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.[l n SI 8H 8JI H38 pS!ll8 pe 8 KUHH 1 n p OT 9K 810l.UHX C y'i8CTH9M T SI )!{9Jlb!X HOHOB , H 9 06X01lHM O 3 H 8 Tb 

1 11 
ceqe HH e o6pa3oB aHH SI K OMna y H n -gn p a a

0 
(E) • B pa6oTe ToM aca s To c e q e Hne B aaBHC HMOCTH 

OT SHe pru u 6br no B bi 'iHcn e Ho nnSI pSina cny qaes . ToM a c Hcn o nb30 B a n npu6n H)!{9H He npSIMoyronb­

. roll S! Mbl , CHJi bHO n OI"'JI O!.U810!.U9ll H OH bl. T aK Ol! IIOllXOll SIBJI SI9TCSI B 9CbM8 r py6 biM, T 8 K K8K B38HMO..., 

1l9HCTBH9 llBY X Slll9p B nel!C T BI·IT91l bH OCTH OIIHCbiB 89 TCSI IIOT e HUH8JIOM 1 y M 9H bW 8 10l.UHMCSI H8 6 onb-

WHX paCC T O SIHH SI X 3KC n OH 9 HUH81lbH O. 

B n a n bHeliw eM Bhi 'iHcneH H e - KYJIOHOB C KHll 6 apbe p) 6hlnO npo-a 
e 

( E) npH 

14/ 
s e neHo a p a 6oTe ' B KO T OpOH HCnOJib30B8JI&Cb 6 onee p e a n HCTH'i9CK8SI M 0 1l91lb, CornaCHO S TOll 

M o n e nH, SinepHoe B 3 8H M o nellcTsHe orrHC biBaeTcSI rr oTeH u nanoM C aKc o H a -By n a c panHycoM saaHMo­

z/3 z/3 
nellcTBHSI R0 = r (A 

1 
+A j , rne r "' 1.3 I ( ToMac Hcnonb3os an 3Ha'i eHH e r ~ 1.5 I ) • napa-o 2 0 . 0 

M 9 Tph l IIOT9HUH8JI8 V0 , tO 6binH OI!p9 1l91l9Hb l H3 KB83H KJI8CC I!'i9CKOI'O 8H8JIH38 SKCnepH-

M9H TOB n o yrrpyroMy p8CC 9SI HH IO T SI )!{ 9 Jl b! X HOH OB. 3H8'i9HH SI a
0 

(E) (E > VB) rrp8KTH'i9CKH 

cosrrana!OT c aHanorH'iH biMH 3H 8 'ie HHSIMH , rron y 'ieH H h iMH ToMacoM. 3TOT cPBKT 6bm o6'bSIC H eH sciJ­

ciJeKTO M "BTSII'HB 8 HHSI' H OH8 Slll 9pH biM l1 01l9M MH!.U 9 HH B 30Hy ITOI'JIOI.U9HHSI, 

O nH a Ko B H8CTOSII.Uee spe MSI HM 910TCSI yKB38HHSI Ha To, 'iTO p e anbH8SI aenH'iHHa a
0 

(E) 3H8'i H­

T enhHO MeH b we Bbl'lHCneH Holl. , oc o 6 eHHO a o6nacTH 6onbi.UHX aHeprHll. "' 10 MaaiHyKnoH • • Boa­

M O)!{HO, 0 6 3TO M CBH,lleT9JibC T BYIOT 3KCrr e pHMe HTbl no ,lle 1l9H H IO B pe 8 KUHSIX M9)!{Jly CJIO)!{HblMH S11l­

p 8 MH , Kur Jl 8 H !)!{enoe SIJlpo- MHI.UeHb He S!BnSieTCSI Jl e nSII.UHMC SI. OcH OBHbiM KBHanoM pacrra.lla 

C 
12 A u1 ldl 

COCT8BH OI'O 511l p8 , p6p8 3 0 B 8HHOI'0 1 H811 p HMe p B p e 8KUHH + U 1 SIBJISI9TCSI Jl91l9HH9 , no-

