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MTOPh AJIEKCEEBH1I CABHH 
' 

Hropb ArreKceeBWI Camm po,n;unc.H 7 ,n;eRa6p.H 1930 r. B r. ,IJ:.HTbROBO 
Bp.HHCROii o6JI. B 1949 r. nocne .OROH"t!aHH.H IIIKOJibi OH noczynuJI Ha <l:Ju3H"t!e

CRHii <PaRyJibTeT MrY HM. M. B. JloMoHocoBa, ROTOpbiii 3aROH"t!HJI B 1954 r. • 

C 19 <PeBpaJI.H 1955 r. H. A. CaBHH pa6oTaeT B .IJ:y6He BHa"t!aJie B 3JieR
Tpo<l:Ju3H"tiecRoii na6opaTOpuu AH CCCP, a nocne o6pa3oBaHH.H OUHH -
·~·· Jla6opaTOpHH BbiCORHX :mepruii. , 

Hropb ArreRc~eBH"t! CaBHH - RpynHbiii cnerwanucT B o6nacTH 3Rcnepu
MeHTaJibHOll <l:Ju3HRH 3JieMeHTapHbiX "t!aCTHIJ; BbiCORHX 3Heprllii. IJop; ero py
~KOBO,D;CTBOM H npu Henocpep;cTBeHHOM yqaCTHH 6b1JIH BblnOJIHeHbl nepBbie 
a:KcnepuMeHTbl Ha npoTOHHbiX ycRopuTeJI.HX B CCCP u EBpone: 10-r3B cuH

XP.OcPa30TpoHe OH.HH, 28-r3B u 70-r3B cuHxpoTpoHax IJ;EPH u H<DB3. 
• 9TII:MH pa6oTaMU 6biJIH 3aJiomeHbl HayqHble H MeTO,D;H"t!eCRH:e OCHOBbl ,D;JI.H 

yqacTHH OH.HH B nepBoM coBMecTHOM RpynHoMaciiiTa6HoM 3RcnepuMeHTe 
NA~4 B IJ;EPH no uccne,n;oBaHuro rny6oRoHeynpyroro pacce.HHH.H MIOOHOB Ha 
HyRJIO~ax n Hp;pax Ha 400-r3B npoTOHHOM cuHxpoTpoHe. 3ToT 3RcnepuMeHT 

, H3MeHuJI RaqecTBO u Macmra6bi coTpy,n;HH"tiecTBa OH.HH c ,n;pyruMu Hayq

HbiMH IJ;~HTpaMH. 

OcHOBHhie 3Tanbl HayqHoii ,n;e.HTeJihHOCTH H. A. CaBuHa: 

1955.,.....1957 rr.- yqaCTBOBaJI B pa3pa60TRe p;eTeRTOpOB.H 3JieRTpOHHRH 
· ,D;JI.H H,D;eHTH<l:JHRaJWH "t!aCTHIJ; H npoBep;eHH.H HCCJie,D;OBaHH:ll Ha CHHXpo<l:Ja30-
TpOHe (CJWHTHJIJI.HJWOHHble H qepeHROBCRHe C"t!eT"t!HRH, HCRpOBble RaMepbi). 
C ux noMo~ro Ha co3p;aHHbiX ycTaHOBRax BnepBble B CCCP Ha6nro,n;aJIHCb 

aHTHnpOTOHbl. 

1957-1964 rr. - pyROBO,D;HJI H yqaCTBOBaJI B cepHH 3RCnepH:MeHTOB 

Ha CHHXpoclJa30TpOHe 011JII1 no H3MepeHHIO nOJIHbiX H ynpyrux Ce"t!eHHll 
B3auMo,n;eiicTBHii n- u K-Me3oHoB; HHHJWH:poBaJI 3RcnepuMeHT, B ROTopoM 
6biJI 06HapymeH nHR B ynpyrOM pacce.HHHH n+ -Me30HOB Ha npOTOHaX Ha 
yron 180?. ' 

1965-1966 rr.- yqaCTBOBaJI B 3RCnepHMeHTaX no H3yqeHHIO s<l:J<l:JeRTOB 
HapyiiieHH.H CP-HHBapuaHTHOCTH B pacna,n;ax HeiiTpaJibHbiX K-Me30HOB 
B IJ;EPH; B 3THX 3RCnepHMeHTaX 6biJia o6HapymeHa HHTep<l:JepeHIJ;lt.H B pac
na,z::r;ax K 8 - u KL -Me30HOB Ha ,z::r;Ba 3ap.HmeHHbiX nuoHa, no,z::r;TBep,z::r;uBIIIa.H Ha~ 
pyiiieHue CP-HHBapuaHTHOCTH. B 1967 r. 3aiiiHIIJ;eHa RaH,z::r;n,n;aTcRa.H ,z::r;uccep-

. TaJW.H no pe3yJibTaTaM BbiiiOJIHeHHbiX pa60T. 
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1967-1973 IT.- npe,D;JIOjKiiJI Ii ocy:rn;eCTBHJI nporpaMMY IiCCJie,D;OBaHHSI 

SIBJieHHSI pereHepa:wm KOpOTKOmHBYIII;IIX HeHTpaJibHbiX KaOHOB Ha Be:rn;e

CTBe Ha YCKOpHTeJie B ll<DB3, ,D;JISI BbiiiOJI~eHHSI KOTOpOH 6niJia C03,D;aHa HO
Ba.H 3KCnepHMeHTaJibHaSI ycTaHOBKa - 6ecqmJibMOBblll IiCKpOBOH CIIeKTpO

MeTp (BllC). Bnmo ycTaHOBJieHo, qTo ceqeHHe pereHepau;HH yMeHbmaeTcSI c 
pocTOM HMnyJI~>ca K-MeaoHOB no aaKoHy, cooTBeTCTByro:rn;eMy npe,n;cKaaaHH
SIM TeopeMbi IIoMepa~yKa o6 acHMIITOT~ecKoM noBe,n;eHHH noJIHbiX ceqe

HHH B3aHMO,D;eHCTBiill qacTHI.J; Ii aHT~aCTHI.J;; no,n;TBepm,n;eH «cepnyXOBCKOH 
a<l><l>eKT>> B 3HepreT~eCKOH 3aBHCHMOCTii pa3HOCTH nOJIHbiX ceqeHHH pacce
SIHHSI qacTHI.J; H aHT~acTHu;. Pa6oThi no pereHepau;HH HeH:TpaJihHbix KaoHoB 

CTaJIH KJiaCC~eCKHMH, HX peayJibTaTbl 6biJIIi BHeCeHbl B MlipOBbie Ta6JIHI.J;bl 
,n;aHHbiX. OHM. cocTaBHJIH ocHoBy ,n;oKTopcKoH: ,n;HccepTau;HH, aa:rn;H::rn;eHHoH: 
ll. A. CaBHHbiM B 1975 r. 

1975-1990 rr. - pyKOBO,D;HJI co cTopoHbi Oll.Hll rrepBbiM COBMeCTHbiM 

Oll.Hll-I.J;EPH aKcnepHMeHTOM NA-4. Bnma o6HapymeHa r-Z-HHTep<l>epeH
u;HSI B 3JieKTpOCJia6biX B3aHMO,ZJ;eHCTBH.HX MIOOiiOB Ha .H,n;pax, KOTOpaSI yKa3bi
BaJia Ha cy:rn;ecTBoBaHHe Z-6oaoHa, OTKpbiToro qepea 1,5 ro,n;a; H3MepeHbi 

CTpyKTypHbie <l>YHKI.J;Hli npOTOHOB Ii ,n;eH:TpOHOB C BbiCOKOH TOqHOCTbiO; ,D;OKa
aaHO, qTo aaKoHoMepHOCTH noBe,n;eHHSI cTpyKTYPHbiX <l>YHKI.J;Hil B aaBHCHMO-. ' ' . . ~ . 
CTH OT KHHeMaT~eCKHX nepeMeHHbiX COrJiacyiOTCSI C npe,n;cKa3aHHSIMii TeO-
pHH KX,U; onpe,n;eJieHa KOHCTaHTa CBSI3H CHJibHbiX BaaHMo,n;eH:cTBHH '- na

paMeTp TeopMM KX,U; ,n;oKaaaHo, qTo CTPYKTYPHI>Ie <l>YHKI.J;HH CBo6o,n;HbiX H 
CBSI3aHHbiX B .H,n;pe HYKJIOHOB pa3JI~aiOTCSI. 3<P<l>eKTHBHOCTI:i Ii 6eayrrpeqHoe 

<l>YHKu;HOHiipOBaHHe KOJIJia6opau;HH B I.J;EPH o6.HaaHbl BbiCOKOMY HayqHOMY 
aBTopMTeTy H 6JieCTSI:rn;eMy opraHHaaTopcKoMy TaJiaHTY ll. A. CaBHHa. IIep
Boe paBHOnpaBHOe COTpy,n;H~eCTBO C QEPH CIIOC06CTBOBaJIO pa3BHTHIO B 
Oll.Hll caMoH: nepe,n;oBoH: TeXHOJIOrnH coa,n;aHHSI H MaccoBoro npoHaBo,n;cTBa . 
nponopi.J;HOHaJibHbiX KaMep- COBpeMeHHbiX ,n;eTeKTOpOB 3JieMeHTapHbiX qa
CTHI.J;, BHe,n;peHHIO HOBeHillliX, cpe,D;CTB Ii MeTO,D;OB o6pa60TKH 3KCnepMMeH
TaJibHbiX ,D;aHHbiX, ycTaHOBJieHHIO npoqHbiX HayqHhlX CBSI3eH C MiipOBbiM Ha
yqHbiM u;eHTpoM. 3To ~oTpy,n;H~ecTBO noaBOJIHJIO peaJIHaoBaTb HayqHo-Me
To,n;~ecKHil rroTeHu;HaJI Oll.Hll H cnoco6cTBOBaJio noBbimeHHIO aBTOpMTeTa 
Oll.Hll. B 1977 r. ll. A. CaBHHY npHCBOeHo aBaHHe rrpo<l>eccopa. 

1989-1995 rr.- PYKOBO,D;HJI co cTopOHbi Oll.HllaKcnepHMeHTOM NA-47 
no HayqeHHIO cnHHOBoH: cTpyKTYPbi HYKJIOHOB. BniJIH H3MepeHbl aaBHCSIIII;He 
OT CnHHa CTpyKTypHbie QJYHKI.J;Hli npOTOHOB Ii HeHTpOHOB; ycTaHOBJieHO CO-
rJiaCHe me noBe,n;eHHSI c npe,n;cKa3aHHSIMii KX,U; ,D;OKa3aHbl ;BbiiiOJIHHMOCTb " 
<PYH,n;aMeHTaJII>Horo npaBHJia cyMM BnepKeHa H HapymeHHe npaBHJia cyMM 
3JIJIHCa-,Uma<P<Pe ,D;JISI 3THX <l>YHKI.J;HH; o6HapymeHO, qTo BaJieHTHbie KBapKii 
BHOCSIT MaJiblll BKJia,D; B CnHH HYKJIOHOB, aU- Ii d-KBapKH nOJISipli30BaHbl rrpo

THBOIIOJIOmHO. 

1996-2006 rr.- PYKOBO,D;HJI co cTopoHbi Oll.HllaKcrrepHMeHTOM NA-58 

(COMPASS, I.J;EPH) H aKTHBHO yqacTBOBaJI B aKcnepMMeHTe HERMES 
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B DESY (fepMaHHH). 3TH ::mcnepnMeHTbi npo,n;onmmm H3ytieHne cnnHOBoii 
CTPYKTYPbl HYKJIOHOB. 

C 2006 r. no liacToHrn;ee BpeMH H. A. CaBHH HBJIHeTcH Hayq:HniM pyKoBo
,n;nTeJieM H aKTHBHbiM yqacTHHKOM ;mcnepnMeHTa COMPASS B UEPH. 

B OH.HH H. A. CaBHH pyKoBo,n;HJI ceKTopoM, oT,n;enoM. B 1989 r. Ha aJib
TepHaTHBHOii ocHoBe OH 6niJIH36paH Y'IeHniM coBeToM OH.HH ,n;npeKTopoM 
HOBOii na6opaTopnn HHcTnryTa - Jia6opaTopnn CBepXBhlCOKHX ;meprnii, a 
B 1992 r. nepeH36paH Ha HOBniii cpoK. 0cHOBHaw3a,n;aqa na6opaTopnn
BhlnOJIHeHne nccne,n;oBaHnii Ha BHeiiiHHx ycKopnTeJifiX (B H<I>B3, UEPH, 
DESY, RICH H ,n;pyrnx irccne,n;oBaTeJII>CKHX MHPOBbiX n;eHTpax). H. A. Ca
BHH KaK ,IJ;H:peKTOp 60JibiiiOe BHHMaHH:e y,n;eJIHJI pa3BllTlliO HaytiHO-MeTO,lJ;ll
qeCKOH 6a3I>I na6opaTopnn, no era HHHIJ;HaTH:Be 6nm cyrn;ecTBeHHO paciiiH
peH <}lpOHT COTpy,n;Hll'IeCTBa C Be,n;yrn;HMll HaytiHbiMll n;eHTpaMH MH:pa (3KC
nepHMeHTbl B DESY (HERMES, H1), B BpyKxeiiBeHe, CiliA (STAR)). 
BHacTomu;ee BpeMH H. A. CaBHH- no'!eTHI>Iii ,n;npeKTOp Jia6opaTopnn <Pn-
3HKH BbiCOKHX 3Heprnii OH.HH. 

. Hayq:Ho-ne~arorll'!ecKHii eTa~ H. A. CaBnHa cocTaBJIHeT 6onee 35 neT, 
. no,n; era pyKOBO,lJ;CTBOM 3alll;llrn;eHO 8 KaH,IJ;H:,IJ;aTCKllX ,n;HCCepTaiJ;Hif, OH 16 JieT 
6nm npe,n;ce,n;aTeneM ,n;nccepTaiJ;HoHHoro coBeTa Jia6opaTopnn <Pn3HKH 'Ia-

, CTHIJ;, pa6oTaJI npo<}leccopoM Ha Ka<}le,n;pe 3JieMeHTapHI>IX qacmn; <Pn3ll'Ie
cKoro <PaKyJinTeTa MrY. B HacToHrn;ee BpeMH H. A.CaBH:H HBJIHeTcH npe,n;
ce,n;aTeJieM KOMHCCHH no 3alll;llTe ,n;nnJIOMHhlX pa6oT Ha 3Toii Ka<}le,n;pe. 

3a Hayq:Hnie ,n;ocmmeHHH H. A. CaBHHY 10 pa3 npncym,n;aJIH:Cb npeMHH 
OH.HH. OH HBJIHeTCH aB'i'opoM: (coaBTopoM) 6onee 300 HayqHniX H Hayq:Ho
MeTo,n;ll'IecKHX ny6JIHKaiJ;Hii. 

3a Hayq:Ho-npoH3Bo,n;cTBeHHI>Ie ycnexn H. A. CaBHH Harpam,n;eH op,n;e
HOM Ilo'IeTa P<I> (1996), Me,n;aJIHMH «3a Tpy,n;oBoeoTJIH:'I~e» (1986), «3a Tpy
,IJ;hlll ycep,n;ne» (2006), «Y,n;apHHK Tpy,n;a» (BHP, 1976), 3oJioToii Me,n;anniO 'Y:e
xocnoBan;Koii AH, reoprH:eBCKOH Me,n;aJibiO AH YKpaHHbl «'Y:ecTb. CJiaBa. 
Tpy,!J,)> 4-ii creneHn, 3HaKoM ry6epHaTopa MocKoBcKoii o6nacTH; B 2007 r. 
eMy npnc_BoeHo 3BaHne «3acnymeHHhlii ,n;eHTeJII> HayKH PoccniicKoii · <I>e,n;e-

. paiJ;HID>. 
liiHpOTa B3rJIH,IJ;OB, BbiCOKllll npo<}leCCllOHaJIH:3M, KOHIJ;enTyaJibHOCTb 

MbiiiiJieHHH H. A. • CaBHHa CHHCKaJIH eMy aBTOpH:TeT cpe,n;n Hayq:Hoii o6rn;e~ 
CTBeHHocm Ha Mem.n;YHapo,n;HoM ypoBHe H B Poccnn. · 
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B. r. KpueoxuJICu1l, 
B. B. KyxmuH 



IIT8, .VI! 3, 1956 

OB :0:3MEPEHIHI CROPOCTJii liACTJiiiJ; METO.l(OM JiiHTEPcDEPEHIJ;:O::O: 
Jii3JIYtiEH:O:JI BAB:O:JIOBA-liEPEHROBA 

IO. A. MATYJIEHI\0, H. A. CABHH, B. C. CTABHHCRH1l 

8JreRTpo<f>nanqecRSJI na6opaTopnli AH CCCP 

(IlO.II1f'teno 11 won.~ 1956 e.) 

B CTaTLe paccMaTpHBaeTCII B03MOlRHOCTL HCHOJih30BaHHII HHTep<f>epeHJIHH H3JIY'IeHHII 
Bannnona- tjepeHRona lJ.IIII naMepennH cRopocTn aapHlRennoii peJIHTHBHCTCRoii: 'laCTHJILI. 
C nOMO!IIhiO npeAnaraeMoro MeTol!.a BOaMomno nony'lenne paapewennH no CKopocTn <l(3"'10:-4+10:-5.' 

Heo6xo.n;nAu>re reopernqecime npe.n;noci.Imm 
ncnoJIL30BaHnJI HHrep4iepem~;nn narrytieHnJI 
Bannrrona-qepeHRona .n;aHI.I B pa6orax 
M. M. <DpaHRa [1), [2). 

RaK nanecrHo, npn npoxom,n:eunn aapmuerr
noii 'lacrmJ;I.I 'lepea cpe,n:y (pa.n;narop) co cRo
pocrLro, npeni.ImarollJ;eil: 4iaaonyro CRopocrL 
cnera B aroii cpe~.~:e, qacrnn:a narryqaer cner. 
8ro naJiy'leHne nMeer Henpepi.IBHI.Iil: cneRrp 
II peaRyro HanpaBJI()HHOCTL; ero MOlKHO pac
CMaTpliB.lTL RaR II3JIY'lenne 6eCROHe'lHoro 'IliCJia 
TO'le'IHI.IX ROrepeHTHbiX IICTO'IHHROB, pacno
JlO'ReHHI.IX Ha rpaeRropnn .'IaCTHII;bi. Yrorr 
CBe'leHHJI 6 R HanpaBJieHHIO ,ll;BHlKeHHJI 'laCTHII;bi 
onpe.n;eJIJieTcJI co6rnomeH:u:eM cos 6 = 1/no~o, 
r.n;e no- Roa4i4inn:neHT npeJioMrreHnJI 'cpe.n;bl, 
~0- CROpOCTL 'laCTHII;I.I B e)I;HHHll;aX CROpOCTH 
CBeTa. 

PaccroaHne Mem.n;y MaRcnMyMaMn panno 
Al.m = l.m I m II norrymnpHna MaRcnMyMa (l)m, 

COOTBeTCTBeHHO, (l)m =[(1- R)/'- VRJ .6.1.m, r.n;e 
R - RoaMn:n:neHr orpameHnJI noJiynpoapa 'IHI.Ix 
nonepxHocreii. 

Ecnn nponycrnrL cner c raRnM cneKTpoM 
'Iepea HHTep4iepenn:noHno-rroJiapnaan:noHru.rfi 
CBeTo«!iiiJILTp [3}, [4), HMeiOIII;IIH paCCTOHHIIe 
Mem.n;y MaRcnMyMaMn rrporrycRaHnJI, panHoe 
Al.m, TO ,n:eTeRrop, CTOJIIII;nii: nocrre Hero, 6y
.n:er perncrpnponaTL 'IaCTHD:I.I, HMerorn:ne CKo
pocTL ~0 • 

Ecrrn noCJie pa.n;naropa nocrannrL liJIOCRo
napaJIJieJILHyro nrracrnHRy c noJiynpoapa'lni.IMir 
3epRaJILHbiMII llOBepXHOCTIIMH (HHrep4iepo
Merp <I>a6pn-llepo) nepneH)l;HRYJIJipHo R rpa
eRropnn 'lacrnn:I.I, TO B Heil: 6y.zie't nponcxo
.ll:HTL HHrep4iepeHn:nJI Jiyqeil:, npnme.n:mnx H3 
pa.n;naropa n MHoroRpamo orpaaunmnxca or 
noJiynpoapa'lHbiX crroen. B peayJILTare HHrep
l.!iepeHn:nn H3 liJiaCTHHRH BbiH,ll;eT JlHHeiJ:qaTI.IH 
cneRrp, nn,n: ROToporo cylll;ecrnenno aanncnr 
or yrrra &, a crre,n:onarerrLHo, u or CRopoc:m 
'laCTHII;I.I ~ o. 

C ll3MBHeHHeM CROpOOTll 'IaCTHII;bi BbiXOIJ;JI
lli;Hii: na · pan;naropa cneKTp c.n:nnraeTcH. C.n:niir 
ClleKrpa OJ.m = ),m- ),;.. (r.n;e ).;.. - MaKCHMYMbi 
IIHT()HCHBHOCTII .II;JIJI CROpOCTH ~1) B 3aBHCHMO
CTII OT ll3MeHeHIIJI CKOpOCTH A~ = 'Jlo- ~1 .II;aeT
CH paneHCTBOM o).m:::::::: A~l·m· Ecnn CROpOCTL ~1 
TaRona, 'ITo A~ d: (1 / m) (1- R) I 'It Vli, T. e. 
ol.m d: [(1- R) I 'It VRJ AAm, TO CBeTo4inJILTp, 
HacrpoenHblii: Ha nponycRaniie cneRTpa OT 'la
crnn:bl co CitopocrLro ~0 , ne nponycTnT cneRTp, 
COOTBeTCTBYIOIII;Hii: CROpOCTH ~l· QqenH)l;IIO, 'ITO 

• cyiii;eCTnyeT Ha6op nepaann'IHMbiX cRopocTeii: ~;, 
ii;JIJI ROTOpbiX ~i- ~i+l ::;:,:: 11m. 

CJie)l;oBaTeJILno, .II;JIIl Bbl,ll;eJieHnJI CROpOCTH 
~o Heo6xo.n;nM npe.n;naprrreJILHblii: aHii.Jina no 
CROpOCTJIM. ,ll;JIJI H3BeCTHOrO COpTa 'IaCTIUI; 31'0 
MO'RHO C)l;eJiaTL 1 HanpnMep, C llOMOlll;LIO aHaJIH-
3Hpyrolll;ero MarHnra, o6ecneqnnarolll;ero TOTJ· 
HOCTL Bbl,ll;eJieHIIJI no IIMnyJILCY 

MaRcHMyMbl HHTeHciinHocrn cneRrpa npn
.n;yrca Ha ,ll;JHIHbi Bonn, y.n:onnernopJIIOIII;ne co
ornomennro ),m = A I m, r.n;e A - paaHocrL xo.n;a 
Mem.n:y .n:nyMJI coce.n;HHMn HHrep«Pepnpyroiii;IIMH 
nyqaMn, m-nopa.n;oR nrrrep4iepeHn:nn (A=2dx 
X V n~- ng + 11 ~~. r.n;e ni> d- Ima«P!fmn:n
~HT npeJIOMJI()HHJI If TOJIIII;UHa liJiaCTllHRll). 
44 
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!1p 1 ' 1-R 
p ~2m (1- (30 ) • r. V"il ' 

r.n;e p - nMnyJILC qacrnl\bl. 



OB H31!EPEHHH CKOPOCTH qACTHQ IIT9, J\9 3, 1956 

BamiiiJM o6cToJITel1bCTBOM JIBJIJieTCJI TO, 
'l:TO ' }J.l11I liOCTOIIHCTBa BbiXO}J.JI~ero cneKTpa 
neo6xo}J.HMO, 'IT06bl qacnm;a npoxogHna qepea 
pagHaTop napanne:rzLIIO ocrr 6ea pacceJIHnJI. 
Momno noKaaaTL, 'ITO npoxom}J.eHne no.n; 
yrnoM K ocn n:nn MHoroKpaTnoe pacceJinne 
npHBO}J.IIT K ymnpeHHIO JIHHHH BbiXO}J.JI~ero 
CIIeKTpa If yMeHbiDBHHIO HHTBHCHBHOCTH B Ma
HCIIMyMe. Ilpn }J.OCTaTO'IHO 60JibiDOM yrne pac
ceJIHIIII B006~e 6y.n;eT BbiXO}J.HTb CIIJIOIDHOH 
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crreKTp. 8TOT yroJI aoc~~~-paapemaiO~aJI CIIO
C06HOCTb I1pn6opa. 

8ro o6CTOJITeJibCTBO orpaHII'IHBaeT alf>lf>eKTHB
HOCTb C'leT'IIIKa. 
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1. II. E. T uus, H. M. <I> p a H R, ,I:(AH,1937,14, iOi. 
2. H. M. <I> p a H K, ,I:(AH, 1944, 10, 8, 354. 
3. B. L yo t, Ann. Astrophis., 1944, 7, 1-2, 31. 
4. Po a e H 6 c p r, Y<DH, 1952, 47, 2, 173. 



qEPEHKOBCIUI:R cqE~HK, HCTIOJib3YIO~Hll llOJIHOE 
BHYTPEHHEE OTP AiKEHIIE 

A. C. BOB~HKO, A. JI. JIIOBHMOB, 11. A. ~HH, B. C. CTABHHCKllll, T •. T. CTOll'IEB 
06'Lep;unenllhlii. BBCTBTYT Hj~epmu uccJieAOBBBBii. 

(IIo.-irumo 2 cenm.Mp 1959 s.) 

OJIBcnna RODCTp~H 'l'epeHRoncRoro C'l'llT'!Htla, Rcnont.ayrom;ero nonnoe nnyrpea· · 
Bee OTP8lKeBBe .B3JIY'IeBBH OT rpaBB~ paaj~eJIB, IlpBBCAem.t peayJILTam BCDLITBBB.Il C'leT
'I'BHB, 

Ha coupeMemmx ycxopnTenax o6wiuo Icy"'Klt 
COCTO.IlT B3 'I'BCTl!~ C p8311W:IIH BllB'I_eHillllloiB lloiBCC, 
BYAeJIBTt. 'IBCTBI{W TOii BJ!Il A(>yroii lloliiCCLI MOlRUO MB
TOJtOH ODpej~eJteBBII BMnyJit,ca H CKOpOCTB, flo IIMnyJILCY 
'IBCTBI{W COpTBpYJOTCII lloiBrHIITHLIM DOJieM, CROpOCTb 
ODpej~eJI.IleTCJI' pBBJIB'THOrO pOAB 'lt'peHRODCKBMll C'ICT• 
'IBKBlloiB. B TBX CJIY'!'a.llX, KDrjla Tpc6yCTCR peruCTpH• 
pOBBTL 'IBCTB~ CO CKOpOCTt.IO MeHbme ODpep;eJienuoii: 
BeJIB'I'BHLI, yp;o6DO BCDOJib!IOBBTb .llBJienne DOJIBOro 
B&yTpennero OTpameBHa qrpenxoncuoro uany'!eiiBII OT 
rpaBB~ paap;ena. C'IEIT'IDKH, OCROB3Hm.te Ba &TOM DpH R• 
~ue, yme npuMeHIIJIHCL 111. AuTopallolll paapa60Tana 
tOBCTPYK~II C'leT'UIKa, pa~OTaiOm;ero B6JIH3H rp~ 
IpHMemiMOCTB DpBB~a. 

8 

OI111CAHHE 'II IIPIIHI(llli~EllCTBHJI 

Ha.puc.i,a u 6 cxeMam'lecmt uao6pameuo 
YCTpOiiCTBO. C'ICT'IIIKB. tiepeHl(OIICKHii CDeT OT · 
aapamcnuoii "'acrunLr, npoxo;uuneii 'lepea 
pap;Harop, nap;aer ua nepcp;m1ii ropeD; DOA 
p83HhlAIH yrJIBMII B 38BII'CIUIOCT.Il OT CKOpOCTH. 
,IJ.nn "'BCTIIII, CO CROpOCTbiO ~O =-= (ni _;, n~t'la 
yroJI UIIACHIUI panen yrJiy DOJIHOrO BeyTpeR· 
Hero orpaiKPHIHI. Coer or 'IBCTIIll, co cKopocTLIO 
~s>~o ncnhiTLrBaeT noJIBOe anyrpeHitc~ orpa-

119 
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Puc. 1. Cxeuam"'eeKRii:· DBA C"'eT'II!Ra. 1- p.IO· 
paJieBLI~ ROnTeii:ncp fJ 10 c.M, TOJIIII,l'IHOH 3 c.M, 

2- aap.HJI.H RpLiliiRa C 6apxarou, 3- CTC• 
RJI.HHBa.H MBCTllHRa TOJIIll,l'IHOH 1 .w.u, 4- aep· 
RBJI0 1 5- ciJoTOyMHOlfOITenB !lJ9Y-33, ni- IIO• 
RaaaTenL npenounemm cpcALI (pwaropa), 

90- .yron nonnoro BnyTpennero OTpamenn.H 

meHHe H norJiom;aeTcH na aaf{neii CTenRe ROH· 

reiiHepa, DORpLITOii '16pW 6apX8TOM. ,Il;JIH 

'18CTHI( CO CROpOCTbiD ~1 < ~o HSJiyqeHHe BLI
XOf{HT H3 p8AH3T0p8'H DOD81{3CT H8 f{B8 ~0-
TOyYHOml!TCJI.II <ll9Y-33, p3CDOJI0)J{CHHLIX HR

)1(6 ny'!Ra qacml(. KamALiii <ll9Y HMeeT OT

ACJILHLiii DLIXOf{. ,Il;JI.II yJI}"llllCHH.II C06Hp8HHll 
CBCT8 liCDOJIL3YCTCll. aepRaJIO CDe~aJILHOii 
'cpopMLI. MnHHM8JILH3JI paaHHn;a Memf{y cRo

pocTllMli ~1 H ~0, C OAHOii CT0p0HLI1 H ~~ B 
~o .;.... C Apyroii, a. CJI6AOD8T6JILHO, H paspeme

'Blre C'leT'lliita no · cKopocm 6~ = ~~ - ~1 
onpef{eJIJIIDTCJI Ancnepcneii cpef{LI, MHOroRpaT

HLIM pacceJIHHeM H ll1{CpHLIMH B38liMOf{iliicT

BliJIMli '18CTliJJ; B . p31{ll8TOpe, paa6pOCOM no 

l!lMnyJILCy H KOJIJIHHeapHOCTbiD '13CTHI( B ny'llte. 

On;eHRH noKaaLinamT,. 'ITO 6~ = 0,05. Ta

Kl!IM o6paaOM 1 CCJill.~l =.1, TO M3RCliM8JILH8JI 

CKOpOCTb, ROTOpaJI MO)I(eT 6LITL BLIA~JieHa A8H

HLI:r.I cnoco60M1 COCT3BJIJieT ~~· = 0,95 .. IlpR 

3TOM He06XOf{HMO llCDOJIL~OB8T~ Cp6AY C nORa-

88TCJieM npeJIOM.TJCHHJI, 6JIHattiM R. Vi: CJie

AYeT OTMeTHTL TaRme,·'ITO ·c.LQJHTRJIJIJI~JI cpe

.,n;LI, o6paaonaiiHe ll-aneKT}ionon qacmn;eii, npo

;xoAJIID;eii: 'lepea paAJ!al'Op, II 1!AepHLie naaRM9-

f{eiicTBHJI B HeM npniiOAJIT K TOMY, 'ITO AJIH 
JIID6oii CROpOCTli M8JI3JI AOJIJI CBCTa BLIXOf{llT 

1!!3 paf{BaTopa, II HMeeTCJI onpef{eJiennaJI nepo

llTHOCTL ero · perHCTpan;lill •. ~JIJI YMCHI>meHHJI 

i20 

9 

3TOR BepOJITHOCTli H606XOf{liMO 'llCDOJIL30B8Th 

CJI860 C~HTHJIJIHpyrom;ue Cpef{LI ll MIIHHM3Jlb-
HO B03MO)I(nyJO TOJIID;liny C'ICT'lliKa. . . 

l1ccJief{OBaHHe xapaKTepncmK C'ICT'IHKa 
DpOBOf{HJIOCb Ha ny'!Re :t+ -MC30HOB CHHXpOn;HK~ 
JIOTpOHa Jla6opaTOpllH ' Jif{CpHLIX npo6.16M 

. OMHH. Ha pRe. 2 npef{cTaBJieHLI THDH'liiLI&· 
Kpi!BLie 38BHCHMOCTll a~cpeKTliBHOCTll . e ·. OT 

CKOpOCTll lt-MC30HOB ~ f{JIJI p83JIH'lBLIX noKaaa-· 

TeJieii npeJIOMJieHHH. (n1 = 1,545; · 1~505·
cmpoJI co cDHpToM; n1 = 1,466; 1, 433; 1,420; 
1;400- rJIHD;CpHH CO CDHpTOM), nOJIY1J:eHHLI&' 

c Of{HHM cpOTOYMHOmRTeJieM. CnaA KpRBLIX B 
CTOpony M8JILIX 3H8'1CHllB . ~ o6yCJIOBJieH TeH. 

'ITO BLIXOf{.IJID;HR CBBT He DOD81{86T Hli. <lJ9Y" · 
PeaKoe naAeHHe a~~exmnnocm n cTopony 66JIL_. 

mHX 3H8'1BHHii ~ ODpef{eJIJICTCJI DOJIHh'M BnyT
peHHHM OTpameHHCM,·. 8cp~eKTliBHOCTb C'l6T'lliK8 

BCJIBACTBH6 M8JIOrO ROJlll'ICCTBa CBCT8 ( -3{} 
~OTOHOB Ha Of{HH <lJ9Y) CHJibHO 38BHCHT OT' 

aRaeMDJIJipa <I>9Y. ,Il;Jin c'!eT'lliKa noAORpaJIRCJ>.. 
~OTOyMHOml!TCJIH C M8KCliM8JibHLIMH CllHCB . 

(- 10 .M."a/Jt.M.) II HBTerpaJII>BOii (-50 .M."a.'Jt.M.}' 
'lYBCTBHT6JibHOCT.ILml1 KOTO:ili-Je nOBBOJIHJill no-" 

JIY'lliTI> acpcpeKTIIBHOCT'b 95-+-96%. Ma pncyn-· 

Ka BHAHO, 'ITO paapemeHHe c'leT'lliKa no CKO-' 

poem 6~=0,03. 

lOOp 

Puc.. 2. 3aBBCBMOCTL aciJ~eRTHBiio·cTI( 
C'leT'II!Ra OT cKopocm 'lacmn; p.n.H paa

HLIX aaa<ieHBii: · n1 



qEPEHROBCRMRCqETqMR HT9, J& 4, .1960 

3cpcpeKTHBHOCTb npH ~ .,...+ 1 )J;JI.IL BCeX UOKa-
38TeJieH npeJIOMJI6HHH e.,-+ 0, 01. O:o.eHKH. no
KaSbiBaror 1 'ITO C T81\0H BepOHTHOCTbiO MOryT 
perncrpnpoBaTbCH n:+-MeSOHlll · qepes il-aJieK
rpoHbi. BeJIH'IHHa e., 6biJia 1IppBepeHa H Ha 
J:IY'l:Kax n:±~MesoHoB c HMrr)rJii.CoM 2,8 FoBfc 
CHHxpocflasorpoHa Jla6oparopnn . BbiCOKHX sHep
rn:ii OII.HH H OKasaJiacb paB:B:o:ii 0,01 +0,03 
;a;JIH pas:B:bix <D3¥. B a·HaJiorn'l:HbiX c'l:eT'l:HKax, 
xcnoJii.syeMLix · Ha 6eBarpoHe B BepKJIH, 
e.,=0,1 (2]. . 

HcnoJibsyn HeCKOJibKO . cqer'l:HKoB, . MOlRHO 
acpcpeKTHBH? Bbl)];6JIHTb '18CTHIJ.bl C )iaHHOH CKO
pOCTbiO ):(0 ~ = 0, 95 Ha. B6CbMa 60JibiDOM, cpOHe 
6ucrpHX qacrn:o.. B qacrHocrn, npnMeHeHne 

10 

HX ):(JIH Bbl):(6JI6HHH aHTHnpOTOHOB C HMnyJib~ 
coM 2,8 FsBJc onncaHo B pa6ore (3]. 

B aaKJiro1mnxe aBrOpbi Bblpamaror 6Jiaro
;a;apHOCTb B. II. BeRcJiepy sa I(eHHI.te o6cym., 
neHHH H nocrorumoe BHHMaHne R ·pa6ore. 

JIHTEPATYPA . 

1. V. Fitch, R. Mot 1 e y, Phys. Rev., 1956
1 . 101, 496. 

2. L. E. Agnew at all., Phys. Rev., 1957, 108, 
1545. . •. '· .. 

3. H. M. BHpHCOB,A. c. BoB.eBKO, r.r. Bo, 
po 6L en, A . .n;. R Hp RJIJiou, R HKXR M u, 
B. A. RynaKoB, A. JI. Jlro6Huou, 10. A. 
MaTyJieBKO, M. 'A, CaBHB, r. B. CMHP· 
BOB, JI. H. CTpyuou, M. B. qyBH.IIO, m; 

SKcnepRM. H reop. opRa., 1960, 38, 445. 



f A30B.b1E ijOPOJOB.bll;; ."'lEPEBKOBCitHE cqET"l!HKH 
. fJ;JlH.PABO'I;.bl BA YCKOPBTEJIHX. 

).. H. BEJUIROB, A, C. BOBEHRO, A.~. RHPHJIJIOB, B. A. RYJIAROB; A. Jl; JIIOBHMOB, 
· IO. A. MATYJIEHKO, B. A~ CABHH ." . 

06Le)IJ1HeHHLIH HHCTHTYT J1!lepHLIX HcCliC)IOBBHHH 

(IIM~uo 13 tjJeBpaM< 1960 e.) 

llpHBO)IJ1T~J1 peaylii>TBTLI HCIILITBHHJ1 raaOBLilt DOpOrOBLIX "'epeBKOiicrua C"leT"'HKOB 
ABYX KOBCTpytm;Hi. ac~~clleKTHBHOCTL C"leT"liiKOB 6JIH3Ka K e~e. YcTaBOBJieBa B03MI>l!t-. 
BOCTL BLI)IeJieBIIJt: peAKHX "laC~ Ba. 6olll>mOH cllone 6oJiee MeAJieBBLIX "l~C~. , .. . . 

Pas:U:enemm rio CKOpOCTJIM 6Lic:rpLIX sapJI
-?I\8HHLIX 'laCTIUJ; (~ ,....., 1) 'lepeHKOBCKHMH C'leT.,
·'IliKaMR, llCllOJILSYlO~. saBHCHMOCTL rropora 
HJIH, .YrJia.'lepeHKOBCKOrO H3JIY'I8HHH OT CKO::

·pOCTH1 B03MOlKHO B TOM CJIY'Iae, eCJIH IIOKa3a
·T8JIL npeJIOMJieHH.II cpeJ{!'l .6Jll'iaoK. K 8AHIIIUJ;e, 

· .3:roMy .YCJIOBHIO yAonneTBOpJIIOT TOJILRO· raso
.nb1e cpeALI.•·B J{aHnoii pa6oTe rrpHneJ{eHLI xa
paK:repHcriu<;o: ABYX ra30BLIX . rroporoBiu 'le
pe1moncRHX C'I8T'IHROB, 0J{lm HS. HHX 1 Cl 6Ltlt 
.3KCII8pHM8HTaJILHLIM MaJ\eTOM, Ha ROTOpOM HC
.CJI8J{OBaJiaCL . BOSMOlKHOCTL BLIJ{eJieHHJI nop,o
rOBLIM C'l8T'IHKOM peJ{KHX 'laCTHIJ. Ha 6QJILIDOM 
4Jone Apyrn:x 'laCTIUJ;. B:ropoii C'leT'IHR c2 

:. rrpeJ{aasna'leH J{JIJI . pa6o:rLI na ~ IIY'IRaX em-. 
xpocllasoTpona OHHH c :it- .'!1 __ ,l(~Meaon;um. 
~0co6e¥OCTH .KOHCTpyK~Hll KalKJ{OrO 113 .c<ieT
'IliKOB BHAHLI :Ha. pHC. 1 ll 2. 
. HaMepeHHJI co C'18T'IHROM. cl npoBOJ{HliHCb' 
na. CHliX.pp~~imoTpoHe O;HflH . :li IIY'IRe :t :1-
'M:eso.ij:on ,r, ~neprHe~- 300 M98_; ~'le~~ ,C2 
HCIIJ>JT~B~JIGJI B ,'ITJ'II':e llOJIOlKHTeJIL:JiiLIX · .'laCTIUJ; 
.CHHxpocllaa'op:'I>OHa O:HflH (n ocHoBHOM :t-Me-. 

1 ABTDP"f 6)1aro)lapl1T 10, .A. '):pOl1Ha, JI. c:.OxpH
:MeBKO H C. B.oMyniua, upeJIOCTanuamux 3TOT C'IeT"lBK· 

32 

aonLI 11 npoTOHLI) c HMIIYJILCO~ -~ 3 FaBle. 
'B o60HX CJiy'laJIX: 'lepeHKOB_CKHR C'18T'IliR BKJilO
'IaJICfl: Ha COBIIaJ{eHHe CO C~HTHJI.JIJI~JIOHHLIM 
MOIDITOpHLIM T8JI8CKOIIOM,- C'le'!·''Pil~ll ~!)TOporo 
HMemi J{HaMerp1 HeCKOJILKO Memmn:_ii: A;n:aMeTpa 
'lepeHKOBCKOrO. C'18T'IHKa. 3JJ:eK~pOHH~il aJIII~
parypa, 6JioK-cxeMa . R9ropo.ii · ~pn:neJ{eHa: Ha 
pHc. 3, YAOBJieTBopJIJia · ycJionlllO pern:ctpa~n:n: 
OJ{HHO~X cllo:roimeKTpOHOB, nLit)iq!aeJ>i:MX C 
KaToJ{a clloToy:&moauiTenJI &epeHKoncKoro .c-ireT.:. 

11 

'lliKa; · · · · · · .. · ' .. · 

IOOMM 
~ 

Puc; 1.· KoucTpy~a raa.o!loro DOP'?l'!>B'::lrf?,.~:q~~ai 
C1. 1 ....:... CTBJILBOH K~puyc C"leT'IHRB; 2.;- f?1'.elf.Jl.J1)i:IW[i 
Tpy6a 1/J 30 MM, BauLIJieBHal1 H3uyTpH IWIOMBBHeM;. 
3 - noJILli1 CT.C1Ml1BBLIH .CBe'J:O,!JDI\;·. !I :7" D<(eR_CBfJIB-

COBOe 'ORBO; 5 - cliDTOYHllOlKHTeJIL «<>aY-33 
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<, .... ')\a. 
Puc. 2. Roacrpy~R raaosoro noporosoro C'!:ll'AII
Ka Cs. 1 - CTaJil,HO:il: Kopu:yc C'!:ll'AIIKa; 2 - IIOJIHpO

. BaHHan AJOpaJiesan rpy6a if> 80 """"• IIOKpLITaH opra
HH'!:ecKoi JIJieHKo:il: H llllliWieHHaR llliJOHIIJIIIeM; 3 -
napaooJIH'IecKoe aepRIUio; 4- Rsapqesoe OKno; 

5- ~OTOfMHOlRI!ITeJIL 1119¥-33 

B npoBel!;eHHLIX OnLITax .:n:aMep.IIJIOCI:. OTH·o
meHRe m = N:./Na. Ha p:u:c. 4 np:n:Bel!;eHa aa~ 
BHCRMOCTI:. m .OT l!;8B.l'IeHH.II l!;JI.II C'leT'DIKa C1,. 
aanoJIHeHHoro uoarorxoM. Ilo Mepe YB·eJIR'le
HH.IIl!;aBJieHH.II soapacTaeT yroJI· cse'leHH.II·:u: Ko
JIH'lec'i.'so cseTa, nonal!;aiOm;ero Ha KaTOlJ: .PoTo
YMHOJRli:TeJI.II. CooTBeTcTBeHHo uoapacTaeT u 
a.P.PeKTUBHOCTI:. C'leT'DIKa, npH6JIIDRa.IICI:. K el!;JI

4· 

1 ),.r.r-
r 
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aft 
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. 1/ 
I 

_.-::::::; 
~I- ?" 1-r-? b 

~.r 

4· 
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Pft ....... -"' ~t::'n ... 
·~· 

... 
'1'? .fla6neHue,am 

Puc. 4. 3aBHCHMOCTL OTHOCHTeJILHOro C'!:eT8 m = 
= .NJNa OT ,n;aBJieHHJ[ ,ll;JIH c-.i8'AI!Ka C1, HaiiOJIHeHBOrO 
BO~XOM, KpHB8l[ . a· ,ll;JIJ[ KHHeTH'IecKOH 3HeprHH 

Ek = 297 Mas, KpHB&H b --E"; = 280 Mas; p~, 
p~, p~,. P! -:- IIOpOrOB!ile ,n;aBJieHBH AJilt KpHB!iiX 

a H b ,ll;JIJ[ J'· H lt-Me30HOB1 COOTBeTCTBeHBO . 

lmll;e. Ha KpHBo:ii: a OT'leTJIHBO -BHlJ:HO l!;Ba ua- TPOHOB, o6paaosaHHLIX. nepBH'lHO:ii: qacT~e:ii: 
TO COOTBe'ICTBYIOIItH.X npHC)'TCTBHIO B ny'IKe B CTeHKaX li ra3e C'leT'llma. 0Ka3aJIOCI:., 'ITO 
p.- :u: :t-MeaolloB. Rp:u:uan b CH.IITa c TeJiec~onor.l, · BKJial!; c~:n:JIJi:.lll:~:u::u: MaJI: nouopoT · c'leT
co,n;epmamHM qepeHKOBcKHii; cqenHR,. 6oJiee 'DIKa. aa 180° CHHiKaJI C'leT lJ:O ypoBH.II CJiyqa:ii:- · 
slfllfleKTRBHLI:ii: K Jt-Me30HaM, 'li!M K :t·Me30HaM. HLIX COBITal!;eHJI:ii: _. 0,1% .. 
B aTOM cnyqae nnaTo, cooTBeTcTBYIOmee j.L-Me- Bepo.IITHOCTI:. · per:n:cTpan;HH 'laCTHD; . qepea 
30H8M1 BLipaiKeHO 6oJiee OT'leTJIHBO. a-aJieKTpOHl>I UpH OlJ;HHaKOBOM "K03tPtPHD;HeHTe 

3aMeTHa.ll acpcpeRtHBHOC'l'L C'leT'DIKa npH . · ·· npeJIOMJieHH.II SaBRCRT OT · UJIOTHOCTH . cpe,n;LI. 
· p.auneHH.IIX lmiKe nopora · cBe'leHH.II p.-MeaoaoB Ilp:u: · HanoJIHeHHH ·•· C'leT'Ili:Ka C1 amJieHoM 

MOiKeT 06'L.IICHJITLC.II B OCHOBHOM CD;HHTHJIJIII- (pli:C. 5) C'leT HIDRe nopora CBe'leHH.II J-1.-Meao
D;He:ii: rasa :u: qepeHKOBCKHM :u:anyqea:n:eM 11-aneK- · HOB ynaJI B ~ 4 pasa, 'ITO xopomo · corJiacyeT

P~tc. 3. BJioK-i:xeMa: aJieKrpOHHoi · annaparyplil. 
¥P-ia - YCHJIHTeJIH, C- CqHHTHJIJillqHOBH!ile C'leT· 

. . 'IHKH 

a nTa. N• 1 
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C.II C OTHOIUeHHeM liJIOTHOCTe:ii:,B03,ll;yXa li 3TH· 
Jieaa;. CJiel!;oBaTeJII:.Ho, np:u: pa6oTe c ,pe,n;KRMH 
'laCTHD;aMR ,n;JI.II .Jiy'!llero BI>Il!;eJieHH.II npe,n;no'I
THTe.ui:.Ho. npRMeHeHHe-:raaoB c MaKcRMani.aoii: .· 
pecppaKn;:n:e:ii: R. Ha KpliBI>Ix na p:u:c. 4 :u: 5 · 
BHl!;HO; 'ITO lioaMoiKHO · BLil!;eJIHTI:. p.-Meaonu 
B Uy'!Ke ·n-MeSOHOB. 3cp!JleKTHBHOCTI:. K p.-MeSO- · 
Ha¥ · HRiKe nopora · per:n:cTpan;HH . :t~Meaonou 
MOiRHO UO.liJ'IliTL Ha OCHOliaHRH ,n;aHHLIX 06 
a.P9JeKTHBHOCTll K :t-MeaoaaM. Oaa 6JIH3Ka K e,n;:u:
ffi$e. IlpH< 3TOM acp.PeKTHBHOCTI:. K :1:-MeaoHaM 
sa 1 c'leT · CJiyqa:ii:HLix counal!;eH:n::ii: H per:n:cTpa
n;:n::il 'lepea a-aJieKTpOHLI ne npeBLimaeT ae
cK~J!I:.K:n:x npon;eHTOB. 0'leBR,ll;H0 1 'ITO np:n: HC
liO.l'II:.SOBaHHR HeCKOJII:.KRX 'lepeHKOBCKRX C'leT
'Illti>B l!;OJI.II npHC'DITaHHLIX :l:·Me30HOB . MOiKeT 

. ~LITI:. aHa:'lll'f'eJII:.Ho ~!JRiKeHa. · Ha p:u:c. 6 np:u:-
Bel!;eHa · saBRCHMOCTL N 2/ N 3 OT l!;aBJieHH.II ,n;JI.II 
C'leT'DIKa · C2, HaUOJIHeHHOrO B03;D;YXOM, CH.IITa.ll 
B ny'IKe, CO;D;epiKaiiJ;eM _. 40% :t-Me30HOB H 

- 60% npOTOHOB. 
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~ 

I i 
tt:, 1 ) 

:.-2" tiJr 

4 

llt 

r ff' 

17' 

ynpOCTHTL 

. L 

n = .~ ~ ef d(J) ~ sin'l'I'Jo dl =.' 
. w 0 . 

t. 
= k~sin2 1tdl. 

0 

·BeJiit-nma k, xapairepHayro~a.ii .. c'leT'IHK, 
onpe,n;eJIJICTCII TOJILKO Ka'leCTBOM OIITH'ICCKOH. 

. CHCTeMN: H cneKTpaJILHOR xapaKTepHCTHKOii 
. !J!oroyMHomHTeJia. · · 

ZD 25 
P .• 

JO 35 fOP,om' 3!J!!JleKTHBHOCTL K 1t-Me30HaM, OIIpe,n;eJIJie-

Puc; 5. 3aBHCHMOCTL m OT j{aBJieHD:ll /{Jill C'I~Ra 
clt HaDOJJHeHHoro 3TH.IIeHOM. E~+= 392 Mae·. p··.· 

P.• 
Jhc - noporosLie ~taBJieHD:ll llllll I" 11:· :rc-Jteaonos . 

: · TeopeTll'lecHH a!J!!J!eHTmmocrL c'l:eTtiHHa on.:. 
'pe,n;eJIJICTCII COOTHOIDeHHeM 

~=1-e.:.ii, 

r,n;e n- Cpe,n;Hee · 'IHCJIO !J!otOSJieKTpOHOB, BLI· 
6HBaeMLIX · C KaTO)l;a !J!oTOP.fHOlKHTCJIII 

. . .n =~~ ~eJsi~2{}~l~ro, 
oiL 

. : r,n;e {} _:_ yrOJI 'lepeHHOBCHOro H3Jly'l:CHHH, 8 -
. Kos!Jl!Jl~HeHT c6opa csera, f - KBaHTonaa 'lyn-· 

craHTeJILHOCTli !J!oroyMII:omHTeJia, L - pa6o- · 
'laJI )l;JIHHa C'ICT'Il!Ha, (I) - 'laCTOTa H3Jly'l:CHHII. 
EcJIH C'll!TaTL, 'ITO ~Beroc6op .n;n;a MaJILlX yr

JIOB ne aaBHCHT or _i>, H 6parL {} (ro) = 'I'Jo (ro), 
· ro BLipam_eHHe )l;JIII · ii Momno· ana'l:HreJILHo· 

! 
.. J 

+ & r 9 

~~ 
-f 

./ 

! 
43 

I § 

-·· .1.-~ 
li 
P.,. 

41 

Mall H3 3KCnepHMeHTaJILHLIX )l;aHHLIX, p.aBHa 

1],.~= n~ (~ -=-'1~· - nV:1Ji')' 

r,n;e 1]
1 

- :t~!J!eKTHBHOCTL perHCTpa~im 'taCTHI\ 
'lepea ~aJieKrpoHLI H CJiy'l:aiiHLie CI)Bna,n;ewm; 
1Ji' - a!J!!J!eKTHBHOCTL perHCTpaJU~H fl·Me3QHOB, 
o6ycJIOBJieHHaJI 'lepeHKQBCKHM s!J!!JleKTOM' ·(TJ!L= 
= 1 )l;JIJI CJ.); · np. ,..-- )l;OJIJI fl•MC30HOB B Il}"iKe 
(BLI'D1ICJIJIJiaCL no . nepBOMY IIJia'iO, )l;JIII C'leT
'IHKa C2 npHHHMaJiacL. paBHOH HyJiro); n,.
,n;o.im rt~MeaOHQB ~ ny'l:Ke (onpe.n;eJIJIJiaC&. H3 
YCJIOBHII, 'l'l:O TJ,. ~ 1 C pOCTOM )l;aBJieHKJ!.), 
Pac'l:eT noKa3areJia npeJioMJieHHJI nponasoAlfJI
ca no .!Jlop~Jie Jlopenr~ - Jlope~a 

· · (n2 ....., 1)/(n2 + 2) p = ,ll. 

UJioTHOCTL onpe.n;eJIJIJiacL )l;Jlll soa.n;yxa Ha 
aaKona Hp;eaJILHoro raaa, )l;JIII 'arnJieHa _; lla 
!J!opMYJILt. BHTTH - 'BpH)l;)I{MeHa [1}. BeJill-. 
'IliHa k BLI'IHCJIJIJiaCL. 113 :mcnepHMeHTaJILliLIX 
)l;aHHLIX MCTO)l;OM Ha:lfM,CH:LIIIl!lX KBa,n;paTOB •. 

IlpH OOpaOOTKC' peajrJILTaTOB, IIOJiy'l:CHHLIX 
co c'leT'IHKOM Ct, neo6xo,n;HMO 6LIJIO Y'l:HTi>IBaTL 
ropMom.eHHe 'l:acr~ B raae c~eT'IHKa. B· arou 
cJiy'lae · aeJIH'l:HHa 

L 

sin2 '1'Jodl = X ~ 
· ntn 

n'p(dEJdz)n 
0 

r( 2 1) ( ) 1 1 . {eo -1) {ei + t) } 
X \ " - Bo- el - 2 n {eq + 1)(el -1) . 

r,n;e p - nJioTHOCTL raaa, e0 = Eofm,.·, e1 ·= 
Z f1 II 6 (J 10P,am = E 1/m,. -'- nOJIHLie "Ha'laJILHaJI H KOHe'IHaJI 

·puc. 6. 3aBHcuKocn m oT AaBJieHHll l!llll cqenuKa c,,' alieprHJI B e,n;HHH~ax MaccLI :t-Meaona, 
uanoJinenuoro soa~tyxoH. pp., ·p"- noporosLie ~tau- (dE!dx)n- HOHH3a~OHHLie norepH n~Meaima 

·JieHD:ll /{Jill J.l.• ll tt-Ke30HOB B ra3e. 

34 
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B onLITe co C'IeT'mKOM C2 ropMomeHHe 
'IaCTH~ B raae Hecym;ecTBeHHo, noaroMy 

L ' 

~ sin2 {lo dl = £(1 7 fJn2~2). 
0 

"Y'IHTLIBaH, 'ITO BeJIJI11HHLI n2 H ~~ . MaJIO 
OTJIH'IaiOTCJI OT eA~LI, MOlRHO B nepBOM 
npH6JIHlReHHH HanHCaT:& 

L 

~ sin2{lo dl ~ L [(n2 -:-1) -(1--:- ~2)]. 
0 c . 

Ma pac'!era noJiyqe:B:o: 
AJIH C'IeT'!HKa C1 - k1 = 2,04 ± 0,03; .AJill 

C'IeT'IHKa C:- ka = 11,4 ± 0,5, Ea ·=1.2,95 ± 
± 0,02' F9B. • 

O:o:iii6K:il AaHLI craTHCTH'Ie.cKHe. ¥neJI:IPRl-' 
HHe k n c'IeT'mKe Ca o6ycJioBJiimo YJIY'filleHHeM 
o·nTH'IeCKO:ii: CHCTeMLI. . 

JIHTEPATYPA 

1. L. I. G i 11 e s·p i e, J. Phys. Chem., 192!l, 
33, 354. 

14 



. ,I(UcDcDEPEHiliiAJlbHbiO: rA30Bbl0: qEPEHROBCR~O: CqETqJJR 

A. C .. BOBEHRO, B. A. RYJIAROB, M, Ill: JIHXAtiEB, A. JI. JIIOBHMOB, · 
10. A. MATYJIEHRO,-H. A. CABHH, B. C.' CTABHHCRH:O: 

0 6'Lenmrennuii 1mcnu·yT .a:nepnux HCCJienoBamlii 

{IIDJJyoteno 17 aBaycma 1961 a.) 

. . Om!Can IJ:Hif!iflepeno;na.n:LHLiii: raao:Buii 'IepeHRoilcKllii: C'IeT'IHR, DpJWen.a:Bnmii:c.a: B OIILI-
T~ no OliJI611;6JI6illiiO nOJIHL!X Ce'Iel!l!ii: B3aJWOII;6HCTBHH K -H630HOB C npOTOHaHH B 06Jiacrn 
HHnYJILCOB -3+5 raB/c(5,6J.YKa3LIBaeTCH MeTOII; onpe;neJieHHH mmym,ca ny'IKa 'IaCTHD; C 
.noHOID;LIO Taxoro C'IeT'IHKa. / 

. r a30BLI9 'IepeHROBCKH9 C'I9T'IHRH npHM6illiiOTCH 
Jill.!! paa;qeJieHH.R no CKOpOCTHH 'laC~· BL!COKOii: BHep
fHH, flpH BTOH l!CHOJIL3YIOTCH KaK noporOBLie raaoBLte 
'IepeHRoucKHe C'IeT'IHRl! (n. r. c.) [1, 2], perHCTpHpyro
ID;l!e 'IaCTHo;LI·CO CKOpOCT.RMH BLime ll;allliOii, TaR li 11;Hifl-
41epeHD;HaJILHL!9 (yrJioBue) raaouue 'IepenxoucKHe 

· .. C'IeT'IHKli (11;. r •. c.), perHCTpHpYIOJD;l!e 'IaCTl!o;LI B ne
KOTOpOM mn:epuaJie CKOJIOCT9ll (3, 4),. RoM6HHHpy.a: 
8TH II;Ba THna C'16T'IHKOB 1 MOlKHO BLIII;eJIHTL pe;nKHe 'Ia-
CTHD;Ll na 60JILWOH· iflone BC6X OCTaJILHL!X. , 

. B ;nannoii: CTaTLe Dnl!can ;n. r. c., paapa6oTallliL!ii: B 
Jia6opaTopHH BLICOKHX anepmii OMHH u 1959 r. H u · 

. Te'IeHHe II;JIBT6JILBOTO BpeMenn HCJiOJIL3yeMLtii: B ny'I
KU CHHXpO!flaaOTJlOHa II;JIH BLI;qeJie:mut K -M630HOB C HH• 

,nyJILCOM OT 3 11;0 5 raB/c (5,. 6), RpaTKOe OnHCaHHe 
;q. r.c. 6LIJIO ;nano panee [7] •• 

CxopocrL 'laCTR~LI ~. noxaaarem.. npeJioM
JieHWI cpe):ILI n B yroJI 6, o6paayeMLI:ii: 'lepeHROB
CKRM. B8JIY1J9HB9M 'laCTII~ C HanpaBJI9Hli9M 
ee AJ!Bme:li:B:n:, CBHSaHLI li3B9CTHLIM COOTHOme-
HHeM -' 

cose = 1/n~. 

OTRy,!l;a Bli,!I;HO, 'ITO yrJIOBOe paapemeHHe 

· dBfd~ = 1~·ctge 
4 nTa, M 2 

(1). 

15 

YJIY1JmaeTCH c YMeHLill9HH9M yrJia e •. YMeHL
meane e o6Jier'laer coa,~~;aHIIe OIITH'Iecxo:ii cn
creMLI C'leT'IHRa :D: yMeHLmaer ee a6eppa~BH. 
C ;npyro:ii CTOpOHLI, fM9HLill9Hll9 yrJia CB9'19HWI 
npHBOII;IIT R yMeffi.meHHIO BHTBHCIIBH<>_CTH BaJiy
'19HHH I, raR RaR I -sin26 •.. TaRHM o6paaoM, 
npll paapa6orxe ROHcrpyR.qliH ,~~;.·r. c. ,D;OJimeH 
fiLITL BLifipaH HBKOTOpLI:ii OllTliMaJILHLIH yroJI e 

0IITH'I9CRaH CHCTBMa C cpORyCHLIM paCCTOJ.t
Hli9M f co611paer ~epeHRoncxoe BaJiy~eane 6LI
crpo:ii.~ac~LI B.ROJIL.qo pa,D;Hyca /·tge. 3rp 
ROJIL~O HBJIH9TCH B H9ROTOpOM CMLICJI9 «ll306pa~ 
meHHeM» 'laCTH~, T. e. 'IaCTH.qa RaR BCTO'IHliR 
cnera BR~HBaJieHTHa 6ecxoiie'IHo y,~~;aJieHROMY 
ROJILey. illnpHHa ROJIL~enoro. cB:ao6pamemm» 
onpe,D;eJIH9TCH yrJIOBOH.mHpHHOH ROayca 'IepeH
ROBCROrO li3Jlf'I9HWI. (~8) ll'bm.B6KaMB OUTB
'IBCROH . cucreMLI. BeJIH'IHHa ~a ,D;Jin: o,D;Bo:ii 
'IaCTH.qLI onpe,D;eJI119TCH B O~HOBHOM II;IICnepCBe:ii 
'lepeHRoncxoro HSJif'IBHWI B npe,D;eJiax. cnexr
paJILHoii: 1fYBCTBHT9JILHOCTB RaTO,D;a cpOTOYMHO
mHTeJIH ll MHOrOKpaTHLIM paccen:HBBM ·B rase 
C'IeT'IHRa. ,II;Jin: .nYlJRa 11acr~ O,!I;HO:ii Macct.t. 
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Puc.1. Honcrp~ Al!Mepe~· 
anbnoro raaoBoro ~epenROBCKoro 
c~ennRa. 1 - Tpy6a pa,liB:aTopa; 
2- ROpnyc; 3- &RpaBnpoBamiLiil · 
ROlRYX cpOTOYMHOlRBTenB; 4- cepe· 
pnlrecRoe appRano; 5- MaBOMerp; 
6- nneRcnrnacOI)aJI npo6Ra. Paa-

. MepLI·'. MM 

«Rao6p.amenRe» ):l;OHOJIHBTeJILHO paBMLinaeTc.a na. O~J;HaRo n npo~ecce RCHLITaHR11 c'ler•nm~ 
ilcJie):J;cTnRe pas6poca 11acTR~ no RMnyJILCaM BLI.IICHRJIOCL, 'ITO. oT Ra'leCTna noJIRponrui 
R yrJiaM. ·• . . · '. CRJILiiO aaBRCRT <JIOH C1JeT'lliK8 (a<J!4JeRTliBHOCTL 

RoncTpyR~l111 c'leT'lliRa exeMaTR'leCRR RBO- c'leT'lliRa R 'l&CTR~aM, RBJIYlJaiO~M 'lepe1IRon-' 
· 6pamena na pRe: 1. tiepenitoncRoe BaJIY1IeHRe, c1mii cneT no11; yrJioM .~5°) (pRe. 2). IlmnoMY: 
o6paayeM06 'l&CTR~e:ii B rase, 4JoRyCRpyeTC.II .. BC.II BHYTpeHB.II.II non.epXHOCTL C'leT'IRKa 6LIJia: 
c<J!epll'leCRRM aepR&JIOM. Ha ROJIL~eByiO ):J;Ha- HORpLIT& 'lepH,LIM 6apXaTOM1 1JT06LI pa60T8TL; 
<J!parMY, noMem;eHBYIO nepe11; nJieRcRrJiacono:ii na • cneTe,. riominmeM nenocpe):J;CTnenno na aep-i. 
npo6Ro:ii, 'lepes ROTopyro cBeT nona):J;aeT na R&JIO. BapxaTEOe noRp~TRe YMeELmHJIO a<J!.;) 
cJlOTOR&TO):J; <I>9'Y-24. I!JIOCROCTL <J!oTORaTO):J;a <JleRTRBnyiO pa601JYIO AJ!liHY C'leT'lliRR npR6JIH·> 
nejmen~J;HRYJI1IpEa nanpanJieEHIO HYlJRa 'l&CTR~. aRTeJILEO ;D;O 0,7 .M. Ha TaROM nyTn 'l&CT~a: 

· OnTH'IeCRaH cxe:Ma c'leT'IHKa cxo):J;Ha c o):J;Hoii na Ii:pn yrJie cne'leHl111 4° o6paayeT ...... 150 cpoTo-· 
cxeM npocTLIX aepRaJILHLIX acTponoMll'lec:Knx non 'lepenRoncRoro iiBJIYlJeEHll. CJie):J;onaTeiiL
TeJiecRorron JlOMOEOCOBa .'7" repmeJI.II (nanpn-. HO, 1JT06LI HOJIYlJHTL BLICORYIO. a<J!cpeRTliBHOCTL 
Mep, [81). MaRCHMaJILHLiii WI&MeTp IIY1JRa c'leT'IHKa, Tp!J6YeTC.II Tm;aTeJILHLiif no;D;6op <flo-:· 
'l&CTH~ paBeH 10 eM, OCL lfloTOYMHOlRHTeJI.II TOYMH0lRHTeJI11 C BLICOKOH RB&ETOBOH alfllfleR-• 

cMem;ena OT ocR nY1J:Ka na 12 eM. 'YroJI cne1Je
El111 6 paneE 4°. 

. ClflepJAeCROe aepRaJIO B IJ;&HHOM CJIY'J&e 
.anJI.aeTC.II 'l&CTLIO; «BLipeaannoii» · na 6oJILmero 
clflepll'lecRoro aepRaJia, ocL ROToporo conna;D;a
ei' C OCLIO lfloTOYMHOlRHTeJI.II. 9TO yneJill'lliBaeT 
clflepll'lecRyro . a6eppa~HIO. · HQ. .CpannenHIO co 
CJIYlJ&eM, ROr;D;a OCL lfloTOYMHOlRHTeJI.II BRRJIO
EeHa R JIY'IRY 'l&CT~ 11 nanpanJiena B ~enTp pe
aJILnoro aepRaJia, no aaTo yMeHLn;IaeT ROMY R 
acTnrMaTHBMi TaR 'ITO cyMMapnaH onTH'leCRall 
omH6Ra oRaaLIBaeTC11 Men:bme. O~enRn noKa
aLIBaroT, 'ITO aa c'leT ncex onTll'leCRHX a6eppa
~Hii: ripoHcxo~J;HT · paaMLITHe ROJIL~enoro · «nao6-
pamenH11& na 3+4 ·.MoM. 3epKaJio ·naroTonJieno 
RS cieRJia, clflepll'leCRa.a nonepxnocTL RoToporo 
aJiroMHHBponana R nanLIJieB:nLI:ii. imoii aaRpen
Jien; IOcTRponRa aepRaJia npono1J;1IJI&CL npn no
M~R cne~R&JILEOrO ROJIJIRMaTopa, HBrOTOB
JI6ImOrO JienHHrpa~J;CRRM HECTHTYTOM TO'IHO:ii 
M6X8HHKH H OHTHKR. . ' 

· CTaJILlia.a Tpyoa · pa~J;HaTopa 'lepenRoncRoro 
cneTa· ):J;JIHHoii - 1,5 .M aa:KpLITa c ABYX cTopon 

···lflil~aMH na nepmanerom;eii cT&JIH TOJim;Rnoii: 
f .:4£.:4£. IlepBOHR'IRJILHO OHR 6LIJia OTHOJIHpOB&-

50 
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r 
1,0~--~----~---,--~~ 

.4al 9 II \'\ · I I . 

. II I I tl61 ' I ! A I" I 

· a41 f II · \ '.\ I I I 

zo 30 40am 

Puc. 2. 3annCI!MOCTb scpcpeRTBBBOCTIJ T) 
A· r. c. R n-MeaonaM ir mmynbcoM 3 rae/c 
or AaBneHI!Il BOa):lyxa B BeM. 1- nonn· 
poBaBHaJI Tpy6a; 2- BByrpeBHJIJI DD
BepXHOCTb C~e~Ra DORpLITa ~ep!ILIM 
6apX!\TOM; 3 - 6apxaTHoe noRpLITBe n 
RO~b-qeBaJI Allaif!parMa mnpnnou 10 """' · 

\ 



rA30BbiR qEPEHROBCKinl GlJ:ETlJHR IIT9, .M 2, 1962 

f 

0,8 

0,6 \ 

\ 
I 
\ 
I 

0.~ 
I 

\ . \ 
I 

' \ II, 
Puc. 3;. 3anucuMOCT~ acfl~eKTHBBOCTB TJ 
A· r. C, K lt-MeSOBaM C BMli}'ll'LCOM. 3,4 rtJB/c 
OT AaBJieHHJI B03AYXa, Y 1 ~ ROll'LI\eB8JI 
AHa~parMa 10 .u.~&; Ys- Romn;enall p;ua-. 
~parMa 4 MM; Y1+Ys- o6a C'leT'IBKa Ha 

COBlla)J;eBHH'APyr C p;pyroM 

THBHOCTbiO li 60JiblllliM YCHJieH:o;eM. 9JieKTpOH
HaH annapaTypa AOJI>KHa 6hl';t'b 'JYBCTBliTeJibHOH 
K liMnYJibCaM, COOTBeTCTBYIOID;IW OAJIOMY !l>OTO-

. an:eKipoHY c <Po:roKaToga G>9Y. G paan:li'IHbiMli 
·. 8K3eMnJIHpaMH. GJ3Y-24 a!l>!l>eKTHB;HOCTb C'leT-. 

·. 'll!Ka KOJie6an:acb OT 40 AO. 96%. . . 

pHHbl. B!lyTpeHHHil: pa)1.llyc AHa!l>parM. 0)1,llll 
H· TOT me. ,!J;JIH C'leT'IliKa' Y2 !l>oH COCTaBJIHeT 
2%. On;eHKH noKaabiBaiOT, 'ITO c TaKoil: Be
posTHOCTbiO 1t-Me30Hbl 6y)1.YT perHCTpHpOBRTbC.S 
A- r. c. 11epea 6-aJieKTpOHbl [9]. ,!J;JIJI ,!(aJibBeil:
mero yMeHLmeHHJI !l>oHa Heo6xogm.ro ncnoJib
aoBaTb. raBbi. C MeHbmeil:. IIJIOTHOCTblO IIpH TOM 

. me ri:oKaaaTeJie npeJIOMJieHHJI1 Hanpm.rep aTH· 
JieH, STaB. 

OT nmpHHbi nHKa a<P!l>eKTHBBOCTH A; r. c.· 
aa»HCHT paapemarom;as cnoco6HOCTI> C'leT'IliKa 
IIO CKOpOCTH. ,!J;JIJI C'leT'IliKa Y 2 IIOJiynmpHBa 
IIHKa OT MaKCHMfMa AO ypOBHH IIOCTOJIHHOrO 
<PoHa cocraBJiser- 10 am BOBAfXa. Jlerxo 
noKaaarb, 'ITO paapemarom;aJI cnoco6HOCTb c'leT-

. 'IHKa IIO CKOpOCTH B BTOM CJif'lae paBHa ~~ :::::; 
:::::::3' 1 0~3 • 9TO 03Ha'laeT, 'ITO B IIY'IKe 'laCT~ C 

. o~aKOBi.J:M B:MIIYJiliCOM )1,aBHbiH C'leT'IliK MomeT 
OTAeJIHTb K:MeBOHbl · OT 21:-MeBOHOB . AO liM-

. IIYJibCOB 6 rae/c. BKJIIO'IeHB:e yl H Ys ·Ha COB
IIaAeHB:e. yJiy'lmaeT paapemeHHe · H CHHmaeT 
nocTOJIHHbl:ii <PoH (Y1 +. Y2, p11c. 3). ]fa p11c. 3 
BHAJIO, 'ITO a<P!l>eKTHBHOCTb ,!(. r. c; B MaKCll
:r.ryMe He SaBHCHT OT BeJili'IHHbl AHa!l>parMbl. 
9ro 06CTOHTeJibCTBO CBHAeTeJIDCTByeT 0 TOM, 
'ITO ROJlbD;eBoe «Hao6pameBBe» .21:-MeBOHOB 
m.reer IIIHPHHY ~4 ~. 'ITO conna)J,aer e npQ
Ha:seAeHHbiMH o~eiiKaMH. · . · .. · 

Ha p11c. 4uoKasali npHMep BbiAeJieHRH jla 
. IIY'IKa IIOJIOmHTeJI}>HbiX 'laCTHD; C HMIIyJll>COM 

4,75 Fae/c 'laCTHD; paaHoil: MaCChi-, n:-MeSOHOB, 
K-:MeaonoB .H nporOHOB. 3~ecb )1,Ba )1,. r. c. 

. BKJIIO'IeHbl Ha COBIIa)J,eHHe )1,pyr C )J,pyroM. 
,D;. r.·c; aanoJIHHJiliCb. arHJieHOM. llpu )1,aB- · 

N/11 

~ 

· CxeMa BKJIIO'IeHHH )1,. r. 'c. il 6blcTpyro cxeMY 
conna)J,eHHil: o6bl'IHa. PaooTa ·c'le~a · Hc~ 
CJieAOBaJI!iCb Ha IIY'IKe · IIOJIOlf\liTeJibHblX 'la
·CT~ CHHxpo!l>aaoTpoHa OliiJUI [7]. Ha pHc. 
2 AaHhl KiH»ble aaBHCHMOCTH a<P!l>eKTHBHOCTH 

·A· r. c. oT Aann:eHHH BOBAfXa AJIH n:-:r.~eaoHoB 
ZO't--:A c HWYJJ:bCOM 3 Fse/c. XapaKTepHoil: !)C06eH- ~ 

· HOCTbiO aTHX KpHBbl;t snn:seTCH nan:li'IHe <PoHa 
Upll 60Jibrim:X )1,aBJieHHHX·, KOr)J,a yrOJI CBe
'leHHH TaKOB, 'ITO CBeT Be )1,0.IrmeH. IIOIIaAaTb 4 
Ha IIJ9}7. 9TO, IIO-BHAHMOMy, CBH3aHO ~ Jie
AOCTaTO'IHO xopomeil: IIOJillpOBKOH OTpamaiO-' 
~x nonepxHocTeil: - Tpy6hl paAHaTopa 11 aep- o. 
Kan:a, npHB0)1,sm;eil: K HBOTponHOMY paccesmuo 
MaJIOH. AOJIH CBeTa n.o BCeMf·06'beMY C'leT'IliKa. 
BapxaTHoe noKpbiTHe (KPH»as 2) H )1,lla!l>par:r.~a a 
(KpHBaH 3) yMeHbWal9T KOJIJI'IeCTBO li30TpOUHO 
paccesHHoro cneTa, mi.Aarom;ero Ha G>9Y, 'l'fO 
1IpHB0)1,liT K yMeHbWeHHIO UOCTOHHHOrO !l>OHa 
C'ICT'IHKa. . .. 

l- //,4 .p 

l 
15 A 015 QJ< 

n 
< 

,t 0,01 0,20 

0.10 

1\ \ l j j ..J 
D s 10 15 lO 25 JOP 

Ha pHC. 3 noKaaaHbl a<P!l>eKTHBHOCTH ABYX · Puc. 4. C'leT paaJIR'IHLtX qaer~ B aaJ!HCIDIOCTH or 

3 4 r . p;aBJielllllt llTHJieHa B ABYX A· r. C. ITo OCH OpAHHaT OT-
A· r. C. K :i:-MeSOHaM C HMnYJibCOM t 96/C JIOlReH C'leT A· r. c. no OTIIOmeiiHIO R C~HTHlllllii\BOB-
C KO.irbD;eBhiMH AHa!l>parMaMH pa3HOH Ilq(- HOMY MOHBTOpy 

06'be,r:umeHH11ll HHCTMTYT 

,srgepHb!X ~~ccnegosaHnfl 

I BMEn~~TE_~-~ _ .. 
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([T:J, .Ni.2, 1962 
BOBEHI\0; 1\YJIAI\OB, JIHXAqEB, JIIOBHMOB u ~p. 

IIOUJIH, COOTBCTCTBYIOID;OM MaRCliMYMY C1IeTa 
K-M030HOB, lflon C'IOT'Ill}(a coc'raBJI/ieT -1% 
or neJin'IJIH.LI K-Meaouuoro nnRa. 

flo UOJIOJKOHIIIO MaRCHMyMOB Ha pHC. 4 
~~:omno onpe~eJIJITL cpe):IHn:ii: RMnyJILc 'la
CTHI( a ny'IRe. B caMOM .n;ene, ecnn nt n na -
aoRaaarenn npeJIOMJiennn raaa, cooTBaTCT
s yrol!(ne MaKcnMaJILHLIM. alfllf!ertTliBuocTJIM 
e paauui nnRax,· TO na (1). 

n1~1 = n2~2· (2) 
Tax RaR n?dnyJILc 'IaCTP!I( P OJiiiHal\oa, To 

J1 = P !VP2 +m~, ~2 = P /VP 2 + m;. (3) 

Uo.r~craBJIJIJI (3) B (2), nonyqnM: . v. m2n2-m2n2 P= 21 12. 

· n;-n~ 

BoannRaro:m;an npn BTOM omnoxa · onpe
~OJIJIOTCJI BLipameuneM 

V--'-- 2 B • l:J.P · n1na ni +n: mz-mt . 
Pc;: ... 2 a • -pr- ·lln, 

(n2-nl)a . 

r):IC .:ln - omnoRa D onpe,n;eJIOHliR .. !IORaaa
reJIJI npeJIOMJICHliJI, COOTBOTCTBYIO:m;ero !IliRY 
ewclJeKTHBHOCTR. llpll oi:rpe.zteJieHim HMUYJILCa 
'lacT:nn; no JIBYM Ull}(aM ua pRe. 4 -· 1C-Meaou
noMy 11 K-MeaounoMy '- omn6Ra cocTaBJIJieT 
flP I P::::;2%. Hamvme ·rpex muion nosaonneT 
yMeuLnmTL llP!P .n;o t%. Ecn:n C'IRTarL, 'ITo 
aoJiymnpnua :t-Mesouuoro nnRa onpe.n;eJIJIOTCJI 
TOJILKO JIIICIIepcne:ii: 'IepeHROBCROro HSJIY'IOHHJI 

18 

11 OnTH'IOCRHMH aoeppaJJ;HllMH, TO IIO li3MCUe
HRIO nonym:npHHLI B K-MeaouuoM 11 npoTou
HOM !IHRaX MOJKHO O!IpOJIOJIHTL . paaopoc 'la
CTliJJ; B IIY'IRO no HMIIyJILCaM. ::hoT MOTO~ OIIpe- . 
~OJIOHHJI HMIIyJILCa 'IaCTll~ B ny..ZRe MOJKCT 
npRMOHJITLCH B CJiy'lae, xor.n;a rpe!lyercH no
nyqur.~> TO'IHOCTL Jiyqme, 'I OM . MOTO~OM TORD
Hecy:m;eii npo:lionoxu, nnn :rwr.n;a nocne.n;unii 
nenpnMeH:nM. 

B aaimio'IOHHe aaropu aupamaror onaro
Aapnocr:& H. H, 1\axypxuy aa yqacTne a KOH· 
crpyupoaannn. C'Iennxa n H .. 3axapKHny sa 
UOMOxqL B paOOTO. 
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Y.DPIYroB PA~ 3r.;. 111!3(110B 'Ill IIPOT<IIAX BA .• 

riOJr, IBc:f .DPH JJiCOOJX 3BEPl'HHX 

·. A.C.BoB8RKO, ~.H.I',y.CitBDB, · M.t.JiiiDqQt J..J[.!Jid._,B, 

. ll.A_.MB~~Db.1 _H.i.-Qmai--B~C.~~ 
B ,iadc)pafOpa_ .BKCOJQDt ..0.:Pr.Jd Qd!t~BI_IOI'O: DCU't)ta Q&po!o 

BID: ~ ..... 'csm.~~ Jte.IIAJQIII -8RJUI8'NINX ce~~~~~~~ 
· ~ro· . ;i: .;,p ~ pacc811Qa -~.~--\'~eO- JI"~: QKO.IO I8cf nP~ 
... ~- ale19~B_a· .widol)a.fopBol -~~ :51!5;4,-IO •.4,85!'83/o. 

- . Pe11.~~~ ~~ ~- S,I5 .l'IB!.~--ts~ ou_r.~- ~ee(!] • 
·.B -~ ~t"e·ttP~~~-~~~iam;·niepeid -IlPJI4-,I~ •.4,86~c 

• oOuoc~ ,UJiHUe~ no.lJ.VqeBBYe up• ~ax ofl>a:.•eprui. 
·Halle})iBP. DpB pa~-Hrot (3~~~::upOQBO,JDrDc~ C llOIIOJPtl) O,iulol 

'B . fOI D_. Y~~KB~ 0IIHcaHHe-· -~O.TaBc~~nar lumO B rt O'l'K1JB •. ~1'!10-
BBB pac;yBOK. 
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0TBOIQ8BB8 'IUIC.IIB 88pel'JIC'i'pl!pOB8JIBHX Y,O'l'aBO~KOI 0Jly118U yrrpy-

1'01'0 p&OCemuul · SC+ - M880HOB RB- K Odll(euy 'llllc,Q' ,DOJJ;Y11811HHX 
• • 0 ' ~ • ' • • 

cJDDiKpB .0 ~eJDN81D!eM 8Bepl'JIIl YMeHIIIIIBJI>C:&' (!: 4,4 'upH 3,!5 !'sB/C; 

I:. II ~ •• ~IO I'DB/c •. I: 40 nPII 4,85 l'8B/c)~ a~ BH8B8JI'Q He 'l'OJI:&KO . . - . . . . 
,.relllillleuBeM ~ 118MepseMOro ceqesu, ao. 11 ~ellllell «oilO~ 

. JQJI)B:d BCJIS,JtCTJme MeB:&ID81'0, upoCorpQsCTBeBBOl'O Pa8.1te.l811111l upo'l'OBOB 

OT.JF,a'IIJI OT '118CT~ ~ (OM.piiCYJI~K). ITOS'l'OyY UO'l'p~BSJI)C:&,Dj)BMe-. . .. ' 

se&Be cSoae C'l'pOl'JIX Iqlll'repHu · ~ o'l'dOpa CJIY'I88B ynpyroro pace ea.:. 

1DU1 · aaaiut, qml :~[9_ ·3TH· ae .xpft~pu dWIII BCiioJJLso:aami JtJIR nOBTOp-'o · 

HOI odpadoTKB .$U~i~Hx' upB 3,!5. !'8B/c.· . . 

ITpz. npoOMO'fP8. ueBRB· c BCKPOBOI KaMePH $CI · .ttm ;JtaJIDHelmel 

odpado'.l'Kif·;cno.P~c:&· ~BIIIIiGI, sa Koropwx no1111110 orpeRa o-r DA.18iDI(el 

nyqKOBOI qac'ri!QH ttpBCTrCTBY8T 'rpeK1 npo,ItOJJXellJie":"J<O'l'Oporo. B C'l'OpoHy : 
. . 

BO,ItOpO,JtBOI MBDJ8D: MOZet nepeceKBT~ c npo,ItODeBlleM Dy"'RRBOI'O 'i'pe- · 
·,•• I o •• o ot ', ,· ... 'd • ', o ~· • ,: ' : • / : 0 ' ' I o' ' 

K&. qepes KOop].p1118ftl Bftlt 'l'J)eKOB npoBO~C:&. DpiiNYe B JllmiCJIRJ.lOC:& 

ptl~C~~-,. ·~1101'0 ~6·111111 a~·- 8- ·., K90PJtoaT8 . . . . . . . 
8'1'01'0 .._ M8CTa B. 'iJ.'o.1 . e t UO,Jt KO'l'OpuM BJI,lUIO 8'1'0 ~ GBOe pac. 

' ,, I . '• . 

. c.r.om..e· n aepH SCI' • Pacn.Pe.leJI8BB8 cod&T:d no·.Bemmme e 
0~0~ rw~eo:bHM c.nO-BBOI ~I,2~Icr2 ·patt 1 CoOTBeTCTB~el 
.Omwl~l ~ CJJyt~aeB.r'..P ·- p8ccMmvi'RB88.1t (n-sa :KYJIOHO~~ro . 

pacces&u B. BO.Jtopo)le. ~ccemmoro. sa~ ~~- ~e8osa • no111eD1Boc'fel 

· · B JlaMfa:Peium yr.mB TJ)eiwB B. JUU~~pe SCI ). nepeceRBriq,umcs cum

· . .IIICit Jmpu. TpfUtoB c· S ~· 3.Icr2 p&Jt~ ~~e OTdPaCHB8JDIC:&o 
. . 

HcKJJIIII8JDtc:& Taiate c~, . KOrJtB nepeceqeHHe· 'l'peKOB uaxo,JtBmc:& BHe 

. 061.8118. DJOtoro :SO,Jtopo,Jta. ·ltJlfl O'l'OdpaBBHX ~ odpaSOM CodHTd 
··, ·: . • • - : • • l 

. cTpoJrUIJicJ, · pacn:Pe.iteamm · no JIIID1.Dcma qaC'l'BU, aapel'JIC'i'plfPOBBIIBWC B 
. f . . . · ... : . . • • 

~o:BOI IWiePe ·s;Cl/; B soru. ilacnpe,lleJieosu:· BJ¢eH· qeTK:d mm, 
COOTBeTCTBYDQBI JIMII1JI:&Cy npoTO:iroB O~~U O'r ynpyroro .~·~- ~~es
~ ·~ (~BHa aroro ·mma OiJ:peJteueTcs pasc:lpocou no ~sepru ntl>· 

BB11&0l'O DY1IK8 H paspe~e~·cnocodsocT~ MBrBHTHOro oneKTPOYeTP,B H 

.. POQ~ OKOJIO ··~ nPB'4~IO H. 4185.l'8B/ch Cb(S&Taa, ~OUBMIJ!tl'e :a·· 

~~T ~~· ~C:& C~ ynpyroro PaOC~ :/C+ ·-.'·Coo-· 
. . . . . . . . . ·. •·. . .· . :· .. 
'npBBU' Ba CJ.\VlllibOe ~OD&)t8BB8 118CTJDtY B 8'cy odJJBC'rll IW18pH,SC I! 

··10 
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c c· ~ s.r~~PBJt .ca~T~ r,~ JtJlJl·.~·,rs ~B/c; 3,7-· .JtJU~ 
. 4,!0 rawc .• 6~4~. w ·4,85 :·reB/c.>. . .. . . .. . 

: ~Kftsaud ·~~BHI 'fl'OJI yc'l'&BOBD B c ~~·••, . BJABCJI&IIHHI 

· . ~~e!O.tioll .li)Jl'1'84.Kap.., · o · yq~• KJjJ)~~!tOro paccemuiJI uc'DI!, · ~o!a-
lUUI.. 2,87 .• I~ c'l'ep JtJUi.:4,IO riB/o • ·s,04ao-s ~eP Mil 4,85 1'8B/o. 
. · .. Up~ m.Ailc.ie&D· acMe~IIBBIO: o~emd. ~~o:r.: ~JJPQicJI n . 
', ,' J. I . ' ·,:,. -'., 

B;~tepa.Oe ~.J{elcftlle nepBJNBqro • pacce.mmoro Baa&Jt. :Je•- Meso-. . . . 
ROB ···upo'l()~ O'l'.U.u B.~~po.JtHC)IIii!JDemi·~ J1 CT!e~, Ba nplllleOII 

J'.' · - ... :iae~BoB ·~· ·~e;. ~: pac~ paccemmoro · · x. ~ Meso&a, RB • 

. acixiJeK'l'IBBom~ · ~~-·. c~enmwB il &JieK'l'pOBRYX . ex~, sa 
~8K'l'~OC'l':&·BcapoBHx K&M~p. . · .. ·. .. . . . 

• . I 

B. TadJuute. ripn~e!JH · no.ayqemme Be~ .JOIIIrPepeRttJ18m.ma ce-

: T~emdl,. BKJJD18Jl )IIUIHNe· DpJI S,IS :r&B/cl.oCSpa~'t8BRHe C BCDO&BOB&

~- ~samu.IX BHJDe KJ)mp•~J3 :;o~pa.·. ~KJI, yxasaHBHe B ~ • 
. ~ ~cTa'l'HCTJAeCKYJI oiDJidK;Y. B JJeOnpeJteJiellBOo'l'll B noDpaBRaX. 

·. ·. B s~ol ~ Tad~e ~ Cpum~ IIP~UeBH .JUUIBHe Jt.U.410:r&B/o, 

·uo~eBJill~ c. uo.,Dt&m lii'JtKO~.Jt9~JtBol lWiePH ~ . . . . 

. . ·B npe~l· .. siimei.PadpTel~.CSHJI. o.ltW BIUIO.U ·o OJD(eCuOl!8IDI!I 

aHe.~.nBOro .lio ·BeJiatDBe··.~· pxo~. ~ :S··~e~· cnelliiJI 

YIIPYI'Ol'O ·x·~ .- }lacoeam BaaaJt ~· 31!$ 1'8B/o. Ha. J{B~BHi, IJPDe

,J{emmx B ~~e ~. T~~. liMee'lC4_.·1s~ ~ ~;roB:· rarP IIP• . · 

·4,0.-I'tB/c. ,llelc'rBII'l'e&~;BeJiJR~·(~6-~J.:;aa u- npeBOcxO.ltBT 

ope,ltllee oe'llme paccema :a· ~· uo.-;JOc)epy 11 DO'Il'l'B :a 4 paaa esoa-
.me C8118~ ~.Jm1oep~ ~~. cO~~ ..... · .O'f ~ 0,8 11.0- I;O up~ . 

4,0.·:r&B/o. ·Mile~ IIQ B .fi:•p.~_pac~ B888Jt • Jip~·4,85 ft:s/o: 

. ~~JIBB. (cJ.5~d.~J::;· B lle~AIU) pas,~~CxO~ BeD'IIBIQ'. · 1$ . . 

e«o-#QC¥o'r0p8Jl·.B CBOJ) o11ep~ .uo~··~llrll cJQDIIIB·{ctO"/ciQ)~+.,e 
. C;JilecDOJUD . JID8 .· B. jnp)ro.. ,%;p· .;. paC08JIJIIDf. Ba88Jl :B .AOC'l'a-. ' . .. . . . . 

'1'011B0 ~OIC JDI'1'8pJI8Jie &Bepridt BHIIIe 3. rtB )'IUWIB8.t't ·sa. 'lO, tito . · 
t'lO'l'. IDIK se ~BII88B· o · II,pOoJia~~~~a~ ~~ pesoB&Bca, .a ~'1'011 
x~P~~* ~ npo~cc& :J1lP1I'Ol'O. pacoimual :a· ·oc:s;.cu maooKBX 
aseprd I~ • : . . . 
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N 
N 

~no~..; 
11esosa B 
JJa<S.cKC'r. 

3;!5 

4,IO 

4,85 

4,00 

.Ir.aRHHe no yup)'roll;f paccemD!i) .Jt+p- MeS!)BoB m npO'l'Oilax E6Dsa. raff' · 
; ' . . . 

. Hlr1'epBSJI ··HJI'l'~ ~epjiu,. ~ctcr/d52l...."' · (d.trfd,u), 
yrJDB ft..,... . CD6 ... . B/C. - . ·~ .BL.. 
,· ./ rpa;D;. 'I CTep . T'BB/C 

ecwma 
' \ 

.. 

~0,998 +.:!~000 0~!69 + 0,!04 
.. 

~ paCSoTa . !77+180 99#:I2 244.±29 

I77+I80 
i· 

-0,998t"'" I,OOO o,006 + o,oor 74;t!I !36.±20. .tT,ammJ!' paCSo'r& 

177+180 -0,998+ -r,ooo. 0,074 ~. 0,068_ 37.1!2 . 56.± IS JT,8.aau pa<SoTa 

!43+!80 -o,aOO+ ·-r,ooo o,oea ·· +~,562 !9-tS 36.1'9 -PJ 
90+!80 o. ~ r_,ooo 0,088 '+ -3,252 • 6,4.±!,3 I2.:t·2,4 



Jtalx)epe'mJIB.u.aoe ·ceqeue pacce~DUU~·Ii:asa.tt. JIPK 4,0 I'BB/o, . 

no~eBBOe :s. paeso~[~ ooB~ecTBO c (do/d~J!!.i .~ ~~ ~TH 
xopomo oDJicHJIBeTCR 88BK~JdJ. PJUl . 

. · cl()/tl!iil • A exp.{ f1 /432}' 
'( . -. . 

l;'xe . 1i -. nep~~jmpmd nepe;u,mmd 11111Jl1JI!IO :s reB/c. 
BeJDI'Iima (dofti.Ql.,. ~c~ ydae'l' ·:s liSMepeimoM ~ IIH'l'ep:ea-. 

·Jie .&Beprd. OJtsmw, DOOKO.&Iey' ·DMepem DpK pa&IIIX 8Bepraic upoK8-. 

oo.lUIJiilc:& .t.Di ~ aJiaqemdt KB8,DJ)8'1'8 iiepeJtaiJJIQro mmynca u. • 
. a~ cneae paceeJDIJf!l ·. OIIDJIO .I8o0 &ami~B'l' 0'1' u , yxasa~oe ,ydHBa-

• • . ; ' ""~ • • 1 . 

mte ceqeBBJl JipOBOX0,1tlll'l' JIPK OJuiOBPelleBBOII K8118B8RIIll 'JW1X UapaMe'l'pOB: 
• • .I • 

aliepl'BII • KB8JI;paT8 nep8,1UIJDlo.rO mmynca u. . 
. · AB'l'opu cs~~'f B. 'BJipyaB11, ·T • .U:oCSpo:sonc!tOro, A.SaBropo.tt-

·.. ' . \ . ' . . . . 
· sero,· H. KaleypBBB,· B.nepe:sonJJKaaa,H.qepB&JDO:ea sa· DOMODPo B paCSo'l'e, 

'- 'B.K~-.~ OOC'l'liBJie.;_e JIPO- K'nPos8Jl8BJie pacqe'l'O:s, RO.UeK

'1'0 ciiJIIPOIIIS~Tpc,sa. · sa .. odecnne~ c'1'8CS~sol padom ycKOp~eu 
~ • • • • I 

B ·:rpYIDJ1 ·aKODJQ'amWm xpiloreBBoro O'l'.lt8JIB 8a o<SeciJneDe DuuatM.: · . . 

: OcS!.cwmeBmdt · e~Ji'ey'l' 
B,1tepBux BCcJmAOBamd. 

l'IOC'eyll:UO B ~ 

I5.ceB!&dps !965 r. . . . 

. (;t] J.A.SaYiD~ A .• a. v.o'feAko, B.I,Gue 'kov-. , •.P.LikhacheY, 
.A.L~LJUbimoY,. Ju.A~ktulelllco, V .B.B1iliYlDalq. l:'~a. Lett., 

. .ri~ 68, 1965. . . . . . ' 
~] ~en•Berlin•Bt~nlb•mMBonn-Haa~-LoDdon-iaachen 

Collaboration. PaQ"a. :Lttt., ,!g, .248, 1964. 

· I) JfaMepeiUUl apOBO..-uCil JIPB &Bej>h~J!i moDe S,O· re:s, 'llTodu. 
· :ucseaan ·oo8110mroro liJDUDDUl po$HIH. :uoCSap sa yupyroe pac-

cemure aaae;q. · · 
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INTERFERENCE OF K~ AND Ks AMP~ITUDES IN THE 11+11· DECAY MODE 
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The decay law of a coherent mixture of K~ and ~ has· been measured over nine ~ mean lives in the 
11-f.n'· mode. The relative ph~e be. tween tlie interfering amplttudes was found to be fPn+-l{Ji/21 = (1.54: 
:0.17) sign (mL -ms) rad and ~e KL- ~mass difference Am/r8 I = 0.480 = 0.024. . 

We report here further results from an expe
riment designed to measure the decay law of a 
coherent mixture of ~ and :rC! in the (11+11:-) decay 
mode behind a regenerator. :iPrellminary results, 
reported recently [1], had been derived from data 
taken with two thin·carbon regenerators. They 
already established the existence of an interfer
ence term of K¥, and ~ amplitudes in (11+w:.) de
cays and hence supported the interpretation of 
~ _, 11+11- decays (2] by CP violation. 

This experiment has been extended over a wider 
range of prope·r· time in the ~ rest system by ad
ding data taken behind a thick carbon regenerator. 
Systematic effects on the fitted parameters of the 
decay distribution have been investigated and were 
found to be small; the precaution of quotirig 90% 
confidence intervals as errors on our preliminary 
results [1] proved to be exaggerated. 

In the present note we summarize briefly the 
new results and give more precise values of 

a) The relative phase qJ between the interfering 
amplitudes; 

b) The mass difference Am = ms- mL as deter-
mined by the beat frequency; . · 

c) The branching ratio BR,; r(Kt'- 11 +11 -)/ 

r(K_l _,all charged); , 
d) The ~ mean life, T8 • 
The experimental procedure is the same as 

described in our previous letter [1]. However, 
some remarks are appropriate on the fitting of 
the tJ.me distribution observed behind a (30 em) 
thick carbon regenerator; For the notation we 
refer to ref. 1. 

We now evaluate explicitly the phase and mod
ulus.of the expression 

As [1 - exp {-(i6 +tll})/(ill +i) 
occurring in the regeneration amplitude A. In this 
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way we take into account the obvious dependence 
of this amplitude on~ momentum and on regen
erator length. The fitted phase cp is then simply 

cp = arg 71+- - arg i/21 (O) 

and the fitted regeneration probability R = IA/77+-1 
refers to a~ momentum of 4.5 GeV/c and 5.6cm 
carbon regenerator. 

As in our previ.ous letter; data have been nor
malized to the same K~ flux trarismitted through 
different regenerators by using Kll3 decays, ob
served in a restricted fiducial decay region as a 
monitor. Background of (11+11·) decay events, mis
labelled Kll3 because of transmission of pions 
through the Fe absorber or 11 _, ll decay in flight 
haa been eliminated bY inserting inside the invari
ant mass region 480 < m• < 510 MeV the relative 
number of events recorded without regenerator. 
Background of Ke3 events has been eliminated by 
a (:erenkov·counter. . 

. In the case of the thick carbon regenerator the 
observed monitor rate has to be corrected for the 
detection of diffraction scattered K9 , to obtain the 
transmitted K¥, flux. However, in feptonic decays 
the direction of the parent ~ cannot be deter
mined precisely enough to reject diffraction scat
tered~ as•in the case of decays into (71+71-). In
stead the detection efficiency for diffraction scat
tered KD decaying in the K 1-13 inode has been eval
uated bY' Monte Carlo methods and was found to be 
22% of that for transmitted ~. The diffraction 
cross section has been calculated using the optical 
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theorem from the total cross section of K0 in car
bon, aT= 186 ±40mb and a carbon radius of 
3.24 x 1o-13 em as determined in proton carbon 
scattering [3] with the result on = 21.6 mb. From 
this value and the detection efficiency we derive 
a correction of -(1.2 ± 0.25) x 10-2 to be applied 
to the K /l3 rate observed behind the thich regen-
erator. . 

Events labelled 11+11- in the data taking were 
sorted into bins of proper time each 0.5 x 10-10s · 
wide. Their mass ranges were restricted to 
45 < m* < 550 MeV. Events with a deviation of 
e2 .;; 1o-5 rad2 with respect to the beam direc-
tion were attributed to 11+11- decays of transmitted 
KO. The background consisting of unidentified Ke3 s 

80 
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450 •. 470 

N> REGEN ERA TOR 
ALL ANGlES 

550 

2an C REGENERAlOR 

ALL ANGLES 

550 

4 an C REGEN ERA lOR 
ALL ANGlES 

530 550 

Fig. 1. Mass spectrum of events labelled (1T+1fl for dif
ferent beam conditions. Note that the constraint on beam 

direction has not been used. 
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2. 

25 

NO REGENERATOR 

--- acwptance of detecta< 

x2 7.6 for 11 O.F. and 

r (lc; .. v•r- 1 _;_.:_ ____ (1.93•0.15)10-1 

r I K; .. charged I 

2 3 .. 5 6 
time 10'"10 s 

Fig. 2a. Decay distribution KL -+ 1T + 1T- plotted against 
proper time. Calculated detection efficiency, normal

ized by Kll3 decays is drawn in. 

events and diffraction scattered ~ decays was 
extrapolated under .the forward peak and sub
tracted. The wider mass range reduced the slope 
of leptonic background and thus the error in sub
traction. The subtraction has been further refined 
by calculating the distribution in ~2 of the back
ground. Particle identification greatly helped in 
reducing the leptonic background as can be seen 
in mass distributions for all angles e in different 
beam conditions in fig. 1. 

Data have been taken and analysed in four sep
arate runs. The observed decay distributions of 
transmitted ~ in the .(1T+1T•) mode are plotted 
against proper time, in fig. 2a without regenera
tor, in fig. 2b for 2, 4, and 30 em carbon (plus 
0.8 em and 1.6 em plastic scintillator for 2 and 
30 em C, and 4' em carbon, respectively). 

The data observed without regenerator are 
compared to the calculated detection efficiencies 
as a function of proper time. Using the K1L3 beam 
monitor a branching ratio of 

BR = r(KL -+7T+1T-) = (1.93 ± 0.15) X lQ-3 
r(K~ - all charged) 
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Fig. 2b. Decay distributions of K0 -11+11- versus proper time as observed behind carbon regenerator of different 
thickness. 

is obtained and ax 2 of 7.55 against an expectation 
of 11 •. This result is in excellent agreement with 
earlier data [2) and checks the absolute K J.l:f mon
itor and the calculated detection efficiencies. The 
tiine dependent KI.. - 11+11- intensities drawn in 
fig. 2b are determined in the same way. Distribu
tions derived from the assumption that trans'
mitted KY, and regenerated KS amplitudes are 
coherent [1, eq. (4)] are fitted to the experimen
ta1 data to search for the best values of R = 
= IA/11+-1, q~, 6 = Am/rs, BRand TS 111+-1 is 
determined by the K J.13 beam monitor. In a sep
arate fit Ts was assumed to be 0.90 x 10-10 sec. 

"I:wo distributions are shown in fig. 2b, cor
responding to the best fit obtained for two hypo-
thesis: 

0 0 · . 2 1) KL and Ks decay independently. The x- for 
this fit is 283 for 38 degrees of freedom. 

2) ~ and~ amplitudes are coherent. The 1' 
for thisliit is 18.7 for 36 degrees of,freedom. 

The values of. the.fitted parameters and their 
standard deviations for the second hypothesis 
are: 
I. TS = 0.90 x 1o-10s assumed. 

1) R = IA/11+-1 = 4.30 :1: 0.16 is the modulus of 
the regeneration amplitude in 5.6 em carbon of 
average density 1.785 a:t the mean momentum of 
4.5 GeV/c, relative to the ratio of~ and Kg 
amplitudes for lT+lT- decay. This corresponds to 
lt21l = (5.70±0.23) x 1o-13 em, where ta1 = 
= Hf(O)- 121(0). 

2) rp = arg 11+- - arg if21 = 'f (1.53 :1: 0.09) rad. 
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3) (ms-mL)/rs =± (0.480±0.024). 
0 + -·;. 0 

4) BR = r(K;r.. -lT -~) (KL -all charged) ~ 
= (1.993 :1: 0.080) X 10 . 

The erros are mainly of statistical orighi. 
Systematic uncertainties have been' estimated 

for the experimental resolution in proper time, 
the K J.l3 beam monitor and detection efficiency; 
they are included in the quoted errors. 
II. Ts determined by the fit. 

1) R = 4.30 :1: 0.16. , 
2) rp =arg11+-- arg(i/21) = 'f(1.54:!:0.17)rad. 
3) (ms -mL)/rs = :1: (0.480±0.024). ·· 

o +-I o 4) BR = r(K;r.. -11 11 ) r(KL -all charged)= 
= (1.993 :1: o.o8o) x 1o-3. , 

5) Ts = (0.904 :1: 0.024) X IQ-10s. 
We increase our error in cp by also determining 

Ts from .the fit. However, in view of the disagree
ment between previous and recent measurements 
[4) we prefer to quote the fitted values of II of Ts· 

The relative sign of 6 and rp is opposite, the 
overall sign is not determined in this experiment. 
Recent results [5) indicate that (mg- mL) is neg
ative. This would then fix the sign of rp 

rp = arg11+_- arg(i/21) = +(1.54:!:0.17)rad. (1) 

The sensitivity of this experiment for an inter
ference term between ~ and ~ amplitudes can 
be exhibited more clearly than .in the experimen
tal distributions of fig. 2b. This has been done by 
subtracting the quadratic terms of the amplitudes 
using the fitted parameters R and 11 and by divid-
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Fit to 2cm C,4cm C and X! em C Flegonenllar 

6 .a.,eo:lh 

4 

.,..azs• 
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Fig. 3. Interference term of ~,and K~ amplitudes as
determined from tbe data. Expectation cos~t rs + cp) is 

also sliown. The fltted amplitude 1s (1.08 ±0,12). 

ing the cross term by 2Rexp(-~rst). The statis-
, tical errors have been distributed according to 
the weights of the tlu'ee terms. Fig. 3 shows the 
resultant determination of the interference term 
together with the eXJ)ectation cos ( Amt rs + cp) 0 · 

where cp = arg 71+- - arg 1!21· The beating of Kg 
· and KY, amplitudes is clearly exhibited over t of 
_ a period, corresponding to nine ~ mean lives. 

Some models of K~ decay into 211 by Laurent 
and Roos [6] and Kabir and Lewis [7] predict _that 
the sign of the interference term is opposite for 
KO mesons originating from KO and K0 at· the pro
duction target. The amplitude of the infefference 
term would thim be reduced by a factor 
(N(~)- N(KO))/(N(~) +N(K0)) .• If we estimate the 
ratio~~ at production from the ratio K+/K" 
[8], the amplitude of the interference would be 
expected to be reduced by a factor 0.6 under our 
experimental conditions. The observed amplitude 
as determined in a-_least square fit to the data is 
1.08 :1: 0.12. 

A comp~rison of the phase cp with different CP 
violating rijlodels is not possible without indepen
dent information on arg if21· 

We have also measured the charge asymmetry 
in KJL3 decays of ~ with the result 
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1-1+- ~-~--+ ___ = -(1.45:1: 1.8) x 10-2 . 
1-1 + 1-1 

The limits on K~ decays through neutrallep
tonic currents have been improved in this experi
ment with the result(70% confidence, no event 
observed) 

I'(K~ -1-1 + + 1-1")/I'(K~ -all)< 5.2 X 10"6 

I'(K~- e+ +e")/r(Kt -all) < 2.5 x 1o-5 . 
Combined with an earlier result [13] we find 
(70% confidence) 

I'(K~ __, 1-1 + +1-1-)/r(K~ -all)< 4 X 10"6 • 
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It is shown that the K•n- and K-n total cross section differenceis and the KY,·K~ tr;u;smission regeneration ampli
tude measurements at high energies are in a good agreement with the CP-violating parameter value l'l+-1 = (2.30:t0.03) 
x 10-3• 

As is known [e.g. 1], there still exists a contradic
tion in experimental data on the paranieter 11+- =, 
111+-lexp(i<l>+_) which represents the ratio of the 
CP-violating decay amplitude K~-+ 11'+1T- and the CP
conserving decay amplitude K~ 41f+1T-. In a number 
of experiments [2] performed before I972 the mean 
value of 111+-1 was obtained as 111+-1 = (1.96±0.03) 
X IQ-3, while the results of two recent more precise 
experiments [3,4] have given the value of 111+-1 = 
(2.30±0.03) X IQ-3 calculated for the mean life time 
ofK~ equal to 0.895X IQ-10sec. Because of these 
facts, the mean value of 111+-1 = (2.17±0.07)X IQ-3 
quoting now in the Particle Properties Data [5].has a 
sacle factorS= 3.4. 

One can try to resolve the existing contradiction 
with the help of the K~-K~ regeneration experiments 
on hydrogen and the total K+ n and K-n cross section 
measurements at high energies. 

The transmission regeneration amplitude on hydro
genf:f1 = lf:ftl exp (i.p~1 ) by defmition js equal to the 
semidifference of the kaon arid antikaori forWard elastic 
scattering amplitudes on protons: 

fzt = [JD(K0 p)-[lf(K0 p)]/2 .' (I) 

Applying to the both parts of eq. (I) the optical theo
rem and using the isospin invariance hypothesis, one 
can obtain 

2Imf:ft = k[aT(K0 p)- aT(K0 p)]/47T 

= k[aT(K+n)- aT(K-n)]/41T, 
(2) 

or 

t.a = 47T[21f:f11/k] sin.p~l , (3) 
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where k = p/1i,p is the kaon momentum. 
It is knonw from the regeneration experiments 

[e.g. 8, 9] that 

Zlf:f11/k =AR 111+-1 , (4) 

where R(p) = IP/11+-1• pis the regeneration coefficient 
and'A is a constant completely known for a set of va
riables: kaon momentum, length of the target and weak 
interaction parameters .of the K~ -K~ system (11m; T s, 
TL and <l>+_). From eqs. (3) and (4) it follows that 

ila(p) =AI11+-IR(p) S~<P~1. (5) 

One can use eq. ( 5) for a consistent check of the, 
total K+n and K-n cross section measurement', on the. 
one hand, and the hydrogen K~-K~ transmission rege
neration amplitude, on the other hand, with the existing 
data on 111+-1· . 

In order to check this consistency we have used the 
Serpukhov [6] and Batavia [7] data on the total cross 
sections (see fig. 1). and the values of R (p) and <P~l from 
the regeneration experiments [8, 9]. · 

The total cross section differences· [6,'7] have been 
approximated by expression ila(p) =Bp-n and the 
constants B and n have been determined by least square 
method for each experiment separately and for both of 
them together. The results of this' approximation are the 
following: 

IHEP data: ila(p) = (12.1±4.1)Xp-0.65:t0.10mb 

(x2/DF = 5.7/7); (6a) 

FNAL data: f.a(p) = (12.I±5.9) Xp-0.57:t0.11 mb 

(x2/DF = 7/7); (6b) 
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· Fig. 1. The kaon and antikaon total cross sections difference 
at high momentum: (•) <~.ar= ar<K0p)- ar(KOp) calculated 
from the regeneration experinlents (8; 9] using the value of 
117+-1 = 2.35 x1o-3 ; (o) and(") <~.ar= a"((K-n) -.ar<K+n) 
obtained in the experiments [6] and [7), respectively. The 
solid line represents the fit of data by expression (6c), the 
dashed line is. the fit of data [8, 9) by expression .:l.a" (8.4± 
3.2) xp-o.ss±o.u mb. 

IHEP+ FNAL data: ~o(p) = (6.8±1.3) Xp-0.46:t0.05mb 

(x2/DF = 22/16). (6c) 

Using these expressions and extrapolation or inter· 
polation procedure we have calculated ~o(p1) for the 
same momentum·p1 in the region of 14-50 GeV/c at 
which the regeneration amplitude is measured. 
. The values of ITJt-1 were calculated for each of 

cases (6a-6c) in the 8 momentum points using the 
energy independent regeneration. phase 10~1 = .:..132°± 
5° as it is observed in the experiment [9]. The calcu· 
lated values were then averaged to get ITJt-la-c as· 
suming that ITJ+-1 is energy independent. If all experi· 
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ments [6-9] are compatible, we should then obtain 
equalities: ITJt-la "=ITJt-lb"'ITJt•-lc which are valid 
within the experimental error bars. The last value 
ITJ+ -lc representing the averaged result of all ex peri· 
ments [6-9] could help in resolving the above men· 
tioned contradiction . 

Performing the calculations we have obtained ITJt-la 
= (2.23 ±0.08) X J0-3, ITJt-lb = (2.87±0.10)XJO-.i 
and ITJt-lc = (2.34±0.09)X w-3. All these values con
firm the new value 171+ -1 of the experiments [3, 4]. 

Looking at them separately one can see that i Tlt•-lb 
is too big and inconsistent with any published value of 
171t-1· Experimental errors in 10~1 , its possible weak 
energy dependence and errors of the extrapolation pro· 
cedure cannot explain this Inconsistency. It could be 
attributed to the possible unknown systematic errors 
in the used experimental data. 

The value of ITJt-la is lower than those in the expe· 
riments (3, 4] but still consistent with them within 
one standard deviation. 

