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HeaaaHO B ny6He 6b!Jl Bbln0/IH9H cp830Bblll 8H8/IH3 ynpyroro paccel!HHll npOTOHOB B 

o6nacTH 660 M3a
11- 41

• npH 3TOM HCnO/Ib30B8/IHCb He TO/IbKO 3KCnepHM9HT8/IbHbl9 .ll8HHb!e 

06 ynpyrOM p8CC9l!HHH 0 HO T8K)I{9 3H8'19HHll nO/IHb!X C9'19HHll M930H006p830B8HHll 0 (tr+ d) t 

o(rr+pn) H o(pprr 0 ). 

8 H8CTOl!LU99 Bp9Mll noKa eLUe OCT89TCll OTKpb!TbiM aonpoC 1H3 K8KHX COCTOliHHll npo-

HCXO.llHT o6p830B8HH9 tr -Me30HOB npH p-p coyaapeHHliX, 3TO 38Tpy.llHli9T cp830Bb!ll 

/1-4/ 
BH8nH3 1 T8K KBK peW9HHSI, nonyqeHHbi9 B , Cylll9CTB9HHO 38BHCHT OT TOro, KBKHe H3 

cba30Bb!X C.llBHrOB C C8MOrO H8'18/18 nonaraJOTCl! KOMnneKCHb!MH, 

Bo acex pa6oTax no ¢a30BOMy aHanHay p- p pacceliHHll a o6nacTH 400-600 Mas 

Hcnonb3yeTCl! pe3oHaHcHal! Moaenb o6paaoaaHHll rr -Me30HOB, npeano)l{eHHBll MaHaenh-

/5/ 
CT8MOM • nnll ¢830BOro 8H8/IH38 l!B/Ili9TCll B8)1{Hb!M HCXO.llHOe npean0/10)1{9HH9 3TOll 

MO.ll911H, cornaCHO KOTOpOMY o6p830B8HH9 rr -Me30HOB CBli38HO C K8H8/18MH 1D , 
/5/ 2 3P H 

3
F ( s- H p -pa3/19T ). LITo KacaeTCll MHHMb!X cpa30Bb!X C.llBHroa,, 

0,1,2 2,$ 

TO OHH HBXO.llliTCll HenocpenCTB9HHO nyTeM o6pa6oTKH 3KCnepHM9HT8/IbHbiX .08HHblX, 

J.13BeCTHO, 'ITO MaHaenbcTaM cyMen nony'IHTb yaoaneTBOpHT9/IbHOe cornacHe c 3Kc-

nepHM9HTOM, npene6peral! BK/18.llOM COCTOliHHll 
3F H 3F 

2 s I 1 2/ 
B paMKax 3THX aoaonbHO )1{9CTKHX npennono)l{eHHll 3ynbKapHeea H CnnHH ' nony-

'IH/IH cpaKTH'I9CKH O.llHO peLUeHHe, COr/18CHO KOTOpOMY M930H006p830B8HH9 npOHCXO.llHT B 

OCHOBBOM H3 COCTOl!HHll 
1
D H 

3
P 

2 2 
3 

EcnH yqecTb B03MO)I{HOCTb Toro, 'ITO F - cocTOliHHSI T8K)I{e MoryT .oaaaTb BKna.o 

/3 4/ 
B HeynpyrHe npOU9CCbi, I!Ol!B/Il!IOTCll HOBbie peLUS!lHSI ' • npH 3TOM OK83b!B89TCll, 'ITO 

BK/18.ll OT 'F - COCTOl!HIIll BO BCl!KOM cnyqae Cp8BHIIM C BK/18.ll0M OT 'D 
2 

II 
3p 

nnll npoaepKH nony'leHHblX B H8CTOl!LUee Bp9Mll peLUeHHll cne.oyeT Cp8BHI!Tb IIX C 

3KCnepHM9HT8/IbHb!MH .ll8HHbiMH, OTHOCl!LUHMHCll He TO/IbKO K ynpyroMy, HO H K Heynpyro

My pacceSIHHIO, 8 '18CTHOCTH, IIM99T CMb!C/1 Bb!SICHI!Tb, B K8KOll CT9Il9HH 3TH peLU9HIIll 

COOTB9TCTBYIOT yrnOBOMy pacnpe.oeneHI!IO ,.o 
- M930HOB, ycp9.llH9HHOMY no IIX cneKTpy. 

neliCTBIIT9/IbHO, .ll8HHbl9 no yrnOBOMy pacnpe.oeneHI!IO tr - M930HOB He HCnO/Ib30B8/111Cb 

