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B HaCTOHII~ee-BpeMJI HaKomreH 6oraTI.rfi :mcnepHMeHTaJILHhlil: f',{aTepH~~ 

no o6pa30BaHHIO Me30HOB B peJIJITHBHCTCKHX HYKJIOH - JI,n;epIIMX H ·H.ZJ;AQ -
~ . . . . . ' ·- . 

H.n;epHMX B3aHMo.n;eficTBHHX. Co3,n;aHo H pa3BHB,aeTCH MHoro TeopeTH'9:ecimx 
' ' •If., . ' . • ·. _. '. 

MO.n;eJieii:, onHcMBaIO~HX 3TH npo~eCChI, H, XOTJI HeKOTOpoe Ka~eCTBeHHOe 
i ' ' ;:, ' ' ,, .. ) . 

noHHMaHHe npo~eCCOB q>parMeHTa~HH peJIJITHBHCTCKHX HYKJIOHOB .H , ,!I,D;~p 
• . I' J ' • .. •. ' 

yme ,ll;OCTHrHyTo, y,n;oBJieTBopHTeJILHOe KOJIH'IecTBeHHOe 061.Hc~eHH~ HMe_IO

~HXCJI ,n;aHHhlX e~e ,n:aJieKo OT 3aBeprneHHJI. 

~eJIL .n;ammfi pa6oTM - KOJIH11ecTBe11irn:ii aHaJIH3 npe,n;cKa3aHHfi Mo,n;eJIH 

KBapK-napTOHHOH peKOM6HHa~HH [1,2] npHMeHHTeJILHO K npo~eccaM o6pa-
• • r ) 

30BaHHJI Me30HOB C MaJIMMH nonepe1IHhlMH HMnyJILCaMH ( () : :S 16°' r,n;e iJ -

yroJI BMJieTa Me30Ha B na6opaTOpHoii: CHCTeMe ) H 6oJILIIIHM~ X ( X ~ 0.6 ' 

r.n;e X - nepeMeHHaJI BLepKeHa). AHaJI~3 npoBe.n;eH Ha OCHOBe cpaBHeHHJI 

npe,n;CKa3aHHii: MO,D;eJIH C 3KCnepIIMeHTaJILHhlM~ .n;aHHhlMH [3,4] no 3aBHCH

MOCTH ce11eHHH OT aT0MHoro Beca H.n;pa B npo~eccax 

np:rr 3HeprHH HaJI~aIO~ero npoTOHa .n;o 10 . raB. B Ka11ecTBe MHrneHeil: 

B aKcnepHMeHTax HcnoJIL30Bam.r H.n;pa A . =: !J,e, C, Cu, Pb. OTJiornemi:e 

ce11eHHH o6pa30BaHHJI nHOHOB H'l, pa3JIH1IHMX: H.n;pax ,B peaK~HH (1) napa

MeTpH30BaJIOCL B q>OpMe 

(2) 

· Comac110 · Mci,n;eJi:H KBapK-napTOHHoil: peKoM6HHa~HH, HaJieTaIO~H:tt · a,n;-
1 

poH q>parMeHTIIPYeT, Kor,n;a O.n;HH H3 COCTaBJIJIIO~HX KBapKOB CTaJIKiiBaeTCJI , 

C MHIIIeHLIO. CneKTaTOpHLiit KiiapR C 6oJILIIIHM x, He y11aCTBYIO~;tt BO 
I 

B3aHMo,n;efiCTBHH H TaKH~ o6pa30M COXpaHJIIO~Hit nepB0Ha1IaJILHYIO ,n;omo 

HMnyJILca, MOllieT q>parMeHTHpOBaTL HJIH npeTepneTL peKOM6HHa~HIO C Me

,ZJ;Jie,II,~~~ aHTHKB~pK0M (x ~ 0) H o6pa30BaTL Me30H C 6oJILIIIHM X H M~JILIM, 



PJ. .. IlpII aToM .ecmr BHOBb o6paayeMbiit a,n;poH IIMeeT o6m;IIit co cHapJI

.n;o.M B.aJieHTHbIH. RBapR; TO, comacHO Mo,n;eJIII, IIplI MaJibIX p J. ,ZJ;OMlIHHpyIO

