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I. B a e ll e H H e 

B rrpeahiAYIUeil: pa6oTe 
1 1 1 

6hiJIH Bhi'IHCJieHhi paAHaUHOHHbie rrorrpaBKH K 

yrrpyi"OMY TT e - pacceSIHHIO }:IJISI CJIY'I&SI, KOI"}:Ia H3MepSIIOTCSI 9Hepi"HSI H yrOJI 

9JieKTpOHa OTLla'IH. 3LteCb HaMH OIIpeLt9JISIIOTCSI paLt.HaUHOHHhie IIOIIpaBKH }:IJ151 

CJiy'laSI perHCTpaUHH 9HeprHH H yrna Me3oHa OTLla'IH. 

0CHOBHYIO 'laCTb pa60Tbl COCTaBJISieT Bbi'IHCJieH.He BKJia}:la "'JKeCTKHX' <jlo

TOHOB B pa.[{HaUHOHHhie IIOrrpaBKH, I"Lle CKa3hiBaeTCSI pa3JIH'IHe B Bbi60pe KH

HeMaTH'19CKHX YCJIOBHii. 3TO pa3JIH'I.He IIpOSIBJISI9TCSI rrpeJK.[le BCero B TOM, 'ITO 

MaKCHMaJlbHaSI 9H9pi"HSI HeHa6JIIO}:IaeMOI"O cPOTOHa OKa3biBaeTCSI 3Ha'IHT9JlbHO 

60Jibiiieii:, 'leM B cnyqae perHCTpaUHH 9Jl9KTpOHa. noaTOMy CTaHOBHTCSI He06-

XO}:IHMbiM Y'IHTbiBaTb BCe 'IJieHbl pa3JIOJKeHHSI aMIIJIHTYLlhl TOpM03HOI"O H3Jiy'le-

HHSI B P51A IIO 9Hepi"HH <jJOTOHa W • 0Ka3hiBaeTCSI, OAHaKO, 'ITO TaKOH y'leT 

Tpe6yeTCSI JIHillb rrpH Bbi'IHCJieHHH BKJia}:la TOpM03HOI"O H3Jiy'leHHSI 9JieKTpOHOM1 

'ITO He rrpeiiSITCTByeT BBeLteHHIO 9Jl9KTpOMai"HHTHOI"O <jJOpM<jlaKTOpa TT - Me3o-

Ha B aMIIJIHTYLlY TT e - pacceSIHHSI. B TOpM03HuM H3JIY'I9HHH IIHOHa H B HH

Tep<IJepeHUHH IIOCJie}:IHero C TOpM03HbiM H3Jiy'leHHeM 9JI9KTpOHa BKJia.[lbl, He 

IIpOIIOpUHOHaJibHhie "yrrpyroMy' Ce'l.eHHIO, COKpaiUaiOTCSI C TO'IHOCTbiO .[{0 qJie

HOB, rrporropUHOHaJibHbiX OIIIH6Ke B H3MepeHHH yrna. B peaynbTaTe B aTOll: qac-

TH. pa.[{HaUHOHHbiX IIOIIpaBOK MOJKHO orpaHH'IHTbCSI rrepBbiM 1 rrpOIIOPU.HOHaJib-

HbiM -
1
- , 'IJieHOM pa3JIOJKeHHSI aMIIJIHTYAbl B PSIA IIO 9HeprH.H cPOTOHa. 

·w 
B 9TOM IIpH6JIHJKeHHH BKJia.[l TOpM03HOI"O H3JiyqeHHSI IIHOHOM H BKJia.[l HKTep-

<jlepeHU.H.H rrporropUHOHaJibHhi ce'leH.HIO yrrpyroro rr e - pacceSIHHSI J3 HHameM 

IIOpSIL\Ke ITO KOHCTaHTe TOHKOH CTpyKTypbi a 1 'ITO II03BOJ1519T y'leCTb 9JieK-

TpOMai"HHTHbiH <jJOpM<jlaKTOp TT - Me3,0Ha. 

BBeLteH.He <jlopM<IJaKTopa B cny'lae A.HarpaMM c aByx<IJoTOHHbiM o6MeHOM 

( KOMIITOHOBCKHH BKJiaLt) H }:I.HarpaMM, CBSI3aHHbiX C rrepeHOPMHpOBKOH Me30H-
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HOA aepWHHbi, H9B03MO:lKHO, H3-38 HBnH'IHSI BHpTynbBHb!X COCTOSIHHA 77 -Me-

aoaa. 

B bi'IHCneHHe STHX axna.o;oa npoH3BO.IlHnOCb 6ea y'leTa CHnhHbiX aaaHMo

.o;eAcTBHA 11 I, npH'IeM OKaaanOCb, 'ITO B CyMMe OHH. He npeBbiW8IOT O.llHOI'O 

npoueHT8 B Ce'leHHH. EcnH y'leT CHnbHb!X B3aHMO.IleACTBHA He yaenH'IHT BX, 

TO HMH MO:lKHO npeHe6pe'lb~ 
B peaynbTaTe Ce'leHHe ynpyroro 17 e - pacceSIHHSI c TO'IHOCTbiO .llO 'lne-

HOB nopS!AKS a 3 

du 
---- E 

dO , 
q 

MO~HO npeACT8BHTb B BHAe 

~F2((pef )2)(1+.!..8 ), 
dO," a "F (I) 

q 

rae 
du .t 

0 

d·flq• 
Ce'leHHe ynpyroro paCCeSIHHSI 'TO'Ie'IHOI'O' nHOH8 sneKT-

ef 2 
TpOHOM B HH3WeM nopSI.IlK9 no KOHCT8HTe TOHKOA CTpyKTypbi; F77 (( p 

8 
) ) 

sneKTpOM8I'HHTHbiA 'iJopMtjlaKTOp nHOH8; ( p :f )
2 

- KB8.1lp8T 4-HMnynbCa, ne-

pe.o;aaaoro sneKTpoHy; aenH'IHHa [JF He CO.Ilep:lKHT KOMnTOHOBCKOI'O BKna-

.o;a 8k H pa.llHaUHOHHOA nonpaBKH 877
ef , CBSI38HHOA C nepeHOpMHpOBKOH 

M930HHOA BepWHHbi. 

YKa:lKeM &cnonbaoaaHHbie npv. pac'l:eTe np&6nH:lKeHHB. 

1. Mbi npeHe6peraeM 'l:neaaMH nopH.o;Ka ....!!!_ , ( _f:__)
2
; 

E E' 
ef 

<L )2 
no cpaa

E 

HeHHIO C e.QHHHUeA (ynbTpapenSITHBHC'i'CKOe npH6nH:lKeHHe). 3neCb E - SHep-

I'HSI ny'IK8 " - Meaoaoa, E~ef - saeprHB Meaora oT.o;a'IH, m - Macca snex-

Tpoaa, P. - Macca n&oaa. 

2. npeae6peraeTCSI pa3M838HHOCTbiO nepBH'IHOI'O ny'IK8 no SHeprHH 

~E , TaK K8K y'l:eT T8KOA norpeWHOCTH ( ~ .. 0,2%·) npHBO.IlHT K He3-E . 
H8'1HTenbHOMY H3MeHeHHIO H3MepBeMOA SHepi'HH Me30H8 OT.Il8'1H: 

6. 1 E' • E;f ~ < 0,2%. 
E' E E 

ef 
(2) 

3. Bxnaa ':lKeCTKHx• tjloTOHOB a pa.o;HaUHOHHYIO nonpaaxy no.o;C'l:HTaH c 

TO'IHOCTbiO .llO 'lneHOB nopSIAK8 

'leHHH MeHee 0,25%. 

a 
17 

, 'ITO COCTaBnSieT norpeWHOCTb B ce-

4 

~ ~ l. 

' ,, 
I 

)I 

~ 

B oTnH'IHe OT cny'laB, paao6paHHoro B pa6oTe I 1 I, Hen 

ewe .llB8 .llOUOnHHTenbHb!X npH6nH:lKeHHSI, CMbiCn KOTOpb!X 38Kn10'f, 

.llYIOWeM. 

EcnH .o;eTeKTHpyeTCSI Me30H OT.Il8'1H, TO norpeWHOCTb B H3) 

~ 0 np&o6peTaeT eme 6onhwee aaa'l:eHHe, nocxonbxy MaKCHM 

paCCeSIHHSI, onpe.o;enReMb!A H3BeCTHbiM KHHeMSTH'l:eCKHM COOTHOWefl 

sin 0 max 
m =--. p. 

