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BeeOeHue 

8 HacToRmeH: pa6oTe paccMaTpuaaiOTCR npoueccbi o6paTHoro 
JJieKTpOpO)f(,neHHR flHOHOB /030/ rr-p -• ne 1 e- H rr-p --> n/1+/1- B 
OKpeCTHOCTH i\ ( J2Jn) - pe30HaHca. 0pouecc TT P -• n e + r- HHTeHCHBHO 
HCCJie,nyeTCR Ha OflbJTe / 1

• 2 • J/ C UeJibiO nonyYeHHJI HHcpopMaUHH 06 
JJieKTpoMarHHTHOH CTPYKType HYKIIOHOB H nuoHa B o6nacTu He60IIhiUHX 
apeMeHuno.no6HbiX nepe.naaaeMhiX HMnynbcoa. TeopeTHYeCKoe pac
CMOTpeHue 030 npoao,nHTCJI c noMOil{hiO Tex )f(e MeTo.noa, "'TO H 
npHMOe JJieKTpOpO)f(,neHHe OHOHOB /30/. 0pH JTOM, flOCKOJihKY T -uH
aapuaHTHOCTh fl03BOJIJ!eT CBR3aTh Me.)f(_ny COfiOH MaTpH"'Hhie JJieMeHTbl 
JTHX npoueCCOB, TO pH,n cpopMyJI ,nJIJI HHX HMeeT o,nHH H TOT )f(e BH,n. 

KaK H3BeCTHO, .nn' onucaHHJI 30 HapR,ny c .nucnepcuoHHhiMH 
MeTo,naMH /eM. o6Jop 41 I ucnOIIh3yeTcR npocTaR H306apHaH MO
.neiih I 5. 61. llpnMeHHTeJihHO K 030 .nucnepcnoHHhiH no.nxo.n pa3BHaa
eTCH B pa6oTax hi. B paMKax H3o6apHoH: Mo.nenu npoae,neHhi JIHIUh 
OUeHO"'Hbie paC"'eThl 030 I8.9.IOI . l(eJihiO ,naHHOH pa60Tbl RBJIReTCJI 
,neTaJihHoe paccMoTpeHHe npouecca 03fl a H3o6apHoH: Mo,nenu c 
yYeToM ycnoauif peaJihHoro JKcnepHMeHTa 12 3/. 

MaTpHYHhiH JIIeMeHT npouecca rr p __, n V +p- JanHChiBaeM a au.ne 
CYMMhl BKJia_na 60pHOBCKHX 'IJieHOB H BKJia,na H306aphl /_nuarpaMM 
C BHpTyaJihHOH '~ fJ236) -H3o6apou/ B s- H u-KaHaJiaX. flpH Bhi'IHCJie
HHJIX Cet.teHHH 06Hapy)f(HJIOCh, 'ITO BKJia,n U -KaHaJia npeHe6pe)f(HMO 
Man. 

BKna.n H3o6aphi a s -KaHane 6hiJI paJJIO)f(eH no MyiihTHflOJIRM. 
AHaJIH3 3aBHCHMOCTH JTHX MYIIhTHnoneH: oT noJIHOH Hat.taiihHOH JHeprHH 
a c.u.M. ll. H Kaa.npaTa nepe,naHHoro nenToHaM HMnynhca k 

2 
noKaJaJI, 

'ITO a oKpecTHOCTH pe3oHaHca .noMHHHpyeT MarHHTHhiH .nunonh M 1+. 

lloJTOMY MyiihTHflOJIRMH E 1+ H L 1+ a ,naJII.Heiirnux Bhit.tHCJieHHRX Mhi 
npeHe6peranu. 
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Ilo)J.p06Hbie qHcneHHble pacqeThl 6hinH C)J,enaHhl Ha 3BM MeTO)J.OM 
MoHTe- Kapno rrpH W = 1296 M:m. OKaJanoch, qTo BKna)J. H3o6aphl B 
ceqeHHH o6ouxrrpoueccoB rr-p--+ ne+e-H rr-p--+ nll+ll-Herrpesocxo)J.HT 

1711/o H 03IJ y)J.OBneTBOpHTeilbHO OIIHCbiBaeTCH O)J.HHMH ilHillh 6opHOBCKHMH 

)J.HarpaMMaMH. 
B pacqeTax Mhi yquThiBanH HerromocHhie cnaraeMhie B rrporrara Tope 

H3o6aphi I 11 · 121 H ycTaHOBHnH, qTo ux BKna)J. B Ha6mo)J.aeMhie senuqu-

Hhi He 3HaquTeneH / < 511/o/. 
KaK rroKaJanH BhlqHcneHHH, HHTerp'n;Hoe ceqeHHe rrpouecca 

rr-p ... ne+e- rrpH ycnoBHHX 3KcrrepHMeHTa 
3 

o6na)J.aeT cHnhHOH Jasu

CHMOCThiO OT H30BeKTOpHOrO dlopMdlaKTOpa /dl.dl./ HyKnOHa f ~ H 
3ileKTpHqeCKOrO dl.dl. IIHOHa f 17 H rrpaKTHqeCKH HeqyBCTBHTeilbHO K H30-

CKanHpHbiM dl.dl. HyKnOHa. 
qT06hi cpaBHHTh rrpe)J.CKa3aHHH H306apHOH MO)J.enH C 3KCIIepHMeH-

TailhHhiMH )J.aHHhiMH, )J.ilH rrpouecca rr-p --+ ne+e- 6hlnH paccquTaHhi 

HeKOTOpbie xapaKTepHCTHKH, H3MepHeMbie Ha OIIhiTe. IlpH 3TOM o6ua

py>KHil0Ch cornacue B rrpe)J.enax oiiiH60K 3KcnepHMeHTa 1
2
/. 

