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On the Electromagnetic Corrections to the 
Hadron Current in Deep-Inelastic Charged 
Lepton-Nucleon Scattering 

In a simple quark-parton model the lowest order 
electroma~netic correction to the cross section of the 
process f-+ N~ t±+ hadrons is calculated. It is shown that 
at large q 2 and v the contribution to the radiative cor
rection due to electromagnetic interactions of hadrons 
becomes important. The results are in agreement with the 
recent experiments on the measurement of the e+p/e-p
deep-inelastic cross section ratio. 
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1. BeeOeHue 

3uauue pa.n.uau.uoHHblX nonpaaoK K npou.eccaM rny6oKo

ueynpyroro pacceHHHH /r .H.p./ nenTOHOB Ha HyKnoHax 

e N .... e + a.n.pOHbl /1/ 

He06XO)J.HMO )J.JIJI He.IJ.BYCMbiCJieHHOH HHTepnpeTali,HH 3KClle

puMeHTanbHbiX .n.aHHbiX. Pa.n.uau.uoHHble nonpaBKH uapyrnaroT 

CKeHJIHHr, ll03TOMY 6e3 HX peanHCTHqeCI<OrO yqeTa HeJ1b3JI 

OTBeTHTb Ha BOllpOC, B KaKOH Mepe CKeHJIHHr HapyrnaeTCJI 

CaMHMH CHJlbHbiMH BJaHMO)J.eHCTBHJIMH. 

Bbiqucneuue JneKTpoMarHHTHbiX nonpaaoK /J.n./ K npo

u.eccaM C yqaCTHeM a)J.pOHOB, B006lll,e rOBOpH, Tpe6yeT 

npHBneqeHHJI HeKOTOpOH MO)J.eJIH CHJibHbiX B3aHMO)J.eHCTBHH. 

YqHTbiBaH TOT $aKT, qTo npocTaH napTOHHaH Mo.n.enb/1/ 

y.n.oaneTBOPHTenbHO onHCbiBaeT o6mue qepTbi r.u.p., npe.n.

cTaBnHeTcH pa3yMHblM HCllOJibJOBaTb ee )J.JIJI IIO)J.06HbiX 

Bbiqucneuuu. TaK, B pa6oTaxl2,3/ oua 6blna npuMeHeHa .n.nH 

Oll,eHKH BKJia)J.a .IJ.BYXtPOTOHHOrO 06MeHa B ep r.H.p., a B 

pa6oTe /4/ - .n.nH ou.eHKH nonuou J.n. HHJrnero nopH.n.Ka 

K ceqeuuJO r.H.p. ueuTpHHO ua'uyKnouax. B pa6oTax/5,6/Ha 

ocuoae napTOHHoii Mo.n;enu uccne.n.oaanocb I c u.enbJO ee npo

BepKH H onpe.n.eneHHJI JapH)J.a KBapKOB/ H3JiyqeHHe )l(eCTKHX 
~ + + '~'~T02fOB B _HHKJII03HBHbiX nyou.eccax e-p .... e- y + X u 
e e _, yh(h) +X. Pa6oTa 17 , r.n.e ucnOJib30BaHbi CBOHCTBa 

KOMMyTa TOpOB TOKOB Ha CBeTOBOM KOHyCe H napTOHHaJI 

MOAeJib, llOCBJilll,eHa HJyqeHHIO aCHMllTOTHqeCKOrO llOBe)J.eHHJI 

MHOro$OTOHHOrO o6MeHa H 3.ll. K nenTOHHOH JIHHHH B ep 
r.u.p. 

0TMeTHM, qTo 3.ll. K nenTOHHOMY TOKY B r.H.p. MOryT 

6b1Tb BblqHCJieHbl MO)J.eJibHO-He3aBHCHMblM o6pa30M/8,9/, 

llOCKOJibKY ceqeHHe C HX yqeTOM, TaK )l(e KaK H 6e3pa.n.ua-
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UHOHHOe ceqeHHe, OnHCbiBaeTC1l clJeHOMeHOJIOrHqecKHMH 

cTpyKTYPHLIMH cPYHKUH1lMH W 
1 

H Wz.WMeHHO TaKoii yqeT 3.n. 

npOBO,LJ.HJIC1l npH o6pa60TKe ,LJ.aHHbiX B npo,LJ.eJiaHHbiX 3KCne

pHMeHTax no eN H 11N r.H.pbO,ll( IlpH 3TOM lnocJie BbJqH

TaHH1l H3 Ha6JIID,LJ.aeMOrO ceqeHH1l BKJia,LJ.a pa,LJ.HaUHOHHOrO 

"xsocTa" OT ynpyroro nHKa, HMHTHPYIDJ.Uero npouecc I 111 I 
scer,LJ.a npe,LJ.nonaranocb, qTo .LJ.pyrue BKJia,LJ.LI B nonpaBKY 

K cnJIOWHOMY cneKTpy JIH60 MaJILI, JIH60 KOMneHCHPYIDT 

.LJ.pyr ,LJ.pyra. • 

B HaCT01lJ.Ueii pa6oTe MLI npuMeHHJIH npoCTLie H.LJ.eH nap

TOHHoii MO,LJ.eJIH K npo6JieMe BblqHCJieHH1l nOJIHOH 3.n. no

p1l,LJ.Ka a K cnJIOWHOMY cneKTpy B npou;ecce 111, r,LJ.e e -
:meKTPOH JIH60 MIDOH. 0CHOBHa1l UeJib pa60Tbl - OUeHHTb 

BKJia,LJ. B 3.n. npH BbiCOKHX 3HeprH1lX 3JieKTpOMarHHTHOrO 

B3aHMO,LJ.eHCTBH1l a,LJ.pOHOB H npoBepHTb TeM CaMbiM, ,LJ.OCTa

TOqHo JIB B 3TOH 06JiaCTH yqHTbiBaTb nonpaBKy JIHWb K 

JienTOHHOMy TOKy. 3aMeTHM B 3TOH CB1l3H, qTo nonbiTKa 

OUeHHTb 3JieKTpOMarHHTHLie 3cPcPeKTbl nHOHOB B KOHeqHOM 

COCT01lHHH r .H.p. 6biJia npe,LJ.npHH1lTa B pa6oTel 121. IlpH 

3HeprHH JienTOHa E =250 r3B Haii,LJ.eHHa1l nonpaBKa MO>KeT 

.D.OCTHra Tb -1 Oo/o. B pa6oTe I 131 BLiqucneH BKJia.D. non1lpH3a

UHH BaKyyMa a,LJ.poHaMH. B o6JiaCTH q 2 OT 0 ,LJ.O 100 r3B2 
OH B03pacTaeT OT 0 ,LJ.O +3o/o. 