The value of ITJt -lc is in a very good agreement with 
the results of the experiments [3,4].It means that 
possilile systematic errors of experiments [ 6-9] some· 
what "compensate" each.other and give the correct 
value of ITJt-1· 
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IIHC:l>M.A B PE,l{.ARl{HIO 

COBMECTHLUl AHAJIH3 K~s- H F113 -PACIIA)J;OB 

B. II/ ,II;11\0P,II;iKA):(3E, B.· ,II;. KEKEJIB,n;3E, B. r. KPHBOxirnrnH, B. B. KYXTIIH, 
M. t~~.· JIBXA'lJEB, H. A. CABlm; JI. B. CHJibBECTPOB, r. r. TAXTAMLIIIIEB 

OB'£E,li,HHEHHMJ1: HHCTHTYT .H,lf,EPHlilX HCCJIE,lf,OBAHHit 

(ll' o • m 11" u A o e l' • ila,. If u to :13M ap m a 1 9 7 7 •·) 

HcCJie~onaHIIe Jdls-pacrra~on rrpe~cTaBJIHeT aHa'IIITeJILm.rii: IIHTepec ~JIH 
UpOBepiGI TBOpeT!IAecKIIX rrpe~CTaBJie.HliH 0 pea.JLII31Ul;H11 ll HapymeHB:II CIIM· 
MeTp!l:ii:. B npe~oJioJKeHllll BeKTopxoro napxaHTa CJia6oro naaRMo~e:ii:cTBIIH 
CTpy.KTypa a~HOI'O TOKa TaimiX paJCIIa~OB XatpaKTep113YBTIC1l ~Byld1l cfx>pM· 
cflaxropaMK: f+(t) II /(t), SaBlJJC~Mll OT KBa;IWaTa IIImapitaHTJIOii: MaCCLI Jieii• 
TOHHOii: napLI t. 8TII lflopM-cflaKTopLI O'leHL 'IY'BCTBRTBJILHLI R Bll~ CKMMeTpll:it 
JiarplliDK!IaHa CIIJILHOro :Baa:~~Mo,n;eii:cTBliH. Tax, HanpRMep, B rrpe~eJie TO'IHOii: 
SU(3)-CliMMe:Tpllll napaMeTP s(t), ROTOpLiii: BLipalKaeTCH 'lepea. onpe~eJieH
HylO KOM6Jm~IO lflopM-cflaR"l''I'lll<B ( 1], IIpll ·t~O ~OJIJKeH . 6LITL MaJI, a B CJIY~ 
'!ae pe.a.niiaan;IIII KllpaJILHoii: SU(2) XSU(.2)-oe11MMBTpiiJI ~OJilKHO 6LITL cnpa-
Be~JiliBo cOOTm>meHIIe Kamr.ana- TpeiiMaHa [ 1

]. · 

IIJIOTHOCTL pacnpe~eJieJiliH cOOLIT.Jtii: B -c6JiaCTII )J;aJiliT:i:(a BLipalKaeTCH 'le~ 
pea 611JI1meii:Hyro ROM!iaman;~~ro iflopM-<flaxTopon: 

rPIV rxAf+(t)I+Bf+(t)f(t)+Cf(t) 2
• 

dE, dt. 
.(1) 

3~eCL E,.:.... 3Heprn1! Heii:TpliHO B CKCTeM:e IIOROH RaOHa, a A, lJ <II C- orrpep,e
JieHHLie RJmeMaTII'IOORIIe q,ymm;1111 nepeMeHHLIX E. 11 t. 06LI'!HO npe~rroJiara
eTcH, 'ITO lfJopM-cflaKTOpLI JIIIHBHHO 3aBHC1IT OT t; 

I+ (t).=f+ (0) (1+.1..+t/JL1
)' 

f{t) =f(O) \1+.1..ot/JL1
) 

(2) 

('lepea JL 060a.Ha'le.Ha Maeca ILOROH IUIOHa) li 06'LeKTaMII 3KCIIBpliMeHTaJILHOI'O 
KCCJie~oBaHliH 1IBJI1IIOTC1l rrapaMOO'pLI A+ li Ao. · . 

K xac'l'orun;eMy npeMelllli axcnepnMeHTaJILHaH RH!flopM:a:q~~H o napaMeTpax 
0 . 

4JopM-lf>aKTopon B K 13 -paCIIa,n;ax ocT a eTcH. ~oBOJILHO npOTIIBOpe'IRBoii:. 
B pa6oTax ['] 11 [•] HaMil 6LIJI11 o.npe~eJieHLI napaMeTpLI lflopM-<flaxTopou 

. . . . . 

cooTBeTCTBeHHO ~H K •• -. II KJI.3- pacnaJWB. B xacTorun;eil: pa6oTe MLI nponeJIH 

COBMecTHLiii: aHaJili3 3TIIX paCIIa~OB, C'IHTaH, 'ITO napaMeTp A+ B 060HX CJiy'la· 
11x o~ H TOT me (T. e. npe~noJiaraH crrpane~JIHBOCTL npRHn;RIIa JL- e-yHII-

nepcaJILHocrn). ,!l;JIH anaJIHaa 6LL'Io ill:cnoJILaouano 47 ·103 K~s- :a: 82 ·103 K~s • 
_pacnii~OB, oro6paHHLix IIO yCJIOBIDIM, OIIHCaHHLIM B pa6oTaX ( 3

• •]. IlpH B.bl· 
"lHCJieHRlt CTaTRCTII'IBCKOH OmROIGI, KOTOpaH SaBHCRT OT .'IHCJia MO~eJilipoBaH· 
liLIX C06LITHH, IIpH6JIRJKeHHa1l <flopyYJia, HCIIOJIL30BaHHa1l B pa6oTe ( •] 1 6LIJia 
aaMeHeHa TO'l.HOH • 

. 91.0 
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IJapaM!l'rpM onpeABJIJIJIHCb C llOMOID;biO 
Mll'rOAa nan:M.ei:I:&mn:x KBaAparon, peamrao
Bannoro B nporpaMMe «MMHYM'I) [5

]. 

B peayJI:&Tare TaKoro anaJinaa 6Lllln: naiAe
RI>I cJie;zyrom;n:e anatJeBIDI napaMeTpoB [']: 

1..+=0,0337 ±0,0033, 
t..=0,0485±0,0076, dt..ldl.+=-0,83. 

lJOJIYtJBRROe 3HitJeRHe X3=957. npeBI>ImaeT 
'IHCJIO cTenenei cno6oAI>I (652) n: yKaai>IBa
er na naJill:'lne neKoropi>IX cn:creMarntJe
cKHX OIIIIH6oK. · Bi.mo paectJnTaHo anatJenn:e 
napaMerpa 6 (0) =0,17±0,03. TotiHOCTH na
paMeTpoB npnBBABRbl C YtJBTOM «Macmra6-
ROrO cfJaKTOpa)>, T. e. YMHOlKBHI>l Ha BBJIII'IH- -O,t 

ny Yx'/cr. en. 
Ha p~reynKe noKaaaHI>I IIOJIYtJemn.Ie pe- "'• 

ayJJ:&TaTI>I (aamrpnxonanni>Ii aJJ.rrmic) BMec- 3na'lemm napaHel'pOB A+ 11 Ao .. 
Te C HB-BecTHI>lMJI AaHHI>IMH. 8KcnepnMeRTI>l IIOJIY'IBHHLie B )laHHOii: pa6oTe (aa-

. SANDWEISS-73 ['] n SHEN-75 [1
] B:&I- ml'pBXOBliHm.rli: aJLliiiiic), 11 cpaB-

IIOJIHeHI>I MBTOAOM H3MepeRHJI IIOJillpHaa~HH HBHlile liX C peayJIJ.TaTaHII jlpyrHL 

J.L-MeaoHOB B · ~3 -pacnaAax, · a ALB ROW- aKC!IepiiHeHTOB 
72 ['], PEACH-73 [10 ], DONALDSON-74 [u] 11: BUCHANAN-75 [n] - x~-

ronoM anamma pacnp~eJienHi co6I>ITni B o6Jiacm. ,I(aJinT~a. t!epea K~ K., 
· 0003Rati.eR peayJI:&TaT, yopepjHeHHI>lR IIO BCeM H3:BeCTHI>lM 3KCIIepHMBRTaM OII-

pe.l(eJiemrn OTHOmemii nap~naJI:&m.:rx IIIHpnn K'~- 11: K:,-pacna.l(OB [13
]. Bo. 

ncex CJijnJ:aax yKaaam.:r o6Jia<ern, co~rnero'l1Byro~e op;no~ cran.l(aprnoMy or-· 
KJIOHelliHIO, 

EcJIH npeAIIOJIOlliHTb, 'ITO JI.IIRBRROe IIOBe,l(eRne cfJopM-4JaKTOpa f(t) pac-· 
npocrparureTCll B neql.HmAecKyro o6JiacT:& 6oJI:&IIIHX t, TO nam peayJI:&TaT lJ,JIH. 
A.o npoTHBO'pe'IHT coornomermro KaJIJia!IIa .,-,TpeiMana. Hao6opoT, ecJin ctJn-· 
TaT:&, .'ITO 9TO. COOTROmerme AOJilliRO BI>liiOJiiiiH.TbCH, TO CJIBAYBT IIpOBO,l(HTb Re-

. D:neii:Hyro alW11paiiOJIHIJiHIO f( t) B necf!R3ll'lec:Kyro o6JiaCT:&. · 
IloJIYtieRRoe anatJerme nafaxeTpa 6(0) yxaai>IBaeT· na -17%-noe Hapy-

menHe SU(3)-cB:MMerpn B Kr3 -pacna.J(ax. : · 
ABropi>I IrpHaHaTeJI:&m.:r .. A. T. ll>nJinn:noBY aa noJJeam.:re o6cym,l(enu. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

,~1~ 12 
13 
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TP AHCMHCCHOBHAH PErEHEPA~ . BEftTP AJILHLIX :KAOHOB. 
· H.A.,Il;EllTPOHAX; :0: HEnTPOHAX B HliTEPBAJIE HMIIYJILCOB. • 

· ·10-50 r-asfc · 
BEPJIHH- BF .ll:AHEIHT -.ll:J'BHA- ll'PA.l'l-; CEP.ll'F)COB- CO<l.>HH- TBHJIHCH·. 

· 
1 

COTPF.ll:HHVECTBOI) · 

flrocmvnu.oa • pea<&xlfuto 'l' •.'"''"~"6PA 1911 •·) 

I!pHBO)l;llTCil peayJJLTaTLI liCCJiep;OBalp!ll aMIIJIHTyp; TpaB:CMBCCliOBHOi pcreaepa~Uil 
aeiirpanLilhiX Raoaaa na p;eii:Tpaaax H neii:rpoallx B HHrepnane rumy'JJLcan Raoaan 10-
50 ras 1 c. Map;ynH MOi\li~If.IIHpOBaBBJdX aMnnuryp; pereaepa~:~:liH B aaBHCHMOCTH or ·HM
nyJJLca Raoaon li:aMeBIIlOTCJI no aaRoll:aM AiP-"t, rp;e A1 :11: n1Usd, 11) - RORCTaHTLI, pan
IIL!e COOTBCTCTlleHHO - Ad=-2,88±0,04 M6n,. n4=0,546±0,030 p;JIIl p;eiTpOROB 'II A,.= 
=1,97±0,14 M61i, n,.=0,530±0,019 fiJIII Beii.TpOHOB. lllaaLI aMIIJIHtyp; Be SaBHCJIT OT liM-

b . 0 
nym.ca RaOBOB R paaBW: 1i!d '= -130,9±2,7•; llln!"" --:-132,3±1,7•. Cpep;:a~!l aaa'!eaHe or:a:o-· 

mein!ll paaaocrelt ~OmlLIX ce'lemm ··:B3aJ!!M())Ieii:c:t~Bii· i.• H. K• :Ba neii:rpoaax II npo
TOBax &a (K0n )' I t.a (K0p) =2,000±0,066 .. 3Ha'ICHllll .BLI'Ieroa nap~:~11aJILBLIX (J)- II· p-aMIInu
cyp;, p;aiO!IIliX BRJiap; II K-B:YRJIOHBLie aMnJIIITY/lLI il3auMOp;eiiCT:f!u:ii:1 II Itt oruomelll'!e-

(11 ' p • p . 
paauLI: ~xp=7,2±0,1 M6n, ~rp==2,0±0,4 M6n, ~rpl~rp=3,6±0,7. 

1. BBe~eHBe 

llaMepeHRH aMllJIHTY~ TpaHCMHCCHOHHOR pere~epa~HH H6RTpaJILHMX Kao
HOB na · nyKnonax H. Aeii:Tponax ir aayqimae nx anep.reTH'IecKoii: aanncHMOCTlf. 
~aiOT B03MO.lKHOCTL llP9BBpnTl> i:ooTBeTCTByrom;ae cne~CTB:rut TeopeMLI IIoMe
palfllyxa (1], T60pHH KOMIIJI6KCHLIX yrJIOBLIX MOMeHTOB (1\YM) (Z-I), ~IICnep
CHOHHLIX COOTHOmeHH:ii: (,li;C) [•-7

],· a TaK.lKe HeKOTOpLie .BLIBo~ 'reopaii CIIM-
MeTpHi (TC) [ 8 ). . . . 

Mo~acp~Hponannoft aMllJIH'iYAO:ii: TpancMaccnQnnoft .. verenepa~n:a ['] 
Kt .... KS-Meaonon B nem;ecTBe naaLIBaetca Beni<ru:nil 

.,.. 1 I . 2 I o I , (. l.'l(p)=j·;;:- f(p)-JD(p) 11 .... -,;- /u(phexp[t<pJ pn. (1} 

rn:e j"{p) H f" (p) -.OOOTB6TCTB6HHO aMllHHTY~M ynpyroro paCC611HHH Bllepe,n 
~n11 K•- 11 K"-Meaonon. na 11~.ax ~anB:oto nem;ecTBa, k- BOJIHonoe 'ln:cno, p -
HMIIynLC RaonoB B n.c. B Faslc, j-d, M N"""p, n AJIH perenepa~an na ~e:iiTpo~ 
aax, npoTonax H neii:tponax. · . 

B. paMKax Teo pan RYM, yflntLi:Barom;e:ii: B aMnnntyJJ;e· paccennna I(aono:B Ha 
HyKJIOHaX TOJILKO BKJia]l; llOJIIOCH)>IX 'IJIBHOB, aMllJIHTY~LI IIpe]J;CTaBJISIIOTCH ii~-

I) K.-111. AJIL6pexr, M. 3aXBIIII, A. Maiiep- Hlllli3 AH r,n;P, BepliHH- Uoiirea; 
B.. K. 'BupyJieB, r. Becreproli6H, A. c .. BoaeHKO, B. H. reR'Ieli, T.' c. l'puraJiamBWIH, 
B. H. l'ycLROB, H. M. HnaB:'IeHRo, B. !': ,KpHBOXS:lKIIB, B. B. l{yxTIIB, ,M. Ill. JIJO;nea, 
H. Maaao, X,-3, · PLiaeK, 10. H. Cal'iovarHH, H. A. Caaua, A. E. CeDllep, JI, B. CHJJLae
crpoo, ~: E. CHMOHOB, r. r. TilxTaMLimeB - OHHH, . ,[(yoaa; H. rna)IRU, M. HoaaK, 
A. IIpoRem- «llH l!CAH, II _para; B. ,[(. -KeKeJIHAae- TrY, T6UJIHcu; -II: T.- Top;opoa
HHHH3 BAH, Cl$l:ll; JL 'Y.p(la:a: - UHili}J BAH, By~~:anemr. 

."1,69. 
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MOU napn;naJibHLIX BKJiaAOB OT (J)-, p· II (j)·llOJIIOCOB, .ManOCTb KOHCTaHTLI CBHiiH 
qJN N [ ••], <iKoMnencan;run> BKJiaAa p-nonroca B Fd (p), paueHCTBO ·nynro nso
cmma Aeii:Tpona nosuoJIJIIOT aanil:caTI> 3TH aMnJIHTYJtbl B B11Ae 

FN(p)= 2~ {~;p[tg"( ~ a.(O) )+i"Jp"•<•H± 
±~;v[ tg (; r.tp(O~ ).+i] i•<•l~i} (2) 

(anaK + AJI"JI neiiTpOHOB,- ~JIJI npoTOHOB) 11 

. Fd{p) = ! ~;P[ tg( ;, a,.(O)). +i] p"•<•l-1, (3) 

rAe ll- K03<flifi:0n;11eHT, ytl11TLIBaiOID;RR «rJiay6epOBCKyiO» nonpaBKY ·p•], 

a ~;,., ~:P .I{ a,. (0), r.tp {0) - COOTB6TCTB6HHO BHa'IeH11JI Bbl~6TOB aMllJIII• 

TYA B nepcKpecTHOM KaHaJie 11 TpaCKTOpp (J)- 11 p-nOJIIOCOB np11 nepeAaRHOM 
minyni>ce t=O. lis (3) B11AHO, 'ITO B TeopR11 RYM IF4(P) I 11 (j)d{p) cuJiaanLI 
"'lepea RBTepcenT (J)·TpaeKTOpHH, a HMCHBO' 

(4) 

0TCIOAa O'ICBHABbl aaBHCIIMOCTb MOAYJIH aMnJiliTYAl>l TpanCMHCCHOHBOR pere
nepan;nn: . KaonoB lia ACRTponax 11 ' HeaaB11CRMOCTb ee <flaaLI OT 11MnyJibCa. 
RaOHOB. . . ·. . . · 

BLIBOALI TC B KQM611HaD;liH c. Teop11eii RYM ycranaBJIHBaroT, B 'InCTHOCT11, 
<:BliSh M~ll\AY Bl>l'ICTaMH ilMDJIHTYA ' . 

(5) 

n: paanocTJJ;.IR noJIHbiX · ce'1en11il: uaaHMOAeiicTBHii K0 11 K• na neiiTponax 11 · 
nporonax 

{6) 

IIpeAcKaaaH11H }.J;C AJIH a,MiiJIRTYA TpallcM11cenonnoi perenepan;11n Kaonou 
.~B CJIY'!ae BLinonnnMOCT11 TeopeMLI IloMepail'IY~ta counaAaiOT c npeACKaaamrH-
MH reopHR RYM. . . , 

}.J;annLie o F4(p) noaBOJIJIIOT liLI'I11CJIHTI'> An:<P<P~penn;11aJII>irLie ce1JeH11H pe-
·renepan;nn n !l.o (K0d), TaR Kim. · · 

(dod) = nlFd(p)l', 
dt •-• • 4(1!c)' 

tl.o(K•a) =4n ImFd(p), (7) 

T):IC 

-t.a(K0d) =a,.,(K0d) -o,.,(K0d), 

-a B CO'ICTaH1111 c· AaHHLIMH Jia npOTOHaX ( 11
] ll0JlY'!11Tb anaJIOfli'IHLIC B6JIR'I11· 

Hl>l AJIJI B3nHMOA~HCTBIIH na neii:Tponax. lis. {2), (3) 11 (7) CJICAYCT, 'lTO 

· t.o(K"n) =!l.a(K0d)l~-t.o(K"p). · .(8) 

B Aann:oii pa6o7;e aMnJIHTYALI Fd(p) onpep;eJIJIJIRCb no HHTeRCRBHOCT11 

AByxnionnLix pacnaAOB · K~- 11 K;·-MeaonoB, npo11CXOARBillliX ~ np?CTpan

'CTBe aa M~menLro-perenepaTopoM (M-:-P), noMjli:n;ennoii: B naAaiOJD;llii llY'!OK 
'lHCTLix KL·Mesonou. liJIOTBOcTb luicnpeAeJieHIDl 'I11CJia aT:a:x pacna;:tou, aape-

. fli!CTpn:poBaHHLIX ycTaHOBKOH, Oll11CidBaeTCJI. 113B6CTHOH 11HTep<flep6BD;110BHO:ii 
<f>opMynoii (eM., nan.llHMep, ~a6oTy [ 11

]) • 

. :no 
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IlepnonnaJILHLie ~anHLie o rpancMnccHonnoil:. perenepa~n~ K~ ~ K; na. 

~eil:rponax co~epmarcJI B pa6ore [u]. 3~ecL npuno~JITCJI oROH'!aTeJILHLie ·pe
ayJILTaTLI, noJiy-ie.nnLie :B nnrepnaJie nMnyJILCOB 10-50 Faelc, n nx cpanne-
nHe C ~aHHLIMli npn:iMeHLWHX BHeprnliX [ 13

). . . . 

3KcnepnMeHT BLinpJinen na CepnyxoncKOM · ycKopnTene c n'oMo~LIO 6ec~ 
q,n:JILMonoro n:cKponoro Marnn:rnoro· cnrunpoMeTpa [ 14

] •• TaR me KaK B [ 11 ], 

n:aMepeRHJI npone~eHLI npn ~yx noJiomenn:Jix M"'-P (reoMerpu 1 n: 2), B Ko
ropLix saperliC'}.'pUpoBaHO OKOJIO 0,5 II 1 MJIIi. C06Lirnil: COOTB6TCTB6RHO. B Ka
'l6CTBe M.....!P IICIIOJILaonaiiacL 3-MerponaJI mn:~Ko~eil:repn:enaJI Mn:menL [ 15 } 

c TOJI~Imoii .r~eil:repu na .nyrn: '!aCT~~ .51,12 e!c.M' n: .noJinoii TOJI~n:noii: Maii-
JiapoBLIX OKOH 0,105 efCM2

• . . 

2. Oopaoorxa axc~epHMeuru&BWC ~auilliiX 

06pa60TKa 3KCIICpRM6HT3JlbHLIX ~3HHbiX BCJiaCL B OCHODHOM no CXCMB [ 11 ). 

II porpaMMOii: reoMe'11pme,cKoii: ·peKoucrpyK~n: co6Limii: [ 11 ] • 6LIJIO noccrauon
JJeno OKOJIO MliJIJIROHa C06LITHH, 6oJILWyiO '!aCTb ROTOpLIX COCTaB:O:JIH nocyJien-
TOHHLIC pacrra~bl Ki. . ' . 

Pnc. 1 n: · 2 HJmrocrp:u:pyror cyMMapnLie pacnpe~eJien:o:JI oro6paHHLIX 
:~:+:n:--co6LITn:ii: no n:x liHBapn:anriwii: Macce 11 KBa)l;pacy yma pacceJiun:a 

Kaonon. CyMMapuLi:e 'ln:cJia oro6panuLix K~.L-+n:+:c-pacna~oB pan:O:LI OKOJIO 
8400 li 10 700 COOTBBTCTBCHHO )l;JIJI reOMCTpn:ii 1 l!l 2, a ld.-+:n:+n;-~pacna~OB, 
Mo~eJin:ponanHLIX MCTO)l;OM Moure-RapJio [ 17

] l!l «sapern:crpn:ponaHHLIX» ycra-
nomro.ii:, 6oJiee 5 ·105

• · 
0 ' 

IloJinoe · 'lliCJIO · npome)l;lnl!!X CRBOSL Ml!liiieHL RL·Mesonon (Monmop) n:-HX 
RMllYJILCHbiH CllCKTp 6LIJIH 01Ip6)1;6JI6Hbl l!!S anaJI:o:aa TpBX'laCTH'!HbiX paciia)l;OB 
K{ [ 18

], aapemcrpil:ponaHHLIX ycranonKoii: B BT~M me aKcne}mMeHTe. 

~1500 .., 
~ 
.::::. ., 
-~1000 .. 
~ 
~ 

500 
M(x•;r-}

1
1fa6fcZ 

P.11c. 1 

... 
"" :R 
~ ...... 
<::>~ 

~to11 

~ 
·~ 5 
~ 

z 

I I I 

I I ! I ! ! ! ! I I 

10 z1 I I 1 1 I 1 1 1 1 I 1 I 1 t I 1 1 1 1 I . 

8 0,5 1 1,5 z 
o;Mpaaz 

Pnc. 2 

·P.11c. 1. PacnpeAeJiemre co6Linrii: no a!f!weKrHBnoii: :u:acce ABYX aapnlKennLix 'lacrn~ 
B npe/lliOJIOlKeRilll, 'ITO o6e 'laCTD~LI- IIIIORLI. fipll 3TOM yroJI· pacceHmtH KBOBB 6 Be 
npeeLimacr rpex CTaBABPTRLIX orrurouemti ee.ll.II'I.IIRLI paapemarom;ei CJioco6uocrll ycra-

liOBKD IIO 62 
I 

P.11c. 2. PacnpeAeJieuu:e co6Lirrui: no KBBffilBTY yrJia paccenunn xaoua B Mu:meuu:- pere
ncparope, /11111 xoropLix IM(n+n-)-M(K0) I MenLme T.l!.ex cranAaprnLix orMonenllH ee
JJH'IIIRLI paapemarom;ei CBOC06ROCTH yCTBROBKH . no a!plf!eKTHBROD MBCCe 1\BY:C IIIIUROB 
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Ta6JI11qa 1 
3Ba'leJDIJI cp~(p) B t J!' c! (p) I, DOli)"'~IIBJ>Ie DpB 8WUW3e AllJIBWX OT~MbJIO 

· ~Jl Kl!,lKJIOrO BliiU}'ll~CHOro BBTepBaJia 

HH'J'ep-
san 

Ha'l'epaaJI ~-M HM• 
:UMDYJibCOII cl)aaa, Mo,n;yn:&, Mnyn:LCOB ·<Paaa, .MOAYJI&, U)"JII:lo• ~aaa, MOAYJlb, 

R80H0Bt opaO · .MX:6K. :KaOHOB, opaO .M_X:6'K COB ?1lad 'MX6H 

:rule ras/c RaO-
HOB, 

I ras{c 

12±2 -1'41±16 733±87 I 24±2 -128±6 4~±29. 36±2 I -148±13 435±33 
16±2 -133±11 647±70 28±2 -126±7 452±26 . 40±2 -134±17' 384±30 
20±2 -127'±6 541±37 32±2 -145±9' 452±31 46±4 -110±23 318±25 

' n pH Me" a a a e. Cpe~~;aee ailneHB~ <!laaw. ~:- -130,9±2,7", .BciOllY ITJ+ -I =2,3·10->, oc'l'aJIL· 

ltlole ROHCT8H'l'lol CJiaftoro B38HMO)IeJ!CTBHH 'J'aftJIHqHwe I"J. 
Ta6Jinqa 2 

• 3Ba'leBBR II!' J(P' I B Au (KOj) (j := d, p, n ~all ~ebpoaoa, upOToBoB 

B aeiiTpoBOB COOTBeTCTBeBBO), UOll)"'eBIILie B3. aBaJDI38 ~8Bm.IX 
C 06JII1DIB ~Jl DCCX BMnyllLCm.IX BBTepBMOB cpa3ali!B 

.liHTepBal'I IFj (Pll • .>\XOO ' 
!>.o (K•i), ... "6" 

l!MII')'JibCOB 
J<aOHOB, 

)leltTpOa I 1. ~el!T~O;. )le~TpOa * I I H'i!TpOH * ras{c DPOTOH, DPOTOH . 

12±2 726±80 - - 6900±610 - -
f6±2 637;1:62 214±47 458±96 6050±400 2119±414 4260±880 
20±2 543±45 169±18 . 405±48 5160±230 1674±176 3760±430 
24±2 501±41 177±15 351.:±:34. 4760±t90 1751±145 3260±300 
28±2 459±37 158±16 326±36 4360±170 1558±155 3030±320 
32:!:2 448:!:37 159±14 314±32 4260±180 1564±135 2920±280 
36±2. .427±36 f.Bij±f3'. 312±33 4060±180 1368±124 2900±290 
40±2 391±34 107±23' 308~68· 3720±180 '1057±228 2860±630 
46±4 341±32 1i4±19 246:tM 3240±180 1119±187 2290±400 

* ~<!lpW OKp')'rl'IeBW )10 )leCHTKOB. 

Ilepao:sa~aJILBO aKcnep:o:MeuTali:t.~~~- p;aliuhle o II.JIOTHO.CTH pacnpeJJ;eJieuua 
'IHCJ18 )l;ByXUHOUBhlX pacnap;OB , RaOBoB annpoKCHMlipOB8JIIICh HHTeplflepen
~HORBOU lflopMyJioif co· cao6o,JJ;Hh1MH napaMeTpaMR I Fd (p) I I I 11+ -I ( 11+-- na

r paMeTp napymemili CP-n:suapira:s-pp:oc'l'Jt u pacnap;ax K'i ) n <p~ (p) oTp;eJIL
··:so )l;JIJI R8)RAOR reo:MeTpHH H. R8lR,IJ;OfO: :iiMnyJILCBOro HRTepBaJia, Ilpn 3TOM 
MOBHTOp, OCT3B3liCL CB060)l;.Hh1M na,paMeTpOM,' no BCeM liMUYJibCHhiM HBTepBa-
JI8M coanap;_all B npep;eJiax norpemltOcTeii; co a:sa'leBHeM, no~eRHhlM :o:a ana
JIH3iJ. aapl!r:o:cTp:o:pouan:shlX ycTaBOBl\oa· K~3 - B ~3 -pacnap;oB. PeayJILTaThl 
annpoRc:HMa~:u:B: noRaaaJI:o:, ~To p;JIH. o6e:o:x reoMetimB: B coBnaAaiOJIIHX HM
nyJILcnhlx nnTep:BaJiax anatiennJI'aMnJIHTYA pere:sepa~:o: corJiacyroTC11 Memp;y 
co6~:ii •. II~cJie aToro 6Ll:Jia npoaep;_e:sa coiiMecT:saa o6pa6oTRa ucex p;a:snhlx. 

3. Oc:sounue pe3yJILTaTH 
1. OKo:s~aTeJILRhle ana~eHHli MO)l;YJIJI ·':u: .paahl MOp;II!fl~:u:pona:snoB: aMnJin-

TY)l;Ll perell'epa~:o:n :Itz. ~ K! :sa 11;eB:Tpo:sax npep;cTaBJieHhl B Ta~JI •. 1 :o: na 

p:HC. 3, o:reyp;_a· BH)l;HO, ~TO/ !flaaa . He oo:sapymnuaeT. 11B~OR SaB~CHMOCT:U:·OT 
HMITyJibC8 K80HOB, a MO)l;YJIL yohlBaeT IIO BaKony, OJIH3KOMY R (4), R8R npep;
CK33h1BaeT npocTali Teopnll RYM npu:. yCJIOBHH BhlHOJIBHMOCT:U: ,TeopeMhl IIo-
·Mepa~yka. · . 
. 2. B pltMRa'x mnoTeahl nocTOIIHCTBa lflaahl (4) MOAYJIR aMnJIDTY)l;hl !Fd(p) I 
D~nCJieHLI p;Jia Kamp;oro :o:MnyJILc:soro :o:nTep»aJJa. · 
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PRe. 3. «<laaa a:~o~rrliHTY~ TpaHCloiiiCCIIOHHOii: perenepar(llll KL 0:~+ Ks0 

118 jJ:eii:TpOH8X B SaBIICIIloiOCTII OT .llloiiiYJILca K80H0Bj TO'Iltll: e - AaH
IILIB HaCTOHII\BH paOOTLI, + -' paOOTLI ( 13 ] .:... ·a. 6 - pa3HOCT!t DOJIHLIX 
.ce'leHBii: saitn::MOAeii:cTBHii:,K0d-K0d n:. K'n-/(On B aasucii:MOCTII OT' 
mmyJILca K80HOB> TO'Iltll: e 0 - AaHBLie HaCTOHII\6H paooTLI, ~ 0 V -
( 31]; •• 0- (20]; A, A- {23 ] COOTBEiTCTB6HHO. B- 3aBIICIIloiOCTL loiQ
AYJI1l aloiiiJIHTY~ Tpmc:~o~uccuom~oii pereuepa~ na AeiiTponax· 11 
HeHTpOH8Xj TO'IIOI:: 2, 3- AaHHLI6 H8CTOHII\6H paooTLI, 1- pafioTLI ( 13 ] 

Peay.ri:LTaTLI BLI'IHCJiemtii: npe~craBJiem.r B ra6JI. 2 JI ~JIJI cpasneHH.II c ~aJI- · 
HLIMH npJI Meni:.nmx imeprruoc na pllc. 3B. .. . · 

•· 0 3. lla aMHJiliTYR Fd(p) li Fp(p) [tt] no tfJo'pMfJI8M (2) li (3) liLI'IliCJieHLI 
tpn=-132,3±1,7° ·ll IF,.(p) I,.RoropLie npliBe~eHLJ ll ra6JI. 2.-3~ecL HCROJIL-
aoBaJiacL nonpaBRa rJiay6epa (19 ], . . • 

4. Cpe~nee ana"'eltJie tflaaLJ aMnJIJITY~ rpancMHCCHonnoi perenep~.lill 
• 0 ' . 0 • ·• • . ' . • 

· K~ .-+ Ks na .~eiirponax Momer JiaMeHllTLC.II B. saBHCJIMOCTll. or H3MeHeHll.ll 
. nap;lMeTpoB CJia6LIX· .'uaaRMo~eicTBm'i CllCTeMLI neiiTpaJILHLIX RaonoB. Haii}l;e
no, 'ITO 8TO ll3MeHeHJie OHliCLIBaeTC.II 9M.iJ:Rpll'leCRliM BLirpaliteHlleM 

1 (9) 
. Qld

0
,;, ( -130,9±2; 7) 0+100°J~m' ..;.;~m'fl A.m' -t:H0° (r s-r s) Its+.( cil + --45;) I 

31.'l 
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rJJ;e ~m'=0,534·1010 ~-~ :o: r~=(1/0,895) ·1010 c-'. IFd(p) I B npe,qeJiax JJ;o
cT:o:rnyTLIX 3KCnep:o:MeHTaJll:,HLIX TO'IHOCTeii OT 3THX napaMeTpOB CJiaOLIX 
B3aiiM0~8RCTBllR Be 3aBHCHT. 

5. PaanocT:o: · nonHLix ce'len:o:ii naa:o:MoJJ;eiicTnHii neiiTpaJILHLIX naonon c 
-JJ;eii:TpO,ll8Mll: :0: neiiTpOHaM:O: BLI'lll~JI8HLI no. !flopMyJiaM (7} :0: (8) COOTB.eT
CTB.eHHO. IIp:o: 9TOM ~a(K"p) B3JITLI :o:a pa6oTLI [11

], a <<rnay6epon.cRam> no
npan.Ka 6=0,95±0,01 naii~ena cnoco6o:M:, :o:anomennLIM n. rpa6ore [ 19

] c :o:c
non~:.aon.an:o:eM J);annLix pa6oTLI (2"]. Benli:'IHHLI ~o(K"d) :o: tia(K"n) noRaaa
HLI B. T86JI. 2 :0: Ha p:o:C. 36 BM8CT8 C JJ;aHHLIMH JJ;JIJI aaplllK8HHLIX RaOHOB [20-zz). 

6. 3na'lenH11 (da/dt) 1-o, BLI'lllCJiennLie no !JJopMyJiaM T:o:na (7), npHne
JJ;enLI B Ta6JI. 3. 

Ta6JIBt~a 3 

3ua'leBliJI ABtfltfl~peJ~I~BaJihuWt ce'lemrii pereuepQI~BB K~ -> K~ 118. 11eih·pouax, 
np'o-rouax 11 ueiiTpouax upu nepe)I~BBOH lllllli)'JII>Ce t =0 

ll:uTepnaJJ '"'I•'•~· ··~·<r•••,_. ., ....... ~ (dojld!lt=Q• M><ll><·(ra•,e)-t 
HMDJJlbCOB HMDYnLCOB 

I I HCIITPOH 
RaOBOB, ;~~eiiTpou I I Kaouon, . r••l• Upo,OH .ueiiTpou l(ao/c ;~~eiiTpon UpOTOH 

12±2 1063±234 - 142~!77 32±2 405±67 51,0±9,0 199±40 
16±2 818±159 92,4±40,6 36±2 368±62 39,0±7,3 196±41 
20±2 595±99 57,6±12,3 330±78 40±2 308±54' 23,1d:9,9 191±85 
24±2 506±83,, 63,2±10,7 1248±48 46±4 235±44 26,2±8,7 123±43 
28±2 425±69 50,4±10,2' 21>4±47 

' 0 0 
7. -B Ta6JI. 2 II 3 npHBeJJ;eHLI TaiDKe JJ;aHHLie. no perenepal:(n:n: KL -+ K~ na 

npoTonax. On::o: noJIY'leHLI :o:a JJ;anHLix pa6oTLI [11
] nepec'leTOM JJ;JIJI conpeMen

HLIX 3Ha'l8HllR ROHCTaHT ~Jia6LIX B3a:O:MOJJ:8RCTBHR. B 'l3CTHOCTll1 nepec'leT 
cpe,!(neii !flaaLI aMJIJIIITYALI perenepa~:aii Ba npoTonax no !flopMyJie THna (9} 
(eM. !JJopMyJiy (19) n pa60Te ['~]) JJ;aer cp~=-128,1±2,3°, rJJ;e omH!iRa-
cTan]~apTnoe OTKnonenn:e oT cpeJJ;nero ana'!eHH!l •>. . 

8. Ilo ]laliHLIM Ta6JI. 2 :0: 3 0Up8JJ;eJI6HLI 311epreTJI'l6CRIIe 33BIICHMOCTH 
nma • A1p-n; )lJIR: MOJ~yJieii aMnJIHTYJI u JIU!JJ!flepennHaJILHLIX ce'leniiii pere
nepa~:o:, a TaKlKC ·~JI.JI paanoCTeii noJIHLIX Ce'leHHii B3aHMO]J;6RCTBHR K" II K 0

' 

· (Ta6JI. 4) .' Ilp:o: aTOM napaMeTpLI .l11 :o: n1 nonY'lenLI n npe]!;nOJIOllteHJm cnpa
BeJJ;JIIIBOCTH npocToii nomocnoii Teopnn RYM, ROTOp311 yCTanannRBaeT CB113L 
Mem)zy MOJ);YJI6M n !flaaoii RMllJIHTYALI perenepa~n:n: B BHJJ;e (2) ll (3). 3Ta 
CB113L B 'IaCTHOCTH, npllBO]I;llT :K T0My1 'ITO n1 aaBHCHT OT <p0

; , -Y'IeT 3TOR 3aB:O:
CliMOCTll n npe,qnonomenn:a nocToa:ncTna <p~ _n ·ncCJieJJ;YeMoM :o:nTepnane anep
r:o::ii: npnnoAHT R yMeni:.IDen:aiO om:R6oK n riapaMeTpax A1 n n1 no cpannenn:IO 
c omn6KaM:a arnx napaMeTpon n pa6oTe [11

], KOTOpLie na:ii:JJ;enLI na anan:a-
3a IF»(P) 1. . · . 

· ,ll;aHHLie Ta6JI, ~ II03BOJil!IOT. Ollp6J16JIHTL BLI'I6TLI IIOJIIOCOB Ct> H p; 

c p 
~Kp=7,2±0,1 M6n; ~xp=2,0±0,4 M6n. (10) 

lfx OTHOID6Hll6 p;'p/~i11=3,6±0;7 B npeJJ;eJiaX O]I;HOTO CTaHJJ;3pTHoro OTKJIO
. nonn:a: cornacyeTcJI e npe~cKaaaHn:eM. {5) SU(6)-cnMMeTp:an: li na Tpn cTan
~apTnLix OTKJIOII8HHJI M6HLID81 '18M 3Ha'lenue, UOJIY'l8BH08 B pa60T6 (~3 ], 
C npe~cKaaann:JIMn: TeopHii e:aMMeTpHii cornacyeTC.II Ta:Kme ana'lenne oTnome-

' Hli:JI (6), KOTopoe panno 2,000±0,066. -

2
) B pa6ore [ 11 ] omB6Ka ·B iji11° COOTB~:rCTByeT IIJIYll CT8UII8pTBLIH OTK.JIOBeBBBll OT· 

cpe)luero. ' 
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.~a6u:~a 4 

3113.'1eHHR KOHCT8HT
1 
xap8KTCpH3YJO~ 3HepreTJI'ICCKHC 3D.BHCHMOCTH THD8 

A 
3 
p_., .1 A811HWX no perenepalQUI K~-+ ~ na AeiiTponax, upoTonax u neiTpOHaX 

I 

A;. Mlrn 

t ,d ... 

. ' 
"'i 

Cl>YHKIIRII I I I I jleltrpOH npOTOH HeltTpOH npOTOH l!eltTpOH 

IFJ(p) I I 2,88±0,04 1,i)5±0,04 1·,97±0,14 0,546±0,030 0,576±0,026. 0,530±0,019 
(da;/dt)t=• 16,70±0,50 2,3±0,2 7,8±1,1 1,092±0,060 1,153±0,052 1,060±0,038 
1l.a!K0i) · 27.32±0,41 10,42±0,39 18,34±0,77 0,546±0,030 0,576±0,026 0,530±0,019 

9. ITo a~a'leH:iliO cpe)Jinea· !J>aaLI q)~ li. conoxynnocTli }JiaHHLIX o F<l(p) 
:a F,. (p) onpe.geJienLI liHTepcenTLI tpaeKTopni!: ro- li p-noJIIOcon: . ' . . 

a.m"(O) =0,454±0,030, ap(O) =0,523±0,114. 

3TH 3Ha'laHHll, RaK H liHa'laHlill <BLI'IaTOB ( 10), BaXO.JJi.ll'l'Cll B corJiaCHli C pe
ayJILTaTaMH !fleHoMeHOJIOrli'IOCROrO aBaJIH3a (

2
'] MlilpOBLIX 31\CUO'pliMaHTaJIL

llbiX }JiaHHLIX. 
10. H.ax BliJJiHO na pnc. 36, paanocTli noJIHLIX ce'i:ennii· ·naaliMO}Jieiictnnii A."' 

lil K.0 Ha HyKJIOHaX ll }JieiiTpoHaX, UOJIY'!eBHble B HaCTO.IIJI(aR pa6ote 11 B pa-
6oTaX [.11• 12 ), XOpOinO COrJiaCyiOTCll C COOTB8TCTByiO~llM11 }JiaHHblM11 }JiJili Bapli
:meHHLIX xaonon [ ••]. 3To comacne liBruteTcll }JiaJILneiim11M aKcne"pnMenTaJI&
HLIM JJiOKaBaTeJILCTBOM RoppeKTHOCT11 liCIIOJILBOBaHIDI HSOTOttll'leCKOR HHBa
p1IaHTHOCT11 11 OUTII'Ia~KOR TeopeMLI np11 aHaJiliSO, CliJibllbiX B3a11MO}Ji8RCTB11H 
RaOHOB. . , . . 

ABTopLI 6Jiaro)JiapliT A. M. BaJI}JiliHa R A. ~· Jlorynona aa nocToHHHLiii 
• 0 

HHTepec li noA}Jiepmxy nporpaM-MLI RCCJie}Jionannll perenepan;n~ KL-+Ks, BLI~ 

DOJIHeHHOH Ha.Cepnyx()BCKOM ycKopliiTaJie. 
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Me)K)l.ynapo~HrutiiiKOJia MOJIO~hiX yqenhiX OI151il, foMeJih, 20-31 asrycTa 1971 r. 
· ,[(y6na, 1971. 

TPAHCMHCCHOHHMI PEI'EHEP!IliDI H AmiJIHTYJ(H PACCEHHHSI 
' HEHTPAnbHHX KAOHOB 

H.A.CaBHH 
_) 

0d~e~HH8HHH~ HHCTHTYT ~epHHX HCC~e~OBB.HHM 

~eKT pereuepa~HH BBJUie!C$1 C~e.itCTBHBJl BB6~6HHllX reJJJI-MB.HHOM 11 

nattcou /I/ ~Byx COCTO.RHHM B CHC!e~e HettrpaJI'bllllX Jt,:.ye:JOHOB, OdJia){an

~x onpe~eJieHHOH Maceo! H BpeueHeu ZH3HR: KOPOTKOZHBY~HX Kw H 

~onroxHBymHX KJI. C TOl!HOCT:&D ~o H3Becruoro B Hacro~ee Bpeu.R Hapy

meriKR C~-l!EiTHOCTH B pacna){ax KJJ - uesoHOB 3TH ~Ba cocTO.RliH.R uoryr 

dut:& aanxcaw E BlUe RBaHrO.BOilexaHHt~ecxott cynepnQamtHH odJia){am~x 

onpe~eJieRHOtt crpaRHOC!:&D ~ H Ko -ueaOROB: 

Htt • ( K + K ) · 2~0 , 5 ; Kx ~ (K - K )• 2-o,5 

H,Haodopor, 

CyrL .RBJieHH.R pereuepanxx cocroHT B rou, qro ecJIH Ha odpaaen 

B8J116CTBa na,l{aeT nepBOHe.qaJIJ.RO l!HC'faR ( Hanp:r.mep,· K~) BOJIHa, TO 

BCJie~ct!xe paaJIHl!H.R aunJixryi B3auMo~e~CTBH.R K H K c ~aHRHu Be!llecr

BO!l ( ~· H cp), HapymaerC.R paBHOB6CH6 HCXO~HllX COCTO.RHH! H B npo

me,ltmeu nyqxe dy,~ter yxe cuec:&BOJJH KJI x Rut: 
w Bx • Kx • ( K - i ) . 2-o, 5; 

wBHX • 2-0,5.(.cpK- ~K) • ( cp + ~)·KJI/2+(.P~)Kw/~ 

BeJIHl!HHY .P2r· B ( cp - ~ )/2 OdYqHO Ha~~Bamr B.MnJlHTYlOH pereHepa

~HHe BnepBYe RBJIBHHB pereHepa~HH dHJIO aaueqeHO B pado!e lle.Hca H 

DxqqHOHH 121. 
B aaBHCHYOCTH or BlUa Baazuo,~teRcrBH.R-na){aD!IIeD BOJIHH c 
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ne~~tecrnou-pereHeparopou pa3JIHtrallTC.II H Hat11IIl.Jtallrc.ll aa onure pa3Hlle 

BHlY pereHepanzR: 

I) rpaacUHcCROHHa.ll, 

2) ynpyra.11 H1IH .Jt~paKUHOHHaa, 

3) ueynpyras, 

4).3JiexrpoNaruxrHa.R. 

TpaacUHccxoHHa.ll pereaepan1.11 HJIH pereaepanx.11 B.npome,Jtmew nyqxe 

no.RBJI.IIeTc.R, xor,Jta necL t1nox ne~~tecrBa, xax nexoe, B3alllojencrByer 

C na,JtallDteft K11 BOJIHOft. Yze TiaHc H TIHtrtrHOHH D0~3a1IH Ha ~eaJIH3HPO

BaHHOM.npHllepe ne~~tecna, Itoropoe noxaocnll norxol(aer K H noJr

uocrLil nponycxaer K , trro sror THn pereHepanHK snn.Rercs xorepeur

HUM nponeccou.BoOCJie,JtCTBHH / 3+4/.t1UJIO. ,JtOKa3aBO, trTO H B Ot1YtrHOll 

ne~~tecrne aror nponecc. xorepeureu. 

Ynpyra.11 HJIH .JtH~paxnHORRa.ll pereaepanzs ( ynpyroe pereueparHB- · . 

uoe pacce.RHHe) ecn nponecc, npR ltOTOPOJL or,unne BYMOBU Jr.Jtpa 

,JtallT xorepeurHHR BMa.Jt B aMDJIHTY.JtY pacce.IIHHII. 

fipB Heynpyrol pereHepaUHH ( BeynpyrOK pereuepaTJlBBOll pacce.II

HHH) R.Jtpa llKmeHH B03t1~allTC.II HJIH pa3Ba1IHBallTC~ npH CTOJiltBOBeHHH 

c na,~tallJIIHllH K11 • 

3nexrpouarRHTBa.ll pereaepanHa wozer nosBRTLCR B TOM cnytrae, 

ecnz ·xaoHu ~mellr anexrpouarHHTBYil crpyxrypy, npHBO.JtRIIIYil K rouy, 

qro K H K no-pa3uowy B3aHUO.JtelcrBYIJT c 3Jiexrpoaawx. 

~uR H3 srRX nponeccon xapaxrep13yerc.11 onpe,~texeuuol HHTeH

CBBHOC:tLil H pacnpe,JteJieHHeK yrJia BUJieTa (9) .. Km DO OTBOmeBHil lt 

uanpanJreHHil iBzzeuHs nala~ero KJl. CBR3L 3THX xapaxrepHcrxx co 

cnoRcrnauH na.~talllltero nytrxa B MHmeuz t1una nune,Jteua reoperzqecXH B 

HeCKOJILXKX pat1orax /3+5/ H BDOCJie,JtCTBHH DO,JtTBepZ,JteHa 3KCDepllleH

TaJILHOo MH t1y,JteM HlleTL ,JteJIO B OCROBHOll C nepBUKH .ltBYK.II THD6llH 

pereaepanu. 
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Yr.lloBoe pacnpe.n:e.lleHHe xorepeauo. pereaepzpoBaHHiiX ~ (tpaa

cwccHOHHHX) B.HMOrJ!'lHO pacnpe,D;e.lleHHD CBeTB. B ,li;HiflpB.KitROHHOit xap

TRHe C pasuepOM nepBOit 30HH ipeHe.lla !0-7 p~. TaKHM odpasou, 
. . . I 

xorepeHTHI:le Rm 11eut npaxuqecn B aanpaB.IleHHH TI8Jl:B.Illi(HX Kj. H 

HX yr.llOBOe pacnpe,ll;e.lleHHe dy.D;eT onpe,D;e.llJIT:&CH paspemalll!lelt CriOCOd

HOCT:bll npHdOpa, CjriOMOJIILil ltOTOpOrO OHJI HB.dJIII,ltB.IlTCJie 

IHTeHCHBHocn xorepeHTHHX ~ .D;a.Haoro HWY.IlLCa ·p onpe.D;eun

CJI ltOMn.lleltCHHM lt03Ifllf!RUHeHTOll f(P) E If(,>( G!Xp(C: ~Cp>) t ltOTO

p!ilt NOZeT dHTL Bl:lpazeH B BH,ll;e riPOHSBe,ll;eHHJI tpex 'l.lleHOB - 'IRCJIB. 

atouoB B. e~HaHne od~eua N , pasHOCTH aunJIRTY.D; ynpyroro pacces-

HHJI Bllepe.D; K H K aa .D;B.HHOM B,ll;pe If! ~p) ..:. ~ (p) = 2 ~P2r(P) • 

lflaxtopa 'II , CBJI38.HHoro c .Jt.llHHOit pereaepatopa,. RMriYJILCOM K11 R 

pasaocTLil~acc K11 H Rm- KesoHOB 

1- e.xpl~b- i)t 
-{i.&'-.f) 

3.D;ecL ·l = ,k_ - .D;.IlHHB. pereaepatopa L (cu), BHpazeaHaa B pac-
. 1\$ 
n~HHX .D;JIRHB.X ~ 1 A~~.fl'ts = 7• ~. rs. , k:' P/i; - BOJIHOBoe 

'IIHCJIO, b = (m,- m .... )f~c.-pa3HOCU JlB.CC . KJ[ H ~' BlipB.ZeRHB.SI 
. fi:r.. "S 

B 8,li;HHHil8.X ~ • 
H3 riOC.Ile,li;HHX Bl:lpazeHHit BR,li;H0 1 'liTO lflasa lt03Ifllf!HilHeHT8. pereHe-

PB.IlHH COCTOHT H3 CYMMJ:l ,li;BYX 'l.lleHOB 

$1{p) = arf i. [ ~(p) ~ +£p)] t Qrg.·'/1" , 
nepBI:llt H3 xotopux ecrL lflasa pasaoctH aKfiJIRTY.D; ynpyroro _paccesaza 
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-K H K aa yron aonL, a BropoU .nonaocrLm BU~mcnnercn. 

TaKHM odpasou, HHreacBBHOCTL xorepesruo pereHepzpoBaHHUX 

~ ~BHa 
z 2. 2. _t 2 _~:.. c-e 

~ N" I . - I 1+a.- e.a. ~0 
I(?) = (f(¥)\ = ,2.s . .P(l>) - «f'(p) • ~2. + ..L. . • 

. lf 
• I. 2. 

r~e xorepeHTHOCTL npo~ecca no~qepKBBaercn uanzqzeu MHOZHrena N • 
. . 

fipH H3yqeHHH rpe.HCMJICCHOHH_Ott pereHepaQHH pereHepa~Hft .IUtijl-

pa~HOHHaa sBnnercn ij!OHOBHM nponeccou. ·Ero yrnoBoe pacnpe~enesze 

- dN (e)- Deer raxon ze BlU, xax pacnpe~eneu:ra:e qacun npx ynpy-
clg,; . . ' ' 

rou pa:ccusn sa ~pe 11 ~u lla.JIUX yrJlOB 9 xopomo annpoxcx-
MHpyercn xpHBOU raycca /4/: ' 

1~ (e) = ·~~ lo). exp [-e~~a!] , r~e 

eo= >../"R ( ~ - ~JIHHa BOJIHH n~amtero KJl , 

R - pa.Jutyc ~,~;pa) B · . · · 

d l - 2. ( _t ~ (o) = N A,; +CP> .-<tCP>\ • i- e· ) · 
ct-- . ' 

nocJie,Jtuee :aupazesze npe,JtcraBuer codoJt. nreHcBBHocn ~:zq,p~olt-

. HO pereHepHpOBaHBHX ~ DO.lt yr.IIOK 0°. 
. . . . . ~ 

}IJ3 BLlpaJ:eHHI .ltJlK JIBT.eHCBBHOCTeJl KOrepeHTHOJt H ,IUDfJpe.xiUIOHHOI 

pereuepaQHI CJle~er 1 liTO UO,lt yr.IIOK 0° HX OTHOmeHHe He.3e.BKCHT 

OT CBOICTB 8.11JIJIBTY.lt pacceftHIIIJit a QenlllltOil onpe,D;8Xft8TCB ,lt6.HHOI 

1ll11118HitD: , _l, -!. 
(fJ£p)(2./ dN (o) = Nl\s. . 1-+ e -2 e co~ o~ 

o..sL 1c:~o (t;z.+t-J·(-t-e-Z) 

fipHBe,JteBHUe 3,lt8CL COOTHOmeBHI IBJlftDTCB OCHOBOI BC8X 3ECDepHYeH

:raJILHHX ll8TO,ltOB HadXD,lt8BHB pereHepe.no, CBO_.Jta.-xcft Jt Dpe.ltCTaB

Jl8HHD HHT8HCHBHOCTH pereaepHpOBaHHUX Ka B q,yHK~ XB~para yrna 
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pa.CC8J!HHJI e • J3 OdJia.CTH JlaJIUX yrJIOB e , Onpe,Ite.II.ReYOft pa.spema.ll

~eR cnocodHOCT~Il a.nna.pa.rypu, dY.ItYT sa.KnllqeHH xorepeHTHO H qacTzq

HO ,n;mppa.KIUIOHHO pereBepHpOBB.HHHe Hm• .llJI.R dOJIDmHX yrJIOB f} HHreH

CHBHOCTL Km B JIOrap~YHlleCXOY YB.Cmta.de dy,n;eT ydHBB.TL JIHHeftHO C 
~ . -e • 3XCTpB.nO.IIIPY.II HHT8HCHBHOCU -~ H3 OdJIB.CTH dOJIDmHX yrJIOB 

X HYJJil, YO:UO pas,n;eJIHU BM8.,11; KOrepeHTHHX H ,n;lf4JpaKilHOHHHX Km• . 
H3YepHTL HHT8HCHBHOCTL pereHepxPOBB.HHHX ~ MOzBO nyteM H3yqe

HHJI JIX pacna,ItOB HB. rnr - napu ( l!II2). HsuepliB DOJIHOe llHCJIO pe

renepHpOB8.HHa:x Km , w onpe.~tenHil MO.ItYJI:& xo3qxpHilHeHta pereHepanBH 

\jl(PJ\ o H3MBPHB ze pacnpe,IteJieHHe HHT8HCHBHOCTH paCDB,ltOB HB. 

fiT- IIa.pH B !f!YHKIUIH pacctO.RR~.II (BpelleHH). OT perEmepaTOpa, JlOZHO 

onpe,Ite.IIHU RB'TOJILKO MO.D:YJIL, HO H !fla3y X03qxp~HBHTa pereHepann 

4>9(P) • 
ltettcnurenllo, xa1t xopomo TenepL xssecTrio 15• 71, s npocTpaa-

crse sa pere&epaTopo:u:, noue~eHHOM B DYllOK nepBOHallaJILHO qHC1'HX 

KJI , DpOHCXO)tHT HHTepcflepe&IlHS B pacna,Itax Ha n+yy-_ MB30HH pereHe

pHpOBil.HHHX xorepeHTHO Hm H Htt , pacnll.,ltall~c.R no ro~ ze cxeue c 

HapymeHHeu CP-lleTHOCTH. TeopeTHtlecxoe pacnpe,IteJieHHe qRcJia 3tHX 

pacna,Ito B mreeT BK.lt 
. 2. ' . 
d "'~+- r ". -rs-t . 2. -'it 
c(pcti: (l».ieJ = M · S(p)· e{p,t)· fs+- L lj(P>I e ..- \~ ... -1 e + 

. r~:j,rL t :1 
+2l_pCP>l·\l(+-\·e . ·Cf~(b~.C+<I>p(p>-<f>+-)j, 

r)(e, xpoue \_p(~)\ H «<>plta) ' see BBJIHllHHH uoryT dun onpe.n:e

JIBHH H838.BHCHYO, HJIH H3B8CTHH C XOpomeR TOtiHOCUil / 25/. 8,IteCL: 

M - MOHHTOP ( llHCJIO npome,IUIDIX cxsosL pereB:epaTop KJI ), S(~)-

- lf!opua cnexrp~ npome)(mHX JSt , E.(p,-t:;- 3rfxlleKTHBHOCTL ycraHOBKH, 

r11 z r JI .:. npHHH pacnll.,ltos · Rm H 1St , I ~+-1 , <P+- ·- IIO)(YJIL x 
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cpasa CP-Rapyma11111etf aunnHTY.IJ:I:l pacnB,ll;a ~ 

A ( K,. + :n-"'"n-J . I / ( . ,n n..__ =- _ = ~+- exp "r..-) . 
l A (K.., ~.:rr+n- :.> · · 

TaKMY odpasou, Jmex SitcnepoeRTBJII>HOe pacnpe.IJ:eJieHze 'lHCJia 

pacna)I;OB K11 H 1\a Ha rrn- - u.e.SOHI:l. J4 cpHTHpyx ero reopeTH116CKOlt 

cpyH:K~Helt, w onpe.IJ:eJIHM lJ(P)l M tl>p{?). O.IJ:HOBpeMeRHO. H~nox:&syx 
sareu. npH~6)1;6HHI:le paHee COOTROmeHH.I!, :W CMOJ:eM. RalttH ·. ;('P)- ~flpJ 

H Qr~ [ i>lP>-flP>]:~~,,, r.e. onP.MeJIH'rl> 3Heprerzttec~toe'.noBe.IJ:e
HHe pasHocrH aMnJIHTY.IJ: ynpyroro pacceaBHH m.yron Hon. 3ro nos~ 

BOJIHT cpaBHHBaTI> pesyJI:&TaTH 3B:cnepmaeHTOB C. npe)tCJta3aHHJOO! pa3JIH11-

HI:lX TeOp6TH116CKHX MO)I;eJielt, HCDOJII>3Yil~ )I;HCnepCHOHHI:le COOTHOM6RH.I!, 

ltOMDJI61tCHI:le MOM6HTll H .ItP• /8f!:3/ . 

B ttacrHocrH, Mozer dHrL npoBepeHo BYnonHeHHe reopew.nowepaH

ttyita, YTB6J)Z)I;alllll6~, llTO pa3HOCTI> DOJIHllX. C6116HHH qacTHU H aHTH

qacTHU Ha ,ItaHHOM HYKJIOHe crpeuHroa 1t HYJIJ> npH 3Heprn, crpella

llleAca It deCKOH6llHOCTH. B Hameu CJiytzae, HCDOJII>3Y.I! ODTHll6CKYJ> 

reope11y H H30TODHHBapHaHTHOCTI>, HU6611 

HJIH 

1
11r . Tm ( tlPJ- f{Pl] 
k. G:t.t (k p) -G'to~ ( K p)::. 

= 6"t..t ( K+n.)-6i:.tl1<-11..) sA.tS(op) 
. - , 

/.{Jj. ( ~{P)- ilp) \ . ~~\1\ ((>1.1 = AtS"(?) 
k 

Odllt{HO T~OP6Mj' fiouepaHtzYita npo!lepHDT no H3KepeRIUI)( DOJlHYX 

C611!HHM B3aHllO,J;eHCTBHI! sapazeHHI:lX qaCTHU, HaDpmofep, ·.}( H 1\ • 

npoBepita reopew B ·a~tcnepJWeHTax no pereHepaun oOJIB,J;aer pa,~;oK . 

H6COIIH6HHI:lX DP6HIIY.6CTB. 3TH J]peJncyllteCTBa, rJiaBHI:lK oOpasow, 3a

ltJID11aDTC.I! B TOM, llTO, B pereHepattHOBHI:lX 31tCDepoeHTI!.X HeDOCpe,!;

CTBeHKO xswepxetca pasHocr:& awnnHTYl no.IJ: yrxou 0°, B to Bpexa 

180 

44 



KRK ITpH M3MepeHHRX.DOHHHX ceqeHH~ HeOdXO~IDlO ~e~aTL 3KCTpanOHR

~~H K HY~BBOMY yr~y paCCBRHHR. n,pyrKM Ba%HHM npeRM~eCTBOM RB

HHBTCH TO, qro aMTIXHTy~a pereHepa~HH CBH3RHa Henocpe~CTBeHHO C 

pa3HOCTLD ceqeHM~. Cne~onarexLao, s~ecL He H~O npoBO~HrL ~Byx 
' 3xcnepHMeHTOB C ~ H ~ -Me30HRMH M yqHTHBRTL B pa3HOCTH HeH3dez-

HO B03HHKRD~e CHCTeMarHqecKHe OmHdKKe BaxHOCTL yqera CHCTeMRTH

qecKHX OmHdOK npH npOBe~eHHH 3KCDepHMeHTOB no nOHHHM ceqeHHHM 

no~rnep~aercH npo~enaHHHMH B CepnyxoBe KsuepeHHHMH 126+281. 

3xcnepKMeHT no HayqeHHD TpaHCMHCCKOHHO~ pereHepa~KK Ha BO- . 

~opo~e npH BHCOKKX 3HeprHHX npOBO~HTCH Ha cepnyxOBCKOM YCKOPH-. . . 
rene c nouo~LD cnexrpoMerpa, cxeua ( cu. pzc.I npe~~~e~ ~ex~mz) 

H Hexoropye ocodeHHOCTH padoTH xoroporo .yze odc~~HcL. 

Pereaepa~~~ t'n- lfm npOHCXO~HT B :3 Mei:H.ltKOBO~OpO~HO~ MHllleHK. 

YcraHOBKa perHcrpHpyer pacna~H HeKrp~LHHX qacrH~ (BK) Ha ~Be 

3RpKieHHHe qaCTHUH, B03HHKRD.He B Od~eue.~nKHOD 6 M 3a cqerqHKOM 

aHTHCOBn~eHHK. Hmpopua~HR o cod&THRX npKHHMaercR B&qHcnHrenLHOK 

MamHHO~ E3CM-:3M H 3anHc&BaercH Ha uarHKrHHe neHrH. HsMepeHKH 

ocy~ecrBnsmrcH npH nepHO~Hqecxo~ cMeHe Ha nyqxe nonHoK H nycrol 

J.!KmeHH. ·· 

llpHBe~eHHHB HHJ:e peayXLTRTY /!4,!5/ OCHOBa~ Ha 100.000 3R

perHcrpHpOBaHHYX BB - COdHTHRX, dO!LmyD qacTL KOTOpHX COCTRBHRDT 

rpexqacTHqHHe pacna~H HII3, HM3, KE3 • 

Pacn~u RII2 Haxo~HHHCL cpe~H Bcex . BK , y~oBnerBOPHDIIPIX 

rpedOBRHHHM, qrodH '"xK - HHBRPHRHTHRH Macca ~BYX 3RpRJ:eHR!iX 

qaCTHU B npe~nonoxeHHH, qro ode OHH.HBXRDTCH DHOHBUH, duna d!H3-

KO~ K Jlacce xaoHa, a.yron pacceRHHR. B ue~y cyMNapRUu Bexro

pou- HMnynLCOM ~Byx pacn~Hux qacrH~ H·HanpaBneHKeu noxera na

~am•ero·KJI dun dJIH30K x Hyxm. 
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.2. 
Pacnpe.l(eJieFUiSI BH - codb!TKtt no m,.,K H $ , HJI1IIlcTpHpyD-

DtHB npoue)(ypy ordopa 1m2 - p~cna.,JtoB; npe,JtcTaBneH!l Hltte.Ha 

pHc.Ia, r,Jte ·pesyJILTaT!l H3MepeHH!it c BO)(OpO.I(OM'H des Hero npHBe)(e

.Hil K O)(HOMY H rouy :a:e noroxy 1\11 , BH)(HO, 'liTO donLmHHcno codu

THtt C MaJI!lMH 92. H~eDT HHBapHaHTHYD Jl8.ccy; C!JIH3KYD K llaCCe K-:Me- · 

soua. c )(pyron cropoHH, codHTHH· c ~accoH R panose 498 MaB/c2 

HM~DT pacnpe.l(eJieHHe no e 2.. B BH,ll;e srpxo B!lpazeHHOro DJIKa Bnepe)( 

Ha .I(OB911LHO TIJIOCKOM ~OHe ( pHc.IC!) 1 OdpasyellOM B OCHOBHOM Tpex

.'l!aCTH'I!HilMH pacna.,JtaMH. 
2. 

·ltnsr ore!opa RI12- pacna.,Jto:e npoeHJIJIHcL l:PHTepzx I)8'0,6upa)(2 

H 2) 49I~l'YI.nJI':S505 M3B/c2, KOTOpHe d!lJIH.Y·~TaHOBJieHLt paHee /IS/• 

OdoHM KpHTepHSt:M y.I(OBJieTBOPHJIH 2640 H 450 codHTHtt, nony'l!eHHilX c 

BO)(OpO.I(OM H C nycTO!it MHmeHLD C00TBeTCTB6ttHOo 

.nnsr HayqeHHst_3HepreTH'IecKO!it aaBJicHMOCTH ~P2r(P) ueodxo)(H:MO 

nony\IHU axcnepoeHTaJILHue pacnpueJieH~st no t. 'I!Hcna 

fifi - pacna.,JtOB KaDHOB pa3HHX m.myJILCOB H lfl.HTHpOBaTL HX TeOpeTPl

qecKO!it ~YHKUHB!it. 3TH pacnpe)(eJIBHHSI dHJIH nonyqeHH )(JISt mecTH 

3HepreTH'II6CKHX HHTepBaJIOB 1 no KOTOpLt:M C!LtJIH pacnpe)(eJieH!l OTOdpaH

HLte BB- COd!lTHH C HMDYJILCaMH OT I4 .1(0 42 raB/C~-fiSITL nepBHX 

HHTepBaJIOB HUBJIHmHpHHY ~ 2 f3B/c 1 a llOCJie.I(HHlt · - ~ 4f3B/C. 

BHyrpH Ka:a:)(oro p-HHTepBaJia coe!urHst pacnpe)(eJISIJIHCL no HHrepBaJiaM 

t c marou s·ro-II cex, Ha'IHHasr.c t. •O.Ha KOH~e wme.HH. 

Pacnpe,l(eJieHHUe no (p,~t)- HHTepBaJiaM BJ :-· COdllTHSI CO)(ep-. . 
ZaJIK lfloH or rpexqacTH'IIHHX paqna)(OB, xoropuH ueodXO)(HMO duno Bll

qecTL .I(JISI onpe.I(BJIBHHSI \IHCTOrO 'IIKCJia RI12 - pacna)(OBo ~OH OT pac

lla)(OB KM3 C!HJI:BH'I!TeH C DOMODtLD ~eTeKTOpa MDOHOBo 0CTaDotK!itCSI lflOH 
. 2. 

!flHTKPOBaJICH npstMO!it JIKHHB!it B pacnpe)(eJ!eHHSIX BB no 9 )(JISt 

OC!JiaCTH 0,6~e~4 Mp6Jt2 H BH'IIHTaJICSI H3 OdJiaCTH nHKa C nouOotLD 

3KCTpanOJISIUHHo fiOCJie BLt'IIHTaHHSI lflOHO. BO BCeX meCTH t- pacnpe-
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Pacnpe~e!eHKe codH!KI no BBBapaa&tHOI vacce npx B3Mepe
RBJIX c Bo,~;opo~o• ( rxctorpaJOia) • de3 Bo,~;opo,~;a (toux). 
BaitY COdHTKI C UaJHKI yrJaKB pacCeiRKI. . . ''• . ' 
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Pacnpelt~e&Be co~at•t'no yr17 pacceaRBS np• •sxepe•••x 
C BOlOPOlOM B ~~ BOlOPOlao !3BTK COd&TBS C BBBapBaiT-
101 .accol I paiO!t JaCCK JaOBao 
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~eneazax ocTanocL I850 co6~THM, nonyqeauux B H3MepeHHRX c ~o~o

po~oM. nonaoe 'I!Hcno 'I!HCT~X 1m2 pacna~oB, Ha6nD~eH~x c nycTon 

MMmeH:&D, oKB.aanoc:& paBHHM 242. 

JlnR «flHTHpOBaHHR nony'l!eHHUX t - pacnpe~eneHHlt He06XO,I(HMO 

3HaT:& ~(p,t)t ~(p) H fl • 3¢qleKTHBHOCTL c(p,t) , a TalOite 

a~eKTHBHOCTH perKcTpaUHH Bcex ~pyrzx MO,I( pacn~a Kn 6unz 

BU'I!HCReH!l MeTO~OM MOHTe-1\a.pno o 

CneKTp S(~) 6un BOCCTaHOBReH no pacna~aM HM3 H Kn3 06ll'I!

HUM MeTO~OM /I7,IB/ nyteM cpaBHeHKSl 3KCnepHMeHTaR:&HUX K reHepH

pOBaHHUX MeTO,I(OM MOHTe-Kapno "·· HCTKH!'fUX" H "JIO:EHUX" 3HeprHH • 

BOCCTaROBHeHHlllt cneKTp, Bllpa:EeHH!llt B 'I!HCne npome,l(mHX CKB03L 

pereaepaTop Kn , .npe~craBnea aa pKc.2. Ere ~opua cornacyeTCR c 

KPKBOH, paCC'I!HTaHHOlt no MO.ztenH TpHJIHKHra /!9/. TionyqeHHHR cneKTp 
... -

cp~BHHBancn c Henocpe~crseHHO onpe.neneHHHM no pacn~aM KJI~ll+ll • 

Bll'IIKCHeHHR 3~eKTHBHOCTeR K cneKTpa 6HJIK nponepeH!i nyTeM 

cpanaeHHRH cornaconaHKR paaJIK'I!HHX 3ItcnepHMeHTanLHHX K reuepK

poBaHaux ueTo~ou MoaTe-Kapno pacnpe~eJieHHtt.B qacTHOCTH, cpaBHK

BaJIKc:& cneKTpll BTOPK'I!HHX qacTKU K3.HM3-pacriii.JtoB, a Ta:KZe pac-
... -

npe~eneazn no npeMeHK qzcna pacn~oB. Kn~IT+ll • Ha nocne.nazx pac-

npe.ne~eaKn 6uii onpe.IJ;eneH napliMeTp 1~+-' · .. (I,89;tO,I5)•ro-3 

( eM. pHc .:3a). 3Ta BenK'I!HHa, nony'l!eHHaJI ~u HHTepnana KMDYJILCOB 

!4+42 raB/c, cornacyeTCJI c zauepeaaott pnHee npK aueprKJIX ,I(O 

IO raB /25/ H JIBJIReTCJI .naJI:&HeHmKM 3KcnepKMeHTaJILHHM DO,I(TBep~e

HHeM aeaaBKCHMOCTH I~+-\ OT aueprHK. 

3Ham~e cne ItTpa H 3{jxfleitTHBHOCTeH perHCTpaUHH pa3HH'I!Hb1X MO,I( 

pacn~a noaBommo onpe,l(enKTL noTOK KJI no qzcny aaperRcTpKpo..; 

BaHH!lX KM3 - MH •(I,07;t0,05)"!0 g - a TaKEe OTROmeaHe nOTO-
' 

KOB npK K3MepeHK'SlX C BO,I(OpO,ItOM H 6e3 Hero ( :3,5;t0,06). 

~KTKPOBaaKe axcnepKMeHTaJILH!iX. i- pacnpe~eneaKH 'I!Kcna 
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KD2-pacn~oB oc~ectBnsxoc~ ueto~ou uaHKeu~mzx KB~paroB /2°(. 
. . . 

-~~~ npOB8PKR YC!OI11HBOC!H ~H3R118CRIX pesyx~tatOB ~KTHPOBaHHe 
~aHHHX npOBO~JIJIOC~ ~BYJII CDOCOd8lOI: des yqeta H C yqetOK RSKepe

HII c nycrol KB•e&~m. B nocRe~ueK cxyqae, B np•u~ne, oruomeHBs 

111cex codurxl, aadxm~eHHHX c BO~opo~OK • des aero, uozuo npe~cra-

. BIU ~YHKitXeR ,ue.co~ep:r~e· S(p) • c(pJt). Oda Ke!O.D;a ~aJIJI 

corxacym~zecs pesyxLrarH. 
PasxKqaxoc~ uecxox~xo BapBaKtOB ~KrHpoBaHHR. BBaqane HCKOKHe 

nap8llerpy (j(P>I II cl»p{'p) OCT8Ba!BCL DOJIHOCUD CBOdO.D;Bwot, a llu 
Bap:&ftPOBaiCI (Bcer~a) B orpaHH118HHHX npeleJiax ~ 2~ OT BatleBHOI 

BeJK1DIHH. noJiyqeume tamiu odpasou saB.IIY11De saaqeBK.II \j>{PJ\ H 

~p('P) 0Ka38JIBCJ. B83aBRCIDIHKB .lPyr Ot .D;pyra ( C KaJlHKR xoppe.Jl.IIIUI!

D) B odxacrx 14•:30 1'3B/c, np1111eu ~asa <l>p{Y.> B npe~enax ondoK 

dHJia DOC!OBHHa~ DpH dOJIJ.IBX 3Beprwsx or :30 ,11;0 42 f3B/C, BCJie~CTBHe 

Ka!OCTI 11RCJ!a COdHtRI'H Be.D;OCtat011ROI ~XRHH pacn~BOrO O~eua, 

ltOppeJIRitJIR KeQy \j (,) \ H ~!'(f) t a BKBCte C BRKR H OBilldltll, CBJI~HO 

Bospacraxz. Dpo~oxzeu•e axcnepoeHra c yBeXB11eHHHK lO 9 K p~c

ne,~~;HHll od'l.euou, no-BII,li;BIIIOKY, nosBOJIBT YKennn au xoppexRitn. 

JIJI.II YJl8HU8HBJI 'xoppeUitJII KeQy {J('P)\ B ;p{p) BO BCeK RRtep

BaRe aueprHI dHXO c~exaHO H8Clt0JI~lt0 npe~OJIOK8BII 06 onpel8Jl8HBOR 

auepretR11ecxoR aasxcBKOCTB ~asH pereuepauBH. Omsaxoc~, qro B. 

·npeleJiax 3ltCDepHMeHT8JIJ.HHX omxdOX B81JI11BBY ~f{P) KOJ:HO C11Rtat:& 

ue ::saBJICIII{el ot aueprn. · 

.noarouy B.~aJILHetmeu npw ~wrwposas•• npe~oxaraxoc:&, 11ro 

l_r(p>\ 'cBo6o~~H·I nap8llerp, a il1 - od~a ~JUI Bcex •ecrH aueprerH

qecltiiX RBtepBaiOB ~aaa. 

3xcnepRMeHraxLBoe pacnpelexeuwe 11KCJia 2fi .- paen~oB H B~ 

~JBEitD, ua~yqliJDI o6pasou ero onxcHBa-.el, npe,~~;craBxeHH ua pKc.:36. 

DoJiyqe&BHe no pesyx:&raraK ~KtHposaa•• B&!H11BBH ~,·(-II~I3)0 , 
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iOO 

m 

-EXPECTED FROM MONTE-C~RLO · 

N( K~ ~ Ti+ + Ti-) 
fOO 

~0 

PROPER TIME 
0 . i 2 a 4 5 6 .· 7 · xfO· ... sec 

P•c.3a 
Pacnpe~eJeBRe DO C06CtJeHHOyY BpeKeBK pacn~OB ~oJrO
XKB,..X Ja~OB Ba ~B& DKOBa. 

168 

52 



DEC~Y DISTRIBUTION OF K~ ]1 + )C 

--!EST FIT X2=68 FOR 56DF 
----K i.- Ti +n- DECA~ 
--.NO INTERFERENCE X2=i25 

PROPER TIME 

i 2 3 4 

hc.:3d 
Pacnpe~eaes•e DO codc!B8BBOMJ speKeHK pacu~OB-Kn2, 
sadJ~eBHHX np• H3Kepe&aax c BO~opo~o•. 
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l~,_,(p>\ r-' 

-;z-, As~ DpHBe,lleHH Ha pRC.41 OTKY.Jta BH,ltHOi 11TO ,llBB DOCJie,l{HHe 

H3 HHX y.weH~man,rcs c.yse.nztteHHeM :KMnyx~ca Kn• 

llpe,llCTaBJI!eT HHTepec CpaBHHT~ DOJiyqeHHHe ,llaHHHB C ,llpyrHUH 

Hl481lJitlUIHCSI B JlHTeparype II C H8XOTOIU1lll TeOpeTH'Il8CXHMH J.fO,Il8JlSIKH 

pereaepanHH. 

I • B pad ore /II/ cJHXO ODHCaHO DOBB,Il8HH6 KI'f - aJliiJIHTY.It B 

~YHXllHH 3HeprJIH Ha OCHOBe TeOpBH KOUDJIBXCHHX.MOJleHTOB (THI) C 

YttE!TOJl BBTBJI8HHH ){Jl.ll CJiytlaeB BWIOJIH6HH.II ( t.fS(oo) •0) H B03MOZHOro 

aapymeHHs ( D.6"(!10):f. o ) reopeuu lloMepaHqyzta. HaHJIY'IlDH ~HT axcne

pHYeHTaJI:&Hsx ,~taHHHX, npose){eHHHH B /II~, ,l{aBM Au( oo) ..a, 54mb. 

CpasHeHHe HaJDHX ){auwx. c 3THMlt Ill'llHcxeaamm noxasauo uapxc.4a. 

llOJIY'IBHHaJI HaMH BeJIHtDlHa Cpa., B npe,lleXaX ODmdltl'l cornacyeTC.II C 

~a3oH, npe,~tcxasaHHoH ,llJI.II cnyqas ·BHrrOJIHeHHn TeopeKH lloKepauqyxa 

(_ - !:30°) H Ha ){Be CTaH,JtapTHWC ODIHd!OI OTJIHllaeTC.II Or CJiytta.ll ee ' 

HapymeHH.111 DpH BXlTOpOJI A6"{ oo) .01 54 mb • B npe,JteJiax O,JtHOro CTaB

,JtapTHOro OTXJIOHBHH.II Ham:K ,l{aHHHB He HCEnll'lallT HapymeHJI.II TeopeKH1 

npH KOTOpOM Ao(oo) .~ 014 mb • 

2. R padote /IO/ aKDJIBTy,l{a pereHepanHH dHJia·~'llHCJieHa ua 

ocuoBe .JtHcnepczoaR!lx cooruo•eHid. 3.~tecio ra:ae paccwarpHia.ncR cny

ttaH uapymeHH.II reopeKH lloKepaaqyxa. npx atoll axcnepRMeHra~:&HHe 

,l{aHHHe DO DOJIHW cet~eHJIJIJl KN - B3amt:O.It8HCTBHI annpOI:CDHpO!!aJIJICio 

~opyYnrum, xotopue ){a!!8JIIl t:.a-( OCI) •2,2 mb • Peay.n:&rars !!H'IHCJieBilll 

npe,l{CTaBJIBHH Ba pRc.4d 1 OTKY){a BK,l{H0 1 'llTO DO H3llepeHHI1l ItaX ~a3H 1 
I • • ' 

TaX H JIO){YJIR aKDJIHTY){H pereHepaitKK,'Ha!H ,llaHHHe HClt!ll'llallT HCDOJIL-

30BaHHYD anDpOKCHM~Il~ a !!Mecre C Bel R COOTB8TCTBYD~Il creneH:& 

aapymeBBS reopeKH'nouepauqyxa. 

3. J(Hcn~pcRoume c~ot~omeBH.II /IO/ , a taue PM THM - MO.Jte

xel /I2,I:3/ npe){CK83Hsaur Ke,l{JieHaoe H3KeHeBB~ ~ass pereuepan•• 

Ha nporoue C YB8JI.'Il8HB81l 3HeprKK des HapymeHR.II teOpeKH llOllepauqyxa. 
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2 a '+ 6 8 fO 20 30. so 

" " cp2~ 
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-go• ,/61!(...)= 0,54 m~ -90° 
" "' "' "' 

'! -Ha· 
.... 

~"·" -----:. 

-f30' . l 66(oo)=Q -tao• 
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2lf~l 2 + THIS EXPERIM,ENT 

9 Ref, 2t 
I< ~ ~ef. 22 

mo 0,5 

0,3 

0,2 

+· ¢Gt (K-N)-Gt(K+NJ, Ref. 24 

+t 5 

a 

2 

Pt< 
2 a ,. 8 fO 20 30 50 Gevfc 

::;- P•c.4a 
CpaBJeBJe pe3y~iraroB Jsxepea•t axa~•ry~ pere&eP.aqll 
C JII'IIC.IeBXIIOI DO M0.1811 :IOJIDJleiCRIIX BO.IIICOJS /II7.; 
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-f!il 
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to i,o -:l m'b. ... _ .. , 

. ----- ...... -- ... _ 

0.2 

PK 
2 4 fi fO 20 so Gevfc 

PBc.4d 

Cpasaene pesyxuataB •sxepenl lUIDUtYXH pereBeP.~D 
C !HqwcxeBBIKK DO ~BCD8pCIORBKK COO'fROJeBB .. /!07. 
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COBOltJIIHOCTJa HK81l.XCR ~aHHNX ( Cllo pac.4d) He nporHBopeur ·TaXJD( 

Upe~C:Ka3aHJIJDlo 

4. HaJIH ~asHNe no A.6"' , npe,~~;craBJieamre Ra pllc.4a, noxasN-

JaDr, qro pasaocrL uo~HNx ceqea•l B3aKWo~etcrBRI ~. • Rosa nporc

Rax B odJiacu I0+42 I'3 B/c ydNBaer c poe roll auepru no saxoay, 
;:::- -05' 

d1UI31tOIIY 1t tlv(pJ ,.. p ' , npe,ltCX8.3YBaeMOJlY npocr1001 THII - IIO-

.lt8JIRIIH III!. !Ke~ecs B aroH odJiacr• aueprll ,~~;aaHYe no DOJIBNil 
' ' 

ceqeaiHII ~n • ~n B3axuo,~~;etcrsKR, R3oronxqecKK·conpazeBHKX 

t'p J1 Rop, COr11aCJilTC.II C HaDIOI, BO BllellT 3HatDIT8JIJtHO dOUDe 31:
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TeopeTli'IecKHe acneKThl cospeMeHHoii 3KcnepHMeHTaJibHOii nporpaMMbi OlUIM, 
QEPH H M<I>B3. ,ny6Ha, 1985. 

CTAHJtAPI'HASi · MO,llElffi H BOSIOliHOCTH 3.KCIIEPWmi'l'A 
H.A.CSB:m 

06~eBHYit BHC'rll'cy'l' RJl8pBHX llCC.ll8,1lOB8Hd, JlYOH8 

r. Bse,llemm 
UeJID Moero ll~ - Doxaaau, K8Klle llllellTCS BOSMoaBOCTII ~ 

llSyqeBJIJI &lt'lyBJil>BHX upo6.Jlell CJIJil.BHX ll 8.118KTpoC.U.6HX B88lDIO,ll8ICTBd 

B !985-!990 rr. sa BHeJIIBliX ycoruOB:KaX, B co8,1t811D xoo:op&X OHHH JIPII
BIYSeT 8KTBBH08 yqBCTKS. 

B KS:qecTBe T8KBX ycTSHOBOK a BH6pa.l[ ycT8110BKY RA.-4, B8yqB8SI 

.upor:p&MIIll KOTOPol, Do-BJI,ltiDIOyY, 98B8pllllTCS B CJl8~811. DJl'l'IDTD, 

KOIIIJ.I[eKC M9"18BHX 1191'tpliBO B YCTSHOBKY ~H, B8 KOTOpliiX Plfll llCC.lle,llo

Bamd, B8'18THX H8 aiA-4, DOJIY"'ll'T Jl8Jii,H8b88 paSBBTBe. fiOCJl8Jlll88 ·:JTB8p

lr,ll;81lB8 OTIIOCHTCSI H8 TOJILKO K 9KCD8pJDI8BT8JJIJJIYII, HO ll K 'r80p8TJR8C-

.. ~. llCCJl8,1l0BaHli8Mo · 
06cyj,llaa CJIJil.Hii8 B88llMOJl8ICTBU, a OC'f8110BDlC:& B8 upod.DIIBX 

CTpyJt'cyllH :QUOHOB, liX 8B8Jill88 B p8IIK8X KIJl· ll R,Jt8pBHX . ~'fOB B 

C'fPYKTYPBYX ~· . 
B 9J19ltTpoCJI86HX B38liii()JlelcTBJUIX a BJI,JleJIII upo6.Jle11H J11iJ'f8 paxi8-

ItliOilllHX DOupaBOK, Oup8,1l9JlSBJIJI CBOlCTB D8E{M8CC~ IIIIIPBH. ce~Blli) ll 

KOIICT8BT liX. CBJmK, . Oup8Jl8Jl8Hu 'llllCJI8 DOKPJl&Jld Jl8ItT()HOB. :1 Jl8yq8BU 

p8CD8Jl0B !(± -118SOHQB B8 BHCOKOM ~118 TO'CUlOCTB •. 

2. YCT8110BKII • JIIX X8paKT8p!IC'rliD 

. c~~· YCT8HO~ HA-4, B TOM BJI,It8 ,B KaltOM OHS. pa6oTaeT B HS.CTOJDQ88 

Bp8MS: /I/, DO:Ka38B8 .H8 p!IC.!. C ee DOMOIIU>II B !985 r. 88B8pa88TCS 

B860p JlaBHHX DO rJIYdOKOH8YJIP1l'OMY p8CCUDII (I'HP) MIIOHOB B8 B,1U)U 

~, D
2 

, N
2 

, C . :1 Pa , DO CT8TllCTllllt8 JIP8Bii!!!8JiltliX BC8 ~ . 
axcDepJIIMeHTH. 
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UWPC't ""•ld~t~Q 

-~ -~ , , ~:~~~~~:~~~~~illlllll:l:~;;;:.;:llllll~l;llllll~:r eu1, oo"ltl 1 

'• .. -• """''" ...... 
-----------------------00~--------------------

Pllc.I. CXeMa YCTSHOBIUI NA-4. SMh·B - cynep.!O,IlYJUl TOpOli',ItBJ!DHOro 
Marmrra, o6opy;n;oBaHH!ie ~eTeKTOpaMR. ., 

,IJ,1r.R: HSyti9HWi. I'HP B 06.7Ia.CTJii 60JILIIIJ4X X (0,4 <X < 2) npe,D;IIElra
eTCH HeCKonbKO MO~OBSTD ycTSHOBKy, ~OnonHHB ee ~HBHM KanO
pKMeTpOM .xvr.iJ periiiCTpanmt SHeprmt a,IijlOHHOrO JIHBHH, 06paSYDi19rOCH B 
rnP. Ka.nopl!MeTp BMe eTa c cKcTeMoA ".lltHBHX" MJiillleHeA · 6y;n;eT · pacnOJimteH 
Ha MecTe nepeoro cynePMO,I!YnR. 

CxeMa KOMIJJieKca Me'llellliX He!TpHHo (KMH), ·cos~aBaeMoro B Hit>BS 
. npH yt~acTD OHfllf, noKasaHa Ha pzc.2. 

75M : 15M I 35M 40M OM12 

BARS 

I 
I 
I 

fl." 

CT~ _Me'lle_mm EMC HC . ~9T9KTOp. ~' 
PHc.2. CxeMa pacnOJIOllieHKH ~eTettTopoB KoMIJJieKca Me"leHHX HeaTJlHHO 

H~Ba. 

OcHOBIWe xapaxTepHCTHKK KMH:. 
I. Cpe.zun{H •:almy.lll>C pacna)(aDIIJiiXCH KSOHOB: < P K.t> ::35 TsB/c,., crp/pc:S%. 
2. CocTaB nyt~Ka: I,5'I09 K, roi01t', 5'IOIO p npH 3'IOio:l p/~ Ha 

Mliiii9HD T. 

3. llpHMec:o HeaTpiiiHO ,IU>Yroro THna B 'IIJICTllX nytiKaX '1)e.., "e , v,.., 't : 
He 60Jiee . ~o-3 • · · · 

4. Cpe~RRH SHepraa perKcTpzpyeMHX co6~TIIR: 
.c. Eve>= I2,5 I'aB, <Ev,..>=23,4 TaB. 
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5. Paspememte no aHeprD Heih'pm~o: <SEve =0,75 ThB, c;E»"' = I,I5 ThB 
( B 3+4 pasa ~e ~ axcnepHMeHTOB). 

6. PaspemeHRe no HaiipaBJiemm BWleTa Hei!Tpmio: O"eve. =0,4 ~. 
0"9v,.. =0,6 ~ ( B 5-IO pas JJY"lllle .zu>, axcnep~lMeHToB). 

·7. To'illocTl. a6cOJDOTHoro MomrropzpoBWiwJ:, .vr% (BIO pas Jiy'mle ,Iijl. 

SKCn6pzM6HTOB),. . 

8, PaspemeBWJ no KOOp.ItWlaTSM Bepmm:. G";ek
423 

=0,8M, O.:e,...,...:l =1,6 M, 
G'Zv<t. = I7 CM , oz\1. =I4 CM, 

•. J04 

KOMW!6KC OTKp!lBaeT lllKPOKH6 BOSMOlllliOCTK ;II.7IJ! l!SY'!8HID! npo6JJ:eM CTaH,ItSpT
HOI MO,It6JW KaK Ha ,IteHCTBYilllt6M 70 ThB ycKOpliT6JI6, TSK II Ha YHi\, He-
KOTOp!le llS HliX OOCyJI!.ltalOTCJI . Hmte, . • . . 

061118Jl CX8Ma ,It6T8KTOpOB MHOro~eJISBOli YCTSHOBKli .u£.11\PU / 2/ ;II.7U! . 

HCnOJILSOBSHmi Ha BCTpe'CJHWC aJieKTpoH..:nosiiTpOmrux Ir.flil¥lX (LEP) D UEPH 
. noxasaHa Ha pHc.3 • 

• PHc.3. CxeMa pacnoJIOIKeHlL'! .zteTeKTopoB B ycTSHomce ,!l.EJI' ... l1. 

3 0 Cl4Jll>Hll6 B3SllMO,It8HCTBlL'! 

3,I. rnP JI8IITOHOB :U: KX a.HaJil43 B paMI<SX KXJl. 
Al!aJDL3 CTIJYKTYJlHWC ~ HS npe,ItM6T ppaBH6HlL'! 'c npe,ItCKa3aBWJ

MH KXA :u: nsaneqeHJ4I! MacwTa6Horo napaMeTpa 11 aTo:H TeopHK BHnOJI
HeH MHOrHMH 3KcnepHM8HTSJID~ ~ynnaMH. Pesy~TaTU 3Toro aaanKsa 
6UJIH 0606lii8Hll MHOil B ,ItOKJia,It6 131, HanoMlm OCHOBH!l9 HTOnl, 

Bee rpymw :u:cnom,sym . 3B~oHHlie· ypaBHeHlL'! AJn,TapeJIJ!ll-.lllma-
. TOBa-IIapH3H ,IJ,Jm CTPYKTYJlHWC t.f:YHKURft, C'IJITS8TCJI, 'iTO STO HSH60Jiee 

npRMoil MeTo.zt~CpaBHeHKJI ~aHHUX IHP c KXn. O~axo cne,ItyeT HMeTI> B 
BW, 'iTO: 

. I) J1,lm pememm ypanHeHliil Heodxo,ItHMo l!MeTI> .ztaHHUe BIIJIOTI> .zto 
X=I. ilpaKTR"iecx:u: Bee Ha6opu .ztaHHWC.no cTpyxTypHHM ~ orpaHK-
"ieHU 3HS"i8HM8M X! 0, 7, 3KCTPBIIOJIJIIUL'I K X"' I B!mOJIHII6TCJI B 
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npe~OJICllJtemm, t!TO eT.IJYKTypll!le r,lJyHitnm4 paBH!i lfYJID npK X =I. MH SHB.
eM Tenepl>, 'ITO JJ)m: ·I'HP aa H.Ju>aX aTo npe~OJICllJteHHe aaxoppeKTHO. 

2) Q
2 - 3BClJIIln74H eT.IJYKTypll!lX ~ P2 ll Q 8aBKe~ OT He-

K8BeeTH02 eT.IJYKTYPHO! c»yma:J;im G ( x,Q2 
) K napaMeTpa .A 1 ll no-

3TOMY SHanKS ~Oi liS HHX B OT~eXLHOeTK He nOSBanReT Onpe~exKTL ltOH
eTaHTY A , noexOJILity ee sHB.treHKe c:KnbH9 xoppe.mq>OBaHo e ~pMo:lt rJID-
oHHoro paenpe~e~eHKa. ~ 

3) PamaHKe 8BOJII:I!ni0Hmrx ypaBHelid oeHOBSHO HB. tmCJieHH!lX M9TO~ 
KHTEirpllpOBaHlm. O~aKO lt8ltYJl H906XO,Itl!MyD Jl ~OeTSTOtiHYJ> TOtiHOCTl> 
Bl:ltrllMeHKi onx ~OJD!tim o6eenetmBaTI>, He Bl:lB:CHeHo • PesyXLTaT!i, nOJiy
traeMI:le Ha o.mmx lt ·Tax xe HB.6opax ~a.HHI:lX K c KOnOXLSOBaHKElM pasHHX tmc
neHHI:lX M9TO~OB,eRnl>HO pasxaqaDTQH. 

4) oxcnepKMeHTMLmre rpyiliii:l npaKTKtraCltll He HMem nponem ~ 
ananKsa eHBrneTHI:lX eTpyxTypHHX ~ B CJie~eM 'no~a·no xoa-. 
eTaHTe eWibHllX. Bsa.mao~e:lteT:ad ( ols) • 

Bee rpymill, npo~anaB aHaJms, nOJiy1DlJIJl SHatreHKa .A B JllllAI&PYD

meM nopfW(e ( AL.o ) , aexoTOpl:le Taltllte K B. CJie,lzyJXlteM np:116Jnatemm 
( 11: MY paMOJteiDm B Psnt no ot s · ~ Hec:m..:!leTHI:lX ~. IICnOXL
sya MO~OBEllfHYD cxeMY nepenop.mpoBox M S , B paMitaX xoTopoa 

Ai.o He ~OJDitlio eam.Ho OTJIJolllSTLCH OT .A,;;s. O~o Ha npaitTKKe oT-
aomeHKe CAM's- ALo) I ALo K3 pasmr:x: aHaJlliSOB Me wreTCH OT .±<>,I ~o I, 2. 

. CTaTHOTKtiecltlle ollllol6ltlil B onpe~enemm xoncTaHTH A yza ~oeTaTotr
no MMH ( - 20%) • B TO BpeMH Italt eiiCTeMaTKtrecltJ4e COCTSBJIJmT roo% II 
'60Jiee. IIoCJie~HKe. BOSHHKaDT no TeXHHtrecltKM II ~KtieCIGJM npKtiKHSM. 
rnaBH!lMJ4 KCTO'tlmltaMJI annapaTypll!lX CHCT9MaTKtraCm Heonpe~M9HHOCTe:lt 
H.BAHIDTCH. HOpMKpoBxa ~aHH!lX H TotiHocTI> onpe~eneHHH anaprKH n~ammea 
(paeeemmo:lt) tracT~. · ' 

rnaBH!lMK KCTOtiHJ4KaMH IJ!H3HtieeltKX HeOnpe~M9HHOOTeit H.BJIJDlTCH. 
MODe ~Hll!le 0 napaMeTpe R = S1-/<',-, H90npe~en~HHOCTlt noporOBWC 
aqxfleltTOB po:s,u;eHwt "traPMS" B pacnpe~enaBJUDC MOpOIWX ltBSpltOB, MOXOe 
sHaHKa paenpe~aneHHH. rnmonoB. Bee 3Tlt Heonpe~eneHHOCTlt xoHD;eHTpHpy-

. 2 
mrca.npx MaHHX ·x l{ Q. II03TOMY pesyXLTaTH aHanK3a e ncnOXL30Ba-
HH9M 3TO:lt 06nBCTlt Halt60Jiee no~6PE9HI:l B03MOXHHM CROTeMaTKtr9CltJ4M 
OIIIH6ItaM. • ' • . 

~ KX MltHKMRSBD;Klt :axenepltMeHTBTOpaMlt ncnoXLsynTCH onpe~eneH
HI:le BH60pltll ~HHI:lX, HO, H9CMOTJlfi Ha npe~OCTOpOlltHOCTlt 1 nape'UCJI9Hll!l9 
Bume axcnepHMeHTMLBHa,.~sKtiecltlle K TeopeTKtreCltlla aeonpe~eneHHOOTK 
BamnJI OBOe OTpaJtaHKe B 60JILWOM pas6poee Opa,IUIKX SHatreHKit Jl Italt 

~ ALo (80+360 Mall), TaR K ~ AM5 (I20+340 MaB). B STO:lt ciiTya-
' . J:tiD! 6eceMI:IICJieHHO o6i>S.ItKWITI> ~aHHI:le pasmr:x: axcnepm.~e~TOB n Kc~T:& 

· J¥IH. A · M:apOBYJO · epe,IUII!lll · :SMKtiKHy. IIo-Bll,ItiiMOMY, KCTKHHoe.' SHS'IleHHe 
aTo:lt xoHcTaHTH JIElJ!iKT B KHTep~e I00-300 M:aB K, no-MoeMy', 
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B6Jm3K era JiaBoro KpaR, KaK BnapBua HadJD:uteno B aKcnapUMeR'f.e NA-4/4( 

n nOJI&sy sTore BllBO,Ita roBopaT HeCROJI&Ko cpiKToB: I) MiloRH!le ,~taRH!le, 

Manee no,ItBap!teHHHe neonpe,~teJieRHocTJJM, ,ItaJOT BHa'lleRlle .ALo B mrrap

BaJIB 80-I60 Man •. 2) nosMOlltHo, 'liTO HSMepeHH!ia cTpyRTypBiie ~ 
(OC069HHO B ReaTpHHH!lX 3KCn9pUMeHTax) CO,ItepmaT BRJia,It BllCmBX TBHC-

TOB, W'onopnl!OHBJIDHllit I/ Q2 wm: I/ w2• EOJiee c:wa.HHe o6pesaHWI 

no W .ItJIIl ,ItaHHWC EMC H CDHS np14BO.Jt11T K 3Ha'lleHBJIM A ~ IOO Man 

KaK B Jn.Q:l.HPYJllll9M, 'l'SK Iii B CJI9,IC'lXIt9M nopR;IUte. 3) .ff.D:epH!ie 3IPIJ9KT!l 

(cM.HlillltB) B C'l'pyKTypBWC ~.He Y'!lT9RHii9 B npaKTH'IleCI<mC npo

Il9.JCTP8X 3BOJIDJ;HOHHOro SHaJIH&a, MOry'l' IIplfBO,ItR'l'l> K pa3Jilil'qlilD KOHC'l'SHT 

·A , HsBJiexaeM!lX Hs ,~tammx Ha wax H Ha. Bo~opO,Ite. llpm.foit oueRKH 

aToro pa3JIH'Il»H ne c,~teJiaao. KoCBeHHaa ouesxa ,~taeT BeJIHqHBH 

I~Al =20+?0 Man. Heno,ItBepaemme H,ItepHHM *K'l'SM p.p ,~tSHHHe EMC ,ItallT 

BElJIH'mliy A z IOO MaB. 4) a+e- ·- ,~taRH!le, CB06<Wme OT MHOI'HX ne-

onpe,~teJieHHOCTait I'HP - 3KCnepHMeHTOB, ,ItaJOT BBJIHimHY _A TOZB B 

paAoae IOO Man. 

3TH BllBO.JUl cnpaBe,ItJIHBu H cero,nHJI. 3a BpeM!i, npome,Itlll
1
ee

1
.noOJie 

Jieil:nllHrCKOit KO$peHD;ml, noJmBJia.Cl> Jimll]) O,ItHS ny6~ 5 1 I',It9 

aHaJIH3HPYJOTCS! OKOH'IlBTBJil>Hiie ,ItSHHlie EMC no ftp· - pacce.amm H no-

JIY"qe:aa BBJIHTmHB ..i\.M s = I05 ~~ ~~ ,ItJIIl H9CHHrJI9'l'HOit ~ F2 
npz x= 0,3+0,8. 

KaKoB!l napcneKTI4B!l YTO'!lHeHHR: . .lL. B I986-I990 rr.? S,Itecl> Mll 

II!Ollt9M paCCtnrrHBSTl> Ha CJIEl.ItYJliiRB 06C'l'OJITeJIDC'l'Ba: 

. I) c~erKa paCWHPHTCSI KHReMaTH'IleCKaH o6JiacTl> ,~to Q2 ~ 250 ran2; 
2) CYDIBC'l'BBHHO YBeJilil'lllilTCS! C'l'STHCTHKS; 

3) yr.19HliDISTCS! CHCT9Ma'l'IA9CKH9 OW1116RH; 

4) dy}IJT JICnOJID30BwlH 60Jiee TO'IlH!ie npOilB.IO'PH ,1{,1111 BH'DICJI9Hl4ll 
A • . 
J~ , . 

5) OJ!l!',ItaeTCJI nporpecc c B!l'llHCJieHHRMlil pa,ttmu\Hommx nonpaaoR, 
nponopwioHaJIDma oe'. · 

KaKHe HOB!l9 ,ItaJ!Hii9 II!Ory'l' 6!lTl> HCnOJIDBOBSHY RaMI! ,ItJm yr.18Hltiii9HHJI 

neonpe,~teJieHHocTeit B A ? 
I) NA-4:~ (C) - HyKJIOHH!ie CTpyRTypHYe ~ H3 lHP l!a 

yrJiepo,~te npH E=I20, 200, 280 ran, B!i'qlilCJI9HHlie c CYDI9CTB9HHO MeRD
Wm.m QHC'l'9M8'l'Jd'I9CKHMR H C'l'STHC'l'H119CRHMH. OWllldKaMH (A E/E ~ 0,2%, 
~ 800 'l'HC.C06H'l'Hit). Ka'll9CTBO ~89MHX .ItaHHHx Oll9RJ4B89TCS TO'Il

HOCTl>ll AI\ £20 Man. , 

2) NA-4:P2~ Iii ~ (D2 ) H3 I'HP :aa BO,Itopo,Ite H ,~teit'l'epHH npll 

E=IOO, 200, 280 ran. . · 
KOJIH'IlBCTBO cod!lTd ..... 2•Io6 ( .M8 CpaBHeHJIII: EMC liiM99T -2,5·Io5), 2 2 . 
X>O,I, Q .>20 ran , AJ\ -20 Man, A.R ~ o,OI5. 

7 

63 



~N . 
3) Me'l!eHHe H~itTpm10: 1"2 ( sap.IDitewme H/RTm. HeitTpaJII>Hble TOKR), 

xP J · . - C CYJIIeCTBeHHO MeHI>IIIlOOt OIDlldKSMK B OnpEI,IteJieiUm HOpMlqlOBKli K 
SHBprlm HeitTpKHo. B ~epexo,ItHoit OdJraCTK Q2 =I+IO. !'9B2, r.ne, no-Bli,II;K
MOMY, ems Cytll6Cil'B8HHyl) pOJII> Krpall'l' · BLICIDll9 TBKCTLI, ~9 TO'IJHWC 
,naHHHX · noMemerr · miitiJ.I np~mty ~sHorJiacd ( . eM •• nanp. 3 ) , HMellUil'IXcJI 
B MHpOBIU H:eitTpKHHb!X ,ItaHHLIX, a TaiOJte j'TOTJHK'l'l> A •. 

. 3.2. KBapKK B s.npax /G/ . 

Ha'tllUIM c I983 r., Kor,zta a®GKT EMC dwr no,ItTBe~eH, <fzsKKK, 
saJUiMa!lliU'leCH. 3JI8M9HTapHHMH 'l8CTHnSMH', CTaJIH · y,It6JIJITI> SHa"'RT9JII>HO . 
dmwe. BHHMaHID!: n,nepHHM npodJieMaM. Bo-nepBwc, nOTOMY no' dl:ti.I ycrra
HOB.i.IeH <J]aKT ·· BJilllllmJI .fJ.ItP8 Ha OTIJYKTypHHe ~ HYKJIOHOB. Bo-Brro- . 
pwc, noTOMY t~To npz onpe,neJieHHLIX KRHeMaTJAecKKX yCJIOBHHX n.npo nepe
crraeT dllTI> CMeC:&Il npOTOHOB Ja HeitTpOHOB, llpe,ItCTaBlJJiaCI> BOSMOJJtHOCTI> 
OTKpllTI> HOBYJl CTpaHHQy HCCJie,ItOB8HHJI rHP JienTOHOB. H nOnLITaTI>CJI 
BsrJIHHyTI> Ha ·n.npo KaK Ha a.npo' ~apK-rJIDoHHM CTPYKTYP~ KOToporo 
Tpe6yeT cne~HOrO H3Y'IJeHHJI 7 •. TaM 60Jiee ~0, K C'laCTI>D, MOZHO 
Bll,It8JlliTI> TaKyD KKHeMaTH'!eCKYJl OdJiaCTI> fHP, r,ne BKJia,It MHOrOKB8pKOBWc 
KOHcpHI'ypalUiil~ · B~sMOJJtHo, CYJIIeCTBYmlmt B ·H,Iijle, B :aaMepaeM!le Ha· omirre 
cet~eHHJI ycWieH; ·a BJimDme .ztpyrmc npR'mll, nan~?· Heonpe.neJieHHoc
Teit B napru;ierrpe · R(:z:,Q2) = <J~./crT, yYem,meHo 3 • 8rro odJracTI> 60JII>
IDllX SHat~eHd X ( ~0,5), BKJID'laJI X> I. . 

::\ltecl> HM99TCJI ,ItBe BOSMOJJtHOCT:H: I) HSY"'RTI> HMelllll:HitcJI B KOJIJiadO-
p~ HA-4 MaT~pl!BJI no ~ (x,Q2) :as )AC-, 1'~- :arn2 - Bsa-
HMo.neitcTBRfi H nony'lRTI> OKOH'laTeJII>HHe pesyJII>TaTLI no cTpyxTypHoit 
~ n.npa yrJiep~,, npe,ItBapHTeJII>HHe ,naHHHe o .Ko'l'opoil. 6uJIR· cood
meHH' ems B I98I r. 8 ; 2) npoBecTn cne~HHit Ha6op .naHHWC Ha 

ycrraHOBKe NA-4 c YJIY'I!WeHHUM paapemeH:HeM no x B odJracT.H 0, 4 .£ x ~ 2 
a .HaytmTI> c xopowHM·crrarr:acT:H'lecKHM odecnet~eHKeM CTWKTypHble ~ 
l1 HX OTHOmeim.JI · ,ItJIJI · pn.na JI,l{ep. li.n.JIJJCT~ STHX B03MOllUIOCTelt ,naHa 
Ha pnc. 4-7. 

PRc.4 ,neMoHcTpnpyeT YJIY'I!WeHKe paapemeHHJI ycTaHOBKll tfA-4 c :ac
nom,soBaHneM .nonoJIHKTeJII>HOJ.i mrcpopMaQRH o6 aHeprnn a.ztpoHHoro mm- · 
HJI (\l ) • 

. Pnc.5 noKasUBaeT BOSMOllUIOCTI> pa3JI:H'IJRTb ,ItBe ranoTeau o noBe,ne-
HUH CTIJYKTyplloJ.i ~ BdJillSH X=! • .. 

CpaBHeHKe OlltH,It88MllX ,It8HHHX no OTHOW8HRD · ~(Fe)/F~ (D2 ) l1 
npe.ncKaaaHRit ,ItJIJI x >0, 7 pasJIR'I!HllX MO,neJiell, o6'bJlc~ ~KT EMC 
B o6JiacTn ero Ha~eHHSt ( .X<0,7), c.neJiaHo Ha pac.6. 

Ha p11c. 7 ',naHa o~eHKa 'lHCJia coduTrut, qaeM!lX B odJiacTR x >I. 
4. 3JiexTpOCJia0lle B98l!MO,l{9itCTBHJI (8GB) 

• J 

XoTn aa cTaH.ItaPTJ:IYll 3JleKTpoCJia6YJl Mo,IteJII> YJ!te Bll,ItaJIR ,ItBa KOM-
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· PHc.4. 

.3 £•!00 GeV 
Q1 > SO Gev• 
1 > 1.0 lleV o 

o oOo o 
0 . 

8 a • • • •• • • 

o ·" .a .(.2 · t& z.o 
X 

' . 
Pas:pemeJme cneKTpOMeTpa NA-4 CS'(x)/x B SaBHCllMOCTH OT X 

6es KaHOpHM9Tpa ( OTKpHTH9 TO~H) H C KanOpHMCTpOM 

(3aKpHTH9 TO'IJKH), lii:3M9.PSJDIIBM aaepr.HIO B,IUlOHHOro JIH:illUI C TOIJ
HOCThD A EVE =0,8E-o· 5 • 

Z.D 

0 

.a /.IJ 
X 

1.2 . 

1 ----.·· • 
I 

'·" (.6 

· PHc.5. PasHocTL ,!Ulyx napaMejpHsruutli CTPYKTYPHWC i,l:yluu~u.tt F2(x) 
TpROP(NA-4) ,., (I-x) - exp (-X/O,I4) , BllpalltSHHaJI B tmCJie 

. co6HTHlt t:. N/N , B 3aBHCHMOCTH o'i nepeMeHHoR x ~ 

CU9KTpOM9Tpa C~9C~B~elt KOH~rypauKH ( TNA-
4 

) H C ~o6an-
. JI9HHElM KaJIOpHMeTpa ( TPROP ) , . COOTB9TCTBymtaJI 3KcnepHM9HTan

HaJI CT8THCTHK8, c~eCTBYJlllWI (~A-4 ) HJW nJiaHllpyeMaJI EpROP , 
noKasaHa IIYHKTHPH!lMH JIHHHJIMli. 

~9KTa Ho6eJieBCKRX npeMH«, m~eeTcJI e~e ~HHlt nepe~Jeab npo6JieM 
~·aa ~anae~en nposepKH. 

·lliHpoKaJI nporpaMMa HcCJie~oBaHll.tt 3CB 6y~eT oc~ecTBneHa aa LEP, 
a qacTHOCTlt, B pafioHe z0 

- mn<a. Ilpe.IUioJiaraeTcJI, 'ITO "npoHSBO.ItH-
r.renaocTh ,; LEP 6y~eT oneHliBaThcJI IJHCJIOM "' I, 5 • ro6 Z0 /ro~. IJoJIOllte

till~ Z
0

, ero liiHpHHa; C9'19HWI, KOHCT8HT!l CBJI3H H ,lijl. XSpaKT9IJ1dCTHKJ4. 

rSyJI.YT ltlsyqeHH c 6onwoii TOIJHOCTDJO. :\poMe Toro, HMemcn xopow:ae sos

MOltHOCTH ~- ·onpe~9JI9H.IIJI IJHCJia i:IoKoJieHHlt Jl9UTOHOB, no.iicKa HOBHX KBap:... 

KOB, HOBHX CKaJlJijlHHX 6030HOB, 143Y"'9w!JI CTpyil H T.,It, 
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r•f 
1.2 

0.81 I I a). -;---, 1 
0 -- -. -

PHc.6. 0THOW9HR9 ~OHHHX CTpyKTYPHHX ~~ RB HSMepeHHI,Ba 

xenese R ~e«TepRH B SBBRCKMOOTR OT X. To~ 0 OmR6RSMH -I , 

.,. 

.,. 

IIJiaHRpye~e1aa!ooiepe.1~. KpHB~e -
1 

Bl.t'DlCJI~inm no pasHUM J40,I(e-
JIJJM' J.s.f9 :r-s IO/ B-E /II K-S (a b c d ) !I2/ . '/I3/' • • • ' • • I . • 

\ 
I 
I 
I 
I 

I 
I 
I 
I 

A-K-V • 

F ... • U•IO" 

Fe 130glcm' 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I ' \r.mt ollp 
I 
I 

PRO. 7. OJm.l4B9MWl SBBRCKMOCT:L 'llli:CJia 00-

6UT:Itl!: rnP OT X B 06JmOTH,- i X >I • 
3amTpHXOBBHHaSll~OT:L ~OOTBeT9TBY!tT, 
npe,ItORBSBHHmM ?/ ~ BKCnOH9Ht ' -

exp(-x /b1( 2)) , Mez.ttY - b1'::0li05 R 

b 2 ::0,17. !WHBo1t B-E no:KBaauo ~.Itci<B-

saHRe II( IJyHKTap - MO,Item. WS,PMR- -
~JrDteHRSI C PF =190 MsD. Pac~~T O,I(e~ 
JiaH ,I(JISl llteJ193H01t Mm119HR _ 630 r/ crl-
H noTI)Ra llB,I(BDitRX MllolioB I,3~toi3. 

