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OT COCTaBBTeJieii 

5 HIOIDI 2012 ro,u.a HCil0ilIDieTC.S: 70 IleT .co ,D.H.S: po~eHHH AneICCaH.u.pa Bacum.eBH'la 
TapacoBa, Hamero KOnnern, yquTen.s: H .u.pyra. ro.u. mna.u. OH ymen OT Hae nocne T.S:)Kenoii 
6one3HH. Bero CB0IO )KHJHI, AneKCaH,D.p BacunI.eBH'l Il0CBHTHil q>H3HKe, pa60Ta.s: B Jia6oparopHH 
g,nepm,IX npo6neM Ofu.e,u.uHeHHOro HHCTH'l)'Ta .s:,u.epHhlX uccne,noBaHHii, K)'.D.a OH npuwen B 
1964 ro.u.y nocne 0KOH'laHH.S: q>H3HKO-TeXHH'leCKOI'O q>aICyJII.TeTa XapI.KOBCKOI'O )'HHBepcHTeTa 
u r,u.e npopa60Tan ,no nocne,u.HHX ,u.ueii cBoeii )KH3HH. 

3a 47 IleT pa60Thl B oiurn: AneKCaH,D.pOM BacHm.eBH'leM 6hln Bhlil0JIHeH orpoMHhlH OOI.eM 
Te0peTH'leCKHX Hccne,noBaHHH, pe:iym.Tfil'hl KOT0phlX ony6nHKOBaHI,I B 6onee qeM 200 CTaTI,HX 
B Be.nyIIUiX HayqHhlX xcypHanax MHpa H npe,u.CTaBneHhl Ha MH0I'O'lHCileHHhlX Me~ap0,D.HhlX 
KOHq>epemiu.s:x. Bc.s: HayqHa.s: ,neHTenI.H0CTh Bhl.D.aIOilleroc.s: q>H3HKa-TeopemKa A.B. TapacoBa 
6hlna TeCH0 CB.s:JaHa C 3ICCnepuMeHTaMH, np0B0,D.HMhlMH B oiurn: H ,u.pyrux MHp0BhlX q>H-
3H'leCKHX l{eHTpax. Enaro,nap.s: BhlCOKOH Ha)"IHOH KBanHq>HKal{HH H rny60KOM)' Il0HHMaHHIO 
q>H3HKH BhlC0KHX 3Heprnii OH 6hln Il0CTO.S:HHhlM KOHcyJII.TaHT0M MH0rHX 3KCnepHMeHTaropoB 
OH.Slll. A.B. TapacoB .s:Bn.s:nc.s: 0,D.HHM H3 KpynHeiiwux 3ICCneproB no B3aHMO,neiiCTBH.S:M qaCTHI{ 
H .s:,u.ep npu BhlC0KHX 3Heprn.s:x. Heol{eHHM ero orpOMHhlH BKila,D. B C03,D.aHHe TeopemqecKOH 
6a:3hl 3KCnepuMeHTa DIRAC/PS212 H TeopemqecKOii HHTepnpeTal{HH 3KcnepuMeHTa NA-48/2. 
Ilo,u. pyxoBo,nCTBoM A.B. TapacoBa Jall{Hll{eHo 12 KaH,D.H,D.aTcKHx .u.uccePTallHH, TP0e H3 ero 
yqeHHKOB CTanH ,D.0KTOpaMH Hayx. 

B 3TOH KHHre co6paHhl B0Cil0MHHaHHH yqeHHKOB, KOnner, po,nCTBeHHHKOB u .u.pY3eii, a TaK)Ke 
Hau6onee HHTepecHhle u 3HatIHMhle Ha)"IHhle ny6nuKal{HH A.B. TapacoBa. Mhl 6naro,napHhl 
BCeM, KT0 no,u.enunc.s: CB0HMH B0Cil0MHHaHHHMH. Mhl Bhlpa)KaeM CB0IO 6naro,napHOCTh Jia6opa­
TOpHH g,nepHhlX npo6neM, HHHl{HHpoBaBweii C03,D.aHHe c6opHHKa, Il0CB.S:Il{eHH0I'O AneKCaH.u.py 
Bacun1,eBuqy, a TaK)Ke lh,naTen1,cKOM)' OT,neny OIUIH Ja Heq>opManI.HhlH H TBopqecKHii no,u.xo,u. 
K H3,D.aHHIO 3TOH KHHrH. Ha,u.eeMc.s:, 'ITO ,naHHhlH c6opHHK Il0CilJ)KHT coxpaHeHHIO ,u.o6poii 
naMHTH 06 3T0M Bhl,D.aIOil{eMC.S: BO BCeX CMI,ICilax qenoBeKe. 
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BOCIIOMHHAHIDI yqEHHKOB H KOJIJIEr 

IlaMHTH y 'IHTeJIH 

C.P. resopKBH 
O6oe0uHeHHbru UHcmumym aoepHblX ucCJ1eooeaHut1, l{y6Ha 

H1-1cyc lKe CKaJaJJ HM: He 6Lmae-r npopoK 6e3 'lecrn, 

paJBe TOJJLKO B OTe'leCTBe CBOeM H B .llOMe CBOeM. 

EeaHzenue om Mam<fieR 

B 1970 ro.l(y, nocne ro,l(a pa6oThl B EpeBaHcKoM ipH3HtJ:ecKoM HHCTHryTe, x npuexan B OvUIH 

B Ka'IeCTBe npHKOMaH,l(Hpomurnoro crnxepa. MHe Ha,l(O 61,mo Bb16paTI, o6JiaCTI, llCCJie,l(OBaHHH 

H HaHTH ce6e HayqHoro p)'KOBO,l(HTeJIH. HecKOJII,KO Mecu~eB x npopa6oTaJI B JIT<I>, HO MCHH 

Bcer,l(a HHTepecoBarrH HCCJIC,l(OBaHml, HMeIOmHe Henocpe,[(CTBCHHhlH BhIXO,l( Ha 3KCnepHMeHThl, 

II MHe nocoBeTOBaJIH o6paTHTbCH K A.B. TapacoBy, KOTOpbIH pa60TaJI B TeopeTH'IeCKOM 

CeKTope JUITI, C03,l(aHHOM II B03fJiaBJI»eMOM TOr,l(a JlbBOM llocmpoBH'IeM JlanH,nycoM. 

Carna. TapacoB MeHH He 3K3aMeHOBaJI. OH Hami:carr ipopMYJIY ,!{ITH cetJ:eHH}I, KOTopyIO Ha,l(o 

6bIJIO 3anporpaMMHpOBaTI,, pacctJ:HTaTI, Ha KOMilI,IOTepe II cpaBHHTI, C 3KCIIepHMeHTaJII,HhIMH 

,l(aHHbIMH. TaK Haqarroc1, Harne MHororreTHee coTpy,n:HHtJ:ecTBo, nepepocrnee B ,n:arri.He~rneM B 
.l(p)')K6y. , , 

K Haqarry 1970-x ro,n:oB rnay6epoBcKaH TeopHH MHoroKparnoro pacceHHHH 6h1Jla o6o6meHa 

Ha nponecChI pO)l(,!{eHml qacTHQ Ha aTOMHhIX si,n:pax, 'ITO Il03BOJIHJIO H3y'laTh B3aHMO,l(eiicTBHe 

HCCTa6JIJII,HhIX tJ:aCTHQ, HanpHMep BeKTOpHbIX Me30HOB C H)'KJIOHaMH, aTaK)l(e IIpoBepHTb 

npe,[(CKa3aHHH pa3Jill'IHhIX MO,l(eJieii ClIJibHOfO B3aHMo,n:eiicTBHH, KaK, HanpnMep, IlOilYJIHpHOH 

B TO BpeMH MO,l(eJIH BeKTopHoil: ,l(OMHHaHTHOCTH. Ha'laB 3aHHMaTI,C}I HOBOH ,!{JI}! ce6H 

06.rracTI,IO ipH3HKII (KaH,l(H,l(aTCKa» m-IccepTaUHH, KOTopyIO OH 3amHTIIJI B .1968 fO.l(y, 6hIJia 

nocB»meHa BonpocaM TOpMo3Horo mnyqeHn»), AJieKcaH,n:p Bacnrr1,eBH'I norryqnrr p».n: Ba)l(HhIX 

II ipyH,l(aMeHTaJII,HhlX pe3YJibTaTOB B TeOpHH MHOfOKpaTHoro pacce»HHir. B KaqecTBe nepBoro 

rnara oH BhIBeJI q>OPMYJihl .l(JIH aMnnmy.l( po)K.l(eHHH qacmu Ha H.D:pax npH BbicoKHX 3HeprmIx, 

BocnOJih30BaBIIIHCh Teopueii MHOroKpaTHhIX coy,n:apeHHH BaTCOHa. 3aTeM, llCilOJII,3YH pa3BHTYIO 

HM TeXHHKY, OH BnepBble B JIHTeparype noKa3arr, '!TO B HeKorepeHTHhIX npoueccax po)K,l(eHHH 

qacTHU ( C B036y)K.l(eHHeM HJIH pa3BaJIOM .8,l(ep) Heo6xo,n:HMO YtJ:HThIBaTI, HHTepq>epeHQHIO 

aMilJIHTY.D: pO)K,l(eHHH Ha pa3HhIX HYKJIOHax, BKJia,l( KOTOpoil: pacTeT C pocTOM 3H7prn11; , B 

,tiarrbHeiirneM HaJIH'IHe HHTepqiepeHQHH B HeKorepeHTHhIX npoueccax 6bIJIO o6Hap)')KeHO B 

3KcnepwMeHTaX DESY no JJieKTpopo)K,n:eHHIO BeKTopHbIX Me3oHoB Ha R,n:pax. B 1973 ro,l(y 

3a UHKJI pa6oT no B3aHMo,l(eiicTBHIO qacmu BbICOKHX 3Heprnii c aToMHbIMH ».n:paMH OH 61,m 

Y.l(OCTOeH npeMHH JleHHHCKOfO KOMCOMOJia ApMeHHH. 

B cepe.l(HHe 1970-x ro,n:oB B 3KcnepHMeHTax FNAL no po)K,n:eHHIO a,n:poHoB c 6onbIIIHMH 

nonepetJ:HblMH HMnyn1,caMH Ha H,n:pax 6blJio o6Hap)')KeHo, tJ:To c YBeJIII'IeHHeM · rronepeqHoro 

HMilYJII,Ca perncTpHpyeMoil: qacTHQI,J 3aBHCHMOCTI, OT aTOMHOfO HOMepa H,n:pa A CTallOBHTCH 

CllJII,Hee JIHHeHHOH (3q>q>eKT KpoHHHa). ,lJ;nH o6b}ICHeHHH TaKoro aHOMaJihHOfO nt>Be,n:eHHH 

(o6bltJ:Hoe nornomeHHe qaCTHQI,J B H,n:pe npHBO,!{HT K yMeHI,IIIeHIUO IlOKa3aTeJIH B A-
3aBHCHMOCTll cetJ:eHHil:) AlleKCaH,n:p BacHJII,eBH'l o6o6mHJI TeopHIO HeKorepeHTHOfO po)K,n:eHHH 

qacni:u Ha ».l(pax Ha cnyqail: HHKJII03HBHOro po)K,l(eHH}I qacTHU, 'ITO no3BOJIHJIO eMy BnepBbie B 

JIHTeparype o6bHCHHTI, 3q>q>eKT Kpomrna KaK pe3yJII,TaT MHOfOKpaTHI,JX Heynpyrnx coy,n:apeHHH 

npOTOHOB B »,[(pax. 
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Pa3BHTLie J{M MeT0.IlLI Y1JeTa CTIHH0BhlX 3<p<peKTOB B po)K)J;eHHJ{ tJaCTH~ Ha- H,nepHLIX 

MHllleHHX TI03BOJIHJIH ycTpaHHTh pH.n pacxo:>K,neHHH, Ha6.rno.naeMhIX Me:>K.ny 3KCTiepHMeHTOM 

H TeopHeH B 3<p<peKTe IIpnMaKoBa. J,fToroM 3THX J{CCJie,noBaHHH HBHJICH HanncaHHLIH HM ,nJIH 

31:JAJI o63op, npnse.neHHhIH B .naHH0M c6opHHKe, KOTopLIH He ycmpen .no HacToHmero BpeMeHn 

H MO:>KeT CJIY:>KHTb IIpHMepoM 6necrnmero H 3JieraHTHoro H3JIO:>KeHnH Jl0CTaTO'IJH0 CJI0:>KHbIX 

BOTipOC0B TeopnH MHoroxpaTHoro pacceHHHH. 

C pocToM 3Heprnn CTaJIKHBaromnxcH H,11;ep cetJeHne o6pa3oBaHHH nemoHHhIX nap 3a ctJeT 

HX KyJI0HOBCKilX noJieii pacTeT KaK ey6 JIOrapHq>Ma 3Heprnn, H npn 3HeprHHX RHIC H 

LHC B03HHKaeT Heo6xo.nnMOCTh Y1JeTa MHorocpOTOHHhlX o6MeHOB Me)K)J;y JieIITOHHOH napoH 

H CTaJIKHBaIOmHMHCH H,npaMH. AJiexcaH.npy BacHJibeBIItJY y.nanocb 3JieraHTH0 H cpn3HtJeCKH 

6e3ynpetJHO pemHTh 3a_naqy ytJeTa MHOroq>OTOHHhlX o6MeHOB JII06oii KpaTH0CTH - npo6JieMy, 

K0Topyro TeopeTHKH He Momn pellIHTh B TetJeHHe MHornx .necHTHJieTHH. 

Ero pa6oThI no Teopnn KJiaccHtJecxoro 3cpcpeKTa nau.nay-IIoMepaHtJYKa .nJIH MHIIIeHeii 

K0He'IJHhIX pa3MepoB H KX,l(-aHaJIOra JlaHHoro 3cpcpeKTa Il03BOJIHJIH 0QeHHTb T0'IJH0CTh 

HCII0Jih3yeMhIX B TeopnH npn6JIH:>KeHHH, 'IJT0 Ba:>KHO, eCJIH Y1JeCTb B03MO:>KHOCTH COBpeMeHHLIX 

3KcnepHMeHTOB. 

Oco6eHHO HpKo ero TaJiaHT cpn3nKa-TeopeTHKa npoHBHJICH B pa6oTax IIOCJie,nHHX Jie½ 

nocm1meHHhIX yqery B3aHMo.neiiCTBHH Me)K)J;y IIHOHaM_H B pacna.nax K -Me30HOB. B 2003-2004 
ro.nax KOJIJia6opaunH NA-48/2, B pa6oTe KOTopoii caMoe aKTHBH0e Y1JaCTHe npHHHMaJIH cpH3HKH 

OIUIH (pyx. B.,l(. KexeJIH,n3e ), B 3KcnepHMeHTe Ha SPS CERN o6HapY:>KHJia B pacnpe.neJieHHH 

BepoHTH0CTH pacn~a K± -+ 7r±1r01r0 no HHBapnaHTIIOH Macce .nsyx HeHTpaJibHhIX IIHOHOB 

aHoMaJIHIO (CUSP), KOTopaH, comac110 H. Ka6n66o, 6bma pe3y.rrhTaToM nepe3apH.IlKH B 

KOHetJHOM COCTOHHHH 3apH:>KeHHhIX IIH0H0B B Heil:TpaJibHLie. HecMoTpH Ha TO, 'IJT0 TaKHMH 

H3BecTHLIMH TeopeTHKaMn, KaK H. Ka6n66o, r. lkn.nopn H IO. raccep, 6bmn npe.nno:>KeHLI 

.nBa pa3HLIX TeopeTHtJeCKHX no.nxo.na, II03B0JIHIOmHx IIpH cpaBHeHHH npe.ncKa3aHHH TeopHH 

C 3KCIIepHMeHT0M onpe.neJIHTh ,nJIHHhl IIHOH-IIHOHHoro pacceHHHH, B paMKax npe.nno:>KeHHhlX 

no.nxo.noB He y.nasaJIOCb ycTpaHHTh pacxo:>K,ne11ne Me:>K_ny 3KcnepnMeHTaJibHhIMH .naHHhIMH 

H TeOpHeH B6JIH3H nopora o6p8.30BaHHH 3apH)I(eHHhIX IIH0H0B. bhIJIO HCH0, 'IJT0 TaKoe 

pacX0)KJleHHe HBJIHeTCH pe3y.rrhTaT0M HeY1JeTa 3JieKTpoMarHHTHLIX B3aHMo,neiicTBHll Me:>K_ny 

3apa)KeHHLIMH nnoHaMH, K0TOpLie Jl0JI)KHbI npHB0JlHTh K CBH3aHHhIM C0CT0HHHHM (aTOM 

IIHOHHH) HH>Ke nopora o6pa3oBaHHH 3apa)KeHHhlX IIH0H0B. O.nHaKo Y1JeT 3JieKTpoMarHHTHhlX 

B3aHMo,neiicTBnil: B no.nnoporosoii o6nacTH B paMKaX cymecTByromnx TeopeTHtJecxnx no.nxo.nos 

61,m npHHUHIIHaJihHO HeB03MO:>KeH. 

AJiexcatt.npy BacHJibeBH'IJY y.nanocb B paMKax HepeJIHTHBHCTCKOll KBaHTOBOH MeXaHHKH 

(KoTOpyro 011 6Jiecrnme 3HaJI H noHHMaJI) noJIY1JHTh, HCXOM H3 caMLIX o6mnx npHHQHnOB, 

BLipa)KeHHH .nJJH aMIIJIHry.n pacna.na C ytJeTOM CHJibHhIX B3aHMo,neil:CTBHll IIHOH0B JII06oii 

KpaTH0CTH. 3TO 1103BOJIHJIO BKJIIO'IJHTb 3JieKTpoMarHHTHOe B3aHMo,neil:cTBne Me:>K_ny IIH0HaMH H 

ytJeCTb o6pa30BaHHe HecTa6HJihHLIX aT0MOB no.n noporoM o6pa30BaHHH 3apa:>KeHHhIX IIH0HOB. 

Pa3BHTLIH HM annapaT 61,m HCIIOJih30BaH .nJJH q>HTHpOBaHHH 3KCIIepnMeHTaJihHhlX JlaHHhlX, 

'IJTO no3BOJIHJIO ycTpaHHTb pacX0)K)J;eHHH Me)K)J;y 3KcnepnMeHTOM H Teopneil:. 3a HCCJie.nosaHHH 

3<pcpeKTa CUSP, coBMecTHo c rpynnoil: cpH3HKOB, AJiexcaH.np BacHJibeBHtJ 6hIJI y.nocTOeH 

npeMHH OIUUI 3a 2007 ro.n. 

O6na.naH y,nHBHTeJibl!Oll cpH3HtJeCKOH HHTYHQHeil: n 6necrnmeii MaTeMaTH'IJeCKOll TeXHHKOH, 

OH Bcer.na CTpeMHJICH K pellleHHIO 3a,natJ, KOT0pble M0)KH0 6b!JIO npoBepHTh 3KcnepHMeHTaJihH0, 

'IJTO M0rJIO II0M0'IJh npo,nBHHYTbCH a HallleM II0HHMaHHH IIpHp0.nhl. EcJilf npo6JieMa ero 

JaHHTepeC0BhIBaJia H OH C'IJHTaJI, 'IJT0 0Ha MO)KeT 6b!Tb noJie3HOH .nna npaKTlfKH, OH 6panca 3a 
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3a,n;aqy H, HeCMOTp.11 Ha ypoBeHh ee CJIO)KHOCTH, HaXO)J,HJI HaH6oJiee 3JieraHTHhIH II 4)H3HqecKHil: 

nyn. ee perneHH.11. 

MHe npHnOMHHaeTc.11 cJieeyromHil: xapaI<TepHhiil: )],JI.II ero pa6oTLI B HayKe cnyqaiI. B 

Haqane 1970-x ro)J,OB )],Ba MOHX TOBapuma, BilOJIHe KBaJIHq>HIJ:HpoBaHHhle q>H3HKH-TeopeTHKH, 

pa6ornromHe B JIT<D, B TeqeHHe noJiyro)J,a BhlBO)J,HJIH q>opMyJiy )],JI.II cel!eHH.11 B3aHMO)J,eHCTBH.11 

aTOMa Il03HTpOHH.11 C BemecTBOM, H 0)1,HH H3 HHX nonpoCHJI Carny npoKOMMeHTHpoBaTh 

IlOJiyqeHHhIH HMM pe3yJihTaT. AneKCaH,ll,p BacHJiheBHl! OTKa3aJIC.II 3HaKOMHThC.II C MX BhlBO)J,OM 

II pe3yJihTaTOM II npe)J,JIO)KHJI HM npHHTH qepe3 napy qacoB. Kor)J,a OH BhIIlHCaJI Ha )J,OCKe 

pe3YJihTaT, COBila.n;aBillHH C pe3yJihTaTOM noJiyro)J,OBhIX Bhll!HCJieHHH ,ll,Byx KBaJIHq>HIJ:HpOBaHHhIX 

TeopeTHKOB, Mhl 6hIJIH nopa)KeHhl. 3a napy qacoB OH BhIBeJI Tpe6yeMyro q>OpMyJIY, IlOJih3Y.IICh 

TOJihKO eMy H3BecTHOH TeXHHKOH. 

OH o6Jia,n;an oqeHh pe,ll,KOH B Harne BpeM.11 cnoco6HocThIO roBopHTh no cymecTBy npo6JieMLI 

II npH 3TOM pe,ll,KO OlllH6aThC.II. Ee3ycJIOBHO, Ta BH)J,HMa.11 JierKOCTh H KpacoTa MhIIIIJieHH.11, C 

KOTopoii: OH pernaJI B03HHKaromHe npo6JieMhl, 6LIJIH pe3yJihTaToM orpoMHOro II IlOCTO.IIHHOro 

Tpy,ll,a Ha npOT.ll)KeHHH Bceil: ero )KH3HH. TaJiaHT, 3aJIO)KeHHhIH B HeM OT Eora, pa3BHJIC.II II 

BOilJIOTHJIC.11 B KOHKpeTHhie pa6oThl 6Jiaro)J,ap.11 HeycTaHHOH H T.ll)KeJIOH pa6oTe B 4)H3HKe, 

KOTopyro OH JII06HJI II rny6oKO IlOHHMaJI, a OHa OTBeqana eMy B3aHMHOCThlO. 

MHe IlOBe3JIO, qTo B Hal!ane CBoero IlYTH B HayKe .11 BCTpeTHJI AneKcaH,ll,pa BacHJiheBHlla, a B 

)J,aJII,HeiirneM HMeJI cqacTJIHBYIO B03MO)KHOCTh )J,O IlOCJie)J,HHX )],Hell ero )KII3HH pa60TaTh BMeCTe 

c HMM H ,ll,p~Th Ha npoT.ll)KeHHH MHOrHX JieT. OH 6LIJI He npocTOii qeJIOBeK, co CJIO)I(HhIM 

xapaI<TepoM II C co6cTBeHHhIMH IlOH.IITH.IIMH O )J,o6pe II 3Jie, HO KOr)J,a B03HHKaJia neo6xo)J,HMOCTh, 

Bcer)J,a 6paJI Ha ce6.11 OTBeTCTBeHHOCTh 3a perneHHe npo6JieM JII06oii CJIO)KHOCTH, B03HHKaJIH 

JIM OHM B 61,1-ry HJIH B HayKe. 

.51BJI.ll.11Ch BhI)J,aIOmHMC.11 4)H3HKOM-TeopeTHKOM, AJieKcaH,ll,p BacHJiheBHl! OCTaJIC.11 KaH)J,H)J,a­

TOM HayK, IlOHHMa.11, qTo BCeM HaM OTnymeH KOpOTKHH cpoK, KOTOphIH OH )KaJieJI TpaTHTh Ha 

npuo6peTeHHe 3BaHHH II peranuii. BMeCTO 3Toro OH pernan KpaCHBhle q>H3HqecKHe 3a,n;aq1I, 

KOTOphle 6hIJIH H~Hhl JIIO)J,.IIM H IlOMOraJIH HM Jiyqrne IlOH.IITI, OKp~a10muii MHp. AneKCaH,ll,p 

BacHJiheBHq yrneJI paHo, He pernHB MHornx HayqHLIX npo6JieM, Ha,ll; KOTOphIMH pa6oTaJI, HO TO, 

~o OH C)J,eJiaJI, OCTaHeTC.11 B ero pa6oTaX u B naM.IITH ero MHOrol!HCJieHHhIX yqeHHKOB, KOTOphIM 

OH OCTaBHJI npHMep 6ecKOphICTHOro cJiy)KeHH.11 HayKe. 

6 



mn: 

B 
CH, 

JUI 

1Tb 

)M 

Ke 

,IX 

Cb 

[bl 

C 

ro 
II 

:e, 

B 

re 

M 

E., 

II 

l­

:a 
I, 

p ,, 

,,........--

06 A.B. TapacoBe 

r.H. JILJKaCOB 

06aeouHeHHblU UHcmumym aiJepHblX ucCJleiJoeaHUU, /zy6Ha 

C AneKcaH,npoM BacIIJibeBIItJeM TapacoBbIM $! no3HaKOMIIJICR B 1969 ro,ny, Kor,na roroBIIJI 

,nIInnoMHYJO pa6ory no,n pyr<:oao,ncrBoM JI1,aa 11:ocmt>oaIItJa JianII,nyca. Ilocne OKOHtJaHIIH yHII­

aepcmera II nocrynneHIIH B acnIIpaHrypy 11 cran no coaery JI.11. JianII,nyca corpy,nHIItJaTh c 

A.B. TapacOBhIM. B ,nanbHeiimeM AneKcaH,np BacIIJibeBIItJ cran aropbIM pyKoao,nIIreneM Moen 

KaH,nII,narcKoii,nIIccepraQIIII. 

B nepIIo,n c 1971 no 1973 ro,n no,n pyKoBo,ncrBoM A.B. Tapacoaa R 3aHIIMaJicR IIccne,noaaHII­

eM no1IRplI3aQIIOHHbIX RBJieHIIH npII B3aIIMo,neiicTBIIII nporoHOB cpe,nHIIX II BbICOKIIX 3HeprHii C 

nerKIIMII 11,npaMII: ,neiirpoH II reJIIIH. KaK pa3 B 3TO BpeMH HayqHhlii IIHTepec AneKcaH,npa BacII­

JibeBIItJa Cq>OKYCHpOBaJICR Ha reopeTIItJeCKOM aHaJIII3e az:tpoH-R,nepHbIX peaKQIIH. <l>aKTHtJeCKH 

HM nepBbIM 61,m cq>opMYJIIIpoBaH HOBblll reopeTIItJeCKIIH no,nxo,n, OCHOBaHHblH Ha Mo,neJIII 

rnay6epa, no3BOJIIIBillIIH npoaHaJIH3HpOBaTh nonHpII3aQII0HHble RBJieHHR B CTOJIKHOBeHHRX 

np0TOHOB C JierKHMH R,npaMH npII cpe,nHHX H BbICOKHX HatJaJibHbIX 3Heprrurx. 3ro 61,mo 

oco6eHHO Ba)l<HO If npHBJieKarenhHO ,nJIR Jia6oparopHH R,nepHbIX npo6neM II Jia6oparopIIII 

BhlC0KIIX 3HeprHii 0115Il1, r,ne B TOT nepHo,n otJeHb HHTeHCIIBHO npoB0.D:IIJIHCI, nonRpH3aQHOH­

Hble 3KcnepIIMeHTbl. 

CoaMecrnhle c A.B. TapacoBbIM ny6nIIKaQIIII [1-3] nocBHIQeHbl reopeTHtJecKOMY aHaJIH3Y 

cnHH0BhlX RBJieHIIii B ynpymx p - d-, p - H e3- H p - H e4-pacceRHHRX npH 3HepmRX, 

,L{0CTil)I(HMbIX B TO BpeMSI B JUIII H JIB3 OIUil1. B 3THX pa6orax q>aKTIItJecKH BnepBhle B 

re .naneKHe BpeMeHa 6bIJIII BbltJIICJieHbl aMnJIIIry,nhl 3THX npoQeCC0B B paMKaX npH6JIH)I(eHIIR 

rnay6epa C yqeroM B03MO)I(HbIX ynpyrHX nepepacceRHHH HaJieTaJOIQIIX npOTOHOB Ha HyKJIOHax 

Sl)J.ep: .neiirpoHa, reJIIIH-3 II reJIHH-4. bblJIII raK)I(e BhltJIICJieHbl noJIRpII3aQII0HHble Ha6mo,naeMhle 

B 3THX npoQeccax, nonyqeHo xopomee cornacIIe c HMeIOIQIIMIICH Ha ror MoMeHT 3KcnepHMeH­

TaJihHhlMII ,naHHbIMH H 6bIJIH c,nenaHhl npe,ncKaJaHIDI ,nJIR HOBblX 3KCnepIIMeHTOB. B TO BpeMR 

raKIIe pacqerbl ynpyrIIx aMnnHry,n npII HatJaJihHblX 3HeprnRx nopR,nKa 600 M3B - 1 r3B 

H Bblille 6hIJIH OtJeHb xopomIIM nporpeccoM, noTOMY tJTO npoBO.D:HJIHCb 3KCnepHMeHTbl no 

ynpyroMy pacceRHHIO nporoHoB Ha nerKHx R,npax KaK B 0115Il1, JilUI<l> (rartJHHa), raK H 3a 

py6e)I(OM. OcHOBHbIMII QeJIRMII 3TIIX 3KcnepIIMeHT0B HBJIHJIIICb JfCCJie,noBaHIIe non11pmaQII0H­

HbIX RBJieHHH H BblRCHeHHe Bonpoca, KaKOBa ponb cnIIHOBblX 3q>q>eKTOB B TaKHX peaKQmrx npH 

Bo3pacraHIIII 3HeprHH HatJaJihHhIX nporoHoB. CyIQecraoaaamee B re ,naneKHe apeMeHa HayqHoe 

npe,ny6e)K)l;eHIIe, tJTO cnIIHOBble 3q>q>eKTbl B p - p- II p - A-CTOJIKHOBeHmrx Moryr "BbIMHpar1," 

C poCTOM HatJaJibHOH 3HeprHH, 6blJIO noroM onpoBeprttyro, If, B tJaCTH0CTH, HamH COBMeCTHble 

pa6orbl c AneKcaH,npoM BacHJibeBHtJeM BHecJIH nenry B pa3pemeHIIe 3roro aonpoca. 

,npyra11 pa6ora, c,nenaHHaH COBMeCTHO c AneKcaH,npoM BacHJibeBHtJeM H .D:ByMR corpy,n­

HIIKaMII JUIII E.M. ronoBIIHhIM H A.M. Po3aHoBoii [4], Kacanach KOHKperHoro npHMeHeHIDI 

reopIIII MHOfOKparHoro pacceRHHR rnay6epa-CHreHKO K aHaJIII3Y peaKQIIH pd-+ ppn npH 

3HeprHRX QHKJIOTpoHa JUIII, r,ne npoBo,nIIJIHCb B TO BpeMR noAApH3aQHOHHble 3KCnepHMeHTbl. 

bhlJia BbltJIICJieHa aMnJIIIry,na 3TOH peaKQIIII C yqeroM nepepacceRHIIH HatJaJibHOro nporoHa 

Ha HYKJIOHax ,neirrpoHa C HcnoJib30BaHHeM pe3yn1,rar0B q>a30B0f0 aHaJIH3a ynpyrHX ffYKJIOH­

HyKJIOHHbIX CTOJIKHOBeHHii, KOTOpbIH npoBO.D:IIJICR B re BpeMeHa B rpynne IO.M. Ka1apHHOBa 

(JUIII OJUIM). BMtJHcJieH raK)I(e p11,n nonRpH3aQHoHHhIX Ha6nro,naeMbIX, H c,nenaHhI npe,ncKa-

3aHHH .D:JIR 3KcnepIIMeHTOB, npoBO.D:HMblX B TO BpeMH B rpynne E.M. ronoBHHa. Bee HaillH 

reoperHtJeCKHe npe,ncKa:3aHwr ycnemHo no,nraep,nHJIIIch B 3THX 3KcnepHMeHrax. 
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51 0tJeHb 6naro.napeH cy.n1,6e II ,[laJII,H0BII,[IH0MY C0BeTy JlbBa lfocmpOBIItJa C0TPYLIHIItJaTb c 

ArreKCaH,!:lpOM BacIIJibeBIItJeM TapacoBI,IM BO BpeMH Moen: yqe6bl n acnIIpamype. Pa6oTaH no.n 

PYK0B0,[ICTB0M ArreKCaH.npa BacIIJibeBIIqa, H HayqIIJICH MH0roMy, B qacTH0CTII CTaBIITI, q>II3IIqe­

CKYJO 3a,[latJy, noJie3HYIO H H)')KHYIO H ,[IJIH 3KcnepttMeHTa, H ,[IJIH Te0pHII, H rrraBHoe: KoppeKTHO 

ee peIIIaTb no npaBIIJiaM, He np0TIIBopeqamnM 0CH0BHhlM q>H3IIqecKHM 3aKoHaM. KaK YtJHTeJib, 

ArreKcaH.np BacIIJibeBnq Tapacon 61,rn JaMetJaTeJibHhlM ne.naroroM. ,n;a, IIHor.na OH 6hlJI pe3oK 

H He CTeCHHJICH B Bhlpa)l(eHIIH CB0HX 3MOQHH. Ho no CYTII OH 6bIJI Bcer.na npaB B 0TCTaHBaHIIH 

CBoeil: TOtJKH 3peHHH. B Moen: naMHTII ArreKcaH.np BacHJibeBIItJ 3anetJaTJieH KaK BbI,[laIOJUIIHCH 

ytJeHbIH, q>H3IIK-TeopeTHK, o6Jia,[laBIIIHH reHIIaJibHOH HHTyHQHefi H npaKTHtJeCKIIM yMeHIIeM 

npaBHJibH0 peIIIaTb 3a,[latJH BO MHornx o6Jiacrnx TeopeTHtJecKoil: q>II3IIKII. 

CnHCOK JIHTeparypLI 

1. f.ll. JlbII<acoB, A.B. Tapacon, 51<1>, 17 (1973) 301. 

2. f.ll. JlbIKacon, A.B. Tapacon, 51<1>, 19 (1973) 1209. 

3. r.tt. JI1,1KacoB, A.B. Tapacon, 51<1>, 20 (1974) 489. 

4. E.M. foJIOBHH, f.ll. JlbIKacoB, A.M. P03aHoBa, A.B. Tapacon, Jl<l>, 16 (1972) 1096. 

<l>H3HK limKLeii MHJIOCTLIO 

A.C. IlaK 
H1-1cmumym <pU3UKU BblCOKUX 31-1ep2uu AH PK, AIi.Ma-Arna 

C A.B. TapacoBhlM .ii: D03HaK0MIIJICH B 1969 ro.ny Ha cna.n1,6e 0.[IH0KYPCHHKa, a Harne 

C HHM C0TPYLIHHtJeCTB0 HaqaJIQCI, ro.na qepe3 ,[IBa; Ha TOT M0MeHT eMy He 61,mo eme 30 
JieT, HO 3T0 6hlJI C0BepIIIeHHO CJIO)l(HBIIIHHCH caMOCTOHTeJibHbIH HaYtJHbIH pa6oTHIIK co CBoeil: 

HpKOH HH,[IHBH.[lyaJibH0CTbIO. Y Hero 61,m TaJiaHT OT Eora, 'ITO C0tJeTaJI0CI, co CTpacTbIO 

K HayKe H orpoMHOH pa6oTOcnoco6HOCTI,IO. 3TO no3B0JIIIJI0 eMY CTaTb BbIC0K0KJiaccHblM 

npocpeccHOHaJIOM II, .ii: 6bl CKa3aJI, 6oJibIIIHM MaCTepoM cnoero ,[leJia. EcTb yqeHhle, K0T0pbie 

BCIO )l(II3Hb 6ypHT B 0,[IH0M MeCTe, eCTI, TaKne, K0T0phle 'ITO-TO H306peTaIOT HJIH npH.nyMbIBaIOT. 

ArreKcaH.np BacIIJibeBtttJ He 61,m HII TeM, HH LIPYTHM. OH 61,m 6necrnmIIM peanmaTOpoM. 

BcHKHH pa3, Kor.na no.irBJIHJiacb HHTepecHaH 3a,[latJa, OH MrIIOBeHHO BHIIKaJI B CYTb, BKJIIOtJaJICH 

Ha noJIHYJO M0JUI, II 6yKBaJibHO pa3,!:1paK0HIIBaJI ee. O,[IHOH m xapaKTepHbIX oco6eHHOCTeil: 

ero HayqHoro CTIIJIH 6hlJIO 3HaHIIe MeJibtJail:IIIIIX ,[leTaJieil:, B K0T0phlX, KaK H3BeCTH0, qepT II 

np.irtJeTCH. 

MHe BCn0MIIHaIOTCH HeCK0JII,KO xapaKTepHbIX npIIMepoB. KaK-TO Ha ceMIIHape o6C)')K­

,[laJIIICI, 3KCnepIIMeHTaJibHbie ,[laHHbie 06 aHOMaJibHOH A-3aBHCIIMOCTII cneKTp0B np0T0H0B B 

peaKQIIIIp+A---, p+X. AHoMaJibHOCTb cocTo.irrra a ToM, qTo noKaJaTeJib A-3aBIICIIMOCTII o:(pt) 

C pocT0M rrorrepetJH0ro IIMrryrr1,ca Pt CTaH0BHJICH 6oJibIIIe e,[IIIHIIQbI. 3TO Ka3aJI0Cb CTpaHHbIM, H 

B03HIIKJia O)l(IIBJieHHaH ,!:IIICKYCCIIH. B pa3rap o6c~eHIIH rrocrre.noBana peIIJIIIKa A. Tapacoaa: 

"TaK n ,[I0JI)l(HO 6bITb". OH n0HCHHJI, 'ITO c p0CT0M Pt BKJIIOtJaIOTCH II HaqnHaIOT ,[I0MHHIIpoBaTb 

HeKOrepeHTHble CT0JIKH0BeHIIH BbICOKOH KpaTH0CTII, nepoHTH0CTb K0T0phlX C yaerrIItJeHIIeM A 
pacTeT 6blcTpee JIHHeil:HOH. Bee BCTaJI0 Ha CB0II MeCTa. 
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,ll;pyron rrpJ1Mep eml3aH e rrpo6rreMon erra6on A-3aBJ1eJ1MOeTJ1 Ko3q>q>J1QJ1eHTa Heyrrpyroern 

B a;:i;poH-H,n;epHhlX B3aJIMO,D;elleTBJIHX. ,ll;rrH 061,HeHeHJIH 3Toro cpaKTa rrpe~ararrJleI, pa3JIJlqHhle 

3K30TJlqeeKJle MO,D;eJIJI. A. TapaeoB He 3aHJIMarreH 3TJIMJI rrpo6neMaMJI, HO O,D;Ha)K)];I.I, Kor,n;a 06 

3TOM 3arnrra pe% Bero IIpJleYTeTBJIJI, OH errpoeJIJI, KaKJIM o6pa30M rrorryqeHhl 3TJI 3KerrepJIMeH­

TaJII.Hhle ,n;aHHhle. B pe3yJII.TaTe BhlHeHJIJIOeI., qTo ,n;aHHhle rronyqeHI.I MeTo,D;aMJI KarropJ1MeTpJ1J1, 

rrpJ1qeM yeTaH0BKa He Morna perneTpJ1poBaTI. eo6I.ITJIH e 6oJII.IIIJIMJI II0TepHMJI 3HeprJIJI. 11 
OIIHTI, ero peIIJIJIKa: "TaK JI ,n;omKHO 6blTI., IIOTOMY qTQ 60JII,IIIJ1e IIOTepJI 3HeprnJI pearrJl-

3YIOTeH qepe3 MexaHJl3M MHoroKpaTHhlX HeKorepeHTHI.IX eTOJIKHOBeHJIH, a OHJI rro,n;aBJieHI.I 

He3cpcpeKTJIBHOeTI.IO yeTaHOBKJI, ~o JI ,n;aeT erra6yro A-3aBJleJIMOeTI.". ,ll;eTaJII,Hhle paeqeThl 

rroKa3aJIJI, qTQ AneKeaH,n;p BaeJ1rrI.eBJ1q, KaK Beer,n;a, rrpaB. Iloerre~roru;ee J13yqeHJ1e 3TJIX 

BorrpoeoB IIpJIBerro K OIIJleaHHIO Beex 3KerrepJIMeHTaJII.HhlX ,n;aHHhlX ITO erreKTpaM rrpoTOHOB 

B rrponeeeax p + A --+ p + X. B eBH3JI e rro,n;o6HhlMJI enyqaHMJI OH Beer,n;a roBopJIJI: "Ha;:i;o He 

0TKphlTJIH ,n;erraTI., a pa3o6paTI.eH". 

3,n;eeI. erre,n;yeT OTMeTJITI. eme o,n;Hy oeo6eHHOeTI. HayqHoro eTJIJIH AneKeaH,n;pa TapaeoBa. 

Ey,n;yqJI TeopeTJIK0M, OH rrpeKpaeHO 3HaJI 3KerrepJIMeHTaJII.Hhle ,n;aHHhle, IIpJlqeM He rrpoeTO 

QJlq>pI.I JI rpaq>JIKJI. OH xoporno 3HaJI 3KerrepJIMeHTaJII.HyIO TeXHJIKY, ee B03M0)KHOeTJI, qTo JI 

II03B0JIHJI0 eMy KpJITJlqeeKJI JI rnopqeeKJI JleII0JII,30BaTI. JI TpaKTOBaTI. cpaKThl. Boo6me JIH0r,n;a 

eo3,D;aBarroeI. BrreqaTJieHJle, qTo eMY Bee Jl3BeeTHO JI HeH0. bhlJia HeKaH JIJIJII03JIH nerKoeTJI. Ho 

B TOM-TO J1 eYTI. ero TaJiaHTa, a Ka~aHeH rrerKoeTI, 61,rna erre,n;eTBJleM orpoMHOll pa6oTI.I. .si:, 
HaIIpl!Mep, e y,D;l!BJieHl!eM 06Hap~11rr, qTo OH, 6y,n;yqJ1 6rreeTHIQJIM TeXHapeM, HerrpepI.IBHO 11 

e)Ke,D;HeBH0 rnn11cpyeT 11 eoBeprneHeTByeT eBoe MaeTepeTB0, qTQ JI II03B0JIHJI0 eMY B H~HI,Ill 

M0MeHT yerreIIIH0 pernaTI. B03HHKaBIIIlle 3a,n;aqJ1, 

3,n;eeI. H XOTeJI 6hl OTMeTl!TI, eru;e o,D;Hy, KaK eeil:qae roBopl!T M0JIO,D;e)KI,, q>llIIIKY, OH qaeTO 

rroBTopHn: ".sl JIJITepaTYPY He q11Taro". Ha eaMoM ,n;erre 3To, K0HeqHo, 6hlrro He TaK. OH 

rrpeKpaeH0 3Harr Bee, 11 oeo6eHHO xoporno Te B0IIp0ehl, K0TOpbIMll TaK l!JIJI l!Haqe 3aHl!MaJieH. 

He pa3 6I.IJI11 erryqa11, Kor,n;a B03HJIKaJia rrpo6neMa eehlJIKJI, 11 OH roBopJ1rr: "IIoeMOTpJI TaM­

T0 pa6ozy TaKoro-To". 11 TaKJIX eeI.IJIOK B ero "KOMIII,IOTepe" xpaHl!JIJleI, eoTHll. IIpoeTO 

ero cpeHOMeHaJII,HI.Ie erroeo6HoeTJI II03B0JIHJI11 eMy JIJIIIII, rrpoqeeTI. rroeTaHOBKY 3a,n;aq11 Jlllll 

rrpo6rreMhl, a oeTaJII,H0e OH Boerrpo113BO,D;l!JI eaM. B pe3yrrI.TaTe OH He rrpoeTO 3HaJI eehlJIKll, a 

3HaJI H~Hhle pa6oThl B Merr1,qail:rn11x ,n;eTaJIHX. 

,ll;pyroil: ero oeo6eHHOeTI,IO 61,rn BHeIIIHllll 6ap,n;aK, KOTOphlil: napJIJI Ha pa6oqeM eTorre 

(rrp11 TOM, qTQ B ronoBe 61,rn a6eorrIOTHI.IH rropH,D;oK). Crnrr 6hlrr Beer,n;a 3aBarreH 6YMara.M11 

JI rpy,n;oil: K0HBePTOB, rrp11erraHHI,IX K0JIJieraMJI e JIX pa60TaM11, HO KOTOpbie OH Hl!Kor,n;a He 

BeKphlBaJI. O,n;Ha)K)];hl IIO HeIIOIDl'IHOll IIpJlqJIHe OH peIIIJIJI HaBeeTll y ee6H Ha eTone rropH,D;OK. 

IlpJI 3TOM OH o6Hap~11JI K0HBepT, B KOTOp0M 6hlJI rrperrpJIHT 11.B. AH,n;peeBa, eo,n;ep)KaIIJ;llll 

Ba)KHhlH pe3YJII.TaT: B paMKaX Teop1111 frray6epa-CmeHKO 6I.rno rrorryqeHo BI.1pa)KeH11e ~H 

q>a30B0ll q>yHKQJIJI H,D;po-H,n;epHoro paeee.HHllH B TaK Ha3hlBaeMOM ,n;peBeeH0M JIJIJI 6eerreTJieBOM 

rrp116JIJ1)KeHllH, T.e. oeHOBHOll BKJia;:J;. Ho 3TO Bhlpa)KeHl!e rrpe,n;eTaBJIHJI0 eo6oil: 6eeKOHeqHI,Ill 

,n;Boil:Hoil: PM JI no 3Toil: rrpJ1qJ1He 6hlrro HerrpJ1MeH11Mo ,D;JI.H rrpaKT11qeeKJ1x paeqeToB. A. TapaeoB 

TYT )Ke 3aeerr 3a rrpo6rreMY. BeKope pH,n; AH,n;peeBa 6hlrr rrpoeyMM11poBaH JI 6I.rn pa3pa6oTaH 

cpopMaJIJl3M, y,n;o6HI.Ill ,D;JIH rrpoBe,D;eHJIH paeqeT0B e 113BeeTHOll ToqHoeTbIO, Ilp11 3TOM rrorryqeHo 

eme HeeKOJII.KO rrp116JIJ1)KeHHhlX paeqeTHhlX exeM, y,n;o6HhlX ~H IIpJIMeHeHJIH s KOHKpeTHI.IX 

enyqaHx. 

Boo6me ArreKeaH,n;p Bae11rrI.eBJ1q Hl!K0r,n;a He II0JII,30BaJieH cpopMyrraMJI 11 paeqeTHhlMll 

exeMaMll, qTo Ha3hlBaeTeH, Tyrro. Ilo ero Bhlpa)KeHJIIO, K rrpo6rreMe Ha;:J;O IIO,D;XO,IJ;HTI, KOHKpeTH0-

11eTopJ1qeeKJ1, a He a6eTpaKTHo-,n;eMaror11qeeKJ1. B ero pyKax rrro6aH paeqeTHaH exeMa 6hleTpo 
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ynpomanac1,. TaK 61,1na p:npa6oTaHa Teopen111ecKrur 6:na, B paMKax KoTopoil: AneKcaH.n:p Tapa­

coB co CBOHMH noMOlllHHKaMH 6necnime paccqHTan ,n:aHHbie no anl,(pa-x.n:epHOMY paccexHHIO. 

MHe XOTenocb 61,1 OTMeTHTI, 3,n:ecb o,n:Hy oco6eHHOCTI, A. Tapacosa KaK Hay1rnoro pa60THH­

Ka, KoTopyw caM OH .n:onroe BpeMX He,n:0011emrnan. OH 61,m 6e3 npeyBenttqemrn BbI,n:aIOlllHMcx 

MaCTepoM no qacTH qttcneHHbIX pacqeTOB. IlpH 3TOM nonyqeHHbie HM pe3ynhTaTl,I OTnHqa­

nHCI, CTonp011eHTHOH Ha,n:e)l(HOCTblO II .n:ocTOBepHOCTI,IO. y Hero 61,mo npaBHno, KOTOpoe OH 

cipopMYnttpoBan MHe: "Ha.n:o paccqIITaTh o,n:Hy II TY )Ke BenttqHHY .n:ecXTb p:n no.n:px,n:. EcnH B 

nocne,n:HHX nITTH cnyqaxx nonyqHTC}I o,n:HH II TOT )Ke pe3yn1,TaT, TO eMy MO)KHO BepHTb". IlpH 

3TOM Ha pa3HbIX 3Tanax pe3yn1,TaTbl npoBepxnHCI, C noMOlllbIO pa3HbIX TeCTOB. Ha.n:o CKa3aTb, 

qTo npH npoBe,n:eHHH no,n:o6Horo po.n:a pacqeTOB Heo6xo,n:HMO BeCTH HX, qTO Ha3bIBaeTCX, 

OT II ,n:o. Henb3}I npepbIBaTbC}I r.n:e-TO Ha cepe,n:HHe, TaK KaK noTOM npHXO.D:HTC}I HaqHHaTb 

Bee CHaqana . .l(nx npoBe,n:eHH}I TaKoil: pa6oTbI Heo6xo,n:HMO HMeTb TaK Ha3bIBaeMoe ",n:nHHHoe 

,n:bixaHHe". AneKCaH,n:p BacttnbeBHq B nonHoil: Mepe o6na.n:an 3THM pe,n:KHM KaqecTBOM. II pH 

Heo6xo,n:HMOCTH OH Mor HanpX)KeHHO TPY.D:HTI,C}I qacaMH, He BCTaBax H3-3a CTona .n:o nonyqeHH}I 

pe3ynbTaTa. M 3TO npH ero-To TanaHTe II 6ecno.n:o6HOM MaCTepcTBe. 

AneKcaH,n:p BacttnbeBHq pa60Tan B HaYKe 6e3 Manoro Ha nponi)KeHHH 50 neT. Ecntt npo­

CMOTpeT1, Bee ero pa6oTbI, TO MO)KHO o6paTHTI, BHHMaHHe Ha o,n:Ho HHTepecHoe 06CTOXTen1,cTBO. 

B HHX HeT 3K30THqecKHX rHnoTe3, MO.ll:HOH TepMHHonorHH, OH He p:npa6aTbIBan HMeHHbIX MO­

,n:eneil:. IlpH 3TOM OH nonyqan HHTepecHbie II Ba)KHI,Je pe3yn1,TaTbl. IlpHMepoM MO)KeT cn~HTI, 

UHKnpa6oTno pacqerycneKTpoB B peaKUHxxp+d-. p+X, d+d-. d+X, d+A-. d+X H 

T . .n:. OTnpaBn}I}ICI, OT MeXaHH3Ma MHOroKpaTHbIX HYKnOH-HYKnOHHI,IX CTOllKHOBeHHH H npoCTbIX 

KHHeMaTttqecKHX cooTHoIIIeHHii, A. TapacoB npe,n:cKa3an HeTpHBHanbHYIO cTpyKTypy cneKTpoB. 

HarrpHMep, B peaKUHH d + d -. d + X OH npe,n:cK:nan TpexnHKOBYIO cTPYKTYPY, KoTopax 61,ma 

3aTeM o6Hap~eHa B 3KcnepttMeHTax rpyrrn1,1 JI.C. ~Hpex no.n: pyKoso,n:cTBOM Mttxattna 

rpttrop1,eBHqa MemepxKoBa. 

AneKCaH,n:p BacHnbeBHq 61,m se.n:ymHM 3KcnepTOM B Bonpocax TeOpHH x.n:epHblX peaKIIHH 

npH BblCOKHX 3Heprttxx. MHoroe H3 Toro, qTo OH YMen ,n:enaTb H .n:enan B 3TOH o6nacTH, 

He Mor H He .n:enan 6onbIIIe HHKTO. 3a HCKnIOqeHHeM HeCKOllbKHX nepBOHaqanbHI,IX pa6oT, 

Bee ero pa60TI,J ony6nHKOBaHbI B coaBTopcTBe. 51 61,1 Ha3Ban ero coaBTopoB IIOMOlllHHKaMH. 

KoHeqHo, OCHOBHOH BKna,n: BHOCHn A. TapacoB, HO ecnH KTO-TO H3 coaBTOpOB BHOCHn qTO­

TO cymecTBeHHoe, OH HHKor.n:a He yrrycKan cnyqax OTMeTHTI, 3TO 06cToITTen1,cTBO. TaKHM 

noMOlllHHKOM Ha npoTIDKeHHH 20 neT nocqacTnHBHllOCI, 61,ITI, II MHe. M3 o6meHH}I C HMM 

}I, co6cTBeHHO, noHxn H qTo TaKoe HayKa, II qTo 3HaqHT pa6oTaTb B HayKe. y Hero 61,mo qeMy 

noyqIIT1,cx. M Ka)K.D:1,1il:, KTO eMy noMoran, Mor B3ITTb To, Ha qTo 61,1n cnoco6eH. KoHeqHo, Bee ero 

yqeHHKH CTanH KaH,n:H,n:aTaMH HayK, a HeKOTOpbie II ,n:oKTopaMH. CaM AneKcaH,n:p BacHnbeBHq 

,n:oKTopcKyIO ,n:HccepTaUHIO 3alllHlllaTI, He crnn. MHe Ka)KeTcx, OH He XOTen 3aTepXTI,C}I cpe,n:H 

MHOrHX. OH roBopttn: "51 ce6e ueHy 3HaIO ... " M xoqy eme p:n noBTOpHTb: ueHa 3Ta 61,1na oqeHI, 

BbICOKa. 

IloMHMO pa60Tbl, MI,I o6manHCI, C HHM no BCeM BonpocaM 6bITll}I. y Hero He 61,mo KaKHX­

TO YBneqeHHH THna p1,16anKH, OXOTI,I II T.,n:. MrpaTb OH n106Hn TOllbKO C HHTerpan1,qHKaMH, 

KaK OH roBOpHn. 51 HHKor.n:a He BH,n:en B ero pyKax r:neT. E,n:HHCTBeHHblll pa3 BH,n:en ero y 

TB: BMeCTe co BCeMH OH CMOTpen nepBbIH c1,e3,n: Hap.n:enoB B 1989 ro.n:y. O,n:HaKO AneKcaH.n:p 

BacttnbeBHq Bcer.n:a 61,m B Kypce co6bITHil: B cTpaHe H B MHpe. MHor.n:a BhlCKa3bIBancx. Ero 

Cy)K.D:eHHX, KaK II no pa6oTe, 61,mH a6conIOTHO nHIIIeHI,I KaKoil:-ntt6o KOHblOHKTyp1,1, 61,mH 

o6beKTHBHI,J H npo,n:HKTOBaHbl IIpHpo,n:HbIM YMOM H 3,n:paBblM CMl,ICllOM. HacKOllbKO }I 3HaIO, 

3a 47 neT pa6oTbI B OM5IM oH He 3aHHMancx HHKaKoil: TaK Ha3hIBaeMoil: o6mecTBeHHOil: 
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pa6oTOH, Kp0Me Tex eJiyqaeB, Kor.n:a noebIJiaJIH B KOJIX03 HJIH Ha OBom:e6a3y. Bee esoe Bpewi 

OH noeBHW:aJI pa6oTe. Jiro6HJI tt ueHHJI IOMop. llHTepeeoBaJiea JIHTeparypHhlMH HOBHHKaMH tt 

npocHJI npHHeeTH TO, qTo Bbl3b!BaJIO ero HHTepee. 3To 6bIJIH H TOJieThle )l()'I)HaJII,I, a HHor.n:a 

H caMH3,U:aT. HeMaJIO BpeMeHH npoBeJIH Mbl e 6JIH3KHMH HaM JIIO,U:bMH 3a eTOJIOM. KeraTH, 

AlleKCaH,n:p BaeHJibeBHq npeKpaeHO roTOBHJI nJIOB. y Hero 6hlJI eJIO)l(HhlH xapaKTep, H )l(H3Hb 

HaKJia,n:I,IBaJia eBOH OTneqaTOK, TaK qro BeHKOe 6bIBaJIO. Ho, OrJIH,U:bIBaHeb Ha3a,n:, .n:YMaIO, qro 

.n:a)l(e B rex eJiyqaax, Kor.n:a OH neperH6aJI no qiopMe, no eyrtt OH 6hlJI npaB. JlttqHo H 6eeKoHeqHo 

npH3HaTeJieH ArreKeaH,n:py BaeHJibeBHqy 3a Bee, qro OH ,n:JIH MeHH e,n:eJiaJI. B Moeii naMHTH OH 

HaBcer.n:a eoxpaHHTea KaK 6Jieeram:Hii yqeHhlH H He3aypa,n:HbIH qeJIOBeK. 

A.B. Tapacon u f(lu3uKa peJUITHBHCTCKHX aTOMOB 

JI.JI. HeMeHOB 

O6oeouHeHHblU UHCmumym RoepHblX UCCJle0OBQHUU, /(y6Ha 

: C pa6oraMH ArreKeaH,n:pa BaeHJibeBHqa g 03HaKOMHJieH BnepBhle B 1982 ro.n:y. K 3TOMY Bpe­

MeHH TeoperttqeeKH 61,rn npe,n:eKa3aH 3q>q>eKT eBepxnpoHHQaeMOeTH ym,rpapeJIHTHBHeTeKHX 

Il03HTp0HHeB H ony6JIHKOBaHo nepsoe reoper11qeeKoe onHeaHHe 3TOro 3q>q>eKTa, BbIIlOJIHeHHOe 

C pH,n:0M ynpom:eHHH. 3qiqieKT 61,rn o6yeJIOBJieH TeM, qro BHyrpeHHee MHKpoBpewi, 3a KOTOpoe 

BOJIH0BaH q>yHKUHH no3HTpOHHH H3MeHHeTeH, OKa3bIBaereH MHOro MeHbllle MaKpoBpeMeHH npo­

XO)K.ll:eHHH aTOMa qepe3 TOHKYIO nJieHey, eeJIH no3HTpOHHH HBJIHeTeH YJibTpapeJIHTHBHeTeKHM. 

lillaro,n:apg my6oKoii q>H3HqeeKoii HHryHUHH H eoBepllleHHOMY BJia,n:eHHIO TeXHHKOH q>H-

3HqeeKHX paeqeroB, ArreKeaH,n:p BaeHJibeBHq eMor ,n:aTb roqHoe pellleHHe 3TOH eJIO)l(Heiillleii 

3a,n:aq11. IlpH o6'baeHeHHH 3TOii pa6oTbl OH IIIHpOKO HenoJib30BaJI H3blK aHaJIOrHii H ynpom:eHHH, 

KOT0pble no3BOJIHJIH noHHTb eyr1, 3TOro eJIO)l(HOro HeeJie,U:oBaHHH. Y)l(e ror.n:a 6hlJia BH,n:Ha ero 

crroco6HoeTb o6'bHeHHTb eJIO)l(Hhle q>H3HqeeKHe HBJieHHH HenOJib3YH ynpom:eHHH H 1caqeerBeH­

Hhle paee~,n:eHHH . 

•. B eepe,n:HHe 1980-x ro,n:oB 6hlna reoperHqeeKH o6oeHoBaHa B03MO)l(HOeTb Ha6nro.n:eHHH 

IlHOH-IlH0HHbIX, IlHOH-KaOHHbIX H KaOH-KaOHHbIX aTOMOB. ~g H3MepeHHH BpeMeHH )l(H3HH 

TaKHX aTOMOB Heo6xo,n:HMO 3HaTb eeqeHHH B036~eHHH 3THX aTOMOB npH B3aHMO,n:eiieTBHH 

C aToMaMH 061,1qHI,IX Bem:eeTB. IlepBble paeqeTbl npoBO,U:HJIHeb e HenoJib30BaHHeM MeTO,U:OB 

TeopeTHqeeKoii q>H3HKH, pa3pa6oraHHblX ,n:JIH onHeaHHH B3aHMO,n:eiieTBHH o6bNHbIX aTOMOB • 

. Cym:eeTBoBaBIIIaH B aTOMHOH q>H3HKe TeXHHKa paeqeTOB eeqeHHii yqHThlBaJia TOJibKO O,U:HOq>o­

T0HHbIH o6MeH H HMeJia He,n:oeraro~HYIO roqHoeTb ,n:JIH aHaJIH3a 3KenepHMeHTaJibHbIX ,n:aHHbIX. 

,l(JIJI roqHoro BhlqHeJieHHH eeqeHHii rpe6oBaneH yqeT o6MeHa BeeMH q>OTOHaMH. 3ra npo6JieMa 

6h!Jia pe11IeHa ArreKeaH,n:poM BaeHJibeBHqeM. 

OH o6paTHJI BHHMaHHe Ha oeo6yro ,U:HHaMHKY B3aHMo,n:eiieTBHH ,U:HMe3oaTOMOB: noeJie 

B3aHMo,n:eiieTBHH rpaeKTopHH ,U:BH)l(eHHH B036~,n:eHHoro aToMa npaKTHqeeKH He MeHHeTeH, 

qTo Il03BOJIHJIO onHeaTb npoueee, HenoJib3YH TeXHHKY rJiay6epa. Bee Heo6xo,n:HMble qiopMYJibl, 

yqHTbIBarom:ne MHOroq>OTOHHble o6MeHbl, 6bIJIH ArreKeaH.n:poM BaeHJibeBHqeM nonyqeHbI. 3TH 

q>OpMYJibl no3BOJIHJIH BhlqHeJIHTb eeqeHHH B036~eHHH aTOMOB e Heo6xo,n:HMOH roqHoeTblO B 

O.U:HH npoueHT, ,n:aB Teopernqeeeyro oeHOBY ,n:JIH H3MepeHHH BpeMeHH )l(Fl3HH nHOH-IlHOHHoro 

aToMa B 3KenepHMeHTe. 

,[{ml H3MepeHHH BpeMeHH )l(H3HH .U:HMe3oaToMa H~HO He TOJibKO 3HaTb eeqeHHH B036~e­

HH~ aToMa, HO 11 onHearb npoueee npoxo)l(,n:eHHa qepe3 sem:eerno. ,ll;aHHaa 3a,n:aqa 61,rna peweHa 

11 



B onpe,neJieHHOM npII6JimKeHJUI: nocJie coy,u:apeHmI BblqIIcmIJIIICb BepO.SITHOCTII B036y)l(,r{eHII}I 

aroMa B pa3JIIIqHI,Ie COCTOHHHH. 3TH BepofilHOCTII IIcnoJib30BaJIIICb ,!:{JI}{ onrrcaHII}I npou:ec­

ca npoxo)K,neHIIH ,nrrMe3oaToMa qepe3 Beiu;ecTBo. TaKoe rrprr6JIII)Kem1e BKmoqano HeKoTopyro 

HeToqHoCTh,ycraHoBJieHHYIOArreKcaH,npoMBacIIJiheBIIqeM. 

,!{JI$I Toro qrnfihl IICKJIIOqrrTh :ny HeToqHoCTh, HY)KHO 6blJio orrrrcaTh npoxo)K,neHIIe ,nIIMe-

3oaTOMOB qepe3 Beiu;ecTBO He Ha }13b1Ke BepOfilHOCTeii, a Ha }13b1Ke aMIIJIIITy,n. CJIO)l(HeiimaH 

3a,naqa 61,ma pemeHa ArreKCaH,npoM BacIIJibeBIIqeM C noMOI.UhlO qiopMaJIII3Ma MaTpIII(bl nJIOT­

HOCTII. 1-IIICJieHHblH aHaJIII3, OCHOBaHHblH Ha 3TOM qiopMaJIII3Me, noKa3aJI, qTo pa3HHU:a Me)K,ny 

onIIcaHIIHMII Ha }13I,IKe BepofilHOCTeii II roqHI,IMII BI,IqIIcJieHIIHMII Ha }13b1Ke aMnJIIIry,n paBHa 

0,5%. 
Pa6oTbI ArreKcaH,npa BacrrJiheBrrqa cqiopMrrpoBaJIH ToqHyIO Teoprrro B3arrMo,neiicTBHH ,nrr­

Me3oaTOMOB C ofiblqHI,IMII aTOMaMII II IIX npoxo)K,neHIIH qepe3 Beiu;ecTBo. Enaro,napH 3TIIM 

pa6oTaM B 3KcnepIIMeHTax no II3MepeHHIO BpeMeHII )KII3HII nIIOH-nIIOHHblX, nrroH-KaOHHhIX 

II JII06bIX ,npyrIIX aTOMOB TeopeTrrqecKIIe Heorrpe,neJieHHOCTII, CBH3aHHble C B3aHMo,neiiCTBHeM 

,nIIMe3oaTOMOB C BeII(eCTBOM, BHOCfil He3HaqrrTeJII,HbIH BKJia,n B BeJIIIqIIny omrr6KII BpeMeHII. 

ArreKcaH,np BacIIJibeBrrq o6Jia,naJI KOJIOCCaJibHOH pa60Tocnoco6HOCThIO, II MHe Ka3aJIOCh, 

qTo OH npepbIBaeT CBOII 3aHfilII}I TOJibKO Ha BpeMH e,nbl II CHa. Pa6oTa 61,ma ero OCHOBHbIM 

COCTO.SIHHeM, II OH coxpaHHJI cTpaCTHOe YBJieqeHrre q>II3IIKOii: ,no KOHI(a CBoeii: )KH3HII. 

BMecTe C TeM OH roTOB 6bIJI iu;e,npo TpaTIITb CBOe BpeMH Ha JII06oro q>II3HKa, KOTOpbiii 

o6paII(aJICH K HeMY 3a HayqHoii noMOI.UhIO. Ero HayqHM II(e,npocr1, noMoma oqeHh MHorIIM 

JIIO,r{}IM craTb coaBTopaMII MHOrIIX xoponmx pa6oT. 51 noJiaraIO, qTo qacTb 3TIIX q>II3HKOB He 

CMoma 6bl caMOCTOfileJibHO nonyqrrTh Te pe3yJII>TaThI, KOTOpbie 6bIJIII npe,ncraBJieHbI B IIX 

CTaThHX c A.B. TapacoBbIM. 

OH oqeHb JII06IIJI CBOIIX CbIHOBeii: rr ,noqI,_ Kor,na OHII 6oJieJIII, OH ,neJiaJI Bee, qT06bI noMOqI, 

HM, II oqeHh CIIJibHO nepe)KHBaJI, eCJIH 3a60JieBaHHe 61,mo cepbe3HbIM. 

ArreKcaH,np BacIIJiheBrrq 61,m 6e3pa3JIIIqeH K HayqHoii Kapbepe. 51 MHoro pa3 npocIIJI ero 

3aI.UIITIITh ,nmcropcKYJO ,nIIccepral(IIIO. O,nHa)K,nhl cBrr,neTeJieM TaKoro pa3roBopa fihm ,nIIpeKTop 

JIT<l> A.T. <l>HJIHnnoB, KOTOpbiii TaK)Ke peKOMeH,noBaJI He OTKJia,nhIBaTb 3aI.UIITY II ocyiu;ecTBIITb 

ee Ha ,[(IIccepTal(IIOHHOM coBeTe JIT<l>. ArreKcaH,np BacIIJiheBIIq comamaJicH, HO HIIqero He 

,neJiaJI: OH Mor 3aHIIMaThC}I TOJlbKO TeM, qTo ero HHTepecoBaJIO. 

B nocJie,nHIIe ro,nI.I A.B. TapacoB XOTeJI yrnqHIITb TeOpIIIO MHOroKpaTHoro pacceHHII}I. 

YnyqmeHHe 3TOH TeopHII 61,mo 6bl Ba)l(HbIM HayqHI,JM ,r{OCTII)KeHIIeM. K CO)KaJieHIIIO, 6oJie3Hb 

noMemaJia ocyiu;ecTBJieHIIIO 3TOro 3aMbICJia II, CKopee Bcero, pa3BIITIIe 3TOii: reoplm He COCTO­

IITC}I B TeqeHIIe MHOrIIX JieT. 

Bee Mbl norepAAII TaJiaHTJIIIBoro q>H3HKa, nonyqrrBmero 3aMeqareJihHble HayqHble pe3YJihTa­

TbI, II oqeHb ,no6poro qeJIOBeKa, KOTOpbiii II(e,npo noMoraJI KOJIJieraM, He cqIITMCb co BpeMeHeM. 

Pa6oTa c AJieKcan,1J;poM BacnJI1>eBH'leM TapacoBhIM 

JI.r. A4>auaci.es 
06-&ei>uHeHHblU uHcmumym aoepHbZX ucCJ1eooeaHuu, l(y6Ha 

Moe 3HaKOMCTBO C ArreKcaH,npoM BacHJibeBrrqeM COCTOAAOCb B KOHI(e 1980-x ro,noB, ror,na 

Mbl pa6oTaJIII na o,nHoM 3Ta)Ke. Hama rpynna naqrrHaJia 3KcneprrMeHT no II3yqeHIIIO Bo,nopo,no­

no,no6HbIX aTOMOB, COCTOHI.UIIX II3 3apH)KeHHhIX nIIOHOB - nIIOHHYMa. ,[(JIH onTHMII3al(HII 3KCIIe­

pIIMeHTa II noJiyqeHII}I OCHOBHoro pe3yJihTaTa no BpeMeHII )KII3HII IIIIOHIIYMa 61,mo Heo6xo,nIIMO 
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om1can, ero 3BOill0ll:JIIO KaK npocTe:il:rne:il: MHoroypoBHeBOH KBaHTOBOH CIICTeMbl npII .r(Bil)l(eHIIII 

B Be!IleCTBe. Ka3anoc1, 61,1, qTQ MO)l(eT 61,rr1, 6onee Il3yqeHHhIM, qeM Bo,n:opo,n:. Ho BLUICHIIIlOCL, 

'!TO tpOpMq>aKTopLI BO,n:opo.n:ono.n:o6HblX aTOMOB .n:m1 npOI13B0Ill,Hl,IX naqanLHblX II KOHeqHI,JX 

COCTORHilll - 3a,n:aqa, He peIIIeHHM B 06IIIeM Bil.r(e, Toquee, B Bil.r(e, npileMneMOM .n:mr KaKIIX­

m160 npaKTHqeeKHX pacqeTOB. MMeHHO 3Ta KnaecHqecKaR 3a,n:aqa KBaHTOBOH MeXaHIIKH 6hllla 

perneHa ArreKcan,n:poM BacI1n1,esHqeM TapacoBblM B pa6oTax "Elasticformfactors ofhydrogen­
like atoms in nS-states" H "Passage of atoms formed by 1!"+ - and 1r--mesons through a matter". 
Ha oeHOBaHHll 3TIIX pe3ynLTaTOB 61,m pa3pa6oTaH MeTO.r( BI,JqHcJiemrn BepoRTHOeTH pa3BaJia 

IlHOHIIYMa npH .r(Bil)l(eHIIH B BeIIIeeTBe. 3TO no3BOilHilO nonyqHTI, pe3yJILTaT no Ha6JIIO.r(eHHIO 

IlHOHHYMa B 3Kenepl!MeHTe Ha yeKOpIITene Y-70 B IIpoTBIIHO. BnocJie)],eTBHH 3TOT MeTO.r( 

61,m 11enon1,3oBaH npll nnaHI!poBaHIIII H nonyqeHI!H q>I13HqecKoro pe3yn1,TaTa 3Kcnepl!MeHTa 

DIRAC no rnqHoMY H3MepeHHIO apeMeHH )l(Il3HH nHoHIIYMa H .r(pyrHx a.n:poHHLIX aToMoB ua 

ycKopl!Tene PS B :QEPH. 

Tpe6oaaHIIR 3KenepI1MeHTa K Toquoen1 3TIIX paeqerna B03pacTanll, II An:eKcaH.r(p Ba­

CHJILeBilq BHee eyIIIeeTBeHHl,lll BKila.r( B .r(allLHeii:rnee pa3BHTHe TeopHH B3aHMO.r(eil:eTBHH pe­

JIRTHBileTeKHX BO.r(opo.r(ono.n:06u1,1x aTOMOB e BeIIIeeTBOM. B 1999 ro.r(y 61,ma ony6nHKOBaHa 

pa60Ta "Total interaction cross sections of relativistic 7!"+7r- -atoms with ordinary atoms in the 
eikonal approach", B KoTopoii: nonu1,1e eeqenHH B3aHMo,n:eii:eTBIIH nlloHHYMa e aTOMOM 6hlnH 

nonyqeHLI a rnay6epoBeKOM npH6JIH)l(eHIIH, yqHTLIBaIOIIIeM MHOfOq>OTOHHble o6MeHbl. 

' B 2002 ro.n:y ony6nHKoaana pa6orn "Contribution of o?-terms to the total interaction cross 
sections of relativistic elementary atoms with atoms of matter" no yqezy MarHHTHoii: qacTH 

B3aHMO.r(eii:eTBHR nllOHIIYMa e BeIIIeCTBOM. IlOKa3aHo, qrn 3TOT BKJia.r( no.r(aBJieH e K03q>q>HQH­

eHTOM o:2 no epaBHeHHIO e 3JieKTpHqeeKHM B3aHMO.r(e:il:eTBHeM, paeeMOTpeHHhIM B npe.r(hl.r(YIIIHX 

pa60Tax. 

· 11, naKoueu, B 2004 ro.r(y 61,ma BLmonHeua eIIIe o.r(Ha "KnaeeI1qeeKaR" pa6orn "Dynamics of 
the pionium with the density matrix formalism". B Heil: npoQece npoxo)l(.r(eHHH nHOHiiYMa qepe3 

Be~eeTBo onHeau B q>opManI13Me MaTpIIQl,I nnoTHOCTH. 3TO 003BOJIHJIO yqecTL Bee B03MO)l(Hl,le 

HHTepqiepeHQHOHHLie np0Qeee1,1 H eHHno orpaHI1qeuHe aeponuoro no,n:xo.r(a, Henon1,3yeMoro 

paHee. EhIJIO noKaJauo, qrn 3TH no.r(XO.r(bl o6ecneqHBalOT npaKTHqeeKH COBna,n:aIOIIIHe pe3ynL­

TaTLI. 11 3TO o6ocHOBano TOqHOCTI, paeqeTOB 3aBlleHMOeTll BepORTHOeTII pa3Bana nllOHI!YMa OT 

ero BpeMeHH )l(H3HH, KOTOpaR Henon1,3yeTeH B 3KenepHMeHTe DIRAC . 
. Bee 3TO no3BOJIHJIO .r(OBeCTH ToqHoeTL pacqeTOB eeqeHHH .r(O ypoBIDI nyqrne 0,5% H 

HCKJIIOqIIJIO B03MO)l(lll,lll BKJia.r( TeopeTHqeeKI!X Heonpe.r(eJieHHOeTeil: B KOHeqHI,IH pe3yn1,TaT 

3Kenepl!MeHTa DIRAC. 
E1,mo eIIIe MHoro o6ey)l(.r(eHHH pa3nHqH1,1x aeneKToB 3Kenep11MeHTa DIRAC, B K0Top1,1x 

AneiceaH.r(p BaeHJILeBHq noMoran HaM B noHHMaHHH HIOaHeOB q>H3HqeeKHX npo6neM. )Kan1,, 

'1!0 MHorne H3 3THX o6ey)l(.r(eHHil: TaK H ue 6blJill .r(OBe.r(eHLI .r(O ny6nHKaQHH. Bcer.r(a nopa)l(a­

no IIeBepoRTHO rny6oKoe noHIIMaHHe AneKeaH.r(pOM BaeHJILeBI!qeM Beex TOHKOCTeii q>ll3l!KII, 

KBaHTOBOll MeXaHHKll H MaTeMaTHqeeKOll q>H3HKH, ero YMeHHe .r(OBeCTH nonyqeHHblll pe3YJILTaT 

.n:o Bll.r(a, y.r(o6Horo .r(JijJ KOHeqHI,JX BI,JqHeJieHHll H HJ)l(HOfO .r(JIH 3KenepHMeHTa. Ce:il:qae oqeHL 

pe,n:Ko BeTpeqaIOTCR JIIO.r(ll, HaeTOJILKO n106RII1He H 3HaIOIIIIle q>ll3IIKY. M npH 3TOM An:eKcaH.n:p 

BaeIIJILeBilq 61,m )'.r(IIBHTeJILHhIM qenoBeKOM, c KOTOpLIM MO)l(HO 6hlllo o6IIIaTLeH Ha JII06yro 

TeM)' H nonyqaTL OT 3Toro Y.r(OBOJILCTBHe. MO)l(HO eKa3aTL, qTo Mlle nocqacTJIHBHJIOeL pa6oTaTI, 

e Bhl)],aIOIIIIIMeR q>ll3IIKOM-TeopeTHKOM! KaK OH fOBOpiln O ee6e B IIIYTKY, HMeH B BH.r(Y CBOIO 

BHeIIIHoeTL, KpynHhIM H 6.rreeTHIIIHM yqeuLIM! 
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BocnoMuuanuH o Came 

Ii.3. KorreJiuoBHlf 

Tex1tu'lecKuu y11ueepcumem UM. </JeoepuKo Ca11ma-Mapuu, Bw1&napauco, lf Wlu 

Hawa .np)')K6a c CaweiI Haqanac1, cpa:1y rrocJie TOro, I<aI< Mbl rro3HaI<oMIIJIIICL, B 1969 ro,ny. 

JI rrocrymm B acmrpaHTypy I< JILBY MocmpoBIIqy Jlarr1I,nycy, a Cawa 6Lm ero yqeHIIKOM II )')Ke 

pa60TaJI. MbI ,npy:lKIIJIII ceML.IIMII II rrpoBO,I:IIIJIII BMecTe MHOro BpeMeHII. 

MHTepeCHO, qTo B TO npeM.11 II IIO3:lKe Cawa ll · .II yBJieKJIIICI, TeOplieH B3aHMO,I:leHCTBll.ll 

C x,npaMII 1Ip1I BbICOKHX :meprn.11x ll MHorne ro,nbl pa6oTaJIH rrapannenI.HO Ha,n 6JIH3KIIMII 

rrpo6neMaMII He rrepeceKa.11c1,. Cawa pewan rrpo6neMLI rnay6epoBCKOH Mo,nenlI, B KOTopoH OH, 

6e3yCJIOBHO, CTaJI JIH,I:IIIpyiomlIM MHpOBbIM 3KC1IepTOM. MbI, OT,I:laBa.11 ,naHI. Mo,ne, BMecTe co 

JII.BOM MocmpoBIIqeM Jlanu,nycoM u A.rreweiI 3aMono,nqHKOBhIM npe,nnmKHJIII u pa3BIIBaJIH 

,n1IrronLHLIH no,nxo,n B KX,D;. 

Hawa rrepna.11 COBMeCTHa.11 c Caweii pa6oTa IIO.IIBIIJiacL TOJILKO qernepTL BeKa cnycT.11. K 
3TOMY nep1Io,ny Haweii :lKII3HII x cpa3y II nepen,ny. Cawa np1Iexan KO MHe B foiI,nen1,6epr B 

1997 ro,ny, II TaM Haqanoc1, Hallie TeCHOe COTPY.I:IHIIqecTBO, KOTOpoe npo,noJI:lKaJIOCL ,no KOHIIa 

ero :lKII3HH. 

K 3TOMY npeMeHII Cawa pa3pa6oTaJI TeXHIIKY HHTerpanoB IIO nyrnM WIH OIIHCaHll.11 npoXO:lK­

,neHll.ll lIO31ITpOHIIeB qepe3 cpe,ny. 3TOT MeTo,n 61,m HMeHHO TeM 3BeHOM, I<OTOphIH OTCYTCTBOBaJI 

B ,nnnOJII,HOM no,nxo,ne B KX,lJ;. Ilepna.11 3a,naqa, KOTopyIO HaM y,nanoc1, peilIHTh (BMecTe C HailIHM 

HeMeIIKHM cTy,neHTOM lloproM Pay<paH3eHoM), - I<BaHTOBO-MexaHuqecKoe onncaHne x.nepHoiI 

3KpaHupoBKn [l]. K TOMy npeMeHII 6bIJIH II3BecTHbl ,nBa no,nxo,na K 3TOH npo6neMe. Tpa,nn­

IIHOHHLIH crroco6 BI,JqlicJieHHH rpn6oBCKOro Heynpyroro 3KpaHHponaHHSI ro,nunc.11 TOJibKO WI.II 

caMoro JierI<oro sr,npa - ,neiITpoHa. Ha 6oJiee TH:lKeJibIX .11,npax Bo3HHKaJIH Heynpyrue nonpanKn 

BbICilIHX nop.11,I:IKOB, KOTop1,1e He Mornn 61,n1, nocqnTaHLI ll3BeCTHhIMH cnoco6aMH. TeM He 

MeHee B 3TOM rro,nxo,ne 6I.IJIII II3BeCTHI,I <pa30Bhle C,I:IBIIrll Me:lK,ny aMIIJIIIT)'.naMII B3aHMO,I:leHCTBH.II 

Ha pa3HbIX x.nepHbIX HyKJioHax; noCKOJILKY Maccbl Heynpymx npoMe:lKYTOqHI,IX COCTOHHHH SIBHO 

nplICYTCTBOBaJIII B pacqernx. 

ArrLTepHaTIIBHOe on1IcaH1Ie .11,nepHoH 3KpaH1IpOBKH, rrpeWJo:lKeHHoe HaMII paHee B paMKax 

,I:IIInOJII.Horo no,nxo,na, no3BOJIHJIO 3<p<peKTIIBHO npOCYMMIIponaTI. rp1I60BCKHe rrorrpaBI<H BO Bcex 

nop.11,nKax, HO 3TO pa6oTaJIO TOJII,KO npH oqeHI, BblCOI<IIX 3Hepr1I.IIX (HJIII MaJII.IX 61,epKeHOBCKIIX 

x), r,ne pa3MepbI ,n1IrroneiI "3aMopo:lKeHhl" nopeHIIOBCKIIM pacTSI:lKeH1IeM npeMeHII. IlplI 6onee 

HH3KHX 3Hepr1IHX <pa30BI.Ie C,I:IBIIrlI HelI3BeCTHLI, IIOCKOJILKY ,I:IIInOJIII He o6Jia,naIOT orrpe,neneH­

HOH MaccoiI. 

PeweHIIe, IIO3BOJIHIOmee O,I:IHOBpeMeHHO "clI,neTI, Ha o6oHX CTYJILSIX", T.e. CYMMIIpOBaTI. 

rpH60BCKHe nonpaBKII He npeHe6pera.11 <pa30BhIMII C,I:IBIIraMII, 61,mo Haii,neHo B [ 1] B paM­

KaX IIHTerpaJIOB no IIYT.IIM. IlocJie IIHTerpupoBaHll.11 no BCeM BO3MO:lKHbIM (HeKJiaccHqecKIIM) 

TpaeKToplIHM IIBeTOBbIX 3apx,non BO3HHKaeT ypanHeHIIe IIIpe,nlIHrepa ,nJIH <pyHKIIIIH fpHHa, 

OIIHCLIBaIOmeii pacnpocTpaHeHHe B cpe,ne C yqeTOM nornomeHH.11 ll <pa30BhlX C,I:IBHroB. 3TOT 

pe3ynLTaT ,no cnx nop OCTaeTC.11 e,nHHCTBeHHbIM II3BeCTHLIM CTporHM KBaHTOBO-MeXaHuqecI<HM 

pellieHHeM npo6neMI,I .11,nepHOH 3KpaHHpOBKH. 

,lJ;pyroe nplIMeHeHHe TeXHIII<a IIHTerpanoB no nYTSIM HailIJia B npo6neMe ll3JiyqeHH.II <pOTO­

HOB II tJIIOOHOB IIBeTOBbIMII 3apx,naMH, rrpoxo,nHilIHMII qepe3 nornomaromyro cpe,ny [2]. Xorn 

B 3TOM cnyqae 6ec11BeTHhle ,I:IHIIOJIH He npHCYTCTByroT B 6yKBaJILHOM CMhICJie, . aMIIJIHT}',I:la 

npo11ecca, BO3Be,neHHa.ll B KBa,npaT, co,nep:lKIIT IIBeTOBI.Ie 3ap.11,nbl C pa3HLIMH IIPHIIeJILHLIMH 

napaMeTpaMH, qTQ rrpHBO,I:IIIT K IIO.IIBJieHHIO 3<p<peKTHBHbIX ,nunoneii. B cnyqae mnyqeHH.11 
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iporoHOB mm ,n:peJIJHIH0BCKHX JieIJT0HHLIX nap 3TH ,n:HII0JIH C0CT0HT H3 KBapKa H aHTHKBapKa. 

Ilp11 H3JIY11eHHH rmooH0B 3T0 - 6onee CJIQ)ICHI,Je ,n:HIJ0JIH, TaIOKe BKJIIOlfaIOW:He DIIO0H. 

,[(IIIIOJIJ,H0e 0IIHCaHHe, KaK H B cnyqae rny6oKo Heynpyroro pacce.HHH.H, Il03B0JIHJI0 crporo 

KBaHT0B0-MexaHHlfeCKH, HO BeChMa rrpocro BhllfHCJIHTL 3<)><)>eKTLI .H,n:epHoii 3KpaHHp0BKH npH 

H3JIYlfeHHH 6ecQBeTHLIX H QBeTHLIX KBaHT0B rrapT0HaMH, MH0roKpaTHO B3aHMo,n:eiicTByrom:HMH 

B cpe,n:e. IIoreHQHaJI Ha CBeT0B0M K0Hyce, BXOJ:lSIW:HH B ypaBHeHHe IIIpe,n:HHrepa ,n:JISI <)>yHKQHH 

fpHHa, OIIHCLIBaIOmeii npoX0)K.I(eHHe ,n:Hnoneii lfepe3 cpe,n:y, co,n:ep:>KHT KaK MHHMYJO lfaCTL, 

oTBeTcTBeHHyro 3a nornomeHHe, TaK H peaJihHYJO, 0IIHChIBaromyro B3aHMo,n:eiicTBHe BHyrpH 

JIIIIIOJISI. 

3ro Henepryp6aTHBHl,Ili 3<)><)>eKT, KOTOpLiii, K0HelfH0, Mo,n:eJILH0 3aBHCHM, HO B pa6ore 

[3) peaJihHM lfacr1, noreHQHaJia He Mo,n:em1posanac1,, a no,n:roH.HJiac1, no,n: ,n:aHHhie. Ilponecc, 

tJYBCTBUTeJihHLiii K 3T0MY napaMerpy, - 3T0 ,n:H<)>paKQHOHHaH ,n:HCC0QHaQH.H B C0CTO.HHH.H C 

6oJII,IIIOH HHBapHaHTHOH Maccoil:, CelfeHHe Koropoii H3BeCTH0 CBoeii MaJI0CTLIO. B pe,n:)KeB­

CKOH cpeHoMeHOJIOfUH 3T0T <)>aKT CBSI3hIBaJICSl C MaJI0CTl,IO rpexnoMepoHHOU K0HCTaHThl, lfTO 

He l!MeJio ,n:HHaMHlfeCK0ro 061,srcHeHH.H. B ,n:HIT0JILH0M 0ilHCaHHH MaJI0CTL ,n:H<)>paKQHOHHOH 

JIIICCOQHaQHH CBSI3aHa C CHJILHhIM Henepryp6aTHBHl,JM B3aHMo,n:eiicTBHeM Me)K.I(y H3JIYtfaeMbIM 

IJl!OOHOM H HCT0'IHHK0M. AHaJIH3 ,n:aHHhIX no ,n:H<)>paKQHH, BhIIIOJIHeHHblii B [3], Il0Ka3aJI, lfT0 

cpe,!IHHH pa3Mep KBapK-DIIO0HHbIX ,n:HIIOJieil: BeCLMa MaJI - 0,3 <)>epMH. 3ro, B CB0IO oqepe,n:L, 

npl!B0J:ll!T K Ba>KHLIM Ha6nro,n:aeMbIM 3<)><)>eKTaM, lfTO qpe3Bbllfail:Ho Ba>KHO ,n:JISI II0HHMaHH.H 

imepHhIX cTOJIKHOBeHHii npH 3Hepmsrx LHC. 

B lfaCTH0CTH, B [3] 6LIJIO npe,n:cKaJaH0 0lfeHL cna6oe .H,n:epHoe 3KpaHHpoBaHHe DIIO0HOB. 

O.!(Hl!M 'm nposrBJieHHH MaJI0CTH rJIIO0HHLIX J:lHilOJieii SIBJISieTCSl cna6ocTL .H,n:epHLIX 3<)><)>eKTOB 

Ilpll po>K,n:eHHH a,n:p0H0B C 60JILlliHMH nonepetJHbIMH HMIIYJILCaMH. Manasr BeJIHlfHHa .H,n:epHoro 

ycHJieHH.H (oKOJIO 10%), H3Becrnoro Il0,!I Ha3BaHHeM 3<)><)>eKT KpOHHHa, 6LIJia npe,!1CKa3aHa B [4] 

npl! 3HepmH RHIC. ITpe,!1CKa3aHHe 6LIJio HerpHBHaJILHbIM, nocK0JihKY B .r1pyrHx M0,!lensrx ycH­

nem1e 6bmo B HeCKOJihK0 pa3 6on1,me H npH 6onee HH3KHX 3Hepm.HX FNAL ( <)>HKCHpoBaHHaH 

Ml!llleHh) 3<)><)>eKT Ha6Jiro.r1ancsr Ha ypoBHe 100% • .l(eiicTBHTeJILHo, B 3KcnepHMeHTe PHENIX B 

d.A.-coy,n:apeHHHX 10%-ii 3<J><)>eKT 61,m rro.r1rsep)K.I(eH . 

. 3ro T0JILK0 HeCK0JILK0 IIpHMepoB pe3yJILTaT0B HaIIIero C Cameil: corpy,n:HHlfecTBa, K0Topoe, 

.11 JIYMaIO, 6LIJIO 0lfeHh ycnemHbIM. IiOJILillHHCTBO HamHX COBMeCTHbIX ny6JIHKaQHH HMeer 

BhlCOKHii ypoBeHL QHTHpyeM0CTH - 0K0JI0 100 H Bblille. 

CKopo ro.r1, KaK CamH He CTaJI0, a .H ,!10 CHX nop He Mory a,!laIITHpoBaTLCSl K T0MY, lfTO ,!I0JI)KeH 

pa6orar1, 0,!IHH. HamH .!IHCKYCCHH, qacro no rene<)>oHy, 61,JJIH Heo6xo,!IHMhI ,n:nsr pa6orbl. Tenep1, 

He c KeM o6cy,!IHTL, Il0C0BeT0BaTLC.H ... 
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Kpan~uii O'lepK mH3HH H ACHTCJILHOCTH 
AJieKcanApa Tapacosa 

0.0. Boc«peceuc«aH 
O61,eouHeHHblU UHCmumym R0epHblX UCCJ!e006QHUU, ,l{y6Ha 

Carna Tapaeo_B po.n;rrrre}I 5 HJOH}I 1942 ro.n;a B PoeToBeKoii o6rraeTH. OH poe B MHoro.n;eTHoii 

eeMbe H 61,m epe.n;rr ,n;eTeii eTapIIIHM. OT OTI~a Carna yHaerre.n;oBarr He,lJ;IO)KHHHhie q>H3H1JeeKHe 

,n;aHHhie, OT MaTepH-YtJHTeJihHHI.(hl - HHTerrrreKT, BeJIHKOJie1rnyro naMfilh, npe.n;paenoJIO)KeH­

HOeTb K YtJe6e rr npeno.n;aBaHHIO rr enoeo6HoeTb .n;erraTh Bee rreKJIIOtJHTeJihHO xoporno. EhITI, 

oTJIHtJHHKOM-Me,n;arrrreToM ou 61,1rr no11TH 06pe11eH. II OH 61,rn HM Ha nponi)KeHHH Beex rreT 

YtJe61,1 B epe,n;Heii H Bblerneii rnKorre. 

B rnKorry Carna 6I,IJI oT,n;aH B 6 rreT. PaHo BhrnBrrrrrre1, ero <pH3HKo-MaTeMaTrr11eeKHe eno­

eo6HoeTrr. OH paeeKa31,rnarr, KaK no .n;opore K rnKorre, s.n;arrrr OT Hee, ero Beer.n;a BeTpe11arrrr 

.n;pY3b}I-O)J;HOKJiaeeHHKH H OH .n;errHJie}I e HHMH eBOIIMII perneHll}IMII 3a,n;a11. KoHetJHO )Ke, Carna 

61,lJI y.n;oeTOeH Me.n;arrrr. Jlerno noerynIIJI Ha <pH3IIKO-MaTeMaTIItJeeKHii q>aK)'JihTeT XapbKOBeKoro 

YHIIBepeIITeTa II noMor noeTYIIIITh B xapbKOBeKIIe BY3hI MHOrHM eBOHM TOBapmnaM. C,n;aBa}I 

Bee .n;oepotJHO II OTJIII'IHO, OH 61,m Ha Kypee e,lJ;IIHeTBeHHI,IM, a 3a BeIO IIeTopIIIO qiaeyrrhTeTa 

TpeTbIIM rreHIIHeKHM eTrrneH,n;HaTOM, no BoenoMHHaHII}IM ero .n;pyra H eoKypeHHKa feoprH}I 

Eo11eKa. 

B ery,n;eHtJeeKHH neprro.n; Ha CaIIIIIHO pa3BHTHe 6orr1,rnoe BJIII}IHIIe OKa3aIT IIX ernpoeTa, 

qipoHTOBIIK II IIHTerrrrIIreHT Paq>KaT AxMepoB. OH BBerr Carny B MHp KJiaeerr11eeKoii MY3UKH, B 

KOTOpOM Carna npo,n;OJI)KaJI )KJ.ITI, )J;O KOHI.(a eBOIIX )];Heil:. Carny Bcer.n;a npIIBJieKarr IIHTerrrreKT, 

BJieKJio K npeKpaeHoMy. JlIO)J;H HHTerrrrrrreHTHhie, He3ayp}l)J;Hhle eTaHOBHJIIIeb ero .n;pY3b}IMH H 

OKa3hIBaITH 6orr1,111oe BJIII}IHHe Ha Hero. B pa3Hble nepIIO)J;l,I CBoeii )KJ.13HH OH 61,rn pa3Hh1M: OH 

He eTO}IJI Ha MeeTe - OH rnerr Bnepe.n;. II B )Kll3HII, II B HayKe OH 6parre}I 3a TO, 3a 1JTO He 6parre}I 

HIIKTo, - II .n;errarr :no! 

Pa6oTarr Carna Be3,n;e II Beer.n;a. He rrprrKaea}le1, K 6yMare, oH Mor npo.n;err1,rnaT1, B yMe 

rIIraHTeKIIe 061,eMI,I BhltJIICJieHIIH, II, JIIIrnh rrorrytJHB pe3yrrhTaT, 3anHebIBarr ero. IlpII 3TOM 

JIII6o .n;errarrIIeh, JIII6o HeT Ha6poeKH BhlBO)J;a. PernHB 3a,n;a11y, OH Tep}IJI K Heil: HHTepee. Ero 

YBJieKarr rrponeee perneHll}I 3a,n;a11II. Ily6rrIIKal(IIII He IIHTepeeosarrrr ero. II eerrII 61,1 He eoaB­

TOphI, 6orrhrnIIHeTBO ero pa6oT, HaBepHoe, OCTaITOeh 61,1 Heorry6rrIIKOBaHHI,IM. 1laCTI, )Ke pa6oT 

OCTarrae1, orry6rrIIKOBaHHOH JIIIrnh B nperrpIIHTaX. K eO)KaJieHHIO, eBoero JirrrprnllQa He. 61,rno y 

Hero. 

O,n;HaKo rrpII )KeJiaHIIII OH Mor IIIICaTh, 6e3 rrpeyserrIItJeHII}I, HaYtJHhle noJMhl, eo11eTaB­

I1IIIe B ee6e Bbieo11aiirnIIii Hay11111,1ii rrpoqieeeIIOHaJIII3M C .n;oeTOIIHCTBaMII xy,n;o)KeeTBeHHOro 

rrpOII3Be)J;eHll}I. OH o6rra.n;arr tJYBeTBOM qiopMbl II IIMeJI rrpeKpaeHI,IH xy,n;o)KeeTBeHHhIH BKye. 

BorrpeKII "He3HaHIIIO aHrJIIIHeKoro", eBOIIMII aHrrrIIHCKIIMII Bblpa)KeHII}IMII OH rrpIIBO)J;IIJI B 

BOeTopr HOeIITerreii 3TOfO }131,lKa. A pe111, ero 61,rna aqiopIIeTIItJHa, KaK y ero JII061IM0ro IIrop}I 

fy6epMaHa. 

B csoeii o6rracTII Carna 61,rn JKcrrepTOM. EMy 61,rno .n;ocTaTOtJHo 6poerrT1, 6errr1,1ii B3rJI}l)J; Ha 

pa6ory, 1JT061,1 BhrnBIITI, IIMeIOIQIIee}I B Heii He,n;o11eTbl. O,n;HaKo rpeHoMeHarrhHhIH KpIITIItJeeKIIH 

eKJia,n; ero yMa He rrpen}ITeTBoBarr rrpo}IBJieHIIIO ero rnop11eeKoro Ha11arra II rrIIrnh erroeo6ernosarr 

KoppeKTHOeTII ero eo6erneHHhlX pa60T. 

IIenorr1,3yeMhlM MaTeMaTIItJeeKIIM arrrrapaTOM - TeXHIIKOH IIHTerpIIpoBaHII}I, KOHTIIHyarr1,­

HOfO IIHTerpIIpoBaHII}I, enenrpyHKQIIH II .n;p. - OH Brra,n;err BIIPTY03HO. BenoMHHaIO Kypbe3Hhlll 
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cnyqaif H3 rrepno.rr.a ero pa6oTbl B HHCTHT)'Te H)l.epHOH (j)II3HKlf lfM. MaKca IlJiaHKa. O)1.IIH 

ll3 C0Tpy.rr.HIIKOB HHCTHTyTa HeCKOJihKO Mecxu:eB 6e3ycrrenrno 6IIJICH Ha)). pemeHlfeM 3a)l.atJII. 

He y,iiaBaJIOCh rrpoBeCTlf KaKoe-TO cno:amoe lfHTerpIIpOBaHIIe C HCITOJII,30BaHHeM MOID:HbIX 

rrporpaMM. EMy rropeKoMeH)I.OBaJIII o6paTIIThCH K Came TapacoBy. OH o6paTIIJICH. H KaKoBo )Ke 

6hlrro ero II3YMJieHIIe, Kor.rr.a MHHYT qepe3 15 eMy 6bIJI rrpe.rr.1>HBJieH pe3yn1,TaT! 

Carna Mor 61,r o.rr.nHaKoBo ycrrenrno pa6oTaTh B mo6oii o6nacTII TeopeTHtJecKoH (j)II3IIKH. 51 
HBHJiaCh CBlf)l.eTeJieM Toro, KaK r.rr.e-TO 3a MeCHU: C H)'illI OH OCBOIIJI coBepmeHHO He3HaKoMyro 

AJIH ce6g o6nacTh, CBH3aHHYIO C lfHTerpnpyeMblMlf MO)l.eJIHMH, If CYMeJI IIOJIYtJifTI, qacTHoe 

perneHIIe 0)1.HOH lf3 "HepemaeMI,IX rrpo6JieM", a TaK)Ke pH)). pe3YJihTaTOB, rrpH3HaHHhIX otJeHh 

HHTepecHhIMH Kopn(j)eHMlf 3TOH HayKH. 

O)1.HaKO IT03BOJIHTh ce6e pocKOllih 3aHHTlfH Bein:aMII a6cTpaKTHbIMlf OH If He XOTeJI If He 

Mor. Ero pa6oTbl OTBe'laJilf IIOTpe6HOCTHM 3KcrrepIIMeHTa. H )l.lfaIIa30H 3THX pa6oT llIIIpOK. He 

ocTirnaBJIIIBaHCI, Ha rrepBhIX 30 ro.rr.ax pa6oTbl CamII B OH5IH, x IIOIIbITaJOCI, C)l.eJiaTh KpaTKlfH 

ofoop 0CHOBHhIX HarrpaBJieHIIH ero lfCCJie)l.oBaHIIH 3a ITOCJie)I.Hlfe 15 JieT (1996 - 201 1 rr.) -

rrepno.rr. HallIIIX COBMeCTHbIX pa6oT - If KOpoTKO oxapaKTepII3yro Ka)K)I.Oe H3 3TlfX HarrpaBJieHIIH. 

I. Pa3BHTHe TeopeTH'leCKOH 6a3LJ OUHCaHHB npoueccoB o6pa30B3HUB peJIBTHBUCTCKUX 

3rreMeurapuL1x aTOMOB (EA) H ux B3aHMo,IJ;eiicrenB c eeiuecreoM (DIRAC, CERN) 

B 1995 ro.rr.y Me)K.rr.yuapo.rr.Hoii Konna6opau:IIeii DIRAC, B cocTaB KoTopoii 61,m BKJIIOtJeH 

"rnaBHhlii TeopeTIIK .l(HPAKa" AJieKcaH.rr.p BaclfJII.eBIItJ TapacoB, 6bIJI ony6.rrIIKOBaH npoeKT 

o;iHoHMeHHoro 3KcrrepIIMeHTa Ha PS CERN, u:enhro KoToporo HBJIHJioch onpe.rr.eneHIIe c 10%-ii 

roqHOCTI,IO BpeMeHII )Klf3Hlf To OCHOBHoro COCTO.sIHIIH aTOMOB IIlfOHlfH A21r• C 3Toro MOMeHTa 

Haqarrach HHTeHClfBHaH pa6oTa, CBH3aHHaH C TeopeTIItJeCKOH ITO)l.)l.ep)KKOH )l.aHHoro 3KcnepII­

MeHra. 

MeTO)I. onpe.rr.eneHIIH BpeMeHlf )Klf3Hlf peJI.srTlfBHCTCKlfX aTOMOB A21r 6bIJI OCHOBaH Ha cono­

craB.i:IeHlflf 3KCnepHMeHTaJihHO H3MepHeMhIX BbIXO)I.OB 7r+7r- -nap, o6pa3YJOID:IIXCH B pe3YJihTaTe 

HOHH3aU:IIH A21r B KYJIOHOBCKOM none aTOMOB MHllieHH, C pe3yJII.TaTaMlf TeopeTH'leCKOro pac­

qera 3THX BeJIHtJHH, co.rr.ep)Kaiu:IIx To B KatJecTBe no.rr.roHotJHoro napaMeTpa, H npe)I.Uonaran 

HaJIH'IHe )l.eTaJihHO pa3pa6oTaHHOH TeopIIII o6pa3oBaHIIH )l.lfMe3oaTOMOB (,nMA) B rrpou:eccax 

MH0)l(eCTBeHHOfO po)K)l.eHIIH tJaCTlfU: rrpII BhICOKlfX 3HeprH.srx If lfX B3aHMO)l.eHCTBlfH C Beme­

CTB0M MlfllieHH. 

O.rr.HaKo Ha TOT MOMeHT MHorne rrpo6JieMhl 3TOro HOBOro pa3)1.eJia (j)II3lfKlf BbICOKlfX 3Heprnii:, 

ITOlIYtJHBlliero Ha3BaHIIe <jJU3UKU peJmmueucmcKUX 3JU!.MeHmapHblX amOJW08, eiu:e He HallIJilf 

Ha)l.lle)l(aiu:ero pa3pemeHIIH, If rrpII nonyqeHHlf pe3yJihTaTOB, npe)I.CTaBJIHIOID:HX npaKTHtJeCKHH 

llHTepec, Hepe)I.KO lfCITOJlh30BaJIHCI, He BITOJIHe o60CHOBaHHble ynpoiu:emrn H npII6Jilf)KeHIIH. 

3ro BHOCHJIO norpellIHOCTlf B TeopeTIItJecKIIe pactJeThI, KOTOphre, COBMeCTHO C 3KcnepIIMeH­

TaJII,HhIMlf norpellIHOCTHMlf, COCTaBJIHJilf pe3yJihTIIpyroiu:yro OllIH6ey, nopoii: rrpeBbllliaIO'-D:YJO 

;iorrycTIIMYJO npII orrpe.rr.eneHlflf BpeMeHlf )Klf3HH A21r BblllieyKaJaHHhIM MeTO)I.OM. 

AneKcaH.rr.p BaclfJlheBHtJ BHec pemaromIIii BKJia.rr. B pemeHIIe 3TIIX npo6neM. HM 6b1Jlo 

ITOKaJaHo, 'ITO Tor.rr.a KaK npII6JIII)KeHHH, HCilOJII,30BaBllilfeCH npn BbIBO)l.e HaII6onee cyiu:ecTBeH­

HhlX ·)I.JIH rrpoeKTa DIRAC cooTHomeHIIH TeopIIII o6pa3oBaHIIH ,D;MA, .srBJI.srroTc.sr .rr.ocTaTOtJHo 

rpy6hlMlf, caMII COOTHOllieHIIH crrpaBe)I.JllfBbl C BbICOKOH CTeneHI,IO TO'IHOCTH. 

TaK, y.rr.anocI, ITOKa3aTh, 'ITO crreu:II(j)lftJeCKHe oco6eHHOCTlf KYJIOHOBCKIIX BOJIHOBhIX (j)yHK­

~HH nS-cocTOHHIIH aToMoB A21r rro3BOJI.srIOT HcnoJih3oBaTI. npH6JIII)KeHIIe "eynesoro" pa.rr.IIyca 

CllllhHoro B3aHMO)l.eHCTBHH )I.JIH OTHOllieHIIH cetJeHHH o6pa3oBaHIIH A21r B pa3JIHtJHI,JX nS­
COCT0HHlfHX )l.a)Ke B TOM cnyqae, Kor.rr.a pa.rr.IIyc CHJlhHOfO B3aIIMO)l.eii:cTBHH )I.OCTHraeT 10 (j)M. 

• 06iep;uHeHH1IH P.HCTHTJT 
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TaK,Ke y,n:anocb IlplIHTJI I< BbIBo,ny 0 TOM, 'ITO 3q>q>eI<Tbl CIIJlbH0fO II KYJI0H0BCI<0ro B3alIM0-

.n;encTBIIll B B0JIH0Bb!X qiyma~mIX nS-cocTO.SIHIIll .z:t:MA qiaI<TopmyIOTC.SI C BbICOI<Oll CTeneHbIO 

TOlJH0CTII ( ~ 10-4 ), 'ITO Il03B0JI.SieT B 3a,na'Ie 06 o6pa30Bamrn .z:t:MA BKJIIOlJHTb 3q>q>eI<Tbl 

CIIJlbH0fO B3alIMO,neiicTBII.SI B K0HelJH0M C0CT0.SIHIIII B "nepeHopMHpoBey" aMTIJIIITY.D:bl 06pa30-

BaHII.SI CBo6o.n;HbIX nap II CBeCTII 3a,naqy I<, paccM0TpeHIIIO o6pa3oBaHII.SI 3TIIX aT0M0B C lJIICT0 

KYJI0H0BCKIIMII B0JIH0Bb!MII q>yHKQII.SIMII [ 1). 
O,n;HaI<o 61,mo ycTaH0BJieHo: IICil0Jlb30BaHIIe 6opHOBCI<OfO Ilp1I6J11I)l(eH1I.SI ,nJI.SI pactJeTa ce­

tJeHIIll B3alIMO,nencTBH.SI EA c aToMaMH BemecTBa He o6ecne'IIIBaeT Heo6xo,n;IIMOH TO'IH0CTII 

pactJeT0B 3TIIX Ce'IeHIIH, 'ITO CTIIMYJIIIp0Bafl0 pa3BIITIIe TeXHII'IeCKII 6oJiee CJIQ)l(H0fO rnay6e­

p0BCI<0ro np1I6J11I)l(eHII.SI [2,3], 0QeHIIBaeMa.SI T0lJH0CTb K0Toporo 61,ma MII3Ka I< Heo6xo.n;IIMOH. 

bbIJIO IICCJie,noBaHo BJIH.SIHIIe 3q>q>eKTOB B036y)l(,neHII.SI II II0HII3aQHII aT0M0B MmIIeHII (TA) 

Ha BeJIIIlJIIHbl cetJeHIIH IIX KorepeHTHoro II HeKorepeHTHoro B3alIMo.n;eiicTBII.SI C. EA B paMKax 

OIITII'IeCKOH nepTyp6aTIIBHOll M0,neJIII may6epoBCKOH TeoplIII. KyJ11>M1IHaQ1Ien pa3BHTII.SI 3HKO­

HaflbH0fO no.n;xo.na K orrncaHIIIO B3alIMo,neiicTBII.SI peJI.SITIIBHCTCKHX EA C 0T,neJibHb!MH aToMaMII 

BemecTBa .SIB1IJ1ac1> qiopMYJIIIpoBKa Henepryp6aTIIBHoii rroJIHon rnay6epoBcKoii TeoplIII EA-TA­

B3a1IMo,neiicTB1I.SI, YtJIITbIBaromeii B03M0)l(H0CTb B036~eHII.SI II II0HII3aQIIII B rrpoMe~0'IH0M 

II K0He'IH0M COCT0.SIHII.SIX KaK 3JieMeHTapHb!X ·aT0M0B, TaK II aT0M0B BemecTBa [4]. 
lI X0T.SI y,n:anocb npo.n;eM0HCTp1IpoBaTb [5], 'ITO T0'IH0CTb Bep0.SITH0CTHoro no.n;xo.na K 0IIII­

caHIIIO BHYTpeHHen .D:IIHaMIIKII EA rrplI IIX rrpoX0)l(,neHIIII 'Iepe3 BemecTB0 MIIllleHII .n;ocTaT0tJHa 

,n;JI.SI QeJieii ,naHH0ro 3KCIIep1IMeHTa, pa6oTa, Il0CB.SimeHHa.SI Bb!Bo,ny KBaHT0Bb!X KIIHeTII'IeCKIIX 

ypaBHeHHii ,n;JI.SI 3JleMeHT0B MaTpH~bl IlJI0TH0CTH MH0roypoBHeBb!X aT0MHb!X CHCTeM, K0Topa.SI 

Il03B0JIIIJia BHe paM0K 6opHOBCI<Oro rrpH6J11I)l(eHH.SI 0IIHCaTb 3B0JIIOQIIIO BHYTpeHHero C0CT0.SI­

HII.SI 3THX CHCTeM npH HX .D:BH)l(eHHH B BemecTBe C ytJeT0M HHTepqiepeHUHOHHhlX KBaHT0B0-

MexaHHlJeCKHX 3q>q>eKTOB [6], .SIBJI.SleTC.SI qiyH.n;aMeHTaflbHb!M BKJia,noM B pa3pa6oTey TeopHH 

B3aHMO,nenCTBH.SI peJI.SITIIBHCTCKHX EA C BemecTB0M MHllleHH B QeJI0M. 

B TO )Ke BpeM.SI Heo6xo,n;HMOCTb yqern 3q>q>eKTOB MH0roKpaTH0fO pacce.SIHH.SI rrpH HHTep­

rrpeTal(HH ,naHHhlX ::iI<cnepHMeHTa DIRAC nplIBeJia AileI<caH.n;pa BacHJibeBH'Ia I< nepecMoTpy 

HeyHHTapHoii TeopHH MH0roKpaTH0fO pacce.SIHH.SI MoJibepa II ee ycoBeprneHCTB0BaHHIO Ha 

6a3e BOCCTaHoBJieHH.SI C00TH0llleHH.SI YHHTapH0CTH H YT0'IHeHII.SI 0CH0BHb!X COOTHOllleHIIH 3TOH 

Te0pHII B paMKax rnay6epoBCKOH anrrpoKCHMaQHH [7]. 
Ee3 rrpeyBeJIH'IeHH.SI M0)l(H0 YTBep)l(.D:aTb, 'ITO AileI<CaH,np BacHJibeBH'I .SIBHJIC.SI aBT0p0M 

ocHoBonoJiararomHx pa6oT B meopuu 06pa3oea11UR peJ1Rmueucmc1<.ux ::>J1eMe11map11b1x amoMoB e 
npot1eccax M110J1Cecmee1111020 poJ1Coe11UR 'lacmut1 npu BblCOT<UX ::>11epzwzx u ux B3aUMoOeucmeUR 
C BeUfeCmBOM. 

