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YAK 539.144.3/4 

H3MEPEHHE 3APR,IJ;OBbiX PA,IJ;HYCOB R,IJ;EP Ti 
METO,IJ;OM JIA3EPHOH PE30HAHCHOH Cl>JIYOPECI(EHI(HH 

IO.II.ranzpcKuu, C.F.3eMAJI.Hou, B.H.)[(e.MenuK, 
K.II.MapunoBa*, E.H.MapK06, Jl.M.MeAbHUK06a 

Opeli.CTaBJieHb! peJyJlbTaTb! HJMepeHHii paJHOCTeii Japl!)I.OBb!X pauHycos l!)l.ep Ti (Z = 22) s 
JI.HaOaJOHe MaCCOBb!X 'IHCM 44--50. J1COOJlb30BaJ1Cl! MeTOJI. JlaJepHOH qmyopecueHUHH B 
napannenbHOM ny'!Ke aToMos. 3Ha'!eHHl! paJHOCTeii Japl!li.OBb!X pauJ.~Ycos non)"'eHb! HJ HJMe­

peHHii HJOTOOH'!eCKHX Cli.BH£"08 B OnTH'!eCKOM nepeXOJI.e 3d_2 4s2 a3 P ~ 3d~ 4pl D O C li.JlHHOH 
BOJlHb! 586,6 HM . flposell.eHO cpaBHeHHe JaBHCHMOCTeii OT 'IHCJla HeHTpOHOB JHa'!eHHH Japl!li.O­
B0£"0 pauHyca llll.ep Ti H Ca. B OTJlH'!He oT l!ll.ep Ca s l!JI.pax Ti Ha6moll.aeTCll Henpepb!BHbrii 
poeT Japl!li.OBb!X pauHycos c yMeHbllleHHeM Maccosoro 'IHCJla. 

Pa6oTa sbmonHeHa s Jla6oparopHH llll.epHb!X peaKUHii HM .r .H.<I>neposa 0115111. 

Measurement of Charge Radii for Ti Nuclei 
by Laser Resonance Fluorescence Method 

Yu.P.Gangrsky et al. 

The results are presented of the measurements of the charge radii difference for Ti nuclei 
(Z = 22) in the region of the mass number 44-50. The method of laser resonance fluorescence 
in the parallel atomic beam was used. The values of charge radii differences were obtained 

from the measurements of the optical shifts in the optical transition 3d2 4ia3P ~ 
~ 3i4piD0on the wave length of 586.6 nm. The comparison of charge radii dependence on 
neutron number was performed for Ti and Ca nuclei . In contrast to Ca nuclei the continuous 
raising of charge radii is observed for Ti nuclei at mass number decreasing. 

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, 
JINR. 

J.13MepeHHe 3ap51)1.0BbiX pa,nHyCOB Sl,nep 51Bn51eTC51 O)J.HHM H3 H npasneHHH HCCne,noBaHHH 

HX CTPYKTYPbi. 3TH HCcne.nosaHHSI n03BOn51IOT nonY'!HTb Brut<:Hbie cse,neHHSI o TOM, KaK Me­

HSIIOTCSI pa3Mepbl H QJOpMa Sl,nep C H3MeHCHHeM B HHX HYKnOHHOfO COCTaBa. l1cnOnb30BaHHe 

na3epHOro H3flY'!eHH51 B 3THX HCCne,nOBaHHSIX n03BOn51eT ,lJ.OCTHrHYTb BbiCOKOH TO'lHOCTH 

H3MepeHHH H npOBO,lJ.HTb HX C ynbTpaManbiMH KOflH'IeCTBaMH Bei.UeCTBa. D03TOMY ,[(n51 H3Me­

peHHH CTaHOB51TC51 ,lJ.OCTynHbiMH 51,npa, ne)l(ai.UHe 6nH3KO K rpaHHI.le HYKflOHHOH 

CTa6HnbHOCTH H nony'laiOUlHeCSI B peaKUHSIX C HH3KHMH Ce'leHH51 MH . 

*YHHsepcHTeT r .Co¢HH, EonrapHll 



6 TaHZpCKUU IO.JI. u op. H3MepeHue 3ap.JI008blX paouyco8 .JIOep 

B ,nrumoif pa6oTe n pe,ncTaBJJeHhi peJynbTaTbi HJMepeHJ·IH Jap.SI,nOBbiX pa,n;uycoB .SI,nep B 

O,!I;HOH H3 IiHTepeCHbiX o6n acTeH (Me)f()zy JaMKHYTbiMH o6onOtiKaMH H3 20 H 28 HeHTpOHOB) 

,nn.SI l.(enotJKH HJOTonoB T i B ,nuanaJoHe MaCCOBbiX queen A = 44-50. Y:lKe nepBbie HJMe­

peHH.SI B :noif o6nacTH, BbmonHeHHbie ,nn.SI HJOTonoB Ca, noKaJanH Heo6bi'lHbie HJMeHeHH.SI 

Jap.SI.nOBoro pa,n;uyca [ 1]. C pocTOM tiHcna HeHTpOHOB B .SI,npe, HatiHHa.SI c N = 20, cHatJana 

npoucxo.n;HT poeT Jap.SI,noBoro pa,n;uyca, a JaTeM c N = 44 - ero na,n;eHHe, H Jap.SI,nOBbiH 

pa,n;uyc .SI.npa 
48

Ca (N = 28) cTaHOBHTC.SI npaKTHtJecKH TaKHM :lKe, KaK H y 
4
°Ca (puc.l). XoT.SI 

TaKoe noBe.n;eHHe Jap.SI,noBoro pa,n;uyca H KoppenupyeT c HJMeHeHHeM KBa,n;pynonhHOH ,ne­

cpopMai.(HH .SI,npa (2], yqeT TOnbKO :noro 3cpcpeKTa 003BOn.SieT nHlllb KatJeCTBeHHO OOHCaTb 

Ha6mo_naeM)'lO JaBHCHMOCTb. Jl;I.SI npaBHnbHOfO KOnH'IeCTBeHHCiro OOHCaHHSJ, 00-BH,!I;HMOMy, 

He06XO,!I;HMO YtJHTbiBaTb H .n;pyrHe cpaKTOpbl, TaKHe, KaK ,D;ecpOpMai.(HH 6onee BbiCOKHX nOp.SIA­

KOB, TOni.I.(HHa H HYKnOHHbiH COCTaB nOBepXHOCTHOrO CnO.SI . 

Ilpe.n;CTaBJJSJeT HHTepec npOBeCTH H3MepeHH.SI 3ap.SI,D;OBbiX paH,D;yCOB H ,nn.SI .n;pyrHX .SI,D;ep B 

3TOH o6nacTH, B nepByJO o qepe.n;b ,nnSJ HJoTonoB Ti (Z = 22), HMeJOII.{HX 2 npoToHa cBepx 

JaMKHYTOH o6ono'IKH. KpoMe Toro, HeHTpoHo.n;ecpHI.(HTHbie HJOTOnhi Ti xapaKTepH3)'lOTC.SI 

ManOH 3HeprHeH CBSJ3H np()TOHOB, H 3TO MO:lKeT npHBO,!I;HTb K 6onee lliHpOKOMY npOCTpaHCT­

BeHHOMy pacnpe.n;eneHHJO 3neKTpH'IeCKOro JapSI,na (npoTOHHOe rano HnH o6orameHHbiH npo­

TOHaMH nOBepXHOCTHbiH Cn OH .SI,D;pa) . 

Jln.SI onpe,neneHH.SI Jap SIAOBbiX pa,n;HycoB .s~.n;ep Ti 6biJIH npoBe.n;eHbi HJMepeHH.SI HJO­

TonH'IeCKHx c.n;BHrOB B aTOMHbiX cneKTpax Ti MeTO,D;OM peJoHaHCHOH naJepHOH cpnyopec­

l.(eHI.(HH. 3TOT MeTO,!I; OCHOBaH Ha pe30HaHCHOM B036Y:lK)l;eHHH aTOMHbiX ypOBHeH na3epHbiM 

H3nYtJeHHeM H Ha perHCTpaUHH COOHTaHHO HcnycKaeMbiX cpOTOHOB npH HX .n;eB036Y:lK)J;eHHH. 

3KcnepHMeHTanbHa.SI ycTaHOBKa 6biJia aHanOrH'IHa HCOOnbJyeMOH B HaUJHX npe,D;bUJ.YlliHX 

pa60TaX no H3MepeHH.SIM H30TOnH'IeCKHX C,!I;BHffiB B aTOMaX pe,D;K03eMenbHbiX 3neMeHTOB (3], 

Zr [4], Hf [5] . Jln.SI B036Y:lK,!J;eHH.SI aTOMOB HcnonbJOBanc.SI KOnbl.(eBoH naJep Ha KpacHTene 

(380D Spectra Physics), HaKatJHBaeMbiH HOHHbiM aproHOBbiM naJepoM HenpepbiBHoro 

.n;eifcTBH.SI (2030 Spectra P hysics). ATOMHbiH nyqoK, cpopMupyeMbiH CHCTeMoH KonnH­
MaTopoB, na3epHbiH nyq .H HanpaBneHHe perHCTpaUHH pe30HaHCHO-pacce.SIHHOro H3nYtJeHHSJ 

6biJlH B3aHMHO OpTOrOHanbHbiMH. 

THTaH OTHOCHTC.SI K TPYAHO Hcnap.SieMbiM 3neMeHTaM, no3TOMY ,nn.SI nonyqeHHSI .n;ocTa­

TO'IHO HHTeHCHBHOrO aTOMHOro nyqKa o6pa3Ubl o6nyqanHCb H;lJ!YtJeHHeM HMnynhCHOrO na-

3epa Ha HTTpHH - anJOMHHHeBOM rpaHaTe (JITYfHlJ-7), pa60TaJOII.{ero B pe:lKHMe MO­

.n;ynHpOBaHHOH .n;o6pOTHOCTH (,nnHTenbHOCTb HMnynbCa COCTaBnSJna 10 HC H MOII.{HOCTb HJny­

lJeHH.SI B HMnynbce .n;ocTHrana 5 MBT) [6] . IlpH TaKOH MOII.{HOCTH HJnyqeHH.SI Ha 

nOBepXHOCTH o6pa3Ua .o6pa 30BbiBanC.SI BbiCOKOTeMnepaTypHbiH nnaJMeHHHbiH crycTOK H3 

HeHTpanbHbiX aTOMOB, HOHOB H 3neKTpOHOB. IlpH OUTHManbHbiX ycnOBH.SIX o6nyqeHH.SI BbiXO,!I; 

aTOMOB Ti COCTaBJJ.Sin = 1013 
Ha O,!I;HH HMnynbC naJepa. 

PeJOHaHcHo-pacce.SIHHoe HJnyqeHHe cpoKycHpoBanocb CHCTeMOH nHHJ Ha KaTo.n; cpoTo­

YMHO:lKHTen.SI (ll>3Y-136), pa60TaJOII.{ero B pe:lKHMe C'leTa O,!I;HHOlfHbiX cpOTOHOB. 

3aBHCHMOCTb OT BpeMeHH HHTeHCHBHOCTH pacce.SIHHbiX cpOTOHOB, CHHXpOHH3HpOBaHHa.SI CO 

CKaHHpOBaHHeM 'laCTOTbl n a3epHOf0 HlnytJeHH.SI, JanHCbiBanaCb B naM.SITH nepCOHanbHOfO 

KOMnhJOTepa IBM A T286. B HJMepeHH.SIX o6bi'IHO HcnonbJOBanc.SI pe:lKHM MHoroKpaTHoro 

CKaHHpOBaHH.SI B Bbi6paHHOM HHTepBane tJaCTOT. IlporpaMMa HaKonneHH.SI HHcpOpMaUHH npe­

_nycMaTpHBana 6nOKHpOBKY BXO,!I;a BO BpeM.SI CKa'IKOB tiaCTOTbl na3epHOrO H3nYtJeHHSJ ,!1;0 B03-



raxzpcKUU IO.ll. u op. H3.MepeHue 3ap.ROOflblX paouycofl .ROep 

14.0 

! t 
13.5 

PHc.I . 3aBHCHMOCTb cpenHeKsaapaTH'IHoro Japll.llosoro paaHyca (/) (ssepxy) H 
napaMe-rpa KBa,apynonbHOH necpopMaUHH OT 'IHCna HeifTpOHOB ll.llpe )lnll HJOTO­

noB Ti ( ) H Ca (V) 

7 

BpameHHSI ee K nepBOHa'laJJbHOMY ypOBHIO CHCTeMOH CTa6HJ1H3auHH, 'ITO n03BOmiJIO H36e­

raTb HCKa)l(eHHH cneKTpa npH C60SIX pa60Tbl Jla3epa. 3¢¢eKTHB OCTb yCTaHOBKH 6bma Ta-

KOBa, 'ITO O.UHOMY HMnyJlbCY C <J>3Y COOTBeTCTBOBaJJO "" 109 
aTOMOB, BbJJleTeBUIHX H3 H3yqa­

eMOfO o6pa3Ua. 0Ha BKJliO'IaJJa .llOJliO aTOMOB B Bb16paHHOM KBaHTOBOM COCTOSIHHH H B .UO­

nnepOBCKOM KOHType B npe.uenax lllHpHHbl Jla3epHOH JlHHHH, noTepH aTOMOB 3a C'leT 

KOJlJlHMaUHH, a TaK)I(e 3¢¢eKTHBHOCTb perHCTpaUHH tPOTOHOB <J>3Y. 

B H3MepeHHstx onTH'IeCKHX cneKTpos Ti Hcnonb30BaJJHCb o 6pa3Ubl pa3JlH'IHoro sH.ua: 

nnaCTHHKa MeTaJJJlH'IeCKOfO THTaHa HaTypaJJbHOfO H30TOnHOfO COCTaBa, npecCOBaHHble Ta6-



8 TaHZpCKUU IO.JI. u op. H3MepeHue 3ap11008blX paouyco8 JIOep 

TafuJuna 1 

YposeHb E, CM-l I TepM. KoHqmrypauiDI 

HHJKHHH 8602 2 a3 p 3d2 4i 
sepxHHH 25644 3 y3 Do 3i 4p__ 

TafuJuna 2 

A, A' 44,46 46,48 47,48 48,49 48, 50 

~yA.A', Mfu 2020(70) 1776(9) 851(11) 883(2) 1670(10) 

neTKH H3 OKHCJIOB THTaHa, o6orameHHble O):(HHM H3 ero HJOTOllOB H o6nyqeHHble Jap~!:JKeH­

HbiMH tiaCTHUaMH MHllleHH, CO):(ep)l(amue pa):(HOaKTHBHbiH HJOTOn 
4'Ti (T112 = 47 neT). 

3ToT HJOTon 6hm nonyqeH B peaKUH~x : 

42Ca (a , 2n) 
44Ti 

27 AI e0Ne, p2n) 4'Ti 

51y (p, a. 4n) 4'Ti 

Ea.= 30 MsB 

ENe = 160 MsB 

EP = 80 MsB 

11cnonhJyeMbie HJ yKaJaHHbiX HJOTonos MHllleHH co.nep)l(anH "' 1013 
aTOMOB 

44Ti (Hx 

KOHQeHTpau~ B MHllleHH COCTaBn~a::: 10-7). 

113 aHanHJa npose.neHHbiX HaMH paHee uccne.nosaHHH onTHtJeCKHX cneKTpOB Ti [7] .nn~ 
HJMepeHHH HJOTOnH'IeCKHX C):(BHrOB 6bm Bbi6paH nepeXO):( C ):(nHHOH BOnHbl 586,6 HM MelK):(y 

ypOB~MH, xapaKTepHCTHKH KOTOpbiX npe):(CTaBneHbl B Ta6n . l. 

Ha puc.2 .naH O):(HH HJ npuMepos HJMepeHHhiX onTwieCKHX cneKTpos Ti. B cneKTpax 

Ha6mo):(aJOTC~ nHHHH, n p HHa):(ne)l(amHe H30TOnaM C 'leTHbiM MaCCOBblM 'IHCnOM 

(4'Ti, 4&ri, 48Ti, 5~i) H KOMnoHeHTaM csepxTOHKOH CTPYKTYPhi He'leTHbiX HJOTonos 

(47Ti, 49Ti). 3HatJeHH~ HJOTOnHtJeCKHX C):(BHrOB (paCCTO~HH~ MelK):(y nHHH~MH) npHBe):(eHbl B 

Ta6n. 2. 

YfJBeCTHO, '-ITO BeJIH'lHHa H30TOnH'IeCKOro C):(BHra onpe):(eJI~eTC~ HJMeHeHHeM MaCChi 

~pa u ero o6neMa [8]: · A' A 
fly A, A'= F!l ( r2 )A, A'+ M ~' , (1) 

r.ne fl ( ? ) - pa3HOCTb Cp e):(HeKBa):(paTH'IHbiX 3ap~):(OBbiX pa.nHyCOB ~.nep C MaCCOBbiMH 

'IHCnaMH A H A', F H M - cooTBeTCTBeHHO KOHCTaHTbi o6neMHoro H Maccosoro C):(BHros . 

