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OT cocTaBuTe]IeH

5 monsa 2012 rona ucnomuserca 70 ner co nHA poxneHuA AnekcaHnpa Bacmnbesnua
TapacoBa, Hamrero KOJUIETH, yuuTeNs M Apyra. I'of Hasax oH ymela OT Hac MOCHE TAXEION
6onesnu. Beio cBolo xuH3HB Astekcanp Bacusesua nocestitn ¢usnke, paboras B Jlaboparopuun
AnepHEIX npobieM OOBeIHMHEHHOrO HHCTHTYTA AAEPHEIX UCCIENOBAHHH, Kyaa OH IpPHOIENT B
1964 roxy nocine oxoHYaHHA GH3HKO-TeXHHIECKOro (akynsTera XapLKOBCKOIO YHHBEPCHTETA
H rae npopaboran 1o MOCHERHHX QHEH cBOEH XH3HH.

3a 47 ner pabornr B OMAN AnekcanapoM BacuibeBrueM GRUI BHIIOTHEH OTPOMHEI 06beM
TEOPETHUECKUX MCCIICAOBAHHI, pe3ybTaThl KOTOPEIX omyOnnkoBansl B Gonee geM 200 crarssix
B Be[yIHX HaydHBIX JKYPHAJIaX MHpPA H NPEACTARICHH HA MHOTMOMHCICHHRIX MEXTYHAPOIHEIX
KoH(epennnax. Bed HaydHad neATeNEHOCTH BEIfalomerocs ¢usuka-reoperuka A.B. Tapacosa
ObU1a TecHO cBA3aHA ¢ JKCIEPHMEHTaMH, npoBomuMEIMH B OWSIH u npyrux MupoBHX ¢u-
3HYeCKHX IeHTpaX. biaroiaps BLICOKOH HayyHO! KBATH(QHMKAIMH H IIyOOKOMY HOHHMAaHHIO
(u3AKN BHICOKHX 3HEpIHii OH GRUI MOCTOSHHBLIM KOHCYJIETAHTOM MHOTHX 3KCIICPHMEHTATOPOB
OWSIN. A.B. Tapacos sBisiics OXHEM H3 KPYTHEHHINX SKCIIEPTOB 110 B3aHMOAEHCTBHUAM JaCTHI|
H A7ep Npd BEICOKHX 3Heprusax. HeoilennM ero orpoMHEIH BKIaj B CO3JlaHHE TEOPETHYECKOH
6asz1 oxcnepumenTa DIRAC/PS212 n Teopernueckoii nuTepnperalny dxcnepaMenta NA-48/2.
ITox pyxosoncteoM A.B. Tapacopa zamumero 12 xaHZUIATCKHX IHUCCEPTAlHMii, Tpoe U3 €ro
Y9EHHKOB CTATH JOKTOPAMH HayK. , '

B 3r0ii KHHUre COGpaHLl BOCIOMHHAHHS YIEHHKOB, KOJLIET, POJICTBEHHHMKOB H APy3ei, a TaKxke
HauGonee MHTEpECHEIE W 3HaduMeie HaydHne nyOmukanuu AB. Tapacosa. Mu Gnaropapun
BCEM, KTO TIOJEIHNICS CBOHMH BOCIIOMHHaHHAMH. MEI BRIpaxkaeM cBolo GiarogapHocTts JlaGopa-
TOPHH AXEPHEIX MpoGreM, HHUUKHpoBasmeil co3faune cGOPHUKA, TOCBANIEHHOTO AJIEKCaHApY
Bacuisesny, a Taxke UsnarensckoMy otaeny OIS 3a HedopManbHEL H TBOPYECKHIA TIOIXO
K W3JaHHIO 3TOH KHUrH. Hajeemcs, 4ro Nanuhli CGOPHMK MOCHYXHT COXPAHEHMIO no6poit
NamATH 06 3TOM BEJAIOMIEMCS BO BCEX CMBICIIAX YENIOBEKE.



BOCIIOMMHAHNS YYEHHUKOB U KOJLJIET

IHamaTu Yuurens

C.P. I'eBopksan
Obvedunennslii uncmumym adepreix uccaedosanuil, Jybua

Mucyc e ckasan um: He GhiBaeT npopok Ge3 uecty,
Pa3Be TOALKO B OTCUCCTBE CBOCM ¥ B IOME CBOCM.
Esauze.aue om Mamges

B 1970 roay, nocne roga pa60'r51 B EpeBaHckoM du3HuecKkoM HHCTHTYTe, s ipuexan B OMSN
B KaueCTBe NIPUKOMAHUPOBAHHOIO cTaxepa. MHe Hao GEUIO BEIGPATh OONacTh HccIlefoRaHUiE
H HaliTH cebGe HayuHoro pykoBouutels. Heckonsko Mecaues s npopaboran 8 JIT®, ro MeHs
BCEra HHTEPECOBAIM HCCIIENOBAHMS, MMEIOLIUE HEMOCPE/ICTBEHHIH BEIXO] HA IKCTIEDHMEHTHI,
H MHe TocoBeroBanu obGparutscs K A.B. TapacoBy, koTopslif paGoran B TeopeTHYECKOM
cektrope JISITI, cosmanHoM W Bosriasmwiemom Torda JIsom Hocudiosudem Jlanuaycom.
Camwa Tapacos MeHs He sk3aMeHoBan. OH Hamucan GopMymy Xif CeueHHd, KOTOPYIO Hajo
6bIIT0 3aMPOrpaMMHUPOBATh, PACCUNTATh HA KOMIIBIOTEPE H cpasm»m» c al(cncpI/IMeHTaIILHLIMK
naunpiMi. Tak Havanock Haule MHOFONETHEe COTPYAHKYECTBO, Nepepociiee B nanwenmem B
ApyxO6y.

K Hayany 1970-x rogos ray6epoBCcKas TeOPHS MHOTOKPATHOTO PaccesHUs 6nu1a obobleHa
Ha TPOLECCH POXK/CHHS YACTHI] HAa ATOMHBIX S/Ipax, 4TO TO3BONUIO H3yHaTh B3aUMOLIeHiCTBHe
HECTaGUIIBHBIX YACTHI, HATPHMEpP BEKTOPHBIX ME3OHOB C HYKJIOHAMH, a Takke NPOBEPATh
IpeAcKa3aHds pasINYHBIX Mofelelf CHILHOTO B3auMoJiciCTBHS, Kak, HaIIpHMep, THOMyIIApHOH
B TO BpeMs MOZNENH BEKTOPHOH JOMMHaHTHOCTH. Hauas 3amumatbest HOBOH ans cebs
obnacTeio (GHIMKM (KAHIMAATCKAS JMCCEPTAlNs, KOTOPYIO OH 3alIMTHI B 1968 TOmy, 6una
TOCBAIICHA BOMPOCAM TOPMO3HOTO H3NTYHEHHUS), Autexcanzip BacuiibeBHY MOIYHHI psijy BaXKHBIX
M QyHIAMEHTAIBHBIX Pe3YNETATOB B TEOPHH MHOTOKDATHOTO paccesHHs. B kauecTse nepnoro
Iuara OH BEIBEN (QOPMyNB! [ aMILTHTYA POXZEHUA YacTHIl Ha AApax Ipu BBICOKHX SHEPTHIX,
BOCTIONB30BABIIHCE TEOPAEH MHOTOKP2THBLIX coyiapenii Barcona. 3atem, HCIIoNnb3ys pasBUTyIO
MM TEXHHKY, OH BIIEpBLIE B TUTepaType NOKA3al, YTO B HEKOTEPEHTHHIX MpPONECCaX POKAEHUS
yacTull {C BO3OY)XACHHEM HIH pa3BalioM Anep) HEOOXOXUMO YUHTEIBATh HHTcptbepeHumo
AMILTTYl POX/IEHHS Ha PasHBIX HYKIOHAX, BKIAX KOTOPOii pPacTeT ¢ pocToM 3Hepr1m ‘B
fanereiflieM HalM4Me WHTepepeHUUN B HEKOTEPEHTHHIX Nponeccax Gruio oGHapyxceHo B
skcnepuMentax DESY no 3neKTpopoX[eHHIO BEKTOPHBIX ME30HOB HA sjpax. B 1973 _Toxy
32 UHK paboT Mo B3aUMOJEHCTBHIO YacTHIl BLICOKHX SHEPIHH ¢ aTOMHEIME Anpamu 01{ 6uut
yRocToeH npeMHu JIECHHHCKOro koMcoMona ApMeHUH.'

B cepenune 1970-x rogos B sxcnepumentax FNAL no poxcneﬂmo anpoaon c 6onbmﬂMM
HoNepevHBIMA HMITYNbCaMi Ha sjpaX ObUlo oOHapykeHO, YTO C YBENHYEHHEM nonepetmoro
MMIyNbca PErHCTPUPYeMoii YaCTHIB 3aBUCHMOCTS OT aTOMHOIo HOMepa anpa " A cranoBuTCs
cunsHee nuHeiHol (addext Kponuna). Jlng ob6bACHEHHSA Takoro aHOMANBLHOTO noseueunﬂ
(o6ryHOE TODIONIEHHEe YacTHUbl B sApe MPHBOAMT X YMEHBIIEHHMIO INOkasaTend B A-
3aBUCHUMOCTHU cedeHUit) Aniexcanp Bacunbernu oGoOImuA TeopHio HEKOTEPEHTHOTO POXKAEHs
9acTUI[ Ha Afpax Ha cly4yail HHIITI03HBHOTO POXIEHUS YacTHII, YTO IT03BONUIIO €MY BIIEPBEIE B

IuTepaType o6bACHUTE ddPekT KpoHuHa kak pe3yNnsTaT MHOTOKPaTHBIX HEYTIPYTHX COyapeHuil
TIPOTOHOB B Spax.



PasBuTHe WM METONB YYeTa CTIMHOBBIX SGQEKTOB B POXICHHH YacTHIl Ha. SIEPHBIX
MUIIEHSX MO3BOJMIN YCTPAaHUTh DAL PAacXOXKACHUH, HaOIIONaEMEIX MEXAY IKCIEPHMEHTOM
o Teopuelt B apdexre IIpnMakora. MIToroM >THX HCCIIeNOBaHHH SBUJICA HANHCAHHBIA HM IUISA
YA ob30p, npUBeACHHE B NanHOM cOopHUKe, KOTOPHIi He ycTape Ao HacTOSIIETO BpeMEHH
M MOXET CJIyXHTb NPUMEPOM OMECTAIIETO M IETAHTHOTO H3JIOXKEHHS JOCTATOYHO CIIONKHBIX
BOIIPOCOB TEOPHH MHOTOKDAaTHOTO PACCESIHHA.

C pocTom sHepruu CTQJIKMBAIOINMXCS Sep CedeHue oGpazonamm JIENTOHHEIX Map 3a CHeT
HX KYTOHOBCKMX [oNeit pacTeT kak KyO norapué¢ma sHeprud, u npu snepruax RHIC u
LHC Bo3HHKaeT HeOOXOIMHMOCTE YHeTa Mnoro(boronnmx oOMEHOB MeKAy JIENITOHHOH Mapoii
W CTAIKUBAIOIIMMUCA A7paMH. AJlexcaHipy BacuiabeBHdy YHajoch 3MeTaHTHO M QU3MYECKH
GeaynpedHo pelHTh 3aavy ydeTa MHOro()OTOHHEIX OGMEHOB NI060ii KpaTHOCTH — Mpobiemy,
KOTOPYIO TEOPETHKH He MOIIH PEIUUTh B TeYEHHE MHOTHMX JECATHIETHIA,

Ero paborni no Teopuu knaccuyeckoro addexra Jlanpay-Tlomepanuyxa mis MulleHei
KOHEWHRIX pasmepoB M KXJl-amamora nanHOro 3ddekra MNO3BONMITM OLEHHTh TOYHOCTH
HCIONIb3YEMBIX B TCOPHU MPUONHKEHUIA, UTO BaXXHO, €C/H YIECTh BO3MOKHOCTH COBPEMEHHEIX
9KCIIEPHMEHTOB.

OcofeHHo Apko ero TanaHT (H3UKA-TeopeTHKA MPOSBUNCA B paboTax HOCHETHUX JET,
MOCBAIIEHHBIX YUETY B3aUMOJIEHCTBHS MeXKIy NMMoHaMy B pacnafax K-mesonos. B 2003-2004
rogiax konmabopauus NA-48/2, B pabote koTopoit camoe aKTHBHOE YHACTHE IPUHUMAIH QUIHKH
OMIM (pyk. B.JI. Kexennnze), B aKcnepmdemc Ha SPS CERN o6napyxuna B pacupefcicHul
seposTHocTH pacnana K% — 7%n%70 no nmsapuantHoit Macce IBYX HeHTpalbHBIX NHOHOB
anoMamio (CUSP), xoropas, cormacho H. Ka6nb6o, Obima pesyneraToM nepesapsakd B
KOHEYHOM COCTOSHUM 3apSKCHHEIX NUOHOB B HeifTpasibHele. HecMoTps Ha To, 4TO TAKUMHM
U3BECTHBIMM TeopeTHkaMH, kak H. Ka6u66o, . Ucunopu u ¥O. Taccep, GblIM MpemIoXeHb
IBa pa3sHEIX TEOPETHYECKHX IOAX0na, MO3BOJLIIOIMX MpH CpaBHEHMH IIpe]cKa3aHuil TeopHH
¢ 3KCIEPHMEHTOM ONPENENATh JANMHL THOH-THOHHOTO PACCESHHS, B PAMKaX TIPEIOKEHHBIX
NOAXONOR HE YAABAIOCH YCTPaHHMTh PACXOKACHHE MEXIY SKCHEPHMEHTANBHBIMH JAHHLIMH
U Teopueil BONM3M mHopora oOpasoBaHMA 3apAXCHHEIX IHOHOB. BRUIO fACHO, YTO Takoe
PacXOXKACHUE ABNAETCH PE3YNBTATOM HEy4YeTa SJIEKTPOMArHUTHBIX B3aHMOAEHCTBHI MeXIy
3apsDKeHHBIMH TTHOHAMH, KOTOpHIE MOMDXHBI NPHBOOUTH K CBA3AHHBIM COCTOAHHAM (aToM
NHOHHSA) HIKE NOpPOra oOpa3oBaHUs 3apMKEHHBIX MHOHOB. OIHAKO Y4ET 3CKTPOMATHHTHEIX
B3auMojeiicTBHI B OANOporoBoii 0ONacTH B paMKaX CYLIIECTBYIOLINX TEOPETUUECKHX NIOIXOO0B
OBUI IPHHIANKAILHO HEBO3MOXKEH.

Arnexcaanipy BacuneeBudy yfaJoch B paMKax HepelIiTUBHCTCKOH KBaHTOBOH MEXaHMKU
(xoTopylo oH OnecTdlle 3HaJN W NOHWMaN) NOTYYUTh, HCXOAA M3 CaMbIX OOILUX NPHHIMIIOB,
BRIDAXCHUA 19 aMIUIMTY] paclaja ¢ Y4eTOM CHIBHBIX B3auMogieHcTBHII HMHUOHOB 0Goif
KPATHOCTU. JTO MO3BONUIIO BKIIIOYUTE 3JIEKTPOMarHUTHOE B3auMOZelCTBHE MEXY THOHAMHU U
yuecTh 00pa3oBaHNe HeCTAOUIIBHBIX aTOMOB IOJ MTOPOTOM 00pa3soBaHHs 3apsKeHHBIX ITHOHOB.
PasBuThIif M ammapar OLUI MCHONB30BaH I (GHTHPOBAHMA SKCIIEPUMEHTAIRHEIX JAaHHBIX,
YTO ITO3BOJIMIIO YCTPAHUTh PAcXOXKIECHHA MEXIY SKCIIEpMMEHTOM U Teopueif. 3a ucclefoBaHUS
spdexra CUSP, coeMecTHo ¢ rpynmoit ¢usmukoB, Anexcanap BacunbeBuu ObUI ymocToeH
npemuy OUSH 3a 2007 rop.

O6nanas ynusuTeNnbHOM du3udeckoil HHTyHIMEeH U OnecTsineii MaTeMaTHYecKkol TEXHUKOIM,
OH BCerfia CTpeMHIICA K PEIeHHIO 33714, KOTOphIE MOXHO OBIIO IPOBEPUTE SKCIIEPHMEHTANIBHO,
YTO MOINIO IIOMOYH IIPOABUHYTECA B HAlleM NOHWUMAHUM Opupofsl. Eciu npoGnema ero
3aMHTEPECOBBIBANIA M OH CHHTAJI, YTO OHA MOXET ObITh MoNe3HO# NI NPaKTHKU, OH Opancs 3a



3aaqy U, HECMOTpS Ha YPOBEHb € CIIOKHOCTH, HAXONHII Haubolee JeTaHTHbIH i GU3HYecKuit
TyTh e pellieHus.

M#He npHnoMHHaeTcs cileAyIOIHH XapaKTepHbli s ero paboTel B Hayke ciydvail. B
Hayane 1970-x romoB 1Ba MOMX TOBapullla, BIIONHE KBAIH(ULIHPOBAaHHEIE (UIHKU-TEOPETHKHY,
pabGotaromne B JITD, B TeyeHHe noiryroaa BeIBOIMIN GHOPMYILY JUIS CEUEHHS B3aUMOJCHCTBUS
aroMa TO3UTPOHHS C BEIECTBOM, M ONMH M3 HHX Hompocun Cally IpOKOMMEHTHpOBATH
TIONY4YEeHHBIH UMH pe3ynsTar. Anekcanap Bacuinesuu orkasancs 3HAaKOMHUTECS ¢ HX BEIBOAOM
U pe3yNnsTaToM M NpPeJUIOKUI UM HpHHTH uepe3 mapy uacoB. Kora oH BhIMcanm Ha Jocke
pe3ysIsTart, CoBNafaBikii ¢ pe3yNsTaTOM TIOJYTONOBEIX BRIYHCIIEHHH IBYX KBAH(PUIMPOBaHHEIX
TEOPETHKOB, Mb1 OLIIM nopakeHHl. 3a Mapy 4acor OH BBIBeX TpebyeMyto GopMyily, Mons3ysch
TOJILKO €My M3BECTHOI TEXHUKOH.

OH o6nanan oueHs peAKoi B Hallle BpeMs CIIOCOOHOCTHIO TOBOPHUTE IO cymccTBy poGIEMbE
U NpH 3TOM pefiko ommbarhes. Be3yclnoBHO, Ta BHAMMas JETKOCTh M KPacoTa MBINIICHUS, ©
KOTOpOii OH pelllan BO3HMKAOUMeE NpobreMbl, ORITH pe3yNBTATOM OTPOMHOIO W MOCTOSHHOTO
TpyAa Ha NpOT:DKeHHM Beell ero xu3Hu. TamauT, 3anoxeHHslf B HeM oT Bora, passuica u
BOIUIOTHIICA B KOHKpeTHble paboThl Gmaromapst Heycranuoif M Tskelnoif pabore B ¢u3iKe,
KOTOPYI0 OH 06K U I1y6oko NOHMMAI, & OHA OTBeYalla eMy B3aHMHOCTEIO.

Miie 1oBe3I1o, YTO B HAUAJIE CBOETo IYTH B HayKe S BCTpeTHI Ajlekcanpa BacunseBuya, a B
nanpHeiinemM HMeT CYAaCTINBYIO BO3MOMXKHOCTE J0 NMOCIEHUX JHEH ero XU3HU paboTars BMeCTe
C HHM M JIPYXKHTh Ha MpPOTDKEHHHM MHOTHX JieT. OH ObII He NPOCTOH YeJIOBEK, CO CIOXKHLIM
XapaKTepoM ¥ ¢ coGCTBEHHEIMI IOHSTHSAMM 0 J0Gpe U 371e, HO KOTIa BO3HHMKANA HeoGXOTUMOCTS,
Bcerzia 6pan Ha cebs OTBETCTBEHHOCT 32 pelllcHHe IpobieM o060l CloXHOCTH, BOSHHKAIN
I OHHM B GHITY UM B Hayke.

Arnsasck BeIAaromMmuMcs GU3UKOM-TeOpeTHKOM, Allekcanip BacunseBuy ocrancs kaHaujaa-
TOM HayK, IOHUMas, UTo BCeM HaM OTHYILIEH KOPOTKMIl CpoK, KOTOPEIH OH jKavell TpaTHTh Ha
npuoGpeTenue 3BaHuil ¥ peranuit. BMecTo 3TOTe OH peman KpacHBsle GU3MYECKHE 3a0a4u,
KOTOpBIE OBLTY HYXHBI JIIONIM M HOMOIAIH UM JIyYIIe MOHSTH OKPYXAIOMUH MUp. AJleKCaHIp
Bacunsesnu yilen pano, He pelIuB MHOTUX HAayYHBIX Ipo0OIeM, HaX KOTOPEIMHU paboTal, Ho To,
4TO OH CHENall, OCTAHETCA B eT0 paboTax U B IAMSITH ero MHOTOUUCICHHEIX YUEHHKOR, KOTOPEIM
OH OCTaBHII NIPUMep BEeCKOPBICTHOTO CITYXKEHHS HayKe.



06 A.B. Tapacose

[U. JInikacos
Ob6vedunennuvlil uncmumym soepHulx uccredoganuti, [yona

C AnexcanpoM BacunsesudeM TapacoBhIM 5 MO3HaKoMMJICS B 1969 TofLy, KOTAA TOTOBMI
JUIIoMHyIo paboty nox pykoBogcTBoM JIsBa Hocudosuya Jlaminyca. Ilocne okonuanus ynu-
BEpCHTETa U NOCTYIUICHAS B acIUpaHTypy g cTal no coreTy JLH. Jlanuayca coTpyaHUaTh ¢
A.B. TapacosriM. B paneHeiimeM Anekcanp Bacuinesud cTasl BIOPEIM PYKOBOQUTEEM MocH
KaHAMAATCKOM AMccepTallut.

B nepuoza ¢ 1971 no 1973 rox nox pykososicteoM A.B. Tapacosa s 3aHuMalcs UcCIIeOBaHu-
€M NONAPH3AINOHHRIX SBJICHIH NPH B3aUMOREHCTBUU HPOTOHOB CPEAHUX H BRICOKHX SHEPIHIi €
TErKUMH SiIpaMut: JeiTpoH u renpit. Kak pa3s B 3T0 BpeMs Hay4HHIil UHTepec Anekcanzipa Bacu-
ABeBHYA CHOKYCHPOBAICH HAa TCOPETHUECKOM AHAIIM3E apoH-A/IcpHEIX peakuuil. MakTHUECKH
HM TlepBBIM GBI cHOPMYAHPOBAH HOBEHIH TeopeTHMYECKHi MOIX0J, OCHORAHHEIH Ha Mopenu
TnayGepa, MO3BONHBINKIL NPOAHATNUZHPOBATH NONAPH3ALNOHHEIE ABICHAS B CTONKHOBEHHAX
TIPOTOHOR C JIETKHMH SIpamMH TpH CPeNHHUX H BHICOKHX HAYalBHEIX 3HEPIUAX. JTO 6LHIIO
0CcoOeHHO BAXHO W MpHURIeKaTennHo [nst Jlaboparopuy snepHbix npoGieM n Jlaboparopun
BHCcOKEX 3Hepruii OVIAIY, riae B TOT nepHOX OYEeHb HHTCHCHBHO NPOBOIMINCH HONAPH3ALHOH-
HBIE SKCIIEPUMEHTBL.

CoeMecthrble ¢ A.B. TapacoriM nybmukanyu [1-3] nmoceAieHs TeOPETHIECKOMY aHANH3Y
CIIHHOBLIX SABJICHHIt B YIpPYTHX p — d-, p — He3- u p — He*-paccesnusax NpH JHEPrHsiX,
JZOCTHXHUMEIX B To Bpems B JUIII u JIBD OMSM. B arux paboTax ¢axkTH4YeckH BIEpBLIE B
Te JaJleKHe BpeMeHa GBITH BBIMHCIEHB aMILTUTY/BI 3THX TPOLECCOR B PAMKAX NMPUGTHKEHUS
IayGepa ¢ yueTOM BOSMOXHBIX YIIPYTHX IepepaccesiHiii HaleTaloUUX IPOTOHOB Ha HYK/IOHaX
szep: AelTpoHa, renus-3 H renus-4. BeutH Tax:ke BEIMHCIEHB! HOISpH3alMOHHbIE HAOMOKaeMble
B 3THX Npolieccax, NOTYUeHOo Xopolliee cormacue ¢ MMEIOINMHICA Ha TOT MOMEHT SKCIEpHMEH-
TILHBIME JAHHBIMH U OBUIM CHENaHBI NPeCKa3aHus Ul HOBRIX JKCIEPUMEHTOB. B To BpeMst
TaKMe pacdeThl YIPYTHX aMIUINTY[ NpH HadaldbHBIX SHEprusx mopsiaxa 600 MaB - 1 I'sB
W BHIUe OBUM OYEHb XOPOIIHM HPOTPECCOM, IIOTOMY YTO IIPOBOAHINCEH 3KCIIEPUMEHTH! IO
YIPYTOMY paccesHHIO POTOHOB Ha JIETKUX anpax kak 8 OUAH, JIMAD (Tarunsa), Tak u 32
pyGexoM. OCHOBHBIMH HENSMU 3THX BKCIEPUMEHTOB SBIUINCH MCCICJOBAHME MONSPH3ALHOH-
HEIX SBNEHHUIT H BBIICHEHHE BOIIPOCa, KAKOBa POllh CIHHOBHIX 3QdeKToB B TaKUX PEaKIHAX IpH
BO3pAcTaHUY 3HEPTHH HAYaNBHBIX npoToHoB. CylliecTBOBABIIEE B Te JAJIEKHE BpEMEHA HaydHOE
npexybexieHNe, YTO CIHHOBHIE 3 HEKTE B p — p- H P — A-CTONKHOBEHUAX MOTYT “BEIMUpATL”
C POCTOM HaJaNbHOM 3HEepruy, OHUIO IOTOM ONPOBEPTHYTO, ¥, B YACTHOCTH, HAIUH COBMECTHEIE
paboThl ¢ AnekcanapoM BacuibeBHueM BHECIH JIENTY B paspellicHHe 3TOro BOmpoca.