II. Pac'leTLI, CBH3aHHLie C npoxom,neHHCM TH,KCJILIX peJIHTUBUCTCKHX UOHOB '1epe3 eeine­

CTBO (JINR, CERN, GSI) u e1anMo,neiicTeneM ny'IKOB THmeJILIX peJIHTUBHCTCKUX uouoe 

(RHIC, LHC) 

lIHTepeceH QHKJI pa6oT AJieKCaH,npa BacHJibeBH'Ia, CB.SI3aHHblll C rrpoX0)l(.D:eHIIeM T.Sl)l(eJib!X 

peJI.SITHBHCTCKIIX H0H0B 1Iepe3 BemecTB0 II B3alIMO,neiicTBIIeM TIY'IK0B T.Sl)l(eJiblX peJI.SITHBIICT­

CKHX H0H0B. B CB.Sl3H C HHTeHCHBHbIMH 3KCIIepHMeHTallbHb!MH HCCJie,noBaHH.SIMH, npoB0.D:HBllIH­

MHC.SI c TIYtJKaMH T.SI)l(eJihlX ( Z a ~ 1) HOH OB (GSI, ,n:apMrnrnm, JI .n;p.), cTana aKryan1>Hon 3a,naqa 

a,neKBaTH0fO 0IIHCaHH.SI rrpoQeCC0B MH0roKpaTHoro pacce.SIHII.SI H Il0Tepb 3Hepr1IH T.Sl)l(eJib!MII 

H0HaMH e BemecTBe. CneuHq>HKa rrpo6neMbl C0CTO.SIJia B TOM, 'ITO T0'IH0CTb 6opHOBCKOfO 

rrpH6JIH)l(eHJI.SI, Tpa,n;HQH0HHo 1IcrroJ11>3oBaBrneroc.SI rrpII perneHIIII rro.n;o6Horo po.na 3a,naq .D:JI.SI 
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IlYtJKOB O}lH03apSI,!lHI,TX tJacni:u, OKa3I.IBanaCI, He}lOCTaTOtJHOH, II 61,rno Heo6xo}lIIMO pa3BIITIIe 

HOBI,IX 110,!lXO}lOB K ee pernemuo. 

, B pa6ornx [9; IO] B :noM HarrpaBJieHIIII 6MJI }lOCTHrH)'T cyIQecTBeHHMH rrporpecc. B tJacTHo­

CTII, 6MJia IlOJIHOCTI,10 peIIIeHa 3a}latJa pactJeTa cpe,!lHIIX IlOTep1, 3Hepnm IIOHaMII B BeIQeCTBe, 

a TaIOKe pactJeTa TaKHX Ba)l(}JI.IX xapaKTepIICTIIK IIX 3HepreTIItJecKOro pacrrpe,!leJieHm1, KaK }lIIc­

rrepcIISI, acIIMMeTpIISI II 3KCQecc BO Bcex rropSI,!lKax 110 Za. TipII 3TOM OTJIIItJIIe OT pe3yJII.TaTOB 

6opHOBCKOfO rrpII6JIII)l(eHIISI }lJIH HeKoTOpbIX II3 3TIIX BeJIIItJIIH }lOCTIIrano HeCKOJII,KIIX COTeH 

rrpoQeHTOB, tJTO 1103BOJIIIJIO 061,SicHIITI, pe3yJII.TaTI.I II3MepeHIIH, rrpoae}leHHI,IX B GSI. 
'·. DI,JJI pa3BIIT 110,!{XO}l I< perneHIIIO HaII6oJiee o6IQeH rrpo6JieMI,I IICCJie}lOBaHIIH 3HepreTII'le­

CKllX 110Tep1, TSJ)l(eJII,IMII IIOHaMII - pactJeTy IIX 3HepreTII'leCKIIX pac11pe}leJieHIIH 6e3 orpaHII-

11eHIISI Ha BeJIIItJIIHY z a. Tipe,!lIIpIIHSIT aHanII3 rrpo6JieMI,I MHOroKpaTHOfO pacceHHIISI TSI)l(eJII,TX 

HOHOB B BeIQeCTBe, IIOKa3aBIIIIIH HeyHIITapHOCTI, Tpa,!lIIQIIOHHO IICIIOJII,30BaBIIIerocH }lJI}I pe­

IIIeHIISI 3TOH 3a,!laqII IIpII6JIII)l(eHllH MoJII.epa II a,!leKBaTHOCTI, pernaeMOH 3a}la11e IIpII6JIII)l(eHllH 

rnay6epa. 

',' ·Pe3yJII.TaTI,I aHanll3a IIpIIBeJIII K HeO)l(II,!laHHOMY BI,IBO.IlY O TOM, tJTO CJIO)l(IIBIIIeecSI Ha 

OCHOBaHHII pacqerne B 6opHOBCKOM npH6JIII)l(eHIIH npe}lCTaBJieHIIe O }lOMHHHpyroIQeM BKJia}le 

B MHoroKpaTHoe pacceSIHHe npoueccoB ynpyroro pacceSIHHSI 3apSI)l(eHHMX 11acTHQ aToMaMII 

BeIQeCTBa He BepHo B CJIYtJae pacceHHIIH TSJ)l(eJII,IX IIOHOB. B MHOroKpaTHoe pacceHHIIe TSI­

)KeJII,JX HOHOB cyIQecTBeHHI,JH BKJia}l BHOCSIT 11poueccI,1 B036~}leHIISI II HOHII3aQIIII aTOMOB 

BeIQecTBa, tJTO }lOJI)l(HO IIpIIBO}lIITI, K 3aMeTHI.IM KoppeJISIQIISIM B COBMeCTHOM 3HepreTIItJeCKII­

ynIOBOM pac11pe}leJieHIIII IIYtJKa IIOHOB, 11poIIIe}lIIIIIX tJepe3 CJIOH BeIQeCTBa. K CO)l(aneHIIIO, 3TII 

pe3YJII.TaTI,I OCTaJIHCI, He3aBeprneHHI,IMII II Heorry6JIIIKOBaHHI,IMII II3-3a cMeIQeHIISI CarnIIHI,IX 

riHTepecoa B o6JiacTI., cBH3aHHYJO c 3KcrrepIIMeHTOM DIRAC. 

III. PalBHTHe TeopHH o6palOBaHHH JieDTOHHLIX nap s H}lpO-H}lepuLIX CO)'}lapeHHHX n 

CTOJJKIIOBeHHHX peJIHTHBHCTCKHX HOHOB BHe paMOK 6op110BCKOro npH6JIHlKeHHH 

CyIQeCTBeHeH BKJia}l pa6oT ArreKcaH,!lpa BacHJII,eBH'la e TeopHIO o6pa3oBaHHSI JieITTOHHI,IX 

nap ITpII CBepXBI,ICOKIIX 3HeprllHX. 11M rrpe}lJIO)l(eH HOBI,IH 110,!lXO}l K pactJeTy aMIIJIIITY.Ilhl o6pa-

30BaHHSI JieITTOHHI.IX rrap B SI,!lpO-SI,!lepHMX COj')lapeHIIHX Ha OCHOBe BaTCOHOBCKOro npe}lcTaB­

JieHHH 3TOH aMITJIIITY.IlM JI rnrroTe3I,I ee JIHqipaKpacHOH CTa6IIJII,HOCTJI, }lOKa3aHHOH B HJl3IIIIIX 

rropSI}lKax TeopHII B03MYIQeHJIH. B paMKax 3TOro ITO,!lXO}la y}lanoc1, 11poaecTII 3qiqieKTIIBHoe 

pecyMMHpoaami:e PSI.Ila TeopIIH B03MyIQeHHH }lJISI aMnJIIITj'}lI,I o6pa3oBaHHSI nap Ha OCHOBe 

TeopeMI,I BaTcoHa II fllITOTe3I,I IIHqipaKpaCHOH CTa6IIJII,HOCTII JI 11pe,!lcTaBJ1TI, aMIIJIHTY.IlY B 

BH}le 6McTpocxo}lSIIQerocSI p}l}la JIHqipaKpaCHO-CTa6HJII,HI,IX CJiaraeMI,IX, CKOHCTpyHpoBaHHI,IX 

ll3 3HKOHaTII,HI,IX S-MaTpllqHI,IX 3JieMeHTOB JieITTOH-SI,!lepHMX pacceSIHHH. Tiony11eHO SIBHOe 

Bhlpa)l(eHHe }lJl}I aMITJIHTY.Ilhl, crrpaBe}lJIJIBOe C TO'IHOCTI.10 }lO BeJIHqHH ,!leBHTOfO IIOpH,!lKa no 

IlOCTOSIHHOH TOHKOH CTpyKzypbI. Y)l(e }lBYMSI rrepBI,IMH CJiaraeMI,IMJI 3TOfO pSI,!la 06ecneqJ1aaeTCSI 

BI,ICOKaSI TO'IHOCTI, BI,ltJJICJieHJIH aMnJIHTj')ll,I o6pa30BaHJIH nap ,!la)l(e B CJIYtJae CTOJIKHOBeHHH 

TSJ)KeJIMX SI,!lep [11, 12]. Hccne}loBaHI,I 3JieKTpoMarHJITHI,Ie 3qiqieKTI,I BMcrnero rrop}l}lKa K cetJe­

HHSIM 06pa3oeaHHSI nemoHHI,IX nap B H,!lpO-SI,!lepHI,IX coy,!lapeHHSIX [13]. 

IV. IIccJie.r.osauue npoueccos 06pa1osanHH 'laCTHQ c 6oJILUIHMH nonepe'IHLIMH HMDYJIL­

caMH B H,ll;pO-H}le pHLIX coy}lapeHHHX npu CBepXBLICOKHX JHeprHHX 

B 1998 ro}ly HaqancSI 3apy6e)l(HI,IH rrepHo}l )l(H3HH H pa60TI.1 ArreKcaH,!lpa BacHJII.eaIIqa, 

O}lllH H3 caMMX cqacTJIIIBI,IX B ero )l(H3HII. Tiepe}l HIIM OTKpbJJTCH HOBI,IH MHp. Carny ecer}la 
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HHTepecoBaJio ttcTopuqecKoe H KYJihTypHoe !faCJie.I(tte qeJioBeqecTBa. Terrepb oH ttMeJI B03MO)I(­

HOCTh rrpHKOCHJTbCH K COKpOBHIU;aM eBporreiICKOll KyJibTJPbl H )I(a,I(HO BIUITbIBaJI ee. 

B 3TOT rrepuon pa6oTbI B MPI H)J.epHoi-i tpH3HKH u IIHcTHTJTe,TeopemqecKoi-i tplf3HKII rei-i­

neJib6eprcKoro yHHBepcnTeTa (repMaHHH) BMecTe c EopucoM .KorreJIHOBifqeM HM 6hlJIO orry6-

JIIIKOBaHo OKOJIO Tpex )J.eCHTKOB rrpeKpaCHbIX pa6oT, ITOCBHineHHhlX TeopemqecKoMy O~HCaHlUO 

o6pa30BaHHH qacTIIU C 6oJibIIIHMII norrepeqHbIMH HMITYJibCaMH B H)J.pO~MepHbIX coynapeHHHX. 
.51 y:rpl)Ky JIHIIlb Ha HeKOTOphle H3 HHX [14-24]. ' ' ' . 

TaK, B qacTHOCTH, B [l 4:-:-16] 6brna npoBe.I(eHa npoBepKa I1pHMeHHMOCTII .I(HIIOJibHOfO 

ITO'AXOIJ.a cBeToBoro Kottyca K orrucaHnro xapaKTeplICTIIK npoueccoB o6pa3oBaHIIH nap KBapKoB 

H fJIIOOHOB B HYKJIOH-HYKJIOHHbIX, HYKJIOH-H)J.epHbIX H H)J.po-H,nepHbIX coy,napeHHHX; )J.aH aHa­

JIH3 3tptpeKTOB MHOroKparnoro B3aHMOIJ.~HCTBIIH CTaJIKIIBaIOIU;lfXCH qacmu B paMKax )J.aHHOfO 

TIO'AXOIJ.a [14-17]. IlonyqeHo nocne,noBaTeJibHoe KBaHToBo-MexaHnqecKoe orrucaime MepHoi-i 

3KpaHHpOBKH Ha OCHOBe pa3pa6oTaHHOH AneK~aH,npoM BaCHJibeBifqeM TCXHIIKH KOHTHHyanh­

HOro HHTerpIIpoBaHIIH [ 18, 19]. Ilpo1I3Be.I(eH pacqeT H,nepHbIX 3tptpe.KTOB B npoueccax 06pa30-

BaHIDI a'APOHOB C 60JibllIIIMII rrorrepeqHhlMII IIMIIYJibCaMII B HYKJIOH-H)J.epHbIX II H)J.po-H,nepHbIX 

coynapeHIIHX IlplI CBepXBhlCOKHX 3HeprnHX [15,16;20]; paccqlITaHbl ceqeHIIH /J.IItppaKQIIOHHOfO 

pO)I()J.CHHH rJc-, J /1/J- II X-Me30HOB B HyKJioH-HYKJIOHH?IX coynapeHHHX IIPII 3HeprnHX T3BaTpOHa 

II RHIC [21]. -

Pa6oTbl ,naHHOro nep1Io,na OTJIIIqaIOTCH oco6eHHO BbICOKOH UHTIIpyeMOCTbIO: [14] ~ 114; 

[15] - 106; [17] - 82; [22] - 72; [18] - 71 H T.,n. 0 HIIX no,npo6Hee paccKa)I(eT caM EopIIc 

31IHOBbeBIIq • .51 JIHIIIh o6pam:y BHIIMaHne Ha pa6oThl [18,19], ,neMOHCTpIIpyrom;IIe MacTepcKoe 

BJia'ACHIIe Carnei-i _TH)I(eJIOH TeXHIIKOH KOHTIIHYaJibHOfO lfHTerpHpoBaHHH, pa3BIITIIC KOTOpoi-i 

rrplIBeno K II3HIU;HOMY BblBO.I(y KBaHTOBbIX KHHeTnqecKJIX ypaBHCHIIH AJ1H MaTplIUbI TIJIOTHOCTH 

B c1IcTeMe oTcqern, cBH3aHHoi-i c EA [10] . 

V. O6ecne'lenne TeopeTH'lecKoii 6a3LI npoeKT0B NA - 48/2 H NA:_ 62.c ~e~blO HJBJ1e­
'1eum1 H3 )KcnepHMeHTa.JlbHLIX /].aHHLIX nu4>opMa~HH 0 )J.JIHHax 7r7r- H 7r K-pacceHHHSI 

B 2005 ro.I(y 0/1.HH II3 n106nMhlX yqeHIIKOB ArreKcaH,npa Bac1Inhem1qa, ero "nepBeneu" 

Ceprei-i foBopKHH IIHIIUHHpOBaJI ceplIIO pa6oT [25-30] IIO o6ecneqeHHIO TeopernqecKOH 6a3hl 

em:e o,nHoro 3KcrrepnMeHTa :QEPH, rrpoBo,nnBrnerocH Konna6opauuei-i NA-48/2. 

B 3TOH cepuu pa6oT B paMKaX KBaHToBo-MexaHIIqecKoro no,nxo,na 6hlJio ,natto TeopeTnqe­

cKoe orrucaHHe rroporoBblX aHOMaJIIIH, o6ttap~eHHbIX B 3KCIIepIIMCHTe NA-48/2; o6o6m;eH pe-

3YJibTaT H. Ka6u66o AJJH aMITJIHTY/J.hI pacrra,na K+ -+ 1r+1r0 1r0 c yqeToM Bcex 3JieKTpoMarHHT­

HhlX 3tptpeKTOB, pa3BHT MeTo,n, II03BOJIHBIIIHH IIpOCYMMIIPOBaTb MHOfOIIeTJieBbie ,nuarpaMMbl, 

OTBeTCTBeHHbie 3a B3aIIMO,neHCTBHe IIHOHOB B KOHeqHoM COCTOHHm1; npe,nJIO)I(eHo o6'b.HCHCHHe 

pacxo)I(,lleHHH Me~ rrpe,ncKa3aHIDIMH TeopHH H 3KCIIepIIMCHTa B6JIH3II nopora o6pa3oBaHIDI 

,nByx 3apH)I(CHHbIX IIHOHOB B pacIIa'Ae K+ -+ 31r [25,26,29]. CpaBHeHHe rrpe,nCKa3aHHH pa3-

BHTOro TIO'AXO.na C 3KcrrepHMeHTaJibHbIMII ,naHHbIMII I103BOJIHJIO ynyqIIIHTb comacue TeopHH 

ll 3KCIIepHMeHTa, a TaIOKe ToqHOCTb II3BJieKaeMbIX H3 3KCIIepHMCHTa ,nJIIIH IIIIOH-ITHOHHOfO 

pacce.HHHH. 3m cepIIH pa6oT 6brna y,nocTOeHa B 2007 ro,ny npeMIIH OIUIII. 
ELIJIH rronyqeHhl pe3YJILTaTLI no yqery 3JieKTpoMarHHTHhlX 3tptpeKTOB B pacrra,ne Ke4 [27]. 

IlpoBe,neHO o6o6m:emre TeopeMbI <l>epMn-BaTCOHa Ha cnyqai-i ,nByx CBH3aHHLIX KaHaJIOB C 

HepaBHbIMII MaccaMII [28]. ~aHa oueHKa 3tptpeKTOB HapyrneHHH ll30TOIIlfqecKOH lfHBapHaHT­

HOCTlf B pacrra,nax 3apH)I(eHHhlX KaOHOB II HX BJIIIHHHH Ha BeJIIfqHHbl ,llJIHH 1r1r-pacceHHHH, 

II3BJieKaeMble lf3 3KcnepnMeHTa [28,29], a TaK)I(e 3tptpeKTa o6pa30BaHHH 3JieMeHTapHbIX A1rµ-
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aTOMOB B Kµ 4-paena.r{e [30]. 3TH pa6on,1 06opBaJJne1, B <peBpane 2011 ro,na H3-3a nDI<eJJoii 

6one3HH Caurn. 

Cama mo6HJJ )l(HBOe ,neJJO H e y,noBOJJl,eTBHeM 3aHHMaJJeH TeopeTH'IeeKoii no.n,nep)l(l(OH 

3KenepHMeHTOB (DIRAC, NA-48/2 H ,np.). 11 XOTH noeTaHOBKa MHomx 3a.r{a'I, KOTop1,1Mn eMY 

IIpHXO)'.(HJJOel, 3aHHMaT1,e.si, MOTHBHpoBaHa TeM HJJH HHhlM 3KenepHMeHTOM, pemeHHH 3THX 

3a.r{a'I, TaKHX KaK BI,IBO,n npaBHJJ eYMM )'.(JIH pae'IeTa noJJHI,IX eeqeHHii B3aHMo,neiieTBHH EA 
e aToMaMH BemeeTBa [8], <popMynHpoBKa nonHoii may6epoBeKoii TeopHH aTOMHoro EA-TA­
paeeeHHHH [4], BI,IBO)'.( eHeTeM@ KBaHTOBl,IX KHHeTH'IeeKHX ypaBHeHH:ii )'.(JJH 3JJeMeHTOB MaTpHUhl 

nJJOTHoeTH MHoroypoBHeBI,IX aTOMHI,IX eHeTeM [6], nepeeMOTp n ynyqmeHHe TeopHH MoJJI,e­

pa B paMKaX may6epoBeKOH annpoKeHMaUHH [7], o6o6meHHe TeopeM@ <l>epMH-BaTeOHa Ha 

enyqaii ,nsyxKaHaJJbHoii 3a.r{a'IH [28], o6o6meHHe ,nBynernesoro pe3yn1,TaTa H. Ka6n66o )'.(JIH 

aMIIJJHTY)'.(hl paena,r{a J( --+ 37!' Ha Bee nopH)'.(KH no eHJJl,HOMY B3aHMo,neiieTBHIO [25], HaMHO­

ro nepeKp@BaIOT noTpe6HoeTH Ka)K)'.(Oro OT)'.(eJJI,HOfO 3KenepHMeHTa H HMeIOT eymeeTBeHHOe 

3Ha'IeHHe )'.(JIH <pH3HKH B@eOKHX 3Hepm:ii H aTOMHOii <pH3HKH B uenoM. 

IloMHMO npaKTH'IeeKOH ueHHOeTH H TeopeTH'IeeKoii 3Ha'IHMOeTH, pe3yn1,Tan1 pa6oT AJJeK­

eaH.n:pa Baenn1,eBH'Ia oTJJH'IaJJHe1, Kpaeomii. TaK, o'IeH1, KpaeHB pe3yn1,TaT o6o6meHHH <pOPMY­

JJ@ H. Ka6H66o )'.(JJH aMnJJHry)'.(1,1 paena.r{a J(+ --+ 37!' Ha Bee nopH,nKH no )'.(JJHHaM paeeeHHHH H 

,nan1,Heiimero ee o6o6meHHH e yqeToM seex 3JJeKTpoMarHHTHhlX 3<pq>eKToB, BKJJIO'IaH o6pa3o­

BaHHe eBH3aHHI,IX eoeTOHHHii [25], BneqaTJJ.sieT ero TeXHHKa KOHTHHyaJJI,HOfO HHTerpnpoBaHHH 

npH BI,IBO)l,e <popMyJJ@ noJJHOfO eeqeHHH q>oTOpo)K)'.(eHHH nap KBapK-aHTHKBapK B npoueeeax 

DIS Ha H)J.pax [18], a TaIOICe BhlBO)l,e KBaHTOBI,IX KHHeTH'IeeKHX ypaBHeHHii )'.(JJH MaTpHUhl 

IIJJ0THoeTH MHoroypOBHeBI,IX aTOMHhlX eneTeM [6] n .n:p. 

ComaeHO BHelllHHM OT3@BaM, nony'IeHHI,le Cameii pe3yn1,TaT@ BOeIIpHHHMaJJHeI, KaK KJJae­

eH'IeeKHe. KaK H ero OTeU, eO)l(aJJeBlllHll, 'ITO He po.n:HJJe.sI BeKOM paHbllle, Cama eO)l(aJJeJJ, 'ITO He 

po)J.HJJeH B nepno.n: eTaHOBJJeHHH KBaHTOBOH TeOpHH. B 3TOT nepno.n: OH, HeeoMHeHHO, C)J,eJJaJJeH 

6"1 O)'.(HHM H3 ee e03)1,aTeJJeii. Ilo eBoeMy eKJJa.n:y Cama 6@JJ KJJaeeHKOM HaYKH, 

B noene.n:Hee BpeMH, n@TaHeI, )l,OBeeTH ,no ny6JJHKa6eJJI,HOro eoeTOHHHH HeKOTOp@e He 

oriy6JJHKOBaHHI,le HM pe3yJJ1,TaTl,I [ 4, 7], jJ JJHlllHHii pa3 y6e.n:HJJae1, B TOM, 'ITO Cama pa6oTaJJ 

KaK M3Tp. M@ ,neiieTBHTeJJI,HO yqeHHKH no epaBHeHHIO e HHM. OH )l(e pa60TaJJ KaK MaeTep. 

OqeHI, )l(aJJI,, 'ITO B esoe BpeMH OH OTKa3aJJeH 3amnmaTI, )l,OKTOpeKyIO )l,HeeepTaUHIO. 11 
xorn B noene)J.HHe ro.n:1,1 no.n: BJJHHHHeM 6JJH3KHX eMy nro.n:eii OH see )l(e Ha6poean ee nnaH: 

1) KorepeHTHoe po)K)'.(eHHe pe3oHaHeoB Ha H)J.pax; 2) HeKorepeHTHble npoueee1,1 B a,npoHax; 

3) H.n;po-H)J.epHoe paeeeHHHe; 4) npoxo)K)'.(eHne T.sJ)l(eJJbIX HOHOB qepe3 BemeeTBo; 5) 3<p<peKT 

JlaH.n:ay-IloMepaH'IyKa; 6) o6pa30BaHHe EA H HX B3aHMO)l,eiieTBHe e semeeTBoM; 7) 3JJeKTpo­

MarHHTHhle 3q><peKT@ B paena,r{ax 1(3,r, Ke4 H Kµ4; 8) po)IC.n:eHne JJenTOHHhlX nap B HL1.po­

H.n:epH1,1x eoy.n:apeHHHX - HanHeaTI, H 3amHTHTI, ee eMY 61,mo J)l(e He eJ)IC)l.eHo • 

. X0Tenoe1, 6@ .n:o6aBHTI, HeeKOJJI,KO eJJOB O Came KaK qeJJOBeKe, noeKOJJl,KY OH o6JJa.r{aJJ 

HeKJJIO'IHTeJJI,HhlMH 'IeJJOBeqeeKHMH Ka'IeeTBaMH. bOJJl,lllHHeTBO JJIO)l.eii 3aHHTO eBOHMH npo-

6JieMaMH, · H nx npoem He xsa-raeT Ha .n:pymx - pa3Be 'ITO Ha eBOHX 6JJH3KHX. OHH MOryT 

npoiiTH MHMO TeX, KOMY HJ)l(Ha n0Mom1,, JJHlllI, B@pa3HB eO)l(aJJeHHe, 'ITO OHH HH'IeM He 

MOryT noMO'II,. He TaKOB 6@JJ Cama. OH Beer.n:a oeTaHaBJJHBaJJe.si n noMoran - BeeM, KeM 

61,1 HH 61,m 3TOT qeJioBeK, - H ,n:eJJaJJ Bee, 'ITO Mor. BonpeKH, eBOHM eJJOBaM O TOM, 'ITO OH 

MH3aHTpon, K JJIO,D:HM, KOTOpblM 6@JJa Hy)l(Ha n0Mom1,, OH OTHOeHJJeH npoeTo no-6o)l(eeKH. 

11 TaKOe OTHOllleHHe 61,mo He TOJJI,KO ene,n:eTBHeM ero <peHoMeHaJJl,HOU eHJJ@, HO n pe,n:KHX 

.n:ymeBHI,IX Ka'IeeTB. KaK HaeToHmHii pyeeKHH 6oraT1,1p1,, OH 6I,1JJ eTOJJI, )l(e ,n:o6p, eKOJJI, eHJieH. 
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TaKoe cotJeTaHIIe lfCKJIIOtJIITem,HMX )'MCTBeHHI,IX, q>II3lftJeCKIIX If .izyrneBHI,IX KatJeCTB ,ne­
naeT Carny COBepmeHHO Heop,nIIHapHhIM HBJieHIIeM B Harneii )Klf3Hlf If 3aCTaBJij{eT BCilOMHHTI, 
CJIOBa: "IlpIIpo,na-MaTh, Kor,na 6 TaKIIX JIIO,neii TI,I IIHor,na He IlOCI,IJiaJia MIIpy, 3amoxna 6 HIIBa 
,KH3HH!" 

To, tJTO npoH30IllJIO C HHM B nocJie,nHHH nepno,n ero )KH3HH, CTpaIIIHO. Ho OH My)l(eCTBeHHO 
,nep)l<aJICH II 6opOJICH ,no KOHI~a, B1,131,IBaH my6oKoe yBa,KeHIIe H BOCXHIQeHHe OKp~aromnx. ll 
_na,Ke yrnen KpacnBo. OH ,no KOHQa 61,1n BepeH ce6e. 

TaKHe nro,nH He yxo,ngT H3 Harneii ,KH3HJI. OHJI npo,noJI)KaJOT )KJITh B cep,nnax, ,nenax H 
naMHTJI CBOHX 6JIH3KJIX, ,npY3eii, Konner, Bcero HayqHoro coo6mecTBa - Bcex, KOMY noctJacT­
JIHBHJioc1, HMeTI, c HHMH ,neJio H KTO HM 6naro,napeH. 
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BOCIIOMHHAHIDI ,l(PY3EH H PO,l(HhIX 

CryJJ:en11ecKHii nepHOJJ: 

r.JI. JiotJ:eK 
Ha11uo1taJ1bHblU 11ay'l1tblii 11enmp "Xapb1<.oec1<.uii rjJu3u1<.o-mex11u'lec1<.uii uncmumym ", Xapb1<.08 

CamKa TapaeoB 6I,rn eaMLJM MOJIO.ll:blM He TOJII,KO B Hameii rpynne, HO " Ha K)'Pee. Ha 
1 eeHrn6p.11 1958 ro,n:a eMy 61,rno 16 neT u Tpu Mee.11Qa. 

<l>U3UKO-MaTeMaTnqeeKUH cpaeym,TeT XapbKOBeKoro YHUBepCUTeTa B TO BpeM.11 ,n:eJIUJie.11 
Ha ,n:Be qaeTu: cpu3U1Ieeey10 u MaTeMaTuqeeey10. <l>muqeeKa.11 qaeTb cpaK)'JlbTeTa eoeTo.llJia 
U3 Tpex oT,n:eneHuii: .11,n:epHoii cpn3HKH, cpmuqecKoro u aeTpoHoMuqeeKoro. MaTeMaTnqecKa.11 
qaeTb cpaKyJibTeTa TaK>Ke eoeTo.11na U3 Tpex oT,n:eneHuii: MaTeMaTnqeeKoro, MexaHuqeeKoro 
" OT,n:eJieHU.11 BLJqUeJIUTeJII,HOH TeXHUKU. B eBolO oqepe,n:b, oT,n:eJieHU.11 cpmuqeeKOH qaeTU 
cpaKyJII,TeTa ,n:eJIUJIUeI, Ha eeMI, rpynn: l -.11 u 2-.11 rpynnLI OTHOeUJIUeI, K OT,n:eJieHUIO .11,n:epHOH 
cpH3UKU, 3-6-.11 rpynnLI - K cpmuqeeKoMy oT,n:eneHuJO, 7-.11 rpynna - K aeTpoHoMuqeeKoMy. 

MLI e CaIIIKOH 61,mH B nepBoii rpynne. TaK nonyqHJioeb, qrn HaIIIa rpynna 61,ma nepBoii 
Ha eypee He TOJII,KO no HOMepy; HO u no eyIQeeTBy. Bo-nepBLIX, eTapoeTOH rpynnLI y Hae 6LJJI 
AxMepoB PacpKaT BacpoBnq, 61,rnIIInii aBnaQnoHHLIH ocpnQep, oqeHb 06pa30BaHHbIH, uHTeJIJiu­
reHTHLiii u oqeHb npu.llTHbIH qeJioBeK. OH 61,m eTapIIIe Hae, 1928 ro,n:a po)K,n:eHu.11, a MHoruM 
m Hae Ha TOT MOMeHT eIQe He 61,mo u 18 JieT. 8JIU.IIHUe Ha Hae OH OKa3aJI oqeHJ, 6oJII,IIIOe, OH 
6bIJI ,n:JI.11 Hae KaK "OTeQ po,n:Hoii". 

,n:pyroii npuquHOH 6LIJI CaIIIKa. IloeJie BToporo K)'Pea OH eTaJI JieHUHeKUM eTnneH,n:HaTOM 
- e,n:uHeTBeHHLIM He TOJibKO Ha K)'Pee. Mx Beero-To 6hlJIO HeeKOJII,KO qeJioBeK BO BeeM YffUBep­
euTeTe. 3Ta qeeT1, OKa3bIBaJiae1, TOJibKO 3a oeo6Lie 3aenyru - KaK no qaeTu yqe6LI, TaK u 3a 
aKTUBHylO o6IQeeTBeHHYIO pa6ory. A CaIIIKa B TO BpeM.11 6LJJI oqeHI, aKTUBHLIM KOMeOMOJII,eKUM 
,!le.l!TeJieM. Y Hero 6hlJIU QeHHLie KaqeeTBa: qeeTHOeTI., np.!!MOTa, npUHQHnUaJII,HOeTI, - n oqeHI, 
eKopo OH CTaJI U3BeCTHI,JM B MaeIIITa6ax Beero cpaeyJII,TeTa. 

TaKUM o6pa30M, B rpynne OKa3aJioeI. ,n:Ba HecpopMaJII,HLIX JIU,n:epa: eaMLIH eTapIIIHH no 
B03paeTy " eaMLIH MJia,n:IIIUH. IlpuqeM OHU npeKpaeHo .n:onoJIH.IIJIU .n:pyr ,npyra. y o,n:Horo 6LJJIU 
)l(U3HeHHLIH onLIT, TaKT U K)'JII.TYPa, y ,n:pyroro - 3HaHU.11 U 3a,n:op MOJIO,n:oeTU. CaIIIKa HUKor.n:a 
He eTpeMUJie.11 K JIU,n:epeTBy - 3TO 6LJJIO JIU,n:epeTBO eHmy: JIU,n:epoM ero ,n:eJiaJIU MLI. 

Ceeeuu Tapae Beer,n:a e,n:aBaJI .n:oepoqHo u Ha ornuqHo. IlpaB,n:a, 6LJJI y Hae e HUM Bee-TaKu 
O,!IUH "npoKOJI". B KOHQe BToporo eypea MLI nonbITaJIUeI, C xo,ny e,n:aTI. ,n:oepoqHo UeTopUIO 
KilCC. He noJiyqUJIOeb, He XBaTUJIO 3HaHUH. IlpnIIIJioeb no,n:yqUTI,e.11 H e,n:aBaTI, BMeeTe e 
rpynnoii. B KOHQe oeeHHero eeMeeTpa 5-ro K)'Pea npou30IIIJIO yHHKaJibHoe eo6brrHe: .ll:y6Ha (B 
TO BpeM.11 MeKKa Beex cpU3UKOB-.ll.ll:epIQUKOB) B nepBLIH U noene,n:HUH pa3 npurnaeUJia Il.!!TepLIX 
HaIIIUX CTy.ll.eHTOB Ha ,n:UUJIOMHYJO npaKTney. CaIIIKa, eeTeeTBeHHO, 6LJJI B quene nepBbIX. 
,Zl)mnoMttylO pa6ory OH BbIUOJIH.IIJI B n51II. PYKoBo,n:uTeneM 61,m n.M. nanu,nye. 

Iloene 3aIQHTLI ,n:unnoMHoii pa6oTLI (B eepe,n:uHe ,n:eKa6p.11 1963 ro,n:a) OH nonyqun Ha3Haqe­
HHe B <l>u3UKo-TexHuqeeKuii nHeTUryT- <l>TM AH YCCP (Bnoene,n:eTBuu X<l>TM, r. XapI.KOB). 
,O,nHaKo 6naro,n:ap.11 noMOIQU y,n:HBUTeJII,Horo qenoBeKa n yqeHoro aKa,n:eMHKa A.K. BaJibTepa 
npHMepHo qepe3 nonro.n:a CaIIIKa 61,m nepeBe,n:eH B OJUIM, r.n:e n Tpy,n:une.a .n:o noene,n:Hero 
,nm,. 
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DLIJI B ero )Kll3HJI JI eme OJ:{JIH 3IlJI30):{. Ha BTOpOM Kypce B Ha11ane BeceHHero ceMeCTpa 

(Mhl TOr):{a jl(JIJIJI B o6meiKJITJIJI npJI YHJIBepCJITeTe) B o6me)KIITIIII BBenJI caMoo6crryiKJIBaHJie. 

Y6opmm~a y6IIparra TOnhKO YMhIBanhHIIKII II zyaneT, a KOpJIJ:{Op II K)'XHIO J:{OniKHhl 6hIJIII 

y6IIpaTh Mhl caMJI. KoMaHJ:{OBan 3TJIM crnpocTa 3TaiKa. Ha HallieM 3Ta)Ke TaKOBLIM OKa3aJICH 

H. Ha TpeTheM KYPCe Hae, CTapocT 3TaiKa, KaK TOr):{a roBopJinII, "KOOilTJipoBanJI" B COCTaB 

cTy):{eHtJecKoro KOMIITeTa (cTy):{KOMa). O):{HaiKJ:{hl Ha OJ:{HOM II3 3ace):{aHIIH CTYJ:{KOMa H 3aMeTIIn 

HOBeHhKyIO: CJIMilaTJitJttyIO J:{eBOtJKY B OtJKax. Ha BhIXOJ:{e JI3 KOMHaThl Mhl OKa3aJIJICh pHJ:{OM JI 

pa3roBopJinJICh. OHa 0Ka3arrach Hameft OJ:{HOKypcHJIQeH, C MexaHJIKO-MaTeMaTJitJeCKOH tJaCTII 

cpaKYnhTeTa (OTJ:{eneHJie BhltJJicnJITenLHOH TeXHJIKII). IloTOM Mhl IlOJ:{OllinJI K OKHY B TOpQe 

KopIIJ:{opa. PHJ:{OM 61,rna necTHJitJHa}l KJieTKa. llepe3 HeKornpoe BpeM}l noKaJarrcH Tapac. Kor):{a 

OH IlOJ:{Ollien K HaM, H IIX II03HaKOMIIJI. Kor):{a OHII o6MeHMIICh B3rnHJ:{aMII, H IIOHM, tJTO, 

He ycneB OilOMHJIThCH, TYT )Ke oKa3aJICH ''rpeThJIM nJilliHJIM". 3TOH J:{eBOtJKOH 61,1na BarrhKa 

ConoBheBa, B 6y):{ymeM TapacoBa. 

B KOHQe 1962 ro):{a Hae (cTy):{eHTOB 5-ro KYPCa OTJ:{eneHIIH HJ:{epHOH q>II3IIKII) BJ:{pyr Bhl3BanII 

Ha BOeHHYIO Kacpe):{py. HYiKHO OTMeTJITI,, qrn BOeHHa}l IIOJ:{TOTOBKa Hae He OtJeHh 6ecIIOKOJina. 

EcnJI Ha J:{pyrnx OTJ:{eneHIIHX cpaKynhTeTa BOeHHa}l IIOJ:{TOTOBKa IIpOXOJ:{Jina B TetJeHIIe J:{Byx neT, 

C Bhie3):{aMJI B narepH II Ha yqeHJIH, TO Ha HameM OTJ:{eneHIIII OHa J:{nJinac1, BCero ):{Ba ceMeCTpa 

- BTopoft JI TpeTJIH. Ilpoxo):{JinJI MhI o6meBoncKoBYJO no):{roTOBKY 6e3 Bhle3):{a B narepH. O):{HOH 

JI3 npJitJJIH, BepoHTHO, 61,rn TOT cpaKT, l{TO BOeHHo-yqeTHaH cneQIIaJihHOCTh (BYC) B TO BpeMH 

61,rn 3aKpbITOH, JI Mhl caMJI TOnKOM He 3HaJIJI, B tJeM, B crry11ae Heo6XOJ:{JIMOCTJI, 6y):{eT COCTOHTh 

Hama CJIYiK6a. CKopee Bcero, 3To pa):{IIaQJIOHHaH pa3Be):{Ka B cnyqae npIIMeHeHIIH HJ:{epHoro 

OPYiKIIH. B KOHQe BTOporo Kypca Mhl yiKe 6h!nII Mna):{lliIIMII JIHiKeHep-nenTeHaHTaMII 3aIIaca. 

IlpJIJ:{H Ha Kaq>e):{py, Mhl 6hIJIJI "npIIHTHO" YJ:{JIBneHhl npJICYTCTBJieM BOeHHO-MopcKoro ocpJI­

Qepa B tJJIHe KaIIJITaHa TpeTbero paHra llepHOMOpCKOro cpnorn, KOTOpbIH noIIynHpHo pa31>HCHJin 

HaM, tJTO BoeHHO-MOpCKOH cpnoT Co103a IIepeXOJ:{IIT Ha aTOMHhie IIOJ:{BOJ:{Hhie nOJ:{KII, a OHII 

IIMeIOT HJ:{epHhie peaKTopLI, KOTOphie Heo6XOJ:{JIMO KoMy-To o6CrryiKJIBaTh. A TaK KaK TaKJIX 

CIIeQIIaJIJICTOB y HIIX J:{eq>IIQIIT, TO eCTI, pemeHIIe JICTIOnh30BaTh Hae B 3TOH ponJI, IlOCKOnhKY 

Mhl JIMeeM J:{OCTaTOtJHO 3HaHIIH B o6nacTJI HJ:{epHOH q>JI3JIKJI. A J:{aJibllie - IlOJ:{TOTOBKa B 

CeBacTonone B cneQJiaJihHOM QeHTpe, 3BaHJie nenTeHaHTa, 200 py6neft 3apnnaThl nn10c IIO 

50% Ha )KeHy II Temy; IIOnHoe J:{OBOnhCTBIIe - II CeBepHhIH cpnoT. 

Hae HaIIpaBJinJI Ha Me):{KOMJICCHIO. Ih 36 11enoBeK J:{O KOHQa KOMHCCJIJI npomno Hae IIHTepo 

JI cpe):{H HHX, ecTecTBeHHO, Tapac. Xnpypr (oH 61,rn nocne):{HJIM ll3 Bpa11en) MeHH 3a6paKOBaJI 

cpa3y: pocT y MeHH 193 CM, a MH IIO):{JIOJ:{OK OH J:{OniKeH 6hITh B IIpe):{enax 150-180 CM. Y Tapaca 

B KapTOtJKe 61,rn 3aIIJicaH pocT 181,5 CM. Bpa11 3acoMHeBarrcH JI nocnarr ero nepeMepJITh pocT. 

B1,1pyqIIna iKeHmJIHa, KoTopa}l 3TOT pocT JI3MepMa. Ha caMoM J:{ene pocT y Tapaca 61,rn enema 

MeHhllie 181 CM. Ho TO nJI y Tapaca 61,rn enema )KaJI06HhIH BJIJ:{, TO nJI iKeHmIIHa 0Ka3arracb 

cep):{06on1,Hon (iKeHmJIHa 61,1na YiKe B Bo3pacTe), oHa nomBep):{ttna, tJTo pocT y Tapaca Bce­

TaKJI 181,5 CM. TaKHM o6pa30M IIonyqJinoch, tJTO 3TII nonTopa caHTIIMeTpa ChlrpanJI poKOBYJO 

ponb B cy):{h6e aTOMHOro IIOJ:{BOJ:{HOro cpnorn. He OKaiKIICh JIX llJIJI OKa)KJICh iKeHI.QJIHa 6onee 

npJIHQJITIJiaJihHOH, ll OtJeHh B03MOiKHO, tJTO aTOMHhIM q>JIOTOM PoccHJI KOMaHJ:{OBaJI 6bl a):{MJiparr 

TapacoB AneKcaHJ:{p BacnnheBIItJ. 

DhIJIO y CamKJI JI eme OJ:{HO QeHHOe KatJeCTBO - OH 61,rn Tpy.noroJIJIK. MLI Bee JIHOr):{a 

no3BOJI}IJIJI ce6e cnerKa no6e3):{enhHHtJaTh. 3a HMM iKe H TaKoro HIIKor):{a He 3aMetJarr. HanpnMep, 

B Te 6narocJIOBeHHhie BpeMeHa Mhl Ka)K):{hIH ro):{ oceHhlO e3):{Hnll Ha MeCHQ B KOnX03. H BOT B 

Chlpy10 J:{O)K):{JIHBYJO noro):{y, KOr):{a Mhl BhIHy)K):{eHhl 6hIJill CHJ:{eTh J:{OMa ll "pe3aJIHCh" B KapThI, 

OH, CJIJ:{H pHJ:{OM, CTIOKOHHO lliTYJ:{HpoBarr "npocTpaHCTBa PttMaHa". 
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TaI< norryqanoeb, tJTO MI,J e HJIM noeTOHHHO 01(3.3!,IBaITJieI, Ha eaMMX Tpy,noeMI<JIX JI onaeHI,JX 
pa6ornx. O,n;na)K,J:(I,J HaM npJIIIIITOeI, pa60TaTI, Ha eJinoeoBaHHH I<YI<YPY3M. Pa6oTa eoeToHna B 
ene,n;yromeM. Hy)I(HO 61,mo, eToH B I<Y30Be eaMoeBana 311n-130 e uapamenHMMJI 6opTaMJI, 
6MeTpo pa36pae1,rnaT1, paBHOMepuo no BeeMy I<Y30BY ,n;po6neuy10 I<YI<YPY3Y, Kornpyro ry,n;a 
3a6paeMBan eJinoeoy6opotJH!,JH KOM6aiiu. ABTOM06JIITI, JI KOM6aiiH IIpJI 3TOM "nnHeanJI" O,D;HO­
BpeMeHHO B Tpex JI3MepeHHHX. H~HO 6Mno yeneBaTI, JI eJinoe p3.36pae1,rnaTb, H BHHMaTenl>HO 
cne,n;JITh 3a "ryeaI<oM" KoM6aiiua. O,nna)K,J:(M CamKa noTepHn 6,n;ttTen1,uoeTh, JI "ryeaK" e6poeJin 
ero ua 3eMnro. Ou ynan na cnJiuy, JI, B03MO)I(Ho, 3To 61,mo o,n;uoii JI3 npJitJJIH ero noene,n;y10mJix 
npo6neM co cnnuoii. B ,n;pyroii pa3 MM BmeeTepoM no npoe1,6e npe,n;ee,n;aTenH I<onxo3a nepe­
B03HITJI e )I(eITe3HO,D;OpO)I(ffOH eTaHU:HH BOCI,MJIMeTpOBI,Je 6peBHa JI3 CBe)I(eepy6neHHOH eoeHI,J. 
Ciia'l'ana JIX H~HO 6Mno no HaKITOHHI,JM )I(ep,nHM 3aKaTJITI, B KY30B aBTOMaIIIJIHI,I e npnn:enoM. 
Pa6orn 6Mno ueeKonl>Ko onacnoii. H~na 6I,JITa ena)I(eHHaH pa6orn Bceii 6pJira,n;M. CrnJino 
I<OM)'-TO OTBITetJbeH, OTeTaTh - tt 6peBHO MOI'JIO eopBaTl>CH. 11 BCeM 6M npnmnoeb Heena,n;I<o. 
11 o,n;na)K,J:(M epa6ornn "3aKoH Mep4>JI": 6peBno rpo3Jinoe1, pJinyTheH BHJI3 - n TYT Tapae 
MrHOBeHHO no,n;CTaBJIIT enJIHY no.n 6peBHO, nmaHCI, ero y,n;ep)I(aTI,. C 6peBHOM MI,J enpaBttnJieh, 
HO H TOIJHO 3HaIO, tJTO Tapae npJI 3TOM nonyqJin TpaBMY enHHI,I. 

B Te BpeMena cry,n;eHTl>I 61,mH uapo,n;oM 6e,n;HMM. CTHnen,n;ttH y nae 61,ma 25 py6neii (no 
oqJJIU:JiaITl>HOMY I<Ypey npJIMepuo 25 ,n;onnapoB). A y Tapaea, KaK neunucKoro eTttneH,n;JiaTa, 
oHa 6Mna a)I( 80 py6neii - 6oratJ! Ho BeH 3Ta eTJineH,D;HH mna, B oeHOBHOM, B o6mJiii I<OTen. 
H~Ho 61,mo r,n;e-To I<aI<-TO no,n;pa6aT1,rnaTb. l1 Tapae uamen xopomyro "ma6amI<Y"· EeTh (6bm) 
B Xapl>KOBe MMITOKOM6ttHaT. B npon:eeee JI3roToBITeHHH MI,JITa nenonh3DBanae1, KaHJI4>on1,. Ha 
TeppHTOpJIJI KOM6JIHaTa eI<OnJinoeI, OKOITO 1200 TOHH KaHH<l>onH B ,n;epeBHHHI,JX 6otJKax BeeoM 
OT 100 ,n;o 300 Kr, eBaneHHI,JX B Tptt orpoMHI,JX KYIJH. <l>HHHHeneKUHH IIOTPe6oBana yno)I(JITI, 
Bee 3TO ,n;o6po B npaBHITI,HI,Je napanneneIIJIIIe,D;I,J B Tptt Hpyea, tJT061,1 OHH MOI'JIJI eoetJHTaTI, 
tJJieno 6otJeK. Pa6otJJie KoM6JIHaTa oT TaI<oii pa60TM OTKa3anne1,. Hamnac1, 6Mno o,n;ua rpynna 
cry,n;eHTOB, HO qepe3 Tptt ,ll;H}I OHH OTK3.3anae1, TO)I(e. 3TJIM B0eIIOIT!,30BaneH· Tapae, 6MeTpo 
cI<onoTttn 6pnra,n;y H3 pe6RT uameii rpyrrrrM, JI pa6orn 3aKttrrena. 200-KttnorpaMMDBMe 6otJKJI 
Ml>I eTaBttnJI "na nona" JI 3aKaTl>IBaITJI ua 2-ii JI 3-ii xpyeM euaqana BTpoeM, 3aTeM B,n;aoeM, a 
no,n; Konen: Tapae YMY.npHneH ,n;enaTh 3TO B o,n;JIHOIJI<Y. Ha 3TY pa6ory y nae ymno npJIMepuo 
nomopa MeeHn:a. Pa6ornnn B 6y,n;HH rroene neI<U:HH tt B BI,IXO,D;HI,Ie. 

HacKonl>I<o MHe JI3BecTHo, 6y,n;yqJI ~e B )];y6ue, Tapae npo,n;on)I(an 3TY npaKTHI<Y "ma6a­
IIIeK". Ero xopomo IIOMHRT tt IleTPoIIaBIToBeK-KaMtJaTeKttii, tt rpy3oBaH eTaHU:JIH )];y6ua-3. 11 
TaM OH ee6R He ma,n;nn JI, KaK roaopttTeH, 61,m Beer,n;a B rrepBMX pH,n;ax. 51 oeTaHOBJineR Ha 3THX 
co6MTHRX, IIOTOMY tJTO IIOIJTH YBepen, tJTO, K eo)I(aneHJIIO, 3TO Bee IIOTOM BI,IIIIIT0 eMy "6oKoM". 
Kor,n;a peq1, 3axo,n;HT o Tapace, H Ben0Mnna10 enoBa EennncI<oro B a,n;pee )];06pon1060Ba: "OH He 
rnymaneH HJII<aKHM Tpy,n;oM. Ou - Tpy,n;on106Jie, He 6enopyqI<a!" )];YMaIO, tJTO JI ,n;pyrtte enoBa 
3TOro eTJIXOTBopeHHH Tal()I(e IIO,J:(XO,ll;RT I( Tapaey. (51 HHor,n;a ynOTpe6ITHIO HMH Tapae. MHe TaK 
npJIBI,JtJHeii. 3TO - ero ery,n;eHtJeeKHH IICCB,D;0HJIM. )];nH Hae Beex CamKa oeTaneH TapaeoM.} 
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A.B. Tapacon: uecK0JILK0 3nu10,11;0B 
npoMeJILKHyBmeii ~H3HH 

JI.r. TKa'leB 
O6oeow1eHHb1u uHcmumym R0epHblX ucCJ1eooeaHuu, ,l(y6Ha 

Ilo3HaKOMHJICjJ: g c AneKCaH.n:poM BacHJibeBHqeM TapacoBbIM ,n:aBHO, ro.n:y B 1965 HJIH 1966. 
B MoHx 6YMarax Harnencg OT3bIB, no,n:nHcaHHbIH JI.II. JianH,n:ycoM H Carnett B 1967 ro.n:y, Ha_ 

MOH IIepBble 9 pa6oT, B KOTopoM OHH peKOMeH,n:OBaJIH IIpHCBOHTb MHe 3BaHHe M.H.C. Tor.n:a MLI 

o6a 6bIJIH MOITO.U:bie, 3,n:opoBble, H Bee y Hae 6bIJIO BIIepe,n:H. MbI .n:p)')KHJIH ceMbjJ:MH, JieT 10 
XO.U:HJIH .n:pyr K .n:pyry B fOCTH HJIH Ha IIpHpo.n:y BMecTe C pacTyIIIHMH ,n:eTLMH. B TO BpeMjJ: 

y Melijl 6bIJia jJ:XTa tt Mbl He pa3 BbIXO.U:HITH IIO.U: IIapycaMH Ha Bonry HJIH MocKOBCKOe Mope. 

KoHTaKTOB IIO HayKe 6bIJIO y Hae HeMHoro, B 1970 ro.n:y BbIIIIITa Bcero JIHIIIb o,n:Ha COBMeCTHaH 

pa6orn o BJIHHHHH 3neKTpoMarHHTHOH cTpyKTypM a,n:poHoB Ha. BenuqHHY HX ceqeHHii. 

3aIIOMHHJIOCb HeCKOITbKO 3IIH30.U:OB, KOTOpbie ,n:aIOT HeKOTOpoe IIpe,n:cTaBneHHe O TOM, qeM 

Carna 3aHHMaJICjJ: B CBo6o,n:Hoe OT pa6oTbI BpeMjJ: If qTo ero IIpHBITeKaITO. 3apnnaTbl y Hae B 

Te ro,n:bl 6bIJIH HH3KHe, qTo6LI co,n:ep)KaTb CeMbH, HO 6LIJIO 3.U:OpOBLe. qT06bI IIO,n:3apa6oTaTL, 

MbI He pa3 B He6oJibIIIOll KOMIIaHHH XOITO.U:HLIMH 3HMHHMH HoqaMH pa3rp)')KaJIH Ha DOITbIIIOll 

Bonre BaroHbI C IIeMeHTOM _HJIH y,n:o6peHifjJ:Mlf. Ilocne TaKHX 3a6aB pa3rpy3Ka neTOM BaroHOB C 

oBoIIIaMH Ha 6a3e OPC Ka3anacb KypoproM. 

CTpaHa y Hae 6oJibIIIag, r.n:e Hapo.n: TOr,n:a TOITbKO He rna6arnHJI, He TO qTo B HbIHeIIIHee 

BpeMjl. JleTOM 1972 ro.n:a Mb! OKa3aJIHCb BMeCTe co CTpoiioTpjJ:,n:OM (6onee 50 qenoBeK BO rnaBe c 

KOMCOMOITbCKHM BO)K.ll:eM B. EyTIIeBbIM If KOMHccapoM B. KanHHHHKOBbIM) B IleTpOIIaBITOBCKe­

KaMqaTCKOM - crpoHITH .n:oporH If pa3Hoo6pa3Hhle IIpOH3B0.U:CTBeHHble IIOMeIIIeHHjJ:. Carna 6bIJI 

KpeIIKHM M)')KHKOM, H g KaK ceiiqac IIOMHIO ero c JIOIIaToii y ~H 6eToHa. O6bJqHO .n:eno 6bIJIO 

TaK: K KOHIIY pa6oqero .n:Hjl 6eTOH Ha HOpMaJibHhlX CTpOHKaX nepeCTaBaJIH IIpHHHMaTb, H BeCL 

6eTOH, HeCKOJibKO caMOCBaJIOB, men K HaM, rna6arnHHKaM, Ha 6eTOHHpoBaHHe ,n:oporH. 1ITo6LI 

6eTOH He ycnen OKaMeHeTb, Beeb HaJIIfqHhlll COCTaB 6pocaJICjJ: Ha .n:opory, HO pe,n:Ko y,n:aBanocL 

3aKoHqHTb paHbIIIe qaca-,n:Byx HoqH. To 6bIJIH HaCTOjJ:IIIHe MY)KCKHe 3a6aBbI. O,n:Ha)K.ll:bl Hae 

c TapacoBhlM qYTI, He y6HJIO. Mb! pa6oTaJIH Ha nepeKpbITHH IIOTOJIKa BblcoqeHHOfO CKJia,n:a. 

MopocHJI MeJIKHii .U:O)K.ll:b, Ha,n:o 6bIJIO IIO.U:HjJ:Tb )KeJie3HbIH KO~ co CBapoqHoro annapaTa, 

KOTOpbiii IIOTpe6oBaJIOCb rrepeHeCTH Ha .n:pyroe MeCTO. ArrrrapaT OKa3aJICjJ: IIO.U: HaIIpjJ:)KeHHeM, 

H Kor.n:a KO~ crryqaiiHO KOCHYJICjJ: ero OTKpLITbIX KOHTaKTOB, TO y,n:apoM TOKa Hae OT6pocttno 

Ha HeCKOJibKO MeTpoB, HO He y6HJIO, If MbI He ynanH BHH3 C BbICOTbI 6onee 20 MeTpOB. 

DbIBaJIH y Hae Ha KaMqaTKe If .U:HH OT.U:bIXa. B o,n:HH If3 HHX qenoBeK 20 H3 OTpg,n:a, Mb! B TOM 

qifcJie, peIIIHJIH IIO.U:HjJ:TI,CjJ: Ha o,n:HH If3 6JIH)KaHIIIHX K HaM KapjJ:KCKifll BynKaH. HecKOJILKO qacoB 

IIIJIH B KHp30BbIX canorax BBepx IIO rny6oKOMY MOKpOMY CHery OCBeIIIeHHOfO COJIHI~eM KPYTOfO 

CKITOHa. ,n:o BepIIIHHbI OCTaBaJIOCb 200-300 MeTpoB, Kor.n:a COJIHIIe CIIpjJ:TaJIOCb 3a OTpor, rro.n:yn 

xono,n:Hhlii BeTep, cHer 3a.n:y6en. )];anbrne B canorax xo,n:y HeT, onacHo. BHH3 cnycTHJIHcb 3a 

15-20 MHHYT: ca,n:HIIIbCjJ: Ha IIITOpMOBKY, IIpHBjJ:3aHHYIO BOKpyr nogca 3a pyKaBa, H BIIepe,n:. y 
Ka)K.n:oro 6LIJIH 6onbIIIHe KpeIIKHe nanKH, anLIIeIIITOKH, KOTOpbIMH Mbl IIpHTOpMa)KHBaJIH H rrpH 

6erneHOM .U:BH)KeHHH BHH3 yrrpaBJijJ:JIH HMH KaK pyneM, qT06bI He BhlCKOqHTb Ha TopqaIIIHe H3 

CHera 6oJibIIIHe KaMHH. OT,n:enanHcb cca,n:HHaMH H IIOpBaHHbIMH O KaMHH IIITOpMOBKaMH. 

Ilocne Toro KaK g 3a6pocHn gxry, neTHHe rna6arnKH y MeHg nepeMe)KaJIHCb c neTHHMH 

IIoxo,n:aMH B ropbI. IlepBbIH pa3 K HarneMy noxo,n:y Ha AnTaii IIpHcoe,n:HHHJICjJ: Carna C CLIHO­

BbjJ:Mlf Cepe)KeH H AHTOHOM B 1978 ro.n:y. IlpHJieTeITH B EapHayn, HeCKOITbKO ,n:Heii aBTo6ycaMH 

28 

! 
Ji.... 



n rpYJOBhIMH MaIIIHHaMH ,n;o6nparrnch no qyHCKOMY Tpa:rcry ,n;o peKH KaryHh - .n:o cn:x nop 

BcnoMHHaJO ee CTpeMHTeJihHhIH noTOK. IIepenpaBHJIHCh Ha ,n;pyrott 6eper. Bech crre,n;yrom;nii 

,neHh 3amm rrepexo,n; co aceM rpy3oM 3-He,n;eJihHoro rroxo,n;a ,n;o K)"-leprrnHcKoro o3epa. B 

Harnett KOMTiaHn:n: 6bmo 6orree 20 qerroBeK, B TOM qn:crre 7 .n;eTeii oT 9 ,n;o 12 rreT. KpYThie 

ropHorrpoxo,n;Qhl BO rrraBe C HnKorraeM <I>poJIOBhIM yrnrrn HaBepx, HO qepe3 HeCKOJihKO .n;Heii 

BepHyrrnch, TaK KaK HaCTOllhKO OCHOBaTeJihHO ncnOPTHJiach noro,n;a, qTO H3-3a IIIKBaJIHCToro 

BeTpa 6hIJIO HeB03MO)KH0 aqernepoM ycTaHOBHTh Ha rre,n;Hn:Ke narraTKy. 

TeM apeMeHeM Carna c IIropeM .[(peMHHhIM noaerrn ,I:(eTeH n )KeHID;HH 6orree npoCThIM 

MapIIIpYTOM, HO TO)Ke HaTepneJIHCh H3-3a pa3JIHBIIIHXCH peqeK. IloTOM noro,n;a ycTaHOBHJiaCh, 

ll ,n;eTH C npIIMKHYBIIIHMH B3pOCllhIMH noIIIJIH Ha HeCKOJihKO ,n;Heii B coce.n;Hee ym;errhe, B 

KOTOpoM HaxO,I:(llTCH AKKeMCKOe 03epo ll ll3 KOToporo Bll,I:(Ha BhlcoqaHIIIaH BeprnnHa ArrTaH 

- ropa Eerryxa. II .n;eTHM, II B3pOCJihIM 3anoMHIIJICH o6paTHhIH fiYTh B 6a30BhIH rrareph. 

IIo,nHHJIHCh Ha pa3,I:\eJIHIOID;llH ym;errhH xpe6eT n HeKOTOpoe BpeMH IIIJIII TpaBepcoM IlOBepxy. 

Ilopa cnycKaThCH, a 6e3orracHoro nYTH BHH3 HeT ll HeT. CKopo CTeMHeeT II Ha,n;o crrycKaThCH 

no nyrn, KoTophltt ecTh, - no KPYTOMY o6rre,n;eHerroMy cKJioHy. Ho ace o6oIIIJioch, II .n;eTn n 

B3pocrr1,1e noqyacrnoBarrn o6rrerqeHne nocrre 6rraronorr)"-!Horo cnycKa BHH3 B ,I:\OJIHHy. 

· Y amaiicKoro rroxo,na 6hlrro cBoeo6pa3HOe npo,I:\OJI)KeHne B .[(y6He npn caMoM Herrocpe,I:\­

cTBeHHOM )"-laCTHII A.B. TapacoBa. Em;e B ropax HaM 3Ha10m;nii Hapo,n; HacoBeToBarr co6paTh 

30JIOTOro KOpHH, pacTYID;ero BhICOKO Ha COIIKax Ha ypoBHe aJihnHHCKHX rryroB. HaM paccKa3aJIII, 

KaK BhlrJIH,nHT :no pacTeHile, no-Ha)"-IHOMY pO,I:\HOJia p030BaH. CrroBOM, Mhl HaIIIJIII II Haco6n­

pami:. Bo BpeMH MHHHoii o6parnoii ,I:\oporn no tJyiicKOMY Tpa:rcry c HaMII B aBTo6yce exarrI1 

rreHHHrpa,ncKne Me,n;nKn-rrpoqieccopa, KOTOphie Be3JIII MOJIOqHI,Je 6n,n;oHhI, HanorrHeHHhle 3TIIM 

30JIOThIM KOpHeM, ll KOTOphle npocBeTIIJIII HaIIIIIX )KeHID;HH, KaKoe 3TO cepbe3HOe CHa):1061,e, 

KaK ero Ha cnnpTe HaCTaHBaTh ll no CKOJihKY Karrerrh B ,I:(eUh npIIHIIMaTh. MoH )KeHa Bee 

31'0 TID;aTeJihHO npo,I:(errarra ll roTOBHrrach npOHTII KYPC caMorreqeHHH 30JIOThIM KOpHeM. Ha 

HecqacThe, OHa KaK-TO yexarra B MocKBY, a B .[(y6Hy npI1eXarr B KOMaH,n;IlpOBKY o.n;HH m 

yqacTHHKOB noxo,n;a - Barrepnii )l{nryHOB. BcTpeTHJIHCh c HHM, BMecTe c CaIIIeii, Ha pa6oTe 

ll TIOIIIJIH K HaM ,n;OMOH OTMeTHTh BCTpeqy. HaIIIJIII qeM 3aKYCIITh. A qTo BhIIIIITh? TorrhKO 

6yrhllIKa C KpacHo-KopnqHeBhIM HaCTOeM 30JIOTOro KopHH. Harrnrrn no o,n;Hoii, no BTOpOH n: T.,n;. 

OrrrnqHI,JH uarrHTOK. tJepe3 qac BXO,I:(HT )KeHa ll BH,n;HT ,I:\OBOJihHhIX )Kll3HI,IO Tponx M~HKOB 

If nycry10 ceKpeTHyro 6YThIJIKY Ha CTOJie. Mo)KeTe npe,n;cTaBHTI, ee COCTOHHHe ll peaKQIIIO Ha 

TaKoe aapBapcrno. 

Ha crre,n;y10m;ntt ro,I:( 6hlrr 3arrrraunpoBaH noxo,I:( Ha KaBKa3, rro,no6parrac1, 6orrI.IIIaH KOMnaHnH 

B3pOCJihIX If ,I:\eTeH - Bcero 6orree 30 qeJIOBeK. B rr1060M noxo,I:(e, oco6eHHO B ropax, ,I:(eTn: ecTe­

CTBeHHhIM o6pa30M y6e)K,naJOTCH, 3aqeM H~eH nana II qTQ OH MO)KeT. B ,I:\OMaIIIHeH o6cTaHOBKe 

Bp.sr,n; JIII B03HIIKaJOT TaKne ycnoBHH If TaKOH BOCnHTaTeJII,HI,IH 3qiqieKT. 3anoMHHJiaCI, qiHHHIIIHaH 

qacTI, TOro noxo,I:(a - nepexo,n; BCeM Ta6opoM qepe3 rnaBHhIH KaBKa3CKHH xpe6eT B fpy3HIO. 

Ho%IO nepe,I:( nepeBaJIOM TBn6ep CBHpeIII,IH BeTep pBarr narraTKH, He BCe 61,mn 3,n;opoBhl, II 

OT 3TOro 6bIJI .n:onoJIHIITellbHhIH HanpHr. YTpOM BeTep CTHX, II COJIHQe OCBeTIIJIO 3acHe)KeHHbIH 

nepeBaJII,HhIH B3JieT. He TepHH BpeMeHH, 6bicTpo co6npaeMCH II BhIXO.n;HM. qaCTI, B3pOCJihlX 

H_nyr rrepBhIMH, TOnqYT CTyrreHH, IIOTOM )KeHID;HHhl If ,I:(eTII, ,n;arree 3aMhIKa10m;aH rpynna. 

lmeM cepnaHTHHOM, paCTHHYBIIIHCI, B QenoqKY MeTpOB Ha 100-150. Ha nepeBaJI no,n;HHJIHCI, 

K rrorry,nu10, BblCOTa 3 700 MeTpoB, MH MHOrHX 3TO JinqHI,JH peKOp,I:\. fapHH Eq>HMOB, KO 

BCeo6m;eMY ll3YMJieHHIO, ,I:(OCTaeT ll3 CBoero pIOK3aKa 6on1,rny10 ,I:(l,IHIO, KOTopyIO OH BTattHe 

OT Bcex HOCHJI Beeb rroxo,n;. BKYC Heo6bIKHOBeHHI,IH. 
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Ha nepemure ,norrro He 3a,nep)I<JIBaeMC}I, KJia,neM B TYP 3am1cey II roTOBIIMC}I K cnycey 

no o6rre,neHerroMy KPYTOMY eyrryapy. HaBemIIBaeM BepeBK)' II no otJ:epe,nII Bcex cnycKaeM co 

CTpaXOBKOH Ha rre,nHIIK. CnycTIITh BHII3 6orree 30 qerroBeK - ,nerro He 6bICTpoe II 3ammo OKOJIO 

Tpex qacoB. BHmy rre,nHIIK npaKTIItJ:ecKII 6e3 TpeIUIIH, II nepe,noBa}I rpynna cpa3y ymrra Bnepe,n 

IICKaTh Ha rre,nHIIKe MeCTO ,nJI}I CTO}IHKII, He ,nm1m,na}!Cb cnycKa Bcex yqacTHIIKOB. HamrrII 

,D:OBOJibHO poBHOe MeCTO. EcTb Bo,na, TaK KaK p}I,D:OM TetJ:eT TIO rre,nHIIK)' pyqeil:. IlocTaBIIJIII 

TiarraTKII, ,ne)I(ypHbie roTOBfil nocrre,nHIIH BbICOKoropHbIH ~IIH. B3pOCJibIM Bhl,D:aJIII TIO TPII 

KOMaH,nIIpCKIIX JIO)I(KII CTIIIpTa. 

Ha crre,nyIOruee YTPO o6Hap~IIBaeM, "ITO HeT YKa3aHHoro Ha KapTe Mocrn qepe3 6ypHbiil: 

TIOTOK, BblpbIBaIOIUIIHC}I II3-TIO,D: }!3bIKa rre,nHIIKa. OT MOCTa OCTaJIIICh BIIC}IIUIIe Ha,n peBymeil: 

Bo,noil: TorrcThle TpocbI. PemIIrrII TiepeTipaBJI}!ThC}I TIO Tpocy, :no ,norrro, HO ,npyroro, 6orree 

6e3oTiacHoro TIYTII HeT. 3an:eTIIIBmIIch .IJ:BYM}I Kapa6IIHaMII 3a Tpoc, Ha ,npyroil: 6eper Tiepe-

6parrach co CTpaxoBKOH rpyTITia 3-4 KpeTIKIIX MY)I(IIKOB BO rrraBe c TapacoBbIM. OcTaJihHbIX 

TiepeTipaBJI}IJIII TIO O,D:HOMY TaKIIM )Ke o6pa30M. KoHetJ:HO, 6bIJIO CTpamHO BIICeTb Ha Tpoce Ha,n 

6emeHbIM IIOTOKOM, HO 6e3oTiaCHO. IloTpaTIIJIII Ha TiepeTipaBy TIOJI,D:H}I II ,narrhme TIOmJIII TIO 

TpOTie ,no TpaBbI, ,no 3a6pomeHHhIX MaJIIIHHIIKOB II TiepBbIX rpy3IIHCKIIX TIOCeJIKOB. 

Ilocrre Tpex He,nerrh B ropax Tipe,nTiorrararrocb He,nerrIO TipoBecTII Ha 6epery Mop}! B pail:oHe 

Ary,n3epbI - ropo,nKa Tio,n C~II, r,ne Haxo,nIIJIC}I TecHo CB}I3aHHhIH c OHJIH lfHCTIITYT 

}I,D:epHoil: q>II3IIKII TIO,D: PYKOBO,D:CTBOM PeBa3a CarryKBa,n3e, KOToporo HeKOTOpbie II3 Hae xopomo 

3HaJIII II C KOTOpbIM TIJIOTHO o6marrIICh Ha He,naBHO npome,nmeil: 6orrhmoil: Me)I(.IJ:yHapo,nHoil: 

(PotJ:ecTepcKoil:) KOHcpepeHU:IIII B T6IIJIIICII. cl>pa3a ",n:oroBopIIJIIICh C PeBa30M" TI03BOJI}!Jla 

pemIITh Bee Tipo6rreMbI C MeCTHbIMJI HatJ:aJihHIIKaMII, B TOM tJ:IICJie HaM TI03BOJIIIJIII TIOCTaBIITh 

TiarraTKII B 3a6pomeHHOM TiapKe y MOp}I. O,nHa)I(.IJ:bI B03HIIK KOH<pJIIIKT y HamIIX ,neTeil: C Mecrnoil: 

mTiaHoil: ,neTCKOro B03pacTa. If TYT, OTK)',na HJI B03bMJICh, B03HIIK CTpamHhIH, JlbIChIH, C tJ:epHoil: 

6opo,noil: Kapa6ac-Eapa6ac - Ham Cama TapacoB, o,nHoro TIO}IBJieHII}I KOToporo oKa3arrocb 

,nocTaTOtJ:HO, tJ:T06bI MeCTHa}I pe6filff}I TipIICMIIperra II, B KOHU:e KOHU:OB, c,npy)I(Hrrach C HamIIMII 

TipIImeJibU:aMJI. 

IlpomJIJI fO,D:hl, B 1993 ro,ny Mhl yexarrJI Ha HeCKOJihKO JieT B nEPH, r,ne }I pa6oTarr B 

.ny6HeHcKoil: rpyTITie 3KCTiepIIMeHTa DELPHI. Ho JI TaM crryqail: cBerr Hae c Cameil: TapacoBhIM, 

Kor,na OH B 1995 IIJIII 1996 ro,ny TIPJIJieTeJI C KOpOTKIIM BII3IITOM B nEPH TIO 3KCTiepIIMeHry 

DIRAC, B KoTopoM OH ,norrroe BpeM}I yqacrnoBarr. CrryqJirrocb TaK, tJ:To B TO BpeM}I 6hm KaKoiI-TO 

Tipa3,D:HIIK pocCJIHCKOro 3eMJI}ItJ:ecTBa B )l{eHeBe II HamIIM )I(eHIUIIHaM Tiorrararrocb TipIIrOTOBIITh 

Tpa.nIIU:IIOHHble pyccKIIe 6rrIO,na. Cama JIX 3,D:OpOBO BhlpytJ:JIJI: caM CTaJI K IlJIIITe JI MacTepcKII 

HaneK COTHIO JIJIII ,D:Be 6JIJIHOB. 

TetJ:eT BpeM}I, ,neTJI BbipocrrII, JI3MeHJIJiach Rama CTpaHa, ~e MHoro rreT, KaK TipeKpaTJIJIIICb 

HamJI rreTHJie JI 3IIMHIIe TIOXO,D:hl B ,narrhHIIe Kpa}I. HeT CamII, HeT ero CbIHa Cepe)I(II, HeT Barrepbl 

)l{JiryHoBa, HeT 1Ie6yp feHbl - TaK Tip03BaJIII B arrTaiICKOM Tioxo,ne CbIHa JlbBa EyrraeBCKOro -

JI eme HeKOTOpbIX HeT. OcTarrach naM}!Tb O HIIX, 0 He3a6hrnaeMbIX ropax II HamIIX noxo,nax, 0 

TOBapIImax, C KOTOpbIMII He CTpamHO noil:TJI B pa3Be,ney. C HIIMJI ~e BCTpeTIIMC}I B rryqmeM 

II3 MIIpOB. 
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,l(pyr H uanapuHK 

:6.M. CTapqem.:o 
D6aeiJu1-te1-t1-t&zu uncmumym aiJep1-t&zx ucCJ1e00Ba1-tuu, J(y61-ta 

Haqano 1970-x. CaMorreT MocKBa-YrraH-Y;::r:e. BpeWI rreTHHX "rna6arneK" B Harneii npe)KHeii 

CTpaHe. PH;::r:oM 3;:i:opoBhIH, 6opo;::r:aThiii, JihIChIH M)')KlfK, y Kornporo 6oJilfT cnHHa. BcTaeT, 

Me;::r:rreHHO XO):llfT, ca;::r:lfTCH, HaBaJIJfBaHCI, Ha MeHH. OH lf3 Harnett "6pHra):lhl", o6Jf)KaThCH He 

npHXO):llfTCH, .na If pyqHII(lf y Hero ••. 

Tepnmo, .nYMaIO, qrn MHe He noBe3rro. A rreTeTh .no caMoro EaiiKarra. Ilocrre TH)Kerroii 

rnropMoBoii BhlCa;::r:Klf c phl6orroBeQKoro cy;::r:Ha Ha 6eper norryocTpoBa CBHToii Hoc oH no.nornerr, 

Mhl II03HaKOMHJilfCh - If 6oJihIIIe C Carneii TapacOBhIM He paccTaBaJIHCh. 

OH xoporno pa6ornrr BO MHomx lfnOcTaCHX, HO qacTo 6parrcH JfMeHHO 3a JIOM0BYIO !plf3Jfqe­

c.eyro pa6ory. 3To, Blf):llfMO, He Mernarro eMY, TeopeTHKY, "BopoqaTh M03raMlf", a HaM CMeHThCH, 

Kor.na ero "coBceM 3aIIIKaJilfBaJio" If Ha):10 6hIJIO "npllBO):llfTh" ero B qYBCTBO. 

O6Jf)KaThCH He npHXO):llfJIOCh. Ha JII06oii pa6oTe c xopoIIIJfM HanapHHKOM IIIyYKa, aHeK)];OT 

If CMex - rryqrnlfe nOMOII(HlfKlf. TapacoB 3TO noHJfMaJI, paCCKa3hIBaJI 6aiiKlf, no.nHaqJIBaJI, 

pacTBopHJICH B MeTKOM pyccKOM Bhlpa)KeHJflf. OH o6rra;::r:arr xopoIIIJfM "qyBCTBOM JIOKTH". OT-

3I,IBqJIBOCTh If yqacTJfe 6hlJilf O)];HlfMlf lf3 rryqIIIlfX ero KaqecTB . 

. Cpe;::r:H .npy3eii y TapacoBa 61,mo MHOro !plf3lfKOB. HeKOTOphIX H 3HaJI no 3aCTOJihHhlM 

KOMIIaHHHM, c .npyrHMlf o6marrcH npll KaKJfX-TO o6CTOHTeJihCTBaX. Bee OHlf OTHOCJfJllfCh K 

Carne C YBa)KeHJfeM. QeHJfJilf ero 3HaHlfH, yMeHJfe pa3o6paThCH B CJIO)KHOM HayqHoM BOnpoce, 

IOMop If rrerKocTh B o6II(eHlflf. Ilpe)K)];e Bcero, 3TO EopHc KonerrlfoBifq, HHKorraii <Da;::r:eeB, Carna 

IlaK, MHxaRrr HcaaKOBIIq IIo.nropeQKRii If MHome .npyme. Ho RMeHHo c 3TlfMII MHe noBe3rro 

BcrpeqaThCH 6orr1,rne. 

Mhl O):IHO BpeMH o6II(aJIIICI, CeMhHMlf - ceMhlf O):llfHaKOBhle no COCTaBy If co CXO)KlfMlf 

3a6oTaMII. Xo;::r:JfJilf .npyr K .npyry B rocTJf, yromarrlf qeM-TO ):IOMaIIIHlfM, BhlnlIBaJilf. MolI 

pe6HTa ):IOHaIIIIIBaJIII KOii-KaK!Ie BeII(Jf ero ChIHOBeii. Kor.na MOR ;::r:eTII CTaJilf nocTapIIIe, TapaCIIK 

KOHCYJihT!IpOBaJI RX no MaTeMaTJfKe If !plI3JfKe. 

Bee 6h1Jlo xoporno - He XBaTarro .neHer. BoT yYT-TO Mhl CHOBa BCnOMHIIJilf, 'ITO Mhl 

HanapHIIKII, If Ha'laJilf pa3rp)')KaTh BaroHhl C ceJihX03y)];06peHJIHMlf Ha CTaHQlflf EoJihIIIaH Borrra. 

3a 7-8 11acoB pa3rpy)KaJIH 65-TOHHhlii BaroH, norryqarrR no 25 py6rreii II B03BpamarrRch no 

HOqHoii .nopore B ~y6Hy. TaK npo):IOJI)KaJIOCI, ro.na 'leThlpe. Ilocrre;::r:Heii Harneii COBMeCTHOH 

"rna6arnKoii" 61,m Mara;::r:aH. 

HHKor.na 6hl He no):IYMaJI, qTo CaIIIKa - "HayYpa yBJieKaIOII(aHCH" u MMeeT ycnex y )KeH­

~lfH. KaK 3TO y Hero norry11arroc1,? 3aMe'laTeJII,HhlH paccKa3'llIK, CTlfXOnJieT II 3py;::r:RT, OH, 

BII):llfMO, YMeJI "3any;::r:pMTh" .naMaM M03m. Ero n03lfTMBHaH peaKQIIH Ha npoch6hl no.nKYnarra, 

)l(eHCKaH crra6ocTh M rrecTHOe CJIOBO eMy HMnOHllpOBaJIH - OH 3a6hlBaJICH, BJII06JIHJICH M .nerrarr 

He06):IYMaHHhle rnarn. TaKaH BOT )Kl{3Hh ••. 

3a nocrre;::r:H!Ie ro;::r:1,I OH pe3KO c.narr. O6II(aThCH noqTJI He y;::r:aBaJIOCh. )l{l{BeM Mhl Bee BMeCTe: 

pa6orneM, oT;::r:hlXaeM, BhlnHBaeM ..• A YMMpaeM B o;::r:HHO'lKY. 

IlpocTaH HCTHHa, HO naWITI, 0 Tex, Koro JII06JfJI, YBa)KaJI, OCTaeTCH C HaMM HaBcer.na. 
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IlaMHTH JJ;pyra 

E.C. KylhMHH 

06veowteHHblii uHcmumym RoepHbZX uccJ1eooeaHuii, J{y6Ha 

MLI II03HaK0MIUIIICh C AneKcaH,npoM BacIIJibeBIIqeM Ha EaiiKarre rreT0M 1975 ro,na. EpIIra,na 

coTpy,nHIIK0B OIUIH oqmu;arra 6epera o3epa OT CTBorroB ,nepeBLeB, noTepHHHhIX npII TpaHcnop­

TIIpoBKe rreca K MeCTaM nepepa60TKII. OH K TOMY BpeMeHJI 61,rn )')Ke MaTepbIM rna6aIIIHJIKOM. 

Pa3roBapJIBaJI pe3K0, qacTeHbKO IIOKpIIKJIBarr Ha HeYMeJibIX HOBJiqKoB. MeHH OH cpa1y oKpecTJIJI 

JIMeHeM .n;)KeppJI JI TaK npo,nOJI)KaJI Ha'3bIBaTh MeHH BCIO )KII3Hh, He o6parn;aH BHIIMaHIIH Ha 

cTaH,napTHLie npaBJIJia nepeBo,na JIMeH. 

TH)KeJiaH pa6oTa JI cyp0Bbie ycrroBJIH 6b1Ta cnrraqJIBaIOT JIIO)J.eii, II MHOrJie JI3 yqacTHJIKOB 

:noii 3KCIIe)J.IIU:IIII IIO)J.)J.ep)KIIBaJIII .np)')KeCKJie OTHOIIIeHJIH Ha 11pon1)KeHIIII MHOfJIX rreT. 3ttaqII­

TeJILHYIO porrh B 3TOM Cblrparra JI MarJIH EaiiKarra, KpacoTa KOToporo HaCTOJlhKO npIIBOpa)KJIBaeT 

JIIO)J.eii, qTo xoqeTCH B03Bparn;aTbCH zy,n;a CHOBa JI CHOBa. 

Harna COBMeCTHaSI pa6oTa Haqarracb C Toro, qTo H IIpIIrnerr K HeMy 3a KOHCYJILTau;IIett. 

IIpo6rreMa 61,rna qJicTo npaKTJiqecKoii: HY)KHO 61,rno paccqJITaTh yrrroBoe pacnpe,nerreHJie qe­

peHKOBCKoro JI3JiyqeHIIH C yqeTOM IIOTepb 3HeprJIII II MH0roKpaTH0ro pacceHHJISI qacTJIU:bl B 

TOJICTOM pa,nJiaTOpe. TeopJISI TaMMa-<l>paHKa OIIJICLIBaeT qepeHKOBCK0e JI3JiyqeHJie qacTJIU:hI, 

)J.BJI)Kyrn;eiic.SI npHMOJIIIHeHHO JI paBHOMepHo. IlpJI 3TOM npeHe6peraIOT 3<p<peKTaMJI B3aJIMO­

,neiicTBJIH qacTIIU:bl C Bern;ecTB0M pa,n;IIaTOpa, IIpIIB0)J.SIIIl;JIM KaK K JICKpIIBlleHJIIO ee TpaeKTOpIIII 

(MHoroKpaTHOe pacceHHJie), TaK JI K CJICTeMaTJiqecKOMY YMeHLIIIeHJIIO CKopoCTJI. Pa1perne­

HJie pearrbHblX qepeHKOBCKJIX CIIeKTp0MeTpoB; r,ne perncrpJipyIOTCH MHOro3apH.lJ.Hble qacTm.u,1, 

KpJITIIqecKJI 3aBJICIIT OT yqera TaKoro po,na 3<p<peKTOB. 

K MOeMY y,nJIBJieHJIIO, Carny npo6rreMa 3aJIHTepecoBarra, JI oKorro ,n;Byx rreT Mhl noTpa­

TJIJIJI Ha II3yqeHJie Bonpoca. B 3TOT nepIIO)J. .SI JIMeJI y,noBOJihCTBIIe Ha6rrIO,naTh TapacoBa B 

npou;ecce pa6oTLI, ero BneqaTJIHIOIIl;YIO cnoco6HocTL cocpe,n;oTaqIIBaTLCH JI nopa3JITeJILHYJO 

CKOpOCTb MbIIIIJieHJIH. B pe3yJILTaTe y,narrocb HaITTJI oqeHb JI3SIIIl;HOe JI 3cpq>eKTJIBHOe perneHJie, 

OilJICLIBaIOrn;ee yrrroBoe pacrrpe,nerreHIIe JI3JiyqeHIIH C yqeTOM Bcex 3cpq>eKTOB B3aIIMo,neiicTBmI. 

B ,lJ.aJibHeiirneM 3TJI pe3yrrLTaTbl rrorryqJIJIJI 110,lJ.TBep)K,IJ;eHJie B 3KcnepJIMeHTe Ha ycKopJITerre 

T.Sl)KeJibIX JIOHOB B ,lJ;apMIIITa,lJ.Te (fepMaHIISI). 

,lJ;rr.SI JIIO)J.eii, K0T0pble IIJI0X0 3HaJIJI Carny, o6rn;ettJie C HIIM rrpe,ncTaBJISIJI0 orrpe,nerreHHhie 

Tpy,nHOCTJI, O,lJ.HaKo Y.D.JIBJITeJibHO, qTQ BMeCTe c TeM OH o6rra,n;arr He)J.IO)KJIHHblM ne,n;arornqe­

CKJIM TaJiaHTOM. ,lJ;ocTaToqHo BCilOMHJITh ero MHoroqIIcrreHHhIX acrrIIpaHTOB JI )J.a)Ke IIIKOJlhHII­

KOB, 110,nroTOBJieHHhIX K noczyrrrreHJIIO B JIHCTJITYThl. 

foBOpHT, qTo TarraHTJIJIBblll qerroBeK TaJiaHTJIJIB BO BCeM, JI 3TO IIOJIHOCThIO cnpaBe)J.JIIIB0 

no OTHOIIIeHIIIO K AneKcan,n;py BacJIJibeBJiqy. IIycTOTY, KOTOpasi o6pa3oBarrach B )Klf3HJI C ero 

yxo.n;oM, HaBepnoe, B0CII0JIHJITh y)Ke He y,nacTCH. 
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"lioJILmoii 11eJI0BeK" - pLI:u;apL uayKn 

C.C. IIInMa11c1euii 
061,eiJuHe111tb1u UHcmumym aiJepHblX uccJ1eiJ0BaHuii, l(y6Ha 

Ceiiqac TeopeTIIKII II 3KcnepI1MeHTaTOphl CIIIlbH0 pa30IIIIlIICb B CBOeii cnel(IIailII3al(IIII H 

rio.l{qac c Tpy.l{oM noHIIMaIOT .l{pyr .l{pyra. ll KaKoe orpoMHoe cqacTbe ,!{IlSI 3KcnepIIMeHTaTOpa -

o61I.(aTbCSI c TeopeTIIK0M, KOTOpblil: M0)I(eT He T0ilbK0 noHSITb TB0H npo6neMbl, HO II no,!{CKa3aTb 

KaitIIe-TO H0Bhle HanpaBneHIISI ,!{IlSI noIICKa peIIIeHIIH. TaKIIM TeopeTIIK0M 6hln AJieKcaH,!{p 

BacIIIlbeBIIq TapacoB. C HIIM MeHSI noJHaK0MIIIl B cepe,!{IIHe 1980-x ro,!{0B MOH 3HaKOMbIH no 

anMa-aTHHCK0MY llHCTIITYTY clJmHKH BbIC0KHX 3HeprIIil:, a KaK n0T0M BbIHCHIIIl0Cb, II yqeHHK 

AneKcaH,!{pa BacI1IlbeBIIqa, Cama llaK. Ero IIHTepeCbl B <pll3IIKe 6hlilII 6nI13KII K M0HM, H 

II03T0MY o6c~,!{eHIISI CB0IIX 3a,!{aq C HIIM II03B0IlSIIlII II0CM0TpeTb 6onee rny6oKo Ha BCIO 

rrpo6neMy, YBII,!{eTb Te no,!{B0,!{Hhle KaMHII, K0TOpbie BCnilbIIlII 6bJ no3)I(e. 3TH o6cy)I(,!{eHHH 

rrpoxo,!{nnn cnyqail:Ho, B Tex MecTax, r.l{e MbI BcTpeqanncb, - Ha ceMIIHapax, coBemamrnx 

If npocT0 npn cnyqail:HbIX BCTpeqax. ll AneKcaH,!{p BacHnbeBifq HIIK0r,!{a He OTMaXIIBailCSI, 

CCblilaSICb Ha 3aHHT0CTb, II He roBopHn, qTo OH "He B TeMe", KaK qacTo ,!{enaIOT .l{pyrne 

TeopeTIIKII, a cpa3y rrpoSIBilSIIl IIHTepec K M0IIM rrpo6neMaM. 

KaHOHHqecKoe rrpe,!{CTaBileHHe 06 o6nIIKe TeopeTHKa - TII.(e,!{ymHhlH oqKapHK. AJieKcaH,!{p 

BaCHnbeBIIq HHKaK 3T0MY KaHoHii:qecK0MY o6pa3y He C00TBeTCTB0Ban. OH C00TBeTCTB0Ban 

CK0pee o6pa3y pyccKoro 6oraThlpSI, HO TaK KaK TaK0BhlX B Te BpeMeHa He B0,!{IIIl0Cb, TO 

rrepBoe orrncaHne TapacoBa, K0Topoe SI rronyqun OT JHaKoMoro, pI1coBano 06nI1K rpY3qI1Ka IIIlII 

MOilOT06oil:I.(a, T.e. C0BCeM He 6bIIlHHHhlH o6pa3, HO qenoBeKa He,!{IO)I(HHHOH CHilbl. ll K0HeqHo, 

KT0 ero BII,!{en B rrepBhlH pa3, cpa3y qyscTB0BailII He T0ilbK0 ero HepSl,!{0BYIO clJn3HqecKYJO CIIIlY, 

Ho H orpoMHYJO )I(If3HeHHYIO 3Heprn10. O6nHK .l{orronHHnH paccTerHYThle B0p0TbI py6ax H 

pacrraXHYThle, ,!{a)I(e B Mopo3hl, nnamH H KYPTKII. Hy n 06S1JaTeilbHoe ,!(0IIonHeHHe - KO)I(aHhlH 

II0pTclJenb. B caM0M 06nt1Ke If MaHepax Bhl 0II.(yll(ailH, qTQ 3TOT qenOBeK - ,!(yllia HapacrrallIKY. 

3HeprHH 61,1na H B peqlf, II B )I(eCTaX. MHe Bcer,ll;a 61,1no Tp)',!{H0 npe,!{cTaBIITb, KaK M0)I(H0 

o6yj.l{aTb 3TY M0II.(b, K0T0pa»- TaK If pBeTCSI Hap~y, qTo6hl CH,!{eTb 3a CT0il0M If, B00p~HBIIIIICb 

pyqKoii II 6YMaroii, KopneTb Ha.D: ciJopMYnaMn H ,!{enaTb .D:onrne H Tpy,noeMKHe TeopeTnqecKHe 

pacqeThl. 

B Haqane 3TIIX 3aMeT0K SI roBopnn, qT0 6oraTbipeii B HaIIIeM HaCT0SIII.(eM HeT - 0HH 0CTailHCb 

B 6blilHHax. Ho phll(apII HaYKH eCTb. ll MHe X0Teil0Cb 6bI Bcn0MHHTb 0,!{IIH ::inH30,!{, KOTOphlH 

CBSl3aH C A.B. TapacoBbIM II 0TCTaHBaHI1eM HayqHbIX I.(eHHOCTeil:. K C0)I(aileHIIIO, ceiiqac oqeHb 

MHOro II0SIBHil0Cb IlIO,!{eil:, ,!{eBanbBHpYJOII.(HX caMo II0HHTile HayqHoro pa6oTHHKa If HayqHoil: 

pa60Thl, II0,!{MeHIDI HX C0BCeM .l{pyrnMH rrpIIHI.(HIIaMH If MopanbIO. 3TH co6bITIISI cmI3aHhl 

c· IIp0B0,!{HBIIlHMHCSI B 1980-x ro,ll;aX oqeHb HHTeHCHBHhlMH IICCile,!{0BaHHSIMH KYMYilHTHBHhlX 

rrpol(eccoB. llpHpO,!{a 3THX SIBileHIIH He BbIHCHeHa ,!{0 CHX rrop, HO caMH 3clJ<peKTbl roBopHT 

0 cymecTB0BaHHH B CTpYKTYPe 061,1qHI,IX Sl,ll;ep MHoro11yKnoHHhlX (MHOroKBapKOBhlX) KoHciJH­

rypal(IIH, CBOHCTBa K0T0pbIX MO~ 0Ka3aTbCSI orrpe,!{eilSIIOII.(HMH ,!{IlSI II0HHMaHHSI BHYTpeHHeil: 

CTPYKTYPhl MaCCIIBHhlX 3Be3,!{ If HX 3BOilIOI.(IIII. ll BOT O,!{HOH H3 rpyrrrr TeopeTHK0B 61,1na npe,!{Ilo­

lKt:Ha M0,!{eilb, K0TopaSI 6neCTSIII.(e onHCbIBana Bee 3KCIIepHMeHTailbHhle ,!{aHHhle. TeopeTifqecKHe 

KpHBble Jililll ToqHo no 3KCIIepHMeHTailbHblM ,!{aHHhlM. MO)I(HO cKa3aTb, qTo C00TBeTCTBile 6bmo 
CilHillKOM xop0IIIHM. ,n:pyrne TeopeTHKII He M0rJJH BocnpomBeCTH 3TH pacqeTbl,. TaK KaK He 

6b!JIII orry6nHKOBaHhl 3HaqeHHSI HeKIIX BeC0BhlX K03<pclJHI.(HeHTOB. llocne TOro KaK BenilqifHhl 

3THX K03<p<pHI.(IIeHTOB 6b1Illl orry6nHKOBaHhl, A. llaK, A. TapacoB If A. THTOB noBT0pHilII 

BbJqHcneHHH" o6Hapy)I(IIIlII, qTo yKa3aHHaSI rpyrrrra He C0BCeM ToqHo npe,!{CTaBnSleT CB0II 
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MO,IJ;eJIJ,HI,Ie pactJeTbl. M~ITKO roBop»:, TeopeTHtJeCKlle pactJeTbl 110,IJ;BeprarrHCI, 'IHCTKe, Kor,IJ;a 

tJaCTH KpHBhIX, OTKJIOIDIIOIT(Hec»: OT 3KCIIepHMeHTaJII,HI,IX ,IJ;aHHI,IX, npocTO y6HpaJIHCb. 

Be»: HayKa ,D;ep)KHTCH Ha IIOJIHOM ,Il;OBepHH H IIpHHU:HIIe, 'ITO HaytJHI,IH pa6oTHHK He MO)KeT 

HaIIHCaTh HenpaBey HJIH IIO,Il;TaCOBaTh pe3yrr1,TaThl. qaCTO OtJeHI, TPY.IJ:HO npoBepHTI, pe3yrr1,­

TaTbl, TaK KaK 3TO TPe6yeT MHOro BpeMeHH H ,Il;OCKOHaJlhHOro H3YtJeHHH ,D;pyroii pa6oTbl H 

IIOBTOpeHHH rpoM03,Il;KHX BI,ltJHCJieHHH. KoHetJHO, TOr,IJ;a 61,m 6oJihIIIOH CKaH,IJ;aJI, KOTOpbIH HMeJI 

H a,IJ;MHHHCTpaTHBHble IIOCJie,IJ;CTBHH. MeHH )Ke 6oJibIIIe Bcero IIOpa3HJIH TapacoB H ero Korrrrern, 

KOTOpble B3BaJIHJIH Ha ce6»: ceii BeCl>Ma He6rraro,D;apHblli Tpy.D: IIO OTCTaHBaHHIO 'IHCTOTI,I HayKH 

H ee IIpHHU:HIIOB. ,Il;rr»: MeHH, Tor,IJ;a M0JI0,IJ;0ro tJeJI0BeKa, KOTOpblii CJibIIIIaJI 0 TOM, KaK TaKHe 

nceB,D;OYtJeHble opraHH30BaJIH pa3rp0M reHeTHKll B 1940-x, 3T0 6bIJIO IIpHMepoM Toro, 'ITO H 

B Hallie BpeMH 'IHCT0TY HaYKH H~HO 0TCTaHBaTh H 3aIT(HIT(aTh. CeiitJac HpaBhl CTaJIH ey,IJ;a 

U:HHHtJHeii, tJaCT0 HBHaH nceB,IJ;0HaYtJHOCTI, ll q>aJibCHCpHKan:nn npocTO He 3aMetJaIOTCH HJIH 

nrHopnpyioTcH HaYtJHbIM coo6IT(eCTBOM, a H0CHTemr 3THX aHTHHaytJHhlX IIpHHU:HII0B BII0JIHe 

ycneIIIH0 cyIT(eCTBYIOT H ,IJ;a)Ke 3aHHMaIOT HeMarrble HaytJH0-a,IJ;MHHHCTpaTHBHble H a,IJ;MHHH­

CTpaTHBHble IIOCThl. 11 IIpHX0,Il;HTCH T0JII,KO C0)KaJieTb, 'ITO TaKHX "phln:apeii HayKH", KaKHM 6blrr 

ArreKcaH,D;p BacHJibeBH'I, CTaH0BHTCH MeHbIIIe. 

AJieKcau,IJ;p BacHJiheBH'I Tapacoe 

3.A. Kypaee 
O6oeow,eHHblU uHcmumym 11oepHblX ucCJ1e0oeaHuu, l(y6Ha 

BcnoMHHa»: ArreKcaH,D;pa BacHJiheBntJa, npe,D;cTaBJI»:IO ce6e ero KopeHacTyio qinrypy, KpeII­

Koe pyKoIIo)KaTne, HecneIIIHYIO npHBhitJKY roBopHTh. Bcer,IJ;a no ,IJ;erry, KpaTKo H TO'IHO. 

OH HaX0,Il;HJI tJy,IJ;eCHble B3aHM0CBH3ll B ceMeiicTBe rnnepreoMeTpH'leCKHX q>yttKU:HH, 3HaJI, 

KaK IIpHMeHllTI, HX B CJI0)KHI,IX 3a,IJ;atJaX q>H3HKH. 11 ,IJ;06HBaJICH ycnexa aHaJIHTHtJeCKH, BPYtJHYIO, 

TaM, r,IJ;e MHorne c6pacbIBaJIH 3a,D;atJH Ha "IIJietJH KOMIII,IOTepoB". EoraTblpb B )KH3HH, OH 6bIJI 

6oraTblpeM H B HaYKe. 

KorrrreraM, IIpHe3)KaBIIIHM B "roJIO,Il;Hbie KOMaH,D;HpOBKH" (,IJ;a)Ke 6e3 onrraTbl )KHJlbH), OH 

Hax0,IJ;HJI ,Il;HBaH H TYJIYII YKPhlTbCH. YroIT(arr KaIIIeii co6cTBeHHoro npHroTOBJieHHH. 

Ey,D;YtJH CaM 6e3 CTeIIeHH ,IJ;0KTopa, CK0JII,KHX OH II0,Il;HHJI, BbIBerr B KaH,IJ;H,IJ;aTbl H ,Il;0KTopa, 

HCIIpaBJIHH orpexH BOCIIHTaHHH H o6pa3oBaHHH CB0HX YtJeHHK0B c "nepHq>epHH"! 

YMeJI 061,rrpaTI, KOMIIbIOTep B IIIaxMaThl H HaH3yCTI, 'IHTaJI IlyIIIKHHa, JiepMOHTOBa, EapKo­

Ba, EceHHHa H f'y6epMaHa. CaIIIa 61,m pa3H0CT0p0HHe 0,D;apeHHI,IM tJeJI0BeK0M. 

Xo,IJ;HJIH rrereH,IJ;hl 0 TOM, KaK OH CYMeJI BbIBe3TH CBOH 0TpH,D; ( OHM 'IHCTHJIH peKH, BIIa,D;aIOIT(He 

B EaiiKaJI) ,Il;OMOH IIpH 3a6HTbIX nacca)l(HpaMH a3ponoprnx H )KeJie3H0,D;0p0)KHblX B0K3aJiax. KaK 

OH q>aKTHtJeCKH B 0,Il;HH0'IKY pa3rp~arr BaroHbl co CM0JIHHI,IMH 6otJKaMH H CKJia,D;Hp0BaJI HX. 

Ero H,IJ;eH, B03HHKIIIHe B pe3yJil>TaTe 3HatJHTeJII,HI,IX ycHJIHH IIpH pemeHHH 3a,D;atJ npo­

X0)K,Il;eHHH H3JIYtJeHHH tJepe3 BeIT(eCTBO, H ceiiqac aKTyaJII,HI,I H BHe,D;pHIOTCH B C0BpeMeHHblX 

3KCIIepHMeHTax ero K0JIJieraMH B f'epMaHHH H qHJIH, EpeBaHe H XapbKOBe, B Be,IJ;yIT(HX n:eHTpax 

EBponhl H AMepHKH. 

IlaMHTh 06 ArreKcaH,D;pe BacHrrheBHtJe TapacoBe Bcer,IJ;a 6y,IJ;eT )KHBa B HaIIIHX cep,D;n:ax. 

ll;apcTBo eMy He6ecHoe. 
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IlaM.HTH AJieKcan,ll;pa 
B.A. Tenepuu 

061,eiJuneHHblu uncmumym RiJepHbZX ucCJ1eiJoeanuu, J(y6na 

KaK tJaCTO B cyeTe )KII3HeHHhlX npo6neM II COBpeMeHHhlX COUIIaJihHhlX noTpsrceHIIii B,n;pyr 

noHIIMaeIIIh, OC03HaB MrHOBeHHO, tJTO HIIKor,n;a He CMO)KeIIIh roBopIITh, o6IQaTbCH C HIIM, He 

ycJihlIIIIIIIIh ero o6paIQeHHhlX K Te6e c~eHIIH. Thi tJYBCTByeIIIb, OC03HaeIIIb, npeB03MOrasr 

6oJih, IQeMsrIQyro cep,n;ue MhICJih - ero HeT cpe,n;n Hae. Cep,n;ue npOTIIBIITCH Tpe3BOMY paccy.ney, 

BOCC03,n;asasr B naMHTII BHOBb II BHOBb HenoBTOpIIMOe o6asrHIIe JIIItJHOCTII AneKcaH,n;pa. 

,nonrasr naMHTh pIIcyeT HaM ero o6JIIIK. KpynHhlii lpII3IItJeCKII, HecyeTJIIIB, 3aXBaThIBaeT 

BHIIMaHIIe oKpy)KaIOIQIIX Heop,n;IIHapHOCThlO BHeIIIHero BII,n;a, HO He no,n;aBJISieT. YcJihlIIIaB IIMH 

ero, tJeJIOBeK, 3HaKOMhlli C HIIM, CKa)KeT: "J[ 3HaIO ero - KpaCIIBhIH M~IIHa C 6opo,n;oii". 

Ilpornen ~e ro,n;, KaK He cTano :noro 3aMetJaTeJibHoro 11enoseKa. Eonh YTPaThI CTIIxaeT, 

MeJIKHe ,n;eTaJIII CTIIpaIOTCH - KpynHhle, 3HatJIITeJibHhie co BpeMeHeM Bhl)'.leJIHIOTCH pe31Je. 

Cyfo,eKTIIBHhIM B3rJIH,D;OM HeB03MO)KHO OXBaTIITh BCero, tJTO cocTaBJIHJIO 3TO HBJieHIIe pyccI<oii 

uayKII - npIIxo,n; TaKoro Heop,n;IInapHoro 11enose1<a, TaJiaHTJIIIBeiirnero cneuIIaJIIICTa, lpII3IIKa 

OT Eora. 

Ha npoTSI)KeHIIII ,n;onroro BpeMeHII SI IIMeJI B03MO)KHOCTh Ha6nro,n;aTh 3Toro qeJIOBeI<a KaK 

6b1 co CTOpOHhI, pa6ornsr psr,n;oM, SIBJIHSICh ero TOBapIIIQeM II co6ece,D;HIIKOM, BpeMeHaMII BMeCTe 

rpy,n;srch II no,n;pa6aThlBasr Ha nponIITaHIIe ceMeii, nonyqasr He3HatJIITeJihHhle CYMMhl 3a TH)KeJihlii 

q>II3II1JeCKIIii Tpy,n; - 6pIIra,D;Hhie no,n;psr,n;hl B KOJIX03ax II COBX03ax, OtJIICTKY OT CHera KphlIII 

IIpOH3B0)'.ICTBeHHhlX coop~eHIIH, pa60Thl no OtJIICTI<e 03epa EaiiKan. 

Be3,n;e, no co6cTBeHHOH IIHIIUIIaTIIBe, OH 6hlJI Ha caMhIX TSI)KeJibIX II pIICI<OBaHHhIX HanpaB­

JieHIIHX KOJIJieKTIIBHOro Tpy,n;a, Bbl3hlBaH yBa)KeHIIe OKp~aIOIQIIX, HBJIHH co6oii npIIMep M~e­

CTBeHHOCTII II CTOHKOCTII. Bonesoii, ueyHhlBaIOIQIIH, uenhHhlH, OH OTHOCIIJICH ysa)KIITeJibHO II 

TBOptJeCKII K lpII3II1JeCKoMy Tpyey. 

Mosr 6naro,n;apHasr naMHTh xpaHIIT MHe ero JIIIUO. Ono HIIKor,n;a He IIMeJio paccesrHHoro IIJIII 

6eCCMhlCJieHHOro Bhlpa)KeHIIH, B JII06yro MIIHYTY HBJIHHCh OTpa)KeHIIeM BHYTpeHHeii pa6oThl 

Mhlcirn. MO)KHO JIIIIIIh ,n;ora,D;hlBaThCH O TOM MOIQHOM MhlCJIIITeJihHOM npouecce, KOTOphlii 

IIOCTOHHHO npoIICXO)'.IIIJI B ero YMe. 

Ero nro6IIJIII B uarneM OKp~eHIIII. MsrroK B o6memm, ysa)KIITeJieH I< co6ece,n;HIIKY, npo­

HIIKHoBeHeH, II3YMIITeJibHO HecTaH,n;aPTeH B c~eHIIHX, OH Bhl3hlBaJI Bceo6mee yBa)KeHIIe, 

OCTaBaHCh naMHTeH MHOrIIM. Ka)K)];asr BCTpe11a C HIIM HBJIHJiaCh co6hlTIIeM, KOTopoe 6bIJIO 

HeB03MO)KH0 3a6h1Tb. Ou 6bm OTI<pbIT, HO He ,D;OCTyrreH ,n;o I<OHQa. 

· · Ero 3peJihlii YM He ,n;orrycKan nocneIIIHhlX IIJIII noBepXHOCTHhIX c~eHIIH B HaUIIOHaJihHOM 

Borrpoce. Ero HaYtJHOe oKp~eHIIe 6hlJio MHoroHaUIIOiiaJibHhIM, I<al< II HaYKa Boo6iue. B HeM 

npHCYTCTBOBaJIII pyccJ<IIe, apMHHe, espeII, Kopeiiuhl, Ta,D;)KIIKII, MOHrOJihl, BMeCTe Tpy,n;IIBIIIIIecsr 

Ha)'.I peIIIeHIIeM o6IQIIX HaYtJHhIX npo6JieM. 

U:eJibHhlH, TaKTIItJHhlii, Be)KJIIIBhIH qeJioBeK, OH He ,n;onycI<an nomnocTeii B pa3roBope, 

BOJibHOCTeii. ToHKO tJYBCTBYIOIUIIii ipopMy, useT, rapMOHIIIO, OH SIBJIHJICH 6oJihIIIIIM 3HaTOKOM 

pyccKoii II 3apy6e)KHOH I<JiaCCHtJeCI<OH My3bIKH. MHe ,D;OBO,D;IIJIOCh BH,D;eTh ero JIIIUO BO BpeMH 

npocJiyIIIIIBaHHH I<JiaCCIItJeCKIIX npoll3Be,n;eHHii. KaK HaM B Harne HenpocToe BpeMSI He,n;ocTaeT 

o6iueHIIH C I<JiaCCIIKOH - O)'.IHOH II3 OCHOB rapMOHHtJHOCTH JIIItJHOCTII! OH 3HaJI ll 6bIJI noI<JIOH­

HHKOM I<JiaCCHtJeCKOH xy,n;o)KeCTBeHHoii JIIITeparyphl. 

, AJieKcaH,n;p me,n;po ,n;eJIIIJICH CBOIIMII HaYtJHhIMII H,D;eSIMII. OTKphlThiii, )Kll3HeJII06HBbIH, OH 

a1mrnHo IIOMoraJI perneHIIIO HaYtJHhIX ll )KllTeiiCKIIX npo6JieM ,n;pymx JIIO,n;eii. ll~hlii 3aBHCTH, 

OH He 3aMapan ce6sr Hll3MeHHOii IIHTpIIroii. 
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BcTpetIU c HUM BO BpeMH BLiay>K,neHHoro ,nocyra, nopon: c 6oKa.JIOM xopomero BUHa, 

3a_nymeBHaH 6ece,na, ,noBepuTeJII,HOe o6meHUe 51BillinUCI, ,nllH Hae u:enuTenbHLIM UCTO'IHUKOM. 

JJ:o6paH yn1,16Ka, YMHLie rna3a, Tpy6Ka .nymucToro rn6aKa; ,nocKa, cnnom1, ucnucaHHaH 6ec­

KOHetJHLIMU qiopMynaMU, TaKue >Ke 3arrucu Ha nucTaX 6YMam Ha CTOJie C 3KCilpOMTaMU ero 

MLicnu, TUXUH ronoc, o6pameHHLill K co6ece,nHUKY, .. KaK u:eHeH Mur TaKoro KpaTKOro ,nocyra! 

B npoqieccu0Han1,Hon: ,neHTenLHOCTU, C ero KpUTHtJeCKUM CKna,noM yMa, OH CTpeMUJICH K 

Il03HaHUIO UCTUHI,I, HeB3UpaH Ha aBTOpuTeTbl, U ,nocTuran HpKUX U 3q>q>eKTHLIX pe3YJibTaTOB. 

C )KUBOCTblO uccne,noBaTem1 BOCIIpUHUMan TOtJKY 3peHUH co6ece,nHUKa, CTapaHCI, ,naTI, a,neK­

BaTHYIO qiopMynupoBKY rrpo6neMe. O6na,naH YMOM aHanUTUKa u .nymeBHon: mupoTon:, me.npo 

pa3,napuBan u,neu .nIDI HayttHoro rroucKa. Ero TBopttecKaH ,neHTenLH0CTL 06opBanac1, B pacu:BeTe 

ero TanaHTa. 

IlLITaHCI, IIOHHTI, )KU3HeHHLill IIYTb 3TOfO y,nuBUTenLHoro ttenoBeKa, 3a_naem1,cg BorrpocoM: 

KaK qiopMupyeTCH TaKOll xapaKTep, TaKUe KattecTBa UH,nUBU,na; B KaKUX ycnoBUHX, no,n B03,nen:­

CTBUeM KaKUX n10,nen:, qiaKTopoB - cou:uanLHLIX, rrpupo,nHLIX, o6mecTBeHHI,IX - qiopMupyeTCH 

TaKaH nutJHOCTL; r,ne OH poc, KeM B0CIIUTbIBanCH, KaKoBa ero CtJacTnUBaH Hacne,ncTBeHHOCTb? 

Mory numb 0TMeTUTI,, C KaKOll IIOtJTUTenbH0CTI,IO OH OT3blBailC51 0 CBOUX yttuTenHX u 6nu3-

KUX ,npY3bHX, a TaK)Ke TOT HeocrropUMI,lll qiaKT, 'ITO CeMeHa, rroceHHHLie ero cry,neHtJeCKUM 

HaCTaBHUKOM Paq>KaTOM AxMepoBLIM, rranu Ha 6naro,naTHYIO IIOtJBy. 

IlaMHTL 06 AneKcaH,npe Mhl coxpaHuM B cBoux cep,nu:ax. YrroKon:, rocrro,nu, ,nymy ycorrmero 

pa6a TBoero AneKcaH,npa. 

Mou: ;:i;e;:i;ymKa 

Bepa Tapacosa 
Hal/UOHaJlbH&zu ucCJ1eiJoeameJ1&c1<.uu yHueepcumem "Bblcuum iu1<.0Jla 37<.0H0MUKU ", Moc1<.ea 

He Ka>K,nblll M0)KeT II0XBacTaTLCH TaKUM ,ne,nymKOll. OH Bcer,na HaIIOMUHan MHe CTaporo 

,no6poro rHoMa: c 6opo,non:, rranottKon:, KYPUTenLHon: Tpy6Kon: BO pry u MunnuoHoM CKa3oK B 

ronoBe. Ha n106YIO curyau:u10 y ,ne,na Camu Bcer,na Haxo,nunac1, cTp0ttKa m cTUX0TBopeHUH 

unu U:UTaTa. A CK0nbK0 CTpOK OH Mor rrpottuTaTL HaU3YCTI,, CKOJII,KO CKa30K paccKa3aTb! 

Ero JII060BI, K tJTeHUIO rrepe,nanac1, u ero ,neTHM, u BH~M, u HeT CJI0B, K0T0pbIMU M0)KH0 

6LIJIO 6LI BLipa3UTI, 6naro,napHOCTI, 3a 3T0. 