.,., I \. 1 ~J-oa , 1 
.II.OUU X 

Ha yCTauo:eRe NA-4 MOliBO npoBeOTlll ~ue!Jmle HcC.lle,I(OBamm SOB . 
nyoreM RBf'i8HllSI acRMMeTpd A+ a A-, . onpe,tteJieBliSl ce'<leHllSI B.lleKTpopo- -

lll,li;8JUISI lomOMOH-'<IBCTHq J1 -,I(p. _ • -
' ' Bo.1I:LmaJl '<IBCT:L- IPJI3R'<l80R01t nporpaMMU npOeRTB "Me'<leRUe -He«TpHH0

11 

TaRJte noCBJillleRB npo6JieMau OOB. Cpe,ItH HHX npoBepKa ymmepca.m.RocTR 
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~oz. -V}<, llOI!ICK OC~ HeJ!Tp:WIO, npOB9p!<a I'BIIOT93li CMSDIHBSHR/1 

JienToHOB, nozcKR pe~mc npo~eccoB, npe~aHOHHiie HCCJie,~tonaHHJI pacna

.ltOB K± - MeaoHoB, BKJIIO'iaJI .doacKH HOBiiX TEOB liapyiueHHJI.CP. H pe~ 
(I0-9 -10-IO) paCIIS.ItOB. . . . . . .. · · 

HecKOJILKo o~euox BOBMCllltHOcTeft ils aToro nepe'li!Sl npo6.ize¥. 

4.!. KoHCTSHTli CBHBH 

~ .npaKTH'ieCKoro npHMBHBHHn MO,ItBJIH MH ,ltOJ!aHii 3HaTb.JiarpBHZHSH. 

HanoMHXJ, 'ITO, HanpHMep, JISrp811llUl6H ,u.Jill HBitrpa.!IDHHX. TOKOB Onpe,ltBJISiBT

CSi !3 H93aBHCHMiiMli napaMBTpaMli (KOHCTaHTaMH CBSI3H) : 4 · ... ,u.Jill OnHCSHM 

pe~ HeltrpHHO-KBSPK (S.ItPOH), 2 - .1tJISi HeltrpHH0-3JI9KTpoH, 4 - ,u.Jill 

3JI9KTpOH-KBaPK H 3 - J1)iJJ. aJI9KTpOH-3JIBKTPoH (MJ>OH) .~OI'HB H3 HHX on

pe,~teJieHii C RnOX~ft TO'iHOCThD RnR H~H3B9CTH!i OOBCeMfi4/, fiapaMeTp 

cTalijl;apTHOft Mo,~teJIH SOB onpe,~teJieH no cOBOKYJIHOCT14 MJq>OBWC ,.nawmx c . 2 
TO'iHOCThD OKOJIO 7fo: Sin i, =0,2I7±Q,OI4. . ' . 

!{a& H3BBCTHO, NA-4 BHSC CBOit BKJia,It B Onpe,!teJIBHHB KOHCTSHT CBSI-
2 ' 

SH MI>OHm~.OWIWC HBitrpaJII>HWC TOKOB H Sin ilf :, , H3M9p:HB acHMMeT-

pHDD • . k( .. ~ 
. B.,..- a,.... -A.V,..) Ao '<a(.y>!Q , 

I',ltB a,.._ ( ~) - aKCHSJIDHO-BBKTOpHa.SI (BBKTOpHaSi) KOHCTSHTS CBSISII 

MJlOHa. C Z
0 

, !il· A0 B paMKax KilM BCTh KOMC!HHallBll KOHCTSHT CBH3H. Z° C 

KBapKSMH A0=(6/5)~a.<>l- 2a ... ) =- I,8. McnOJILBYJI a.,.4 HS HBMepe

HHit. acHMMeTpltll F-B B peaRltRH e+e-~ )"-j.L- , MOlltHO ualtr:a 13., : 
~ =- O,I2 ±O,I4 (CTST.) ±0,08 (CHCT.). 

Onpe,~tBJIBHHB KOHCTSHT CBJIBH MDOHHiiX HB!Tpa.!IDHWC TOKOB MOEHO 

npo,~tOJDnlTh Ha ycTaHoBKe NA-4, HSMepSISI P - He'ieTHHe acHMMeTp:r.m A+ 

M A- B pacce.HHHH MJ>OHOB O,ltHOI'O SHaKa, HO npOTHBOllOJICllltHOft npO,ItOJID

HOii nOJISipllBaAID!(A~: A±= l G:t(-.>.)- G'.t(+.>.)J / (\5"::t(-A) +6"..t-(+")) • 
·HMe~eCJI 3,1t9Ch BOSMOEHOCTll IJOKS3SHH Ha npHMepe KOMC!HHaUHR KOHCTSHT, 

HBMBpeHHOft paHee B SLAC; 
SLAC,ed NA-4,cu 

a. I'- (.Z v-,.... -11,() -o' 45±0, !2 -o. 37 ±0' 04 

~ (.ta..c...-a..c) 0,23±0,38 -o,06,t0,05, 

'iTO UpH Jl3BBCTHWC KBSPKOBiiX K?HCTSHTSX CBHBH .ltSCT ~ =-0,50±Q,05 

l! ~·=- 0,04±Q,04, T.e; YJIY'illlBT ,ltOCTJli'HYTYJl TO'iHOCT:& B H8CKOJILKO 

pas. M3 HSMepemUl SCIMMBTpd A+ H A- MOEHO T!UOJtB onpe,zteJIHT:& napa-

MBTP acB sin
2

ew c TO'iHocThlll ~ s1n
2e.;.o,or. + _ 

HaMepeHHSI KOHCTSHT CBJI3Jrl H3 acHMMeTpd B P9aKIUUIX a+e-_.f_ 'f. 
0 

nnBHHpYBTCJI H Ha LEP. B pa1tOH9 Z - nHKa OHH oe!ecne'iaT BHCOKYJ) 

CTSTHCTH'iBCKym TO'iHOCTh, KOTO~, HanpHMep, ll03BOJIHT H3MBpHTh 

napaMeTp ~CB C TO'iHOCThD 4 Sin2
9wzO;OOI, .'ITO HS llOpa,ltOK ~e, 

'ieM BosMOEHo Ha ycTaHOBKe NA-4. 
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4.2. P~uanuoHIWe nonpaBltH 

Xopomo R3BElCTH0 1 qTo )I)Ul n:paBHJILHolr RHT9pn:p6TE®ut ,nBHH!lX no 

THP H CTpyKTypHHM ~~ Heodxo~HM xoppeRTHHI yq9T npo~eOCOB 0 
06M6HOM 60JI69 . 'IJSM O,ItHRM ~OTOHOM (pa.zt. UOn:paB191) • COOTB9TCT~9 . 

T90p6TH'IJ9CRR9 R npaKTR'IJBClOI9 np0~9.ltYIH . 6wm pa3BRTH B OWlli 6 R 

ycnemHo npHMeHeHH BO MHOI'RX axcnepli!MeHTax. 

B HacTom~~ee apewt PIT np:aodpeTam npmm.JmHB.:n:LRoe · sHa'IJeHRe xax 

RpRTR'IJ9CRlrlt T9CT CTa~apTHOI M0~9JIR 1 B KOTOpO! MaCCH IlBB BHpSZam

CR COOTHOW9HRRMR 

[ 
~ot. . . ]"I:L m = 

W . fiG-,._ Si-.,2.()
14
Jt- 67..) 

111~= 
h7w 
·~&w 

.) 

'> 

OTRf.nS cne~eT, 'IJTO 

s .. z./'\{~) 
lh O'w = 

3E.tPS r,.e,,_ 
m .... 

w 
. RJIR s· 2./'ltz.) 

ll-1 IZ - J . • W - 'I 
.h7~ 
mz. 

2. 

BeXH'IJRHH, BX0~9 B 8TH COOTHOW9HHH 1 CB9~9HH B·TadnHQy:· 

llapaMeTp oKCnepHM9HTH CTa~.uo~,ain~e •• 
UA1' UA2 

=0,217,±0,014 

mw 80,9;~:1,5.±2,4. 81,0±2,5±!,3 83 0 +2•9 · • -2,7 
Wl~ 95,6.±1,5;~:2,9 91,9;~:!,3;~:1,4 93 8 +2•4 

• -2,2 

l'na.- 171 14,7;~:2,1;~:0,4 !0,9;~:2,8,±0,2 10,8 ;~:0,5 
Sin29(2f 0, 284;~:0, 035 0,223;~:0,053 ·o,2!7j;(),OI4 w 
s1n2e< 1> 0,228;~:0,008.± 0. 228;~:0, 014± 0,2!7;~:0,0!4 . w 

,±0,014 ;~:0,007 

B~o, 'IJTO cornac:ae·sxcnepRM6HT8 CO.CTa~apTRQI MO~SXLD.ll9 COBC6M 

y,naaneTBOplt'r6XLH09. Tpe6y9TCR cymeCTB9~1 nporpecc· B UOBHmGHRR 

TO'IJHOCTH oiipe~eJ16HJI!I Sill2ew . R uacc JIBE, B ocodeHllOCTB Z0
• 

::utacL onirrL HIUfJiy'lllll!e Boa'Momtocu :BueeT LEP :a, :a 'IJacTliocu, . ycTa

HoBxa JlEIIIIIH.YcTaHOBRH . UA1 H ·uA2 'i::tum TaD9 WmimPYJlT: yJiy'IJIIIHTL. 

TO'IJHOCTL onpe~e~eHHB Mace DBB. 
4.3. ilOKOJI911HB ~9UTOHOB 

To'IJHoe SHa'IJ~H:ae Mace :a umpmt · IIBB BWlHO :a )I)Ul .ItPiroA npo~e
Mii - onpe~eJieJiwl 1DICJlll UOKOJI9HHI ~9UTOHOB. Ha YCT8HOBR9 JlEII~H, Ha-

npBMep, 0~9H9H0 1 'IJTO Orp8HR'IJ9HH9 Ha 1DIMO UORM9Hd NG dy.lteT . 

,I(aHO c TO'IJHOOTI>IOANt;.= 0,3/2/. · , 
12 
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OTO I:JHCJIO MOJtHO ODp9,JteJDlT:L ·H .JtPyi'l!M cinoco60M, .. HanpHMep, onpe..,. 

,Jte.mm B9pO.RTHOCT:& ( R1lH ee B9pxmlll rpaHHey) paCII8.Jta W- W + X0'1 

l'.Jt6 x0 
SOT:& KOM6HH~/CJI~dOBS8JiiMO,n:eftCTBYDJtHX (Heua6JmutaeMUx) 

'iaCTHI.{ ( eM"., HanpHMep, 171. Citopocu. '1'8KHX pacna,n:oB cBsisaua c 
I:JHCJIOM IIOKOJieHHft JI9nTOHOB 1 lt0l'.Jt8 x0 =\1V : · . 

r ( l<i-:Jr+XQ) :: .;:- F'(l<+....,x-+'IIJj. 
BepxHHI npe,n:eJI DmpHHH pacna,n:a: B!.ltmCJieHHHft B :paMitaX CT81Qt8PTHOI 

MO.JteJIH Ha ocHoBaHHH .lt&HHWt a pacna,n:e K-..p.J"- • .naeTca coo'iuowe

HlleM B[rlt<:t.x·~v )!ro~+~k>]~5·1o-9• 3xcneplfMeHTaJI:&HHA npe,neJI noita 

ua ,n:Ba no~ Bwoe: I,7.ro-7. B paMKax npoeKTa"Me'ieHHe HeiTpHHo" 

. OH MOlteT 6HT:& CY!II9CTB9HHO IIOIUlJt9H ( ,no .vl0-9) • lJanOMHll 1 'iTO Ha6Jm

,1t9Hll9 TaKoro npouecca. ua. ypoBHe; npeBHIIIaDI{eM 5:10-~ osua'iaJio 6Y 
CY!II9CTBeBHYit B!.IXO.Jt sa npe,lleJIH CTaB,ItaPTHOI MO,ItEIJIH ll yxSSYBaJIO (Sy Ha 

"HOBYJI" WXSBRY. 
. ::t . 

. 4.4~ PacJJ8,1tY K -MesoHOB · 

0TRJIOH9Hlf9 .OT CTBHJiSPTHOI MO.JteJill H BWtO,It HS. 11HOBYJI.,. qaiSJIRy 

B9CLMS B9poRTHO Ha~T:&, ll3yqaR paCD8,1tY K*- Me30HOB Ha BHCOKOM 

ypOBHe TO"'HOCTll1 _ KOTOpWI nJISBllpye'lCSl B npoeKTe "Me"'euHe H91TpliHO~ 
a,ttec:& KpOMe IIOltClta pe,JtKHX p8Cm1JtOB, Hali60Jiee RHTepeCH!.Ifl. liS KOTO~Ja 
K± - IF f. e. I nJiamtPYBTCSl li311J8T:& 8CJIIMM9'.1'Pllll B. :Pacna.n:ax w H r: 
A= [ Rli<.")-.~(1<-J}/(R(Kt-)+RO<.)], r.~te R-dB/d.B · :wm R•d2B/dxdy 

·B - BepO.RTHOCT:& paCII8.Jta DO onpe,neJieHHO~ KaHany BJIH xapaKT9pHCTHKa 

pacna,n:Hofl 'iaCTHUH, x,y - ne~MeijHHe laJIHUa. · 
. llo T90p9TH'i9CIOJM · OU9HKaM /IB/ .. ir.nst MRJIJIHCJiadoro BSaHlJIO,neitCTBWI, 

uapymaDI!ero CP-'iEiTHocu B · pacii8.Jtax K± -+- 3ll H K± -. JF.Iflr , CJie

.nyeT Oltlf,ttaT:& acHMMEiTpmt Ha ypOBHe 10-4 + m-5 •. OTOT ypoBeH:& 

MOlt9T.6HT:L ,ltOCTHrHyT B npoeKTe•Me'ieHHe HeflTpHHO~ r,ne, HaDpuMep, sa 

700 'liS COB padOTH draT. saperzcTpHpOBSHO !{± - 3IF -109 pacna,n:OB 1 

K± .. n+!fllfl - 3·10 pacna,n:oB H l{± .. Itn~- 5·106 pacmptoB. · 

llpH DOHCitaX pacna,n:OB !{± - IJ± j-le MOJtHO sa TaROS Jl9 .BpElWl ,n:o
CTHrayTL ypOBHH ~10-12. 

B Sa&nD'ieHHe MOKHO C YB9p9HHOCTLD CKSSaTL, 'liTO B XO,Ite BHDOJI

H9HHR 06C~aBWliXCSl 3KCnepHM9HTOB B !986-1990 rr. 6~eT IIOJIY'i9Ha 

HOBaSl BaKH~Sl ~Op~, DO.JtTBe~a~Sl CTSU,ItSPTHyD MO,neJI:& liJIH 

YKa31m8DilaSl Ha ee uapymeHlie. 
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Tpy.nw 6-ro Me)K.z:lyHapo.nHoro ceMimapa no npo6JieMaM !lJH3HKH BhiCOKHX :mepmii, 
.JJ:y6Ha, 15-19 ceH-ni6p.a 1981 r . .JJ:y6Ha, 1981. 

----------~-----

3KCIIEP}IMEHTA.Jli:,HOE 118YtiEilliE CTPYKTYP.IfHX ®'HKlliDi HYIOIOHOB H BJlEP 

H.A.Ca.Bmt 

06'Le.L~mteHHldt KHCTHTJ'T H.l(epmnc BccJie,no:samtit, J.\y6HB. 

I. B:Be,nemte 
B Te~eHHe noCJie~ero .necHTlriJleTHH Hs~emte-rJIYdOKOHeynpyr.ax BsaH

Mo,nelcTBHR J18nTOHO~ ( B ocodeHHOCTlrl sapazeHHHX) 0 HYKJIOHSMH H ~ 
,ItaJIO HB.YKe HOBUe oBe,neHHJI od HX cTpyxTyPe , a Ta.Iate · onooo6cTBOBaJIO no
HBJieHHD H xpRTxqecKOI npoBepKe HOBHX TeopeTxqecKHX B,nel. 
U~ npo~eCCOM, O'l'B8TOTB8HHHM sa rJIYOOKOHeynpyrHe BSSH

MO,nelcTBHH sap~HHHX J18ll'l'OHOB C HYKJIOHRMH,BBJIR8TCH O~~'l'OHHHH 
o6MeH, B paMRaX KOToporo cooTBeTcTBYJDIItee ce~emte sarmc:tmaeTCH B BlifJte: 

.. z . ~ ~ 

d (5 - 4 rro<z. 4 f( ) ~ · G .( ..f 1 ] c :t 
. olx. J.G.l.- Q 4 • ;- l 1 - ~ + 2(hR) + 2. e:2. i + R. - 2) '2. ( x ,Q. ) ' 

r.ne x , y , Q2 - odwnme lG'IHa&a'l'xqecltll!e nepeMeHHHe, 
12 - HeynpyraH OTPJ'K'l'YPHaH ~ HYKJIOHa, a 

'R. = <St I oT OTHomeHHe nOJIHHX ce~eHHI: norJiomem.tH BYKJIOHOM BHP-

TYBJIDHWC qx>ToHOB c npo,nb.m.Hol H nonepe-cmol no.11Sqms~. B p8Mlt8JC 
. ICBapK-IIa:pTOHHOI MO,LieJlll &Ta gp:pMyJia COOT:aeTCTByeT npo~eocy ynpyroro 
pacceJmlrlJi cpoTOHa Ha KBaSHCB060~0M KBapKe, BXO.ItmJ48M B COCTaB B;YKJIOHa. 

B ~CCll'i8CIOIX &Kcne~HMeHTax Ha 8JleK'l'poWWX IIj"''KaX CJIAK!I/ B 
o6JiacTH Q2 ,no 20(raB/o) dwm ycTaHOBJieHH,O O,!UiOI CTOpoiui,TO~e-cmaH 
IlpllpO,Jta KOHCTHTJ'8HTOB B;YKJIOHOB, a 0 APJ'I'OI O'l'OpOHH - Hapymemte I'H

IIO'l'83H d:&epKeHOBCROro CKe:ltmmra / 2/ , npe,LICKa31iB81J118rO H83aBHCliMOCT:& 
1'2 · 0'1' Q2 npH. ,LIOCTaT01DiO 60JI:&WHX SHa~eHlUIX no.CJie~el BeJJlt'DlHll~ CT!lYK
Typuai ~ OKaSaJiaC:& H83a:Bir!Cl!MOI en. Q2 

;Dill& B J3XOII HHTepBaJie 
3HB.~eud nepeMeHHoA x=0,25.;.Q,35. llpH x Mem.me ~eM 0,25 1'2 Bospac
TaeT, a ·npH x dOJI:&Die ~eu 0,35 - y61lBaeT c yBeJlll11emteu: q2• 3TH HB.6-
~emm 6wm nfflBepx.neHH B noCJi:e.~tYJ~~t~CC aKcnep~JHTax ua r.moHHOM 
nytme ~ep.m.na6 7 H B. aKcnepl!MeHTax o · uelorp:mo' 4· A r.ne o6Jiac'l'lo T~ 

·-IDa HCOJie,noBaHd paCIIIHP8Ha ,no Q2 OKOJIO IOO(raB/c)". 
,Ila.J.a,Helume HCCJ18,LIOB8JntJI CTpYitzypHHX ~ npOBO.IUlTCH Ha BH

COKOKa~eC'l'BeHHOM MmOHHOM ~e UEPHa B aKcnepHMeHTax EBponeiCKol 
MllOHHOI KOJJJiado~ (EJIC) H KWma6opaqm~ EoJiom.a:-UEPH-,Ify6Ha-Mml
XeH-Caltlle (BCDIIS) • 3KcnepHM8H'l'H EJIC BHIIOJIHJDl'l'CH C llOIIOII!I>Il 'l'paJUI- . 
IijlOHHOrO M8I'Hlll'l'HOrO CII8K'l'p011eTpa, attcenTaHC KOTOporo orpa!llAeH 

pasuepe.Mlrl M8l'HHTa. 3Kcnepl!MeH'l'H BCDIIS , 0 KOTOpHX B OCHOBHOII 
0 
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noatleT pett& rome , npo~o,IUl'l'cJi c nOKODtbiO opll:rlmaJil>HOro Topo~noro 

cneKr:pOMeTpa E paCCqHTaHH Ha no~eHRe ~ BnHOTb ~0 MaKC~HO 

BOSMOl!RWC Q2 , r~e Bpew!: litX HaOopa J.Im.mTKPYeTCJi TCIJll,KO lmTeHClmHO

CTbiO IJY'OOl•B ~e MB.KCHMa.IIl>HaJI BeJmlmHa Q2 , paBHaJI 560 (raB/c)~ 
,n;ocT:HDIMa B UEPHe • npH aneprmi naJtaQ~t~DC MJJOHOB 280 raB ( Q2 ma.x-2KB l 
llpa.KTJI[tlSCKH y-&e l'IMSilTCJi ,nawwe. BWIOTb ~0 Q

2 =280 raB2• MOXHO 'J.IY-
0 

Ma'fb, 'lTO S~eCI, a@)eKTH TEa XBOCTOB .YJIPYI'KX pacceJ!lll!A, peSOHaHCOB 
. /5/ .... ..c -2 -4 

H np. ,HaSHBaeMHe BHCilllDm '1'BECT8MH H yOHBaJIIlJI[e KaK Q , Q •·••, 

npeHeOpeKHMO ManU X MH HaXO~CJi B 00naCTH1 ~e~oi ~ npOBepKH 

npe~CKB.Srumit KBB.HTOBOI xpOMO~SWJJUI (KXD.) X HSBJie11eJmR: HS .naHHHX 
no 1'2 ( X ,Q2 ) HeOOXO;Itl!MOro. ,J4JIJI m napaMe'J.'pa A • 

. B aKcnepBMeii:Tax B UEPHe Hapgmr- c D.ItKOBo~opo~ ncnCIJll,sym-

CJi TBep,nHe MHIIleHR: . .FNC - u.ile3Ha.li, BODJIS - yrJiepo,nHaJI_. B CJJY11ae 

B.n;epHHX MHmeHel RHTepnpeTSUHH ce'leHHI rJIYOOKOHeynpf,rHX BsaBMo~el
cTmrli qepea :P 2 ( x , Q2 ) BOSM~ JlBIIlL B npe,D;IIOJioaemm oo B.1UtH~BB
HOCTH B~ B . ce'leHZe OT Kaa,ll;Oro HYKJIOHa, ·BXO.nsmtero B COCTaB ,wm
HorO JUUla • EcJm < 8TO TaR, TO C pamnm OCHOB8.HideM MOJWO npe,D;IIOJIODTb , 

'ITO BRP'l'YaJibHHI !Jlo'l'O,srcceHBaeTCJi Ha KBaSRCBOOO.zumi napTOHax~BXO
,l{.IIIIIHX B COCTaB. s;l1Jlll · • B S'fOM CJJY11ae HSMSPJieMile CS'IeHHJi rJJYOOKQ- _ 

HeynpyrHX MOOOH-~epHHX BaaHMO~elcTBXI MOryT OHT~ BHpaESHH 'lepes YHX
Beycr::HYJ) KBapK-nap'J.'OHHYJ) CTJlYKTYPHYJ> ~ H,lijla, KOTOpa.li COrJiac-' 

HO' ? HMeeT B.H.ll 

l'20(x) • a "exp(":'~b) • . 

r~e a H b - KOHC'l'a.HTH, a BeJIH11RHa x, onpe,tieJieHHM OOil11HHM cno~ 
co60M 1 x-Q2/2JU , r,n;e M~cca JiYMOHa- MolleT npmUO.mTb 3Ha'leHXJi 1 _ 

OCIJll,IIIJ4e I. B p~e pa6oT' 81 6HJio noKaSSHo Tmate, 11TO r.ny6oKoneynpy

rae . BSa.RMO,JI;SiCTBlUl JienTOHOB C H,Iij>8MH .RBJI.f.iJr.rCJi SqxpsKTHBHHM cpe~

CTBOM H3J11eHH.Ii CTJlYK'fYPH H,lijla Ha ·KOPOTKHX paCCTOJIHIDDC, KX.Il· 81]?

cpaKTOB B ~ Jil, B 'laCTHOCTH, llOSBOJIJDlT HSMepHTb BHCOKOJ!MllYJILClfYIJ 

KOMllOHeH'l'Y · . BOJIHOBO_I ~ (Bili) H,lijla. lia.Jumte nocJie,ItHel 'faDe 

~ODHO npHB~~Tb K :r
2
.l(x)>O ~pH X >I, !Ipll'let. . X - aaBHCHMOC'fb 

OTHOmeHJ!Ji l';_A. (x)/1'
2 

(x) Clt.7ILHO J!SMeHJleTCJi B. paMKB.X paSHHX MO~eJiel 
~. . . 

Hue ~e BCDIIS -npJil &HeprmiJ I20 ' 200 rar/9/ H npe,ltBapJI-
TeJILH:Lie ~e npH·aHeprHH 280 reB /IO,II OOC~CJi c T011KJ! spe-

HJ!Ji yKB.SaHHHX BLillle acneltTOB E Cpa.BHHBallTCJi C ,IijlYl'mm nB-HllliMBo 

2. YCTaHOBKB. JI ,JtSHHLie BODJIS . 

CxeMa ycTaHOBKX BCDIIS no:KasaHa Ha pHc. I . &ro ( B np:mnnme) -

HBM8I'Hlt'leHHHI &e.ueaHHI TOp C 40-M yrJiepOAJiOI lomllleHJ>II, llOMeJileHHO:It B 

era nenr:pa.m.noM O'J.'BepcTKH. AsHMYTaJibHO-cHMMeTpaqHoe MSrHHTHoe nOJie 

oTKJIOHJieT Bee pacceJiHH:Lie H nonRBmae B &eJieso .MIIOHH no nanpaan~ 
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3KpaH 

~ llponop~oHanb~e :;;' ,;J"''''""' ........ ...... . ... ,. 
:~--·~-:·~' ·=~~li;~. 

SMI SM2 5M3 SM4 SM5\ SM6 SM7 SM8 SM9 SMIO 

+----------------------55m------------------------+ 

PHc.I. GxeNa BRcnepHMeHTBJil>HOI YCTBHOBIO!l ROJIJia6o~ BC.l>MS. 
lfaMa:I'JilABHHHe JteJlBSHHB T.OpH, nepeMe.aDIIHBCJl Tpm'repmam 

c'leTtmltBMH (20 WIOCROCTe:li) Jo!! nponopnKOHSJI&Hi,n,m R&IBpaMJo!! 

(80 WIOCROCTeit) ,pa.3MBD!BHH B 10 H,li;BHnAHwc eJtMnm;ax-cynep

MO,liYJIJDC BM1-10 • ,i.(Ba noCJie~ cynep!(O,liYM He HMBilT MllllleHeit. 

YcTBHOBRa s~eHa cnepe~ 6T MDOHOB raho ·ny'llta cHc~euoi 
C~T~OHHHX C'leT'IHKOB BHTHCOBIIa,ll;eHJdt. • 

K OCH H y,nepu:BB.eT me Ha nepHO,lt]l['leCXl!X Tpa6RTOp:wiX, MBXCHMaJILHOe 

y,m~JieJWe ltOTOpHX OT UeHTpa (car:HTTa) nponopUROHBJil>HO Q
2
/E0 • !:lanyclt 

YCTBHOBKH OC~eCTBnReTCJl C DOMOmPD WIOCKOCTei KO~UeBHX CU]I[HTHXn.ll

JlHOHHIDC C'leT'IHKOB. BmtJmtieHHe HB TPJ.!!rrBpa ROJIBU C HBJ!Melll>IIIHM pa,ItH

YCOM ecTecTBBHlillM o6pasoM onpe.neMeT noporoBoe .sHa'IBHHe Q2 (20 ra:a2 
npH aHepr:m! ny'IRa 120 raB), BHDI6 KOToporo a.KKYMYJ!HPYJlTC.Il ,namme. 

TpaeKTOpmt paccemtHWC MJDOHOB BOCCTaHaBJDIBallTCJl DO me KOOp,ItHHaTaM, 

saper:acTpHpOBBHHHM nponopUHoH8Jil>HHMH RSMepaMH. lioJiee ,neTSJi:&Ho ycora

HOBKa OnHCaHa B C006~eHHHX / 9-!2/.Ee OCHOBHHe xapaKTepHCTHKH CJie-

,eyDitHe: 
- TO'IHOCT:& onpe,ne.nBHHR aHeprmr na.naDIIero MllOHa · -:- 0,5%; 
- a6cOJlllTHaR R8JlH6poBKa a~eprHH - c TO'IHOCT:&m JIY'ImB I%;. 
- paspemeHHe no aHeprHH ~ pacceRHHHX MDOHOB - 7% (npaKTH'Iec-

RH He SaBHCHT OT E); 

- paspemeHHe DO Q2 HBMBHRBTC.Il B HHTep88Jle 10+6% ~ Q2 
OT 

20 ,ItO 300 (raB/c) 2 COOTBBTCTBBHHOi 

- aKCBDTBHC CJia60 MeHReTCJl B HCCJlB,liYeMOI KHHeMaTH'IBCKOit OOnaCTH 

H COCTaBJIJlBT 75% ~ Q2/E>0,1 H X> 0,3 H He yeli:&Jiie 30% Ha 

KpaJIXi 
- CHCTBUBTH'IBCRaJl OmH6Ka B onpe,nBJieHHH CBBTHMOCTH YCTSHOBKH DPJo!! 

·pasHHX aHeprHHX He DpeBHIIlaeT 2%. 
YRa3aHHHB xapaKTBpliiCTDH o6ecne'DIBSJlT BHCOicyl) CTeDBHl> BBJJ;6miOCTll 

G . ' 

H TO'IHOCTH BRCnepBMBHT8JIDHWC ,ItaHHHX. 
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~e aa yr~epo~oi MHmeHH HaxannMBanHCb B 1~79-1980 ro~ax npH 
BHeprHRX 120, 200, 240 X 280 reB K COCTaBXRDT HBCKonbKO MKXXHOHOB CQ 
ClHTKit. Oelcy~eMI>Ie mme pesy.m,TaTH no CTPYKTYPHilM ~ IJYKJIOHOB 
OCHOBaH!l Ha aHanKSB.OK~O 300 000 C06HTHi r~ClOKOHB~KX pace~ 
npx eHeprxnx 120, 200 x 280 reB/9 •101, oTo6paHHHX B KHTepnaxax 
0,3 ~ x 40,7 x 25 ~ Q2 ~ 280 (reB/c) 2• . 

llpH BJ,lqHC~eHHH IIO~epe~ Ce~eHHi, COOTBBTCTByxmHX O~O~TOHHO~ 

MY 06MeHY, .6HnH BHBCeHH nonpaBKK Ha BOSMO~ B~ B BKCnepHMeHT~ 
Ho onpe~eJI.fleMHe ce'!eHM OT npoueccon c RcnycKaHReM Hecxom.IUIX l])oTo
HoB. STK ,pa,n;Rru:.tHOHHHe llOllpaBKH (PIT) Cl:wm Bli'IRMBHH B nepBOI\4 llOP.IJ.!*B 
no MBRTPOMa.I'HKTHOA KOHCTaHTe oC MBTO~Ol\4, OIIHCaHHliM B pa6oTaxf J.

3/. 
B oT~e OT ~oHHoro /I4/ aToT.MeTo~ cno6o~eH oT HBWHSKqecRord 
napaMeTpa-~'MI!I'ROCTK ~TOHa" l:! llOSBOJI.fiBT llOJJ;y1mTb {JoJlMYJibl, CYIIIBCTBeH
HO ycRoPJiD!tHe pactieTLt PIT Ha SBM. BLt'IRMemme nonpaBKii Rcno.m,soBMRc!i 
B BH,Ite MYJibTmiJimtaTHBHoro cirutTopa ,nJiii ItaJOJ;oro (Q2 , x ) HHTepnana. 
llMMeHHo Pll He npeBWIIMR IO%. 

,1J.7m B~MBHWI 1'2 (x ,Q2 ) HeOClXO,ItHMO SH8Tb Be~y R • 0Ha 
· 6WI~ or(eHeHa B .naHHoM sitcnepm.teHTe ·no nepeRPLlBElDlll!MCJI HHTepBaJiaM 
. ( Q , x) npR pasHHX eHeprRme. Haibl;eHo, ~To cpe~ee sHa'!eHKe 

+ . 2 
R = 0 - 0,2 .IVIJl 0,3$ x! 0, 7 l:! 50 $.Q2 ~ IOO(raB/c) • 
Cllo~ cpe,ItHHX aHa'ieHIDt R , n~~eHHHX B ~yrxx axcnepm&eHTax, 

npHBe~eHa B Ta6H.1 /IS/. 

Ta6Ji:Br(a I 

Cllo~ ~ no HSMepemm OTHomeHM. R = G"._ /crT 

ROJi.na60paulill peaJ(r(HJl cpe~ee SHaqeHBe 'R 

SLAC ' 1978 ep 0,2Y-0,10 
SLAC-MIT , 1979 ed o.r~-a.o7 

CHIO • 1979 + 
JAP 0,38-0,38 

EMC , I98I 1'P o,o3!o,ro . 
-0,13:!:0,19 :EltlC , 1981 f-1 Fe. 

CDHS , 1981 + 
~N 0,10.:.0,07 

BCDIIS , I98I pC . 0,0 :!:o,2 

lfeTHpe llOCJiemmx SKCnepHMeHTa,~aHH!Ie KOTOp!DC HaxO,IUITCJI B OMaCTR 6onb~ 
IIIRX Q 2, ~aJOT SaMeTHO 'MeH:I:.Wee 3H8'ieHBe R, B llp~Max Ollnt60K He K~ 
tm10111e e .R =0. 

Be~'imia R-0 ncno.m,soBSJiaCJ> .IVIJl n~emm 1'2(x,Q2 ) no ~-
lWI\4 l!CD!IS , noxasaHIWM Ha pHc.2. !:lHa'ieHHJI CTPYKTYPHOit ~ Bll-

'!RMeHH ,IVIJl r(BHTpa COOTBBTCTBymmero HHTepBSJia, WHpHHa KOTOporo no X 

226 . 

74 



.. 
a 

• N ... 

(a) 

~~···· 
(6) 

IO"' ~l"tTt "T~ +I ....L...-t--=-· •:.:Oo=45 

IOID.35 

+--• pit t ! + u • • + t' 
lli:Q.45 

10" 21-....1-~-...1.-~:---'-~_....-= 10"2 :.:--__.__....--:f::,......__l....L.~--.J.......--l 
0 50 100 150 200 20 50 100 - 1 200 

o• (I'a~) Ql CraB)~ 
PKc.2. 0rPYKTYPHH6 ~ :r2 (x ,Q2), KSMepeHHHe npK 'JI;Syx. aaepl'l!.fiX: 

120 raB ( CB6TJIH6 cm.mOJI!l) K 200 rsB ( T6MHI:le cm.mOJII:l) -
(a); To xe np:H Tpex aHepl'liUIX: 120 reB (xpyrJI), 200 rsB 

(KBB,IUl_aTH) K 280 raB ( TpeyroJlLHRKII) - (6). KpliBI:le - annpoK

C~ ,lX8.HHHX H6Cmn'Jl6THHMH !J)optqJIBMK KXJ! B J.Dil,lJ;lipYIII!6M no~ 
xe no ocs c .A = 85 MsB(a) K A. =10 MsB(6). 

0 

cocTa:B.rutna A ')( =0, I, a no Q2 - A Q2 =10, 20 H 40 (raE/c)~ ,li.Jlll Q2 

COOTB6TCTB6HHO MSW' 25-100, 100-200 ~ 200-280 raB: Oum6K:H, noxasaa

HI:le Ha p:HC .2, KpOMB CTaTKCTJ!Ti6CKMX BKJIIllmll'l' CKCTeMaTJ!116CKMB, CBSiSaH

HHe C 2%-fioit Heonp~eJieHHOCTbD CBeTHMOCTK•?%-HOH Om:H6KOH B ~CJ!eHK
JIX a.KCeriTaHca lt 0,5%-HOH ODIH6KOit B Onp~e.neHim SHepl'lm MOOHa.Bce Ollllt6-

ltlt cyMWpOBSHH B KBS,I(Jla-rypax • .l(aHm,te BCDMS IIpK pa3JIK'IDIHX 
0 
BHepl'WlX HaXO

,Itli'rCII B xopomeM corJiaCIDI -p;pyr c ,lijlyroM,a TaKllte c .ItawwMH .JUlYI'ltX MJOOH

HHX ll HeitTpMHHI:lX SKcnepm!eHTOB, npeBOCXO~ ltX no TO'<DiOCTK, OC06eHHO 

B 06JlaCTlt 60JILIIIHX 0.
2 

{CM.p:HC.3) • 
B KsyqaeMOit KllH6MaTxqecxoi 06J!aCTK BCDKS B03MOZHO TaKES n~-

l!RT:b MOM6H'l'l:l CTJlYKTypHOit ~ 

. Ml(tt,Qz) ... jofx.,.z F2(x,Qzj olx. 
0 

HaxTMSHOBCKKB MOMeH'n/16/ (CM.p:HC.4)c HOMBpru.ni n=4,6 6WDI BJmlCJ!eHH 

,JJ,liH . Tex (Q2 , x ) - KHTepBSJIOB, r.ne . axcnep&eHTaJI:bHI:le ,namme nepe

Kpl:lBaJlll 60JI:bwe 65% IIJIOIII8JUI no,nHHTerpaJil>Horo BLipa38HK!i. Heonpe,neJieH

HOCTK BKCTpallOJ.r.mm :r 2 ( X , Q2 ) no X B H6M3M6pli6Mj'll 06JlaCT:b B~ 
liBHI:l B 0Wll6KK, KO'r0Jll:l6, ecTeCTBeHHO, OKa3HBBilTCSI saBHmeHHHMH. 
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'l If~ * *' + . : t ~ ~. ' t -·i 

~ : -...... :···:~ . L ...... "~J . J~ .. : .... ~~ 
IICDMS-COI<I. co'(r3B/c) f2DC·F£COMI!iNED co'(r3B/c) II CllHUUI1 ""at(r3B/c)2 

Pxc. 3. KOM6mmpoBaHHHe ~a.HHlie no KSMepeHHIO ~ 2 ( x , Q
2

) B · axcnepl!lMeH
Tax KOJ11Ia60~ BCDMS (a), Thi.C (6) l1 CDHS (B) • 

I0
4

•M4 

100~~ 

=~ 
20~ 

161-

12 

10
4
•M& 

~ 

30 50 70 90 110 

a1.(.ThB/c)2 

Pl1c.4. MoMeHTH ( 'IJeTBepT!i! l1 

mecTOH) CTpyxTypHOH ~. 
BHtmCJiemme no ~!llllWM npx auep
rW!X I20 K ~oo reB. KpKBlie -
annpoxcm..umru~ ,ItaHHWC cHH!'JieTHH
MR iPoiJMYJIBMR KX.l( C ~eTOM BTOpO-
ro nopH,Jtxa no cJ.s l1 .II. =~? MaB 
npl4 qmKCJ4POBaHHOM OTHOIDeHl'm l'Jm

OHHHX J4 KBapKOBHX MOM6HTOB 
K=0,5 B TOtme Q2 =5 (TaB/c)2. 

' 0 

Hs pRe. 2 BR,ItHo , 'IJTO Q2 - sa
BHCJ4MOCTh ~2 (x ,Q2 ) O'IJeHL 
CJia6asr. Annpoxcm.mpya ,namwe 
a!.nmPJ4tleCKOti 6aKOHOMepHOCT:LJl 

!=2.(l(,Q~.:: A.[-t-x)A:t ( 1 + A3 l"- :;.,,.1 ·e..,_ o,:s-] , 
M~zuo no~Th tm~eHHoe 3Ha'IJeHJ4e napaMe~ A3,xapaxTepJ4s~ero 
Q - noBe~eHRe ~ 2 1 xax ,JtJIJl ~oro J4HTepBaJia x, Tax J4 ,JtJIJl Bcex B 
cpe,IUleM ( 'OM. Ta6JI. 2). ,U.na :Kalr.Itoro, CJIY'UUI rnnoTesa Aa =0 suatmTeJID
HO yxJ',IIJIIaJia ~OCTOB6JlHOCTh annpOKCJ4Ma.UHl'l, npliiBO~ K BeJIH1DlHBM x.2/DP , 
B 2 pasa 6o.in.mHM, 'IJeM yxasaHH B Ta6JI.2. T.o., HapymeHHe cxeHJIJ4Hra} 
XOTJI l! MeHLlllee, 'IJeM B eN- l! 'VN- OnHTax, Ha6JIIl,naeTCJl J4 no ,ItaHmiM 

BCIBIS. 
3. CpaBHeHRe ,ItaHHWC c npe~clta38Hli.RMH KX.U ,JtJIJl r2 ( x , Q

2 ) J4 ee 
MOMeHTOB . 

Kax XOpomo l!SBeCTHO, nepTYP6aTJ4BHaJl KBBHTOB~ xpOMO~Swma 
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'l'a6~a ~ 

llapaMeTphl aMIIIipH"lBCKO~ 3aKOHOMepHOCTH, OUHCHBaDmBR BCD:MS 

E,raB Ar A2 As ··l/D'P 

I20t200 o,srt-:o,o2 2,82:!:0,09 0,12:!:0,02 I,IO 
280 0,69:!::0,17 3,24'!o,09 o,o?3':to,I4 1,n 

I20t200t280 0,63:!::0,10 s,os:!:o,os o,o9o:!:o,oo8 1,58 

npe~cKashtBaeT ~ora,pn~ecRy.D saBHCHMOCT~ CTPYKTYPHHX ~HKUKA H KX 
MOM8HTOB OT Q2 • CKopoCTD KX y6h!BaHKH C pbcTOM Q2 onpe~enH6TCH 

. MRCmTa6HhiM napaMeTpOM A , cMsaHHhiM c 6eryllleil: KOHCTaHT.Oi!l clL71l>HhlX 
-·BsBl!MO~e:licTBlrll 0(~ • B pBMKB.X KX.U napa.MeTp A JIBJIHeTcH cBo6o.IUWM H 

MOEeT 6hiT~ H~eH TnHLKO HS aHanHSa 8KCIIBpHM6HT~HhiX ~HHX. 
B ~TepaType HMeeTcH ~ TeopeTH"lecKH aKBRBaHeHTHhiX MeTo~a KXll 

a.HaJm3a ~aHHhiX H H3M6"lBHW! napa.MeTpaA: I) HCll0~30BaHH8 MOMBHTOB 
cTPYKTYPHhiX l})yHltUH:li; 2) np.m.~oe HCIInHLSOBaHRe :p2 (x , Q

2
) H ~· 

CTpy:KTYPHhiX ~J.l. Ka.ll:,zJ;W! H8 mric HM66T CBOH ~OCTOHHCTBa 1 H H6~0C-

TaTKH. 
~ MOM6HTOB KMBIDTCH "l6TKHB TeopeTlt"l6CKRe npe~CKa3aHHH H cpaBKH

T~HO !IpOCThle qJOpMY~ KaK B Jni.JJ;HpYJllliBM IIOp~e KX paSJIOZeHHH no _cxs 1 

TaK lt B C~6.llYIIII6M (H6~YJDIII8M, BTOPOM). IJ/o~~ H !Ip.OU6.ICY'Phl Bhl"l:HC
~emtit BMOTD ~0 BTOporo llOpJI,IJ;Ka IIO o<. s CYJliBCTBym KaK A1ISl CTPYKTYP
HHX qJ~, B KOTOphle OCHOBHOil: BM~ ~aDT H6CRHI'~6THhle pacnpe~Me
mut KBapKOB ( HBCHHr~6THhl6 ~. HallpHMep, x!'J ( X, Q2 ) ,~(x,Q2 )
- ~ ( X ,Q2 ) ), TaK H ,nJISl cmu:~eTHhiX ~, Hallp.i!Mep ,!' 21-W ( X ,Q

2 
) • 

He~OCTaTOK MBTO~ MOM6HTOB BHT6Ka8T R3 KX onpe~e~eHRH: ~ BH"l:H~e
HM M2 ( n ,Q2 ) Tpe6yeTcH SHaH:He CTPYKTYPHOit iflYloonm BO Be eM HHTep
~e x oT 0 ~o I. .H aKcnepm.teHTax aTo y~oBne He BWIOJIHJieTcH. 

IIpe~CKa3aHRH KX.U ;ri.1UI CTPYKTYPHHX ~ npoBnHIITCH c IIOMOiltLIIl 
·· "l:Hc~eHHoro /I7/ ~ npH6JnmeHHoro aHWD!T:H"lecKo,ro 81 pemeHRH aBo~ 

:_ uaoHHHX ypaBHemtit JlmlaToBa-mTapeMH-IlapHsR I I 9/ Tmia-
F2 (x,Q.

2
) -=x} 1

cl!l P(x,y,Q2,Q!) F1(~,Q!), • . 

r~e ~0 P- lt3B8CTHaH qJy.HKURH, CO~e~·KOHCTaHTY a 5 , a 
:r2(x, Q~ ) - rpaHH"lHoe y~oBHe ;ri.1UI cTpy.KTypHOi! ~ npn Q~ < Q2 

KOTOpoe ~QnZHO 6hiTD 3~aHO. STaT M6TO~ B o6~CTH Q2 
> 20(raB/c)2 

HM86T He60~WOB npeHMYJli6CTBO IIO CpaBH8Hltlll C M6TO~OM MOM6HTOB B CMUC
~e II~OThl HCIIO~SOBaHKH HM6DmHXCH B ~OM 8KCII6pHMeHT6 ~ M6E-

1IY x-liun n x ·~· O,I~HEU<o npoMeMa aKCTPaiiClJI.IIUIDI .nammx O'I 

xmax ~o I ocTaeTcH n s~ecD. K He~ocTaTKB.M MeTo~a ~~eT OTHecTn 
Heo6xo~ocTD s~ rp~ y~oBRR npR Q2•Q~ , ~o ~MaeTCH, 
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HanpHMep, nyTeM nO,IO:'OHKl!: napaMeTpOB A1-A4 B 3MIIHPR'l8CKHX 3aBRCEMOC
TJIX, HanpEMep, 

P'2(x,Q~) • '-,· x·A2 (1-x)~ (1+J.
4
x). 

MaTeMaTR'!eCKHe TPY.I!HOCTH M8TO,Ita 'o6yCJIOBwnt OTCYTCTBE:e ~0 HaCTO.im{ero 
BpeMeHH npa.KTR'l8CKHX npo~e.IJYP ;ri.JIH. B.HBJm3a Clfitr.118THHX CTIJYKTYlJHHX. 

~ BO BTOpOM )H8JIH.ItHPYJ00!8M) noproute no Cl.s , XOTJI 3a.Ite.ml ;ri.JIH. 

HIDe cymecTBYJOT /I7 • BCJie~cTBlie aToro oo.m.IUlmcTBo aKcnepHMeHTa.m.HHX 
rpynn, B.HB.lm3KPYJll!tWC ~aHHHe no P'2 ~-'N ( x ~2 ), noJIYlleHHLte c xsocKaJIJip
Hb!X MmlleHeit, BMeCTO rzpa.BlL1ll>Hbl npo~e,eyp ;ri.JIH. CWII'JI8'l'Hb!X \IJylm- · 

rzyrit l!:CIIOJU,3YJOT llpH6JimKeHWI H8CW!I'JI8'l'HllX <!J~. Ha'> IIpKMepe 
MeTO~a MOMeHTOB B .7Ilr.lniPYJOOl8M noproute MOJKHO noKaSaT:& B.HaJmTH'l8C-
KH, 'ITO npl!: 3TOM B03MOJKHa CYJII8CTBeHHaJI ( ~0 ipaKTOpa 2 J4 .6o.m.me) OIIIJ46-
Ka' B BeJIIilmHe ll3BJieKaeMOI'O napaMe'l'pa A , Ha 'ITO, K CO:ataJieHmo, ~0 
HacTo~ero :speMeHn He o6pamaeTCJI ~ocTaToqaoro BHHMaHHJI • 

.I!a.wme BCDMS cpa:aHHBa.mc:& c npe~cKasamtm.m KXU pa3JI:IitiHLl!vm cno-
co6aMR. · 

. .lVrJI !'2 ( x, Q
2

) no yrul3amn.IM BWlle npl4'll!:HBM ncno.m.soBaJmc:& Jinm:& 

HecHH!'JieTHHe npo~e.IJYPH ToHsBJieca-Apo:lto n ~/17 I. IIpl!MeHeHHe rue ;ri.JIH. 

P 2 ( x , Q2 
) B 06Jra.CTJ4 X=O, 3+0, 7 MOJJreT 6HT:& onpa:a~aHO, eCJIH BKJia.1m 

. KBapKoB MOPJI H I'JDOOHOB npeHe6peDMo MBJW. B .7m,IJ;J4pYJJ!lteM ( LO) H :so 
BTopoM ( so) nopJI,D;Ke no o/~ BeJIIilmH!i A *) o~tasa.mc:& CJle.eyJliiU!MH: 

A~ ~~ A~ .~~ 
to = 85 .,;...40 _70 MaB, .n50 = 32 _

15 
_
20 

MsB 
no ~ npH &Hepr.HJIX !20 H 200 TaB H 

J\NS ~ IO +IO +36 MaB 
to . ... 6 -IO 

no ~aHHHM IIpH aHepi'WDC I2Cl, 200 H 280 .ThB (np~p~TeJI:&HUM). 

CHcTeMaTR'lecKHe onm6KH, YJta3aHHHe :siiopw.m, npe.ItcTaBJI.fmT KBa.ItpaTR'!HHe 
· KOM6l!:Haznm CHCTeMaTR'!BCKHX CM81ll8rut:li BeJilltll!:Hll A BCJle,IJ;CT.BHe .B03MOJ!t
HOa 2%-HOM Heonpe~eJieHHOCTR B OIIpe,IJ;eJIBHIDI IIOTOKa MIOOHOB H 0,5-Ho:£1: Ue
OIIpe,IJ;eJIBUUOCTR :B onpe~eJiemm aHepi'lm paCCeJIHHOI'O MlOO!Ia. ECJIH IIOBTOIJRT:& 

HecHHrJieTHYJl annpoi\Cl'JMaltiDJ P'2 ( x, Q2 ) npH aHeprlilllC 120 .H 200 TaB, 
.B!i'lHCJleHHHX npH R =0, I :BMecTo R =0, TO :BeJiltllmHa .1\ to YM8H:&mHT-
CJI Ha 60 MaB. 

Am:!Poitc~ MOMeHTOB M(4, Q
2 ) H M(6~2 ) HeCHH!'JieT!lllMH ij>OPMYJia-

Mli 1201. npHBe.rra K :seJDI'ID!He · 

A NS ... 80 +130 +IOO M-U 
Lo ... - 80 ... 70 o:w, 

corJiacYEilleRCJI c npH:Be~euuo:lt BHme. 

xJ IlpEBO,ItiD.We 'IJliCJia COOTBBTCTB~ peHOJlM8.1ll43a@OHUOli CXBMe MS , 
HCnOJI:&30BaHHO:lt B npo~e.IJYPax /!7/. 
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KaK y1.te yxaah!Ba.noci., HecllH!'JieTHOe .npn6JmxeHHe ,Il,1lii p
2 

( x,Q2 ) 

MOJKBT ,l¥1T:b llpaBMJII,HLie 3Haqelmll .A TOJI:bKO B TOM CJIYllS.e, eCJm BKJia,ll; 

xaapKOB MOpg l:l r~OHOB npeHeOpeEHMO MBJI. O~o STO He COBCeM HCHO 

:e:s axcnepHMeHTOB •. HeiiTpiDUl:Lle ~amme BEBc/41 H MJOoHHlie ~runw:e cmo/31 
yxB.SHBB.ilT Ha TO, ~0 B~ r~OHOB B MOMBHTLI M ( n1 Q2), n ~6~ 
MoseT O!lT:b 3HaqJ!TBJibHiiM. IloaTOMY MOMeHTH BCDJIS llp.H 9H6~ !20 
R 200 raB OHJm npoaHaJIR3l!pOBaH!l c llOMOIIll>JO Cl!HI'JI6THHX cl>oPMYJI /2!/ 
M6TO~OM 1 llO)ijlOOHO Olll:lCaHHHM B paOOTe /22./. l13M6HeHRe n- HOI'O MQ

MBHTa B SaBHCHMOCTH OT Q2 
1 BKmDqaa nonpaBKH BTOpOrO nop~·no~$1 

onpe~eJIJieTcH cl>oPMYJIOit: M2 s ( h,C/) .= ., 

. = Ga (·n,G~) f A.ln,a~Q~)[ oi. j ?r!'/:2(?>._ + A2{.,,0.~G~) [ o< Jlr ·:2 !3·} _ 
_ G:z..(11,G.~) {B

1
(n,a:a.!)(ot. Jo~/~. +B~(..,,Q~a0[o<]<r./~~-J, 

r~~-:: Cl.(a."J/ti(a.;) ; ~,(Q) :.d.{Q'l) [ 1- .$.; • d..,(QJ e,,e, ~~2. J ~ 
- '· · x oz. fo · 38 d.: .,:n/~,e"' "'&, :, f.>u:= -11- 3 Nf i c;1 = -toz- 3 Nf , lrlr: lf, ~; 
A A.., .., - l ... I k - f ,_. 1. = •1 · + Ah .. c( a; LfJT + A,l o( fl.)/Ltff ; 

Bi = sr, + s7._«.(c;z'Z.J/lm + &,; d..,(Q:;/I.f:11 , t'-::. -(,-z.. 

lfil:CJiemme xoa~eHm A ij , Bij H ~: B3Jn'H Ha paooT /'23/ I r~e 
OHH BL!qJ!CJieHH B paMKaX CXeM!l I4S 1 H MaJIO OTJllf'mlDTCfi OT IIpHBe~eH

.IWX B paOOTe /'2.47. 
,· . . 2 2 

Ilapar.teTpH Q28 ( J:I,_.Q
0 

) H ( a2 1 n,Q
0 

) HMem CMiiCJI n -Horo 

MOJr!BHTa Clml'JleTHHX KBapKOB H rJIIlOHOB . COOTBeTCTBBHHO 1 li3Jn'HX B TO'I:IK6 

OTCqeTa Q2•Q~ • B PBMKB.X nepTYIJOaTmmoa m OHH He BlitWCJimlTCH H 

~OJJXH!i OHT:b. BSHTH H3 BKcnepHMeHTa. Ilpl! annpoltC~ ~ OHH 

~OJJXH!i owm Oil OHTI. cBoOo;IJ;HHLm napar.teTJlBMH. O~axo no . .PHJ!Y· npx-
tOO.i/25/ cBooo,!OOOvm napaMeTpaMH npx annpoxc~ ~ammx BODJIS owm 

·s. ·. 2 2 •· 2 
BS.IlTH A 1 Q

28 
(41 Q ). H Q28 (61 Q

0 
) 1 a OTHomeHl!e K= a

2
(n,Q

0
) I~ 

( n I Q2 ) ncnOJI:baoBaJioci. ItaK qnmcMpo.Ba!lBHil:. napaMeTp B RHTepBBJie 

0+1 nPH Q~ =5 (reB/ c )2• 3Ha'lelW! . As:. I cooTBeTCTBYDJU!e ~eA an
npoKcHMBlJ,}m ~B.HHHX, C ytieTOM CTaTJ!CTHqeCltl!X H CRCTeMaTJ4q6Cltl!X OWHOOlt 

np.HBe~eHH B Ta6JI.3 ItaK ;rr;ur ~YJIIlerol Talt H ,Il,1lii BToporo no~ no 

0( 5 • BliqzCJieHHHe MOMeHTH .nmr CJIY'l8.fi · K=O I 5 R A =27 MaB noxasaHH 
" Ha pzc.4. · 

Cpa.BHl!Baa: pesy.IIbTaTLI aHaJIRSa ~ BCDI4S C paCCqJ!TaH.HlDrm IIpH 

HcnOJI:b30BalmH HeCWirJieTHLIX 14 C14Hl'JieTH!lX !lJopMyJI l\Xl(,MOJIWO SaMeTl:lT.D, 

'iTO A 1 
CYJ!IeCTBeHHo OTJIHqaeTc.a: 'oT il111 • . 

Hs Ta6JI.3 BlQtHO, 'ITO n' SaBHClriMOCTH OT K B HHTepBaJie O+I ~eHTpaJIL-
Hoe SHaqeHHe .As MBHHeTcsi B HecKOJI:bKo pas I npzqeM. 1\ ~o o~ee 
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TaCSJIHUa 3 
3Ha'll:eimSI .II? , OIIpe.IteJI8Hmle IIO ClfiU'JieTmiM . c})op!olYJiaM KX.l{ llJIJI MO:MeHTOB 
B Jlll,ll;lqlYJJIIIeM ( LO) ll BO BTOpOM ( SO) IIOJl,IWte pa3JIOJJt8mtl! IIO O(s, 

1{=. As+ As s 
G2(n,Q~ ) 

- !J stat ± tJAsyst (:U:aB ) , 

Q2 (n,Q~ ) so LO 

0,00. I2 +32 +34 
-I2 - 8 

4I +79 +?I 
-4I -35 

0,05 I5 +34 +39 
.,.15 -II 39 +BI +78 

-39 -31 

0,20 IS +39 +34 
-I8 -I3 

44 +88 +79 
-44 -35 

0,50 +48 +44 60+104 +86 27 -27 -20 - 60 -47 

1,00 49 +72 +57 
-49 -35 80+128 +IIO 

- 80 - 55 

'IYJ!CTBJI'reJILHH Jt B1t1I8.DY I'JIIlOHOB. AHa.Jms ,1!JlYl'KX ,It8HBWC /
3,7f/ IIOKB.SH

BaeT, ttTO ,11.1\R 11t6 OTHOWeH.He I'JillOHHHX H ImapltOBHX Ma.ISHTOB 3altJllltieHO 
B HHTepBSJie MeQY 0,9 H 0,6 I!pll BeJillqJIH8 Q2 ::= 5 (faB/c)2, JIBJIJJDIIBl
CH H8DI8l HOIUJriPOBo'IJioii TO'!ItOit. T. 0. , Ha.HOOJiee BepoHTBOe BHa'll:eHHe 
A~0 , cirrpe,tteJIHm&oe no MOMeHTSM BCDIIS, ,ttOJtmo aaxo,ttliTLCH :MeJJt,ey 

,ttBywl IIOCJie,II;IUIMII CTpo'IKBMH TaOJI.3, T. e. A~ ~ 40 MaB. 3Ta BeJDttmHa 
cor.nacyeT~ c pesyJILTaTaMB aHaJIHsa /'1.2/ rrp;,ttBapll'reJILHWC .ttammx 
BOmiS ·/I ~ liHTepeCHO O'l'MS'l'H'l'l>, tl'l'O It Heii 6JIJISIW T~e pesyJILTaTH · 

KI,ll B.Ha.mi3a ,tta.HBHX IIO e+e- - B.HHllr.H.1UIUID'I B BJUlOHH 2.6/, ItO'l'OpHe 
,JtaJ1l' SHa'll:eHlle A BO BpeMeHWIO.ItOOHoit oCS.nacTH. 

CBo,ItKa 115•27 ,2B/ saa11em rrapSMe'l'pa A . , orrpe,tteJIJmlllerocg B 
TetteHHe 1978-l98Irr. B pa3HWC: 8ItCII8pl!M8HTax,· I!pD8,tteHa B Ta6JI.4. 
Cpe,ItHee s~tteHlle rrapaMerpa ALoJ no .tta.HHHM I98I ro,tta, BKJmtiM .ttaH
HI:Ie 1!)(0/29 , , ItOTOpHe xopomo cor.nacymcg c .tt!l.HHH:Mll Be. D M .s , oitasu
BaeTcH paimHM 157 j8 MaB. ' 

. Bll,ttHo, ttTo o · paomHpeHHe:M oCS.nacTH JisyqaeMWC Q2 DeeTcH cllcTe-
MaTJ111ecitoe yYem.meHHe .A • B rrp:mme, B aToM HeT Hll11ero HeOD,ttaHHo
ro. B IIOJiBJlBIIlelCH He.ItaBHo paCSoTel 30t .U.B.lliHpKOBHM OHJI ycTB.HoBJieB sa
ROB yYelU>IIleHJIH A c pocToM aHepnm H c OTKpHTlleM HOBWC KaHBJIOB JlOllt
.IleHHH KBB.pKOBHX nap CC 1 bli li ,Iij). 

YMem.meHHe . .A C pOCTOM Q2 OOuCHeHO T8RZ8 Jl.ll.Poer/31/ BOS
MO.Imllol H8Jlll1DI&M :a BYRJIOHaX BHYTpeHBeit 1 uudoo > xoMIIoHeHTH, oCSBapy
ZHBaeMoit c BepoHTBOcT:&m I-2%. 
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1 

1 

1 

1 

1 

2 

.3 
4 
•5 

6 

7 

a 

9 

0 

1 

2 

J 

4 

5 

1 6 

1 7 

8 

9 

KOJJJiaOOPamiR 

BEBC + GGM 

CDHS 

" +BLAC 
CH10 + SL.lC 

• 
JISU-:rB1L 

" + SL.lC 

CDHS 

BCDMS 

EMC, Pe 

" ~' 

I 

BCDIIS 

" 
n 

" 
GGJI 

ClWUI 

SLlC 

BBBC + GGJI 

------

TadJiru.{a 4 

CBo~ sHa~eHBi K1ll napaMeTpa ll 

I'o~ QC: 
1\Lo :wm A·- 3Kcn.lllil!Me!ti JmTep-

BaJI MaB MS TaJIIl e ~ -
mre 

1978 1-10 740 ± 50 xP.3 +P2 
1979 5-100 500 ±2oo xPJ +F2 MO-

'MSHT 
1979 .3.30 ±2oo " 
1979 .3-40 640 ±150 p2' MOMSHTii 

2,5-40 900 t 40 li'~-~ t .MOMSH 
Tli 

1980 6-120 150 t 50 ].1'2 

1980 .3-120 500 ±2oo ].1'2 
1981 2-280 200 +150 

xPJ+~2 -100 . 
1900 25-200 <.100 moments 

1981 5-200 122 +22 +144 :r2 
-20 - 70 

" " 110 +58 +124 
F2 -46 -69 

85 +60 +90 " 25-180 F2 -40 -70 
n 25-280 10 +10 +.36 ]'2 - 6 -10 
• .30-110 80 +1.30 +100 BS MOMSHTii 

- 80 - 70 

" n 40 +50 +50 s MOMSHTii -40 -.30 
1981 2-50 190 +160 

.. xPJ +1"2 -120 

1981 .3-180 29o ±120 ±1oo xP) +1"2 
<20 250 •700 

1981 2-70. 210 t 95 xi'J +1"2 . 

---- --------
YMem.memte .J\ C pocTOM Q2 MOZeT TSKZe Od'LJiCHJi'r:LCJI BKJIB,ItOM BliC

mHX TBHCTOB, KOTOp!iM e~e C~eCTBeH, HagpHMep, B 06naCTH 8KcnepH~ 
MeHTOB SLA.C H ~yrliX npH .Q2 <:. 30 (:I'aB/ C)~ H OTCYTCTByeT B 8KClleJlll_: 
MeHTax BCIIlS: 
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rlHRHHHe BHCWRX TBHCTOB Ha peay~TaTll BCDMS ~~H SHeprHRX 140 
li :.:!00 l'aB OWIO npoBepeHO C llOMO!lU>IO napa:MeTpH3a.um'I 

2/ . 
. . ' ~ 

!'2(x,Q2) • P'2 QCD ( 1 + )J. ) • 
(1-x)Q2 .. ~ 

AmrpOKCHManwl ,namwx B TaRO!II Bl!,IIe npmlo~a K BeJIHtmHe ;t=O,IE)t 
±D,ti l'aB2 11 npaxTHtieCIGI He :aaMeHHJia peayJil>TlipyiOlltiDC a~aqelrnitA.oTo os 

HatJaeT HetJYBCTBHTeJII,HOCT:D ,ItaHHb!X K . .ItOllOJIHHTe.iU.HOMY Q - 3aBHCSIIIlel.lY 

tUieHY. Ewra npe.ItiJPmmTa nonuTKa pelllHTD o6paTJiYlO 3a.Itatzy: aaqnmc:apo- · -

BaT!> onpe.zteJieHHOe 3HatJeiDIEl .J\. H · llOCMOTpeT:D, CKOMIIeHCHpyeTCJI JlH 

npe.ztnHCUBaeMOe liM H3MeHeHHe !'2 (X, Q
2

) tUieHOM, OTBeTCTBeHHUM sa 

BllciHHe TBHcTu.OKaaaJioc:r,, 't!TO B CJIY"if1e A =400 Mal:J TpeOyeT· 
2 . 2 

CR OTPKUaTeJII>HllH BKJia.It BllCWHX TBKCTOB npH 3HatieHKH }A =I,ti raB • 

J:j CJiytJae MaJIOfi Be.7.1H1:JliHUA (IO lvlaB) BHCIIIHe TBHCThl MOryT .ItaT:D llOJIOlliH

TeJII>HhlH BKJIB.It c ,}A''= I raB2
• . 

4. KBapK-napTOHHM CTPYKTYPHM ~ H.ztPCl 

liaR YKa3hlBaJIOC:D BO BBe.IteHHR,·onpe.IteJiekHHe acneKTll B3aHMO.IteRCT

BHH MIOOHOB C ~aMH .ItOJIEHhl npKBO,ItHTD K UORBJieHHD COOHTliR B 06JiaCTH 

X >I, KHHeMaTHtJeCKH aanpemeHHOi ~ B3aKMO.ztettcTBliR Ha CBOOO~OM HYK
JIOHe. 

Bo3MoJmocT:r, H3YtJeHHR :aTHX acneKTOB B aKcnepHMeHTiu BCDMS ciwza 
paCCMOTpeRa /II/ Ha npHMepe 8HaJIH3a tiaCTH .ItaHHhlX llpE: 3HeprKR 280 raB~ 
EHJIO OT00PSHO 75000 co6h!THH rJIY60KOHeynpyrzx B3aHMO.ItefiCTBHH C nepe

MeHHh!MH x > 0,2 H Q2 > 50 CraB/c)~, cooTBeTcTByD!lHX noTOKY na.zta~~
lltl!X M!OOHOB G, b• IOIU • 0Ka3aJIOCl>, liTO H3 HHX ;.>40 C06hlTU HMeiDT BeJIH

't!HHY A > I • JiJrir YMeH:DWeHHR B.1lltl.lml1JI CHCTeMaTH1:J6CKHX ODlliOOK, CBR38HHllX 

c paapeweHHeM cnexTpOMeTpa, 6HJI npHMeHeH .ztonoJIHHTeJIDHlli KPHTep.ltit 

OT6opa: -~ > 20 raB, nocJie tiero B 06JiaCTH X >I OCTaJIOCl> 360 COOH

TIDi. OHH OllJIH TR(aTeJIDHO np08HaJIH3k!pOB8Hhl, BKJI!OtiBJl BH3yaJI:DHWt upo

CMOTP Ha .ItHcnJiee :a cpaBHeHHe ncex THnH't!Hh!X pacnpe.zteJieHH! c SHaJIOrH'l

HhlMH ~ COOHTHH C X41 (CM.pHc.ti). 8aMeTHHX aHOMaJIRi B llOBe.IteHKH CO

OhlTHfi c A > I He ociuapyxeRo. 

}lcn0~3YR CTaH,Ita.pTHYID nporpaMMY Bhl't!HCJieHHR aKCellTaHCa YCTaHOBKH 

MeTo.ztoM MoRTe-KapJio c yqeToM nonpaBOK Ha paapeweHHe :a Pa.ItHBUROHHHX 

nonpanoK, Mli BH't!HCJIHJIH !'2c<x>. , npoHHTerpHpOBaB ,IlaHlille no BCeMY 

HHTepBaJIY Q
2 

=50+280 (raB/c)
2

• SKcnepHMeHT~Hhle aHatJeHHR !'2c B 3a

BHCHMOCTH OT X BMeCTe C peayJil>TaTaMH HX annpDKCHMaUHH SKCflOHeHltHBJII,HOit 

3aBHCIDviOCT:D10 noKa3aHH aa p:ac. 6. llapa.MeTp b oxaaaJicR paBHHM 0, I4, tJTo 

6JIH3Ko it cooTBeTcTBYJOII{HM BeJIH't!HHaM, onpe.IteJIReMHM npH ncCJie.ItoBaHHH · 

.ItPyriDC ~epHb!X IrpO~eCCOB npH BhlCOKHX aHeprMX/33/ • 

CJre,ItyeT OTM6THT:D, tJTO ,ItaHHble BCDMS npH X :. l RBJIRIOTCH npe,ItBapH- · 

Te~IruMH. lieM MeH:DIIIe BeJIHtmHa :P2c(x) H '!eM O!iCTpee OHa H3MeH.IIeTCH, 
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Pxc.ti. 

r . 

~~ 
I 
L 
I 

I 

15 Z,m zs 

110 

~ 
10 !lS 

'0 
0 
0 ' ' 

d) 

' • ' ' ' ' . 
' ' 

0 I !:-..1~--!:p.l'~~,J 
-1111 -10 o 10 ., o • • {;' 1111 G uo 

Lf.dly G: ,!'ab 
Cpru3Helille pacnpe~eJiemw )J;Byx rpymr co6HTHI: I) x >I (cWioUJ!U,Ie 
Jm:Hlrii) .a G) x < I (nymtT.tLpHHe Jll!IDW), y~oBJieTBOPJilOIIlHX YCJIOB.wo 
Q

2 
> tiO (ra:O/c)G R ·~>GO raH, no nepeMeHHHM: · 

a)~- MHHKM~HOe pacCTOHHRe OT BepWHHH ~0 OCH Z 

6) z - Koop.zumaTa TO'OO! Baawo~eiicT:awr; · 
c) 4> - aSl1MYTB.11:LHUii yrOJI j 
d) Q2. 

Ji'• c-p• • ... 
E•280 r3B 

+- Allll Fzcl•l 

-~=~2~HHoe 

PHc.6. C'rpYJ\TYPHWI cJJyloonui P!c(x) (aKCne
pHMeHTaJILHHe Tol!KH) H pesy.m;TaTH ee an
npoKqBMaUHH SKCIIOHeHUHanLHOH 3aBHCHMOCTDD 
(IJYHKTHP). lfyKnoHHWI CTPYKTYJlHWI.IjlyHKu:wi 
P~(x) , HSMepeHHaSI B BHTepBaJie x=0,3+0,? 
(CM.pHc.2) H SKCTpaiiOJWpOBSHHaJI ~0 X=I, 

IIOK8.38Ha CWlODIHO.il JIHHHel. 
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TeM 6oxee ee SHa~eHHa ~CTBHTBXDHH K CHCTeMaTM~eCKHM OillH6KaM, llOBe

~eHHe KOTOpUX ~0~0 6UTb MSyqeHO. 0co6eHHO BamHOH RBHHBTCH npo~eMa 

TlllaTenDHoro.:asyqelliDl MSMeflemui paspemeHHa c pocToM .x. B o6JiacTH x >I, 
llXix :><50% :H ~ paspeineiwl ei!le He~ocTaTO'q!IO TO'q!!O onpe~eJieHa, 
~T06H ~eJiaTb KaKHe-~60 KpHT,KqBCKKe npoBepKH C~BCTBYDWHX MO~eJieR,B 

~aCTHOCTH MO~~S;Y~T~aDJilei ManOHYKXOHHHe KOppe~ B ~e,XOTH 
npe~CKa3aHHa ee . • 6Jm:3KH K HaiiiHM ~aHHh!M.AllaJJH5 C06Hnill C X>l npo
~OJIJII'B.eTCH. IlpoBOMTCH .To~e Bhl~cJieHHa ~ paspemeHHJI cneKTpo

MeTpa, YBeJili'IUmaeTCH CTaTRCTKKa np:H SHepru :.:!80 rsB, a Ta.KZe np:a 

SHeprRH 200 raB, r~e TSKEe Ha6~CH C06biTKH C X>l. IlOJIHaH CTaTHC

TRKa COCTaBHT OKOJIO 104 .c06!iT.Hii. Ey~eT l!Sj"ieHa RX Q2 - SaBl!CHMOCTb. 

MHoro ~onoJIHRTeJibHoi RH~pMRUKH 6y~eT nOXj"ieH~ RS aHaJI:Hsa ~aHHbiX 

noF2A(x),IIOJij"ieHHUM C ~eilTepHBBWI'!H H BO~Opo,IUWMH MmlleHHMH,It HaKOn..'ie

HmO KOTOpb!X npHCTYIIKJi:a KOJIJia6opa.I.ij'I.!! BCDMS. 
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"· 

XIVMe:lK,!I;yHapo,ll,HM IIIKona Mono,ll,biX yqeHbiX no lPII3IIKe BbiCOKIIX 3Hepmii, 

,[(y6Ha, 9-19 ,ll,eKa6pJ~ 1980 r. ,[(y6Ha, 1981. · 

COBP»AEHHOE COCTOHHHE YIXlHHiiX ~TOB 
H.A.Camm 

od'bimruiemil:lit :rmcni:TY-r JmepHLIX l!cCJie.n;oBB.!nrl!:, ,Uyona 
. " 

1.BBe.lleoe 

HcCJie.llOBB.HHe . Beynpyr:ra · paccesnmit sapgeB:HHX .neiiTOBOB Ba BYUOHaX 
lit ~ smJIJl8TOJ!. O,IODDI lit3 OCHOBHHX M8TO.ll0B 9ltCII8plitii8HTSJlDHOrO lit3Y1!6-· 
mm: C'rpyR'cypH a,IijlOHHOfl MaTepm!. . . .. 

B ero OcHOBY .ner.nlit. ompOitO. litSB8C'rHHe OnHTH no r.nyOOROBeynpyrcw:y 
paccemnm (IHP) BJieRTpOHOB HB. IIpOTOHWC lit .u;ehpoBax:, BHJIOJIHeHHHe B 
0r8mpop.u;cROft rrr6He.Ji:DBoft YCKOPfte.ni:.HOft .na6opaoropo CiliA (CJIAK). B 
1967-1975 rr. I lapaRTepHOI 11eporol 8THX.litCCJie,ito:samdl Jm.lmeTOJt "npo
ntYIIHBBime" CTPYR'fYPH o&l.eRTa C 'IIOMOIItDil 8.1;leRTpouarim'l'Boro IIOJIIi; IIplit-
. po,D;a . ROToporo H .. JiORSJlDHHe CBOICTBa TO'IHO . OnlitCHBallTCH JtBSHTOBOft e.neK
Tpo,1tl!HaWRol (K9,II.). B OIIHTax Cll1K IHP lit3YlleBO BIJJIO'rl>· .llO .llOCTlitlllDIHX 

. T814 nepe.u;a.HHl:li '!e~X"':'mmYJILCOB Q2 OKOJIO GO (rSB/c)2• . 
. .H.aJILHmee lit3Y'!8Hlit8 .. c'l'PYRTYPH a,IijlOBOB C IIOMOIItDil sapsxemna .nen- . 

TOHOB OC~8CTBJIH8TOJ! B BHCOROlitHT8HCl!BHHX MmoHHHX ~ B HauaoHSJlD- , 
HOI ycROplllTe.ni:.HOl '.mioopaoro'pmt BM.9.~JlMH (WHAJI),CIIIA / 2/ B B EBponei.:. •• 
citol/~r8Jil{sati0 no H.IlepH:HII BCCJI8.llOBaHBIDI (UEPH) , JKeBeBa, '111Belo,a~ . . 
pu 3 • 3Jielt'l'pOMal'HJ!THHe CBOICTBB. MllOJIOB TaR lie TO'JHO. Onl!CHBallTCS! B ' . 
K9.Il, .1taR .H CBoi~TBa s,neitorpoBoB ·c.p. -e . - ymmeP.Cam.Hoc'tl>)iE)~ SB:eprn 
(E) C~eCTBYJiill!!X MilOHHHX IIy'lltOB II03BOJIJ!I)T B np~e paCIIIJlPlitT:& rpa
BBey lit3l"J:B.euHXQ2 .u;o Q2max = a,{E:::60Q (raB/c) 2 , .u;oc~ npH 
E=300 raB. ' 

B aorn ·litcc.ne.u;o:awnlmc MllOHH oem oiipe.u;e.neHHHe ueoro,D;JAecitHe npe
BMYJI18CTBa nepe.u; SJielt'l'pOHBMlit. noorepB Ha ll3JIY'!8HB8 y MI!OBOB B 104 pas 
Mem.me, 'leY y 8JI8KT!>OHOB , 'ITO IIOSBOJIIieT JlCIIOJIDSO~T.:& :S. 81tCIIepBM~Tr 
c Bm.m npoT;meHHHe MBJIIeo, a cos,Jtiume. oram ycTaBOBOlt, xax NA-4 5, 
IIOSBoMeT TaRJte, pei'liCTpitpOBaT:& paccemnme MJJOBH IIpaRTH'!8CRB BO BCeM 

ore.neCBOM yrJie c BHco:iol H o.u;Hopo.JtHol aqxpelt'l'litBHOCT:&Il. · 
Orpyitiypa a,JU)oHoB m:ai'laeorca oraae B He!TplmHHx exc~epmaeuorax 

C IIOMOIII:&Il CJIB.OHX 'BsamllO,D;eiCTBd, 'reOplllll ltOTOpHX pasmrra .llOCTaTO'!HO 
' xopomo. . 

•' n=-- ------ -"'JIH11a'll>CJI oor aJieltorpoBa B oreopo B.r .Ka,ltimeBcitorof4/. 

498 

.86 



iJepe,It xeitTPHHO MllOHH BMem npeBMYJIIBCTBO B TOM, 'liTO 3Hepl'Bll 1tB.lt II8,Ita

JIIISI·, TaR B: paccemmoit 'IJaCT~ B:SIIBpaJl'l'CJI C BHCOKOI TCRHOCT:Lil • .&le 
:O,ItH"' npeJWYIIlBCTBO nepe,It HeiTpDO 3aKJIIJ'Ja8TCR B 'r()ll(, 'liTO CII:e:paJII)HOCT:& 

jOjoaoB Mom!O ltOHTpOJD!pOBaT:& {:e:SMeBI!T:&) 6es HSMeHeHl!ll· SHS.lta . Bap!Ota 

iiaCTBGI• STO ,ItOCTHI'aBTCR nyreM BH6opa Onpe.zteJreBHOro COOTHomemm: 

-,U)13 exeprKel nepBll1DIHX 'IB.CT~ 11 :e: K - MesoHOB, OT .ItByxtmC'l'lt1mHX 
paCIIBJtOB XOTOPHX B ~CHOBHOM oOpasymCR MIJOHH, H 3Bepnel UOCJie,D;BHX. 

YxasaHHHe npeJIIMYIIIeCTBa noSBOJDIJDI yae cehac n()JIY1mn B MilO~ 

IJ11WlX ,1tEUIHH8 0 CT~YJ.tTyp8 HYRJIOHOB C T01UIOCT:LI) B B8CROJLDXO npozteBTOB 

)toQ2 = 250 craB/c) • Taue nepe,JtaU CpaBHDH c MaCCOI npOM~OlDIHX 
dosOHOB . B: HX, Cj'III8C'rBOBaHH8 ,ItOJJDO 38MeTBO IIpO.I!BJIJIT:LCR · 'llepes mrrep

iflepf!mum ueJ.t~ Jt c.:a:a6Ia BsaJIIlo.ztelcTlJJtA. Sora JtHTepcpepea

ItU ,ItC>JID8 npJJBO,ItJtT:L X PlmY Ba6Jm,Itaeloliix B I'HP MllOBOB pa8HHX 8BaROB 

;!;.~CIIJ~l8Jll>BOCT8it aCJtMMBTpd, MCOJim'Ball B~ ltOT~ ,ItoDua 6HT:& 

:B coTD pas 60JI!>me , 'lleM BnepBHe xa6Jm,IteHHBJI B CJrAK • 
· B aacr~el ~eRitHK paccuoTpexo cocroRHBe B:SY'IJeHBR CTPYKT.YPHHX 

!IJ.YHJtitd !IYR1l0HOB. B r~60KOH8ynpyi'JDC BSB.HMO.n;eii:CTBWDC 114100HOB Ha yCitop:e:

Te.IIBx: ~HAJI H UEPH. 

2. 3ItcnepBMeBT8JILHH6 YCTBHOBK:e: 

B BaCTOJDitee BpeMR B MllOHHHX n;rcmax .n:elcTBym TPH J.tpyiiHHe · yc-ra-

. · HOBJtJt 1 ~ HS ltOTOPJiX HMee'l' OBOJI OC066HBOCTH. . 

· · B aJIA &J.tcneP.HMeHTH npoBO.ltll'l'CR.ROJIJia60paztHel.- Elm (Eep!t.IDI~ep
~-llpHHcTOH)77 I c HcnOJI!>soBaH:e:eM 6o.IWuoro ·zeJreSHoro yYJJ:&'rlDIIIOHHo

ro cnelt'rpOMe'l'pa. 0H COOTOH'l' JIS 18 MO.n:y~el, J.taa',,tHH BS XOTO}lHX lDIBBT 

, .~ec 25 'l'OHH H co.n;epzHT no nRT:L IO 014 HaMai'llll'lleHHHX B BepTB:lt8JILHOM 

H8IIpaBJ!eBHB OT8JILHHX IIJiaCTHH, 5 X8J.IOpHMeTpH'IIeOKHX OIOIHTIL1L1l.IIItliOHHHX 

.:o1ze'l"'IBXoB ( xpoue yo.n:yJiel I6-I8), .ItB1X npono~OHSJ[I,HHX :e: lij)eit4Joma 

-~ep. B 'llerma uo.n:yJI.IiX (4-I8) pacnOJiozeBH WiocKocn HS' I2 TPBITep... ma Citl!H'rii.IWJitBOBHHX O'lleTlDiltOB. IIOJieSHHI o6'1.eu cnelt'rpa18'l'.Pf! JIMeeT 

g~mme I,BxiM2 H .ItJlHHY I&!. B IteBTP8JILHOI o6.naor:e: (I.~). MIU'Bll'l'

~iftf-ttO.Ie . paBHO I9 17 xrayoo H O.n;HOpo,ItHO B npe.D;eJia.X ±3%. Cep.n;e1UIBX · 

~a JIBJIIIBTOJI O,ItHOBpeMeHHO meB:Lil. O'l'CYTCTBB:e O'l'Bepcui·MJI o6-
~0T.ox 06ecneUBae!' BHCOltj'll acppeXTJIBHOO'l'lo MR pei'lilC'l'paztHB JqJJ:&'rJDIIIOH..: 

ilia ROHe'llHHX cocromml. CTanHHe IJJiacTmm MarHBTa B o~omme 
tA8Tm o6ecne'lll!Bam nor~o!lleHHe · po~emmx a.IQX>HOB H BSMepeHlle HX 
f/::':H'. . 

~epi'D. Paspemeam onexrpOMe'l'pa no Q2 =-IO% H no &Hepl'JIDI 8lij)OHOB 

Q~ciJ!q I 15/ E. 
• B UEPH &KonepBMeHTH o IIIIOHSMJII npoBO.~UITCR sa .ItB1X ycTB.BO:mta:X 
~ NA-2 Jt NA-4': · 
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Y CTB.HOBKa fi.A-2 /B/ EBponeJ!cROI MIIOHHOI ROJIJia6o~ (:Fli!C) JIBJUl

eTC.Il KJIB.CCJrq8CKIDI. 6o.m.llll!M MBI'Bll'l'BW4 CIISRTpOMeTpOM C "TOtJ811HOI" Mz
W8Hl>D ll ~eTeR.TOpaMll, pacnOJIOllt8HlWMl! · ~0, BlJYTpR R. sa . 06Willm4 ~OJ!l>HWII 
Mai'HI!TOM ( CM. pliO. I). Tpe60B8Hl!SI BllCOKOI aqxpeKTl!BBOCTR R CTB'l'l'IOTR1:Je·c
KOl oro~ocTR ll:SMepeHH.a: cet~eHRI IHP npRBanR K TOMy, qTo yoTB.HOBKa 

RMeeT 60Jil>IIIHe pasMepH. " . 
W7 · 

W6 -;-;"Fe 
V3 t I 

MHmeHb f:J HS 

~ t 'BH~ ~B~PX1Y H4 H!V 
I 

0 I 2 3 4 "m -
~ >Kene3o 

PRc.I. CxeMa cneK'fPOMeTpa NA-2 EBponelcxol MIIOHHOI KOJ£lla6opaum~. 

Mmnem, ~ D,1tl01e Hf.ll2 lfJIH aeJieso, npoc.noeHBoe .~Tltli'JlSl'rOpou,_
oeeor JPIBHY coOT:aeTcTBeHBo 611 . R 4, 'hi.. 

MarJnrr . ( PSJ4 ) &86'1' aii6pTYPY 4, 3M. B~OJll> nytJRa, 2M DOIIepeK B 1M 
B mtCMY. OH · pa6oorae'l' B @mcB.POBaHBHX pemnaax, npx xotopHX BHTerpa.ll 
DOJUI COO'f8EJIJI6f OKOJIO 2,3; 4,4 ll 5,2 T•M. , 

B Kat18CTB6 KOOp~BTBHX ~eTeKTOpOB ~0 uarHHTB BCD~SYDfC.Il ~ORB 
,lijleiti.(loBHX R8116P W1 B W2 (!,2x2,2M2), ll:M6DitBX .IIO 8 IIJ[OCltOCTel co 
cpe~el paspe11181111el cnoco6HocT:r.D OIWJ[O 0 ,3MM. ,IlBa CSJioxa · nponop!Uilo
snnvx ~ep P 

08
' :a P OB , co~ep&lltllle no 6 IIJ[OCKOcTe:lt. c maraa HB..,. 

MOTD · npoBOJiox cl!l'B8.1J>HBX ueRTpo~oB IJIIM, nepexptmall'l' SOHY IIYtJRa :a 
pBCC'U'faHH B8 pa6Mf C BHT6HCJIBHOCT:&D nytJRa ~0 10

8 
/JIJD.1lo 

,ll,u TpaCCJIPom 'IW.CT!m BHY'!Jlll ua.rirftB BCIIOJll>sYmC.Il MO.lt.YD npOIIOp
nHOJUIJI:r.HHX.lt8M6p PI, P2, P3 (I,BxO,~),~ :as xoTopux co~epmrr 
3 IIJ[OCKOCTB CBrBal:r.BHX npOBOJ[Olt C DJarOY 2YM. 

KooMJ!HaTH TpaeKTopd qacTJm sa 118I'HftOY. pel'JilC'fPB.PYJ)'.rC.Il dJioxao 
JQ;>eiti.(loma lt8Mep WJ (I,2x2,~), W4, 5 (2,6x5,311

2
), w6 (3,48x2,88w

2
) 

BW7 {4,32x3,4&.2}. fiOBepXHOCT:r., DOlq)HB8.eMax xaue~ W7 , COCT8BJ111-
e'r OKOJlO 4 ,4x!a.r. Bloltll xauep DeD'l' 'fY ae corpyx'fYP1, qoro B ~o uar
BJIT&. Baou W6

1 
7 pas6BTll H& 8 l'JlYIIIlH A,B :a C. B rpymm.x A,C co~ep

DTC.Il II KOOP.1tJIHB'rHBX IIJ[OCltOOTel, B rpym1e B, r~e 881'PYS:Ka 11110TBU 
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60JJLme, HMeeTcJI IS HSMePJDliiHX UJiocxocTel. Cpe,JtBee npocTpa.HCTBeHHoe 

paspemeHHe RaMep B dnoKaX W6,7 COCTaBnHeT OROnO 0,4 MM. Paape~ 
CDOCOOHOCTh Qn8KTPOHHKI cqwTHBSHBJl HH~puanHH c ~ei~BHX xauep on
pe,IteJllleT MJIJJlDIB.liJ>HOe · paccTomme Ma..ItY .ItBYI4Jl pasJDI:1meiWMlt orpeKaMH. OHo 
pamto 3 MM • 

.lT.JIJI H.lt8HTJ!$ntAttn BTOPB"'BHX 'lliCTJIIIt I:CDOJI!.Sym'CJl 'l8peHKOBCXJill IIO
poroBHI C'leTqaK 02, ~OpBMe'l'p H2+ABS H l4mOHHHI ,IteTeKTOp Fe+H4. 

Daso:eHI noporoBHI ~epeHKoBcKII c~~~ nepexpu:eaeT BCD anepr,ypy 
CDeRTpOMeTpa H Dpll HADOJIHBHllll HeOBOII (BSOTOII) DpH aTMO~pH014 ,Ita:BJle
Blll: IIOSBOXHeT paS,IteJIIITh ni:OBH H KaOBH B OdnaCTH HJ4DY~COB 20-70 
( 6-20) I'sB/ c. 

~opHMeTp odecne~eT BSMepeBBe sueprHH ueiTpanDHHX. 'lliCT~,no

nA,ItallllllX B An8P'l'YPY M8.I'BJI'l'a, a Taue ,ItOIIOJIBll'l'eJILHYJ) ~~ ~ 
IIIJl;8BTlii)Jntann IIDOHOB, 8JI8RTpoHOB J! BJtPOBOB. KaJloplDI8Tp COCTOHT J!S 
anoeB naccHBBoro weTanna H ~~oBBHX c11e~oB H pas6HT aa 

'l'PJ! MOJtYJIJl. IlepBHI - "ueK'l'pOBH~TOBHHI" - BMe.~'l' 'l'~ 20 pa,Illla

D;UOHHHX e~ H paspemeBHe no SBeprHH G" /E = 0,4/E0 • (rsB). BToBol 
1t Tpeul - a,lU)OBHJ,~e YO.ItYJm - lDieDT paspemeHHe no auepr:n i =I , 5/E • 5• 
IlonBaJI T~ YaTepaana B ~OpHMe'l'pe COOTB8TCTByeT 5,5 ~ BSaBMO
,IteiCTBHst. 

MmoHHHI ,IteTeKTOp COCTOHT J!S H~eHHoro xenesa T~ol.2;5u 
(10 .n;mtH BSallMO,Itelc',t'Bd) ll rO,ItOCKOna C~TH.1J'Jl.Siti:OHBHX C'leT'DiltOB H4. 

3anycx CIIeKTpOMeTpa OCYJII8C'rB.lrJleTCJl ltOMdliiH8ltllJlMJI CO:Bna,IteHJdt CHI'

Ba.iJ:OB 0'1' 9JieM8HTOB OOJIE.IIDIX rO,ItOCXO~eCltJ!X WIOCKOC'lel ClnDITll.lt1lSilHOB
.HWc c'leTqaKOB HI, H3 H H4 H AiiT:a:coBna,IteHd oT :eeTo-cqi:lT~o:e V1-V.J • 

. Oc~oBBHe xapaxTepHC'lHltJ! cnexorpOMeTpaNA-2 MOryT OH'l'h CyYMHpOBa
BH CJie.JtYDI!BII o6pasou: · 

I) CnexTpoMeTp npe,ItHasuaqeH W1l:l pel'l'lcTpamm npo.JtYKTOB rJJY6oxo
HeynpyrHX BSaJIMO,IteiC'lBH:I MDOHOB, BWleTaJIIIJ!X B JI. C .Bnepe,It. YrJIOBOI 
BXC8DTSHC B rop:HSOHT~HOI IIJIOCKOC'lH COCTA.BJIJleT j;_8° W1S:1 YDOHOB C 
9Hepr:a:el E>I~ rsB H j;_5° B Be~ol UJIOCKOCTH. 

2) 3HeprliUI, XOOp,ItHHA.Ta H HanpaBJI8HHe Da,ItAIIllero MDOBa onpe,IteMDT
OJI C 'rO'IHOCT:E.D OKOJIO j;_0,5%, j;_Il.u J! j;_0,2 Mpa.It, COOTB8TCT:Bemio. 

3) PaspemelOle no BMIIY~cy 1i.ni paccesumwc B BO.ItOpo.JtBol MB!IIeBB 
'lliCT~ DpJ! YaKCJ!MAJIDHOY IIOJ18 lolal'HHTa COCTA.BJIJieT G" (p)/p=O,I5%, 
f,r~o:eOe paspemeHHe OT O,I .ItO 0,6 ~ :e saBllcBMocTJ! .oT HMDy~ca H 
: .. I ·.: . 
. ,Q~ BSaJIMO,IteiCTBBJl, KOOp,ItJBaTH KOTOpOI onpe,ItenJIDTCJl C TO'IHOCThD 

~;:;·~~ ~· 7MM ,,ll 6'x (MM) =(0,85 + I5/p)/9 • 

. . Criett'l'pOMeTp NA-4 191 dnaro,ItB.PJI. ~oewy 'l'Opolf.ItA,ln.HC~q MarBBTHOIIY 
· '#d.Jm,!' BHCOltOI s<JqleRTHBHOC'l'l: pel'l'ICTpattn pacceffimwc MDOHOB, .n;mtHHOI 
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40M-MBmeHK,.pacnpe~aneHHUM ~eTeKTOpaM H B~e~cTBKe Bcero aroro.BHco

KoA CB8TKMOCTK,,HMeeT npe~eCTBa nepe~ OCT~HUMH YCTaHOBKaMK npK 

KSyqeHlm niP C 60JILWlOOI nepe~aHHllMH HMIIyJILCBMH, BIIJIOTlo ~0 ~Cl!loiBJil,

HO ~OCTK!HMHX B H8CTO~ee BpeMH, 

aa~~t>1Ta OT rano 

rOAOCK?Il 5 blleBble 

TpHrrepHble 

rOAOCKOn 7 rOAOCKOil 8 
I ·rOAOCKOil 9 

nponOPliHOHallbHble 

OKOHe~Hbl£1 

AeTeKTOP 

:-fiflif 
• 1/ lv 

I II 1[1 II II II II II II ~I M~C:J 

HMilYIIbCHaA cTaHliHA I ,. penbcbl I 
SMI SWZ SN I IM4 SMS SMI SI.U IMI SNI SMIO 

I 
rOAOCKOil 6 rOAOCKOn 1 0 + 11 

+--------------------------tom--------------------------+ 

PHc. 2. CxeMa cneKTpOMerpa NA-4. 

CneKTpOMSTP. ( ~M, PKC, 2) COCTOK'l' H3 I0 lJ,ItSH'l'HlmHX cyneJ140,Izy' Jieit 

SM1+!0, KruJUUlit H3 KOTOpllX llM89T .It1IHHY 5,25!4 H Hapy3HIDi ~eTp 2, 75M. 

JlRaMe'l'p BHYTPSHHero OTBepc'l'HJI, r~e OTCYTCTByeT MBrHlfTHOe .nOJie H KYM 

BCTaBJIJmTCH MmDem. ( H2, .n2 wm C) H o6MoTIW, paBeH 0,5u. IIocTo.IIHJWit 

'l'OK 2500A '1'8'18'1' no 06MO'l'KBM napaJIJieJibHO OCR, C03~8BaH B zeJie3e Kpy-
' > 

roBoe noJie, KoTopoe ueHJieTcR oT 2,IIT B neHTpe ~o I,??T Ha KpaD lleJle-

sa. 06paTHHtt TOR Te'leT no WKHSM, y~eHHHM or xeJiesa, H He EJIHReT Ha 

pacnpe~eJieHHe noJIH B HeM. 

3HatJeHHJI noJIR, a, TBKXe ero pacnpe~eJieHKe no p~cy H aSBMYTY 

6wm. BHtmcJieHH aHaJIRTHtJeciW. ButmCJieHIDI HHTerpaJia noJIR npoBepeHH Hs

uepeHR8MR DOTOKa M8'l'O~OM DSTJIH, a TaKEe npORaJIH6pOBBHH C fiOMO~D 
'!aC'l'HU H3B8CTHOit 9H8p!'lm, OTKJIOHSHHHX npRMO B JIPUO Mal'BHT8, TO'lHOCTlo 

BOCCTaHOBJI8HHJi ~1Hepr!4ll OKa3aJiaC1> JIY'llll8, 'ISM I%, 

~ cynepuo,lzy'JIL cneKTpOMerpa/VA-4cocTOHT HB 8 MO,Izy'Jieit cep~eq

HKKa, HSrOTOBJISHHOro H3 I , I CM nJiaCTHH HKSKOyr.nepO,!O!CTOit C'l'B.Jm, ~YX 
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nHOCKOCTBit C6rM6HTHpOB8HHHX KonD~eBUX TpRrrepHHX C~eT~OB (p2,7M), 

8 IIJIOCKOCTeit (3x3M2) npoBOJIO~UX nponOpUROHBJIDHUX RaMep, K3M6PJmi!HX 

noo~epe~o X HJIR Y,xoop~aTy c marOM 4 MM. 

BHcoKaR ~KTHBHOCTh cneRTPOMeTpa ~ocTuraeTcJI BcJie~cTBHe Toro, 

'iTO TOpO~aJibHOB MarHHTHOB DOJIS npH COOTBBTCTBYEmeM HanpaBnSHHH 

y~epDBaeT (lfloeycHpyeT) paccemmue MOOHH BfiYTPH JJteJiesa ua nepHo~ec

RHX TpaeKTOpHI!X (CM.PliC.::t) ,xapaKTepHHe napSMeTpll KOTOpllX A1(2. H f1 

lKene3HbiH TOp 

8 • canst. 

P11c, 3. OpHHll~n pa6oTbl cneKTpoMeopa NA-4 

SaBHCSIT Jil!lii]j OT KHl!6MaTJlq6CKHX nepeMeHHWC paccesmHHX 'U!C~ H HB sa

BHCIIT OT BHeprHH DB,It8Dlle! 'U!CTH!Ui. _ 8To RB.'lBCTBO DpHMeT CHeRTpOMeTpy 

CBO!CTBO CRe!nHHrOBOit (MaCWTa6HOit) HHBapRaHTHOCTH. PaSMepl:l MarHHTa H 

BeJIH1imta DOJISI B onpe~eJISmT npe~eJibHllA nepe~aHHHI m.myJibc Q~ , sue 

ItOToporo Bee pacceHHHHe MllOHH y~epmmamcSI BHYTPH JJteJiesa 

Q
2

c = 0,6"B8 r•(Rout-Rin)"Eo• r~e Bef - aqq1e.KTHBH06 DOJie, yYBHb!IIBHHOe 
DO cpaBHBHBD C OpHrHHaJibHHM Ha ~TOp OROJIO 0,7 BCJie~CTBHe BOS~ 
sasopoB M~ UJiaCTHHaMH, MO¥JISIMH l'l cyneJ>Mo.i&JIHMH.IlpH auepr.HH 

Eo =280 l'aB Q
2c =270 (raB/c) • TpaeKTOpHH pacCeSIHHUX MllOHOB c Q2>Q2

0 

TOJibKO 'U!CT~O ~CII BHYTPH JlteJISSa, O~aKO l!X WlHH!i BUOJIHe 

~OCTaTO~O ~ onpe~eJieHHSI KHHBMaTH'lBCKHX nepeMeHHHX p H 9 BUJIOTb 

.tto. Q2max • B CUBKTpOMB'l'pe 60Th BCTBCTBBHHHB orpwm~eHHSI Ha Q2 CHHSY. 

8TRX. Orp8lill'iBJmit JtBa: 0~0 (Heynp8.BJIJIBM06) BCJIB~CTBHB neHTpaJIDHOrO 

OTBepcf:HSI MBI'HRTa, BTOpOe (ynp8.BJIJIBM06), 3aBRC.fDII66 OT KO~aiUm 
ltOJien TpHrrepHWC C~iiT'UlKOB , BR.111RBHHUX B CXeM;Y sanycRB.. BHKJIIJ'IBHHe 

neHTpaJIDHUX XOJien CUOC06CTByeT TOJIY, liTO YCTBHOBRB. SanyCRB.6'1'CH npe

BMY.JitBCTBBHHO co6HTHRMH c 60Jibmmm Q2 • STo HBJISieTCH BamwM o6cTOJI

'l'BJibCTBOM npH na6ope ~BHHWC B BTOit 06JiaCTR, TaR KB.K ceqeHHe YMBHh-

maeTCH nponop~OHaJibHO Q-4. . 
SanycX yCTBHOBKR OCJm6CTBJIJIBTCJI KOM6HHanHBit COBU~eHH! CHrHaJIOB 

0'1' KOJ!bnema C'lli:!T'lHKOB Jni6ux DO~SJ,It CTO.fDIIl'lX 'l6Tllp6X UJIOCKOCTeit, CHr

H8JIOB OT C'lleT1lRKOB ny-q&OBOrO ro~OCROna H BHTHCOB~eHHI OT B6TQ-c-qeT-

1lRKOB, saiJtW!lBD!tRX yc'l'aHOBKY oT ra.rro nytnta. 
IlytmoBHB .rO~OCKOUll JIBJllmTCJI e~C'l'~HIWl4H ~6T6ltTOpaMll, paCDOJIO-
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i ;,' 

zeHHHMH B nyqKe,H paccqnTaHH Ha pa60Ty C MaKCHMaXLHOA HHT8HCHBHOCT:LD 

.D:O I09qacTmtlc. · IlepHO.JtH'IIHOCT:& TpHrrepHIDC ctteTtmKOB o6ecnetnmaeor 

H361lTOttHOCT:L HH~PMSUKR ~ CHCT8Mil sanycxa CD8KTpOMeTpa H DOSBOnH

eT, TaKHM o6pasoM, no saperHcTpl!pOBaHH!lM coOUTWIM onpe,D;e.mrr:& ee 

aqxpeRTHBHOCTb. 

··. 3qxpeKTHBHOCT» · ycTaHOBKH N.A-4 c YttBTON yCJioBd · sanycxa .D;OCTHraeT 

Be~HttHHH 80% B ~eHTpe RHHeMRT:aqecxoft o6nacTH IHP H cn~eT.Ha RpaRX. 
KOHTYJlli , miYTPil KOTOPHX aT a s@leKTHBHOCTb 6onme 40%, DOKaSa.Hhl Ha 

pi!c.4. 

H;; 

0 0.5 

r • 111E 

P:ac .4. KoHTYJlll 40% e~RTDHOCTH 
yc'oraHo:aiai NA-4 DPH pasH!lX 

8HeprHHX D~~X MDOHOB, 

DOKa3aHHH8 Ha RHH8MaT:Hq8C

KOM rpl$JKe IHP. 

. CpaBHBTWa:a XaprutTepBCTHKa HaHdonee .KTDHOI pa60'l'!l ycTa

HOBOK · noJtasW!a Ha pnc ~ 5, oTKy,J:ta . BlWJO, trro o6.DacT» MaKc:BMaJII.Ho · .D;o

C'l'~ :S micTosmtee BpeWI Q2 MOZeT OllT:& HcCJie.D;oBaHa . TMDKO sa 
ycTaHOBKe N A-4. . · 

(ThB/c)2 

PHc.5. I<mieMRT:aqeciOie odMcTH 

HBH6M~e ~eKTHBHOI 

paOOTil pa3HHX YCTSHOBOK. 

3. ~eBOMeno~ol'l!ll rJ1Y6oxoHeynpyroro paccesnum 

. JlBU,I{Ii .D:BMlepelinHaJn,Boe C~'ieHlle IHP sapJVIeHHHX .~eiiTOHOB Ha HYR~ 
JIOHax B O.IOIOcJx>/TO~OM DpHOJIDeBHll SaiiHCHBaeT.M B K3B8CTHOM Bll,Ite 
(CM.HanpHMep, lO'): . · . 

clz.o 27raL " [ ' G2 . Q2+ ~ 1 z 
"dQidX == Qil. X p2 (2EE - 2) + .f + 'R j F2(Q. X') 
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'!epes .ItBe 6espa3MepHHe t.PeaoMeHOJIOI'Htlecue cTpyxTypHHe ~ 

F1 _(X,Q
2

) H p2 (x,Q
2

) HnH p2 (x,Q2 ) H R (x,Q2 )~ r~e nocne~ 
9CTI. OTHOW9HH9 C9tiemtft IIOrJIOII(9HliJI HYltJIOHOM B:HpTya.IILHWC tPoTOH,OB C 

npO~OJILHOit H IIOIIepe'IHoA IIOJI'J!pBSBIUIJDm, R B!ipaaa9TCJ! 'llepes F
1 

H F 
2 COOTHOWeHHeM 

R(xd)= W.._()(,Q
1

)·(1+Q"~)-1 , r~e vW2:f2. .., 2MpW.::F:1· , w1 (x ,QlJ , 

3Has Bs axcnepmaea'fa d2~ /dQ2dx , MOZHO BJllmcnBTI. C'fPYlt'l'YPHHe 

.c]jymo:om B CpaBHHTh Ja IIOBe~eHBe C saiCOHOM9PBOCTJ!MB, npe~CKaSHBaeMH-
.MH paSJIH'IlHHMH YO~enRMH H T60pBSMH, 

. ~ CTffljYPHHX qiymatd P1 H F2 maeeTCJI l'lmOTesa 6:&epxeHOB~Oro 
CReitJIBHra · , cor.nacao KOTopol OHH B npe~e.ne 60JILIIIHX ~ =E

0 
-E H 

Q
2 

cTaHOBJITCJI qiyH:KnBmm TOJILxo o,m~ol nepeueHHoA x. 
B PSMKaX llpOCTOI RBapx-napTOHHOI MO~anH Hy.KHoaa /IZ/ cetieHHe 

IHP BH'IlHCJISeTcs B npe~OJIOJ:eHHH, tiTo BBJlTyaJIDHWt q,o>roa Bsamao~e:a
CTByeT ynpyro CO CB060.ItHHM '1'0116- 6eSMaCCOBSM RBapKOY, ' 

. B S'fol MO~anH nepeueHHas x ecTI. ~OJIS nanHoro.~JI:&ca HyKXoaa, 

nepeBOCl!Y8JI RBapKOM qi • ~ K0JD!119CTB6HHOrO OIIHC,amm llpOrtecca BBO

.JtllTCJI pacnpe~eJI9Blm KBapKOB qi (X) H aHTHRBapKOB q
1 

(X) B HYKJIOHe, 

KOTOpue X8paKTepHSYD'f BepoSTHOCTB Haxo.neHKa napTOHa 1 C ~OJieit 
MOMeJITa x. Tor~. aanpHMep,.. CTPYKTY:PHas iflYH:KI:twr P

2 
eon: 

P2(x) • fe~·X· [qtCX) + q,(Jt')] , r~ee'1 - sap~ 1- ro naPToHa, 

B '1!9THp9XltBapROBOit MO~anH HYltJIOHOB CO CT~PTHHMH sap~SMR KBa~ROB 
( li , d , 8 , c } =(f.,- t, -+, -f} CTPYKTYPHHe .tl>Ymanm P

2 
upo-

Toaa H HSOCKaJIJ!pHOit MHmeHH BYeDT B~ /IO/ . iN 
F.e~lC) =· ~ x Z.cx)-+- t; x!J.ercx) , F"~Nl><) = ~.x ~Cx) -+ fx .1 Cx) 
1 18 ' . ' 

COOTB9TCTBeHHo, r~e I (x)aV(x)+S(x)+C(x) - CBHI'JieTHas cyuya pacnpe-

. ~e.neiml weaTHHX KBapKoB ( v!! uv. +dv , )H) , KBapKoB "aeotiapoBaHHo

ro" MOPJI ( S(x)~ u. + d8 + ti +u +d +d· +a +a ) H KBapXOB "0118-. s v 8 v 8 
poBaHHoro" MOPJI (C(x) .e c + c) , a 

tl"' (x)a(c - a + c - a) H 

'1!/P(x): .1/N(xJ + (uv '*ua- dv- d8) + ( iiv +Us- dv- ds) -
H9CBHI'JI9THHe KOM6BHaUHB pacupe~eJieHKA KBapKOB, . , 

KBapx-napTomras MO~eJI:& maeeT ~ cne~cTBd, npoBepseMHX sxcnepB
ueaTam.ao. B 'CiaCTHoo.TB, 6:&epxeHOBCKd cxeiJomr ltJlii CTpyKTypHHX t.PYHK-
10!1 · P 2 B P 1 BHiJOJIHSeTCJI B Hel .. aBTOIIaTB'IleCKJI, TaR KaK Bee pacnpe

,lteJI9HHJ! IIaP'fOHOB JIBJIJD)TCJI ~ TOJI:&Ko nepeMeHBol x. MCJdeHTH 
OTpyx~' qiymu.J;d, HanpHMep, . . 

L., .. 

,JE/ .zt;rlJi YliPOII(eHHJ! SaimCH Uy(ll)i Uv H T.~. 
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! ' 
' 

• 

( ! 1 n-2 M2 n) ~- d;x:x P2(x ) , n=2,3, ••• , 
He 3aBHCSIT OT Q2 III RBJIRI)'l'Cst ~ TOJIDKO HOMepa n . • 11MeeTOst PJI.It 
cooTHomemdt (IIpaBWI CJ'MM) Mst IIIHTerpaJIOB oT CTPYRTYPH!iX ~. 
III3MepeHHux o'noMOmPID ·qaoT~ III aHlfj'cT~ •. ~ CTPYKTYPHHX ~ 
F

2
' H F1BunonHSieTcst cooTHomeHRe 13 P2a2x·p1 , KoTopoe0npHBo~ 

K TOM:y_, 'IJTO R~ 0 •. 
KBapK-napTOHHast MO.IteJIL, HBOMOTpst Ha CBOil npHBJieRB.TeJILHOCTL, 

_cJU!lliKOM npocTa. 'IJT06LI on'OHJIITL BOll COBOKynHOCTL .Ita.HHWC IIO IHP. Yxe 
B_riepBLIX oDHTax B CHAK ,oan Ha~eH pa.n OTRAOHeHBi OT ee npe.n
cmawnU:t, B TOM tmCJie Hapymem~e cKeitmmra. 

HapymeHHe 6LepKeHOBCKoro cRe~a-aoHMIITOT~ecKoro npe.nena aa
HBHOR napTOHHO! MO.lten!II - MOZBT 6LITL CJIB.ltCTBHBM HBBLIIIonHBHRH B IIpH
po,ne pst,na npe.nnOJicxeH:Irltl Jie~ B ee ocnoBe. Ho-BIII,IJ;HMOM::f (oco6eH
HO B HeacHMIITOT~BCKOI 06JiaOTIII MaXHX. Q2 ),He06XO,nHMO Y'IJIIITLIBaTL,'IJTO 
MHWBHL _III KBapKH EM BlOT . MaCCY, 'IJTO. KBapKH B HYKJIOH8 He stBJISD:l'rOst CBO-. 
60~ III 'IJTO KpOMe B3aHMO.JtelrloTBRI C O,nnHM KBapKOM B03MOZHO KOre
pOHTHOe B3aHMO,ne!r1CTBH8 rBMMR-KBaHTa C HeCKOJil>KHMIII KOHOTHTY3HTSMB. 

&ppeKTLI.MRCOLI MHWBHH ,no HBKOTopoA CTBIIB'H ~aDTCH TeM sa~ 
MeHH nepeMeHHolrl x aa nepeMeHHYJl HaxTMaHa 

14 
' c:2x/( 1+ 1+~ ) 

. Q2 

Hnepeorrpe,neJieHRH MOMBHTOB CTPYKTYPHLIX ~.3TH ~KTLI npeHe-
6pe:EHMo M8JlLI B 06JiaCTH OOJILilllriX Q2 • 

BaaHMo.neAcTBKH MeE.ltY KBapRaMIII ecTeCTBBHHLIM-06pasow yqHTLIBaDTCst 
B acKMIITOTH'IJBCKH CB060.nHHX KaJIH6pOBO'IJHLIX TeopHSIX non& (ACKT), B 
qacTHOCTH I B KBaHTOBOI xpoMoromai.mKe (KX,ll). 

B npOTHBOnOJIOEHOCTL IIpOCTOi naPTOHHOI M0~8JIH 1 KOTOpast COOTBBT
CTByeT TeOpKH non& C HBB3aHMO.ltBHCTB~ 'IJaCTRUaMIII,KXn 8CTL TeOpKR · 

. B3aEMO,neltCTByunHX qacTHU. Bsam~o,nelrlcTBRe MBZJIY KBapKaMIII OCYJ!leCTBnH
eTCst nyTeM 3MRCCHH rJIDOHOB III OIIHCHBaBTCst ~eKTHBHOirl KOHCTaHTOirl 
S ( Q2) I KOTOpast y,noBJieTBOpsteT ypaBHemm 

1. cl~t/c;l-1: = §~(9) , ~(i:.=t>) = 8 • 
r,ne t. =en ~ 1 jJ-- nepeHOpM!IIpye~ KOHCTa.HTa CBS13H 1 ~ ( S ) - ,cpymt-
~ peHopMaJIHsYJlllea rpyiiDH, p. - mKaJia I TO'IRR I B KoTopo! . Teopzn 
nepeHOPMliPYBT'cst. WyHKUWI ~ ( ~ ) MOZBT 6LITL BWUIMBHa: 
' ~(CJ-) = - f-'o CJ

3
/1b:n'Z. ·- j'!>d!JS'/(.fb.7Tz,t + · · · 

IlapaMBT~. LI. ~a H ~<I B.RB.JIH6pOBO'IJHOI!\ Teoprm SU(J) paBHH foo •11- Lf • 
~1 •1 02--f!f , r.ne f. - tmCJIO "apouaToB". OcTa:BJUL<I · B BLIPazeHmi Mst 

fo ( ~) TOJil>ltO nepBLiit 'VIBH H BCTaBnHSI SaT eM ~ ( lJ) B ypaBHeHRH ,IVUi 

~ 2 ( Q2) I IIOJIY'IBM WOPMYJIY ,IT,1Ut ~KTBBHOH KOHCTaHTLI CBS13H ~ 2 
(g ) 

B J9!.1IRl)ymteM UOilJ'W(8 : ga((i") : -{f,:rr-z. /~o e,(d'/1\z.) , 
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r~e MB.cmTa6runt napru.~eTp A cBJisaH o 1:- R ~ BHpaZeHHeu 

A2. = flexp[- iE>.1toz./f>o•tJ. ' 
A - cBo6o.rtH!lit napSMeTp, KoTopwt ~o.mteH 6uor:r:. Ha.ibtelt is cpam~emdt 
npe~oxasaHHl KXll o sxcnepBMeaTOM. 

