
• 

.·1';·1·. 

i/' 

·' :',J:· 

r-t+b 
OS'bELlHHEHHblti 

HHCTHTYT 
$1LlEPHbiX 

J.iCCnELlOBAHHVI 

i 
~- I 

• 

.... , 

d..Jtt/1' h 

p 2 - 5865 

C .P. r eaopKBH, A.B. T apacoa, q_ U :}p:}H 

0 ~ B 0 A H 0 ft n E P E 3A PH~ K E 

1Z' -ME 30HOB HA H~P A X 

llPI1 BYCOKHX 3HEPr11HX 

1971 



• 

. -

• 

P2 - 5865 

* c .P. r esopKBH, A.B. T apacoB, q. Q !)p!)H 

0 ~BORHOR flEPE3APH~KE 

1l'-ME30HOB HA H~PAX 

flPM BYCOKMX 3HEPrMHX 

Hanpaaneao a .H<I> 

------- t r·,~:-;-;; ;: .. c:Ll~l,l tJacnrryT 
, k. .)_. ::s_ 1 . - :: ,.;;:~o::nJ-d 
~ t.:. I I• ~~ . ~ ~ j. ~ /' ~ , 

) .. ~'IIIP'··'·.~·_.:~_'_' ·_ ... " ...... _ _,.. ....... - .. 

* EpeaaHCKHA ~aaa~ecKHH HHCTHTYT 



• 

rrpH 

llBOfiHaH rrepeaapHAKa 77~-Me30HOB Ha HApax HHTeHCHBHO H3y'lanacb 

Ill 
cpaBHHTenbHO HH3KHX aaeprHHX E < 500 Mas • OnaaKo oTcyTCTBHe 

7T 

HaAe)f(HblX MeTO!lOB OIIHCaHHH B3aHMOllefiCTBHH 'laCTHU C H!lpaMH IlpH TaKHX 

aHeprHHX aaTpyllHHeT aaanH3 HMeJOIUHXCH aKcrrepHMeHTanbHbiX naHHbiX. Ma

TepecHo 5bino 5bi rrponon)f(HTb aKcrrepHMeHTanbHOe nccnenosaaHe aToro rrpo-

uecca Ha o5naCTb BhlCOKHX SHeprHif ( E •> 2 ras) 1 rae ero aaanns MO)f(-" ~ 
HO CTpOHTb Ha OCHOBe TeOpHH fnay5epa. HeKOTOpb!e rrpellCKa3aHHH 9TOit 

TeOpHH ~T,~OCHTenbHO Ce'leHHif llBOii:HOfi rrepeaapHllKH IIO!l ManbiMH yrnaMH Ha 

cpeaHHX H TH)f(enbiX HapaX 05Cy)f(!laJOTCH B HaCTOHIUefi pa5oTe. 

HH*e paccMaTpHBaJOTCH csoil:CTBa ce'leHHii rrpouecca llBOii:Hoii rrepe-

38pHllKH 1 rrpocyMMHpOBaHHblX ITO BCeM COCTOHHHHM KOHe'IHOrO H!lpa H ycpea-

HeHHblX no HaiipaBneHHHM CIIHHa H!lpa-MHWeHH. -. 
1. 0 MexaHH3Me rrpouecca 

OrpaHH'IeHHe ManbiMH yrnaMH "paccesiHHH" 1 rrpHHHToe B aToii pa5oTe 1 

121 
II03BOnHeT HCKn!O'IHTb H3 paCCMOTpeHHH "H305apHbiit" MexaHH3M !lBOit-

HOfi rrepeaapHAKH 

- + - ++ + TT+2p(2n)-+TT-t'l p(L'l n)-+TT- 2n(2p), (I) 

rrpHBOllHIUHii rrpH BbiCOKHX aHeprHHX K BbineTy ( B OCHOBHOM Haaan) asa)f(!lbi 

rrepeaapHllHBWHXCH TT -Me3oHoB. llsoaaaH rrepesapHaKa rroa ManbiMH yrna-

MH C'IHTaeTCH o5ycnosneHHOif !lBYXCTyiieH'IaTbJMH rrepexonaMH 

+ 0 + 
77 2p(2n)-+'ll pn-+TT- 2n(2p), ( 2) 
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rne '11° .. <770, Tf ,po .. .'>- mo6oll: uell:TpanbHhill:, uecTpaHHhill: Me3oH, poMneui:Ie 

KOTOpOI'O B peaKUI:ISIX 17+ p(n)-+ 11° n ( p) pa3p9III9HO 3aKOHaMI:I COXpaHeHI:ISI rrpi:I 

paccMaTpi:IsaeMoll: auepr1:11:1 rryqKa. OoMI:IMo nsyx rrocnenosaTenbHhiX rrepe-

3apHAOK ( 2) nonMHhi 6biTb y'lT9Hbi see rrepepacceHHI:IH Ha'lanbHOll: i(" +) 
0 + 

rrpoMeMyTO'lHOll: m('ll ) 1:1 KOH9'lHOll: f( 1T-) 6biCTpbiX 'laCTI:IU HyKnOHaMI:I 

Hnpa, 'ITO nenaeTcH B paMKax TeopHH fnay6epa. 

2. YrnoBaH 3aBHCHMOCTb 

06mee BhlpaMeHHe nnH J:II:I~~epeuuHanbHOro ce'leHHH nsoll:uoll: rrepe3a-

pSI):IKI:I ):IOBOnbHO rpOM03):1KO BBH):Iy Hani:I'li:ISI H9CKOnbKI:IX cnaraeMbiX B aMITni:I-

'110 Ty):le IIpouecca, COOTB9TCTByiOmHX pa3HbiM IIpOM9MYTO'lHbiM COCTOSIHI:ISIM , 

6onbiiii:IHCTBO KOTOpbiX K TOMY )1{9 I:IMeeT CIIHH. M hi 11pi:IB9):19M 3):19Cb ni:Illlb 