M Bcer,na eMY y,naBaJI0CI, tJeM-Hu6y,n1, MeHH y,nuBUTb! O,nHa>K,nbl 3UMOH, Kor,na nee B paii:oHe 

IlUKa THTIKUHa eme Ka3ailC51 MHe 6ecnpe,neJibHO 6oJiblliUM, ,ne.nymKa II0BeJI MeHH Ha 6onoTO 

UCKaTI, KillOKBy. M, c o,nHOll CT0p0Hhl, H Bpo,ne 6LI II0HUMana, 'ITO B ycnoBUHX rronYMeTp0B0ro 

CHera MLI BpH,n JIU Han:,neM KillOKBY B necy, HO He BepUTI, ,ne.ny 61,mo HeB03M0)KH0, II03TOMY 

nocnymHo npo6upanac1, 3a HUM ttepe3 KYCTLI, ucKana B cHery )KenaHHLie KpacHLie Hfo,nm. 

IloB3pocneBmero pe6eHKa 61,mo Tpy,nHee y,nuBUTL . KnIOKBoii: B necy, II03TOMY ,ne.nymKa 

Ka>K,nbIH pa3 IIpUB03UJI tJTO-HU6y.u:1, H0B0e U3 CB0UX 3arpaHUtJHLIX K0MaH,nupoB0K. 3TU no,napKU 

Il0JII,30BanUCI, orpOMHOH norrynHpH0CTblO y BHYtJKU, oco6eHHO B HerrpoCTLie ro,n1,1 CTy.u:eHtJe­

CTBa. 

CaMbIM o6u,nHLIM ,nillI MeHH HBJIHeTCH qiaKT M0UX CT0JII, He6on1,mux 3HaHUH 0 ,ne.nymKUHbIX 

,noCTU)KeHUHX B HaYKe, OH HUKor,na He pacCKa3bIBan 0 CBoen: pa6oTe, a 51 II0tJeMy-To MH0fO He 

crrpamuBana. Ceiittac rrpuxo,nuTCH Y3HaBaTL Bee OT ,npymx n10,neii, a Be,n1, cKonLK0 UHTepecHLIX 

pa3r0B0p0B CHUM Morno 6bITL! 
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0 Came 

IO.Il. Heauoe 
Tex11u'lec1<uu y11ueepcumem UM. </Jeoepu1<0 Ca11ma-Mapuu, Bllllbnapauco, l./wiu 

r.ne-TO a HaqaJie HIOHH 2011 ro,na nonyqHJI nHel>MO OT Oni,rn BoeKpeeeHeKoii e npoei,6oii 

HamreaTh O Carne (xoTI, noJieTpaHHqKn!) ,nng e6opHHKa BoenoMUHaHHii O HeM. Cornaeuneg 

epa3y: KHlfra O Carne - ,neno eBfiloe! Ho e xo.ny eeCTI, H HanncaTI, HY HUKaK He nonyqaJioci,: 

cyeTa TeKymux ,nen 3aena! BnpoqeM, no enoaaM Onn, He g o,nnH TaKoii. H ecnu K ceHu6pro 

qTO~TO HarmrneTCll - TO If 3aMeqaTeJII.Ho! B o6meM, apeMg nornno, JieTO B .z:t:y6He Ha6npaJio 

)!(a{>KHe rpa.nychl, a eyern .nen HlfKaK MeHg He oTnyeKaJia. O,nHaKo no,ncny,nHo pa60Ta rnna: B 

rroe3,ne, eaMoneTe, ,na)Ke B oqepe.nn a MaraJuHe HeT-HeT, a BcnnLIBaJilf MhlCJIH o Carne. M1wroe 

BCII0MlfHaJIOCb. H HaBepHllKa JIIO,l:llf, 3Haarnue Carny 6on1,rne, Hannrnyr O HeM If Bbipa3UTeJibHee, 

If nyqme. MHe )KC 3axoTeJioe1, nepe,naTh CBOlf OII(ymeHug OT o6meHUH C HUM. HHor,na ,!{a)Ke 

KopoTKall aeTpeqa npu,naaaJia )KH3Hlf my6nHy, a Bhlpa)KeHHe UM eaoux MLrcneii 6hlno oqeHL 

eMKo. H _rropoii npoeTO aqiopucmqHo, ,na)Ke r.ne-To eJIJ)KHJio ypoKoM. 3a ToqHoCTh qipa3 He 

nopyqych - He 3pH roaopfil: "BpeT, KaK oqean,ner('. Ho .nyx H eMhlen nocTapaJica nepe,naTL 

aepHo. 

0 uayKe 

ELino :no B npoIIIJioM BeKe, B HaqaJie 80-x. Ba,nHM (B.A. Ee,nHHKOB, eeiiqac 3aM . .nnpeKTopa 

JUIIT OIUIH) u g 61,mn eme eTa)KepaMu. H, KaK ao,nHTCll, cqnTaJilf, qTo eenu u He c xo.ny, 

iio J)K TOqHo BCKOpOCTH pellIHM Bee B qllf31fKe! Ho BOT TOJibKO KOMill,IOTep tty)KeH. A TOr,na, 

CTpallIHO eKa3aTL, KOMnLIOTep 6hlJI XOTI, If 6oJILrnoii (no pa3Mepy), HO O,l:llfH. lf He Ha rpynny, 

He Ha.na6opaTOpuro, a Ha Beeb HHcTUTyr! Ha.no 61,mo npniiTu a KOMHary, r,ne cTOllJI TepMHHaJI, 

u 3apaHee 3aITHCaTbeH Ha onpe,neneHHoe apeMH: ,nHeM - He 6onee nonyqaca, a nocne qaca 

Hoqu - a)K ueni,rii qac MO)KHO 61,mo CTyqaTh no KJiaBnrnaM H nllJilfTI,eg B 3eJieHbiii 3KpaH. 

· B o6meM, KapTUHa TaKaa. qac Hoqn. Mhl c Ba,nuMoM npurnnu Ha caoe apeMll. .ll:HeM 

:>Ke BCllKHe ,noKTopa C KaH,nu,naTaMlf pa60TaroT, a HoqI, - 3TO J)Ke CTa)Kep .na CTY,IJ;CHT Ha 

CMeHy 3acrynaroT! 3a TepMUHaJIOM eH,l:llfT He6pHTaH JilfqHoeTb (Hy npllM BbIJIHTbIH KopHeea 

y CTpyrauKux) H 3a.nyMqnao cMoTpHT Ha MaJieHLKHii 3KpaH Teetronix. (BoT a JIT<I> 6bIJI 

6oJibllIOii 3KpaH, If ace UM 3aBH,l:IOBaJIH!) IlpnqeM BH.!{HO, qTQ J)KC ,naBHO CMOTpUT. B.nyMquao. 

Ee3 Toro, qT06bI KJiaaurny KaKyro TpoHyrL. Bn,nHo, Mbleni, npurnna. A no KJiaaurne cryKHerni, 

- cnyrHerni,! Hy, Mbl MHHYTY CTOUM, noTOM y)K nfilI, npoxo,nHT. 51 KaK-TO c He,nochlny (no 

HO'laM pa6ornernL, ,nHeM nhlTaerni,cg KaK-TO npHKOpHyrL Ha eeMHHape, - eTa)Kep )Ke "Ha 

ta6ene": ,nHeM Ha pa6oTe ,noJI)KeH 6bITL! Kopoqe, He,noci,m xpoHuqeeKuii!) a HeKoe oueneHeHue 

Bnan, a Ba,nuM, He Bbl,nep)KaB, e,nep)KaHHO TaK Bhl,naeT B npocTpaHCTBO: MOJI, Harne BpeMH J)Ke 

HaCTYUHJI0. B oTBeT - Huqero. Jlorurn MbleJJU npo,nOJI)KaeTell. IloTOM, r.ne-To qepe3 noJIMHHyrhl, 

cKpHIIHT Kpecno u "He6pHTaa nnqHoCTL" o6pamaeT Ha Hae cBoii B30p. Bu,nHo, qTQ MI.Jeni, yurna 

HeyxBaqeHHoii. A pa3 TaK, To u e .noea,nHoii noMexoii M<>)KHO pa3o6paTI.eH . .ll:aJiee ene.nyeT 

KopoTKrui, HO eMKaH u o6pa3HaH pe%, CMI.ren KOTopoii "rnnu 61,1 BM, pe6l1Ta ... ". H 6I.rn YKa3aH 

KOHKpeTHhlii a,npec . .ll:aJieKo, lfHhlMlf CJIOBaMH. "Tyr JIIO,!{lf HaYKoii 3aHHMaIOTCll!" 

M iie,nb TaK If yrnnu MI,I C Ba,nHMOM. 3aTO no3HaKOMHJIHeI, e "caMHM TapacoBI,IM". H, 
KaK HaM Ha ene,nyromuii ,neHL CKa3aJIH, eme nerno oT,nenaJinei,! BOT KOMY rnyroqKu, a nopoii 

OTKJIHCllibCH, noeMOTpHrnL Ha CBOH 3aHfilHH H "oTHOpMHpyerni,cg" no CarnlfHOMY MeTo.ny -

Ha~ 3To unu nopa J)Ke u,nm KY.Lia no,naJii,rne ... 
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0 "Jno6nn" 

JleTeno Bpewi:. BoT }')I{ H Coro3 pacnancx, H 1990-e npocBHCTemi:. BnpotteM, He MHe Te 

BpeMeHa onHCbIBaTb. Ho BOT tJ:TO HHTepecHo: KaK-TO TaK nonyqHJI0Cb, tJ:T0 B ,n:y6He nopa6oTaTb 

BMeCTe c Carneil: y MeHH He CJI0)KHil0Cb. 11 JIHlllb OKa3aBllIHCb B fepMaHHH, MHe npe):{cTaBHJICH 

TaKoil: cnyqail:. Carna T0f):{a nonepeMeHH0 npHe3)Kall TO B lIHCTHTYT TeopeTHtJ:eCKOH q>H3HKH, TO 

B lIHCTHTYT »:):{epHon q>H3HKH O6mecTBa MaKca IlnaHKa. O6a B feil:):{en1,6epre. KaK o6bltJ:Ho, 

Carna pa6oTan c EopHcoM KonenHOBHtJ:eM. Ho, nocKoJibKY »: T0)Ke TaM 61,m, HHor):{a npHBneKanH 

H MeH»: .zurn BCHKJIX pactJ:eT0B. BnpotJ:eM, »: ceJi:qac He "o HaYKe", a "o nro6BH". 

)KHJIJI Mbl C Carneil: B 0):{H0M nom,e3):{e JI, 6onee Toro, Ha 0):{H0M :na)Ke ):{0Ma, B K0T0p0M 

CHJIManH KBapTHpbI "rocTH MaKca IlnaHKa". A ):{OM 3T0T, Hal(0 . CKa3aTb, HaX0):{HJICH np»:M0 y 

neca, 3a K0TOpbIM B 10 MJIHYTax HecnernHOH nporynKH BBepx no CKJI0tty X0JIMa H HaXO):{HJIC}I 

lIHCTHTYT H):{epHOH q>H3HKH. IlporynKa no necy nepe):{ JI nocnepa6oThl - tJ:T0 M0)KeT 6b1Tb 

nyqrne! Ho 3T0 K0MY KaK: no BeCHe B necy no»:Bn»:nacb BCHKaH MeJIKaH ")KHBHOCTb", H 

ecnJ1 0):{H0MY Bee 3T0 - npJ1po):{a, TO MH 'Apyroro y)Ke - npo6neMa. 11 ):{eno ):{a)Ke He B 

K0Mapax, ):{a MYXaX - 3T0 ):{eno noHHTH0e, ):{a H He 6bIIlO HX TaM B "'Ay6HeHCKHX" 061,eMax. 

A BOT KJieIUH Carne ):{0Ky<IanH npemp»:):{Ho. 11 BOT B ottepe):{Hon pa3 "cnoBJIB" KJiema, Carna 

np0CHT MeHH "no-coce):{CKJI" o6rrertJ:HTb ero CTpa):{aHHH. Morr, BnHrracb "3Ta co6aKa" ily B 

C0BeprneHH0 He):{0CTH)KJIM0e tJ:eJioBeK0M MeCTO, JI 6e3 MOeil: noM0IUH HY HHKaK He o6oil:TJICb. 

..sl, caMo co6on, TYT )Ke fOT0BillO "HHCTpYMeHT K onepau;HH" - ):{0CTaIO JlfOJIKY noTorrme J1 

npoTHparo ee "cnHpToM". Ilocrre ttero npHczynaro K H3BJietJ:eHHIO "3axBaTtJ:HKa". B 3T0T pa3 

"BTOp)KeHHe" 6bIJIO ):{eHCTBHTeJibHO rny6oKHM • ..sI B0~Cb }')Ke HeCK0JibK0 MHffYT, u caM }')Ke 

):{a)Ke BCnOTeJI. Carna MY)KeCTBeHH0 TepnHT M0IO "onepau;1110". Ilo X0):(y ):{ena Mbl o6MeHHBaeMCH 

K0MMeHTapHHMH KaK no noBo):{y KJiemeil:, TaK H "3a )KH3Hb". HaKoHeu; "):(JIBepcaHT" Jl3BiletJ:eH, 

H »: Bhmaro }')Ke "netJ:aTHoe" Bhlpa)l(eHHe: "3x, JI nro6HT )Ke Te6x KJiemH!" Ha tJ:To nonyqaro 

MfHOBeHHhIH 0TBeT: "Jiro60Bb 0Ha, noHHMaernb, pa3HaH 61,rnaeT: tJ:T0 0):{H0MY - CTpacTb, 

):{pyroMy - 0):{HH CTpal(aHHH ... " 11 Be):{b npaB, He B03pa3Hlllb! 

3x, MHoroe 61,mo, MHoroe npornrro. 11 3TJI KJieIUJI - ):{aneKo He nocrre):{Hee JICnhITaHHe, 

BbIIlaBrnee Ha ero ):{0JIIO ... MHoroe Carne npHllIJI0Cb BbIHeCTJI. 11 BCe-)Ke OH ):(0 nocne):{HHX CB0HX 

):{Heil: u;eHHJI ynM6ey. y)K npocTHTe, ecJIH K0MY-TO MOH "6ail:KH" noK~CH nerK0BeCHbIMH, -

CMeIO Ha):{eHTbCH, Carna BCn0MJIHan 6bl 06 3T0M T0)Ke C yrr1,16Koii. 

3aMeqaTeJILHaH ;:i;p)7iK6a 

repxapJJ: u llpMTpayJJ: Belf,epnur 
3nneJlbxaiiM, I'ep.ttaHUR 

6 rreT Ha3al( a):{MHHHCTpau;H»: lIHCTHTYTa TeopeTHtJ:eCKOB q>H3JIKH feii):{eJib6eprcKoro YHJI­

BepcHTeTa o6paTHJiaCb . K HaM c BonpocoM, He comacHMCH JIH Mbl C):{aTb BHaeM KBapTHPY B 

HarneM co6cTBeHHOM ):{0Me AneKcaH'APY TapacoBy H ero )KeHe On1,re BocKpecettcKoil:, npH­

exaBllIJIM H3 PocCHH MH pa6oTbl Hal( C0BMeCTHbIM C HHCTHTYT0M npoeKT0M. Mb! .0X0TH0 

comacHJIHCb, TaK KaK Bcer):{a pal(bl 3HaK0MCTBY C H0BbIMH JIIO):{bMH H HOBOH )UIH Hae Kyrr1,zypoil: 

'Apyroii CTpaHbl. 

Kor):{a 3Ta CeMbH nepeexana K HaM, Mbl T0TtJ:ac )Ke npoHHKJIHCb K Heu CHMnaTHeii H CTanH 

BMecTe npoB0):{HTb MH0fHe BetJ:epa. MbI 0TMetJ:aJIH BMecTe ):{HH po)K):{eHHH, npoB0):{HJIH Bpewi: 
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B 6eee~ax Ha Hameii BepaH~e, BMeeTe yqaeTBOBaJJJI B ropo~eKJIX rrpa3~HeeTBax, rrpJimamaJJrr 

~pyr ~pyra B roeTJI IT03HaKOMITTI,eH e tJJieTO HeMeQKoii mrn )Ke tJJieTO pyeeKoii KYXHeii. 

513hlKOBhlX 6ap1,epoB He eymeeTBOBaJJO: MI,I MOfJIIT o6maTbeH KaK Ha aHrnrriieKOM, TaK rr 

Ha HeMeQKOM H3I,IKax. 3a 5 JieT 3HaKoMeTBa e 3TOH eeMbeH y Hae B03HJIKJia 3aMetJaTeJibHaH 

~p~6a, KOTOpaH rrpo~OJI)l(aeTeH JI Terrepb. 

Mhl rny6oKO eKop6rrM, tJTO ArreKeaH~p TaK paHO ymerr JI3 )l(H3HIT. Ero HeIT3MeHHaH ~o6po­

)KeJiaTeJII,HOeTb, eMeX, ero mo6ITMI,Ie BMpa)l(eHJIH, Tpy6Ka, KOTopyIO OH rroeTOHHHO KYPJIJI, err~ 

Ha 6aJJKOHe B HameM e~y, 0 tJeM-TO Bee BpeMH pa3MI,llIIJIHH, - Hamrr JII06JIMI,le BOeIIOMJIHaHJIH 

0 HeM. OH HaBeer~a oeTaHeTeH B Hameii rraMHTJI. 

OcTLIBarom;aH BceJieuuaH 

,a:.B. AHTOHOB 

2011 ro~ 

lf11cmumym meopemu1Jec1<0ii </Ju3UKU I'eiiOeJlb6ep2c1<020 y11uBepcumema, I'eiiOeJlb6ep2 

He yKJI~hlBaJJoe1, B eo3HaHJirr, tJTo Camrr 6orr1,me HeT epe~JI Hae, Kor~a rrprrmrro eoo6me­

Hrre O ero 6e3BpeMeHHOii KOHtJITHe. TaKITM a6eoJIIOTHO )l(ITBI,IM qerroBeKOM OH HaBetJHO oeTaJJeH 

B Hameii rraMHTJI. 

OH IIOKJIHYJI Hae eJIITlIIKOM 6hleTpO JI HeO)l(JI~aHHO ,nJl}l MHornx, BKJIIOtJaH MeHH JI MOIO ee­

MI,IO. K~eTeH, tJTO BOT eme TOJII,KO BtJepa Cama eHoBa Beeerrrrrr Moero ebIHITlIIKY, paeeKa3I,IBaH 

eMy KaKYJO-TO ~eTeKYJO II03My. HaM e )l(eHOH Beer~a rro~e03HaTeJII,HO ~arroeb IIpJI 3TOM, tJTO 

B o6meM-TO 6oJiblIIe MI,1 JI He BeTpetJaJJIT JIIO~en: e TaKOH <peHOMeHaJII,HOii naMHTI,IO rr TaKITM 

pe~KITM tJyneTBOM pyeeKoro H3MKa. 

Cama 3aIIOMHJIJieH HaM Y~JIBJITeJII,HO HpKITM H o6aHTeJII,HI,IM tJeJioBeKOM, e KOTOpI,IM Beer~a 

XOTerroeI, rro6bITI, IIO~OJiblIIe. IloMHMO YffHKaJII,HI,IX tJeJioBetJeeKITX KatJeeTB, rrpnrnrnBaBlIIHX 

K HeMy JIIO~en:, Cama o6rra~arr rrorreTHHe HerretJepnaeMI,IMH 3HaHHHMIT He TOJII,KO B q>H3ITKe, 

HO, HaIIpHMep, BO BeeMHpHoii neTOpHH H reorpa<pHH. He roBOpH y)l(e O ero BetJHO IOHOlIIeeKOM 

3~ope H 6eeqnerreHHOM MHO)l(eeTBe lIIYTOK, aHeK~OTOB H tJeTBepoeTHlIIJiii, KOTOpMe KaKHM-TO 

y.I{ITBJITeJII,HO eeTeeTBeHHI,IM o6pa30M BeITOMITHaJIHeI, Cameii B no~xo~mrrii ,nJI}l 3Toro MOMeHT • 

.ll:pyroe 3aIIOMHHBlIIeeeH CamHHO KatJeeTBO - ero nopa3HTeJII,HaH eKpOMHOeTI, - BI,lfJIH~erro 

opraHITtJHOii qaeTI,IO HaKOIIJieHHOii HM orpoMHOii )l(IT3HeHHOH My~poeTJI. 

Kor~a TaKrre Heop~HHapHhle JIHtJHOeTH, KaK Cama, yxo~, TO IIOHHMaem1,, tJTO BeeJieHHaH 

~eiicTBHTeJII,HO oeTbIBaeT, HO mrryqeHHI,IH HMH eBeT eme ~onro 6y~eT 03apHTI, eBOHM enHHHeM 

rr TeIIJIOTOH TeX, KOMy rroeqaeTJIITBITJIOeI, e HITMIT eorrprrKoeHYTbeH. BetJHaH naMHTI, Came. 

2011 ro~ 
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He.r.oJiraB · .r.py.iK6a 

M.H. MnaTUaKauona, 10.C. BepnoB 
HHcmumym RiJepHoii rjJu3UKU UM. l(.B. CKo6eJiblfbZHa, MocKea 

HHcmumym RiJepHblX ucCJ1eiJoeaHuii PoccuiicKoii aKaiJe.Muu HayK, MocKea 

TH)l(KO mrcaTI, 0 6e:mpeMeHHO yrne,nllleM CBeTJIOM lJeJIOBer<e, CTaBllleM HaM 6JIIl3KIIM B 

nocne,nHIIe rom,1. 

Pa3)'MeeTcH, Te, I<To pa6ornn e A.rrer<eaH,npoM BaeIIm,eBIItJeM II 3HaJI ero ,nonrIIe ro,n1,1, 

eMoryr paceKa3aTL o HeM ropa3,no 6on1,llle. 0 pa6oTax A.rrer<caH,npa BaeIIJILeBIItJa paeeKa)K)'"T 

ero eoaBTOphl II )"IeHIII<ll. HaM JIIIlllI, XOlJeTCH OTMeTIITI,, lJTO, Haxo,nHeL y Hae )lOMa (~e 

otJeHL 6oJILHhlM), oH notJTH Bee BpeMH pa6oTan. Y)l(e noene yxo,na A.rreKcaH,npa BaeIIJILeBIItJa 

Mhl C 60JII,lllIIM HHTepeeoM enylllaJIII Ha KOH<pepeHQIIII B EpeBaHe )lOKJia;J. CepreH Py6eHoBIItJa 

feBopKHHa o eoBMeeTuoii pa6oTe e ArreKeaH,npoM BaeIIJILeBIItJeM H On1,roii OneroBHoii. Cepreii 

Py6eHOBIIlJ OTMeTIIJI pelllaIOIUIIH BKJia,n ArreKeaH,npa BaeHJILeBHtJa B IIOJI)"IeHIIe )lOJIO)l(eHHhlX 

pe3YJILTaTOB. J,fa ,llOKJia;J.a 61,mo BII,llHO, KaK TeeHo nepennenIIeI, B TBOptJeeTBe ArreKeaH,npa 

BaeIIJILeBIIlJa MaTeMaTIII<a II q>II3III<a. 

O,nuaKO, B03MO)l(HO, 3TH r<opoTKHe BoenoMIIHaHHH ,no6aBHT HeK0Top1,1e tJepTOlJKII I< xa­
paI<Tepy OlJeHI, Hpr<oro, lllIIpOKO MhleJIHruero, OlJeHL HeTpIIBIIaJILHOfO tJeJioBer<a, KaKIIM 61,m 

A.rrer<eaH,np BaeIIJILeBIIlJ II r<aKIIM OH OeTaHeTeH B HaIIIeii naMHTII. 

3HaKoMcTBo c 3Toii 3aMe11aTen1,Hoii ceMLeii y Hae Ha11arroe1, c Orr1,rn OneroBHLI Bocr<peeeH­

cr<oii npII pa,nocTHLIX ,nJIH Hae 06eTOHTeJ1LeTBax - BMeeTe e eoTpy,nHIIKaMII oT,nena, B KOTOpOM 

pa6oTaeT Halli ehlH, npa3,llHOBaJIH ero )l(eHHTL6y. K . TOMY BpeMeHII Mhl ~e 3HaJIII, r<ar<yro 

Ba)l(HYJO porr1, ehlrpaJIII Orr1,ra OnerOBHa II A.rreKeaH,np BaeIIrrLeBHlJ B cy,n1,6e )l(eHLI Halllero 

ChlHa EKaTepIIHhl, ,nJIH KOTopoii OHII e,nerraJIH OtJeHL MHOfO, oneKaH II HaeTaBJIHH ee B Hayr<e II 

B )l(H3HII 3a,nonro ,no Toro, KaK c Heii II03HaKOMIInex Halli e1,rn. Iloerre npa3,nuoBaHHH On1,ra 

OneroBHa, eeTecTBeHHO, oeTanae1, y Hae, MI.I 011eH1, ,nonro 6eee,noBanII, epa3y npoHIIKHYBlllIIeL 

K Heii rny6or<oii CHMIIaTIIeii. E1,mo 3TO oeeHLIO 2008 ro,na, TaK lJTO Hallla ,np~6a IIpIIll1J1ae1, 

Ha eaMoe TH)l(eJioe BpeMH B )l(II3HII 3TOH eeMI,II. 

C A.rreKeau,npoM BaelIJII.eBIIlJeM MI.I .II03HaKOMIIJIHeL HeeKOJILKO II03)1(e - eynpym IIpHeXaJIII 

B KJIIIHIIKy Ha KOHcynLTaQIIIO. IlepBoe Bne11ameuHe 6Lmo TaKIIM: B ,noM Bolllen pyecKIIii 

6oraThlpL - II 3TO y,nHBIITeJILHO, TaK KaK B 3TO BpeMH ArreKeaH,np BaeIIJILeBHlJ y)l(e He Mor 

nepe,nBHraTLCH 6e3 IlOMOJUH IlaJIOK. Ho HHKaKHe IlaJIKII He MOrJIII IIOBJIIIHTI, Ha TO oruyrueHIIe 

MOJUH, KOTopoe IICXO)lIIJIO OT Hero. BnpotJeM, 6yr<BaJil,HO cpa3y MI.I 6LIJIII Il0KOpeHI,I ero HHTeJI­

JieI<TOM, oeTpoyMIIeM, UHTIIpOBaHIIeM r< Mecry eTIIXOB, oeo6eHHO rrro6IIMOro HM fy6epMaHa. 

~eTCH, IOpIIIO CepreeBIItJY y,narroe1, BenoMHIITI, JIIIllll, O)lHO eTIIXOTBopeHIIe fy6epMaua, 

HeII3BeeTHOe A.rreKeaH,npy BacIIrrLeBIItJy. 

Cne.nyroruax Hallla BeTpe11a npoII3olllrra B ,Il;y6He, r,ne Hallla HeBeeTKa 3aIQIIIQarra r<aH,nH­

,naTcTr<yro ,nIIeeepTaUHIO. Ilo npHe3,ne B ,D;y6Hy Mhl 61,mII 06naeKaH1,1 B ,noMe On1,rn OrreroB­

Hhl II Arrer<caH,npa BaeIIJILeBIItJa, a 3aTeM Ha 3aIQIITe 3Ta 3aMetJaTen1,HaH cynpy)l(eeKax napa 

pa3,nenIIJia e HaMll BOJIHeHIIe II pa,noeTI, npII ornallleHIIII pe3yrrLTaTOB rorroeoBaHIIH. XotJeTeH 

IlOBTOpIITL, lJTO 3TOH pa,noeTLIO BeH Hallla ceMLH BO MHOroM o6H3aHa IIMeHHO Orr1,re OneroBHe 

H A.rrer<eaH,npy BacHnLeBHtJy. 

A ,llaJILllle Bee eTaJI0 rpyeTHO. On1,ra OrreroBHa II ArreKeaH,np BaeIIJILeBIIlJ eTaJIII. tJaeTO 

6LIBaTI, B HallleM )lOMe II3-3a 6one3HII A.rrer<eaH,npa BaeIIrrLeBHtJa. TH)l(KO BenoMIIHaTL Bee 3Tan1,1 

ero 6oJie3HII. HecKOJILKO pa3 HaM Ka3anoeL, lJTO xy,nlllee II03a)lH, HO 6orre3HI, ,neMoHeTpIIpOBaJia 

eBoe K0BapeTBO. XotJeTeH eKa3aTL, lJTO T0JII,KO lJeJioBeK 011eu1, 6oJILlllOfO M~eeTBa Mor BeeTII 
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ee6H B TaKJIX Tjl)l(KJIX o6eTOHTem,eTBaX TaK, KaK AneKeaH.rtp BaeJim,eBJilJ. Ka.3anoe1,, 6y.I(TO 

HJIKaKOfO rpy:3a eOMHeHJIH, HJIKaKoro eTpaxa HeT B ero .rtyme. 11, 6y.I(ylJJI B TaK0M eoeT0HHJIJI, 

OH He rrepeeTaBan TporaTeilbHO 3a60TJ1TbeH 06 On1,re OneroBHe JI BOilHOBaTbeH, eenJI 0Ha 

Ja.rtep)l(JIBanae1,. 

Eon1,myio pa.rtoeTL rrpJIHee AneKeaH.rtPY BaeJin1>eBn1Jy rrepeeJ.rt Ha HOB)'IO KBapTJipy. HaM 

Y.rtan0eb rro61,rnaTb B 3TOH KBaprnpe IIpll ero )l(JI3Hll. 14 OKTH6pH 2010 ro.rta B 011Sll1 BeII0Mll­

HaJIJI AneKeeH HopaftpoBH'Ia CJieaKHHa. Mhl, eBH3aHHhle e AneKeeeM HopaftpoBJilJeM .rtonrJIMJI 

.ro.rtaMJI .rtp~6hl, rrpJiexann B ,[(y6Hy JI, K0HelJHo, rroexann K On1,re OneroBHe JI AneKeaH.rtPY 

BaeJ1IlbeBJ11Jy. AneKeaH.rtp BaeJIIlbeBJilJ 61,m, KaK HaM Ka.3aJI0eb, IIOilOH eJIIl (Jiml HaM xoTenoeb, 

1JT06hl 3T0 61,mo TaK), KaK Beer.rta, HpoK JI oeTpoyMeH. HeB03MO)l(HO 6hlno npe.rteTaBJITb, lJTO 

MeHLIIIe qeM qepe3 rronro.rta ero He eTaHeT. B To, 'ITO KoHeU 6nJI3oK, He Bepnnoe1, JI rroene 

BTopoft orrepaUJIJI. MennTa HJIKonaeBHa 61,ma y Hero B oHKoUeHTpe, roBopHTb OH eme He Mor, 

HO rrpJIHee TeTpa.rtb n HarrJiean .I(Ba lJeTBepoeTlllllllH fy6epMaHa, K0TOphle TaK ropbK0 Terrepb 

rrepe1IllTbIBaTb ll KOT0phle XOlJeTeH 3.I(eeb rrpHBeeTH: 

Morr PaJYM BepHo eep.rtey eny)l(HT, 

Beer.rta merrqa, 'ITO rroBe3no, 

qTO Bee Morno 61,1Tb MH0ro ~e, 

Eme xpeHoBeft 6hlTb Morno. 

Ha eBeTe )l(JITI, e aJapT0M TaK orraeHo, 

Jlro6hle TaK plleKoBaHHhl IIYTll, 
qTO II0HHil H 0.I(Ha)l(.I(hl 0lJeHb HeH0, 

)l{JIBI,JM H3 3TOH )l(Jl3Hll He yftrn. 

Ha rrpomaHbe OH KpeIIK0 o6HHil MennTy HnKonaeBHY, n rro;zyr.1anoe1, e Ha.I(e)l(.I(oft, 'ITO Bee 

6y.rteT xopomo, eenJI qenoBeK eoxpaHnn eTon1,Ko eJin. 

BoT ll Bee. Pa.rtoeTHO, 'ITO )l(ll3Hb eBena Hae e TaKJIM 3aMelJaTeilbH0 HpKHM lJeil0BeK0M, KaK 

AneKeaH.rtp BaellnbeBlllJ, HO 0lJeHb rpyeTHO, 'ITO .rtp~6a Hama 6hllla eTOilb KpaTKOH. 

IlocJie,11;nHH yqenuQa 

K.O. Ilo3]J;eeea 
HHcmumym ROepHou <jnl3u1<u UM. J(.B. C1<06enb1JblHa, Moc1<6a 

AneKeaH.rtp BaellnbeBlllJ TapaeoB HBilHneH q>aKTlllJeeKllM PYK0B0.I(llTeneM Moeft .I(HeeepTa­

UllOHHOH pa6oThl JI II0M0f MHe e.rtenaTb 3TY pa6ozy .I(HeeepTa6enbHOH. 51 rroeT0HHHO e3.I(lllla B 

,[(y6Hy n )l(lllla He.rtenHMH B .rtoMe y On1,rn OneroBHhl JI AneKeaH.rtpa Baenn1,eBn1Ja. B To BpeMH 

OHR )l(llnll B nHeTHTYTeKoft KBapTnpe Ha Kyp1IaToBa, 4. Ka)l(.I(oe YTPO y Hae 6hln "MopeKoft" 

II0.I(beM: Hae 6y.rtnn rpoMKllll 3BYK roHra, .I(OHOeJIBllllllleH e KyXHll, ll MOmHhlll ronoe Ha 

Bero KBapTnpy B03Beman: "Ilo.rtheM!" K 3T0MY M0MeHzy Ha KyXHe, KaK rrpaBHno, Hae ~e 

)l(.I(aJill 3aMeqaTeilbHble TB0p0)l(HllKll co CMeTaHOH ll BapeHbeM. TaKlle qy.I(eCHhle TB0p0)l(HllKll 

YMen f0T0BHTb T0ilbKO AneKcaH.rtp BacllilbeBlllJ ! OH elJJITaJI, 'ITO orrpe.rteneHHhlll . TllII .I(JieThl 

yBeillllJllBaeT YMCTBeHHyro aKTllBH0CTI,. YTpOM rronaranocb ecTb rnopor, Be1IepoM - p1,16y 

()l(enaTenbHo cene.rtKY). 
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O.u;Ha)l('..I(l,I, npHexaB a .lJ:y6Hy, B KBapTHpe On1,m OneroBHLI u AneKCaH.u;pa BacunLeBn<Ja 

x yaH,u:ena Mono.u:yio cuMnarn'lJHYIO .u;eayrnKY. MHe crnno HHTepecHo: KTo oHa? Ilepa1,1M 

npe.u;nono)l('.eHHeM 61,mo To, 'lJTO B rocTH npuexana BHY'lJKa. OKa3anocL, CJTO HO'lJLIO AneK­

caH.u;p BacHnLeBH'lJ c On1,roii OneroaHoii B03Bparu:anuc1, B .lJ:y6sy 3neKTpH1IKoii, r.u:e K HHM 

c aonpocoM 06paTunac1, .u:eayrnKa, XBHo o6ecnoKoeHHax cKna.u;Lrnaarneiicx CHTYaJ::(Heii. Ilocne 

pa3roBopa BLIXCHHTIOCL, 'ITO OHa e,u:eT B .lJ:y6Hy K CBOHM COOTe'lJeCTBeHHHKaM H3 Mon,u:aBHH, 

npHrnacHBIIIHM ee pa6oTaTL BMecTe c HHMH Ha CTpoiiKe. llx a.u:peca eii 6LIDH He H3BeCTHLI, 

HX M06HnLHHK He OTBe'lJan. M ee HHKTO He BCTpe1Ian ••• .lJ:eByrnKa OCTaBanaCL B HO'lJH O.I(Ha B 

He3HaKoMoM ropo.u;e. HeMHoro nocoaeru:aarnuc1,, AneKcaH,u:p BacHnLeBH'lJ H On1,ra OneroaHa 

npurnacHnH ee K ce6e. 3a BpeMX ee npe6LIBaHHX y HHX C noMOID:LIO .u:py3eii, noceru:aBIIIHX HX 

.I(OM, OHH IIOMOmH .u:eayrnKe c.u:enaTL ,u:y6HeHCKyio pemCTpaQHIO H noTIY'lJHTL pa3perneHHe Ha 

pa6oTY. CHTYauux pa3pernunacL. 

IloMHIO AneKCaH,u:pa BacHnLeBH'lJa nocTOXHHO CH.I(XID:HM Ha KYXHe 3a orpoMHLIMH "nHCTHH­

raMH", KHHraMH, CTaTLXMH, KYPXID:HM Tpy6KY H nocTOXHHO O 'lJeM-TO .U:YMaIOID:HM, IIHIIIYID:HM. 

Be1IepoM B .I(OM npHXO.I(HnH TIIO.I(H - coaBTopLI, Y'lJeHHKH, .u;eTH, BHYKH, .u:py3LX H npocTo 

3HaKOMLie. HeKOTOpLIM nerKo O.I(eTLIM 3HaKOMLIM AneKcaH,u:p BacunLeBH'lJ Haxo.u:un H HaCOBCeM 

OT.I(aBan Tennyio O.I(e)l('..I(y, 'ITO COBCeM HeTpHBHaTILHO npH 3apnnaTe HaY'lJHOro COTPY.U:HHKa 

OM.5IM. Kor.u:a npHXO.I(HnH Y'lJeHHKH, BHHO, KaK npaBHnO, nHnocL peKOH (MHe TO)l('.e HeMHO)l('.KO 

.I(OCTaBanocL - a OCHOBHOM B BH.I(e I1IHHTBeiiHa). MHor.u:a a .I(OMe 61,mu npa3,U:HHKH, .u:nx 

KOTOpLIX AneKcaH.u;p BacHnLeBH'lJ roTOBHn CBOH qrnpMeHHLie nnoB, MaHTLI HTIH nHQQy. KaKax 

3TO 6Lina nHQQa!.. 

KpynHax qrnrypa H ru:eTHHa Ha nHue, Ha MOH B3I1IX.U:, He COOTBeTCTBOBanH BHYTpeHHeMY 

co.u;ep)l('.aHHIO 3Toro 'lJenoBeKa • .lJ:YMaIO, 'lJTo B .u:yrne AneKcaH,u:p BacHnLeBH'lJ 6Lm pe6eHKOM 

Heo6LIKHOBeHHOro YMa H .u:o6poTLI, noHHMan .u;eTeii, YMen YTeIIIHTL H pa3BecenHTL nna1Iyru;HX. 

OH Mor 'lJHTaTL .I(TIHHHLie CTHXH H CKa3KH Ha naMXTL, cnyrnan KpacHBYIO Knaccu'lJeCKyio 

MY3LIKY, 'lJHTan HHTepecHLie xy.u:o)l('.eCTBeHHLie KHHm. Ero TIHQO npHHHMano Heo6LIKHOBeHHOe 

BLipa)l('.eHue, Kor.u:a no TeneBH3opy oH BH.u;en rop1,1. rop1,1 - 3To 61,1na ero cTpacTL. 

Ilepe.u: MOHM BHYTpeHHHM B30pOM pHcyeTCX q>aHTaCTH'lJecKax KapTHHa. AneKcaH.u;p BacH­

nLeBH'lJ nerKOH nOCTYflLIO .I(BH)l('.eTCX no 3eneHOMY CBe)l('.eMY nyry BMecTe C 6enLIM nyrnHCTLIM 

KOTOM B conHe'lJHYIO ue )l('.apKYIO noro.u:y. IlocTeneHHO nyr npeaparu:aeTcx B 3eneHyio ropy, KOT 

- a 6enoro Me,u:ae.u;x. BMeCTe OHH Ha6HpaIOT BLICOTY H BOT ~e 6nH3KH K o6naKaM. Tenep1, a 

Me,u:Be,u:e npOCTYflm:oT 1IepTLI orpoMHoro caernoro rony6oma3oro M~HHLI c KpynHoii ronoaoii 

- H OHH o6a yxo.I(XT 3a o6naKa ••• M TOTILKO TIY'CJH CBeTa, npo6uaaxc1, CKB031, BLICOKHe o6naKa, 

TILIOTCX Ha 3enesyio ropy ••• 

0 Came Tapacone 

T.B. Be.u;epumcooa 
TOMcKuii 20cyiJapcmeemtb1ii ynueepcumem, ToMcK 

2011 ro.u: 

Xo1Iy cKa3aTL HecKonLKO cnoa o Carne. ,n:a-.u:a, HMeHHo - o CAIIIE. IloToMy 'lJTo HMeHHo 

TaK ero )l('.eHa, a MOX O.I(H0KnaccHHQa H 110.u:pyra Onx BocKpeceHCKax no3HaKOMHna MeHX C HHM. 

Kor,na BnepBLie Ha nopore Harneii KBapTHpLI B ToMcKe noxaunacL COTIH.I(Hax q>Hrypa Carnu, 

x no,u:yMana: "Oii! KaK )l('.e npaBHTILH0 c HHM o6ru;aTLCX?" Ho ~e nocne HeCKOTILKHX q>pa3, 
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KOTOpbIMH Mbl o6MeHIDIHCL C HHM, KaK B IlHHr-noHre, MHe Ka3aJIOCL, "ITO H 3HaKOMa C HHM 

',LlaBHLIM-,LlaBHO, H He Ha,LIO .nenaTL "KHHKCeHOB", Bbl.Ll)'MblBaTL H IlO,L16HparL oco6o ,LleJIHKaTHblX 

o6pain:eHHH! Ilpocro Ha.no 6blTL co6oii. 

Carna TOHKO 1I)'BCTBoBan H mo6HJI )IGI3Hh. JI106HJI H n:eHHJI IOMop. A KaK )Ke! Be.LIL 

IJeJIOBeK, CJIHIIIKOM cepLe3HO OTHOCHIQHHCH K )KH3HH, He )'MeIOIQHH IlOCMeHTLCH Ha,LI CHTYan:Heii, 

B KOTopoii OKa3aJICH, ,LIOCTOHH CO)KaJieHHH. 

B o6in:eM, Carna - 3aMe1:laTeJILHblH co6ece,LIHHK! m~e He XO"leTCH .no6aBJIHTL - 6blJI.) 

A cKOJILKO OH 3HaJI CTHxon! JI 6epe)KHO xpaHIO n:enblii CBHTOK p)'KOilHCHblX, Ha nawrrL HM 

3anHCaHHblX, CTHXOB JII06HMOI'O Iy6epMaHa. 

CTHXH, KOTOpble Mbl JII06HM, MOJYI' MHoro paccKa3aTL o nae. OnH TaK C03By'IHbl CarnHHOMY 

MHpooin:yin:eHHIO: 

Enaro.nap10 Te6x, BceBblnIHHii, 

3a uce, K IJeM}' H iipHBH3aJICH, 

3a TO, "ITO H HH pa3y JIHilIHHM 

B Kpyry .npY3eii He oKa3aJICH. 

< ... > 

H O.LIHOMY Te6e cnacH6o, 

l!TO .nep)I(HllIL Mepy TLMbl H CBeTa, 

l!ro B MHpe ,LILHBOJILCKH KpaCHBO, 

ll MHe ,LIOCTYfiHO BH,LleTL 3TO. 

llMeHHO u 3THX "leTBepoCTHIIIHHX, KOTOpble Bcer.na 6blJIH c HHM, OTKpblBaeTCH TOHKM H 1IYTKaH 
,ll;yrna 60JILIIIOI'O IJeJIOBeKa: 

H cnpocHT Eor: HHKeM He CTaBIIIHii, 

3a1JeM Tbl )KHJI? l!ro CMeX TBOH 3Ha'IHT? 

- JI YTeIIIaJI pa6oB yCTaBilIHX, - OTBeqy H. 

H Eor 3anJia'IeT. 

MHe, rocno.nL, Hemo6110 npocHTL, 

Ho, KOJIL xceH Te6e 1:1enoBeK, 

IloMorn Mne IlOHHTL H npOCTHTL 

MoHx 6rrH3KHX, .npY3eii H KOJIJier. 

A BOT 3TO - KaK 6y.z:{TO OH caM npo ce6x HanHcaJI, c npHCYIQHMH eMY 1:IYBCTBOM IOMOpa H 

My)KeCTBOM CHJILHOI'O 1:1eJIOBeKa: 

C a3aPTOM )KHTL ua cneTe TaK onacuo, 

JII06ble TaK pHCKOBaHHbl fiYTH, 

lJTO IlOHIDI H O,LIH~bl 01:leHL HCHO: 

:>KliBblM H3 3TOH )KH3HH - He YffTH. 

<l>HHaJI KHHO: CTOHT KOJILQOM 

.n;ecHTOK 6JIH3KHX Ha,LI M}')K'IHHOH, 

A H Me)K HHX Jie~ C JIHQOM, 

lIYTL oneqanenHblM KOH"IHHOH. 
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JI COBCeM ue 6wm 3HaKoMa C TapacOBbIM AneKcau,n:poM Bacum,eBU'leM - BhlJJ:aIOID;UMCH 

q>U3UKoM-TeopeTnKoM; pa6oTa KOToporo 61,rna Tecuo cB.sl3aua c 3KcnepnMeHTaMn, npoBo,n:u­

MLIMU B MUpOBblX q>U3U'leCKUX QeHTpax. B 2010 ro.n:y BO BpeMH ero BU3UTa B ToMCK OH 

BblnOJlHIDI KaKUe-To pac<JeTbl JJ:l1H COBMeCTHOro npoeKTa c )"leHblMU m 11UJ1U. OJIH nonpocUJla 

MeHH nepecJiaTI, "cKaHI,I" JlUCTOB C pac<JeTaMn no 3J1eKTpOHHOH no<JTe B T.J:UJ1u. Ha JlUCTax 

61,rnu KaKne-TO KpacUBble q>OpM)'Jlbl C 3a6aBHblMU 3Ha<JKaMn-"cnKapamKaMU". B OTBeT Mbl 

n0Jl)"IUJ1U: "It's wonderful!" TaKoBa 61,rna oneuKa ero Tpy.n:a 3apy6e)l(HblMU KOJ1J1eraMn. B 3TOM 

ueT COMHeHUH. 

fpycTHO, 'ITO mo.n:u, KOTOpLie ern;e MHOro MOITIU ,n:aTI, Mopy, yxo,n:HT. Ho U 3,n:ec1, MO)ICHO 

6blJ10 6bl 3aK0H'IUTI, MOIO KpaTKylO 3aMeTicy O Came CTpOq>aMU 03 fy6epMaua: 

YT)"IHHeTCH nJIOTh, ucnapHeTCH nblJ1. 

fo,n:bl BblmJIU ua MeJJ:IleHHblH ~UH. 

If npUHTHO no.n:yMaTL, 'ITO Bce-TaKU 6blJ1 

If KOMY-TO 6MBaJI H u~eu. 

MbI nocJie cMepTU - BepIO B 3TO -

OnHTL CTaHOBUMCH HeTJleHHOii 

T.J:acTnQeii MblCJIHrn;ero cBeTa, 

KoTopbIH JILeTcH no BceJieuuoii. 

5 UIOHH 2012 ro,n:a eMY ucnoJ1uuJ1oc1, 6M 70 JieT. CBeTJlaH naMHTI, Came TapacoBy. 
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He nepeBe1rn:cb 6oraTb1p11 Ha pyccK011 3eMJie 

C )Ketto11 Onhro11 



"JJ IO0Z-6661 'Xll)IIIOd1-1'rlHllWO)I XI4HhAllH H 

,,,,, 

I 
i 

b-
-



JI106HMh1e ropb1. B lllBeti:QapcKHX Anhnax, 2001 r. 



C EopwcoM KonenwoBwqeM B J1ttcTwTyre JI,n;epttoft <pH3HKH HM. MaKca IInaHKa, 

r eft,n;enb6epr, 1998-2002 rr. 

)];oKna,n; Ha Me)K,n;yttapo,n;HOM coBeIQaHww «Hadronic Atoms and Positronium 

in the Standard Model», 1998 r. 



Pernettwe ttayqttow npo6neMhI, fetl:Aenh6epr 

3a pa6ornw. MHCTMTyr RAepttow <pl13l1Kl1 MM. MaKca flnaHKa 



Y HeMeu;K11x 1:i;py3eft HpMrpayg 11 fepxapga Becpep11ttr. 3rmerrhxaftM, fepMaH11J1 

C goqepbIO B feftgerrh6epre 



C TeopentKaMvt J1a6opaTopv1v1 TeopeTwrecKoM <pvt3vtKvt, 

,Qy6Ha, ,n;eKa6pb 2008 r . 



Teopeni:qeCKaJI MhICnh, Banbrrapa11co (q11n11), MapT 2006 r. 



TBopqecTBo, 1982 r. 



J;101H1)1{ J;1NWB'.) 



H31iPAHHhIE HAYqHhIE TPY,lt;hl 

Y,llK 539.172.5 

KOrEPEHTHOE l.1 
HEKOrEPEHTHOE PO)KAEH"'1E 
LIACTl.11..l HA ATOMHblX 
51.0.PAX B TEOP l.1 l.1 
MHOrOKPA TH Oro PACCE51Hl.1SI * 

A. B. Tapacoo 
O6beAHHeHHblA HHCTHTYT RAePHblX 
HccneA0BaHHA, ,lly6Ha 

IIpeACTaBJieBLI OCBOBBLie peaym,TaTLI Teop:irn MHOrOKpaTBoro pacceJIBRJI 
OTBOCHTeJil>BO peami;utt KorepeHTHOro II HeKorepeHTHoro pomp:eHIIH: '18CTH~ 
(n pe30HaHCOB) Ha 8TOMHLIX H:Apax. B 11aCTIIOCTH, llOApo6110 06cymp:a10TCJI a4>cpeK­
TLI, CBJl3allllLie co CllHIIOM pomAarom;uxcn: 'laCTlU:J;. 

The main results of the multple scattering theory of coherent and inco­
herent particle and resonance production off nuclei are presented. 

In particular, the spin effects of the produced particles are discussed in 
detail. 

BBELlEHIIE 

B IlOCJl0,Il;HH0, row,I paBHI,IMlI :mcnepHM0HTaJibHLIMII rpynnaMH 
,Il;OBOJlbHO HHT0HCHBHO HCCJieeyroTCJI npon;eccLI pom,n:eiIHJI H0CTa6HJib­
HhIX qacTHn; (pesonaHCOB) iia aTOMHbIX .11,n:pax [1-20]. OcHOBHaJI 
n;eJib 3TIIX HCCJie,n:oBamm - IlOJiyrI0HH0 HHCpopMan;uu O xapaKTepn:­
CTHKaX BBaHMO,n:eiiCTBHJI H0CTa6uJibHLIX 1IaCTHD; C HYKJIOHaMlt, He,n:o.:. 
CTYilHLIX HBy'IeHmo B 3KCnepHM0HTax C BO,n:opo,n:HI,IMH MHmeHJIMH, mrn 
HSMepeHue pa,n:Han;uoHHblX IIlllpHH pacna,n:a pesoHaHCOB. TeopeTu'Ie­
CKHM annapaTOM, HCIIOJib3Y0MLIM rrpu aHaJil:130 :rncnepHMeHTaJibH.bIX 
,n:aHHHX, aBJIJieTCJI Teopu11 MHoroKpaTnoro pacce11Hn:a (TMP):. pasBH­
Taa :nepBOHa'IaJibHO B pa6o-rax rJiay6epa [21-24] npHM0HlIT0JibHO 
K onncaHHro npon;eccoB ynpyroro H KBaan:yrrpyroro pacceJIHHJI 1IacTn:n; 
BLICOKBX 3Heprri 11,n:paMH, a saTeM o6o6~eHHaJI B pa6oTaX H0CKOJILKHX 
rpynn aBTopoB (25-54] c n;eJibIO orrucaHHJI npon;eccoB pom,n:eHHJI 
qacTHD; Ha .11,n:epm,1x MlIIlI0HJIX. 

HacTo~n:ii o6aop npe,n:cTaBJIJieT co6oii IIOII.bITKY cn:cTeManIB«po­
BaHHoro H3JIOiR0HlIJI Hau6oJiee C~0CTB0HHLIX pesyJibTaTOB TeopiIH 
KorepeHTHoro n: neKorepenTHoro pom,n:eHHJI qacTun; B a,n:pon-11,n:epH.bIX 
CTOJIKHOB0Hl:IJIX, llOJiyrI0HH.bIX B TaK Ha8.bIBa0MOM rrpu6JIHm0HHH fJiay:.. 
6epa. Ilpu6m1meH11e fJiay6epa aKBHBaJieHTHO CJie,n:yro~eMy rrpocTOMY 

*<l>11311Ka 3JieMeHTapHLIX qacTIII.I II aTOMHOro ll/1pa, 1976, TOM 7, BLIII. 3, C. 771. 
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A, B., TAPACOB 

np8AIIOJIO)R0HIDO O q>ll3H1I0CKOii: KapTHH0 B3aHMo,ri;eiiCTBHH 6hlCTphlX 

qaCTllD; C 11,ri;paM11. BpeMH npoxom,ri;eHHH 6hlCTPhlX 11aCTHD; qepea Hl(po 

HaMHOrO M0Hbill0 xapaKT8pHhlX Bp0M0H, B T01I0Hll0 KOTOphlX HYKJIOHhl 

JI,ri;pa MoryT aaM0THO CM0CTHTbCH 113 Toro IIOJIO)R0HHH, B KOTOpOM OHR 

HaXO,D;HJIHCb B MOM0HT CTOJIKHOB0HllH 1IaCTllD;hl C 11,ri;poM. Ilo8TOMY 

B3aHMO,D;0HCTBll0 npOHCXO,D;llT KaK 6hl C CHCT0MOH H0IIO,D;BIDKHhlX n;eHT­

poB (HYKJIOHOB), B0pOHTHOCTb TOH llJill llHOii KOH<p11rypan;1111 KOTOphlX 

onp0,D;8JIH8TCH BOJIHOB.blMll q>YHKD;llHMll Ha'IaJibHOro II KOH011HOro 
COCTOHHIIH H,D;pa-MHIII0Hll. 

Cnen;Hq>111IecKa1111epTa ,ri;11nm1HK11 CHJlbHhlX B8aHMo,ri;encTBHR npu 

BHCOKHX sneprllHX - KOJIJIHMHpoBaHH8 npo,ri;yKTOB pacna,ri;a B Y8KOM 

yrJIOBOM KOHyce BOKpyr nanpaBJI0HHH ABll)R8HllH HaJieTaroin;eu qacTHD;l>I 
06ecne1IHBaeT npaKTll'I0CKH npHMOJIHnehoe pacnpocTpanenne 6hlCT­

phlX 11acTHn; 11epes HA.PO, 'ITO nosnoJIHeT HCnoJibSOBaTb ,D;JIH ux onuca­

HHH 8HKOHaJibH00 np116JI1I)R8HH8 II COOTB0TCTByroin;yro 0MY T0XHHKY 

npun;em,Hhlx napaMeTpon. EcJIH 6hl pa.ri;HYc CHJibHoro nsaHMo,ri;eu­

cTBHH npH BhlCOKHX' anepr1rnx rh 6HJI H8.MHOro M0Hbill0 cpe,D;HHX 

M0mHyKJIOHHhlX paCCTOHHRii B 11,ri;pe, TO npHMOJIHH0RHOCTb pacnpocT­

paneHHH 06ecne1IHBaJia 6LI H8 6oJiee O,D;Horo CTOJIKHOB0HllH 6hlCTpoii 

qaCTHD;hl C KaKHM-JIH6o HYKJIOHOM H.ri;pa, npll'I0M caMH 8TH CTOJIKHO­

B0HHH OllHCLIBaJIHCb 61,1 8.MilJIHTY,D;aMll Ha MaCCOBOll IIOB0pXHOCTll. 

0,D;HaKo AO CBX nop H8JICHO, KaKoii 118 napaM0TpOB C pa3M0pHOCTbIO 

J];JlllHLl B Teop1111 CllJibHhlX B8aHMO,D;0RCTBllii CJie,ri;yeT OTO>K1(0CTBllTb 

C B0JIH'lllHOii: rh. ff 8CJIH B Ka'IOOTB0 on;eHKll ee KBal(paTa B3HTb napa­

M8TP HaKJIOHa AHq>q>epeHn;HaJlbHOro C0118HHH ynpyroro a,ri;poH-al(pOH­
Horo pacceJIHHJI B = 8 --;- 10 I'ae-2 = 0,3--;- 0,4 giepMu 2, TO 0Ka­

m0Tcn, 'ITO OH Toro me nopH,ri;Ka, 'ITO It cpe,ri;HHH KBa,ri;paT paCCTOHHllH 

Mem,ri;y HYKJIOH8.MH .Hl(pa. IIosTOMY npeHe6pemea11e BH0MaccOBhlMH 

8q>q>0KTaMH B aMIIJIHTY]:(aX BHyTpllH,D;0pHhlX CTOJIKHOB0HHH HBJIH0TCH 

H0011PaBAaHHhlM It B08HHKaeT aa,ri;a11a KOpp0KTHOro yqeTa 8TllX aqiq>eK­

TOB. B 8TOH CBH3H B JlllT0paType ,ri;ame o(foym,ri;aJICH Bonpoc O B08MO>K­

HOCTll llCIIOJib30BaHHH H1(0pHhlX Mllill0H0:ii ,D;JIH nsyqeHHH H0aCllMIITOTH-

1I0CKllX (BllpTyaJILHhlX) COCTOHHHH 11acran; (HJIH CHCT0M 1IaCTHIJ;) C HYK­

JIOHaMH. O,ri;naKO 1(0 CHX nop sanepmeHHOii TeopeTll"i8CKOii CX0MH, 

KoppeKTHO Y'IJ:HTLIBaroin;ei BH0MaCCOBhl8 sif!q>eKTH H HBJIHIOin;8RCH 

OCHOBOH l(JIH anaJIH3a 8KCII8pHM0HTaJILHhlX ,D;aHHhlX B 1t,yxe BhlCKasan­

HhlX n,ri;ei, He cyn:i;ecTByeT. Ilo3TOMY noKa C aeo6xo,D;HMOCTLIO HCIIOJIL-

3yeTCH rJiay6epOBCKaH CX8Ma onncaHHH B3aHMO,D;0.HCTBHH 11aCTlln; 

C .R,D;paMH. ,IJ;na o6CTOHT8JILCTBa MOfYT CJiymnTL 3TOMY H8KOTOPhlM 

onpaB,D;aHH8M. Bo-nepBhlX, B Teopnn llOT0Hn;HaJILHOro pacce.HHHH 

:a 3HKOH8JILHOM npn6JIH>K0HHH nponCXO,D;llT IIOJIHaH (T011HaH) KOMII8H­

can;1rn BH8MaCCOBLIX aif!q>eKTOB [25] H TeX 8q><p8KTOB KpaTHhlX CTOJIK­

HOB0HHH BHYTPH a,ri;pa, B KOTOpLix 1rnKoii-Jin60 HYKJIOH yqacTBYeT 

6oJiee o,ri;noro pasa (TaKne CTOJIKHOB0HllH B03MO>KHhl, 8CJIH, HanpHMep, 

1t,Ba HYKJIOHa HaXO,D;HTCH Ha paCCTOHHHH', M0Hbill0M pa1t,Hyca B3aHMo­

A8iiCTBHH 1IaCTH~ C HYKJIOH8.MH). Bo-BTOphlX, T00pllH fJiay6epa, 
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HOrEPEHTHOE H HEHOrEPEHTHOE POIB,D;EHHE qACTlfil 

llOCTp00HHaJI B npe.n;noJiomemm, 'ITO no.n;o6HaJI ROMll8Hcan;11H HM00T 
M0CTO H B o6m;eM CJiyqae (nenoT0HIJ;HaJII,H00 'pacceHH11e), OIIHCLIBaeT 
BCIO COBORYllHOCTL 8RCIIepHM0HTaJII,HLIX ]:{aHHLIX 06 ynpyroM ll RBa­
aeynpyroM pacce.smm 11acnm; BLICOKKX aneprmi: (T > 1 I'96) aroM­
HLIMK SI)];p8.MH (26]. IloKa ne ]:{OKaaano o6paTHoe, 8CT0CTB8HHO npeAUo­
JIOIBHTL, 'ITO llOCTpoeHHa.JI B no.n;o6HLIX np:e:6JIJ:Imemmx Teop1rn npo­
n;eccos pom.n;euu:JI 11acrun; B · a.n;pou-11.n;epHLix CTOJIRHOBenu:Hx npa­
BHJILHO OllHCLIBaer 8TB: 11poqecCL1. 

1. OB~AH ~TPYRTYP A AMIIJHITY}:{ H CEqEHH0: 
IIPOnECCOB POE}:{EHHH qACTHn HA H}:{PAX 
B TEOPllll rnAYBEPA 

06cyAUM CTPYRTYPY aMnJIHTy.n; paccMaTp:e:BaeMLix n:e:me peaKii;uii 
BH)];a 

(1) 

r.n;e a (b) - HaJieTarom;aJI na .sr.n;po (po.n;uBma.src.sr) 11acTm~a;Ai (A 1) -
.sr.n;po-:MHIII8HL B na11aJILHOM (ROH01IHOM) COCTO.JIHHH. Hcno, 'ITO B OllH­
cannoii: BLIW8 CXeMe T80pHH OCHOBHLIMl{ COCTaBJI.JIIODl;HMH 8Jl0M8HT8.Mll 
)];OJIIBJil,l 6LITL S-MaTplI'IHLI8 8JI8M8HTLI llOCJie.n;oBaT0JII,Jl1,lX CTOJIRHO­
B0HHii 6LICTpoii 11aCTllll;LI C HYRJIOHaMK .sr.n;pa, HS ROTOPLIX peayJILTH­
pymm;uii S-MaTplf'IBLiii aneMenr peaR~ ( 1) B npe.n;craBJieHHH 11p11qeJI1,­
noro napaMeTpa h CTpOHTC.JI MYJILTHIIJIKRaT:e:BHO. 

Ilpu: o6cym.n;emm CTOJIRHOB8HHH 6LICTpLIX 11acr11n; C HYR1IOHa:r.m 
.sr.n;pa orpaHH'IllMC.JI paCCMOTp8HlI0M TOJILRO 6HJiapHLIX peaRIJ;Hii BK.n;a 

x+N-.y+N, (2) 

r.n;e x (y) - 11acnm;LI KJIK peaouancLI, nocKOJILKY B npoqeccax pom­
.n;emrn 1IaCTllll; b KOH81IHO:ii MaCCLI mg ~ S (S - KBa.n;paT IIOJIHOH 
anepru:u B CHCT0M8 n;eHTpa Mace CTaJIKKBaIOm;HXCJI 11acT:e:n;) HM8HHO 
TaKH0 CTOJIKHOB0HH.JI :e:rpaIOT OCHOBnyIO poJIL. 

IlycTL / xu - aimJI:e:Ty.n;a 11pon;ecca (2) na noKoJIDl;eMc.sr B na11aJie 
Roop.n;uuar nymrnne, nopMu:ponanna.sr ycnoBueM 

da/dQ =II xu j2• 

B KaqecTB8 neaaBHCHMl>lX KHH8MaTB:q0CRllX 11ep8M8HHLIX peam:~idi (2) 
y.n;o6no BLI6npar1, HMnyJu,c k naJiera10m;eii: qaCTHIJ;LI a H 11011epe11HLiii, 
T. e. nemam;u:ii B IIJIOCROCTH, oproronanr,noii: mmyJI1,cy k, nepe.n;au­
HLiii HyKJIOHY mmym,c qT, npu:qeM qT ~ k8, r.n;e 8 - yroJI pacce.JIHHH. 

lfaMenenae :e:MnyJILCa k oLicrpLIX qacmn; np:e: CTOJIKHOBemuIx 
o6wmo HB:qTOIBHO M8JIO no cpaBH0HHIO C cru.s:oii B8JIJiqffHOii: k 
11 HM Momno npeue6pe111,, raR 1lTO k .srBJI.srercJI o6m;eii anepreru:qecKoii 
xapaRTepHCTHKoii ncex nocne.n;oBaTeJILHLIX CTOJIKHoBeHui, e: noaTOMY 
aaBHCHMOCTL aMllJIHTYALI / xy OT k BCIOAY oy.n;er onyCK8T:I>C.JI. 
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S-MaTpll'mLlii: aJieMeHT peam:i;1m (2) na ny1mone, naxonaII{eMCH 
B TO'IK8 C paneyc-B8KTOPOM r, CBJISaH C aMIIJIHTy]{OH l:i:u 3TOii peaK­
~ COOTHomeHH8M 

Sxy (q) = [2ik612> (qT) + if xu (qT)] exp (iqr), (3) 

rne q - TpexMepm,m neKTop HMIIYJILca, 11epenannoro HYKJIOHY 
B peaR~ (2), npH11eM ero 11ponon1,na.s: cocTaBJimoII{aH npu: MaJILIX 
yrnax pacce.JIHH.JI 8 MO)R8T C"IHTaTLC.JI H83aBHC.JIII{8H OT 3Toro yrJia 
H onpeneJI.JI8TC.JI B OCHOBHOM pa3HOCTLIO Mace qaCTHI( X H y 

qL ~ (m!- m!)J2k. (4) 

<l>aSOBl>IH MHOIBHT8JII, exp (iqr) B (3) 8CTI, pesym,TaT neii:CTBH.JI 
011epaTopa cnnura. 

Ilepexon OT 11pencTaBJien:e:.s: nepenannoro HM11yn1,ca ( q) K 11pen­
CTaBJI8HHIO npl'II(8JILHOro 11apaMeTpa (b) OCYII{8CTBJIJl8TC.JI C IIOMOII{LIO 
cpyp1,e-npeo6pas0Banm1 

S (b, r) = 2!k ) S (qT, r) exp ( - iqTb) d2qT. (5) 

BBon.11 npoq>:e:JiupyroII{nii: onepaTop 06L111I1L1M coomomemieM 

'\' (b) = 2;ik I f(qT) ~xp (-iqTb) d2qT, (6) 

IIOJiyqaeM 
Sxy (b, r) = exp [i (qL}xy z] [6xg--:-'\'xy (b-s)], (7) 

rne Z 11 S - COOTBeTCTB8HHO npo,n;oJILHaJI (B]{OJIL HMIIYJibCa k) H no-
11epeqna.11 COCTaBJimoII{:e:e panuyc-neKTopa r. 

BMeCTO HH,D;eKca xy B (7) y,n;o6no HCIIOJII,30BaTb IIOpJl)l;KOBhlH (B xpo­
HOJior11qeCKOH IIOCJieAOBaTeJibHOCTH) HOMep n CTOJIKHOBeHHJI, B pesyJIL­
TaT8 KOTOporo na O,ll;HOM H3 HYKJIOHOB m:i;pa 11pOTe1rneT peaKq:e:.11 (2). 

YqliTLIBa.11 YIIOM.JIHYTYIO BMme MYJibTHIIJIHKaT:e:BHOCTL S-MaTpnq­
nux aJie:r,rnHTOB IIOCJie,n;oBaTeJil,HLlX CTOJIKHOBeHHH H IIPHHI(HII cy11ep­
Il031'II(HH RBaHTOBOH MeXaHHKH, H8Tpy,n;no BH]{8TI,, 'ITO B Teopu:e: 
rJiayoepa pesyJILmpyroII{Hii: S"."MaTp:e:11llld:ii aJieMeHT peaKI(:e::e: (1) 
,n;aeTc.11 BLipamen:e:eM 

A \ 

s:J, = 2: ) u; (r1 ... rA) ~T !J Sn (h, rkn) X I 
X u; (r1 ••• r A) exp (iqTb) d2b IT d3r11. , 

11=1 

(8) 

3necL Ui(f) - BOJIHOBl>I8 cpynKI(HH naqaJILHOrO (Kone11noro) COCTOJI­
HHH Hnpa; kn - noMep HYKJiona, ucnLITaBmero n-e coy.n;apenue; 
A - aTOMHI,Iii HoMep. CHMBOJI T osna11aeT xponoJior1111ecKoe ynop.n:­
no11en:e:e. B8Jll111HH Sn non 3HaKOM npoH8B8Jl;8HHJI, IIOCKOJlbKY B ODII{8M 
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ROrEPEHTHOE H HEROrEPEHTHOE POlli,D;EHHE 'IACTHll 

CJiy11ae OBH Be KOMMYTHPYIOT Memzy co6o:e:. Hat<0Ben;, CYMMHpoBa­
HHe (8) ocyin;eCTBJIHeTCR KaK no BC0M B08lllOiKHLIM KOIIIOHBaD;HHM 
npo1t1emyr01111LIX Boa6ym.u;eBH:e: OLICTpI,IX 11aCTHD;, TaK H llO BCeM nepe­
CTaBOBKaM HYKJIOBOB Ba BpeMeBBOH OCH, COBna.u;arom;e:e: C OCLIO 
z-aanpll.BJieBHH ABWK0BHH 61,1cTpLix 11acTun;. 

XoTH llpH CTOJIKBOBeBHHX OI,ICTpI,IX 118CTHD; C BYKJIOB8MH Hnpa 
llOCJie.l{.IIHe MOryr TaKme B080y;«](aTLCH (npeBpam;aTLCR B BYKJIOBBLie 
1{80oapLI), TaKH0 co6LITHH a.u;ecL B0 6y.u;eM paccMaTpD:BaTL, llOCKOJILKY 
aTo mu.moro pacnmpHJio 61,1 KJiacc 06cym.u;aeM1,1x peam:i;ri. By}XeM 
RCXOAUTL ll8 Toro, 1JTO npH ,I\OCTaTO'iHO xopomeM 3Bepr0Tll110CKOM 
paspemeBHH . 3KCil0pHM0BTa peaKD;HH C B036ym,I\eBHeM BYKJIOBOB 

m~pa M01RBO OTJJ;0JIHTL OT peaKn;Hii 6ea HX B086ym.n;eBHH, H TOJILKO 
ux 6y.n;e111 o6cym.n;aTL .u;anee. 

Cnen;Hq>ll'leCKHe .u;,rn neynpyrux peami;uii: (x =I= y) ocn;11JIJ1Hpyro­
.m;11e MHOmHTeJIH exp [i (qL}xyZk ] B (7) npu KOH01JlihIX aneprmi:x no.n;aB-. . n . 
JI.RIOT BKJia;:u,I npo111emyr01JBLIX CTOJIKHOB0HH:e: C OOJILIDHM H3M0BeBHeM 
111acc1,1 OLICTpo:e: 'IRCTHD;LI, 'ITO ll08BOJIH0T YlJHTl,lBaTL JIHIDL orpaBH­
~0HH00 1JHCJIO BH,IJ;OB npo111emyT01JHI,IX peami;ui'i: (2). 

06LI1JHO anepreTH110CK08 paapemeHH8 3KCnepHM8HT8JILHLIX ycTa­
HOBOK B OOJILIIllIHCTB8 Olll,lTOB no H3Y1J0HHIO npon;eccoB pomneBHH 
'18CTHD; Ba H](epBI,Ix· MHID8BHX,H0 ll08BOJIH8T BI,IJJ;eJIRTL peaKD;HH (1) 
C nepexo.u;o111 HJJ;pa B onpe.n;eJI81IB08 KOB81JH08 COCTOHBH0 u,. Ha111epae­
ML1e B aKcnepHMenTe Be11H"UllILl npencTaBJIHIOT CYMMY ce11enui MHorn:x 
nos6ym.u;emm H.o;pa 

d<J/dQ = ~ I FiJ,, 12; iF~ = s!t-2nk6ab6i16 (qT)• (9) 
f 

."tlucJio TaKHX Bos6ym,u;eHHii aaBHCHT oT aHep~eTH118CKoro paspememrn 
annapaTypLI,. u ecm1 aTo paspememrn He Jiy11me 50 + 100 Maa, 
TO Bos6ym.n;eilm.re COCTOHHHR a.n;pa C xopomeii TO'IBOCTLIO H8CI,JID;aIOT 
YCJIOBH8 IIOJIHOTI,I 

(10) 

~ho Il03BOJIH8T HCKJIIO'IHTL BOJIHOBLI0 q>YHKD;HH ROH011HOro COCTOHHHH 
:n:.n;pa H8 BLipilmene:ii: JJ;JIH us111ep.Re1111,1x ce11eHHii: (9). B npeHe6pememm 
3q>q>8RTaMH, CBH8aHHI,IMH C TOiR]XeCTB8HHOCTLIO BYKJIOHOB, KOTop1,1e 
H0CKOJILRO llO,I\po6nee 6ynyT o6cym.n;aTLCH Hume, Jl;JIR B81IH'IHH (9) 
nonyqHM CJienyrom;ee npencTaBJienne: 

. ~~ =;;. !~ = 4~) uTS(b, r1 ... rA .. )S+(b', r1 •.•• rA)u1 X 

A 

X exp (iqT (b-b')) dbdb' II dri. (11) 
·i=i 
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Ha nepBLiii narJIH,Jl; H8,ll;OCTaT01IBO T01lll08 8HaHll8 TaKHX B8JIH':[HH, ltaK 

BOJIHOBLie q>YHRI(llll u, OCHOBHoro COCTOHHBH 11,n;pa, ,n;eJia8T peaym,­

TaTLI Teop8Tll'i0CRBX pac11eTOB ce11ennii (11) MO,Jl;8Jll,HO aaBHCHMLIMII. 

Ha caMOM me ,n;eJie OKa8LIBa8TCH~ 'ITO TOJil,KO neonpe,n;eJieHHOCTH B 8Ha­

HHH OAH011aCTH11HLIX nJIOTHOCTeii pacnpe,n;8JI8HIIH HyKJIOHOB B H.n;pe 

p(r)=A f lui(r, r2 ••. rA.)j2 dr2 ••• drA (12) 

MOrYT 8aM8THO CKaaaTl,CH Ha peayJILTaTaX TaKBX pac118TOB. qyBCTBH­

T8Jil>HOCTL ce11eH1Iii (11) K OOJiee CJIOmHLIM xapaKTepBCTBKaM CTPYK-:­

TYPLI 11,n;pa, TaKIIM, KaK KoppM~OHHfil8 cpynKI(llll paaHLIX panron, 
naCTOJILKO HH8Ka, 'ITO npn npaKTH110CKHX pac11eTaX B npol(ecce ot'ipa­

OOTRB 3KCnepIIM0HTaJILHl,JX ,n;aHHl,lX CYJI(8CTBOBaHll8 KOpp8JIHqnii 

MO)RHO lIJill Booom;e Hl'Hop11poBaTL, lIJIH B Jly,m:I0M cnyqae Y111IffilBaTI> 

B KaKOH-TO ,Jl;OCTaT011HO npocToii MO,ll;8Jlll [27]. 
qTo me xacaeTca B8JIH111IH (12), To on11 JJ;OCTaTo'IHo xopomo Hay-

11en1,1 B 3KCnepIIM8HTax no ynpyroMy paCC8HHJUO 3JI8KTpOHOB Ha HJJ;pax. 

IIpene6pemeH11e KoppeJIHI(HHMII HYKJIOHOB B HJJ;pe OOl,l'IHO ·BLipa­

maeTCH B BCilOJIL80BaHIDI COOTHOID8HlIH q,aKTOplI8aI(IIH: 

A 

Judr1 ••• rA)l2 = [I p(r1)/A. 
•=i 

(1.3) 

Ilp11 HeooxoAHMOCTB yq0Ta cnHHoBoii (no cnHHy HyKJ1ona) CTPYKTYPhl 
aMilJIHTYA peaKI(Hii (2) 11 CilIDIOBOH 8aBHCHMOCTll BOJIHOBLIX cpyHKI(HH, 

a TaKme acpq>0KTOB TO)R,ll;8CTB8HHOCTlI HYKJIOHOB HJJ;pa, COOTHOmenne 

(13) ,ll;OJiffiHO OhlTL aaM8H0HO OOJI00 OOID;HM 
A 

ui (r1 ... rA, a) ut (r' ..• rA, a)= IT p (r1, ri, a,), (14) 
, i=i 

rJJ;e p (r,, ri, a) - OAH011aCTll'IHaH MaTplII(a IlJIOTHOCTlI HYKJIOHOB 

11,n;pa, HOpMIIpOBaHHaH YCJIOB118M 

J Spp(r, r, o)dr/2=A. (15) 

B BLipameHne ,Jl;JIH C0110HHH (11), He Y111ITLIBarom;ee ail>q,eKTOB TOm­

,n;eCTB8HHOCTlI, BXO)l;HT B8JIH11lmLI p (r, r, a), ,n;naroHaJil>Hl,10 no npo­

CTpaHCTB0HHlilM nep0M8HHl,IM. Ma oom;nx cooopameHIIH 0118BlI,ll;HO, 'ITO 

CTPYKTypa ux CJie,n;yrom;a11: 

p (r, r, o) = [/p (r) + io ((s)/A] µ (r)]/2, (16) 

npB1IeM J p (r) dr = J µ (r) dr = A. 3JJ;eCL (s} cpeAHee aHa11eH11e 

cnHHa 11,n;pa B JJ;aHHOM COCTOHHIIH; A - ero aTOMHLIH HOM8p. 

IloCKOJILKY y,n;MLHLIH cnnn HYKJIOHOB B 11,n;pe s!A HB11To»mo MaJI 

npaKTB1JeCK11 ,n;JIH ncex miepnLix Mumeneu:, 06LI11Ho 11cnoJILayeMLIX 

B 3KCnepBM8HTax, BTOpoe CJiaraeMoe MO)RHO onyCTHTL. 
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TaRBM o6pasoM, oc110Bl1LIMH CTPYKTYPllLIMH aJieMeRTllMH B BLipa­
me11uH AJIH ce11e11Hii (11) OK881:JB8IOTCH B8JIH111111I:J 

-'iV xy (b) = Sp J Yxy (b-s, a) p (s, z) dl.s/2 (17) 

B 
Uxy, UD (b, b', z) = 

=Sp J j'xy (b' -s, a) ytD (b-s, a)p (s, z)d2s/2. (18) 

2. OIITII1IECKHD IIOTEHD;IIAJI 

Cua11aJia paccMoTpHM 6oJiee rronpo6110 CTPYKTYPY B8JIH11Hll (17), 
uaaLIBaeMLIX OIITB118CKHMH IIOTe11n;naJiaMH npon;eccoB (2). Ilpemne 
ncero BHARO, 11To oun KOHCTPYHPYIOTC.11 :e:a aMIIJIHTYA TaKHX npon;ec­
coB, ycpeAR8HHLIX no CIIHHY HYKJIOHa, T. e. a«f>«f>eKTHBHO H8 aMllJIHTYA 
pomneHH.11 :WIH paCC8HHHJI 11acrnn; Ha 6eccnHHOBLIX HYKJIOHaX. 3aBH• 
CHMOCTl>IO 9THX 8MllJIHTYA OT CnHHOBLIX xapaKT0pHCTHK 61:JCTpLix 
118CTHD; npeue6peraT1> ueJI1>8.11, IIOCKOJILKY CnHH 6oJILIDHHCTBa 11aCTHn; 
(oco6eHHo peaonancon) OTJI1111en OT nyJI.11. Ilp:e: Y110Te aToii aaBn­
cHMocm yno6uo IlOJILSOBaTLC.11 npencTaBJI8HH8M cnupaJILHOCT0R 
B Jia6opaTOPHOH CHCT8Me KOOPAHH8T. 3aKOHOM coxpaueHU.11 IlOJI­
HOro MOMeHTa onpeneJIH8TCJI noneneHHe cnupaJI1>HLIX aMilJIH­
TYA npon;eccoB (2) non MaJII:JMH yrJiaMH, ycpeAR8HHLIX no cmmy 
HYKJIOHOB: 

rne Ctk••·I - CBMM0TpH11ecKnii Teuaop pauran = I Aic-'A.11 I, CBepTKa 
KoToporo no Jiro6oii nape HHA8KCOB panua uyJiro; Aic, A; - cnHpaJIL­
Hocr:e: 118CTHD; X H y. 

IlpencTaBHM onm11eCKHii IlOT8Hn;H8JI (17) B CJienyrom;eM BJIA8: 

Vx11 (r)= (2~)2 J /x11 (q)S(qT, z)d2qTexp(iqTb), (20) 

S (qT, z) = J p (r) exp (iqTb) d2b. 

<l>opM-«f>aKTop s (qT, z) orpaHll1llD3aeT cym;eCTBeHHyro o6JiaCTI, HHTer­
pupoBaRHJl 3Ha118HHJDIH qT,..., R-1, rne R - panuyc .11npa. Y 1urn,rna11, 
'ITO CKOpOCTL H3MeHeHHH CKaJIJipHLIX tpynKn;uii cp (q) onpeneJI.118TCJI 

pannycoM 9Jie?,f8HTapaoro naaHMoneiicTBH.11 rh = VB, MHoro Me111,­
IDHM panuyca 11npa, Momuo B nepBoM npn6JIIDReHH11 npeue6pe111> 
q - aaBHCHMOCTl>IO BeJill'IHH cp (q). 8To npu6JIIDR8HHe 9KBHBaJI8HTHO· 
ucnoJI1>aonanHIO npo«pHJiupyrom;ux oneparopon nuna: 

i'l.xAv(b-s)=cik ... iVtVk ••• V 1c'><21 (b-s), (21), 
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rAe V, = (a/82b),. IlpH BTOM onTwrecKHii noTe~HaJI oKaSLIBaeTCH 
nponopqHOH8JI0H npOH3BOAHhIM OT H,IlepHoi llJIOTHOCTH 

Vxy(r}=Cik ... i(atabi ••. a1abz)p(b, z). (22) 

"Y1I0T KOH01IHOCTH paAHyCa aJieMeHTapHoro BaaHMO)le.ii:CTBHH npHBOAHT 
R HeKOTOpo.ii: aqHpeKTHBHO.ii: nepeaopMHpOBKe napaM0TpOB, xapaKT8-
pnayrom;nx pacnpe,Il0Jieane BYKJIOHOB B HApe. Ha aaamrna aKcnep:e:­
:MeHTaJILHhIX AaHHhIX no ynpyroMy pacceHHmo 8JI8KTPOHOB Ba H,Ilpax 
CJI0AY8T, 'ITO HYKJIOHhl B HAP8 pacnpe)leJieHhl B OCHOBHOM paBHOMepHO 
BHYTPH ccJ>ep1,1 paARYca R c BeKoTopo.ii: paaMaaKo.ii: B6JI:e:aH rpan:e:q1,1 
aTo.ii: ccJ>ep1,1. 06hl1IHO 3TO o6CTORTeJILCTBO yqHTHBaeTCH HCllOJIL30Ba­
HHeM q>8HOMeHOJIOrll'I8CKO.ii: llJIOTBOCTR CJ1e11:yrom;ero B11Aa: 

p(r)=p0 {1+exp[(r-R)/a]}; . :· } 
1/3 (23) R=roA ; r0 =1,06.+1,12 <J>epMu; a=0,545 <J>ep.Mu. 

0AHaKO BeCLMa 6JIH3KH8 peaym,TaTH noJiyqaIOTCH np:e: HCllOJILBOBa­
BHH llJIOTHOCTR B11Aa 

p (r) = ) pt(r-r') p2 (r') dr'; 

J P1 (r) dr-:-A; j p (r) dr= 1, (24) 

r11:e p1 (r) = 8 (R2 - r2) [3A/4nR3]; p2 (r) - aeKoTopaH 6LicTpoy61,1-
BaIOID;aH rJia1);KaH cl>YHK~H, pOJII, KOTopo.ii: CBOAHTCH K paaMaaLIBaHIIIO 
-OAfiOPOAHOro pacnp01);eJieH:e:H B6JIH3H rpaaHqhl H1);p8. 

Ilpuo6pa60TKeHeK0Top1,1x aKcnepHMeHTaJILHhIXAaHHHX no eA-pac­
.ceHHHIO p2 (r) 6pan:ac1, B rayccoBoi cJ>opMe 

p2 (r) ,.._, exp ( - r2/2g2); g ~ 0,9 + 1 <f>ep1,1,u. (25) 

IlpH 8TOM YAaBaJIOCL OllHCaTL 8KCnepHM0HTaJILHhl01);aHHhl0 C TaKoii me 
T011HOCTLIO, KaK lI npH lICllOJIL30BaHHH <l>epMH-pacnpe]leJI8HHJI (23). 

.Hcno, 'ITO napaM0Tp g B (25) nponopqHOHaJI8H TOJIID;HH0 IIOBepx­
BOCTHoro CJIOH H1);pa -r = 4aln 3. EcJIH npu: MaJi:Llx q annpoKCHMHpo­
BaTL <p (q), KaK o6wmo, BHpameHHeM B:e:1);a 

<p (q),..,, exp (-Bq2/2), B = 8 + 10 I'ae-2 = 0,32 + 0,4 <f>epMu'l., 

.a p (r) BH6paTL B BIIA0 (24), (25), TO B COOTHOill0HR:e: (17), onp01);0JIHIO­
m;eM OllTH'l0CKHii llOT8H~aJI, 8TO 3KBRBaJieHTHO IICilOJIL30BaHIIIO q>yaK­
-~ npocpHJIH nyJieBoro pa11:nyca (21) H acpq>0KTHBHOH 'PYHKqHH paa­
Ma3KH p2 (r) c nepeaopM:e:poBamn.rnn aaatJ0HHHMH napaM0Tpon: 

P2 (r)ert ,_, exp { - b/(2 (g2 + B)]- z2/2g2}. (26) 

'Y'IHTHBaH )laJiee, 'ITO !p8HOMeHOJIOrn11ecK:e: llJIOTHOCTH BUAa (24) co11:ep­
maT B ce6e aq,q:eKTLI aJieKTpoMaranTHoii CTPYKTYP.LI HYKJIOHa, annpoK­
.CHMHPYH npn MMLIX q 8JI8KTPH1I8CKHii q,opM-qtaKTOP npoTona rayc-
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COBOH cpopMOH 
G (q) = exp ( -(r~. m) q2/6), r:. m. ~ 0,64 <jiepMu2 

H BLl'IHTaJI 3TH aqupeKTLI H3 OllTJl'leCKHX IlOTem:i;naJIOB (17) a,npoH-JI.J:J;ep­
HbIX B3am.rn,neiicTBHii, IlOJiyqaeM, 'ITO napmrnTpLI paaMaSLIBaHIDI g 
B acp<peKTHBHLIX DJIOTHOCTJIX, ODHCLIBaromnx a,npon-JI,nepHLie :U: 9JI8KT­
pOH-JI]J;0pHLie CTOJIKHOB0HHJI, CBJISaHLI CJI0]:{YIOII\HM . COOTHomenneM: 

gl = g;_ m. + B- (r:. m.)/3, (27) 
r.ne g8 _ m. = g. Ilo.ncraBJIJIJI 1IHCJI8HHbI0 ana11ennJI g, B, re. m., noJiy-
11aeM, 'ITO gh ncero Ha 7-10% 6om,me qe. m. = q. 

CooTB0TCTB0HHO 'h ~ •e. m. (1 + (0,07 ± 0,1)1. Pa3yY00TCSI, 
CTporo ronop11, 9<p(p0KT KOH01lHOCTH PaAHYCa 3JI0MeHTapHoro B3anMO­
p;eiiCTBHJI rh He CBO,J:J;HTCJI K TaKoii npoCTOH nepeHOpMHpOBKe acpq,eK­
THBHLIX napaMeTpOB JI,nepHoii IIJIOTHOCTH. 0.n;HaKo ,npyrne ,neTaJI:e: 
crJiamnBaIOTCSI npn BLI'IHCJien:e:n C0'10HHH npon;eccoB, KOTOpLie ]{aIOTCSI 
lIHT0rpaJiaM:K OT BLipamennii, cop;epm~nx OIITD:'10CKH0 noTeHil;HMLI 
(cM. nnme). 

0TM0THM, 'ITO C BLI'IHCJIHT0Jil,HOH T01IKH apeHHJI nan6oJiee y.n;o6no 
HCIIOJILSOBaTL IlJIOTHOCTH BH,J:J;a (24) c tpynKJ:i;neii pasMaSKH 

P2(r) ,.._, 1/(r2+c2r, n>,3. (28) 
z~ 

Tipn aroM nnTerpaJILI nn.n;a ) p (b, z') dz' exp (iqLz'), HBJIJIIOII\necJI 

Zl 

OCHOBHLIM COCTaBHLIM 3JI0M0HTOM B qiopMyJie ,tl;JIJI C0'10HHSI (11), BLI'IHC­
JIJIIOTCJI B yKaSaHHLIX MO,tl;eJIJIX B SIBHOM BH)];e, 'ITO COKpamaeT KpaTHOCTI, 
nnTerpaJIOB n ynponi;aeT 'lllCJieHHLie pac11erLI npn o6pa6oTKe aKcne­
pHMeHTaJILHLIX p;rumLix HJin npn npone,neHnn TeopeTD:'10CKHX pac'le­
TOB. Ha.n;Jiem~nM BLI6opoM napaM0Tpon c, R n noKasaTeJI11 n, IIJIOT­
nocTL (24) C <pYHKJl;Heii paaMa3Kll (28) MOiRHO CKOJIL yro,nno TO'IHO 
npn6JIH3HTL K qiepMH0BCKOH (23) B o6JiaCTlI SHa11enn:ii r, r.n;e 060 IIJIOT­
HOCTH· cymeCTB0HHO OTJIH'IHLI OT HYJIJI. 

BosBpani;aJICL K OIITH'l0CKHM IlOTeHJl;HaJiaM, o6cy,J:J;HM 6oJiee no,n­
po6Ho Te ns mrx, KOTopLie OTBetiaror ynpyroMy pacceJIHmo 'laCTlIJl;, 
ne conponom.narome?tiycJI nsMeHeHneM nx crrnpam,HoCTH. JierKo Bn,n;eTr,, 
"ITO OHH ,naIOTCJI BIJpamenneM . 

V AxAx (r) = iO'~N (Ax) P (r)/2, (29) 

r.n;e O'~N 0-:r) = a;~ (Ax) (1 - i Re/ xN (0)/Im f xN (0)); a;~ (Ax) -
IlOJIH00 CetieHne BSanMo,neiiCTBHJI C H01IOJIJipll30BaHHLIMll HYKJIOHaM:H 
"IacTn:a; (peaoHaucoB) x, Haxo.n;ai:a;nxcJI B cocTOJIHHH c npoe1m;n:ei cnUHa 
Ax Ha nanpanJieHHe ,nBnmenn11. B cn:ny coxpaHeHnJI P-11eTHOcTn: B cnJir,­
HIJX B38HMO,tl;0HCTBHJIX 0'

1 (t.x) = 0'
1 (-Ax) ll 1IHCJIO H038BHCHMLIX CIIH­

paJibHLIX COCTaBJIHIOIIl;HX IIOJIHLIX ce11enn:ii X {N} BSanMo.n;e:iicTBHJI 
( {N} - H0IIOJISlpll30BaHHLiii nymron) OKa3IJBaeTCJI paBHLIM [sx + 1], 
r,ne Sx - CIIHH 'laCTHil;LI x. TaitHM o6pa30M, npn Sx ~ 1 ,tl;JIJI xapaK-
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TepHCTHKll X (N }-B3aHMOAeiicTBHJI uenocTaT01IHO BBeneHHJI onaoro 

napaueTpa o!~, KaK aTo 11acTO nonaraeTCH. HanpHMep, npH o6cym­
nenm B3aHMoneiiCTBHH BeKTOpHLIX (nceB.l(OBeKTOpHLIX) 11aCTlID; C HYK­
JIOHaMlI CJienyeT paSJIH11aT1, llOJIHLte ce118HHJI B3aHMoneiiCTBHH npo­
]J;OJILHO-llOJIJlpH30B8.HHLIX ("- = 0) H nonepe1IHo-nom1p:nsoBaH11LIX (A. = 
= ±1) 11acnrn; C H0llOJIHplI30B8.HHLIMH HYKJIOHaMH. 0nHCaHH0 B3aH­
MO.l(eiiCTBHH 11aCTHD; cnHHa 2 (HanpHMep, A 2, 3-MeSOBOB) C uenOJIHpH-
30BaBHLIMH nyKJIOHaMH Tpe6yeT BBe]J;eHHH Tpex «llOJIBLIX ce11eBHii». 
COOTB0TCTBYIDID;HX COCTOHHHHM C paam11IHLIM aua11eHHeM cnnpaJIL­
BOCTll, H T. A• 

KopoTKO o6cy,J:UIM CTPYKTYPY BeJIH111IH (18), 6HJIHH8HBLIX no aun­
JIHTyne. B naJILHeiimeM B HBHOM BH)'.{8 OBH 6ynYT BCTpe11aTLCH JllIIlll> 

np11. o6cymneHHH a4>4>eRTOB MHOroKpaTHLIX ueKorepeHTHLIX nepepac­
ceHBHii B npon;eccax nepesapn)'.{KH n (K)-Mesouon Ha 11npax. IIoaToMy 
onyCTHM anecL Bee yCJiomBeHHH, CB.JI3aHBLie co cnnpaJILBOii CTpyK­
Typoii aMnJIHTyn. KpoMe Toro, paCCMOTPHM CJIY11aii, Ror.n;a o6a npo-
4>11JIHPYIOJI\HX onepaTOpa y (b - s, o) H y+ (b - s, a) B (18) OTHO­
CHTCJI K onaoMy :n TOMY me npon;eccy (2). IIepeuncLIBaH BLipame­
BHe (18) B BH)'.{0 

Sp j ::i:;~: f xy (q-q' /2, a) fty (q+ q' /2, a) S (q', z) X 

X exp [iq (b-b') + iq' ((b+b')/2))/2 (30) 

H C Y1J:0TOM paaHoii CKOPOCTH H3MeHeBHJI aMIIJIHTYA / :,:y ll 4>opM-4>aR­
Topa S (q, z), nponeneM npH6Jiumeanoe HHTerpnponaune no d2q' 
B (30), BLIBOCJI aMnJIHTYJ{LI HS-non 3BaKa HHTerpana B TO'IKe q' = 0. 
B pesyJILTaTe noJIY1JaeM 

Sp j :~:~: fxy(q-q'/2, a}f!y(q+q'/2, a)S(q', z) X ) 

X exp [iq (b-b') + iq' ((b+h')/2))/2 ~ I 
~ ffi:,:y (b-b') p ((b + b')/2); l 

ll) f aJ.q • daxy (q) 
ffixy (., = J ¥ exp (1qp) dQ • 

(31) 

8aueTHM, 'ITO B onpeneJieuue BeJIH111IBLI (J) (~) BXO]J;JIT TaKme ll COCTaB­
JIHIOII\He aunmrryn / (q, a), saBHCJIII\H0 OT cnHHa BYKJIOBa. 

3. AMilJIHTY.!{LI IlPO:qECCOB KOrEPEHTHoro 
POlK]:\EHIUI qACTH:q B OilTHqECKOM IIPEJ::i:EJJE 

ECJIH sapHJ{OBLIO xapaKT0pHCTHRH (sap11n, CTpaBHOCTL, 6aplIOBHLiii 
sap11n) 11aCTHD; a H b COBnanaroT, TO B03MO)RHLI npon;eccLI 

a+A-+b+A (32) 

6ea }Joa6ymneuu11 Rnpa-MumeHu, aas1,rnaeMLie KorepeBTHLIMH. 
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HOI'EPEHTHOE ll HEROI'EPEHTHOE POiRJJ;EHHE qACTHU: 

Ilpn aua11emrnx. nepe,n:aunoro HMnym,ca qT, 6JIH3KHX K nyJiro, 
BKJia,n: KorepenTHLIX npon;eccoB B ns11rnpneMoe ce11eHne (9) ,n:oMHHH­
pyeT. 0Jl;naKO OH ,!l;OBOJII,HO 6LICTpO y6LIBaeT c pOCTOM nepe.n:rumoro 
:UMllYJil>Ca, TaK 'ITO npH qT ~ R-1 OCHOBHLIM HBJI118TC11 BKJia.n: OT npo­
n;eccoB c nos6ym,n:eHneM n: pasnaJioM 11.o;pa, HasI.IBaeMLIX HeKorepenT­
IIJ>IMH. 

TaKn:M o6pasoM, 11sMep11eMoe Ha onLITe ce'leHn:e pom,n:eH1111 11acTmi; 
B peaR~X (1) C T8Mll me sap11,n:OBLI!IDI xapaKT8pllCTl1RaMH, 'ITO 
ll y 11aCTHn; nyqKa, COCTOHT HS ,n:Byx KOMllOH8HT: 6LICTpOM0H1IIO!q8HC11 
(npHM8pHo KaK KBa.n:paT H,n:epHoro q>OpM-q>aKTOpa) - KorepenTHOH 
ll M8,n:JI8HHOM8H1IIO!q0HCH (KaK ce11enne p0iK,!1;8HH11 1IaCTHll; Ha CB0-
60.n:iwx HYKJIOHax) - HeKorepeHTHoir. Ha BOSMomnocTH paa,n:eJiennn 
8THX ROMIIOHeHT H OCHOBaH MeTo.n: 8KCnepHMenTaJI1>Horo 11ayqean11 
npon;eccoB KorepeuTHoro pom.n:eHH11 (32). 

Ce'leHn11 TaKHX npon;eccoB Jl:aIOTCH KBa,n:paTOM Mo,n:yJI11 aMIIJIHTY,n:I,t 
(8), B ROTopoft CJI0)l;yeT llOJIOiKHTI, u, = u,. B npeHe6pemeHllll KOp­
peJIHIJ;llHMH HYKJIOHOB B H)l;pe aMJIJIHTY.!1:LI H, CJI0,ll;OBaTeJII,HO, ce11en1111 
:aTHX npon;eccoB mpamaroTC11 TOJil>KO 11epes · OllTR1I8CKll8 llOT0H­
:n;HaJJhl ( 17). 

Ha nepBhlH narJIJIJJ; BhlpruReHHH )l;JIH aMnJIHTy,n: JJ;OBOJI1>Ho CJIO>RHI.t, 
llOCKOJII,Ky BKJIIO'laIOT acf>cf>eKTI.l B08MOiKHI.IX npoMemyTO'IHI.IX noa6ym­
.n:ennii 6hlCTPhlX 11aCTHll;, MOryJ:qHX CB113hlBaTI, HX Ha1IaJII,HLI8 a H KOH81I­
Hhl8 b COCT01IHH11. 

O.o;naKo ynoM11HaBmeec11 Bhlme no.n:aBJienne npoMemyTO'IHhlX nos-
6ym)l;ennft 60JI1,moii Macchi n: MaJIOCTI> napn;11aJI1>HLIX ce'leHnii npon;ec­
COB pom,n:eHHJI 'IJ:aCTHD; KOH81IHOH MaCCLI, IIO cpaBH0HlllO C C81I8HHHMH 
ynpyroro a)l;pOH-uy1rn:onHoro pacceHHHH, nosnoJI11eT paccMaTpnnaT1> 
npou;eccu ueynpyr11x naamrn.n:encTBHii: 11acT11u; BHYTPH 11,n:pa KaK 
B03MyJ:qenne H Y'IHT:LIBaTI> nx B Hll8illHX nopH.o;Kax. B 60Jil>illHHCTB0 
CJiyqaeB OKa8LIBaeTC11 .n:ocTaTO'IHhlM yqeCTI, TOJII,KO neynpyroe CTOJIK­
HOBea11e 

(33) 

npnB01{11iqee cpaay K npeBpam,emno 11acTHIJ;LI a B 11acTnn;y (pesouanc) b 
n: BCeBoaMOiKHLle ynpyr11e Jiepepaccerom:111Iacrnn; a (b) AO (nocJie) _npo­
n;ecca pom.n:emrn. B 3TOM CJiyqae ronopHT 06 OAHOCTyrrea1IaTOM Mexa­
HllsMe peaKn;nn pom.n:emrn. EcmI peaKu;HH 

a+A-+b+A 
npoTeKaeT IIO CX0M0 

a+N1 -+c+N1;} 

c+N2 -+b+N2 
(34) 

llJIIOC BC0B03M07RHhl8 yIIpyr11e IIepepaccemrnH qacTHll; a, b, C 

na OCTaJII,HI,IX HYKJIOHax, TO npou;ecc naS:LIBaeTCH ABYXCTyneH1IaTI:.IM 
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A. B. TAPACOB 

H T. n. Heo6xommocT1> B Y1IeTe 6oJiee CJIO,RHl,IX Mexa:a:e:BMOB AO CHX 
nop H8 BOBHHR8Jla. 

Ilpon;eccLI yupyroro pacce.lUIIDI c nepeBopoTOM c1mna 6LICTpo:ii 
11aCTHD;LI (HBM8Heu:e:e cn:e:pMl>HOCm) YA06uo TpaKTOBaTl> TaR)R8 KRK 
ueynpyrne, no npH11HH8 RX MaJioii HHTeHCHBHOCTH (no Kpaimeii Mepe 
np:e: MaJILIX nepeAaHH1,IX IDfIIYJil>Cax, xapaKTepHI,IX AJISI KorepeHTHLIX 
npon;eccoB), H IlOTOMY, 'ITO OHH nepeBOASIT 11acTnn;y B Apyroe cn:e:paJI1>­
HO8 COCTOSIHHe, B KOTOpOM ynpyroe pacceSIHH8 (6ea 11epeBopoTa cmma) 
ee HYKJIOHOM, B COOTB8TCTBHH co CKaBaHHl,lM BLime, MOlR8T 61,lTl> 
HHLIM. 

TorAa, nanpIDlep, Ta1wii npon;ecc, B KOTopoM nepexoA a -+ l> 
npOHCXO.t(HT no CX8M8 (34), HO 8RT8M 11acT:e:n;a b B peayJil>TaTe CIIHH­
cJ>JIHilOBoro nepepacceSIHHSI M8HSI8T CBO8 c11:e:paJILHO8 COCTOSIHHe. 
a CJI0AOBaT8Jil>HO, MO>K8T HBMeHHTL H xapaKT8pHCTRKH CBOero BBRRMO­
neiiCTBHSI C HYKJIOHaMH, ::upcJ>8KTHBHO SIBJISI8TCSI ;r{BYXCTY1I8H11aTLIM. 
B BTOM CJiyqae c :e: b B (34) - ne paanLie 11acTHD;LI, a paanLie cnnpaJI1>­
HLI8 COCTOSIHHJI onuoii H TOH me 11acmn;LI. 

Ha o6m;ero npencTaBJien:e:11 (8) ueTpynuo noJiyq:e:T1> BLipameme ;r{JIR 
8.MllJIHTY;r{ onuo- H ;r{ByXCTYII8H11aTLIX KorepeHTHLIX nepexonoB. 
llOCKOJil>KY SaAa'la CBO;r{HTCSI K HCIIOJIL8OBRHHIO 06L111Hoii KOM6HHa­

TOpHKH: 

F1 =Fa➔b= 2:) Vab(b, z)exp[iqTb+i(qL)abZ) X 

Z 00 

X exp A, 1 { i J Vaa (b, z') dz'+ i ) V bb (b, z') dz'} dzd2b; (35) 
-00 z 

Fu F ik A -1 f V V (b = a➔c➔b = 23t • -A- J ac (b, Zt) cb , Z2) X 

X exp [iqTb + i (qL)ac Z1 + i (qL)cbZ2) X 
Zi Z2 

X exp A, 2 { i J Vaa (b, z') dz'+ i ) Vee (b, z') dz'+ 
-00 :1 

00 

+ i J V bb (b, z') dz') 8 (z2 -z1) dz1 dz2d2b, (36) 
z2 

n~e 
exp_4., 11 x = (1 +xf A)A-k = exp (x) + 0 (1/A). 

C To11HocTLIO no :e:c11eaarom;:e:x B O11TH118CKOM npeneJie (A -+ oo) 
BeJIH'lHH BLipameHHe ]l,JIJI aMIIJIHTY;r{LI OAHOCTyneH11aToro nepeXOAa 
Momuo npencTaBHTL B nune: 

F1 = F a-+b = 2~ J ¢6 * (r) V ab (r) lji;i (r) dr' (37) 
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ROrEPEHTHOE H HEROrEPEHTHOE POIB,IJ;EHHE 'tJACTHD; 

rne ,Pt (,p;;) npeJ:(CT8BJUlIOT CXOJ:(Hlll;H8CH (pacxOJ:(Hlll;H8CH} HCKameHHhle 
BOJIBl,'[ tJ:8CTHI( b (a), pacnpocTpaHHIOlll;HXCH B cpene, B'sllmlOJ:(8HCTBHe 

C KOTOpoii OIIHChIB80TCH 8q>q>8KTHBHI>IMH (OIITH"I8CKKMH) IIOT0HI\HaJiaMB 

vbb H Vaa, a nepeXOJ:(hl a-+ b - noTe~aJIOM Vab• .AnaJiorH1IHyro, 
XOTH H8CKOJII,KO 6oJiee CJIOiKHyro, lIHT8pnpeTal(HIO nonycKaeT H BLipa­
a<enu:e J:(JIH aMIIJIHTYJ:( J:(BYXC'fYII8HtJ:aThIX npol(eCCOB. IlepeXOJ:( K OllTH­

tJ:8CKOMY npeJ:(eJIY B (35), (36) MO>RHO ocym;ecTBHTI, YIB8 H8tJ:HH8Jl 

c A d" 10 c norpemHOCTI,IO nopHJ:(Ka 2 + 3 % . 

4. CTPYKTYPA CllHPAJibHLIX AMIIJIBTY}l 
IIPOnECCOB KOrEPEHTHoro POJK}lEHBJI 
B O}lHOCTYIIEHqATOM IIPBBJIBJKEHBH 

PaccMoTplIM CTPYKTYPY c1mpaJI1,m.n: aMIIJIHTY.ll peaK:a;Hii KorepeHT­
aoro pomJ:(eHHH B OJ:(HOCTyneHtiaTOM npu6m1memm:. YtJ:HThlBaH CBH8L­
OIITJl'l8CKHX IIOT8HI(HWIOB C IIJIOTHOCTI,IO H BhIIIOJIHHH B:HTerpu:poBaHH& 

no yrJiy cp MemJ:(y nanpaBJI0HHHMH nonepe'!Horo nepenannoro HMIIYJILca 
u: npu::a;eJII,uoro napaMeTpa, noJiyqaeM, npene6peran q-aaBHCHMoCTLIO· 

CKaJIHPHliIX ipynKI(Hii] cp (q), CJienyrom;u:e COOTIIOmeuHH: 

F,.a,.b = j,.a,.b (q) s,n, (qT, qL, CJ~N (A.a), C1bN (Ab)); (38} 

s,n>= j Jng~b) bn+t (- ! :b r p(b, ;:) exp [ -1 T_(b, z)-

- ; 2 T + (b, z) + iqLz] db dz, (39), 

Z 00 

n=IAa-Abl; T_(b, z)= ) p(b, z')dz'; T+(b, z)= J p(b, z')dz'. 
z 

BeJIB:tJ:BIIY S<n> 6yJ:(eM Ha8LIB8TI, ooo6m;eHHLIM HJ:(epm,w q>OpM-q>8KTO­

pOM n-ro nopHJ:(Ka. 

B 6opHOBCKOM npH6JIIDK8HHH (era = (Jb = 0) nee OHH paBHhl M8IBJ:(Y 
co6oii u COBIIaJ:(aIOT c ipopM-q>aKTOPOM HJ:(pa S (q), KOTOpblii: onpe,i;e­
JIH0TCH KaK <I>yp1,e-npeo6pa80BaJIH8 H,D;epuoii: IIJIOTHOCTH 

S (q) = J p (r) exp (iqr) dr. 

Baam.1oneiiCTBH8 11acTHII; a H b B Ha'IWILIIOM H KOH811HOM COCTOJIHBHX 
c HJ:(epm.IM Bem;ecTBOM npu BLICOKHX aneprm1x (Ref (0)/Im f (0) -+ 0),. 
CBOJ:(~eecH npaKTB:tJ:eCKH TOJILKO K norJiom;eamo, npHBOJ:(HT K paa­
JIH1JIIIO 4>opM-q>RKTOpOB S<n>. 0J:(HOH H8 npH'llIH 3Toro pa8JIB'IHJ£ 
HBJIH8TCH B08MOiKHOe uepaBeHCTBO ceqen11ii bN-BaaHMOJ:(eiiCTBHH B paa­
HhIX CIIHpWILHLIX COCTOHHH.fIX. ,I.(pyraH npB:tJ:HRa - pa8JIH1IH0 D CaMOH 
CTPYKType B8JIII'IHH s<n). IloCKOJII,KY CTaon:JII,Hhl8 'laCTHil;hl a, nyq­
K8MH KOTOpbIX OOJIYtJ:8IOTCJI JIJ:(pa, HMeIOT CIIHH HJIH 0, HJIH 1/2, 
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A. B. TAPACOB 

TO C1aN (,.a) = COOSt (,.,0 ) (c TO'lllOCTLIO AO H0CYIIl;0CTB0HHLIX Bq>q>0KTOB 
CJia6Lix Baa1rno,n;eiicTBHii, Hapymarom;nx coxpaneHHe P-1I8THOCTH) 
II B JtaJILHeiimeM B D;8JIJIX ynpom;eHHJI <l>opMyJI HH,n;eKC A.a y B8JIH1IHH 
<1aN 6y,n;8T onycKaTLCH. 

B u,n;eane nporpaMMa ncCJie,n;oBamrn peaKn;n:ii KorepeHTaoro pom­
,n;eaHH .U:OJiiKHa COCTOHTL B H8MepeHHH Bcex pa8JIH'll1Ll~ .U:JIJI ,n;aHHOro 
npon;ecca <I>opM-<l>aKTopoB sen> II B onpe,n;eJiemrn (B oCHOBBOM no,n;­
roHKoii: A-aaBHClIMOCTH BeJilfllHH S<n>) Bcex cnn:paJILHLIX KOMIIOH0HT 
<JbN (,.b) noJIHLIX ce'Ienuii bN-naanMo,n;eii:cTBHJI. lfaMepeHn:e me Bcex 
cI,opM-4>aKTOpOB S<n> npe]lIIOJiaraeT~ HapH;!J;y C H81t18pean:eM Ce1l8HHJI 
npon;ecca (32), npoBe,n;ean:e TaKiKe IIOJIHPHBan;n:oHHLIX H8MepeHHii, 
T. e. HBMepeHn:e 8Jl8M8HTOB MaTpH:a;LI IIJIOTHOCTH 1IaCTHD;LI b, onpe­
JJ;8JIJl8:MhlX COOTHOmeHH8M: 

p"'ll-b = ~ F,. ,.bFt ,., f ~ I p,._a'>·b 12. 
"a a a b 'J,.a'J,.b 

(40) 

IloCJie,n;Bne me, KaK HBBeCTHO, orrpe,n;eJIJIIOTCJI H3 aHaJIH8a yrJIOBLIX 
pacrrpe,n;eJieHnii: rrpo.n:yKTOB pacrra,n;a ncCJie,n;yeMoro peaonanca. 

OcHOBHaJI TPYJtBOCTL Ha IIYTH ocym;ecTBJieHn.11 aToii rrporpaMMLI 
COCTOHT a MMOCTH CilHH-cI,JIHIIOBLIX aMIIJIHTY.U: F'J,.a,.._b(Aa =I= A.ii) B, o6Jia­
·CT.H nepe,n;aq HMIIYJILca, r,n;e ce1Ieane npon;eccoB KorepeHTBoN> pom­
,n;emrn 8aM8THO OTJl.lI'lllO OT HYJIJI: 

I"' _,.._ l 
F,.,.b/F'J,.'J,. -(q/m) a b, m~1I'ae, q"-'2R-1 --o,1+0,2rae.(41) 

a a a 

TaK.HM o6pasoM, JIHIIIL aa6JI10,n;aeMLie neJilfllHHLI, 6HJIHHeii:HLie no aMn­
JIRTYAaM nepexo,n;oB 6es HBMeHeHRJI crmpaJILHOCTH (.6.11, = 0) lI JIHHeii­
HLI& IIO 8THM BeJIH'IHHaM H aMIIJIHTYJtaM nepexo,n;oB C .6,11, = 1 ~ MO)KHO 
peaJILHO H3M8pHTL C JtOCTaTO'IHO xopomeii TO'lllOCTLIO. ,[I;pyrHMH 
CJIOBaMH, 8TO 08Ha1IaeT, 'ITO MO)KHO Ha.n;eJITLCJI Ha H8MepeHHe TOJlbKO 
cI,opM-q>aKTopoB S<0> H S<1>. 

