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BBenett11e 

HccnenoBaHHe rrpoueccoB 0.[lHHOqHOl'O o6pa30BaHH51 IlHOHOB B rrpoTOH-

•IlpOTOHHhlX B3aHMOll0HCTBH51X IlpH 9Hepl'H51X ""1 f95 IlOKaaano (cM,, Harrpn

Mep, /1-3 /)' 'ITO 9TH rrpouecChl rrpOHCXO/l51T npeHMymeCTB0HHO C Manon ne

pena'leii HMnynbca 'laCTHUe OT~aqH (B yrnOBblX pacnpeneneHH51X BTOpHqHh!X 

HyKnOHOB HM0!0TC51 51pKO Bl>IpmKeHHbie IlHKH B HanpaBneHH51X Bllepen-Ha3a)::( 

B C,U,M,), 8To HaBeno Ha MbICnb O "nepHqiepH'l0CKOM" xapaKTepe 9THX Heyrr

PYl'HX B3aHMOllellCTBHH, T,e. 0 TOM, qTo MexaHH3M B3aHMoneiiCTBH51 MO>KeT 

6b!Tb OIIHCaH C IlOMOmbIO llHarpaMM, yquThlBaIOmHX 06MeH BIIpTyanbHhlM IlHO

HOM 14- 61 • IT pH 9TOM naHHhie o peaKUH51X N N ➔NN 17 OKa31>1BaIOTCH CB513aH

HhIMH C aMrrnHTyllaMII 17- N pacce51HH51, Bhl'lHCneHHhlMH BHe MaCCOBOH IIOBepx

HOCTH, B nanbHeiiweM 6binO IlOKa3aHO 11 I' qTO Monenb 0.[lHOilHOHHOl'O o6Me.:. 

Ha, MOllHqJHUHpOBaHHa51 BBeneHIIeM qiopMqiaKTopa, xopowo OIIIICbIBaeT 9KClle

pHMeHTanbHhl0 naHHhle 06 9HepreTHqeCKIIX cneKTpax BTOpHqHhlX HyKnOHOB B 

npoueccax O!llIHO'lHOl'O o6pa30BaHH51 IlHOHOB rrpH 9Hep!'H51X 0,97' 2 H 2 ,85 faB. 

Mo>KHO npHBeCTH p51!l apryMeHTOB B rron&sy TOl'O, qTo Heyrrpyroe HyK

. noH-HyKnOHHOe B3aHMO.[lellCTBHe B H3BeCTHOll Mepe HOCHT rrepmpep11qeCKHH 

xapaKTep. H npH 6onee HH3KIIX 9Hepl'H51X, TaK, HenaBHO rrepHqiepH'leCKa51 MO-
. 0 

!l!3nb llplIMeHHnacb nnsr OIIHCaHII51 naHHhIX 06 o6pa30B8HHH 17 -Me30HOB B 

p- p B381IM01l0HCTBIIH npH 9Hepl'HH 610 M,m /8/; OKas·anocb, qTO C IlOMOillb!O 

3TOH MonenH ynaeTC51 nonyqHTb xopowee OilHCaHHe 3KCrrep11MeHTanbHI,IX yr

noBhlX pacrrpeneneHHH BTOplI'lllblX llpOTOHOB, OTBeqaromHX ManhIM rrepenaqaM 

HMrryn&ca, B non&ay rrepmpepHqecKoro xapaKTepa HeynpyrHx rrpoueccoa rrpH 

660 M3B CBH.[leTenbCTBYIOT II peaynbT8Tb! qia30BOl'O aHanH38 yrrpyroro p - p 
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_pacceSIHIHI rrp11 9TOii: 9Hepr1111. KaK 113BeCTHO /9/, _ JlJISI YAOBJieTBOp11TeJihHOI'O 

orr11caHl151 9KCIIep11MeHTaJihHb!X naHHb!X Heo6XOJlllMO Y'H!Tb!BaTh Me30H006paso-

3 . I 3 
BaH11e, Hap51JlY c Po,1,2 11 02 , TaK)Ke II nx "rrepmpep11qeCKIIX" F 2,3 Ha-

'laJihHb!X COCT051Hllll p - p CIICTeMbI. 

CnenyeT OTMeTIITh, '!TO JlmpqiepeHu11aJihHbie Ce'leHllSI o6pa30BaHll51 BTO

p11'1Hb!X 1JacT11U B peaKU1151X N N ➔ N N TT , BhI'IIICJieHHhie B paMKax OAHOIIIIOH:

Hoii 06MeHHOll MO)leJIH, B_ OCHOBHOM rrporropu110HaJihHbl CYMMe KBanpaTOB MO

nyneii: aMIIJIIITyJl BllpTyaJihHOI'O TT-N pacCe51Hll5I. Tio9TOMY IIpll 9HepI'HSIX 

.. 1 f9B OCHOBHOii: BKJia)l B Bbl'IIICJieHHbie yrnOBb!e pacrrpeneneHll51 II 9Hepre

Tll'leCKlle crreKTpb! BTOpll'IHb!X '!aCTIIU naeT · pe30HaHcHa51 p 33 - aMIIJIIITYAa, 

a pOJih OCTaJihHbIX COCT051Hllll cpaBHIIT0JihHO. HeBeJIHKa. Bb1pameH115I me JlJI5I 

IIOJI51pll3aUnll BTOpll'IHb!X HYKJIOHOB, llJIII aCIIMMeTpHII 11crrycKaH1151 IIIIOHOB, o6-

pa30BaHHbIX IIOJI51pll30BaHHbIMII HyKJIOHaMII Ii 0/, COCTOSIT 113 'IJieHOB, rrpen

CT8BJI51IOIIIIIX co6oii B OCHOBHOM IIHTe"pqiepeHUIIIO pe3oHaHC-HOii aMIIJIIITYJlhl ~ 

HepesoHaHCHbIMII. B CB5I311 c 9TIIM 9KCrrep11MeHTaJihHOe 11ccnenoBaH11.e rroi-rn-
-- . 

p11sau110HHb!X 9qlql0KTOB B He_yrrpyr11x HYKJIOH-HYKJIOHHb!X B3allMO)leii:CTBll5IX 11 

IIHTeprrpeTaUll51 IIX B paMKaX OJlHOIIIIOHHOH o6MeHHOll MO)leJIII naeT B03MO)KHOCTb 

rrp0Bep11Tb HeKOTOpb!e rrpenrronomeHll 51 MO)len11, Bb!SICHIITb pOJib Hepe30HaHCHbIX 

aMIIJIIITYJl TT- N pa~ce51HIIH 11 11x rroBeneH11e BHe MaccoBoii: rroBepxHocT11. 

B HaCT<;>mueii: pa6o-r:e Ha OCHOBe OJlHOIIIIOHHOii: o6MeHHOii: MO)leJI11 -paccMaT

p11BaeTC51_ IIOJI_51p113au11H BTOpll'IHbIX IIpOTOHOB, o6pasyeMblX rrpOTOHaMII C 9Hep

r11eii: 669 M9B, B peaKUIISIX 

p+p ➔ p+n+TT+, (1) 

p+p ➔ p+p.+TTo (2) 

Tip11 9TOM. Y'IIIThIBa!dTC51 .BKJia)lbl Bcex B03MOlliHb!X nnarpaMM O)lHOIIHOHHOI'O 

o6MeHa II' IIHTepqiepeHUHSI Memny HHMII Ii liCIIOJih3yeTC51 11HqJOpM8Ull51 o' qia30Bb!X 

cnBHrax rr- N pacceHH1151 B o6nacTH 9HeprHi'1 OT O no 220 M:aB, B on11cbmae

-MbIX- pac'leTa:x cnenaHo npeHe6pemen11e B38HMoneii:CTBue·M nyKnonoB B KOHeq

HOM coc·ToHHIIH, rrpiIBOJl51IIIIIM K peaKUHII p + p ➔ d +TT+ --. Y'leT a Toro B3aHMo-·. 

