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PEJlSITHBHCTCKASI TEOPHSI TSirOTEHHSI 
C JJ.BYMSI A<D<DHHHbiMH CBSI3HOCTSIMH 

H.A.qepuHKOB 

3a C'leT 88eAeHH!l 8 TeOpHIO Tlll'OTeHH!l 4JOH080A C8!13HOCTH yCTpaHeHa He­
>Ke.JiaTe.JibHall 3a8HCHMOCTb llJIOTHOCTH 3HepmH rpa8HTa'-'HOHHOI'O nOJI!l OT 8bl-
6opa KOOpAHHaTHOA KapTbl. }].aHO OnpeAe.neHHe pe.n11TH8HCTCKOA TeOpltH. Slu­
JJ!IeTC!I JIH TeOpH!I pe.n11TH8HCTCKOA HJIH He !IBJI!IeTCII, 3a8HCHT OT 8HAa OJJeB0-
1'0 OObeKTa, a He 4JOHOBOI'O. Ha OCH08e nOJJe80A H 4JOH080H C8113HOCTeH 
pa3BHBaeTCil pe.n11TH8HCTCKall TeOpHil Tlll'OTeHHSI. 8 CJJy'lae, KOrAa lj>OHOBall 
C8113HOCTb npHMHTH8Ha, pa3BHBaeMall TeOpHII B cyw.eCTBeHHOA cuoeA '!aCTH 
counaAaeT C 3HHUJTeHH08CKOH TeOpHeH, 8 npoTHBHOM CJJyqae OHa BblXOAHT 3a 
paMKH nOCJJeAHeH. 

Pa6oTa 8binOJJHeHa 8 Jia6opaTOpHH TeopeTH'IecKOH QJH3HKH OJ.UUt 

Relativistic Theory of Gravity with Two Affine Connections 

N .A. Chernikov 

By introducing a background connection in the theory of gravity the author 
removes undesirable dependence of the energy density of the gravitational field 
on the choice of a coordinate map. The definition of the relativistic theory is 
given . Whether a theory is relativistic or not depends on the type of the field 
rather than background object. The relativistic theory of gravity is devel ped on 
the basis of the field and background connections. When the backgrou d con­
nection is primitive, the developed theory essentially coincides with Einstein one 
otherwise it goes beyond the latter. 

The investigation has been performed at the Laboratory of Theoretical Phy­
sics, JINR. 

Coo6~euue JleMI03JUI fyJJJIHBepa o rpsmy~eu CYAh6e Teop uu TSiroTe­

HHSI Sl yX<e ony6JIHKOBaJJ (CM. (1 )) . qTO KaCaeTCSI TeOpHH OTHOCHTeJibHOCTH, 

To soT 'ITO 3HaJI o ueu Jl.X<y6aJJ X3pwo, Apyrou repou H3 Mupa $auTaCTHKH: 

«X3pWO npHnOMHHJI, KaKOU TpareAHeH AJISI MHOrHX y'leHbiX OKa3aJiaCb TeO­

pHSI OTHOCHTeJibHOCTH. He B COCTOSIHHH nepesapHTb ee, OHH HaWJIH BbiXOA B 

TpaBJie 3HHWTenHa. HoB HTOre OHH OKa3aJIHCb B TynHKe •.. » (2 ,C. 150 ). 
He· C'IHTaiO flOJie3HbiM AeJIOM BbiCTynaTb HH npoTHB TeopHH OTHOCH­

TeJibHOCTH, HH npoTHB Teopuu TSiroTeHHSI 3uuwTenua. SoJiee Toro, npuuu­

MaSI TeOpHIO 3HHWTeHHa 3a OCHOBy, CTapaiOCb AODOJIHHTb ee H, B Mepy CHJI 

CBOHX, pa3BHTb. 

5 



1. Ocuo snhle noJIO)KeHHSI Teopuu 

JHHWTeHHOBCXaSI TeOpHSI TSiroTeHHSI COCTOHT H3 ,nByX 'laCTeH. Ee nep­

BaSI 4aCTb x apaxTepH3yeTCSI MeTpH4eCXHM TeH30poM gab H TeH30poM MaCChi 

M ab' XOTOpble CBSI3hiBaJOTCSI TeH30pHbiM ypaBHeHHeM 

1 
Rah- 2 Rgab = 8n yMab. (1) 

Pa3MepuocT& Mnoroo6pa3HSI, ua XOTOpoM paccMaTpusaeM Ten3ophl u a<t>­

<t>unnhle CBSI3HOCTH, UOJiaraeM paBHOH 4eThlpeM. J1x XOMDOHeHThl B Xa)K,l:{OH 

XOOp):{HHaTHOH XapTe XI, x 2
, x3 , x4 MHOroo6pa3HSI OTHOCHM X 6a3HCY 

cfl = dxa H x o6a3HCY da = iJ/ iJxa. 
OepBaSI 'laCTb TeOpHH JHHWTeuua, HMeSI SlpXO Bhlpa)KeHHhiH TeH30p­

HhiH xapaxTep, ue Bhl3hiBaeT B03pa)l(euuu. Ha3oBeM ee rHJIWepToscxoH: 'la­

CTbJO 3HHWTeHHOBCXOH TeOpHH, Tax xax OHa DOJIHOCTbiO COBna,naeT C Teo­

pueu fHJI&6epTa. 

BTopaSI )Ke 'laCT& 3HHWTeuuoscxoH: Teopuu TSirOTeHHSI HMeeT nces,no­

TeH30pHhiH x apaxTep, 3a 4TO ee nopuu.aJOT, XOTSI 6Jiaro,napS1 xax pa3 TaxoMy 

ee xapaxTepy BO BTOpoH 4aCTH pemaeTCSI npo6JieMa 3HeprHH rpaBHTaU.HOH­

HOro DOJISI. fJiaBHhiH XpHTH4eCXHH apryMeHT: DJIOTHOCTb 3HepruH B 3HH­

WTeHHOBCXOH TOOpHH 3aBHCHT OT BhiOOpa XOOp,nHHaTHOH XapThl. neuCTBH­

TeJibHO, DJIOTHOCTb 3HepruH, Onpe,neJISieMaSI nceB,nOTeH30poM JHHWTeHHa, 

B mo6ou u anepe,n 3a,nauuou T04Ke npu no,nxo,nSimeM Bhl6ope xoop,nuuaT 

BMeCTe C.a<t><I>HHHOH CUS13HOCTbiO 

r a - 1 as( a + iJ iJ ) mn - 2 g mCsn nCsm - sCmn (2) 

o6pamaeTCSI s uyJI&, Tax xax u caM nces,nOTen3op 3H:umTeuua (3, c.205; 4, 
C.1 03 ), 6y,ny 'IH XBa,l:{paTH'IHOH <f>opMOH OTHOCHTeJibHO 3TOH CBSI3HOCTH, BMe­

CTe c (2) o6pamaeTCSI s uyJI&. 

Me)K,l:{y TeM B pa60Tax (5) noxa3auo, 4TO nOHSITHe nces,nOTeH3opa 3ifu­

mTeuua MO)KHO npHMHpHTb C TeH30pHbiM aHaJIH30M, eCJIH HapSI):{y C (2) BBe­

CTH ewe o,nu y a<t><PuuuyJO CBSI3HOCT& 6e3 xpy'leHHSI. Ha3oBeM ee <f>ouosoif u 

o6o3Ha'IHM f!n• liTO ,1:{0 CBSI3HOCTH (2), Mhl 6y,neM Ha3hiBaTb ee DOJieBOH. 

q)oHOBaSI CBSI3HOCTb onpe,neJISieTCSI ypaBHeHHSIMH CBoOO,l:{HOro ,l:{BH)KeHHSI 

MaTepHaJibHOH TO'IXH (B OTCYTCTBHe rpaBHTaU.HOHHOro DOJISI), a UOJieBaSI -

ypaBHeHHSIMH CBoOO,l:{HOro Da,l:{eHHSI MaTepHaJibHOH TO'IXH (B rpaBHTaU.HOH-

HOM noJie) . Ten30phl xpHBH3Hhl R!nb u R~nb' 3a,nasaeMhle CBSI3HOCTSIMH 
v 

f ~n H f ~n' COOTBeTCTBeHHO paBHhl 

6 



., 
CaepayTI>re TeH30phl KPHBH3Hhl Rab H Rab onpe.AeJIHM KaK 

3aMeHHB 3HHWTeHHOBCKHH nceB,AOCKaJI~pHhiH JiarpaH.)KHaH 

Jtlll(ra rb - ra rb) 
g mb an ab mn 

rpaBHTal\HOHHOro DOJISI Ha CKaJISipHhiH JiarpaH.)KHaH 

f = Jnn(P a p b _ p a p b ) 
g mb an ab mn' 

pa =fa - ra 
mn mn mn' 

(3) 

(4) 

(5) 

(6) 

(7) 

H COXpaHHB 6e3 KaKHX-JlHOO H3MeHeHHH JiarpaH.)KHaH .«MaTepHH», IIOJiy'fa­

eM CJie.AyiOID;HH pel\eDT nepexo,Aa OT 3HHWTeHHOBCKOH K HOBOH TeopHH TSI­

roTeHHSI. B rpaauTal\HOHHOM ypaaueauu (I) Teu3op Rab ua.Ao 3aMeHHTb ua 

pa3HOCTb 

B pe3yJI&TaTe noJiy'fHTCH aoaoe rpaauTal\HOHHOe ypaaueuue 

Sab- t Smn g""gab = 8n yMab. 

(8) 

(9) 

B 3HHWTeiiuoacKHX nceB.AOTeH3opax, KaK H (5), nOJIHHOMHan&uo 3aBH­
csrw;ux OT CBH3HOCTH Kpucr<XtxPe.nsr (2), nOCJie.AHIOIO ua,Ao 3aMeHHT& aa pa3-

HOCTb (7). B pe3yJI&TaTe BMeCTO nceeOo- noJiy'faiOTCsr HCTHHHhle TeH30phl. 

B 'faCTHOCTH, BMeCTo 3HHwTenuoacKoro ncea.AocKansrpa (5) noJiy'faeTc~ 

CKan~p (6). Hoaasr Teopusr rpaBHTal\HH ue acrynaeT a npoTHBope'fae c Tea-

30pHhiM aHaJIH30M, TaK KaK pa3HOCTb .ABYX JlOOhiX a<lxt>HHHhiX CB~3HOCTeH 
nJI~eTCll TeH30poM. B Teopuu a<txt>uuahlx CBH3HOCTeii Teu3op (7) aa3hiBa­

eTC9 TeH30poM a<txt>uaaon .Ae<J>opMal\HH [6 ]. YCJIOBH~ rapMOHH'fHOCTH, ua 

KOTOphlx aacrauaan B.A.<l>oK [7, c.239 ], a aoaoii Teopuu BhlrJIH.A~T CJie.Ay­

IO~M 00pa30M: 
(10) 

(11) 
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ll03TOMY BeKTOp $a 6yAeM Ha3hiBaTb BeKTOpoM aurapMOHHllHOCTH. 

Teuaop , noJiy'laiOm;Hii:cSI no 3TOMY peu;enTy H3 BhlmeynoMSIHyToro 

nceBAOTeHaopa 3ii:umTeii:ua, paBeH 

ya = $mn(Pa _ p ~a) -f~a (12) 
b b mn m n b' 

rAe 
P =Pa, 

m ma 
(13) 

~ba - eAHHH'IHhiH a<txi>HHop, Ha3hiBaeMhiH CHMBOJIOM KpoueKepa, $ :rn -
TeH30p aHr apMOHH'IHOCTH, paBHhiH 

$ mn = g ms p n + g ns p m _ g mn p . 
a sa sa a (14) 

Teuaop :=mepmH rpaBHTau;Houuoro noJISI Bhlpa)KaeTCSI l.lepea Teuaop (12) 
CJieAyiOID;HM o6pa30M: 

c2 
a 

E: =- ltmr vb. (15) 

PacnoJiaraSI ABYMSI CBSI3HOCTSIMH, AJISI..,KaX<Aoro Teuaopa T cocraBJISieM 
ABe KOBapHaHTHhle npoH3BOAHhle VT H VT. Teuaop (7) MO)KHO npeAcTa­

BHTbB BRAe 

a 1 asv ., v 
P - -- g (V ll + V P - V P ) mn - 2 m<>sn nosm s<>mn ' (16) 

a TeH30p (14)- B BRAe 

$ mn = (V _ p ) g mn. 
a a a (17) 

BeKTOP (1 1) MO)KHO npeACTaBHTb B BRAe 

$a=$ an= (V _ p) g"a. 
n n n (18) 

HIITepecuo paBeHCTBO 

an" "' mnv 
Vag (Rnb + Rbn)- Vbg Rmn = 

= (Va- Pa)[ga"(Rnb + Rbn)]- gmnvimn· (19) 

C ero ITOMOID;biO H3 rpaBHTaD;HOHHOI'O ypaBHeHHSI (9) HeTPYAHO ITOJIY'IHTb 

CJieACTBHe 

(Rnb + Rbn)$ n = 0, 

8 
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KOJib CKOpo TeH30p MaCCN Mab He 3aBHCHT OT 4K>HOBOH CB.II3HOCTH, a caMa 

<tx>HoBa.ll CB.II3HOCTb YAOBJieTBOp.lleT yCJIOBHIO 

(21) 

2. 3iiHmTeHHOBCKa.ll TeOpH.II KaK 'laCTHNH CJiy'laH 

. lf3JIO)KeHHa.ll TeOpH.II COAep)KHT 3HHWTeHHOBCKYIO KaK 'laCTHNH CJiy­

'laH • .IJ.eiiCTBHTeJibHO, eCJIH 
., v 

(Rab + Rba) = 0, (22) 

ro ypaBHeHHe (9) coBnaAaeT c ypaBHeHHeM (1), a npH 6oJiee CHJibHOM yCJio-

BHH 
"a 

Rmnb = 0 

HaHAeTC.II TaKa.ll KOOPAHHaTHa.ll KaPTa, rAe BCIOAY 
.., 
ra = 0. 

mn 

(23) 

(24) 

B TaKoii KaPTe TeH3op ( 12) coBnaAaeT c aiiHmTeiiHOBCKHM nceBAOTeH30poM. 

TaK BOT, CBoOOAHOe ABH)KeHHe MaTepHaJibHOii TO'IKH B npocrpaHCTBe 

EBKJIHAa 3MaeT <tx>HoByiO CB.II3HOCTb, npH KOTopoii BNnOJIH.IIeTC.II yCJIOBHe 

(23). CJieAoBaTeJihHO, npH TaKoii CB.II3HOCTH BNnOJIH.IIeTC.II H y CJIOBHe (22). 
IlpH'IHHOH nOTepH $JHOBOH CB.II3HOCTH B 3HHWTeHHOBCKOH TOOpHH .IIBH­

JiaCb HeAOOD;eHKa lj>H3HKaMH' ITOH.IITH.II a.P.PHHHOH CB.II3HOCTH B n epHOA CTa­

HOBJieHH.II o6ID;eii TeopHH OTHOCHTeJibHOCTH. B CBOeM 3HD;HKJion eAH1feCKOM 

0030pe ( 4) MOJIOAOH TOrAa IlayJIH CJieAyiOID;HM o6pa30M BNpa3HJI 6NTOBaB­

mee OTHOWeHHe K 3TOMY ITOH.IITHIO: <<PaAH ITOJIHOTN npHBeAeM e iD;e CJieAyiO­

ID;YIO o6ID;yiO $JpMy JIY, KOTopaSI, OAHaKo, B lj>H3HKe He arpaeT HHKaKoii po­

JIH. H3 TeH3opa a npH AHIPIPepeHu;HpoBaHHH noJiy'laeTC.II TeH3o p BNcmero 

paHra V a. 3Ta onepau;HSI, Haii:AeHHaSI em;e KpHCTo.p.peJieM, Ha3BaHa PH'I'IH 

H JleBH-qHBHTa KoeapuaH.mHbl.M iJutjJtjJepe~tu,upoeaH.ue.M>> (BNAeJieHo ca­

MHM IlayJIH) [ 4, c.88 ]. KCTaTH, OTMeTHB, 'ITO aiiHmTeiiHOBCKHe n ceBAOTeH-

30pN BeAyT Ce6SI KaK TeH30pN ITO OTHOWeHHIO K a.P.PHHHNM n p eo6pa30Ba­

HHSIM, IlayJIH Ha3BaJI Hx a.P.PHHHNMH TeH3opaMH [4, c.89 ]. B NAeJieHHe )Ke 

rpynnN a.P.PHHHNX npeo6pa30BaHHH 3aAaeT npHMHTHBHYIO CB.II3HOCTb, T.e. 

a.P.PHHHYIO CB.II3HOCTb 6e3 KpHBH3HN H Kpy'leHH.II, a 3TO H eCTb Ta caMaSI <Po­
HOBaSI CBSI3HOCTb, KOTOpyiO ITOTepSIJI 3HHWTeHH. 

IloA'IepKHeM, 'ITO npHMHTHBHaSI CBSI3HOCTb onpeAeJISieT a .P.PHHHYIO re­

OMeTpHIO H HHKaKOH MeTpHKH B onpeAeJISieMOM e10 a.P.PHHHOM n pocrpaHCT­

Be He 3aAaeT. HanpOTHB, MO)KHO yKa3aTh D;eJINii KJiacc HeOAHHaKOBNX MeT-
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paK, 3a~aiOI.IJ;HX o~ay a TY .lKe npHMHTHBHYIO a!lxJ>aaayiO CB513HOCT& • .D:eiiCT­

BHTeJI&Ho, n yCTb B HeKOTOpoH KapTe y BCe KOMfiOHeHThl <J>oHOBOH CB513HOCTH 

paBH51IOTC51 ayJIIO. Tor~a B npoH3BOJI&Ho B351TOH KapTe x ee KOMnoaeHThl 

paBHhl 

v a i:Jxa i:J2y s 
r =- . 

mn i:Jy s i:Jxmi:Jxn 
(25) 

HeTpy~ao y6e~HTbC51 B TOM, 'ITO TeH3op Kpy'leHH51 a Tea3op KPHBH3Hhl 3TOH 

CB513HOCTH paBH51IOTC51 ayJIIO, TaK 'ITO 3Ta CB513HOCTb npHMHTHBHa. KaK B~­

ao, B <J>opMy Jie (25) MeTpHKa OTCyTCTBJeT. O~aaKo KOMnoaeHThl (25) MO.lK­

HO npe~CTaBHTb B B~e cKo6oK KpaCTO<txt>e.n51 AJI51 MeTpHKH 

C i:Jy m i:Jy n dxadxb = C dy mdy n, (26) 
mn i:Jxa ai mn 

r~e KOMnoHeHThl Cmn He 3aBHC51T OT Koop~HHaT y, a onpe~eJIHTeJib I Cmn I He 

paseH HYJIIO. B OCTaJibHOM KOMDOHeHThl Cmn npoH3BOJibHhl. HanpaMep, ~Be 

~o o'leB~HOCTH pa3Hhle (s ~eiiCTBHTeJI&Hoii ooJiaCTH) MeTpHKH 

4 amam 4 L ~ ~dxadxb = L dymdym (27) 
m=l i:Jx i:Jx m=l 

H 

3 " ·m "m " 4 " 4 L _vY_ -"- dxadxb - ~ ~ dxadxb = 
m= 1 i:Jxa i:Jxb i:Jxa i:Jxb 

3 
= L d~d~ - didi (28) 

m=l 

3MaiOT o~ay H TY .lKe CB513HOCTb c KOMnoHeHTaMH (25). Ho CB513HOCTb c KOM­

noaeaTaMH (25), fiOBTOp51eM, He Onpe~eJISieT MeTpHKH. 0Ha HHBapHaHTHa 

OTHOCHTeJlbHO a!lxJ>HHHhiX fiO~CTaHOBOK 

ys=Asy'+Bs 
T 

(29) 

H 3MaeT a!lxJ>aaayiO (a ae MeTpH'IecKyiO) reoMeTpHIO. TaKHM o6pa30M, 

TepMHH «6HM eTpH'IecKHH <J>opMaJIH3M•, WHpoKO pacnpoCTpaHHBWHHCSI no­

CJie H3BeCTHOH paOOrhl [8 ], CTPMaeT CKphiThiM H3'bSIHOM: AnSI TeopHH uro­

TeHHSI B3:llt.HO HaJIH'IHe <J>oHOBOH CB513HOCTH, a He <J>oHOBOH MeTpHKH. qTO 

~0 paOOrhl (8 ), TO H B HeH B cymeCTBeHHO Ba:llt.HhiX <J>opMyJiaX ~HrypapyeT 
ae caMa <J>oa osa51 MeTpHKa s~a (26), a JIHm& npoH3BO~Hhle OT Hee CKOOKH 
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KpucToQxl>eJUI s~ma (25), npe,AcTaBJISIJOW,He npnMHTHBHYJO ct>ouosy10 CBSI3-
HOCTb. TaKHM o6pa30M, sonpeKH yTBep.li<,AeHHJO, <t>aKTH'IeCKH c,AenauuoMy 
B pa6<>Te (8 ), 3HHWTeHH nOTepSIJI He cPoHOBYIO MeTpHKY, a He'ITO MeHb­
wee - BCero JIHWb cPoHOBYIO CBSI3HOCTb. 