HH'ITO:'KHO Man ( 0 ., 10' ). 0wH6Ka 
max 

~ E' 
0 
E' 

ef 

, npOHCXO~ 

HeTO'IHOCTH B H3MepeHHH yrna ~0 , OK83biBaeTCSI MHOI'O e 

peWHOCTH 

-~ E' 
( _m_ 

~ 
E' 

ef 

... 012% 

np&6opa, H3MepRIOll1ero saeprHIO MeaoE 

) • 3To noaaonReT nono:lKHTb B o6meA tjlopMyn E' 
6oTbief;l/ BeCOBOH MHO:lKHTenb g(r) paBHbiM eLJII'HHUe H 38M 

py MNK'F 

poA MNCD 

( CM. pH C. 2 HaCTOS!lileA pa60Tbl H pH C. 3 pa60Tbl 

, T.e. npeae6pe'lb OWI:I6KOA B H3MepeHHH SHepi'HH 

no CpaBHeHHIO C BenH'IHHOH 
~ oE, 

E' ef 

XapaKTepHbiM CBOACTBOM paCCM8TpHBaeMOH KHHeM8TH11..11 )Ul 

H8'1HOCTb 38BHCI:IMOCTH SHepi'HI:I Me30Ha OT.Il8'1H OT yrna pacceS!f 

DeACTBI:ITenbHO, H3 38KOHa COXpaHeHI:ISI SHeprHI:I HeTpy.o;HO I 
I< 

BeHCTBO 

2 1 .. 
2 

2 2 2 ( m + E ) ( m E + p. ) + q I cos 0 ..,j m - p. sin 0 
E :e. -

( m + E )2 - I ~ I 2 cos 2 () 

1 
.. l:a 2 2 

rae q • E - p. , 0 - yron pacceRHHR Me3oHa B n.c. 

TaKI:IM o6paaoM, o6nacTb aonycTHMbiX 3Ha'leHHA sHeprl:ll:l 

nanaeTCSI aa ABe qacT&: 

o6nacTh 
,min , -

E ef :::;. E ef .:;. E , 

o6naCTh II E < E , < E , max = E ' - .e - .e 
rne 
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HHbi, HeB03MO:lKHO, H3-38 HSnH'IHSI BHpTynb8HbiX COCTOSIHHA 11'- Me-

ucneHHe STHX BKnaJIOB npOH3BOJIHnOCb 6e3 y'leTa CHnbHbiX B3aHMo

/1/, npH'IeM OKa3anOCb 1 'ITO B CYMMe OHH. He npeBbiWaiOT OJIHOI'O 

B Ce'leHHH. EcnH y'leT CHnbHbiX B38HMOJieftCTBHA He ysenH'IBT HX, 

O:lKHO npeHe6pe'lb~ 
eayn~:.TaTe ce'leHHe ynpyroro .,. e - pacceSIHHSI c TO'IHOCTbiO no -qne-

.t 

a3 MOlKHO npeJICT8BHTb B BHJie 

du 

d n , 
q 

~ F 2((pef )2)(1+ ~ lJ ), 
d{l, IT 3 IT F (I) 

q 

ce'leHue ynpyroro pacceSIHHSI 'To'le'IHoro' nuoHa aneKT-

ef :1 
nopSIJIKe no KOHCTaHTe TOHKOA CTpyKTypbi; F.,. (( P 8 ) ) 

,PopM<!JaKTop nuoHa; ( p;f )
2 

- KsanpaT. 4-HMnyn~:.ca, ne-

o aneKTpOHy; BenH'IHHa 8F He conep:lKHT KOMnTOHOBCKOI'O BKna-

H panuauuoHHoft nonpaBKH 8".,e , csgaaHHoA c nepeHopMuposKoA 

:lKeM ucnon~:.aoBaHHbie npH pac<~eTe npu6nu:lKeHHSI. 

Mbi npeHe6peraeM qneHaMH nopSinKa ....!.!!_ , ( _P._):a, 
E E' .. e 

<L )2 
no cpas

E 

eJIHHHUeH ( ynbTpapenSITHBHCTCKOe npH6nH:lKeHHe). 3neCb E - SHep-

a .,. - Me3oHOB, E '.,e - aHeprHSI MeaoHa OTJia'IH, m ;- Macca aneK-

P. - Macca naoHa. 

OpeHe6peraeTCSI paaMaaaHHOCTbiO nepBH'IHoro ny'IKa no aHeprHH 

TaK KaK y'leT TaKOA norpeWHOCTH ( ~ .. 0,2% ) npHBOJIHT K He3-
E . 

:bHOMy H3MeHeHHIO H3MepSieMOfi: 9Hepi'HH Me30Ha OT)la'IH: 

6.EE' • E:f _A!_< 0,2%. 
E' E E 

ef 
(2) 

BKnan ':lKeCTKHx' <!JoTOHOB s panuauuoHHYIO nonpaBKY nonc'IHTaH c 

10 JIO 'lneHOB nOpSIJIKS 

Hee 0,25%. 

.... 

a 
.,. , 'ITO COCTaBnSieT norpeWHOCTb B ce-

4 

I 
I 

~~ 

8 OTnH'IHe OT cny'laSI, paao6paHHOI'O B pa6oTe /l/, HCnonb30BanHCb 

ewe nsa nononHHTenbHbiX npu6nu:lKeHHSI, CMbiCn KOTOpbiX aaKniO-qaeTCSI B cne

JIYIOWeM. ' 

EcnH neTeKTHpyeTCSI Me30H OTJia'IH, TO norpeWHOCTb B H3MepeHHH yrna 

~ 0 npuo6peTaeT ewe 6on~:.wee 3Ha'leHue, nocKonbKY MaKCHManbHbiA yron 

paCCeSIHHSI, onpenenSieMbiA H3BeCTHbiM KHHeMaTH'IeCKHM COOTHOWeHHeM 

m =--. sin 0 max p. 

HH'ITO*HO Man ( 0 ~ 10' ). Owu6Ka 
max 

~ E' 
0 
E' ef 

(3) 

1 npOHCXOJISIWaSI H3-3a 

HeTO'IHOCTH B H3MepeHHH yrna ~0 , OKa3biBaeTCSI MHOI'O 60nbWe nor-

, pewHoCTH 

~ E' 

~ 
E' .e. 

npu6opa, H3MepsriOwero 9HeprHIO !l.ieaoHa oTna'IH 

( -F- ,., 012% ) . 3 To noasonSieT nono:lKHTb B o6weft <!JopMyne ( 35) pa-

60Tbi8f/1/ secosoA MHO:lKHTenb g(r) paBHbiM eDifHHUe H 3aMeHHTb <!JHry-

PY MNICF 

poll: MNCD 

(eM. puc. 2 HSCTOSIWeH pa60Tbl H pHC. 3 pa60Tb! /1/) <!JHry

~~· 
1 T.e. npeHe6pe'lb OWH6KOil: B H3MepeHHH 9HeprHH ---

no CpaBHeHHIO C BenH'IHHOil: 
~ oE' 

E '.,e· 

E' ef 

XapaKTepHbiM CBOil:CTBOM paCCMaTpHBaeMOH KHHeMaTHKK Hl:lllHtn·~.;H JIB)'-=>-

Ha'IHOCTb 38BHCHMOCTH 9HeprHH Ma30Ha OTJIS'IH OT yrna paCCeSIHHSI 0 , 

neil:CTBHTenbH01 H3 38KOHa COXpaHeHHSI 9HeprHH HeTpyJIHO nony'IHTb pa
~ 

BeHCTBO 

2 .. 2 2 2 2 
( m + E ) ( m E + p. ) 't I q I cos 0 y m - p. sin 0 

E' • .e 
2' .. 2 2 

( m + E ) - I q I cos 0 

1 
.. 12 2 2 

rne q • E - p. , 0 - yron pacceSIHHSI Me3oHa B n.c. 

(4) 

TaKHM o6pa3oM, o6nacTb nonycTHMbiX 3Ha<~eHHil: aHeprHH MeaoHa pac-

nanaeTCSI aa nse <~aCTH: 

o6nacTb 

o6nacTb II 

rne 

. j . 

,min , -
E ef ~ E ef .:;_ E 

E < E , < E , max = E ' - .e - .e 
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'I 

il 
l 

: 
I 

! 

l 

E , min 
= 

p.2E 

ef P. 2 +2mE 
. (5) 

E =Eef (O max l= 
/E 

p. 3 +mE 
(6) 

.QeM llOAXOAHTb K rpaHH[(SM o6naCTH I E :tin H E 

B TOM, 'ITO B TO'IKSX, .QOCT8TO'IHO 6JIH3KHX K E :tin , owu6KH 
~mE' 

E:e 
~ E' 

H .:::JJ.::_ CTSHOBSITC Sl BeJIH'IHHSMH O.QHOrO nopSIAKSi KpOMe Toro, B TO'I-

Ke 

E' 
efE, mih "ynpyroe' ceqeaue 

ef 

d a0 

d coso .e 
paAHSUHOHHSSI nonpaBKS l) lnel 

'1pe3Bbl'ISil:HO BellHKS OWH6Ka 

0 6JIH3KO K 
~ E' _o_. 