I I. MampU'-lHbiU 3/leMeHm u ourjx/JepeH'LIUaJibHOe ce'-leHue npot~ecca 

B O)J.HodloTOHHOM rrpu6nH>KeHHH rrpouecc 03II 

+ 
o ++ o-

rr+p->n L L 

/1/ 

/f - 3neKTpOH, nH60 MIOOH/ OITHCbiBaeTCH )J.HarpaMMOH pHC. 1. MaT
pHqHbiH 3neMeHT rrpouecca H )J.HdldlepeHUHanhHOe ceqeHHe JanuweM 

B BH)J.e 

, I 

r)J.e q , p l H p 
2

- 4-HMIIYilhChl IIHOHa, rrpOTOHa H HeHTpOHa; p 3 H P 4 -

4-HMIIYilhChl 3neKTpOHa H IT03HTpOHa /nu6o MIOOHOB/; m, ll H M- MaCChi 

neiiTOHa, IIHOHa H HYKilOHa; 

Tfi = u(p2)Tu(p1) = u(p2)]1lu(p1)£p.' 

rrpuqeM k = p + p . 
3 4 

4 

~\·· ............................. ... 



P, 
PHC. 1 

16 f MarpHu;a nepexo,n;a T MO)I(eT 6hiTh npe,n;craBneHa B BH,n;e cyMMhi ' 1 

6 
7=2 A.M., 
~ i=J I I 

r,n;e A . - aMUJIHTY,D;hl, 3aBHC.SI.:I.I.J;He OT KHHeMaTHl.feCKHX 
1 

2 2 2 
HHBapHaHTOB s=(q+p 1 ), t=(p 1-PJ), u=(pi-k). BeJIH1.fHHhiMiy,n;o6Ho 
Bhl6pa Th TaK: 

Ml = fYs Ff1.VYf1.Yv' M2 =YsFfl.V (pJ+P2)f1.( ;k-q )v ,M3 =YsFfl.V yf.lqv' 

JierKo BH,n;erh, l.fTO * Mi =-M;(i =1,3,4,6) H Mi=Mi\·i=2,5), l.fTO co

OTBeTCTByer 3aKOHY npeo6pa30BaHH.SI. 3THX BeJIHl.fHH llpH o6pa~eHHH 
BpeMeHH. 

BbinOJIH.SI..SI. B /3/ CYMMHpOBaHHe H ycpe,n;HeHHe no CllHHaM, HaXO,D;HM 

2 

I T fi I = Tfl.V s fl.V ' 
1 ,, " + 

T -2- Sp ( p 2 + M) 1 ( P 1 + M )y 4 1 v y 4 ' 
fl.V 8M fl. 

~3,n;ecb H, HJnKe HH,D;eKCOM e llOMel.feHhl COOTBeTCTBYIO:I.I.J;He BeJIH
l.fHHhl ,.!J;JI.SI. 3IJ, 6,. 
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-15 ). 

2 Ill! 

Hcnonh3YH .nn» 1 1111 o6mee Bhipa)l{eHHe 

1 11,,=~ 11,~Fo ;-p21l P2vF! +P11L P1,,F2+ ~ (pr11P2v+P1vp211 )F3 ' 

HeTpy)l,HO IIOllY'lHTb, 'ITO 

2 
:T 

fi 

r.ne 

T0 ~ -(2m 2 
1 k 

2
), 

1 2 2 

1 1 = 2 ( P 2 ~ ) ( P2 P4) - 7 k M , 

BenH'lHHbl F; C IIOMOlUhlO O'leBH)l,HOrO COOTHOWeHHH 

1 ,.. " l 
-- Sp ( p + M) 1 ( p + M) y T ,. ~ T f 

/5/ 

/6/ 

8M2 2 1 4 '4 111 II'' 
MOryT 6hiTh CBH3aHhl C aMIIllHTy)l,aMH A; • 11ocne npoCTbiX, HO rpo

M03,UKHX Bbl'!HCneHHH HaXO.UHM Bbipa)!{eHHH )l,llH F; , KOTOpbie llO BH)l,Y 16 I 

OTllH'!RlOTCH OT COOTBeTCTBYlOlUHX BellH'lHH ,UllH 311; · llHllih 3aMeHOH 
2 ~ 

B nocne)l,HHX p
1 

,_' p
2 

H ,\ •-k -, T.e. 

e 2 2 
Fn =F, (P1 ._• p 

2
, ,\ _. -k ), n = 0,1,2,3. 

/7/ 

llonyqHM Tenepb KOHKpeTHble Bbipa)l{eHHH ,Ull.H aMIIllHTY)l, A; , 
BOCIIOllb30BaBWHCb npoCTOH H306apHOH MO,UellhlO, B KOTOpOH npouecc 

/1/ OllHCbiBaeTCH TpeMH 6opHOBCKHMH ,UHarpaMMaMH pHC. 2a H Jl,BYMH 

,nuarpaMMaMH pH C. 26,B C ~ (1236)-H306apOH B npoMe)!{yTO'lHOM COCTOH-

HHH. 
Bhi'!HcneHHH y.no6Ho npoao,nHTh c ucnonh30BaHHeM o6hi'!Horo u3o

TOllH'!ecKoro ~opManH3Ma . B H30TonuqecKoM npocTpaHCTBe Ka)!{.na» 

H3 aMnnHTY.n A; npe,ncTaBnHeT co6oii MaTpH'!HhiH :weMeHT onepaTopa 

" (+) 1 (-} . (0) 
A i =A i o 3a + 2 A, i 'l T 3 ' T a ) + A i T a ' 
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~~,. 
~'· ~· ' ... ' ... Ps 