3 TOMy , r py6o f'OBOp~, a (E ) "' cr (E) 
e f 

(a (E) - ce'ieHH e neneHHSI). J.13Mepe HHoe a (E) "l 2 
( ( 

pa3 a MeHbwe , 'ieM a ( E) , p acc 'iH T BHH Oe T oM acoM . C npyroll. cTopoH bi, aHanH3 yrnoa o ro p acrrpe-

c 141 
Jl9 1l9HHSI cP p a r M e HT OB ,ll e Ji e H H SI , n p OB91l9HH hl ll H @Jl8 BHO B pa60TS y K83 hlB89T H8 3H8'iH T eJibH y !O 

ponb rr pSI Mbi X npoueccos. TaKHM o 6pa30M, M OfK H O n y M B Tb, "' T O u c ( E) rrp11 6onbi.UHX aHeprHSIX 

ei.Ue M eH b i.Ue . 

I 1 2 / 
3 TH cP8 KTbl CBHJl 9 T eJibC TBy!OT 0 T OM, "' TO a 

0
( E) , B bi "' I!C n e HH09 B pa60T8X 

1 
J cneny e T 

p 8CCM8TpHB8Tb C KOpee K8K nonH oe C9 'ieHH 9 p e 8KUH H . YTO K 8 C 8e TC SI Bbl 'iH C1l9HHSI C e 'ie H H SI o 6 p a3o-

B8H I!SI K OM118YH1l-S!Jlp8, H1ll!, TO'iHee 1 C 9 'ieH HSI IIOJIHOI' O CJI HSI HH~ llBY X Slll9p, rr p e ,llii 0 1l0)!{9H iill 1 

· I 1 2 / 
H 8 K OT Op bie OnHp 810 T C SI pa6 0Tb l ' 1 OK 8 3bJB8eTC 51 SIBHO H 9 Jl OC T 8 T O'iHO • 

.[lellC TB I! T en b H O, xap8KTe pHOll OC 06eHHOC Tb!O p 98KUH ll C Y 'i 8C T H 9 M TSI)!{eJibi X HOHOB SIBJI He T C SI 

p eaJIH3 8 U H SI O"!e H b 60Jibl.lli!X y r JI OBbiX MOM9HTOB . 0 JlH 8KO n ocn e,llHHe M OI'Y T OK83b!B8Tb 6 onbi..t! Oe 

BJIHSIH 1!9 H8 rr p ouecc o6pa30 B 8 HH51 K OMnayH1l-S!Jlp8. P aC C MOTp HM 3 T O T B OII pOC IT01lp06H e e, 

nocKOJl bKY 601lbW H e YI'1l0B bl9 MOM9H T b l B03HHK8 10 T npH K8C8T9Jl bH OM CTOJIK H OBP. H HH Sl ,llep, 

TO 6yJleM paCC M8TpHB 8Tb H M9HH O T 8KII9 C T OJI K H OBeHHSI, n ·p H E > V8 OTH OC H T91l b H8SI C K OpOCTb 

JlBH)!{9HJ.! SI S!Jl9p nO n OpS!llKY Be JIH 'iH H bl Cp8BHHM8 C O CKOp OCTSI MH llB H)!{ e H HSI HY KJI OH OB B S! Ll p 8 X , 

C Jlpyro ll CTOpOHbl , n e peKpb!THe 06'b9MOB S!Jl9 p n p H K8C 8T91lbH OM CTOJIK HOB9HH H H 9 B91li! KO . n o -

3TOMY MO)!{HO HCIT01lb30B 8 T b n pH61l lf)!{ 9HHe, C OI'JI8 CHO KOTOpOMY S!Jlp8 B 38HMOJlelk Tf!Y IOT , K8K uc ­

Jlbie. n o -BHLlHMOM y 1 3TO npH 6 JI H )!{9HHe 6y JleT Cllp8 B e ll1lHBbiM H8 rrepBOll CT8L1HH p 98KUH I! , 

Toraa MO)!{H O B bi'i HC JIH T b pac c T O SI H H e R H8H60il bl.U9I'O C6JIH)!{9HH SI M e )!{LlY C T8JIKHB 8 10l.UHMH -
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CSI S!.llpaMH !Ipii cPHKCiipOBaHHbiX 3HaqeHHSIX aHeprHH H MOM C HTa • R .uonJK H O 6biTb KOpHeM 

ypaBHeHHSI 

E - Vq (R) 