JleHCTBl!SI. CIIJlhHO OCJIO)Kfll!JI 61,1 Bhl'IIICJien1111; C npyroii: CTOpOHbl; BJill51Hl!e ero 

H~ _- .11ccnenyeMbie peaKUIIII (1) II (2) np~-SIBJI5IeT~5I Jllllllh "'!~pea Tpe6oBa~He 
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- YHIITapHOCTll IIOJIHOii: s -Ma TpllUhl, '!TO, IIO-BIIJlllMOMY. 6onee cy!lleCTBeHHO 

. )lJISI HOpMllpOBKII n11qiqiepeHu11aJihHhlX ce'!eHllll II 01:11caHllSI qiopMbl CIIeKTPOB 

BTOpll'IHbIX '!aCTllll, '10M rrpu Bbl'IIICJieHHH IIOJI51pH3aUHOHHb!X 9qiqieKTOB. T!lla

TeJihHOe llCCJI0JlOBaHI!e 9TOI'O BOIIpOca '6bIJIO 61,1 BeChMa IIHTepeCHbIM. 

K1rneM8Tli118CKHe C00TH0llleHHfl 

TipouecCbl O)ll!HO'IHOI'O o6pa30BaH1151 IIIIOHOB ( 1) Ii (2). OIIIICb!BaIOTC51 B 

O)lHOIIIIOHHOii: o6MeHHOll MOJleJIII c IIOMOlllhlO Jll!arpaM!vl, IIpHBe)leHHblX Ha pnc.1. 

CIIJIO!llHhle JIHHIIII Ha pHC. 1 rrpeJlCTaBJI51IOT HYKJIOHbI, lllTpllXOBbie - IIIIOHbI. 

n11arpaMMbl 1-4 OTfJH'laIOTC51 Jlpyr OT Jlpyra 3aMeHOii: Ha'!aJihHhlX II KOHe'IHb!X 

HyKJIOHOB. 4_epe3 p 1 • p 2 • q 1 • q 2 Ii q o603Ha'leHbl '!eTb!peXMepHbie 

IIMIIYJihCb! rrana10II1ero npOTOHa, npOTOHa MH!lleHH, BTOPll'IHOI'O rrpoTOHa, BTO

Pll'IHOI'O HeiiTpOHa (npoTOHa) JlJI51 peaKUHII (1) (peaKUIIII (2)) II n11ona, COOT-

BeTCTBeHHO. 06osna'IIIM 'lepe3 p 1 
RS ~ ~ s=:I 

,P21 <11. q2 I q MOJlYJIII COOTBeT-

➔ ➔ ➔ ➔ ➔ 

CTBYIOIIIIIX TpexMepHbIX HMIIYJihCOB p 1 1 p 2 1 q 1 , q 2 , q 1 '!epe3 

m Ii µ - MaCCbl HYKJIOHa II IIIIOHa, 'lepe3 To Ii T 1 - KHHeTH'leCKHe 9Hep

I'HH nana10mero Ii BTOPH'IHOI'O ( peI'HCTpupyeMOI'O) IIpOTOHOB, 

nn51 Bbl'IIICJieHll51 Ha6n10naeMb!X Ha. OIIbITe BeJIH'll!H yno6no BBeCTH na-

6opaTOPHYIO CHCTeMy KOOPJlHHaT c OCh!O z , HarrpaBJieHHOii: BJlOJih_ BeKTopa-

q 
2 

+ q =-fl - q l ( _ q l - HMIIYJihC per11cTpnpyeMoii: -'!aCTllllbl), II C IIJIOCKOCThlO 

x 'oz ', COBIIa)laIO!lleii: C IIJIOCKOCTh!O pacceSIHll5I ( T,e. rrpoXOJlS11I1eii: '!epe3 BeK

TOpb! Pt n q 1 ) (cM. pHC. 2). 06osHa'IHM '!epes 0 n ef, rrom1pHb1ii: II 

asnMyTaJihHblll yrJibl Bb!JieTa IIIIOHa OTHOCHTeJihHO OCII Z 1 '!epe3 () 1 -

yron BbIJieTa BTOpll'IHOI'O IIpOTOHa OTHOCIITeJihHO HarrpaBJieHll5I rrana10II1ero 

rrpoToHa. KoMIIOHeHTbl 4-nMIIYJihCOB y'laCTBYJOllll!X B peaKUIISIX ( 1) II (2) qac

Tl!ll B Bh16paHnoii: c11cTeMe KOOpJll!HaT rrp11BeneH~I B Ta6n11ue 1. B nanhHeii:-

➔ ➔ ~ 

!lleM ncrroJih3yeTC51 MeTp11Ka, B KOTopoii: ab=- ab -· a ob o • 

CB513h Memny IIMIIYJihCOM n110Ha if II yrnoM 0 BbipamaeTC51 COOT;:. 

HO!lleHHeM 

"' 
q /-' 

2 2 2 2 
c or cos 0 ±. c 

1 
v r cos 0 - c 1 + c 0 

2-·20 
C_1 -r COS 

5 

(3) 



q,4 q,, 
I 

q, 

P2 q2 pf i2 
i 2, .. , 

~4 

q ( 

H 't,2 pc! q.~ 
.3 !t 

P11c. l, .n11arpaMM1,1 onHon110HHoro o~MeHa nnSI peaKu11it NN -+NNir. 

6 

-lJ l' 
I y I\'\.""""'- I - ~ \ 

V I ) ... "' 
, 

7'--.... \ J \ ... 

/ I . :a. ........ \ -P, 

x' 
y' 

iPHc,2, na6opaTOpHaSI CHCTeMa KOOPllKHaT, HCIIOilb30BaH11asi B paC'leTaX nonsip11-

aaUHH BTOPK'IHblX npoTOHOB, 
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rJ:le 

p 1 

P2 

'lt 

q2 

q 

➔ ➔ ·==2-2 ==== 
r = I .q + q I = V P 1 + cf 1- 2 P t q I r,os () t 

T 2 2 2 2 
c 1 = 0+ m - T 1 , 2 c 0 µ = c 1 + µ - r - m 

X 

::::s ::::s 'I ➔ ➔ 
p

1
q

1
sin01; 1 q 2 +q 

0 

; lq !sine /I q'\+ q·• 1 

- q sin 6 cos cp 

"' q sin(} {'OS <p 

Ta6mrna 1 

y z 

O r~<rrqtosO/'lq lq ... : 
0 O 

~ ~. ::::::: -~ ·➔ 

0 ( . 0 l '' ' q I P{OS l '.'" q f' 'q 2 _,_ q i 

-17sinOsinc,'> 

;sin0sinc/> 

t 4 -~ :e "\ 

: q 2+ q _-q ('(E 0 

"' q eos0 

E 

T O -'-m 

m 

T
1
+ m 

!::: 2 2 
T 0+ m - T 1- y q + µ 

V q"J + µ 2 

l13 ycnOBl!SI 'I ·:..O MO)KHO HaiiTn, 'ITO B cnyqae Co ~c I B Bbipa)l(eHllll (3) cne

nyeT 6paTb 31IaK "+" 1 Ii Hpll 9TOM cos(} MO)l<eT Ilp11HIIM8Tb 3Ha'lel!lrn OT X 1 1 

no X §; + 1; B cnyqae CO< CI B Bbl)J8)KeHl!ll (3) Hy)l(!IO Y'lllTbIBaTb o6a 3118-

, 2 2 / 1 
Ka, npll'leM X I= V C I - CO I r, X 2 = + • 

BBeneM nanee cneny10m1Ie pensrT!IBllCTCKlle K1IHe~aT1I'leCK11e 1IHBapua11Tb1: 

2 2 2 2 
W =-(q+ql),/'l =(p2-q2), 

2 2 
u =-(q+q ), 

2 

- 2 
t2=(p -q ), 

2 1 

2 . 
t=(1i -q 

I 
) ; 

- ) 2 
/'1, 

2
;,, ( p 1-q 2 • 

(4) 

➔ ➔ 

3necb w(u)- 11on11asr anepr1rn tJaCTllU q,q 
1
(q,q 2) B !IX c.u.M., rne q+•q 

1
=0 

... ➔ 2 2 . 2· -
( q + q 

1 
=0) , a /'l - 11 t - KBanpaTbl rrepena'lll 4-llMITynhCOB; /'l II t 2 

rrony'la!OTCSI ll3 /'l 
2 

II t 
2 

3aMeHOll p Ha p • n106b1e K1IHeMaT1I'leCK11e 
1 2 

nepeMeHHh1e ( r111.myJihCb1, atteprm1, yrJihI paccesrmrn) B n106oii CllCTeMe Koop-

JlllHaT MOI"yT 6b!Tb Bbipa)l(eHbl 'lepe3 Ha6op KllHeMaTU'leCKIIX IIHBapnaHTOB ( 4). 