5. CBORCTBA O:GOBID;EHHLIX H,I{EPHLIX <l>OPM-<l>ARTOPOB 

ll.JIH npocTOTLI paccMoTpHM S<0> H S<0 B BLICOKOBHepreT1111ecKoM 
npe,n;eJie k- oo, qL - 0. B aToM CJiyqae HHTerp:e:poaann:e no dz 
B (39) .U:JIH S<0> :e: S<1> MOiKHO BLillOJIHHTL HBHO. lfo110JILBYH aaTeM 
coornomeHHe 

d 
xJ0 (x) = dx (xJdx)) (42) 

JI HBTerpnpy..11 no db no 11acTJIM, MomHo npe.n;cTaBHTL S<0> a nn:,ri;e 
JIHHeiiuoii KOM6HHar,;:e:n: aeJIH'IHH S<1>: 

S<0>(q, 0, C11, 0'2)=(<>'2-0'1t1[0'2S<U(qT, 0, 0'1, C12)-

-e11S<1> (qT, 0, 0'1, cr)]. (43) 
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I:WI'EPEHTHOE H HEI:WrEPEHTHOE POlli,Il;EHHE qACTHU 

PacCMOTpHM q-saBHCHMOCTL B0JUI'IHH 

S<il - -2n: f Jt (qb) b2 dT (bl exp(-~ T (b)) db, (44) 
- • qb db 2 

rAe 
00 

T (b) = J p (b, z) dz. 
-oo 

Hapn:c.1npegcTaBJieHaBeJIH'!HHa-b2 :~ ~xp [ -f T (b)], BbJllllc­

Jieana11 AJIH H]J;ep c A = 64, 125,216 H a = 30 M6apn c IIJIOTHOCTLIO 
(23). BKABo, '!TO oaa saMeTBO 
OTJIH'IHa OT HYJIH JIIDIII, npH 14 ~------------, 
aaa'Ienn11x b, 6JIH3KHX K R. 
IJoaToMy npn qR ~ 1 BeJilI'IHHY 
J 1 (qb)/(qb) c gocTaTo'IHoii: 12 
CTeneHLIO TO'IHOCTH MOmHO BI,I-
H0CTH H3-IIO)J; BHaKa HHTerpana 
o TotJ:Ke b = R. B pesyJILTaTe 
TaKoro npH6JIH)R0HBOrO HHTe-
rpnponaaH11 noJiyqaeM 

S<1> (qT, 0, O', O') ~ 2J1 (qTR) X 

x S<t> (0, 0, a, cr)/(qTR). (45) 
Y'IHTiill3a11 (43}, HMeeu c Toi 
me T011BOCTI,IO 

S<0> (qT, 0, 0'1, 0'2) = 2Jt (qTR) X 

>~ 8<0> (0, 0, O't, 0'2)/(qTR). (46) 

HaKoHen;, O'I8BH)J;HO, '!TO H 

sm (qT, 0, 0'1, 0'2) ~ 2Jt (qTR) X 

X S<O (0, 0, O't, <12)/(qTR). (47) 
TaKHM o6pasoM, npn He 

0'10HI, 60JII,IDHX nepegatJ:aX qT-
3aBHCHMOCTI, JI)J;epHI>IX q>opu­
q>aKTOPOB S<0> H S<U TaKa11 me, 
KaK y aMIIJIRTYA pacceJIHHH 
a,i;poaoB Ha a6coJIIOTHo 'lepnoM 
H)J;pe, '!TO BIIOJIHe 0CT8CTB8HHO 
BBH,i;yo6m;eii: AH<ppaKD;ROBHOH 
npRpoAJ,I ncex npon;eccon a)J;pOH­
JI)J;epaoro naamro,i;eii:cTBHH, 

10 ... 
I 

~ 
~ 

8 9-

i::' 
'°IC\! 

-..!... 6 
~ 

"-I"' ,:n::s .. 
00 4 I 

2 

0 ....__ __ _.__ __ ....._ _ ___..___ _ __, 

2 4 6 8,tpepMU 

P«e. 1. 8aBRCRMOCTb BeJill'imI -

b2~xp [ - ~ T (b)] OT np~eJIJ:,Horo 

napaueTpa, paccTfHTaHHas e sJtepHoii 
nJIOTBOCTllIO (23) 11,JIJI 3B8'l8Hlm C1 = 
= 30 M6apn H A = 64, 125, 216 

Y1IHTI:>1Ba11, 'ITO OCHOB~OH BKJiaA B C0'I8BR0 npon;eccoB KorepeHT~ 
Horo PO'RA8HHH BHOCHT nepexO)J;I,I 6ea RBM0H8HH11 CIIHPaJILHOCTK 
(B TOM CJiyqae, KOH811BO, eCJIH OHH He sanpem;eHI,I npaBHJiaMH OT6opa 
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A. B; TAPACOB 

no CllHH-118THOCTH, CM. HHme), lI HCllOJIL3Y.II (46), MO~HO Oll;0HIITb 
,n;oJiro fl co6LITHii KorepenTnoro pom.n;enu.11 B JIHTepnaJie nepe.n;a11 
.n;o nepnoro .n;Hcl>pam::i;Hoanoro Ml!IHJIMYMa q1 ~ xif R, r.n;e x 1 - nepnLiii 
nel!lc11eaaron:i;uii Kopen1, q>yaKD;l!ll!I 71 (x). 

,Il.JIH fl JierKo noJiyqJIT1> 
x1R-l oo . 

fl= ) I 11
:~R) r qdq/ JI 1

\~R) r q d~ = 1-J~ (x1) =0,85. (48) 
0 0 

BH,n;HO, 'ITO B aTOM HHT8pBaJI8 nepe.n;a'l IIMllYJILCa, r.n;e BKJia.n; npo­
n;eccoB KorepeHTHoro pom.n;eHHH en:i;e .n;oMHHl!lpyeT na.n; HeKorepeHTHLIM 
«cl>OHOM», B CaMOM ,n;eJie CKOHD;8HTpl!lponano no,n;aBJIJIIOllJ;88 6oJII,IIIl!IH­
CTBO co6LITl!IH KorepeHTHOro pom,n;eHJI.11. Cpe.n;aee B STOM JIHT8pBaJI& 
ana11enJie nepe.n;annoro JIMnyJI1>ca q, KOTopoMy nponopn;uouaJIL­
HLI ,Il;OCTynHLI0 l!l3M8p8Hl!IIO HHTepcl>epeHD;HOHHLI8 xapaKTepHCTl!IKl!I 
F ,._ ,._ (q)-F,._ ,._ ±1 (q), npHMepno panno 2R-1• 