2 

V ( R) - _h___ !_f!:_!__ !J. = O 
N 2J.L R2 . ( 1 ) 

B ypaaHeHHH (t) /~ V (q) - KYHOHOBC'Ii~ IIOTeHUHan C yqeTOM pa3M83KH 38pS!.ll 8 B R.llpe - MHWeHH : 
q 

V (R) 
1 

r 
l 

z 
1 

z e 2 2 •n n X •I 
R 2 [ -4- + 1/ 2 - _x_ + ~ I.~ + 1h en x) ][__!_+ L + ...::_ ]. X= .B._ 5 1 

1 n 6 n 2 nx 3 n 2 n3 • R ' 1 

( 2a) 
Z Z 2 n( 1 • x) - n 3 •1 R 

_1_.2.-:._[L-e rL+ ~J][e +2n +; l ;x=T?_ L (26) 
R1 X X 2 1 

/6/ 
r.ne n = 10 , R - pa.llHYC S!.llpa-MHW e HH (npH KaCaTeHbHOM CTOHKHOBeHHH HCIIOHb3yeTCSI 

1 

ci:JopMyna /26/). 

V (R) noTe HuH an CaKcoHa- By .ua, onHCbiB a iO W H ~ H.aepHy JO yac Tb B3aHMo.neli:CTBHSI: 
N 

npHqeM vo = 40 ' a 0 

V (R) =-
N 

0,45£ ' R 
0 

v [ 1 + exp ( .B__-::__{54--) f 1 
' 

o a o 
t!J tf, 

= r
0 

(A 
1 

+ A 
2 

) 
1 

r 
0 

= 1.3 f . 

npe.lliiOHOJKHM .nanee 1 qTO npH Onpe.neneHHOM paCCTOS!Hiili HaH60nhWero c6nHJK eH HSI 

( 3) 

R (f,E) 

npOHCXO.llHT o6pa30BaHHe KOMnayH.ll-S!.llpa1 T,e, IIOHHOe CHHSIHHe .llBYX S!.llep, BepOS!THee BCer0 1 Ha 

nepeXO.llHOll: CTa.llHii ci:JopMa COCTaBHOH CHCTeMbl 6y .neT 6nH3Ka K 3HHHIICOH.llanbHOH, .LJ.eltCTBHTenb­

H01 6biCTpOMy CnHSIHHIO .llBYX Sl.llep .llOnJKHbl nperrSITCTBOBaTb 6onhWHe KynOHOBCKHe H u e HTpo6e:>K­

Hbie CI'!Hbl, C .apyroJ'% CTOp0Hbi 1 Ha 3TOll: CTa.llHH peaKUHH B03MO:>KHO nepepacnpe.neneHHe "BHeWHHX .. 

cna.6o CBSI3aHHblX HyKnOHOBI KOTOpoe .QOH:>KHO npHBeCTH K 3anonH e HHIO npOCTpaHCTBB. Me:>K.lly S!,llpa-

MH. nonyocH annHncoH.na a I b ( CM.pHC. 1 ) Onpe.aenHM H3 cna.ayJOWHX yCnOBHll. 

I. 06'beM COCTaBHOll: CHCTeMbl paaeH CyMMe 06'beMOB CTaHKHBB.IOWHXCSI SI.Qep1 TB.K KaK 3Hep­

rHSI B036y:>K.UeHHSI MHOrO MeHbWe IIOHHOll: 3HeprHH CBSI31i, noaTOMy: 

r.ne 

:!..!!_ a b 2 

3 

2. EonbWYJO nonyocb annHncoH.na 8 

4rr(R3+R3). 
- 1 2 
3 

(4) 

ecTeCTBeHHO onpe.nenHTb cne.nyJOillHM o6pa3oM: 

8 = R 
A 

+ --=-::1... __ R (f , E) , (5) 
At + A2 

- j ,t!, 
R = (R +R )- pa.nHyc cci:Jepbl 1 o6'beM 

l 2 
KOTOpoll: paaeH CyMMe 06'beMOB CTaHKHBa!OillHXCSI Sl.llep 

(T.e. B cnyqae R = 0 - no6oaoll: y.nap) 1 A 
1 

, A 
2 

- Maccoabie qHcna H.llpa-MHWeHH H HOHa1 

COOTBeTCTBeHHO. 