'laCTb 8TOI'O Bb!paM9HI:ISI 0 OTBe'laiOmyiO BKntrny OJ:IHOI'O 6eCCI11:IHOBOI'O "KaHa

na" B C9'l9HI:I9 rrpouecca, 'lT06hi IIpOHnniOCTpHpOBaTb CTpyKTypy 3aBI:ICI:IMOCTH 

nu~~epeuuuanbHoro ce'leHHH oT rrepena'IH HMrrynbca: 

da - __!!_ H)[Z(H)-!_)__ j df/Jo ( ...;-:t" {3) x 
---;;-;--- 4 A2 o 

(3) 
X n,m ({3)0m,(f3)F(a,-011({3), am-nmm({J), 

.__ 

a,-0
11

({3)), 

F(;,1 ,im,if )= f d
2
B dz, dz2 O(z 2-z 1)p p(n/B,z2) x 

(4) 
-+ ., -+ ·2~ -+ 

X p p ( n } ( B t z I ) exp I - f a I p ( B t z , ) d z , - f am p ( B t z , ) d z , -
-oo ZJ 

.00 -+ 

a,p(B,z')dz'l - f 
z2 
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3necb p p H p n - IInOTHOCTH pacrrpe.aeneHHSI IIpOTOHOB H 

A ( Z,H), aopMHpoBaHHhie cornac.Ho 

... 2 ... 2 f p (B,z)d Bdz-fp (B,z)d B dz-A, 
P . n 

p .Z/Ap +H/Ap . p n 

BenH'lHHhi ax(x-l,m,f)- nonHhie ce'leHHH B3aHMo.ae~tc1 

H 'fl° C .HyKnoaaMH, KOTOpbie TaK )Ke 0 KSK H .llHclxPepeHUHSII 

HX yrrpyroro pacceHaHH ayxnoaaMH ~ (x =i,m, f) .a11 

nO)K9Hbl O.llHHSKOBbJMH B cnyqae IIpOTOHHbiX H aell:TpOHHbiX 

meM cny'lae BMecTo ( 6) .aon*ao 6bJTb! 

axp== Z/A iix(pJPp +H/A iix(niPn 

BenH'lHHbl n xy (x,y=l,m,f) CBSI38Hbl c .au<fJ~epeauHanb 

rrpoueccos\
1 

xN -oyH' COOTHOIIIeHHSIMH 

n ,(fJ)=fJo(v-:::t'/3) daxy dt 
X y df x,y=i,m,l 

ax=ax-nxx ({3). 

B .nanb.Hell:IIIeM 6y.ayT BCTpe'laTbCH TaK*e senH'lHHbl 

=ax -ax •' - rronHhie .ceqefiug aeyrrpyrux B3aHMo.aeftcTBHll: 

C HyKnOHSMHo B CHny H30TOIIH'l9CKOll: HHBSpHaHTHOCTH CHnb 

CTBHft Qlm"' {}ml, TSK 'ITO B (8) {llm{lml"' (Q lm )
2 

K, 
/3/ 

o6bi'lHoll: rrepe3apH.llKH aa H.llpax rrepepaccegaHH c H3Mea 

neHHSI .llBH)KeHHH, OIIHCbiBSeMbie B9nH'lHHaMH {1 xx , llp8KTH'le• 

2 
ponH rrpH ManbiX rrepe.aa'lax -t 'S 0,1..0,2 (faa/c) H .aH«lxP• 

Ceqe.HHSI ( 3) B 8TOft o6naCTH H3MeHHIOTCH llpHMepao KSK e 
rrapaMeTp aaKnoaa .llH~epeauHanbaoro ceqeaHH rrpouecca 

Y'l~T BenH'lHH {lxx B BhlpS)KeHHH (8) CTSHOBHTCSI aeo6XO 

5 



3aeCb p P H p n - 11/IOTHOCTH p8C11pe.aeneHHSI 11pOTOHOB H HeATpOHOB B Rllpe 

A ( Z,N), aopMHpoBaHHbie cornacao 

... 2 ... 
I p (B,z)J BJz•IP (B,z)J 2 B Jz-A, 

P n 
( 5) 

p • Z I A ·p + N I A p • 
P n ( 6) 

BenH'IHHbi u.(x-l,m,l)- 110/IHbie ceqeHHR B3aHMo.aeAcTBHR qacTHU 17+ 

H 'flO C HYKIIOH8MH1 KOTOpbie TaK )Ke, K8K H llH.p.j>epeHUH81IbHbie ceqeHHSI 

HX y11pyroro paccesrHHR ayxnoHaMH ~ (x =l,m, I) .ansr 11pocTOTbl 110-

no)KeHbi o.nHHaKOBbiMH B cnyqae 11poToHHbiX H aeATpOHHbiX MHweaeA. B o6-

weM cnyqae BMeCTO ( 6) .110/I)KHO 6biTb! 

UxP= ZIA (jx(p)Pp +HIA Ux(n)Pn ( 6') 

BenH'IHHbi 0 xy (x,y=l,m,l) CBR38Hbl C .llHtfl<jlepeHUH81IbHbiMH Ce'leHHSIMH 

rrpoueccoe\
1 

xN -oyN' COOTHOWeHHSIMH 

0 ( f3 ) = I J0 ( v -::t' f3 ) 
X)" 

(jx =Ux -Oxx ({3) • 

Juxy 

Jt 
Jt x,y=l,m,l ( 7) 

( 8) 

B aanbHeAweM 6yayT ecTpe'laTbCR TaK*e eenH'IHHbi u = u x- o. x ( 0) .. 
X 

= U - Ux e/- 110/IHbie ,Ce'leHHSI Hey11pyrHX B38HMO,IleftCTBHA '18CTHUbl "x" 
X 

C HYKIIOH8MH. 8 CHIIY H30TOI1H'IeCKOA HHB8pHaHTHOCTH CHIIbHbiX B38HMOlleA-

CTBHA 0 , ..... o ... , ' TaK 'ITO B ( 8) 0 /m 0 mf = (0 '"' )
2 

KaK H B rrpoueccax 

/3/ 
o6bi'IHoA rrepeaapsr.nKH Ha sr.npax 11epepaccesrHHR c HaMeHeHHeM Ha11pae-

neHHSI .llBH)KeHHSI 0 011HCbiBaeMbie Be/IH'IHH8MH 0 xx , 11p8KTH'IeCKH He HrpaiOT 