Henocp9.llCTB9HHO npH C8MOM ¢a30BOM 8H8/11!39, 3Kcnepi!M9HT8/IbH8ll )1{9 11HcpOpM8UIIll 06 

yrnoaoM pacnpeaeneHHH rr -Mea::>Hoa 6onee 111111 MeHee .oocToaepHa. Mbr 6yaeM pac-

CM8TpHB8Tb IIpOUSCC pp + pp tr O , T8 K K8K BC/19)lCTBH9 TO)I{)l9CTB9HHOCTII npOTOHOB B 

1{0H9'1HOM COCTOl!HHH 011 OIIIICb!B89TCl! M9HbLUIIM 'IIIC/IOM ¢eHOM9HO/IOrH'19CKHX napaMeTpoa, 

'19M npouecc pp • rr+ np • 

nnll H8XO)I{)l91111ll yrnOBOrO pacnpe.oeneHI!SI tr -Me30HOB Y.006HO I!CnO/Ib30B8Tb po-

39H¢9/Ib.llOBCKyJO K/18CCHcpHK8UIIIO nepeXO.OOB, IIpll KOTOpOll " -MeaoH BhineneH, a HyKno-

Hbl 06'b9.0.HHSUOTCSI B CHCTeMy C Onpe.o.eneHHblM fiOnHbiM MOM9HTOM 1 Op6HT8nbHblM MOM9HTOM 

3 

!' 



" cyMMapHhiM cnHHOM, Ka)KJlOMY po3eH<penbJlOBCKOMy nepexoay cooTaeTcTayeT cTporo on

peaeneHHoe yrnoaoe pAcnpeJleneHHe " -Me30Hoa, He 3aBHC!IIUee OT JlHHaMHKH npouecca. 

Po3eHcpenbJlOBCKHe nepeXOJlbi, KOTOpbie JlOnycKaJoTC!I pe3oHaHcHoi! MO.IletlbJO, MO)I{HO o6b-

e,llHHHTb B Ta6nauy: 

HaqanbHoe 

COCTOHHHe 

tD 
2 

3p 
0 

3p 

3p 
2 

3 
F 

2 

'F 
J 

KoHe'IHOe cocTO!IHHe HyK-

nOHOB H 

(~ p) 
t 2 

(
3P s) 

2 2 

( 'p p)o 
I 

1T -Me30HOB 

(1t+pn) 

( "+ np 

"o PP) 

1t+ptl) 
(

1 
50 s Jo ( 1t 0pp 

(IP, p)o ( "+ pn) 

(
3
P

0
p)l 

('P p) t 
I 

( lp, p) l 

t?, pfl 

(3Sts)t 

('3 s 1 d) 1 

r' s d > • 
l 

(zso d), 

('ptP), 

l 

( pl p) 2 

~pn) 
( 1T Opp 

(~Ptl) 
1t 0 pp 

(1t + pn) 

"+ pn ) 
( 1T Opp 

( 1T + pn) 

(1t + np) 

+ 
(rr np) 

+ ( 1T tip) 
1T 0 pp 

1T+ np) 
( 1t0pp 

(rr+np) 

1T+tlp) 
("P

2 
P )

2 
( rropp 

J r S1 d J2 

(
1
S

0
d)

2 

3 
( P, p), 

('Pt p) 2 

(1t + pn) 

1T +pn) ( 
1T Opp 

+ 
( 1T pn) 

rropp 

(pn rr+) 
pp1t 0 

(
1 P

1 
p)

2 
(pnrr+) 

J + 
( S

1 
d)

3 
(pn" J 

('P2p)3 
(pnrr+ 

pp1t 0) 

Yrnoaoe p a c n p e .ll e n e H H e 

./ + P
2 

( oos 0) = Y, ( 1 + ,3 cos 2 8) 

H 3 0 T p 0 11 H 0 9 

H 3 0 T p 0 n H 0 e 

1 - P
2 

( oosO ) = 4 ( J - oos 2 0 ) 

1 + y, p ( oos 0) = .1( 1 + 008 
2 

0) 
2 4 

1- .L P (cosO)=~ (1 -O,l4oos2 8) 
10 .J) 

H 3 0 T p 0 tl H 0 e 

1 - y, p 2 ( oos 0 ) 

1 -+ 'h p2 ( oos 0) 

1 + P
2

(cos0) 

_,2_ ( 1 -0,6 oos 2 0) 
.4 

~ ( [ + oos
2 
0) 

Y, (1 + 3cos
2
0) 

1 + _!__ P (oosO) = 1iL(1+ 1,61ms 20) 
10 2 

• ~ 

1 _.1__ P (ms8) = .1L( 1-0,77oos 20) 
10 2 7J 

1 + ~ (oosO)+ iJ' (oosO)=M (1 -_L_cos28+.35 oos40) 
7 2 7 4 1.4 1,3 13 

4 

1 + !_ P (msO) + _§_p (cosO)=~ ( 1- 2oost+5oosfJ) 
7 2 7 • 4 

1 - ~ P ( oos 0) = _!__ ( 1 - 0,86 cos2 0) 
10 2 5 . 