KaK JKeTOr.Aa nouuMaT&CJiosa <<PeJISITHBHCTCKaH TeopHH>>? TaK BOT, no­
HSITHe 0 peJISITHBHCTCKOH TeOpHH COCTaBJISieTCSI BOBCe He Ha OCHOBe cPoHOB0-
1"0 otTheKTa, a Ha OCHOBe OOJieBOI"O. Jla H TO CKa3aTb, eCJIH 6hl 3TO OOHSITHC 
COCTaBJIHJIOCb Ha OCHOBC cPoHOBOI"O otTheKTa, TO CaM 3HHWTeHH, DOTepHB 
cPoHOBbiH otTheKT, He CMOr 6hl peWHTb, SIBJISieTCSI JIH ero TeOpHSI TSI I"OTeHHSI 
penstTHBHCTCKOH HJIH ue HBJIHeTCH. Me.li<.Ay TeM MOJKHO ,AaT& cne.Ay JOw,ee on­
pe,Aeneuue: Ta HJIH HHaH TeOpHSI Ha3hiBaeTCSI peJISITHBHCTCKOH, eCJIH npe,A­
DOJiaraeTCSI cyw,eCTBOBaHHe B HeH DOJieBOH MeTpHKH H eCJIH MOJKHO DO,A0-

6paTb TaKHe JIHHeHHble cPoPMbl / 0 = /1~dx
11\ 'ITO DOJieBaH MCTpHKa npHBC­

,AeTCSI K BH.AY 

(30) 

r,Ae C- KOHCTaHTa, paBHaH CKOpo<:TH CBeTa. 3TO 3Ha'IHT, 'ITO B KaJK,AOH T04-
Ke npocTpaHCTBa - BpeMCHH KacaTeJibHOe npocTpaHCT!JO CKOpocTeH. SIBJISI­
CTCSI npocTpaHCTBOM JlOOa'leBCKOI"O C xapaKTepHOH .AJISI Hero KO CTaHTOH, 
paBHOH C. 8 CJiy'lae JKe eBKJIH,AOBa npocTpaHCTBa CKOpo<:TeH TeOpH SI Ha3b1Ba­
CTCSI HepeJISITHBHCTCKOH. 0 nOHSITHH KacaTeJibHOI"O npocTpaHCT a CKOpo­
CTeH CM. pa6<>Ty (9(. 

8 3aKJIJO'IeHHe 3aMCTHM, 'ITO eCJIH yCJIOBHC (22) He BblnOJIHHeTCSI, TO 
H3JIOJKeHHaH 3,ACCb B pa3,AeJie J TeOpHSI BhiCTynaeT B 6eccnOpHO HOBOM BH,Ae. 
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KpaiiiiCUC! coo6U4t!HUSI OHHH N!l3/60}-93 

Y,l\K 530.145 531.19 537.611 

JINR Rapid CommullicatiOIIS No.3{60}-93 

KOHKYPEHI.(HSI B3AHMOAEACTBHA 
B KOHAO-CHCTEMAX 
H AHOMAJibHbiA MAfHETH3M 
TSI)((EJibiX (J)EPMHOHOB 

A.JI.Ky3eMcKHii 

06cy>KA8eTCII B03MOlKHOCTb H8MIOAeHHII C nOMO~biO Heynpyroro pac­
CeiiHHII MeA/IeHHblX Hel1TpoHOB cJla3b1 4<.10HH0f0 M8nteTH3M8 TlllKeJibiX <f>ep­
MHOHOP B peAKO.."leMeJibHbiX CoeAHHeHHIIX u.epHII THna Ce(Ru1_"Rh_.)

1
B

1 
H 

Ce(Cu._..,Ni)lGel. npH JtOCTaTO'IHO OO~HX npeAnOJIO>KeHHIIX noKa3aHO, liTO 

nepHOAHllecKall MOAeJib AHAepcoHa o6naAaeT MantHTHOit HeyCTOH'IHBOCTbiO, 
KOTOpall MO>KeT 6b1Tb, B npHHU.Hne, Ha6JIIOAaeMa KaK rHApoAHHaMHlleC,KHH no­
JI~ o6o6~eHHOH CmntOBOH BOCnpHHM'IHBOCTH. 

Pa6oTa BbtnOJIHena B Jla6opaTopHH TeopeTHllecKOH 4>H3HKH OH~H . 

Competition of Interactions in the Kondo-Systems 

and Anomalous Magnetism of Heavy Fermions 

A.L.Kuzemsky 

The possibility of observation of the Heavy Fermion Band Magnet state in 
rare-earth alloys Ce(Ru 1_ .. Rh)

1
B

1 
and Ce(Cu1_ .. Ni)

1
Ge

1 
using inelastic 

neutron scattering has been discussed. Using the rotational in variance of the Pe­
riodic Anderson Model and sum rule for the generalised dynamical spin s scep­
tibility the magnetic instability of the Anderson Lattice has been shown . The 
hydrodynamical pole of the spin susceptibility and neutron cross section have 
been calculated. 

The investigation has been performed at the Laboratory of Theoretical Phy­
sics, JINR. 

I. B nOCJJeAHee speMSI OOJibWOH HHTepec Bb13biBaeT npo6JieMa MarHHT­

Horo UOBeAeHHSI peAK03eMeJibHbiX COeAHHeHHH H CnJiaBOB, B KOTOpbiX HMe­

eTCSI COCTOSIHHe C TSI)KeJibiMH <J>epMHOHaMH 1 T.e. C aHOMaJibHO BbiCOKHM 3Ha­

"'eHHeM UOCTOSIHHOH 30MMep<J>eJibAa y B JIHHeHHOM 3aKOHe 3Ji eKTpoHHOH 

TenJioeMKOCTH C = yT, rAe T- TeMnepaTypa. BoJibWOe \.IHCJIO HOBbiX 3KC­

nepHMeHTaJibHbiX AaHHbiX, noJiy"'eHHbiX HeAaBHO, 3acTaBJISieT CAeJiaTb Bbi­

BOA 0 TOM, \.ITO npo6JieMa MarHHTHbiX B3aHMOAeHCTBHH H HX BJIHSIHHSI Ha 

B03MO)((Hble HOBble OCHOBHble COCTOSIHHSI B CHCTeMaX C TSI)KeJibiMH <tJepMHO­

HaMH (CT<l>) npeACTaBJISieTCSI CTOJib )Ke Ba)KHOH, KaK H H3y\.leHHe HX He-
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cTan.napTHOH C8epxnpo80.I\HMocni 11 ). EoJiee Toro, 8bBICHSieTCSI, 'ITO .nan­

naSI npo6JICMa 8CCbM3 TCCHO C8SI33H3 C nOHHM3HHCM 803MO)KH0["() MCX3HH3-

M3 BbiCOKOTCMnepaTypHOH C8CpxnpoBO.I\HMOCTH 12). 80 BCCX 3THX SIBJIC­

HHSIX (MarueTH3M, CT<l>, BTCn> onpe,neJISIJOmyJO poJib HrpaiOT KoppeJISI­

U.HOHHbiC 3JICKTpoHHbiC 3Qxl>eKTbl H HX !lCCbM3 .l\eJIHK3THbiH 6aJiaHC H 

KOHKypeuu,H SI . KaK yKa3biBaCTCSI B 11 ), B pSI,ne CT<l> ua6JIJO,naJOTCSI cymecT-

8CHHbiC OTKJIOHCHHSI OT OnHC3HHSI B paMK3X TCOpHH <j>CpMH-)KH.I\KOCTH H HC­

OObllJHOC Mai 'HHTHoe nose.nenHe, xapaKTCPH3yJOmeecSI , KaK npaBHJIO, O'ICHb 

CHJibHO pa38 HTbiMH cnHHOBbiMH <t>JIYKTyau,HSIMH H auoMaJibHbiM yMCHhwe-

0-t 0-2 
HHCM CpC.I\HC["() M3fHHTHO["() MOMCHT3 .1\0 BeJIHlJHH nopSI,nKa 1 -1 }-l B' 

D,eJiaCTCSI 8 bl 80.1\, 'ITO <j>H3H'ICCK3SI K3pTHH3 onpe,neJISICTCSI 8CCbM3 TOHKHM 

MHO["()lJ3CTHlJHbiM KOppeJISIU,HOHHbiM 3Qxi>CKTOM, 8 pe3yJibT3TC lJC["() npoHC­

XO.I\HT T3K3 SI nepCHOpMHpoBK3 3JICKTpoHH0["() K833HlJ3CTHlJHOro CnCKTpa , 

KOTOpaSI H 8C.I\CT K YK333HHbiM aHOMaJibHbiM C80HCT83M. 

2. CJIO)KHOCTb CHTyau,HH onpe,neJISICTCSI TaK)KC TCM OOcTOSITeJibCTBOM , 

'ITO noKa n eT snoJine o.nH03Ha'IHoro MHKpocKOnH'ICCKOro onHcaHHSI CT<l>. 

no MHCHHIO 3KCnCpHMCHT3TOpa 13), o6pa3083HHC <j>epMH-)KH.I\KOCTH TSI)KC­

JibiX 3JICKTpoHOB npH HH3KHX TCMnepaTypax CCTb CJIC.I\CTBHC 3Qxi>CKTa KoH­

.1\0, T .C. 3Qxl>eKT3 3KpaHHpo83HHSI JIOK3JIH3083HH0["() MarHHTHO["() MOMCHTa 

3JICKTpoHaM H npo80.1\HMOCTH. D,m1 COC.I\HHCHHH C nepHO.I\H'ICCKHM pacnOJIO­

)KCHHCM P3- HOH08 (.1\Jlll onpe.neneHHOCTH - HOH08 Ce) KOH.I\08CKoe 3Kpa­

HHpoBaHHC AOJI)KHO npoHcxo.nHTb 8 Ka)K.I\OM y3Jie peweTKH , 'ITO .naeT ocuo­

oauHe rooop HTb o peweTKax Kou.no. 1-iMCIOTCSI TCOpHH, no.nTBep)K.I\aJOmHe 

3TOT B3rJfAA 14 ): CT<J>·ecrh CJIC.I\CTBHe o6pa3o8aHHSI O'ICHb y3Koro pe3onau­

cuoro nHKa 8MH3H ypo8HSI <l>epMH. TeopHSI cpe.nuero nOJISI lSI Reno noKa-

3biBaeT, 'ITO peweTKa Kou.no Ka'ICCT8enuo OTJIH'IaCTCSI oT aucaMMSI n e3a-

8HCHMbiX n p HMeceH, pacnOJIO)KCHHbiX 8 yJJiax nepHO.I\H'ICCKOH pewCTKH . 

KoppeJIHpo83HHOC COCTOSIHHC BCCX 3JICKTpoH08 npo80.1\HMOCTH CO 8CCMH 

M3fHHTHbiMH Y3JI3MH B03HHK3CT KOrepeHTHbiM 00pa30M K3K CJICACT8HC 3<j>­
<j>CKTHBHOH rH6pH.nH3aU.HH .I\8YX no.ncHCTCM. TaKHM o6pa3oM , .1\JISI 803HHK­

H08CHHSI C T <l> nepHO.I\H'ICCKaR peweTKa CTOJib )KC oa)I(Ha, KaK "o.nuoy3eJib­

HbiH 3Q$eKT Kou.no 16). npH 3TOM TCpMOAHHaMHlJCCKHC xapaKTCpHCTHKH 8 

3H3'1HTeJibHOH MCpe onpe,neJISIIOTCSI O.I\HOY3eJibHbiM n08C.I\CHHCM, 8 TO 8peMS1 

K3K .I\HH3MH'ICCKHC xapaKTCpHCTHKH 6oJiee 'IY8CT8HTeJibHbl K 3Qxl>eKT3M 

nepHO.I\H'ICCKOH CTpyKTypbl. C ,npyroH cropoubl, B 8CCbM3 HHTCpeCHOH HC­

A38HCH 3KCn CpHMCHT3JibHOH pa6oTe 17)6b1JIH npoaHaJIH3Hpo83Hbl 8CC ,nau­

HbiC .1\JlSI C T <l> u.epHSI, nOJiy'lenuble c noMombJO pe3onaucuoit $Yro3MHCCHH. 

obiJIO o6uap y)Keuo, 'ITO ua6.nJO,naeMbiC <j>oT03MHCCHonubie cneKTpbl MoryT 

6b1Tb ue C81133Hbl c pe3onaucoM Kou.no. TeMnepaTypuoe no8e,neuHe ua6.nJO­

.naeMbiX CnCKTpo8 ,nonyCK3CT 3JibTCpH3THBHOC 00t.SICHCHHC 33 C'ICT 8KJI3.1\3 

<j>oHOHOB. 
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3. CaMaS! cy~ecTBCHHaSI npo6JJeMa, OAHaKo, cocTOI1T s TOM, 4TO 3<jxpeKT 

KOHAO CCTh npi1H~I1nl1aJJhHO OAHonp11MCCHbiH 3<jxpeKT. To4HhiH p eJyJJhTaT 

18 I noKaJhiBaeT, 4TO OCHOBHOC cocTOSIHI1C raMI1JJhTOHI1aHa KOHAO AJJR cni1-

Ha np11MCCI1 l /2 CCTb CI1HrJJCT. 83a11MOACHCTRI1C MC)KAY np11MCCSIM I1 BCACT K 

noAaBJJCHI110 3<jxpeKTa KOHAO, noAo6Ho BJJI1SIHI110 MarHI1THOro nOJJ SI 11 TCM­

nepaTyphl. Y)Ke AJJSI ARyxnp11MCCHOH MOACJJI1 KoHAO B03HI1KatOT OOJJhWHC 

TPYAHOCTI1 (eM. 19 I H ~11TI1PYCMhiC TaM pa6oThl), 8 4aCTHOCTI1, KOHAORCKHH 

JJorap11<fJM He B03HI1KaeT. ECJJ11 11CXOA11Th 113 T04KI1 3pCHI1SI, 4TO a Ka)KAOM 

yJJJe nep110A114CCKOH peweTKI1 coxpaHSICTCSI JJOKaJJI130BaHHhiH MOM CHT, Tor­

Aa MO)KHO cne~l1aJJhHO np11roT0811Tb 110 I COCA11HCHI1SI Ha ocHos e ~cpHSI: 

CeM2Sn2 (M = Ni, lr, Cu, Rh, Pd, Pt), a KOTOphlx xapaKTepHaSI TCMncpa-

Typa KOHAO T K TOro )KC DOpSIAKa 11J111 MCHhWC, 4CM TCMncpaTypa KOCRCHH0-

1'0 o6MeHHoro B3ai1MOACHCTBI1SI PKKH: T K < TI'KKW B peJyJJhTaTe KOHKy­

peH~1111 KOHAOBCKOro OAHOy3CJlbHOro 3KpaH11po8aHI1SI (XapaKTCpHa SI WKaJJa 

JHepr11it Tk- cxpJ-1/gJ) 11 KOCBCHHoro o6McHa <xapaKTCpHa SI wKaJJa 

TI'KKH- i, rAe g = N(EF)J - npo113RCACHI1C nJJOTHOCTI1 COCTOSIHI1H Ha 

ypo8HC <J>epM11 11 KOHAOBCKoro OOMCHHOro 11HTcrpaJJa) ·soJHI1KaeT o6JJacTh 

<fla30BOH A11arpaMMhl C aHTI1$eppoMarHI1THbiM ynopS1A04CHI1CM JlOKaJJI130-

BaHHbiX cni1HOB. B coeA11HCHI1SIX c TaJJJ111CM KapT11Ha e~e CJJO)KHCC Ill I. xa­

paKTCpHhiX 3HepreTI14CCKI1X WKaJJ oKaJhiBaCTCSI OOJJbWC 4CM ABC. Ba)KHO 

DOA4CpKHYTb, 4TO caMbiM CyUlCCTBCHHbiM A080AOM 8 DOJ1h3Y yKaJa HHOH Ka-

4CCT8CHHOH KapTI1Hbl KOHKypcH~1111 83ai1MOACHCTRI1H, np11 KOTopolt coxpa­

HSICTCSI J10KaJI1130B<IHHbiH CDI1H 8 y3JlaX pCWCTKI1, SIRJJSIJJaCh COI13MCpi1MOCTh 

MarHI1THOH crpyKTyphl, Ha6JJtOAacMaSI 8 :JKcncpHMCHTC. B nOCJJCA HCC spe­

MSI, OAH<IKO, 6b1JJO 113Y4CHO COCAHHCHHC C HCCOI13MCp11MOH M rHI1THOH 

CTPYKTypolt. 

4. CHa4aJia o6cyAHM pa6oTy 112 1. rAe 11CCJJCA08aJJCSI cnJJa8 

Ce(Ru 1_xRhx)2B 2 8 o6JJaCTI1 KOH~CHTpa~HH 0 < x < l. C8epxnpoBOAHMOCTh 

CyUlCCT8YCT B 11HTCp8aJIC 0 <X< 0,38, a MarHCTI13M - 8 11HTCp8aJJC 

0,84 < x < l. MarHCTHJM onpcACJJSICTCSI Tpex8aJICHTHhiMHHOHaMI1 C e, OAHa­

KO Ha6JJIOAaCMbiH MarHI1THbiH MOMCHT HaChli.u.CHI1SI AJJSI CeRh
3

8 2 CHJlbHO 

yMCHbWCH Cps = 0,38 1-1 8 /Ce> no cpa8HCHI110 c 0)K11AaCMbiM (ps = 
= 2, 15~-t 81 Ce). no YTBCPQCHI110 aBTOpoB, CTOJlb CI1JlbHOC YMCHbWCHI1C 

MarH11THOro MOMCHTa HCB03MO)KH0 CBSI3aTb C 3<jxpCKTaMI1 rCKCaroHaJJbHOro 

KpHCTaJJJ1114CCKOro DOJJSI, KOTOpoC paCUlCDJJSICT OCHOBHOC MYJJbTI1DJJCTHOC 

COCTOSIHHC J = 512 Ha TPH AY6JJeTa. 6b1Jlo BhiCKaJaHo paA11KaJibHOe npeAno­

JJO)KCHHC. nocTaT04HO OOJlbWOC 3Ha4CHHC TCMnepaTypbl MarHHTHOro nepe­

XOAa T M = 113 K 11 Ma;roe 3Ha4CHHC MarHHTHOro MOMCHTa asTophl pa6oTbl 
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( 12 1 CBHJhiBaJOT c JOHHhiM MameTHJMOM TSI)KeJihiX <t>epMHOHOB. flpn 3TOM 

npe,AnoJiar aeTCH, 'ITO BJaHMO.AelicTBHe Me)K.Ay nonaMH Ce Ja C'leT KOCBeH­

uoro o6Mena npHBO.AHT K pac~enJieHHJO peJonauca KoH.Ao (Exchange-Split­

Kondo-Resonance). 3roT, no TepMHHOJIOrHH asropos, «ecTeCTBCHHhiH cu.e­

uapnli>> MarHCTH3Ma TSI)KeJibiX <t>epMHOHOB KOCBCHHO npe,AOOJiaraeT, 'ITO 

BOJIHOBaSI <I>YHKIJ.HSI OCHOBHOfO COCTOSIHHSI .AOJI)KHa npe,ACTaBJISITb COOoH 

KOM6HHaiJ.HIO CHHrJICTHOfO H TpHOJICTHOfO COCTOSIHHH: 

¢o = A'I/J s + B'I/J f' 

HnTepecuo , 'ITO s ne,Aasuen pa6oTe ( 13 I c noMO~bJO sapnau.nouuoro MeTo­

.Aa s npn6JIH)KeHHH fyTU.BHJIJiepa .AJIH O.AHOMepuon peweTKH KoH.Ao 6blJI 

Hali,AeH y 'l.aCTOK <t>aJOBOH .AHarpaMMhl, KOTOphiH aBTOpbl Ha3BaJIH «MarHe­

TH3M HaraoKa>> (T.e. HMeJO~HH JOHHYJO npHpo.Ay). PeJyJibTaT 3TOT oco6eu­

uo HHTepeceu, nocKOJibKY pauee s ( 14 I 6biJIO noKaJano (TaK)Ke B npn6JIH­

)KeHHH fyTU.BHJIJiepa), 'ITO .AJISI peweTKH AH.Aepcoua c 3<1><l>eKTHBHOH rn6pn­

.AHJau.nen <l>eppoMarHHTHaSI HeyCTOH'lHBOCTb He B03HHKaer! 0.AHaKO 

pewaJO~ii .AOBO.A B 00Jib3Y cy~eCTBOBaHHSI 30HHOfO MamerHJMa TSI)KeJibiX 

<l>ePMHOHOB (Heavy Fennion Band Magnet) 6biJI no.ny'l.eH H3 3KcnepnMeHTa. 

5. KoMnJieKcHoe nJy'l.eHHe ( 15-17 I (BKJIJO'laH pacceHHHe HenTponos) 

KBa3H6HHapHOH CHCTeMhl Ce(Cu 1_XNix)2Ge2 ,AaeT OCHOBaHHe C'lHTaTb, 'ITO 

B 3TOM cnJiase, npn yse.TIH'l.eHHH KOHU.eHTpau.nn Ni, na6JIJO.AaeTCSI nepexo.A 

OT MarHHTOynOpSI,AO'leHHOH aHTH<I>eppoMarHHTHOH <l>a3bl C JIOKaJIH30BaHHbi­

MH MarHHTHbiMH MOMeHTaMH B <t>aJy 30HHOfO MarHeTH3Ma TSI)KeJibiX <t>ep­

MHOHOB n pn MOHOTOHHOM yse.TIH'l.eHHH TeMnepaTypbl KoH.Ao OT 7 K (x = 0) 
.AO 30 K '(x = 1 ). CsoikTBa ocuosuoro COCTOSIHHH npn 3TOM pa.AHKaJibHO Me­

HHJOTCH • .Ll.JIH o6JiaCTH Konu.enTpau.nn x < 0,2 ua6JIJO.AaeTCH MO.AYJIHposau­

naH MarunrnaH CTPYKTypa c BOJIHOBhiM seKTOpoM q01 = (0,28, 0,28, 0,54) 

H f..ls = 0,74f..l8 /Ce npn x = 0 B <t>aJe HH)Ke TeMnepaTyphl Hee.TIH T Nl(x). 