0 

~'~ P, '• P, -\ 

6J IJ 
Pnco 2 

a) 

paBHhiH .LJ.JHI npouecca I 1/ 

/8/ 
(0) ( t-) 

r.LJ.e aMllJIHTY.LJ.hl A i H A i- OTBelfaiOT COOTBeTCTBeHHO H3JlylfeHHIO 

H30CKa1IRpHoro H H30BeKTOpHoro $OTOHOBo + 
H ~ (0,_ ) 

aH.LJ.eM cHalfana BKJia.LJ. B aMnJIHTY.LJ.hi A i 6opHOBCKHX .LJ.HarpaMM 0 

BbilfHCJieHHR noKa3hiBaiOT, lfTo npH C.LJ.eJlaHHOM HaMH Bbi6ope /4/ 
BeJlHlfHH M; 

ro,± 
(A -
- I 

(00 ±) 
) 6opHo =.(A , A.! ) , -r J. /9/ 

YlfTeM Tenepb BKJia.LJ. H3o6apbi. 4nn nponaraTopa HJo6apbi c 4-HM
nynhCOM p HCllOJib3yeM Bbipa)f(eHHe II,IJ 

1 

1 " 1 1 
/\ _! P J= 2 ) 0 -. I ( p 1M \ J [ ~ ,,.q - - y y - -- ( y p -

up p - M 1\ + t M I '-f--' 3 a {1 3M\ a {3 

2p P B 2(p2 -M,{) " 
-y p )- a 1~------[y p -y p •(p t-M Jy y lL 

/1 u 3M 2t\ 3M\ _ u (3 (-3 a \ a {3 

/10/ 

KOTOpoe COCTOHT H3 pe30HaHCHOro lfJieHa H Hepe30HaHCHOH .LJ.06aBKHo 

PaccMoTpHM cHalfana s -KaHan /.LJ.HarpaMMa pHco 26/o HcnOJih3YR 

.LJ.nn N L\ rr- H N \ y BepllJHH cTaH.LJ.apTHhie Bbipa)f(eHHR 14 •6·:/ I, nocne 

.LJ.OBOJihHO rpoM03.LJ.KHX BhilfHCJieHHH HaXO.LJ.HM aMnJIHTY.LJ.hi A;,rl n=:J ,4,5; 
i = 1 ~ 6), KOTOpbie npHBe.LJ.eHbl B llpHJIO)f(eHHHo 0TMeTHM, lfTO CJiaraeMhle 

B A" , nponopuHoHaJibHhie s --M;{, npoHcXO.LJ.RT OT Hepe30HaHcHoii lfaCTH 1,n 

B nponaraTope H3o6apbi /10/o Bhipa)f(eHHR .LJ.JIR pe3oHaHCHhiX lfacTeii 

* aMnJIHTy .Ll. .Ll.OJI)f(Hbl COBlla.LJ.a Tb 

!fJopMynaMH .Ll.JIR 3ll /nocne 3aMeHhi 
no BH.LJ.Y C COOTBeTCTByiO~HMH 

2 2 
PJ .... p2,A -->-Ji /o 

* Mbl He o6Hapy)f(HJIH llOJIHOro COBlla.LJ.eHHH, T .Ko B pa6oTe/6/ 
HMeeTCH HeCKOJibKO oneqaTOKo 

7 



BKnan u -KaHana I JJ.HarpaMMa pHc. 2a/ Bhi'iHCnHeTCH aHanorHqHhiM 

o6pa30M. Pe3ynhTaT MO)I(HO rrpencTaBHTh B BH.D.e 

( s ~ u ), j = 1,2,4; n =3,4,5, 
/11/ 

u s 
A. "'-A. (s-> u), i=3,5,6; n =3,4,5, 

I,n z,n 

T.e. aMIInHTYJJ.hl U-KaHana rronyqaiOTCH H3 aMIInHTY.D. .'>·KaHana 3aMe

HOH B rrocne.D.HHX s .... u H H3MeHeHHeM o6mero 3HaKa B cnyqae i = 3,5,6. 

TaK KaK H30TOIIHqecKHH crrHH H3o6aphi paBeH I= J• TO pe3oHaHc-

Hhie aMIInHTYJJ.hl 

l'l 3 
A.=~ 

1 n=l 

s 
(A. 

1,n 

u 
+A. ) /12/ 

1, n 

OIIHChiBalOT B3aHMO)J.eHCTBHe B COCTOHHHH C 1=.1_ H cne)J.ylOIUHM o6pa30M 

cBH3aHhi c aMrrnHTYJJ.aMH A \ 0
• ±) 

2 

A(+)= .l. A ~ , 
i 3 1 

1 

(-) 1 l'l 
A =--A. 