a a a a 
Bamnoii XapaKT8pl!ICTl!IKOH o6o6UJ;8HHLIX q>OpM-q>aKTOpOB S1n> 

JIBJl.118TCJI l!IX A-aaBl!ICl!IMOCTI>, KOTOpa.11 corJiaCRO (45) - (47) onpe­
,Il;8Jl.118TC.II A-aaBl!ICJIMOCTLIO l!IX ana11enl!lii npl!I q = 0. RaK yme OTM8-
11aJioc1>, B 6opHOBCKOM npl!l6Jil!l>R0Hl!ll!I (CJ1 = CJ2 = CJ) 

~~~=~=A. ~) 

l1orJIOllJ;8Hl!l0 11aCTl!ID; a H b 11.n;epHLIM B8UJ;0CTBOM HapymaeT KaK 
caM JIJIH0RHLIH aaKOH l!l3M0H0Hl!l.11 cl>opM-q>aKTOpOB C H3M0H8Hl!leM aTOM­
Horo HoMepa A (49), TaK l!I panenCTBO l!IX Mem.n;y co6oii. ~ho JierKo 
Bl!l,Il;8Tb :iia npHMepe 11aCTHOro CJiyqa.11 CJ1 = CJ2 = CJ. B 8TOM CJiy11ae 
l!IM08M: 

S<0> (0, CJ, CJ)= Ni(cr/2) = J T (b) exp [ -CJ/2T (b)] d2b = } 

= N (cr/2, cr/2); (50) 

S<1> (0, cr, cr) = N (0, cr/2) = 2 J {1-exp [-cr/2T (b)]} d2b/a, 

r.n;e 

N (a
11 

cr
2

) = f d2b exp [-a1T (b)J-exp [-a2T (b)] 
J 0'2-0'1 

(51) 

- TaK Ha3LIBa0MLI8 acI>cl>eKTHBHLI8 'IHCJia HYKJIOHOB, onpe,n;eJI8HHL18 
B pa60T0 (31). 

Ha pnc. 2 npe,n;cTaBJieHa A-aanl!ICJIMOCTL B8JIR1IJIH N (0, CJl2) 
R N (a/2, cr/2). BH.n;ao, 11To norJion:i;enHeM qacrnn; B nen:i;ecTBe HHTeH­
CHBHOCTL nepexo.n;on 6ea H8MeaeH1:I11 cnnpaJILHOCTl!I (L\). = IA-a - ib I = 
= 0) no,n;aBJIJl8TC.II 60J11,me, 118M IIHT8HCl!IBHOCTL cmm-cl>JIHJIOBLIX rrepe­
XO]J;OB" ·c. L\). = L 3To CBJ13aHO C T0M, 'ITO OIITR110CKl!IH llOT0IID;HaJI, 
COOTBe'tC'rBYIOllJ;l!IH CnJIH-q>Jll!IIlOBLIM nepexo,n;aM, rrporropn;HOHaJI0H npo­
H~BO,Il;HOH OT 11,l(epnoii nJIOTHOC1'H dp (r)ldr, KoTopa.11 B CJiyqae rro11TII 
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KOrEPEHTHOE II HEKOrEPEHTHOE PO)l()];EHHE 'lACTll!l 

o,n11opoAHoro pacnpe,n;eJieHHH 11.n;epnoro Bem;eCTBa aaMemo OTJiu:-rm:a 
OT HYJIH JID:mb B6JIH8H rpamu:u,1 a.n;pa r = R' r.n;e caMa llJIOTHOCTI, 

yme MaJia H, CJI8,Il;OBQT0JlbHO, MQJIO 100 .----------..,,,--, 
norJiom;em10. 0Tcro.n;a cJie.n;yeT, "ITO 
H 1IYBCTBHT8JibHOCTL i!iOpM-cl>aRTOpOB 
S<11 K B0JID:1IRHQM <1bN (Ab= Aa ± 1) 
,Il;OJliKHQ 61,1TL HHiK8, 1I0M 1IYBCTBH- 50 
T0JILHOCTb 4>opM-4>aKTopon S10> K ne­
JJH'IIHHaM <1bN ('-a= Ab). 

PaCCMOTpHM 8TOT Bonpoc 6oJiee 
no.n;po6no. B o6m;eM cJiy-qae <1a =;=ab: 20 

S<0> (0, <1a, <1b) = N (<1a/2, <1b/2); (52) 

S<1> (0, aa, ab)~ [N (0, a0 /2) + 
+ N (0, ab/2))/2. (53) 

CoOTHOfil8HH8 (53) HBJIH0TCH TO'II­
HblM B CJiy-qae OAHOPOAHOro pacnpe­
AeJI8HHH p ,.._, 8 (R - r). B o6m;eM 
CJiy11ae OHO Bl,J:llOJIHH8TCH C TO'IIHO­
CTLIO .n;o BeJIH'IHH nopH,n;Ka Wcl -

50 100 A 
P100 •. 2. \Cpau)iHTeJJLHaH A -aauucu­
Mocr1, aaa'leauii q>opM-ipar,ropoB 
S<1> (a = O, a0 = ab = a) = 
=N (0, a/2) H s0 (q = 0, aa = 
= ab = a) = N (a/2, a/2) ,IJ;JUI 
a= 25 .M-6apH. 

- li;1)2-r2, r.n;e l:i: = (p0a:i:)-1 - ,n;JIHHa cno6o.n;Horo npo6era 
B a.n;pe; 't - TOJIID;HHa ero IIOB8pXHOCTHOro CJIOH. 

6. PEAJILHO ll3MEPIIMI>IE BEJIJlqJlHLI IIPO~ECCOB 
KOrEPEHTHOro PO>KJ{EHIIH II llX qYBCTBIITEJILHOCTl> 

K IIHTEHCIIBHOCTH nor JIOIIlEHHH PO>KJ{AEMLIX qACTH~ 

McnOJILSyeM (52) lI (53) .IJ;JIH Oll;0H~ll 1LYBCTBHT0JibHOCTlI lI3M8pHe­
MJ:,J:X B aKcnepHM0HT0 B0JIR11HH 

• i .• 

da/dQ = I f~=O 12 I S<0> (q, aa, <1b (Aa)) 12+ 0 (q2/m2); (54) 

p).11iJ= ft;.).=1 S<h(q, CJa, C1b(A~± 1)) +O (.!!!._) , (55) 
. f).=0 so (q, C1a, ab (Aa)) m3 

K 8HQ1I8HHHM. no.n;Jiemam;HX onpe,n;eJieHHIO CIIllpaJibHLIX KOMIIOH8HT 
noJIHhIX ce11enu:ii bN-naaD:Mo.n;eiicTBlIH. · · · . · :; 

IIoCKOJILKY BeJill1IHllJ,I f ab B COOTHOfil8HHHX (54) u: (55) HBJiHIOTCH 
He aaBHCHID;HMH OT CIIHHa HYKJIOHa 1IaCTHMH a.MIIJIHTYII: npo:qecca 
aN -. bN, HX HeJILSH naii'TH HS anan:e:aa aKcnep:e:Meni'~JI.LHLIX 11:a'e:­
H1,1x o peami;HHX na no.n;opo11:Hoii (.n;e:iTepHenoii) :r.mmenH 6ea cJiomm.tx 
IIOJIHp:e:aaIJ;HOHHl,IX H3M8p8HHH, H, TaKHM o6paao.M; OHH 6y.n;y'T .ii;onoil'_; 
HHT8JILHLIMH napa:M8TpaM:e:, Il01);Jiemam;HMH onpe11:eJieHH10. ,ll;n:11 BCKJII0-
118HHH HX IIPH anan:e:ae 1J:lllllll,IX O KorepeHTHOM pom:.n;eHH:e; 11ao~n; 
Ha 11.n;pax C IJ;eJibIO IIOJIY1!0HHH C01I8HlIB: <1bN IIPHX01);HTCH 6paTL orap­
meHHH neJIH11Hu (54) H (55) .IJ;JIH paaH1,1x MHmenel. TaKHM o6p~ao~! 
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A, B. TAPACOB 

BeJIH'IHHLI C1bN (A.a = Ab) onpeJJ;8JIHIOTCH na anrurnaa A-aaBHCHMOCTH 
OTHOW8HHH 

= I S<0> (q, Ga, Gb, A) 12 (56) 
Th SlO> (q, Ga, Gb, A1) , 

a B8JIH'mHLI '1bN (Ab =A.a± 1) - na anaJinaa A-aaBHCHMOCTK OTHO-
menuii: 

_ S<i> (q, Ga, ab, A) (57) 
1)2 - S<t> (q, aa, Gb, Ai) ' 

r):(e A 1 - aTOMHLiii noMep o~oro na HJJ;ep (00I,I1IHO caMoro JierKoro), 

llCilOJib8Y8MLIX B 0KCII8PHM8HT8 B Ka'I8CTB8 MIDll8HH. ,I:\JIH )];8MOHCTpa­

~H 11YBCTBHT8JlbHOCTH B8Jll!1IHH 1)1, 2 K anatJ:8HllHM C8'18HHH (]bN 

S: .-------------, Ha puc. 3 n 4 npeACTaBJieHa A-
1 81lBllCHMOCTI, OTHOmeHHii: 

1,5 

1,0 

0,520 50 100 A 

Puc. 3. 8aBRCBMOCTL ;l(cra, Gb, 
Ai, A) OT aTOMHOro IIOMepa 
A ,i;JI.11 G0 = 25 .M6apn, A 1 = 
= 20 paSJill'IIII,lX s11a11emm: Gb 

; _ TJt (Ga, Gb) • ~ 112 (aa, Gb) 
.t -TJdaa, Gb=Ga)' 2 TJ2(Ga,_Gb=Ga) 

~zr--------~ 

1,10 

1,05 

1,00 

0,95 

o,g~o 50 100 

PBC, 4. 3aBRCBMOCTb ~2 (Ga, Gb, 
A 1 ,A) oT aToM11oro 11OMepa A TI.JUI 
Ga = 25 M6apn, A 1 = 20 paSJill'I­
BhIX ab 

):(JIH CJ0 = 25 M-6apu, A 1 = 20 n paaJIH'IHLIX anatieHnii: CJb• Bn~o, 

'ITO Bemrcnma s1 AOBOJibHO aaMeTHO MeHJieT cBoro A-aaBncHMoCTL 

np:e: :e:aMeHeHHH napaMeTpa crb, 11ero H0Jlb8H cKaaaTL o Ben1I11HH8 s2, 

HaMeneHHe napaMeTpa crb 6oJiee, '10M B ):(Ba paaa, np:e:BOAHT B nyqmeM 

CJIY1Iae K 10%-My :e:aMenennro. neJIH'IHHLI s2, Ta1rnsi: unaKasi:11yBCTBH­

T0JILHOCTL IIOJU!pHaan;noHHLIX xapaKT0PHCTHK K 8Ha'l8HHIO B0JIH'IRH 

(JbN• ycyry6mieMaH o6cym):(aBmeiicsi: BLime MaJIOCTbIO H8AHaroHaJII,-
). ).' 

HLIX 8JI8M8HTOB MaTpHD;LI IlJIOTHOCTH p b b, ):(0Jia0T npaKTH'18CKH 

H8B08MO>RIILIM OllP0AeJI8HH8 B8RH'IHH (JbN (L\t.. = 1) na auaJiuaa IIOJIJI­

pnaan;HOHIII,IX xapaKT8PHCTHK npon;ecCOB KorepeHTHOrO pomJJ;8HHH, 
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l<OrEPEHTHOE H HEROrEPEHTHOE PO>R,U:EHHE "tJACTHU 

PeaJibHO me na aaaJI:e:aa nanm.rx o KorepeaTHOM pomnemm 11acTun; 
B peami;m1x (32) MOmHO OIIpeneJIHTI:, JIHIIII:, BeJI:e:q:e:ay C]bN (.1.A. = 0), 
np:e: YCJIOBHH, Koae1I1Io, 'ITO nepexoAI,I c ,1.,., = 0 paapemeHLI npa­
BJIJiaMH OT6opa no cnID1y-11eTaocrn. Ha caMoM neJie CYID;eCTByeT 
n;eJILii KJiacc peaKn;nii (32), B KOTOPLIX TaK:e:e nepexo~ aanpem;eH1>1 •. 
::ho OTllOCHTC.fl K peaKIJ;H.flM pomne11n11 M880llllh1MH 11 rf>oTOHHLIMH 
nyqKaMH 118CTHIJ;, )J;JIS{ KOTOpLIX ae BLIIIOJIH.fleTC.fl COOTHOmeHUe 

Pb = P 0 (-1)1'b-'al. HanpHMep, · npon;ecc1,1 yA - :i:0 (TJ0) A, 
:i;± (K±) A - p± (K*±) A, :i:-A - A2A HT. ,z:,;. H.IQTT HCKJIIO'IHT8JILHO 
aa C118T CilHH-rf>JIHIIOBOro B8aHMop;eiiCTBH.fl. Ce11eHH.fl 9THX npon;ec­
COB, KOTOpLie aaa1,1na10T HeJtHrf>paKD;HOHH.l:iIMH B OTJIH'IHe OT o6wmLIX 
(nurf>paKD;HOHHLIX), nponopIJ;HOHaJII:,HI,I KBanpaTy MO]lyJI.JI rf>opM-rf>aK­
Topa s<1> H COOTB8TCTBeHHO 11YBCTBHT8JILHOCTI:, HX K IIOJIHLIM ceTJ:e­
HH11M bN-naanMoneicTB:e:11 Bp;noe BLime, 11eM y noJI11p:e:aan;:e:oam.1x 
xapaKTepHCTHK JtHrf>paKIJ;HOHHl,IX npori;eccoB, HO 8Ha1IHT8JILHO nnme 
tJ:yBCTBHT8JILHOCTH ce11euni nnrf>paKri;noua1,1x npori;eccon. IloaTOMY JtJI.JI 
onpep;8JI8HH11, HanpHMep, llOJIHJ,IX ce11eanii B88HMO)J;0HCTBH.JI none­
pe'IHO-IIOJI.flpH80BaHHl,lX K* (p)-M080HOB C HYKJIOHaMH H8 aHaJI113a 
A -aaBHCHMOCTH ce11eunii peaKn;:e:i RorepeaTuoro pom,z:,;eunn: 1t (K) A -
- p (K*) A c Toi me TO'IHOCTLIO, c KaKOii onpe.1(0JieHLI cetJ:eu1111 Baan.: 
MoneiicTBH.JI npo1J;OJIJ:,HO-IIOJI.JIPH80B8HHLIX A1-Me80HOB H8 8H8JIH88 ]tall-' 

m.xx o ce11euHH npori;ecca nnrf>paKri;:e:ouuoii nnccori;nan;nII nA-+ A 1A 
IIOTpe6yeTC.JI ua6op ropaano 60JI1:,meii CT8THCTHKH. 

7. POJIL ]tBYXCTYIIEHqATLIX MEXAHII3MOB 

~o CHX nop o6cymp;aJIC11 BKJI8Jl; JlllilJJ:, O)J;HOCTyIIea11aToro Mexa­
HH8Ma B 8MIIJIHTyJl;y peaKii;HH (32). B HeKOTOphlX CJiyqan:x BKJI8Jl; .zreyx­
CTynell'laTOrO M0XaHH8Ma B aMIIJIHTYJl;Y paCCMaTpHBaeMoro npon;ecca 
MOmeT OKaaaTbC11 cpaBHHMLIM co BKJiaJl;OM O]{HOCTYII8H'laToro. 06cy­
JJ:HM p;Ba uaH6oJiee RHTepecaLix npnMepa nono6uoro po,ll;a npo­
ri;eccon. 

Bo-nepB1,1x, 9TO npon;eccLI rf>oTopomJJ;eunn: MeaoaoB M na 11npa:x; 
npn BLICOKHX aneprirnx yA - MA. B aToM CJiyqae uap.JIJJ:Y c MeXaHHa­
MOM np.JIMoro 4>0Topomnean11 yN - MN Bamea yqeT TaKme BKJia,z:,;a 
ABYXCTyneu11aToro :r,rnxaHH8Ma yNl - V0N1, V0N 2 - MN 2 (Ni, 
N 2 - HYKJIOHLI Jinpa), rne V0 (p0, ro, <p) - aeiiTpaJI1:,m.te neKTopaLie 
MeaonLI. ~OMHHHPYIOT npn 9TOM 06L11I1IO nepexo~· i' - p0 - M;. 
a BKJia)J;LI C npoMemyT011HLIMH ffi H (J) MaJILI. 

Bo-BTOPLIX, 9TO o6cym,z:,;aBmHeCJI BLIIlle B OJ{HOCTyne1111aTOM npH-
6JIHiR0HHH CIIHH-rf>JIHIIOBLie nepexop;LI B Mrf>PaKIJ;HOHHLIX npori;eccax 
aA - bA. HapJ1ny c np.JIMMM cmm-rf>JIHIIOBLIM nepexonoM aN - bN 
npH 8TOM MomeT. OKaaaTLC11 BamHLIM BKJiap; CJie,z:,;yIOIIi;ero M8XaHH8M8 
H8M8H8HHJI cnnpaJILHOCT:e:: B CaMOM aKT8 pomneHHJI CIIHpaJILHOCTI:, 
61,1cTpoii 11acTHn;LI ue M0H118TCJI, a ee H8MeHeHHe npOHCX01J;HT B npo­
n;ecce ynpyroro cnHH-rf>mmoBoro bN-nepepacce11HHJ1. oTOT MexanHSM 
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JIBJIH8TCH 9q>q>8KTHBHO ABYXCTynen:qaThIM, llOCKOJII>RY HHKaKH8 ]lpyrHe 
11:acTHD;LI llOMHMO.a H b H8 llOHBJIJIIOTCH B npOM8>RYT011BhIX COCTOJIHHHX. 

B 06011x ynoMHHYTMX cJiyqa11x nepBhIH nepexoA aN -+ cN JIBJIJI8TCJI 
nepexoii;OM 6ea H3M8H8HlUI cn:e:paJII>HOCT:U (B CJiyqae peaKI.J;llll yN -+ 
4- p0N aTo 06ecne11:e:BaeTCH cne~qi1111ecmm npaBHJIOM or6opa -
coxpaH8HH8M S-KaHllill>HOH cn:e:paJII>HOCTH, npaRTH118CKH COBila]laIO­

~ei npu BLtCOKHX- 9H8Pf:USIX co cn:e:paJII>HOCTblO B Jia6opaTopHOH 
C:UCT8M8)"' II09TOMY COOTB8TCTBYJ<)nµrii OllTH'lecKmi IlOT8HIJ;:UaJI npo­
nop~OHM8H npoCTO Jl]l8pHoi IlJIOTHOCTH 

Vac (r) = 2nf ac (0) P (r)/k. (58) 

ECJI:e: orpaII:U'IHT!,CH paCCMOTpea:e:eM peaKn;:e:H KorepeHTHoro q>OTO­
pom]l8HHH TOJII>KO H8HTpaJII>HLtX llC8B;ll;OCKaJIHpHI,IX M030HOB (n°, 'I'], X6) 

:e:a H]lpax B nepBOM CJiyqae :e: CllHH-q>JIHilOBLlX nepexo)];OB c fl.').. = 1 
lJO BTOpOM, TO B o6oHX CJiytiaJIX OllTH'l8CR:UH llOT8H~M BTopoi CTy­

ri_eHH nponop~OHM8H rpa]lH8HTY OT s;n:epnoii ~JIOTHOCT:U 

1. Vcb(r)=~Vbp(b, z), c=const. (59) 

Tor)];a c Y1JeTOM (36) AJIJI BKJiaAa ABYXCTyneH1JaToro MeXaJIH3Ma B a:MllJIH­

TYAY pace:MaTpunaeMLIX npon;eccoB nerRo noJiyq:e:Tb CJI8AYIOII(ee 

:e1,1pameHB:e: 
II 2n fe F (q)=/cb(q),;-fac(0) J (z2-Z1)X 

8p (b, :2) (b [ a:i T (b ) X Ob p , z1) exp - 2 _ , z1 -

~ ~ ] --t<T-(b, z1)-T_(b, z2))-2 T+(b, z2) x 

x J 1 (qb) exp (iqfz1 + iqfz2) b db dz1 dz2. 
q 

(60) 

_ B n~e]leJie BMCORHX aueprHii k-+ oo, qf, qf-0 q>opMyJia (60) 

y~pom,ae'tcJI 

~II (q) . /cb (q) fee c6~(~~a (0) {S<l> (q, 0, <1a, a~)-S<i) (q, 0, ac, Ob)}, (61) 

8. cyMi.fa BRJia]lOB O)];HOCTynentJaTOro H ABYXCTynentJaToro MexaHH3-

MOB )];a8TCJI BLtpamenHeM 

F=F1 +F11 =/ab(q)[(1-W)S<il(q, 0, era, <1b)+ 

+ WS<1> (q, 0, <Jc, ob)}, 
pi;e 

W = /cb (q) f ac (0)f{/ab (q) [/ cc (0)- f aa (0)l}. 

(62) 

(63) 

B MO)];eJIH B8RTopnoi AOM:UHaHTHOCTll w = 1 ;n:JIH npon;eccoB q>OTO­
pom]leiI:e:JI. B 9TOM CJiyqae Rap-rHHa B3a:QIOJl8HCTBHJl np:e: ,BLICOKHX 
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KOrEPEHTHOE H HEKOrEPEHTHOE POlR.D;EHHE "CIACTHit 

::meprm1x TaKoBa, ItaK . eCJIH 6hl npon;ecc q,0Topom,n;enm1 6LIJ1 o,nHo­

cTynen11aThIM, HO q>OTOH norJio~aJICH 6hl H.D;0plD,IM B0~0CTBOM, KaK 

p-M030H. II pH H0 01J0H:& BhICOKHX :meprltJIX (q"f lp::} 1, l = (f)oO'r,N)-1 

BKJia.n; ~ByxcTyne111rnToro M0XaHH8Ma- B peaKI~IIJIX q>OTopom,n;eitHH 

no,n;aBnen H ,n;oMHHHPYIOT o.n;nocTyneH1JaTLie nepexo~~ B KOTopLix 

q>OTOHhl H0 IIOrJio~aIOTCH JI.D;0plllilM B0~0CTBOM. 

B CJIY1Ja0 CIIHH-q>JIHIIOBLIX nepeXO]l;OB B AHq>paKb;HOHHhIX npoqec­

cax B0JIH1JHHa W JIBJIJ10TCJI xapaKT0pHCTHKOH HHT0HCHBHOCTH ynpy­

roro bN-nepepacceHHHH c H3MenenneM CIIHHa. BBHAY oTMe'lennoft 

iBblill0 HH3KOH 'IYBCTBll'l'0Jl:&HOCTH q>OpM-q>8KTOpOB S<ll K 8Ha'l0HHHM 

IlOJIHOrO C0'10HHJI bN-B3aHMO]l;0HCTBHJI MOiRHO 38q>HKCHpOBaT:r. B0JIH­

"IIHHY obN ·('-b =A.a± 1) KaKHM-Jm6o paay~ 3H8'10HH0M H onpe­
~eJIHTL HS aHaJIHBa IIOJIJIPHSal(HOHHbIX HBJl0HHH B peaK~HX KOre­

penTHoro AHq>pa«qHoHHoro pmK11;enH11 qacmn; BeJIH'IHHY W. ,r(aJiee 

aMIIJIHTYA8 ynpyroro bN-paCC0HHH1I C nepeBOpOTOM CIIHHa tt}:.iN 
CBJI8I,1Ba0Tc11 C 11;pyrHMH aMIIJIHTYA8MH CJI0,n;yIO~ COOTH0ill0HH0M 

/
1'.~=1 ( )- ik f!~":tN (q) [<1aN-<1bN (1..=1..a)] 
bN➔bN q -4,t" fl'.'J..=0 (O) • (64) 

aN-bN 

Onpe11;eJiene:e (64) TaKme, KaK H IIOJIHbIX ce'IeHHi bN-BsaHMoJJ;eii­

CTBHH npe.l(CTaBJIH0T HHTepec C TO'IKH 3p0HH1I H3Y1J0HHH )J;HllaMRKH 

B3aHMO)J;0HCTBH1I H0CTa6HJI:&m.IX 1:J:aCTHD; C HYKJIOHaMH. 

B JIHTepaType paccMaTpHBaJIHC:r. R 11;pyrHe IIpID!J0PLI WiYXCTyneH­

'laT:r.rx npon;eccoB, TaRHX, K9.R 1tN1 -+ A 1N 1, A 1N 2 ~ A3N2 B peaK­

D;HJIX KorepeHTno:e: JJ;Hccon;Han;nH nA - AaA [31],. H3 aHaJmsa KOT0-

p1,1x, B IIPHHD;HII0, MO)RHO H8BJI0K8TI, HHq>opMaI(HIO 06 HHT0HCHBHOCTH 

A 1 -+ A 3-nepexo11;0B. B aTOM CJIY1Jae B o6eHx cTyneHHX AOMHHHPYIOT 

nepexo~ c ~). = 0 :e: pesyJILTHpyro~a11 8MIIJIKTYAa (B npeJJ;eJie 
B:r.rcoK:e:x aHepr:e:i k-+ oo) 1IBJIJI0TCJI JIHH0iiHbii cynepnosnn;Hei BeJIH­

'IHH, nponopn;HOHaJII,HLIX q,opM-q>8KTopaM S<0>. 

8. 3HEPfETHqECKAJI 3ABHCHMOCTh CEqEHHD 
KOfEPEHTHLIX IIPOIJ;ECCOB 

KopOTKO o6cyJJ;HM anepr0TH'10CKYIO saBHCHMOCTI, 8MIIJIHTYA KOre­

p0HTHOrO pom]l;0HH1I. 0Ha onp0]1;0JIH0TC1I CJI0]l;YJO~HMH <f>aKTOp8.MH: 

lmepreTH'!ecKoi: saBHCHMOCTLIO aMIIJIHTYA peaKn;:e:ii aN -+ bN H anepre­

TH1IeCKoi 38BHCHMOCTI,IO q>opM-<f>!lKTOpOB S<n> (qT, qL, Oa, O'b)• 
11oCJI0,l(H1IJI B CBOIO O'I0p0JJ;I, OIIp0]1;0JlH0TC1I 38BHCHMOCTLIO OT aneprHH 

ceqennii aN- H bN-B8aHM011;encTBHJ1 H saBHCHMOCTLIO <f>opM-q>aKTopa 

OT l'tlHHHMarr:r,noro nepe11;annoro HMIIyJir,ca qL = (mt - m!)l2k. B o6Jia­
CTH anepr:e:i B H0CKOJII,KO rnraaJI0KTpOHBOJihT II Bhlm0, r11;e 06hlq110 

113yqa10Tc11 peaKD;HH pom11;enn11 1:J:aCTHD; Ha H11;pax, anepreT11qecKoii 

aaBHCHMOCTLIO IIOJIHbIX ceqeH:e:i C1aN H O'bN npaKTH"CI0CKH MO)RHO npe-
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ue6pe111,, ll 4>opM-q>aKTOPLI OKaSLIBaIOTCH aaBHCHiqHMH OT aueprn11 

JIHillb 11epea qL -3aBHCHMOCTI>. )J.JIH Ka118CTBeHHOro BLIHCHeHHH 3TOH 

aaBHCHMOCTH MO;«HO HCIIOJlb30BaTb MO)l;eJII, O)l;HOpOAHOro pacnpe)l;eJie­

HHH H,n;epuoro B011\eCTBa. OrpaHH1111MCH )l;JIH npoCTOTLI aHaJIH30M 

qL-aaBHCHMocTH 4>opM-q>aKTopoB S<0> (0, qL, cr, cr) II S111 (0, qL, cr, cr). 

C TO'IHOCTLIO AO BeJIH'IHH nopH)l;Ka exp (-Rll), r.n;e R - paAHyc 

HJJ:pa, l = (p00)-1 - AJIHHa cBo6o,n;Horo npo6era 11acT:e:n;LI B H)l;pe, 

HMeeM: 

SO (qT, qL, O', O') = SO (qT, o, (J, O') (1 + qil2f 2; }. 

S<0 (qT, qL, cr, o) = S111 (qT, 0, cr, o) [(1 + q},l2t1 + 0 (l2/R2)]. <
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TaKHM o6paaoM, aaepreTR'leCKaH aaBHCHMOCTI> i_popM-iJ>aKTOpOB 
S<0> :e: S<ll oKaSLIBaeTCH paaJI:e:11Hoii (6oJiee CJia6oii y S<1>), a xapaKTep­

HLIM aaepr8TR118CKHM napaMeTpOM, onpe,n;eJIHIO!qHM 3TY 3aBHCHMOCTb·, 

oKa3MBa0TCH B0JIH'IHHa k0 = (ml - m~) l/2. Ilp:e: k ~ k0 iJ>opM-q>aK­
TOPLI ,ll;OCTHraIOT CBOHX aCHMIITOTH'l0CKHX 3Ha11eHHii, 6oJiee IIO)l;po6HO 

paCCMOTp0HHLIX Bhlille. 
Ce:JI1>HaH aaepreTH118CKaH saBHCHMOCTL i_popM-iJ>aKTOpoB S<0> 

HBJIH8TCH rJiaBHMM iJ>aKTOpOM, OIIp8,ll;8JIHIOiqHM 3aBHCHMOCTb OT . 3Hep­

r:e::e: ce11eue:ii peaKn;ni KorepeaTnoro pom,n;eHHH tJaCTHD; ua n.n;pax 

B .n;e:i_ppaKD;HOHHLIX npon;eccax, IIOCKOJlbKY k-aaBHCHMOCTI, aMIIJIHTY]t 

f aN-+bN Bj BTOM CJiyqae ropaa.n;o CJia6ee, BBe:,n;y ,JJ;OMHHe:poBaHHH 

B TaKHX peaKD;HHX BKJia,n;a, COOTB8TCTByrorqero o6Meny IIOMepoHOM. 

B ue.n;e:iJ>paKD;HOHHLIX npon;eccax mna nA _. pA O,JJ;HHaKoBo cyll\e­

cTBeHHhI KaK auepreTH'l8CKaH aaBHCHMOCTI> aMIIJIHTYA peaKn;HH Ha HyK­

JIOHe nN _. pN, B KoTopoii JJ:OMmmpy8T BKJia)l;, cooTB0TCTBYIOII\HH 

06M8HY (J)-M830HOM, TaK H qL-3aBHCHMOCTb i_popM-il>aKTOpa s11>. 

9. 0 HEOBXO)l1IMOCT1I HCCJIE)lOBAHIIH 
HEKOrEPEHTHbIX IIPOI(ECCOB 

RaK CJI0JJ:Y8T HS npoBe)l;eHHoro BLime o6cym)l;emrn, e:CCJie,ll;OBaHHe 

npon;eccoB KorepeHTHoro pom)l;8HHH 11acnm; Ha HJ:i;pax noaBOJIHeT onpe­

.n;eJIHTL :e:a H8CKOJlbKHX (B o6rqeM CJiyqae) KOMIIOH0HT (JbN <'•b> IIOJIHI:,IX 

ce11eHnii bN-BaanMoJ:i;eiicTBHH npaKrn11ecKn TOJILKO O)l;Hy. 

TaK~ B KJiaCCH118CKHX 8KCIIepHMeHTaX no HCCJI0)l;OBaHHIO KorepeHT­

uoro 4>0Topom,ll;0HHH aeiiTpaJibHLIX BeKTOpHI.IX M830HOB Ha H)l;pax 

[1-3] onpe)l;eJIHJIHCb IIOJIHI:,Ie C8110HHH B3aHMO)l;0HCTBHH nonepetJHO­

IIOJIHpH80BaHHLIX Vo-M830HOB C HeIIOJIHpH30BaHHLIMH uy10IOuaMH 

aiN = crvoN ('- = 1). lb auaJinaa me ,n;aHHLIX o KorepeuTuoii AHiJ>paK­

n;nouuoii )l;llccon;e:an;:e::e: (4, 5] lt-MesouoB nA _. A 1A HSBJieKaJI:e:c1, 

,ll;aHHI:,I0. 0 BSaHMo)l;eiicTBHH npO)l;OJibHO-IIOJIHPH30BaHHLIX A 1-MeSOHOB 

c HYKJIOHaMH crtN = O'A1N ('- = 0). HecoMHeHHLiii HHTepec npeA­

CTaBJIHeT OIIp0AeJI8HH8 )l;pyre:X KOMllOHeHT IIOJIHLIX C0'10HHH V0N­
H A 1N-Baa:e:MoAeiicTBHJJ, a e:MeHHO atoN = O'voN (A = 0) :e: <1~ 1N = 
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ROl'EPEHTHOE H HEIWl'EPEHTHOE POlli,lJ;EHHE 'IACTHil 

= O'AtN(A = 1). 3TO Baamo ,n;Jrn )UrCKpmnman;m1 npe.n;cKaaaH:e:ii paa­
JIR'lllh1X ,n;HHaMlA0CKHX MO)l;0JI0ii, HCIIOJILayeMhlX )];JUI on:e:camUI CHJil>­
HLIX B3aHMo.n;eiiCTBHii. TaK, B MO)l;0JIH aJire6pLI TOKOB C C-'IHCJIOBLlMR 
mBHHrepoBCKHMH 'IJI0HaM:e: ceqeH:e:e BSaHMo.n;eiiCTBHH npo.n;oJil>HO-llOJIH­
pll80BaHHLIX "V°-M030HOB C HYKJIOHB.MH paBHO TOm,n;eCTBeHHO HYJIIO· 
[32], B TO BpeMH KaK B KBapKOBLlX MO)l;eJI.RX B HMIIYJILCHOM npn6JI:k­
iK8Hllll B8JIK'mBLI O'~ON ll O'~ON COBIIa,ll;aIOT. 3To OTHIO)l;I> He 03Ha'la8T,. 
'ITO 1rnapK0Ba11 Mo.n;0JI1> ueBepua. CKopee Bcero He onpaB.n;auo np:e:­
MeHeHHe mmyJII>CHOro np:e:6JilliKeHHJI K paCCMOTpeHHIO TaKHX CHJil>­
HOCBJl3aHHLIX CllCT8M, KaK aJieMeHTapHLie 'laCTHIJ;hl. To, 'ITO nonpaBKH: 
K HMUYJII>CHOMY npn6n:e:meHmo (HanpHMep, atf>tl>eKThl .n;ByKpaTHoro 
nepepacceHHHJI) MOrYT IIPHB8CTll K paaJIH'lHIO B8Jil£11HH aT H aL, 
BH.n;HO Ha npHMepe MeSOH-.n;eiiToHHoro M d-BaaHMOJ{eiiCTBHJI. fJiay6e­
poBCKaJI nonpaBKa K IIOJIHLIM C8'18HllJIM Md-BaaHMo.n;eiicTBHH aaBH­
CllT OT BLICTpO8HHOCTH .n;eiiTOHa, eCJI:e: M83OH-HYKJIOHHO8 B3aHMo­
.n;eiiCTBH8 aaBHCHT OT cn:e:Ha HYKJIOHa [61]. B aToii aHaJior:e::e: Md­
n V0N-B3aHMo.l{eii'cTBHH pOJII> J{eiiTOHa, COCTomn;ero D:3 HYKJIOHOB, 
nrpaeT V (Ai) -M880H, COCTOJIID;Hii H8 KBapKQB\ a POJII> M830Ha -
«6eccnmtoBLiii:» HYKJIOH 11.n;pa (N ). TaKHM o6paaoM, paaJI1£11He B8JIH'IHH. 
(J~(At)N H O'~(At)N MOiKeT xapaKTep:e:aoBaTI> KaK pOJII> OOJI88 CJIOiKHhlX 
nepepacceSJHHii Ha KBapKOBLlX CHCTeMaX (eCJI:e: B8PHTI> B MO,ll;0JII> 
KBapKoB), TaK H llHT8HCHBHOCTI> BSaHMo,n;eiiCTBHSJ, aaB:e:c11m;ero OT CIIHHa 
KBapKoB. . 

HaMepeH:e:e B8Jil£11HH a~N n aIN. npe.l{cTaBJIJ10T mITepec n c .n;pyroii: 
TO'IKH apeHHSJ. HaBeCTHLiii mm B pacnpe.n;0JI8HHH no MaCCaM 3n-CHCT8MLI 
(np:e: man = 1,1 I'as}, o6paayrom;eii:cSJ B peaKn;:e:SJX .n;ntf>paKD;HOHHOii:­
i:urccon;:e:an;:e:n nN -+ 3nN MomeT nMeTI> He TOJII>KO peaouaHcHoe upo­
ncxom,n;eu:e:e nN-+ Ai (1,1 I'88) N, HO MomeT TaKme OhlTI> o6ycJioBJieH. 
KHH8MaTH118CKmt: a«l)(fieKTOM (Deck-effect) B peaKD;HSJX o6pa30BaHHH 
pn-c:e:cTeMI,I BoJI:e:a:e: nopora nN-+ (pn-+ 3n) N. B noJil>SY Hepeao­
HaHCHoii np:e:po.l{LI aToro IIHKa Bpo.n;e OLI CBD:1{8T8Jil>CTBYI0T peayJII>TB.Tl,I 
napn;:e:oHaJILHO-BOJIHOBOro auaJinaa peami;Hii nN-+ 3nN, npoBe,n;eH­
HOro AcKoJin n ,n;p. [63, 64]; Amr paaJI1111eHHJ1 aT:e:x ,n;Byx BOBMoiKHO­
CTeii B CBOe BpeMSJ OLIJIO npe,n;Jiomeno HBY'!HTI> norJiom;eHHe 06paayro­
m;eiic11 3n-c:e:cTeMhl JI,n:epnoii MaTep:e:eii, HCCJie,n:yJI peaKn;mo KorepeHT­
noii i:urcl>paKD;HOHHoii accon;:e:aD;H:e: Ha 11.n;pax 1tA -+ 31tA {4]. OcuoB­
Ha11 :e:,n;e.R 8aKJllO'laJiaCI> B TOM, 'ITO Ce'!eH:e:e B3aHMo,n:eiicTBHH C HYKJIO­
HaMH Ai-Meaona - peaoHanca :e:a o6m;::e:x coo6pameH:e:ii .n:om«Ho 01>1TL-
6JI:e:aKo K n:e:oH-HYKJIOHHOMY noJIHOMY ceqeH:ero. ECJI:e me Ai-Meaou -
HeKoppeJI:e:poBaHHaH p1t-CHCT8Ma, TO COOTB8TCTBeHHO np:e:6JI:e:meHHO 
,n:oJiiKHO BLIIIOJIHJITl>CH YCJIOB:e:e a.n;)UrTHBHOCTH ceqeu:e:i 

O'(p:lt)N = O'pN+ O'nN-L\a. (66) 

IlonpaBKa L\a Ha BSaHMHOe 3KpaIIHpoBaHH8 B TOM CJiyqae, Kor.n;a 
cpe.n;nee paCCTOHHHe M8iK.n;y p H 1t HaMHOro M8HI>me paaMepoB 11,n;pa 
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A. B. TAPACOB 

~eTCJI CJien;yrom;HM Bb!:pameHH8M 

~cr = O"pN0'1u,rf(81tB), (67) 

rne B - napaMeTp uaKJIOHa nucpcpepeHquam,Horo ce11em111 pN (rcN)­
pacceJIHHJI. B COOTHOill8HHH (66) CJienyeT em;e paCCTaBHTI, cn:upaJILID,Ie 
HB)l;8KC1,1 (yqeCTL CIIHH p1t-CHCT8Ml,l H p-M880Ha). IloCKOJILKY p1t-CHCT8Ma 
paCCMaTpHBa8TCJI B S-COCTOJIHHHB6Jlll8H nopora, TO BeJIJI'llIHa H nanpaB­
JieHHe CIIHHa p1t-CHCT8Ml,l COBIIan;aroT C B8Jill'llIHOii H HanpaBJieHH8M 

cnHHa p-Meaona. llcnoJILSYJI aKcn~pHMeHTaJILHoe aHa11eHue a~N ~ 
~ '1:iN = 27 :M.6apn [1-3t H COOTHOill8HH8 (66), IIOJiaraJI npH 8TOM 
B = 10 (I'aelct2 , MO>RHo noJIY'IUTL on;eHKy: 

a:!i_
1
N ~ 1,70crnJV"• (68) 

K comaJieHmo, aTy BeJill'llIHY noKa He c 110M cpaBHHBaTL. OqeHHTL 
L . . -

:me 8Ha'l0HH0 CJA1N = '1(pL:i)N H0B08M07RHO·, IIOCKOJILKY H0T, npJil',!OH 

8RCII0pHM0HTaJILHOii HHcpOpMaI(mI O o;N-IIOJIHOM C0'10HHH B8aHMogeii­
CTBHJI c HYRJIOHaMH nponoJILHO IIOJIJipHa_oBa~HI,IX p-Meao~on. 

Momno IJATH o6paTHLIM IIYTeM; oi'omn;ecTBJIJIJI. a!i1N c acpLmN, 

IIOJIY'IHTL, 'ITO a;N 6JIH8KO K HYJIIO HJIH, IIO KpaftHeii Mepe, HaMHOrO 

MeHLme CJ~N' 'ITO HaXOAUTCJI B corJiaCHH C ROCB0HHI,IMH aaRJIIO!J;8HHJIMli 

o a~N, noJiyqeHHhlMH 'Ha ocnoBanmI MoneJILHoro (B paMKax VDM-Mo­
neJIH) aHaJIHaa n;aHHhlX o rJiy6oKoaeynpyroM ep-papceHHinl [37]. 
TaKHM o6paaoM, no Tex nop, noKa He noJiyqeHa neno·cpen;c±BeauaJI 

HHq>OpMaI(IUI . 0 '1~N, MOmHO C'IHTaTL, 'ITO )l;aHHI,Ie o· IIOrJIO~eHHH 
3tt-CHCT0MLI C Maccoii man ~ 1.,1 I'se B 'COCTOJIHHll JP = 1- n:nepHLIM 
B0ID;0CTBOM H0 IIpOTHBope11aT HH onaoii H8 06cymn;aimmxcJ1 TO'l0K 
3pemm: A 1-:MeaoH - peaoHaHC HJIH A 1-M080H - Deck-effect. qacro 

ai1N H crtN. Ha-aa HeyqeTa CIIHHOBoii CTPYKTYPLI IIOJIHLIX ce11en11ii 
A 1N- u pN-naaHl\rnneiicTBHH omn6011Ho OTomn;ecTBJIHIOTCJI. ~aJiee 
Ha OCHOBaHHH aaKJIIO'l0HHH aBTOpoB pa6oT [63, 64] 0 TOM, 'ITO A1-M880H 

. ' 

H0 HBJIH0TCH peaoHaHCOM, a TaK>Re H8COBnan;eHHJI paCC'IHTaHHOro 

B paMKax rJiay6epoBCKoii Teop.HH BeJill'llIHLI aLN c H8MepeHHLIM 

8KCII0pHMeHTaJILHO 8Ha'l0HHeM a!i1N n;eJiaeTCJI BLIBon, 1ITO rJiay6epoB,;. 
CKaH CXeMa OIIHCaHHH npon;eccon pomneHHJI H0CTa6HJILHLIX 11aCTHD; 
HJIH CHCT0M, HrHOp11pyrom;aJ1 BH0MaccoBLI0 8cpcp0KTLI, nenepua. TaKaJI 
TO'IKa spemrn: anpuop11 ne J'rnmena CMLICJia :u name npencTaBnneTCH 
0110Hb 0CT0CTB0HHOH; 0CJIH yqeCTb COOTHOmen:ue Memny xapaicrepHLil\l 
BHYTPHHn;epHLIM paCCTOHHH0M Memn;y HYKJIOHaMH K TaK Ha8LIBa0MOU: 
«AJIBHOH pereuepan;uH>>, Ha KOTOpoii BHpTyaJibHa.11 CHCT0Ma npenpa­
~a0TCJI B peanLnyro, mm, .HHa11e·, pan.e:ycoM aneMeHTapnoro nsamrn­
neiiCTBHH. Onaa1to, OHll H0 06'bJICHJl0T pan cpaKTOB. 

Bo-nepnLix, r.rray6eponcKaJI Teopun pacceJIHBJI npeKpacno on:ucLI­
Ba0T )l;aHHL10 0 IIOJIHblX C01I0HHJIX anpoa-11nepHLIX CT~JIKHOBeHHH 
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ROrEPEHTHOE ll HEROrEPEHTHOE POJR,IJ;EHHE 1IACTHI( 

H 'ynpyroM aApOH-HA0pHOM pacceHHRH BllJIOTL AO aueprim HaJl0Taro­
m;nx aApOHOB 70 Fae. EcJIH 6LI BHPTYaJILHhle aApOHhl, KaKOBLIMH onn 
8BJI.HIOTCH BHYTPH HApa, BSaHMOA0HCTBOBaJIH HHa11e, 'I0M peaJII>HLie, 
TaKoro COBllaA0HHH TeopHH C aicnepHM0HTOM ne 6LIJIO OLI. ~aJiee, 
lf,oTOpOiRA0HH0 sap.IDR0HHI,IX llHOHOB na HA0PHLIX MHW0HHX npn 
E.., = 2; 3; 8; 16 Fae [9, 10] Tam«e xopomo onncLinaeTCH Teopneii: 
MnoroKpaTnoro pacceHHHH 6es nneceu1:111 B uee nonpanoK ua nueMac- · 
COBLI0 aqicf>eKTLI. HaROH0I(, pesyJII>TaTLI napI(HaJILHO-BOJIHOBOro aua­
JIHSa Aaum.tx o peaRI(HH nA -+ 3nA [8] npnBOAHT R sua1Ieu1:1ro AJIH 
ce11eHHH naaRMoAeiicTBHH 3n-c11cie°MLI ·n cocTOHHHH JP = o- c HYK­
JIOHaMH, paBHOMY np~epuo 50 M6apn, KOTopoe OJIHSKO K 3Ha'I0HHIO 

<11smN ~ 30':nN-3<1nN<1nNl(8nB) ~ 2<1:nN~ · (6.9) 

TpyAHo npHAyMaTI> JIOrH1I8CK08 o6'hHCH0HH0 TOMY, 'ITO B OAHHX 
CJiyqaHx BHeMaCCOBLI0 alf,q>eKTLI CKaSLIBaIOTCH TaK CHJII,HO, B TO BP0MJI 
KaK_ B Apyr1:1x 8HH conepmeHHO ue. npOHBJIJUOTCJI. BoaMOiKH00 o6'LJIC­
H0HHe, KaK CJI0AY8T :e:a CKaSaHHoro BLime, MOiK8T aaRJIIO:'laTLCJI B MaJIO­

CTH B8Jlll'DDIJ,I O'~N npa coxpaueunn rJiay6epoBCKoii cxeMi.x. Tamm 

o6pasoM, onpeAeJien:e:e O'~N ii atN namHo AJIJI Rayqenn.a: A8TaJiei 
nimaMHRH CHJILHLIX B3aHMOA8RCTBHii ll AJIH npoBepKH CaMOCOrJia­
COBaHHOCTR rJiay6epoBCKOK Teopim aApOH-.RA0PHLIX CTOJIKHO­
B8Hllii. 

0118BllAHO, 'ITO AJIH AOCTaTO'IHO TO'IHOro onp8AeJI0HIDI ynOMIDIYTl>IX 
B8JIH'IHH m0JiaT0JI1>Ho nsyqaTI> TaKRe npoI(eccLi pomAfi!HIDI p- nA1-Meao­
HOB ua JIA8PHLIX HYRJIOHax, B KOTOpLI.X IlPOAOJILHO_;llOJIHPHSOB8.HRLie 
p-M830HLI H nonepe1IHO-IlOJIHP.HSOBaHHLI8 A1-M8SOHLI pOiKAaIOTCJI AOCTa­
TO'IHO HHT0HCHBHO. qTO Kaca8TCH AcM830HOB, TO llO'IT.H coxpaH8HH0 
t-KaHaJILHOR cnHpaJILHOCTH B peaKI(HJIX AHq>paKI(HOHHOR AHCCOI(Ha­
I(llH. nN-+ A~N . 06ecn01I11BaeT SHB.'Il:ITeJILHyro AOJIID o6paSOBaHHH 
(nopHMa 30 + 40%) noiiepe1IHo,-rioIDipnsonanuLix B Jia6opaTopuoii 
CHCTeMe KO!)PAIIHaT A:1-Mesouo:e npu a:.e:a11euu:11x nepeAanuoro HMnyJILca 
0,1 + 0,3 (Fae/c)2, T. e. :n cym;ecTB8IUIO H0KorepeHTHOii: AJIH HA8PHLIX 
peaKI(Hii o6JiaCTH. 3TO nerKo BHA0TI> us Toro lf,aKTa,. 'ITO KoopA11HaTuLie 
ocn Jia6opuopnoii ciicTemt cn:e:pan1,noci:e: (L-c11cTeMa), B. KoTopoii 
oc1, KBaHTOBaHIDI z B c:e:cTeMe noKo.a: poAHBmeiicH 11acTHD;LI op11enTH­
ponaua nponIB uanpaBJI8HHH m.myJI1>Ca OTAa'IH. HYKJIOHa MHIII8HH 
B 9TO:ii CHCT8Me, pasnepuy-r1>1 ua yroJI 0 = arctg (q/m) (m = 
= (mi - m~)l2mb) BOKpyr HOpMMH K IlJIOCKOCTH pomAeHHH no OTHO­
meumo K KOOp~a'.l'm.IM OCJIM CllCT8MLI t-KaHaJILHOR cnnpaJII,HOCTH, 
TaK uaSLIBaeMaJI «CHCTeMa roTTq>PD:Aa .:__ ~iK8KCOHa, :0: np:e: BLICOKHX 

auepr:e:11x (k-+ oo) npaKTH118CKH COBnaAa8T (c TO'IHOCTI>IO AO llOBOpOTa 

ua yroJI 0 ,_ q!VS) c oc.RMH KoopA11HaT c11cTeMLI s-KaHaJI1>uoii cnn­
paJILuocTn. Heo6xoABMOCT1> pa6oTaTL B L-cncTeMe, a ue :e:noii:, uanpu­
Mep, t-KaHaJILHOR HJIH S-KaHaJil>HOB, ooyCJIOBJiena T8M OOCTOHT8JII,­
CTBOM, 'ITO TOJJl>KO B STOM npe,ncTaBJI0HHH aMllJIHTYAa bN-pacceHHHJI 
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A. B. TAPACOB 

na nyJieBoH yroJI AHaroHMoHa no cnnpaJioHLIM HHA8KCaM 

f"'b";, (0) = ikl3, ,.,at~ (1.b) (1-itt (1.b)/4n) (70) 
"'b b 

ll C00TB8TCTB8BHO TOn!,K0 C0CTOHHHJI'laCTHqLI, 0TBe11arom;ne onpeneJieH­
HOMY. 8Ha'l8HHIO L-cnupMbHOCTH, HM8IOT onpeneJieaayro HHT8RCHB­
H0CTI, norJI0IIl;8RHJI JIA8PRLIM Bem;eCTBOM. 

II POA0JII,H0-IIOJIJipn:30BaHHLI8 p-M880HLI C 60JI1,moii HHT8HCHBH0CTI,IO 
pm«naroTca B peaKqn:.e:x 

nN-+pN (71) 

lI0A MaJIIiIMH yrJiaMH, r,Ite A0MmmpyeT M8XaHll8M 0AHOllllOHHOro 
o6Mena. OAaaKo B aMnJinTyne KorepeHTnoro npoqecca 

n±A-+ p±A (72) 

BKJiaAhl 0AHOIIH0HHLIX aMUJIHTYA peaKqn:ii (71) Ha paaHLIX HYKJI0Hax 
JI,l{pa C0Kpam;aroTCJI H B peaKqHH (72) pom,ItaIOTCJI T0JU,K0 nonepe11ao­
lIOJIJIPll30BaHHLI8 p-M880Hbl (CM. BLime). 

TaKHM o6pasoM, B llll0H-JIA8PHhlX CT0JIKHOB8HHHX pomneane npo­
):t0JILHO-ll0JIJIPll30BaHHhlX p-M880H0B B08M0>RHO T0JILKO B H8K0repeHT­
HhlX peaKqn:JIX. IIpu 8TOM C 8KCll8pHM8HTaJILHOii T0'IKH speau.e: 6oJiee 
yno6HLIM JIBJIJI8TCJI HCCJI8):t0BaHHe npoqeCC0B C nepeaapJI):tKOH 

n±N _. p0 N', N = p, n; N' = n, p (73) 

na HA8PHLIX ayKJioaax. 
CpeAU npoqeccoB pomneaIDI p-MeaoaoB B aJieKTpoMarHHTHLIX naan­

MOA8HCTBHJIX T0JILKO B peaKqHH 

eN-+ep0N (74) 

M0>R8T o6paaoBaTLC.e: aaa11RT8JII,HaJI ,l{0JIH_ PL-M830H0B, BBHAY coxpa­
H8HWI s-Kanam,aoii cnnpaJILH0CTH B npoqeccax pean:1,aoro n nnpTy­
aJILaoro «pOTOpomneaua. OA.HaKo 8KCll8pHM8HTaJILH0 HCCJI8):t0BaHH8 
npoqeccoB an:eKTpopomneHH.e: p-MeaonoB na JIApax conp.e:meao co ana­
'lllTeJILHo 66JioillHMll TPYA-HOCTHMH, 118M HCCJI8):tOBaHH8 peaKqHii (73). 

Ha ncero cKaaaBHoro CJI8AY8T, 11To, no KpaHHeii Mepe, c TO'IKH 
apen11.e: HllT8HCHBHOCTH o6pa30BaHHH nonepe1Dio-noJIJipH80BaHH1,IX 
A1-M880HOB ll llPOAOJILHO-lI0JIJipB80BaHHLIX p-M880H0B H8KorepeHTHhl8 
npo~eccLI npeAU01ITHTeJILnee, 11eM KorepenTnLie. 

. L T 
)];pyrHM B_ruRHLIM acneKT0M onpe):teJI8HHH CJpN H CJA1N HBJIH8TCH 

1JYBCTBHT8Jil,HOCTL C8118HllH (HJIH ,Itpyrnx ll8MepaeMLIX B8JIH11HH) 
K HHT8HCHBHOCTH norJiom;eana pomnarom;nxca 11acTuq. Cnona B 0TJIH-
11He OT KorepeHTHLIX peaKqHH, B K0T0pbIX CilHH-q>JillllOBLie nepeX0ALI 
name B 6opHOBCKOM npn6JIHffi8Hllll np0HCX0,l{JIT Ha nonepXH0CTll H):tpa 
B cnny cneqncl>D:'leCKOH CTPYKTYPLI cooTB8TCTByrom;11x onTH118CKHX 
noTeuqnanon (cM. Bblme) n CTPYKTYPLI caMoro mi;pa (no11Tn 0AH0P0A­
aoe pacnpe,l{eJieane nem;ecTBa B .11npe), n cnaan c 11eM norJioiqenne 
qaCTHq B B8Ill;8CTB8 ne TaK CKa3LIBa8TCJI aa llHT8BCHBB0CTH CllHH-
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ROl'EPEHTHOE H HEROrEPEHTHOE POlR.D;EHHE 1:JACTHn 

cpJllUIOBLIX nepexo,n;oB, B H8KOrep8HTBElX peaKl'.:(lIHX npo:o;eccLI C lI3M8-
H0HlI0M CnHpaJU,HOCTlI II npo:o;eccLI 083 B:3M8H0HllH cne:paJILHOCT:e: 
11,n;yT paBHOM8pHo no BC8MY o6'I>8MY H,n;pa 11 np11 paBHOii HHT8HCHBHOCTll 
norJIOIIl;8HHH tJ:aCTR:o; B pa3HLIX CilHHOBLIX COCTOHHHHX OCJia6JIHIOTCH 
TaKme npRMepno O,ll;B:HaKOBO. B aTOM aaKJIIOtJ:a0TCH O,ll;IIO HS rrpe1ns:y­
m;ecTB lICCJI8,D;OBaHlrn npo:o;ecCOB H0Korep8HTHOro poau:i;emtH 1IaCTlII:( 
C I:(8JU,IO H3Y1J8HlIH B3aHMo,n;eiicTBlIH lIX C HYKJIOHaMH nepe,n: HCCJI8,l{O­
BamI0M npo:o;eccon KorepeHTHoro pom,n;ennH. 

CJie,n;yeT Tam«e OTM0THTL, 'ITO MHOrne H8B8CTHLI8 peaoHaHCLI 
(narrpHMep, ~-:nao6apLI) H8 MOrYT pom,n;aTLCH B Korep0HTHLIX peaR­
~H.fIX IlYlIRaM:n CTa6llJILHLIX tJ:aCTHI:(. 

10. CTPYKTYPA CEqEHHH IIPO~ECCOB P0'1tnEHHH 
qACTHn C IIEPE3APHllKOB 

BLipru«eH:ne .D;JI.fl neKorepenT11oii 11acT:n cetJ:en:nn peaK:o;:n:n 

a+A-+b+A' 
IIOJIY1Ja8TCH BLI1IHTaI!H8M 113 (11) BKJia,n;a, COOTB0TCTByrom;ero C01I0-

HlIIO KorepeHTnoro npo:o;ecca a + A -+ b + A, eCJI:n nocJie,ll;IIHH 
He aanpem;en aaKOHaMH coxpaneHHH aapn,n;a, CTpannocT:n u: T. ,n; • .IJ;;irn 
peaKI(Hii C nepeaapHAI(Oii 6LICTpLIX 11aCTHI:(. (za =:f=. zb) RorepeHTHaH 
COCTaBJIHIOm;an B BLipalR8Hllll (11) OTCYTCTBY8T, a H8Korep8HTHaJI 
qaCTL HM00T cpaBHllT0JILHO npocTyro CTPYKTYPY BBH,n:y Toro, 'ITO 
CJiara0MLI8 B aMnJIHTy,n:e (8), COOTB8TCTByrom;ne pom,n;eHHIO 1IaCTlII:( 
Ha paaHLIX Hyl<JIOHaX H0 mITepcf>ep:e:pyroT M8m,n:y co6oii, 0CJIH npe­
ne6pe'IL acf>q>8KTaM:H TO)RJ:\8CTB0BHOCTH HYKJIOHOB ,r,n;pa. °Y1I0T noCJie,n:­
HHX rrpHBO)J;HT K nonpaBKaM K C8"'i8IIHIDI (H ,n:pyrHM H8M8pJI8MLIM B0JIH-
1IHHaM) H0Korep8HTHLIX npo:o;eccoB~ CYill;8CTB8HIU,IM np:n OTHOCHT8JILHO 
MMLIX ana11eH11Hx nepe,n:amm:x HMIIYJILCOB q,..., kF, r,n;e kF - cpep­
MH8BCKHii mmyJILC HYKJIOHOB n,n:pa. 06cym,n;en:ne aTHX nonpaBOR 
oy,n;8T ,n;ano H8CKOJILKO HIDR8. IloKa me npH BLIJICH8HIDI OCHOBHl>IX 
.n;eTaJieii CTpyKTYPLI ce11enmi npo:o;eccoB pom,n;en:n11 11acTn:o; c nepe­
aap.fIAROH na 11,n;pax HYKJIOHLI 11,n;pa 6y,n:eM C1:lHT8T:& H8TOil(1{8CTB8IWLIMH. 
RpoMe TOrO, 1IT06LI na6emaTb H3JIHIIIHHX yCJiomnen:nii Bp8M0HHO 
11acT11~ a H b 6y.n;eM C'IHTaT:& 6eccmmoB:wm. Tor,n:a TO'IHOe BLipa­
menne ,D;JIJI cetiemtii o6cym,n;aeMLIX peam~11ii na npoTonax (HeiiTpo­
nax) n,n;pa HM80T B:n,n;: 

:~=in! (1) J Uab,ab(b, b', z)exp[iq(b-b')l X 
z 

xexpA,1{- J [Uaa,aa(b,b',z')-iVaa(b,z')+ 
-oo 

00 

+ iV!a (b', z')] dz'+ J [Ubb, bb (b, b', z')-
z 

-iVbb (b, z') + iVtb (b', z')] dz'} db db' dz', (75) 
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A. B. TAPACOB 

r.ne V H U 6LtJIH onpe.neJiem.r paHee [cM. (17) 11 (18)}, Z (N = A - Z)­
,mCJio IIPOTOHOB (HeiiTpOHOB) B H,D;pe. 

HcnoJil,3YJI npH6Jill>H8HHJI (29) ll (31) J:{JIJI .v H u, nepeXOJ:{H 
K OIITII'leCKOMY 1Ip8J:{8JIY (A - 00) ll BBOJJ;JI HOBl,18 nepeM8HHJ,I8 HHTer­
pHpOBllHHJI B = (b + b')/2 11 ~ = b - b', 11pe.ncraBHM BLtpameH11e 
(75) Jl;JIJI Ce1I8HllJI B HeCKOJILKO HHOM BH,Il;8: 

~~ = in ! ( ~ ) J { (J)ab (P) P (B, ~) exp {iqp) X 

[ 
if if* 

X exp --fT-(B+P/2, z)-+T_(B-P/2, z)+ 

Gi, . 
+(J)aa(P) T_(B, z)- 2 T+(B+P/2, z)-

a'* 
- ; T + (B + P/2, z) + (J)bb {P) T + (B, z)] X d2Pd2B dz} . (76) 

<l>opMyJI1,1 (75) 11 (76) IIOMHMO car.rnro aKra HeKorepeHTHoro (c6oJIL­
moii nepe,n;aqei HMIIYJILca HYKJIOHY q ,..., (B)-112

) pom,n;emui yqe:Thl­
naror COIIYTCTBYJOID;H8 8MY npon;ecc1,1 MHOrOKparm.rx KOrepeHTHLtX 
(Ha yrJILI IIOpH.n;Ka 8 ,..., (kR)-1) ll neKorepeHTHl>IX (yrJII,I 8 ,.._, 
,.._, (kVBt1

) nepepacce11anii qacmn; a 11 b. 8ro 11pnBo,n;e:r K aeKo­
ropoMy paaMa3LtBaHmo yrJIOBl,IX pacnpeJ:{eJieHHH '!aCTHil;, POJJ;HBillllXC.ll 
ua M8PHOH MBJII0HH, IIO cpaBH0HHIO C yrJIOBLIMH pacnp8JJ;8JI8Hll1IMH 
B peaKD;HJIX Ha HYKJIOHax. 

11. BJIIUIHHE ROrEPEHTHLIX IIEPEPACCEJIHH:0: 
HA YrJIOBYIO 3ABHCU:MOCTh CEqEHH:0: IIPonECCOB 
HEROrEPEHTHOro pomnEHU:JI 

PaCCMOTpllM cnaqaJia aif,4>8KThI KorepeHTHl>IX nepepaCC8HHHii, Jl;JI.ll 
11ero onycriIM B noKaaareJie aKcnoneHThI B BLipamemm (76) neJIH'lllHLI 
U xx, xx (x = a, b), O11nc1>ma10m;He aeKorepeurnLte nepepaccemmJI. 
B 8TOM npH6JIH'1C8HHH B1>Ipamen11e Jl;Jl.ll Jl;Hq>q>8p8HD;ll8.JILHOro C8'18HH.ll 
H8KOrep0HTHOrO 11pon;ecca MOlRHO npeJJ;CTaBHTL B BH]l;0: 

dG Z(N)i dQ = A A J p (s, z) I <p (q, s, z) l2 ds dz; 

q:,(q, s, z)=exp(iqs)[fab{q)-

- j exp{-iq's)f{q-q')F(q', z)dq'/2rr.ik; (77) 

ik i F (q', z) = 2it J ab exp (iqb) X 

x { 1 - exp r - ;:i T + (b, z)- (J; T _ (b, z) l} . (78) 
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IWrEPEHTHOE H HEIWrEPEHTHOE POlR.)].EHHE qACTHU 

Ilpn C'la =ab= a BeJIH'lllHa F (q', z) = F (q') coBnanaeT c 8.MIIJIH­
Tynoi ynpyroro a (b) A-pacce.amrn: R, cnenouaTeJILHO, c~ecTBeHHo 
OTJIR'IHa OT HYJIH nnmi, np11 q' ,,.., R-1• To me caMoe MOmHo cKaaaT.b 
H O F (q'' z). IIoaTOMY non 8HaKOM RHTerpana B B.LipameHHH (77) 
·aMIIJIHTY.IJ.Y l (q-:-- q'), KOTopa.a Menn:eTcn: ropaa.n.o MennenHee, qeM 
a}mJIHTyna F (q', z), MO>RHO pa8JIO)RHTL B pn:n no q' 

/ (q....:... q') = / (q)-q'V q/ (q). (79) 

BhlIIOJIHHH RHTerp11poBaHne no d,q', nonyqaeM B 8TOM np:e6JIH­
meHHH! 

;g = ~ (~){I/ (q) 12 N (aa, ab)+ IV/ (q) l2 L (aa, ab)}, (80) 

rne N (aa, C'lb) = I p (s, z) IE (aa, Gb, s, z) 12 els dz; 

1 r I a 12 L (Ga, C'lb) = 2 J p (s, z) as E (aa, ab, s, z) ds dz; 

E (s, z) = exp [ - cr~ T _ (s, z)/2- abT + (s, z)/2). (81) 

IIepBoe cnaraeMoe B (80) nponop~oHaJILHO ceqenmo nepeaapn:nK11 
Ba HYKJIOHe 

(82) 

Roacf>cf>~eHT nponopn;no­
nan1,nocTH (Z/ A) (N /A) N( Ga,ab) 
npe)l;CT8BJISI0T co6oii acf>cf>eKTHB­
Hoe 'IBCJIO npOTOHOB (neiTpo­
BOB) .anpa, yqaCTByroiq:nx B pe­
aKJ~HH H QTJIJAIUOJ:qeec.a OT 
z (N) - 'lllCJia npoTOBOB (uei­
TPOBOB) B .anpe 11a-aa B88llMO­
neiicTBH.fI qacT11n; B na-irani,­
BOM H KOHe'IHOM COCTOHHHHX, 

lit~ 
<::?I 

1
10 20 50 100 A 

Puc. 5. CpeAHHii KBaApaT HMuynLca, nepe­
AaBaeMoro B peaynLTaTe KorepeHTHLIX 
nepepacceJIHHii B aexorepeHTHLIX npoa;ec­
cax, Q2 (<14 = <Jb = 25 N.6apn) 

~JI.fl on;eHKH poJIR nonpauo1IHoro cnaraeuoro, nponopn;noHaJILHoro 
IV/ (q) 12 B (80), nepenmneM ero B unne: 

: = ! ( ~ ) N (aa, ab) [ !~ +IV/ (q) 12 Q2 (aa, ab)], (83) 

rne Q2 = L (aa, ab)/N (aa, ab). 
Ha pnc. 5 npencTaBJiena neJilPllllla Q2 KaK q>YBKD;HH aTOMHoro 

HoMepa A, pacc,mTanna.a B uoneJI:n <l>epMR npn Ga = ab = 25 M6apn. 
Y1IHTL1Ba11 CKopocTL HSMeneHHH aMWIRTYnLI aneMenTapnoro npo­

n;ecca 
lab (q),,.., exp ( _;,_Bq2/2), B = 8 + 10 (I'ae/cf2 , 

JierKo BnneTL, 'ITO name B peaKI:t;HSIX Ha TSimeJI.LlX .anpax HSMeHeHHe 
YrJIOBOH 88BRCHMOCTH ceqenmr (80), o6yCJIOBJI8HHOe KorepeHTHLIM 
nepepacceJIHHeM, H88Haq11TeJILHO. 
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12. POJII, MHOrOKPATHbIX HEKOrEPEHTHbIX 
IlEPEPACCEHHIIlt 

PaccMoTplIM Tenep1, aq)(peKTM neKorepeHTHMX nepepaccemnm, 
npene6pera.a: II8MeneHHeM nanpaBJieHHJI ABIUReHII.R 61>1CTPl>IX 11acTan;, 
o6ycJIOBJI0HHLIM KorepeHTHLIM nepepacceHHHeM, 'ITO COOTB8TCTByeT 
aaMene T ±(B ± ~/2, z)--+ T ± (B., z) B (76). B aTOM np116Jiumen11H 
HHTerpHpOBaHHe no dz BhlllOJIHHeTCH B JIBHOM BIIJ:{8 ll B1>1pamem10 
~JI.II ce1I8HHH neKorep8HTHOrO npon;ecca, Y1IIITl>IBaIOID;ee BC8B08MOiR­
Hhl8 neKorepeHTH:hle nepepaccesmlI.R, npe.zi;cTaBJIHeTCJI B cpaBHHTeJILHO 
npOCTOM BH.zi;e: 

dcr 1 Z ( N) f ~ ~ dt= 2nA A J roab,ab(~)N(aa(~),ab(~))J0(q~)~d~, (84) 

r.zi;e G:ic (~) = <1:ic - ro:ic:ic (~), x = a, b. 
<l>opMy.rra (84) yp;o6na JJ;.JIH. npoBeJJ;eHH.a: 1IHCJieHH1>1X pac1IeTOB. 

-<l>HaH1Iecxmi me CMMCJI 6oJiee 0110:aHp;en Ha npe.zi;cTan.rrenlI.R n1,1pame­
:an.a: JJ;JIH ce1IeHHH (84) B BHJJ;0 paaJiomeHHJI B PHA no CTenenHM KpaT­
illOCTH H0KorepeHTH:hIX CTOJIKHOB8Bmi C co6JI10JJ;enneM HX XPOHOJIOrH­
qecKoii noCJiep;oBaT0JILHOCTH: 

~ m n 
dcr = ""' r { II dC1aa (q,) dC1ab (q') II dCibb (qk) X 
& ~ J •• & 

m, n=O i=i k=i 

m n m n 

J: .. ( ' ""' ""' ) dq' II dq, II dq1i. } xv< .. > q-q - ~ q,- ~ q11. ':t ':t n"" x 
i=1 k=1 i=i k=1 

m n 

X { J fl p (b, z,) ·p (b, z') IJ p (b, z1i) E (a~, a;,, z') x 
i=1 k=1 

m n 

x T IT dz, dz' T IT dz11.} • (85) 
i=i k=f 

CmmoJI1>1 T II dz1, T II dz1,. oana11ruoT, 11To npH HHTerpnpoBaHHH IIO <<Bpe­
M8HHOii» nepeM0HHOH z H8KorepeHTHl>IX CTOJIKHOB0HHH JJ;OJimHa co6JIIO­
JJ;aTLCH lIX xpoHO.JIOrl!1I0CKaH IIOCJl0JJ;OBaT8JILHOCTL. 

On;enHM pOJIL nexorepenTHLIX CTOJIKROB8RHH, IIOJIO)RHB AJIH npo-

eTOT:hl 

O'a = O'b = a; roaa = (l)bb = <1ee exp ( - ~/4B), 
roab =<10 exp (-~/4B), 

(86) 

"'ITO COOTB0TCTBY8T o6hl1IHOH napaMeTpnaan;11H q-aaBHCHMOCTH aMJI­
JIHTYA aJieMenTapHl>IX npon;eccoB 

f (q) = f (0) exp ( -Bq2/2). (87) 
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KOI'EPEHTHOE H HEKOI'EPEHTHOE PO>R.IJ;EHHE tJACTHn 

BeJIH'IHBJ,I CJu H CJo np8ACTaBJIHIOT co6oii COOTB8TCTB8HHO IIOJIHO8 Ce'le­
HHe ynpyroro a (b) N-paccemnrn H npon;ecca aN-+ bN. BBOAH acpcpeK­
THBHO 'IHCJia N k (a) COOTHOW8HH8M 

Nk(a)= k~a) (aT(Blexp(-aT(B))dB, (88) 

noJiyqaeM npeACTaBJI8HH8 AJIH C8'18HHH (84) B BH,1(8 PHAa no CT8II8HHM 
Kp3THOCTH H8KOrepeHTHLIX CTOJIKHOB8HHii: 

00 

~~ =0'0 ~ Nn+1 (a)snexp[-Bq2/(n+1)J, (89) 
n=O 

rAe 8 = '1ez/O'tot = aiotl16nB. 
A-3aBHCHMOCTl> B8JIH'IHH N k (a), paCC'IHTaHHa.H B MOA8JIH <I>epM.e: 

,AJIH O' = 25 M6apu, k = 1, 2 ... 5 np8ACTaBJl8Ha Ha pHC. 6. BHAHO, 'ITO 

acpcp8KTI,I KpaTHLIX H8KOr8p8llTHLIX 
nepepacceHnHii A8JlaIOT q-aaBHCH- Nk 
MOCTL C81I8HHH H8KOrepeHTHLIX npo- 10 

5 
n;eccoB Ha HApax 6oJiee noJioroi:, 
'18M COOTB8TCTByroID;a.H 8aBHCHMOCTI, 

peaKn;uii Ha CBo6oAHLIX ay1mOHax 
H B8CLMa CYID;8CTB8HHLI II pH 6oJil>WHX 
3Ha'l8HHHX nepeAaHaoro HMIIYJILCa 
q2 ~ B-1 B peaKD;HHX Ha TH»t8JILIX 
H.I(pax. HHorAa wrn on;eHKH acpcpeK­
TOB KpaTHLIX H8KOrepeHTHLIX CTOJIK­

HOB8HHH BM8CTO (89) HCIIOJIL3YIOT 
BLipa>R8HH8 . 0,220 50 100 A 

x exp[-Bq2/ (n+ 1)], (90) 

P11c. 6. 3aBHCHMOCTl, acW>eKTHBHLIX 
'iHceJI k-KpaTBLIX .CTOJIKBOB8JUIH 
Nk (a) OT aToMHoro HOJ.18pa ,ll;Jl.11 
a = 25 M6apn H paann'iHLIX k = 
=1,2,3,4,5 · 

noJiyqeHHoe B TeopHH fJiay6epa AJIH npon;eccoB KBaa:irynpyroro pacceH­
HHH -qacran; Ha H,I(paX, 'ITO npuBOAHT K 3aHHm8HHLIM on;eHKaM 3THX 

acpcp8KTOB. 
B IIOJIL8y npaBHJil>HOCTH cpopMyJI (75), (76) H (84) CBHA8T8JILCTBY8T 

COOTHOmeHHe M8»t.I(y IIOJIHLIMH C8"18HHHMH peaKn;Hii ua HAP8 H ua HYK­
JIOHe 

Z ( N) - -0'=7 A O'oN(aa, O'b), 

- tot , · el · abs 
r.I(e O'a = O'aN - C1aN = O'aN, IIOJIY'!8HHO8 HHT8rpHpoBaHH8M 068HX 
'laCTeii paBeHCTB · (75), (76) :e: (84) no dQ = dql(nk2

), :e:a KoToporo 
CJI8AY8T,. 'ITO YM8HLW8HH8 IIOJIHOro Bl>IXO,I(a 11acTHD; H8 peaKn;HH 
aA -+ bA' o6yCJioBJieuo TOJILKO neynpyrHMH npon;eccaMH, KaK H AOJiiH­

HO 6LITL. 
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A, B. TAPACOB 

13, llOJIHPII3AIUIOHHhIE XAPAKTEPHCTHKII 
IlPOnECCOB POiK,llEHIIH l!ACTIIll C. IlEPE3APJl,llKOll 
II IIX qyncTBHTEJlhHOCTb K IIHTEHCIIBHOCTII 
norJIO~EHIUI POiK,llEHHhIX llACTHn B PA3HhIX 
CilHPAJlhHbIX COCTOHHHHX 

. IlepeiiAeM R o6cymAeHmo peam:,;nii HeRorepeHTHoro pomAemuI 

11aCTlUJ; co CIIHHOM, IIPH118M 6yAeM OllJITb paCCMaTpHBaTL rrpon;ecc1,1 

C nepesapJIAIWii,. T. e. Za =I= zb. ,IJ;JIJI npOCTOThl orpaHHlIHMCJI pac­

CMOTpeaneM npon;ecCOB, HHAYD;HPOBaHHhlX 6eCCIIHHOBLtMH 11aCTHD;aM:O 

(it, K-Me80HM). EcJin TaRme orpaHHlIHTLCJI o6JiaCTLIO He OtI8Hh 

6om,mux 8Haqeunii rrepeAa11 nMrryJILca q2B ~ 1, TO c xopomeii TOtI­

HOCTLIO MOiRHO rrpeHe6pe1Ib BJIHHHH0M RpaTHhlX nepepacceuanii: 

aa yrJioByro 8aBHCHMOCTb aa6JIIOAa8MMX B8JIH1IHH. B 8TOM npn6Jinme­

.HHH CBJ18b M8iRAY ll3M8p:ReMLtMH. BeJIH'IHHaMn - AH4>cl>epeun;naJILHLtMH 

C81I8HHJIMH ll 8JI8M8HTaMn: MaTpnn;LI-IIJIOTHOCTH POAHBmeiiCJI 11aCTHD;bI -
peam:,;nii Ha JIApe H Ha HYRJIOH8 ORa3'LlBa8TCH 0118Hb IIpOCTOii: 

±!.... ).;.•· ·__!_,.(!!..)·(~ '-'-') N( ai,(i..)+ai,*(i..')) i.. 'J...'='J... ,, 
dQ p ..4. A dQ p o . O'a, 2 . , ' b, l'.b• 

. (9~ 
Ms COOTHomeHHJI (92) CJieAyeT, 'ITO eCJIH norJiom;eune POAHBillHXCK 

11aCTHD; B COCTOJIHHJIX C pa8JIH1IHI,IMH 8HatI0HHJIMH B8JIH'IHHhl crrnpaJib­

HOCTH OAHHaRoiio [ob ('J...) = const (11.)), TQ 8JieM8HThl M8.TpHn;hl IIJIOT­

HOCTH peaRD;llll Ha HApe, a CJieAoBaT8Jlb~O ll yrJIOBhl8 p~cnpe,a;eJie­

HHH IIPOAYRTOB pacnaAa 11aCTHD;hl b, ORa3hlBaIOTCH H88aBHCHIIJ;HMBi 
OT aTOl\rnoro HOMepa A HApa-MIDII8HH. 06Hapymemrn A-saBHCHMOCTR 

8THX xapaRT8pHCTHR B rrpon;eccax POiRA8HHH 11acTun; C rrepesapJIAROH 
HBHJIOCb 6hl yRa3aHHeM aa CYIIJ;0CTBOBaane 'J...-saBHCHMOCTH B0JIH1IHH 

abN (11.). (B rrpon;eccax neRorepeHTHoro pomAeHHH 6es nepesapHARH 

CHTyan;uJI neCROJibRO CJiomuee, 0 ll8M 6oJiee llOAp06Ho CM. nume.} 

RpaTRO o6cyRBM 11YBCTBHT8JlbHOCTb H3MepH8MhlX B8JIHlIHH rrpon;ec­

COB aA -+ bA' R 8Ha1IeHHJIM B8JIH1IHHhl abN ('J...). IlpemAe ncero saMe­

THM, 11TO B npaByro 11aCTb (92) BXOAHT xapaRTepHCTHRH 8JieM0HTapHI,IX 

npon;eccoB pomAeHltH 11acrnn; B na ny1mone, CRoncTpyHponaHHLie 

118 aMIIJIHTYA, BRJII01Iarom;HX 3aBHCHMOCTb OT CIIHHa HYKJIOHa 

( ;~ pU') 
0 
= Sp J!i, (q, a) J!;+ (q, o)/2, (93) 

T, e. B0JIH1IHHLI, AOCTYIIHI,Ie U8M0p0HHIO Ha BOAOPOAHhlX (,a;eihepHeBLIX) 

l\fl1Ill8HJIX. IloaTOMY H8T aeo6XOAUMOCTII UCRJII011aTL IIX II8 COOTHome­

HHii (92), 6epH OTHomeaue aa6JIIOAa8MhlX B8JIH1IIIH, COOTB0TCTBYIOIIJ;IIX 

ABYM pa8HhlM JIA8PHLIM MnmeHHM, I{aR 8TO ,a;eJiaJIOCb rrpu aHaJIII8& 

ROrep8HTHLIX peaRI:t;Wi, a MOlliHO H8IIOCp8ACTB0HHO H3M0pHTb B0JIH1IIIHh1 

~ ;.;.• /(~ '-'-') _,!_ (.!!_') N ( ab(i..)+at(i..') ) (94\ 
aQ p dQ p o - A A C1a, 2 r 

u HCCJie,a;yJI IIX A-saBUCHMOCTb onpeAeJIHTb (abN ('J...) + CJ{,N ('A,')/2 . 
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KOrEPEHTHOE H HEROrEPEHTHOE POlR,!J;EHHE 'IACTHU 

l(m1 HJIJIIOCTp~HH qyBCTBHT8JILHOCTH BeJIJl1lll.H N ( 0'1, O' 2) K sna-
11eHH.JIM 0'2 Ha PHC. 7 npeJ{CTaBJiena A-3aBHCHMOCTL OTHOmeHB:i 

~ = N (at, a2, A)!N (o1, 01, A) 

]{JI.JI 0'1 = 25 M6apn, 0'2 = 10, 20, 30, 40, 
Hs cpaBnenH.JI c pHc. 3 BHAHO, 

'ITO 11YBCTBHTeJILHOCTL H3M0p.R0· ~3' 

MLIX BeJIH'IJ:HH npon;eccoB ne1w­
repenrnoro pom,ll;en1111 K HHTen­
cunnocTH norJiom;en1111 pom.l(a10-

50 M6apn. 

m;:e:xcH 11acTHn; TaKaH me, KaK 20 

(95) 

y J{mpcpepeHn;mm:&HLIX ce11enHii 30 
npoI(eccoB KorepeHTHoro pom,ll;e- t,O 1-----------~-• 
HRH, T. e. J{OBOJILHO BLICOKaH. 3ro F==:::::::::::::::::~0c:-.. , 
BeC:&Ma BaiRHO ,ll;JI.JI I1p<:)OJI0MLI OIi- 0 
pe,ll;eJieHHH IIOJIHLIX ceqen11ii bN- 1520 50 100 A 
BSaHMo,ll;eiicTBHH HS aHaJIH3a ,ll;aH­
HLIX o npon;eccax ueKorepenTHoro 
pom,ll;eHH.R. 

Puc. 7. 3aBHCHMOCTb ~3 (cra, (Jb, A) OT 
aToMBoro BoMepa .n;m1 cra = 25 .11i6apn 
li( paaJIR11BLlX (Jb 

14. 8cJ>cJ>EKTLI TOmJ(ECTBEHHOCTH HYKJIOHOB 
B IlPOUECCAX IlEPE3APH~KH 

l(o CHX nop o6cym,ll;eHHe CTPYKTYPLI na6JI10,ll;aeMI,IX ·BeJill'IHH npo­
n;eccoB neKorepeHTnoro pom,!J;en11.sr -qaCTHD; c nepesapH.ll:KOi npoiioAH­
Jioc:r. B npene6pemeHHH acpcpeKTaMH TOIBJ{0CTB8HHOCTII BYKJIOHOB HJ{pa. 
HsBeCTHO~ 'ITO sanp0T TOiRJ{eCTBeHHLIM HYKJIOH8M naXOJ(HTbCH B OJ{HOH 
II TOM me COCTOHHllll , (IIPHHD;IIII 1Iaym1) npHBOJ{HT K IIOJ{aBJienmo 
ce11en11ii npon;eccon c MaJioi nepe,ll;a11eii HMnyJI:r.ca HYKJI01;1y, na KOT~ 
poM npOllCXOJ{HT peaKD;HH nepesap.sr,ll;Kll. <l>opMaJILHO TOiRJ{8CTB0HHOCTJ, 
HYKJIOHOB IlpOHBJIJI0TCH B onpe,ll;0JI0HHLIX CBOHCTBax CHMM8Tpllll BOJI­
HOBLIX cpynKD;Hii na11aJI:r.noro ll KOB011HOro COCTO.JIBIIH JI,ll;pa. -Y110T 3THX 
CBOHCTB, a TamKe CBOHCTB CHMM0TpHH aMIIJIHTYALI npon;ecca II03BOJIJI0T 
B npll6JIHiR0Hllll (14). IIOJIY11J1Tl, saMKHyTOe, BO Bec:r.Ma rpoM03,ll;K00 
BLipamenne J{JIH nonpanoK K qiop:aryJiaM ,n:JIH ce11eHHii, a TaKme APYrRX 
R3M0p.JI0MI,IX B8JIR'IJ:RH, o6yCJIOBJl0BHLIX IlpmID;HIIOM IIayJIR, II Y'IJ:IITLI-· 
BaIOJI{ee aqicpeKTLI MHOroKpaTHLIX CTOJIKHOB0HHH 11aCTIID; a R b B .JIJ{pe. 
B 3TOM BL1pamen1111 IlOMIIMO OCHOBHOro nonpaBO'IHOro 11JI8Ha, cym;e­
CTBeHHo OTJIH'llloro OT HYJI.JI JIHIIIL np11 sna11en:w1x nepe,ll;aunoro 
HMIIYJILCa q ~ kF R npHBO.ll:.Jlm;ero K YM:en:r.meHHIO pesyJI:r.T11pymlI{ero 
ce11enID1 B BToii o6Jiacm, co.l(epmaTCH TaKme CJiaraeMLie, OTJilI'IJ:HHe 
OT HYJIH IIpll CKOJIL yroJ{Ho 60Jil,mRX ana11en1111x nepe,ll;aHHOro HMIIYJILca 
H npHBo.ll:.Jlm;lle K neKoTopoMy ( 011enL neaua1IIIT8JILHOMY, nopJIJ{Ka 5 % ) 
YB8JIH110HIIIO C0110HIDI. 3TH CJiara0MJ,I0 OTCYTCTBYIOT B 6opnoBCKOM 
np116JIHm8HHII, a IIOHBJl8Hll0 RX IIpll Y'IJ:8T8 BSaHMO,ll;eiicTBIIJI B na11aJI:r.-
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A. B. TAPACOB 

HOM H KOH81UIOM COCTOJIIIHH, IIO-BIIAHMOMY, OTpamaeT TOT 4>aKT, 'ITO 
B pesyJI:bTaTe yrrpyrIIX Korep8HTHLIX CTOJIKHOB8HHH 'laCTlID; a H b 
p HYKJIOHaMH mi;pa IIOCJI8JJ;HH8 ocuo6omJJ;aIOT 3aHIIMa0MLI8 HMII YPOBHH 
11 T8M CaMfilM qacTH'lllO CHHMaIOT aa11peT 11a IIOJIBJI8HH8 HOBOro HYKJIOHa, 
KOTopu:ii o6pasouancJI B pesyJII,TaTe 11epeaapJIAKH, Ha aaHJITLIX paHee 
ypoBHHX. BBHAY MaJIOCTH aTOro a4l>4i>eKTa 110 6y):(eM o6cymJJ;aT:E, ero 
6oJiee 11op;po6Ho, a paccMOTPBM num1, CTPYKTYPY ocaou11oro rrorrpa­
BO'llloro "!Jieaa K (92). 

B T8X me 11p116JIH)K8HHHX, B KOTOPbIX IIOJiyqeHa (92), JJ;JIH OCHOB­
Horo nonpaBO"IHoro 1IJiena nonyqaeTcJI BLipameHIIe 

l!. ( ;~ p,_,_,) = - ZA~ j ! Spl(q, a) pz(S1, 82, Z1, Zz, a) X 

v+ A • 

X f (q, a) PN (s2, s1; Zz, Z1, a) exp 1qT (s1 -sz) X 

x expiqL(z1-z2)E(o~, ai,, s1, z1) X 

XE* (a~, ai,, s2 , z2) ds1 d!½dz1 dz2 , (96) 

rp;e Pz<N> (r1, r 2, a) - oJJ;Ho11acTH11HaH MaTpun;a IIJIOTHOCTH pac­
upe):(eJieHHJI npOTOHOB (H8HTPOHOB) B mi;pe. 

)J,JIH 6ecCIIHHOBOro JIJJ;pa 

p (r1, r2, a)= pt(r11 r 2) + iu rt X rz p2 (r1, r2); } 
r1rz 

pt(r, r) = p (r). 
(97) 

HHKaKoii aKc11epHM8HTaJII,Ho:ii HH4>opMan;m o Pwu (ri, r 3) - rrpn 
r1 =/= r2 IIOKa H8 CYIIJ;8CTBY8T H IIO8TOMY npH OD;8HK8 84>4>8KTOB TO)K-
11;8CTB8HHOCTH IIPHXO,D;HTCH npHBJieKaTI> MO):(8Jil>HLI8 IIp8,D;CTaBJI8HHJI 

~ cipyKType HAP!l· Ilpn paccMoTpeHIIH peaKq11ii aa JierKHX HJJ;pax 

JJ.JIH IIOCTpO8HlIJI p MO:IRHO C xopomeii TO'lllOCTl>IO HCIIOJil>SOBaTI> BOJI­
HOBLI8 cpynKn;m rapMO1111'1ecKoro ocq11JIJIJ1Topa. IlpH aToM oKasLI­

BaeTcJI, 11TO JJ;JIH H8KOTOPLIX HJJ;8p, 11anpBMep 12c, P:a (rlt r2) =I= 0 
11 KOM6HH~HH aMllJIHTYA /"' (q, a) B 11pauo:ii qacTH coornomeHHiI (96) 
OTJillllaIOTCH OT KOM6HHaqHH aMIIJIHTYA B npauo:ii 11aCTH COOTHOfil8HHH 
(92) Ji1 n1,,1pamaroTCJI 11epea TaKne xapaKTepncmKH 11pon;eccou aN -+ 

-+ bN, JJ;JIH orrpe):(eJieHHH KOTOpLix 11eo6xoJJ;HMo npone):(eHIIe 11om1pnaa­
n;110HH.Lix l18Mepe11u:ii C IIOJIHplISOBaHIU,IMH HYKJIOHlWMH MHm8HHMH. 
B CJiyqae THiK8JILIX HJJ;8p-MHm8H8H, HCIIOJil>SOBaHIIe KOTOPLIX 6onee 

np8,D;IIO11THT8Jll>HO JJ;JIH 11ay11e111111 norJIOIIJ;8HHH pomJJ;aIOIIJ;HXCH 11aCTHIJ;, 

6oJiee npH8MJI8MO:ii HBJIH8TCH MOJJ;eJII, BLIPO:IRJJ;8HHOrO q,epMu-raaa, 
B KOTOpo:ii 

p:<N> (rt, ~2) = pZ<N> ((r1 + r2)/2) it (ki<N> I r1 -r2 I); } 
jt(x)=3[sinx-xcosx]/x3; · (98) 
'Pz= O; p (r) = p08 (R-r); (~<N>)3 = 3n2p0 (Z/A) (NIA). 
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1mrEPEHTHOE H HEROrEPEHTHOE PO)I(,UEHHE qACTHIJ; 

IIocKom,Ky npaKTB110CKH .UJUI Bcex TJUK0JILIX .11.n;ep Z~N. TO kFz = 
= k1 ~kFN = k2• Y11HTl>lBaJ1 aTo, npe.n;cnium (96) noCJie npoBe­

.n;enu.11 npH6JIH)I(0HHLIX HHTerpHpOBaHHH C BCilOJIL30BaHB0.M YCJIOBWI 
(kFR)-1 ~ 1 B CJie.n;yrom;eM Bu.n;e: 

r,ne 

A ( :~ p'-'-•) = - ! ( :~ p'-'-' ) 0 N ( 0 0 , abtai, ) F (q), (99) 

O~q~~-k1; 

k2 -kt~q~~+k1; 

q>"2+k1. 

-r( )=..!.(t+ kl)+.!.[ki-kf-q2+(~)2( kf-ki-q2 )J..1-
q 2 kf 8 qkt k1 qk1 ' 

+...!.. [ ( q2 -ki+kf )3 + ( q2 +ki-kf )3] ; 
32 qkt ,.__,,___,,. qkt 

q= V q~+qL. (100) 

Cymmpys BLipamemrn (92) H (99), nonyciaeM .n;nx CBHa.e: na6nro­
,naeKI,Ix B0JIB1lllll npon;eccoB Ha x.n;pe H Ha HYKJIOHe c yqCToM· nptm­
I(RDa Ilayn11: 

~pU•-(±!...p1.1•) N(,T <Jb().)+ab().')) X 
dQ - dQ O va, 2 

x [ ! (; )- ! F (q) l (101) 

TaKHM o6pa30M, npH MaJILIX 8HR'l0HBJIX q npo.e:CXO,n;HT npaKTB'l8CKH 
nonHoe no.n;aBJICHHC peaKn;ui, conp0Bom.n;arom;11xcx nepeaaps.n;Koii 
npOTOHOB s.n;pa, ll HCDOJIHOC, XOTJI H 8Ha'IHT0JILHOC, DO,ll;aBJICHHC peaK-
1\BH C nepeaaps.n;Koi H0HTPOHOB. 3TOT pesyJILTaT BDOJIHC CCT8CTBCH 
C TO'IKH apeHBJI MO,ll;0JIB if>epMH-l'aaa: npeBpam;eHHe B npoTOHLI H8iiTpo­
HOB C mmyJILca:MH, npeBLimllIOm;HMll rpamAHLii if>epMH-m.myJILC pac­
npe.n;0JieHBJI npoTOHOB kFz = ki, ne sanpem;a0TCJ1 npHHI\BDOM IIayJiu. 

liHTerp11py.11 o6e 11acTH paBeHCTBa (101) no yrny BLIJICTa 11acTHI(LI b, 
MOmHO OD;CHHTJ, CTCDCHl>IIO,ll;aBJICHWI llOJIHoroBLIXo.n;a 'IRCTHD;, o6yCJIOB­

JI0BBYIO IIPHlll\BllOM IlayJIH. IIonaraJI 

da da(O) till (q) =7g exp (-Bq2), 

B = 10 (I'aBlc)-2, noJiyciaeM, 11To noJinoe ce11eH.e:e o6paaoBaHHJI 11aCTBD; 
b B peaKD;HJIX Ha m~pax, COCTOJIIIl;HX H8 Tom.n;ecTB8HHLIX HYKJIOHOB, 
npHM8pBO Ha 25-30 % MCHLme C8'18HHJI aHaJIOrH'IHLIX pea«n;Hi 
Ha .11.n;pax, COCTORIIl;HX H8 H0Tom.n;eCTB8Hlll,IX HyKJIOHOB. ; Heyqe-r 
a<I>if>eKTOB TOiR,It0CTB8HHOCTH IIpH anaJIH80 8KCn8pHMCHTRJIJ,HLIX •,ll;RHHLIX 
MO)K0T DPHB8CTH K HCBCpHOMY (aaBLlIIICHHOMY) 8H8'10HBIO. qbN• 
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. A. B: TAP~COB 

Hi. CTPYKTYPA CEqEHHB HEKOfEPEHTHOro 
. · · POiR,llEHHff ·1:IACTHO: BES IIEPE3APJI,llRH 

... , . . . 
C~eCTByeT ){OBOJibHO pacnpoCTpaueuuoe y6em,n;emrn·. B TOM, 'ITO 

CB.113b M81R):{y Ha6JIIO,D;a8.MHMH B8Jlll'IllllaMH JII060rO H8KOrep8HTHOrO 
trpo:a;ecca na BApe i aJieMeuTapuoro npo:a;ecca Ha H~Jioue.oAl{llaKoBa 
KaK ):{JIB npon;eccoB c nepeaap.11):{Koi, TB.K n AJIH npo:a;eccoB 6ea nepe­
aap.11):{KH. B 1{8HCTBRTeJibHOCTH 3TO He TaK :e:m1, no Kpaiiueii Mepe, 
ne BCer,n;a TaK. Ilpo,n;eMOHCTpHpyeM 'raKyro CB.1131, CHa'IaJia Ha npHMepe 
HeKorepeHTHJ,IX' .npon;~CCOB aA - bA I C oeccnHHOBJ,IMH qaCTHD;aMH 
au b, aap.11,n;on1,1e xapaKTepucTHKH K0Top1,1x co~a,n;aroT. C~eCTB8HHoe 
oTJIH'!He 3THX npo:a;eccoB OT npo:a;eccoB Tuna nepeaap.11):{KH cocTOHT 
B TOM, .'ITO B AH<l>ipepem:(HaJII,HOM C8'10HHH, ueKorepeHTHOro npon;ecca 
noMmtO KB~paToB MO.ttyJiei· aMnJIHTYA, onnc1,1Barom;ux pom):{emrn 
qacmqli[ b Ha. paaHLix Hy1m0Hax .11,n;pa, co,n;epmmc.11 HHTepipepenn;uJI 
TaKHX aMnJIHTy.n;. 8TH 'HHTepipepe~oHHLie cJi:araeMLie OTCYTCTBYIOT 
~ · 6opHOBCROM npu6Jrn:meHHR (aa = ab = 0) u nOHBJIJIIOTCJI JIIIIllb 
iip:e: yqeTe B'8aHMO,D;eicTBHH' B Ha'laJibHOM D: KOH811HOM COCTOJIHIIHX. 

OrpaHlAllBa&cL p~cQ~oTpeHHeM peaK:a;ni _B. o6JIMTH aHa'Ie:mm nepe-
1ta11 llMllYJ,ILCa BRYTPH,,AllqlJ>aKD;ROHHOro K01Iyca q]J ~ 1,.' l'..Zl:0 MOa.qIO 
npeue6pe11L a<J>ipeKTaM:e: Kparnhlx H8KorepenTHJ,Ix nepepaC(?8JIHHi, nOJiy-
11aeM ,D;JIH ce'IeHHn: paccMaTpHBaeMoro npon;ecca CJie,n;yrom;ee npe,n;cTan-
JI0HHe: , , • . 

:~ =) p (b, z) I q, (q, b, z) j2 db dz, (102) 

r,n;e 

(j) (q, b; z) = lab (q) E(cr~, cri,, b, z) exp (iq,,z)-
00 

-laa(q) ~~ lab(0) J p(b, z')E(cr~, <Ji,, b, z') '>< 
z 

X exp (iq~z') dz' -lbb (q) ~: lab (0) X 

z 

x J p (b, z') E (<1~, <11,, b, z) exp (iqr.Z') dz'. (103) 
-oo 

Ilepnoe CJiaraeMoe B (103) OIIHCJ,IBB.eT, eCJIH CJI8):{0BaT.b TepMHHO­
JIOrHH pa6oTI,I [40], npo:a;ecc H0KorepeHTHoro pom,n:enu.11 qacTH~ b, 
TOr):{a ·KaK BTOpoe H Tp0TI>e OTBe11aroT KorepeHTHOMY pom,n:eHHIO (no'ITH 
aa HYJI°enoii yroJI) c npe.n;m:ecTnyrom;HM (BTopoe CJiaraeMoe) HJIH noCJie­
zjrlom;HM (Tp0Tl>8 CJI·arae:r.rne) H8Korep8HTHLIM paCC8JIHH8M (ua yroJI 
8,..., qlk) 11aCTHD; a 11 b: Ilpu OTHOCHTeJI.hHO HHSKHX aueprHHx qLl ~ 1 
M8XaHH8M> RorepeHTHoro pom,n:enHH c HeKorepenTHJ,IMH nepepacce.11-
HHHMH c~eCTB0HHO llO):{aBJI8H II IIOJIY'J:88TCH npOCTaJI CBB3L Me:m,n;y 
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IWrEPEHTHOE II HEIWrEPEHTHOE POm,nEHHE qAcTHIJ; 

ce11eHHJ1MH npon;eccoB Ha 11,qpe aA-+ bA' 11 Ha HYKJIOHe aN--:-+•bN: 

(104) 

KOTOp8.H o6~11HO C11HTa8TCJI cnpaB8.[{JIHB9ii . npH .JI{96LIX 8H8pnmx. 
Ha CaMOM .[{8JI8 IIPlI ;I{OCTaT011HO BLICOKHX :meprlIHX (qLl <~ 1) BKJia.l{ 
BTOJ,>Oro lI Tp8TL8ro CJiara8MLIX B aMIIJIHTY.rtY (103) B8CLMa C~8CTB8H, 
'ITO 88M8THO CKa3LIBa8TCJI Ha pesyJILTlIPYIO~~M in,1pameli11H .[{JI.JI° ce11e­
,HHJI (ip2). II~em;n:e BC~,l'O saM8TlIM, 1ITO. B ce11_eH1Ie H8KOrep8.HTHQto 
_pom,t(eii:w111acTBi::J; b6es nepeaapn.l{KHBXOAJIT aMIIJIHTy}U,I aN-H bN.:.pac­
ceHHHR He TOJILKO Ha HYJI8BOH yroJI (B BH;n:8. CTau;n:apTHLIX KO?,tOHHa­
D;HH a~ = 2nl~x (0)/(ik), x = a, b. IIoHBJI8HlI8 B (102, 103) ·_u«m11-
-.:mu hb (q) B irpHRn;Hrre noanoJI.iI8T craBHTh :amipoc 06 HCCJie;n:onanHjl 
yrnonoi aaBHCHMOCTH ce11eH11i bN-pacceJIHHR, · npir yCJioBm, · •fro 
JI8B8CTHa q-aaBHCl!lMOCTL B8JI1111HH laa (q) H lab (q) HB 8KCII8pHM8HTOB 
Ha CB060.l{HLIX HYKJIOH'aX. 0.l{HaKO, Ha OCHOBamm COBp8M8HHLIX npe;n:­
CTaBJI8HllH O AHHaMHK8 CmILHLlX B3aHM0.[{8UCTBHH MOlKHO o,im;n:aTL, 
'11TO q-aaBHCHMOCTL··:acex· aM'iiJIHTYA lxu (q) (x,. y = a, b) npHMepHo 
O.[{HHaKoBa, T. e. 

lab (q)/l4b (0) ·' laa (q)/f aa (0) = li,b (q)/lbb _(0). (105) 

B 11pe;n:0Jie BLICOKHX aueprHH (k - oo) 11 B npeAIIOJiomeuHH o crrpa­
B8;n:JIHBocrn (105) Jl0rKO IIOJIYlJHTl, . 

-da/dQ = (da/dQ)/N (a~, ai,), (106) 
r;n:e _ • 
,...; , , ) T . ·1 a~ exp (-a~ T (b)/2)-(ai,/2) e~p (-ai,T (~)/2) -1·db· :. ·_. 
N(aa,O'b)= (b) , , · == 

. ·• ·. · O'b-O'a ·. · · ,.\:• , .. 

='O'al2 N(aa, O'a)+labl2 N(O'b, O'b)-20'aO'bN((a,i+dz,)/·2\(0'a'-i1b)/2). (107) 
IO'b-O'al2 · · · . . 

PaccMOTPHM .l{Ba 11acT~X CJiy11aJI': 1) O'a . 0, ab = a; 2) CJa = 
= ab = a. IIepBLii cooTB8TCTBY8T, uanpmiep, il>oTopo.m;a;euruo Vo-Me­
-aoHOB ua n;n:pax. B aTOM CJiyqae N (a~, ai,) = N (a, a) H TaKRM 
-06paaoM q>OTOpOiK;D;8HH8 V0-Me80HOB Ha H,qpax np:e: BLICOKHX aueprHHX 
BLirJIMBT TaKme, KaK HX 06paa0Ba1me np11 1mamx aueprHHX a.rtpo­
BaMH C C8118Im8M CJ'aN = CJ'VON• B .rtaHHOM CJiyqae roBopSIT '06 a,J:tpOHO­
no,qo6HOM IIOB8.[{8HHH q>OTOHOB B peaKI~IDIX npH BLICOKHX aueprHHX. 
Bo BTOPOM CJiyqae N (a~, ai,) = N 1 (a)'-.-2N~ (a) + 3N3 (a)/211 ;D;JIJI 
:P8aKn;Hii Ha TJliK8JILIX 11;a;pax Taxme aaM0l'HO OTJIH11aeTCH OT aq>q>8K­
'TllBHOro 'IHCJia HYKJIOHOB, COOTB8TCTByro~ero imairna:uepreTH110CKOMY 
pemHMy [cp., uanpHMep, c (104)]. Taxmi o6paaoM, ~aJI~e lIHT8p­
cpepe~o:um.1x · cnara0ML1x B ce11euliB: IieRo:repemoro p9m,ti;emvr 
"'tacTH~ 6ea nepeaapHARH B o6~eM cnyqae i:Ipimo.l{HT ~ Y}te:e:i.me:umo 
.8TOro C01I8HHH. 
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A. B. TAPACOB 

lfay,:i:HM «noporoBoe» (npn q = 0) noBe,o.;eHHe ce11eHRii neKorepeHT­

HLIX npo:n;eccoB 6ea nepeaapJI.a;Im. IlpHH:n;nn IlayJm n B aTOM cJiy11ae 

JJ;OJUR0H IIOJJ;aBJIJITL C0'10HH0 peaKD;HH npn MaJILIX 3Ha'I0HHJIX nepeJJ;atJ: 

HMIIYJILCa. 0J{HaKo HCIIOJIL80BaHH0 TOJILKO CBOHCTB CHMM0TpHH BOJIHO­

BliIX ipy1rn.qmi natiaJILHoro H KOH81IHOro COCTOHBHii HJ(pa H aMUJIHTY){Ll 

npo:n;ecca OTHOCHT0JILHO nepecTaHOBKH HYKJIOiIHLIX nepeM0HHLIX 

COBM0CTHO C npn6JIH)R0HH0M H0KoppeJIHPOBaHHLIX HYKJIOHOB (13) 
H (14) npHBO.a;HT JIHmL K peayJI:&TaTaM, o6cym,o.;aBWUMCJI BLIIII0. <I>op­

M:aJI:&HO IIPHHD;HII IlayJIH 6y)l;0T IIpOJIBJIJIT:&CJI -qepea C~0CTBOBaHH8 

napHLIX KOppMJID;HH B pacnpe,o.;eJieHHJIX TOm,o.;eCTB0HllLIX HYKJIOHOB 

(TO'tlH08 npoTOHOB H H0HTpOHOB B OT,lJ;0Jil,HOCTH). OnycKaJI ,lJ;JIJI npo­

CTOTLI CIIHHOBLI0 nepeM0HHJiI0, onpegeJIJI0M KOpp8JIJID;HOHHyi<> cf>YHK­

D;HIO BToporo panra COOTHOfil0HH0M 

c (r1, r2) = P2 (r1, r2)-p (r1) p (r2); (108) 

p2 (r., r2) = j p (r1, r 2, ra, •.• , r A) dr3 dr,. ... dr A• (109) 

B MOA0JIH H08aBHCHMLIX 'tlaCTHD; (o6oJIOtJ:0'tlHaJI MO)l;0JIL HJIH Mo,o.;eJI:& 

BLipom)J;eHHoro cf>ep1,111-rasa) npH Z, N, A-+ oo 

czcN>(r1, r2)= -pzcN)(r., r2)Pz<N>(r2, r1), (110) 

rne p - BB8Jl:8HHaJI panee OJl:HO'tlaCTHtJHaJI MaTpnn;a IIJIOTHOCTH. He,u;u­

HaMH'10CKH0 KoppeJIJID;HH pacnp8Jl:0JI0HHJI npOTOHOB II HeihpOHOB, 

pa8yY00TCJI, OTCYTCTBYIOT. He BLIIlHCLIBan; o6m;ero BLtpameHHH ,lJ;JIR 

cetJemm H0Korep0HTHLIX npon;eccoB C y,:IeTOM napHLIX KOppeJIHD;Hii 

BBHAY ero 't1p08BLI'laHHOH rpoM08)l;KOCTH, npHB0)1;0M JIHmL OKOH'laT0JIL­

HLIH peayJILTaT, y,:IHTLIBa10m;nii OCHOBHOH a<I>cf>eKT - nonaBJI0HH0 ce11e­

HHH H0Korep0HTHLIX npo:n;eccoB npn MaJILIX 8Ha'I0HHHX nepe)J;aHHhlX 

HMIIYJILCOB: 

:~ = l/ab(q) j2M1 (cr~, ai,, qL) [1-F(V qi+q:}1 + 

+2Re[/ab(q)/~(q)M2(cr~, cri,, qL)+/ab(q)/tb(q)Ma(cr~, cr;,, qL)l X 

X [1-F (V q:+ (qL/2)2)1 + { I /aa (q) 2 M,. (a~, a;,, qL) + 
+l/bb(q)j2Ms(cr~, ai,, qL)+ 

+ 2Re Uaa (q) /6b (q) M 6 (a~, a;,, qL)]} (1-F (qT)]}, (111) 

r,o.;e M 1r. (k = 1, 2, ... , 6) - Koacf>cf>n:n;neHT1>1 npn cooTB8TCTBy10m;nx 

KOM6HHRD;HJIX aMIIJIHTYA B BLtpameHHH (102), ue y,:IHTLIBarom;eM acJ><I>eK­

TOB TO)R1(0CTB0HHOCTH, 
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HOrEPEHTHOE H HEHOrEPEHTHOE POffi,ItEHHE qACTH!l 

<l>opM-q>8KTOP F (q), IIPBOJIHffieHHO y,mTLIB8IO~ii 3TH acI>q,eKTLI~ 
,11;80TCJI CJI0,1J;yIO~BM BLip8m0HH8M: 

~ Z { [ 3 q 1 { q )3] F(q)=- 1---+- - 8(2k1-q) + A 2 kt 16 kt 

N [ 1 3 q 1 ( q ) 3] +-y - 2 "1;""+w ""ic;" 8(2k2 -q)}, (112) 

rne k1 = kF2 ; k,. = kFN• 

011eBHnHO, 'ITO B0JIB1IBHLI 3q>q>8KTOB, o6yCJIOBJI0HHLIX T01R,11;0CTB0H­
HOCTLIO HYRJIOHOB, B npo~eccax neKorepenmoro pomnenHJI 11acmrr; 
6es nepeaapanKH H B npo~eccax c nepeaapa,11;Koii o,11;Horo nopa,11;Ra. 
0TM8THM, 'ITO yRasaunoe H3M8H8HH8 noBeneHBJI ce118HBii H8ROrepeHT­
HLIX npo~eccoB npu MMLIX sHa11eHHHX nepena11 mmym,ca eCTb nan-
6oJiee C~8CTB8HH08 npoHBJI8HH8 HaJIH'IBH ROppeJIJl~HH B pacnpeneJie­
HHB BYRJIOnoB B 11.11:pe. B ocTaJil>HOM aq,q,eRTH Ropp0JI11~ii npBBonJIT 
K paBHOMepHOMY (Bo BC8M HHT8pBaJI8 uepena11 HMllYJibca) YB0JIJPI8HHIO 
]J;Bcf>q>epeu~aJiblll>IX C81J8HHH na B8JIH'IHHY nopJ1,11;Ra 5-.10%. 

16. IIOJUIPII3Al{HOHHLIE XAPAKTEPHCTIIKH 
IIPOI{ECCOB HEKOrEPEHTHOro POiKJ{EHHH 
BES IlEPESAPHJ{KH 

06cy,11;HM, naRone~, CTPYRTYPY nom1pua~BOHHLIX xapaRT8pHCTHK 
B npo~eceax neRorepeBTHoro pomnemm 11acTH~. b co cnHHoM 603 
nepeaapJ1,1l;KH. AJIH npOCTOTLI 'IJ:8CTH~ a oyneu C'IJ:BT8TL oeccnHHOBLIMB. 

B npH6JIH)R8HHH O]l;HOro H0KorepeHTHOro CTOJIKHOB0HHJl H3H8pHe­
MLI0 BeJIH'IHHLI oocym,11;a8MLIX npo~eCCOB ,11;8IOTCH BL1pa1R8HH0M: 

:~ p'-'-'= J p(b, z) ! Spcp'-(q, b, z, a)cp'-'•(q, b, z, a)dbdz, (H3) 

B KOTOpOM cnupaJil>HLI8 8MIIJIHTYALI qi'- HM8IOT B o6~eM TaKyIO me 
CTPYRTYPY, KaK &MIIJIHTyna <p [c:r.,:. (103)] B npo~eccax pomneHHH 
6eccmmoBblX 11aCTH~, T. e. conepmaT napHJU' C 1fJI8HaMil, OIIHCbIBaIO­
~MH «H8KOr8p8HTH08)) pom.n;eHHe, TaKme 'IJI0m.I, OllHCblBaIO~H& 
«Korepenmoe» pom.neaue c npe.ztmeCTBYJO~ HJIH noCJienyro~HM 
H8Korep8RTHLIM nepepacceJIHH0M. Ilpu 3TOM, O]{HaKo, ,ll;OJl>RHO y<IH­
ThlBaTl>CJI CJienyro~ee Bamnoe 06CToJIT0JibCTBo: Korepeurnoe pom-

nenHe onucLIBaeTCJI cnupaJII,HLIMH aMIIJIBTy.n;aMH f~b (q = 0, a = 0) 
npo~ecca aN -+ bN, ycpe,n;Henm.n1li1 no cnHHy HYRJIOHa, ROTopLie, 
corJiaCHO (19), paBm.I HYJIIO, 8CJIH ,. =I= 0. TaKHM o6pasoM, B aMIIJilil­
Tynax cp'- C ,. =I= 0 CJiara8Mhl8, OtmCLIBaIO~He «Rorep8HTH08 pom­
,n;emrn» C H8M8H8HH8M cnupaJil>HOCTH OLICTpoii 118CTH~LI, aHMOrH'IHLI8 
BTOpOMY H Tp8Tb8MY CJiaraeMLIM B (103) OTCYTCTBYJOT. B neiiCTBH­
T0JlbHOCTB, KOH81JHO, T8pMHH .«RorepeHTH08 pomneHH8)) He 08Ha11aeT, 
11To 11acTH~a b pomnaeTCJI cTporo non nyneBLIM yrJI<>M u cooTBeTCTBeHuo 
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o6cymnaeMLte CJiaraeMLI8 H8, paBHLI CTporo HYJIIO. Op;naKo MRJIOCTb 
xapaKTepHLix «KorepenTHLIX>> yrJioB pacceHHHJI [0coh- ~ (kR)-1) 
1];8JIR8T BKJian M8XRHH8Ma KorepeHTHOro pomneHHJI C !!'),., =I= 0 HlI'I­
TO>KHO MaJlLIM. IfonpaBKll K Ha6JII01];R8Ml>IM. B8n:lI'IHHRM, B08HHKaIOII\H8 
npn 6onee c'i'poroM yq:eTe BKJia].J;a aToro MexaHHBMa, oKaBHBaIOTCH 
Toro me nop11].J;Ka, 'ITO H acpcpeRTN KOrepeHTHLIX nepepacce,rnnii c na111e­
HenneM HanpaBJI8HllJI ,IJ;Bll>K8HHJI B (80) • 

,Il;pyroe Ba>KHOe o6CTOJITeJibCTBO, KOTOpoe n;om1mo Y'IHThlBRTbCH 
IIPH paccMOTpeHmr npon;ecCOB po~]J;8HHJI 11aCTHD; co CllliHOM,-. 8TO 
B08MO}RHOCTI, nepeBopora:• cmtna tJaC'.l'~LI b 'B H8KOrepeHTHLiX ynpy­
'rili 1itepepacceHHH.flX O bN ➔ bN' conpo'nom.n;aIOII\llX' ripon;ecc KO:repenT­
HOrct: p'omnemrn, B KOTOpOM, corJiaCHO CKa8aHHOMY BLDll0, ,'Moryr 
'pom].J;li.TI>CH TOJII>KO 1JaCTHD;J:,I HYJI0BOH CllHpaJII>HOCTll (eCJi:n CIIHH 
11ac'l'Hiw a paBe:e: nyJiro). Ilo CYII\0CTBY aTO ·osna-qaeT, 'ITO n;oJimHLI 
y<mT~B.aTI>CH BKJia]J;J:,I B. aMIIJIH'I'.YAY OT CBoeo6paam;c:X. ~yxcTyneH­
'IRTI,IX npon;eccoB (CM. paan;. 7), 'B KOTOpHX IIOMmlO' aKTR' pom,n;eHHJI 
l3TOpLIM neynpynw. RKTOM JIBJIJI8TCH yn:pyroe ~iIBH-q>JIJllIOB00 'pacce.fi:.. 
m1e.·Hcno, 'ITO'B IIpH6JIIDK8HllB onnofo H0KorepeHTHoro CTOJIKllOB8H'.IUI 
.8TOT MeXaHll8M MO)R8T ,n;aBaTI> BKJia,n; JIHilll> B RMilJIHTy,n;y (j)). C '),., =I= 0. 

C yq:eTOM arnx 8RM81Iamm: JierKo BH.n;8T1>, 'ITO aMnnlriy,n;a q,,. B ( 113) 
.I(R8TCJI CJienyro~HM BfilpameHHim: 

q,).=O (q, a, b, z) = t!,,=0 (q, a) E (aa, ab, b, z) exp (iqLz)-
• 00 

- rz 1!;-.°:(0, 0) f aa (q, o') f E (aa, Ob, b, z') exp (iqLz') dz' -
n· . 
' % 

% 

.:._ ;;; /~0'(0, 0) t!tb (q, a) J E (aa, ab, b, z') exp (iqLz') dz', (114) 
-oo a p;n11 '}.,=fa o 

q>,. (q, a, b, z) = t!i, (q, a) E (aa, ab, b, z) exp (iqLz)-
.. % 

2n n •J · , -ik/ab(0, 0)/bb(q, a). E(aa, Ob('),.,=0), b!z)x. 
-oo 

. [ CJ' (A)-a' (i.=0) ] 
X e~p (iqLz') exp _: b. / T + (b, z'). (115) 

·t BTopoii 'IJI0H B (115) cooTB0TCTByeT BKJia}.J;y p;ByxeTyneH11aToro 
M8XaHH8?,la. Ilp:u .OTHOCHTeJil>HO Hli8KHX anepraHX (qLl ~ 1) OllHTb 
M8XaHH8M RorepeHTHOro pomp;eHBH OKa8LIBR0TCH llO}.J;aBJI8HHl,IM 60JI1>­
IDHM 3HR118HH8M MllHBMaJII>HOJ;'O · nepe,n;anaeMoro . HMIIYJII>Ca qL 
H B peayJI1>TaTe (113) np:e:o6peTa8T npOCTOH BB,IJ;: 

~ pW = (.!:!!... p).).') N (a C1b(l)+C1b(i.')). (116) 
dQ · dQ . , · · o a, 2 

'<l>opMyJia (116) COBna,n;aeT C COOTB0TCTBYIOII\0R cpopMyJioi (92) ,IJ;JIH 
neRorepeBTHMX npon;eccoB'C ri:epeaap.a:.n;Koii. KpoMe Toro, ona Bepna 
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11 np.H mo6LIX aaeprm1x, 8CJIH. no KaRoii-JIH6o npR1mHe aanpe~ellI,1 
(HJIH · O118HI, CWILHO" llOJI;aBJl8HLI) nepexo.n;I,l a-+ b 6ea 'R8M0H8HIDI 
enupaJil>HOCTH. TaRaJI c:e:-ryai:um:, llO-BHlU{MOMY, HM08T MBCTO B1 npo­
~eccax pom.n;eHHJI A2-MeaoaoB :t-MeaoHaMH [641. 

B .r(pyroM npe.n;Ml>HOM CJIY'{ae qLl ~ 1 B (113) l\lO)RHO. BLIIIOJIHHTJ, 
11ce miTer,pupoBaHHH no dz' H dz. BLipameHHH WI.JI aa6JIIo.n;aeMLIX 
B8JIH'IHH ( 113) npu 3TOM co.n;epmaT 6mrnne:ihnae KOM6ma~HH aMIIJIRTYA 
l:r.v (q, o"), RoTopLie ne MoryT.BLipamaT~C.JI 11epea iia6JIIo.n;aeMLie B·en11-
·1111BLI · npo~ecca aN -+ bN 6ea np11BJI0110HHH .n;onoJIRKTeJILm.IX npe.I{­
nonomeauii O q- H (J-3aBHCHMOCTH 3THX aMIIJI:e:Ty.n;. ECJIH B paccMaTpH-. 
.BaBMOM npo~ecce pom.n;eHHH aN-+ bN, KaK :e: B ynpyroM pacce11m111, 
JI;OMHHHpyeT o6M8H noliepoHOlll, TO npe.n;n'oHomeHH0-06 o.n;imaKOBOH 
q- H (J-8aBHCHMOCTH COOTB8TCTBYIO~X aMIIJIHTy.n; nepexo.n;oB C H3M8-
H0HH0M IDIH 6ea H3M8H8HllJI cnupaJILHOCTH JI;OBOJILHO. 0CT0CTB0HHO. 
B aTmtt:'CJiyqae HMB8T Mecio nponop~OHaJILHOCTL B0JIH11im (dcr/dQ_) p>.>.' 
ftJISI npo~eccoB · na H..n;pe u aa ay1moae · · · · 

:~ p)-).' . ( :~ pll') () N).).' (04 , <Jb (0), <1b (A), ~b (A')}. (117) 

B ·upe.n;eJie BLICOKHX aHeprHii (k-+ oo, ·qL-+- 0) BeJIH'IHBI>I: N~,., 
JtaIOTCH . CJie.n;ym~H BI>Ipamemunm: 

N°0 =[<1b(A.=0)-crar2 { cr!N(cra, <1a)+ 

+cri ("-= 0) N (ab("-_= 0), (Jb (A= O}]~ 

-2<Ja<1~(A.=0)N[ aa+at('-=0), a0 +at('-=O) ]} ; 

N°" = !(Jb ("- = 0)-crar1 { O'a (1-W") N [ <1a; aa+;b (1,)] + . 
+o-

0
W'-N [cra, <Ta+a~('-=O) ]-

-ab (A= 0) (1-W).) N [ aa+a;('-=0) ,_ <1b(A=O~+ab (t..) ]-

-crb (A.=0) W"N[ cra, ab('-=O~+ab().)·]}, i.=¢=0; 

N'-'-' = (1-W'-) (1-W).') N [ <1
4

,· O'b(i•)t<Jb(A.')] + 
+ W'-W'-'N [<10 ,:ab (1'. = O)] +. 

+ (1-W") w'-'N [ <1a, <1b (t..=01+ab (i.) ] + 
+ (1-W'-') W'-N [ <1a, O'a ('-=O~+ab (t..') ] ' 

"'· ,._, =t= 0, (118) 
r.n;e W"=fgt (q, cr) /2i, (0, 0)/{/~(q, cr) 1/gg(0, 0)-/aa (0, 0)1}. 
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BeJIH1lllllhl W" xapaKTepnayroT OTHOCHT0JILHYIO llHTeHCllBHOCTh 
CJIHH-q>JIHIIOBOro B38.HMOJJ;eiiCTBlUI B npOf\eCcax ynpyroro bN-pacce11-
HIIJI H HBJlffiOTCH AOilOJIHHTeJILHLIMll napaMeTpaMH, JIOJJ;Jiemam,m.n[ 
onpeJJ;eJieBHIO ua :mcnepnMenTa, nap any c ob N (i..). MmJiopMaf\HH 
0 w1.=1, KaK OTMeqaJIOCI, BLime (cM'. paaJJ;. 7), MOiKeT H3BJieKaTLCH 
H3 anaJIH3a llOJIHpna~OBBLIX HBJiennii B npon;eccax KorepeHTHOr~ 
pomp;em111 11acTHJ:\ B peaKD;HH aA -+ bA. 

CooTHomeuml (116) II (117) pasyMeeTCH, He Y'!HTLIBaIOT aff>tf>eKTOB 
TO>KJJ;eCTBeHHOCTH., PeayJILTaTLt paap;. 14 Il03BOJIHIOT 6ea Tpyp;a 
yqeCTL HX. 

17. 9cI>cI>EKTLI, CBH3AHHLIE C HECTABHJILHOCTLIO 
POQAIO~HXCH PE30HAHCOB 

KpaTKO o6cyAHM ai{>4>eKTLl, CBH3aHHLte C necTa6HJILHOCTLJO peao­
uaHCOB. QqeBHAHO, 'ITO, no Kpaiiueii Mepe, npu AOCTaTO'IBO BLICOKHX 
aueprnax, KOrJJ;a pacnaJi:HaH p;mma peaouauca lb = kl(mbfb), rJJ;e 
m, f-Macca peaouauca n ero III11pnna, MHoro 6oJILme ero AJIHHLI 
ceo60JJ;Horo npo6era B HJJ;pe, npaKTH'I8CKH see 11acTHD;LI b pacna­
p;aIOTCH aa npeJJ;eJiaMu: anpa H npu paccMoTpeHRH npoxomp;euu11 11epea-
11p;epnoe oem,eCTBO HX MO>RHO paccMaTpHBaTL KaK CTa6HJILHLie. TaKHM 
o6paaoM, TOJILKO npu aHaJiuae npon;eCCOB pomJJ;0BHH, C OAHOii CTO­
poHLI, AOCTaTO'IBO mHpOKHX, a c p;pyroii - CJia6o norJiom,aeMLIX 
HA8PHLIM oem,ecTBOM peaouaHCOB npn He oqeHb BLICOKHX aueprHHX 
MO>KeT B03HHKHYTL ueo6XOAHMOCTL yqeTa atf>tf>eKTOB HeCTaOHJILHOCTll. 

OrpaHHqID{CH paCCMOTp8HH8M BJIH.flllllH atf>tf>eKTOB uecTaOHJILHOCTII 
peaommcoo B npon;eccax HeKorepenTuoro pomJJ;eHHH 6ea yq0Ta cn11Ha. 

PacnpeJJ;eJienue no KBaJJ;paTy a4>4>eKTHBHoii: MaCCLI m 2 npop;yKTOB 
pacnaJJ;a peaouaHca b JJ;aeTCH cJiep;yrom,nM BMpamenneM: 

dc:J dc:Jo rbmb r (b IE~ b ~ 2 f) 2dbd •) ~ = dQ ~ J ~ , z) ( : z~~a, ab, ab, m , I z, 

1 
E=E(b, z, Oa, ab)) dz'exp{ c:Ja;c:JbT(b, ~')-y(z'-z)}; ~ 

Y = 1r,m, + i (ml-..:)J/2k. J 
(119) 

3p;eCL crb - C8'IeHH8 B3aHMOA0HCTBHH npoJJ;yKTOB pacnaJJ;a peaoHaHCa 0 
c uyKJIOHaMH. ECJIH 6LI npop;yKTLI pacnaJJ;a peaouauca norJioID;aJIHCh 

C TaKOH me HBTeHCHBHOCTLIO, KaK H CaMH peaonaHCJ,I (crb = Ob), 
TO eec1, acp4>eKT uecTa6HJILHOCTH CBO)l:HJICH 6Lt K o6Liqnoii: 6peiiT-BHr­
nepoBCKOii aaBHCHMOCTH ce11euuii. Ilpu: 3TOM (119) npHHHMaeT BH)l:: 

dc:J 1 dcro fmb 
dQdmz=,i'" dU N(aa, ab) rzmi+(mZ-mi)2 • (120) 
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Pa3JIH"IH0 B0JIHtmH ab H O'b npHBO~T K AJJOJIKOMY CJl0ACTBRIO. 
Bo-nepBhlX, IlOMHMO OOLl'IHOro 6peiiT-BHrnepOBCKOro CJiaraeMOro 
B BHpameno (119) llOJIBJIJIIOTCJI ;a;pyr11e, C OOJiee UOJioroii 38BHCB:­
MOCTLIO OT KBa;a;paTa aqiqieKTHBHOii M8CCLI npo;a;yKTOB pacna;a;a, H, CJI&­

.;a;oBaTeJILHO, HMHTHpyro~ne naJIH11He «qiona» B npoI{ecce pom;a;en:a:JI 
peaonanca. ua JI;a;pe, name eCJin B npoI{ecce pomnene:JI ua nyKJioue 
T8KOBOH OTCYTCTBy0T. Bo-BTOpLix, K03!p!pHI{B0HT npn 6peiiT-BHrHe­
POBCKO:ii 13'.aCTH ce11eHHJl OK83LIB80TCJI HHLIM, 'l'.eM N (00 , O'b). 

B MOAeJie: OAHOPOAHOro pacnpe;a;eJI0HHJI HYKJIOHOB B JI;a;pe 113 (120) 
nOJiyqa0TCJI CJie,tcy'IO~Hii peayJILTaT: 

da 
dQdm2 

(121) 

rAe L\a = I'm/(kp0); N npe;a;cTaBJIJI8T cne;a;yro~yro ROMOHHaI{uzo a<fiq>eK­
THBB1,IX 'l'.HC8JI: 

N = (ab-O'b-2.1at1 [(ab-ab) N (aa, ab -l- L\a)-

-2£\aN (oa, (ob+ob)/2)]. (122) 

B0JIH11HHa ob 6Jie:3Ka K CYMMe noJIHLIX ce'l'.eHHii BaaHMo;a;eiicTBWI 
c nyKJIOH8MH nponyKTOB pacna;a;a peaouauca b (c TO'l'.HOCTLIO ;a;o nonpa­
BOK na B3811MHOe 3Kpaimp0Baa11e) H OOL111HO C~0CTB0HHO 6oJILme, 110:M 

<Jb. Ilp11 ab~ C1b, L\a npe:oJIIDKeHHO HM00M: 

(123) 

TaKlm o6paaoM, H0CTa6HJILHOCTL p030HB.HCa IIMIITHpyeT YB0Jlll'l0-
Hll0 C8'10HHJI B38HMO;D;0HCTBIISI ero C HYKJIOH8MH. YtJ:0T 3TOro o6CTOJI­
T0JILCTBa ll08BOJIJI0T corJiaCoBaTL ,!l;aHHl,10 pa6oT [15, 16] 0 C0110Hllll 
peam~1m: 1t-:A -+ p0A' npn Pn = 3,5 - 4,5 I'ae (L\a = 8-10 M6apn) 
C npe~oJiomea11eM O MaJIOCTII B0Jlll11IDll,l of;N [65). 

(J)opMyJia (119) COOTB0TCTBY0T npe~oJiomeumo O TOM, 'ITO Bee 
npo;a;yKTH pacna;a;a peaouaaca ABH1RYTCH BAOJIL uanpaBJieumr ero 
ABIDK0HHJI (OCL z), T. e. yrJIOBOi paa6poc B nanpaBJI0HIIJIX ABIDR0HIIJI 
npo;a;yKTOB pacna;a;a MaJI. TaKoe. npe.a;noJiomen11e MomeT 6HTL cnpa­
Be;a;JI11Bo npH 011eHL BHCOKHX aneprHJIX, Kor;a;a 11acTIII{a b npaKTH­
'I0CKII ne pacnanaeTCJI BHYTPB: a;a;pa. B Tex me cJiyqaJix, Kor;a;a c~e­
CTB0HHI,I aqi<fieKTLI H0CT80HJILHOCTH (cp8BHIIT0JILHO Hll3KHe :meprHH), 
yroJI paM0Ta npo.a;yKTOB pacna.a;a B JI. c. Mom0T oLITL aaMeTlllilM, 
H Tor;a;a norJio~ene:e Kam;a;oro :na nnx CJie;a;yeT yqHTWJaTL oT,n;0JILno 
B;D;OJIL TpaeKTOPHII ero AJ3IDReHUJI~ 06o6~0Hll0 cpopeyJILI (119), yqe:­
TLIBaro~ee 3TOT acpcpeKT, TPIIBHaJILHO. 
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A. B. TAPACOB 

3ARJIIOqEHl:IE 

9TBM sB.BepmaeTc.11 06cym;n;em1e nanooJiee c~ecTB0HHLix, Ha mim 
BSrJis;n;, pesyJILTaTOB Teop:im: KorepenTHoro H neRorepeHTHoro pom­
t(eHHB H0CTaOHJil,HLIX 1IaCTHU: Ha Jlt{0pHI,IX MHm0HJIX B IlpHOJ1Hm0HHlt 
fJiay6epa, KOTopLie MOrYT '0LIT1> noJiesn1,1 aRcmepnMeHTaTopaM, rrpo­
Bo;n;.11m;HM llJIH IIJI8HHpy10m;RM COOTB0TCTBYI0ID;H0 HCCJie;n;oBilHHJI. 

IlpOB0t{0HH0 OOmHpHLIX 8KC110pHM0HTaJILHLIX HCCJI0AOBaHHH npo­
n;eCCOB pom;n;emrn 1I8CTHD; Ha JI;n;pax Baaoio ;n;JIJI H3Y1!0HHJI nnlI'aMHKK 
BSaHMo;n;eiicTBHJI pesonancoB C HYRJIOHaMH H ;n;JIJI npoBepKH OCHOBHLIX 
IIOJIO>R0HHH T00PHH a;n;pou-.11;n;epHo:ro B88HMo;n;eiicTBHJI,:oAB:HM H3B03MOm­
HLIX BapH8HTOB KOTOpoii JIBJIJl0TCJI T00pHJI MHOroKpaTnoro pacceJIHHJI. 

Ilpn aToM, qTooLI IIOJIY1IHTL 6oJiee noJIHYIO HH<}>opMan;nro 06 aMn­
JIHTy;n;ax pesonanc-:-ny1monnoro pacce.11HHJI na MaJILie yrm,1, ueo6-
xo;n;HMo nap.11;n;y C peaRD;HJIMH KorepeHTHOro pom;n;eHHJI H0CTaOHJil>HLIX 
11aCTHD; na .11;n;pax HSY1IaTL TaKme npon;ecc1,1 HX neRorepeurnoro pom­
;n;enn.11 . JI oco6eHHO IlOJIJlpH38n;HOIDW:0 JIBJI0HIDI B HHX. HoBhl0 nepe~ 
Il0RTHBl,I B HCCJI0t{OB8HHH Jl:HHaMHRH peaonanC-HYRJIOHHLIX B3am.io­
;n;eiiCTBHH, no!..BH;n;RMOMY, CBJI3aHLI C H8Y1!0HH0M rJiyooKo-neynpyroro 
(HHRJII08HBHOro) pom;n;enn.11 H0CTaoHJILHLIX 1IaCTHD; Ha s;n;epn1,1x MHme­
HJIX. 011en11;n;uo, 'ITO B aTHX npon;eccax ;n;oJimnLI KaRHM-TO o6pasoM 
ri:poHBJIJITl>CJI cnoiicTn·a rJiyooKoneynpyroro pacce.11n11.11 pesonancoB 
na.Hyimonax. TeM C8MhIM ·nOJIBJIJl0TCJI B08MOmHOCTb)>T orrpe;n;eJieHHJI 
noJIHhIX ce11ennii pesonanc-nyRJionnoro B88DMo;n;eiicTBHJI us anaJI11aa 
;n;anHLIX O 'Rorep0HTH9M H. H0KOrepenTHOM pom;n;enHH H0CT80WJ;bHLIX 
11acmn; na .a:Apax rrepeiiTH K nsyqeHHIO CTPYKTYPHLIX <}>ynKn;mi «HHKJII0-
8DBBoro pacceHHHJI» pesonaBCOB na nyKJIOHax. O;n;uaKO T00PHJI 3THX 
JIBJl0BHH BaXOAHTCJI IIORa B sa11aTO'IBOM COCTOHHHH, a HX 3KCIIepn­
M0HTaJibHLI0 nccJie;n;onann.11 ;n;ame ne ua1111HaJIHCL. IloaToMy 6oJiee 
no;n;po6nee o6cym;n;enne 3THX H CBJI88HBLIX C HHMD BOIIpOCOB D;0JI0-
coo6paano OTJIO)RHTL AO IIOJIBJl0HHJI B HHX XOTJI 61,1 11aCTH'IHOH JICHOCTH. 
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Elastic form factors of hydrogenlike atoms in nS-states * 
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Abstract 

The exact analytic formula for elastic form factors of the hydrogenlike atoms in the 
nS-states is given. The formula has a quite simple form. 

PACS number: 31.10.+z, 31.20.-d, 32.80 Cy 

1. Introduction 

Our interest to the hydrogenlike atoms was caused by papers [1-3) where production of the 
Coulomb bound states" of various elementary particles (elementary atoms) was predicted for 
high energy processes. Till now three such atoms were observed: e+ e- atom from decay of 
n° [4-6); nµ atom from decay ofK'I, [7-9); n+n- atom from pTa interaction at 70 GeV [10). 

Interaction of such atoms with ordinary atoms is an essential part of those experiments. Es­
pecially for the n+n- atoms whose observation and lifetime measurement is based on accurate 
calculation of the ionization (breaking up) probability at passing through the target where they 
are produced [3],[10). To do so a great number of elementary atom cross sections for various 
initial states is required. 

As shown in Ref. [ll),[12) elementary atoms interact with ordinary atoms predominantly 
via Coulomb potential. So this interaction may be treated in terms of atomic form factors. 

The general solution of the classical problem ofhydrogenlike atom form factor was found in 
the paper [13). Using the group-theoretical method the authors gave the exact analytic formulas 
of form factors for all transitions. However those formulas have a sufficiently complicated form, 
long calculation should be done for each value of a transfer momentum. 

Here we give the simple exact formulas for the elastic form factor of hydrogenlike atoms 
in the nS-states obtained using special function algebra. General formulas of form factors for 
discrete-discrete transitions should be considered later. 

2. Formulas 

Form factor ofhydrogenlike atoms is written as 

Fn(q) = I IIJ/n(f)l2eilfr dr, (1) 

here qis the transferred momentum and Wn(f) is the atomic wave function. For the nS-states 
(principal quantum number n and zero numbers l, m) the wave function is 

• JINR Preprint, E4-93-293, Dubna, 1993. 
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1 2(aµ) 312 

'Pn(f') = . r;c. 
512 

exp(-aµr/n)L;_ 1(2aµr/n). 
v41r n 

(2) 

Here L~_1 is the Laguerre polynomial, a is the fine structure constant,µ is the atomic reduced 
mass (Ti= c = 1). Then the form factor is written as 

00 

4aµ 3 I 2 sinqr 2 Fn(q) = - 5- exp(-2aµr/n) (L;_ 1(2aµr/n)) --r dr. 
n ~ 

(3) 

0 

For S-states form factor dose not depend on a choice of the quatization axis. Using the 
following substitutions 

2aµr/n = x A =qn/2aµ qr=Ax, (4) 

one has the expression 

00 

) 1 / ( ( 1 ))2 sinAx 2 Fn(q = 2n2 exp -x) Ln_1(x ~x dx. (5) 

0 

To evaluate the improper integral one should use the following relations for the Laguerre 
polynomials (see for instance [14]). 

(Ll ( ))2 = ~ ~ r{k + 1/2)r{n - k - 1/2) L2 (2 ) 
n-1 X 7r f::o r(k + 2)r{n - k) 2k X 

00 

I ) 2 ( sinAx 2 cos 2 (rp/2) 
exp (-x L2k x)~ x dx = sinrp x 

0 

x [(k + l)sin ({2k + l)rp) + (k + 1/2)sin ({2k + 2)</J )] 

Here tan (rp/2) = A. 
After substitution of (6) and (7) into (5) the form factor has the form 

cos 2 (rp/2) 
• ,t. X 

2n7rS1Ily,, 

[
~ r{k + 1/2)r(n - k-1/2) . ({2k l),1.) 

X t:o F(k+l)r(n-k) Slil + 'f' + 

~ r{k + 3/2)r(n - k - 1/2) . ({2k 2),/,.)] 
+ t:o r{k + 2)r{n - k) Slil + 'f' • 

(6) 

(7) 

(8) 

Nothing is changed if one begins the second sum from -1 and then increases index k by unity. 
. . After replacing the sin function by the exponential one has 
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Fn(q) cos 2(<j,/2) x 
--;-----;-
2mrsin<p 

[
~ r{k + 1/2)r{n - k - 1/ 2) exp (i{2k + l)<J,) + 

X Im L...J r(k + l)r(n - k) 
k=O 

~ r{k + 1/2)r{n - k + 1/ 2) exp (2ik<J, )] · 
+ LJ r(k+l)r(n-k+l) 

k=O 

The sums in (9) may by expressed via hypergeometric function 2F1• 

Fn(q) 
cos 2(<j,/2) 

X 
2mrsin<p 

[
r{l/2)r{n - 1/2) eit/J 2p1 (1/2, 1 - n; 3/2 - n; e2i4') + 

X Im r(n) 

r(1/2)r(n + 1/2) 2F1 {1/2, -n; 1/2 - n; e2itf,)l 
+ r{n+l) 

After using the following relation for the Legendre polynomial 

n ( ,,/,.) _ r(n + 1/2) -int/, F ( / _ . / _ . 2itf,) 
.rn cos.,, - r{l/2)r{n+l)e 2 1 1 2, n,1 2 n,e , 

one has the expression 

(9) 

(10) 

(11) 

Fn(q) = c~:
2
s<;!l;)1m[e-intf,pn(cos<j,) +e-intf,pn-1(cos</J)]. (12) 

Then one replaces back the exponential by the sin function. Finally for the elastic form factor 
of the hydrogenlike atoms in nS-states one has 

cos 2{<p/2) sin n<p 
Fn(q)= 

2 
. ,1,. [Pn{cos<J,)+Pn-1(cos<J,)]. 

n sm.,, 
(13) 

Or it may be expressed via the Jacobi polynomial P!~~) 

z;, ( ) = cos 
4
{<p/2) sin n<p p(O,l)( ,1,.) 

rn q . ,1,. n-l COS 'f' • n sm.,, 
(14) 

For computation one may use well known recurrence relations for the Jacobi polynomial or 
for the Legendre polynomials in (13) (see for instance [15]). Using obtained formulas one can 
investigate n dependence of total cross sections for S-states of the hydrogenlike atoms. 

The authors would like to thank L.L. Nemenov for encouragment of the work and A.V. Kupts­
ov for helpful remarks. 
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Abstract 

Relativistic motion of atoms formed by 71"+ and 71"- mesons in a matter is considered. 
Exact analytic formulas of discrete-discrete transition form factors of hydrogenlike atoms 
were obtained in a form convenient for numerical calculations. Total and transition cross 
sections for interaction of 71"+ 71"- atoms with a matter were calculated in the Borh approxi­
mation. Evolution of atomic state populations is treated in terms of kinetic equations. The 
method of calculation allows to obtain populations of the discrete atomic states as well as 
probability of transfer to the continuous spectrum (ionization). The considered method has 
allowed to get the first experimental estimation of the 71"+71"- atom lifetime. 

1. Introduction 

In the paper [1] production of the Coulomb bound states of various elementary particles 
(elementary atoms) was predicted for high energy processes. Up till now 1r+1r- atom (A2,r) 

has been observed in pTa interaction at 70 GeV [2]. A21r decays dominantly through the 
charge-exchange process 1r+1r- -+ 1r0 1r0 (annihilates). An accurate measurement of the A2,r 

lifetime T will allow to check the high precision prediction of the Chiral Perturbation Theory 
and therefore a low energy limit of QCD [3]. 

Interaction of 1r+ ?T- atoms with ordinary atoms is an essential part of that experiment, as 
observation of 1r+1r- atoms bases on the atom breakup (ionization) while passing through the 
target where they are produced [1]. In the experiment [2] yield of 7r+7r- pairs from the A2,r 

breakup was measured. To obtain the 7r+7r- atom lifetime one should calculate the breakup 
probability as. a function of the atom lifetime with high accuracy, that is, describe a passage of 
multilevel atomic system through a matter. 

2 . . , Interaction of A21r with atoms 

Being produced in hadron-nucleus interaction, A2,r moves through a material of the target 
and interacts, dominantly, via electric field with target atoms (Coulomb interaction). Cross 
sections of these processes depend on charge as Z 2 so that the interaction of A2,r with atom 
electrons is Z times smaller than with the nucleus. For tantalum the interaction with atom 
electrons (so called incoherent scattering) increases the cross section about 1.5% only [4]. As 
shown in [5, 6] one should also consider the interaction of A21r with magnetic fields that arise 
due to the Lorentz transformation. However, for example, for the interaction of relativistic A2,r 

with Pb the total cross section of the magnetic interaction is only 0.4% [6] of the electric one 
and so is not considered here. 

For the description of the Coulomb interaction of A21r with atoms the first Born approxi­
mation, which considers only single photon exchange (see for example [7]), was used. Another 

* Physics of Atomic Nuclei, 59:12 (1996) 2130-2136. © 2010 MAHK HayKa/Interperiodika Publishing. 
Reproduced with kind permission of Pleiades Publishing, Ltd. 
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method, the so called Coulomb-modified Glauber approximation, allows to consider all multi­
photon exchanges [8]. The accuracy of this method is estimated to go as (Z113 o:) 2 and for Ta it 
is better than 0.2%. It has been shown [8] that all the cross sections calculated at this approach· 
are smaller than the ones corresponding to the Born approximation. For the total cross section 
of A21r in 1 S state with Ta this diffirence does not exceed 7%. 

In the first Born approximation the transition and total cross sections of atom-atom interac­
tions are expressed via atom form factors [7): 

00 

CTn2l2m2 
n1l1m1 = l / 2 47r/F IV(q)I 1Fn2 !2m2(q/2) _ pn2l2m2(-q/2)12 dq2 n1l1m1 n1l1m1 (1) 

0 
00 

tot 
CTn1l1m1 = l / 2 4rr/F IV(q)I ( 2 - 2F::tf11:;:11 (q)) dq2. (2) 

0 

Here f3 is the velocity of A21r (n = c = 1); n1, 11, m1 and n2, l2, m2 denote the quantum 
number of the initial and final states of A 21r; p;:2f 2:;:2 

( q) is the transition form factor of A21r; 1 1 1 . 
V(q) is the potential energy of interaction with target atoms; q is a transfer momentum. 

The Moliere parametrization of the Thomas-Fermi potential (T.F.M.) [9] was used for the 
potential energy V(q). 

( ) ( 
0.35 0.55 0.10 ) 

V q = 4rrZa: q2 + /3f + q2 + /3i + q2 + /3§ (3) 

o.3z113 

/31 = 
0

_
885

ao , /32 = 4/31 , /33 = 5/32 and ao = 0.529 . 10-s cm 

A more accurate representation of V ( q) can be achieved with the use of the self-consistent 
field method of Hartree-Fock [10, 11]. Calculations performed for interaction of A21r with 
various materials using these two methods [4] show that the uncertainty in the cross sections 
calculated with the T.F.M. parametrization is about 1 % for the A21r ground state and slightly 
more for exited states. 

For the A21r form factors F.::f ::::: (q) there were employed exact analytic expressions dis­
cussed below. 

Thus the transition and total cross sections for interaction of A21r with target atoms have 
been calculated with an uncertainty not greater than 7%. Using the more accurate methods 
mentioned above shall allow to calculate the cross sections within accuracy better than 0.5%. 

In Table 1 some illustrative values of the interaction cross sections with Ta are given for 
nS states. Total cross ·sections increase with increasing n and consequently the size of the 
excited atoms. By interactions the exited A21r mainly transfers to any other exited states and 
predominantly to states with greater· quantum numbers. The probability of excitation also 
increases with increasing n. So to obtain the probability of the A21r breakup in the target one 
need to take into account an evolution of the atom state population during A21r passing through 
the target. 
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Table 1: Total cross sections (u~°J) of A2,.. nS state interaction with Ta are shown for different 

principal quantum number n. The ratio I: u!s/ u::'J gives a probability of transfer from 
n2::;10 

nS state to any other discrete state f with the principal quantum number n 2 $ 10. The ratio 
I: u!s/ u::'J gives a probability of transfer to any discrete state f with the principal 

n::;n2::;10 
quantum number n2 obeying n $ n2 $ 10 that is the probability of excitation. 

n CTtot cm2 nS• I: ul /utot nS nS I: ul /utot 
nS nS 

n2::;10 n::;n2::;10 

1 3.468 · 10-:.m 0.619 0.619 
2 3.128 · 10-19 0.887 0.887 
3 1.038 · 10-18 0.940 0.935 
4 2.240 · 10-18 0.957 0.946 
5 3.812 · 10-18 0.960 0.944 
6 5.597 · 10-18 0.958 0.937 
7 7.448 · 10-18 0.952 0.926 

3. Form factors of hydrogenlike atoms 

Transition form factors of hydrogenlike atoms are important for a wide range of applica­
tions. Explicit expressions of the form factors 

F7::/:::::(v = j 1/J:2 12 m2 (r)eiifr"Pn1!im1(rJdf' (4) 

for various initial (n1l1m 1) and final states (n2l2m2) have been obtained in numerous papers 
(see for example [12, 13, 14, 15]). A general solution of the problem for arbitrary (n1lim1) 
and (n2hm2) has been found in a paper [16] ·using a group-theoretical method. However the 
complicated analytic structure of this result makes it unsuitable for practical usage because of 
long numerical calculations. 

Therefore, another approach to calculation of the form factors (4) for arbitrary discrete­
discrete transition is developed. Main formulas are given in this section and some details enter 
in Appendixes A and B. 

After integration (4) over angular variables using standard relations of the angular momen­
tum theory (see for example [17]) one has 

where 

Sm 

pn2!2m2(q;;'\ = N~ A f n1!im1 1./ L.J s s, 
s=O 

(2a)li +1(2b)h+l [ r(nr1 + 1) r(nr2 + 1) ] 
112 

N = -'--'-----'---'---- >.1>.2-.....;__--'-- ----'----'--=--..:.__ , 
n1 + n2 r(nr1 + >.1 + 1) r(nr2 + >.2 + 1) 

n2 
a=---, 

n1 +n2 

>.1 = 2li + 1, >.2 = 212 + 1, 

n1 
b=-....::.....-, a+b=l, 

n1 +n2 

nr1 = n1 - l1 - 1, nr2 = n2 - l2 - 1, 
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As = i11 -h ✓ 
2
z
4
: l (l1, l2, m1, -m2ll, m) (l1, l2, 0, Ojl, 0) Yim(i~) , (7) 

and 

L = l1 + h , l = L - 2s, m = m1 - m2, Sm = min (l1, h) , 

00 

Is = J xL+2 iL-2s(Ax) e-x L~~
1
(2ax) L~;/2bx) dx, 

0 

x = r(n1 +n2), A= qrn n1n2. 
rn n1n2 n1 + n2 

(8) 

Here r is a distance between particles in the atom, rn = l/aµ is the Bohr radius of the atom(µ 
is the reduced atomic mass, a is the fine structure constant), j1 is the spherical Bessel function 
and L~ is the Laguerre polynomial. 

The spherical Bessel function iL-2s in (8) can be decomposed into a sum (see for example 
(18]): 

s ( 2 )p 
iL-2s(Ax) =~Bps Ax iL-p(Ax) (9) 

Bps= (-1)8-p I'(p + 1) G) ( L - s/ 1/2) (10) 

The product of the Laguerre polynomials in (8) can be expanded in a sum also: 

k.,,. 

L~~J2ax) L~;/2bx) = LHk L~ 1+>-2(2x) (11) 
k=O 

where 

k + -k + k Qn(µ,v) = pn(µ-n, v-n) (a - b). m = nr1 nr2, = nr1 .nr2 - , 

Here P~°',/j\z) are the Jacobi polynomials. The derivation of (12) is given in the Appendix A: 
Functions Q~,v) can be easy calculated using recurrence relations 

where.a+ b =land starting values Q<_!t) = 0 and Q~,v) = 1. 
After substitution of (9) and (11) in (8) the calculation is reduced to the integral having the 

form: 

00 

IkL,p\A) = jxL-p+2 iL-p(Ax) e~x L%L+2(2x) dx = 
0 

= 2I'(L-p+2) (2Al-pwL-p+2 (ciL+2,P)(z)+Ck~i2'P\z)). (14) 
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• 

Here w = 1/(1 + LV), z = l - 2w and 

c(A,P)( )= r(k+2..\) p.(-k,k+2..\,..\-p1l-z) 
k z r(k+l)r(2..\) 3 2 ..\+1/2,..\ 2 

is the generalized Gegenbauer polynomial which obey the following recurrence relations (see 
[19]) 

(k + 2)Ck~~1(z) - [k + 1 + 2p + 2z(k + ..\ - p + 1)] Ck~f\z) + (15) 

+ [k + 2..\ - 2p + 2z(k + ,\ + p)] CkA,P)(z) - (k + 2..\ - l)Cf_:f\z) = 0, 

with starting values C~~P)(z) = c~\,Pl(z) = 0 and C~A,P\z) = 1. The derivation of (14) is 
given in the Appendix B. 

Finally for the transition form factors one has 

k,n P,n 

F;::}:;:::(q) = NLHk LDP 1:::,.L- 2p wL-p+2 ( ct+2,Pl(z) + ctt2,Pl(z)), (16) 
k=O p=O 

where Pm = Sm and 
Sm 

Dp = 2L+1r(L- p+2) LBps As. 
s=p 

The relation (16) is valid for any choice of the quantization axis. For our case it is suitable to 
choose this axis along a momentum of the atom in the lab frame. Then the transfer momentum 
qis virtually normal to the quantization axis [5] and As in (7) becomes 

A = 2-1Jr(l+m+l)r(l-m+l) x 
s r(l=tm+1)r(l-2m+1) 

(17) 

x cos [i(l1 - m1 - l2 + m2)] im</,q (li, '2, m1, -m2ll, m} (li, l2, 0, Oil, O}, 

where </Jq is the azimuth angle of the transfer momentum q in the selected frame. 
It is worth to note that usage of the recurrence relations (13) and (15) is essential for rate 

and accuracy of calculations. 

4. A27l" passage through the target 

Using the calculated transition (excitation and deexcitation) and the total cross sections 
one can describe the evolution of the atom state populations while passing through the target, 
taking also into account the A21r annihilation. Yield of 7r+ 71"- pairs from the A 21r breakup 
inside the target (named further the probability of the A21r breakup) is calculated basing on 
these populations. 

The quantization axis along the atom momentum, used for the form factors calculation, 
conserves for all subsequent collisions as the atom momentum is much greater than the transfer 
one. This allows to describe the evolution of the atom state population in a simple way. 
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With the chosen quantization axis only atomic transitions that conserve Z-parity pz = 
(-1 )1-m are permitted [8] (l and m are the orbital and magnetic quantum numbers). The A2,r 

atoms are produced in nS states, so they have positive Z-parity. Thus only states with positive 
Z-parity have nonzero populations and only these states are considered further. 

Population of discrete states is described by a set of differential kinetic equations: 

dpi(s) ~ 
-d- = ~aijPj(s). 

8 j=l 

(18) 

Here Pi ( s) is the probability of A2,r to be in the state i after travelling a distance s in the 
matter, aii is the matrix of inverse lengths of the transition from the state j to the state i. For 
i =/= j aij is written 

(19) 

Here p and A are the density and atomic weight of the target, respectively, N0 is the Avogadro 
number. For i = j aii describes the total decrease of the population of the state i: 

for nS states 
otherwise 

(20) 

Here the first term is related to the population decrease due to interactions with the target and 
the second one is related to annihilation (decay). (Elastic scattering is forbidden in the first 
Born approximation.) MA and PA are atom mass and momentum correspondingly, Tn = rn3 is 
the lifetime of A2,r nS states. A decrease. of population of any other states due to annihilation 
has been neglected as well as a decrease of population of all states due to radiation transition 
because the lifetime for these processes is much greater than the time of flight through the 
target [l]. 

The initial condition for the set of equations ( 18) is given by the probability of A2,r produc­
tion with different quantum numbers which proportional to n - 3 for nS states and zero for all 
other [l]. The lifetime and momentum of A2,r are parameters of equations (18). Its solution is 
reduced to calculation of eigenvalues and eigenvectors of matrix aij and then to decomposition 
of initial conditions over the set of eigenvectors. 

Since A2,r can get excited or deexcited at the interaction, the matrix aii does not show a 
triangular form like it is in a case of a chain of radiation decays which is described by the 
analogous set of equations. Therefore an exact solution for any state may only be obtained as 
a solution of the infinite set of equations. Hence one has to limit the set of equations including 
only states with the principal quantum number n $ nmax· · 

The transition cross sections obey the equality a{ = a} and so the matrix aij is symmetric. 
The cross sections depend on the magnetic quantum numbers of initial and final states m 1 and 
m2 as lm2 - m1 I- Moreover; the initial condition for the equations includes the fact that only 
nS states (with m = 0) are not empty. It can be concluded that states with the opposite sign 
magnetic quantum numbers hav~equal populations. This allows to exclude the states with 
negative magnetic quantum numbers from the equation set and thus to reduce a dimension of 
the set. For nmax = 7 the dimension of the matrix aij reduces from 84 to 50. However the 
resulting matrix aij becomes asymmetric. 
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The solution of equations (18) has been found for all states with n ::;; nmax = 7. The 
uncertainty in solution of equation (18) caused by this limit has an influence on states only 
with n close to nmax, as atoms transfer mainly to states with the nearest quantum number. 

Thus populations of all states with n ::;; nmax as a function of the path s in the target have 
been calculated. This function takes into account excitation and deexcitation by interactions 
with target atoms and A2,r annihilation. Points of A2,r production are distributed uniformly 
over the target thickness. So one has to use the average values over this distribution for all 
discussed probabilities. • 

From calculations one can conclude that the sum of population of discrete atomic states 
Pdsc with n ::;; nmax is known with precision much better than 1 % and the summed population 
Pn of atomic states with fixed n has an asymptotical behavior an-3 + bn-5 + ... at high n. 
Using this fact, estimation has been obtained for the sum of populations of all other atomic 
states Pian those were not included in the equation set ("tail" with n > 7). An uncertainty in 
this estimation (about 20%) has little influence on the final results because of the smallness of 
the "tail" ( see (22) ). 

Atoms annihilate mainly from IS state [I]. The population of the first few states is known 
with high accuracy so the probability of A 2,r annihilation Panh is calculated with the same 
accuracy. 

Thus one has calculated the probability of A2 ,r stays in discrete state or annihilates while 
passing through the target. The remainder is the probability of the A2,r breakup Pbr: 

Pbr = 1 - Pdsc - Ptail - Panh • (21) 

The following values of probabilities were obtained with 7 = 3.7 · 10-15 s, the average 
momentum of A2,r in the experiment (PA) = 2.9 GeV/c and the target thickness of 8 µm Ta. 

Pdsc = 0.421, Ptail = 0.006, Panh = 0.159 and .F\,r = 0.414 (22) 

To illustrate the validity of the limit nmax used in these calculations, the value of Pi,, 
obtained with nmax = 5 differs from the above one obtained with nmax = 7 by 0.36%. From 
an analysis of the "tail" one can conclude that the accuracy the Pbr calculation procedure is 
estimated not worse than 0.5%. This is much better than that of the precision of the cross 
sections. Thus the accuracy of Pi,, is limited by the precision of the cross section calculations 
and is estimated at 7%. 

The approach discussed here neglects two effects. The first one is the formation time of 
atom states. This time is small in comparison with the time between subsequent collisions. 
Therefore, the formation time has been neglected. This assumption is valid for levels with 
principal quantum numbers n ~ 7. Secondly one neglects possible interference effects between 
atom states with equal n and m and with orbital quantum numbers l that differ by 111 = 2. 
This interference occurs due to the Coulomb degeneration of atom states. Its influence cannot 
be significant because the interference is permitted only for states with n ~ 3 having small 
populations. These two effects could be considered if one describes the evolution of atom 
states by quantum mechanical equations in terms of density matrix elements. 

The A2,r breakup probability has been calculated as a function of various parameters to 
choose conditions for observation of the atoms in the experiment [2]. Some relations are 
shown in Fig. I. 
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Figure 1: Probability of the A2,,. breakup in the target as a function: (a) of the target thickness 
for average momentum of A2,,. (PA) = 2.9 GeV/c; (b) of the atom momentum for the target 
thickness S = 8 µm; ( c) of the A2,,. lifetime, averaged over the spectrum of observed atoms. 
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In Fig. le the A 21r breakup probability averaged over the spectrum of atoms, observed in 
the experiment [2], is shown as a function of the lifetime. Using this function and the measured 
value of A,, = 0.40 ± 0.09 [2] one obtains estimation of the A21r lifetime in the ground state 

r = (2.9:'.:f.1 ) • 10-15 s 

or limitation for the lifetime at 90% confidence level 

r > 0.6 • 10-15
8 . 

• 

(23) 

(24) 

This result agrees with the theoretical value of r = (3. 7 ± 0.3) • 10-15 s predicted by the 
Chiral Perturbation Theory. 

Authors would like to thank L.L. Nemenov for encouragement of the work. The research 
described in this publication was made possible in part by Grant No. RFQO00 from the Inter­
national Science Foundation. 

Appendix A 

Coefficients H k of the expansion 

n+m 
L~(ax) L~(bx) = I: Hk L'£(x), 

k=O 

for a and b > 0, are given by expression 

00 

H - r(k + l) J 'Y x L°'( ) Lf3(b ) L'Y( ) d k-r(k+-y+l) Xe nax m X kx x. 
0 

The Laguerre polynomials can be written as 

where 

and 

L~(ax) 

L~(bx) 

.D~n) [(1 + t)°'+n eatx] 

i)~m) [(1 + u)f3+m iux] 

1 ds f(z) I , 
bis) f(z) = r(s + 1) ~ z=O 

-"'( X dk 
L'Y( ) x e ( 'Y+k -x) 

k X = r(k + 1) dxk X e . 

(25) 

(26) 

(27) 

After not complicated integration over x and differentiation with respect to parameters t and u 
one has 

Hk = i)(n) i)(m) [(at+ bu)k(l + t) 0
+n(l + u)f3+m] 

t u (1 +at+ bu)k+'Y+l = (28) 

_ ~ (k) (p + n - 1) (a + m -1) -7 P n m aPbk-pF2(w,-n,-m;p,a;a,b), 
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where 

n=n-p, m=m+p-k, p=a+p+l, 

a=,B+k-p+l, w=k+-y+l. 

Here F2 is the Appell function [20] 

_ -. . _ ~ (w)i+j (-n)i (-m)j aW 
F2 (w, -n, -m, p,u, a, b) - ~ (p)i(a)j r(i + l) r(j + l) . 

•J 

If parameters a, b, a, ,B and 'Y obey relations 

a + b = l and 'Y = a + ,B , 

(29) 

(30) 

(31) 

then the analytic structure of (28) becomes much-simplified. Using a transformation formula 
for the functions F2 (20] and assuming that 

a < b and a + b = l 

one has 

F2(w, -n, -m; p, a; a, b) = 

=(l-a)-wF2(w,p-n,-m;p,a; a:l'l~a) = 

= b-w F2(w,p-n,-m; p,a; -~,1) = (32) 

= (-l)-mb-w I'(u)I'(w - a+ 1) 
3
F

2 
( w, p + n, l + w - u 1-~) . 

I'(a + m)I'(w - a - m + 1) 1 + w - a - m, p b 

The relation 'Y = a+,B leads to a change in the arguments of the function 3 F2 : l+w-u = p. 
So the following transformations can be done. 

3F2(w,p+ n,l + w- ul-~) = 3F2(w,p+n,p1-~) = 
1 + w - a - m, p b p - m, p b 

= 2F1(w, p + n; p - m; -a/b) = (33) 

= bw+n+m 2F1(m - n, p- m - w; p- m;-a/b) 

Substituting (29) one can see that no arguments of the function 2Fi in (33) depend on the 
sum index p in (28). It allows to sum (28) over p and leads to the final result for the expansion 
coefficients H k 

• 
Hk = (-Il+m (m: n)(m: nylpt-k, n-k)(b - a) P{m+a-k, n+/3-k)(b - a). (34) 

Here k = m + n - k and P!µ,1.1) is the Jacobi polynomial. 
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Appendix B 

To calculate the integral 

00 

Jf,p) = J xL-p+2 iL-p(Ax) e-x L~L+2(2x) dx 

0 
• 

it is convenient to use the representation of the Laguerre polynomials in the form 

L~L+2(2x) = b~k) [(1 - t)-2L-3 e<~~~>] , 
and the tabular integral [20] 

00 J xµ+ 2 jµ(Ax) e-ax dx = 2a(2A)µr(µ + 2) 
o (t!._2 + a2)µ+2 , 

here 

Introducing variables 

1 
w = 1 + t!,_2, 

one obtains 

µ = L-p and 
l+t 

0 =1-t· 

4t 
u = 1 - 02 = - (1 - t)2 and z = 1- 2w 

(35) 

(36) 

(37) 

(38) 

1iL,p)(A) = 2r(L - p + 2) (2A/-p WL-p+2 ( cf+2,P\z) + ctr,P)(z)). (39) 

Here ciL+2,P\z) is defined as 

cf',P) (z) = iJ?) [ (1 _ t)2>-(: - uw)>- P] ' (40) 

where ,>. = L + 2. 
Using the identity 

1 
1 _ 1 / v>--p-l(l - p)P-1 dv 

(1 - uw)>--p = B(>. - p,p) (1 - uvw)>- ' 
0 

(41) 

the definition of the Gegenbauer polynomial for z = 1 - 2vw 

fJ(k) [ 1 ] 
t (1 - 2tz + t2)>- = ct(z) = 

= r(k+2>.) ( 
r(k + 1) r(2>.) 2F1 -k, k + 2>.; A+~; 1; z) (42) 
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and the representation of the 3F2 function in the form [ 19] 

1 

1 j µ-1(1 )11-µ-1 F ( R, . ) d - F, (a,(3,µI ) (43) B(µ, v _ µ) v - v 2 1 a, /J, "f, vw v - 3 2 "/, v w , 
0 

finally one has for cf•,P) in (40) 

The polynomials cf•,P) obey the recurrence relations (15). 
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IloJIHI,Je ceqeHHH B33HMO)];eiicTBHH BO,l1;0p0,l1;0D0)];06HLIX 
aTOMOB C aTOM3MH Be~eCTBa * 

0.0. BocKpecencKau1, C.P. reeopKBH2 u A.B. Tapacoe1 

1 Jla6opamopwz aoepnwx npo6J1e.M, O6aeou11e111tblu lfncmumym JliJepHblX lfcCJ1eiJ0BaHuu, 
,l(y6na, MocKOBCKaR 06J1acmb, 141980,Poccwz 

2 EpeBaHCKUU <Pu3ul./ecKuu lfHcmunfym 

AHHOTaU,HH 

B paMKaX 3HKOHfillbHOro npn6mrn,eHmI noJiy'leHHO aHaJIHTH'leCKOe BblpIDKeHne ,!V]JI 

noJIHblX Ce'!eHHH KyJIOHOBCKOfO B3aHMOAeHCTBHH aonopononono6Hb!X aTOMOB C aTOMaMH 

MHIIIeHH. IloKa3aHo, 'ITO AJlll KOMnaKTHblX aTOMOB(paJMepbl KOTOpbIX MHOro MeHbIIIe pa3Me­

poB aTOMOB MHIIIeHH) nonpaBKll K 6opHOBCKOMY npn6rrmKeHHIO no caoeii: CTpyKcype CXO)Kll 

C <pOPMYJIOH EeTe-EJioxa AJill lIOHH3aUHOHHbIX noTepb B aemecTBe lI <popMYJiaMH EeTe­

MaKCHMOHa AJIH TOpM03HOro H3JIY'leHllll lI o6pa30BaHllll nap B KYJIOHOBCKOM none aToMa. 

Ilpn pacceHHllll Ha MHIIIeHl!X C 6oJibllilIMll z 3TH nonpaBKH CTaHOBHTCH cymecTBeHHblMH, 

lI HX yqeT HBJIHCTCH Heo6xonHMblM npH onpeneneHHH BpeMCHll )Kll3HH Bonopononono6HblX 

aTOMOB H3 3KCnepHMCHTOB Ha l!AepHbIX MHIIICHllX. 

3a.n.aqa cncTeMan1qecKoro aHanH3a xapaKTepncTHK B3anMo,neiicTBmI :meMeHTapHLIX Bo,no­

po,nono,no6Hblx aT0M0B C BemecTB0M npHo6peTaeT oco6y10 aKTyaJibH0CTh B CBH3H C npe,nno­

JiaraeMLIM npoBe,neaneM Ha SPSLC CERN 3KcnepnMeHTa [1] no H3Mepeau10 BpeMeHn )Kll3HH 

UH0HHH To B 0CH0BH0M 1S-cocTOHHHH c ToqHoCThlO ~ 10 npoueHT0B. Oco6oe BHHMaHHe 

,nomKH0 6LITh y.neJieH0 TmaTeJILH0MY pacqeTy Il0JIHhlX ceqeauii B3aHMo,neiiCTBHH IlH0HHH B 

18-cocTOHHHH C aToMaMH MHIIIeHH afgt, Il0CK0JILKy Heonpe,neJieHH0CTh B 3Haqeauu 3TOH BeJIH­

ql{Hbl HanpHMYIO BX0,nHT B OIIIH6Ky H3MepHeMoro BpeMeHH )Klf3HH [2] no~afgt = ~[1/(rov-y)] 
(no - qucno aT0M0B MHIIIeHH B e,nuauue 061,eMa, V "'Y - CK0p0CTh If nopeau-<paKTop aT0M0B 

IlHOHHH). 

B 6opHOBCKOM npu6JIH)KeHHH aenuquaa afgb paccqmLrnanacL B pa6ornx [3,4], npuqeM B 

nocne,naeii aHaJIH3Hp0BaJiach qyBCTBHTeJILH0CTh 3HaqeHHH 3TOll BeJiuqnHLI K Bbl6opy Mo,neJIH 

aT0MHoro <popM<paKTopa MHIIIeHn (Mo,nenL ToMaca-<l>epMH, Mo,nenLXapTpn-<l>oKa). IlocKOJih­

KY B 3KCnepnMeHTe npe,nnonaraeTCH HCil0Jih30BaHHe MHIIIeHeii C Z >> l, Ba)KH0e 3HaqeHHe npH­

o6peTaeT yqeT nonpaBoK K pe3yJILTaTY 6opHoBcKoro npn6JIH)KeHHH ,nJIH afgt, o6ycnoBJieHHblX 

BKJiaJJ.0M MHOro<pOTOHHhIX o6MeHOB. 3Ta 3aJJ.aqa M0)KeT 6LITh peIIIeHa B paMKax 3HKOHaJihHOro 

npn6JIU)KeHHH. 

CornacHO [5], Il0JIHhle ceqeHHH B3aHMo,neiicTBHH aT0M0B IlH0HHH C aToMaMH Bemecnia B 

3TOM npu6nmKeHHH ,naIOTCH Bhipa)KeHneM: 

a~'z~ = 2Re J d2bd3rl'1tnzm(f')l2f(b, s'); 

f(b, s) = 1 - exp[i(x+ - x-)l, 

X± == x(b±) = "t U(~ + ~2~ = -t- ln 2 n(p)pdp, e Joo J 2ze2100 b 
uv -oo uv ~ p 

b±=lb±I, b±=b±s/2, s=r-r~v, n(p)pdp=l. -- 100 
V 0 

(1) 

* 5I'AepHruI q)H3HKa, 1998, T. 61, N• 9, c. 1628-1630. © 1998 MAHK Hay1<a/lnterperiodica Publishing. 
Ile•iaTaeTCH c paapemeHHH AKa.n;eMH3'AaTii;eHTpa "HayKa" PAH. 
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B 3T0M Bl>Ipa:»<:eHHH U - 3KpaHHpoBaHHI,JH KYJIOHOBCKHH II0TeHI~Han aToMa MHIIIeHH; n(p) 
- IIJI0TH0CTI, pac11pe~eJieHIDI 3JieKTp0H0B B IIJI0CK0CTH rrpm~eJII,Horo rrapaMeTpa (IIJIOCKOCTH 

oprnroHanl>HOH cKopocTH mmmrn: v); b H s - 11poeKQHH p~uycon neKTopoB R (paccTOHHHe 

Me~ QeHTpaMH u:»<:ecTH aTOMa MHIIIeHH H IIHOHIDI) H r (paccTOHHHe Me~ 7r+ H 11"- Ha 

IIJI0CK0CTH IIpHQeJil>Horo rrapaMeTpa); '1'nzm-BOJIHOBruI q>YHKQHH IIH0HHH B C0CT0HHHH nlm. 
,l(JIH IIpoH3B0Jll,HI,JX nlm pacqeT BeJIHqHHI,J 0'~1~ C0IIpH:»<:eH C ~0CTaTOqHo Tpy~oeMKH­

MH pacqeTaMH Ha 3BM. O~HaKo rro11paBKH K pe3yJil>TaTy 6opHOBCKoro IIpH6JIH:»<:eHIDI WUI 

a-iob M0ryT 6MTI, BI,JqHcJieHhl aHanHTHqeCKH c ~0CTaToqHo BI,JCOKOH CTeIJeHI,IO T0qH0CTH. 

3To o6ycJIOBJieHO TeM, qTQ xapaKTepHhle pa3Mephl aT0Ma IIH0HHH B 0CH0BH0M C0CT0HHHH 

(R1r ~ 1/(m,ra) = 2 X 10-11 CM) MH0ro MeHl>IIIe xapaKTepHMX pa3MepoB aToMa Be~ecTBa 

(R ~ l/(meaZ113 ) ~ 5 X 10-9 z- 113 CM). 

,l(JIH rroJiyqeHHH aHaTIHTHqecKoro BMpa:»<:eHHH H3 (1) Heo6xo~MO BI,JqHcJieHHe HHTerpanoB 

BH~a 

(2) 

r~e cos cf> = bs / ( bs). Y~o6Ho pa36HTl> 06JiacT1, HHTerpHpoBaHHH 110 neJIHquHe 11pHQeJil>Horo 

napaMeTpa b Ha ~Be qacTH: 

1) b0 $ b $ oo (coy~apeHHH c 6oJil>IIIHMH IIpHQeJil>HMMH 11apaMeTpaMH), 

2) 0 $ b $ bo (coy~apeHHH c ManMMH IIpHQeJil>Hl>IMH 11apaMeTpaMH). 

IlpH 3T0M BeJIHqHHa bo npHH!lMe)I{lff HHTepBaJIY R1r « b0 « R. 
PaccMOTpHM cHaqana o6JiaCTI, 6oJII,IIIHX IIpHQeJII,HI,JX rrapaMeTp0B. Pa3JiaraH B pH~ pa:3-

H0CTI, q>a3, BXO~YJO B (1), no~HM: 

X+-X- = x(b + s/2) - x(b - s/2) 

= ( s
2

) dx ( s
2

) sVx(b) + O b5 = s db cos¢+ O b5 , 

I1(s) = fo
2

7r def> 1~ bdbr(b,s,cos¢) = 1r;
2 [1~ bdbld~~b)r +O (:;) l 

= 21rs2ry2 [1~ d: 1100 n(p)pdpr +o (:;) l 
= 21rs

2
ry

2 
[1n ~ ( 1 + O (!~))]. 

B 3T0M Bhlpa:»<:eHHH R = v R, a BeJIHqHua v orrpe~eJIHeTcH H3 ycJIOBHH 

foo R foo 
lo In bn(b) lb n(p)pdpbdb = 0, 

.. 
v~l, 

Ze2 

ry = 1iv . 

(3) 

Ilepeii~eM Tenep1, K paccMOTpeHHIO BKJI~ 6JIH3KHX coy~apeHHli. QqeBH~HO, qTQ B 3TOH 

06.Jiacrn npHQeJil>HMX rrapaMeTpoB ( b $ bo) Mo>I<:Ho rrpeue6pe% 3q>q>eKTaMH 3KpanHpoBaHIDI 

KyJI0H0BCKoro IlOJIH H~pa He3HaqHTeJILHI,JM ( ~ b5f R2) qffCJIOM 3JieKTpOHOB, uaxo~H~HXCH 

B ue11ocpe~cTBeHnoii 6JIH30cTH oT H~pa, H cqHTaTl>, qrn x+ - X- = 2ryln[b+/b-J. Tor~a 
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Bbipa)I(eHHe roni: <l>YHKIIHH npocl>mni: B 3TOH o6nacTH npHHHMaeT CJie.eyIOIIJHH BH,n:: 

r(b, s) = (
b ) 2i,., 

1 - b~ = -iury2F1 (1 - iry; 1; 2; -u) 

-iry -i71 i71 u . 11 
lr(l - iry)l2 o dxx (l - x) 1 + ux' (4) 

r,n:e 

bi 
1 

2bs 
U=-- =---

b2_ Jb - s/212 • 
Hcnon1,3yg npe,n:cTaBJieHHe (4), MO)I(HO npoHHTerpHpoBaTL Bblpa)I(eHHe (1) B o6nacTII 6JIH3KHX 

coy,n:apeHHii no yrny H npHIIeJILHoMy napaMeTpy: 

{2-rr {bo _ -iry r1 . . 
h(s) = lo d</> lo bdbI'(b, s) = II'(l - iry)l2 l

0 
dxx- 271 (1 - x)271 A(bo, s, x), (5) 

A(b0 , s, x) rbo bdb {2-rr d<f> - 2bs -
lo lo (b - s/2)2 + 2bsx 

-t --- - --- + n --'----'-s
2 

[ 1 1 l V(O, s, t) ] 
2 V(O, s, t) V(bo, s, t) V(bo, s, t) ' 

w + (w2 + s2t2(1- b2))1/2 
V(b, s, t) = 82 (l _ b2) , 

s2 
w = 2b2 + 2(1- 2t2)' 

t=2x-1. 

Ilpeee6perag B A(bo, s, t) BeJI11q11eaM11, 11cqe3aJOIIJHMll B npe,n:eJie (s2 /b~)---+ 0, no~HM: 

· 
8 2 

[ b~ ( 
8

2 
) ] A(b0 ,s,x)= 2 (1-2x) ln 82x(l-x)-l+O b~ . 

B pe3yJILTaTe BeJIHq11ey I2(s) MO)I(HO npe,n:cTaBHTb B CJie,n:yioIIJeM BII.n;e: 

I2(s) = 21rs2ry2 [1n b: + l - Re[-ip(l + iry) - 'l/J(l)]] . (6) 

TaKIIM o6pa30M, CYMMapHbIH BKJia,n: OT coy,n:apeHHH C 6JIH3Kl1Mll II ,n:aneKIIMH npHIJeJII,HbIMH 

napaMeTpaMll I(s) = Ii(s) + I2(s) llMeeT BIIJJ:: 

I(s) = 21rs2ry2 [1n ~ + 1- Re['l/J(l + iry) - 'l/J(l)]] , (7) 

r,n:e 'l/J(z) = dlnI'(z)/dz. ,L(Jig HaXO)I(JJ:eHJfj{ IlOJIHOro ceqeHlfj{ O"iob Heo6xo,n:HMO, cornactto 

Bblpa)I(eHHIO ( 1 ), ycpe,n:HIITI, Bblpa)I(eHHe (7) no BOJIHOBLIM <l>YHKIJlljJ:M OCHOBHOro COCTOj{Hlfj{ 

aToMa: 

<Tiot = 41rry
2

(s2)100 [1n :7r - Re['l/J(l + iry) - 'l/J(l)l] ' 
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(s2
) 100 = j \ ¢(r)100 \

2 
s2d3 r, R-rr = v1R-rr, v ~ l. 

IlonpaBKa K 6opHOBCKOMY npo6JIO)KeHHIO 3a cqeT MHOroqlOTOHHLIX o6MeHOB (BTOpoe cna­
raeMoe B (8)) no csoeii CTPYKTYPe cxo)Ka c qiopM)'JlaMH EeTe-Enoxa )VIH uoHo3aQooHHLIX 
noTepL [ 6] 0 q>OPMYJiaMO EeTe-:[\,1:aKCHMOHa )VIH TOpM03Horo H3JiyqeHHH H pmK.n;eHHH nap B 
KYJIOHOBCKOM none aToMa [7]. J,fa ee rrpe.n;cTaBJieHOH B BH.n;e pH.n;a 

Re[¢(1 + i1J) - ¢(1)] = 112 f k(k2 1 2) 
k=l + 1J 

BO)J;HO, qTQ B (8) yqTeHbl BCe B03MO)I(Hhle MHOroq>OTOHHbie o6MeHhl. qOCJieHHO 3TO nonpaBKO 
He MaJILI. TaK, HarrpoMep, ecno B KaqecTBe MHilleHO OCIIOJib30BaTh TaHTaJI (2=73 ), KaK 3TO 
IIJiaHopyeTCH B 3KcnepoMeHTe [I], TO BKJia.n; B (8) OT MHoroq>OTOHHhIX o6MeHOB COCTaBJIHeT 
BCJIIJqJrny ~ 7 npol.{eHTOB, TaK qTQ IIX yqeT HBJIHeTCH Heo6xo.n;HMLIM rrpll orrpe.n;eneHOH BpeMeHO 
)K03HO BO,n;opo.n;orro.n;o6HLIX aTOMOB 03 3KCrrepoMeHTOB Ha H.n;epHLIX MOillemIX. 

B1,1pa)KeHHe (8) HBJIHeTCH OCHOBHLIM pe3yJILTaTOM HaCTOHil.{eii pa6oTLI. OHO crrpaBe)VIHBO 
He TOJILKO ,n;JIH IIOJIHLIX ceqeHHH B3aOMo.n;eil:CTBHH aTOMOB IIOOHHH B OCHOBHOM COCTOHHHH C 
aToMaMo MomeHo, Ho H .n;JIH rroJIHLIX ceqeHoil: B3aoMo,n;eil:cTBHH nro6Lix Bo,n;opo.n;orro.n;o6HLIX 
ajoMOB H ox B036~eHHhIX COCTOHHHH C aTOMaMH MOilleHo, rrpo ycnoaoo, qTo pa3MepLI BO)J;O­
po.n;orro.n;o6HLIX aTOMOB ropa3.n;o MeHLme pa3MepoB aTOMOB MOilleHH. 'ripoMepoM TaKHX CHCTeM 
MOryT cJiy>KHTL aToMhl, cocTOHil.{Oe 03 K+ K- H PP, pa3MepLI KOTophlX ropa3.n;o MeHLme 
pa3MepoB aTOMOB nooHOH, qTo II03BOJIHeT ocnOJih30BaTL nonyqeHHOe .Bhlme Bhlpa)KeHHe )VIH 

pacqeTOB He TOJibKO OCHOBHhlX COCTOHHHH 3THX aTOMOB, HO H ox B036~eHHhlX COCTOHHOH. 
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Abstract 

Nuclear shadowing in DIS at moderately small x is suppressed by the nuclear form 
factor and depends on the effective mass of a hadronic fluctuation of the virtual photon. We 
propose a solution to the problems (i) of how to combine a definite transverse size of the 
fluctuation with a definite effective mass, and (ii) of how to include the nuclear form factor 
in the higher multiple scattering terms. Comparison of the numerical results with known 
approximations sho"'5 a substantial difference. 

1. Introduction 

Shadowing in deep-inelastic scattering (DIS) off nuclei is a hot topic for the last two 
decades. In the infinite momentum frame of the nucleus it can be interpreted as a result of 
parton fusion leading to a diminishing parton density at low Bjorken x [1] - [4]. A more 
intuitive picture arises in the rest frame of the nucleus where the same phenomenon looks like 
nuclear shadowing of hadronic fluctuations of the virtual photon [5] - [12]. To crystallize the 
problem and its solution we restrict ourselves in this paper to only quark-antiquark fluctuations 
of the photon, neglecting those higher Fock components which contain gluons and qij pairs 
from the sea. The lifetime of the qij fluctuation ( called coherence time) is given by 

2v 
tc = q2 +M2 (I) 

where v is the photon energy, Q2 its virtuality and M is the effective mass of the qij pair. 
Provided that the coherence time is much longer than the nuclear radius, le ;$> RA, the total 

cross section on a nucleus reads [13], 

-y* A 2) 
<Ttot (x, Q = 2 / d2b J d2rG-y•(Q2 ,r) {1-exp [-½a(r)T(b)]} 

_ 2 / d2 b { 1 -( exp [-½a(r)T(b)])} . (2) 

Here G-y• ( Q2 , r) characterizes the probability for the photon to develop a qiJ. :fluctuation with 
transverse separation r. The condition tc » RA insures that the r does not vary during 
propagation through the nucleus (Lorentz time dilation). Then the qiJ. pair with a definite 
transverse separation is an eigenstate of the interaction with the eigenvalue of the total cross 
section a(r). Therefore, one can apply the eikonal expression (2) for the interaction with the 
nucleus. The nuclear thickness function T(b) = f~

00 
dz PA(b, z) is the integral of nuclear 

density over longitudinal coordinate z and depends on the impact parameter b. 

*Phys. Lett. B440 (1998) 151-156. © 1998 Elsevier B.V. Reproduced by permission of Elsevier B.V. 
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The color dipole cross section a(r) introduced in [13] vanishes like r 2 at small r - 0 due 
to color screening. This is the heart of the phenomenon called nowadays color transparency 
[14, 13, 15]. For this reason nuclear shadowing in (2) is dominated by large size fluctuations 
corresponding to highly asymmetric sharing of the longitudinal momentum carried by the q and 
ij [16, 7, 9, 12]. This leads to Q2 scaling of shadowing. 

Note that the averaging of the whole exponential in (2) makes this expression different from 
the Glauber eikonal approximation where a( r) is averaged in the exponent. The difference is 
known as Gribov's inelastic corrections [17]. In the case of DIS the Glauber approximation 
does not make sense, and the whole cross section is due to the inelastic shadowing. 

For the other case, tc ~ RA, one has to take into account the variation of r during the 
propagation of the qij fluctuation through the nucleus. At present this can only be done for the 
double scattering term [12] in the expansion of the exponential in (2), 

... ' (3) 

or in hadronic representation [18], 

at/ ~ 1 - 1 (T) j d2 b j dM2 da( 1* N - X N) I p2 ( b) 
-y• N 4 -y• N dM2 dt A q, + ... ' 

D"tot 1fO"tot t=O 

(4) 

where the mean nuclear thickness and the formfactor read, 

(5) 

00 

FA(q,b) = (~} J dzpA(b,z)eiqz, (6) 

-oo 

with longitudinal momentum transfer q = l/tc given by (I). In the case of (3) the uncertain 
fluctuation mass is fixed at M 2 = Q2 , q = 2mNx. Two expressions (3) and (4) are re­
lated since the integrated forward diffractive dissociation cross section 1* N - X N equals to 
(a2) /l61r. 

There are two problems remaining which are under discussion: 

• How the nuclear formfactor can be included in the higher order scattering terms which 
are of great importance for heavy nuclei? For instance, the shadowing term in (3), (4) 
for lead is of the order of one at low x, so the need of the higher order terms is obvious. 

• Even for the double scattering term in (3) it is still unclear which argument should enter 
the formfactor. Indeed, the effective mass of the qij fluctuation needed· for the coherence 
time in (1) cannot be defined in the quark representation with a definite qq separation. 
On the other hand, Eq. (4) exhibits an explicit dependence on Mx and the longitudinal 
momentum transfer is known. However, unknown in this case is the absorptive cross 

• section of the intermediate state X. 

We suggest a solution of both problems in the next section. The goal of this paper is re­
stricted to the study of the difference between the predictions of the correct quantum-mechanical 
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treatment of nuclear shadowing and known approximations. We do it on an example of the 
valence qij part of the photon and neglect the higher Fock components containing gluons and 
sea quarks, which may be important if to compare with data especially at very low x. Nuclear 
anti-shadowing effect is omitted as well, since we believe it is beyond the shadowing dynamics 
(e.g. bound nucleon swelling). Numerical results and a comparison with the standard approac!h 
are presented in section 3. 

2. The Green function of a qij_ pair in nuclear medium 

We start with the generalizing of eq. (2) for the case le ~ RA, 

1 

a-7:/(x,Q2
) = f d2b f daa-7:/(x,Q2;b,o.), 

0 

where 

a-l:/(x, Q2
; b, o.) T(b) f d2rl'11,y•(r,o.)i 2 o-(r) 

00 00 

(7) 

2Re f dz1PA(b,z1) f dz2pA(b,z2)A(z1,z2,o.). (8) 

-oo z1 

The first term in r.h.s. of (8) corresponds to the second, lowest order in o-(r)T(b), term in 
expansion of the exponential in (2). The shadowing terms are contained in the second term in 
(8). \JI ,y• ( r, a) is the (non-normalized) wave function of the qij fluctuation of the virtual photon, 
where o. is the fraction of the light-cone momentum of the photon carried by the quark. An 
explicit expression of transverse and longitudinally polarized photons can be found in [19, 9]. 

The function A(z1, z2 , o.) in (8) reads, 

A(z1, z2, a)= ~ f d2r1 d2r2 w;. (rS, a) W(r2, Z2j f'1, z1) W-y• (f'1, a) u(r2) u(r1) eiqmin(z2-zi) , 

(9) 
with 

Q2o.(1 - o.) + m~ 
Qmin = 2110.(l - o.) . (10) 

This expression was first suggested in unpublished paper [20]. 
The second (shadowing) term in (8) is illustrated in fig. 1. At the point z1 the photon 

diffractively produces the qij pair ('y* N --. qqN) with transverse separation f'1 . The pair 
propagates through the nucleus along arbitrarily curved trajectories (should be summed over) 
and arrives at the point z2 with a separation f:i. The initial and the final separations are 
controlled by the distribution amplitude W,y• (f). While passing the nucleus the qij pair interacts 
with bound nucleons via the cross section o-(r) which depends on the local separation f'. The 
function W ( f'2 , z2 ; r1, z1) describing the propagation of the pair from z1 to z2 also includes 
that part of the phase shift between the initial and the final photons, which is due to transverse 
motion of the quarks, while longitudinal motion is already included in (10) via the exponential. 

Thus, Eq. (8) does not suffer from either of the two problems of the approximations (3) - (4). 
The longitudinal momentum transfer is known and all the multiple interactions are included. 

112 



~ q --- ' ' - .... - ' -

... -~ ' ; ... -... - .. 
q 

W(r2,z2;lj ,z1) 

Figure 1: A cartoon for the shadowing (negative) term in (8). The Green function 
W(r:i, z2; f'1, z1) results from the summation over different paths of the qij pair propagation 
through the nucleus. 

The propagation function W(r:i, z2 ; f'1 , zi) in (9) satisfies the equation [20), 

b.(r2) w(- _ ) 
2va(l-a) r2,z2;r1,z1 

½ o-(r2) PA(b, z2) W(r:i, z2; f'1, zi) , (11) 