B o6JiaCTH x > 0,2 B03HHKaeT cosepmeuuo .ApyraH MO.AYJIHposannaH Mar­

HHTHaH CTPYKTypa HH)Ke TeMnepaTypbl Hee.TIH T N 2 c q02 = (0, 0, 0, 13) npn 

x = 0,5 c e~e 6o11ee yMeHbmeHHbiM JHa'lenneM MarHHTHOro MOMenTa 

f..ls < 0,2 f..l 8 / Ce .AJIH x > 0,65. HMeHHO MarHHTHaH <t>aJa HH)Ke T N2(x) H 6blJia 

oTo)K.AeCTBJieua s 115-17 I c <t>aJon Jonuoro MarneTH3Ma TH)KeJihlx <t>epMH­

ouos. Ba)KHO nO.A4epKHYTb, 'ITO CTOJib 3Ha4HTeJibHoe H3Meueune <t>nJH'lec­

KHX CBOHCTB 6b1JIO .AOCTHrHyTO npaKTH'l.eCKH 6e3 HapymeHHSI peweTKH 

nouos Ce. B noJibJY mnoTe3hl o JOHHOM MarneTH3Me TSI)KeJihiX <l>epMHOHOB 

fOBOpHT Ta K)Ke COBOKynHOCTb ,AaHHhiX 0 TenJIOBOM paCmHpeHHH, TenJIOeM­

KOCTH, BOCOpHHM'lHBOCTH. 0,AHaKO peWaiO~HMH OCTaiOTCSI .ABa OOcTOSITeJib­

CTBa: Hecon JMepnMOCTb MarHHTHOH CTPYKTYPbl H anoMaJibHoe yMeHbweune 

MarHHTHOro MOMenTa ua none Ce. BecbMa HHTepeCHbiM HBJIHerCH npe.ACKa-
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3aHHe <J>a3b1 30HHOf'O MarHeTH3Ma TSOKeJibiX <J>epMHOH08 ~JUl Coe~HHeHH.Sl 

CeCu2Si2, c~e.naHHoe 8 (17 1 • .ll.aHHaSI <Pa3a ~omKHa noR8JI.SITbCSI HH)I(e 

T N 2= 0,6-0,8 K, '!TO ~e.naeT ee Ha6JIJO~eHue 8ecbMa TPY~HbiM. 3To 

yTBep~eHne TeM 6o11ee HHTepecHo, 4TO 8 pa6oTe Tex )l(e a8TOpo8 (18 I Mar­

HHTHbiH nop~oK 8 CeCu2Si
2 

He 6biJI o6Hapy)l(eH (eM. TaK)I(e ( 19 I>. 
6. C TeopeTH'!eCKOH TO'!KH 3peHH.S1 1 803HHKH08eHHe MarHHTHOH <J>a3bl 

8 MHOro'!aCTH'!HbiX CHCTeMaX HaHOOJiee DOCJie~08aTeJibHO OOHCb18aeTCSI Ha 

OCH08e H3y'!eHHSI '!aCTOTHOH H HMDYJibCHOH 3aBHCHMOCTeH ~HHaMH'!eCKOH 

MarHHTHOH 80CnpnHM'!H80CTH. By~eM paccMaTpH8aTb raMHJibTOHHa H nepu­

o~u'!eCKOH Mo~e.nu AH~epcoHa (eM. (8,9 J): 

H = L ek a:<P!w + L E(k) d:adko + U/2 L n:Un1- a + 
ko ko io 

(I) 

CneKTp Mo~e.nu (I) u3o6pa)l(eH cxeMaTH4eCKH Ha puc. I. 3~ecb e k - 3aKoH 

~ucnepcuu 3JieKTpoH08 npo80~HMOCTH; a+ u au d+ u d :.__ oneparophi po)l(­

~eHH.SI H YHH'!TO)I(eHH.Sl 3JieKTpoH08 WHpoKOH 30Hbl npo80~HMOCTH H 04eHb 

Y3KOH /-30Hbl COOT8eTCTBeHHO • .LI.ucnepcn10/-3oHbl E(k) no cpa8HeHHJO c ek 

MO)I(HO C4HTaTb KOHCTaHTOH. Be.nn'!HHa U eCTb HHTerpan KYJIOH08CKoro oT­

TaJIKH8aHHSI ~8YX 3JieKTpoH08 Ha y3Jie peweTKH, Vk- napaMeTp m6p~H-

3aU.HH 3JieKTpoHos wupoKoil u y3KOH 30H. 

8 (20 I 6biJIH 8biCKa3aHbl Ka'!ecTBeHHble apryMeHTbl 8 noJib3Y cyw.ecr-

808aHHSI <J>a3bl 30HHOf'O MarHeTH3Ma TSI)I(eJibiX <J>epMHOHOB Ha OCH08e MO~e­

JIH ( 1). AHaJIH3Hpo8aJIOCb CJie~y10w.ee npnMH)I(eHHoe 8blpa)l(eHHe AAH cnu­

H080H nonepe4HOH ~HHaMH'!ecKOH 80COpHHM4H80CTH: 

-+ x~+(w) 
X (q, w)- ,.Ph ' 

1 - U QP \lQp(w, q) 
(2) 

r~e x ~ + ( w) - JIOKaJibHaH socnpHHM'!H80CTb «3Qxl>eKTHBHOH n p uMeCH>>. 

3HaMeHaTeJib 8 8blpa)l(eHHH (2) CO~ep)I(HT JIOKaJibHOe OTTaJIKHBaHHe KBa3H­

'!aCTHU. U QP' nop~OK 8eJIH4HHbl KOTOporo onpe~e.nSieTCSI xapaKTepHOH 

WKaJIOH Ko~o U QP :::: akT k; a :::: 1. Be.nH4HHa ~~ onHCbl8aeT pacnpocr­

paHeHue HOCHTeJieH 8 K3HaJie K833H43CTHU.3 - KBa3~blpKa. M a rHHTHa.SI 

HeyCTOH4H80CTb peweTKH A~epcoHa C8SI3bl8aeTCSI c o6paw.eHneM s HYJib 

3HaMeH3TeJISI 8 8blpa)l(eHHH (2). 
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EK 
rl l.-vV 2N(EF) 

E ~ ...,. ,_ ., <' < 1/ < / :::t } r f /7 /_2_2_2.2~::¥.: 

lJL 
Ksz 

PMc.J •• Cxe MBTM'ICCKOI>HJ06palKCHMC OAHOOJICKYpOHHOI'O CneKTpa nepMOAM'ICCKOA MOAeJIM 

AHAepcoH 

M111 noKa:~teM 3.Aecb B03HHKHoaeHHe MarHHTHOii Heycroii'IHBOCTH MO.Ae­

JIH <I) npH 6o.nee o6~Hx npe.AnOJio:~teHHSIX. Hac 6y.Aer HHTepecoaaTb o6o6-
~eHHall CDHHOBall BOCDpHHM'IHBOCTb 

N m I oo 
____:..~2 xatl(q, w) = h oafl(q, w) = h f dt elwtoafl(q, 1). <3> 
~p~ -oo 

3,Aecb BBe,AeHO o003H3'1eHHe ,AJIII .ABYXBpeMeHHOH TeMnepaTypHOH ciJyHKU,HH 

fpHHa 

G afl(q, I) = - i8(t) ( (s a(q, t), sfl(q, 0) )_), (4) 

r,Ae Sa (a = +, -, z) - KOMDOHeHTbl Oneparopa CDHH3 

S a(q, t) = F(q) sa(q, t). <S> 
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Ba)KHO noA'lepKHYTb HanH'lHe <l>oPM<I>aKTopa F(q): 

(6) 

KOTOpbiH OnpCACnSICT CTCnCHb nOKanHJaU.HH CnHHOBOH nnOTHOCTH 30HHbiX 

::JnCKTpoHOB. nonepC'lHbiC KOMUOHCHTbl CnHHa paBHbl 

(7) 

Ce'leHne paccestHHSI Tennoohlx HCHTpoHOB Ha <J>nyKTyau.nllx non cpc'lHhlx 

KOMnOHCHT CnHHOBOH nnOTHOCTH paBHO 

2 

d
2
a ( ye

2 l 2 k' -2 dQ dE'- mt/ I F(q) I k (I + qz) (n(w) + l)X 
(8) 

X Jmx-+(q, w). 

B o6w.cM cny'lae AHHaMH'lCCKast cnnHoBall oocnpHHM'lHBOCTb BCCbMa Hc­

TpHBHanbHO JaBHCHT OT TCMnCpaTypbl H ncpCAaHHOfO HMnynbCa, a TaK)KC OT 

xapaKTCpa npu6nH)KCHHSI, HCnOnb3YCMOfO npH paC'lCT(! (CM. pHC. 2 A'nSI HC­

KOTOpbiX pe)KHMOB pcwcTKH AHAcpcoHa). 

Bbi'lHcnHM oocnpHHM'lHBOCTb x-+(q, w) 8 npH6nH)KCHHH cny'laHHbiX 

<l>a3 AnSI ncpHOAH'lCCKOH MOACnH AHACpcOHa. npHBCACHHall cnHH Ball BOC­

npHHM'lHBOCTb 8 3TOM cny'laC pasHa: 

-+ 
-+ XMF(q, w) 

X (q, w) = . 2 -+ · 
I- U/(gpH) xM,_.(q, w) 

(9) 

3ACCb 

-+ 2/ ~ XMF(q, w) =- (gpH) N LJ {(nk+q~- nkt) X 
k 

x 1- 1 v* 12 
((hw - £ ~ (k) + e k+q) + (hw + £ t (k + q) - e *)) + 

+ -+ Vk (ak+q' dk+q,)(hw + E t (k + q)- ek) I} X 

2 - - -
X {-IVkl l(hw+Et(k+q)-E~(k))(hw+Et(k+q)- ek)+ 
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w 
vFq 

I'Hc.2. CxeMaTH•tecKoe +13o6pa>KCIIHC TeMnepaTypuoi'i H HMnyJtbCIIOH 33UHCHMOCTCH JIH­

uaMwteCKOH uocnpH~tM•tHDOCTH nepHOJIH•tecKOH MOJICJIH Aut~epcoua o pa3JIH'tHbtx pc>KH­

Max 

+ (hw- E ~ (k)- ek.+q) (hw + ek.+q- ek.) + 

- - -+ (hw + E t (k + q)- E ~ (k)) (hw - E ~ (k) + ek.+q) + 

+ (hw + Et(k + q)- ek.) (hw + ek.+q- ek.)) + 

- -+ (hw + Et(k + q)- E~(k)) (hw- E~(k) + ek.+q) X 

- -1 
X (hw + Et(k + q)- ek) (hw + ek.+q- ek.)} . (10) 

3ACCb Ea(k) = E(k) + U/ N L nk.a· 
k. 

MarHHTH<:tsl HeycTOH4HROCTb pelllCTKH AHAepcoHa CBSJ3aHa c noSJBJJCHH­

eM nonJOCa (9) npw q, w -+ 0. nonara11 q = 0, HMeeM 
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. 2 
I =-U/N2_ {(nA:f-nA:l) 1-IVA:I (2hw-L\)+ 

A: 

+ hw(hw + £,(k)- ek) (hw- £, (k) + ek) 1-

- hw 1v; (d;fakf) (hw- E l (k) + tk) + 

+ -+ Vk(akldkl)(hw+Ef(k)-tk)l} x 

x {-1 Vkl
2(2hw + L\)2 + hw(hw + Ef(k)- E l (k))x 

X (hw- E l (k) + tk)(hw + £,(k)- tA:)} -I' (II) 

rAed = U/N2_ (nkl- nkf). 
k 

HeTPYAHO ysHAeTb, lfTO nOACTaHOBKa hw0 = 0 YAOBJJeTBopHeT y pasueuu10 

( 11). faMHJibTOHHaH ( 1) nepHOAH'fecKon MOAeJIH AHAepcoua o6.naAaeT po­

Tau.uouuou HHBapHaHTHOCTbiO H UOTOMY AOmKeH HMeTb rJiApoAHH3MH4e-

CKHH noJIIOC hw = Dq2 
npu q -+ 0. Hau6oJiee YAOOHO no\(a3aTb 3TO, H~XOASJ 

H3 npaBHJia CYMM 

(12) 

rAe HCDOJlb30BaHbl CJieAyiOW.He o003HalfeHHSI 121J: 

fHApoAHH3MH'feCKHH UOJIIOC (q-+ 0, W-+ 0, q/w-+ 0) o6o6w.eHHOH CUHHO­

BOH BOCnpHHM\IHBOCTH (9) CJieAyeT H3 pa3JIO.lKeHHSI 

X(Q, w) = _ 2(Sz) (1 + Al) _ O(q2). 
hw-Dl 

B peayJibTaTe HanAeM 

Dq2 = - 1
-z {hq ( (J-, S~ I_) - h2llim lim x1} . 

2(S) q q w-+Oq-+0 
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PaccMoTpHM Tenepb ce4CHHe pacceSIHHSI (8). 3anHlllCM Bblpa)KCHHe ~Jill 

I -+ mx (q , w)BBH~C: 

- + -+ 1 I 2 - + 2 Imx (q,w)=lmxMF(q,w) 1li-U (gfl- 11 ) RexMF(q,w)l + 

2 -+ 2}-1 + IUI(gfl- 11 ) lmxMF(q, w) I . (17) 

np11 q-* 0 , W-* 0, lmx~;.(q , w)-* 0, OTKy~a CJIC~YCT, 4TO 

I 2 -+ .!i { I 2 -+ } U (g ft 11) lmx (q, w):::::- nu I - U (gfl- 11) RexMF(q, w) . (18) 

B rH~po~H HaMH4CCKOM npc~CJlc ~OMHHHpycT ncpRhiH 4JlCH R npasoH 4aCTH 

( 13), Ha OCHORaHHH 4Cf'O HMCCM 

I - Ul(gfl- 11 )
2 Rcx~;(q ... 0, w ... 0)- Z(hw- hQ (q)). (19) 

l1cnOJlh3Yil (19) B (18), HaH~CM 

2 
- + n(gfl- 11 ) 

lm X (q-. 0, w ... 0) - - ZU ~(hw - hQ (q)). <20) 

3~CCh Z - pCHOpMaJlH3aU.HOHHhiH napaMCTp, hQ (q) - aKyCTH4CCKHH 

cnHH-ROJl HOBOH nOJliOC, y~oBJlCTBOpSIIOlUHH yCJlOBHIO hQ (q ... 0) = 0. 
CJlc~ycT OTMCTHTb oco6y10 poJlb napaMCTpa rH6pH~H3aU.ItH Vk. B caMOM 

~cJle, CT<l> xapaKTCPHJYIOTCSI 04CHb CHJlbHOH JlOKaJlbHOH KYJIOHORCKOH 

KoppeJlSIU.HCH 3JlCKTpoHOB Ha /-ypoBHSIX (HJIH B 04CHb YJKOH /-JoHe) U, Ja 

C4CT KOTOj)OH HX nO~BH)KHOCTb pC3KO YMCHblllCHa, a :xtxt>cKTHBHaSI Macca 

m· YBCJlH 4 CHa. 3a C4CT rH6pH~H3aU.HH vk 3JlCKTj)OHhl /-ypoBHCH YBCJ1114H­

BaiOT cso10 no~BH)KHOCTb. TaKHM o6pa30M, BOJHHKHORCHHe CT<l> onpc~c­

JlSICTCSI B p aBHOH MCpe OOoHMH napaMCTpaMH U H Vk (22 (. l13MCHCHHC BC-

JlH4HHbl rH6pH~H3aU.HH MO)KCT BHOCHTb CylUCCTRCHHbiC H3MCHCHHll B nORC­

~CHHC pe~K03CMCJlbHbiX COC~HHCHHH, B 4aCTHOCTH onpC~CJISITb MarHHTHYIO 

HeycTOH4HBOCTb npH ysenH4CHHH rH6pH~H3aU.HH (23 J. Mo.lKHO noKaJaTb 

(24,25 J, 4 TO Bblpa)KCHHC MSI napaMeTpa «)KCCTKOCTH» aK)'CTH4CCKHX CnH­

HOBbiX soJlH 06> np11 ysCJ1H4eHHH vk pasHo 

I UL I L 2 D---- n +n +- n -n Ve 
- 4L\m • N P ( P t P ~) 2L\ 2 P ( P ~ P t) I PI . (21) 
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3aMCTHM, liTO A3HHbiH pC3YJibT3T CCTb CJICACTBHC npH6JIH)KCHH SI CJiy'laH­

HbiX <j>a3 (9) " HOCHT JIHWb KaliCCTBCHHbiH xapaKTep. HecoMHCHHO, OAHaKo, 

liTO noBCACHHC peweTKH AHAepcoHa BCCbMa liYBCTBHTCJibHO K Bb16opy npn-

6JIH)KCHHH AJIH y'leTa BKJiaAa OT rn6pHAH3au.nn, Ha liTO TaK)KC y Ka3biBaiOT 

pe3yJibTaTbl pa6oT ( 13, 14, 22). 
7. C<j>opMyJinpyeM OCHOBHhiC BbiBOAbl. CT<I> xapaKTepn3ycTCH ABOHCT­

BcHHhiM nOBCACHHCM HOCHTCJICH, a HMCHHO 30HHhiM H JIOK3JIH30BaHHbiM. 

8 H3CTOHW.CC BpCMH HCT YHHBCpcaJibHOH MHKpocKOnHliCCKOH MOAeJIH, B 

paBHOH Mcpe XOpoWO OnHChiB310W.CH 3TO ABOHCTBCHHOC nOBCACH HC. 8 MOAC­

JIH peweTKH KOHAO /-3JICKTpoHhl npeACTaBJICHhl nx cnnHOBOH CTCnCHhiO 

CBoOOAbl H HX 30HHbiH xapaKTCp B 3HaliHTCJihHOH MCpC OCTaCTCSI B TCHH . C 

Apyrou cTopoHbl, B MOACJIH pewcTKH AHAepcoHa nOAllcpKnsacTc H 30HHhiH 

xapaKTep /-3JICKTpoHOB 6JiaroAap11 IIBHOMY ylleTy rn6pHAH33U.H H. Hanpo­

THB, HX JIOK3JIH30B3HHOC nOBCACHHC OnHCbiBaCTCII KOCBCHHO, Han pHMCp 33 

CliCT M3JIOH nOABH)KHOCTH HJIH liCpC3 MarHHTHhiH <j>opM<j>aKTOp (6) (CM. 

(221). D.JISI nocTpoCHHII UOCJICAOB3TeJibHOH TCOpHH MarHHTHOro n OBCACHHII 

CT<I> cnHHOBbiC H <t>epMHOHHbiC cTeneHn CBoOOAbl B paBHOH Mepc Ba)I(Hbl. 

B HacTOHW.CM coo6w.eHHH 6hiJia noKa3aHa MarHHTHaSI HcycT H'IHBOCTh 

pewcTKH AHAepcoHa Ha OCHOBe npocTbiX KallcCTBCHbiK coo6pa)KCHMH. He­

coMHCHHO, A3HHaH TCOPHII Tpc6ycT YJIYliWCHHII. npn BblliHCJICHH H AHHaMH­

liCCKOH socnpHHMliHBOCTH (3) HCOOXOAHMO IIBHO YliCCTh BKJiaA liJICHOB no-

PSIAKa 0, KOTOpb1COTBCllaiOT3a KOCBCHHbiH PKKH-o6McH. KpoMe Toro, He­

o6xoAHMO paCCMOTpCTb 3HTH<j>cppoMarHHTHOC, a HC <j>cppoMarHHTHOC 

ynopHAOliCHHC, XOTSI, K3K BHAHO H3 paOOTbl (J2 ), <t>cppoMarHHTHOC nOBCAC­

HHC 30HHhiX TSI)KCJibiX <t>epMHOHOB TaK)KC H36JIIOAaCTCSI B 3KCnCpHMCHTC. 

HecoMHCHHO, liTO npn6JIH)KCHHC CJiyllaHHblx <Pa3 (9) IIBJIIICTCH JIHWb nep­

BbiM waroM AJIH onncaHHII MarHHTHOro noBCACHHH pcwcTKH A HAepcoHa 

(JII06onhiTHO OTMCTHTb, liTO <PYHKU.HOHaJibHaH CTPYKTypa 6oJicc TO'IHOro 

npH6JIH)KCHHSI (2) COBnaAaCT C (9)). TcM HC MCHCC H3CTOHW.CC p a CCMOTpe­

HHC nOK33biB3CT, liTO B <J>a3c 30HHOro MarHCTH3Ma TSI)KeJibiX tf>epMHOHOB 

rHApoAHH3MHliCCKHH nOJIIOC AOJI)KCH COXpaHHTbCH, nOCKOJibKY COXpaHHCTCSI 

poTaU.HOHHaH HHBapnaHTHOCTb raMHJibTOHHaHa ( 1). HcxOAH H3 coo6pa)Ke­

HHH noAOOHH, MO)KHO noKa3aTb, liTO nocTOHHHaH «)KCCTKOCTH>> D ( 16) 6yAeT 

oopaTHO nponOpU.HOH3JibH3 3<Jxt>eKTHBHOH M3CCC <t>epMHOHOB m • 

3TO 03H3li3CT, liTO 30HHbiH M3rHCTH3M TSI)KCJibiX <t>epMHOHOB SIBJISICTCSI CJia-

6biM 30HHbiM aHTH<j>eppoMarHCTH3MOM, C HCTpHBH3JibHbiM THnOM M3rHHTO­

ynOpSIAOliCHHSI (HCCOH3McpHMble, MOAYJIHpoBaHHbiC CTpyKTypbl) (20, 26). 
Bo MHornx acncKTax CJia6blu 30HHbiH aHTn<t>eppoMarHCTH3M 6JIH30 K K nose­

ACHHIO napaMarHCTHKa C pa3BHTbiMH CnHHOBbiMH <j>JiyKTY3U.HSIMH. 3TOT 
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Kpyr sonpocos aaCJiy)KHBaeT QTAe.rtbHOro paccMoTpeHHSI. CJJeAyeT TaK)Ke 
no,n4cpKH} Tb OOJJbWYtO poJJb 3Qxt>eKTOB KpHCTaJJJJH4ecKoro noJJSI AJJSI noHH­
MaHHSI cPH3H4ecKoro noseAeHHSI CT<t> (271. 