2 
ponH 11pH ManbiX 11epe.aaqax -t '5 0,1..0,2 (fse/c) H .aH.p.j>epeauHanbHbie 

atl2 
ceqeaHsr ( 3) e sToA o6nacTH H3MeHSIIOTCSI 11pHMepao KaK • , r.ae a -

- 0 ) rrapaMeTp aaxnoaa .nH<jlcpepeauHanbaoro ceqeaHR 11pouecca 11+ p( n) ... 'll n( p • 

Y'leT eenH'IHH o.. e Bbxpa)KeHHH (8) cTaaoeHTCR aeo6xo.aHMbiM 11pH pac-

5 



I 

._, 

cMoTpeaHR npoueccos c nepena'laMR 2 
- t"" 0,5 ( fas/ c) • Opu aroM MHoro-

KpaTHb19 nepepacceSIHHSI C H3M9H9HHeM HBIIpasneHRSI aBR>K9HRH IIpRBO!lHT 

K 3aMeTHOMy ysenR'IeHRIO Bb!XOna 'IBCTRU f ('IT± ) B o6naCTb: 6onbWHX nepe-

naq. 

3. A - 38BHCHMOCTb 

nocKorr&Ky anSI cpenaRx H TSI>KenbiX Hnep oTaoweHRH Z 1 A R H/A 
Mano MeHHIOTCH npR nepexone oT onaoro Hnpa K npyroMy, ocaosaaH aa

BRCHMOCTb Ce'leHRH nsoAHofi nepeaapHaKR OT BTOMHoro HOMepa coaep>KHTCH 

B senH'IHHe 

rne 

F(ci 1 ,u,,u
1 

). 

nonaraH anH oueaoK pp =Pn = p, nony'IRM: 

--- r -- -F ( u , u , u ) = [ H ( u , u ) - H ( u, , u1 ) ], 
I m I • • I "' u -u 

I I 

H(u
1

,u
2 

) .. J tl 8 
.-u1 T_e -u2 T 

-------. 
u2- a, 

.... 00 ,... 

T(B}= f p (z,B}tlz. 
-oo 

(4) 

(9) 

( 10) 

( 11) 

TaK H83biBaeMbie a<fl<PeKTHBHbie •mcna HyKnoaos H ( u 
1 

,u
2 

) nponopuuo

HanbHbi 'IHCny HyKnOHOB Ha fiOBepXHOCTH Hapa H H3MeHSIIOTCSI C BTOMHbiM 

HOMepoM npHMepao no aaKoHy A2
/

3
. Y'IHTbiBaH (3) H (9), nonyqaeM, 'ITO 

ceqeHHH asoAHou nepeaapHaKH, KaK H ceqeHHH KBaauynpyroro pacceSIHHH 

HnH oaaoKpaTaoii nepeaapHaKH, pacTyT KaK A2
/

3 c pocToM aTOMHoro HoMepa. 

3TOT peaynbT8T MO>KHO nony'IHTb T8K>Ke, ecnH B ¢opMynax 60pHOBCKOrO 

npu6nH>KeHHH anSI ceqeHHH aaoiiaoii nepeaapHaKH 

(J = 
If 

Z ( H )(Z (H} - J ) 

4'17 
( J / r 2) u lm q m I ( 12) 

6 

'\ 

i~· 
:pi 
I'· 

:;l;, 

'1~, 

j~ 

141 
ua pa6oTbi , aaMeHHTb o6'beMHbie 'IRena Z(H} npoToHos 

nponopuuoaan&Hbie aTOMHoMy HOMepy A, Hx. noaepxHOCTJU 

) 2/3 ,· 
HbJMH" aaaqeHHHMH, nponopuuoaanbHbJMH A , H yqecT&, q 

pa3M9pbl r B Hapax pacTyT C pOCTOM BTOMHOrO HOMepa 

38M9H8 SKBHBaneHTHBH <fleHOMeHonorH'IeCKOMy y'leTy a<fl<fleii 

4. CnuaosaSI aaBHCHMOCTb 

Y'I~T aaBHCHMOCTH ceqeHHH (3) oT cnuaa npoMe>KyTc 

csonHTCH K 38M9He senH'IHHbl ({l 
1
,.({3 ))2 BenH'IHHOA 

f tlulm p">(X 'it )J (Y...t {3) tit f tlu,m PX 'x ( t )Jo( v:t' 
tit 0 tit 

B ( 13) p XX- aneMeHTbl M8TpHUbl nnoTHOCTH 'IBCTHUbl 'll0 

s peaKuHH "+p(n) .... n°n(p). 

B aanbHeltweM 6ynyT paccMaTpHBaTbCH nHWb nonHbie 

nepeaapHaKH non Maii>JMH yrnaMH, T.e. senH'IHHhJ ( 3)., npo 

no HHTepsany yrnoB, B KOTOpblX OHH cymeCTBeHHO OTnH'IHb 

B TBKHM o6paaoM onpeaeneaaoe nonaoe ceqeaue nsoAaoA r 

CnHHOBOrO KaHana fl0 
HM99T BHn: 

rae 

u .. Z(H) [Z(H) -1 ] _ F(; ,a ,;
1 

) u:m S p ·p 2 ', 
I m 

4A2 

(J lm = J tl~ 
tit 

tit u,, -pxx· .. J ~- pXX(t)tlt. 
tit 

nocKonbKy au<P<flepeauuanbHbJe ceqeHHH J;:m nosom 

y6bJBaiOT, a aneMeHTbJ MaTpHUbi nnoTHOCTH p XX' cpaBHHTe 

MeHHJOTCH c pocToM nepeaa'IH, aHa'leHHH senH'IHH p XX' e 
HHHM pXX(t) B6nH3H t = 0. Danee, TaK KaK pXX '(0} =0 npn 

3HaqeHHSI HeauaroHanbHblX MeMeHTOB MaTpHUbl nnOTHOCTH I 

CpeaHHX 3Ha'leHHii auaroHanbHbiX aneMeHTOB II JIX KBllnpaTE 

7 



':·· 

l
<i·' . . ·'·r 
; 

' 
·' 
' 