, HS KOTOpOe HOpMHpyeTCSI 

Hyn~. B TO'!Kax B6JIH3H E 

E 'ef ~ E' 
Mbl orpaHH'IIIBSeMCSI TeMH 3HS'IeHHSIMH 9Heprlllt l .QJISI KOTOpbiX +-< 0,1, 

E ef 

B pa3.Qene II noAC'IeT aeynpyroll: 'ISCTH pa.QHSUHOHHbiX nonpaBOK aa-

'IHHaeTCH c paaoopa KHHeMaTuKu, B paaAene III oocy)KASIOTCH nonyt~eH-

Hble pe3yllbT8Tbl 1 a T8K)Ke yCJIOBHSI 1 npu KOTOpblX B03MO)KeH y'leT 9JleKTpo-

MSrHHTHOrO ~OpM~SKTOpa 77 - Me30H8 B Ce'leHHH 1 BKJliO'ISIOIIleM paAHSUHOH-

Hbie nonpasKu, BBHAY rpoM03AKOCTH t~ucneHHoro MaTepuana s npunaraeMoil: 

TSOJlHUe npHBOASITCSI JlHrllb HeKOTOpb!e 'IHCJieHHbl€1 pe3yllbT8Tblo 

II • H eyrrpyl"'aSI qacTb pa.nHau~oHHbiX rrorrpaBOK 

B 9TOM pa3AeJie Bbi'IHCJISieTCSI BKJ18A ")KeCTKHX" ~OTOHOB B TOpM03HOe 

H3Jly'leHHe, .QJISI "'MSirKHX" ~OTOHOB BCSI 38BHCHMOCTb OT BbiOOpa KHHeMaTH-

KH npOSIBJISieTCSI B pa3JIH'IHblX 3H8'19HHSIX 9HepreTu~eCKOrO npeAeJia 
w, 

T,e, 8H8JlHTH'I9CKHil: BHA BblpS)KeHuil:, onpeAeJIHIOIIlHX BKJ18A 'MSirKHX"' tPOTo-

HOB, TO'IHO TSKOil: )Ke, KSK H B paooTe /2/, 

6 

~ 

.,;iii.· I 
;.j I ., 
!~·., • 

·•.·::~. . > ~: 
~-: . 

\' 

;.,,· ~ 

-
! . 

§J, KHHBMBTHKB H 3KCnepHM8HTBIIbHbl8 orpaHH'I8HHH 

Ecnu perHCTpupyiOTCSI Me30Hbl OTAS'IH, TO uenecoo6pa3HO 

TOpM03Horo uanyt~eHHH nposecTu cHat~ana HHTerpuposaHue no cne1 

JIIOASeMblX 9JleKTpOHOB OTAS'IH C llOMOIUbiO 3-MepHOil: 8 -~yHii 

rronHoe ce'leHue rrpouecca TOpM03Horo uany'leHHSI a n.c. rrpuJ 

a a d3 ' d3k (0 I ;~q'"!...;:' -1 
a = I _q I --8 <&'-E +Wl-1 A 

lnel 2 
1 
... 

1 
E' 2w 2 &' 

(277) m q 

rAe E 2 ,.' m + E-E', &' .. [m2 +(q-q'- kl2 ]~ , ... , 
E ,q 

HMllYJlbC Me30Ha OTAS'IH, W , k - 9HeprHH H HMllYllbC QJOTOHS, 

pallbHBSI ~yHKUHSI A HH'IeM He OTJlH'IaeTCSI OT COOTBeTCTBYIOIIl€ 

HHSI B paooTe /2/, 
C llOMOIIlblO 38KOH8 COXpaHeHHSI 9HeprHH HeTpyAHO YCTSHOBE 

HeMBTH'I.eCKSSI rp8HHU8 9HeprHH HeHSOJIIOASeMOrO ~OTOH8 eCTb Jll 

ca 

r 
w .. 

E2 - {3cos ~ 

rAe 

r "' p. 2 + mE- E' ( m +E) + I <ill q' I cos 0 , 

f3= r-q -q, 1 • 

9KCUeHTPHCHTeT 

Y =f3/ E < 1 2 • 

~ - yrOJI Me)KAY HMllYllbCOM ~OTOH8 k H OCbiO ( q -q '), 

Ha puc. 1 uaoopa)KeH 9JlllHllC (8) c M8KCHM8JlbHbiM,B03M0)KH 

puMeHTallbHO pa3p91Il9HHOl!: OOJ18CTH ( CM, puc ,2) 13Ha'leHHeM r 

r 
==r IE'=E:e max 

0 ,.O ef -MJ 
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E , min 
= 

p.3E 

ef p. 2 +2mE 
. (5) 

2 

E = E ef ( O max ) = J1 E 

P. 2 +m E 
(6) 

A HHTepec npencTaanHroT co6oA aaaqeHHH aaepraA H3 o6nac

aHHbie HMnynbCbl 6ynyT MSKCHMSnbHbiMH, 0AHSKO Mbl He 6y

rpaaauaM o6nacTH 1 E :t'n a E 
KaX, llOCTaTO'IHO 6nH3KHX K E :tin 

• npaqHHS COCTOHT 

OWH6KH ~mE' 

E' ef' 
OBSITCSI BSIIH'IHHSMH OllHOI'O IIOpSillKa; KpOMe TOI'O, B TO'I

pyroe' ceqeaHe 
d a 0 

pSBKS l) lnel 

d coso .e 
, 61JH3KO K 

~oE' • 

, Ha KOTOpoe HOPMHpyeTCSI 

aynro. B TO'IKax e6naaH E 

E 'ef' ~ E' 
HB89MCSI TSMH 3HS'I9HHSIMH 8H9pi'Hll 

1 
llllSI KOTOph!X ~ < 0

9
1, 

' E ef 

IIOllC'IST Heyrrpyrol! 'laCTH PSllHSUHOHHh!X IIOUpSBOK Ha-

opa KHHSMBTHKH, B paanene III oocy*AaroTCSI nonyqea-

•I, a TBK*e ycnOBH51 1 npH KOTOpb!X B03M0*8H yqeT aneKTpo-

!fJaKTopa 17 - Me30Ha B ceqeHHH, BKnroqaromeM paAHBUHOH-

BHAY rpoM03AKOCTH qHcneaaoro MaTepHana a npHnaraeMoA 

'SITCSI nHWb H8KOTOpbl8 qHCneHHblEf peaynbTSTble 

II • H eyrrpyra.H 'laCTh pa.aHaUHOHHhiX rrorrpaaoK 

3Jlene BbJqHCnSieTCSI BKnan "*8CTKHX" !fJOTOHOB B TOpM03HOe 

"MSirKHX" !fJOTOHOB BCSI 38BHCHMOCTb OT BbiOOpa KHHSMBTH-

B paanHqHhJX 3HaqeHHSIX aaepreTH_qecxoro npenena w • 

Hfi BHJl Bblp8*8HHH, onpenenSIWIIlHX BKnan "MSirKHX"' !fJoTo

H *8, KBK H B paoOTe /2/, 

6 

.... 
;,1 

. If~';~ 
·' ·~, : 
·. -~ 
' ~~ 

,• 

§ J, KHHeMa THKa H 3KCIIepHMeHT8llbHbie orpaHH'leHHII 

EcnH perHCTpHpyroTCSI M830Hbl OTAaqH, TO uenecooopa3HO B ceqeHHH 

TopMoaaoro HanyqeHHSI npoaecTH caaqana HHTerpHpoaaHHe no cnexTpy aeaao-

nronaeMblX. anex.TpOHOB OTJlaqH C TIOMOIUbro 3-MepHOH 8 - !fJyHKUHH, Torna 

nonaoe ceqeaHe npouecca TOpMoaaoro H3nyqeHHSI a n.c. npHHHMaeT BHA 

a 
lnel 

a 3 d3 , 3 f q f d k (I) , ... , ...... , 

(217) 2mlql ~ ~8 (B;'-E2+wl-l-A p=q-q -1 
B;· {7) 

rne E 2 =' m + E - E ' , &'=[m2 +(q-q'- k)2 ]~ ' ... ' E ,q - 9HeprHSI H 

HMITYnbC M830Ha OTJlSqH, W , k - 9HeprHSI H HMITynbC !fJOTOHS, ITOAHHTer-

panbHSSI !fJyHKUHSI A HHqeM He OTnHqaeTCSI OT COOTB8TCTByromero Bblpa*e-

HHSI B paooTe /2/, 

C ITOMOIIlbW 3SKOH8 COXp8H8HHSI 9HeprHH HeTpyAHO ycTaHOBHTb, qTO KH

H8M8THqecKaSI rpaHHUa aaeprHH aeaaonronaeMoro !fJoToHa ecTb nHHHSI annHn

ca 

r 
w .. 

E 2 - fJ cos cil 

rue 

T = p. 2 + mE- E' ( m + E) + I q I I q ' I cos (J , 

8KCU9HTPHCHTeT 

fJ=-1-q -<;'I. 

y =fJI E < 1 • 
2 

~ - yron MS*llY HMnynbCOM !fJoTOHa k 

(8) 

(9) 

H OCbro ( q -q-o '), 

Ha pHc, 1 H3oopa*eH annHnc {8) c MaKCHManbHbiM
1
B03MO*HbiM B axcne-

pHMeHTanbHO pa3p8W8HHOA oonaCTH (eM, pHc,2)
1
3HaqeHH8M r , paBHbiM 

max mT IE'=E;e ( 10) 

(J =0 ef -M 

7 

"' 



I 

l 

8TO 3Ha'leHHe T COOTBeTCTByeT TO'IKe K Ha pee. 2. 