with the boundary condition W(r:i, z1; f'1, zi) = 8(f'2 - f'i). The Laplacian b.(r2) acts on the 
coordinate f'2. The full derivation of (11) will be given elsewhere. Here we only notice that it 
looks natural like Schrodinger equation with the kinetic term b./[2va(l - a)] which takes care 
of the varying effective mass of the qij pair and provides a proper phase shift, and z2 plays the 
role of the time. The imaginary part of the optical potential describes the absorptive process. 

In the "frozen" limit v -. oo the kinetic term in ( 11) can be neglected and 

When this expression is substituted into (8) - (9) and with qmin -. 0 one arrives at result (2) 
with G7 .(Q2 ,r) = J0

1 
da jw7 .(f',a)j2

• 

We can also recover the approximation (3) - (4) if one neglects the absorption of the qij 
pair in the medium. Then W becomes the Green function of a free motion, 

where k is the transverse momentum of the quark. 
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With this expression the shadowing term in (8) reproduces the second term in (4). Indeed, 
the amplitude of the photon diffractive dissociation in the plane wave approximation reads, 

!dd(k) = ~ j d2r'11-y•(r,a)a(r)eikr. 

Therefore, (9) can be represented as, 

A(z1, z2, a)= 217r / <f k lfdd(k)[2 exp [(z2 - z1) Q2a(l - a)+ m~ + k2 l 
2va(l - a) 

(14) .. 

(15) 

Taking into account that M'Jc = (m~ + k2)/a(l - a) is the effective mass squared of the qij 
pair and substituting (15) to (8) we arrive at eq. (4). 

3. Numerical results 

We calculate nuclear shadowing for calcium and lead from the above displayed equations. 
As was mentioned in the Introduction, only the valence qij-part of the photon is taken into 
account, but the higher Fock components containing gluons and sea quarks are neglected, as 
well as the effect of anti-shadowing. Therefore, we do not compare our results with data, but 
only to the standard approach (3) - (4). 

We do the same calculations again, using the free Green function (13). This makes it 
possible to disentangle between the influence of higher scattering terms and the form factor. 

We approximate the cross section by the dipole form a(r) = Cr2, C ~ 3, which is a good 
approximation at r > 0.2- 0.3 Jm [21). However, we calculated the proton structure function 
F2(x,Q2) perturbatively (we fixed the quark masses at mq = 0.3GeV, m 8 = 0.45GeV and 
me = 1.5 Ge V) what leads to an additional logarithmic r-dependence at small r. This is 
important since results in the double-log Q 2 dependence of F 2. Nuclear shadowing, however, 
is dominated by soft fluctuations with large separation [12], therefore, the dipole form of the 
cross section is sufficiently accurate. 

We use a uniform density for all nuclei, PA = 0.16 Jm-3 , what is sufficient for our 
purpose, comparison with the standard approach calculated under the same assumption. 

Within these approximations it is possible to solve (11) analytically. The solution is the 
harmonic oscillator Green function with a complex frequency [21], 

_ _ a { a [( 2 2) 2f'2 · f'1 ] } 
W(r2,z2;r1,z1) = 27rsinh(w~z) exp - 2 r 2 +r1 coth(w~z)- sinh(w~z) , 

where 

~z 

w2 

a2 

(16) 

z2 - z1 
. CpA 

1, 
va (1 - a) 

-i Gp Ava (1 - a). (17) 

This formal solution properly accounts for all multiple scatterings and finite lifetime ofhadronic 
fluctuations of the photon, as well as for fluctuations of the transverse separation of the qij pair. 
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Figure 2: Nuclear shadowing for calcium and lead. The dotted curve is calculated in the 
s.tandard approach (3). The thin solid curve corresponds to the double scattering approximation 
with the free Green function, (13), and the thick solid curve shows the full calculation, (16). 
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The results of calculations are shown in fig. 2. The dashed curves show predictions of (3) 
which we call standard approach. The mean values of a 2 and a are calculated using the same 
qq distribution functions [19, 9] as in (9) and the intermediate state mass is fixed at M 2 = Q2 . 

At low x < 0.01 shadowing saturates because q = 2mNX « 1/ RA. The thin solid curve also 
corresponds to a double scattering approximation, i.e. absorption (the second term in (11)) is 
omitted. However, the formfactor is treated properly, i.e. the kine~c term in (11) taking into 
account the relative transverse motion of the qq pair, correctly reproduces the phase shift. The 
difference between the curves is substantial. The thin solid curve does not show saturation 
even at x = 0.001. 

The next step is to do the full calculations and study importance of the higher order rescat­
tering terms in (11 ). The results are shown by the thick solid curves. Higher order scattering 
brings another substantial deviation (especially for lead) from the standard approach. At very 
low x the curves saturate at the level given by (2). 

4. Conclusions and outlook 

We suggest a solution for the problem of nuclear shadowing in DIS with correct quantum­
mechanical treatment of multiple interaction of the virtual photon fluctuations and of the nuclear 
formfactor. We perform numerical calculations for qq fluctuations of the photon and find a 
significant difference with known approximations. Realistic calculations to be compared with 
data on nuclear shadowing should incorporate the higher Fock components which include 
gluons. The same path integral technique can be applied in this case. The x-dependence of the 
dipole cross section a(r,x) (correlated with r[22]) should be taken into account. One should 
also include the effect of anti-shadowing, although it is only a few percent. A realistic form for 
the nuclear density should be used (this can be done replacing PA(b, z) by a multistep function 
like in [21]). We are going to settle these problems in a forthcoming paper. 
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Total interaction cross sections of relativistic 7r+7r- -atoms 
with ordinary atoms in the eikonal approach * 

L Afanasyev, A Tarasov and O Voskresenskaya 
Joint Institute for Nuclear Research, Dubna, Moscow Region, 141980 Russia 

♦ 

Abstract. The total interaction cross sections of the relativistic ,r+ ,r- -atoms with ordinary 
atoms are obtained in the eikonal approach which takes into consideration all multiphoton 
exchange processes. Contribution of these processes strongly depends on the atom nucleus 
charge Z and varies from 1.5% for Titanium (Z = 22) to 14% for Tantalum (Z = 73). The 
formulas derived are applicable for an arbitrary initial state of ,r+ ,r- -atom. 

PACS numbers: 34.50.-s, 36.10.-k, 11.80.Fv 

Hydrogen-like atoms consisting of 1r+ and 1r- mesons (dimesoatoms) have been already 
observed in the inclusive process in proton-nucleus interactions at 70 GeV [1] and an estimation 
of it's lifetime has been obtained [2]. The accurate measurement of the 1r+1r--atom lifetime 
in the experiment DIRAC at the CERN Proton Synchrotron [3] will allow one to check a high 
precision prediction of the Chiral Perturbation Theory for 1r1r-scattering lengths. An interaction 
of the relativistic 1r+1r--atoms with ordinary atoms is an essential part of this experiment, as 
the atom observation bases on their breakup (ionization) while passing through the target where 
they are produced in proton-nucleus interactions at 24 GeV. 

Cross sections of 1r+1r--atoms with ordinary atoms were usually calculated in the first 
Born approximation [4, 5, 6]. In the papers [7, 8] the cross sections for few low states of the 
dimesoatom were calculated in the eikonal (Coulomb-modified Glauber) approximation. It has 
been shown that the multiphoton exchange processes play a significant role in the interaction 
of 1r+1r- -atoms with atoms. As is shown in the paper [6] dimesoatom break up most likely 
from excited states after few successive interactions. Because of this, here the total interaction 
cross sections were obtained for an arbitrary initial state of 1r+1r- -atom. 

In the eikonal approximation the total cross sections of the coherent interaction of 7r+ 1r- -

atom with ordinary atoms could be written [7] as: 

o-~,!n = 2Re J d2bd3rl1/Jnzm(r)l 2 {1- exp [ix(b- s/2)- ix(b + s/2)]} . (1) 

Here s = r .L is the projection of the vector r on the plane of the impact parameter b, 1Pnlm ( r) 
is the wave function of 1r+1r- -atom in the state with principal, orbital and magnetic quantum 

* J. Phys. G: Nucl. Part. Phys. 25 (1999) B7-B10. © 1999 IOP Publishing Ltd. Reproduced with kind permission 
ofIOP Publishing Ltd. 
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numbers n, land m, respectively. The phase shift x(b) is expressed via the screened Coulomb 
potential of the target atom: 

00 

x(b) = ~ J U( Jb2 + z2
) dz. (2) 

-co 

Here v is the velocity of dimesoatom in the lab frame. 
Let us write (1) in another fonn taking into account the following relations: 

exp (ix(b)) = 1 - -y(b), (3) 

-y(b) = 
2
~i J f(q) exp (-iqb) d 2q, (4) 

00 

f(q) = 
2

i7l' j [1 - exp (ix(b))] exp (ibq) d 2b = i j [1 - exp (ix(b))] Jo(qb)b db. (5) 

0 

Here J(q) is the amplitude of the elastic Coulomb 7rA-scattering nonnalized by the relations: 

o-!01 = 47!' Imf(O), (6) 

d:;A = lf(q)l2
, (7) 

Then it is easy to get the total cross section in the fonn 

a~'z!n = 2 J lf(q)J2 [1 - Bnim(q)] d2q, (8) 

Bnim(q) = J l1Pnlm(r)J2 exp (iqr) d3r. (9) 

Here Bnim(q) is the elastic fonn factor of the 7r+7r- -atom in the state with the quantum 
numbers n, l and m. 

The expressions (8) and (9) together with the results obtained in the paper [6] for the 
transition fonn factors of the hydrogen-like atoms allow one to calculate the total cross sections 
for any state of the dimesoatom. However, in this paper we only consider the cross sections 
averaged over the magnet quantum number: 

tot 1 ~ tot 
O"nl = 2l + l L..J O"nlm · 

m 

The wave function of 7r+ 1r- can be written as a product of the radial and angular parts: 

(11) 

Taking into account the nonnalization 

1 ~ 2 

2l + l L..J IYim(8, c/>)I = 1, (12) 
m • we have 
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Bnz(q) = 
2
z ~ 

1 
LBnzm(q) = J IRnzl

2 
exp (iqr) d3r 

m 
CX) CX) 

J 2 sinqr 41r J 
=47r IRnzl -q-rdr=qlm IRnzl 2exp(iqr)rdr. (14) 

0 0 

The radial wave function of the hydrogen-like atom is expressed in terms of the Laguerre 
polynomial. So integration in (14) is reduced• to the hypergeometric functions using the 
expression [9]: 

CX) 

jexp (-bx) x°' L~(>.x) L~(µx)dx 

0 

r(m + n +a+ 1) (b- >-r(b - µ)m [ b(b- >. - µ) ] . 
= r(m + l)r(n + 1) bn+m+a+l F -m, -n, -m - n - a; (b- µ)(b- >.) . (15) 

. Finally for the form factor we have 

sin2n<f> (cos</>) 21+4 . 
Bnz(q)= . <P F(l+l-n,l+l+n;l;sin2¢), (16) 

n sm2 

<t> = arctan (_!!!]_) . 
am,r 

For the numerical calculation we use the Moliere parametrization of the Thomas-Fermi 
potential [ 10] 

3 
U(r) = Za L Ci exp (->.ir) ; 

i=l r 
(17) 

which allows one to obtain the exact expression for the phase shift x(b) 

2Za 
3 

x(b) = - L ci Ko(b>.i), 
V . i=l 

(18) 

C1 = 0.35, C2 = 0.55, C3 = 0.1; 

>.1 = 0.3>.o, >.2 = 1.2>.o, A3 = 6>.o, >.o = meaz1!3 /0.885. 

The numerical results were calculated for the Titanium (Z = 22) and Tantalum (Z = 73) 
targets. The velocity of 1r+1r--atom was taken as v = l. Figures 1-4 show the most 
important dependencies and comparison with the Born calculation [6]. We can conclude that 
the contribution of the multiphoton exchange processes strongly depends on the target atom 
nucleus charge Zand varies from 1.5% for Titanium to 14% for Tantalum. 

In the DIRAC experiment the dimesoatom lifetime is going to be measured for various 
targets with an accuracy of 10% using the breakup probability [3, 6]which is calculated basing 
on the interaction cro.ss sections. Thus, account of the multi photon processes is essential for an 
interpretation of the experiment results. 

Authors would like to thank L.Nemenov for encouragement of the work, Z.Halabuka, 
J.Hiifner, B.Kopeliovich, and D.Trautmann for helpful discussions. This work is partially 
supported by RFBR grant 97-02-17612. 
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Figure 1. Total cross sections of 11'+1!'- -atom interactions in nS states with Tantalum (Z = 73) 
versus the principal quantum number n in the Born and Glauber approximation. 
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Figure 2. Relative difference between the total cross sections of 11'+ 11'- -atom interaction in nS 
states with Tantalum (Z = 73) calculated in the Born and Glauber approximation versus the 
principal quantum number n. 
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Figure 3. Relative difference between the total cross sections of 1r+ 1r- -atom interaction in nS 
states with Titanium (Z = 22) calculated in the Born and Glauber approximation versus the 
principal quantum number n . 
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Figure 4. Dependence of the total cross sections of 1r+ 1r- -atom interaction with Tantalum 
(Z = 73) on the orbital quantum number l for the various principal quantum number n. 
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.. 
Abstract 

The density of gluons produced in the central rapidity region of a heavy ion collision 
is poorly known. We investigate the influence of the effects of quantum coherence on the 
transverse momentum distribution of photons and gluons radiated by a quark propagating 
through nuclear matter. We describe the case that the radiation time substantially exceeds the 
nuclear radius (the relevant case for RHIC and LHC energies), which is different from what 
is known as Landau-Pomeranchuk-Migdal effect corresponding to an infinite medium. We 
find suppression of the radiation spectrum at small transverse photon/gluon momentum kT, 
but enhancement for kT > 1 Ge V. Any nuclear effects vanish for kT ~ 10 Ge V. Our results 
allow also to calculate the kT dependent nuclear effects in prompt photon, light and heavy 
(Drell-Yan) dilepton and hadron production. 

PACS numbers: 12.38.Bx, 12.38.Aw, 24.85.+p, 25.75.-q 

1 Introduction 

One of the major theoretical problems in relativistic heavy ion physics is the reliable calcula­
tion of gluon bremsstrahlung in the central rapidity region. It is one of the determining factors for 
the general dynamics of heavy-ion collisions, the approach to thermodynamic equilibrium and 
the possible formation of a quark-gluon plasma-like state. This problem has been approached by 
a variety of ways. We do not want to discuss the relative draw-backs and merits of the various 
approaches here and we will only cite those, which are directly related to ours. 

In this paper we consider bremsstrahlung of photons and gluons resulting from the interaction 
of a projectile quark with a nucleus for the case that the radiation time is much longer than the 
time needed to cross the nucleus. This radiation or formation time was introduced in [1] and can 
be presented as, 

coshy 2w 
ti=,;;:-~ k}' (1) 

where y, w and kT are the rapidity, energy and the transverse momentum of the radiated quantum 
in the nuclear rest frame. Eq. (1) assumes that the radiated energy is relatively small, i.e. w « 
Eq. It is easy to interpret the formation time (1) as lifetime of a photon(gluon)-quark fluctuation 
[2] or as the time needed to distinguish a radiated quantum from the static field of the quark [3]. 

*Phys. Rev. C59 (1999) 1609. © 1999 The American Physical Society. Reproduced by permission of the APS. 
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The total time for bremsstrahlung is proportional to the initial energy and can therefore sub­
stantially exceed the time of interaction with the target [4]. Radiation continues even after the 
quark leaves the target. This part of radiation does not resolve multiple scattering processes. 
Important is only the total momentum transfer. This illuminating manifestation of coherence is 
along these lines that the well known Landau-Pomeranchuk-Migdal effect (LPM) for long for­
mation times can be treated. Note that LPM effect corresponds to the opposite energy limit, 
when the radiation time is much shorter that the time of propagation through the medium, It was 
first suggested by Landau and Pomeranchuk [1] and investigated by Migdal [5] and has attracted 
much attention during recent years [6, 3, 7, 8, 9]. This regime appHes only for the problem of 
energy loss in a medium, which is not the problem we discuss here. Our treatment should apply 
to the real situation in heavy-ion collisions at high energies. The relationships between the cited 
papers are complex. In a recent publication Baier et al. [10) have shown that their diagrammatic 
approach is in fact equivalent to that of Zakharov [8]. The latter is, however, physically far more 
intuitive and therefore lends itself more easily to a generalization to the case that the nuclei are 
not infinitely extended. In another recent paper Kovchegov and Mueller (11] have undertaken 
the first attempt to calculate in-medium modification of the transverse momentum distribution of 
gluon radiation. This paper has also elucidated the relation between the approaches of [7] and 
[9]. In the approach of [9] based on the use of the light-cone gauge the final state interactions 
summed up in [7] (in the covariant gauge) are effectively included in the light-cone wave func­
tion. These observations suggest that all three different approaches might be equivalent when 
followed carefully enough. 
· The main goal of this paper is to study the dependence of the effects of coherence on the 
transverse momentum of the radiated photon or gluon. We use the light-cone approach for radi­
ation first suggested in [12] and developed in [13, 8). As it is based on an explicit treatment of 
the transverse coordinates it is. easily adapted to our purpose. In addition it seems to be by far the 
most direct and elegant approach. We described this approach in Section 2 for both photon and 
gluon bremsstrahlung. We establish a relation between the strength of the coherence effects and 
the transverse size of the Fock state containing the radiated quantum. 

The second main result of our paper is the extension of the light-cone approach to calcula­
tions for differential cross sections as functions of the transverse photon/gluon momentum kT. 
This is presented in section 3. As one might have expected, nuclear shadowing, i.e. suppres­
sion of radiation, is most pronounced at small kT. An unexpected result is antishadowing, i.e. 
enhancement of radiation for kT > 1 GeV, which, however, vanishes for still larger kT. 

The results and practical implications for the Drell-Yan process, prompt photon production 
and hadroproduction are discussed in the last section. 

2 Integrated radiation spectra 

We start with electromagnetic radiation. We c~ver both, virtual photon radiation (dilepton 
production) and real photon radiation (so called prompt photons). 

The total radiation cross section for (virtual) photons, as calculated from the diagrams shown 
in Fig. 1, has the following factorized form in impact parameter representation [12] (see also 
[13]), 
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Figure 1: Feynman graphs for bremsstrahlung. 

daN(q ➔ "fq) j 2 - 2 . 
d(lna) = d rr IW-yq{a,rr)I CTqq(arr). (2) 

Here W-yq(a,f'r) is the wave function of the 'Y - q fluctuation of the projectile quark which 
depends on a, the relative fraction of the quark momentum carried by the photon, and rr, the 
transverse separation between 'Y and q (\JI is. not normalized). CTqq{p) is the total interaction 
cross section for a ijq pair with transverse separation p and a nucleon. CTqq(/J) depends also 
parametrically on the total collision energy squared s, a dependence we do not write out explicitly 
(see, however, section 4). This becomes only important when fits to actual data are performed. 
Eq.(2) contains a remarkable observation which is crucial for this whole approach [12]: although 
we regard only a single projectile quark, the elastic amplitude of which is divergent, the radiation 
cross section is equal to the total cross section of a ijq pair, which is finite. 

This can be interpreted as follows. One should discriminate between the total interaction 
cross section and the freeing (radiation) cross section of a fluctuation. The projectile quark is 
represented in the light-cone approach as a sum of different Fock components. If each of them 
interacts with the target with the same amplitude the coherence between the components is not 
disturbed, i.e. no bremsstrahlung is generated. Therefore, the production amplitude of a new state 
(a new combination of the Fock components) is proportional to the difference between the elastic 
amplitudes of different fluctuations. Thus the universal divergent part of the elastic amplitudes 
cancels and the radiation amplitude is finite. 

It is also easy to understand why the ijq separation in (2) is arr. As is pointed out above one 
should take the difference between the amplitudes for a quark-photon fluctuation and a single 
quark. The impact parameters of these quarks are different. Indeed, the impact parameter of the 
projectile quark serves as the center of gravity for the 'Y - q fluctuation in the transverse plane. 
The distance to the quark in the quark-gluon Fock-state is then arr and that to the photon is 
(1 - a)rr. 

The wave function of the 'Y* q fluctuation in (2) for transversely and longitudinally polarized 
photons reads (compare with [14]), 

,T,r,L(- ) ~ 0~r L K ( ) 'i'-y•q rr, a = ~ XJ ' Xi o trr (3) 
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Here Xi.J are the spinors of the initial and final quarks. Ko(x) is the modified Bessel function. 
The operators {jT,L have the form, 

where 

(4) 

(5) 

(6) 

e is the polarization vector of the photon, ii is a unit vector along the projectile momentum, and 
'\7 acts on rr. For radiation of prompt photons m,,. = 0. 

Eq. (2) can be used for nuclear targets as well. We consider hereafter formation times given 
by the energy denominator, 

_ 2 Eq a(l - a) R 
tf - 2 2 » A' 

€ +mq 
(7) 

which substantially exceed the nuclear radius. In this limit the transverse -y* - q separation in the 
fluctuation is "frozen", i.e. does not change during propagation through the nucleus. The recipe 
for the extension of Eq. (2) to a nuclear target is quite simple [12, 15]. One should just replace 
afg(arr) by ah(arr), 

(8) 

where 

(9) 

Here PA(b, z) is the nuclear density which depends on the impact parameter band the longitu­
dinal coordinate z. One can eikonalize Eq. (2) because a fluctuation with a "frozen" transverse 
size is an eigenstate of interaction [15]. 

Eq. (8) shows how the interference effects work versus kr. At small rr the exponent 
aqq(arr)T(b)/2 « l since aqq(arr) is small. Therefore, one can expand the exponential 
and the cross section turns out to be proportional to A. This is the Bethe-Heitler limit for 
bremsstrahlung. In the opposite limit aqq(arr)T(b)/2 » l one can neglect the exponential 
for b :5 RA and the cross section (8) is proportional to A 213 • This is the limit of full coherence 
when the whole row of nucleons with the same impact parameter acts like a single nucleon. As 
the gluon transverse momentum is related to the inverse of rr, one could expect that the limit 
of maximal coherence is reached for small kr, and the Bethe-Reitler limit for large kr. The 
situation is, however, more compljcated as discussed in the next section. 

Gluon radiation is described by the diagrams [16] shown in Fig. 2. 
The radiation cross section for a nucleon target and the nuclear effects [12] look similar to 

those ofEqs. (2) - (8) 

da:~~n~tq) =2 j d2b j d2rr j'119q(a,rr)l2 {1-exp[-~a9qq{r1,r2)T(b)]}, (10) 

where \JI gq( a, fr) is the wave function of a quark-gluon fluctuation which has the same form as 
in Eq.(3), but with the replacements -y* => g, aem => 4a.,,/3 and m,,. => m 9 • We keep the gluon 
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• 
Figure 2: Feynman graphs for gluon bremsstrahlung of an interacting quark . 

mass nonzero in order to simulate the possible effects of confinement on gluon bremsstrahlung. 
a gqq is the interaction cross section of a colorless gqq system with a nucleon [ 17], 

agqq(r1,f'2) = ~{ aqq(r1) + aqq(r2) }-1 aqq(r1 - f'2)' (11) 

where f'i and T2 are the transverse separations gluon - quark and gluon - antiquark respectively. 
In the case of gluon radiation, i.e. Eq. (10), f'i = f"T and T2 = (1 - a)f"T. 

Although Eq. (10) looks simple, it includes the effects of quark and gluon rescattering in the 
nucleus to all orders. 

3 The transverse momentum distribution 

3.1 Electromagnetic radiation 

The transverse momentum distribution of photon bremsstrahlung in quark-nucleon interac­
tions integrated over the final quark transverse momentum reads (see Appendix A), 

d3aN(q ➔ q"() l jd2 d2 [·k- (- -)]•T•* ( -),T, ( -) (- - ) d(lna)d2kT = (21r)2 r1 r2exp i T r1-r2 ~-yq a,r1 ~-yq a,r2 a7 r1,r2,a ·,: 

(12) 
where 

a7(r1, T2, a)=½{ aqq(ar1) + aqq(ar2) - aqq[a(r1 - T2)]}. (13) 

By integrating over kT one obviously recovers Eq. (2), since a7(r, r, a) = aqq(ar). 
For a « l one can use the dipole approximation for the cross section, i.e. one can set 

aqq(p) = C p2 • Moreover, this approximation works also rather well at larger interquark sepa~ 
rations, even for hadronic sizes [18]. For the latter the cross section is proportional to the mean 
radius squared. Therefore, we use the dipole approximation for all cases considered. Then (13) 
simplifies to 

( - - ) C 2 - -a7 r1,r2,a ~ a r1 ·r2, (14) 
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and we can explicitly calculate the kr distribution (12), 

d3a!j. ( q ➔ q"f*) 

d(lno:) d2kr 

d3af (q ➔ q"f*) 

d(lno:) d2kr 

4 O:em C o:2(1 - o:)2 m;. k} 
7r2 (k} + t2)4 

(16) 

Note that for small o: (15) and (16) vanish like o:2. This could have been expected since elec­
tomagnetic bremsstrahlung is known to be located predominantly in the fragmentation regions 
of colliding particles rather than at midrapidity . 

. In the case of a nuclear target the transverse momentum distribution has to be modified by 
eikonalization of (12) (see Appendix A), 

where 

E-y(f'1, f'2, o:) = J d2b{ 1 +exp[-~ agq[o:(f'1 - ~)] T(b)] 

- exp[-~aqq(o:r1)T(b)]-exp[-~aqq(o:r2)T(b)]} (18) 

The fluctuation wave functions in ( 17) can be represented using (3) in the form 

I: w;.g(r1,o:)wr~.q(f°2,o:) = 
in,f 

+ 

where we average over the initial quark polarization and sum over the final polarizations of quark 
and photon. 

At first glance, one could think that the kr distribution is not modified by the nucleus in the 
case ti » RA, since the fluctuation is formed long before the nucleus and the quark interact. 
This is, however, not the case. Due to color filtering [19] the mean size of qq dipoles surviving 
propagation throughJhe nucleus decreases with A. Correspondingly, the transverse momentum 
of the photon increases. In other words, a heavier nucleus provides a larger momentum transfer 
to the quark, hence it is able to break up smaller size fluctuations and release photons with larger 
kr. 

Note that one can also calculate the distribution with respect to the transverse momentum PT 
of the final quark integrating the differential cross section over the photon momentum kr. The 
result turns out to be the same as (I 2) and ( 17) with the replacement o: ⇒ 1 - o:. 

We also calculated the nuclear dependence of the differential cross section ( 17) - ( 18) using 
the dipole approximation for aqq(r). The details of the necessary integration can be found in 
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Appendix B. As usual, we approximate the cross section by an An-dependence. The power n is 
then defined by 

d { In [ d3 
aA ( q -+ q-y) / ( d(lna) d2 kr)] } 

n(kr, a) = d(lnA) (21) 

This power can also be A dependent. We performed calculations for A = 200. To simplify 
these calculations, we used the constant density distribution, PA(r) = po8(RA - r) with Po = 
0.16fm-3 • 

First of all, we calculated n( kr, a) for Drell-Yan lepton pair production at m-.• = 4 Ge V. 
The results are shown in Fig. 3 for transversely and longitudinally polarized virtual photons (the 
two components can be extracted from the angular distribution of the lepton pairs). We see that 

1.4 

j Drell-Yon transverse Drell-Yon longitudinal ---. 1.2 
c:s 
~ 

1.0 I 0.5 
~ 

0.5 

~ 1 0.8 

0.8 

0.6 C: 
0.1 0.1 10 

kT (CeV) kT (GeV) 

Figure 3: The exponent (21) of the atomic number dependence parameterized as An versus kr 
and a for transversely (left figure) and longitudinally (right figure) polarized virtual photons. 

n < l for kr < l GeV, i.e. the Drell-Yan pair production is shadowed by the nucleus. The 
shadowing is stronger for larger a [12]. Shadowing in the Drell-Yan process was first observed 
by the E772 Collaboration [20]. Their effect is, however, much weaker which can easily be 
explained because for Fermilab energies the radiation time (1) is quite short compared to the 
nuclear radius. This fact is taken into account in [12] by means of nuclear formfactor. Then the 
data can be described quite nicely. (See also [21].) 

An interesting result contained in Fig. 3 is the appearance of an antishadowing region for 
kr > l GeV. This is the first case in which the coherence effects enhances rather than suppresses 
the radiation spectrum. It originates from an interference effect which is not noticeable for the 
integrated quantities. · 

Nuclear antishadowing is especially strong for longitudinal photons and kr ~ 1.5 - 2 GeV. 
Color filtering in nuclear matter changes the angular distribution ofDrell-Yan pairs and enhances 
the yield of longitudinally polarized dileptons. The nontrivial behaviour of n for longitudinal 
photons at small kr is due to the dip at kr = 0 in the differential cross section for a nucleon, see 
Eq. (16) . This minimum is filled by multiple scattering of the quark in the nucleus leading to 
an increase of n(kr = 0) and a strong A-dependence of n(kr = 0). (Formally, for longitudinal 
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photons n(kr = 0) goes to infinity for A = l, because the proton cross-section at kr = 0 is 
zero). 

Note that nuclear enhancement of Drell-Yan pair production at large kr was also observed 
experimentally [20]. However, as was mentioned, these data were taken in the kinematical region 
of the BetheaHeitler regime, i.e; ti « R.4. Therefore, they cannot be compared with our 
calculations. In fact the observation was explained quite satisfactory in [21]. 

The kr-dependence of n is expected to be nearly the same for different dilepton masses, 
down to the mass range probed in the CERES experiment at SPS CERN. However, the nuclear 
effects tum out to be quite different for real photons. Our results are shown in Fig. 4. In order 

1.4 

Prompt photons 

---- 1.2 ~ 
~ 

~ 1.0 

~ 
0.8 

0.6 -+------.--~..--......-......,....~----,-.....-.....-................. ....-1 

0.1 10 

kr (CeV) 

Figure 4: The same as in Fig. 3, but for real photons. 

to compare with experimental dilepton cross sections and prompt photon production rates our 
results have to be convoluted with the quark distribution function for the projectile proton. Since 
the electromagnetic radiation steeply falls off with decreasing a (proportional to a2 , see (15) -
(16)), the convolution effectively picks out large values of a where the nuclear effects are in tum 
expected to be large. Detailed calculations and comparisons with data are postponed to a later 
publication. 

3.2 Gluon radiation 

Now w1a can discuss bremsstrahlung in the non-Abelian case. Summing up the diagrams in 
Fig. 2 we get in impact parameter representation 
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where (see Appendix A) 

ag(f1, f:i, a)= ½{ 0'9qq(r1, f1 - ar2) +a9gg{f2, f:i- ari)-O'qq[a(r1 -f2)]-a99 (r1 -r':!)}. 
(23) 

Here a99 (r) = ~ O'qq{r) is the total cross section of a colorless gg dipole with a nucleon. 
Note that (23) reproduces several simple limiting cases: 

1.) O' 9 ( f 1 , f 2, a) vanishes if either of r1 or r2 goes to zero, which expresses the fact that a 
point-like quark-gluon fluctuation cannot be resolved by any interaction. To show this limiting 
behaviour one simply has to insert e.g. for f2 = 0 the two relations a 9qq ( f1, f1) = 199 ( f1) and 
a9qq(O, -af1) = O'gg{-af1) = agg{afi). (Quark and antiquark at the same point in space act 
like a gluon etc.) 
2.) For a --+ 1 the quark-gluon separation tends to zero and (23) transforms into (13). On the 
other hand, at a --+ 0 the quark-antiquark separation vanishes and (23) takes again the same form 
as (13), except that the qq pair is replaced by a gluon-gluon dipole. 

ag(f1, T:!, a) la«l = ½ { 0'99(r1) + 0'9g(r2) - 0'99[(r1 - f:i)]} = ~ O''")'• (f1, T:!, a) la=l . (24) 

We use the dipole approximation O'qq(rT) ~ Cr}, which is well justified in this case since 
the mean transverse quark-gluon separation is small at small a. In this case (23) and (11) lead to 

a 9 (r1,f':i,a) ~ [a2 + ~(1- a)] Cf1 · f:i (25) 

This expression coincides with (14) up to the factor (1 + 9(1- a)/(4a2)]. Therefore, we can use 
the results (15) - (16) obtained for photon bremsstrahlung which for a--+ 0 lead to 

d3a!J (q--+ qg) I 6 Ca8 k} + m! 
d(lna) d2kT a«l ~ ~ (k} + m~)4 

(26) 

d3af (q--+ qg) I ~ 12 C ct8 m~ k} 
d(lna) d2kT . a«l ':-' 1r2 (k} + m~) 4 

(27) 

In contrast to photon bremsstrahlung this cross sections do not vanish for a --+ 0. This is a 
consequence of the hoti-Abelian nature of QCD [16]. The radiating color current propagates 
through the whole rapidity interval between the projectile and the target providing a constant 
gluon density (26) - (27) with respect to rapidity. 

Eikonalization of the cross section (22) results in, 

d3aA(q--+ qg) 1 / 2 2 -
d(lna) d2kT = (21r)2 d r1 d r2 exp(ikT(f1 - r:i)]w;q(a, f1) '119q(a, r':!) Eg(f1, f2, a), 

(28) 
where 

E 9 (r1,r:i,a)·= j d2b{exp[-½agq[a(f1 -r':!)l] +exp[-½a99 (f1 -f:!)T(b)] 

exp [-½a9gg{f1, f1 - ar2) T(b)] - exp [-½a9qq('r2, f:i - ar1) T(b)]} (29) 

.132 

_ ..... 



In the limit o: « 1, which is of practical interest at high energy (23) transforms to the form 
of (24) and Eq. (29) simplifies to 

:Eg(f'1,fi,o:)l
0
« 1 = J d2b{l+exp[-iugg(f'1:-fi)T(b)] 

exp[-iagg(f'i)T(b)]-exp[-~ugg(ri)T(b)]} (30) 

Note that the transverse momentum distribution for gluon radiation was calculated previously in 
[11] in the limit o: ➔ 0 and mq = mg = 0. Our results (28), (30) agree with that. in [11] in this 
limit. 

· In (30) we make use of the fact that at zero· ijq separation a gijq-system interacts like a pair 
of gluons, D"gqq(r, r) = ugg(r) = (9/4)uqq(r). Therefore, (28) - (29) can be calculated in the 
same way as (12) - (17) in the electromagnetic case at o: = 1 (see Appendix B), except that the 
fluctuation wave functions must be taken at o: = 0. We assign an effective mass to the gluon, 
either of the order of the inverse confinement radius, mg ::::: 0.15 GeV, or in accordance with 
the results of lattice calculations for the range of gluon-gluon correlations [22] of size m9 = 
0.75 GeV. We sum over the polarization of the emitted gluon. The numerical results are plotted 
in Fig. 5. They are qualitatively similar to those for photon radiation (see Fig. 3): shadowing at 

1.2 
Gluons --.. cx=O 

C 1 . 1 

II 
~ 1.0 
e:. 
~ 0.9 

~ 
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0.7 
0.1 1 10 

kr (CeV) 

.· Figure 5: The same as in Fig. 3, but for gluons at o: = 0 for different effective gluon masses. 

small and antishadowing at large kr. However, the effect of antishadowing is more pronounced 
for light gluons. 

Antishadowing of gluons results in antishadowing for inclusive hadron production, which is 
well known as Cronin effect [23]. Although it was qualitatively understood that the source of this 
enhancement is multiple interaction of the partons in the nucleus, to our knowledge no realistic 
calculation taking into account color screening was done so far. We expect that the Cronin effect 
disappears at very large kr, which would actually be in accordance with available data [24]. For 
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a honest comparison with these data, one has to relate the kT of the gluon to that of the produced 
hadron, a step which lies not within the scope of this paper. 

4 Conclusions and discussion 

The main results of the paper are the following. 

• The factorized light-cone approach [12] for the analysis of radiation cross sections was 
extended to treat the kr dependence, and was applied both to photon (real and viqual) and 
gluon bremsstrahlung. 

• The effects of coherence which are known to suppress radiation at long formation times, is 
only effective for small kT. At kT > 1 GeV the interference instead actually enhances the 
radiation spectrum. This was indeed observed for dilepton and inclusive hadron production 
off nuclei (Cronin effect). The enhancement of radiation by the coherence effects turns 
out to vanish at very large transverse momenta kT ;::: 10 GeV. This was also observed in 
hadroproduction . 

• suppressioµ and enhancement of radiation by the effects, of coherence are quite different 
for transversely and longitudinally polarized photons. Both contributions can be separated 
by measuring the angular distribution of the_produced dileptons. 

Note that we use Born graphs shown in Figs. 1 - 2 to derive expressions (2) and others having 
a factorized form. As a result of Born approximation the dipole cross section uqq(p) is energy 
independent. It is well known [29] that the higher order corrections lead to a cross section rising 
with energy. HERA data suggest that this energy dependence is correlated with the dipole size 
TT. Therefore, the parameter C ( s) can be parameterized as 

C(s) = Co (:
0

) t.(rT) (31) 

where so= 100GeV2
, C0 ~ 3. The power D.(TT) grows with decreasing TT, This dependence 

is extracted from an analysis of HERA data in [25] 
Our results obtained for the radiation by a quark interacting with a nucleus are easily adapted 

to proton-nucleus collisions by convolution with the quark distribution in the proton. 
We plan also to extend our analysis to relativistic heavy ion collisions. The condition we use, 

t f » RA is poorly satisfied at present fixed target accelerators, but are well justified at RlflC or 
LHC. Indeed, if s N N is the total N N collision energy squared, for a gluon(photon) radiated at 
central rapidity, 

3kT 
a= V8NN 

V8NN 
ti= mNkT · 

(32) 

(33) 

We conclude that at RlflC or LHC energies a«: 1 and that gluons with a few GeV transverse 
momentum are radiated far away from the nucleus, i.e. t1 » RA, Thus our calculations should 
be directly applicable. 
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Appendix A 

In this section we illustrate how to eikonalize the differential cross section in the case of a 
nuclear target and for the example of electomagnetic bremsstrahlung of an electron. The latter is 
described as propagating in a stationary field U(x), where xis a three-dimensional vector. 
, ,: , . The differential cross section reads, 

(A.1) 

where kr and PT are the transverse momenta of the photon and the electron in the final state. 
: ·The radiation amplitude for a transversely polarized massive photon 1* (w2 = k2 + m;.) 

has the form, 

(A.2) 

where ti= 'Yo'Y are the Dirac matrices, and the wave functions w(x,p1,2 ) of the initial and final 
electron, are solutions of the Dirac equation in the external potential U(x), 

(A.3) 

The upper indices"-" and"+" in (A.2) indicate that for the initial and final states the solutions 
contain in addition to the plane wave also an outgoing and incoming spherical wave respectively. 

If the energy is sufficiently high, t:1,2 » m, U it is natural to search for a solution of (A.3) 
in the form of a polynomial expansion over powers of 1/e (e = t:1,2 ), 

00 

w(x,jl) = I: wn(x,jl)' 
n-0 

(A.4) 

Note that in the case of radiation of a longitudinally polarized photon it is sufficient to take 
into account only the main ('110 ) which has a form, 

·- . u(jl) 
Wo(x,jl) = e•Pr f(x,jl) rn: , 

v2e 
(A.5) 

where u(.t>1,2) is the 4-component spinor corresponding to a free electron with momentum p1,2, 
and the scalar function f ( x, jl) is a solution of the equation, 
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In the case of radiation of transversely polarized photons it is known [26] that the two first 
terms in expansion (A.4) are important. Their sum can be represented in the form, of Furry 
approximation, W F [27] 

·-- ( i&'\7) !(- ;;'\ u(p) Wo+W1=Wp=e•px 1-2€ x,p,./2i.. (A.7) 

One can estimate the accuracy of the Furry approximation using the following relations, 

W - Wp = 8\J! = ei# iP(x,p), 

where iP( x, p) satisfies the equation, 

(A.8) 

[ ~ + 2ift · fJ - 2E U(x) + i&. fJ U(x)] iP(x,jj') = -;€ ( & . fJ U(x)) ( & . fJ f(x,jj')) (A.9) 

It turns out that this correction to the Furry approximation for the electron wave function is 
of the order of fj I€ in the bremsstrahlung cross section. 

It is convenient (see below) to chose the axis z along the momentum of the radiated photon. 
In this case one can represent the Furry approximation (A.7) for the functions IJ!+(x,pi) and 
w-(x,p2) in the form, 

• A +(- - ) u(p1) wt(x,p1) = e•P1Z D1 F X,P1 ~' 

0 

A -(- _)u(p2) wi;(x,p2) = e•P
2

Z D2 F X,P2 ~ ' 

where 

b1,2 = 1 
_ i 5 · fJ _ &(ft1,2 - np1,2) . 

2 €1,2 2 €1,2 ' 

ii 
k 

= - . 
k' 

z = 'n-X; 

P1,2 = lft1,2I . 

In this case the functions F(x, p) and f (x, p) are related as, 

F(x,p) = exp(ipx - ipz) f(x,p). 

Therefore, F(x,p) = F±(x,p) has to satisfy the equation, 

( ~ + 2ip 1z - 2EU(x)) F(x,jj'). 

(A.10) 

(A.11) 

(A.12) 

(A.13) 

(A.14) 

The characteristic longitudinal distances in the problem under consideration XL ~ Ejm2 are 
much longer than the typical transverse distances xr ~ 1/m [26]. Therefore, in the Laplacian 
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l::i. = cF / dz2 + ( d / dx) 2 one can drop the first term cF / dz2• Then ( A.14) takes the form of the· 
two.-dimensional Schrodinger equation, 

i :z F(x,ff) = [- ~; + U(x)] F(x,ff), (A.15) 

where p = IP1- We define p± in accordance with the asymptotic behavior, 

(A.16) 

p-(x,ff2)I ➔ eiP2TT. 
z-+z+=+oo 

(A.17) 

Here we introduced new notations for transverse, r = XT, and longitudinal, z = XL, coordinates. 
It follows from (A.15)-(A.17) that these functions can be represented in the form, 

(A.18) 

F~*(x, th) = J d3r 2 G(z+, T2; z, f1p2 ) e-iv2T r2 , (A.19) 

where G(z2, T2; z1, r1 lff) is the retarded Green function corresponding to Eq. (A.15), 

(A.20) 

and satisfying the conditions, 

G(z2,T2;z1,r1lff)I = 8(T2-ri) 
z1=z2 

G(z2, T2; z1, r1lff)I = 0. 
z1>z2 

(A.21) 

It is convenient to chose the axis z along the momentum of the radiated photon. Then 

PlT 
kT 

= a 

P2T 
1-a-

(A.22) = fJT--;-kT, 

where kT and PT are the transverse components of the photon and final electron momenta relative 
to the direction of the initial electron; a is the fraction of the light-cone momentum of the initial 
electron carried by the photon. 

We arrive at the following expression for the radiation amplitude (A.2), 

Mji = 2p(ll-a) J d2r1d2r2d2rdzexp(-iP2TT2)G(z+,r2;z,rlff2) 

exp(i qmin z) I' G(z, r; z_, r1 lff1) exp(i Pl Tri) , 
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where 
am2 m~. 

q +--Qmin = -:-2-:-(1:---_-a---;)-:;E:;-q 2aEq ' (A.24) 

and Eq, mq are the energy and the mass of the projectile quark. In the approximation considered 
in this paper when the fluctuation time substantially exceeds the interaction time, Qmin « 1/ RA 
and can be neglected. 

The vertex function in (A.23) reads, 

f = J1 - au*(JJ°2) D2 ci · e* D1 u(p1) 

= x! [ima(iixo')·e"+a(ax'\7T)·e*-i(2-a)'\7T·e*] x1- (A.25) 

The operator '\7 T = d/ df' acts to the right. x1,2 are the two-component spinors of the initial and 
final electrons. 

In the case of a composite target the potential has to be summed over the constituents, 

U(r, z) = I: Uo(f'- Ti, z - Zi) (A.26) 

and the bremsstrahlung cross section should be averaged over the positions (Ti, zi) of the scat­
tering centres. 

The averaged matrix element squared takes the form, 

00 00 

( I MJ:12} = 2 Re j dz1 I dz2 j d2r1 d2r~ d2r2 d2r~ d'2r d2r' d2 p d2 p' 
-oo z1 

x exp [i P2T (r1 - fS) - i Pl T (r1 - f'1) - iqmin(z2 - z1)] 

x ( G(z+, iS; z2, Pl P2) G*(z+, r1; z2, r' I P2) J 
x f'* ( G(z2, p; z1, f'I P2) G*(z2, r'; z1, Ji I P1) J 
x f ( G(z1, r; z_, fi I P1) G*(z1, ff; z_, r;_ I P1) J , (A.27) 

where f 1 differs from f in (A.25) by the replacement 

- d - I d 
-v = dr => v = dr' · 

The following consideration is based on the representation of the Green function G in the 
form of a continuous integral [28], 

{ 

z2 2 z2 } 

G(z2,rS;z1,fi jp) = j 'Dr(z)exp i; j dz (d:~)) -i j dzU(r(z),z) . , (A.28) 

z1 z1 

where 

r(z1) = f'1, r(z2) = T2, 
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and the relation 
z2 J dz~ Uo(r(z)- ~. z - zi) = ~x(r(zi) - ~) 9(z2 - Zi) 9(zi - z1}, 

z1 i i 

(A.29) 

where x(r) = f~
00 

dz Uo(r, z). 
The mean value of the eikonal exponential is, 

( exp r ~ Ix (r(zi}) - X (r'(zi))] 8(z2 - Zi)9(zi - zi)}) = 

exp {-~ J dzn( z, b)o- [r(z) - r' (z)]} , (A.30) 

where 

a(r- r') = 2 j d2 p [1 - exp (ix(r- p)- ix(r' - p))] , (A.31) 

and n( z, b) is the density of scattering centres. 
Using these relations and performing integration by parts in (A.27), 

00 00 

d(lna)d2PTd2kr (27l')44;;(l - a)2 2Re j dz1 j dz2 j d2bd2p1d2p2 
-oo z1 

x exp [foPtr i>, - iaPir ii, - z dz V(z,P,) -1 dzV(z,;i,)l 

x 92::YiW(z2,J12;z1,P1IP), (A.32) 

The variables in this equation are related to those in (A.27) as, 

-, -
h 

r1 - r1 
= a -, -

P2 
r2 -r2 

a 

b = 1 (-' - ) 
2 r1 + r1 . 

Other variables in (A.27) are integrated explicitly. 
Matrices 9 are related to f in (A.25) by replacement m ⇒ am and d/ dr ⇒ d/ dp. 
Absorptive potential V in (A.32) reads, 

- (1 V(z, p) = n(z, b)2(a • p), 

and W is the solution of either of the equations, 

8 w( - -1) i[~(p'2)-c:
2
]w( - -1) v(- )W( - -1) -8 Z2,p2;z1,p1 P = 2 (l ) Z2,p2;z1,p1 p - p2,Z2 Z2,p2;z1,p1 p , 

~ a -ap 
(A.33) 
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8 wc - -1) i[~(tii)-1o
2

]wc - -1) vc- )W( - -1) --a z2,p2;z1,p1 p = 2 (1 ) z2,p2;z1,P1 p - p1,z1 Z2,p2;z1,P1 p , 
~ a -ap 

(A.34) 
with the boundary condition 

W(z2,i>2;z1,,01IP)I =8(,02-,oi). 
z2=z1 

(A.35) 

Using these equations and the relation, 

[~(,o) - io
2

] Ko(£ l,ol) = -21r8(,o) 

simple but cumbersome calculations lead to a new form for Eq. (A.32), 

(A.36) 

MT 

d(lnn) d2pr d2kr 

where 

2 { oo 
(~)4 Re j dz j d

2
b d

2
p1d

2
P2 d

2
p 

-oo 

x exp [iaP,r h -foft1r pi - ldz' V(z',h) -1 dz' V(z',P1)] 

x w~(,52 - p) [2v(z,,o)- V(z,,oi) - V(z,i>2)] 1I'r(,o1 - p) 
00 00 

2Re j ·dz1 j dz2 J d2b d2 p1d2 p2d2 p~ d2 p; 
-oo z1 

[ 

00 z1 l 
x exp fop2r P2 - infi1r ,01 - [ dz V(z, ,02) - _l dz V(z, ,01) 

X w~(p2 - pn [v(z2,P2) -V(z2,,on] W(z2,~;z1,Pi IP) 

x [v(z1,,oi)- V(z1,,o{)] Wr(,01 - ,o{)}, (A.37) 

~- () Wr(,o) = ~ I' Ko cp . (A.38) 

In the ultrarelativistic limit (p ➔ oo) we have 

W(z-,, h; z,, pi I oo) - J(P:, - P1) exp [-l dz V(z, h)l (A.39) 

The integrations over z, z1, z2 in (A.37) can be performed analytically, and we arrive at the 
expression 

d(lnn) d2pr d2 kr 

MT 
= (2:)4 j d2r1d2r2d2rexp[inr(h+kr)+i(r'i-T2)kr] 

X ?pr(ri) '!jJi,(fS) I:,,(r, r1, 'r2, n), (A.40) 
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where 

Ei'(f, f1, T2, a)= E ( a(f + f 1)) +E( a(r- f 2) )-E(ar) - E( a(r + f 1 - T2)) , (A.41) 

and 

(A.42) 

The derivation of the correspondent expressions for gluon bremsstrahlung is done analo­
gously. We skip the details and present only the results. 

Eg(r, fi, T2, a) = E1(f, fi, T2, a)+ E2(r, fi, T2, a) - E3(r, fi, T2, a) - E4(r, fi., T2, a) , 

where 
(A.43) 

Ei(r, f1, T2, a) = j d2b { 1 - exp[-½ o-i(r, fi., T2, a) T(b)]} ; (A.44) 

0-1 (r, f1, T2, a) = ~ [o-(r+ (1- a)T2) +o-(ri)]-½o-(r+ afi); (A.45) 

~ [o-(r - (1 - a)T2) + o-(T2)] - ½o-(r + aT2) ; (A.46) 

o-(ar) ; (A.47) 

o-2(f', f1, T2, a) = 
o-3(r, fi., T2, a) = 

o-(r- a(fi. - T2)) + ~o-(r + (1 - a)(fi - T2)) + ~ [o-(fi) + o-(T2) 

o-(r + (1 - af'1 + OT2) - o-(r - (1 - OT2 + af1)] . (A.48) 

o-4(f', f1, T2, a) = 

This expression simplifies and gets the form of (29) if one integrates in (A.40) over transverse 
momentum 'PT of the quark. Note that the last cross section o-4(r, f'1, f'2, a) is the total cross 
section for a colorless system of two gluons, quark land antiquark interacting with a nucleon 
(compare with (11)). Here fj_ and T2 are the transverse separations inside the qg and ijg pairs and 
f is the transverse distance between the centers of gravity of these pairs. 

AppendixB 

In order to calculate Eqs. (17) - (18) in the dipole approximation O-q;; = C r 2, we need to 
evaluate integrals of two types: 

11 = (2!)2 j d2 r1 d2r2 exp [ikr (fi. - ~)] 

x Ko(cri)Ko(cr2) exp {- i (frf + hr? - 2gfiT2)} ; (B.l) 

and 
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Here we use the notation, 

CTqq(p)T(b) 1(12 h2 --) -
2
- = 4 r 1 + r 2 - 2gr1r2 . (B.3) 

We use the integral representation for the modified Bessel functions, which reads 

1 Joo dt { £2r2 } Ko(cr) = - - exp -t- - · 
2 t 4t ' 

0 

(B.4) 

1 1 Joo dt { c
2
r

2
} -K1(cr) = - - exp -t- - . (B.5) 

Er 4 t2 4t 
0 

After substitution of (B.5) and (B.7) into (B.l) and (B.2) and making use of the following 
obvious relations, 

h 

= 

one arrives at, 

where 

h 

= 

4 (;1r)2 J d2
r1d

2
r2 exp { ikr(r\ - r:i) 

- i (arf + er~ - 2bri'1'2)} 

1 { k} ( a + e - 2b) } --~ exp - -=----- · 
(ae - b2 ) (ae - b2 ) ' 

16 (~1r)2 J d2
r1d

2
r2 (fi'1'2) exp {ikr{r1 - '1'2) 

- i (ad+ er~ - 2br1T2)} 

[ 
. 1 bk}( a + e -. 2b)] { k}( a + e - 2b) } -,---~ - ~,---------:.,....,,...-- x exp - ~---=--

( ae - b2)2 (ae - b2)3 ae - b2 · 

11 

12 

J dt du t u exp(-u - t) h' 

2 J dtdu 
E t2 u2 exp(-u - t) l4; 

(B.6) 

(B.7) 

(B.8) 

£2 £2 
a = - + f, e = - + h, b = g. (B.9) 

t u 
Thus, for the general case in addition to the integration over the impact parameter one has to 

evaluate numericaly a two-dimensional integral over dt and du. 
The situation is simplified in the case of photon bremsstrahlung, when integration for the 

three exponentials in (17) correspond to the following values of the parameters, respectively, 

f = g = 0, h = 2ca:2 T(b); 
h = g = 0, f = 2ea2 T(b); (8.10) 
f = h = g = 2ca:2 T(b). 

In this case Eqs. (B.7) and (B.7) are reduced to one-dimensional integrals. 
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Abstract 

We introduce a nonperturbative interaction for light-cone fluctuations containing quarks 
and gluons. The qq interaction squeezes the transverse size of these fluctuations in the 
photon and one does not need to simulate this effect via effective quark masses. The strength 
of this interaction is fixed by data. Data on diffractive dissociation of hadrons and photons 
show that the nonperturbative interaction of gluons is much stronger. We fix the parameters 
for the nonperturbative quark-gluon interaction by data for diffractive dissociation to large 
masses (triple-Pomeron regime). This allows us to predict nuclear shadowing for gluons 
which turns out to be not as strong as perturbative QCD predicts. We expect a delayed 
onset of gluon shadowing at x $ 10-2 shadowing of quarks. Gluon shadowing turns out to 
be nearly scale invariant up to virtualities Q2 ~ 4 Ge V2 due to presence of a semihard scale 
characterizing the strong nonperturbative interaction of gluons. We use the same concept 
to improve our description of gluon bremsstrahlung which is related to the distribution 
function for a quark-gluon fluctuation and the interaction cross section of a qqG fluctuation 
with a nucleon. We expect the nonperturbative interaction to suppress dramatically the gluon 
radiation at small transverse momenta compared to perturbative calculations. 

1 Introduction 

The light-cone representation introduced in [l] is nowadays a popular and powerful tool to 
study the dynamics of photo-induced (real and virtual) reactions. The central concept of this 
approach is the non-normalized distribution amplitude of ijq :fluctuations of the photon in the 
mixed (p, a) representation, where p is the transverse ijq separation and a is the fraction of 
the light-cone momentum of the photon carried by the quark (antiquark). For transversely and 
longitudinally polarized photons it reads [l, 2], 

wf/(p,a) = ~ x.8T,LxKo(Ep). (1) 

Here x and x. are the spinors of the quark and antiquark respectively. Ko(Ep) is the modified 
Bessel function, where 

£
2 = a(l - a)Q2 + m~ . 

This is a generalization of [1, 2] to the case of virtual photons [3, 4]. 
· The operators QT,L have the form, 

(2) 

(3) 

•Phys. Rev. D62 (2000) 054022. Copyright© 1999 The American Physical Society. Reproduced by pennission 
of the APS. 
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0L=2Qa(1-a)cJ•n, (4) 

where the dimension-two operator VP acts on the transverse coordinate p; n = p/p is a unit 
vector parallel to the photon momentum; e is the polarization vector of the photon. 

The advantage of the light-cone approach is the factorized form of the interaction cross 
section which is given by the sum of the cross sections for different fluctuations weighted 
by the probabilities of these Fock states [5, 3, 6]. The flavor independent color-dipole cross 
section crqq first introduced in [5] as dependent only on transverse iJ.q separation p. It-vanishes 
quadratically at p -+ 0 due to color screening, 

crqq(p, s)I = C(p, s) p2 
, 

p-+0 
(5) 

where C(p, s) is a smooth function of separation and energy. In fact, C(p, s) also depends on 
relative sharing by the iJ. and q of the total light cone momentum. We drop this dependence in 
what follows unless it is important (e.g. for diffractive gluon radiation). It was first evaluated 
assuming no energy dependence in pQCD [5, 7] and phenomenologically [8] at medium large 
energies and p's and turned out to be C:::::: 3. There are several models for the function C(p, s) 
(e.g. in [9, 10, 11]), unfortunately neither seems to be reliable. In this paper we concentrate 
on the principal problems how to include nonperturbative effects, and do not try to optimize 
the form of the cross section. For practical applications it can be corrected as soon as a more 
reliable model for C(p, s) is available. We modify one of the models mentioned above [10] 
which keeps the calculations simple to make it more realistic and use it throughout this paper. 

The distribution amplitudes (1) control the mean transverse iJ.q separation in a virtual photon, 

1 
( 2) --;-:---,, 2. 
P ~ a(l - a)Q2 + mq 

(6) 

Thus, even a highly virtual photon can create a large size iJ.q fluctuation with large probability 
provided that a (or 1- a) is very small, aQ2 ~ m~. This observation is central to the aligned­
jet model [2]. Atsmall Q2 soft hadronic fluctuations become dominant at any a. In this case 
the perturbative distribution functions (1) which are based on several assumptions including 
asymptotic freedom, are irrelevant. One should expect that nonperturbative interactions modify 
(squeeze) the distribution of transverse separations of the iJ.q pair. In Section 2.1 we introduce a 
nonperturbative interaction between the quark and antiquark into the Schrodinger type equation 
for the Green function of the iJ.q pair [12, 13, 14]. The shape of the real part of this potential 
is adjusted to reproduce the light-cone wave function of the p-meson. We derive new light­
cone _ distribution functions for the interacting iJ.q fluctuations of a photon, which coincide 
with the known perturbative ones in the llmit of vanishing interaction. The strength of the 
nonperturbative interaction can be fixed by comparison with data sensitive to the transverse size 
of the fluctuations. The observables we have chosen in Section 2.2 are the total photoabsorption 
cross sections on protons and nuclei and the cross section for diffractive dissociation of a photon 
into a iJ.q pair. 

For gluon bremsstrahlung we expect the transverse separation in a quark-gluon fluctuation 
to be of the order of the typical color correlation length ~ 0.3 fm obtained by several QCD 
analyses [15] - [17]. This corresponds to the radius of a constituent quark in many effective 
models. To the extend that the typical q - G separation is smaller than the iJ.q one we expect 

146 



gluon radiation to be suppressed. This results in particular in a suppression of diffractive gluon 
radiation, i.e. of the triple-Pomeron coupling, which is seen indeed in the data. 

In Section 3.1 we assume a similar shape for the quark-gluon potential as for the ij_q one, but 
with different parameters. A new light-cone distribution function for a quark-gluon fluctuation 
of a quark is derived, which correctly reproduces the known limit of perturbative QCD. 

Comparison with data on diffractive excitations with large mass fixes the strength of the 
nonperturbative interaction of gluons. An intuitive physical picture of diffraction, as well 
as a simple calculation of the cross sections of different diffractive reactions is presented in 
Appendix A. A more formal treatment of the same diffractive reactions via calculation of 
Feynman diagrams is described in Appendix B. 

A crude estimate of the interaction parameters is given in Section 3.1.1 within the additive 
quark model (AQM). For this purpose the cross section of diffractive gluon radiation by a 
quark, q N -+ qG N, is calculated in Appendices A.2 and B.1, based on general properties of 
diffraction (Appendix A.1) and the direct calculation of Feynman diagrams. 

Quite a substantial deviation from the results for the AQM is found in Section 3.1.2 and 
Appendix C where the diffractive excitation of a nucleon via gluon radiation, N N -+ X N 
is calculated. The high precision of the data for this reaction allows to fix the strength of the 
nonperturbative interaction of gluons rather precisely. 

The cross sections of diffractive gluon radiation by mesons and photons are calculated 
in Appendices A.3 and B.2. In Section 3.1.3 we compare the values of the triple-Pomeron 
couplings (calculated in Appendix C) for diffractive dissociation of a photon and different 
hadrons and find a violation of Regge factorization by about a factor of two. 

Our results for the cross section of diffractive dissociation 'Y* N -+ q ij_ G N in the limit of 
vanishing nonperturbative interaction can be compared with previous perturbative calculations 
[18, 19]. In this limit we are in agreement with [19], but disagree with {18].f lbe source of 
error in [18] is the application ofEq. (A.6) to an exclusive channel and a renormalization recipe 
based on a probabilistic treatment of diffraction. 

Diffractive radiation of photons is considered in Appendices A.4 and B.3. It is shown 
that no radiation occurs without transverse momentum transfer to the quark (in contrast to 
gluon radiation). Therefore, the cross section for diffractive production of Drell-Yan pairs is 
suppressed compared to the expectation of [20] which is also based on an improper application 
of Eq. (A.6) to an exclusive channel. 

Section 3.2 is devoted to nuclear shadowing for the gluon distribution function at small x. 
Calculations for many hard reactions on nuclei (DIS, high PT jets, heavy flavor production, etc.) 
desperately need the gluon distribution function for nuclei which is expected to be shadowed 
at small x. Many approaches [21]-[31] to predict nuclear shadowing for gluons can be found 
in the literature (see recent review [32]). Our approach is based on Gribov's theory of inelastic 
shadowing [33] and is close to that in [30, 31] which utilizes the results [34, 35] for the gluonic 
component of the diffractive structure function assuming factorization and using available data. 
Instead, we· fix the parameters of the nonperturbative interaction using data on diffraction of 
protons and real photons. Besides, we achieved substantial progress in understanding the 
evolution of diffractively produced intermediate states in nuclear matter. 

Nuclear suppression of the gluon density which looks like a result of gluon fusion G G -+ 

G in the infinite momentum frame of the nucleus, should be interpreted as usual nuclear 

t1n spite of the claim in (19) that their result coincides with that of [18), they are quite different. We are thankful 
to Mark Wiisthoff for discussion of this controversy. 
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shadowing for the total interaction cross section of fluctuations containing a gluon if seen in 
the rest frame of the nucleus. We perform calculations for longitudinally polarized photons 
which are known to be a good probe for the gluon distribution function. Although the physics 
of nuclear shadowing and diffraction are closely related, even a good knowledge of single 
diffractive cross section and mass distributions is not sufficient to predict nuclear shadowing 
completely, but only the lowest order shadowing correction. A technique for inclusion of 
the multiple scattering corrections was developed in [12, 13] which includes evolution of the 
intermediate states propagating through the nucleus. These corrections are especially important 
for gluon shadowing which does not saturate even at very small x in contrast to shadowing 
of quarks. In Section 3.2.1 we find quite a steep x-dependence of gluon shadowing at Q2 ~ 
4GeV2 which is rather weak compared to what have been estimated in [30, 31]. Shadowing 
starts at smaller values of x < 0.01 compared to the shadowing of quarks. Such a delayed 
onset of gluon shadowing is a result of enlarged mass of the fluctuations containing gluons. 

As soon as our approach incorporates the nonperturbative effects we are in position to 
calculate shadowing for soft gluons as well. This is done in Section 3.2.2 using two methods. 
In hadronic basis one can relate the shadowing term in the total hadron-nucleus cross section 
to the known diffractive dissociation cross section. This also give the scale for the effective 
absorption cross section. A better way is to apply the Green function approach which includes 
the nonperturbative gluon interaction fixed by comparison with data for diffraction. With both 
methods we have arrived at a similar shadowing, but the Green function approach leads to a 
delayed onset of shadowing starting at x < 0.01. We conclude that gluon shadowing is nearly 
scale independent up to Q2 ~ 4 Ge V2. 

The nonperturbative interaction of the radiated gluons especially affects their transverse 
momentum distribution. One can expect a substantial suppression of radiation with small 
kT related to large transverse separations in quark-gluon fluctuations of the projectile quark. 
Indeed, in Section 3.3 we have found suppression by almost two orders of magnitude for 
radiation at kT = 0 compared to the perturbative QCD predictions. The difference remains 
quite large up to a few Ge V of momentum transfer. Especially strong nonperturbative effects 
we expect for the kT-distribution of gluon bremsstrahlung by a quark propagating through a 
nucleus. Instead of a sharp peak at kT = 0 predicted by pQCD [36] now we expect a minimum. 

2 Virtual photoproduction of quark pairs 

2.1 Green function of an interacting quark-antiquark pair 

Propagation within a medium of an interacting ijq pair which has been produced with 
initial separation p = 0 from a virtual photon at a point with longitudinal coordinate z1 and 
developed a separation pat the point z2 (see Fig. 1) can be described by a light-cone Green 
function Gqq{z1,P1 = 0;z2,P2 == p). The evolution equation for this Green function was 
studied in [12]-[14]*, 

. d G ( - - ) [ €2 - !:ip TT ( - )] G ( - - ) idz
2 

iJq z1,p1;z2,P2 = 2pa(l-a) + vqq z2,p,a iJq z1,p1;z2,P2 . (7) 

four Green function is related to that in [12] by 
Gqq(z1, iii = O; z2, P2 = p) = exp[-ii?(z2 - z1)/2po:{1 - o:)) W(z1 ,Pi = O; z2,P2 = p) 
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q 

Figure 1: Illustration for the Green function Gqq(z1 , p1 = O; z2, P2 = p) for an interacting ijq 
fluctuation of a photon, as defined by Eq. (7). 

Toe first term on the r.h.s. is analogous to the kinetic term in a Schrodinger equation. It talces 
care of the phase shift for the propagating ijq pair. Indeed, the relevant phase factor is given by 
exp[i f~3 dz qL(z)], with the relative longitudinal momentum transfer qL. The latter is defined 
by 

M2(z) + q2 €2 + k} 
qL(z) = 2p = 2pa(l - a:) . (8) 

Here p is the photon momentum; M is the effective mass of the ijq pair (which varies with 
z) and Q2 is the photon virtuality. It depends on the transverse momentum kT of the quark 
(antiquark) which is replaced by the Laplacian, ki- => -1::,.p, in the coordinate representation 
(7). 

The imaginary part of the potential Vqq(z2, p, a:) is responsible for absorption in the medium 
which is supposed to be cold nuclear matter. 

Imv; ( - ) <Tqq(p) ( ) qq z2,p,o: =--
2
-PA z2 . (9) 

Here PA(z) is the nuclear density and we omit the dependence on the nuclear impact parameter. 
<Tqq(P, s) is the total interaction cross section of a colorless ijq pair with a nucleon [5] introduce 
in (5). Eq. (7) with the imaginary potential (9) was used in [12] to calculate nuclear shadowing 
in deep-inelastic scattering. In other applications the quarks were treated as free, what is 
justified only in the domain of validity ofperturbative QCD. 

Our objective here is to include explicitly the nonperturbative interaction between the quarks 
in (7). We are going to rely on a nonrelativistic potential, which, however, should be modified 
to be a function of the light-cone variables p and a:. This general problem is, however, not 
yet solved. Nevertheless, we try to model the real part of the potential based on its general 
properties. Particularly, the ijq pair is supposed to have bound states which are vector mesons. 

It is assumed usually that the wave function of a vector meson in the ground state depends 
on p and a: according to 
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In order for this to be a solution of (7) the real part of the potential should be, 

- a4(a) p2 . 
Re Vqq(z2, p, a)= 2pa(l - a) . (11) 

Unfortunately, no reliable way to fix the form of a( a) is known. A parameterization popular in 
the literature is a(a) = 2 a Ja(l - a), which results from attempts to construct a relativistic 
approach to the problem of a qq bound state ( see [37] and references therein). In this case, 

however, the mean qq separation p oc 1 / J a(l - a) increases unrestrictedly towards the 

endpoints a = 0, 1. Such a behavior contradicts the concept of confinement and should be 
corrected. The simplest way to do so is to add a.constant term to a(a) (the real form of a(a) 
may be quite different, but so far data allow only for a simple two parameter fit), 

a2 (a) = £i5 + 4ai a(l - a) . (12) 

One can roughly evaluate ao by demanding that even at a = 0, 1 the transverse qq separation 
does not exceed the confinement radius, . 

-1 . . 
ao ~ Re ~ AQCD ' (13) 

i.e. ao ~ 200 Me V. Comparison with data (see below) leads to a somewhat smaller value. 
In what follows we study the consequences of the interaction between q and q in the form 

(11)-(12) for the quark wave function of the photon, and we discuss several observables. 
Let us denote .the Green function. of a qq pair propagating in vacuum (Im V = 0) as 

Gqq(z1,p1;z2,ih.). The solution of(7) has the form [38], 

Gqq(z1, p1; z2, ih) = a2(a) { i a2(a) [ 
2 1r i sin(w ~z) exp sin(w ~z) (pr+ p~) cos(w ~z) - 2 Pl . ih] 

i f.
2 

~z } 
2pa(l-a)' (14) 

where ~z = z2 - z1 and 
a2(a) 

w = w(a) = p a(l - a) · (15) 

The normalization factor here is fixed by the condition Gqq(z1, p1; z2, ih.)lz2 =z1 = 82(p1 -ih.). 
Now we are in the position to calculate the distribution function of a qq fluctuation of a 

photon including the interaction. It is given by the integral of the Green function over the 
longitudinal coordinate z1 of the point at which the photon forms the qq pair (see Fig. 1), 

z2 

,T,'!',L(p-a)= iZq~ Jdz1(x8T,Lx)Gqq(z1,p1;z2,ih)j =O·-=p· ':l.':qq ' 41rpa(l - a) P1 'P2 
(16) 

-oo 

The operators QT,L are defined in (4)-(6). Here they act on the coordinate p1. 

If we write the transverse part as 

x 8T x = A + i1 · v Pl , (17) 
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then the distribution functions read, 

where 

wfq(p,a) = Zq~ [Aq,o(e,p,.-\) +Bi1(e,p,.-\)] , 

IJl~q(p,a) = 2Zq~Qa(l - a) x u · ii Xq>o(e,p,.-\), 

The functions q>o,1 in (18)-(19) are defined as 

1 /
00 

;\ [ ;\e
2
p2 ] q,o(e, p, .-\) = 411" dt sh(.-\t) exp --4- cth(.-\t) - t , 

0 

i1(e,p,.-\)= ~? jdt [sh~t)r exp[-;\e:p2 cth(.-\t)-t] 
0 

(18) 

{19) 

(20) 

(21) 

(22) 

Note that the q-q interaction emerges in (18)-(19) through the parameter;\ defined in (20). 
In the limit;\ - 0 (i.e. Q2 

- 0, a is fixed, a =/= 0 or 1) we get the well known perturbative 
expressions (1) for the distribution function~, 

q,o(e,p,;\)I => -
2
1 

Ko(ep), 
.\=0 11" 

(23) 

i1(e,p,.-\))I => 
2
ep K1(ep) = -

2
1 V Ko(ep). 

.\=O 1rp 11" 
(24) 

In contrast to these relations, in the general case, i.e. for;\ =/= 0 

(25) 

In the strong interaction limit ;\ » mg ( or if both ( Q2 , mq - 0)) which is appropriate 
particularly for real photons and massless quarks, the functions q,0,1 acquire again simple 
analytical forms, 

q>o(e,p,;\)j.\-+oo => 4~Ko [½a2(a)p2
] , 

i1(e,p,.-\)j.\-+oo => 
2
;p2 exp [-½a2(a)p2

] 

Toe interaction confines even massless quarks within a finite range of p. 

2.2 Absorption cross section for virtual photons 

(26) 

(27) 

For highly virtual photons, Q2 » a2 (a), according to (20) ;\ - 0 and the effects related 
to the nonperturbative qq interaction should be gone. Although for very asymmetric config­
urations, a(l - a) « 1, see (2) the transverse qq separation increases and one may expect 
the nonperturbative interaction to be at work, it does not happen if the dipole cross section is 
independent of p at large p. 

151 



Thus, our equations show a smooth transition between the formalism of perturbative QCD 
valid at high Q2 and our model for low Q2 where nonperturbative effects are important. 

The absorption cross sections for transversely (T) and longitudinally (L) polarized virtual 
photons , including the nonperturbative effects read, 

T """' 2 /l / 2 { 2 2 2 2 1- 12 } Utot=2NcLJZqO:em do dpuqq(p,s) mq<Po(f,p,>.)+[o: +(1-o:)] <P1(f,p,..\) 
F 0 

(28) 
1 

afot = 8 Q2 Ne I: z;o:em J do: o: (1 - o:) J d2 paqq{p, s) <I>~(t:, p, >..) . (29) 
F 0 

Here Ne is the number of colors, and the contributions of different flavors F are summed up. 
According to (5) the dipole cross section vanishes Uqq(P, s) ex p2 at small p « 1 /m. Such 

a behavior approximately describes e.g. the observed hierarchy of hadronic cross sections as 
functions of the mean hadronic radii [8]. We expect, however, that the dipole cross section 
flattens off at larger separations p > 1 /m. Therefore, the approximation aqq(p) ex p2 is 
quite crude for the large separations typical for soft reactions. Even the simple two-gluon 
approximation [39, 40] provides only a logarithmic growth at large p [5], and confinement 
implies a cross· section which becomes constant at large p. Besides, the energy dependence 
of the dipole cross section is stronger at small p than at large p [41]. We use hereafter a 
parameterization similar to one suggested in [10]. 

aqq{p, s) = ao(s) [1 - exp (- p;:s))] , (30) 

where p0 (s) = 0.88 fm (s0 / s)0·14 and s0 = 1000 GeV2 • In contrast to [10] all values depend 
on energy (as it is supposed to be) rather than on x and we introduce an energy dependent 
parameter ao(s), 

ao(s) = a;r:i(s) (1 + 3p5(s)) 
· 8(r2 ) ' ch -rr 

(31) 

otherwise one fails to reproduce hadronic cross sections. Here (r~h)-rr = 0.44 ± 0.01Jm2 [42] 
is the mean square of the pion charge radius. Cross section (30) averaged with the pion wave 
function squared automatically reproduces the pion-proton cross section. We use the results of · 
the fit [43] for the Pomeron part of the cross section, 

a7!t(s) = 23.6 (s/ s0 )
0

·
08 mb, (32) 

where s0 = 1000 Ge V 2 • We fixed the parameters comparing data with the proton structure 
function calculated using Eqs. (28}-(29) and the cross section (30). Agreement is reasonably 
good up to Q2 ~ 20 GeV2 sufficient for our purposes. · 

To fix from data the parameters ao,1 of the potential we concentrate on real photoabsorption 
which is most sensitive to nonperturbative corrections. The photoabsorption cross section with 
free quark fluctuations in the photon diverges logarithmically at mq --t 0, 

a'{;,t ~ ao ln (-
1
-) mqpo 
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Inclusion of interaction between the quarks in the photon makes the photoabsorption cross 
section finite at mq -. 0. 

(34) 

where 

(35) 

and 

(36) 

In this case the cross section of photoabsorption is independent of the quark mass in the limit 
mq/ao,1 « 1. 

We adjust the values of ao and a1 to the value of the photoabsorption cross section ultt = 
160 µbat ,/s = 200 GeV [44, 45]. Eq. (34) alone does not allow to fix the two parameters 
ao and a1 completely, butit provides a relation between them. We found a simple way to 
parameterize this ambiguity. If we choose 

a~ = vl.15 (112 M eV)2 

a~ = (1-v)1·15 {165MeV)2 , (37) 

the total photoabsorption cross section, turns out to be constant (within 1 %) if v varies between 
0 and I. This covers all possible choices for ao and a1• 

In order to fix v in (37) one needs additional experimental information. We have tried a 
comparison with the following data: 

(i) The cross section of forward diffraction dissociation -yN -. qqN (the PPR graph in the 
triple-Reggeon phenomenology [46]), 

du(-yN - qqN) I 1 / 2 I 1
2 

2 dt t=O = l61r do:d p Wqq{o:,p) u (p). (38) 

(ii) The total photoabsorption cross sections for nuclei (high-energy limit), 

where 
00 

T(b) = J dzpA(b,z) (40) 

-oo 

is the nuclear thickness function and the nuclear density PA ( b, z) depends on impact parameter 
b and longitudinal coordinate z. This expression can be used for virtual photons as well with a 
proper discrimination be,tween transverse and longitudinal photons. 
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A calculation of the observables (i) and (ii) shows, however, a surprising stability of the 
results against variation of v in (37): the cross sections change only within ~ 1 % if v varies 
between O and l. Thus, we were unable to constrain the parameters ao and a1 any further. 

We have also calculated the effective interaction cross section of a qq pair with a nucleon, 

- J do:d2pl'11qq(o:,p)l2 u2(p,s) 

u:17 = I 

1

2 

fdo:d2p 'Yqq(o:,p) u(p,s) 

(u2} 
- (u} ' (41) 

which is usually used to characterize shadowing for the interaction of the ijq fluctuation of a 
real photon with a nucleus (e.g. see in [30, 31]). We got at u!1f = 30mb at J's= 200GeV. 

This well corresponds to the pion-nucleon cross section (32) u7!t = 31. 7 mb at this energy. 
This result might be treated as success ofVDM. On the other hand, A calculation [47] using 
VDM and u7cft ~ 25 mb instead of ufift at lower energy for photoproduction of p-mesons off 
nuclei is in good agreement with recent HERMES measurements [48]. 

However, a word of caution is in order. The nucleus to nucleon ratio of total photoabsorp­
tion cross sections in the approximat1on of frozen fluctuations (reasonably good at very small 
x) reads [5, 30, 31], 

'Y*A 
O'tot 

A 'Y*N 
O'tot 

= (!} / d2b (1 - exp [-;T(b)]), (42) 

Expanding the exponential up to the next term after the double scattering one (1/4) O'eff 

one gets (1/24) (u3} / (u}. This is 1.5 times larger than (1/24) u;11 / (u} if to use the dipole 

approximation CT ex p2 and a Gaussian distribution over p for color triplet (q - q) or color octet 
(G - qq) dipoles. 

3 Gluon bremsstrahlung 

3.1 Radiation of interacting gluons 

In processes with radiation of gluons, like 

q+N -+ q+G+X 

ry* + N -+ q + q + G + X , 

(43) 

(44) 

the interaction between the radiated gluon and the parent quark traveling in nearly the same di­
rection may be important and significantly change the radiation cross section and the transverse 
momentum distribution compared to perturbative QCD calculations [50, 36, 51]. 

We describe the differential cross section of gluon radiation in a quark-nucleon collision in 
the factorized light-cone approach [36] 

d
3
u(q-+qG) 1 /d2 d2 [·k- c- -)]•T•* ( .... ),T• ( -) c- ~ )0 

d(lno:)d2kT = (2n)2 r1 r2exp i T r1 -r2 '£Gq o:,r1 '£Gq o:,r2 CTa r1,r2,o: ' 

(45) 
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where 

~G(f'1, T2, a)=~{ CTGqq(r1, T1 -ar2}+CTGqq(Ta, fi-ar1)-CTqq[a(f"1 -fi)]-o-aa(fi-fi)}. 
(46) 

Hereafter we assume all cross sections to depend on energy, but do not show it explicitly for 
the sake of brevity (unless it is important). 

The cross section of a colorless Gijq system with a nucleon CTGqq(f"1, fi) is expressed in 
terms of the usual ijq dipole cross sections, 

(47) 

fi. and fi are the transverse separations gluon - quark and gluon - antiquark respectively. In 
(46) CTaG(r) = } CTqq(r) is the total cross section ofa colorless GG dipole with a nucleon. 
· The cross sections ofreactions (44)-(44) integrated over kT have simple fonn, 

do-(q - qG) 1 / 2 I 12 -d(lna) = (21r)2 d r 'Paq(a, f) CTGqq [r, (1 - a)fJ (48) 

1 

dn(-y* - qijG)I -f f 2 I -y• 1
2 

d(lnaa) ac«l - daq d R 'Pqq(R,aq) 
0 

x j d2r{ lwqa(R + r,aa)j
2 
o-~a(R + f) + jwqa(r, aa)l

2 

o-~a(r) 

Re w;aW, aG) 'Pqa(R + r,aa) [o-~(R + f) + o-~(r) - o-~a(R)]} . (49) 

Here aa is the fraction of the quark momentum carried by the gluon; R and rare the quark­
antiquark and quark-gluon transverse separations respectively. The three tenns in the curly 
brackets in (49) correspond to the radiation of the gluon by the quark, by the antiquark and to 
their interference respectively. 
, The key ingredient of (45), (48) and (49) is the distribution function \Jlaq(a,f) of the 

quark-gluon fluctuation, where a is the fraction of the light-cone momentum of the parent 
quark carried by the gluon, and r is the transverse quark-gluon separation. This function has a 
form [36, 52, 53] similar to (I), 

T ( I 1 ~8 -TL ( ) \J!Gq a,f) = - -3 x1r ' XiKo TTT , 
free 7r 

(50) 

where the operator fT is defined in [36], 

fT = i mqa2 e* • (ii x a) + a e* • (iT x V) - i(2 - a) e* • V , (51) 

We treat the gluons as massless since we incorporate the nonperturbative interaction explicitly 
'and do n·ot need to introduce any effective mass. 

The factor T differs from E as defined in (2), 
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In the general case the distribution function including the interaction between the quark 
and gluon can be found via the Green function Gqa(z1, p1 ; z2 , ih) for the propagation of a 
quark-gluon pair, in analogy to (16), 

z2 _ )j 
- - iJ"aJ3 Jdz1(xfTx)Gqa(z1,i11;z2,P2 Pi=O;jh=p· 'Wqa(p,o:) - 21rpo:(l - o:) 

-oo 

(53) 

Let us add a few comments as to why this direct analogy holds. Eq. (46) might give the 
impression that we would have to implement the interaction between all three partons: the 
gluon, the quark and the antiquark. Checking the way in which this equation was derived, one 
realizes, however, that this is not the case. We studied gluon bremsstrahlung from a single quark 
and then expressed the radiation amplitude as a difference between the inelastic amplitudes for 
a qG system and an individual if.'. This is how uaqq has to be interpreted and this is why one 
should only take the q - G nonperturbative interaction into account. 

The evolution equation for the Green function of an interacting qG pair originating from 
the parent quark at the point with longitudinal coordinate z1 with initial transverse separation 
p1 = 0 looks similar to (7) with the replacement t: => T and Vqq(z2, p, o:) => Vqa(z2, p, o:). We 
parameterize the quark-gluon potential in the same way as in (11) for quark-antiquark, 

b4(o:) P2 
ReVqa(z2,p,o:) = 2po:(1 o:) ' 

where b2 (o:) = b~ + 4 b? o: (1 - o:). 

(54) 

The solution of the evolution equation for the quark-gluon Green function in absence of 
absorption (Im Vqa = 0) looks the same as (14) with replacement a(o:) => b(o:). 

The following transformations go along with (16) - (27). The vertex function in (53) is 
represented as, 

- -T - -· x r x = D + E • v Pl , (55) 

then the result of integration in (53) is, 

'Wqa(p,o:)=2J(~s) [D<I>o(r,p,>.)+E·<$1(r,p,,\)], -(56) 

The functions <I>0(r, p, >.) and <$1(T, p, >.) are defined in (21)-(22). However, .Xis now defined 
by 

>. = 2 b2(0:) 
72 

(57) 

One might argue that the quark-gluon potential we need (and which we shortly shall con­
strain by comparison with experimental data) could simply be obtained by adding two quark­
quark potentials with an appropriate color factor. Such a procedure could, however, lead to a 
completely wrong results as we want to illustrate by the following example. 

Motivated by perturbative QCD one might expect that the gluon-gluon and quark-quark 
potentials differ simply by a factor 9/4 (the ratio of the Casimir factors). However, this 
relation is affected by non-trivial properties of the QCD vacuum which makes the interaction 
of gluons much stronger [54, 17]. The octet string tension ~8 is related too:~, the slope of the 
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Pomeron trajectory in the same way as the color triplet string tension relates to the slope of the 
meson Regge trajectories [55], 

1 
"-8 = -

2
, :=::: 4GeV/fm. 

7r0p 
(58) 

Here ap = 0.25 GeV~2 • Thus, the value of "-8 is in fact four times larger than the well known 
qq string tension, K-3 = 1 GeV/fm, and not only by a factor 9/4. 

Another piece of information about the strength of the gluon interaction which supports this 
observation comes from data on diffractive dissociation. The triple-Pomeron coupling turns out 
to be rather small [46]. If interpreted as a product of the Pomeron flux times the Pomeron­
proton total cross section, the latter turns out to be an order of magnitude smaller than the 
proton-proton one. Naively one would again assume that the Pomeron as a colorless gluonic 
dipole should interact 9/4 times stronger that an analogous qq dipole (such a consideration led 
some authors to the conclusion that gluons are shadowed at small x in nuclei stronger than sea 
quarks). The only way to explain this discrepancy is to assume that the gluon-gluon dipole is 
much smaller. This, in turn, demands a stronger gluon-gluon interaction. Thus, diffraction is 
sensitive to nonperturbative interaction of gluons. We shall use this observation in in the next 
section to fix the corresponding parameters bo and b1. 

3.1.1 Diffractive bremsstrahlung of gluons. The triple-Pomeron coupling in the additive 
quark model 

Let us start with diffractive dissociation of a quark, qN - qG N. We assume the diffractive 
amplitude to be proportional to the gluon density G(x, Q2 ) = x g(x, Q2) [56, 57] (it should 
be a non-diagonal distribution if the energy is not very large) as is shown in Fig. 2. Since the 
amplitude is predominantly imaginary at high energies one can use the generalized unitarity 
relation known as Cutkosky rule [58], 

2 Im Aab = L AacA!b , (59) 
C 

where Aab is the amplitude of the process a - b and a, b denote all the particles in initial 
and final states respectively. In the case under discussion a = { q, N}, b = { q, G, N}, and c 
denotes either c1 = { q, N;} or c2 = { q, G, N;}, where N8 is a color-octet excitation of the 
nucleon resulting from gluon radiation(absorption) by a nucleon. 

In what follows, we concentrate on forward diffraction, i.e. the transverse momentum 
transfer ifr = 0. In this case the diffractive amplitude reads, 

(60) 

where kT is the transverse momentum of the radiated gluon and 

(61) 

Eq. (60) is derived in Appendix A.2 in a simple and intuitive way based on the general prop­
erties of a diffractive process discussed in Appendix A. I. A more formal derivation based 
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Figure 2: Feynman diagrams for diffractive radiation of a gluon in a quark-nucleon interaction, 
qN-+qGN. 

on a direct calculation of Feynman diagrams and the Cutkosky rule (59) is presented in Ap­
pendix B.l. 

The relation (60) is valid for any value of a. In contrast to the inclusive cross section 
for gluon bremsstrahlung the diffractive cross section depends on a only via the distribution 
function. 

The amplitude (60) is normalized according to, 

dn(qN-+ qGN) = IF(a,kT,gi,)12 

d(lna) d2kT d2 qT 
(62) 

The distribution for the effective mass squared, M 2 = k}/a(l - a) ~ k}/a, at QT = 0 
has the form, 

M
2 

2 

dn(qN; q;N) I = 21r2 j dk} IF(a, kT, qi, )I , 
dM dqT qT=O o 

(63) 
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which transforms in the limit M 2 -+ oo into 

M
2 

da(qN-+ qGN) I 1 . / I - _ ,2 

dM2 dq} qT=0 = 167r l~ d2p iI!qa(o:,if)a(p,s) ' (64) 

wheres= M6fe, where M5 = l GeV2 and e = xp = l - Xp ~ M 2 /s. 
Since dissociation into large mass states is dominated by the triple-Pomeron (3P) graph the 

value on the l.h.s. of (64) is the effective 3P coupling G3p(qN -+ XN) (see definition in 
[46]) at qT = 0. It can be evaluated using G3p(pp-+ Xp) ~ 1.5 mb/GeV2 as it follows from 
measurement by the CDF Collaboration [59] (according to [61] § we divided the value ofG3p 

given in [59] by factor 2). This value is twice as small as one derived from the triple-Regge 
analyses [46] at medium large energies. This is supposed to be due to absorptive corrections 
which grossly diminish the survival probability of large rapidity gaps at high energies [60]. 
One can see energy dependence of G3 p even in the energy range of the CDF experiment [59]. 

Assuming the additive quark model (AQM) to be valid one can write, 

AQM l mb 
G3p (qN-+XN)~-G3p(NN-+XN)~O.5-G 

2 3 eV 
(65) 

(see below about interference effects). To compare with this estimate we calculate the triple­
Pomeron coupling (64) using the distribution function in the form (56) and the dipole cross 
section (30), 

(66) 

where t1 = b2(0)/2, t2 = t1 + 1/ p5 and t3 = 2t1t2/(t1 + t2)- The parameters ao and po are 
defined in (30). We use here a fixed value of o:8 = 0.6 which is an appropriate approximation 
for a soft process. 

Comparison ofEq. (66) with the value (65) leads to a rough evaluation of the parameter b0 

of our potential (we are not sensitive to b1 since keep o: small), 

(67) 

Thus, a typical quark-gluon separation is ~ l/b(0) ~ 0.4 fm what is roughly the radius of 
a 'constituent' quark. Note that a substantial modification of (65) by interference of radiation 
amplitudes for different quarks is possible. 

3.1.2 Diffractive excitation of nucleons, N N - X N, beyond the AQM. 

The amplitude of diffractive gluon radiation N N -+ 3q G N can be represented as a 
superposition of radiation by different quarks as shown in Fig. 3. In this process the colorless 
3q system (l3q)i) converts into a color-octet final state (l3q)s). There are two independent 
octet l3q) states which differ from each other by their symmetry under a permutation of the 
color indices of the quarks. Correspondingly, the amplitude for the process NN-+ l3q)8GN 
is a superposition of two amplitudes (see below). 

§We thank Doug Jansen and Thomas Nunnemann who helped to clarify this point. 
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Figure 3: Contributions :from projectile valence quarks to the amplitude of diffractive gluon 
emission in NN collisions. Six additional graphs resulting :from the permutation {1 .= 2} and 
{1 :;:= 3} have not been plotted. 

The contribution to the amplitude of the first graph in Fig. 3 reads, 

pl (NN - 3qGN) = i~c ({3q)slrf> rJ2>1(3q)i} a(p1) <I>( {f, a:}, Pl, o:a) . (68) 

The second and third graphs in Fig. 3 give correspondingly, 

P11 (NN - 3qGN) = i~c ({3q)slrf> rJ2>1(3q)i} [a(P2) - a{f1 - 'r2)] <I>{ {f, a:}, Pl, o:a) ; 

(69) 
and 

P 111 (NN - 3qGN) = i~c ({3q)slrf> rJ2>1(3q)i} [u(p3)-a{f1 -fa)] <I>{{f, a:}, Pl'._o:a). 

(70) 
Here {f, a:} = {f1, 'r2, fa; 0:10:2, 0:3); 'G are the positions of the quarks in the impact parameter 
plane; Pi = p - Ti, where pis the position of the gluon; 

<I>{ {f, a:}, Pi, o:a /o:i) = \JI N-+3q( {f, a:}) \JI aq(Pi, o:a) ; (71) 

!abc is the structure constant of the color group, where "a" is the color index of the radiated 
gluon, and we sum over "b" and "c". The Gell-Mann matrices .X~ = 2r: act on the color index 
of i-th quark. 

Using the relation, 

/abc rf > rJ1> l3q}i = fabc ( ri2> rJl> + ri3) rJl>) l3q}i 

one can present the sum of the amplitudes P 1 , P 11 and P 111 in the form, 

p(l){NN - 3qGN) =pl+ pll + plll 

(72) 

i~c <I>(Ti, O:i, p- fi, o:a) ({3q)slr?> rJ!> E12 + r?> rJ1> E131{3q)i} , (73) 

where Eii = a(p- Ti)+ a(p - f;) - a(Ti - f;). The index "l" in p(l)(NN - 3qGN) 
indicates that the gluon is radiated by the quark q1 in accordance with Fig. 3. 
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The amplitudes F(2) and p(3) is obviously related to p(l) by replacement 1 - 2, 3. Note 
that the color structure !abc T(2) T(3) which is not present in (73) is not independent due to the 
relation, 

(74) 

Thus, we are left with only two independent color structures, as was mentioned above. 
The full amplitude for diffractive gluon radiation squared jF(NN - 3qGN)l2 = jF(l) + 

p(2) + p(3) J
2, summed over all color states of the 3qG system, reads, 

~ IF(NN - 3qGNil' ~ ½ IWN~a,({f,o))l
2 {t IW,a(P,,<>a)I' Ai'l({r),p} 

where 

Re L iJ!qa(Pi, aa) iJ!qa(Pk, aa) s(i,k)( {f}, p)} , (75) 
i#k 

A(l)({f},p) 

B(l,2)({f},p) = 
Ei2 + Ei3 + E12E13 , 
2 Ei2 + E12(E13 + E23) - E13E23 . 

(76) 

(77) 

The expressions for A(2), A(3) and s<1,3), s<2,3) are obtained by simply changing the indices. 
The effective triple-Pomeron coupling results from integrating (75) over phase space, 

X 8(1 - c:t1 - c:t2 - c:t3) L F(NN - 3qGN) 
f 

2 

(78) 

To evaluate G3p(NN - NX) we use (19) for iJ!qa(p, a) and a Gaussian parameterization 
for the valence quark distribution in the nucleon, 

(79) 

where (r~h}P ~ 0.79 ± 0.03 fm2 is the mean square radius of the proton [62]. At this point 
one has to introduce some specific model for the ai distributions. Quite some proposals can be 
found in the literature, and a quantitative analysis will require careful numerical studies. For 
a first qualitative discussion we make the simple ansatz for the quark momentum distribution 
in the nucleon, Ff (a1 , a2 , a3 ) ex IJ 8(ai - 1/3) which allows to continue our calculations 

i 
analytically. The details of the integration of (78) can be found in Appendix C. G3p is a 
function of the parameter b(0). As a trial value we choose Eq. (67), b{0) = 570MeV, 
(estimated using the result of the additive quark model G3p(qN - X N) ~ 0.5 mb/GeV2

) 

we arrive at G3p(NN - XN) ~ 2.4mb/GeV2
• This value is substantially higher than the 

experimental value G3p(NN - XN) = l.5mb/GeV2
• This is an obvious manifestation of 
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simplifying approximations (the quark additivity) we have done. In order to fit the experimental 
value ofG3p(NN-+ NX) after the contributions of the second and third graphs in Fig. 3 are 
included we should use in (78) 

o(O) = 650.HeV. (80} 

With this value (66) gives, 

mb 1 
G3p(qN-+ XN) ~ 0.3 GeV2 ~ 5 G3p(NN-+ XN), (81) 

which shows a substantial deviation from the AQM. 

3.1.3 Diffractive gluon radiation by a (virtual) photon and mesons. Breakdown of Regge 
factorization 

One can use a similar technique to calculate the cross section for diffractive gluon radiation 
by a photon and mesons. The diffraction amplitude ,(M) N -+ qqG N is described by the 
four diagrams depicted in Fig. 4. The first two diagrams correspond to the AQM. In this 

-______ q 

N 

-q 

N 

q 

+ 
N 

q 

+ 
N 

Figure 4: Diagrams for the diffractive radiation of a gluon in photon-nucleon interaction, ,* N-+ qqGN. 

approximation the forward (qr = 0) amplitude, N-+ qqG N reads, 

pAQM(,N-+ qqGN) = 'Yqq(a:,p1 - p2) [F(qN-+ qGN)-F(qN-+ qGN)] 
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where Pi = p - Ti (i=l,2). p, f1,2 are the radius-vectors of the gluon, quark and antiquark 
respectively. The limit o:a ---+ 0 is assumed. 

After addition of the last two graphs in Fig. 4 the amplitude takes the form (we do not write 
out its trivial color structure), 

F('y N---+ ijqG N) iif qq{o:, Pl - h) [ iif qG (0::, Pl) - iif qG C ~G 0:, P2)] 

x [a(p1)+a(P2)-a(p1-P2)]. (83) 

The detailed calculation of the diagrams depicted in Fig. 4 is presented in Appendix B.2. A 
much simpler and more intuitive derivation of Eq. (83) is suggested in Appendix A.3. 

If one neglects the nonperturbative effects in Eq. (83) (b(o:) = 0) this expression coincides 
with Eq. (3.4) in [19], but is quite different from the cross section of diffractive gluon radiation 
derived in [18], Eq. (60) (see footnote1). A crucial step in [18] is the transition from Fock 
states which are the eigenstates of interaction, to the physical state basis. Such a rotation of 
the 8-matrix leads to a renormalization of the probability amplitudes for the Fock states (see 
Appendix A.1 ), rather than just the probabilities as it was assumed in [ 18]. 

The amplitude (83) is normalized as, 

Direct comparison of of the cross section for diffractive gluon radiation by a photon calculated 
with this expression with data is complicated by contribution of diffraction to ijq states and 
nondiffractive (Reggeon) mechanisms. This is why one should first perform a detailed triple­
Regge analysis of data and then to compare (84) with the effective triple-Pomeron coupling. 
Good data for photon diffraction are available at lab. energy E-y = lO0GeV [63]. At this 
energy, however, there is no true triple-Regge region which demands s/M2 » 1 and M 2 » 
l GeV2 • Therefore the results of the triple-Regge analysis in [63] cannot be trusted. It is much 
more appropriate to use available data from HERA, particularly those in (64] at vs= 200 GeV 
where a triple-Regge analysis taking into account four graphs was performed. The result for 
the effective triple-Pomeron coupling 

GJf,(0) = (8.19 ± 1.6 ± 1.34 ± 2.22) µb/GeV2 (85) 

should be compared with our prediction GJf,(0) = 9 µb/GeV2 • To estimate the mean energy 
for the dipole cross section s/M2 GeV2 we used the mid value M2 = 250GeV2 of the 
interval of M 2 measured in [64] which corresponds to xp = 0.0064. Thus, high-energy data 
for gluon radiation in diffractive dissociation of protons and photons give the value (80) for the 
parameter of nonperturbative quark-gluon interaction. 

Note that the relative role of "additive" (# 1,2 in Fig. 4 and # 1 in Fig. 3) and "non­
additive" (# 3,4 in Fig. 4 and # 2,3 in Fig. 3) graphs depends on the relation between the 

three characteristic sizes Rh = ~' Po and 1/b(0). In the limit Rh » po, l/b(0) the 
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contribution of the "non-additive" graphs vanishes and the additive quark model becomes a 
good approximation. However, at realistic values of Rh ~ 1 /m the "additive" and "non­
additive" contributions are of the same order and the latter becomes dominant for small Rh. 
Particularly, this explains why the factorization relation, 

G3p(hN --t X N) 
A 3p(h N --t X N) = CTtot(hN) = Const 

i.e. independent of h, is substantially broken. We expect, 

A3p(N N --t X N) 

A3p(7r N --t X N) 

A3p(K N --t X N) 

A3p('y N --t X N) 

= 0.025 Gev-2 , 

= 0.031 Gev-2 
, 

0.042Gev-2 , 

= 0.052 Gev-2 
• 

(86) 

(87) 

We see that our predictions for the triple-Pomeron vertex as defined from diffractive disso­
ciation of nucleons and photons are different by almost factor of three. On top of that, the 
absorptive corrections which are known to be larger for diffraction than for elastic scattering 
also contribute to the breaking of Regge factorization. A manifestation of these correction 
shows up as deviation between the data and the Regge based expectations for the energy de­
pendence of the diffractive cross section [61, 65]. 

3.2 Gluon shadowing in nuclei 

It is known since long time [66] that the parton distribution in nuclei is shadowed at small 
x due to parton fusion. In QCD this effect corresponds to the nonlinear term in the evolution 
equation responsible for gluon recombination [21, 67]. This phenomenon is very important 
as soon as one calculates the cross section of a hard reaction (gluon radiation with high kT, 
prompt photons, Drell-Yan reaction, heavy flavor production, etc.) assuming factorization. 
Nuclear shadowing of sea quarks is well measured in DIS, but for gluons it is poorly known. 
One desperately needs to know it to provide predictions for the high-energy nuclear colliders, 
RHIC and LHC. 

The interpretation of nuclear shadowing depends on the choice of the reference frame. hi 
the infinite momentum frame of the nucleus it looks like parton fusion. Indeed, the longitudinal 
spread of the valence quarks in the bound nucleons, as well as the intemucleon distances, are 
subject to Lorentz contraction. Therefore the nucleons are spatially well separated. However, 
the longitudinal spread of partons at small x contracts much less because they have an x times 
smaller Lorentz factor. Therefore, such partons can overlap and fuse even if they originate 
from different nucleons [66]. Fusion of two gluons into a ijq pair leads to shadowing of sea 
quarks. If two gluons fuse to a single gluon it results in shadowing of gluons. · 

The same phenomenon looks quite differently in the rest frame of the nucleus, as shadowing 
of long-living hadronic fluctuations of the virtual photon. This resembles the ordinary nuclear 
shadowing for the total cross sections of hadron-nucleus interaction. Indeed, the total virtual 
photoabsorption cross section is proportional to the structure function F2 (x, Q2). However, 
one can calculate in this way only shadowing of quarks. To predict shadowing of gluons it was 
suggested in [68] to replace the photon by a hypothetical particle probing gluons. Assuming for 
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the GG fluctuation of this particle the same distribution function as for ijq one may conclude 
that the effective absorption cross section providing shadowing is 9 / 4 times larger than for a ijq 
fluctuation of a. photon. Such a simple result cannot be true because of the strong gluon-gluon 
interaction which makes their distribution function quite different ("squeezes" it). Besides, the 
spin structure of the GG distribution function is different too. 

3.2.1 Nuclear shadowing for longitudinal photons 

Longitudinally polarized photons are known to be a good probe for the gluon structure 
function. Indeed, the aligned jet model [2] cannot be applied in this case since the distribution 
function for longitudinal photons (1), (4) suppresses the asymmetric ijq fluctuations with a:-+ 

0, 1. Therefore, the transverse separation of the ijq pair is small ~ 1 / Q2 and nuclear shadowing 
can be only due to shadowing of gluons. One can also see that from the expression for the 
cross section of a small size dipole [56, 57], 

71"2 
at,t(rT,x) ~ 3 a:s(Q2)GN(x,Q2), (88) 

where GN(x,Q2 ) = xg(x,Q2 ) is the gluon density and Q2 ~ 1/r}. Thus, we expect nearly 
the same nuclear shadowing at large Q2 for the longitudinal photoabsorption cross section and 
for the gluon distribution, 

a5{(x,Q2
) ~ GA(x,Q2

) 

ak,(x,Q2 ) ~ GN(x,Q2 ) 

The estimate for nuclear shadowing for longitudinally polarized photons follows. 

(89) 

Nuclear shadowing for photons corresponds to the inelastic nuclear shadowing as it was 
introduced for hadrons by Gribov 30 years ago [33]. Therefore, the term ~a(-y* A) = 
O'totb* A) - Au(,* N) representing sha~owing in the total photoabsorption cross section is 
proportional to the diffractive dissociation cross section ,* N -+ X N [33, 69], considered 
above. In the lowest order in the intensity of X N interaction the shadowing correction reads, 

00 00 

x j dz1 j dz2 9(z2 - zi) PA(b, z1) PA(b,z2)exp[-iqL(z2 - z1)] , (90) 

-oo -oo 

where 

(91) 

Here v is the photon energy; z1 and z2 are the longitudinal coordinates of the nucleons N1 and 
N2, respectively, participating in the diffractive transition ,* N1 -+ X Ni and back X N2 -+ 

'Y* N2. 
The longitudinal momentum transfer (91) controls the lifetime (coherence time tc) of the 

hadronic fluctuation of the photon, tc = 1/QL• It is known only if the mass matrix is diagonal, 
i.e. the fluctuations have definite masses. However, in this case the interaction cross section 
of the fluctuation has no definite value. Then one faces a problem of calculation of nuclear 
attenuation for the intermediate state X via interaction with the nuclear medium. 
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This problem can be settled using the Green function formalism developed above in Section 
2.1 [12, 14]. One should switch to the quark-gluon representation for the produced state 
X = jqq}, jqqG}, , jqq2G}, .... As one can see below an exact solution is not an easy problem 
even for the two lowest Fock states. For higher states containing two or more gluons it may be 
solved in the double-leading-log approximation which neglects the size of the previous Fock 
state and treats a multi-gluon fluctuation as a color octet-octet dipole. This is actually what we 
do in what follows, except the Fock state with only one gluon leads to a 1/M2 mass distribution 
for diffraction, while inclusion of multi-gluon components makes it slightly steeper. This is not 
a big effect, besides, the nuclear formfactor substantially cuts off the reachable mass interval 
(see below). Therefore, we restrict the following consideration by the first two Fock states. 

For the lowest state jqq} one can write, 

/ 

2 cPu('y*N - XN) I [ ] 87rRe dMx dM2 d 2 exp -iqL (z2 -z1) 
X qT qT=O 

I I fl I - 12 [ €2 + k} ] = 2Re d2kT do: F-y•-+qq(kT,o:) exp -i 2 vo:(l-o:)(z2-z1) 
0 

1 

- ½Re/ d2r1 d2r2 J do: F~•-qq(T2, o:) Ggq(T2, z2; f1, z1) F-y• ..... qq(f1, o:) , (92) 

0 

where e was defined in (3 ). 
The amplitudes of diffraction 'Y* N - X N in the transverse momentum and coordinate 

representations are related by Fourier transform, 

F-y•-+qq(kT, o:) = 2~ / d2r F-y•-+qq(f1, o:) eikT•r. 

This amplitude in the coordinate representation has a factorized form, 

F-y•-+qq(f1, o:) = Wqq(f, o:) uqq(r) . 

(93) 

(94) 

Ggq( f2, z2; f1, z1) in (92) is the Green function of a free propagation of the qq pair between 
points z1 and z2 • It is a solution ofEq. (7) without interaction. 

Go (- - ) 1 ;d2z._ [ .k- (- _) ik}(z2-z1)] qq r2,z2;r1,z1 = (27r)2 rvrexp -i T' r2-r1 - 2 vo:(l-o:) (95) 

The boundary condition for the Green function is, 

cgq(f2,z2;f1,z1)I = O(T2 -f1), 
Z2=Z1 

(96) 

In Eq. (95) the phase shift on the distance z2 - z1 is controlled by the transverse momentum 
squared as one could expect from Eqs. (90)-(91) where it depends on the M}. However, 
Eq. (92 is written now in the coordinate representation and contains no uncertainty with the 
absorption cross section, as different from (90). In order to include the effects of absorption of 
the intermediate state X into (92) one should replace the free Green function G~q(f2, z2; f 1, z1) 
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by the solution of the Schrodinger equation (7) with imaginary potential (9). This was done 
in paper [12] and the results have demonstrated a substantial deviation of nuclear shadowing 
from usually used approximations for transverse photons. One should also include the real part 
of the potential which takes into account the nonperturbative interaction between q and ij as it 
is described in Section 2.1. This is important only for nuclear shadowing of transverse photons 
and and low Q2 longitudinal photons and is beyond the scopes of present paper. Therefore, 
we skip further discussion of nuclear shadowing for the liiq} pair and switch to the next Fock 
component liiqG}. 

For the intermediate state (44) X = ijqG Eq. (92) is modified as, 

J 2 rPu(,*N-+XN)I 
81r dMx dM2 d~ cos[qL (z2 - z1)] 

X T qT=O 

=} ~ Re j d2x2 d2y2 d2
x1 '12y1 j detq dln(eta) 

x F~*-+qqa(i2, 172, etq, eta) Gqqa(i2, 172, z2; i1, 171, z1) F...,*-+qqa(i1, 171, etq, eta)[97) 

where etq and eta are the fractions of the photon light cone momentum carried by the quark and 
gluon respectively. The amplitude of diffraction ,* N -+ X N depends on the q-ij transverse 
separation x and the distance y from the gluon to the center of gravity of the ijq pair ( we switch 
to these variables from the previously used if1,2 for the sake of convenience, it simplifies the 
expression for kinetic energy). 

The Schrodinger equation for the Green function Gqqa describing propagation of the ijqG 
system through a medium including interaction with the environment as well as between the 
constituent has the form, 

(98) 

with the boundary condition, 

Gqqa(i2, ih, z2; i1, 1/1, z1)I = 8(x2 - i1) t5(ih -171) . 
Z2=Z1 

(99) 

The imaginary part of the potential V(x2, ih, z2, etq, eta) in (98) is proportional to the 
'interaction cross section for the ijqG system with a nucleon, 

2 lmV(i2, ih, z2, etq, eta) 

{ ½ CTqq(x) - ; [CTqq (11- 1 ~:ax) + CTqq (11- 1 ~:ax)]} PA(b,z) (100) 

The real part of this potential responsible for the nonperturbative interaction between the quarks 
and gluon is discussed below. 

If the potential ImV(i2, ih, z2, etq, eta) is a bi-linear function of x and ythen Eq. (98 can 
be solved analytically. Nevertheless, the general case of nuclear shadowing for a three-parton 
system is quite complicated and we should simplify the problem. 
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Let us consider nuclear shadowing for longitudinally polarized photons with high Q2 • The 
latter means that one can neglect the eikonal attenuation for the qq Fock component of the 
longitudinal photon, i.e. 

Q2 » 4 C (TA):::::: 1 GeV2 
, (101) 

where C is the factor in Eq. (5) and (TA) is the mean nuclear thickness function. 
As different from the case of transversely polarized photons which distribution function (1) 

- (3) contains qq pairs with large separation (a -+ 0, 1) even at large Q2, in longitudinally 
polarized photons small size(~ 1/Q) qq pairs always dominate [1, 2]. This property suggest a 
few simplifications for the following calculations. 

1. One can neglect at large Q2 the nonperturbative qq interaction and use the perturbative 
photon wave function (1) - (4). 

2. One can simplify the expression for the diffractive amplitude -y* N -+ if. q G N introduced 
in (97) relying on smallness of the typical qq separation lxl ~ 1/Q in comparison with 
the distance between the qq and the gluon 117 ~ 1/bo :::::: 0.3 Jm. 

3. One can also simplify the equation (98) for the Green function GqqG fixing x = 0 in the 
expression (99) for the nonperturbative potential ImV(x2,112,z2,aq,aa). This leads in 
(98) to a factorized dependence on variables x and y. · 

As a result of these approximations and aa -+ 0 we arrive at, 

F-y*-+ijqG(x, y,aq, aa) = -w~q(x, aq) x · V 'Pqa(il) <T(;a(il) , (102) 

where 
'Pqa(il) = lim 'Pqa(aa,il), 

aa-+O 
(103) 

and 
9 

<Taa(r,s) = 4<Tqq{r,s). (104) 

As soon as we neglect the size of the color-octet qq pair, it interacts a gluon, this is why one 
can replace <TqqG by the dipole cross section <TGG· The latter is larger than <Tqq by the Casimir 
factor 9/4. 

In this case the tree-body Green function factorizes to a product of two-body ones, 

Gqqa(x2,Y2,z2;x1,Y1,z1) => Gqq(x2,z2;x1,z1) Gaa(112,z2;111,z1), (105) 

where G qq ( x2, z2; x1 , z1) is the "free" Green function of the qq pair, and G aa (112, z2; 171, z1) 
describes propagation of the GG dipole which constituents interact with each other, as well as 
with the nuclear medium. 

i dd Gaa(112,z2;111,z1) = [ 
2 

~ff2) ) + V(112,z2)] Gaa(112,z2;111,z1), (106) 
~ . v~ -~ .. 

where 
2lmV(y,z) = -<Taa(il)pA(b,z). (107) 
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On analogy to ( 11) we assume the real part of the potential has a fonn 

_ b4y2 
ReV(y,z) = 2 (l ) , 

VO:G - 0:G 

where b ~ bo, 
To simplify the estimate we assume that <Taa(r, s) :::::: Caa(s) r 2, where Caa(s) = 

d<Taa(r, s)/dr~=o· 
The solution of Eq. (106) has a fonn, 

where 

Gaa(ih, z2; iii, z1) = 21rsi:Cn.6.z) 

x exp{-~ [(y~+yncoth(S1.6.z)-
8
i::(~!z)]}, 

A 

n = 

Jb4 - i o:a(l - o:a) vCaa PA , 

iA 
o:a(l - o:a) v ' 

.6.z = Z2 - ZI • 

The quark-gluon wave function in (102) has a fonn similar to (27), 

• Wqa(y) = ~ ~ e~F exp [-~ y2
] • 

(108) 

(109) 

(110) 

(111) 

Now we have all the components of the amplitude (102) which we need to calculate the 
nuclear shadowing correction (97). Integration in x1,2 and fi1,2 can be perfonned analytically. 

where 

( = ixmN .6.z; 
A 

t = b2 ; 
u = 
w 

tcosh(S1.6.z) +sinh(S1.6.z); 

(1 + t2) sinh(n .6.z) + 2 t cosh(n .6.z) . 

169 

(113) 



1.0 
-----; ; ; ;_;;;; --- ----- _,, ---- ---

<:, 
t.!) 0.9 

~ 
t.!) 

0.8 

0.7 
10 --4 10 -3 10 -2 

X 

Figure 5: Ratio of the gluon distribution functions in nuclei (carbon, copper and lead) and 
nucleons at small Bjorken x and Q2 = 4 GeV2 (solid curves) and 40 GeV2 (dashed curves). 

The rest integration in (112) can be performed numerically. We calculated the ratio 
R~/N = GA(x,Q2 )/aGN(x,Q2

) for the gluon distribution functions for small values of 

Bjorken 10-4 < x < 10-1 and high Q2 = 10GeV2 • We found R~/N almost independent of 

Q2 at higher Q2 • The results are depicted in Fig. 5. 
One can see that in contrast to the quark distribution the onset of nuclear shadowing for 

gluons starts at quite small x ~ 10-2 • This is because the photon fluctuations containing gluons 
are heavier than qq fluctuations. Correspondingly, the lifetime of such fluctuations is shorter 
(or qL is smaller) and they need a smaller x to expose coherent effects like nuclear shadowing. 
One can expect an antishadowing effect at mediuni x ~ 0.1 like in F2 (x, Q2 ) which should 
push the crossing point GA(x, Q2 )/GN(x, Q2) = 1 down to smaller x. Discussion of the 
dynamics of antishadowing (swelling of bound nucleons, etc.) goes beyond the scopes of this 
paper. 

A similar approach to the problem of gluon shadowing is developed in [30] which relates 
shadowing to the diffractive radiation of gluons. Note that a delayed onset of gluon shadowing 
(at x < 0.02) is also expected in [30]. However, this is a result of an ad hoc parameterization 
for antishadowing, rather than calculations. The phase shift factor cos(qL6.z) which controls 
the onset of shadowing in (97), (112) is neglected in [30] assuming that xis sufficiently small. 
However, nuclear shadowing for gluons does not saturate even at very small x because of 
the 1/M2 form of the mass dependence of diffractive radiation of gluons (triple-Pomeron 
diffraction). The smaller the x = Q2 /2mNII is, the higher masses are allowed by the nuclear 
form factor (qL = (Q2 + M 2 )/211 < I/RA) to contribute to the shadowing. 

Our results also show that R~/N steeply decreases down to small x and seems to have a 
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tendency to become negative. It would not be surprising for heavy nuclei if our shadowing 
correction corresponded to double scattering term only. However, the expression (97) includes 
all the higher order rescattering terms. The source of the trouble is the obvious breaking 
down of the unitarity limit <7diff < Utot• This problem is well known and easily fixed by 
introducing the unitarity or absorptive corrections which substantially slow down the growth 
of the diffractive cross section. Available data for diffraction pp - pX clearly demonstrate the 
effect ofunitarity corrections (61, 65]. One may expect that at very high energies the relative 
fraction of diffraction decreases. We restrict ourselves with this word of caution in the present 
paper and postpone a further study of unitarity effects for a separate publication, as well as 
the effects of higher Fock components containing more than one gluon. Those corrections also 
become more important at small x. 

Note that quite a strong nuclear suppression for gluons QA(x, Q2)/GN (x, Q2 ) < 
Ff (x, Q2)/ Ff (x, Q2) was predicted in (68] basing on the fact that the cross section of a 
color octet-octet dipole contains the factor 9 / 4 compared to Uqq• However, it is argued above 
in section 3.1 and confirmed by the following calculations that the observed smallness of the 
diffractive cross section of gluon radiation shows that that the strong nonperturbative interaction 
of gluons substantially reduces the size of fluctuations including the gluon. The situation is 
much more complicated and cannot be reduced to a simple factor 9 / 4. 

A perspective method for calculation of nuclear shadowing for gluons was suggested in 
the recent publication (31]. Experimental data for diffractive charm production can be used to 
estimate the effect. This seems to be more reliable than pure theoretical calculations performed 
above. Indeed, the transverse separation of a heavy flavored QQ pair is small even at low 
Q2, and may be assumed to be much smaller that the mean distance between the QQ and 
the gluon. Unfortunately, the available data obtained at HERA have quite poor accuracy. The 
results from HI (71] and ZEUS (72] experiments are different by almost factor of two. Besides, 
the theoretical analysis (34, 35] which is needed to reconstruct the diffractive cross section 
of charm production from production of D* in a limited phase space, introduces substantial 
uncertainty. According to [35] the realistic solutions for the diffractive charm production differ 
by a factor of five. In this circumstances we suppose our calculation for nuclear shadowing of 
gluons seems to be more reliable. 

Note that we expect much weaker nuclear shadowing for gluons than it was predicted in 
(27, 29, 30]. For instance at x = 10-3 and Q2 = 4GeV2 we expect GA/AGN ~ 0.9, 
while a much stronger suppression GA/AGN ~ 0.6 (27], even GA/AGN ~ 0.3 (29, 30] was 
predicted for A ~ 200 at Q2 = 4 GeV2 • · 

It is instructive to compare the gluon shadowing at high Q2 with what one expects for 
hadronic reactions at much smaller virtualities. One should expect more shadowing at smaller 