/4/ 
H3 pa6oTbi , 3aMeHHTh o6'beMHbie 'IRena Z ( H ) npoToHoB ( HeATpoHoB), 

rrp0110pUHOHanhHbl9 aTOMHOMy HOMepy A, HX. IIOBepXHOCTHbiMH ( ·~<f>eKTHB

HbiMH•) 3Ha'leHHSIMH, nporropuHoHanhHbiMH A213
, H y'leCTh, ~To nHHeAHbie 

pa3Mepbl r B SI.Qpax pacTyT c pocToM aToMHoro HOMepa KaK A l/l • TaKaSI 

3aMeHa SKBHBaneHTHaSI <fleHOM9HOnorH'I9CKOMy y'leTy ~<fleKTOB rrornoUieHHSio 

4. CrrHHoBaSI 3aBHCHMOCTh 

Y'IE\T 3aBHCHMOCTH C9'19HHSI ( s) OT CIIHHa npoMe>KyTO'IHOA 'laCTHUbl n° 
CBO.OHTCSI K 3aMeHe BenH'IHHbl ({} /m({3 ))2 

BenH'IHHOft 

J Ju,m pxx'(t)J
0
(V..tf3)Jtf Ju,m px'x(t)J

0
(v-:::t"{3)Jt. (IS) 

Jt Jt 

B ( IS) p )()(- sneMeHTbl MaTpHUbl nnoTHo'cTH 'laCTHUbl n° ' po>K.oaiOmeACSI 

B peaKUHH rr+ p( n)-+ n° n( p). 

B .oanbHelhueM 6y.oyT paccMaTpHBaTbCSI nHWh nonHbie ce<~eHHSI .osoAHoft 

rrepe38pSI.QKH 110.0 Ma.II>IMH yrnaMH, T.e. BenH'IHHbl ( 3 )., 11pOHHTerpHpOBaHHbl9 

110 HHTepBany yrnOB, B KOTOpbiX OHH CyUieCTB9HHO OTnH'IHbl OT HynSI. BKna.Q 

B TaKHM o6pa3oM onpe.oeneHHoe nonHoe ce<~eHHe .osoAHoft nepe3apSI.OKH o.oHoro 

CIIHHOBOrO KaHana n° HMeeT BH.O! 

rae 

Z(H) [Z(H)-l ]_ F(-;. ,u ,u
1 

)u:m Sp p2 , 
U= 1 m 

4A2 

U lm =J JSm_ 
Jt 

Jt U lm P )()(, = J ~- pX><(t)Jt. 
Jt 

Ju, 
nocKOnhKY .OH<fJ<flepeHuHanbHbie Ce'leHHSI ~ .QOBOnbHO 6biCTpO 

( 14) 

( 15) 

y6biB8IOT1 a sneMeHTbi MaTpHUbl rrnOTHOCTH p)()(, cpaBHHTenbHO 1119llnt?HHO 

MeHSIIOTCSI c pocToM nepe.oa<~H, 3Ha'leHHSI senH'IHH p XX' 6nn3KII K 3Ha'le

HHHM pXX(t) B6nH3H t=O, .llanee, TaK KaK pXX'(0)=0 llpH )(~_\'',TO C';'t?IUII!t? 

3H8'19HHSI He.QHaroHanbHblX M9M9HTOB MaTpHUbl llnOTHOCTH MHOrO lllt?llblllt? 

Cpel]HHX 3Ha'leHHfi .QHarOHanhHblX sneMeHTOB H HX KBa.QpaTaMIJ B I\L'nll'li!Ht? 

7 



I 

e=sP p2 
MO>KHO npeae6pe'l&. Toraa npH6nH>KeHHO ( Ha CaM OM aene c TO'I

HOCTbiD liD HeCKOllbKHX npoueHTOB) 

e = Sp p2 = l: j'XX
2 

X 

DnH 'IBCTHU cnHHa 1 

e= i:o + l!2(l-poo >2, 

a llllH '18CTHU CfiHH8 2 

-2 -2 ( - - )2 
e=2P"+2P22 + 1 -p" -p22 · 

( 16) 

( 17) 

( 18) 

/5/ 
DnH 6eccnHHOBbiX '18CTHU e = l . 11cnonb3YH .. Il8HHbJe pa6oT • MO>KHD nony-

'IHTb cneJiyroutHe OUeHKH napaMeTpa e llllSI HeKOTOpbiX HeftTpan&HblX 77 -Me-

30HHbiX pe30H8HCDB! 

e<po >, o,5. o,,, e < w > .. o,4 • o,5 , ( 19) 

((I),.J, 0 e(A2 J .. o,2. 

0TCIDII8 O'leBHIIH8 He06XOIIHMOCTb Y'I~Ta CfiHH8 npoMe>KyTO'IHbiX COCTOSIHHft 

npH paCCMDTpeHHH npOU9CCOB llBDfiHOH nepe3apSIJIKH. 06CyllHM, HCfiOllb3YSI 

"<aOOTHOWeHHH ( 14) H ( 19) r DTHOCHTen&Hbie BK1181lbl pa3llH'IHbiX npoMe>Ky

TO'IHb!X COCTOSIHHA B Ce'leHHe paCCM8TpHB8eMoro npouecca, KOTDpoe eCTb 

cyMM8 no m= 770, 1f, p 0 ••• Bblp8>K9HHJi ( 14) fill!OC HHTep«fJepeHUHOHHbie 'llleHblr 

KDTOpbie M8llbl oK8K fiOK838HO HH>Ke. 

OrpaHH'IHMCH HHTepsanoM aiteprHH 2 rae < E 77 < 4 rae ( Ha rpa-

HHUaX aTOFD HHTepBana B9llH'IHHbl Ce'leHHA IIBDAHOA nepe3apHIIKH pa311H'Ia

IDTCH npHMepHO Ha nopHIIOK). npH aTHX aHeprHHX, K8K BHIIHO H3 pe3yll&T8-

TOB/5/, B 17- p ( 1T +n) CTOllKHOBeHHSIX HaH6onee HHT9HCHBHO H3 HefiTpanb

HbiX 77 -Me3DHHbiX pe30H8HCOB po>KJiaroTCH p 0 -Me3DHbi. Ton&!'o ceqenHH 

pO>KileHHH W-Me30HOB C"77W:; a(w) Y HH>KHefi rpaHHUbl paCCM8TpHB8eMOFO 

HHTepBana aHeprHfi H C9'19HHH pO>KJieHHH f -M930HOB a 1T I :; a (f) 

8 

'~ ;; ... 