Llnsr TOI"O 'IT06b1 COOTHOllleHIHI, OT HOC srmuecsr K pa3Hb!M nnarpaMMaM 

puc. 1, MO)l(HO 6hin0 3al1HCb!B8Tb eaHHblM o6pa30M ( '-ITO cymeCTBeHHO rrpu 

8 

I 
· 1 

z 
2 COCTaBneHllll nporpaMMbl 'lllCne!IHblX pac'leTOB), BBeneM 4-BeKTOpbl z 1 , 

Z3 Z4 
1 

KOTOpbie JlnSI Ka)l(JlOll ll3 nnarpaMM npllllllM8!0T 3!18'le!lllSI, yKa-

38llllbie B Ta6nllUe 2. HeTpyn110 y6ennTbC5I, 'ITO lll!Bapllal!Tbl u ' T II 

• 
onpei:iene !lllbJe COOT !IOIIIe Hll 5IMII 

2 2 
U=m +µ -2qz 3 , 

· T =-2m
2 

-2z z 2 4 
2 

D=-2m -2z 1z 3 , 

Ta6nuua 2 

nuarpaMMa Z I z 2 . Z3 z 4 u T D r1 r2 

2 t,. 2 t 2 
p I P2 ,q 1 '12 w m, Ys 

2 
P2 p I q 1 q2 w 

2 ii 2 ;2 m2 Ys 

3 
2 t-2 i._2 

p 1 p2 q 2 q I u Ys m 3 

4 2 2 t,. 2 
P2 p I q 2 q 1 u t Ys m 4 

D, 

(5) 

nnsr Ka)l(JlOll H3 !lllarpaMM npllllllMa!OT 3!18'le!lll5I, yKa3aHl!ble B Ta6n1Iue 2. Ee

nil BBeCTll ¢yHKUll!O 

1 2 
IMP(a, h, :! ) =-,/a -2(h + c) + L·-: .. !d, 

2 a · 

TO 

2 
P =IMP(U, m ,-T ) (6) 

rrpeacTaBJISleT Benll'IHHY TpeXMepHOI"O l!MITynbca Ha'lanhHOI"O npoTOHa, yqacT

BYIOIUeI"O B BllpTyanbHOM 17 - N • pacceSIHHll, B c.u.M. BTOpll'IHblX rrnoHa II HyK

noHa rrpll rronttoii 9HepI"llll B 3TOH CllCTeMe ,;u ; nonHaSI 3HepI"HSI 9TOI"O npo

TO!l8 

E ./ p 2 2 
1 = V + m (7) 

9 



l 

11 Mnynhc nuoHa B Tof1 JKe c.u.M. aaeTC51 cpopMynoif 

2 2 Q ~IMP(U,µ ,m ), (8 ) . 

3Hepr'1151 BTOpll'lHOrci HyKnoua 

2 . 2 
E2=vQ+m (9) 

KOCIIHYC yrna Mexrny BeKTOpaMH IH,mynbCOB ~Ia'lanbHOI'O II BTOpll'IHOI'O HyKno

HOB 

cv(IJ)=_!,__l2E E -2m 2 -UI. 
2QP I 2 

( 10) 

llu~~epeeuuanbeoe ceqeeue H rronHpeaaueH 

MaTpH'lHhIH aneMeHT nnsr peaKUUH ( 1) Ii (2)' COOTBeTCTBYIOIUI!H n11ar

paMM8M pnc. 1, naeTc51 Bb1paJKeu11eM 

• 2 
Im 

M = 1,2 ° (q +q 1+q 2-p 1-P2 )(M 1-M 2-Ma +M 4 ), 

(211 ) V2 q c!l1oq20P10P20 
( 11 ) 

rne q o 

q I' q 2 

q to I q 20 1 p 10 p 20 - 8Hepr11u 'l8CTUU C l!MnynhCaMU q , 

p I • P2 COOTB0TCTB0HHO, HHneKChl y M I YK83h!Ba!OT COOTBeT-

CTBYIOIUYIO nuarpaMMY, a 3HaKU ,, _,, o6ycnoBneHbl 11neHTll'lHOCTb!O Ha'lanhHhIX 

Ii KOHS'IHhIX HyKnouoB. B SIBHOM Bune 1\1 I C y'leTOM o603Ha'leHuif Ta6nttUhl 2 

38IIUChIB8!0TC51 cneayIOIUUM o6pa3oM: 

-
M 1 = TI (T)U (z

4
) r

2
U(z 

2
)U (z

3 
)r

1
U(z 

1
). ( 12) 

3aecb u ( z}- Cill!HOp, Oill!ChIBa10mi1il. HyKnoH C llMIIynhCOM z ' MaTpllUbl 

r=m(U, D,T) B COOTBSTCTBYIOIUIIX Bepwunax anarpaMM OIIUCblB8IOT BUpTyanb

HOe rr-N paccemrne, a cpyHKUHH 

10 

I 
.1 

' I 
:1 

J 

___:_....___ 

TI(T)=y411 g-1-rF(T) 
T +µ 

' 

(13) 

npencTaBn51eT C060H Ilp0113B0J:l0H110 KOHCTaH_Tbl CB51311 IlUOHa C HyKnOHOM g 

Ha nponaraTop IlUOHa u Ha IlUOHHhIH qJOpMqiaKTOp HyKnoHa F( T) • MaTpHUbl 

m ( U, D, T) CBSI3aHhI c I!HBapuaHTHhIMII aMnn11TynaM11 pacceSIHl!SI a ( U, D , T) 

u b (U, D,T) cooTHollleH11eM 

m ( U, D, T ) = a ( U, D , T ) + i b ( U ,D , T ) ; , ( 14) 

" ➔➔ 

rne q = yq = y q -y ell o· 

D,uqiqiepeHuuanbHOe ce'leHue peaKUHH ( 1) · u (2 f, Bb1pmKeHHOe qepe3 MaT-. ' 
pu'IHhIH aneMeHT M , l!MeeT Bun 

4 
m 

d a= ( ) s. 
2 211 J 

I IM I \s < q + q t q 2- P 1 - P 2 > 

2 4 

3 3 3 
d qdqld q2 

q 0 q 10 q 20 . 
(15) 

rne j = y(p
1
p

2
)_;.:,_m- IIHBapuaHTHblil. IlOTOK nanaIOIUIIX 'l8CTIIU, a 3H8K cyMMbl 

03Ha'laeT, 'ITO ·aeo6xonHMO npoU3BeCTU ycpeAH0HUe· IIO uaqanhHhIM II cyMMll

poBaHl!e no KOHe'lHbIM Cill!HOBbIM cocrosrHl!SIM. 

,Un51 Bhl'lUCnea11sr nonHpuaauuoHHhlX SqJqJeKTOB yno6no BOCIIOnb30B8ThCS: 

MaTp11ueil. nnoTHOCTI! KOHe'lHbIX COCTOHHUH pr An51 npouecCOB ( 1) · 11 (2)' HOp.; 

MIIPOBaHHOH TaK, 'ITO 

4 
m 

da=---Spp,o (q+q 1+q2-P1-P
2
) 

2(211) 5j 

a a d a 
dqdq 1 q2. 

(16: 
q 0 q lOq 20 

Ecn11 BBeCTU npoeuupy10nme onepaTOpbl nnH COCT051HIIH Ha'lanhHhIX II KO• 

He'lHhIX HyKnOHOB B s11ne .. 
z + im 

A (zl=---, 
2im 

TO 113 Bb1pmKeHI151 anH MaTpli'lHhlX aneMeHTOB ( 12)' CHOBa Y'll!ThIBaSI o6_03Ha

'10H1!51 Ta6nUUbl 2, MOJKHO nony'IHTh cneny10my10 cpopMyny nnH MaTpliUbl rinOT

HOCTu: 

11 



TI (T) = y 411 g ___!_~ F(T) 
T +µ 

( 13) 

npe.o.cTaanSieT co5ofi npoliaae.o.emi:e KOHCTaHTbI CBSI3lI nuoHa c HyKnOHOM g 

Ha nponaI'aTop nuoHa u Ha nuoHHbifi cpopMcpaKTOp HyKnoHa F( T ) • MaTplIUbI 

m(U,O,T) CBSI3aHbI c lIHBapuaHTHbIMlI aMnnuTy.o.aMu pacceSIHUSI a(U,D ,T) 

If b ( U, 0 ,T) COOTHOlll9HlI9M 

m(U,0,T)=a(U,0,T) + ib(U,D,T); ( 14) 

➔➔ 

I'JJ.e q = yq = Y q -y (/1 o· 

nuct,qiepeHU1IanE>Hoe ce'leHue peaKUlffi (I)· 11 (~ ), Bb1pa)KeHHoe 'lepea MaT-

Pll'lHbifi aneMeHT M ' lIMeeT Bll/J. 