ru;nM Me:icaHII3MOM pom,n;eHHJI. Me3OHOB JIBJIJieTCJI KBapKOBaJI peKOM6nHan:1rn, 

a pacnpe,n;eneHIIe.,q>parMeHTOB .coBna,n;aeT c pacnpe,n;eireHIIeM· RBapROB B 

CHapJI,n;e. lI He 3aBllCHT OT CBOHCTB JI,n;pa-MmneHn; CeqeHIIe TaKoro npo

n:ecca MOJRHO npe,n;CTaBlITb B)BII,Zl;e [5]: 

a(pA - M) = C(aNA - aqA)qN(x, PJ.}, (3) 

r,n;e C - ROHCTaiiTa,· qN(x, P1.) - q>yHRD:HJI pacnpe,n;eneHIIJI no x n PJ. RBap

ROB ll:3 HaJieTaIOmero npOTOHa, a UjA - nOJIHOe ·aq>q>eKTHBHOe Ce'leHIIe B3a

IlMO,ZJ;eitCTBlIJI qacTHD:bI j c JI,n;poM MHIIIeHi A' [1,5]: •. 

UjA = /r1 -exp(-aj%T(b))]db. (4) 

3,n;ecb T( b) = J p( r )dz, p( r) - q>yHRD:HJI nnoTnocm JI,n;pa, r 2 = b2 + z 2, z 

- ROOp,D;IIHaTa B,ZJ;OJib OCH nyqRa, b - npIIn:eJibHbIH napaMeTp, aj';S - nonnoe 

ceqeHIIe B3alIMO,ZJ;eitcTBlIJI 'laCTHD:bI j C HYKJIOHOM (B paMKax a,ZJ;,ZJ;lITHBHOit 

RBapKOit MOTTeJilI atot - !atot [6 7] ) ,.,, qN - 3 NN , · 

CornacHo (2) II (3), napaMeTp a He 3aBIICHT OT x II PJ. II paBeH 

1 / UNA1 - UqA1 
a = ------:---:- n 

ln(Ai/A2) aNA2 - aqA2 
(5) 

.LJ;JIJI paCJieTOB napaMeTpa a no q>opMyJiaM (3) - (5) ncnoJib3OBaJIIICb 

cne.n;yrom;IIe q>YHRD:lilI nJIOTHOCTil JI,n;pa ( 8]: 

; O,Zl;HOpO,Zl;HaJI ccpepHt.IeCKH-CHMMeTpWU~aJI : 

Ps(r) = { bso , 
' 

npn 

npn 

r5:Ro, 
r >Ro, 

(Fl) 

r,n;e R.~ = 5/3 < R2 ?Jm2, < R2 >- cpe,n;HeRBa,n;paTII'IHbiit pa.n;nyc H.n;pa, 

2 

... 

.l 

3KCilOHeHQHaJibHaJI <pyHKQHH : 

Pe(r) = Peo(l + r/ae)exp(-r/ae), 

r,n;e a; = 1/18 < R2 > ipM
2

; 

rayccOBCKHe q>YHKQHH : 

pg{r) = P9 o(l +wr2/a;)[exp(-r2/d;)l, 

npn 

w = 0, a; = d; = 2/13 < R2 > ipM
2

, 

w = 4/3, a; = d; = 6/13 < R2 > ipM
2

, 

cpepMHeBCKHe <pyHKQHH: 

npn 

Pw(r) = Pwo[l + exp((r - aw(A))/dw)J-1, 

aw(A) = l.1A113 !pM, dw = 0.54 !pM, 

aw(A) = l.19A1/3 - l.6lA-l/3 !pM, dw = 0.54 !pM. [9] 

(F2) 

(F3) 

(F3.a) 

(F3.b) 

(F4) 

(F4.a) 

(F4.b) 

.LJ;JIJI cpe.n;HeRBa,n;paTII'IHOro pa,D;IIyca JI,n;pa < R2• > lICnOJib3OBaHbI 3Ha

'leHHJI, npnBe,n;eHHbie B [8]. · HopMIIpOBO'IHbie Roaq>q>IID:eHTbI p0 onpe,n;eJIJI- · 

IOTCJI Il3 ycJIOBlIJI 

A= 41r J PA(r)r2dr. (6) 

9R~nepnMeHTaJibHbie ,n;aHHbie no 3aBIIClIMOCTil a( X)' nonyqeHHbie pa.3-

HbIMlI rpynnaMII, npe,n;cTaBJieHbI Ha pIIC. 1,2. 