~t 'I :/1!: 

I 

' J 

( 
II 

'li 

/ 

y i~pXHeli rpBHHUbl IIOCTHF8IDT 30-50% OT U rrp 0 :; a ( p 0 ) 

aeHHH ocTan&HbiX aeATpan&HbiX M930HOB rrO , 71 , A.~, A 

aaeprHHX COCT8BnHIDT B ny'!WeM cny'lae J0 of 15% OT a(pO 

'ITO cnaraeMbie ( 14) c m .. 77 O , 71 , A.~, A~... a a roT BKnaa 

KHX npoueHTOB B ceqeHHe IIBOHHOA nepe3apHJIKH. nocKOllbKy 

HOCTb B BellH'IHHe aTOFO Ce'leHHSI 1 CBSI38HH8SI C 9KCnepHMel 

K8MH B OilpeaeneHHH U (p 0 ) , nopS!IlK8 20%, TO HX y'leT S!BilS 

TO'IHOCTHo 0JIH8KO HHTep«fJepeHUHH fiDIIBBneHHbiX ( 1T 0, 1f , ~ 

llOB C llOMHRHpyroutHMH (p 0,1, W) MoryT B npHHUHne IIDCTHF8T 

JieCSITKOB npoueHTOB H Tpe6yroT OTJiell&Horo p8CCMOTpeHHH
0 

5. 11HTep¢epeHUHH p83HbiX K8H8110B 

BK1181l B fiOllHOe Ce'leHHe llBOiiHOH nepe3apSIIIKH OT HH 

cnaraeMbiX B 8MfillHTYile npouecca, COOTBeTCTBYIDUlHX p83Hl: 

HblM COCTOHHHSIM 'fl0 
( m) H fl0 (m '), JiaeTCH Bb!pa>KeHHeM: 

q lnt = Z(HJ[Z(H) -l] 
4A.2 

I 2 Re I F ( !l ',; 1 , ; m • a-, ) X , mm 
X•X 

X f JO < IX ,,. I X', ·> f J 0 < I X I x: > I , 
lm ml m I 

rne I 1,. (,.'I I m ( .. 'I I -aMnnHTYilbl npoueccoB 77=!= '(n) ... 

HopMHpOB8HHbie cornacno: 

f <I f lm 12 > J 0 =a lm H Tall a 

HnneKCbi X• X y aMnnHTYil pa3nH'!aroT cnHHOBbie cocToHHHH 

'laCTHu. YcpenaeaHe no aanpasneHHHM cnuaa HYKllOHDB 6HllHI 

nauull: aMnnHTYil I B Bbipa>KeHHH ( 20) npoHcxoJIHT H3-3a r 

HOFO 'IHClla HyKllOHOB 

nro6oM TH>KenoM HJipe. 

C npOTHBOfiO.'ID>KHO OpHeHTHpOB8HHbll\l 

BenH'IHHa F( !l ,,U'
1 

,a ,a
1 mm m onpenenReTCH HHTE 

B KOTOpOM fiDilbiHTerpanbHOe Bblp8>KeHHe yMHO>KeHO Ha exp flm 
M2 '-M2 

rne !l , "' m m - pa3HDCT& nponon&HbiX nepena 
mm 2 Err 

fl 
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y eepxaeft rpaHHUbl llOCTHraJOT 30-50% OT u "Po = u ( p 0 ) • Ce'tfeHHSI po:H<-

IleHHSI ocTanbHbJX HelfTpanbHbJX MeaoHOB ,o , TJ , A~ , A~ rrpH aTHX 

aaeprHSIX COCTSBnSIJOT B ny'lllleM cny'lae 10 .. 15% OT u(p 0). 0TCJOil8 BHAHO, 

'ITO cnaraeMbJe ( 14) c m .. rro ,., , A~, A~... ll8JOT BKnall rropSIIlKa aecKonb

KHX rrpoueHTOB B Ce'leHHe llBOfiHOft rrepeaapS!IlKHo UOCKOnbKY HeorrpelleneH

HOCTb B BenH'IHHe aTOrO Ce'leHHSI 1 CBSI38HH8.11 C SKCIJepHMeHTSnbHbiMH OJJJH6-

K8MH B OIIpelleneHHH U (pO), IIOpSIIlKS 20% 0 TO HX yqeT SIBn.lleTCH rrpeBbJJJJeHHeM 

TO'IHOCTHo 01lH8KO HHTep«JJepeHUHH IIOilSBneHHbJX ( 1TO 1 TJ 1 A0
1 , A; ... ) KSHa

noB C llOMHHHpyJOWHMH (pO,I, CU) MoryT B IlpHHUHIIe llOCTHraTb HeCKOnbKHX 

lleCSITKOB IlpOUeHTOB H Tpe6yJOT OTilenbHOro paCCMOTpeHHSio 

5. 11HTep«JJepeHUHH p83HbiX KaHanoB 

Bxnan B rronHoe ce'tfeHHe nsoAHoft rrepeaapstllKH oT HHTep«<lepeauHH llByx 

cnaraeMbJX B SMIInHTylle rrpouecca, COOTBeTCTBYJOWHX pa3HbiM IlpOMe:H<yTO'I

HbiM COCTOSIHHSIM 'fl0 
( m) H fl0 (m '), naeTCH Bblpa:H<eHHeM: 

u lnt = Z(HJ[Z(H) -J] 

4A2 
I 2 Re I F (!:!. ,., ',; 1 , ; ,. , u-, ) x 

x.x' 

xfJO<IX ,,. I X,, ·> f J 0 < I X I x,' > I ' '"' .,, "' , 

( 20) 

rile I lm ( m ') 1,.(,.')1 -aMrrnHTYilhJ npoueccoB rr~p(n)-.ll 0 (ll 0 ')n(p}, 

nopMHposaHawe cornacao: 

I< 1 1,,. f > d o = u ,,. H T ollo ( 21) 

HnlleKCbi X• X y aMnnnTyll paanH'ISJOT CIIHHOBbie cocTOSIHHSI npoMe:H<yTO'IHhJX 

'18CTHU. YcpenHeHHe IIO H8IIpaBneHHHM CIIHHa HyKnOHOB 6nnnHeliHhlX KOM6H

Haunfi aMIJnHTYil f B Bbipa:H<eHHH ( 20) IlpOHCXOllHT H3-38 IlpHMepHO paB-

Horo 'IHCna HyKnOHOB 

n106oM TSI:H<enoM Hllpe. 