Q2, however, the soft gluon shadowing evaluated in the next section turns out to be much 
weaker than one predicted in [27, 29, 30] at high Q2 • 

At the same time, quite a different approach to the problem of gluon shadowing based on 
the nonlinear GLR evolution equation [21] used in (26] led to the results pretty close to ours. 

3.2.2 Nuclear shadowing for soft gluons 

(i) Hadronic diffraction and gluon shadowing 
The hadron-nucleus total cross section is known to be subject to usual Glauber (eikonal) (73] 
shadowing and Gribov's inelastic corrections [33]. Those corrections are controlled by the 
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cross section of diffractive dissociation of the projectile hadron h N --+ X N which contains 
particularly the triple-Pomeron contribution. The latter as was shown above is related to gluon 
shadowing in nuclei. Namely, absorption of the incoming hadron can be treated as a result 
of interaction with the gluon cloud (in the infinite momentum frame of the nucleus) of bound 
nucleons at small x. A substantial part of this absorption is reproduced by the eikonal approx­
imation which assumes the gluon density to be proportional to the number of bound nucleons. 
However, evolution of the gluon density including gluon fusion (see [66] and [21, 67] for high 
Q2) results in reduction of the gluon density compared to one used in the eikonal approxima­
tion. Such a reduction makes nuclear matter more transparent for protons [77]. 

That part ofnuclear shadowing which comes from diffractive excitation of the valence quark 
component of the projectile hadron corresponds in terms of the triple-Regge phenomenology to 
the PPR term in the diffractive cross section. In eigenstate representation for the interaction 
Hamiltonian the same effect comes from the dependence of the elastic amplitude on positions 
of the valence quarks in the impact parameter plane [ 5]. On top of that, the projectile hadron 
can dissociate via gluon radiation which corresponds to the triple-Pomeron term in diffraction. 
It can also be interpreted in the infinite momentum frame of the nucleus as a reduction of the 
density of gluons which interact with the hadron. This relation gives a hint how to approach 
the problem of gluon shadowing at small x for soft gluons. 

Let us model this situation in eigenstate representation with two Fock states for the projectile 
hadron, 

lh} = (1 - w) lh),, + w lh}a , (114) 

where lh},, and lh}a are the components without (only valence quarks) and with gluons which 
can be resolved at the soft scale. We assume them to be eigenstates of interaction with eigen­
values a,, and ua respectively. The relative weights are controlled by the parameter w. The 
hadron-nucleon and hadron-nucleus total cross sections can be represented as [74, 5], 

hN 
<rtot = a,, + w t!.u , (115) 

where D.u = ua - a,,, and 

ut01 = 2 / d2b { [1 - exp(-½ CTvT(b))] +w [exp(-½ CTvT(b))-exp (-½ uaT(b))]} . 

(116) 
This cross section is smaller than one given by the eikonal Glauber approximation [73], and the 
difference is known as Gribov's inelastic corrections [33]. The Glauber's cross section can be 
corrected by replacing the nuclear thickness function by a reduced one, T(b) => T(b) < T(b), 
which is related to the reduced gluon density in the nucleus, 

GA(x,b) T(b) 
GN(x,b) = T(b) . (117) 

Thus, nuclear shadowing for soft gluons can be evaluated comparing the total cross section 
(116) with the modified Glauber approximation, 

uf01 == 2 / d2b [ 1 - exp(-~ uf:[ T(b))] (118) 
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Expanding both expressions in small parameters !).uT and u,, !).T, where !).T(b) = T(b) -
T(b), (they are indeed small even for heavy nuclei) we get, 

(119) 

We left here only the leading terms and omitted for the sake of simplicity the terms containing 
higher powers of w. 

According to relation (A.10) w (!).a-)2 /16rr is the forward cross section of diffractive gluon 
radiation which corresponds to the triple-Pomeron part of the diffraction cross section h N -+ 

X N. Therefore, the correction (119) to the nuclear thickness function can be expressed in 
terms of the effective cross section, 

w (!).a-)2 (M2 ) 
Ueff = hN = 16rr A3p(hN-+ XN)ln Mr;ax , 

Utot min 
(120) 

where M!ax :::= 2 v'3 s / ( mN RA) is the upper cut off for the diffractive mass spectrum im­
posed by the the nuclear formfactor. The bottom cut off depends on M 2-dependence for the 
triple-Pomeron diffraction at small masses which is poorly known. At high energies under con­
sideration this uncertainty related to the choice of M!in is quite small. We fix Mmin = 2 Ge V. 

Within an approximate Regge factorization scheme A3p(hN -+ XN) defined in (86) is 
an universal constant (see, however, (87)). Therefore, the driving term in (119) and gluon 
shadowing are independent of our choice for hadron h, a result which could be expected. 

Data on diffractive reaction pp-+ pX fix the triple-Pomeron coupling (e.g. see in [46, 
61, 65)) with much better certainty than for other reactions (including data for diffractive DIS). 
The value of A 3p varies from 0.075 Ge v-2 at medium high energies to 0.025 Ge v-2 at 
Tevatron energy (see (87)). Correspondingly, the effective cross section for A:== 200 ranges as 
u ef f :== 3.5 - 5.5 mb. This is an order of magnitude smaller than the value used in [30] at high 
Q2• It is very improbable that Ueff can grow (so much!) with Q2 • 

It is silently assumed in Eq. (116) that the energy is sufficiently high to freeze the fluctu­
ations, i.e. there is no mixing between the Fock components during propagation through the 
nucleus. If, however, the energy is not high, or the effective mass of the excitation is too 
large, one should take care of interferences and represent (117), (119) in the form (compare to 
[69, 70)) 

AGC:;(~) = 1 - 8rr A3p(pp-+ pX) Re/ d2
b j d:t 7 dz1 7 dz2 8(z2 - z1) 
M!in -oo -oo 

Z2 

x PA(b,z1)PA(b,z2)exp[-iqL(z2-z1)]exp[-~uabs J dzpA(b,z)], (121) 

Z1 

where Uabs = /).u, and we exponentiated the expression in square brackets in the r.h.s. of 
(117). 

The important difference between (121) and the usual expression [69, 70] for inelastic 
corrections is absence of absorption for the initial (z < zi) and final (z > z2) protons in (121). 
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This is a natural result, since proton absorption (mostly of eikonal type) has no relevance to 
gluon shadowing. 

Absorption O'abs = Au in intermediate state (z1 > z > z2) is much smaller than ufof and 
is related to the amplitude of diffractive gluon radiation (see (A.IO)). One can estimate O'abs 

assuming Regge factorization. In this case u ef I is universal and can be applied even to a quark, 
i.e. h = q. This makes sense in our model due to short range nature of the nonperturbative 
gluon interactions. 

demanding Eq. (121) to reproduce correctly the "frozen" limit of qL -+ 0. This needs 
O'abs = O'eff, as was actually guessed in [30]. 

However, the discussion following Eq. (42) shows that after it is averaged over the quark­
gluon separation the absorptive cross section gains an extra factor, O'abs = 1.5Ueff• 

We performed numerical estimates for A = 200, 64 and 12 assuming a constant nuclear 
density PA(r) = Po e(RA - r) with po= 0.157 Jm-3 and RA= 1.15A113 fm. In this case 
integration in (121) can be performed analytically and the result reads, 

GA(x) 1 {[ 3 2 3 -t1] 
AGN(x) =1- 3v3ln(M,;ax/M~in) 3-2v +v -3(1+v)e 

X [1n(mNRA(:~in-miJ-,] + [3-~v
2
+v

3
] [,+lnv-Ei(-v)] 

[
3 2 11 ( 11 5 2) ti]} + 2 V - 2 + 2 + 2 V - V e- , (122) 

where v = ! O'eff po RA, 1 = 0.5772 is the Euler constant, and Ei(z) is the integral exponen­
tial function. The value of x can be evaluated as x = 4 (k2) / s, where (k2) ~ 1/'ro is the mean 
transverse momentum squared in the quark-gluon system. 

The results of numerical calculations with Eq. (122) for gluon shadowing are depicted in• 
Fig. 6 by thin solid curves for lead, copper and carbon (from bottom to top) as function of 
x. Shadowing for soft gluons turns out to be much weaker than predicted in [30, 31] for high· 
Q2 • This contradicts the natural expectation that the softer gluons are, the stronger shadowing 
should be. 

(ii) The Green function formalism 
One can also use the Green function formalism to calculate nuclear shadowing for soft gluon• 
radiation. It provides a better treatment of multiple interactions and phase shifts in intermediate; 
state. In contrast to the above approach which uses a constant average value for O'eff, in the 
Green function formalism the absorption cross section as well as the phase shift are functions 
of longitudinal coordinate. This is also a parameter-free description, all the unknowns have 
already been fixed by comparison with data. 

As usual, we treat shadowing for soft gluons as a contribution of the gluonic Fock com­
ponent to shadowing of the projectile-nucleus total cross section. One can use as a soft pro­
jectile a real photon, a meson, even a single quark. Indeed, the mean quark-gluon separation 
1/bo ~ 0.3 fm is much smaller that the quark-antiquark separation in a light meson or a ijq 
fluctuation of a photon. For this reason one can neglect in (49) the interference between the. 
amplitudes of gluon radiation by the q and ij. Since the gluon contribution to the cross section; 
corresponds to the difference between total cross sections for lifqG) and lifq} components, the 
quark spectator cancels out and the radiation cross section is controlled by the quark-gluon 
wave function and color octet (GG) dipole cross section. 
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Figure 6: The same as in Fig. 5, but for soft gluons. The thin curves are obtained with (122) 
using data for the triple-Pomeron contribution to difli'action 'PP - pX. The thick curves are 
predicted using the Green function method. 

Thus, the contribution to the total hadron-nucleus cross section which comes from gluon 
radiation has the form, 

1 

hA I d 0:G I _,2 -ua = o:a a-bP(o:a,b), (123) 

X 

where 
00 

P(o:a,b) = J dzpA(b,z) J d2rl'1iqa(f,o:a)j2 uaa(r,s) 

00 

~ Re / dz1 dz2 8{z2 - z1) PA(b, z1) PA(b, z2) J d2r1 d2r2 (124) 
-oo 

x w;a<ri, o:a)uaa(r2, s) Gaa(f2, z2; r1, z1) uaa(r1, s) '1iqa(ri, o:a) . 

Here the energy and Bjorken x are related ass= 2mNv = 4bVx. The explicit solution for 
the Green function Gaa(fi, z2; r1, zi) in the case of uaa(r, s) = Caa(s) r 2 and a constant 
nuclear density is given by Eq. (65). Note that the r 2 approximation for the dipole cross section 
is justified by the small value of (r2 ) = 1/b~ r;::::: 0.1 f m 2 • 

Integrations in (124) can be performed analytically, 

- 4o:a 
P(o:a, b) = 3 1r Reln(W) , (125) 
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where 
. - A2+b5 -

W = ch(O~z) + 2 Aba sh(O~z), (126) 

~z = 2 ✓ R'i - b2 . (127) 

We use here the same notations as in Eqs. (109) - (110). 
The results of calculations are depicted in Fig. 6 by thick curves for lead, copper and 

carbon (from bottom to top). They demonstrate about the same magnitude of shadowing as 
was calculated above using hadronic basis. However, the onset of shadowing is delayed down 
to x < 0.01. We believe that this result is trustable since the Green function approach treats 
phase shifts and attenuation in nuclear matter more consistently. 

Comparing predicted shadowing for soft gluons in Fig. 6 and one at Q2 = 4 GeV in Fig. 5 
we arrive at a surprising conclusion that shadowing is independent of scale. A small difference 
is within the accuracy of calculations. This is a nontrivial result since calculations were done 
using very different approximations. Shadowing of hard gluons was estimated assuming that 
the ijq pair is squeezed to a size ~ 1 / Q much smaller than the transverse separation between 
the gluon and the ijq. On the contrary, radiation of soft gluons is dominated by configurations 
with a distant q and ij surrounded by small gluon clouds. The fact that shadowing appears to 
be the same is a result of existence of the semihard scale b5 (which should be compared with 
Q~ff < Q2 /4). At larger virtualities shadowing decreases as one can see from comparison of 

Q2 = 4GeV2 with 16GeV2 in Fig. 5. 

3.3 Nonperturbative effects in the transverse momentum distribution of 
gluon bremsstrahlung 

As soon as the strength of the nonperturbative quark-gluon interaction is fixed, we are 
in a position to calculate the cross section of gluon bremsstrahlung for a high energy quark 
interacting with a nucleon or a nuclear target and to compare the results with the perturbative 
QCD calculations [36]. 

3.3.1 Nucleon target 

The transverse momentum distribution of soft gluons (aa « 1) reads [36], 

do-
d(lnaa) d2 kT 

= 
2 

(;7r)2 j d2r1 d2r2 w!a(r1, aa) Wqa(fi, aa) exp[i kT(f1 - f2)] 

x [aaa(r1) + <raa(r2) - <raa(f1 - ri)] . (128) 

Here the overline means that we sum over all possible polarizations of the radiated gluon, 
and recoil quark and average over the polarization of the initial quark. In our model for the 
quark-gluon distribution function including nonperturbative effects we get, · ·• 

w!0 (f1,aa)\Jlqa(fi,aa) = 
3 

;
0

; 2 f1 ·fiexp [- ~
2
° (r? +r~)] (129) 

7r T1 T2 

The cross section o-aa(r) in (128) has the form (104). 
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We perfonned calculations for· the transverse momentum distribution of gluons for two 
parameterizations of the dipole cross section, 
(I) one which is given by (30) which is constant at p2 » p5. For the sake of convenience we 
change the notation here, s2 = 2/ p5 = 0.125 Gev-2 ; 

(11) the dipole approximation (5) with C = u0 s2 /2. Only this parameterization is used for 
nuclear targets because it allows to perfonn integrations analytically (of course one can do 
numerical calculation for any shape of the cross section). 

Correspondingly, we obtain for the differential radiation cross section, 

duf 3asCTo ( 2 2 2 
d{lnaa)d2kr = ~F /4,bo,s)' (130) 

where 

(131) 

n1 1-exp (-:~) ; 

02 = 1 - exp [- 2 (bt! s2J 

b5 b5 
xi = b5 + s2 ; xi = b5 + 2 s2 ; 

and Ei{z) is the exponential integral function. 
In the case of parameterization II it is convenient to represent the dipole cross section in 

the fonn, 

uqq{r) = CTo s2 
/ 2 [1 - exp(-½ s2 

r
2
)] • 

S s2=0 
(132) 

Then the differential cross section reads,· 

dufi. = 3 a 8 CTo s
2 

F (Z-2 b2 2 ) 
d{lnaa) d2kT 1r2 1 

"T• 0 ' 
8 

' 
(133) 

where 
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The results of calculations for variants I and II are depicted in Fig. 7 by solid and dashed 
curves respectively. 
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Figure 7: Transverse momentum distribution for gluon bremsstrahlung by a quark scattering 
on a nucleon target. The solid and dashed curves correspond to parameterizations I and II 
for the dipole cross section, respectively. The upper curves show the results of the perturba­
tive QCD predictions [36], the bottom curves correspond to the fuII calculation including the 
nonperturbative interaction of the radiated gluon. 

The two upper curves correspond to perturbative calculations, while the two bottom ones 
include the nonperturbative effects. The strong interaction between gluon and quark leads to a 
substantial decrease in the mean transverse size of the quark-gluon fluctuation. Therefore, the 
mean transverse momentum of the radiated gluons increases. The nonperturbative interaction 
has especially strong effect at small transverse momentum k-r, where the radiation cross section 
turns out to be suppressed by almost two orders of magnitude compared to the perturbative 
QCD expectations. 

Note that intensive gluon radiation originating from multiple nucleon interactions in rel­
ativistic heavy ion collisions is found [78, 79] to be an important alternative source for sup­
pression of charmonium production rate and is able to explain the corresponding data from the 
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NASO experiment at CERN SPS. The found strong suppression of gluon bremsstrahlung by the 
nonperturbative interaction relevant only to small a « 1. However, it may substantially reduce 
the influence of prompt gluons on charmonium production if is important at large a as well. 
This is to be checked. 

3.3.2 Nuclear targets 

In the case of nuclear targets Eq. (128) holds, but uaa(r) has the form, 

(135) 

Our calculations for gluon radiation in the interaction of a quark with a nuclear target are 
performed only in the parameterization II for the sake of simplicity. For heavy nuclei this 
approximation can be quite good due to a strong color filtering effect which diminishes the 
contribution from large size dipoles. The transverse momentum distribution has the form, 

(136) 

where 

(137) 

For numerical calculations we use the approximation of constant nuclear density, PA(r) = 
3A/(41rR~.) 9(RA - r). The results for the radiation cross section per bound nucleon with 
(solid curve) and without (dashed) the nonperturbative effects are compared in Figs. 8 and 9 
for copper and lead targets respectively. Obviously the nonperturbative interaction generates 
very large nuclear effects. 

The nuclear effects are emphasized by a direct comparison in Figs. 10 and 11 for different 
targets, a nucleon, copper and lead, including and excluding the nonperturbative interaction 
respectively. We see that the difference between a free and a bound nucleon at small kT is 
substantially reduced by the nonperturbative interaction. Indeed, the interaction squeezes the 
quark-gluon fluctuation and reduces the nuclear effects. Besides, the region of antishadowing 
is pushed to larger values of kT. 

This manifestation of the nonperturbative interaction implies that gluon saturation which 
is an ultimate form of shadowing should happen with a smaller gluon density compared to 
the expectations [24, 25] based on perturbative calculations. On the other hand, the saturation 
region spreads up to higher values of kT. 

4 Summary and outlook 

We explicitly introduced a nonperturbative interaction between partons into the evolution 
equation for the Green function of a system of quarks and gluons. The shape of the ijq potential 
is chosen to reproduce the light cone wave function of mesons. The magnitude of the potential 
is adjusted to reproduce data for photoapsorptive cross sections on nucleons and nuclei and 
data on diffractive dissociation of photons into ijq pairs. 
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Figure 8: The differential cross section per bound nucleon of soft gluon bremsstrahlung in 
quark-copper collisions. The solid and dashed curves correspond to calculations with and 
without the nonperturbative effects respectively. · 

Based on theoretical arguments and experimental facts we expect a much stronger inter­
action for a quark-gluon pair than for a quark-antiquark pair. Indeed, data on diffractive 
dissociation of hadrons and photons into high mass states show that the cross section is amaz­
ingly small, what is usually phrased as evidence that the triple-Pomeron coupling· is small. 
We have performed calculations for diffractive gluon radiation (responsible for the production · 
of high mass excitations) including the nonperturbative effects, and fixed the strength of the 
quark-gluon potential. We found a very simple and intuitive way to get the same results as 
direct calculations of Feynman diagrams. Both approaches lead to the same diffractive cross 
section which in the limit ofperturbative QCD coincides with the result'ofa recent calculation· 
[19] for the process -y* N-+ qqGN. We conclude that the previous analogous calculations [18] 
are incorrect. 

We adjusted the quark-gluon potential to data for the diffractive reaction pp~ Xp which. 
have the best accuracy and cover the largest range of energies and masses. We predicted the . 
single diffractive cross sections for pions, kaons and photons and find a substantial violation of' 
Regge factorization. ' 
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10 

We calculated nuclear shadowing for longitudinally polarized photons which are known 
to serve as a sensitive probe for the gluon distribution, using the Green function technique 
developed in [12] describing the evolution of a ijqG system propagating through nuclear matter. 
The evolution. equation includes the phase shift which depends on the effective mass . of the 
fluctuation, nuclear attenuation which depends on the transverse separation and energy, and 
the distribution over transverse separation and longitudinal momenta of the partons which is 
essentially affected by the nonperturbative. interaction of the gluon. The latter substantially 
reduces the effect of nuclear shadowing of gluons. We have found an x dependence for gluons 
which is quite different from that for quarks. These differences are far beyond the simple 
Casimir factor 9/4. 

Nuclear shadowing for soft gluons is essentially controlled by the nonperturbative effects. 
It turns out to be rather weak similar to what is found at Q2 ~ 4 Ge V 2 • Such a scale invariance 
at low and medium high virtualities is a consequence of the strong nonperturbative interaction 
of gluons which introduces a semihard scale.~ ,4 b~ = 1. 7 Ge V 2 • 

The nonperturbative interaction changes dramatically the transverse momentum distribution 
of gluon bremsstrahlung by a high energy quark interacting with a nucleon or a nucleus. The 
gluon radiation cross section at small kT turns out to be suppressed by nearly two orders 
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Figure 10: Comparison of the cross sections of gluon radiation per nucleon in the perturbative 
QCD limit for collisions of a quark with a nucleon (solid curve), copper (dashed curve) and 
lead (dotted curve) versus the transverse momentum squared of the gluon. 

of magnitude compared to the expectations .from perturbative QCD [50, 36]. Although these· 
results concern the gluons radiated with ate -+ 0, it might also suppress gluon bremsstrahlung• 
at larger ac which is predicted [78] to contribute to the break up · of charmonia produced in'i 
relativistic heavy ion collisions. · 

This effect is especially strong for nuclear targets where the nonperturbative interaction of' 
radiated gluons creates a forward minimum in the transverse momentum distribution. This ' 
suppression is an additional contribution to nuclear shadowing calculated perturbatively in 
[50, 36] which also leads to a suppression of small transverse momenta. The results of our 1 

calculations presented in Figs. 8, 9 include both phenomena. 
Nuclear shadowing for small transverse momenta of the radiated gluons is the same effect i 

as the saturation ofparton densities at small x in nuclei as seen in the infinite momentum frame; 
of the nucleus. This phenomenon is expected to be extremely important for the problem of' 
quark-gluon plasma formation in relativistic heavy ion collisions. On the one hand, a growth of 
the mean transverse momentum of radiated gluons increases the produced transverse energy, on'. 
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Figure 11: The same as in Fig. 10, but the nonperturbative interaction of gluons is included. 

the other hand, it leads to a higher probability for such gluons to escape the interaction region 
without collisions, i.e. the gluon gas may not reach equilibrium [80]. 
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Appendix A Diffraction 

A.1 General consideration 

In this section we present a general analysis of diffraction based on the eigenstate decom­
position. 

The off-diagonal diffractive scattering is a direct consequence of the fact that the interacting 
particles (hadrons, photon) are not eigenstates of the interaction Hamiltonian [81, 82]. They 
can be decomposed in a complete set of such eigenstates lk) [74, 83], 

lh) = L ct lk) , (A.l) 
k 
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where ct are the amplitudes for the decomposition which obey the orthogonality conditions, 

~ ( h')t h L.J ck ck = ohh' ; 
k 

L (C?)t ct = 01k. (A.2) 
h 

We denote by fk = i uk/2 the eigenvalues of the elastic amplitude operator J. We as­
sume that the amplitude is integrated over impact parameter, i.e. that the forward scattering 
elastic amplitude is normalized as l/kl2 = 41rdak/dtlt=O• We can then express the hadronic 
amplitudes, the elastic fez(hh) and off diagonal diffractive !dd(hh') amplitudes as, 

lez(hh) = 2i L 1ct12 
CTk = 2i (u) ; 

k 

(A.3) 

/dd(hh') = 2i I: (Cf)t ct uk. (A.4) 
k 

Note that if all the eigen amplitudes are equal the diffractive amplitude (A.4) vanishes due to 
the orthogonality relation,· (A.2). The physical reason is obvious. If all the fk are identical 
the interaction does not affect the coherence between the different eigen components lk) of the 
projectile hadron lh). Therefore, off diagonal transitions are possible only due to differences 
between the fk 's. For instance, in the two channel case, 

/dd(hh') = 2i {C~)t Cf {u1 - u2) . (A.5) 

If one sums over all final states in the diffractive cross section one can use the completeness 
condition (A.2). Excluding the elastic channels one gets [74, 83, 5], 

h · 2 

16-it ~dd I = L 1cr12 uf - (I: 1cr 12 
CTi) = {uf) _:_ (u)2 , (A.6) 

t t=O i . i 

This formula is valid only for the total (forward) diffractive cross section and cannot be used 
for exclusiv~ channels. · 

A.2 Diffractive excitation of a quark, q ~ qG 

In this case we can restrict ourselves to the first two Fock components of the quark, a 
bare quark lq) and lqG). Therefore, we can use Eq. (A.5). Thus, we arrive at the following 
expression for the forward amplitude of diffractive dissociation into a qG pair with transverse 
separation p, 

!dd(q - qG)I = i '1!qa(a, p) [uqa(p) - uq] . (A.7} 
qT=O 

Both cross sections, CTqG and CTq are infra-red divergent, but this divergence is obviously the. 
same and cancels in (A.7). 

To regulate the divergence we can introduce a small gluon mass ma, which will not enter 
the final result, and impose that for separations r » I/ma the dipole cross section is given by 
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the additive quark limit, O'qq(r » l/ma) = 2aq, To find the convergent part of uqa(p)- O'q 
we can make use of Eq. (47). Let us choose in (47) r1 « l/ma and r2 » l/ma. Then the 
l.h.s. of (47) saturates at O'q + O'qa(r1). Here O'qa(ri) is different from O'q due to the color 
dipole moment of the qG system, i.e. due to r1 =I 0. Then (47) is modified to, 

uq + O'qa(r1) = ~ { uqq(r1) + 2 uq} - ~ uq . (A.8) 

From this relation we obtain the combination of cross sections at the r.h.s. ofEq. (A.7) which 
takes the form, 

/dd(q-+ qG)I = i \Jr qa(a, p) ~ uqq(p) . 
qT=O 

(A.9) 

Thus, we derived Eq. (60) in a simple and intuitive way. A more formal derivation based on 
direct calculation of Feynman diagrams is presented in Appendix B.1. 

A.3 Diffractive gluon radiation by a qq pair 

The diffractive amplitude of gluon radiation by a qq pair, iJ. q -+ iJ. q G, can be easily derived 
in this approach. We restrict ourselves to two Fock.components liJ.q} and liJ.qG}. Then the dis­
tribution amplitudes ct get the meaning of distribution functions for these Fock states, namely 
\Jr qq{f'1 - f'2, a) and \Jr aqq(p1, P2, a, aa ), where the transverse coordinates are defined in (82). 
Summation over k in (A. l) - (A.4) now means integration over the transverse separations and 
summation over the Fock components. According to (A.4) - (A.5) the diffractive amplitude 
fdd(qq -+ qqG) reads, 

/dd(iJ.q-+ qqG) = 2 / d2p1d2P2 'PqqG(P1,th,a,aa) [aaqq(P1,th)-uqq(P1 - th)] • 

(A.IO) 
Here we make use of the obvious relation Ciiq(r) = o(r). The total cross sections for the two 
Fock components qq and Gqq are introduced in (9) and (47). 

The distribution amplitude for the Gqq fluctuation in the limit of aa -+ 0 is easily guessed. 
Indeed, in this limit the impact parameters of the q and iJ. are not affected by gluon radiation. 
Therefore, the \Jr qqG should be a product of the qq distribution function in the projectile hadron 
(photon) times the sum of the gluon distribution amplitudes corresponding to radiation of the 
gluon by q or q, 

'Pqqa(P1,ih,a,aa) = 'Pqq(P1 - th,a) [wqa (iii, 0
:) - 'Pqa (P2, 

1 
~Ga)] , (A.11) 

where 'Pqq and 'PqG are defined in (18), (19) and in (56) respectively. Thus, we have arrived 
at Eq. (83). A more formal derivation based on the calculation of Feynman graphs is presented 
in the next Appendix. 

After integration over (p1 + th) in (A.IO) the amplitude of diffractive gluon radiation 
turns out to be proportional to the difference f1a(p1 - th) between the cross sections of the 
colorless systems Gqq and qq. This is a straightforward consequence of the general property 
of off-diagonal diffractive amplitudes given in (A.5). 

These conclusions are also valid for diffractive gluon radiation by a photon 'Y N -+ iJ. q G N. 
At first glance presence of a third channel, the photon, may change the situation and gluon 

185 



radiation amplitude may not be proportional to 6.u. This is not true, however, since the 
relative weights of the ijq and ijqG components of the photon are the same as above as soon as 
they are generated p~rturbatively. 

In the limit of purely perturbative interactions the same result as our Eq. (83) was obtained 
recently in [19] (Eq. (3.4)). However, the cross section for diffractive gluon radiation derived 
earlier in [18] (Eq. (60)) is not proportional to (6.u)2, but contains a linear term. We think that 
this is a consequence of improper application of relation (A.6) to an exclusive channel. 

A.4 Diffractive electromagnetic radiation 

The forward amplitude for photon (real or virtual) radiation by a quark is similar to that for 
gluon radiation (A.7), except that the photon does not interact strongly and one has to replace 
<1'qG by <1'q, 

/dd(q-+ q-y*)I = i'iI!q--,•(o:,p) [uq - uq] = O. 
qT=O 

(A.12) 

Thus, in order to radiate a photon the quark has to get a kick from the target, no radiation 
happens if the momentum transfer to the target is zero. 

This conclusion is different from the expectation for diffractive Drell-Yan pair production 
of [20]. The latter was based on the conventional formula (A.10) which cannot be used for an 
exclusive channel (as well as for gluon radiation). Therefore, the diffractive Drell-Yan cross 
section.should be much smaller than estimated in [20]. 

Nevertheless, a hadron as a whole can radiate diffractively a photon without momentum 
transfer as two of its quarks can participate in diffractive scattering, each of them may getting 
a momentum transfer, while the total momentum transfer is zero. 

Appendix B Diffraction: Feynman diagrams 

B.1 q N --+- q G N 

For the example of diffractive excitation of a quark, 

qN-+qGN, (B.l) 

we demonstrate in the following the techniques and approximations we use for the calculation 
of more complicated diffractive processes. 

We use the following notations for the kinematics of (B.l): kT and fh, are the transverse 
momenta of the final gluon and quark reseectively; o: is the fraction of the initial light~one 
momentum carried by the gluon; iir = kr + f>r is the total transverse momentum of the 
final quark and gluon, and K-T = ( 1 - o:) kT - o:fh, appears further on, when the transverse ; 

separations fa= b + (1- o:)pand r'q = b + o:pare inserted: kT ·fa+ i>r · Tq = (kT + h) • 

b + ( (1 - o:)kT + o:fh,) · p. 
We normalize the amplitude of (B.1) according to 

dn(qN-+ qGN) 

dlno:d2~ d2qT 
= ~ I: IA~µ,11) (iir, K-T, o:)12 

3 . 
µ,nu,s 
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~ LTr [A! (IJT, Rr, a) As (IJT, Rr, a)] (B.2) 
s 

where 
(B.3) 

and qv(µ) are the color spinors of the quark in the initial and final states; s is the color index 
of the radiated gluon. 

We assume that at high energies one can neglect the ratio of the real to imaginary parts of 
the amplitude for reaction {B.l). Then one can apply the generalized optical theorem (Cutkosky 
rules (58]), 

A(a-+ b) = ~ I:.Jt(b-+ c)A(a-+ c). (B.4) 
C 

here E includes not only a sum over intermediate channels, but also an integration over the 
C 

intermediate particle momenta. 
To simplify the problem we switch to the impact parameter representation, 

Since the initial impact parameters are preserved during the interaction we sum only over 
. intermediate channels in this representation. 

We use the Born approximation, i.e. the lowest order in 0:8 , for the sake of clarity, and 
generalization is straightforward. In this case and for a = { qN}, b = { qG N} only two 
intermediate states are possible in (B.4): C1 = {qNs'} and C2 = {qGNa}, where Na= l3q}s 
is the octet color state of the 3q system produced when the nucleon absorbs the exchanged 
gluon. 

One should sum in (B.4) over all excitations f of the Na, 

As(qN-+ qGN) = L [A!(qGN-+ qNs) A(qN-+ qN;) 
f 

+ ~ A!,8 (qGN-+ qGN8)As1(qN-+ qGN8)] (B.6) 

Here s' is the color index of the gluon in the intermediate state. 
We skip the simple but lengthy details of calculation of the amplitudes on the r.h.s of (B.6) 

and present only the results. 

(B.7) 

A~(qN-+qGNs) = [rs 1 Tr (1ltr(b1)li)-TrTs1 (1ltr(b2)li) 
ifs'rpTp (!li'r(b:J)li)] ~\J!qa(a,P); (B.8) 
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<,\ 

,-·: 

As(qGN-+qNs) = [rrTs (1l-rr(b1)li)-TsTr (11-rr(fu)li) 

ifrspTp (!l-rr(b3)li)] J;wqa(a,p); 

Ass•(qGN-+ qGNs) = 8ss' Tr (1 l-rr(fu)I i) + i lss'r ( / l-rr(b3)1 i) . 

(B.9) 

(B.10) 

Here b1 = b; fu = b - a pare the impact parameters of the projectile and ejectile quarks in 
reaction (B. l ), respectively; b3 = b + (l - a) pis the impact parameter of the radiated gluon; 

p is the transverse · separation inside the qG system, and b is the distance from its center of 
gravity to the nucleon target; iJ! qG ( a, p) is the distribution function for the qG pair; Ar = 2 Tr 
are the Gell-Mann matrices; frsp is the structure constant for the SU(3) group. The matrices 

'Yr(bk), (k = 1, 2, 3) are the operators in coordinate and color space for the target quarks, 

3 

'Yr(bk) = L rJi) x(bk - Si) ' (B.11) 
j=l 

x(iJ) = .!_ J d2q as(q) exp(i qrfJ) . 
1r q2 + A2 , (B.12) 

where Si is the transverse distance between the j-th valence quark of the target nucleon and its 

center of gravity; the matrices rJi) act on the color indices of this quark. The matrix elements 
(fli'r(bk)li} between the initial i = N and final/= N8 states are expressed through the wave 
functions of these states. The effective infra-red cut off A in (B.12) does not affect our results, 
which are infra~red stable due to color screening effects. 

Substitution of (B.7}-(B.10) into (B.6) results in, 

where 

As(qN-+ qGN) = ½ {rsTrTr1 l'Prr1 (b1,b1)-TrTsTr1 l'Prr1 (b2,b1) 

+ ifrspTpTr1 l'Prr1 (b3,b1) +Tr Ts Tr• l'Prr1 (b1,fu) 
Ts Tr Tr• l'Prr1 (b2, fu) - i frsp Tp Tr• l'Prr1 (fu, b3) 
ifss'r [rs' Tr• l.'Prr1 (b1,b3)-Tr 1 Ts• l'Prr1 (fu,b3) 

. - - ]} v'3 i fs'r'p Tp 'Prr1 (b3, b3) . X 2 w qa(a, p) , 

'Prr1 (bk,b1) = L (il'Yr(bk)lf) (fl'Yr1 (b1)li) · . 
I 

(B.13) 

(B.14). 

We sum in (B.13) over all excitations of the two color octet states of the 3q system. To 
have a complete set of states we have to include also color singlet and decuplet l3q) states. As 
these states cannot be produced via single gluon exchange, they do not contribute and we can 
simply extend the summation in (B.14) to the complete set of states and get, 

'Prr1 (bk,b1) = (il,Yr(bk)'Yr1 (b1)li) • (B.15) 
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In the matrix element (B.15) we average over color indices of the valence quarks and their 
relative coordinates in the target nucleon. To do so one should use the relation, 

Then, Eq. (B.15) can be represented as, 

(j = j') 
(j ~ j') 

- - 3 - -'Prr1 (bk,b1) = 4orr1 S(bk,b1), 

where S(bk, bi) is a scalar function of two vector variables, 

(B.16) 

(B.17) 

-- 2 - - 1 - - 2 

[ 
3 l S(bk,b1) = 9 / d{s} ~ x(bk - s;)x(b1 - s;)- 2 ~ x(bk -s;)x(b1 - s;,) l4>3q({s})I . 

(B.18) 
This function is directly related to the ijq dipole cross section (5), 

O'qq(P1 - ih.) = j d2b [s(b + Pi, b +Pi)+ S(b + ih., b + ih.) - 2 s(b + Pi, b+ Pi)] . 
(B.19) 

According to (B.17) and (B.18) the function il!(bk,b1) is symmetric under the replacement 

bk :.= b1. Therefore, the terms proportional to if!(b1, ~) and if!(b2, bi) in (B.13) cancel, as well 

as the terms proportional to if!(bi, ba) and if!(ba, bi). At the same time, the terms proportional 

to il!(ii;, ba) and if!(ba, b2) add up. 
Making use of the relations, 

TrTr = 4/3 

fss'r fs 1rp = 3osp 

-ifrspTpTr 
3 

(B.20) = 2rs, 

we arrive at the final result for the amplitude of diffractive dissociation of a quark ( q N -
q G N) in impact parameter representation, 

A - i3y3 {4 [ - - - - ] A8 (b, p, a) = ~ Ts '11qa(a, p) 3 S(bi, bi) - S(~, b2) 

+ 3 [s(b1,ba)- S(ba,ba)]} . (B.21) 

The diffraction amplitude in momentum representation reads, 

As(qr,ii:T,a) = (
2
~)2 / d2bd2pAs(b,p,a)exp (iqrb+iii:TP) (B.22) 

Using (B.19) and the above mentioned symmetry of S(pi, ih.) we obtain a very simple 
expression for the forward (qT = 0) diffraction amplitude which is related to the dipole cross 
section, 
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Eventually, the forward diffractive dissociation cross section of a quark reads, 

dn I -
d(lno:) d2qr qT=o 

l J 2 " At A 3 d K-r L.J Tr A 8 (0, A:r, a:) As(O, A:r, a:) 
s 

= (4!)2 j d2p lwqa(a,pj:aqq(pjl2 (B.24) 

We should emphasize that all above calculations are done for an arbitrary a:. 

B.2 Diffractive gluon radiation by a ijq pair 

Gluon radiation is an important contribution to the diffractive dissociation of a (virtual) 
photon, 

'Y* N-+ qqGN. (B.25) 

In analogy to the previous section we make use of the generalized unitarity relation, 

A.8 (-y* N-+ qqGN) = !_ L [As(qqGN-+ qqNg) A('y* N-+ qqNs') 
2 / 

+ ~ A,., ( qqG N -. qqG 11';) A,, b· N - qqG N,) l , (B.26) 

where the amplitudes are defined as follows, 

A('y* N-+ qqNs') = [rr (1 li'r(b1)l i) +fr (1 li'r(b2)l i)] Wqq{p1 - p,i,o:) lii.q}l j (B.27) 

As1 ('y* N-+ qqNs') = if ls'rp { Tp [ (1 li'r(b1)l i)- (1 li'r(b:J)I i)] Wqa(P1) 

+ fp [(1li'r(b2)li)-(1li'r(~)li)] Wqa(i12)}wqq(p1-ih,o:) lii.q}i; (B.28) 

As(ii.qGN-+qqNs') = - if lsrp {rp [(lli'r(b1)li)-(lli'r(b3)li)] Wqa(i11) 

+ fp [(lli'r(~)li)-(lli'r(b3)li)] Wqa(ih)} j (B.29) 

Ass•(qqGN-+ qqGNs') = Tr (1 li'r(b1)I i) Oss' +_fr (1 li'r(~)I i) Oss' 

+ i lss'r ( I l')'r(b3) Ii) • (B.30) 

Here b1 = b + f 1, b2 = b + T2, b3 = b +pare the impact parameters of the quark, antiquark am\_ 
gluon respectively; bis the photon impact parameter; p1,2 = p - f1,2; \fl qq and lii.q} are spatial • 
and color parts of the qq~component of the photon wave function, respectively. The matrices 
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Tr = Ar/2 and fr = >..;/2 act on the color indices of quark and antiquark respectively. The 
indices s, s' mark the color states of the gluons in intermediate and final states. 

Note that the condition of color neutrality of the singlet state lqq} leads to the relation, 

(B.31) 

Substitution of (B.26) - (B.30) into (B.25) leads to the following expression for the ampli­
tude of diffractive dissociation of the photon, 

A * _ i 3 v13 { (• [ - - - - ] A(-y N-+qqGN)=~ ifsrp [rpTr+TrTp] s(b1,b1)-s(b3,b1) 

+ifsrp [TpTr +rrTp] [s(b1,b2)- s(b3,b2)] 

+fss'rfs'rpTp [s(b3,b1)- s(b3,ba)]) '1!qa(P1) 

+ (ifsrp [fpTr +fr'fp] [s(~1 ~)- s(b2,b3)] 

+i fsrp [fp Tr + Tr fp] [ s(~, b1) - s(b3, b1)] 

+ fss 1rfs1rpTp [s(b3,b:z)- s(b3,b3)]) '1!qa(112)} lqq}1 '1!qq(P1 -112,0:), (B.32) 

where we made use of the completeness condition, Lf lf}(fl = 1 (see Appendix B.1). 
In order to simplify Eq. (B.32) we apply a few relations as follows. Since fsrp = - fspr 

we find 
f srp [Tp Tr + Tr Tp] = fsrp [fp Tr + Tr fp] = 0 . 

Then, relying on the condition (B.31) we find, 

We also use the relations 

ifsrpTpTr 

ifsrpTpTr 

fss'r fs 1rp 

2TpTr lqq}1 
-2TpTr lqq}1 j 

2TpTr lqq}1 
- 2 fp Tr lqq}i 

3 
= 2Ts; 

3 
= 2Ts; 

= 308 p, 

(B.33) 

(B.34) 

(B.35) 

(B.36) 

and the symmetry condition, s(bk, bi) = s(bi, bk), and eventually arrive at a modified form of 
Eq. (B.32) 

As('y*N-+ qqGN) = \'{: [Ts '1!qa(ii1) +rs '1!qa(ii2)] lqq}1 '1tqq(P1 -112,0:) 

x [s(b:z,ba) + s(b1,b3)- s(b1,b2)- s(ba,ba)] (B.37) 
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The last factor in square brackets can be represented as, 

P(b1,b2;b3) = s(b2,b3) + s(b1, b:3) - s(b1, b-i) - s(b3,b3) 

= ~ { [s(b1, b1) + s(b2, b2) - 2 s(b1, ~)] - [s(b2,b2) + s(b3,b3) - 2 s(~,b3)] 

- [s(b1,b1)+s(b3,b3)-2s(b1,b3)]}. (B.38) 

Then, the forward diffraction amplitude (qT = 0) in impact parameter representation has the 
form, 

l/,2A-27l' a-bAs(b,piih.) 

~ -
4
i~ E(P1, ff,) [ f r, 'I' ,c (P1) + ft, 'I' ,a(fi,)] 1<1q), 'I' ,.(p, - P2, a )(B.39) 

where E (p1 , ih.) is introduced in (73 ). 
From (B.39) one easily gets the forward diffractive cross section, 

du('y* N -t ijqG N) I 1 / cf cf I _ _ 
d(lnaa)dqT qT=O = (471')2 Pi P2da '11qq(p1-P2, 0 ) 

aa-o 

x [ 'I' ,a(iii) - 'I' ,a(fi,)] E(Pi, ji,>I' (B.40) 

B.3 Diffractive photon radiation, q N ~ ; q N 

Diffractive electromagnetic radiation is calculated in analogy to what was done in Appendix 
B.1 for gluon radiation. Since the photon does not interact with the gluonic field of the target 
the structure of all the amplitudes in the relation, 

A(qN - <nN) 

turns out to me much simpler. 

= i L [At(q,N - qNa')A(qN - qNa') 
2 / 

+ A.t(q-yN - q,N8)A(qN - <nNa)] , 

A(qN -t qNa') = Tr (1 li'r(b1)I i) j 

A.(q,N -t q-yNa') = Tr (1 li'r(b-i)I i) j 

A(qN - q-yNa') = A(q-yN - q-yNa') 

(B.l) 

(B.2) 

,. 
(B.3). 

= Tr [(lli'r{b1)li)-(lli'r{b-i)li)] '11q-y(p,a). (B.4) 
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Here b1 = b, ~ = b - a p are the impact parameters of the quark before and after radiation 
of the photon; p is the transverse separation between the quark and photon in the final state; 
and a is the fraction of the quark light cone momentum carried away by the photon. \JI q-y (p, a) 
is the distribution function for the q-y fluctuation of the quark. The initial, Ii}, and final, If}, 
states of the target, as well as the operators -y(bk) (k = 1, 2) are the same as in Appendix B.1. 

After substitution of (B.2) - (B.4) into (B.l) we get, 

A(qN - q-yN) = ½ { Tr Tr' [ <I>rr1 {b1, bi) - <I>rr1 {b1,b2) + <I>rr1{b2,b1) - <I>rr'(~, b2)]} . 
(B.5) 

Here the functions <I>rr'(bk,b1) are defined in Appendix B.1 Then, the amplitude in impact 
parameter representation reads, 

After Fourier transform to the momentum representation we get for the forward diflractive 
amplitude of photon radiation, 

Thus, the direct calculation of Feynman diagrams confirms our previous conclusion (Appendix 
A.4) that a quark does not diflractively emit electromagnetic radiation if the momentum transfer 
with the target is zero (as different from the statement in [20]). A hadron, however, can radiate 
in forward scattering. 

Appendix C The triple-Pomeron coupling 

In the limit of vanishing quark and gluon masses the quark-gluon wave function (56) 
retains only the second term ex <$1 which has the form (27). Bi-linear combinations of this 
wave function averaged over final polarizations can be represented as follows, 

00 

I 2 1 / d -tp2 <I>1(Pi,a)I = (27r)2 te • , (C.l) 

b(a,)2 

(C.2) 

This together with (30) and (79) allows to integrate analytically over the coordinates of the 
quarks and the gluon in (78). Finally integrating overt and u we arrive at, 

. G3p(NN-XN)= (
4
~)2 (:uor [F1(x,z)-F2(x,z)], (C.3) 
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where x = b2(0)p5, z = ZN = 2(r2}p/ p5, and 

Here 

where 

i=l 
i=2 
i=3 
i=4 
i=5 
i=6 
i=7 
i=B 
i=9 
i= 10 
i = 11 
i= 12 
i =13 
i= 14 

F1{x,z) = ln [(x + 1)2] + 2s1 ln [(x + l)(x + s1)] 
x(x + 2) x{l + x + s1) 

+ ¾s2 [21n(s1::s2)-ln(x+x2s2)] 

+ ~ S3S4 [21n ( S1X !;3S4) - ln ( X +x2s4)] (C.4) 

1 2 1 s ---S1 = -- s2 = -1 2 ' 3 - 2 + Z' l+z' + z 
2 4 .. 

s4. = 2 + 3z' ss = 4 + 3z ' 

14 
g(i) [ o(i)'y{i) ] 

z F2(x, z) = ~ {3(i) ln o(i)-y(i) - (32{i) ' 
•=1 

g = 2/3 
g=2 

9 = -10/3 
g=l 
g=-4 
g = 5/3 
g=2 

g = 84/3 
9 = -28s/3 
9 = 28s/3 

.. 9 = -84/3 
9 = -28s/3 
9 = -28s/3 
9 = 284/3 

/3=1/z+2 
/3=1/z+l 
/3=1/z+l 

/3 = 1/z 
/3 = 1/z 

/3=1/z+2 
/3 = 1/z 

/3 = 1/z+ 1/2 
/3 = 1/z + 8s/4 

f3=1/z+1+8s/4 
/3 = 1/z - 84/2 

/3 = 1/z + 1- 85/4 
/3 = 1/z - 8s/4 

/3 = 1/z 

'Y = o = x/2 + /3 
'Y = o = x/2 + /3 

o = x/2 + /3 
'Y = o = x/2 + /3 

o = x/2+/3 
'Y = o = x/2 + /3 + 1 

o = x/2 + /3 
'Y = o = x/2+/3 

o = x/2 + /3 
'Y = o = x/2 + /3 

'Y = o = x/2+/3+84 
'Y = 0 = X /2 + /3 + 85 /2 

o = x/2 + /3 + 8s/2 
o c::d:. x/2+ /3+ 1/2 

(C.5) 

(C.6) 

-y=o+l 

-y=o+l 

-y=o+2 

-y=o+l 

-y=o+l 
'Y = x/2 + /3 + 84/2. 

(C.7) 
The effective triple-Pomeron coupling G3p(MN - XN) for diffractive dissociation ofa 

meson M can be calculated in a similar way assuming a Gaussian shape of the quark wave 
function of the meson, 

IWM-+gq{r}l2 = _1_ e-r2/R2 
1rR2 ' 

(C.8) 

where R2 = 8 (rL}ch/3. The triple-Pomeron coupling is smaller by a factor 2/3 (different 
number of valence quarks) and has a form similar to (C.3), 

G3p{MN-XN)= 3 ~4~)2 (;uo)
2 

[Ff(x,zM)-Ff(x,zM)], (C.9) 

but ZM = R2 / p5 f:. ZN and the functions Ff§ are different too. The expression for Ff1 (x, ZM) 
results from Fi(x,z) via the replacement S3 -1, s4 - s2 and z - ZM, · 
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The expression for F2(x, ZM) follows from F2(x, z) after moderate modifications in (C.7): 
g(l) = 1, g(3) = -4, g(6) = 2, all g(i) = 0 for i?: 8 and z -t ZM-

In the case . of diffractive dissociation of a photon, the calculations are more complicated 
since the spatial distribution of quarks in the photon is very different from a Gaussian. Never­
theless, it can be represented as a superposition of Gaussians, 

2 l/a2(0) 

l,T, _ (- )l2 = OemNc I:: Zq .J dR
2 (-1- -r2/R2) 

'Ji! -y-+qq r' a 2 7r R2 7r R2 e . 
0 

Then, the effective coupling G3p(-yN - XN) takes a form similar to (C.3) and (C.9), 

2aeml¥s Ne I:: z; (9 )2 
[ ] G3p(-yN-tXN)= 

6
(
2

1r)3 8uo Fl(x,z-y)-Fl(x,z-y) , 

where z-y = [a2(a) p~J-1 and 

z.., 
F'l2(x,z,,,) = j dv F~(x,v). , , V , 

0 
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Abstract 

Recent data from RHIC for high-pT hadrons in gold-gold collisions raised again the long 
standing problem of quantitatively understanding the Cronin effect, i.e. nuclear enhance­
ment of high-PT hadrons due to multiple interactions in nuclear matter. In nucleus-nucleus 
collisions this effect has to be reliably calculated as baseline for a signal of new physics in 
high~PT hadron production. The only possibility to test models is to compare with available 
data for pA collisions, however, all existing models for the Cronin effect rely on a fit to the 
data to be explained. We develop a phenomenological description based on the light-cone 
QCD-dipole approach which allows to explain available data without fitting to them and to 
provide predictions for pA collisions at RHIC and LHC. We point out that the mechanism 
causing Cronin effect drastically changes between the energies of fixed target experiments 
and RHIC-LHC. High-PT hadrons are produced incoherently on different nucleons at low 
energies, whereas the production amplitudes interfere if the energy is sufficiently high. 

PACS: 24.85.+p, 13.85.Ni, 25.40.Qa 

It was first observed back in 1975 [l] that high-PT hadrons are not suppressed in proton­
nucleus collisions, but produced copiously. This effect named after James Cronin demonstrates 
that bound nucleons cooperate producing high-PT particles. Indeed, it has been soon realized 
that multiple interactions which have a steeper than linear A-dependence lead to the observed 
enhancement. An adequate interpretation of the Cronin effect has become especially important 
recently in connection with data from RHIC for high-PT hadron production in heavy ion col­
lisions (2, 3]. The observed suppression factor can be understood as a product of two terms. 
One is due to multiple interactions within the colliding nuclei, analogous to the Cronin effect. 
The second factor arises from final state interaction with the produced medium, the properties 
of which are thus probed. This second factor, the main goal of the experiment, can be extracted 
from data only provided that the Cronin effect for nuclear collisions can be reliably predicted. 
However, in spite of the qualitative understanding of the underlying dynamics of this effect, no 
satisfactory quantitative explanation of existing pA data has been suggested so far. Available 
models contain parameters fitted to the data to be explained (e.g. see [4, 5, 6]) and miss im­
portant physics. In this paper we suggest a comprehensive description of the dynamics behind 
the Cronin effect resulting in parameter-free predictions which agree with available data. 

First of all, the mechanism of multiple interactions significantly changes with energy. At 
low energies a high-kr parton is produced off different nucleons incoherently, while at high 
energies it becomes a coherent process. This is controlled by the coherence length 

(1) 

*Phys. Rev. Lett. 88 (2002) 232303. Copyright © 2002 The American Physical Society. 
Reproduced by permission of the APS. 
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where kT is the transverse momentum of the parton produced at mid rapidity and then hadroniz­
ing into the detected hadron with transverse momentum PT. 

For a coherence length which is shorter than the typical intemucleon separation, the pro­
jectile interacts incoherently with individual nucleons, just as for e.g. pp scattering. However, 
QCD factorization is violated by multiple scattering as discussed e.g. in [7]. Therefore, broad­
ening of transverse momentum caused by initial/final interactions, should not be translated into 
a modification of the parton distribution of the nucleus if the coherence length is short. In the 
opposite limit, i.e. if the coherence length is longer than the nuclear radius RA, factorization 
applies. All amplitudes interfere coherently and result in a collective parton distribution of the 
nucleus. This difference is present in all of the various manners in which such interactions are 
discussed. It is e.g. adequate to view a nucleus in the nucleus momentum frame as a cloud of 
partons. Those with small x overlap and are no longer associated with any individual nucleon. 
Small x corresponds to a long le ~ 1/(xmN ). Again, factorization applies, but the nuclear 
parton distribution is modified. The mean transverse momentum of gluons increase [8] since 
their density saturates at small kT [9, 10]. 

Short coherence length. Broadening of transverse momentum of a projectile parton propa­
gating through a nuclear medium is quite a complicated process involving rescatterings of the 
parton accompanied by gluon radiation. Apparently, this process involves soft interactions and 
cannot be calculated perturbatively. Instead, one should rely on phenomenology. Correspond­
ing calculations have been performed in [11] in the framework of the light-cone QCD dipole 
approach. The transverse momentum distribution of partons after propagation through nuclear 
matter of thickness TA(b) = J~= dz PA(z) (the nuclear density integrated along the parton 
trajectory at impact parameter b) has the form [11], 

dNq 

<PkT = !<fr d2r eifT(r1-r2)nq (r r) 1 2 ,n 1, 2 

X e-½ u~(r1 -r2,x) TA(b) (2) 

Here ntn ( r1, f'2) is the density matrix describing the impact parameter distribution of the quark 
in the incident hadron, 

oQ (- - ) (k5} 1( 2 2)(k2 Hin r1,r2 = --e-2 r1+r2 o} 
7r ' 

(3) 

where (k5) is the mean value of the parton primordial transverse momentum squared. 
The central ingredient of Eq. (2) is the phenomenological cross section u~(rT, x) for the 

interaction of a nucleon with a ijq dipole of transverse separation TT at Bjorken x. In what 
follows we use the simple parametrization [12] 

Uqq(rT,X) = u0 [1 - e-¼r}Q~(x)] , (4) 

the parameters of which were fixed by DIS data: Q8 (x) = 1 GeV x (x0 /x/•l2 and u0 = 
23.03 mb; A = 0.288; x0 = 3.04 • 10-4 • 

Note that the kT distribution of quarks from a single q- N scattering process is not singular 
at kT - 0, but according to (4) has a Gaussian shape. The phenomenon of saturation for soft 
gluons [9, 13] is the driving idea of parametrization [12]. Therefore, the mean momentum 
transfer in each scattering is not small, but of the order of the saturation scale Q8 (x). 
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Of course, for projectile gluons the broadening is stronger than for quarks and the dipole 
cross section Eq. (4) should be replaced by the glue-glue one atf0 = ~ai. 

Besides broadening of transverse momentum, initial state interactions also lead to energy 
loss [15, 14]. While induced energy loss in cold nuclear medium is negligibly small [16, 15], 
energy loss due to hadronization in inelastic scattering reactions (which is basically the same as 
for hadronization in vacuum) is important. The first inelastic interaction of the incident hadron 
triggers energy loss and the parton participating in the high-Pr process arrives with a noticeably 
reduced energy [14, 15]. We fixed the energy loss 6-E to a mean value corresponding to the 
mean path length calculated in [ 15] and a rate of energy loss dE / dz = -2.5 Ge V / fm. 

For the cross section of pA -+ hX at high PT we use the standard convolution expression 
based on QCD factorization [17], 

(TplcA«RA (pr) = ~ F- '°' F '°' (TA '°' D ~ i/p '<Y j/A '<Y ij-kl '<Y h/k , (5) 
i.j.k,l 

where Fi/p and Fj/A are the distributions ofparton species i,j in Bjorken x 1,2 and transverse 
momentum in the colliding proton and nucleus respectively. However, to describe the nonfac­
torizable multiple interactions the beam parton distribution Ff is modified by by the transverse 
momentum broadening Eq. (2) and by shifting x1 to x1 = x1 +6.E/(x1Ep)- For (k5) in (3) we 
use the next-to-leading value from [5] fitted to data for hadron production in pp collisions. For 
the parton distribution functions in a nucleon we use the leading order GRV parametrization 
[18]. The nuclear parton distribution, Fj/A, is unchanged compared to a free nucleon, except at 
large x2 where it is subject to medium modifications (EMC effect) which are parametrized ac­
cording to [19]. For the hard parton scattering cross section [17] we use regularization masses 
me= 0.8GeV and mq = 0.2GeV for gluon and quark propagators respectively. Such a large 
effective gluon mass was introduced to reproduce the strong nonperturbative light-cone gluon 
interaction [20] dictated by diffraction data. The fragmentation functions of a parton k into the 
final hadron h, Dh/k are taken from [21] in leading order. We use the realistic Woods-Saxon 
parametrization for the nuclear density. 

As far as all the parameters in (5) are fitted to data for proton target, we have no further 
adjustable parameters and can predict nuclear effect. The results of parameter-free calculations 
for the production of charged pions are compared in Fig. 1 with fixed target data. Rw/Be(PT) 
is the ratio of the tungsten and beryllium cross sections at 200 - 400 Ge V [22] and 800 Ge V 
[23] as function of PT· 

Long coherence length. In the limit of le » RA a hard fluctuation in the incident proton 
containing a high-pr parton propagates through the whole nucleus and may be freed by the 
interaction. Since multiple interactions in the nucleus supply a larger momentum transfer 
than a nucleon target, they are able to resolve harder fluctuations, i.e. the average transverse 
momentum of produced hadrons increases. In this case broadening looks like color filtering 
rather than Brownian motion. 

Instead of QCD factorization we employ the light-cone dipole formalism in the rest frame 
of the target which leads to another factorized expression, valid at x2 « 1, 

(6) 

We assume that high-pr hadrons originate mainly from radiated gluons at such high energies. 
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Figure 1: Ratio of the charged pion production cross sections for tungsten and beryllium 
function of the transverse momentum of the produced pions. The curves correspond to the 
parameter-free calculation Eq. (5), the data are from fixed target experiments [22, 23] 

The cross section of gluon radiation reads [25, 26, 20], 

do-(GA-+ G1 G2X) = J d2b J d2r1d2r2 eiiir(r1-r2) 
d2pr dy1 

X IJIGG(f'l, a)\Jlcc(f:i, a) [ l - e-½o-fo(r1,x)TA(b) 

e-½o-fa(r2,x)TA(b) + e-½o-fa(f'1-f'2,x)TA(b)] . (7) 

Here a = P+(G1)/P+(G) is the momentum fraction of the radiated gluon; afa(r, a) is the 
dipole cross section for a three-gluon colorless system, where r is the transverse separation of 
the final gluons G1 and 0 2 • It can be expressed in terms of the usual ijq dipole cross sections, 

afc(r) = ~ { O'qq(r) + aqq(ar) + O'qq[(l - a)r]} . (8) 
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The light-cone wave function of the G 1 - G 2 Fock component of the incoming gluon 
including the nonperturbative interaction of the gluons reads [20], 

,T, (- ) J8as [ T2 ] [ (-* ;;",(-* ;;'\ 'J!GG r,a = --2- exp --2 a e1 • e1 e2 • r1 1rr 2r0 

+ (1 - a)(e; • e)(ei • r) - a(l - a)(ei • e;)(e • r)] , 

(9) 

where r0 = 0.3 fm is the parameter characterizing the strength of the nonperturbative interaction 
which was fitted to data on diffractive pp scattering. The product of the wave functions is 
averaged in (7) over the initial gluon polarization, e, and summed over the final ones, e1,2 . 

Expression (7) with the exponentials expanded to first order in the nuclear thickness also 
provides the cross section for gluon radiation in pp collision.s. This cross section reproduces 
well the measured pion spectra in pp collisions. The results for the ratio of pion production 
rates in pA and pp collisions obtained using Eqs. (6)-(7) for mid rapidity at the energy ofLHC, 
Js = 5.5 TeV are shown by curve in Fig. 2. 
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Figure 2: Ratio of p-Au to pp cross sections as function of transverse momentum of produced 
pions at the energy ofLHC calculated with Eq. (7). The dashed and solid curves correspond to 
calculations without and with gluon shadowing respectively. 

Note that at the high LHC energy the eikonal formula Eq. (7) is not exact. The higher Fock 
components j3G), j4G), etc. lead to additional corrections called gluon shadowing. These 
fluctuations are heavier than j2G}, correspondingly, the coherence length is shorter, and one 
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should sum over all different trajectories of the gluons. This problem was solved in [20, 27, 24] 
and a suppression factor Rc(x, Q2 , b) due to gluop shadowing was derived. Here we make use 
of those results replacing the dipole cross sections in (7), o-3c by Re o-3c. This suppression 
factor leads to a reduction of the Cronin effect as is demonstrated by the solid curve in Fig. 2. 
Note that this curve approaches unity from below at high PT• 

Predictions for RHIC. The calculations in the energy range of RHIC are most complicated 
since this is the transition region between the regimes of long ( small Pr) and short (large Pr) 
coherence lengths. One can deal with this situation relying on the light-cone Green function 
formalism [28, 29, 27]. However, in this case the integrations involved become too compli­
cated. Fortunately, the coherence length at the energy of RHIC is rather long, le ~ 5 fm, within 
the Pr-range where the Cronin effect has an appreciable magnitude. Therefore, the corrections 
to the asymptotic expression Eq. (6) should not be large and can be approximated by linear 
interpolation performed by means of the the so called nuclear longitudinal formfactor FA ( Qe, b) 
[30, 15], 

apA(PT) = J d2b {[1 - (F}(qe,b))] a;J<RA(Pr,b) 

+ (F1(qe,b))a;t'RA(Pr,b)}. (10) 

Here O"pA(PT, b) is the unintegrated b-dependent contribution to the cross section O"pA(Pr ), 

00 

FA(Qe,b) = T:(b) J dzpA(b,z)eiqcz, (11) 

-oo 

where Qe = 1 / le. The formfactor is averaged weighted with the cross section at fixed PT and 
varying initial and final parton momenta. 

Expression (10) interpolates between the cross sections o-;cJ<RA (PT), (5), and o-;~fRA (Pr), 
(6), which are shown in Fig. 3 by dotted and dashed curves respectively. It is interesting that 
the dashed curve exposes a weaker nuclear enhancement than the dotted one. This might be 
interpreted as Landau-Pomeranchuk suppression of the radiation spectrum compared to the 
Bethe-Reitler regime. 

Our prediction for ,/s = 200 GeV calculated with Eq. (10) is depicted by the solid curve 
which nearly coincides with the le « RA one at PT < 2 GeV and is rather close to it at 
higher PT· le » RA regime at higher PT· Eventually, all three curves approach 1 at large 
PT> l0GeV. 

No sizeable gluon shadowing is expected at RHIC energy. The reason is that the effective 
coherence length for gluon shadowing evaluated in [29] is nearly an order of magnitude shorter 
than le for single gluon radiation as given by ( 1 ). 

Summary: the mechanism of high-PT hadron production has two limiting regimes. At 
le « RA a high-PT particle is produced incoherently on different nucleons, and the Cronin 
effect is due to soft multiple initial/final state interactions which break QCD factorization. 
On the contrary, for le » RA the process of gluon radiation takes long time even for high 
transverse momenta. As a result, coherent radiation from different nucleons is subject to 
Landau-Pomeranchuk suppression. Using the light-cone dipole approach we provided the first 
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Figure 3: Predictions for RHIC. The dotted and dashed curves are calculated at vs = 200 Ge V 
using Eqs. (5) and (6) respectively. The final prediction taking into account the coherence 
length is shown by the solid curve. 

parameter-free calculations for the Cronin effect in pA collisions, i.e. no fit is done to the data 
to be described. Our results agree well with available data and we provided predictions for 
high-PT pion production at RHIC and LHC. 

Acknowledgment: we are grateful to Jorg Hiifner, Mikkel Johnson and Jorg Raufeisen for 
stimulating discussions. This work has been partially supported by a grant from the Gesellschaft 
fiir Schwerionenforschung Darmstadt (GSI), grant No. GSI-OR-SCH. The work of J.N. has 
been supported in part by the Slovak Funding Agency, Grant No. 2/1169 and Grant No. 6114. 

References 

[l] J. W. Cronin et al., Phys. Rev. D 11, 3105 (1975). 

[2] PHENIX Collaboration, K. Adcox et al., nucl-ex/0109003 (2001). 

[3] STAR Collaboration, J. Harris et al., nucl-ex/0105011 (2001). 

[4] T. Ochiai et al., Prog. Theor. Phys., 75, 288 (1986). 

[5] X.-N. Wang, Phys. Rev. C 61, 064910 (2000). 

205 



[6] Y. Zhang et al., Phys.Rev. C 65, 034903 (2002). 

[7] G.T. Bodwin, S.J. Brodsky, and G.P. Lepage, Phys. Rev. D 39, 3287 (1989). 

[8] L. McLerran and R. Venugopalan, Phys. Rev. D 49, 2233 (1994); 49, 3352 (1994); 49, 
2225 (1994). 

[9] L.V. Gribov, E.M. Levin and M.G. Ryskin, Phys. Rep. 100, 1 (1983). 

[10] A.H. Mueller, Nucl. Phys. B 335, 115 (1990). 

[11] M.B. Johnson, B.Z. Kopeliovich, and A.V. Tarasov, Phys. Rev. C63, 035203 (2001). 

[12] K. Golec-Biernat and M. Wiisthoff, Phys. Rev. D 59, 014017 (1999); Phys. Rev. D 60, 
114023 (1999). 

[13] A.H. Mueller, Nucl. Phys. B 558, 285 (1999). 

[14] B.Z. Kopeliovich, F. Niedermayer, Sov. J. Nucl. Phys. 42, 504 (1985) [Yad. Fiz. 42, 797 
(1985)]. 

[15] M.B. Johnson et al., Phys.Rev.Lett. 86, 4483 (2001); Phys. Rev. C 65, 025203 (2002). 

[16] R. Baier et al., Nucl. Phys. B 483, 291 (1997). 

[17] R.P. Feynman, R.D. Field, and G.C. Fox, Phys. Rev. D 18, 3320 (1978). 

[18] M. Gluck, E. Reya, and A. Vogt, Z. Phys. C 67,433 (1995). 

[19] K. J. Eskola, V. J. Kolhinen, and C.A. Salgado, Eur. Phys. J. C 9, 61 (1999). 

[20] B.Z. Kopeliovich, A. Schafer and A.V. Tarasov, Phys. Rev. D 62, 054022 (2000). 

[21] B.A. Kniehl, G. Kramer, and B. Potter, B 597, 337 (2001). 

[22] D. Antreasyan et al., Phys. Rev. D 19, 764 (1979). 

[23] P.B. Straub et al., Phys. Rev. Lett. 68, 452 (1992). 

[24] B.Z. Kopeliovich, J. Raufeisen, A.V. Tarasov, and M.B. Johnson, hep-ph/0110221. 

[25] Yu.V. Kovchegov and A.H. Mueller, Nucl. Phys. B 529, 451 (1998). 

[26] B.Z. Kopeliovich, A. Schafer and A.V. Tarasov, Phys. Rev. C 59, 1609 (1999). 

[27] B.Z. Kopeliovich, J. Nemchik, A. Schafer and A.V. Tarasov, Phys. Rev. C 65, 035201 
(2002). 

[28] B.Z. Kopeliovich, J. Raufeisen, A.V. Tarasov, Phys. Lett. B 440, 151 (1998); 

[29] B.Z. Kopeliovich, J. Raufeisen, A.V. Tarasov,lhys. Rev. C 62, 035204 (2000): 

[30] B.Z. Kopeliovich, B. Povh, Phys. Lett. B 367, 329 (1996). 

206 



Contribution of a.2 terms to the total interaction cross sections of 
relativistic elementary atoms with atoms of matter* 

L.Afanasyev, A.Tarasov, and O.Voskresenskaya 
Joint Institute for Nuclear Research, 

141980 Dubna, Moscow Region, Russia 

It is shown that the corrections of o 2 order for the total interaction cross sections of elemen­
tary hydrogenlike atoms with target atoms, found in the previous paper [S. Mr6wczynski, 
Phys. Rev. D36, 1520 (1987)], do not include some terms of the same order of magnitude. 
This results in a significant contribution of these corrections in particular cases. The full 
o 2 corrections have been derived and it is shown that they are really small and .could be 
omitted for most practical applications. 

The experiment DIRAC [1], which now under· way at PS CERN, aims to measure the 
lifetime of hydrogenlike elementary atoms (EA) consisting of 1r+ and 1r- mesons (A2,r) with 
accuracy of 10%. The interaction of 1r+1r- atoms with matter is of great importance for the 
experiment as A21r dissociation (ionization) in such interactions is exploited to observe A2,r 

and to measure its lifetime. In the experiment the ratio between the number of 1r+1r- pairs 
from A2,r dissociation inside a target and the number of produced atoms will be measured. The 
lifetime measurement is based on the comparison of this experimental value with its calculated 
dependence on the lifetime. Accuracy of the interaction cross sections of relativistic EA with 
ordinary atoms, which are behind all these calculations [2], is essential for the extraction of the 
lifetime. 

The study of interactions of fast hydrogenlike atoms with atoms has a long history starting 
from Bethe. One of the resent calculations for hydrogen and one-electron ions was published 
in [3]. Interactions of various relativistic EA consisting of e±, 1r±, µ±, K± were considered in 
different approaches [4-16]. In this paper we reconsider corrections of o.2 order to the EA total 
interaction cross sections obtained in [7]. (Through this paper o. is the fine-structure constant.) 

As shown in [7] analysis of the relativistic EA interaction with the Coulomb field of target 
atoms can be performed conveniently in the rest frame of the projectile EA (antilaboratory 
frame). As the characteristic transfer momentum is of order of the EA Bohr momentum, in 
this frame after the interaction EA has a nonrelativistic velocity and thus initial and final states 
of EA can be treated in terms of the nonrelativistic quantum mechanics. In this manner the 
well-known difficulties of the relativistic treatment of bound states can be get round. 

As in the EA rest frame a target atom moves with the relativistic velocity its electromagnetic 
field is no longer pure Coulomb. It is described by the 4-vector potential Aµ= (A0 ,A) with 
components related to its rest Coulomb potential U{r): 

Ao =-yU, A =-yf3U. (1) 

Here /3 = v / c, v is the target atom velocity in the EA rest frame and 'Y is its Lorentz factor. 

*Phys. Rev. D65 (2002) 096001 (l-6). Copyright © 2002 The American Physical Society. Reproduced by 
permission of the APS. 
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The timelike component Ao of the 4-potential interacts with the charges of particles forming 
EA and the space component with their currents. 

In this paper we consider only EA consisting of spinless particles (1r, K mesons, etc.) 
which are of interest for the DIRAC experiment. In the Born approximation the amplitudes of 
transition from the initial state i to the final / due to the interaction with A,. can be written as: 

Afi = U(Q)a1i(q) , 
00 

U(Q) = 2 j U(r)sinQQr rdr, 

0 

a1i(q) = PJi(q) - /3JJi(q) · 

(2) 

(3) 

(4) 

The transition densities PJi(q) and transition currents 3/i(q) are expressed via the the EA 
wave functions 1Pi and 1P/ for the the initial and final states: 

PJi(q) = J PJi(r) (eiq1r - e-iq2r) d3r' (5) 

3/i(q) = f iJi(r) (1!:.eiq1r + ...!!:....e-iq2r) d3r' (6) 
m1 m2 

PJi(r) = 'lf;j(r)'I/Ji(r), (7) 

3/i(r) = 2~ [1/Ji(r)V'lf;j(r)- 1/Jj(r)V'I/Ji(r)] (8) 

The EA wave functions 1Pi,/ and the binding energies ci,/ obey the Schrodinger equation 

H 1Pi,f = Ci,J1Pi,f , 
t::,. 

H=-- + V(r) ' 2µ 

(9) 

with the Hamiltonian H. It is worth noting that the explicitform of the potential V(r) of the 
interaction between the EA components have no influence, on the final result of this paper. 

In the above equations m 1,2 are masses of EA components, q = (qo, q) is the transfer 
4-momentum, and all other kinematic variables are related by the following equations: 

' µ µ 
q1 = -q, q2 = -q, 

m1 · m2 

q = (qo,q), 

m1m2 M ~ m 1 + m2, 
µ= M ' 

q = (qL,qT), 
Q2 

qo = Wfi + 2M = f3q = /JqL, Wfi = cJ ~ ci, 

Q = ,/q2 , Q2 = q2 _ qJ = q} + qi(l _ 132) . 

(10) 

The differential and integral cross sections of the EA transition from the initial state i to the 
final / due to interaction with the electromagnetic field of the target atom are related to the 
amplitudes (2): 

dufi 1 
dqr = 132 IA1i(q)l

2 
, 

<Tfi = ;2 J IA1i(q)l2d2qr. (11) 
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Formulae (2-11) allow to calculate the transition (partial) cross sections in the Born approxi­
mation. But for applications (for example see [2]) the total cross sections of the EA interaction 
with target atoms are required also. Because the Born amplitudes of the EA elastic scattering 
are pure real values the optical theorem can not be used to calculate the total cross sections. 
Thus they should be calculated as the sum of all partial cross sections: 

I 

tot '°' (Ti = L.JCT/i · (12) 
I 

Usually to get a closed expression for the sum of this infinite series (the so-called "sum 
rule") the transition amplitudes (2) are rewrite as: 

(13) 

where the operator .A(q) does not contain an explicit dependence on the EA final state variables 
(for example its energy c/, see bellow). Then using of the completeness relation 

I: lf}(fl = 1, (14) 
I 

the sum (12) can be written in the form: 

(15) 

However one should to take some caution while going from the exact expressions (2-10) for. 
the transition amplitudes, with explicitly dependence on the c / (through the timelike q0 and 
longitudinal QL components of 4-vector q), to the approximate one without such dependence. 
Otherwise, it is possible to obtain a physically improper result as it has happened to the authors 
of the the paper [7] at deriving of the sum rules for the total cross section of interaction of 
ultrarelativistic EA (/3 = 1) with target atoms. Below we discuss this problem in detail. 

The most essential simplification, that arises in the case of {3 = 1 is that Q2 = q}. Thus 
U(Q) = U(qT) [see (10)] and only Afi in (2) depends on c/ through the exponential factors 
exp ( iq1 r) and exp {-iq2r) in (5) and (6) 

(16) 

where QL = Wfi + q}/2M if {3 = 1. 
Now let us take into account that the typical value of z in these expressions is of order of 

the Bohr radius TB = 1/ µo. and the typical QL ~ Wfi ~ µo.2, thus the product QLZ is of order 
of o.. Then it seems natural to neglect the QL dependence of a,i: 

(17) 

and consider this case as the zero order approximation to the problem [7]. It corresponds to the 
choice of the operator A in the form: 

.A(q) = U(qT) [eiq1TrT _ e-iq2TrT_ 

(eiq1TrT /mi + e-iq2TrT /m2 ),8p] 
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Here fi = -,-iV is the momentum operator. 
Substituting (18) in (15) results in the following sum rules [7], where the total cross sections 

is expressed as the sum of the "electric" uel and "magnetic" uma.g cross sections: 

(Ttot = (Tel + CTma.g , 

(Tel= J U2 (qT)M(qT)d2qT, 

M(qT) = 2(1- S(qT)), 

S(qT) = J l1"(r)l2eiqTrd3r; 

~a.g = J U2 (qT)K(qT)d2qT, 

K(qT) = J [~ + - 2
-(eiqr -1)] l.8 V 1Pi{r)l2 d3r. 

µ m1m2 · 

(19) 

(20) 

(21) 

These results differ from the sum rules used in [2] by the additional term uma.g. For beginning 
let us consider its contribution qualitatively. For this purpose the target atom potential U(r) 
can be approximated by the screened Coulomb potential: 

U(r) = Zo: e-.Xr 
r ' 

). ~ m o:zl/3 e , (22) 

where me is the electron mass and Z is the atomic number of the target. The pure Coulomb 
wave function can be used for 1Pi (i.e. the contribution of the strong interaction between the 
EA components is neglected see [17]). For the ground state it is written as: 

3/2 .,, ( ). µo: -µar 
'f'i r = V1r e . (23) 

Under such assumptions for the ground state the following results can be easy obtained: 

el 81rZ
2 

[ ( 2µ ) 3] 
u = ---,;:x- ln z1/3me - 4 ' (24) 

~a.g = ~'Ir ( ~o:) 2 + O(o:2uel) ' 

4 Z4/3 2 
'Ir 0: 0( 2 el) = 3 2 + 0:(1 • 

me 
(25) 

It is seen that in spite of o:2 in the numerator of uma.g the electron mass square in the 
denominator makes the contribution of the ''magnetic" term in (19) not negligible with respect 
to the "electric" one, especially for the case of EA consisted of heavy hadrons and low Z 
values. 

To obtain exact numerical values we have precisely repeated the calculations made in [7]. 
More accurate presentation of the target atom potential, namely, the Moliere parameterization 
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of the Thomas-Fermi potential [18] was used as in [7]: 

3 -.>.·r '°' Cie ' U(r) = Za LJ -- ; 
i=l r 

C1 = 0.35, C2 = 0.55, C3 = 0.1; 

.X1 = 0.3.Xo, .X2 = 1.2.Xo, A3 = 6.Xo, .Xo = meaz1!3 /0.885. 

(26) 

The values of "electric" (el) and "magnetic" (mag) total cross sections (in units of cm2) and 
their ratio (mag/el) are presented in Table I for various EA and target materials. The values 
published in [7] are given in the parentheses. It is seen that the "electric" cross sections are 
coincide within the given accuracy, but the "magnetic" ones are underestimated in [7]. It is 
worth noting that the correct values of umag does not depend on EA masses as it follows from 
the simplified approximation result (25). The ratio values confirm the above estimation about 
the "magnetic" term contribution. Thus inaccuracy in the calculations did not allow the authors 
of [7] to observe so significant contribution of umag in their results. 

It is clear, that such strong enhancement of the magnetic term in (19) is the consequence 
of its inverse power dependence (25) on the small screening parameter .X. It is also easily to 
see that the origin of such unnatural dependence is in the behaviour of the factor K(qT) at 
small values of qT in (21 ). This factor, contrary to M ( qT) in (20), does not approach to zero 
at qT -+ 0. But at f3 = l such behaviour of K(qT) is in contradiction with some general 
properties of the transition amplitudes (4), which follow from the continuity equation: 

(27) 

(The later can be derived from the Schrodinger equation (9)). Indeed, rewriting the continuity 
equation in the form: 

WJiPJi(q) - qL(3iJi(q) - qTjJi(q) = 
WJi[PJi - /JjJi(q)] - q}f3iJi(q)/2M - qTJJi(q) = 0, 

(28) 

it is easily obtain, that 

aJi(q) = PJi(q) - f3iJi(q) 

= _l [q}/3iJi(q)/2M + qTiJi(q)] . 
Wfi 

(29) 

That is all transition amplitudes become zero at qT = 0. It follows, that any transition cross 
section (11) can depend on the screening parameter .X at least only logarithmically, but never 
like inverse power of this parameter. The same is valid for the sum (12) of this quantities, i.e 
the total cross section. 

Since the .X dependence of the magnetic term in (25) is contradictory to the general result, 
we must conclude that there is a fallacy in the deriving of sum rules (19) somewhere. To 
understand the origin of the error, made by authors of [7], let us go back to the quantities 
(5),(6) and expand them over powers of the longitudinal momentum transfer qL: 

00 

PJi =LP}~)' 
n=O 
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TABLE I: The "electric" (el) and "magnetic" (mag) total cross sections ,in units of cm2 and their ratio 
(mag/el) in% for EA consisting of 1r and K mesons (A2,.., A,..K, A2K) and target materials with the 
atomic number Z. The values published in [7] are given in the parentheses. 

z A2,.. A,..K A2K 
6 el 3.03. 10-22 1.37. 10-22 3.08. 10-23 

(3.1 . 10-22 ) (1.4. 10-22) (3.0 · 10-23 ) 

6 mag 6.73. 10-24 6.73- 10-24 6.73. 10-24 

(2.5. 10-24) {1.3 -,10-24) (0.3 · 10-24 ) 

6 mag/el 2.22% 4.90% . 21.9% 

13 el 1.33. 10-21 6.08. 10-22 1.37. 10-22 

(1.3. 10-21) (6.2 . 10-22 ) (1.4. 10-22) 

13 mag. 1.89. 10-23 1.89. 10-23 1.89. 10-23 

(0.96 · 10-23) (0.55 · 10-23) (0.15 · 10-23 ) 

13 mag/el 1.41% 3.10% 13.7% 

29 el 6.17. 10-21 2.84. 10-21 6.48; 10-22 

(6.1 · 10-21 ) (2.9 · 10-21 ) (6.7 · 10-22 ) ' 

29 mag 5.50. 10-23 5.50. 10-23 5.50. 10-23 

(3.6 . 10-23) (2.3 . 10-23) (0.68 . 10-23 ) ' 

29 mag/el 0.891% 1.94% 8.49% 

47 el 1.55. 10-20 7.15. 10-21 1.64. 10-21 

(1.5. 10-20) (7.3 . 10-21 ) (1.7. 10-21) 

47 mag 1.05. 10-22 1.05. 10-22 1.05. 10-22 

(0.79 · 10-22 ) (0.52 . 10-22) (0.17. 10-22 ) 

47 mag/el 0.676% 1.46% 6.37% 

82 el 4.46. 10-20 2.07. 10-20 4.81 · 10-21 

( 4.4 . 10-20) (2.1 . 10-20 ) (5.1 • 10-21 ) 

82 mag 2.20. 10-22 2.20. 10-22 2.20. 10-22 

(1.9 . 10-22) {1.3 . 10-22) (0.48 · 10-22). 

82 mag/el 0.493% 1.06% 4.58% 

00 

.(n) - qz ( dn . ) I . I: .(n) (31) 3Ji = 3Ji , 3Ji - n! dqn3Ji · 
n=O L qL=O 

It is easily shown that terms of these expansions obey the following estimation: 

P
(n) ex: an 3.(n) ex: an+l 
Ji ' Ji · (32) 

The additional power of a in the current expansion coefficients, in comparison with the density 
one, reflects the ordinary relation between the values of current and density in the hydrogenlik~ 
atoms. 

Expanding the value (4) and talcing into account (32) it seems reasonable to group tenns 
with the same order of a rather than qL as it was done in [7]. Then the successive terms of the 

212 



a fi expansion over a powers are 

al . - ~a(n} 
' - L.J /i ' 

n 
(n) (n) ~ .(n-1) 

afi = Pfi - 1-13/i · 
(33) 

From above it is clear that in the "natural" approximation (17) includes a}~) and the only 

one part ofthe term aW of the expansion (33), namely: 

(34) 

While the second one 

P}~) = iqL / ¢1E(qr,rr)z'I/Jid3r (35) 

was omitted according to the reasoning of the approximation (17). In the late equations (34), 
(35) E( qr, rr) denotes: 

(36) 

Let us consider this neglected part in detail. As it is proportional to qL = Wfi + q}/2M and 
therefore explicitly depends on c:1, one can not use completeness relation (14) to calculate its 
contribution to the total cross section directly. Before we need to transform it to the form free 
of such dependence. It can be done with help of the Schrodinger equation (9). 

C:fi / 1/,Jj(r)E(qr,rr)z'I/Ji(r)d3r = 

/ 1/,Jj(r) {c:1E(qr,rr)z -c:iE(qr,rr)z}'I/Ji(r)d3r = 

/ 1/Jj(r)[H, E(qr, rr )z]'I/Ji(r)d3r. (37) 

The commutator in this relation is easily calculated and after simple algebra we get the follow­
ing result: 

pW(q) = -1 j 1/Jj(r)E(qr,rr) ~;r) d3r + 6.p}~>(q), 

6.p}~>(q) = 

i/1/,Jj(r) [..!!:_eiq1TrT01 + ..f!:._e-iq~TrT02] Z1Pi(r)d3r' 
m1 m2 

0..... _ q'f ±2qrp ..... _ ·v 
1,2 - 2 ' p - -i . 

m1,2 
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It is seen, that "large" (nonvanishing at qT = 0) parts of two terms (34) and (38), contributing 

to aW, are equal and opposite in sign, so that in the resulting expression they cancel each other, 
leavmg only the term with the "correct" behaviour at small qT: 

(1) (1)( ) 
afi = fl.pfi q · (41) 

The same is valid for any aW. Applying the Schrodinger equation (9) to exclude one power 
of qL from the expression: 

p<n)(q) = (iqL)n f 1/J*(r) [(..f!:_)n eiq1TrT + 
fi n! 1 m1 

+ (-lt+l (:J n e-iq2TrT] zn1/Ji(r)d3r' (42) 

one can represent it in the form: 

(n)( ) ~ .(n-1)( ) A (n)( ) PJi q =/JJJi q +u.pfi q , (43) 

fl./'9(q) i(iqLr-l /1/J*(r)[(..f!:_)n eiq1TrTQl+ 
fi n! 1 m1 

+ (:Jn e-iq2TrT82] zn1/Ji(r)d3r. 
(44) 

So that 
. (n) A (n)( ) 
afi = u.pfi q · (45) 

That confirms the qualitative result (29), derived with help of continuity equation (27). 
The remaining e:1 dependence of right side of (44) can be removed by repeated applying 

of the Schrodinger equation (9), that allows to represent the transition amplitudes in the form 
(13). 

From the z dependence of the integrand in (44) it is easily to derive, that a}~k) = 0 for the 

odd values of fl.lmJi, and a}~k+l) = 0 for even fl.lmfi, where fl.lmJi = (l1-li)-(m1-~), 
and li, l1, mi, m1 are the values of the orbital and magnetic quantum numbers of the initial 
i and final / states (the quantization axis is supposed to be z-axis). Thus "odd" and "even" 
terms of the expansion (33) do not interfere and therefore in the expansion of the qtot over the 
powers of a 

00 

O'tot = L q(n) 
1 

q(n) OC an (46) 
n=O 

only even powers are present. 
The structure of the zero order term of this expansion is well established [see (20)]. In view 

of the above discussion one may be sure that the higher order terms are numerically negligible 
and may not be discussed in detail. Nevertheless, for completeness of the consideration we 
present the expression for contribution of a 2-term to the total cro~s section which includes 

I 

(1) 1
2 

. (0) (2) a1i term and the mterference term a1i a1i , 

0-<2> = - J U2 (qT)W(qT)d2qT + O(a4
), (47) 
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W(qr) = 4 1 jz2 [q4l1Pi(r)l2-
m1m2 

- l2QTP"Pi(r)l2] eiqrd3r. 

The "correct" QT dependence of the last integrand excludes a possibility of arising some extra 
>. dependence, that could dramatically enhance the contribution of this term (like it happened to 
umag term in [7]). This can be illustrated by the explicit expression for the case of the screened 
Coulomb potential (22) and the EA ground state (23): 

0'(2) = 8n(Za)
2 

[ln ( 2µ ) _ !] . 
5Mµ Z113me 5 

(48) 

Because numerical smallness of the value a2 this term can be successfully neglected compared 
to (24) in the practical applications. 

This result warrants the usage of the simple expression: 

(49) 

for the total cross section calculation in Born approximation in [2] and for the Glauber exten­
sions in [15]. 

The authors express their gratitude to Professors S. Mr6wczyfiski, L. Nemenov and D. Traut­
mann for helpful discussions. 
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A quantum-kinetic treatment for internal dynamics of 
multilevel atomic systems moving through a target matter 

A Tarasov and O Voskresenskaya t 

Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia 

Abstract 

The quantum mechanical consideration of a passage of relativistic elementary atoms 
(EA) through a target matter is given. A set of quantum-kinetic equations for the density 
matrix elements describing their internal state evolution at EA rest frame is derived. 

1. Introduction 

For the interpretation of the data of DIRAC experiment [1, 2, 3] which aims to measure the 
lifetime ofhydrogenlike EA consisting of 1r+ and 7r- mesons (A2,r atoms) one needs to have 
the accurate theory for the description of internal dynamics of the A2,r atoms moving through 
a target matter. 

During their passage through the target A2,r (pionium atoms) interacts with the target atoms 
that causes the excitation, deexcitation or ionization of the A2,r. To describe these variations of 
A2,r internal states the authors of [4] proposed a set of kinetic equations for the probabilities 
to find the pionium atom in the definite quantum state at some distance from the point of A2,r 

production. 
It is clear that such "classical" description is approximate because does not take into account 

the possible interference (quantum) effects. These last can be included in consideration only in 
the framework of a density matrix formalism ... 

A kinetic equation for. the density matrix of fast atomic systems passing through a target 
matter can be given at target rest frame [5, 6], but more simple these equation can be obtained 
at rest frame of EA [ 6]. A set of quantum-kinetic equations for the density matrix elements at 
EA rest frame is derived in the present work. A numerically solving these equations in the first 
Born approximation is performed in [7]. 

2. Derivation of a quantum kinetic equation for the density 
matrix 

At the EA rest frame the target moves with the velocity v0, and the electromagnetic field 
produced by target atoms is described by 4-vectoi: potential Aµ= («I>,A), A= (v0 /c)«I>. . ; 

The scalar potential «I> interacts with the charges of mesons and the vectoi;- potential Aµ with: 
their currents. Because the typical velocities of the particles forming EA are of order o:c « c 
(o: is the fine structure constant), we will neglect the term proportional to the current in the: 
Hamiltonian (see [8]). · ··: 

*arXiv:hep-ph/0301066 v4, Jul 2011. 7 p. . 
t0n leave of absence from Siberian Physical Technical Institute. Electronic address: voskr@jinr.ru 

216 

., 
'i 



Then the internal dynamics of relativistic EA (later, for definiteness, "of pionium atoms") 
is described by the Schrodinger equation 

.8'1j,(r, t) _ H·'·(- ) 
i 8t - .,, r,t (1) 

with the Hamiltonian of the form 

H =Ho+ V(r, t), Ho= T + Vo(r) (2) 

and 
T = -6./2µ = -(d/dr)2 /2µ. (3) 

Here, V0 (r) are the potential energy of a pion-pion interaction and V(r, t) is the potential 
energy of an interaction between the pionium and the target atom. 

We will suppose that the positions of atoms inside the target are not varied during the 
interaction of target with the pionium atom (the so-called "frozen" target approximation). Then 

V(f') = e I)<I> (Ti(t) - r/2) - <I> (Ti(t) + r/2)], 

ri(t) = ri(to) + iio(t - to)' 

<I>(.R) = "f<l>oJ Ji,2 + 'Y2(iio.R)2' 

.R = Ti(t) =F r/2, 'Y = 1/ J1 - v5f c2 • 

(4) 

(5) 

(6) 

(7) 

Here, <I>0 is the potential of the target atom at it's rest frame, and we have put the origin of the 
coordinate system to the center-of-mass of pionium. 

Thus, the solution of the Schrodinger equation (1) depends on the "frozen" positions Ti(to) 
of the target atoms 

'lj,(r, t) = 'lj,(r, t; {Ti(to)}). 

The density matrix of pionium is defined as follows: 

p(r,r';t) = ('lj,(r,t;{ri(to)})·'lj,(r',t;{ri(to)})) - ' 
{r,(to)} 

(8) 

where O{r;(to)} means the averaging over all possible positions of target atoms. 
, Let to be the point of time when moving target meet the pionium atom, and 'lj,( r, to) is the 

value of pionium wave function at this time. Then at t > t0 

(9) 

where G is the Green function ofEq. (l). 
According to [9], it can be expressed in terms of the path integral 

G(r, ro; t, to; {Ti(to)}) = J Dr(t) exp(iS), (10) 
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with 
S= So +S1, (11) 

t t 

So= f dt'Lo(v(t'),r(t')), S1 = - f dt'V(r(t'),t'), (12) 

to to 

Lo(v(t'),r(t')) = µv 2(t')/2- Vo(r(t')), (13) 

v(t') = dr(t')/dt'. 

It can be shown (see [12]) that 

S1 = .c.cL{x(bi+.?(ti)/2)-x(bi-s(ti)/2)} (14): 
i 

xiJ(t-ti), 

where 

00 

x(b±) =·:
0 
j <1? ( J-61 +z2

) dz, (15) 

-oo 

;;± = ;;. ± s(ti) . -~--2 , 
ti =to+ Vo· ri(to) 

v2 , 
0 

(16)1 

b- _ ( ) _ ( ) Vo· Ti(to) _ 
i = ri to 1. = ri to - 2 ·Vo, 

Vo 
(17) 

s(ti) = r(tih = r(t·) - Vo. ri(to) -• v2 . vo, 
0 

(18) 

the Heavyside step function iJ(t) is 0 fort< 0 and 1 fort> 0. 
Substituting (10)-(18) into (8) and performing the averaging over the "frozen" positions 

of th~ target. atoms with the help of the· prescription of [ 10, 11 ], one can get the following 
representation for the density matrix: 

p(r,r';t) = j c(r,r';ro,~;t,to) 

x 1Pi(To, to)1/J;(~, to)df'od~, (19) 

with 

G(r, r'; To,~; t, to)= f Dr(t)Dr'(t) exp(iSo - W), (20) 
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t 

So j dt' {Lo(v(t'),r(t'))-Lo(v'(t'),r'(t'))}, (21) 

to 

t 

w = vo-yno j dt'n(s(t'), s'(t')), (22) 

to 

1P(b, s(t'), s'(t')) x(b + s(t')/2)-x(b - s(t')/2) 
x(li' + s'(t')/2)+(b - s'(t')/2). (24) 

Here, no is the number of atoms in the unite volume of target at it's rest frame, sand s' are 
the transverse parts of the vectors f' and f''. 

From Eqs. (19)-(22) it easily derive (see [9]) the following equation for the density matrix: 

.ap(r, r'; t) 
i at Ho(f)p(r,r';t) - Ho(r')p(r,r';t) 

. n(- _,) {- _, t) -ivo-ynou s, s p r, r ; , (25) 

where the last operator term describes the Coulomb interaction between EA and the target 
atoms with account of all multiphoton exchanges. Using a generalized optical potential of the 
form Vopt(S, s') = kO(s, s'), where k = -iVo')'no, we can represent this term as Voptp(t). 

The form ofEq. (25) is similar to the form ofEq. (116) in Ref. [13] describing the internal 
dynamics of multilevel atoms in laser fields, where the last term r p describes the contribution 
of the spontaneous relaxation. 

The equations of motion for the density matrix elements 

(26) 

looks like as follows: 

(27) 

where 

O,ik,lm = J 1/J; ( r)1/J1 ( r)'I/Jk ( r')'I/J;, ( r')O( s, s')drdr' , (28) 

the EA wave functions 'IPi(k) and the binding energies c:i(k) obey the Schrodinger equation 
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Taking into account the lifetime Ti of the EA, we can obtain 

8pik(t) 
at [i(c:k - Ci) - ~(ri + rk)] Pik(t) 

-Vo','no L nik,lmPlm(t)' 
l,m 

where ri(k) = 1/Ti(k) is the EA levels width (for details see [5]). 

(30) 

An application of the general formalism discussed here and in refs. [5, 6] to the DIRAC 
experiment is considered in the paper [7]. 
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Dynamics of the Pionium with the Density Matrix 
Formalism* 

1. Introduction 

L Afanasyev§, C Santamarinat A Tarasov§ and O Voskresenskaya§ 
t Institut fiir Physik, Universitiit Basel, 4056 Basel, Switzerland 
§ Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia 

Abstract The evolution of pionium, the 1r+1r- hydrogen-like atom, while passing through 
matter is solved within the density matrix formalism in the first Born approximation. We compare 
the influence on the pionium break-up probability between the standard probabilistic calculations 
and the more precise picture of the density matrix formalism accounting for interference effects. 
We focus our general result in the particular conditions of the DIRAC experiment at CERN. 

PACS numbers: 34.S0.-s,32.80.Cy,36.10.-lc,13.40.-f 

The evolution of pionium, the hydrogen-like atom formed by a 7r+7r- pairs, in a material 
target has been thoroughly studied in the recent years [1, 2, 3, 4, 5, 6, 7] due to its crucial 
implications in the DIRAC-PS 212 experiment [8]. This experiment is devoted to measure the 
lifetime of pionium, intimately linked to the strong interaction scattering lengths, as we will 
see in section 2, testing the predictions of the Chiral Perturbation Theory on these magnitudes. 

The transport of pionium in mater has been always treated using a classic probabilistic 
picture neglecting the quantum mechanics interference between degenerated states with the 
same energy. In the case of hydrogen-like atoms this is of particular importance since the 
accidental degeneracy of the hamiltonian increases the amount of states among which the 
interference can be significant. 

In [9] the density matrix formalism has been used to propose a new set of equations for 
the pionium evolution accounting for the interference effects. In this work we have solved 
these equations and analyzed the consequences for the framework of DIRAC experiment. 

2. The Problem of Pionium in Matter 

Due to the short lifetime of the pion, pionium, the hydrogen-like 7r+7r- atom can not be 
produced at rest in the laboratory frame. However, pionium can be originated in collisions of 
high-energy projectiles with a fixed target. The production cross section is given in [10]: 

do"(= (27r)a l1Pi(O)l2 ! dd~J-1 ' (1) 
dP P q p=if=P /2 

* J. Phys. B: At. Mo!. Phys. 37 (2004) 4749. Copyright @ 2004 !OP Publishing Ltd. Reproduced with kind 
permission of !OP Publishing Ltd. 
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where the rightmost term accounts for the production of1r+ and ·1r- pairs at equal momenta 
(p= ij). 

The state of pionium is defined by the center of mass momentum P and the eigenstate 
quantum numbers, ni, li and mi, of the hydrogen-like hamiltonian. For simplicity, in this 
work we have chosen to work with monochromatic atoms of 4.6 GeV/c, the mean value of 
laboratory momentum of pionium in DIRAC, moving in the z axis direction. The effect of 
using the experimental pionium laboratory momentum spectrum is small as shown in [7]. The 
yield of a particular state is proportional to its wave function squared at the origin. It has 
been shown [11] that the effect of the strong interaction between the two pions of the atom 
significantly modifies ll/Ji(0)] in comparison to the pure Coulomb wave function. However, the 
ratio between the production rate in different states has been demonstrated to be kept as for the 
Coulomb wave functions [12]. Thus, considering that the Coulomb functions obey 

2 { 0 \l/Jf\o)\ = (aM1r/2)3 

1rn~ 

if li i- 0, 

if li = 0, 

we see that only S states are created following the 1/n~ law. 

(2) 

The atom moves in a fixed thickness target disposed in the Oz axis and considered infinite 
in the transverse (x, y) coordinates. The target is made of a chemically pure material like 
Nickel,· Platinum or .Titanium. Our goal is to know the population probability of every bound 
state as a function of the position in the target, z, and from this extract other results as the break~ 
up probability. Usually a classical approach is used to solve this problem [2, 6]. It consists 
of considering the total CTf0 t and transition between two discrete. states O"i,l cross sections for a 
pionium-target atom' scattering and apply the probabilistic evolution equation: · 

dPi(z) . 1 ( . """ ( 
-d- = --/3 ripi z) - no~ Ci,lpl z), 

Z 1 l 

(3) 

where Pi(z) is the classical prob.ability for the atom fo be in the i state, /31 = 16.48 the Lorentz 
center of mass to laboratory factor for P = 4.6.GeV/c, no is the number of target atoms per 
uriit of volume, and Ci I are the transition coefficients. 

· The value of no is a function of the density of the target, p, the Avogadro number, No, 
and the atomic mass of the target atoms, A: . 

pNo 
no= A' (4) 

while the transition coefficients depend on the pionium-target atom cross sections as: 

Ci,!= bi,lCTf
0
t - O'i,l· (5) 

" 
The pionium decay is strongly dominated (BR > 99% [10]) by the 1r+1r- -+ 1r0,r0 

reaction. Taking this into account, the width of the i state is proportional to the isospin O and 
isospin 2 pion-pion scattering lengths difference [14]: 

yM2 - M2 - !M2 a2 2 
ri=l:1r 1r ;;1r 

4 
1r (a8-a5)2 (1+8r)ll/,~c)(O)I, (6) 

where M1r and M,ro are the masses of the charged and the neutral pion and 8r = 0.058 the 
Next to Leading Order correction that includes the effect of the strong interaction between the 
two pions. Of course, the width of a state holds ri = Ti-l where Ti is the corresponding 
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lifetime of the state. Due to (2) we can see that pionium only decays from S states and the 
lifetime of any S state is related to the lifetime of the ground state: 

(7) 

The lifetime of pionium is hence the only parameter to be inputed in the evolution equation 
and can be related to any of its outputs. In particular we will link it to the break-up probability. 
The experimental result of DIRAC will be used to test with 5% accuracy the accurate Chiral 
Perturbation Theory prediction of a8 - a~ = 0.265 ± 0.004 which leads to the lifetime value 
ofr = (2.9 ± 0.1) • 10-15 s [15]. 

3. The Density Matrix Evolution Equation 

Equation (3) has been accurately solved obtaining the eigenvalues and the eigenvectors [2] 
and also with Monte Carlo [7] for the bound states with n < 8, which is enough to precisely 
calculate the break-up probability as explained in [7]. However, the work ofVoskresenskaya [9] 
demonstrates that the use of the classic probabilistic picture might be inaccurate. This is 
because (3) neglects the quantum interference between the pionium states during their passage 
through the target. 

A more precise description of the system dynamics is given in terms of the density matrix 
Pik· The evolution equation in this formalism is given by [9]: 

a::k = ; [i(t:k - E:i) - ~(ri + rk)] Pik(z) - no L nik,lmPlm(z) , (8) 
1 l~ 

where E:k indicates the bounding energy of the k state and nik,lm stands for the transition 
coefficients matrix. This equation reduces to (3), identifying Pii(z) = Pi(z), if the nik,lm 
crossed terms obeying i =f. k or l =f. m were zero. 

The goal of this work is to solve this equation and determine how it corrects (3) for the 
particular conditions of DIRAC experiment, namely for the result of the break-up probability. 

4. The Matrix Elements 

To calculate the matrix elements ci,l and nik,lm we have applied the coherent pure electrostatic 
first Born approximation approach. Even though it is known that relativistic and multiphoton 
exchange must be accounted to achieve the precision of 1 % [7] our goal was to check wether 
quantum interference is a relevant effect. For this we will show that pure electrostatic first Born 
approximation is enough. 

The expression for the pionium-target cross sections in the electrostatic first Born 
approximation, used in the classical picture, was obtained by S. Mrowczynski time ago [I]: 

a}0
t = ; 2 j IU(q)j2 [l - Fl(q)] d2q, (9) 

ai,l = ; 2 j IU(q)l
2 1Ff (!) -Ff(-{) 12 

d
2
q, (10) 

where q is the transferred momentum between the target and the pionic atoms. The cross section 
does only depend on the two transverse coordinates of the momentum due to the symmetry of 
the collision with respect to the scattering axis. We have chosen the Fourier transform of the 
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:1 

target atom potential U(q) to be the Moliere parameterization for the solution of the Thomas­
Fermi equation [16]: 

( ) ( 
0.35 0.55 0.10 ) 

U q = 41rZa q2 + q5 + q2 + l6q5 + q2 + 400q5 , 
0.3Z1/ 3 

- • ~n,i:,~-, qo .- 0.885ao (11) 

being a0 = 0.529 x 10-28 cm the Bohr radius of Hydrogen, a the fine structure constant and 
Z the atomic number of the target atoms. The Ff ( q) are the pionium form factors: 

Ff (if)= j '1/Ji(r)iiir'I/J;(f')dr, (12) 

calculated in [2] and [3]. In this work we shall use the code of [17] based on the result of [2]. 
The equivalent of (5) for the nik,lm elements in the density matrix formalism is given by: 

(1) n<2) 
f!ik,lm = f!ik,lm - ik,lm' (13) 

where: 

,ni!\m = ~;;; J IU(q)l
2 

[28i,l - Ff (if) - Ff (-if)] d
2
q + 

+ :~; J IU(q)l2 
[28k,m - F;:'(if) ~ F;:'(-q)j d2q, (14) 

plays the role of the total cross section, while 

n<2) . i J . 2 
ik,lm = (32 IU(q)I [ Ff ( f) -Ff ( -f)] x 

x [F;:' (!) -F;:' (-!) r d2
q, (15) 

would be the analogue of the transition cross section. In fact ni!\m becomes the total cross 

section if i = k = l ~ m and n~~~lm the transition cross section if i = k and l = m. 
Equations (14) and (15) are our main tool for the numerical calculations and their 

development from the original formulas of [9] can be followed in Appendix A. 

4.1. Selection Rules and Transition Elements Examples 

As pointed out in · [9], and due to the properties of the form· factors under the parity 
transformation, the nik,lm coefficients are different from zero only if: 

mi - mk - m1 + mm = 0, li - lk - l1 + lm = 2s, (16) 

where we should remember that mi(k,l,m) and li(k,l,m) are the magnetic and orbital quantum 
numbers of the states Ii ( k, l, m)). The index s is an arbitrary integral number. 

For the election of the Oz axis as the quantization axis the transitions between states of 
different z-parity are strongly suppressed [2]. This means that only states with even l - m will 
be populated since pionium is produced in S states only. This, together with (16) means that: 

Pik(z) # 0 if mi= mk, li = lk + 2s. (17) 

This rule could be broken by the complex coefficient in (8): 

.(t:k-t:i) 
1, f3'Y , 
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Figure 1. The plots shows the solution of (8) for P1ioo)(2oo1, oscillating with high frequency 
around 0, and p1 6oo)(7oo1, constantly over O in a much larger range. 

which produces an oscillatory term in the solutions. However, for the ground and lowest excited 
states the condition: 

lck - cil 
no 1nik,ik I « /3'Y 

holds and the Pik ( z) solution oscillates many times in a small interval, compared to the 
electromagnetic transition range (given by no IOik,ikl) and can be considered to average as 
zero: 

Pik(z) ::::= 0. 

There is an exception if the i and k states belong to the same shell since the energy of 
the hydrogen-like system does only depend on the principal quantum number. In this case 
&k - ci = 0. Hence, for the low energy states, we can complete relation (17) as: 

Pik(z) =/- 0 if ci = ci (ni = nk), mi = mk, li = lk + 2s. (18) 

On the other hand, if the principal quantum numbers of the i and k states hold ni,k ~ 6, 
then 

lck - c·I 
no 1nik,ik I ~ /3"/ ' 

and the solution for Pik(z) is not zero even though i and k are not states from the same shell. 
In figure 1 we can see that whereas P1ioo)(2oo1 (z) oscillates more than six times in 0.1 µm 

PIBOO) (1001 does not oscillate at all in a wide range. 
As an example of the matrix elements we consider the subspace formed by the J211}, 

1300} and J320} states. The n matrix restricted to this subspace is shown in table 1. We can 
see that at least for the 1320}{3001 mixed state the matrix elements are of the same order of 
magnitude as for the same shell pure states. 

5. Solving the System 

We have numerically solved the differential equation systems (3) and (8) using the Runge-Kutta 
method [18]. Finding the eigenvalues, as in [2], would be too lengthy due to the size of the 
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i.' 

. Table 1. n matrix elements in the l211), J300), J320) subspace. Units are 10-20 barn. 

m 1211)(2111 1300)(3001 1320)(3001 1320)(3201 
I 1 2111 -4.66 0.044 -0.083 0.234 
1300)(3001 0.044 -18.2 2.41 0. 
1320)(3001 -0.083 2.41 -13.7 2.41 
1320)(3201 0.234 0. 2.41 -9.10 

density matrix system. The Monte-Carlo method of [6] cannot be applied to the density matrix 
formalism since the system (8) does not obey: 

nik,ik ~ ~ 1nik,1ml• 
lmcfik 

(19) 

We have considered a Nickel 95 µm target and a monochromatic 4.6 Ge V / c atom sample. 
The lifetime of the ground state ofpionium was supposed to be r- 1 = 2.9 • 10-15 s according 
to the theoretical prediction [15]. The initial conditions are given by: 

Pi(0) = Pii(0) = n;-3 /((3) if li = 0, 

Pi(0) = Pii(0) = 0 otherwise, (20) 

here ((3) = I: n-3 ~ 1.202. The system has been restricted to the bound states with n ~ 7. 
This means 84 mixed states and 353088 n matrix elements different from zero. Cutting the 
number of considered states does only slightly affect the solution of the last two cores taken 
into account (in this case states with n = 6 and n = 7) as shown in [6]. 

To achieve a very good accuracy in the final results we have considered a sequence of 
step lengths in the numerical integration of the system: 

h = 2 . 10-3 , 1 . 10-3 , 0.5 · 10-3 , 0.25 . 10-3 , 0.1 . 10-3 [µm] 

and made a polynomial extrapolation to the limit h = 0 [18]. 
As we will explain below we are mainly interested in the averaged integrals of Pii(z) and 

Pi ( z) over the target thickness W: 

pi _ Jt Pi,i(z)dz 
dsc - W · (21) 

The P picture in this equation is restored by changing Pii(z) ---+ Pi(z). In table 2 the Pdsc 
results are shown as a function of the principal and angular quantum number summed over the 
magnetic quantum number m for a 95 µm Nickel target. The differences are not very large, 
especially for the ground and lowest excited states. However, for some particular states the . 
difference can be up to 20%. In figure 3 we see the discrepancy for the case of the 1320) state. 

5.1. Obtaining the Break-up Probability 

Our goal is to obtain the break-up probability (Ar) ofpionium in the target. As we have seen 
in the previous sections the atoms in the target can suffer transitions between bound states and 
annihilate. However, they can also be transferred, in a collision with a target atom, into a 
continuum state. The coefficients ci,l and nik,lm accounting for transitions between discrete 
and continuum states are more difficult to compute than the discrete-discrete ones since. the 
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n=I 
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p 
p 
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p 
p 
p 
p 
p 
p 
p 
p 
p 
p 
p 

Table 2. Summed P:J;c = I:m P:J;'; results in the probabilistic (P) and density matrix (p) 
pictures. The average is over W = 95 µm and the target material is Nickel. 

l=O l=l 1=2 1=3 1=4 1=5 
0.072854 
0.072860 
0.0050676 0.008500 
0.0050878 0.008538 
0.00087163 0.0016366 0.0020617 
0.00086909 0.0017234 0.0020250 
0.00024899 0.0004803 0.0006270 0.0007326 
0.00024620 0.0005242 0.0006445 0.0007028 
0.000092377 0.00018015 0.00023838 0.00028247 0.00031200 
0.000089072 0.00019899 0.00025137 0.00027925 0.00029343 
0.000038357 0.000075133 0.000099834 0.00011906 0.000131889 0.00014ll3 
0.000034640 0.000079850 0.000102429 0.00011493 0.000121041 0.00012520 
0.000015300 0.000029939 0.000039634 0.000047316 0.000052490 0.000057376 
0.000013706 0.000031028 0.000039316 0.000043479 0.000048089 0.000045044 

-2 
X 10 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

00 5 10 15 20 

PI 320).<320 I 

25 30 35 40 
z [µm] 

Figure 2. The solution of (3) and (8) for the 1320} state. 

atomic form factors have a more complicated expression [3]. However, as shown in [6] for 
the case of the probabilistic picture, the direct calculation of break-up probability from the 
systems solutions is not satisfactory since it decreases very slowly as a function of the principal 
quantum number of the broken discrete state and only a finite number of shells (n :5 7) are 
considered when solving either (3) and (8). We would have to guess the break up probability 
for any shell with n > 7 and make a large error in the total break-up probability determination. 

The standard strategy to obtain break-up probability consists of calculating the probability 
of the atom to leave the target in a discrete state (Pdsc) and the probability of annihilation 
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(Panh) and make use of the relation: 

1 = Pbr + Pdsc + Panh• (22) 

As both Pdsc and Panh quickly decrease with n we have an accurate result taking into account 
only those events with n ::; 7. A small correction will be introduced for P':J?,}. 

In the experimental conditions the atoms are not created at the target beginning but 
uniformly distributed along the target thickness. The probability that the atom leaves the 
target in a discrete state can be however linked to the solutions under (20) initial conditions by: 

P. 
~ It Pii(W - z)dz ~ It Pii(z)dz 

dsc = ~ W = ~ W , (23) 

where W stands for the target thickness ( of 95 µm in our case). 
The annihilation probability is a little bit more difficult to calculate. If the atom is created 

in zo, the probability that it flies to z and annihilates is given by r iPii• But z can be any value 
between zo and the target end W. Meanwhile, the atom is randomly created between O and W 
with uniform distribution, then the annihilation probability is given by: 

I'· rw1w I'· rw 
Panh = L ~ Jo Pii(z - zo)dzdzo = L ~ Jo (W - z)pii(z)dz . (24) 

i O zo . i 0 

Of course the probabilistic picture is restored by substituting Pii(z) by Pi(z) in (23) and (24). 
As we did in (21) for the Pjsc probability we can define the annihilation probability from 

a certain state as: 

. ri 1w P~nh = W 
O 

(W - z)Pii(z)dz , (25) 

where again.the replacement Pii(z) -> Pi(z) recovers the P picture. Of course P~nh = 0 for 
any state with li f. 0. 

The results for the annihilation probability from the S states up to n = 7 are shown 
in table 3 and complete those of the Pdsc in table 2. 

In figure 3 we can see the dependence of P:J,,c and P::nh on the principal quantum number. 
The results have been summed over every shell bound states. We can check that whereas P::nh 
quickly converges to zero, and can be neglected for ni > 4, Pjsc diminishes more slowly. This 

leads to introduce an extrapolation for P-:l
8
~

7 [2]: 

n>7 a b 
~~=~+~, ~ n n 

where a and b are obtained by fitting PSsc at n = 5 and n = 6. The extrapolation is also used 
for n = 7 because not considering the next shells in the systems distorts this shell solutions. 

The extrapolation results are summed over n and, together with P:J,,~ 7 and Panh, 
subtracted to one to calculate the break-up probability: 

R _ l P. 'pn;<7 pn;~7 br - - anh - dsc - dsc (27) 

obtaining, for out particular example of 2.9 x 10-15 s lifetime atoms in a Ni 25 µm target: 
Pbr = 0.459254 in the probabilistic picture and Pbr = 0.459268 in the density matrix 
formalism. The other probabilities are shown in table 4. 
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Table 3. P;:nh results in the P and p pictures. The average is over W = 95 µm and 
the target material is Nickel. The lifetime ofpionium was assumed to be 2.9 x 10-15 s. 

n P::,-nh 
n=l p 

p 
n=2 p 

p 
n=3 p 

p 
n=4 p 

p 
n=5 p 

p 
n=6 p 

p 
n=7 p 

p 

1 2 3 4 5 

P/p 
0.072854 
0.072860 

0.0050676 
0.0050878 

0.00087163 
0.00086909 
0.00024899 
0.00024620 

0.000092377 
0.000089072 
0.000038357 
0.000034640 
0.000015300 
0.000013706 

6 7 8 

pn 
dsc 

pn 
anh 

dsc 

9 10 
n 

Figure 3. Dependence of PJ.c and P~nh averaged over every shell on the principal 
quantum number. The extrapolation of (26) is also shown. 

Table 4. Probability results in the P and p pictures. The average is over W = 95 µm and 
the target material is Nickel. The lifetime ofpionium was assumed to be 2.9 x 10-15 s. 
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6. Discussion and Conclusions 

We have checked that in the conditions of the DIRAC experiment the effect of the quantum 
interference between states does not change the result of the break-up probability of pionium 
in the target. Hence, the results obtained in the classical picture are accurate enough to safely 
perform the experimental measurement. 

The unchanged result of break-up result takes place despite the fact that for some discrete 
states, as 1320), the effect of interference can significantly change the population of the state up 
to 20% levels. However, the most affected states are very unpopulated and hence not relevant 
for the final results. 

The situation could change if the initial conditions were not that most atoms are created 
in the ground state. The later is non degenerated and interferences only show-up after a first 
transition. In any case, we have checked what would happen if the initial conditions were 
that all the atoms were created in the 1300) state and neither found a significant change with 
the probabilistic approach. A possible explanation is that while the interference is most likely 
with states with the same magnetic quantum number m, and comparable with the transition 
cross sections, the dominant transitions are those that increase l and m in one unit, free of 
interference with the father state. 
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Appendix A. The n matrix elements in the First Born Approximation 

Let us show how to obtain the discrete matrix elements of the n matrix in the first Born 
approximation from the original equations of [9]. The n operator is originally defined as a 
function of the transverse position of the atom wave functions s1,2 • Ifwe split the operator in 
two: 

n(si, s2) = n<1)(si, s2) + n<2)(si, s2), (A.1) 

its definition will be given by: 

n{l)(si,s2) = / [r(b,si) +r*(b,s2)] d2b, (A.2) 

n<2)(si, s2) = - / r(b, si)r*(b, s2) d2b. (A.3) 

In the case of the n+ n- -atom the interaction operator of the Glauber theory is given by: 

r(b, s) = 1 - exp [ix(b - s/2) - ix(b + s/2)] , (A.4) 

where 
00 

x(.B) = ½ / U( JB2 + z2
) dz, (A.5) 

-oo 
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being U(r) the potential of the target atoms given by the inverse Fourier transform of (l l ). 
First of all we are going to re-write n(1l(si, s2 ). For that we split f(b, s) into its real and 

imaginary part: 

f(b, s'1(2)) = Re f(b, s'1(2J) + i Im f(b, s'1(2)), 

Re f(b, s'1(2J) = 1 - cos [ x(b - s/2) - x(b + s/2)] 

= ½r(b, s1(2J) r*(b, s1(2i), 

Im f(b, s'1(2J) = - sin [ x(b - s/2) - x(b + s/2)] , 

where the integral over the imaginary part goes to zero: 

J - 2 Im f(b, s'1(2)) d b = 0, 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

due to the odd nature of the sin function and the even nature of x(b ± s/2). Taking this into 
account we can have: 

n(1l(si, s2) = ½ J [r(b, s'1)f*(b, s1) + f(b, s2)f*(b, s2)] d2b. (A.10) 

Our final goal is to obtain the matrix elements n~!'.2fm defined as: 

n~!:2
1~ = j 'l/lt(ri)'l/!1(fi)'l/lk(T2)'1/1::i(T2)n<1

,
2l(si, s2) dr1 dr2. 

In particular we can define the profile-function ri!(b): 

ri!(b) = j 'l/!t(r)'l/!1(r)fi!(b, s) dr, 

and its Fourier transform, the amplitude: 

i J "'i'b - 2 Ail(q) = 
2

1r e•q fi!(b) d b, 

- 1 J "'i'b 2 fi!(b) = 
2

1ri e-•q Ail(q) d q. 

It is easy to check that: 

{2) J - - 2 J 2 nik, lm = - fit(b) rkm(b) d b = - Ail(q) Akm(q) d q. 

(A.11) 

(A.12) 

(A.13) 

(A.14) 

(A.15) 

To obtain an analogue of (A.15) for n~!~ lm we have to work a little bit. Of course, by 
definition: 

To achieve the final result we will need the completeness equation in the form: 

c5(r - ?) = I: 'l/lj(r)'I/I;(?), 
j 
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which allows to express the inner integrals in (A.16) in terms of the profile-function rij(b): 

j '1/J;(r)'I/Jz(r)r(b', s) r*(b, s) df = j 'I/J;(r)'I/J1(ii)8(r- P)r(b', s) r*(b, si) drdP 