Hpyras paboTa, cIelaHHAA COBMECTHO ¢ AJieKCaHApOM BacmineBHYEM H IBYMS COTpYI-
nukamu JISIT BM. Tonosunem u A.M. Po3zanoBoii [4], xacanach KOHKpETHOTO NpHMEHEHUA
TeopHH MHOTOKparHoro paccesHus [nmaybepa-CHTeHKo K aHanM3y peakinu pd — ppn npH
sgeprusx nuksorpona JIAIL, rme npoBonnmucs B To BpeMsd NOISpU3AIHOHHBIE FKCIICPHMEHTEI.
Brina BRIYMCIICHA aMILINTYAA 3TOH peakiuM ¢ ydeToM mepepaccessHMit HaYaNbHOro NpPOTOHA
Ha HYKIIOHaX JAeHTpOHa C MCIIONBL30BAHHMEM pe3ynbTaToB (a30BOTO aHANIH3a YIPYTHX HYKIOH-
HyKJIOHHBIX CTOJIKHOBEHUI, KOTOpHIiT NpoBojuics B Te BpeMeHa B rpynme 10.M. Kazapunosa
(JIAIT OVAN). Briuucsen Takke psj HOMSPH3ALMOHHBIX HAGNIONAEMEIX, H CIIeNIaHB! TIpeficKa-
3aHUA IS 3KCIIEPHMEHTOB, MIPOBOAHMEIX B To BpeMd B rpymine B.M. Tomoruna. Bee namu
TeopeTHYCCKHE TIPEeCKa3aHus YCIEIHO NOATBEPIWINCh B OTUX SKCICPHMEHTAX.



51 ouens GnarofapeH cyap6e U NanbHOBHAHOMY coBeTy JIkBa Hocudornua coTpynHuqars ¢
AnexcannpoM BacuaseBrdem TapacoBeM Bo BpeMs Moeli yueGH B aciupaHType. PaGoTas mox
PyKOBOZCTBOM AJexcaH/ipa Bacunbenua, s Hayuniicss MHOTOMY, B YaCTHOCTH CTaBHTb QusHte-
CKYIO 3a]1ady, NOJe3HYI0 H Hy:KHYI0 U IjIs SKCHEPUMEHTA, U JUIT TEOPHH, H [MIABHOE: KOPPEKTHO
€e pelars I1o IpaBuiaM, He IPOTHBOPEYAILM OCHOBHBIM (hH3UueCKUM 3aKoHaM. Kak yuurens,
Anexcannp BacunbeBuy TapacoB 6bL1 3aMeuaTensHEIM nesiaroroM. Jla, Heoraa oH GhIn pe3ok
M He CTECHSICA B BhIpaXKeHUHU cBoux smMoruii. Ho no cyTH on Obin Bcerxa npas B OTCTAUBaHHH
cBoeil ToukM 3peHus. B Moeit mamsaru Anexcaunp Bacuiberuu safieydTiien K4k BhIaromutcs
YUeHbli, GH3NK-TCOPETHK, oONanaBmMii TeHHANEHOH WHTYMIMe# M HPaKkTHYECKUM YMEHHEM
TIPaBHIIBHO PEIlaTh 3271a4l BO MHOTHMX 0oONacTaX TeopeTHiecKoil GHU3NKu.
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Pu3zuk boxbeit MIIIOCTHIO

A.C. IIak
Hucmumym chusuxu svicoxux snepeuii AH PK, Anma-Ama

C A.B. TapacoBmM s mo3Hakomuncs B 1969 romy Ha cBagsbe OIHOKYpCHHKZ, a Halle
C HMM COTpPyAHHYEeCTBO Hayalock roja uepes aea: Ha ToT MoMeHT eMy He Obuto eme 30
JIET, HO 3TO ORI COBEPIIEHHO CIOKHBUIMICS caMOCTOATENBHbIH HaydHBIH paboTHHK co cBoei
spKoli MHAHBUIYaTbHOCTBIO. Y Hero Obul TalaHT oT bBora, 4To codueTaloch €O CTPAcTEIO
K Hayke M OrpOMHO# paboTOCIOCOGHOCTHIO. 3TO NO3BOIMIIO €MY CTarh BHICOKOKIIACCHBIM
npodeccuoHanioM M, s OBl cka3an, CoNbHINM MacTepoM cBoero fena. EcTh yueHble, KOTophle
BCIO XH3Hb OYpAT B OHOM MECTE, €CTh TAKHe, KOTOpEIe YTO-TO H300pETaloT HIH JIPHIYMBIBAOT.
Anexcannp BacuneeBHY He ObIT HH TeM, HH IpyTuM. OH OBUT OIIECTAIIAM pPeaH3aTopoM.
Bceskuii pas, korna NosBsUIack HHTEpecHas 3a1aya, OH MTHOBEHHO BHHMKAJ B CYTh, BKIIIOUAICS
Ha NOJHYI0 MOLIb M OyKBaIbHO pa3fipakoHuBain ee. ONHON M3 XapakTepHBIX ocobeHHoCTeH
€ro HAy4YHOro CTUIA ObLIO 3HAHHE MeNbYalilmiX AeTaneif, B KOTOPHIX, KaK W3BECTHO, 4epT U
pAYICTCA. . )

MHe BCHOMHHAIOTCH HECKOIBKO XapaKTepHBLIX IpHMepoB. Kak-To Ha ceMHHape obcyx-
JJUCh 3KCIIepHMEHTANbHbIE JaHHEIE 06 aHOManbHOH A-3aBUCHMOCTH CIIEKTPOB IPOTOHOB B
peakuuu p+A — p+X. AHOMAIEHOCTE COCTOANA B TOM, UTO TOKA3aTeNh A-3aBUCHMOCTH (D)
€ pocTOM MONEePEYHOro HMITYJIbCa Py CTAHOBHIICS GONbINe eQMHHIBL. DTO Ka3aJoch CTPAHHEIM, H
BO3HHKIIA OXMBJICHHAs JUCKyccHs. B pasrap obcy:kIeHHs mocnegoBana perumka A. Tapacosa:
“Tax ¥ JOIKHO OBITH”. OH MOSCHUI, 4TO ¢ POCTOM Py BIUTIOUAIOTCS ¥ HAUMHAIOT AOMUHUPOBATE
HEKOTEpPEHTHEIE CTOJIKHOBEHHUS BEICOKOH KPaTHOCTH, BEPOATHOCTh KOTOPEIX ¢ yBelHYeHHeM A
pacreT GpicTpee nuHelHoi. Bee BeTano Ha cBou MecTa.



Jpyroii mpuMep cBs3aH ¢ MpobieMoii craboit A-3aBHCHMOCTH ko3 dHIHEHTa HEYIIPYTOCTH
B aJIpoH-GAEpHEIX B3auMozeiicTBuax. g oObsicHeHMs AToro akTa MpeIaraluch pa3IddHEIC
ak3oTHueckHe Mojienn. A. TapacoB He 3aHMManCs 3THMH Hpo6lIeMaMH, HO OTHAXIEL, Kora o6
3TOM 3aIIA pedb B €0 NMPUCYTCTBHYU, OH CIPOCHI, KAKUM 00pa3oM IoNydeHb! 3TH 3KCIIepHMeH-
TaNBHEIE IaHHEIE. B pe3ynsraTe BRIACHUNOCH, YTO JaHHEIC NTOTYYeHEl METOAAMH KAJIOpUMETPHH,
NpHYeM YCTAaHOBKA HE MOINIA PETHCTPHPOBAThH COOLITHS € OONBIIMMH NOTEpAMH 3Hepruu. Y
ONATH €ro pervuka: “Tak M JOMKHO GHITH, HOTOMY 4YTO GONBINHE NOTEPH 3HEPIHM peau-
3yI0TCS Yepe3 MEXaHW3M MHOTOKPAaTHEIX HEKOTEPEHTHBIX CTOIKHOBCHHH, a OHM TOAABIEHEBI
He3(h(eKTHBHOCTBIO YCTAHOBKH, YTO H JaeT ciabyro A-3aBHcHMOCTh”. JleTalbHBIE pacdeThl
nokasanu, uTo Anekcanjgp BacuibeBuu, kax Bcerma, npas. Ilocnenylollice H3ydeHHE 3THX
BOTIPOCOB TIPHBEINIO K OMMCAHKIO BCEX DKCHEPHUMEHTANBHEIX JAAHHBIX MO CHEKTpaM IPOTOHOB
B Ipolteccax p+ A — p+ X. B cBI3u ¢ NonoGHEIMY cTy4asMH OH Bcerfa roBopun: “Hazo He
OTKpBITHSA AeNaTh, a pa3o0parbes’™.

3nech cnellyeT OTMETHUTS ellle OfHY 0COOEHHOCTh HaywyHoOro ¢TI Alekcanzpa Tapacosa.
Byzy4un TeopeTHKOM, OH NPEKPacHO 3HAT 3KCIEpHMEHTANLHBIE IaHHBIC, IIpHYEM He IIPOCTO
mudpet ¥ rpaguki. OH XOpPOIIO 3HAI HKCIEPHUMEHTANLHYIO TEXHUKY, e BOIMOXKHOCTH, HTO H
MI03BONIANIO €My KPHTHYECKH M TBOPYECKH MCIIOIb30BaTh M TPaKToBaTh dakTel. Boobme HHoraa
€03/1aBajloch BIIEUATIEHHE, YTO €My BCe W3BECTHO U sicHO. bpula Hekas mwtosns aerkocrd. Ho
B TOM-TO M CYTh €r0 TAJIaHTa, a KAXYIasics JIETKOCTL OBUIa CIEICTBHEM OFPOMHOM paboTkl. S,
HafpuMep, ¢ YOUBICHHEM OOHApYXWI, YTO OH, OYAy4H ONecTAIMM TeXHapeM, HENPEPhIBHO H
eXeJHEBHO NUIMQYET H COBEPIICHCTBYET CBOE MacTepcTBO, YTO H IO3BONANO €My B HYKHBIH
MOMEHT YCTIEIIHO pelllarh BO3HHKABIIKE 3aa9H.

3xecs A1 XoTen Obl OTMETUTH eIlle ONHY, Kak ceif1ac TOBOPHT MONOAEXSH, ¢pumky. OH dacTo
nosropan: “SI nmuteparypy He uuraio”. Ha caMoM gene 3To, koHeuHO, Omo He Tak. OH
NPEKpPacHo 3HAN Bce, ¥ 0cOOEHHO XOpOoLIo Te BOMIPOCH!, KOTOPBIMH TaK MM MHa4e 3aHMMAICH.
He pas GbumM ciryuau, Korga BO3HMKasa NpoblicMa CCHUIKH, M OH rosopuill: “IlocMorpH Tam-
To pabory Takoro-To”. Y TakMX cChUIOK B €ro “‘KOMNBIOTEpe” XpaHMAMCh coTHH. Ilpocto
ero eHOMEHANbHEIE CIOCOOHOCTH MO3BOILLIH €MY JIHINb NPOYECTh HOCTAHOBKY 3afadH HIIH
npobiIeMbl, 2 OCTaJIbHOE OH BOCIIPOM3BOAMI caM. B pesynsraTe oH He POCTO 3HAJN CCHUIKH, a
3HAN Hy>XHbIE paGoThl B MeNpyaiux JAeTalsx.

Jpyro#i ero ocobeHHOCTHIO ObUT BHelIHHIT Oaphak, KOTOpBI IfapHil Ha paboueM cTone
(npu ToM, 4TO B ronoBe ObLT aGcomroTHBIH mopsanok). Cton GbuI Beerda 3aBajieH OymaraMu
U Tpynoli KOHBEPTOB, IPUCIAHHBIX KOJUIETaMH ¢ UX paboTaMu, HO KOTOphle OH HUKOIZIa He
BCKphiBajl. OfHAXK/E 10 HEMOHATHON NpHYMHE OH peIld] HaBeCTH Yy cebd Ha crose MOPSAOK.
ITpu 3TOM OH OOHapyXHJI KOHBEPT, B KoTopoM Osl1 mpenpuHT U.B. AnfpeeBa, conepxaruit
BaXKHHIH pe3yibTaT: B paMKax TeopuM Iaybepa-CHreHKo OBUIO NONY4€HO BHIpaXKEHHE NS
basoBoit GyHKIMA ARpO-1epHOTO PacCeAHUs B TaK Ha3HIBACMOM APEBECHOM HIIH GecneTIeBOM
NpHOIMXKEHHH, T.c. OCHOBHOH Biutaa. Ho 310 BRIpakeHue mpelcTarisuio coboit GeckoHeuHBIH
NRBoifHoI psAA U Mo 3Toii NpHYKHe GHITO0 HePUMEHHMO JIA IPAKTHYecKuX pacueTor. A. Tapacos
TYT e 3acell 3a npobneMy. Bekope psan AnfpeeBa OmUI IpocyMMHUpoBaH M ObLT pa3zpaboTan
tdopMami3M, yIoOHbI s NPOBe/IeHUS pacieToB ¢ H3BeCTHOI TouHocThIO. IIpH 3TOM nONyueHo
el HeCKONBKO NPUGIDKECHHEIX PAacYeTHBIX CXeM, YAOOHBIX MM MPUMEHEHUS B KOHKPETHBIX
cIoyvasx.

Boobme Anekcanap BacunbeBHu HHKOTZIAa He MONb3oBancs GOpMYITaMH U Pac4ETHBIMU
cXeMaMH, 4To HaskIBaeTcs, TyNo. ITo ero BRIpaxeHiIo, K NpobieMe HaJIo OIXOIUTh KOHKPETHO-
HCTOPUYECKH, a He abCTpakTHO-fleMarornueckd. B ero pykax niobast pacueTHas cxeMa GBICTpo



yrponianack. Tax Oblna pa3paboTaHa TeopeTHueckas 6asa, B paMKax koTopoii Anexcanp Tapa-
COB CO CBOHMH IIOMOITHHKAaMH OJIeCTAIle pacCUUTal JaHHEIE 10 anbda-sSOepHOMY PaccesHHUIO.

MsHe xoteniock 651 OTMETUTS 37€Ch OJHY 0cobeHHOCTh A. TapacoBa Kak HayyHoOro paGoTHH-
Ka, KOTOpYIo caM OH Joliroe BpeMs HenoolieHHBaNl. OH ObIT 63 NpeyBenHYeHus BRIIAI0NAMCS
MacTepoM II0 4acTH YHCIEHHBIX pacdeToB. IIpH 3ToM NONydYeHHBIE UM pE3yNBTATH OTIHYA-
JUCH CTONPOLEHTHOI HaJIeXKHOCTBIO H JIOCTOREPHOCTRIO. Y HETO OBINO MPABUIO, KOTOPOE OH
copMynuposan mMHe: “Hano paccyuTaTs OIHY U TY ke BEIIHYHHY JAecdTh pas nofpsn. Ecnu B
TocleqHUX NATH cIy4asx MOIYYUTCsS OXMH M TOT ke pe3ylkTaT, To eMy MoXHO Beputs”. Ilpu
3TOM Ha pa3HLIX STalax pe3yNbTaThl MPOBEPSLIHCH C MTOMOMUIBIO Pa3HBIX TecToB. Hamo ckasars,
YTO NpPH HpoBeJeHHH MONOOHOTO poia PacueToB HEOOXOIUMO BECTH . MX, YTO Ha3BIBAcTCH,
oT U jgo. Henb3s mpepbiBaThes TACS-TO HA cepeliHe, TAK KAK [1OTOM NPHUXOAUTCS HAYMHATH
Bce cHauana. J{7a TpoBeleHMs Takoit paboTH HeoOXoAMMO MMETh TaK Ha3blRacMoe “IIHHHOE
IOsIxaHue”, AnekcaHjip BacunbeBHY B NIONHOI Mepe oOnagan 3THM pellKHM KadecTBoM. Ilpu
HeoOX0IMMOCTH OH MOT HalPsDKEHHO TPYAUTLCS JacaMH, He BCTaBasl H3-3a CTOJA J10 TONy4eHHs
pesynbrara. M 3To IIpu ero-To TaJdaHTe U OeclonoOHOM MacTepCTBe.

Anekcannp Bacunbend paGoran B Hayke Ge3 Manoro Ha npotsxkeHuH 50 ner. Eciu mpo-
CMOTpETh BCE €T0 PabOTHI, TO MOXKHO 00paTHTh BHUMAaHUE Ha OJHO HHTEPECHOE 00CTOATENbCTRO.
B HHUX HET 3K30THHECKHX THIOTE3, MOIHON TepMUHOJIOTUH, OH HE pa3pabaThIBal HMEHHBIX MO-
nencid. Ilpu 3ToM OH nonydan UHTEpeCHEIE U BaXHbIC pe3ynbrarsl. [IpuMepoM MOXKET CIIYXHUTh
IMKII paGoT 1o pacyeTy CHeKTpoB B peakiusx p+d — p+X, d+d — d+ X, d+A —d+Xwu
T.71. OTHpaBIAAch, OT MeXaHNM3Ma MHOTOKPATHBIX HYKJIOH-HYKIOHHBIX CTOJIKHOBEHUH U NIPOCTBIX
KHHEMATHYECKUX COOTHOIIEHHIE, A. TapacoB npeckasan HeTpUBHAILHYIO CTPYKTYPY CIIEKTPOB.
Hanpumep, B peakun d + d — d + X oH mpejckazaln TPEXIHKOBYIO CTPYKTYpY, KoTopas Oblta
3aTeM oOHapyxeHa B skcliepumeHTax rpynmsl JI.C. Akrupes nol pykoBoacTBoM Muxauma
I'puropseBuua Memiepsxosa.

Auexcanp BacuinbeBHY ObIT BEIYIIUM 3KCIIEPTOM B BONPOCAX TEOPHM SJACPHBIX peakiiuii
TIpA BBICOKMX 3Heprusx. MHoroe M3 Toro, 4ro OH yMell Jelare M Jejal B 3Toll obnacT,
He MOT' W He Jenan Gofblle HUKTO. 3a HCKIIOUeHUEM HECKONBKHX MepBOHAYalbHBIX pabor,
Bce ero paboThl oIyOIMKOBAHEI B COaBTOPCTBE. S GhI Ha3BAI €r0 COABTOPOB INOMOIHHKAMH.
Koneuyno, ocHoBHOH Bknaf BHocun A. TapacoB, HO eclHM KTo-TO M3 COABTOPOB BHOCHIN HTO-
TO CYIIeCTBEHHOE, OH HMKOINA He YIycKan ciaydas oTMETHTh 3To obcrofTenbcTBO. TakuM
TOMOIIHUKOM Ha TpoTmxeHnu 20 net NocyacTiMBMioch ObiTh ¥ Miue. V3 obmenns ¢ HuM
s, COGCTBEHHO, NOHSI M YTO TaKoe HayKa, ¥ 4To 3HA4UT paboTaTh B Hayke. Y Hero 6sUIo deMy
noyuuThes. U kax s, KTo eMy ItoMoras, MoT B34Th TO, Ha 9To 0511 ciocobeH. KoHeuHo, Bee ero
YYEHUKH CTAIH KaHIUIATaMH Hayk, a HeKoTophle U JokTtopamu. CaM Aunekcanap BacuibeBuu
JOXTOPCKYIO AMCCEPTALMIO 3AIUIIATEL He cTall. MHe KakeTcs, OH He XOTell 3aTepAThCs Cpeu
MHorux. OH ropopun: “f cebGe neHy 38at0...” ¥ Xouy eine pa3 NOBTOPUTE: IIcHA 3Ta ObIIa OUCHB
BBICOKA. ’

ITomMuMo paGoTEL, MBI OOIIAACH C HUM 110 BCeM BoNpocaM ObITHA. YV Hero He OBIIO KaKHX-
TO yBICUYCHHI THNA PHIOGATKH, OXOTHl M T.A. Urparh oH I10OHI TONBKO ¢ MHTETPAIFIHKAMH,
KaK OH roBopuil. Sl HHKorZa He BHJeN B €ro pykax raser. EJMHCTBEHHBIH pa3 BHJEN €ro y
TB: BMecTe co BceMH OH cMoTpell HepBhlif che3ni HapnenoB B 1989 roxy. OnHako Anekcanap
BacuibeBud Bceraa OblI B Kypce cOORITUH B cTpane M B Mupe. Unorna BeickasmiBancs. Ero
CyXA€HMS, KaKk U Mo pabore, GpUIM aGCOIMIOTHO JIMIIEHBI KaKOH-THOO KOHBIOHKTYpBI, ObUIM
OOBEKTHUBHE! ¥ NPOAUMKTOBAHEI NPHPOAHEIM YMOM ¥ 37paBhIM CMsiciioM. Hackonbko s 3Halo,
3a 47 ner pa6orel B OUSAN oH He 3aHMMancs HHKakoi Tak HasbIRaeMoif o6IIecTBEHHOW
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paboToii, KpoMe TeX clly4acB, KOTZAa MOCHUIANH B KONXO3 HIH Ha oBome6asy. Bee cBoe BpeMs
OH nocesman pabore. Jlro6un u nexun roMop. UHrepecopancs TuTepaTypHEIMH HOBUHKAMH U
IPOCHI. IPHHECTH TO, YTO BEI3BIBAJIO €r0 HHTepec. 3To GBUIM U TONCTHIE KYPHAIEI, 4 HHOTIA
u camusyar. HeMano BpeMeRH NpoBend MbI ¢ OMM3KHMH HaM IIOIBMH 32 cronoM. Kcrarn,
Anexcanp BacuiibeBUY IMpeKpacHo TOTOBWI INOB. Y Hero GbLI CIOXHBEIH XapakTep, U >KU3Hb
HaKIa(HIBaja cBOH OTHEYAToK, TaKk 4To Beskoe ObiBanio. Ho, ormsasiBaschk Hasaj, Aymaro, 4To
Jaxe B TeX cIyJasx, KorJa oH Nepernoain no gopMe, o CyTH oH ObUI IpaB. JIndHo g 6eckoHeqHO
Tpu3HaTelleH AJlekcanapy BacuiabeBuuy 3a Bce, 4TO OH JJs MeHS chejiall. B Moeit namMsaTn o
HABCET/Ia COXPAHUTCS KaK ONecTsIuil ydeHBI H He3aypsAIHEIH Yelogek.

A.B. TapacoB u ¢pu3nka peJIATUBHCTCKUX aTOMOB

JIJI. Hemenon
O6veduHeHHbI UHCMUMym sA0epHblx uccnedoeauuu Jybua

.. C paboTamu Asekcanzipa Bacunsesuda s o3HakoMuics Biepshle B 1982 roxy. K stoMy Bpe-
' MEHH TeopeTHUecKH GBUI IpelckazaH 3heKT CBepXMPOHHIACMOCTH YIETPApelSTHBUCTCKHX
TIO3UTPOHUEB U OMYOIHKOBAHO NIEPBOE TEOPETHUECKOE ONUCaHUeE 3Toro 3(hpeKTa, BHIMOTHEHHOE
* ¢ pagoM ynpomenuit. 3¢ ekt ObLT 0OYCIOBIEH TEM, UTO BHYTpeHHee MUKPOBpEMS, 32 KOTOpoe
BONMHOBaA (PYHKIMS O3UTPOHUS H3MEHAETCA, OKa3bIBACTCA MHOTO MEHBIIIE MAKPOBPEMEHH TIPO-
XOXAEHHUS aToMa 4epe3 TOHKYIO IUIEHKY, €CIIH ITO3UTPOHUIH ABNSETCS YILTPapeaSTHBUCTCKUM.

Brarogaps ry6okoil ¢hu3MUYecKoif HHTYHIIMH M COBEPIICHHOMY BIAJEHUIO TEXHHUKOH (u-
3MYECKUX pacdeToB, Anekcanap BacunbeBHd cMor Jarb TOUHOE pelleHHe 3Toil croxHelleil
3afayu. [Ipu ob6BsicHEHUN 3To paboTH! OH IIHPOKO HCIIONB30BAN A3LIK AHATOTHIH U YIIPOIIEHHit,
KOTOphIE [TO3BOJIIIM NOHATH CYTh 3TOTO CJIOXKHOTO MCCIEJI0BaHMA. YiKke TOIMa GBUIa BUHA €70
CIOCOGHOCTH OOBACHATH CIOXKHBIE (pU3UYECKUE SRIEHHS UCTIONB3Ys YIPOLICHHS U KAYeCTBEH-
Hble paccyIeHHUS.