II 6 ~ A A, A' ~ 
•TO bl H3 H3MepeHHbiX JHatJeHHH uV nOn)"'HTb 3Ha'leHH~ pa3HOCTeH Jap~):(OBbiX 

2 A A' 
pa.nHycos !l ( r ) · , Heo6xo.nuMo BbitJHCJIHTb KOHCTaHThi F H M. O.nHaKo B cnyqae Ti, .nn~ 
aTOMHbiX ypOBHeH KOTOporo xapaKTepHbl CMeCH KOHQJHrypaUHH, 3TH Bbi'IHCneHH~ CB~JaHbl 

C 60nblllHMH HeOnpe.neneHHOCT~MH. nosTOMY HaMH npHMeH~nc~ .npyroj.j nO):(XO):(, B KOTOpOM 

HCnOnbJOBanHCb HJBeCTHbie JHatJeHH~ fl ( ,J ) M~ nap H30TOnOB 
4&ri-48Ti H 

48Ti-5~i, 

I 

! 
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PHc.2. 3aBHCHMOCTb HHTCHCHBHOCTH pe30H3HCHOTU naJepHOTU HJn}"'CHIDI (f) OTero '13C­

TOTbl (V) 

9 

nony'leHHbie HJ C08MecTHoro aHanHJa 3KcnepHMeHTanbHbiX .na HbiX no ynpyroMy pacce­

.IIHHJO 3neKTpOH08 H no peHTreH08CKHM CneKTpaM MeJOaTOM08 (8). 3TH 3Ha1.JeHH.II ~ ( ? ) 
COCTaBn.IIIOT 

~ (? )46,48 =- 0,109(6) cPM2 H ~ (? )48,50 =- 0,164(9) cPM2. (2) 

0TpHUaTeflbHble 3Ha1.JeHH.II ~ ( r
2 

) 03Ha1.JaJOT yMeHbWeHHe 3 p.s!.ll08biX pa,nHyC08 C poe­

TOM 'IHCna HeihpoH08 8 .s!.[lpe, KaK H 8 HJOTonax Ca. nonbJY.IICb 3THMH 3Ha1.JeHH.IIMH 

~ ( ? ) H HJMepeHHbiMH JHa'!eHH.IIMH ~V .[lfl.ll nap H30TOn08 
46

T1- 4!!-ri H 
48Ti-5~i, MO)[(HO 

onpe.nenHTb JHatJeHH.II KOHCTaHT F H M. 0HH OKaJanHCb pa8HbiMH : 

ITu 
F = - 0,54(11) -

2 
, 

cPM 

M = 1895(200) ITu. (3) 
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3TH 3Ha'leHHSI KOHCTaHT nOJBOflSIIOT nonyqHTb BenH'IHHbl pa3HOCTeH 3ap.!mOBblX pa,u.HyCOB 

,ll.IISI BCeX npH.BeAeHHblX B ra6n.2 nap H30TOnOB. 

n 4&... 48T. so.... 
6 OCKOflbKY ,ll.IISI .~mep - 11, 1 H - 11 H3BeCTHbl H a COfliOTHble 3Ha'leHHSI 3ap~OBblX 

pa,u.HyCOB [9), TO nonyqeHHbJe senH'IHHbl f1 ( r 2 )A• A' Aa!OT B03MO:lKHOCTb onpeAenHTb 3Ha­

'leHHSI ( r 2 ) .unx scex .~mep Ti s AHanaJoHe A = 44-50 H Ha6n10AaTb HX HJMeHeHHe c pocTOM 

'IHcna HeiiTpoHoB B .~mpe. T aKaS! JaBHCHMOCTb HapS!ey c paccMoTpeHHOH Bbillle .llJIS! HJOTonos 

Ca npeACTasneHa Ha pHc.2 BHAHO, 'ITO npH N > 24 3TH JaBHCHMOCTH noAo6Hbi - YMeHb­

llleHHe Jap.~mosbiX pa,u.Hycos c pocToM N H c npH6nHlKeHHeM K JaMKHYTOH HeiiTpOHHOH 

o6ono11Ke c N = 28, 'ITO Bbl3biBaeTCSI, O'leBHAHO, YMeHbllleHHeM KBa,u.pynonbHOH Ae<iJop-

MaQHH .~mpa . B TO lKe speMSI npH N < 24 noseAeHHe JaBHCHMOCTeii ( r
2 

) oT N .llJISI Ti H Ca 

cTaHOBHTCSI paJnH'IHbiM. ,UnSI HJOTonos Ca JHa'leHHSI ( r
2 

) Ha'IHHa!OT na,u.aTb c yMeHb­

llleHHeM N, a .llJIS! HJOTonos Ti npoAOnlKaiOT pacTH, XOTSI .llJIS! o6oHx 3neMeHTOB xapaKTep 

H3MeHeHHSI KBa,u.pynonbHOH Ae<iJopMaQHH OAHHaKOB (YMeHbllleHHe C npH6nHlKeHHeM K JaMK­

HYTOH o6ono11Ke c N = 20). BoJMOlKHO, 'ITO npH'IHHOH TaKoro paJnH'IHSI SIMSIIOTCSI 6onee 

HHJKHe JHa'leHHSI 3Heprnw· CBSIJH npoTOHOB H a-qacTHU B .~mpax Ti no cpasHeHHIO c S!ApaMH 

Ca c TeM )l(e 'IHcnoM HdhpoHoB. HanpHMep, npH N = 22: 

42ca 

44Ti 

B2P = 18,1 M3B 

B2P = 13,6 M3B 

Ba. = 6,8 M3B 

Ba. = 4,8 M3B. 

Eonee HHJKHe JHa'leHHSI B2 H B Moryr npHBOAHTb K 6onee IIIHpOKOMY pacnpeAe-
P a. 

neHHIO npOTOHOB B .~mpe, 'ITO OTpa)l(aeTCSI Ha 3Ha'leHHSIX HX 3ap.!mOBblX pa,u.HyCOB. TipeACTaB­

RS!eT 6onbliiOH HHTepec pacnpocTpaHHTb 3TH HJMepeHHSI Ha 6onee nenme HJOTOnbl Ti, rAe 

3TOT 3<lJ<lJeKT MO)I(eT npOS!BHTbCSI 6onee pe3KO. 

B JaKniO'IeHHe asTOpbi Bbipa)l(aiOT 6naroAapHOCTb IO.U.OraHeCSIHY H 10.3.TieHHOH)I(Ke­

BH'IY Ja nocTOSIHHblH HHTep ec K pa60Te, B.A.XanKHHY H H.T.3aiiuesoii Ja npeAOCTasneHHe 

o6nyqeHHOro o6paJua saHa,u.HSI H 3KcnnyaTaUHOHHOH rpynne UHKnoTpoHa Y-200 Ja o6ny­

'leHHe o6pa3QOB. 

Pa6oTa BbmOnHeHa npH <lJHHHHcosoii noMep)I(Ke PoccHHCKoro <PoHAa <PYHAaMeHTanb­

HblX HCCflCAOBaHHH (rpaHT 94-02-06476-a). 
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Five quasi-stationary states of 13Be populated in the reaction 14C( 11 B, 12N) 13Be at 
£lab= 190 MeV are reported. A Q-value, Q0 = -39.60(9) MeV, and a mass excess, 

M.E. = 33.95(9) MeV, have been found for the lowest observed spectra l line. The ground state 
is therefore unstable with respect to one-neutron emission by 0.80(9) MeV. Excitation energies 
of 1.22(10), 2.1(2), 4.3(2) and 7.0(2) MeV have been obtained for the bserved spectral lines. 

The investigation has been performed at the Laboratory of Nuclear Reactions, JINR. 

CneKTpOCKODHJI 
13

Be 

A.B.EeJwJepo« u iJp. 

Ha6molleHbl nnb K8aJHCTaUHOHapHblx ypo8Heii llllpa 13Be, Jace.neH hiX 8 peaKUHH 14C(' 1B, 
12N) 13 Be npH 3HeprnH £1ab = 190 M3B. 11JMepeHo JHa'!eHHe Q-peaKUHH pa8HbiM 

Q
0 

= 39.60(9) M3B H onpelle.neH JlerjleKT MaCChi llllpa 13Be M.E. = 33.95(9) M3B, cooTBeTCT­

syiOwHii HaH60JJee HHJKOJleJKaweii cneKTpaJJbHOH JlHHHH. C!le.ITaH 8biBOll, 'ITO OCHOBHOe COCTO­
liHHe llllpa 138e HeCTa6HJlbHO no OTHOWeHHIO K HCnycKaHHIO OllHOl"O HeiiTpoHa Ha 
0.80(9) M3B. Onpe!le.neHbl TaKJKe 3HeprnH BOJ6ylKJ1eHHbiX cocrOliHHH 1.22(10), 2.1(2), 4.3(2) 
H 7.0(2) M3B. 

Pa6on BblnOJJHeHa 8 Jla6opaTOpHH llllepHbiX peaKUHH 0115111. 

Recently the double-charge-exchange reaction 13q 14C, 140) 13 Be at Elab = 337.3 MeV 
13 . 13 was used to populate the states of Be [ 1] . A prectse mass measurement of Be was 

performed for the first time, but low statistics prevented the conc lusion that the ground state 
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was observed, and therefore the actual mass of 13Be in its ground state remained an open 
question . 

The present paper is devoted to the investigation of 13Be with the reaction 14c 01 B, 
12N) 13Be at Elab = 190 MeV. The self-supporting 360 jlg/cm2 carbon foil enriched to 70% 

in 14C was used as the target. With the goal to take into account background contributions 
. . f h d . f 12C d 160 . h 14C h . 12C(IIB arismf rom t e a mixtures o an m t e target, t e reactions , 

12N)1 Be and 160( 11 B, 12N) 15c were measured using a natural carbon target of 400 jltcm2 

and an oxygen target consisting of a 1.1 mg/cm2 thick layer of W 0 3 on a 270 jlg/cm gold 

backing, respectively. The experiments were performed at the JINR cyclotron U-400, 
Dubna, using the MSP-144 spectrograph [2) placed at the reaction angle Slab= 4.6°. The 

opening of the entrance slits was 1.0° horizontally and 1.5° vertically. The focal-plane 
detector [3] consisted of a four-section ionization chamber (~£1 , ~£2 , Eres' veto) and of two 

proportional counters as position sensitive detectors (x1, x
2

). The distance between the two 

resistive wire anodes was 60 mm. The particular exit reaction channel, viz 12N, was selected 
unambiguously by using the standard off-line procedure [ 4] consisting in applying 
successively contour gates to defferent two-dimensional plots of events in the parameter 
space (M1, x1, ~E2 , x

2
, Eres). Details concerning the absolute device calibration, the 

coordinate linearization, the run calibration and other data processing procedures will be 
presented elsewhere [5] . 

All runs were calibrated using the reaction 14q 11 B, 13Nl 12Be and/or 12q 11 B, 13N) 10Be 
and/or 160( 11 B, 13N) 14C, performed before each run and/or afterwards, with the 14C and/or 
12C targets. A precise energy calibration in the present case relies on spectral lines of the 
most strongly populated states in the two-proton pickup reactions, i.e., the g.s. and excited 
states at 2.102 and 4.56 MeV of 12Be [6], the g.s. and excited states at 3.36803 and 
5 .95839 MeV of 10Be [7], and the g.s. and the 7.012 MeV excited state of 14C [8]. 

The reaction produ_cts registereq for a particular exit channel and collected in a 
calibrated run were processed event-by-event so that their x

1 
and x

2 
coordinates were used 

to reconstruct the particle trajectories in the spectrograph, and as a result the kinematical 
and the optical broadenings of spectral lines were taken into account and reduced [5] . This 
procedure allows one to construct the resulting spectra of any calibrated run in the frame 
of reference of excitation energies of the final nucleus of interest, say of 13 Be (or 12 Be) in 
runs with the 14C target as well as in runs with 12C or 160 targets which have been used 
for background measurements. An obvious advantage of such a choice is the fact that the 
spectra become invariant with respect to experimental conditions in different runs, and 
therefore the background due to even large impurities in the target can be subtracted 
correctly. This can be seen in Figs.l-4. 

The top part of Fig.l shows the complex spectrum of 13N ions from the reaction ( 11 B, 
13N) performed with the 14C target. It is a sum of 12 spectra acquired during different 
calibration runs. The bottom part of Fig.l shows two backfround spectra displayed as 
negative. The first one is a spectrum of"the reaction 12C( 11 B, 3N) 10Be with the 2C tarr,et 
~a sum of l 0 calibration ru ns) and the second one is a spectrum of the reaction 160( 1 B, 
3N) 14C with the 160 target. Both background spectra were normalized to the amount of 

12c d 16o d . . h I4c an a mixtures m t e target. 
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Fig.!. 13N-spectra of the (11 B, 13N) reaction measured at E
3
b= 190 MeV and 

91ab = 4.6° on the 14C target (upper part), which contains also 12C and 160 and of the 

reactions 12C( 11 B, 13N) 10Be and 160( 11 8, 13N) 14C on the 12C and 160 target, respectively 
(lower part). The background spectra (lower part) were taken under equivalent 
experimental conditions as the upper part spectrum and were normalized to the amount 
of 12C and 160 admixtures in the 14C target. All spectra are displ ayed in the frame of 
excitation energy of 12Be ' 

13 

Figure 2 displays the 13 N-spectrum of the reaction 14C( 11 B, 13N) 12Be after subtraction 
of the background spectra of Fig .!. It illustrates the reliability of the applied data processing 
procedure, as the final spectrum exhibits small and randomly- dist ributed residual counts in 
spite of the considerably high level of subtracted admixture spect ra. 

The spectral lines of the complex spectrum in Fig. I were fitted with Gaussians (not 
shown) with the width of 680 keY. Taking into account the energy loss difference for the 
entrance and exit channels (e.g., 348 keY for the g.s. of 12Be) we find a beam energy spread 
of about 580 keY . 

In analog~ to Fig. I the upper part of Fi~.3 shows the complex spectrum of 12N ions of 
the reaction ( 18, 12N) performed with the 4C target. It is a sum of 22 spectra collected at 
different times in calibrated runs. The lower part of Fig.3 show two background spectra, 
one from the reaction 12C( 11 B, 12N) 11 Be as a sum of 10 calibrated runs with the 12C target 

. 16 II 12 IS · 16 and the other from the reactiOn 0( B, N) C with the 0 target. Both background 
spectra were normalized to the amount of 12C and 160 admixtures in the 14C target. 

The 12 N-spectrum shown in Fig.4 displays resonances of 13Be from the binary reaction 
14q 11 B, 12N) 3Be as well as a very complex continuum relate to three- and more-body 



14 

> 
"' ~ 

0 
0 
N 

> 
"' ~ 

0 
0 

"' '-
"' c: 
:l 
0 

" 

2000 

1500 

1000 

500 

0 

.; 
0. 

N 

N 
0 
~N 

N~ 
N 

Belozyorov A. V. et al. Spectroscopy of Be-13 

r 
~ 
10 
if) 

...,: 

0 ,.... 
..; 

••cc "B. 13N) 12Be 
190 MeV 
4.5 deg 

o~::l:: .. 1\rl••••'":cfi'N:•._~,r.?,j,I,\.,J,,1,~·'··~ 
-12 .0 -8.0 -4.0 0 .0 4.0 8.0 12.0 15.0 

E,( 12Be) MeV 

Fig.2. Spectrum of the 14C( 11 B, 13N) 12Be reaction after subtraction of the background 
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Fig.3. 
12

N-spectra of the (
11

8, 12N) reaction measured at £lab = 190 MeV and elab = 4.6° 

on the 
14

C target (upper art) and of the reactions 12C( 11 B, 12N) 11 Be and 160( 11 8, 
12

N)
15

C on the 
12

C and ,fo target, respectively (lower part). The background spectra 
were normalized to the amount of 12C and 160 admixtures in the 14C target. All spectra 
are displayed in the frame of excitation energy of 13Be 
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Table. 13Be mass excess and excitation energies 

Em (MeV) M .E. 1J(MeY) M.E. 1J(MeY) M .E.1)(MeY) M .E.1l (MeY) 

this work this work [I] exp. [I] calc. 

0.0 33 .95(9)2
) 34.05(112+) 

35.45(312")• 

1.22(10) 35 .17(6) 35 .16(5) 35.60(5/2+) 

2. 1(2) 36.05(15) 35 .85( 1/2") 35 .59( /2") , 

37.27( 1/2+) 

4 .3(2) 38.25( 18) (38 .28(9) 37.65( 12+). 

7.0(2) 41 .0(2) 41 .66(20) 

1l-rhe identification of calculated. levels with measured resonances is tentative only. 
2>with this mass excess 13Be is unstable against one-neutron emission by 0.80(9) MeV. 

[II] calc. 

34.31 (112") 

34.36(5/2+) 

35 .86(112+) 

15 

processes. The resolution in the present experiment was about 2 times worse than in ref.[ I]. 

but the achieved statistics were about 26 times higher. It allow d us to see most probably 

the g.s. transition and therefore to measure the g.s. mass excess of 13 Be (Table) . The ground 
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Fig.5. Spectrum of the 12C( 11 B, 12N) 11 Be reaction at Elab = 190 MeV and Slab= 4.6°. 

The lines have the same meaning as in Fig.4. Numbers in the spectrum correspond to 
excitation energies of known levels of 11 Be in units of MeV 

state transition corss section was estimated to be of the order of I jlb/sr. Though the 
unbound states require the shape of Breit-Wigner resonances, the necessity to fold in a 
resolution of about 680 keY justifies probably the unfolding of the spectrum with 
Gaussians. The lowest three spectral lines of 13Be in Fig.4 were fitted with the width of 
770 keY. With about 300 keY for the intrinsic width of the most strongly populated state 
in 13 Be, as it was estimated in [1], and 378 keY energy-loss difference for the ( 11 8, 12N) 
reaction on the 14C target, we find a beam energy spread of about 600 keY. This means that 
the long-term energy spread of the beam, together with the cumulative error of the absolute 
beam energy due to the energy uncertainty of 22 particular runs, do not exceed significantly 
the above-mentioned value of 580 keY for short-term exposures . 

The high probability that three~ or more-body processes would result in a continuum at 
high excitation energy f.re vented to identify some bumps in the spectra as highly excited 
states (resonances) of 1 Be. No attempt was made' to unfold the continuum with many-body 
components . Though the sequential decay of an excited ejectile into the detected particle 

and the residuum, i.e ., the channel 13N* ~ 12N+n, should be important [9,10], only a 
three-body phase-space distribution corresponding to the three-body continuum 
12N + 12Be + n (normalized somewhat arbitrarily) is displayed in Fig.4 . 