WTaK, B ucnoJib3yeMoii 3,LJ.ecb Mo,LJ.eJIH I 11 npe,LJ.nonaraeT

C1l, qTo HYKJIOH COCTOHT H3 ToqeqHbiX He B3aHMO,LJ.eHCTByiD

IUHX Me>K,LJ.y co6oii napTOHOB H qTo r .H.p. o6ycJIOBJieHO 

ynpyruM B3aHMO,LJ.eiicTBHeM nenToHa c napTOHOM. B TaKOM 

CJiyqae pacqeT 3.n. K r.H.p. CBO,LJ.HTC1l K BblqHcJieHHIO no

npaBOK K ceqeHHID pacCe1lHH1l .D.BYX 3ap1l>KeHHbiX qacTHU 

CO CnHHOM 112 - JienTOHa H napTOHa - C nOCJie,LJ.yiDIUHM 

ycpe,LJ.HeHHeM no cneKTpy napTOHOB H CYMMHpoBaHHeM no HX 

THnaM. Ilpu 3TOM yqHTLIBaeTC1l, KaK o6LiqHo I 1-7 I, TOJibKO 

BKJia,LJ. HeKorepeHTHOrO pacCe1lHH1l, KOr,LJ.a JienTOH H ,LJ.OnOJI· 

HHTeJibHbiH. BHpTyaJibHLIH HJIH peaJibHbiH. cPOTOH B3aHMO,LJ.eHCT

BYIDT C O,LJ.HHM H3 napTOHOB MHWeHH. ApryMeHTbl B nOJib3Y 

pa3yMHOCTH HCnOJib30BaHH1l TaKoro npH6JIH>KeHH1l npH pacqe

Te nOJIHOH 3.n. npHBe,LJ.eHbl B pa6oTe /41. ,lJ;aJiee Mbl cqHTaeM, 

qTo napTO.!fbl 1lBJI1liDTC1l SU(3) -KsapKaMH laHTHKBapKaMul 

U, d, S (u, d, s), pacnpe,LJ.eJieHHe KOTOpbiX no HMnyJibCaM 

~HYKJI~He N ,LJ.aeTc1l cPYHKUH1lMH uJx), dJx), sN(x)(uN(x) 
dN(x) , s N (x)). 
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B CJie,LJ.yJOI.QeM pa3,LJ.eJie pa60Tbl BbJqHcJieHO HHKJIID3HBHOe 

ceqeHHe d~N(x, y) npouecca 111 B nop1l,LJ.Ke a 3 I x H y -
o6bJqHbJe cKeiinHHrOBbie nepeMeHHLiel. BLipa>KeHH1l .D.JI1l 

pa3JIHqHbJX BKJia,LJ.OB B Hero npHBe,LJ.eHbl B IlpHJIO>KeHHH. 

B TpeTbeM pa3,LJ.eJie pa6oTbl o6cy>K,LJ.aiDTC1l qucneHHble 

pe3yJihTaTbi ,LJ.JI1l 3.n. npu 3HeprH1lX nenToHa E =250 H 

50 r3B B 11 ± N r .H.p. PacqeTbl noKa3biBaiDT, qTo OCHOBHOH 

BKJia,LJ. B nonpaBKY no-npe>KHeMy ,LJ.aiDT 3.n. K JienTOHHOMY 

TOKy. IlonpaBKH K a,LJ.pOHHOMY TOKY He npeBOCXO,LJ.1lT ±3o/o 

npaKTHqeCKH BO BCeH KHHeMaTuqeCKOH 06JiaCTH B 11 +p - pac

Ce1lHHH, O,LJ.HaKO ,LJ.JI1l 11- p - pacce1lHH1l npH X,Y -1 OHH MOryT 

,LJ.OCTHraTb -10% . IlpH pacce1lHHH Ha HeiiTpOHe H JienTOHHble 

H a,LJ.pOHHbie 3.n. no a6COJIIDTHOH BeJIHqHHe 3aMeTHO MeHbWe. 

B JaKJIJOqeHue npoBO.D.HTC1l cpaBHeHHe BblqHcJieHHii .D.JI1l 

ep r.H.p. npH E =13,9 H 13,5 r3BC pe3yJibTaTaMH He,LJ.aBHHX 

3KCnepHMeHTOBI 14,15(B 3THX 3KCnepHMeHTaX H3Mep1lJIOCb 

OTHoweHHe ceqeHHH rny6oKoHeynpyroro e+p- H e-p-pac

ce1lHHH, KOTOpoe B WHPOKOH KHHeMaTHqecKOH 06JiaCTH OKa• 

3aJIOCb - 1. HaWH pe3yJibTaTbl ,LJ.JI1l TaKOrO OTHOWeHH1l 

HaXO,LJ.1lTCH B npe,LJ.eJiaX 3KCnepHMeHTaJibHbiX OWH60K. 

2. HHK/1103UBHoe ce"'eHue npo1.1ecca 
e nopJIOKe a 3 

PacqeT ceqeHHH diN (x, y) npose,LJ.eM no cJie.D.YJOIUeii 

cxeMe. CHaqaJia Haxo,LJ.HM ceqeHHe pacceHHHH da(x,y) nen

TOHa Ha napTOHe B nopH,LJ.Ke a 3 . B noJiyqeHHOM Bblpa>KeHHH 

3aMeHHeM HMnyJibC HaqaJibHOrO napTOHa p 1 Ha ~p, r,LJ.e 

p- HMnyJibC HYKJIOHa MHWeHH. 3aTeM YMHO>KaeM ceqeHHe 

Ha cPYHKUHJO pacnpe.D.eJieHHH f(,;) I u N (f,") , dN(,;) H T • .LJ..I 
napTOHOB TOrO HJIH HHOrO COpTa, HHTerpHpyeM no e H 

CyMMHpyeM no THnaM napTOHOB. 

JlenTOH·napTOHHOe pacCe1lHHe B nop1l,LJ.Ke a3 OnHCbiBaiDT 

06bJqHbie ,LJ.HarpaMMbl pUC. J. 3,LJ.eCb -> (==-=)- JIHHHH JienTOHa 

lnapToHal c JapH.LJ.OM e(fe) H Maccoii m(M). PacqeT 3THX 

,LJ.HarpaMM BblnOJIHHM, OCHOBLIBaHCb Ha pe3yJibTaTaX pa-

60T /16,17~8 KOTOpbiX TOqHO BbJqHCJieHa 3.n. HH3Wero no

pH,LJ.Ka K ynpyroMy pacceHHHIO TOqeqHbiX qacTHU. 
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Kt K2. 

pili2 -::r·I ~ 
1 2 3 5 

J: li!~x ~ ~ 
6 K• 7 8 9 10 

Puc. 1. ){uazpaMMbr pacceJIHUJI AenmoHa Ha napmoHe e no
PJIOKe a 3 • 

PaCCMOTpHM CHa'lana BKna~ B Ce'leHHe ~HarpaMM 1,2,3, 
6, 7,8 (da J· llocne HHTerpupoaaHHX no HMnynbcaM KOHe'IHoro 
napToHa p 2 H BHpTyanbHoro $oToHa k dav onpe~enxeTcx 
HHBapuaHTaMH 8=-2p ik

1
, X=-2p

1
-k

2
, Y=q2=(kck

2
) 2u 

HMeeT BH~ 

da = da • E- (o IR + o F ) 
v 0 7T v v /2/ 

3~eCb da0 = f 2ao o(S-X-Y)dXdY- ceqeHHe, OTBe'laJOll.l,ee ~Ha
rpaMMe 1; nonpaBKa o \f co~ep:>KHT Macey $oToHa A , a 
o ~ .KOHe'IHa H He 3aBHCHT OT A. To'IHble Bblpa:>KeHHX ~nx 
a 0 , o~R H 0 ~ npHBe~eHbl B /16,17/. 

3aMeHa a /2/ p 
1 

ua cfP H nepexo~ K nepeMeHHbiM 

y P·q 
x = ---, Y= --- npuao~xT K 3aMeHaM 

(-2P·q) P·k 1 

S ... ~s, X ... ~S (1-y), Y->Y=S xy, dXdY ... Ddxdy, 
N N N 

r~e 

s =-2P·k . D = s~-v~. 
N 1 N" 

/3/ 

6 

r 
[ 

YMHO:>KHM ~anee dav Ha f(,;) H npoHHTerpupyeM no ( . 