KaR BlI,ZJ;HO lI3 pIICYHKOB, B o6JiaCTlI X ~ 0.6 lI PJ. < 0.5 raB/c napa

MeTp a npaRTH'leCRlI He 3aBlICHT OT X 1I PJ., 'ITO COBna.n;aeT C noBe,ZJ;eHneM a, 

npe,n;cRa3aHHbIM MO,D;eJibIO. Cpe,n;HIIe 3Ha'leHIIJI a, lI3MepeHHbie B aKcnepn

MeHTax Ha paaJIII'IHbIX JI,n;pax ( Pb/ Be; Cu/C ), npaRTH'leCRII o,ZJ;IIHaROBbI 

n cocTaBIDIIOT a ~ 0.37 7 0.41. 
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PHc.l. 3aBHCHMOCTI, CTeneHH a B napaMeTpH3aI:(lIH (2) OT nepeMeHHOH 

X B peam:i;HH (1) C o6pa3oBaHHeM 'Tr- (a)-H 7r+ (6) - Me3OHOB npH pa3HhlX 

3HeprHHX'irnJieTaroru;~ro npOTOHa, Ar= Pb, Be . .lJ,aHHhle B3JIThl H3 pa6oThl 

[3]. CnJIOillHhlMH JIHHHJIMH npe.n:c~aBJieHhl pe3JJII,Tan,r pacqeTOB ( a = 0.39), 

BhlilOJIHeHhlX. B [5] C npHMeHeHHeM )];JIH OilHCaHHJI IlJIOTHOCTH JI,n:ep q>JHRIJ;HH 

F4.a. 

4 

;., 

f' 

'·1 

'" 

1.2 ~-~~-~-~-~--,---,--~ 

0.8 

pA ➔ n°(~16°) 

A= Cu, C 

(a) 

~ 

X 
'-' 
C, 

0.4 r_ L i -T -r-- -r --r -i- -1 ---1 

0.0 L...--~~~~-~----'--~----'-----' 

0.6 0.7 0.8 0.9 1.0 
. Xr 

1.2 ~-~--~-~-----~-~ 

0.8 

pA ➔ n°(~16°) 

A= Cu, C 

(6) 

,-.._ 
C\l 

o.,.--1 

-_ ! T_I_ LI--I ~ L +--
I 

'-' 
C, 

0.4 

0.0 L------'----'---~----'---~--'----' 

0.04 0.12 0.20 0.28 
2 2 
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PHc.2. 3aBHCHMOCTI> napaMeTpa a OT rrepeMeHHhlX XF (a) H Pl (6) B 

peaRIJ;HH (1) C o6pa3oBaHHeM HeiiTpaJil>HhlX IIHOHOB rrpH 3Hepnrn HaJieTa

roru;ero rrpoToHa E = 4.6 f::iB, Ar = Cu, C . .lJ,aHHhle B3JIThl H3 pa6oThl [4]. 

IlyHRTHpHhlMH JIHHIIJIMH rrpe,n:cTaBJieHO cpe,n:Hee 3Haqe1rne O' ~ 0.40. 

CnJIOIIIHhlMH JIHHHJIMH Ha pHC. 1 npe,n:cTaBJieH pe3JJil>TaT pacqeTOB 

( a = 0.39), BhlIIOJIHeHHhlX B pa6oTe [5] c rrpHMeHeHJieM )];JIJI pacrrpe.n:e

JieHHH nJIOTHOCTH JI,n:ep Be H Pb q>YHRIJ;IUI F4.a. KaR 6y,n:eT noRa3aHo 
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mrme, pacnpe.n;eJieHIIJI nJIOTHOCTil yRa3aHHI,IX H.n;ep onnc1rna10TCH pa3Jinq

HhlMil q>JHRI(IlHMil, OTJill'IHhlMil OT q>JHRI(Illl F4.a. 

Pe3JJibTaThl pacqeTOB napaMeTpa 0: C npnMeHeHneM q>JHRU:Illi nJIOTHO

CTil Fl--;- F4 npe.n;cTaBJieHhl Ha pnc. 3,4 n B Ta6irnu:e. 