1 + ...§_ P ( oos 0 I 
10 2 

~ ( 1 + 2 cos 
2 
0) 

5 

1 + .2_p (oosO) + l__p (oosO)=.l!i(1+0,6costJ+ 
7 2 7 4 1.3 + cos•8) 

1 + ~P (oosO) = !_(l +1,,3oos 2 0) 
5 2 10 
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MO.llenH nepexo.llhl H3 
1D

2 
npoacxo.ll!IT no cxeMe B paMKax pe30HaHcHoA 

t D ... (•P ·s) ,....- (,S, d I 2 

2 3/2 2 -. ("P B) 
( S - pa3neT), a ocTanbHbie no cxeMe.::::::::. (

21' , p) 
- J/ 2,J,2 2 

( P - pa3neT). 
2 1 

2 
3aecb PI 03Ha'!aeT pe3oHaHc 1T-N c s = Y, , '= 1, J = .:J/4 S H p 

J 2 x/ 
Hb!e MOMeHTbl BTOporo HYKtiOHa 

- op6HTanb-

3KCl!epHMeHT noKa3biBaeT, 'ITO BepO!ITHOCTb o6pa30BaHH!I .Qel!TOHa npH p -pa3neTe 

KpaAHe Mana ( I%). 

B TeopKH MaH.IlenbcTaMa K o6pa3oBaHKJO .llel!ToHa npH P -pa3neTe npHBO.Q!IT ne-

peXO.Ilhi, KOTOpb!M COOTBeTCTByeT cyMMapHbil! op6HTatlbHbii! MOMeHT f = 2 •. 

VfCKti!O'IHB H3 paCCMOTpeHH!I 11pOM9)1{YTO'!Hbie COCTO!IHH!I, .Qtl!l KOTOpb!X S= 1 , f = 2 

Mbl MO)I{eM Hal!TH llpOCTb!e KHHSMaTH'!eCKHe COOTHOllleHH!I .QtiH HeKOTOpb!X napuHatlbHb!X ce

'leHHl!, B qacTHOCTH, 

u( 'p 
2 

J ... ( P P) ) ; u ( 3P ... ( 3p PI ) _ .3 W ( 112111 I 
t 2 2 2 2 -- = 1:3 5 W( 1121r j 

u(
3
P+(

3
P p) ):u·(

3
P +(

3
Pp)):a(

3
P ... ( 3Pp))= 

t Ol t tt t ~~ 

= W( 111110): ,JW( 111111):511'(1111121 = 1: .§__: .!!._ 
4 ,4 

(I) 

nonb3y!lcb (I). npeacTaBKM ce'!eHHe o6pa3oBaHH!I rr 0 
-Me30HOB B cne,llyJOIUeM BH.Qe 

( BKna.QOM 
3
F - COCTO!IHHl! Mbl liOKa npeHe6peraeM): 

= a:_ ( 1 - !_ P ( ms 8)) + a • ( 1 + P ( oos 0)) + 
-.. 2 ~ 2 ""~ 2 

+a' ( 1- \loP ( oosO )) + a
3 

+a .. 
3 

+ ••• 
,~ 2 P 0 tn

2
-+ P

2
• 

..!!L_ 
d!l (2) 

/HHTepcpepeHUHOHHb!e 'ltleHbl, KOTOpb!e BXO.Q!IT B (2) C Matlb!MH K03cpcpHUKeHTaMH, Mhl He 