TaKHM o6pa30M, MO)KHO CKa3aTb, 4TO B nOCJleAHHe HeCKOJJbKO JJeT npo-
6JJeMa MarHHTHOro nose,neHHSI CT<t>, KOTopaSI H3y4aJJaCb H paHee 128 ), Bbi­
ABHHyJJacb Ha nepBbiH nJJaH npH H3y4eHHH CBOHCTB aHOMaJJbHbiX pe,nK03e­
MCJJbHbiX COeAHHCHHH 1261. 3TO o6cTOSITeJJbCTBO ew,e pa3 nO,n4epKHBaeT 
poJJb H 3Ha 4CHHC KOppeJJSIU,HOHHbiX MO,lleJJeH AJJSI TeopeTH4eCKOro H3y4eHHSI 
CT<l>, a TaK)Ke Heo6xo,nHMOCTb pa3BHTHSI Hosoro TeopeTH4ecKoro annapaTa 
AJJSI pac4eTa Hx OAH04aCTH4HbiX H KOJJJJeKTHBHbiX xapaKTepHCTHK. Mbl 
npe,nnoJJaraCM OOCYAHTb OOApOOHee 3TOT Kpyr BOnpocOB B CJleAytOUJ,HX pa­
&nax. 

B aaKJJ t04eHHe MHe xoTeJJOCb 6bl no6JJaroAapHTb H.HaTKaHu,a aa opra­
HHaau,HtO MOero CeMHHapa B Jla6opaTOpHH HeHTpoHHOH cPH3HKH H noJJe3Hble 
aaMe4aHH SI . 5I TaK)Ke 6JJaroAapeH E.A.ropeMb14KHHY aa HHTepecHhle H CTH­
MYJJHpytOw,He o6cy)K,neHHSI npo6JJeMbl CT<t>. 
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06 HH.lJ.YL(MPOBAHHOM J.13JIY'IEHHM, 
Bbi3BAHHOM 3APSDKEHHOA 
PEJISITMBMCTCKOA 'IACTML(EA 8 fA3E 
HlDKE 'IEPEHKOBCKOfO llOPOfA 

A.A.T~mKH 

8 pa60TC o6ociiOIIhlllliCTCII HJ\CII 0 IIOBOM MCX311H3MC HIIJ\YitUpouaHltOH rc­

IICJlaiiHH KOI'CJ>CIITIIOI'O ~13JIY'lCHHII 3TOMOH 1'333 11pH J\aHJieiiHH IIH>KC nopor-.1 

113JIY 'ICIIHII HaRHJIOHa - 4cpc11KOBa. 3TO H3JIY4CIIHe J\OJI>KIIO BOJIIHKaTb CTpo-

1'0 110 11311!)3HJICIIH~ HRHlKCIIHII 33p11>KCIIIIOH peJJIITHBHCTCKOW •taCTHIIbl K3K 

HllilYIVIJlOBaiiiiOC IIOJICM H3JIY'ICIIHII OT pa11ee B036y>KJ\CIIIIbiX 33pii>Kelllt0H'ta­

CTHIIC.I aTOMOB. 06pau(aeTCII"'RIIHMaiiHe Ha Ollpe)leJJellllble yKaJliiiHII B IIOJlbJY 

CYUICCTDOBaiiHII TaKOI'O H3JIY'ICIIHII, KOTOpblC IIQJIY'ICIIhl B 01\IIOM HJ IIOCJIC)\IIHX 
:lKCIICpHMeiiTaJJbHbiX HCCJJe)\OBaiiHH 1\0IIOp<JI'OBOI'O H3JIY'IeiiHII peJJIITHBHCT­
CKHX :lJJeKTp<JHOB B •tepeiiKOBCKOM C•leT'lHKe. npe)\JiaraeTt!11 :)KCnepHMCIIT JVIII 

OK011'13TCJlhiiOI'O )\OK333TeJlbCTB3 cymeCTDOBaHHII MeXaiiH3Ma CBOCOOpaJIIOH 
«JJa3ep110H• pa3plli\KH uoJ6y>KJleltllbiX aTOMOB BilOJlb TpeKa 33p11>KeiiHOH peJJII ­

THHHCTCKOH 48CTHU,bl . 
Pa6oTa obmOJJHeua u Jla6opaTOpHH cuepxubrCOKHX :lueprnii OHSIH. 

On the Induced Radiation Caused 
by 'a Charged Relativistic Particle 
Below Cherenkov Threshold in a Gas 

A.A.T yapkin 

The idea of new mechanism of induced coherent radiation by the atoms of a 

gas under the Cherenkov threshold is suggested in this paper. This radiation 
must be emitted strictly in the direction of the movement of the charged particle, 

because It is provoked by the induced action of the field emitted by excited atoms 
along the relativistic particle track. It is emphasized that the last experimental 
investigation contains some indications of such radiation . An experiment for full 

evidence of the existence of this mechanism of peculiar «laser- discharge of the 

excited gas atoms along the relativistic particle track is proposed. 

The investigation has been performed at the Particle Physics Laboratory, 

JINR. 

B 1961 ro.Ay H .M.<llpaHK B CTaTbe (1 J, nocB~eHHOH naMHTH 
C.H.BaBHJIOBa, OTMCTHJI, 'ITO «OTKpbiTHe 3<1xt>eKTa BaBHJIOBa - lJepeHKO­
Ba, a JaTeM pa3pa6oTKa ero Teopuu npHBCJIH K noHBJICHHI0 pH.Aa ucCJJe,AoBa­
HHH, DOCBSilli.CHHbiX CBS13aHHbiM C HHM BODp()CaM~ H 'ITO «B 3Ha'IHTCJibHOM 

26 



liHCJie ,npymx pa6oT paccMaTpHBaJICJ~ u PJ~A J~BJJCHHH, CMC)I(HbiX c 3$1>eKTOM 

BaBHJIOBa- qepeHKOBa». B KalleCTBe npuMepa TaKoro uosoro O)I(H,naeMoro 

RBJICHHJI aBTOp yKa3aJI Ha TaK Ha3biBaCMOC nepCXOAHOC H3JIYliCHHC, TCOpHR 

KOTOporo 6b1Jla pa3paOOTaHa B HX COBMCCTHOH C 8.JI.fHH36yp roM pa­

OOTC [2). 
8 HaCTOR~CM CoOO~CHHH pCllb nOHACT e~e 00 OAHOM BHAC KOI"CpCHTHO­

ro H3JIYliCHHR, TaK)I(C TCCHO CBR3aHHOM C TCM )I(C KpyroM OUTH'ICCKHX HBJJC­

HHH, B03HHKatO~ux B npo3paliHOH cpeAe npu npoxo)I(AeHHH 3apJ~)I(CHHOH 

llaCTHU.bl c oKonocserosou cKopocTbiO. HecMoTpH ua ACTaJibHoe p a3BHTHe 

TCOpHH BCCI"' KOMUJICKCa OUTH'ICCKHX HBJICHHH, CMC)I(HbiX C H3JIY liCHHCM 

Bas uno sa- qepeuKoBa <H Bq), AO cux nop H3 TeopeTHlfCCKoro pac cMoTpe­

HH!I BblnaAaJI BCCbMa CCTCCTBCHHbiH MCXaHH3M HHAYU.HpoBaHHOI"' H3JIYlfC­

HH!I aTOMOB cpeAbl, so36y)I(Aenublx 3apH)I(euuou pCJIHTHBHCTcKo " lfacTu­

u.eu. JTO HBHOC yny~CHHC BCCI"' npCAWCCTBYIO~Cro pa3BHTHH TCOp HH MO)I(­

HO 6biJIO 6bl JIHWb lfaCTHlfHO OnpaBAaTb HHlfTO)I(HOCTbiO CaMOI"' :xlxt>CKTa 

KOJIJICKTHBHOI"' B3aHMOACHCTBHH H3JIYlfCHHH OTACJibHbiX aTOMOB BAOJib Tpe­

Ka pCJIHTHBHCTCKOH lfaCTHU.bl, CCJIH 61>1 OH 6b1JI AaJICKO Ja npCACJiaMH Ha­

AC)I(A ua ero 3KcnepHMCHTaJibHOe npoHBJJCHHe. 

0AHaKo B OAHOM HJ nOCJICAHHX 3KCnepuMCHTaJibHbiX'HCCJICAOBa HHH [3 I 
AOnOpoi"'BOro H3JIYlfCHH!I pCJIHTHBHCTCKHX 3JICKTpoHOB 8 raJC 6biJIH nony­

lfCHbl, KaK Mbl nOKa)I(CM AaJICC, AOCTaTOlfHO 8CCKHC yKaJaHHH 8 nOJibJY 

npoHBJJCHH!I 3TOro 3$1>eKTa 8 onTHlfCCKOM AHanaJouc lfaCTOT KaK y JKO ua­

npa8neuuoro 8nCpeA KOI"CpeHTHO('() H3JIYlfCHHH OT 80J6y)I(ACHHbiX aTOM08 

raJa. npa8Aa, caM aBTOp 3TOro HCCJICA08aHHH, SI.Py)I(HlfKa, HC CACJiaJI CTOJib 

paAHKaJibHbiH Bb180A H npoH8HJI HCMaJIYIO HJOOpeTaTCJibHOCTb 8 n OnbiTKC 

OOb!ICHHTb nOJiylfCHHbiC pe3yJibTaTbl 8 paMKaX cy~CCTBYIO~HX TCOp CTHlfC­

CKHX npeACTa8JICHHH 0 HC C8HJaHHbiX C 8036y)I(ACHHCM aTOM08 raJa JJIYlfC­

HHHX pCJI!ITHBHCTCKHX 3JICKTpoH08. 

Ho8biM 8 MCTOAHKC SI.Py)I(HlfKH 6b1Jlo npHMCHCHHC <PoTorpa$H lfCCKOro 

CnOCOOa HCCJICA08aHHH AOnoporo80ro H3JIYlfCHH!I . JTOT CnOCOO UOJ80JIHJI 

OOJIYlfHTb HaAC)I(HbiC C8CACHH!I 0 8biCOKOH Hanpa8JICHHOCTH 8nepe,n JaperH­

CTpHpo8aHHOro CJia6oro onTHlfCCKoro H3JIYlfCHH!I OT yJKoro nylfKa 3JICKTpo­

H08 c 3Heprueu 350 M3B npu Aa8JICHHHX, 6nuJKHX K nopory HBq u HH)I(C. 

Cepu11 npHBCACHHbiX 8 pa6oTe <PorocnnMK08 ACMOHCTpupyCT nocTe neuuoe 

yMCHbweuue AHaMeTpa perucrpupyeMoro KOJibU.a HBq u npe8pa~euue ero 

8 MaJICHbKYIO TOlfKY, COOT8CTCT8YIO~YIO paJMepaM HCnOJib3YCMOI"' B 3TOM 

onbiTC OlfCHb Y3Koro 3JICKTpouuoro nyliKa ycKopnTCJIH 8 Ho8ocu6 upcKe. 

J1HTCHCH8HOCTb C8CTa 8 3TOM TOlfClfHOM UHTHC HC oopa~aCTCH B HYJib HH 

npH Aa8JICHHH r33a, COOT8CTC'f.BYIO~CM lfCpCHK08CKOMY nopory, H npu 

MCHbWHX Aa8JICHH!IX. 3ro OTCTynneuue oT Teopuu HBq a8TOp, KaK u npeA­

wecrsytO~ue CMy HCCJICA08aTCJIH AOnoporosoro HJJIYlfCHHH, OObHCHHJI 

npHCYTCT8HCM OUTHlfCCKOro nepCXOAHOro HJJIYliCHHH, BOJHHKaiOW,CI"' Ha 
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BXO~HOH M eTa.riJIH'IeCKOH DJI3CTHHe npH BbiXO~e 3JieKTpoHOB H3 MeTaJIJia B 

ra3~BYJO cpe~y H Ha DJJaCTHHe 3epKa.ria, pacnoJIO)KeHHOro BHYTPH 'lepeH­

KOBCKoro C'leT'IHKa Ha nyTH ny'IKa 3JieKTpoHOB. 

HoB p a6<>Te npHBe~eHbl T3K)Ke CHHMKH npH ~BYX CHJibHO OTJIH1.J310llJ,HX­

CSI ~aBJieHHHX ra3a (a 7 H I 00 pa3 HH)Ke noporosoro 3Ha'leHHH), KOTOpble 

SIBHO CBH~eTeJibCTBYIOT 0 HeOOJIHOTe npHHSITOI"' 3BTOpoM OObSICHeHHSI Ha-

6JIJO~aeMOI"' cse'leHHH TOJibKO nepexo~HbiM 3<jxpeKTOM. Ha 3THX CHHMKax 

BH~HO pe3KOe yMeHbWeHHe HHTeHCHBHOCTH CBeTa B T01.JK3X 33CBe1.JeHHOI"' 

OSITHa. 3 TO 03H3'13eT, 'ITO 3H31.JHTeJibH3SI 1.J3CTb perHCTpHpyeMOI"' B OObiTe 

~onoporosoro cseTa o6yCJioBJieHa aToMaMH caMoif ra3oo6pa3HOH cpe~bl. 
K CO)KaJie HHJO, asTop soo6w.e He o6cy~aeT 3TOT noJiy'leHHbiH HM pe3yJI&­

TaT, SIBHO He yKJia~biB310llJ,HHCSI B npHHSITYIO CXeMy OObSICHeHHSI ~onoporo­
BOI"' H3Jiy 'leHHSI. 

B o6cy~aeMOM HCCJie~osaHHH noJiy'leH ew.e o~HH sa)I(HbiH pe3yJI&TaT, 

KOTOpbiH MO)KeT 6b1Tb HCTOJIKOBaH B 00Jib3Y npHMOH CBSI3H 3H31.JHTeJibHOH 

'laCTH Ha6JIJO~aeMoro ~onoporosoro y3Koro Jiy'la cseTa c H3Jiy'leHHeM aTo­

MOB ra3oo6pa3HOH cpe~bl, B036y~aeMbiX peJISITHBHCTCKHMH 3JieKTpoH3MH • 

.si.Py)KH'IKa snepsble npH HCCJie~osaHHH ~onoporosoro H3Jiy'leHHH nposen 

OpHrHH3JibHbiH OObiT C OTKJIOHeHHeM OY'IK3 3JieKTpoHOB M3rHHTHbiM OOJieM. 

MamHT B ero onhiTe 3aHHMaJI o~HY TpeTh 90-caHTHMeTposoif MHHbl ra3o­

soro pa~HaTopa a KOHU.e 'lepeHKOBCKoro C'leT'IHKa. Ha npHse~eHHOM a pa-

6oTe (3) $>TOCHHMKe B~Ha SlpKaSI H31.Ja.ribH3SI TO'IKa, B KOTOpoH CJie~yeT 
0)1(~3Tb CYMMHpoBaHHSI H3Jiy'leHHH OT nepexO~HOI"' 3{jxpeKTa Ha BXOAHOM 

oKne ra3o soro paAHaTopa H OT HHAYU.Hposauuoif reuepau.HH aroMaMH caMo­

ro ra3a B nepBOH '13CTH paAHaTOpa, pacnOJIO)KeHHOH AO MarHHTHOI"' OOJISI. 

0AH3 KO Ha $>TOCHHMKe BHAH3 T3K)Ke SlpKaSI OOJIOCKa OT HCnyCK3HHSI 

seepa Jiy'leif cseTa H3 o6JiaCTH OTKJIOHHeMoro MarnHTHbiM noJieM ny1.1Ka pe­

JIHTHBHCTCKHX 3JieKTpoHOB. nostBJieHHe Ha CHHMKe 3TOH OOJIOCKH CBeTa, 00 

SlpKOCTH 6 JIH3KOH K HCXOAHOMY OSITHY, 3BTOp OObSICHHJI B03HHKHOBeHHeM 

CHHXpoTpoHHOI"' (MarHHTOTOpM03HOI"') H3Jiy'leHHSI, He o6cy~aSI aJibTep­

H3THBHOe npeAOOJIO)KeHHe 0 B03M0)KH0M BKJ13Ae KOrepeHTHOI"' H3Jiy'leHHSI 

3TOMOB B 3TOH 1.J3CTH paAHaropa. npocroif KOHTpoJibHbiH OObiT C YAa.rieHHbiM 

H3 OObeMa C'leT'IHKa ra30M H BKJIIO'IeHHbiM M3rHHTOM 003BOJIHJI 6bl HCCJie­

AOB3TeJIJO OAH03H31.JHO OnpeAeJIHTb BKJ13A CHHXpoTpoHHOI"' H3Jiy'leHHSI B 33-

perHCTpHpoBaHHYIO CBeTOBYIO OOJIOCKy, a 33TeM nyTeM cpaBHeHHSI C pe-

3YJibT3TOM onhiTa c ra30M npH AaBJieHHH ueMHoro HH)Ke nopora HBq y6e­

AHTbCH B c yw.ecTsosaHHH AOnOJIHHTeJI&Horo cseTa OT aTOMOB ra3a B o6JiaCTH 

MarnHTno ro noJIH. TaKHM o6pa30M, onbiTbl .si.Py)KH'IKH MH OAH03Ha'IHOH 

HX HHTep npeTaU.HH CJieAyeT AOOOJIHHTb npose~eHHeM YK333HHOI"' KOHT­

poJibHOI"' OObiT3. 

Oco6euuo 'leTKHe u.seTHhle $>TOCHHMKH HBq B pa6oTe [3]6biJIH noJiy­

'leHhl Ha n y'IK3X peJISITHBHCTCKHX MHOI"'33pS1AHbiX SJAep. npH o6cy~eHHH C 
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.si.Py)KH'IKOH 80Dpoc08 3KCDepHMeHT3./IbHOro 8bUJCHeHHSI npHpo,Ahi,AOOOpo­

ro80ro H3JI)''IeHHSI Mhl DpHWJIH K 8hi80,Ay, 'ITO HaHJJy'IWHe yCJI08H SI ATISI Bhi­

SICHeHHSI C80HCTB 3TOro H3Jiy'leHHSI 6y,AyT TaK)Ke DpH HCDOJib30Ba HHH ny'I­

K08 peJISITH8HCTCKHX SI,Aep C 60JibWHM 3apSI,AOM 8 ODhiTaX, aH3./IOI'H'IHhiX 

npo8e,AeHHhiM Ha 3JieKTpouax. Ho H ,AO OKOH'IaTeJibHOro 3Kcnepu MeHT3./Ib­

Horo 8hiSICHeHHSI DpHpo,Ahl ,AODOporo80ro H3Jiy'leHHSI ecTb ,AOCTaTO'IHhle OC­

H08aHHSI C'IHTaTb ua6mo,AaeMoe 8 pa6oTe [3) uanpa8Jieuuoe ,Aon oporosoe 

H3Jiy'leHHe 8 3Ha'IHTeJibHOH C8oeH 'laCTH CBSI3aHHhiM C 8036yQeHHeM aTO­

M08 npucyTCT8YJO~ero 8 oOO.eMe ra3a. Bo 8CSIKOM CJiy'lae, o6cyQeuue <t>u-

3H'IeCKOH DpHpo,Ahl TaKOro H3Jiy'leHHSI H DOJiy'leHHe Heo6XO,AHMhiX TOOpe'I'H­

'IeCKHX OU.eHOK CJie,AyeT C'IHTaTb Henocpe,ACT8eHHO DO,ACKa3aHHhiMH DOJiy­

'leHHhiMH 8 paOOTe .si.Py)KH'IKH 3KCDepHMeHT3./IbHhiMH pe3yJibTaTaMH, 

HeCMOTpSI Ha OTCYTCT8He COOT8eTCT8YJO~HX 8hiBO,A08 8 caMOH pa6oTe•. 

Mo)KHO TOJibKO CO)K3JieTb, 'ITO o6wupuhle TeopeTH'IeCKHe ucCJie,AoBaHHSI 

CMe)KHhiX C J1Bq SIBJieHHH 8 DpoWJJhle ,AeCSITHJieTHSI He npH8eJI.H K npe,ACKa-

3aHHJO ,Aonoporo8oro Y3KO uanpaBJieuuoro 8nepe,A H3Jiy'leHHSI p enRTHBHCT­

CKHX 'laCTHU. 8 ra3e, KOTOpoe, 6e3yCJI08HO, CTHMYJIHpo83.110 6hl 3KCDepuMeH­

T3./IbHhle DOHCKH TaKoro H3Jiy'leHH51. 