\ 

~ --a' !o I ~ ~-1 . J 
--.~-__ _ 

'' 
I 

Pec.1. 

Ha pee. 

reell: w« m 

Bbi)leneHa o6naCTb "MSII'KHX" lPOTOHOB C M8KCHManbHOJl: 9Hep-

w -
T 

max 

E 2 t f3 

, r.ue 

T 
max 

2{3 
(3 .. E-E ', 

( 11) 

w 0 E 2 -r 
Yron 41• = arc cos max 

0 f3 eCTb HaH60nbWHl!: yron BbineTa 

qJOTOHOB ( <tJOTOHbl C 9HepreeH W > W o ) 1 perHCTpHpyeMbiX B 9KCnep11M9J:iT9 1 

KOTOpbill: o6cy)l{.uaeTCS1 B §3 .uaaaoro paa.uena. 

KaK y)l{e OTMetJ:anOCb Bbllll9 1 OlliH6Ka 1 IIpOHCXO.USIIIlBSl H3-38 IIOI'pelliHOC-

TH H3MepeHHSI yrna 

£\ E' __ () __ .. 
E' 

ef 

I <fef 12 l<i I sin(}£\() 

(p 2 +mE )(E -E'ee) 

MHOI'O 6onblll9 OlliH6KH H3MepeHHSI 9H9pi'HH ·~E'/E' 
1m ef 

nSieT 38M9HHTb lPHI'ypy MNKF Ha pHC, 2 lPHrypoll: 

& 

8ee 
-I~~-:.-

- N, 

£« E' 

Pec.2. 

~ 8 

( 12) 

3TO II03Bo-

MNCD, 

.~ 

~ 

HeTpy.uao ycTaHOBHTp, 'ITO nHHHH "ynpyrHx" aaatJ:eHHA aaep1 

(nHHHSI MN ) COOTB9TCTBY9T T = 0, 

LlnSI yao6cTBa HHTerpepoaaHHSI aae.ueM aaMeHy rrepeMeHHhl 

.HK06HaH TBKOA 38M9Hbl paaeH 

aE' ' ()) ___ ,._ 2 2() 
L\(r, cos = ar <m+El2-l<i! cos 

I ~ I cos () ( T -p 2 
- m E ) 

m+ E + 
2 2 2 2 2 

[ (r-p -mE) -p «m+E) -!if! co1 

liT06bi rrony'iHTb rpaHHUbl o6naCTH HHT9I'pHpOB8HHS1 B HOI 

HblX r , cos (J .UOCTBTO'IHO B Bblp8)1{9HH9 

cos() .. 
r - ll 2 -mE + E '(m + E 

l<i I I <i' I 
rro.ucTaBHTb 3Ha'ieHHSI E E;e ±£\mE , 3Ta o6naCTb HH 

H306pa)l{eHa Ha pHC. 3. 

Cu.J8 D' 
~a~ 

M' c' 

I 
& 

N' 

T;mtll< -r: 

PHc.3 

~opMyna anSI nonaoro cetJ:eHHSI a rrepeMHHbiX r, cos (J 

BH.Il 

r max oo•9a 

a lnel ( T max ' cos () ef ) - C f dr f d cos ()B ( T , cos()) £\ ( T , cos () ) , 

0 cc•()b 

rae 
a 

c -
2 rr m\ q I 

9 



COOTBeTCTByeT TO"'Ke K Ha pHC, 2, 

\ 

I P" I ) ~ "if-~' 

I 

PHc.l. 

Bbi.O:eJieHa 06JiaCTb "MSU'KHX" <jlOTOHOB C M8KCHM8JlbHOJl: 9Hep-

, r.o:e 

r 
max 

2{3 
f3 .. E-E' 

( 11) 

w 0 E 2 - r max 

fJ eCTb HaH60JlbWHlt YI"'OJI BbiJieTa 

wo ) , pei"'HCTpHpyeMbiX B $KCnepHMeHTe, 

.o:aeTCH B §3 .0:8HHOI"'O pa3.0:eJia. 

OTMe"'aJIOCb BbiWe 1 OWH6Ka, IlpOHCXO.O:HIIl8H H3-38 IlOI"'peWHOC-

yrna 

!1 E, I <i.e 1
2 

l<i I sinO!l 0 _o __ = 
E, 2 -.e ( Jl +mE )( E -E :e ) ( 12) 

OlliH6KH H3MepeHHH 9HeprHH ·L'lmE, I E, .e 8To Il03Bo-

<)lRrypy MNKF Ha pRe. 2 <jlH:rypoll: MNCD. 

& 

Bee 
_f~~-;-

£« E' 

P11c.2. 

8 ... 

~ 
~~; 

~---~·~ •. :;_ 
~ .• 

' ' ," . 
~ . 

. . 

HeTpy.o:Ho ycTaHOBHTp, "'TO .llHHHH "yrrpyrHx" 3Ha'leHHll: aHeprHH E ' .. E :e 
(JIHHHH MN ) COOTB9TCTBY9T T = 0, 

.Ung y.o:ol5cTBa H:HTerpHpoaaHHH BBe.o:eM 3aMeHy rrepeMeHHbiX t ', () ... r, (). 

.HK06HaH T8KOll: 38M9Hbi paBeH 

E' I 0) - _a_,._ 2 2o 
tl(r, cos = ar (m+El2-lij! cos 

I~ I cos 0 ( T-Jl 2
- m E) .. . 

m+ E + I· 
[( 2 2 2 2 2 2 ,Jt3) 

T-Jl -mE) -JJ. «m+El -let! cos 8l])l' T 

l..J:T06bi IlOJiy'lHTb rpaHHUbl 06J18CTH ll:HTerpHpOB8HHH B HOBbiX rrepeMeH-

HbiX T , cos () .O:OCT8TO"'HO B Bblp8)1{9HHe 

r - Jl 2 -mE + E '(m + E cos 0 .. 
( 14) 

l<i I I <i' I 
rro.o:cTaBHTb 3Ha"'eHHH E '= E ;e ±L'lm E ' 

H306pa)f{eHa Ha pHC, 3. 

8Ta 06JiaCTb HHTerpHpOB8HHH 

Cu38 D' 

M' 
C' 

N' I 
r.mtn r: 

,. 

PHc.3 

cl>opMyna llJIH IlOJIHOI"'O Ce"'eHHH B rrepeMHHbiX r, cos 0 IlpHHHMaeT 

BHll 

r max oo•(Ja 

a lnel ( r max ' cos 0 ef ) "' C J d r J d cos 0 B ( r , cos 0 ) !1 ( r , cos 0 ) , 
0 oo.Ob ( 15) 

I"' Lie 
a 

c - ( 16) 
277 ml ;i! 

A 

9 

• 



i 

B(r,cos0)., f -- q 8(1) ( /b' -E ) P •q-q -k 
d 8k +->I ... I -+ -+ I ... 
2cu ' 2+cu A (16) 

· JlPlf!le~ E '-==t '(r) 
dd I I 

llH<j>¢epeHUHanbHOe Ce'l:eHHe ~d ne 
. d cosue 

nonyqaeM aenocpeJlCTBeHHbiM 

JlH$<flepeHUHPOB8HH9M <flopMynhi ( 15) no BH9WHeMy napaMeTpy cosO.,f • npH 

9TOM HCnonbayeM ynbTpapenRTHBHCTCKOe npH6nH*9HH9 0 C y'l:eTOM KOTOpOrO 

B ( r , cos 0 a ) ., B ( r , cos 0 b ) .. B ( r , cos 0 .,f ) , (17) 

ITOCKOnhKY 

cos 0 a .. cos 0 b .. cos 0 .. e 
( 18) 

npH nOJlCT8HOBK9 cos 0 • cos 0 a ( cos 0 b ] B Bblp8*9HH9 ( 13) H9nb-

3SI HCnOnb30B8Tb COOTHOW9HH9 ( 18), TaK KaK B 3HaMeHaTene SIK06HaHa rnaB

Hhle qneHbl COKp8IU8IOTCSI. nerKO nony'IHTb B nHH9fi:HOM npH6nH*9HHH no 

11 E I • 'ITO 
m 

rae 

cos 0 
a(b) 

r_:!: h 11 mE' -(p. 2 +mE) + E
0
'£ (m+E) 

I~ I I <~:e I 

h,.(p.
2

+mEHE -E;f l/l q.f 1
2 

EcnH aocnonb30B8TbCSI Tenepb npH6nH*9HHeM L\ oE I 

C'IHTSTb 0 'ITO 

cos t a s::s cos 8 b 

r-p.2- mE+E.,£ (m +E) 

I <ill (i 

no.QCTSBnSISI COOTHOWeHHe (21) B !j!opMyny ( 13), IISXO.QHM 

10 

( 19) 

(20) 

., .!....»!\ E' 
h m MO*HO 

T 

(21) 

l ~ I . 