3 1 

(0) 
A; = 0. /13/ 

IlepeiiHIIIeM Terreph pe3ynhTaThi nnH s-KaHana B TepMHHax Mynh

THrroneH:. YqecTh aHanHTHqecKH BKnan B MynhTHrronH u -KaHana 

KpaH:He TPYJJ.HO H3- 3a rpoM03JJ.KHX BhiKnanoK. OnHaKo B 3TOM HeT 

He06XO)J.HMOCTH, IIOCKOnhKY, KaK IIOKa3hlBalOT BhJqHCneHHH, IIpH pac

cMaTpHaaeMOH 3HeprHH I W = 1296 M3B/ rrpaKTHqecKH aech BKnan 

oT H3o6aphl B ceqeHHe naeT s -KaHan. -~ 

B c.u.M. HaqanhHhiX qacTHU, rne q =(q ,QJ , p =(E ,-Q), 
0 1 1 

/14/ 

MaTpHqHhiH 3neMeHT rrepexona 1 r co u(p2 )1 u(p1 ) MO)I(I;IO rrpencTaBHTh 

1 r~-+q;-1.. 1 
B BH.D.e fi ='~-'2 .1 '~-' 1 • rne 

j=:f
1 

rilaJ+i:f
2 
(a[p~])(;qJ+ :f3 r;;)(~a .... J + 

+ :f r(;fix<i;J+ :f r~f,Jr"PiiJ+ :f6 ra·q .. )(p~J, 
4 5 

/15/ 

8 



a ¢ 1 H ¢
2 

- naynHeBCKHe cnHHOpbi HyKnOHOB. B lbopMyne 1151 

f 4 )' --i> -~, 
a =€ - .::..JJ..k , q =Q;Q , p=P/P, 

11 11 k
0 

11 
:f - aMnnHTY.IJ:hi o6paTHoro BHp-

TyanbHoro lboTopmK.neHHH B c.n:.M. Bbipa3HB :f i qepe3 HHBapuaHTHbie 
aMnnHTY.IJ:hl A i> npHXO,IJ;HM K 4JopMynaM ,IJ;nH Ji, COBila,IJ;aiOI.l.{HM no BH.IJ:Y 
C Bbipa)l(eHHHMH ,IJ;nH 06bi'IHbiX aMnnHTY.IJ: BHpTyanhHOrO 4JoTOpO)I(,IJ;e
HHH/13.:ecnH B nocne,IJ;HHX 3aMeHHTb p 1 -> p

2 
, £

1 
-•£

2 
, ..\2 .... -k;j, 

a TaK)I(e H3MeHHTh 3HaKH nepe.n A 2 H A5 • Hcnonh3YH o6LI'IHYIO CBH3h' 1 ' 
MynbTHilOne:if C aMnnHTy,IJ;aMH :fi , KOTOpaH HMeeT MeCTO H B HallleM 
cnyqae, HaXO,Il;HM Bblpa)l(eHHH ,IJ;nH pe 30HaHCHbiX MynhTHIIOne:if B s -Ka-
Hane 

r.ne 

M1+ = -N[/1 C3 (W+E 2 +2M)+C4 (W k 0 -k 2 )+Cs W k 0 ], 

2 . 
E 1 + = N [ 11 C 

3 
k 

0 
+ C 

4 
(W k 

0 
- k ) + C 

5 
W k

0
], 

L = N k ( 11 C + C
4 

E
2 

+ C
5 

W ) , 
1+ 0 3 

N = WP<L._( E1 +M 

6M E
2 

+M 

¥2 e,.\ 
) --~---. 

11
3 (s-M 2 + iMr) 

~ 
0TMeTHM, 'ITO ecnu B 1161 9.ne.ryaTL JaMeHy E 

1 
~ E

2 llpH,IJ;eM K MynhTHilOnHM ,IJ;nH 3flL 4 •6 :. 

llpH nony'leHHH I 161 Mhi nonO)I(HnH B Bhipa)l(eHHH 

1161 

2 2 
, k • -A , TO 

1101 BCIO,IJ;y, 
KpoMe peJoHaHcHoro MHO)I(HTenH, M ~ =vs;- 'ITO noJBonuno 3H~'IHTenLHo 
ynpOCTHTb Bbi'IHCneHHH H He llpHBeno llpH pas:;c,MaTpHBaeMOH 3HeprHH 
K KaKHM·nu6o cyiUeCTBeHHhiM rrorpernHOCTHM 141 B y'leTe peJoHaHcHoro 
BKna.na lrrepBoe cnaraeMoe nporrara Topa I 10 I I. Hepe 30HaHCHhie )l(e 
'lneHLI B 1101 rrpu JaMeHe Mi Hap 2 o6paiUaiOTCH B Hynh, rro3TOMy 
,IJ;nH OUeHKH HX BnHHHHH Ha Ha6mo.naeMhie BenH'IHHbl HaMH 6bin BbinOnHeH 
crren:uanLHhiH pac'leT lnpu M X i p 2 1. 0Ka3anoch, 'ITO BKna.n HepeJo
HaHCHhiX cnaraeMLix s- H u -KaHanoB B HHTerpanLHhie u .nulb4JepeH
n:uanLHhie Ce'leHHH 060HX npon:eCCOB TT-p • ne+e-( 11+ 11-) llpH 

W = 1296 M3B He npeBocxo,IJ;HT 5o/o, TaK 'ITO HM MO)I(HO rrpeHe6pe'lb. 
B 3TOM rrpu6nH)I(eHuu u rrpHBO.IJ:HTCH HH)I(e peJynLTaTLI Bcex 'IHcneHHhiX 
pac'leToB. 

,ll;anee uccne.noBanach JaBHCHMOCTh MYnhTHrrone:H 1161 OT W rrpH 
k

2
= 0,053 lr3Bicl 2 u oT k 2 rrpu W= 1236 M3B u W= 1296 M3B. 

9 



fipH :JTOM <lJ.<lJ, C. (k J 3aMCHHJIHCh llOCTOHHHbiMH, H3BCCTHhiMH H3 

'4 6 ·1 

<lJoTOpo:>K)l.CHHH · ' .· : 

c
3 

(OJ= o,37; c 
4 

(OJ= c 
5 

(OJ= -o,oo43. 
/17/ 

lllupHHa uJo6aphi nonararrach paBHOH r= 112 M3B. B TaKoM crryqae 

H3 COOTHOWCHHH ,'4,6 
1

: 

A 
(--~-/ 

IL 

12rrMI' /18/ 
3 . 

Q (E11MJ 

HMeiOmero MecTo npH pe Jouaucuoii :lHepruu, crre)l.yeT, 'ITO A 1 = I ,9. 
Pe3yJihTaThi Bbl4HCJICHHH npe)l.cTaBJICHbi Ha puc. 3. 