4 

du.. m 
2(2 77) 

5 
j 

2 
IIMI 8(q+q +q -p -p ) 

I 2 I 2 

2 4 

d aq d t t d a q 2 

q0q!Oq20_ 
( 15) 

I'JJ.e j = V <P1P2> .;.:_Ill - lIHBapllaHTHblH nOTOK nai:taIOIUlIX 'laCTlIU, a 3HaK cyMMbl 

03Ha'laeT, 'ITO ·Heo5xoi:tllMO npOll3B9CTll ycpei:tHeHlle no Ha'lanbHbIM lI cyMMll

poaaHue no KOHe'lHbIM cn11HOBblM COCTOSIHlISIM. 

nnSI Bbl'lllCneHIISI nonSipll38UllOHHblX acpcpeKTOB ygo5HO BOCITOnb30B8TbCSI 

MaTpllUefi nnoTHOCTll KOHe'lHLIX COCTOSIHIIH pt nnSI npoueccoa ( 1) · 11 (2)' HOp-

MllpOBaHHOH TaK, 'ITO 

m4 da a a 
d S "( )-qdq1dq2. 
U=~ PPtU q+q 1+q2-P1-P 

2(2 77 ) 
5
j 

2 
q O q 10q 20 

( 16) 

Ecnu BBeCTll npoeu1Ipy10ru11e onepaTOpbl i:tnSI COCTOSIHlIH Ha'lanbHbIX II KO

He'lHbIX HYKnOHOB B Bll/J.e 

z + im 
A(zl=--, 

2im 

TO 113 Bb!pa)K0HIISI .o.nSI MaTplf'lHbIX aneMeHTOB ( 12)' CHOBa Y'lHTblB851 o5_o3Ha

'l0Hlf51 Ta5nlfUhI 2, MO)KHO nony'lllTb cne.o.yIOIUYIO cpopMyny .o.nSI MaTpRUhI nnoT

HOCTlf: 

11 



1
4 

2 - . -
p =-IIl 1(T)A(z 3)m 1.t\(z1)m 1A(z 3 )xA( z 4)y5 A('z 2 )y 5A(z4)

r 4 1=1 

1 - -- .rift,.1 ~ ,<11 Il J T) A (z 3) m I J\ ( z 1) y 5 A ( z 4 )y 5 A ( z 2 ) m icA ( .z 3 ) -

1 - -- :r }:. fl 1 ( T) fl k( T) A ( Z 3 ) m. ,A ( Z 1> m kA ( Z 4)}'5 ~ (z 2> Y 5 A ( Z 3 ). 
lfk=1,3 2,4 

( 17) 

3necb nepBa51 cyMMa npencTaBnReT co5oii BKnanhI oTnenh,HhI~ nna:paMM, a 

nocneny10ume cyMMbl CO_OTB9TCTBYIOT HHTepcpepeHUIIOHHblM 'lJleHaM, MHOJKIITenh 

! B03HHKaeT BCneJ:[CTBHe Toro, 'ITO Ha'lanhHble HyKn?Hbl Henon51pH30BaHbl, 

B HHTepcpepeHUHOHHhlX qneHax COOTBeTCTBIIe HMnynbCOB z c Ta5nnuen 2 

CJ:[enaHo no nepBOMY HHJ:leKCY 

f1 on51p1I38UH51 BTOplI'IHbIX HyKnOHOB B npoueccax ( 1) H (2) onpeJ:[en51eTC51 

' 
BbipalKeHHeM 

m4 
P d a= ----Spiy5 YµP r 8(q +qt +q2-P 1- P J 
µ 2(211) 5 j 

3 3 3 
d qd q l d q~ 

q oq 10 q 20 
(18) 

Ha6nIOJ:1aeMbie Ha onhITe BenH'lHHbl J:[n51 peaKUHll iC TpeM51 KOHe'lHb!MH 

'laCTIIUaMH B o5IUeM cnyqae aaBHCSIT OT .. Il51TH . He3aBHCHMhlX- KIIH9M8TH'l9GKHX, 

nepet,,;1eHHhIX, B TOM cny'lae, KOrna B 8KCIIep1IMeHTe p.eI'HCTplipyIOTC.9 8HepI'H51 

H HanpaBneHHe ncnycKaHH51 onaoii II3 BTOPH'!Hb!X '18CTHU, TPH II3 nSITH nepe

MeHHb!X OKa3bJBaIOTC51 qJHKCHp0B8HHblMH, H Bb!pa)l{eHH.9 (16) H ( 18) Hy)l{HO 

nponHTerpnpoBaTb no J:IBYM OCTaBIIIHMC51 nepeMeHHb!M, l1HTerp1Ipyg, HanpnMep, 

no yrnaM BbmeTa nnoHa B onncaHHOii Bblllle na5opaTOpHOii CHCTeMe KObPJ:IH-

HaT C y'leTOM 

2 
d a 

8 -cpyHKUHII, nonyqn~: 

. 4 = ,If· 

d T1 dU 1 

fil q 1 217 •X2 

--JdcbfS 2(2
17 

) 5 j ;c'i P P r Pk d cos 0 , 

2 4 .. 
d a m qt 

p. . ~-. 6 
µ- dTidU1 · 2(211) j 

3J:leCb 

pk 

=2 q 

C I q - r q cf!OS 0 

2 IT x2 

J d¢ j Sp i y 5 y; Pr pk dcos 0, 
1. µ 

npeJ:ICTaBn51eT co5ofi cpa30BbIH MHO)l{1ITenb, 

12 

( 19) 

(20) 

I 

.\ 

\ 

l 
I 

,1 · 

1 

B cnyqae, KOI'J:18 B peaKUII51X ( 1) II (2) peI'IICTp1IpyeTC51 TOnhKO ·oJ:[HH 

BTOPII'lHbIH HyKnOH, OTnlI'lHb!MII OT Hyng KOMIIOHeHTaMII ero non51p1I38llHII 51B

nmoTC51 KOMIIOHeHThl, nepneHnlIKyngpHbie K nnOCKOCTII peaKUUII. ileHCTBIITem~

HO, npn coxpaHeHIIII 'leTHOCT!l non51p1138UII51 nom1,Ha 5hITb HanpaBneHa BJ:[Onh 

nceBJ:[OBeKTopa, a eJ:[UHCTBeHHb!H nceBJ:[0B9KTOp,. KOTOpblll MO)l{HO nocTpO!lTh 

H3 HMnynhCOB Pt , p 2 11 q I , eCTb 

N 
n = ..:.:J!:..._, N ·= i £ p p q , 

µ - 2 µ µvpa l v 2p ta 
,JN 

I'J:19 ( µvpa -aHTIICIIMMeTpH'IHblll T9H30p 4-ro paHra, TaKIIM o5pasoM, nong

pn3aUH51 BTOplIYHbIX IIpOTOHOB OT peaKUHH ( 1) II (2) J:[aeTC51 Bblp8)1<em1.eM: 

2rr X2 ~ 

J d ¢ JS p i y n p . p cl l'OS 0 
P( T 

0 
) _o __ x~1 ___ 5 __ r __ k ___ . __ 

l' l = 217 x2 (21) 
.f d ¢ J Sp p • p d cos 0 
o x

1 
r k 

l1cnonh3Y51 cpopMyny (17) J:ln51 MaTplillbl rmoTHOCTII, MO)l{HO Bbl"IllCnlITh 

Sppr ltSpiy/~Pr; f1pH 8TOM 

SpPr =A1+ A2+ A3+A4 +A12+ A13+.\24 +A34, 

S · ~ - 8 B P 1Y5nP,-B1+ 2+ 8 12+ 8 1a+ 24+ B34 • (22; 

t{neHbl C OJ:[IIHO'!Hb!MII IIHneKCa~rn. BXOJ:(51JJJII9 B cpopMynb_l (22 )_, OTBe'!aIOT BKna