II 

Ji· ,., 

fl 
~~ 

{ 
~ 

i 
f 

' ,, 
j 
' I' ' ' 
~ 
I 
l 
'\ 

I 
~ 

~ ~ 
« 

11 ( r , cos () ) .. 11 ( r , cos 0 ) .. 1 / [ h (l + _.!.,__ ) ] , 
a b hE ' .r 

oTKyJla B nHaeAHOM npH6nH*eHHH no L\eE' H C Y'I9TOM TOI'O, 

= E :e , HMeeM: 

E '= E '.f + --· h 

lln51 Heynpyroft '18CTH p8JlH8UHOHHOft nonpaBKH, onpeJlenSie~ 

HOW9HH9 
lnel / n 

d a d co" v .. e (no o6nacTH MNCD K C9'19Hil 

d a .. e 
npouecca (no nHHHH 

d coso .. e 
MN ) , nony'IHM B HTore 

rae 

a (p ;f )4 

-8 
11 lnel ~ 

.. ..!!.. 

" 

(p .r )
2 

=2mf3.r. 
3 

0 

.e < , 
T

0 
~4m 2mEE ef 

'max 
f d r B ' ( r , cos 0 .,f 

0 

{3 ef = E- E :e 

-p.2f3 .. e ), 

) . 

, d 3 k I ( 1) .. .I ;, Cl ; - ~ , ....: k 
B (r,cosO f )e f-- --- lJ ( /b -E 2 +cu)A 

" cu 2rrlb' 

§2. ")/(eCTKHe' 1/JOTOHbl. 3KCI1epHMeHT J 

PaccMoTpHM. pHc. 4, aa KoTopoM Hao6pa*eHa nnocKoCTb 

HHTer'pHpOB8HHSI T , W , 

(1) 

£i>"'in 

~~----+----------------[ 

PHc.4. 

11 



1~'1 
....L..;:,.L- 8 (1l ( &' - E + w) &· 2 

'(r) 

A 

......... _. ..... 
.P ::aq-q -k 

{16) 

dd ln&l 
ce'leHHe d cosO~e nony'laeM Henocpe.ncTBeHHbiM 

aHHeM <!JopMynhi ( 15) no BHeniHeMy napaMeTpy co"'O.,e • llpH 

!yeM ynbTpapenSITHBHCTCKOe npH6nH)KeHHe, C y'leTOM KOTOpOI'O 

s ()a ) ~ B ( r , cos () b ) ., B ( r , cos () .e ) , ( 17) 

()a ~ cos () b .. cos () .e 
(18) 

T8HOBKe cos 0 "" cos 0 a ( COIS 0 b ] B Bblp8)KeHHe ( }3) Henb

Tb COOTHOllleHHe ( 18), T8K K8K B 3HaMeHaTene SIK06HaHa rnaB

KpamaroTCSI. nerKo nony'IHTb B nHHefiHOM npH6nH*eHHH no 

r + h ~ E' -(p. 2 +mE) + E '
0 

(m+E) 
- m eL 

I~ I I <i:e I 
( 19) 

= ( 1'-
2 

+ m E ) ( E - E ;e ) I I q .e I 2 

(20) 

OB8TbCSI Tenepb IlpH6nH)KeHHeM floE' os !....»fl E' 
h m MO)KHO 

T 
r - p. 2 - m E + E ef ( m + E ) 

I <ill (i I (21) 

OWeHHe (21) B QJOpMyny (13), HSXOAHM 

10 

.... 

'I 

!i' 
1'1 

l ., 

'I 
'I 
I 
~I 

i 
r ,! 

1 
) 

'I 
! 
i 

1

(, 
' ' 

i· 
\i 

~ ( r , cos 0 ) ,.. ~ ( r , cos 0 ) ~ 1 I [ h (1 + --'-- ) J. 
a b hE , 

ef 
(22) 

OTKyAa B nHHeilHOM npH6nH)KeHHH no floE' 

~ E , n , HMeeM: 

H C y'leTOM TOI'O, 'ITO E f Td) 

et- , 

E '= E 'o + - • 
eL h (23) 

nng Heyrrpyroit '18CTH paAH8UHOHHOil rronpaBKH, Orrpe.nenSieMoit KaK OT-

HOllleHHe lnel / n d a d CO/S U 
0
£ (no o6nacTH MNCD K ce'leHHro ynpyroro 

d a .. e 
) , nony'IHM B HTOI'e npouecca (no nHHHH MN 

d coso .. e 

rAe 

a (p;f >• 'max 
-8 

" lnel 
.. ..!!. 

1T -;-;-:r J d r B ' ( r , cos () .e 
0 

0 

< P ;E >
2 

=2m f3 .e , f3 .e = E- E :e 

.e < , 2 R > T =4m 2mEE o -p. I" o , 
0 et. eL 

), 

, d 3 k 1 ( 1) , ·~ :, r=z;--;: '..: k 
B (r,cosO 0 )., J-- ---8 ( & -E +w)A 

OL W 211 &• 2 

§2. ")/(eCTKHe"' rjJOTOHbl. 3KCIIepHMeHT J 

(24) 

(25) 

PaccMoTpHM pHc. 4, Ha KOTopoM H3o6pa)KeHa nnocKoCTb rrepeMeHHhiX 

HHTer'pHpOB8HHSI T , w , 

w 

&min 

!":•- I 
[(o} T -- - [ 

PHc,4. 

• 
11 



t 

I 

J 

'I 
•I 

:I 
I. 
,I 

3aecb ypaBHeHHR nHHHA w (r) "' max 

r 

E2-f3 
H 

r 
(rl=- ~ w min E 

2 
+ fJ 

nony'ISIOTCR H3 paBeHCTBa (8) npH noaCTSHOBKe cos ·ell= ±. 1 COOTB9TCT-

B9HHO, 

!13 pHC. 4 RCHO, 'ITO HHTerpan (24) MO)KHO pa36HTb HS asa HHTerpana, 

OaHH H3 KOTOpb!X Bbi'IHCnReTCR no o6naCTH "MRI'KHX" tPOTOHOB C 3HeprHeA 

0 S, w ~ w << m , a JipyroH HMeeT BHJI 

I~'= ~-Q"'" -it 
( 8f 4 w (1) ( "' P 3 ) r max max 277' ooa'V >max 

;:;r= 1 dr f w dw J d cp J d cos ci> 
0 T(vJ W 0 

( ooael>)mln 

A 
a

0
'< &-:...E 2+"' 1(26) al harol 

2 1T &' 

rJie 

a 

rJie 

T (a) • 
2· m 

2{3 8f 
(LI • 

l1HTei'pHpyg C nOMO!UbiO a - IPYHKUHH no cos Cl> , nony'IHM 

I harol 

<p"e>. 
8 

2 T 8i 
0 

r max cuma!r> 
J dr J dw 

rc& w 

2TT 

J dcp 
0 

2 
m2+ W2+fJ2-(E -w) 

a.. 2 

2{Jw 

t'=if-~-~
A I ooael> "'a 

2rrf3 

(27) 

(28) 

(29) 

Bbi'IHcneHHe 3-KpaTHhiX HHTerpanoa (28) BbmonHReTCR HenocpeacTaeH

Ho, XOTSI H "ip93Bbl'ISAHO I'pOM03aK0,0KOH"iaTe~HbiA pesynbTST yao6HO npea-

CTSBHTb B BHae 

a .. a 8 

1 hartl bard 

3JieCb r 

+a" 
harol 

a 8 

hartl 
.. ~fna~ _..!_e,a 

2 r<a) 2 

2 ' max 

m2 

+a. 1T 
harol 

- fn {J.e- fn 2r max 

W m 

1 2rmax r max 2E h fJ.e 
+-<fn--- -1}-Cl>(l) +---0+--+-lfn--

4 m 2 h {3 ef E :e m (;) ' 

12 

~ 

(SO) 

+ 

(31) 

k 

a" 
hare 

a•" 
hare 

npH'19M 

-fn 
'max • 1+a' 2 mE(a'+ll+/! 2 

__;;;.::;.:.. __ ( --- fn 
r (a l 2 a ' m E :e (a ' -1) + /L 2 

E' 
4fn ~.fn 

E 

max 
.....--
mw 

a' 2 cl+ 
2 1'2 

m{3 8f 

- 1). 

npH Bbl..(HcneHHH a 1 hart! Mbl BCIOllY npOH3B0)1HnH pa3nOlK9HJ 

r max 
no aenH'IHHe hE:e o Ebm noJIC'IHTaH rnaBHbill qneH, a TaKJKe 1 

BKnaJia, rrponopuHoHanbaoro 
max 

, KOTOpaSI COJieplKHT noraj: 

hE' e 
4E 2 fJe. e a" a•" 

THilS fn --
2
- , fn -•- • 0JIHSKO BO BKnaJISX h a • h 

/L w ~ • 
rrocneJIHH9 'lneHbl OK83b!BSIOTCSI nOpSillKS 9llHHHUbl, TSK 'ITO'· HMH MOlll 

rrpeHe6pe'lbo 

YKa)KeM, HaKOHeu, 'ITO anSI nony"leHHSI paaHaUHOHHbiX nc 

paCCeSIHHIO, He06XOJ1HMO CMeHHTb 3HV.K nepen cnaraeMbiM 

TOHOBCKHM BKnaaoM 8 k o 

,. 