TaKHM o6pa30M 1 HMe.ll pa.nHycbi .ll.llep R 
1 

H R
2 1 a TaK:>Ke paccTO.IIHHe HaH6onbwero 

c6nH:>KeHHSI R(f, E) , MO:>KHO onpe.nenHTb nonyocH annHncoH.na 8 H b 1 KOTOpbie 6y.nyT 

cPYHKUHS!Mii OT aHeprHH E H yrnoaoro MOMeHTa f 

EcnH o6pa3yJOwaSICSI COCTaBHB.SI CHCTeMa ycToll:qHaa no OTHOWeHHIO K o6paTHOMy rrpoueccy-

"" pa3aany 1 TO npH He6onbWOM yaenHqeHHH nonyocH . 8 ... a + o 8 aHeprHH E , paaHa.ll cyMMe no-

aepxHOCTHOll: 1 KynoHoBcKoll: H ueHTpo6e:>KHoll: aHeprHI'% 1 .uon:>KHa yaenH'!HBB.TbCH. TaKHM o6pa30M1 

171 
HMeeM ycnOBHe ycToll:qHBOC':I'H ( aHanorH'lHOe Bb!pa:>KeHHe HCnOJib30BaHOCb B pa6oTe rrpH HCCne-

.llOBaHHH B38.HMO.lleli:CTBHSI Heli:TpOHOB C .neci:JopMiipOBaHHb!MH S!.llp8.MH): 

4 

, 

~ 

r.ut 

- 1\ 

Me 

MO, 

ek 
nay 

Me) 

"' r 
0 

.llnl 

16 
0 

HH1 

Ha 

OC1 

ca. 

HH!< 

HH€ 

np11 

o6L 

3HE 

npe 

0 

HHE 

MO; 

nor 

HeH 



( 1 ) 

- 1 
_B__q J- X= . R -

1 

( 2a) 

l ' (26) 

(3) 

IIHI R (f,E) 

:! aeero, Ha 

e " BHeWHHX" 

*IlY HIJ.pa-

KaK 9Hep-

(4) 

ipa30M: 

(5) 

!XeS! SIIJ.ep 

II HOHa, 

• 

rbwero 

6yiJ.yT 

n poueeey-

eyMMe no­

f o6pa3oM, 

rp11 Keene-

, 

oE 

oa 
rr O b I J~"l +_!_arcsinE+ 3 J..::E

2 
[ J 1 -l- ..£._arcsinE] I+ 

( ( 2 ( 

(Ze)2 2 
+ L ----1 1 - }...=!__[n .L~_!__ I -

10 a 2 
E 2 6 E 1 - f 

h2 e re + 1; 1 + ( 2 

- -----· ·--- > 0, 
2Ia 2 -f2 

(6) 

ra.e 0 - ITOBepXHOCTHOe HaTSI)KeHHe, Ze - cy MapHbiA 3apHil o6o11x HIJ.ep, I = ...L A Ma 
2 

( 2 -E 2 J 
5 

- MOMeHT HHepuHH s nnHncoHa.a ( A = A 
1 

+ A 2 , 

b 2 y, 

M - Maeca HyKnOHa) B TBepiJ.OTenbHOM np116n11-

)KeHI!H 1 npl!'leM E = ( 1- -) ero 9 KCiteHT pHCf!TeT, 
a2 

Ecn11 yrnoaoa MOMeHT enHWKOM BenHK II 
oE < 0 , T0 1 e TO'lKH 3peHHSI IJ.aHHOA 
oa 

MOIJ.enH, COCTaBHaSI eHCTeMa He MO)KeT o6pa30BaTbCSI, nosTOMY 3aiJ.a'la eBOil.H TeH K on pea.eneHHIO 

f kp, - KpHTH'leCKOf'O 3H8'leHHSI yrnOBOf'O MOMeHTa, npH KOTOpOM ewe B03M0)KH0 o6pa30BaHHe KOM­

nayHIJ.-HIJ.pa, TaKHM o6pa3oM, Heo6xoa.HMO pewHTb ypaaHeHHe 

.. 
oE (f,E) 