Figure 5 shows the spectrum of 12N·ions from the reaction 12C( 11 B, 12N) 11 Be with the 
12

C target. Two runs were performed at magnetic field settings that allowed us to see also 
the 11 Be g.s. transition. The achieved resolution of 716 keY did not allow us to distinguish 
clearly spectral lines corresponding to the lowest two states, namely to the non-normal-



Belozyorov A. V. et al. Spectroscopy of Be-13 17 

parity g.s. (1 rr. = 11 2+) and to the first excited state at 0.32 MeV (lrr. = 11 2-), but we see 
that they both are weakly populated with approximately equal stre gths. The most strongly 

populated state in this reaction is the one with 1rr. = 5/2+ at 1.78 MeV. 
Comparing Fig.4 and Fig.5 we observe a strong resemblance between both s~ectra, 

especially concerning the low-lying excited states. It indicates that the state of 1 Be at 
1.22 MeV, most strongly populated in the reaction 14q 11 B, 12N) 13Be, can be assigned 

tentatively as 1rr. =51 2+. The mass excess of this resonance (Table) and the tentative spin 
assignment are in perfect agreement with the lowest resonance found in [I] for 13Be. How­
ever, in our measurement we find a resonance that lies lower at the mass excess of 33.95(9) 
MeV, and which we identify as the ground state of 13Be. Supposing that this resonance 
corresponds to the single neutron configuration v2s1/2, an intrinsic width of about 1 MeV 
is estimated from an R-matrix calculation with a decay energy of 0.8 MeV. The present 
experiment does not exclude strictly such a large width for the lowest observed spectral line 
of 13Be, but a v1pl/2 single neutron configuration for the g.s . of 13Be cannot be excluded . 
Therefore no definite conclusion about the parity of the. 13Be grou d _state with the tentative 
assignment 1 = 1/ 2 can be made. 

The results of the 13Be mass measurement and of the excited states found in the present 
experiment are given in the Table (first two columns), together with experimental results of 
Ostrowski et a!. [1] (third column), and values calculated within the shell model with a 
mean field of Woods-Saxon shape and a zero-range density-dependent pairing interaction 
[ 1] (fourth column). In the fifth column, (0 + 1 )fiw shell-model calculations of Poppelier et 
a!. [11] with the realistic Reid soft core potential for deriving the two-body matrix elements 
are shown. 

Detraz and Vieira [ 12] have pointed out that in the light ass region the measured 
masses are systematically about 1-2 MeV lower than those redicted by the Garvey­
Kelson mass relationship [ 13]. In fact, Janecke and Masson [ 14] and Co may et a!. [ 14] give 
mass excess values of M.E. = 35.24 and 35.30 MeV, respectively, i.e., values which are 
about 1.3 MeV higher than our result. On the other hand, the microscopic-macroscopic 
model prediction of Tachibana eta!. [14], namely M.E. = 34.20 MeV, is in good agreement 
with the value found in the present experiment. 
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CONCENTRATIONS OF HADRONS 
AND QUARK-GLUON PLASMA IN MIXED PHASE 

A.A.Shanenko, E.P. Yukalova, V.I. Yukalov 

This paper presents the results of the first investigation of a new statistical model of 
deconfinement at finite baryon densities. The model takes into consideration a mixed phase of 
nuclear matter. In this state one can find hadrons as well as unbound quarks and gluons. The 
investigation of such a mixed state allowed us to get a quantitative agreement with the lattice 
QCD predictions for the zero baryon density. Due to the absense of reliable lattice results 
beyond the zero baryon density, the predictions for the fioite baryon densities in the frame of 
the statistical model are of great importance. 

The investigation has been perfonned at the Bogoliubov Laboratory of Theoretical Physics, 
JINR. 

KouueuTpauuu a)l.pouos u KBapK·fJIIOouuoii DJiaJMbi 

B CMeWaHHOH cl>aJe 

A.A.illanemco, E.ll.IOKO..!lOBa, B.H.IOKO..!lOB 

B CTaTbe npellCTaRJJeHbl pe3yJJbTaTbl nepBbiX HCCJJellOBaHHH HOBOH CTaTHCTH'!eCKOH MO)IeJJII 
)leKOHcjlaHHMeHTa np11 HeHyJJeBbiX 6apHOHHbiX nJJOTHOCTliX. 3Ta MO)IeJJb Y'JIITb!BaeT CMelllaH­
HYIO cjlaJy llllepHOfO sewecTBa, B KOTOpOH anpoHbl cocywecTBYIOT C HeCBll3aHHbiMII KBapKaMII 
II rJJIOOHaMH . Y'leT TaKOfO CMelllaHHOfO COCTOliHI!ll nOJBOJIIIJI HaM nOJJY'JIITb KOJJH'IeCTBeHHOe 
comac11e c npencKaJaHHliMH KXIl Ha peweTKax liJ!ll Hynesoii 6apHOHHOH nJJOTHOCTH. TaK KaK 
B HaCTOliWee BpeMll HeT Ha)leJKHbiX perneTO'IHbiX pe3yJJbTaTOB liJ!ll HeHyJJeBbiX 6apHOHHbiX 
nJJOTHOCTeH, npellCKaJaHI!ll paccMaTpi!BaeMOH CTaTIICTH'IeCKOH MOlleJJ II B YKaJaHHOH OOJJaCTII 
TepMOlli!HaMH'IeCKIIX nepeMeHHbiX llllepHOH MaTepHH OCOOeHHO BaJKH I. 

Pa6oTa BblnOJJHeHa s Jla6opaTopHH TeopeTH'!ecKoii cjlHJHKH HM.H H.EofOJJJ06osa OIUIH. 

Recently a new statistical model of deconfinement has been advanced [1-3] . The 
fundamentals of this model consist in taking into account a mixed phase of nuclear matter. 
The mixed phase is the state where unbound quarks and gluons coexist with hadrons. 
Probing the model at zero baryq.n density demonstrates the crucial importance of con­
sidering the mixed phase for adequate description of deconfinement. Indeed, near the de­
confinement point the hadronic state as well as quark-gluon plasma turned out to be less 
advantageous than the mixed phase, from the thermodynamic p int of view [ 1-3 ]. Besides, 
assuming only two possible states for nuclear matter: the hadronic phase and quark-gluon 
plasma, the traditionally used statistical models [ 4-7] predict the first order for decon­
finement. On the contrary, lattice simulations testify to the gradual type of this phase 
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transition in nuclear matter at zero baryon density [8-11]. The problem is solved with the 
new statistical model, for the coexistence of hadrons and quark-gluon plasma provides the 
gradual character of the deconfinement at zero baryon density. 

The effective Hamiltonian of our model has the following form: 

H = L f ~ (x, s) d- V2 + Ap- 1) \jl (x, s) dx + g g 
s + 

+ L L f 'V)X, s) d- V2 + m~ + Ap- "") \jla(x, s) dx + 
a Jr + · 

+ L L \jlnj (x, s) cJ- V
2+ M~J + Un) \jlnj (x, s) dx- CV. (1) 

nj s 

In expression (1) we have 

- { -y( . -y) cl> } U nj = n A p I - ( 1 - w pi) + 
9 

p ( 1 - w pi) , (2) 

C = ~ p1 
- 'Y ( (1 - w 1)

1
- y_ 1 ) + ~ p2 (1 - wp/' 

1 - y p 
(3) 

where 

p = p + " p + " np . ' g.£... a£... n] 

f nj 
w I :: - (p + " p ). p p g .£.... a 

(4) 

a 

In the above equations, \jl . (x, s) stands for the field operator of the particles of the i-sort: 
I 

i = g corres.Ponds to unbound gluons; i = a, to unbound quarks of the a-kind 
(a = u, u, d, d); i = nj, to the j -sort of hadrons made of n constituents. The density of the 
particles of the i-kind is denoted as p . ; m stands for the bare mass of the quarks of the 

1 a . . 
a-sort; M . is the mass of the nj-clusters . Constants y, A, cl> have the values : y = 0.62, A = 

nJ 

= 2253
Y+ 

1 Mev3
Y + 

1
, ci> = 4.1 ·10-s MeV-2

. Details of deriving this Hamiltonian can be 
found in papers [1-3]. 

This short communication presents the results of the first investigation of the model at 
nonzero baryon densities. Due to the absence of reliable lattice evaluations for thermo­
dynamic quantities of nuclear matter beyond zero baryon density [ 12], predictions for the 
finite baryon densities in the frame of the new statistical model are of great interest. The 
results concern the concentrations of particles-constituents of nuclear matter at temperatures 

0 < 9 < 700 MeV and baryon densitites 0 < n;n08 < 20 (n
08

"' 1.33·106 MeV3 
, the baryon 

density of the normal nuclear matter). The quantity 

np . 
w . ::....:....!!1 

nJ p 

is the concentration of the hadrons of the nj-type. The concentration of the quark-gluon 
plasma wpl is defined in (4 ). Besides, it is convenient to use the concentration of then-

particle clusters 
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j 

w . . 
nJ 
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Why are we interested in the concentrations? Knowing the behaviour of the concentrations 
we can figure out the scenario of deconfinement. There are three basic possibilities for the 
deconfinement scenario: 

(i) First, deconfinement can be the result of the hadronic fusion. Indeed, it is well 
known that the density of hadrons rises when increasing baryon density or/and temperature 
of the hadronic phase. So, the hadron interaction becomes harder. This implies that hadrons 
can cluster into bigger hadrons with the increase of 8 or/and n

8 
[13]. The end of the process 

of the hadronic fusion is the formation of a giant quark-gluon cluster when the system 
reaches close packing of hadronic spheres. The giant cluster occupies all the system in 
which quarks and gluons, hence, can move freely . 

(ii) Second, deconfinement may also be the effect of the hadron disintegration into their 
constituents. Really, increasing the temperature or/and baryon density, the energy of had­
ronic collisions rises, too. Hard collisions can result in hadron disintegration to smaller 
hadrons and, may be, into their unbound constituents. Note, that the absence of colour 
particles among the products of the collisions of the isolated hadrons, does not prove that 
unbound quarks and gluons cannot appear in the hadronic collisions inside nuclear matter 
where the conditions of particle existence differ from those in vacuum . 

(iii) Third, unbound quarks and gluons are able to appear in the hadronic collisions 
inside nuclear matter due to the generation from vacuum, which can be realized without any 
fusion or disintegration of particles. The increase of the collisio energies, that occurs with 
the rise of temperature or/and baryon density, can intensify the generation of unbound 
quarks and gluons from vacuum and lead to their predominance in nuclear matter. 

Perhaps, some of the mentioned possible scenarios of the deconfinement can coexist. 
Thus, the aim of investigating the concentrations is to realize the true scenario of decon­
finement. 

In the hadronic sector of the model we took into account the mesons with the masses 
less than 800 MeV, nucleons and anti-nucleons. These particles play the major role among 
hadrons in nuclear matter with low baryon densities n

8 
< n

08
. Besides, multibaryons (six-

quark clusters, nine quark configurations, etc.) and their anti-partners have been also taken 
into consideration. These exotic hadrons can make a significant contribution to the ther­
modynamic quantities of nuclear matter at high baryon densities n

8 
> n

08 
[14-17] . The 

specifications of mu1tibaryons were chosen as in the papers concerning the simplified 
variant of the model [ 18, 19]. Our investigation provided the following results . The large 
n-quark clusters with n > 6 do not survive in nuclear matter. For their concentrations we 
have found the estimate 

n>6 

The concentrations of other hadrons and quark-gluon plasma as functions of temperature 
and baryon density, are given in Figs. f-5 . Here some notatio s are changed to present the 
results more clearly . In particular, w denotes the concentratio of pions, w = w

2
- w 

n ~pro n 

stands for the total concentration of 11-, p- and ffi-mesons . The umerical data are presented 
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Wp1 

Fig. I. The concentration of the quark-gluon plasma versus tempera­
ture and relative baryon density 

w 
1)pw 

ln 

Fig.2. The behaviour of the pion concentration for various tempera­
tures and baryon densities 
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0 
C) 

Fig.3 . The total concentration of Tt-. p-, ro-me ons 

----

Fig.4. The concentration of three-quark clusters 
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in the figures with the step 0.3n
08 

in baryon density, from 0.3n08 up to 20n08, and with the 

step 20 MeV in temperature, from zero up to 700 MeV. The derived data demonstrate that 
deconfinement in nuclear matter has nothing in common wit the result of the hadron 
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w6 

Fig.5. The concentration of six-quarks as function of temperature and 
relative baryon density 

1.00 --, 

w 
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Fig.6. The . concentrations of the main particles-constituents of nuclear 
matter as functions of temperature at n8 = n08 

fusion into the giant quark-gluon cluster. Deconfinement is caused by both: disintegration 

of hadrons into their unbound constituents and generation of unbound gluons and quarks 
from vacuum. To clarify the details, let us consider which processes take place in nuclear 

matter with the quasistatic increase of temperature of baryon density. As the starting point 

we choose the point corresponding to the normal nuclear matter 8 = 0, n
8 

= n
08

. To simp-

lify the consideration, the concentrations of the main particles-constituents of nuclear matter 
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Fig.7. The concentrations of six-quarks clusters, three-quark configura­
tions, and the quark-gluon plasma for various baryon densities at zero 
temperature 
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are presented in fig .6 for the fixed baryon density nB = n
0

B and in fig .7 for the case of zero 

temperature. At first, the increase of temperature or baryon de sity of the normal nuclear 
matter leads to the rapid rise of the concentration of sixquark co figurations . So, in the case 
of the fixed baryon density nB = n0B' the nucleons which prevail at zero temperature, lose 

their predominance ate= 40 MeV, where w
3 

= w
6 

= 0.5. In its tum, for the fixed tempera­

ture e = 0, the sixquark clusters become dominating at nB "" 4 nOB" Remind, that new par­

ticles can appear in nuclear matter via transformations of the primordial hadrons which 
exist in the system at e = 0, nB = n

0
B' for example, via fusion of small clusters into bigger 

configurations. In this case, the full number of quarks in the system does not change. 
Besides, new particles can arise without any hadronic disintegration or fusion by means of 
the generation from vacuum when a part of the energy of colliding particles is spent for 
this. In that case the full number of quarks and gluons before particles collision differs from 
this number after the reaction. Our calculations have show that the generation from 
vacuum in nuclear matter at nB > n0B can play a significant role only ate> 80 MeV . Thus, 

one can conclude that the hadronic fusion causes the changes with temperature increasing 
from zero to 40 MeV (nB = n0B) or baryon density rising from n0B to 4n0B (9 = 0). But the 

subsequent rise of the temperature or baryon density is acco panied by the gradual de­
crease of the sizes of the particles predominating in nuclear matter. In particular, with the 
fixed temperature 9 = 0 and for all values of baryon density II B > 6nOB' the hadronic COn-

centrations are decreasing functions of nB, while w pi is an increasing function of baryon 

density. As to the situation at nB = "OB' it is more complicated and, correspondingly, inte­

resting . In the temperature range from 40 MeV to 80 MeV the concentration of sixquark 
clusters diminishes so that at 80 MeV again nucleons become dominating in the system: 
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w
3 

= 0.6, w
6 

."" 0.4. Further, at 9 = 150 MeV the coexistence of the three-quark clusters, 

pions and the quark-gluon plasma mainly determines the thermodynamic properties of 
nuclear matter: wpl = 0.35, wn = 0.30, w3 = 0 .25. Finally, at 9 = 200 MeV the quark-gluon 

plasma already prevails: w 1 = 0.6, w = 0.2, w = 0.1, w
3 

= 0.1. Thus, the deconfine-
P 1t 11 pro 

ment which occurs at zero temperature with increasing baryon density, is the result of 
disintegration of sixquark clusters and nucleons into unbound quarks. On the other hand, 
the deconfinement taking place at the fixed baryon density n

8 
= n

08 
with rising tempe-

rature, is mainly caused by generation ofthe inbound quarks and gluons from vacuum. Of 
course, there is such a process of simultaneous increase of temperature and baryon density 
at which both, generation from vacuum and disintegration of hadrons, are equivalent part­
ners leading the system to deconfinement. . 
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O.[(HOCIII:IHOBA.SI III:IOHHA.SI ACI:IMMETPI:I.SI 

B PEAKQI:II:I di +A ---7 1t±(90°) + X 

1 r.C.A6epu'le6, r.AlaJCUUJUe6, M.3.AcaJt06a, IO.T.Eop3yH06, H.ruopoauecKy , 
JI.E.FoJZoBauoB, JI.r.ryceiiuaJlueB1

, H.36opo6c~eu 3, IO.H.MuuaeB, 
4 H.C.Mopo3, A.C.Hu~eutjJopoB, IO.A.llaue6pamq.eB, M.lleuq..Jl , 

E.B.llompe6euuKoBa, C.B.Pa1uu, M.K.CyJZeiiM.auoB5, A.ll.UBuueB, 
- 6 

M.B.ToKape6, E.H.illaxaJlUe6, C.C.illuM.aHCKUU, r.II.illKopo , B.H.IOpe6U'l 

npo8eAeHbl nep8ble 3KCnepHMeHTbl no HJMepeHHIO OAHOCnHH080H aCHMldeTPHH 8 peaK!.{HliX 

HHKJIIOJH8HOI"O nHOH006paJ08aHHll 

di + H ~ 1t±(90°) + .. • 

di + c ~ 1t±(90°) + ... 
HJMepeHHll 8bmOJJHeHbl Ha n)"!Ke noJ!JipHJ08aHHbiX AeiiTPOH08 c HxpocpaJoTpoHa JIB3 

0H51H. ACHMMeTpHll AOCTHraeT 30% npH HMnynbce AeiiTpoHHOI"O n)"!Ka P d = 4,2 f 38/c H 

YMeHblllaeTCll C pOCTOM pd AO HeCKOJibKHX npOUeHT08 npH 9 f38/c. Jlnll 8TOpH'!HbiX nHOH08 C 

HMnyllbCOM 300 M38/c HaMIOAaeTCll paJHH!.{a 8 JHaKe 8eKTOpHOH aHaJIH3HpyiOII.Ieii cnoco6-

HOCTH AJill 1t+- H 1t- -MeJOH08. non)"leHO yKaJaHHe Ha 60JiblliYIO 8eJIH'IHHY 8eKTOpHOH 

aHanHJHpyromeii cnoco6Hocm AJill 1t- -MeJOH08 c HMnyJibcaMH 300 + 400 M3B/c npH HMnynbce 

AeHTpOHHOI"O n)"!Ka p d = 6,5 f38/c. Jlnll AeiiTpOH08 C HMnyllbCOM P d = 9 f38/c 8eJIH'IHHa 8eK-

TOpHOii aHanHJHpyromeii cnoco6HOCTH A
1
, He npe8blwaeT 10% 8 HeKyMynliTH8HOii H npeAKYMY­

JiliTH8HOii KHHeMaTH'IeCKHX 06naCTliX . 

Pa6oTa 8bmonHeHa 8 Jla6opaTopHH 8biCOKHX 3Heprnii OH51H. 

One-Spin Pion Asymmetry in the di +A ~ 1t±(90°) +X Process 

G.S.Averichev et al. 