KaK BHJl.HO H3 pRe. 3, B oKpecTHOCTH pe3oHaHca BO Bceii J].onycTw 

MOH o6nacTH H3MeHeHHH k 2 MYJibTHnorrH E 11 H L 1+ MHoro MCHhUie, 

4CM M
1
+. lloJTOMY B)l.aJibHeiiruHx 4HCJICHHbiX pac4eTax orpaHH4HBaeMCJI 

-B s -KaHane rrHWh MarHHTHhiM )l.HnoncMM
11

.llonaraJIB/16/ E 1 ~ =L 1 ,~0, 
HaXO)l.HM, 4TO B :lTOM CJiy4ae 

_!:.__ c (k
2 

3 ), 

w 
/19/ 

TaK 4TO pe 30HaHCHblC aMllJIHTY )l.bl :< -KaHana 

s s s +A." 
A. =A. +A 

1 r,3 r,4 r,5 

/20/ 

) 

xapaKTepH3YlOTCH BCero O)l.HHM <lJ.<lJ. C 3 (C). 
ilOJIHhiC aMllJIHTYJl.hl Ai , 4epe3 KOTOpblC Bbtpa>KaeTCH J].HqxpepeH-

u,HaJihHOC CC'ICHHC /3/ npou,ecca 03fi, B HaWCM crryqae HMCIOT BH,U 

" 

/21/ 

I I I. Pe3y.llbmambt 6bt'-IUC.IIeHuii 

113 Jl.H<lJ<lJepeHU,HaJibHOrO 

CC'ICHHC 

ce'leHHH 

10 

/3/ HeTpy,aHo norry'IHTI 



r 
I 

5 

.{ 

I 

I 

a/ 

.6 

s 

-.,..,.._ ---......... 
.2 

.f ~--~----~---4--~ 

ao QOit 006 Of2 Of6 

k
1 

, (ra6Jcl 
6/ 

PH c. 3. Pe JOHaHCHbie MYIIbTHnOJIH B JaBHCHMOCTH 3a/ or W npH 
k 2 = 0,053 ;r:Js/c/ 2 , 36/ or k 2 npH w = 1296 M:Ja. 
--1Mt+ I' -·-·---10lE1+:' ---IO:Lt+!. 

II 



I 

(2rr) 
5 

2 2 2 

----vk -4 m \ r 1i 1 
4s Q 

/22/ 

r.ue f! - TeneCHhi:H yron«iJoToHa B c.u.M. HaqanhHhiX qacTHU, w - Tenec
HhiH yron nenToHa B c.u.M. nenToHHOH naphi. ,D;anhHeiirnee HHTerpHpo
BaHHe B /22/ nposo.nHnoch Ha 3BM MeTo,IJ,oM MoHTe- Kapno. HaqanpHaSI 
3HeprHSI 6panach paBHoii cpe.nHeii 3HeprHH B 3KcnepHMeHTe I I-J/ 

I w = 1296 M3B/.* 
)l;nSI oueHKH ypOBHSI, Ha KOTOpOM H)l.eT npouecc 03Il, BHaqane 

6hinH paccqHTaHhl HHTerpanhHhie ceqeHHSI. IlpH 3HaqeHHSIX !}J.«lJ. B TOqKe 
k 2

= 0 3TH ceqeHHSI OKa3allHCh paBHhiMH: 

a/ .nnSI peaKUHH rr -p .... n e + e- 'k2 a; = = 720 H6H / V >135 M3B/c/; 

6/ ,!l,ilSI peaKUHH TT p all = 185 H6H. 
T 

tiT06hi OUeHHTh BKlla)l. )l.HarpaMMhl pHC. 2B, Mhl BhlqHCllHllH TaK:>Ke 
ceqeHHSI 6e3 yqeTa 3TOH )l.HarpaMMhl H HalllnH, qTo a~ = 710 H6H, 
a a~= 180 H6H. IlpHMepHo TaKoH :>Ke OTHOCHTenhHhiH BKna.u /;;? 30/o/ 
BHOCHT u -KaHah H B )l.H«iJ«lJepeHUHallhHhie ceqeHHSI, n03TOMY HM MO:>KHO 
npeHe6peqh. 

IlpH TeX )l(e ycnOBHSIX O)l.HH llHlllh 6opHOBCKHe ,IJ,HarpaMMhl )l.aiOT 
.nnH paccMaTpHsaeMhiX npoueccoB ceqeHHSI a 

8
e = 586 H6H H a l=155H6H 

H, TaKHM o6pa30M, BHOCHT ocHOBHOH BKna.u B 03II I B npoTHBonono:>K
HOCTh npoueccy 3Il, r,IJ,e )l.OMHHHpyeT H306apa/. 

_Ha pHc. 4 npHse.neHhi pacnpe.ueneHHSI no HHBapHaHTHoii Macce 
yk2nenTOHHOH naphi H KOCHHycy yrna BHpTyanhHOrO cPOTOHa cos () y 
B c.u.M . .nnH npouecca 03II c e+ e --napoli: /pHc. 4a/ H 11 + 11 --napoli: 
/pHC. 46/. <l>.cb. HYKllOHa, .llHOHa H H306aphl CHOBa 6panHCh npH 

2 - +-k = 0, a )l.ilH peaKUHH TT p --> n e e OnHTh yqHThiBanaCh llHlllh o6naCTh 
c v'f4>135 M3B/C, CB060,IJ,HaH OT «boHoBoro npouecca rr-p .... nrr 0 

- ye+e-

1-13 pHC. 4 BH)l.HO, qTo H B .UH«iJ!}JepeHUHanhHhiX ceqeHHSIX 03ll 
)l.OMHHHPYIOT 6opHOBCKHe qneHhl. IlpH 3TOM OTHOCHTenhHhiH BKna)l. 
H306aphl yMeHhlllaeTCH C ysenHqeHHeM k 2 

H C yMeHhllleHHeM () y , T.e .. 
KaK pa3 B o6naCTH, 6naronpHHTHOH ,!l,llH nonyqeHHH HH«iJOpMaUHH 0 !}J.$. 
HYKllOHa H nHOHa. 0)l.HaKO B paCCMaTpHBaeMOH MO,IJ,enH BKlla)l. H306aphl 