S@iezt'lHBHasi KOHCTaHTa CBJi:SB B ~YIIJieM IIOPJI,ltKe yrdeHI>llla6TCJl C 

pocTOM Q
2 

B OOpa!llaeTCJl B 0 IlpB Q
2
- oo .- :3TO l! OSHa1W.eT SCliDI!ITOTl!

~eoxym CBOOO~ 1W.OT~. 

Hal!OOJiee llpm.!O 1npe~OKaS8HliJI .ACKT .ItJl.ll lliP JIBIITOHOB ~eJUml'OJI AJU[ 

YOil6HTOB CTPYKTYPHWC ~. Cm.m~eCKB ORB B!ipBZBl)TCJl COOTHOme-

Hl!l!MR .T:ana_, n~2. r z ( (. ~ ~ ,rof"-(1 f,. ) 
M{h.-)=- ~o<xx r-,_(x,QJ :AI\. eh.. Q/1\)J -,+e.,(a~/A)+···, 

r~e. An B f n- ROHOTrufT!i, dn - KOS~eHTil aHOMB.JII:.HWC paBM6PJiOOTel. 

B .JIJW!PYDJIBM noPJI,ltlte (nepBHI ~eH paSJIOJiteHH.II) Bee ~puym :a npe~
oxasaHHJI napTOHHOI MO~eJIH OCT~CJl cnpaBe~ :a·)tJl.ll AC~ Sa BC

IUIJ:Pl6HBeM TOro, ~TO pacnpe~eJI6HHJI napTOHOB CTaHOBJITOJI q,ymtl:omMH Be 

TOJII:.RO X, HO B Q2 • , 

ECJIB y~HBaTI:. oJie,llYDIIHe It .JnWtPYJl!IBMl noPJUtKY ·~eBil paSJIO.EeHHJI 

MOM6HTOB IIO S~Tl!BBOI ROHO'l'aBTe CBJISH, TO DOnpaBRH It OOOTHOW6HBSM. 

napTOHHOit MO~eJIH MO!'yT SHa~eJII:.BO HSMBHBTI:.CJI. 

B KXll TO~e ~PM1JI!i }1,1IJI MOM6HTOB MOryT 6HTI:. IIOJIY'l6Hfl Kalt B JJR
,IUqlymt6M, TaR B B OJI6.IJY11116M•IIOp~e paSJIOJreHBJI (OM. HanpHMep /IO/) 

8~KTHBHO' KOHCTaHTil OBJISB. HcnOXDSYJI KHTerpo-~epeanaanLHHe 
ypaBH6HHJI I 5/, MOlEHO TaD6 BM6TI:. KXJ( qKl!IIYJIIi B }1,1IJI CTpyxTypHHX 

~.CpaBHeHH6 Kait TaX, .TaR B ,IijlYI'BX 0 8KCilep:HMeHTOMIIOSBOJUl6T 

BMBT:& ~a CIIOOOOa It~eCTBeHHol.npoBepRH.TeopBH. ~OXHO.IIOKaSaT:&/I~/ 
~TO 8ROII6PJM6BT 006Cil6tnma6T llpB STOM H600XO.ItBMYID TOtmOOTI:. •. 

·KXJt He ~TlmaeT· 60XDmOe K~eCTBO YnOMJUIY'l'~ BH!IIe KOrepeHTHilX 

eqxpexo:roB, ItoTopue npno.wrr. It uapymemm cReillmHroBoro Will · KXJt - no

Be~eHHJI CTpYKTYPHilX ~- au scJxl>eKTH (BHom:ae TBBOTil) MOcyT IIpB

.JlO,ltHTI:. K li8JIHqm) B O'lpyxo:rypHHX .~ ~eHOB (nonpaBoK), nponop-

. J:(HOHaJII:.HWC Q -
2 

1 Q -4 , • • • llpe.Itiio.iJaraeTCJl, lfl'O C yqeTOM BliCIIll!X TBl!C

TOB .7T~rTypHHe ~~ HaiipBMep, P2 , BMellT B~ ( Cll. ,HanpH-

Mep 1 I H. :HM6DIIll6CJI TBM COiiJIRH) : '2. 'f 

F. 2. ,._ C{f )01(1 B ''[1 + )J., + j.J.L + ···] a.(X,Q)- -x 1+ X).,. Q!£1-x) Q!'{.:f-x)z.. ' 
OTKYl!fJ. JIOHO, 'iTO xorepeHTHHe S@eKTii MOcyT cKasima'l'I:.CJl 60JII:.me Bcero 

u:pa' UBJIHX Q2 B x-I. 

4 • fiOCJl6JtHll6 l1.fJ.HHii6 DO rJiyOOKOHeynpyrHM paccejuumJl MIIOHOB 

Ta6.n.I CYMYHPY6'1' ,It8.HH!ie, xoTopue 6y~T o6oY3,WlTI:.CJl HDe. 

l.iOJinmHHCTBO ~~ HOCHT eme IIpe,ItBapli:T~ XSpaKTep ll: Dpe.ztCTaBJIJI8'1' 

JlliiiiJ, 1W.OTI:. odpac!O'l'aHHOit CTSTBC'l'lOO!. CJiw'eT OTM8TBTI:. TaRllte, 'iTO 61116 
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I' 

Ta6.mru:a I 

CBo~a noane~ ~BHHHX no r~6oxoHeynpyrHM pacceHHBRM MDOHOB 

KOJJ.Jia6o~ 3Hf.Erl!ll, l!acT~, X Q2 
aB MHIIIem. Ml!H • -MaRC • . MHH • -MaRC. . 

MCY - ~HAJI. !980 270 ~ }A- , Fe 0,045-0,55 IO-I40 
:&l>Il, !979 90· .. • Fe 0,045-0,55 3- 50 

!979 209 " • Fe 0,045-0,65 I5-I50 
" me <NA-2). r~o 120 ,, • H2 0,04 -0,65 3- 50 _ .. _ _ .. _ 

280 II • H2 0,015-0,65 5-150 
. II _ .. _ 

120 0,08 -0,65 3- 50 -- n • Fe _ .. _ _ .. _ 
250 

_ .. _ 
0,08 -0,65 15-200 

-~·- -"- 280 
_ .. _ 

0,08 - 0,65 15-200 

BC,IJ,MC(NA-4) ,1980 120 p.+. c 0,3 - 0,7 25-IOO _ .. _ _ .. _ 
200 JA-... ,f. .. c 0,2 - 0,7 40-180 _ .. _ _ .. _ 
240 }1-.... c 0,2 - 0,7 50-200 

-"- 1979 280 " .• c 0,2 - 0,7 50-240 

. . 
He y<rreHHHe cHcTeMB.Tlfllecue onm6u B npe~cTaBJIR:ewi CTPYKTYPHHX i!JYHK
~ . COCTa.BJIJD)T OKOJIO ±.15%, 'iTO SaTpy.JtHaeT HX corJiaCOBB.HHe H KOJIH
qecTBeHBYD H KQqecTBeHHYD'HHTepnpeTanKD. 

Ilpe~e qey cpaBHHBaTL pesyJILTaTH BTHX axcnepHMeHTOB,Heo6xo~o 
c~enaTb HecxoJILxo·saMeqaHHA o6~ero nop~a: 

I) ,IJ.o HaCTOJDJiero BpeueHH He CYDieCTByeT corJiacoBaHHol irpone.nypu 
ooqzanemisl H npe~cTaBJieHM CTPYKTYJlHHX ~~ •.. I'pynnu · ycpe,nwmr · 
,ttaHHiie · no pasH!lM HHTep:BaJiaM KHHeMaTlfllecKHX uepeueHHHX, npe~CTa.BJIJD)T 

KX B cepe~e BHTepBaJia HJlH ycpe~eHBHMH no BeJIHqHHe HHT~pBSJIOB. 
2) IlonpaBlO'I K SRCnepBMeHTaJILHO U~eHHJlM BeJIHqHHaM TO.e BHOCJIT

CJI He O.ItHHBJtOBO. P~ rpynn ~eJiaeT nonpaBKH Ha HCKSJ[eHHe uepeMeHHWC 
X B Q2sa cqeT ~el'fofi!-,ltBHlleHwt HyKJIOHOB B SJ,IUJe, ~yrBe npe,ll,llOqHTBm 
OO:Oro He ~eJiaTb. He BCe rpynnH BHOCJIT nonpaBKH Ha ~eRTI:l 1-l- HH-
Te~epeHUHH. · 

. 3) IlonpaBKH K O~$TOHHOMY 06MeHY ( pa,nHBl'(l!OHHHe UOUPQBKH) yqz
'l'l:m8JlTCJI pasl:lliMH c~oco68MH. AMepmta.HcKHe rpynnu H NA-2 ucnOJIL~ 
ueTo~ Mo B TcaH /I8/, N.A-4 HCUOJILsyeT MeTo~, pasBHTHI B OIDIW 19/. 

4) HcnoJILsymTcJI pasHI:le cnoco6u yqeTa BeJIHqHHii R ( x,Q2 ) • 
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HMell!IUieCJI axcnepHMeHTB.JII)HUe ~e no R co.nepmT 6o.m.me OIIIH6xu, u 
BC!8){CTBBe 8Toro HeJIL3Jl lCMOTpeTL B HHX KaKOI-~60 CHCTeMaTH'lSCKOI 
Sa:BHCHMOCTH ()T X :wm Q

2
o B .mrrepaTYJle HMeDTC.Il ycpe,ItHeHHHe SHa"ieHHJI: 

R = 0,52 ±0,35 ,It1lJl HHTepBaJia N8JIWC x(0,003+0,!) H R = 0,2!±0,! 
,It1lJl OCTB.JII)HOI o6JraCTHo Eo.m.Dm:HCTBO rpynn onemmaeT BOSMODOe HSMeHe
Hl!le CBOHX pesy.m.TaTOB npH HSMSHeHliDI R B onpe,neJ.!eRHWC npe,IteJIWCo 

YKaSaHHHe BHille 06CTOJITe.m..cTBa TaiOEe SaTpy.IIHJII)T COnOCTB.BJleHHe 
,naHHWC H npHBO,ltSlT 'x HX ){OUOJJHHTeJILHOMY CHCTeMaTlA8CKOyY paSJmlDm ua 

. ypoBHe !5-20%~ 
4 o I o Jb,!otoBopo.nHHe llHIIIeHH 

.l(arume HSJ4epemdt rnP C ~OBO,ltO~~ llHIII8HJlMH ony~OBB.Hll 
noxa TOJILRO rpynnaMH CJIAiii H CHIOI • 

Ha KOH~peBitHH B MS){HCOHS B !980 ro.ny 6HXH npe,ncTB.BJleHH HOBUe 
npe.n:sapne.m.HHe .namwe rpymill HAC. no HBMepemm cTfl:TYPHW: ~ 
p2 (x, Q2) Ha Iio,nopo,ne npll aHepi'l!RX !20 H 280 I'aB* (cM.pHco6). 

o.!. ::~ -Q--O ... 01.,___;_ 4 ? 0 ......._ 
•.• • 0·1 

•.• ~ GlHThB 
•·• •·o·oo• ''" ThB "[ 

~.··· 0·0 oooo T ~ - ~ • y-y-r-

::t~~ 
··~ . 

••••• 11 

t :o.·:·'f ··•I , •. ·.~ ~ . ..a-- foi LW ti 0 ,01" 

12 ••• •••u I ... f2 

::1 I .::1 •.• 'I : : I " . • I • I ... ... 
••ous ... 

··r 
... 
.. , -
' 

'"/ 
... 

~ ... ~-~~~ ~ ~ ~~ ..-•H• " 1 I I I 
I _IJ_ I I "~··:·1'"' ~:: . ..... I 
• t •• " Jo •• il Ito : ' ' , 't', ,·, )o ,', a'•' ' , '!, ,c;, 

-a•- r I 2 •. 
( 38 c) -a~.· (f3B/C)2 

Puc;6o HsuepeHBe F2 ( x,Q2 ) Ha BO,Itopo,Ite no ~mn.l DdCo 

liD~ Bll1D!CJlemrlt P2 ucno.m.so~ac:q BemJtiHHa R=0,2o Ewm BHeceHH pa-
.nHanHOHH!le UOUpaBKH M8TO){OM /IS/ H SHa.'leHHJI P

2 
, UOKaSaHHUe Ha 

pHc,6; OTHOC.IlTCJl K J:t8HTPY HHTepBWiao YKaSaH!l TOJILKO CTaTHCTH'l8CKHe 
ODIH6Imo CHcTeMaTH'lecKHe OIIIH6KH onemmamc.11 ua ypoBHe IO%, Ho MOryT 
MSWl'fLCJl OT TO'lKH R TO'llte o 0Hll BRJIIlllallT H80np8){eJ.!8HHOC'rll SHeprllH 

H) CM. OPHI'HHaJI:f>Blle ,noKJia,nu J. J. Aubert 'aT al :wm o6sop Bcex ,ltaHHW: 
EMC B /20/o 
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i 

IJY'OOl, aqxpeKTRBHOCTH ycTaHOBIW, noTo:Ka MllOHOB H pa,It~OHHUX nonpa

BOK. 
. JT,amwe npz )Ulyx aHeprwDC :x:opomo corJISCYJ;ITCJI MeJIUtY co6oit. 

PacCMOTpelme ,ItaHHWC F.MC UOKaSHBa6T, trl'O B HllX. Ka'!6CTB6HHO Ha-

6Jm,naeTCJI npmepuo To ze noBe,~teHlle p
2 

(:x:, Q
2 

) , 'ITO H B omtTa:x: CJIAK: 
npH MaJIHX :X: ~ 1"2 pacTeT c YBeJI1!'!8Hll6M Q

2 • UpK cpe)tHKX ·X 

SaBHCHMOCT:& P
2 

.oT r.i OTCYTCTByeT, :i np:a 6o.m.DIKX :x: P2 YJ4em.maeTCJI 
C yB6JIHll6Hll6M Q2 , XOT.II B MeHee siBHO, '!eM 13 OIWTax CJIAK. ,llaHHHe F.MC 
)tOBOJ!l.HO XOpomo COBDa)taDT C ~ CnAK H KonxqecTB9HRO, XOTJI 6o
~ee T~aTax&HOe CPaBHeHKe y:KaSHBaeT Ha KX B03M033Hl CHCTeuaT:aqecKHD 

C,!UlHI' • 

4.2. TBepm~e MmDeHH 

rpynna MCY~HA] coo6~ HOBHe )taHBHB /
2I/ no HSMepeHHD CTPYK

TypHHX ~ P
2 

(x, Q2 ) ua xe.11ese np:a aueprlDl Z70 raB, r,~te/2e 
no.ItTBepz,naDTCJI " noporoBHe aHOMaJODl" , aa6Jm,!temwe m.m pauee 

221. 
Ilpll BlRHM6mDt F

2 
HCDOJil>SOBaJIOC:D COOTHOW6Hll6 R (X, Q

2 )= . 
= I,2 (I-x)/ Q2 , a TBJOle R=0,25. B noCJie.ItHeY CJIY'Ul6 8Ha"t!6Hll.II BOS
·pacTaJIH ua aecKonKo % npz MBJIHX ll ua I2% npz caMWC 6onmz:x: Be~
uax y. BueceHH nonpaBim ua i{lepYR-.IUlBlteHKe HYKJIOHOB · B H,lijle, · Ha pas
pemeHHe cneKTpOMeTpa , pa,lOIBlUIOHHHe nonpamm ll nonpaBKK K noToxy 
MllOHOB. 3Ha-qeHliJI F

2 
B ~ Q2 .zt,lJJl ll;6HTPOB paaHHX BHTepBaJIOB 

no x noKasaHH ua pzc.? B cpaBHelmll c ,~te!TeplleBSMH ~ CJIAK. 
ABTopu yTBepz,nam, '!TO MeJ.ItY HliMll ecT:& xopomee Ka"tJecTBeHHoe corJiacHe, 
a Taxxe corJiacHe c ~HHMH ueitTpDHHHX aitcnepl!MeHTOB. 

' 
. 0 sr-

FI a a t!i ... 
0 

02•-

0 I~~ 

005 

002 

,--·--- -, --r 

003<1<006 ,., 

...... w W ••1-:-: • • 006ca<01 I•J 
"" A Ia a*& • • • •• IIF-....._ 01<1<02 (W) 0 J ... • i • • 

• V _.__~~ --t-f-~ f • 'I 'I**- 02cac03 h') 
0 0 0 0 . 

o ~----- - 03<~<04 tel 

~ 
4coc05(o) 

+ -

~'?J----. ----~.Scu01 
l • ------- t . T (A) (O) 

_ __!. 5 10 ~-- so 100 200 
2 '1 2 

Q , rr3B/c) 

PHc.?. lfSYepeHHe 
Fl :x:, Q2) no .ItiumHM MCY 

(saxpHTHe CHMBMH) H 

CJIAK (OT:KpHTI!8 CHMBMH) • -
llymtTHP - KXJl c 
A= roo MaB, cwromu&Jl 
JIHHW1 - c .f,.. =500 MaB. 

llpel[BaJ)HTem.HHe nrurime rpyiiiiH mil no IHP aa· ~ese npB :meprHJIX 
90 ll 209 raB 6wm ony6JnmoBaHH B I979 ro]IY. OrpyltTypHHe ~ 
P
2 

( X,Q2) ( CM.pHc.8) 6HJIH BlRHMBHH B npe,ItllO~OlteHBH, "tJTO R 
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.5 

0 .2 

J 

·00 ~ 

o.o 2 

0.0 I 

' 
: I • • . . 
i ' ' 
• t • 

I 
+ 

90 201 I'aB 
• 0 •• 0.04' .. 0.08 .. 

0 ·~ .. 0 2~ 
• 0 0.3~ .. 0.4!) .. 0 ~~ . 06~ 

t 

+ 6 6 i .. •o•aooo .. 
' •'·'·t· ... ' 

• • • • t + ~ oto 0 o o + 

'J , ttlr~· .. 9. t 
l! 

jl!p++!l 

t 

onpe~enaeTCH aMnUpnqecKoA.saBHcH
uocT1>D, ~eHHoA B CliAK: 
R(X 1Q2) =(1 1 6 ~ 01 7X) Q2/(I 1 I+Q2)2 • 

BHeceHH nonpaBKH Ha ~PMH-~HEeHHe 1 
annapaTYPHoe paspemeHHel noTOK 111 
Heonpe~eneHHOCTH 9HeprHH nyqKa H 
pe.rtlffi!UIOHJWe nonpaBKH. Omz6KH npz
BO~Tcn TOXLKO CTaTHCTzqecKHe.Pas
Mep oneHHBaeMHX•cHcTeuaTzqecKHX 
OWH60K COCTSBXReT.+I5%. 

llpeJIBB.pHTeJILHHe liB.HlJHB EMC no HSMe
peHJm F2 (xl Q

2 } Ha JEeJlese npz 
~ •o 20 ~ •oo 200 aHeprwu: I20 I 250 111 280 I'a.B 6wm 

a
2 

(I'aB/c}2 npe~cTSBneijH Ha KOH~epeKUHD B 
PRc.B • .IT.amwe ~n. Ma.ztHCOHe *1• llpH'Bli'IHCJieHHH p

2 
HCfiOJILSOBaJiaCL Be.III!"mHa R =0~2 .H.lilt 0, B.HOC.H.!IltCL pe.ztHaitHOH!We 

nonpaBK111 1 nonpaBK111 Ha cpe:pMH-~HEeHHe 1 Ha HOPMHPOBKY noTOltOB H paspe
meHHe annapaTypH. Oulll6KH npHBO~CH TOJILKO CTaTHCTl!lleCKHe. QneHHBa
eMHe CHCTaM8.TzqecK111e OWH6KH• COCTaBJU!DT ±15%, Ha pHc.9 noxasruw SHa
'll:eHHR F2 B WYmtltHH Q2 ,Ir,liJt UBHTpoB pasHHX X - HHTepBaJIOB, Pesym.
.TaTH JlisuepeHd ·npz Tpex aHeprl!!lDC o61:.e.ztHHeHH B onpe~eneHHHX npe~OJio

. seHIDIX 06 . yCTpaHeHHH paSHJi!UR B HOpMHpOBKe. 

EMC, 120 /250/2ao l'aB 
F, ·~MC, 120/250/ZBOI'aB F1 A •0.2 

PRc.9.HsuepeHHe 
F

2
(x 1 Q2) Ha liEl

Jiese no ronuwM 
o.3 0 EMC • J!HHHH _ vvn 
0.2~oo .i.l.AJ..I.. 

R • 0.2 

o.5 "
025 <flaT npzA=IOOMaB 

~; o~ t j C HCllOJIL30BaHHeM 

o.2! o.2 ~o~ M6TO~/I7/~ 
05 . 0 9 I o.. ··0.3.5 . 

r:::~. ~. ~c , 
. :4. ••0.12$ . 0 l! :l ~l 
·~ :::;··=:.:.:. J ...... ~ 

4 1 10 zo 40 eo toO 4 e ·•o zo 40 so 100 zoo 

~· cr38/c) 2 
I • a• Cf38/c) 2 

. iii) CM. opBI'HHaJILHHe ~OKJUI,ItY J. J. Aubert e t al. .H.lilt o6sop 1201 
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B axcnep:BMeHTe tJA-4 cTpyxTyplllie ci>YHRUJt!H F2 (x,Q2 ) MBY'iaJlTC.II 
aa cpaBHHTe.in.ao Jiei'ROM. MJ.le yrJiepo,tta •. IIpe,ItBapMTeJILHUe ,ItaHHUe · upH · 
aaeprM.aX I20, 200 H 240 raB coo6maJIHc:& aa xoacJ>epeH~H ~ ~a~coae 1~1 
npH BHeprmt 280 feB.- Ha CliMIIOS:eyMe B ~ePMHJia6 B 1979 r: ,Uli.a BUllHC-
Jl9Hl!.ll CTPYKTyPHUX ~naft HCfiOJIDSOBaJiaCL BeJIHqHHa R=O,· B03MOERU9 
MSMeHilHWI F 

2 
(X, Q2 ) upH nepexo,tte B R · OT 0 :K 0, 2 OiteHeHU ,ItJlJI 

RaZ,Itoro HHTepBaJia x. B akcnepHMeHTaJIDHUe sHa~e~/ F2 6UXH BHeceHH 
~oHHHe nonpaaRH ueTo,ttou, pasBHTHM B OHHH 19 , a TBRXe BnepBHe 
Ha. aqxpeRTU HHTepcJ>epeHlU!i'I CJIB.60ro. H 8Jl9RTpOMB.I'Hl1THOrO BSaliMO,tteiCTBHA • . 
BaeceHH TaREe nonpaaKH aa ~eRTHBHOCTL .tteTeKTopoB, paspew~ cno
co6HocTL cnexTpOMBTpa. :H HOpMllpOBJtY DOT ORa DB.ItaDII:HX MlOOHOB • •' llODpaBK:H 
Ha cJ>epuz~,ItBKE8H:He He BHOC:HJl:HCL. 

+ 
";z 

a 
i!J 
0 

0 

6000 

4000 

2000 

rl/rl 

u 

so 

Jltc: Jlt x 
200 l'ail 

70 90 110 

L 
1.0 I t I I • I 1 I + .9 I * ~ ! I t 
.8 

50 70 90 110 

az. (I'aB/c)2 . 

Ilp:z aaeprmt 200 reB · 
BnepBHe .ItSHHHe 6wm no
JJY'i9HH ,ItJlS[ nyqxoB MDO

HOB pasaoro SHSKa (H 
onupaJIDHOCTB). IIpB nepe
xo,tte OT }'-+ K y.- nOJie · 
BCeX BJ19M9HTOB KaHSJia,a 
Tax&e noJie cnexTpoueTpa 
6HJIO HSM9H9HO Ha.o6paT
H091 ~06U COxpaHHTL 
yCJioBl'Lil HSMepeaHA •. Ha 
pBc.IO noxasaHH TBnKqHHe 
pacnpe,tte.neau oo6HTHI H 
HX OTHOWelDIJI ,ItJlS[ )A-+ H f'-• 
B o6JlacTH Q2 .tto 
100 (faB/c)2 B npe,tte
JiaX CTaTHCT~ecxol TO~-

• HOCTH He aa6.rm,ttaeTC.II 
CHCT9MaT~9CXOI pa3H~ 

B ,It8HHHX H D08TOyY ,ItJlJI 

,ItaJIDHelmero aH8JD!sa 
OHH clwm oOO.e,ItBHeHH • 

PBc.IO. Q
2 

- pacupe,tte.neue co6uul IHP Dpll 
200 feB ,ItJlS[ )A+ (BBep:xy) H OTHOmemte ll:HCJia 
COdH'l'd ,ItJlJI )A+ B j"(mmsy),,ItaHHHe NA-4. 

Ha p:zc. II Dp.De,tteHU C'rpyxTypaHe ci1YJDw;ml AliJI Il8H'rpa HHT9pB8JJ8. no 
x B saBHCBMOCTB OT Q2 • PesyJIDTaTu np11 Boex ueprll.lllC HaJ:O.JUI'fCSI B 

1 

xopomeu cor~cHH ~ o ,ttpyrOM c ~eTOM oneHBBaeuol 5% oTHOCBTeJIDHoli 
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OWH6KH B HOpMHPQBKe UOTOKOB. XOTR H He HM66TCR npaMHX yxasaHRI Ha 
CYlll6CTBOBaHll8 60JlLIIIHX CHCTeMB.Tlf'l8CKHX OIIIH60K 1 0,1Ul8lt0 l!X BOSMOZH!d 
pasuep oneHeH H noxasau Ha pxc.11 BepTHKSXLHHMH ~. 

N 
·d . 

' X 
~ 

N 
[... 

C~CTeMantl.leCK~e 

OW~CiK~ 

1 
I ••• I 
I+++IWi••++ + I 

10·1 
~ I ~~H~. ~ •• + • + 

I ~~~~H d +' + + 

• • •• 25 

.. • •. l5 

e I • ,45 

• I • ,55 

.. • • • 15 

RoO 

I 

+ I 

I 

0CHOBHHMH HCTO~ CHCT8Ma
Tlf'l8CIUDC Olllli60K JiB.IUWTM He-
OUpe.ztexeHHOCTH B B~CXeHHRX 
BltcenTauca, Y'lih'a paspewam.eit 
.CUOC06HOCTH aunapaTYIJH H KOH
TpOXe a6ConmTHOit SHeprHH.Ha
npHMep, 0, 5% OIDH6Ra B SHeprHH 
nyqKa H xpaeBHe S~KTH axcen
TaHC8 npHBO,I(2T K CHCT6MaTH
qecKOit OWH6xe .1 0-15%, yYem.
maDIIeltca C pOCTOM Q'l.. • ,lle.Ta.JU.
BHI aHBXHS Bcex cxcTeMaT:s:qec-

- KHX omx6ox e~e He upoBe.zteH • 
COBOxynHOCTh ,I(aHHHX NA-4 
H »dC B ~ . .norapH4Mlf'lec
KOM MBCmTa6e.uoxasaua Ha 

p11c .12, a .ztaHHHX NA-4 x CJlAK 
- Ha pac.13. B nepBOM CXY'lae 
06~ X8p8KT8p saKOHOM8pHOC
T8it . O,D;l!HaKOB, HO, UO-BIII,lll!YOM;y, 
CY11l8CTBY6T H860.llhmaR CHCT8Ma-

I 0 ' 2 l--L.-.L..--'--.1.---'--..J.---'---'---1 
0 25 so 75 100 125 150 175 200 

Q2lr3B/ c )n2 

ol20 •200 I'sB 

PHc.II (a) HsuepeHHe t 2 (x, Q~ no .ztaH
HHM NA-4 npx SHepr:s:RX 120 H 200 reB. 

Tlf'l8CKBR paSHHnS B ,I(aHHHX.BO 
BTOpOM cxyqae - RBHO 5aM8T6H 
.IIJlyroit peUM Q2 · - noBe.zteHM 
F

2
(x,Q2),0C06eHHO IijlH 60JWIIl'IX Q

2
, 

5. AliaJIHS UOB6,I(8HU CTPYRTypHHX itJyH!tiU!! 

5.1. HapymeH:s:e cxeB.n:s:Hra 
HapymeH:s:e cxeA.mmra B o6.nacTH MaJlHX sHaqeHd Q

2 
6H.llo ycTaHOB-

.neHO B HeiTpHHHHX 9KCU8pHU8HTSX H B OUHTSX CJlAK. Hs HeiTpHHHHX BK
·cnepmleHTOB CJl8,I(OB8.JIO 1 'iTO BepORTHOCTh CKeitmmrOBOro UOB8,I(8HHR 
cTpyK'eypHWt ~ He npeBHmaeT 10-3 ,I(JISl Q

2 > 3 (raB/ c) a.. B oxmTax 
CJIAK STa . .ze BepoJITHoC:,rh COCTSBM6T I0-10 ~ Q

2 >5 (raB/c)
2 

H 
W > 2 reB C yqeTOM CT8THCTH'l6CKHX H CHCTeM8Tlf'l8CKBX OWH60K< 

KQXKqecTBeHHBR npoBePBa rxuoTeSH cxe~oBoro noBe.zteHBB HOBHX 
,I(8.HHWC F14C noxasaHa B Ta6JI. 2, r.zte npe.ztc~WeHH pesynTaTH qJHTa B 
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:1 

i: 

! 

i'', 

N 
0 

X 
~ 

N t CHcTeMaTH~eCKHe 
1... OWH6KH 

• X • .25 ~ 
" x•.lS 

' • lt: •• 45 

1 • I • ,55 

• • • . 65 

L ••• (I I 'A I 0 

I ·t•t++ t I 

10-l L I "$•;•* I 

I •*hq $ ~ ~ t y I 

I 
+tttttf t ~ttl 

I0- 2 
. 0 50 100 . !50 200 

Q2!r3B/clu2 

•200 o240 ThB_ 

npe,niiOJIOJE8HlUI, '<ITO F ~ 
He SaBRCRT OT Q2·• 8Ta 
.rRIIOTesa HMeeT WIOXOit 
ypOBeHL ~OCTOB8pHOCTH, 
eCJIH BSRTL Bee HHTepBa~ 
JW x , Kait .ItJISt :m:e.nesa , 
Ta.K H .ItJISI H2. B OOJiaCTR 
6onLmHX X a~KT Hapy
WBHHa CKeftnBHra He TaKOR 
smmdt. 

HapymeHHe CKeinHHra 
xapaxTepasym napaMeTpoM 
Ha.KJIOBa 8 (x) aMIUip:Htiec
xol SaBROHMOCTH · 
F2(xiQ2):::;F(x)•(Q2/Q,,e<x) I 

OT!tY.ltB. 
g(JC)= d(en F~)/d(e.h G). 

Ha pac,I4 noxasanu sHa
qeHJa:a napaMeTpa g (x) I 
onpe~e~eHHHe no H2 -·R 

Fe - ,ItB.HHllM EMC , Bl'I,ItHo 
smuoe npHOr'fCTBl!e Q2.

SaBHCHMOCTH Iijlll MBJWX 

PRe. II ( 6) HsMepeuae. F 
2 

(x, Q"'J no ~aHHliM 
NA-4 npn sHepl'HSIX 200 H 240 ThB. 

x 1 r~e ,ItaJUWe corJiacym
M~ IlpH 6o.m.m SHalieHB
mc x J:Iapymeiiae cxeitmm
ra Re~~aliHTeJILHO,MOEHO 

BlJ,lt8'1'L l!8KO'l'OpYJ) pa:mmzy 
B sHalieHHIIX f> (x); onpe
~eJieJUIWC'• RS ~aHHilX .Ba 

~ott H TB8PAOI MBmeHH, 
oco6eHHO npH x~0~5. · 

r, ,-,.-,.-,.-,,....,---r--·1 •. ,..,.--.-,...,-----.---..---, 

0.3 

O.lf-

0.05 

+ ••••• 

' ... 
• • • •+o•DL-.a• t ,x•0.2!5 

0 0 ~~0'\JDOJ''i'OO t 1'0.35 

o o o o '\lao .,0.0 [Jjln!H,.J • . o 
• 

0 
.,. . or t'. 0.4

5 Hs pac. II BH.D;IlO I "IJTO 
0 

o ~ .. or:\:~,0 '11:1~"-' 0 Q
2 

- SaBRCHMOC'l'l> 0Tpyx-
~f'0'55 'l'yplWX ~' RSMepeH-

+ • +¢ f ~+o t. HHX B axcnepHMeHTe NA-4, 
o EMC U20-250-280l 

0 
(1'0 QoQ(iq t ••0.65 Oli81U> ~6a&o IlapaM8TPH-

a BCDMS (120- 200-240) - T · ,... ( z 
0 ,01 3~ TJma r-z. X, Q ) : 

5 10 . 50 ·. 1oo . 2:: aj{-t-x 1''+1.[ f .,_ 
a• 1 r3B/c) 2 lT• J 

. . aL .L 
P:B:c.I2.CpamteJme HSMepeHd F2 (X .Q2) no ,tta.HlWM + C eh3 e"' lfx. ] 
EMC a N-A.~ •. Owa6u yxasauu TOJILKo cTaTHCTHliecue. · · 
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o SLAC 

1.0-
• 8COMS 

-
0 ·- ..... I •O.I!S 

••0.)5 .... 
0.1 :.- ...... , .. ••0.45-: 

10 

PRe. 13. CpaBHeHHe BBMepeHd 
P2 (x,Q2 ) no .tiamnaa CJIAK H NA-4 • 

... 
•.. 
... 

t 
0·2 

0·1 

~·. • • 

I···· 
·0·2 

•O•l 

•0•4 ( b •0 ) 
=> CKellmmr 

•O•J 

.. I 0·2 .. , ... ... 0•6 0·7 

-x-

Ta6.1I:B:ua 2 
IlpOBBpKB. l'HIIOTeBH Q

2
- HBSaBl!el!

MOeTH P2 no ,n;aimliM EMC. 
. ·-----~-~z-/~~--F~----

JlaHm,te 
EMC 

Bee 
X-BH'l'BpB. X70,25 

H2:I20+280 rsB 

Fe : 120+250+280 

432/134 80/70 

688/123 201/69 

IIpl! C=O, 12±0, 03 maee'l' TOJI&RO · ae
"saalDI'l'e.liE>Hoe upe:BMy~J~eeTBO uepe,n; 
napaye'l'pl!a~eit,.ae co,n;e~eit 
~eHa,, nponopuHOHax&Horo Q • 

0·5 . .. . .. 

t 
0·5 • 

0•1 

b 

I···· 

•O·• 

•O•S 

• •• . . 

( 
b•O ) 

=> CKellnHHr 

C>l 02 0·3 G-4 O•S . 0-6 0•7 --x-
(~) {5) 

Plte.14. llapaMeTp Hatt1IOHa, xapaxTepBayDIIeit sapymeJUie exelmmra uo 
.n;a.HlWM »viC Ha BO,II;Opo,n;e (a) .l! Ha TBBIUtOit MBDI8HH (6) • 

5.2. Cpa.BaeJUie e'fpyxfYPHHX c))ymaudt c Ilpe.JlCX888HlliDIH KXJl 
Kax. ·;vxe exasauo Bmne, Bllee'!'CJI. ,n;Ba a.JI:&'lepmlTIIBHWC cuoco6a npo

Bepo' npe.n;CKB.saHd KIJl .JtM IHP JieiiTOHOB: IIpJDIOe Bcuo.u.so:samie 
P 2 (x ,Q2 ) ..U JlenoJn.soB8lme uoueaToB. Ku,1udt xa HBX Dee'!' c:Bol! 
· upe~ecTBa H a~oeorarim. 
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!' 

:) 

·.niDI l'!cnom,so:saJum cTpYJtTYJlHUX ~ 1'1 ypa.BHeHd .A.1u.TapeJIJJl!
llapRSH /IS/ Heo6xo~o SHSTb F2 (x,Q~ ) IIpR ~CHpOBSHHOM SHaqeHKH . 
Q~ • liOCKOJib:rty Ha IlpaKTRKe BTO YCJIOBHe He Y,D;OBJI6'1'BOPJ16TOH, TO CTPYK;
TypHUe tflyH~. OnHCUBallTCJt C UOMOilti>J) CB060,D;HWC napar.teTpoB 1 :rty,D;a BXri
,D;HT R A • n OCYIIlBCTBJIJteTC.Il qmT.HpOBaHRe Be ex ,D;aHHHX Ilplt pasHHX SHa
qemmx Q! . 061l'!Ho aHaJms orpaHztnmaeTcst o6Ji:acTbJ> x ~0, 25, r,D;e 
npeodna,IJ;aeT BKna,D; CHHrneTHO~ qacTH CTpyKTYJlHOI ~. 0H napa-
M6TpH3YBTCJt B B~e 

F2(x, Q~) • Ax01( 1-x)~ (1-l x). 

KOHCTaHTa A JIR60 clamcHpyeTCst H3 npaBMa cyw, JIH60 OCTSBTOH CB060,D;
Ho!.A He MeHsteTcst CYlliBCTBeHHo 0'1' BToro BH6opa. PesYJibTSTH Taxoro 
qmTa ,D;aHHWC me npH 250 H 280 reB ( Fe ) B .liliWIPYJIIIeM noPfW(e no 
KOHCTaHTe BSaHMO,D;BICTBRJt npHBe,D;eHS B Ta6n.3, O'l':rty,D;a B~ BX ycTOI
tmBOCT:D OT DapaMeTpa Q~ • B Ta6JI.4 npHBe,D;eHS pesyn:DTSTH qma ){PY

rHX ,D;a.HHHX MJt Q~ =2. 

Ta6.7Ilma 3 
AnnpoKcRMa.nRJt ,D;aHHHX EMe no rnP Ha aeJiese npH aHeprRJtX 250 H 
280 reB i.PO.PMYJIBMR KX.U B .liH,D;HpylllleM noPJ1,I(Ke. 

Q~ -i_2/DP 1\ min cl.. I?> 0 
P2 (x,Q~.) • 2 37/33 IOO 0,74 3,?I 0,42 
Axtll(1-x){!> (1-~x) 7 37/33 IOO 0,72 3,77 0,46 

20 37/33 IOO ,0,69 3,58 0,73 

P2(x,Q~) .. 7 39/33 IOO 0,68 4,l6 
Ax111(1-x)l'> 

I 

Ta~ 4 
To ae, q'l'o B Ta6JI.3, HO MJt ){PYrHX ,D;8.HHWt npH Q~ = 2(raB/c)2 

.llawme A. MsB X1 /l>r o<. J!> 

CJIAK ed 340 I8*/39 0,65 2,46 
CJIAK ep ' 250 I45**/39 0,69 2,3 
EHe r20/250/280Fe roo 83/72 0,74 · 3,4 
me r20/280 H2 roo · 8?/78 o, n 3, 2 

M-) W. CTaT. H CHCT. ODm6KR; . **2 'l'On:DKO CTST.OIIIH6KR • 

~ 

0,22 
0,34 
0,59 
0,23 

.If.awme EMe yxasUBS.BlT Ha TO, wo ,D;alle :B JDUtHPYJIIIeM noPfW(e na
paMBTP A MBH:Dme roo MaB lil MeH:Dme. qey Be.mroma CJIAK. Pesy.m.TaTH 
eToro qm'l'a noKaSSBH Ha plilc.6 ~ H2 lil Ha plilc.9 ~ TBep,D;ol MlilmBHlilo 
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CxcTeuaTRT-~eCRWi onm6RB. B onpe~eJiemm A ns ~a.mmx EMC o~emmaeTc.a 
B roo MaB • 

. ,lla.HHlie rpymm MCY TB.Klte 6wm npoB.HaJmSHpOBalW B PBMRB.X ypaBHeHWt 
· A1IDTapeJIJili-llapH3li. PesyJILTaTH cpKTa DOK8.3allli Ha pliO.? IIyHXTHpOM H 

l1/ll1l A =100±50 MsB. EcJIH B cp.or Blt1II)t!lfr:& Taxze ,Ita.HHHe CJIAK, To pe
syJILTaT liSMeHJleTc.a (cUJio~e JJl!HiiH) x ~eT A=0,5±0,2 l'aB. ABTopu 
npe,ItiiOJJB.I'aJlT, 111'0 BKJia,lt BHCilnlX TBliCTOB Ilpl! Ma.7lHX Q2 MOX6T ocn..ac-
HliT:L STY pa3Blley. . .. 

,ll.7I.a cpaBBeHWI c npe~CKasamt:JOOI KX.l{ 1261 rpymm mn «PH'f:apoBS.na 
CBOH ~e 3aBHCHMOCT.I.Illh~:tt+8·lh.tn_(Q2/0,09). llapaweTpi:l H8.IUIOHa 
g DOKaSallli Ha p:e:c.I5. ~elDIH TOJILI<O TOtOOI .nM X ~0,2, r~e pe

SYJILTaTH COB~ C ueit'l'pliHHHIGI ~. llpe,Itii01lTHTeJI:LHee 11BJIR6TC.R: 
BeJDABHaJ\ =0 ,3. lf:yBCTBHTeJI.I.HOcT:& «PH'fa :K' :asMeHeHl'lll J\ ~o 0, 5 noRB.saua 
IIYHKTHPOM. 

0.8 

"'i$i 
0 o~----~~-~--Tr1 ------1 ....... --~0-.. 
~ '•,, l-t + 

~ ;o.e o BFP ' '•,,,'•,~:!: 
._::: a CDHS • rr 
u..N • SLAC-MIT , 

~ ·•-' - A • 0.:3 Buras -Gaemers \ 
----A•0.5 +• 
o.o» o.o o.z o.~ 

X 

AJILTepHaTBBHliA M6TO~ CpaBHeHWJ 
,It8.HHI:lX IHP. c npe~cRaSB.HHJOO! KXJ! .nM 
MOM6HTOB CTPYK'l'ypmlX ~ HMeeT 
npeHMYJIIeCTBO B TOM, 'liTO u·e Tpe6yeT
c.a. mmaKltX IIpe,ItiiOJIOZeHJorlt OTHOCHTeJI:L
HO X - SaBHCHMOCTH ?2 (X,Q2).Eo1Iee 
Taro, ~ ~TepaType ecT.z. BHCKB.SHBaHH.R: 
0 TO~I? ('liTO OIIp~eJ!IIT:L lleJIX'mHY 
A HS axcnepHMeHTaJILHHX ~·~~
xo B .liH.Itl!PYJIIIeM nopH,JtKe 6eccwCJiemm. 
~OPMY~ ze IIOnpaBOK B CJie~eM 
nop.~I.ItKe · noJiy'ieHli Taze To.m.Ko .nM Mo
MeHToB. O,w~axo ue~ocTaTxou Taxoro 

. MeTa~ JlllJIJieTc.a T0,11To ,Jta.HHHe ~OJI-
PHc.I5. llapayeTp HB.KJIOHa, xapax- .mJi IIOKpHBaT:E. 60JI:E.myJJ "taCT:& im-
TepHS~ uapyme~He cRelnHHra no TepBana x aT o ~0 ~. OrpaHJ!T.IeHHe 

,Ita.HHI:lM 111/ll • eJ~G~HeHlte 0 o6JiaCTH X IIp:HllO,lti!T R" Be06XO,ltl!-
npe~clt8.3B.IDIJlMH . .nM CTPYK- MOCTH aRcTpano~, BHOCSIIIIHX ll 
'fYPHI:lX l}lymmd :as KX.n. pesy.m.TaTil. ~onOJ.DU!TeJI:LHI:le ue

onpe~eJieHHacTH. 

POJID ~e,cyD~tRX nopsmxoB "paSJioaeHM 6wm noxasaua, uanpBMep, B 
pa6oTe · 1'2:1 Ha npHMepe auaJIBsa MOMeHTOB CTPYKTyPHHX i.flYHlmd, BI:l'ltHc
~eHHHX no·~ CJIAK·H CHIO; Ha puc.I6a pesyJILTaTI:l ~THpOBSHBH ~
BI:lX B ~eM IIOp.!W(e IIpe~cTaueHli. KaK saBHCBMOCT.I. "j.2/DP B cJlyHK
nm! A .nM pa.8JDI'ItHWC MOMeHTOll n= 2,4,6,8 H IO, aHa pHc.I66 TO 
ze c yqeTOM BfCIIDIX noiipaBOR. BlJ,ltHo, 111'0 B IrtlpeOM c.nytJae o6JmcT.z. 
·lolliHl!MYMa ( · X /DP<I) cooTBeTcTByeT HHTepBany A =0, ?+I, I I'aB, aBO 
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: . 

. , 

Na cf.·sr.e.2 

4fj 6r 

I . 
3f-l I 

·~~I I 
NJi I \ \ \ \ II I 

2 \ I I . 
I I 
I \ 
\ ~· 

"' 

N•2 

~ f-. 
0 0.4 0.6 1.2 1.6 0 1.6 

A, r3B • A ,r3B 
(n) . (£l 

PHc.IG. 3aB:HCllMOCTL '):,21CT.CB. oTA np:H qm.uponwum pasJDI'lHWC Mo-

MBHTOB no. ~SHJnD.I CJI.AK ll CHIO !lJoPNYJUIMli KJOl B Jlli.It.HpYlJlleM UOPJWte 

(a) ll · C y-qeTOM BHCIIIHX IIOnpaBOR ( 6). 

BTOpoM -A. =0,3 +0,6. PesyJILTaTH qiHTa ~B.HHHX CJlAK :H CillO !lJoPMYJJa

MH KX.ll c A = 300 MaB H c y-qeToM Bucmmc nonpanoR no 9 H ero aRcTpa

no~ B OdnaCTL COBpeMeHHHX ~~ SKCII6p:HM6HTOB IIORaSBHH Ha 
pHc.I7 ~ TBM. JKe IIORaSBJW .,ItB.H.Hlle 9 NA..-4. B Tex .lite YCJIOBBJDC «Pi~T TOJIL

KO .ItBJlHllX NA-4 ~aeT s~aqeJme ·MJI A<IOO MaB • 

EoJiee nos.ItH:He BIRII!CJieHWI MOMeHTOB HS .JtaHHWC NA-4 IIORaSBHH Ha 

PHC. IB. .lleTaJILHOe CpaBHeHII!e liX c npe,ttCKaSaHWIMH KX.D. He npoBO,ItHJIOCL' 

T.K. rpynna npe,ttnO'lii!TaeT CHa'laJia YCTpaHHT.L• 611le l!M6D.Qli6CJI C:HC~6MaTH

'19CKH6 oWH6XIIl, a saTeu, o6~e,ttHHHB ,ttaHHHe np:H ncex aHeprBJDC, nOJiy~ 
'IHTL TO'IHlle ROJlll!'leCTBeHHlle 5aROHOM9pHOCTH B Q2 - IIOBe,tteHII!ll P

2 
H 

MDM9HTOB. 

5.3. SWWeRTH ~CIIIHX TBHCTOB 

~ BH.IICHBHW! pOJIH xorepeHTHHX a~TOB B rHP 6HJia OCYIIIBCTBJieHa 

UOIIllTRa II? I ooo.JicHHT.L noBe~eH:He CTPYK'fYPHHX ~ F 
2 

( x, Q2 ) , 

HSMepeHHHX B OIIllTax CJIAK, CT9IIBHHOI. 58BHCm&OCTLil OT Q2 . • 0xaSaJIOC.L, 

'ITO ,ItaHHiie. npeKpaCHO OII:HCllBIUITCJI 88B:HCJD40CTLil 1 np:HBe,tteHHOI B KOmte 

naparpaqa 3, r~e P.z. MOEeT 6HTL. TaRae IIOJXo.aeHo pan!WM o. 
Ilpe,ItiiOJJarM, 'ITO cpe,Itll Be ex xorepeBTHHX a@.ieRTOB ~cceJIHHe Ha 

.JtHRBapxax J1BJIJ1e1'c.11 ,ttOMBHHpYDIIBU npozteccow, :a pa6oTe I IIOJiy'lH.IIX 

y~oBJieTBop:HTeJILHoe cor.nacHe MO~eJIH o lDiellliJDOicJI ,ItaHHHYll no BeJOl'DtBe 
R (Q2 , x). 
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·= 
0 ·2 
~ 2.10 
>-= 
} 

-3 
5.10 

• p.D 
o p.C (120r:>BI 

"f.L c !280 r:.B, 

____ +_ ___ _ 

.,.,.o 
o p.C (120 r:.B) 

t>p.C 12aor:.a1 

PasBKBaH ~em Bxna

~ ~pKOBHX COCTOHHHI, 

.aBTOpH pa60TH / 25/ npe~
fiOJIO.EI!JIH; tiTO B pesyJIDTa

Te BSaBMO~eiCTBM ,ItHKBapK 

BOS6~aeTCS B COCTOSHHB 

C 60Jiee BHCOKOI BHBapHSHT

HOI MaC COl II, CJie~OBaTeJID

HO, ero B~~ B P2 ~6T 

· c YBeJDI116HlieM Q2 SH8.1DI

T6JIDHO 1146,ll,II6HH66 , '16114 

npe.D;IIOJiara.noc:& paH:&me • 

Taxol rHnoTese cooTBeT

CTByeT napaueTpiiSSnHs 

P2(x,Q2)aA(x)+ B(x) 
. 1+Q2 /M2(x) • 

KOTOpas xopomo OUIICHBa-

I.IO eT ~HHe c.HAK. 8HB.'leHRe 
Maccu M(x) 6JmSKo x pasYJd-

. PIIc .I? • 3KcTpan~ MOMeHTOB, Blm!CJIBHHWC HOit BBJIII'lHHe OKOJIO IraB • 

. no.~ CJrAK H CHIO c HonOm.soBrumeM m .Ilo6aBJieHHe aqxpeKTOB · A KI.Il cT~pTlWM o6pa-
.. 4JoPMY.II c BHCillllll4lit nonpaBR8114H H 9/=300 MaB. 

3
, .. 

0 
/\=<IOO y,.;o npu-

. lloxasaHH Truate TO'lKli!l N.A-4 liS • ""' OlD .. 

. , BO,lUIT K TOJlY, 'ITO . 2 
®'mtniDI A(x) H B(x) OTaHOBJlTCS Truate saBBcl!ll4lili4H oT Q • 3To HSMeHSeT 

. qx,p.!Y KpKBHX P2 (x,Q2), HO .1lliiii& npH 60JIDmHX Q2 ( > 20(raB/c)
2

) sa npe
.zteJISMH . ,J:tBJUiHx. CJIAK. 

rpynDa EMC noDHTBJiaC:& O~BHHT:& EJIJ!SHJ!B BHCmHX TBBCTOB Ha pesyJID

. TaTH. aHaJIJ!Sa KX,Il, HCROJIDSYS npH 4J:a:KOl!pOBaHHOM G! napaM6'l'pi/[38ItBD 

·. P2(~,Q~)•Ax"" (1-x)P+ a•x"'(1-x)~- 4 /Q~ . . 

PesyJIDTa'l'H ~HPOBSHlUI pa3Jnrqmoc .JtaHHHX npe~cTaBJieHH •• B Ta6JI.5. 

OTMe'laJ)Tcs 60JI:&mHe xoppe.nmnm Mes.JlY SHB.'lellllJOOrl A .II napmaeorpou 

~ , xapaRT6PltSYJillli!IU npHOYTOTBH6 !fBJICTOB • Ml'lHl!MyM ..,: ,ItJ1II paSJili"'HWC 

KOud~ napA , a oTJeH:& uoom. BB,J:tHo, tiTO B corJiaco c pado

Tol 125/ ,1t8l!Blle MOZHO xopomo onacau B pawxax KX.Il c napaueTpOM 

A=: 100 MaB, eCJIJI[ YTJBCT:& npHCYTC'l'BHe TBHCTOB c napmaeTPOM 

. lt;, O,I.f.o,2 raB2• ,IVm ,1t8HHHX EMC 'l'aue o6HB.pyzeHS. d~maa KoppeJIS

nu uew A ]1. Gt • HO S,J:teo:& BeJili'IDIHa a:· OKaSHBa6TCS_ 66.:iu.mol II OTPII

~'l'eJIDBOI. 3-ro wom~o noBJl'l':& TaR, 'ITO BUcmxe 'l'BHCTH ueo6xo)tlD61 ,ll,1IS 

OnHOaBHJl JtaHJ1HX CJrAK, BO OBll Be. BMeJlT SHB.I{BHHS B 06JraOTll ,1t8llHWC JiHC. 

519 

107 



I 

PHc.IB.HaxTM8HoBcxae /I4/ MOMeHTII-nP,H 
n=4+7 1 Bli11KCJieHHIIe no ~aHH!lM t.U.-4722/ 

npB 120 raB (TpeyrOJILmntH) H 200 ThB 
(aaxp.xpyrH). 0TKpiiTIIe xpyrH - ~e 
HeilTpHHHHX SKcnepJJMeHTOB. 

5.4 KpaTKHe HTOrH aHaJIHSQ 

HTOrH B6ChMa npe~a
pHTenLHOro BHanBSa HOBHX 
MllOHHHX ,naHHHX MOXHO CYM
MlijlOBaTL CJI6.IlYDJIHM o6pa
SOM. 

I. · HapymeHHe, rmloTesu 
cxeiJIHHra no~TBe~eTca. 

2. llpoBep&a Dpe~c&asa
HHI KXn c HcnoJILSOBaHHeM 
ypaBHeHHI AJILTapeJIJIH~llapH
sH B JIJI,IOOlYJJIIeM nop.B.ItKe no 
KOHCTSHTe CBaSH 9. ~eT 
SHaqeHHe J\ =100 MaB ( B 
OCHOBHOM ~ 06JiaCTH 
X>01251 r~e npeo6~aeT 

C~JI6THaH qacTL,CTP,Y~-

TypHOA ~) C BOSMOZ
HOft CBCT6MQTHq6CKO! OmH6~ 
Roil OKOJIO IOO MaB. BllcmHe 
nonpaBKH no g MOryT BSMe-
HBTL STO SHaqeHHe. . 

3. B o6JiacTB cnAK noBe
~eime .CTPYKTYPHHX ~ 
MOZeT 61ITL 06~cHeHO TOJIL
KO BIICIIWMH TBHCTB.wl I B 
o0naOTH HOBHX SKCnepBMeH
TOB BIICmHe TBHOTII 1 nO-BH
.J:tBMOyY I -~ MaJJHit BKJI~. 

4. AHanBs MOMeHTOB CTPYKTYPHHX ~ no HOBIIM .itBlfHliM e111e He 
npoBO,ItBJica. llpe~ap}!TeJILH!Ie ~amme NA-4 yxasu~ Ha ~ o11eHL . oJia6ym 
aaBllcBMocTL oT Q • - Ta~ 5 
B.lmJnme BllC~ TBHCTOB Ha noBe~eHHe'·cTpy&TypHOI ~ P2(x1Q2) 

Jlamme A, MaB Q. 'tz./"iJF d.. ~ 
CJlAK ed 400 -0,05 1713*/39 0165 2,53 

300 0102 IB/39 0163 2159 
200 . O,I 20/39 0161 2,65 
IOO 0,2I,±01I 22/39 0159 2173 
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Upo~o~HHe Ta6nHUY 5 

CJlAK ep 400 -0' 13±,0' 03 88~H~39 O,?I 
300 -0,07 90/39 0,68 
200 -0,08 94/39 0,66 
100 +0,09 101/39 · 0,7I 

:EMC /"'P 400 -0,89± 12 97/75 0,88 
: '', 

300 -0,79 94/75 0,85 

120/280 200 -0,68 90/75 0,81 

100 -0,50 87/75 0,78 

-If) BltJmqeHH CTaTHCTlAeCRBe H CHCT8M8.TJillleCRB8 OWH6RB. 

*'*) BIUIIl'IeHH TOJILKO cTaTHCTHtJecRBe ollll1I6RB. 
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l, INTRODUCTION 

Since the discovery of weak neutral currents in 1973 [1], several· 

neutrino and electron scattering experiments have studied their str~cture 

in detail confirming the predictions of the WS/GIM model [2]. Still, it ' 

is' considered important to study the neutral currents in new kinematical 

regions and different reaction channels [3]. 

ln the deep inelastic scattering of longitudinally polarized muons on 

nuclear targets 

\1± N + (1) 

·the weak neutral current can be studied through ita interference with the 

electromagnetic current '[4], The cross section for reaction (1), a±(l), 

depends on the charge and the polarization A of the incoming muon. 

At the CERN SPS we have measured the cross section asymmetry 

B a+(-IAI> - a"(+IAI> 
a+( -I A I ) + a"(+ Ill> ' (2) 

of scattering muons of 120 and 200 GeV incoming energy on an isoscalar carbon 

target. The charge·and polarization of the beam were changed by reversing 

'the .field dire.ction of all beam magnets. Simultaneously, the field of the 

detector magnet was reversed to ensure equal acceptance for the scattered 

muons. 

Taking into account the.one-photon and z• boson exchange to first 

·order, the asymmetry B is equal to 

B • -da
11
-Av

11
)A1g(y)Q 2 • (3) 

Here ocQ 2 
• Q2G/(f'2•2n) ~ 1.79•10""Q 2 GeV" 2 determines the magnitude of B for 

a given momentum transfer Q2 ; v
11
(a

11
) are the vector (axial-vector) couplings 

of the muon' to the z• and g(y) • [l-(l-y) 2]/[l+(l-y) 1 ], y being the relative 

energy transfer. A, is a ratio of structure functions·which in the valence 

quark approximation reduces to a combination of axial-vector quark couplings, 

A, • (6/5)•,(ad-2au) [4], · ln the WS/GlK model A1 ·• -1;8, a
11 

.i -o;s, 
and v 11 • -0.5 + 2sin 2 t1w which is nearly zero for the· standard value of 

sin'ew • 0,23, Thus'the asymmetry·B is expected to be almost-independent of 

the polarization and, unlike the asy~~~~~etry measured at SLAC [5], es~entially 

parity conservin·g. The charge asymmetry ia affected by higher order electro

magnetic contributions. They· compen4ate part of the electroweak effect [6] and 

are predominantly due to interference between one- and two- photon exchange and 
' "' 

between lepton and hadron bremaatrahiung. 
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2. APPARATUS AND DATA TAKING 

The apparatus u~ed in this experiment is shown. in fig. 1 and bas been 

extensively·described elsewhere {7). Ita good acceptance for deep 

inelastic scattering with large Q1 ,· ita azimuthal.aymmetry which mini

mizes the effect of variations of beam position and dire~tion, and the high 

luminO.ity achievable with the 40 m long carbon target make it particularly 

well suited for the measurement of a small asymmetry. The spectrometer 

consists of ten 5.m long iron toroids, magnetized to saturation, which 

surround the target. Keeping the magnet always on the same hysteresis loop 

by computer control of the excitation current, the absolute value of the 

·field after a polarity change is reproduced,with a relative precision of 

2 •to· •. The target and iron absorb the hadronic shower close to the 

interaction point and the surviving scattered muon is focused towards the 

axis. The toroida are instrumented with twenty planes of trigger counters, 

which are segmented into rings to permit a Q1 dependent trigger, and with 

eighty planes of multiwire proportional chambers (MWPC). Four hodoscopea 

along the spectrometer axis detect the incoming muons and measure their 

trajectories. A wall of counters in front of the spectrometer provides a 

veto against the beam halo. 

The CERN'muon beam (8) ia strongly polarized in its normal operating 

mode where forward decay muons are selected: a Monte-Carlo simulation 

of the beam gives IAI • 0.81±0.04 at 200 GeV and IAJ • 0.66±0.05 at 120 eev. . . ' 

The calculation for 200 GeV bas been checked measuring the energy spectrum 

of electrons from beam muon decays (9). 

The energy of each muon ia measured with an accuracy of ±0.5% by a 

set of hodoscopes around one of the bending magnets of the beam. The 

bending power of the magnet was monitored with Hall probes, allowing a 

relative energy calibration of positive to negative beams with a precision 

of 6•10' • at 200 GeV and 13•lo·.• at 120 GeV. 

The trigger r~quired 4 consecutive trigger planes (tracks longer than 

"10m) in coincidence with a beam•~ signal. The data were taken in eight 

periods. of twelve days each; five were used for the measurement at 200 GeV 

with a Q1 > 30.GeV 1 trigger, two periods for 120 GeV with Q1 > 20 GeV 1 and 

one for 120 GeV,with Q1 '> 12 Cev•. The beam charge was reversed twice 

per data taking period and the intensity adjusted to about 2•10 7 ~/spill. 
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3. DATA ANALYSIS 

The total data sample was checked f~r stable and proper functioning of 

all detector components ~n a run-by-run basis, one run comprising about 

5000 deep inel~stic events. About 10% o.f the 'runs were excluded from the 

analysis because of hardware malfunctioning or beam instabilities. After 

geometrical reconstruction and kinematical fi~ting of tracks, rejection of 

background :from halo feed-through and accidental triggers was baaed on 

geometrical cuts and on the requirement that tracks are geometrically 

consistent with the trigger pattern recorded from the. scintillation 

counters. Events classified ambiguous by the selection program were 

visually inspected and about half of them, corresponding to less than 3% of 

all deep inelastic events, were found to be good. Including these events 

in the analysis does not affec:.t the result appreciably j the effec,t of 

residual background in the accepted data sample is accoupted for in Lhe 

systematic: errors. 

Kinematical cuts _were applied_ to exclude regions. where the 

spectrometer acceptance varie•'rapidly or where radiative .. corrections to 

the deep inelastic ~ross section exceed 10%. 1bese cuts, together with the 

number of surviving eventa, are summarised' in the table. The data were 

corrected for small differences in·b~~ energy and for systematic 

differences in the efficiencies of MWPC's and trigger counters. Exploiting 

the redundancy of detectors·in the apparatus, all efficiencies can be 

calculated reliably fr0111 the data themselves. The asymmetry from such 

effects is mostly due to the trigger counters and amounts in total to =10% 

of the interference effe~t. ·It was evaluated for each data taking period 

aeparately and'subtracted from the measured asymmetry. 

The measured event rates were converted to cross sections using the 

muon flux counted in the beam defining hodoscope. Bince care was exercised 

to take 11+ and 11" data at _equal beam intensities, systematic error_& in 

corrections for deadtime loasea~etc.,almoat cancel in the asymmetry calcul-
. . . 

ation. At present, we estimate a systematic unc:~rtainty of the relative 

normalisation of 4 •to· '· 

Finally; aaymme~ries from a 11 running periods were combined and 

corrected for higher order electromagnetic and weak-electromagnetic effects 

according to ref .[6]; the magnitude of th~se corr!!cHons is shown in fig. 2. 

The results for the two beam energies are presented in fig. 3 as a function 

of g(y)Q 1 • Straight line fits to the two data samples, B • a + b•g(y)Q 1 , 

give (with statistical errors only) 
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200 GeV: a • (.15:t.l7)•lo·•, b .. (-.147:t.037)•lo·• cev·• 

120 GeV: a • ·(.06:t.ll)•lo·•, b .. (-.174t.015)•10" 1 cev·• 

The l20. GeV result i.s the average of separate fits to the two data sets. 

These '·result's agree well with the stand~rd mcidel predict.ions (3) (for 

sin'e • 0.23) a • o, b .. -.151•1o·• cev·• at IAi • .81 l200 CeV) . w . 
and b- -.153"10" 1 CeV" 1 at IAI- .66 (120 CeV). 

4. SYSTEMATIC ERRORS 

As instrumental sou·rces of systematic errors we have considered the 
• • ' (It ' ' ' 

calibration uncertainty of the magnetic fields and the effect of the change 

of beam phase apace under polarity reversal. They lead to systematic errors 

of ab • .OI"lo'·• Gev·• (200 GeV) and ab •,.02•10" 1 cev·• 020 GeV). 

Further errors arise from the natural charge asymmetry of matter: 

differences in halo contamination for p•/p" beams, asymmetry of muon 

background from meson decays., 'small differences in the muon energy loss and 

the spatial asymmetry of 6 rays generated· along the muon track which 

affect slightly the event reconstruction. From these sources, of which the 

first is the.moat important one, we estimate errors of t.b • .02•10" 1 cev·• 

for both data sets. The total systematic errors are Ab • .02•10" 1 cev·• 

for 200 CeV and Ab • .03•10" 1 cev·• for 120 GeV beam energy. 

To search for possible problems inherent in the experiment, the B 

asymmetry has been evaluated' in bins of the vertex position and of the 

azimuth angle. Also, the effect of kinematical .cuts has been carefully 

studied. In all cases no fluctuations beyond the atatistital ones have 

been observed. Evaluating the asymmetry from data samples of equal beam 

charge within a single data taking period 'giv~s a· zero slope within 

statistical errors. 

A check on the potential effects of systematic errors is given by the 

com~arison·of the slope parameters b measured in different data taking 
• i 

periods. With statistical err~rs only, the x' per degree of freedom is 

smaller than 1.0 for the 120 CeV data and is equal to 2.0 for the five 

200 CeV periods. ln the latter case, the probability of such a x 1 or a 

larger one is 10%. lt increases substantially if we take into account 

those systematic errors which are expected to vary randomly· from period to 

period. 
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Definition of kinematic regions for the uyumetry measurements at 

12~ GeV (both trizger c~nditions) and at 200 GeV with the 

resulting event numbers. 

Beam Energy (CeV} 120 120 200 

Q1 lange <eev•> 15.-60 25-100 40-180 

x range .14-.80. .30-.80 .20-.80 

y range .20-.80 .20-.80 .20-.85 

11+ Events uo•> 360 310 730 

II Events uo•> 370 300 920 

ttola-vito 

Slott 5M2 ·Siot3 Slot.4 ·Slot~ Slot& Slol7 SlotS Slot9 SMIO 

4-------------------------ssm---------------------------+ 
Fig. 1. ·schematic layout· of the experimental set-up. 

8~ ~---.--- -r-

0 50 100 ISO 
glyt o• IGav'J 

Fig. 2. The B asyumetry from y -z0 inter
ference to first order, calculated for a 
polarization >. • • 81 and sin 2 9 w ~ • 23 
(solid line), and the.asyumetry expected 
from higher order electromagnetic pro
cesses at beam of energies of 120 GeV 
(dashed line) and 200 GeV (dash-dotted 
line). 
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,To illustrate the correct interpretation of our result, we present)n 

fig, 4 the B asy=e-try calculated in kinematical variablea ilthir than c{y)Q~ 
compared to standard model calculations with sin•ew • 0.23. We remar~ an 

impressive overall agreement 0 in partkular in the Bjorken x variable in 

which almost no slope is predicted by the theocy but which ia v_ery sensitive 

to the magnetic field calibntions and other systematic: effects . (e.g. dif

ferences in muon energy loss) which influence the momentum reconstruction. 

5, CONCLUSIONS 

The interference between the weak and electromagnetic currents has . .. 
been observed for the first time in the muon-quark interaction. The quanti-

tative interp-retation of the results relies on the validity of the quark 

parton model and the radiative co.rrections. The mixing angle of the 

standard.WS/GIM·model ~erived from the measured slope parameters b·is*) 
- . 

sin•aw • 0.23 ±.0,07 {stat.) ± 0.04 {ayat.). The B .as)'IDIIM!try meaaured at 

polarizations ~1 depends strongly on the right-handed weak-charge 1~ of the 

muon {10). Using sin1 9 • 0.23, we obtain 13
1 • 0~00 t 0.06 {stat.) :t 0.04 w . 

(ayst.). This result_rules out a neutral heavy lepton M' of any mass in 

a right-handed weak isospin doublet with the muon~ 
. . ~ . 

Assuming the quark {u,d) and electron axial vector couplings of the 

standard ~del·,· our experiment· and the measurementS of the forward-backward 

asyurmetry in e+e . ._ -.;v\,- re~dtio~• det~~i~~· c~pl~te"iy th~ ~ti~n neutral . . 

current cm1plings. As illustrated in-fig. 5, both types of experiment 

yield complementary information: using' a~ • -o.55 :t 0.07 derived from PETRA 

results {11], we find v • -0.12 :1: 0.14 (stat.) t 0.08 {syst.). The corres-
J.I ., ' \ 

ponding value of sin'ew •·0,19 ± 0.07 (stat.) :1:0.04 (syst.) is in good. 

agreement with the values obtained in earlier v and e experia11mta for the·. 

electron .and quark currents. 

*) A correction for sea quarks to A
0 

would increase ain'ew by 0.01. 
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sl%1 
120 GeV 

Fig. 3. The measured B asymmetry after ra
diative corrections at 120 GeV and 200 GeV 
beam energy vs. g(y)Q:ll • Qll•[l-(1-y)ll ]/[I+ 
+ (l-y)2] { eq. (3)]. For the 120 GeV data, 
circles represent data with QI>J5 GeVll and 
triangles data with Q2>25 GeV. Solid lines 
are straight line fits to the data. · 

0 50 100 

v 1y1 a' toe'tl 
1'1%1 ,/ 

-~-X 

-1 ' 
\ 

-2 \ 

0 

Bl%1 
Fig. 4. The measured B asymmetry after radiative cor-
rections at 200 GeV beam energy plotted as a. function ° ~-----:-
of the scaling variables x and y, Q 2, and the muon · · 
scattering angle (J • The solid lines are asymmetries •1 

predicted by the WS/GIM standard model, using sin2 (J w• · 
-~.23. The dashed and dash-dottes lines in the x plot -2 
are asymmetries which would arise from a systematic 
relative p.+/ p.- difference of 3·10-s in the spectrometer 
magnetic field and the beam energy, Tespectively, 50 o'{~~~'J 150 

Fig. 5, Experimental limits on the muon neutral cur
rent couplings from this experiment. (200 GeV data} 
and from e+e- .. p.+p.- froward-backward asylianetries mea

·sured at.PETRA [II]. Only statistical errors· are 
shown. 
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MyJihTIIKBapKOBhle B3aiiMo,neiicTBIDI II KBaHTOBIDI xpoMO,liiiHaMIIKa: 
Tpy,nbi 7-ro Me)K)J,yHapo,nHoro ceMimapa no npo6neMaM t,PII3IIKII BbiCOKIIX 3Hepmii, 

,[(y6Ha, 19-23 IIIOIDI 1984 r. ,[(y6Ha, 1984. 

TJIYEOKOHEYIIPYI'HE PACCERI:IHH JIEilTOHOB HA H,llPAX 
.H.A.Camw 

067>9.-m19JJHYH HHCTHT.YT H,1;9:pm!X JICCJI9,J;OB8Hd, .zt16Ba 

I .BBFJI,EIDlE 

KaK li3B9CTHO, HI$>~ 0 CTpyl(Type BYKJIOHOB B HaHdOJlee "'IDle

TOM" Blif,l;9 IIOJl)"la9TCJi HS pe~Uall~it rJIYdOKOHe~oro p8CC9JDUJJI (!HP) 
38pa:&9HHHX Jx9nTOHOB ( aJ19KTpOHOB W MllOHOB): 

: ... . · f. + N - e1 + X . . 
·lbri:CTO'l'a ea 06yCJIOBJleua. T9M 1 'liTO HSM9psr9M08 H8 OIIHT9 JtB~ .lJillitlepeH

IUia1ll>H09 cetzeHHe pacceaHxa: JI.emoua d2G"8xp/dQ2dx. ~e Q2 - nepe,JtaHBJdl 

'l9THJl9XHMnyJILC, a X= Q2 
/2M 1>. v = E-E' 1 · O'lem. 6Jmsxo x TeopeTH'lecKH 

p8CC'IHT8HHOMJ" C9'19HDl d2rsth/ dQ2dx 1 OCHOBHOlri. mtJm.it B KOTOpoe Jt89T 

npoxtecc O.ztH<$>TOHHOro OdM9Ha: a 

d2& /dQ2dx ~ d~th/dQ2dx -::: ~ ( ( 1-y)+;r2/2( 1+R)] P2(x,Q2
) • 

~ Qx . . 

B aTOM no,IOCo.zte, xpoMe KHHeMSTH'lecKHX nepeMeHHWC Q2 , ·x, y = ~ /E, 
·. C9'19HH9 pe~ 38BHCHT O'l' R(x,Q2 ) H P

2
(x,Q2 ) , 

ll9PBSB B9JIH'IDilH8 9CTb OTHOmeHHe C9'19HBI IIOrJI0~9HHH Hylt40HOM Bzp

'l'YaJILBWC · WOTOHOB c npo.ztOJILHOI .H nonepe'!Hoit Ilo.ll$lpll3attK8l, 'R :IS,/0', sm-
2 .. .,. 

JIJDXIISJlCJi B 0611l9M CJiy'l89 ~eit )tByx 119p9MeBHHX X H Q 1 HO 8CHMII-

TOTH'l9cRH CTp9Mimt8JlCJi lt 0 npH Q2.,.-, 

B9JIHtDIH8 J' 2 9CTb WeHOM9HOJlOrH'l9CltaJI CTp;yRTypHaJt ~ Hylt40-

. Ha, ,lJ,Im H9a ·Ez.epxeH BHCK838Jl l'lilliOTeay CKeit.lnmra, COrJISCHO KOTOpoit 

IIpH .ztOCT8TO'lHO dOJILIIDriX 8H9pi'lUDC (119p9Jta'l8X) 38B:'!Cm.IOCTb P
2 

OT Q2 

npona.ztaeT. B ·&TOM c.nytme CTPYKTYPHSB ~ HMeeT npocToit ~s:H'lec-
xd cwCJI: .. F'2 (x) :: x ~ et [ q,: (x) -+ ~<(,c) J • 
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r.D;e e;., 'I;, ,lj, - aapsi,It H ~ pacnpe,D;e.nem. nap'l'oHo:B H aHTl'I

Il8PTOHOB B Hyl<J!OHe. T81004 odpaaoM, upz .D;OcTaTotmo dOJ!biiiHX Q2 ,Kor.tta 

napaMeTp R dJniaox K eyJm, ce'leHHe IRP JienToHoB uponopnHOH8Jil>Ho 

CTpyxTypHOi!: ~ :P2 , KOTOpasl X8p8KT9pl!3yeT pacnpe,D;e.neHHe KBa~ 
ROB H aHTHKBapxoB B HyKJIOHe. 

B npe,D;aCHMUTOTH'l9CKOi!: OdJISCTl'I, r,D;e 1 KSK YCTBHOBJieHO Ha OIWTe, 

I'HliOTeaa cxek!Jnmra HapymaeTCJI, Q
2

- nOBe.D;eHHe cTpyxTypHoi!: ~ 
. . :l 

:P2 npe.D;CK83lm89TCJi KB8HTOBoit· JCPoMO.D;HH&mKoi!:( I<X,(l.,): ~ -l11 (a"/~) 
I'.D;e A = I00+300 MeB. OTMeTHM T8101e, 'ITO :P

2 
. paBHS ~JfD Ha xpamc 

KHHeMaTH'leCKoro HHTePBaJia no x : upH x =0 :r
2

=0 no onpe,D;eJielllQ), 

a Dpl'I X =I OH8 CTpeMHTCJI R HYJID H3-38 MaJIOit BepORTHOCTH O~OMY II8p'l'O-
, I • C-) 

HY HMeT:& nOJlB!iit HMUyJI:&C Bcero HYI<JIOH8 ( 9-z (I)=O). . . 

ll)OpyYJia, nO.D;OdHaJi yxaSaHHOit B!.IIIIS 1 MOZeT diiT:& H8UHC8Ha T8Kllte ,l{,llll 

CYMM!i rJIYdOKOHeynpyrHX Ce'leHHit B38HMO.D;eilCTBHH Hei!:TpHHO H 8HTHHeilTpH

HO, OTey.D;a T8Kllte H3BJiexaeTCJI I4H1Po~ o !' 
2 

H JUlYTl4X CTPYKTYPHHX 
~ (cM.HHlle). 

C TO'IKH apelUIH CTPYKTYPH Hyl<J!OHOB, a T8Kllte ,l{,llll upoBepltH upe.D;

cxaaaHHH Kln,.HSHdOJiee HHTepecH~ odJiacT:&D HayqeRHH IHP HBJIHeTcs 

odJiacT:& dOJI:&IIIHX Q2
• O.D;HSKo B odJiacTH aua'leHHi!: Q2 = IO +3oo.raB2 , 

.D;OCTynHOH B8 COBpeMeHHHX J!Y'iK8.J( JienTOHOB, H3Mepnewe Ce'leHHH JieliST 

B HHT9PBaJie BeJIH'IHH Io--3G_I0--39c~. )l,lrJI odecne.'leHHH BliCOKOit TO'IHOC

TH l'I3MepeHl'!R 88 p83yYHOe BpeMH BKCUepl'!MeHTSTOpY l'ICUOJ!b3YDT He ~OH
Hiie, a H,ll;epHHe MH1119HH. llpH . 8TOM J1,1U1 H3BJI9'19HM l'I3 l'I3M9peHHHX H8 OIW

Te Ce'lelid IrililPOIJMBilHl! 0 . CTPJ'RTypmtX ~ HyKJIOH8 .D;eJI89TCJI psi,It 

yupollleHHil, a HMeHHo, npe.D;nOJiaraeTcs, 'ITO: 

I. PetllaU!Jl. rJiydoxoHeyupyroro pacceRlUIH JienToHS H8 H,1l;pe · no-npe&

HeMY OUHClm89TCR O.D;HCJqJoTOHHHM . ( W j OdM9HOM 1 .l'I BHpTyaJI:&HHit WoTOH 

( w ) pacceHBaeTCJI Ha. nap'l'oHe HH.D;HB~BJI:&Horo Hyl<J!oua. 

2. .BxJIS.D; B ce'leHHe ~oro HYI<JIOHa BAAHTHBeH, T. e. 

F. N( 1 olt.5' · .. 
2. A) ""-A - ' 

o(Q1.Dix 

r,D;e A - BTOMBHK HOMep.H,I!;p8 MBmeHH, 

3. PaccMSTpHBa~TCR "ll.D;eaJIH3HpOBaHHoe" ( l'I30CK8JIJipHOe) H,ll;pO, HMeD

I!lee O.D;mi8KOB09 'll'ICJIO HelTpOHOB H DpOTOHOB 1 J1,1U1 ROTOpOro 
l • 

F. tv = ..i ( F P + F. 11) 
2. 2 2. . .::z.. • 

4. llapaMeTp R ( X 1 Q
2 ) MaJI l'I He 38BHCHT 0'1' X ~2 • WIH 

A. 
XOTJI l'IM9VrCR OdOCHOBBHH!ie B03p8a9HHH upOTl'IB 8TJII.X ynpODiemrll, B 

d01ll.DmHCTBe 8KCU9pl'IM9HTOB 1 BWIOJIHeHHHX .D;O HaCTORDiero Bp9M9HH · H8 
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SI,It8:pHWC Mm118HHX B nytmax 3JI8KT:pOHOB, MDOHOB, a TBiate HS.itT:pliHO, :pe-

3Y~T8TH n~eHH HCXOAa H3 HX cnpase~OCTH. 

B KBKO.it 00n8CTH KRH8MaT~8CKHX ne:peMSHHHX Iii HSCR~KO C9pL93HO 

·oHH MO:ryT H3M8IDITLCJI, 8CJm O,ItHO RIIH H9CR~KO H3 3THX :np8.ItiiOJIOZ8Hd 

H8 ~OCT8TOqHO CTpOrHe 7 TaKO.it E9 BOnpoc MOEHO 38n8TL OTHOCETenLHO 

,lijlyrHX CTpyKTY}l~ ~ ( P 1 , XP J , ••• ) , H3BJI9R89MWC R3 I'HP Jien

TOHOB. 

,l{O 1982 rOM T90:pWl OTB81UlJUl, 'liTO . OCJIOZB8lDUI CJ18,ey8T QZlWlTI> 

Ha RpaHX RliH8M8T~8CRO.it OdJISCTH no X, T.e. npH M8JIYX H d~mBX 

3Ha"'8w X • fipH MaJIHX 3Ha"'8HHJDC, KOr~a X < 0,05, npe~CR83HB8-
JIOCL TaK aasHBaeMoe SI,Itepaoe 3RpaHHpOBBHHe, BCJie~cTBHe "'ero 

cTpyKTYJlHWI ~ HYKJIOHa, HaMe:peHHWI ua R,lijle I oxasHBaeTCJI MeHl>llle, 

'iSM CTPYRTYllHBJl ~. HaMe:peHHBJI ua H30JmllOBaHHOY HYKJIOHe: 
H I . P2 (J..)//P3- X .c.0,05 ·< 1 • llpH d~IDHX X, ROrM X>0,8, :np8.ItiiOJia-

raJIOCL ~/ , 'liTO dy11:;fT CR83HB8TLCJI ~RTH, CB.Il38~9 C ,ItBBllt8HH8M 

HYKJIOHOB. B JJ,lijl8, a TaKES xyMyJIJlTHBHH8 ~KTH, BCJ18~CTBH8 "'SrO 'CTSHO-

BJITCJI B03MCllW!lMH 3Hll"'9HRII X >l Iii CT:pyKTYllHWI ~ He CT:peMET-

CJI x HYJID :npH x-. I , a noaToMY 

Pl(J..)/P21 X•,_ 0 ,8> 1 • 

TeopeT~ecRHe npe'c~saHWI B o6JiacTH MBnHX aHa'ielm.lt x .H3Y"'S

JIHCL axcnepHMeHT~Ho . 3 • B odnacTH 6~mmc x, KpoMe aexoTopwc 

~aliHWC J:ta CJIAK, J:tMeeTCJI T~xo nepaoe yxasBHHe Ha · HaJIH,e fYMYJIJlTiiB

HHX ~RTOB, cood~eHHoe xaxnadopanHe.it EUnMC B 1981 r. 
4 • 

3a HCKJID'i8HH9M aTHX_ norpaHH"'HHX OOnSCTS.it HHKaKHx C8pL83HHX TSO

. p8T~9CRHX OCJIOEH8W npH HHTep:npeT~ MHHHX I'HP Ha R,lijlaX He OU

~SnOCL,H B T8"18HH8 ~JIST, OC068HHO B nepHO~ 1979~1982 rr., KOrM 

B UEPH dHJIH cos~aHH Mo~e axcnep:HMeHT~HHe ycTaHOBIUl J:t n:pexpacHHe 

ny"'IUU·"'BcT~, B nenTou-anpoHHWC aKcne:pJ:tMeHTax 6HJio H8Konxeao MHoro 

· MHHWC A1I.Il H3Y'I8IDI.Il CTPYRTYllHHX ~. Pesy~TaTOM aToro zsyq:eHB.II 

JlBHJICJI d~mo.a cJJpnplil3, :npeno,ItHeceH!wlt ua 21-1 Mewuapo.ItHol xoa- . 

4epe~ no WlilaHKe BHCOKHX aueprHA, zsaecTHHi Tene:pL no~ aasBaHHeY 

@KTa EMC. 

OxaswiocL, 'liTO cTpyxTypHHe cWmunm ~(J..) I nOJIY'IeHHHe .lila ow

TOB C E9Jl93HO.it J:t ~eaTaplil8BOtt MHmSH.IlMH, H8 HM8Dr ~eHTH"'HOI X - 38-

BHCHI\IOCTH. TaiUIM Odpa30M, 6HJIH nOCTaBJ19HH no~ COMH9HH8 yxaaaHHHe 

BHm9 :np8.Iti!OJIOE8HWl1 a BM8CT8 C HHMH H d~IDliHCTBO nOJIY'ISHHWC ~0 CHX 

no:p p83Y~T8TCB no CTpy!tTypHHM ~ H pacnpe~aJISHH.IlM RB8pROB. 

noaTOMY nOH!ITHO TO BHJ:tMaHHe, KOTopoe dHJio )'JtaJieao axcnep:HMeHTaTopa:

MH H T80p8Tmtai\IH OCMHCJiiiBamm J:t nO~TB8IJZJt8Hiilll ~KTa afC. CETJS~' 
CJIOEHBmaRCJI B · cepe)tlilHe 1983 ro~a, odo6~eHa B ~oKJianaX K. PHTa J:t 
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~.liH,eypeiiHa /G/ Ha KOHiflepeJmHH B E:pailTOHe, ,ttOKJI~e ~.~aKa /?/ Ha. 

KOHWep8HUHK B KopHe~e. 3TH .ttOKna.ttH H HOBH8 OpRrHHar~HHe pa60TH HC~ 
n().l.[l>30B8Hbl Hmlt8 ·A1IJl paCCMOTpeHWI COBpeM8HHOrO COCTOSIIUIJI npo6JreM H3-

M8p8HH.Il napaM8Tpa R ( :z:,Q2 ){pas,tteJI 2) H H3yti8Hml .ff.liepHHX SqxpeKTOB 

B .CTpy.KTypHHX ~ HYRJIOHOB ( pa3,tteJI 3). 

2. HSMEPEIOOI llAP.AM:m'PA R ( :z:, Q2 ) 

KaR B~O H3 qopMYJIH A1lJl Ce'leHHH !HP, 3HaHHe R H806XOXHMO 

npz BHimCJieHHH corpy.KTYJlHWC ~. po.Dl, aT oro napaMeTpa z · ero 

BKJI~ B CliCT8M8Tli'I8CKH8 onm6KH :r
2 

Bospacoram C )'B8Jlli'l8H149M y, 'iTO 

MO&eT. npRB9CTH K B1rf,JUIMOMY H3M8H8HHil Q
2

- 3aBI4CHMOCTH P2 • ll~ 
CK().I.[l>RY npH &TOM 6().1.[l>UIHHCTBO 9KCnepHM9HTanLHO.perRCTpHpY9MiiX. C06!i~ 
TO JleDT B 06Jr8CTH M8JlHX X, 3HaHH9 R CTBHOBRTCJ! O'l9Kb BBllHLIM 

:HM9HHO 3,tt9C:D. H3B9CTHO, 'ITO napaMeTp R MOZ9T 6HT:D Blipallt8H 'l9p83 

CTpy.KTypHble ~ 2 2 2 2. 

( 
2 G' P2(x,Q )-2:z:P1(x,Q ) + P2Q /v 

R x,Q ): ~~ ::.. . 2xl'1 (:z:,Q2) 

B paMKai nBPTOHaoil Mo.tteJIR ~ KOHCTHTYSHTOB co CnHHOM I/2 napaMeTP 

R::(), llOCK().I.[l>KJ CY!II8CTByeT H3B8CTH09 COOTHOmeHHe P
2

•2xP
1 

, no-

JIY'i8HH09 npz npeae6pezeHHH MaJIIiMI4 &qxlleKTBMH · MB.ccu H nonepe'lHoro HM

nynca KoHcT'T7aaToB. YzeT 21onepe'1Horo m.mynca aapxOB npRBOJtllT K 

saBHCHMocTR .· 8 R·~ < PT> /Q , r.tte PT -no~ HeCK().I.[l>KRX cOTeH 

MaB. H3 &Toil Olt811Klil T8101t9 CJI8,Ity8T, 'lTO npH 60JILnmx Q2 . 3Ha

'18HH8 R .ttOJI&Ho 6HT:D MBJIO. Y'leT rJIJ)()'o' H p~eHH.Il I<Bapx-aHT~ap-; 
KOBHX nap B paMKaX KXJl npe,ttCK831iBa8T g onpe,tteJI8HHbl8 X- H Q2

-sa-

BHCHMOCTH .,ltJUI R , COrJiaCHO KOTOpliM R-. 0 npz 6().1.[l>IIIHX X H Q
2 

llpH MaJIWC 3Ha'l8lUUDC X H Q2 nBpaM8Tp R OTJ!li'laH OT HYJIJI• 

3:KcnepHM8HTaJI:DHO B 8Jl8ltTpOH-MilOHHWC nyqK8X napaueTp. R onpe

,tt8JIJI8TCJl nyoreu zsMepeHH.Il ceqeHHJl IHP npz f:i:HKczpoBaHimx sHa'leHRJIX 

X H Q
2 

( J1JIH y H Q2 ) , HO npH H8Clt0JILKHX n~mpn 9H8pi'li!JlX.' 

Tor.tta, KBK B~o z.s aJI:DTepHaTRBHoil sanzcx ceqeHHJI IHP 'lepes 5" .... z <ST, 

o/'6/rJ.Q.'t.cb. ':' f';.cST(i '*~'R), . 
r.tte TT - nOTOK B:HpTYaJI:DHb!X qoTOHOB C nonepe'IHJlit nOJIJIPH38IlH8il, a 

E - KRHeMaTli'lecKKi.t napaMeTp ( f =( ~-Y- a'l~tEz]/(.,-~ ~>'z/z + G'lliE2]), 

/PI4THpYJl ,ttaHHble npJIMOJIRHeiiHoil 3aBirlCHMOCT:Dil OT E. , W nOJIY'IHM R K8R 

HSKJIOH STOit nPaMOil lt OCH . E • ()Tc~a B~ npOCTOTB H .B TO ze BpeMSl 

CJI860CT:D M8TO,tta: A1lJi MHWIMI43Bitml .OmR60lt Tpe6yeTCJl nepeRp!iT:D TO'DDiMB . 

H3M9p9HHJIMH MBRCHMaJI:DBHH HHT8pBaJI H3M9H9HHJI c , T.e. Y , 'ITO B8C:D-

Ma Tpy;JtHO ,ttOCTlfi'HYT:D B mzpOROM HHT8pBaJI8 nepeM8HHlDC . X H Q2 • 

B OTJlli'IH8 OT 3Jl8KTpOH-MilOHHWt nyqKOB, r,ne BY98TCJ! np0It9.QPB 

uenocpe,ttcTBeHHoro onpe.tteJieHH.Il napaueTpa R , B ueitTpl!IHlWX axcne-

' 
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,PliDl9liTwt. ( CM.,Hali.PB119p, / 10/) R( X ,Q2 ) Oiql9,11;9JllleTCH 'l!epes OTHO

meHHe CTPYKTYPHWC ~, Bli'llliCJieHHWC liS qJO.PMY'Jl .IVUI ~,PelmliBJII>
Horo ce'l!eHHH pacceHHRa He!Tpl'IHO li aHTKRe!TpHHO Ha ~X: 

c;tt"'~~ G~ . Mxy 
____!... = .~ [(1-~- -)F2. + x~F" ±-( ~ -~~2)X~]. 
c;(,r. J.y 2n- 2E . 

BRJIB,It B ce.'lleHWI oT xaz.n;oa ll3 cTpyxTypHYX ~ x:r 1 1 2 , XJ 3 BJili 

J'L '!: F2-2:x:F1 B OT,II;eJII,HOCTl'I MOlleT OHT:& BIC'D!CJieH 6Jrai'O.n;BPJI TOJq, 'liTO 

OH JIIMeeT p83HYJl y - 3SBHCl'IMOCT:&. lJapaMeTp R OII,P9,11;9JllleTCS: KaK 

R = cs .. /C5'T :- FL /2. X F'i . 
TaKHM odpasoM, BeJI:III:1mHB R , l'I3BJieitaeMBJt li3 He!Tpmmwt axcne,PJIIMeH-

ToB, MOlleT 3aBl'ICeT:& OT TeX Iql9,11;n0Jl0llemt!, ROT0p!i9 C,ll;eJlSHH n,PH BH

'IIl'ICJieHl'Il'I CTPYKTYPHilX ~ J' 1 , F 2 , F 3 • 
IIpHCTYJUUI x odcYJ~,Itemm pesynTaToB no l'I3MepeJDIIl napaMeTpa R . , 

Mu He ,II;OJlliUIH Tage sadllBaT!. Toro OOCTOJlTeJII,CTBS, 'liTO 8CJlH ~epwe 
a<lJileKTH n,POJmJIJDl'l'CJI B O.n;HOftl CTpyxTypHO! ~~ a HMeHHO B 1'2 , TO 

C OOJlDWOK BepOJITHOCT!.Il OHH npliCYTCTBym' Taiate li B l!' 1 , a 3Ha'CUI'l' 

H B napaMeTpe · R ( x , Q2 ) TaM, r.n;e noCJie.n;Hd OTJ.[Hq8H OT HJM. 
2.1. HSMepeHl'Ie R ( :x:, Q

2 ) Ha BO.n;opo.n;e 

KpoMe HsBeCTHWC .n;aHHWC cmfii/, Hal'I60Jlee ijOJlHHe .n;aHHHe no 

9TO'Iq napaMeTpy nOJIY'l8HH KOJlJlS60~e!tl EHC 1121. l1.pH SHep~ 120, 

200 H 280 !'BB 3Ha'IeliiDI R nOJiy'II8HH B 3aBHCl'IMOCTl't OT nepeM8HHHX " 

(ycpe.n;HeHHHe no WiT8PBMY Q2 = 8-!45 I'BB
2
co cpe.n;HBM <Q~ =22,5 !'B:s2), 

Q2 ( ycpe.n;HeHHHe no l'IHTe,PBSJlY ~ =60-!60 raB co cpe.n;Hl'IM <" .. =IOOfaB) 

H X (A1IJ11Il3:fX l'IHT8,PBaJIOB "' CM.pHC.! ). 
' .. 

-Q,4L-----,:"=--::-!=---='=::-----,~---=':::-I 
O,(l; 0,10 0,20 X 0,40 0,80 

Pl'tc.I. IlapaMeTp R-t:>L/u:b' 
onpe.n;8.1leHHHA B ODHTSX C 

BO,II;OpO.n;HHMH MHWeHmMl'I,B 

3aBRCl'IMOCTH OT nepeMeH

HOR )(. 

. B npe,n;eJiaX B03MOllHHX CTSTHCTK'II8CKHX H CHCT8MaTH'IIeCKHX OmH60K He Ha-

~OC!. H3M8H8HHH napaM8Tpa R npa Bap~ COOTBeTCTB~e! 

nepeMeHHOK •. Cpe,n;Hee 3Ha'lleHHe napaMeTpa no BC8MY; HHTe,PBMy KKHeMSTH-

'IIeCKHX nepeMeHHHX OR83aJIOC!. paBHHM R=O,OO±o,035 (CTaTJ± 0,095(CBCT.~ 
Ha pl'Ic.:i: BM8CTB C .n;aimw.m H.{C nOita3SHH HSMepeHHH CJIAK. BJtitHo 

CYDieCTBeHHoe OTJlH'IIl'IB B liX noBe.n;eHl'Il'I K8K npli Ma.iwx, TSK. li npa OOJlD-
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DDa: >. QT....., R l ~ Mr cSain.mn X . K < o
2
, c4 rai'- B -- · 

HYX CJL\K BHTepn,peTu:pykTCJI 13 ' .XSR YJ(83amte HS nPHCyTCTBHe BHCIDHX ·. 

TBHCTOB 
2 

HC"II83SDIIHX B TOil :ae 06JiaCTH . X npH 3Ha"IIHTElJILHO 60Jll>IDHX 
Q2 ( Q =20+40 !'5B2) , xapaKTepBWt AlUI HaMepemdt B UEPH. 

CJie,uyeT o6paTHT:L BHHMaHHe Ha TeH,IteHD;Hil poeTS R C YJ.!eH:LmeHHeM 

X, BJJ.1tHYI) B ~ CJIAK, ROTOpaJl MOE8T 6HT:L KOppeJIHpOBSHS TilDe C. 

YJ.f9H:LIII8HH8M Q2 
B aroa 06JmCTll1. IIoBe,D;eHHe R B 3aBli1CBMOCTll1 . OT X 

corJiacyeTCSI c npe,D;C.Ka
1

3amJJOOI ~· 
2, 2, H31olepeHllle r ( x, Q . ) Ha JW)aX 

Ha JJ,D;paX IIBp8)48Tp R H3M8p&IICJI KaK B IIY'OOlX 8JI8KTpOHOB H Milo-

HOB. TaK ll1 B nycnta:( HSitTpHHO. . '~ 
I 

HeitTpHHH!ie 8RcneplDile~H. JOBHe ,namme KOJIJia6o~ CHARJl no on,pe-

,D;eJieHHII napaz.teTpa · R /I B ~ x noxasaHH Ha pHc.2. B 
I · 2 

~oil TO"IIKe H3Mepemm nepexpHBam onpe,JJ;eJiellHHA BHTepBaJI no Q , 
~eHTpaJI:LHOe 3Ha"lleHHe koToporo H3MeHSI8TCSI OT Q

2 
::0,76 rsn2. npH 

. 2 I _? 
:x--Q+(), 05 ,D;O Q =18, 9 l'5.tr npH X = 0, 3+0, 5, 

I 

:t. ;::i I 

a. .02 •• .. 

•OM< 

I 
! 
I 

01 X 
! 

Pzc. 2 • Onpe,D;MeHHe nJpaMeTpa 'R 
I 

B rHP HBitTpBHO H NOOOHOB Ha 

H,Iijlax. 

-·-~···~ ~-~~~~~ 

·~ ---- ..... ..~ I 
: ·r . ~ ·_::t:i--/ · 

.2 __ ...... 

I 1 •• - ---, .... --r 
oL-....&____1-..a.. ~ -'- . ,_,_ • 
t 2 4 I 110 20 4G 501001 200 

A 

·Pllc.3 .HsMepemm napaMeT~ 'R/ 
B rHP aJieKTpOHOB Ha~il7 
H HX napaM9Tll,3anwl' .L<Jf 

R (A)::0,08A 1 ;j, 

Blll,'ltHB, XOT8 H C 60JI:LIIIHMH Ollll!6KaMH, TeH,IteHnHSI. B03p8CTaHHJi R B 06-
JiaCTH 3Ha"llerurlt· x < O,I, cooTBaTCTBYJIIISSI n,pe,D;cxasaHlllSIM KXJ(, TeH,D;eH--

~ pOCTa R C YJ.18H:LW8HH9M X · CTSH8T 60Jiee SIHHOit, eCJIH" npHH8T:L BO 

BHBMSHHe TOT rxT 1 'ITO Bepx!llllll n,pe,D;eJI ;r.mi R 1 ycTSHOBJiaHHHi pa-

Hee CDHS /IO B o<1n:acTH X= 0,4+0,7, O'I9H:L MaJI ll B n,pe,D;MSX OIIIH-

60K COBM9CTBH C HYJISM: R !. 0, 04±o, 04, CJle,DyeT, OJtlJaKO, OTM6THT:L 1 "liTO 

06Cy:a,D;SBMSSI TeH,D;8HnHSI pocTa, Tax·:aa xaK B OUHTSX CBAK Ha BO,D;Opo,D;B, 

M0:&8T 6HT:L CJie,D;CTBH8M KaK YJ.!eH:Lmemm X, TaR H YJ.18H:LW8HH8 Q? , Cpe,D;

HHB 3Ha'l8HH8 KOTOporo npH X < o:r CYllleCTB8HHO Hmte, "118M B OCTaJI:L

HOit 0<1n:SCTH X, 

B ~MOM, oliiH6KH H3MBpem IIBpaM8Tpa R B H8iiTpHHHHX axcnepH-

MBHTax BeJIHKH H He MOr,yT HCKJID'IHT:L rHnOT83Y 1 "liTO OH He 3aBHCHT OT X 

H DOCTOSIHeH Ha ypOBHe Cpe,ItHero 3Ha'IeHH8 It et 0,!. 
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MDomrue aKcnepHMeHT!l. Cpe.ltj¥e SHa'ielmll R onpe,~tMeHmle ms MllOHHHX 

aKcnepHMeHTOB Ha yrJiepo,~te I 5/ H xeJiese /IG~ 6llJIJI· a'ieHl> M8JIIi H B · 

npe,~teJiaX oWR6oK He OTJIH'iBJIHC:b OT K,yJIH. He,JtaBao Kanna6op~ EMC npo

Be.iza 60Jiee Tlli8T9JIDHllH BHaJmS BCeit COBOeyiiHOCT.H ,ItaHHHX Ha lleJleS'O' 
MM11191Ul :H CMOrJia OI48H.HT:b R B p.~J,Jte :HHT9pBaJIOB X ( CM.pnc.2) 5 • 
B npe,~teJiax omROOK pesyJIDTaTu corJiaCYDTCH c rznoTesoA, 'iTO napaMeTp 

R TalOitil, KaK A1IJ1 BO,!tOpO,Jta, He 38BRCHT OT X R paBSH K,yJIIl 

( R =0,03±o,I2), xoTs Te~e~ pacTa R c YMSHl>meHReM x np:a 

X <0,! TOllte MOllHO YCMOTpeu •. . . 
Pasll!le Cpe,JtH:He 3Ha'i8HR8 R B Hei.tTp:HHHHX H MllOHH!lX SKCnepmwH-

Tax MOryT 6uT:b o6yCJioBJieH!l JI.H6o TeH,Jte.HitReit pacTa R c YMeHl>meHHeM 

X H/:HJI:H Q
2 (KX.IJ. H B!lCWRe TBHCT!l), CRJI:bHe~ BJI14JlDIIei.t Ha HeiiTp11W

lW9 ,JtaHmle ns-aa npRCYTCTBHJt co6uTd c Hl43~ Q2 , JI.H6o STO uo-
• . I 

ll9T 61lT:b CJie,JtCTB:HeM MSTO,JtHK.H :HSMepeHRH H BOSMOXHOCT:H C~9CTBOBSHH8 
I 

s,Jtec:b aqxfieKTa TRna FMC. 1 

SJieKTpomrue 3Kcnep:IIM9HTU. Ha 5 JOU)ax (d , He,Al ,Pe , J.u ) B CJIAK 

6wza nayq:eaa A - saBHCHMOCT:b napSMeTpa R /I711• HsMBPeHllH c,JteJiaw 
2 2 . ' 

npR Q ::5 raB A1UI Tpex 3Ha'i9~ X :0,3; 0,5 H 0, 7. Ycpe,ItHeBHiie 
I 

BElJilt1UIHii noKasaH!l Ha p:ac.3. OHH CO£Jiacymcs co ~ saa:qeHReM, 

onpe,!teJIBHH!lM paHee ,will ,JteiiTepM ( R :::;{)~'4±o,I~ I , H~ z 1,~ryT . OUT:b xopomo !JlHT!4pOBaH!l SBBRCHMOCT:bll /I R (A):a(x,Q ).A. , r,Jte 
• I 

a =0,08 B R3M9p9HHOH o6Jiac;rH, 'iTO ije npoTHBOPf'iHT HMeJIIlliiMCH pesyJI:b-

TSTSM ~ A=I. 3aBHCHMOCT:b THna A113 sacny.zHBaeT.Hayq:eHHH, T.K.OHB 

n~~cKas!lBaeT O'leBH,ItHoe npeJtnOJIOllteHHe, 'iTO ,wrs~ I none~'WI:iX BHpTyaJID

HiiX qioTOHOB CYJllSCT~YDT axpaHHpoBaHHe H G"T(A~"' A273, a~ npo-

.ltOJI:bHiiX OHO OTCYTCTByeT H ~1.. (A) .., A. . I 

HMemzyllCH HH!Jlo~ o6 HaMepeHRHX napaMeTpa R ( x,Q, MOlltHO 
I 

CYMMHpOBST:b CJI9JtYD!U!M 06pa30M: i 
• I 

. . I. C?.'ecTayeT 3aMeTa
2
oe paaJW'iHe B x - ~oBe,Jtemm napaMeTpa 

R ( .x,Q ) B o6JiacTJDC Q , xapaKTepH!lX ~ CJIAK H UEPH , o6yc
l 

JIOBJI9HH09 BKJia,JtOM p83Jllt'lH!lX JmJiemtli. 3To p83JIH1m9 He MOlEST 6UT:b 
I • 

RrHOPHPOBBHo npH cpaaHeHHH pesyJIDTaTOB xsyq:elmll IHP B MllOHHHX H 
• • • • I 

3JISKTPOHHHX aKcnepHMeHTax. 1 

2. B o6JiacTH nsMepem I'HP B C.liAK, ,Jtalle np:a ,~tocTaTo'iHo 6om.lllliX 

X R Q2-~ napaMSTp R OTJIR'i9H OT ~M H :I!Me~TCH yxasaHRe Ha era 

BOSMOJIHyll_ A - 38BHCHMOCT:b R(A)=aA 13• I . 
3. B o6Jiacu naMepemm I'HP, JtOCTHUMolt B MllOHH!iX :wm HeilTpiiW-

HWC aKcnepHMeHTax, r,Jte Q2> 20 raB2• napaMeTp I R 6JmSOK K lf'Jlll 
BO BCeii 06JiaCTR . X~ 0,! KaK ~ BO,!tOpO,Jta, T

1

aK H 11,1U1 TJm~llX B,Jtep. 
I 

S,Jtec:b OnpaB,JtaHO HCllOJI:b30BaHl'Ie R =0 np:a Onpe,JteJiemm CTpyxTypHHX 

~ K3 ceq:eHd IliP. 
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4. B o6JiacTH x < 0,1 npz Bli'llliCJieHHJDC CTpyKTypHI:lx ~ 
BMecTo 00 R::O, ~a21te B SKcnepHMeHTax UEPH, 60Jiee ·onpaB~aHo zcnOJIL

soBrume saaqelid R(x), oTJlll'liBHX OT eyJUI, Jm6o npe~cKasUBaeMUX KX.U, 
Jm60 HSKOTOpHX ycpe~eHHUX 3KCD9pm119HTaJILIWX ~aHHUX. 3'1'0 OC069HHO 

. I 0 

aeo6xo~o2 eCJm w.IH ~aHHoro HHTepBa.na x cpe~ee SHa'ieHHe 
Q2 < 5 I'aB • . I 00 

5. H:Mell!llleCJI SKCIIepBMeHTaJILHUe ~aHHUe no R (x,Q
2

) co~epaor 
dom.nme OIIIX6KH, 'iTO StlTp~eT O.JUl03Ha'lliylll HHTepnpeTatnm ~aHHUX 0 

CTPYKType ay&nOHOB. TPe6yeTCJI c~ecTBeHHUR nporpecc B zsMepeHHHX 

SToro napaMeTpa •. 
' . 

3. SU(EPHHE ::JcMEKTH B CTPYKTYPHHX ~YHK!.tHRX HYKJIOHA ,. 
I \ ., -

KaK 6wro y:ttasaao' Blillle, cTpyxTypHUe ~ ay&noHa, onpe~eJUie-
1 . • 

MilS H3 ODUTOB C TJDit9Jl!iMH ~epHHMB Mm!IBHIIMB, 1/lOryT EMSTL . ~Oe X-

B/wm. Q
2 

- llOBe~eJm~, 'iSM CTpyKTypHUe ~' Bli'll'ICJISHHUe H3 3K

CD9pBM8HTOB C BO~OpO~OM H ~e~TepzeM, o~e COCe~ nyKnOHOB ~ 

Ha CTpyxTypy ~oro its HHX (H,ltepHUe aqxpeKTH) yxe ~aBHO DpliB.li9KaJIO 

Biil'!MaHHe T80p8TBKOB B! 3KCD9pBM8HTaJILHO H3yqa.JIOCL B B,lijlOH-a,JU>OHIWX 

3KCD8pHM8B:Twt. , 

0CHOBUBrutC:& Ha HX pesyJILTaTax, A.M.~ / 29/ YTBBJX,ItaJI, 'iTO 

pacnpe~e.neHH.R: KBapKOB I z rJillOHOB B HJU>WC cYuteCTBSHHO OTJW'llml'CJI oT 

BX pacnpe~e.neimlt B CBb6o~· HYKJIOHWC, a KBapK-napTOHHrut CTpyKTyp

Hrut ~ · HJU>8 He OCBO~CJI. K M8X8HB'i9CKOit CYJ/lM8 nyK1IOHHUX CTPYK

TyplWX ~
0 

H SIBJI.iteTC.H CaMOCTOHT8JI:&HHM o6~eKTOM H3Y'i8HKII B qm
3HK8 B,lijlOHOB. ! 

~epHUe ~KTH B r~6oKoHeynpyrxx BsaRMo~eacTBHHX ~enTOHOB 
npH 60JILIIIHX X BnGpBH~ 6wm C006Jil9Hli KOJIJia60paitBeH RUJ.MC Ha Mezmr-

' 0' 

HapO~OH ° KOH<!Jepe~ DO qmsHKe BUCOKHX 3Heprd 111 CTpyxType HJU>B B 

BepcaJie (1981 r.) 4 ,j a saTeM npz cpe.IUDJX x ::{),05-0,65 EB~o?eitcxoil 
MllOHHOtt KOJIJia6opanllleit I Ha llapucKoil KOH<lJepeHnHH B 1982 r.. 0 ~ ,TtaH
BHe EUnMC ocTaDTCJI noxa aeony6JIBKoBaHHHMll1 111 aeno~Be~eHHHMH.,Ttaa-

' . 
SHe lle EMC ( aqxJleRT IMC) nOJIY'D11Ill1 no,JUJ;epuy 111 no~TBeJX,IteHHe 1113 cpaB-

HelUUI ony6JIBKoBammx ~amm:x EIUJ.MC Ha yrJiepo~e · H ;taHIWX IMC Ha ~eit'Ie
pml, B OrTax C.liAK Ha! lleJ.l939 / 31/, aJID.IHHHll: /32/ H pa,ne ,Iij)YI'lDt MH

meaett/I? , a Taltlle B cne~HO nocTaBJISHHOM ROJIJiadopanllle! EQmMC 
onuTe c o~oBpeMemnn.l•zcnOJILsoBaHHeM xeJiesHoll 111 ~el'repzeBoil wm: 
llteJiesHoi 111 asOTaoa MBmeHei ~33/. K o6c~eHliiD 3THX a~KTOB Mli ne

pexo.JUIM• 
3.!. ~KT EMC: axcnepE:MeHTaJILHUe ~e 

1\aK OTMS'iaJIOCL Blillle, ~0 !982 r. npH H3M9p8HHJDC CTpyKTypHUX 

~ HYKJIOHa Hs ,nammx no I'HP Ha 8,11Jl8X, B o6JiacT111 cpe,!OiliiX SHa'ie

Hd X , npeAIUlraJIOC:& Y"JHTUB8TL TOJil>KO DOnpaBKH, CBHSame c' IllS~-
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JieHHHM ,IJ;BHllteimeM HYKJIOHOB BuyTpll Jl;lUl8 / 2/. llpK &TOM IJp9.10IOJiaraJIOC:& 1 

'liTO HYRJIOHH He ( CJia60) CBH38Hii lfJJYT C lfJJYI'OM ll BX BuyTp9HBJII9 CBoi!

CTBS He OTJlll1UlBl'l'CJI OT CBoi!CTB CB060JtHI:lX HyuOHOB •. 

CnpaBe,u,m.mocT:& Taxoro npe,ItiiOJiozemm BnepBH9 np<mepeHa axcneplt

M9HTaJI:&HO EMC B X0~9 CHCTeMaTKq9CROrO ll3yqBHHR. CT~ ~~ 
c HCnOJI:&30BSHKeM BO~opo~oit / 34/, ~elT9plteBol / 35/ ll .Z9JI93HOI !6 
Mliiii9Heit •. ,lf,7m ytlGTS H3BeCTHOit pa3HHi:tH B CTpyttTypBHX ~ 

I.i (x, Q 2) Kp~( x, Q
2

) cpall!Dffi8.mo:& CTpyxTypHHe' IPYBIUUUt JJYIUIOHOB, onpe-

~eJIHeMHe H3 .aeJie3HOl H ~9XT9plleBOH MHW9Hel, T~9. 

:r:(l.i'e)-;i- Plli'e H ~ (D)• + -glD • 
,UJm OpaBHeHHSI HOnOJI:&30BaJIHC:& ItOM6HHllpOBaHHH9 ~aHHHe IIplt 9H9pl'HIIX !20, 
200, 250 H 2ao raB Ha .aeJiese • ~e Ha ~eiTepHH IIPll aaepnm 2ap:raB. 

·noCJie · Tlii8Te.m:.Horo aHaJIHsa, BaeoeHHSI nonpaBox • oneHRH ocTaBDJBXCJI cHo

TeMaTKqeCRHX OWH60K OTHOWeime ~(li'e)/~(D) 1 B ~ X noxa-

38HO Ha pHo.4 BMecTe o TeopeTJAecRHMH npe~cxasamsmm 121. H3-sa ae

~ocTaToqaou CTBTHCTHRH HS ~eiTepHH ~BHBH9 6Hnlt lCpe~eHH no Q2 
• 

BCJI9~CTBH9 STOrO Q
2 

MeHHeTCR OT Q
2 = 9+27 raEf ~ HHT9pBaJI8 C 

.. HaHMeH:&mmi 3Ha'!eimeM x. ;,o",05 ~o Q2=36+I70 I'9B2 AU X=0,65. Hac1lm
~eHHaR SBBHCHMOCT:& 6Hna n8paM9TpH30B8Ha npHMOI JIHHH91 a + b:z:, 

-·-- Frankfurt ft Strikmcrl i i J 
l.3 ---Berlad etal ' j /! 

3Bodek a Ritchie j / 
il 

.. I/ Z~ ; I. 

·~ 1,1 /' 1.4· 
~ J 'h./ 
z.£' ,/' .;;· ....... 
w~~~~~~~~~-4 

0,9 

0 Q,2 0/t O,S X 

Pllo.4. Pesy.m:.~aTy me no H3Mepemm 

OTHOW9HHSI CTpyKTyp!IHX cWHltiC'Iit ayR

JlOBa, onpe~eJieHBHX B l1IP MllOHOB Ha 

&9JI93e Jl ~9IT9pllH, H T90p9TKq9CltH9 

npe~Clt83BHHn ~ 3TOro OTHOIII9HKR. 