C IlpOTHBOIIOllO:H<HO OpHeHTHpOBSHHbJMH CIIHH8MH B 

F ( t:J. ,, a-, , u , u, 
"'"' "' 

orrpellensreTcsr HHTerpanoM (4), BenH'IHHa 

B KOTOpOM IJOllbiHTerpanbHOe BhlpS:H<eHHe YMHO:H<eHO Ha exp !:J.,.,{ Z 1- z2 ) , 
M2 , -M2 

rne !:!. "" "' ...:::...m.. - paaaocTb npononhHbiX nepenaq nMnynhca 
"'"' 2 E77 

fl 
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a npoueccax IH ... mH' H iH -+m 'H '. nerKo nony'IHTb, BocnonbaOBaBWHCb 

coxpaHeHHeM P-t~~THOCTH B CHnhHbiX aaaHMo.oeAcTBHSJx, 'ITO ecnH B ( 20) 

m =PO ,w, f, a m ',.170 ,.,, TO COOTBeTCTBYIOIUHe HHTep¢epeHUHOHHbJe BKna

llbl paBHbi Hyn10. Yt~HTbiBaSJ cnHHoByJO cTpyKTypy aMnnHTYil pO)KileHHSJ p o , 

A
0

1 , A~ - MeaoHoa .onSJ MoayneA oTHoweHHA aenH'IHH ( 20) m.p 0 m'-A~ ,A~' 
K aenH'IHHaM ( 14) C m • p 0 , onpe.oenSJIOIUHX OTHOCHTenbHblft BKna.o p 0· -A~ 

H p0 -A~ HHTep$epeHUHA B Cet~eHHe llBOftHoft nepeaapSIIlKH 0 MO)KHO nony'IHTb 

cneayJOIUHe ooeHKH caepxy: 

H 

0 - -
a(A,)(1-Poo )p(1-Poo )AY 

a (pO) ~(pO ) 

a( A; HPoo )P (p oo ) A~ 
a(pO)~(pO) 

OocKonhKY 

a(A ~ J ~ 0,1, 
a (p 0 ) 

a(A~) ~ 0,15, 
a (p 0) 

(l-p 00 )P ... 0,2+0,4 

(p
00

)Ao ... 0,15, 
2 

( 22) 

( 23) 

TO BKnall yKaaaHHhlX HHTep$epeHUHft B Ce'leHHe .llBOftHOft nepeaapSIIlKH He 

npeBbJwaeT 10%. DpH nony'leHHH oueHoK ( 22) H ( 23) He y'IHTbiBanHcb s$¢eK

Tbi paaHOCTH $"aa HHTep$epHpyiOIUHX aMnnHTY.Il1 a TaK)Ke paaHOCTeft Mace 

I}POMe)KyTO'IHbiX 'laCTHU1 KOTOpbie eme 6onbWe CHH)KaJOT BenH'IHHbl HHTep$e

peHUHOHHbiX 'lneHOB, OnycKaSJ lleTanH, OTMeTHM, 'ITO BepxHHe OUeHKH OTH0-
0 d 

CHTenhHoro BKna.oa w, f-A 1, A2 HHTep$epe.HUHH a ce'leHHe paccMaTpHaae-

Moro npouecca no cnH.Hoaoft CTpyKType no.oo6.Hbi Bbipa)KeHHSIM ( 22) H ( 23), 

a no BenH'IHHe OTnH'IaiOTCSJ OT .HHX .llOnOnHHTenbHbiM ManbiM MHO)KHTeneM 

~)< 0,8 of '0,4 H -!!llL_ < 0,3 of 0,5 H n09TOMy TaK)Ke Manbi, Bem!''IHHa 
a(p)- · a(p) -

BbJpa)KeHHSJ (20) C m =W m'= f Mana ( <10%) B OCHOBHOM Ha-aa TOro, 

10 

'ITO 3HepreTH'IeCKHe o6naCTH HHTeHCHBHOro pO)K.IleHHSJ w-M 

'S 3 r::~a) H f -MeaoHoB ( E 17 ·~ 3 f3B) npaKTH'IeCKH He j 

PaccMoTpHM, HaKoHeu, axna.llbi a cet~eHHe cnaraeMbiX { 20) 

H m'==w, I. BenH'IHHbi ceqeHHA a(p),a(w),a(f) H cnHHOBaSJ c 

Tya npoueccoa 17-p ... pO(w,On caMH no ce6e He HCKnJO'faK 

6onhwoA ( nopHilKa aenH'IHHbi oCHOBHoro 31jl$eKTa, onpeaenSI 

eM ( 14} c m = p aenH'IHHbi p- w H p -I HHTep$epeH 

TenbHOCTH )Ke H 3TH HHTepqlepeHUHH OKa3biBaiOTCSJ ManbiMH 

npn'iHHaM, BaHilY Toro, 'ITo pO)KJleHHe p!. H f -MeaoHoa a 

-+ p
0 (f} n(p) HlleT B OCHOBHOM aa C'I~T O.llHOnHOHHOro 06MeH 

w -Me3oHa onpeaenHeTCSJ o6MeHoM p -TpaeKTOpHeft, $aabJ a 

rr-p ... pOn H rr p ... fn coanaaa10T, a $aaa aMnnHTYilbi npouec1 

CllBHHyTa no OTHoweHHIO K HHM Ha aenH'IHHY rr I 2 [ J- ap+ a17 
¥fa-3a 3Toro a cnyt~ae p-w HHTep$epeHUHH B Bbipa)KeHHH ( 

aon)I{Ha pa6oTaTb MHHMaSJ t~aCTb $opM$aKTopa F ( flpw , U. ) 
Mana BBHilY 6nHaocTH Mace m p H m w , a a cnyt~ae p - f 

pa6oTaeT nHWb Re F ( I!J. p 1 , ;;x ) , KOTopaSI Mana Ha-aa 6om 

Mace p- H f -Me30HOB, OpeHe6peraSJ paaHocTbJO Mace 1 

30HOB H Y'IHTbiBaSJ, 'ITO a - a 17 ... 0,5 +0,6, a a(w)_ < 0,3 + 0, 
p a(p) -

OUeHKy llnSJ OTHOCHTenbHOro BKnaaa p- w HHTep$epeHUHH: 