Tenepb )Ke, 8038pa~aRCb K 8hiCKa3aHHOH 8 Ha'13./le cTaTbH H,Ae e o Mexa­

HH3Me HH.AYU.Hpo8aHHOH reuepaU.HH H3Jiy'leHH51, Hanpa8JieHHOro CTporo DO 

Hanpa8JieHHJO ,ABH)KeHH51 3ap51)KeHHOH peJI51THBHCTCKOH 'laCTHU.hl, DO­

Ka)KeM, 'ITO ,Aa)Ke CaMOe 3JieMeHTapHOe paCCMOTpeHHe npHHU.HD H3./IbHOH 

CXeMhl 3TOro MeXaHH3Ma npHBO,AHT K HaCTOJibKO O'le8H,AHOMY 8 hi80,Ay 0 

HeH36e)KH0CTH B03HHKHOBeHH51 HanpaBJieHHOro Bnepe,A KOrep eHTHOro 

H3JIY'JeHHR, 'ITO u B caMOH nocTaHOBKe 3TOH npo6JieMbl TPY.AHO 6 y AeT ysu­

AeTb OCOOYJO 3aCJiyry HJIH CKJIOHHOCTb K cepbe3HOMY nepeOCMhiCJieHHJO H3-

BeCTHbiX <t>aKTOB. YCTaHOBJieHHe DpoCThiX HCTHH 'faCTO npHBOAHT K CHTya­

U.HRM, pa3'bSICHSieMhiM Ha H3BeCTHOM HCTOpH'IeCKOM npHMepe 33A3'1H C 

*HMeeT BCe >Ke CMbiCJI OOcYAHTb npH4HHbl, no KOTOpbiM B npeAWeCTByiO~HX HCCJICAOBa­

HHIIX AOnoporoooro H3Jiy•leHHSI He 6biJIH JaMe4eHbl OTCTyll.TieHHII OT nepeXO)\HOro H3Jiy4eHHSI . 

0 AHO H3 nepUbiX AeTanbHbiX HCCneAOBaHHH AOnoporoooro H3Jiy4eHHSI 6biJIO npooe)\eHO nOHAOH­

CKOH rpynnOH !f>H3HK08 8 1963 ffiAY Ha :JneKTpoHHOM ny4Ke MHKpoTpoHa C :mepi'HeH OKOnO 

29 M 3 B [4). HJMepeHHII 8biXOAa coeTa npoBOAHnHCb c noMO~biO 4Y8CT8HTenhHOro K ynbTpa­

!f>woneTy <1>3Y npH pa3JIH4HbiX )\3oneHHIIX raJa 8 C4eT4HKe, )\nHH3 KOTOporo COCT3Bnlln3 8Cero 

7/8 I\IOHM3. BHAHMO, Mana II )\nHH3 4epeHKOBCK01'() C4eT4HK3 H 3H34HTenbHDe Bnl-111 He MHOro­

KpaTHOro pacceHHH!I 3neKTpoH08 npw 3HeprnH 29 M3B noMewanw JaMeTHO npo118HTbCII 8 3TOM 

onhiTe w3Jiy•leHHIO caMoro raJa npH AaoneHHH HH>Ke nopora HBlJ . CneAyiO~ee AeTan hHoe wJy­

••eHwe AOnOporoooro H3Jiy4eHHSI npoBOAHnOCb 80 <I> HAJJ H3 ny4K3X 3neKTpoH08, n HOH08, K30-

HOB H npoTOHOB C 3Heprwel1 140 r3B (5). 8 3TOH paOOTe HCnOnb..'lOBanHCb ADa 4epe HKOBCKHX 

c•leT'mKa AnHHOK> I ,5 H I, 9 M. Ho 38TOpb1, HHTepecyHCb nepexOAHbiM H3Jiy4eHHeM , npo8enH 

H3MepeHHII TOnhKO o «4HCTbiX* yCJI08HIIx npH Hyne80M AaoneHHH raJa 
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HHU.OM, npe,zviO)KCHHOH onnoHCHTaM BeJJHKHM OTKpb1B3TeJJeM AMepHKH 

X.KonyM6oM*. 

KaK H B CJty"lae J ... fBq, npocTei1wee paccMoTpeuue AOnoporosoro H3Jty­

\ICHHH A0Jl )KH0 HCXOAHTb H3 noJtyKJtaCCH\ICCKOI"' OnHcaHHH paBHOMCpHOI"' 

ABH)KCHHH TO\IC\IHOI"' 33PHA3 B ra30BOH CPCAC Ha nony6CCKOHC\IHOM OTpC3KC 

nyTH OT MHHYC 6eCKOHC\IHOCTH AO 33A3HHOH Ha npHMOH JlHHHH, HanpHMep, 

TO\IKH Z = 0. 3ACCb YMCCTHO HanOMHHTb OAHO U.CHHOC 33MC\13HHC no n080AY 

HACaJJH3HpoBaHOI"' paC"'CTa (npoBCACHHOI"' Clli.C 8 KOHU.C npoWJtOI"' BCKa 

3HaMeHHTbiM aurnui1cKHM Y"~CHbiM-caMOY"'KOH O.Xe8ucai1AOM) seKTopa 

3J1CKTpH"'CCKOI"' nOJlH H3J1Y\ICHHH, C03A383CMOI"' 8 OnTH\ICCKOH CpCAC TO­

\IC\IHbiM 33PHAOM npH ABH)KCHHH CO CKOpocTbiO BbiWC CKOpocTH C8CTa B A3H­

HOH cpeAe. T aKoi1 pac"leT 6e3 y"leTa AHcnepcuu, KaK OTMe"laeT s csoei1 KHH­

re (6 I H.M .<l>paHK, npHBOAHT K «8CJ1H\IHHe nonH, KOTopoe o6pa1LJ.aCTCH ua 

ero nosepxHOCTH B 6ecKOHC\IHOCTb». noHCHHM, \ITO 3ACCb aBTOp BCACT PC\fb 

o no8epxHOCTH KOHyca H3JtY"'CHHH Basunosa -- qepeHKOBa. BecKOHC\1-

HOCTb 3Ta n e rKo ycTpaHHCTCH u y"'CTOM AHCnepcuu cpeAbl, u y"leToM oTcTyn­

JtCHHH OT n p HMOJlHHCHHOCTH ABH)KCHHH 33pQAa, A3)KC 6e3 OTK333 OT OCH08-

HOI"' npH6J1H)KCHHH, CBH33HHOI"' C paC\ICTOM AJJH nony6eCKOHC\IHOH AJlHHbl 

nyTH \13CTHLJ.bl. 

HaM Ba )KHO 3ACCb OTMCTHTb, \ITO noH8JtCHHe 6ecKoHe<~HOCTH 8 TaKOM 

ynpolli.CHHOM KJ13CCH\ICCKOM paC'ICTC 6biJ10 C8oeOOpa3HbiM TCOpCTH\ICCKHM 

yKa33HHCM (KCT3TH, H3 npoWJtOI"' 8CKa, \ITO 6biJ10 MHOJO OOHapy)KCHO (7 J) 
Ha 8CCbMa Heo6bi4Hoe Hanpa8Jteuuoe n3Jly4euue, o KOTOpoM nOCJte ero 3KC­

nepHMCI:fTaJtbHOro OO!fapy)KCHHH AOJtrue I"'Abl nucanu KaK o 4pC38bl4ai1Ho 

CJta6oM H3Jly<~eunn. TaKoe )KC H.QCaJJH3Hpo8aHHoe KJtaccn4ecKoe paccMOT­

peune roi1 )KC 3aAa4H o A8H)KCHHH T04C4HOro 3JtCKTpH4CCKoro 3apHAa 8 on­

TH\ICCKOH CpeAC, HO npH CKOpocTH T04HO pa8HOH noporo80H, A3CT6CCKOHC4-

Hoe nOJte TOJlbKO Ha C3MOH JlHHHH A8H)KCHHH 43CTHU.bl, 8 KOTOpyiO CTHrH8a­

CTCH 8 npCAeJJC n08CpXHOCTb KOHyca J.i8q. TaKOH nepeXOA OT 6eCKOHC4HOI"' 

nOJJH H3J1Y\ICHHH Ha KOHH\ICCKOH n08CpXHOCTH K 6eCKOHC\IHOCTH nOJJH Ha 

JlHHHH 03H3 \13CT HC\IC3H08CHHC npe)KHCI"' npou.ecca KOrepeHTHOI"' H3Jly<~e­

HHK 8a8HJt08a -- qepeHK08a n 803HHKH08CHne yCJI08HH AJJH 8b1HY)KACHHO­

ro H3J1Y\ICHHH 8036y)KACHHbiX 33pSI)KCHHOH 43CTHU.CH 3TOM08 8AOJ1b JlHHHH 

ee ABH)KCHHH. KoHe"'HO, 6ecKoHe"'HaH 8eJJH\IHHa nOJJH H3J1Y4CHHH 8AOJ1b JtH­

HHH 803HHKJ13 8 pe3yJtbT3TC H.QCaJJH33U.HH 3aAa'IH A8H)KCHHH 43CTHU.bl 

CTporo no n pHMOH H3 MHHYC 6eCKOHC\IHOCTH H H.QCaJJH33U.HH pacnpocTpaHe-

*Eute paHbWe, B 1420 I'OA}', T}' *e 38AB'IY C IIHU.OM nOCTBBHJI H 3HBMeHHTbiH HTIIJibiiHCKHH 

apXHTeKTOp ci>HJIHnno 6pyHeJIJieCKH nOCJJe AeMOHCTp8U.HH HM CnOCOOa nepeKpbiTHII KynOJIB CO­

oopa 6e3 BCnOM01'8TeJibHOH CHCTeMbl OnOpHbiX JlecOB (3THM.MeTOAOM HM 6biJI B03ABHntyT BeJIH­

'IeCTBeHHbiH Kynon KBciJeApanbHOI'O CoOOpa cJ>nopeHU.HH, BbiAep*BBWHH 38 npoweAWHe CTOJie­

THII HeCKOJibKO cepbe3Hb1X 3eMJieTp11CeHHH) • 

30 



HH51 CBCTa B cpe~e 6e3 Y'ICTa ~HCOCpcHH (3aBHCHMOCTH CKOpocTH pacnpocT­

paHCHH51 OT 'laCTOTbl cseTa). TaKoe ynpo~euuoe paccMoTpeuue npuso~HT K 

6eCKOHC'IHOH KOrepeHTHOH ,lVIHHC npH noporoBOH CKOpocTH ~JI51 HYJICBOrO 

yrJia, OOCKOJibKY B 3TOM npu6JIH.lKCHHH ~aHHaSI BeJIH'IHHa pasua: 

l- {3n). 
- 211 - {3n cos e I 

DCCKOHC4HbiC 3Ha4CHHSI OOJISI H3JIY4CHHSI OOSIBJISIIOTCSI Ha OpSIMOH JIHHHH , 

CTporo I"'BOpSI, B MOMCHT npoXO~CHHSI ~aHHOH T04KH caMOH 3ap SI.lKCHHOH 

4aCTHU.CH, CCJIH HC npHHHMaTb BO BHHMaHHC ~JIHTCJibHOCTb u.yra H3JIY'ICHHSI 

Ka~biM pauee B036y~CHHbiM aTOMOM. DCCKOHC'IHOC .lKC 3Ha'ICHHC . OOJISI 

H3JIY4CHHSI B TO'IKC HaXO~CHHSI 3apSI.lKCHHOH 'laCTHU.bl B03HHKa CT B pe-

3YJibTaTe CYMMHpoBaHHSI aMOJIHTY~ BOJIH, COOHTaHHO H3JIY'ICHHbiX B036y.lK­

~CHHbiMH pauee aroMaMH. Ho ~a.lKe 3Ta u~eanu3uposauua11 6ecKo He4HOCTb 

Ha np!IMOH JIHHHH HC 03Ha'laCT OOKa e~e OOTOKa H3JIY'ICHHSI Ha C~HHHU.Y 

nno~a~u HJIH ua e~HHH'IHbiH TeJICCHbiH yron. CMbiCJI non 6ecKOHC'IHOCTH 

COCTOHT B yKa3aHHH Ha B03HHKHOBCHHC B COOTBCTCTByto~HX TO'IKaX B MO­

MCHT B036y~CHHSI HOBbiX aTOMOB OOJISI, ~OCTaTO'IHOI"' ,lVISI HH~Y LJ.HpoBaH­
HOH reuepau.uu H3JIY'ICHHSI, xapaKTepuoro .lVISI a TO MOB ijauuoro ra3a . Jina'lc 

I"'BOpSI, ~aJlbHCHWCC paCCMOTpCHHC Tpe6yeT KBaHTOBOI"' OO~XO~a . 
0KOH'IaTCJibHbiM ~OKa3aTeJibCTBOM MCXaHH3Ma Jia3CpHOI"' H3JIY'ICHHSI 

B~OJib HanpaBJICHHSI ~BH.lKCHHSI 'laCTHU.bl ~OJI.lKHO 6b1Tb OOJIY'ICHH COOTBCT­

CTByto~ero ~aHHOMY ra3y COCKTpa H3JIY'ICHHSI, 'ITO COBCpWCHHO HC xapaK­

TCpHO ~Jill J.1B4. TaK, npu ~o6asneHHH B reJIHH HCOOJibWOH nopu.uu ueoua 

COCKTpoMCTpH4CCKHC H3MCpCHHSI ~onoporosoro H3JIY'ICHHSI ~OJI.lKHbl OOHa­

py.lKHTb xapaKTCpHyto ~JISI 3TOH CMCCH JIHHHIO 3,39 MKM . 

l. <l>pauK J.1.M.- Y<I>H, 1961,15, c.23l. 

2. fun36ypr B.Jl., <l>paHK J.1.M.- )1(3T<I>, 1946, 16, c.1; D.AH CCCP, 

1947, 56, c.699. 

3. Py.lKH'IKa 51. - TeopeTH'ICCKHe u 3KcnepHMCHTaJibHble ucCJie~osauuSI 
:$PeKTa BaBHJIOBa - 4epeHKOBa. D,uccepTaU.HSI Ha COHCK. y'l. CTCO. 

~-pa <t>uJ.-MaTeM. uayK. OJ.151J.1, D.y6ua, 1993. 

4. Aitken D.K. et at.- Proc. Phys. Soc., 1963, 82, p.710. 

5. BodekA.etal.-Z.Phys., 1983,C18,p.74l. 

6. <I>panK J.1.M.- J.1Jny'leuue BasHJiosa- 4epeuKosa. M.: HayKa, 1988. 

7. TsmKHH A.A.- Y<I>H, 1974, 112, c.735. 

PyKonucb nOCTynHJia 16 HtoHSI 1993 ro~a. 
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KpamKuecoo6m,eHuJI OffJ/ff !WJ/60/-93 

Y ,[lK 539.17.0 14 + 539.172.17 

BEJUI'U1Hhl liAPhEPOB AEJIEHMSI 

JINR Rapid Communications No.3/60/-93 

AJISI Y JlbTPAHEATPOHOAE<I>MU.MTHbiX HYKJIMAOB 
188pb 11 196p 0 

I A.H.AHApees, LI,.LI,.IiorAaHOB~ M.BeceJICKH , A.B.EpeMHH, 
r.M.Tep-A KOflbSIH, W.lliapo 

H a OCHOBe 3KCnepHMeHTaJlbHbiX AaHHbiX OnpeAeJleHbl npHBeAeHHble uepo­

llTHOCTH KaHaJIOB 3ana3Ab1BaiOLL\ei'O AMeHHII (P{Jd~ AJIII HYKJIHAOB 
188

Bi H 
196 At, KOTOpble paBHbl 3,4 · 10-4 H 8,8 · 10-4 COOTBeTCTBeHHO. H3 COnOCTaBJle­

HHSI nOJly•IeHHblX 3Ha'leHHH PPd/C MOAMbHbiMH pac'leTaMH CAMaHbl 'IHCJieH-

Hble O~eHKH 6apbepOB AeJleHHil AJISI HYKJIHAOB 188Pb H 196Po. 
Pa6oTa obmOJIHeHa o Jla6opaTOpHH HAepHbiX peaK~HH OHSIH. 

FissiOn Barrier Heights for Ultra Neutron-Deficient Nuclides 
188pb and 196p0 

And reev A.N. et at. 

T he reduced probabilities of delayed fission channels PP'f for 
188Bi and 

19•6 At are determined, from experimental data, to be 3.4 · 10- and 8.8 · 10-4, 

respectively. The comparison of the obtained and calculated values of PPdf 

allowed to estimate the fission barriers for 188Pb and 196Po. 
T he investigation has been performed at the Laboratory of Nuclear Reac­

tions, JINR. 

3KcnepHMeHTaJibHble AaHHNe o ce4eHH.siX o6paJosaHH.si YJibTpaHenTpo­
HOAe<t>.uu.HTHNx HJOTonos s o6JiaCTH Hg-At H ux conocraBJieHHe c peJyJib­
TaTaMH paC4eTOB, BblflOJIHeHHbiX B paMKaX MOAeJIH CTaTHCTH4eCKOro ]:leB03-
6y)K]:leHH.si KOMnayHA-SIAep, ]:laiOT OCHOBaHHSI npe]:lnOJiaraTb, 'ITO .)KH]:lKOKa­
neJibHaSI cocTaBJI.siiOI.UaSI 6apbepa AeJieHH.si yMeH~?WaeTCSI c yseJIH4eHHeM 
HeHTpoHHoro Ae<t>uu.uTa 6NcTpee, 4eM 3To npeAcKa3NBaeT Teop.u.s~. Pa3JI.u-
4H.si TeopeTH4eCKHX 3Ha4eHHH 6apbepoB AeJieHHSI H 3Ha4eHHH, H3BJieKae­
MbiX H3 3KCnepHMeHTaJibHbiX AaHHbiX, AOCTHraiOT 20-30% AJISI HaHOOJiee 
HenTpoHOAe<t>HU.HTHNX ucCJieAOBaHHNX HJOTonos [ 1-3 ). HaM npeACTas-

1rCH, )lapMWT3AT, repMaHHII 
2YHHoepcHTeT SI .KoMeucKoro, lipaniCJiaua, CJloBaKHSI 
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JlSIJlOCb HHTepeCHbiM nponepHTb 3TOT BbiBO~ He33BHCHMbiM CDOCOOoM, HC­

DOJ1b30B3B ~JlSI Onpe~eJieHHSI BeJIH'IHH 6apbepoB ~eJieHHSI ~aHHble 0 Bep<>SIT­

HOCTH 3ana3~biBaJO~ero ~eneuusi, HMeJO~necR B 3TOH o6JJaCTH M ep. 

Opuue~eHHble uepoRTHOCTH JanaJ~biBaJO~ero ~eJJ e HHSI 

~JlSI HYKJJH~OB 188 Bi H 
196At 

Ta6JJHt'a I. 3KcnepHMCHT8JlbHble JHa'leHHH 

CC'ICHHH o6pa30B811HH H BCJIH'IHIIbl 

yCpe/liiCIIHbiX CC'ICHHH (o101) HYKJIHAOB 188 Bi 

H 
196At B peaK"HliX 153Eu+4°Ca H 159Tb+4°Ca 

Elab' M:JB Odir('
888i),MK6 (3( adif('

96
At),MK6 (6) 

186 0,8 1,8 

189 1,3 -

192 - 1,4 

195 3,3 I 

199 4,0 -
202 4,7 0,3 

213 1,7 -

Elab'M:JB Oi111('
88 Bi),MK6 ai111(

196At), MK6 

230 12±5 -

240 - 3,0+1,5 

HH, paBHOH 

OObi'IHOH 

QlYHKl.I,HH 

CTaBHJlH 

HCna pHTeJibHOH 

B036y~eHHSI, C0-

(100 ± ~0) H 

( 45 ± 20) n6 ~JlSI 188Bi H 

196 At cooTBeTcTu euuo. .ll:JJR 

Tex X<e peaKU.HH B pa6oTax 

(3,6) 6biJ1H H3Mep eHbl QlYHK­

l.I,HH B036y~eHHSI ~JlSI DOJl­

HbiX Ce'leHHH oopa30BaHHSI 

188Bi u 
196 At. B 3Tnx H3Me­

peunRx HCDOJlb30 BaJJCSI Ka­

HaJl a-pacna~a yKa3aHHbiX 

HYKJJH~OB. 3Kcnep nMeHTaJJb­

Hble ~aHHble, noJJy'leHHble B 

3THX paOOTaX, H Bbi'IHCJieH­

Hble Ha HX OCHOBe BeJIH'IHHbl 

ycpe~HeHHbiX Ce'leHHH, OT­

HOpMHp<>BaHHble H3 3QxPeK-

THBHYIO TOJl~HHY MHllleHH 

5 · 1018 
aT/CM

2
, npHBe~eHbl B Ta6JJ.l. 113 COOTBeTCTBYIO~HX OTHOllleHHH yc-

pe~HeHHbiX napl.I,HaJlbHbJX H DOJlHbiX Ce'leHHH MOX<HO Onpe~eJIHTb BeJIH'IH­

Hbl BHJlOK ~JlSI KaHaJJa 3aD33~biBaJO~ero ~eJieHHSI : 
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PHC.l . BCJlH'IHHbl cpenmtx 311a•tCHHH CHJlOBbiX QlYIIKUHH {J+ (£C)-pantana nJlll HC'ICTitO- IIC­

'ICTHbiX H30TOn ou At H Hi 
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Ta6JJHUa 2. 3KcnepHMCIIT8Jibttble H pac'lemble Jlla'leiiHII xapaKTepHCTHK p+ (EC) -pacnMa 
,ll,.llll HCHTJ>OHOAC$HLlHTHbiX HJOTOIIOB At H Bi 

H30TOilbl Bi (9] H30TOnb1 At (I 0] 

A QEC'M38 Tl/2' c Op,% Tf/2' c A QEC'M3B Tl/2' c Op, % Tf1r c 

196 7,4±0,7 240±3 100 240±3 206 5,7±0,1 1900±60 99 1920±66 

194 8,2±0,25 115±4 100 115±4 204 6,5±0,1 558±30 95,6±0,3 582±32 

192 9,1±0,3 41±1 90 46±2 202 7,2±0,2 180±6 85±3 212±11 

190 9,7±0,35 6±0,6 30±9 20±7 200 8, 1 ±0,7 42±2 47±8 89±15 

d 88 10,5±0,5 0,21±0,09 2,4'·ak 8,5'·ak 196 9,6±0,3 0,3±0,1 I ,7'·ak 18i·al.-

JlJJSI OnpCACJICHHSI npHBCACHHbiX BCpoSITHOCTCH 3ana3Ab1BaiOIUCfO ACJICHHSI 

HCOOXOAHMbl AaHHble o BCJJH'IHHax BHJJOK AJJSI {3+ (EC)-pacnaAa :>THX HyK­

JlHAOB. 