0. 
oa 

YpaBHeHHSI ( 1) 11 ( 7) 6binH peweHbi 'lHCneHHO, B xaqecTB e ¥
0 

, xapaxTepH3YIOWero 

Mepbl SIIJ.ep, 

r 
0 

1.22 I 

II 

II 

0 

0 

- K09cpcpHitHeHTa ITOBepXHOeTHOf'O HaTSI)KeHHSI 6binH npi!HSITbl 3Ha'leHHSI 
-2 

~0,95 M3B I , eOOTBeTCTBeHHO, 

(7) 

P e3ynbTaTbi pae'leToB npea.eTaaneHbi Ha p11c, 2, 3, 4, 5, 6. Ha p11e, 2 a. aHa xpHBaSI o l /0 a 

IJ.nSI p a3nH'IHbiX 3HeprHA, 3Ha'leHIIA '; II Bemi'lHHbl MOMeHTa HHepitHII I B cnyqae peaKiti!H 
0 

. 16 .u oE 
0 + Ni • Toqxa, ra.e -- = 0 • onpea.enHeT 3Ha'leHHe ekp • Bbi'lHenHB e kp I MO)KHO oue-

0 a . 
HHTb ee'leHHe 06pa3oBaHHSI KOMrra yHIJ.-SIIJ.pa riO rrpR6nH)KeHHOA cpopMyne: 

OeTan bHbiX pReyHKaX) KpRBaSI C RHIJ.eKCOM T 03Ha'laeT u c (E) , rrony'leHHoe rro Moa.enH ToM a-

ca. B e pXHSISI KpRBaH 

HRIO t = 1.221 
0 

"2" eOOTBeTCTByeT 3Ha'leHHIO ;: = 1.3 I 

HR;>KHSISI KpRBaSI .,3, COOTBeTC TByeT cny'laiO, KOf'IJ.a '; = 1.221 1 a MOM9HT 
0 

HHepui-m I' = 0.751 • nyHKTHpoM o6o3Ha'leHo rrpea.nonaraeMoe noaea.eHRe KPRBbll u c ( E ) 
TB.T 

rrpR E .. V 
B 

npeiJ.riO'lTHTenbHOi!: HBnSieTeSI KpRBaSI "1' 1 TaK KaK B 3 TOM cnyqae 
.. 
r

0 
= 1.221 - 6nH)Ke K 

o6werrpHHSITOMY 3H8'leHRIO, KpoMe TOf'O, eOCTaBHaSI CHeTeM a 6ya.eT o6naAaTb 3Ha'lHTenbHOll 

3HeprHell B036y)KIJ.eHRSI, no3TOMy IJ.nSI MOMeHTa RHe pURR nyqwe ripi!HSITb ero TBepiJ.OTenbHblll 

npea.en, 

H 4 5 6 E 14 N s& , Cu + A" 101 , Cu+ Auur, a pRe. , , a.aHbi KpRBbie u c ( ) a.ns peaKitHH N + 
1 

.. 

16 191( "' 
0 + Au r 

0 
= 1. 22 I I = I 

TB,T, 
) • B a.ayx rroenea.HHX cny'laSIX 3 nnHrrCOHIJ.anbH Oe npH6nH)Ke-

HR9 SIBnSI9TCSI rpy6biM 3IJ.eeb nyqwe 6bmo 6hr Renonb3DBaTb rpyweBHilHYIO cpopM;r. Oa.naKo, 

MO)KHO 0)KHIJ.8Tb, 'lTD p e3ynbT8Tbl H3M9HSITeSI He O'leHb CHnbHO, 

KHTepeCHO epaBHRTb cpeiJ.HRe 3H8'l9HRSI yrno aoro M OM9HTa e 
norH'lHbiMH 3Ha'leHHHMH no Moa.enR ToMaca. B Ta6nRue 1 rrpHaea.eHbi rrpHM e pbi a.ns1 TaJ:oro cpaa­

HeHHSI. K3 Ta6nRitbi BHIJ.HO, 'lTD rrpR 3HeprHH, 6 nHGKOi!: K KynoHoaexoMy 6apbepy, cpe a.HHe 3H a'le-
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i 

~ 
l 
! 