II 21 
BhiUHChiaaeM/. EcnK cneaoaaTb pemeHHJO ' , To, KaK Mbi y)l{e roaopHnH, MO)I{HO C'IH-

t J 
TaTb, 'ITO Me30H006pa30BaHHe npOHCXO.QHT TOtlbKO 113 D 

2
- H p 

2 
- COCTO!IHHi!, 

3aMeTHM Tenepb, 'ITO an11 Hel!TpanbHh!X Me30HOB nepexo.ll 
1 
D .. ( 

3
S p ) sanpemeH, a 

2 t 2 
t J ( 

neoexoa D
2 

... ( P 
2 

·s)2 !IBn !I eTC !I CMeiUeHHb!M B pe3oHaHcHol! MoaenH ero sepO!ITHOCTb cTpe-

M>~TC!I K HynJO npH m, ... 0 ). O<rcJO.Ila MO)I{HO caenaTb Bb!BO.Il, 'ITO a ... ( 3P s) Mano 
mN ~. 2 t 

Htlll BO BCHKOM Cnyqae BetiH'IHHbl TaKOf'O )l{e nOp!I.UKa, KaK a_;p 
0 

H a· 
$p,· 

TaKHM o6pa3oM, ecnH cne.uoaaTb pemeHHJO/ 
1•21

, yrnoaoe pacnpe.ueneHHe MO)I{HO 3a-

11HC8Tb B BH.Qe: 
II' = ( 1 - jy P

2 
(cos 0) ) + :r: ( 1 + P 

2 
( oos 8)), 

xi npH aHeprKH 70Q-900 Mae Mana aepO!ITHO, 'IT06b! BKna.u nepexo.uos c 

neTOM OKB38nCH 3H8t:IHT9nbHbiM. 

5 

------- ---·· ·-----

D -pas-



;r 

r.ue 

u. 
3p 

2 

/a' 
3p 

2 (3) 

T,8, npeRMyW8CTB8HHbiJl BKnB.U B U ( p + p + p + p+11°) BHOCSIT p830HBHCHbl8 nep8XO.Uhl H3 

3p - COCTOHHI!Jl. ,llyHallU8B R npoKOWKIIH HBWnll, 'ITO yrnOB08 pacnpe.ueneH1!8 ITO 
2 161 

M830HOB npR 3H8pl'1111 665 ~3B IIM88T Bll.[l 

2 
It = j- + (0,1 :!: 0,0.3) ms e, (4) 

'ITO COOTB8TCTBY8T 3H8'18HRHM napaMeTpB X B 4JopMyne (3), pBBHbiM 0,75:!: 0,6, 3TH 
3 1 

3Ha'!eHRH HBnHIOTCH pa3yMHbiMR, nocKonbKY nepexo.u P
2 

+ ( S 0 d )
2

, xoT!I H !IBn!leTC!I 

CM8W8HHbiM, BCn8.UCTBH8 p830HBHCHOI'O B3811MO.U8JlCTBHSI HyKnOHOB MO>K8T .QaBaTb TaKOi! 

>Ke BKna.u B yrnosoe pacnpe.ueneHae, KBK R HecMeweHHbie Pp - nepexo.Qhi, 

TaKHM o6pa30M, p8W8HII8 3ynbKBpHeesa II CRnRHa OllbiTBM ,llyHailuesa H npoKOWKRHa 

He npOTHBOp8'111T, 

- COCTOHHHI! B o6pa30BBHH8 CornacHo peweHRIO A>KrHpeH 11 .up/
51

, BKna.u OT 
3
F 

11 -Me30HOB llpHM8pHO B 6 p83 6onbW8 BKnB.UB OT 
3 P - cocTOHHRll, Ecna ce'!eHHe 

1 
a

3
F + ( S

0 
d) 

2 
H8HaMHOf'O M8Hblli8 napuRanhHb!X C8'!8HRl!

1
CoOTB8TCTBYIOWRX nepexo.QaM 

3 
F 

2 
_,. (, p p) , 

3
F _,. ( 3p p ) B yrnosoM pacnpe.ueneHRR .uon>KeH npRcyTCTBOBaTh 

2 1,2 2 3 2 3 ' " 
qneH c 6onbWRM Koa¢¢HUII8HTOM npR ms e . KaK llOK83h!BaeT 3KCnepRM8HT, Koa¢¢RuR-

8HT npH aJS 
4 0 

/3/ 
6nH30K K HyniO H BO BCSIKOM cnyqae I'Op83.UO M8Hblli8 1. TaKRM o6pa30M, 

p8W8H118 MO>KHO llpHB8CTH B 
u ( 3F8 +('Sod!,) 
~a ( 3 ,F .. Pp) 

COOTB8TCTBII8 C 3KCnepRM8RTOM, ecnH C'IRTaTb, 'ITO 

<< 1. 0.UH8KO BBH.UY p830HBHCHOI'O xapaKTepa B38RMO.U8i!CTBHSI HyKnOHOB 

B KOH8'1HOM COCTOHHRR s - d nepeXO.U B 06nBCTR 660 ~3B Bp!!.U nR MO>K8T 6h!Tb 0'18Hb 