HHTerpupoBaHHe c noMOll.lblO 3-$yHKI.I,HH o(S-X-Y) CBO~HTCX 

K 3aMt:He E_ Ha IR F x , T. e. K nepexo~aM B a 
0 

, o v H o v : 

s__. s = xS x__.x =XS (1-y). B pe3ynbTaTe Haxo~HM 
0 N' 0 N 

1 IR F 
d2 = Jf(t)d~da = d2 -=:.cs +o )I 

V 
0 

- V 0 rr V V ~=x 
/4/ 

r~e 

2 
d~ = f S f(x)a It: dxdy. 

0 0 0 s =x /5/ 

llpH Bbi'IHCneHHH BKna~a B Ce'leHHe ~HarpaMM 4,5,9, 10 
(daR) Heo6xo~HMO HHTerpupoaan, no nonHOMY 4Ja3oBOMY 
o6'beMy HeHa6mo~aeMbiX qacTHI.J, - napToHa u peanbHoro 
$oTOHa, - noCKOnbKY HHKni03HBHYIO peaKI.J,HIO e + N--> £ + y + 
+ a~pOHbl, B KOTOpOH perHCTpHpyeTCX nHllib KOHe'IHbiH nen
TOH, HeB03MO:>KHO OTnH'IHTb OT npouecca /1/. llocne TaKoro 
HHTerpHpOBaHHX Ce'leHHe daR 3aBHCHT OT TeX :>Ke HHBapHaH
TOB S,X,Y, 'ITO H daV, H 3anHCbiBaeTCX B BH~e daR = 

= da ~R + da :, r~e da ~ - HH$paKpacHo-pacxo~xll.laxcx, a 

F I 16/ 
da R - KOHe'IHaX 'laCTb Ce'leHHX /$opMynbl /14/ pa60Tbl H 

/21/ pa6oTbi 
117

/ I. BblnonHxx a daR 3aMeHbi /3/, YMHO)I(ax 
ero Ha f(f) H HHTerpupyx no ~. HMeeM 

d~ = d~ IR +d2 F = / f((}~daiR + ! f{cf}~da F. /6/ 
R R R t: . R x R 

"mm 

llepBbiH HHTerpan B /6/ pacxo~HTCX npH ~=X /HH$pa
KpaCHaX paCXO~HMOCTb/, n03TOMY HHTerpHpOBaHHe B HeM 
HalJHHaeTCX C HeKOTOporo ~ . >X, TaKOrO, 'ITO 

m1n 

min 
oc(S-X-Y). =8 y(~. -x)=2MA. 

mm N mm 
/7/ v 
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Bbi.n;enHM A B 3TOM HHTerpane. IIepeXO.ZJ;JI K nepeMeHHOH 
v = SNy(,;- x) .3anHllleM ero B BH.n;e 

r.n;e 

v max 
<U; IR _ 

R -
a f dv-<U:-IA(Y,v), 
TT V . 

mm 

<U: = f 
2 

Sf(t) a 0 dxdy, V = S .. V ( 1 - X) , max N"' 

/8/ 

/9/ 

a I,\ (Y . v) .n;aeTcJI <llopMynoii I 15/ pa6oTbl 116/. B~>monHJIJI 
B /8/ TO>K.ZJ;eCTBeHHble npeo6pa30BaHHJI, HMeeM 

<U:IR=<U:A+<U: S+<U:H. 
R R /10/ 

3.n;ecb 

vmax 
<U:A=d~ ..E..J(Y,O) { ~=d~ ..E..oA, 

R 0 77 v·. v 0 77 R 
m1n 

/11/ 

v 
d~ s= ~ f 

77 Vmin 
dv[ <U: ·I A (Y. v) - <U: 0 • J(Y .o)....!.]=<U: 0~ o s I c , 

v rr c,=x 

/12/ 

/13/ 
H vmax A 1 

<U: =~ f dv[<U;.J (Y,v)-<U: 0 ·J(Y,O)-], 
TT V V 

A 
r.n;e oR= J(Y,O) fn(vmafvmin), napaMeTp v y.n;oBneTBOpJieT 
ycnoBBJIM 

v. «v«SXYm2M2. 
min ' ' ' ' ' /14/ 

BenH'IBHa J(Y,O)= fim (vfimi'\Y,v)) H nonpaBKa 0 S .n;aiOTCJI 
v->0 A->0 

c.; .... x) 

<llopMynaMB /32/ B /38/ pa6oTbl I 16/. 

CTpyKTypa To.>K.n;ecTBeHHoro npeo6pa3oBaHHJI /10/ Ta
KOBa, 'ITO fiO)J;biHTerpanbHble <iiYHKIJ;HB B /12/, /13/ KOHe'IHbl 

8 

npH A .... 0, TaK 'ITO HH<ilpaKpacHaJI pacxo.n;HMOCTb u;enHKOM 
cocpe.n;oTo'leHa B ce'leHBH <U: \. , KOTopoe BMeeT npocTeii
WHii BH.n;. IIonaraJI B /13/ A= 0 H ycTpeMnJIJI 3aTeM v K 
Hynro, HMeeM 

vmax 
dk H ~ J ~[<U;.J(Y,v)- d~ J(Y,O)], /15/ 

TT O V 0 
A 

r.n;e J(Y. v) = vt'iml (Y,v). B ce'leHHB /15/ y.n;o6Ho Bbi.n;enHTb 
A->0 

H 
nonpaBKY (o 

1 
), KOTOpaJI He 3aBHCHT OT CfiHHa 'laCTHIJ;. Ilocne 

ee Bbl.n;eneHHJI HMeeM 

r.n;e 

d~ H = <U; !:...o H + d~ H 
0 TT 1 2 ' 

v 
H maxdv o =f -[J(Y,v)-J(Y,O)], 
1 0 v 

v 

<U:H = ~ Jaxdv (d~ - d~ ) J(Y,v)". 
2 "o v o 

/16/ 

/17/ 

/18/ 

TaKHM o6pa3oM, BKna.n; TOpM03Horo H3ny'leHHJI d~ R• npo
HHTerpHpoBaHHbiH no nonHOMY <ila30BOMY 06'beMy, He CO
.n;ep>KHT napaMeTpa "MJirKOCTH" <iiOTOHOB -;;, 

CKna.n;biBaJI <U: v H <U: R, Haxo.n;HM BKna.n; pacceJIHHJI 
nenToHa Ha napToHe B nopJI.n;Ke a3 B Ha6nro.n;aeMoe ceqeHHe 
npou,ecca /1/ 

a IR F H 
<U:(x,y)=d~v+d~R=<U: 0 -;-[(o +ov)lt=x +o 1 ] + 

H F 
+ ~ 2 + ~ R' 

/19/ 

r.n;e 

0 IR = 0 IR + 0 A + 0 S . 
V R 

/20/ 
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11H<lJpaKpaCHaJI paCXO,II,HMOCTb COKpamaeTCJI B CYMMe no
npaBOK o ~R H o ~ . CyMMHPYJI BbP.IHcneHHLie TaKHM nyTeM 
Ce'leHHJI di(x,y) no THllaM napTOHOB, nonyqaeM HCKOMOe 
ce'leHHe ~ N(x,y) r .H.p. I 1/ B nopJI,D,Ke a 3 . 

llonHyJO 3.ll. o(x,y) onpe,D,enHM KaK OTHOWeHHe <}IN(x,y) K 
ce'leHHJO npou,ecca /1/ B nopJI,D,Ke a 2: 

dl ~(x,y) = 2 
TMll 

(dl ) 
0 /21/ 

nap TO HOB 

4 . - 1 - -
=8 0u 0 l.c dxdy[-

9 
(u (x)+u (x))+-(d (x)+d (x)+S (x)+S (x))]. 