8"" 
ha• 

§3, ')/(eCTKHe" r/JOTOHblo 3KCIIepHMeHT 2 X) 

TipH BBeaeHHH aononHHTenbHOI'O 3KCnepHMeHT8nbHOI'O 0 

MSKCHMSnbHbie 3HeprHH !j!OTOHOB HHTerpHpOBSHHe no W a 

TonbKO a npeaenax w < w o (eM. pHCo 1,4) o 3aecb 

Ha'IHHSSI C KOTOpOA npOH3BOJ1HTCR pei'HCTpaUHSI !jlOTOHOBo 

!13 pac, 1 H 4 nerKO BHJ19Tb, 'ITO B 3TOM cnyqae _. , _. _., -< 
p ::::q-Q -lc 

a hare 

2 

(p
d

1
4 r w (1) 

3 
max max 

---::-:-;r ( J d T J d (LI 

2 T
0
8 rc& w 

x)c 3 M. HHlKe paaJien • 

T max 

- J dr 

'o 

13 

(LI (1') 
max 2TT A J ooa cf.l= a 

l J dcp 
0 2rr{J 

J d (LI 

"'o 



r 
w (r) = 

max J'IHHHA: (r) = ~ 
W min E 

2 
+ I" 

H 
E2-{j 

B9HCTBa (8) ITpH ITOACTaHOBK9 cos ·«<b ± I COOTBeTCT-

CHO, qTo HHTerpan (24) MO)!(HO pa36HTb HB ABB HH'rerpana, 

BhiqHCJ'IH9TCH ITO 06JtaCTH "MHT'KHX" ~OTOHOB C SHeprHeD 

, a apyroi1: HMeeT sea 

w (T) 217 (oo•<l> >max 
~~ '=~-Q"' -k 

ax max 
dr J w dw 

w 
J d rp J d cos II> 

0 ( cooiJ>)mln 

A 
8(1)( &~E 2+wl(26) 

2" &' 

r ( 8) = 
2· m 

2{3 ef 
w • 

nOMO!UbiO 8 -ljlyHKUHH no cos IJ> , nonyqHM 

'max Wma*r) 

J dr J dw 
rc& iiS 

't'=if-rt-~· 
A I ooa«<> .. a 217 

J drp 
0 2~rf3 

+ w 2 + f3 2 - ( E - w )2 
2 

2f3w 

(27) 

(28) 

(29) 

3-KpBTHh!X HHTerpaJ'IOB (28) BhiiTOJ'IHHeTCH H9ITOCpeACTB9H

'''IaDHO rpoMo3AK0.0KOH'Ia,-eJ'IbHhiA peay.nb'ra'r YA06Ho hpen-

r4 

r 

= 8 e 
hard 

+8" 
haN 

+ 8 e IT 

har4 

~ _.!._ en2 
r( 8 l 2 

2r max 

m2 

o f3.e 2 'max -UI-- fn-
(jj m 

r max 2 E h f3 ef -Il-«1>(1) +-0+--+-len--, 
h f3 ef E ;e m ;;; 

12 

~ 

(30) 

+ 

(31) • 

8" 
haP IIi 

8
e1T 

harlli 

npeqeM 

r l+a' 2 mE(a'+ll+/' 2 
max • ( ---- en 

r ( 8 l 2 a ' m E :e (a ' -I l + 1' 2 
• fn 

E' .e 
= 4en --·fn 

E 

max 
........--
mw 

a, 2 I+ 
2 1'2 

n. f3 .e 

-I), 
(32) 

(33) 

DpH Bhi-iecmtHHH 8 fhartl Mbl BCIOLIY npOH3BOLIHJ'IH pa3J'IOJK8HHe B PSILI 

no senHqHHe 
r max 

hE:e r 
• EblJ'I nO.QCqHTaH T'J'IaBHbll! qnea, a TaKJI{e Ta qaCTb 

max 
, KOTopaH coaeplKHT norapHijlMhi BKnaaa, nponopUHOHaJ'IbHOT'O 

hE· e 
4 E2 f3 f . e "'" "'e" 

THITa en --2- , fn -•- , 0AHaKO BO BKJ'Ia.QaX 0 : • o h 
I' w har. ard 

ITOCJ'I9LIHH9 qJteHbl OKa3hiBaiOTCH nopSILIKB 9LIHHHUhi, TaK qTO' HMH MOJKHO 

npeae6peqb, 

YKa)!(eM, HaKoaeu, 'ITO nn.H nony'leHH51 paJlHBUHOHHbiX noiTpasoK K "T e-

paCC951HHI01 He06XOilHMO CM9HHTb 3HilK ITepen CJ'IBI'89Mh!M 

TOHOBCKHM BKJ'IBilOM [) k • 

ae1T 
hare 

§3, ")/(eCTKHe u r/JOTOHbl, 3KCIIepHMeHT 2 X) 

H KOMIT-

TipH BB9A9HHH AOITOJ'IHHT9J'IbHOT'O SKCIT9pHM9HTBJ'IbHOI'O OT'p8HH'I9HH51 HB 

MBKCHMBJ'IbHhle SHepi'HH ~OTOHOB HHTeT'pHpOBBHHe ITO W ll0J'I)!(H0 BeCTHCb 

TOJ'IbKO a ITpeaenax w < w o ( CM. pH c. 1,4). 3aecb w 
0

• - aaeprH.H, 

HB'IHH851 C KOTOpOD ITpOH3BOAHTC51 peT'HCTpaUH51 ~OTOHOB, 

Ha pee. 1 H 4 nerKO BHLI9Tb, qTo B 3TOM cnyqae 
... p'=1--:'-k 

( P ef ) 4 r max 
w ,, 

T max w "' A !ooe<l> ==a O hartl = 
max max 217 

--!-:;-;r [ J d r fdw - J dr fdw l fdrp 2 
2 T reB> 2rrf3 (34) 0 w 'o "'o 0 

x)c 3 M. HHJKe paaaen • 
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I 
;,1 

I 
'I 
!I 

rae 
m2 

wo 'o 
2/3 ef 

BTopoii HHTerpan :a (34) MOlKeT ObiTh nony'ieH H3 nepaoro c noMOIUhiO sa-

M9Hbl T ( 8) , W Ha r
0

,w
0 

flOApOOHOe paCCMOTpeHHe nOK83b!BaeT, 'iTO BCe npHOnHlKeHHH, HCnOnh

syeMbie npH Bbi'iHcneHHH nepaoro HHTerpana, 6ynyT cnpaaennHBbi npH Bbi

'IHcneHHH BToporo, ecnH 

.:'!.oE'» wo 
(35) 

B peaynbTaTe nony'IHM 

8 • 
= fn ~en ~-~fn 2~ -fn~ + 2 hard r(/)) w 2 w -w 

T 2 E + E :e 
+..h.) fn ~ max ( + 

h f3ee E' m w .e 

(36) 

2en~( l+a 
,2 mE( a' +I)+ l 

8" = en - 1 ) ' 2 hard w 2a' mE:e(a'-ll+J.L 
2 

(37) 

8"" 
E' 

=4en~en~ 
3 haPd E w (38) 

III • 3aKmoqeHHe 

C TO'iHOCThiO JlO 'ineHOB nopsrnKa a a ce'ieHHe ynpyroro paccesr-

HHH "TO'ie'IHOI'O" 1T - Me30H8 sneKTpOHOM MOlKHO npe}lCT8BHTh B BHJle 

~ 
dO ' 

q 

d a"f o ( a 
dO, I+ -8) 

q , ' 
(39) 

14 

~ ~ . ". 

rile 
du .. e 

0 

d n , 
q 

- ce'ieHHe ynpyroro 

K9 no KOHCT8HT9 TOHKOA CTpyKTypbl 

npH'i9M 

8= 8:e + 8:e +8 +8" +8" 
k lnel lnel 

8 1T 

lnel 
... 8" 

a oft 
" + 8har<l 

1T e - paCC9SIHHH B HH:! 