"B cepenune 1980-x romoB Oblna TeopeTHYecKM OOOCHOBaHAZ BO3MOXHOCTH HabIIoneHHs
MHOH-ITMOHHbIX, TMOH-KAOHHBIX M KAOH-KAOHHBIX aTOMOB. [l M3MEPEHUs BpeMeHH >KU3HH
TAKUX aTOMOB HeoOXOMMMO 3HATh CeYeHHs BO3GYXXKICHHS STHX aTOMOB IIpH B3aMMOICHCTBHH
C aToMaMH OOBIYHEIX BellecTB. IlepBEle pacyeTs MPOBONWINCH C HCIOIL30BAHHEM METOMOB
TeopeTHUECKOil GU3NKM, pa3pabOTaHHBIX IS ONMMCaHUSA B3aMMOIEHCTBHA OGHIYHBIX aTOMOB.
'CymecTpoBaBIlas B aTOMHOH QU3MKe TEXHHKA PaCUETOB CeYeHHH yUUTEIBAlA TONIBKO OfHO(O-
TOHHBIH OOMEH K MMeNa HeJJOCTaTOYHYIO TOUHOCTD IS aHANIN3a SKCIEPUMEHTANBHBIX JaHHbIX.
Jing TogHOrO BHIYMCIIEHHA cedeHNif TpebGoBancs yueT oOMeHa BceMH ¢oroHamu. JTta npobiema
Obiia pemeHa AnlekcaHpoM BacuibeBHYEM.

Ox oOparun BHHMaHHE Ha OcoOylo AMHAMHKY B3aUMOIEHCTBHA JMME30aTOMOB: IlOCIe
B3aNMOJCHCTBHA TPacKTOPHS IBIKCHYMSA BO3OYX/IGHHOTO aroMa NMpaKTHYEeCKH HE MCEHSETCH,
YTO NO3BOJIMIIO OMUCATE MPOLiecC, UCTIONB3Ys TeXHUKY aybepa. Bee HeoOxoqumble GopMyTIEI,
Y9HTHIBaIONIME MHOTOGOTOHHEIE OGMEHBI, OBIITH AnekcaHnpoM BacunbeBnueM nomyueHsl. OTH
$OpPMYIIbI IO3BONUIM BEIMUCIUTH CEYEHUS BO3OYXKACHNS aTOMOB ¢ HeoOXOAKMOM TOYHOCTLIO B
OIMH NPOLEHT, J]aB TEOPETHYECKYIO OCHOBY IS U3MEPEHHS BpeMEHH JKU3HH ITHOH-IMOHHOIO
aToMa B SKCIEpHMEHTE.

* - Jing U3MepeHHs BPEMEHM XH3HH MME30aTOMa HYKHO He TOJILKO 3HATh CCUCHHS BO3OYXIe-
Hust aroMa, HO M onucarh Ipoliecc NPOXOXKAEHHS epe3 BelnecTso. JlanHas 3ajaua Guina pemena
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B OTIpe/le]IeHHOM NPUOIIKEHHH: NIOCIE COYZAPEeHHs BEIMUCIIAIMCE BEPOATHOCTH BO3OYXKICHUS
aroMa B pa3NIUYHBIE COCTOSHHA. DTH BEPOATHOCTH MCIONB30BATMCH MM OMMCAHHs Ipoliec-
ca NpOoXOXJACHUS JMME30aToMa Yepe3 BelllecTBO. Takoe npuOIMKEeHHE BKIIOYAN0 HEKOTOPYIO
HETOYHOCTh, YCTAHOBNEHHYIO AjlekcaHpoM BacuinbeBuueM.

Jlnst Toro 4ToObl MCKIIOYUTE 3Ty HETOUHOCTh, HY:KHO OBIIO OMKCAThH IPOXOXIACHHE AUMe-
30aTOMOB Yepe3 BEI[ECTBO HE Ha A3BIKE BEPOATHOCTEl, 2 Ha s3blke aMIumMTyA. CrnoxHeilmas
3afaua ObIIa pelieHa AnexcaHnpoM BacumseBUYEM ¢ MOMONIBI0 GOpMATT3MA MATPUIE! TUTOT-
HocTH. UHCTeHHBIH aHAIIN3, OCHOBAHHEL Ha 3ToM (opMalin3Me, NOKa3al, YTO Pa3HULA MEXKIY
ONHCAHUSMH HA SI3BIKE BEpOSTHOCTEH M TOYHBIMH BBIMHCICHUSMH Ha S3bIKe aMIUTHTYX paBHa
0,5%.

Pa6otn Anexcarnapa BacuimbeBHua chopMHPOBAIH TOYHYIO TEOPHIO B3aUMOIEHCTBUS JH-
ME30aTOMOB ¢ OOBIYHEIMH aTOMaMM M HX IIpOXOXJECHHSI depe3 BemiecTBo. bnaromaps atum
paboTaM B SKCTICPUMEHTAX TIO M3MEPEHHIO BPEMEHH JKM3HH MHOH-THOHHBIX, MHOH-KAOHHBIX
U M100BIX APYTHX ATOMOB TEOPETHHECKHE HEOMPENCNCHHOCTH, CBI3aHHbIC ¢ B3auMoNieiicTBHEM
JMMe30aTOMOB C BEIIECTBOM, BHOCST He3HAUUTENbHEI BKIaJ B BENUUHHY OMHOKH BpeMEHH.

Anexcaunp Bacwiserud o6Gmanan xonoccanbHoif paGoTOCIOCOOHOCTBIO, U MHE Ka3aloch,
YTO OH NpPEpHIBAET CBOM 3aHATHS TOJNBKO Ha BPEMS eIBI M cHa. PaGora Gblna ero OCHOBHRIM
COCTOAHHEM, U OH COXPaHUI CTPACTHOE yBIedeHNE GU3NKOIl 1o KOHIA CBOEH JKH3HH.

BmecTe ¢ TeM OH roToB OBUI 1eJpO TPaTHTh CBOe BpeMs Ha Joboro (H3MKa, KOTOPBIH
obpamaics k HeMy 3a Hay4Hoif moMombio. Ero HayuHad IieApocTh IIOMOINIA OYEHb MHOTHM
TMOJIM CTarb COABTOpAMM MHOTHX XOPOINHNX padboT. S mosjaraio, 9To 9acTh 3THX (QH3NKOB He
cMoria OBl CaMOCTOSTENBHO TOIYYHTh Te pe3ylbTaThl, KOTopele OBUIM IpelCTaBIEHB B HX
cratbsax ¢ A.B. TapacoBuM.

OH o4eHb 1100 CBOMX CEIHOBei M Jloub. Koraa onu GolenH, oH Aenai Bce, YToOHI IOMOYb
UM, U OYEHBb CHIIBHO NIEpexXHUBaI, eclii 3a00lieBaHue OBLIO CEPhE3HBIM.

Anekcannp BacunbeBud ObUI Oe3paszimudeH K HayuyHoil kaphepe. SI MHOro pa3s NMpocHi ero
3AIUTHTE JIOKTOPCKYIO JccepTanuio. OIHaX bl CBUIeTe)IEM TAKOTO pa3roBopa GELT AUPEKTOp
JIT® A.T. Oununnog, KoTophlit Takke peKOMEeHIOBa He OTKIIAALIBATE 3AIUTY H OCYIIeCTBUTh
ee Ha JnccepranuonnoM cosete JITD. Anekcannp BacunbeBuu cornamancs, HO HUYEro He
JleTia: OH Mor 3aHMMarhcs TOJBKO TEM, UTO €ro HHTEPECOBAIIO.

B nocnemuue roast A.B. TapacoB XoTen YTOUHHUTH T€OpHI0O MHOTOKDATHOTO DAacCEsHHUS.
ViryunieHue 3Toif Teopud ObUIO OBl BAXKHBIM Hay$HEIM gocTikeHHeM. K coxaneHulo, 6ole3Hb
MIOMEINala OCYNIECTRIEHHUIO ATOTO 3aMEICIA W, CKOpee BCEro, pa3BUTHE 3TOi TEOPHH HE COCTO-
HTCS B TEUEHUE MHOTHX JIET.

Bce MBI NOTepsUTH TAIaHTDINBOTO (GH3HKA, TONYYHBIIETo 3aMedarelIbHble HayYHBIe pe3yTbTa-
TH, U 0YeHb JOOPOro YeloBEKa, KOTOPLIH MeApo IoMoran KojliieraM, He CUNTasICh CO BpeMEHEM.

Pa6Gora ¢ Anexcanapom BacunneBuuem TapacoBbiM

JLI. Adanacrer
Ob6vedunennulii uncmumym soephelx uccredosanuii, Jybna

Moe 3HakoMcTBO ¢ AnekcanmpoM BacunkeButuem cocTositoch B konue 1980-x rojos, Torma
MBI paboTany Ha ofHOM 3Taxe. Hama rpynna naunHana 3KCrepyMeHT 10 U3y4deHHIO BOIOPOIO-
TIONOGHEIX aTOMOB, COCTOSIINX U3 3apsKEHHEIX THOHOB — ITHOHUYMA. J{S ONITUMHU3AIMH SKCITe-
PHMEHTA M Ioy4EHUS OCHOBHOIO pe3yIIbTaTa 110 BpeMeHH KHU3HH NHOHKYMa GUI0 HeoGX0AUMO
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< OTIACATh €T0 IBOJIIOLHIO Kak TpocTeiinieii MHOTOypOBHEBOH KBAHTOROH CHCTEMBI NPH ABHXKEHHH
B BemectBe. Kasanock 651, 4T0 MOXeT GHITH OoNee H3ydeHHBIM, YeM BogopoA. Ho BEIssCHHIIOCH,
yro- hopMdaxTopsl BOZOPOJOIOAOOHBIX aTOMOB Ul INPOH3BOJBHBIX HAYAJIBHBIX H KOHEYHBIX
cocTosHHil — 3ajjaya, He pellleHHas B oblleM BHIE, TOUHEE, B BHIE, IPUCMIIEMOM JUIS KaKUX-

160 IpaKTHYECKUX pacueToB. FIMeHHO 3Ta KnaccHueckad 3a1a4ya KBaHTOBOH MeXaHHMKH Oblia
pemena Aniekcansipom Bacunbenuuem TapacossiM B pabotax “Elastic form factors of hydrogen-
like atoms in nS-states” u “Passage of atoms formed by n* - and n—-mesons through a matter”.
Ha ocHoBaHWM 3THX pe3yNbTaToB ObLT pa3paboTaH METO] BEIYUCICHUS BEPOSTHOCTH pa3Bana
THOHHYMA ITPH JIBHXKEHHH B BelllecTBe. DTO IMO3BONHIIO HOMYYHTh pe3yNsTaT o HaGMoAeHNIO

- IHOHHyMa B JKCIEpHMEHTe Ha yckopurele Y-70 B IIporBrHO. BmocieJcTBUM 3TOT METOX

65UT HCTIONE3ORAH TIPH TUIAHMPOBAHUK W TONYUCHUH QUIMUECKOTO Pe3YNBTaTa KCIEPHMEHTA

e DIRAC [0 TOYHOMY H3MEPEHHIO BpeMeHH XHU3HH NMHOHHYMa U JpPYTHX aJpOHHBIX aTOMOB Ha
yckopuresne PS B ITEPH.

. TpeGoBaHus 3KCHEPHMEHTA K TOUHOCTH 3THUX pacyeTOB BO3PAcTAIH, H Anexcaﬂnp Ba-
CHIbEBHY BHEC CYMIECTBEHHEIA BKIal B JambHeflllee pa3BUTHE TEOPHH B3aMMOIEHCTBHS pe-
JNATHBUCTCKUX BOJOPONONONOGHBIX aTOMOB ¢ BellecTBoM. B 1999 roxy 6vuta omyGinkoBaHa

- pabora “Total interaction cross sections of relativistic 7 n~ -atoms with ordinary atoms in the
eikonal approach”, B xoTopoit NOJIHEIE cEUeHNS B3aUMOJCHCTBHS NHOHMYMA C aTOMOM OBUIH

- MOJY4eHB! B INayOepOBCKOM NMPUGIHKEHHH, YIHTHIBAIOMEM MHOTOGOTOHHEIE OOMEHBI.

_. B 2002 rony ony6nukoBaHa pabota “Contribution of o*-terms to the total interaction cross

. sections of relativistic elementary atoms with atoms of matter” Tlo ydeTy MarHUTHOH 4YacTH

© B3aMMOJEHCTBUS MHOHMYMA C BemecTBoM. IToka3aHo, UTO 3TOT BKIAM MOAARIEH ¢ Koadduim-
eHTOM o2 110 CPABHEHHIO C NEKTPHYECKUM B3aHMOJIEICTBHEM, PACCMOTPEHHBIM B IIPEIBIAYILUX
paborax.

" ... W, HakoHen, B 2004 roxy Gblia BRITIONHEHA €Ile o;ma ‘winaccuueckas” pabora “Dynamics of
,the pionium with the density matrix formalism”. B Heli mpoliecc Ipoxox/JIcHHs THOHHYMA Yepes
BEMECTBO ONMCaH B hopMANU3Me MATPHLBI IJIOTHOCTH. DTO O3BONIMIIO YHECTh BCe BOIMOXKHEIE
HHTephepEHITHORHEBIE TIPOLECCH H CHAIO OIPAaHHUEHHE BEPOATHOTO TOMAXOMA, HCIOTE3YEMOTO
paHee. BEIIO NOKa3aHO, YTO 3TH HOAXOAB! 00eCTeYHBAIOT NPAKTHYCCKH COBNAAAIOMINE PE3yIlh-
Tatel. ¥ 370 060CHOBANO TOYHOCTh PACUETOB 3ABUCHMOCTH BEPOSTHOCTH Pa3Bala MHOHHYMa OT
€ro BpeMeHHU JKH3HH, KOTopas Hcnolnb3yeTcs B akcnepuMenTe DIRAC.

_ Bce 3To NO3BONMIO JIOBECTH TOYHOCTh PacdeToB CEYeHHH Ho ypoBHs myume .0,5% u
HCKTIIOYNIO BO3MOXHEIH BKJIAJ TCOPETHUECKUX HEONpeleleHHOCTe! B KOHEUHBIH pe3yNbTar
akcnepumenta DIRAC.

.. Brio eme MHoro oGCyXJeHHH pa3nHYHBIX acnexToB akcnepuMenta DIRAC, B koTopsIx
Anekcanyip BacunbesHy IIoMoran HaM B MOHUMAHHM HIOAHCOB (QH3IMYECKHX npobnem. Xans,
qu MHOTHE M3 3THX ofcyskeHuit Tak ¥ He GLUTH JoBeAeHH Jo myGnuKauuu. Beerma nopaxa-

10 HeBepoATHO IIyGokoe NOHMMaHHe ATleKcaHzpoM BacuibeBHueM BoEX TOHKOCTelt QH3MKH,

KBaHTOBOH MEXaHHKH H MaTEMATHYeCKO} GH3UKH, ETO YMEHHE JIOBECTH MIOTYUEHHEIH PE3yNETaT

7io BUJa, YIOGHOTO JIsl KOHEHHBIX BRIYMCICHHIT M HYXKHOTO JUIst 3KcriepuMeHTa. Celfyac odeHs

pelKo BCTPEYAIOTCS JIIONM, HACTOMBKO JIFobsAIMe U 3Haomue ¢usnky. M npu sToM AJlekcaHap
~ BacunbeBHd GBUI YIMBHTENBHLIM YENOBEKOM, C KOTOPHIM MOXHO Gbllo o6mIaThesa Ha JHOOYI0

TeMY | OJY4aTh OT 3TOT0 YAOBONBCTBHE. MOXHO CKa3aTh, 4TO MHe NOCYACTIMBUIOCH PaBoTarh

¢ BhijatomuMest usukoM-TeopetrkoM! Kak oH roBopull o cebe B MIYTKY, HMes B BHAY CBOIO

BHEIIHOCTH, KPYMHEIM 1 GECTAMIM yueHbIM!
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Bocnomuuanuga o Caie

B.3. Kone:monnq
Texnuueckuil ynugepcumem um. Pedepuxo Canma-Mapuu, Baﬂbnapauco, Yunu

" Hawa npy»k6a c Caineii Haganmachk cpa3sy Hocie Toro, kak MBI TIO3HAKOMUINCE, B 1969 roxy.
S nmoctynun B acnupantypy k JIsBy Hocudosuuy Jlanupaycy, a Cania Gb1n ero yUeHHKOM H yke
pabotain. ME! ApYUIH CeMBSIMHI U TPOBOXHUIM BMECTE MHOTO BPEMEHH.

HHrepecHo, uto B To BpeMs M noxe Camia M-S YBIEKIHChL Teopuell BlauMoneHCTBUS
C fAApaMH NpH BBICOKHX JHEPrHAX M MHOTMe Trofbl paboTand mapauielbHO Hal GNU3KUMHM
npobreMaMH He Nepecekasdch. Callla penran npo6aeMsl ayGepoBckoi MoenH, B KOTOpoii oH,
6e3yCcIIOBHO, CTANl JIMIUPYIOIIUM MUpPOBEIM dKcHeproM. MbI, oTAaBasi naHb Moje, BMECTIE €O
JIsBom HMocudoruueM JlamugycoMm u Aneulei 3aMONOJYHKOBBIM TMPEANOKUNN M Pa3sBHBAIH
IUToNLHEIA nomxon B KX 1.

Hama mepsas coBMectHas ¢ Caineii paGoTa TosBUIACE TONBKO YETBepTh Beka crycTs. K
3TOMY TiepHOAY Hamllel >KU3HM A cpasy M mepeitny. Cama mpuexan xo MHe B TeiinensGepr B
1997 roxny, ¥ TaM Ha4anoch Hallle TECHOE COTPYIHHYECTBO, KOTOpOe nponomxanocs JI0 KOHIIA
€ro KM3HU.

K aromy BpeMenn Cama pa3paborall TEXHUKY HHTEIPAJIOB 10 NYTAM AT OIHCAHUS [IPOXOXK-
JIeHUs IO3UTPOHYEB Yepe3 cpey. DTOT MeTo} GBI NMEHHO TeM 3BEHOM, KOTODbIH OTCYTCTBOBAT
B qmonsHoM noxxone B KXJI. TTeprast 32/1aua, KOTOPYIO HAM YAANIOCH PEITUT (BMECTE C HAIIUM
HEMEIKUM cTyfeHToM Moprom PaydaiizeroM), — KBaHTOBO-MEXaHW4IeCkoe ONUCAHNUE sAiepHOH
axpanupoBkH [1]. K ToMy BpeMeHU OBUIM H3BECTHHI JBa Hoaxofa K 3Tofi mpobieme. Tpaan-
L{HOHHBIH CrIOCOO BBIMUCICHUS TPUOOBCKOTO HEYIIPYTOro 3KpAHUPORAHUS FOAUNCH TONLKO A
caMoro JIETKOro sjpa — aeifrpoHa. Ha Gonee TsokenbIX gapax BO3HHKANH HEYNPYTHE MONPaBKH
BHICIIMX TIOPAJKOB, KOTOPHIE HE MOTIM OBITH TOCYMTAHEI M3BECTHBIMH crocobamu. Tem He
MeHee B 3TOM TToaxolie OBLTH H3RECTHBI (ha30Bbie CABHIH MEXAY aMILIHTYIaMHU B3aUMoleHCTBHS
Ha PasHBIX SAEPHBIX HYKIOHAX, TTOCKONEKY MAacChl HeYIIPYTI'UX IIPOMEKYTOUHEIX COCTOSHHIT IBHO
NPHCYTCTBOBAIM B pacyeTax.

AJIETEpHATUBHOE ONMUCAHUE AAECPHON SKPaHHPOBKH, NPEeANOKEHHOE HAMH paHee B paMKax
JQUIOILHOTO MOIX0/a, 03BOIUI0 3¢ eKTHBHO NPOCYMMUPOBATE TPUOOBCKIE IIONPABKH BO BCeX
NOPAAKAX, HO 3To paGoTalo TONKO NPH OYeHb BHICOKMX SHEPrisX (MIIH MalbIX ObepKeHOBCKUX
I), The pa3Mephl ZHIONER “3aMOpOKEHEI” JIOPSHIIOBCKUM pacmxce’ﬂncM Bpemenu. Ilpu Gomee
HH3KHX 3HEPTUsAX (azoBHIE CIABUTH HEH3BECTHBI, MOCKOIBKY AUIONU He oﬁnanaroT olipefielieH-
HOI Maccoii.

Penienne, no3polsiolllee OJHOBPEMEHHO “‘CHJETh HAa ODOMX CTYNBSX’, T.6. CyMMHpPOBATh
rpubOBCKHE NONpPaBKH He NpeHeOperast (a3oBBIMM CIBUraMH, ObUIO HaitgeHo B {1] B pam-
Kax MHTerpaloB No MyTaM. ITocine HHTErpHpoBaHHs 1O BCEM BO3MOXHEIM (HEKJIACCHUYECKUM)
TPAcKTOPUAM IIBETOBBIX 3apA/OB BO3HWKAeT ypasHeHue Illpemunrepa mna dynknmu I'puna,
OINKCHIBAIONEH paclpocTpaHeHHe B cpejie C© y4eTOoM MOrmouleHus U (a3oBBIX CABHUTOB. DTOT
PE3YIBTAT JI0 CHX TIOp OCTAETCs eIMHCTBCHHEIM H3BECTHBIM CTPOTHM KBAHTOBO-MEXaHHYECKIM
pellieHHeM IpoblieMbl SIIEPHO# 3KPaHUPOBKH.

Jpyroe npUMeHeHHe TEXHUKA UHTErPaoB o MYTsAM Hauuia B npoblieMe u3nyyeHus $oro-
HOB M ITIIOOHOB IIBETOBBLIMH 3apsIaMH, IPOXOOAIIMMHE depe3 TOTIomaronLyro cpeay [2]. Xors
B JTOM Clyyae OeCUBETHEBIC JMIIONH He NPHCYTCTBYIOT B OYKBanbHOM CMBICIE, aMIUIMTYAA
mpollecca, BO3BeJEHHAs B KBaJpaT, COACPIKUT LIBETOBBIE 3apidbl ¢ PasHBIMH NpPHUETBHEIMH
mapamMeTpaMH, YTo TIPHBOAUT K NOSBICHUIO >pdeKTUBHBIX qumoiei. B ciyuae uznydenus
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(oTOHOB MM ApeUI-FHOBCKUX JIENTOHHBIX Nap 3TH JMIOIHN COCTOAT U3 KBapKa M aHTHKBapKa.
TIpu usny4eRNN IIOOHOB 3T0 — GoJlee CIOXKHBIE JUIIOIH, TAKKE BIIIOYAOIIHE ITIIOO0H.
JIunonsHOE oMHCaHKE, KaK U B cliydyae IIIyOGOKo HEYNpPYroro paccessHus, MO3BOJIHIIO CTPOro
KBAHTOBO-MEXAHHYECKH, HO BEChMa IPOCTO BHIYHCIUTDH 3 eKTh sOepHOii SKpaHUPOBKU NpH
. H3yueHHH GECLUBETHRIX U IBETHHIX KBAHTOB MAPTOHAMH, MHOTOKPATHO B3aHMOIEHCTRYIOWMUMHU
B cpegie. ToTeHIMam Ha CRETOBOM KOHYce, BXoasuumil B ypasHenue penunrepa st GyHKInu
I’pxma ONKCHIBajoNIeil MpOXOXKJEHWe NUMONell Wepe3 cpelly, CONEPKUT Kak MHHUMYIO 4acTh,
OTBETCTBEHHYIO 32 MOTIOMIEHHE, TaK H PERILHYIO, ONUCHIBAIOLYIO B3aNMOpAeHicTBHE BHYTPH
* IHfoNA.
310 HeneprypOaTHBHEIH 3¢deKT, KOTOpPHI, KOHEYHO, MOJAEIHLHO 3aBHCHM, HO B pabore
 [3] peantbHas uacTL NMOTEHUMANA He MOJENMPOBATACh, a TIOATOHSUIACH Mo naHHkte. IIponece,
YYRCTBUTENBHBI K ITOMY MapaMeTpy, — 3To AM¢pAKUHOHHAA RUCCONMALMA B COCTOSHUA C
Gonpmrol HHBapHaHTHOM Maccoif, cedeHHe KOTOpoif H3BECTHO cBocit MallocThio. B pelken-
ckoil ()eHOMEHONOTHH 3TOT (aKT CBA3BIBANICA C MaJOCThIO TPEXIIOMEPOHHON KOHCTAHTEI, YTO
He HMeNo JHMHaMH4YecKoro oObsicHeHHd. B AHNOILHOM OMMCAaHHH MasoOCThb JudpaKIHOHHOH
JHCCOLMALWH CBA3aHA C CHIBHEIM HENEpTYPGATHBHEIM B3aHMOJICHCTBHEM MEXIY H3TYYaeMBIM
FII0OHOM M MCTOMHUKOM. AHAmU3 JaHHEIX 10 AMGPAaKIHY, BLIIONHEHHBIH B (3], moxazan, uro
cpenHuit pasMep KBapK-INIOOHHBIX qumoneit BecbMa Main — 0,3 depMu. DTo0, B cBOIO 0Yepens,
TPUBOAMT K BaXKHHIM HaOmiogaeMbiM 3¢d@ekTaM, Yro ype3sBbiYaiiHO Ba)KHO JUIS MOHUMAHUS
SIEpPHEIX CTONKHOBeHU# npH sHeprusx LHC.
B gactHocTH, B [3] 6bL10 mpencka3aHo oueHb claboe sNepHOE SKpaHHUPOBAHHE INIOOHOB.
- OfHHUM U3 TIpOSIBIIEHHH MAJIOCTH TIIOOHHEIX JHWHONeil sBIseTcs cnabocTs suepHbIX 3¢deKTon
IIpH POXKEHHH aJIPOHOB C GONMBIIHMH MONepeYHEIMH UMITYIBCaMH. Maltast BeTHYHHA SISPHOTO
.. yewnenus (okoino 10%), uzsecTHOTro NOK HazBanueM 3¢ dext Kponuna, 6rina upenckasauna s [4]
- upu sHeprum RHIC. TIpenckasanne 65110 HETPUBHANBHBIM, IIOCKOIBKY B JIPYTHX MOIENAX YCH-
7enne ObiIo B HeCKOJIbKO pa3s Gonblle U mpH Gonee HU3KUX dHeprHax FNAL (pHkcHpoBaHHAs
MullleHb) 3dbexT Habmonancs Ha ypoBHe 100%. JleficTBUTeNkHO, B IKCTIEPUMEHTE PHENIX B
dA-coynapeme 10%-it a¢pdexT ObLT MOATBEPKICH.
"3T0 TONBKO HECKOJILKO IIPUMEPOB pe3yaLTaToB Hamlero ¢ Camell coTpyAHUIECTBa, KOTOPOE,
4 mymaio, GbUIO OYeHb YCHELIHBIM. BONBIIHHCTBO HAIIMX COBMECTHBLIX NYOIHKALMil MMeeT
. BRICOKHI{ ypoBeHE UMTHpyeMocTd — okono 100 u Bhimie.
- Cxopo rof, kax Callli He cTaso, a 4 10 CHX [HOp He MOTY afaNTUPOBATLCA K TOMY, YTO JODKEH
paborars oguH. Hatu JHCKyccuH, 9acTo 1o TelieQoHy, GLUIH HeoOXoMMMBI 1715t paboThl. Tenepsb
He ¢ KEM OOCYAUTH, HOCOBETORATRCA. .
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Kparkuii o4epk KU3HU U AesITeJILHOCTH
Anexcanapa Tapacosa

0.0. Bockpecenckas
Ob6vedurennslil uncmumym soephulx uccredosanuti, Jybna

_ Cama Tapacos poxmics 5 utoHa 1942 rona B PocToBekoit obmacTi. OH poc B MHOTORETHOH
ceMbe U OblI cpeau getedi crapmmM. Ot otna Caia yHaclleloBal HEMIOXHUHHBIE (HU3HYeCKHE
JaHHbIE, OT MaTepH-YUHUTEIBHULBI — HMHTEIUICKT, BEJIUKOJICIHYIO MaMSTh, NPEAPACIONoXEH-
HOCTB K yuebe H IpenofaBaHHIo H CNOCOOHOCTh JeIaTh Bce MCKIIOUMTENBHO XOpoIlo. BHITh
OTJIMYHUKOM-MEA/IUCTOM OH GbUI ModYTH ofpeuer. W on GEUT MM Ha NPOTSXEHHUH BCEX JIET
yuebblI B cpeliHell H BBICIIEH MKOIE.