= ~ [! 'I/J;(f')r(b,s)'I/Jj(r)d1 [! 'I/J;(P)r*(b,.si)'I/J1(ii)dP] = ~rij(b')rii{b), (A.18) 
J J 

where of course we can make the substitution: 

!~ - * - 2 1~ * 2 ~ rij(b) r1j(b) d b = ~ Aij(q}Az/q} d q, 
J J 

(A.19) 

to obtain: 

ni!~ zm = i5;m J ~Aii(q)Aii(q).d2q + 
8
~

1 J ~Ami(q)Ai,i(q) d2
q. (A.20) 

J J 

In the Born approximation 

Ail(q) = iU(q) [Ff (f) -Ff (-f)], (A.21) 

where we find the form factors defined in (12). 
Let us try to perform the sum: 

~ Aii(q)Aii(q) =~[Ff (f) -Ff (-f)] [Ff (f) -Fj (-f)] * 
J J 

= ~ [! '1/J;(r') (eiqr/2 - e-iqr/2) "Pi(r) dr] [! '1/J;(P) (e-i;;;,;2 - iifr'/2) 1/J1(P) <lP] 
J . 

= j '1/J;(r) (eiqr/2 - e-iqr/2) (e-iqr/2 - iqr/2) '1/Jz(r) df 

= j '1/J;(r) ( 2 - e-iqr - eiifr/2) '1/Jz(r) df = 28i! - Ff (q) - Ff (-q). (A.22) 

From equations (A.15), (A.16), (A.18), (A.19), (A.21) and (A.22) one can derive the final 
expressions in the Born approximation: 

(1) (2) 
Oik, Im= Oik, Im+ Oik, Im> (A.~3)_ 

ni!~1m = ~{31; J IU(q)l
2 [28i,1 - Ff (q) - Ff(-q)] d2q + 

+ :~; j IU(q)l2 [28k,m - F,:'(q} - F,:'(-q}] d 2q, , (14) 

n~~~lm = ; 2 J IU(q)l
2 

[Ff (f) ~ Ff (-f)] x 

x [F,:' (f)- F,:' (-f)f d2
q. (15) 
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Abstract 

The long-standing problem of multiple photons exchanges in the process of lepton pair 
production in the Coulomb field of two highly relativistic nuclei is considered. As was shown 
recently, the probability to produce n lepton pairs is completely determined by the Feynman 
scattering matrix in the presence of two nuclei. This matrix can be expressed through the 
scattering matrices associated with individual nuclei in the form of infinite Watson series. 

We investigate the problem of infrared divergencies of separate terms of these series and 
show that for the certain sums of these terms the numerous cancelations lead to infrared 
stability of the scattering matrix. The prescription is proposed permitting to calculates the 
yield of lepton pairs with desirable accuracy. 

1. Introduction 

The interest to the process of lepton pairs production in the Coulomb fields of two highly 
relativistic ions with charge numbers Z1 and Z2 

Z1 + Z2-+ n(e+e-) + Z1 + Z2 (1) 

is aroused mainly by operation of heavy ion colliders as RHIC (Lorentz factor 'Y = ! = 100) 
and LHC ('Y = 3000). At such energies the cross section of process (1) becomes huge (tens 
kilobarns at RHIC, hundreds kilobarns at LHC energies) so that its precise knowledge becomes 
a pressing [1]. 

For many years the process (1) was considered in lowest order in fine structure constant 
a i.e. Born approximation [2, 3, 4]. On the other hand in the heavy ions collisions the relevant 
parameter Zais not small (for instance, for lead Za ~ 0.6), thus the multiple photons exchanges 
can be vital. Moreover, the multiplicity and the distribution of lepton pairs produced in the 
Coulomb fields of two colliding relativistic heavy ions are closely connected to the problem of 
unitarity which is beyond the Born approximation. 

The corrections describing by disconnected vacuum-vacuum diagrams are called "unitarity 
corrections" because they restore the unitarity of the probability of n pairs production Pn(b) at 
given impact parameter b [6, 8]. As to the multiple photon exchanges between produced leptons 
and ions Coulomb fields, they are known as the Coulomb corrections (CC) [1]. 

In the last years a number of works [5-16] have been done on this issue. Very successive and 
completely the problem of CC and ''unitarity" corrections is considered in [8] (see also [12]). It 
was shown that the probability to produce exactly n pairs Pn(b) in the process (1) is completely 
determined by the Feynman scattering matrix Tin presence of the two nuclei [8]). Using infinite 
Watson series the matrix T can be expressed through the scattering matrices T1 , T2 of lepton 
scattering on individual nuclei. In the case of screened Coulomb potentials (for instance,atoms 
scattering ) one can confined by finite number of terms from Watson expansion thus calculating 

* arXiv:hep-ph/09120119. 

234 



the probabilities Pn(b) with desired accuracy. Indeed, every item of Watson series begins with 
the higher order term in o: than previous one, so one can inspect the accuracy of calculations. 

Nevertheless in the case of pair production by ions, whose Coulomb fields are unscreened 
the problem of regularization arises. It is well known that the amplitude of lepton pair photo­
production off unscreened Coulomb field [17] doesn't depend on the regularization parameter. 1 

In perturbation theory [13, 16] the regularization parameter canceled in every term of certain 
order in fine structure constant. Unfortunately this nice property of perturbation theory is lost, 
when amplitude of ( 1) is cast in the form of Watson series. Every term of this series depends on 
regularization parameter in his own way, so that approaching the parameter to zero leads to the 
oscillations making the Watson expansion meaningless. On the other hand our experience from 
perturbation theory gives hope that the full Watson series must be infrared stable, i.e. doesn't 
depend on the regularization parameter. 

We investigate this problem and show how to deal with it. Considering the specific sets of 
Watson expansion corresponding to finite number of photons exchanges attached to one of the 
ions (any number exchanges with another ion), we show that as a result of complex cancelations 
the relevant amplitudes does not depend on regularization parameter. The prescription is pro­
posed, which allows one to calculate the scattering matrix on any two Coulomb centers and thus 
the full probability with desirable accuracy. 

The following notations are used in the paper: e, m are the electron charge and mass; At (p) is 
the electromagnetic vector potential created by nucleus; 'Yµ are Dirac matrices and 'Y± = 'Yo ±"fz• 
We use the light-cone definition of four momenta and coordinates k± = k0 ± kz, X± = x 0 ±xz. 
Throughout the paper the transverse components of momenta and coordinates are defined as 
two dimensional vectors. For instance, bi are the impact parameters of ions whereas Xi, ki are 
transverse coordinates and momenta of leptons. The index j = 1, 2 is reserved for quantities 
attached to relevant ions Z1, Z2. 

2. Scattering matrix in the presence of two nuclei 

As was shown in [8] the probability ofn lepton pairs production in the process (1) Pn(b) is 
completely determined by Feynman scattering matrix T in presence of two nuclei. This matrix 
can be expressed through the operators relevant to lepton scattering off separate nuclei T1 , T2 

and free Feynman propagator G F with the help of Watson series. 2 In short notation the Watson 
series for scattering on two centers reads 

T = T1 + T2 - T1 © G F © T2 - T2 © G F © T1 

+ T1 0 G F © T2 © G F © T1 + T2 © G F © T1 © G F © T2 + . . . (2) 

In Fig. 1 we depicted the possible exchanges in lepton pair production in accordance with various 
terms of the Watson expansion. 3 The thick lines attached to ions Z 1 , Z2 represent the full set of 
photon exchanges between the lepton (electron or positron) and the ion. 

1 The amplitude of lepton scattering in the Coulomb field depends on the regularization parameter in the form of phase 
factor. 

2For detailed discussion of Watson series and difference between retarded and Feynman propagators see [81. 
3Later on we begin the numbering from the third term in (2), because in process (I) the two first terms do not 

contribute. 
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Figure 1: The diagrams relevant to first terms of Watson series. 
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The single amplitudes Ti(pt,p) satisfy the well-known (see e.g. [18]) operator equations 

(3) 

These equations can be solved in the case of ultra-relativistic energies. At high energies due to 
Lorentz contraction the Coulomb field of the nucleus looks like very thin disc, for which the 
Coulomb potential in moving system takes a simple form. The solution of equation (3) for the 
Feynman propagators reads [8]: 

Ti(p,pt) = (27r}28(p+ - P'+)[0(p+)ft(p- fft) - 0(-p+)f;-(fi-fft)h+; 
T2(p,pt) = (27r)28(p_ - pt_)[0(p_)Jt(fi-fft) - 0(-p-)fi(fi-jit)h-; (4) 

fl@ = 
2
~ j d2xi<ix[l - S;'(x,bi)]; Sf(x,bi) = exp(±ix(x,bj)); 

00 

Xj(X,bj) e J 'Pj( ✓ex - bj)2 + z2 )dz. (5) 

-oo 

Su!'.1stituting these expressions in the Watson expansion (2), one can calculates the scattering ma­
trix in the presence of two centers and therefore the probability of process ( 1 ). Every consequent 
term in the Watson series begins with higher order in the parameter Za, which allows one to 
obtain the probabilities with a desirable precision. This is true for the screened Coulomb poten­
tial, for instance in the case of interaction of relativistic atoms. But heavy ion colliders deal with 
ions, whose Coulomb fields are unscreened and for which the problem of regularization demands 
special consideration. 

3. The regularization of Watson series 

The integrals (5) defining the phase shifts Xi are divergent in the case of unscreened Coulomb 
potential which is relevant to ion scattering. Let us consider the case of screened potentials with 
regularization parameter (screening radius) 1, which goes to zero in the final expressions 

,,.,, ·( ) _ 1. eZi exp (-,\ir) 
~ 3 r - 1m . 

>.;--+O r 
(6) 

The relevant Coulomb phases reads 

Substitution of the above expressions in the Watson expansion (2) leads to the products of s±­
matrix elements some of which do not depend on the regularization parameter, for instance 

(8) 

1The regularization parameters can vary for different ions thus for every ion we introduce the relevant>..;. 
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However the majority of obtained products are oscillating functions of >.3, which makes the 
Watson expansion meaningless. On the other hand, our experience from pair photoproduction in 
Coulomb field [17] and perturbation theory [13, 16] tells us that the amplitude of the process (1) 
must be infrared stable, so all oscillating products have to be canceled in the full amplitude. 

To follow these cancelations, consider firstly the case where one of the ions, for instance Z2, 

is light so that one can expands the amplitude in the parameter Z2a. In general case Watson 
series (2) is infinite and there are no reasons to truncate it. However it is automatically cut off 
if one considers the finite number of exchanged photons attached to one of the nuclei (with any 
number of exchanges with another nuclei). 

Denoting the transverse momenta of leptons in intermediate states by ki and the transverse 
momenta of exchanged photons by ij,; (see Fig.1) it is convenient to introduce the following 
notations: 

nj(q, if!) = (
2

~)2 J d2xd2xtexp (iijx + iiftxt) (1 - S;(x)S;(xt)); 

= f;(if)fj-(ift) - 21ri8(if)ff (if) - 21ri8(ift)fj-(ift); (9) 

oo in+l (n). oo ( ")n+l 
f7 = -I:-, fj , 1~ = I: -i J\n). (10) 

J J ' J , 
n=l n. 1 n. n= 

/n) = __!:_ J d2xeiiixx.n(b2 - x). (11) 
J 21r . 

The expressions (10) are nothing else as the expansion of amplitudes from (5). Notice that the 
combinations nj ( q, if!) are independent from regularization parameters. 

To obtain the sum of terms from Watson expansion (2) relevant to the first order exchange in 
Z2a and all exchanges with Z1, one has to calculates the terms which are linear in T2. These 
terms correspond to the first three diagrams of Fig.1, with obvious replacement of the thick line 
attached to the ion Z2 by a single photon exchange. 

Using the above expressions after a lengthy, but well known algebra, we get: 

T(l) = ~T(1) = _!:___ J ')'+Vl')'-V2'Y+ 1J1>(q2)f21(Q1,q3)d2k1d2k2; 
L.J n 81r µ1P+ + µ2pl + 
n=l 

vi = m- k/y; µi =m2 +P i • (12) 

This matrix does not depend on the regularization parameter >.1, which is a result of nontrivial 
cancelations among the different terms of the Watson series. Passing in this expression to the 
impact parameter representation upon the relevant Fourier transformations, it can be shown that 
it is in accordance with the results obtained in [15, 19]. 

As a next example of the >.2 independence we consider the set of terms from the Watson series 
corresponding to two photons attached to the ion Z2 and any number of exchanged photons w1th 
Z1 . This contribution is provided by the first four diagrams of Fig. I, with obvious replacement 
of a set of photon exchanges attached to ion Z2 by one and two photon exchanges. The result of 
our calculations can be cast in the form 

r(2> f: T~2) = __ i_ J 'Y+Vl')'-V2'Y+ 1J2>(q2)n1(Q1, q3) In ( µiP+) d2k1d2k2 
n=l (47r) 2 µ1p+ + µ2PI+ µ2pl+ 
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(13) 

As in the previous case this expression does not depend on the regularization parameter >.1. 
We do not cite here the next sets of Watson terms corresponding to three and four photons 

attached to the ion Z2 in view of their inconvenience, but we verified that they also do not depend 
on the regularization parameter >.1. 

It is obvious that operating in the same way one obtains the independence from >.2 choosing 
the sets relevant to finite number of photons exchanges with ion Z1 . 

To investigate the problem of regularization in the general case, we consider the first six terms 
of Watson expansion (2) (diagrams a-fin Fig.1). This set consists of the infrared stable term Ts 
and the term T,.. depending on Aj 

00 

L T::: = Ts +T,.. (14) 
n,m=l 

We calculated the stable part Ts with the following result 

Ts 

As to the unstable part T,.. it turns out to be of order (Z1Z2c:i)3
, i.e. a higher order in fine 

structure constant than the stable one. This unstable part has to be exactly canceled,when one 
considers the next terms of the Watson series. 

4. Conclusions 

The problem of multiple photons exchanges in the process of lepton pair production in the 
Coulomb field of two highly relativistic nuclei turns out to be enough complex and thus dis­
crepancies on this issue existing in literature are .not surprising. The progress in this area due to 
recent investigation [8], stimulated us to consider the important problem of Watson series regu­
larization, the issue always arises, when one consider the interaction with unscreened Coulomb 
potential. 

The Feynman scattering matrix in the presence of two ion can be constructed in the form of 
infinite Watson series. We show that the specific sets of Watson series corresponding to finite 
number of photon exchanges with one of the ions and all possible exchanges with another ion 
do not depend on regularization parameter relevant to the ion with infinite exchanges. Moreover 
it is shown that the first six terms of Watson series can be presented as infrared stable part and 
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unstable part which is higher order in parameter Z1Z2o:2 than stable part. This observation 
allows one to construct the infrared stable sets from Watson series and therefore calculate the 
full probability of any number pairs production in peripheral collisions of relativistic ions with 
high accuracy. 

We would like to thank E.A.Kuraev for valuable discussions and collaboration on this 
subject. 

References 

[1] C.A.Bertulani and G.Baur, Phys.Rep. 163 (1988) 299 

[2] L.D.Landau and E.M.Lifshitz, Phys.Z.Sowjet. 6 (1934) 244 

[3] G.Racah, Nuovo Cim. 14 (1937) 93. 

[4] C.Bottcher and M.R.Strayer, Phys.Rev. D39 (1989) 1330 

[5] B.Segev and J.C.Wells, Phys.Rev. A57 (1998) 1849; Phys.Rev. C59 (1999) 2753 

[6] G.Baur, Phys.Rev. D41 (1990) 3535; A42 (1990) 5736 

[7] A.J.Baltz and L.McLerran, Phys.Rev. C 58 (1998) 1679 

[8] A.J.Baltz, F.Gelis, L.McLerran, and A.Peshier, Nucl.Phys. A695 (2001) 395 

[9] U.Eichmann, J.Reinhardt, S.Schramm, and W.Greiner, Phys.Rev. A59 (1999) 1223; 
Phys.Rev. A61 (2000) 062710 

[10] D.Yu.Ivanov, A.Schiller, and V.G.Serbo, Phys.Lett. B454 (1999) 155 

[11] R.N.Lee and A.I.Milstein, Phys.Rev. A61 (2000) 032103; Phys.Rev. A64 (2001) 032106 

[12] A.Aste, G.Baur, K.Hencken, D.Trautmann, and G.Scharf, Eur.Phys.J, C23 (2002) 545 

[13] E.Bartos, S.R.Gevorkyan, E.A.Kuraev, and N.N.Nikolaev, Phys.Rev. A66 (2002) 042720 

[14] E.Bartos, S.R.Gevorkyan, E.A.Kuraev, and N.N.Nikolaev, Phys.Lett. B538 (2002) 45. 

[15] S.R.Gevorkyan and E.A.Kuraev, J.Phys. G29 (2003) 1 

[16] E.Bartos, S.R.Gevorkyan, E.AXuraev, and N.N.Nikolaev, JETP 100 (2005) 645 

[17] H.A.Bethe and L.Maximon, Phys. Rev. 93 (1954) 788 

[18] J.R.Taylor, Scattering theory, John Wiley and Son.s (1972) 

[19] J.M.Bjorken, J.B.Kogut, and D.E.Soper, Phys.Rev. D3 (1971) 1382 

240 



Electromagnetic corrections to final state interactions in 
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S.R. Gevorkyan, A.V. Tarasov, and 0.0. Voskresenskaya 
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Abstract 

The final state interactions of pions in decays K± ➔ 11"± ?To 1T0 are considered using the 
methods of quantum mechanics. We show how to incorporate the electromagnetic effects in 
the amplitudes of these decays and to work out the relevant expressions valid above and below 
the two charged pions production threshold Mc = 2m. The electromagnetic corrections are 
given as evaluated in a potential model. 

During the last years essential progress has been achieved in 1r1r scattering lengths determina­
tion from experimental data [1, 2, 3]. The precise knowledge of these quantities is an important 
task, since at present the Chiral Perturbation Theory (ChPI) predicts their values with very high 
accuracy [ 4]. 

The high quality data on K± ➔ 1r±1r01r0 decays have been obtained recently in the NA48/2 
experiment at CERN SPS [3}. Dependence of the decay rate on the invariant mass of neutral 
pions M2 = (p1 + p2 ) 2 reveals a prominent anomaly (cusp) at the threshold, relevant to the 
production of two charged pions M; = 4m2 (see Fig. I). 
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Figure 1: Distribution of M 2 , the square of the 1r0 1r0 invariant mass. The insert is an enlargement 
of a narrow region centered at M 2 = (2m+)2 (this point is indicated by the arrow). 
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The phencimenon of cusp in elastic scattering at the threshold relevant to inelastic channel is 
known for many years and was widely discussed in the framework of non-relativistic quantum 
mechanics [5, 6, 7]. For the elastic process 1r0 1r0 

- 1r0 1r0 this anomaly at the 1r+1r- threshold 
was firstly discussed in the framework of ChPT 1n [8]. 

The theoretical investigations of the decays 

K± _ 1r±1ro1ro, (I) 

K± - 1r±1r+1r- (2) 

have been carried out many years ago [9, 10, I I]. New experimental data of high accuracy 
[3] lead to great activity on this issue [12, 13, 14]. 

As was explained by N. Cabibbo, the cusp in the experimental decay distribution is the 
result of the charge exchange scattering process 1r+1r- - 1r0 1r0 in the decay (2). He proposed 
a simple re-scattering model [12], in which the amplitude of decay (1) consists of two terms 

T =To+ 2ikaxT+, (3) 

where T0 , T+ are so called [12, 13] "unperturbed" amplitudes for decays (I) and (2), which 
are functions of kinematic invariants of corresponding decays and k = ½JM2 - 4m2 is the 
momentum of the charged pion. The second term in (3) is proportional to the difference of 
scattering lengths ax = (ao - a2)/3 and flips from dispersive to absorptive at the threshold 
Mc, As a result the decay probability under the threshold linearly depends on ax allowing this 
difference to be extracted from experimental data with high accuracy. 

The next important step was done in [13], where the amplitude Twas obtained accounting 
the second order in scattering lengths terms using analyticity and unitarity of the S matrix. The 
results of [13] were supported using the methods of effective field theory [14] and ChPT [15], 
whose authors calculated all re-scattering processes in two-loop approximation. The results 
from [13] were used in the fit of experimental data [3], allowing extraction of the difference 
ao - a2 with high accuracy. 

Nevertheless the decay rate behavior near threshold cannot be provided solely by' strong 
interaction of pions in the final state. As was widely discussed (see e.g. [16, 17]), the tiny 
discrepancy between theoretical predictions and experimental data in the vicinity of threshold 
[3] is a result of disregarding electromagnetic effects in final state interaction. In view of 
importance of the knowledge of the scattering lengths with the most possible accuracy, the 
consideration of electromagnetic corrections in decay (1) becomes a pressing issue. 

Later on we discuss the problem of Coulomb interaction among charged pions using meth­
ods of non-relativistic quantum mechanics, which are completely suitable for the considered 
caset. We obtain compact expressions for the amplitude t of decay (1) with regard to the 
electromagnetic corrections, which are valid below and above the charged pions production 
threshold Mc = 2m. 

Leaving the strict derivation for a separate publication,we shortly discuss how to involve 
the electromagnetic effects in the considered problem and relevant modifications, which have 
to be done in the amplitude of decay (I). 

tToe effects of radiation of real photons are beyond the scope of our consideration and will be treated elsewhere. 
t As the K- decays are counterparts to the K+ decays, they are not treated separately. 
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With the methods of non-relativistic quantum mechanics it can be shown that the result 
ofN. Cabibbo [12) can be generalized accounting the 7r7r scattering to all orders in scattering 
lengths 

T = To+ 2ikfxT+, fx = ax/ D, 

D = (1 - ik1R11)(l - ik2R22) + k1k2R?2 . (4) 

Here k1 = ½JM2 - 4mg; k2 = k = ½JM2 - 4m2 are the momenta of neutral and charged 
pions respectively. The elements of the R matrix are real and can be expressed in isospin sym­
metry limit through the combinations of the scattering lengths [13, 14) ax = (a2 -a0 )/3; a00 = 
(ao + 2a2)/3; a+- = (2ao + a2)/6 corresponding to inelastic and elastic pion-pion scattering 
as 

(5) 

The expression ( 4) is relevant to the sum of all simple sequential loops,therefore the depen­
dence of"unperturbed" amplitudes To, T+ on kinematic variables is the same as in the one-loop 
approximation [12). 

The replacement ax -t fx has a small numerical impact on the results of the previous 
calculations done according [13, 14) in the dominant part of phase space, but, as we will see 
later, is very crucial for inclusion of the electromagnetic interactions under the threshold, where 
fonnation of bound states (7r+7r- atoms) take place. 

Due to the fact that our consideration of higher order tenns is confined to the case relevant 
to simple sequential loops the scattering lengths dependence on the invariant mass M 2 are the 
same as in [13, 14). 

The next step of our prescription is inclusion of electromagnetic effects in expression (4). 
The general recipe is known for many years (see for instance the textbook [19)) and implies 
replacement of charged pion momenta k by a logarithmic derivative of the pion wave function 
in the Coulomb potential at the boundary of the strong field ro i.e. 

ik -t 
7 

= dlog[Go(kr) + iFo(kr)] I 
dr r=ro 

(6) 

Here F0 , G0 are the regular and irregular solutions of the Coulomb problem. In the region 
kr0 « 1 where the electromagnetic effects can be significant the above replacement gives 

T = ik - am [Iog(-2ikro) + 2-y + 1/J(l - i.;)] 

Re T+i Im T, 

ReT = -am [log(2kr0 ) + 2-y + Re'I/J(l - i.;)], 

kA2, A= exp ( ~e) 1r(1 + i.;)I, am 
(7) lmT = e=2f• 

where 'Y = 0.5772, a = 1/137 are the Euler and fine structure constants, whereas 1/J(.;) = 
dlo~rw is the digamma function. 

¥0 go under the threshold, it is enough to make the common replacement k -t i"' in the 
above expression 

T = -11, - am [1og(2K-ro) + 2-y + 1/J ( 1 - ;:) ] . (8) 
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At i,,n = am/(2n), where n is an integer, r goes to infinity, which corresponds to Coulombic 
bound states in the considered approach. On the other hand, the product "'f x defining the am­
plitude behavior under the threshold, remains finite due to dependence on r in the denominator 
D in expression (4). This explains why electromagnetic effects can be included only after 
summing up all terms of the infinite series in the perturbation expansion. 

The product K,fx possesses a resonance structure placed at the positions 

Mn 

8 = 

with the relevant width 

-2 
2m- i,,n 

m' 

1 
- arctanb., 
7r 

am 
K-n = 2(n - 8)' 

[ 
ktR11Rr2] c, = am R22 - 1 + ktRt

1 

k R2 -3 
47r 1 121,,n r - 2 2 ). 

n - m(l+k1R11 

(9) 

(10) 

The physical reason of resonance origin is transparent. Due to the charge exchange process 
7r+7r- - 1r01r0 the Coulombic bound states of the 7r+7r- system (A2,r atoms) becomes unsta­
ble§. 

The considered effect of the creation of A2,r atoms in decay (1) is not the only contribution 
from electromagnetic interaction of pions. Outside the resonance region the Coulomb inter­
action leads to the essential difference between the r values calculated with electromagnetic 
corrections and without them. In particular, the nonzero contribution of the Coulomb correc­
tions to the Re r above the threshold leads to the interference term in the decay rate provided 
by "direct" and "charge-exchange" contributions from (4). Thus above the threshold the inter­
ference is nonzero even at the lowest order in scattering lengths, unlike the original approach 
proposed by N. Cabibbo [12]. 

Further improvement of the theory consists in taking account of final state interactions in 
the "direct" term from (4). This can be done by simple substitution 

To - To(l + ikifoo), 

where f 00 is the full amplitude of 1r0 1r0 scattering. 
It can be shown that 

. 1- rR22 
1 + ikif oo = . ) ) . · 2 (1 - ik1R11 (1 - rR22 - ik1rR12 

(11) 

(12) 

These higher order corrections to "direct" term are numerically small, but taking in account the 
precision of experimental data, have t9 be included in the fit procedure. 

To estimate the contribution from electromagnetic effects to the decay rate of process (1), 

we introduce. the ratio R(%) = IT0 11~1tl
2 

where the amplitude T is given by expression 
(4), while the amplitude Tc taking account of electromagnetic effects is given by expressions 
(4,11,12) with relevant modifications discussed above. The dotted line in Fig.2 shows the con­
tribution of electromagnetic effects without bound state corrections. The dashed line represents 

§we do not discuss here the instability of excited states caused by their transition to the ground state, as this effect 
is very small and can safely be neglected. 
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Figure 2: Electromagnetic corrections contribution to decay rate as a function of invariant mass 
of neutral pions. 
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the same quantity, but with the corresponding average with the gaussian distribution [3] and 
the expected mass resolution near the threshold r.m.s. = 0.56 MeV. The solid line gives the 
contribution of all electromagnetic effects (bound states included) averaged as in the previous 
case with the gaussian distribution. From this plot one concludes that the essential contribution 
to the decay rate in the vicinity of the threshold comes from the electromagnetic interactions 
that do not lead to bound states. 

The developed approach allows one to take into account electromagnetic effects in decay 
(1) and to estimate their impact on decay rate of the process under consideration. 

We are grateful to V. Kekelidze and J. Manjavidze who draw our attention to the prob­
lem and supported during the work. We would also like to thank D. Madigozhin for many 
stimulating and useful discussions. 
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CTpyKrypa aMnJIH'fY.[(LI npo~ecca Z1 Z2 ~ z+ z- Z1 Z2 
sue paMOK 6opHOBCKOro npn6JIHiKCHHB * 

O.O.BocKpeceucKaH, A.H.CncaKHH, A.B.Tapacoe, r.T.TopocHu 

06aeouHeHHblii l'.lHcmumym JJoepHblX HcCJ1eooeaHuii, J(y6Ha, MocKoecKaR 06.nacmb, 141980, 
PoccUR 

AHHOTaQHH 

IlpoBe,neHO pecyMMHpoBaHHe pSI,lla TeOpHH B03MYmeHHH ,!tJI.11 aMilJIHyY,nbl o6p330BaHH.II 

nenTOHHblX nap B S!JlPO-SI,llepHbIX coy.napeHH.IIX Ha OCHOBe TeopeMbl BaTCOHa H rHnoTelbl 

HHcppaKpaCHOH CTa6HJILHOCTH. IloJiyqeHo .IIBHOe Bblpa)l(eHJ,!e ,nJI.11 JTOH aMnJIHyY,nbl, cnpa­

BC,nJIHBoe C TO'IHOCTLIO ,no BCJIH'IHH ,neB.IITOro nop.11,nKa no nocTO.IIHHOH TOHKOH CTpYKyYpbI. 

PACS: 12.20-m, 13.85.Lg, 25.75.Dw 

Ha6mo,naeMhIH B rrocne,nHee BpeMSI pocT HHTepeca K rrpo[(eccy o6pa3oBaHHSI neIIT0HHLIX 

nap B sr,npo-SIJJ:epHI,IX coy,napeHHSIX B 3Haqmem,Hoii: Mepe CBSI3aH C BB0JJ:0M B ,neHCTBHe yc1<0-

p1:nem,Horo KOMnneKca TSI)Kem,1x H0H0B RHIC H 0)KHJJ:aeMLIM BCKope BB0JJ:0M LHC. 

lfaBeCTHO [1,2], qTo rrpH BhIC0KHX 3Heprm1x OCHOBHOH BKilaJJ: B II0ilH0e ceqeHHe B3aHM0-

,neHCTBHSI TJDKeilhIX SIJJ:ep BH0CHT rrpo[(ecc 

(1) 

0IIHCaHHe KOT0poro BHe paM0K 6opHOBCKoro rrpH6IlH)KeHHSI OCTaeTC.SI OJJ:HOH m Ba)l(HeHWHX 

HepeweHHhIX Ja,naq K3,[(. IloIIhITKaM peWHTb 3TY rrpo6neMy II0CB.Sll[(eHa cepHSI pa6oT HeCK0ilb­

KHX rpyrrn aBTopoB [3-18]. O,nHaKo, HeCM0TpSI Ha 3Haqmen&Hble 3aTpaqeHHble ycHnnsr, JJ:0CTHr­

ffYTbIH B 3TOH o6naCTH rrporpecc .SIBnSieTCSI 6onee, qeM CKp0MHbIM. 
Ilpe)l(JJ:e Bcero, 0K!llailHCb 6e3ycrreWHbIMH II0IIbITKH II0ilH0CTblO HerrepTYP6aTHBHoro pe­

weHHSI rrpo6nem1, rrpe,nrrpHH.SITLie aBTopaMH [3-6]. Ilocne,noaaTenLHLiii )Ke aHanHJ rrorrpaBoK K 

pelyn&TaTaM 6opHoBcKoro rrpHMH)KeHHSI B paMKaX rrepTYP6aTHBHOH K3,[( HaqaTLiii aBTopaMH 

[14-18], HaX0JJ:HTCSI II0Ka qTo a Ha'lanbHOH CTaJJ:HH. IlpHqHHOH T0MY SIBJISieTCSI Heo6xo,nHMOCTb 

CHCTeMaTH3a[(HH H pacqeTa orpoMHoro qucna q,eiiHMaHOBCKHX JJ:HarpaMM (<l>,[() B paMKaX 3Toro 

no,nxo,na. 

HaMHOro 6onee 3K0H0MHbIM C BblqHcnHTeilbHOH T0'IKH 3peHHSI SIBJISieTCSI "rronyrrePTYP6a­

THBHbIH" II0JJ:X0JJ: [19], OIIHpaIOI[(HHCSI Ha BaTC0H0BCK0e rrpe,nCTaBJieHHe orrepaTopa pacce.SIHHSI 

T Ja,naqH ,nayx [(eHTp0B B TepMHHaX orrepaTOpoB pacceSIHHSI T1(2) 0JJ:H0[(eHTp0BbIX 3a,naq 

T = T1 + T2 - T1 © G © T2 - T2 © G © T1 + 
T1 © G © T2 © G © T1 + T2 © G © T1 © G © T2 .•. , 

Tk = vk - vk © G © Tk, k = 1, 2. 

B pa3BepHYT0M BHJJ:e rrocneJJ:HHe ypaaHeHHSI rrepeIIHCbIBaIOTC.SI cneJJ:YIOI[(HM o6pa30M: 

(2) 

(3) 

Tk(x2,xi) = Vk(X2,xi) - j d4_x~d4x;Vi(x2,x;)G(x; - xDTk(x~,x1), (4) 

*Phys. Part. Nucl. Lett. 4 (2007) 18-21; Pisma Fiz. Elem. Chast. Atom. Yadra 4 (2007) 36-41. 
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r,ne 

Vk(x2,.xi) = e-yµAµk (x1)~(~2 - xi), (5) 

Aµk - 4-noTem~mm 3JJe~poMarmi:THoro nom1, co3,naaaeMoro uonoM Zk (k.= 1, 2), G(x - x') 
- CBo6o,nmUI npuqnHHruI 4lYHKUIDI pacnpocTpaHeHml q_JepMHOHa. 

AMnnmy,na M npouecca (1) cmnaua c oneparnpoM pacceHHH.H (2) cooTHomeuneM 

M = fi(p2) j d4 x1d4 x2 exp(ip1x1 + ip2x2)T(x2, x1)v(pi), (6) 

r,ne u(p2), u(p2)- 6~cnuuophl, OilHChlBalOJ:UHe COCTOHHHH cao6o,nHI,IX 3JJeKTpOHa H Il03HTpOHa 
C 4-HMilYJibCaim P2 H Pl COOTBeTCTBeHHO. 

PemeH!U{ ypaBHeHHU: (4) 6onee 'npocTO BhlIIDI~ a HMilYJibCHOM npe,nCTaBJJeHHH:t 

T1(p,p') = j d4 xd4x' exp(ipx - ip'x')T1(x,x') 

= (211-)28(p+ - P~h+[0(p+)fi+)(PT - p~) - 0(-p+fi-)(PT - p~)]' 

T2(p,p') = j d4xd4x' exp(ipx - ip'x')T2(x,;') 

= (2-n-)28(p_ - P~h-[0(p_)JJ+l(PT - p~) - 0(-p_)JJ-\PT - p~)], 

jC±>(if) = 
2
~ j d2xexp [iqx) ( 1 - si±>(x))] , k = 1, 2, 

Sk±)(x) = exp [±iXk(X - bk)], 

00 

~n(b) = e j <I>k ( Jb2 + z2
) dz, e =.,la. 

-oo 

(7) 

(8) 

(9) 

(10) 

(11) 

BLime bk - npuueJIJ,HI,Ie napaMeTpbl CTaJIKUBaIOIUHXCH HOHOB B HX CHCTeMe ueHTpa Mace 
(CUM), <I>k(r) - ux KYJIOHOBCKUe noTeHUHaJILI B cucTeMax noKOH. CaeToBLie KoMnoHeHTLI a± 
4-BeKTopa aµ = (ao, az, aT), (a= -y,p,p'), onpe,neneu1,1 061,1qu1,1M o6pa30M (a± = ao ± az), 
OCI, z Bhl6paua B HanpaBJJeHHH ,nBmKeHHH .H,npa Z2. 

CooTHomeHHHMH (2)-(11) pemaeTCH npo6.rreMa qacmquoro peCYMMHpoBaHHH (3U:KOHaJIH-
3aUHH) pH,na TeopHH B03MYJ:UeHHH, o6c}')KJJ:aBmerocH B pa6oTax [14-18]. IloCKOJibKY q_Ja30Bhle 
C,l:{BHrH (11), OTBeqaroiuue He3KpaHHpOBaHHhlM KYJIOHOBCKUM noTeHUHaJiaM, 6ecKOHequ1,1, TO, 
CKOHCTpyupOBaHHbie H3 HHX BeJIHqHHbl (7)-(10); CTpom roaopH, 6eccMhlCJieHHhl. 

,nmi npu,nauIDI HM cMLicJia Ha npoMe)K)"IoquoM 3Tane paccMoTpeHHH 3a_naqu ueo6xo,nuMo 
BBecTH "uuq_1paKpacuyro perynHpH3aQHIO" Benuquu <I> k ( r) H paccMaTpHBaTb ux KaK npe,nen1,u1,1e 
3HaqeHHH "cnerKa" 3KpaHHpoBaHHI,IX nOTeHQHaJIOB 

<I>k(r) = lim Zk · e · exp(->..k · r)/r. 
Ak-+0 

(12) 

tBLipalKCHHll (7), (8) cnpaBCAJIHBbl B YJ!bTpapemITHBHCTCKOM npe]:teJie 'Yl ,2 ----+ oo ('Y1 ,2 - Jiopett11-cj>aKTOpbl 

CTaJIKHBa!Ol!IHXCll ll,!:tCp B HX CUM) npH BblilOJIHCHHH ycJIOBHH P±(P±) << ffi'Yl,2, TO CCTb B o6nacTH IlHOHH3a!IHH. 
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IlpH 3TOM 

(13) 

3Ta npone.zzypa a6comoTHO imeHTH'IHa nmppaKpacHoii perymrpmannn cpOToHHhlX npona­

raTOpoB (nyreM BBe,neHH.SI q>HKTHBHOH 6eCKOHe'IHO MaJIOH MaCCbl cpoTOHa >.), o6bl'IHO npe.n­

npHHHMaeMOH .zvrn: o6ecne'leHHH KOHe1rnocTH BI<Jia,nOB OT,nenbHhIX nerneBhlX <I>)]; B aMIIllHTy.zzy 

nponecca ( 1) (paBHO KaK H ,npyrnx 3lleKTpo,nHHaMH'lecKHX nponeccoB) B nepzyp6aTHBHoii 

K3)1;. 

Ha6mo,naeMbie BenH'IHHhI, nponopnHoHaJibHbie KBa,npaTaM Mo.zzyneii: aMIIllHTYJ]:, npe,ncTaB­

nHeMhIX CYMMOH 6eCKOHe'IHOfO 'IHcna .nnarpaMM <l>eii:HMaHa, He ,nomI<Ha 3aBHCeTb OT Benn­

'IHHbl HecpH3H'leCKOH "MaCCbl cpoTOHa" >.. IlpH >. - 0 OHH ,noll)l(Hbl CTpeMHTbCH K KOHe'IHbIM 

H o,nHO3Ha'IHbIM npe,nenbHblM 3Ha'leHHHM. TaKoe CBOHCTBO cpH3H'leCKHX BellH'IHH Ha3bIBaeTCH 

"HHcppaKpacHoii cTa6nnhHOCTbIO" (HKC ). 

MexaHH3M HHcppaKpacHOH "cTa6nnmannn" 4)H3H'leCKHX BellH'IHH pa3Hoo6pa3eH. Han6o­

nee H3BeCTHbIH H3 HHX COCTOHT B TOM, 'ITO HHcppaKpaCHbie pacxo,nHMOCTH OT,nenbHhIX <I>)]; 
cI<Jia,nhIBaIOTCH B o6W:HH 4)a30BbIH MHO)l(HTellb ( C pacXOMW:HMCH IIpH Ak - 0 3Ha'leHHeM 

cpa3bl) nepe.n HHcppaKpacHOCTa6HnbHOH 'laCTblO aMIIllliTYJ]:bl, He BllH.SIIOW:eH Ha 3Ha'leHHe Ha-

6nro.naeMOH BenH'IHHbl. 

TaKHM cBoiicTBoM B nepzyp6aTHBHoii K3)1; o6na,naroT, HanpHMep, aMIIllHTYJ]:bI ynpyro­

ro pacceHHHH 3apH)l(eHHhIX 'laCTH:q. 3THM )Ke CBOHCTBOM o6na,naeT H aMnnHT)'Jl:a nponecca 

eZ1Z2 ---. eZ1Z2, KpOCCHHr-conpH)l(eHHoro nponeccy (1). 
AMnnnzy,na )Ke nponecca ( 1) caMa no ce6e ( BMecTe c cpa30BbIMH MHO)l(HTen»MH) »BnHeTcH 

m<C BellH'IHHOH. B nepzyp6aTHBHOH K3)1; 3TO o6ecne'IHBaeTCH IIOllHhIM B3aHMHbIM coKpaw:e­

HHeM norapHq>MH'leCKH pacXOMW:HXCH (npH Ak ---. 0) BI<Jia,nOB OT,nenbHhIX nerneBbIX )UlarpaMM 

B aMnnHzy,ny 3Toro nponecca. 

B paMKaX Ramero "nonyrrepzyp6aTHBHoro" no.nxo.na aHaJioraMH nerneBhlX <I>)]; HBnHIOTCH 

"napnnanbHbie" aMrrnnzy,nbI, no.n KOTOpbIMH MbI 6y,neM no,npa3YMeBaTb BellH'IHHhI, nonYtJaeMble 

no,ncTaHOBKOH B npaByro 'laCTb COOTHOilieHHH ( 6) OT,nenbHbIX 'llleHOB onepaTOpHoro pa3llO)l(e­

HHH (2). 
XoTH npH Ak - 0 3TH BellH'IHHbI ocTaIOTCH KOHe'IHhIMH ( orpaHH'leHHbIMH no Mo,nynro) 

OHH Bee )Ke He CTpeMHTCH K onpe,neneHHbIM npe.nenbHhlM 3Ha'leHHHM, a CTaHOBHTCH 6eCKO­

He'IHOOC:qHnnHpyrow:HMH 4lYHKnHHMH CBOHX apfYMeHTOB (no,no6Ho, HaIIpHMep, aMnnnzy,naM 

eZ-pacce»HHH). 

BenH'IHHhl TaKoro po.na 6y,neM Ha3bIBaTI, HHcppaKpaCHOHecTa6HllbHbIMH (m<HC ). IlpocTeH­

IlIHe H3 HHX -3TO 8-onepaTOpbI e± Zk-pacceHHHH 8£±) (x), HBllHIOW:HeCH, HapH.zzy C cpyHK:qHHMH 

pacnpocTpaHeHHH G(x-x'), OCHOBHblMH CTPYKTYPHblMH 3neMeHTaMH "napnnanbHbIX" aMIIllH­

zy,n. Ilocne,nHHe )Ke, O'leBIIJ(HO, npe,ncTaBHMhI B BH,ne cyrrepno3H:qHH npOH3Be,neHHH BellH'IHH 

sr±) (x). 

Jlo,naBnHIOW:ee 60llbllIHHCTBO 3THX npoH3Be,neHHH, KaK H CaMH 8-onepaTOpbI st\x), HB­

llHIOTCH m<HC BellH'IHHaMH. McI<JIIO'leHHe COCTaBnHIOT llHilib npoH3Be,neHHH BH,na 

II si+\xi)si-\x~) II s~+)(xi)S~-\xJ), 
j 

.s!BllHIOW:HeCH m<C B cnny COOTHOilieHHH 

(14) 

}!~
0
si+!(x)s£-l(x') = exp [2i.Zka -In (1

1
~ ~ :: D] = const(>.k). (15) 
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B cHny cBo:itcTBa MKC aMTTJIH~hl (6) B QenoM, MKHC KOMIIOHeHTI,I OT,nem,HhIX ''rrapQH­

an1,HJ,JX" aMTTJIR'I)'.n B3aHMHO COKpamarorcH, IIpHBO,nH K' OKOHqaTeilbHOM}' MKC pe3yn1,Tary ,nnH 

3TOH aMIIIlH~I,I. Ilpocne,nnTh 3TO COKpameHne y,naeTCH IlHillh rrocne HBHOro BhIIIOnHeHHH HH­

TerpnpoBaHHH ITO CBeTOBhIM KOMIIOHeHTaM ·Bcex rrpoMe)Ky"foqHhJX 4-HMIIynhCOB B BhlpIDKeHHHX 

,nnH ''rrapunan1,H1,1x" aMrrnnry,n. · 
' ' 

IloCKOilhKY BKila)ll,l "nmppaKpacHOHeCTa6nn1,Horo 6onhIIIHHCTBa" aHHYJIHPYIOTCH, OKOHqa-

TeilI,HOe BhlpIDKeHne ,nnH aMIInH~ (6), BonpeKH rrporno3aM aBTopoB [14-18], oKa3hIBaeTCH 

cpaBHHTeilbHO rrpoCThl~ n o6na,naIOIUHM cne,nyIOIUHMH CBOHCTBaMH: 

(i) aMrrnn~a (6) HBilHeTCH q>YffKUHOHailOM cne,nyIOmen MKC KOM6nHaUHH BenuqnH si±) (x): 

!l12(x1,x~;x2,x;) = !l1(x1,xD!12(x2,x;), 

nk(x,x') = 1- st+>(x)st-\x'), k = 1,2; 

(ii) OHa rrpe,ncTaBHMa B BH,ne 6ecKOHeqHoii CYMMhl 

00 

M = 'E Mn { !112} , 
n=l 

( 2)2n-1 
cnaraeMMe KOTopoii rrpn Z 1o: « 1, Z 2o: « 1 rrporropunoHanLHLI Z1Z20: ; 

(16) 

(17) 

(iii) BennqHHhIM1 {!112} HBilHIOTCH "rronHHOMaMH" n-o:it CTerreHH OT !112, He co,nep)I(amnMH 

CBo6o,nHhIX 4IleHOB .. 

51BHhle BhlpIDKeHHH )lilH M1 {!112}, M2 {!112} cne,nyIOmne: 

M1 = (4!)3ii(P2)[!Ild2
kiR1]v(p1), (18) 

M2 = (
4
!)3 u(p2) [! g d

2
k; R2] v(p1) + (

4
!)7 ii(P2) [! g d2ki R2] v(pi) ,(19) 

R1. = 'Y+V1'Y-V2'}'+V3-y_n1 (qi, q3)!12(q2, q4)(Lb + i1r)(a + b)-1 (20) 

+ '.)'-Vl'Y+V2'}''-V3'Y+f22(q1, q3)!11 (q2, q4)(Lc + i1r)(a + c)-
1

, 

R2 = 'Y+Vl'Y-V2'Y+vn-!11(q1, q3)!12(Q2, q4)(Lb/3)(L~ + 1r
2
)(a + b)-1 

(21) 

+ 'Y-Vl'Y+V2'}'-V3'}'+!l2(q1, q3)!11(<12, q4)(Lc/3)(L~ + 1r
2
)(a + c)""·1 , 

Lb= ln(a/b), Le= ln(a/c), 

a= µ1µ3, b = µ2P2+P1-, c = µ2P2-P1+, 

(22) 

(23) 

q1 = P2T - k1, q2 = k1 - k2, q3:::::;; k2 - k3, q4 = k3 + PlT' (24) 
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~ = Tu~~~Tu~~~Tu~~~Tu~~ 
xn1 ( q1, q3)!l2( q2, q4)!l1 ( q5, q7 )!l2( q6, qg) 

X (Lf + 7r2)(L;;/3 + i7r)(ii + b)-1 

+~~Tu~~~Tu~~~Tu~~~Tu 

X fl2( ql, q3)!l1 ( q2, q4)!l2( q5, q7 )fl1 ( q6, qg) 

x(L~ + 7r2 )(Lc/3 + i7r)(ii + b)-1
, 

L;; = In(a/b), Le = ln(ii/c)' 

k 2 k2 vi = m - 'YT i, µi = m + i, 

a= µ1µ3µsµ1, b = µ2µ4µ6P2+P1-, c = µ2µ4µ6P2-P1+, 

(25) 

(26) 

(27) 

(28) 

q1 = P2T - k1, q2 = k1 - k2, q3 = k2 - k3, q4 = k3 - k4, (29) 

qs = k4 - ks, q6 = ks - k6, q7 = k6 - k1, qs = k1 + PtT, 

nj(q, q') = (2~)2 J d2xd2 x' exp (iqx + iq'x') nj(X, x'), j = 1, 2, (30) 

r,n;e m - Macca 3JieKTpoHa. 

B1,1pa)l(eHJ1e ,n;m1 M3 yxce ,n;ocTaToqHo rpoM03,IJ;KO II no3TOM)' He np11Bo,IJ;HTCH. K ToMy )l(e, 

B 3TOM HeT npaKT11qecI<oii Heo6xo,n;11MOCTII, IlOCI<OJILI<y npocTLie oueHI<lf IlOI<a3LIBaIOT, ~o 

oTHOCHTeJILHLiii BI<Jia,IJ; 11HTep4>epeHu1111 aMITJIHry,n; M1 11 M3 B ceqeHHe npouecca (1) .srBm1eTcH 

Ben11q11Hoii nopH,n;I<a (Z1Z2a2)
4 

L-1, L = ln"(1 · ln"(2, qTO ,n;a)l(e np11 "Hmx11x" 3HeprnHx 

'Yl ~ '}'2 ~ 10 HaMHOro MeHLIIIe 1 % np11 peaJIHCTlfqHI,IX 3HaqeHHHX Z1' Z2. 
TaI<HM o6pa3oM, np11Be,n;eHHLie BLIIIIe BLipa)l(eHHH ,IJ;JIH aMnn11ry,n; M 1 11 M 2 peIIIaIOT (c 

oroBopeHHOH BLIIIIe ToqHOCTLIO) npo6JieM)' BLIXO,IJ;a 3a paMI<lf 6opHOBCI<oro np116JI1f)l(eHHH B 

on11caH1111 npouecca ( 1 ). 
Ilpo6neMa YHHTapHLIX (To ecTL CBH3HHHLIX C MHO)l(eCTBeHHLIM o6pa30BaHHeM nap) no­

npaBOI< I< 3TOM)' pe3YJILTary, a Tal()l(e BOnpocLI COOTHOIIIeHHH Me)l(,IJ;y aMITJIIITY,IJ;aMlf I<pOCCHHr­

conpH)l(eHHLIX npoueccoB 

Z1 + Z2 -t Z1 + Z2 + e+ + e- , 

e± + Z1 + Z2 -t e± + Z1 + Z2 

6y,n;yT OCBHIUeHLI OT,IJ;eJILHO. 

ABTOpLI 6naro,n;apHT 3a o6cy)l(,Il;eHHH BonpocoB, 3aTpOHYTLIX B pa6oTe, 3.A. KypaeBa II C.P. 
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The isospin-symmetry-breaking effects in Ke4 decays * 
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Abstract 

The final state interaction of pions in Ke4 decay allows one to obtain the value of the 
isospin and angular momentum zero 7r"7r scattering length. We have shown that the elec­
tromagnetic interaction of pions and isospin symmetry breaking effects caused by different 
masses of neutral and charged pions, have an essential impact on the procedure of scattering 
length extraction from Ke4 decays. 

1. Introduction 

For many years the decay 

(1) 

was considered as the cleanest method to determine the isospin and angular momentum zero 
scattering length ao [l]. At present the value of ao is predicted by Chiral Perturbation Theory 
(ChPT) with high precision [2] (~ 2%) and its measurement with relevant accuracy can provide 
useful constraints on the ChPT Lagrangian. The appearance of new precise experimental data 
[3, 4] requires approaches taking into account the effects, which have been neglected up to now 
in extracting the scattering length from experimental data on Ke4 decays. 

The common way to get the scattering length ao from the decay probability is based on the 
classical works [5, 6]. The transition amplitude for decay (1) can be written as the product of 
the lepton and hadronic currents: 

(2) 

The leptonic part of this matrix element is known exactly, while the hadronic part can be 
described by three form factors F, G, H [6]. Making the partial-wave expansion of the hadronic 
current with respect to the angular momentum of the dipion system and taking only s and p 
waves, 1 the hadronic form factors can be written in the following form: 

F = fseiog(s) + /peio}(s) cos0.,.., 

G = gpeio}(s); H = hpeiof(s)_ (3) 

Here s = M;.,.. is the square of dipion invariant mass; 0.,.. is the polar angle of the pion in 
the dipion rest frame measured with respect to the flight direction of dipion in the K meson 
rest frame. The coefficients Is, /p, 9p, hp can be parameterized as functions of pion momenta 
q in the dipion rest system and of the invariant mass of lepton pair Se., in the known way [8]. 

• Physics of Atomic Nuclei, 73:6 (2010) 961-964. © 2010 MAHK HayKR/Interperiodika Publishing. 
Reproduced with kind permission of Pleiades Publishing, Ltd. 

1 As was shown in 17], the contribution of higher waves are small and can be safely neglected. 
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The phases 8{ relevant to isospin I and orbital momenta l of the di pion system due to Fermi­
Watson theorem [9] coincide with the corresponding phase shifts in elastic 1r1r scattering. From 
the other hand the phases can be related to the scattering lengths by the set of Roy equations 
[10]. 

Recently, the experiment NA-48/2 at CERN [11] has observed the anomaly (cusp) at the 
two charged pions production threshold in the neutral pions mass distribution from the decays 
K± ---. 1r±1r0 1r0 • As N. Cabibbo pointed [12, 13], this is a result of isospin breaking in 
the final state due to the difference of masses of neutral and charged pions in the reaction 2 

1r+1r- ...... 1ro1ro. 
The final state interaction of pions in Ke4 decay is usually considered using the Fermi­

Watson theorem valid only in the isospin symmetry limit i.e. at me = m 0 • According to [16], 
the distinction in masses of neutral and charged pions leads to breaking of this theorem3 and 
results in the corrections which are not small even far from the production threshold. 

In the present paper we consider all isospin symmetry breaking effects including the electro­
magnetic interaction in the dipion system and calculate their impact on the value of scattering 
length a0 extracted from Ke4 decay rates. 

2. Isospin symmetry breaking due to pions mass difference 

The phase shift 88 relevant to scattering length a8, has an impact only on hadronic form 
factor F, whereas the form factors G and H depend only on p-wave phase shift 8}. If to 
consider only Sand P waves, the inelastic process 1r0 1r0 ---. 1r+1r- and the reversed one are 
forbidden due to identity of neutral pions in l = 1 state. Thus, inelastic transitions can change 
only the first term in the form factor F, relevant to production of s-wave pions in the state with 
isospin I = 0. · · 

It can be shown that in one loop approximation of nonperturbative effective field theory 
(see e.g. [ 19]), the decay amplitude M relevant to di pion in the state with I = l = 0 

M = M1(l + ik2a+-) + ik1axM2. (4) 

Here M 1 , M 2 are the so called "unperturbed" amplitudes [12] corresponding to the decays with 
charged and neutral dipions in the final state; k1 = J M;1r - 4m5 /2 and ~ = J M;1r - 4m~ /2 
are the relative momenta in the 1r0 1r0 and 7r+7r- systems with the same invariant mass Mn, 
and a+-, ax are the s-waves amplitudes of the elastic scattering 1r+ 1r- --. 1r+ 1r- and charge 
exchange reaction 1r0 1r0 --. 1r+1r-. 

As discussed in [ 19], these amplitudes are related with scattering lengths ao, a2 through 
the following relations4: 

a+-

ax = 

2ao + a2 (1 + t:); 
3 

J2 (ao - a2)(l + t:/3); 
3 

2 
t:= mo-m~ 

m2 
C 

(5) 

2The possibility of cusp in 1r0 1r0 scattering due to different pion masses in charge exchange reaction ,r+,r- -+ 

,r0 ,r0 was firstly predicted in [14]. 
3Toe breakdown of Fermi-Watson theorem in photoproduction has been discussed in [15]. 
4Our definition of amplitudes coincide with the one adopted in [20], and differs from the accepted definition in 

[19, 13]. 
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A simple relation between the ''unperturbed" amplitudes M 1 = ./2M2, follows from the rule 
tll = 1/2 for semi-leptonic decays. Thus, in the isospin symmetry limit (mo = me) 5 : 

M = M1(l + ikao) = M 1 J1 + k2a~ei58. (6) 

This equation is nothing else than the Fermi-Watson theorem for the 1r1r interaction in the final 
states. 

The considered picture can be generalized to higher orders [17]. Summing all subsequent 
loops of 1r1r scattering, we obtain the following: 

M 
M1(l - ik1aoo) + ik1axM2 

D 
D = (1 - ik1aoo)(l - ik2a+-) + k1k2a;, 

where the 1r01r0 elastic amplitude aoo = (ao + 2a2)(l - E)/3. 
It is convenient to rewrite this equation in the following form: 

M = M1 Jl + kHaoo - a;)/./2 i.S+-

IDI e ' 

k1 aoo + k2a+-
arctan ---------, 

1 + k1k2(a; - aooa+-) 

arctan k1 ( aoo - axf h) . 
Thus, unlike to isospin symmetry limit the decay amplitude also depends on a2 • 

(7) 

(8) 

The expression (8) is the generalization of Fermi-Watson theorem for the case of the 
isospin symmetry breaking in the strong phase relevant to the s-wave 1r1r scattering. 

Another effect which can be important in the procedure of the scattering lengths extraction 
from the experimental data on Ke4 decay, is the Coulomb interaction among the charged pions. 
The widely spread wisdom is that in order to take the electromagnetic effects into account it is 
sufficient to multiply the square of matrix element (2) by Gamov factor 

G= 21rw • 
1- e-21rw' 

Q 
w=-. 

V 
(9) 

Here vis the relative velocity in the dipion system and a= e2 /(41r) is fine structure constant. 
Now let us show that besides this multiplier the electromagnetic interaction between pions 

also change the expression (8) for the S-wave phase and P-wave phase c5A, whose difference 
is extracted from experimental data. 

3. Electromagnetic interaction in 1r1r system 

In order to take into account the electromagnetic interactions between pions, we take an 
advantage of the trick successfully used in [17]. To switch on the electromagnetic interaction, 

5In this limit the scattering lengths a1 corresponding to 1r1r states with isospin I= 0, 2 are connected with elements 
of K-matrix by the relation e2i61 = (1 + ika1 )/(1 - ika1 ). 
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one has to replace the charged pion momenta k1 by a logarithmic derivative of the pion wave 
function in the Coulomb potential at the boundary of the strong field r 0 : 

iki -+ 7 = dlog[Go(k1r + iFo(kr)] lr=ro. (IO) 

Here Fo and Go are the regular and irregular solutions of the Coulomb problem. 
In the region kro « 1, where the electromagnetic effects are significant, this expression 

can be simplified: 

T = ik - am [log(-2ikr0 ) + 2')' + 1J,(1 - i€)] 

= Rer+i Imr, 

Rer = -am [log(2kro) + 2')' + Re'lj,(1 - i€)], 

e am 
Imr = kA2

, = 2k' 
A = exp ( 1r2e) 1r(1 + i€)1, (11) 

where Euler constant 'Y = 0.5772 and digamma function 1J,(€) = dlogf(€)/de. 
Substituting these expressions in (8) one can express the modified phase for 1r+ 1r- state 

(I= l = 0) 88 through the standard phases [15] 88, 85 relevant to exact isospin symmetry limit. 
Dividing the modified phase as a sum of strong 88 and electromagnetic 8em terms, we 

obtain: 

88 = 8s + 8c; 

8s = arctan(A tan c5g + B tan 85); 

8c = arctan (~); 
/3- JI -4v_ 

- 1- 2v ' 

A = 
2G(l + t:) + ,\(1 + t:/3). 

3 ' 

B = 
G(l + t:) - ,\(l + t:/3). 

3 ' 

,\ = ~ m2 m2 • C. 0 'Uc=-, Uo=-. 
s s 

(12) 

Let us note that, whereas the electromagnetic phase 8em has a common textbook form [18], 
the strong phase is essentially modified by electromagnetic effects (the Gamov factor in 88 ) as 
well as by isospin symmetry breaking effects provided by pions mass difference. 

Using the same approach one can show that the modified P-wave phase becomes as follows: 

it = arctan [ G ( 1 + ;: ) tan 8i] . (13) 

In the limit of exact isospin symmetry (me = mo; a = 0) the above expressions become 
well known, whose values can be obtained by using the Roy equations [IO]. 
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Figure I: The dependence of 8 = 88-8f on dipion invariant mass in the exact isospin symmetry 
case (dashed line) and with all isospin symmetry breaking corrections taken into account (solid 
line). 

Setting in accordance with ChPT ao = 0.225 and using the relevant phases 88, 8f from 
Appendix D of [I], we have calculated the modified phases differences 8 = 88 - 8f as a 
function of the invariant mass of di pion M1r1r. 

Fig. I shows these dependencies in the two limiting cases. The dashed line corresponds to 
exact isospin symmetry limit m0 = me; a = 0. To get 8 = 8g - 8f we use the phases values 
from Appendix D of work [I). The solid line is the result of all the isospin breaking effects, 
calculated by obtained above expressions. The experimental data are from [4]. This figure 
demonstrates agreement between experimental data and the predictions of ChPT, if isospin 
symmetry breaking corrections are taken into account. 

In Table I we cite 8 as a function of dipion invariant mass M1r1r in respect to different 
isospin breaking corrections. This allows one to estimate separately the contribution of consid­
ered above effects. 

4. Conclusions 

All the isospin symmetry breaking corrections considered above increase the phase dif­
ference 8. Their contribution is the largest near the threshold, but even far from it, they are 
essential. 
The Ke4 decay amplitude ifto take the isospin symmetry breaking effects into account depends 
on scattering length a2 unlike the common approach. The proposed approach allows one to 
extract the values of scattering lengths with much higher accuracy than in standard approxima­
tion. 
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Table 1: The impact of considered corrections on phase difference o = o8 - of: 1) 
standard case []} with ao = 0.225; a2 = -0.037; 2) with charge exchange process 
.X = J(l - 4uo)/(1 - 4uc); 3) with parameter E (expression (5)); 4) with electromagnetic 
interaction; 5) with the additional Coulomb phase (13) 

M1r1r 1 2 3 4 5 
0.285 0.048 0.059 0.061 0.063 0.082 
0.300 0.096 0.103 0.108 0.110 0.122 
0.315 0.134 0.140 0.147 0.149 0.159 
0.330 0.170 0.175 0.184 0.186 0.195 
0.345 0.205 0.210 0.220 0.223 0.231 
0.360 0.239 0.244 0.256 0.259 0.267 
0.375 0.274 0279 0.292 0.296 0.304 
0.390 0.309 0.314 0.328 0.333 0.340 

The authors are grateful to V.D. Kekelidze and D.T. Madigozhin for useful discussions and 
support . 
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Formation of 1rµ atoms in Kµ 4 decay* 

S.R. Gevorkyan, A.V. Tarasov, and 0.0. Voskresenskaya 

Joint I7!8titutefor Nuclear Research, 141980, Dubna, Russia 

Abstract 

We have derived the decay rate of 1rµ atom formation in Kµ4 decay. Using the ob­
tained expressions the decay rate of the atom formation has been calculated and it was 
shown that the considered decay could give a noticeable contribution as a background to the 
fundamental decay K+ -+ 1r+vv. 

1. Introduction 

The elementary atom formation in particle collisions and decays can give unique informa­
tion on strong interaction dynamics. The determination of the pionium atom lifetime [I] allows 
one to get information on 7r7r scattering lengths, whose knowledge is crucial to verify of the 
predictions of Chiral Perturbation Theory [2]. The accuracy of scattering lengths determina­
tion from non-leptonic decays [3] K± --t 7r±7ro7ro also depends on the effects caused by a 
possibility of 7r7r bound state formation [4, 5]. The production of positronium atoms in 1r0 

Dalitz decay [6] or its photoproduction on the extended target [7, 8], can give information on 
dependence of interactions on the spin state of the system and on the mechanism of the bound 
state formation. 

The basic work by L. Nemenov [9] stimulated the search for elementary atoms and the 7rµ 
atom was discovered [10, 11] in the decays of neutral kaons KL --t 7r+µ-v. 

In the present work we show the importance of investigations of the 7r µ atom formation in 
the decay 

K+ - 7r+ + 'TC'- + µ+ + V (1) 

(Kµ 4 decay). The motivation of this is follows. Recently great efforts have been done [12] for 
the experimental study of the rare decay K+ --t 7r+vv aimed at determining the value of Vst, 
which is unequally predicted by the theory [13, 14, 15]. At present the experiment NA62 [16] 
at CERN SPS is in progress, which plans to collect ~ 80 events of this rare decay1• 

Below we will calculate the probability of 7r µ atom formation in the K µ 4 decay and show 
that the branching rate of the atom formation in decay (1) is not much smaller than the branch­
ing ratio of fundamental process 

K+ --t 7r+vii. (2) 

As a result the process of the 7r µ atom formation can give a certain contribution as a background 
to the basic decay (2) in the relevant kinematical regions of experiment NA62. 

*Phys. Lett. B 688 (2010) 192. © 2010 Elsevier B.V. Reproduced by permission ofElsevier B.V. 
1 At the moment the six events are reported by CKM collaboration [12]. 
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2. The decay rate of the 1r µ atom formation 

To obtain the decay rate of the 1rµ atom formation in Kµ 4 decay 

(3) 

we begin from the well known [17, 18] matrix element of the decay (I) written in the form of 
the product of the lepton and hadron currents 

where the axial A>. and vector V >. hadronic currents: 

__ i_· ((P1 + P2)>. F + (P1 - P2)>.G + (k1 + k2)>.R); 
ffiK 

- ~ e>-"'P"'(k1 + k2),,(P1 + P2)p(p1 - P2),,.. 
mK 

(4) 

(5) 

Here and later on k, P1, P2, k1, k2 are the invariant momenta ofkaon, pions, muon and neutrino; 
mK, m,r, mµ are the relevant masses. 

Confining as usually by s and p waves and assuming the same p-wave phase 8p for different 
form factors, one has 

H - H eiop. 
- p ' (6) 

The main goal of the experimental investigation [19, 20, 21] is to measure quantities Fs, Fp, 
Gp, Hp, Rp, and 8 = 88 - 8p as functions of three invariant combinations ofpions and leptons 
momenta S,r = (P1 + P2)2, s1 = (k1 + k2)2 and~ = -k(p1 + P2) [18]. 

From the other hand, to make up the 1rµ atom in the decay (I), the negative pion and muon 
should have similar velocities. For such kinematics only two variables are at work, which we 
have chosen as S,r, sz. 

Since the binding energy of the ground state of 1rµ atom is small [22] c = 1.6KeV, the 
atom is a nonrelativistic system. According to the general rules of quantum mechanics, the 
amplitude of the decay (3) can be written as the product of the matrix element of the decay 
( 1) taken at equal velocities of muon and negative pion and the square of the Coulomb wave 
function at the origin 

( + + ) w(r = 0) ( + + _ + ) M K ---+ 7r A,rµV = .,/Iii, M K ---+ 7r 7r µ V v,,=v . 
~ p 

(7) 

The square of the Coulomb wave function evaluated at the origin and summed over the principal 
quantum number [ 11] 

I w(r = 0) 1
2= I: I Wn(r = 0) 1

2= 1
~
2 

(aµ) 3 

n=l 

(8) 

with the fine structure constant a = 1~7 and reduced mass µ = :,,"+":::µ . 
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Using the well known rules for the decay rate of (3) we obtain 

r = (4 )/ I \J!(r = 0) 1
2 JI M(K+ - 7r+7r- µ+v)v =v 1

2 dEvdE7'. (9) 1T m1rmK ~ ~ 

Integrations in this expression are going over neutrino Ev and positive pion E1r energies. 
· To calculate the square of the matrix element in (9), we take an advantage of the fact that 

the bilinear form of lepton current tafj = iai% can be written in the well known form (see e.g. 
[23]) 

t°'fj = 8 ( k'{' kf + k2 kf - (k1 k2)g°'fj + if.°'fjpu k'{' kn . (10) 

This expression has to be contracted with the relevant form of hadronic current Ta{j· As an 
example let us consider the convolution of lepton tensor (10) with the square of the first term 
of the axial hadronic current in (5) 

z)°'fjTafj = : 2 (2(p1k1 + P2k1)(p1k2 + p2k2) - (P1 + P2)2(k1k2)) IF 12 . (11) 
K 

Accounting that the mua'n and negative pion which compose this atom should have equal 
velocities, let us express their momenta through the atom momentum Pa and mass ma: P2 = 
!!!:lt.pa; k1 = ~Pa, and introduce the following Lorentz invariant combinations: 
ma ma. 

Q1 = 2p1k2 = m}<- + m~ - m;. - 2mxEa; 

Q2 = 2P1Pa = m}<- - m~ - m;. - 2mx Ev; 
2 2 2 · q3 = 2pak2 = mx - ma+ m1r - 2mxE1r. (12) 

As the atom energy in the kaon rest frame is Ea= mx - E1r - Ev, the decay (3) is described 
by two independent variables, which in our case are the positive pion energy E1r and neutrino 
energy Ev. 

The expression (11) can be rewritten by means of the above invariants: 

. '°'· afj - 4mµ ( . ) I p· 12 L....J t Tafj - --2-qi Q2 + 2m1rma . 
.mamx ' 

(13) 

Calculating all terms in th~ contraction of the square of the axial and vector form factors with 
the lepton part, we obtain the following expression for the atom formation decay rate in (2) 

r(K+ - 7r+ A1rµv) 

ib(E1r, Ev) 

G2 V 2 1 20::3µ3 j 
(: us )3 . ib(E1r, Ev)dE1rdEv, 

m1r 1Tmx 1T 

Q1(Q2 + 2m1rma) IF 1
2 +q1(Q2 - 2m1r.ma) I G 1

2 +m~q3 IR 1
2 

+ 2(q1Q2 - 2m;_q3)Re(FG*) + 2mµ(maq1 + m1rq3)Re(FR*) 
2 

+ 2mµ(maq1 - m1rq3)Re(RG*) + m; (4EvE1rq1 - qi - 4m;.E~) 
ma 

x ( q3
2 

I H 1
2 ~2 ma Re(GH* + FH*)). (14) 

m1r m1r 
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The integration here is going in the following limits: 

mJ< + m; - m~ - 2mK E1r < 
2(mK - E1r + JE~ - m~) -

2 + 2 2 2 E < mK m,r - ma - mK ,r 

- 2(mK - E,r - JE~ - m~)' 
m2 +m2 -m2 < K ,r a 

- 2mK 
(15) 

The expression (14) is the main result of the present work. It allows one to calculate not only 
the decay rate of the atom formation in K µ 4 decay, but also the differential decay rate dE~~E,, , 

whose knowledge is important to estimate the background in the basic decay K+---. -rr+vv. 

3. Numerical analysis 

To calculate the atom formation decay rate using expression (14), one has to know the 
hadronic form factors. Since the hadronic form factors in Kµ 4 and Ke4 decays are the same, 
for three form factors F, G and H we take the standard parametrization [19, 20, 21] with 
parameters2 from [20]. 

The axial hadronic form factor R can not be extracted from the experimental data on Ke4 

decay 3• For this quantity we use the theoretical prediction from [24, 25]. Substituting these 
parameterizations in (14) and using the value of Kµ 4 decay rate from [26], we obtain for 
the probability of atom formation in the Kµ 4 decay r(K+ ---. -rr+ + A1rµ + v)/r(K+ ---. 
-rr+ + -rr- + µ+ + v) ~ 3. 7 x 10-6. This probability could be compared with the probability of 
1r µ atom formation in K µ3 decay [ 11] ~ 4 x 10-7 and 1r1r atom formation in the non-leptonic 
decay [27] K+ ---. 7r+7r+7r- ~ 8 x 10-6 • 

As it is mentioned above, the atom formation in Kµ4 decay can serve as background to the 
rare decay K+ ---. -rr+vv in the relevant kinematical region. For the branching decay rate (see 
e. g. [28]) the Standard Model predicts Br(K+---. -rr+vv) ~ (0.85 ± 0.07) x 10-10, whereas 
the branching ratio for the -rrµ atom formation considered in the present work, turns out to be 
Br(K+ ---. -rr+ A,rµv) ~ 0.5 x 10-10• Thus, the branching ratio of the decay (3) considered 
in this work is comparable with the branching ratio of the basic decay K+ ---. -rr+vv and so it 
should be considered as a possible background for this decay. 

The main contribution from the decay (3) is located at the pion energies E,r confined by 
threshold condition M 2 = (k - p1 ) 2 = mJ< + m; - 2mKE1r ~ m~. From the other hand in 
the real experiment one tries to cut off the energy of the detected pion to avoid the background 
from non-leptonic decays K± ---. 3-rr to the basic process (2). Keeping this in mind and using 
expression (14) we calculated the contribution from the decay (3) relevant to the interval from 
1rµ atom production threshold up to the threshold of three charged pion production in the 
decay K+ ---. 1r+1r+1r-. This part of the decay (3) which can be potentially dangerous as the 
undesirable background to the basic process (2), composes ~ 15% of the total decay rate of 
(3). If one cuts off the pion energy in the decay (3) in accordance with restriction dictated by 
non-Ieptonic decay K+ ---. 1r+1r0 1r0 , the relevant contribution makes up only~ 6.6% of the 
total decay rate. Thus the large background from the decay (3) can be significantly suppressed 

2The precision of the experimental data [21] is better than in [20] but, unfortunately, only relative parameters 
determining form factors, are cited. 

3The term with R in Ke4 decay rate is proportional to the square of the electron mass and can be neglected. 
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imposing the relevant cuts on pion detection. Certainly, the mentioned estimates are enough 
raw and for real experiments the calculations should be done accounting the efficiency of pion 
registration and characteristics of. a specific set-up. Such consideration for the kinematic range 
relevant to the experiment NA62 at CERN will be done elsewhere. 

The authors are grateful to V. Kekelidze, D. Madigozhin and Yu. Potrebenikov for perma­
nent support and useful discussions. 
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A Complete Version of the Glauber Theory 
for Elementary Atom - Target Atom Scattering 
and Its Approximations* 

I Alexander Tarasov I and Olga Voskresenskaya§ 
§ Joint Institute for Nucle.ar Research, 1../1980 Dubna, Moscow Region, Rus.sia 

Abstract. A general formalism of the Glauber theory for elem!'ntary atom (EA) 
- target atom (TA) scattering is developed. A second-order approximation of its 
complete version is considered within the optical-model perturbative approach. The 
accuracy of the eikonal approximation for target-elastic EA-TA scattering neglecting 
the excitation effects of TA is evaluated in the framework of the second-order optical 
model of the complete version of the theory for collisions of atomic systems. 

PACS numbers: 11.80.Fv, 34.50.-s, 36.10.-k 

1. Introduction 

The experiment DIRAC, now under way at PS CERJ.'\s [1], aims to observe the relativistic 
hydrogen-like EA [2]t consisting of rr± and/or 7r'F / K'f mesons ('dimesoatoms') and 
measure their lifetime with a high precision. The interaction of relativistic dimesoatorns 
with ordinary target atoms is of great importance for this experiment as the accuracy of 
the EA-TA interaction cross sections is essential for the extraction of the dimesoatoms 
lifetime. 

So it was shown that for the success of the DIRAC experiment it is essential that 
the excitation and ionization cross sections of the pionium (A21r) are known to 1 % or 
better, and it was found that only using the Glauber cross sections one will be able to 
reach the desired 1% level in accuracy for the target atom charge Z > 60. 

Originally, applications of the Glauber theory confined were to high energy nuclear 
and fundamental particle physics [3]. The use of Glauber approximation in 'atomic 
collisions', i.e. in intem1ediate- and high-energy scattering of structureless charged 
particles (electrons, positrons, and protons) by neutral atoms (H, He, and alkali target 
atoms) reviews the paper [4] (see also, e.g., [5]). 

Only one of the works reflected these papers [4, 5] is devoted to atom-atom collisions 
[6]. The authors of [6] have attempted to infer the cross section for H(2s) quenching in 
the H(2s)-He(ls2 ) interaction. The desired quenching cross section is found by applying 
the optical theorem to their computed Glauber amplitudes. The general formalism of 
the Glauber theory for atom-atom collisions has not been developed in this work. 

* arXiv:1108.4151 [nucl-th) v3, Nov 2012. 10 p. 
t Elementary atoms Aab are the Coulomb bound states of two elementary particles. One can enumerate 
here A2e, Aeµ., A2µ., Ae,.., A,...,.., A2,.., A,..1<, AKK• 
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In the series of papers [7], developed was a Glauber approximation for the 
calculations of the total excitation cross sections for the hydrogen-like relativistic 
dimesoatom.s (A2,r, A,,.K, AKK) interacting with a screened Coulomb potential of 
ordinary target atom (Ti, Ta, etc.). These EA excitation cross sections for the Coulomb 
interaction with the TA in the eikonal approximation takes into account all multiphoton 
EA-TA exchange processes. 

However, in this approximation all possible excitations of TA in intermediate and/or 
finale states are completely neglected. In other words, this tlwory is essentially based on 
the a.5smnption that the Coulomb potential, created by TA, does not change during the 
EA-TA interaction. As a result, the calculated cross sections of the coherent interaction 
at~1. within this 'potential' approximation, has been identified with the total cross sections 
atot. 

The incoherent part of the total cross sections a!~~"", in the context of the DIRAC 
experiment, cmTt,'Spond to scattering with excitations of the TA electrons from the ground 
state to all possible exited states. Nuclear excitations of the TA will not considered here, 
because much larger excitation energy is rt,>qttired (typically on the order of MeV) that 
exceeds the ener&'Y range relevant for the application to the dimesoatom-atom scattering 
[8, 9]. . 

Some estimations of the ratio 0-!~~0 ,./ a~~t for the EA-TA scattering were performed 
in the papers (8, 9]. The detailed study of the influence of the target electrons on 
the EA scattering and the evaluation of the incoherent contributions to the coherent 
scattering in the first-order Born approximation carry out in [9]. In ref. [10], announced 
were the simplest results concerning the role of multiphoton exchanges in the incoherent 
interaction of dimesoatoms with atoms of matter within an approximation . which 
corresponds, as shown further, to the second-order optical-model approximat.ion for a 
complete version of the Glauber EA-'.TA scattering theory. 

In the present work, . the eikonal approximation for target-elastic scattering of EA 
neglecting all possible excitations of TA [7] has been extended valid for account these 
effects within the framework of this complete version. The paper is organized as follows. 
In sec. 2, we develop a general formalism of the Glauber theory [3] for the EA-TA 
interactions. In sec. 3, we consider the second-order perturbation approximation of 
its complete version. Sec. 4 is devoted to the estimation of accuracy of 'potential' 
approximation for target-elastic EA-TA scattering [7] within the second-order optical 
model. In sec. 5, we reconsider the second-order model in another tenns and establish 
the relationship between the developed formalism and the results of refs. [7]. We also 
consider results of our analysis in the context of the DIRAC experiment. In conclusion, 
we short summarize our findings. 

We would like to note that while the theory developed in this work is motivated 
by concrete experiment, it is also of general interest for high energy physics and atomic 
physics. 

This work is devoted to the memory of my friend, the husband and co-author, a 
remarkable human being and scientist Alexander Tarasov, who untimely passed away on 
March 19th, 2011. 
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2. Complete version of the Glauber theory for EA-TA scattering 

The complete Glauber approximation for the amplitude Ai+I-J+F(q) of the EA-TA 
interactions may be given by 

i J 2 - -Ai+I-+f+F(q) = 27!" d b exp(iqb) ri+I--+J+F(b), (1) 

where if is the three dimension momentum transverse to the target; the integration is 
carried out over a plane perpendicular to_ the direction of incidence; b is an impact­
parameter vector in this plane; ri+I--+J+F(b) is the so-called profile function. 

· We may formulate the problem in a general way by considering the EA scattering 
on a system of Z constituents with the coordinates r'i, -G, ... , rz+ and the projections 
on the plane of the impact parameter ii1, si, ... , Sz. 

If we introduce the configuration spaces for the EA wave functions ·t/J;(r), 'l/.•1(r) and 
the wave functions '\[I 1 ( {fie}), '\[IF( {fie}) of the TA constituents in the initial i, I and the 
final f, F states, we may write the profile function as 

z 
ri+1-1+F(b, {sk}) = j cPr~1j(r)1/l;(r) j IT cl3rk wj.,({fi.})w1({fi..}) 

k=l 

xr(b,s,{si}), (2) 

with the interaction operator 

r(b, s, {sk}) = 1- exp[i<I>(b, .s, {si})] 

and the phase-shift function 

<I>(b; s, {sk}) = zt:.x(b, s'J - t:.x(b, s, {fie}), 

(3) 

(4) 

in which the total phase difference for two EA constituents may be written as a sum of 
the form 

z 
t:.x(b, .r, {rd) = L t:.x(b - sk, s), 

k=l 

and the simple phase difference t:.x(b, .;; in (4) one can represent as follows: 
00 

t:.x(b) = ~ J dz [IR+ r/21-i ~ IR-1121- 1
], 

- - -oo 
R= (b,z), r= (s,z), ii= (sk,Zk), 

(5) 

(6) 

(7) 

Here, Z denotes the TA nuclear charge, o: is the fine structure constant, f3 = v/c =.1, v 
is the velocity of the scattering EA in the labortory frame, z is the direction of incidence; 
R is the radius-vector from the center mass of the target atom to the center mass of EA, 
r is the radius-vector from one EA constituent to another. 

The amplitude Ai+I-f+F(qj (1) is normalized by the re~ations: 

47l"<sAi+I-i+I(0) = O'tot(i,I), IAi+I-+J+F(q)l2 = dU;+f-J+F/dq1., (8) 

where 

tot ( · J) tot ( · J) + tot ( · J) _ " " . O' i, = O'coh i, <Tincoh i, - ~ ~ O'i+I-f+F, (9) 
f F 

j: For the energy range relevant to the dimesoatom-atom scattering, i'A, (k = 1,Z) is the position vector 
of an electron in the TA. 
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(10) 

(11) 

To find the total cross sections for all types of collisions in whid1 EA and TA begins 
in the states i and I, we must sum (10) over all states f and F. The summation is easily 
carried out by using the completeness relations: 

L 'f/;1(r>1PjW) = c5(r- ~), 
f 

z 
L ll!F({rk})ll!i.({rk}) = II 8(rk -~). 
F k=I 

Taking into account tqe expression . 

L 2~fd2
q1Ai1+l1 .... f+F(Q1)A;'2+I2 .... f+F(ii1 +q) 

f,F " 

= -i [Ai1+I1->i2+12Cv -A:2+I2->i1+1-1<-0] 

and abbreviated§= exp[i<I>), so that we find: 

utot(i,I) = 2/R J d2b(l -· ({§)) ), 

u~~j,(i, I) = j d2b( 1 - 2/R ( (§)) + I((§)) 12 
), 

uf~~oh(i,J) = J d2b(l-j({§))l2
), 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

where the double brackets ( ( ) ) signify that an overage is be taken over all configurations 
of EA and TA in i-th and I-th states. 

In so doing, the following expressions for the EA and TA form factors take place: 

(18) 

z 
( (P)) = j II d3

rk l'111({Tk})l2F({Tk}). 
k=l 

(19) 

The relation defining the ( (§)) can be in abbreviated form written down as 

((§)) = exp(ii'p), (20) 

where ~(b, .s) is an effective ('optical') phase-shift function in the optical model for the 
complete version of the Glauber theory. 

269 



3. Second-order approximation for the complete version of the theory 

In the so-called optical-model perturbative approximation of the Glauber theorv. the 
expansion, which we find for the 'optical' phase-shift function <I>(b), may be writt;,1~ as 

00 ·n-1 - - I:i <l>(b, .s') = -
1
-<l>n, 

n. 
(21) 

n=l 

where 

<1>1:::: ((<1>)), <1>2 = (((<1>- <1>1)2)), (22) 

4>3 = (((<1> -<I>1)3
))' 4>4 = (((<I>- <I>1)'1)) - 3<1>5, 

<Pn ~ Z (~) 

71 

The first order of the expression for <P(b, ,'D is the double average of the phase-shift 
function <1>( b, s, { sk}) over all configurations of EA and TA in i- and I-states. The second­
order term of <P(b, SJ is purely absorptive in character and is equal in order of magnitude 
to the Za2 • 

\Vhen in the expansion (21) the sum 
00 ·n-1 - - "'t <l>tau(b,SJ = L..,, -

1
-<I>,. « 1, 

n=3 n. 

it seems natural to neglect the ii>tail (b, SJ and consider the following approximation: 

- - - i -<l>(b, SJ ~ <I>1 (b, SJ + 2<1>2(b, .s') 

with 

- 0: J a2q [ - ] <1>1 (b, SJ = -rr/3 ij2 Z - F(if'J 

. x{exp[i<j(b+f)]-exp[iij(b-f)]}, 

- ( o: )
2 J <f2q1cl2q2 [ - _ . - l - - - - ] <I>2(b, SJ = r./3 iflifl F(q1 - <J2) - ZF(q1)F(q2) 

{ [·-(- -)]}{ ·(iii1s) (-iifis)} x exp iq b1 - bz exp -
2
- - exp -

2
-

{ (-iih.s) (iih.s)} x exp -- -exp - . 2 . 2 

The last tenn in (24) correspond to incoherent scattering. 
Accounting the relations 

a~f.(i,I) = (a~~f.(SJ), a;i~0 1i(i,I) = (aI~~0 1i(SJ), 

atot(i,I) = (atot(SJ), 
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(23) 

(24) 

(25) 

(26) 

(27) 



we found for all type of the 'dipole total cross sections' a~~t(hwoh) (s), depending only 
from properties of a target matter, the following expressions: 

a10t(s) = 2 j ct2b ( 1 - cos<I>1e-•1>2 /
2), (28) 

4. 'Potential' approximation for the second-order optical model and its 
accuracy 

(29) 

(30) 

The eikonal approximation for EA-TA scattering neglecting effects of the intermediate 
excitations of TA ('potential' approximation) [7] one can represent as follows: 

(af~~:oh(i, nL,ot ~ o, (atot(i, I)]pot ~ [a~~t(i, I)]pot. 

If we define the absolute correction to this approximation as 

~a~~t(i,I) =O'~~f,(i,I)- [a~~t(i,I)]pot = (~a!~tOi)), 
with 

[a:~t(i,I)]pot ~ [ato1(i,I)]pot = LO'i+I-J+I, 
f 

. (31) 

(32) 

we get in terms of total dipole cross sections within the second-order perturbation theory 
the following expression for its calculation: 

A tot { ;;'\ tot ( ;;'I [ tot ( s"-] uacoh s, = O'coh 81 - acoh ''/ vot 

= j ct2b ( e-<I>2 -1 + 2(1- cos<I>i)e-<1>2 /
2). (33) 

To estimate the relative correction, we use the given bellow evaluation formulae: 

with 

j <I>i(b,s)d2b~(Za)2 s2 L, j <I>ik(b,s)d2b~(Za)2ks2 , (34) 

J 2k - - 2 2k 2 S
4 

<I> 1 (b, .s') <I>2 (b, s) d b ~ (Za) (Za ) R! L 

R2 
L =In_± 

s2 ' 
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(35) 

(36) 

(37) 



Using also the definition 

- Ri 
L = In (s2) , (39) 

we finally obtain the following estimation for the relative correction to the dipole total 
cross sections of the coherent scattering: 

~o-~~t(s) = o-~~tUD - [u~~t(.s')lpot = 0 (z 2 (s2
) L-) 

[ t t ( ;;'\] [ t t ( ;;'\) Q 2 ' 
(jc~h 8 J pot (jc~h 8 1 pot R+ 

For the cross sections of a 'elastic scattering' 

u[-i1 ..... i+1(i,I) = / d2qJAi+l-i+I@l 2
, 

where 

Ai+l ..... i+I(q) = 
4
~ S1 ( if) [o-~~t (i,I) + (j!~~0 ,.( i, [)S2( cl)] , 

. 1 -
S2(if) ~ ZF(if), 

we also obtain the following relation to its 'potential' approximation: 

e1 [ e1 ] ( 1 (s
2

) -) · 
Ui+J--,i+I = CT;+[-,;+! pot 1 + Z Ri L . 

Similarly, for the cross sections of EA inelastic scattering, we get: 

ind [ ind ] · (l + 1 (s2
) L) 

O"i+l-J+l = Ui+I-f+l pot z Ri · 

(40) 

(41) 

(42) 

(43) 

(44) 

( 45) 

The relative correction to the 'potential' approximation for the elastic and inelastic cross . 
sections can be then estimated by: 

uel [ue!] A el l ( 2) 
, [- ') pot = [ u~i-+l--.i+] I = __ 8_

2
_ L. 

ue pot uf+J--,i+I pot Z R+ 
(jinel _ [(jinel] ~ inel l ( 2) 
-------'p_o_t = O"i+J ..... J+l __ _ 8_ L 

[uinel] - [ inel ] - Z R2 • 
pot Ui+l-+J+I + 

pot 

(46) 

Finally, we find the following relation b,ctween the tot~ cross sections of incoherent 
scattering iii the Glauber and Born approximations: 

. tot · [ tot ] [1 o (z 2 ( 
82

) L-)] 
Uincoh = 17incoh Born + Q Ri ' (47) 

where 

[a-f~~oh] Born = (/ d2
b 'P2(b, s)). (48) 

The difference between the first-order and the second-order total cross section of the 
incoherent scattering normalized to the first-order cross section, in agreement with [10], 
is given by 

17incoh - 1 = 17
in.coh - 0 z"'2 -- L-tot A tot ( (s2) ) 

tot - tot - '-' 2 • 
[a-incoh]Born [a-in.cohlBorn R+ 

(49) 
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5. Another formulation for the second-order model of the complete theory 

To establish a connection between the findings of the present work and the refs. [7], we 
rewrite the simplest results concerning the total cross sections of the EA--TA interactions 

(50) 

in terms of the interaction operators fcoh(incoh)(b, .s), according to [10]: 

(51) 

where o},~~(incoh) are the total cross sections of EA-TA interaction without or with 
excitation of the target atom. 

In (51), we used the abbreviation JITf=1 d3rkl\Jl1({i'"k})l2 = fd3rl\Jl1(r)l 2 and 
operators who are looking like: 

f coh(b, .s) = 1 - 2 cos [Lix(b, s)] exp [-<I>(b,.<i')/2] + exp [-<I>(b, .s)], (52) 

rincoh(b, ii) = 1 - exp [-<I>(b, s)]. (53) 

For Lix(b, s) = <I>1 and <I>(b, s) = <I>2 , the following expressions take place: 

Lix(b,s) = 2;0: j f
2
q (ei,/b+ -ei'/b-) [1 - S1(0], (54) 

<I>(b,s) = 4;~
2 j ~;r rl~~2 (eiqib+ -i<i1L) (e-i<i2b+ _ e-i,fab-) (55) 

xW(qi,'12), 

where b± = b ± s/2, the form factor S1(<7) can be given by 

S1(0 = j d3reiifrp1(r), j d3rp1(r) =I, 

and the function W is characterized by the equations: 

W(<ii,'12) = S1('1i - '12)- S1(tfi)S1('12) + (Z -1) 
x [S2(tf1,'12) - S1(qt)S1(tf2)], 

W ( q, q) = Sincoh (q) • 

For the last expression, S2 (qi, £12) can be calculated through the formula 

S2(iii,ih) = j d3r1d3r2eici1r1-i,far2p2(r1,i'2)' 

in which 

(56) 

(57) 

(58) 

(59) 

(60) 

and p1, P2 are the one-particle and two-particle electron densities of the target atom. 
The function <I>(b, s) in the above equations accounts the target atom exitation both 

in the intennediate and in the final states. If one put <I>= 0, then eqs. (50)-(53) turns 
to the corresponding relations of refs. [7]. In particular, in this limit Uincoh = 0. 

From (36), it follows that a full relative con-ection to a~~f.(i, I) caused by including 
the multiphoton EA-TA exchange effects, on the one hand, and the intermediate 
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incoherent effects, on the other hand, is of order Z3a 4 « 1, and can be succE~5sfully 
neglected. The same is also true for all partial coherent cross sections. This result 
indicate that the theory of refs. [7] provides quite accurate description of the coherent 
sector for EA-TA .interactions. 

As for incoherent interactions, it follows from eq. (49) that they can be described by 
the Born approximation with the relative accuracy of order Za2 • More precisely, they 
can be presented in the form: 

( 2) ') 
Z 2 s I R+ 

a Ri n (s2) (61) 

or, which is equivalent, in terms of radii of the interacting objects: 

( 2) ( 2 
2 r EA r hA 

Za -( 2 ) In-( 2 ) , r TA r EA 
(62) 

where (r2 ) EA and (r2)r A are the average constituent-to-constituent distances in EA and 
TA, correspondingly. 

The results of the performed analysis can be summarized as follows: (i) for the 
description of the coherent EA-TA interactions it is enough to use the simplified version 
of the Glauber theory neglecting effects of the intermediate excitations of the TA; (ii) 
for the description of the incoherent EA-TA interactions it is enough to use the Born 
approximation. Just such prescriptions based on an intuitive consideration have been 
proposed by authors of [9]. 

6. Conclusion 

In the present work, the simplified Glauber approximation for target-elastic EA-TA 
scattering neglecting the excitation effects of the TA [6] is extended to account these 
effects within the second-order optical-model perturbative approximation of the Glauber 
theory for atom-atom collisions, according to simplest results of (9]. The complete 
nonperturbative version of the Glauber theory for EA-TA scattering accounting all 
possible excitations of EA and TA in intermediate and/or finale states is formulated. 
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An improvement of the Moliere-Fano multiple 
scattering theory* t 

-I Alexander Tarasov I and Olga Voskresenskayat 

Joint Institute for Nuclear Research, 141980 Dubna, Russia 

Abstract 

In the framework of unitary Glauber approximation for particle-atom scattering, we de­
velop the general formalism of the Moliere-Pano multiple scattering theory (M-'-F theory) on 
the basis of reconstruction of the generalized optical theorem in it. We present the rigorous 
relations between the exact and first-order parameters of the Moliere multiple scattering the­
ory instead of the approximate one obtained in the original paper of Moliere. We estimate the 
relative unitarity and Coulomb corrections to the parameters of the M-F theory and examine 
their Z-dependence in the range of nuclear charge from Z = 4 to Z = 82. We show that the 
relative accuracy of the Moliere's theory in determining the screening angle for heavy atoms 
of the target material (Z ~ 80) is about 30%. 

PACS: 11.80.La, 11.80.Fv, 32.80.Wr 
Keywords: multiple scattering, Glauber approximation, Coulomb corrections, screening 

1 Introduction 

The Moliere-Pano multiple scattering theory of charged particles' [l-3] is the most used tool 
for the multiple scattering effects accounting at experimental data processing. The experiment 
DIRAC [4, 5] like many others [6] (MuScat [7], MUCOOL [8] experiments, etc.) meets the 
problem of the excluding of multiple scattering effects in matter from obtained data. 

The standard theory of multiple scattering [4, 6, 7], proposed by Moliere [l, 2] and Fano [3], 
and some its modifications [7-12] are used for this aim. The modifications, developed in Refs. 
[7-9], are motivated by experiments [7, 8] and are connected with the inclusion to Moliere theory 
of analogues of Fano corrections, as well as the determining their range of applicability [7-10]. 
In Ref. [11] is presented a modified transport equation whose solution is applicable over the 
range of angles, from Oto 180°. In [12] results of experiments [13] are qualitatively explained 
within the framework of the theory allowing for pair correlations in the spatial distribution of 
scatterers. 

Estimation of the theory accuracy is of especial importance in the case of DIRAC experiment 
for it's high angular resolution. One possible source of the inaccuracy of the M-F theory is use in 
[1-3] an approximate expression for the amplitude of target-elastic scattering of charged particle 
by atom which violates the generalized optical theorem 

k k 
~fe1(0) = 47r Utot = 47r (Ue! + Uin) 

• ArXiv:1107.5018 [hep-ph] v2, Jun 2012. 27 p. 
t The given work is dedicated to the 70th Anniversary of Alexander Tarasov. 
t On leave of absence from Siberian Physical Technical Institute. Electronic address: voskr@jinr.ru 
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or, in other words, unitarity condition. Another possible source of inaccuracy is using in calcu­
lations an approximate relation for the exact and the Born values of the screening angle (x~) 

x~ ~ (x~) 8 
JI + 3.34 (Za)

2 

obtained in the original paper Moliere [1]. Therefore, the problem of estimating the M-F theory 
accuracy and an improvement of this theory becomes important. 

In the present work, we have estimated the relative unitarity corrections to the parameters 
of the Moliere-Fano theory, resulting from a reconstruction of the unitarity in the particle-atom 
scattering theory, and found that they are of order Za2 • We have also received rigorous relations 
between the exact and first-order parameters of the Moliere multiple scattering theory, instead 
of the approximate one obtained in the original paper by Moliere. Additionally, we evaluated 
absolute and relative accuracies of the Moliere theory in determining the screening angle and 
have concluded that for heavy atoms of the target material they become significant. 

The paper is organized as follows. In Section 2, we consider the approximations of the M­
F theory. In Section 3, we obtain the analytical and numerical results for the unitarity and the 
Coulomb corrections to the parameters of the M-F theory. In Conclusion, we briefly summarize 
our results. The some preliminary results of this work were announced in Refs. [14]. 

2 Approximations of the M-F theory 

2.1 Small-angle approximation 

Let all scattering angles are small 0 « l so that sin 0 ~ 0, and the scattering problem is 
equivalent to diffusion in the plane of 0. Now let ue1(x) be the elastic differential cross section 

for the single scattering into the angular interval x. = 0 - O', and WM ( 0, t )0d0 is the number 
of scattered particles in the interval d0 after traversing a target thickness t. Then the transport 
equation is 

where no = NA/ A is the number of the scattering atoms per crn3 , NA is the Avogadro number, 
and A is the atomic weight of the target atoms. 

Moliere solved this equation for the determination of the spatial-angle distribution function 
WM ( 0, t) by the Fourier-Bessel method and gets to her a general expression 

(X) 

WM(0,t) = J Jo(0r,)g(r,,t)'qdr,, (2) 

0 

in which 

g('TJ, t) = exp[N(T/, t) - No(O, t)], (3) 

0 is the polar angle of the track of a scattering particle, measured with respect to the initial 
direction z; T/ is the Fourier transform variable corresponding to 0; and the Bessel function J0 
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of order O is an approximate form for the Legendre polynomial appropriate to small scattering 
angles [2, 15]. 

In the notation of Moliere 
00 

N(r,, t) = 21rnot J Ue1(x)Jo(xr,)xdx, 
0 

and No is the value of (4) for r, = 0, i.e. the total number of collisions 

00 

No(O, t) = 21rnot J Ue1(x)xdx. 
0 

(4) 

(5) 

The magnitude of No - N is much smaller than N0 for values r,, which are important, and may 
be called the 'effective number cif collisions'. 

Inserting Eqs. (3)-(5) ,back into (2), we have 

W M:(O; t) = J r,dr,Jo(Or,) exp [-21rnot j Ue1(x)xdx[l - Jo(xr,)]] . (6) 
0 . 0 

This equation is exact for any scattering law, provided only the angles are small compared with 
a radian. 

At g(r,, 0) = 1 for all r, the expressions (2)-(5) can be rewritten as follows: 

where 

00 .. 

WM(O, t) ==: J Jo(Or,)e-notQe1(t1)r,dr,, 

0 

00 

Qe1(rJ) = 21r J Ue1(x)[l - Jo(xr,)]xdx. 
0 

(7) 

(8) 

This result is mathematically identical with result of Snyder and Scott for the distribution of 
projected angles [16]. 

2.2 Approximate solution of the transport equation 

One of the most important results of the Moliere's theory is that the scattering is described 
by a single parameter, the so-called 'screening angle' (Xa or x~): 

x~ = ✓1.167xa = [exp (CE - 0.5)] Xa ~ 1.0B0xa, (9) 

where CE = 0.57721 is the Euler's constant. 
More precisely, the angular distribution WM ( O)OdO depends only on the ratio of the 'char­

acteristic angle' Xe, which describes the foil thickness, to the 'screening angle' which describes 
the scattering atom: 

be1 = In (~~y = ln (~:) 
2 

+ 1- 2CE ~ lnNo. (10) 
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The screening angle Xa can be determined approximately by the relation 

x~:::::: x~ ( 1.13 + 3.76a2
) = (x!)2 

( 1 + 3.34a2
) 

with the so-called 'Born parameter' 

(11) 

(12) 

The second term in (11) represents the deviation from the Born approximation. If the value of 
this term is 0, the value of the screening angle is Xa = x! = xov'f.I3. 

The angle xo is defined by 

zl/3me zl/3meO 
Xo = Ll3 137 p = 0.885 p ' (13) 

where p = me v is momentum of incident particle and v is its velocity in the laboratory frame. 
The characteristic angle is defined as 

x~ = 41rnot ( ~;) 

2 

(14) 

Its physical meaning is that the total probability of single scattering through an angle greater than 
Xe is exactly one. 

Putting XeT/ = y and setting 0 / Xe = u, for the most important values of TJ of order 1 / Xe, we 
get Moliere's transformed equation 

(15) 

which is very much simpler in form than (6). 
In order to obtain a result valid for large all angles, Moliere defines the new parameter B by 

the transcendental equation 

B-lnB=be1· 

The angular distribution function can be written then as 

00 

WM(O,B) = ; 2 / ydyJ0 (0y)e-Y
2

14 exp [::1n(~)]. 
0 

(16) 

(17) 

The presented expansion method is to consider the term [y2 ln(y2 /4)]/4B as a small parameter. 
Then the WM is expanded in a power series in 1/ B: 

00 
1 1 

WM(O, t) = L I Bn Wn(O, t) 
n=O n. 

(18) 
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with 
00 

Wn(0,t) = 0\ J ydyJo (;y) e-v~/4 
[~ ln(~) r, 

0 

(19) 

02 
= x~B = 41rnot ( !: ) 2 

B(t). 

This method is valid for B ~ 4.5 imd 02 < 1. 
The first function Wo(0, t) have simple analytical form: 

2 l o2) W0 (0,t) = 02 exp\ 02 ' (20) 

02 ~ tlnt. 
t-+oo 

(21) 

For small angles, i.e. 0 / 0 = 0 / (xeJB) = e less than about 2, the Gaussian (20) is the dominant 
term. In this region, W1(0, t) is in general less than W0 (0, t), so that the corrections to the 
Gaussian is of order of 1/ B, i.e. of order of 10%. 

2.3 Born approximation 

On the one hand, Moliere writes the elastic Born cross section for the fast charged particle 
scattering in the atomic field as follows: 

· u:Z(x) = un(x) (1 - FA~X)) 
2 

= u:i(x) q:Z(x). (22) 

For angles x small compared with a radian the exact Rutherford formula has a simple approxi­
mation: 

2 . 
u:Z(x) . = Xe 8 ( ) 

41rn0t(l-·cosx)2 qel X (23) 

2 
:::::: Xe 8 ( ) 

1rnot X4 qel X . (24) 

Here, FA is the atomic form factor and q!i(x) is the ratio of actual to the Rutherford scattering 
cross sections in the Born approximation. · · · 

Then the screening angle x! in the Born approximation one can represent via FA or qJ(x) 
by the equations 

- ln (x:) 
[ 

c; 2 ] . FA(px) dx 1 
= lun / (1- -----'----'-) - + - - lnc; 

,-+oo Z X 2 
0 

(25) 

= . lim [!' qe! (x)dx + ~ - ln c;] 
,-+oo X 2 

0 

(26) 
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with an angle ~ such as 

Xo « ~ « 1/"7 ~ Xe (27) 

and the angle Xo ~ meo:z1/3 /p. 
Moliere approximation for the Thomas-Fermi form factor FT-F(q) with momentum trans­

fer q can be written as 

(28) 

in which 
C1 = 0.35, C2 = 0.55, C3 = 0.10, 

>.1 = 0.30,\, >.2 = 4>.1, ,\3 = 5>.2. 

In the case where the Born parameter a = 0, the equation (25) for the screening angle can be 
evaluated directly, using the facts that q(0) = 0 and lim q(() = 1. Then with use of (22) and 

(➔oo 

(28) can also be obtained the following approximation for (x~) 8 
[l, 16): . 

(x~) 8 
= [exp(CE - 0.5)] ~A= ✓1.174 xo A, 

p 
(29) 

where ,\ = meo:Z113 /0.885. We should note that in Refs. [l, 16) admitted a misprint, namely, 
the factor A = 1.0825 in Eq. (29) should be replaced by A = 1.065 = v'f]:3. 

On the other hand, Moliere writes the nonrelativistic Born cross section in the form 

ex, 2 

o-!Hx) = k2 j pdpJo (2kp sin~) ~!(p) (30) 

0 

where the Born phase shift is given in units of Ii. = c = 1 by 

00 00 

~!(p) = -~ J U>.(T)TdT = _! j U>. (T = J p2 + z2) dz. 
V ✓T2 -p2 V 

p -ex, 

(31) 

Here, k is the wave number of the incident particle, the variable p corresponds to the impact 
parameter of the collision, and U >. ( T) is the screened Coulomb potential of the target atom 

0: 
U>.(T) = ±Z -A(>.T) 

T 
(32) 

with a screening function A(>.T). The screening radius >.-1 = Tse is frequently taken to be the 
Thomas-Fermi (T-F) radius Tse= 0.885/meo:Z113 • 

Snyder and Scott [16) have used the simplest form of (32) with a pure exponential factor 
A(>.T) = exp(>.T): 
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Moliere in his detailed study of single scattering [1] approximated the T-F screening function by 
a sum of three exponentials: 

A(>.r) ~ O.le-6 .>.r + 0.55e-1.2.>.r + 0.35e-0-3 >-r. (34) 

For the Born target-elastic single cross section have a place the following relations: 

d;ti = lfe1(0)l2
, (35) 

0: () kB kB :;sfez Q = 4'11" CTez =/- 4'11" CTtot· (36) 

The Born approximation result for the amplitude fez of elastic scattering of charged particle by 
atom reads 

00 

fe1(0) = ik f Jo(pq)[l - ill>M(p)]pdp, (37) 

0 

q= k0. 

2.4 Approximate relation for the quantities Xa and x: 
In order to obtain a result valid for large a (i.e. not restricted to the Born approximation), 

Moliere uses in his calculations of the screening angle a WKB technique. 
The exact formulas for the WKB differential cross section CTez(x) and corresponding qez(x) 

in terms of an integral are given in Moliere's paper [1] as follows: 

00 ,2 

CTez(x) = k2 I/ pdpJo(kxp){ 1- exp [i'PM(p)] } 1 , (38) 

0 

00 ,2 

qez(x) = (::t I/ pdpJo(kxp){ 1 - exp [i'PM(p)]} 
0 

(39) 

with the phase shift given by 

00 

'PM(il) = f [kr(r)- k]dz, (40) 

-oo 

where kr(r) is the relativistic wavenumber for the particle at a distance r from the nucleus, and 
the quantity p is seen to be impact parameter of the trajectory or 'ray'. As before,· k is the initial 
or asymptotic value of the wavenumber. 
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When kr(r) is expanded as a series of powers of U>,.(r)/k, then the first-degree term yields 
the same expression for <PM(ij) as Eq. (31). The Born approximation for (38) is obtained by 
expanding the exponential in (38) to first order in parameter a (12). 

Relations (24) and (26) between the quantities u;j(x), q;j(x), and x! remain valid also for 
ae1(x), qe1(x), and Xa• 

Despite the fact that the formulas (38), (39) are exact, evaluation of these quantities was 
carried out by Moliere only approximately. 

To estimate (39), Moliere used the first-order Born shift (31) with (32) and (34), what is good 
only to terms of first order in a, and found 

I 
4ia(l - ia)2 

{ [ • qe1(x) ~ 1 - (x/xo)2 - 0.81 + 2.21 - !R [w(ia)] 

1 . 1 X ] }12 

--+-+lg-
1- ia 2ia 2xo 

(41) 

Here, 'lj, is the so-called 'digamma function', i.e. the logarithmic derivative of the r-function 
'lj,(x) = dlnr(x)/dx. 

He has fitted a simple formula to the function !R ['lj,(ia)] in Eq. (41) 

1 ( a
2 

) !R ['lj,(ia)] ~ 4 Ig a4 + 3 + 0.13 . (42) 

Using (42) in Eq. (41) and expanding with neglect of higher orders in a2 and (x/xo)-2, he got 

8.85 [ 2 7.2 • 10-4(x/xo)4 ] 
qe1(x)~l-(x/xo)2 1+2.303a lg(a4+a2/3+0.13). (43) 

Moliere has calculated qe1 (x) for different values of a and as a result has devised an interpolation 
scheme, based on a linear relation between (x/ xo )2 and a2 for fixed q el: 

(x/xo)2 ~ Aq + a2 Bq. (44) 

Calculating the screening angle defined by 

-In(x.) - ~ + i-1!! [J"~~)dx -1n,]- ~ -Inxo- / dq1n(;
0

) (45) 

and assuming a linear relation between x~ and a2, Moliere writes finally the following interpo­
lating formula: 

Xa ~ xoJl.13 + 3.76a2. (46) 

Critical remarks to his conclusion see in the review ofV.T. Scott [16]. 

2.5 Fano approximation 

To estimate a contribution of incoherent scattering on atomic electrons is often [2, 3, 15, 17] 
replaced the squared nuclear charge Z 2 with the sum of the squares of the nuclear and electronic 
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charges Z(Z + 1) in basic relations (for differential cross-section, some parameters of the theory, 
etc.). 

This procedure would be accurate if the single-scattering cross sections were the same for 
nucleus and electron targets. Besides, the actual cross sections are different at small and large 
angles. Fano modified the multiple scattering theory taking into account above differences. 

For this purpose Fano separates the elastic and inelastic contributions to the cross sections 

a(x) = <Tei(x) + O"in(x). (47) 

For the inelastic components of the single scattering differential cross sections, the Fano 
approximation reads 

dain dafn 
dn = dn· (48) 

Since the Born single-scattering amplitudes are pure real, the generalized optical theorem 
cannot be used to .calculate the total cross section in the framework of this approximation. 

Fano sets the task of comparing the contribution of afn (x) to the exponent of the Goudsmit­
Saunderson distribution' [18] for total scattering angle: 

W(0, t) = 21r ~ (z + ½) P1(0) exp {-not J aB(x) sinxdx[l - Pi(x)] }, (49) 

where P,, is the Legendre polynomial. If we replace in ( 49) the sum over l by an integral over 
T/, (l + ½) by·r,, Pi by the well-known formula P1(0) = Jo( (l + ½) 0), and sinx by X, the 
expression (49) goes over into small-angle distribution (6) of Moliere and Lewis. 

To achieve the mentioned goal in the small-angle approximation, we determine in accordance 
with [15] and [9] similarly to (23) and (25) the corresponding expressions for the inelastic cross 
section 

. 2 
. ' Xe B (x) 

a!(x) = aR(x) qfn(X) = 41rnot z (1- cosx)2 qin 

2 
~ Xe B ( ) ~ 1rnot Zx4 qin X 

and the 'inelastic cut-off angle' Xfn 

-ln (x¥) = lim [1' qfn(x)dx + ~ - ln(] . 
m (➔oo X 2 

0 

Then, with the use of (23) and (50), angular distribution (17) can be rewritten as follows 

00 

WM-F(e,B) = ;2 J ydyJ0(8y)e-Y
2

/
4 exp (Ye!+ ~n) 

0 

(50) 

(51) 

(52) 

(53) 

1 The Goudsmit-Saunderson theory is valid for any angle, small or large, and do not assume any special form for the 
differential scattering cross section. 
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with 

00 

2y2 / -3 
~n = (Z + l)B [1 - Jo(9)]9 de, (54) 

( 

where the parameter B is defined by equation 

(55) 

in which 

l ( B )

2 

bin= Zlln X; + Xin 
(56) 

Numerical estimation of the -uin =- ln (xfn)2 value from the T-F model yields (-uinh-F 
= 5.8 for all Z. The value of -uin should not vary greatly from one material to another. 

For sufficiently large angles, with the use of exact Rutherford formulas (23) and (50), the 
correct angular distribution W(O, t) may be estimated according to the formula 

as suggested Bethe [15] and Fano [3]. 

3 An improvement of the M-F theory 

3.1 Glauber approximation 

(57) 

The Glauber approximation [19] for the amplitude FiJ(i/) of the multiple scattering at small 
angles is given by 

(58) 

where r if (p) is so-called 'profile function'. 
We may formulate the problem in a general way by considering the scattering of a pointlike 

projectile on a system of Z constituents with the coordinates f1, T2, ... , f z and the projections 
on the plane of the impact parameter s1, s2, ... , Sz. Then we may write the total phase shift as 
a sum of the form 

z 
x_(p, X1, X2, ... , Xz) = L X.k(P - Sk)- (59) 

k=l 

If we introduce the configuration space of the wave functions 1Pi and 1/J / for the initial and final 
constituents states, we may write the profile function as 

z 
ri1(p) = /IT d3rk1/Jj({fk})1/Ji({f,.,})r(p,{sk}) 

k=l 

(60) 
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with the interaction operator 

I'(p, { si}) = 1 - exp[i<I>(p', {Bk})] 

and the phase-shift function 

z 
'i!(p, {Bk}) = Zx_(p) - L x.(p - Bk)-

k=l 

When the interaction is due to a potential V(f), the phase function x_(p) is given by 

00 

x_(p) = - ~ J V ( J p2 + z2
) dz. 

-co 

with the potential of an individual constituent's 

V(r) = ± lim ~ e-.\r, A~ meaz1!3 _ 
.\➔OT 

The multiple-scattering amplitude ~J(if) (58) is normalized by the relations: 

where 

41r~Fii(0) = u(i)tot, IFiJ(ifJl2 = duiJ/dqT, 

u(i)tot = u(i)e1 + u(i)in, Uif = J lduiJ/dqTj2d2q, 

u( i)tot = L Uif · 

f 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

In terms of eii, where the phase-shift function 'i! = 'i!(p, { .?k}) is given by (62), the cross 
sections u(i)tot, u(i)e1, u(i)in could be written as follows: 

u(i)tot = 2lR / ( 1 - ( eii)) d2p, (68) 

u(i)e1= J (1-2?R(eii)+l(eii)j2)d2p, (69) 

u(i)in = J \ l -1( eii)j 2

) d2 p. (70) 

The brackets ( eii) signify that an overage is be taken over all configurations of the target con­

stituents in i-th state. 
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3.2 Reconstruction of unitarity conditions 

To reduce the many-body problem to the consideration of an effective one-body problem 
and to establish the relationship between the Glauber and the Moliere theories, we introduce the 
abbreviation 

(i~) = i~ 
and consider for the effective ('optical') phase shift function ¥(jtJ the expansion 

where 

00 ·n-1 - ""i if!(p) = L..J -, if!n, 
n=l n. 

if.!1 =(cf!), if.!2 = ((cf! - if.!1)2), 

if.!3 = ((cf! - if.!1)3), ... , i1!n ~ zo:n /{3. 

(71) 

(72) 

(73) 

The first order of the expression for ¥(jtJ is simply the average of the function ~(ji, {Bk}) 
and correspond to the first-order Born approximation. The second order term of¥(jtJ is purely 
absorptive (i.e., positive imaginary) in character and is equal in order of magnitude to the Z o:2 / {3. 

When in the expansion (72) 

00 ·n-1 - ""i if!tail(p) = L..J - 1-if!n « 1, 
n=3 n. 

(74) 

it seems natural to neglect the ¥tai1(p) and consider the following approximation: 

(75) 

in which we let cf!1(p) = if!M(p) and cf!2(p) = 2i1!in(p). The last term correspond to target­
inelastic scattering, also referred to as incoherent scattering or 'antiscreening' [5]. 

This leads to the following improvement of the Moliere-Fano theory: 

with 

where 

00 

X>-.(Pl = - ~ j V>-. ( Jp2 +z2
) dz, 

-oo 
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For the cross sections 

Utot = (u(i)tot), Uin = (u(i)in}, Uel = (u(i)ez}, 

takes place the unitarity condition 

with 

k k 
~/ez(O) = 471" Utot = 471" (Uel + Uin) 

lez(O) = Fii(ij), ~~ico) = t I:/ 1Fi1cv12 dn, 
71" f 

duin = L IFi!CVl2 , 
dD. Ni 

FiJ(q) = ~: I d2 p exp(iifp) riJ(p), 

rif(p) = 1 - exp(-24>in), 

q=kO. 

Using (81), we found for the cross sections the following expressions: 

Utot = 471" / ( 1 - cos cI>M(p) e-'l>in(p)) pdp, 

Uin = 271" / (1 - e-211>in(p)) pdp, 

Uel = 271" / ( 1 - 2 cos cl> M(p) e-'l>in(p) + e-2'1>;n(p)) pdp. 

3.3 Unitarity corrections to the Born approximation 

With the use of the evaluation formula 

/ [24>in(P)] d2
p ~ Zo:2 //3 

(80) 

(81) 

(82) 

(83) 

(84) 

(85) 

(86) 

(87) 

(88) 

and the exact contributions have been calculated in [20), we obtain the following unitarity relative 

correction (c5unit = c5~~it) to the first-order Born cross section of the inelastic scattering u!: 

" . _ .a. uin _ uin - u! _ uin _ 1 z 2//3 
Vunit - B - B - B ~ Q 

Uin Uin O'in 
(89) 

with 

ufn = (/ 4>in(p)d2p) • (90) 
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The corresponding angular distribution reads 

00 

Win(0) = 21r J Jo(0TJ)e-Qin(1'/)TJdTJ, 

0 

Inserting Eq. (92) back into (91), we get the equation of the form: 

With the use of 

j TJ Jo(0TJ)Jo(0'TJ )dTJ = t 8(0 - 0') = O 

and 

00 00 

J _2 I'{l) J d'T]TJJo(0TJ) = 2a I'(O) = 0, dTJTJJo(0TJ)Jo(0'TJ) = 0, 
0 0 

according to [21), the integration ofEq. (93) yields the following result: 

00 

(91) 

(94) 

(95) 

Win(0) = -{21r)2 J TJ Jo( 0TJ )Jo(0'TJ )dTJ · <Tin(0')0' d0' = -{21r)2 <Tin(0). (96) 

0 

In Eqs. (94) and (95) 8is the Dirac delta function and r is the Euler Gamma function. 
Finally, taking into account the relations (89) and (96), we can estimate the unitarity correc­

tion to the angular distribution function (91): 

3.4 Rigorous relations between the exact and Born results 

To obtain an exact correction to the Born screening angle (x~) 8 
in small-angle approxima­

tion, we will carry out our analytical calculation in terms of the function Q el ( TJ) (8): 

00 

Qe1(TJ) = 21r J C1e1(x)[l - Jo(XTJ)]xdx = J d2p[l - cos[LlcI>(p,ij)],] (98) 

0 

where the phase shift is determined by the equation 
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flip(p,ij) = 'P(p+)- 'P(P-), P± = p±ij/2p. 

Substituting the expression for the cross section 

x2 
Uez(X) = ; 4 qez(X) 

1rno X 

into (98), we rewrite it in the form: 

00 

notQe1(11) ~ 2x~ /[1- Jo(x11)] qez(x)x-3dx. 
0 

(99) 

(100) 

(101) 

For the important values of 77 of order 1/Xc or less, it is possible to split the last integral at the 
angle c; (27) into two integrals: 

00 

1(11) = J [1 - Jo(x11)] qez(x)x-3dx 
0 

' 00 

= I [1 - Jo(x11)] qez(x)x-3dx + I (1 - Jo(x11)] qez(x)x-3dx 

0 ' 

= Ji(c;77) + 12(<;77) · (102) 

For the part from Oto<;, we may write 1 - Jo(x11) = x2112 /4, and the integral 11 reduces to a 
universal one, independently of 77: 

2 ' 

Ji(c;77) = : I qez(x) dx/x- (103) 

0 

For the part from c;: to infinity, the quantity qe1(x) can be replaced by unity, and the integral 12 

can be integrated by parts. This leads to the following result for 12 : 

12(<;77) = : [ 1 - ln(c;77) + ln2 - CE+ O(c;77)] · (104) 

Integrating (103) with the account (45), substituting obtained solutions back into (101), and also 
using definition _, 

ln(xc/xal + 1- 2CE = ln(xc/x~)2, 

as a result for Qe1(77), we obtain: 

Qe1(1J) = _ (Xc1J)
2 

[In ( x2cf) _ In (Xe) 2 ] 
2not 4 x~ 

_ _ (Xc1J)
2 

(77
2 (x~l) 

- 2not In 4 · 
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Finally, considering definition of Xe (14), we can represent Qel(1J) by the following expression: 

(106) 

Then, the screening angle X~ can be determined via Qe1(1J) by a linear equation: 

(107) 

Let us present the quantity Q el ( T/) in the form: 

(108) 

Then, on the one hand, using (106), the difference .6.00 [Qel(T/)] < 0 between the Born approxi­
mate Q:l ( T/) and exact in the Born parameter values of the quantity Q el ( T/) can be reduced to a 
difference in the quantities In (x~) and ln (x~) 8 : 

-.6.cc[Qe1(r,)] = - [Qei(T/) - Q:1(T/ )] (109) 

~ 4,q
2 

( ;; ) 

2 

[1n (x;) -In (x;)"] = 4"'1 2 
( ;; ) 

2 

ll.ccµn (x;)I 

On the other hand, this difference can be reduced to a difference .6.qe1 (x) = qel (x) - q:z (x): 

and for (39) with (99), as a result of integration, (109) becomes 

~ll.ccJ9;J(q)] ~ 4,q
2 (;;)'[Mi~")+ ½,P(-i ~") ~ ,P(l)l 

4,q
2 
(;; )' { !I Hi +i ~") l + C,}, (110) 

where 

!R (1/J (1 + ia)] = !R (1/J (1 - ia)] = !R [1/J (ia)] = !R (1/J {-ia)] 

(111) 

-oo <a< oo, 

'I/J(l) = -CE, and f(a) = a2 E:=l [n(n2 + a 2
)]-

1 
is an 'universal function of a= Za:/ f3 '.2 

2Tois result can also be obtained in other ways, with use of the technique developed in [24). 
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. As consequence, we can get the following rigorous relations between the quantities In (x~) 
and In (x~) 8

: · 

In (x~) - In (x~)8 = !R[v,{1 + ia) -1/J{l)] , 

~cc[In (x~)] = a2 I::=l [n(n2 + a2)J-1 . 
(112) 

(113) 

We point out that the relations (110), (112), and (113) are independent on the form of electron 
distribution in atom and.are valid for any atomic model. 

From (110) also follows an expression for the correction to the exponent of (6). Since 
ln[g(77)] = -not Q, we get: 

~cc[lng(17)] = ln[g(77)] - ln[g8 (77)] (114) 

-4n~
2not(!;) \(a). 

For the specified value of 772 = 1/x~, using the definition of Xe (14), we can evaluate this 
correction: 

41rnot x~ ~cc[lng(xe)] = - 2--4 
- l(a) = l(a). 

Xe 1rnot 
(115) 

The formulas for the so-called 'Coulomb correction' (CC), defined as a difference between 
the exact and the Born approximate results, are known as the Bethe-Bloch formulas for the 
ionization losses [22] and the formulas for the Bethe-Reitler cross section of bremsstrahlung 
[23]. 

The similar. expression was found for the total cross section of the Coulomb interaction of 
compact hadronic atoms with ordinary target atoms [24]. Were also obtained CC to the cross 
sections of the pair production in nuclear collisions [25, 26] and .the spectrum of bremsstrahlung 
[27, 28]. 

Specificity of the expressions received in the present work is that they define the CC to the 
screening angle (xa) 8

, the exponential part 9(77, t) of the distribution function W, and the angu­
lar distribution. A characteristic feature of these corrections is their positive value, in contrast to 
the negative value of CC to the cross sections and the energy spectrum in the high energy region. 

3.5 Relative Coulomb corrections to the Born approximation 

Let us write (113) in the following way 

(x~) = (x~)8 exp [1 (~a)] . (116) 

The exact (Coulomb) relative corrections to the Born screening angle (x~) 8 
can be then repre­

sented as follows 

0 (x') = x~ - (x~)B _ ~cc(x~)-_ [1 (Za)] 
cc a (x~)8 - (x~)8 - exp 7f - 1. (117) 
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The relative CC to the exponent 98 (77) at 772 = 1/x~. as follows from (115), is also determined 
by this quantity: bee (x~) = bee [g(xc)). Moreover, because 

00 

~W(xc,t) = WM -w;: = I Jo(077)~g(xc)TJdTJ, (118) 

0 

accounting ft d77 TJ Jo ( 077) = 0, we get 

(119) 

Thus, 
bee = bee (x~) = bee [g(xc)l = bee [W M(Xc, t)). 

To compare the second-order relative corrections to the first-order results, which correspond 
to Eqs. (116) and (11), respectively, we first present these equations in the following approximate 
form: 

(120) 

(121) 

The last expression follows from 

where Xa = (x~) /1.080 and x! = (x~)8 /1.080. Then, (120) and (121) becomes 

(122) 

(123) 

Additionally, in order to assess the accuracy of the Moliere theory in determining the screen­
ing angle x~, we also define the absolute and relative differences between the values of 8~) (x~) 
and 8~26 (x~) as well as between the 8~) (x~) and bee (x~) by the relations · 

~ (2) ( , ) ~(2) ~(2) ~(2) 

8(2) ( ') _ eeM Xa _ uM - uee _ l _ uee 
eeM Xa - b~) - b~) - b~), (124) 

8 ( ') _ ~eeM(x~) _ 8~) - bee -1 _ bee 
eeM Xa - b~) - b~) - b~) • (125) 
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Table 1 presentsJhe Z dependence of the second-order corrections to the first-order results. 

It shows that the values of the relative corrections o~J for heavy target atoms with Z ~ 80 
does reach 40%. From it is also obvious that with the rise in the nuclear charge the absolute 

inaccuracy A~6M (x~) of the Moliere's theory in determining the screening angle x~ increases 

to approximately 16%, and the corresponding relative error o~2
6M (x~) does not depend on Zand 

is about 28%. 

Table 1. The Z dependence of the second-order and exact corrections defined by Eqs. (97), (113), (117), 
(122)-(125), and (129) for /3 = 1 

M z 10 6unit 6~) 6(2) 
cc 

/).(2) 
COM 

6(2) 
COM J(Za) 6cc AccM 6ccM 

Be 4 . 0.002 0.001 0.001 0.000 0.286 0.001 0.001 0.000 0.286 
Al 13 0.007 0.015 0.011 0.004 0.280 0.011 0.011 0.004 0.280 
Ti 22 0.012 0.043 0.031 0.012 0.280 0.031 0.031 0.012 0.280 
Ni 28 0.015 0.070 0.050 0.020 0.286 0.049 0.050 0.020 0.287 
Mo 42 0.022 0.157 0.113 0.044 0.280 0.105 0.110 0.047 0.297 
Sn 50 0.027 0.222 0.160 0.062 0.279 0.144 0.154 0.068 0.306 
Ta 73 0.039 0.474 0.342 0.132 0.278 0.276 0.318 0.157 0.330 
Pt 78 0.041 0.541 0.390 0.150 0.279 0.307 0.359 0.182 0.336 
Au 79 0.042 0.554 0.400 0.154 0.278 0.313 0.367 0.187 0.337 
Pb 82 0.044 0.598 0.431 0.166 0.279 0.332 0.393 0.205 0.342 

To estimate the exact ('Coulomb') corrections Ace [In (x~)] = Ace [Ing(xc)] = f(a) > 0 

and Occ = 000 (x~) = Occ [g(xc)] = 000 [WM(Xc,t)] > 0, according to the formulas (113) 
and (117), we must first calculate the values of the function f(a) = !R[w(l + ia)] + CE. 

From the digamma series [29] 

' 1 ' 00 ' 

tp(l+a)=l-CE- l+a +I)-l)n[((n-l)]an-l, lal<l, (126) 
n=2 

where ( is the Riemann zeta function, leads the corresponding power series for !R[w(l + ia)] = 
!R[w(ia)] 

1 00 

!R[w(ia)] = 1- CE - -1 2 + I:(-1r+l [((2n + l)]a2n, lal < 2, (127) 
+a . n=l 

and the function f(a) = a2 I::=l [n(n2 + a2)J-1 can be represented as follows: 

1 00 

f(a) = l-l+a2+I:(-1rH[((2n+l)]a2n, lal<2, (128) 
n=l 

1 = 1 - -
1 2 + 0.2021 a2 - 0.0369 a4 + 0.0083 a6 

- • • • (129) 
+a 
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Figure 1: The dependence of the relative Coulomb (6cc) and Moliere (6ii)) corrections and also their 
difference (~ccM) from nuclear charge Z. 

The calculation results for Z dependence of (128), the exact corrections and their difference 

with the Moliere correction c5~) as well as the unitarity correction (97) are also presented in Table 
1. Some results from Table 1 illustrates Figure 1. 

The Table 1 shows that while the values of relative unitarity corrections 6unit = 6unit ( u) = 
6unit(W) for heavy atoms of the target material does not reach 0.5%, the maximum value of the 
difference 6.cc [ln (x~)] = J(Za) is close to 33%, and the magnitude of the corresponding 
relative Coulomb correction 6cc is reached for Z ~ 80 the value of order of 40%. 

For the light elements up to Z = 28, all the exact corrections coincide with the second­
order corrections. Beginning with Z = 42, the relative CC are lower than the second-order 

corrections, c5~J (x~) > 6cc (x~), and this discrepancy increases approximately to 10% f~r the 
heavy elements with Z ~ 80. 

From Table 1 and Figure 1 is also obvious that the absolute inaccuracy 6.ccM of the Moliere's 
theory in determining the screening angle x~ with the rise of Z increases to 20% and the corre­
sponding relative inaccuracy 6ccM is about 34 percent. 
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Thus, in the case of scattering on targets with large Z the such corrections as 6.ccM and 6ccM 
become significant and should be taken into account in determining the lifetimes of relativistic 
elementary atoms in experiments with nuclear targets. 

4 Conclusion 

1. Within the framework of unitary Glauber approximation for particle-atom scattering, we 
develop the general formalism of the Moliere-Fano multiple scattering theory. 

2. We have estimated the relative unitarity corrections to the parameters of the M-F theory 
6unit = 6unit(o-) = 6unit(W), resulting from a reconstruction of it's unitarity in second-order 
optical model of the Glauber theory and found that they are of order Z o.2• 

3. We have also received the rigorous relations for the exact and the Born values of the 
quantities Qei(r,), ln [g(r,)], and x~. which do not depend on the shape of the electron density 
distribution in the atom and are valid for any atomic model. 

4. We have calculated the Coulomb corrections 6.cc = 6.cc [In (x~)] = 6.cc [Ing(xc)] 
and relative Coulomb corrections 6cc = 6cc(X~) = 6cc [g(xc)] = 6cc (WM(Xc, t)] with nu­
clear charge ranged from Z = 2 to Z = 82 and showed that for Z ~ 80 these corrections 
comprise the order of 30% and 40%, correspondingly. 

5. Additionally, we evaluated the absolute and relative inaccuracies of the Moliere's theory in 
determining the screening angle and found that for heavy atoms of the target material (Z ~ 80) 
they are about 20% and 30%, respectively. 
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