a , aenH'iHHa 8 

+ 8"" 
lnel 

H To!lo 

cnaraeMbte 8 .. e . 8 :e . 8 k onpenenKIOTCSI ~opMyna~ 

( n.31) pa60Tbi 121 ; nnH nony'ieHHSI 8" ,8" ,8"17 

aoft aoft aoft 

nOJlCT8BHTh HOBOe 3H8'i9HHe W B !lJopMynbi ( III, 18 - III. 27 

BenH'IHHbi 8 
har<l 

onpenenKIOTCSI COOTHOIII9HHSIMH (31), 

(nnSI 3KCnepHMeHTa 1), nHOO (36), (37), (38) (nnSI 3KCnep 

BaeneHHe JlOnonHHTenbHoro sKcnepHMeHTanhHoro orpaHH'i9HHs 

mero He y'IHTbiBaTb 'laCTb HeynpyrHx co6hiTHH ( wo ~ w ~ w ma> 

HHM8BlliHXCSI paHee KaK ynpyrHe, !lJaKTH'ieCKH SKBHBaneHTHO yny'i 

HOCTH H3MepeHHSI "ynpyrHX" napaMeTpOB (yrna H SHeprHH MeSO 

l13BeCTHO ( CM,, HanpHMep, / 3 /), 'iTO TaKOe yMeHhllleHHe norpei 

MepeHHSI. BeJleT K 3H8'iHTenhHOMY ysenH'leHHIO p8JlH8UHOHHbiX nor 

B03MOlKHq
1
noTpe6yeT y'leTa cneJlyJOmero nopSIAKa TeopHH B03M)I 

CT8HOBHTCSI O'leBHJlHbiM, eCnH npenCT8BHTh ceos~aKOH HJleanhl 

KOrJla JlOCTHrHyTa a6coniOTHaSI TO'IHOCTh H3MepeHHA. B pesynhTa 

CH TOnbKO ynpyraSI '18CTh p8JlH8UHOHHOH nonpaBKH, KOTOpaSI 6yJle 

Ho senHKa Hs-sa HanH'iHSI HH!lJpaKpaCHbiX pacXOJlHMOCTeil:. TaKoe S! 

BOJlHT K TOMY 1 'ITO npH BbiOpaHHOM H8MH 3H8'19HHH W O '" 100 /1 

TaKlKe 50 H 75 Mas) panHaUHOHHbie nonpaBKH K ynpyroMy " 

HHIO Jl0CTHI'810T 15%, 'iTO 3H8'iHT9nhHO 6onbrue, 'ieM JlnH nepBOI'O 

Ta. 

l1cKniO'leHHe Ha6n10Jla9MbiX HeynpyrHX co6biTHA (" e -+ 1T ey) 

MH !lJoToHa w > w 0 nossonsreT orpaHH'IHThCSI nepBbiM1 nponop 

1 I w , 'lneHOM B pasnolKeHHH aceil: aMnnHTYJlbi TOpM03Horo 

HeperHCTpHpyeMbiX !lJOTOHOB ( w < w 
0 

) B PHil no SHeprHH w 

npHOnHlK9HHH Ce'leHHe TOpM03HOI'O H3ny'ieHHH nponopUHOH8nhHO ,< 

pyroro 17 e - pacceHHHH1 'ITO AOnycKaeT 4JaKTOpH38UHIO no 4Jo. 

15 



m2 
'o 

2/3 .e 
wo 

B (34) MOMeT 6biTh rrony'leH 1:13 rrepaoro c noMOIIIhJO sa-

Ha r 
0 

, w 
0 

paCCMOTpeHHe !10K83biBaeT, 'ITO BCe I1pH6nHM9HHSI1 HCI10nh

cneHHH nepsoro HHTerpana, 6y.llyT cnpaae.llnHBbi rrp1:1 Bhi-

ecnH 

L'ioE'» wo 

nony'IHM 

l'n ~ _.J.fn 2 wo 
w 2 ~ 

-fn~ + 

2 E + F: :e 
E' .r 

,2 
l+a 

2a' 

en~. 
w 

w 

+ .1!..) fn ~ 

fn 

m iiJ 

mE ( a '+ I ) + p? 

mE:y(a'-Il+IL
2 

III • 3aKmo"ieHHe 

.llO 'lneHOB I10pSI.llK8 a a 

(35) 

(36) 

- 1 ) ' (37) 

(38) 

ce'leHHe ynpyroro pacceSI-
77 

- Me30H8 aneKTpOHOM MOMHO rrpe.llCT8BHTb B BH.lle 

.e 
d a 0 

d no, 
(1+~1> ), 

17 (39) 

14 

.... 

rne 
du ef 

0 

d 0 , 
q 

- ce'!eHHe ynpyroro 

Ke !10 KOHCTaHTe TOHKOA CTpyKTyphl 

npH'I9M 

8= 8" ' ef 

8 1T 

lnel 

+ 8. .e +8 +8 77 
+8" 

k lnel lnel 

1T 
+ 8harll .. 8" 

a oft 

77e - p8CC9SIHHSI B HH3W9M !10pSIJl-

a , senH'IHHa 8 

+ 8"77 
I net 

H To.llo 

pasHa 

(40) 

CnaraeMble 8 ef . 8 :e . 8 k onpe.llensnoTC.SI 4JopMynaMH ( II. 29), 

( II. 31 ) pat50Thi 12 I; .llnSI nony'leHH SI 8 11 
, 8" ,8 e1T HeOOXO.llHMO 

aoft aoft aoft 

!10JlCT8BHTh HOB09 3H8'19HH9 (;) B 4Jo~Mynhi ( III. 18 - III. 27) paOOTb/2/ • 

BenH'IHHhi 8 
harll 

onpe.llenSIJOTCSI COOTHOIII9HHSIMH ( 31 ) , ( 32) 1 ( 33) 

( JlnSI 9KCrrepHMeHTa 1 ) 1 nHOO ( 36), ( 37), ( 38) ( .llnSI 9KCI19pHM9HTa 2) • 

BaeneHHe nononHHTenbHoro aKcnepHMeHTanhHoro orpaHH'IeHHSI, noaaonSIIO-

wero He y'IHThiBBTh 'laCTh HeynpyrHx cot5hiTHA ( wo .s; w 
max 

.s; w ), BOC!1pH-

HHM8BWHXCSI paHee K8K ynpyrHe, 4JaKTH'I9CKH aKBHBaneHTHO ynyqweHHIO TO'I

HOCTH H3MepeHHSI 'ynpyi"HX' rrapaMeTpOB (yrna H aaepi"HH M930Ha OT.ll8'1H), 

l13B9CTHO ( CM,, H8!1pHMep, / 3 /), 'ITO T8KOe YM9Hblii9HH9 llOI"peWHOCTeA H3-

MepeHHSI BeJleT K 3H8'1HTenbHOMY yaenH'IeHHIO p8.llH8UHOHHblX !10!1p8BOK1 'ITO, 

B03MOMH()1 I10Tpet5yeT y'leTa cnenyJOIIIei"O l10p.S!JlK8 TeOpHH B03MyiiieHHA. 3TO 

CT8HOBHTCSI 0'19BHJlHbiM, eCnH npe.llCT8BHTb C90G ""'taKOA H.lleanbHbiA cny'laA, 

KOI"Jl8 JlOCTI:II"HyTa 80COnJOTH8SI TO'IHOCTb H3MepeHHA, B peaynbT8Te OCTaHeT

CSI TOnbKO ynpyraSI '18CTb p8.ll1:18UI:IOHHOH !10!1p8BKH, KOTOpaSI OY.ll9T 09CKOHe'I

HO senHK8 1:13-38 HanH'IHSI HH4JpaKp8CHblX paCXOJlH¥0CTeA, TaKoe SISneHHe !1pH

S0JlHT K TOMY, 'ITO np1:1 Sbi6paHHOM HSMH 3Ha'leHHH w 
0 

,. 100 Mas ( 6pan1:1cb 

TaKMe 50 H 75 Mas) panHaUHOHHhie nonpasKH K ynpyroMy 77- e - pacceSI

HHJO .llOCTHI"810T 15%, 'ITO 3H8'1HTenbHO 6onbwe, 'leM JlnSI nepBOI"O aKCrrepHMeH-

Ta, 

l1cKnJO'IeHHe Ha6nJOnaeMhiX HeynpyrHX co6biTHA (77 e-+ 77 ey l c aHeprHSI-

MH 4JoTOH8 W > W 0 !103BOnSieT orpaHH'IHTbCSI nepBbiM1 !1p0!10pUHOH8nhHhlM 

1 I w , qneHOM a paanoMeHHH aceA aMnnHTY.llbi TOpM03HOI"O Hany'leHHSI 

Hepei"HCTpHpyeMblX <lJOTOHOB ( W < W 
0 

) a pHJl no aHeprHH w • B aTOM 

I1pH6nHM9HHH Ce'leHHe TOpM03HOI"O H3ny'leHHSI !1p0!10pUHOHanbHO C9'19HI:IIO yn

pyl"OI"O 77 e - pacceSIHHSI, 'ITO nonycKaeT 4JaKTopH38UHJO no <tJopMyne ( 41). 
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~I 
,!I 

TaKHM o6paaoM, KaK H B cny~ae perHcTpaUHH aneKTpoHa o~aa~H, B aK

cnepHMeHTax 1 H 2 MO)I{HO onpeaenHTb aneKTpOM8I'HHTHbiil: 4JopM4JBKTOp 11 -

Me30H8 C y~eTOM paaHBUHOHHbiX nonpaBOK, Cp8BHHB8SI SKCnepHMeHT8nbHOe 

ce~eHHe c ce~eHHeM, Bbi~HcneHHbiM no iJlopMyne 

da d a o 2 
__ o_ F 2 [ (peL ) ] (I+ .2_ 8 F ), 

d!l , 1T 3 1T 
q 

(41) 
d n , 

q 

rae [ .r 2 J 
F ( p ) - UHOHHbiil: aneKTpOM8I'HHTHbiil: iJlopMiJlaKTOp, a paaHBUHOH-17 8 

HBSI nonpaBK8 8 F paBHa 

a =B" + a• +B"" <-I->+B" <L>. 
F ef lnel lnel w lnel w (42) 

eTT I 1T 1 
CnaraeMbie 8 1 1 ( - l H 8 ( -- l npoRcxoasrT OT rnaBHoro,npo-

ne W lnel W 

UOPUHOHanbHOI'O I/ w . ~neHa B 8MUnHTYae TOPM03HOI'O H3ny~eHHSI H on-

peaensreTCSI c noMOIUhiO iJlopMyn (32), t33), (37), (38). 