2
a(w) I cosrr[a -a ll"' 2 a(w~ 77 (a -a -0,5)< 0,15+0,25 

a(p) p rr a(p) p rr 

0THOCHTenb.HbJit BKnall p - f HHTep$epeHUHH orpaHH'IeH 

ReF(I!J.p 1 ,ux)/F(O,;;x ). 3To OTHoweHHe pacct~HTbiBanocb 1 

( ... , ( ... ) I - R - ' p n r = p r = p 0 (1 + exp -- ) , 
P a 

1/3 R = 1,14 A F , a = 0,545 F , a 1 =am=a1 = 22 M6H, 

Ero aHa'IeHHe paaHo 0,11 H 0,05 anH A = 64 (Cu} H 

cooTaeTCTBeHHO npH E17 = 4 f3B, llnH 6onee nerKHX Hllep ITJ 

PHil OK 3TOI! aenH'IHHhl MO)KHO ITOny'IHTb1 rronaraSJ p r:} = p O exj 

DpH 3TOM 
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'ITO aaepreTH'IeCKHe o6nacTH HHTeHCHBHOro po>KlleHHH cu-MeaoHoB (Err .'5 

~ 3 faB) H 1-MeaoaoB ( E IT ·~ 3 faB) npaKTH'IeCKH ae nepeKpb!BSIOTCH. 

PaccMoTpHM, aaKoHeu, BXJIBllbl B ceqeaHe cnaraeMblX ( 20) c m •P 

a m '= cu, I. BenH'IHHbl ceqeaHli a(p) ,u(cu) ,o(l) H cnHHOBaH cTpyKTypa aMnnu-

Tyn npoueCCOB IT-p-.pO (cu,l}n C8MH llO ce6e He HCKJIIO'Ia!OT LlOCTaTO'IHO 

6onbwoif ( nopHnKa senH'IHHbi ocaosaoro a¢¢eKTa, onpellensleMoro Bb!pa>KeHH-

eM ( 14} C m = p ) BeJIH'IHHbl p-cu H p -I HHTep¢epeHUHH. B llelicTBH-

TeJibHOCTH >Ke H 3TH HHTep4lepeHUHH OK83b!B810TCSI MMblMH 110 CJieLlyiOIUHM 

0 -
npu'IHHaM. BBHLlY Toro, 'ITO po>KlleHHe p- H I -Meaoaos B peaKuHH rr+ p(n)-. 

-> pO(I) n(p) HlleT B OCHOBHOM 38 C'IE:!T OllHOIIHOHHOf'O 06MeHa 1 a pO>KlleHHe 

w -Me3oaa onpenengeTCH o6MeaoM p -TpaeKTopuell:, ¢aabt aMnnHTYll npoueccoB 

IT-p-. pO n " IT p-> In cosnallaiOT1 a ¢aaa aMnnHTYllbl npouecca ,-p -> cu n 

CllBHHyTa !10 OTHOWeHHIO K HHM Ha BeJIH'IHHY 11 I 2 [r-ap+ a, 1 .. 11 I 4 • 

J.13-38 3TOf'O B cnyqae p- CLl HHTep<jlepeHUHH B Bbipa>KeHHH ( 20) a<jl¢eKTHBHO 

nomt<Ha pa6oTaTb MHHMSH 'ISCTb ¢opM<jJaKTopa F ( ll pcu , <J. ) , KOTOpag 

Mana BBHllY 6nH30CTH M8CC m p H m CLl 1 a B CJiy'lae p-I HHTep¢epeHUHH 

pa6oTaeT JIHWb Re F ( flp 1 , a. ) , KOTopag Mana Ha-aa 6onhwofi paaaocTH 

Mace p- H I -Me30HOB. npeae6perag pa3HOCTbiO Mace P- H CLl-Me-

30HOB H Y'IHTb!BaSI 0 'ITO a - a rr'" 0,5 +0,6, a a(cu)_ < 0,3 of 0,4, IIOJIY'IHM 
p u(p) ~ 

OUeHKY llJISI OTHOCHTeJibHOf'O BKnana p- CLl HHTep<jJepeHUHH! 

2u(cu2_l cosrr[a -a n .. 2 a(cu~ 11 (a -a -0,5)< 0,15+0,25 
a(p) p IT a(p) P 17 

0THOCHTeJibHblli BKJiall p -I HHTep<jJepeHUHH orpaHH'IeH BeJIH'IIIHOif 

Re F( ll pI • a X )I F(O, ;X ) • 3To OTHOWeHHe paCC'IHTbiBaJIOCb B npennono>KeHIIHX 

( ->} ( ->) r - R - 1 Pn r =P r =p
0
(1+exp--) , 

P a ( 24) 

113 R = 1,14 A F , a = 0,545 F , a 1 =Um=a1 = 22 M6H. 

Ero 3Ha'leHHe paBHO O, 11 H 0,05 LlJIH A = 64 (Cu} H A = 208 (Pb} 

COOTBeTCTBeHHO llpH Err= 4 ras. nng 6onee Jief'KHX Sl)lep npaBHJibHhlii no-

-> 3,2 
PHllOK 9TOii BeJIH'IHHbl MO>KHO liOJIY'IHTb, llOJiaf'aSI p ( r} = p O exp (- 2R2 } . 
OpH 9TOM 
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F(!lii) !12R2 
--'- = exp(- -)+ii!!R rrpH !!R'» 1. 
F(O, u) 3 ( 25) 