J:[aM COOTBeTCTBYIOIUIIX oTnenbHhlX J:11IarpaMM, a cnaraeMhle C J:[BOHHb!MII HH

J:[9KC8MII npeJ:ICTaBnSIIOT, BKnanhI OT HHTepcpepeHUHII pa3HbIX J:IIIarpaMM, OTcyT-

CTBl!e qneHOB 83 II 8 4. , a TaKJKe qneHOB, OTB0'18IOIIJIIX IIHTepcpepeHUHII MeJK• 

J:IY J:11IarpaMMaMH 1. 11. 4, 2 u 3, o5ycnoBneHo TeM, 'ITO o5MeHHBaeMhlll IIIIOJ 

51Bn51eTC.9 nceBJ:[OCKahSipHOii '18CT1IUeii, 

Bb1pa)l{eH1I51 J:1n51 A 
1 

, A lk , B 1 , 8
1
k ( c y<IeToM. 06oaaaqeH1Iii Ta5• 

n1Illbl 2) IIM9IOT BUJ:[: 
2 

2 m + Z2 Z4 , 2 . 2 - 2,. 
A

1
=Il 1(T) 

4
m

4 
II a(l1,D,T)J (z 1 z 3-m )-lb(U,D,Tll L2z

1
q ,z3 q 

2 2 
+µ(z1z 3 +m )]-2m(z1 q +z 3q )Rea(U,Il,T)b*(U,D,T)I. 

A 1k'Il£T)Ilk(T)I Rra 1at lfk+ Re b 1 a";.1::+Rea 1 b''i,1 1~.!!.Reb 1b: I~I. 

fing i, k = 1,2 nnn 3,4: 
13 



a 1 
Ilk= --/2zl z2 -z lq 

8m 

. 1 . 
-z 2 q -z 3q)+--4 lz 1z 3(2z 2z 3 +z 2q )+z 1q.z2z 3-

• 8m 

- Z I Z2~Z3 q ·I , 

2 2 
ha -µ-2z2 q µ I 

l 1k= ------:-:r(z1 z2 +z 1 z.3-z2z 3 )- - 3·lz2 q (z 1z 3+z 1q )+z 3q(z 1q+ 
8m 8m 4m 

+Zfa-z1z2)l, 

ab 

I 
lk 

2 
µ + 2 z 1q 

a;-
/L 2 1 

---3(z1z2-z1z3 + z2za>--;r,:-alz1q (z2z3+z2q)+7.aq(z1za+ 
8m m 

+z 2q-z1z 2)1, 

. b µ 2 µ2 1 . 
I lk = 4 + --2- ( 2 z I z 3 + 2 z 2z 3 + z I q + z 2 q + z :fl ) +4-r q ( z I q +z 2q - Z3 q) + 

8m m 3 
µ2 z q 

+ Bm4 I z 1z i2z., Z;i+z 2q )+z 1q•z ,;;z. 3 +, 7.:i•z 3q I+ :m 
4
lz I q(2z 2 q+z 2z 3)+z1 z 3z 2q-

-z1z2• za q l. 

Llm1 i, k = 1,3 unu 3,4: 

a 1 1 
Ilk= - 2{ 2 z1 72 +z 1q - z 2 q + z 3 q )+ --4 I z1 z s< 2z 2z / z ~ )+z 1q,z 2z 3 - z 1z2 z 3ql, .. 

h h · 
2 2 

ha fl -2 z 11 µ . . I . 
Ilk=--- ----"a(zl z2-z1z a-z2za)- -4 alz2q(z1za+z1q)+zaq(Z:iza..; 

8m 8m m 

- z I z 2 - z I q· ) I , 
2 

ab µ -2z3q 
Ilk = --rm 

/L 2 .. . . I. . 
,: __ a (z lza - z,z 2-z2z a)_;_· __ a lztq(zlz ;-zl ¾ )+:iaq•~ z3l, 

8m. . 4m , 

b 2 . 2 
/L : /L , 

1 1k =--+--2(2z1z 3+2z 2z 3 -z 1q 
4 8m 

I . .. . 
+z2q-z3q)+ 4m2z1q (z:tt-z1q+z3q)+ 

/L 2 

+ -- I z . z (2 z z . + z 
Bm 4 1 a 2 a 

. Z lq 
q)-z q,z z '--zz,z qi+--· lz q(2zz -z z)+ 

2 t 2 a 1 2 a . 4 m 4 a 2 a 1 2 

+z
1
z3z

2 
q -z

1
q,z

2 
z

3 
I. 

2 

B_1'."Il 1(T) 

L 

2 
m +z2 z 4 
.~.Im~(~. D ,T) b *(U, D,T)d . . . . I 

14 

:t 
,.I 

{ 
{1 
/J 
I, 
{ 

I, 

~ 
I'• u 
·1 

;1 ., 

·1 
) 
\ 

I, 

! 
J 

J 
·1 
·1 

I 
, ' ·, 
r 
{ 

a . ha ab b 

B lk = n I Ilk Om al a \R lk + Im b I a : R lk +Ima I b \ R I~ + Im bl b *k R lk ), 

a 1 
R =-- (d -'-d• +d +2d ), ,.· 

12 8m 3 I 2 3 4 

ha 1 . 1 ; 
R12=--2 (d l-d2 -d3)+--4 1P2 ql(d3-dl)-qlq2d3+p2q2dl+plq(d4-d2)1, 

8m 8m 

ab 1 1 
Rl2 =--2(di-d2-d3)+ --.1 q lqld3 +d.)-p2 qfd3-dl)+p2q(d4+d1 )-p ,q2d2l. 

8m 8m 

b 1 
R12=-a(d1-d2-da)(qtq +p2q -q2q +p,q ), 

8m 

a l · . 
R =--(d -d -d +2d ), 

a 4 Bm a. 1 . 2. a 4 

ha 1 1 
R =--(d ~d -,I )+--4 lp 1qi•Ia+d 2 )-q1q (d 3+d

4
)+ p 1q(d

4
-d 2 )-

a 4 8m 2 I 2 3 llm · 

- p2q 2d 11• 

b 1 l 
11 a• = Bm 2(d t-,l 2-•l a)+ Bm • I q 1'l 2 ,I a+ I' 11bd2 + I' 2•1(d 1+d .>-1'1 11 /•l2+<la)I, 

b 1 . 
Ra, =s;;;a(d 1-d2 -d a><r1 q :-q lq + P2 q 

.Llm1 i,k= 1,3 HJIH,2,4: 

.. I 
Hlk=--a-l -d1-d2 +da +2d,,), 

8m 

+ q 2q ). 

ba 1 ,_. -•·. . . ; , 1 
R1k=7:l.d1-d2-da )+-::-, I z2q1(d a-di )-q1q2da +z2q2d1+z1q(d4-d2)l, 

8m 8m 
·'· .. 
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ab l l 
R',k=::-,- (di -d2 -,Ia -)+--4-l-z 2'i 1(d3-d1)+q1q2da-z2 qtJ1 +z1q.(d4-d2ll, 

8m 8m 

B~k= La l/(d4-d2 )+qlq dl+z2q(,I3-2d1)+z!q(dl-d2-d3)+cj2q(dl-d3 )t. 

d =it n z q q 
µvpa µ Iv t p a 

d2 =irµvpa 11µ Z2v qlp qa' 

d3 =icµ11pa "µz_111Z2p qa'. 

d =if n z z q • 
4 µvpa µ 111 2p la 

AMrrnttTYAhl TT - N pacceSIHHSI 

B MO.[(emi O,[(HOTIUOHHOPO o5MeHa U3MepSieMble npu IICCne.[(OBaHUU peaK

uufi ( 1) II (2) BemPIHHbl Bb!pa)K8I0TCSI •1epea aMTinlITYAbl 1T - N pacceSIHUSI C 

yqeTOM BUpTyanbHOCTU o5MeHUBaeMOf'O IIIIOHa. 3To O3HaqaeT, qTO Heo5XO,[(IIMO 

3H8Tb noBeAeHlie aMnnuTyA 17- N pacce.lIHIHI BHe MaCCOBOH noBepXHOCTH. CBH3b 

BUpTyanbHOPO ·TT- N pacceSIHUSI C peanbHblM B o51lleM CJiyqae HeU3BeCTHa. B 

pa5oTaX / 11-13 / 8Ta CBS!3b 5bina ycTaHoBneHa B paMKaX O/lHOMepHblX AIICnep

CUOHHblX COOTHOllleHIIH B npeAnonO)KeHUU, qTo B UHTerpanbHbie ypaBHeHUSI oc

HOBHOH BKnaA ,[(aeT pe3OHaHCHOe (3/2, 3/2) -COCTOSIHUe. 