OcHOBHbiM KaHaJJOM pacnaAa HYKJIHAOB 
188

Bi H 
196 At SIBJISICTCSI a-pac­

naA. Xopowo H3BCCTHbl :>HcprHH a-ncpcxOAOB H ncpHOAbl noJty pacnaAa. 

3KCnepHMCHT3JlbHbiC A3HHbiC 0 BCJIH'IHHaX napl(HaJlbHbiX BHJIOK (ap) AJISI 

{3+ (£C)-pacnaAa OTCyTCTBYIOT. 0AHaKO HX MO)I(HO C XOpoWCH TO'IHOCTbiO 

onpCACJIHTb H3 OTHOWCHHSI paC'ICTHOfO napl(HaJibHOfO nCpHOAa noJtypacna­

A3 AJJSI{J+ (£C)-pacnaAa K :JKCnCpHMCHT3JlbHO H3MCpCHHOMY nepHOAY nOJty­

pacnaAa . PaC4CTbl rf/2 6biJIH CACJI3Hbl B npCAnOJIO)I(CHHH nOCTOSIHHOH CHJIO­

BOH <l>YHKL(HH {3-pacnaAa. 3Ha4eHHSI noJJHbiX 3HcprHH {3+ (EC)-pa cnaAOB 

(QEC) 6paJIHCb H3 Ta6JJHL( 171, 3H34CHHSI BCJIH'IHH CT3THCTH4CCKOH <l>YHK -

l(HH <t>epMH AJISI {3-pacnaAa H 3JlCKTpoHHoro 3axsaTa- H3 Ta6JIHL( [ 8 1. HH­

TerpHpoBaHHe no 3HCprHSIM napl(HaJibHbiX {3+ (£C)-pacnaAOB B HHTCpB3JlC 

3HeprHH OT HYJJSI AO (QEC - C) npoBOAHJIOCb c waroM 0,2 M::~B. 3 Hepruu 

OTCC4KH Bbi'IHCJISIJIHCb no <l>opMyJte C = 28/ A 112 M::~B. BCJJH'IHHbl c peAHHX 

3H34CHHH CHJIOBbiX <l>YHKL(HH {3+ -pacnaAa AJJSI 
188

Bi H 
196 At 6pa.nHCb H3 .3KC­

TpanOJISIL(HH CpCAHHX 3H34CHHH CHJIOBbiX 4>YHKL(HH{3-pacnaAa HC4CTHO-HC-

4CTHbiX H3oronos 
200

- 206 At u 
190- 196

Bi c H3BCCTHbiMH 3Ha4CHHSIMH napl(H­

aJtbHbiX BHJJOK. HcnoJtb30BaHHbiC s pac'leTax AaHHbiC u noJiy4CHHble pe-

3YJtbTaTbl npHBCACHbl B Ta6Jt.2 H nOK33aHbl Ha puc.}. 0THOCHTCJlbH3SI 

T04HOCTb Ol(CHKH af3 COCTaBJISICT <t>aKTOp 2,0, 
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-; 

J.1CXO~SI H3 npHBe~eHHbiX .~aHHbiX 0 Ce4eHHSIX H H3 4HCJieHHbiX OU,eHOK 

BHJIOK ~JI SI fi-pacna~a 6biJIH onpe~eJieHhl seJIH4HHbl npHse~eHHbiX seposiT­

HOCTei-1 JanaJ~hiBatOmero ~eJieHHSI: 

p{Jd/= 3,4·10-4 ~JISI 188Bi H p{3d/= 8,8·10-4 ~JISI 196At. 

0THOCHTeJihHaSI T04HOCTb noJiy4eHHblX 3Ha4eHHH Pf3df COCTaBJISieT <j>aK­

TOp 4,0. 

6ap hephl ~eJieHHSI HYKJIH~os 188
Pb "

196
Po 

Pac4eThl TeopeTH4eCKHX 3Ha4eHHH Pf3df KaK <I>YHKU.HH pa3HOCTH noJI­

HOH 3HeprHH 3JieKTpoHHOro JaxsaTa H 6apbepa ~eJieHHSI (QEC-Bf) 6biJIH 

c~eJiaHbl B ~syx npe~nOJIO)J<eHHSIX ~JISI ~eJIHMOCTH PI= rf I rtor B nepBOM 

sapHaHTe pac4eTa npe~noJiaraJiocb, 4TO npH :mepmH soJ6y~eHHSI, pas­

Hoi-! 6apbepy ~eJieHHSI r/ = o,srtot' H ~JISI pac4eTa PI HCOOJib30BaJiaCb H3Be-

CTHaSI <j>opMyJia XHJia - YliJiepa ~JISI npoHHu,aeMOCTH napa6oJIH4eCKoro 

6apbepa [ II ). TiapaMeTp KpHBH3Hbl 6apbepa s pac4eTax npHHHMaJICSI pas­

HbiM I ,0 M 3B. TaKoi-1 no~xo~ pasHOCHJieH npe~nOJIO)J<eHHIO, 4TO npH 3Hep­

rHSIX B036y)J<~eHHSI BhiWe 6apbepa ~eJieHHSI riOt npaKTH4eCKH pasHa ~eJIH-

TeJibHOH wHpHHe. Bo BTOpoM sapHaHTe pac4eTa npe~noJiaranocb, 4TO 

riOt = rf + r)'. B 3TOM CJiy4ae ~JISI pac4eTOB r/ HCOOJib30BaJiaCb <j>opMyJia , 

npe~JI())J<eHHaSI B ( I·2 ), a ~JISI paC4eTOB r)'- H3BeCTHaSI <j>opMyJia H3 paOOTbl 

[ I3 ). TIJIOTHOCTb yposHen pacc4HThiBaJiacb no <j>opMyJie rHJib6epTa - Ka­

MepoHa (I4 ). 3aBHCHMOCTb OJIOTHOCTH yposHeH OT Op6HTaJibHOro MOMeHTa 

H ~e<j>opMaU.HH He Y4HThiBaJiacb. PeJyJibTaThl pac4eTOB H Hx cpasHeHHe c 

3KCnepHMeHTaJibHbiMH 3Ha4eHHSIMH p{3df ~JISI ISSBi OOKa3aHbl Ha puc.2. J.13 

pHCYHKa BH~HO, 4TO BeJIH4HHa 6apbepa ~eJieHHSI 4pe3Bbl4aHHO 4YBCTBH­

TeJibHa K MeTO~y paC4eTa OTHOWeHHSI r1 /r101 
H COCTaBJISieT (9,6±0,9) M38 

H (8,2±0 ,6) M38 ~JISl nepsoro H BTOporo sapHaHTOB paC4eTOB COOTBeTCT­

BCHHO. J.1 3 pHC.2 TaK)J<e CJie~yeT, 4TO ~JISl <j>HKCHpoBaHHOfO BapHaHTa paC4e­

Ta T04HOCTb Onpe~eJieHHSl BeJIH4HHbl Bf' B OCHOBHOM, OOYCJIOBJieHa T04HO-

CTbiO, c KOTopoi-1 HJBeCTHa seJIH'IHHa QEC . ]J,JISI 
196 

At Ha6JIIO~aeTcSI TaKaSI 

)Ke KapTHHa. 3Ha4eHHe 6apbepa ~eJieHHSl pasHo (8,6 ± 0,9) M3B ~JISI nep­

soro u (7 ,4 ± 0,6) M3B ~JISI BToporo sapuaHTOB pac4eros. 

)l(u~KQKaneJibHaSI cocTaBJISIIOII.IaSI 6apbepa ~eJieHHSl (sj'D) MeHbWe 

OOJIHOro 6apbepa ~eJieHHSl . Ha BeJIH4HHY o00JI04e4HOH nonpaBKH, KOTOpaSl 
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~df 
10-2 

a) 

10-3 

10-4 

10-5 
A Q~=1 0.0 M38 
T Q~=l 0.5 M38 
• Q8=1l.O M3B 

10-6 
7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 

Bfiss, M38 

10-2 

~df 10-3 . 
b) 

----

10-4 .. 

10-5 

10-6 

A Q~=1 0.0 M38 
T QIS=1 0.5 M38 
• Q11=11.0 M38 

10-7 
7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 

Bfiss ,. M3B 
PHc.2. CpaoHeHHe ~ac•teTHbtX H 3KCnepHMeHTaJtbHOi1 oepo11THOCTei1 3ana3):1biBa tOW.ei'O AeJJe­

HHII ):1)111 HYKJ1H):I8 I 
8
8i ):1)111 AHYX oapHaHTOB pac•teTa ):leJJHMOCTH : a) - no MCTO):Iy XHJJa -

YHJJepa; 6) -no MeTOAY MopeTTo 
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Ta6J1HUa 3. CpaBHCHHC onpe.neJlCHHbiX HJ JKcncpHMCHTaJlbHbiX ,naHHbiX 

H TCOpeTH'ICCKHX JHa'ICHHH MA >KH.QKOKallCJlbHOH COCTaBJIAIOII\CH 

6apbepoa ,neJlCHHA HYKJIH.nOB 188Pb" IQbpo 

B.w. MJ8 

HyKJIH)lhl 1161 1171 1181 HacTOIIIIlall pa60Ta .[lpyrHC paOOTbl 

oao.l oao.II 

188Pb 11,1 10,0 9,4 8,4±0,9 7,0±0,6 6,5±0,5 131 
IQbPo 9,7 8,9 8,4 6,8±0,9 5,6±0,6 7,1±0,5161 

cor nacHo pac 4eTaM 115 I cocTaBJJSICT I ,2 M38 AJJSI 
188

Pb H 1,8 M38 AJJSI 

196
Po. 8 Ta6n.3 npHBCACHO cpaBHCHHC nOJJY4CHHbiX 3Ha4CHHH )I(HAKOKa­

nCJlbHOH COCTaBJISIIOU4CH 6apbCpoB ACJICHH!I AJISI 
188

Pb H 
196

Po C pe3yJJbTa­

T3MH HCKOTOpbiX TCOpCTH4CCKHX paC4CTOB H C BCJIH4HHaMH, noJJy4CHHbiMH 

H3 aHaJJH3a AaHHbiX no CC4CHH!IM o6pa3osaHHSI ::rrux HYKJJHAOB B pcaKU,H!IX 

nOJIHOro CJIH SI HHSI C TSI)I(eJibiMH HOHaMH. J.13 Ta6JJHU,bl BHAHO, 4TO 3Ha4CHH!I 

Bf0
, nony4CHHbiC H3 AaHHbiX o sepoHTHOCTH Jana3AhiBaiOU4Cro AeJICHHII 

npH BTOpoM s apHaHTC paC4CTa r/ I riot' HCnJIOXO cosnaAaiOT c BCJIH4HHaMH 

6apbcpos, n oJly4aCMbiMH H3 AaHHbiX o ce4CHHSIX o6pa3osaHHSI 3TH X HYKJJH­

AOB B peaKU,HSIX C TSI)I(CJlbiMH HOHaMH. npu HCnOJlb30BaHHH AJISI Bbi4HCJIC-

HH!I AeJIH~OCTH npu6JJ~)I(CHHSI Xuna- Yuncpa 3Ha4CHH!I B/0 
XOTSI H yse­

JIH4HBaiOTC!I Ha 1,2-1,4 M38, HO BCC )I(C OCTaiOTCSI MCHbWC TCOpCTH4CCKHX 

Ha 1 ,0-1 ,5 M38. TaKHM o6pa30M, HecMoTpSI Ha HconpcAencHHOCTb, csH­

JaHHYIO c HCOAH03Ha4HOCTbiO B BbiOOpe MCTOAa pac4eTa r/ I riot' nony4CH-

Hble H3 AaHH bi X no Jana3Ab1Bai0114CMY AeJICHHIO 3Ha4CHHSI B/0 
He npoTHBO­

pe4aT npCAn OJIO)I(CHHIO 0 OOJICC 6biCTpoM, 4CM 3TO npCACKa3b1BaCT TCOpHSI, 

yMeHbWCHHH 6apbepos AeJICHHSI s o6nacTH HCHTpoHOAe<t>uu,nTHbiX HAep. 

8 3aKJJI04CHHe Heo6xoAHMO OTMCTHTb, 4TO Y4CT s pac4eTax TaKHX <t>aK­

Topos, KaK p C30HaHCHaSI CTpyKTypa CHJIOBOH <!>YHKU,HHP-pacnaAa, BJIHSIHHC 

CnHHOB H CTPYKTYPbi 3aCeJI!ICMbiX B p-pacnaAe COCTO!IHHH Ha BeJIH4HHY r f a 

TaK)I(C BKJlaAa B riot pacnaAOB C HCnycKaHHCM 3ana3Ab1BaiOU4HX npoTOHOB H 

a-4aCTHU,, MO)I(CT npHBCCTH TOJlbKO K AOnOJIHHTeJibHOMY yMCHbWCHHIO 

6apbCpoB, n oJJy4aCMbiX H3 COnOCTaBJICHH!I C paC4CTOM. 

ABTopbi 6naroAapHb1 IO.A.My3hi4Ke u 6.H.nycrbiJlbHkKy Ja noneJHbiC 

AHCKYCCHH H 3aMC4aHHII. 

Pa6oTa BblnOJJHeHa npu <t>uHaHcosoH no.~mep)I(Ke PoccHHCKoro <PoHAa 

<!>ytmaMCHTa.TlbHbiX HCCJICAOBaHHH (KOA npoeKTa 93-02-37 50). 
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4.5 ·A GeV /c deuteron and carbon nucleus fragmentation into cumulative 
pions has been measured on various target nuclei in the range or the scale vari­
able within 0.6-1 .6 corresponding to the region around the kinematical limit or 
free nucleon-nucleon collisions. The target nucleus atomic weight dependence 
significantly differs from the volume type dependence on the atomic weight pre­
viously established for a fragmenting nucleus. A weak multiplicity dependence of 
the target nucleus fragmentation supports the limiting fragmentation picture of 
the process. 

T he investigation has been performed at the Laboratory of High Energies, 
JINR . 
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HcCJlenosaHa !f>parMeHTai.\Hil nei1TpoH08 11 RAep yrnepona c HMnynbCOM 
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1. Introduction 

One of the firmly established properties of the spectra of sec ndary par­
ticles produced in a fragmentation of nuclei is a transition to an asymptotic 
behaviour I 1, 2 I starting from a primary collision energy of 4 ·A Ge V when a 
rapidity gap L\y == 2 between colliding nuclei is reached. The invariant 
differential cross-sections presented vs relativistic invariant scale variables 
are becoming weakly dependent on the collision energy and the type of 
colliding hadrons and nuclei I 4,5,6, 7 1. 

The transition to the regime of limiting fragmentation of nuclei in a few 
GeV collision energy region is closely related to the transition to particle 
production with momenta kinematically forbidden for free nude n-nucleon 
collisions. It makes possible to provide at least the same rapidi ty gap bet­
ween a fragmenting nucleus and a secondary particle. The relativistic inva­
riant approach 191 to the multiple process analysis in a 4-velocity space gives 
a unification of these conditions on the basis of the depletion correlation 
principle. 

The measurements of cumulative hadron spectra, i.e. hadrons produced 
beyond a kinematic limit of a free nucleon-nucleon collision i a limiting 
fragmentation region of nuclei, were carried out over·a wide variet"y of col­
liding hadrons and nuclei with a detailed analysis of production angle and 
momentum dependences. The behaviour of the differential cr ss-sections 
was followed over nine orders of magnitude and the few nucleon kinematic 
limits of a collision were reached. However, an inclusive approach has the 
definite limits for answering the questions about a cumulative hadron pro­
duction mechanism. 

A limiting fragmentation picture 131 should be systematically verified in 
nucleus-nucleus collisions with measurement of a secondary particle multi­
plicity. A simultaneous multiplicity study opens up an opportuni ty to com­
pare inclusive spectra of secondary particles at various degrees of reaction 
inelasticity, and to turn the process interpretation in terms of a number of 
wounded nucleons, a collision impact parameter and other theor tical model 
related parameters. In particular, the semiexclusive approach gives an addi­
tional chance to test the ideas about a quark origin 18 I of a cumulative n­

meson production through an experimental estimate of the pion formation 
length and nuclear transparency. 

2. Scale Variable- Cumulative Number 

Let us define a kinematic region for cumulative particle production. The 
minimum fractions of the 4-momenta of colliding nuclei, X

1 
and X11 , 

satisfying the total 4-momentum conservation law for production of a 
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particle with the 4-momentum P1 and the mass m 1 are expressed by the 

relativistic invariant equation for a squared minimum 4-momentum of a 
reaction recoil 18 1- cumulative number: 

2 2 (X1P1 + X 11P11 - P1) = (X1m0 + X11m0 + m2) , 

where P1 and P11 are the 4-momenta of colliding nuclei per nucleon; m0 , 

nucleon mass ; m2, the mass for additional particles needed to obey the 

quantum number conservation rules (for pions m2 = 0>. Putting X 11 = I for 

the target nucleus, one can derive an expression for X 1 (the cumulative num­

ber of a projectile nucleus) with the mass corrections taken into account: 

(P11P 1) + m0m2 + (mi- m~)/2 
XI= 2 • 

(P
1
P11)- m0 - (P

1
P

1
)- m0m2 

The physical meaning of the variable X1 is becoming more clear in a 

high energy a pproximation X 1 :::::: P1/ Pbeam' where P1z and Pbeam are a par­

ticle longitudinal momentum and a nucleon mean momentum in a projectile 
nucleus. The variable X11 has a well-known light cone variable as a high 

energy limi t. In a limiting fragmentation region of a nucleus I the particle 
spectra have an exponential dependence of X1 and practically don ' t depend 

on X 11 1131. 
ln the previous paper 110 I we measured the target dependence of the 

spectra of cumulative pions in a fragmentation of relativistic deuterons. The 
present study includes pilot results on the associated charget multiplicity of 
the process of a deuteron and a carbon nucleus fragmentation on carbon and 
lead targets . 

3. Expe rimental Procedure 

The measurements were taken on a 4.5 ·A GeV /c deuteron and carbon 

nucleus beam of Dubna Syncrophasotron with an intensity of 105-106 s - I . 

The SPHERE forward magnetic spectrometer 110 I (fig.l )' consisted of: 
• a beam particle monitoring telescope consisting of three scintillation 

counters; the amplitude spectrum of one of the counters is shown in 
fig.2; 
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Figure I . Layout or the SI'IIERE forward ~cint i llation spec trome ter 

Beam Monitor Counter S3 
Amplitude Spectrum 

oL-~--~--~--~~--~~~~~----~ 
0 200 400 600 800 1000 

ADC channels 
Figure 2. The amplitude spectrum or a beam monitoring counter 

• a changeable target placed at 700 em in front of the magnet ce ter; the 
carbon and lead target thicknesses are 3.24 g/cm2 and 10.5 g/cm2; 

the liquid hydrogen target was used to obtain a reference fragmen-
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tation spectrum; the hydrogen container has a spherical shape with a 
60 mm internal diameter; 

• a two-layer cylindrical scintillation hodoscope intended for a total and 
hard charged multiplicity tagging in an azimuthal angle from 20· to 
90· ; each cylinder consists of 18 counters providing a polar angle 
segmentation; the hodoscopes are interleaved by a 40 mm thick steel 
absorber suppressing a soft muplitplicity up to a proton transverse 
momenta Pr < 600 MeV /c; 

• a dipole frame type magnet with a 68 em gap; the poles are I 00 em 
wide and 150 em long; the maximum field in the magnet center is 
0.82 T; 

• a high-pressure gas threshold Cherenkov counter; it provides a 1 ns 
timing resolution; 

• two 16x 16 cm2 hodoscopes; each hodoscope consists of two planes 
con taining 16 counters 160x9x3 mm3 in size; 

• four three-coordinate hodoscopes of a 1 m2 area; each hodoscope 
plane contains twenty three 1000x40x5 mm3 counters. 

