ)y c (E)= 2,13616 MJB. BnID1-

m1e npe,1J,,11,emneJJbHhIX HeHTpOHOB Ha Ha6JJI0,11,aeMhrn 
CMHLI, 239Pu(n, F) crra6ee, '-leM a cnyqae peaKUHH 
235U(n, F) [15), 0,1J,HaKO CYIUeCTBeHHO CKa3bIBaeTCH Ha Ha-
6JII0,11,aeMOM cneKTJ)e. PeJKOe yaen],fqeIDfe CMH.D: npw 
i: ~ 1,5 MJB o6ycnoaneHo rrpe,1J,,11,em1TeJJbHhlMH Heihpona­
MM 239Pu(n, nj). OueHl(J,f ENDF/B-VI [23] H JEFF-3.l [22] 
ocHoBaHhJ Ha pacqeTax no M0,11,eJJJ,f MJ,11,JJJH,11,a - HHKca [52] 
H, no CYIUeCTBy, HeKoppeKTHO yqHTbIBaIOT npe,1l,,11,eJJHTeJJb­
Hbie HeHTpOHbl. 3To eme pa3 ,11,eMOHCTpHpyeT, 'ITO rrpe,1l,,11,e­
JIHTeJJbHbie HeHTpOHbJ m-paIOT BruKH)'IO poJJb npH aHaJJJi-
3e/npe,11,CKaJaHHJi CMHLI,. 

BKJia,11, ,11,eneHIDI rrepaoro maHca ,11,m1 
239Pu(n, F) npH 

E. = 14,7 MJB (pHc. 7) a uenoM BhIIlle BKJJa.11.0B BTOporo H 
TpeTbero waHCOB ,11,eneIDfJI, TOJJbKO B6JJH3H E ;:::: 8 MJB 
aKJia,11, BToporo IllaHca cpaaID1BaeTCR c BKJJa.11.0M nepaoro. 
BI<Jia,11, peaKUHH 239Pu(n, nj) OTBeTCTBeHeH 3a IlIHpOK11H IIHK 

a IIOJJHOM CMHLI,. BKJJa,11, BToporo wattca 6hICTpO na,11,aeT 
npH i: ~ 15 MJB, xor.n:a Ha6mo,11,aeMbl.H crreKTp orrpe.D,emi­
eTCH MH,lJ, nepaoro IllaHca 240Pu. BKJJa,1J, peaKUlffl. 239Pu 

- 239 (n, 2nj) S238 (i:, E11 ) MeHbllle BKJJa,11,oa peaKlU{ii Pu(n,j) -
- 239 -S24o(E,E,,) H Pu(n, nj) - S239(E,E,,). CryneHbKa a6JIH3H 

E ::::: 3 MJB 06ycnoBJ1eHa BKJJa.11.0M cneKTJ)a (n, 2nj)1
• Oco-

6eHHocrn, aHaJJOrH'-!Hbie 06ycJJOBJ1eHIIl,IM BKJJa,11,0M nepBbIX 
I -

HeihpOHOB peaKUHH (n, 2nj) B S239 ( E, E,,)' npH 6onee Bbl-
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2,0 
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, - z
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U(n,F) 

I 1,8 • Bertin et al., 1976 
•-
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1,6 - -
239Pu(n.F),ENDFIB-7 

11 23
"pu(n,F),JEFF-3. 1 I 
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-

1,2 

--------
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- · - i• 
I.'.. 

I ' 
.I. 

0,8 

0,6 

l 
t~ . 

0,4 l 
0,1 1 10 

En,M3B 
P1-1c. 6. CncKT]) MTIIOBeHlfbrx HeirrpoHoa .acneHll/1 

,!lJI/1 
239Pu(n, F), E.= 14,7 M::>B 

5 10 
En,M3B 

- 239Pu(n,F) 

239Pu(n,f) 

- 239Pu(n,nf) 
239Pu(n,2nf) 

-- ENOF/B-7 
- - JENDL-3.3 
-- JEFF-3.1 

P1-1c. 7. ITapUHaJTbHble COCT8BJIJIIOIUl-le CITeKT])a MrHOBeHHb!X 

HeHTpOHOB .aeJTeHI-IJI 
239

Pu(n, F), En= 14,7 M:38 

CO!GIX :mepnurx HaJJeTaIOmHX HeiirpoHOB B03MO)K}fbl B 

S23g(E,En) Ja C'-!eT nepsr,rx HeHTpOHOB peaKQIDI (11, 3nj). 

Ha pHc. 8 CMHLI, ,11,m1 peaKUID1 239Pu(n, F) npH E. = 
= 14,7 MJB cpaaHHBaIOTCH c Ha6JJI0,11,aeMhIMH CMJI,U ,11,JIJ! 
235U(n, F) [5]. Oco6eHHOCTH, rrpe,11,cKaJaHHr,re ,11,JIJ! 
239Pu(n, F), oqeHh noxo)l{Jf Ha Ha6JJI0,11,aeMb1e .1I.IDI 235U(n, F) 
[ 15). ,lJ,aHHbie rrpe,11,crnaneBhI B BJ,f,11,e ornomeHIDI K MaK­

caenrroacKOMY cneKTJ)y c (E) = 2,136 MJB, npHBe,1J,eHbI 

TaIOKe ouettemn,xe ,n:aHHbIe ENDF/B-VI [23] (En = 15 MJB), 
JEFF-3.1 [22] H JENDL-3.3 [24] (rrpH E. = 14 MJB). 

3BOJIIOUHH BKJJa,11,a rrpe,1l,,11,emITeJJbHbIX HeihpOHOB 
(n, nj) ,11,m1 En = 7 M3B H En= 14,7 MJB o6ycnoaneHa yae­
JJH'-leHHeM noporoaow JHeprm1 E,h ~ E. - B1 npe,1J,,11,em1TeJJb­
HbIX HeihpOHOB, 'ITO npORBJ)j{eTCH KaK 11BOJIHa"' CMelllaIO­
ll(aHCH c yaenWieHJieM E. cneaa (pHc. 6) Harrpano (pHc. 8). 
Hm,xe oueHKH MH,lJ, JTO o6CTOITTeJJbCTBO HrHOpHpyIOT. 
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PHc. 8. CnelCTp MTHOBCHHblX HCHTJ)OHOB .neneHIDI .llJlJI 
239Pu(n, F), 

E. = 14,7 MJB 

3Hepren1'lecKy10 3aBHCHMOCTb CMH)l 238U(n, F), 
232

Th(n, F) 11 
235

U(n, F) Bbiille nopora peaKUIDt (n , 2nj) 
y.nanocb socnpo113secrn, yMeHl,lllHB :meprH!O CUM Ha 

O.AHH Hy'KJIOH B COOTBeTCTBIDf C 4)0pMynoi1 

(10) 

Y'IHThlBlUl BJUUIID!e Ha npouecc JMHCCHH HeHTJ)OH.08 T0Jlb­

K0 JHepnrn: B036y)l(.£leHHll, MbI c.n.eJianH rrpe.n.nonolKeHHe, 

'!TO napaMe'I'p a I = 1 .lllll E. < IO MJB H a I = 0,8 .lllll 

E. > 12 MJB, nHHeMHO HJMeH.ll.llCb MelK.D.Y JTHMH JHeprHll­

MH. 3Ta .AOITOnHHTMhHlUl K0ppeKUHll cpe.n.HeH JHeprnH 

ITOCT.AeJJHTeJibHh!X HeHTJ)OHOB ycTJ)aHJleT 60Jibill.HHCTBO 

pa3HornacHH pac'!eTHJ,IX H Ha6mo.n.aeMhlX CMH)l [ 19]. 
B CJI)"'lae peaKUHH 

235
U(n, F) HaHJIY'llllee oruicaHHe CMH)l 

npH En = 14,7 M JB .D.OCTHraeTC.ll npH a I = 0,7, noJTOMY JT0 

3Ha'!eHHe HCJJ0nhJyeTcll H B cnyqae peaKUHH 
239

Pu(n, F). 
Ha pHC. 9 Il0Ka3aH0, LJTO BKJia.D. nepaoro lllaHCa rrpH 

E. = 20 MJB HHlKe BKJia.n.a BTOporo illaHca .llilll 239Pu(n, F) 
rrpH E S 15 MJB, oco6eHHo a .n.HanaJoHe JHeprHH 

7 S E S 15 MJB. BKJia.n.hl waHcoa .neJieHHll S24o(s,En), 

S239(s,En) , S23g(s,En) H S237(s, En) B CMH)l onpe.n.e­

MIOTC.ll npe.n.n.eJIHTenbHhlM.li HeHTJ)OHHblMH cne.KTpaMH 

H aKJia.n.aMH lllaHcoa a Ha6mo.n.aeMoe ce'leHHe .n.eJieHH.ll. 

BJIIDIHHe npe.n.n.enHTenbHh!X HeHTJ)OHOB peaKUHH (n, nj) 
npoJ1aJL1IeTcJ1 KaK llIHpoKHH ITHK s6JIHJH E:.. 14 MJB. Ilpe.n­

.n.enHTenhH.hle HeHTJ)OHbl peaKUHH (n, 2nj) npOJIBJLIIIOTCJI 

KaK cryneHJ,Ka a6JIH3H s:.. 9 MJB. Pac'!eThI JENDL-3.3 
[24), BhlllOJlHeHHbie ITO MO.D.eJIH MJ.D.JIJH.Aa - Hmcca [52) 
C }"leT0M rrpe.n.paBHOBeCHOH JMHCCHH nepaoro HeHTJ)OHa 

npH E. = 14,7 M JB , rrpe.n.cKaJhlBalOT urnpoKHH ruiK a6nH3H 

s ::: 12 MJB. CToJib 3Ha'IHTeJJhHOe cMemeHHe TIHKa snpaso 

o6ycJJOBJJeHO JaBblilleHHhlM BKJia.D.OM peaKUHH 239Pu(n, nj) 
a Ha6n10.11.aeMoe ce'leHHe peaKUHH 

239
Pu(n, F), KaK H B cny­

'!ae JI.D.pa-MHWeHH 
238

U. Cne.n.yioll!HM CYll!eCTBeHHhlM He-

38 

.nocrnTKOM 11pe.11.h1.ny~11x MeTO.noa attaJJH3a CMH)l llBillleT­

Cll 3aHH)l(eHHblH BKJia.n. MJlfKHX HeihpOHOB npH E. > Ennf . 

B [53, 54) BKJia.n. BToporo lllaHca 6bm cymecTBeHHO 3aBhl­

we1:1 C ueJiblO KOMileHCHpOBaTI, 3aHIDl<eHHhlH BKJia.D. MJlfKHX 

npe.n.n.enwTeJJbHhIX Hei1,poHOB a Ha6n10.11.aeMbtii CMH)l. 

TaKHM cnoco6oM y.n.an0Ch aocnpOli3BeCTH 0CH0BHJ,le oco-

6eH.HOCTH noae.11.emU1 cpe.AHHX :mepnui CMH)l 238U(n, F), 
HO He y.n.anoch orrHcaTb CMH)l. 

- , .. Pu(n,F) 

· • • • • 
239Pu(n.f) 

- - 239pu(n,nf) 
- " 'Pu(n,2nf) 
-

239Pu(n,3nf) 
- ENDF/8-Vll 
- JENDL-3.3 
- JEFF-3.1 

15 20 

PHC. 9. Ilapmrnm,Rbie C0CT3BJIJIIOWHe cne1CTpa MTH0BCRHJ,JX 
ttewrpottoa neneHHll 239Pu(n, F), E. = 20 M:>B 

Cpe,n:mrn JHeprnH CMH)l cnYlf<aT y.no6ttoi1 HHTe­

rpaJibHOH xapaKTepHCTHKOH. Ha pHc. 1 BH.D.HO, '!TO Hallla 

JaBHCHMOCTb (E) .llilll 
239

Pu(n, F) aHaJJOrH'!Ha Ha6n10.nae­

MOH .llilll CMH)l .llilll peaKUHH 
235

U(n, F) [10, 15). Hawa 

oueHKa HaH6onee ,D:eTaJlbHO BOCnpOH3B0.AHT COBOKYIIHOCTb 

JKCnepHMeHTaJibHblX .naHHhIX, oco6eHHO B6nH3H noporos 

peaKUHH 235U (n, nj) H 235U (n, 2nj). HecMOTJ)JI Ha TO, '!TO 

.n.aHH.hle ENDF/B-Vl [23), JEFF-3.1 [22) 11 JENDL-3.3 [24) 

npe.ncKaJhIBalOT aap11auHJO (E) Bhillle nopora Ennfi KOppe­

nJllIHJO )THX aapHaUHH C (n, xnj) HeHTJ)OHaMH MOlKHO C'IH­

TaTb ycJJOBHOH. IlpH £ . > En2nf CHHlKeHHe ( E), O'leBH,n:HOe 

a HalllHX paC'!eTax, OTCYTCTBYeT a rrpelKHHX pac'!eTax [23, 
24) n1160 CMemeHO B CTOpOHY 6onee Bh!COKHX JHeprHH. 

YMeHbweHHe (E) MH)l .11.lll ENDF/B-Vl [23] npH 

E. > 15 MJB He no.n.TBep)l(.llaeTc.ll H3MepeHH.llMH .llilll 
235

U(n, F) [10, 15]. Hallla oueHI<a rro.n.n.eplKHBaeTcll nepe­

HopM11posamn,1MH .naHHblMH [55] rrpH E. = 1,5 MJB . 

CMH)l .lllll TeITJJOBhlX HeHTJ)OHOB [ 16-18) TaIOKe xopOlllO 

aocnpOH3BOMTCJI, oco6eHHo .D.lll 0,02 S s $ 1 MJB, r.n.e 

.naHHh!e [16-18] CYllleCTBeHH0 OT.IIWlalOTCJI OT .n.aHHb!X 

[26]. )laHHb1e [29) no cpe,n:HJ,tM JHeprHJI.M rrpH E. > 2 MJB 

xapaKTepH3ylQTCJI 3Ha'IHTenbHbIM pa36pocoM. OueHKa ( E) 
B [l, 2) npH E. = 14 MJB OCHOBaHa Ha .n.ocTaTO'IHO y3KOM 

.D.HanaJOHe JHeprHH MfHOBeHHhlX Hei:i'I'pOHOB .n.eneHHll. 

PacxolK,!l.eHHe H3MepeHHhIX H oueHeHHhlX .n.aHHbIX no cpe.n.-



HJ-IM :rneprm1M BblXO.D.HT 3a npe.neJJbl .nonycTHMblX norpew­
HOCTeH. Haw no.nxo.n, 11cnoJJb3YIOIUHH .nattttb1e no Tenno­
BblM CMH,l], H Mo,neJJbHbI11 attanH3 CMH,ll, npH 6onee BbI­
coKHX 3HeprHJIX He11TPOHOB, MO)l(eT paccMaTPHBaTbCll KaK 
,nocTaT04HO tta.ue)l(HbIH cnoco6 npe,nc1<a3aHHll cneKTPOB 

H (E) .D.JJll peaKUHH 239Pu(n, F) .no 20 M3B. 

3aKJJIO'ICHHe 

AHaJJH3 Ha6mo.naeMblX cneKTPOB !'>ffHOBeHHblX HeH­
TPOHOB .neneHHll .D.Jlll peaKUHH 235U(n, F) H 238U(n, F) no1<a-
3an, 4TO ue11b1H pll.ll CTPYKTYP MO)l(eT 6blTb c1<oppeJJJ,1pOsaH 
C BJJHllHHeM npe.ll.llemrreJJbHblX (n, xnj) HeHTPOHHhlX cneK­
TPOB. Y cTaHosnetta 1<oppe11l1UHJ1 Me)l(.Lly cpopMOH CMH.D. 
11 sKJJa.uaMH 3MHCCKOHHoro .ueneHHJI s tta6mo.naeMb1e ce-
4eHIUI .ne11eHHJ1 .LIJJll peaKUH.H 232Th(n, F), 238U(n, F) H 
235U(n, F). CneKTPbl npe.ll.lleJJHTeJJbHbIX HeHTPOHOB OKaJa­
JJJ,ICh .D.OBOJJhHO MllfKHMJ-1 no cpasHeHJ-IIO C HeHTPOHaMH, 
HCrryc1<aeMb1MJ-1 B036y)l(.LleHHbIMH OCKOJIKaMH .nenemUI. 3 TO 
npH.BO.llHT K TOMY, 'ITO cpe.UIDUI 3HeprHJI C~ YMeHbWa­
eTCll s6JJH3H noporos peaKUKH (n , xnj), .LIJlll ll,nep U Teope­
TW-Iec1<11e H :>1<cnep11.MeHTaJJhHb1e .nattttbJe xopowo corna­
cyJOTCJI. Tip«Metteiute attanorwmoro no.nxo.na .llJJll rrpe.u­

c1<aJaHHJ1 cneKTPOB H cpe.nIDtX 3HeprnH MH,[{ (E) npe.n-

CKaJhrnaeT sap11auJUO ( E) .LIJJll 239Pu(n, F), Macwrn6 KOTO­

poii HH.)l(e, 4eM B c11y1.iae peaKUKK 235U(n, F). 3TO o6CTOll­
TeJJbCTBO CBll3aHO C pa311J-ll-J.HeM BKJJa.UOB )MHCCHOHHOro 
.neneHHJI s tta6nJO.uaeMbie ceqeHJ,ljj .ueneHHJI .LIJJll peaKUH11 
239Pu(n, F) 11 235U(n, F). 

TaKJ-IM o6pa30M, MO)KHO yrnep)l(.LlaTh, 'ITO KOppeKTHall 
oueHKa npe.ll.llen11TeJJbHbJX (n, xnj) HeHTPOHHhIX cneKTPOB H 
rrpocToe MO,nen11posaHHe CITeKTPOB HeHTPOHOB H3 OCKOJJ­
KOB .neneHIDI no3BOJJlleT tta.ue)l(HO rrpe,nc1<aJaTh CMH,l], .llJJll 
239Pu(n, F) .uo 20 M3B. Mo.uenHpOBaHJ-le cneKTPOB HeH­
TPOHOB H.3 OCKOJJKOB OCTaeTCJI BeChMa rpy6blM IIO cpasHe­
muo C HOBhlMH MeTO.llaMH CTaTHCTK1ieCKOro aHaJIJ,!3a [56], 
O.UHaKO B HaCTOJl:IUee speMll rrpe.UJJO)l(eHHblH no.uxo.n OCTa­
eTCJI: e.nH.HcTBeHHhlM cnoco6oM a.ueKBaTHoro amUIHJa tta-
6mo.naeMhIX C~ .LIJJll 

232Th(n, F), 238U(n, F) H 235U(n, F) 
H KX npe,nc1<aJaIDU1 .LIJJll 239Pu(n, F). 
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Y~K 539.163 

JICCJIE~OBAHHE B03.liY)K,LI;EHIDI A TOM OB Ag 
B IIPOUECCE BHYTPEHHEH KOHBEPCHH y-JIYl.fEH 

H. H. BmuneBcKuii, B. A. )KeJITOHOiKCKHii, C. C. )],paneii, E. 0. Koqeprn11a, H. B. CTpHJihqyK 

11Hcrn-ryr .11,uepHbIX 11ccne,uosaH11i-i HAH YKpa1111b1, 03680, KMea, YKpa11Ha 

Ha aHTlfKOMITTOHOBCKOM cneKTJ)OMCTJ)C II cneKTJ)OMe-rpe MHOrOMepHblX coana11eR~[lf C Ge-Si(Li)-11CTeKTopaM11 IIJMepeHu 
B036)')K1Iem1e aTOM0B Ag B npouecce BHyrpeHHeH KOHBepcrrn raMMa-Jl)"leH E3-nepexo11a I09mAg. OnpeneneHa eeponTHOCTb llBOHHOi1 
HOHH3aUHH K-o6oJIO'lKH PKK = (2,5 ± 0,2)· l 0--4. IlOKaJaHO 1IOMl!RHpoeam1e npsrMoro npouecca 8 8036)/)KlleHlrn aTOMOB A g. 

INVESTIGA TIO OF Ag ATOMS EXCITATION IN THE PROCE S OF INTERNAL CONVERSIO OF y-RA YS I 
I. N. VISHNEVSKY, V. A. ZHEL TONOZHSKY, S. S. DRAPEY, E. 0. KOCHERGINA, N. V. STRTLCHUK // lnve tigation of 
Ag atoms excitation in the process of internal conversion of I09mAg E3-transition y-rays was measured on anticompton spectrometer and 
multidimensional coincidence spectrometer with Ge-Si(Li) detectors. K-shell double ionization probabil ity was defined PKK = (2.5 ± 
± 0.2)-10--4. Direct process domination in Ag atoms excitation was shown. 

BseJJ,e1rne 

B npouecce BHyrpeHHei-i KOHBepc.11.11 y-ey'lei-i 06pa.Jy­

e-rc.11 saKaHc.11..11 Ha K-o6oJJO'lKe. OTcyrcTsHe 3JJeK1pOHa 

Bb)JblBaeT MrHOBeHHOe M3MeHeH.H.e 3ap.si.na, 'ITO npHBO)J.HT 
K CT!)lrXHBaHHlO 3JJeK1pOHOB C aTOMH.blX o6oJJO'leK. Teo­

peTH'leCKH TaKow npouecc HJyqanc.11 6onee 60 neT Ha.Jan 

[ l ], o,uttaKo ,uo CMX nop He cy1J.1ecTBye-r e,uHHOH Teop1111, 
on11cb1BaJ01J.1ew soJ6y)l()leHMe aToMa npH M3MeHeH.11.11 Jap.11-

,ua s6JJHJH .11,upa (npouecc BHyrpeHHew KOHBepc1rn y-JI}",lei-i) 

.11.JJH B ll,npe (W". a.-pacna,u). OcHOBHOH np111iHHOH OTcyrcT­
s.11..11 TeOpHH .IIBJIJleTC.11 HenOJJHa.11 3KCnep11MeHTaJJbHa.ll HH­

cpopMau.11..11 o rrpou;eccax c-rpllXH.BaIDUI, '!TO CBllJatto co 
CJJO)l(HOCTbIO HJyqeH.11.lr 3THX npoueccos. 3To o6ycnosneHo 
TeM, '!TO M3Mepl!Tb ttenocpe,UCTBeHHO 3JieK1pOHbl, KOTOpble 
c-rpllXHBalOTCll, 3KCnep11MeHTaJibHO O'leHb CJJO)l(HO 113-Ja 

MaJJOCT.11. 3cpcpeKTa H HeB03M0)1(li0CTH 11X 0T,lleJJeHHll OT 

3JJeK1pOHOB, HJnyqaeMb1X a ,upyr11x npoueccax. 
Tio3TOMY 3KCllepHMeHTaJibHO M3MeplleTCll xapaKTe­

pHCTH'-leCKOe HJJI}",leHMe, KOTopoe conposo)l()laeT npouecc 

BCT!)llCKH npH JanoJIHeHHH BaKaHCHH. Ha116onee ,uoczyrnio 
,llJlJI HCCJJe,D.OBaHHll K.,rM3JI}",leHHe, O,UHaKO aepOSITHOCTb 

HOHHJa11.1111 K-o60J10t.{J(H aTOMa COCTaBJIJleT, KaK npaB.11.JJO, 
10-4-10- 5 Ha pacna,u, Il03TOMY 3TO HJJIY4eH11e TalOKe O'ieHb 
CJIO)f(HO BbJ.D.eJTHTb Ha cpoHe ,upyr11x npoueccos. Hccrre,uo­

saHHe BOJ6y>KJleH.11.lr aTOMa a npouecce BHyrpeHHeH KOH­

sepcHH y-rryqew: ocrrO)f(IDfeTCll elll.e TeM, 'ITO s npouecce 

BHyrpeHHeH KOHBepcHH Ha K-o60JJO'!Ke o6pa.JyeTCll BaKaH­
CH.11, JaDOJlHeHHe KOTOpOH npHBO,D,HT K o6pa.JOBaHHIO TaKO­

ro )Ke K..r11Jrryqett11.s1, KaK 11 B npouecce c-rp.siXHBaHHll. Tio-
3TOMY ,llJIJI 113MepeHHll sepO.s!THOCTH BOJ6y>KJleH1{JI aTOMOB 

a npouecce sttyrpeHHei-i KOHBepc1111 y-nyqew: Ha K-060-

4 l 

JlO'!Ke (PKK) Heo6xo,nHMO HJMepllTb K ,1- , K x -cosna,neHH.si. 

O'leBH,D,HO, 'ITO Bbl,D.eJJHTb B 06lll.eM K.,rHJJJY4eHHH BKJla.U 
P - I 0-4-I 0-5 He O'leHb npocTa.si Ja,ual.fa. BepollTHOCTb PK-.. 
6brna HJMepetta ,llJlJI pl!Aa l!Aep s o6rracTH Z - 50 [2], 11 6h1-

n11 TIOJI}",leHbl JHaqeHIDI, JaBbJllJeHHbJe no cpaBHeHJHO 

C TeopeTH'leCKHMH oueHKaMH, 0CH0BaHH.blMH TOJJhKO Ha 

yqe-re MrHOBeHHoro H3MeHeHH.si 3ap.11.na. KpoMe rnro, ,nn.11 
pll,ua ll,D,ep 6bJJJ}I llOJlyiteHbJ JHal.feHHll aepOSITHOCTH B036Y*­

,neHHll aTOMOB PKK = ( 1,53 ± 0,24)-10--4 [3] H PKK = (4,32 ± 
± 0,46)· 10-5 [4], pa.JJ1H'la101J.111ec.11 Me)f(JJ.y co6oi-i a 3- 5 paJ. 