CHnbHO llO,UBBn8H llO cpaBH8HHIO C OCTBnbHh!MH nepeXO,UaMH H3 

HaH6onee 3HB'IHTenbHbil! BKna.u B nonepeqaoe ceqeaHe .uon>KeH 

3 
F 
J 

• B TaKoM cnyqae 

BHOCHTh nepexo.u 
3 3 
F 3 _,. ( P, P) 3 

( 1 + 1,.;3 ms2 e) • 

• CooTBeTCTByiOwee eMy yrnoaoe pacnpe.ueneHae, RMeiOmee BH.U 
161 

npOTHBOp8'1RT pe3ynbTBTaM , npR'18M aHR30TpOnRSI H8 MO>K8T 6hiTb cy-

lli8CTB8HHO CHR>K8H8 38 C'I8T MBnOJl npi!M8CH .upyrRX nepexO.UOB, Bee 3TO, HB HBlll B3f'n!I.O, 

B o6nacTH aHeprRll 660 ~as CBH.UeTenbCTsyeT B nonh3y pellleHRH 3ynbKapaeesa H CHnHHa, 

Cne.uyeT O.UHBKO no.uqepKHYTh, 'ITO aKcnepRM8HTanbHB!I HH¢opMBUH!I cnRlllKOM ae.uocTa-

TOliHB .Unfl TOf'0 1 1.J:T06bi nenaTb orrpeneneHHbl9 BbiBO.llbl. 

He.uaaHo 6brnH ony6nHKOBBHbi pe3ynhTBTbi HOBhiX aKcnepHM8HTOB no yrnosoMy pac-

11pe.ueneHRIO "
0 

-Me30HOB B o6nacTH 735 ~aa111 • ABTOpb/
71 

nonyqHnR yrnosoe pac-

upeneneHHe rr 0 
-Me30HOB B BH.ll9 

,lf = 1 + 0,,33 CDS 
2 

0 + 0,.:J2 C'DS 
4 

0 , (5) 
• 3 1 

noHBn8HR8 qneHa c ms e CBII.U8T8nbCTByeT 0 38M8THOll ponH nepexo.ua F, .... ( Sod), 

6 

npH 3HeprHH 735 ~3B, Ho, KaK H8Tpy.UHO BR.U8Tb, OTHOCHT8nbHhill BKna.u 3TOI'O nepex -,

.UB, cornacao (5 ), He npeshrwaeT 10%. TaKRM o6pa30M, yrnoa<oe pacnpe.ueneHRe ( 5) Mo

MO>KeT 6b!Th 06'b!ICH8HO nepeXO,UaMH R3 COCTOSIHRSI 
3
P C ManoA TipHM8CbiO nep8XO.UOB H3 3F-

2 2 
3 3 

11 F 3 - cocTO!IHRII, EcTeCTB8HHo, 'ITO ponb nepexo.uos 113 F
2

,
3 

- coCTO!IHRll npH aaeprHR 

735 ~3B .UOn>KHB 6b!Tb 6onhW8i!, '18M npH 3H8pl'HH 660 ~3B, 'ITO H npHBO.UHT K OTnH'!HIO 

yrnosoro pacnpe.ueneHRl! (7) OT yrnosoro pacnpe.ueneHH!I (4). 

II 2/ 
11TaK, peweHHe 3ynbKapHeesa 11 CHnRHa ' , Ha Haw B3rn!I.U, cornacyeTC!I c aKc-

nepRMeHTanbHhiMR .uaHHbiMR no yrnosoMy pacnpe.ueneHRIO 11° -Me30HOB npR 6onee ec -

/3 4/ 
T8CTB8HHbiX npe.unonO>K8HHSIX 0 '18M p8W8HH8 ' , .[lnH OKOH'IBT8nbHOf'O Bbi6opa Heo6xo-

.UHMa 6onee no.upo6HBSI HHtPOpMBUHSI 0 npoueccax M830H006pa30BaHRSI IIpH CTOnKHOB8HHSIX 

npOTOHOB. 

ABTOp Bbipa>KaeT rny6oKyiO 6naro.uapHOCTh n.l1. nanH.uycy 3a CTHMynHpOBBHHe Hac

TOS!Ul8ll pa6oTbl H U8HH08 o6cy>K.U8HH8 R IO.,ll. npoKOWKHHy 3a Ba>KHbl8 38M8'!aHHSI, 
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