s=x N N 9 N N N' N' 

llTo6bl nony'IHTb ,D,nJI o(x,y) 'IHCneHHbie 3Ha'leHHJI, H3 TO'IHbiX 
<lJopMyn pa6oT /16. 17 ~KOTOpbie onpe,D,enJIJOT ceqeHHe /19 I, 
Mbl HaWnH HX npH6nH)I(eHHble Bblpa)l(eHHJI B rny60KOHeynpy
rOH o6naCTH, C'IHTaJI, 'ITO 

S,X, S x = S- X, Y, S0 ,X 0 • v max» m 2 , M 2. /22/ 

3TH npHfinH)I(eHHble <lJopMynbi npHBe,D,eHbl B npHnO)I(eHHH. 
11HTerpan no~ /noV/ BO BKna,D,e )l(eCTKHX <lJoTOHOB 6bln 
Bbi'IHCneH B tl ~ aHanHTH'IeCKH, a B <)I~ H dL ~ - Ha 3BM. 
Mbl npe,D,CTaBHnH o(x,y) B BH,D,e CYMMbl 

o(x. y) = oe (x,y) + oh (x,y). /23/ 

r,D,e of BKnJO'IaeT 3.n. K nenTOHHOMY TOKY /.D.HarpaMMbl 
275/, a oh OTBeqaeT nonpaBKaM K napTOHHOH nHHHH /.D.Ha
rpaMMbl 6,9,10/, a TaK)I(e ,D,Byx<lJoTOHHOMY 06MeHy 7,8 
H HHTep<lJepeHIJ,HH ,D,HarpaMM 4,5 C 9,10. llocne,D,HHe BKna,D,bl 
B 0 h MeHJIIOT 3HaK npH nepeXO,D,e OT r+N-K f~ -pacceJIHHIO, 
H3- 3a qero BenH'IHHbl 0 h B 3THX .D.BYX cnyqaJIX OKa3biBaiOT
CJI pa3HbiMH. 

3. 06cyJtCOeHue pe3yAbmamoe 

Ha puc. 2,3 H3o6pa:>KeHbl 'IHcneHHble pe3ynLTaTbl ,D,nJI 
nonpaBoK o p H oh B cnyqae 11P r.H.p. npH E =50 H 

10 

~ 

30 I I ) I I I l I I I I I I I I I I iii I 

20 
Oe(x.~) OJo x 

l 

10 

0 

-10 

0.5 _!L 0.9 
-20 [ I I I I I I I I I I I I I I I I I I I I 

Puc. 2. IIonpaeKa K AenmOHHOMY moKy 0 e (x,y) 8 C/ly<Jae 
11;p- pacceJJHUJI. CnAOWHble AUHuu: E =250 F3B, M =0,33 F3B 
;eepxHJIJI KpueaJJ/, M =0,1 F3B /HUJICHJIJI KpueaJJ/. Hlmpux
nyHKmupHble AUHuu: E =50 F3B, M =0,33 F3B. CneKmp 
napmoHoe- MKW

1 
. Hlmpuxoeble /IUHUU - pe3y/lbmambl nocAeO

Heil pa6ombl /9 npu E =250 F3B. 

250 F3B. llpH HX nony'leHHH Mbl HCnonb30BanH B Ka'leCTBe 
cneKTpa napTOHOB MO.D.H<lJHu,HpoBaHHoe pacnpe,D,eneHHe KyTH
BailcKon<lJa (MKW) H3 pa6oTLI /ls/, a Macey KBapKa BapLHpo
Banu B npe,D,enax 0,33 F3B - 1,0 F3B. KaK BH.D.HO H3 
<lJopMyn llpuno:>KeHHJI u H3 pucyHKOB,nonpaBKa cna6o 3aBu
CHT OT 3HeprHH Ha'lanLHOrO nenTOHa. HaH60nbWHH BKna,D, 
,D,aeT BenH'IHHa oe (x,y). 0Ha MeHJieTCJI OT - 200/o npH X-.1, Y--C 
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IKor~a MHHHMaJieH llOJIO)KHTeJILHbiH BKJia~ )l(eCTKHX 4JoTOHOBI 

~o 6onLUioro noJIO)I(HTeJILHoro 3Ha'leHHJI npa x - Q, Y-1 . 
llocne~HHH 4JaKT OTMe'laJICJI H B pa6oTaX /3,19/. PoeT 

3.n. B 3TOH o6JiaCTH o6yCJIOBJieH TeM, 'ITO na~aiOI.l.{HH Jien· 

TOH MO)I(eT H3JIY'IHTL 60JILUIYIO 'laCTL CBOeH 3HeprHH B BH~e 

)l(eCTKHX y "KBaHTOB H npeTepneTL ynpyroe pacceJIHHe C 

60JILUIHM Ce'leHHeM. 3TO yMeHLUiaeT ~OCTynHyiO ~JIJI aHa· 

JIH3a KHHeMaTH'IeCKYIO 06JiaCTL H3MeHeHHJI X H y . «<>aKTH· 

3 

0 

-3 

1~~~~~~~~~ 

0 

-5 

-10 I I I I I I I I I I I I I I I I I I 1\l I 

Puc. 3. IlonpaaKa K aopoHHOMY 1/IOKY oh (x,y) 6 CAY'lQJIX 
11 +P- u /1-P - pacceJIHUJI. CnAoruHbre AUHuu: E = 250 F3B, 
M =0,33 F3B /HUJICHJIJI Kpuaa.11j, M =1,0 F3B /aepXHJIJI 
KpuaaJI/. Hlmpux- nyHK111UpHble AUHUU : E =50 F3B, M = 
= 0,33 F3B. CneK111P napmoHoa - MKW. 
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qecKH Mbl ~OJI)I(HLI orpaHH'IHTLCJI Toil o6nacTLIO, r~e no

npaBKa He npeBOCXO~HT, CKa)l(eM, BeJIH'IHHbl 30tfo, llOCKOJibKY 

B npOTHBHOM CJiyqae HeJIL3JI HCKJIIO'IHTb 60JILUIHX 3 .n. 6onee 

BLICOKOrO nOpJI~Ka. 

BeJIH'IHHa Oh (x,y), KOTOpag BKJIIO'IaeT B paCCMOTpeHHOH 

MO~eJIH 3.n. K a~pOHaM, 6JIH3Ka K HYJIIO B 06JiaCTJIX X - 0 
HIHnHIY-0. 3TO eCTeCTBeHHO,T.K.npHTaKHX X H y a~pOH" 
HLIH 6JIOK HCnLITLIBaeT HaHMeHLUiee B03Myl.l.{eHHe CO CTOpOHbl 

pacceaaaroi.QerocJI nenToHa. 0Ha 6LicTpo B03pacTaeT B o6-

nacTH x -1, Y-1, r~e nepe~aHHLie a~poHaM HMnynLc a 3Hep

raJI MaKCHMaJILHLI. BenH'IHHa a noae~eHae oh a 3Toil o6nacTH 

onpe~eJIJIIOTCJI BKJia~OM CaMLIX MJirKHX BHpTyaJILHbiX H pe • 

aJILHbiX 4JoTOHOB lnonpaBKa aiR I. 
KaK BH~Ho H3 puc. 3, B cnyqae /1 + p- pacceJIHHJI 8 h He 

npeBLIUiaeT ±3tfo. 3TO npOHCXO~HT H3 • 3a B3aHMHOH KOMneH • 

cau;aa BKJia~oB _f 3 a _f 4a ceqeHHe I 19 I. )l,JIJI /1-P- pacceJIHHJI 

3TH BKJia~LI CKJia~LIBaiOTCJI H BeJIH'IHHa 0 h ~OCTHraeT -10tfo. 