Oco6eHHO 3TO xapaKTepHO ,llJlJI 
109 Ag, XOTll HJMepem-1e ae­

ponTHOCTH :noro npouecca B :noM ll,npe MeTO.llH"lecKH HaH-
6onee npocTo. 

llo3TOMY aaMH 6b1Jll1 BblDOrrHeHbJ HJMepeHH.si PKK ,llJlll 
109 Ag pa.3JIH'iHblMH MeTOAaMH, ,llJlJI Toro "IT06bl HCKJIIO'lHTb 
HJlH yMeHbllJHTb BKJJa,u .n.pyr11x npoueccos B K ,rHJnyqem1e, 

o6pa.JoBaHHOe c-rplrXHBaHI1eM 3JJeK1p0HOB. 

MeTO)lHKa H pe3yJibT3Tbl HJMepenuii 

l13MepeHJ1ll 6blJJH BblTT0JlHeHbJ Ha ll,llpe I09m Ag, '!TO Ja­

ceJIJleTCll np11 :meK-rpOHHOM JaxBaTe 
I09Cd, cxeMa pacna,na 

KOToporo np11ae.netta Ha p11c. 1 [5]. 
,[(JIJI 3KCnepHMeHTaJJbHOro onpeAeJJeHH.11 BepollTH0CTH 

,nao.i-iHOH HOHHJalJ.HH K-o6onottK.H rrp11 BHyrpeHHew: KOH­

sepcHH y88 K3B 11cnoJlbJYIOTCll 113MepeHH.si cosna,nem1ii 

Me)l()ly peHrreHOBCKHMH Ka.-KBattTaMH, 'ITO 113JJyitalOTCll BO 

speM.si JanonHeHHll K-o6ono'll<.H. 

llpH P-pacna,ne ,naHHoro ll,llpa M0ryr Ha6J1IO,uaTbCll 

cne.nyJOIJ.IHe 3cpcpeKTbl: 
- rrpH BHyrpeHHew KOHBepcHH Ja C"leT CKa'lK0-

o6pa.3HOro HJMeHeH.11..11 KYJJOHOBCKOrO Il0JIJI 2-w: 3JJe1CTp0H 



K-o60JIO'-IKH MO)KeT nepeihH 8 COCTOJUiHe Henpepb!BHOro 

cneKTJ)a, lilll-1 8 HeJaIJOJIHeHHOe CBJIJaHHOe COCTOJIHHe, npH 

JTOM Ha K-o6oJI0'-1Ke TIOJIBHTCJI BaKaHCHJI. 3TOT npouecc 

HaJbIBaeTCJI CTpllXHBaHHeM; 

<;} 
~ 
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Puc. I. CxeMa pacna.aa 109Cd 

- npH BHyrpeHHeH KOHBepCHH TaIOKe 803MO)KHbJ 3cp­

cpeKT rrpl!Moro BJaH.MOJJ.eikTBHJI KOHBepcHOHHOro 3JleKTJ)O­

Ha C 3JieKTJ)OHHOH o60JIO'-IKOH aTOMa H Bbl6HBaHHe 2-ro 

K-JJieKTJ)OHa. 3TOT npouecc TO)l(e OTHOCH.TCJI K CTJ)JIXHBa­

HI-UO; 

- 3cpcpeKT BHyrpeHHeH KOHBepCHH BHyrpeHHero KOMn­

TOH-3cpcpeKTa; 

- npH K -3ax.BaTe Ha6moJJ.aeTCJI BHyrpeHHee TOpMOJHOe 

y-HJny•-ieillie; 

- npH KOHBepcHH TaIOKe Ha6mo,D.aeTCJI TOpMOJHOe 113-

JJ)"ieHHe KOHBepCHOHHOro JJieKTJ)OHa B MJ1illeHH, HMe10mee 

HerrpepbIBHblH CileKTJ) H3JI)"ieHHJI H MaKCHMaJibHYIO JHep­

rmo 63 K3B, T. e . BHeill.Hee rnpMOJHoe HJJI)"ieH11e; 

- np11 nepexo.D.e 11,D.pa C B036Y')l(,D.eHHOf0 COCTOJIHIDI 

8 OCHOBHOe Ha6mo,D.aeTCJI BHyrpeHHHH KOMITTOH-3cpcpeKT. 

Ka)l(JJ.b!.H HJ JTHX 3¢cpeKTOB JJ.aeT BKJia.D. 8 HCCJie,D.ye­

MblH HaMH Jcj>cj>eKT. TTocKOil.hKY Mb! orrpe,D.em1eM aepollT­

HOCTb ,ll.BOHHOH HOHH3a!..{HH K-o6oJJO'LJ.KH no xapaKTepHCTH­

lJeCKOMY H3JI)"ieHHJO, KOTOpoe o6paJyeTcJI npH 3aJIOJIHe­

HHH o6paJOBaHHblX BaKaHCHH, TO Mb! He MO)l(eM paJ,D.eJIHTb 

BKJiaJJ.bl OT 3cpcpeKTOB CTJ)llXHBaHHJI H BHyrpeHHeH KOHBep­

CHH BHyrpeHHero KOMllTOH-3cpcpeKTa H paccMarpI,rnaeM HX 

BMeCTe. 3cpcj>eKTbl BttyrpeHHero 11 BHewHero TOpMOJHOro 

113JJ)"ieHHJI H BHyrpeHHero KOMnTOH-3cpcpeKTa ,D.a!OT HaM 

HerrpepbIBtty!O IlOJJ.CTaBKY fiOJJ. 3cpcpeKTOM, 'LJ.TO Mbl H 11CCJie­

JJ.YeM. 

Mccne,D.OBaHHJI BOJ6y)l(Jl.eHHJI aTOMOB I09m Ag 6bIJJO 

BblilOJJHeHO Ha aHTHKOMilTOHOBCKOM cneKTJ)OMerpe cj>HpMbl 

CANBERRA a pe)KHMe coanaJJ.eHHH. Ilp11 JTOM JHeprer11-

'-!ecKHe oKHa BbJ,D.eJIJIJJHcb Ha Nal(Tl)-JJ.eTeKTope. BpeMeH­

Hoe pa3peweHl1e COCTaBJIJIJIO 50 HC. 

B peJynr,TaTe rrpoBeJJ.eHHblX H3MepeHHH IlOJJ)"ieHbJ 

cneKTJ)bl COBila.D.eHHH JI.Jill pa3Hb!X 3HepreTl1'-leCKHX OKOH 

11 COOTBeTCTBYIOll.lHe CileKTJ)bl aHTl1COBila.D.eHl1H. O.D.HH HJ 

TaKHX cneKTJ)OB COBilaJJ.eHl1H C OKHOM, COOTBeTCTBYJOll.lHM 

K ,r11J,-::yYeHH10 Ag, npeJJ.CTaBJieH Ha p11c. 2, a cneKTJ) aHTl1-

coenaJJ.eHJiH - Ha p11c. 3. 
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P11c. 2. CneKTIJ coena.aeHHH 

20 40 60 80 100 

PHc. 3. Cne1CTp attrncoarranettHil 

B cneKTJ)e coanaJJ.eH11H BH,D.HM K ,r 11JJJ)"ieHHe 
109 Ag 

11 I, nHK CJI)"iaHHbIX coarraJJ.eHHH y88 KJB 11 Henpepb!BHOe 

pacnpeJJ.eJieHHe, '-!TO npOJJ.OJI)KaeTCJI )lO 3Hepr HH ;:::: 66 KJB. 

Kx 110,D.a perncrp11.pye-rcJ1 Ja C'-leT BblJleTa 3Toro 113JI)"ieHHJI 

HJ )leTeKTopa nocJJe cpornnorno11.1eHHJ1 y88 KJB B Nal. He­

npepbIBHoe pacnpe,D.eJieHHe CBJl3aHO C BHyrpeHHHM KOMn­

TOH-3cpcpeKTOM, TOpM03HbJM H3JlyYeHHeM 11 KOMilTOHOB­

CKHM nepepacce11aaHHeM 113 O.llHOr o ,D.eTeKTopa a JlPyroii B 

cneKrpe aHTHCOBna,D.eHl1H Mhl Ha6JJJO)laeM IlHKl1 OT Kx 
109 Ag 11 nHK y88 KJB . 

Ilp11 pac'-!eTe aepOllTHOCTl1 )lBOHHOH 110HH3aUHH 

K -o60JJO'-IKH Heo6XO)lHMO BBeCTH HeKOTOpble nonpaBKH Ha 

CJI)"iaHHbJe COBna.D.eHHJI, Ha BHyrpeHHHH KOMilTOH-3cpcpeKT, 

Ha BHyrpeHHee 11 BHeWHee TOpM03HOe HJJI)"ieHHe. 

IlorrpaBKH Ha CJl)''laHHbie coana,D.eHHJI MO)KHO fiOJIY­

'-111Tb, cpaBHl18 HHTeHCHBHOCTb y-JIHHHH C 3Heprnei:i 88 JOB 

B cneKrpe COBila.D.eHHH 11 B O)lHHO'-IHOM cneKrpe, fiOCKOil.b­

KY, KaK BHJlHO HJ cxeMbI pacna.D.a, TaKHe coanaJJ.eHHll MOryT 

6b!Tb JIHllib CJlyYaHHblMl1. 

IIonpaeKH Ha BHyrpeHHHH KOM11TOH-3cpcpeKT 11 Ha 

BHyrpeHHee 11 BHewHee TOpM03HOe 113JJ)"ieHHe MO)KHO BBe­

CTl1, ecJIH OTHJITb OT aepOllTHOCTl1 CTJ)JIXHBaHHJI cyMMY Be-



pain HOCTeH 3THX 3<j}cjJeKTOB, KOTOPYJO MO)KHO onpe,UeJil,ITb, 

IIOCTp0IIB 3aBHCHMOCTb ee OT 3Hepnm. 

vbMepllll nocne.uosaTeJibHO cnel<Tpbl cosna.uea1111 11 

aHrHCOBlla,UeHHH ,UJUI HHTepBaJIOB 3HeprnH 11-33, 39-61, 

59- 81, 79- 101 K3B (oKOH w11pH.HOH 22 10B, '!TO ycTa1iaB-

1111sa10Tcll Ha O,UHOKaHaJibHOM aHaJIH3aTope ,UJUI CHrHaJIOB 

c Nal) 11 onpe,ueJU1J1 ornowelil1e 11HTeHCHBHOCTeH nHHHH 

K.rcosna.ueHIDi K Kx O.UHHO'!Horo cae1<Tpa, MO)KHO no­

CTJ)OHTb rpacjJHK, npe,uCTaBJieHHhlli Ha pHC. 4. 

0 10 20 30 40 50 60 70 80 90 100 110 

3Hepn-tR, K38 

Plfc. 4. 3ttcpren!'ICCKaJI JaBHCFIM0CTb BblX0tJ.a Kx-HJnyqeHHl!. 
Cnnoll!Hall mIHHll - oueHKa BKJ1a.na .npyrnx npoueccos s HJMe­
pe1rnoe 0TH0lllCHHe lfHTCHCHBHOCTCH mrnim Kx-cosna.nemrn 

K Kx 0.!lHH0'IH0ro cneKTpa 

Bepol!THOCTh .usoHHoH HOHH3au1m K-o6ono'IKH onpe­

,ueJU1eM Bblprut<eHMeM 

( Ncoen _ Ncn.coen) 
p, _ Ka Ka 

KK - NOlllfH Ji 
Ka ENaJWK K 

-(PeH.KOMITT + PaH.TOpM + PeHewH.TOpM), 

r.ue PKK - sepollTHOCTh o6paJoBaHHll .usyx saKaHCHH Ha K­

o6oJI04Ke (sepOllTHOCTb CTJ)/IXHBaHHll); N~°c:" - KOJIHt.Je­

CTBO coana,ueHHH; Nft~coan - KOJIH'ieCTBO cnyqaiiHhrx cos­

na.uem1w; N~!"" - HHTeHCHBHOCTh K,.-JIH.HHH B O,UHH0'-1-

HOM cne1<Tpe; ENal - 3q>cpeKTHBHOCTb pernc-rpauHH y-KBaH­

TOB Nal(Tl) (3q>q>eKTHBHOCTh pernc-rpaUHH y-KBaHTOB Ge­

.ueTeKTopoM COKpamaeTCll); WK - q>nyopecueHTHhlH Bhl-

xo.u; PBH.KOMITT - sepOBTHOCTb BHy-rpeHHero KOMTITOH-3qJ­

q>eKTa B o6naCTH K,rHJnyqeHHJt; P 8H.TOpM - sepol!THOCTb 

BHy-rpeHHero TOpM03HOfO KJJiyqeHHJI B o6nacrn K,rHJJiy­

'!eHHJt; PBHeWH.TOpM - BepOllTHOCTb BHewHero TOpM03HOfO 

H3nyqeHHll KOHBepcHOHHOfO 3JieK-rpOHa 8 o6nacTM K,r 

H3JIYt.JeHHJt; f K - ,UOJUI peHTreHOBCKOfO H3JIYt.JeHHll, CBll-

3aHHoro c KOHBepcHeH Ha K-o6ono'iKe. 

113 HaWHX HJMepeHHH cne.uyeT, 'ffO sepOBTHOCTb o6-

pa30BaHJill .usyx saKaHCHH Ha K-o6ono'lKe cOCTaBJIJ1er PKK = 
= (2,5 ± 0,2)· 10--1. OTMeTHM, '-!TO CTaTHCTH'ieCKal! norpew­

HOCTb Hawmc H3MepeHHH He rrpeBbIWaeT 2-3 %, O,UHaKO 

HaJIH'!He 3Ha•11nenhHOfO BKJia,Ua OT qJOHOBhlX KaHaJIOB 

H nnoxoe pa3peweH11e Nal(Tl)-.UeTeKTopa, He no3BOJIHB-
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wee 3TOT BKJiat1 TO'!HO H3MepHTb, 3Ha'il1TeJlbHO yxytIWl!JlO 

norpewHOCTh HaWHX H3MepeHl111. no TOMY Mbl nposeJIJt 

H3MepeHHe sepOllTHOCTH CTflJIXHBaHltll np11 llOMOl.l.lH Ge-Si­

cneK-rpOMe-rpa cosna.ueHIDi. 

l13MepeHHJI npOBO,UHJlHCb 8 pe)KHMe 11,moroMepH_blX y-, 
y-cosnat1eH_HH. YnpasneH11e H3MepeHHllMH nposomwocb 

c noMOlllbJO nporpaMMbJ NetSpectrum, a o6pa6oTKa cneK­

-rpos c noMOLl.(bJO nporpaMMbI WinSpectnun. ToHKHH 11c­

TO'IHHK, pacnoJio)l(eHHhIH s Y3KOM 3aJope Me)l(Jly Si- H Ge­

.neTeKTopaMH, o6ecne'!HBaJ1 MaKCHMaJJbHblH TeneCHblH 

yron. 

Ha pHC. 5 npe,UCTaBJielibl O,UHHO'-!HbJK y-cnel<Tp H 

cneK-rp Ka-, Ka-cosna.neHIDi. B O.UHHO'IHOM cneK-rpe BH,UHbl 

nHKH OT Kx '09 Ag H IDU< y88 K3B, a TaK)Ke K,rH3nyqeHHe 

Ge, BbI3BaHlioe q>oTonornomettHeM Kx 109 
Ag aT0MaM11 .ue­

TeKTopa. B cneK-rpe cosna,aeHHH tta611io,aaJOTCll nHKH K,1 

Ag, rnnepcaTeJinHTbI Kx Ag, a TaK)Ke Kx Cd, '!TO HJnyqae1 -

Cl! 3a C'leT B03MO)l(HOCTH B3aJIMO,UeHCTBHll KOHBepCHOHHO­

r o :)Jlel<TpOHa C 3JJeK-rpOHaMH .upyrttx aTOMOB Cd, HaX0,Ull­

lllHXCll 8 HCTO'!llliKe. A6cOJIIOTHal! 3cpq>eKTHBHOCTb .ueTeK­

TOpOB onpe,aeJlllJiaCh no KaJIH6pOB04HblM HCTO'IHHKaM 
mBa, 44Ti, 109mAg. 
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Puc. 5. Ot1HHO'IHbIH cneKTp 11 cneKTJ) coana.nett11ii 
cKx 109mAg 

100 

113 cneK-rpOB cos1ia,uelfHH c oKHaMH BHe Kx I09mAg Ha­

MH nonyqeHo Henpepb!BHoe pacnpe.neneHHe, CBll3aHHoe 

C BHyrpeHHHM KOMilTOH-3q>q>eKTOM, BHyrpeHHHM H BHelll­

HHM TOpM03HhlM H3JlYt.JeHHeM (pHC. 6). Y'IHTb!BaJI ny 3a­

BHCHMOCTh s o6nacTH K,rHJJiyqeHHll Ag H 1-1cnoI1h3Yll npe­

.UbI,ayil.{}'10 qJOpMYJIY, 6bIJIO IlOIIYt.JeHO, '!TO pKJ< = (2,5 ± 
± 0,3)· I0-4. 

Pe3yilbT3Tbl o6oHX 3KCnepHMeHTOB .UOBOilhHO noxo­

)1(11. Ho pe3yJlhTaTbl BTOporo 3KCnepHMeHTa 6onee .UOCTO­

sepHhl, IlOCKOJlhKy 8 nepBOM 3KCnepHMeHTe y Hae He 6b!Jlo 

,UOCTaTO'iHOH HHq>OpMaUHH O xo.ue KpHBOH HenpepbIBHoro 

pacnpe.ueneHHB H Mhl MOrJIH JIHIIJh 3KCTpanom1posaTh ee 

xo.u Ha o6nacTh K,rHJnyqeHHll Ag. Bo BTOpOM )Ke 3KCne­

pHMeHTe Mhl MOfJIH 6onee 'leTKO H3MepHTh xo,n 3TOH KpH­

BOH 6naro.uapll xopollleMy pa3peweHJoo Ge-,neTeKTopa. 

O.nHaKo BO BTOpOM 3KCnepHMeHTe 33 C'!eT HH3KOH 3q>cpeK-



Tl1BHOCTH perHClpaUHH .ueTeKTOpOB (no cpaBHeHHIO C :>q>­
cpeKTHBHOCTblO Nal B nepBOM 3KCnepHMeHTe) CTaTHCTH'le­
CKall TOtJHOCTb 6h1Jla 3HatJHTeJJbHO xylKe. TioJTOMY no­
rpeWHOCTb BO BTOpOM 3KCnepHMeHTe 6oJ1bwe, tJeM B nep­
BOM. 
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Plfc. 6. Bo36y>KitCHlfC aTOMOB Ag 3a C'leT q>OHOBblX KaHanoe 

06cy~euue peJyJibTaToB 

3KcnepHMeHTaJJbHble H TeopeTH'!eCKH.e 3HatJeHH.ll Be­
pO.!!THOCTH .UBOHHOH HOHH.3al{IDI aTOMOB Ag B rrpouecce 
BHylpeHHeH KOHBepcHH y-nytJett J09m Ag npe.acTaBJJeHhl 

BTa6mme. 

3KcnepHMeHTa.Jl.bHble Ii TeopeTITTecKHe eepo,rrnocTil 
.aeoiiHoii HOHH.3aUHH aTOMOB Ag. 3Ha'leHID! PKK 

)'MHOlKeHbl Ha I 05 

5!Jlpo z Er, EK, E,, P~" Pii P;& 
K:>B IOB !08 

'""Ag 47 88 25,5 37 25 (2) 4,2 30 

PiK 
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IlpHMetJaHlfe. EK - :meprnll CBllJlf K-JneKTpOHoa; E, -
M8KCHMaJJbHa/l KlfHCTlf'lCCKa/1 :meprn,i 3J1CKTJ)OHOB B KK-

rrpouecce; Pii - TeopeTlf'lCCKa/1 OUCHKa eepOllTHOCTH KK-

rrpouecca 33 C'leT CTpllXHBaHR.11 3J1CKTJ)OHOB; P;& - TCOpeTH'Ie­

CKa/1 oueHKa "rrpHMoro" npouecca; PiK - C}'M.MapHall TeopeTlf­

qecKa/1 oueHKa eepollTHOCTH KK-rrpoaecca. 

EcIDI paccMalpHBaTb KK-npouecc KaK aJaHMo.ueii.cT­
a11e, o6ycJJOBJJeHHoe H3MeHeHHeM KYJJOHOBCKOro ITOJlll, TO 
./lJ1ll ero on11cattID1 nonytJaeTCll rrpocTa.ll attan11T11 tJecKall 
q>OPMYJJa PIO{ = O,O93/Z 2, T. e . ./lJ1ll .11.uep C z ~ 50 PKK --4. J o-5

• 

KaK BH./lHO, 3TO .!IBHO He coaoa.uaeT C nonytJeHHbJMl1 3KCne­
pHMeHT3.JlbHhlMl1 .UaHHblMH. 

B pa6oTe [ 6] npe.anaraeTc.11 )"-IHTbIBaTb B3aHMo.uei-kT­
BHe HcrrycKaeMblX 3JleKlpOHOB B KOHe'lHOM COCTO.!1H1111, TaK 
HaJb1aaeMblH "np.11Moi111 rrpouecc. PeJyJlbTaThI pac'leTOB no 
3TOH MO.lleJJH IIpHBe.UeHbI B Ta6IDlue. KaK BH./lHO, B 3TOM 
cnyqae tta6mo.aaeTc.11 JHa'lHTeJlbHO nyqwee cornac11e JKc­
nepH.MeHTaJlbHblX H TeopeTH'leCKH.X 3Ha'leHH.H. TI03TOMY 
MOlKHO c.aenaTb BbIBO.U O .UOMHHHpylOl..l.{eM ana.ae np.!!Mb!X 
npoueccoa B Ha6mo.uaeMoe B036YlK.lleH.He aTOMOB Ag. 

CnucoK JIHTeparypbr 

I. Feinberg E. L. - J. Phys (USSR), 1941, vol. 4, 
p. 423. 

2. BHilltteacKH.H H. H., )l{enTOHOlKCKKH B. A. H .up. 
Hccne.aoeaHHe o.attoapeMeHttoro 11cnycKaHID1 .uayx K-:ineK­
lpOHOB Ha .11.upax I23mTe H 147Pm. - 113B. PAH. Cep.: <1>11311-
tJeCKa.11, 2003, T. 67, N!! 10, c. 1508. 

3. Nagy H.J., Schupp G., Hurst R. R. Double K -shell 
ionization in the internal-conversion decay ot 109 Ag. - Phys. 
Rev. Cl I , 1974, p. 205. 

4. Hyun Jae Cho and Sang Kyun Nha. Double K-shell 
ionization accompanying the internal conversion of the 
88-keV transition in I09mAg. - Journal of the Korean 
Physical Society, 1997, vol. 31 , N 2, p. 252. 

5. Table oflsotopes / Ed. R. B. Firestone, J. Wiley and 
Sons, NY, 1996. 

6. Drukarev E. G. Final state interaction as the main 
mechanism of double hole creation in atomic K-shells 
during electromagnetic nuclear decays. - Z. Phys., 1997, 
vol. A359, p. 133. 



-

II 

I 

I 

l 

Y,UK539.163 

HCCJIE.L(OBAHHE 3<1><1>EKTOB IlPOHHKHOBEHIUl B El- H Ml-IIEPEXO,l],AX 44Sc 

C. C. ,l],paneu, B. A. )KeJJTOHO'.lKCKHH, JI. B. Ca.n0B11HK0B, H.B. CTpHJJh'IYK, 0. r. lllrcyJJLKoBa 

l1:!Hcnnyr 11_;1,epHbIX ttccne,11oeaH1111 HAH Y Kpa11.Hhl, 03 680, Kttee, Y Kpatt Ha 

MeTO)laMH nHKOB C}'MMHpoearn,11 II MHOrOMCpHblX coenallCHlfH C Bb!COKOH TO'IHOCTblO lf3MepCHbl KOJQJCfJHUHCHTbl KOHBepcmr 
/lJUI E 1- 11 M 1-ncpexonoe B pacnalle 44Ti. ITon)"leHw cneny10ll.lue JHa'!ettu11: aK(E I) = 0,077 ± 0,003 H aKCM I)= 0,014 ± 0,00 I. IToKa­
JaH 3H3'1HTCflbHblH BKna.Ll J<jlcf>eKTOB npOHl!KHOBeHHll /lJUI M 1-ncpcxona II onpeneneH napaMcrp npOHlfKHOBCHHJI A= 260 ± 30. 