The one-spin asymmetry in the 

di + H ~ 1t±(90° ) + .. . 
di + c ~ 1t±(90°) + .. . 

inclusive pion processes has been measured for the first time using the polarized deuteron 

beam of LHE JINR Synchrophasotron. The asymmetry goes up to 30% at deuteron beam 

16yxapeCTCKHii YHH8epCHTeT, PyMbiHH~ 
' . - A 3ep6aiiJIJKaHCKoe HaUHOHaJibHoe a3pOKOCMH'IeCKOe areHTCTBO 
3!-UIC!> AK3JleMHfl HayK l!eXHH 
4

HAC!>, 6yxapecT, PyMbiHH~ 
5ci>H AK3JleMHH HayK A3ep6aiiJIJKaHa 
6H51H BHH'Ia, IOrocnaoHll 
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momentum Pd=4.2 GeY/c and decreases to few per cent with increasing Pd up to 9 GeY/c. 

An indication of the large value for vector analyzing power has been observed for 1t--meson 
with momentum 300+ 400 MeV /c at deuteron beam momentum P d = 6.5 Ge V /c.The difference 

of the sign for vector analyzing power has been observed for 7t+- and 1t--mesons. The value 
of the vector analyzing power for deuteron with momentum P d = 9 Ge V /c does not exceed 

10% in cumulative and precumulative kinematical regions. 
The investigation has been performed at the Laboratory of High Energies, JINR. 

1. Bse)leHwe 

J1Jy4eHHe CITHHOBbiX SIBneHHH B pp [1,2,3]- H pA [4,5]-B3aHMO)leHCTBH51X npH BbiCOKHX 

3HeprH51X ITOKa3anO, 'ITO ITOn51pH3aUHOHHbie 3cpcpeKTbl (aCHMMeTpHH, ITOn51pH3aUHH rwnepo­

HOB) He y6biBaiOT C pOCTOM cpeifHMaHOBCKOH ITepeMeHHOH X H ITOITepe4HOf0 HMITynbCa p .l" 

TaKoii peJymTaT Heo6o51CHHM B paMKax ITepTyp6aTHBHOH KX,!l, w Heo6xo)lHM yqeT Henep­

Typ6aTHBHbiX MeXaHH3MOB HnH ITOnpaBOK, CB513aHHbiX C y4eTOM BbiClllHX TBHCTOB [6]. 

3KciTepHMeHTbi, ITpose)leHHbie B CERN [1 ], BNL [2] w Fermilab [3] ITO HJyqeHHIO 

OJlHOCITHHOBbiX acwMMeTpwii AN B peaKUHRX pi+ p ~ rrt·0 
+X, ITOKaJanw, 'ITO AN Mana npw 

ManbiX x w p .L w JlOCTHraeT = 40% ITPH 6onblllHX 3Ha4eHHRX x w p .L" B 3KCITepwMeHTe E704 

[3], B KOTOpOM HCITOnb30BanHCb ITY4KH ITOn51pH30BaHHbiX npOTOHOB H aHTHITpOTOHOB C 

3Heprweif 200 f3B , ycTaHOBneHa CHnbHa51 KOppen51UH51 Me)I(JJ.y 3HaKOM aCHMMeTpHH H 3ap51-

)l0M pO)I(JJ.eHHbiX 1t-Me30HOB. 

EonblllHe OJlHOCITHHOBbte acwMMeTpww s peaKUHH pi + d ~ 1t, K +X ITPH 3Hepmw npo­

TOHOB p = 11,75 f3B/c Ha6 niO)lanHCb B pa6oTe [7] . 0TMeTHM, 'ITO aCHMMeTpHH [2,7] Ha-
p 

6niO)lanHCb ITpH OTHOCHTen b HO He6onLlllHX IlOITepe4HbiX HMnynbCaX, H cne)lOBaTenbHO, He 

CBR3aHbi c pe)[(HMOM ITepTyp 6aTHBHOii KX,!l. EonblllaR acHMMeTpHR MO)[(eT 6bJTb CB513aHa c 

MeXaHH3MOM pO)I(JJ.eHH51 p e 30HaHCOB, TaKHX, KaK ~-H306apa. J.1ccne)lOBaHHe MeXaHH3Ma 

IlOn51pH3aUHH Ha ypOBHe K BapKOBbiX CTeneHeH CB060)lbl B03M0)[(H0 npH KHHeMaTH4eCKOM 

ITepeXO)le B )[(eCTKYIO 4aCTb CITeKTpa, nH60 npH 04eHb BbiCOKHX 3HeprH51X npOTOHOB, nH60 C 

HCITOnb30BaHHeM 51)lep H, B n epsyiO 04epe)lb, )leHTpOHa. 

0)lHOH H3 B03M0)[(H0CTe H H3y4eHH51 MeXaHH3Ma nonRpH3aUHH, CB513aHHOro C HeHyKnOH­

HblMH CTeiTeH51MH CB060)lbl , 51Bn51eTC51 H3MepeHHe O)lHOCrlHHOBbiX IlHOHHbiX aCHMMeTpHH B 

peaKUHH df + p ~ 1t +X B o6naCTH, 3aiTpemeHHOH ITO KHHeMaTHKe Ha CB060)lHbiX HyKnO­

HaX, - KyMynRTHBHOH . K wHeMaTH4eCKHH aHanHJ TaKHX ITpoueccos yJlo6Ho npoBOJlHTb s 

ITepeMeHHOH X (KyMynRTHBJIOe 4Hcno), BBe)leHHOH B.C.CTaBHHCKHM [8]. C4HTaeTCSI, 'ITO c 

pOCTOM KYMYnRTHBHoro 4 Hcna X ponb BHeMaccoBbiX 3cpcpeKTOB ysenH4HBaeTC51. 3To 

ITpHBO)lHT K KHHeMaTH4eCKOMy ycwneHHIO HeiTepTyp6aTHBHbiX MeXaHH3MOB, KOTOpbie 

JlOMHHHpyiOT B o6nacTw X> I. B pa6oTe [9] MR o6oRCHeHH51 OJlHOcnHHOBbiX nHOHHbiX 

aCHMMeTpHH B pp- H pA-B3aHMO)leHCTBH51X 6bin HCJJOnb30BaH HHCTaHTOHHbiH MexaHH3M [ J 0]. 

KOTOpblH MO)[(eT npHBO)lHTb K 3aMeTHHbiM IlOn51pH3aUHOHHbiM 3cpcpeKTaM B ITpoueccax C 

60nblllHMH ITepe)la4aMH . 06Hapy)[(eHHe 6onblllHX nonS1pH3aUHOHHbiX 3cpcpeKTOB MOrnO 6bJTb 

ITp51MbiM yKa3aHHeM Ha Han H4He TaKOro MeXaHH3Ma. 
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B Hacro.snueii pa6ore npeacTasneHbi nepBbie 3KcnepHMeHTaJJbHbie aaHHbie o npaso-ne­

soii acHMMerpHH o6pa3oBaHHSI 1t+- H 1t--Me30HOB s peaKUHH di +A -4 1t (90°) +X npH 

HMnymce aeiirpoHOB 4,2; 6,5 H 9 f3B/c Ha S!JJ:pax 
1 H H 

12c. 

2 . nocTaHOBKa 3KCnepHMeHTa 

3KCnepHMeHT no H3MepeHHIO O)lHO'IaCTH'IHbiX aCHMMeTpHii B pO)I(JleHHH llHOHOB npH 

B3aHMO)leHCTBHH nY4Ka llOJJS!pH30BaHHbiX )leHTpOHOB C BOJJ:OpOJlHOH H yrnepOJlHOH MHI.Ue­

HSIMH 6b1Jl BblnOJJHeH Ha CHHXpocpa~OTpOHe JIB3 npH nOMOI.UH YCTaHOBKH JU1CK [11) . 

CxeMa 3KcnepHMeHTa npHseaeHa Ha pHc . 1. 

nY40K BeKTOpHO HJlH TeH30pHO nOJJS!pH30BaHHbiX )leHTpOHOB HanpaBJJS!JlCSI Ha MHI.UeHb. 

Pa3Mep nY4Ka ( -7 MM Ha nonysbiCOTe) H nono:lKeHHe ueHrpa Tll:lKeCTH nY4Ka onpeaenSIJJHCb 

npH HaCTpOHKe KaHana C nOMOI.UbiO KOOpJlHHaTHOfO )leTeKTOpa , pacnOJJO:lKeHHOfO Heno­

cpeJJ:CTBeHHO nepeJJ: MHI.UeHbiO. J1HTeHCHBHOCTb llY4Ka B npouecc e H3MepeHHH COCTaBJJS!Jla OT 

-J 08 
JlO 8·1 08 

'laCTHUfUHKJl (npH pa6ore C HenOJJS!pH30BaHHbiMH npOTOHaMH H )leHTpOHaMH 

H3MepeHHSI Ha yCTaHOBKe lli1CK 

npOBO)lSITCSI npH HHTeHCHBHOCTH 

Bbii.Ue 10 11 
'laCTHUfUHKJJ) . 0THO­

CHTeJlbHal! HHTeHCHBHOCTb nep­

BH'IHOfO nY4Ka H3MepS!JJaCb npH 

nOMOlUH HOHH3aUHOHHOH KaMe­

pbl (NT) C TO'IHOCTbiO -J %. llJJSI 

MOHHTOpHpOBaHHSI nOna)laHHll 

ny4Ka Ha MHI.UeHb HCnOJJb30Ba-

JlHCb CUHHTHJJJlliUHOHHbie TeJJe­

CKOnbi : M + 10, M- 10 H MP/3 . 
B 3KcnepHMeHTe HcnoJJb30-

sanacb rpexceKUHOHHall )f(HJlKO­

BOJJ:opoaHall MHWeHb Jl]]HHOH 

300 MM H 06'beMOM 1,2 Jl . 

llHaMerp BHyrpeHHero cocyna 

MHWeHH 70 MM, 'ITO o6ecne'IH­

BaeT npoXO)f(JleHHe ny'IKa non­

HOCTbiO no BHYTpeHHeMy o6'beMy 

MHweHH. KoHJJ:eHcauHll soaopo­

n a H nOMep)f(aHHe MHWeHH B 

pa60'IeM COCTOliHHH npOBO)lHTCll 

3a C'leT HCnOJJb30BaHHll )f(H)lKOrO 

reJJHll (renJJOTbi HcnapeHHll H 

rennocoaep)f(aHHll napos rem-Ill 

or 4 ao 20° K) . Ka)f(Jlal! ceKUHll 

HMeer JlJJHHY I 00 MM, H 3anon­

Hl!TbCll BOJJ:OpOJJ:OM MOryT nocne- PH c . I . CxeMa JKcnepHMeHta 
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1800 

1600 

1400 I-

1200 I-

1000 I-

800 

600 

400 

zoo 

a) 

.noaaTenhHO o,nHa, .nee HJJH TPH 

ceKUHH. BaKyyMHhiH KO)I(yx MH­

rneHH H3I'OTOBJieH H3 neHonnacTa 
- 3 

TIC! c nnOTHOCThiO 0,12 r/cM H 

TonmHHOH 10 MM. BHyrpeHHHH 

cocy,n MHllleHH H3fOTOBJieH H3 

Maiinapa TO!Ill\HHOH 0,35 MM. 

Pacxo.n )I(H,nKoro renHSI B pa6o­

'!eM pe)I(HMe -0,6 n/'1 . BpeMSI 3a­

nonHeHHSI MHllleHH, HaXO.l(Sill\eH­

CSI npH KOMHaTHOH TeMnepaTy-

pe, - OKono .nayx qacoa. 

MHrneHh MO)I(eT 3anonHSIThCSI 

KaK ao.nopo,noM, TaK .neiiTepHeM 

H renHeM . Tiocne OTKniO'IeHHSI 

MHllleHH OT CHCTeMbl OXRa)l(,ne­

HHSI MHllleHb COXpaHSieT pa601.JHH 

0 
f I 1 I } l I 1 J I \... 1 I I ~I I 1 I pe)I(HM He MeHee Tpex qacoa. 

0 50 
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0CHOBHYIO '-!aCTb BeW.eCTBa CTe-
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T1 
PHc.2. BpeMllnponeTHbie cneKTpbi nonoJKHTC!IbHO JapliJKCHHbiX 

'13CTiiU C HMnynbCOM 400 M38/c Ha 6aJe 3,8 M H3 MHWCHliX 

12C (a) H Ha I H (6) . KpaHHHH JICBbiH nHK COOTBCTCTByeT 

nHOH3M 

HOK MHllleHH COCTaBJISieT yrne­

po,n, B3aHMO.UeHCTBHe C KOTOpblM 

.uaeT cpOH perHCTpHpyeMbiX yCTa­

HOBKOH nHOHOB. 

Ha pHc .2 noKa3aHhl apeMSI­

nponeTHhie cneKTpbi noJIO)I(HTenh­

HO 3apSI)I(eHHbiX 'laCTHU Ha 6a3e 

3,8 M npH pa6oTe c yrnepo,nHoii 

(pHc .2a) H ao.nopo,nHoii (pHc.26) 

MHllleHSIMH, KOf,na MarHHTHbiH 

CneKTpOMCTp perHCTpHpyeT '!aC­

THUhl c HMnymcoM 400 M::JB/c. 

KpaiiHHM cneaa SIBJISieTCSI nHOH­

HhiH nHK, .UaJihllle, B CTOpOHY 

yaenH'IeHHSI HOMepa KaHana spe­

MSIUHcpposoro npeo6pa3oaaTeJISI, 

HaXO.!lSITCSI npOTOHHbiH H ,neHT­

pOHHbiH nHKH. TipHC}'TCTBHe B 

cneKTpe npOTOHOB ,nJISI BO.UOpO.U­

HOH MHllleHH no3sonSieT oueHHTh 

BKJIM nHOHOB OT B3aHMO­

,neHCTBHH C BeW.eCTBOM CTeHOK 

MHllleHH. TipOBO.UH!IHCb H3Me­

peHHSI H C nyCTOH BO.UOpO.UI!OH 

MHllleHhiO. OueHKH noKa3aJIH, 

'ITO cpoHOBbie nHOHbl COCTaBJISIIOT 

MeHee I % OT pemCTpHpyeMbiX . 



A6epu'te6 r. c. u op. 0oHocnuH06aJI nuOHHaJI acUMMempUJI 31 

Po)I(J(eHHbie B MHllleHH 'laCTHUbi (nHOHbi, npoTOHbi, JJ:eiiTpOH bi ) pemcTpHpOBaJIHCb Mar­

HHTHbiM cneKTpOMeTpOM )li1CK. BXOJJ:HOH TeJieCHbiH yro:I ycTaHO BKH COCTaBJI51eT 6·1 0-4 
cp, 

HMnyJibCHbiH 3aXBaT- 8,6%. 11JJ:eHTH¢HKaUHll 'laCTHU BeJiaCb no BpeMeHH npoJieTa Ha 6a3e 

3,8 M (Me)I(J(y S1 11 S3) 11 0,97 M (Me)I(J(y S2 11 S4) c TO'IHOCTbJO 260 nc. )ln51 HJJ:eHTH¢HKaUHH 

'laCTHU TaiOKe H3Mep51IIHCb HOHH3auHoHHbie noTepu B CUHHTHJIJIRTopax S2, S3, S4 H 

HHTeHCHBHOCTb 'lepeHKOBCKOf'O H3JiyqeHH51 B JJ:BYX TBepJJ:OTeJibHbiX 'lepeHKOBCKHX C'leT'IHKaX 

C1 11 C2. 
YcTaHOBKa pa6oTana Ha JIHHHH c PC/ AT 386. Bee ,i(aHHbie o p a6oTe MOHHTOpHpYJOmeii 

CHCTeMbl, JJ:eTeKTOpOB cneKTpOMeTpa H MeTKaX nOII51pH3aUHH n yqKa JJ:eHTpOHOB 3anHCbiBa­

JIHCb Ha MarHHTHbiH JJ:HCK 11 3aTeM aHaJIH311pOBaJII1Cb C nOMOI.I..IbiO cneUHaJibHO C03):{aHHOf'O 

Ha 6a3e nporpaMM KUIP [12] 11 PAW [13] naKeTa nporpaMM o6p a6oTKH. 

Tion51pH3aUH51 JJ:eiiTpOHHoro nyqKa onpeJJ:eJI51JiaCb c noMOI.I..IbiO ycTaHOBKH AJlh<l>A [14], 
KOTOpM nepeJJ: Ha6opOM ):{aHHbiX HaCTpaHBaJiaCb JJ:JI51 pa60Tbl Ka'leCTBe nOJI51pHMeTpa. 

TiocJie OKOH'IaHH51 Ha6opa ):{aHHbiX npOBOJJ:HJIOCb nOBTOpHOe 113MepeHHe nOII51pH3aUHH, 11 

napaMeTpbi ny'!Ka onpeJJ:eJIRJJHCb ycpeJJ:HeHHeM no 3THM JJ:BYM H3MepeHH51M. TionRpHMeTpH51 

npOBOJJ:HJiaCb npH HMnyJJbCe ):{eHTpOHHOrO nyqKa 3,5· f3B/c. TI e)lBapHTeJJbHbie HCCJie):{O­

BaHH51 noKa3aJIH, 'ITO non51pH3aUH51 ny'IKa He H3MeH51eTC51 s npou ecce ycKopeHH51 nyqKa, 11 

HCTO'IHHK TIOJ151PI1C [ 15] o6ecne'IHBaeT CTa6HJibHbie napaMeTpbi nOII51pH3aUHH B JJ:JIHTeJib­

HOM ceaHCe pa60Tbl. TI03TOMY BO BpeM51 Ha6opa ):{aHHbiX JJ:OnOJI HTeJibHOH nOII51pHMeTpHH 

ny'!Ka He npOBO):{HJIOCb. 