Ta6Jinu;a. 3HaqeHnH o: B napaMeTp1rnau:nn (2), noJiyqeHHhle B pe3yJih

TaTe pacqeTOB c npnMeHeHneM q>JHRU:Il:ii nJioTHocTn Fl --;- F4 

<J> JHRD;IlH Pb/ Be Ta/ Be Cu IC Pb/ Cu Cu/ Si YI Si 
Fl 0.253 . 0.312 0.377 0.133 0.312 0.239 

F2 0.567 0.588 0.610 0.589 0.603 0.576 

F3.a 0.529 0.552 0.575 0.546 0.564 0.532 

F3.b 0.633 0.650 0.669 0.663 0.670 0.649 

F4.a 0.390 0.395 0.427 0.297 0.377 0.362 

F4.b 0.464 0.470 0.504 0.377 0.466 0.451 

KaR Bil,ll;HO Il3 Ta6JIIlU:hl, npnMeHeHne o.n;nHaROBOli q>yHRI(Ilil nJIOTHOCTil 

npnBO,ll;IlT R pa3JIIlqHhlM 3Ha<ieHilHM napa!-{eTpa 0: ,ll;JIH pa3HhlX nap H.n;ep. 

8To yRa31IBaeT Ha To, qTo pacnpe.n;eJieHnH nJIOTHOcTn JierRnx, cpe.n;Hnx n 

TH}ReJihlX H.n;ep, no•Bil.n;RMOMY, onnchlBa!OTCH pa3JIIlqHbIMil q>yHRI(IlHMil. 

Ha pnc. 3 npe.n;cTaBJieHhl pe3yJI1TaT1I pacqeToB, ncmyqeHHhle c npn

MeHeHneM .n;JIH pacnpe.n;eJieHnH nJIOTHOCTn napaMeTpn3au:nn (F4) npn 3Ha

qeHnHx q>yHRu:nn aw(A), onpe.n;eJieHHhlX Il3 3RcnepnMeHTOB no eA - pac

ceHHnIO ( cchlJIRil B [8]). l-b pncyHRa Bn.n;Ho y.n;oBJieTBopnTeJibHoe cornacne 

pe3JJibTaTOB pacqeTOB C 3RCnepnMCHTaJI1HhlMil .n;aHHhlMil. 8To yRa3hlBaeT 

Ha cnpaBe.n;JinBOCTb npnMeHeHnH napaMeTpn3au:nn F4 . .ll:JIH ycTaHOBJieHnH 

o6JiacTn npnMeHnMocTn q>JHRU:Il:ii aw(A) ( F4.a n F4.b) Ha pnc. 4 cpa

BHnBaIOTCH pe3JJibTaThl pacqeTOB C npnMeHeHneM yRa3aHHbIX q>JHRU:Il:ii ,ll;JIH 

Ji:.n;ep OT A = 4 .n;o A = 240. IlapaMeTp o:(A) onpe.n;eJIHJICH Il3 oTHomeHnH 

ceqeHnH peaRu:nn ( 1) Ha H.n;pe A R ceqeHnIO Ha H.n;pax aJIIOMilHilH (pnc. 4a) 

Il CBilHU:a (pnc. 46), npn 3TOM B pacqeTaX ,ll;JIH H,ll;pa aJIIOMilHilH ncnOJib30-
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Pnc.3. Pe3JJibTaThl pacqeTOB napaMeTpa o: n3 oTHomeHnfi u(pA)/u(pSi) 

(a) n u(pA)/u(pPb) (6) c npnMeHeHneM napaMeTpn3au;nn F4 npn 3Haqe

HilHX aw n dw , onpe.n;eJieHHhlX Il3 aRcnepnMeHTOB no eA - pacceHHlJIO [8]. 

IlyHRTilpHhlMil JIIlHilHMil yRa3aHa o6JiaCTb 3RCnepnMeHTaJII,HhlX 3HaqeHntt 

o:. 
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1.0 ~~--------------~ 
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Pnc.4. Pe3y.n1,TaThl paci:reTOB rrapaMeTpa o: H3 oTHomeHHii a(pA) / a(pAl) 

(a) n a(pA)/a(pPb) (6) c rrpnMeHeHneM cpyumi;nii F4.a n F4.b. 