STUDY OF PENETRATIO EFFECTS IN El- A D Ml-TRANSITIONS OF 44Sc II S.S. DRAPEY, V. A. ZHELTO-
OZHSKY, L. V. SADOVNIKOV . V. STRILCHUK, 0. G. SHKULKOVA I Conversion coefficients were measured for El- and 

MI-transitions in 44Ti decay with a high accuracy using sum peaks and multidimensional coincidence methods. The following values 
aK(E I) = 0.077 ± 0.003 and aK(M 1) = 0.014 ± 0.00 I wa obtained. It has been shown a significant contribution of penetrations effects 
for MI-transition and penetration parameter was obtained: A= - 260 ± 30. 

BBe.neune 

B pacna,11e 
44

Ti B036}')K.D.atoTC.ll ,D.Ba COCT0.IIHl1.JI 
44

Sc, 

pacna,11 KOTOpblX o6ycnoemrnaeTC.ll Cl1JlbHO JaTOpMO)KCH­

HhlMl1 no o,11Ho<1acT1f4HblM oueHKaM El- M Ml-nepexo,11a­

Mtt. Cl>aKTop JaTOpM0)KeHH0CTH )lJUI El-nepexo,11a Fw = 105
, 

a )lJUI M 1 - F.,., = I 0 6
. Ecntt )lJUI El-nepexo,11oe Ta1<.11e JHa­

<iemm F B p.11,11e .11.nep BCTPC'lalOTC.11 AOCTaTO<iHO '!aCTO, TO 

AJUI M 1-nepexo.na :no e.nnttcrneHHbJH cny•-iaw. Tio3TOMY 

npe,nCTaBJUleT 60JI.hlllOH 11HTepec o6Hap}')KCHHe 3cpcpeKTOB 

npOHHKHOBCHIUI B TaKOM nepexo,ne. CJimKHOCTb ITOCTaB­

.IICHHOH Ja,na<iH B TOM, <!TO npouecc BH)'TPCHHCH KOHeepc,rn 

y-ny,-1ei1 Ha nerKHX ll.,npax MaJIOeepO.llTCH 11 :>cpcpeKTbl npo­

Hl1KHOBCHHJI HJ-Ja JHa<iMTC.llhH0 60JI.hllleH Y.D.aJICHHOCTH 

K-06ono<1K11 OT ,r,npa nptt Tex )KC napaMCTPax, xapai<Tep11-

3}'10LUliX JTO ll.BJieHHe, TaK)KC MCHblllC. Hanp11Mep, 3.IICK­

TPOHHhll1 napaMeTP B 1 )lJUI Z = 20 1:1a nopll..D.OK Mett1,we, 

'ICM )lJUI 11.nep C z = 80 nptt TeX )KC JHepnuu, a K03cpcplil.\H­

eHTbl BHYTPCHHeH KoHBepcllli Ha K-060.110<1Ke ( aK) )lJUI 

:>Hepnrn Ey ~ 100 KJB o6hI'IHO aK~ 2-10-
2

. 

MeTOJlHKa HJMepeuuu 

B HJMepeHHJIX 11crro.11hJOBaJICJ1 HCT0<iHHK 
44

Ti. CxeMa 

pacna.na Ti np1rne.netta Ha p11c. 1. 
.[{.IIJI 113MepeHHJI KBK 6bl.lI MCfl0llb30BaH TOT cpaKT, <!TO 

npouecc BHYTPeHHeH K0HeepcHH Bcer.na conpoeo)K.1laeTc.11 

xapaKTepHCTH<iCCK.11M M3ll)"ICHHCM CB.ll3aHHblM C BCllH'IH­

HOH aK CO0THOUlCHHeM: aK = / Jly·CJ}y_, r.ne (i)K - cpnyopec­

UCHTHbll1 BblX0.D.; Ir..x ' ly - 0THOCHTC.llhHbJe HHTeHCHBHOCTl1 

K,.- » y -11JJIY'-1CHHJ1 ,11aHHoro nepexo.a:a. .[{JUI orrpe.neneH11.J1 

/Jly HCflOllb30BaJIHCb MeT0.11 cyMMMpoeaHHJI K,.- 11 y-rrepe­

xo.noe, a TaK)Ke 113MepeHHe cneKTPOB coena.neHHw Ha yCTa-
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HOBKe MHOroMepHbIX coerra,nett1111 c Ge-Si(Li)-.LleTCKTOpaM11. 

Pattee HaMl1 '.)TI! MeTO,nJ,IJ(a 11Cil0Jlb30BaJiaCb )lJlJI HCCJie,noea­

H}Ul Jcj>cpeKTOB np0HHKHOBCHl1.JI B 06.11acrn z ~ 50 [I]. 

o-
51,4 MKC-----,--,----

~ 
O+ 49 y 

,::, :t 44T 

b'f ~ 22 1 

"" I') QEc =267,5 ~" 'b' 
~'o " ~- ~ro 

«.-"'~2 
99,9% 6,4 

~,,, 
"'l' .._<o 

~ ... - 67.875 0,1% 9,0 155,6 Hc_1_-____________ _ 

3,927 h _2_+ _ ___.._ _________ 0 

Pnc. I. CxeMa pacna,aa ~i 

I1HKH CYMMHpoeamu1 HJMep.11nacb Ha Ge-cneKTPO­

MeTPe C TOHKJ1M BXO.D.HhlM 6epumrneBblM OKHOM. M11UJCHb 

Haxo,nHJiaCb Henocpe,D.CTBCHHO Ha 6epHllll!1eBOM 0KHe, 'ITO 

06ecne<11iBaJIO MaKCHMaJibHO BblCOK}'IO Jq>q>CKTJiBHOCTb 

pernc1-paUHH ITHKOB CYMMHpOBaH11.J1 K,. + y68 KJB 11 K,. + 
+ y78 KJB. Ha p11c. 2 npe,ncTae.11eHb1 cpparMeHTbI cneKTPOB. 

KaK BH,llH0, C BbICOKOH CTaTHCTH'ICCKOH TO<iHOCTblO 

HJMepeH nHK cyMMttpOBaHHJI K.r(y67 KJB) + y78 K3B 11 

y68 KJB + y78 KJB. OTHOlllCHHC 11HTCHCKBHOCTeH 3Tl1X 

n11KOB cyMMHpOBaHHJI paBHO /K.x(67 KJB)i:i/ly(67 KJB)E2, 

r.ne E; - OTHOCIITeJI.hHhie 3cpcpeKTHBHOCTl1 pernCTPauu11 K,.- 11 

y-mnyqeHH.11. OrHOCHTe.lI.bRa.11 3cpcpeKTHBHOCTb HaMH M3Me­

prrnacb C fl0MO!Ub!O KaJIK6poBO'IHb!X HCTO'iIDI.KOB 121Sn, 
133

Ba, 
241Am H c o,nHHO'IH0ro crreKTPa K,.- H y-ny<1e11 

44Ti [2]. 
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PHc. 2. y-cnelCTp 44Ti H )"lacnm C nHKaMH Cj'MMHpOBaHHJI 

l-13 3ntX .11.al-lliblX 6brno nonyqeHO, '!TO UK (y67 K3B) = 
= 0,076 ± 0,004. KaK BH.11.HO 113 p11c. 2, 113-Ja BblCOKOro qio­
Ha 3a C\Je'I' KOMITTOH-3qJqJeKTa y78 K3B 113Mep11Tb mtKH 

cyMM11poeaHID1 K,.(78 K3B) ff y(67 K3B) c BblCOKOH TOtJHO­
CTb!O HeBO3MO>KHO. IT03TOMY HaMl1 npoee.11.eHbI 113MepeHIDI 
cneKTPOB conna.11.eH11H Ha ycrattoeKe MHoroMepHbIX coena­
.ueHHH c Ge- ff Si(Li)-.11.eTeKTopaMH. CnmKHOCTb TaKHX 113-
MepeHIDi 3aKJIIOtJae'I'CJI B TOM, '!TO COCTOHID!e C 3HeprffeH 

OKHO 78 K3B 

OKH0 67 K38 
( 

T 

67 K3B HMee-r epeMll )1(113Hl1 T112 = 156 He. KpoMe Toro, 
eepOUHOCTb Kx-113nYtJeHHJI COCTaBJIJl.e'I' ecero 20 % 
(roK = 0,196). TaKHe 113MepeHIDI 6bJJIH npoee.ueHhl e Te'le­
HHe 20 .D.HeH. Ha pffc. 3 npffee.11.eHbI MHoroMepHbrn cneKTP 
coena.ueHHH 11 napu11anbHhle cneKTPbl coena.ueHHH 
c y67 K3B ff y78 K3B rrp11 TaKHX OKHax eo epeMeHHOM cneK­
TPe, KaK 3TO IlOKa3aHO Ha pffCyttKe. 
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P1!c. 3. MHoroMepHbJii cne1CTp cosna,neHHH H napUHaru.Hbie cnelCTpbl cosna.nettHii c y67 H y78 JOB 
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KaK BH)lHO, HaMH C BblCOKOH TO'-IHOCTbl0 H3MepeHO 
K.,.-H3.II)"leHHe AJUI El- H Ml-nepexoAOB. 113 H3MepeHHbJX 
cnel<TJ)08 co8na):leHHH 6brnH orrpeAeJJeHhI uK(67 10B) = 
= 0,077 ± 0,003 H UK (78 K3B) = 0,0] 4 ± 0,00 I. IlpHl.feM 
TOlJHOCTb aK(67 10B) o6ycJJOBJleHa norpeWHOCTblO 8 O)K ' 
pasHoH 2 %, 1-1 8 Er, rnIOKe pa8HOH 2-2,5 %. Ourn6KH 8 
aK(78 K3B) B OCHOBHOM orrpeAeJUIIOTC.!I aepO.!!THOCTblO 
3Jlel<TJ)OHHOro 3axaarn B COCTOHHHH C 3Heprnei1 67 K:>B, 
KOTOpoe HaMH oueHeHO KaK 0, 1 ± 0, 1 %. 

06cy~euue 

3KcnepHMeHTaJJbHbJe H TeOpeTHlJeCKHe 3Hal.feIDl.!I K0-
3q>q>HUHeHTOB BHyrpeHHeH KOHBepCHH Ha K-o60JJOl.fKe 
8 pacnaAe 

44Ti rrpe.ucrnaneHbl a Ta6ID!lle. 

3KcnepHMeHTIUThHbJe H TeopeTH'ieCKHe 3Ha'-leHH.!I 
K03q>q>HUHeHTOB BHyrpeHHeH KOHBepCHH Ha K-o6ono'iI<e 

a pacna.ne 44Ti 

Myrrh-
y-nepexoii nmom,- a~ af (3) 

HOCTb 
67 IOB El 0,077 ± 0,003 0,0774 
78 IOB Ml 0,014 ± 0,001 0,028 

,llJUI El-rrepexo):la Ha6mo.n;aeTcJI coana.neHHe BeJIHl.fH­
Hbl CTOJI}"leHROrO 3HalJeHHJI OK C Ta6JIH'Uib!M. 3TO HaXO.UHT­
CJI B cyruecTBeHH0M rrp0THB0pe'-1.HH C paHee llOJIY'{eHHbIMH 

a [4] ,naHHbIMH, r.ne al= 0,123 ± 0,023. B TO )Ke epeM!I 

3Ha'ieHHe aK(M I )-rrepexoAa JHalJHTeJibHO oTmrl.faeTc!I OT 

a.'f, npH'-leM 8 MeHbillYIO CTOpoHy. Ilo3TOMY MO>KHO c.n;e­

JiaTb BblBO.ZJ; O 3HalJHTeJibHOM BKJia.n;e 3q>q>eKTOB npOHHKH0-
BeHHJI a npouecc BHYTPeHHeH KOHBepCHH M 1-nepexo.n;a. 

Pac'-leT napa.MeTP08 A, xapaKTepH3YfOU(HX 3TOT 3q>-

q>eKT, npHBOAHTC.!I C noMOUlhlO Bblpa>KeHHJI a.ft" = a.k_ X 

x (1 + "JJ3I + A2B2), r.n;e BI H B2 3Jiel<TJ)OHHble napaMeTPbJ, 
Ta6ynHpOBaHHbie a [5]. KaK y>Ke o6CY>K.naJJOCh BO aae.ne­
HHH, pattee 3q>q>eKTbI npOHHKHOBeHHJI }.{JUI nenrnx JIJ.{ep He 
H3}"1aJJHCb, H OHH B Ta6JIHUax OTCYTCTBYIOT. Pac'ieT 3JleK­
TPOHHblX napa.Merp08 6blJI BblllOJIHeH TOJibKO .n;o R.n;ep c 
Z?: 30. HaMH 6LIJI BLillOJIHeH paclJeT napaMeTPOB B I H B2 

}.{JUI Z = 21 3KCTPaIIOJUIUHe.ii .n;amu.rx }.{JUI Z?: 30. 3aBHCH­
MOCTb }.{JUI napaMerpOB B 1 6Lina ycneWHO OllHCaHa }.{JUI 

OJITH 3Hal.feHHH, H C xopoweH TO'iHOCTblO (~ 10 %) 6bIJIO 

0llpeAeJieH0, lfTO B1 = 2, 18· 10-3. 3HalJHTeJibHO Xy)f(e 6b!JIO 
:>KcrpanoilllpoaaH11e ,AaHHblX ,nJUI 8 2 , JHa'-!eH11e 8 2 , oue­
HeHHoe HaMH, OKaJaJJOCb paBHblM B2 = ( 1,5 ± 0,3 )· 10-6. 
McnoJibJYR 3TH ,na1rnwe, 6bIJIO nonyqeHo 3Ha'-lem1e A= -
260 ± 30. 3To 3Ha'-!eHHe 3Ha'-111TeJILH0 BhlXO.llHT 113 CHCTe­
MaTJ1KJ,f napaMerpOB npOHl1KHOBeHH.!I .llJUI JaT0pMO>KeHHbJX 
M 1-nepexo,no8 [6]. 3TO pacxo>K,neHHe 8 4eM-TO aHanorn'-1-
HO 3q>q>eKTaM npoHHKH08eHHR a M 1-nepexo.n;e a 125Te. )],o 
HaCTO.!lll(ero apeMeHH Hamt'!He 3Ha'iHTeJlbH0ro 8KJJa,na :>q>­
<f)eKTOB IIpOHHKHOBeHHJI 8 Ml-nepexo.n;ax 06bJ'I.HOH TeO­
pHeH He 06b.!ICIU1eTC.!1. O.D.HOH HJ rnnoTe3 JIBJUleTC.!I npe.u-
0OJI0)KeHHe 0 CMeUJHBaHHH 80JIHOBbIX <PYHKUHH. 60JiblJJOe 
apeMR >KHJHH cocT0RHHH a 44Sc (T112 = 51 MKC) 11 JHa'-1.H­
TeJJbttoe pacxo)K,lleHHe lgfi .llJUl COCTO.!IHHH, Me>K.n;y KOTO­
pbIMH npoHcxo.D..HT Ml-nepexo.n. lgfl146 io8 - lgfi68 ,08 ?: 3,6, 
llOKaJbIBaeT, 'iTO H }.{JUI 

44Sc MO>KH0 npHIUITb H paCCMOTPCTb 
:ny rnn0TC3y. 

KaK oTMelJanocb 8 [7], CTPYKTypa KOHBepcHOHHOro 
onepaTOpa .ZJ;JU1 M l-nepexo.n.08 <f)opMallbHO 6JIH3Ka K CTPYK­
rype onepaTopa, He coxpaIU110mero '-lernocnt H .n.a1omero 
TaK Ha3bI8aeMyw "HpperyJUIPHYIO" npHMeCb El- H Ml-113-
ny'-leHHIO a .11.uepHOM rrepexo.ue. B [8] 8emr-urna A Hccne.n.o-
8anacb ,LlJUI Haxo>K.n;eHHJI CTeneIDt KpyroBOH 001UlpH3aUHH y 
482 K38 OT Heop11eHT.HpoeaHHL1x .11,nep I8ITa. 3TO )Ke MO>K­
HO HCJ10Jlh30BaTh H J.{JUI 

44Sc rrpH llOCTaHOBKe TaKHX >Ke 
3KCnep11MeHTOB. 
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Y,nK 538.56; 539.12 

HCCJIE,ZJ;QBAHHE CT APEimJI r A30PA3PJl,L(HhlX ,L(ETEKTOPOB l.J.ACTHIJ, 
METO.l(OM Jl,L(EPHhlX PEAKIJ,HB 

B. M. Jle6e.z.ee, A. r. Kpuewu11, B. A. CMOJIHH 

Tie-rep6yprCKHl1 HHCTJiTyr ll,!lepHOl1 qJH3HKJ,1 HM. 6. n. KoHCTaHTILHOBa PAH 

I 88300, JieHHHrpa.llCKllll o6nacTb, raT'IHHa, Pocc~ui 

IlpeitCTaeJJeHbl pe3yJibTaTh! H3y"leHHll CTapeHHll itpeii(jlOBb!X Tpy60K C aHO}laMII 113 nO3OJlO'leHHb!X BOJlb(jlpaMOBb!X npoeoJJo<reK 
npH nocTOllHHOM o6Jly"leHHH P-11CTO'JHHKOM 90Sr. AKKYMYJJHpoaaHHbIH 3apl!Jl cocTaeJ1JUJ JlO 9 KnlcM JlJIHHbt npoaonO'IKH. CrnpeHHe 
H3Y'faJJOCb e ra3oeoii cMec11, coiteplKameil Xe, CO2 11 CF4. B pe3yJJbTaTe npoueccoe, rrpoTeKa101.UHX npu CTapeHHII, 3OJJOToe noKpb!THe 
Ha npOBOJlO'IKe 6b!Jl0 CllllbHO pa3pyrneHO, a ee JlHaMCTp B MeCTe o6JJy"leHIIJI yeeJJH'IHJlCJI C 35 JlO 42 MKM. TaKoe JIBJleHlfe pacnyxaHUJI 
aHOJlHOH npOBOJIO'IKH CHJJaMH, npHJJOlKeHllblMH 113H)'TJ)H, JIBJlJleTCJI, no-BHJlHMOMY, HOBb!M MexaHH3MOM CTapeHHJI aHOJlHblX npOBOJlO­
'leK. Mbl npeitnonaraeM, '!TO J<j>(jleKT pacnyxaHHll MOlKeT 6bITb o6'bJICHeH OKHCJleHHeM BOJJbcppaMa rrpOBOJlO'IKU. HcnOJlb30Bae MeTOJl 
JlitepHblX peaKUHH (NRA), 6&rno TTOKa3aHO, 'ITO ocaitKH, COJleplKaume BOJJbcppaM, KHCJIOpOJl If QJTOp, pacrrpeiteJJeHbl BJlOJib npOBOJlO'IKlf 
no HanpaeJJeHlflO JlBHlKeHHJI ra3a. l13MepeHO pacnpeiteJJeHHe KHCJJOpoita H QJTOpa KaK arny6&, Tax H BJlOJib npOBOJlO'IKII. 

INVESTIGATION OF AGING OF PARTICLE GASEOUS DETECTORS USING NUCLEAR REACTION ANALYSIS// 
V. M. LEBEDEV, A. G. KRIVCHITCH, V. A. SM OLIN / We presents results from an aging of straw drift tube placed under sus­
tained irradiation from a 90Sr P-source. A thorough study of the aging phenomenon of the gold-placed tungsten wires with an accumu­
lated charge of9 Clem has been made. Aging tests were performed with a gas mixture containing Xe, CO2 and CF4. As result of the ag­
ing process, the gold coating on the wires was damaged, and the wire diameter increased from 35 µm to 42 µm. This phenomenon of 
anode wire swelling by forces applied from within the anode wire is a possible new aging mechanism. We assume that this anode swell­
ing effect can be explained by production of tungsten oxidation in the wire. Using Nuclear Reaction Analysis (NRA), it is determined 
that deposits containing tungsten, oxygen and fluorine are distributed along the wire corresponding to the gas flow direction. The con-

, centration of oxygen and fluorine as a function of depth within the wire has also been investigated using NRA. 

Bee.z.eHne 

fa3opa:lpll,!lHbJe ,!leTeKTOpbl t.Jacn1u, HCfiOllb3yeMbJe 

B )KcnepHMeHTanbHbJX ycTaHOBKaX .AJlJI 60llbUIOro a,!lpOH­

HOro KonnaH,Uepa (LHC), .llOll)l(Hbl 6btnH 06J1a,!laTb cyruecT­

eeHHo 6onee Bb!COKHMH pa6ot.JHMH napaMeTpaMH, 'leM Te, 

KOTOpble 6bJnH ,!lOCTHrHyrbl paHee. Om1 ,!lOJl)l(HbJ HMeTb 

O<JeHb BbICOKYIO Ha,!le)l(HOCTb, KOTOpal! fi03BOlll!na 6bJ HM 

pa6oTaTb B Tet.JeHHe HeCKOllbKHX neT 6e3 o6c~HBaHHll. 

IIpoee,!leHHble oueHKH noKaJanJi, '-!TO ypoeeHb pa,!lHauHH 

e6Jl.H3H rry'IKa H!U(OnHTellbHOro KOllbUa KOnnaJ1,!lepa 3a I 0 
neT pa60TbI npHBe,!leT K HaKOllJleHHIO Ot.JeHb 6ollblllOro 3apll­

,!la Ha e,!lHHHJzy ,!lJlHH],J aHO,!lHblX npOBOJIO'-leK I 0-13 KnlcM. 

3-ra eenH'-IIDla, no Kpa11He11 Mepe, Ha nopll.llOK BbUJJe, t.JeM 

e npe,l(bl.llYIUHX ) KCnepHMeHTax. OTCIO,!la l!CHO, '-!TO cne-

nOnHMepoe HnH e OT,!lellbHblX CllYt.Jal!X MOryr 6bJT b :me­
MeHTapHblM yrnepo,!lOM. ,lwyrHM THTTOM ,!lerpa,!laUIDI npo­

B0ll0'-IHOl1 (KnK KaTO,l(HOH) noaepXHOCTH llBJUleTCll XHMH'-le­

CKal! KOpp03Hll Ha HX noeepxHOCTllX, B03HHKalOW.al! flO.ll 

B03,!le11crn11eM oco6oro BK.Ila MoneKyn, qiopMHpyeMbIX 

B naBHHe raJa. 3-ro MO)l(eT HMeTh MeCTO ,!lJUI HenOKpb!TblX 

30JIOTOM npoeonOK, KOTOpble CO,!lep)t(aT XH.MJ{l.JeCKH aKTHB­

HbJe )neMeHTbl B noeepXHOCTHOM MaTepttane npOBOJIOKH. 

O6'bllCHeHHll ::JTHX MeXaHH3MOB CTapeHHll MO)l(HO HaHTH 

B paMKax XHMIDI 1Jna3Mbl. )J.eno B TOM, '-!TO pa3nH'lHhle TH­

Ilbl XHMH'-leCKHX pa,!lHKaJIOB H HOHOB, qiopMHpyeMbJX B Jia­

BHHe ra:ia B6Jl.H3H aHO,!lH011 apoeonoKH, MOryr Bbl3b!BaTh 

llJla:lMOXHMH'-leCKHe peaKUHH. IlOJJHMepbl, nonyqruow.HeCll 

B pe3yllbTaTe peaKUH11 )THX pa,!lHKaJIOB, Moryr OCa)l(,!laTbCll 

H IlOKpblBaTb noeepXHOCTH COOTBeTCTBylQW.HX ::JJieKTPO.llOB 

KaMepbl Ii ,!la)l(e qiopMHpoeaTb HOBble XHMH'-leCKH pa3nH'-I-

.ll)'IOW.ee noKoneHHe npoeonot.JHbIX KaMep ,!lOll)l(HO HMeTb HbJe eemecTea nocne eJaHMo,!leficTBHll c MaTepuanoM 3JieK-

cyw.ecTBeHHO 6onee BblCOKHe ypOBHH Pa.llHauHOHHOH TPO.llOB. 

CTOH.KOCTH. TaKHM o6pa30M, HCCne,!lOBaHHe )qJqJeKTOB CTa- )J.JlJI TPY60K, fiOJIY'-IHBllJHX 6onhlllYIO ,!l03Y o6n)"leHHll 

peHHll HOBbJX ,!leTeKTOpoe llBJlJleTCll npHHUHnHaJibHO Ba)!(- (.llO 9 Kn/cM), MeTO,!lOM CKaHHpy10w.e11 3neKTPOHH011 cneK-

liblM H ceoeepeMeHHblM. TPOCKOnHH o6Hap~eHO yeenHt.JeHHe ,!lHaMeTpa aHO,!lH011 

O5bl'-IHO 3q>q>eKTbl CTapeHHll Bbl3bJBalOT ,!lerpa,!lau.HlO npOBOJIOKH e MeCTe o6JI)"leHHll Ha 20 % (c 35 .llO 42 M.KM), 

noeepXHOCTif KaK aHO,!lHbJX, TaK H KaTO,!lHhlX )lleKTPO.llOB, pa:ipyUieHHe noeepXHOCTH 30llOTa, BblXO,!l BOllbqJpaMa Ha 

KOTOpal! npOllBJUICTCll B BH,!le 110Ca,!lKOB 11 [I]. 3TH OTJIO)l(e- noeepXHOCTb, no,ieneHHe B noeepXHOCTHOM cnoe BOllbqJ-

HHll, KaK npaeHnO, npe,!lCTaBJUIIOT co6011 KaKHe-TO BH,!lbl paMa H pll,!la nerKHX )JieMeHTOB [2- 4]. 
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B .naHHOH CTaTbe ape.ncTaBJJeHbl M npoaHaJUI3MpOBallbl 

3KCnepKMeHTaJlbHble pe3yJJhTaTbl, OO,UTBep)K,llaIOIJ.ll1e 06-

Hap)')KeHMe npMHUMOMa.JlbHO HOBoro MexaHI13Ma p33BMTI-UI 

crnpemu1 aHO,UHblX apOBOJJO'-leK. 3TOT MexaHM3M 3aKJIIO'-la­

eTC11 B OKMCJJeHMH BOJJb<jJpaMa no.n 30JJOTblM OOKpbJTHeM 

aHO,UHOH npOBOJIOKH, ae.nymeM K ee pacnyxaIDlIO B MecTe 

06n)"leH11J1. 