TaKHM o6pa30M, HeJIL3JI HCKJIIO'IHTL, 'ITO no KpaHHeH Mepe 

npH HeKOTOpbiX X H Y Tpa~HI.{HOHHLIH HeyqeT BKJia~OB 0 h 
npaao~HT K Ka)l(yl.l.{eMycJI 10tfo·HOMY HapyUieHHIO cKeHJIHHra. 

C nOMOI.QLIO noJiy'leHHbiX 4JopMyJI HeTpy~HO paCC'IHTaTL 

3.n. ~JIJI r.H.p. JienTOIIOB Ha HeHTpOHaX, a TaK)I(e nonpaBKy, 

ycpe~HeHHYIO no HeHTpOHY HnpOTOHy. 3.n. KJienTOHHOMYTO" 

KY B 3THX CJiy'laJIX 06Hapy)I(HBaeT TaKOe )l(e noBe~eHHe, KaK 

H 0 f ~JIJI fp ·pacCeJIHHJI, O~HaKO no a6COJIIOTHOH BeJIH'IHHe 

OHa MeHLUie Ha HeCKOJILKO npou;eHTOB. llonpaBKa 0 h ~JIJI 

/l+n-pacCeJIHHJI OKa3LIBaeTCJI npHMepHO B nOJITOpa pa3a 

MeHLUie, 'leM ~JIJI /1 +p. B OTJIH'IHe oT pacceJIHHJI Ha npoToaax 

oh ~Jijf /1-n 6JIH3Ka K oh MJI /l+n' 'ITOJIBJIJieTCJICJie~CTBH" 
eM MaJIOCTH 'IJieHOB - f S. 

06cy~HM TenepL Heonpe~eJieHHOCTH B Bbi'IHCJieHHH o(x,y). 
0~Ha H3 HHX CBJI3aHa C HaJIH'IHeM B KOHe'IHbiX 4JopMyJiaX 

I eM. llpHJIO)I(eHael Macchi napToHa M. KaK BH~Ho H3 li>oPMYJI 

a rpai!>HKOB, y nonpaBKH o f• B KOTopoB. M co~ep)I(HTCJI TOJILKO 

B qaCTH BKJia~a )l(eCTKHX 4JoTOHOB ~ ~, 3aBHCHMOCTL OT 

M noJIBJIJieTCJI B o6nacTH x - 0 , y - 1. O~HaKo ae HMeeT 

CMbiCJia, KOHe'IHO, rOBOpHTL 0 B03HHKaiOI.l.{eH B CBJI3H C 3THM 

Heonpe~eJieHHOCTH, nOCKOJILKY 0 f MO)I(eT 6biTL paCC'IHTaHa 

Mo~eJILHO·He3aBHCHMbiM nyTeM. Pa3HHUa Me)l(~y nonpaBKa

MH o h, Bbi'IHCJieHHbiMH npa M = 0,33 F3B a M =1,0 F3B, 
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npaKTH'IeCKH He 3aBHCHT OT y H B03pacTaeT C yBenH'IeHHeM 

X.B o6naCTH X- l,y-1 , r~e Oh"' ·100/o, 3Ta pa3HHUa, TeM He 

MeHee, He npeaocxo~HT 0,1·o h. TaKHM o6pa30M, aapuauux 

M B npe~enax 0,371,0 r3B He npHBO~HT K 3aMeTHOMYH3Me

HeHHIO pe3ynLTaTa, 'ITO HBnHeTCH Cne~CTBHeM norapH$MH" 

'leCKOH 3aBHCHMOCTH fi OT M.B 3TOH CBH3H OTMeTHM, 'ITO 

3Ha'leHHH 8(x,y), nony'leHHLie B pa6oTe l2ol npu ~~ = xMN, 

npH COOTBeTCTBYIO~HX X H y nona~aiOT B HHTepaanLI H3Me

HeHHH Ia 3aBHCHMOCTH OT M I BLI'IHcneHHOH 3~ecL nonpaBKH. 

,L{pyrax Heonpe~eneHHOCTL o6ycnoaneHa 3aBHCHMOCTLIO 

nonpaBKH OT cneKTpa napToHoB. MLI npoaenu pac'leT o c 

~BYMH pa3HLIMH cneKTpaMH: 11 cneKTPOM IVK\\ , 21 cneKT

poM, nony'leHHLIM B pa6oTe l21l nyTeM no~rOHKH 3Kcnepu

MeHTanLHLIX ~aHHLIX. IlpH O~HOM H TOM )f(e 3Ha'leHHH M pe-

3ynLTaTLI H ~nH 0 f, H ~ml Oh B 3THX cny'laB:X OKa3anHCL 

o~HHaKOBLIMH. Pacxo*~eHHe B HecKonLKo npoueHTOB noxa

nHeTCH TOnLKO npH X:S 0,05 H B03paCTaeT B o6naCTH eme 

MeHLWHX X, r~e npo6neMaTH'IHa npHMeHHMOCTL CaMOH nap

TOHHOH MO~enH. O~HaKO B 3TOH o6naCTH oh 00 0 H 0 MO)f(HO 

BLI'IHCnHTL $eHOMeHOnOrH'IeCKH. 

MLI BH~HM, 'ITO C06CTBeHHO B paMKaX MO~enH Heonpe

~eneHHOCTH ManLI; TaK 'ITO rnaBHLIM HBnB:eTC.!I BOnpoc 0 

CTeneHH npHMeHHMOCTH ~nH paC'IeTa nonHOH 3.n. OCHOBHLIX 

npe~nonO)f(eHHH MO~enH 0 TO'Ie'IHLIX CB060~HLIX napTOHaX 

H ManoM BKna~e ~HarpaMM, B KOTOpLIX $OTOHLI B3aHMO~eH • 

CTBYIOT 6onee 'leM C O,IJ,HHM napTOHOM. 

3ToT aonpoc o6cy*~aeTc.R B pa6oTax I 4, 71. B HHX co

~ep)f(aTc.R coo6pa)f(eHHH B nonL3Y Toro, 'ITO npH6nH)f(eHHH 

Mo~enH MO)f(HO HcnonL30Ba TL ~n.R O'leHL )f(eCTKHX I'< a c>M' 
r~e !(a " 4-HMnynLC n1060r0 H3 $OTOHOBI H CaMLIX MHrKHX 

(Ka-->0) BHpTyanLHLIX H peanLHLIX $OTOHOB, T .e. ~nH TeX 

o6naCTeH HHTerpHpOBaHH.!I no Ka' KOTOpLie ~aiOT OCHOBHLie 

BKna~LI B 3 .n. ,L{nH O'leHL )f(eCTKHX $OTOHOB 3TH BLIBO~LI 

no~TBep*~aiOTCH pe3ynLTaTaMH 3KcnepHMeHTa l22l no H3-

MepeHHIO OTHOWeHH.!I Ce'leHHH TOpM03HOrO H3ny'leHHH B 

e+p H e-p r.H.p., KOTopoe uaii,IJ,eHo B cornacHH c npe,IJ,cKa-

3aHHHMH I 5I napTOHHOH MO~enH. 
Haw auanH3 noKa3LIBaeT, 'ITO B KHHeMa TH'IeCKOH 06-

nacTH, r~e nonpaBKa oh(x,y) aenHKa, rnaBHLIH BKna~ B 

oh BHOCHT caMLie MHrKHe $oTOHLI lnonpaBKa fi IR I. Tor~a 
Ha OCHOBaHHH BLIWeCKa3aHHOrO MO)f(HO 3aKniO'IHTL, 'ITO 
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Oh ~On)f(Ha OnHCLIBaTL OCHOBHLie qepTLI 3.n. K a~pOHHOMY 
TOKy. 