nn5! BbJqucneHHSI aMn:IIITYA TT- N pacceHHII5! B HaCT05lllleH pa5oTe 5bmH 

ucnonb3OB8Hbl peaynbTaTbl cpa30B0f'O aHan1I31l ,[(llHHb!X no TT·- N pacceHHl!IO / 14/, 

Ma peayrybTaTOB 8TOPO aHanH3a ll KllH0!\1aTllKll peaKUllH (1) ll (2) npu 

669 MaB cneAyeT, qTo B pasno)KeHnn aMnnHTYA 17 - N pacceHHIIH no napuuanh

HbIM BOnHaM AOCTaToqHQ orpaHIIqlITbC5! s - II p -COCTOHHllS!MU. B UHTepBane 

KUHeTuqeCKOH 8HeprulI na.[(aJOlllef'O nnoHa OT O AO ·250 M8B 3HaqeHUH cpa30BblX 

CABllf'OB pa50Tbl / 141 xopowo annpOKCI:IMHPYJOTC5! cneAyJOlllUMU aHanuTuqecKU

MU 38BllCUMOCTS!!\tu, HailAeHHbllllU :\IeTOAOM HauMeHbWIIX KB8ApaTOB: 

8{5 31 )=(-0,060 + 0,013)Q +(-0,093 +0,024) Q
2 

·+(0,020+0,0I0)Q
3 

- - -
3 4 

8 ( P
31 

) e:(-0,054 ±. 0,004) Q + (0,Ol<l ±. 0,002) Q , 

. 3 4 5 
8(P 33 ),,,(0,496 t.0,033)Q +(-.0,975 t.0,08l)Q +O,007±0,063)Q + 

(23) 
'6 

+ (-;0,288 :!:. 0,Ol5)Q 

16 . 

-·1 

2 3 a cs 11) = (0,304 ±. 0,016 > Q +C-0,266 ±. 0,032 > Q · + (0,090 ±. 0,014 )Q 

' 
a < P 11> ;:,; C-0,098 t:.o,oos > Q a + (0,003 ±0,003 > Q 

4 
+ <-0,012 .±0:003) Q 

5 

3 4 5 
a < P u) = C-:-0,021 ±. 0,006) Q +Co,024 ±. 0,003 ) Q + (-0,009 .± 0,003) Q • 

(aHaqeHu.11 uMnynbca nuoHa B c.u~M. Q cnenyeT 5paTb B enuHuuax µ , npu 

8TOM 3HaqeHUH cpa30BblX CABUPOB nonyqaIOTCSI B panuaHax) • CooTBE!TCTBy10111ue 

napuµanbHO-BOnHOBble aMnnHTYAbl CBfl38Hbl G cpa30Bb!Mll CABllf'8Mll COOTHOWe

HUeM: 

I 
f L,21,2J= ZiQ I exp[-2i8 (L 2 I. 2 J )]- I I. (24) 

3anumeM MaTpuuy TT- N_ pacceHHHst B BIIAe 

m ( U, D, T ) = 4 TTy'rf 
m ( f1 + 

➔ ➔ ~➔ 
az3 • az 1 

"' "' Z3 Z I 

f 2). (25) 

3AeCb f 1<u.o, T)u f 2(U,D,T) npeAcTaBJ1HJOT CITUHOBYIO 11 5eccnuHOBYJO aMnnuTy

,[(bl pacce.11HuH. Tipu T= -µ 
2 

8TH aMnnuTy:r:th1· cooTBeTCTByJOT · aMnnuTyAaM pe

anbHoro TT - N pacceHHHH. P asno)KeHue aMnnuTyA f 1 u f 2 no napuuanbHbIM 

BOnHaM, B cnyqae yqeTa TOnbKO s - ll p -COCTOHHUII, UMeeT BHA: 

f1 (U, 0, T) "'C 1lf 831 ~ U, 'f ) +3 f P.33 .( U, T) c v(O) j + C 2 l f s 1 ~( U;T) t3f p 1a<u:n~v(D )], 

f 2 (U,D, T) = c 1 [f P31 (U, T)- f P33(U, T)]+ c2 [f P1~u ,T)-f Pl~u, T )]. (2?) 

3HaqeHll.lI KOscpcpuuueH:0B C 
1 

II c 2 , yquTbIBaIOlllllX 1130CITllHOByIO CTP.YKTYPY 

BeplllUH B AUarpaMMaX puc. 1 ,[(nH peaKUllH ( 1) U (2) 1 ITpUBeAeHbl B Ta5nu

lle 3. 

B Bblpa)KeHUH AnH Ha5nJO.[(aeMb!X Ha OIThITe I\enlI'IllH BXOAHT UHBapuaHT-
, , - \ • ; . •~I, , - . ~ l • • 

Hble aMnnuTyAbl -TT-N pacceHHliH~ CpaBHllB8H (1_4) 'u (25), llHBapllaH:X-Hble 

aMITnUTYAbl MO)KHQ ~!>lpa3UTb qepe3 f I II f 2 

17 



Ta6mma 3 

PcaKu1rn p +p ➔ p + n + 17 + p+ p-• P-'-
0 p + 17 

nuarpaMM_a 1 2 3 -1 1 2 3 -1 

Ct ·../2 /2 v2.'3 y2,'3 2,'3 2 '3 2.'3 2, ·3 

C 2 0 0 -vz:3 -y2~';l 1,';3 1, ;J l.':l 1,'3 

a ( U, D, T) = 411 I --====:=== r 1- -~-~-----_;-~--:-=---_;-
../ ( E 1+m )( E 

2
+m) v'(E; -m )(E 2-m r 

y:U +m vU .;..m 
r 21 • 

r I r 2 
b(U,D, T) =-4111-::==== +--======== I. 

(27) 

y (E 
1 
+m)(E

2
+m) ../{E 

1
-m)(E 

2 
-m) 

B pa6oTe /13/ ObinO 11OKa3aHo, "ITO 38BUC_liMOCTb 8Ml1JIHTYllbl f 
P33 

BupTyanbHoro TT- N paccesi:HHH OT T 1l8eTCH Bblp8)KBHHBM 

B . 

f ( U, T) 

f 
8

(U,-µ) 
r pal u, T) = r < 2 

P33 U ' -µ. ), 

FllB 

f B = g i v'U-m Q1<f3>- - __ _ 
2..j U ( E cm )(E 

2 
-m ) 

Q f(f3) -

f3 

¢YHKUllH ne)KaHllpa BToporo 

2E 1 (y'U""."E 2 )-µ
2 

poll~ OT apryMeHTa 

.. 
2PQ 

(28) 

Q 2 ( f3 ) I, 

Ebmo 11OKa3aHO T8K)KB /l3/, "ITO 38BHCHMOCTH OT KB81lpaTa 4-HMllyJlbCa Blip

TyanbHOI'O llllOHa T OCTanbHblX napuHallbHO_;BcinHOBblX. 8MllllllTYll, ·aa HCKmo

'leHHBM f 
811 

-aMnnHTYllhl, He cnnbHO oTJIH'laJOTCH OT aaBucuMocTn llllH f paa -

8MllllUTYllbl (28) • fl03TOMy OCT8JlbHb!e 11apUH8JlbHO-BOJlHOBbJe 8MllllHTYllhi IJ.JIH 

BlipTyaJibHOI'O paccesi:HHH, KpOMe 8Ml1JlliTyllbl f S 11 , 3811HCblB8JlliCb B BUllB: 

B 
£ (U, T) 

rL21 2.1 (U,T>=rB·u 2> rL,21,2.1 (U,-µ2). (29) 
• • t ,-µ 

18 

,,., 
;I 

_i 

f 

·, 

3aBIICUMOCTU 8Ml1JIIITY/l BHpTyallbHOI'O pacceHHUH OT KBallpaTa llOJlHOH 3Hep

I'UII TT- N Cl!CTeMbl U llllH BCBX COCTOHHIIII 6Linl! H8H/leHbJ llpHMBpH_O T8KUMU 