Ha ( 25) aH.nHo, 'ITO lm F: ( !1, u) rrpH 6onblliHX !1 R aaMeTHo npeabiUiaeT 

ReF ( !1, u) H noaToMy ManoCTb p- I HHTep$epeHUHH, o6ycnoaneHHaH Ma-

nocTbiO ReF(!lp 1 ,u), HBnHeTCH cne.ncTaHeM He Ti>nbKO 6onblliOA paaHOCTH 

Mace p- H I -MeaoHoa, Ho TBK>Ke H paaeHcTaa $aa aMrrnHTY.ll po>K.neHHH 

STHX 'I:BCTHU B ,-p ( rr+n )- CTOnKHOaeHHHX. Ha rrpHae.neHHbiX abiiiie oueHOK 

cne.nyeT, 'ITO y'l:eT HHTep$epeHUHOli'HbiX axna.noa a Ce'l:eHHe .naoAHoA rrepeaa-

PH.llKH1 .llnH .neTanbHOI'O PBC'lf~Ta KOTOpbiX Heo6XD.llHMO 3H8Tb BMITnHTY.llbi 

rrpoueccoa PO>K.lleHHH peaOHBHCua, 'ITO, a CaOIO O'l:epe.nb, Tpe6yeT rrpHaneqe

HHSI paanH'I:HbiX MO.lleneA, He MO>KeT HaMeHHTb ITOPSI.llOK aenH'I:HHbl paccMaTpH-
' ~ 

aaeMOI'O ce'leHHH, KOTOpbiA orrpe.nenHeTCH a OCHOaHOM cyMMOA ITO m ap, cu , I 

abipa>KeHHil ( 14). BenH'IHHbi F( u" ) a ( 14), pacC'I:HTaHHbie a rrpe.nnono>KeHHHX 
-1 -1 -1 -1 

( 24), paaHbi 0,19 M6H ; 0,38 M6H ; 0,56 M6H ; 0, 70 M6H .nnH A= 27 

(AI), A .. 64 (Cu ), A= 105 (A g) H A= 208(Pb), cooTaeTcTaeHHo. ITonara.s~ 
u(p) = 3,5 M6H, u(cu)= 1,4 M6H, u(l) = 0 rrp~ E,'"' 2,1 faa, H u(p) .. 

/51 = I M6H u (I)= 0,5 M6 u(cu ).,0 rrpH E, = 4 faa H y'lfHTbiaaH ( 19), 

.llnH Ce'l:eHHA .naoAHOA rrepeaapH.llKH Ha CaHHUe rrony'I:HM: 

M6H Err = 2 faa 
urr- .... rr+'" 

0,1 M6H Err = 4 faa 

u,+ .... rr- .. 
1,5 M6H E, = 2 faa 

0,15 M6H Err= 4 faa 

.fiH$$epeHUHBnbHbie Ce'l:eHHH .naoAHOit rrepeaapH.llKH arrepe.n MO>KHO OUeHHTb, 

aocrronbaoaaalliHCb TeM, 'ITO: 

Ju(O) 
--=U 

JO 

2 
Jp1T 
2rr ( 26) 

3.necb a - rrapaMeTp HaxnoHa .llH~peHUHBnbHbiX ce'l:eHHA rrpoueccoa 
0 -2 

,- p ->p (cu, I) n, paaHbiA rrpHMepHo 8 faa • BH.nHo, '!:To ce'l:eHHH .naoAHoit 

12 

rrepeaapH.llKH rr -Me30HOa HB TH>KenbiX H.llpax rrpH He O'leHb 

I'HSIX ( E <4 faa) .nocTaTD'IHo Benuxu, H TBKHe npouecCbi anom 17 

anSI H3y'leHHSI rrpH CyllieCTayJOIIIHX IIHTeHCHaHOCTSIX rr -Meao 

11HTepeCHO Cp8BHIIB8Tb C9'19HIISI rrpOU9CCOB rr--> 17 + 

Ha OllHOM II TOM >Ke smpe. EcnH rronO>KIITb p z p , TO H3 
p n 

en en yeT: 

u 0 + N(N-l) .. u + -Z(Z-1) 17->rr 17 ->17 ' 

0TKnOH9HHe OT aTOI'O COOTHOIII9HIISI CBH.lleTenbCTaoaano 6hl ( 

a pacrrpeneneHHSIX HeHTpOHOB H rrpOTOHOB B S!.llpax. 

A BTOpb! 6naronapS!T 3a BHHMaHHe K pa6oTe, HHTepeCHb 

H noneaHbie aaMe'laHHSI IO.A. BaTycoaa, n.H. narrunyca, B.N 

B.H. CTpyHoBa. 
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nepe38pllJlKH TT -M830HOB H8 Tl.J)K8nbiX llJlp8X IIpH He 0'18Hb BhiCOKHX 3Hep-

f'HllX ( E <4 fa B) aocTaTO'IHO BenHKH, H TBKHe rrpoueccbi Brronae aocTyriHhi 
TT 

)lnll H3y'I8HHll rrpH cyrueCTBYIOIUHX HHTeHCHBHOCTllX TT -M830HHhlX ITY'IKOB, 

l1HTepeCHO Cp8BHHB8Tb C8'18HHll ripOU8CCOB TT--+ TT + + -H TT -+TT 

H8 OJlHOM H TOM )1{8 ll)lpe, EcnH rronO)KHTb p ,. p , TO H3 ( 14) H ( 20) 
p n 

cneayeT: 

a 0 + H(H-l) .. a + -Z(Z-1). 
TT -+ TT TT -+ TT 

0TKnOH8HH8 OT 3TOf'O COOTHOIU8HHll CBHJleTenbCTBOBano 6b! 0 pa3nH'IHH 

B pacrrpeaeneHHllX H8ftTpOHOB H ripOTOHOB B llllp8X, 

( 27) 

ABTOpbl 6naf'OJlapllT 3a BHHMaHHe K pa60T8 1 HHTepeCHbl8 o6cy)KJl8HHll 

H rrone3Hbl8 3aMe'laHHll IO.A. EaTyCoBa, n.I1. narrHayca, B.M. CHJlOpOBa, 

B.H. CTpyaoBa, 
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