B mxony Camra 65u1 oTHa B 6 neT. PaHo BHIABMIMCE €0 QH3UKO-MaTEMATHIECKHE CIIO-
cobHocTH. OH pacckas3blBaJ, KaK Mo Jopore K IIKolle, BIAIM OT HeEE, €ro Bcerga BCTpedasin
IPY3bs-OMHOKIACCHUKU U OH AeNUIcA ¢ HUMH CBOMMHU pemenusmu 3aaa4. Koneuno sxe, Cama
ObUI yIocTOCH Menanu. Jlerko nocTynui Ha pusuko-MaTeMaTudeckuil hakynsTeT XaphKOBCKOTO
YHHBEPCHTETa U TOMOT IOCTYNUTH B XaPHKOBCKHE BY3Bl MHOTMM CROMM ToBapumlaM. CraBas
BCE JOCPOYHO M OTIMYHO, OH GBUT Ha Kypce €AMHCTBEHHBIM, a 33 BCIO HCTOpHIO (baKylbkTeTa
TPETHUM JICHUHCKHM CTHIEHIHATOM, M0 BOCIIOMHHAHMSM €ro Jpyra M CoKypcHHKa I'eoprus
Bouexa.

B ctynendeckuit mepuon Ha CalnpHo pa3BuTHe Oonbllloc BIMSHHE OKa3al HX cTapocTa,
¢bponToBMK U uHTeHIeHT Padkar AxmepoB. OH BRen Camry B MUp KJIacCHUecKo#t MY3BIKH, B
xoTopoM Caia npofoinkan sXUTh o KoHNA cBoux JHeit. Camly Beeraa NpHBIeKan HHTEIUIEKT,
BICKIO K NpekpacHoMy. JIrofn MHTEIUIMTEHTHbIE, He3aypsanHble CTAHOBUIINCH €TO JPY3bsIMH U
OKa3BIBATH GONBUIOE BIMAHHME HA.Hero. B pasHble MEpHOLBI CBOEH KH3HM OH GbUT Pa3HBIM: OH
HE CTOSUT Ha MecTe — OH Hien Breped. M B xM3HH, U B HayKe OH Opajicd 3a To, 3a 4To He Opacs
HHKTO, — H Jelal 31o!

Pa6oran Cama Besfie W Bcerma. He mpmkacasich k Gymare, OH MOT' IpONEINBIBaTh B yMe
THTaHTCKMe OOBEMEI BRIYMCICHUH, M, JMIIb MONYYUB pe3yNETar, 3anuckisail ero. Ilpu stoM
mubo menanucs, MO0 HeT HaOpOCKH BEIBoJa. PelllMB 3ajady, oH Tepsil k Heit unTepec. Ero
yBIIEKall Npouecc pelueHus 3afaun. ITybmukanuy He HHTepecoBalH ero. M ecnu 651 He coaB-
TOpEI, GONBUIHHCTBO €ro paboT, HaBEpHOE, OCTANOCh Okl HeonybMHKOBaHHEIM. HacTh e paboT
ocTanack onyGIMKOBaKHOM THIIb B npenpunTax. K coxanenmio, caoero JIndmnna He Gbl10 ¥
HeTo.

OnHako npu JXKeJAHHU OH MOT IHcaTh, Oe3 NpeyBeNHHeHUs, HaydHBIC MO3MEI, COYETAB-
me B cebe BhlcoYalInui HaydHBIR MpoheCcCHOHANH3M C JOCTOMHCTBAMU XYHOXECTBEHHOTO
npousBeAcHUsA. OH oOnagan 4yBCTBOM (GOPMEBI H MMeN MpeKpacHBI XyHOXECTBEHHBIH BKYC.
Bonpexn “He3HaHHIO aHIMUICKOTO”, CBOMMH aHIMIMHCKMMH BBIp2XXECHMSMH OH LPUBOIHI B
BOCTOPT HOCHTeNei 3Toro s3bika. A pedb ero 6vi1a adoprcTHYHA, Kak y ero mobumoro Urops
['yGepMmana. ' '

B cBocii obnactu Cama 6511 3kcnieproM. EMy Ob110 iocTaTouHOo OpOCcHTH GErbIil B3rms| Ha
paboTy, 4TOOB! BLISIBUTE HMelolIUecs B Hell HeodeThl. OffHako heHOMEHANBHEIN KPHTHYeCKHMi
CKJIaJ] €TO yMa He IIPENATCTBORAI IIPOSIBICHHIO €T0 TBOPUECKOTO Havasa M JTHIIB CIIoCcoGCTBOBA
KOPPEKTHOCTH €ro COGCTBEHHEIX pabor.

Hcnons3yeMBIM MaTeMaTH4ECKUM amilapaToM — TEXHUKOI MHTETpHPOBaHMs, KOHTHHYAIb-
HOTO MHTErpHpORaNug, clielpyHKunii U p. — OH BIAafeN BUPTyo3Ho. BenoMunaio Kyphesnblit
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cyyait U3 nepHona ero paGorsl B UHcTHTYTEe AnepHo# ¢usuku uM. Makca [Inanka. Opug
H3 COTPYAHHKOB MHCTHTYTA HECKONBKO MeECAIEB Ge3ycleIHo OMIcA Haj pellleHHEM 3alauu.
He ynaBanoch MPOBECTH Kakoe-TO CIIOKHOE WHTETPHPOBAHHE C HCIONB3OBAHUEM MOLIHBIX
nporpamMm. EMy nopexomennosann obparurhes k Came Tapacoy. O obpariics. 1 kakoBo xke
OkL10 eTO U3yMIICHHE, KOTZIA MUHYT Yepe3 15 emy ObUl npebsBicH pe3ynsrar!

Cama Mor GBI OIMHAKOBO YCIIEUTHO paboTars B NI0Goi obnacTH TeopeTHyeckoil pusuky. 5
SBHJACH CBUAETEIIEM TOrO, KaK IIe-TO 3a MecsAll ¢ HyId OH OCBOMJI COBEPIIECHHO HE3HAKOMYIO
114 cebs 0ONACTB, CBA33aHHYIO C MHTETPHPYEMBIMM MOJENSIMM, H CYMell IOJY4YHTh YacTHOe
pelienye ofHoM U3 “HepeilacMBIX HpobneM”, a Takke pAA pPe3yIbTaToB, IPU3HAHHBIX OYECHB
HHTEpPeCHEIMH KOpHbesAMH 3TOH HayKH.

~ OnHako MO3BONHTL cebe pocKollb 3aHATUH BellaMu abCTPaKTHBIMH OH M HE XOTel H He
Mor: Ero paGoTsI oTBeuanmy morpeGHOCTIM 3kcliepuMenTa. M ananazon »Tux pabot mupok. He
ocTaHaBMBasAch Ha nepBrIX 30 rofax paborsl Camn B OVISIH, s NONBITAIOCH CHENATh KPATKHI
0030p OCHOBHBIX HANPABNEHUIt ero UccHeNoBaHuit 3a mocnequue 15 ner (1996 — 2011 ) —
TepHOJl HAlIHX COBMECTHEIX paGoT — H KOPOTKO 0XapaKTepH3yIo Kak/oe U3 THX HallpaBlIeHHIl.

L. Pazpurne Teoperndeckoii 6a3bl omMcaHUs IponeccoB 06pa3oBaHMUsA PEIATHBHCTCKHX
aneMenTapHLIX aTtoMoB (EA) n ux B3anmopeiictBus ¢ Bemecteom (DIRAC, CERN)

" B'1995 roxy MexmyHaponHoii xonmabopauueit DIRAC, B coctas xoTopoli OblI BKIIOYEH
“rmaBHblit Teopetuk JHPAKa” Anexcannp BacunseBuu TapacoB, ObLI OMYOIHKOBZH IPOEKT
ofHonMeHHoro 3kcniepuMenTa Ha PS CERN, nensio kotoporo sisisuiocs onpenenenne ¢ 10%-i
TOYHOCTBIO BPEMEHH SKH3HH Ty OCHOBHOIO COCTOSIHHSI aTOMOB IHMOHMS As,. C 3TOro MoMeHTa
HA4aNTach UHTCHCUBHAA paboTa, cBA3aHHAA C TeOPETHYECKOH MOMAepXKOi JaHHOTO DKCIEpH-
MeHTa.

Merox onpesenieHI BpeMEHHY JKU3HU PeNIATHBHCTCKHX aTOMOB Ao, OBLT OCHOBAH Ha collo-
CTABIIeHHH KCTIEPAMEHTAIBHO U3MEPAEMBIX BEIXOLOB 71 7~ -Nap, 0Gpa3yIomuxcs B pe3ylsTare
MOBM3AIMH Aoy B KyJIIOHOBCKOM IIOJIe aTOMOB MHIIEHH, C PE3YNETATAMH TEOPETHYECKOIO pac-
YeTa 3THX BENHTMH, COACPXKAIIUX Ty B KAYECTBE MOATOHOYHOIO TapameTpa, W mpejnonaran
HaJIMYHe JETANBHO pa3paboTanHoil Teopun obpazopanus muMesoaromor (JIMA) B nponeccax
MHOXECTBCHHOTO POXCHHA HaCTHII TIPH BRICOKMX BHEPTHAX M MX B3aMMOEHCTBHA ¢ Bemle-

. CTBOM MUIIICHH.

OpnHako Ha TOT MOMEHT MHOTHE IPeONEME 3TOTO HOBOTO Pasnesia U3NKH BLICOKHX SHEpruil,
HONYYHUBHICTO HA3BAHHE QUIUKU DENAMUBUCMCKUX INEMEHMAPHBIX AMOMO8, elle He HaHIIH
Hajylexallero paspeleHus, U Ipy NMOIYUeHHH PE3yIIETaToB, IPeJCTaBIAIONINX IPaKTHICCKH
HHTEPEC, HEPEAKO HCIONB30OBANKCEL HE BMONHE 0GOCHOBAHHBIE YIPOMEHHS UM HpHOIHKEeHHS.
310 BHOCHNO MOTPEIIHOCTH B TEOPETHYECKHE PACUETH, KOTOphIE, COBMECTHO C KCTIEPHMEH-
TAILHBIMA TIOTPENIHOCTAMH, COCTARMAIH PE3YNBLTHPYIONUIYIO OMHUGKY, OO MPERIIAIOIIYIO

' ROMYCTHMYIO TIPH OTIpefieeHHH BPeMEHH XH3HU Ao, BHIIEYKA3AHHEIM METOIOM.

Anexcannp BacunbeBuu BHec pemmaromuit BKIaX B pellleHHe 3THX TpoGneM. UM Gpiio

TOKa3aHO, YTO TOTA KaK NPHOIHKEHHS, HCTIONB30BABUIMECS IPH BRIBOJIC HauGonee CyMECTBEH-
HHX ‘114 npoekta DIRAC cooTHomeHNit Teopun obpaszoBanug [IMA, ABngioTcs NOCTATOMHO
rpyORIMH, CAMH COOTHOIICHHUS CIIPABEIIUBEI C BEICOKOM CTENEHBIO TOYHOCTH.
- Tak, ynanoch nokasarb, 4To clelUHUecKHe 0COOEHHOCTH KYIOHOBCKHX BOJHOBEIX (yHK-
it nS-cocToAHMI aTOMOB Ay, O3BONSIOT HCIIONB30BATh NPUOTHKEHHE “HyleBOro” patuyca
CHILHOTO B3aUMOJSHCTBUS IS OTHOLICHUS ceueHmit obpasoBanus A, B PasNHYHEIX nS-
COCTOAHMAX Jake B TOM ClIyyae, KOFja paJHyc CHIBHOrO B3auMofieifcTBHS gocTuraet 10 ¢gM.

5067,911113(311%1:1},113 EHCTATYT
‘SIIepHBIX HCCTieJJOBaHui
| BUBJTMOTEKA



Taxoke ynanock NpHHTH K BEIBOAY O TOM, YTO 3EKTE! CHIBHOTO U KYJOHOBCKOTO B3aUMO-
HelicTBHH B BONHOBBIX QYHKIHUAX nS-cocTosuuil [MA $aKTopH3yIOTCS ¢ BHICOKOH CTEIEHBIO
touroct# (~ 107%), uto mo3ssonger B 3amaue o6 obpaszomanum JIMA BxmoUHTE 3ddEKTH
CHJILHOTO B3aHMOJEHCTBHS B KOHEUHOM COCTOSHHH B “TIEpeHOPMHpPOBKY” aMILIUTYAI oOpaso-
BaHHA CBOGOJHBIX Nap H CBECTH 3a/ady K, pACCMOTPEHMIO 06pa30BaHHs 3THX aTOMOB ¢ YHCTO
KYJIOHOBCKHMH BOIHOBBIMH QyHKIMAMH [1].

Opnnaxo ObUIO. YCTAHOBICHO: HCTIONB30BaHHE OOPHOBCKOTO TIPUOIMKEHUS I71d pacyeTa ce-
yenuii m3aumogeiicteis EA ¢ aroMaMH BelllecTBa He o0eclednBaeT HEOOXOXUMOH, TOYHOCTH
pacueToB 3THX CEUEHHIE, UTO CTUMYIMPOBANO Pa3BUTHE TeXHUYeCKH Golee cioxHoro rnaybe-
poBcKoro MpuGmmKenus [2,3], oleHUBaeMas TOUHOCTE KOTOPOro Ohina 61u3Ka K HeoOXOXUMOH.
Bruto MccieoBaHo BiMsHHe 3(dEKTOB Bo3OyXIeHUS W MOHM3anMM aroMoB MumieHu (TA)
Ha BeIUYHHBI ceyeHUil WX KOTepeHTHOTO H HeKoTepeHTHoro B3ammofelctausa ¢ EA B paMkax
ONTHYECKOM MepTypGaTHBHOM MOJENH MiayGepoBckoit Teopul. KynsMuHanuell pasBUTHs SiKo-
HATBHOTO MOJAXOJA K ONUCAHHIO B3aUMOJIEHCTBUS PENATHBHCTCKUX EA C OT/AENbHBIMI aToMaMu
BELIECTBA ABWIACE GOPMYNUPOBKA HelepTypOaTHBHOI onHoii rmay6epockoit Teopun EA-TA-
B3aUMoOJIeHCTBUS, YUUTHiBatollei BO3MOXKHOCTE BO30YXIEHHS M HOHH3ALMU B [IPOMEXYTOUHOM
U-KOHEYHOM COCTOSHUAX KaK 3NEMEHTAPHEIX aTOMOB, TaK i aTOMOB BemiecTpa [4].

U xoTa ymanoch IponeMOHCTpUPOBATE [5], YTO TOYHOCTE BEPOATHOCTHOTO IOAX0JA K OHM-
CaHHIo BHyTpeHHelH quHaMuxy EA npy ux npoxoxkIeHHH 4epe3 BEIECTBO MUIIEHH JOCTATOYHA
JUIA Tereil JaHHOTO SKCIIEpHMeEHTa, paboTa, MoCBAIIEHHAs BEIBONY KBAHTOBBIX KHHETHYECKHX
YPaBHEHHI JUIS 31EMEHTOB MATPHIE! IUIOTHOCTH MHOTOYPOBHEBEIX ATOMHBEIX CHCTEM, KOTOPas
HO3BONMNIA BHE PaAMOK OOPHOBCKOTO IIPUOIIKEHHS OIMMCATh 3BOTIOHUIO BHYTPEHHETO COCTOA-
HUS 3THX CHCTEM IIpH HX IBIKCHUM B BelleCTBE C Y3eTOM HHTepdepeHIMOHHEIX KBAHTOBO-
Mexanudeckux s¢pdexron [6], aBusercs (yHIAMEHTANLHHIM BKIAJOM B PaspaboTKy TeOpHH
B3aHMOJIEHICTBHUS PENIITHBUCTCKUX EA c BellecTBOM MHIIEHHU B HEIIOM.

B TO e BpeMi HCOOXOMUMOCTH yueTa 3(p¢eKToB MHOTOKDATHOI'O paccc;mml npu HHTCp-
IpeTaury JaHHbBIX 3kcnepumMenTa DIRAC npuBena Asexcanapa BacunbeBUua K IepecMOTpy
HEYHUTApHOH TeOpUH MHOIOKpaTHoro paccedHHs Monbepa M €e YCOBEpIIEHCTBOBAHHIO HA
6a3e BOCCTAHORJIEHHS COOTHOIICHNS YHUTAPHOCTH U YTOYHEHHUSI OCHOBHBEIX COOTHOIICHUH 3TOH
TEOpHH B PaMKax IIayOepoBcKkoil annpokcuManuy [7].

Be3 npeyBennueHus MOXHO YTBepiKIaTh, 4YTo AJeKcaHAp BacHibeBHY SBHUIICS aBTOPOM
OCHOBOIIOJIATaIoMUX paboT B meopuu 06pa306anus perssmusucmcKUx S1eMeHmapHblx amomos é

npoyeccax MHONCECMBEHHOZ0 POJICOEHUS HACMUY, NPU BbICOKUX IHEPZUAX U UX 83aumodeticmeus
€ gewecmeom.

II. PacteTsi, cBA3aHHBIE ¢ MPOXOKIACHUEM TSKEIBIX PEJISITHBHCTCKUX HOHOB Yepe3 Beie-

cTteo (JINR, CERN, GSI) n naaumonencnmem NYYKOB TSKENBIX PEIATHBUCTCKHX HOHOB
(RHIC, LHC)

Hurepecen nukin pabot Aslekcanapa BacunbseBUda, CBA3aHHBIH ¢ IPOXOKICHUEM TSKENBIX
PENATHBACTCKUX MOHOB depe3 BeIlecTBO M B3aHMOIEHCTBUEM MYyYKOB TSDKEIBIX PEIIATHBHCT-
CKUX MOHOB. B cBA3M ¢ HHTEHCUBHLIMY SKCHEPUMEHTANBHIMY HCCIEAOBAHUSMH, POBOAUBHIN-
MUCS ¢ Iy4KaMH TDKeNbIX (Za ~ 1) vonos (GSI, lapMuirant, u 1p.), cTala akTyanbHol 3a/aya
aJIcKBaTHOTO ONHUCAHHUS. NMPOLIECCOB MHOTOKPATHOTO PAcCesHUS U NOTEPb 3HEPIMH TAXKEIBIMU
HoHamH B BemecTBe. CrelM(uka mpobleMbl COCTOAIa B TOM, 4TO TOYHOCTh OOpPHOBCKOTO
TIpUGIMKEHNS, TPAJUIUOHHO HCITOIB30BARIIEIOCS Ipy pelleHUH MoRoOHOro poja 3anad Ui
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" IIyYKOB OJTHO3APSAHBIX YACTHI, OKa3bIBRAaNach HEJOCTATOYHOMN, H OHIIO HEOOXOMMMO pa3BHTHE
" HOBBIX MOJXOAOB K €€ PENICHHIO. '

- B paborax [9;10] B 3ToM HampaBIeHNY ObII JOCTUTHYT CYIECTBEHHBIH Mporpecc. B yacTHo-
CTH, GbLTa [ONIHOCTHIO pellleHa 3aj[a9a pacueTa CPEHHX IOTEph SHEPIHH HOHAMU B BEIIECTBE,
a TaKXe pacyeTa TaKHX BaXHBIX XapaKTePHCTHK UX HEPIreTHYECKOro pacipeaeneHus, KaK Juc-

- MIEPCHs, acCHMMETPHA M SKCIlECC BO BCeX Mopsikax no Za. TIpH 3TOM OTIHUHE OT pe3ynsTaToR
" GOPHOBCKOTO MPHOMMAKEHHUS U1 HEKOTOPHIX M3 3THUX BENMYUH JOCTUTAIO HECKONBKHX COTEH
- TIPOLIEHTOB, YTO NO3BONMIIO OOBACHHUTE PE3YNLTATHl U3MEpeHHIH, NpoBeneHHEIX B GSI.

'~ BBII"pasBUT TIOAXOX K pellleHHIo HauGolnee obluelt MpoGrneMsl Hccae[OBaAHNUS SHepreTHYe-
© CKHX IIOTephb TAAEIBIMH HOHAMH — PacdyeTy MX JHEPreTHYSCKUX paclpeneneHuit Ge3 orpauu-
ueHUA Ha BeMn4uRy Za. IpeipiHaT aHanus npoGneMbl MHOTOKPATHOTO PacCessHHA TKEBIX
HOHOB B BEIIECTBE, ITOKA3aBIINH HEYHHTAPHOCTh TPAAUIIMOHHO HCIIOJb30BABIIErOCH AN pe-
HIeHHUs 3Toii 3a7a4n npubiuxenns Monkepa U aleKBaTHOCTE peluaeMoil 3afade NpUOnHKeHus
Tnay6epa. '

~Pe3ynpTaTel aHaNN3a NpPHBENH K HEOXHUJAHHOMY BBIBOAY O TOM, UTO CIOXUBIIeecd Ha
OCHOBAHHH PAcHeTOB B GOPHOBCKOM NPHOMIKEHUH NIPEACTARNEHNE O JOMUHUPYIOMEM BKIIAZE
B MHOTOKDATHOE pAaCCESHNE TpPOIECCOB YNPYroro paccesHHs 3apsiKEHHBIX YacTHI| ATOMaMM
BelllecTBA He BEPHO B CIydac PaccesHHs TKEIHIX HOHOB. B MHOrokparHoe paccesHHe TH-
*eIIBIX MOHOB CYNICCTBEHHBI BKIAJ BHOCST TpOLECCH BO3OYXIEHUSA W MOHM3ALMH ATOMOB
'BeleCTBa, YTO JOJKHO NPHBOAUTH K 3aMETHBIM KOPPEN[IHAM B COBMECTHOM 3HEPTETHUECKH-
YIIOBOM PACIIpesieNieHHH MydKa HOHOB, IIPOIISAIINX depe3 cioi BemecTsa. K coxanenuio, aTH
PE3YNMBTATH OCTANKCEH HE3ABEPIICHHBIMM M HEONYONTHKOBAHHBIMU ¥3-33 cMeliienist CaluMHBIX
. HHTepecoB B 06MTacTh, CBA3aHHYIO ¢ 3kcnepuMenToM DIRAC. ‘

III. PaieuTHe Teopuu oOpa3oBAHHSA JIENTOHHBIX Nap B SADPO-SJEPHBIX COYAAPEHHAX W
CTOJKHOBEHUAX PEIATHBUCTCKHX HOHOB BHE PaMOK GOPHOBCKOIo NMPHONMKEeHUA

CymecTBeHeH BrIag paboT Anekcanpa BacunbeBuda B Teopuio o0pa3oBaHHs IENTOHHBIX
T3P TIPH CBEPXBBICOKMX 3HEPTHAX. VIM pemtoskeH HOBEI MOIXOM K PACUETy aMILTHTYIL oGpa-
30BaHMs JIENTOHHBIX Nap B SAAPO-AIEPHBIX COYIApEHUAX HA OCHOBE BATCOHOBCKOTO MpeJCTaB-
JeHNs 3ToH aMIUIMTYAB! M THIIOTE3E! ¢ HH(ppaKpacHo! cTAOUIBHOCTH, HOKA3aHHON B HH3IIHX
nopsaKax TeopHH BosMylueHuil. B pamkax sToro momxoxa ynanock npoBecTH 3¢ ¢eKTHBHOE
PECYMMHpOBAHHE PANA TEOPUH BO3MYINEHMH JUIA aMILTMTYAsl OGPa30BAHHS NAp HA OCHOBE
TeopeMbl BaTcoHa M rumotesnl MHMpakpacHoi CTaGHNIBHOCTH M NIPeJCTABUTH aMIUIMTYAY B
BHfe OBICTpOCXOAsIIerocs psfa HHPPaKpPacHO-CTaOUIBHBIX CIaraeMEIX, CKOHCTPYHPOBAHHEIX
U3 3MKOHANBHBIX S-MAaTPUYHBIX SNIEMEHTOB JIENTOH-ANEpHBIX paccesuuit. [Tonydgeno ssHoe
BRIpaXXCHUE st aMIUTHTYABI, CIIPaBELIUBOE C TOYHOCTBIO [0 BEIHYHH HeBATOrO MOPANKA IO
TIOCTOAHHOM TOHKOH CTPYKTYpHL. Yoke IBYMS IIEPBBIMH CJIATAEMEIMH 3TOTO psjia obecreynBaeTcs
BBICOKas TOYHOCTH BBIMHCICHHS AMIUIUTYAL! OOpA3OBAHHUS Map JaXe B clydae CTONKHOBEHUS
- Taxensx aaep [11,12]. HccaenoBaHb! 3neKTpOMarHUTHEIE 3¢¢eKTH BRICLIETO MOPSIKa K ceye-
| HUAM 0Bpa3oBaHMs JIENTOHHBIX [ap B SApO-SIepHEIX coynapenusx [13].