* Mhi npo.nenanH TaK:>Ke BhiqHcneHHH npH pe3oHaHcHoH 3HeprHH 
W = 1236 M3B H nonyqHnH pe3ynhTaThi, cosna.naromHe c pe3ynhTaToM 
pa6oThi I 9/. 
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0 

-to -t¥ -o.z az o.s fJJ 
CII.S 91 

-to -()J -D.2 42 a6 1.0 
cos 91 

a 

PHc. 4. )J.H$$epeHIJ;HaJihHhie ce'leHHH npoueccoa TT -p4 n e+ e- /4a/ 
H rr-p 4np. +-11- /46/ npH W = 1296 M3B, vk2> 135 M3B/c, 
F =F v=Fs =1,0 ; F/ =:3,7 ;F/'=-0,12;C]=Q,37;-6opHOBCKHe 'IJieHhl, 
_n_:_ .:_. 1-peJOHaHCHbie 'IJieHbl,- - - - HX HHTeJXl>epeHUHH. 
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~·-

oKa3hiBaCTCft BCC :>KC HC CTOJlb MaJlhlM, KaK npH Bbi'IHCJlCHHHX C no

MOmhiO ,UHCnepCHOHHOH TCXHHKH, 2 /. 3TO o6'bHCHftCTCft TCM o6CTOHTCJ1b

CTBOM, '-ITO HHTep<lJepeHUHft H306apbl C 6opHOBCKHMH l.JJlCHaMH B HalllCM 

CJly'-iaC llOJlO:>KHTCJlbHa, B TO BpCMft KaK B pa60TC /21 OHa OTpHUaTCJlbHa. 

l 
)l,anee, orpaHH'-IHBlllHCh 6opHOBCKHMH l.JJlCHaMH, Mbl HCCJ1C.UOBaJ1H 

npH ycnOBHftX pa60Thl/J/qyBCTBHTCJ1bHOCTh HHTCrpanhHOrO CCl.JCHHft 

''" npouccca rr- p , n ,. 1 e- K 3J1CKTpoMarHHTHbiM <lJ.<lJ. HYKJlOHOB H nHoHa. 

BcHKHH pa3 Bht4HCJ1HJ10Ch ce'-!eHHC KaK <lJyHKUHH o.uHoro H3 <lJ.<lJ.; 

,apyroH <lJ.<lJ. Bbt6Hpancft B Ka'-!CCTBC papaMCTpa, OCTaJlhHhlC. - <lJHKCHpO

BaJlHCb cBoHMH 3Ha'-leHHHMH, n,PH k c II Opoae.ueHHbiH aHanH3 noKa3an, 

'-ITO H 3MCpHCMOC Ha OllblTC i l. CC'-ICHHC npaKTH'-iCCKH HCl.fYBCTBHTCJlbHO 

K H30CKanHpllbtM <lJ.<lJ. F j' H F ,', 3aMeTHO H3MCHHCTCH c H3MCHCHHCM 

H 30BC KTOpHOIO <lJ.<lJ. f ~· H o6na-.uaeT CHJlbHOH 3aBHCHMOCTblO OT ,apyroro 

H30BCKTopHoro ¢.¢. HyKnoHa F/ H <lJ.<lJ. nHoHa F;r.PHc. 5 HJ1JllOCTPHPYCT 

llOCJlC.UilCC yTBCp:>K,UCHHC. ~ B JKcnepHMCHTC 1 L .unH cc'-ICHHH npouecca 17 -p ' n ,. 
1 

,·-nony'-!eBo 

3Ha'-leHHC \ u = 0,52+0, 16 H6H. HawH pac'-!eTht .uaiOT B 3THX ycnoaHHX 
- J 

BCJlH'-IHIIY ,\a = 0,49 H6H npH <lJ.$., B3ftTbiX B TOl.JKC k -~ li.H \,r= 
= 0,80 H6H npH HCllOJlb30BaHHH MaCWTa6HOIO 3aKOHa H .UHllOJlbHOH 

<lJopMynht .unH ¢.<1J. HyKnouoB 

(
. p 
'M 

n 
(; M 

. 2 2 . - 2 -2 
(, r k J • I I - f.. n. , If r '~lB I c J I - /23/ 

a TaK:>KC B npe.unono:>KeHHH, t.JTO 

2 I 
/24/ 

3 M .\1 
c

3
rk J = c mJC 'k 2

Ji(; 'roJ 

)l,nH cpaBHCHHft C 3KCllCpHMCHTaJlbHhiMH ,UaHHblMH flO .UH<lJ<llepeH

UHaJlbHblM CCl.JCHHftM npouecca 17 -p --> n e+e- 6biJ1H Bbll.JHCJlCHhl npH 

ycnoaHHX pa6oThi I 2l pacnpe.ueneHHH no k 
2 

, cos 0 Y , cos II H cos dJ 
;e- nonHpHbiH yron nenToHa B c.u.M- e+r-- napbi, 6- yron Me:>K.UY 

nnocKOCTHMH peaKUHH rr-p __. n y* H pacna.ua r'· __. e+ e- /. Ha pHC. 6 
nyHKTHpHblC JlHHHH H306pa:>K.aiOT pacnpe.ueneHHft, paCCl.JHTaHHblC C <lJ.<lJ. 

B TOl.JKC k 2=0, a CllJlOlllHblC JlHHHH OTBCl.faiOT CHTyaUHH, KOr.Ua HCll0Jlb-

3YIOTCft COOTHOlllCHHft /23/, /24/. 
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F
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Puc. 6. CpaaHeHue Teop~lJiqecKux pacrrpe,n;eneHuii c 3KcrrepuMeHTam,
HbiMU .n;aHHbiMU pa6oTbi' 1

• llyHKTUPHhle KpUBbie rronyqeHhi rrpu JHaqe
HUHX dJ.dJ. B TOqKe k2 = 0, CIInOWHbie KpUBbie - C dJ.dJ. /23/, /24/. 