.[I.JUI OOJJ)"ieHl1JI KOnM'-!eCTBeHHblX .naHHblX npMMeHeH 

Hepa:ipywaIOlUMH KOnH'-IeCTBeHHblH MeTO,U aHaJIH3a no 

11,uepHbJM peaKU11J1M (M.5IP, NRA - Nuclear Reaction 

Analysis), no3BOJUIIOUIKH 11ccne.nosaTb rnyfouuu.1e KOH­

ueHTPau110HHbIe npocjJJ,LJIM nerKMx 3neMeHTOB: yrnepo,ua, 

a:iorn, K11cnopo.na 11 cprnpa, irrpa10mKX 6oJlbwyIO ponh 

B crnpeHKK ,ueTeKTopos. 

YcTaHOBKa AJIH upoBeJJ,eHHH HCilhlT8HHH 

ua CTapeuue JJ,eTeKTopos 

3KcnepKMeHTa.JlbHble ,uaHHbJe 6bJnH OOJI)"ieHbl B npo­

uecce npoaeneH11J1 11cilb!TaID1H Ha CTapeIDie npooopuMo­

HaJihHhJX C'-!eT'OlKOB TJ,lJJa ,upewcpoBblX TPY60K C pa6oqej:j 

ra:ioeow cMeCbIO, co,uep)l(alJ.leH Xe MnH Ar, CO2 11 CF 4 

B p33Jni'iHblX rrponopu11J1X. IIponopUHOHa.JlbHhie C'ieT'IBKH 

MMen11 ,UMaM~ 4 MM J,f MHHY 320 MM. AHO.UHM npoaono­

Ka M3rOTaBJIHBanacb J,l3 IlOKpbITOro 30JIOTOM BOJlbcjJpaMa 

.nHaM~OM 35 MKM C TOJIIUHHOH 30JIOTOro OOKpblT1111 

I , 1 MKM. CKOpOCTb ra:iosoro IlOTOKa COCTaBJUIJia 

0,2 CM
3
IMl1H, '-!TO COOTBeTCTBOBano .UBYM 06beMaM npo­

nopu110HaJibHOro C'ieT'iHKa B qac. l1ccne.nosaHK11 rrpouecca 

CTapeHK1! ,neTeKTopa BblilOJUUIJil1Cb Ha 3KCnepHMeHTaJihHOH 

ycTaHOBKe B IllUI<D p AH C MCOOJlb30BaHJ1eM /3-HCTO'iIDfKa 
90

Sr MHTeHCMBHOCThlO B 2 KH c w11p11HOH D)"!Ka 1,5 CM [2]. 

CKopOCTb HaKOilJleHJ111 3ap11,na COCTaBJUIJ!a 0, 15 Kn/CM 

B ,neHb DpM ra:iOBOM ycMneHMH B ueHTPe 30Hbl o6JI)"ieHH1! 

.no 3·10
4

• 

.UJI11 ITTMepeIDUJ K03<pcpMU11eHTa raJoeoro ycHJieHl11! 

MCilOJib30BanCR 11CTO'-IHHK 
55

Fe. 

HccJieJJ,OBaHue MeTOJJ,OM HJJ.epHblX peaKQKH 

AHaJ1113 pe3yJibTaTOB CTapeHl1JI npOBOJIO'-leK MeTO.l(OM 

CKaHMp)'IOIJ.leH cneKTPOCKOil1111 ,naeT TOJibKO Ka'-!eCTBeHHYIO 

KaprnHy pacnpe.neneH1111 :)JleMeHTOB Henocpe,nCTBeHHO Ha 

11CCJie,nyeMblX aosepXHOCTllX. I103TOMY ,l!JUI IlOJI)"ieH(1j! 

KOJIHtJeCTBeHHblX ,uaHHbIX O pacnpe,ueneHIHI nerKHX 3Jle­

MeHTOB KaK 8,UOJlh noaepxHOCTII npOBOJJO'iKH, TaK H B rny-

6,rny 30JIOTOro 00Kpb!Tl1JI Mb! np11MeHJ,IJIH MeTO,U 11.nepHblX 

peaKUMH ( uclear Reaction Analysis - NRA) [5]. 

.[l.n11 o6Hap)')KeIDUJ 11 KOJIH'-lecrneHHOH oueHK11 co.nep­

)KaHJ-UI K11cnopo.na, yrnepo,ua, a:iorn M cprnpa 6bJJ111 npI-1Me­

HeHbI ll,UepHbie peaKUHM C .neHTPOHaMH 11 npOTOHaMI! B 

mIanaJ0He 3HeprMH 0,7- 1, I M3B: 

12
C + d ➔ 13

C + p + 2,722 MJB; 
160+d ➔ 170+p+ l,049MJ8; 
14

N + d ➔ 15N + p + 1,305 M JB ; 
19F+p ➔ 16

0+a+8,1I4MJB. 

3Tl1 wccnenoBaHMll rrpOBO,UMJIHCb Ha aHaJHITH'ieCKOM 

KOMOJJeKce JUUi M3)"ieHI1ll MaTep11ruIOB 11.nepHO-cpH3M­

qeCKMMii MeTo,UaMM, HMeIOIJ.leMCl{ Ha 3ne1<TpOCTaTHYeCKOM 

ycKop11Tene I1115lcD. CxeMa 3KCnepHMeHTaJJhHOM ycTaHOB­

KM .nn11 MeTo.n11KM o6parnoro paccel!HH.11 npe,ucrnaneHa 

Ha pHc. I. 

j11oHtthrn IJY'IOK (p HJJH d)I 

IOMMHHeBbIH 

@eTeKTop HOHOB 

PHC. I. CxeMa ycTaHOBKH ,l!JI1I MCOOJlbJOBaHJlll Me-J'O)la 

ll,UepHbIX peaKUHH 

Or paccel!HHblX Ha o6pa:iue 110HOB nyqKa, '-IMCJJO KO­

TOpblX B 103-104 
pa:i rrpeBbllllaeT KOJIM'-leCTBO npo.nyKTOB 

peaKUH.11, MO)l(HO M36aBHTbCj! C IlOMOIJ.lblO ycTaHOBJieHHoro 

nepe,u ,neTeKTOpOM norJIOTH.Te.fUI, KOTOpblH IlOJIHOCTblO 

TOpM03lff paccel!HHble KOHbl D)"!Ka H nponycKaeT npo,uyK­

Tbl peaKUJHI, OOCKOJll,KY o6bl'iHO 3Tl1 'iaCTI1Ubl (npOTOHbl 

HJll{ a-qaCTKUbI) HMeIOT 3HeprHH, 3Ha'-IH.TeJJbHO 60JibWlle, 

'-!eM pacce1!HHhle B o6pa3ue '-!aCT}{Ubl O)"!Ka (CM. Ta6JUtUy). 

TaKHM o6pa:ioM, rrpo.nyKTu1 peaKUHH pentCTPHP)'IOTCR 

npaKTH'-!eCKH Ha 11HyJieBOM
11 

qJOHe. 

.sI,nepHble peaIa.urn, npHMeHlleMble .l(Jl11 H:3)"ieH(1j! COCTaBa aHO,UHblX npOBOJIO'ieK 

3tteprnll BblJle- Ce'-!eHH.e 
BbIXO,U OnpeJle-

,5I,aepHal! Q-peaKUHH, 
3HeprID1 

TOJUUHHa qJHJU,- 11,nepHoii 
ID!eMblH 

T3IOWHX HJ MH-
'-!acrnu**, M3B 

'!3CTifU B 
llleHH '13CTHll*, Tpa HJ Al, MKM 

H30TO!l 
peaKUHJI 

IJ)"IKe, JOB peaKUHH, 
C'ieTI MKl<JI MJB M6/cp 

12c IZC(d,p)'JC 2,722 1000 3,1 11 30 180 
14N '"N(d,p5)"N 1,305 900 1,8 11 6, I (ps) 35 
••o '

00(d,p1)
170 1,918 900 1,6 11 4,5(p,) 28 

19F 19F(p,a)160 8,114 1250 6,9 22 0,5 3 

* 8TOplf'IHl,le qaCTHUbl perHCTpHpY!QTCJI no)l yrnoM 135°, 
•• 8bIXO/l npo.nyKTOB peaKUHM OT nosepXHOCTHOH nneHKH TOJIIUHHOH 1-1016 aT/C~ B TeneCHbIH yron n = 0, I cp !IpH yrne perncT­

pauHH 135°. 
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TTY'{OK ,ueihpoHOB c :meprnei:i 0,9 M 3B RcnoJlh30BaJI­

ca .llJUI aHaJIHJa pacnpe,uenelUUI J01cnopo,ua KaK q>yHKUHJI 

rny6m-tb1, a c 3Heprnei:i 1,0 M3B - .llJUI yrnepo.ua, Tax KaK 

ce'-leHHJI H,llepHhIX peaKUHH HMelOT rrpH 3TRX 3HeprHJIX rrna­

TO [5). flpH H3MepeHHH q>Topa 3HeprHJI ITJ)OTOHOB COCTaB~ 

JU1na I, 25 M3B. 

TTpo,uyKTbl a,nepHblX peaKUHH perHCTJ)RpOBa.JlliCb no­

aepXHOCTHo-6apbepHblM KpeMHReBblM ,lleTeKTOJ)OM nnoma­

,llblO 1,5 CM
2
, pacnonO)KeHHblM no.n yrnoM 135° K OCR fly"i­

Ka. )J,JUI CHR)KeHHJI q>OHa, Bbl3BaHHoro pacceHHHblMR ,ueH­

TJ)OHaMR, ,lleTeKTop 3KpaHHJ)OBaJICH aJIJOMHHHeBOH q>Onb­

roH TOfllUHHOH 11 MKM .llJUI 11ccne.nosatt11H Ha .neifTJ)OHHOM 

Ily"{Ke 11 T0flll.l11HOH 22 MKM rrpH 113MepeHRH q>ropa. 3Hep­

reTH'-!eCKOe pa3peweHHe cneKTJ)OMeTJ)a COCTaBJUlflO 

6E ~ 70 K3B .llJUI E0 = 5,5 M3B. PaJMep illlTHa ITY'{Ka Ha 

npoaonoxe coCTaBJU!fl nopa,uxa 4 MM. Tox Ily"{Ka qepe3 

npoaonoxy coCTaBJUln OT 3 .no 5 HA. 
flpoq>HJlh pacnpe.n;eneHHJI no rny6RHe oueHHBaJICH 

Henocpe.n;cTBeHHo H3 3HepreT11qecxoro cneKTJ)a H3n}"iae­

MhlX tiaCTHU DJ)H ITOCTORHHOH 3HeprHH Ily"{Ka [5]. B 3TOM 

MeTO,lle 3HeprHJI o6pa3yJ01UHXCH B peaKUIUl 'iaCTHU (npo­

TOHOB HRH a-'iaCTHU) ,uaeT 11.Hq>OpMaumo O rny6RHe, Ha 

KOTOJ)OH npORCXO,llHT peaKUHJI, a HX 'iHCflO - 0 KOnH'ieCTBe 

COOTBeTCTBYIOlUHX aTOMOB B cnoe . 

.ll.na rny6RH ,llO HeCKOJlhKHX Mrl cM
2 

3HeprHIO perncT­

pRpyeMblX BTOJ)H'lHblX 'iaCTHU E(t) MO)KHO CBH3aTb C rny-

6HHOH / ' Ha KOTOJ)OH OHR o6pa30BaJIHCb B o6pa3ue, nH­

HeHHOH JaBHCHMOCTbIO E(t) = E(0) - GNR t, r.ne E(0) 
3HeprHJI 'iaCTHU, o6pa30BaBWRXCH Ha noaepXHOCTH o6pa3-

ua, G NR - OTHeCeHHbte K e,llHHH'iHOH JJ.}IHHe 3q>q>eKTHBHble 

3HepreTH'ieCKHe IlOTepH; OHR 3aBHCHT OT IOIHeMaTHIOI 

H.n;epHOH peaKUHR H OT 3HepreTH'ieCKHX IlOTepb nepBH'iHblX 

qacrnu B o6pa3ue, a BTOJ)H'-IHblX - B 06pa3ue H q>HnbTJ)e­

nornoTHTene. 

Cne.noaaTeJlhHO, H3 3KcnepHMeHTaJibHOro cneKTJ)a 

qaCTHU, B03HHKllIRX np11 o6ny"{eHRl1 RCCne.nyeMOH rrpoao­

nO'IKH ROHaMR, MO)KHO KOnH'ieCTBeHHO onpe.n;enHTb COCTaB 

t :r 

180 
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140 
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U 80 

60 

40 

20 

0 

11C{d,p)nC 

~ -+- X s -14 CM, HCWJl}"IClfflaJI I -+-X s +2 CM, 1( BhlXOJzy r&JB 

--X - 0 CM UeHTD 30HW I 
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2 3 
3Hepm. np0TOROB, M3B 

a 

o6pa3ua. BbIXO,ll npo.nyKTOB Y (rrpOTOHOB RnH a-'-laCTHU) 

CBH3aH C Ce'-1eH11eM peaKUMH cr, C '-IHCflOM HaJleTalOlUHX 

'-!aCTHU 1 I{ C 'iHCflOM aTOMOB B MKilleHH N B aTI CM 
2 

COOT­

HOWeHHeM 

Y = JcrNnri, 

r.ne n - yrnoaoif pa3Mep .ueTeKTopa; ri - ero 3q>q>exrna­

HOCTb. To eCTb, H3MepHB Bb!XO,ll BTOJ)H'iHblX qaCTHU y Ii 

KOflR'iecTBO HaJieTalOlUHX HOHOB f H 3HaJI cr, '0. H TJ, MO)KHO 

onpe.n;eIDfTb KOflH'ieCTBO aTOMOB HCCne.n;yeMoro 3neMeHTa 

a o6paJue Na aT/cM
2
. 

3tccnepHMCHTaJlbHbie peJyJJbTaTbl 

flofl}"{eHHble pe3ynhTaTbl .llJUI pH,na o6n}"ieHHbIX npo­

aonotiex rrpnae.n;eHbl Ha pHc. 2 H 3. 
Kax MO)KHO aH,lleTb H3 3HepreTH'-!ecxoro pacrrpe.nene­

HHJI ITJ)OTOHOB .llJUI .npeitq>OBOH TJ)Y6KH c raJOBOH CMeCblO 

70 % Xe + IO % CO2 + 20 % CF 4, HaKOnHBweif 3apa,n Ha 

e.n;HHHUy ,llflHHbl 9 Kn/cM, npHDOBepXHOCTHblH cnoJ:i: o6ny­

'-!eHHOH aHO,llHOH npOBOflO'iKH co.nep)KJ,!T HeKOTOpoe KOnH­

'-!eCTBO KHcnopo.na, aJOTa H yrnepo.na (pHc. 2) H q>ropa 

(p11c. 3). flp11 3TOM nocne 06nY4eHHJ1 npoaonoKH KonH'-le­

cTao 3TRX 3neMeHTOB B 30He o6ny"ieHHJI 3Ha'iHTeJlhHO B03-

pacTaeT. MO)KHO BH,lleTb, '!TO B CTOJ)OHY HH3KHX 3HeprHH 

nHKH yaenH'iHBalOTCH H paCWHJ)JIIOTCH. 0Tc10.n;a MO)KHO 

c.nenaTb Bbrno.n, 'iTO KHcnopo.u, q>Top 11 yrnepo.n npoHHKJIR 

BHYTJ)b 30flOTOro IlOKJ)blTHJI rrpoaonoKH. C ytieTOM ce'!eHRH 

peaKUHH ,llJUI 
12C(d,p)13

C H 
160(d,p)170 peaKUHH KOHUeH­

TJ)aUHJI KHCnopo.n;a BHYTJ)H 30flOTOro UOKJ)b!THJI 6onee 'ieM 

a IO pa3 Bblille KOHUeHTJ)auHH yrnepo.n;a. Ha OCHOBaHRH 

TaKOro pe3yJlhTaTa C'iHTaeM, 'iTO JO!Cnopo.n HrpaeT B8)KHYIO 

poJlh a npouecce pa36yxa1UU1 npoaono!OI. Ha pRc. 3 BH.llHO, 

'-!TO B MeCTe 06nyqeHHJ1 q>Topa 3Ha'iHTeJlhHO 60JlhWe, 'ieM 

a Heo6n}"ieHHb1x MeCTax, XOTJI er o o6mee co.nep)KaHHe 

MeHb!lle, 'leM J01cnopo.na. 

12-1011 

10·1011 

.,._ x s o CM, 11eHTJ> JOHJJ o6nyqeIDIJI 
,-1-- -1+-4--1I----H'- -+-i - X - +2 CM, xpali 30RLI o6nyqeIDIJI 

~ X = - 4 CM, " BllOJzy ra:ia 

8-1011 

6·1011 

4-1011 

2· 1011 

0 

-0- X = + 4 CM, " 81,IXOJIY ra:ia 
J--J--'1- ~ .... ~+----t\1 - =-1 Cl,(.R:""'6IIV\IOIW.U 

2 
rny6HHa. Mrla.i'-

6 

3 4 

PHC. 2. 3KcnepKMCHT8JlLHLJe CITCKTJ)bl np0T0H0B - np0JlYKT0B a.nepHbIX peaKl.(JIH, nonyqeHHble npK o6nyqeHKH B p83JIH'lHLIX T0'IKSX 
s.uonL nposonoKH .neihpoHaMH c :meprnei-i I MJB, TonmHHa amoMHHHeeoro nornoTHTemi 11 ~M (a) 

H pacnpc,R''lCHHe K0HUCHTJ)aI{HH KHcnopo.na KaK q>yttKUKH rny6HHbl B p83JIH'IHLIX T0'lKax B/10111, 8R0.lll!0H rrpoeonoKH (6) 
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1.0 · 1 o" · · O · · X = -15 CM 
• 

[1 
- .,._ - X = 0 CM 

60 :e - -A ~ Gas flow 0 --T- X=+15CM 
0 ~ -... c; 
0 -.. 0 d :,: 

0. 0 40 0 ' :e !-.. ,e- 5 ,o -10' 0 ~ 
,:j 1 ~ "' 0. "' \ 
0 ~ \ !-,e-

t l 0. 
,:j 20 !:: \ 
a: .; \ = ::f 

~ ._. \ :,: 

~ 0 
0 ,. .. ::.: 

' E-- ----·-- --·-•-·-- -0 . 
0 ' 

-1 5 -1 0 -5 0 5 10 15 0,0 0,5 1,0 1,5 2,0 2 ,5 3,0 
PaccTOllHHC BllOJlb nposonoKB, CM rny6nua, Mrl cM2 

a 6 

• - 19F(p )'60 PHC. 3. Pacnpe.ueneHHC qnopa B)l0Jll, aH0)lH0H np0B0Jl0KH, HJMCpCHH0C c n0M0lUblO ll,l1CpH0II peaKl\HH ,a , 

T0JllUlrHa s I MOHOCJlOH aT0M0B C00TBeTCTBYCT I 0 15 
aT/ cM'-(a) H K0HL1CHTpa1..1H0HJ-fblC rny6HHHblC 

npoqmmt qiTOpa B 30Jl0T0M Il0KpblTHH BOJTI,qipaMOBOH npoB0Jl0KH (6) 

C yaeJI11'lett11eM HaKoCTJieHHoi-i no31,1 KHcnopo,n 11 ii>TOP 

rny6lKe rrpOHHKalOT B CJIOM 30JIOTa, 11 l1X o6w:ee KOJIHl.JeCT-

80 pe3KO 803paCTaeT. MOlKHO s11neTb, 'ITO Heo6ny'leHHru! 

30Ha npOBOJIOKH co,nep)l(11T KHCJIOpo.n, KOTOpblH Y*e rrpo­

Hl1K C noaepXHOCTII npOBOJIOKl1 arny61, cno.11 30JIOTa ,no 

I Mrl cM
2 

(rny6HHa ~ 0 ,52 MKM). CpenH.11.11 KOHUe1npauID1 

KHcnopo,na a nposonoKe rrocne 11JroToaneH11.11 11 rrepe,n tta­

'laJIOM o6JIY'ieHH.ff COCTaBJI.!IJia 1-10
21 

aT/cM
3
• 

PacnpeneneH11e no rny6aHe K11cnopona, HJMepeHHoe 

B Henocpe,ncTBeH.HOH 6JIH30CTH K Kpru!M 30Hbl o6nY'ieHH.ff 

(X = +2 CM), HMeeT 0Jll1H 1111K, 11 co,nep)l(lU{),fe KHCJIOpo,na 

3Ha'il1TeJibHO 6on1,we, 'leM B Heo6nY'ieHHOM 30He. KaK 

a11,nHo 113 p11c. 2,6 11 3,6, np11 yaen11'ieHH11 HaKonneHHoH 

,no31,1 (Ka'leCTBeH.Hrui oueHKa aop.11,nKa 2- 3 KnlcM) rny611tta 

npOHl1KHOBeHH.ff KHCnopo,na 11 ii>TOpa B rrpOBOJlO'lKY TaK)l(e 

yaeJIJ1l-111BaeTC.ff 11 nocnrraeT 1,75 Mrl cM
2
, 'ITO COOTBeTCTBy­

eT TOJ1W:11He ~ I, J MKM, T. e. Ha rpattaue BOJlbippaMa 11 30-

JIOTa. 3To 3Ha'leH11e 6J1113KO K 3Ha'ieIDUO TOJllU:HH.bl 30JIOTO­

ro llOKpb!TH.ff, llOJIY'ieH1:10ro MeTO,llOM CKaHapyrow:eif :rneK­

TPOHHOH MHI<pOCKOlll111 [2-4]. 

Cne,nyeT OTMeTl1Tb, 'ITO a ueHTPe JOH.bl o6ny'leHHJI 

o6w:ee KOJIJ1'iecTBo KHcnopona, co6paHHoro a 3on0Te, yae­

n11'!11noc1, 6onee '!eM a 20 pa3 no cpaaHeHHlO c He06JlY'IeH­

HOM 30HOH. KpoMe Toro, MaKCHMaJibHOe 3Ha'leHMe KOHUeH­

TPau1111 KHCJIOpo,na yaeJIH'lHJlOCb llO'iTl1 B 10 pa3, ,llOCTHr­

HYB O'leHh a1,1c0Koro JHa'leIDUI I· 1022 
aTl cM

3
• KoHUeHrpa­

UliJI K11cnopo,na, yrnepo,na 11 it>Topa, 11JMepeHHa.11 Ha KOHUe 

rrpoBOJ10Kl1 a6J111311 BblXO,llHOro OTBepCTWI raJa, 60Jibllle, 

'leM KOHUeHTpfillliJI, 113MepeHHa.ff Ha KOHUe rrpOBOJIOKH 

a6JI11J11 exo,nHoro oTBepCTH.11 raJa. 3To xopowo coana,naeT 

C pe3yJlhTaTaMH, ITOJIY'leF11{1,l.MJ1 rrp11 aHaJil13e MeTO,llOB 

:rneKTPOHHoi-i MHI<pOCKOn1111 [2-4]. 

TaKHM o6pa30M, .!IBJleHHe CTapeHID! np11 BblCOKHX Ha­

KOCTJieHHblX ,no3ax MO)l(eT 6blTb 060.!ICHeHo np11cyrcTB11eM 

K11cnopo,na 11 it>TOpa, aKTHBHO Y'iacrnyrow:HX e npoueccax. 

C Y'ieTOM :>THX pe3yJibTaTOB HaMl1 6blJI rrpe,nnonolKeH HO­

Bb!M MexaHM3M CTapeHHll aHO,llHOH apOBOJIOKH - MexaHHJM 

"pa36yxaH11.11", Ofil1CaHHbrn ,nanee. 
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PaJ6yxaHJte aHOt{a - HOBblH MCXaHHJM CTapeulUI 

aHOtlllOH npOBOJIOKH (MOt{CJJb) 

TipH 06J1Y'ieH11J1 r aJOBru! JiaBHHa o6paJyeT DJiaJMY, 

B KOTOpoi-i ipopMHpylOTC.ff pa3Jil11.JHbJe BH.llbl aKTl18HblX pa­

,lll1KaJIOB. AHaJIH3 .srnneHliJI pa36yxaHH.ff npOBOJIOKH, BKJIIO­

'lalOW:HM naHHble, llOJIY'ieHHb!e paHee [2-4], 11 naHHbie, 

rrpe,ncTaaneHHble Bb!We, D03BOJI.ffeT C,lleJiaTb npe,nnoJIOlKe­

Hl1e O HOBOM MeXaHH3Me CTapeHIDI aHO,llHOM npoaonoKH. 