IV. Hccnenopanue nponeccoB 06pa3oBaHus YaCTHI ¢ 60JILIINMH NoNepeHHBIMH HMMY.Ib-
. CaMH B SAPO-SiAEPHBIX COYIAPEeHNAX NIPH CBEPXBBICOKHX JHEPrHUAX

- B 1998 ropy Hadancs 3apyGexHBIN Nepuo]l XU3HH U paboTH Anlexcanipa BaciiseBHua,
OfIMH M3 CAMBIX CYACT/IHMBLIX B €ro XH3HH. [lepesl HUM OTKpbUICS HOBBIt Mup. Camry Bcerza
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MHTEpeCcoBaylo HCTOPHIECKOE H KYIKTYpHOE Hacle e YeloBeyecTBa. Temeps OH HMeEN BO3MOX-
HOCTh IIPHKOCHYTHCS K COKPOBHIIAM €BPOTIEHCKOi KyIETyphl I KaJHO BIHTHIBAT ee. ,

B sTot nepuoxg pa6on>1 B MPL ;mepﬂou ¢usuxu u Uncturyre, TEOpETHYECKOH (1)1«I3m<u Teii-
nemﬁeprcxoro ynusepcuteta (T epMam/m) BMecTe ¢ Bopucom. KonennonmeM UM OBIIO. ony6-
TIHKOBAHO OKOJIO TPeX JIECATKOB nperacnmx pa60T HOCBAMICHHBIX TeopcmquKOMy OIIHCAHHIO
0GPa3OBAHAS YACTHI| C GOTBIIUMH . TIONEPEYHBIMA HMITYILCAMHE B SPO-SIEPHBIX COYNAPEHHSX.
51 ykaxy NUIIL Ha HeKOTophle U3 HUX [14-24]. NP L

Tak, B wacTHocTH, B [14—16] 6Lma nponenena nponepKa npuMeHuMoc'm lemom,ﬂoro
TIO/IXO/{a CBETOROTO KOHyca K onucaxm}o XapaKTEPHCTHK NIPOLECCOB 0GpasoBaHUs ap KBAPKOB
U TIICOHOB B HYKIIOH- HYKJIOHHBIX, Hymon-xnepnmx U A1po-sfIcPHEIX COYNapeHHAX; JaH aHa-
nm3 3 (HEKTOB MHOTOKPATHOTO B3aUMOJICHCTRHS CTAIKMBAIOMIMXCS YACTHI] B paMKaX JaHHOTO
noaxona [14-17]. IlonyueHo moclnemoBaTelbHOS KBAHTOBO-MeXaHHYECKOE ONMCAHHE ANEPHOI
SKpPaHHPOBKH Ha OCHOBE paspaGoraHHoit AJIeKcaH,upOM Bacnnbcnuch TEXHUKH . KOHTHHYaJb-
HOTO MHTETPHPOBAHUS [18 19]. IIpou3BeseH pacyeT SLIEPHBIX 3(1)({)(:1(1‘03 B Ipoieccax obpaso-
BaHUs aAPOHOB ¢ OONBIIMMH IONEPETHEIMU UMITYTbCAMH B HyKJIOH-SIEPHEIX H AAPO-silIePHBIX
coyaapeHHsAX NIPH CBEPXBHICOKHX 3Heprusx [15,16 ,20]; paccqmam,l ceuenus ,u;mbpaxuuormoro
POXIEHUS 7]-, J /2P~ 1 X-ME30HOB B HYKJIOH-HYKIOHHBIX COyAApEHUX MPHU SHEPTHAX TIBATPOHA
u RHIC [21].

PaGotnbl lanHorO ncpuona OTJIMYAloTCS ocoGeHHo Bmcoxon um‘npyeMocrmo [14] - 114
[15] — 106; [17] — 82; [22] — 72; [18] — 71 u.T.a. O EHux nofipo6Hee paccKaxeT caMm Bopnc
3uHoBLeBUY. S numb oGpamy BHMMaHue Ha pabotl [18,19], JISMOHCTPHPYIOUIHE MACTEPCKOE
Bianenne Caiueil TAKENOH TEXHHKOH KOHTHHYAIbHOTO MHTETPHPOBAHHS, Pa3BUTHE KOTOPOH
IpHUBENO K M3AIHOMY BBIBOTY KBaHTOBBIX KHHETUYECKUX YPaBHEHH JUIA MATPHIBI IIIOTHOCTH
B CHCTEMe OTcueTa, cBia3anHoit ¢ EA [10].

V. OGecneuenue TeopeTmaeckoii 6a3pl npoexton NA — 48/2 n NA — 62 ¢ nesnio u3nie-
YCHHS W3 SKCHEPHMEHTAIBHBIX TaHHBIX uHpoOpMaNHH 0 ANMHAX TT- U TK -paccestHus

B 2005 rogy onmws. M3 JNIOOMMEIX yt{enmcon AnekcaHnpa Bacunbeanqa ero.‘‘nepreHen”
Cepreit I'eBopksaH HHHLMMpPORaN ceputo pabor [25-30] no obecneuennio Tcopemqeckoﬁ 6a3n1
enfe ogHoro skcnepuMenTa IIEPH, npoBoauBinerocs komnadopauueit NA-48/2.

B oToit cepun paboT B paMKaX KBAHTOBO-MEXaHHYECKOTO NMOAXOMNA GBUIO JaHO TeopeTHHE-
CKOe ONMCAHME TIOPOTOBLIX aHOMANWit, 06HapyKEHHEIX B 3kcriepuMente NA-48/2; 06o6wen pe-
synerar H. Kabn66o ans ammmuryast pacnaga K+ — 7t 7%7° ¢ yuetoM Beex anexTpomarnur-
HEIX 3(QEXTOB, PasBUT METOJ, MIO3BONUBIIMHA IPOCYMMHPOBATH MHOTOINCTICBLIC JHATPAMMBI,
OTRETCTBEHHBIE 34 B3aUMOJACHCTBHE MHOHOB B KOHEYHOM COCTOSIHUY; TIPEATIONEHO OObICHEHHE
pacXoKACHUA MEXIY MpeAcka3aHUIMU TEOPUH U DKCIIepHMeHTa BONH3H Iopora o0pasoBaHUAd
ABYX 3apsOKeHHBIX NMHOHOB B pacmage K+ — 37 [25,26,29]. CpaBHeHue mpefckasaHuii pas-
BUTOTO MOJX0[a C JKCIEPUMEHTANBHLIMH JAHHBIME TIO3BONMIO YIydIIMTh COTVIACHE TEOPHH
¥ OKCTIEpHMEHTA, & TAKKE TOYHOCTh W3BIEKAEMBIX M3 SKCICPUMEHTA JUIHH MHOH-TIHOHHOTO
paccesnus. Dta cepust pabotr 6uuta ynocroena B 2007 roxy npemun OWSIN.

Brinu mony4yeHsl pe3ynbTIaTHl 0 YIETY dNeKTpOMarHuTHLIX 3¢dekroB B pacnane K4 [27].
IIpoBencHo o6ob6meHue Teopemsr MepMu-BarcoHa Ha ciyuail ABYX CBA3aHHBIX KAaHAJOB C
HepaBHBIMH Maccamu [28]. JlaHa oneHka 3pekTOB HapylleHUs U3OTONHYECKON MHBAPHAHT-
HOCTH B pachajax 3apsKCHHBIX KAOHOB U MX BIUAHHA Ha BEIMYHHEl IJIMH 77-pacCesHUd,
U3BJIekaeMble U3 JKcliepuMenTa [28,29], a Takke addekTa obpaszoBaHHs dMeMEHTApHBIX Ag,-
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atoMoB B K,4-pacnazne [30]. Otu pa6otsl o6opsanucs B ¢espane 2011 rona M3-3a THKenon
6onesnu Cawy.

Cama 00U KUBOE AENO U C VIOBOJILCTBHEM 3aHMMAanca TeopeTHYEeCKol Mo nepixkoit
sxcniepuMenToB (DIRAC, NA-48/2 u np.). U x0T mocTaHoBKa MHOTHX 3aJa4, KOTOPRIMH €My
TIPUXORWIOCH 3AHMMAThCA, MOTHBHPOB2HA TeM HIM HMHBIM JKCNIEPHMEHTOM, PEINEHHS 3THX
3aJ1a4, TaKMX Kak BHIBOJ NpPaBWI CYyMM JUI1 pacueTa IONHLIX CeucHHH B3auMopeHcTBHA EA
¢ aromaMH BemiecTsa [8], GopMynupoBKa monHoil rmay6epoBckoit TeopuH atromHoro EA-TA-
paccessHud [4], BHIBOJ CHCTEME] KBAHTOBBIX KHHETHYCCKHX YPaBHEHHI U 3ICMEHTOB MaTPHIILI
IUIOTHOCTH MHOTOYPOBHEBEIX arOMHBIX cHcTeM [6], mepecMoTp 1 ynydineHHe Teopuu Monse-
pa B paMKax raybGepoBckoit ammpokcumanuu [7], o6obmenne Teopemsr depMu-Barcona Ha
chyyait JByXKaHanbHOR 3afaun [28], o6obmeHne aByNeTNeBoro pesynkrara H. Kabu66o pis
aMIIATyAe! pacnaga K — 37 Ha Bce mopsak mo CHIEHOMY B3auMojieticTBIIO [25], HamHO-
ro NepeKpHIBAIOT MOTPEGHOCTH KaXIOro OTAENBHOIO 3KCIEPHUMEHTa M HMEIOT CYIIECTBEHHOE
3HaYeHye 1A GU3MKM BRICOKMX SHEPTHH H aTOMHOM QUIUKH B LETIOM.

TToMIMO TIPAKTHYECKOI LIEHHOCTH M TEOPETHUECKOH 3HAUMMOCTH, PE3yNLTaThl paboT Anek-
canjpa BacumnseButua oTnmyamuck kpacotoil. Tak, o4eHb KpacHB pe3yisTar 06o6mmeHUs dopMy-
net H. Kabu66o ans aMmmutyas! pacnana K — 37 Ha Bce TIOPSJIKH 10 JUIMHAM paccesHUsl U
JaneHeitnero ee o6o6MEHUS C YIETOM RCEX MEKTPOMATHUTHEIX 3ddekToB, BKINIOUas obpaso-
BAaHHE CBA3AHHLIX COCTOSHHI [25], BeYaTnsieT ero TeXHHKA KORTHHYaNbHOro HHTETPUPOBAHUSA
[IpY BHIBOJiEe (JOPMYIIEI TIONHOTO cedeHHs (OTOpOXKACHUS Tap KBapK—aHTHKBApK B TIpolleccax
DIS Ha sapax [18], a taxke REIBOAE KBAHTOBLIX KMHETHUECKHX ypaBHEHWil JUIS MaTpPHILI
IUIOTHOCTH MHOTOYPOBHEBERIX aTOMHEIX cHCTeM [6] U Ap.

CornacHo BHELIHHM OT3BIBaM, HonydeHHble Calleil pe3ynsTaThl BOCIIPHHUMATIUCH KaK Kiac-
cuueckne. Kax U ero orely, coxanesmuif, 4ro He powsiica BeKoM pasbiiie, Callia coxalen, 4To He
poIMIICS B IepHOX CTaHOBIEHHs KBaHTOBOI TeopHu. B 3ToT nepros OH, HECOMHEHHO, CAENAJICS
651 oiHUM U3 ee cospareneil. [Io cBoemy criiagy Cama 6bUT KIIACCUKOM HAyKH.

B nocnegsce Bpemf, DHITA’ACh JOBECTH JO IyGNMKaGelbHOIO COCTOSHMS HEKOTOphle HE
onyﬁnuxonanﬂme HM pe3ynbTarsl [4,7), 4 umuni pas ybemumack B ToM, uTo Cama paboran
KaK M3Tp. Mri feficTBUTERHO YUEeHHKH Io cpaBHeHuIo ¢ HUM. OH %ke pabotan kak MacTep.

.OueHb 3Kalh, 9TO B CBOE BPeMs OH OTKA3aICs 3alUINATh JOKTOPCKYyIo aMccepTanmio.
XOTs B NOCNEHHE rofbl MO BIHAHHEM ONU3KHX eMy JIIofell oH Bce ke HaOpocal ee ILIaH:
1) xorepeHTHOE pOXIECHHE PEe30HAHCOB Ha fA/ApaX; 2) HeKOTepeHTHHIE Ipollecchl B apOHaXx;
3) snpo-saepHoOe paccesnue; 4) IPOXoXKIECHUE TSDKENBIX HOHOB uepe3 BemlecTBo; S) addexr
Jlannay-TTomepanuyka; 6) o6pasopanne EA M uX B3aMMOJIEHCTBHE C BEIECTBOM; 7) SMEKTPO-
MarHuTHele 3¢oexTl B pacnanax Ka,, K.q4 1 K 4; 8) poxIcHAe JENTOHHHIX Iap B A1po-
S7IEpHBIX COYNAapeHUsX — HANMCATh ¥ 3aLIMTHTE ee eMy OBLIO yxke He CyXIeHo.

XoTenoch Gk H0GABUTH HECKONBKO cIOB 0 Callle Kak YeloBeKe, TIOCKOJIBKY OH obmnaman
MCKITIOYUTEIBHEIMH YENOBEYECKHMU Ka4eCTBaMu. BONBIMHCTBO Nofiell 3aHATO CBOMMM Ipo-
nemMamu, ¥ WX TIPOCTO He XBAaTaeT Ha JPYrHX — pa3Be UTO Ha cBoux 6nmuskux. OHH MoOryT
NpoiTH MHMO TeX, KOMy Hy)XHa IIOMOLIb, JIHIIL BHIPA3HB COXANCHHE, 9TO OHH HHYEM He
MoryT nomous. He takoB Opin Cama. OH Bcerfa OCTaHABNHBAICA H IIOMOTI — BCEM, KEM
Ol HM GBI 3TOT YENOBEK, — M JieNan Bce, YTOo MOT. BoMpeku: CBOUM CHOBaM O TOM, 4YTO OH
MH3aHTpOI, K JIIONAM, KOTOPEIM ObUIa HyXHA IIOMOIIb, OH OTHOCHIICH MPOCTO NO-GOKECKH.
1 Taxoe oTHolleHHe GbUIO He TOMBKO CIIEACTBUEM €ro heHOMEHATBHOR CHIIBI, HO M PEKUX
. IYIIEBHEBIX kadecTB. Kak HacToAlNiA pycckuil 6oraTeIps, OH OBUT CTONB Xe Ho6p, CKONb CHIIEH.
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Takoe coyeTaHMe HCKIIOUHTENBHLIX YMCTBEHHBIX, (PH3HYECKHX M MYIIEBHEIX Ka4ecTB Je-
naet Callly coBeplllcHHO HEOpAHHAPHEIM SIBICHHEM B Haluei )HU3HU M 3aCTABIACT BCIIOMHUTH
cnoBa: “TIpupona-mars, xoraa 6 Takux mo,uen TBI HHOI/Ia He MOChLIaNa MHpY, 3arIoxiyla 6 HUBA
KusHu!” ‘ , :

To, 4To NPOU3OIIIO C HUM B IIOCIEAHUM TIEPHOJ €T0 KU3HH, chaumo Ho on MYXECTBEHHO
Repxaiics 1 60polics 10 KOHIA, BbI3BIBas INy6OKoe yBaxeHHE W BOCXHILIEHUE oxpyxcaxoumx u
Jaxe ymen kpacuBo. OH 1o koHIA OBLT BepeH ceGe. :

Takue mogu He yXoisT u3 Hamed xu3HU. OHU TPOJOIKAIOT XUThH B cep);max Jenax
aMATH CBOMX ONMU3KHX, Apy3eil, KOMIET, BCEro HayuHOro coolIiecTBa — BCeX, KOMY MOCYacT-
JIHBHJIOCH UMETh C HUMH JIENO H XTO KM Onarogapes.
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BOCIIOMUHAHHAA JIPY3EN A POJHBIX

Crynenveckuii mepuog

I.Jl. Bouek
Hayuonanousii Hayunsil yeump “Xapoxoecxuil gpusuxo-mexnuueckuii uncmumym’”', Xapvkos

- «Camka TapacoB OBUI caMBIM MOJIOJBIM HE TOIBKO B Hamicit rpynme, HO W Ha Kypce. Ha
1. centabps 1958 rozma eMy 6b1m0 16 neT ¥ TpH Mecsua.

dusuxo-MareMaTHdeckHii dakynsrer XapbKOBCKOTO YHHBEPCHTETA B TO BpeMS [EIHICS

Ha JiBe YacTH: (U3UYEeCKylo U MaTeMaTHuyeckylo. Du3nyeckas 4acTh (akynbTeTa COCTOANA
U3 Tpex OTAeNeHHit: AnepHOH (H3MKH, (pH3HUecKoro U acTpoHoMHueckoro. MareMaTudeckas
4acTh (paKynsTeTa TaKXKe COCTOSNIA W3 TpeX OTAENCHHi: MaTeMaTH4eCKOTo, MEXaHHYIEeCKOIo
H OTHeNICHUS BBIYHCIMTENBHOH TeXHHKH. B cBolo ouepenb, ormencHus $usnyeckoil 4yactu
daxyneTeTa AEIUITHCH HA CeMb TPy 1-f U 2-S TPyl OTHOCWIHCH K OTHENICHUIO sSOepHOH
¢u3uky, 3—6-1 rpynmne — K GU3NUCCKOMY OTIENCHHUIO, 7-1 TPYyNNa — K ACTPOHOMHYECKOMY.
» = Mar ¢ Cauikoit 651t B nepioit rpynne. Tak moiy4yunock, 4To Hamia rpymnmna 6uuia nepBoif
Ha Kypce He TOIBKO o HoMepy, Ho H IIo cymecTBy. Bo-nepBhIX, cTapocToli IpyImnks y Hac Ol
AxwmepoB Padxar Bagosud, OGbIBIINIT aBHAIMOHHEIH oduliep, 04eHs 0Opa30oBaHHEIH, HHTEILIH-
TeHTHbI U oYeHb NPHATHEI desoBek. OH OBl crapule Hac, 1928 roma poxmeHus, a MHOTHM
M3 HAC Ha TOT MOMEHT elle He GhuIo ¥ 18 1eT. BInAnue Ha Hac oH oKasal odeHb OoNBHIOE, OH
OBIT 1 HAC Kax “‘oTel| pomHoO™.

- Iipyroit npuynsoit 6smn Camka. [Tocnie Broporo kypca oH cTall NEHHHCKHM CTHIIEHIHATOM
— €IMHCTBCHHBIM He TONBKO Ha Kypce. X Bcero-To ObUIO HECKOJIBKO YENOBEK BO BCeM YHUBED-
curere. 374 YecTh OKa3bIBANIACH TOJIBKO 33 OCOOBIE 3aCIyTH — KaK IO HacTH y4eOsl, Tak W 32
aKTHBHYIO 06HIecTBEHHYIO paboTy. A Callika B To BpeMs OBUT 0deHb aKTHBHBIM KOMCOMOJIBbCKAM
JesteneM. Y Hero OBUIHM LIEHHBIE KayecTBa: YECTHOCTE, IPSIMOTa, IPHHIUITHAIBHOCTE — H O4cHb
CKOpO OH CTaJl H3BECTHBIM B MacuIrabax Bcero Qakynsrera.

Taxum obpasoM, B Ipylne OKa3aloch JBa HepOPMAIBHHIX JHAcpa: camblil cTapuIuii mo
BO3pacTy M camsrit Miagmuii. IlpuueM oHM TpeKpacHo JOMONHAIH ApYT JpyTa. Y oIHOro ObUIH
KUSHEHHLHA OMBIT, TAKT ¥ XyNbTYpa, Y APYToro — 3HaHHA U 3a70p MonofocTH. Camka HUKorzAa
HE CTPEMUIICH K JUIEPCTBY — 5TO OBINO JIMAEPCTBO CHU3Y: IUIEPOM €T0 ACNAIH MEIL.

Ceccnu Tapac Bcerna cljaBan JocpodHo ¥ Ha ominuno. IIpasxa, 6511 y Hac ¢ HUM Bce-TakH
oluH “nipokon”. B koHIle Broporo Kypca MHl MONEITATMHChL ¢ XOXY CIaTh JOCPOYHO HCTOPHIO
KIICC. He momyaunocs, He xsatuno 3panuif. [Ipumocs moayuuthes M cIaBaTh BMecTe C
rpynmnoit. B xoHIle oceHHero ceMecTpa 5-ro Kypca Npou3ono yHHkansHoe coonitre: dyona (8
TO BpeMsa MeKka BceX (DH3HKOB-AECPIIMKOR) B HEPBLI ¥ MocneaHuil pas IPHITIACHIIA NATEPHIX
" HAWIMX CTYZEHTOB Ha JMIUIOMHYIO MPAKTUKY. Calika, ecTecTBeHHO, OBUI B HHCHE MEPBBIX.
- JlumnoMHyto paGoTy oH BemonHsn B JIAIL. Pykoromurenem 6nin JL.U. Janunye.

=~ Ilocne 3amuTH JHIIOMHO}M paGoTH! (B cepe/uHe Aekabps 1963 roxa) OH NOMyYWI Ha3HaYe-

uie B Ousuko-Texunueckuit uncturyt — ®THU AH VCCP (Bnocnenctanu XOTH, r. Xaptxos).

Onnaxo 6rarofiaps NoMoIllE YAHBHTENLHOIO deloBeKa H yueHoro akameMuka A.K. Banesrepa

e JpuMepHo depes monrofga Camka 6b11 nepesefed B OWSIU, rae u Tpyauics O0 NOCHEIHETO
IHS.

25



Brut B ero ku3HHU U emle oquH 31nu304. Ha BTopoM Kypce B Haualle BECEHHETO CeMeCTpa
(MBI TOTIa KUIH B OOLIC)KUTHU TIPY YHUBEPCUTETE) B OOIICKATHY BBEIM CaMOOGCIIy KUBAHE.
VY6opuiuia youpana TONBKO YMBIBAIBHHKH U TyajneT, a KOPHAOP U KYXHIO JOIKHBI OBUIH
youparb Mel cami. KoMaHzmoBan 3THM cTapocTa sTaka. Ha Hamem 3Taxe TakoBBIM OKa3amcs
s. Ha TpeTheM Kypce Hac, CTapocT 3Taxka, KaK TOIJa TOBOPHIM, “KOOHNTHPOBAIH” B COCTaB
cTyJieHdeckoro KoMuTeTa (cTyakoMa). OMHAXABI Ha OJHOM M3 3aCe/IaHuil CTyIKOMA S 3aMETHII
HOBEHBKYIO: CHMITAaTHYHYIO IeBOYKY B oukaxX. Ha BbIXozme M3 KOMHATH! MBI OKAa3allHCh PAAOM U
pasroBopunrchk. OHa okasalack HalleH OJHOKYPCHMIEH, ¢ MeXaHMKO-MaTeMaTHYeCKOH 4acTH
¢axynsreTa (OTACICHHE BBIYUCIUTENBLHON TeXHNKH). IToToM MBI MONONIUIM K OKHY B TopLe
xopupopa. Psnom Grlna necTHUYHas KieTka. Yepes HekoTopoe BpeMd mokasancs Tapac. Korma
OH Tofiomiell K HaM, s MX No3HakoMHulI. Korgja oHH OOMeHSNHCH B3TIAJAMH, S NOHS, HTO,
He yCIIeB OMOMHHUTBCH, TYT K& oKasancsa “TpeThUM JHIIHUM. DToil AeBodkoii Obina Bambka
ConoBbeBa, B 6ynymeM Tapacosa.