The solid angle acceptance of the spectrometer is about 10-4 sr and the 
momentum acceptance extends from 2.5 to 6 GeV /c covering X1 from 0.5 to 

2.0 in a single exposition. The main points of the event selection procedure 
are following; 

• an effective selection of relativistic .n-mesons are worked out by the 
trigger logic; a trigger is provided by a coincidence of signals from the 
beam monitor, the Cherenkov counter, and the hodoscopes placed 
behind the magnet; the timing spectra of coincidences are shown in 
fig .3; 

• a pion track was selected in the negative charge wing of the magnet; 
the momentum is calculated from the angle between the horizontal 

. projection of a deflected track and the primary beam axis; the disper­
sion of production angles is negligible; 

• a bitted counter number of the inner layer of the cylinder hodoscope 
is assigned the total charged multiplicity of an event, n,h; a lower mul-

tiplicity cut nch > 0 in the data analysis reflects a trigger logic selection 

applied for a reduction of a target-off contribution; 

• a hard charged track multiplicity, Nch is estimated by the number of 

azimuthal angle coincidences of bitted counters of the inner and outer 
layers. 
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Figure 3. Timing spectrum of Ch, H7, H8, H9 trigger coincidences 

4. Deuteron Fragmentation 

The dependence of the projectile nucleus fragmentation cross-section 
on the target nucleus mass number, the A dependence, is a simplest way to 
draw preliminary conclusions about the interaction between an meson and 
a target nucleus. It is convenient to describe A dependence by a power law 

parameterization, Aa. 
We have measured I 10) the power value of the A depende ce of the 

cross-section for 4.5 ·A GeV /c deuteron fragmentation into cumulative 
pions on carbon, aluminimum, copper and lead nuclei for X 1 within 0.8-1.2 

and the mean value (a) = 0.27 ± 0.09 was obtained in this interval. The tar­
get atomic mass number dependence significantly differs from the volume 
type dependence 141 on the fragmenting nucleus atomic mass number 
where a value of a around l was found. The obtained value seems to indicate 
a peripheral character of the interaction between a target nucleus and a deu­
teron fragmenting into a cumulative pion. Formerly similar conclusions were 
drawn by the Berkeley group I 12] for fragmentation of light relativistic 
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nuclei into pions - a power value of 0.4 was obtained for a particles. In a 
more general sense, such asymmetry in A dependences follows a limiting 
fragmenta tion concept. 

We have estimated mean values and r. m. s. of multiplicity distributions; 
(n .

11
) = 1.32 with a 

1 
= 1.34 for d-C collisions; for d-Pb - 2.46 and 2.24, 

C I •·h 

respectively. The fraction of ·events containing a hard track candidate 
doesn't exceed 15% for carbon target and 16% for lead one. Thus, the 
mean values and a hard component fraction show a weak dependence on the 
fragment ing nucleus atomic mass number and point in favour of the peri­
pherial coll ision picture. 

5. Ca rbon Fragmentation 

As a continuation of the deuteron fragmentation study we have carried 
out similar measurements of 4.5 · A carbon nucleus fragmentation. The pion 
spectra a re obtained on carbon and lead targets. Besides, the liquid hyd­
rogen target was used to get reference data for nuclear media effects. Typi­
cal spectra of pions produced in carbon-carbon collisions at various reaction 
multiplici tis are shown in fig.4. 

Our main interest is to derive physical conclusions on the basis of spect­
rum ratio behaviour. These ratios are acceptance and systematic correction 
free values. The mean values (R) and r. m. s. a R of each set of the ratio values 

corresponding to ttie definite multiplicity cut were calculated and a ratio 

C (4.5A GeV/c} + C -> 1t" (0° } + nch + ... 
Cumulative pion spectra with nch 

104 • • • • ncb 2: 0 
!l ·a " • • 

" • • ncb 2: 2 
:I 

.c) 
• .. • I 

~1o3 
I t 

~ 

• ncb 2: 4 

·;;:. I 
• ncb 2: 6 

c l £102 t 

0.6 0.8 1.0 1.2 1.4 1.6 1,8 
Cumulative number, X1 

Figure 4. Spectra of straightforward produced pions in car­
bon-carbon collisions vs scale variable X1 at various cuts 

on a total event multiplicity, n,.h 
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a R/ (R) was accepted as a relative estimate of a spectrum distortion in the 

covered region of X1, 0.6 < X1 < 1.6. 

5. I. Carbon- Carbon Collisions. The experimental points in fig.4 cor­
respond to the bin centers of the variables Xr The characteristic feature of 

the spectra is similarity of the shape at different multiplicities of the reac­
tion, nch and this leads to a stability of the ratios of the spectra to the 

inclusive one (fig.S) within 10% margins around a mean value of each set of 
points. Fig.6 shows the ratios of the spectra to the inclusive pion spectrum 
obtained on the liquid hydrogen target. In this case a spectrum distortion 
can be estimated at a level of less than 50%. 

C (4.5A GeV/c) + C -> It· (0" ) + n,h + ... 
Ratio of cumulative pion spectra with n<h and n,h ~ 0 

10° 

+ 

0.6 0.8 

I 

I 
l 

1.0 1.2 I .4 1.6 1.8 
Cumulative number. Xt 

FigureS. Ratio or the pion spectra produced on a carbon tar­
get with variation or "··h to the Inclusive spectrum 

C (4.5A GeV/c) + C -> If (0" ) + ndl + ... 
C I p cross section ratio 

§ t 
I I t • ado 2: 0 

I I 

t 
I 

I t • a,~ 2: 2 

I t • ado 2: 4 
t I I • ado 2: 6 

I I I • ado 2: 8 

CwmW&tiven~.X1 
0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Figure 6. Ratio of the pion spectra produced on a carbon tar­
get to the Inclusive spectrum from the hydrogen target 
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Pion I minimal biu total charged multiplicity ratio 
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I I I 40 
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Total charged multiplicity. Dct. 

Figure 7. Ratio or 11ch multiplicity distribution with a pion pro­

duced in a cumulative number range 0.6 < X 1 < 1.6 to a mini­

mal bias event multiplicity . The multiplication factor on the 

ordinate axis takes into account the difference in beam particle 

nuxes 

As it was established in the inclusive experiments (8 I the invariant dif­
ferential cross-sections of cumulative particle production fall down to three 
orders of magnitude with an increase of the scale variable from 0.6 to 1.6. 
Thus, the estimated distortion appears to be insignificant with respect to 
the cros~-section vari(Jtion. ·· 

We compared the multiplicity distribution corresponding to cumulative 
pion production and the minimal biased multiplicity distribution of carbon­
carbon collisions in an angular range of the cylinder hodoscope. The ratio of 
the distributions is shown in fig. 7. A rapid raise and a subsequent saturation 
can be seen with a growth of a total event multiplicity to a total charge limit. 

5.2 Carbon-Lead Collisions. An upper total charged multiplicity cut was 
applied nch < 8 for a lead target in order to suppress a contribution of mul-

tiple interactions of beam nuclei and nuclear fragments. This limit is derived 
from the experimental data putting a demand on the linear behaviour of an 
accompanying multiplicity yield with a target thickness. In the case of car­
bon-lead collisions we are able to estimate the event inelasticity by an 
accompanying hard track multiplicity , Nch (see fig.8). 

Figure 9 gives limit of a distortion with respect to the inclusive spectrum 
within a margin of 30%. For a fragmentation on target protons (fig.lO) we 
obtain distortion upper estimate of 60%. For the hard multiplicity part 
(fig.ll) a rapid fall down can be seen with respect to a hard multiplicity part 
of minimal bias events. 
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Figure 8. T he multiplicity 
distribution of ha~d tracks 
(P T > 600 MeV I c for protons) 

N.-h in the cylinder hodoscope 

Figure 9. Ratio f the pion spect­
ra produced on a lead target with 
variation of hard multiplicity 
Nch to the inclusive spectrum 

Figure 10. Ratio of the pion 
spectra produced on a lead tar­
get to the inclusive spectrum 
from the hydrogen target 



C ( 4.5 A GcV/c) + Pb -> It" ( o•) + lie!. + ... 
Pion I minimal biu bard multiplicity ratio 

~r-~---r~~--r-~--~--T---~~--· 

t 
Total c:harpl maltiplicity I :s; 11c1o :s; 8 

30 

j 
o.6 :s; x,:s; u 

~ 
!: 
~20 I .9 
;;; 
co: 

f 10 

t 
I 

0 
0 I 2 3 ~4 

Hard char&cd multiplicity, Nch 

Figure II. Ralio or N<h mulliplicity dislribulion wilh a pion 

produced in a cumulative number range 0 .6 < X1 < 1.6 to a 

minimal bias event multiplicity 

6. Conclusions 

To summarize, the influence of a target nucleus on cumulative 1t- me­
son spectra s traightforward produced in a fragmentation of light relativistic 
nuclei was studied at various degrees of the reaction inelasticity. 

We doesn't observe an indication of effects of a significant modification 
of the spectrum shape with respect to the inclusive spectra obtained on pro­
ton, carbon and lead targets. It points to a weakness of secondary interac­
tion contribu tion in a cumulative pion production. We consider these results 
as a confirmation of the validity of the limiting fragmentation hypothesis ap­
plied to high multiplicity nucleus-nucleus collisions. 

A natural extension of this study is a systematic shift to more inelastic 
collisions. Spectra of cumulative pions are considered to be a manifestation 
of the quark-parton structure function of nucleus 18 J. From this point of 
view our approach permits «tagging» of «Superfast» quarks in a fragmenting 
nucleus and opens up possibility to study details of hadronization process in 
correlation measurements. 

Besides, it appears to be particularly interesting to study nuclear col­
lisions in a region where both X 1 and X 11 are essential 113 J. For instance, 

highly inelas tic collision could lead to a dramatic change of a power of the A 
dependence. In this case a cumulative particle tags a process of collision of 
high momentum components in both nuclei or fluctuations of nuclear 
density. 
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EXPERIMENTS ON RELATIVISTIC NUCLEAR PHYSICS 
IN BEAMS OF DUBNA SYNCHROPHASOTRON 
AND NUCLOTRON 

A.M.Baldin, A.I.Malakhov 

The programme of the experiments on relativistic nuclear physics at the 
Dubna Synchrophasotron and the new superconducting accelerator Nuclotron, 
is reviewed. The main goal of the experiments is the study of the manifestation of 
the quark-gluon degrees of freedom in nuclei. The beam energies of both 
accelera tors exceed the energy at which the asymptotic regime sets 
(0.3 + 4.5 AGe V). It makes possible to study practically all the characteristics of 

strongly excited nuclear matter. The project of the SPHERE 4Jt spectrometer, at 
which the first results have been obtained, is given in more detail. 

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

3KCnCpHMeHThl no peJ:UITHBHCTCKOH .IIAepHOH cPH3HKe 
B nylfxax Ay6ueucKoro Cuuxpo<l>a30Tpoua 
u HyKJioTpoua 

A.M. BaJIAHH,A.H.MaJiaxos 

)laH 0030p nporpaMMbl .3KCnepHMeHTOB 110 peJUITHBHCTCKOH ll,!lepHOH QJH-
3HKe HU CHHXpoQJa30TpoHe )ly6Hbl H HOBOM CBepxnpoBO,!IIIUJ.eM yCKOpHTeJJe 
HyKJJoTpoH. fnaoHall u.eJJb 3KcnepHMeHTOB- noHCK npoiiBJieHHII KoapK-rmo­
OHHbiX CTeneHeH CBOOo,!lbl B 11,11pax . 3Heprn11 ny'IKOB OOoHX yCKOpHTeJJeH COOT­
oeTCTByeT 3HeprnH BbiXO.!Ia Ha acHMilTOTH'leCKHH pe>KHM 0,3-4,5 A f3B. 3TO 
ll03BOJilleT H3y'laTb npaKTH'leCKH oce xapaKTepHCTHKH CHJibHOB036y>K,!IeHHOH 
ll,!lepHOH MaTepHH. npoeKT C<I>EPA 4Jt-cneKTpoMeTpa, Ha KOTOpoM noJJy'leHbl 

nepoble pe3yJJbTaTbl, npe.r~cTaBJieH 6onee no.r~po6Ho . 
Pa6oT8 BbmOJJHeHa o Jla6opaTOpHH BbiCOKHx :meprni1 OIUIH. 

l. Rel a tivistic Nuclear Physics 

Relativis tic nuclear physics deals with the study of processes in which 
the constituents of nuclear matter move with relative velocities close to the 
velocity of light. The quantitative criteria of this closeness and the classifica­
tion of nuclear interactions are presented below on the basis of a relativistic 
invariant approach [ l I to the description of hadronic processes. 

52 



In this approach, the multiple particle production processes proceeding 
in collisions of particles (or nuclei) I and //: 

I+II-+1+2+3+ ... (l) 

are described in the velocity space ui = P/ m;, where P; are the fo r-momen­

ta of particles involved in the reaction: i =I, II, l, 2, 3, ... , their masses. The 
components 

are regarded as the coordinates of a point in a four-dimensional space (the 
end point of the four-vector). 

The approach enables us to use all the available experimental informa­
tion on the basis of the methods of self-similarity, imcomplete elf-simila­
rity, automodelity and intermediate asymptotics. Employing this method, it 
was found to be possible to answer the following questions: 

• How to describe the states of strongly excited nuclear matter in terms 
of observable dimensionless quantities? · · 

• Can anything like equilibrium of excited matter be reache in nuclear 
collisions? 

• To what extent the quasi-stationary states of strongly excited matter 
are due to color degrees of freedom? Is it possible to describe them on 
the basis of QCD? 

• How to determine the conditions for which nucleons or, in general, 
hadrons lose their identity so that the subnucleonic degrees of free­
dom play the dominant role in nuclear matter? 

The approach makes it possible to: 
i) classify hadron and nucleus interactions; 
ii) find the laws describing multinucleon interactions of subthreshold 

and cumulative particle production [2,3 ); 
iii) check the phenomenological theories formulated in term of macro­

scopic variables (energy density, temperature, pressure, and so n). 
Multiple particle production processes are described with the aid of rela­

tivistic invariant dimensionless quantities 

b.k = - (!J_- }il 2 

= - (u .- uk)2 = 2l(u .uk)- I ). 
I mi mk I I 

(2) 

In addition to the hitherto used reasons of dimensionality and invariance, 
we utilize a hypothesis that when certain hap's tend to infinity the cross sec-
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tions possess a definite asymptotic behavior. From the mathematical point of 
view, the self-similarity principle for relativistic invariant distributions 
(cross sections) is formulated as follows 14 ): 

W(b *' b a• ba*····> =_I_. w' (b x = !J!! l <3> a ap I' b" ak' k b ,... · 
af3 a{3 

W1 seems to be independent of baf3 and has self-similarity with respect to 

this variable. The self-similarity parameter xk at b af3-+ oo turns into the 

well-known light cone variable. The law (3) is valid with a definite accuracy 
and in definite limits of change of the variable hap· Therefore the appro-

priate behavior is called intermediate asymptotics. It is easier to determine 
the quantit ies n from models or equations than to find general solutions. 

As experiments show, the invariant distributions (cross sections) 
W( ... , b;k•· ··> possess universal properties and are very important when 

planning experiments. A special case a = /, {3 = II and n = 0 is equivalent 
to the phenomenon of limiting fragmentation 15). 

do ( b11 ) £ 1 dp = F(b111 , b11 , b111 ) lb ...... -+ F b111 , x 1 = -b- = 
I I II Ill 

2 d2a 
=l·db d ='f(p,). (4) 

m
1 

//1 x, 
Of two self-similarity parameters b111 and x1 only the latter is scale inva­

riant. Hence, it follows that scale invariance is a particular case of self-simi­
larity for fi xed b111 • In 1971 161 it was suggested that scale invariance shows 

a local cha racter of interactions, when they proceed at distances much 
smaller than characteristic nuclear sizes (nucleon form factors, internucleon 
distances). In terms of the measurable quantities, it means that for relative 
nuclear velocites b111 much larger than characteristic velocities of internal 

motions in hadrons the cross sections are no longer dependent upon b11r 
Experiments show that this regime is achieved for 

bl/1-5+8 

which corresponds to the kinetic energy of a nuclear beam of- 3.5 A GeV. 
One of the most important conclusions obtained from works dealing 

with the analysis of multiple particle processes in the velocity space is the 
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conclusion about the existence of two characteristic scales (correlation 

lengths): I) bik- b 1 :=::: 10-2
, nuclear scale, and 2) bik- b2 - I qu rk scale [7[. 

We suggest to perform the classification of relativistic nuclea r collisions 
on the bik basis in the following manner: 

i) The domain bik- 10-2 corresponds to the interaction f nuclei as 

weakly bound systems consisting of nucleons. This is the doma in of classic 
nuclear physics. 

ii) The domain 0.1 s hik < I is an intermediate one. Here the quark deg-

rees of freedom arc important in rebuilding hadron systems. 
iii) In the region bik »I hadrons lose their meaning of the quasi-par-

ticles of nuclear matter and nuclei should be considered as quark-gluon sys­
tems. The physical meaning of the criterion hik » I is as follows; at rather 

large relative velocities the interaction between the quarks entering object i 
and those entering object k becomes so weak that in can be trea ted by per­
turbation theory at a constituent level. 

2. Accelerator Centre 
of the Laboratory of High Energies <LHE> 

Since 1957 the major research facility of LH E has been the Synchro­
phasotron which provides nuclear beams shown in Table I. 

At present, feasibility studies arc being performed for t e possible 
concurrent usc of heavy-ion beams (0.3 + 4.5 A GcV), polarized a nd aligned 
deuteron beams and secondary beams (neutrons, pions). Run ning time is 
4000 h per year. Heavy-ion acceleration takes about 70 percent of the beam 
time. The possibilities for research will be substantially expa nded after 
putting the world's first supcrconducting accelerator foi relativistic nuclei, 
Nuclotron, into operation. 

A schematic view of the LH E accelerator centre and experimental area 
are given in Fig. I. The main parameters of the accelerators a rc given in 
Table 2. 

The classification of relativistic nuclear collisions on the bik basis and 

eqs. (3,4> shows that at an energy of 6 A GcV, the Nuclotron be ms can be 
used for studying practically all the characteristics of strongly excited nuc­
lear matter, including their asymptotic values. The commissioning effort of 
the Nuclotron has begun and the beam's orbit around the supercondutting 
was successfully completed in March 1993. 
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Table I 

Intensity (particle per cycle) 

Beam Synchrophasotron Nuclotron (pian) 
(now) 

1st staae 2nd staae 

p 4 · 1012 1011 1013 

II 1010 5·109 1013 

d 1·1012 5 · 1010 1013 

df 1 · 109 3·108 1011 

31-le 2 · 1010 

41-le 5 ·1010 5·109 2·1012 
7Li 2 · 109 2 · 1010 5·1012 

12c 109 7 · 109 2 · 1012 
160 5·107 

20Ne 104 108 5 · 109 

24Mg 5 · 106 3 · 108 5 ·1011 

28Si 3·104 

40Ar - 3 · 107 2·109 

56 Fe - - 1011 

65zn - - 5·1010 

84Kr - 2 · 107 5 · 108 

96Mo - - I · 1010 

119sn - - 2 · 108 

131Xe - 107 2·108 

181Ta. - - 1 · 108 

238u - 3 · 106 108 

---NUCLOTRON 
Fig. I 
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Table 2 

Parameters Nuclotron Synchrophasotron 

Energy (max) AGcV 6 

Repetition rate p.p.s 0.5-1 .0 

Extraction time s 10 

Intensity p.p.c see Table I 

Vacuum Torr 10-10_10- 11 

Consumed power MW 

Mac. magnetic field in dipoles T 

Tunnel circumference m 

SC dipole magnets N 

SC quadrupole lenses N 

Dioole aoerture mm 

3. Research Program 
of La bora tory of High Energies 
<LHE) of JINR 

1.5 

2.2 

250 

96 

64 

110 

4 

. I 

.5 

10-6 (10-7) 

8 

1.1 

The LH E experimental programme addresses to a broad range of fore­
front questions in relativistic nuclear physics and includes five principal 
areas of investigation: 

• Spin observables 

• Collective states and multiple particle production reactions in the col-
lision of nuclei 

• Multinucleonic interactions, subthreshold and cumulative processes 

• Exotic and multiquark systems 

• Jets, cumulative jets, nuclear reactions involving charmed qua rks. 
The main nearby goals are: 
l. Experiments on relativistic nucleus-nucleus collisions 
(a) search for manifestations of quark-gluon degrees of freedom in col-

lisions of relativistic nuclei 
(b) spin effects in light nuclei. 
2. Development and upgrade of the LHE accelerator complex 
(a) commissioning of the Nuclotron ring for internal target experiments 
(b) upgrade of the injection and external beam transport systems. 
3. Applied research program 
(a) image detectors for applications in biology, crystallography, medi­

cine and industry 

57 



(b) development of microstrip silicon detectors, new scintillator mate­
rials and electronics 

(c) application of the particle channeling phenomena for beam extrac­
tion and transportation 

(d) neutron generation in nuclear beams. 
Presently, about 500 researchers representing more than 100 institu­

tions arc involved in experiments at the Synchrophasotron. All the user 
groups working at the Synchrophasotron have suggested their research pro­
grammes for the Nuclotron. 

First priority directions are the study of multiple production in 4.n-geo­
metry and the construction of SPHERE Spectrometer, the first line expe­
riments on the Nuclotron and the search for non-nucleon degrees of free­
dom and spin effects in few nucleon systems. 

Fig.2 shows a program of the investigations on 4.n detectors of the LHE: 
• experiments on a cumulative particle production and correlated phe­

nomena (SPHERE spectrometer) 
• sea rch for a manifestation of quark-gluonic degrees of freedom in col­

lisions of relativistic nuclei and phase transitions in nuclei <SPHERE, 
FAZA, SYaO> 

SPHERE 

Fig.2 
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• a study of nuclear multifragmentation processes and a hyper- and ~­
nuclei production <SLON, FAZA, GIBS> 

• Nuclotron internal target experiments: the two-arm EM calorimeter 
<SPHERE) and the intermediate mass fragment spectrometer 
<SYaO>. 

The basic detecting part of the GIBS is a Ne-filled 2x 1 x0.6 m streamer 
chamber in a magnetic field of 0.9 T. 

The SLON setup will provide new possibilities for the experimentalists 
with nuclear emulsion irradiation in high pulsed magnetic fields (- 50 T>. 

The FAZA setup is a fragment multiplicity detector, consi ting of 55 
scintillation counters made of thin Csl (TI) films, time-of-flight telescopes 
and a large area position-sensitive parallel-plate avalanche cham ber. · 

The SYaO setup consists of the telescopes of semiconductor and scin­
tillation detectors, exposed to the internal target of the accelerator. 