qTO KacaeTCH nonpaBKH 0 f (X,Y), TO, KaK BH~HO H3 

pUC. 2, npH6nH)f(eHHOe BLI'IHCneHHe ee B npOCTOH napTOHHOH 

MO,IJ,enH O'leHL xopowo cornacyeTc.R c TO'IHLIM 4eHoMeuo

norH'IeCKHM pac'leTOM 191 BO BCeH paCCMOTpeHHOH KHHeMa· 

TH'IeCKOH o6naCTH. Boo6me rOBOpH, HCTO'IHHKOM HCKa)f(eHHH 

B Op MOryT cny)f(HTL BenH'IHHLI <:a: ~ H <:a:~ , BLI'IHCneHHLie 

c Mo~enLHLIMH CTPYKTYPHLIMH li>YHKUHHMH. 0TMe'leHuoe 

cornacHe CBH~eTenLCTByeT 0 TOM, 'ITO B paCCMOTpeHHOH 

o6naCTH (X, H y) BKna~ B Op OT HHTerpHpoBaHHH B 3THX 

aenH'IHHax no o6nacTH HMnynLcoa q, B KOTopoil Mo~enLHLie 

CTPYKTYPHLie $yHKUHH OTnH'IaiOTCH OT $eHoMeHonoruqecKHX, 

npeue6pe)f(HMO Man.Pacxo*~euue pe3ynLTaToB ~Byx pacqe

TOB o e,CBH3aHHOe C BLI60pOM CTPYKTYPHLIX $yHKUHH, nOHBnH

eTCH nHwL npH x :~ 0,05 H y -1. OTMeTHM, 'ITO npocToe 

MO~enLHOe BLI'IHCneHHe 0 p MO)f(eT 6LITL none 3HLIM npH 

y'leTe 3.n. K pacce.RHHIO Ha HeHTpOHe, llOCKOnLKY HeHTpOH· 

HLie $eHOMeHonorH'IeCKHe CTpyKTypHLie $yHKUHH H3BeCTHLI 

MeHee TO'IHO, 'leM npOTOHHLie. 

06cy~HM TenepLB03MO)f(HOCTL3KCnepHMeHTanLHOHnpo· 

aepKH Hawero pac'leTa o h. Ka_f BH-!!HO H3 puc. 3, pa~HOCTL 
~H«P$epeHuHanLHLIX Ce'leHHH e p H f p r.H.p.(x,y) = <:a:~(x,y)-

dl~ (x,y) MO)f(eT 6LITL 3Ha'IHTenLHOH. 3Ta pa3HOCTL o6yc

noaneHa BKna~aMH - f 3 B ·oh , CYMMy KOTOpLIX 0603Ha'IHM 

o 1 
(x. y). TaKHM o6pa30M, 'laCTL 3.n. K a~pOHHOMY TOKY 

HBnHeTC.!I Henocpe,ll,CTBeHHO H3MepHMOH BenH'IHHOH. qHCneH· 

HLie pac'leTLI noKa3LIBaiOT, 'ITO ol $aKTH'IeCKH 3aBHCHT nHWL 

OT 6e3pa3MepHLIX nepeMeHHLIX X H y ; 3aBHCHMOCTL )f(e OT 

3HeprHH H Mace m H M OKa3LIBaeTC.!I qpe3BLI'IaHHO cna6oil. 

3TO 06CTOHTenLCTBO no3BOn.ReT H3MepHTL o I npH He CnHIII· 

KOM 6onLWHX 3HeprHHX, r~e MO)f(HO O)f(H~aTL ManLIX 3«P$eK· 

TOB OT HeHTpanLHLIX TOKOB. IIJo~po6uee 3TOT BOnpoc o6-

cy~aeTCH HaMH B pa6oTe I 231 I. 
lionee TIUaTenLHLIH aHanH3 HaH~eHHLIX ~nH o1 

4JopMyn 

noKa3LIBaeT, 'ITO, KaK H BO BCeH a~pOHHOH 3.n. oh, rnaBHLIH 

BKna~ B o 1 ~aeT HH$paKpacuax nonpaBKa o IR. ")l(ecTKaJI" 

'laCTL ~ByX$OTOHHOrO 06MeHa (o2 y),KOTOpax TaK*e, no·BH· 

~MOMy, BLI'IHCnHeTCH ~OCTaTO'IHO ~OCTOBepuo l2,3,7~co-
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CTaBJIJieT OAHY ll.IITYIO 0 I*. BKJia,B; B 0 I H3Jiy1.feHHJI peaJib

HbiX >KeCTKHX cl>oTOHOB npH x-1 6JIH30K K HYJIIO. B o6nacTH 

>Ke X- 0, y- 1, r,B;e noCJie,B;HHH BKJia,B; MO>KeT 6b1Tb 3Hal.JH

TeJibHbiM, OH nOJIHOCTbiO KOMneHCHpyeTCJI ,B;pyrHMH BKJia,B;a

MH. 

TaKHM o6pa3oM, KaK 3TO cneJJ,yeT H3 scero npe,B;bi,B;y

mero paCCMOTpeHHJI, B HCnOJib3yeMOH MO,B;eJIH BeJIHl.fHHa 0 I 
npe,B;CKa3biBaeTCJI npaKTHl.feCKH 6e3 KaKHX 6hl TO HH 6biJIO 

Heonpe,B;eJieHHOCTeii:. llO,B;l.fepKHeM Ba>KHOCTb H3MepeHHJI 0 I , 

KOTOpoe n03BOJIHJIO 6bl KaK npoBepHTb npHMeHJieMyiO AJIJI ee 

pacl.feTa MO,B;eJib /'ITO BeCbMa Ba>KHO ,li;JIJI H3y1.feHHJI 3JieKTpO

)J;HHaMHKH napTOHOB/, TaK H C,B;eJiaTb BbiBOAbl 0 B03MO>KHOCTH 

yTOl.fHeHHJI o6bi'IHOii npoueAYPhl yl.feTa 3.n/8 •91.lloJICHHM 

nocneAHIOIO l.faCTL yTsep>KAeHHJI. 

llOCKOJibKY nonpaBKa 0 h (x,y) MO>KeT COCTaBJIJITb He

CKOJibKO npou;eHTOB, onpe,B;eJieHHe CTPYKTYPHhiX ci>YHKUHii c 

TO'IHOCTbiO -1o/o Tpe6yeT Ha,B;e>KHOrO ee Bbll.JHCJieHHJI. llo

npaBKY ,B;aHHbiX Ha BeJIH'IHHY Oh (x,y) MO>KHO OCyiUeCTBJIJITb 

TOJILKO nocne Toro, KaK H3 APYrHx 3KCnepHMeHTOB 6y,B;eT 

C,B;eJiaH BblBOA 0 TOl.JHOCTH ee paCl.feTa. ,lJ,o noJiyl.feHHJI TaKOH 

HHci>OpMaiJ;HH JII060e Bbll.JHCJieHHe Oh (x,y) CJie,B;yeT paCCMa T

pHBaTb JIHWb KaK OIJ;eHKY HeTO'IHOCTH onpe,B;eJieHHJI CTpyK

TypHblX ci>YHKUHH. llOCKOJibKY BeJIHl.fHHa 0 I B CJiyl.fae £ ± p 
r .H.p. COCTaBJIJieT 3Ha1.fHTeJibHYIO l.faCTb Oh (x,y), ee H3Mepe