B koHue 1962 ropa Hac (CTYAEHTOB 5-ro Kypca OT/eNeHUS SAepHOi (PU3HKK) BAPYT BRI3BAIH
Ha BOEHHYIO kadeapy. HyxHo oTMeTHTh, YTo BOe€HHAsl OATOTORKA HAaC HE OYEHb GecHoKoma.
Ecnu Ha Jpyrux oTjeneHusx $akylsTeTa BOCHHAs MOTOTOBKA NPOXOAMIA B TEUEHHE JIBYX JIET,
C BbI€3[]aMH B J1arepsl ¥ Ha y4YeHHs, TO Ha HallleM OTIACIICHUH OHa JIHIIach Bcero ABa ceMecTpa
— Bropo#l u Tperuii. [Ipoxoxunu Ml 061EBOHCKOBYIO IOATOTOBKY Ge3 Bhle3zia B nareps. OxHolt
U3 MPUYHH, BEPOATHO, ObLI TOT (akT, YTo BoeHHO-y4YeTHad crenuanbHocts (BYC) B To Bpewms
GbUT 3aKPHITOM, U MBI CAMH TOJIKOM HE 3HANH, B UEM, B CIIyuae HEOOXOTUMOCTH, GYAET COCTOSTh
Hama cayxkba. Ckopee Bcero, 3To pafgHallMOHHAs pasBelKa B clydac IPHUMEHEHHUS SACPHOTO
opyxus. B KoHIIe BTOpOTo Kypca MBI yxke ObUTH MIaJImINMH HHXeHep-neHTeHaHTaMH 3araca.

IIpuns Ha xadenpy, Mbl OBITH “IIPUATHO” YAUBIEHH IPUCYTCTBHEM BOSHHO-MOPCKOTO O(hH-
l1iepa B UMHE KallUTaHa TpeThero paHra YepHoMmopckoro ¢uioTa, KOTOPEL HONYIApHO pa3biCHUI
HaM, 4To BoeHHO-MOpcko#i ¢utor Coro3a mepeXolUT Ha aTOMHbIe HOIBOIHBIC JIONKH, 2 OHH
HMEIOT sIIEpHBIC PEaKTOPhI, KOTOpPEIE HEOOXOIUMO KOMY-TO OOCIyXHBaTh. A Tak Kak TaKHX
CIIEIMUATTUCTOB Y HHUX I[C(t)PIIlHT, TO €CTh peHICHNE HCIIOIB30BaTh HAC B 3TOH PpoOJIH, NOCKOJIBKY
MBI HMEEM JOCTaTOYHO 3HAHHI B OONacTH sAmepHOi (U3HKH. A Hanbploie — IOATOTOBKA B
CeBacTonone B CICHUAIBHOM LIEHTPe, 3BaHUe JeiiTeHaHnTa, 200 py6neil 3apIuiaThl IUIIOC IO
50% Ha xeHy U Telly, HOJIHoe JOBONLCTBHEe — K CeBepHBIil ¢uioT.

Hac nanpasunn Ha MemkoMuccuio. 13 36 uenoBek 10 KOHIIa KOMHCCHH IIPOILIO HAC MATEPO
M cpelM HUX, ecTecTseHHo, Tapac. Xupypr (oH 6B nocleHUM U3 Bpadeil) MeHs 3a0pakoBan
cpasy: pocT y MeHs 193 cM, a JUIs1 IIOJUI0I0K OH I0KeH GBITh B npeaenax 150180 cM. V Tapaca
B Kaprodke Obu1 3amucak poct 181,5 cM. Bpau 3acoMHeBalcs # ITOCHAN €ro IePeMEpUTh POCT.
BrIpyunia xeHIIHHA, KoTopas 3ToT poct HaMepsia. Ha camoM gene poct y Tapaca 661 ciierka
Menbme 181 cM. Ho To siu y Tapaca Obin crerka sxalmoGHBIN BHJ, TO JIH XKEHIIMHA 0Ka3271ach
ceprobonbHOMR - (KeHIMIHA OBUTa yXe B BO3pacte), OHA MOATBepAuia, 4To poct y Tapaca Bce-
taku 181,5 cM. TaxuM oGpa3oM MONYYHIIOCE, YTO 3TH MOJITOPA CAHTHMETPA CHITPATH POKOBYIO
polk B cynsbe aToMHOro nopBojHoro ¢mora. He OKaXHCh MX MM OKAXKHCE JKeHIMHA Golee
NPUHOUNHAIIEHON, M O4E€HB BO3MOXHO, YTO aTOMHEIM (iioToM Poccun koMaHoBall Okl aiMHpai
Tapacor Anexcanap Bacunsesuu.

Bruto y Camke H elle oflHO IIeHHOE XKauecTBO — OH ObUT Tpymoroauk. MEl Bce HHOLma
TI03BONISAH ce6e clerka noGe3AebHHYATE. 32 HUM ke 51 TAKOTO HUKOTIA He 3aMedan. Hampumep,
B Te 6IarocroBEeHHEIE BPEMEHA MBI KQXIBIH TOI OCEHBIO e3IMIM Ha Mecsl B konxo3. U BoT B
CRIPYIO JIOXKUTHBYIO TIOTOAY, KOTZA MEI BRIHYKACHBI OBUIH CHACTH J0MA M- “pe3aiuch” B KapThl,
OH, CHJIl PSJOM, CITOKOHHO IITYAMPOBAN “NpocTpaHcTBa PuMana”.
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- Tax mory4anocs, 4To MBI ¢ HIM IOCTOSHHO OKA3bIBAIHCH HA CAMBIX TPYHOEMKHX H OMACHBIX
paborax. OpHaKABl HaM MPHIUIOCH PaboTaTh Ha CHIOCOBAaHHH KyKypy3bl. Pabora cocrosa B
cnenyromem. Hyxuo GbIno, cros B KysoBe camocBana 3UJI-130 ¢ HapauieHHBIMM Gopramy,
OricTpo pa3bpachIBaTh PaBHOMEPHO IO BCeMY Ky30BY IpoOINEHYI0 KYKypy3y, KOTOpYIO TyIa
3a0packIBall cHI0COyOOPOUHELT KoMbaitH. ABTOMOGUIE U KOMOalfH NpH 3TOM “IIAcanu’” ogHoO-
BPEMEHHO B TpeX U3MepeHUsX. HyxHo 6b1I0 ycneBaTh K cHoc pa3bpachiBaTh, H BHHMATENBHO
CIenuTh 32 “TycakoM” koMbaitna. OxHaxanl Camika moTepan 6IUTeNbHOCTD, ¥ “Tycak” cOpocHn
ero Ha 3eMmio. OH yTasl Ha CIKHY, M, BO3MOXHO, 3T0 GBLIO OHON U3 IPUYHH €ro MocIeayIOLNX
npobneM co cinHOH. B apyroif pas MbI BilecTepoM IIo IpockOe npefceqaTels Kojixosa Iiepe-
BO3UJIH C XKEJIC3HOXOPOXKHOI CTAHIIHK BOCBMHUMETPOBLIE OpeBHA U3 CBEXeCPYOIECHHOl COCHBL
Cuauana WX HYXHO ObIJIO [0 HAKJIIOHHBIM SKep/iIM 3aKaTUTh B Ky30B aBTOMANIHHEI C IPHIIETIOM.
PaGora 6ru10 Heckonbko onacHoit. Hyxua 6bima crnaxkenHas paGorta Bceit Gpuransl. Crouno
KOMY-TO OTBJIEYbCSl, OTCTATh — M GPEBHO MOIIO copBaThes. Y BceM 6bl NPUILIOCH HECTAMKO.
W omuaxnsl cpaboran “sakoH Mepdu™: OpeBHO Irposuiiock pHHYThCS BHM3 — M TyT Tapac
MIHOBEHHO ITOJCTABHJI CIIHHY 1101 6peBHO, MEITAACH ero yepxarb. C GpeBHOM MEI CIIPaBIIIHCH,
HO s TOYHO 3Hal0, 9yTo Tapac NpH 3TOM IOJIYHUI TPaBMY CIIMHBL.

B Te BpeMeHa cryfmeHTH 68UTH HapoxoM GemHbiM. CTHNEHAHS y Hac Gwuta 25 py6neit (no
oduIUaIbHOMY Kypcy IpuMepHo 25 momuiapoB). A y Tapaca, kak IICHMHCKOIO CTHIICHINATA,
oHa Gruta ax 80 py6Oneit — Gorau! Ho Bcst aTa cTUNEHAMS LIIa, B OCHOBHOM, B o0mIUil KOTEN.
HyxHo 6510 rae-To Kak-To moapabarsisare. U Tapac Hamen xopouryio “ma6amky”. Ects (6511)
B-XaprkoBe MBUTOKOMOHHAT. B Imponecce M3roToBIncHUs MbLTA HCIoNb3oBanack kanudomns. Ha
TEpPUTOPHH KoMGHHaTa ckomunock okono 1200 TonH kaHWGpONH B JepeBIHHBIX GOUKaX BECOM
oT 100 1o 300 kr, CBaNeHHEIX B TPH OTPOMHEIX Ky4H. DHHHHCHEKIUA MOTpeGoBaia YIOKUTH
Bce 5T0 AoOpo B NpaBWIBHEIE NapalUIelenune bl B TpH sApyca, YToOH OHH MOIIHM COCYMTATh
uncio Gouek. PaGoune koMGHHaTa oT Takoii paGoTH oTKasanuck. Hamnacs 6bito ofna rpynmna
CTYACHTOB, HO uepe3 TpHM IHS OHH OTKa3alach ToXe. DTHM Bocrols3oBaica Tapac, 6scTpo
CKOJIOTHJ1 Opurany u3 pebsT Hamel rpynmnsl, ¥ pabora 3akunena. 200-KulorpaMMoBEIE GOYKH
MBI CTABHJIH “Ha TIOTIA” M 3aKaTHIBANM Ha 2-if U 3-if ApycHl cHayala BTpOeM, 3aTeM BIBOEM, a
nog koHer Tapac ymyapsuics Xenarb 5To B oquHouky. Ha 5Ty paboTy y Hac ymuio I‘IpHMCpHO
norropa Mecaua. PaGorany B OyaHu mocne NeKUUit ¥ B BEIXOTHBIE.

- Hackonsko MHe u3BecTHO, 6ymyun yxe B JybHe, Tapac mpogomkan 3Ty MpaxTuky “‘maba-
mek”. Ero xopotno nomuar u IleTponaBnoBck-Kamuarckuii, H rpy3osas cranuua Jy6na-3. 1
TaM OH ce0s He NN U, KaK TOBOPHUTCS, ObLI BcerIa B NEPBBIX pAnax. S ocTaHOBUMICA HA STUX
COOBITHAX, IOTOMY 4TO IIOYTH YBEPEH, UTO, K COXKANEHHUIO, 3TO BCE IIOTOM BHIILIO €My “OokoM”.
Korza peus 3axoaut o Tapace, 5 BcioMuHaro ciioBa Bennnckoro B anpec loopomo6bosa: “OH He
THyIaJucs HUKakuM TpyRoM. OH — TpyRomobie, He Genopyuxa!™ Jlymalo, 9To H JpyTHE CI0BA
3TOTO CTHXOTBOPEHHS TaKKe Tnomxonsr k Tapacy. (4 unorma ynorpeomszo uMs Tapac. MHe Tak
npunmqﬂeu 3ATto — ero cryneRYecKil ncepionuM. s Hac Beex Camika octancs Tapacom.)
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A.B. TapacoB: HeCKOJIbKO MU300B
NPOMeJIbKHYBIIEH KU3HU

JLI. Tkauen
Obvedunennviil uncmumym a0epHuix uccredosanu, ybua

ITosHakoMuncs s ¢ AnekcanapomM BacunbesudeM TapacoBeIM JaBHO, Toay B 1965 uimu 1966.

B moux Oymarax Hamelncsi oT3bIB, noftcanustif JL.U. Jlanunycom u Cameit 8 1967 roxy, Ha.

MOH TIepBble 9 paboT, B KOTOPOM OHHM peKOMEHIOBAJIM IPUCBOUTH MHe 3BaHUe M.H.c. Toraa MHl
oba ObIH MoJlofble, 30pOBhIE, M Bce Y Hac OvUIo Bhepeu. MBI IpyKwiu ceMbsamu, neT 10
XOIWIH JpPYr K OpYTy B FOCTU WM HA NPUPORY BMECTe C pacTYI[HUMH JeThMH. B To BpeMi
y MeHs ObIlIa SXTa ¥ MBI He pa3 BBIXO[WIM IloJ IapycaMu Ha Bonry mnun MockoBckoe Mope.
KonrakToB 1o Hayke OBLIO Y Hac HeMHoTo, B 1970 roay Beillina Bcero JIHIIbL OjfHA COBMECTHAs
paboTta o BIMSHUH 31E€KTPOMarHUTHOM CTPYKTYpHI aJJpOHOR HA BEIUUUHY HX CEUEHUIH.

3aOMHIIOCE HECKONBKO AMUIOAOB, KOTOPLIC NAKT HEKOTOPOC NMPEACTABICHUC O TOM, UM -

Cama 3aHUMaJICS B cBOGOJHOE OT paboTHl BpeMs M 4TO €ro IpHBIEKaNo. 3apliaTsl y Hac B
Te rofel OBUTH HM3KHE, YTOOB! colepXaTh ceMBH, HO OBLIO 30poBke. UToObI nox3apaboTars,
MBI He pa3 B HeGoNbIIOM KOMNAaHUK XONOMHBIMA 3MMHHMH HOYaMH pa3rpyxajid Ha Bonbiuoi
Boure BaroHsI ¢ eMeHToM WK yRoOpeHusmu. ITocie Takux 3a6aB pasrpy3ka JETOM BaroHOB ¢
oBomaMH Ha 6a3e OPC xazanack KypopToM.

Crpana y Hac OombIias, TAe Hapol TorAa TONbKo He IIabamun, He TO 4TO B HEIHCIIHEE
Bpems. Jletom 1972 rofa Ml oKazanuch BMecTe co cTpoifoTpsaom (Gonee SO genosex Bo riase ¢
KOMCOMOJBCKUM BoxJieM B. BytiesnM n koMuccapoM B. Kanunnuxossim) B Ilerponasioscke-
KaM4aTcxoM — CTpOUIIM ZOPOTH H pa3HooOpasHble HPOU3BOICTBeHHBIE oMeneHus. Cama 6511
KPEIKMM MY)KHKOM, H S KaK ceifuac IIOMHIO ero ¢ Jonaroil y Kyuu GeToHa. O6sMHO Aeno 6s1o
Tak: K KOHIy pabodero JHs 6€TOH Ha HOPMANLHBIX CTPOiiKax MepecTaBad MPUHHUMATH, U BECh
BeTOH, HECKOJIBKO CaMOCBAJIOB, IIeN K HaM, mabamHukaM, Ha GeTonupoBanue Joporu. Urobn
0eTOH He ycrien oKaMeHeTh, Bech HAHMYHHI cocTaB Gpocaiics Ha AOPOTY, HO peko YAABaIIOCh
3aKOHYHTH PaHBILE Yaca-IByX Houd. To ObLIM HacTosmue Myckue 3a6aBbl. OnmHaxbl Hac
¢ TapacoBEIM 4yTh He YOWIO. MEI paboTany Ha NEpeKpHITHH MOTOAKA BBHICOUCHHOIO CKIIAJA.
Mopocn MenkHit JoXIb, HANO GHUIO NMONHATH JKele3HBlit KOXYX CO CBAPOYHOTO alNapara,
KOTOpHI MMoTpeGoBanoch MepeHeCTH Ha Jpyroe MecTo. ANIapar okasajcs Iol HallpsKeHHEM,
H KOTJIa KOXKYX CITydaifHO KOCHYJICH €ro OTKPHITHIX KOHTAKTOB, TO Y[IaPOM TOKa Hac oTGpoCcHIo
Ha HECKOJIBKO METPOB, HO He YOO, H MBI He YIIalM BHH3 € BRICOTE! Gonee 20 MeTpoB.

Brisarmm y Hac Ha Kamuarke 1 iau oT/sIxa. B ofuH U3 HUX denoBek 20 U3 oTpsiaa, MEI B TOM
9Hcle, peIIUIN TOTHATECA Ha OXHH M3 Ormikaiiimx x HaM Kapskckuit BynkaH. Heckonbko uacos
IILTH B KUP3OBEIX CANlorax BBEPX MO NIyOOKOMY MOKPOMY CHETY OCBELICHHOTO COIHIIEM KPYTOTo
ckioHa. Jlo BepmuHEI ocTtaBanocsk 200-300 MeTpoB, Koraa CONHIE CIPATAIOCh 32 OTPOT, NOAYI
XOJIOIHEIH BeTep, CHeT 3aayOen. [lanklue B carorax Xofy HeET, omacHo. BHU3 cmycTuimuchk 3a
15-20 MuHyT: caqMIIbCs HA IITOPMOBKY, IPUBSI3aHHYIO BOKPYT I0SCa 32 PYyKaBa, U Buepeld. Y

" KaXXJ[oro OBLTH GOJIbIINE KpeNKHe MANKH, albIeIITOKH, KOTOPEIMH MBI IIPUTOPMaXKHBATH U IIPH
OelieHOM IBIDKCHHU BHH3 YIPABISIIH MMH KaK pyJeM, 4TOOB! He BBICKOUNTEH HA TOpYAILHE U3
cHera Oonplrye kaMHH. OTlenanuch ccafiHaM{ H HOPBaHHBIMH O KAMHH IITOPMOBKAaMU.

ITocne Toro Kak s 3abpocHI SXTY, JETHHE HIAGALIKH y MEHS IepeMeXalucCh C ICTHUMH
ImoxonaMH B ropsl. IlepBolit pa3 k Hamiemy noxofy Ha AnTaif npucoeauHuics Cama c ChiHO-
BbAMU Cepexelt 1 AuToHOM B 1978 rony. Ilpunerenu g BapHayn, Heckonbko gHelt aBToGycaMu
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W TPY30BHIMH MamMHAMH Jobupamucek no UyiickoMy Tpakry go peku KaTyHp — 10 cHX mop
BCIIOMHHAIO €€ CTpeMUTENbHBIH notok. IlepenpaBumuck Ha apyroit 6eper. Becs cnemyromuit
IEHb 3aHSUT Mepexo] cO BceM rpysoM 3-HeflenbHoro noxona jo Kyuepmunckoro osepa. B
‘Hameif koMOaHuH 6pUT0 Gonee 20 uenoBek, B ToM umcne 7 mereit oT 9 jo 12 ner. Kpyteie
TOpHONpOXoUs! Bo Iiase ¢ Hukonaem DponoBIM YIUIM HaBepxX, HO Uepe3 HECKOJIBKO JHEH
BEPHYIIHCh, TAK KaK HACTOIBKO OCHOBATENBHO HCIOPTHIIACH [10rojia, YTO H3-3a IIKBAJIHCTOIO
BeTpa OBIIO HEBO3MOXKHO BUETBEPOM YCTRHOBHTE HA JICTHHKE MAsaTKYy.

Tem BpemeneM Cama ¢ HMropem JlpeMHHBIM roBend JeTeil ¥ >KeHIIMH Goljiee NMPOCTHIM
MapIIpyToM, HO Toxe HaTeplelHch H3-3a Pa3sNHBIIMXCA pedek. IloroM moroga ycraHoOBWIIACh,
H JeTH C OPHMKHYBOIMMH B3POCHBIMM MOILTH Ha HECKOJIBKO IHEH B cocelHee YIIEIbe, B
KOTOpOM HaXomMTCs AKKEMCKOE 03epo M M3 KOTOpOro BHAHA Bblcodaifiias BepliMHA AJrras
— ropa Benyxa. 1 neTaM, W B3pocnbiM 3alOMHHJICA OOpaTHHIA IyTh B ©a30BHIN llareps.
HMopuanuck Ha pasgeNsIOMINi yINeNbs XpebeT H HEKOTOpOe BpeMs HUIM TPABEPCOM HOBEPXY.

Topa cryckarbes, a 6e3011aCHOro IMyTH BHU3 HeT M HET. CKOpo CTeMHEET M Halo CIyCKaThCs
IO MYTH, KOTOPEI ecTh, — IO KpyToMy obiieeHeNoMy ckioHy. Ho Bce oGouuiocs, H AeTH
B3pocible II0YYBCTBOBAH obJlerdeHue Iocye 61aronolydHoro cycka BHH3 B JOJIMHY.

'V anraiickoro mnoxofa 6biio cBoeoGpasHoe mponokenue B JlyGHe Npu camoM HeNmocpes-
cTBeHHOM ydyacTuM A.B. Tapacora. Eille B ropax HaMm 3HaloUMil Hapof HacoBeToBall coGparhb
30I0TOTO KOPHSI, PACTYIIEro BEICOKO Ha COTKax Ha YpoBHe anbluiickux nyros. Ham pacckasany,
KaK' BBHIJIAMUT 3TO pacTeHUe, No-HaygHOMY poprona po3oBas. CIoBoM, MBI HAIlIH M HacoOH-
pami. Bo BpeMs mmuHHOM o6paTHOM sopory 1o UyiickoMy TpakTy ¢ HaMH B aBToOyce eXalu
NEHUHTPANICKHME MeUKU-TIpodeccopa, KOTOpEIE REITU MOIOUHBIE OUIOHE], HATIONHEHHbIE 3THM
30JI0TEIM KOPHEM, H KOTOpHle MPOCBETIIM HALIMX EHIMH, Kakoe 3TO Cephe3Hoe CHanobbe,
KaK ero Ha cIMpTe HAacTaMBATh M 1O CKOJBLKY Kameldb B JAcHb NpHHMMaTh. Mos JXcHa Bce
3TO TINATENHHO TpOjieNana W TOTOBMNACH NPOHTH KypC caMoliedeHHs 3010THIM kopHeM. Ha
HecyacThe, OHA KAaK-TO yexama B Mocksy, a B JlyOHy Ipuexan B KOMaHIMPOBKY OAMH M3
y4acTHUKOR Toxoja — Banepnit XKuryros. Berperunuck ¢ HuM, BMecTe ¢ Camefi, Ha pabore
H NOLLTH K HaM JoMoil OTMeTHTH BcTpeuy. Hammm uem 3axycutb. A 4yto BRIIHTH? Tonbko
6yTBUIKA C KpaCHO-KOpHYHEBHIM HACTOEM 30JI0TOr0 KOopH:. Hanumu mo onHo#i, no Bropoi u T.I.
Ommunsli HanuTok. Yepes yac BXOAWT EHAa W BUIMT JOBOJBHBEIX XU3HBIO TPOHX MYKHKOB
H NYCTYIO CEeKPETHYI0 OYTHUIKY Ha cTolle. MoxeTe PEACTaBUTL ee COCTOAHHME U PeaKUHIo Ha
TaKoc BApBAPCTBO.

:+"Ha cnenyrouuit rox 6611 3amnanupoBan nmoxof Ha Kaekas, nogobpanack Gonbiuasg KOMIaHHs

'B3POCNEIX H JieTeit — Beero Gonee 30 uenoBek. B mo6oM moxose, 0co6eHHO B ropax, JCTH eCTe-
CTBEHHBIM 00pa3oM yOeKIaI0TCA, 3a4eM HyXeH Iala ¥ 4To OH MoxeT. B moMainneit o6cTanoBke
BPA JTH BO3HHKAIOT TaKHE YCIIOBUA M TaKoH BocTiuTaTenbHHII 3ddexT. 3anmoMuunace GpUHMIIHAST
4acTh TOTO II0XOa — Hepexo]] BceM TabGopoM depes IMaBHEIM kaBkasckuii xpebet B I'pysuro.

.+ ~Hodsto nepexn nepesanoM TBHOGep cBUpEIbIil BeTep pBaJ NANaTKU, He BCe OBIIM 3[OPOBEI, U

OT 3T0TO 6LUT XOMONHHUTENBHBI HANPAT: YTPOM BeTep CTHX, H CONHIE OCBETIO 3aCHEeKeHHEIH

nepeBanbHeli B3neT. He Tepss BpeMeHH, OICTpo coOHpaeMcs W BRIXOAMM. HacTh B3pOCIHIX

WIYT MEPBEIMH, TOMYYT CTYNIEHH, IIOTOM XEHIIMHbI H JIETH, Jalee 3aMblKalollas Tpymna.

UneMm cepnaHTHHOM, PACTAHYBUINCEH B LeNo4Ky MeTpoB Ha 100-150. Ha mnepesan nogusnucek

K monyamio, Beicota 3700 MeTpoB, 11 MHOIMX 3TO JU4YHHIA pekopA. Iapuit EpuMoBs, ko

BCeoOMIEMY H3YMIICHHIO, JOCTAeT M3 CBOErO PIOK3aKa GONBIIYIO IBIHIO, KOTOPYIO OH BTaiiHe

0T BCeX HOCHII BECh 1oXojl. Bkyc HeoOBIKHOBEHHBII.
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Ha mepeBane jgonro He 3ajiepKHBaeMcsi, KIafieM B Typ 3aHHCKy U TOTOBHMCH K CIIYCKY
no obnefcHeNoMy KpyToMy Kyinyapy. HaBemuBaeMm BepeBKY M IO odepeqy BCeX CIIyCKAeM cO
cTpaxoBkoii Ha JeJHUK. CriycTuTs BHM3 Oonee 30 uenoBex — jelio He GHICTpoe M 3aHANO OKOJIO
TpeX 4acoB. BHU3Y NeTHUK NpakTUYeCKH 6e3 TpelluH, i MepeJoBast TPpYyINa cpa3y yIia Boepex
UCKaTh Ha JIEIHHKS MECTO JJIf CTOSHKH, HE JOXUIAsAch CHYCKa BceX ydacTHHKoB. Hamutn
JIOBOIILHO poBHOe MecTo. EcTh BOJa, TaK Kak psZOM TedeT IO JIEAHHKY pyueit. TlocraBuiu
TajlaTKy, HEKypHBIE TOTOBAT HOCIECOHUI BBICOKOTOPHEIM YXKHH. B3pocieiM BHIZaIM IO TpU
KOMAHJUPCKUX JIOKKH CITUpTA.