BaJiac1, cpyHRUHR F4.a, a ,nJIR R,npa CBHHUa - cpyHRUHR F4.b. KaR BII,D;HO II3 

pncyHROB, y,noBJieTBOplITeJibHOe corJiaCIIe C .9RCIIepnMeHTaJibHhlMII ,naHHhlMH 

,ll;OCTHraeTCR IIplI OIIHCaHHH IIJIOTHOCTH R,nep cpyHRUIIeii F4.a B o6JiaCTH 

aToMHhlX BecoB 2_0 ;:, A;:, 80 II cpyHRUHeii F4.b B o6JiaCTII A > 80 • .LJ:JIR 

JierRHX R,nep CA< 10 yRa3aHHbie cpyHRUHH, IIO·BII,ll;IIMOMY, HerrpHMeHIIMhl. 

8 

TaRIIM o6pa3oM, rrp0Be,neumi1ii aHaJIII3 II03BOJIReT c,neJiaTb cJie,nyromne 

BhlBO,D;hl: 

1. B paMRax MO,D;eJIII RBapR-rrapTOHHOll peRoM6nrran:n1I, rrpHMeHIITeJII,HO 

R npoueccaM o6pa3oBaHIIR ITIIOHOB c napaMeTpaMII x;::,, 0.6 II PJ. < 0.5raB/c, 

B03MO.lRHO BOCilpOII3Be,neHIIe RaR IlOBe,nemrn, TaR H a6coJIIOTHoro 3Ha'leHHR 

napaMeTpa o:. 

2. Y,noBJieTBOpHTeJibHOe cornac1Ie C .9RCilepHMe1iTaJibHhlMH ,naHHhlMII ,no

CTHraeTCR IIplI OillICaHIIII pacrrpe,neJieHIIR IIJIOTHOCTH R,npa cpepMHeBCROH 

cpyHRUIIeii 

Pw(r) = Pwo[l + exp((r - aw(A))/dw)J-1, 
. ,' " .. · 

c napaMeTpaMII: 

aw(A) = l.lA113 cpM, dw = 0.54cpM 

< . < 
,nJIR R,nep c 20 ~ A ~ 80, II 

aw(A) = l.l9A113 
- l.61A-l/JcpM, dw = 0.54 cpM 

,nJIR R,nep c A > 80. 

B 3aRJII01IeH1Ie CJieeyeT OTMeTIITb, 'ITO yBeJIH'leHHe .9HeprHII HaJieTaro

meii 'IaCTHUhl, B03MO.lRHO, IIplIBe,neT R II3MeHeHIIIO 3Ha1IeHIIR napaMeTpa o:. 

8To CBR3aHO C TeM, 'ITO IlplI BhlCORIIX .9Hepr1IRX B03pac-raeT BRJia,n B ce

i:reHHe MaJihlX npnn:eJibHhlX napaMeTpOB. B n:eHTpaJibHOH o6JiaCTII R,npa 

IlJIOTHOCTb, B03MO.lRHO, OTJIH'laeTCR OT IlJIOTHOCTH B cpe,nueii H nepncpepn

i:recROll o6JiaCTRX H pa3JIH'IHa ,D;JIR JierRHX, cpe,D;HHX II TR.lReJihlX R,nep. 8To 

npnBe,neT R Heo6xo,nHMOCTII OilHCaHHR IlJIOTHOCTH R,npa cpyHRUHeii, OTJIII'I

HOH OT cpepMHeBcRoii F4. TaRIIM o6pa3oM, TO'IHhle H3MepeHIIR napaMeTpa 

0: npn 6oJiee BhlCORHX .9HeprHRX II03BOJUIT HCCJie,D;OBaTI, xapaRTep II3MeHe

HHR IlJIOTHOCTH B n:eHTpaJII,HOH o6JiaCTH R,npa, B i:raCTHOCTII, B03MO.lRHhle 

rrpoRBJieHHR RBapR-rmooHHoii 1;IJia3Mhl., 
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ABTOphl BhlpamaIOT CB0IO HCKpeHHIOIO 6Jiaro,D;apHOCTb r.JI.MeJIKyMOBY, 

M.H.XaqaTyp,rny II A.r.Xy;n;aBep.zvrny 3a CTIIMYJIHpy10m;ne o6cym,ZJ;eHHH lI 

BHIIMaHne K pa6oTe n lI.C.CanToBy 3a noJie3Hhle 3aMe<iaHnH. 
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