~ KOTOpol B pesy.m:.TaTe ~a nOJIY'!eHH 3Ha'!9HHR a =!,IS±o,OI H 

b =-0,52±o,04(CTST) ±o,2!(CHCT), r~e CHCTeNSTH'l8CKHe OmH6ItH npeo6-

Jia,ltBJl'l'. STOT JlEl3YJI:&T8T HaXO~CJI B nOJIHOM npoTHBOPe'!Hiil 0 T90p9TH'!90-

RHMH. ClltH,lt!lliWIM .H Ha Ji3HR9 pacnpe~eJieHHR ItB8pROB 03B8'!aJI 1 "!TO ~ 

KOHOTKTYSHTOB B HYKJIOHSX Jl;lUl8 no CpaBH9HBil CO :oBod()JtBIDOI :ayKJIOWIMH 

no,ItaBJieHa BepORT~OOT:& lDI9T:& 60JI:&IIl09 SHa'!eHBe X ( o6JiaoT:& BaJISHTHHX 

RBSpROB) H1 Ha060pOT 1 noBiilli9Ha BepORTHOCT:S HMeT:& MaJI09 3Ba'!eHHe X . 

( 06JiaCT:& MOpcKHX ItBBpROB). i . 
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lOTR npe~cxaaaHHl 0 BOSMOZHOM C~6CTBOB8HHH ~KT8 EMC B 
' . . 

JU!T6p8TYP9 H6T, li!M66TCR P1JJt B3BBCTBHX .. nprnm , KOTOpHe NO-. 

ryT H3M6HBT:L pacnpe~6JI6HH.ll KB8plt0B B JJJijl8X no CpaBH6HHil 0 lJYltllOHON. 

CpeJtH ma: B nepBYJI ottepe~ 6~ ~SBSHH CJie,IC'DitRe: I) BsuaHeHll!e Mac

CH KJIIIl ~C8 HyuOHa B SJUl6 36 , 2) . CYD!6CTBOBamt6 B H,lijl6 BOS6~ 
~emnu: 6apHOmWx COqTosumf.t THII8 'A /37/ KJIIIl 6q, 9q , •. • JIHOrOKB8p

KOBWC. COCT<>JUid /3S/, 3) C~6CTBOBamt6 !a ~ ,ttOnOJIBJITiw..I.IOr.o MOp!{ 

88 CttST B38liMo,Jt6ilCTBd Nea,Icy' lJYltllOHSMH 3Sf. J1 ,ttp. llOCKOJI:Licy' npe,10IOJI&o

raaTCR1 t~To Bee oco6eHaocTa.noBe~eHKR ~elToHa noHiTBH xopomo, Ha6JID

~eHllldt ~KT,no-BB;D;IIIMOyY, OTHOCJITCR .K 1J1W1 aeJiesa. 

06JIMam JIJI .t:UJYi'a6 B,1ijl8 . T8ltlDIII[ ae CBOilCTBSNJI ? IJa STOT BOnpoC 

MOlmO 6WIO OTB6Tii1Tl> cpasy, .· CpaBHHB onydmntoBSHJl:Hi r;syJILT8TH. EI.UJ14C/I5/ 
no ~(c) Ha yrJiepo~e c MHll:HW EMC Ha ~et.lTepm! 3 • B npe~eJiaX 
CT8TJICTJ~tt6CKHX Jl CHCT6MaTJitl6CKHX OmHCOK 060BX SKCnapBM6HTOB OTHOme

Hll16,. :rg (C,EIJ.WAC)/:rg ( D,EMC) HMeaT TY ae X - 88BHCHMOCTl>, ttTO H 

Ha pzc.4. 
BCKope noCJie nepaoro o6c~eHHR pesyJI:LTaTa EMC 6HXK nepeCNoT-

peHH cTapHe . ~amme CJrAK-MHT no ep- a ad - pacceHm~J>, r.Ite AllJI 
BHtllilT8HJIR ~Ha OT CT6HOK MHm6H6l, ~eJI8HHHX B3 SJJIIIJIBJIR Jl aeJieaa,, 

HcnOJii,soB8JIJIC:L liX N8lt6TH. 8TH nepeCMoTpemme ,u,amme B ~e 
OTHOmeHlilR cetteHJit.l !HP SJI6KTpOHOB H8 8JIDMBHBH H ~et.lTep:HH / 32/ lit H8 

aeJieae lit ~et.tTepHH 73I/ B o6JiacTH SHatteHHt.t x , nepexpHB~et.tCR c 

EI!C, liiM9m TY ae TaH,D;eBUJD), '!.TO a y EMC. llapaN6Tp:HSYR BX npiDIOJIH-' 

Het.lHOI 88BlilClilNOCT:E.Il B 06JiaCTJil X ::(), 2+0, 6, aBTOpLI. nOJIYUIDI 

a .u =I, II±o, 02±o, 023, b .Al. =-0, 30±o, 06, 
a,

8
=I,I5±o,04±o,OII, b

78 
=-0,45±o,oa, 

'llTO·TaDe He npOTeope'D!Jlo pesyJI:LTaTau ENC,.DeR B BW BX·60JI:Lmlile 

CHCT6M8TJitl6CKlil6 oma6zai iiE) , BO Jl YK8SHB8JIO H8 BOSMOJWYil · A-saBHCH-

MOCT:L scix!JeKT8. naHJl:He CJrAK, R8K lit F.KC, ycpe,JtBeHH no Q2 , Cpe,ItBee 

SH8tl6Hll16 KOTOporo H .. 6HJ!6TCR OT 31 3 ,11;0 !9, 3 ra:a2 AJUI. &eJI638 B OT 

I. s .11:0 20, I rsB2 A1III 8JIII,1l![H}II! H8 Kpaxx cooTBeTcTBYJIIIBX JmTapsaJioB 

x=0,25+0,9 lit x=0,075+0,863. · 
llo CpaBBemm c FMC CJIAK . pacump111JI 06JiaCTl> lil3Mepemdit no X B 

cTopoHy 60JI:LmliX sHa'lemnt, l',lte Blf,ltHo npoSBJieHll!e &qqleKToB wepMH-~re
HlilR, 06Hapyxmi8DII69CR npll SB8'11i1T6JI:LBO 60JI:LmHX, '19M OUQt8JIOC:L 2 , 
B9JDI'IIlitH8X X. , llplilBO,ltll BM6CT6 CO CBOlilMH ~BBJIHMII[ B8 W636 B ~ 
O~OB8BHH6 e~~ B !975 r. OTHOmeBHR C9'19BJitl rHP 819KTpOBOB H8 · 

Me')zy/ 40/ B 06JiaCTlil M8JIWC SBatteHJrrlt · X lit Q2 , 8BTOpH o6paTUK BHID48-

BB6 B8 BOSMO&H09 p83HOrJI8CJI9 S~9C:L aneKTpOHll:HX B MllOHBHX 8KCnep8M9H-

i5) naJI:LBet.tmee o6c~eHlle corJiaCOBamiocTlil MHll:HX EI!C lit CJrAK cu.mate. 
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TOB, KOTOp09 MOrno 6HTL cne~CTBH9M ~KTa 9Kp8HBpOBaHHH 1 XOTR CaMB 

aBTOPH pa6om I 401 YTB&pl!WW'l', "liTO Hm<a.Koro . ~eRTa axpamxpoB8Hiiiii oBH 
ue Ha~am. 

Cne~HHa BKcnepRM~HT /I?/ no Ray-qeHHD B03Maa&Ol A-BaBBOK

MOCTH C9119HRI rny60KOH9ynpyl~ B3aBMo~elcTBRI Bn9KTpOHOB 6Hn BHnoi

H9H B !983 r.··.B·CJIAK C HCnOJIL30BaHR9M 9 MB1119H9it:d ,He,Be,C 1 Al;Ca, 
:Pe, Ag J.1 Au , rHP 6wm R3ytl9Hii B JUIH9M8TJ1119CKOI oe1naCTH x=() 1 09-Q 1 9 

K Q2
=2+!5 raB

2 
npK H&CKOJII>KRX 9H9PrHRX.n~~ &naRTpOHOB B BHTep

BSXe E=8+24,5 raB. PacceSHHHe Bn9KTpOBH ~9T9KTRpOBanBCL a-raB· 

Cn9RTpOM9TpOM CJIAK B 23 JUIH9MSTJ1119CKHX T011K8X 1 ne&aBmHX B BHTepsane 

aHepl'Jii.t E=3,!+8,4 ·raB R yrnoB pacceJIHHII 9 =II +23°,Ewm npe~BHRTH 
MepH A1IJ1 OBDSJ:UIJl ~0 MHHJ!MYM8 BOSMOlltBHX CHOT91118TJ111901tHX OJDB60K, CJ!C

T9MaTJ1119CKH9 OIDK6Ril B OTHOIDSHitiiX C911SHRI· ()A / G"b , B08HBRaBIIJJI9 ll3-sa 

H90Upe~eneHHOCT9it B ~OHHHJC UOUpaBKaX (±Q,6%), aKC9nTSHC8 · 

cn9RTpOM9Tpa (±Q,3%), MSpTBOrO Bp&M9HK annapaTn>Ji (±Q,3%) 1 MOHBTOpK

poBSHHH JlY'OOl (±o,!%), WoH8 nHOHOB (±Q,5%) 1 K86HTR8 H9ilTpoHOB 

( ~0 ±Q, 7%) K qJOHa OT nap &neKTpOHOB ( ~0 ±Q, 5'%) 1 cnozeHmte . B 

KBaAPBTypax,CpaBHHMH C OIDB6KaMK RS-sa Heonpe~QnSHHOCTeit B T~ 
Mmll9Hel1, ROTOplle He np&Billii8JDI ±!,5%. , . . 

nocRDnLRy, KaK YKaBHBSnOCL Bume, B UTOM ~KcnepBMeHTe 6YnO no

KasaHo, "liTO napaMeTp ~-=<S"L/~::; o, H n~eHo YxaaaHRe H8 ero Boauo.a

HYII A - saBHcBMocTL, .· aBTopu He HsMeRanB HS cB'ou ~aHH!lX CTJlYKTypHHe 

· cJlYmtl.tlm, a npe~OIJJ.!ll opaBHHMTL ~ep~~e ce"lleBHR, yope,IUieBHHe 

no Q2, }J,Tm OTHOmeHH.II <S"A/G'b B lt8ll,ltOM BHTepsane
1 

X ~9 6MB nony

'leHH npR HecROJILKHX aHa"llelUtiiX Q
2 

K3 ua6opa 2. 5. IO H 15 rslf!. PeaynL-
1 

TaTH R3MepeHHit nOKa3aHii Ha p,c.5, r~e HaHeCeBH. Tax&& ~Hmte ~ 
9RCnepBMeHTOB CJIAK / 31 •32 •40 , ABTopu YTB&~am, "liTO B.ltpe~9.!18X CKC-... 
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('JA/~1J • om,ueJIHHX B ODH
Tax ~~ . , B .. SaBHCBMOO
TB OT X npz · p88JDl1DIIoiX. Q2 

,J~,u<aueaa '<a> • rc~-
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T9MaTR'l9CKBX • OIIIH60K Melr,ICI' ImWl R9T paSBOrJiacd. 0CTaBJIJlll· STOT BOnpOC 

B CTOpOH9, MOJKHO BJm9Tl>', 'ITO CaMR ,wnnme DOCJI9AH9rO 9ltCD9pHM9HTa )1,1IJ1 

BC9X ~ep HMeDT O~IDf H. Te lite OCOOOHHOCTH: npH x'-<.0,3 OTHOWeHHSl 

fSA/~n, B npoTlmODqJIOllHOCTI> oTuomemm :rgcFe)/~(D) FMC, 6JIH3KH K 
e~e, B HHTepaaJie X--D,3+0,65 Be~ ce6H D0~06HO OTHOmeHHD CTpyK

TypHHX ~··. D.ICi a npH X>-0,65 ~pOHBJIJD)T Te~emum, npe~cKaaW:l-

BYJl MO~eJIHMH·c J11B.TOM wep.m-~emut. 
· 3aBHCHMOCTD OTHOmem , <S"A /CS OT aTOMHOI'O HOMepa O~OBO xopo-
. J> 

mo OIUlC!maeTCH ipop.!YJiaMR 

G"A /tS = c A o( 
D 

~Jrlil fSA /rSi> = tl [ 1. + 8 f(A)] , 

r~e _p{A) - cpa~ ~epHaJI IIJIOTHOCTI>. Ha pac.Ga noxaaaHH peayJIDTaTH 

oTeneHHoro ci/HTa npH 11)3"JX aHS'IeHHHX · x: npH x=<>, 30, r~e <S"A 16"b ~ 1 . , H 

npH X--D,2, r.IJ;e OT1UIOH9RH8 BTOI'O OTHOWBIDJJ! OT 9~ MllltCHMaJII>HO. B 
o6oax CJlY"'I8.IiX xoa~e~T cl. MM. Koa~eHTH 0( H b ;u.1IJ1 

paaH!ix x noxasaHH Ha pzc.66, OTRY.Jta BH.IJ;HO, 'ITO Ha:H60Jiee KpyTM aa-

BHCHMOCTI> crA/<:s1l OT A ~OCTHI'a9TCH DpH Xl:0,65. 

f,lj i I lililij I iiiillj I J 
••O.lO 

~·.o[• ! al nr~;-;-~ 

•.• t. '"""' '"""' 'J 
••0.62 

1.0 ~·-------------------

0.8 

10 20 100 200. 
NUCLEAR WEIGHT A 

.a 

ID 

'=" Q5 .. --

} o --IIT
1
1r·---------,-

'r .... 1•,, I 
.( ,, ' 

~ ·o,o t till 

: ••.• > ~..L.L~ ...... u.l.~, 
·z.oE:..J 
ODZ 

\ 0 --!hjtri;,:·-----ii---
lj.().()l ••• 1 

1 I ....., t I 

o.z 0.111 0.1 0.1 10 -·· 
6 

.. 2 
PKo.6. Yope.JtHeHBH' n? Q 
OTHOW8Hl1Jl cs,..(C:S1l rl B 

SaBBCDOCTB OT .A Dpll qmx
CllpOB~ SH8"18BBRX 

x=0,3 a x=0,62 (a), a sa

BKCBMOCTI> OT X D8paM8T

poB BX 8DDpo1tCIIM8WDI 

. CTeneHBOI ~elt lWl 

cpopqJiol, yuT!maJJIIelt 

KSM8H8HI8 ~epHOI IIJIOT

HOCTB (6) • . 
Cne~Hiii axcnepHMeHT no npoBeplte a~xTa EMC 6HJI ~~au 

B OKTH6pe-~exa6pe I983 r~ B UEPH ItOJIJia6o~el EI1)11iC (HA-4). 
33 

• 

0CBOBHH9 n9JIJl" 9KCD9pli!M9HT8 ipopqJDq>OBaJIIIlCl> CJIB.QDIIBM o6paaOM: 

-I) DO,JtTB8PJlHTl> (HJIH onpoBep:rnyTI>) acixlJ91tT H8 60JI99 BHCOltOM ypOBH9 

~OCTOB8pHOCTB . ( C CyDt8CTB9HHO M91Ud11BMB CHCT8M8TJA9CKHMK OIIIH6KaMB) i 
2) HCCJI9.IJ;OBBTI> 9I'O Q

2 - 8aBKCJIMOOTI> B TOt ll8 06JiaCTH, l',lt8 OR 

6HJI o6uapy.Kea;. . 
3) B8M9pHT:i. OTHOW9IDJJ! ~(.1)/~(D) ;u.1IJ1 'JI)31X 1011118B91t - llM930, 

830T. 
3KcnepBMeHT 6HJI BHIIOJIH9H H8 MllOHHOM ny'IKe cnc UEPH npH 9Hepro 
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280 raB. PerKcTpaUHR coduTHA_rH,Ydoxoaeynpyroro pacceaHHR MmOHoB HB 
~ax OC~eCTBn&nSCh C nOMO~D MO~epHH8HpOB8HHOrO cneKTpoMeTpa / 4!/, 
CO~e:pEruqero 8 TOpOB,!taJihHWC MSI'HHTHWC MO.eyJie.it, AnmtOM 5M KaJE,IOdt, STOT 
BapHSHT cneKTpOMeTpa CO~ePKZT 8 MO.eyJie.it MBmeHH, 2 H8 KOTOpHX noMe~e
HU B ronoBHOit ~~TH ycTiiHbBKH nepe~ nepeHM MBrHHTOM, a 6 - BHYTPH 
TOpOH,l.tSJihlWX Mal'HHTOB, J{mma MO,ey-JIJI MHIJleHH,88nOJIHJleMOro .JUJ,ItKHM ~e.it

TepHeM JIH6o z~ asoToM,cocTaBJIHeT 4,8M. Ennhmas qacTh ~SHHHX 6HJ!a 
nonyqeHa npx.o~oBpeMeHHOM o6nyqeHHH 6 M~Jie.it ~e.itTepxeBo.it MHmeHH 
H o~oro 6Jloxa Hs zeJiesa wnmow 75 eM, noMe~eBHoro BlfYTPh Tpeuero 
TOpOB,!tSJihHOro MSI'HJI'l'S,liwm T8.KE9 BHIIOJIB9HLI H3MepeHl1Ul 0 6 MHineHSMH, 
sanOJIBeHJWMJl ~ 830TOM, C JJYCTHMH MHIJieHJDOt, a TBD9 C K8ll,ll;oii 
MHWeHhD B OT~eJihHOCTH.YCTSHOBKa 'aanycKaJiaCh pacceSHHHMB MmOHaMH, 
KB8,1ijl8T nepe~BSeMoro HMJJYJihCS KOTOpWt npeBimi8Jl 25 fa~, Bcero 000 
saperHCTpHpOBSHO donee 0,5'!06 rHP, . 

aiteCh npHBO,ItliTCJI npe~apBTeJihHUe peayJlhTSTU 8B8JIH88 40% COOOTd, 
· aaperHCTpBpOBSliHWt H3 MHIJleHeit, pacnonOJteHHWC B TOpOB,!t8.X. KlmeMaTzqeo

.K8JI OdJIBCTh, B KOTOpO.it Jie&anH OTOdpaHHHe C06HTHJI, OrpBHHqeHS ane~ 
IIIHMH sHa'telm.tool: 50 ~Q2 !,_ 200 (faB/c) 2, 0,2 ~X ~0,7, . 
BCJie~CTBBe · KOHeqaoro paspemeHHJI no KOOPJUtHaTe. Z ( · B~o,m:; eyqaa) , 
npHMeCh C06HTzR, aaperHCTpHpoBSHHHX Ha ~e.itTepBeBO.it(B30THO.it)MHWeHB, 
OT C06HTH.it; 06pa30B8HHHX H8.ZeJie3HOit MHIJleHB,COCTBBJIJieT !,4% (0,5%), 

0To6paHHHe TBKHM odpasoM coduTHJI rH,YdoaoHeynpyroro pacceJIHHJI 
He CO~ep&aT ¢oHa OT raJIO MDOHHOro nyqaa, flpKM9Ch MDOHOB OT pacna
~OB :rr B · K - ·· i.las OHOB, odpasYJlllHXCJI B 8,1q>OHHOM JIHBHe , He npeBwnaeT I%. 

'::JHepr.lli:I:HaJieTauqHX MDQHOB B 9!,4% ~eB HSMePJJJISCh JJY11KOBOH CTBH
~e.it 0 TOtniOCThJl 0,5%, A1tll OCTSJihH!lX c.nyqaeB OHS npHDMBJISCh paBHO.it 

'HOMHHSJihHO.it - 280 TaB. 
EHJio ·BuqzCJieHo, ~o noTepz aHeprHH B ~e.itTepHH ~o non~aHHJI B 

ZeJieSHYJ> MHWBHh COCTaBJIJIDT 0,486 faD, UOTepH H8 BCe.it ~e ZeJieaHO.it 
MHmeHH -1,5 raB. TO'tHOCTh B~CJIBHHH 8THX noTeph CJIB60 BJIHJieT Ha pe-
3YJihT8T BUqzCJieHHII OTHOWem CTp;yKTypHWC ~. 

A6COJIJlTH8JI BeJIH'tHHS pa,!tH8IUIOHHHX KOppexnd, KOTOpYe BHOCKJilllCh 
~ Toro, 'tTodu nOJIY~HTh ce'teHBe rJiydoxoHeynpyroro pacceJIHHII B oAio
WOTOHHOM. npzdmslleHHH, He npeBWUSJia IO%. BJmmme BOSM(WIW( olllW1oK 
8THX KOppe~ HS Ba.mt<UUty OTHOWeH.Ill:l: CTp;yKTypHWt ~ npeHedpezJt
MO MaJIO, 

flonpaBKH Ha HSMeHeHHe.BeJIHqzH!,[ nOTOKa NOOOHOB ~onL OCH MHmeHB 
He npeB~ 2% B 6HJIH nonyqeH!l 0 nOMO~Jl MeTO~ MOHTe-KaPIIO, 

DOCKOJihKy pesyJlhT8TU, nonyqeHH!le ·paHee HS yrJiepo~e (EUllMC) H 
zeJiese (EMC), xopomo corJiacymcJI c HyJieBHM. aua'teHBeM OTHOWeH.Ill:l: 
~=(>._lesT, npx BHqzCJiemm :r2 (Q2 , :z:) nonaraJIOCh R=O. 
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Ha pHCo78 K 76 npHBe~eHH OTHOWSHBH CTPYKTYPHHX ~~ ay&nOHa, 
K3M9p9HHYX H8 X&n93HOI, 830THOI K ~eiTepHSBOI-MHWeHHX, .B 38BHCHMOCTH 
OT KB~Ta nepe~8B89Moro 4 - BMDYnDC8 ~ paanzqHUX HHTSpBSXOB no Xo 

& a a ·a a~~·-~· '!:,"•• . _..c.c.- ... ..,""":•,, i(.. ..c.c.• •• ."~~"·.·. 
\,-~ . . ~ .. , . ~~ . :· 

. . . . ' . . . .. .. . .. ' - .. .. : 
. . . . .. .. . ... .. . ............ ........... . ....................... . 

fi~M fl,_/0'1 """""'' .,,_,., 

B -EB· . u . " .... ,f.oC M .· u .. " MCoCM •• •c•c. 

: ~·.·· • : : ·~· • : ••• • '·I .tEL ______ -, __ -~ 
·~, .... ,., ,,_,,, ""'-' 

"L3 "[QJ] 
~D ~0 .......... ., ... . ............ .. 

fl'~l•l' 