Ha cnenyiomee yTpo oOHapyXHMBAeM, YTO HET YKa3aHHOTO Ha Kapre MOCTa dYepe3 GypHbIi
TIOTOK, BHIPEIBAIOIMICS H3-HoA A3BIKA JeAHMKa. OT MocTa OCTallNCh BHCSIIHE HalX peBymcH
BOJOH TONCThIe Tpochl. Pelmiy mepempapisTecs MO TPOCY, 3TO JOIro, HO Jpyroro, Goiee
GezonacHoro MyTH HeT. 3aleNUBUINCH ABYMs KapaGuHaMHu 3a Tpoc, Ha Apyroil Geper mepe-
Opanack co CTpaxoBKoil rpynna 3—4 KpenKuX MYUKOB Bo ITaBe ¢ TapacoBeIM. OcTalIbHBIX
TIepenpaBsiy 110 OJHOMY TaKHM xke obpa3oM. KoHeuHo, ObIlo cTpalliHO BHCETh HAa TPOCE HAf
OellleHEIM TTOTOKOM, Ho Oe3onacHo. IloTparunu Ha mepenpaBy NMONAHS H Aanblie IOINIY HO
Tpolle o TpaBhl, A0 3a0pPOIMICHHBIX MATMHHHUKOB H NEPBEIX TPY3UHCKUX TIOCENKOB.

TTocne Tpex Henens B ropax MpeAlonaraaoch HeJIellio NpoBecTy Ha Gepery Mopst B paiione
Aryasepsl — roponka nopx CyxyMmu, Iie Haxomuwics TecHo cBssaHHBI ¢ OUAMN WucTuTyT
sAnepHo $m3KKY Noy pykoBozcTBoM PeBaza CanykBanze, KOTOPOro HEKOTOpHIE U3 HAC XOPOLIO
3HAIMM M ¢ KOTOPHIM ILIOTHO OGINANHCh Ha HelaBHO Mpoltenuieii Gonbmoi MexIyHapoIHOiH
(Poucctepckoit) xongepennun B ToOunucu. dpasza “JloroBopHiuck ¢ PeBa3zoM™ mo3Bolsuia
PEUIMTE BCe NMPOOIEMBI ¢ MECTHBIMHM HadalbHUKAMM, B TOM YHCIE HAM TO3BOJIMIH OCTaBHTh
MaJIaTKH B 3a0polIeHHOM napke Y Mopst. OHax /151 BOHHK KOH(MIHKT y HAaIINX AeTelt ¢ MecTHOH
LIMaHOM AeTckoro Bo3pacrta. U TyT, oTKyAa HY BO3BMUCEH, BOSHUK CTpalllHLIN, JIKICHIH, ¢ YepHO#
Gopogpoii Kapabac-Bapabac — wam Camia TapacoB, onHOro mosiBIEHHS KOTOPOTO OKa3aloch
JIOCTaTOYHO, YTOOHEI MeCTHAs peGATHS NIpHCMHpesa i, B KOHIe KOHLOB, CAPYKUIAch ¢ HAIUMH
TIpUILENbIAMH.

ITpommu rogst, B 1993 rony Ml yexanu Ha Heckonwko Jler B I{EPH, rme s paGotan B
IDybHenckolt rpynne sxcniepuMenTa DELPHI. Ho u Tam cnyuaii cBex Hac ¢ Cameit TapacosriM,
koraa oH B 1995 unu . 1996 roxy npuneten c xoporkuM BusuroM B IITEPH 1o skcnepuMenty
DIRAC, B xoTOpOM OH Jolroe BpeMs ydacTBoBan. CIyuuioch Tak, 4T0 B TO BpeMs OBIT KaKoH-To
IpasIHUK POCCHHCKOro 3eMiIfdecTBa B JKeHeBe 1 HalIMM XeHIIUHAM HONaranock IpHIroTOBHTh
TpagULMOHHBIE pycckue 6mrofa. Camia HX 340pOBO BEIPYHMIT: CaM CTal K IUTHTE M MAacTepCKH
HalleK COTHIO IJIM JIBe OIMHOB.

TeueT Bpems, IeTH BBIPOCIIH, M3MEHHUIIACH HAIlla CTPAHA, YK€ MHOTO JIeT, KaK IIpeKpaTHiInCh
HaIlIH JISTHHE ¥ 3SUMHME TTOX0H! B AanbHHe kpast. Het Camm, HeT ero chiHa Cepexxu, Het Banepr!
Jurynosa, HeT Uebyp I'eHbl — Tak npo3Banu B anraifckoM moxone chiHa JIbBa Bynaesckoro —
U ellle HeKoTophIx HeT. OcTanace NaMaTh 0 HUX, O He3aORIBAeMBIX TOpaxX M HAIUUX MOXOAaX, O

TOBAPHINAX, C KOTOPHIMH He CTPAIIHO MOHTH B pasBelky. C HUMH Y€ BCTPeTHMCH B JIydIIeM
U3 MHpOB.
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JApyr ¥ HanapHHUK

B.M. Crapuenko
Obvedunennsiti uncmumym si0ephblx ucciedosanut, /Jy6na

-Hagamno 1970-x. CaMonet MockBa-VYiaH-Yae. BpeMs neTHHX “l1abamex” B Hamlei npexueit
crpade. PanoM 37mopoBblif, GopofaTslii, JEICEIT Myxkuk, y KoToporo Gonut cmuHa. Beraer,
MeNTeHHO XOIHWT, CauuTcs, HaBanuBasch Ha MeHs. OH M3 Hameil “GpHrangsl”, oOWxaTbcsd He
TIPUXOANTCS, 1a ¥ PYYHIIH Y Hero. . .

- Tepmnio, gymalo, 4To MHE He NoBesno. A jetets jo camoro baiikana. Ilocne Tsoxenoit
IITOpMOBOIH BRICAJKH C pEIGOTOBELKOro cyHa Ha Geper nonyoctposa Cearoit Hoc oH nogoler,
MBI TO3HAKOMUITHCE — U Gombire ¢ Camleit TapacoBEIM He paccTaBallCh.

" OH xopotuo paBoTan BO MHOTHX HIIOCTACSIX, HO YacTo Gpalicss MMEHHO 33 IOMOBYIO (H3HUe-
ckyio pabory. OTo, BUIMMO, He MENIANO eMY, TCOPETHKY, ‘BOPOYATh MO3TaMi”’, a HaM CMEAThCH,
KOT/Ia €70 “‘COBCEM 3alIKAaTUBalo” U HAaHo OBLIO “IPUBOAHTL” €r0 B YYBCTEO.

~.. Obmxarecs He npuxonunocs. Ha moboit paboTe ¢ xopounM HanapHUKOM LIYTKA, aHEKAOT
H cMeX — IIy4miHe NOoMOIIHUKH. TapacoB 3To MmoHMMal, paccKaskiBall Gaiiku, NoaHaYMBAl,
pacTBoOpsUICS B METKOM pycckoM BelpaxkeHUH. OH o6najfan XopoIluM “dyBCTBOM JokTsA”. OT-
3BIBYHBOCTD M yYacTHe ObITH OTHHMH M3 JIy4IIHX €T0 KadecTB.

.. Cpenu npyseit y TapacoBa Gbuio MHoro ¢usukoB. HeKoTOpHIX 8 3Hal IO 3aCTONBHBIM
KOMIAHMAM, € JPYTUMH oOHIaTcs NP KakUxX-To obcrosTenbcTBax. Bee OHM OTHOCHNHCH K
' Came ¢ yBaxeHHeM. LleHnnu ero 3HaHNs, YMEHHE pa3oOpaTbca B CIIOKHOM Hay4HOM BOIIpoCeE,
IOMOp H IIeTKocTh B obmenuu. Ilpesxae Beero, aTo Bopuc Konenuoswy, Huxonait ®anees, Cama
ax, Muxaun Ucaakosuu ITonropenxuii u MHoOrKe jipyrue. Ho HMeHHO ¢ 3TMMHM MHE IOBE3NO
BCTpevarhes Gonblle.

- :M#l ofiHO BpeMs OBIANMCE CEMbAMH — CEMBH OJMHAKOBBIC IO COCTARY M CO CXOXHMH
3aboTaMu. XOAHIH APYr K ApPYry B TOCTH, YrOIIANH YeM-TO JOMAaIlHHM, BEIMHBamH. Mon
pebdTa ToHamMMBaNM Koli-kakHe BeIu ero chiHoBeil. Korna Mou et crany nocrapiue, Tapacuk
KOHCYNIETHPOBAJI MX 10 MareMaTHke U Qusuke.

--Bece ObIIO Xopollo — He XBaralo JeHer. BOT TYT-TO MEI CHOBA BCIOMHHIH, YTO MBI
HaNapHUKH, U HaYaJIH pa3rpykaTh BaroHEI ¢ CEIbX03yNoOpeHIIMU Ha cTaHmuu Bonsmias Bonra.
3a 7-8 dacoB pasrpyxamM 65-TOHHBI BaroH, Holydanu no 25 pyOieif ¥ BO3BpaIUaNHCh MO
HouHo#l Jlopore B Jly6Hy. Tax npomomkanoch roja 4etsipe. IocnenHeil Hameit coBMecTHoOM
“mabamkoii” 611 Marajas.

- Huxorna 651 He moxyman, yto Camka — “HaTypa yRIeKaloIMasics” U HMeeT YcleX Y KeH-
mud. Kak 5To y Hero momywanocs? 3aMeuaTenbHEIH pacckasudk, CTHXOIUIET U 3DPYIMT, OH,
BHINMO, YMeEN “3anyApuTh” gamaM Mo3rH. Ero mo3uTuBHas peakuus Ha npochOBI NOJAKyTIaNa,
*KeHcKas cIaboCTh M JIECTHOE CIIOBO eMY HMIIOHHPOBANY — OH 3a6hIBaiics], BIIOBMSICS U Aean
HeoOTyMaHHEle maTH. Takas BOT H3Hb. . .

* 3a mocnegHUE rofisl oH pe3ko caan. O6uarscs Moyt He yaasanocsk. JXuseM Mul Bce BMecTe:
paboTraeM, OTABIXAEM, BLITUBAEM. . . A YMHpaeM B OHHOUKY.

IIpocras MCTHHA, HO MAMATE O TeX, KOTO JIIOGHI, YBaXall, OCTAeTCA ¢ HAMH HABCETIa.
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IMamaru apyra

E.C. Ky3sMnuH
Obvedunennvlil uHcmumym a0epHuix uccredosanutl, Jybna

M= nosHakoMuIHch ¢ AniekcanjipoM BacunseBuueM Ha Baiikane nerom 1975 ropa. bpurana
corpyaunkos ONSIU ounmana Gepera o3epa oT CTBONIOB JIEpeBLEB, MOTEPAHHEIX MIPH TPAHCHOP-
THPOBKe Jieca K MecTaM nepepaboTku. OH K TOMy BpeMeHH OBIN ke MaTephiM IaGalTHHKOM.
PasropapuBai pe3ko, 4aCTEHBKO IOKPUKHUBAI Ha HEYMEIBIX HOBUUKOB, MeHs OH cpa3y OKpECTHI
uMeHeM JxeppH M Tak NpOJOJIKAJT HA3RIBATh MEHS BCIO XM3Hb, He oOpamias BHUMaHHS Ha
CTaHAaPTHHIE IPABUIIA IEPEBOJA HMEH.

Tsokenast paboTa M CypoBbIe YCIIOBHA OBITa CIUIAYMBAIOT JIIOMCH, U MHOTHE U3 YJaCTHHKOB
3TOMH SKCHEAUIMH IOICPKHBAIIN PYXKECKUE OTHOLIEHHS Ha NPOTSHXECHUM MHOI'MX JIeT. 3HAyH-
TENBHYIO poJib B 3TOM ChIrpana ¥ Marug baiikana, kpacoTa KOTOporo HacTONBKO NIPHBOPAXKHBAET
Tofie#, 4TO Xo4ueTcs BO3BpAlaThCs TyAa CHOBA M CHOBA.

Hama coBmecTHas paboTa Hauanach ¢ TOTro, YTO sl IIpUIIES K HEMY 32 KOHCYIBTauUMeEH.
IIpobneMa OblIa HHCTO NPAKTHYIECKOiT: HY)KHO OBIIO paccuMTaTh YINIOBOE paclpelelicHUE Ue-
PEHKOBCKOTO M3IYy4YEHUs C YYETOM IOTeph SHEPrHHM H MHOTOKPATHOTO PACCESHHs YACTHIBI B
ToncToM paauarope. Teopus Tamma—-DpaHKa ONMHCHIBAET UEPEHKOBCKOE H3IYyYeHHE UACTHIIEI,
IBIDKyLIeHcs NpsaMonuHeitHo M paBHoMepHO. Ilpu 3ToM mpeHeOperator 3dpdeKTaMu B3aHMO-
JEeHCTBUS YaCTHIBI C BELIECTBOM PajNaTopa, IPUBOAAIIHM KaK K HCKPHUBIEHHIO €€ TPACKTOPHH
(MHOTOKpaTHOE paccesHHE), TaK U K CHCTEMATHYeCKOMY YMEHBILIEHHIO cKopocTd. Paspenmte-
HHe pealibHbIX YSPEHKOBCKUX CIIEKTPOMETPOB; Iie PETUCTPUPYIOTCA MHOTO3apAAHBIEC YACTHIILI,
KPUTHYECKH 3aBHCHUT OT y4eTa Takoro poza 3¢hekros. »

K moemy ymuenenuio, Camy mpoblieMa 3aMHTepecoBalia, M OKOJIO ABYX JIET MBI IOTpa-
THIIH Ha M3y4eHHe Bollpoca. B a3ToT mepuox s MMen yaoBojIsCTBHe Habmomars Tapacosa B
mporecce paboTh], €ro BHEYATISIOMYIO CHOCOGHOCTH COCPEAOTAYHBATECS M MOPA3HTENBHYIO
CKOPOCTh MBIIIICHUA. B pesynbrare ynanocs HaliTi oueHb U3AIIHOE U 3 deKTHBHOE PElICHHUE,
OMNHUCHIBAIOLIEE YITIOBOE paclipeeicHIe HATyUeHHS C yIeToM BeeX 3(¢heKTOB B3aHMOACHCTBHS.
B jmanbHeHIeM 3TH Pe3yNBTATH TONYTHIH MONTBEPXKICHHE B KCIIEPHMEHTE Ha YCKOPHTENe
TsKeNbIX noHoB B Jlapmmtanre (TepManus).

Juis nmrozme#t, kotophle MIoxo 3Hanu Canty, obieHHEe ¢ HUM INIPEACTABIsIO ONpeAcIcHHbIE
TPYAHOCTH, OAHAKO YIHBUTENHHO, YTO BMECTE C TEM OH oONajan HeNIOXHHHBIM Iearoruye-
CKUM TaJlaHTOM. JoCTaTOYHO BCHOMHHTE €T0 MHOTOUHCICHHBIX aclIMPAHTOB M Jaxe IIKOIBHU-
KOB, IIOATOTOBIEHHHIX K NOCTYIUICHHIO B HHCTHTYTEHL.

T'oBOpAT, 4TO TANAHTNUBEIA YENOBEK TANAaHTIHB BO BCEM, U 3TO IOIHOCTBIO CIIPABEIIHBO
II0 OTHOWICHHIO K AnekcaHpy Bacunbernuy. Ilycrory, KoTopas oOpa3oBanach B JXKH3HH C €10
YXOJ[0M, HABEPHOE, BOCIIONHHUTE YK€ He yAacTcs.
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“boabIoii YeJoBeK” — phllapb HAYKHU

C.C. Ilnmanckuii
Obvedunennviil uncmumym s0epubix ucciedosanu, [Jybua

Ceifuyac TeOpeTHKH H 3KCIIEPHMEHTATOPH! CHIBHO pa3oHIIMCh B CBOCH CIELMANU3aluH H
NoA4ac ¢ TPYXOM MOHHMAIOT JIpYT Apyra. Y Kakoe OrpoMHOE cHacThe JUIS SKCIIePHMEHTaTOopa —
oBIATECS € TEOPETHKOM, KOTOPIH MOXET He TONbKO MOHATH TBOM NPOGIeMbl, HO H TO/ICKa3aTh
KaKHe-To HOBHle HANpABJIeHHs IS MOMcKa pellleHuit. Takum TeopeTukoM 6UI AmNeKcaHup
Bacunberuu Tapacos. C HUM MeHs Mo3HakoMuwI B cepeanHe 1980-x romoB Moif 3HaKOMEIH 1O
" anMa-atuHCKOMY WHCTHTYTY QU3HKH BHICOKMX SHEpTHif, 4 KAK IIOTOM BBISCHHIOCH, H YIEHHK
Anexcannpa BacnnseBuda, Cawa Tlak. Ero unrepecwl B Qusnke OmIM ONM3KH K MOUM, U
IIOSTOMY OOCYXIEHHsS CBOMX 3alad C HHUM IIO3BOJISUIM IOCMOTpeTh Godee mIyboko Ha BCIO
r}poﬁncMy, YBHZETh T€ MOABOAHBIE KaMHH, KOTOphIC BCILUIBDIM ObI Mo3xke. DTH obCyxIcHUA
npoxommu cy4aifHo, B TeX MECTax, IFie MBI BCTPEUANHCh, — Ha CEMHHApAX, COBEIAHUAX
W.TIPOCTO TIPH cHy4alfHBIX Bcrpedax. U Anexca}mp BacuiiseBHY HHKOTAA HE OTMAaXHBAICH,
‘- cCHIMAsch HA 3AHATOCTH, ¥ HE TOBOPWI, YTO OH “He B TeMe”, KaK WacTo JENAIOT Apyrue
:. TEOPETHKH, a cpa3y MpOABILT HHTepec K MOUM MpobieMaM. ‘

: Kanounueckoe mpefcTaBneHne o6 oblHke TEOPETHKA — THIEAYIIHbIH OUKApUK. AJEKCaHAp
BacuimeBHY HUKAK 3TOMY KaHOHHYECKOMY o6pa3y He cooTBeTcTBOBal. OH COOTBETCTBOBAJ
‘ckopee obpasy pycckoro Gorarelps, HO Tak Kak TakKOBEIX B T¢ BpeMeHa HE BOAHMIOCH, TO
TepBoe omucaHue TapacoRa, KOTOPOE s MOMYYHII OT 3HAKOMOTO, PUCOBATIO OGNMK IPY3UNKa MK
‘MoloTo6olila, T.e. CoBceM He GBUTMHELIR 06pa3, Ho YenoBeka HelIoKUHHOM cuibl. 11 KoHedHo,
KTO €70 BHJIEN B NIEPBBIH pas, Cpasy YyBCTBOBAIH He TONBKO €TO HEPANOBYIO GU3HYECKYIO CHITY,
HO H OTpOMHYIO XH3HEHHYIO 3Hepruro. OBGJHK JOMNOJNHANH pacCTErHYTHle BOPOTH pyGax M
pacnaxHyThle, JaXe B MOPO3bl, IUTAIIHM U KypTkH. Hy H 0ba3aTenbHOE JIOTONHEHHE — KOXAHBIH
Iibptcbens. B camoMm obnuke H MaHepax Bl omymiany, 4To 3ToT YelloBek — JyIla HapaclamKy.
OHeprus GsUTa H B peuM, W B jKecTaX. MHe Bcerma GBLIO TPYAHO TPENCTAaBHTh, KAK MOXHO
0o6y3aTh 3Ty MOIlb, KOTOPAs TaK M PBETCS HApYKYy, YTOOLI CHAETH 32 CTOJNIOM H, BOODYXHBIIHCE
pyukoit n Oymaroii, kopneTs Haj dopMynamMu U JenaTh ROIATHE U TPYNOEMKHE TeopeTUdeCKUe
pacyeTHL. ' '
B Hauane 3THX 3aMETOK S TOBOPMIT, YTO GoraThipeif B HallleM HACTOSIIEM HET — OHH OCTaluCh
B GrimmHax. Ho priuapu Hayku ects. I MHe XoTelloch GBI BCIIOMHHUTE ORHMH 3IH30J, KOTOPEIi
cB3aH ¢ A.B. TapacoBrIM M oTcTauBaHHEM Hay4YHLIX HeHHocTel. K coxkanenuro, cefiyac oueHb
MHOTO TIOSBHIOCH JH0feH, ACBANLBUPYIOWUX CAMO NOHSTHE HayyHoro paGoTHMKa M HaydHol
paGOTEI, MOIMEHSAS MX COBCEM JIPYTHMH NPUHIUIAME M MOpANTbio. 3T COOHITHS CBS3aHEI
* ¢ npoBoyUBIIMMHCS B 1980-X rofax oOYeHh HHTEHCHBHBIMH UCCIIEIOBAHUAMY KYMYISATHBHBIX
npoueccoB Ilpupona sTHX sBNeHHit He BHIACHEHA O CHX IOp, HO caMM 3¢deKTH roBopsST
0 CYLIECTBOBAHUM B CTPYKTYpe OOLIYHEIX A/iep MHOTOHYKIOHHBEIX (MHOTOKBApKOBHIX) KOHGH-
rypauuii, CBOIMCTBA KOTOPBIX MOI'YT OKa3aThCs ONPE/IENAIONMMU ISl IOHHMAHHUS BHYTpEHHEH
CTPYKTYpHI MACCHBHBIX 3B€3]1 H HX SBOMIOLIH. 1 BOT 0JIHOI! U3 IPYIII TEOPETHKOB GhLTa MPEUIo-
XeHa MoJIeNTb, KOTopasi GriecTsllle ONMMCHIBATA BCE SKCIEpHMEHTaNTbHEIE JaHHbIe. TeopeTHdeckue
KpHBble LITH TOYHO TIO SKCTIEPHMEHTAIILHEIM JAHHEIM. MOXHO cKa3aTh, 4TO COOTBETCTBHE BBIIO
 CTHINKOM XOpOIIMM. JIpyrue TEOPETHKH He MOTTH BOCTIPOM3BECTH 3TH PacyeTHl, TaK Kak He
OblIH ONMYOIMKOBAHEI 3HAYEHUS HEKUX BECOBBLIX Koddduunentos. Ilocie TOro Kak BEIUYMHEL
aTux ko3dduureHTOB ObIIM omyOGmukoBaHsl, A. Ilak, A. TapacoB 1 A. THTOB MOBTOPHIH
BEMMHCICHHS U OOHApyXXHIH, YUTO YKa3aHHas IPYNNa He COBCEM TOYHO IIPEACTABIACT CBOH
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MoJeJIbHbIe pacvueThl. MATKO TOBOPS, TCOPETHUECKUE pacHueTh! NMOIBEPraluch YHCTKE, KOTAA
YaCcTH KPUBHIX, OTKIIOHSIONIMECH OT SKCIICpHMEHTAIIBHEIX JaHHHIX, IPOCTO YOHpauch.

Bcs Hayka JiepuTCs Ha MOJHOM JIOBEPHH M NPUHIHIE, YTO HAYYHBIH pabOTHUK HEe MOXET
Halycars HelpaBXy WIH HOATacoBaTh pe3ylbTarhl. YacTo odeHb TPYAHO IIPOBEPUTH pe3ylib-
TaTHl, TaK KaK 3To TpeOyeT MHOIO BpeMEHH U JOCKOHAJIBHOTO M3ydeHHs JApyroil pabGoThi H
HOBTOpEHUS I'POMO3NIKUX BeIgHCIeHHi. KoHeuHo, Toraa 6611 Oonblioif ckaHyan, KoTopslit UMen
¥ aIMHHHCTPATUBHBIE OCIEACTBHS. MeHs ke Gonblie Beero nopasuiau TapacoB U ero KOIIETH,
KOTOpBIC B3BAIIIM Ha cebs celt BechMa HeGnarofapHLIil TPy 110 OTCTAHBAHHIO YHCTOTH HAYKH
U ee NPUHIMNOB. [l MeHd, TOTa MoJIOJOro 4eoBeka, KOTOPHIi CIBIIAl O ToM, KaK TakHe
TICeBIOYUYEHBIC OPraHU30BANIM Pa3srpoM IeHeTHKH B 1940-x, 3T0 GBUIO MPHMEPOM TOTO, 4TO M
B Hallle BpeMs YHCTOTY HayKU HY)XHO oTcrauBaTh M 3amuuark. Cefiuac HpaBbl cTamM Kynma
UUHAYHEH, YacTo sABHAS IICEBAOHAyYHOCTs H (anbcHHKALUH NIPOCTO HE 3aMeYaroTcs WM
HTHOPHPYIOTCA Hay4HBIM COOOMIECTBOM, a HOCHTEIN 3THX AHTHHAYYHBIX IPHHIUIOB BIOTHE
YCIENHO CYMIECTBYIOT H J]aKe 3aHMMAIOT HeMallble HayuHO-aIMMHUCTPAaTHBHBIE U aAMHHHU-
CTpaTHBHEIE NOCTHL. 11 IPUXORUTCA TONBKO COXAIIETh, YTO TAKUX “phlllapel HAyKH”, KaKuM Obin
AnexcaHJip BacuibeBUY, CTAHOBUTCSA MEHBIIIE.