HHe no pa3HOCTH Cel.feHHii:D(x,y)l<aK pa3 H MO>KHO paCCMaTpH

BaTb B Kal.feCTBe BbiiUeynOMJIHyToro ,B;OnOJIHHTeJibHOrO 3KC

nepHMeHTa. 

llpoBe,B;eHHble He,B;aBHO OnbiTbl He n03BOJIJIIOT noKa pe

IUHTb BOnpoc 0 TOl.JHOCTH BblllOJIHeHHbiX pacl.feTOB H3- 3a 

60JibiUHX 3KCnepHMeHTaJibHblX OIUH60K. ,lJ,eii:CTBHTeJibHO, 

.CpaBHHM HaiUH pe3yJibTaTbl C ,B;aHHbiMH no H3MepeHHIO OT

HOIUeHHJI Y +IY _ BbiXO,B;OB JienTOHO! /Toro >Ke 3HaKa, 'ITO 

H B Hal.faJibHOM COCTOJIHHH/ B f N H rN r .H.p/ 14,15,24~B 
3KCnepHMeHTaX /14,15bo e ±N -pacCeJIHHIO B IUHpOKOH KHHeMa

THl.feCKOH 06JiaCTH HaXO,B;HJIOCb OTHOIUeHHe JJ,Ba>K,B;bl AHci>ci>e-

* 113 Bhlpa>KeHHJI I A6/ B npe,B;ene y .... 1 cne,B;yiOT acHMnTo
THl.feCKHe ci>opMyJibl ,li;JIJI BKJia,B;a ABYXci>OTOHHoro 06MeHa, 
nonyl.feHHble B pa6oTaxlsl H /71. 
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peHu;HaJILHbiX cel.feHHii npH E =13,9 F3B I 14~ HHTerpaJILHhlx 

cel.feHHii: npH E =13,5 F3BI 15/B 3THX 3KcnepHMeHTax, TaK 

>Ke KaK H B 60Jiee paHHeM MIOOHHOM OnbiTe 1241 /npH E = 

= 7 ,3±0,8 F3B H MaJILIX q2 I, He 6biJIO o6Hapy>KeHo OTJIH"'HJI 

Y"'/Y _ OT eAHHHIJ;bl. 

B Ta6nHu;e B JaBHCHMOCTH OT x H y npHBeAeHLI 3Kcne

pHMeHTaJILHble 3Ha1.feHHJI Y+IY _ H3 pa6oTLI I 14IH TeopeTHl.fe

CKHe 3Ha1.feHHJI BeJIHl.JHHbl 

p p I 
R = <U: _,_(x,y)I<U: _(x,y)"' 1 + 20 (x,y), /24/ 

Haii:,B;eHHbie no ci>opMyJiaM )J;JIJI 0 I. KaK BHAHO, B BOCbMH TOl.f

KaX H3 ,B;eBJITH HMeeTCJI corJiaCHe Me>KAY Y+ IY _ H R B npe

,B;eJiaX O,li;HOrO CTaH,B;apTHOro OTKJIOHeHHJI, a B O,B;HOH TO "'Ke -

B npe,B;eJiaX ABYX OTKJIOHeHHH. Ha6JIIO,B;aeTCJI MOHOTOHHbiH 

poeT BeJIHl.fHHbl R c yseJIHl.feHHeM · x npH ci>HKCHposaHHOM 

y. 3KcnepHMeHTaJibHbie ,B;aHHble, 3a HCKJIIOl.feHHeM OAHOH 

TO"'KH, TaK>Ke 06Hapy>KHBaiOT TeH,B;eHIJ;HIO K TaKOMy pOCTY. 

0TMeTHM, OAHaKo, 'ITO B nro6oM cnyqae 3KcnepHMeHT I 141He 

JIBJIJieTCJI KpHTHl.feCKHM ,li;JIJI HaiUHX pe3yJILTaTOB, noCKOJibKY 

B HeM npou;ecc I 1/ He OTAeJIJIJICJI oT cl>oHa APYrHx B03MO>KHhiX 

npou;eCCOB C JienTOHOM B KOHel.JHOM COCTOJIHHH. 

HarnH pacl.feTbl 6onee cooTBeTCTBYIOT ycJIOBHJIM 3Kcne

pHMeHTa I 151, B KOTopoM npH H3MepeHHJIX npoH3BOAHJICJI 

yl.feT KaK CTaTHCTHl.feCKHX, TaK H CHCTeMaTHl.feCKHX 34>cl>eK

TOB. Haii:,B;eHHOe B 3TOM OnhlTe OTHOIUeHHe HHTerpaJibHblX 

cel.feHHii: paBHO: r 3 Kcn ·=Y+IY_-1 = 0,0027±0,0035. C 3KCne

pHMeHTaJibHbiM pe3yJibTaTOM Mbl cpaBHHJIH BeJIHl.JHHY 

Teop. p ) I .. ~ P r = f<U": 0 (x,y • 20 (x,y) If~ 0 (x,y), /25/ 

r,B;e HHTerpHpOBaHHe npOBOAHJIOCb no HCCJie,B;OBaHHOH sl15l 

o6nacTH I x , y I. 3aMeTHM, 'ITO B 3Toii: o6nacTH nonpaBKa 

0 I (x,y) MeHJieT 3HaK, TaK 'ITO npH HHTerpHpOBaHHH HMeeT 

MeCTO KOMneHCaiJ;HJI BKJia,B;OB OT pa3HbiX ee yl.JaCTKOB. Bbi-

l.JHCJieHHJI ,B;aiOT r TOOp. "' -0,001. 

TaKHM o6pa3oM, npose,B;eHHble 3Aecb pac'leTbl 3.n. 

K a,B;pOHHOMY TOKY B npou;ecce /1/ He npOTHBOpel.faT cy

IIJ;eCTBYIOIIJ;HM 3KCnepHMeHTaJibHbiM ,B;aHHbiM. 



Ta6Auija 
0THOWeHue Y+/Y _ BbiXO.IJ.OB no3HTPOHOB u 3JieKTPOHOB B 
npoueccax e+p u e-p r.H.p. B 3KcnepuMeHTe /14/u TeopeTu-
qecKoe OTHOWeHHe R .IJ.HcW>epeHu;uanLHLIX ceqeHBH 3THX 
npou;eCCOB B 3aBHCHMOCTH OT X H y. 

X 'J 't,jy_ R 
O,II 0,82 !,002 ± 0,025 0,995 

0,!4 0,?9 0,993 ± 0,024 0,99? 

O,I? 0,?5 0,996 + 0,026 - 0,999 
0,20 0, ?I 0,9?8 ± 0,024 I,OOO 
0,33 0,60 !,023 ± 0,018 !,004 
0,4! 0,93 0,9?3 + 0,022 !,028 -
0,48 0,92 I,OO? ± 0,02? I,03I 
0,59 0,46 I,OII ± 0,020 1,009 
0,64 0,89 1,032 + 0,038 - 1,044 

Bbipa)l(aeM rny6oKyJO 6naro,II.apHOCTb B .II.,ll.)l(enenoBy, 
r.B.MuuenbMaxepy 3a llO)J.,II.ep)I(KY pa60Tbl, a C.li.repacu
MOBy, A.li.roBopKoBy, B.l1.l1Ho3eMueBy, H.A.CaBHHY 
H.)].. B .lllHpKoBy 3a none 3HLie o6cy)I(.IJ.eHHH HeKOTOpbiX BO
npocoB. 
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IlpUAOJIC€HUe 

IlpHBe.IJ.eM llpH6JIH)I(eHHble Bblpa:>KeHHH .Il.JIH pa3JIHqHbiX 
BKJia.IJ.OB B ceqeHHe /19/ B CJiyqae f+N-pacceHHHH, llOJiy· 
qeHHble H3 ToqHblx 4JopMyn pa6oT /1e,l?/ npu ycnoBHH S, X, 
Sx, Y,S 0 ,X 0,vmax>>M 2 .HanoMHHM,qToB/19/S = c;sN, 

X= c;SJ1-y), S X= S- X, Y = SNxy, v = S X- Y = SNy(c; - x), 

S
0

=xSN, X 0 =xSN(1-y), vmax=SNy(l-x). 

ao 
2rra 2 T 
--=a I 
y2 g2 oc;=x' 

T=S 2 +X 2 ; /Al/ 

.. M2 
J(Y,v) =2(Y -1)+f(2f -r +fA)+f

2(e --- -1), 
m I A u 

r.ne 
2 .. 