a 6 

PKco7. OTHOWBHKR cTpyx-

~~~~- (a)x. 

pg(N2)/~ ·(D) (6) B 
38BXCHMOCTK OTQ2 ~ 
p83HHX HHTSpBSXOB X • 

· ( Ell.liMC) o ,. 

. :h'H p93fJIJ:.T8TH JlllTSJ;lnpBTBpymCJI K8K OTC;:TICTBHS Q
2 

- 38BHCK
MOCTJl BeJDAlllH ~(J'e)/~ (D) . H :r:(N;)/~(D) B HHTSpBaJIB Jl3M9-
peHdo Yope~eHHHe no Q2 38BilCl!MOOTil 9TilX OTHOIDSHd OT X no
K838HH Ha pHCo88,6o QpHBe~eHHHe OTHOWSHBR nonyqeHH nocne BH9C9HIH 
nonpaBOK, )"UITYBilDIIBX H9UOCK8JIJIPHOCTL B,Jtep, 

~ .. ~--~~-- .. 
...... , 

-~-,. 
'" + -~ 

a 

·~ .. 
of.. 

"1-T.--tr-tr-;'r -n u " 11 J. 

6 

PKooBo Te ae oTHomeHHH 

CTpyxTypHHX. ~,'liTO 
K H8 pllCo7, HO ycpe~

H9HHH9 no Q2 , B 38BilCX
MOCTK OT X (EUnMC)o 

~ 8TOro X~nOXLBOB&nOOL npH6nlla9Ka09 OOOTHOW9HX9 /35/ :r: ·I'~ '(1~,75x) o SxonepBMeHTaJtLHHe TO'IKJI'HB pllcoB xopomo onllcH-
Bamcs .mmebol &8BBOIIMOOTLJ> ~(A )/:rg (D) ioa+bx , r~e 
l'e +n · bJ'e · +n l'l' + N 3 +n a =I ,I6-v,03, :::-0,56-v,OB, a 2 .1.1o;:;o ,04, b 2•- 0, 9-v,09, 

qTo Haxo~cs B cor~cKH c Ha~eKHJIMK EMCo 
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TaKHM 06pasoM, ~a MllOHHWC SKCnep:HMeHTa - EMC H EIJ,1J1wtC - Ha6Jw-
,n;am O,D;IDI H TOT Jlte ScixlJeKT: OTHO!Demm CTp:yKTYPHWC pvmmd . 

~(A)/~(D) B saBHCHMOCTH OT nepeMeHHO~ .X MOHOTOHHO y6HBBDT B 

:HHTePBaJie x= 0,!+0,65 OT SHa'leHlUI: OKOJIO I,I ,D;O" 0,8, B TO BpeMSI 

KBK B aneKTPOHHOM BKCne~HTe CRAK OTHOW9HJ9 COOTB9TgTpYpmKX 0939-

HHH ~A /rsb 6JmSKO K I ,D;O X <:0,3 H JIHillb nOTOM Ha'UUlSeT MOHOTOHHO 

y6HBaT.D npHMepHo no TOMY xe saxony, ttTo Iii B axcnepHMeHTax UEPH. 
CornBCYDTCH nH Me~ 00601 pesyn»TaTH STiiiX 8KCn9pHM9HTOB ? 

,lJ,1vi oTBeTa Ha BTOT Bonpoc BcnoMHHM, 'ITO no onpe.n;enelUDI (eM. woPMYny 

BO BBe.n;eHHiii)OTHoweunn ce'!eH!iiU pe~ THP Iii OTHOWeH!iiH OTPYKTYPHHX 

wymaurll paBHH M9lUtY co6o.it B c.nytmJIX, KOr,D;a nlil60 R-0 ,JIJiiQ) R-oonst · ·(Jle 

38BHCHT OT A) Iii HHT9PB8.11 H3M9p9UHM no y O,D;IiiH8KOB ~ ~yx MHWBHeA. 

O,D;HBKO, KaK Mil :yJte BB,It9JI!il, HH O,D;HO lil3 STlilX ycnoBd B OJIHTSX CRAK He 

y.n;oMeTBOpllSTCH. Hao6opoT, TaM CSWio n~ea1o yxaaaHH9 Ha sBB,cKMocT.D 
R OT A, KOTopan 6Wia napaMeTpHaoBaHa !IB B BJIQte R =aAI 3. 

MaKc:HM8.1I.DHoe paMH'IIile MeJI,D;Y oTHomeWJJJMH ceqeHd Iii CTPYKTYPHIIX 

~ MOlltHO O~eHHT.D aHBJIRTiii119CltH HS WoiJMYJIH )1.1U1 • .ItBi.{xllepe~Boro 

C9'19HHH rHP MDOHOB nplil Y=I:· 

a-A/6".nl:t-.f::: [ F;'(A)/F1.v(l))}[U+l?b)/{1-+RA)]. 

no.n;cTaBHB PeSYnLT~TH CJr.AK /I7/ ,11,1lR xen9sa ~e =0,299 Iii .n;eATepu 

Rn =O. II2, , nOJIY'IIiiM 

(S'I="e/<:r.])l):1 ~. 0,95 • [F~(Fe)/F:z..v(D)J~ 
'ITO nOJIHocT.Dil KOMII9HCHpY9T aqxpeRT-· EUC~ 

M6zuo nonuTaT.DCH BH'IUIMHT.D ( CM./IB/) , KaKOS OTHOmeHH9 C9'18HKlt 

ISA/<S"J) · B :KIUf,ltOM HHT9PB8.119 X 6WIO 6H H8~9HO EMC :wm .ELUlMC, ecJm 

6H B STlilX 8KCnepHM9HT8X BMSCTO SRCnepHMeHTSnLHO OOOCHOBaHHOI BeJIJilllK

HH R=O ,11,1lR .OOOHX ~9p, liiCDon.DSOBSnBC.D CTeneHHBH SBBlilCiiiMOCT.b.OT A-

o,D;Ha i Ta.JJte nplil scex x. Koa~eHT a B WOMJie. R=aA112 B 

cornaCiiiH C /I7/ BSHT a =0,08 - Ha OCHOB8Hiillil lilSMepeBd B oOnaCTH 

x =0,3+0, 7 ( c YMeHLmeHH9M x ou .n;o.aea Ton.DKO BospacTaT:& H TeM 

c!UolWA YBBJIJii'IUlBBT:& ll RA (x)•RA (x)-RD(x)). B aTOM camcne lilcnOJI:&soBaue 

a=0,08 ,11,1lR BCero. HHT9PBBna x=0,!+0,7 6y,D;eT COOTBSTCTBOBBT:& NHHK

MaJI:&HO BOSMCWIOMY HsMeHelUDI pesyn.z,TaTa Ha-sa A-saaxcmaocTH R. Pe

syn.DTaTu ,n;eTan.DHoro pac'!eTa B KliiHeMaTJil1lecxoa oCSnacTH UEPH . 
(Q2

=35+200 ;t'aB2, X =0,1+0,8, y=O,I+0,9) nOKBSBHH Ha plilC.9 ,11,1lR ~yx 
~ep - JlteJISSa ~ 8.JID.OOIHJl. CWIOWHOI JIJiiBlileit TBM .llt9 DORaSBHB HCXO,JtHBJI 

napaMBTpHSBD;Wl• :EMC (I,I7-Q,52x). BJ~QtHO, 'ITO Y'!ST B08MOJWOit SBBHCII

MOCTH R (A) . OYJ!t9CTB9HHO ·npeo6pasy9T OTBOm9HH9 C9'19Hd B OOnBOTH 
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i. 
I' 

tJ 

1.2 

. E. 1.1 
D 
b 
::: 1.0 
~ 
1::. .9 

.8 

.7 
0 2 

t Fe 1 OLlar =0 

2.Al, a.laT=aA} 

J.Fe , -·-·--

It .s .s to 
X 

Plio. 9, 3aBRQHMOCT:b OT nepeM91WO.li X 

OTHOW9HHi.t CS,./fSJl ; BlillHCJI9H-

HWC. H3 OTHOW9HHJI CTPYKTYPHWC p-
. nuit ENC , npH pa3HWC R• cr .. /~: 

'r> R.O ; 2) H 3) R=O,OSAI/3 ,wm 
Al H Fe COOTB9TCTB91WO, 

X <0,4, npHd.1nmasi peayJILTaT, UOJIY'i9HHHA EMC/EIUI,MC, K p93YJIDT8TY 

CJIAK, CaM09 CHJIDH09 B3M9H8HH9 Ha6.1D:ma9TCSI npH MaJIIiX 3H8'19HRIDC X,Ko

TOpY8 1UIH9M8TH'I9CKR KOppe.1IHpOB8Hli C OOJII>IIIBMK 3H8'19HW1MH Y, BllllHllMH 

.wm yqeTa BKJIB,Ita 1JJleH8 c · R B ce'leHHe paccemum. 

06paTHM BHJIMalm;9 H8 RpHBYJ) 2 Ha pHC, 9, KOTOpaJI UORS3HB89T, KSK 

H3M9HwiCJt 6H peayJILT8T EHC np14 J!CUOJI:b30B8HHH ,wiii RA (X) 3H8'19mrll 

R.u H. RD, onpe~9JlJt8MHX Blipru!9HH9M R =0,08AI/3 ,wiR: 8JIJJMIIlHHII H 

~eATepHJt. 3Ta RPHBWI xopomo cor~acyeTcJt c. ycpe~eHHHMH peaYJIDTaTaMH 

CJIAK no Jl3Mepemm <S"At /(SJ> , 3TO HBBO~ H8 MHCJID,. ,'ITO . p93YJILT8TH 113-

MepeHHR CRAK 6Atcrb , 6y~ nepec'IHTBHH c 8cnOJIDaoBaHHeM aaBHCH

MOCTH R (A) K OTHOW9HHJtM ~(A)/~(D) , UOWYT .wm BCeX A ~
BepcaJli>HYJ) 38BlllCHMOCTD OT X. OTc~a CJie~eT 14 ~yroA BHBO~: A-38BH

CBMOCT:b 3~KT8 EMC MOKBT OHT:b RayqeHa·6ea lllCxa&eHHH ~ ~ 
4J6KT8Mlll TOJIDRO TaM, r~e R ~ 0, T,e, nplll ~OCT8TO'IHO 60JIDIDHX Q

2 
H . X, 

'ITO,UO-B~OMf, ~OCTynHO TOJIDKO H8 ycTaHOBKe EQUMC, 

EcJnt B03MQ1UIYD 38BlllCHMOCTL R (A) fllaRTOplll30B8TL B B.H,Ite 

R(A) • a( x, Q2
) 'AI/3 .11 yqecTL axcnepHMaHTaJli>HO Ha~aeMHit poeT R 

C fM9HDW9HH9M X. (T,e, a(X, Q2 ) ~OJIIUIO 6HTL 6M:bW9 1 '119M H~9HH09 
UpH OM:bW:H¥ X 3H8'19HH9 a =0,08), TO OT~H'IHe B OTHOW9HlllRX 09'19-

HliA H CTPYRTYPHUX ~.· nponopuaoHaJIDHoe paaHOCTH 
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AR~·a(x,Q2)(RJ.-Rn>, npH MaJI!lX :x: C!y,~~;eT e111e clitlll>Hee, 'ieM o~eHeBHoe 
BHWe. OTO DOSBanHT KO~'i9CTB9HHO cornacOBBTh H3MepeHHH EMC H cnAK 
H B o6na

7
cTH :X:/<O,I, a TaKEe HSMepeHHH. EMC H Te:X: H9~TpHHHH:X: 9KCne

p.I!MeHTOB 47~6 , r~e NIH, DpOBepRH a@leltTB CpaBHHBaJIHCh C9'i9HHH 
. d~,, 14 r:s v ,l). 

TaKHM o6pasoM, cyMMHpyn KMeD~I~Hecn axcnepHMeHTanDHHe ~HHHe, . . . 
MOJltHO C~MBTh _ M9.nyDIIH9 BilBO~: 

I. ~eKT EMC no~TBe~eu ueaaBHCHMHMH H3MepeHKmMH ttannaC!o

pauHH EUAMC, r~e oH Clan o6HapyxeH c ncnnnDaoBaHHeM ~yx MHmeueft 

O~HOBpeM9HHO B TOH xe CaMOH KHH9MaTH'i9CKOI 06n8CTH. 
2. KDMaelo,P~mHR EUUMC He ua~eT Q2 - SaBHCHMOCTH &Toro 

3@19KTB B HHT9PBM9 Q2 =50-:-200 raB2• 
3. PesynDTaTu uellTpHHHHX H BJiettTpoHHH:x: &KcnepHMeHTOB cornaoym

cn C pesynhTaTaMH MDOHHHX B OelnaCTH :X: =0,3+0,7. 
4. ECJU1 npHHRTh BO BHKMaHHe, l!TO R (x, Q2/ ) = 4t5' 1../CfT MOllteT SaBH

CeT:b OT A, HanpHMep, B Bime R• a ( x , Q
2 

) • AI 3, To 

- pesynDTaTu eA-aKcnepHMeHTOB cnAK H JlA-aKcnepHMeHTOB UEPH 
COB"Me,CTHH B o6nacTH HSMepemtlt no X OT X z 0, I ~0 X=(), 7 1 

-a C yqeTOM BOSMOlltHOH X - 3aBHCHMOCTH napaMeTpa _R -Bee 

~- , e- H }A - 3KCD9pHM9HTli COBM9CTHH ~a&e. npll O'i9HD MMUX 

· x ( x-:>0,03) 6es npKBJie'ieHBR a@lettTa att:PinmPoBSHHH ,JtJIJi o6~ 
RCH9HM BimHMOro pa~ B ~aHHHX; 

- HSyqeHHe .ff.Aepma · a@leKTOB cTpyxTypHUX ~ BOSMOZHO 

TMDKO B T9X BltCnepm&eHTax ( DO-BJWr!MOMY 1 T~ltO MJ)()~) 1 

r~e R ~0 npH ~OCTaTO'IJHO ClonDIIIHX :X: H Q2 '>. 20 !'9B2 ;. 
ycTaHOBita EUUMC HMeeT a~ech uecoMHeHHHe npeHMylilecTBa. 

5. TIMyqeHa m$>PMawm. ~onOJIWIIIIIM nepnoua'lanDHoe ua~e!Dle 

EMC, B 'iBcTHocTH, cna6an A - aaBHCRMOCTh a@leKTa H ero HeaaBHCH-

Mocu oT Q
2

• · 

3~2. ~KT EMC: o6~cHeHHR 
B paMKax Imeil, neJtaiiiHX Ha DOB9p:x:HOCTH, B !983-!984 rr. ClWI 

paCCMOTpeH pH,It MO~Meil., npeT91W)BBBIIIHX i "7o6~CH9HHe" I$IJeitTa ».fC. 
06aop H KpHTH'ieCltHU aHanHa 8THX MO~Meil 47 BHXO~ 38 paM1tH Ha
CTOR~I~ero ~OKJI~B. B lU'Dit9M9,Jzyiiii9M (HeDMHOM) nepe'llle MO~Mel, paa-

·C!HTUX Ha ~a Itnacca, B KOTOpHX paCCMBTpHBa9TCR,COOTB9TCTB9HHO,H8-

MeHeHHe BuyTpeHHHX CBOICTB HyKnOHOB H npHCyTCTBHe B ~ MHOro-

KBapltOBHX COCTOIJ.HHI, OTJDI'IJHWt OT HyKnOHa, Mil JlHIIID YR881iB89M OCHOB

HYJl ImeJJ, o6nacTh cornacWI MO~MH o ~BHHUMH EMC/EimMC H oC!McTh 

(aaBHCHMOCrh) ·H&MepeRHH rHP, r~e B03MOlltHO D~h peaynDTBTH ~ 

KpHTH'I19CKOH npoBepRH ~BHHOI MO~MH. 
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TeopeTKqecxxe MO~anH ~ od~cHeHHH ~KTa EMC 
Knacc I: HsMeHeHKe BeyTpe·mmx cBoiicTB lfYlUIOHOB 

.A.BTOpH OcHOBHEIJi ~as I.06nacTb xa~~TBeHHoro . cor~acRH c C · 

2.0~BCTb KSMepeHKii r.HP, 
RPKTH~ ~ MO~~ 

2 -~ 

M.Stas,tl/ ll'WfYC HyKJIOHa B JW>8 Ha I3;f> ! . & Beef . X , 
et al. · 8 60JU.me, ~eM B CB060~0M coc- 2. e· X X< O,I) ,·X> I. 

TOJml'lK, Yl~ST WSPMK-.ItBRllteHM. 

P.Close Pa,IUiy'C ~o~rTa KBBpKa I. X--Q,I+O,?: 
et al/49/ B J!,IUl9 e Ha 15 dOJILme , 2. MaJWe x ( X<0;2~, 

~eM B ~eboHe. dOJILWHe x(x > 0, 7 , x>I 

R.Ja!!e et P~c KO~eHTB Me~eH- A - SBBHC:HMOCT:i:. npll 60JU.~ 
al/50/ Ho·(~orap ecKH) pacTeT WIDC X. 

C pOCTOM WlOTHOCTH Si,IU)a , 
Liu PeUil 
et al/51/ 
A.W.Hendry IIpH u80M6Jitr0'11HWC SH8~6HKJ!X 
et al /52/· X=0, 5+0, 3®JeKTHBIWit 

p8SM6p HYKnOHB B JW>8 HB 5% 
~OJU.me, ~eM B cBodo~oM coc-
TOJ!HKR , 

L.Prank!urt, (AliTR) 9KpaHK~OBBHK6 BM6HT- I. .X >0,3. 
/5J/HHX KBapxoB. BanH~eHHe pas- 2. MaJWe x (x < 0,2), 

M.Strikman Mapa HYKnOHB, CBJ!SBHHOrO B 60JI.Dme X, X >I; 
JJ,lijlEl, A - SBBKC:HMOCTb, 

J.Szwedl54/ 9-I~!r HYKnOHOB B lltMese 2· ~~!+(),7, BOSd~aHU ( A - HS06apu). • e x, dOJU.WHe x • 

Knacc 2: MHorOKBBpKOBH6 CO.CTOJ!HKJ! B ~. OT~~e OT HyKJIOHB 

A.M.EaJr.ztml29/ YHHBepcBJILHEIJi KBapK-naPTOHHas r. x > 0,5. · · 
CTPYKTYPHE!Ji ~ .R;JUl8"' 2. MaJWe x, dOJILWHe Jq, 
exp ( -X/b ),, He CBO,ItHMSSI K X >-I, A-SBBHCHMOCTbl 
cyuepnos~ C~PYKTYPHWC 
W~ ~OHOB.KYMY~-
THBHHK arJ:xll9KT, MHOrOKBBp-
KOBHe COCTOJ!HM B Si,IU)aX. 

E.A.EoJmap- IIepMBHaHTHoe odpasoBaHHe x 
~aHKO, ; 55/ 'P8CUB.q. )AHOrOKBBPK9BWC 

A.B.Fil>peMOB . ~TYSitd(qi7IyKTOHOB) B 
JJ,lijlEl • 
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2, EOJI.DWHe X; 

A- SBBHCBNOCTb, 
xi'J ll q (X) HS ''\1 J: 
K ~A; COOTHOWeHRH 
MOpcKRX H BM8HTHWC 
KBBp!(OB. . 



I 
R.L.Jatfe 756/ 

J..I.Titov /571 

. II.Pirner & .. 
J.Vaey /58/ 

C.Carlson & 
!.Havens /59/ 
II.Chemtob & 
R.Peschansk1/60/ 

L.Kondratyulc 
M. Bhma tikov' & 1/ 

H.:Paissher, 
B.Kim/62/ 

C.Llewellyn
Bmith/6.3/ 

II.Eriosori 
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J.. Ti to.VJ6G/ 

2 
Koanec~e~ ~yx Hy&nOHOB B 
6q- Memox C!OJILmero, "18M 
Jq~mox ~ca.BospacTa

mre )tOJD[ YOpcltJIX KBapttOB B 
aanese no c~aeHBD c ,nea
TpoaoM Ha 60;f, , . 

. 3 

I. x=0,2-:-0, 7. 
2. Eom.IDlte x, 

MaJIHe x; 
COOTBOW8JDUI 
MOpcltJIX & Ba
JI8BTHWC I<Bap
KOB• 

fip111M8C:& 6q- KOIOIOH8BTY B R,lijlEI: . 
a} yrJiepqAa ~ corJiacoBaJDUI c I.x=O,I~,7. 
~ lil!lMC DpJl dOJILIIIKX X 2.MaJme x, 

6) aanesa )1,1UI ~amua ElttC 11 MBJJHe • 60JI:&IDlta x; 
~~Top ~e - !6~; 

B) TO &8,~0 6), HO 30%, 

r) SaBHCJr:T OT A KaK AI/3: 
,. IO% )1,1UI Be, 
.. 2o% )1,1UI ,,; , 

"' 30% )1,1UI J.u • 

llpliiMec:r. B .flJill9 &Mesa 12q
KOMIIOH8HTY (I7±6)if> , 

fipii!CyTCTBH9 B R.JUlEI C( - JUI~C
T9poB B KClJIII!'ClP,CTB9 (20,±5)ib • 

.fllulo co,nepuT 0, I2A IIHOHOB , 

a ~ corJiacoBaHBH ,naHHHX npll! 
MaHYX X Tpe6yeTOJI, ~061>1 )tOJIJI 
IIHOHOB Bospocna .no 0,4A. 

B ~ Dpii!CJTCTBymT O)tHOBp9Y8H~ 
HO 6q - KJiaCTepY II! IIHOHH • 
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X >I' 2 , 
Q - SaBJr:CBYOCT:&, 
A - 8aBJr:CBYOCT:&. 

I. x,.o,I. 
2. A - SaBHOBYOCT:& 

DPJr: 60JI:r.IDltX X. 

I. X,. O,I. 
2. A - SaBHCII!MOCT:& 

m>Jr: 60JILIIIIX X, 
"Jr:s6paHJWe" 
B,ltpa: 

4He, I2c;Is0 ,_ 

· I.x=O,I-:-0, 7. 
2.MaJIHe X\X 0,05) 

60JI:r.IDlte x, 
A-saBJr:CHMOOTL 
MHOll8CTBeHHOCTJt 
n± • .nm 
CTpaHJWX KBap
KOB I 

I. Dee x. 
2. Ma.IIYe II! 60JIL

ue x, ,nOJIJI 
NOpoKBX RBap
KOB B B,1Ul8X , 



,; 

' 

I 
S.Date · 
et al./70/ 

CTpyxTypHaJ'I ~ H,lijlS CO,lt8puT 
2 KOMnOHSHTH: nepBaH ~ CyuMa CTpyx
TypHHX «PYm«td HyMOHOB, BTOprui -
3K30TK~9CKaJ'I HS 88BHCsmaR OT A KOM
IIOHSHTa, BepoJnHOCTl> Ha~EWKSI 
KOTOpoR nponopUHO~Ha- A~/~, . 

I. X>·0,2 •• 

2. MaJJHe H 

60JILDIH8 X, 

x ~I,A-:-aa
BHcHMocT:&. 

Hs BTOro nape~ B~O, ~TO 60JILDIHHCTBO MO,ltBnel &a~8CTB9HHO 

COI'JISCYJJrCJi C 3KCU8p:m118HT8Jll>HiD4H ,ltSHHHMK B KHT9PBBJ18 K3Mep8HKJI X 

OT 0, 2 )tO 0, 7. O,ItHaKO KPHT~SCKM npoBep&a MO,D;Bnel Tpe6yeT TO~ 

,ItaHHHX Ha l'pSIDtl\f!X - npH MaJIHX ( X c::O,I) K 60JILIIIHX ( X >0,8, 

BIUJD~ X '>I ) 3Ha~8HHJJX X •. HsM8p8HKJ'I npK MaJlWC 'x BeC:&Ma Tpy,1tHO 

BHnOJJHKTl. Ha CYlllSCTBYJIItHX nyt1R8X H ycTaHOBKaX, B TO Bp8MJ'I KaK HC-

CJ19,1tOBaT:& o6JiaCTl> 60JILIIIKX X OpaBHKT9Jll>HO Jl8I'KO. " 

3. 3. KttepHHe aqxpeKTH B o6JiacTK · nepeMeHHol x > I 

XoTa l'JIY6oxoaeynpyrae pacceJ'IHKJl JienToHoB Ha MP~ B o6JiacTH 

X '>I, K3 KOTOpiX MOlWO IIOJIY'IKTl> HI$>~ 0 MHOI'OKBapROBHX CT8II8WIX 

CB060.ltli, wePJ~K:-:-,JtBDSHiim ll ,D;P.npo6JieMaX JJ,Itepma: a_qxpsRTOB CTpyxTypbl_ 

MaTepKK, .I!B.1l.1ml'CJ'I noxa MaJIO BOCJl9,ll;Ol\8liHJMf, B a,IijlOH~HHHX CroJIRHO

BeHBJ'IX &TB iipo6JleMH Hs~mCJt yze 60Jiee IO JieT. · HMea B BH.llY BIWIOCT:& 

o6JlacTK 60JILIIIKX aaa~em x ,IVIJI DDHKMaHKJ'I JJ,ItepHHX &®exTon B cTpyx

TYPHHX ~. ~anecoo6paaHO o6cy,ltHTL K COIIOCTaBKTl> H9ROTOpH8 ,ltaH

HHS IHP Jl8IITOHOB_ c peayJI:DTaTSMK a,D;POHHHX axcnepHMeHTOB B 9TOM ac

nexTe. 

llepBaH IIOnHTRS Ha~aT:& C06HTBJ'I C X >I B rHP MDOHOB H8 

JJ.ItpaX yrJiepo,lta _6wra npe.ltflpRHaTa ROJIJia60pSUHel Eun.MC. }lJisl: 3TOR UeJIK_ 
6wra npoaHaJIKSKPOBaHa ~CT:& C06HTKI npH 3H8pl'HK 280 TaB, BKJilltiaDI!aJ'I 

86000 pacce.flHlW B o6JlaCTH X> 0,2, llpB ,lt0IIOJIHKT8Jll>HHX KpMTepHJ'IX OT-

6opa -J >20 TaB K 0.~> 50 TaB2 &TOT Jlt8 Ha6op CO,ltep&aJI .360 C06li

Td c x > I. :3TH co6HTRII 61iJIH npocMoTpeHH -IJ>KaH&aMH aa ,ltHCIIJiee K 

Jlliiill> 2% K3. HKX 6WIK npKSHaHH coMHir8Jll>HHMK. }lJisl: C06HTID1 C X >I K 

x <. I npoxsne,1teao cpaaaeaHe Bcex reoMeTp~ecRKX pacnpe,D;Mem. ORK 

O&a3aJIHCl> IIO.)t06HHMH. llO,ltOdHHMK Jlt8 0Ra3BJ1K£l:& H X - pacnpe,lteJI8liKJl 

COdHTd B o6JiaCTB X >0,8 npH -]IJ3yx aaepl'lliiX.. ITOIIHTRH Od'WICHKT:& 

noJJBJieRHe COOOTd B o6JiacTK. X >I C IIOMOiltLII: a) OdH~O KCIIOJIL8Y8MO
l'O MSTO,]ta MoaTe-Kapno ~-~eTa KCRaJit8HRII·nepeMSHHWC aa C~BT RORe~
HOI'O paapemeHRII aimapaTypH :wm 6) aa c~eT 60Jiee TomtHX aqxpexToB (wop
MYJia . MOJI:De:Pa ~ woroxpa'iao.ro pacceJ'IHKJl, aHONaJil>HO 60JILmaa pacxo,ltK

MOCTl> ~. WOH OT ra.no ~a. "odH~oe" wap.m-;r:tBKll9mi9 K ,D;P.) He 

yneJI1laJIKc:& · ycnexoM. OTc~a 6wr c.ttanaa BHBO.lt, ~o aa~aeMHe codHTKJ'I 

c x >I o6yCJioBJieHH JIKdo &aRHM-To BTOP~ acMleKTOM, aexanecTHHM 

axcnepKMeHTaTOpliN, JIKdo omi o6yCJioBJieHH JJ,IteplWMB aqxpsRTaMH. 

109 

140 



IlpmiJm B R8li9CTB6 ,ltOCTOB9pHOR DOMS,ltHlO!l I'RIIOT93Y, MOJ!HO IIC::Ic · 

TSTLCJI BHtmCJIHTL ~6,PHYJl CTpyltTYJlHym ~ F 20 (X) • Trume BHtmCJie

Hl'!Jl 6wm d~e.jlami I 41 np:a 9H9pi'lm 280 reB c yCJIOBl'UIMll OT6opa X > 0, 5, 

'\) >30 reB, Q
2
>50 fa~,AKcettTaHC YCTSHOBIUI C Yl!STOM paa~1meJpiH H 

pa,J:tH.SnHOHHHe DODpaBKH 6wm: BHtmCJI6HH CTaJWipTHHM M9TO~OM l 5/ .Pe-

SYJIDT:apyimlaSI ~C (X) B SSBHCBMOCTH OT . X BWIOT.D ,1{0 X =I, 5 6wia 
annpOKCBM:HpOB8H8 9KCDOH9HTOR e.xp(-x/b), KOHCT8HT8 B KOTOp/oit qorJia

cyeTCSi c npe~cxasaHHeM ~parMeHT~OHHOR Mo~en:a: A.M.~a 29/ H 

pesym.TaTaMH ~OH-aAPOHHHX SKCD9pKM6HTOB (CM.COOTB9TCTB~6 ~OKna• 
,ltH ,ltaHHOrO CSMHHapa) • JfMeSI B Blt.IC" OCT8JIIlH9CJI COMHGHHJI o6 S,lteKBaTHOC

TH MOHTe-Kapn:o H eKcnepHM6HTa, np:HB6,It6HHH9 pesyJIDTaTH MOliUIO paCCMaT

pHBaTL K8K Bepxm:m oneHKy F
20

(x) B 06JI8CTH 60JIDWHX X. ,IT,7lSi ,lt8HHO~ 
ceMHHapa MHOtt H r.H.CMHPHOBHM_C~BnaHa oneHKa BOSMQKHHX OmH60K B 

HaMOHe •• b 11 sa cl!eT. paaHHX cnoco6oB oT6opa co6~d. Hcnom.aoBBJmc.& 

rHP MDOHOB Ha yrnepo~e npH 9H6prHH 200 raB H8 CT8THCTHK6 OKCJIO 

I,4"I04 co6HTHil B o6JiacT:a 0,6 .c: x <I,_8· :a HOBSSI nporpaMMa Mo~en:apo
BaHHSI C06HTHU.M6TO~OM MOHTe-Kapn:o, B KOTOpoft B ~ononueHHe K CTapoit, 

Ylll!TUB8n8C.D B03Ma!HOCT.D 6cnhmHX DOT9p.D 3H6prHH MDOH8 B ~~
HUX CTCJIKHOB6HHSIX. 3KCDOH6HURWII>!Wit ~T F20 (x)•aexp(-x,/:b) 6WI BWIOJI-

. H6H B ~yx o6JiaCTSIX: X < 0, 8 H X > 0 ~ 8, B peayJIDT8T6 K(:>TOporo DOJIY-

li6HO b::O,I32±o,005 H l>::0,094:&:8I COOTB6TCTB6HHO. B npe~enax 
oom6ox Haxnou 11 b " o~oB B o6en o6JiacTJJX. · 

0KOHliSTenLH09 ~OK838T6JIDCTBO Toro, liTO H8~86MH9 C06HTHSI B 

o6JiaCTH X~I ~eitCTBHTen.&HO DO~CSI sa C'IIST ~epHHX ~KTOB, 

6y,IteT DCJIYlleHo noCJie Toro; K8K npaBRnLHOCT.& Yl!9Ta paspe~en cno

co6uocTH yCTaHOBKH M9TO,ItOM MoHTe-Kapn:o 6~6T DOK838H8 Ha rHP B BO~O-
po~e, r,Ite C06UTHSI C X >I ~OJWD:l DOSIBMTLCSi TCJI.DKO sa CliST OmH60K 

B BUtmCJI6HKH KHH6M8THli6CKl!X nepeMeHHHX. K aHanHSy 3Tl!X ~aHHHX KCJina-

60paw~SI EU.ll}dC yxe np:acTynWia. 

BoaMolltHocT.& :asYl!eHHSI KBapx-napToHHoit cTpyxTypHoii.~YHKnHH ~ 
B ~OH-8,ltpOHHUX B38iO,IteftCTBHSIX OCHOBBHa H8 ~parM6HT~OHHOit MO

,ItMH A.M.EaJr.Itmm 129 • Krume pesym.TaTu, XapaKTepHaYJIIIHe ~o c 

TO'IIKH speHHSI ero KB8pKOBOft CTpyKTYJlU, DCJIYli6HH B a,ItpOH-aAPOHHWI: 

3KCnepHM6HT8X H KaK 0~ corn,CYDTCJI C STOH MO,Iten.&D ? Il0~06HOCTH MOK

HO HaitTH B nHT6MTY]e 7I-?S , a TEllOit6 B ,ItOMS,lt6, npe~CT8M6HHOM Ha 

',It8HHOM C9MHH8pe /?~7. K OCHOBHUM pesym.TaTSM MOEHO OTH9CTH CJI6,1tYD

IIIH6: 
I. YHHBepcam.uocTL X8 - SaBlllCKMOCTH HHKJIJ)SHBHWt celleHllil po-

~eHHSI fl± H K±- M930HOB DO,It yrnaMH,6n:HSKHMH K 180°, H3M6p6HHUX 

H8 MHOrl!X ~ /?S{z li1X 8HBnOrHSI COOTB6TCTBYDml'!M pesyJIDT8T8M nan-
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TOH-~epBHX 8KCnepHM8HTOB,AAPOH~OHHHe ~aHHHe npo~BHynHCL B o6-
n8CTL aliaqaTenLHO 6onLWHX X8+? noxa He~OCTynnyD B nenTOHHHX 3K-
cnepEM8HTSX,HS-3a MBnOCTR ce~eHHR •. Ha~eHHe C06UTHi C X

8
>3 

yrulSUBaeT Ha npRCYTCTBHe B JI,IUl8 MHOrOKBapKOBWC COCTOJIJmil C qijMOM . 
KBapKOB 6onLme 9. 

2. 0THOmeHHH ce~eHHI p~eHHH nROHO' H' CBHHUe H 6onee ner.KHX 
_ H)Ulax ( d , He , Al ) B 3aBHCHMOCT1ri OT X

8 
76 HM81lT Jta,PaKTepHUit MR-

JmMYM np1ri X8"" 0, 6 H CTp8MSITCJI K l npH X1f ... ~· :3TO T8 lite sa~OHOMep
HOCTH, KOTO!'H8 Ha~CJI B. OimTax CJIAI~ !7 , 

3. A - aanRCHMOCTL . CTPYKTYJlHOit ~ ~ B odnacTH X11 > 1 

np1ri cFln<C:HpOBaHBOM. X8 =1,3 HM88T MOlltliHU BB,It: npK MWillX, A ce~eHHH 
pacTYT norap~ecu, a ~ A > 30 HMeeTCJI yxaaaHMe aa noJIMeHMe 
IJJiaTO • Taue · ~amme ll3 .ll!P nenTOHOB noxa OTCYTCTBym'. Mu BH,l\8nK, lrrO 
A - sanKcHMOCTL ce~eHHa lliP anexTpoaon HayqanacL nHWL n onuTax 
CJIAK ~o x<0,9. 

COBOKynHOCTL ~OH-~epBHX ~aHHHX B JtYMYMT]i[BHOit OMSCTH (X > I) 
He Hamna noxa y,AOBn8TBOpHT8nLHOro T80p9TKq8CKOrO OnKCSHnJI, OCHOBaH
HOrO Ba e~oit KaPTRH8 ~, XOTJI PM MO~eneil, llp9Nl0llt8HHUX NISI 
o6~cHeHKJI ~KTa EMc,·x,~ecTneHHo OnRcUBaeT H KYMYAHTnHHe ~K-
TU ( OM,, Hanp, /55,57,66 ) • . 

B saKJlJJ'teHMe aToro. pas~ena MOlltHO cxasaTL Me,eyDJtee: 
I. ::JrixlleKT EMC, npe,ItBapHTenLHI:le nenTon-~epHI:le H oC:SnillpHI:le ~

poH~~epHI:le ~aHBHe H no~06He B HX DOB8~8HHH B.KYMfnJIT]i[BHOR OMSCTH 
KHH9MSTH'I8CKHX nepeMeHHiiX ( OMSCTH, aanpenteHHoil npH CTonKHOB~HHH .· 
D~aD!!t8H ~CT~ C O~RHO~ llOKO~CJI HyxnOHOM) yxaaUBallT Ha cy
llt8CTBOBamie B H)Ulax MHOroKBapKOBWC COCTOJIHHa, liHa~e rOBOpsr, B onpe
~eneHHoil KRBSMaTaqecKOil OMaCTH MH ~OCTHrnR rpa~ npHM8HHMOCTH 
l<JlaCC~8CKOH M0~8JIH, B KOTOpOH B ~~8CTBB OCH~BIWX KBaSH~CT~ ~ep
HOR MaTepHH cqaTanacL HyxnoHI:l, 

2. _Tax llt8 xaK ~0 npH onpe,ItM9HHHX YMODHSIX He CBO,ItHTCJI K 
npocToil CYMMS npoToHon .R neRTpoHon, ero,ijO-BH.ItHMoMY, nenoaMOlltHO 
CBSCTH H K npOCTOH CYMM9 paanH~X MHOrOKBapKOBWC COCTO~it. nAPo 
8CTL ~H, KBapK-rnDOHHaJI CTpyxTypa KOToporo Tpe6yeT cne~Horo 
RsyqeHHJI. 

D ·aaxnD~eHHe JI BUpalltSD dnaro.xtapnocTL A.M.~, A.H.EWpeMony, 
B.r.KpnOXHXHHY 11 r.H.CMHpHOBY aa noneaHHe oC:Sc~eHHJI H llOMOmL npH 
DO,ItrOTOBKe ,ItOKn~a. 

H) 0llpe,ItM8HH8 D8p8M8HHOil X CM, B /72/, s . 
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cPH3HKa 
onpHpOAa», 1984, N2 4 6{ 

HHtepcpepeHLVUI BO B3aHMo.qeHCTBHJIX MIOOHOB 

H. A. Ca&MH 

J.1ropa AneKceeaH~ CaaHH, AOKTOp <j)H3HKO·MITBMITH~ecKHX HlyK, 
Ha~.tani:IHHK HIY~H0•3KCnepHM8HTani:IHOro JneKTpCHHOro 0TA811a na .. 
6oparopHH laiCOKHX 3HeprHii 061oBAHHBHHoro HHCTHryra •AepHaiX Hccne
AOBIHHM (,£ly6Ha). 06nacra Hay~HbiX HHTepecoa - 3KcnepHMBHTBnbHU 
t;pH3HKa 3118M8HT1pHbiX ~~crH4. 

3a nocne,qHHe ,qaa ,qecu~o~nerHH cj)H3HKH 
,qo6HnHCb KpynHbiX ycnexoa a no3HaHHH crpoe
HHH MarepHH H OCHOBHbiX 3aKOHOMepHOCTeH 
MHKpOMHpa. 3TH ycneXH ,qOCTHrHyTbl Ha ·,qayx 
·cppoHrax - Ha reoperHLfecKoM, r,qe o6o6-
~aiOTCH iiaKonneHHble cj)aKTbl, H~yrcH · Ja
KOHOMepHocrH, Ha HX OCHOBe CTpOHTCJI MO
,qenH H r. n., H Ha 3KcnepHMeHranbHOM, r,qe 
Mo,qenH npoaepHIOTCH (onpoaepraiOTCH HnH 
no,qraepM<,qaiOTCH) H r,qe nonyLfaiOT HOBble 
,qaHHble ,qnH loix yroo.iHeHHH H ,qanbHei1wero 
pa3BHTH.H. TonbKo acecropOHHe npoaepeHHble 
MO,qenH CTaH.OBJITCJI TeOpHHMH, KOTOpble 06b
JICHJIIOT BCe H3BeCTHble HBneHHJI H npe,qcKa-
3biBaiOT HOBble. 

Ha HawHx rnaJax raKoi1 nyrb npoxo,qloir 
(HnH, aepHee CKa3aTb, noLfTH npowna) Mo
Aenb, o61oe,qHHHBWaJ1 3neKrpoMarHHTHb!e H 
cna6ble B3aHMo,qei1cTBHll. TeoperHLfeCKHe nci
crpoeHHH B OCHOBHOM 3aaepweHbl H Tenepb 
no,qaepraiOTCH KpHTHLfeCKOH npoaepKe, O,qHa 
H3 rnaaHbiX rHnore3 3TOH reopHH - cy~ecr-

• BOBaHHe Tpex TH)f(enbiX LfaCTHJ..i, IIMeHyeMbiX 
npoMe)f(yTOLfHbiMH BeKTOpHbiMH 6030!iaMH, 
KOTOpble BMecre·c cj)OTOHOM liBnliiOTCll nepe
HOCLfHKaMH 3neKrpocna6oro B3aHMO,qeHCTBHJI, 
B npownoM ro,qy cj)H3HKH Eaponei1cKoi1 opra
HH3ai.IHH ll,qepHbiX HCcne,qoaaHHH (LJ,EPH, >Ke
Heaa) cyllllenH 3aperHcrp~o~poaarb npoMe)f(y
T04Hble 6030Hbl B npliMbiX 3KCnepHMeHTaX 
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Ha MO~HOM ycKOpHrene. 4ecrb nero IPYHAa
MeH·ranbHoro orKpbiTHH npHHa,qne)f(HT 6onb
woMy . HHTepHaL\HOHanbHOMY. KOnneKTHBy, 
pa6ora10~eMy no,q pyKoao,qcraoM K. Py6-
6~o~a1. .· . ·. 

,aae H3 3THX LfaCTHL\ 3apll)f(eHbl (W+ H 
W-), a O,qHa - HeHTpanbHa (Z0). Z0-6o-
30H 06Hapy)f(HBaeT ce6ll BO MHOrHX npOL\eC
CaX cna6oro B3aHMo,qei1cTBHll 3neMeHrapHbiX 
4aCTHL\. no3TOMY 1.1enbl0 3KCnepHMeHrarop08 
liBnHnHCb He TOnbKO npHMble 3KCnepHMeHTbl 
no ero pO;>t<AeHHIO Ha ycKOpHrenllx, HO H 
noHcK liocaeHHbiX CBHAeTenbCTB ero cy~ecr
aoaaHHll, T, e. HCCne,qoaaHHe 3cj)cj)eKTOB, KOTO• 
pble liBnliiOTCll cne,qcraHeM ero HanHLfHll 8 :i 
tlpHpo,qe. 

Mbl paccKa)f(eM o6 OAHOM 113 raKHX 
3KCnepHMeHTOB 1 KOTOpbiH 6bln BblnOnHeH 8 

' 1980 r. a U,EPHe, e~e ,qo npliMOro Ha6mo
AeHHH Z0-6o30HOB. 06pa6orKa ,qaHHbiX II HX 
aHanH3 JaHHnH .Aaa ro,qa, no3TOMY pe3ynb
TaTbl 3KCnepHMeHTa 6blnH ony6nHKOBaHbl 
nHWb !1 1982 r. 0HH He TOnbKO AOKa3biBaiOT, 

'eM.: np~poA•, 1983, N2 4, c. 107; N2 a, 
c. 102. CM. TIK>Ke: CMOHAblpea M.A. npo
M8JKYTD~H .. I8 18KTOpH .. I8 6C30Ht:.t.- npMpOAa, 
1983, N2 12, c. 21. 



61 

'ITO. zO CyLI.\eCTByeT, HO H CBHAeTenbCTB_YIOT 
0 6onbWeM - 0 TOM1 'ITO AB!I H~ 'leTbl.~ 
pex . OCHOBHbiX a3aHMOAeHCTBHH B npHpOAe 
AeiicTaH'renbHO liBnliiOTCll pa3nH'IHbiMH npo
RaneHHJIMH Apyroro, 6onee cpyHAaMeHTanb
iloro 83!1HMOAeHCZTBHJI 3neMeHT!IpHbiX 'I!ICTH~. 
' . npe>KAe '!eM o6cy~AaTb 3KCnepHMeHT 
H ero pe3ynbT!ITbl1 OCT!IHOBHMCJI HeCKOilbKO 
•nOAp06Hee H!l OCHOBHbiX npeACTaaneHHJIX 0 
crpoeHHH .... caoi1cTaax M!ITepHH H cHnax, 
uynpaanliiOLI.\H_X MHpOM», 

CEMEACTBA 3JlEMEHTAPHbiX 4A-
CTHU 

no COBpeMeHHbiM npeACT!IBneHHJIM, 
BCJI M!ITepHll nocTpOeH!I H3 ABYX CeMeHCTB 
3neMe_HT!IpHbiX 'I!ICTHU, - nenTOHOB H KBap
KOB, 

Ha ceroAHll H3aecTHbl 6 nenTOHoa: 
Tp14 3!1pli>KeHHbiX - 3l'leKTpOH (c· M!ICCOH 
OKono 0,5 . M3B), MIOOH (105. M3B) H 
T-nenroH (1 ,8 r3B) -:- H TpH HeHTp~nbHbiX. 
(c Ma~coi:i, 6nH3KOH K Hyn10) . -:- 3neK·T
pOHHoe,. MIOOHHOe H T-HeHTpHHO, 

, l<aapKH, B OTnH'IHe OT nenTOHOB, B 
CB060AHOM COCTOJIHHH, n~BHAHMOMy, He cy
L4ecTBYIOT. 0AH,!IKO CeH'Iat y)i<e HH y KOro He 
abl3blaaeT coMHeHHll roT cpaKT, 'ITo a call3aH
HOM COCTOJIHHH. OHH .BXOAIIT B COCT!IB npoTo-. 
H,os, Hei1TpoHoa, 1t-Me30HOB .... ApyrHX 'I!ICTHU,,_ 
KOTOpble H!l3biB!IIOT !IAPOH!IMH, ·4HCnO'H3BeCT
HbiX BAPOHOB CeH'I!IC y>Ke lipeabiW!IeT 300. 

3KcnepHMeHT!InbHO nOK!I 06Hapy>KeHbl 
KB!IpKH nlltH. BHAOB (HnH, K!IK npHHJITO ro
BOpHTb1 apOM!ITOB): 3TO KB!IpKH U, d, S, C H b. 
npeACK!I3!1H, HO noKa He o6Hapy>KeH WeCTOH 

· KaapK 't. Bee KaapKH 3neKTPH'IeCKH 3!1pli>Ke
Hbl, HO ·a OTnH'IHe OT nenTOHOB OHH HMeioT. 
Apo6H~o.•i1 3ap11A, KpaTHbiH 1 /3 3ap11Aa 3neKT; 
pOHa (-1 /3 y KliapKOB d, $1 b H +2/3. y 
KB!IpKOil U, C H·t). 

BceM nepe'IHCIJeHHbiM 'laCTHI.IaM, KoTo-. 
pble H!l cerOAHJI C'IHT!IIOTCJI cpyHABMeHT!Inb
HbiMH, COOTBeTCTBYIOT HX !IHTH'I!ICTHU,bl. 

. l<oM6HHHpyliC.b B rpynnbl,· KB!IpKH o6pa-
3YIOT pa3nH'IHble !1Ap0Hbl, · 4aCT,HU,bl, COCTOJI
L4He H3 Tpex KB!IpKOB1 Ha3biB!IIOT 6apHOH!I
MH, I{ HHM OTHOCJITCJ11. B .'I!ICTHOCTH1 npOTOH 

•.· (KaapKOBbiM COCT!IB uud) H .HeHTpOH (udd). 
' Apyroi:t o6WHPH!>IH Knacc !IAPOHOB - 3TO . 

Me30Hbl1 B COCT!IB KOTOpbiX .BXOAJIT· y>Ke He 
TpH, a AB!I . KB!IpKa. npHMepoM MO>KfU cny

. >K14Tb :t+-Me30H. (K.BapKOBbiH COCT!IB ud). 
JlenTOHbl H KBapKH OTHOCJITC~ K _cpepMHO

H!IM - 'I!ICTHU,aM C nonyu,enbiM 3Ha'leHHeM 
cneu,HcpH'IeCKOH. KB!IHTOBOH xapaKTepHCTH
K14 - •CnHHa. B CHCTeMe ·eAHHHU,, npHHJITOH 
B tpH3HKe 31leMeHT!IpHbiX 'I!ICTHU, (h=c=1 ), 

· C014H KB!IpKOB H nenTOHOB paaeH 1/2. 
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H. A. Caolii< 

4ETbiPE OCHOBHbiX . · B3AHMOAE171-
CTBH.sl •. HE CJlHI,!JI<OM Jll-1 MHOr01 

Bee Ha6niOAaeMi.le a npHpOAe· cpH3H
'IeCKHe npou,eCCbl npOHCXOAliT, .B .KOHe'IHOM 
HTore, a pe3ynbTaTe roro, 'ITO 3neMeHr'ap~ 
Hble 'I!ICTH.U,bl BCTynaiOT BO -B3aHMOAeHCTBHJI 
Me>KAY co6oi1; . 

3TH B3!1H~OAeHCTBHJI MO>KHO pa3Aenlo1T!> 
H!l 'leTblpe THna: CHnbHOe, ·3n~KTpOMarHHT
HOe, cna6oe H rpa!IHTau,HOHHoe. rpaaHTa
U,HOHHoe B3aHMOAeHCTBHe onpeAenlleT 3!1KO" 
Hbl ABH>i<eHHJI BCeX MaKpOi::KOnH'Ie(!<H.X Ten BO 
BceneHHOH, HO a· MHKpOMHpe HM MO>KHO nO_Ka 
npeHe6pe'lb (n03TOMY a Aa.iibHei1weM Mbi erb 

. Y'IHTbiBaTb He 6yAeM). Cna6ble B3BHMOAei1c-f~ 
. BHJI OTBeTCTBeHHbl 3!1 ' .JlpOU,E\CCbl· pa~naAa -
!ITO~HbiX JIAep H i1Ap0HOB.· HaH.6011ee H3· 
a.ecTHbiH npou,ecc,. HAYLI.\HM 3a C'leT. c~a6oro·. 
Ba!IHMOAeHCTBHJI,. 3TO ~-pacnaA 'HeHTpOHa ·a 
11Apax. C 3neKTpOMarH.HTHbiM ·B3aHMOAeHCTBH.: 
eM, 'T!IK >Ke KaK .H 'c rpaBHT!IU,.14ei1, lice:•Mb~ 
3H!IKOMbl c<JiH'IHO»: 3n.eKTpH'IeCTB01·p!IAH·o,·~e;,. 
neaHAeHHe, HcnyCK<!HHe ·11 norrioll\eHite c.SeTa, 
MarHet:H3M :-- ace. 3Tci .pa3Hop6pa3Hb1e ·ero 
npo11aneHHJ1. SnarOA!IPll ·cHn~>Ho.My B3i:IHMO• 
Aei1cn_HIO ao3HHKaiOT cHnbl, YAep>KHaaiO~He · 
3apli>KeHHble npoTOHbl 11 3neKTpH'IeCKH .Hei1T
panbHble Hei1TpOHbl a 11Apaic aToMoa •. KpoMe 
TOrO, OHO OTBeTCTBeHHO 3!1 pa3siH'IHble JIAep
Hble npou,ecCbl, 6onbWH':'CTBO !13 KOTopbiX a 
eCTecTBeHHbiX 3eMHbiX ycnOBHJIX He npOHCXO
AliT' -'- itx · Momtlo aocnpoH3aecTH · nHWb. 
Hi:KyccTaeHHbiM nyTeM, . H_anpHMep, a liAep-
HbiX peaKTopax HnH ycKopHTenS.x. · · 

B COOTBeTCTBHH C COBpeMeHHb\MH npeA
CTaaneHHJIMH1 B3aHM,OAei1cTBHe .Me>KAY.ABYMll 
_3neMeHTapHbiMH 'I!ICTiitl.I!IMH npOHCXOAHT 3!1 
C'leT 06MeHa TperbeH· '+!ICTHU,eH, KOTOpall, 
T!IKHM. o6pa30M1 ll~nlleTCJI :nepeHOC'jHKOM 
B3!1HMOAeHCTBHJI1 KB!IHTO/i!. o6ycnoaneHH0rO 
HM nonll CHn. 'l<a>KAOe !!3ato!MOAei1cTiiHe .xa
paKTepH3yeTCll, KpoMe roro,· p,aAHYCOM Aei1-
CTBHJI _.;_ OnpeAeneHHbiM paOCT()JIHHeM, H!l Ko
TOpOM OHO npOliBnlleTCJI, 11' HHTeHCHBHOCTbiO. 
4eM 6onbwe paAHYC B3!1HMOAeHCTBHll, . reM 
MeHbwe .Macca 'I!ICTHU,bl~nepeHOC'IHKa. 3neKT
poMarHHTHble CHnbl 0Tn_lo1'1!110TCJI CBOHM A!lnb
H.OAeHCTBHeM, 'cooraeTCTBeHHO cpOTOH _..: [le~ 
peHOCLiHK. 3neKTpOMarHHTHOro B3!1HMOAei1cT
BHll ·- 'lacTHu,a, nHweHHall; MaCCbl. PaAHYC 
cnci6biX B3!1HMOAeHCTBHH1 Hao6op()T, O'leHb 
Man·- nopliAKa 10-16. c.M·. no3TOMy npo- · 

. Me>KyTO'IHble 603'0Hbl.:.-_nepeHOC'IHKH CJJa6'biX 
a3aHMOAeHCTBHH ~ O'leHb MaCCHBHbi;: npH
MepHO a 1 00 pa3 Tllmenee npoToHa. (HMeH
HO n03TOMY HX nrliMOe .Ha6n10AeHHe CT_ano 
B03MO>KHbiM nHWb HeAaBHO, KOrAa a UEPHe 
6bin 3anyL4eH pp-Konnai1Aep· Ha 3HeprHIO 
540 r3B.) 



HHrepcpepeH4H" Be a3aMMoAe·~·cr·a·HJIX .. .,~oiOOHoi 

I;IHTeHCHBHOCTb B3BHMOAeHCTBHJI KOnH-
4eCTBeHHO onpeAenReTCJI HeKOTOpOH no
CTOJIHHOH, KOTOpyto Hi!3biBBIOT KOHCTBHTOH 
CBSR3H ABHHOrO B3aHMOAeHCTBHJI, no aenH4HHe 
KOHCTBHTbl CBJI3H B3BHMOAeHCTBHJI BbiCTpaH
BBIOTCII B cneAyto~eM nOpiiAKe: rpaBHTBL\HOH
HOe, AJlll KOTOporo OHa CaMaJI ManeHbKBII, 
cna6oe, 3neKrpoMarHHTHoe, a 3aTeM CHnbHOe. 

l;lraK, AOCTBT04HO ABYX ceMeHCTB 3ne-. 
MeHTapHbiX 4aCTH4 H 4eTb1pex BHAOB B3aHMO
AeHCTBHH1 4T06.bl OnHCaTb .<JlH3H4eCKHe npo
L.~eCCbl, npoHCXOAII~He a . npitpoAe. Ho He 
cnHWKOM nH no MHorol BeAb HeT IIBHOH 
npH'4HHbl1 no KOTOpOH npHpOAa AOn>KHa 6b1Tb 
C:ronb «He3KOHOMHOH». Henb311 nH caecrH ace 
K OAHOMY .CeMeHCTBY 4BCTHL\- H OAHOMy, HO 
6onee <JlYHAaMeHTanbHOMY B3aHMOAeHCTBHIO 
Me>KAY ero 4neHaMH1 HaA 3THM aonpocoM 
y>Ke ABBHO AYMator tJlH3HKH a 4ecronto6H
BOM CTpeMneHHH C03ABTb eA11HYIO TeOpHIO 
<JlYHAaMeHTBnbHbiX _B3BHMOAeHCTBHH, 3ro 
BOBCe He 03Ha4aeT OTKa3a OT y>Ke AOCTHrHy~ 
roro, or C03AaHHbiX reop11i1. Pe4b HAeT o 
TOM, 4T06bl pa3nH4Hble ·a3aHMOAeHCTBHII 
y4aCTBOBanH Ha paBHbiX npaaax B paMKBX 
6onee o6~ei1 reop1111, 6blnH npo11aneHHIIMH 
OAHOrO H Toro >Ke,_ eAHHOro B3BHM9AeHCTBHII· 
a pa3ni14HbiX <JlH3H4eCKHX cHTYBL\HIIX. I;!MeH
HO .TaK npOH30WnO C. 3neKTpH4eCKHMH 11 
MarHI1TKbiMI1 c11naM11, KOrAa · ,ll,>K. MaKcaenn 
06beA11HI1n 11X B OAHYr noKa3aB, 4TO Ha ca
MOM , Aene . OH11 npeACTBBniiiOT co60H ABe 
pa3ni14Hble pean113a41111 eA11HOro 3neKrpoMar
HI1THoro B3ai1MOAeHCTBI111. HeAaaHo Mbl cran11 
CB!o!AeTEiniiM11 cneAYtO~ero wara: 6blna nocT
poeHa Te0p1111, B KOTOpOH BCKpblnacb TecHall 
CB.R3b CTOnb HenOXO>K11X. Ha nepBbiH B3rn11A 
B3a11MOAeHCTBHH, KBK cna6oe 11 3neKTpOMar
HI1THOe,' 

CTAH,D,APTHA51 TEOPI;151 3JIEKTPO
CJIA5biX B3A1;1MO,D,EVICTB1;1VI 

06beA11HeHI1e cna6biX 11 3neKTpoMar
H11THbiX B3BI1~0AeHCTBI1H 6blnO AOCTI1rHyTO 
Ha ocHoae TaK Ha3blaaeMbiX ;Kan116poa04HbiX 
noneii, KBBHTbl KOTOpbiX cny>KaT nepeHOC4HKa-. 
MH B3ai1MOAei1cral1ii2• B cny4ae 3neKrpocna~ 
6oro B3ai1MOAeiicTBI111 ..ix 4eTb1pe: xopowo 
113BeCTHbiH BCeM <JlOTOH 'Y H Tp11 4BCTHL\bl, 
nepeHOC.R~I1e co6craeHHo cna6b1'e B3ai1MO
Aei1cTBHII- w+, w- H z•. Teop11~ 3neKTpo-· 

1 cna6biX B3B11MOAeHCTBI1H 6blna ·pa3BHTa B 60-x 
rOAaX .B pa6orax c. Bai1H6epra, w. rn::~woy 
11 A •. CanaMa. 3a npoweAWI1·e roAbl oHa 
AOKa3ana CBOIO >KI13Hecnoco6HOCTb1 B Hee 

1 A H c e n• M A. A. 8 noHCKax eAHHOH TeOpHH · 
CIJYHAaMeHTanDHbiX B3aMMOA8McTBa.tH.- npHpO• 
AB, 1980, N2 6, c. 9; N2 7, c. 63. 
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BepiiT 60nbW11HCTBO <JlH311KOB 11 Ha3biBaiOT ' 
«qaHAapTHOii>i.3. . . . 

npH nocrpoeH1111 CTa~AapTHOH Teop1111, 
KpOMe _ HHTYI14H11, aHanorHH C KBaHTOBOH 
llneKTPOAHHBMHKOH H TeopeTI14eCKOrO onbiTa 
npeAWecTBeHH11KOB, ee aaropbl 11cnonb3oaan11 
TaK>Ke 3KcnepHMeHranbHble tpaKTbl o cTpyKry
pe cna6biX B3ai1MOAeHCTBI1H. 0HI1 npeAMO
no>KHnl1, 'ITO npH AOCTBT04HO 6onbWI1X 
3HeprH.RX B3B_I1MOAeHCTBYIO~HX 4aCTH4 ·3_neK
TpOMBrHHTHble H cna6ble B3BHMOAeHCTBI1ll1 
KaK ABB B03MO>KHbiX np011BneHI1ll OAHOrO, 
6onee <JlYHAaMeHTanbHoro B3aHMOAeHCTBI1ll, 
6yAyT Hepa3ni1411Mbl B. TOM CMbiCne, 4TO 

' Jiepo.RTHOCTH pO>KAeHI1·~ npoMe>KyT04HbiX 
BeKTOpHbiX 6030HOB 11 <JlOTOHOB . 6yAyT Cpaa
H11Mbl, nocKonbKY BepOliTHOCTb .TBK11X np04eC7 
COB nponOpl.\110HBnbHa KBaApary COOTBeTCT
Byto~eii KOHCTBHTbl CBll3111 TO KOHCTaHTbl 
CBll311 cna6oro H 3ileKrpoMarHHTHoro a3aHMo
'AeiicraHii (o6o3Ha.4aeMble . coo-TaercTBeHHo 
6yKaaMH 9 H e) TaK>Ke AOn>KHbl 6b1Tb cpaBH11~ · 
Mbl no aeni1411He. 8 _ CTBHAapTHOH reop1111 
CB.R3b Me>KAY. H11MI1 04eHb npocra: 

e=g· sin e.;. 

Yron 9 w• Ha3biBaeMbiH yrnoM Bai1H6epra;-~ 
3TO cao6oAHblii napaMerp- reopH11, onpeAe
n.ReMbiH H3 OMbiTB, (06bi4HO Mp11BOA11TCJI 
He 3Ha4eHI1e · caMoro yrna,;- a_ KBaApar ero 
CHHyca: sin2 ew=0,229±0,01 0.) MaCCbl npoM~
>KYT04HbiX 6'?30HOB TBK>Ke CB.R3aHbl 4epe,3 
3T_or napaMerp: 

M =M • cos9 • w .z, w 

CraHAaprH~II reop1111 3aMe4arenbHa 
TeM, 4TO HMeeT MHOrO npeACKB3BHI1H1 npo
aeplleMbiX Ha on biTe. K 411cny HaH6onee 11p
KHX 113 HI1X orHoCI1TCII npeAcKa3aH11e· TaK H~ 
3blaaeMbiX HeiirpanbHbiX 'TOKOB - npoL.~ec
coa, B03HI1Kai0~11X BCneACTBI1e o6MeHa HeHT
panbHbiM Z0-6o30HOM. B MOMeHT 'c03AaHI1ll 
craHAap~lioii reopl111 (rorAa ee. e~e npocro 

· Ha3blilanH MOAenbto BaiiH6epra - CanaMa) 
TaKI1e npOJ.4eCCbl B 3KCnep11MeHTe e~e He 
Ha6ntoAaiiHCb. 0HI1 6blnH OTKpbiTbl B L\EPHe 
B 1973 ,r,4 

J 3a ~YHAaMeHTanbHbiH aKnaA I C03AaHa.te T80• 
pHH, o6-a.8At4HitOW.eH cna6oe H JneKTpOM4tHHT~ 
Ho'e B3aHMOAeHcra~u, c. BaHH6epr, w. rn3woy 
" A. CanaM 6•rnM YAOCToeH•r Ho6eneacKOH npe
MHM no cj>M3MKe >a 1979 r. CM.: K o 6 3 ap eal-!.10. 
IlaypeaT•r Ho6eneacKo04 npeMMM 1979 roAa no· 
cj>M3HK8 -c. Ba04H6epr, w. rn3WOHy, A. Ca
naM.- npMpo,4a, 1980, N2 1, c. 84, 
• M .. pTe M •.• H 0. B. n. npo6neMa H8HTpan•
.HbiX cna6wx B31HMOAeHcraa.tH.- npMpOAir 1974, 
N2 2, c. 105. 
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BI»KHbiM cneACTBHeM CT~HABPTHOH Teo
pHH HBnHeTCH T0 1 ~TO aenH~HHII napaMeTpa 

sin29w AOn>KHII 6b1Tb OAHOH H TOH >Ke, Ka
KHe 6bl peBK4HH C y~aCTHeM nenTOHOB (HeHT
pHH01 3neKTpOHOB H MIOOHOB) HH .H3y~anHCb, 
B nepHOA c 1973 no 1.979 r. noT BbiBOA 

61o!n TaK>Ke nOATBep>KAeH B. MHOrO~HCneH
HioiX 3KCnepHMeHTIIX1. BloiOOnHeHHioiX. C OOMo
ll.lloiO HeHTpHHHbiX ny~KOB H ny~KOB nOnHpH-
30BIIHHbiX 3neKTpOHOB

5
, 

3KcnepHMeHT C OOnHpH30BaHHioiMH 

30eKTpOHIIMH 61o1n OC06eHHO Ba>KeH, OOCKOnb
KY .a HeM 61o1no nony~eHo nepaoe yKua

. HHe Ha .To, ~To 3neKTpocna6oe B3BMMOAeiicT
BHe, 061oeAHHHeT Cn~6oe H 3neKTpOMarHHT

HOe H AeHCTBHTenbHO Cyll.leCTByeT B npHpo
A81 ·a He HBnHeTCH npOCTO MBTeMIITH~eCKOH 
a6cTp11K4HeH, npHAYMIIHHOH AOCyitcHMH cpH3H-

- KiiMH,' ,ll.eno B TOM, ~TO 3neKTpOH - 311pH
'>KeHHU ~IICTHLIII• nonoMy.a OTnH'IHe OT HeHT

pHHO, KOTOpOe MO>K8T. y~aCTBOBIITio TOnloKO 
B cna61oiX B311HMOAeHCTBHHX1 nepeHOCHMbiX 
npoMe>KyTO'IHbiMH 6030HIIMH1 OH BCTynaeT 
Taic)l(e B 3neKTpOMarHHTHble B311HMOA8HCTBHH1 
nepeHOCHMble cpoTOHOM. EcnH AeHCTBHTenbHO 

o6a ·3TH B3BHMOAeiicTBHH BHOCHT .caoii BKnBA 
B npOL!eCC pacceHHHH, TO Me>KAY HHMH AOn>K
H.a HM8Tb MeCTO HHTepcpepeHL!HH, 3TO npH
BeAeT. K TOMy, ~TO aepOHTHOCTb pacceHHHH 
30eKTpOHOB 6yAeT 311BHC8Tb OT HanpaaneHHH 

· HX npOAOnbHOH nonHpH311L!HH, (npOAOnbHOH 
nonHpH311L!HeH Hll3biBiteTCH cpeAHee 3Hit'leHHe 
Op08KL!HH COHHII 'IIICTHL!bl Hit HanpaaneHHe ee 
ABHMceHHH." nonHpH311L!HH MO>KeT MeHRTbCH 
OT + 1 j KOrAa HanpaaneHHe CrlHHII COBOIIABeT 
c · .HanpaaneHHeM ABH>KeHHR, AO -1, KOrAa 

oHo npoTHaonono>KHo.) B paMKax craHAapr
HOH TeOpHH MO>KHO Bbi'IHCnHTb Ce'leHHe (ae

pOHTHOCTb) pacceHHHH AnH KII>KAOH nonRpH-

.. 311L!HH H. OnpeAenHTb IICHMMeTpHIO A - pa3-
HOCTb ce~eHHH paCC8RHHR 3neKTpOHOB. C pa3-

. HOH nonHpH3114HeH, AeneHHYK? Hll HX CYMMy. 
EcnH ce'!eHHe pacceRHHH oTpHi.!aTenbHbiX ~ac
THL! C nonO>KHT.enbHOH H OTpHL!BTenbHOH no

nRpH311L!HHMH o603HII'IHTb COOTB8TCTB8HHO 

a":-(+1) H a-(-1), TO-

A_:._(a-(+1 )-a-(-1 )]/[a-(+1 )+a-(...::.1 )]. 

AcHMMeTpHll .. .a ·pacceHHHH nonHpH3o

aaHHbiX 3neKTpoHoa liApaMH AeHTOHOB 61o1na 
H3MepeHa B OObiTIIX Hit nHHeHHOM YCKOpH

Tene CraHcpopACKoro ycKopHre.ribHoro. L!eHT
pa (CWA). 3To 61o1n o'!eHb TPYAHbiH 3Kcne~ 
pHMeHT, TIIK KIIK pac'!eTbl npeACKa3biBIInH 
IICHMMeTpHIO Hll ypoaHe COTbiX AOneH npo
L!eHTII. 61o1n0 OOKII311HO, 'ITO 3HIIK IICHM
MeTpHH A H ee a6contoTHIIll aenH'IHHa 

. j . 
6 CM.: C M o H A~~ p e 1 M. A. 3KcnepHMBHTan~~ 
Hao r.poeepu MOAenH Ba>iH6epra - CanaMa.
npHpoAa; t 979, N2 4, c. 93. 
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11. A. Ca11tH 

HIIXOAliTCll B nOnHOM COOTBeTCTBHH<.C Teope-
TH~eCKHMH' npeACKa31iHHRMH6• .': :_ 

CTIIHAIIpTHU T89PHR npeACKII3b1BiteT 
TIIK>Ke TOHKHe 3cpcpeKTbl1 o6ycnoaneHHbl8 
H8HTpMbHbiMH TOKIIMH, KOTOpble AOn>KHiol 
nponnRTbCR BO B311HMOA8HCTBHRX. iliTOMHbiX 

3neKTpOHOi c RAPIIMH n>Keni.1x 3neMeHroa. 
~KCnepHMeHTbl no Ha6ntoA8HHIO 3THX 3cp
cpeKTOB1 61o1nH nocraaneHbl a 1978-1980 rr. 

I • 
~eTblpbMR. rpynnaMH 31:<CnepHMeHTIITOpOB, 
nepBbi,.:..H nono>KHTenb.HbiH pe3ym>i'aT nony~H
nH ~· IM. ~apKoa H M. C. 3onorapea a 
IAHcrHryTe RAepiloii cpH3HKH co AH CCCP7• 

3areM ~nH3KHe pe3ynbTIITiol 6~o1nM nony~eHiol 
cpH3HKIIMH H3 ~epKnH H CM3Tna.(CWA), HOI· 

TO >Ke I apeMR rpynna 3KCnepMMeHTIITOpoa 

H3 0KC,cpOpAa (AHrnH") ony6nHKOBana. AIIH- • 
Hlole, KOTOpiole CHnbHO OTnH~MHCb. OT. npe

AbiAYUI~X. Ha ~HCTOM. He6ocKnoHe CTIIHAIIPT
·HOH TeOpHM ,OORBMnOCb o6na'IKO COMH8HHH. 

· Heo6xdAMMO 6a.1no ·nocTaBHTio · HOBiole 3Kcne

. pMM8H~Iol 1 pacCeHIIIIOUIH8 MnH, Hao6opOT1 Y,.K~. 
pennRIOUIH8 3TH COMHeHHR, 

~AHMM M3 HHX CTitn 3KCnepHIII\t)iiT ·no • 
H3Y48HI;IIO IICMMMeTpMH BO 1311MMOA8HCTBHRX 
nonRpM30BjiHHioiX nono>KH'rena.HioiX H orpH411-
TenioHbiX MIOOHOB H.a HApax yrnepOAII, 

. ..;cHMMeTpHIO THOll A, Ha6niOAIIIWYIO
CH B OOioiTIIX C . 3n8KTpOHIIMM1 MO>KHO TIIK
>Ke Ha6ntoAIITb H a ·on~o•rax c MtooHaMM. 'Ho, 

KpOMe TOro, C MIOQHIIMM MO>KHO Ha6ntoAIITio. 

ApyroiifTMn acHMMetpHHB ce~eHHRX- acHM
MeTpHto 8, KOrAl! OAHOapeMeHHO C ,M3M'e
HeHMeM. nonRpM311L!Io!M. OIIAIIIOUIHX ~IICTML! .M3-

MeHReTCR M 3HIIK MX 311pRAII· no IIHano-
'rHM c ,;, IICHMMeTpHR ·e 3110MCbiBiteTCR B BHA8 

. I •. 

' 
B=[~+ (~1) --'- cr- ( + 1 )] ./ [-cr+ (-1) + . 

· + a-(+1H, 
rAe aepXHHH 3Hit'IOK o603HII~IteT .~apRA MIOo

HII • 
· Pac'!eTiol a paMKax craHAIIPTHOH MOAenM 

OOKII3biBIInH, ~TO. 0611 THOll IICHMMeTpHH npo

OOpL!MOHIInbHbl KBaApaTy MMnyn~oca, nepeA·aH

Horo naAatoU~eH 411CTH4eH APYrHM ~IICTHL!IIM, 
y~aCTBYIOUIHM B peiiKL!HH, L\eHHOCTio o6Hapy~ 
>KeHHR. :acHMMeTpH~. B 3aKnto~aercR a ·ToM, 
'ITO. t;IC~M OHII ·Ha6ntoAiteTCR1 TO CTIIHAIIPTHU. 
TeOpHR 

1 

nony~aeT. HOa.oe OOATBep>KAeHH8. Hll .. 
He. H3y~aaweMCH noica n'po4ecce,' 6onee TO
ro, ecnli CTIIHAaprHali .reopHH. npaaa· ao acex 

CBOHX AeTIInRX, TO IICHMMeTpMH B npOL!eC-

I 
1 HecoxpaHeHHe "eTHOCTK npH. HeynpyroM pee· 
C8loHHH Jn8KTpOHOI.- npMpOAa, 1979, N2 t, 
c. I 14. 

7 HecoxpaHeHHe 'feTHOCTM • aTOMHJ.Ix nepexo-
Aa.x.- npHpOAa, 1978, N2 II; c. 134. 



HHTepcpepeHqMR 80 B3aMMOA&HCTBMJX MIOOHOI 

cax paccel'IHHII MtoOHOB, rAe nepeAaHHble HM· 
nynbtbl 3H!3"1HTenbHO 6onbwe, 1.1eM B pacceS.
HHH 3neKTpOHOB, AOn>KHa 6b1Tb OO"'TH B 100 
pa3 6onee 3aMeTHoii. · 

1-!,D,E.sl 1-!HTEPcPEPEHL..V-tOHHOrO 3KC-
nEPio1MEHTA . . . 

i-1TaK, . "'TO )f(e H KaK AenanoCb KOH· 
KpeTHo1 lo13yl.lanHci. · TaK Ha3bl&aeMble ·peaK
~HH rny6oKoHeynpyroro pacceliHHl'l MtoOHOB 
Ha liAp.ax yrnepoAa (C); 

. IL±+c..:.. .... • ±+. aApOHbl. 

+ 
~~=-

OcHoaHwe AMarpaMMw ClleiiHMaHa, M:to15paHCal01qMe 
rnyl5oKOHeynpyroe UBMMOAeiiCTaHB MIOOHOB (~&±J 
c HyKnoHaMJt (NJ.(ro~Hee, c cocraana10111M~M Mll •••P••· 
MMJ,. C II e a a - pacceaHMB. MIOOHOB 38 C'IBf aneKTpO• 
M8111MTH0f0 B:SBHMOABiiCTBHK .C o15MBHOM OAHMM .CIJO• 
roHoM (y I: c n p a • • ._. pacceaHMe :sa c11eT cul5oro 
B:taMMOAeiiCTaMK c oi5MBHOM Z0-15o:SOHoM; PeaKqHH. 
npOHCliOAKT B ABB arana: CHa'lana MIOOH; ftOA118T8101qMii 
K .. K•pKy, HCftJCKHT. eMpTyan .. HWil CIJOTOH (MnH Z

0
J, 

:sareM npoMeiiiJTO'IHaa 'laCTIC~ norno~qaerca aapKOM 
H:S COCTaea HJKIIOHa, MIOOH, B38HMOAeiiCTeya C KUpKa• 
MM, rpaTHT, 'IBCT .. caoeii aHeprMM HB pOIIIABHMe BAPOHOB. 

HanpaaneHHe ABH)f(eHHll 11;3ijeprHll naAato-
11\HX MIOOHOB (!l±) o6bi"'HO H3BeCTHbl C XO• 
poweii TOI.IHOCTbto', a yron pacceliHHll H 3Hep
rHH pacceliHHbiX MIOOHOB (j.l':±:)· H3MeplltoTCll : 
C OOM011\bl0 3KCnepHMeHTanbHOH ycTaHOBKH. 
EcnH 3HeprHll pacceJ'IHHoro MtoOHa CHnbHO 
OTnHI.IaeTC~ OT 3HeprHH naAatoU~ero, TO TBKHe 

• peaK~HH Hll3biBatoTCJ'I rny60KQHeynpyrHMH, 
OcTaTOK 3HeprHH yxoAHT Ha o6pa3oaaHHe 
BApOHOB. rny60KOHeynpyrHMH 3TH peaK~HH 
Ha3biBBIOTCll. nOTOMy, "'TO B TaKHX cny"'BliX 
MIOOH npOHHKaeT He TOnbKO B 11ApO, HO H 
B rny6b COCTaBnlii011\HX ero HyKnOHOB (npo
TOHOB H HeiiTpOHOB) H, B3aHMOAeHCTBYll C 
KBapKaMH, ·113. KOTOpbiX OHH noCTpOeHbl, Tpa
THT "'aCTb caoeii 3HeprHH H~ pO)f(AeHHe ·aA
pOHOB. 

3 unp11pOAa» N!! 4 
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PeaK~HH c y"'aCTHeM 3neMeHTapHbiX 
l.laCTH~ npHHliTO H306pa)f(8Tb C OOM011\bl0 TaK 

· Ha3bl&aeMbiX AHarpaMM cPeiiHMaHa. CornacHo 
0611\HM npeACTaaneHHliM 0 CTpyKType H B3BH~ 
MOA.eiicTBHH "'BCTH~, KpaTKO H3no)f(eHH.biM Bbi
we, MIOOHbl BCyYnatoT B 3neKTpOMarHHTHble H 
cna6ble &3aHMOAeiicTBHll •. CyU~etTBytoT. onpe~ 
AeneHHble npaBHna, no KOTOpbiM MO)f(HO pac
C"'HTaTb. BepoiiTHOCTb HnH Cel.leHHe AciHHOH 
peaK~HH. 0Ho. nponop~HoHanbHO' KEiaApaTy 
aMnnHTYAbl pacceliHHl'l, B KOTopyto BHOCliT 
BK.riBA BCe B03MO)f(Hble C TO"'KH ,3peHHll 311• 
KOHOB COXpaHeHHll AHarp,aMMbi. . 

+ .... -

+ 

BepHeMCll K · .o6cy)f(AaeW.oii peaKU,HH 
JL±+C -!l'::!: + aApOHbl. 0603Ha"'HM 6yKBOH 
a aMnnHTYAY npo~ecca pacceliHHll MtoOHa Ha 
liApe yrnepOAa 3a C"'eT 3neKTpOMarHHTHO~ 

ro B3aHMOAeHCTBHJ'I C 06M'eHOM OAHHM cjlo~ 
TOHOM, . a 6yKBOH b. aMnnHTYAY TOro )f(e 
npo~ec·ca, tio npoHCXOAliUiero 3a c1.1eT .. "'He
TO cna6oro B3aHMOAeiicTBHll c o6MeHoM OA· 
HHM Z 0

- 6030HOM (npeAnOnO)f(HM noKa,· "'TO 
MO)f(HQ npeHe6pel.lb BKnaAOM ApyrHX AHar
paMM), TorAa Bblpa)f(eHHe Anl'l cel.leHHll peaK
~HH 6yAeT COAep)f(aTb TPH l.lneHa:' 

a±(=t=l):::::. (a::FW=a2=F2ab+b2
• 

nepBbl~ "'neH (a2~ np.eACTaBnlleT co6oii BKnaA. 
OT "'HCTO 3fleKTP,OMarHHTHbiX B3aHMOAeHCT•. 
BHH, TpeTHH (b ) - OT o.iHCTO cna6biX, a 
BTOpOH "'neH (=F2ab) - HX HHTepcjlepeH
~HIO, .4TOGbl ee Ha6ntoAaTb1 He06XOAHMO Haii
'J:H cnoco6 ,OTAeneHHll BKnaAa HHTepcpepeH
~HOHHoro 1.1neHa OT ABYX APYrHx. Kat< 6blno 
noKa3aHo B pa6oTax C. M. 6HneHbKoro 
(06beAHHeHHbiH HHCTHTYT l'IAepHbix HccneAo
BBHHH, ,D,y6Ha), Anll 3Toro AOCTaTO"'HO H3· 
MepHTb acHMMeTpHto B B ce1.1eHHliX peaK
~Hii rny6oKOHeynpyroro pacceliHHll Anll 11+ 
11 11- c pa3HOH nonllpH3a~Heii. AtHMMeTpHll , 
8 ~eiiHKOM OnpeAenlleTCll OTHOCHTenbHbiM 
BKnaAOM ABYX B3aHMOAeiicraHii =-·bja. B. 



:noM nerKo y6eA11TbCJI, ecn11 npoAenaTb He
cno>KHble anre6pa114eCKio1e npeo6pa3oaaHI1JI 
HaA Bblpa>KeHio1eM AJ1Jr B, nOACTaBI1B a Hero 

'·a±( =F1) 11 11MeJI B B11AY1 'ITO B cny4ae 
. pacCeJIHI1JI 0Tp114aTenbHbiX MIOOHOB nepeA 
.. 11HTepcjlepeHLV!OHHbiM 4neHOM 6epeTCJI 3HaK 
. «nJ110C»1 B cny4ae nonO>Kio1TeJ1bHbiX MIOOHOB-

JHaK «MHHYC». TaKaJI KOM6HHa411JI JapJrAa 
·· 11 nonJrpH3a41111 :tKcnep11MeHranbHO AOCTI1ra
·ercJr nyTeM coo,;seTCTBYIOI.l.\ero Bbl6opa :tHep
rl111 MIOOHOB 11 3HeprHI1. 1t- 11 I{ - Me30HOB 1 

OT pacnaAOB KOTOpblX MIOOHbl H o6pa3yiOT-
l CR. l<poMe Tore, HaAO y4eCTb, 'ITO 4ne.HOM 
i b2 

MO>KHO npeHe6pe4b, raK KaK npeAnona
~raeTcJr, 'ITO OH 3Ha411TeJ1bHO MeHbWe OCTaJlb
;HbiX, 
L. VITaK, ecn11 aKnaA OT A11arpaMMbl, co
f oTaeTCTBYIOI.l.\eH cna6oM y BJa11MOAeHcTB 1110, 
paaeH Hyn10 (HHblM11 cnoaaMI1, a np11poAe 

,HeT Z0-6oJoHa), TO B=O H Ce4eHio11l peaK
[1.11111 c y4aCT11eM nono>KI1TenbHblX 11 OTPI14a
';renbHbiX MIOOHOB AOJl>KHbl ·6b1Tb paBHbl. B 
:paMKaX >Ke CTaHAapTHOH Te0p1111 MO>KHO He 
\TOJlbKO npeACKaJaTb a6COJ110THOe 3Ha4eHio1e 
~aCI1MMeTp1111 B, HO ,11 onpeAeni1Tb e&' 3a
:·BI1C11MOCTb OT Klo1HeMaTio14eCKI1X nepeMeHHbiX 
"pacCeJIHHbiX .MIOOHOB- nepeAaHHbiX 11Mnynb
,ca 11.:tHepr1111 (11n11 11x OTHOWeH1111), yrna pac
.celiHI1JI H AP· H11KaKaJ1 ApyraR reop11Jr ra
.KI1X. OAH03Ha4HblX npeACKa3aHI1H CAenaTb He 
't.iomeT. 

'. . TaKI1M. o6pa30M, Ha6niOAeHio1e 11HTep
cpepeH4H11 cna6biX 11 3JleKTpOMarHI1THbiX B3ai1-
:MOAeHCTB11H1 11Ha4e rOBOpll, 0Tnlo14HOH OT Hy
'nll ac11MMeTp1111 B, coanaAeHI1e ee no aenl1-
,'li1He H XapaKTepy 3aBio1C11MOCTio1 OT Klo1HeMa
TH4eCKI1X nepeMeHHbiX 11' (; cooTaeTCTBYIOI.l.\11-
,MH npeACKa3aHI1JIMI1 CTaHAapTHOH reop1111 C 
lieonpciaep>K11MOCTbiO Morna AOKaJaTb cy
ll.lecraoaaHI1e Z 0

• 

· Pac4eTbl C. M. 611neHbKoro AnJr KOHK
perHoro :tKcnep11MeHTa AOJ1>KHbr 6b1Tb yTo4-
lieHbl~ ,ll.eno · a TOM, 'ITO a o6cym,qaeMy10 
peaK41110 pacceJIHI1JI MIOOHOB ,qaiOT BKJlaA 
He TOJlbKO A11arpaMMbl C 06MeHOM OAH11M 
cj>OTOHOM HJ111 OAH11M Z0-6030HOM 1 HO 11 MHO
ro APYrl1x Al1arpaMM c y4aCTI1eM ABYX 111111· 
6onee , B11pTyanbHbiX cj>OTOHOB, 3TO O'ieHb. 
peAKI1e , 11 cne411cjl11'leCKio1e np04eCCbl1 KOTO
pble, a np11H411ne, TO>Ke Moryr np11BOAI1Tb 
K orni14HOH OT HynR<aCI1MMeTp1111 B, H 11x 
Heo6xoAI1MO Y411TbraaTb, BBOAR TaK HaJbraae
Mbre. paAio1a4110HHble nonpaBK11", npo,qenaa 
CJlO>KHble . paC4eTbl Ha 3BM, ,lJ.. 10. ~ap
AHH {OVI~U.1, ,lJ.y6Ha), H. M. WyMei:iKo (~e-

11 0 paAHaU,HOHHbiX nonpaaKax a reopHH 3neK
Tpocna6biX B3aHMOAe~CT8MH CM, ny6nMKaU.HH

1 

yKa3aHHble B CHOCKel 
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1-1. A. CaaHH 

nopyccK11i:i rocyl{apcraeHHblH YHHaepC:11Ter 
11M. B. VI. IleHI1Ha) 11 0. M. Cl>eAopeHKo (ner
poJaaoACKHH rocyAapcTBeHHblH YH11BepcHrer 
iiM. 0. B. l<yyci1HeHa) Hawn11, 'ITO :tTH · no
npaaKI1 AOCTI1raiC!T 40-1 QQ % OT :tcjlcjleKTa, 
11HTepcjlepeH41111 AHarpaMM C 0AH11M cj>OTO
HOM 11 OAHHM Z0-6030HOM. Vlx 3KCnep11MeH
T<iJ1bHOe o6Hapy>KeHI1e npeACTaBJlJieT CaMOC
TOJITeJlbHbiH 11HTepec, TaK KaK np11 pac4erax 
11COOJ1b3YIOTCJI coapeMeHHble npeACTaan~Hio1JI 
0 CTpyKType HYKJlOHOB H annapaT KBaHTO
BOH TeopHH nonJr. YnoMJIHYTbre aaropbr no
ny411nl1 T04Hble cj>OpMynbl AJ1JI paAHa4110H
HbiX nonpaBOK, paCCMOTpeB OKOJ10 50 803-
MO>KHbiX AHarpaMM Cl>eHHMaHa, C03Aanlo1 cne-
411aJ1bHble nporpaMMbl AnJr 3BM H npeAno
>K11J1H MeTOAI1KY OTAeneHio1JI nonpaBOK OT :tcjl
cjleKTOB HHTepcpepeH41111. CornacHo :tTOH Me
TOA11Ke, He06XOAH,MO 6biJ10 np0113BeCTI1 H3-
MepeHio1JI aCI1MMeTp1111 B np11 .qayx '3Ha-
4eHHJrx 3Hepr1111 naAaiOI.l.\HX MIOOHOB - 120 11 
200 r:tB. Pa3HaJI 3aBI1CHMOCTb :tcjlcjleKTOB OT 
K11HeMaTH4eCICio1X nepeMeHHbiX paCCeJIHHblX 
MIOOHOB no3BOJ1JieT OT,!IeJ11o1Tb HX .qpyr OT 
Apyra. 

3Kcnep11MeHT, 0 KOTOpOM lo1,!1eT pe4b1 
OTHOCI1TCJI K BbiCWeH Karerop1111 TPYAHOCTI1, 
Boo61.l.\e, TPYAHOCTb :tKcnep11MeHTa onpeAe-

-- nJreTcJr, npe>K,qe scero, senH411HOH H3MepJre
Moro :tcjlcjleKTa. B AaHHOM cny4ae O>K.I1,qae
Mbri:i lcjlcjleKT aci1MMerp11H 04eHb Man. OH 
COCTaBnJieT BeJ11o1411HY nopJr.qKa 1 % H «3a
Ma3aH» paA11a4110HHbiMio1 nonpaBKaMH, KOTO
pble ere yMeHbWaiOT. TpyAHOCTH ycyry6-
nJrnlo1Cb eLl\(! 11 TeM, 'ITO CaMio1 cr±, BXO
AJII.l.\11e a Bblpa>KeHI1e AJ1Jr B, 04eHb ManeHb
KI1e senH4HHbl. Hanp11Mep, ecn11 Ha nyTI1 MIOo
HOB nOCTaBio1Tb yrnepOAHYIO M11WeHb TOJl-
1.1\HHOH 1 M, TO H3 1 Mnp.q naAaiOI.l.\11X 4aC
TI14 a ny4WeM cny4ae o.qHa 6y.qer paccelo1-
aaTbCil a 3TOH M11WeHH. A 3aperi1CTp11poaaTb 
TaKio1X pacceJIH11H Ha,!IO 6biJ10 HeCKOJ1bKO MHJ1-
J1110HOB, TaKHM o6pa30M, AJ1Jr ycnewHoro 3a
aepweHI1JI :tKcnep11MeHTa rpe6osanHCb or
poMHble 00TOKI1 na.qaiOI.l.\11X 48CTI141 TOJ1CT8JI 
MHWeHb H CJ10>KHaJI 3KCnep11MeHT8JlbH8JI yc
TaHO'BKa, 

TOPOVI,lJ.AilbHbiVI CnEI<TPOMETP 

3Kcneplo1MeHT8JlbHaJI YCTaHOBKa ,!IJ1JI HC
CJ1eAOBaHio1JI rny6oKOHeynpyrHX B3alo1MOAeHCT
Bio1H MIOOHOB 6biJ1a C03AaHa B 1976-1978 rr. 
a pe3ynbTaTe COTPYAH114ecrsa Hccne.qoaaTe
neH H3 6onoHcKoro YH11sepc11reTa (VITanHR), 
~EPHa, OVI.s!VI {,ll.y6Ha), MIOHXeHcKoro YHI1-
sepc11TeTa (Cl>Pr) 11 ~eHTpa JrAepHblX 11ccne
AOBaH11H a CaKne (Cl>'paH411Jr). CoKpal.l.\eHHo 
CaM :tKCnepHMeHT 11 ycraHOBKY H83biB810T no 



HHTep<!>epeHLV<I 80 0311HMOA8MCT8HU MIOOHOI 

nepBbiM 6yKBaM . COOTB8TCTBYIOUIHX · ropOAOB 
H tiay~HbiX ~eHrpoa ~ ~UAMC .. 

. YcraHOBKa npeAcraanReT co6oi4 50-MeT
pOBbiH ~HnHHApH~eCKHH MilrHHT-cneKrpo
Merp, .3anonHeHHbiH AeTeKrc:ipaMH AnR pe
rHcrpaU.HH·pacceRHHbiX MIOOHOB. B. ~eHrpanb
HOM OTB8pCTHH U.HnHHAPil yCTaHOBneHa -Tpy-
6a, BHYTPH · KOTOpOH pacnonO:H<8Hbl MHW8HH 
H3 · yr.11,ep0Ail1 il no noaepXHOCTH Te4eT 'TOK1 

C03AaiQUIHH B :H<ene3HOM RpMe CHnbHOe Mar
HHTHOe ·none. B ornH~He or. rpaAH~HoH
HOH cxeM~>I- nocrpoeHHR 3KcnepHMeHranbHbiX 
YCTiiHOBQK, KOrAa B ny~OK naAaiOUIHX- ~ac-
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rpy61o1 MarHHTHoe none 6yAer. HMeTb Hanpaa
neHHe Ha ~HTarenR, a B HH:H<HBH ·- OT He
ro. >Kene3Hoe RpMO, oKpy:H<a10111ee rpy6y c 
TOKOM,_ 3Ha~HTenbHO ycHnHBaBT HanpR:H<eH• 
HOCTb nonR H ero OTKnOHRIOUIYIO CHny, 

· 2. Ha: npoBOAHHK c TOKOM, .. noMeUieH
HbiH B MilrHHTHOB · none (a CneAOBaTenbHO, 
_Ha 3apR:H<eHHble ~aCTH~bl1 KOTOpb181 C06CTB8H• 
H01 -H o6pa3yiOT 'roK), ·AeMCTByeT' CHna; Ha-

, npaBnBHHe KOTOpOH CBR3aHO C HanpaaneHHR• 
MH' ABH:H<eHHR H MarHHTHOro nonR npaaHnOM 
neaoit pyKH: ecnH· BeKrop · H.anpRmeHHOCTH 
ntlnR BXOAHT a niiAOI:Ib. neaoi4 pyKH, a' nan~o- · 
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· Mnn10CTpe"11• np1111"""• pe15oTW TopoHAen~oHoro' cneKT• 
poMeTpe li~MC. HenpeaneHHe MerHHTHoro non• if 
aOKpyr . npoaOAHIIK8 C TOKOM OnpeAenleTCI no npa• 
a11ny 15ypea~IIK8: 8 aepzHeil nonynnOCKOCTII OliO 
HBnpeaneHO HB ~IIT8Ten•, a HHIICHeil - OT Hero, npe• 
a11no . 11eaoA PYHII onpeA•A•eT Henp .. neHHe · OTHnO· 

·H•IO"'eil CllnW, AeiiCTaJIO"'eii 118 nonOIICIITenloHO :18• 
p•llleHHJIO ~eCTII~Y • M81"1111THOM . none. J1106oA. P8C· 
ceiHHWii MIOOH, aneTeawllii a •PMO MarHIITa, A•ll· 
liCeTa • HeM· no nepNOAN~ecKoil TpaeKTOPIIN. Ee n•· 
peMeTpw - eMnnNTYA• A 11 .AnHHe nonyaonHW 0 -
:S .. IIC.T TOnloKO OT yrna cp H IIMDJllloCe pecceiHHOfO 
MIOOHB. 

THU, CTiiBHTCJI cpaBHHT8nbHO TOHKaR, «TO~e~
HaR»; MHWeHb, a · yme 3a .Heif pacnona
raiOTCR MilrHHT H AeTeKTOpbl AnSI onpeAe
neHHR KHHeMaTH~eCKHX XapaKTepHCTHK BTo
pH~HbiX ~aCTHU,1 B OCHOay· AaHHOrO cneKTp~ 
Merpa nonomeH coaepweHHO HOBbiH. noAXOA 
K pacnpeAeneHHIO MHWeHeH H ABTeKTo
pOB, 

Jl1cnonb3YIOTCR !PaKTbl1 H3BeCTHbl8 H3 
w.<onbHoro Kypca !PH3HKH: 

1. BoKpyr npoBOAHHKa c TOKOM cyUiecr
ayer • MarHHTHOB none, CHnOBble nHHHH Ko
TOpOrO o6pi13yiOT OKpy:H<HOCTH (TOpOHAanb
HOe none), BeKrop HanpR:H<eHHOCTH nero no
nR HanpaaneH no KaCaTenbHOH K OKpy:H<HOCTH 
a ry cropoHy, KyAa ABH:H<eTCR py4Ka 6ypaa
~HKa, ecnH- ero BHHT. BKPY~Haaercfl no . Hil
npaaneHHIO TOKa. npeACTiiBHM ce6e, ~TO TOK 
re~eT no rpy6e c:neaa Hanpaao. TorAa B aepx
Heit nonynnOCKOCTH aepTHKanbHOrO Ce~BHHSI 

3• 
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U.bl pacnonomeHbl no ABH:H<eHHIO roKa a npo
BOAHHKe (no HanpaaneHHIO ABH:H<eHHR nonO. 
:H<HTenbHO 3ilpR:H<8HHOH ~aCTHU,bl), TO CHna 
ABHCTByeT BAOnb OTCTaBneHHOro 6onbWOrO 
nan~ou,a. 

Tenepli nOHSITH,01 ~TO ecnH B HBKOTO• 
poif TO~Ke MHWeHH npOH30Wna H3Y4ileMafl 
peaK~HR H pacceRHHbiH nonO:H<HTenbHbiH MIO· 
OH BneTen B RpMO MilrHHTa, TO Hil Hero 
6yAeT AeH<;TBOBaTb CHna, OTKnOHRIOUiafl ero·
K OCH MarHHTil, EcnH aenH4HH.il nonS! H pa3• 
Mepbl MilrHHTil Bb16paHbl AOCTaTO~HO 6onb• 
WHMH 1 'rei paCCeRHHbiM MIOOH 6yAeT B KOH· 
u,e .KOHU,OB noaepHyT o6paTHO. OH nepece-
4eT OCb cneKTpoMeTpil H CHOBa BOHABT B 
RpMO, rAe BCTpeTHT npoTHBOnOnO:H<HO Ha
npaaneHHOe none, OTKnOHRIOUiee ero B APY
ryiO cropoHy; ~e3 y4eTa norep~o 3HeprHH 
npH npOXO)I(AeHHH MIOOHII 48pe3 :H<ene30 Tii
KOe ABH:H<eHHe 6yAeT noBTOpSITbCR nepHo
AH~eCKH, KaK noKi13biBaiOT pac~er~o1, napaMer
pbl rpaeKTOpHH - iiMnnHTYAil H AnHHa no
nyaonHbl - onpeAenRIOTCR TOnbKO . HM".Ynb
COM H yrnoM BblneTil pacceSIHHOrO MIOOHa. 
npH~eMI eCnH AHiiM8Tp RpMil npH6nH3HTenb
HO piiBeH 3 M1 TO n1060H . H3_ pi!CCeSIH• 
HbiX MIOOHOB1 CKOnl;> HH B8nHKil 61o1n11 '61o1 
ero 3HeprHR, 6yAeT. ABHriiTbCR BHYTPH Mar-
HHTa, He BblneTaSI 311 ero npeAen1o1. . 

Bee HanpaaneHHSI H napaMeTpbl rpaeK
ropHH, YKi13iiHHble BbiWe, COOTB8TCTBYIOT ABH· 
:H<eHHIO nono:H<HT8nbHbiX MIOOHOB, EcnH no-
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IDparMeHT cneKrpoMerpa &I.I.QMC. 

nonHaB cxeMa ·cneKTpOM8Tpa &LI,QMC: 0" COCTOHT 
H:S AeCRTN NA8HTN'IHWX MarHNroa-cynepMoAyneii If--
f OJ. 8HyrpN cyn~pMoAyneii pacnonoiKeHa yrnepOAHila 
MHW8Hb, HpoMe TOfO, OHN CHi1611CeHW MHOronpOBO• 
nO'IHWMH nponop"KOHiln .. HWMN KBMepaMN (MnKJ, 
C'I8T'IHKBMH :sanyCKa. 8 COCTiiB cneKTpOMeTpa UOABT 
raKHCe . 4 ny'IKoawx roAOCKona. nonHwii aec ycra
·HoBKN OKOnO 2000 T. 

CxeMa cynepMoAyna cneKrpoMerpa&·LI,QMC. OcHoaHaa 
'!aero. cynepMoAyna - llpMo MBrHHTa, CAenaHHoe H:S 
CTBnloHWX ANCKOB • .QNCKH KBK 6W «HiiKH3iiHWD Hil Tpy6y, 
BHYTPN Koropoii pacnonoHCeHw o6MOTKH MarHNra, 
C03Aiii0114Ke none HfiiCHOii KOHCI'Nrypa"NH, N MHW ea ... 
.QNCKH co6paHW B naKeTW•MOAJnH no .f WTJKH 8 KiiiiiAOM, 
MeHCAY MOAJnliMN pacnonoHCeHw MHoronpoaono'IHWe 
nponop"KoHano.awe KaMepw (MnKJ. KaMepw c ropN· 
30HTBnloHWMH npoaonoKiiMN onpeAenaoor KOOPANHaty 
y npoxoA•114ero 11epe:s HNX MoooHa, a KaMepw c aeprH· 
Kano.HWMH npoaono'IKBMH . ...:.. . KOOPANHaTY x. Kono."e· 
awe C"HHTNnnli"HOHNWe C'I8T'INKH HCnORio:SJIOTCll ARB 
:sanycKa cneKrpoMerpa. ' 



11HT8p«!>ep8HL4><• 80 838HMOA8MCT8Nii MIOOHOB 

MeHHTb · HanpaaneHHe TOKa :a Tpy6e, coxpa

HHB .·npH 3TOM TOK no' a6contOTHOH BenH

I.fHHe, TO TO'IHO no T8KHM .)f(e · TpaeKTOpHHM 

6yAyT ABHi"8Tbcjj H pacceHHHble OTPH48Tenb

Hble :.MIOOHbl. . . 

CJ1eKTpoMeTp, nocTpoeHHbiH Ha 3THX. 

npHHL.~Hnax, · o6naAaeT yHHKanbHbiMH · Kal.fecT

aaMH Anil liccileAoBaHHH. rny6oKoHeynpyrHx 
npo4eCCOB: . . 

, · 1. Bee · MtOOHbl, pacceHHHble Ha yron, 
6oilbWHH .HeKoToporo 3Ha'feHHH (onpeAenRe

Moro pa3MepaMH Tpy6bl C TOKOM), OCT810T• 

CH BHyTpH HpMB MarHHTB, o6ecne~HBBH TeM 
CBMbiM 100 % . 3cpcpeK'FHBHOCTb HX perHC'tpa

l.IHH, 

2. napaMeTpbl TpaeKTOpHH ABH)f(eHHH 

pacceHHHbiX MIOOHOB He .3BBMCHT OT TO'IKH 
pacCeHHMH M OT 3HepntM nBA81011.1MX MIOOHOB 1 

'ITO n03BOnHeT MCnOnb30BBTb YCTBH0BKY1 AnM

HB H. o6'beM KOTOpOH · orpaHHI.feHbl TOnbKO 
C006p8)f(eHMHMH ee CTOMMOCTM, 

· 3. A3HMYTBnbHaH CHMMeTpHH ycTaHOBKM 

cyll.lecTBeHHO CHH)f(aeT ee l.fYBCTBMTenbHOCTb 

KO BCHKOrO pDAB ~3MeHeHMHM H HCOAHO· 

pOAHOCTH~ naA810ll.lero ny'!Ka. 
. ·CneKTpOMeTp ~IJ,AMC ,COCTOHT H3 Ae-

CHT~ HAeHTM'IHbiX eAMHHI..I - cynepMOAyneH 
AnMHOH OKOno 5 M KB)f(AbiH. 0CHOBHaR l.faCTb 

cynepMOAYnH - JipMO MarHMTa, 0HO. CAe-· 

naHO H3 HM3Koyrnep0AHCTOH nMCTOBOH CTa
nH, H3roToaneHHOH Ha· 3BBOAe A3oacTanb a 

r. >I<AaHoae. l-13 nHCTOB npoKaTa AnHHOH 6 M 

H WMpHHoi1 3 M B Ay6He Ha OnbiTHOM npo

H3BOACTBe 011151111 Bb1pe3anMcl. AHCKH AMBMeT

poM · 2, 75. M 11 TOnll.IHiioi1 1 1 CM. AHCKH co-

6HpanHcb B naKeTbi·MOAYnM no 4 WTYKH B • 
KB)f(AOM •. MoAynH HMenH · cneL.~HanbHble noA

CTBBKH AJiH KpenneHMH H 38XB8Ta npH MOH• 

TB)f(e, Bee MOAYnH ,;_· 6onee. 20 T. noTpe-

6oaanocb 40 :H<ene3HOAopO)f(HbiX nnaTcpopM, 

'!To6bl ace 80 MOAynei1 oinpaaHTb a >Ke

Heay, rAe OHH 6blnH CMOHTMpOB8Hbl HB cne

I:'HBnbHbiX nnaTcp0pMBX1 nepCABHratOll.IHXCH 

nepnCH'AHKynHpHO HBnpaanei;IMIQ ri.Y'IKB 'IBC· 
TH4. . . . 

4T06i.l BOCCTBHQBHTb TpBCKTOpMIO pac~ 
C~HHHOro MIOOHa H onp.eACnMTb ero KHHeMa

THI.feCKH8 xapaKTCpHCTHKH 1 Me)f(AY MOAynll• 

MH HpMa MBrHHTa pacnono)f(eHbl MHOronpo

BOnO'!HbiC nponDpl.IHOHanbHbiC KBMCpbl 

(MnK), perMcTpMpytOll.IHC ropH30HTanbHYIO 

(x) Hnlt BepTMKBnbHYIO (y) npOCKI..IMM TpaeK• 

TOpHM MIOOHa B AaHHOM MCCTC, 

'· MnK - WHpOKO ripHMeHReMbiC B COB• 

peMCHHOH 3KCnepHMCHTBnbHOH cpM3MK8 npM-

6opb1 AnH OnpeAeneHHII KOOpAHHBT 3Bp11• 
)ld~HHbiX '18CTM4 B npotTpaHCTBe9• npHHL.~Hn 
pa6DTbl HX Ol.feHb npOCT. npeAC'i'BBHM ce6e 

o6'beM ra3a; orpaHHI.fCHHbiH ABYMR 3a3eMneH

HbiMM nnOCKOCTIIMH1 pacnonO)f(eHHbiMH HB 
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paCCTOIIHHH HCCKOn.bKMX C8HTHMCTpOB Apyr OT 

Apyra. Me)f(AY HMMH nocepeAMHe ycTaHaanH

aaeTcR .e11.1e OAHa nnocKOCTb -:- paMa c · Ha
THHYTbiMH npoaonoKaMH. Ha npoaonoKH no-

• ABCTCH BbiC.OKOe Hanpll)f(CHHe; 3a3eMnCHHble· 

nnOCKOCTH YCTBH8BnHBBIOTCII npM6nH3MTCnbHO 

nepneHAHKyiJRpHO HanpaanCHHIO }:IBH)f(CHHII 

'IBCTHLI• 3apll)f(CHHbiC l.f8CTHI..Ibl1 npOXOAII 'IC• 

pe3 06'beM ra3B1 HOHH3HpytOT ra3, B pe3ynb

. TBTC l.fCrO . HB nyTH 'IBCTHI..Ibl o6pa3yCTCII 
L\enO'IKB . Bbi6HTbiX H3 BTOMHbiX o6ono4eK 

3nCKTpOHOS H nonO)f(HTCnbHO 3BpH)f(CHHbiX 
HOHOB. noA ACHCTBHeM. Hanpll)f(CHHII 3nCKT• 

pOHbl co6HpatOTCH HB .6nM)f(BHWCH K .· TpaeK

TOpHH LfacTHI..Ibl npoaono'IKe •. 3TOT MOMeHT 

per"!CTpMpyeTCII ::lneKTpOHHbiMH ycTpOHCTBa

MH •. TaKHM o6pa3oM, Mbl MO)f(CM YlHatb Mec~ 
TO 'npOXO)f(ACHMII 'IBCTHI..Ibl C TO'IHOCTbiO. AD 
nonOBHHbl paCCTOIIHHII MC)f(AY COCCAHHMH 

npoaonOI.fK8MH. An11 MHOrHx npaKTH'ICCKM MH"" · 

. TepeCHbiX cnyl.faea AOCTBTO~H01 'IT06bl 3TOT 
war 6bln paaeH 1-2-MM. · 

8 HBWCM 3KCnepHMCHTe nnOCKOCTH 

MnK HMCIOT pa3Mep 3X3 M. (1!13 KOHCTPY.K·. 
THBHbiX ·C006p8)f(eHHH OHH pa3AeneHbl, no

nonaM: .1,5X3 ~.) :;3a3eMnRCMble. nnoCKOCTH 

H3rOTOBneHbl H3 CnCI..IHBnbHOrO O'ICHb nerKO· 

ro, HO npo'!Horo COTOBoro. MarepHana, noKpbi

TOI'_() npOBOAIIll.ICH .i<paCKOH, BAOnb 6onbwei1 

CTOpOHbl nnOCKOCTH '1epe3 KB)f(AbiC 2 MM 

HBTJiHYTbl 750 'npoaonol.feK AH8MCTpOM 

20 MKM. 8 rOTOBOM BHAe' K8MCpb1 npCACTBB· 

nHIOT · Co6Qi:i O'leHb H3HL1.1HbiC . cpH3H'ICCKHe 
. npH60pb11 .. : Tpe6y·tOL1.1He, OAHBKO, HCKniO'IH· 

TCnbHO ACnHK8THOrO o6pa11.1eHHII. .. 

·. 4epTC)f(H H TCX!10nOrHII H3rOTOBneHH~ 
KBMep, npHMCHIIeMbiX B 3KCnepHMCHTe 

6UAMC, pa3pa6oraHbl cneL.~HBnHCTaMH 01-151111 

rioA PYKOBOACTBOM H. A. ronyTBHHa. 80 Ta

KHX KaMep (nonOBHHB D611.1ero l.fHCna) 6blnH 

H3rOTOBneHbl li Ay6He, ApyraR nonOBHHa-

B CaKne. · AocTaaKa KaM~p H3 Ay6Hbl a >Ke
Heay ·.:rpe6oaana · oco6biX npeAOC1'0po)f(

HOCTei1 •. 0Ha:.6bln8 OCyll.leCTB~eHa, C nOMO· 
ll.l.btO rpyloaor.o caMoneTa Hn-76·, rA.e Mo>K

Ho nDAACJ?lKHBBTb BO Bpe~ll noneTa KOM• 

HBTHYIO TeMneparypy H HOpManbHOe Aaane

HHe, 'IT06bl He noapeAHTb KpbiW!<H KaMep 
H npoaonoKH. 

nocne TOrO KBK K8Mepb1 6i.lnH .BCTBB· 

nCHbl B MBrHHT1 BCCb ero o6'beM OK8-

38nCII pa3AeneHHbiM Ha 56 000 nonocoK wH

pHHOH no 2 MM H C nOMOll.lbiO 38M CTBn 

C<BHAHMbiM» AnH 3KCnepHMeHTaropoa. 

• 0 npHH!4Hne Aei<craH• MnK 'eM. raK>Ke: X • ~ 
6axnawea A. r. MHorOKIHOnhHbiB ABTeKTOphl 
peHtreH.OBCKOro H3ny~eHH•.- npHpOAI, !980, 
N2 !, c. 30. 
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K 4Hcny OCHOBHbiX AeTeKTOpOB cneKT
poMeTpa OTHOCSITCSI. TaK>Ke CU,HHTHnnSIU,HOH
Hble C4eT4HKH CHCTeMbl 3anycKa ycTaHOBKH. 
Pa6o4HM aeiJ.IeCTaOM C4eT4HKa cny>KHT >KHA
KHH CU,HHTHnnnop, aTOMbl KOTOporo B036ym
AaiOTCSI np11 npOXO>KAeHHH 4epe3 Hero 3a
pS!>KeHHOH 4aCTHU,bl. Bo3BpaiJ.IaSICb a HCXOA
Hoe COCTOSIHHe, B036Y>KAeHHble aTOMbl HC
nycKaiOT caeT, ynaanHaaeMbiH ·cpOTOYMHO>KH
renSIMH, KOTOpble npeo6pa3y10r ero B ::~neKT
poHHble CHrH.anbl. Cu,HHTHnnSIU,HOHHble C4eT-
4HKH XOpOWH TeM, 4TO MOMeHT npOXO>K
AeHHSI 4epe3 HHX 3apSI>KeHHOH 48CTHU,bl (a 
HaweM ,cny4ae - pacceSIHHoro MIOOHa)• Mo
meT '6b1Tb OnpeAeneH C T04HOCTbl01 ny4WeH 
4eM OAHa MHnnHapAHaSI AOnSI,CeKyHAbl, .KoH
CTpyKTHBHO C4ElT4HKH BblnOnHeHbl B BHAe 7 
KOHU,eHTpH4eCKHX n(!nyKoneu,. Ka>KAOe nony
KOnbu,o <cnpocMaTpHaaeTCSI» AaYMSI cpoTOYM
HO>KHTenSIMH, no cpeAHeMy apeMeHH npHXO
Aa CHrHana C KOTOpbiX T04HO onpeAenSieTCSI 
MOMeHT npoXO>KAeHHSI 4aCTHU,bl a n1060M 
MecTe c4eT4HKa. B cocTaae cynepMOAYnSI 
HM"eiOTCSI 2 nnOCKOCTH C4eT411KOB1 a BCero 
HX B . cneKTpOMeTpe . 20 . H . CHa6meHbl OHH 
560 cpOTOYMHO>KHTenSI'MH •. 

EcnH pacceHHHbiH MIOOH npowen · KaK 
MHHHM.YM 4epe3 4 . CTOSIIJ.IHe nOAPSIA nnoc
KOCTH Ct.(HHTHnnSIU,HOHHbiX C4eT4HKOB (T. e. 
4epe3 · 11 M mene3a) H HX c11rtianbl no 
apeMeHH «paccornacoailHbi» He 6onee ·· 4eM 
Ha 10'MHnnHapAHbiX AOnliH ceKyHAbl1 TO Bbl
pa6aTbiBaeTCSI CHrHan,· pa3pewaiOIJ.IHH 3anycK 
MnK H perHcTpau,HIO KoopAHHaT ripoweAWHX 
4epe3 HHX 4aCTHU,. . . 

B cocTaa cneKTpoMeTpa BXOASIT ei.J.Ie 
ABB Ba>KHbiX 3neMeHTa - ny4KOBble rOAOCKO
nbl H CU,HHTHnnSIU,HOHHble C4eT4HKH 3aiJ.IHTbl 
ycTaHOBKH · OT cpOHOabiX 4aCTI1U,1 COnpOBO>K
AaiOIJ.IHX OCHOBHOH ny40K. 

ny4KOBbli! rOAOCKOn npeACTaBnSieT C0-
6oH M03aH4HYIO CTpyKTypy, COCTaaneHHYIO 
.H3 72 TpaneU,HeBHAHbiX nnaCTH4eCKHX CU,HH
THnnSITOpoa, . nepeKpb1Bi:ltUU4HX ac10 o6naCTb 
ny4KB naAaiOIJ.IHX MIOOHOB. · CHrHanbl C 3ne
MeHTOB rOAOCKOnOB perHCTpHpyiOTC::JI· cpoTo
YMHO>KHTenSIM.H (a 061J.1eH CnO>KHOCTH H.X B 
rOAOCKOnax 288) 11. HCnonb3YIOTCSI B CHCTeMe 
3anycKa ycTaHoaKH. CyMMapHbiH OTC4eT nep;, · 
aoro rOAOCKona onpeAenSieT 3Ha4eHHe noTo
Ka 48CTHU,1 naAaiOIJ.IHX. Ha MHWeHb. nono
>KeHHe cpa6oTaaweroroAOCKona onpeAenSieT· 
T8K>Ke KOOpAHHaTy ·naA8101J.1ero MIOOHa. 

. · · Copql<. aoceMb .c4eT4HKOB 3~IJ.IHTbl OT 
· cpoHa o6pa3yiOT caoeo6pa3HYIO cTeHy paaMe
poM 4 X 4 M, HaAe>KHO 3aiJ.IHIJ.IaiOIJ.IYIO yc
TaHoaKy·? OT npOHHKHOBeHHH «He>Ken<iTenb
HbiXI>' 4aCTHU,. EcnH OAHOapeMeHHO c noSia
neHHeM cHrHana · OT pacceSJHHoro MIOOHa 
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3aperHCTpHpOBaH CHrHan OT 3THX C4eT4HKOB, 
3anycK ycraHOBKH He pa3pewaeTCSI. 

~OnbWOe KOnH4eCTBO pa3H006pa3HbiX 
AeTeKTOpoa, o6cnymHaaiOIJ.IeH ::~neKTpOHHKH1 
acnoMoraTenbHoro o6opyAoaaHitSJ H orpoM
HbiH nOTO.K HHcpOpMaU,HH MOryT npHHHM8Tb
CSI H KOHTpOnHpOBaTbCSI TOnbKO C nOMOIJ.IbiO 
MOIJ.IHbl~ 38M; 3TH me 38M nonHOCTbiO pe
KOHCTpyHpyiOT 4aCTb 3aperHCTpHpOBaHHbiX 
co6biTHH, «noKa3blaaiOTl) HX Ha 3KpaHe AHcn
neSI H BbiAaiOT cpH3H4eCK.He XapaKTepHCTHKH 
C06b1THH1 4TO COBepweHHO Heo6XOAHMO AnSI 
HaAe>KHOrO KOHTpOnSI 3a XOAOM 3KCnepH
MeHTa. 

npH H3MepeH..iSix aCHMMeTpHH B aa>KHO 
o6ecne4HTb . He . TOnbKO CTa6HnbHOCTb AaH
HbiX DO BpeMSI HX Ha6opa, HO T8K>Ke OT
CYfCTBHe HeKOHTpOnHpyeMbiX pa3nH4HH a an
napaType, C03AaiOIJ.IHX HCKYCCTaeHHYIO aCHM

. MeTp•IIO. Heo6xoAHMO 61>1no npoAyMaTb .H 
OCYIJ.ICCTBHTb u,eny10 CHCTeMy Mep, MHHHMH-
3HPYIOIJ.IHX annapaTypHyiO BCHM¥eTpH10: 
o6ecne4HTb, B nepay10 04epeAb, paaeHcrao 
3HeprHH (c T04HOCTbiO AO AOneH npou,eH
Ta) • naAaiOIJ.IHX nonO>KHTenbHbiX. H OTpHQa
TenbHbiX MIOOHOB1 nOAAep>KHBaTb paaHyiO 
HHTeHCHBHOCTb ny4KOB1 CneAHTb 3a TeM, 4T0-
6bl He MeHSinOcb cpeAHee 3Ha4eHHe Mar
HHTHOro nonS! H T. A· AnSI ycpeAHeHHSI He
'KOHTponHpyeMOH annaparypHOH aCHMMeTpHH. 
npHXOAHnOCb TaK>Ke ~aCTO MeHSITb «nniOCI> H 
«MHHYC)) pe>KHMbl pa60Tbl ycTaHOBKH. 

HEVITPAJlbHblli'l nP.OME>KYT04Hbili'l 
6030H CYLUECTBYET lo1 lo1HTEPCl>EPio1-
PYET C Cl>OTOHOM.. .. 

>Kene3HOAOpO>KHbiH COCTaB H3 'copoKa 
nnaTcpopM c MOAYnSIMH cepAe4HHKa, nepe
ceKWH-ii nonoaHHY Eaponbl, ABa , caMone-

. Ta J.iJl-76, AOCTaBHBWHX B >KeHeay KaMepbl,. 
nonHbiH 'aec ycTaHOaKH - 2000 .T. (J), ABa 
MOU.\HbiX. KOMni.ioTepa, COBpeMeHH8SI 3neKT
pOHHKa H. • AeTeKTOpb11 YHHKBnbHbiH KaHan 
naAaiOU4HX MIOOHOB (KOTOpbiH 38Cny>KHaaeT 
cneu,ilanbHOro o6cymAei1HS1) 11, HaKoHeu,, non
HaS! CTOHMOCTb .. YCT8fo!OBKH, OU,eHHBaeMaSI B 
20 MnH WBeHU,apCKHX cppaHKOB,- ace 3TO 
roaopHT o pa3Maxe · H TPYAHOCTH 3KcnepH
MeHra. K 3TOMY cneAyeT A06aaHTb, 4TO, 
HeCMOTpSI Ha BCIO MOIJ.Ib annaparypbl, AnSI 
Ha6opa AaHHbiX noTpe6oaanocb OKono 100 cy
TOK ee · 'HenpepbiBHOH pa6oTbi npH aenH-
4aHWeM HanpSI>KeHHH C.Hn BCero KonneKTH
Ba 3KcnepHMeHTaTopoa. B HHTepHau,HoHanb
HOH rpynne, COCTOSIBWeH H3 50 4enoaeK,npH
XOAHnOCb 06'bSICHSITbCSI Ha HeCKOnbKHX Sl3bi
KaX, OAHaKo pa6oTa wna cna>KeHHO, B o6-
CT8HOBKe nonHOrO B38HMOnOHHM8HHSI. 

Ko(Aa 4epe3 ycraHoaKy nponeTen noc-



HHrep<!>epeH~HR 10 naHMOAeiicnHn MtoOHOI 

neAHHH MIOOH1 B XpiiHHnHIJ.IIIX CTOllnO 6onb
we 1000. 6o6HH MarHHTHbiX. neHT ,....;_ 3000 KM 

3anHcaHtioii HHcJlopM114HH, Ee BHOBb npeA
CTOllno ccnpoKpyTHTb» Hll 38M ~ TIJ.IIITenb

HO np011HIInH3HpOBIITb Ka>KAOe H3 HeCKOnb• 
KHX MHnnHOHOB 311perHCTpHpOBIIHHbiX C06bl• 

THH. 
H3y'laeMble pe11K4HH rny6oKoHeynpy

roro pacceliHHll · MIOOHOB HB .. RApax · ·yrne

poAa HM810T pliA xapaKTepHbiX npH3HIIKOB, 

HCnOnb3yeMbiX Anll HX nOHCKII cpeAH MHo
H<8CTBa APYrHx co61oiTHH (a ocHOBHOM, cJlo
HOBiolX), 3BperHCTpHpOBIIHHblX YCTIIHOBKO.H, 

Pe:SJ,..TIITW M:SMepeHNII IICMMMIITpMN I, IIO:SHIIKIIIOiqllli 
eCIIeACTIINe MHHp<!>epeHq.MN. cna6wz 11 aneKTpOMIIrtiMT· 
HWll II:IIIMMOAIIiiCTIIMii MIOOHOII . C IIAPIIMM yrnepOAII 
npM aHeprMu UD ral I• • e p z.yJ " 20" raa I• H " :s yJ. · 
CMMaonaMM no•a:aaHw· aKcnepMMIIHTan .. Hwe :SHII'IIIHMII 
B: eepTMKan .. HWMH nHHHIIMH - ao:sMoJKHWe owHiiKH 
H:SMepeHHii. CnnowHwe nHHHH - pe:syn .. TaT annpoKCH• 
Mllq.HH IICeli COIIOKJRHOCTH H:SMepeHHii npiiMOftHHeiiHOii 
IIIIIIHCHMOCniO 8=-kz, fA8 Z - IQIH8MIITH'I8CUII 
nepeMeHHIIII, nponopqHOHIIn..H.. KIIIIAPIITJ MPIIAIIH• 
HOfO HMnyn..ca, HallftOH npiiMOii no npeACKI:SIIHHIIM 
CTIIHABPTHOii TIIOpHH . AOftiiCIIH 6wT.. p .. eN 

· k=O,t5 • to-•. I ••cnepiiMeNTe OKa:sanoc .. , 'ITO· ••• 
lllftM'IMHI piiiHII 0,tA7• to-J C IIO:SMOJICNOii OWHiiiiOii 
He 6onee 0,03 • to-•. noAoliNoe IKe cornacile c TeopHeii 
Nlliftii!AIIeTCII M I TeiC CIIJIIIIII~ IIOfAII aa IIHQMIITM• 
IIIIC.XJIO nepeMeNHJIO hpJTCII JfOft paCCIIIIHHII, aNeprMII 
pacCeiiHHOfO MIOOHI, OTHOCHTIIn .. HIIII aaeprMII IAPON• 
NOrD IIHIHII M T, n. nyHKTMpHIII IIM_HHII C~OTIIITCTIIJIIT 
:IHI'IIIHMIO 8=0, .a!WMH CftOIIIMM, OTCJTCTIHIO a<I>4JIIKTII 
MHTepl(lepeHq.HM, 

YKa>i<eM ABB TIIKHX npH3HBKa: 
1. --B6nH3H TO'IKH B311HMOA8HCTBHll AOn

meH 6b1Tb nHBeHio BApOHOB, cneAbl K_OTO· 

poro npoliBnliiOTCll a· 6nH3neH<IIIJ.IHX AeTeK

Topax. 
2. AApOHbl - cHnbHOB3BHMOAeiicnyiO

IJ.IHe 'IIICTHL\bl, no:noMy, npOXOAll '1epe3 ae-
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1J.18CTBO MHW.eHH .H MllrHHTII1 OHH 6biCTp0 Te

pliiOT 3HeprHIO H · nornOIJ.IIIIOTCll B HeM, 4ro 
KacaeTCll pacceliHHOrO MIOOHII, TO OH B CHnb• 
HloiX B3BHMOAeiic~BHliX He ·y'lacTayer. B pe-

3yn~oTare npaKTH'IeCKH '1epe3 HeCKOnbKO MeT-
. poa OT TO'IKH B38HMOAeHCTBHll OH OAHH H 

AOnH<eH «BbiH<HTio», 

OnHpaliCb Ha 3TH npH3HIIKH H Hcnonb-

3Yll APYrHe ·oco6eHHOCTH. annaparyp~o1, cJIH3H· 

KH «HIIY'IHnH» 3BM HBXOAHTio HHTepecyiO
IJ.IHe _Hx co6~tiTHll. CKpynyne3HioiH aHanH3 H 

nOHCK B03MOH<HbiX annapaTypHbiX 3cJlcJleKTOB, 
MHOrOKpiiTHO H H8311BHCHMO nOBTOpeHHble 

rpynnaMH a ,D,y6He, 1..\EPHe, l?onoHioe H CaK
ne, noKa3anH, 'ITO Ka'lecTao ··AaHHblX YAOB
neTBopllet Tpe6oaaHHJIM ca~IX npHAHP'IHBioiX 
KpHTHKOB, He HIIWeAWHX nOHCHblX IICHMMeT-. 
pHH, npeBbiWIIIOIJ.IHX · ypoaeHb B HeCKOnbKO 

npOL\eHTOB OT OH<HAIIeMoro. 3cJlcJleKTa, ,lJ,nll 
TOro 'IT06bl CAenaTb . TIIKOH BbiBOA, noTpe-
6oaanoclo OKono ABYX neT He MeHee Hanpll

meHHoro TPYAII, 'leM npH nony'leHHH AaH.,. 
HblX, 

nonHbiH IIHBnH3· 61o1n 3BBepWeH B KOH• 

1.1e 1982. r. HcKOMIIll acHMMeTpHll, a cneAo
aaTenloHO H HHTepcJ!epeHL\Hll MeH<AY cna6biMH 
H 3neKTpOMBrHHTHbiMH B3IIHMOAeHCTBHliMH1 

61o1na o6HapymeHa KIIK npH 3HeprHH 120 f3B, 

TIIK H !1PH 3HeprHH 200 f3B. li13MepeHHbiH 
3cJlcJleKT . 3HB'IHTenloi:IO npeBbiWII8T . ypoaeHb 
B03MOH<HbiX CTIITHCTHHeCKHX H. annaparypHbiX 

OWM60K, a ero 31111HCHMOCTb OT KHHeMIITH.,. 

'leCKHX nepeMeHHbiX non_HOCTbiO COOTBeTCTBY·. 
eT npeACKB311HHliM CTBHAIIPTHOH ·TeopHH 
3neKTpOCnaPioiX B311HM.OA8HCTBHH, 

· TaKHM ·o6pa3oM, e111e AO 3KcnepHMeH~ 
TMiiHOrO o6HapymeHHJI npoMeH<yTO'IHbiX aeK

TOpHblX 6030HOB 61o1n. Ha6n10A8H 3cJlcJleKT, 
311 KOTOP-biH OTBeTCTB8H OAHH H3 HHX -
6o30H Z0• 0AHIIKO . Ha6niOAeHHe HHTepqie
peHL\HH cna61o1X H 3neKTp0MIIrHHTHbiX B38H• 

MOAeHCTBHH MIOOHOB, a TBKH<e Ha6n10AIIB· 

WllliCJI no'ITH OAHOapeMeHHO nOA06Hall HH• 
TepcJ!o!peHL\Hll. B pOH<A8HHH MIOOHHbiX nap 
npH B311HMOAeHCTBHJIX BCTpe'IHbiX ·3n8KTpOH• 

no3HTpOHHioiX ny<~!COB . HMeiOT cyiJ.IeCTaeHHO 
6on~owee · 3HII'IeHHe, '!eM npocTo AOKa3a

Ten~ocTilo cyiJ.IeCTBOBIIHHll Z0
• 0Ho AeMOHCTpH

pyeT TOT cJlaicT, 'ITO cna61o1e H 3neicTpo
MarHHTHble B311HMOAeiicTBHll liBnliiOTCll p83• 

nH'IHioiMH npoliBneHHliMH. Apyroro, 6onee 

cJIYHABMeHTIInloHOrO B311HMOA8HCTBHll1 KOTo
poe Teneplo HB3biBaiOT 3neKTpocna6biM, HH

TepcJ!epeHL\HOHHble 3cJlcJleKTbl e111e 6on~owe 
yKpenHnH cpyHABMeHT CTIIHAIIpTHOH TeOpHH. 

CneAYIOIJ.IHM waroM CTano HenocpeACTaeH
Hoe Ha6niOA8HHe Z0-6030HOB 8 OnbiTIIX rpyn

nbl cJIH3HKOB 1..\EPHa ao rnaae c K. Py66Ha -:
coaaTopoM Hawero 3KcnepHMeHTII. 
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2 The proton structure functions from deep inelastic muon scattering 

We present results on the structure functions of the proton measured with high statistics in ~ . 

inelastic scattering of muons on a hydrogen target. In the one-photon exchange approximation, the 

deep inelastic muon-proton cross section can be written as 

dla 4-aaz Qz . y2E2 + Qz 
-- = -- • [t-y-- + ] • Fz(X,Q2

) 

dQ2dx Q 4x 4E2 2E2[R(x,Q2)+ 1] 

,. 
(1) 

where E is the energy of the incident beam, Q2 the squared four-momentum transfer between the 

muon and the proton, and x and y are the Bjorken scaling variables. 1bis cross section depends on 

two structure functions F2 and R, where R = aJ)aT is the xatio. of absorption cross sections for virtual 

photons of longitudinal and transverse polarization. R is related to F 2 and to the longitudinal structure 

function F L by 

FL(x,Q2) 

R(x,QZ) = -----------
(1 +4Mzxz/Qz) • Fz(x,Qz) - FL(x,Qz) 

where M is the mass of the proton. 

(2) 

The data were collected at the CERN SPS muon beam with a high-luminosity spectrometer 

which is described in more. detail elsewhere [1]. It consists of a 40 m long .segmented toroidal iron 

magnet which is magnetized ~ose to saturation and surrounds a 30 m long '"'mtcrnal' liquid hydrogen 

target. The iron absorbs the hadronic shower after a few meters and the surviving scattered muon is 

focused towards the spectrometer axis. The.toroids are instrumented with scintillation trigger counters 

and multiwire proportional chambers. A 10 m long 'extcmal' target in front of the spectrometer mag

net extends the acceptance of the apparatus to smaller angles, i.e. to smaller values of x and Q2
, than 

are accessible with the internal target. Four hodoscopes along the spectrometer axis detect the incom-

ing muons and measure their trajectories. The momentum of the incident muon is measured with a .. 
spectrometer consisting of an air-gap magnet and another four scintillator hodoscopes upstream of the 

apparatus. 

The results presented here are based on 1.8•106 reconstructed events after all cuts, recorded with 

positive muon beams of 100, 120, 200 and 280 GeV energy. The kinematic ranges and data samples 
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The proton structure functions from deep inelastic muon scattering 3 

are summarized in Table 1. The data analysis is similar to the one performed by our collaboration in 

an earlier experiment using a carbon target [2,3,4). A more detailed account of this analysis can be_ 

found in ref. [5]. The pnncipal difference between this and the carbon target experiment is due to the 

additional external target. For events originating from the internal target, the geometrical acceptance is 

greater than 65% and is rather flat in the kinematic region x > 0.25 and Q2/2ME > 0.10. For e~nts 

from the external target, the acceptance depends ·on the position of the interaction vertex along the 

beam direction; only data points with an acceptance larger than 50% were retained for the analysis. 

The structure functions were evaluated separately for the two target regions. The background from 

target wall interactions was determined from special empty target runs and was subtracted from the 

data. At all beam energies, the data from external and internal target were found to be in statistical 

- ~ 

agreement and were combined for the subsequent analysis. Radiative corrections were applied using 

the calculations of refs. [6]. _The error on F2(x,Q2) from uncertainties on these corrections is estimated 

to be smaller than 1%. 

The principal sources of systematic errors in the data are uncertainties in: 

• the calibration of the incident beam energy (.6.E/E <: 0.15%), 

• the calibration of the spectrometer magnetic field (.6.B/B <: OJS%), 

• corrections for the energy loss e of muons in iron [7] (.6.~/e <: 1% ), 

• corrections for the"finite resolution~ of the spectrometer (.6.~P:, <: 5%), 

• the relative cross section normalization of data taken at different beam energies ( 1% ), 
~ 

• the absolute cross section normalization (3%). 

Most of the results presented in this and a following paper [8], especially those on R and on the com· 

~ . 

· parison of scaling violations to QCD predictions, arc affected by the uncertainty on the relative but not 

on the absolute cross section normalization. Systematic errors originating from uncertainties in the de· 

tector efficiencies (0.5%) arc small due .to the redundancy in the experimental apparatus. A detailed 

discwsion of the Monte Carlo simulation used to compute the acceptance and the. resolution of the 

apparatus, of the treatment of the systematic errors, and of the calibrations undertaken to minimize 

them can be found in refs. [2,5]. 
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4 The proton structure functions from deep inelastic muon scattering 

According to equation (1) the measured cross section depends on the two functions R = avaT 

and F2 • Both functions can be separated by comparing cross sections at the same value of x and Q2, 

measured at different beam energies. In this analysis we have chosen to compare the values of four test 

F2's, called F;(R), obtained at the four beam energies asswning trial values for R. The experimental 

value of R was then obtained together with the parameters of a common phenomenological parame

trization of F2 by minimizing the x2 of the four F;(R) with respect to this parametrization. This was 

done separately in each bin of x under the assumption that R (eq. 2) is independent of Q 2 in our 

kinematic range, as suggested by QCD calculations which predict only a weak (logarithmic) variation 

of the longitudinal structure function FL with Q2 [9] 

FL(x,Qz) .:: as(Qz)f2fr • r ·J 1 [B /lF2(z,QZ) + 40 /p(l- Xfz) zG(z,QZ)] • dz/zl (3) 

where a 5(Q2) is the running coupling constant of QCD. The theoretical prediction ·RQcD was com

puted from equations (2) and (3) assuming a gluon momentum distribution xG(x,Q~) = 4.5·(1- x)1 at 

Q~ = 5 GeV2 and a QCD mass scale parameter A = 220 MeV [8); In the kinematic range of our ex-

periment, this prediction does not depend strongly on the gluon distribution assumed. Equation (3) 

does not account for effects of the charm quark mass and for ta:get mass corrections which were in-

cJuded following refs. [10] and [11) respectively. The experimental results for R arc given in Table 2 

and are compared to the QCD prediction in Fig. 1 together with earlier hydrogen data in a similar 

kinematical range by the European Muon Collaboration (EMC) [12]. At x > 0.20, the measured val-

ucs are compatible with zero in agreement with our carbon target measurement [2]. At smaller x, the 

data show a rise which is consistent with the QCD prediction . 
• 

RQcD was used to compute the final structure functions at the four different beam energies which 

are given in Tables 3- 6 and are shown in Fig. 2. The agreement between the different data sets in the 

region of large x allows to set stringent limits on most of the systematic crro'rs as is discussed in more 

detail in ref. [2]. The final F 2 (x,Q2 ) from the combined data sets is shown in Fig. 3. The scaling viola

tions which are observed in these data are compared to predictions from pcrturbativc QCD in a sepa-

rate paper [8]. 
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Abo shown in Fig. 3 are the earlier EMC . data from muon-hydrogen scattering [ 12] and the 

SLAC-MIT results from electron-hydrogen scattering at lower Q2 [13]. The x depaidence of F 2 from 

this experiment is com~ared to the EMC result in Fig. 4 where the data are averaged over the Q2 

. range common to both measwements. The agrccmcnt is poor, especially at small x where F 2 measured 

in the present experiment is larger by up to 15%. In the lowest bin ofx, about 4% of this difference is 

• 
due to the fact that the EMC result was obtained using R = 0. A similar behaviour was observed in 

our measurement on a carbon target [2] which indicated a steeper x dependence of F 2 than measured 

in earlier experiments. A quantitative comparison to the SLAC data is difficult since the experiments 

cover disjoint ranges of Q2
• 

In conclusion, we have presented a high statistics measurement of the proton structure functions 

F 2 and R from deep inelastic scattering of muons at high Q 2 on a hydrogen target. The systematic 

uncertainties are comparable to the statistical accuracy of the results. R = utJaT is found to be in 

good agreement with the perturbative QCD Prediction. 
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' The proton structure functions from deep inelastic muon scattering 

Table 1: The data sample 

Beam energy Qz range xrange Number of 
(GcV} 4 (GcV2) events 

100 1· 80 0.06-0.80 530 000 
120 8-106 0.06-0.80 330 000 
200 16-150 0.06-0.80 770 000 
280 30·260 0.08-0.80 180 000 

Table 2: Results for R = "U"T 

X <Q2> • R . statistical systematic 
(GcV2) cn'Or cn'Or 

O.o? 15 0.167 0.134 0.074 
0.10 20 0.122 O.o78 0.062 
0.14 20 0.163 0.055 0.040 
0.18 2S 0.121 0.051 0.031. 
0.225 30 0.046 0.032 0.028 
0.275 35 0.025 0.027 0.022 

· .. 0.35 40 0.023 0.025 0.022 
0.45 45 -0.011 0.035 0.027 

. 0.55 so o.oos 0.056 0.039 
0.65 so -0.057 0.092 0.071 
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The proton ruucture functions from deep inelastic muon scattering 

Figure ciaplions 

Fig. 1: R = aJ.laT measured in this experiment (BCDMS) as a function of x. Also shown is the 

measurement by the EMC on a hydrogen targt:t [12]. Inner error bars are' statistical only, 

outer error bars an: statistical and systematic errors combined linearly. The solid line is 

Fig. 2: 

Fig. 3: 

Fig. 4: 

' ' 

the next-to-leading order QCD prediction using Am = 220 MeV and a gluon distribu· 

tion xG(x,Q~) = 4.5(1- x)1 at Q~ = S GcV2• 

The proton structure function F2(x,Q2) measured at the four beam energies 100, 120, 200 

and 280 GcV, using R = RQCD· Only statistical errors are shown. 

The structure function F2(x,Q2) from this experiment for all beam energies combined, 

using R = RQCD· Also shown an: data from the EMC [12] and SLAC-MIT [13] e~

mcnts which an: rebinned to the x values of this experiment; note that there an: no SLAC 

data in the lowest x bin. The relative normalizations between the experiments have not 

been adjusted. Only statistical errors an: shown. 

The ratio of the proton structure functions F2(x) from this and from the EMC experi

ment [12]. In each bin of x. the data are averaged over the Q2 range common to both 

measurements. Only sfatisti'?l errors an: shown. 
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1. Introduction 

The deep-inelastic scattering (DIS) is commonly considered as 

the best place for testing quantum chromodynamics (QCD). Though 

present DIS data -are not accurate enough to check the fundamental 

QCD prediction on decreasing the strong coupling constant a with , B 

increasing the momentum transfer squared Q
2

, the precision of 

recent BCDMS data [1-8] appears to be sufficient to quant~tatively 
test the specific QCD predictions for scaling violations_ and to 

reliably determine the QCD mass-scale parameter A. Clearly, for 

this purpose a precise method of calculation of the QCD 

predictions is required. since the QCD _analysis of the data 

represents an extensive fit of the predictions to a large number 

of experimental points, it is desirable that this method would be 

fast. 
It is well known that these requirements are fulfilled by the 

method based on Jacobi polynomial reconstruction of structure 

functions (SF) suggested in ref. [9] and further studied, 

developed and applied to the analysis of experimental data in 

refs. [10-13,4,5,7]. In particular, the method was used for' the_ 

QCD analysis of nonsinglet SFS in refs. [10-12) and extended tci 
the singlet case in our previous paper [13]. 

In ref. [13], we have limited our analysis of the singlet SF 

to the leading order (LO) of perturbation theory. 'Here we describe 

further development of the method for a complete singlet + 
nonsinglet QCD analysis of SFs, including next-to-leading order 

(NLO) QCD- corrections. Due to a substantial- contribution of the 

longitudinal SF at low values of the Bjorken x and a strong 

correlation between the gluon density in a nucleon and A, the 

complete QCD analysis requires a careful study of the 

reconstruction accuracy and adjustment of the fit parameters. The 

corresponding computer code bas·ed on the standard MINUIT program 

[14] has been already applied for QCD fits of the BCDMS carbon and 

hydrogen data in refs. [4} and [5,i]. Also included into the code 

are procedures allowing to · take into account the preasymptotic_ 

corrections to the leading-twist massless theory: flavour 

threshold corrections (similar to refs. [~5,16}), target mass- and 

1 
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higher twist-corrections (according to refs. [ 17-19)) • ·Detailed 
description of these procedures, as well as the results of 

calculations of NLO-corrections to the longitudinal structure 
function (according to ref. [20)) and estimates of the 

uncertainties of the QCD fits due to the preasymptotic corrections 
(including the higher-order ones) ' may be found .in ref. [ 21). 

The rest of this paper is organized as follows. In section 2 
we briefly review the perturbative QCD predictions for DIS. The 

Jacobi polynomial method for calculation of the QCD predictions 
for SFs is discussed in Section 3. The method is tested with the 

help of the BCDMS hydrogen data in Section 4. The conclusions are, 
summarized in Section 5. 

2. Perturbative QCD predictions for structure functions 

According to the QCD factorization theorem, the SFs are given 
as the convolution of quark, q

1
, and gluon, G, (partons) densities 

with the coefficient functions ck (which are proportional to the 
corresponding cross sections of the hard process of the absorption 
of virtual photon or intermediate bosons by a parton): 

1 dy £C:s(~,Q2)ANS(y,Q2). + c:r (~, Q2 )AS! (y, Q2) fk(x, Q2) ! y + 
X 

+ ~(~,Q2)AG(y,Q2)}, (1) 

where fk, k 1, 2, 3, are related to the usual SFs by: 

fl 
1 
2Ft, f2 F

2
/x, f =F. 

3 3 

The functions AG (>( G, ASI and ANS are certain flavour singlet and 
nonsinglet combinations of the parton densities. In the case of 

charged lepton-proton scattering, assuming m doublets ·of zero mass 
quarks with standard charge assignments, these combinations are 
the following: 

•> 

2 
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. 
G 5 2 51 5 · 2 NS l 2 

A = 
18

G(x,Q ), A = 18L(X,Q ), A = 6 t.(x,O ), 

2m 
· L = E (q +q ), 

I I 
1=1 

t. = (u-d+u-d+c-s+c-5+ .. ). (2) 

The coeffic.ient functions c can be expanded in powers of the . k . . 

running coupling constant a (02
), which obeys. the O~D beta 

' ' , . \ 8 . -: 

function renormalization group equation, and, in the 
next-to-leading order, it is given by the implicit equation [22): 

2 
lng 

A2 

{3 {3 
_i!!_ - ~ 1 (_i!!_ + ~ ) 
j3a 2n{3a 2' 

0 s {30 0 s {30 

(3) 

where {3
0 

= 11 - 1r, {3
1 

= 102 - ;
8
f: f is the number of active 

flavours. The A is an unknown integration constant to be 

determined from experiment. Often the following NLO formula is 

used [23): 

aul (Qz) 
s 

4rr •[1 -
---""2 
{3oln~z 

2 

{3
1 
lnln~z 

-2----"2}' 
{3o lngz 

A 

In the BCDMS Q2-range and at A "' 200 MeV eq. (3'), as -- ' 

with the equally valid NLO expression (3), gives the 

lower by about 2%, and, leads to the A-value higher by 

(3,) 

compared 

a -value 
• 

_16 MeV. 

Eq. (3') is used in this paper. 
The Q2 dependence of the functions A

1
(x,Q

2
) is governed "by 

solutions of the generalized Altarelli-Parisi-Lipatov integro

' differential evolution equations, the integration kernels of which 

or the splitting functions P
1
/x, 0 2

) are the probabilities of the 

partonic transitions J ... 1. 

The coefficient functions, splitting functions and parton 

densities are not physical quantities and depend on the 

renormalization (factorization) scheme. In the following, we· use 

the perturbative QCD results obtained in the modified minimal 

subtraction (MS) renormalizat!on scheme [23]. In particular, the 

parton densities defined in this scheme are universal quantities · 

[24) and satisfy the usual momentum sum ru~e: 

3 
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1 

Jdx•x•{L(x,Q
2

) + G(x,Q2)] 
0 

1. (4) 

The convolution integrals can 

multiplications of the Mellin moments 
be transformed into 

I 

f(n) I dx•xn-1f(x). 
0 

E.g., istead of eq. (1) we have: 

+ 

{1') 

where the Q
2
-dependence of ck(n, Q2 j is given by the series (the 

indices denot.ing the NS-, SI-quark and gluon contributions are 
omitted): 

a (Q2) a (Q2) 

.Ck(n. Q2
) = 1 + -•- BUl + [-" -]2B'2l +.. • 

• ·• 4rr k,n 4rr · k,n (5) 

The expansion coefficients B(ll can be found in ref. [25]. 
k,n 

Given the , initial Jlloments A
1(n,Q 2

) at certain reference 
- . 0 

point Q~ (which are no~ predicted by perturbative QCD), the 

solution of the Mellin transformed evolution equations is 
straightforward: 

A'N±S(n.Q2) = .,.Ns( Q2 Q2)ANS( Q2) • '~'± n, , o ± n, o , 

(6) 

The index • (-) in the NS case.denotes the evolution of a crossing 

even (odd) combination of parton densities, i.e. of the one 

containing q
1
+q

1 
(q

1
-q

1
). The· ¢-functions are determined by the 

Mellin transformation of the splittind function. For example, the 

nonsinglet ¢ - function has a form: 

"' 

4 
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with 

and 

¢~s(n,Q2,Q~) = ( 
2 

as (Q2)). [r~ol (n) 

a (Qo) 
s 

NS 2 2 I 2{:3o] ·H± (n,Q ,Qo), 

NS 2 2 1 2 2 NS 
H± (n,Q ,Q

0
) = 1 + 

4
rr[a

5
(Q)- a5 (Q

0
)]·Z± (n), 

Z~5 (n) [r~o (n) - r~o, fnJ/31/f:3oJ/2{:3o 

a a 
'l(n,Q2 ) =- 2P(n,Q2

) = 
4

; r 101 (n) + ( 4 ;)
2
'1Ul(n) + 

. (7) 

.. 
(B) 

parton indices are o~itted here and below. Similar expressions for 

the singlet ¢-functions are given in eqs. (2.13B) - (2.143) of the 

review (25]. Note, that in the case of charged lepton-proton 

scattering, the moments A1 (n, Q
2

) are related to the ones 

introduced in [25] by: 

G 2 5 2 51 2 5 2 NS 2 1 2 
A (n,Q )=lB<G(Q )>n, ~ (n,Q )=lB<L(Q )>n, A (n,Q )=6<b.(Q )>n. 

In fact, the QCD predictions in terms of the Mellin moments 

have been originally obtained with the help of the Wilson operator 

product expansion (OPE); r +(n, Q2
) at even (odd) n are just the 

. ( ~ -
anomalous dimensions of the spin-n nonsinglet operators. The 

anoma"lous dimensions have . been calculateq up to the 

next...:to-leading order in [26) and repr.esented in a simple 

analytical form in [27,2B]. For the gluon-gluon anomalous 

dimension we use a generally accepted _.result of refs. [2B,29] 

which slightly differs from the one of refs. [26,27]. 

It should be .. noted that in the crossing eve~ (odd) case the· 

anomalous dimensions beyond the leading order coincide with the 

moments in eq. (B)· only at even (odd) n [30]. To find out these 

moments at any n, an analytical c?ntinuation should be performed 

for even and odd n separately. As a result, the moments in eq. (7) 

are related . to the OPE anomalous dimensions r"5 
and 7

51 
by. the 

· n n 

following expressions: 

5 
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r~,,(n) 

r' 1 1 (n) 

r:
501 

+ lJ±(n)llr:sm, 

7nSI(I) + l) (n)fl7SI(I)' 
+ n 

where llr <ol = o, and, the corrections 
n 4 

small and vanishing very fast with n 
llr 01 are known to be quite 

(llnrN5
oc 1/n6

) [jO]. For this 
n 

reason the corrections are often neglected in the literature. 

However, they appear to be quite important for the Jacobi 

polynomial SF-reconstru9tion due to factorially large coefficients 

weighing the contributions of the moments. The corrections in the 

crossing even (odd) case can be simply taken into account by the 

following replacements in the OPE anomalous dimensions [31,32]: 

(-1)n 

s;(~n) 

s;c~n) 
S(n). 

... ±11 

~· (-1)n(±s;c~n) + ll±(n){-2S
2
(n) + ((2)]}, 

(-1)n(±s;(~n) + lJ±(n){-4S
3
(n) +3 ((3)]}, 

(-1)n[±~(n) + lJ±(n) i ((3)], (9) 

where the serie~ Sm(n) and the alternating 

defined in [27] and ((z) is the Riemann 

n216, ((3) ~ 1.20205 69031 59594. 

1 -series Sm(2n), S(n) are 

zeta function, ((2) = 

To conclude this brief theoretical summary, the QCD 

·predictions for the moments of the nucleon SFs are given by eq. 

(1'). together with eqs. (5), (6), (8) and (9). 

3. Jacobi polynomial reconstruction method 

The evolution equations allow one to calculate the 

Q
2-dependence of the parton densities A1 provided they are given 

at a certain reference point Q
0

2
• The densities A

1
(x,Q

0

2
) are 

usually parametrized on the ~asis of plausible theoretical 

assumptions concerning their behaviour near the end points x = o, 
1, e.g.: "' 

6 
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xA"s(x,Qo2) 

XASI(X,Qo2) 

c 2 
xA (x,Q0 ) 

! v 
IJ.N5 I N5 

aNSX (~-X) (1+1N5X), 

11: v ll v 
a {X 51 (1-X) 51 + a X SEA(l-X) SEA} 

51 ' 5 EA I 

llc i v c 
acx (lTx) (10) 

The evolution equatiJns can be solved and QCD'predictions for 

SFs obt.ained with the I help of various numerical algorithms 

[3J-35]~Although straight~orward, these methods are not cheap in 
. i • > 

terms of computer time and meet a problem of accumulation of the 

rounding errors. Therefor
1

e a number of analytic methods has been 
developed to solve these ~quations with a lower price.' one of the 

simplest and fastest pos~ibilities is the SF reconstruction from 
I • 

the QCD predictions for its Mellin moments as given in an 
I 

analytical form in eq. (1,'). The Jacobi polynomials are especially 

suited for this purpose :since they allow one to factor out an 

essential part of the x-dependence of the SF into the weight 

function [9]. Thus, giveh the Jacobi moments a(Q
2
), a structure 

function f(x,Q2) may be r~constructed in a form ~f the series 

xf(x,Q
2

) " lim xf3(1-x)a. E a (Q2 )9cxf3(x), 
' m m 

M-+oo m=O 

(ll) 

where the Jacobi polynomi
1

als 

. m a.D m j" 
®~~(x) = E cJ(cx,(3)x 

j=O 

satisfy the 

ref. [10] 

orthogonality relation with the weight·xf3(1-x)cx (see 

for deta~ls). The Jacobi moments are just linear 

combinations of the Mellin ones: 

a (Q2) .. E c~(cx,(3)f( J+2,Q
2

) 
j=O 

(12) 

Their Q2-dependence thus simply follows from the QCD eq. (1'). 
It was shown that a fast convergence of the series (11) can 

be achieved·· with an appropriate weight function. Originally, a 

Q2-dependent weight function (~ith ex = ex((/)) was proposed [9]. 

7 
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Later on, it was recognized [10,12,13) that a good reconstr~ction 

accuracy (better than 1%) can be obtained with constant values of 

a and (3, and with a reasonable number Nmax of the terms retained 

in the series. As expected, the choice a z 3 and (3 z 0.5 for the 

weight function parameters appears to be optimal in the nonsinglet 

case. For. a singlet structure function parametrized at Q
0

2 = 5 

Gey-2 as the sin;let density in eq. (10) with ll
51

= O. 25, v
51

=· 3, 

llSEA= 0 and v5EA= 8, two sets of optimal a, (3 values have been 

found [13]: a
1 

"' 3, (3
1 

z o. 2 and a
2 

e(-0. 8, 3. 3), (3
2 

z -0. 8. The 

relation (3
1

z (3
2
+1 between the two (3-values is merely a consequence 

of the polynomial expansion. 

The analysis of the SF reconstruction accuracy in ref. (13] 

does not take into account a rapid Q2-evolution of the sea quarks 

and gluons~ Since the evolution effectively leads to the 

appearance of a negative.power of x in their x-distributions (36], 

we may expect decreasing the optimal (3-valu'e with Q2
• This is 

indeed confirmed (fig. 1) by the analysis of the relative 

reconstruction accuracy 

N 11, (13) 

of· a singlet-like test function F~est, k = 2, L. The index M 

indicates that the function F~est was reconstructed from its first 

H +1 moments. We have approximated the singlet-like structure 
function by 

J (3 a 
E c x J (1-x) J 

j =1 j 
(14) 

The parameters c , a , {3J, j NS, SI and G at various values of 
2 j j 

Q are given in Table 1. They have been calculated with the help 

of the r~sults of a QCD fit to the BC
1

DMS hydrogen data. The 

approximation (14) is sufficient for studying the reconstruction 

accuracy, and, as the moments· of its rh~ are exactly known, it 

avoids the necessity of the "exact" solution of the evolution 

8 
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.a 
162 

200Gev' 

'·' 

161 

10' o. 1•P 

Fig. l. The relative reconstruction accuracy ( 13) of a singlet

lik~ s~ F
2
(x, Q2 ) (defined in eq. (14) and table 1) as a function 

of the weight function exponent ~; calculations are performed with 

a = 3, N = 12 and Q2 = 10, 200 GeV
2

• 
max 

<l 

10 2 

-~ 
10 

"~ 200 GeV
2 

10 

10'..___.._._............._...___~_.__._._._.....j 
10 1•a 

Fig. 2. The same dependence as in Fig. 1 but as "; function of the 

weight function exponent a with fixed~ + 1 = 10-
5

• 
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Table 1. The parameters cJ, aJ, (3J in eq. (14) are given in the 

1-st, 2-nd and 3-rd column for each j. The two values at eac;:h o2 

correspond to.the structure functions F
2 

and FL, respectively. 

02 NS SI G 
Gev2 

10 .763 2.74 .901 .618 3.22 • 05"2 -.553 12.6 .757 .034 4.44 .734 .023 4.99 -.001 .025 13.9 -.259 4 
25 .723 2.88 .860 .513 3.26 -.037 -.195 11.7 .436 .027 4.56 .694 .016 4.99 -.083 .019 14.4 -.340 

200 .650 3.12 .790 .378 3.37 -.173 -.049 10.9 .054 .017 4.76 .626 .009 5.03 -.210 .012 14.3 -.454 

equations for this purpose. 

It may be seen from figures 1 and 2 that an optimal choice of 

the weight function parameters a and (3 in the' case of a 

singlet-like structure function F
2 

would be a'e(O, 4) and (3'close 

to -1 or (3 "' -o. 15. In the BCDMS kinematic range this choice 
u· 

guarantees ll2 < O. 3?.. This result is more than one order of 

magnitude better as compared with the case of the constant weight 

function· (Legendre polynomial expansion). For the longitudinal 

structure function, due to a substantial gluon contribution, the 

reconstruction accuracy appears to be worse by an order of 

magnitude c'see fig. 3; the optimal values are a .. 6 and (3 close to 

-l). such an inaccuracy is still acceptable since it is 

compensated by a small FL-contribution to the cross section (up to 

.several % in a few high-y BCDMS points). Figures 1-3 also 

indicate, in contrast with the nonsinglet case [ 12) , the 

sensitivity of the reconstruction accuracy to the analysed 

0
2
-interval. Clearly, this is a co11sequence of a fast singlet 

evolution in the low-x region. 

The dependence of the reconstruction accuracy on the number 

N of the terms in the series and on the length of the IBM max 

computer .word is displayed in fig. 4. .It may. be. seen that the 

single (double) precision is sufficient up ,to N,.ax = B ( 22). The 

reconstruction accuracy blows up at Nmax = 44. even if the maximal 

word length of REAL*16 has been used. It also follows from fig. 4 
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Fig. 3. The same dependence as in Fig. 2 but for a singlet-like 

longitudinal SF FL(x,Q
2
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Fi~. 4. The same dependence as in Fig. 1 but as a function of the 
number N = H + 1 of· the terms retained· in the reconstruction 

series at various lengths of the IBM computer word: REAL*4 (dashed aaax 

curve), REAL*S (dashed-dotted curve) and RElAL*16·(full curve): the 
parameters are : a = 3, f3 + 1 = 10-5 and Q

2 
= 25 Gey2. The dotted 

curve corresponds to REAL*S and a numerical in~egration of the 

x-parametrizations in eqs. (10). 
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that the IBM double precision allows one to achieve the 

reconstruction accuracy by· about one order better than in the case 

of the single one, while further doubling of the word length is 

less effective. We may conclude· that the computer precision 

practically limits the number of the retained terms to Nmax< 20. 

Due to rapidly increasing computer time with .Nmax' an optimum 

seems to be Nmax 1 = 10-15. In this case, as may be seen from fig. 

4, there is only a minor difference in reconstruction accuracies 

corresponding to the exact and numerical calculations of the 
initial moments from eqs. {10). 

It should be noted (32] that the convergence of the 

reconstruction series breaks at N > 10 if the QCD moments have 
max 

been calculated 

next-to-leading 
neglecting the corrections to the 

anomalous ·dimensions arising from 
substitutions {9). 

4. QCD fits to BCDHS proton data 

OPE 
the 

The method has been used for QCD analysis of the BCDHS 

hydrogen data [ 5, 6) • The initial parton densities at Q
0 

2 = 5 Gey2 

have been parametrized according to eqs. {10). The corresponding 

parameters are determined {except ~SEA and ~c assumed to be zero), 

together with the QCD parameter A defined in eq. {3'), by fitting 

the QCD predictions to the cross section data. Note that these 

points are often given in a form of the function Jll(x,Q2;E) which 
. 2. 

coincides with the structure function F
2 

calculated under the 

assumption R = CJ'L/CJ'T = 0 {see, e.g: [l,6,37]). We compare the 

cross section data with the complete singlet + nonsinglet NLO QCD 

prediction containing both the SFs F
2 

and FL calcUlated in the MS 

renornialization scheme. Different weight functions are used to 

optimize the Jacobi reconstruction of these SFs: for F
2

, the 

corresponding exponents a, ~are treated as free'parameters of the 

fit, and, for FL, they are fix:d at a= 6 and~ close to -1. 

The main results. have already been communicated ( 5, 7) • An 
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excellent agreement of the· QCD predictions for F (x,Q
2

) with the 
• 2 

data is demonstrated in fig .. 5 .(see also figs. 2, 3 of ref. [7]). 
The values of the fit parameters are given in Table 2 for the 

SI+NS analysis in a full kinematic range (x > 0.06) and for the NS 
analysis in a restricted domain (X >0.25). The kinematic cuts of 

ref. [7] are applied. The momentum sum rule .(4) is assui".ed. 
Note that rather large errors of the parameters of the quark 

densities·· are due to substantial correlations among them :·• However, 

these parameters, being determined essentially by the x-dependence 
of the SFs, are practically decorrelated from the QCD mass-scale 

parameter A, which· measures the size of the scaling violations. 

Table 2: Averaged results of the NLO QCD fits (Nma• = 10-17) to 

the BCDMS hydrogen data [6]. Only stat~stical errors are given. 

Fit j.INS VNS <Xq> VSEA aSEA 

:t'2 

1 Ns aNS j.ISI VSI VG AiiS ii'CiF 

3.5 10 1.1 0.8 4.5 0.45 13 0.17 9.0 207 258 
SI+NS 0.5 

±0.2 ±0.2 ±2 ±0.2 ±0.1 ±0.6 ±0.08 ±4 ±0.05 ±1.5 ±21 27o 

NS 0.6 3.5 0.1 2.2 - - - - 198 178 

±0.2 ±0.3 ±0.8 ±0.7 - - ±20 198 

A ratio x2/DOF "' 1 indicates not only the 'consistency of the 

data with the QCD predictions but also a sufficient flexibility of 

the quark parametrizations in eqs. 
with the help of polynomial 

(10). We have confirmed this 

modifications of these 

parametrizations and fc:>und .that the sub'!:iequent change' of A is 

negligible (< 2 MeV). 
In. the fits we have constrained the gluon density with the 

help of the momentu~ sum rule (4). This may be questionable as it 
requires an interpolation of the singlet quark and gluon densities 

into the unmeasured region of x < 0.06. It appears, however, when 

treating both <x/ and <xG> as free parameters and assuming J.I5£A= 

J.IG = o, that. the results of Table 1 remain practically unchanged 

(except for 50% increase of the error in 'vG), and, that the sum 

rule is well satisfied: 1 = 1.U5 ± 0.13. 
The softness of the gluon distribution permits to neglect its 

contribution in the evolution equations 'at sufficiently large 
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x-values (x > _o. 3) and to determine A with the help of a more 

constrained nonsinglet analysis. In an interval of x 2: o. 25 the 
NLO nonsinglet approximation, as compared with the complete st+NS 

treatment, yields practically the same A (see Table 1 and ref. 

[7)). 
The Nmax-dependence of the ,results of NLO fits is displayed 

in fig. 6. In agreement with the analysis of the reconstruction 

accuracy, the parameters of NS and SI+NS fits show stable 

behaviour for Nmax2: 8 and Nmax2: 10, respectively. Note that a good 
x2-stability is achieved by treating the weight function exponents 

ex and (3 in the F
2 
-reconstruction as free parameters of the fit. 

Without such a tuning of the weight function the x
2 

oscillates 

with Nmax by - 5 units while the fitted parameters remain 

practically unchanged. Small fluctuations of A with Nmax may be 
considered as a measure of the systematic error of the method. As 

is seen·· from fig .. 6, the fluctuations are less than 2 HeY which is 

negligible as compared ~lith the statistical and systematic errors 

in A. 
The results of the fits well agree with the ones [7,8] 

obtained by a different method (based on a numerical solution of 

the evolution equations [35]), except for a small systematic 

difference of - 10 MeV in the A-values which cannot be considered 

as a significant one as compared with the errors. A part of this 

difference. (3-5 MeV) is due to a different treatment of the 

R-function (see discussion in section 2.4 of ref. [21]): The 

results obtained by the two methods w~uld be fully identical 

provided [ 12) the exact solution of the NLO equation ( 3) for 

ex (Q2 ) is used instead of the equally valid NLO approximation in 
s 

eq. ( 3') . 

s. Conclusions 

We may conclude that the simple procedure suggested for the 

Jacobi polynomial reconstruction of both the transverse and 

longitudinal SFs is possible to make the reconstruction 

uncertainties in the predicted cross sectlon less than a fraction 
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of %, i.e. negligible as compared with the errors of present data. 

The corresponding computer code for QCD fits was successfully 

tested with the help of BCDMS hydrogen data. The results of the 

SI+NS (NS) fits show a stable behaviour of the physical parameters 

provided the number of the terms, Nux' retained in the 

reconstruction series is larger than - 10 · {8). The typical time 

for one full iteration in the SI+NS case at N 13 is about 30 
max 

CP seconds at th~ CDC 6500 computer. 

The BCDMS data (6] show a perfect agreement with the QCD 

predictions on scaling violations in the SFs: x 2/DOF ~ 1. The QCD 

mass scale parameter AiiS, determined for the first time from the 

full SI+NS analysis of the proton SFs, is equal to 207 ± 21.MeV. 

This value is in a good agreement with the one {198 ± 20 MeV) 

obtained from the NS fit (negl.ecting the gluon contribution) in 

the restricted kinematic range x ., o. 25. This result as well as 

the large exponent v = 13 ± 4 at Q 
2 = 5 Ge~ confirm the 

SEA 0 

earlier observations from muon-nuclear and neutrino-nuclear 

experiments that the dominant contribution to the SF F
2 

at x > 
_0.3 comes from valence quarks. The valence-quark exponents ~Ns = 

o. 5 ± o. 2 ·and v = 3. 5 •:!: o. 2 fitted at Q 2 = 5 GeV2 agree with 
~ ~ 0 

the predictions based on the Regge theory and on the quark 
·counting rule, respectively. 

Together with similar results obtained by the BCDMS 

Collaboration using another method of the analysis [7, 35), also 

showing an excellent agreement of the data with the QCD 

predictions, the best value of A- is 205 ± 22 (stat) + 60(syst) 
. ~ 

MeV, where the quoted systematical error is due to experimental 

uncertainties [7]; the theoretical uncertainties are expected to 

be of a similar size (21]. This is the most precise measurement of 

the A- from deep inelastic lepton-proton scattering experiments. HS . 

A soft gluon distribution has been obtained at Q 2 = 5 Ge~: 
+ 0 

xG( x, 5 Ge~) cc ( 1-x y9 - t. 
5

: the exponent v G is twice the one 

predicted by the quark counting rule at low Q2 and found in the LO 

analysis. This result indicates the importance of the NLO 

corrections for th~ SF analysis. The above gluon parametrization 

should be however considered only as an effective one in the range 

o. 06 < x < o. 30, where an essentially non'zero gluon contribution 
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is required by the measured slopes alnF ;alnQ~ characterizing the 
. • 2 

scaling violations (see fig. 4 of ref. [7)}. on· the other hand, 

direct photon production data are sensitive to the gluon density 

in the region 0.35 < x < 0.6 [38): they require vG = 4.0 ± O.B at 
Q 2 = 2 Gey2 in agreement with v = 6. 4 ± 

2 determined at the same 
0 · G 3 

Q
0

2 from the BCDMS hydrogen data. 
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TEST OF THE ELLIS-JAFFE SUM RULE USING 
•' . ,. . ' . 

PARAMETRIZATION OF THE MEASURED 
LEPTON-PROTON ASYMMETRY 

A.P.Nagaitsev*, V.G.Krivokhijine*, I.A.Savin, G.I.Smirnov 

It is shown that the values of the first moment of gf(x) calculated from simultaneous fits 

of the SMC and E143, data on the asymmetries A~(x) are below the Ellis-Jaffe prediction by 

more than 7a. 
The investigation has been performed at the Laboratory of Particle Physics, JINR. 

lJpoBepKa npaBHJIB CyMM 3JIJIHCB•)llKarl!rl!e C HCDOJIIJ30B8HHeM 

napaMeTpH38UHH li,BHHIJIX DO JieDTOH•DpOTOHHOH BCHMMeTpHH 

A.ll.Hazauqes u op. 
.~ 

flOKa3a!IO, 'ITO BCJIH'lHHbl nepBOfO MOMeHTa OT gf(x}, Bbl'lHCJieHHble H3 O)lHOBpeMeHHOH 

annpoKCHMauHH SMC HE 143 .11aHHbiX no acHMMCTpHH A~(x}, HaXOJlliTCll HHJKe npC.11CKa3aHHH 

npasHJia CYMM :3JIJ1HCa-llJKa¢lcpe 6onee 'leM Ha 7a. · 
Pa6oTa BblnonHella B na6op~TOpHH csepXBbiCOKHX ::lHeprnu OIDIH. 

!.Introduction 

It has been found from the meaSurements of the spin-dependent structure function 

gf(x) of the proton by the SMC [1] ~d E143 [2] that the value rf, which is the first 

moment of gf(x), is below the Ellis-Jaffe sum rule prediction. We quote in detaial the 
• 

results of Refs. [1], [2], because they are important for our discussion. 

1.1. SMC. The result for the first moment of gf(x) at (Q
2

) = 10 GeV
2 

is 

1 

rf = J gf(x)dx = 0.136 ± 0.011 (stat.)± 0.011 (syst.). (1) 

0 

*Granted by Russian Fund of Federal Research 
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The integral over the measured x range is 

0.7 

J gj(x)tb=O.l31 ±0.011 ±'0.011. 
0.003 

The values of integrals over unmeasured x regions are 

0.003 I 

J gj(x)tb = 0.004 ± 0.002, J gj(x)tb ;= 0.001 ± 0.001. 
0 v . 

The corresponding Ellis-Jaffe prediction corrected for QCD effects [3] is: 

rr = 0.176 ± 0.006. 

(2) 

(3) 

(4) 

SMC has evaluated. g j(x) from virtual photon-pr'?ton asymmetry A j(x, Q 2) averaged 

over Q 2 . in eac.h bin using the relation: 

(5) 

A j(x,Q 
2
) is assumed to be independent of Q 2. The unpolarized structure functions 

F f<x. Q 2) and R(x, Q 2) were taken from parametrizations [ 4] and [5], respectively, for the 

average (Q 
2
) = 10 GeV

2 
in the SMC kinematic region. The· virtual photon-proton 

asymmetry A f is related to the measured muon-proton asymmetry A P: 

p criJ.-crtt 
A = iJ. ii• 

cr +cr 
(6) 

(7) 

where criJ.(crtt) is the cross section for the longitudinally polarized muons scattering on 
pmtons polarized 'Opposite (along) to the muon momentum, D and 11 are the kinematic 

factors. SMC has shown in the separate experiment [6] that asymmetry Af arising from the 

interference between virtual photons with transverse and longitudinal polarizations is 
·compatible with zero within statistical errors. hi addition, since coefficient 11 in the SMC 

kinematic region is small, product 11Af can be neglected in Eq.(7). So, with this assumption 

· asymmetry A f is directly proportional to the measured A P: 
189 
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AP 
AP--

1 =D. 

1.2. EJ43. The result for the first moment of gi{(x) at (Q 
2

) = 3 is 

rf = 0.127 ± 0.004(stat.) ± O.OlO(syst.). 

The integral over the measured range is 

0.8 . J t;<x) ~ = 0.120 ± 0.004 ± 0.008. 

0.029 

The values of integrals over unmeasured x regions are 

0.029 
J t;<x) dx = 0.006 ± 0.006, 

0 

1 J t;<x) dx = 0.001 ± 0.001. 

0.8 

The corresponding Ellis-Jaffe prediction corrected forQCD effects [3J.is: 

rf = 0.160 ± o.oo6. 

61 

(8) 

(9) 

(10} 

(11) 

(12) 

E143 has evaluated g: from the measurements of All and A~ asymmetries for the scattering 

of the longitudinally polarized electrons on the target polarized parallel and transverse to 

the beam direction: 

t: F~=D-1(AII +tan(E>/2),4~), (13) 

1 
where e is the· electron scattering angle. This ratio is related to the virtual photon-proton 

asymmetry A f: 
AP=t:-f~. 

• 1 pP pP 

2 
.2_~<< 1 
1 - v2 

(14} 

r 1 

and with the same level of confidence as for SMC: we can neglect product ft'/ Ff and 

obtain the same approximate relation ·as Eq.(5): 

t: Afs pP. 
1 

(15} 

Calculating r f from t;l F f; in E 143 it was assumed that the last ratio is independent of 

Q2• Such an assumption was justified by observing good agreement between SLAC and 

SMC data taken at different Q 
2

. 
190 

62 

The two expe 

by more than tw 
physics effects no 
data and their anl 
data and theory 

problems. One o 

experiments· and \ 
possible incorrec1 

experiments did 

extrapolating the 

motivated our st\ 

constraint Af(l) = 
[ 10] for discussio1 

. 2. Calculati . 
We calculate 

I) The x.:depe 

, will be discussed 

t;l F f measured i 

experiments simul 

2) This functi 

t:( 

where we have 

parametrization [5 

whereP
1
,P2, ... a 

integral from· Eq.( 
Section 4). 



61 

(8) 

:Q~)=3 is 

:syst). (9) 

008, <' (10) 

= 0.001 ± 0.001. (11) 

D effects, [3]. is: 
:,, ,,"•·=·· • 

(12) 

( asymmetries for the scattering l. . . 
larized parallel and transverse to 

l.)' (13) 

ated io the virtual photon-proton 

«1 (14) 

can neglect product -fr!.f Ff and 

(15) 

at the .l~t ratio is independent of 

ld.agreement between SLAC ·and 
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The two experiments obtained rj, which is below the EIJis-Jaffe sum rule prediction 

by more than two standard deviations. These discrepancies could be caused by some 
physics effects not taken into account by the EIJis-Jaffe model or due to imperfection of the 
data and their analysis. Since in terms of standard deviations the difference between the 
data and theory is not significant, it is worth-while to examine possible experimental 

problems. One of them is a «nonsmoothness» in x behaviour of Aj present in both 

experiments and which is difficult to explain by statistical errors. It might be produced by 
possible incorrectable point-to-point systemati~ fluctuations. On the other hand, both 

experiments did not take into account the theoretical prediction Aj(x = 1) = 1 while 

extrapolating the data to the unmeasured region 0.7 < x S 1. These two observations · 

motivate~ our study of the changes in the rr when the latter is calculated with the 

constraint Af(I) = I and with smooth input Aj(x). Such an approach has been used in paper 

[ 10] for discussions of the Bjorken sum rule tests. 

2. Calcu!ation of rj 

We calculate the first moment of g: as follows: 

I) The x-dependence of Aj is parametrized by function Af(x) (the form of the function 

will be discussed later) with some free parameters. As long as values Aj(x, Q2) and 

g:; Fj measured in SMC and EI43 are independent of Q 2, we can fit the data from two 

experiments simultaneously. 

2) This function A' is used for calculations of g
1
(x) and its integral: 

(16) 

where we have used for F{(x, Q 2) the NMC parametrization [4] a!ld the SLAC 

parametrization [5] for R(x, Q2) at given Q2• Then 

I I 

rj = J t: dx= J Af(x, P 1, P2, .. )F((x) dx, 
0 0 

(17) 

where PI' P2, ... are parameters obtained from fit of the measured A((x). The error of the 

integral from Eq.(l7) 'is calculated using errors of the parameters taken from the fits (see 
Section 4). · 

19I 
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3. Par~metrization of Af 

3.1.' The Choice of Fun~tions for Fitti~g. We have. suggested that the form of the 

P,arame.tri~ation functions should be the simplest one with the minimal number of 

parameters. These functions must meet two requirements: Af(O) = 0 and Af(l) = 1 taken 

from theoretical predictions [7, 8). Two functions have been chosen out of many: 

where P 1, P 2 are free parameters. 

p2 ·. p 

A{(x) =-z · (x+x 1
), 

.f PI 
N2(x) =P2 ·X , 

(18) 

(19) 

3.2. The Test of Agreement between SMC and EI43 Data. To test the consistency of the 

SMC data on Af and the E143 data on t;_l Ff, we have performed fits with functions from 

, Table 1. Separate fits of the SMC and E143 data using functions from Eqs.(18), (19) 

The'fonn of function Ex}ieriment PI API p2 61'2 x2td.o.f. 

. A{Cx) SMC 0.551 0.084 0.988 0.158 ·o.58 

E143 0.625 O.o38 1.100 0.054 1.43 

~(x) SMC 0.665 0.082 0.888 0.172 0.58 

E143 0.747 0.032 1.043· 0.060 1.38 
-------- ~ -- ·- -- -

Table 2. Test of the systematic shift between the SMC and E143 data 
• 

The value of P2 Function 2 xtd.o.f. PI l1P1 p2 AP2 

a) Pi is free for E143 A{(x) 1.167 0.599 0.031 1.068 0.046 

and 
P2= 1 for SMC ~(x) 1.123 0.732 0.025 1.016 0.043 

b) P2 is free fro SMC A{(x) 1.227 0.560 0.016 1.004 0.087 

and 
P2 = 1 for E143 ~(x) 1.126 0.725 0.012 1.005 0.087 
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{18) 

(19) 

at a: T~ test the consistency o,f the 

.erformed fits with functions from 

functio~ from, Eqs.(l8), (19) 

Pz APz ·ltd.of. 

4 0.988 0.158 0.58 

·8: 1.100 0.054 1.43 

:2 ' 0.888 0.172 0.58 

12 . 1.043 0.060 1.38 

1e SMC and E143 data 

I .AP1 Pz APz 

99 0.031 1.068 0.046 

·: 
0,025 1.016 0.043 '32 ·. ,' 

)60 0.016 1.004 0.087 

725 0.012 1.005 0.087 
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Eqs.(l8), (19) for each experiment separately taking into account only statistical errors. 
From the results of the fits which are shown in Table 1 we conclude that the data are 
consistent because the values of parameters P 1 and P 2 are the same within the errors. 

Table 1 also shows that within the errors P2 -= 1 to be expected if the theoretical 

prediction Af(1) = 1 is valid. So, we can use P2 = 1 unless there is a systematic shift be

tween the SMC and E143 data. It was checked 'by fitting the data simultaneously for two 
cases according to different assumptions on P2: 

1) P
2 
= 1 for the SMC data and free for the E143 data; 

2) P2 is free for the SMC data and P2 = 1 for the E143 data. 

Table 2 shows that within the errors P 2 -= 1 as expected if there is no systematic shift 

between the data, which justifies the use P 2 = 1 for further fits. 

3.3. The Results of Fitting. The experimental points for fits were taken either with 
statistical errors only or with statistical and systematic errors combined. 

Table 3 and Figures 1, 2 show the results of the fits of the SMC and E143 data taken 
either separately or simultaneously (SMC+E143) by Eqs.(l8), (19) assuming that P2 = 1. 

The fonn 
of function 

a) ~(x) 

b) A~(x) 

c) ~(x) 

a) ~(x) 

b) ~(x) 

c) ~(x) 

Table 3. Separate and simultaneous fits of the data on A 1 taken with: 

a) the statistical errors only; 
b) statistical and systematic errors combined linearly; 

c) statistical and systematic errors combinett in quadratures 

SMC E143 SMC+E143 

PI API ·ild.of. PI API ·ild.of. PI API -
0.556 0.044 0.524 0.561 0.016 1.509 0.560 0.015 

0.562 0.067 0.252 0.569 0,025 0.673 0.568 0.024 

0.559 0.050 0.431 0.569 0.016 1.197 0.565 0.018 

0.712 0.036 0.560 0.726 0.012 1.344 0.725 0.011 

o.?11 0.054 0.270 0.730 0.019 0.596 0.728 0,018 

0.715 0.041 0.460 0.728 0.014 1.059 0.727 0.013 
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Fig.l. The approximations of lepton-proton asymmetry measured by the SMC and E143. The 
statistical erroQ are taken only 

One can see that both fits yield consistent results for the free parameter P 1 when the 

same function is used. From ·i value~ we can concl~de that the data from both experiments 
are very well parametrized using the simplest functions with one free parameter. We cannot 

make the choice between the two functions because values x2
/ d.of. are rather good in both 

cases. They are however worce for the E143 data indicating the presence of some 
• 

systematic point-to-point fluctuations. For example, the points at x = 0.039, 0.079, 0.370, 
0.416 and 0.666 (marked as dark points in Figs. 1c and 1d) give respectively 3.2, 5.9, 3.6, 

5.6 and 3.2 units to x2 of the total 34.95 for 26 degrees of freedom. These contributions are 

largely reduced if the systematic errors (compare x21 d.of. in Table 3) are taken into 

account. 
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One can see that both fits yiel(j consistent results for the free parameter P 1 when the 

same function is used. From ·i values we can concl~de that the data from both experiments 
are very well parametrized using the simplest functions with one free parameter. We cannot 

make the choice between the two functions because values x2
/ d.o.f. are rather good in both 

cases. They are however worce for the El43 data indicating the presence of some 
• 

systematic point-to-point fluctuations. For example, the points at x = 0.039, 0.079, 0.370, 
0.416 and 0.666 (marked as dark points in Figs. lc and ld) give respectively 3.2, 5.9, 3.6, 

5.6 and 3.2 units to x2 of the total 34.95 for 26 degrees of freedom. These contributions are 

largely reduced if the systematic errors (compare x2/ d.o.f. in Table 3) are taken into 

account. 
194 

66 

A, .----
1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

A, 
1.4 

1.2 

0.8 

0.6 

0.4 

0.2 

0 

A'(x)= 

10"3 

r----

c) 

A'(x)= 

10-J 

Fig.2. The app1 
are taken only. 

4. The Fir 

The functic 
Eq.(l7). Forthf 

Q2 = 10 and 3 

calculated using 

structure furictio 



Nagaitsev A.P. et al. Test of the Ellis-Jaffe Sum 

Table 4. The values of integrals rf for the SMC data on A 1 ((Q 2) = 10 GeV 2) taken with: 

a) statistical errors only; 
b)statistical and systematic errors combined in quadratures 

The fonn of II rP 0.7 0.003 I 
I J f.(x) dx J K;(x) dx J t.<~)dx function 

0.003 0. 0.7 

a) A';<x) 0.142±0.013 0.130±0.010 0.010±0.003 0.0010±0.0004 

b) A';(x) 0.141±0.015 0.129±0.011 0.010±0.004 0.0020±0.0004 

a) A{(x) '" 0.139±0.012 0.131±0.010 0.006±0.002 0.0020±0.0004 

b) A{(x) 0.138±0.013 0.130±0.011 0.006±0.002 0.0020±0.0004 

Table 5. The values of integrals rf for the El43 data on A 1 ((Q
2)= 3 GeV 2) taken with: 

a) statistical errors oDiy; 
b)statistical and systematic errors combined in quadratures 

The fonn of II rP 0.8 0.029 I 

function 
I J f.(x) dx J K;(x)dx J /.(x) dx 

' 0.029 0 0.8 

a) A';<x) 0.129±0.04 0.106±0.002 0.022±0.002 0.0010±0.0004 

b) A';<x) 0.127±0.004 0.105±0.002 0.021±0.002 0.0010±0.0004 

a) A{(x) 0.125±0.003 0.107±0.002 0.016±0.001 0.0020±0.0004 

b) A{(x) . 0.124±0.003 0.107±0.002 0.016±0.001 0.0010±0.0004 

Table 6. The values of integrals rf for the SMC+E143 data on A 1 (Q 2 = 5 GeV 2) taken with: 

a) statistical errors only; 
b)statistica! and systematic errors com~ined in quadratures 

The fonn of II rP 0.1 0.003 I 
I J f.(x) dx J K;(x)dx J f.(x)dx function 

0.003 0 0.8 

a) A';<x) 0.133±0.004 0.124±0.003 0.008±0.001 0.0010±0.0004 

b) A';<x) 0.132±0.004 0.124±0.003 0.007±0.001 0.0010±0.0003 

a) A{(x) 0.128±0.003 0.123±0.003 0.040±0.003 0.0010±0.0003 

b) ~(x) 0.128±0.004 0.123±0.003 0.004±0.001 0.0010±0.0003 
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((Q 2)= 10 GeV 2) taken with: 

in quadratures 

1.003 I 

J gl{(x) dx J gl{(x) dx 
0. 0.7 

O.OIOiQ.003 0.0010±0.0004 

o.ol0±o.oo4 0.0020±{).0004 

0.006±0.002 0.0020±{).0004 

0.006±0.002 0.0020±{).0004 

l in quadratures 

0.029' - I 

rgl{(x)dx J gl{(x} dx 
0 0.8 

0.022±0.002 0.00 I 0±{).0004 

0.021io.002 0.0010±{).0004 

0.016±0.001 0.0020±{).0004 

0.016±0.001 0.00 I 0±{).0004 

d in quadratures 

0.003 I 

J gl{(x) dx J gl{(x) dx 
o_ 0.8 

0.008±0.001 0.00 I 0±{).0004 

0.007±0:001 0.00 I 0±{).0003 
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Fig.3. The comparison between theoretical predictions for rf and values obtained with the 

proposed method and errors llrf estimated from statistical and systematic errors of the data 
combined in quadratures 

by shifting average value of the parameter P 1 by+/- one standard deviation:· (P
1 
-.6P

1
) 

and (P1 + AP1). The results of calculations are presented in Tables 4-6. As it is seen from 

Tables 4 and 5, the integrals over the entire region calculated by us coincide within the 
errors with those fro!ll publications [1, 2]. 

We have also calculated the integrals for the measured and unmeasured x range to 

compare our results with those from Refs. [1, 2] (see Eqs.(2), (3) and Eqs. (10),(11)). The 

integrals over the measured x range for the SMC data calculated by us and in Ref. [1] are 
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the same, but extrapolation to x = 0 is understimated in Ref. [1]. For the E143 data the 
integrals over the measured region are overstimated in Ref. [2] while the extrapolation to 
x = 0 is largely underestimated. The results for the E143 measured region have smaller 
errors than those in paper [2] due to obvious reasons related to substitution of the 
experimental points by a smooth parametrization and additional constraints at x = 0 and 
x.,;, 1. We have also computed r

1 
from the SMCand E143 data at a common value of 

Q2 = 5 GeV 
2 

by fitting simultaneously reevaluated values of g1(x). Reevaluation of g1(x) has 

been done in the same way as in [9]. The results are to be compared with the Ellis-Jaffe 
prediction for r 1 at 5 Ge V 2, which is 0.171 ± 0.006 (see Figure 3 ). The comparison be-

tw~en theoretical predictions on rr and the values obtained 1 with the proposed method are 

also presented in Figure 3. 

5. Discussion 

1. It is shown that lepton-proton asymmetry from the SMC and E143 data fitted either 
separately or simultaneously can be parametrized using the simplest functions with one free 
parameter only. The SMC and E143 data are in agreement with the theoretical predictions 

Af(x = 0) = 0, Af(x = 1) = 1. These constrains can be used in data parametrization. 

2. The method to calculate rj from Eq.(lO) using parametrization of as~mmetry 

Af(x) is a . natural generalization of the tj(x) calculations from Eq.(5), when 

parametrizations Ff(x, Q 2) and R(x, Q 2) are used instead of experimental values. The 

values of J tj(x) dx calculated with this method for the entire x range are in agreement with 

the published ones: 

SMS data 
E143 data 

rP 
1 

published value 
0.136±0.016 
0.127 ± 0.011 

rP 
1 

this paper 
0.141 ± 0.015 
0.127 ± 0.004 

where the statistical and ~ystematic errors are combined in quadratures. 

3. The use of the parametrization of the measured asymmetries with physics constraints 
at x = 0 and x = 1 can be helpful in revealing unaccounted systematic errors in the data. For 
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example, the comparison of J i;(x) dx over the measured x range with that of Ref. [2] 

(E143) indicates that the last one is largely overestimated: 

E143[2] This paper 
0.8 

J i;(x) dx 0.120 ± 0.009 0.105±0.003. 
0.029 

We explain larger value of the integral from Ref. [2] by pretty large fluctuations of some 
data pionts at intermediate x. Due to the same reason the unconstrained fit (free P

2
) of the 

E143 data yields Af(x= 1)> 1 (see Figs. 2c, 2d). 

4. The parametrization of the asymmetries with the constraints at the boundaries 
provides a law for the extrapolations to the unmeasured low x and high x regions. This law 
is suggested by the data themselves, which we consider as more justified than making 
assumptions similar to those of Refs. [1, 2]. We find, for example, that E143 underestimates 
the low x contribution to the integral: 

E143 paper 
0.029 

This paper 

J i;(x) dx 0.006 ± 0.004 0.021 ± 0.003 . 
0.0 

This difference elm serve as an argument to perform better measurements in the low x range 
for the proper choice of the parametrization. 

5. The rf calculated from the parametrized asymmetiies with the constraints at the 

boundaries have smaller errors than those of Refs. [2, 9]. This indicates overestimation of 
possible systematic errors in these papers which devaluates the results of the measurements 
when compared to the Ellis-Jaffe predictions. 