TIOITbJTaeMC.11 OITMCaTh :no lIBJ1eH11e 11CXO.ll.ff .113 06111.J,[}( 

np11Hl(l1ITOB 11 He HCllI,ITb!Ba.11 HJIJII0311H, 'ITO ,naHHblH rrpo­

uecc nonHOCTblO rroH.11rett. Mtton1e acneKTbl :noro irnneHJtll 

Tpe6yroT ,llaJibHefuuero HCCJ1e,llOB3HliJI. MexaH113M pa3Bl1-

TWI CTapeH11.!1 npOBOJ10KI1 MO)l(HO pa3611Tb Ha TPH nocne,no­

BaTeJibHble CTa.1lHJ1. 

CTa.nHH .N'! 1. IlpoH3BO.llCTBO KHcnopo.na H .npyrnx 

XHMH'leCKH 3KTIIBIILIX pa.nHK3JIOB B ra30BOH JlaBHHe. 

lfro61,1 fiOJ1)"111Tb o6w,yl0 KapT11HY CTapeHH.11 npOBOJ10'lKl1, 

Heo6XO,lll1MO onpe,neJlHTb ,llOMH.HaHTHI,Ie npouecCbl, B03HH­

K310W:11e B raJOBblX naa11Hax 11 rrp11B0.11.ffW,11e B pe3yJibTaTe 

K rrpOH3BOJlCTBY XH.MH'leCKH aKTHBHbIX MOJieKyn (pan11Ka­

JIOB, 110HOB 11 T. n.). JlaaHHHruI cpe,na - JTO ITJiaJMa, co­

CTO.!IW:ru! 113 110HOB 11 HeHTpaJibHblX pa,nHKaJIOB, 11, cne,noaa­

TeJibHO, npouecc crnpeH11.11 nposonoKw non)l(eH 11ccne,no­

aaTbc.11 a paMKax X11M1111 IIJIB3M1>1. Tipe,nnonaraeM, 'ITO ca­

Mble 88)1(Hble ruJa3MeHHO-XHM)11.{eCKHe peaKUH11 ,lllliI Hawei:i 

raJOBOH CMeC11 11 COOTBeTCTBYlOJ.U.HX ei,i 3KTl1BHblX pa,nHKa­

JIOB cne.uy10w:11e: 

e-+ t-+ CF
O + F 0 + e-· 4 3 , 

CF2°0 + 2F 0 + e-. 



3nel<TpOHbl, o6p!l30BaHHbJe B pe3yJTbTaTe HOHH3aUHH 

raJa, )lBIDKyrCJI no HanpaaneHHIO K aHO)lHOH npOBOJlO'-!Ke B 

HHTeHCKBHOM :mel<TpH'-leCKOM none H, ycKOpJll!Cb, nonyqa­

lOT :rneprKIO, )lOCTaTO'lHYIO .lUUl Toro, 'lT06bJ p!13opaaTb 

XHMH'-!eCKHe CBJl3H B r!l30BblX MOJleKynax. TaKKM o6p!l30M, 

BCJJe.UCTBHe )lHCCOUHaUHH CO2 (::meprIDI )lHCCOUKaUHH co­

CTaBJJJleT Ed= 5,5 3B) BOKpyr aHO)lHOH npOBOJlOKH cpopMH­

pylOTCJI HOHbl KHCJJOpo.ua H p!l3JJH'-1Hble pa.uHKaJibl. 

TI pH .UHCCOUHaUHH Cf 4 qiopMHpyeTCJI TaIOKe MHOro 

p!l3JJH'lHbIX aKnlBHblX pa,llHKaJJOB. Tio.n 803.UeHCTBHeM 

JJlel<TpH'-leCKOro ITOJJJI OTPHUaTeJlbHhle HOHbl )lBIDKyrCJI 

K aHO.llHOH noaepxHOCTH, r.ue tteATPanmy10TCJ1. CymecT­

aeHHo OTMeTHTb, 'ITO npH JTOM OHH MOryr ace eme OCTa­

aaTbCJI H B Ka'-!eCTBe XHMKlfeCKH aKTKBHblX HeHTPaJJbHblX 

pa.uHKaJJOB. OcTaewHeCJI pa.uHKaJJbl Moryr BCTyIIaTb B pe­

aKUHlO C .upyrHMH aKTHBHblMJ1 pa.uHKaJJa.MH, y,t<e cymecT­

BYlOlllHMH B JJaBHHHOH IlJl!l3Me, a TalOKe C HOBblMH aeme­

CTBaMH, ccpopMKpoeaHHhlMH B naBHHHOH IlJl!l3Me B pe3yJJh­

TaTe cepHH nocne.noaaTeJlbHblX peaKUKH aKTHBHblX pa.uH­

KaJJOB. B 3TH peaKUHH MOryr BOBJleKaTbCJI aHO)lHble MaTe­

pua.m,1, BICJIIO'laJI 30JlOTO. 

JlonOJIHHTeJTbHblM HCTO'-IHHKOM KHCJJOpo.na HJlH KH­

crropo.n;co.nep)f(al.l.(HX MoneKyn (ttanpHMep, BO.llllHOro napa, 

Ed= 5,2 JB) JlBJJJ1eTCJ1 .n;11q>q>Y3KJ1 ao3.n;yxa H BOAJ!Horo napa 

'iepe3 nnacTMaCCOBble CTeHKH .upeitq>OBblX TPY60K. I1HTeH­

CHBHOCTb B03HHKHOBeHID! HOHOB H p8.IIHKaJJOB JaBHCHT OT 

coCTaBa raJa, cTeneHH 06nyqeH11Jt )leTeKTopa, HarrpJl)f(eH­

HOCTH JJJel<TpH'lecKoro noJJJ1 H raJoaoro ycHJJeHKJI. 

CTa)lH_H .N! 2. IlpOHHKHOBCHHC KHCJJ0po.na CKB03b 

30JI0T0C noKpblTHC aHO)lHOH np0B0JI0'IKH. Tipe,llCTaB­

JieHHble BblWe JKcnepHMeHTaJJbHble )laHHble rrpHBO)lJIT Hae 

K 3aKJllO'ieHHlO, 'ITO .neq>eKTbl, KMelOl.l.(HeCJI B cnoe 30JIOTa, 

JlBJIJllOTC.11 rJTaBHblM IlyTeM nepettoca KHCJJopo.na K BOJlbq>­

paMy. CxeMa cpopMHpoaaHKJI .ueq>eKTOB B 30JlOTOM IlOKpbl­

THH IlOK!l3atta Ha puc. 4. 
Bee .neq>eKTbJ MO)f(HO pa3)leill1Tb Ha )lBe rpymrhl: 

- HecoaepmeHCTBa 30JIOToro [10Kpb1TIDI, B03HHKWHe 

rrpH H3rOTOBJieHHH npOBOJlOKH; 

- noape)f()leHKJI, ccpopMupoaaHHble a pe3yJlbTaTe npo­

ueccoa CTapeHIDI. 

a) HecoaepweHCTBa 30JIOTOro IlOKpblTIDI, B03HHKWHe 

npH H3rOTOBJleHHH rrpoBOJlOKH. 3onoTO - JTO KpHCTarrn, HO 

He 06.113aTeJlbHO MOHOKpHCTarrn. 30JIOTOe noKpblTHe HMeeT 

KpHCTa.JIJlH"!eCKYlO CTPYKTYPY, H Ka'ieCTBO 30JIOToro no­

KpbITKJI oqem, CKJlbHO 3aBHCHT OT TeXHOJIOrHH, HCITOJlb-

3yeMOH rrpH H3I'OTOBJieHIDt npOBOJIOKH. qame ecero npH­

MeHJIIOTC.11 )lBe CJie.n;yJOmHe TeXHOJIOrHH: 

- BOJlbq>pa.MOBaJI npOBOJIOKa nporrycKaeTC.11 qepe3 pac­

nJiaBJieHHoe 30JIOTO. 3Ta TeXHonor11.11 o6ecnequaaeT xopo­

myw a.n;re3Hl0 H O)lHOpO.llHOCTb IlOKpblTH.11 npOBOJIOKH; 

- 30JlOTO HaHOCHTC.11 Ha BOJlbq>pa.MoayJO npOBOJIOKY 

MeTO)lOM XHMH"!eCKOro (ranhBatt.H'leCKOro) OC8)1(.lleHID!. 

JTOT MeTO)l C03)laeT 6onee xpyrrKOe ITOKpbITHe, KOTOpoe 

HMeeT KaK xy.n;wee CTPYKTYPHOe Ka'leCTeo, TaK H 6onee 

BblCOKYIO rrpOHHUaeMOCTb no cpaBHeHHJO C BhlWeyKa3att­

HblM TeXHOJIOrH'leCKHM rrpoueccoM. 

B o6eKX TeXHOJIOrH.llx p!13Mepbl 30JlOTblX KpHCTarrnOB 

onpe.n;eJl.lllOT npoHHUaeMOCTb 30JIOTOH nneHI<H. B nepBOM 

cJiyqae JTa eeJIH'IKHa ~ I 00 A, eo BTOpoM - l 00-I 000 A. 
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Heo6XO)lHMO OTMeTHTb HeCK0JlbKO q>aKTopoe, tte110-

cpe,llCTBeHH0 BJlH.IIIOJl.lHX Ha Ka'leCTBO 30JI0TOro noKpbITl1JI 

B rrpouecce H3rOT0BJieHIDI. O6hl'iHO noaepXH0CTb BOJlbq>­

paM0BOH npoB0Jl0KH, KOTOPYIO npe.D,nonaraeTCJI noKpbl­

aaTb, .IIBJJJleTC.11 wepoxoeaTOH H M0)f(eT co.nep)f(aTb MHKpO­

lfaCTHUbl H OKHCJlbl. KpoMe Toro, a.n;re3H.II 30JlOTa K BOJibq>­

paMy He)l0CTaT0'-1.H0 xopowaJI. Bee 3TH q>aKTOpbl npHBO.D,.IIT 

K TOMY, 4T0 0C8)f()la10meecJ1 30JI0T0 M0)f(H0 ClfHTaTb KpH­

CT!UlJU1'leCKOH CTPYKTYPOH TOJJbK0 Ha 0T.lleJibHhlX yqacTKax 

BO!Tbq>paMOBOH noaepXH0CTH a CaM0 noKpbITHe HMeeT 

"oCTPOBHoit" xapaKTep. KpHCTaJJJlbJ J0JI0Ta pacryr c p!13-

HblMH CK0p0CTJIMH Ha pa3Hb[X rpaHJIX KpHCTarrna. Jlanee 

:meMeHThl poem KpHCTarrJTH'-leCKOH CTPYKTYPbJ Mexa H.Hlfe­

CKH coe.n;HHJIIOTC.11 B )lOCTaT0lfH0 pblXJJYJO arnoMepaUJiOH­

H0IO nneHKy. 3To npHB0)lHT K fJOJIBJleHHIO 0TKphlTblX 

H JaMKHYTbIX .neq>eKTOB, p!13Mepb1 K0T0pblX npllMO 3aBHCJIT 

OT HCITOJlb3yeMOH TeXH0JI0rHH )lJ]JI HaHeceI-UUI 30JIOTOro 

IlOKpblTH.11. 

6) Jleq>eKThl, BbIJhrnaeMhle npoueccaMH crnpeHKll . 

IlepBH4Hble HeOJlH0P0.llHOCTH (nopl!CTOCTb) KpHCTaJJJIJl4e­

CKOH CTPYKTYPbI 30110Ta Moryr yaeJIH'IKBaTbCJI H pa3BH­

aaTuc.11 no.u 803,lleHCTBHeM ITOCTOJlHHOrO p8,llHal.lHOHHOro 

o6JTyqeHH.11 H XHMH'-!eCKHX peaKUHH, Bbl3b1Bal01.1.(HX TPaBne­

HHe 30JIOTa, 4TO cpopMHpyeT 6naronpH.11THble ycJIOBH.11 .lUUl 

npoHHKHOBeHKJI K BOJlbq>paMy KaK aKTKBHOro aTOMapHoro 

KHCJIOpo.ua, TaK H .ua)f(e 6onee CJlO)f(HblX XHMH'leCKKX pa­

.UHKaJJOB. 

a) O6nyqettHe. Pa.uHaUHOHHOe o6JI)"-leHHe MeTaJJJIH4e­

CKHX nneHOK (HanpHMep, CJl0.11 30JIOToro IlOKpblTIDI) Bbl3bl­

BaeT cpopMJ1poeattue a HHX nop. l11neHCKBHOe 06.II)''leHHe 

Bbl3bIBaeT B 30JIOTOM IlOKpblTHH o6pa30BaHHe .uonomrn­

TeJlbHblX T04e4Hb[X .ueq>eKTOB, KOTOpbte ycKJIHBaJOT npo­

uecc HaKonneHIDI H KOHUeHTPaUHH raJa B Jl0KaJlbHhlX T04-

Kax B 30JIOTe. 3To M0)f(eT npHBO.UHTb K pa36yxaHHlO co6cT­

BeHH0 caMoro 30JI0TOro Il0KpblTKJI. 

r) TpaaneHHe 30110Ta. B CJiyqae raJoaoit cMec1-1. 

Xe + CO2 + CF4 npouecc XHMH'-leCKoro TPaeneHH.11 MO)f(eT 

yaeJIH'IHBaTb npoHHUaeMOCTb 30JlOT0ro noKphlTKJI. Tpaa­

JieHHe CHJlbH0 )leHCTBYeT Ha .ueq>eKTbl B 30JI0TOM Il0Kpbl­

THH, Bbl3blBaJI HX pacwupeH.He. Cne.uyeT 0TMeTHTb, 4T0 

TPaBJieHHe - :no oaaCHblH npouecc, KOTOphlii MQ)f(eT 0T­

KpbIBaTb IIpJlMOH IIyrb .llJJJI npoxo)f()leHID! aKTHBH0ro KH­

crropo.na K BOJlbq>paMOBOH noaepXH0CTH npoBOJI0KH. PeaK­

UKH, Bbl3b1Bal0ll.1Ke TPaBJieH.He 30JI0T0H noeepXH0CTK, OilH­

Cb!BalOTCJI )lanee. Oco6hlii KHTepec .llJlJI Hameii raJoaoii 

CMeCH npe.UCTaBJIJllOT )lBa XHMH4eCKH.X peareHTa, K0TOpble 

onpe.n;eJJJIIOT B03M0)f(H0e TPaBJieHHe 30JI0Ta: q>TOp H <j>Topo­

KCeH0H0Bble coe)lHHeHKJI TH.Ila XeFn (n = 2, 4,6). 
<l>Top M0)f(eT Me.llJleHH0 pearnpoaaTb npllM0 C 30JIOTOH 

noaepXH0CTblO H np0H3B0.UKTb Henocpe)lCTBeHHOe <j>TOpH­

poeaHHe 30110Ta rrpu TeMneparype 350 °C. KaK 6y.ueT no­

KaJatto HK)f(e, e cJTyqae raJoaoro p!13pJl.lla 3Ta peaKUK.11 

HMeeT MeCTO npH KOMHaTHOH TeMDeparype 

2Au + 3F2 -+ 2Auf3. 

Cne.nyeT 0TMeTHTh, 'IT0 a peaKUHH TaKoro THna ao­

eneKaeTC.11 MOJieKyJIJlpHbIH <prop (F2), KOTOphlii Henocpe.n­

CTBeHH0 He BXO.UHT B C0CTaB Haweil: raJOBOH CMeCH. O.uHa­

K0 3TO He HCKJlJO'laeT 803M0)f(H0CTb npHcyrcTBIDI )THX 



O6pa:iosaRHe necjJeKTos s 1onoroM no-
KJ)bITHH aHOJlllblX nposono'leK 

.. • 

.[(ecpeKTbl, C03JiaHRbJe 
.[(ecpeKTbl, BblJBaHHblC 

a rrpouecce npoHJsoncrsa ~ npoucccoM CTapeHHll ~ 

.. ' i f 

CrHMynuposa-
O6pa:JOB3HHC O6pa3oaaHHe 

KpHCTannH•1e- KaHaBKII, C03- npOJIOJibHbIX MHKpO-
CKall CTpYKTYJ>a naHHble rrpH HHe paJBHTIIll nonoc KaHanOB 

Jonora aonO'lCHHll JlCQJCKTOB 

rrposono'lKH 

•• i 
TpaaneHHe fa:iosoe pacny- PanHaUHOHROe 

Jonora xaHHe Jonora o6ny<ICHHC 
TexHonornll Ka'leCTBO 
HaHeCCHl!JI rrosepxttocn1 

sonb!ppaMa '. Jonororo 
nOKpbITHJI 

IlorJJOlllCHHC 
30flOTOM fa:JOB 

Au +F. (Kncnopon B 

Benwurna K03QJ<pHUH- TOM 'lHCne) 

eHTa raJosoro ycHJJe- f--+ ' '" 
HHJI 

' 
11meHCltBHOCTb 

THrr ra:iosoro pa:ipll,lla - TlnaJMa B fa:JOBOH nasHHe 4--- 06ny'lCHHll 

I 
faJOBall CMCCb ~ 

PHc. 4. KoMITnCKC cpaKTopos, o6ecne'lHBaIOlllHX B03HHKROBCHHC 
11 pa3B11THC JlCcpCKTOB B 30flOTOM ITOKpbITHI-I BOn.bcppaMOBbIX upoaonoqeK 

peaKU,Hi-i B Haumx HCilbITaHHJIX Ha CTapeHHe, TaK KaK (F2) 
6yAeT IlOJJ)"-laTbCll a peJyJJbTiiTe nHCCOUHaUHH B JJaBHHe. 

Vb nwTeparyp&1 HJBeCTHO [6, 7), 'iTO .LIIDI ocymecrnneHIDI 

peaKU,HH F2-2F• -rpe6yeTca TeMIIeparypa nopanKa 800 °C, 
a B npHCYTCTBHH )JieK-rpH'leCKOro pa3pana OHa HAeT npH 

KOMHaTHOi-i TeMneparype. 3-ro CBllJaHO C TeM lpaKTOM, 'iTO 

CBllJb F-F ot.JeHb cna6aa (Ed = 1,6 3B) 11 nerKo paJpbrnaeT­

ca e raJoaoi-i naBKHe, rne JHepreTH'lecKHii crreK-rp JJJeK­

-rpottoe ttaxonKTca e n11anaJOHe 1-10 JB. TaKHM o6paJOM, 

B Hawei-i raJOBOi-i CMecH nerKO cpopMKpyeTC.11 paAHKaJI F°, 

KOTOpbrii JIBJllleTCll qpeJBbl'laHHO XHMH'leCKH aKTHBHb!M. 

Vb JIHTeparypbl xoporuo HJBeCTHO [6, 7), 'lTO CMeCH 

KCeHOH-q>Top, XeF. (n = 2, 4, 6), MOryT nerKO !pOpMHpo­

BaTbC.11 B raJOBOM pa3p.11ne. flpH KOMHaTHOH TeMneparype 

coem,rnett11.11 XeF. ttaxon.11TC.11 e rnepnoi-i ipaJe. OHH nnaBJIT-
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ca npH TeMneparype OT 50 no 130 °C. 3TH eew.ecrna HB­

Jlll!OTCH CKJlbHblMK OKHCIDlTeJI.IIMH H MOryT BCTynaTb B pe­

aKU,HIO C 3OJIOTOM, Bb!JblBa.11 ero -rpaBJJeHHe. HeKOTOpble 113 

8O3MO)l(HbJX XHMH'lCCKKX peaKU,HH [6, 7] rrpHBeAeHbJ HIDKC: 

Au+ XeF2 -+ AuF3 + Xe. 

n) ITornomettwe raJa. JlaneHKe rrornorueHJUI raJa Jo­

JJOTblM noKpblTHCM npOHCXOAHT KaK BO epeM.11 H'.3rOTOBJJe­

HHJI npoBOJJOKH, TaK H npH ee BJaHMonei-iCTBHH C JlaBHHHOH 

nJiaJMOH. faJ, B TOM 'lHCJJe H KHCJJOPOA, nornomaeTCSI 

etteUJI-UtM cnoeM JonoTa H nwcpipyttnwpyeT BHy-rpb. Kom1-



'-leCTBO nornomeHHOro KHCJIOpo.11,a 3aBHCHT OT TeMnepary­

pbl H paCTBOpHMOCTH KliCJIOpOJia B 3OJlOTe, HHTeHCHBHOCTH 

06JiyqeHID1, a Ta10Ke eeJIH'-IHHLI raJoeoro ycHJJeHIDI . Ba>KHO 

OTMeTHTb, '-ITO JlOilOJJHHTeJlbHblM 3aMeTHblM HCTO'-IHHKOM 

HOHOB KHCJIOpOJia llBJUleTCR orpaHH'leHHblH CrpHMepHblH 

pa3pRJl, TaK KaK 3apRJ1, C03Jl3BaeMblH OJIHHM CTPHMepoM, 

MO)l(eT B COTHH pa3 npeBOCXOJlHTb 33pRJl, B03HHK3l0UlllH 

B pe)l(HMe nponopUHOHaJJbHOro ycHJJeH}UI. B3)1(H0 OTMe­

THTb, 'ITO IlOJI06HblH pe)l(HM peanbHO HMeeT MeCTO B pa6o­

'-IHX ycJIOBHRX [8]. 3-ro RBJleHHe MO)l(eT 6h1Tb JlOilOJJHH­

TeJibHblM HCTO'-IHHKOM noepe)l(JleHHR 3OJIOTOro IlOKpblTHR 

aHOJlHOH npoeOJIOKli. 

CrnJIHB N! 3. PaJ6yxaHHe ano,!lnoii npoeono'IKH. 
CpaeHeHHe o6Jiacrn, B KOTOpOH BO3HHKJlO pa36yxaHHe 

11pOBOJIOKli C pacnpeJieJieHHeM KOHUeHrpaUHH KliCJIOpOJia 

BJlOJlb npOBOJIOKH {cM. pHC. 2 H 3), IlO3BOJUleT C)leJiaTb Bbl­

BOJl, '-ITO J<p<peKT pa36yxaHHR MO)l(eT 6hJTb CBR3aH C XliMH­

'leCKliM B3aHMO)leHCTBHeM KliCJIOpOJl3 C BOJib<ppaMOM. Pe-

3YJlbTaTOM noro npouecca, HanpHMep, RBJUleTCR o6pll3o­

BaHHe W03, IlJJOTHOCTb KOTOporo 7,9 r/cM
3, '-ITO B 2,5 pa3a 

MeHbWe IlJIOTHOCTH BOJib<ppaMa (19,3 /cM
3
). 3-ro npHBOJIHT 

K yeeJIH'-leHHIO o6beMa npOBOJIOKli B 3OHe 06JiyqeHID1. 

I1HhlMH CJIOBaMH: npOBOJlOKa pa36yxaeT (pHC. 5). 
MoJieJlb npeJIIlOJiaraeT, '-ITO OKliCb BOJib<ppaMa pacTeT 

CH3'-13Jl3 B TO'le'-IHbJX )le<peKTax 3OJlOTOro IlOKpblTHR H CO3-

.uaeT .llOCTaTO'-IHOe ycHJJHe, KOTOpoe Bbl3bJBaeT noape)l(Jle­

HHe 3OJlOTOrO IlOKpblTHR B OT)lCJlbHblX JlOKaJibHLIX TO'-IKax. 

TaK!iM o6pa3oM, npoBOJIO'-IKa pa36yxaer B pe3yJlbTaTe 

OKHCJleHHR BOJib<ppaMa. BcJie.D,CTBHe JTOro CHJibl, )leHCT­

BYIOUlHC H3HYTPH npOBOJIO'-IKli, pa3pb1B3IOT 3OJlOTOe no­

KpblTHe. 3-ro RBJUleTCR rnaBHblM OTJIH'-IHCM OIlHCbJB3CMOrO 

HaMH MeXaHH3Ma OT xopowo H3BeCTHOrO IlOJIHMepH3aUH­

OHHOrO MexaHH3Ma crnpeHHR. CneuH<pH'-ICCKOH oco6eHHO­

CTblO pa3pyweHIDI IlOKpblTHR RBJUICTCR TO, '-ITO B H3'-laJJe 

OHO pacnpocrpfilUleTCR B.11,OJlb BOJlb<ppaMOBOH npOBOJIOKli. 

06ny'leHHe 

AlCTHBHble 

pa.D,HKMbl 

3TO npOHCXO.llHT no yrny6JieHIDIM (KattaBK3M}, OCTaeneH­

HblM Ha npOBOJIOKe BOJIO'-IHJlbHOH MarpHUeH, IICCTOJlb3Ye­

MOH npH H3rOTOBJieHHH BOJlb<ppaMOBOH npOBOJlOKH H T. n. 

B pe3yJihTaTe ysenH'lCHHe ,nHaMerpa npoeonoKH conpoeo­

)l(JlaeTcR rJiy60KHMH rpeUlHH3MH, H.llYlllHMH B.11,OJlb npoeo­

JIOKH, KOTOpblC CTHMy.rrnpy!OT pa3BHTHe npouecca CTape­

HHR. KHcJIOpOJl H Jlpyrne arpeCCHBHbJe pa,1111KaJJbl npOHH­

Ka!OT CKBO3b ~e OTKpb!BlIDICCR TPCUlHHbl B 3OJlOTOM no­

KpblTHH H BCT)'IlalOT B npRMYIO peaKUHIO C BOJlb<ppaMOM. 