TipH nOJJ51pH3aUHOHHbiX 11CCJie):{OBaHI151X C OJJ:HOnJielJeBbiM c n eKTpOMeTpOM He06XOJJ:HM 

nOCT051HHbiH KOHTpOJJb 3a JIO)I(HbiMH aCHMMeTp1151MI1. C 3TOH UeJibiO 6biJI Bbi6paH TpeXUHK­

JIOBOH pe)I(HM pa6oTbi HCTO'IHHKa non51pH30BaHHbiX JJ:eiiTpOHOB TIOJ151PI1C. 3TH UHKJibi 

3aJJ:aBaiiHCb MeTKaMH: «+», «-» 11 «0». MeTKa «0» cooTBeTCTBOBaJia Henoii51pH30BaHHOMY 

ny'IKy. 11H¢opMaUH51 o MeTKax non51pH3aUHH nyqKa nepeJJ:asanacb HCTO'IHHKOM TIOJ151PI1C 

+ 
nepeJJ: BbiBOJJ:OM ny'IKa 113 ycKopHTeJJ51 11 JanHcbiBanacb BMeCTe c JJ:aHHbiMH. BeKTOpHbie Pz 11 

TeH30pHbie P~z KOMnOHeHTbl nOII51pH3aUHH JJ:Jl51 TeH30pHO nOJJ51p11 30BaHHOrO nyqKa JJ:eHTpO­

HOB 11MeJII1 3HalJeHH51 

p;= 0,210 ± 0,010; 

p~=0,202 ± 0,018; 

}lJI51 BeKTOpHO nOJI51p1130BaHHOrO ny'IKa: 

+ Pz = 0,428 ± 0,025; 

a TeH30pHbie KOMnoHeHTbi P;z == 0, P~z == 0. 

+ p
22

=- 0,712 ± 0,028; 

p; = 0,686 ± 0,021. 

p~ =- 0,470 ± ,025, 

TipH aHaJIH3e 3KCnepHMeHTaJibHbiX ):{aHHbiX CHCTeMa KOOpJJ:H HaT 6biJJa Bbi6paHa TaK, 'ITO 

OCb Z COBna)laJia C HanpaBJJeHHeM nepBI14HOrO nylJKa ):{eHTpOHO B, OCb y 6biJia napaiiJJeJibHa 

HOpMaiiH K nJIOCKOCTH peaKUHH 11 COBna)laiia C HanpaBJieHHeM BeKTOpa CnHHa JJ:eHTpOHa. 

Ocb x onpeJJ:eJJ51JJaCb JJ:JJ51 npasoi-i JJ:eKapTosoi-i CHCTeMbi KOOpJJ: HHaT. TaKoe onpeJJ:eJieHHe 

CHCTeMbl KOOpJJ:HHaT COBna)laeT C CHCTeMOH KOOpJJ:HHaT, npHHH OH B pa6oTe ( J6 ). B 3TOM 

CJJylJae CelJeHHe p0)1():{eHI151 nHOHOB MO)I(eT 6biTb npeJJ:CTaBJieHO B BHJJ:e 
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+ ( 3+ 1+ J cr(8)- = cr0(8) 1 + 2 Pz Ay (8) + 2 P"Zz Ayy (8) , (1) 

r~e MeTKH «+», «-», «0» COOTBeTCTBYIOT pa311HlJHbiM non~pHJaUHOHHbiM COCTO~HH~M nyqKa 

~eihpoHos; cr
0
(8) - ce'le Hwe npouecca c Henon~pHJosaHHbiM nylJKOM, A (8), A · (8) -y yy 

BeKTOpH~ 11 TeH30pH~ aHanHJHPYIOll(He cnoco6HOCTH peaKUHH di +A ~ 1t (90°) +X, 8 -
non~pHbiH yron, no~ KOTOpbiM perncTpHpyiOTC~ lJaCTHUbl. flpH pa6oTe C BeKTOpHO non~­

+ 
pHJosaHHbiM nyqKOM TpeTbe cnaraeMoe s (1) OTCYTCTsyeT, TaK KaK Pz

2
-KoMnoHeHTbi 6nHJKH 

K HynJO. AHanHJHpyJOmHe cnoco6HOCTH A (8) 1-1 A (8) npH TeHJOpHoii non~pHJaUHH ny'IKa . y yy 

BbipiDKaJOTC~ l!epeJ celJeHH~ peaKUHH cr(8)±, cr
0
(8): 

A (8) = ~ j P~z [ cr(8yt 
y 3 + - - + - · --1 

Pz Pzz - Pz Pzz cro(8) 

+ 

]

- Pzz [ cr(8)- _ 1 
+- -+ cr8 

Pz Pzz- Pz Pzz oC ) ll· 

l 
- + 

P 9+ P 8-
A (8) = 2 2 Q'Ll_ - 1 - 2 Q'Ll_ - I 

yy - + + - cr 8 - + + - cr 8 
Pz Pzz - Pz Pzz [ oC ) ] Pz Pzz- Pz Pzz [ oC ) Jl 

flpH pa6oTe c seKTOpHO non~pHJOBaHHbiM ny'IKOM A (8) onpe~en~eTc~ Bbipa)l(eHHeM 
y 

A (8) = ~ [ cr(8t _ cr(8f l I (p+ _ -) 
Y 3 cr

0
(8) cr

0
(8) z P z · 

(2) 

(3) 

(4) 

B Bbipa)l(eHH~ (2)-(4) M~ aCHMMeTpHH BXO~H TOnbKO OTHOCHTenbHble CelJeHH~, 

n03TOMy HeT He06XO~HMOCTH npOBO~HTb KMH6pOBKH a6COniOTHOfO 4HCna ny4KOBbiX 4aC­

THU. 3cpcpeKTHBHOCTb ~eTe .<TOpOB cneKTpOMeTpa H MOHHTOpHpyiOll(eH CI1CTeMbl OCTaBanaCb 

nocTO~HHOH s Te'leHHe sce ro ceaHca pa6oTbi ycTaHOBKI1. KoHTponh pa6oTbi ny4KOBOH Ka­

Mepbi sene~ secb ceaHc, a s KOHue pa6oTbi 6bina npose~eHa Kan116posKa 110HI13aU110HHo~i 

KaMepoii . 

IT pH nocTaHOBKe 3Kcn ep11MeHTa Mbi op11eHT11posan11cb Ha per11CTpau1110 oKono I 000 
1t-Me30HOB Ha Ka)l(~yJO · MeTKy, 'ITO o6ecnelJI1BMO 6bi CTaTI1CTH4eCKYIO OWI16Ky 8 HeCKOnbKO 

npoueHTOB. CHcTeMaTHlJecK~ ow116Ka s 113MepeHHI1 aci1MMeTp11H cs~JaHa c HecTa6HnhHO­

CT~MH pe)I(HMa BbiBO~a nylJKa. 0Ha OUeHI1BMaCb nO noKa3aHI1~M MOHI1TOp11py10ll(eH CI1CTe­

Mbl. AHMI-13 HaKonneHHbiX ~aHHbiX nOKaJan, 'ITO CI1CTeMaTH4eCKa~ OWI16Ka COCTasn~eT He­

CKOnbKO npoueHTOB B a6co niOTHOH Bemt411He H3Mep~eMOH aCHMMeTpi-111. 

l13MepeHI1~ senl1lJHHbi A Ha yrnepo~e M~ BTOp11'1HbiX npoTOHOB c 11MnynhCOM 
y 

400 MsB/c 11 yrnoM pemcTpaU11H 90° noKaJanl1, 4TO JHa'IeHHe acHMMeTp1111 pasHo 

0,005 ± 0,026. B 3TOM cny' Iae CTaTI1CTI14ecKa~ ow116Ka cocTas11na I ,5%. TaKI1e 113MepeHI1~ 

~Bn~ni1Cb TeCTOM OTCYTCTBI1 ~ nO)I(HbiX aCI1MMeTp11H 11 rQTOBHOCTI1 ycTaHOBKI1 K 113Mepe1111~M 

C nHOHaMH. 
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3. Pe3yJibTaTbi 113MepeHI1H 

TipOBe)leHbl 113MepeHI1~ 3aBI1CI1MOCTI1 BeJII1411Hbl BeKTOpHOH HaJII1311pyiOW:eH CnOC06-

HOCTI1 A OT ::mepr1111 nepB114HOrO nyqKa noJI~p1130BaHHbiX )leHTpOHOB. 113MepeHI1~ npo­
y 

BO)li1JII1Cb np11 11MnyJibCaX nyqKa )leHTpOHOB 4,2; 6,5 11 9 fsB/c. 

Ha p11c.3 npeJlCTaBJieHhi 3Kcnep11MeHTaJihHhie )laHHbie o seKTOpHoii aHaJII1311pyiOw:ew 

cnoco6HoCTI1 npouecca d i +H .~ ~ (90°) JlJI~ 7t+- 11 7t-- Me30HOB c 11MnyJibcoM 

300 MsB/c. 

Tip11 11MnyJihCe nepB114HbiX )leHTpOHOB 4,2 fsB/c aCI1MMeTp 11~ )l0CTI1raeT BeJII1411Hbl 

-30% 11 y6hiBaeT JlO HeCKOJibKI1X npoueHTOB np11 11MnyJibce )leJci TpOHOB 9 fsB/c. KpoMe 

TOro, 113 p11CYHKa Bl1)lHO, 'ITO 3HaK aCI1MMeTp1111 3aB11CI1T OT 3HaKa 3ap~Jla ni10HOB. 

Ha p11cA np11Be)leHbi pe3yJihTaTbi 113MepeHI1~ aci1MMeTp11 11 npouecca d i + H ~ 
--t 7t- (90°) np11 p d = 6,5 fsB/c. 113 p11CYJiKa Bl1)lHO, 'ITO aCI1MMeTp11~ OTJII14Ha OT HYJI~ BO 

BCeM 113MepeHHOM 11HTepsane 11MnyJibCOB 7t --Me30HOB. 0Ha y6bi BaeT C pOCTOM 11MnyJibCa 

ni10HOB 11 np11 11MnyJibce 550 MsB/c He npeBbiwaeT 10%. 

J13MepeHI1~ np11 11MnyJibCe )leHTpOHOB 4,2 11 6,5 f38/c npOB Jli1Jli1Cb C TeH30pHO noJI~­

p1130BaHHbiM ny'IKOM )leHTpOHOB, B KOTOpOM 11MeeTC~ HeHyJieBa~ np11MeCb BeKTOpHOH KOM-

>-
<( 

0.4 r 

0.2 

0.0 

-0.2 

-0.4 

-0.6 
4 

f 
f 

5 6 7 8 9 1 0 
P d (f3B/ c) 

PHc.3. 3aBHCHMOCTb aHaJJH3Hpy10wei1 cnoco6HoCTH AY npouecca di + 

+ H --t 1t± (90°) + X OT HMnynbca LleHTpoHa P d• Llflll BTOpH4HbiX nHOHOB 

c HMnynbcoM 300 M38/c, 0- 7t+- H o- 7t--Me30Hbi 
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I 

0.2 

t• 

0.3 0.4 0.5 
Pn(f3B/ c) 

0.6 

PHc.4. 3aBHCMMOCTb aHanMJMPYIOWeii cnoco6HOCTI1 AY npouecca 

di + H ~ ~ 1t- (90°) +X oT MMnynbca 7t--MeJoHa np11 Pd = 6,5 f::JB/c 

noHeHTbi. TeopeTH4eCKHe o ueHKH [17] npe.ucKaJbJBaiOT, 4TO B o6nacTH KHHeMaTH4eCKHx 

nepeMeHHbJX 3KcnepHMeHT a senH4HHa TeH30pHoi1 aHanHJHPYIOll.leii cnoco6HOCTH A 
yy 

6nHJKa K HyniO. l1JMepeHH51 noKaJanH, 4TO, .ueiicTBHTenbHO, 3Ta senH4HHa He npeBbiwaeT 

HeCKOJlbKHX npOUeHTOB. 

Jl.aHHble 0 BeKTOpHOH aHanH3Hpy10ll.leH cnoco6HOCTH HHKni0311BHOro Me30H006pa30-

BaHH51 1t+- H 1t--Me30HOB n p H BJaHMO,UeHCTBHH BeKTOpHO nOll51p1130BaHHOro ny4Ka ,Uei1Tpo­

HOB C HMnyJJbCOM 9 f3B/c C yrnepO.UHOH MHWeHbiO npHBe,UeHbl B Ta6n . 

p , M38/c 

400 

625 

Ta6nuua. BeKTopnall auanuJupyJOll.lall cnoco6uocTh AY 

npouecca d i + C ~ h (90°) + X, h = rt±, p npu P d = 9 r3B/c 

1t 
- 1t+ 

0,13 ± 0,08 0,04 ± 0,04 

0,09 ± 0,07 0,03 ± 0,07 
---- ------ --- ----

p 

0,01 ± 0,03 

0,03 ± 0,04 
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l-13 Ta6nHUbl BHJlHO, 'ITO aCHMMeTpH51 1t+-Me30HOB 6nH3Ka K Hymo, a )J.Jl51 1t -Me30HOB 

COCTaBnHeT OKOnO 10%. 

IlposeaeHo HJMepeHHe acHMMeTpHH po)I(JleHHH 7t--Me30HOB c HMnynhCOM 700 M3B/c B 

i 2C-B3aHMO)leHCTBHH npH p d = 9 f3B/c. IlonyqeHHa51 BenH'IHHa aCHMMeTpHH: 0,02 ± 0, 1. 

3-fo nepsoe H3MepeHHe aCHMMeTpHH B KyMynHTHBHOH o6naCTH, n03BOmiiOIUee fOBOpHTb 0 

peanhHOCTH npoBe)leHH51 H3MepeHHH BeKTOpHOH aHanH3HpyiDLUeH cnoco6HOCTH B KyMynH­

THBHOH o6naCTH Ha yCTaHOBKe ,lli1CK C TO'IHOCThiD JJ:O HeCKOnhKHX npoueHTOB Ja BpeM51 

nopHJJ:Ka 100 qacos pa60Thi ycKOpHTenH . 

4 . 8hiBO)lhl 

1. IlpOBe)leHbl nepBbie 3KCnepHMeHTbl no H3MepeHHID BeKTOpHOH H TeH30pHOH 

aHanHJHPYIDLUHX cnoco6HOCTeH A H A B peaKUHHX HHKniDJHBHoro nHoHoo6pa3osaHH51 
y yy • • 

d j + H ~ 1t±(90°) + X H d j + C ~ 1t±(90°) + X. 
2. I13MepeHa 3HepreTH'IeCKa51 JaBHCHMOCTb aCHMMeTpHH npH HMnynhCbiX nepBH'IHbiX 

Aei:iTpOHOB 4,2; 4,7; 6,5 H 9 f<JB/c )J.JIH nHOHOB c HMnynhCOM P7t = 300 M3B/c. 06Hapy)J(eHo, 

'ITO BenH'IHHa aCHMMeTpHH )lOCTHraeT 30% npH HMnynhCe AeHTpOHHOfO ny'IKa p d = 

= 4,2 f38/c H yMeHhWaeTC51 C pOCTOM HMnynhCa AeHTpOHHOrO ny'IKa JJ:O HeCKOnhKHX npo­

UeHTOB npH 9 f38/c. YcTaHosneHo, 'ITO )J.JIH oTpHuaTenhHO H nono)J(HTenhHO JapH)J(eHHhiX 

nHOHOB aCHMMeTpHll HMeeT pa3HbiH 3HaK. 

3. 113yqeHO noBeAeHHe aCHMMeTpHH 1t--Me30HOB npH HMnyn hCe nepBH'IHhiX AeHTpOHOB 

6,5 f38/c B peaKUHH d i + H ~ 1t-(90°) + X. Ha6niDaaeTcH YMeHbWeHHe acHMMeTpHH oT 

- 40% npH HMnymce nHOHOB 200 M38/c ao senH'IHHhi, He npeBhiWaiDLUeH 10% npH 

HMnymce 550 M38/c. 

4. YcTaHosneHo, 'ITO acHMMeTpHll 7t+-Me30HOB 6nH3Ka K Hyn iD, a acHMMeTpHH 1t--Me3o­

HOB OTnH'IHa OT Hynll, HO He npeBbiWaeT J 0% npH HMnynhCe Aefi TpOHOB 9 f38/c B peaKUHH 

d i + c ~ 1t±(90°) + X. 

ABTOpbl Bblpa)KaJOT 6naroAapHOCTb AHpeKUHH J183 Ja noJJ:Aep)J(KY Ha'IaTbiX HCCne)lO­

BaHHH B paMKaX nOnllpH3aUHOHHOH nporpaMMhl , KOnneKTHBY ycTaHOBKH AJlb<f>A, OKa3aB­

WeMy nOMOLUh npH onpeAeneHHH napaMeTpOB nOn51pH3aUHH nyqKa AeHTpOHOB, nepCOHany 

ycKOpHTenbHOro KOMnneKCa J183 H HCTO'IHHKa nOn51pH30BaHHhiX AeHTpOHOB flQJ1~PI1C 3a 

o6ecne'IeHHe ycTOH'IHBOH pa60Thl BCeX CHCTeM. 

Pa6oTa BhmonHeHa npH noJJ:Aep)J(Ke PoccHHCKoro cpOHAa YHAaMeHTanhHhiX HccneAO­

saHHH, rpaHT N~94-02-06477 . 
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The new experimental data on momentum and angular depende cies of 1t+-meson and 
proton production in p-D collision at incident proton momenta 4.45 and 8.9 (GeV/c) in the 
range 0.4 < X < 1.6 were presented. The scaling behaviour of a cross section is investigated. 

The approximative factorization of cross section for the p + D ~ 1t+ -i ... process in the X, e 
variables in cumulative range (X > I) is found. The data are compared with theoretical 
calculations using the relativistic deuteron model. 
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1. Introduction 

The investigation of the inclusive pion and proton production in the p-D interactions 
in cumulative range is important to study mechanisms of particle production, a high 
momentum deuteron structure and search for transition pecularities from noncumulative to 
cumulative range. The data in this area can serve as the experimental test of various theo­
retical models using non-nucleon and quark degrees of freedom in nuclei. 

We present a new experimental data on the momentum and angular dependencies of 
differential cross sections for the production of secondary pions and protons in p-D inter­
actions at initial proton momenta 4.45 and 8.9 GeV/c both in noncumulative and cumulative 
ranges. 

2. Experiment 

The measurements of momentum spectra of a proton and a pion emitted in the 
interactions of a proton with deuteron nuclei have been performed at JINR 
Synchrophasotron by means of magnetic spectrometer DISC [1] . 