Y X S o (X+ Y) o o (S ~-X) f - e - e = --r n ----, ( =t Pi • 
fm=fn;-2, r- nS, A X+Y m2r A /A2/ 

2 
y sx 

r =- ·fn(-2), 
u s X M T 

2 
T =M +V; 

J(Y,O) = J(Y,v)l c; = x = 2[f m- 1 +2ff'r + f 
2
(f M- 1)}, / A3/ 

r.ne 
Xo 

yo =En-= f ~ 
r S r 

0 

Y. o _ r 1 = rn- . 
tM- u c;=x M2 

( ,IR A I vmax 1 2 "2 o SOXO 
u +o ) t: =J(YO) fn--- --f + -- + ff fu--+ 

V R s =x ' 2mM 2 m 6 r m4 

2[ M 1 2 rr 2 + r 2(1- e ) en- - - e + ~-J · 
M m 2 M 6 ' /A4/ 
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F 
Bvle=x =Do +f82Y' 

+ r 2 c_Q_e - 2) -2 M 

13 2 y 38 
8 = "F"e +-en-.,.- -+ 

0 o m 3 m"' 9 
e 

/AS/ 

06bi'IHa.ll WBHHrepOBCKa.ll nonpaBKa /AHarpaMMbl 2,3,6/, 
BKJIIO'IaiOI.Qa.ll BKJiaA llOJI.IlpH3ai.J;HH BaKyyMa JJieKTpOHOM H 
MIOOHOM, a 

B _ 1 [( 2 2 2X 8 
2y ___ 2_2 So+3XoHn-!!-(X2+382)en2 o 

2(8 
0
+X 

0
) y o o Y + 

Xo 8 o 2.- 2 2. 
+ 2Y(S en- +X En---)+ TT ~s -X ,Jl-

0 y 0 y 0 0 /A6/ 

BKJiaA AHarpaMM ABYXcPOTOHHOrO 06MeHa 7 ,8, OCTalOI.QHHC.Il 
nocne BbiAeJieHH.Il HHcilpaKpacuo- pacxoA.IllllHXC.Il qneuoa. KaK 
BHAHO, B paccMaTpHaaeMoM npH6JIH*eHHH 3 2y ue coAep
:>KHT Mace 'laCTHU H 3aBHCHT TOJibKO OT nepeMeHHOH y . 

llonpaaKa 

s S X 2v2 
8 I e =X =J(Y,O)En2 + fn-Q___Q_ -.! r . fn s~ 0 

m2M2 2m Ym2M4 

1 2 TT 2 2 2 11
2 

_ -'l:{E 0
)- --- - 2reo • e + r (1+ r -2e - --) 

2r 6 rM MM 3 

/A7/ 
OTBe'laeT 'laCTH BKJiaAa M.llrKHX cPOTOHOB, He COAep*ai.Qeii: 
HHcPpaKpaCHOH paCXOAHMOCTH. 

11cnoJib3Y.Il ~A2/, I A3/, Mbi Bbi'IHCJIHJIH HHTerpan /17 I 
H HaWJIH, 'ITO 8 1 =fD 1+f~zrAe 
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xy 1 SJ1-xy) 1-xy "2 o =yUn-- · fn--- -<ll(---) + -] + 
1 1- xy m 2y xy 1 6 

y X 8rl (y +Xy) y 1 + xy 2 
+ - [fn--- fn 1 1 <ll(---h ..E._]+ 

Y 1 y 1 + xy m2y x 6 

Y1X1 x 1 
+ 2<1l(- -) - 2<1l(- --)' /A8/ 

x xy 
1 

1 2 y X 1 Swr X 1 TT 2 
8 2 = 2f ·fux-- fn -- + fn--- + <ll(x 1--

M 2 M2 M2 t 6 

/A9/ 

z fu(1-t) 
3AeCb X 

1 
= 1-X , y 

1
= 1-y , a <IJ(z) =- f . dt - cPYHKI.J;H.Il 

Cneuca. _ o 

CKJiaAbiBa.ll I A4/ 7/ A 9/, nonyqaeM KoMnaKTHoe Bblpa*e
uue AJI.Il nepaoro cnaraeMoro B ce'leHHH /19/: 

lR F H 
(o + 0 v ) I e = X + 8 1 = 

Y
2

X1 1 2 13 2 Y =(P -1)fn--- ---fn y 1+ -P +-fn--
m x2y 2 6 m 3 m 2 

1 e 

y2x4 
+ f(fny 

1
• fn --1 + 8 2Y + 8 1 ) + 

X 4y 1 

..!fL + 
9 

2[1 - 1 2M
2
x1 Yx " 2 

+ f -(1 - e ) . e - -en --- + fn-- -1- - + 
2 M M 2 Y M2x 3 

1 

+<ll(x il· /AlO/ 

H 
BKJiaA di 2 cornacuo /18/ H c y'leToM I Al/ HMeeT BHA 

H 2 
1 ~ di 2=!:..( a

0
dxdy J--[Sf(f)-S f(x)]J(Y,v). 

TT xe-X 0 

OcTaBWYIOC.Il qacTb BKJiaAa *eCTKHX cPOTOHOB 
CTaBHM B BHAe CYMMbl 

F 32 F F 2 F 
diR =l?a f dxdy(I, 0 +~ 1 + f !. 2), 

rAe 

/All/ 

di~ npeA-

/Al2/ 
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1 n e " ~~= f f(~d,;-1__:\- _!A_+ 1 (SxV+M2Y)2 
X s 2 28 2X sfn---x M2V 2 7 

2 vT 1 1 T S 
- -[f + --- -1 +-(X+ --Y + -Wn-- + 

Y rn 2SXY S 2 Y mM 

+ _!_ (S - __!_ y _ ..:!_ )P X X 2 y .nmM]l, /Al3/ 

F 
1 

1 2 ~ =-Jf(,;)ct,;_Q-l(S+X)[_!_o Sx(X+Y)(S-Y) 
1 Y x s2 tn + v SXr2 

2 2 
y (Sxv+M Y) 2Y 

+ --Pn------ - --- + 
vS g2y2 g2 

X X X 

y ] + 
(X+Y)(S-Y) 

T " + -y-[PA-PA -2(1-2_!_)e]- 2Y p I 
v S r S r ' X X 

/Al4/ 

F 1 1 D1 Y 1 
~ =- f rc,;)ct,;- -IT (1+--)(1---r) -

2 Y 2 x s 2 Sx s x 2 u 

2 )2 
- -{-CYT-4SXv)+ ~[ 3(SY -Xv + (S- yf -2(X + Y)

2
]!. 

Sxr 4r2 S~ /Al5/ 

3)1.eCb, KaK H B /3/, JIK06HaH D = S J c;. 
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