B pe3yJibTaTe npOHCXOJlHT JlaJlbHeiiwee 6onee HHTeHCHB­

HOe OKHCJlCHHe BOJib<ppaMa. 

IlpH peaKUHRX Me)l(Jly pa3JJH'-IHblMH raJOBblMH pa.n11-

KaJJaMH H BOJlb<ppaMOM MOryr cpopMKp0B3TbCR 11 6onee 

CJIO)l(HLJe XHMH'-ICCK!ie npOJIYKTbl. 3TH eemecTBa Moryr 

HMeTb KaK tteneTyqHe (,I,), TaK H JlCT)"!He (t) q>OpMbl. TipH­

ee.11,eM HCKOTOpble H3 TaKliX BO3MO)l(Hb!X COCJIHHCHHH [6] : 

W + Fz/02-. WOF4!; 
W + 3F2-. WF6j; 

2W03 + 6F2 _. 2WF6j + 302. 

WF6, HanpHMep, HMeeT JICT)''-IYIO cpopMy y)l(e npH KOMHaT­

HOH TeMneparype. Ero yJianettHe H3 eoJlb<ppaMa K noeepx­

HOCTH MO)l(CT Bbl3BaTb JlOilOJlHHTeJlbHOe pa3pyweHHe 3OJlO­

TOro IlOKpblTHR npOBOJlOKli B 3OHe o6nyqeHHR. 

0rJICJlbHble eemecTBa (a BH)le OTJIO)l(eHHH) MOryr 

cpopMHp0B8TbCR B pe3yJlbTaTe TO'-IC'-IHOH. KOppO3HH, Bbl-

3BaHHOH peaKUHRMH Me)l(Jly KliCJJOpOJlOM (H JipyrHMH pa­

.llHKaJJaMH), nepeHOCHMblMH raJOBblM IlOTOKOM, H MaTe­

pHaJJOM npOBOJIOKli. TaKHe OCa)lKH (OTJIO)l(CHHR) JlOJl)l(Hl,J 

pacnpe,neJUITbCR B.11,OJib npoBOJlOKli, HO aCHMMerpH'iHO no 

OTHOWCHlflO K HanpaBJICHHIO IlOTOKa raJa. PacnpeJieJieHHe 

IlJlOTHOCTH TaKHX OTJIO)l(CHHH. B)lOJlb npoBOJIO'iKH onpe.ne­

JUICTCR HHTCHCHBHOCTblO cpopMHpoeaHHR HOHOB H pa,!lHKa­

JlOB H CKOpOCTblO ra3OBOro IlOTOKa. 

PHC. 5. MexaHHJM B0JHHKH0BCHHJl Jq>q>eKTa p1136yxaHHJl aHOJlHOH np0B0Jl0'lKH. 

CxeMaTH'ICCKH rrpe.D,CTaBJieH0 Ce'ICHHe 3H0.ll0B .no H nocne o6Jl}"leHHll 
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3aKJ1IOl.fCHHe 

□pH HCCJ1e,D.0BaHJ1H crnpeIDU! ,n.pettqJOBblX TPY60K 
(nponopUHOHaJibHb!X C'-1.eT'-IHKOB), HCIT0Jlb3YIOll.ll1X ra30BYJO 
cMecb 70 % Xe + 10 % CO2 + 20 % CF4 ap1-1 BbIC0K0H 
HaKonneHHOH ,D.03e 06J1Y9.eHHJ1 (.n.o ~ 9 KnlcM) H npH M0lU­
H0CTH .D.03br, cooTBeTCTBYJOIUeii I , 7 MKAlcM, Ha6n10.11ancR 
HOBblH MexaHHJM CTapeHHJI aHO.llHOH np0B0JJ0KH - pa.36y­
xaHHe np0B0Jl0KH. 8 uettlpe 30Hbl 06nY9.eHIUI 30Jl0T0e 
noKpb!THe pa.3pyrnaeTCR, H .llHaMelp np0B0JJ0KH ysem1'-IH­
BaeTCR c 35 .110 42 MKM (20 %). 

MeTO.llOM RllepHblX peaKUHH C .n.ettlpOHaMH H npoTO­
HaMH HCCne.n.osaHbl K0HUeHlpaUH0HHbJe apOqJHJlH KHCJI0-
po.n.a, qirnpa H yrnepo,n.a no ,n.nHHe 1-1 rny611He attO.D.HbJX 
npoBOJl0'-1.eK. OKa.JaJIOCb, '-ITO o6mee KOJlH'-leCTB0 KHCJiopo­
.n.a 1-1 qJTOpa, HaKonneHH0e B np0BOJlOKe B 30He 06J1Yt.f.eHJ-Ul, 
yseJ1Ht.f.HBaJI0Cb 6onee '-leM B 20 pa.3 no cpastteHHJO c tteo6-
JJ}"leHH0H npOBOJlOKOH. C Yt.f.eTOM 3TliJC ,D.aHHblX Bb!CKa.JaH0 
npe.n.r10J1o)Kett11e o lpex nocne,n.osaTeJlbHblX CTa.n.1U1x pa.3-
BHTIUI MeXattl13Ma crnpeHHR aHO,AHOH rrpoB0JJOKH: 

- KHCJJ0po,n. 11 .11pyr1-1e aKTHBHbJe pa.1111KaJibl qiopMHpy­
JOTCR B raJOBOH naBHHe. TexHOJlOrH'-1.eCKHe 1-1 pa.1111au110H­
Hble .n.eqieKTbl B 30J10T0M Il0KpblTIDI JUIJljfJOTCR rJJaBliblMH 
flYTHMl1 npOHl1KHOBeHHH aKTHBH0ro KHCJiopona K BOJJbqJ­
paMy; 

- KHCJI0po.n. npoHHKaeT qepe3 n0pbl 1-1 lpell.ll1Hbl 30J10-
TOro noKpblTHJI 11, KaK Mb! ape,n.nonaraeM, 0KHCJljfeT 
BOllbqJpaM; 

- see )TO B K0MnJieKce Bbl3b!BaeT pa.36yxaH11e BOJlbqJ­
paMa B rrpoBOJlOKe, 11, KaK cnenCTBHe, B03HJ-lKaIOlUHe BHYT­
p11 npoB0J10Kl1 CHJlbl pa3pbIBaJOT 30JJOTOe 0OKpblTl1e. Ar­
peCCHBHbJe panHKaJibl, BKJJJOqa_jf aKTHBHblH KHCJIOpOJI, npo­
HHKaJOT CKB03b ~e 0TKpbIBUJHeCH lpeIUHJU.I B 30J10TOM 
flOKpbITl1H 11 BCTYffaIOT B peaKUHIO Henocpe,n.cTBeHH0 
c BOJlbqJpaMOM. 8 peJyJibTilTe npouecc pa36yxaHHH BOJlbqJ­
paMa cymecTBeHHO HHTeHCHCpHl.(11pyeTCH. 

IloKa.JaHo, '-I.TO aTOMHb!H KHCJJ0pOJI HTpaeT O'-lelib 
Ba_)KH}'l:O pom. B :>TOM apouecce pa3BHTHH CTapeHID! aHO,D.­
HblX rrpoB0JJO'l.eK. Mb! ysepeHbl, '-I.TO 113MepeHHJI K0HUeH-

lpaum1 KHCnopo,n.a H rny6HHbl rrp0HHKHOBeHHJI B 30J10TOe 
noKpblTl1e aocne 06JJY9.eH1-UI, Bblfl0JIHeHHble C fl0M0lllbl0 
MeTO,n.a HJiepHblX peaKUHH, MOrYT }laTb npeKpacttyJO MeTO­
,D.HKY, no3BQJljfJOIUYJO cpaaHHBaTb pamrnU1-10HHYJO CTOH­
KOCTb pa3JIH'lliblX aHO.D.Hb!X npOBOJIOLJeK. 

DpHCYTCTBHe KCeH0Ha B raJOBOH CMeCH COJ,D.aeT ,n.o­
fl0JIHHTeJlbHbJe nYTH cj)opM11pOBaHIUI XHMHqecKH aKTl1BHblX 
pa,n.HKaJI0B. KceHOH H cjnop-KCeHOHOBbJe coe,n.11HeHHJ1 ycH­
J111BalOT npouecc lpasne1ma 30JIOTa H o6ner t.f.aJOT TeM ca­
MbIM BOJMO>KHOCTb npOHHKHOBeHH.ll KHCJiopo,n.a K BOJlbqJ­
paMy. 
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Y,nK 539.172.13 

MO,l(ll<l>lIKAUIDI EliliJIHOTEKH OIJ.EHEHHblX JI,D;EPHLIX ,nAHHbIX SABA 
,l(JUI 88O,l(A ,l(H<l><l>EPEHIJ;HAJihHhIX CEqEHHH JI,L(EPHhIX PEAKUHH 

H. EypTe6aee, ,l(. T. Eypn6aeea, A. r. 3ee1rnropo.ncKHH1, B. A. )Kepe6uoe1, C. M. Taoea 1 

11.HcTwryr .RJlepHoit qrnJ11K11 Hau,110HaJibHoro .R)lepHoro u,eHTpa 

Pecny6m1K11 Ka.JaxcrnH, AlIMaTu1 
1 
<l>fYTI "P<l>.illJ,-BHID13<1>", 607188, r. Capos HmKeropo)lCKOH o6n. 

Mom1cp111.1.npoBaHHlUI B paMKax npoeKTa MHTL{ K-497 6116n110TeKa oueHeHHb!X ll,llepHblX .naRHblX no 3apl1lKeHHblM '!ac-nruaM 
(6H6nHOTeKa SaBa) opHCHTHpOBaHa B OCHOBHOM Ha pa6ory C HHTerpanbHbIMJI ce'!CRHllMH ll,llepHblX peaKUHH II cpyttKUllllMH B036)')f(Jle­
HIIJI. B paMKax HOBoro npoeKTa MHTU K-1128 nnam,pycrcll .nononmrrenbHO BBecrn a 6116mfOTCKY JHa'lemur .n11cpcpepeff!JHaJ1bHbJX 
ce'!emrH .llJlll HCCne.nyeMblX peaKUHH. B CBll3H C JTHM OC)'l.UeCTBJleHbl cne.nyK>UllfC warn no MO,llepHHJaUl!H 6116nHOTeKH: I) onpe.ncneH 
cpopMaT BBO,lla II pa3pa6oTaRa BHyrpeHH.Rll c-rpYKTYJ)a xpaHeRllll )l3HHblX no /lHcpcpepcHUlfaJJbRblM Ce'!eHHJIM; 2) MOlUfcpHI111poaaHbl pe­
iKHMbl "3KcncpHMeHTanbHble ,ll3RHble" If "HoBaJI peaKUHll" )lJ1JI HBO.Ila H pe.naKTHpOBaHHJI .naHHbJX no yrnoBblM pacnpe)lenemtl!M; 
3) npoBe,lleHO TeCTHpoaam1e pel!G!MOB BBO,lla 3Ha'!CRHH yrnOBblX pacnpc.nencHHtt; 4) peanmoBaHO np116mnKeHHC yrnoBblX pacnpe.nene­
HHH nomIHOM3MH llelKaH.npa. C HCITOilb3OBaHHeM MO)lHcpm.1.11p0B8HHOH aepCHH B 6n6mfOTCKY SaBa BBe,lleHbJ HOBbie ,ll3HHble no ynpy­
roMy pacCCJIRHIO HOHOB 3He H Cl-'laCTlfU Ha HJOTOnax JllITJ{ll. 

MODIFICATIO OF THE LIBRARY OF THE ESTIMATED NUCLEAR DATA ABA FOR THEE TERING OF THE 
DIFFERE TIAL CROSS-SECTION OF UCLEAR REACTIO S I . BURTEBAEV, D. T. BURTEBAEV A, A. G. ZVE­
NIGORODSKY, V. A. ZHEREBTSOV, S. M. TAOVA / The modified, within framework of the Project K-497, library of evaluated 
nuclear data on charged particles (the SaBa-library) is orientated, mainly, towards working with m1egral cross-sections of nuclear reac­
tions and excitation functions. Within the rramework of the present Project MNTC K-1128 [2] there is planned additionally the input of 
differential cross-sections for investigated reactions into the library. In this connection there 1s developed the plan to modernize the 
SaBa-library: I} for differential sections the format of the input is defined and internal structure of keeping data is designed; 2) the re­
gimes "Expenmental Data" and "New Reaction" of the SaBa-library were modified for the input and editing of d1fferentral cro s­
sections of nuclear reactions into the Data Base; 3) there will be carried out a test for regimes of mput values the angular distribution; 4) 
the approximation was realized for the angular distribution by multinomial Lezhandra. New experimental data (earlier ob1ained by 
participants of the Project) on angular distributions of elastic scattering of ion 3 He and - a particles on isotope lithium were input into 
the SaBa-lrbrary. 

B 2006 r. 6brna coJ)laHa HOBa.R sepcl1l! 6116m1◊TeK11 na cymecTBeHHO rrepepa6orntta. JHaq11TeJibHO pacwHpH-

ou,eHeHHbIX H 3KCnepHMeHTaJibHb!X )laHHblx ITO Jap.ll)l(eH- JIOCb ee CO)lep)l(a.Hl·te [2]. B HaC10.1!1.1.J,ee speMJI 8 6116m10Te-

Hb!M 4acn1u,aM ,nJUI acTPoqrn3114.ecK11x np11JIO)l(eH11ii SaBa Ke rrpe.ncrnsne11bI .naH.Hh1e ,llJUI 86 peaKJJ.1rn, sse,neH.b1 )laH-

(nepsa.11 sepcm1 6116JU10Te1cu 6brna rrpe.ncTaBJieHa H.b!e no CKOpOCTJIM peaKU,HM. IlOJ1B11JlaCb B0JM0)l(HOCTb 

a MAfAT3 a 1999 r .) [I] . npose)leHl1l! pactJeTa cKopocTeit peaK1.J,11it a Ja,naI1HoM TeM-

EaJa .naHHbIX SaBa - JTO nporpaMMHbIH npo.uyKT, KO- neparypH0M HHTepsaJie. 

TOpbIH BKJJ!OtJaeT B ce6J1 co6cTBeHHo 6116n110TeKy ou.eHeH- B HaCTOJ11.1.J,eit sepc11H SaBa a KatJecTBe np116m 1)1(a10-

Hb1x 11 ::>Kcnep11MCHTaJibHb!X )laHHblX 11 tta6op npou.e.nyp, 1.1.J,eH. cjlyHKIJ.Wi o6bJ'IHO 11CIIOJib3YlOTCJI ryfottJeCKHe cnnaw-

II03BOJU!l01.1.J,11X npoBO)lHTb COOTBeTCTBYIOI.IJ,YJ() o6pa60TKY Hbl ,llJUI om1caH11J1 3as11Cl1MOCTl1 OT 3Heprn11. )],JUI on11caHHJ1 

)HiX ,naHHblX. Hap.11.uy C MaCCHBaM11 cjlaKTorpacjJH'leCKHX pe30HaHCOB HCTI0Jlh3YJ()TCJI cjlyttKUHH EpeitT - BIIJ'Hepa. 

)laHHblX, OTIHCbJBalOI.IJ,11X .11.nepHb!e B3aJIMO)leHCTBl1JI, 8 6116- OcTaBWa.RCJI qaCTb JaBHCHMOCTH, T. e. cjloH II0)l Epeih -

JIH0TeKe SaBa np11cyrcTsyeT H OIIHCaHHe peaKIJ,HH B TeK- 811.rHepoM, 11 Hepe30HaHCHble ytJaCTKH OTil1Cb!BalOTC.II OfUITb 

CTOBOM BH)le, K0TOpoe, no cyrH, npe,ncTaBJUieT co6oit )Ke Ky611tJeCKHM CIIJI3HHOM. OKOH'laTeJibHO npH6JIH)l(a!O-

cnpaso'IHYlO CHCTeMy no BCeM 1130TOTiaM 11 peaKUl1JIM, co- 1.1.J,a.R cjlyHKJJ.11J! CCTb CYMMa peJOHaHCHblX JaBHCl1MOCTeH 

)lep)l(aUUIMCJI 8 SaBa. KaK npaBl1JIO, OrutCaH11e peaKU}IH H Ky6lP'!eCKOro cnnaiitta. 

npe,nCTasJllleT co6oit KpaTKYIO xapaKTepHCTHKY pa6oT, 11C- )J,aHHble no .nHcjlqiepeHU,HaJibHblM ce'!e!OUIM Moryr 

nOJibJOBaHHbIX ,llJlll IIOJIY'{e!OUI ou,eHeHHOH Kp11BOH. YKa- 6b!Tb npe)lCTaBJieHbI KaK 8 BH.ne KOJcjlcjJHUHeHTOB pa.JJIO)l(e-

'.!!,JBaJOTC.11 ycJIOBl1JI npOTeKaHl1JI peaKIJ,HH. AsTopaMH npu- IOUI no IIOJIHHOMaM Jle)l(aH)lpa, TaK 11 8 B11)le 3aBHC11MOCTH 

BO,L\11Tr.ll OIIHCaHHC co6cTBeHHblX MeTO)lHK TIOJIY'{eHHJI cetJeHHJI OT yrna 11 3HeprHH. PaJBl1Tb!H rpacjJl1'1eCKHH 11H-

ou,eHKH C no.npo6HblM a11aJ1HJOM nose.neHl1ll ou,eHCHHOH Tepcjleitc IIOJBOJUieT IIOJib30BaTeJIIO Ha OCHOBe 3Kcnep11MeH-

KpHBOH 8 pa3Jil1"'-ti!!,IX 3HepreTHtJec1mx o6naCT.IIX. TaJlhHb!X )laHHbIX CTPOHTb CB0IO co6cTBeHHYIO np116JIH-

3a nocne.nHHe ro,nbJ CTPYKTYPa 6116JI110TeKH SaBa 6b1- )l(a10uzy10 cjlyHKJJ.HJO c Y'{eToM 3a.na11ttbrx norpew11ocTeii. 
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PHC. 2. ,lJ.Hq>q>epeHUHam.Hble ceqeffHJI ynpyroro pacceJIHHJI npOTOHOB Ha 11.ape 6Li B .aHanaJOHe 3HeprnH 640-1050 oB. 
CnnOIDHble JilfHHH - TeopeTH'leCJCHe pacqeTbJ no onTHqecKOH MO.UeJIH, CHMBOJlbl - 3KCnepHMeHTam.Hble .aaHHb!e 
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PHc. 3. )J.mp<j>epeHUHaJJbHble ce'!eHHJI yrrpyroro pacce11HHJ1 neirrpoeoa Ha ll.llpe 
6Li a JlHana:iotte JHepnrn 6,0-50,0 MJB. 
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B npeJlhl)lymeii eepcmt SaBa 3Kcnep11MeHTaJihHhie 

.aaHHhle no JlHqicpepeH1J,Ha.JlbHblM cel.JeHHJIM MOrm1 6h1Th 

npeJlCTaBJJeHbl TOJlbKO B BJ,IJle K03qiqi11u11eHTOB pa:3nO)l(eHHJI 

no nOJIHHOMaM Jle)l<aHJlpa (pwc. 1). Ilpe.QcTae11em1e 3ae11-

c11MOCTH Ce'-IeHHJI OT yrna H 3HeprHH peanH30BaHO JlHWb 

,!lJ1JI oueHeHHoro 11a6opa )laHHhJX. B 3Kcnep11MeHTe noJJy­

•iaJOT 3ae11CHMOCTH ceLJeHHJI OT yrna 11 :>Heprm1. B SaBa no 

HaCTOlUUero epeMeHH npeJlCTaBJleHJ,Je TaKHX JaBHCHMO­

CTeH, T. e. nepBH'-IHhJX 3KCnepKMeHTIIJlhHhlX .aaHHblX, He 

6hJJ10 peaml30BaHO. 

B paMKax npoeKTa MHTU K-1 I 28 nonyqetth1 HOBhJe 

3KCnepHMeHTaJlhHble .QaHHhJe no yrJIOBhJM pacnpe.QeJieHH­

.SlM ynpyroro pacce.SJHHJI rrpoToHa 11 .Qeii.rpoHa Ha .SJJlpax 
6Li 

(pHC. 2 H 3). 
TaKHM o6pa30M, OKa3aJIOCb coeepweHHO ecTeCTBeH­

HhlM, '-!TO nepeJl pa3pa60T'-IKKaMH BCTaJia 3a_naqa C03JlaHHJI 

Ha6opa npoue.Qyp, n03B0JUII01UHX apOHJBOJlHTh BBOJl, OT0-

6pa)l(eHHe 11 nocrpoeHHe np116J11{)1(a101Uei1 KpHBOH JlJUI 

Jla.HHblX no yrnOBhlM pacnpe.QeJieHHJIM, npeJlCTaBJieHHblM 

B B),!Jle JaBHCHMOCTH ceLJeHHJI OT yrna K 3HeprK11. 

B HaCTO.SJ1Uee epeMR peaJIHJOBaHbl npaKTHLJeCKH Bee 

npoue.nypbl pa60Thl C yrJIOBblMH pacnpe.QeJieHHJIMH 3a.QaH­

HOro BH.Qa. MOJlH<PHKaUHl-i no.QBeprnHCh CJieJl)'IOIUHe pe­

)1(11Mhl: 

"IlpoCMOTp" - npeJIHa3HaLJeH JlJUI pa60Thl C oueHeH­

HhlMH H 3KCnepHMeHTa.JlhHhlMH .QaHHhJMH. }].aHHbJe no )l(e­

JiaHJ-uO nOJlh30BaTeJUI npe.QCTaBJIRlOTC.Sl KaK B Ta6Jil1'-IHOM, 

TaK 11 B rpaq>H'ieCKOM BHJle; 

"OueuKa" - n03BOJUleT C03.QaBaTh CBOIO oueHeHHyIO 

KpKB)'IO - crpoHTb HOBhlH crmai1H. Ilp11 3TOM HMeeTc.SJ BOJ­

MO>KHOCTb pe,UaKTHpOBaTb 3KCnepH.MeHTaJibHble ,naHHb1e: 

11.crrpaBJUITb oum6o•rnwe 11. 3a,1:1aeaTb ow116KH oueHKl1. 

KpoMe Toro, nOJlh30BaTeJlb MO>KeT BB0Jll1Tb HOBble )laHHbie, 

B TOM '-111CJie H CBOH. K ape)l(HHM B03MOlKHOCTl!M oueHKl1 

no6aeJJeHO rrpe,llCTaBJJeHH.e JaBHCHMOCTH ceqeHHJI OT yrna 

(JlJUI <PHKCHpoeaHHOH 3Heprn11) B BH)le pa3JIO)l(eHHJI no 

nommoMaM Jle)l(aHJJ:pa; 

"3KcoepHMCIIT3JlblfblC Jl3Hllble" - noJBOJIReT pe­

,llaKTHpoeaTb Hmi BBO,llHTb HOBble ,llaHHbJe JlJUI peaKUHH, 

)')Ke np11cyTCTB)'l01UHX B SaBa; 

"HoBaH peaKQHll" - ape.Ll)'CMOrpeH JlJUI BBO.Qa HOBOH 

peaKUHl-i. 

B OCHOBHOM OKHe SaBa JlHq>cpepeHUHa.JlbHble ceLJeHHJI B 

3aBHCHMOCTH OT 3HeprHH. 11 yr11a rrpe,llCTaBJJlllOTCll oco6bIM 

3Ha'iKOM, H306p3.)l(aJOIUHM BhlJleT rrpO.Ll)'KTOB peaKUHI,f B pa3-

HhlX HarrpaeneH.H.JIX, 11 06oJHa'-leH11eM SIG_DA (pHc. 4). 
BBO)l WHJIH pe.QaI<THpOBaHH.e )laHHblX MO)l(eT npOHC­

XOJlHTb C HCllOJlh30BaHHeM O,llHOro H3 JlB)'X HCTO'iHHKOB 

3KCnepKMeHTaJJhHblX )laHHbrx: 3anHCaHHblX B cpopMaTe 

EXFOR HJIH 113 npoH3BOJlhHOro Texcroaoro cpaHJJa. Oc­

HOBHbJM C'lHTaeTCll BBOJl HJ EXFOR, TaK KaK OH conep)l(HT 

)laHHbie, orry6JIHKOBaHHble JlJUI WHpOKOro pacnpocrpaHe­

HHJI. OKHo ,!lJ1JI pa60Tb1 c cjJaHJJOM EXFOR rrpe,1:1cTaBJieHo 

Ha pHC. 5. 
EXFOR Mano rrpHcnoco6neH JlJUI aeToMaTJ,flieCKOH 

o6pa60TKH, n03TOM)' H)')i(Hhle )laHHhle H3 cpaHJJa H3BJleKa­

lOTCll nOJlb30BaTeJieM C noMOIUbiO MblWH. B cpaHJJe )'Ka3bl­

BaeTCll, ,llaHHbJe KaKOrO CTOJI6ua npe,llCTaBJ!lliOT -ry Hmt 

61 

1111y10 BeIDl'lHH)': yron, 3Hepr1110, ceLJe1111e 11 npoYee. Tiocne 

3Tl1X )'Ka3aHHH CTOJ16Ubl qiaHJJa OKpaw11ea10TC.Sl B pa311Hl.f­

Hble )'CJIOBHble U.BeTa, '-!TO n03B0JllleT nerKO )'JlOCTOBepHTh­

Cll, apaBHJJbHO mt onpe,1:1eneHa crpyKTypa naHHhlX. Ilepen 

nepeCb!JlKO.H )laHHblX e 6H6JlHOTeKy SaBa MO)l(HO nepeeec­

TH 3KcnepHMeHTaJibHbJe naHHble B CHCTeMy e,UHHHU, npH­

HJIT)'lO e SaBa: Cel.felille e M6/ cp, yrJihl - e rpa.nycax e CHC­

TeMe ueHrpa Mace, :>tteprHJ1 - e M3B. 