The 8.9 (Gev/c) and 4.45 (Gev/c) proton beam extracted from the accelerator with 

intensity up to - 1011 particles per pulse with pulse length of 0.4 s and repetition rate of 
0 .1 Hz fell on a cryogenic liquid deuterium target [2] with effective thickness about 

1 (g/ cm2
). The 96% part of the target is formed from the effective deuterium material and 

only 4% part is a material of target vessel. The time of work without adding of deuterium 
was more than 100 hours . 

The angle, at which measurements have been made, was determined by the position of 
the magnetic-optical channel of the spectrometer consisted of an analyzing magnet and a 
doublet of quadrupole lenses. The secondary particles can be registered in the angular 
region 60° - 168°. 

The angular acceptance of the spectrometer was determined by horizontal and vertical 
sizes of the scintillators of the first and last counters, respectively. The value of the accep-

tance was 4.35·10-5 (sr) . 

The momenta of secondary particles were determined by the value of magnetic field in 
the gap of the analysing magnet. The measurements of spectra covered the momentum 
interval 0 .15 - 1.6 (GeV/c) . The momentum resolution of the spectrometer was about 
!lp/ p = 8.6%. 

The secondary particles were separated by means of measurements of their momenta 
and two times of flight on the bases 3.8 m and 1 m with a time resolution 260 ps FWHM . 
Measurements of ionization losses into scintillator counters and intensity of Cherenkov 
light into hard radiator were carried out for higher separation of the detected secondary 
particles. 

A relative intensity of beam particles was measured by two monitoring systems of 
scintillator counters. The calibration of the counters with accuracy ± (5 + 7)% was made by 

measuring of the characteristic activities of 11C produced in polystirol (C
8 

H
8
) films ex­

posed in the beam just upstream of the target. 
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The possible systematic uncertainty of the measured invarian t cross section Ed3cr! dq3 

is estimated to be about ± 15%. 

3. Results and Discussion 

The momentum spectra of 1t+-meson produced at the angle e = 168° and 180° in the 
1t 

interaction of the 8.9 (GeV /c) protons with deuteron target are shown in Fig. I. The data at 
angle e7t = 180° are the results of our earlier measurements [3]. 

One can see these two sets of data are in good coincidence on the whole. A weak 

angular dependence of 1t+-meson backward production means that in this region a con­
tribution of rescattering mechanism is negligible and direct reduction mechanism is 
predominated. The solid curve is the calculation result of the invariant cross section in the 
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Fig.l. The dependence of the cross section of the 

p + D ~ 1t+ + ... process on the pion momentum q for the initial 
proton momentum k, = 8.9 (GeY/c) and pion scattering angles 

ett = 168°, 180°. Experimental data: * - [3]. o - this 

experiment. The solid line is the calculation result in the relativistic 
impulse approximation with RDWF [4] 
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covariant approach in the light-cone variables with the relativistic deuteron wave function 
(RDWF) [4] .· 1t is seen that the curve is in good agreement with experimental data. This 
result is related with the fact that motion of the nuclear constituents is more intensive in 
cumulative range due to off-shell effect [4] . 

Figure 2 shows the dependence of the invariant 1t+-meson production cross section on 
cumulative number X (Stavinsky variable [5]) at the angle e = 168° and initial proton 

7t 

momenta k = 4.45, 8.9 (GeV/c). The physical sense of the variable is the minimal mass of 
p 

a target (A), in unit nucleon mass, needed for production of particle h with the momentum 
q and emission angle eh in accordance with 4-momentum conservation Jaw for the reaction 

p+A--"h+ .... 

The variable X for the p + D ___, 1t + .. : is defined as follows : 

2 2 (plp3)- m3 X= _ _ _ :..._::__---=. __ 

(plp2)- (p2p3)- mlm2 

10 2 ~----

... 
"' "'' u 

N 

> 

10 

0 cp1 0 _, 
.0 
E 

nO" 1 0 -2 b-
"'0 
'-..... 
b 

~ 1 o - J r 
1 0 -4 I 

1 0 -~ 

0 .4 

01T= 1 68° 

kp (GeV/ c) 

* 4.5 
0 8.9 

p+D--"1t++ ... 

Dub no 
DISC 

0 .8 1.2 1.6 

X 

2.0 

Fig.2. The dependence of the cross section of the p + D --+ 

--+ 1t + ( 168°) + ... process on X for initial proton momenta kl' = 

= 4.45, 8.9 (GeY/c). Solid lines are fits by the function 

- exp (-XI X0) 

(1) 
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Here for the process p + D ~ 1t+ + ... the notations are use pi' p2, p
3 

and m1 = mN' 

m
2 

= M, m
3 

= m'lt are 4-momenta and masses of proton, deuteron and pion, respectively. 

The solid curves represent the results of the approximation spectra by function 

-exp-X/X
0 

for X>0.9. The values of slope parameters are x
0
-

1 = 10.2± 1.4 and 

10.5 ± 0.98, respectively. The equality of slope parameters indicates that a scaling 
behaviour takes place already at 4.45 (GeV/c). It confirms that the contribution of 

rescattering mechanism is negligible here and a shape of the 1t+-meson momentum spectrum 
is only determined by the reaction mechanism - a direct pion production. For middle and 
heavy nuclei the scaling behaviour of cross sections in Stavinsky variable X was observed 
at initial proton momentum 8.9 (GeV/c) and the asymptotic sl pe parameter value was 

found to be xo-l = 7.14 [6, 7, 8]. 

The momentum spectra of pion detected at angles e = 90°, 120°, 168° in p-D col­'lt 
lisions at initial proton momentum 4.45 (GeV/c) are shown in Fig.3 . Figure 4 shows the 
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Fig.3. The dependence of the cross section of the p + D -+ 1t+ + ... 
process on the pion momentum q for the initial proton momentum 
k
1
, = 4.45 (GeV/c) and pion scattering angles Ellt = 90°, 120°, 168° 



42 Averichev G.S. et al. Cumulative Pion and Proton 

same data in dependence on X. The hard part of spectra (X> I) has been approximated by 
the function - exp(-X/ X

0
) and it was founded that the slope parameters are 

~1 = g.s ± 1.g (g0°), 10.0 ± 1.6 (120°) and 10.2 ± 1.4 (168°), respectively. One can see 

that the slope parameters determined at different angles are equal. 
The ratios of cross sections at the same X> I for angles 87t =goo, 168° and 120°, 168° 

are equal to 0.084 ± 0.048 and 0.45 ± 0.14, respectively. We should note that the similar 
results have been obtained for the heavy nuclei based on the mutual analysis of expe­
rimental data in cumulative range for scattering angles 8 =goo, 168° [9] and 120° [10,11] . 

1t 

The cross section of the pion production in the hard part can be presented in the form 

Eicrl dq3 = C j
1
(X) fi8), where the dependence on the reaction mechanism comes to a 

factor j
1 
(X). 

It was shown in [ 12 on the basis of the hard scattering model that the shape of the 
spectrum on X is a universal one at different registration angles and a dependence of cross 

1 0 2 

+ * p+D~1t + ... 10 
• 0 

Dubna 
* 0e .... 

* 
DISC 

"' 
• (i) ~ • 1 • ~ (i) 

• • Cl) 

0 
...0 10 _, [ E . • 

• $ 

* 
* 

" 10 -l * 
q> + ~10 _, 0rr 

.. 
* 90° 
0 120° w 

t 
168° • 

1 0 - -4 b-
k =4.5 (GeV /c) p 

-~ I I I I I I I I I I I I I t I I I I I I I I I I I I I I I I I 111 iII I 

10 0 .2 0.5 0.8 1 . 1 

X 

1.4 1. 7 2.0 

Fig.4. The dependence of the cross section of the p + D -7 1t.,. + ... 
process on X for the initial proton momentum kP = 4.45 (GeY/c) 

and pion ~cattering angles elt = 90°, 120°, 168° 



Averichev G.S. et al. Cumulative Pion and Proton 43 

section on the angle is included in the factor /
2
(8) "' (sin (8/ 2))8

. T erefore the cross section 

ratio at the same X and different 8 does not depend on X. The rati s are equal to = 0.06 and 
::: 0.3 for 87t = 168°, 90° and 168°, 119°, respectively. The results are quite close to the 

experimental values. 

Figure 5 shows the dependence of the experimental data on cumulative number X for 

the p + D ~ 1t+ + ... process at k = 4.45 (GeV/c) and 8 = 90°. The solid line is the result 
p 7t 

of the background approximation by - exp (-XI X
0

) in cumulative range. One can see some 

bump at about X= 0.8. Figure 6 shows the data without the background. One can consider 
that the bump is due to the resonance L\-production. It should be noted that the relative 
contribution of resonance mechanism decreases with increasing incident proton momentum 
k and scattering angle e . 

p 7t 

Figure 7 shows the inclusive cross section data for the p + D ~ p + .. . process at mo­
menta k = 4.45, 8.9 (GeV/c) and scattering angles 8 = 90°, 168°. The experimental data 

P P · . 

[5] for the D + p ~ p(0°) + .. . process at the deuteron moment m kd = 8.9 (GeV /c) are 
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shown, too. One can see that our data at 9 = 168° are in good agreement with the data [13] 
. p 

in the range 0.3 < q < 0.5 (GeV/c). It should note that some difference may be near the 

kinematical boundary. The momentum q for the p + D ~ p + ... process varies from max 

0.55 (GeV/c) to 0.62 (GeV/c) with increasing proton momentum from k = 4.45 (GeV/c) to 
p 

8.9 (GeV/c). The coincidence of the data at k = 4.45 (GeV/c) and 8.9 (GeV/c) confirms the 
p 

suggestion on the scaling behaviour of the cross section far from the kinematical boundary. 

It is known that the spectator mechanism dominates for the backward proton production 

and the cross section is proportional to the square of a deuteron wave function 
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The calculation results of cross section in the relativistic imp lse approximation with 

RDWF [4], including only spectator mechanism at angles e =goo, 168°, 180°, are shown 
p 

by solid lines in Fig. 7. 

One can see that a good agreement of calculation results with the data at e = 168°, 
p 

180° is observed excepting the range q = 0.25-0.4 (GeV/c) of the. s oulder. It is known that 

the shouldt!r is connected with a resonance pion enhancement mechanism [14, 15]. The data 

fore =goo are inconsistent with calculation results in the range q < 0.7 (GeV/c). It means 
p 
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Experimental data: o - [13]. *, •, * - this experiment. Solid lines are 
calculations of spectator mechanism contribution to the cross section in the 
relativistic impulse approximation with RDWF [4] 
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that other mechanisms such as a hard scattering and direct fragmentation are essential [16] 
at the range. The spectator mechanism dominates ate = 90° and q > 0.7 (GeV/c). 

p 

Conclusions 

The new experimental data on pion and proton cross section production in the inter­
actions of protons with mitial momenta 4.45 (GeV/c) and 8.9 (GeV/c) with deuteron at 
detection angles 90° and 168° are presented. 

The scaling asymptotic behaviour of the cross sections (slope parameter) for the 
secondary pion production on deuteron in the cumulative region (X> 1) is observed already 
at the initial proton momentum k = 4.45 (GeV/c) . 

p 

The approximative factorization of cross sections for pion production on deuteron in 
variables X and e in the hard part of spectrum is observed. The mean value of the slope 

parameter xo-l is found to be 9.9 ± 0.9. . 

The shoulder in the pion cross section ate = 90° and k = 4.45 (GeV/c) in the region 
1t p 

0.5 <X< 1.0 is observed: We consider it can be connected with the L\-isobar production . 
The comparison of the measured proton spectrum in the p + D 4 p (90°) + ... process 

with the calculation in the relativistic impulse approximation was made. It is shown that the 
spectator mechanism dominates in the hard part q > 0 .7 (GeV/c) and non-spectator one is 
essential in the soft part of spectrum q < 0.7 (GeV/c). 
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Investigations of inclusive cross sections in the charge exchange reaction p(t, 3He) are 
suggested to check the validity of theoretical predictions on the strength of the mechanism of 
projectile excitation. It is expected that in the suggested experiment he inclusive spectrum 

should be quite different than in the <<classical>> reaction peHe, t) and there will be no 
problems with the interpretation of obtained data. The experiment i. scheduled for a new 
facility designed in cooperation of the spectrometers SPHERE, DELTA and GIBS. It is shown 
that additional data on neutral pion production will be obtained. The s ggested experiment is 
a start point of the programme for investigations of charge exchange reactions, for example, 
coherent pion production . 

The investigation has been performed at the Laboratory of High Energies, JINR. 

UccJie.lloBauue Jap.H.IlOBo-o6MeHnbiX peaK..-nu 
H3 BO.IlOpO,IlHOH MHllleHH (npoeKT) 

C.B.At/Janacbes u op. 

npeLIJIO:!<eHa npOBepKa TeopeTH'!eCKHX npellCKaJaHHii 0 3Ha'leHHH MeXaHHJMa BOJ6y:~<JlCHH~ 

npOJJeTaiOLUero ~npa s Jap~noso-o6MeHHOii peaKUHH p(t , 3He). Oli<HllaeTc~ . 'ITO s npeLIJlolKeH­
HOM 3KCnepHMeHTe HHKJJIOJHBHblii cneKTp llOJJJKeH CHJibHO OTJJH'!aTbC ~ OT cneKTpa, HJMepeH­

HOfO B «KJJaCCH'!eCKOM>> 3KCnepHMCHTe peHe, t) , H n03TOMy He 6yaeT npo6JJeM C HHTepnpe-
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TaUHeii peJynbTaTOB. 3 KcnepHMeHT JannaHHpOBaH )I.Jlll HOBOii yCTaHOBKH, 06"be)IHHliiOll.leii 

cneKTpOMeTpbl C<l>EPA , D:EJibTA H moe. OOKaJaHO, 'ITO B 3KCnepi!MeHTe TaKJKe 6YAYT 

nony'leHbi nononHHTenbHbie naHHbie o poJKAeHIIII HeiiTpanbHbiX nHOHOB. OpeJLJloJKeHHhiii 3KC· 

nepi!MeHT l!BnlleTcll n epBbiM 113 nporpaMMbi, HaueneHHoii Ha I!CcnenosaHI!ll JapliAOBo-o6MeH-. 

HbiX peaKUIIii, Hanpi!MCp KOrepeHTHOfO pOJKAeHIIll ni!OHOB. 

Pa6oTa BbinOnHeHa B na6opaTOp1111 BbiCOKIIX 3Heprnii OH5111 . 

1. Motivation 

Investigations of inclusive cross sections in the charge exchange reaction (3He, t) have 
shown [1,2] that the~ peak in the triton energy spectrum is broader and shifted towards a 
high energy region in case of. nuclear targets in comparison with charge exchange on hydro­
gen . In subsequent experiments this effect was confirmed for a wide energy scale [3] and 
different projectiles [4]. The effects like de-excitation of delta via the nonmesonic channel 
[5,6] t'l.N ~ NN or collective effects associated with the ~h propagation [7-10] were sug­
gested to explain these features. One of the by-products of the theoretical studies of this 
reaction was the finding of coherent pion production as a relevant channel [ 1 0-12]. Some 
measurements of this channel have already been reported [13] . The mechanism of~ exci­
tation in the projectile (DEP) was considered in [14,15] where it was shown to produce a 
shift of strength to lower excitation energies although the peak position did not move. So, 
we presented here a short list of ideas explaining a very complicated process of charge 
exchange reaction when resonances are excited and propagate in nuclear matter. 

However, most approaches neglect the DEP mechanism and regard delta excitation in 
the target (DET) and the response of nuclear matter as a strongly dominating process. In 
any case, during six years no experimental test was performed to check the validity of the 
DEP mechanism in charge exchange reactions. On the other hand, it is expected that in 3He 

j 0.4 

~ 
~ 0.3. 
'"'" I 

a 
~ 0 .2 

~ 
~ 

~ 0.1 

1400 

"1 

l'He • 2GeV p(•He,t )~·· 

e·o-

2000 

T.,;""' (MeV) 

Fig. I. Double differential cross section in the p eHe, t) rtp 
reaction in the p lab. system. The experimental points are from 
ref.l6. Dotted line: result with DET mechanism alone, solid line: 
results including the DEP mechanism and s-wave, dashed line: 

results for the n eHe, t) rrN reaction, including DET, DEP and 
s-wave mechanisms 

beams the DEP mechanism does 
not exceed a 10% level and therefore 
Oset, Shiino and Toki have 
suggested [ 14] to investigate the 

reaction neHe, t) on a deuteron 
target or (see [15]) an inversed 
reaction - charge exchange on 
proton target in a tritium beam 
available in Dubna. In this 
reaction the strength of the DEP 
and DET mechanism is expected 
to be equal while the shape of 
energy distribution for both 
mechanisms is quite different (see 
Fig.l ). So, the aim of this pro­
gram is to test the validity of the 
idea of delta excitation in the 
projectile and to measure the 
strength of one of the basic 
diagrams. 
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In the next item it is suggested to investigate the properties of neutral pion production 
in the same process. The motivation of this approach is clear from our previous experiments 
(see the section «Current Experiments») where it was established that the pion momentum 
spectra were quite different in comparison with the spectra calcul ated for quasi-free delta 
excitation in the target nucleus. The suggested experiment dedicated to the properties of 
neutral pion production is complementary to our previous research where the spectra of 
negative pions were analyzed. 

It should be noted that the triple coincidence experiment suggested by B.Erazmus (Nan­
tes, France) as a development of our experiment as well as of inv stigations in low energy 
beams [17], is very interesting and will be discussed in detail later. Briefly, the study of the 
exclusive reaction: 

(1) 

is suggested which allows one to analyze delta excitation and coherent pion production in 
both projectile and target nuclei using some additional information given by the Doppler 
shift of the 15 .I MeV photon. The process is rather complicated, and different parameters 
(cross sections, angular distributions, momentum spectra) should be scanned in this expe­
riment. 

In other words, the new approach is a natural extension of successive investigations of 
charge exchange reactions on the synchrophasotron beams and the ground for a new scien­
tific programme. 

2 . Method 

The main facility expected to be used in the suggested experiment is the SPHERE 
spectrometer. The spectrometer is rather complicated, and so only necessary for the sug­
gested experiment details are reproduced in a schematic drawing tn Figure 2. The spectro­
meter is triggered with coincidence of the detectors A and C tuned to register a beam 
particle of unit charge (tritium nucleus) in the detector A and He nucleus (charge equal to 
2) in the detector C. The efficiency and background suppression in the approach are 
reasonable as measured in the previous experiments. 