HIHI yrnonoro M OMCHTa B o6e 11 x Mo.oenH x 6 nH3 KI1 .u p yr v .u p yry . O.!HWKO npH yoe n ii'·Je lmH :om ep-

14 58 
rHH p a3JlH'iH C CT:J II Ollii T C51 60llbW HM, H a npHMep, 13 p eaKUH H N + Ni npu 3 H e pr HH 11 0 M3D 

OTHO WCHH e p ;Y. "' 2 
TOM 8C 

rlpe an a r ue M rt 51 M o aen b 51Bn51eTC51 npH6m! >KeJ-JHOH , TeM He MC~Hee 1 oHa II 03BOll51CT caenaTb 

p51D. B L IB OD. OB . 

! . a e ( £) H e 51B J151C TC51 M OHOTOH HO p acTywe ii cpyH.KU11 C l! OT 3Hepr 11 11 , rf oc n e D. OBOJlbHO 6bi-

CTpOrO pocTa n6nH 3 H 6 a pbe pa a (E) .uoc THrae T MaKC HMyM a, a 3 BTeM naaaeT . HacbJWeHI1 e 

" a e / 3/ 
11 3 M e peHHOn KpH BOn ce~e HH51 Ll.C J1 C HI151 CB I1 D. e T e JlbC T B yeT 0 H 8Jl H ~I1 11 11p51MhlX npOU CCCOB . 

2, M a KC IIMil JlbHOe 3 118~ CHli C yrnoaoro M OM CIIT8 K OMnayH.0. -51.llp8, o6p830B<1HH Oro B pe8KUI151 X 

C y~aCTHe M T51 >Kellh!X 11 0 H OB, H e C TOllb B e lli1KO, K8K 3TOrO Cn e D. OB8JlO 6b! O>KH.U i.' Tb , E":C J111 HCXOD.H'I"r> 

113 npOCTbiX KB83HKll8CCI!~CCKI!X CO OTHOWeHI!Il:, 

3 , rfo3TOMY rHilOTC3Y 0 B 03M O>KH OCTI1 o6pll30B8HI151 wXOliOD.HOrOw KOM11 8 YHD. - SI.O.p8 (BCSI nepno­

H8~8llbH8SI 3Hepri!SI COCpeD.OTO ~eHa B O Bp8lU8TCJ1 1o l iU M D.BI1)1{ e HI111 CI1CTeM bl ), no-BI!D.IIMOMy , HCllb3SI 

C~I!T8Tb Ollp8B.ll8HHOil: , 

4 , rfOCKOllbKY 3 K CUCHTp11CI!Te T p8BHOBeCHOil: cpopMbl KOMI1 8Y H D. - HD. p 8 38BI1CI1T OT r , TO 

YMCHbW CHHe 
16 

f llpHBOD.IIT K yMeHbUJCHHIO OTHOWCH HSI n ony oc elt a/b • HanpHMep, B pea:<UIIH 

0 + Ni 58 
llp11 E = 100 M3B H f TOM B<.. -4} OTH OUJeHI1 e a/b "' 2 , a npH f = 24 

(eM, T86l!HUY 1 ) a/ b = ].4 . 0TCIOD.8 cneayeT, ~TO ll01lhl TK8 06bstCHHTb 113 6biTOK B BblXOD.e 38p S1 -

/8/ 
>KeHHbl X ~8CTIIU 110 Cp8BHCHHIO C npe D.CK838HHeM CT8THCTH~CCKOlt TeOpi!H C C blliKOl! H8 yMeHbwe-

H11e KynOHOBCKOrO 6apbCpa B ll0l!IOC8X 3ll l!H ilC011D.8 He .0.0ll)I{H8 llpHBeCTI! K y D.O B lleTBOp11Te llbHblM 

pe3ynbTaTaM. BeponTHO, 3 TOT 1136hiTOK o6ycnoaneH npSJMbiMII B 3811M o aeltCTBI1SIMH . 

5 . ripo6neMa 6anaHca nonHoro yrnonoro MOMeH Ta a peaKuHnx c TSI>K e n b iMH IIOH 8MII , ecnH 

y~eCTb nony~eHHbie p e3yll bT8 Tbl 1 B 3H8~11TCllbHOlt CTeneHH yTp8~1!B8eT CBOIO OCTpOT y , 
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