)Ke, KaK u Ha Maccoeofi rroeepxHoCTH, t.fTo )KB KacaeTCH T -3aBIICHMOCTJI 
. . 

f S11 -aMllJIIITYllbl /lllH BUpTyallbHOI'O paccesi:HUH, TO OHa 38MBTHO OTJlH'laeT-

CH OT T -aae11cuMOCTu f paa -aMrrnuTyllhI, B HaCTOHIUeii pa6oTe, s cooTBeT-

CTBHU C I 
131

' 110BB/lBHHe f s 11 -aMllllllTY/lbl BHe MaCCOBOII llOBBPXHOCTU Y'-lllTbl

Banocb C llOMOIUbJO /lO11OllHl!TenbHOii KoppeKTUPYIOlllBll cjiyHKUHII, TflK "ITO 

B 2 2 

fs11(U,T),,,.!,_~.T). 1-(T/µ2+1)/(~o/µ +I) 
B 2 --:-:;-::-:-;:-_:~_.:_.:.:.__f 2 

f (U,-µ) l+(T/µ 2+1)/y Sll(U,-µ ). (30) 

Bb!'-IIICnemrn 11onsi:p1I38UHU BTOpH'lHblX llpOTOHQB B peaKUIH!X ( 1) II (2) 11POII3-

. 2/ 2 B0/lHJlHCb ansi:. pa3JIII'lHbTX 3Ha'lBHHii rrapaMeTpOB ~ 0 p. II y , 

p e3 YJib Ta T bl B b/ll/f C /Ie Hill[ 

Llng cornaCOF18HHH Bbl'll!CllBHl!blX B paMKaX MO/lenu O/:{HOTIUOHHOI'O o6l'de

Ha 3HepreTU'lBCKIIX ClleKTpOB BTOpH'-IHbJX 'l8CTHU B peaKUHHX (1) n (2) C 3K

cnepHMBHTallbHblMH ll8HHLIMH, 11OMUMO Y'-IBTa IlOBB/lBHIHI flMllllHTy/l TT-N pac

CBHHIISI BHe M8CCOBOII llOBBpXHOCTH, BBO/llITCH cjiyHKUHH F(T) (CM, ¢opMyny 

( 13) ) ' KOppeKTupyJOIUa H _BKJ181l O/lHOIT!iOHHOI'O o6MeHa npu 60JibllillX rrepena

'laX HMrrynbca 
16

,
131

, 3Toii cjiyHKUlllf- npunaeTCH CMLICJI Ill!OHHOI'O cjJOpMcjiaKTO

pa HyKnOHa, B HaCTOHJUeii pa6oTe, B COOTBBTCTBUII c 1151 , llllH cjiopMcjiaKTO

pa ucnonbaoaanocb awpa)KeHue: 

:l 

F(T)=~ 
T+to/ (31) 

B 1,1q11cnenue 11on51puaau1111 BTop11q111,1x npoTouoe llnH peaKUHJ1 ( 1) n (2) 

11p0113BO/lUJIOCb llyTe ~I '-IIICJle IIHOI'O II HT<:>rpupoBaHH H Bh1pm1wmrn ( 21 ) • _·3aeucn

MOCTII nonsi:p11aau1111 BTOpll'lHblX 11pOTOHOB C 3Heprneii TI = 376 M3B OT yr

Ila ucnycKaH11H 3TIIX 11pOTOHOB B na6, Cl!CTeMe 0 I H8XO/lllnHCb 11p11 paauux 

2, 2 
3H8'1BHUHX rrapaMeTpOB ·"-o 1 /1- II Y U B pa3Hb!X rrpenrrono)I(BHHHX O cpOpM-

cjlaKTope F('I) . 3Ha'IBH1151 rrapaMerpon, OTBB'l8IOIIUJB pa3HLIM Bap11aHTaM pac

'lBTa, 11pHBB/lBHbl B Ta6nuue 4. Ha puc. 3 I! 4 11OK838Hbl yrnOBble 38BHCHMOC-
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Ta6mrna 4 

BapttaHT pac"IeTa F(T) 1',.2 I 2 
0 /l y 

1 9/(T/p
2 

+IO) 2,5 10 

2 - ,, 
1,0 20 

3 
,, -- --- 00 00 

4 1 2,5 10 

TH nom1ptt38UHH npoTOHOB B peaKUHSIX p p ➔ p n 1T + ( 1) H pp ➔ p p 11° (2) COOT

BeTCTBeHHO, nony"IeHHbJe l\nSI pa3HbIX BapttaHTOB pac"IeTa. BHAHO, "ITO 3Ha"Ie

HliSI nons:ipuaaum1 nns:i peaKUHH ( 1) 6onbJ1Ie, "IeM nns:i peaKUHH (2). 8To o6yc

noBneHo paantt"IHeM BeCOBblX K09cpcpuutteHTOB CI H C 2 B H30CilHHOBOM npocT

paHCTBe nns:i peaKUHll (1) tt (2) (CM, Ta6nuuy 3). 

J13 cpaBHeHHSI BapttaHTOB 1 H 2 C B8pH8HTOM 3, KOTOpblll Bbl"IHCnSinCSI 

6ea y"IeTa nononHHTenbHOll KOppeKTHPYJOIUeii cpyHKUHII"K f SIi -aMnnttTyne BHp

TyanhHOI'O 11-N pacceSIHHSI, MO)KHO BHJ:(eTh, "ITO n·ns:i peaKU!lll l2, paantt"Ille 

Me)KJ:lY STIIM!l BapnaHT8Mll npos:ians:ieTCSI 3Ha"IIITenhHO pea"Ie, "IeM nns:i peaK

Ullll ( 1) •. 8TOT scpcpeKT cnenoaano O)K!l]:(aTh aapaHee. nellCTBHTenhHO, OCHOBHOll ,, 
BKnan B Bhipa)KeHIIe nns:i Sp i y 

5 
n pr , onpenens:iromee aenn"IIIHY nons:ipnaaunn, 

J:(a!OT J:(HarpaMMbl 1 II 2 ( CM. cpopMyny (22)). B TO )1(0 apeMSI, KaK STO Bll/:l

HO ll3 Ta6nIIUbl 3, 3Ha"IeHIISI KOSq><p llU!leHTa C 2 ' xapaKT0pII3YJOIUero BKnan 

s 11 -COCTOSIHIISI B pasnO)l{0H!le no napu1ranhHh!M BOnHaM (26)' B cny"Iae' . ' 

peaKUHH ( 1) nns:i 1 1r 2 JmarpaMM paBHhl Hynro, a nns:i. peaKUHll (2) COCTaB- . 

ns:iJOT 1 /3. TTosToMy yrnoaas:i aaBHCHMOCTh nons:ipnaau1rii: npoTOHOB HMeHHo B 

peaKUHH pp ➔ pp 1T 
O 

non)KHa 6bITh Hi9H6onee ''IYBCTBHTenhHa K noaeneHIIIO 

f s 11 -aMnnHTYJ:lbl BHe MaCCOBOll noaepXHOCTH, 

HaKOHeu, cpaBHeHtte BapnaHTa I C aapHaHTOM 4, Bbl"IIICneHHb!M 6ea y"Ie

Ta ¢opMq>~KTOpa, IlOKa3hIBaeT, 'ITO HanH"IHe <pOpM<paKTOpa cyIUeCTBeHHO CKa-

3bIBaeTCSI Ha a6conJOTHbIX 3Ha'leHHSIX nons:ipH38UIIH npOTOHOB KaK B peaKUHH 

( 1)' TaK ~ B peaKUHH (2)' npHBOJ:IHT K IIX ynenII'l0HH!O, II He MeHSieT 3aMeT

HO <pOpMb! yrnOBOll 3aBHCIIMOCTH nons:ipn3aUHH, 

CneJ:IyeT non'lepKHyTh, 'ITO nonSipH38IUISI BTOpH'lHb!X HyKnOHOB B peaK

UHSIX 0/:lHHO"IHOI'b o6pasoaaHHSI IlHOHOB ropa3J:IO 6onee "IYBCTBHTenhHa K none-

20 

p PP-Pn TT+ 

0,2 

0,1 

/0° 

~ =376 M3& .. 
2 

20 17 8/ f 

Pnc.3. Yrnoaa51 aanHCHMOCTb nom1puaau1rn npoT011oa ·c T 1 = 376 M3~ a 
peaKUHH pp ➔ pn 11 + npu 3Hepnrn 11aqanb11h1X np0To11oa T

O 
= 669 M3a. Kp11-

Bh1e 1-4 COOTBeTCTBYIOT napnaHTaM pac'IeTa 1-4 Taonl!Ubl 4, 
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p 

OJ 

0/ 

P P-PPTI0 t =375 M36. 