In case of the reaction p eHe, I) there are problems to use the traditional method of 
measuring the inclusive spectrum with a single-arm spectrometer: one should take into 
account that the tritium beam is a secondary one and that the beam momentum spread-out 
is large: FWHM is equal to 0.5 Ge V /c for a 6.0 Ge V /c mean val e. Therefore the classical 
single-arm SPHERE spectrometer should be sophisticated with the time of flight (TOF) 
projecti"le spectrometer (GIBS). The TOF system was tested in the last GIBS experiment 
(October 1994) when a I 00 ps resolution was obtained: it is good enough for a 0.3% 
momentum resolution in case of the 6 GeV/c tritium beam. 

During the suggested experiment the projectile-ejectile spectrometers, designed to mea­
sure the inclusive spectrum, will be accompanied with the lead glass Cerenkov y-spectro-
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Fig.2. A schematic display of the spectrometer. S - start and stop counters of the TOF system, LH -
liquid hydrogen target, A and C - trigger counters, H - hodoscopes, LS - blocks of the lead glass 
spectrometer, M - analyzing magnet, PC - blocks of the proportional chambers 

meter for registering 1t
0 ~esons. The gamma spectrometer surrounds the liquid hydrogen 

target (see Fig.2). The spectrometer is designed to determine the energies and exit angles 

of y-quanta from 1t
0 for a pion energy interval of 0.03-2.0 GeV. The measured energy 

resolution is cr = 1.62 x (E) 112
, where E is measured in MeV. Two blocks of 150 cells in 

each block can register pions at a 10-12 msr solid angle. In spite of rather a low (a few 

per cent) efficiency of the y-spectrometer several thousands of 1t
0 will be registered. The 

expected statistics are sufficient to investigate the pionic spectra and to find out the features 
of the production mechanism. Efficiency calculations are preliminary, and there is a hope 
to increase the efficiency during optimizing. All parts of the spectrometers were tested in 
the previous experiments (except the proportional chambers). 

It should be note9 that the speGtrometers were used in different experiments (SPHERE, 
GIBS, DELTA) . When collected together, they will provide more intensive data flow, and 
therefore it is suggested to use more powerful computer station. Another source of an 
increased data flow are new proportional chambers which will be used to improve the 
accuracy of the SPHERE spectrometer. 

3 . Current Exper ments 

In our previous experiments [18-20] the charge exchange reaction (t, 3He) on carbon 
and magnesium targets was investigared using a streamer chamber of the GIBS spectro­
meter. The experimental momentum spectrum for pions was compared with the calculated 
spectrum, and only 50- 70% of pions were shown to be emitted by the delta isobars 
produced on a quasi-free nucleon in the target nucleus. The momentum of other pions was 
significantly higher than for delta pions. Therefore the production in the projectile was 
suggested in addition to coherent production via N(1440) or/and N( 1520) in the target 
nucleus. It should be stressed that all models and calculations before this experiment have 
analyzed delta excitation as a single possible intermediate state in coherent pion production. 
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However, to identify unambiguously such unusual production channels, more statistics 
is needed and the analysis of transferred momentum in each event should be used. This 
poroblem can be solved in additional GIBS experiments. On the other hand, the inves-

tigation of 1t
0 spectra, as suggested in this proposal, will provide complementary and very 

useful data. 
The results were discussed at the International Conferences (Delta Excitation in Nuclei, 

RIKEN, May 1993, Japan; Mesons in Nuclei, Dubna, May 1994; Problems of High Energy 
Physics, Dubna, September 1994). The program is supported in part by the Russian Fun­
damental Research Foundation . 

4 . Summary 

The theoretical prediction of the projectile excitation contribution in the charge ex­
change reaction will be tested, and the strength of this channel wi ll be measured. 

The production of neutral pions will be investigated to compare different production 
channels and to estimate their strength . 

The experiment will be performed with cooperation of three spectrometers: GIBS, 
DELTA and SPHERE. 

The experiment is a start point of a new programme dedicated to a complicated prob­
lem: investigation of the charge excange reactions as well as exci tation and propagation of 
resonances in nuclear matter. 
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THE STUDY OF THE TENSOR ANALYZING POWER 
IN CUMULATIVE PARTICLE PRODUCTION 
ON A POLARIZED DEUTERON BEAM 
AT THE DUBNA SYNCHROPHASOTRON* 

L.Zolin, A.Litvinenko, P.Rukoyatkin 

An experiment on studying the tensor analyzing power of cumulative (subthreshold) hadron 
production reactions using a polarized deuteron beam has been proposed. Pions, kaons and 
antiprotons are assumed to be detected as secondary particles at a oo angle in the kinematic 
region forbidden for a free nucleon-nucleon collision. The study of the tensor analyzing power 
for these reactions gives us information about the deuteron spin struct re at short internuc­
leonic distances, correspondind to high (2:: 0.2 GeV/c) nucleon momenta in the deuteron. A 
scheme of the experiments is presented, and the event rate is estimated. 

The investigation has been performed at the Laboratory of High Energies, JINR. 

IIJyqeuue TCH30pHOH aHaJIH3Hpyromeif CUOC06HOCTH · 

peaKQHH po}K~euuJI KYMYJIJITHBHLIX qacTuQ ua nyqKe 

UOJIJipHJOBaHHbiX ~eifTpOHOB CHHXpofl>aJOTpOHa B ,Uy 6ue 

Jl.3oJtuu, A.JlumBuueuKo, ll.PyKo..RmKuu 

npeD.TIOJKeH 3KCnepHMeHT no HJy'leHHIO TeHJOpHOH aHaJJH3Hpy10llleii CnOCOOHOCTH peaKI.lHH 
pOJK)leHH~ KyMy11nH8HbiX (nO)lnOpOro8biX) Mp0H08 Ha nY4Ke n011SipH30 aHHbiX )leHTPOH08. 8 

Ka'!eCT8e 8TOpH4HbiX '!aCTHI.l npe)lnOJlaraeTC~ pernCTpHp08aTb ~. p H K_i, pO)I()leHHbte nO)l 
ymOM 0° 8 KHHeMaTH'IeCKOH 06JlaCTH, JanpemeHHOH npH pacceSIHHH C8060)1HbiX HYJC110H08. 
11JY4eHHe TeHJOpHoii aHaJJHJHpyJOmeii cnoco6HOCTH 3THX peaKuHii )laeT HH¢opMauHIO o cnH­
H080ii CTpyKType )leHTpOHa Ha MaJibiX MeJKHYKllOHHbiX paCCTO~HHSIX , COOT8eTCT8YIOlliHX 60Jlb­
WHM 8HYTpeHHHM (2:: 0,2 r38/c) HMnyJibCaM HYKJIOH08 B )leHTpOHe. npe;rCTaBJlCHa CXeMa 3KC· 
nepHMeHTa H npo8e)leHbl Ol.lefiKH CKOpOCTH na6opa CTaTHCTHKH. 

Pa6oTa 8bmonneHa 8 Jla6opaTOpH11 8biCOKIIX 3neprnii 0115111 . 

The study of cumulative particle production has been carried out at the Dubna Synchro­
phasotron and other accelerators from the beginning of the 70 th [1-4] . As usual, by 
cumulative particles [5] are meant particles produced in the fragmentation region of one of 
the colliding particles beyond the kinematic limit of free nucleon-nucleon collisions. 

*Reporled at SPHERE collaboration workshop, Varna, Bulgaria, May 1994 
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Interest in the study of cumulative reactions arises from the fact that these reactions give us 
information about a high momentum component(;?: 0.2 GeV/c) in fragmenting nuclei. This 
internal momentum corresponds to small internucleonic distances (~ I fm) . At such small 
distances (less than the nucleon size) the use of nucleon as a quasi-particle for describing 
nuclear properties seems to be groundless, and the effects of manifestation of non-nucleon 
degrees of freedom in nuclei could be expected [6-8] . In deep inelastic scattering of 
leptons this internal momentum corresponds to the region of the Bjorken variable xb;?: I, 

where the cross sections are too small [IO] . This leads to the well-known difficulties if one 
tries to use leptons as a probe for the investigation of nuclear properties at short distances. 
But at the same time the coincidence of the deuteron wave function square extracted from 
the data on deuteron fragmentation on proton [I 0] and from the experiments on electron 
collisions on deuteron [ 11], shows the possibility of using hadronic probes for studying 
nuclear structure [I2] . 

It is obvious, that the study of the spin degree of freedom in cumulative particle 
production can give us more detailed information about nuclear matter at short distances 
and about reaction mechanisms . First experiments of such kind were the measurements of 
cumulative proton polarization for fragmentation of unpolarized nuclei [13]. The most pre­
cise experiments have snown that this value is small (5-IO%) [I4] and can be explained 
by produced proton rescattering [I4,I5]. However, for the nuclear structure investigation 
experiments on nuclear fragmentation in a definite spin state, i.e., experiments on studying 
spin effects on polarized nuclei fragmentation into cumulative hadrons, seem more adequa­
te. For this purpose the deuteron nucleus is of the particular interest as more studied from 
the experimental (static characteristics, form factors and so on) and theoretical points of 
view. It should be noted that beams of pqlarized deuterons with a high enough energy 
(p0 ;?: 2 GeV/(c u)) are already available in Dubna and are planned to be obtained in KEK 

(Japan) and RHIC (US ). Experiments with polarized deuterons allow us to separate contri­
bution from the S and D compon"ents in the deuteron wave function. In particular, it is 
clearly seen from the expressions (valid for the nucleon model via an impulse approxi­
mation) for the fragmentation cross section cr (unpolarized deuteron), tensor analyzing 
power (T

20
) and polarization transfer coefficient (!C) for tensor and vector polarized deu-

teron fragmentation into proton (at an angle of 0°): 

cr- u2(k) + w \k), (I) 

T _ 2u(k)w(k) - w(k)21'f2 
20- 2 

u (k) + w 2(k) 
(2) 

2 2 L"' u (k)- w (k)- u(k)w(k)r'12 
1C = . 

i(k) + w 2(k) 
(3) 

In these equations u and w denote S and D waves in the deuteron and k is its internal 
momentum. 
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The values of T
20 

and K for protons as a secondary particle have been studied at Saclay 

and for a wider internal momentum region at Dubna. At present there are some data for 
T

20 
in the region 0 ~ k ~ 1.0 GeV/c and forK in the region 0 ~ k ~ 0,6 GeV/c [12,16,17,18]. 

A simple correlation between T
20 

and K following from (2) and (3) is not confirmed by the 

experimental data [ 12]. The final state interaction was taken into account to describe these 
data [ 19], but a full agreement with the experimental data was not achieved. In the region 
k;?: 0.8 GeV /c the value of T

20 
is more close to the asymptotics predicted by the model [20] 

taking into account colour clusters in deuteron core. So, the fragmentation of polarized 
deuterons to protons gives us experimental evidence of including colour forces in des­
cription of the bound NN-system at short distances. The study f the polarized deuteron 
fragmentation to cumulative hadrons with quark contents other than in protons can give 
additional important information for understanding nuclear struct re at short distances. For 
this purpose we propose to measure the tensor analyzing power of the following reactions: 

(4) 

(5) 

(6) 

Interest in these reactions is explained by the following : 

• the final state interactions change with changing the type f secondary particle, and 
so it provides us additional information about this background process; 

• detected particles have a different quark composition. Thi helps us to make choice 
between different models which take into account non-nucleon degrees of freedom 
in nuclei; 

• the registration of secondary particles at a zero angle leads to simplifying of the 
expression for cross section and allows us to avoid corrections due to the presence 
of vector polarization in a primary deuteron beam; 

The possibility of using the reactions of polarized deuteron frag mentation to 1t mesons was 
discussed in [21 ], and there were predicted considerable spin effects for momentum region 
of cumulative production. The calculations of the tensor analyzing power for reactions 
(4-5) have been performed by Tokarev [22] on the base of hi covariant approach. The 
results of these calculations shown in Fig. I clearly demonstrate the sensibility of T

20 
to 

deuteron description at short distances . From these figures one can see that the presence of 
the core in internucleon forces changes strongly the tensor analyzing power dependence on 
secondary particle momentum in the cumulative region. 

The measurements are planned to be carried out on a slow extraction polarized deu­
teron beam at the Dubna Synchrophasortron. The beam paramet rs are the following: 

• the intensity is 2·1 09 d/burst; 

• the burst duration is about 500 ms; 
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Fig.!. The tensor analyzing power T20 calculated by M.Tokarev [22]. Solid line- RDWF without core, 

dashed line - RDWF with core. The arrows denote the left boundary (X= I) of cumulative production 
region for pions and kaons 

• the tensor polarization of the deuteron beam for plus and minus alignments: pp+ = z.z 

= 0.60 and pp- =- 0 .75. The polarization sign changes with each accelerator cycle zz 
(9s). 

The value of the an"alyi:ing power (T-20) of reactions (I) is extracted from the measurement 

of the deuteron fragmen tation cross sections (cr) at different tensor alignments of the 
deuteron beam as follows 

T = 2f2(cr+- cr-) 
20 + - - + 

Pz.zCJ - Pzz(J 
(7) 

As a spectrometer we are planning to use a beam line and the SPHERE setup (see Fig.2). 
The angular acceptance of the beam line is 0.4:1:0-3 sr at a momentum bite of op/p = 2.5%. 
It is planned to use the following targets: 

• a liquid hydrogen (deuterium) target 100 em in size (7 g/cm2
); 

• carbon targets with up to 25 g/cm2 thickness . 
For particle identification it is suggested to use the following setup : 

• a high resolution Time-Of-Flight system (counters STOFI' STOF2) with a 77 m flying 

base 

• Cherenkov counte~s for a 7t, K separation. 
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Tl 

F4 VP-1 

50m 

Fig.2. The beam line to the SPHERE spectromet r 

The target is placed at the focus F3 for reactions with 1t and p and at the focus F5 for K mesons to 
decrease kaons losses due to a short decay length of kaon. 

The degree of subthreshold (degree of cumulativity) for reactions (4-6) can be chan­

ged in two ways. In the first case one can change the deuteron momentum p d while the 

beam line momentum for secondary particles ph is fixed . In the second way the channel 

momentum (ph) should be changed and the deuteron momentum (p d) should be fixed. It is 

convenient to use the relativistic invariant scale variable X for experimental data repre­

sentation in both cases. This variable commonly known as a cum lative number is widely 

used for experimental data analysis on nuclear fragmentation . In its meaning it is a mini­

mum target mass (measured in nucleon mass units) in the rest frame of a fragmenting 

nucleus needed to obey the 4-momentum conservation law for particle production with a 

given momentum and mass in a proton-nucleus collision . The relativistic invariant expres­

sion looks like [I]: 

(8) 

where P
1 

and P
11 

are the 4-momenta per nucleon of colliding fragmenting and other non­

fragmenting primary nuclei, respectively ; P
1 

is the 4-momentum fan inclusively studied 

particle; m
11 

is the nucleon mass; m
1 

is the produced particle mass; m
2
, the additional 

particle mass needed to satisfy the quantum numbers conservation laws in the studied 

reaction and ~ = = 2m
11
m2 + m~- m~. In the beam fragmentation region the scale variable X 

is defined by the following expression : 

mn£1 +~/2 X= _ ____ _..:..:.__:_ ____ ...,-2 _ _ _ 

p 1p0 cos(0 
1
)- E 

1
£

0 
+ E

0
m

11
- m

11
- m

11
m2 

(9) 
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Fig.3. The value of tensor analyzing power with errors 
for ten-day run statistics. Solid and dashed lines 
demonstrate a waiting behaviour of T20 for two kinds of 

intemucleon forces. We reproduced this cirves using 
calculations [22] and hypothesis of conservation of the 
form of T20(x)-dependence in the scale of cumulative 

van able X 

where £
0

, p
0 

are beam energy and momentum; E
1
, p

1 
are the same vulues for a studied 

particle and 8
1 

is the studied particle emission angle. The inclusive invariant cross-sections 

of the cumulative particles vs X can be presented in the following parametrization: 

dcr- EXP(-XI( X)). (10) 

The slope parameter (X ) weakly depends on collision energy from 3-4 Ge V /nucleon 
[1,2,3] . This is also confirmed in experiments on the fragmentation of polarized deuterons 
to protons [ 12, 16, 17, 18]. The count rate was estimated using the channel and beam para­
meters introduced before and the cross sections for unpolarized deuteron fragmentation to 
cumulative hadrons. The expected experimental results are shown in Fig.3 with the statis­

tical errors obtained in ten-day exposition for two kinds of nuclear forces at short distances . 
From this figure one can see that the statistical errors allow us to distinguish between 

internucleon forces with and without core. As is seen from this example, we can make a 
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choice of the internucleon forces (with and without core, for instance) for available beam 

time using the proposed experimental approach. 
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AN EVIDENCE FOR THE EXCITED STATE 
OF THE S =- 2 STABLE LIGHT DIBARYON 

B.A.Shahbazian, T.A. Volokhovskaya, V.N.Yemelyanenko, A.S.Martynov 

It has been proved that the S = - 2 stable light dibaryon does exist in two quantum states 

at least: I) in the ground state H0, MHo= (2146.3 ± 1.0) MeV/ c2 , 1 = 0, 1rc = 0+ and 2) in 

the excited state H~. (MHo)= (2200.9 ± 4.1) MeV/ c2, 1 = 0, II- 11 s; 1 s; II+ II, 7t = (- 1)1, or 
I 

(-It' for a zl-pole electric or magnetic y-transitions, resp~ctively. 
The investigation has been performed at the Laboratory of High Energies, JINR. 