16 

KaK au.n;Ho uJ puc. 6, · o6e KpUBbie Ha Ka)I(,D;OM J 

npoTuBopeqaT ,n;aHHbiM pa6oThi I 2l. TaKUM o6pa30M,B p 
u3o6apHoii Mo.n;enu rronyqeHhi peJynhTaTbi, KOTOpbie an 
WTCH C pe3ynbTaTaMU ,Il;UCIIepCUOHHOrO IIO,Il;XO,D;a U He 
uMeiDIUUMCH 3KCIIepuMeHTanbHbiM ,n;aHHbiM. 3TO II03E 
BbiBO,Il;, qTO U306apHaH MO,D;enb MO)I(eT 6biTb UCIIOnb30B 
rrpeTaUUU 3KCIIepUMeHTOB IIO UJyqeHUID 03ll B OKpec: 
pe JoHaHca, ,n;nH rronyqeHU.Il uHI!JopMauuu o !IJ.!IJ. F / u F. 

Bbipa)l(aeM rny6oKyro 6naro,n;apHOCTb n.JI.HeMeHC 
u aHuMaHue K pa6oTe u C.M.:SuneHhKOMY Ja Heo,n;HoKpa 

o6cy)l(,n;eHuH. 

JipUIIOJtCeHUe 

BKna,n; uJo6aphl B s -KaHane xapaKTepu3yeTcH en 
nnuTy,n;aMu /a o6oJHaqeHU.IIX pa6oThi I 61 I. 

)l;nH rrepao:H CBH3U B N ~y-aepwuHe 

A~~ : Cl.1 \l'\kl- h:~s-~'1\S-H!-t rut .... 11'• r'l .. zr .. (H!+ 

+ k'(S-t f'\! t t1 ftt.-t r'- M')) -t & (f11 +Zt•l'-s;} 

As = a.J.L \ .. ~H:-s • 11'-Mtt .. -r'l _ i + ~ ~. 
'·!. l?.tt: l.- r.. t- r 

A~.~= a.l\
11
'11l[lf1 .. ·r'-sl~tt-H .. ;-r'M .. -Ht!(tt•M·l] -t'tl 

A,:, a A:,, + (h(fhMt.\, 

II s : Q. { (tM~ -S t ,.,_ Ml'la- r'l[k'-llS-1'\'1] _ 1 D 
Hs,l '1 6 tt: (t..: fa.) 1 + • 

A.~~~ ~:[(s-K'+f""•"'•' • ft1•] , 

r,n;e Q., = eAt C,\l''Atts-n! •tt'\fll ' I ~ tS-M 

)l;nJI BTopo:H CB.H3U B N t\ y -aepwHHe 
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6. CpaBHeHue TeOP€f_lJI'Ieci<ux pacrrpe.n;eneHHH c 3I<crrepHMeHTam,
.n;aHHhiMH pa6oThl' 

1
• IlyHI<THPHhie I<pHBhie rronyqeHhi rrpu JHaqe • 

ciJ.ciJ. B TOqJ<e k
2 

= 0, CIIJIOIIIHbie I<pHBbie - C ciJ.ciJ. /23/, /24/. 

16 

Kai< BH.n;Ho H3 puc. 6, · o6e I<PHBhie Ha I<a:>K.n;OM H3 rpaciJHI<OJ 

rrpoTHBopeqaT .n;aHHhiM pa6oThi I 21. Tai<HM o6pa30M,B paMI<ax rrpoc 

H306apHOH MO,D;eJIH IIOJiyqeHbl pe 3YJihTa Thl, I<OTOphie B ~eJIOM COrJia 

WTCH C pe3yJihTaTaMH .D;HCIIepCHOHHOrO IIO,D;XO.D;a H He IIpOTHBOpe 

HMeWIIIHMCH 3I<CIIepHMeHTaJibHhiM ,D;aHHhiM. 3TO II03BOJIH:eT c.n;en 
BbiBO,D;, qTo H306apHaH MO.D;eJih MO:>KeT 6b1Th HCIIOJib30BaHa .D;JIH HHT 

rrpeTa~HH 3I<CIIepHMeHTOB IIO HJyqeHHW 03IJ B OI<peCTHOCTH IIepB 

pe JoHaHca, .D;JIH rronyqeHHH HHcbopMa~HH o ciJ.ciJ. F 
1 

v H F
77 

• 

Bhlpa:>KaeM rny6oi<yro 6naro.n;apHOCTh JI.JI.HeMeHoay Ja HHTe 

H BHHMaHHe I< pa6oTe H C.M.IiHJieHhi<OMy 3a HeO,D;HOI<paTHhie IIOJie3I 
o6cy:>K.n;eHHH. 

IlpUAOJIC€HUe 

BI<na.n; H3o6aphl B s -KaHane xapai<TepuJyeTcH cne.n;yiOIIIHMH ~ 
rrnuTy.n;aMH /a o6oJHaqeHHHX pa6oThl I 61 1. 