Bee)leHHhJe ,uaHHble OT06pa)l(aJOTCll B apaBOtt CTOpOHe 

OKHa B Ta6JIHUax H Ha rpacp11Ke. B rn6n11uax MO)l(HO HC­

npaBJll!Th '-IHCJIOBhle )laHHbJe, eCJIH OKa)l(eTCll TaKaJl Heo6-

XO)lHMOCTb . 

OKHO JlJUI BBO)la HJ TeKCTOBOrO cpaiina npe.uCTaBJieHO 

Ha p11c. 6. <l>opMaT cjJaHJJa JlOCTaTO'iHO cao6o.n.eH: e,UHHCT­

aeHHOe rpe6oeaH11e, '-IT06h1 .uaHHb1e pacnonaran11c1, no 

CTOJI6uaM. IlopJJ.UOK CTOJl6UOB HeB3)KeH, e Ka'-leCTBe pa3Jle­

JJHTeJieH MOryr 11cnoJlhJOBaTbCM npo6eJlh1, JanJJThle, TO'iKH 

C 3anJJTOH l1 Cl1MaOJibl Ta6yJIRUHH. KaK BH,UHO H3 pHC)'HKa, 

cpaHJJ MOlKeT CO.Qep)l(aTb OIIHCaTeJlhH)'IO HHq>OpMaUJ-uO. He 

3aKpb1BaJI OKHO, MO)l(HO BBO)lHTh CKOJJbKO yro,UHO Ha6opoa 

,uaHHhIX, nepeMe)l(aM eao,u 113 EXFOR BBO.UOM HJ TeKCTO­

abIX cpaHJJoa, HCnOJlh3)'ll KHOITKH "Exfor" H "TeKCT11
• 

3aBHCHMOCTH Cel.feHHJI OT yrJia JlJUI Ka)l(JlOH :>HeprHH 

CTPO.SlTCll a a),!Jle pll,Ua DOJJl1HOMOB Jle>KaH.upa. 3-ro npOH3-

BO)lHTCJl a OKHe, OTKpbJBa101UeMCll nocne H3.)l(aTHJI KHOilKH 

"Ou.euKa" (cM. p11.c. I). Ilp1161111)1(eH11e crpo11.TCll e Jae11.­

CHMOCTH OT KOCHHyca yrna. KpoMe Toro, cel.feHHJI peaKUHH 

yrrpyroro pacce.11HHJ1, 06pauia10m11.ecl! e 6ecKoHeLJHOCTh 

np11. 0°, ,ueJlllTC.SJ Ha ce'ieHHe Pe3epcpop.ua JlJUI ycrpaHeHHJI 

)TOH 6ecKOHel.JHOCTH . .[lJUI CHMMerp11'iHhlX pacape,ueneHIDi 

npe,nycMorpeHa B03M0)KHOCTh CTPOHTb npH6lliDKeHHJI C 

nOMOIUbiO TOJlhKO ITOJIHHOMOa 'ieTHOH CTenem1. Ilp11.6JIB­

)l(eHJ1e crpOHTC.Sl no MeTOJlY Ha11.MeHbWHX KBa.QpaTOB, B 

Kal.JeCTBe eecoa 6epyTCll o6paTHble BeJJH'-111.Hhl KBanpaTOB 

3KCnepHMeHTaJibHhlX OlllH60K. 

He l1CnOJJb3)'eTCll HHKaKoro aJITOpHTMa HaXO)KJleHH.Sl 

CTeneHH nOJlliHOMa. KaK TIOKa3aJI OTihlT, ace TaKHe aJJrO­

pHTMhl He,noCTaTO'-IHO Ha.Qe)l(Hbl 11 ace paBHO rpe6yJOT KOH­

TPOJUI co CTOpOHhI oueH1UHKa. TaK KaK nocrpoettHe noJI11.­

HOMa Ja,uaHHOH CTeneHl1 rrpOHCXOJlHT nO'-ITH MrHOBeHH0 

H pe3)'JlhTaT cpa3y lKe abl.QaeTC.Sl Ha rpacpHK, TO oueHLUHK 

MOlKeT nerKO Bht6paTb H)')KHYIO CTeneHb, )"lHThIBaJJ TaK)l(e 

BbI,naeaeMhle 3Ha'ieHHJI x.2. 
Ha p11c. 7 mo6pa>KeHo OKHO "Oue11Ka" B npouecce 

nocrpoeHHR np116JJHlKeHHJ1. 

Pe)l(HM "IlpoCMOTp" IT03aOJllleT ablTIOJJHl!Tb ace Te )l(e 

QJ)'HKU11.H, 'iTO H JlJUI OCTa.JlbHhlX THTIOa ,llaHHbIX: nepe,uayy 

Ta6IIHU naHHhlx a TeKCTOBhIH cpaHJJ, crpaHl1Uy Excell HIDI 

cpaHJJ Word; aepe.na'-1)' rpacpHKOB B Word; Bbl)J,a'-Iy K03q>­

cpHUHeHToa pa3JIO)l(eHHJI; Bhl'-IHCJJeHHe Ta6JUIU no HMe10-

1UeM)'CJl pa3JJO>KeHHJO; apeMeHHblH eao.u )laHHbIX 113 TeK­

CTOBOro cpaHJJa JlJUI cpaeHeHHJI c HMe101UHMHc.11 a SaBa. 

0TCyTCTB)'eT TOJlhKO cpaBHeHHe C npH6JIH)f(eIDIJIMH 11.3 ,npy­

r11X 6H6JJHOTeK, TaK KaK Mbl He o6Hap)')l(HJJl1. TaKOabIX. )].aa 

CTIHCKa: "ABTopw" H "3ueprHH" IT03B0JJ.Sll0T BhI6paTb HJ 

acero MHO)l(eCTBa .uaHHblX TOJlhKO HHTepeC)'lOIUHe KpHBble 

(p11c. 8). 

Pa6orn ahmOJJHeHa B paMKax npoeKTa MHTU K - 1128. 
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Y,llK 539.124.17 

PACCEHHHE (AHTll) HEHTPHHO HA 3JIEKTPOHE 
KAK TECT CT AH)J.APTHOH 3JIEKTPOCJIAliOH MO).(EJIH 

IO. H. PoMauoe 

MocKOBCKJ.1H rocy)lapCTBCHHblH yH1IBepc1neT JlH3aHHa H TCXHOJIOfHH, 

115998, MocKsa, yn. CaJlOBHH'ICCKaJI, 33 

IloJI)"leHl,I H npoam1JIHJHpOBaH1,J .lIHq>q>epemrnanbHlde H IlOJIHble ce'!eHRJI pacce,IHHll (aHTH) HeHT])HHO Ha :meKTpOHe Ha OCHOBe 
CTaH,llapTHOH :meKTpocna6oj;j MO,lleJIH H B HH3KO3HepreTH'leCKOM ( V- A)-npH6JIIDKeHHH. fuyqeHld CITHHOBbie 3q>q>eKTld. PacCMOTpeHbJ 
opHeHTaUHH BeKTopoe HMnym,COB Heih'paJibHLIX nemoHOB B,llOJib H npoTHB BeKTopa cnHHa ::ineKTpOHa-MHWeHH (OT,lla'IH), a TaJOKe cny­
qaj;j B3aHMHOH nepneH.lIHKY1IllPHOCTH 3THX aeKTopoB. 

THE (AHTI) NEUTRINO ELECTRON SCATTERING AS A TEST OF STANDARD ELECTROWEAK MODEL/ 
Yu. I. ROMANOV/ The differential and total cross section for elastic (anti) neutrino-electron scattering are derived and analyzed on the 
basis of the standard electroweak model and the low-energy (V-A)-mechanism for diagonal lepton processes. The orientations of the 
neutral lepton momentum and the final electron along or opposite to the polarization vector of the target (recoil) electron are analyzed. 

TeopeTH'ICCKOe H 3KCnepHMCHTaJlbHOe H3yqeHHe cna-

6b!X B3aHMOJlCHCTBHH JICnTOHOB TIOJI)"IHJIO WHpOKOe pa:3-

BHTHe. 11.ttTepec K 'IHCTO JICTITOHHblM npoueccaM o6ycnoB­

JieH MHOfHMH npH'IHHaMH, cpe.u.1:1 KOTOpbIX BO3MO)KHOCTb 

nposep!U1 MOJlCJlbHblX npe.u.crasneHHH Ha KOJIH'ICCTBCHHOM 

ypOBHC. 

no cospeMeHHbIM rrpeJlCTasneHIDIM ynpyroe pacce.11-

HHe MIOOHHOfO (aHTH)HCHTPHHO Ha 3JJCKTPOHe o6ycnoane­

HO HCHTPaJibHblM TOKOM, a )JJCKTPOHHOro - COBOKYIIHO­

CTblO HCHTPaJlbHOfO H 3apJDKeHHoro TOKOB. B HH3KO3Hep-

feTH'ICCKOM npH6J1IDKeHHH ( Ev << mw,z) , KOr)la B npona-

raTOpe BHpryaJJbHOfO 6030Ha ( m~z) - q~z) rl MO)KHO 

npette6pe'lb 3Ha'leHHeM KBa]lpaTa 4-HMll)'JlbCa, nepeHOCH­

MOro BHOHOM, no cpaBHCHHIO C KBa)lpaTOM ero MaCCbl H 

3q>q>eKTHBHblH TOK-TOKOBblH narpaIDKHaH HMeeT BH)l 

+(gy -gA)2 (1-y{(l-y)-( ny -!: )Tle )+ 
+(ci -c~)(,(,•.k ~)-;:ii,)} (2) 

IlpHH.IITbl CJJCJlYIOil.Ule o6o3Ha'leIDIJI: ny = Pv /Ev, Ev H 

l.vvl - 3Heprn.11 H HMIIym,C Ha'laJl1,HOro HeHTpHHo; TH !Pel -
KHHeTH'JCCKaJI 3HCprIDI H HMfiYJlbC JJJeKTPOHa OTJla'IH, CB11-

( I) 3aHHble C yrnoM ero BbIJieTa (a,) COOTHOWeHIDJMH: 

y-pacrrpei1eneHID1 KOHe'!HblX JJJCKTPOHOB rrpH ve-pacceJ1-

HHH orrpe.llCIDIIOTCJI Bblpax<eHIDIMH [ I J:° 

• B pa6oTe [I] npe.11CTaeneHld y-pacnpe.11eneHHJ1, npH pac'!e-

2 / 2 Te KOTOpLIX yqTeHld nonpaBKH nop1l,l1Ka qw(z) mw(z) B aMnnHTy-

.lle ve-paccellHHJI (CM. <l>OPMYRbl (2) H (5) 3TOH pa6oTld). 
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ao ={2G2me)/rr, me - Macca JJJCKTPOHa; fle(ii~) -
e)lHHH'IHblH BCKTOP nOllilpH3auHH 3JJCKTPOHa-MHWCHH ( OT­

.u.a1rn); y = T/ Ev orrpe.lleJJJleT JlOJJJO JHeprHH, nepe.llaHHoH 



HeH1'paJlbHblM Jle!lTOHOM 3apsnKeHHOMY B npouecce pac­
ceSIHHJI. 

CornaCHO (2) H (3) B 4aCTHblX CJlY4aSIX 83aHMHOM 
opHeHTaU11H BeKTOpOB HMilYJlbCOB HeH1'pHHO H KOHe4HOro 
3JleK1'pOHa OTHOCITTeJlbHO cmrna 3JleK1'pOHa-MlillJeHH ( OT­
,ua4H) y-pacnpe.ueneHHJI CBSI3aHbl COOTHOWCHHJIMH, OAHO 113 
KOTOpblX HMCeT BH,u 

Bse,ueM ero CHMBOJIH4eCKYJO JaID!cb: 

Komr4eCTBeHHbIM aHaJIH3 (3.n;ecb H B ,UaJibHCHlllCM co­

rnacHO SM rrpH sin2 ew = 0,23) [2] YKaJhrnaeT Ha pa3JllfLI­

HhIB xapaKTep JaBHCHMOCTH .UH<pcpepeHUHaJihHbIX ce'!eHHii 

V µ e - H Vee -pacceSIHHH OT 3Heprnii Ha'laJibHOrO HeH1'p11HO 

H 3JieK1'pOHa OT.D;aTfl! ,uJlSI OTMe4eHHhIX opHeHTaUHM HM­

rryJlbCOB H cnHHOB JJelTTOHOB. TaK, HanpHMep, eCJIH £., = 
= 10 M3B, TO c YMeHbWeH.HeM KHHe1WiecKoii 3HeprnH (7) 
3neK1poHa OT 9 ,02 .no 0, 12 M3B, qro cooTBeTCTBYeT HJMe­

HeHHJO yrna a OT 5 .uo 70°, cornaCHO q>OpMyne (2) Tfl!CJJeH­

HOe JHatJeH11e dcrv.e / dy (3.n;ecb H B .UaJlbHeiiweM B e.n;HHH-

uax cro) MOHOTOHHO YMeHhWaeTCSI OT 12,05 .n;o I 0,67 s cny­
qae ( +, 0) -opHeHTaUHH, OT 6,81 .no 5 ,89 s CJJY4ae ( 0, - ) 

11 ysenwrnsaeTcSI OT 3,71 .n;o 5,8 B CJIY4ae (O,+) (pwc. I), 

(+,+) + (-,-) =2 (0,0). 
(4a) a dcrvµe/dy YMeHbWaeTCSIOT 1,4.uo l,29npH (o,+)-opH-

8 CK06Kax npe.ucraBnem,1y-pacrrpe.ueneHHJ1 npH opHeHTa­
UHM HMnyJlbca HCHTJ)HHO (CHMBOJl cnesa OT JallilTOH) H 
KOHetJHoro 3JleK1'pOHa (crrpasa OT 3allilTOH) B,UOJlb (3HaK 
"nn10c") HJlH npoTHB (''MHHyc") seKTopa cnMHa :rneK1'pOHa­
MHlllCHH (oT.n;aTfl!). CHMBOJI "0" COOTBeTCTByeT CJIY4aJO 
nepnett.uMKYJ1SIPHOCTH seKTopos. McnoJlb3YSI 3TH 060JHa­
qeHID1, JaITMweM ,upyrMe COOTHOUJeHIDI, K KOTOpblM npHBO­
.D;SIT cpopMym,I (2) 11 (3): 

(+,-) + (-,+) =2 (0,0); 

(+,+) + (+,-) = 2 (+,O); 

(+,+) + (-,+) = 2 {o,+); 

{+,-) + (-,-) = 2 (0,-); 

(-,+) + (-,-) = 2 (-,0). 

(46) 

(4B) 

(4r) 

(4.n;) 

(4e) 

eHTaUIDIX 11 ysemrTfl!BaeTCSI OT 0,88 .n;o 1,45 npH ( +, 0) , OT 

0,65 .no 1,05 npH (-,0) 11 OT0,12.uo 1,2 npH (0,-) . 

BmlJIHHe TTOJ1SlpH3aum1 3JieKTJ)OHa OT,Ua'IH MO)KHO 
oueHHTh nyreM aHaJIH3a OTHOWeHHJI .UH<pq>epeHUHaJlbHOro 
ceqeHHJI (3) K y-pacnpe.uenettmo HenomrpH30BaHHbIX 3JJeK­

TPOHOB 

dave £., 
--=-X 
dya0 4 

x[(gy + gA)2 +(gy-gA)2 (1-y)2 -(gi-g~)?]. (5) 

14 

12 

SM, Tle 
(+;0) 

10 

----------
4 

2 

0 

0,98 

--30 

0,22 

a na6 , rpan 

60 90 

0,03 0 y 

PHc. I. y-pacnpe.neneHHJI 3JleKTp0H0B 0T,ll3'iH rrpH pacceJIHHH 3Jlb-HeHTJ)lfH0 (v.) H3 IT0J1JlpH30B3HH0M 3JleKTp0He-MHWeH1! 
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Ecm1, HanpHMep, Ev = l fJB, TO B cny'-!ae vµe -pacceJI­

HJ,IJI OHO 11'.3MeHJleTCJI HeJHa'-111TeJlbHO, MOHOTOHHO B03pac­

TaJI np11 ( +, + ) - 11 ( -, + )-op.11eHTaUl1JIX OT 0,36 (T = 
= 117,7 MJB, a = 5°) .no 0,52 (T = 0,14 MJB, a = 70°) 

11 OT 0,2 )J.0 0,37, a np11 ( +, - )- 11 (-,-)-op11eHT8U.HJIX y6bl-

BaJI OT 0,8 )J.O 0,63 .11 OT 0,64 )J.O 0,47. 8 cnyqae )Ke vee­

pacceJ1H11J1 o6cy)l(.naeMoe OTHorneH.11e yaen11q.11aaeTCJ1 OT 

0,08)).o0,63 (+,+) .11yMeHbUiaeTCJIOT 1,81)J.01 ,19 (+,-) , 

OT 0,92 .!lO 0,37 (-,-). 

"CTaH.napTHoe" (SM) y-pacnpe.neneH11e (ce'-!eHHe (5)) 
(CM. pHC. 1) npaKT11'-1eC1ill He 113MeHJleTCJI C yMeHbWeHl1eM 
Kl1Hen1'-leCKOH JHeprn.11 :)J]eKTpoHa (c pOCTOM yrna a) KaK 

np11 v ee -, TaK 11 vµe -pacceJIHHH. Cna6b1H 113JlOM npe.ncKa-

JbIBaeTCJ1 TOJlbKO np.11 yrnax pacceJIHHJI MeHbWe 30°. 
TaK KaK J<pcj>eKTHBHbie KOHCTaHTbl CBJl3H HeihpanbHO­

ro TOKa JneKTpOHa onpe)J.emuoTCJI qepe3 ":meKTpocna6b1H 
YTOJl CMeUJHBaH11J1 11

, TO OH MO)l(eT 6bITb onpe.neneH nyTeM 
conocrnaneH11J1 .n11<p<pepeHuHanbHoro ceL1eH11J1 (5) c :JKcrre­
p11MeHTanbHb1M11 ,n:aHHhlMH. Ta!illM o6paJOM, B pe3ynhTaTe 
npeuHJHOHHoro 113MepeHIDI y-pacnpe.neneH11J1 JJleKTpOHOB 
B03M0)1(Ha npoaepKa MO)J.eJlH Ha KOJlH'-leCTBeHHOM ypoBHe. 

0)1.HOH l-1.3 B03MO)KHOCTeH JKCnepHMeHTanbHOH npo­
aepKH rrpe.ncKa3aHl1JI SM o TOM, '-!TO HeHTpanbHbie TOKH 
.UHarOHanbHbl no apoMaTaM, JIBJIJleTCJI H3Y'-!eHHe HHTep<pe­
peHU.H.11 "3apJ1)1(eHHoii" 11 "HeiiTpanbHOii" aMilJlHTy.n a ynpy­

rl1X v ee - H v ee -pacceJ1H11J1X. 

KoM61rnau11H KOHCTaHT, BXO,!(Jlll{HX B !pOPMYJlbl (2), 
(3) 11 ( 5), HMelOT cne.ny10mHii a11,n:: 

A µ = ( g~ + g~ )2 ; 

A e= [(g~+1)+(g~+1)J2 = Aµ+4(g~+g~)+4; 

Bµ =(g~ - g~r , Be = [(g~ +t)-(g~ +1)J2 = Bµ; 

Cµ = ((gv r -(g~r) ; 

Ce = [ ( gv + Ir -( g~ + l r] = Cµ + 2 ( gv - g~) . 
TaK KaK g~ = -1/2 + 2sin

2 
0w, g~ = - 1/2, TO np11 

sin2 0w = 0,23 DOnY'-!aeM 

Aµ =(1-2sin2 0wr ;;0,29, Ae=(t+2sin
2

0w)2 ;;2,13; 

Bµ =Be= 4sin
4 

0w = 0,21; 

Cµ = 2sin2 0w{2sin
2 
0w-l) ;;-0,25; 

Ce= 2sin2 0w( 2sin
2 

0w +I)= 0,67. 

B Bb1pa)l(eHHH .!lJlJI Ae cnaraeMbte Ne = Aµ = 

== ( g~ + g~ r , C, = 4 11 21 = 4( g~ + g~) onpe.neJIJIIOT 
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BKna)J.bl B ce'-!eHHJI Vee - 11 Vee -pacce.RH}IH COOTBeTCTBeHHO 

HeHTpanbHblX, 3apJ1)1(eHHblX TOKOB .11 HX 11HTep<pepeHUHl1. 

0HH CBll3aHbl coOTHowemieM I = JN": ,Jc;= 
= 2 ( g~ + g~) . 8 paMKaX CTaH)J.8pTHOH Mo.nen11 BKna).l 

"HHTep<pepeHU110HHOro" cnaraeMoro a Ae OTpHUaTeneH 110 

ee;wnrne: 4( g~ + g~) = - 2, 16. B BbIpa)l(eHJrn J.lJill C, 

Hap.11.ny c "HeHTpanbHbIM" cnaraeMblM Ne = Cµ = - 0,25 

npHCyTCTBYeT 1111HTep<pepeHUH0HHOe" 2( g~ -g~) = 0.92. 

Bmuurne :noro cnaraeMoro MO)l(eT npoJ1BHTbCJ1 n11wb rrp1-1 
ManblX ;)Heprl1JIX Ha'lanbHOro (aHTH) HeHTpl1HO. 

OueHHBaJI pa3Jlll'-!He B npe)J.CKaJaHHJlX CTaH.napTHOH 
MO)J.enH H (V- A)-onwcaHH.11, uue,n:eM OTHOUieHHe 

Ki = (davee J /(davee J , 
dy SM dy V-A 

xapaI<TepIny10mee CC-aKna)J. (W-;.uiarpaMMa ) B vee -pac­

ce.11H11e. 8 HeM 'l11cn11TeneM J£BJIJ1eTCJ1 y-pacnpe)J.eJreHwe ( 5 ), 
a 3HaMeHaTeneM - ero '-1.aCTHblli B11.!l B (V- A)-np116J11i)l(eH11J1 

(gv = gA = I): 

(5a) 

C yeenH'-leHHeM YTna Bb!JleTa JneKTpOHa ( C yMeHbWeHHeM 
ero KHHeTH"'!eCKOH JHeprn11) OTHOWeHHe K, B03pacTaeT. 

np11HHMaJ1 npH n, 6nH3KHX K 90°, JHa'leIDle, onpe.nenJ1eMoe 

KOM6HHau11eii KOHCTaHT ( ( gv r + ( gA )2) /2 = 0, 59 , He-

3ilBHCHMO OT Ha'lanbHOH JHepnrn HeiiTpHHO. "CrapToeoe" 
3Ha'le1-me, COOTBeTCTBy1Q11Iee a. = 0°, yeenH'!HBaeTC.11 C ee 

poCTOM 11, ttanp11Mep, B CJIY'laJIX Ev = 0,3 1,0 11 3,2 MJB 

(T = 0, 17; 0,8 11 2,93 MJB) paBHO COOTBeTCTBeHHO 0,39; 
0,47 11 0,51, HO npH Ev ~ 10 MJB CTaHOBHTC.11 nocTO.!IH-

HblM: ((gv)2 +(gAr)/4::0,53. B KpaHHe peJlJITHBHCT­

CKOH 06nacT11 ( Ev >> me) nepexo.n: OT :JToro 3Ha'!eHHJI 

K npe.nenbHOMY (0,59) peanHJyeTc.11 ~e np11 YTJie BhIJJern 
:rneKTpOHa, paBHOM 5°. 