The proposed method allows one to demonstrate, that the conclusion of Ref. [2] that 

rf is more than two standard deviations velow the Ellis-Jaffe sum rule predictions is 

dominated by systematic errors. The values of the first moment of t; calculated by the 

proposed method from SMC and E143 data are also smaller than theoretical predictions, but 

the significance of deviation from them is now larger. For example, the integrals rf 
calculated from the fits of the SMC, El43 and (SMC+El43) data on Af (taken with 

statistical and systematic errors combuned in quadratures) are below the Ellis-Jaffe 
predictions by 2.5, 10 and 9cr, respectively. These results can be considered as a clear proof 
of the violation of the Ellis-Jaffe sum rule. 
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6. The value of rj depends only slightly. on the A{2 parametrization and the present 

accuracy of the data does not permit, one to choose between them. . 
7. Concerning the shortcomings of the method it should be emphasized that the 

calculation of the errors for rr can be improved using a more sophisticated procedure for 

the treatment of experimental errors and their correlations. But we believe that this proce
dure will not change substantially the above conclusions. Our belief is based on the com
parison of the P 1 and til' 1 values given in Table 3. For the Table 3 (line b) results we have .• 

taken each experimental point with the error equal to the linear sum of the statistical and 
systematic errors, i.e., the upper limit of the possible error; using P 

1 
and M 

1 
from these 

fits for the estimations of the rr ~d tJ'f we have found that difference between the 

SMC+El43 data and the Ellis-Jaffe prediction will be 7.5cr instead of 90' obtained in case 
of more common treatment of errors. 
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We present a next-to-leading order QCD analysis of the presently available data on the spin structure 
function g

1 
including the final data from the Spin Muon Collaboration. We present results for the first moments 

of the proton,' deuteron, and neutron structure functions, and determine singlet and nonsinglet parton distribu
tions in two factorization schemes. We also test the B jorken sum rule and find agre~ment with the theoretical 
prediction at the level of 10%. [S0556-2821(98)07111·3] 

PACS number(s): 13.60.Hb, 13.88.+e 

I. INTRODUCTION 

We present a perturbative QCD (PQCD) analysis in next
to-leading order (NLO) of the world data on polarized 
lepton-nucleon deep inelastic scattering (DIS). The data used 

in this analysis include the final results [I] presented by the 
Spin Muon Collaboration (SMC). From the world data we 
determine the first moments of the polarized structure func· 
tions. 

The accuracy of the experimental data on the polarized 
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structure function g 1(x) has improved significantly in the 
past few years. All experiments have confirmed the small 
values of the first moments of g, of the nucleon, thus con
firming the violation of the Ellis-Jaffe spin sum rule [2] and 
·the small contribution of quark spins to the nucleon spin (a0 
in the naive quark parton model). Motivated by the availabil
ity of accurate experimental data, theoretical tools to analyze 
them have been advanced, e.g., NLb calculations in PQCD 
for the spin structure functions. The nucleon spin can now be 
separated into some of its components in the framework of 
PQCD. Of special interest is the role played by the polarized 
gluon distribution. It has been suggested [3] that if the po
larized gluon distribution is found to be significant, it could 
explain the small value of the quark contribution to the pro
ton spin. 

The Bjorken sum rule [4] is a relation between the first 
moments of the spin structure functions of proton and neu-. 
tron. It is a fundamental result of QCD first derived using 
current algebra. Most experimental efforts in the past have 
been oriented towards the direct confirmation of this relation. 
The determinations of the first moments from the experimen
tal data depended on extrapolations due to the limited kine
matic range of the experiments. In this paper we address this 
issue within the framework of PQCD: we first present a 
PQCD analysis of the world data assuming the Bjorken sum 
rule to be valid, and discuss the uncertainties in the analysis 
and their origins. We then release the Bjorken sum constraint 
and check if the available data arid the theoretical framework 
of PQCD allow a test of the Bjorke'l sum rule. 

A number of theoretical papers have been published on 

'Deceased. 
'"Now at CERN, 1211 Geneva 23, Switzerland. 
'Now at University of Virginia, Department of Physics, Charlot

tesville, VA 22901. 
dNow at CIEMAT, Avda Complutense 22, 28040, Madri,d, Spain. 
'Now at Fermi National Accelerator Laboratory, Batavia, 

IL60510. 
'Now at University of Wisconsin. 
IJ>ermanent address: Northeastern University, Department of 

Physics, Boston, MA 02115. 
bNow at NIKHEF P.O.B. 41882, 1009 DB Amsterdam, The Neth

erlands. 
;Now at SLAC, Stanford, CA 94309. 
iNow at University ofMainz, Institute of Nuclear Physics, 55099, 

Germany. 
kPermanent address: Miyazaki University, Faculty of Engineering, 

889-21 Miyazaki-Shi, Japan .. 
1Permanent address: Paul Scherrer lnstitut, 5232 Villigen, Switzer

land. 
mPermanent address: The Institute of Physical and Chemical Re

search (RIKEN), Wako 351-01, Japan. 
"Permanent address: University of California, Institute of Particle 

·Physics, Santa Cruz, CA 95064. 
·."Permanent address: KEK, Tsukuba-Shi, 305 lbaraki-Ken, Japan. 

PNow at University of Michigan, Ann Arbor Ml48109. 
qNow at SBC Warburg Dillon Read, CH-4002 Basel, Switzerland. 
'Now at Penn. State University, 303 Osmond Lab, University 

PHYSICAL REVIEW D 58 112002 

this topic over the last few years [S-8]. The E154 Collabo
ration has recently presented their PQCD analysis of the data 
[9]. The SMC has published results in which the PQCD 
analysis was used to evaluate the first moments rf·d·• at a 
fixed Q2 [10-12], but a detailed description of the procedure 
of the PQCD analysis was not given. We do that in this 
paper. 

In the PQCD analysis, apart from the published data from 
other collaborations at CERN, SLAC, and DESY, we use a 
new and final set of data [I] from SMC which includes im
proved values of g 1 at low x obtained by requiring the pres
ence of a high energy hadron in the final state. In addition, an 
improved value of the beam polarization (with respect to our , 
previous publications [10-12]) was used in the evaluation of 
the asymmetries. We study the impact of each experimental 
data set and the sources of theoretical uncertainties on the 
first moments of the spin structure functions and on the po
larized parton distributions. 

In Sec. II, after a brief overview of the theoretical frame
work needed for the PQCD analysis, we describe the method 
used. We performed this analysis using two different math
ematical approaches and computer codes. With the improved 
data available today, we determine the polarized parton dis
tributions and study their stability. A comparison of results 
obtained in the two programs allows us to do this. We dis~ 
cuss the main features of the two programs used for calcu
lating the Q2 evolution emphasizing their differences and 
similarities, and compare the results obtained. The choice of 
the factorization scheme has been discussed extensively in 
Refs. [6, 15]. It has been shown analytically that the choice 
is arbitrary, and that one can translate results from one 
scheme to the other. We chose two widely used schemes in 
the field of polarized DIS and present results based on world 
data in those two schemes. Recently, Altarelli eta/. [8] have 
presented results on the determination of a, using the PQCD 
analysis of the spin structure function data. A publication [9] 
by the E154 Collaboration has also indicated that their analy
sis showed sensitivity to the value of a,. We present our 
result and comment on it. Towards the end of Sec. li we 
discuss in detail the experimental systematic and theoretical 
sources that contribute to· the total uncertainty in the polar
ized parton distribution functions (PDFs). · 

Section III discusses the results, namely the first moments 
of the spin structure functions, the quark and gluon parton 
distribution functions, and the evaluation of the Bjorken sum 
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rule. We present two evaluations of the Bjorken sum rule: 
one from the QCD fit in NLO and another from·a fit _re-· 
stricted to the nonsinglet part of the· spin structure function. 

II. THE QCD ANALYSis-PROCEDURE 
AND UNCERTAINTY ESTIMATION 

A. Introduction: Experimental measurement of g 1 
,d ' ' 

In polarized DIS experiments the as)'mmetry, A1, of the 
cross sections for parallel and antiparallel orientations of the 
beam and target spins 

utl-utl 
A 1 = -;;:rr+oTI (1) 

is measured. The evaluation of the asymmetry A 1 requires 
knowledge of the incident beam and target polarizations, and 
of the dilution factor which accounts for the fact that only a 
fraction of the target nucleons is polarizable. The asymmetry 
A

1 
and the spin-dependent structure function g 1 are related to 

the virtual photon-nucleon asymmetries A 1 an~ A 2 [ 16] by 

F2 
A1=D(A1+71A 2), g 1 2.x(I+R) (A1+'YA2), (2) 

in which the factors 7J and 'Y depend only on kinematic vari
ables arid on the nucleon mass, while the dep-olarization fac
tor D depends on kinematic variables and the ratio of total 
photoabsorption" cross sections for longitudinally and trans
veniely polarized. virtual photons R = u L I u r. The ·structure 
function g

1 
is computed using Eq. (2) and parametrizatioris 

for F
2 

[1] _and R. For x<OJ2 a ·parametrization of R based 
on the· data from Ref. [13] was used, while for .x>O.l2 the 
parametrization in Ref. [14] was used. For other experimen· 
tal aspects of the g 1 measurement se.e Refs. [1,12]. . 

. In the PQCD analysis presented in this paper we use the 
final SMC proton and de~teron ciata from R~f. [!]with Q

2 

> 1 GeV2, the proton data from the European Muon Col
laboration (EMC) [17]," the proton and deuteron data from 
the El43 Collaboration [18-20], and the neutron data from 
the El42 [21], E154 [22], and HERMES [23] Collaborations. 

• As in our previous publications [10], we assume' that the 
deuteron structure function g1 is related to the proton and 
neutron structure functions g~ and g7 by 

2g1 
~+ gj=[l-(312)wD]' 

(3) 

where wD=0.05:!:0.01 is the D-wave state probability in the 

deuteron. 

B. Theoretical framework 

The structure function g 1 is related to the polarized quark 
and gluon distributions through 

PHYSICAL REVIEW D 58 112002 

· 1 · r~ dy l (.X ·) 
gl(.x,t)= 2 (e2) J - C$ -,a,(t) ~!.(y,l) 

' ' % y y . 

+.2n ;;'(~.a,(t)) ~g(y,t) 

+ C~s(~.a,(t) )~q:s(y,t) 1• (4) 

where (e2)=nt!~~~e~ is the average squared quark 
charge, t= ln(Q'/A2) where A is the QCD scale parameter, 
~! and ~qNS are the singlet and nonsinglet polarized quark 
distributions · 

"I 
A!(.x,t)= L ~q 1(x,t), 

' 1•1 

., 
~qNs(x,t)= ~ (e~/(e2)-l)~q 1(.x,l), (5) 

i•l . . 

and· C~ Ns(a,(l)) and Cg(a,(t)) are the quark and gluon 
coeffici~nt functions. The X and Q2 dependence of the polar· 
ized quark and gluon distributions is given by the 
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa· 

tions [24] 

d a,(t) (I dy [ s (X ) dt ~!(x,t)= 2W' J. y lp qq y-a,(t) ~!(y,t) 

+ 2n 1~ qg(~,a,(t)) ~g(y,t) 1• (6) 

d a1(t) (I dy j [X 1 . 
dt ~g(x,t) = 2W' J. Y l P gqlY'a,(t) ~!(y,t) 

+ P gg[~.a,(t) 1~g(y,t)}, (7) 

d a,(t) (.
1 ldy1 NSl.X 1 dt AqNs(x,t)= 2W' J. y Pqq y-a,(t) ~qN5(y,t), 

(8) 

where P 11 are polarized splitting functions. 
The full set of coefficient functions [25] and splitting 

functions [26] has been computed up to next-to-leading order 
in a,. At next-to-leading order the splitting functions, the 
coefficient functions, and in general the parton distributions 
depend on the renormalization and factorization schemes, 
while the physical observables, such as g 1 , remain scheine 
independent. Parton distributions in different schemes can be 
different but they are related to each other by well-defined 

transformations [ 15]. 
Two widely used schemes in the PQCD analysis of the 

spin structure function data are the modified minimal sub
traction (MS) scheme [27] and the Adler-Bardeen (AB) [6] 
scheme which is a modified Ms scheme. In the MS scheme 
the first moment of the gluon coefficient function cr is equal 
to zero, which implies that the gluon density ~g(.x,Q 2) does 
not contribute to the integral f 1 = f~gl(x)dx [see Eq. (4)]. 
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In the AB scheme the axial anomaly [- a,(Q2)Ag(Q2)] 

contributes explicitly to r 1 • The first moments of the singlet 
quark distribution in the two schemes differ by an amount 
proportional to a,Ag: 

.., 2 .., a,(Q2) 2 
A .. MS(Q )=A""AB-n/~ Ag(Q ), (9) 

where Ag(Q2) is the value of Ag that one obtains in an 
analysis performed in the AB scheme. Since at leading order 
the first moment of the polarized gluon distribution behaves 
as II a,, the scheme dependence in Eq. (9) persists at all Q2 

and is potentially large if the first moment of the gluon dis
tribution is large [3]. 

C. Method of QCD analysis 

Polarized parton distributions are extracted from experi
mental structure function data in the following way. One 
needs an initial functional form for the parton distributions at 
an initial Q2= Q:. It needs to.be flexible enough to allow for 
the description of the low x as well as the high x behavior of 
the data and to connect the high and low x behaviors with a 
minimal number of free parameters. In this spirit we param
etrize the initial polarized parton distributions a~ a starting 
Q2 =Q: as 

·· AJ(x,Q2)=N(a1 ,{31 ,a1)'T/fXai(I -x)Pt(I +a1x), 
' (10) 

where N(a,{3,a) is fixed by the normalization condition 

N(a,{3,a) J>a(l-x)P(J +ax)dx= I, 

and A/ denotes AI, Aq11s, or A g. With this normalization 
.the parameters 'Tlg• TINS• and Tis are the first moments of the 
gluon, the nonsinglet quark and the singlet quark !listribu· 
tions at the starting scale, respectiveiy. We evolve the initial 
parton distributions to the Q2 of the data points using Eqs. 
(6)-(8) and evaluate g 1 with Eq. (4). We determine a x2 

using this calculated g 1, g~"10(x,Q2), the measured 
gt'18(x,Q 2

), and its statistical uncertainty o,18,gt'18(x,Q 2
) as 

(II) 

, Here n stands for the number of experimental data points 
used in the PQCD fit. We minimize this x2 by changing the 
initial parton distribution coefficients Tit• a/, f3t, and a/ to 
get the best fit parton distribution at the initial Qf. Only 
statistical errors on the data were used in the fit. Various 
systematic uncertainties, being correlated, had to be handled 
separately and will be discussed in Sec. II G. Unless other
wise mentioned we .chose the initial scale, Q: =I GeV2

• 

Since· most of the experimental data lie in the range I < Q2 

< 10 GeV2, whc:n it was relevant to study the Qf dependence 
of a result, we have done so using Q:= 10 GeV2 as the upper 
limit for the initial scale. The normalization of the non· 
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FIG. I. Comparison of the two programs in the MS Scheme. 
Data on [t,·d·• from CERN experiments (left column), SLAC, and 
DESY experiments (right column) are shown at their measured Q2 

with their statistical errors. The results of the QCD fits using the 
two programs at the measured Q2 of the data are shown by con
tinuous and dashed lines in each plot. Note that some of the fits for 
SLAC and DESY experiments (right column) are almost indistiri· 
guishable. · 

singlet quark densities ifr.i{ are fixed using the neutron and 
hyperon {3 decay constants and assuming SU(3) flavor sym· 

melfY 'Tlf.is=(:!:)~(g,.lgv)+fas. We use jg,.lgvi=F+D 
= 1.2601:!:0.0025 [28] and F/D=0.575:!:0.016 [29]. In the 
analyses in this paper which. test the Bjorken sum rule the 
value of g A I g v will be made a free parameter in the fit. In 
order to be able to estimate the effect of the yet unknown 
higher-than-NLO corrections to this analysis, the factoriza
tion scale M 2 and the renormalization scale p. 2 in this analy
sis were taken to be of the form M2=k1Q2 and p.2=k2Q2 

with k 1 = k; = I for the standard fit. The variation in the. fac
tors k 1•2 and its role in the uncertainty estimation is discussed 
in Sec. II G. The value of a,(M~)=O.Il8:!:0.003 [28] was 
used in the analysis. Some tests were done to study the de
termination of a,(Q2) from the spin structure function data. 
They will be discussed in Sec. II F. 

D. Comparison of two QCD evolution· programs 

The PQCD analysis by Ball et a/. [ 6] h.as been used in our 
previous publications [10-12] for evolving our data from the 
measured Q2 to a fixed Q2 = Q~. In this paper we shall call 
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TABLE I. Comparison of results for the fitted parameters obtained with the two programs. The results are 
given for fits with an initial scale Q7= I GeV2 and Q7= 10 GeV2• All fits are performed in the MS scheme. 
The uncertainties are statistical only. 

Q:=IGeV2 Q:=IOGeV2 

Parameter Program I Program 2· Program I Program 2 

fJs 0.19~g~ o.18~g~ o.t8~gg; 0.12~g:~~ 
-D.61~g:~ -o.n~g:~ 

as -0.46~g::~ -0.43~g::l 
3.6o~g::l 

fJs · 3.os~m 3.23~g~: 3.81 ~g:~ 
-22.9~!:l -12.2~::~ -21.0~!:~ as -13.0~::! 

fJg .o.21~m o.38~g:~: 0.22~g::: 0.~1~~:~~ 
-o.44:~:!~ a, o.48:u: 1.02~1:~ o.s6:g:~! 
-0.29:g:gl 

aNs -o.11:g:gl -0.12:gg; -0.29:ggl 
2.22~g~~ 2.12:g::~ 

fJNs 1.69:g::: 1.68~g::l 

J? 127.4 119.8 

NoF 133-8 133-8 

this pr~gram 1. Another program for the Q2 evolution was 
developed within the SMC [31]. In this paper we shall call 
this program 2. This section comments briefly on the evolu
tion programs I and 2. In the next section we present a 
comparison of results obtained with the two programs in the 
MS scheme. The comparison of results for polarized parton 
distributions from two different programs allows us to study 
the reliability and stability of our results. 

In program I the Mellin transformation of the evolution 
equation and the coefficient and splitting functions is used. 
The DGLAP equations are solved in the moment space with 
the boundary condition of Eq. (I 0} at an initial scale value of 
Q~. The inverse Mellin transformation needed to return to 
(x,Q2) space is performed numerically. This is CPU inten
sive and the computation time goes approximately linearly 
with the number of data points used in the QCD analysis. For 
further details on this analysis the reader is referred to Ref. 
[6]. . 

The other evolution program [31] computes the evolution 
in (x,Q2) variables on a grid covering the range of the ex
perimental data. Differentials in Q2 are approximated by fi
nite differences. The convolution integrals which appear in 
Eqs. (4)-(8) are evaluated using the exact form of the split
ting and coefficient functions and values for the distribution 
functions interpolated between adjacent grid points. The con
volution integrals of a splitting or coefficient function and a 
general parton distribution then only need to be computed at 
the initialization stage of the procedure. In addition, because 
the parton distributions are evaluated numerically, the 
method imposes no practical restrictions on their functional 
forms. The computation time rises roughly linearly with the 
Jlumber of nodes along the Q2 axis and roughly as the square 
of the number of nodes along the x axis. This approximation 
of the convolution integrals produces satisfactory results if 
only 30 nodes are used in x, which leads to a reduction in 
computation time of more than two orders of magnitude 
compared to a straightforward numerical integration. The Q

2 

region of interest was divided into I 00 steps. As a check of 
the accuracy of the method, the numbers of x and Q

2 
points 

were varied from 30 to 80 and from I 00 to 200, respectively, 

122.6 118.8 

133-8 133-8 

without producing any significant change in the results. 
Result of the comparison. Figure I shows the best fits to 

the g)•d,n data at the measured Q2 obtained using the two 

programs in the MS factorization. scheme and starting the 
evolution from Qf 7 I GeV2• Since the data do not constrain 
the high x coefficient /3g for the gluon, it was fixed to 4.0 
from QCD sum rules [30] for all analyses in this paper. The 
coefficients a1 [see Eq. (10)] for the gluon and nor.singlet 
parton distribution functions were not used in this compari
son and we forced the nonsinglet proton and neutron distri
butions to have the same. coefficients a and f3 as was· done in 
Refs. [ 6,8].1 Both fits describe the data well. The compatibil- , 
ity of the two programs and the in variance with respect to the 
initial Q2 was further tested by repeating the fits with Qf 
= 10 GeV2• The parameters for the two sets of fits are given 
in Table I. The quark singlet and nonsinglet coefficients for 
the parton distributions are nearly the same in both fits and 
their parameters are consistently (and well) determined by 
the two programs. On the contrary, the coefficients of the 
gluon distrilrution are poorly determined in both programs, 
and as such the polarized gluon distribution seems to be only 
marginally determined by the data. Because of the approxi
mate scale independence of (a1 7Jg), since a,(Q2

) reduces 
by a factor -2 between I and 10 GeV2

, the first moment 1Jg 
is expected to increase by the same factor between the two 
values of Q2• The fitted values of 1Jg are compatible within 

their large errors. 
' The parton distributions obtained in the above fits, per-
formed at Qf= I and 10 GeV2 in the Ms scheme, evolved to 
a fixed Q~= 5 GeV2 are shown in Fig. 2. The singlet and 
nonsinglet quark distribution functions and their evolution in 
the two programs are very similar. However, the gluon dis-

1For the purpose of comparison of the programs such constraints 
and assumptions make no difference, other than reducing the num
ber of free parameters. Later in this paper when we do fits which are 
used in the evaluation of integrals we release some of these con
straints. 
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FIG. 2. Polarized parton distribution functions at $2~= 5 GeV2 

resulting from the fits using program I (left) and program 2 (right) 
with initial scales of Q~= I GeV2 and 10 GeV2• 

tributions show differences. Keepin~ in mind the large un
. certainty in the determination of gluon distribution coeffi
cients this is not surprising. 

Having performed such tests we conclude that given the 
accuracy of the presently available data different approaches 
used in the Q2 evolution do indeed give consistent results 
and show similar behaviors as far as the uncertainty esti-

·TABLE II. Comparison of results of the QCD fits at Q2 

= 1 Ge V2 in the MS scheme and the AB scheme. The errors arc 
statistical only. 

Parameter MS AB 

1/s 0.19~~:g; 0.38~~:~l 
as -o.4s~~:n 1.20~~:l; 
Ps 3.29~~:~~ 4.os~g:: 
as -13.S~::l (0.0) .,, 0.25~g:l~ 0.99~~:li 
a, 0.33~f:gl -0.70~g:l~ 

af,s -0.19~g:~: -0.15~~:r. 

P~s .. 1.35~m 1.42~g:ll 

aNs 0.06~~::; O.Ol~~:ll 

P'Ns 2.59~~:~~ 2.48~~:~! 
x' 122.9 126.3 
NoF 133-10 133-9 
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0.08 x-g~(x) 

0.04 

0.02 

0 

0.03 X·91(x) 

0.01 

FIG. 3. xg'!·d·• vs x. Comparison of fits done in two different 
schemes MS and AB. All distributions are given at Q2 = 5 GeV2 • 

The wiggle in xgj is in a region of x which has little data. The 
uncertainty in the QCD fit in this region is large (see Fig. 8), con
sequently, the wiggle itself has no physical significance. 

mates are concerned. As mentioned before, an independent 
paper on the QCD analysis in program I has been published 
[6]. This program has been used previously in the analysis of 
SMC data [10-12] and required minimal modification to 
study the evolution in the two factorization schemes [Adler
Bardeen (AB) and MS]. In order to preserve continuity with 
our previous publications and in view of the fact that pro
grams I and 2 provide consistent results, from now on we 
will present results using program I exclusively. 

E. Comparison of results In MS and AB schemes 

The values of the fitted parameters obtained in the MS 
and AB schemes for the initial Qf =I GeV2 are listed in 
Table II. In this comparison we have released the constraint 
requiring the shape of the nonsinglet parton distribution in 
the proton and neutron to be the same; i.e., we allow differ· 
ent values of a, {3 in the AqNs of the proton and neutron. The 
nearly equal values of the x2 show that the data are equally 

. well described by the analyses performed in the two schemes 
with the input parametrizations of Eq. (IO).In other words, 
the functional form of the initial parton distributions in Eq. 
(I O) is flexible enough to describe the data. We ·observe in 
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FIG. 4. Polarized parton distribution functions at Q~=S GeV2 

obtained in two different schemes, MS and AB. 

Fig. 3 that the fitted g 1(x) distributions, evolved to the ref
erence Q~= 5 GeV2, differ very little in the range 0.003<x 
< 0.8 in which spin structure function data are available. 

The comparison of the fitted polarized parton distributions 
(Fig. 4) clearly shows how the two schemes differ in the 
singlet sector. In the MS scheme 11! is constrained by the 
negative values of gf(x) at low x to become negative for x 
:50.05. The crossover x0 is determined by the linear term in 
x(a,= -1/x0). In the AB scheme, this term is not needed 
because 11! remains positive over the full range of the data. 
The polarized gluon distribution is found to be larger in the 
AB scheme and is shifted to lower values of x compared to 
that in the MS scheme. Differences of the same order be
tween gluon determinations in the nyo schemes have been 
reported in a previous analysis [9] by the E I 54 Collabora
tion. Within the precision of the data, the first moments of 
the polarized singlet and gluon distributions obtained in the 
two schemes are compatible with the relation in Eq. (9) at 
the Q2 value of 1 GeV2

• 

The principal aim of the experimental collaborations is 
• the measurement of the first moments of spin structure func

tions gf!·4·" • Since the analyses done in both schemes seem 
to describe the g 1 data equally well it does not matter which 

· scheme we follow. In the past we have used the AB scheme 
for our results [10-12]. ln order to keep continuity with 
those publications we use the AB factorization scheme in 
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TABLE Ill. The best fit parameters of the PQCD fit when 
a,(M~) was made a free parameter. All parameters are given at 
Q2= I GeV2 except· for the value of a, which is given at Q2 

=M~ GeV2• The uncertainties are statistical only. · 

Parameter Value Parameter Value 

1'/s 0.39~gg; '1/g 0.98~~:;~ 
as 1.22:m a, -o.1s~m 

Ps 4.oo~g:~ fJ, (4.0) 

ifNs 3~ I 3 +4as .ft.s -~~+!a, 4 4 
a},g -o.os~m aNs 0.04~g::; 

fJ~s t.s3:g:~: fJ~s 2.6o~g1; 
a.(M~) O.tkg:gg~ 
xl 125.1 

NoF 133-10 

this paper for all further analysis. We will call this the stan
dard fit. 

F. Comments on the determination of a,(Q2
) 

The analysis presented so far starts· with the spin
dependent virtual photon-nucleon asymmetries m,easured by 
different experiments. We determine from these asymmetries 
the spin-dependent stnicture functions g 1 using parametriza
tion& of the unpolarized structure functions F 2 and R. The 
information on scaling violations from the unpolarized 
nucleon structure functions F2 (which are measured with sig
nificantly better accuracy compared to g 1), is hence an input 
to the analysis. These scaling violations have been studied 
and have Jed to a determination of the strong coupling con-
stant a, [32]. . · 

In a recent publication [8] it was shown that the value of 
a, can be extracted using PQCD analysis of the spin struc

-ture function· data, while results from another analysis [9) 
indicated that their analysis was sensitive to the value of 
a,(M}) used · ._ · · ·-

To check the sensitivity of our analysis to the value of a., 
we make \)le value of a,(M~) (which norinally is an input 
parameter in the PQCD analysis) a free parameter in the fit. 
Table Ill shows the fitted values and the statistical uncertain
ties in the parameters at Qf= I GeV2• The values change 
little in comparison with.those presented before in Table II 
for the AB scheme. Estimation of uncertainties due to ex
perimental systematic effects in the data and those of theo
retical origins (procedure will be described in Sec. II G) 

, gives 

a,(M})=O.I21 ~ 0.002(stat)~0.006(syst and theory). 
(\2) 

The value of a,(M}) indeed comes out to be consistent with 
that determined from the PQCD analyses of the unpolarized 
data. As such, while the determination of a, is certainly 
possible using the scaling violations of g 1, with the pres-. 
ently available data on A 1 it is difficult to separate the infor
mation on scaling viol~tions due to F 2 and due to A 1 • In this 
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FIG. 5. Polarized parton distribution functions detennined from 
the PQCD.arialysis at Q:= I GeV2• Their statistical uncertainty as 
obtained from the QCD fit is shown by a band with crossed hatch. 
The experimental systematic uncertainty is indicated by the verti· 
cally hatched band, and the theoretical uncertainty by the horizon
tally hatched band. 

paper we henceforth always take the value ofthe'strong cou
pling constant a.(M~}=-0.118:!:0.003 as given in Ref. [28]. 

G. Evaluation of uncertainties 
In the polarized. parton distribution functions 

Figure 5 shows the results for the parton distributions and 
their uncertainties. In the calculation of the x2 [Eq. (II)] 
,only the statistical uncertainty on the data points was used. 
The uncertainty in the parton distribution due to ·this is 
shown (cross hatch) with the parton distribution (bold line in 
the cross hatch). · 

To estimate the uncertainty in a parton distribution func
tion due to the experimental systematic errors the following 
procedure was used. For each data set the experimental sys
tematic uncertainties on A 1 due to all sources ( u!ysJ were 
added in quadrature to calculate a total systematic uncer
tainty ( u;ys,), for that data set. The QCD fits were then re
peated with input values of asymmetries A 1:!: u!'yst. The un
polarized structure ·function F 2 and R used to evaluate g 1 
from A 1 were shifted to the upper and lower limits of their 
respective parametrizations to estimate their contribution to 
the uncertainty. Then these experimental, F 2 , and R contri
butions were added quadratically. The resulting envelopes of 

. uncertainty are shown in Fig. 5 (vertically hatched band} as a 
function of x . 
• In addition to the statistical and systematic uncertainties a 

significant source of uncertainty in the parton distribution 
functions comes from uncertainty in the various input param
eters to the PQCD analysis. We call them "theoretical" un
certainties. They include uncertainties in the values of fac-
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TABLE IV. First moments of the nucleon spin structure func
tions at Q~ = 5 Ge V2 in the measured x range from 0.003 to 0.8. The 
first uncertainty is statistical, the second experimental systematic, 
and the third due to the uncertainty in evolution. For comparison, 
the integral o~er the QCD fit is given in the third column. 

Nucleon mo~l(x,Q~)dx mo~~'(x,Q~)dx 
Proton 0.130:!:0.003::!:0.005::!:0.004 0.132 
Deuteron 0.036::!: 0.004::!: 0.003::!: 0.002 0.040 
Neutron .;_ 0.054::!: 0.007::!: 0.005::!: 0.004 -0.048 

torization and renormalization scales, the value of as, the 
functional fmm of the initial parton distribution function, the 
values of quark mass thresholds, and the value of g,~lgy. 
We evaluated them by varying each of these parameters by 
their known errors (whenever available). The uncertainties in 
the factorization and renormalization scales are related to the 
uncertainty in the result due to the neglect of higher order 
corrections in the PQCD analysis. This was estimated by 
independently varying factorization and renormalization 
scale factors k1 and k2 in Sec. II C by 2 in both directions, 
i.e., 0.5""kl, kz""1.0. For the standard fit the value of 
a.(M~)=O.ll8 was used. This value was varied between 
O.ll8:!: 0.003. Another input to our analysis is the assumed 
functional form of Eq. {10), the initial parton distribution 
function. To evaluate its effect on the results two tests were 
done. First, we used different combinations of constraints on 
the parameters a1, 131, and a1 in Eq. (10) including also an 
additional term b ,Jx in the polynomial. If the confidence 
level of the resulting fit was comparable to that of the best fit, 
then that functional form was accepted and the result of the 
fit was considered for estimating the uncertainty due to the 
functional form of the initial parton distribution. Second, we 
started at an initial scale Q~ different from 1 GeV2 and ob
served how different the resultant parton distributions were 
when evolved to the same common Q~. The theoretical sys
tematic uncertainty bands were theri added in quadrature (as 
functions of x). The envelopes of such uncertainty as a func
tion of x for singlet and nonsinglet parton distributions are 
shown in Fig. 5 by ·the horizontally hatched bands. The 
dominant uncertainties were due to the uncertainty in the 
factorization scale M2, the renormalization scale p.2, ·and 
due to the uncertainty in the assumed functional form of the 
initial parton distributions. 

Ill. QCD ANALYSIS-RESULTS 

A. Evaluation of lint moments at fixed Q: 
We use all available data in the kinematic region Q2 

;;.} GeV2, x;;.0.003 to evaluate f 1 =-J~g 1 (x)dx at a fixed 
Q2

• Starting from g 1(x,Q2) at the measured x and Q2 we 
obtain g 1 at a fixed Q~ as follows: 

Cl(x,Q~) "'C1 (x,Q2
) + [g~'(x,Q~)- g~'(x,Q2)], (13) 

where g~'(x,Q~) and g~'(x,Q2) are the values of g 1 evalu
ated at Q~ and Q2 of the experiment using the fit parameters, 
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TABLE V. First moments of the structure functions at Q~ 
== 5 Ge V2 from the unmeasured x regions and their total uncertain-. 
ties due to the experimental systematics and the theoretical s,ources 
in the evolution. 

Jgr(x,Q~ldx O.O<x<0.003 · 0.8<x<l.O 
Proton - 0.012:g:gJ; . 0.003:g:ggl 
Deuteron -O.Ot5:gg~~ o.ooo:g:~ 
Neutron - o.02o:g:g~~ . o.ooo:g:gg: 

respectively.2 We choose Q~=5 GeV2 which is close to the 
average Q2 of the world data set used in the analysis.' In the 
measured range 0.003<x<0.8 the contributions to the lirst 
moments of the nucleon structure functions calculated from 
the data are given in Table IV, column 2. The first uncer
tainty is statistical, the second is systematic and the third is 
due to the uncertainty in the Q2 evolution. The method used 
for combining different data sets is discussed in Refs. [I, 33, 
34]. Figures 6, 7, 8 and their insets show xg)·•·d, respec· 
tively, as a function of x. The areas under the g~1 curves are 
given in Table IV, column 3. The integrals calculated in both 
ways are very similar. 

To estimate the contributions to the first moment from the 
unmeasured low x (x<0.003) and high x (x>0.8) regions, 
we integrate over g~1 calculated at Q2=5 GeV2. using the 
parameters. for the parton distributions. The central values 
and the uncertainties in the low and high x contributions 
are given in Table V. ·The areas under the QCD fit for 
x<0.003 in Figs. 6, 7, and 8 and their insets correspond to 
the low x contn'bution. The uncertainties in the low and high 
x integrals are obtained using the same procedure as for the 
estimation of the uncertainty in the QCD evolution described 
in Sec. II G. Had we taken the traditional approach [10-12] 
of using Regge extrapolation in the low x region and a con
stant A 1 . in the high x unmeasured region (bounded ,by A 1 
< 1 ) , . 'Ye would get results using the present data consistent 
with those presented in Table. V, but with significantly 
smaller uncertainties (see Ref. [II] for a detailed discussion). 

The low x contributions to the first moments quoted in 
Table V rely on the validity of the assumption that the parton 
distribution functions behave as xa at the initial Q2 = Q~ 
when X:-+ 0 with the values of a quoted in Table II for the 
AB scheme. Under this condition gf(x,Q~) becomes nega
tive below x"'O.OO!, i.e., slightly below the lowest x data 
available (Fig. 6). The gf(~.Q~) becomes negative below x 
=0.02 (Fig. 7), while gj(x,Q~) is negative for all x (Fig. 8). 
Other functional behaviors of g 1 at low x (x<0.003) have 
been investigated. The resulting contributions io the mo
tnents were found to be in the range of systematic errors 
quoted in Table V. 

The uncertainties in n·d·"(Q~), for Q~=5 GeV2 are 
separated by sources in Table VI. The experiments giving 

2From now on the superscript "fit" indicates that the quantity was 
calculated using the best fit parameters of the QCD tiL 
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FIG: 6. xJt. vs x for the world data with the QCD fit at Q2 

=5 GeV2• The low x region is emphasized in the inset. The data 
points are shown With their statistical errors. The uncertainties of 
the fit due to experimental systematics arid theoretical sources are 
shown by the vertically and horizontally hatched bands, respec-
tively. . 

the largest three contributions are listed and the remaining 
ones are added together in "other exp." The largest three 
theoretical sources of errors, namely, the factorization and 
renormalization scales, the value of a,, and the uncertainty 
in the form of initial parton distribution functions are also ' 
given separately. The rest of the sources ·such as the uncer
tainties in the quark mass thresholds, the values of the con
stants g,~lgy, a 8 , etc., are collected as one source and called 
"others." I • - • 

Our best estimate for th~. first moments rf·d·"(Q~ 
= 5 GeV2) over the full x range .is given in the second col
umn of Table VII. The firsi uncertainty is statistical and the 
second is systematic, The third uncertainty is due to the low 
and high x extrapolation and the Q 2 evolution; they are cor
related and are both of theoretical origin. The third column 
of this table gives the values of the first moments at Q~ 
= 10 GeV2 using the SMC data in the measured x range. 

B. Ag and a0 determination 

/, Ag((fol and its evolution 

Our analysis performed in the AB scheme using an initial 
Q~= I GeV2 results in . . 

1J = f 
1 
Ag(Q2= I GeV2)dx 

g Jo 
= 0.99:~:H<stat)~g;~(systl~kl~(th). (14) 

The procedure used to . estimate the uncertainties was the 
same as described in Se!:. II G. When evolved to 5 and 10 
GeV2 the values of 1/g become I. 7 and 2.0, respectively. The 
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FIG. 7. xgf vs x for the world data with the QCD fit at Q2 

= s GeV2• The low x region is emphasized in the il!set. The data 
points are shown with their statistical errors. The uncertainties of 
the fit due to experimental systematics and theoretical sources are 
shown by the vertically and horizontally hatched bands, respec
tively. 

analysis indicates that the uncertainty in the measurement of 
this quantity is large. Very little can be said about this quan
,tity on the basis of the present data. Measurements in which 
the gluon is involved in the leading order (such as the 
photon-gluon fusion process) are needed, in addition to more 
precise DIS data on g 1, for an improved determination of 
1/g. . 

2. a, determination 

The values of the singlet axial current matrix element a0 
determined from the fits are shown in Fig. 9 for values of 
Q:= 1, 4, 7, 10 GeV2 in the MS and AB schemes. The esti
mated uncertainty is shown for Q: = 1 Ge V2 only. The un
certainties at higher Q: are comparable. The solid curve is a 
calculation for the Q2 dependence of a0 based on the best fit 
performed with Q:= 1 GeV2 in MS scheme. The results ob
tained in this scheme for higher Q: values fall consistently 
on this curve. For Q2> 1 GeV2 the Q2 dependence is weak 
and is below the sensitivity of the existing data. In the MS 
scheme, a0 is identified with the integral TJs of the singlet 
quark distribution (Table II) while in the AB scheme the 
gluon contribution must be subtracted: 

2 AB a,(Q
2

) ( 2) ( ) 
a0(Q )= 1/s -nt-z:;;- 1/g Q . 15 

Figure 9 shows that the world data are good enough to test 
the above relation. In the AB scheme at Q~= 1 GeV2 we get 
a 0 =0.23:!:0.07(stat):!:O.I9(syst) while at the same Q~ in the 
MS scheme we get a0=0.19:!:0.05(stat):!:0.04(syst). These 

PHYSICAL REVIEW D 58 112002 

x-g~(x) t. E142 • E154 o HERMES 

. 0.05 
0.002S 

0.04 . ····-········ ... ······-··· 
0.03 

0.02 

0.01 

0 

-o.01 

-o.02 

-o.03 

-4.01 ....... ...... 
·0.0171 

10 10 10 

1 
X 

FIG. 8. xgj vs x for the world data with the QCD fit at Q2 

= S GeV2• Only statistical errors are shown with the data points. 
The low x region is emphasized in the inset. The uncertainties in the 
fit due to experimental systematics and theoretical sources are 
shown by the vertically and horizontally hatched bands, respec-
tively. · 

values are compatible within errors as required for a scheme 
independent quantity and correspond to about t of the naive 

. quark-parton model (QPM) expectation a 0 =a8=0.58. The 

TABLE VI. Uncertainties on the first moments resulting from 
the PQCD analysis separated by sources given in this table in three 
parts. In the top part the first moments of gf·4·• at Q~=S GeV2 are 
given with their total experimental systematic and theoretical uncer
tainties. In the central part the total experimental systematic uncer
tainty from above is split into contributions from different experi
ments, while in the lowest part the total theoretical uncertainty is 
split into its sources. 

Total Total 
Nucleon r61 

I exp. sys. theory 

Proton 0.122 +0.007 +0.007 
-0.011 -0.024 

Deuteron 0.025 +0.006 +0.006 
-0.010 -0.020 

Neutron -0.068 +0.007 +O.OOS 
-0.011 -0.020 

Other 
Exp. sys. SMC El54 El43 exp. 

Proton +0.005 +0.005 +0.000 +0.001 
-0.008 -o.oos -0.004 -0.002 

Deuteron +0.004 +O.OOS +0.000 +0.001 
-0.008 -0.005 -0.003 -0.002 

Neutron +O.OOS +O.OOS +0.000 +0.001 
-0.008 -0.005 -0.004 -0.002 

Theory Scale a, PDF Others 

Proton +0.005 +0.002 +0.004 +0.002 
-0.024 -0.004 . -0.001 -0.002 

Deuteron +0.003 +0.001 +0.004 +0.001 
-0.020 -0.003 -0.001 -0.001 

Neutron +0.002 +0.001 +0.005 +0.001 
-0.020 -0.003 -0.001 -0.001 
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TABLE VIL Table offf·'·" at Q~=5 GeV2 for the world set of data (left), and at Q~= 10 GeV2 for SMC 
~- . -

r,{Q~l 
World 

Q~=S GeV2 
SMC 

Q~= 10 GeV2 

Proton 
Deuteron 
Neutron 

0.121±0.003:!:0.005± 0.017 
0.021:!: 0.004± 0.003:!: 0.016 

-O.Q75±0.007:!00.005±0.ot9 

0.120± 0.005:!: 0.006:!: 0.014 
O.ot 9± 0.006:!: 0.003± O.ot 3 

-0.078±0.013±0.008±0.014 

systematic errors in the a0 determined from the analysis in 
the AB scheme is larger than the one determined in the MS 
scheme because of the correlation introduced by Ag and its 
uncertainty in the evaluation [see Eq. (IS)]. 

The first moments fP·•· 4 can also be expressed in terms-of 
the matrix elements a0 , a3 and a8 [2]. If exact SU(3) flavor 
symmetrY is assumed for the axial octet current, a 3 and a 8 

are given by the coupling constants for neutron and hyperon 
decays a3=F+D and a8":'3F-D, respectively. Under this 
assumption and using the input values quoted in Table VII 
we obtain at Q2=5 GeV2 a 0=0.13:!:0.17. This result is con
sistent with those obtained before (directly from QCD analy
sis) but note that in the measured X range the same Q2 evo
lution has been used iri all these results. 

It has often been suggested that the difference between 
the low experimental value of a0 and its naive QPM predic
tion could be explained by a large gluon contribution. The 

value of 11s= 0.3s~g:g~~g:g~~g:g~ in the AB scheme_(only sta
tistical uncertainty on 11s is shown in Table II), obtained in 

Bo(ci) 

o.e ' -E--- Naive QPM 

o.& 

G.4 

0.1 

e ABSCheme 

• MSscheme 

10 
a2 (Ger) 

FIG. 9. The Q2 dependence of a0 determined in this analysis 
using different schemes and with different starting scales Q~ 
shown. The curve shows the predicted Q2 evolution of a 0 in the MS 
scheme. The statistical errors in a0 are shown only for Q: 
=I GeV2• The uncertainties for the other points at higher Ql values 
are comparable. The expectation for the value of a 0 based on the 
naive QPM is also shown for comparison. 

this analysis does not support this suggestion. .. 
C Determination or Bjorken sum rule 

I. B)orken sum rule from QCD analysis 

The Bjorken sum rule is a fundamental result in PQCD. In 
this section we present a method of testing this in a way 
consistent with the PQCD analysis presented so far. The con
ventional method of testing the B jorken sum rule (which has 
been used in most experimental papers) is to evaluate the 
difference between the first moments of the proton and neu
tron polarized structure functions at a fixed Q~ and to see if 
the relation 

f1-f~=~ l!;lc~s(Qzl (16) 

holds. Here gA I gv is the axial vector coupling constant. The 
coefficient C~5(Q2) has been calculated to fourth order in a,(Q2) [35]. 

Based on the PQCD analysis we have evaluated the first 
moments of the proton and neutron structure functions at 
Q~=5 GeV2 given in Table VII. However, we· cannot di
rectly use them to evaluate the Bjorken sum rule because' in 
this analysis we have taken the first moments to be 11ffs == 
:!: tjgAigvl + taa. with the value of gAigv fixed to its 
nominal value of 1.260 I:!: 0.0025 [28]. In this way the 
B jorken suni rule is assumed in the analysis. We can test the 
validity of the Bjorken sum rule by releasing this constraint 
in our PQCD analysis and making gA I g v one of the free 
parameters to be fitted by the g 1 data. The best fit parameters 
for such a fit are given in Table VIII. The experimental and 
theoretical uncertainty study presented in Sec. II G was re
peated for the uncertainty estimation for gAIKv· We obtain 

1~ = 1.15~g:g~(stat)~g:g~(syst)~g:l>!<th). (17) 

The value of gA lgv determined here is consistent with the 
nominal value used above. The uncertainties (particularly 
theoretical) are large. The largest contribution to the theoret
ical uncertainty is the factorization and renorrnalization 
scales and due to the choice of the initial parton distributions. 

The above value of CA lgv and its uncertainty when used 
to evaluate the value oiBjorken sum in Eq. (16) to order 
0( a,) (consistent with all other analysis presented in this 
paper) at Q~= 5 GeV2 gives 
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TABLE VIII. Best parameters at Q2
= I GeV2 wheng .. lgv is a free parameter in the fit. The uncertainties 

· shown are statistical only. 

Parameter Value 

'ls 0.38.:~~~ 
as ),03.:~1; 

Ps 3.64.:~:;~ 

~ 
1'/l:s 3~ I 4 +4aa 
a~s -o.oJ.:g:g 

fJ~s 1.86.:g]~ 
,r 
NoF 

rf- fj= 0.1 74:g:gg~(stat):g:&\~(syst):g:~~(th);.. 0.174:g:gi~. 
(18) 

which is in excellent agreement with the theoretically calcu
lated value of rf- rj = 0.1 81:!: 0.003 [35] at the"same Q~-

2. QCD evoludon of iJS 
An alternative way to determine the Bjorken sum rule is 

by restricting the QCD ·analysis to' the purely nonsinglet 
combination of the polarized parton distribution functions 
AqNs. It is related to the structure functions, using Eq. (4), 

gf(x,Ql)-gj(x,Ql) 

(19) 

where t=ln(Q2/A2
). The Q2 dependence of AqNs is de

scribed by the DGLAP evolution equ.ation for the nonsinglet 
'combination [Eq. (8)] and is decoupled from the evolution of 
AI and Ag. Thus, having gf.::; gj data points at different 
values of Q2 allows us to determine gA/gy by parametrizing 
only AqNs at an initial scale Ql, evolving it, and fitting the 
parameters including gA /gy to .the data. The advantage of 
this method is that the analysis can be performed with fewer 
free parameters than the standard analysis presented in the 
previous sections. We use the parametrization 

31gAI . AqN~(x,Q2)= 2 gy N(a,f3)xa(l -x)P, (20) 

with a, {3, and gA/gy being the three free parameters of the 
fit. However, there is a disadvantage to this method. In order 
to evaluate the value ~f gf-gj to be used in this fit, the 
values of the proton and neutron structure functions should 
be known ideally the same values of x and Q2• This is true 
only for SMC [I] and El43 [18-20] data. The SMC data 
points for gf and gf were combined as explained in Ref.(!). 
The El43 data were treated similarly. In all we obtain 44 
data points for grs (12 from SMC and 32 from El43). The 
general procedure of the analysis is the same as explained in 

Parameter Value 

'lg 0.94.:~~~ 
ag -0.11.:m 

/Jg 4.0 

us.:g:~~ 

7J~s -~~+~aa 
a~s o.2o.:g:: 

P'Ns 3.48.:~:;~ 
116.1 

133-10 

Sec. II C except that here it is done only with the nonsinglet 
parton distribution. The initial scale Q: = I Ge V2 was used 
in this analysis as it was in the global PQCD analysis. 

The values of the fitted parameters are given in Table IX. 
The result of the fit at Q~=S GeV2 is displayed in Fig. 10. 
The data points evolved to the same Q~ = 5 GeV2 are shown 
with their statistical errors. ·The bold line is the curve calcu
lated using the best fit parameters. The area under this line 
corresponds to the Bjorken integral rrS-fit. The uncertainty 
band around this line shows the total uncertainty estimated 
from the experimental systematic and theoretical sources. 
The uncertainty (experimental systematic and that of theoret
ical origin) for the fitted value of gA!gy was estimated. We 
get 

'

gAl= I 20+o.os(stat)+O.I2(systto.Io(th) gy : --:O.o? -0.12 -0.04 • 

At Q~= 5 GeV2 this value of gA lgy corresponds to the 
Bjorken sum · 

rf- rj= 0.181 :g:m<stat):g:g::<syst):g:&\~(th)= 0.181 :g:gi~ 
(21) 

using Eq. (16) when evaluated atO(a;). The result for 
g,~,lgy. agrees well with the nominal value and with there
sults of the standard fit with gA lgy as a free parameter (Eq. 
17). Because of the smaller data set used the errors of ex-

T ABLE IX. Best fit parameters for the g~s fit with their statis-
tical errors. · · · 

Parameter Value 

I~ 1.2o.:g~l 

a -o.2o.:~:ll 
fJ 1.42.:~;~ 
x' 52.4 
Nop 44-3 
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FIG. 10. The result of the best fit to xg-:'" together with the data 
points used in the fit evolved to Q2= 5 GeV2• The error bars on the 
data points show statistical errors only, while the error band around 
the curve (cross batch) represents the systematic uncertainty of the 
fit, including contnbutions from experimental systematic· and theo
retical sources. 

perimental origin are significantly larger. However note that 
the theoretical error is slightly lower than in the case of the 
standard fit. 

The contribution to the Bjorken sum from the measured x 
region calculated from the data points and by integrating the 
fitted function are given in Table X in columns 4 and 5, 
respectively. They are given for combined SMC+El43 data 
at Q~=5 GeV2 as well as for SMC data at Q~= 10 GeV2• In 
both cases the integral over the measured x range evaluated 
using the data and that evaluated using the best fit parameters 
agree within the statistical precision of the data. The high x 
contribution to the integral makes little impact on the nons
inglet first moment. At both values of Q~ the contributions to 
the integrals r~S from the unmeasured low X region are 
-s% of the total integral with small uncertainties. Hence we 
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note that although the uncertainties in the first moments of 
the proton and neutron are large (Tables V and VII), the 
uncertainty in the Bjorken integral from this region is rather 
small.··· 

3. Comments on B)orken sum rule determination 

In Section III C 1 we have presented a determination of 
the Bjorken sum rule, based on the final SMC data set and all 
other published data on g 1 • The result was obtained in a 
NLO QCD analysis by directly fitting the value of gAigy. 
This is our best determination ofthe~Bjorken sum in a fully 
consistent way based on PQCD using the world data set. 

The result we obtain is consistent with the expected value 
and we confirm the B jorken sum rule with an accuracy of 
-10%. It also agrees well with the results of the NLO QCD 
analysis of the El54 Collaboration [9). Our estimate of the 
uncertainty is larger for _the following reason: we have taken 
the view that the errors due to the factorization and renor· 
malization scales and those due to a, are uncorrelated where 
as they have treated them as correlated. If we follow their 
approach, the uncertainties become comparable. 

The method used in Sec. III C 2 to test the Bjorken sum 
rule from g~s is potentially very precise with regard to the 
theoretical uncertainty. It leads to a confirmation of the 
Bjorken sum rule at the level of -15%. At present this 
method suffers from a limited statistical accuracy but it is 
expected to be more powerful once the very precise data on 
g1j from El55 [36) become available and are combined with 
the existing data on gj from El54 [22). · 

IV. CONCLUSIONS AND SUMMARY 

We have performed a, next-to-leading order PQCD analy· 
sis of the world data on polarized deep inelastic inclusive 
scattering, including new data fromSMC. The results of the 
PQCD fit are used to evaluate contributions to. the first mo
ment of g, J!Ver the entire X range. Consistent value!! of the 
singlet axial charge a0 are obtained from the first moments 
and from the fit parameters. · 

The experimental data constrain the quark 'singlet and 
nonsinglet distributions rather well. This was tested using 
two different analysis programs. The polarized structure 
functions are equally well reproduced by fits in the MS and 

TABLE X. Integrals of the nonsinglet structure function in the measured and unmeasured x ranges. 
Integrals are calculated using data (column 4) and using fit parameters (column 5) at Q2=5 GeV2 using the 
SMC and E143 data, and at Q~= 10 GeV2 using only SMC data. The indicated uncertainties in the measured 
x range lire the statistical and systematic uncertainties, respectively. 

Data 
Q~ 

I:':.f.l.s<Q~) x range GeV2 J:~i:.cl'S·fii(Q~) 

O-o0.003 s 0.009 
SMC+EI43 0.003-oO.S s 0.174:!:0.011:!:0.013 0.170 

0.8-oi.O 5 
~ 

0.002 
O-o0.003 10 0.010 

SMC 0.003-o0.7 10 0.184:!:0.016:!:0.014 0.169 
0.7-oi.O 10 0.004 
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the AB factorization schemes, although the shapes of the 
. singlet distributions are found to be different. The singlet and 
nonsinglet quark distributions are well determined, while the 
gluon distribution is only poorly constrained by the fits. The 
gluon first moment is found to be pqsitive but has an error of 
the order of 100% of its value. The singlet axial charge is 
found to be -113 of the value expected from the naive QPM. 

InClusion of the strong coupling constant a, as a free 
parameter in the fit results in a value for a, in excellent 
agreement with the one obtained from the observation of 
scaling violations in unpolarized DIS data. However, this 
determination based on g 1 also involves F 2 and hence is not 
independent of the determination of a, from F 2 • 

The Bjorken sum rule has been tested in two different 
ways: in a global PQCD analysis and in an analysis restricted 
to the non-singlet part of g 1 performed using a subset of the 
available data. In both cases jg,~ I gyj was left as a free pa
rameter of the fit. The sum rule is found to be verified in both 
cases, within an accuracy of about I 0% for the global fit and 
15% for the non-singlet fit. · 

In the near future, the additional high precision data from 
SLAC El55 are expected to improve the accuracy of the 
QCD fit. However due to the absence of data ilt the low x 
region, contribution to the first moment from this region is 
expected to be the largest source of uncertainty. Improved 
determinations of the polarized gluon distribution will be 
obtained by dedicated experiments, e.g., COMPASS [37] at 
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We present the final results of the spin asymmetries A 1 and the spin structure functions g 1 of the proton and 
the deuteron in the kinematic range 0.0008<x<0.7 and 0.2<Q2< 100 GcV2

• For the deterniinationof A 1 , in 
addition to the usual method which employs inclusive scattering events and includes a large radiative back
ground at low x, we use a new method which minimizes the radiative background by selecting events with at 
least one had!'on as well as a muon in the final state. We find that this hadron method gives smaller errors for 
x< 0.02, so it is combined with the usual method to provide the optimal set of results. 
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I. INTRODUCTION native. method. of determining the asymmetries which re
quires. at least one hadron as well as a muon _in the final 'state. 

Polarized deep inelastic lepton-nucleon scattering is ·an This hadron method removes the background due to elastic 
important tool to study the spin. structure of the nucleon. . and quasi elastic scattering accompanied by a. high. energy 
Measurements with proton, deuteron, and. helium-3 targets bremsstrahlung photon, and improves the statistical accuracy 
have determined the spin stnicture functions of the nucleon· of the· measurement at low x. A similar method has been 
and have verified the Bjorken sum rule [I], which is a fun- applied successfully by the New Muon Collaboration (NMC) 
damental relation ofQCD. . [12] and the E665 [13] analyses of F2 structure function 

In the last five years, the Spin Muon Collaboration (SMC) , . ratios. · 
at CERN has reported experimental results on the spin struc- · Our final results for the asymmetries A~ and A1 are based 
ture of the proton [2-8] and of the deuteron [3~5,8-11], mea-· on both the inclusive and the hadron methods and cover the 
sured in inelastic muon scatterin~ ·at beam energies o~ 100 kinematic region of o.0008<x<0.7 and Q2>0.2 GeV2. An 
and 190 GeV. Thus far our pubhshed results.for the VIrtual f 1 t · d fi d 'th th · 1 · th db · d 
photon-proton' and virtual photml.~deuteron ·cross· section op lma se IS e ne WI e me USive me 

0 
emg use 

asymmetries AP(x Q2) and Ad(x Q2) and for the spin- for ~>0.02 and.t~e hadron method for x<0.02. In the low x 
1 ' • · 1 ' 2 d . 2 · regton the stattstlcal errors from the hadron method are 

dependen~ structure .functl.ons g)(x,~ ) and g,(x,Q ) have smaller than those from the inclusive method. The range of 
been obtame~ fro?' mclus1ve .sc~ttenng ~vents. These results reduction varies from 1 to 0.6 with decreasing x. For Q2 

are updated m thts p~pe~, pnnclpally With a final value for > 1 GeV2 the lowest x reached is 0.003 where the reduction 
the muon beam polanzatlon. · h fi 5 6 d 1 o s· h · 

1 
· · . 

1 
d 

1 
d' factor ts 0.8. Results presented ere stem rom I . an 9. 

. mce t e me ustve scattenng events me u e a arge ra ta- million events accepted after all cuts' for the AP and the Ad 
live background at low x, we now employ a new and alter- d . . . 1 

1 
. 

1 
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TABLE I. Main characteristics of different measurements in the 
SMC experiment: beam energy, target material, and average target 
polarization with the relative accuracy of its measurement The last 
column refers to publications concerning the experiments. 

Beam Target polarization 
energy 

Year (GeV) Target (P,) fJ.P,IP, (%) References 
1992 100 C4D90D 0.40 :!:5 [9,5,8,11] 
1993 190 C4H90H 0.86 :!:3.0 [2,4,6, 7,5,8] 
1994 190 c.o9oo 0.49 :!:5.4 [10,11,5,8] 
1995 190 c.o9oo o.so :!:2.1 [11,8] 
1996 190 NHJ 0.89 :!:2.7 [7,8] 

independent structure functions F~·d which we used in the 
analysis. 

II. ASYMMETRY DETERMINATION 

The experimental setup and the data taking procedure are 
described elsewhere [ 6]. Evaluation of the cross section 

, as:Ymrnetries for parallel and antiparallel configurations of 
longitudinal beam and target polarizations 

uTI- ull 
A I= ;;:rr+oTI ' {I) 

from the measured counting rate asymmetry A~ ... requires 
knowledge of the incident muon and target nucleon polariza
tions P P. and P, and of the dilution factor /which accounts 
for the fact that only a fraction of the target nucleons is 
poiarizable (Aj81= /P,P p.A1). 

The beam polarization was determined in a dedicated 
setup, by measuring the cross section asymmetry for the 
scattering of polarized beam muons from longitudinally po
larized atomic electrons [6,15] and, independently, liy mea
suring the energy spectrum of the positrons originating from 

_muon decays [16,17]. The former method results in Pp.= 
- 0.788:!: 0.023 and the latter in P P. = - 0.806:!: 0.029, which 
are combined to give 

p p.= -0.795:!:0.019 {2) 

for an average muon energy of 187.4 GeV. The analysis of 
the decay method has been improved, and for both methods 
the results are statistically compatible with results obtained 
before with only part of the data [7 ,16]. The muon beam is 
not monochromatic and the polarization depends on the en
ergy. The polarization used in our previous publications 
[7,11] is equivalent to P p.= -0.763:!:0.03 for an average 
energy of 187.4 GeV. The relative change of 4% in P P. with 
respect to Eq. (2) will directly reflect in the asymmetry. The 
beam polarization for the small part of the data obtained at 
lower beam energy, P P. = ; 0.81:!: 0.03 for an average beam 
energy of 99.4 GeV, is the same as before. 

The various target materials and the typical proton or deu
teron polarizations are listed in Table I. A detailed descrip
tion -of the target setup can be found in Refs. [ 6, 18]. 
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The asymmetries Af·d and the spin-dependent structure 
functions gf·d are related to the virtual photon-proton {deu
teron) asymmetries Af·d and A~·d [19,20] by 

Af·d=D(Af·d+ qA~·d), 

{3) 

where the factors 1J and r depend only on kinematic vari
ables. The depolarization factor D depends in addition on the 
ratio of the photoabsorption cross sections for longitudinally 
and transversely polarized virtual photons R=uLiur. The 
virtual photon-proton asymmetries are defined as 

AP- u,n- ul/2 
,-urn+ O'J/2, {4) 

where u 112 { u 312) is the photoabsorption cross section of a 
transversely polarized virtual photon by a proton, with total 
spin projection ! {f) in the photon direction and uTL is a term 
arising from the interference between transverse and longi
tudinal amplitudes. For more details regarding the kinematic 
factors 1J, y, and D the reader is referred to Ref. [ 6]. Corre
sponding formulas for the deuteron are 

{5) 

Here ur= f(u~ + uf + uJ) is the transverse photoabsorption 
cross section, uJ is the cross section for absorption of a 
virtual photon by a deuteron with total spin projection J in 
the photon direction, and uJL results from the interference 
between transverse and longitudinal amplitudes for J = 0,1. 

In the kinematic region of our measurement 1J and r are 
small. The asymmetries A~ and At were measured and found 
to be consistent with zero [4,11,21]. For these reasons we 
neglect the A 2 terms in Eq. {3) and estimate the systematic 
uncertainty in A 1 due to a possible contribution of A 2 [7,11]. 

III. THE HADRON METHOD 

A. Description of the procedure 

In previous publications the determination of A 
1 

from 
SMC data was done using an inclusive event selection, re
quiring only a scattered muon. In addition to deep inelastic 
scattering events, the resulting sample includes scattering 
events which are elastic on free target nucleons, or elastic or 
quasielastic on target nuclei and which are accompanied by 
the radiation of a hard photon. These radiative events do not 
carry any information on the spin structure of the nucleon 
and only degrade the statistical accuracy of the measurement. 
Elastic p.·e interactions also do not carry any information on 
the nucleon spin; they are peaked at x=m.lmp""0.0005 and 
give for x> 0.0008 only a small contribution, which is not 
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considered in the following discussion. The described radia
tive events dilute the spin effects in the cross section for the 
inclusive sample, similarly to the nonpolarizable nuclei in 
the target, accounted for by the dilution factor j The effec
tive dilution factor f', 

uf·d n of·d 
j'- -:!i!a j- p,d I y 

- oi:;, -l:AnACT!t' 
(6) 

accounts for both diluting sources. The swn runs over all 
types of target nuclei. Essentially only protons or deuterons 
are polarized in the target. For the description of a small· 
correction to the asymmetry due to the polarized background 

·of 14N for the NH3 ·target and of protons for the deuterated 
butanol target, see Refs. [2, 7]. The total cross section u 101 

and the one-photon-exchange (Born) cross section u 1 1 are 
related by U101=>..u17+~u+a:J.i\+d~il1, where the Utail terms 
are the cross sections from the radiative tails (elastic, quasi
elastic, and inelastic reactions). The factor >.., which does not 
depend on the polarization, corrects for higher order contri
butions: virtual (vacuum and vertex corrections) and soft real 
photon radiation [6]. For an effective measurement the dilu-

. tion factor/' should be large. 
In the new method of analyzing the data we use only 

events for which at least one hadron track has been recon
structed; then these hadron-tagged events do not include any 
contribution from u~u and u~\ since the recoil proton can 
not be observed in our spectrometer due to its small energy. 
The total cross section for hadron-tagged events thus reduces 
to 

utagged= AUt~+ U~ul· 
tot ' (7) 

In the calculation of the effective dilution factor f' for 
hadron-tagged events, u~fged replaces u 101 in Eq. (6) and the 
effective dilution factor increases accordingly, 1 in particular 
at low x, as can be· seen in Fig. I. 

The fraction of deep inelastic events which would not be 
selected as hadron:tagged events with Q2> I GeV2 for our 
spectrometer was estimated by a Monte Carlo simulation to 
be in the range of 2-7% for x<0.02 and to increase at 

· higher x. This loss of events worsens the statistical accuracy 
. ·only with a square root dependence while the increase in the 

dilution factor improves it linearly. The result is that the 
hadron method gives a net gain in statistical accuracy for x 
<0.02 .. 

B. Event selection 

As for the inclusive method, events. have to satisfy the 
following kinematic cuts: energy of the scattered muon E~ 
>19GeV, v=E,.-E~>ISGeV, y=v!E,.<0.9, and scat-

• tering angle 0> 2 mrad. Events are then labeled inelastic 
when at least one hadron is found in the final state. As only 

1 Actually the contribution from u~fi1 is also reduced by the re
quirement that a hadron above a certain energy threshold has to be 
produced. The estimate of this reduction is included only in the 
systematic error. 
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FIG. I. Effective dilution factor f for hadron tagged and for 
inclusive events from the ammonia target. 

tracks of charged particles are reconstructed in our spectrom
eter we can observe neutral hadrons indirectly via their 
charged decay products; or in the case of a 1r0 meson 
through converted photons from its decay. 

For hadron-tagged events we require, in addition to a scat
tered muon either one ·or more tracks pointing to the muon 
interaction vertex, or a pair of tracks with positive and nega
tive charge from a secondary vertex. The sample, selected in 
this way, still contains some unwanted radiative events in 
which the bremsstrahlung photon is converted. These un
wanted events occur at large y and at a small angle a be
tween the direction of the produced particle and the direction 
of the muon momentum loss p,.- p~, which for' radiative 
elastic and quasielastic events is very _close to the direction of 

. the bremsstrahlung photon. An enhancement of events at 
small a and large y is indeed seen in the data; it disappears if 
a signature for a charged hadron is required in the calorim
eter [22). Also, such an· enhancement· is· not present in a 
Monte Caolo simulation which inc)udes only deep inelastic 
scattering (DIS) events. To remove these radiative events 
from the sample, but not events with 1r0 mesons, additional 
conditions were applied: to keep an event we require that 
tracks, giving a calorimeter response compatible with that for 
electrons, have a>4 mrad or belong to an event with y 
<0.6. The same is required for a pair of tracks from a sec
ondary vertex compatible with photon conversion. The 
events surviving all of these cuts define the sample of 
hadron-tagged events. 

C. Tests of the procedu-re 

As a first test of the procedure of asymmetry extraction 
with hadron tagging the fraction of inclusive events selected 
as hadron-tagged events is compared with the expected one. 
The latter is calculated from the ratio of the corresponding 
effective dilution factors and the probability of detecting at 
least one hadron in p!S events. This probability was esti
mated with the Monte Carlo simulation mentioned before. 
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FIG. 2. (a) Fraction r/J of the inclusive events selected as hadron tagged observed in the data, for the ammonia target, compared with the 
expectation (see text). (b) Difference A of the two fractions. Errors show the systematic uncertainty of the expected fraction of hadron-tagged 
events. 

The comparison is presented in Fig. 2 for events with Q2 

>I GeV2 for which the fragmentation into hadrons is reli
ably described in the simulation. In the case U inefficient 
removal of radiative events, the fraction of inclusive events 
selected as hadron-tagged events would be larger than ex
pected. Figure 2 shows that this is not the case. 

The sensitivity of the measured· asymmetry to the selec
tion with tagging was checked by varying the tagging criteria 

: as follows: keeping only tracks giving a good vertex fit, re
moving all tracks with an energy deposit in the calorimeter 
•consistent with that expected for an electron, applying the 
cut on a to all tracks, or changing this cut from 4 to 2 mrad. 

· . The resulting differences in the asyp1metries are compatible 
·with zero for all X bins. For x<0.02, where we will apply 
hadron tagging {see Sec. IV), the corresponding X~ prob
abilities are in the range of 5-70 % for the proton and 30-
89 % for the deuteron. 

Possible biases on A 1 introduced by hadron-tagging were 
also studied with a dedicated Monte Carlo simulation for 
Q2> I GeV2• The program POLDIS [23] was used to generate 
events, and the spectrometer acceptance for hadrons was ap
proximated by requiring forward produced hadrons with mo
mentumph>5 GeV and z=Ehlv>O.l, where Eh is the had
ron energy. The asymmetries were calculated for events with 
such hadrons and compared to those obtained for all events. 
The differences are shown as a function of x in Fig. 3 for the 
proton and the deuteron. For the proton, the asymmetries 
calculated from hadron-tagged events are larger at high x. 
This is to be expected because in this region of x the total 
energy of the hadronic final state W is not very high and the 
observed hadron is most likely to be the leading one. Since 
the detection efficiency for charged hadrons, which are more 
abundant in u-quark than· in d-quark fragmentation, is higher 
than for neutral hadrons, the hadron-tagged sample is en
riched with scattering on u quarks compared to the inclusive 
sample. From semi-inclusive measurements [8] it is known 
that the polarization of the . valence u quarks is positive 

whereas that of the valence d quarks is negative. Therefore, 
one expects higher values of A 1 for the hadron-tagged event 
sample. If the hadron selection is relaxed (z>0.05 and Ph 
> 3 Ge V) more nonleading hadrons are accepted and the 
asymmetry gets closer to the one for inclusive events, as can 
be seen in Fig. 3. At low x the available energy is large and 
the tagging no longer favors scattering on u quarks. The 
asymmetries for hadron-tagged and inclusive events should 
therefore be the same. Indeed, in this region the estimated 
differences are negligibly small. For the deuteron the effect 
of hadron tagging on A 1 is very small, as can be seen in Fig. 
3 .. This is expected from isospin invariance. The hadron 
method is applied to the data .at low x, also for Q2 

<I GeV2
, where we do not expect a bias since W is large. 

0.005 

0.005 

.{).005 

(a) • cuts:z>0.1,PJ,>5GeV 
. 0 cuts: z > 0.05, PJ,>3GeV 

deuteron 

X 

FIG. 3. The differences of A\-A~ calculated from Monte Carlo 
for all generated DIS events {A\) and for events with at least one 
forward hadron surviving cuts on z and on the hadron momentum 
(A~). The results are shown for two sets of cuts for the proton and 
for the deuteron. 
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FIG. 4. The values of A 1 for (a) proton and (b) deuteron, updated as discussed in the text, in comparison with previously published results 
of Refs. [7] and [II]. Statistical errors are shown as error bars, while the shaded bands below indicate the systematic uncertainty. 

IV. RESULTS FORA 1 ASYMMETRIES 

A. Updated A 1 with Inclusive event selection 

We have updated our previously published results on A 1 
[7,11] for the proton and the deuteron using the new value of 
the beam polarization, given in Eq. (2). This leads to a 4% 
reduction of the A 1 values compared to the previous ones. In 
addition, there were other improvements which are discussed 
below. 

The proton data collected in 1993 have been reprocessed 
with several improvements introduced since the original 
analysis. The most important was that information from an 
additional tracking chamber placed inside the spectrometer 
magnet just prior to the 1993 run was included in the track 
reconstruction. Also, the small angle triggers were tt:eated in 
an improved way in the reconstruction. These changes, 

A, 
0.7.-

(a) proton \I+ 
0.61-

0 hadron-tagged 

0.5 t e Inclusive 

0.4 * 
0.3t l * 
02 t 

''[ J' \~ h+~~~~ 
0 , 

-o.t to 4 to"2 to"' X 

among others, resulted in a gain of approximately 10% in the 
number of events, mainly at low x. The new combined pro
ton asymmetries are shown in Fig. 4(a) along with the values 
from our previous publication [7]. 

The updated result for A 1 of the deuteron has been ob
tained using a new parametrization for F~ obtained in a simi
lar way as the parametrization for F~ used in Ref. [7]. These 
F 2 fits are described ·in the Appendix. The parametrization 
for R used for .x<O.l2 is based on recently published NMC 
[24) data, while for .x>O.l2 we use the R parametrization 
from SLAC [25], as before. The new values of R change the ' 
depolarization factor at low .x, while ~ and R enter in the 
effective dilution factor and also in the polarized radiative 
corrections. The overall effect of these changes is small. Fig
ure 4(b) presents the updated results compared with the re-
sults from our previous publication [ 11]. · 

A, 
0.5, (b) deuteron 

0.41- 0 hadron-tagged 

e Inclusive 
0.3 

02 

0.1 

..(),1 - -
X 

FIG. 5. The values of A 1 for the two types of event selections, inclusive and hadron taggecl. The upper shaded bands indicate the 
systematic uncertainty of A 1 for the hadron-tagged selection, while the lower shaded bands indicate this for the inclusive selection. 
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r 1.6..-------------. 

OA 10-3 10~ X 

FIG. 6. The ratio r of statistical errors for A 1 from hadron
tagged events and from inclusive events as a function of x, for 
proton and for deuteron. 

B. A 1 for hadron tagged events 

The SMC data on polarized protons and polarized deuter
ons were also analyzed using only hadron-tagged events. The 
results are presented in Fig. S as a function of x. 

Most of the systematic errors· were treated in the same 
way as for the inclusive analysis [7]. They arise from the 
uncertainties of the target and the beam polarizations, the 
polarized background, the value of R, the negle~:t of the A 2 
contribution, and the momentum resolution. In addition, the 
uncertainties in the effective dilution factor and the radiative 
corrections include the uncertainty in u:i1, which is taken as 
30% of its value. This accounts for ~vents with hard photon 
radiation, where the available energy for fragmentation into 
hadrons is reduced, and which may not be tagged. The un
certainty due to acceptance variation with time includes the 

A1 
·' (a) proton 

0.8 • SMC a2 > 0.2 Gelf 

• SMC a2 > 1.0 GeV2 

0.8 t:.. E143 

0 EMC 

0.4 
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effect of changes in the acceptance for both the scattered 
muon and for the hadrons. 

C. Comparison of A 1 for Inclusive and hadron-tagged events 

The A 1 asymmetries for the two types of event selections, 
inclusive and hadron tagged, are compared in Fig. 5. The 
differences are small except for the two lowest x points for 
the proton data. 

As explained before, the results for the event selection 
with hadron tagging have smaller statistical errors at low x, 
while the inclusive event selection gives more precise results 
for high x. This can be seen in Fig. 6, which gives the ratio of 
the statistical errors for A 1 obtained with the two types of 
event selections as a function of x. 

D. Optimal set of A 1 from SMC data 

Figure 6 demonstrates that for x<0.02 the more accurate• 
results for A I are obtained by using hadron-tagged events, 
while for x > 0.02 the inclusive events give the more precise 
result. We therefore take as the optimal set of A 1 values the 
results from the hadron method for x<0.02 and the. results 
from the inclusive method for x>0.02. This leads to the A 1 
values in bins of x presented in Fig. 7 and Tables II and Ill. 
The hadron method fs used for the lowest 6 x bins for the 
data shown in Fig. 7. Contributions to the systematic error 
are detailed in Tables IV and V for each x bin and their 
quadratic sum is shown as a band in Fig; 7. 

The weak Q2 dependence of A~ and A~ in each bin of xis 
presented in Figs. 8 and 9 and Tables VI and VII. From 
perturbative QCD a different Q2 behavior is expected for the 
structure functions F 1 and g 1, hence A1-g 1/F1 should be 
Q2 dependent. This dependence follows . from the 
Dokshitzer-Gribov-Lipatov-Aitarelli-Parisi (DGLAP) equa
tions [26]. It was determined in our QCD analysis, per
formed in next-to-leading order (NLO), which is presented in 
the following paper [14]. The results are shown as the solid 

0.5 (b) . deuteron 

0.4 e SMC 0 2 > 0.2 GeV2 · 

• SMC 0 2 > 1.0 GeV2 

0.3 t:.. E143 

0.2 

0.1 

-o.t to" 

FIG. 7. The optimal set ofSMC results for A 1 together with the results from other experiments. Statistical errors are shown as error bars, 
·while the shaded bands below indicate the systematic uncertainty for the SMC measurements. 
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TABLE II. Optimal set of asymmetries Af(x) from SMC data. 
The first error is statistical and the second is systematic. The first 
three bins have Q2>0.2 GeV2, while the remaining ones have Q2 

>I GeVZ. Only the Q2> I GeV2 bins are used in the QCD analysis 
mentioned in Sec. VI. · · · 

(Q2) 

xrange (:r) (GeV2) A' . I 

0.0008-0.0012 0.001 0.3 -0.004:t0.025:t0.002 
. 0.0012-0.002 ' 0.002 0.5 0.021 :t 0.018:t 0.003 

0.002-0.003 0.002 0.7 0.014:t 0.017 :t0.003 
0.003-0.006 0.005 1.3 0.029:t0.014:t0.003 
0.006-0.010 0.008 2.1 0.026:t 0.014:t0.003 
0.010-0.020 0.014 3.6 0.036:t0.013i0.003 
0.020-0.030 O.Q25 5.7 0.059:t 0.017:t 0.004 
0.030-0.040 O.Q35 7.8 0.068:t 0.021 :t 0.004 
0.040-0.060 0.049 10.4 O.IOI:t0.018:t0.006 
0.060-0.100 0.077 14.9 0.170:t0.018:t0.011 
0.100-0.150 0.122 21.3 0.252:t0.024:t 0.015 
0.150-,0.200 0.173 27.8 0.296:t 0.033:t 0.018 
0.200-0.300 0.242 35.6 0.368:t0.034:t 0.023 
0.300-0.400 0.342 45.9 0.544:t 0.055:t 0.036 
0,400-0.700 0.480 58.0 0.625:t 0.075:t 0.048 

lines in Figs. 8 and 9 and give a good description of the data. 
Also the assumption of A 1 having no Q2 dependence, shown 
as the dashed lines in these figUres, descnbes the data welL 

V. CALCULATION OF g1 

We evaluate g 1 from Eq. (3), using our results for A 1 
from Tables II and III, neglecting the contribution from A 2• 

The unpolarized structure function F 2 and the ratio R are 
evaluated at the x and Q2 values of our measurement of A 1 , 
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TABLE Ill. Optimal set of asymmetries A1(x) from SMC data, 
otherwise same explanations as for Table II. 

x range (:r) 
(Q2) 

(GeV2) A1 

0.0008-0.0012 0.001 0.3 0.001 :t 0.026:t0.002 
0.0012-0.002 0.002 0.5 -0.016:t 0.020:t0.003 
0.002-0.003 0.002 0.7 - 0.005:t 0.020:t 0.002 
0.003-0.006 0.005 1.3 -0.018:t0.0!6:t0.002 
0.006-0.010 0.008 2.1 -0.020:t0.0!6:t0.003 
0.010-0.020 0.014 3.5 :- 0.027:t 0.01 5:t 0.003 
0.020-0.030 0,025 5.5 - 0.009:t0.020:t 0.003 
0.030-0.040 0.035 7.5 "-0.013 :t 0.024:t 0.003 
0.040-0.060 0.049 10.0 O.o75:t0.021 :t0.006 
0.060-0.100 0.077 14.4 0.017:t0.021 :t0.003 
0.100-0.150 0.121 20.6 0.069:t 0.028:t 0.006 
0.150-0.200 0.172 26.8 0.178:t0.041 :t0.013 
0.200-0.300 0.241 34.3 0.238:t 0.044:t 0.015 
0.300-0.400 0.342 43.9 0.190:t0.073:t 0.014 
0.400-0.700 0.479 54.8 0.316:t0.102:t0.022 

using the parametrizations mentioned in Sec. IV. In Fig. 10 
and Tables VIIl and IX we present g 1 at the measured Q2 for 
the proton and the deuteron. For the first time we show g 1 
for data down to x=0.0008, which is possible because a 
valid parametrization ofF 2 for this region now exists. In the 
lowest bin of x we have Q2 values below I GeV2• 

VI. FIRST MOMENTS OF g'; AND t1 
We use our data in the kinematic region Q2> I GeV2 

(therefore x>0.003) to calculate the first moments of 
i!:d(x,Q~) at a fixed value of Q2=' Q~. The values of 

TABLE IV. Contributions to the syste.hatic error for Af.(x) are the uncertainties of the false asymmetry contribution AA 1, ... due to the 
time variation of the spectrometer accepcince, the target and the beam polarizations AP1 and AP,., the effective dilution factor Aj', the 
radiative corrections Arc, the neglect of A2 , AA 2 , the ratio R, AR, the momentum resolution AMR, and the polarized background from 1'N 
in the ammonia target APb&. The first three bins have Q2>0.2 GeV2, while the rest have Q2> I GeV2, • 

(:r) AAra~sc AP, AP,. A/' Arc AAz AR AMR API>& 

0.0010 0.0019 0.0001 0.0001 0.0002 0.0008 0.0010 0.0002 0.0000 0.0006 
0.0016 0.0019 0.0006 ,0.0005 0.0012 0.0008 0.0012 0.0007 0.0001 0.0006 
0.0025 0.0019 0.0004 0.0003 0.0008 0.0008 0.0013 0.0004 0.0000 0.0006 
0.005 0.0018 

1
0.0009 0.0007 0.0015 0.0009 0.0005 0.0009 0.0000 0.0005 

0.008 0.0019 0.0008 0.0006 0.0013 0.0009 0.0007 0.0007 0.0001 0.0005 
0.014 0.0020 0.0011 0.0009 0.0017 0.0008 0.0008 0.0013 0.0001 0.0004 
0.025 0.0018 0.0018 0.0014 0.0011 0.0007 0.0003 0.0028 0.0002 0.0004 
0,035 0.0018 0.0020 0.0016 0.0013 0.0008 0.0003 0.0027 0.0003 0.0004 
0.049 0.0019 0.0030 0.0024 0.0019 0.0009 0.0003 0.0041 0.0005 0.0003 
0.077 0.0019 0.0051 0.0040 0.0032 0.0009 0.0004 0.0079 0.0008 0.0004 
0.122 0.0020 0.0076 0.0059 0.0049 0.0010 0.0005 0.0099 0.0012 0.0008 
0.173 0.0021 0.0089 0.0069 0.0059 0.0010 0.0005 O.Qll8 0.0017 0.0010 
0.242 0.0021 O.QIIO 0.0086 0.0078 0.0010 0.0022 0.0157 0.0023 0.0013 
0.342 0.0021 0.0163 0.0127 0.0138 0.0009 0.0025 • 0.0258 0.0029 0.0017 
0.480 0.0021 0.0188 0.0147 0.0223 0.0009 0.0029 0.0348 0.0034 0.0021 

112001-8 

224 



SPIN ASYMMETRIES A 1 AND STRUCTURE FUNCTIONS •.. PHYSICAL REVIJ;lW D 58 112001 

TABLE v. Contributions to the systematic error for Af(x), otherwise same explanations as for Table IV, except that !J.Pbg now refers 
to the contribution from protons in the deuterated butanol target 

"> !J.A 1.,,. liP, liP,. !if' 

0.0010 0.0017 0.0000 0.0000 0.0000 
0.0016 0.0017 0.0009 0.0004 0.0008 
0.0025 0.0017 0.0000 0.0002 0.0003 
0.005 0.0016 0.0002 0.0004 0.0008 
0.008 0.0018 0.0011. 0.0006 0.0010 
0.014 0.0020 0.0014 0.0006 0.0011 
0.025 0.0019 0.0007 0.0003 0.0002 
0,035 0.0019 0.0003 0.0005 0.0007 
0.049 0.0020 0.0029 0.0020 0.0016 
0.077 0.0021 0.0007 0.0004 0.0000 
0.121 0.0022 0.0031 0.0019 0.0016 
0.172 0.0024 0.0083 0.0045 0.0029 
0.241 0.0025 0.0084 0.0060 0.0038 
0.342 0.0026 0.0069 0.0050 0.004L 
0.479 0.0027 0.0094 0.0074 0.0041 

AV 
e SMC 0 EU3 0 EMC 
- A,QCD ...... A, constant 

0.2 

·····ttL ... ......... !+ .... !-- ............... 
+ . 

.0.2 ..0.0010 •·0.0016 x.0.0025 

10 10' 

0.2 

.02 

o.s 10 

0.5 

•• Q_ !i .,,.D' v 
-u t'+ 'll 

•• o.on •·0.12 x.0.17 

0 •·0.24 ..0.34 ..0.48 

10 10 10 10
2 

Q2 (Gelf) 

FIG·. 8. Af as a functi~n of Q1 for different bins of x for the 
SMCdata, where the value of x is the average value in each bin. 
The EMC and El43 results are also shown for comparison. Error 
bars 'show statistical uncertainties. The solid line is a result of the 
QCD analysis described in our next paper [14] and used in Sec. VI, 

' while the dashed line is the fit assuming no Q1 dependence. 

lire !J.Az !J.R !J.MR !J.Pb1 

0.0009 0.0009 0.0000 0.0000 0.0002 
0.0009 0.0010 0.0005 0.0000 0.0002 
0.0009 0.0013 0.0002 0.0000 0.0002 
0.0010 0.0004 0.0006 0.0000 0.0002 
0.0010 0.0006 0.0006 0.0000 0.0002 
0.0010 0.0007 0.0009 0.0000 0.0002 
0.0010 0.0012 0.0004 0.0001 0.0002 
0.0010 0.0014 0.0006 0.0001 0.0003 
0.0010 0.0016 0.0033 0.0002 0.0004 
0.0012 0.0004 0.0008 0.0005 0.0006 • 
0.0012 0.0005 0.0027 0.0008 0.0008 
0.0013 0.0006 0.0071 0.0010 0.0011 
0.0014 0.0018 0.0101 0.0012 0.0015 
0.0012 0.0021 0.0089 0.0013 0.0021 
0.0014 0.0024 0.0176' 0.0014 0.0027 

Ad e SMC 0 E143 
1 - A,OCD -"". A, constarit 

0.2 

.. .... Jt ..... + + 
0 

+ ................. .......... ,., .. 
.Q2 •·0.0010 ..0.0018 x.0.0025 

10 10 

G.2 

.0.2 

0.5 

0 

.0.5 

0.5 

10 10 10 

FIG. 9. Af as a function of Q1 for different bins of x for the 
SMC data, where the value of x is the average value in each bin. 
The El43 results are also shown for comparison. Other explana-
tions as for Fig. 8. · 
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TABLE VI. Optimal set of asymmetries Alj(x,Q2
) from SMC data. The errors are statistical only. 

(Ql) 
(x) (GeV2) Af 

0.0009 0.25 -0.023:!:0.037 
0.0010 0.30 -0.023:!:0.043 
0.0011 0.34 0.062:!:0.05 I . 
O.OOI4 0.38 0.056:!:0.028 

0.0016 0.46 0.051 :!:0.033 
0.0018 0.55 -0.057:!:0.034 
0.0022 0.59 0.006±0.029 
0.0025 0.70 0.032:!:0.030 
0.0028 0.82 -0.002:!:0.031 

0.0035 0.89 0.055 :!:0.023 
0.0042 1.14 0.003±0.019 
0.0050 1.44 0.059:!:0.024 

0.0056 1.71 O.o25:t0.038 
0.0069 1.44 -0.047:!:0.040 
0.0071 1.76 -0.007:!:0.029 
0.0075 2.04 0.073:!:0.027 
0.0083 2.34 0.060:!:0.032 

0.0090 2.64 0.069:!:0.041 

0.0095 2.94 -0.098:!:0.059 
O.otl4 1.75 -0.021:!:0.109 

0.0119 2.07 0.032±0.070 
0.0123 2.36 0.003 :!:0.052 
0.0125 2.66 0.032:!:0.043 
0.0126 2.96 0.015:!:0.037 
0.0131 3.30 0.009±0.030 
0.0145 3.74 0.046:!:0.030 

0.0163 4.43 0.084:!:0.027 
0.0183 5.44 0.022:!:0.043 

0.0231 2.78 0.132:!:0.'104 
0.0236 3.31 0.227:!:0.099 

0.0235 3.77 -0.008:!:0.072 
0.0237 4.54 0.093 :!:0.039 
0.0241 5.75 0.058:!:0.028 
0.0263 7.41 0.028:!:0.032 

Kl(x,Q~) at the fixed Q~ are detennined from g 1(x,Q2) at 
the measured x and Q 2 as 

Kl(x,Q~)== Kl(x,Q2)+ [g~'(x,Q~):_ g~'(x,Q2)], (8) 
\ 

where g~' is a result of our NLO QCD analysis. This analysis 
is presented in Ref. [14]. We choose Q~== \0 GeV2 since it is 
close to the average Q2 of our data. The resulting values of 
Kl(x,Q~) are given in Tables VIII and IX. In the measured 
range 0.003<x<0.7 the contn'butions to the first moments 
of the proton and the deuteron structure functions are calcu
lated neglecting the x dependence of A 1 within a given x bin. 

The results at Q~== 10 GeV2 are 

(Ql) 
(x) (GeV2) Af 

0.0339 4.23 0.032:!:0.068 
0.0342 5.80 0.130:!:0.048 
0.0344 7.77 0.034:!: 0.033 
0.0359 10.14 0,094:!: 0.039 
0.0472 4.29 0.076:!:0.101 
0.0474 5.85 0.083:!: 0.064 
0.0479 7.83 0.103:!:0.038 
0.0485 I0.95 0.091 :!: 0.027 
0.0527 14.72 0.123:!:0.040 
0.0737 5.47 0.168:!: 0.094 
0.0744 7.88 .. 0.138:!:0.056 
0.0750 11.08 0.181 :!: 0.036 
0.0762 16.30 0.170:!: 0.028 
0.0856 23.10 0.172:!:0.043 
0.1189 7.40 0.335:!:0.098 
0.1196 11.14 0.309 ± 0.065 
0.1200 16.48 0.225:!:0.045 
0.1205 24.82 0.239:!:0.041 
0.1293 34.31 0.254:!: 0.057 
0.1711 10.18 0.179±0.096 
0.1715 16.51 0.253:!:0.076 
0.1717 24.89 0.194:!: 0.065 
0.1718 34.94 0.427:!:0.069 
0.1770 45.47 0.371:!: 0.077 
0.2368 10.53 0.317±0.125 
0.2392 21.49 0.288:!:0.059 
0.2398 34.94 0.391 :!:0.080 
0.2462 52.75 0.438:!: 0.054 
0.3383 15.25 0.413:!:0.150 
0.3404 25.00 0.491±0.142 
0.3407 34.97 0.691:!:0.145 
0.3436 6t.83 0.553:!:0.074 
0.4688 21.85 0.845:!:0.170 
0.4751 34.98 0.366:!:0.218 
0.4843 • 72.10 0.614:!:0.090 

i 0.7 ' 
g~(x,Q~)dx==0.\3\:!: 0.005:!:0.006:!:0.004, (9) 

0.003 ' 

i 0.7 
g1(x,Q~)dx== 0.037:!: 0.006:!: 0.003:!: 0.003, 

0.003 • 

(10) 

where the first uncertainty is statistical, the second is system
atic and the third is due to the uncertainty in the Q2 evolu
tion. The errors of g 1 are correlated between x bins and this 
correlation was taken into account when calculating system
atic and theoretical uncertainties of the integrals. The contri
butions from different sources of uncertainty, detailed in 
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TABLE VII. Optimal set of asymmetries Af(x,Q2) from SMC data. The errors are statistical only. 

{x} 
(Q2) 

(GeV2) Ad 
I 

0.0009 0.25 -0.067±0.040 
O.OOIO 0.30 0.052±0.046 
0.0011 0.34 0.046±0.052 
0.0014 0.38 -0.028±0.032 
0.0016 0.46 -0.069±0.037 
0.0018 0.55 0.052±0.037 
0.0022 0.59 0.076±0.035 
0.0025 0.70 -0.043±0.035 
0.0027 0.82 -0.049±0.035 
0.0038 0.65 0.020±0.073 
0.0035 0.90 0.034±0.029 
0.0042 1.14 -0.015±0.023 
0.0050 1.44 -0.024±0.028 
0.0056 1.7I -0.025±0.045 
0.0074 1.09 -0.074±0.066 
0.0071 1.47 0.026±0.052 
0.0071 1.77 -0.043±0.034 
0.0075 2.04 -0.053±0.031 
0.0083 2.34 0.035±0.037 
0.0090 2.64 -0.005j:0.047 
0.0095 2.94 -0.010±0.069 
0.0128 1.59 -0.018±0.064 
0.0131 2.06 0.016±0.074 
0.0128 2.36 ·-0.019±0.061 
0.0125 2.66 -0.024±0.050 
0.0125 2.96 -0.033±0.043 
0.0130 3.30 -0.082±0.035 

. ' 0.0144 3.74 -0.008±0.035 
0.0163 4.44 -0.003±0.031 
0.0184 5.44. .. -0.023±0.050 
0.0237 . 2.13 -0.067±0.110 
0.0239 2.82 0.071 ±0.09 I 
0.0242 3.30 -0.063±0.102 
0.0239 3.76 -0.004±0.084 
0.0237 4.54 -0.079±0.045 
0.0241 5.75 0.008±0.032 
0.0263 7.41 0.013±0.037 
0.0341 2.59 -0.042±0. I 38 

Table X, were added in quadrature when computing the total 
errors. In addition to the uncertainties for A 1 given in Tables 
IV and V, for the calculation of the first moments we con
sider also contributions from the kinematic resolution and 
the error due to the appro1>imiltions in the asymmetry evalu
ation procedure. The latter was estimated with a Monte Carlo 
simulation of this procedure. In our previous publications the 
central values for the integrals in Eqs. (9) and (IO) were 
0.130 [7] and 0.041 [II], respectively. The differemce is 
mainly due to the updated beam polarization. 

The first moments of g 1 are 

(Q2) 
(x} (GeV2) Ad 

I 

0.0342 3.57 -0.042±0.108 
0.0342 4.54 -O.I29±0.089 
0.0342 5.80 -0.036±0.056 
0.0344 7.78 0.033±0.038 
0.0359 10.13 -0.023±0.045 
0.0476 2.63 0.257±0.187 
0.0476 3.59 0.322±0.140 
0.0479 4.52 0.034±0.I 08 
0.0477 5.83 0.047±0.069 
0.0480 7.82 O.I 0 I ±0.044 
0.0484 I0.95 0.093 ±0.032 
0.0527 I4.72 -0.006±0.047 
0.0744 3.95 -0.019±0.120 
0.0743 .5.82 0.034±0.108 
0.0746 7.85 0.026±0.062 
0.0753 11.05 0.090±0.041 
0.0760 16.30 -0.025±0.033 ' 
0.0855 23.07 -0.004±0.051 
0.1187 5.00 -0.062±0.!62 
0.!194 10.23 0.056±0.063 
0.1201 16.43 0.069±0.054 
0.1203 24.82 0.076±0.050 
0.1289 34.25 0.093±0.069 
0.1709 9.72 0.231±0.!06 
0.1714 16.47 0.062±0.091 
0.1716 24.84 0.249±0.081 
0.1739 39.62 0.171±0.065 
0.2368 10.06 0.264±0.140 
0.2386 16.52 0.205±0.11 I 
0.2393 24.86 0.093±0.096 
0.2391 34.93 0.265 ± 0.1 OS 
0.2454 52.73 0.294±0.072 
0.3388 14.77 0.194±0.178 
0.3404 29.55 0.084±0.132 
0.3431 61.80 0.244±0.102 
0.4706 21.18 0.185 ± 0.208 
0.4763 34.87 0.558±0.289 
0.4827 71.76 0.317±0.129 

(' . . 
Jo gf(x,Q~)dx=O.l20±0.005 :!:0.006:!:0.014, 

(II) 

They are obtained by combining the results from Eqs. (9) 
and (I 0) with the contributions from the unmeasured ranges, 
which were calculated from the parametrizations of parton 
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FIG. 10. The optimal set of SMC results of g 1 : (a) for proton and (b) for deuteron. Statistical errors are shown as error bars while the 
shaded band below indicates the systematic uncertainty. The Q2>0.2 GeV2 result was obtained by combining the lowest three A1 bins. 

distributions from our NLO QCD analysis [14]. In the cal
culation of the total error we have taken into account that the 
value in the measured region affects the contributions from 
the unmeasurCd regions. 

VU. THE_NONSINGLET STRUCTURE FUNCTION g~s 

The flavor nonsing\et combination of the spin-dependent 
structure functions gf5= gil-gj is an interesting quantity 
because a rigorous Q CD prediction exists for its first mo
ment. This sum rule was derived, in the limit of infinite 
momentum transfer, by Bjorken [1] using current algebra 
and isospin symmetry. 

A. Comparison of rl-g!j and F~-Fj 

In our experiment gll(x,Q2) and g1(x,Q2) are measured 
in the same bins of x and Q2. We evaluate gf5(x,Q"2) from I 

[ 
gf(x,Q2) l 

gf
5
(x,Q

2
)=2 gll(x,Q

2
)-[1-(312)wo]' (13) 

where w D is the probability of the deuteron to be in the D 
state. As in our_ previous publications we have used w D 

= 0.05:!:: 0.0 I, which covers most of the published values 
[27]. 

The results are given in Table XI with statistical and sys· 
tematic errors. In calculating the systematic error the contri
butions from the beam polarization, the dilution factor, and R 
were treated as correlated between proton and deuteron, 
whereas the other contributions to the systematic error were 
treated as uncorrelated [28]. 

The results for gf5 are shown in Fig. 11, together with 
gf5 from the E143 experi111ent calculated from their values 
of K'j and gf [29]. For both data sets the points are shown at 
the measured Q 2• In the same figure we show the nonsinglet 

TABLE VIIL The spin-dependent structure function rl at the measured Q2 and for Q2 > I Ge V2, where 
the QCD evolution is applicable, rl evolved to Q~= 10 GeV2• The firsibin, which has Q2>0.2 GeV2, was 
obtained by combining the lowest three A 1 bins from Table II. The first error is statistical and !he second is 
systematic. In the last column !he third error indicates !he uncertainty in the QCD evolution. 

x range (x). 
(Q2) 

(GeV2) rl g'i(Q~= 10 GeV2) 

0.0008-0.003 0.002 0.5 0.49::!:0.42::!:0.13 

0.003-0.006 0.005 1.3 0.75::!:0.36::!:0.07 1.19::!: 0.36::!: 0.07::!: 0.56 
0.006-0.010 0.008 2.1 0.48::!:0.26::!:0.05 0.72::!:0.26::!:0.05::!:0.25 
0.010-0.020 0.014 3.6 0.43::!:0.15::!:0.03 0.59::!:0.15::!:0.03::!:0.07 
0.020-0.030 O.o25 5.7 0.43::!:0.13::!:0.03 0.50::!:0.13::!:0.03::!:0.02 
O.oJ0-0.040 0.035 7.8 0.36::!: 0.11::!: 0.02 0.39::!:0.11 ::!:0.02::!:0.01 
0.040-0.060 0.049 10.4 0.38::!:0.07::!:0.02 0.38::!:0.07::!:0.02::!:0.00 
0.060-0.100 0.077 14.9 0.41::!: 0.04::!: 0.02 0.39::!:0.04::!:0.02::!:0.00 
0.100-0.150 0.122 21.3 0.35::!:0.03::!:0.02 0.33::!:0.03::!:0.02::!:0.00 
0.150-0.200 0.173 27.8 0.28::!:0.03::!:0.01 0.27::!: 0.03::!:0.01 ::!:0.00 
0.200-0.300 0.242 35.6 0.21::!:0.02::!:0.01 0.22::!:0.02::!:0.01 ::!:0.01 
0.300-0.400 0.342 45.9 0.17::!:0.02::!:0.01 0.18::!:0.02::!:0.01::!:0.00 
0.400-0.700 0.480 58.0 0.07::!:0.01::!:0.00 0.09±0.01 ::!:0.00::!:0.00 
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TABLE IX. The spin-dependent structure function gf at the measured Q2 and for Q2> t GeV2 where the 
QCD evolution is applicable, gf evolved to Q~= 10 GeV2. Other explanations as for Table vm: 

x range (x) (Q2) 
(GeV2) 

0.0008-0.003 0.002 0.5 

0.003-0.006 0.005 1.3 
0.006-0.010 d.oos 2.1 
O.OI0-0.020 0.014 3.5 
0.020-0.030 0,025 5.5 
0.030-0.040 0.035 7.5 
0.040-0.060 0.049 IO.O 
0.060-0. I 00 0.077 I4.4 
0.100-0.150 0.12I 20.6 
0.150-0.200 0.172 26.8 
0.200-0.300 0.241 34.3 
0.300-0.400 0.342 43.9 
0.400-0.700 0.479 54.8 

spin-independent structure function Frs = Ff- F'j calculated 
from the measurements of the ratio F'ft F~ [30], a fit to the
data for F~, described in the Appendix, and the values of the 
function R [24,25]. The Q2 range of the Frs points corre
sponds approximately to the range covered by the llMC data. 
The nonsinglet grs (Fr5) is proportional to the difference of 
the. polarized (unpolarized) u-valence quark and d-valence 
quark distributions. There may also be a flavor symmetry 
violating contribution from the nucleon sea, as has been ob
served in the unpolarized case [31-34]. A ·possibility that the 
mechanism of flavor symmetry violations in polarized data 
may be related to that of the observed violations in the un
polarized case has been discussed in Ref. [35]. It is interest
ing that the shapes of the nonsinglet part of the polarized and 
unpolarized structure functions are Vyry similar. The conse

' quences of this similarity for parton distributions in LO and 

TABLE X. The sources of uncertainties for the integrals of gf 
and gf in themeasured region 0.003<x<0.7. 

Source of the error 4ff art 
Target polarization 0.0037 0.0012 
Beam polarization 0.0029 0.0008 
Dilution factor 0.0027 0.0006 
Uncertainty in F 2 0.0023 0.0010 
Acceptance variation 0.0015 0.0014 
Radiative corrections 0.0007 0.0008 
Asymmetry evaluation 0.0006 0.0006 
Neglect of A 2 0.0005 0.0006 
Polarized background 0.0005 0.0004 
Kinematic resolution 

.. 0.0003 0.0003 
Momentum measurement 0.0003 0.0001 
Uncertainty on R 0.0000 0.0000 
Total systematic error 0.0062 0.0026 
Evolution 0.0036 0.0027 
Statistics 0.0052 0.0057 

gf gf(Q~= IO GeV2) 

-0.30:!:0.48±0.I2 

-0.47:!:0.42:!:0.06 - 0.30± 0.42:!:0.06± 0.49 
- 0.37:!: 0.30:!: 0.04 -0.22:!: 0.30:!: 0.04:!:0.22 
-0.30:!:0.17:!:0.03 - 0.22:!: 0. I 7:!: 0.03± 0.06 
- 0.06:!: O.I4:!: 0.02 - 0.02:!: 0.14:!:0.02±0.02 
-0.07:!:0.12:!:0.01 - 0.05:!: O.I2:!: O.ot:!: 0.01 

0.27:!: 0.08:!: 0.02 0.27:!:0.08:!: 0.02:!:0.00 
0.04:!:0.05:!:0.01 0.03:!:0.05±0.0I ±0.00 
0.09± 0.04:!: 0.0 I 0.08:!: 0.04±0.0I :!:0.00 
0.15:!:0.03:!:0.0I 0.14:!: 0.03:!:0.01:!: 0.00 
0.12:!:0.02:!:0.01 0.12± 0.02± 0.01 :!:0.00 
0.05:!:0.02:!:0.00 0.05± 0.02:!: 0.00:!: 0.00 
0.03:!:0.01 :!:0.00 0.04:!: o.o 1 = o,.oo= o.oo 

NLO have been discussed in Ref. [36]. It should be noted 
that the polarized nonsinglet distribution is not bounded by 
the unpolarized nonsinglet but by Ff + F'j. We observe that 
grs is larger than Frs. 

B. Q2, evolution of g~s 

The flavor nonsinglet combination grs decouples from 
the singlet and the gluon sectors, and therefore evolves in a 
different way than gf and g'j separately. To calculate its Q2 
evolution only the parametrization of grs(x) is needed. The 
evolution to a common Q~ was done by three different meth
ods. The first used the Q2 dependence of the more accurately 
measured Frs. The Q2 evolution of grs and Frs is expected 
to be the same since the x distributions are similar and the 
unpolarized and polarized nonsinglet splitting functions are 
ident.ical. 2 The second method evolved the data using the 
nonsmglet part from Jhe NLO QCD fit ~14] already used in 
Sec. VIto evolve gf· to the common Q0• The third method 
used a simpler QCD fit, restricted to the nonsinglet sector 
[14]. 

Figure 12 shows grs(x,Q2) in each x bin at its average 
value of Q2 and evolved to Q~= 10 GeV2 using the non
singlet fit (method 3) mentioned above. The changes of grs 
due to the Q2 evolution are small (compared to the statistical 
errors). The values of gr5(x,Q~) obtained with the third 
method are given in Table XI. The evolution calculated with 
methods I and 2 gave values very close to those obtained 
with method 3. The systematic errors due to Q2 evolution 
given in Table XI cover the results from the three methods. 

C. First moment of g~s 

The first moment of grs is calculated in .three parts: from 
our data in the measured region 0.003<x<0.7 and those 

2The splitting functions are identical because for massless quarks 
helicity is conserved at the quark-ghion vertex and gluon brems
strahlung is the only relevant process here. 
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TABLE XI. The nonsinglet structure function g~s and their uncertainties (shown only with 2 significa'nt 
digits after the decimal points) calculated·from the measured g'j and g1 at the measured Q

2 
and evolved to 

Q~ = I 0 GeV2• The first error is statistical and the second is systematic. In the last column the third error 
indicates the uncertainty in the QCD evolution. 

"range (:x;} 
(Ql) 

(GeV2) g~s g~s (Q~= 10 GeV2
) 

0.003-0.006 0.005 1.3 2.53± 1.17±0.21 3.04± 1.17±0.21 ±0.01 

0.006-0.010 0.008 2.1 
O.QI0-0.020 0.014 3.6 

0.020-0.030 0.025 5.6 

0.030-0.040 O.Q35 7.6 
0.040-0.060 0.049 10.2 

0.060-0.100 0.077 14.6 
0.100-0.ISO 0.122 21.0 

O.lS0-0.200 0.173 27.3 
0.200-0.300 0.242 34.9 
0.300-0.400 0.342 44.9 
0.400-0.700 0.480 S6.4 

from the unmeasured regions towards the boundaries x = 0 
and x = I. In the measured region, the contribution from each 
x-bin is calculated assuming that .the x dependence of grs 
and Frs is the same within the bin. The contributions are 
summed giving the integral in the measured range at Q~ 
=10GeV2 

1
0.7 gr5dx= o.ts4::: o.ot6::: o.ot4::: o.oot, 

0.003 

{14) 

where the first error is statistical, the second is systematic, 
and the third is an evolution error based on errors given in 
Table XI. The total error on the integral in the measured 
range is 12% of its value. The contributions from the unmea
sured regions are calculated from the parametrization· of grs 
obtained in the QCD analysis in Ref. [14]. They are: 0.010 
::!:0.003 for x<0.003 and 0.004::!:0.001 for x>0.7. 

The first moment of grs thus amounts to 

ufJJI 
~ .~. t !¢ *~~~T l '·f 

SMCO 
E1430 xg~ exF~ 

-0.04 . 
10·2 ·1 10 X 

FIG. II. The nonsinglet functions xgr and xF~s. Both func
tions are presented at the measured Q1 of the experiments. The 
errors are statistical only. 

1.76±0.83±0.16 2.06± 0.83± 0.16±0.04 
1.52±0.47±0.12 1.66±0.47±0.12±0.02 
1.00±0.40±0.07 1.05± 0.40±0.07±0.01 
0.87± 0.35± 0.06 0.88± 0.35± 0.06± 0.00 
0.18±0.21±0.05 0.18± 0.21 ±0.05± 0.00 
0.73±0.13±0.04 0.72±0.13±0.04±0.00 

O.Sl±O.l0±0.03 O.SO±O.l0±0.03±0.00 

0.23±0.10±0.03 0.23±0.10±0.03±0.00 
0.17±0.06±0.02 0.18±0.06±0.02±0.00 

0.23±0.0S±0.02 0.24±0.0S±0.02±0.01 

0.09±0.03±0.01 0.10±0.03±0.01 ±0.00 

J: gr5dx=0.198::t0.023 (Q~= to GeV
2
). {IS) 

The value of the nonsinglet first moment given in Eq. {IS) is 
in good agreement with the theoretical prediction of 0.186 
::!:0.003 at Q~= 10 GeV2• A more general discussion of the 
test of the Bjorken sum rule including different evaluations, 
in the framework of perturbative QCD is presented in Ref. 
[14]. 

VIII. SUMMARY 

This paper concludes the SMC analysis of the virtual 
photon-proton and virtual photon-deuteron spin asymmetries 
Af(x,Q2) and A1(x,Q2) measured hi the deep inelastic scat· 
tering of polarized muons on polarized protons and polarized 
deuterons at incident muon energies of 100 and 190 GeV. 

NS 
~1 3.5 II 

2.5 

1.5 

~ • measured d 

~ ~ 6 0
2

·10 Gev' 

* * +> OJ== '. +} ~ t)., 0): .I 
10 • 1o·' X 

0.5 

FIG. 12. The nonsinglet function g~s as a function of" given at 
the measured Q2 and evoived to Q~= 10 GeV2 with the method 
described in the text as the third method. Statistical errors are 
shown as error bars while the shaded band below indicates system-
atic uncertainty. 
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The final analysis included a reanalysis of the inclusive data 
and incorporated an asymmetry determination based on the 
hadron method, where the presence of at least one hadron in 
the final state of the muon-nucleon interaction was required. 
Such a selection removes a part of the background at low x 
.and hence improves the statistical accuracy there. The had
ron method was thus used for x< 0.02 while the inclusive 
method was used for x> 0.02 in the determination of the 
final set of results for the asyll}metries and the spin
dependent structure functions glj(x,Q2) and gf(x,Q2). 

These final results, which cover the kinematic range 
0.0008<x<0.7 and 0.2<Q2< 100 GeV2, have been' pre
sented. They are consistent with the previously published 
SMC results [2,6,7,9~11] and supersede them. The final re
sults have been tabulated in bins of x and Q2, and the indi
vidual contributions to the systematic error for A 1 have been 
given in bins of x. The analysis of events collected with a 
special trigger, which requires a signal from the hadron calo
rimeter in addition to the detection of a scattered muon, and· 
allows measurements down to x=O.OOOI, mainly for Q2 

<I GeV2, is in progress. , 
The spin-dependent flavor nonsinglet structure function 

g~s at the measured Q2 ·was compared to the spin
independent nonsinglet structure function Frs. Integrals of 
gf·d(x,Q~= 10 GeV2) and grs(x,Q~= 10 GeV2) over the 
measured range were calculated using SMC data with Q2 

>I GeV2. The first moments of glj, gf, and g~S: including 
contributions from the unmeasured ranges obtained from the 
QCD analysis [14], have been given. 
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APPENDIX 

A phenomenological fit for the unpolarized structure 
functions F~(x,Q2) and J1(x,Q 2) was performed. Results 
for proton structure functions from BCDMS [37], E665 [38], 
NMC [24], SLAC [39], HI [40], and ZEUS [41] were used 
to perform a fit for F~. For the fit of J1 the results for • 
deuteron structure functions from BCDMS [37], E665 [38], 
NMC [24], and SLAC [39] and precise measurements of the 
ratio J1t F~ by the NMC [30] were used. 

Th~ F 2 parametrization, originally proposed by the 
BCDMS Collaboration and also used by NMC, is as follows: 

• [ln(Q2/ A 2)]B(x)[ C(x)l 
F~1(x,Q 2)=A(x) ln(Q~IA 2 ) I+ QZ, (AI) 

where 

A(x)=x01(1-xt2[a 3+a4(l -x)+a5(l -x) 2 

+a6(l -x)3+a1(l -x) 4], 

With Q~=20 GeV2 and A=0.25 GeV, this 15 parameter 
function was fitted to F~ and F; data separately. 

TABLE XU. The values,ofthe parameters ofEq. (AI) for Fj 
and for the upper and lower limits of Fj . 

Fj limits 

Parameter Fj Upper limit Lower limit 

a, -0.24997 -0.24810 -0.25196 
a2 2.3963 2.3632 2.4297 
OJ 0.22896 0.23643 0.21913 
a• 0.08498 -0.03241 0.21630 
as 3.8608 4.2268 3.4645 
a• -7.4143 -7.8120 -6.9887 
a, 3.4342 3.5822 3.2771 
b, 0.11411 0.09734 0.13074 
b2 -2.2356 -2.2254 -2.2465 
bl 0.03115 0.03239 0.02995 
b. 0.02135 0.02233 0.02039 
c, -1.4517 -1.4361 -1.4715 
c2 8.4745 8.1084 8.9108 
CJ -34.379 -33.306 -35.714 
c. 45.888 44.717 47.338 
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TABLE XIII. _The values of the parameters of Eq. (AI) for J1 
and for the upper and lower limits of J1. · --

tion uncertainties quoted by the experiments. All parameters 
and tlie complete covariance matrices were determined in the 
fits for F~ and F1.. We used the parameters and the covari
ance matrices restricted to the 15 parameters of Eq. (AI) to 
determine the one standard deviation upper and lower limits 
ofF 2• Both upper and lower limit values for F~ and F1. were 
parametrized with the same function. 

J11imits 

Parameter I1 Upper limit Lower limit 

al -0.28151 -0.28047 -0.28178 
a2 J.OIJS 0.82170 1.1694 
D) 0.08415 0.06904 0.09973 
a, -0.72973 -0.60191 -0.85884 
a, 2.8647 2.2618 3.4541 
a6 -2.5328 -1.6507 '-3.3995 
a, 0.47477 0.08909 0.86034 
bl 0.20040 0.18711 0.20865 
b2 -2.5154 -2.4711 -2.5475 
b! 0.02599 0.02802 0.02429 
b, 0.01858 0.01973 0.01760 
cl -1.3569 -1.3762 -1.3513 
c2 7.8938 7.6113 8.3602 
C) -29.117 -27.267 -37.710 
c, 37.657 35.100 41.106 

In the fit, the data points were weighted according to their 
statistical and uncorrelated systematic errors. Additional pa
rameters were included in the fit to describe correlated shifts 
within the systematic uncertainties and to describe relative 
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First Measurement of the Transverse Spin Asymmetries of 
the Deuteron in Semi-Inclusive Deep Inelastic Scattering 

The COMPASS Collaboration 

Abstract 

First measurements of the Collins and Sivers asymmetries of charged hadrons produced in 
deep-inelastic scattering of muons on a transversely polarized 6LiD target are presented. 
The data were taken in 2002 with the COMPASS spectrometer using the muon beam ofthe 
CERN SPS at 160 GeV/c. The Collins asymmetry turns out to be compatible with zero, as 
does the measured Sivers asymmetry within the present statistical errors. 
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The importance of transverse spin effects at high energy in hadronic physics was first 
suggested by the discovery in 1976 that A hyperons produced in pN interactions exhibited an 
anomalously large transverse polarization [1]. This effect could not be easily explained. For a 
long time it was believed to be forbidden at leading twist in QCD [2], and very little theoretical 
work was devoted to this field for more than a decade. 

This situation changed in the nineties. After the first hints of large single transverse spin 
asymmetries in inclusive 1r0 production in polarized pp scattering at CERN [3], remarkably 
large asymmetries were found at Fermilab both for neutral and charged pions [4]. In parallel, 
intense theoretical activ(ty was taking place: the significance of the qriark transversity distribu-

. tion, already introduced in 1979 [5] to describe a quark in a transversely polarized nucleon, was 
reappraised (6] in 1990, and its measurability via the Drell-Yan process established. In 1991 a 
general scheme of all leading twist and higher-twist parton distribution functions was worked 
out [7], and in 1993 a way to measure transversity in lepton nucleon polarized deep-inelastic 
scattering (DIS) was suggested [8]. On the experimental side, the RHIC-Spin Collaboration [9] 
and the HELP Collaboration [10] put forward the first proposals to measure transversity. Today 
transversity is an important part of the scientific programme of the HERMES experiment at 
DESYand of the COMPASS experiment at CERN, both presently taking data. First results on 
a transversely polarized proton target have been published recently by the HERMES Collabo-
ration [ 11 ]. · 

To fully specify the quark structure of the nucleon at the twist-two level, the transverse 
spin distributions ~Tq(x) must be added to the momentum distributions q(x) and the helicity 
distributions ~q(x) [7]. For a discussion on notation, see Ref. [12]. If the quarks are collinear 
with the parent nucleon (no intrinsic quark transverse momentum kT ), or after integration over 
kT, these three distributions exhaust the information on the internal dynamics of the nucleon. 
More distributions are allowed admitting a finite kT, or at higher twist [13, 14, 15, 12]. 

The distributions ~Tq are difficult to measure, since they are chirally odd and therefore 
absent in inclusive DIS. They may instead be extracted from measurements of the single-spin 
asymmetries in cross-sectiQns for semi-inclusive DIS (SID IS) ofleptciri.s on transversely polar
ized nucleons, in which a hadron is also detected in the final state. In these processes the mea
surable asymmetry, the "Collins asymmetry" Aca~z, is due to the combined effect of ~Tq and 
another chirally-odd function, ~~n;, which describes the spin-dependent part of the hadroniza
tion of a transversely polarized quark q into a hadron h. At leading order in the collinear case 
Acou can be written as ' · 

Eq e~ · ~Tq · ~~n; 
Acou = E 2 Dh 

q eq. q. q 
(1) 

where cq is the quark charge. According to Collins [8], the quantity ~~n; can be obtained by 
investigating the fragmentation of a polarized quark q into a hadron h, and is related to the P'# 
dependent fragmentation function · 

(2) 

Here pfJ. is the hadron transverse momentum with respect to the struck quark direction, i.e. the 
virtual photon direction, and z = Eh/(Ez-Ez•) is the fraction of available energy carried by the 
hadron. Eh; bl, and E1• are the energies of the hadron, the incoming lepton, and the scattered 
lepton respectively. The "Collins angle" <I>c is conveniently defined in a coordinate system in 
which the z-axis is the virtual photon direction and the x-z plane is the lepton scattering plane, 
as illustrated in Fig. 1.1n this reference system <I>c = if>h- ¢>.•, where if>h is the azimuthal angle 
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Figure 1: Definition of the Collins and Sivers angles. 

of the hadron, and ¢.• is the azimuthal angle' of the transverse spin of the struck quark. Since 
¢.• = 1r- </>.,with</>. the azimuthal angle of the transverse spin of the initial quark (nucleon), 
one obtains sin <I?c = - sin(<f>h + </>.). • 

An entirely different mechanism was suggested by Sivers [16] as a possible cause of 
the transverse spin effects observed in pp scattering. This mechanism could also be respon
sible for a spin asymmetry in the cross-section of SIDIS of leptons on transversely polarized 
nucleons. Allowing for an intrinsic kT dependence of the quark distribution in a nucleon, a left
right asymmetry could be induced in such a distribution by a transverse nucleon polarization, 
qT(x, kT} = q(x, lkTI2

) + tl~ q(x, !kTI2
) • sin <I?s, where <I?s = </>h - </>. :f. <I?c is the "Sivers 

angle". Neglecting the hadron transverse momentum with respect to the fragmenting quark, this 
k·r dependence could cause the "Sivers asymmetrY" 

As;u = Eqe~. tl~q. n; (3) 
Eqe~·q·D~ 

I • 

in the distribution of the hadrons resulting from the quark fragnientation with respect to the 
nucleon polarization which could be revealed as a sin <I? s modulation in the number of produced 
hadrons. Measuring SIDIS on a transversely polarized target allows the Collins and the Sivers 
effects to be disentangled [17]. 

In this paper first results are giveh of the charged hadron single-spin asymmetries in 
SIDIS of high energy muons on a transversely polarized 6LiD target·measured in 2002 by the 
COMPASS Collaboration. . . 

The COMPASS spectrometer has been set up at the CERN SPS muonbeam. The ex
periment has taken data from 2002 to 2004 at a muon momentum of 160 GeV/c with beam 
rates of 4 · 107 muons/s. The beam is naturally polarized by the 1r-decay mechanism:, with a 
polarization of about -76%. The polarized target system [ 18] consists of two cells (upstream u, 
downstream cl), each 60 em long, located along the beam one after the other in two separate RF 
cavities, and oppositely p~larized. The target magnet can provide both a solenoid field (2.5 T}, 
and a dipole field (0.4 T) used for adiabatic spin rotation and for the transversity measurements. · 
Correspondingly, the target polarization can be. onented either longitudinally or transverSely 
to the beam direction. Polarizations of 50% have been reached routinely .with the 6LiD target, 
which has a favorable dilution factor f ~ 0.4, since 6Li basically consists of a deuteron plus an 
4He core. The target polarization is measured with a relative precision of 5%. Particle tracking 
is performed using several stations of scintillating fibers, micromesh gaseous chambers, and 
gas electron multiplier chambers. Large-area tracking devices comprise gaseous detectors (drift 
chambers, straw tubes, and MWPCs) placed around the two spectrometer magnets. Muons are 
identified in large-area Iarocci tubes and drift tubes downstream of hadron absorbers. The trig~ 
ger [ 19] is formed by several hodoscope systems supplemented by, two hadron calorimeters. 

2 
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Veto counters are installed in front of the target to reject the beam halo. More information on 
the COMPASS spectrometer can be found in Ref. (20]. 

In 2002 about 6 · 109 events, corresponding to 260 TBytes of data, were collected. About 
20% of the sample was taken in the transverse spin mode,· in two separate periods. Each period 
started with the u-cell of the target downwardly polarized and the d-cell upwardly polarized. 
After 4-5 days a polarization reversal was performed by changing the RF frequencies in the 
two cells. 

Because the asymmetries are obtained by comparing data taken several days apart, the 
stability of the apparatu~ is crucial. To check the stability of reconstruction, the data were sam
pled in time. The hit distributions on all trackers were scrutinized, as well as the number of 
reconstructed events, the number of vertices per event, and the number of tracks per event in the 
whole spectrometer and in its various subregions. In addition, the distributions of a few relevant 
quantities were monitored for their stability throughout the data, like the Bjorken variable x, the 
relative energy transfer in the muon scattering process y = ( E1 - E1,) / Ez, the photon virtuality 
Q2

• These investigations led to the exclusion of about 4% of the data from the final sample. 
In the analysis, events were selected in which a vertex with incident and scattered muon 

and at least one outgoing charged hadron was found in one of the two target cells. A clean iden
tification of muons and hadrons was achieved on the basis of the amount of material traversed 
in the spectrometer. In addition, DIS cuts Q2 > 1 (GeV/c)2, W > 5·GeV/c2, and 0.1 < y < 0.9 
were applied to the data as well as a cut on the transverse momentum ofthe hadrons (p~ > 0.1 
GeV/c). 

To enhance the asymmetry signal, we first evaluated the Collins and Sivers asymmetries 
for the leading hadron of each event, the underlying idea being that in the string fragmentation 
it is the most sensitive to the properties ofthe parent quark spin [21]. The leading hadron was 
defined as the most energetic hadron with z > 0.25, and originating from the reaction vertex. 

· The total number of events which finally entered the analysis was 1.6 . 106 comprising 8. 7. 105 

events with positive leading hadrons and 7.0 ·105 events with negative leading hadrons. 
We searched sep~ately for Collins and Siversasymmetries in the data. The ~ distribution 

of the number of events for each cell and for each polarization state can be written as 

N;(~;) = Fnu·a;(~;)·(l+t;sin~;), (4) 

" (5) 

with the functions fc ·sin ~c and fs ·sin <I> s. The normalization factor r has been taken equal to 
the ratio of the total number of detected events in the two orientations of the target polarization. 
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Figure 2: C~llins asymmetry (top) and Sivers asymmetry (bottom) against x, z and p!j. for 
positive (full points) and negative hadrons (open points). Error bars are statistical only. The first , 
column gives the asymmetries for all hadrons, the other three columns for the leading hadrons. 
In all the plots the points are slightly shifted horizontally with respect to the measured value. 

Note that two events having the same topology in the laboratory before and after the target spin 
rotation have angles 4.> i and 4.> i + 1r respectively, thus the acceptance cancels in Eq. 5 as long as 
the ratio aj(4.>i)/a](4.>i + tr)is constant in 4>j• 

The evaluation of the asymmetries was performed separately for the two data-taking pe
riods and for the two target cells. These four sets of meas\rred asymmetries turned out to be 
statistically compatible, and were then combined by taking weighted averages. Plots of the 
measured values of Aco~1 and As;v against the three kinematic variables x, z and p~ are given 
in Fig. 2. The errors shown in the figure are only statistical. The mean values of z and p~ are 
roughly constant("-' 0.44 imd 0.51 GeV/c respectively) over the whole x range while (Q2) 

increases from"" 1.1 (GeV/c)2 i~ the first x bin to"" 20 (Gey/c)2 in the last one. 
Systematic errors due to the uncertainties in PT, D N N, and f are negligibly small. Several 

tests were made to check that there are no effects distorting the measured asymmetries, splitting 
the data sample i) in time, ii) in two halves of the target cells, and iii) according to the hadron 
momentum. The asymmetries measured for the different samples were found to be compatible. 
Also, the results were stable with respect to different choices ofthe normalization factor r. 

The method of extracting the asymmetries .is expected to minimize systematic effects due 
to acceptance, and this is confirmed by the compatibility of the asrmmetriesmeasured in the 
two cells u and d. Under Qte reasonable assumption that the ratio aj,u(4.>; + tr)/a}.d(4.>j) before 
the polarizatioq reversal be equal to the corresponding ratio a}.u(4.>j)/a},a{4>j + 1r) afterthe 
reversal, the requirement that the ratio~ a],u(4.>j'+ tr)/aJ.u(4.>j) and aJ.d(4.>j)/a},a(4>j + tr}, be 
constant in 4.>i within each data-taking period has been verified by constructing the ratio 

R-(4>) _ N},u(4.>j) • N},d(4.>j + tr) <X [a}.u(4.>j)J2 
~ - N},u(4.>j + tr) · N},d(4.>j) [aJ.u(4.>j + tr)] 2 

(6} 

and verifying its constancy in 4.>i. This constancy holds even using the entire data sample after 
releasing the z-cut. It has to be stressed also that, under the same assumption, possible false 
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asymmetries due to variations in <I>; of the acceptance ratios to firs~ order have opposite sign in 
the two cells and cancel in the average. 

To estimate the size of possible systematic effects, the asymmetries have also been eval
uated using two other estimators which are independent of relative luminosities and rely on 
different assumptions of the acceptance variations, e.g. the ratio product 

N},u(<I>;) N},d(<I>;) 
Nj,u(<I>j + 7r) . N},i<I>; + 7r) I 

and the geometric mean 

JN}(if!;) · Nj(<I>;)- JNj(<I>; + 1r) · N}(if!i + 1r) 

JN} (<I>;)· Nj(<I>;) + JNj(<I>; + 1r) · N} (<I>;+ 1r). 

(7) 

(8) 

Differences from the results displayed in Fig. 2 were only observed within the statistical errors 
of the measured asymmetries. 

The conclusion from all these studies is that systematic errors are smaller than the quoted 