)J;nH rrepaoif CBH3H B N ~ y- aepiiiHHe 

~~~ .: Q.~ ~('\k)- h!fiS-1111\S-H!-t ftfta• f1 1
t r') •Zr'(H!+MH•+ 111 )+ 

+ k'(S-t ~: t h l't•'+ rt- M'')j 't £ (f1'+zr'•l'-S)} , 

a• = Q. {_!_ ~'llH:-s. "'-Mfl.-r't - f + R ll .. } 
1,!1 ~l?,tt: t.- r.. t- r' 

A~~= a.~{.'.,~[t.,'-rl-sHtt-H.;-r'M.-Ht!("·"·l] .. ~tR\"•"·l], 

As:, :a~:., + O.!>(H+M•l, 

ns =a.Jlnt~-s •"l·ttl't~-rllll'-us-1'\'1] .1 + f l'-z"-"''} 
Hs,, 1 6M:lt..:r'J z. t-r" • 

A.~~~ ,"~~[(S-f1'+r''l(H•M·l• /''f1..] ' 

r.n;e Q., = e "' c,,ll)lttlS-PI! •itH)l ' I a (s-tt:)/~f't! • 

)J;nH BTopoH: CBH3H B N t\ y - aepiiiHHe 

17 



~ 

A:. .. ~a. .. \- Ml'\k) ·~!LM·lS-f'l'll1M! -s- M')- r'M.(S-2MM·" M') + 

+ ~ '('t f'\ (S+I'\1'~• ~ r'· M')- t1. \Ut!'-s • f\1
- Zf'IPI•-r'l)]•lki'\~~~SJM. -tlVittJ}, 

~S • Q..,lt\-1'\• +' , k_L , ut\~r'){lf\.•Zf\}otS\lf\•tt.)+(fii.•M)f'\!tt"'flJ +1 z.k.'(~·fl)\ 
'·" l 2. ... lt·r' t- r• 1' 

As :-a. .. (~+ .L .li"•H·'I'S-f'l \f'IM.·tr'M! -zk.'($-t1'• r'•'"'"·IH .. )] -
lo,lt 1 2. tz "· ' } -Iils-1'\'·r'-tl•l , 

II! ... : A~ ... •1 Q .. lS-M'-~') • 

A~ ... =a. .. \~ l"'·- M\- 11fo,1lt -r~1 ~l5 _,., 't-l']Ut\'·f'tllM .. -7. ,.,, •Slt"-"•i• 

+ti'I··MlM! ,.tM't1•] .. R ~·:;. [k.t-us-M'I]}, 

A:. .. ,. -Q.,~\~'•ih;~s- "'"1\1 h'lt·r'-~l-'"'"•'".}lM··"•'r'"·] .. .zi,s .,.,'•r'J} ,, 
r)J.e U.~o.: ~ ~1 C~lk'I/Lr1 lS·M;•iP\rl] . 

)lJIH TpeTbeH CBH3H 

A:.i: O.s\·Ml\li•~Js-M'Il1M!-S-M'- r'I•Zr'M(M.-MJ+l'{tl"'tM.)tt.• 

+ M '- r' -s ) ] - ~ [ (s -M •• t. • 1 M • .. 1 ~ '· !'' 1 "' ] } , 

a:.s s a.s\\lM·Mal + &i'!Jt'-r.,ls M: -s- MM. -r'• M')- ~ tl:l~~fll} I 

A !.s = - o.s{il\k-1,. t:"J(s- fll'l\fl•• ",_ r'l "·- f\ I) - -i e (&- fll'- r ')} 

IJ;s:a a:.s + 1o.s (S·M'+k'-j > 

A !.s =- Qs\·~ ll'l.- I'll + 11 ,..
1
\t .,..1 [2ls-M 't-l•] lS flit-s- '"''•

-r' ot M')- i f'tt'-t;. ~lS-f\'1 -l'J} , 
A:.s = 

s 
- A .. ,s 

r)J.e O.s- = t,\, Cstl'l/[f'lS-M.'+iP\r)]. 
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" 1~" "'a..,\- M(~k) •d.tllM·lS-II'I'Il1M! -~- M'l- r'M.(S-2HI't." M') + 

+ l'(" M (S • f'\ 1'1• t r'- H'}- M. (ZH! ·S • f'\
1
·111\ fl .. - r'))J•~kl\~l~SI"• -tl',f'l!tJ}, 

a' • Q..,lt\-1\• + • k L • [IM':. r''~""-ZI'\) ... Sllf\· Pl..}+(fil.-"1~ tli'\'PIJ .. ' lk'(~t.-flll '·" l 1 ,,.tt·r' t:- r' J• 

A.s :-a. .. ~~~+ ..L .((P\•t1•'1'S-M '•t'IM.- tlf\!-zl'fi·l1'•l•lf\•H.)t1.)) -
.. ,It 1 2 U 11• I t I. J 

n! ... = ~~ .. • ~ Q .. lS-fol'-~'1 • 
- ·i &ls-I'\'- r -h.'l , 

~~ ... = Q~{ ~ lf1. -11}- fL 11'11 lt -r~l~lS-1'\ 't-l'](tl't'·f'll.\M.- t '1l•SlZfi-H.jt 

+(t1.·1'\)tt! ~tf\'11·] .. R ~:~ [k.'-llS-'1'1]} I 

11,~~ :- Q~\l't.:l ·~Js- P\~l\1 tM'-r'-s)-'"'"'•1"~'"._ "·ir·~.J ·fils . .,\r'l J , 
r)J.e Q".: e,~,C~lk'l/[r1 lS-M.'•iPir)]. 

)J,JlH TpeTbeH CBH3H 

a:.i : Q.s \-Ml\ll • ~JS-1'\')lZpt~ • S- M '- r'l• 2 f''M (11.-111+ l'fLlfht1.)1'1.• 

+ 11 t- r t - S ) ) - g ( (S • M ',. ~' ) 1'1 ,. • l k ',. !' 1 I M ) } , 

as :a,_l!ll'\-1'\.)+l lL lSM:-S-MI'I•-r'•M')-ftl'l"-•ftJ\ 
r,s ~t'l ~'~·Lt-r't ~-r' J, 

~!.$ = -a.{il'\kl~ tz•"J(s-"'""•'"1-r'l"·-"1] -f f (&- "'-r'l} , 

(s:a a:.s + !Q.s (~-Hl.,.klJ I 

a:., = - Qs \-~ ll'l.- P\) .. 12M.~ L ~~, [1l$- "'1-l' J lS .. : -s- ""'·

i s 
A (,S :: - ~ .. ,s I 

-r' ~ M'}- R i'1t'-+;, ~l$-f'l1 l·l'J}. 

r)J,e U.s-= t~, Cstl'J/((l&-1'\,.1 -tifl'lr)]. 
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