Ilp11 JaMeHe B (2) 1-1. (3) gA ➔ -gA 11113MeHeHHH 3Ha-

Ka nepe)J. cnaraeMbIMH, co,!lep)l(al.l.{11MH iie H ii~, HMeeM 



3TH cpopMynbl Ta!Ol(e rrpHBO.D,JIT K COOTHOWeHIDIM ( 4a)­
( 4e). )].mi HenomqJH30BaHHblX :rneKTJ)OHOB 

dove Ev 
--= - X 
dyo0 4 

x[(gy + gA )
2 (! - y)2 +(gy -gA )2-(g; - g~ r;:e] • (8) 

KaK H e cn)"{ae v e -pacce.11HID1, non)"{em1e HHq>OpMau,1111 

. 2 e 0 napaMeTpe Sill III B03MO)f(}{0 ITYTeM npeU.H3HOHHOro 

mMepemur ,nwcpq>epeHI..\HaJibHOro ceqem,1.11 (8). 
IIpOHJIJilOCTpHpyeM 3aBHCHMOCTb q1-1cnemn,rx 3Haqe­

Hl1H dove/dy OT op11eHTau.11w BeKTopoB nv 11 Pe OTHOCW-

TenbHO iie (ii~) (p11c. 2) Ha rrp11Mepe y-pacnpe,nenel:Ol.ll 

npO.D,OnbHO ll0n.!!p1130BaHHbIX 3neKTpOHOB OT,naqw ( cpopMY­
na (7)). EcJIH Ev = 10 M:>B, To c )'MeH&wemteM Kl1HeTI1-

qecKoi1 :mepnrn :>neKTpOHa OT 7,34 M:>B (a. = 10°) .no 

0,12 M3B (a. = 70°) dovee / dy .D,nR (+,+)-op11eHTau.1-1i1 MO-

HOTOHHO yeeJlWlll.BaeTCJI OT 0,49 .no 3,68. B Cn)"{ae )KC 
(+,- )- 11 (-,- )-op11eHTaUHH ero yeemNeHMe OT 9,5·10-3 .no 
6,77 11 OT 0,36 .no 2,05 conpoeo)KJ:laeTcll nosumemreM MaK­
CHM)'MOB, paem,IX cooTBeTCTBeHHO 7,44 (T = 0,61 MJB, 

a. = 50°) 11 3, 17 (T = 0,84 MJB, a. = 45°). 3HaqeH11e 

dovµe jdy rrp11 Ev = JO f:>B 11113MeHemrn TOT 32,76 MJB 

6 

( 0. = 10°) .D,O 0, 14 M 3B ( 0. = 70°) MOHOTOHHO B03pacTaeT 
OT 5,32-102 

.D,O 6,61-102 (+,+) 11 OT 3,32-102 
.D,O 4,61 -102 

(-,+); (+,-)- , H (-,-)-op11eHTau1111 np11BO.D,.11T K ero )'MeHb­
weHHIO OT 9,2 I. 102 .no 7,97-102 HOT 7,2 I · I 02 .no 5,97-102

. 

Bee,neM no attanorn11 c K1 OTH0I11ett1-1e y-pacnpe.ne­
neHHM HCITOn.!ip1130BaHHblX KOHe'l!HbIX JneKTpOHOB npH 
v ee -pacceJ1:H1111 

K2 =(doveeJ /(dovee ) , 
dy S'M dy 

V-A 

B KOTOpOM q11cn:11Tenb onpe,nen.lleTC.11 cpopMYnOH (8), a 3Ha­

MeHaTenb - ee qaCTHbIM ( V- A)-e11,noM (gv = gA = l): 

do-
____.:!.L = E.; ( I - y )2 . 
dyo0 

(8a) 

Haml'-!11e COMHO)K]ITeJUI 1/ ( I - y )2 B BbrpIDKeHHH .D,n.11 K2 

rrpHBO.D,11T K ero B03paCTaHHIO C )'MeHbIIJeHHeM yrna Bbille­
Ta 3fleKTpOHa. Otto CTaHOBl1TC.II 3Ha'fHTenbHbrM, Kor.na 
3HeprnH JneKTpOHa OT.D,a'l!H 11 Ha'l!aJibHOro aHTWHeHTpHHO 
OKa3&ma10Tc.11 6n113Kl1MH no een1-1q1-1He. Tax, rronarrur Ev = 
= 10 M3B, non)"{aeM, TTO K2 paeHo 0,78, ecJU1 T = 
= 5,55 M 3B (o. = 15°), Ho np11 T = 9,02 M 3B (a. = 5°) 
1-1 ITp11 9,75 MJB (a. = 0°) rrpe,ncKa3blB3eTCJI paBHblM COOT­
BeTCTBeHHO 5,26 11 72,28. Ecilll T << E.; , TO paccMaTpH-

eacMoe OTHOWCHHe, KaK H B Cn)"{ae Vee -pacceJIHIDI, paBHO 

non:yC)'MMe KBa,npaTOB KOHCT3HT gV 11 g~ . JTHM )Ke 3H3-

qCHWeM (0,59) OHO onpe,nen.lleTCJI 1-1 B Kp3HHe pemrmBWCT­
CKOM rrpe.nene. 

(+;- ) 

( - ;- ) 

2 

+--.......,::-4- ~~--,-- ~ ~--,-- ~-.---,--~-.---,--~-.-~~ 0.Jta6, rpa.n 
o ro w ~ 

0,98 0,22 0,03 0 y 

P11c. 2. B m tJIHHC nonllpH3a1.um 3n CKTpOHOB OT.l{alJH Ha HX y-pacnpe.11eneHHJ1 npH pacceJIHHH aHTH'.)nb-HCHTJ)lfHO (Ve) 
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YrnoBoe pacnpe.ne11ett11c :)Jie1<TpOHOB oT.naCJ11 npw ve -

pacCCllHJ1H B HJ13K03HepreT11'-1eCKOM npH6JIJ1)1(eHJ1H OnMCbl­
BaeTCll <pOpM)'JION 

dcr _ 4( Ev+ me )2 Evme cos a. . 

d cos a. cr O - [ 2 2 2 ] 2 ' 
( Ev + me ) - Ev cos a. 

{ gz ( Ev + Pv iie) + g}Fi (Ev' a.) X 

x[ EvFi ( Ev, a ) - (Pv - Pe )iie] + 

+ glgR [ F2 (Fv, a ){jjv iie -me )- Peiie ]} ; 

F, (E )
- {Ev +me f - Ev (Ev +2me)cos

2 
a. 

I v ,a -
2 

, (9) 
( Ev +me) - E~ cos2 a 

2 
p. ( E a) = 2Evme cos a 

2 v • 2 2 2 
( Ev +me ) - Ev cos a 

ITpH gA ➔ - gA H 113MeHeHJ111 3HaKa nepe.n cnaraeMblMH, 

co.nep)l(fill.lHMH iie, 113 (9) nonyrneM Bbipa)KeH11e .!lJUI 

dcrve /( d cos acr0 ) . 

3aIJJ1rueM <jJopMyny (9) 6e3 yqeTa noJU1pHJau1111 3JieK­
TpOHa-Mi,mremr B KOMnaKTHON <pOpMe, HCnOJJh3Yll o603Ha-

'-leHW! ro=Eq/me, ro0 =(ro + l)/ro 11 croe= crome: 

dcr 4ro5 cos a 

d cosacroe 
2 x 

( ffil - cos
2 a) 

{ r ]
2 

2 ro+2 2 
ro0 - --cos a. 

X gl, + g~ (J) 

ro5 - cos2 a 

(9a) 

B KOHTaKTHOM ( V- A)-np116JIH)KeH11H 

d crv e 4ro5 cos a --- - =--~---
dcosacroe ( 2 2 )

2
' Wo -COS a. 

(10) 

d crv e 4co5 cos a. ( 2 co+ 2 2 )
2 

(l ) 
= ( 

2 2 
)4 ro0 --co cos a. . 1 

d cosacroe 
co0 - cos a 

CpaBHJ1BIUI ( 10) 11 ( 11 ) , npHXOJIHM K BhlBOJIY, '-ITO npH 
CO >> J yrnOBhle pacnpe.neJieliHj{ KOHe'-IHblx 3Jiei<TpOHOB 
COBna.na10T. O.nHaKO B o6JJaCTl1 MeHbWHX, B '-laCTHOCTH, 
"coJIHe'-IHblX11 3Ha'-leHJ.rn :mepnrn HCHTpaJil,HhlX JienTOHOB 
ax xapaKTep paJJllil.leH. Ynpyroe ve -pacceirn11e xapaKTe­
pH3yeTCll Y3KOH .n11arpaMMON HanpaBJieHHOCTl1 :)Jiel<TpOHOB 
OT.lla'-111, .ll11Cp<pepeHU11aJihHOe ceqem,,e (10) HMCeT nHK 

B HanpasJieHHl1 HMnyJlbca Ha'-laJibHOro HettTpHHO. OHO MO-
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HOTOHHO B03pacrneT npn ysen11'-1eHJU1 CO H pe3KO y6b1aaeT 
c pocTOM yrna a&rnern :rnel<TpOHa. Yrnoaoe pacupe.neneHne 
3Jiel<TpOHOB B Vee -pacceHHHH 11MeeT MaKCIIMYM, np11 Ma­

JIOH :rnepnrn ~Ia'-laJlbHOro aHTHHeHTplfHO 3Ha'-IHTeJibH0 OT­
CTOHlUIIII OT HanpasJieHH$1 ero .llBJl)KeHHH. C yaeJJJ1'-1eHJ1eM 
:meprmt OH CMemaeTCll 8 CT0poHy MeHbllJl1X yrnoB BbJJJeTa 
3JJel<TpOHa. 

Oco6eHHOCTH yrJJOBblX pacnpe.neneHJ,UI, npe.ucKaJbl­
aaeMble (V- A)-1eop11ei1, HMelOT MeCTO 11 B paMKax CTaH­
.uapTHOH 3JJel<TpOCJia6oi:i MO.lleJIH. CornaCHO (9a), Ha□pH­

Mep, dcrvµe /( d cos acroe) np11 yaeID1'-lettu11 a OT 5 ,uo 70° 

MOHOTOHHO yMeHb11JaeTCll OT 26,57 JJ.0 0, 19 (Ev = IO M3B) 

11 OT 6, 13-!03 .llO 0,22 (Ev = 1 r3B). dcrv~ /(dcosacroe) 

np11 yMettbWett1111 OT 1,44 .n.o 0,67 ( Ev = 3,2 M 3B), OT 

17,51 .llO 0,89 (Ev = 10 MJB) 1-1 oT 184,6 .n.o 0,98 (Ev = 

= 31,6 MJB) 11MeeT MaKCHMYMhl, paBHbJe COOTBeTCTBeHHO 
3,04 (a. = 27,5°), 22,2 (a. = 15°) 11 199,8 (a. = 7,5°). Orno­
weHHll yrnOBblX pacnpe)leJieHl1H :>Jiel<Tp0HOB Ha OCHOBe 
.nayxMOJJ.CJlhHblX □pe.n.crnaneHHH 

K
3 4 

=(dcrve(ve)el /(dcrve(ve) e l 
() dcosa dcosa 

SM V- A 

a npe)leJie Eq >> me He JaB1tCHT OT yrna a 11 a cnyqae He-

nomrpH3oBaHHOH MHllJeHH onpe,neJU110TCll KOM611Hau11ei1 

KOHCTaHT((gt }2 +(l;if )/2= 0,59, a npH YlfeTe iie 

((+,+)- H (+,- )-opHeHTau1-111) - ((gt/ +(gAf)/4= 
: 0,53. 

PaJJIK'-IHble aapuaHTbl B3al1MHOH op11eHTau1111 BeKTo­
poa IJOJlllpH3aUllli JJie1<TpOHa-MHU1eH11 H HMnyJibCa Ha­
'-laJlbHOro HeHTpaJlbHOro nenTOHa (3Jiel<TpOHa OT.Ua'I.H) OKa-
3bJBalOT BJI11.l1Hl1e (p11c. 3-4)' H Ha yrJIOBble pacnpe)leneHHll 
[3]. TaK, eCJIH B cJiy'-lae pacCellHHll 3Jlb-HeHTpHHO Ha Heno­
llilpH30BaHHOM 3Jiel<TpOHe JJ.H<p<pepeHU11aJibHOe Ce'-1eH11e 
npli Ev= 10 M3B 11 a. = 5° paBHO 1,83-102

, TO .llJUI (+,+)-
11 (+,-)-op11eHTaUHH OHO 0Ka3blB3eTCll paBHblM 3,66-102 

H 4,74-102 COOTBeTCTBeHHO, a .llJUI (- ,- ) - Jllillib 0,47. OT­
HOllJeHHe d cr qe / d cos a , onHcwaaeMoe <jJopMynow (9), 

K yrnOBOMY pacnpe.n.eneHHIO 3Jlel<TpOHOB )lJlll He□Ollilp1130-

BaHHOH MHI1JeH11 (9a) B npe)lene Eq >> me He 3aBMCHT OT 

yrJia 0. 11 □pH (+,+)- H (+ ,- )-op11eHTaUIDIX KaK .D.JUI. vie, TIU< 

H v 1e -paccel!HHH onpe)lemreTCll KOM6KHauMeit KOHCTaHT 

• Ha p11c. 1-4 npe.acTaBneHbl yrnoB&Ie H y-pacrrpe.aeneHHJI 
K0HetJHblX :meKTp0H0B rrpu ve- 11 v e -paccellHHllX JlJUI pa3JIHlJ-

HbIX CJ!)"laeB opHeHTamm eeKTopoe HMITynbC0B uaqam.HhlX Heii­
TJ)aJ!bHblX nemoH0B (Eq = IO M:>B) H K0Heqttoro :>Jie1<Tpotta oT­
H0CHTen&Ho cmrtta :.meKTp0H3-MHIDeHH (oT,llatJU). TiymcTHpHbIC 
KJ)HBble - yrJI0BblC K y-pacnpe,lleJICHKll HenoIDlp!l30BaHHblX :meK­
TJ)0H0B (SM). 



( g~ + g~ )2 / ( ( g~ r + ( g~ )2). T. e. OKaJbIBaeTCJI paBHblM 

1,82 (vee w vee), 1,16 (vµe w Vµe),anpw(- ,+)-w(-,-)-

opHeHTaUJ,IJIX ( g~ + g~ )2 / ( ( g~ r + ( g~ )2), T. e. npw-

HHMaet JHatteHJ,IJl 0, 18 (vee w vee) w0,84 (vµe H vµe). 

K YKaJaHHblM JHatteHIUIM o6CY)K.llaeMoe OTHOllleHHe rrpw-

600 

500 

0 

0 400 
1j 
"' 0 
~ 300 

~ 
>"' 
f 200 

100 

0 30 

6moKaeTCJI C yaeJIH'l.eHHeM yrna a HeJaBHCHMO OT 3Hepnrn 
Ha<iaJJbHOro (aHTH)HeirrpHHO. Ho, ecJJH, HanpHMep, B cny­
qae (+,- )-opHeHTauHii, Kor.ua Ev = IO f3B, OHH .uocn£ra-

JOTCJI y)l(e npH a = 5° ( v ee) H npH a = 7,5° ( v µ e), TO .!lJlJI 

Ev = IO M3B npe.ucKaJhlBaJOTCJI Me.uneHHoe "cnon3aHHe" 

(vee) OT 2,65 (a= 0°) K 1,82 (a= 80°) w "no.aMM" ( vµe) 

OT 0,29 (a= 0°) K 1,)6 (a= 87,5°). 

SM, iie 

60 90 

PHc. 3. Yrnosble pacnpe.lleJJeHHJI JJJeKTpOHOB OT.lla'IH npH pacce,uurn JJib-Hei-iTpHHO (v,) 
Ha IlOMplI30BaHHOM JJJeKTpORe-MHmeHH (SM) 

60 

55 
T\e 

50 

45 

0 
40 tl 

V-A(+;+) 

d' 35 
Cl'l 
0 

i 30 

~ 25 
I>"' 
'-/ 

~ 20 

15 

10 

5 
a na6 , rpa.n. 

0 30 60 90 

PHc. 4. Conocrnsnem1e (V- A) - H "CTaH.!lapTHoro" yrnosblX pacnpeaeneHHH JJJeKTpOHOB OT.lla'IH 
npH pacce,rnHH aHTHJJJb-HeHTPHHO (ve) Ha Il0nJlpH30BaHHOM JJJeKTpOHe-MJffileHH; (+,+) - OpHeHTaUHH 
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no11ttoe ce4eHJ-1e v e( ve, g L tt gR) -paccellHHJl e 

o603Ha4eHltllX, rrpHHJITblX 8 (9a) MMeeT DH.I.I. 

2o>2 ( 2 2 4ro
2 

+ 6ro + 3 I l 0 = 0 oe21 gl+gR 
2 

-glgR-- .(12) 
ro + 3(2ro+ 1) 2ro + I 

OueHHBlUI eKJJa.n e Ov~ "npaeoro" cnaraeMoro, ttaXOJlMM, 

4TO, ttanpMMep, ,llilll Ev = 0,3 ; 1 M 10 MJB ero OTttowe-
e 

HMe K "neeoMy" ( ( gR / gf )2 = 0, 95) npe.ncKaJbJBaeTcll 

paBHblM COOTBeTCTBeHHO 0,55; 0,41 M 0,34. 8KJJa.n "neeo­

npaeoH" MHTepcpepeHUHM ((gR /gL) = 0, 32) npM Tex >Ke 

JHaqemurx :rnepnn1 paeeH 0, 15; 6,2-10-2 M 7,5· 10-3
_ 

}b ( 12) norryqaeM H3BeCTHbie Bbipa>KeHHJl ,llilll IlOJIHhIX 
( V- A)-ce4eHHH. Tip11 (I) >> I OHM, KaK M e cnyqae vv- M 

vv-paccel!HMH,cel!Jam,1coornoweHMeM 

a 8 npe.nene (I) <<I npHHHMaIOT 0./lHHaKOBblH BH.ll 

KBa.npaTM'lHlUI 3aBMCl1MOCTb j'KaJb!BaeT Ha qpe3BbI'laHHO 
ManyIO eepOllTHOCTI, (v-e)-e3aMMonewcTBJ,lll 8 o6naCTM 
ceepXHH3KOH 3Heprm1 HeHTJ)aJlhHblX nenTOHOB. 8 3TOM 
CJTY4ae 3Ha'leHMe ITOJIHOro Ce'leHHJl onpeneJllleTCll TOJibKO 
3Heprnew H3LJam.Horo (aHTM)HeHTJ)HHO H He JaBHCHT OT 
MaCCbl 3JICKTJ)OHa. 

ConOCT38Jlllll ITOJIHhle ceLJeIDUI Ha OCHOBe CTaHnapT­
HOH JJieKTJ)ocna6oH H (V-A)-Monenew, nonyqaeM, LJTO, Ha­
npHMep, npM Eq = 0, l ; I H 5 M:>B 

Ks =(avee )SM/(av~)V-A 
paeHO COOTBeTCTBeHHO 0,45; 0,52 11 0,54, a 

0,28; 0,57 H 0,66. B yJTbTJ)apeAATMBMCTCKOM npenene 

Eq >> me eeenettHbre ornoweHHll ceLJemrn orrpeneJllllOTCll 

KOM6HHaU}UIMH KOHCTaHT 

H 

BKJia.n Z-n11arpaMMbl e pacce.1nrne 3Jlb-(aHTH)HeHTJ)H­
HO Ha 3JICKTJ)OHe 6yneM xapaKTepH30B3Tb OTHOWCHHllMH 

yrJIOBblX H y-pacrrpeneJieHHH 3JICKTJ)OHOB OT.ll,a'lH B Vee - H 

v µ e ( v ee - H v µ e )-paccellHl1llX. 

69 

XapaITTepHOM oco6eHHOCTbIO y -pacnpenenemtii 

llBJllleTCll MOHOTOHHOe npH6JI(,l)KeHHe l1X 3Ha4eHHH C 
YMeHbWCHHeM KHHeTHl.JCCKOH :rneprHH 3JICKTJ)OH3 K npe­
neJibHOMy - 4,66 (a = 90°), onpeneJllleMOMY KOM6HH3IJ,HeH 

KOHCT3HT CBll3H ((gt )2 +(g~ t )/ ((g~t +(g~t ) npu 

n106r,lX JHeprHllX (attrn)HeHTJ)HHo. B cnyqae ve -paccell­
HHii npe.ncKaJbl83eTCll 803pacram1e OT nepBOHaLJaJibHblX 
(a = 0°) JHa4eHHM, a e cnyqae ve-paccel!Hl1H, Hao6opoT, 
y6blBaHHe, Hanp11Mep, np11 Eq = 3,2 11 10 M3B COOTBCTCT­
BeHHO OT 0,49 11 0,8 ( ve ), OT 6, 19 H 6,9 (ve). EcJJM 
Eq >> m., TO OTHOWeHJ,lll K 1(8) noCTHr3IOT npenena 
(4,66) Y>Ke npH a = 15°, np116m1>Kal1Cb K HCMY OT 
"crapToer,ix" JHa'!eHHii, ,llilll K7 orrpenenlleMoro, KaK 
(,l npeneJJbHOrO, KOM6HHaUHCM KOHCT3HT gv (,f g A : 

( gt + g~ )2 /( gt + g~ )2 = 7, 31, a 1lJlll Ks paBttoro e.ll,}IHHl.l.e. 

Y 4eT ITOJ!llp1133IJ,11H 3JJeKTJ)OH3 0Tnaq11 IT03BOJlllCT cne­
JJ3Tb BbIBOn, '!TO B Kp3H:He peJlllTHBHCTCKOM npe.nene (+,+)­
op11eHTau1111 c yeem1'!eHHeM a OT O no 90° (KHHeMaT111.Je­
cKH pa3peweHHbJe yrnr,1) np11eomrr K MOHOTOHHOMY B03-
paCTaHMIO KaK K7, Tax H K8 OT 1 .D.O 7,31, a (-,-)­
op11eHTaqHH, Hao6opoT, K RX y6r,rnaH1110 OT 7 ,31 no l. Pac­
cMa-rpHBall OTH0illCHHJl y -pacnpeneneHHH npM Y4eTe ITOJlll­

pH3aU.•m 3JieKTJ)OH3-MHWCH11 ,llilll Ev = 1 ( I 0) M3B H yeen11-
LJeHHH TOT 0,05 ,no 0,95 M 3B (oT 0,5 .D.O 9,5 M 3B), Haxo­
.D.HM, 'ITO, HarrpHMep, B CJTY4ae (+,0)-opHCHTaUHH K1 
YMeHbWaeTCll OT 9,31.no 1,48 (OT 10,98 no 1,78). Tip11 :)THX 

)KC 3Ha4eHHl!X ::>Heprnii aHTHHeHTJ)HHO Ks, HanpHMep, 8 
CJIY4aC (-,0)-op11eHTauHii yeenH'lHBaeTcll OT 0,95 .D.O 7,25 
(OT 4,6 )lO 7,3). 

XapaKTep JaBHCHMOCTH OTHOWCHl1H yrJIOBbIX pacnpe­
neneHHM 

OT yrna BbJJJeTa 3JICKTJ)OHa 11 Ha'-!aJibHOH 3Hepn111 (aH­
TH)HeHTJ)HHO aHanoraqeH H3JIO)l(CHHOMY 1lJlll CJI)'l.JlUI y -pac­
npeneneHHM. Ho B OTJJH'lHe OT nocnenHHX B ynr,-rpapeJlllTH­

BHCTCKOM rrpenene K 9(10) He 3aBHCllT OT yrna a 11 rrp11 (+,+)­
H (+,- )-op11eHTaUHJlX paBHbl 7,31 , a npH (-,+) 11 (-,- ) -
e.llHHHUe. 

AttanHJ ITOJIHbJX ce'!eHHw v ee - H v ee -paccel!HHH Ha 

OCHOBe ( 12) IlOKaJb!BaeT, '!TO C yeeJJH4eHHeM Eq, HanpH­
Mep, OT 0,5 no IO MJB oTHoweHHe 

eoJpacTaeT OT 3,99 .no 5,94, a 

K12 = 0 v e/crv e e µ 



)l.ruI OTHOUieHHH 

R1(2) =0 vµ(ve) e/ 0 vµ(ve) e 

npH pacceJIHHH Ha :mel<TpOHe MIOOHHhlX (attTH)HeHlpHHO B 

peJIJJTHBHCTCKOM npe.nene nOJJ)"laeM 

( g~ t + g~ g~ + ( g~ t ~ 
R1 = 

2 
=1,17. 

(g~t-g~g~+(g~) 
B CJJ)"lae )Ke pacceJfIDUI HeH-rpaJJI,HblX 3Jlb-JleITTOHOB 

B TO apeMJI KaK 

(R2)v-A =3 · 

Tipe}lCTaBJleHHbJe pe3yJJhTaTbl .n.aIOT B03M0)1(H0CTb 

npennoJJO)l(HTh, 'ITO 3KCrrepHMeHTaJJbHOe HCCJle}lOBaHHe 

.nmpcpepeHUHaJJbHblX Ce'IeHHH paccel!HI-UI ( aHTl1)HeHlpHHO 

Ha noJIJJpH30BaHHOM 3J1e1<TpOHe- MHweHH, cne1<Tpa noJU1pH-

30BaHHbIX 3Jlel<TpOHOB OT}la'IH H nOJIHblX Ce'IeHHH IT03B0-

IDIT ITOJl)"IHTb CBe}leHHJI O c-rpyx-rype }lHarOHaJJhHhlX HeH­

lpaJibHhlX TOKOB nenTOHOB, a TaK)l(e MO)l(eT JIBHTbCJI 4YBCT­

BHTeJlbHblM cnoco6oM HJY4eHHJ1 HHTepcpepeHIUiH HeH­

lpaJJbHhIX H 3apJ1)1(eHHhJX TOKOB B YIIPYTOM v ee - H v ee -

paccel!HHH. 
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