statistical errors. 

Within the statistical accuracy of the data, both AcolL and As;v turn out to be small and 
<:ompatible with zero, with a marginal indication of a Collins effect at large z in both the posi
tive .and the negative hadron data. By means of Monte Carlo simulations, we estimated that the 
following factors could together dilute a possible leading pion asymmetry by a 'factor of 0.6 at 
most: i) the acceptance of the spectrometer for leading hadrons (by cutting at z > 0.25 there
constructed charged leading particle is the generated most energetic hadron in about 80% of the 
cases); ii) non identification of the charged hadron (about 80% of the charged leading hadrons 
are pions); iii) smearing of the kinematical quantities due to the experimental resolution of the 
spectrometer (negligible effect). For. the simulation, which reproduces well the experimental 
distributions, we used LEPTO 6.5.1 and GEANT 3. Simulations were also performed to check 
the possible correlation between the measured values of tc and €s; asymmetries up to 20% were 
generated and no appreciaple mixing was· observed. 

This analysis has been repeated for all hadrons, L e. both the Collins and the Sivers asym
metries have been evaluated for all the reconstructed hadrons with z > 0.2. The total number of 
hadrons entering the analysis is increased by a factor of 1.5 with respect to the leading hadron 
analysis, but the results are very similar, i.e. small values for the asymnJ.etries. For reasons of 
space, t~e asymmetries are displayed in Fig. 2 as function of x only. All the measured asymme
tries are available on HEPDATA [22]. 

The COMPASS measurements on the transversely polarized deuteron target have a sta
tistical accuracy of the same order as the recent measurement on protons performed by the 
HERMES Collaboration [II]. The small measured values of the deuteron asymmetries can be 
understood because ~Tu and ~Td are likely to have the opposite sign as for the helicity dis
tributions, and some cancellation is expected between the proton and the neutron asymmetries. 
Still, at large x, the measured values of Acol! for positive leading hadrons seem to hint at posi
tive values, at variance with the naive expectation Ac~L ex: -~Tufu. Also, Acol! for all positive 
hadrons does not show the negative trend foreseen by the model prediction of Ref. [23]. Atten-

/tion is drawn to the fact that the conventions used in Ref. [II] and [23] give an opposite sign 
for the Collins asymmetry as compared to this paper. Alternatively, it could be that the Collins 
effect is too small to allow for quark polarimetry with this set of data. Different quark polarime
ters are also being tried, e. g. hadron pairs and A production. The analysis of the full sample .. 

5 

241 



>I 

of deuteron data, including the 2003 and 2004 runs, will reduce the errors by at least a factor 
of two, and the Collaboration also intends to take data with a polarized proton target. Precise 
transversely polarized proton and deuteron data will allow a flavor separation oftransversity in 
the near future. 
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RECENT RESULTS 
ON THE· NUCLEON SPIN STRUCTURE 

I.A. Savin 

Joint Institute for Nuclear Research, Dubna 

In the context of the nucleon structure studies initiated at JINR by N. N. Bogoliubov, new data 
obtained in experiments HERMES (DESY) and COMPASS (CERN) are presented. They concern 
polarized quark densities in longitudinally polarized nucleons, estimations of possible gluon contri
bution to the nucleon spin and measurements of new spin-dependent structure function transversity 
characterizing distributions of transversely polarized quarks in transversely polarized nucleons. 

B KOHTeKCTe HJ}"'eHHJJ CTPYKTYPLI HYJUIOHOB, HHHUHHposauuoro s O:IDIH H. H. lioromo6oBbiM, 
npusoJUJTCll HOBLJe JJ.aHHble, nOJJ}"'eHHLJe s aKcnepuMeHTax HERMES (DESY) u COMPASS (CERN), 
no pacnpe.neneHHJIM OOJlllpHlOBaHHLIX KBapKOB B npo.D.OJJbHO-OOJlllpHlOBaHHLIX HYJUIOHax, OUeHKaM 
BOJMOJKHOro BKJill,lla rJIIOOHOB B cnHH HYJUIOHa H HJMepeHHIO HOBOii CTpYKyYpHOii ljlynKUHH TpaHCBep
CHTH, xapuTepH3YJOuteii pacnpe.neneune nonepequo-nOJJllpHlOBaHHLIX KBapKOB B nonepequo-nOJJllpH-
JOBaHHbiX HYJUIOHax. . • 

INTRODUCTION 

It is now more than 30 years since JINR, following an initiative of Academi
cian N. N. Bogoliubov, fanner director of the JINR, participates in various exper
iments on nucleon structure studies. They started at CERN with the experiment 
NA-4 by the· Bologna-CERN-Dubna-Munich-Saclay. (BCDMS) Collaboration 
in 1975-1985, were followed by the Spin Muon Collaboration (SMC) experi
ments NA-48 in 1985-1998 and are continued now by the experiment NA-58 
(COMPASS). Dubna groups participate also in the nucleon-structure studies in 
the HI and HERMES experiments at DESY. 

As is well known, for the complete description of the nucleon structure in 
terms of the Quark Parton Model (QPM) one needs to know at least three Structure 
Functions (SF): F1(x) -characterizing the momentum distributions of quarks, 
q(x), in the unpolarized nucleons, where xis a Bjorken scaling variable; 91(x)
characterizing the helicity distributions of quarks, ~q(x), in the longitudinally 
polarized nucleons; and h 1 (x) - characterizing the transversity distributions of 
quarks, c5q(x), in the transversely polarized nucleons. 

An access "'to measurements of SFs provides the reactions of inclusive 

>.N-+>.X, (l) 
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or semi-inclusive 
>.N-+>.'hX (2) 

Deep Inelastic Scattering (DIS) of lep~ons on nucleons. The main contribu
tion to the cross sections of these reactions comes from one-photon exchange 
processes [ 1] represented by a diagram in Fig. 1. 

e (E,k) 
~ 

P-----\ 

Q2= q2=-(k- f!)2 
"' 

vlab=E-E' 

x=lt . 2Mv 

zlab=~ 
v 

Fig. L The Feynman diagram of lepton-nucleon DIS and main kinematical variables: 
Q2_ -:- four-momenttlm transfer from a lepton to a nucleon; v - energy transfer to a 
nucleon; x-:- Bjorken scaling variable; z- fractional energy transfer to a hadron 

While the F1(x) and 91(x) are measured from Inclusive DIS reactions, 
(IDIS), the h1(x) can be accessed from Semi-Inclusive DIS (SIDIS) reactions 
only with one or more identified hadrons in the final state. 

1. UNPOLARIZED STRUCTURE FUNCTIONS . 
The SFs are introduced in cross sections of reactions (1) and (2) phenomeno-

logically and can be interpreted in the framework of some models. The QPM is . 
the most developed model of the nucleon structure. In this model the F1 (x) is a 
sum of quark and antiq_uark momentum densities averaged over squares of quark 
charges and e~pressed by Eq. (3): 

1 ' 1 
F1(x) = 2 2:>~ (q(x) + q(x)] = 2 I>~q(x). (3) 

q 

It is related to other structure f~nctions, F2(x) and R(x), which are measured 
experimentally, via the Calan-Gross theorem: 

1 + 'Y2 
2xF1(x) = 

1 
+ R F2(x). (4) 

At finite energies all SFs depend on. two independent variables, e.g., x and Q2
• 
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· The F2(x, Q2) and R(x, Q2) have been measured in many experiments, 
including BCDMS and Hl with JINR·.participation. The current set [2) of the 
most precise data on F2(x, Q2) is shown in Fig. 2. 

~ 

10-l L-l......._wl.--W...WIIL-L..L.I.Wiol....I...._...IWL....L.LJwwl-1..a..W 

1 . 10 1o2 103 .JO" lo5 
Q2,GeV2 

Fig. 2. The siructure function F2 (X' Q2
) as a function of Q2 at different values of X 

measured by HI, ZEUS, BCDMS and NMC Collaborations · 

"· 
The QCD analysis of these data has been performed so far in the NLO ap-

. proximation and has shown a good agreeme-nt between the experiment and theory. 
The NNLO calculations, which are under development now [3], will chaiienge 
experiments with respect to the largest possible coverage of x, Q2 regions, im
proved precision, the highest statistics at large X and precise. measurements of 
R(x, Q2). . · · 
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2; POLARIZED STRUCTURE FUNCTIONS AND QUARK 
CONTRIBUTIONS TO THE SPIN OF NUCLEONS 

The polarized structure function 9t (x) js related to the difference of the 
momentum densities of quarks aligned parallel and antiparallel to the spin of 
longitudinally polarized nucleons averaged over square of quark and antiquark 
charges [4]: 

"' 

9t(x) =~I>~ [q(x)- q(x)] = ~ I>~~q(x). 
q ' q 

(5) 

It gives a partial (at a given x) contribution of quarks to the spin of a nucleon. 
The first moment of 9t(x) gives the total contribution of quarks to the spin of 
a nucleon. From measurements of 9t for protons, neutrons and deuterons, one 
can obtain, under some assumptions, the total quark contributions to the spin of 
a proton, ~~. and contributions to it of up, ~u. down, ~d. and sea quarks, ~s. 
The 9t(x) is related to the experimentally measured asymmetry An and to the 
virtual photon absorbtion cross sections asymmetry At: 

A ~ A
1 
= at/2- a3;2 ~ g1(x), 

II at/2 + a3/2 F1 (x) 
(6) 

where subscripts 1/2 and 3/2 refer to the total photon and quark angular 
momentum. 

The 9f(x) for protons has been measured for the fir~t time in SLAC ex
periments E80 and E130 in 1978-1983 and updated by the European Muon 
Collaboration (EMC) in 1988 in the extended x apd Q2 kinematic regions. The 
analysis of the EMC data has revealed surprising results that quarks contribute 
little to the proton spin and strange quarks are polarized: ~~ ~ 0.12 ± 0.1 and. 
~s = -0.06 ± 0.1. These observations triggered a lot or-theoretical [4] and 
experimental [5] activi.ties. The EMC observations have been confirmed by the 
SLAC, SMC, and HERMES experiments with improved precision. SMC and 
HERMES ha~e extended the quark' polarization studies measuring,. additionally lo 
IDIS asymmetries A1, the SIDIS asymmetries in production of various charged 
hadrons, A?. The latest HERMES results on asymmetries At and A? [6] are 
shown in Fig. 3. 

As follows from Eqs. (5), (6), A; is proportional to the sum of quark relative 
polarizations, L ~qfq, while A? is proportional to the polarization of particular 

q 

quarks constituting the hadron h. , · 
Indeed, the SIDIS asymmetry A?(x, Q2), under certain assumptions on quark 

fragmentation functions, Dj(z, Q2), can be expressed in a Leading Order (LO) as: 
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Fig. 3. The HERMES results on tlie IDIS asymmetry A1 and SIDIS asymmetries A~ mea
sured from the proton and deuterium targets and compared to previous SMC measurements 

h 2 . E, e}b.qj(x, Q2) J d;DJ(z, Q2) 
A (x Q ) ""' ""' 1 

' E, e}q}x, Q2) J dzDj(z, Q2) 

""'L e~q(x) J dzDj(z, Q2
) b.q(x) (

7
) 

q Eq' e~, J dzDj(z, Q2) q(x) · 

For a number of measurements of asymmetries A= (Alp,Ald,Afi ,Afj=, A{;,±), 

a linear system A = PQ can be solved and relative polarizations Q = . ( ~u, ~d, 

~ii, b._d, b.s) and polanzed quark densities b.q(x) determined •. knowing q(x) 
u d s . . . 

from parametrizations of unpolarized SFs. The latest Hermes results [6] on b.q(x) 
are shown in Fig. 4. 

The HERMES observation concerning b.s contradicts the analysis of the data 
on g1 from which it follows that s quarks are polarized negatively. Extension of 
measurements of b.q(x, Q2 )' to smaller x and higher Q2, which are planned by 
COMPASS, ;nd update of the analysis with NlO approximation, which is under 
development [7], can probably clarify this problem. ·.· · · 

The. COMPASS 2002, 2003 preliminary data on asymmetries A~j= are shown 

in Fig.5. Compiementing them withA~± and Afct0 , one can measure b.s(x).at 
Q2 > 1 GeV2 up to Xmin ~ 10-3• 
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3. GLUON CONTRIBUTION TO THE SPIN OF NUCLEON 

As foliows from the angular-momentum conservation law, the spin of nucle
ons is equal to the sum of angular momentum of nucleon constituents, i.e., 

~Sf=~= ~.6.E+Lq+.6.G+L9 , 
where .6-E and Lq are the total contributions of quark spins and their angular 
momenta, and D.G and L 9 are the same of gluons. The .6-G can be determined 
either from the QCD analysis of structure functions gf(x, Q2.) and gf(x, Q2), 

which is unreliable now due to poor precision of measurements, or from SIDIS 
reactions on polarized targets induced by Photon Gluon Fusion (PGF) processes, 
par;ticularly from production of charmed or strange p~rticles or from production 
of high-Pt hadron pairs. Unfortunately, for the high~Pt pairs there is a physics 
background caused by LO DIS and QCD Compton diagraxiis. 

The relative gluon polarization .6-G(x)/G(x) can be determined from the 
virtual photon-deuteron asymmetries Afd. Recently COMPASS has obtained 
for this asymmetry [8]: • 

*d Aj = -0.065 ± 0.036(stat.) ± O.OlO(syst.), 

where systematic errors include uncertainties caused by experimental false asym
metries only. Prior of determination of .6-G(x)/G(x) one needs to subtract a 

Preliminary 
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Fig. 6. The mass peaks of n•+ (a) and D0 mesons (b) reconstructed at COMPASS from 
2002 data sample 
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physics background using MC studies. Physics background contaminations can 
be reduced by selecting events with Q2 > 1 GeV2• Butthis cut substantially 
reduces. statistics. Assuming that the contribution of PGF processes to the mf!a
sured asymmetry is about 1/4 of the total and using all statistics expected at 
COMPASS by the end of 2004 run, one can 'determine A.G/G with an accuracy 
u(t1G/G) IV 0.05 for all Q2 and"' 0.17- for events with Q2 > 1 GeV2

• 

Charm reconstruction in COMPASS is· demonstrated in Fig. 6, which shows 
the mass peak of D0 (D0 )-+ K1r tagged by identifying n•+-+ 1r++D0 (K-1r+) 
and charge conjugated decays. .. 

· The projected statistics of the 2002-2004 data will allow one to determine 
A.GfG from all D-meson decays with an accuracy of about u(!1GJG) IV 0.25. 

4. TRANSVERSE SPIN EFFECTS 

As .was stated above, the complete· description of the nucleon structure re
quires knowledge ofthe transversity structure function h1(x). It can be accessed 
only through SIDIS reactions, in particular, by measuring the so-called Collins 
asymmetries, AcoJJ. in azimuthal distributions of hadrons produced in reaction 
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J.L + N --+ J.L
1 + h + X on transversely polarized targets. This asymmetry has a 

typical A(x, z) sin <Pc form, where <Pc is a Collins angle, defined as the angle 
between vectors of the hadron momentum and final quark spin, and A(x, z) is 
proportional to h 1 ( x). 

The first COMP ~SS results on A~011 for negative and positive hadrons pro
duced on deuterons, are shown in Fig. 7 as a function of x-Bjorken and z. The . 

. most energetic hadrons (leading hadrons) are used in the analysis only. Most 
probably they are the hadronization remnants of the struck quark. More data will 
be available for these plots from 2003 and 2004 runs. 
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Abstract , 

We present ~ mea~~ment of the deuteron spin-dependent structure function gf based on the data collected by the COMPASS experiment at 
CERN during the yean 2002-2004. The data provide an accurate evaluation for rf, the first moment of gf (x), and for the matrix element of the 
singlet axial current. ao:The results of QCD fits in the next to leading order (NLO) on all 8! deep inelastic scattering data are also presented. 
They provide two solutions with the gluon spin distribution function AG positive or negative, which describe the data equally well. In both cases, 
at Ql = 3 (GeV /c)2 the first moment of AG(x) is found to be of the order of0.2-{).3 in absolute value. 
10 2007 Elsevier B. V. All rights reserved. 

PACS: 13.60.Hb; 13.88.+e 

Klywords: Deep inelastic &eattering; Spin; SlrllCtllm function; QCD analysis; A 1; 81 

The spin structure function gf of the deuteron has been mea
sured for the first time almost 15 years ago by the SMC exper
iment at CERN [!). Since then, high accuracy measurements 
of gf in the deep inelastic scattering (DIS) region have beC:n 
performed at SLAC [2,3) and DESY [4). Due to the relatively 
low incident energy, the DIS events collected in those experi
ments cover only a limited range of x for Q2 > 1 (GeV/c)l, 
x > 0.015 and x > 0.03, respectively. Further measurements 
covering the low x region were also performed at CERN (see 
[5) and references therein). Besides its general interest for the 
understanding of the spin structure of the nucleon, gf is spe
cially important because its first moment is directly related to 
the matrix element of the singlet axial vector current ao. A pre
cise measurement of gf can thus provide an evaluation of the 
fraction of nucleon spin carried by quarks, on the condition that 
the covered range extends far enough to low x to provide a re-
liable value of the first moment. . 

Here we present new results froin the .COMPASS exper~ 
iment at CERN on the deuteron spin asymmetry Af and 
the spin-dependent structure function gf. covering the range 
1 (GeV fc)2 < Q2 < 100 (GeV fc)2 in the photon virtuality 
and 0.004 < x < 0.7 in the Bjorken scaling variable. The data 
sample used in the present analysis was collected during the 
years 2002-2004 and corresponds to an integrated luminos
ity of about 2 fb- 1• Partial results based on the data collected 
during the first two years of the data taking have been pub
lished in Ref. [6). At the time, the values of gf were not precise 
enough, in particular at large x, to allow a meaningful evalu
ation of the first moment, r1d. ~e results presented here are 
based on a 2.5 times larger statistics and supersede those of · 
Ref. [6). We refer the reader to this reference for the description 
of the 160 Ge V muon beam, the 6UD polarised target and the 
COMPASS spectrometer which remained basically unchanged 
in 2004. A global fit to all gf'"'d data is needed to evolve the 
gf (x;, Q~) measurements to a common Q2• As previous fits 
were found to be in disagreement with our data at low x, we 
have performed a new QCD fit at NLO. The resulting polarised 
parton distribution functions (PDF) are also presented in this 
Letter and discussed in relation with the new data, however 
without a full investigation of the theoretical uncertainties due, 
for instance, to the values of the factorisation and renormalisa
tion scales. 
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The COMPASS data acquisition system is triggered by co
incidence signals in hodoscopes, defining the direction of the 
scattered muon behind the spectrometer magnets, and by sig
nals in the hadron calorimeters [7). Triggers due to halo muons 
are eliminated by veto counters installed upstream of the tar
get. Inclusive triggers, based on muon detection only, cover the 
full range of x and are dominant in the medium (x, Q2) region. 
Semi-inclusive triggers, based on the muon energy loss and 
the presence of a hadron signal in the calorimeters, contribute 
mainly at low x and low Q2• Purely calorimetric triggers, based 
on the energy deposit in the hadron calorimeter without any 
condition on the scattered muon, account for most events at 
large Q2• The relative contribUtions of these three trigger types 
are shown in Fig. I as a function of x. The minimum hadron 
energy deposit required for the purely calorimetric trigger has 
been reduced to 10 GeV for the events collected in 2004. As a 
consequence, the contribution of this trigger now reaches 40% 
at large;~:, compared to 20% in 2002-2003. -

All events used in the present analysis require the presence 
of reconstructed beam muon and scattered muon trajectories 
defining an interaction point, which is located inside one of the 
target cells. The momentum of the Incoming muon, measured in 
the beam spectrOm~r. is centered around 160 Ge V / c with an 
RMS of 8 GeV /c for the Gaussian core. In the present analysis 
its value is required to be between 140 and 180 GeV fc. In addi
tion the extrapolated beam muon trajectory is required to cross 
entirely both target cells in order to' equalize the fluxes seen by 
each of them. The scattered muon is identified by signals col
lected behind the hadron absorbers and (except for the purely 

100 

10'. 
X 

Fig. 1. Fraction of inclusive. semi-inclusive, and calorimetric triggen as a func~ 
lion of z. Events are counted with the weight they carry in the asymmetry 
calculation. 
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calorimetric trigger) its trajectory must be consistent with the .. 
hodoscope signals defining the event trigger. For hadronic trig
gers, a second outgoing reconstructed track is required at the 
interaction point. The DIS events used in the present analysis 
are selected by cuts on the four-momentum transfer squared 
(Q2 > 1 (GeV lc)2) and the fractional energy of the virtual pho
ton (0.1 < y < 0.9). The resulting sample consists of 89 x 1W 
events, out of which about I 0% were obtained in 2002, 30% 
in 2003 and 60% in 2004. In order to extend the coverage 
of the low x region, we also analyse events· in the interval 
0.003 < x < 0.004 selected in the same way but with a Q2 cut 
lowered to 0.7 (GeV lc)2• These events are included in the fig
ures but not used in QCD calculations or moment estimation, in 
view of their low Q2• 

During data taking the two target cells are polarised in op
posite directions, so that the deuteron spins are parallel ( t t) 
or antiparallel (H) to the spins of the incoming muons. The 
spins are inverted every 8 hours by a rotation of the target mag-

• netic field. The average beam and target polarisations are about 
-0.80 ( -0.76 in 2002 and 2003) and ±0.50, respectively. 

The cross-section asymmetry Ad= (uH - uft)l(uH + 
uff), for antiparallel (t-(,) and parallel (tt) spins of the in
coming muon and the target deuteron can be obtained from the 
numbers of events N1 collected from each cell before and after 
reversal of the target spins: 

(1) 

. where 01 is the acceptance, tPl the incoming flux, n1 the number 
of target nucleons, ii the spin-averaged cross-section, Po and 
Pr the beam and target polarisations and f the target dilution 
factor. The latter includes a corrective'factor p = uJYiu:f" [8) 
accounting for radiative events on the 1111polarised deuteron and 
a correction for the relative polarisation of deuterons bound in 
6Li compared to free deuterons. Fluxes and accepti.nces.cancel 
out in the asymmetty calculation on the condition that the ratio 

· of the acceptances of the two cells is the same before and after 
spin reversal [9]. · · 

The longitudinal virtual-photon deuteron asymmetty, At, is 
defined via the asymmetty of absorption cross sections of trans
versely polarised photon~ as 

(2) 

. where u J is the y• -deuteron absorption cross-section for a total 
spin projection J and u T is the total transverse photoabsorption 
cross section. The relation between At and the experimentally 
measured Ad is 

(3) 

where D and 1J depend on kinematics. The transverse asym
metty A1 has been measured at SLAC and found to be small 
[10). In view of this, in our analysis, Eq. (3) has been re
duced to At:::: J\d I D. The virtual-photon depolarisation factor 
D depends on the ratio of longitudinal and transverse photoab
sorption cross sections R = u L 1 u T. In the present analysis an 
updated parametrisation of R taking into account all existing 
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Fig. 2 Diffcm~ce between asymmetries for inclusive and hadronic Monte Carlo 
events in the kinematic range covered by the purely calorimetric trigger. 

measurements is used [II). The tensor-polarised structure func
tion of the deuteron has been measured by HERMES,[12) and 
its effect on the measurement of the longitudinal spin structure 
was found to be negligible, which justifies the use of Eqs. (I)
(3) in the present analysis. 

In order to minimize the statistical error of the asymmetty, 
the kinematic factors I, D and the beam polarisation Po are 
calculated event-by-event and used to weight events. A para
metrisation of Po as a function of the beam momentum is used, 
while, for Pr an average value is used for the data sample taken 
between two consecutive target spin reversals. The obtained 
asymmetty is corrected for spin-dependent radiative effects ac
cording to Ref. [13). The asymmetry is evaluated separately for 
inclusive and for hadronic events because the dilution factors 
and the radiative corrections to the asymmetty are different 
This is because the correction due to radiative elastic and quasi
elastic scattering events only affects .the inclusive sample. 

It has been checked that the use of hadronic triggers does 
not bias the inclusive asymmetries. The most critical case is 
for the calorimetric trigger events at large x, where high-energy 
hadron production is limited by kinematics. This effect has been 
studied by Monte Carlo, using the program POLDIS [14]. DIS 
events were generated within the acceptance of the calorimet
ric· trigger and their asymmetry calculated 'analytically at the 
leading order. A selection based on the hadron requirements 
correspondil)g to the trigger was applied and the asymmetries 
for the selected sample compared to the original ones. The dif
ferences were found to be smaller than 0.001 in all intervals of 
x (Fig. 2)and thus negligible, so that inclusive and hadronic 
asymmetries can be safely combined for further analysis (see 
also the SMC analysis [5)). . 

The final values of At(x, Q2), obtained as weighted aver
ages of the asymmetries in the inclusive and hadronic data sets, 
are listed in Table I with the corresponding average values of 
x and Q2• They are also shown as a function of x in Fig. 3 in 
comparison with previous results from experiments at CERN 
[5], DESY [4] and SLAC [2,3). The values of At confirm, with 
increased statistical precision, the observation made in Ref. [6) 
that the asymmetry is consistent with zero for x < 0.03. Values 
of At originating from experiments at different energies tend to 
coincide due to the very small Q2 dependence of At at fixed x. 

The systematic error of At contiuns multiplicative factors re
sulting from uncertainties on Po and Pr, on the dilution factor 
I and on the ratio R = u L I u T used to calculate the depolar
isation factor D. When combined in quadrature, these errors 
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Table I . . .. .. · 
Values of A f and gf with their statistical and systematical errors as a function of x with the corresponding average values of x and Q2. The minimum Q2 cut is 
I (CleV /<)2 except for lhe first two points where it is lowered to 0.7 (CleV /c)2. These two data points are shown on lhe figures as complementary information bul 
were not used in the fits 

zrange 

0.00~.0035 

0.003~.0040 
0.004-{1.005 
0.~.006 
0.~.008· 

0.008-0.010 
0.01~.020 

0.~.030 

0.~.040 

0.040-0.060 
0.~.100 
0.1~.150 

0.1~.200 
0.~.250 
0.25~.350 

0.35~.500 

0.5~.700 

(%) 

0.0033 
0.0038 
0.0046 
0.0055 
0.0070 
0.0090 
0.0141 
0.0244 
0.0346 
0.0487 
0.0765 
0.121 
0.171 
0.222 
0.290 
0.405 
0.566 

(Q2) (CleV /c)2 

0.78 
0.83 
1.10 
1.22 
1.39 
1.61 
2.15 
3.18 
4.26 
5.80 
8.53 

12.6 
17.2 
21.8 
28.3 
39.7 
55.3 

..... o.s -.:: .. f 0.7 ... ~ 

lj !!' 'I! -~ .. :~ 
w' 

····~ .,. r.· 

0.3 

0.2 

0.1 

~ I 
10.. I = :3-o.l 

10"1 
X 

Fig. 3. The asymmetry At (z) as measored in 'coMPASS and previous 
results from SMC [5], HERMES (4], SLAC El43 [2) and El55 [3) at 
Q2 >I (CleV/c)2, The SLAC values of KtiFt have been converted io At 
and the El55 daiS corresponding to the same z have been averaged over Q2• 
Only statistical erron are shown with the daiS points. The shaded areas show 
the size of the COMPASS systematic errors. • 

Table2 
DecomPosition of the systematic error of At into multiplicative and additive 
variables contributions · 

Multiplicative Beam polarisation dPs/Ps 5% 
variables error, Target polarisation dl'r/17 .5% 
.<l.Aful' Depnlarisation factor dD(R)/D(R) 2-3% 

Dilution factor 'dfll 6% 

Tota! .<l.Amutl =: O.IAt 

Additive Transverse asymmell}' ~/p • .<l.A2 I0 .... -5 x 10-3 

variables error, Radiative corrections MfC 10_.-1o-3 

.<l.Aj"'i False asymmell}' A false _ <0.4·.<l.Aj' 

result in a global scale uncertainty of I 0% (Table 2). The other 
important. contribution to the· systematic error is due to false 
asymmetries which could be generated by instabilities in some 
components of the spectrometer. In order to minimize their ef
fect, the values of A 1 in each interval of x have been calculated 
for 184 subsamples, each of them covering a short period of 

Ad 

0.003±0.009±0.004 
-D.004 ± 0.007 ±0.003 

0.004±0.009±0.004 
0.003±0.007±0.003 

-0.002 ±0.005 ±0.002 
-0.010±0.006±0.003 

0.002±0.004 ±0.002 
0.003±0.006±0.003 
0.009±0.008±0.004 
0.017±0.008±0.004 
0.058±0.009±0.007 
0.095±0.013±0.011 
0.123±0.020±0.014 
0.183±0.028±0.021 
0.216±0.030±0.024 
0.343±0.049±0.038 
0.626 ± 0.112±0.075 

gd 

0.090±0.240±0.107 
-0.097±0.183±0.082 

0.082±0.210±0.089 
0.062±0.146±0.062 

-0.034±0.086±0.036 
-0.139 ±0.078 ±0.035 

0.017±0.033±0.014 
o:Ol7±0.035±0.015 
0.041±0.D35±0.016 
0.054±0.026±0.012 
0.121 ±0.019±0.014 
0.123±0.017±0.014 
0.103±0.016±0.012 
0.106±0.016±0.012 
0.077±0.011 ±0.009 
0.055 ±0.008±0.006 
0.027±0.005±0.003 

running time and, therefore, ensuring similar detector operating 
conditions. An upper limit of the effect of detector instabili· 
ties bas been evaluated by a statistical approach. The dispersion 
of the values of A 1 around their mean agrees with the statisti
cal error. There is thus no evidence for any broadening due to 
time dependent effects. Allowing the dispersion of A 1 to vary 
within its two standard deviations we obtain an upper limit for 
the systematic error of Af in terms of its statistical precision:. 
U1y51 < 0.4o',181 • This estimation accounts for the time variation 
effects of spectrometer components. 

Several other searches for false asymmetries were per
formed. Data from the two target cells were combined in dif
ferent ways in order to eliminate the physical asymmetry. Data 
obtained.with different settings of the microwave frequencies, 
used to polarise 'the target by dynamic nuclear polarisation, 
were compared. No evidence was found for any significant al':" 
paratus induced asymmetry. 

The longitudinal spin structure function is obtained as 

d _ Ff Ad 
gl - 2%(1 + R) 1 ' 

(4) 

where Ff is the spin-independent deuteron structure function. 
The values of gf listed in the last column of Table I have been 
calculated with the Ff parametrisation of Ref. [5], which co~
ers the range of our data, and the new parametrisation of R 
already used in the depolarisation factor. The systematic errors 
on gf are obtained in the same way as for Ad, with an addi
tional contribution from the uncertainty on Ff. The values of 
xgt (x) for the COMPASS data and, for comparison, the SMC 
results [5] moved to the Q2 of the corresponding COMPASS 
point are shown in Fig. 4. The two curves on the figure repre
sent the results of two QCD fits at NLO, described below, at the 
measured Q2 of each data point. 

The evaluation of the first moment r 1d( Q 2) = J0
1 gf(x, Q 2)dx 

requires the evolution of all g1 measurements to a common Q~. 
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• COMPASS o\1 tO•Wcf 

o COMPASS~.7~Wof 

X 

Fig. 4. Values of xgf(x). The COMPASS points are given at the (Q2) where 
they were measured. The SMC points have been moved to the Q2 of the cor
responding COMPASS points. Only statistical errors are shown with the data 
points. The shaded band at the bottom shows the COMPASS systematic error. 
The curves show the results of QCD fits with t;.G > 0 and t;.G < 0. 
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Fig. s. The COMPASS values of gr evolved to Q2 = 3 (GeV /c)2. The open 
lriangles at low x correspond to Q2 > 0.7 (GeV /c)l, the other symbols to 
Q2 > 1 (GeV /<)2. Results of QCD fits are shown by curves. In addition to 

our fits (t;.G > 0 and t;.G < 0) the curve obtained with three published po
larised PDF parameterisariona (BIUmlein and Bllltcher, GRSV and LSSOS) 
[IS) is showiL These panuneterisationa lead almost to the same values of gr (x, Q2 = 3 (GeV fc)2) and have been averaged. For clarity the data points 
evolved with different fits are shifted in x with rospect to each other. Only sta-

. tistical erro'rs are shown. 

'This is done by using a fitted parametrisation 8rt(x, Q2
), so 

that 

81 (x, Q~) = 8t(x, Q2) + [8~t(x, Q~)- 8rt(x, Q2
)]. (5) 

We have used several fits of 81 from the Durham data base [!5]: 
BlUmlein-Biittcher [16], GRSV [17) and LSS05 [18], and we 
have chosen Q~ = 3 (GeV jc)2 as reference Q2 because it is 
close to the average Q2 of the COMPASS DIS data. The three 
parametrisations are quite similar in the· range of the COM
PASS data. and have been averaged. The resulting values of 
8f = (gf + 8i)/2 are shown as open squares in Fig. 5. For 
clarity we now use 8f instead of 81 because the correction for 

· the D-wave state of the deuteron has been applied: 

8f(x, Q2) =8f(x, Q2)/(l-1.5wo) (6) 
. ,, 

with wo = 0.05 ± O.ot [19). It can also be seen in Fig. 5 that 
the curve representing the average of the three fits does not re
produce the trend of our data for x < 0.02 and therefore cannot 
be used to estimate the unmeasured part of 8f at low x. 

<X>=0.0090 ~ ?>=0.0046 <X>=0.0055 <X>=0.0070 

........ ~ J! I . T 

-.€ rr···---.. ··- ·fi1···---·-- ···!=r4··---... ., l l 
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..-.. - T7i Jrl .. ~ -~--------- ·--Ln--.. -.......... ~-· .. ------· ---+--
··~~~~~~~~~_.~~~~~~~~--~~ 
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Fig. 6. Values of A1 as a function of Q2 in intervals of x. The solid lines show 
the results of fits to a constant. 

In view of this, we have performed a new NLO QCD fit of 
all 81 data at Q2 > I (GeV /c)2 from proton, deuteron and 3He 
targets, including the COMPASS data. The deuteron data are 
from Refs. [2-5), the proton data from Refs. [2,4,5,20,21) and 
the 3He data from Refs. [22-25). 

In order to optimise the use of the COMPASS data in this fit, 
all x bins of Table I, except the last one, have been subdivided 
in\o three Q2 interVals (Fig. 6). The number of COMPASS data 
points used in the fit is thus 43, out of a total of 230. 

The fit is performed in .the MS renormalisation and factori
sation scheme and requires parametrisations of the quark sin
glet spin distribution AL'(x), non-singlet distributions Aq3(x), 
Aqs(x) and the gluon spin distribution AG(x). These distrib
utions are given as an input at a reference Q2 (= Q~) which is 
set to 3 (GeV jc)2 and evolved according to the DGLAP equa
tions. The resulting values of 81 (x, Q2) are calculated for the 
(x;, Qf> of each data point and compared to the experimental 
values. 

The input parametrisations are written as 

x"'(l-x)~'(l +nx> 
AFk =~k I • 

fo x••(I-x)h(I + nx)dx 
(7) 

where AFk represents each of the polarised parton distribution 
functions AL', Aq3, Aqs and AG, and ~k is the integral of 
A Fk. The moments, ~ko of the non-singlet distributions Aq3 
and Aq8 are fixed by the baryon decay constants (F + D) and 
(3F- D) respectively, assuming SU(3) 1 flavour symmetry. The 
linear term y x is used only for the singlet distribution, in which 
case the exponent f3a is fixed because it is poorly constrained 
by the data. This leaves 10 parameters in the input distributions. 
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In addition, the normalisation of E155 proton data is allowed to 
vary within the limits quoted by the authors of Ref. [21]. 

The optimal values of the parameters are obtained by mini
mizing th~ sum 

N=230 [gfi'( Q2) exp( Q2)]2 
2 ·"" I Xj, i -gl Xj, i 

X = L...., 2 2 • 
1=1 . (O'{Xj, Ql)j 

(8) 

Here the errors u are the statistical ones for all data sets, ex
cept for ihe proton data of E155 where the uncorrelated part of 
the systematic error on each point is added in quadrature to the 
statistical one. In order to keep the parameters in their physical 
range, the polarised strange sea distribution t.s (x) + t.s (x) = 
(lj3)(t.E(x) - t.qs(x)) is calculated at every step and re
quired to satisfy the positivity condition I t.s (x) I ~ s (x) at all 
Q2 values. A similar condition is imposed on the gluon spin dis
tribution t. G (x). The unpolarised distributions s (x) and G (x) 
used in this test are taken from the MRST parametrisation [26]. 
This procedure leads to asymmetric errors on the parameters 
when the fitted value is close to the allowed limit. 

The fits have been performed with two different programs: 
the first one uses the DGLAP evolution equations for the spin 
structure functions [27], the other one, referred to in [28], uses 
the evolution of moments. The fitted PDF parameters are com
patible within one standard deviation and the two programs give 
the same X 2 -probabilities. In each program the x 2 minimisa
tion converges to two different solutions, depending on the sign 
of the initial value of the gluon first moment '1G: one solution 
with t.G > 0, the other one with t.G < 0 (Fig. 5). The fitted 
distributions of g~ (x) differ at low x but are both compatible 
with the data: The two additional data points at x < 0.004 and 
Q2 > 0.7 (GeV fc)2, not used in the fit, have too large statisti
cal errors to provide a discrimination between the two solutions. 
The values of the parameters obtained in the fits with positive 
and negative t.G are listed in Table 3 with their statistical errors 
and will be discussed below. 

The integral of g~ in the measured region is obtained from 
the experimental values evolved to a fixed Q2 and averaged 
over the two fits. Taking into account the contributions from 
the fits in the unmeasured regions at low and high x we obtain 
(Table 4): 

rf (Q2 = 3 (GeV fc>2
) 

= 0.050 ± 0.003(stat) ± 0.003(evol) ± 0.005(syst). (9) 

The second error accounts for the difference in Q
2 evolution 

between the two fits. The systematic error is the dominant one· 
and mainly corresponds to the 10% scale uncertainty resulting 
from the errors on the beam and target polarisations and on the 
dilution factor. 

Fcir comparison, the SMC result [5] was 

r1~ sMdQ2 = 10 (GeV !d) 
= 0.021 ± 0.007(stat) ± 0.014(evol) ± 0.003(syst) (10) 

while our result evolved to Q2 = 10 (GeV jc)
2 is 0.051 ± 

0.003(stat) ±0.003(evol) ±0.005(syst). The difference between 
these two results reflects the fact that the COMPASS data do not 

support the fast decrease of gf (x, Q~ = 3 (GeV fc)2
) at low x 

which was assumed in the SMC analysis, and thus force the 
fit to be di!Terent. In the COMPASS analysis, the part of r1N 

obtained from the measured region represents 98% of the total 
value. This correction of only 2% has to be compared to a cor
rection of about 50% with respect to the measured value in case 
of the SMC analysis [5]. 

r
1
N is of special interest because it gives access to the ma

trix element of. the singlet axial current ao which, except for a 
possible gluon contribution, measures the quark spin contribu
tion to the nucleon spin. At NLO, the relation between rf and 
ao reduces to .. 

r1N(Q 2) = ~(1- a,~2) + o(a;)) (ao(Q2
) -f. ~as). 

(11} 

From the COMPASS result on r1N (Eq. (9)) and 'taking the 
value of as from hyperon P decay, assuming SU(3) 1 flavour 
symmetry (as = 0.585 ± 0.025 [29]), one obtains with the value 
of a, evolved from the PDG value a,(m~) = 0.1187 ± 0.005 
and assuming three active quark flavours: 

ao(Q2 = 3 (GeV fc)2
) 

= 0.35 ± 0.03(stat) ± 0.05(syst). (12) 

The quoted systematic error accounts for the error from the evo
lution and for the experimental systematic error, combined in 
quadrature. 

The relation between rf· and ao can also be rewritten in or
der to extract the value of the matrix element ao in the limit 
Q2 -+ oo. Here we will follow a notation of Ref. [30) introduc~ 
ing a "hat" for the coefficient cf and ao at this limit: 

N( 2) 1 'S( 2)' 1 NS( 2) r 1 Q =9C1 Q ao+36C1 Q as. 

nie coefficients cf and c~ s ha~e been calculated in perturba
tive QCD up to the third order in a,(Q2

) [30]: 

cf(Q2) = 1-0.3J333(;.) -0.54959(~ r 
-4.44725(;. r . 

CfS(Q2)=1- (;.) -3.5833(;. r -20.2153(;. y. 
With a, evolved at the same order, one obtains 

ao = 0~33 ± 0.03(stat) ± 0.05(syst). (13) 

It should be noted here that the data have been evolved to a com
mon Q2 on the basis of a fit at NLO only. However, the choice 
of a value close to the average Q2 of the data is expected to 
minimise the effect of the evolution on the result quoted above. 
Combining this value with as. the first moment of the strange 
quark spin distribution in the limit Q2 

-+ oo is found to be 

(t.s + t.s)a'"'"" = -
3

1 
(Oo- as) . . 

= -0.08 ± O.OI(stat) ± 0.02(syst). (14) 
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Thble3 
Top: Values of the parameters obtained from the QCD analysis at Q2 = 3 (GeV /c)2 in fits with AG > 0 and AG < 0 with the two programs. The quoted errors 
correspond to one o and have been obtained from the MINOS anaJysis [34J. The strongly asymmetric errors obtained for some parameters are due to the positivity 
constraints applied in the fits. Bottom: Correlation matrices for the fits by the program of Ref. [27 j. The triangles above and below the diagonal correspond to the 
fits with AG >-0 and AG < 0, respectively. The''-" symbols correspond to parameters which are fixed in one of the fits · 

Prog. Ref.[27j Prog. Ref.[28J 

~z: 0.270±0.014 0.284~g:gl~ 
az; -0.303~g:g~: -0.226~:m 
fJz: 3.6o~g:~ 3.69~:~~ 
YZ: -16.0~l:~ -15.8~~:~ 
~G 0.336~::m 0.233~~~ 
a a 2.91~g:~ w:g:;~ 
fJG IO(fixed) IO(fixed) 

a3 -0.226 ± 0.027 -0.226~:~~ 
fJJ 2.43~g:n 2.3s~:lA 
as 0.35~:~: o.45~g:u 
fJs 3.36~:~ 3.5o~:;~ 
x2/ndf 233/219 232/219 

~z: ar /!z: Yr ~G 

~z: 0.581 0.143 -0.432 -0.548 
az: -0.492 0.648 0.272 -0.434 

fJz: -0.388 0.877 0.304 -0.011 

YZ: 0.272 

~G 0.277 -0.221 "'-0.130 

a a 0.162 -0.052 0.012 .. 0.835 

fJG 0.148 -0.039 0.025 0.814 

al -0.012 0.008 -0.032 O.Q78 

fJJ -0.104 0.067 0.037 0.060 
as -0.105 -o.m -0.276 0.171 

fJa .:..0.137 0.033 . .:..o.211 0.118 

Thble4 • 

~z: 

az: 

fJz: 
YZ: 

~G 

a a 
fJG 

UJ 
fJJ 
ag 

fJa 
x2/ndf 

an 
0.549 
0.452 
0.022 

-0.248 
-0.978 

0.935 
0.006 
0.003 
0.099 
0.063 

0.053 
0.023 
0.219 
0.138 

Prog. Ref.[27) 

0.320 ± 0.009 

t.38~g:l~ 
4.08~g:i~ 

-0.309~:~ 
0.39~g:~~ 
13.9:u 

-0.212 ± 0.027 

2.44~g:n 
0.43~g::~ 
3.54!g:~~ 
247/219 
a, fl 
-0.075 -0.118" 

0.053 0.066 
-0.010 -0.037 

0.088 0.142 
0.082 0.066 

.:..0.087 -0.070 

0.788 
0.793 

-0.036 -0.016 
-0.044 -0.026 

Prog. Ref. [28 J 

0.328 ± 0.009 

t.38~g:g 
4.o5:g~ 

-0.192~:m 
0.23~:~3 

13.8~;:~ 
-0.209 ± 0.027 

2.4o~g:n 
0.383~g:~? 
3.39~g:~~ 
247/219 

a. fla 
0.030 -0.008 

-0.121 -0.047 
.:..0.420 -0.499 
-0.361 -0.025 

0.071 0.067 
-0.069 .:..0.063 

·-0.023 -0.020 
-0.017 -0.013 

0.832 
0.821 

Contributions to r1N (Q2 = 3 (GeV fc)2) from different kinematic regions. The values in the first line are the COMPASS results evolved according to different fits 
and integrated over ~ measured x range. The second and third lines show the corresponding high and low x extrapolations 

"Range in x COMPASS data evolved to Q2 = 3 (GeV /c)2 using 

Fits of COMPASS fits (prog. [27]) 

BB[16] LSS[18j AG>O AG<O 

[0.004,0.7] 0.0455 0.0469 0.0469 0.0511 
[0.7,1) 0.0014 0.0008 0.0011 0.0010 
[0,0.004) -0.0040 .:..0.0029 -0.0014 0.0004 
[0,1) 0.0430 0.0448 0.0466 0.0525 

As stated before, this result relies on SU(3) 1 flavour symmetry. 
A 20% symmetry breaking, which is considered as a maximum 
[29]; would shift the value of As+ AS by ±0.04. 

Previous fits of St. not including the ~OMPASS data, found 
a positive AG(x) and a fitted function gf(x) becoming neg
ative for x ,$ 0.025 at Q2 = 3 (GeV /c)2, as shown by the 
dotted line in Fig. 5. The new COMPASS data do not reveal 
any evidence for a decrease of the structure function at limit 

'' x -+ 0. For our fit the data are stiU compatible with a pos
itive AG, as shown by the full line in Fig. 5. However in 
this case a dip at x :::::: 0.25 appears in the shape of gf (x) for 
Q2 -+ I (GeV jc)2.1ts origin is related to the shape of the fitted 

'AG(x), shown in Fig. 7(1eft). Indeed, the gluon spin distribu
tion must be close to zero at low x, to avoid pushing gf down 
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to negative values, and is also strongly limited at higher x by 
the positivity constraint IAG(x)l < G(x). The whole distribu
tion is thus squeezed in a narrow interval around the maximum 
at x:::::: cta/(aa + fJa):::::: 0.25. 

In contrast, the fit with negative AG reproduces very well 
the COMPASS low x data with a much smoother distribution 
of AG(x) (dashed line on Fig. 5) and without approaching the 
positivity limit (Fig. 7(right)). The (I+ yx) factor in the singlet 
quark distribution is not used in this case because it does not 
improve the confidence level of the fit. 

Comparing the fitted parameters for A G positive and nega
tive (Table 3), we observe that the parameters of the non-singlet 
distributions Aq3(x) and Aqs(x) are practically identical. The 
value of 7Jr is slightly larger in the fit with AG < 0, as could 
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X 1 

Pig. 7. Gluon dislribution x.O.G(x) c:om:sponding to the fits with tJ.G > 0 (left) imd tJ.G < 0 (right) obtained with the program of Ref. [27]. The dashed, solid 
and dotted lines c:om:spond to Qz = 1.$, 3 and 10 (GeV/c)Z, respectively. The unpolarised distributions :bG(x) which were used In the fit as constrains for the 
polarised ones arc shown for Qz = 1.$ and 3 (GcV /c)Z. " 

X X 

Pig. 8. StraDge quad: distribution x tJ.s(x) c:om:sponding to the fits with tJ.G > 0 (left) and .O.G < 0 (right) obtained with the program of Ref. [27]. The dashed, solid 
and dotted lines comspond to Qz = 1.$, 3 and 10 (GcV /c)Z, respectively. The unpolariscd distributions ±.u(x) are shown for Qz ~ 1.!5 and 3 (GcV /c)Z, 

be expected since in this case t.E(x) remains positive over the 
full range of x: 

11E(Q2 = 3 (GeV /c)2) = 0.27 ± O.Ol(stat) (t.G > 0), (15) 

11E(Q2 = 3 (GeV/c)2) = 0.32 ±O.Ol(stat) (t.G < 0). (16) 

We remind that in MS scheme 17 L' is identical to the matrix 
elementao. . 

The singlet moment derived from the fits to all KJ data is 
thus: 

11E(Q2 = 3 (GeV/c)2) = 0.30±0.0l(stat) ± 0.02(evol). (17) 

Here we have taken the difference between the fits as an es
timate of the systematic error and do not fuitber investigate 
other contributions related to the choice of the QCD scale or 
the PDF parametrisations. The singlet moment obtained with 
COMPASS data alone (Eq. (12)) is slightly above this value and 

· its statistical error is larger by a factor of 3. As stated before, 
the main uncertainty on the COMPASS result is due to the 10% 
normalisation uncertainty from the beam and target polarisa-· 
tions and from the dilution factor. The fact that the COMPASS 
data are on average slightly above the world average can al
ready be detected by a comparison of the measured gf values 
to the curves fitted to the world data (Fig. 5). Hence ao derived 
from'the COMPASS value of r1N is found to be slightly larger 
than 'IE· 

The polarised strange quark distributions, obtained from the 
difference between t. E (x) and t.qs (x) are shown in Fig. 8. 
They are negative and concentrated in the highest x region, 
compatible with the constraint !t.s(x)i < s(x). This condition 
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Pif. 9. Distribution of the gluon polarisation .O.GI,x)/G(x) at 

Q = 3 (GcV /c)Z for the fits with .O.G > 0 and .O.G < 0 obtained with 
the program of Ref. [27). The error bands correspond to the statistical error 
on tJ.G(x) at a given x. The unpolariscd gluon distribution is taken from the 
MRST paramctrisation [26]. The three data points show the measured values 
from SMC [31), HERMES [321 and COMPASS [33].1\vo error ban arc as
sociated to each data point, one corresponding to the statistical precision and 
the other one to the statistical and systematic errors added in ·quadratuie •• The 
horizontal bar on each point shows the x·range of mcasurcmcnL 

is indeed essential in the determination of the t.qs parameters 
which otherwise would be poorly constrained. 

Although the gluon distributions strongly differ in the two 
fits, the fitted values of their first moments are both small and 
about equal in absolute value l11ol "'0.2-{).3. We have also 
checked the stability of these results with respect to a change 
in as(m~): when a,(m~) is varied by ±0.005 the values of 
11a are not changed by more than half a standard deviation. 
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In Fig. 9 the existing direct measurements of AGIG [31-331. 
are shown with the distributions of A G (x) I G (x) derived from 
our fits with G(x) taken from Ref. {26]. The HERMES value 
is positive and 2cr away from zero. The measured SMC point 
is too unprecise ·to discriminate between positive or negative 
AG. The published COMPASS point, which has been obtained 
from a partial data sample corresponding to about 40% of the 
present statistics, is almost on l"e A G > 0 curve but is only 
t.3a away from the AG < 0 one, so that no preference for any 
of the curves can be given so far. It should also be noted that 
the measured values of A GIG have all been obtained in lead
ing order QCD analyses. 

In summary, we have measured the deuteron spin asymme
try Aj and its longitudinal spin-dependent structure function 
gf with improved precision at Q2 > I (GeV lc)2 over the range 
0.004 < x < 0. 70. The gf values are consistent with zero for 
x < 0.03. The measured values have been evolved to a com
mon Q2 by a new fit of the world Cl data, and the first moment 
rf has been evaluated at Q2 = 3 (GeV lc)2 with a statistical 
error smaller than 0.003. From ·rf we have derived the matrix 
element of the singlet axial current <io in the limit Q2 __. oo. 
With COMPASS data alone, Ill the order a;, it has been found 
that tio = 0.33 ± 0.03(stat) ± 0.05{syst) and the first moment 
of thestrange quark distribution {As+ A.i)az_, 00 = -0.08 ± 
O.Ol{stat) ± 0.02{syst). We also observe that ,the fit of world 
g1 data at NLO yields two solutions with eitlter AG{x) > 0 or 

·-AG{x) < 0, which equally well describe the present data. In 
both cases, the first moment of AG{x) is of the order of 0.2-
0.3 in absolute value at Q2 = 3 (GeV fc) 2 but the shapes of the 
distributions are very different. --
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Gluon Polarisation in the Nucleon and 
Longitudinal Double Spin Asymmetries 

from Open Charm Muoproduction 

COMPASS Collaboration 

April 22, 2009 

Abstract 

.. 

The gluon polarisation in the nucleori has been determined by detecti~g charm 
production via n° meson decay to charged K and 1r in polarised muon scattering off 
a longitudinally polarised deuteron target. The data were taken by the COMPASS 
Collaboration at CERN between 2002 and 2006 and corresponds to an integrated 
luminosity of 2.8 fb- 1• The dominant underlying process of charm production is 
the photon-gluon fusion to a cc pair. A leading order QCD approach gives an 
average gluon polarisation of (!).g/g)x= -0.49 ± 0.27(stat) ± O.ll(syst) at a scale 
11-2 ~ 13 (GeV /c)2 and at an average gluon momentum fraction (x) ~ 0.11. The 

. longitudinal cross-section asymmetry for n° production is presented in bins of the 
transverse momentum and the energy of the n° meson. 

PACS: 13.60.-r, 13.88.+e, 14.20.Dh, 14.70.Dj 
keywords: Inelastic muon scattering; Spin; Asymmetry; Gluon polarisation 
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1 Introduction 
Pioneering experiments on the spin structure of the nucleon performed in the sev

enties at SLAC [1] were followed by the EMC experiment at CERN which obtained a 
surprisingly small quark contribution to the proton spin [2], in contrast to the naive ex
pectation that the spin of the nucleon is built mainly from valence quark spins [3]. This . . 
result triggered extensive studies of the spin structure of the nucleon in polarised lepton 
nucleon scattering experiments at CERN by the SMC [4] and COMPASS [5], at SLAC 
[6], at DESY [7] and at JLAB [8] as well as in polarised proton-proton collisions at RHIC 
[9, 10]. As a result, the parton helicity distributions in the nucleon were extracted using 
perturbative QCD analyses. The contribution of the quark spins to the nucleon spin is 
now confirmed to be around 30%, smaller than 60%, the value expected from the Ellis
Jaffe sum rule [11]. The reduction from the naive expectation of 100% can be explained 
by the relativistic nature of quarks'(e.g. in. the MIT bag model) [12]. However, due to the 
limited range in the four-momentum transfer squaredJ Q2, covered by the experiments, 
the QCD analyses (e.g. [5]) show limited sensitivity to the gluon helicity distribution 
as a function qf the gluon momentum fraction x, t..g(x), and to its first moment, t..G. 
(The perturbative scale, JL2 , in these QCD analyses is set to Q2.) The determination of 
t..g(x) from QCD evolution has therefore to be complemented by direct measurements in 
dedicated experiments. • 

. The average gluon polarisation in a limited range of x, (t...gj g)x, has been determined 
in a model-dependent way from the photon-gluon fusion (PGF) process by HERMES [13], 
SMC [14] and COMPASS [15]. These analyses used events containing hadron pairs with 

· high transverse momenta, PT, (typically 1 to 2 GeV /c) with respect to the virtual photon 
direction. PYTHIA [16] was used by HERMES and by COMPASS for the analysis of small 
Q2 events, while LEPTO [17] was used in SMC and the ongoing COMPASS analysis for 
Q2 > 1 ( Ge V / c )2 events .. This method provides good statistical precision. but relies on 
Monte Carlo generators simulating QCD processes. The measurements point towards a 

·small value of the gluon' polarisation at x ~ 0.1. This is in line with recent results from 
PHENIX [9] and STAR [10) at RHIC. 

Taking into account quark and gluon orbital angular momenta, L, the nucleon spin 
projection (in units of 1i) is 

(1) 

where t..I: is the first moment of the sum of the quark helicity distributions. The decom
position of Eq. (1), however gauge dependent, is defined in the infinite momentum frame 
where the quark parton model is valid. 

Here we present a new result on (t..gjg)x from muon--deuteron scattering.ll The 
gluon polarisation is determined assuming that open-charm production is dominated by 
the PGF mechanism yielding a cc pair which fragments mainly into D mesons. This 
assumption is supported by the measurements of Pi in the COMPASS kinematic domain 
[18] and further discussed in [19]. This method has the advantage that in lowest order of 
the strong coupling constant there are no other contributions to the cross-section; however, 
it is statistically limited as will be shown in section 3. In the present analysis only one 
charmed meson is required in every event. This meson is, selected through its decay in one 

I) The present result includes a larger data sample and an improved analysis method and thus supersedes 
the one given in Ref. [20]. 
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of the two channels: D*(201Q)+-+ D0?rj"ow ~ K-?r+'lrj"ow (D* sample) and D0 -+ K-1!"+ 
(D0 sample) and their charge conjugates. 

2 Experimental set-up 
The data were collected between 2002 and 2006 with the COMPASS experiment at 

the M2 muon beam line of the CERN SPS. A detailed description of the experiment for 
the years 2002 to 2004 can be found in Ref. [21]. For the 2006 data taking the polarised 
target and the spectrometer were considerably upgraded. 

The measurements were performed using a J.L+ beam of 160 Ge V /c. The beam muons 
originating from 1r+ and K+ decays are naturally polarised with an average polarisation, 
P11 , of about 80% with a relative uncertainty of 5% [22]. The momentum of each incoming 
muon is measured upstream of the experimental area with a precision of !::.pfp :51% in a 
beam momentum station consisting of layers of scintillators. The incoming muon direction 
and position is measured with a detector telescope in front of the target. A precision of 
30 J.Lrad is obtained for the track direction. 

The polarised 6LiD target is housed in a superconducting solenoid with a polar angle 
aperture of70mrad in 2002 to 2004. The target consisted oftwo 60 em long cells (upstream 
u, downstream d), separated by 10 em, longitudinally polarised with opposite orientations. 
The spin directions were reversed every eight hours by rotating the field of the target 
magnet system. The target was upgraded in 2006 with a new solenoid with an aperture of 
180 mrad. To reduce the systematic errors due to the different spectrometer acceptances 
for the upstream and downstream cells, a 3-cell target configuration was installed. A 
central60 em long cell is placed in-between two 30 em long cells with polarisations opposite 
to the central one.2l In this set-up the average acceptances for both spin directions are 
very similar and therefore the magnetic field was rotated only once per day. The average 
target polarisations, Pt, were 50% with a relative uncertainty of 5%, The dilution factor 
f, accounting for the fraction of polarisable nucleons in the target, is about 0.4, since 
the 6Li nucleus basically consists of a 4He core plus a deuteron. The exact value off is 
kinematics dependent an.d is calculatE;d as described in Ref. [23). Its relative ~ncertainty 
is 5%. 

The two-stage COMPASS spectrometer is designed to reconstruct the scattered 
muons and the produced hadrons in a wide momentum range. Particle tracking is per
formed using several stations. of scintillating fibres, micromesh gaseous chambers and 
gas electron multiplier chambers for the small angles tracks. Large area tracking devices 
comprise gaseous detectors (drift chambers·, straw tubes and multi wire proportional cham
bers). The detectors are placed around the two spectrometer magnets. The direction of 
the tracks reconstructed at an interaction point in the target is determined with a preci
sion better than 0.2 mrad and the momentum resolution for charged tracks detected in 
the first spectrometer is about 1.2% whereas is it about 0.5% in the second spectrometer. 
The achieved longitudinal vertex resolution varying from 5 mm to 25 mm along the target 
allows assigning each event to a particular target cell, i.e. a specific target spin direction. 
For 2006 the tracking systems in the first stage were adapted to match the increased 
aperture of the polarised target magnet. The trigger is formed by several hodoscope sys
tems supplemented by two hadron calorimeters. Muons are identified downstream of the 
hadron absorbers. A Ring Imaging CHerexikov counter (RICH) with a C4F10 radiator is 
used in the first spectrometer stage for charged particle identification. It is equipped with 

2~ In 2006 u and d stand for the central target cell and for the sum of the outer target cells, respectively. 
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multiwire proportional chambers with Csi photocathodes to detect the UV Cherenkov 
photons. The RICH, too, underwent a considerable upgrade for the 2006 data taking. 
In the central part, the photon detectors were replaced by multi-anode photomultiplier 
tubes, yielding considerably higher photon detection efficiency along with a much faster 
response. For the outer parts the readout electronics was refurbished, allowing a signifi
cant reduction of the background. The data taking amounted to 40 weeks in 2002 to 2006 
and corresponds to an integrated luminosity of 2.8 fb-1

• 

3 Data selection . 
In the present analysis the selection procedure required an incoming muon, a scat- . 

tered muon, an interaction vertex in the target and at least two additional tracks. The 
kinematic variables like the four-momentum transfer squared Q2 , the relative energy trans
fer y, and the Bjorken variable Xsj = Q2 /2M Ey, where M is the nucleon mass and E • 
the incident muon energy, are calculated from the four-momenta of the incident and 
scattered muon. No kinematic cuts are applied on Q2

, y or XBj· Thus the selected data 
sample includes the events with an interaction vertex from quasi-real photo-production 
Q_2 ~ m~y2 /(1- y) to a Q2 of about 100 (GeV jc)2

• Note that all the events are in the 
deep inelastic region, i.e. the invariant mass of the final stat~, W, is larger than 4 Ge V j c2• 

The n° mesons are reconstructed through their K 7r decay which has a branching 
ratio of 3.9%. Due to multiple Coulomb scattering of the charged particles in the solid 

· state target the spatial resolution of the vertex reconstruction is not sufficient to separate 
the· n° production and decay vertices. The n° mesons are selected using the invariant 
mass of their decay products. • 

To reduce the large combinatorial background only identified K 7r pairs are used. The 
identification in the RICH starts from reconstructed tracks with measured momenta. The 
likelihood for different mass hypotheses and for a background hypothesis are computed 
for each track, using the angles between the track and the detected Cherenkov photons. 
The likelihood functions·, used in this computation, were defined from the corresponding 
expected angular distribution of photons; the expected distribution for background was 
obtained using a sample ·of photons n~t associated to reconstructed tracks. Particles are 
identified as kaons or pions on the basis of the likelihood associated to the pion, kaon, 
proton and background hypotheses. The procedure restricts the studied events to a sample 
with at least one kaon and one pion of momenta exceeding the Cherenkov threshold of 
9.1 GeV jc and 2.5 GeV jc, respectively. Simulations using the AROMA [27] generator and 
a full spectrometer simulation based on GEANT have shown that about 70 % (90%) of 
kaons (pions) coming from no decays exceed this threshold for the reconstructed sample. 

All events have to satisfy a kinematic cut: z > 0.2, where z is the fraction of the 
energy of the virtual photon carried by the no meson candidate. They are further divided 
into a n• and a no sample, analysed independently. In the former one an additional track 
with a proper charge, a slow p~on candidate, is demanded at the vertex. RICH likelihoods, 
used to reject electrons from those candidates, reduce the combinatorial background by a 
factor two. Furthermore, in the case of the D*, a cut on the mass difference is imposed, 
3.2 MeV/c2

-::;: MKn,10,.- MK1r- M" < 8.9 MeV/2, where MK1r1r,1~,. and MK1r are the 
masses of the n• and the n° candidates, respectively. Finally it was demanded that 
jcosB*I < 0.9 for the n· sample and jcosB*I < 0.65 for the no, where o• is the decay 
angle in the n° c.m. system relative to the n° flight direction. The events entering the 
n• sample are not used in the D0 sample. The resulting mass spectra for the no and n• 
samples with one K7r pair in the mass range -400 MeV/2 < MK1r- Mvo < 400-MeV/2 
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are displayed in Fig. 1. A signal to backgrOund ratio in the signal region of about 1 is 
obtained for the n• sample and of about 0.1 for the n° sample with a mass resolution of 

. about 22 MeV I<? and 25 MeV I<?, respectively. The number of n° mesons is about 8, 700 
and 37,400 in the n• and the no samples. 

For the final event samples the mean value of Q2 is 0.65 (GeV lc)2 , Xnj ranges from 
1 · w-s to 0.6 with a mean :value of 0.04 and y from 0.1 to 1 with a mean value of 0.55. 
Note that· the perturbative scale for the selected events is not given by Q2

, but by the 
transverse-mass of the charmed quarks, Mf: = 4(m~ + JJi,). 

4 Method 
This section describes the determination of the gluon polarisation from the event 

samples collected in two different spin configurations and target cells. The s~me method 
is used in section 6 for the asymmetry determination. The number of events collected in 
a given target cell and time interval is 

d~:X = a¢n(s +b) [1 + F{P~<f c ~ bA~<N-~<'vox + s! bAn)] (2) 

Here, A~<N-~<'vox = (crT!- cril)l(crH+ cril), where the arrows indicate the relative beam 
and target spin orientations, is the longitudinal double spin cross-section asymmetry of 
the events in the central peak of Fig. 1 and An is the corresponding asymmetry originating 
from the combinatoriafbackground events in the mass spectra. Also, m = MK1" and X 
denote a set of kinematic variables describing an event ( Q2, y, z ... ), while a, ¢ and n are 
the spectrometer acceptance, the integrated incident muon flux and the number of target 
nucleons, respectively. The differential unpolarised cross-sections of signal and background· 
events folded with the experimental resolution as a function of m and X are represented 
by s = s(m, X) and b = b(m, X), respectively. The ratio sl(s +b) will be called "signal 
purity". In the present ~alysis the background is a combinatorial background and the 
signal purity can be extracted from the data using. the invariant mass distributions of 
Fig. 1. This is in contrast to the high-PT analyses, where the physical background has to 
be estimated using a Monte Carlo simulation (MC) [13, 14, 15]. Information on the gluon 
polarisation is contained in A~'N-~<'VOx which can be decomposed in LO QCD as 

A~'N-~<'D0X(X) = aLL(X) Ag (X). 
g 

{3) 

Here aLL is the analysing power of the {1§ ---+ ll' cc process which includes the so-called 
depolarisation factor n accounting for the polarisation transfer from the lepton to the 
virtual photon. The background asymmetry An can be written as the product of the 
virtual photon asymmetry and the depolarisation factor An = nA~N and is assumed to 
be independent of m. 
• In the present analysis the average gluon polarisation (D.glg)z and the average 

background asymmetry (A~Nl are determined simultaneously as weighted averages over 
the accessible kinematic range. This method does not require an arbitrary selection of mass 
windows for the signal and background regions as in the classical side-band subtraction 
method. Moreover, it yields a smaller statistical error compared to • the latter, reaching 
practically the lower bound of the unbinned likelihood method [25]. This is achieved by 
weighting every event with its analysing power aLL{X). The same procedure is applied 
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for AJt The weighting factors are thus 

s b 
ws = Pp.f--baLL , wa = Pp.f--bD . 

s+ s+ 
(4) 

The target polarisation P1, as a time dependent quantity, is not included into the weights 
because including it may generate false asymmetries. Note that all events in the mass 
window -400 MeV/r? < MK1r- Mvo < 400 MeV/r? of Fig. 1 are used. Since the factor 
s/(s +b) in w8 vanishes for events far away from the central peak, these events do not 
contribute significant!~ to (D.g/g)"', but contribute to the determination of (A~Nl· 

By considering sums over the different event samples eight equations are derived 
from Eq. (2) [26] 

(5) 

..... N, R ' at L-i t ;ws ;We ; 
JJC ~ N ' I 

E;'wc,; 
, "'!!' R ·Wa ·we· t ......... L.,, t,t ,t ,t 

'Yc ~ "'N' 
L-"i WC,i 

(6) 

for the two target cells before ( t = u, d) and after ( t = u', d') the target spin reversal, once 
weighted with ws and once with w8 (C = S, B). Here N1 is the number of events observed 

·in cell t. These eight equations contain 10 unknowns which are (D.gjg)"', (A~N) and eight 
. acceptance factors ab = fa,l¢ln1(s + b)wc dX. 
· Assuming that possible acceptance variations affect the upstream and downstream 
cells in the same way, i.e. a~/ a~ = a3 /a~, reduces the number of unknowns to eight. 
With· an extra, much weaker assumption that signal and background events from the 

.·:same target cell are affected in the same way by the acceptance variations, one arrives 
. at a system of eight equations with seven unknowns. Possible deviations from the above 

assumptions may generate false asymmetries which are included in the systematic error. 
Using the set of eight equations (see Eq. (5)), the gluon polarisation (D.g/ g)"' and the 

. b~ckground asymmetry ( A~N) are determined with a standard least square minimisation 
procedure taking into account the statistical correlation between the number of events in 
a given target cellweighted by Ws and by Wa, The analysis is performed independently 
for the n· and no samples. 

The quantities Pt, PJJ, aLL and S/(S +B) are obtained as follows. For Pt, values 
averaged over about one hour of data taking are used, a timescale over which the assump
tion of a stable target polarisation was shown to be justified. The beam polarisation PJJ 
is parameterised as a function of the momentum which is measured for each incoming 
muon. The photon-gluon analysing power, aLL(X)jn, is parameterised in terms of mea
sured kinematic variables. It depends on partonic variables not accessible experimentally 
and is obtained using a neural network [28] trained on a Monte Carlo sample for n• 

·mesons. For this purpose PGF events were generated with AROMA [27] in leading order 
QCD, processed by GEANT to simulate the response of the detector and finally recon
structed like real events. It was checked that the MC simulation describes the background 
subtracted data distributions in z and ftr sufficiently well. The scale, J.Li used in the MC 
was chosen as the transverse mass of the produced charmed quark pair, and is sufficiently 
large to justify the perturbative approach. The correlation between the generated aLL and 
the parameterised aLL is 81% (see Fig. 2). The same parameterisation is valid for the no 
and the n· samples. 
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Finally, the signal purity, s/(s+b), as a function of the invariant mass for each event, 
is determined from a fit of the invariant mass distributions of the D* and D

0 
samples. In 

this fit the signal is described by a Gaussian distribution. In the D* case the background 
function is the sum of an exponential and a Gaussian, the latter added to describe the 
reflection of the D 0 ~ K 1r 1r 0 decay, where the 1r 0 meson is not observed. In the D

0 

case the background is described by the sum of two exponential distributions. Note that 
not only the variation of the signal purity (or sfb) with the mass, but also with other 
characteristics of the event, is taken into account. This is achieved by a method (29] based 
on a multivariate approach starting with a parameterisation of the signal-to-background 
ratio, integrated over a window around the D0 mass, (Sf B)par· The window is of ±40 
MeV/ t? for the D* sample and ±30 MeV/ t? for the D0 sample. The para~etrisation is 
the product of 10 functions, each one depending on one of the 10 variables describing 
the event kinematics and the RICH response. Typically six bins are defined in each of 
the variables and the mass spectra are fitted in each bin of each variable to provide the 
values of the Sf B ratios using the signal and background functions described above. Each 
of the 10 variables is considered successively and the parameters of the corresponding 
function are adjusted to reproduce the Sf B ratios in all bins in this variable. Adjusting 
the parameters for one variable affects the agreement obtained for previous variables and 
thus the adjustment procedure has to be repeated until convergence is reached and all 
Sf B ratios are reproduced simultaneously. . 

Using this parametrisation, each sample (D* and D0
) is split into intervals of 

(Sf B)par and the mass spectrum is fitted separately in each of them. As an illustration the 
invariant mass spectra obtained in the highest interval of (Sf B)par are compared in.Fig. 1 
to those obtained for the full samples. The signal purity for each event is obtained from the · 
fit to the mass spectrum in .the interval of (Sf B)par containing the event and this value is 
adjusted to the exact value of (Sf B)par for this event. To validate the procedure the fit in 
each (Sf B)par interval is integrated over the window around the mass peak to obtain. the 
S / B value and comparea with the average value obtained· from the' parametrisation. The 
consistency obtained guarantees that using the (Sf B)par in the event weights does not · 
introduce a bias. In addition, it is checked that weighting the wrong-charge background 
(K-1r+1r,;Jow and charge conjugates) with the parametristld values of the mass averaged 
signa! purity, [Sj(S + B)]par , does not generate any artificial peak at MK" = Mvo. 

5 Results for the gluon polarisation 
A value for (b.g /g) x is 'obtained for each of the 40 weeks of data taking separately 

for the D0 and the D* sample. The results (b.g/g}x=-0.421 ±0.424(stat) for the D
0 

and 
(b.g/g}x-0.541 ± 0.343(stat) for the D* sample, are the weighted mean of these values. 
The resulting background asymmetries, (A~N) = 0.003 ± 0.004 for the D0 

sample and 

• (A~N) = 0.062±0.042 for the D* sample, are consistent with zero. Assuming that b.gjg(x) 
is approximately linearly dependent on x in the range covered, (b.gfg}x gives a measure
ment of b.gj g( (x} ), where (x} is calculated using the signal weights. This assumption is 
supported by the results of the COMPASS QCD analysis (5]. 

The major contributions to the systematic uncertainty are ~isted in Table 1. The 
contributions from P,.., Pt and f are discussed with more detail in Ref. (5]. To study 
the influence of false asymmetries, the final samples from Fig. 1 were subdivided into 
two samples using criteria related to the experimental apparatus, e.g. kaons going to the 
upper or to the lower spectrometer parts. The resulting asymmetries were found to be 
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Table 1: Systematic error contributions to (!::..gfg), for D0 (D*) channels. 

source 

False asymmetry 
SI(S +B) 
aLL 

o((~),) II source 

0.05(0.05) Beam polarisation Pp. 
0.07(0.01) Target polarisation Pt 
0.05(0.03) Dilution factor f 
Total error 0.11(0.07) 

a(~) 
0.02 
0.02 
0.02 

compatible within their statistical accuracy, thus no false asymmetries were observed. An 
upper limit of th.e cbntribution of time dependent acceptance effects to the systematic 
uncertainty was estimated from the dispersion of the values for (D.glg), and <._A~N) for 
the 40 weeks of data taking. Assuming that possible detector instabilities are similar 
for background and signal events and applying the method used in Ref. [5] leads to a 
conservative limit of 0.05 for both decay channels. • 

Varying the procedure to build the parameterisation of sf(s +b), and in particular 
the functional form of the background fit, results in an error on (D.gl g), of 0.07 and 0.01 
for the no and the n• sample, respectively. As expected, the uncertainty on sl(s +b) is 
larger for the no case, where the signal-to-background ratio is smaller. To estimate the 
influence of the simulation parameters, i.e. charmed quark tnass (varied from 1.3 Ge VI 2 
to 1.6 GeVI2), parton distribution functions and scales (varied by a factor of 8), MC 
samples with different parameter sets were generated and aLL was recalculated, resulting 

· in an uncertainty on (D.glg), of 0.05 and 0.03 for the no and the n• sample, respectively. 
Other contr!butions, like radiative corrections and event migration between target cells, 

.... ~were studied and found to be negligible. 
The final value is the weighted mean of the two values for the n• and the no sample 

and amounts to 

(~g) x = -0.49 ± 0.27(stat) ± 0.11(syst) (7) 

in the range of 0.06 < x < 0.22 with (x) ~ 0.11, and a scale (p,2) ~ 13 (GeVIc)2 . The 
contributions to the systematic uncertainty for each sample are added in quadrature to 
obtain thetotal error, 0.11 and 0.07 for the no and n• sample, respectively. The larger 
value is chosen as a conservative estimate of the final error in Eq. (7). 

In Fig. 3 the above result is compared to other measurements of (D.glg), and to 
two parametrisations from the NLO QCD analysis of the world data on the polarised 
structure function g1(x, Q2

), performed by COMPASS [5]: with D.G >0 (broken line) and 
with D.G < 0 (dotted line). The present result is consistent with previous measurements 
favouring small values of (D.glg),. Note that Q2 is the scale for the analysis of the SMC 
[14] measurement and the QCD analysis [5]. The scale of the present result is given by the 
transverse mass of the charmed quarks p,2 = M.f ~ 13 (GeVIc)2• The other experimental 
points in Fig. 3 are given at p,~ ~ 3 (GeV lc)2 • 

6 Asymmetry determination 
The data described in sections 2 and 3 also allow for the determination of the 

virtual photon asymmetry for n° production, A"YN-+Dox = A~'N-+p.' vo In. In contrast to 
(D.glg), thisasymmetry is independent of the interpretation in LO QCD. The asymmetry 
averaged over the full kinematic range would be largely diluted because of the large 
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dispersion of aLL· The asymmetry AiN-+VOX is thus extracted in bins of the transverse 
momentum of the D0 with respect to the virtual photon, pft, and the energy of the D0 

in the laboratory system, Evo. The bins were chosen such that the variation of aLL/ D 
within each bin is small comi,>ared to the variation over the whole sample. In principle 
A-rN-+Dox also depends on the inclusive variables y and Q2 , but an additional binning is 
not necessary because the dependence is very weak. This is clearly seen in 10, where 
A-rN-+VOX = (aLL/D)D.gfg. In a given binin P¥

0 
and Evo the factor (aLL/D) is almost 

independent of y and Q2 , and the same is true for D.gfg. 
The asymmetry A-rN-+Dox is obtained in exactly the same way as (D.g/g).,, except 

that the factor ar:.L is replaced by D in the definition of the signal weight in Eq. (4), 
i.e. w8 = P1JDs/~s+b). This provides A-rN-+D0X((P¥

0
),(Evo}) under the assumption 

that the bins of P¥ and Evo are small enough. It was verified that this approximation 
and the independence on y and Q2 are well fulfilled for the cross-section evaluated in 10 
QCn. At higher orders, the variation of the cross-section are expected to be similar and 
thus the approximations to remain valid. 

Table 2 gives A-rN-vox averaged over the D0 and D* sample in each {P¥
0

, Evo) 
bin, together with the average of several kinematic variables. All averages are calculated 
with the weight ws = P

1
JDs/(s+b). The muon-nucleon asymmetry A~'N-+p,'Dox can be 

obtained by multiplying A-rN-+Dox by D( (X)). Both asymmetries can be used in global 
N10 QCn fits to constrain the values of D.g(x). 

As a cross-check we have calculated (D.g/g)., from A-rN-vox in each bin by dividing 
the asymmetry by the corresponding aLL/D.· Combining all bins we got a result consistent 
with the result in Eq. (7), with an increase of 5% in the statistical error. The contributions 
to the systematic error listed in Table 2 contribute as well to the systematic error of 
the asymmetries, except for the contribution of aLL· This leads to a relative systematic 
uncertainty of 20% for A-rN-+Dox_ which is 100% correlated between the bins. 

7 Conclusion 
We have studied no meson pro.duction in 160 GeV polarised muon scattering off 

a polarised deuteron target. The D0 decays into pairs of charged K and .7f mesons were 
selected using analysing the invariant mass distributions· ~f identified· K1r pairs. Only one 
D0 meson was demanded in each event. 

The data provide an average value of the gluon polarisation in the nucleon, (b.g/ g).,, 
under the assumption that photon-gluon fusion to a cc pair is the underlying partonic 
process for open charm production, which is equivalent to a 10 QCn approach. The result 
is (D.g/g).,= -0.49 ± 0.27(stat) ± O.ll(syst) at, an average gluon momentum fraction, 
(x) ~ 0.11 and at a scale ~t2 ~ 13 (GeV /c)2• This result is compatible with our previous 
result from the analysis of high-PT hadron pairs but it is much less model dependent. 

The present measurement of the gluon polarisation in the nucleon, together with 
• other measurements of COMPASS and HERMES, all situated around x rv 0.1, point 
towards a small gluon polarisation at that value of x. This is a hint for a small value of 
the first moment, D.G, of the gluon helicity distribution, although this in principle does 
not exclude a large value. 

The longitudinal cross-section asymmetries A-rN-+Dox were also extracted from our 
data and are presented in bins of the transverse momentum and the laboratory energy of 
the n°. They may be used to constrain the values of D.g(x) in future global N10 QCn 
analyses. 
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Figure 1: Invariant mass distributions of the K-rr pairs for the D* sample (upper plot) and·the 
D0 sample (lower plot). The non-shaded histograms (left scale) show the total event samples 
while the shaded ones (right scale) show the events in the highest bin of (S/B)par• 
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Figure 2: Correlation between the generated analysing power af.~n and the analysing 
power parameterised by neural 'network af'[. 
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Figure 3: Compilation of the (!1gfg)., measurements from open charm and high-PT hadron 
pair production by COMPASS [15], SMC [14] and HERMES [13] as a function of x. The. hor
izontal bars mark the range in x for each measurement, the vertical ones give the statistical 
precision and the total errors (if available). The open charm measurement is at a scale of about 
13 (GeV /c)2, other measurements at 3 (GeV fc?. The curves display two parameterisations from 
the COMPASS QCD analysis at NLO [5], with /1G > 0 (bro}<en line) and with /1G < 0 (dotted 

line). 
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N 
-...! 
-...! 

II; 

bin limits A'YN-+D"X (y} (Q2} (JJ¥} . (ED}· D((X}) aLL((X}) 
~(GeV/c) ED(GeV) (GeV/c)2 {GeV/c) {GeV) 

0-0.3 0-30 -1.34 ± 0.85 0.47 . 0.50 0.19 24.8 0.57 0.37 
0-0.3 30-50 -0.27±0.52 0.58 0.75 . 0.20 39.2 0.70 0.48 
0-0.3 >50 -0.07±0.66 0.67 1.06 0.20 •. 60.0 0.80 0.61 

0.3-0.7 0-30 -0.85 ±0.51 0.47 0.47 0.50 25.1 0.56 0.26 
0.3-0.7 30-50 0.09±0.29 0.58 0.65 0.51 39.4 0.71 0.34 
0.3-0.7 >50 -0.20 ±0.37 0.6·7 0.68 0.50 59.6 0.80 . 0.46 

0.7-1 0-30 -0.47 ±0.56 0.48 0.53 0.85 25.2 0.58 0.13 
0.7-1 30-50 -0.49 ±0.32 0.58 0.66 0.85 39.1 0.70 0.17 
0.7-1 >50 1.23 ± 0.43 0.68 0.73 0.84 59.4 0.81. 0.26 
1-1.5 0-30 -0.87 ± 0.48 0.50 0.49 1.21 25.7 0.60 O.Dl 
1-1.5 30-50 -0.24±0.25 0.60 0.62 1.22 39.5 0.73 0.00 
1-1.5 >50 -0.18 ±0.34 0.69 0.77 L22 59.3 0.83 0.04 

~ 

> 1.5 0-30 0.83±0.71 0.52 0.51 1.77 26.2 0,63 -0.13 
> 1.5 30-50 0.18±0.28 0.61 0.68 1.87 40.0 0.74 -0.20 
> 1.5 >50 0.44± 0.33 0.71 0.86 1.94 59.9 ·0.84 -0.24 

Table 2: The asymmetries A,.N ..... Dox in bins of p!t and EDo for the D 0 and n• sample combined, together with the averages of several 
kinematic variables. Only the statistical errors are given. The relative systematic uncertainty is 20% which is 100% correlated between 
the bins. 
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Measurement of the Collins and Sivers asymmetries on transversely 
polarised protons , 

The COMPASS Collaboration 

Abstract 

The Collins and Sivers asymmetries for charged hadrons produced in deeply inelastic 
scattering on transversely polarised protons have been extracted from the data 
collected in 2007 with the CERN SPS muon beam tuned at 160 GeV /c. At large 
values of the Bjorken x variable non-zero Collins asymmetries are observed both for 
positive and negative hadrons while the Sivers asymmetry for positive hadrons is 
slightly positive over almost all the measured x range. These results nicely support 
the present theoretical interpretation of these asymmetries, in terms of leading-twist 
quark distribution and fragmentation functions. ' 
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After first indications of transverse spin effects in hadron physics in the 1970s [1, 2) 
their importance was unambiguously established by the remarkably large single spin asym
metries (SSAs) found in pp collisions at Fermilab both for neutral and charged pions [3). 
Following the discovery by the EMC at CERN in 1988 that the quark spins contribute 
only little to the proton spin [4), the interest in the nucleon spin structure was revived and 
a more complete description including quark transverse spin and transverse momentum 
has been worked out.' 

The quark structure of the nucleon in the collinear approXimation or after integra
tion over the intrinsic quark transverse momentum kr is fully specified at the twist-two 
level by three parton distribution functions (PDFs) for each quark fla:rour [5]: the momen- • 
tum distributions q(x), the helicity distributions D.q(x) and the transverse spin distribu
tions Dorq(x), where xis the Bjorken variable. The latter distribution-often referred to 
as transversity-is chiral-odd and thus not directly observable in deep inelastic scattering 
(DIS). In 1993 it was suggested [6] that transve~sity could be measured in semi-inclusive 
le'pton-nucleon scattering (SIDIS) due to a mechanism involving another chiral-odd func
tion in the hadronisation, known today as the Collins fragmentation function (FF). The 
mechanism leads to a left-right asymmetry in the distribution of the hadrons produced 
in the fragmentation of transversely polarised quarks. Thus a transverse spin dependence 
in the azimuthal distributions of the final state hadrons can be generated both in trans
versely polarised pp scattering .and in SID IS off transversely polarised nucleons. In the 
latter case the measurable Collins asymmetry, Aco11. is proportional to the convolution of 
the transversity PDF and the Collins FF. 

Admitting a finite kr, in total eight PDFs are needed for a full description at leading 
twist and leading ord~r in cr.s [7, 8, 9]. All these functions lead to azimuthal asymmetries 
in the distribution of hadrons produced in SIDIS processes and can be disentangled mea
suring the different angular modulations. Amongst the transverse momentum dependent 
PDFs, the T-odd Sivers function [10] is of particular interest. This function arises from a 
correlation between the transverse momentum of an unpolarised quark ·in a transversely 
polarised nucleon and the nucleon spin. It can be different from zero because of final state 
interactions mediated bJ soft gluon exchange between the interacting quark and the tar
get remnants [11]. It is responsible for the Sivers asymmetry, As;v, which is proportional 
to the convolution of the'Sivers function and the unpolarised FF. The Sivers mechanism 
might also be the reason for the large asymmetries observed in pp collisions. 

Transverse spin effects in SIDIS are investigated, at different beam energies, by the 
HERMES experiment at DESY and the COMPASS experiment at CERN. An experiment 
to measure transversity using a transversely polarised 3He target has recently been per
formed at JLab [12]. Transverse spin effects are also an important part of the scientific 
programme of the RHIC spin experiments at BNL. 

Up to now, sizable Collins asymmetries for the proton were observed recently by 
HERMES using a proton target [13]. This implies non-vanishing Collins fragmentation 
and trallsversity functions. Direct measurements at the KEK e+e- collider by the BELLE 
experiment established that this Collins FF is sizable [14, 15). COMPASS measured van
ishing asymmetrieS by scattering high energy inuons off a deuteron target [16, 17, 18]. All 
these data were well described by a global fit [19, 20] which allowed for a first extraction 
of the u and d-quark transversity PDFs. 

The Sivers asymmetry for the proton was measured by HERMES [13, 21] to be 
different from zero for positive hadrons, while it was found to be compatible with zero 
for deuteron by COMPASS [16; 17, 18). These HERMES and' COMPASS d~ta could also 
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be well described by theoretical calculations and fits, and allowed for extractions of the 
Sivers function [22], which turned out to be different from zero and opposite in sign for u 
and d-quarks. 

In this Letter, we present the , COMPASS results on the Collins and Si vers asym
metries for charged hadrons produced in SIDIS of high energy muons on transversely 
polarised protons .. The data were collected in 2007 using NH3 as target material and a 
160 GeV /c beam with a moi:nimtum spread !lpjp = ±5%. The beam was naturally po
larised by the 1r-decay mechanism, with a longitudinal polarisation of about -80%. This 
measurement followed the measurements performed in 2002, 2003 and 2004 at the same 
energy with the transversely polarised 6LiD target. 

The COMPASS spectrometer [23] is in operation on the M2 beam line ofCERN since 
2002. Two magnetic stages are used to ensure large angular and momentum acceptance. 
A variety of tracking detectors is used to cope with the different requirements of position 
accuracy and rate capability at different angles. Particle identification is provided by a 
large acceptance RICH detector, calorimeters, and muon filters. Major upgrades in 2005 
mainly concerned the polarised target, the tracking system, the RICH detector, and the 
electromagnetic calorimeters. The new target solenoid magnet provides a field of 2.5 T 
and has a polar angle acceptance of 180 mrad as seen from the upstream end of the target. 
In the earlier measurements with the 6LiD target the polar angle acceptance was 70 mrad. 
The target material is cooled in a 3He-4He dilution refrigerator, and the protons in the 
H atoms are polarised to 0.80-0.90 by dynamical nuclear polarisation. About 48 hours 
are necessary to reach 95% of the maximal polarisation. A pair of saddle-shaped coils 
can provide a 0.6 T vertical field which is used to rotate the target nucleon spin and to 
hold the polarisation vertical for the transversity measurements. In the frozen spin mode, 
and with the holding field at its operational value, the relaxation time of the polarisation 
exceeds 3000 hours. 

The target consisted of three cylindrical cells with 4 em diameter, one central cell 
of 60cm length and two outer ones of 30 em length, all separ!J,ted by 5 em. Neighbouring 
cells were polarised in opposite directions, so that data with both spin directions were 
recorded at the same time. In order to minimise the effects due to different spectrometer 
acceptance for different target cells, in each period of data taking a polarisation reversal 
was performed after 4-5 ·days by changing the microwav; frequencies in the 'three cells. 

The geometry of the polarised target and the data taking procedure were chosen 
such as to optimise the extraction of spin asymmetries. The principle of the measurement 
can be understood by considering the "ratio product" (17] 

R _ N;~ner , N!uter . - .). .). , 
Ninner Nouter 

{1) 

where Nlnner and N!uter are the number of hadrons produced in the first sub-period on 
• oppositely polarised cells, and N;~ner and N!uter are the corresponding numbers in the 

second sub-period, i.e. after polarisation reversal. The ratio product is constructed such 
that beam flux, spin-averaged cross-section, and the number of scattering centres cancel. 
As long as the ratios between the spectrometer acceptances of each cell are the same in 
the two sub-periods and the number of produced hadrons follows•the generic azimuthal 
modulation Nt-1- "' 1 ± f sin cl>, one simply gets R = 1 + 4f sin cl>, and the extraction of the 
amplitude f of the azimuthal modulation is straightforward. 

In 2007 data were taken at a mean beam intensity of about 5 x 107 J.l+ fs (typically 
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2.4 x 108 11+ /spill, for a spill length of 4.8 severy 16.8 s). Using up 4 x 1013 muons, about 
12 x 109 events were collected in six separate periods, corresponding to 440 TB of data. 

In the data analysis, events were selected if they had at least one "primary vertex", 
defined as the intersection point of a beam track, the scattered muon track, and other 
possible outgoing tracks. The momenta of both incoming and outgoing charged particles 
were measured. The primary vertex was required to be inside a target cell. In order to 
guarantee the same muon flux along the target material, the extrapolated beam track 
had to traverse all the three target cells. For incoming and scattered muon tracks, as well 
as for the other reconstructed tracks, x2 cuts were applied to assure the quality of track 
reconstruction. Tracks from the primary vertex which traversed more than 30 radiation 
lengths were identified as scattered muons. The event was rejected if more than one of 
such tracks were found. 

In order to be in the DIS regime, only events with a photon virtuality Q2 > 
1 ( Ge V / c )2 , a fractional energy of the virtual photon 0.1 < y < 0.9, and a mass of 
the hadronic final state W > 5 Ge V / c2 were considered. The variable x covers the range 
from 0.004 to 0.7. 

All particles emerging from the primary vertex were assumed to be hadrons if they 
traversed less than 10 radiation lengths of material. For tracks with an associated cluster 
in one of the hadronic calorimeters, a minimal amount of deposited energy was required 
to further reduce the electron and muon contamination. Finally, tracks reconstructed only 
in the fringe field of the first analysing magnet of the spectrometer were rejected. This 
roughly corresponds to a cut at~1.5 GeV /c in the hadron momenta. In order to recon-

·. struct the hadron azimuthal angle with good precision, the hadron transverse momentum 
with respect to the virtual photon direction, p~, was required to be above 0.1 Ge V /c. A 
minimum value of 0.2 ~or z, the relative energy of the hadron with respect to the virtual 
photon energy, was chosen to avoid hadrons from the target fragmentation region. 

As explained in detail in Ref. [17], the Collins effect shows up as a modulation 
[1 +(csin(r,bh + r/>s- 7r)] in the number of events, where ¢>h and r/>s are the azimuthal 
angles of the hadron and of the target nucleon spin vector in a reference system in which 
the z-axis is the virtual photon direction and the x-z plane is the lepton plane according 
to Ref. [24] .. The amplitude of the modulation is (c = DNNIPrAco/.1. where DNN = 
(1 - y)/(1 - y + y2 /2) is the transverse spin transfer coefficient from target quark to 

. · struck quark, I the dilution factor of the NH3 material, and Pr is the proton polarisation. 
Similarly, the Sivers effect results in a modulation [1+(ssin(¢>h-rjls)], where es =I PrAsiv· 

The transverse spin asymmetries were obtained by comparing the azimuthal distri
butions of the detected hadrons as measured in the first sub-period of data taking with 
the corresponding distributions of the second half measured with opposite target polari
sation. Since the two sets of data were taken typically one week apart, the stability of the 
apparatus is a central point in the measurement. As a first step in the data selection, the 
hit distributions of all trackers. were scrutinised, as well as the number of reconstructed 
events, the number of vertices per events, and the number of tracks per event. In a second 
step, the stability of the average 11"+11"- invariant mass in the K 0 region as well as the 
distribution of.twelve kinematic quantities (x, y, W, z, ... ) were investigated dividing the 
data in small time-ordered sub-samples. Each distribution. of each sub-sample was com
pared with the corresponding ones of each other sub-sample within the same data taking 
period, and sub-samples were rejected when deviating more than 3.5 Usto.t from the mean 
values. 

As a final selection criterion, the data were tested for a possible dependence on 
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either sin(r/>n + if>s) or sin(r/>h- if>s) of the acceptance ratio between two consecutive sub-. 
periods with opposite target polarisation. Combining the number of events reconstructed 
in the different target cells in two consecutive data taking sub-periods, one can construct 
two different estimators on the, stability of the acceptance. The first estimator measures 
the mean modulation in the relevant azimuthal angle of the acceptance ratio between two 
sub-periods. The second one probes possible large differences in the acceptance ratios for 
the different target cells which could affect the physics asymmetry. These two pieces of 
information have been used to construct a x2 and the final selection of the data.taking 
periods was done on the basis of its value. 

As a result of the quality control, all data collected in the six periods were used for 
the extraction of the Collins asymmetry, while only four periods were used fo; the Sivers 
asymmetry. This can be understood because the Sivers asymmetry is very sensitive to 
instabilities of the spectrometer since it is the amplitude of a modulation of the azimuthal 
angle of .the hadron transverse momentum with respect to the target spin vector. On the 
contrary, the Collins asymmetry is an asymmetry in the azimuthal angle between the 
hadron transverse momentum and a direction which depends on the target spin direction 
and the lepton scattering plane, which is different for each event. The final sample contains 
23.1 x 106 SIDIS events for the Collins asymmetry and 15.6 x 106 for the Sivers asymmetry. 

The asymmetries were evaluated for positive and negative hadrons in bins of the 
three kinematic variables x, z and p~. The binning is the same as used for the previous 
analyses of deuteron data and consists of 9 bins in x, 8 bins in z and 9 bins in p~, 
integrating over the other two variables. For each period, the physics asymmetries were 
obtained.by dividing the raw asymmetries by the target polarisation, the dilution factor, 
and, in the case of Collins analysis, by the DNN factor. The target polarisation. was 
measured individually for each cell and each period. The dilution factor of the ammonia 
target was evaluated for each bin. It is 0.15 in average, and increases with x from 0.14 to 
0.17. 

The estimator' used for the evaluation of the raw asymmetries is based on an ex
tended unbinned maximum likelihood method [25). The likelihood function is built as the 
product of the probability densities p corresponding to each hadron i. from each target 
cell. The likelihood for hadrons from. a given target cell in one period is written as 

( 

N+ ) ifF ( N- • ) j.:-
£ = e-J+ n p+( if>h,il r/>s,i) . e-1- n p- ( if>h,il r/>s,;) 

•=0 •=0 
(2) 

The + and - signs refer to. the orientation of the target polarisation in the two sub
periods and N± is the corresponding total number of hadrons. The quantities [± are the 
integrals of the probability densities over if>s and if>h· The probability densities p± are 
the product of two parts, one corresponding to the acceptance description and the other 
to the SIDIS cross section of longitudinally polarised leptons on transversely polarised 

• nucleons. Various parametrisations of the acceptance part were tested, resulting in a 
negligible dependence of the extracted asymmetries on the acceptance description. The 
cross section was parametrised taking into. account both the unpolarised and polarised 
parts. The polarised part consists of all the expected eight modulations, namely sin(if>h + 
if>s- 1r), sin(if>h- if>s), cos(if>h- r/>s), sin(2if>h- if>s), cos(2if>h- r/>s), sin(r/>s), cos(if>s), and 
sin(3if>h- ¢>8 ), and all their amplitudes were extracted at the same time. The Collins and 
Sivers asymmetries are proportional to the amplitudes of the first two terms. Systematic 
studies for the other six amplitudes are still ongoing, and those results will be the subject 
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Figure 1: Collins asymmetry as a function of x, z, and p~, for positive (closed points) and 
negative (open points) hadrons. The bars show the statistical errors. The point to point 
systematic uncertainties have been estimated to be 0.5 O"stat for positive and 0.6 O"stat for 
negative hadrons and are given by the bands. 

of a future publication. 
The final Collins and Sivers asymmetries extracted with the likelihood method were 

compared with the aSymmetries extracted using four other estimators, including those 
used in the previous publications which were based on the "ratio product" R of Eq. 1, 
finding an excellent agreement between all results. The correlation coefficient between the 

- Collins and the Sivers asymmetries turned out to be small, less than 0.2 in absolute value 
_over the whole x range. 

Extensive studies, were performed in order to assess the systematic uncertainty of 
the measured asymmetries. All the studies were done separately for positive and negative 
hadrons and for the Collins and the Sivers asymmetries. 

The largest systematic error is due to residual acceptance variations within pairs of 
data taking sub-period~. To quantify these effects, two different types of false asymmetries 
were calculated, using the. external cells and. the internal cell divided in two parts, and 
assuming wrong sign polarisation for one of the two. Moreover, the physical asymmetries 
were also extracted using only the first and only the second half of the target. The dif
ference between these two physical asymmetries, the false asymmetries, and the degree of 
compatibility of the results from different periods were all used to quantify the systematic 
uncertainty. 

In the case of the Collins asymmetry, the systematic uncertainty is estimated to be 
0.5 O"stat for positive and 0.6 0"8tat for negative hadrons. In the case of the Sivers asymmetry, 
the systematic error is 0.8 O"stat for positive and 0.4 O"stat for negative hadrons. A further 
systematic uncertainty of ±0.01 is present in the absolute scale of the Sivers asymmetry 
for positive hadrons . .Jt reflects· a 0.02 difference in the mean value of the asymmetries 
extracted in· the first two and in the second two· periods of data taking used. for this 
analysis. In spite of throughout studies, the origin of this difference, which affects· only 
the Sivers asymmetry for positive hadrons, could not be identified and had therefore to 
be included in the systematic uncertainty. The results of this measurement of the Collins 
and Sivers asymmetries are shown in Fig. 1 ·and 2 as a function of x, · z, and p~, for 
positive and negative hadrons. Figure 3 displays the mean values of kinematic variables 
for positive hadrons in the x, z, and p~ bins. The corresponding quantities for negative 
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Figure 2: Sivers asymmetry as a function of x, z, and p!;., for positive (clos:d points) and 
negative (open points) hadrons. The bars show the statistical errors. The point to point 
systematic uncertainties have been estimated to be 0.8 O's(a! for positive and 0.4 O's!a! for 
negative hadrons and are given by the bands. For positive hadrons only, an absolute scale 
uncertainty of ±0.01 has also to be taken into account. 
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Figure 3: Mean values of some kinematic variables in the final data sample. From left to 
right:. mean values of p!;., z and Q2 .as functions of x; mean values of p!;., x and Q2 as 
functions of z; mean :values of x, z and Q2 as functions o_f p~. 

hadrons are very similar1>. . 
As it is clear from Fig. 1, the Collins asymmetry has a strong x dependence. It 

is compatible with zero at .small x within the small statistical errors and increases in 
absolute value up ,to about 0.1 for x > 0.1. There, the values agree both in magnitude 
and in sign with the previous measurem'ents of HERMES [13], which were performed 'at 
the considerably lower electron beam energy of 27.5 GeV. Also, the present results agree 
with the predictions of the global analysis of ref. [19, 20] and thus strongly support the 

, underlying interpretation of the Collins asymmetry in terms of a convolution of the twist
two transversity PDF and the FF of a transversely polarised quark. An important issue 
is the Q2 dependence of these functions. Our results at large x are compatible with the 
HERMES data in spite of the higher Q2 values which exceed those of HERMES by a 
factor 2 to 3 with increasing x. This indicates that the possible Q2 qependence should not 

I) All numerical values have been put to HEPDATA. 
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Figure 5: Mean values of Q2 (left) and X (right) as functions of w .. The closed and open 
points give the values for the ".large x" and the "small x" samples respectively. 

The results for the Sivers asymmetry for negative hadrons exhibit values compatible 
with zero within the statistical accuracy of the measurement. For positive hadrons, the 
data indicate small positive values, up to about 3% in the valence region. These values 
are somewhat smaller than but still compatible with the ones measured by HERMES at 
smaller Q2• Given the importance of the Sivers function in the present description ~f the 
transverse momentum structure of the nucleon, we looked at a possible kinematic depen
dence of our measurements. In particular, we evaluated the asymmetries as a function of 
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W, separately for .the "large-x" (x > 0.032) and "small-x" (x < 0.032) samples. There-. 
suits are shown in Fig. 4. The mean values of Q2 and x in all W bins ai:e given in Fig. 5. As 
it is apparent from Fig. 4, no conclusion can be drawn about a possible W dependence of 
the Collins a.Symmetry. On the other hand,· the signal of the Sivers asymmetry for positive 
hadron8 seems to be c~ncentrated at small W, in the region where HERMES measures, 
and goes to zero at large W, which for large x means large Q2

• Thus our data give an 
indication for a possible W dependence of the Sivers asymmetry for positive hadrons. 
Definite conclusions will be possible only when new more precise data at high energy will 
become available. 

In summary, for the first time the Collins and Sivers asymmetries for positive and 
negative hadron production in DIS off the proton have been measured at high energy. 
Our data extend the kinematic range to large Q2 and large W values. The x range has 
been extended to considerably smaller values which are n~eded to evaluate the PDF first 
moments. For the Sivers asymmetry, a signal is seen for positive hadrons, which persists 
to rather small x values. The data give an indication for a possible W dependence of this 
asymmetry, but the present statistical and systematic uncertainties do riot allow definite 
conclusions.· The measured Collins asymmetry is sizable for both positive and negative 
hadrons also at high energies and Q2• Thus Collins asymmetries measured in SIDIS are 
an appropriate tool to investigate the transversity PDF. 
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AZIMUTHAL ASYMMETRIES IN PRODUCTION OF 
CHARGED HADRONS BY HIGH ENERGY MUONS 

ON POLARIZED DEUTERIUM TARGETS1 . 
I.A. Savin on behalf of the COMPASS collaboration 

Joint Institute for Nuclear Research, Dubna 

Abstract 

Search for azimuthal asymmetries in semi-inclusive production of charged hadrons 
by 160 GeV muons on the longitudinally polarized deuterium target, has been per
formed using the 2002- 2004 COMPASS data. The observed asymmetries integrated 
over the kinematical variables do not depend on the azimuthal angle of produced 
hadrons and are consistent with the ratio at(x)/ ff(x). The asymmetries are param
eterized taking into account possible contributions from different parton distribution 
functions and parton fragmentation functions depending on the transverse spin of 
quarks.They can be modulated (either/or/and) with sin(</>), sin(2</>), sin(3</>) and 
cos(</>). The x-, z- and pr-dependencies of these amplitudes are studied. 

1. Introduction. Although the longitudinal spin structure of nucleons has been in-· 
vestigated for more than 20 years and results are very well known, the studies of the 
transverse spin structure of nucleons have been started recently. Since the pioneering 
HERMES [1] and CLAS [2] experiments it is known that the signature of the transverse 
spin effects is an appearance of azimuthal asymmetries (AA) of the hadrons produced in 
Semi-Inclusive Deep Inelastic Scattering (SIDIS) of leptons on polarized targets. 

These asymmetries are related with new Parton Distribution Functions (PDF) and 
new polarized Parton Fragmentation Functions (PFF), depending on the transverse spin 
of quarks [3]. AAs on the transversally polarized targets have been already reportea • 
by HERMES [4] and COMPASS [5, 6], and on the longitudinally polarized targets - by 
HERMES [7, 8]. The search for the AA using the COMPASS spectrometer [9].with the • 
longitudinally polarized deuterium target is described below. 

In the framework of the parton model of nucleons, the squared modulus of the matrix ' 
element of the SID IS is represented by the type of the diagram in Fig.1a, where an example ' 
of one of the new PDF, transversity, h1(x) and new Collins 'PFF, H{(z), is shown. New· 
PDFs and PFFs, due to their chiral odd structure, always appear in pairs. 

The kinematics of the SIDIS is shown in Fig.1b, where f (£') is the 4-momentum • 
of incident' (scattered) lepton, q = e- £', Q2 = -q2

' ()"' is the angle of the virtual . 
photon momentum if with respect to the beam, PL(Pr) is a longitudinal (transversal) 
component of the target polarization, Pn, with respect to the virtual photon momentum 
in the laboratory frame, Ph is the hadron momentum with the transverse component · 
PL ¢is the azimuthal angle between the scattering plane and hadron production plane, : 
¢s is the angle of the target polarization vector with respect to the lepton scattering i 

1 Supported by the RFFI grant 08-02-91013 CERN.a 
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Figure 1: The squared modulus of the matrix element of the SIDIS reaction e + N -t £' + h +X summed 
over X states (a) and kinematics of the process (b). 

plane (for the longitudinal target polarization </>s = 0 or 1r. For the target polarization 
Pu, which is longitudinal with respect to the lepton beam, the transverse component is 
equal to IPTI = P1tsin(O'Y), where sin(O'Y) ~ 2%xvf1-:- y, y = ;7 and M is the nucleon 
mass.. The Bjorken variable x and the hadron fractional momentum z are defined as 
x = Q2 j2p · q, z = p · Ph/P · q, where p is the 4-momentum of the incident nucleon. 

In general, the total cross section of the SIDIS reaction is a linear function of the 
lepton beam polarization,P~', and" of the target polarization Pu or its components: 

du = duoo + P~'duLO + PL (duaL+ P~'duLL) + IPTI (duoT + P~'dULT) , (1) 

where the first (second) subscript of the partial cross sections means the beam (target) 
polarization. 

The asymmetry, a(¢), in the hadron production from the longitudinally polarized 
target (LPT), is defined by the expression: 

Each of the partial cross sections is characterized by the specific dependence of the 
definite convolution of PDF and PFF times a function the azimuthal angle of the outgoing 
hadron. Namely, contributions to Eq. (2) from each quark and antiquark flavor, up to 
the order (M/Q), have the forms: 

daoLCXfxhit(x) 0 Ht(z) sin(24>) + yf2t:(l- E)~ x2 
( hL(x) 0 Ht(z) + ff(x) 0 D1(z)) sin(</>), 

~,.--....,.M . 
di7LLCXV1- t:2X9IL(x) 0 D1(z) +' V2t:(l- t:)Qx2 (gi;(x) 0 D1(z) + eL(x) 0 Ht(z)) cos(</>), 

daoT ext:{ xh1 (x)0Hf'(z) sin( 4>+4>s) +xhfT(x)0Hf'(z) sin(34>:-4>s) ;_xff.T(x) 0D1(z) sin( 4>- 4>s) }, 

di7LTCX~x~iT(x)0Dl(z) cos(4>- 4>s), (3} 

where ® is a convolution in parton's internal transversal momentum, kT , on which PDF 
and· PFF depend, c/>8 =0 for the LPT axid € ~ 2~;;.n2 • The ~tructure of the partial cross 
sections and physics interpretations of the new PDFs and PFFs, entering in a(¢), are 
given in [1Q-12]. 
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So, the ,aim of this study is to see the AA in the hadron production from LTP,as a 
manifestation of new PDFs and PFFs and the x, z and PI- dependence of the correspond
ing amplitudes. 

2. Method of analysis. The .COMPASS polarized target [9] in 2002-2004 years had 
two cells, Up- and Down-stream of the beam, placed in the 2.5 T solenoid magnetic field. 
The target material of the cells (6LiD or NH3) can be polarized in opposite directions with 
respect to the beam, for example in the U-cell along to the beam (positive polarization) 
and in D-cell - opposite to the beam (negative polarization) and vice versa. Such a 
configuration can be ach~eved by means of the microwave field at low temperatures at 
any direction of the solenoid magnetic field holding the polarization. SuppJ?Se that the 
above configuration of the cell polarizations is realized with the positive (along to the 
beam) solenoid field, then, to avoid possible systematic effects in acceptance connected 
with this field, after some time the same configuration of. polarizations is realized by 
means of the microwave field with the negative (opposite to the beam) solenoid field. 
Microwave polarization reversals are repeated several times while data taking. In order to 
minimize systematics caused by the time dependent variation of the acceptance between 
the microwave reversals, the polarizations are frequently reversed by inverting of· the 
solenoid field. 

For the AA studies the double ratios of event numbers, R1 , is used in the following 
form: 

R1(¢) = [N¥,1(¢)/N!!,1(¢)] · [N.f1(¢)/N!!;1(¢)], (4) 

where N;,1(¢) is a number of events in each ¢-bin from the target cell t, t = U, D, p = + 
or - is the sign of the target polarization, f = + or - is the direction of the target 
solenoid field. Using Eqs. (1,2,3) with P± as an absolute value of averaged products of 
the positive or negative target polarization and dilution factor, the number of events can 
be expressed as 

N!.1=Cj(¢)L!,1 [(Bo+B1 cos(¢)+B2 sin(¢)+ .. ~±Pv(Ao+A1 sin(¢)+A2 sin(2¢)+ .. ~] , (5) 

where C}(¢) is the acceptance factor (source of false asymmetries), L~,f is a luminosity 
depending on the beam flux and target densities. The coefficients B0 , B~, ' ... and Ao, 
AI, ... characterize contributions of partial cross sections. Substituting Eq.(5) in Bq. (4) 
one can see that the acceptance factors are canceled, as well as the. luminosity factors 
if the beam muons cross the both cells. So, the ratio R,(¢) depends only qn physics 
characteristics of the SIDIS process and it is expressed via asymmetry a(¢), Eq. (2), in 
the quadratic equation, approximate solution of which is:· 

a1 = [R1(¢)- 1] /(P!(.,1 + P_f.1 + P!!,1 + P!!,1). (6) 

Since asymmetry should not depend on the direction of the solenoid field, one can expect 
t'o have a+ = a_. Small difference between a+ and a_ could appear due to the solenoid 
field dependent contributions non-factorizable in Eq; (5). But these contributions have 
different signs and canceled in the sum a(¢) = a+(¢)+ a_(¢). So, the weighted sum 
a(¢)= a+(¢)+ a_(¢), calculated separately for each year of data taking and averaged at • the end, is obtained for the final results. 
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3. Data selection. The data selection, aimed at having a clean sample of hadrons, has 
been ·performed in three steps, using a preselected sample. This sample contained about 
167.5M of SIDIS events with Q2 > 1 GeV2 andy > 0.1 in a form of reconstructed vertices 
with incoming and outgoing muons and one or more additional outgoing tracks. 

1. "GOOD SIDIS EVENTS" have been selected out of the preselected ones applying 
more stringent cuts on the quality of reconstruc~ed tracks and vertices, vertex positions 
inside the target cells, momentum of the incoming muon (140-180 GeV /c), energy transfer 
(y < 0.9) and invariant mass of the final states (W > 5 GeV). About .58% of events of 
the initial sample have survived after these cuts. 

2. "GOOD TRACKS" (about 157M) have been selected out of the total tracks (about 
290 M) from GOOD SIDIS EVENTS excluding the tracks identified as muons and tracks 
with z > 1 and PI < 0.1 GeV /c. 

3. "GOOD HADRONS" from GOOD TRACKS have been identified using the infor
mation from the hadron calorimeters HCAL1 and HCAL2. Each of the GOOD TRACKS 
is considered as the GOOD HADRON if: this track hits one of the calorimeter, the 
calorimeter has the energy cluster associ~ted with this hit with EHcll.Ll > 5 GeV, or 
EHCAL2 > 7 GeV, coordinates of the cluster are compatible with coordinates of the track 
and the energy of the cluster is compatible with the momentum of the track. 

The total number of GOOD HADRONS was about 53 M. Each of the GOOD HAD
RONS is included to the asymmetry evaluations. 

-4. Results. The weighted sum ~f azimuthal asymmetries a(if>)=a+(if>)+a-(¢>), averaged 
over all kinematical variables, are shovm in Fig. 2 for negative and positive hadrons. 
They have been fitted br functions 

- ·a( if>) = acor;st + a•in¢ sin( if>) + a•in 24> sin(2if>) + a•inaq, sin{3if>) +aces¢ cos( if>). (7) 

The fit parameters, characterizing if>-modulation amplitudes, are compatible with zero. 
The </>-independent 'parts of a(¢>) differ from zero and are almost equal for h- and h+. 
Th~ fits of a( if>) by constants are also shown is Fig. 2. 

0.02 0.02 
COMPASS 2002-4 COMPASS 2002-4 

HADRON ASYMMETRY HADRON ASYMMETRY 
0.011 from L·POLARIZED D-TARGET 0.015 from L·POrED D-TARGET 

~ ~ 
'o.o1 0.01 

0.001 0.005 

pRELIMINARY 
..0.01 •150 •100 ...., oo- 100 160 -o.01 ·160 •100 ...... 0 •• 100 100 

4>, degree 4>, degree 

Figure 2: Azimuthal asymmetries a(¢>) for negative (left) and positive (right) hadrons and results of 
fits by the constants with x2 /d. f. equal to 3.4/5 (5.2/5), respectively. 

As already specified, the </>-independent parts of asymmetries come from the dO'LL 
contributions to the cross sections, which are proportional to helicity PDF times PFF 
(see. Eq. (3)) of non-polarized quarks in the non-polarized hadron. For the deuteron 
target this contribution is expected to be charge independent. 
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Dependence of the AA fit parameters on the kinematical variables are shown in Figs. 
3-7. 
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Figure 3: Dependence of the AA fit parameters aconst on kinematical variables. 

The parameters aconst(x), being divided by the virtual photon depolarization factor Do, 
are equal (by definition) to the asymmetry A~(x), already published by COMPASS (13]. 
Agreement of these data and data of the present analysis has demonstrated internal 
consistency of the results. 
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Figure 4: Dependence of the AA fit parameters a•in4> on kinematical Variables and similar data of 
HERMES [8] for identified leading pions. . 

The x-dependence of the sin(¢) modulations of the AA, observed by HERMES, is less 
pronounced at COMPASS. This modulation is due to pure twist-3 PDF's entering from 
the daoL contribution to the AA with a factor MxfQ. 
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Figure 5: Dependence of the AA fit parameters a•in 2¢ on kinematical variables compared to the data 
of HERMES and calculations by H.Avakian et al. [14]: dashed line- h-, solid line- h+. 

The amplitudes of the sin(2¢>) modulations are small, consistent with zero within the 
errors. They could be caused by PDF hfL in daoL· 
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Figure 6: Dependence of the AA fit parameters a•in 3~ on kinematical Va.riablea. 

Some peculiarities of the data on the a•in3</> are seen from Fig. 6, for instance, the points • 
for h- are mostly positive while for h+ they are mostly' negative like for the COMPASS 
results from the transversally polarized target [15]. Remind that this modulation could 
come from the pretzelosity PDF hfT in da,crr, additionally suppressed by sin{B.y),..., xMfQ. 

0.1 1.1 0.1 OA o.J 0.1 o.7 U U 1 

p~,GeV/c 
1V' 

X z 

Figure 7: Dependence of the AA fit parameters a co•~ on kinematical variables. 

The cos(¢!) modulation of the AA is studied for the first time. It is mainly due to a 
pure twist-3 PDF gt in duLL, an analog to the Cahn effect [16] in unpolarized SIDIS. 

5. Conclusions and prospects. 

' 1. The azimuthal asymmetries (a(¢)) in the SIDIS (Q2 > 1 GeV2, y > 0;1) production 
of negative (h-) arid positive (h+) hadrons by 160 GeV muons onthe longitudinally 
polarized deuterium target, have been studied with the COMPASS data collected 
in 2002 - 2004. ' 

· 2. For the int'egrated over x, z and pr variables all ¢-modulation amplitudes of a(¢) 
are consistent with zero within errors, while the ¢-independent parts of the a(¢). 
differ from zero and are almost equal for h-, and h+. 

3. The amplitudes as functions of kinematical variables are studied in the region of 
x = 0.004- 0.7, z = 0.2 - 0.9, pr = 0.1 - 1 GeV fc. It was found that: 

" 
• ¢-independ~nt parts of the a(¢!), aconst(x)/Do = A~ 1 where Do is a virtual 

photon depolarization factor, are in agreement with the COMPASS published 
data [13] on A~, calculated by another method and using different cuts; 
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• the amplitudes a•in4>(x, z,pi) are small and in general do .not contradict to 
the HERMES data [8], if one takes into account the difference in x, Q

2 
and 

W between the two experiments. One can also note, that in the HERMES 
experiment the asymmetries are calculated for identified leading pions; while 
in this analysis every hadron is included in the asymmetry evaluations; 

• the amplitudes a•in 24>, a•in 34> and a008 q, are consistent with zero within 'statis
tical errors of about,0.5% (only statistical errors are shown in the plots while 
systematic errors are estimated to be much smaller). 

4. The· results of this analysis are obtained with restriction z > 0.2 of the energy 
fraction of the hadron in order to assure that it comes from the current fragmentation 
region. This request removes almost one half of statistics. The tests have shown 
that with a lower cut, z > 0:05, the results are identical. 

5. The reported data are preliminary. New data of 2006 from the deuterium target 
will be added. These data will increase the statistics by about a fact~~ of 2. New 
data of 2007 from the. hydrogen target. will be very interesting in comparison with 
the effects already 'observed by the COMPASS and HERMES on the transversally 

polarized targets. 
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