Fig.3 shows a schematic structure of the search for non-nucleon degrees 
of freedom and spin effects in few nucleon systems at the LHE. 

The ALPHA-INESS, ANOMALON and MASPIK setups are magnetic 
spectrometers on the basis of MWPC detectors. 

The DISK is a magnetic spectrometer with the ~E, ToF scin.tillation 
counters and Cherenkov detectors. 

The disposition of the experimental setups you can see on fig. I . 

ANOMALON ALPHA­
INESS 

Backward 
particle 
production 

~ 
DISK 

Fragmentation 
~ of polarized ~ 

deuterons 

Universal 
Polarization 
Calorimeter 

Fig.3 
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4. In vestigation of Interactions 
of R elativistic Nuclei 
at t he SPHERE 4n Detector 

SPHERE (fig.4) is a 4n detector designed to obtain as much detailed 
information as possible on multiple cumulative particle production at the 
JINR Synchrophasotron and Nuclotron [8 ). 

The spectrometer contains three major components: a central detector 
for the detection of particles from the target-nucleus fragmentation region, 
a forward detector covering the projectile-nucleus fragmentation region, 
and a target for the generation of muon pairs with a beam absorber. The 
central detector is used for the momentum and angle analysis of secondary 
particles produced in the target positioned in the centre of the superconduc­
ting solenoid. A uniform 1.5 Testa field along the beam is produced in a 
superconducting coil 2.2 m in diameter and 2.6 m long. Particles at small 
angles (< s·> are detected by the forward magnetic spectrometer. The detec­
tor system consists of electromagnetic calorimeters, dE/ dx and time of 
flight scint illator hodoscopes and Cherenkov counters identifying y, e, n , 
K, p, d, t, a , etc. The tracks are measured with MWDC's and MWPC's. The 

SPHERE 

f 

Fig.4. I - superconducting solenoid with iron yoke; 2 - central drift chamber; 3 -
backward drift chambers; 4- rorward proportional chambers; 5- cylindrical scintilla­
tion hodoscope; 6 - muon scintillation hodoscopes; 7 -cylindrical Cherenkov hodo­
scope; 8 - rorward and backward Cherenkov hodoscopes; 9 - electromagnetic calori­
meters; I 0 - rorward and backward scintillation hodoscopes; II - proportional 
chambers; 12- scintillation hodoscopes; 13- threshold gas Cherenkov counters; 14-
dipole magnet ; 15- targets; 16- beam absorber; 17 -muon rilter 

60 



beam intensities for the study of multiparticle production processes are 

107 s -I and up to 1011 s -I for dimuon production. A fast data acquisition 
system is based on VME, FASTBUS and CAMAC. 

The status of the spectrometer SPHERE is as follows: the firs t line of the 
forward detector was in operation since 1990, and it is hoped that the 4.n 
detector will be completed by the middle of 1996. The main problems to be 
solved are to investigate the reactions of the production of two and more par­
ticles in the resonance region (in particular, the production of vector partic­
les in the cumulative region), to study the production of lepton pairs in colli­
sions of relativistic nuclei, and to investigate spin effects in large transverse 
momentum reactions. 

To describe the cumulative processes the law of conservati n of four­
momentum is written in the form: 

were X 1P1 and X 11P11 are the fractions of the momenta of collidir' g nuclei 

P1 and P11 are the four-momenta per nucleon; m
0

, the nucleon mass; m2, 

the mass of additional particles which should be taken into account for the 
laws offlavor conservation to be fulfilled (for pions m2 = 0). In ea rlier paper 

on the cumulative effect it was assumed X 11 = 1 and for X 1 (cumulative 

number) use was made of the expression: 

In the region of limiting fragmentation of nucleus /, for 
(P1P1)- (P1P11)-+ oo, X1 turns into the light cone variable, and the particle 

spectra I are described by the exponential of this variable. 
In 1990 a beam dump experiment on production of low-mass cumulative 

muon pairs by 9.0 GeV /c deuteron beam was performed at the J INR Syn­
chrophasotron by means of the forward detector of the SPHERE spectro­
meter [9 ). The physical goal of the experiment was to estimate dimuon yield 
at the available experimental facility. The results were obtained under an 
assumption of E·(da/dp) z C~1~1 ·exp(-X/0.12). 
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The upper (lower) threshold of the value of C
1111 

was found to be 21 

<2 . 1> mb · GeV- 2 ·c3 for the region of X
1 
~ 0.9 and 400 s M

1111 
s 

s 800 MeV /c2. Consequently , for a cumulative number X1 = 1.2 the value 

of E·(da/ dp) is equat to 950 <95> nb ·Gev- 2 c3 <fig.5>. 
In 199 1 the power value of A dependence of the cross-section for 

9.0 GeV /c deuteron fragmentation into cumulative pions was measured on 
carbon, al uminium, copper and lead targets for cumulative numbers within 
0.8-1.2 I I 0 ). In this interval the mean value of the A dependence power is 
equal to 0.27 ± 0.09 (fig.6). Hence the target atomic weight dependence sig­
nificantly differs from the volume type. 

For the ratio of the cross sections for lead and carbon <fig. 7> we observe 
a weak X-dependence which is in correspondence with a limiting fragmen­
tation picture of cumulative production. 

Charged target fragmentation multiplicity distributions are shown in 
fig.8. Mean values as well as fractions of hard component 
(PT > 600 MeV /c) show a weak dependence on the atomic weight of frag-

menting nucleus I II ). 
In March 1992 the experimental data on cumulative pion production we­

re acquired for a 9 GeV /c polarized deuteron beam bombarding polyethy­
lene, carbon, tin and lead targets. A very preliminary analysis reveals the 
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trand for a left-right asymmetry in the emission of particles accompaning 
the pion production at cumulative numbers 0.8-1.2, thus suggesting some 
spin effects in the cumulative productive processes under study. 
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In October 1992 we had run in carbon beam. Figure 9 show the raio of 
cumulative pion spectra for various multiplicities of the charged particles ac­
companing the pion cumulative production for carbon beam and carbon tar­
get. The weak X dependence indicates a weak influence of secondary inter­
actions in nuclei. 

5. The First Experiment 
in the Nuclotron Internal Beam 

In the framework of SPHERE collaboration we have prepared two-arm 
electromagnetic calorimeter and nonmagnetic scintillation spectrometer for 
the first Nuclotron internal target experiment. 

This setup includes (fig.lO): 
• a monitoring telescope consisting of scintillation counters 
• two 1 x 1 m2 scintillation hodoscopes 
• 36-channels lead glass Cherenkov EM calorimeter 
• I::!.E-E and time-of-flight scintillation counters. 
The first experimental programme includes: 
• investigation of 17-meson interaction on nucleons and nuclei 
• study J /'II, p, w, 17, K-mesons near the threshold 
• observation of lepton pairs 
• study of narrow correlations of two protons 

Layout of Setup 
for First Experiment 

at NUCLOTRON 

/ )'f ' 
' /' ,/ 

internal /.Q(-/-~-
targ~t / ~--==------

internal ·=---
NUCLOTRON ' ~ Qo scintillation 
beam ,P " hodoscopes 

Fig. IO 
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• investigation of the processes of nuclear collisions with X 1 > 1 and 

X 11 > l (double cumulative effect) 

We plan to have the first run on the internal target of the Nuclotron in 
June-July '93. 

6. Co nclusions 

From this report we conclude the following: 
l. Presently some studies are being performed for the concurrent use of 

heavy-ion (0.3 + 4.5 AGeV), polarized deuteron beams and secondary 
beams of the Synchrophasotron 

2. The beam parameters of the novel superconducting ring Nuclotron 
will enable us to perform a detailed study of all global characteristics of 
extremely excited nuclear matter since for the Nuclotron b1 11 :::::: 14 (for the 

Synchrophasotron b1 11 :::::: 9.7). 

3. The first results obtained in the Synchrophasotron beams with the 
SPHERE 4n spectrometer can be summarized as follows: 

• we have searched for the deuteron fragmentation into cumulative 
muon pairs and the deuteron and carbon fragmentation into cumu­
lative pions 

• the muon pair production beyond the kinematic limit of nucleon-nuc­
leon collisions has been observed 

• the power value of A-dependence of the cross-section for 4.5 GeV I A 
deuteron fragmentation into cumulative pions has been measured 

• the target atomic weight dependence significantly differs from the 
volume type dependence 

• the multiplicity of target nucleus fragmentation suggests a peripheral 
character of the process 

• the weak X -dependence of the ratio of cumulative pion spectra for various 
multiplicities of the charged particles accompanying the pion production 
favours the weak influence of secondary interactions in nuclei. 

4. The first experimental facility in the Nuclotron internal beams has 
been prepared in the framework of SPHERE collaboration. 
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DEVELOPMENT OF DATA ACQUISITION SYSTEM FOR SPHERE 
SPECTROMETER 

Yu.S.Anisimov, V.A.Kuznetsov, A.I.Malakhov, P.K.Maniakov, 
A.S.Nikiforov, S.G.Reznikov, V.A.Smirnov,I.Atanasov•, L.Dimitrov•, 
l.lvanov•, I.Monov•, V.N.Penev• 

The 4Jt-detector SPHERE for studying of multiple particle cumulative pro­
duction is currently under construction at the Laboratory of High Energies, 
JINR, Dubna. This paper briefly describes the present status and future deve­
lopments of the data acquisition system for this setup. A multiprocessor system 
based on YMEbus will be implemented for parallel read out, event-building, 
data preprocessing. A workstation will be used for data analysis and experimen­
tal control. 

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

Pa3BHTne cucTeMhl c6opa AaHHhiX cneKTpoMeTpa C<l>EPA 

IO.C.AHHCHMOB HAP· 

4Jt-.l{eTeKTOP C«l>EPA AJUI H3y'leHHII MHO>KeCT&eHHOro KYMYJIIITHBHOro 
J)(?>KIIeHHII 'laCTHU.,Pa3pa6aTbiBaeTCII B JIB3 011.5111, ,ny(iHa. 8 :JTOH CTaTbe /laH 
KpaTKHH 0030p COBpeMeHHOI'O COCTOIIHHII H 6yJIYIL\ei'O pa3BHTHII CHCTeMbl COO­
pa /laHHbiX IIJIII 3TOI'O CneKTpoMeTpa. MHOronpou.eCCOpHall CHCTeMa Ha OCHOBe 
YME WHHbl 6y11eT BHe/lpeHa IIJIII napaJIJieJibHOro C'IHTbl&aHHII , HaKoiiJieHHII H 
npe.l{BapHTMbHOH o6paOOTKH /laHHbiX. Pa6o'lall CTaHU.HII 6y11eT HCIIOJib30BaHa 
IIJIII aHaJIH3a /laHHbiX H ynpaBJieHHII 3KCnepHMeHTOM. 

Pa6oTa BbiiiOJIHeHa B Jla6opaTOpHH BbiCOKHX 3Hepi'HH 011.5111. 

l. Int r oduction 

SPHERE (fig. I) is a 4n-detector designed to obtain as much detailed 
information as possible on multiple cumulative particle production at the 
JINR Synchrophasotron and Nuclotron (1]. The spectrometer contains 
three major components: a central detector for the detection of particles 
from the target-nucleus fragmentation region, a forward detector covering 
the projectile-nucleus fragmentation region, and a target for the generation 

*Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria 
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SPHERE 

Fig. I. General layout of SPHERE 4Jl"-detector. I - superconducting solenoid w th iron yoke, 
2- central drift chamber, 3 - backward drift chambers, 4- forward proportional chambers, 
5 - cylindrical scintillation hodoscope, 6 - muon scintillation hodoscopes, 7 - cylindrical 
Cherenkov hodoscope, 8 - forward and backward Cherenkov hodoscoopes, 9 -electromagnetic 
calorimeters, 10- forward and backward scintillation hodoscopes, II -proportional cham­
bers, 12- scintillation hodoscopes, 13 - threshold gas Cherenkov counters, 14 - dipole mag­
net, 15- targets, 16- beam absorber, 17- muon filter 

of muon pairs with a beam absorber. The central detector is u ed for the 
momentum and angle analysis of secondary particles produced in the target 
positioned in the centre of the superconducting solenoid. A uniform 1.5 
Testa field along the beam is produced in a superconducting coil 2.2 m in 
diameter and 2.6 m long. Particles at small angles (< 5•) are detected by the 
forward magnetic spectrometer. The detector system consists of electromag­
netic calorimeters, dE/ dx and time of flight scintillation hodoscopes, and 
Cherenkov counters identifyingy, e, n, K, p, d, t, a, etc. The tracks are mea­
sured with MWDC's, and MWPC's. A data acquisition system is based on 
VME, F ASTBUS and CAMAC. The first line of the forward detector is ope­
rated since 1990 and a number of experimental results (2- 4] were 
obtained with it. The central detector is still at stage of R&D and the 4n­
detector is hoped to be completed by the middle of 1995. 

II. System Description 

A data acquisition system for the first line of the forward de tector was 
designed (5,6 ]. It provides: trigger selection, reading out, data recording, 
and on-line monitoring of experimental data from 600 hodoscopic, 
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Fig.2. Schematic diagram or the data acquisition system 

100 ADC, and 40 TDC channels from the scintillation detectors (5,6 ). Now 
our setup has a number of subdetectors: scintillation hodoscopes, Cheren­
kov counters, electromagnetic calorimeters, 'MWDC's, and MWPC's with 
2000 channels of information in total. To fit requirements of the expanding 
detector set of the spectrometer, we have implemented one more CAMAC 
branch with VMEbus interfaced CAMAC Branch Driver (Fig.2). 

A. Trigger 

The trigger logic provides two level event filtering with different algo­
rithms. The first level trigger (pretrigger) is issued at coincidence of a beam 
monitoring signal and a combination of signals from scintillation hodo­
scopes which cut out possible corridor for passage of the particle under 
study. An essential feature of the experiment is the use of direct beam 
monitor, so every single incoming particle is noticed. Another opportunity 
for pretrigger is to use a gas filled threshold Cherenkov counter. The second 
level trigger uses fast outputs of the front-end latches of the hodoscopes' 
counters. Complex criteria can be applied for event pattern selection, such 
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as narrower coridor for particle passage, some degree of symmetry for a pair 
of particles, limitation of a deflection angle in the dipole magnet, and so on. 
A newly implemented target enclosing detector [41 provides additional pos­
sibilities for event selection criteria. It is a two layer cylindrical sci ntillation 
hodoscope intended for a total and hard charged multiplicity tagging in an 
azimuthal angle from 20• to 90·. 

B. Data Acquisition 

The data acquisition system is based on two CAMAC branches with A-1 
type controllers (Fig.2). The first branch carries on information from the 
scintillation detectors. Data readout is performed by a CAMAC Branch 
Driver via a DMA channel into on-line computer memory. The second 
CAMAC branch uses a VMEbus interfaced CAMAC Branch Driver. A 
MC68020 based VMEbus processor module <CPU> controls this branch, 
acquires and stores data from the new subdetcctors. Another VMEbus 
processor module <EB) is assumed to build complete events from two data 
fragments and discard events not corresponding to the requested pattern. It 
is supposed that quite sophisticated algorithms, involving track recognition, 
momentum reconstruction, etc., may be used here. Two computers are occu­
pied in new version of our system: LSI-II compatible computer and EISA bus 
PC 486. The first one, directly connected to the CAMAC Bra nch Driver, 
acquires data event by event during an accelerator spill and responds to all 
external synchronization in real-time mode. The acquired data arc trans­
ferred to PC 486 computer between accelerator cycles either via a VME 
memory module or via specially developed parallel interface. To interchange 
control words and messages, the computers are interconnected by means of 
a serial interface RS-232C. PC 486 computer writes data on a hard disk, 
books and displays histograms, displays single event topology and performs 
overall control of experiment. The data files are transferred from PC 486 
hard disk to a JINR VAX-cluster via Ethernet. 

Thus a single-crate VMEbus system makes it possible t integrate 
already existed various equipment into the whole system and to provide an 
easier and standard access to data flow. The most significant and attractive 
feature of this configuration is the expandability of the system in the future. 

C. Slow Control 

Recently we completed design and test of a 100 channel High Voltage 
Power Supply Subsystem. It was designed to power up a wide range of detec­
tors. Flexibility and reliability have been achieved through the use of 
modular construction. The Subsystem consists of two Euro-crates and plug­
in modules with 6 High Voltage channels tn each. The High Voltage 
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channels provide up to 3.0 kV at 3.0 rnA per channel with overcurrent and 
overvoltage safety features. The voltage programmability of HV channels is 
12 bit. A special software user interface for subsystem control and moni­
toring have been designed. Remote control is possible via either GPIB or 
RS-232C port. This High Voltage Subsystem is used to feed electromagnetic 
calorimeters and some of scintillation counters of the spectrometer SPHERE 
and associa ted experiments. 

III. F u ture Enhancements 

In the nearest future we are planning to enhance our data acquisition 
system by including several commercially available VMEbus processor 
modules, based on 680x0 family, running under OS-9 real-time operating 
system. Some of them (acquisition oriented processors) are supposed to 
work as subevent builders. They will readout front-end electronics via the 
respective type controllers. The use of one subevent builder for each 
CAMAC segment allows parallel readout of the several front-end crates. 
Another VMEbus processor moqule (event builder) will assemble the com­
plete event from data fragments and organize the job of subevent builders. 
Complete events might be analyzed further by other VME processor to exe­
cute software trigger conditions, calculate particle tracks from the raw data. 
After this preprocessing the event buffers will be written to the SCSI inter­
faced 8 mm Exabyte or will be transferred via Ethernet into workstation. 
The UNI.X. workstatioh will be used for data analysis and experimental 
control in fu ture. More distant plans are associated with implementation of 
F ASTBUS front-end electronics for digitization. For development of slow 
control we work to increase quantity of High Voltage channels for our Time 
of Flight detectors and using a couple of PC computers for control and moni­
toring of secondary subsystems of spectrometer such as gas supply, colibra­
tion facilities, superconducting magnet. 

IV . Co nclusions 

The described system has been in successful operation during first 
beam runs of the forward detector of SPHERE. Continual expansions take 
place according to the requirements of the SPHERE experiment. Limitation 
in the event rate, caused by the serial readout of front-end crates, will be 
avoided in fu ture by using intermediate data buffering, implementation of 
new embedded processors, and parallel readout of the front-end segments. 
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EXTENSION OF PHOTOMULTIPLIER 
QUANTUM SENSITIVITY 
BY WA VESHIFTING COVERING 

0. P .Gavrishchuk 

T he method or extension or a photomultiplier spectral sensitivity by means or 
application or waveshifting coverings is developed . Some practical results on the 
RuSl>ian produced photomultipliers are given . 

T he investigation has been performed at the Laboratory or High E nergy , 
JINR. 

Pacw HpeHHe KBaHTOBOH l.fYBCTBHTCJlbHOCTH 
qX>TOYMHO)I(HTCJleH 
C nOMO!QblO CBCTOCMe~QaiOIQHX noKpbiTHH 

Q. n . raspH~QYK 

Pa3BHT MeTOA pacwHpcttHII cneKTp8J1biiOH •ryBCTBHTCJlbiiOCTH !jx>TOyMttO­
*~ITeJICH C IIOMOIJtMO CBeTOCMeuta~utHX A00aBOK . llpeACT8BJ1ettbl lleKOTOpbiC 
llp3KTH'ICCKHe pe3yJ1bT8Tbl AJIII !jxrroyMIIO*HTCJleH pocCHHCKOIU npoH.1110ACT118 . 

Pa6oTa obrnonueua o Jla6opaTOpHH BhiCOKHX :mcprnil OHSUt . 

It is the well-known fact that the photomultiplier spectral sensitivity in 
ultraviolet region plays a crucial role for effective detection of the Cherenkov 
radiation produced by a relativistic particle. The present study was initiated 
by a possibility of application of Russian produced photomultipliers in the 
PHENIX Experiment at the RHIC Cpllider for the ring image Chercnkov 
detectors. 

One of possible ways to extend sensitivity in the UV spectrum part is 
application of waveshifting coverings on a photomultiplier window. These 
coverings a re produced on the basis of UV sensitive luminophors such as 
P-terphenil , PPD, POPOP and inflicted on a PMT window as a 5-10 mic­
ron film. 

We carried out the study of an influence of the waveshifting covering on 
the PMT responce. For production of the covering a solution of polymethyl­
metacrylat <PMMA) in toluol is used with a luminophor dopping. The PMT 
window was lowered into the solution and after withering a thin film con­
taining lumenscence doppings appeared on the surface. Thus, UV light can 
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- XP-2020/Q 
- F-85/P 
- F-85 

be absorbed in the 180-
340 nm wave length 
region and irradiated in 
the 380-440 nm region, 
i.e-. near PMT maximum 
sensitivity. 

The measurements 
of the PMT quantum 
sensitivity are carried 
out on the SF-46 spectro­
photometer. The method 
consists in comparison of 
a cathode current of tes­
ted photomultiplier with 
a current of XP2020/Q 
with the known spectral 
sensitivity. The last cha­
racteristic is presented in 
figures 1, 2, 3 as referen­
ce. In this case the PMT 
serves as a photodiode, 
i.e. all dynodes are short­
circuited with the anode. 

The quantum effi­
ciency of a Russian pro­
duced photomultiplier 
FEU-85 wit the 85 mm 



diameter is shown in fig.1 with the covering (triangles) and without 
(circles). Application of the covering gives a 2-2.5 times higher signal for 
Cherenkov light. The value of effect magnitude is defined by the 
transparency of the window. The FEU-85 window is produced from usual 
glass; UV transparent glass (uviol) is used for FEU-130 (fig.2) and FEU-
140 (fig.3) . 
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