B npHnaPaeMoil: Ta6nRue npHBoaSITCSI HeKOTOpbie ~HcneHHbie aHa~eHHSI 

pa.oHaUHOHHbiX nonpaBOK 8 H 8 F K 17 -e- H 17+ e - pacceSIHHIO .onSI 

pa3.1IH~HbiX 3Ha~eHHti: nepe.oaHHOI'O HMnynbca B cny~ae SKCnepHMeHTa 1. 

3HeprHsr nepBH~Horo ny~Ka MeHsrnacb B HHTepBane 50+- 60 faB. Bbi~Hc-

neHHSI npOH3BOaHnHCb .onsr norpeiiiHOCTeil: yrnOBOI'O H3MepeHHSI ~ (} , paBHbiX 

0,05; 0,1; 0,15; 0,2 (mrad) , 

B aaKniO~eHHe Mbi Bbipa)l{aeM 6naro.oapHOCTb C. M. BHneHbKOMy H 

B. r. fpHIIIHHy 38 KPHTH~eCKHe 38Me~aHHSI H non1e3Hble llHCKYCCHH. 

nHTepaTypa 

1. JJ..IO. Bap/lHH, B. B. CeMHKoa, H. M. WyMeitKo. flpenpHHT OHHH, P2-4177, 

JJ.yt5Ha, 1968. 

2. J.Ke;tha.ne. Phys. Rev.. 135. 4B. 975 (1 9n4t 
3. D.R.Yennie, S.C. F'rautsci, and H.Suura.. Ann. Phys.

1 
~ 379(1961). 

_. 

PyKORHCb ROCTynuna B H3A8TenbCKHA OTAen 

29 HOR6pg 1968 rOA8, 

16 

E;f (f3B) 1 5 

M 
(0,1 mrad) 

rre 

..!.5 (%) 
17 

+ 
11 e 

11-e 

0 , 5 
1 , 0 
1 , 5 
2 , 0 

0 t 5 
1 , 0 
1 t 5 
2 , 0 

c , 5 
1 1 Q 
} 1 5 
2 1 Q 

-9,66 
- 7 , 8 1 
-6,77 
-6,05 

-2 c t 51 
-17,00 
-15,00 
-13,61 

-8,94 
-7' 0 9 
-6, 0 5 
-5,33' 

..A. 5J%) 
11 

:JI5 -21,75 

+ tiC -}8,24 
11 e ,,s -1612"' 

2,0 -}4,95 

Ta6.nHua 

E ... 56f3B 

16 t7 18 

-8,69 -8,20 -7,86 -7 
-6,82 -6,28 -5,86 -5 
-5,74 -5, 16 •4,67 -4 
-4,99 -4,35 -3,79 -.3 

-17,97 -16,46 -15,33 -14 
-tA,so -13,03 -1t,89 -10 
-12151 -11,02 -9,85 -a 
-11,11 -9,60 -8,3() -7 

-7,94 -7,43 -7, 0 7 -6 
-6, 0 7 .. 5, 51 -5,07 -4 
-4,99 •4,.38 -3,87 -J 
-4,24 •3,58 -3,00 -2 

-19,22 -17.73 -lf>,~O -15 
-15,76 -t-4.29 ·t3, 1b -12 
-13,76 •12r29 - 1 1 , 3 -lO 
-12,36 -t0,8b -9,66 -8 

17 
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o6paaoM, KaK H a cny~ae perHcTpaUHH aneKTpoaa ~~aa~H, a aK-

1 H 2 MOMHO OnpeaenHTb aneKTpOMarHHTHbiA <flopM<flaKTOp 11 -

y~eToM paaHaUHOHHbiX nonpaaox, cpaaaHaasr axcnepHMeHTanbaoe 

ce~eHHeM, Bbi~HcneaHbiM no <f!opMyne 

da d a n 2 

d n , 
q 

__ o_ F 2 ( ( p eL ) j ( I + ..!!_ 8 ) , 
d!l , Tr 3 Tr F 

q 

(41) 

( p e£ ) 
2 

] - ITHOHHbiH aneKTpOMarHHTHb!:l!: !jlopM!jlaKTOp, a paaHBUHOH-3 

8F paBHa 

e ~ ~·rr I 'II' 1 ~8 + u• +u (-)+8 (...__), 
e£ lnel lnel W lnel w ( 42) 

(-I-) 
w 

H 817 (_I_) 
lnel W npoHcxoaSIT OT rnaaaoro,npo-

I I w . ~neaa a aMnnHTVl!e TOPMoaaoro Hanv~eHHSI H on
!jlopMyn (32), t33), (37), (38). 

rrpHBOaSITCSI H9KOTOpbi9 ~HCneHHbie 3H8~9HHSI 
nonpaaox 8 ., - + 

H u F K 77 e- H 77 e - paccesrHHIO ansr 

aaa~eaH:l!: nepeaaaaoro HMrrynbca a cny~ae axcrrepHMeHTa 1. 

SI nepaH~Horo rry~xa Meagnacb a HHTepaane 50+ 60 faa. Bbi~Hc-

anSI norpeiiiHOCTeH yrnoaoro H3MepeHHSI ll 0 , paBHbiX 
0,2 (mrad) , 

•Kmo~eHHe Mbi BbipaMaeM 6naroaapaocTb C. M. BHneabKOMY H 

38 KpHTH~eCKHe 38M9~8HHSI H none3Hble aHCKYCCH~, 

J!H'I'epa.Typa. 

B. E. CeMHK031 H. M. lllyMeilxo. flperrpHH'I' OHHH, P2-4177, 

Phys. Rev.. 1.35, 4B. 975 (19fi4)_ 

S.C.F'rautsci, and H.Suura. Ann. Phys., :Jdz._379(1961). 

PyKonucb nocTynuna B HaQaTenbcKuA oTnen 

29 HOHOPH 1968 rona, 

16 

.... 

E' .. e (faa) 15 

M 
(0,1 mrad) 

0 , 5 -9,66 
rre 1 , 0 -7, 8 1 

1 , 5 -6,77 
2 , 0 - 6 • 0 5 

..!!.5 (%) 
17 

0. 5 -2 c, 51 
+ 1 , 0 -17,00 1T e 

1 , 5 -15,00 
2, 0 -1.3,61 

G,S -8,9~ 

11-e 1 , 0 -7,o9 
1 1 5 -6,o.S 
2 1 0 -5,33 

.A.. 5J%> 
1T 

:1,5-21.75 
+ 1.c ·18,2-4 

1T e 1,5 •16,24 
2,o ·t~.s.s 

• 

Ta6nHua 

E,56faB 

16 1 7 18 19 20 

-8,69 -8,2C -7,86 -7,55 -7,20 
-6,82 -6,28 -5,Af, -5,-4-4 -4,90 
-5,74 -5, 1 6 -~,67 - ~' 1 ~ -3,<42 
-<4,99 -4,.35 -3,79 -.3,16 -2.27 

-17,97 -16,46 -15,33 -14,36 ·t3.~ .. 
-1~,50 -13,03 -11,89 -10,87 -9,82 
-12,51 ·t1,02 -9,85 -8,77 -7,58 
-11,11 -9,60 -8,39 -7,23 -5,89 

-7,9" -7,4.3 -7,07 -6,7<4 -6,38 
-6 J 0 7 .. 5, 51 -5,07 -4,,3 -<4,08 
-4,99 •<4,.38 -.3,87 -.3,.3.3 -2,59 
-<4,2~ -l,,.S8 -.3,00 -2.35 -··"" 

-19,22 -17.7.3 -lb,60 -15,6" -14,72 
-1.5,76 -t-4.29 •13, 16 -t2d5 -·1 1 , 1 1 
-13,76 -12·29 •11.13 -1-o.o.s ·8,86 
-12,.36 -10,86 -9,66 •8,51 -1, 1 e 

17 