B," 

PHc,4. YrnoeaSI aaBHCHMOCTb .non11pH38UHH npoTOHOe C TI =376 Mae B 
peaKUl!H pp ➔ pp 11 o npH aueprHH Ha'lalihllblX npoToHoB T O = 669 Mae, 
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Aemuo Hepe30HaHCHbIX · aMIWIITYA 17- N pacceSIHIISI BHe MaCCOBOH ITOBepXHOC-

TII; 'leM Ll1I<p<pepeHU11BnbHbie Ce'leHIISI, E cn1I B paano)KeHII51X (26) OCTaBIITb TOnh

KO pe3oHaHCHOe Paa -COCTOSIHIIe, TO non~plI3aUIISI MO)KeT B03HIIKHYTb TOnbKO 

3a C'leT IIHTepcpepeHUIIII Me)KLlY L{1IarpaMMaM1I 1 II 3, a TaK)l(e 2 II 4. L[1IcneH-

Hhre pacqeTbl ITOKa3bIBaJOT, 'ITO BenlI'll!Ha 3Tl!X 'lneHOB npll yqeTe TOnbKO p -33 

COCTOSIHl!SI COCTaBnHeT == 0,02' B TO BpeMH KaK BKnaA p 33 .;..COCTOHHIISI B Llll!p

¢epeHUl!anbHb!e Ce'leHl!SI SIBnSieTCSI onpeLtenmolllHM, ITpH'll!HOH B03HHKHOBeHHSI 

nonSip1!3aUHH B MOJJ;enn OLlHOITl!OHHOro o5MeHa HBn51eTCSI HHTepcpepeHUHSI peao

HaHCHOH· aMnnHTYLlbl 17- N pacCe51Hl!SI C Hepe3oHaHCHLIMII, 1103TOMy Lln51 BLI'Il!C

neHHSI rronSipH3aUHOHHbIX s¢cpeKTOB Kpa11He Ba)KHO 3HaTb HX ITOBeL{eHHe BHe 

MaCCOBOH IIOBepXHOCTH, 

ITonHpll38UHH BTOpH'IHbIX npOTOHOB B rrpoueccax OLll!HO'IHOro o5pa3oBaHHSI 

IIHOHOB HBnHeTCSI cpyHKUHeH ABYX rrepeMeHHblX - yrna ucrrycKaHHSI rrpOTOHOB 

B na5, CHCTeMe 0 I H KHHeTH'leCKOH 3Heprnn npoTOHOB B TOH )Ke CHCTeMe 

'1:1 , "lJT05bI ·~Ka'leCTB~.HHO ITOHHTb 3aBHCHMOCTh B03HHKaIOllleH IIOnSipH3aUHH 

OT o5oux 3THX rrapaMeTpOB, Bb!'IHCnHnHCh yf'nOBble H 3Hepl'eTH'leCKHe 

pacrrpeJJ;eneHHSI rronHpH3aUHH rrpu HeKOTOpbIX !pHKCHpbBaHHbIX 3HaqeHHSIX TI 

unu -0 I ' ycpeAHeHHbie no peaKUHSIM ( 1) H (2). 3TH pac'leTbl npOII3B0Ll1Imrcb 

JJ;nSI BapHaHTa 1 Ta5nHUbJ· 4 • .UnSI HaXO)KJ];eHHSI ycpeL{HeHHblX 3Ha'leHIIH nongplI-

3aUIIH p IICITOnb30Banocb COOTHOllleHIIe 

a +p + + a op o 

p =-------+ 0 
a +a 

(32) 

f'Ae IIHAeKCb! "+" II "0" OTHOCSITCSI K- peaKUHSIM ( 1) n (2), COOTBeTCTBeHHO, 

a a H aP npeL!CTaBnHIOT co6on AHcp¢epeHUHanhHOe Ce'leHHe H npOH3BeAeH1Ie 

AH<ficpepeHUIIallbHOf'O Ce'leHIIH Ha rronSiplI38UHJ0 1 .orrpeAeneHHble cpOpMynaMH ( 19) 

H (20). Ha pm;. 5 ITOK838Hbl yf'nOBbie 38BHCHMOCTH p rrpn pa3Hb!X 3Ha'le-

HHHX T, I a Ha pnc. 6 - 3Hepl'eTH'leCKHe 3aBHCHMOCTH p rrpn paann'IHbI~ 

3Ha'leHIISIX 0, • BHAHO, 'ITO MaKCHM8llhHOf'O 3Ha'leHHSI nonSipnaau111I, ycpeAHeH

HOH no peaKUHSIM ( 1) n (2),. cneAyeT Q)KHJJ:aTb JJ;nSI BTOpH'IHbIX npoTOHOB c 

3Hepl'HSIMll T == 400t- 450 M:,rn, pel'HCTpupyeMb!X ITOA yrnaMH 0 == 10° .. 15°. 
. I . "· 1 
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"' (/1 

p 

0.2 

0.1 

0,3 

/5 

Puc.5. YrnoBble aanucuM'ocTH ycpe/lHeHHoA no peaKUH'1M (I). H (2) nonapuaaunH P BTOPH'IHblX npoTO)!OB npH paa

HhIX 3Heprusi:x. KpHBhl8 npuaeneHhI nnsi B8pH8HT8 1 Ta6n_Hllhl .4. 

Pnc.6. 3HepreTHII8CKlie 38BHCHMOCTH p npH paanu~~bIX 3HatJeHHHX yr'na BbilleTa npoTOHOB 0 t • Kpaa1,1e BbitJuc-
neHbl /J,1Ifl aapHa:HTa 1 Ta6m{Uhl 4~ _ 
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3ax1110qeHHe 

BbmonHeHHble Ha OCHOBe O)lHOilHOHHOH o6MeHHOH MO)lenu pacti:eTbl u npo

Be)leHHOe paCCMOTpeHHe Il03BOnSIIOT caenaTb cneay10ruue Bb!BO)lbl. 

1. nonsipuaaUHSI BTOpH'l:Hb!X npOTOHOB a peaKUHSIX OllHHO'l:Horo o6paaoaa

HHSI IlHOHOB p p ➔ p n 11 + H pp ➔ pp 11 O B03HHKaeT B peaynbTaTe HHTepcpepeHUHH pe-

30HaHCHOH p 33 -aMnnHTYllbl 11- N pacceSIHHSI C Hepe30HaHCHblMH. 

2. BenHti:HHa nonsipH3aUHH H $opMa ee yrnoaofi 3aBHCHMOCTH Oti:eHb 'l:YBCT

BHTenbHbl K IlOBe)leHHIO aMnnnTyll 11- N paccesiHHSI BHe MaCCOBOH noaepXHOCTH 

H K npeanono)KeHHSIM O IlHOHHOM $opM$aKTope HyKnOHa, BBO)lHMOM B MO)lelIH 

O)lHOilHOHHoro o6MeHa, 

3. YrnoBaSI 3aBHCHMOCTb IlOIIS!pH38UHH npOTOHOB B peaKUHH pp ➔ pp TT 0 

oco6eHHO ti:yBCTBHTenbHa K IlOBelleHHIO aMillIHTYllbl SI I -COCTOSIHH.SI 11- N 

CHCTeMbl BHe MSCCOBOH noaepXHOCTH. 

4, 3KcnepHMeHTalibHOe uccnea 0B8HHe nonsipuaaUHH npOTOHOB B peaKUHSIX_ 

NN ➔ NN 11 MO)K8T cny)KHTb xopOWHM TeCTOM .onsi npoaepKH HCilOIIb3yeMhIX 

B OllHOllHOHHOfi o6MeHHOfi MO)lenu npeanon·o)KeHHH H ansi Bb!SICHeHHSI MeXaHH3Ma 

O)lHHO'l:HOro o6pa30BaHHSI IlHOHOB npu aaepruu 669 Maa. 
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