)lOK333TeJILCTBO cymeCTBOB3HHH BOJ6yJK)leHHOfO COCTOHHHH 

cTa6HJILHoro JierKoro JlH6apuoua co cTpauuocTLIO S = - 2 

E.A.lllax6a3.Jln u op. 
noKaJaHO, 'ITO JJerKHH CTa6HJJbHhlH D.H6apHOH CO CTpaHHOCTbiO S = -2 cymecTByeT no 

KpaiiHeH Mepe 8 D.BYX KBaHTOBblX COCTOliHHliX : J) B OCHOBHOM COCTOliHHH H0, MHo= 

= (2146,3 ± 1,0) M38/ c2, I= 0, J TC = o+ H 2) B BOJ6ylKlleHHOM COCTOliHHH H?. (MHo)= 
I 

= (2200,9 ± 4,1) M3B/c
2
, I= 0, II- 11 s; 1 s; II+ II, 1t = (- 1)1, HJJH (- ti- l D.1lll 2-nOJJbHOro 

3JJeKTpH'!eCKOfO HJJH MarHHTHOfO y-nepeXOD.OB COOTBeTCTBeHHO. 
Pa6oTa BhlnOJJHeHa B Jla6opaTopHH BhiCOKHX 3Heprnii Ol151H. 

A remarkable event was detected on the photographs of the JINR 2m propane bubble 
chamber (PBC) exposed to a 10 Ge V /c proton beam (Fig.1 ). A 10 Ge V /c beam proton 

colliding with the 12C nucleus produces a four-prong star of the total Q = + 4 electric 

charge, a fast and a slow V 0's and a low energy backwardly emitted y-quantum. The black 
track of the star is due to a slow proton stopping in propane. Three other tracks are due to 

relativistic positively charged particles. The fast V 0 was unambiguously identified as a 
0 - k d 2 A ~ p + 1t wea ecay (X (1 V- 2C) = 0.268, C.L. = 87.5%). 

The slow V 0 is of course the most intriguing . The positively charged weak decay 

particle of the V 0 in question is due to a slow proton which stopped in propane. The 

negatively charged heavily ionizing V 0 decay particle undoubtedly suffered weak decay 

emitting at 69.5° a 1t--meson of an average momentum (p -) = (192.89 ± 2.80) MeV/c. 
1t 
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Table 1. Weak decay of particles unsuccessfully simulating and strong reactions 

failing to fit (no((2V- 2C)-flt) the event 

Weak decays 

~no+::::­

::::- ~Ao+n-

Strong reactio s 

- o - - o - _ n . _ n 
K + n ~ p + K , K ~ 1t + 1t , 1t + (1 2c) ~ 1t + (I 2c) 

- Ao - - n - n 
K + n ~ ( 0) + 1t , 1t + (12 ) ~ 1t + (12 ) 

~ c c 
- 0 •- •- •O - - n - n 
K + n ~ p + K , K ~ K + 1t , 1t + (12 ) ~ 1t + (12 ) 

c c 

63 

The simulations of weak decays of ~r. :=:- and K- particles and possible miming strong 
reactions listed in Table 1 were unsuccessful. The only successf I hypotesis was the weak 

decay :E- -t n + 1C at rest (X2 (1 V- 1 C)= 0.32, C.L. = 57.4%). T e measured decay 1t- mo­
mentum <p - > = (192.89 ± 2.80) MeV/c coincides with the ta ular value of the decay 

1t 

momentum in the :E- rest system p* = 193 MeV/c [1]. A crudely estimated ionization of 
6.5 ± 1.8 does not contradict the expected one (6.48) as well. Th is is the first candidate for 
the neutral S =- 2 stable dibaryon, both weak decay particles of which stopped in propane. 
(In the event considered in ref. [2) and events No.I and No.2 considered in ref. [3] only 
decay protons stopped in propane.) This ensured the highest possible momentum mea­
surement precision 11p/ p = 0.02 in the PBC and a very precise value of invariant mass 

M (p:E-) = (2146 .3 ± 1.0) MeV/c2
. The earliest quark model predictions of a light 

H0(MHo< 2M A) stableS=- 2 dibaryon of a mass of2150 MeV/c2 [4] and 2164 MeV/c2 [5] 

meet the measured one well. 

The total electric charge Q = + 4 unambiguously proves a p 12C collision . But the com­
plete absence of visible traces of nuclear disintegration at rather violent collision resulting 
in six hadrons and a slow y-quantum suggested us a qualitative «tide-attraction» scenario of 
the phenomenon . 

At the first sight a sine qua non for stable dibaryon formatio n in a p 12C collision is the 
primordial existence before the collision of an intranuclear multibaryonic fluctuon target. A 
very low probability of its existence in cold nuclear matter drastically decreases with rising 
of its baryon number. Therefore an alternative explanation should be searched for. One 
should distinguish between collisions occurred at impact parameters larger or smaller than 
the nuclear radius. The approach described below made it possible to perform an exclusive 
multivertex kinematic analysis. 
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According to our scenario, in this event things were going on in the following way. A 

10 GeV/c incident proton of a large impact parameter flying up t the 12C nucleus already 

at large distances diffractively induces the formation of a peripheral tribaryon target T +++ 

of the total Q = + 3 electric charge via multipomeron exchange. At this stage one could see 

on an imaginary snap-shot the deformed 12C nucleus with a peripheral swellingT +++ 

reaching out for the flying up incident large impact parameter proton . Then the incident 

proton hits T +++, fuses with it forming a highly excited four-baryon fireball B4 (perhaps a 
droplet of the nonstrange QGP) which however does not leave the nucleus as if being 
confined to it but suffers explosive phase transition to an excited light S =- 2 dibaryon 

H~. a A0 hyperon, a proton and three K-mesons (Figs.1 and 2): p+T+++(3075.0± 

± 100.0) ~B4 ~ H~ (2203.0 ± 5.9) + A0 + p + Kt + K2+ + K
3
+ with x2 (4V- 3C) = 2.29, 

C.L. = 51.4%. The best-fit effective mass of the T +++, the best-fit H~ and H0 masses in 

MeV/c2 and y-quantum energy in MeV are given here and below in parantheses. The 

residue of the 12C nucleus instantly co~ verts to a 9Li ion of a very .low recoil momentum 
which is not sufficient to produce even if a visible blob in propa e. The &.electrons do not 

contradict the Kt and K
2
+ hypotheses; moreover, they rule out the protonic hypotheses. 

Then the excited light S =- 2 new-born H~ suffers electromagnetic decay 

H~ ~ H0 (2146.3 ± 1.0) + + )'(41.7 ± 3.9) . 

The average free path length of the H~ amounting to (3 - 5) · 10-7 em is well within the 

PBC spatial resolution which is no better than 1 o-2 em. Therefore both the decay H0 and 
yare perceived as pointing to the vertex of the parent star (Fig.2). 

The ( 16 7 8.1 ± 14 7. 8) MeV /c H0 at a distance of 9.2 em from the parent star vertex 

suffered elastic scattering on a peripheral neutron of the 12c nucleus H0(2146.3 ± 

±l.O)+n(x2(1V-1C)=0.02, C.L.=88.7%),lost its momentum to (618.5±10.1) MeVc 

and, passing 5.25 em, suffered weak decay H0 ~ p + L- (X2(1 V- 1 C)= 1.08, 

C.L. = 29 .8%), both p and L- stopping in propane. The weak decay at rest of the L-­

hyperon, L- ~ n + 1t-, (X2(1 V- 1 C)= 0.32, C.L. = 57.4%) was considered above in detail. 

The decay 1t--meson after backward scattering on a peripheral neutron of the 12C nucleus 

1t- + n ~ 1t- + n (X2(1 V- 1 C)= 0.725, C.L. = 39.5%) was slowed down to a stop in propane 

d I d d . . . h . h . - 12C 11B A . h an cone u e Its existence wit capture via t e reactiOn 1t + ~ p + . gam, t e 

recoil momentum of the 11 Be ion is not sufficient to produce even if a visible blob in 

propane. Note that the processes of elastic scattering H0 + 12C ~ H0 + 12c and 1t- + 12c ~ 
~ 1t- + 12c on 12C nuclei as a whole did not fit the event. 

The underlying hypotheses of the above scenario were cheGked in the following way. 
Using the fitted parameters, we succeeded in fitting the event by the hypothesis on the 

reaction p + 12C ~ H~ + A0 + p + Kt + K2+ + K
3
+ + 9Li (X2(1 V- 1C) = 0.157, C.L. = 69.2%). 
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Table 2. Strong reactions possibly miming the event 

No. Sequence of reaction The result of fit 
- -

I. nn -t pL.-K *0, L.- -t n1t-, 1t-n -t 1t-n no(3V- 3C)-fit 

2. A 0n -t pL.-M 0, L.- -t n1t-, 1t-n -t 1t-n no(3V- 3C)-fit 

3. A0n -t H°K 0*, H0 -t pL.-, L.- -t n7t-, 1t-n -t 1t-n no(4V- 4C)-fit 

4. A012C -t pL.- 11 C, L.- -t n1t-, 1t-n -t 1t-n no(3V- 4C)-fit 

5. K 0n -t pK -•, K -•n -t L.-M 0, L.- -t n1t-, 1t-n -t 1t-n no(4V- 4C)-fit 

6. K{)n -t M ~-. M +n -t pM 0, L.- -t n1t-, 1t-n -t 1t-n no(4 V- 4C)-fit 

7. K. 0(2 ) H° K 0* H0 L.- L.- . - - -n -t , -tp , -tn1t, 1t n-t1t n no(4 V- 4C)-fit 

8. K. 0 12C -t pL.- 10C, L.- -t n7t-, 1t-n -t 1t-n no(3V- 3C)-fit 

For masses of the M 0
, M "", K 0' , K 0', K _.-mesons see S = 0 and S = ± I Meson Summary Tables [ 1] . 

M1n = 2Mn 

The best-fit recoil momentum of the 9Li ion equal to (282.5±54.4) MeV/c is indeed insuf­
ficient to produce even if a visible blob in propane. One can say that the «tide-attraction» 

mechanism ensures quasi-diffractive production of the H~ dibaryon. 

Note that this mechanism works well for the first light [6] and second heavy (event 
No.2 in [3]) S =- 2 dibaryons. Let us remind that dibaryons in both these events were 
emitted from two-prong stars of the total electric charge Q = + 2 without visible traces of 
nuclear disintegration . Thus visually these events mimed the proton-proton collision, 
whereas the pp kinematics failed to.fit them. As it was shown in ref.[3] the light dibaryon 
first published in [6] was produced in a quasi-diffractive reaction of the incident proton 

with an intranuclear Q = + I dibaryonic target D + dynamically induced at the moment of 

collision. Its effective best-fit mass was MD+= 1250~;~o MeV/c2
. The second heavy 

S =- 2 stable dibaryon [3] was shown to be created quasi-diffractively on a dynamically 

induced Q = + 1 intranuclear dibaryionc target D + of the best-fit effective mass 

MD+= 1700~~~6 MeV/c2
· In this case we succeeded even in fitting the event by the hypo-

thesis on coherent production p+ 12C-tH+Kt+ K
2
++ 11 B(X2(4V-5C)=7.41, C.L.= 

= 19.2%). Again, the 11 B recoil momentum was too low to produce even if a visible blob 
in propane. 

Note, that MD+' MT +++ were treated as effective masses, because at the moment of 

collision they still formed parts of the 12C nucleus. 

Perhaps, among the three events the largest impact parameter did occur in the first [6] 
event and the smallest one in the event which this article is devoted to. But intranuclear 
cascades were generated in none of these three events. 
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At impact parameters smaller than the nuclear radius intranuclear cascades rule out a 
successful exclusive multivertex kinematic analysis. This took place in the event of ref. [2] 

and in H +event No.1 of ref. [3] . 

Strong reactions possibly miming the event, unsuccessfully tried for all potentially 
possible «primary» vertices on the frame, are listed in Table 2. The importance of quasi­
diffractive and coherent processes is taken into account in this list. 

Special care was taken of electromagnetic decays possibly miming the event. 

Firstly, even in the worst case the measured invariant masses M(]Yy) = 983.3 ± 1.0, 

M(Ay) = 1296.0 ± 16.3, M(Kt y) = 584.0 ± 31.0, M (K2+ y) = 590.0 ± 12.4, M (K
3
+ y) = 

= 699 ± 10.0) MeV/c2 are more than six standard deviations distant from the masses of the 

known particles subject to electromagnetic decays: !: + ~ p + y, !: 0 ~A 0 + y, 
K+*~K++y [1] . No wonder that the (2V-6C)-fit for A0y and (1V-3C) fits for other 
combinations were unsuccessful. 

Then we failed to associate the y-quantum with th~ fast A 0 via its radiative decay mode 

A0 ~ p + 1t- + y (no (2V- 6C) fit) . 

Secondly, no successful fits were found for the following reaction sequences 

+++ 0 0 + + + l Ym + Yu . p + T ~ H +A + p + K
1 

+ K
2 

+ K
3 

+ . 0 . The subscnpts m and u mean 
1t ~ym+Yu 

«measured» and «unknown». 

Thirdly, we explored the inclusive momentum spectrum of y-quanta from a sample of 
IH AO 

2348 events p+(
12 

)~( 
0
)+my+X, m=1,2, ... at 10 GeY/c and did not find any 

C K 
significant enhancement which could be responsible for the observed y-quantum by analogy 

with the 1t
0 -meson case [7] . 

Fourthly, the ratio of the probability of the bremsstrahlung quantum emitted in the 
elementary solid angle defined by the parameters and their errors of the observed y-quantum 

to the probability of the inelastic collsion in question [8] proved to be 1.14·1 o-8
. 

Thus we failed to find any possible source c,f a low momentum y-quantum other than 

the excited stable dibaryon H~. 

On the other hand, the average of the best-fit masses of the two previously detected 
lightS=- 2 stable dibaryons,(2172.7 ± 15.2) [6] and (2218 .0± 12.0) MeV/c2 [2], equal to 
(2195.4 ± 9.7) MeY/c2

, coincides with the mass of the ew-found excited state 
MHo= (2203 .0 ± 5.9) MeY/c2

. The weighted average over the three masses gives MHo= 
I 

= (2200.9 ± 4.1) MeY/c2
. 

Thus, we come to the following conclusions. The light S = -2 stable dibaryon does 
exist at least in two quantum states . 

I. The ground state H0
: MHo=(2146 .3 ± 1.0) MeY/c2

, most probably 1=0, Jrt=O+. 
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2. The excited state H~ : MHo=(2200.9±4.1) MeV/c2
, 1=0, lz-sl ~J~Il+sl,s= I 

I 

being the spin of they-quantum, l its orbital angular momentum, 1t = (- 1)1 or(- 1)/-1 for a 

21-pole electric or magnetic y-transitions respectively [9]. The transition energy is 
E = (53.7 ± 4.2) MeV . 

3. The time of flight before the weak decay of the H0 dibaryon was 1.03 ns . 

4. The effective cross section of H0 production in p 12C collisions at 10 GeV/c crudely 
amounts to 60 nb. 

5. Most probably the stable S =- 2 dibaryons can serve as unique signatures of 
transient formation of dibaryonic droplets of nonstrange QCP [3] . 

As to the limits set on H0 binding by the existence of double hypernuclei, we agree 
with the critical analysis o f the three controversial events [10, II, 12] performed by Quinn 
[13, 14]: each experiment yielded a single candidate, despite differences of orders of 
magnitude in flux. 

On the other hand, Lipkin suggested that double hypernuclei might be long lived even 

if H0 is tightly bound becau se a long range repulsion between two A 0's resulting from 
one-quark exchange was ndicated by lattice QCD calculations and this repulsion might 

keep the A0's from fusing to an H0 before their weak decay [13, 14, 15]. The process of 
double hypernuclei format ion itself at different stages of the intranuclear cascade conduces 
to this situation . 

We always investigate and try new reactions which are able to mime all the candidates 

for light H0 and heavy H, H +stable dibaryons observed up to now [2, 3, 6]. In 1994 the 
following was done in thi s direction. · 

a) Both decay particles of the second candidate for H0 ([2], Fig . !) produce kinked 
tracks, the positive one of them being a proton stopping in propane. Therefore of all hypo-

theses on two-body weak decays, not associated with the parent star, only V 0 =A 0 ~ p1t­

should be checked. The invariant mass M v o is unmeasurable because so is the negative 
0 0 

particle momentum /'- . For the above hypothesis one has /'- = 144.0 MeV /c which is n n 
-

significantly smaller than the pion momentum after the kink pn = (316 .9 ± 33 .9) MeY/c . 

Thus, the hypothesis V 0 = A0 ~ p1t- not associated with the parent star should be rejected. 

b) The same hypothesis for the fir-st candidate for heavy H dibaryon ([3], Fig. !) should 
0 

be rejected because of (i) a significant inequality pA- = 151 .0 < (269.0 ± 13.1) MeV /c, (ii) 
n 

the maximum sagitta of the presumed decay pion, 0 = 0.86 em, which is much larger than 

the observed one, (iii) the expected ionization of the decay pion //I 0 = 1.86 against the 

observed minimum ionization, (iiii) the invariant mass of the V 0 for the V 0 ~ p1t- hypo­

thesis equal to (1828 .5 ± 97.2) MeV/c2 [3] . 



Shahbazian B.A. et al. An Evidence for the Excited State 69 

Ao 
c) For the second heavy H dibaryon ([3], Fig.2) o e has (i) p7t- = 124.0 < 

< (262.3 ± 17.1) MeV/c, (ii) 0=0.82 em against the one imperceptible by eye, (iii) the 

expected Ill 0 = 2.3 against 1.0. 
We have enlarged the sample of the hypotheses on production reactions by the 

. + + + 0 + + •O followmg ones pB ~HK1 K
2 

(4V-7C), A (S=- 3)K1 K2 K (4V-7C) each followed 

. - o -- 12 12c ~- - -- o -by reactton sequences H ~ pL , A ~ p::.. , p C ~ p , "- ~ n1t , :::.. ~ A 1t , 

+ + + . b K
1 
~ ~ v . Both failed to fit the event. ForB see Baryon Su mary Ta les [1]. 

Then the candidates for light H0 dibaryons [6, 2] and for heavy ones H (No.1 and 2, 
[3]) were tried for the possibly miming reactions No.5 and 6, Table 2 of the present paper, 
with negative results . 

Two suggestions for the H + No.1, [3] were made by Pea lee [16]. The hypothesis 

H + ~ p'E. 0, E. 0 ~ 1t
0 A 0, A 0 ~ p1t- failed to fit the event observed. Instead, the possible 

decay mode H + ~ L +A0, L+ ~ [1'(, A0 ~ p1t- has led·to the best-fit mass MH+= (2368 .0 ± 

± 8.0) MeV/c2 coinciding within the errors with the previou result [3] with an extra 

probability factor of 3.68 ± 10-4 
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