Anexcanap BacuibeBu4 Tapacos

J.A. Kypaes
ObveduHenHvlli uncmumym adepruix uccredosanud, [yona

BcenoMunas Anekcanjpa Bacunbesuua, npezcrasisio cebe ero KOpeHacTyIo Gpurypy, kpen-
KO€ pyKONOXaTHe, HeClEIHYIo MPUBLIYKY TOBOPUTH. Beerna no geiy, KpaTko H TOYHO.

OH HaxoZWI 4YyJecHHIE B3aHMOCBS3M B ceMelicTBe runepreoMeTpudeckux GyHKUMH, 3HAI,
KaK IPUMEHHUTH UX B CIIOXKHBIX 33/1adax ¢hu3nky. 1 nobuaiics ycnexa aHaMUTHYECKU, BPYUHYIO,
Tam, rie MHOI'HEe cOpPAacKBAIM 3aJa4yd Ha “IJIeYd KOMITbIoTepoB”. BoraThiph B %H3HHU, OH ObIN
OorarblpeM H B HayKe.

Komneram, mpHe3kaBmIUM B “TOJIOAHBIE KOMAaHJHPOBKH™ (Haxe Oe3 OmIarhl XXWIbA), OH
HaXOJWI JUBaH U TYNyN YKPHIThCA. Yrolnai Kalleil coGCTBEHHOTO IIPHTOTOBICHHUS.

Bymy4u caM 6e3 cTeneHM JOKTOPA, CKONBKUX OH NOIHSUI, BRIBEN B KaHIUIATHI M JOKTOPA,
HCTIPABIIAS OTPEXH BOCIIHTAHUA W 06pa3oBaHUs CBOMX YYEHHKOB ¢ “NepHdepHn”!

‘YMen oOrIrpars KOMIBIOTED B IIaXMaThl M HaudycTs gutan Ilymkuna, JlepMoHTOBa, bapko-
Ba, Ecenuna u I'y6epmana. Camia 6511 pasHOCTOPOHHE ONAPSHHBIM UCTOBEKOM.

Xonaunu nereHAk! 0 TOM, Kak OH CyMell BEIBE3TH CBO# OTpsn (OHUM YHCTHIIU PEKH, BIAJAIONME
B Baiikain) nomoii npu 3a6UTHIX IaccaXXxupaMy adpoIopTax U Kele3HOAOPOXKHEIX Bok3anax. Kak
OH (baKTHUECKH B OJIHHOUKY Pa3rpyxan BaroHbl CO CMONSHBIMU OOYKAMU M CKIIAAHPOBAN HX.

Ero upen, Bo3HHUKIIHE B pe3ynbTaTe 3HAYUTENBHBIX YCHIMH IIpH pelIcHUH 3anad mpo-
XOXJOEHUS U3IIYyUYEHHUA uepe3 BEIecTBO, H ceifgac AKTYalIbHBl U BHEJPAIOTCA B COBPEMCHHBIX
3KcrepUMeHTaxX ero komneramu B I'epmannu u Yunu, Eperate n XapbkoBe, B BEIYIIHX LEHTPax
EBpornsl # AMepHKd.

IMamsTs 06 Anekcannpe BacunneBude TapacoBe Bcerna GymeT KHBa B HAIIMX Cepaliax.
IapcTBO eMy HebecHoe.
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ITamaTu Anexcanapa
B.A. Tenepun :
Obvedunennoiil UHCMUMYM S0EPHBIX uccnedoaanuu y6na

Kak uacTo B cyeTe XU3HEHHBIX NIPOGIEM U COBPEMEHHBIX COUMANBHEIX NOTPSICEHUit BAPYT
[IOHHMAEIlb, OCO3HAB MTHOBEHHO, YTO HHKOIZA HE CMOXEUIb TOBOPHTH, 00IMAThCs C HHM, HE
- YCHBIIUIIL €ro oOpallleHHAIX K Tebe cyxaeHHit. Th YyBCTRYEINb, OCO3HACINb, MpEBO3MOTas
6onn, WeMSAIYIO CepIue MBICTE — eTo HeT cpenu Hac. Cep/ilie NPOTHBUTCS TPEIBOMY PACcCYIKY,
BOCCO3/[aBas B NaMATH BHOBb H BHOBb HEIOBTOpHMOE 00asHHE IMYHOCTH AJIEKCaHApa.

"Jlonras MaMATh PUCYeT HaM ero obmuk. KpymHeIl ¢u3ndecky, HeCyeTIHB, 3aXBaTbIBAcT

~ BHEMA4HHe OKPYKAIOINX HEOPAHHAPHOCTHIO BHENIHETO BU/A, HO HE MONABMSCT. YCIbIINAB UMA
_ero, 4eNoBeK, 3HaKOMBIit ¢ HUM, ckaxeT: “S] 3Halo ero — KpacuBHIi Myx4HHa ¢ 6opomoi”.

Tpouren yxe roX, Kax He CTaJo 3TOTO 3aMEUaTeNLHOIO YeloBeKa. Bolib yTpaTsl CTUXAET,
MENKHe OeTani CTHPATCd — KPYMHEHIE, 3HAUMTENbHBIE CO BpeMEHEM ' BHIAEASIOTCSA pesue.
Cy6LEKTHBHEIM B3ITISJIOM HEBO3MOXHO OXBATHTE BCETO, YTO COCTABILLIO 3TO SBJICHUE PYCCKOI
HayKH — TPUXO]] TAKOTO HEOPAUHAPHOTO YellOBeka, TANaHTIUBeiIero cnenuanicTa, gpusmuka
ot Bora.

" Ha mpoTshkeHHH JoNroro BpeMeHH s MMeJl BO3MOXKHOCTH HaOIIoNaTh 3TOro HeloBeKa Kak
ObI cO CTOPOHBL, paboTast psIoM, ABISAICEH ET0 TOBAPHINEM U cobeceTHHKOM, BpeMEHAMH BMECTE
TPYASCH ¥ NofApabaThiBas Ha PONHTaHNe ceMeli, Nomyyas He3HATUTENbHBIE CyMMBI 32 TDKENIBIH
¢usuuecknit Tpyn — GpuranHble HOOpsSABI B KONIX03aX M COBX03aX, OMHCTKY OT CHEra KpbIml
IpOM3BOICTBEHHLIX COOpYXeHHH, paboThl o 04HCTKe o3epa Baiikai.

Beane, o cobcTBenHO HHMIMATHBE, OH OLUI HAa CAMBIX TXEJBIX W PHCKOBAHHBIX HAIPaB-
JIEHHSAX KOJUIIEKTHRHOTO TPY/a, BRI3LIBAs yBaKeHHUE OKPYXKAIOWIUX, ABNAA coboit npumep Myxe-
- CTBEHHOCTH ¥ CTOHKOCTH. BorneBoii, HeyHbIBarONIHH, HETLHBIH, OH OTHOCHUIICS YBAaXXUTEILHO U
TBOPYECKH K PHUIHUESCKOMY TpYIY.

Mos GnarofapHas namsTh XpaHUT MHE ero nuno. OHo HHKOTHA He UMENO paccestHHOIo HilH
GCCCMBICIIEHHOTO BBIpaXKeHHs, B JIOOYI0 MHHYTY ABISACH OTpaxeHHeM BHYTpeHHEH paboTsl
MBICIH. MOXHO NHINE JOTafBIBaTECS O TOM MONIHOM MBLICIHTEILHOM Mpollecce, KOTOpLIi
TNOCTOSIHHO MPOMCXOMHII B €T0 YMe.

Ero moGunu B HameM OKpy:KeHHH. Msrok B oOmeHHH, yBaXUTeleH kK cobeceJHUKY, NTpo-
-HAKHOBEHEH, M3YMHUTENIBHO HECTAHJApPTEH B CYXICHHSX, OH BEI3BIBAN Bceolllee yBakEHHE,
'-ocTaBafch HamaTeH MHormM. Kakjias BcTpewa ¢ HHM fABIA/IACH COOBITHEM, KOTOpoe ObLIO

HEBO3MOXKHO 3a0EITh. OH OBLI OTKPBIT, HO HE JOCTYIIEH 10 KOHIA.

<Ero 3pelTbiit yM He JoMycKall NOCHENIHBIX WK IOBEPXHOCTHEIX CYX/IeHHI B HATHOHANBHOM
Bonpoce. Ero HaydHoe okpyxeHHe GBUIO MHOTOHAIIMOHANBHEIM, KaK W Hayka BooOlne. B HeM
TIPUCYTCTBOBAIIH PYCCKHE, apMSHE, €BPEH, KOPEHLEL, TaIOKHKH, MOHTOIIBI, BMECTE TPYAMBIUHECS
Ha]l pelleHneM obIKX HayqHBLIX IpoGIeM.

~IlenbHBIN, TaKTHYHEIN, BEXXIUBEI 4elOBEK, OH He JONMycKal MOLLTOCTell B pasrosope,
BonpHOCTEH. ToHKO WyBCTBYOIINI (opMy, LBET, FTAPMOHMIO, OH ABIUICS GOJBIINM 3HATOKOM
pyccxolf ¥ 3apyGexkHOH KiaccHueckoil My3bIki, MHe NOBOAWIOCE BHIETE €TI0 JIMIO BO BpeMs
TIpocAyINNBaHNS KIIACCHYECKUX Tipon3BeneHuit. Kak Ham B Hallle HeNpOCToe BpeMs HelOCTaeT
o0meHns ¢ KaccHKoit — ofHo# U3 OCHOB FapMOHHYHOCTH JIHdHOCTH! OH 3HAN K GBI OKIIOH-
HHKOM KJIaCCHYECKOH XYROKECTBCHHOMH NUTEPaTyphl.

“AnlexcaHp MEAPO ACNWICK CROUMH HAayYHBIMK uaesMu. OTKPHITEI, KU3HeTIOONREIH, OH

aKTHBHO ITOMorall pEIICHUIO HayuHEIX H JKHTelickuX npolieM apyrux nrofeit. HyXs1it 3aBHCTH,
OH He 3aMapal ceOs HH3MEHHON HHTPUTO.
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BeTpeun ¢ HUM Bo BpeMs BBIHYXICHHOTO JIOCYra, Nopoil ¢ GoKaloM XOpoLlero BHHA,
3ayleBHas OGecela, JOBEpUTENbHOE OOLIEHHE ABJSIIHUCE JUIS HAC LEMHTEIBHBIM HCTOYHHKOM.
JloOpast ynbiOka, yMHbIE I1a3a, TpyOKa Iaymucroro tabaka; J0cka, CIUIONIL HCIHCaHHad Gec-
KOHEYHBIMH (OpMyIaMu, Takue e 3allHCH Ha JIHCTaX OyMard Ha CTONe ¢ 3KCIIPOMTAMH ero
MBICTIH, THXHIf TolloC, 06palleHHbIH K cobeceJHUKY. . . Kak IeHeH MUT TaKoro KpaTkoro gocyra!

B npodeccroHanbHol AeSTENBHOCTH, € ero KPUTHYECKMM CKJIAIOM YMa, OH CTpeMmiIcs K
MO3HAHMIO MCTHHE], HEB3Hpas HA aBTOPHTETHI, H JOCTHUTAN SIPKUX M 3¢ (eKTHLIX pe3yILTaToB.
C KUBOCTBIO MCCIIEJIOBATENsl BOCIPUHUMAT TOUKY 3peHHs cobecellHUKa, cTapasich Jarh afiek-
BaTHyI0 opMyIHpoOBKY npobneMe. Obnagas yMOM aHAJIMTHKE U OyHIEBHOH HIMpPOTOH, 1iespo
pa3napuBall UAcH I1 HaydHOro NMoHcKa. Ero TBopueckas AeATeIbHOCTh 06opBanach B paclBeTe
€ro TajnaHTa.

IIsITaschk MOHATH XKU3HEHHBIH IIyTh 3TOT0 YIUBHTENLHOIO YEI0BEKA, 3a1aeNIbCS BOIPOCOM:
Kak GopMUpyeTcs TaKoil Xapakrep, Takye KauecTBa HHIMBHIA; B KAKUX YCIOBHAX, NoJ Bo3zei-
CTBHEM KaKUX JIofleif, akTopoB — COLUANBLHEIX, IPUPOAHEIX, OOLIECTBEHHBIX — hOopMHpYeTCcs
Takas JINYHOCTh; Iie OH poc, KeM BOCHHUTHIBAJICSH, KaKoBa €r0 CYACTIHBAs HACIEACTBEHHOCTH?
Mory JMIIs OTMETHTB, C KaKoif MOYTUTECILHOCTEIO OH OT3BIBAJICS O CBOMX YUHTENSIX U Gnus-
KHX JPY3bsiX, 2 TaKXKe TOT HEOCHOPHMEIH (haKT, YTO ceMeHa, NMOCESAHHbIE €ro CTYACHYECKHM
HacTaBHUKOM PadkaroM AXMepoBEIM, NaH Ha OIArofaTHYIO IOYBY.

ITamATH 06 AJlekcaH/ipe MBI COXpaHUM B CBOMX cepAlax. Yrokoit, Focnoau, nymy yconmiero
paba TBoero Anekcanzpa.

Moii geaymka

Bepa TapacoBa
Hayuonaneneiii uccnedosamenvcxuii ynusepcumem “‘Boicwias wixona sxonomuxu”, Mockea

He xaxnsiit MoXeT MOXBACTATHCA TakUM Aefymikoif. OH Bcerna HaNOMMHAN MHe CTaporo
nobporo rHOMa: ¢ Gopornoif, Manoykoif, KypHUTeNnbHo TpyOKoil BO PTY M MHILIHOHOM CKA30K B
rojiose. Ha mobyro cutyauuio y Aena Caimu Bcerna HaXoguilach CTpOYKAa M3 CTHXOTBOPEHHS
MM IIMTATa. A CKOJIBKO CTPOK OH MOT IIPOYMUTATh HAU3YCTh, CKOJILKO CKa30K paccKa3ars!

Ero mo60Bb K UTeHHIO fiepealach U ero NETAM, H BHYKAM, H HET CIIOB, KOTOPHIMH MOXHO
651710 GBI BRIPA3UTh OIIArofapHOCTH 3a 3TO.

U Bcerna emy ynaganoch yeM-HHOYAb MeHs YAUBUTH! OHAXIBI 3HMOi, KOI/Ia Jec B pailoHe
nuka TankuHa eme kasasics MHe GecripelensHo GoibIIuM, HeAYyIIKA IIOBeN MEHs Ha Gonoro
MCKaTh KIMOKBY. U, ¢ oj{HOl CTOPOHEI, 51 Bpojie 6Bl IOHUMANA, 4TO B YCIOBUAX TIOTyMETPOBOTO
CHeTa MHI Bpsl /I HaifleM KIIOKBY B JIECy, HO He BEpHTH Aefy ObIIO HEBO3MOXKHO, MO3TOMY
HOCHYIIHO mpobupanach 32 HUM depe3 KYCTHl, MCKaia B CHery XeJaHHBIe KpacHEIE STOMKH.

Tlospocnepmero pebenka OBLUIO TpyQHEe YAWBHTbL KIIOKBOM B JIECY, HO3TOMY JIeIyIIKa
KXIBIH pa3s IPUBO3UI YTO-HHOYAL HOBOE H3 CBOMX 3arpaHUYHBIX KOMAHAMPOBOK. DTH NONApKH
II0JIB30BATHCE OTPOMHOM NOMYNIAPHOCTLIO Y BHYYKH, OCOGSHHO B HENIPOCTHIE TOIBI CTYAEHYE-
CTBa. :

CaMEIM OOUTHEIM [U1 MEeHS SBIseTCs GakT MOHX CTONL HeGONBIINX 3HAHHUI O NeTyINKHHBIX
JocTIXeHUsAX B HayKe. OH HUKOT/A He pacckasbiBall o cBoeit paboTe, a s MoYeMy-To MHOTO He

crpaunBana. Ceifyac MPUXOANTCS Y3HABATH BCE OT APYTHX JIIOLEH, & BeIb CKOIBKO HHTEPECHBIX
PasroBOPOB ¢ HUM MOTTIO OBITH!
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O Came

I0.I1. UBanosB
Texnunecxuil ynugepcumem um. Pedepuxo Canma-Mapuu, Banvnapauco, Quau

- F,ue-'ro B Hauaie uioHs 2011 roxa nosyunn mucsMo ot Onsru BockpeceHckoii ¢ npockboit
HanucaTL o Came (xoTb noacrpanuyku!) mis cObopHuka BocnoMuHanuit o HeM. Cormacuics
cpasy kxaura o Came — neno cearoe! Ho ¢ xomy cecTh 1 Haficarh Hy HUKaK He MOTY4aloCh:
cyera TeKyIRHX Jcn 3aeia! BopoueM, no ciosam Onu, He 5 oquH Takoif. M ecii k ceHTA6pIO
4TO-TO HAlMIIETCA — TO W 3aMevarensHo! B obuiem, Bpems momuio, yeto B JlyGHe Habupano
~>1cap1cue Tpajychl, a cyeTa Jiel HUKAaK MeHS He ormyckanma. OfHaKo NojcmynHo paboTa mna: B
Hoe3/ie, CaMolleTe, JAXKe B OYepPEIM B MarasiHe HEeT-HeT, a BCIUILIBAIM MbICTH o Caie. Muoroe
BcoMuHaToch. U RaBepHsika monu, 3Hamue Canry G0Mbiie, HAMKIIYT O HEM 1 BEIPA3HTENBHEE,
U nyume. MHue ske 3aX0Tesloch MepeaaTh CBOM ONIYIIEHHS oT obmenus ¢ HuM. MHorma make
KOPOTKas BCTpeua NpHAABAia XU3HYM [IYGUHY, a BHIpaXeHHE UM CBOMX MEIC/ICH GBUIO OYEHB
eMKo ¥ Topoit mpocTo aopHCTHYHO, Jiaxe Ie-TO CIYXHIO YpoKoM. 3a TOUHOCTh ¢pa3 He

nopydych — He 3pst roBopsar: “BpeT, kak odeBuyen”. Ho nyx M cMeIca nocTapaics nepearhb
. BepHO.

O nayke

' BEUI0 3TO B TPOILIOM Beke, B Hauane 80-X. Bamum (B.A. Beanskos, cefiuac 3aM. upexTopa

JiAI OI/ISII/I) H g ObIIM eme cTaxepaMu. M, xak BOAHTCSA, CUMTANH, YTO €CIIH H HE C XOXY,
HO yxc TOYHO BCKOPOCTH pemuM Bce B ¢u3nke! Ho BOT TONBEKO KOMNBIOTEp HY*eH. A Torfa,
crpamﬂo CKa3aTh, KOMIbIoTep ObUI XOTh ¥ OonsIo# (1o pa3Mepy), Ho ofuH. U He Ha rpynmy,
He Ha na60paTopmo a Ha Bech MHcTuTyT! Hazo 610 NpHITH B KOMHATY, e CTOAN TepMﬂHaJI
¥ 3apaHee 3allMcaThCA HA ONpeJIeNeHHOE BpeMs: AHEM — He Gollee mofywaca, a Toclle Jaca
HOYH — X LeNbIH Yac MOXHO OBUIO CTy4aTh Mo KIaBHINAM M MAIUTHCA B 3eJIeHBIH 3KpaH.

"B obumem, kapruHa Takas. Yac HouM. Mer ¢ BagumoM mpuumum Ha cBoe Bpems. JiHem
e BCAKHE JOKTOpa C KaHAu[araMu paGoTaioT, 4 HOYb — 3TO YXe CTaXep Ja CTYACHT Ha
cmeﬂy sacTynaor! 3a TEPMHHATIOM CHIMT HeGpUTas JIMYHOCTL (Hy MpsaM BeUUTEHIE KopHees
y Crpyrankux) # 3agyMYHBO CMOTPWUT HA ManeHbkuit skpan Tectronix. (Bor & JIT® 6rin
GonbImoit 3KpaH, U Bce UM 3apunoBanu!) [ipuueM BUIHO, YTO Yoke JaBHO cMoTpHT. Baymanso.
Be3 Toro, YTOGEI KIaBULLY KaKyI0 TPOHYTE. BHIHO, MBICIL NMPUIIIA. A MO KIABUIIE CTYKHEUIh
— cnyrHems! Hy, MBI MUHYTY cTOHM, IIOTOM YX IATH IpoXoiuI. SI Kak-To ¢ Helochmy (1o
HodaMm paGoTaemns, JHEM MEITAcIUbcs KAK-TO HPUKOPHYTh Ha cCeMHHAape, — CTaxep Xe “Ha
Tabene”: aHeM Ha paboTe fomxeH 6biTh! Kopoue, HEOCHIT XpoHKUecKuii!) B HeKoe OlieNeHEHUE
Ban, a Banum, He BBITEpXaB, CACPXAHHO TaK BHIJAET B IPOCTPAHCTBO: MOJI, HAIlle BpeMs Yke
HACTyTHIO. B orset — Huyero. Jlorns Mutcnu npogomkaetcs. [Totom, rie-To Yepes HONIMUHYTH,
cxpumn' Kpecno 1 “HeGpuTas NAYHOCTS” 0GpamaeT Ha Hac CBO B30p. BHIHO, 4TO MEICIE yIlNa
Heyxnaqeuaon A pa3s Tak, To ¥ ¢ JocalHOH IoMexolf MoxkHO pa3obparbes. Jlanee caepyer
KopoTKas, HO eMKast ¥ 06pa3Has peys, CMbICH KOTOpOit “nutH 651 B, pebara ...”. Y 6611 ykazaH
Konxpc'mmx anpec. Jlaneko, MHEIMH crioBamu. “TyT JIONM HAaYKOH 3aHUMaroTCs!”

‘M Befip Tak M yuuid Mel ¢ Bagumowm. 3ato mossakommiHch ¢ “camum TapacoseM”. U,
KaK HaM Ha cleJlyloluit IeHs cKasanH, elle Jerko oraenamicsk! Bor xoMy mwyTouky, a nopoi
OTKHHEICS, IOCMOTPHULIL HA CBOM 32HATHS ¥ “OTHOpMMpyelbcs” 1o CallHHOMY MeToly —
Hayka 5T WK Tlopa YKe UATH Kyda MOfaNbIIe. ..
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O “mo6Bn”

Jleteno Bpems. Bot yx u Cotos pacnaincs, u 1990-¢ mpocBucTend. Bnpouem, He MHe Te
BpeMeHa OomUchIBaTh, Ho BOT 4To MHTEpecHO: KaK-TO TaK NONYYHIOCH, uTo B JlyOHe opaborarhb
BMecrTe ¢ Callleif y MeHs He clioxuinock. U mums okasasmuce B I'epManiy, MHe TIpecTaBUICH
Takoii ciyyaii. Calla Toraa nonepeMeHHO NpHekan To B MHCTHTYT TeopeTHUCCKOi HH3HKH, TO
B UHetutyT sipepHoit dusuku OGumecrsa Makca ITnanka. O6a B Teiiens6epre. Kak o6r4HO,
Cama pa6oran ¢ BoprcoM KonennosuueM. Ho, OCKONEBKY s TOKE TaM GBUT, MHOTA TIpHBIIEKAIN
U MeHs JUIS BCSKUX pacueToB. BrpodeM, 5 ceifuac e “o Hayke”, a “o mo6GBU”.

XKumn M1 ¢ Camreif B offHOM Iofike3fie H, Oollee TOro, Ha OJXHOM 3Taxke NoMa, B KOTOpOM
CHUMaNH KBapTHpH “rocTH Maxkca Ilnanka”. A noM 5TOT, Hallo CKa3aTh, HAXOMHUIICS NPAMO Y
neca, 33 koTopbiM B 10 MHHYTax HeCIEIIHOH MPOryNKH BBEpX IO CKJIOHY XOIMa M HaXomuics
HHcTuTyT sinepHoit usuku. TIporynka mo lecy meped M mocie paboThl — YTO MOKET GBITH
nyuyme! Ho 370 koMy Kak: Mo BecHE B Jiecy MOSBIIACh BCAKad MenNKas ‘“*KHBHOCTL”, H
eClM ONHOMY BC& 3TO — TIPUpOAR, TO A7s Jipyroro yxe — IpobieMa. VI jeno paxe He B
KOMapax, [ia MyXaX — 3TO0 JIeJIo OHSTHOE, Ja U He GBUIO HX TaM B “IyGHEHCKMX” 06BneMaXx.
A Botr xnemu Carmue fokydany npeuspsagHo. U BoT B odepepHoii pas “cioBus” wiema, Cama
TIPOCHT MEHS “To-cocelcku” oblerduTs ero crpagaHus. Mo, Bnuiack “sta cobaka” Hy B
COBEPIICHHO HEJOCTIKUMOE HeIOBEKOM MECTO, U 6e3 Moeit moMOIN Hy HHKaK He 0GOHTHCE.
S, caMo coboii, TyT e FOTOBIIO “MHCTPYMEHT K ollepallii” — JOCTAI0 WIolKy IOTONIe U
nporupato ee ‘“cnuproM”. [locre dero npucTynar K H3BICYCHHIO “‘3aXBaTyHka”. B sTor pa3
“BTOpKEHHE” OBLIO AeHCTBHTENBHO ITy6oKHM. S BOXYCH ye HeCKOIBKO MHHYT, H CaM YKe
naxke Benorell. Carra My>ecTBEHHO TEPIHT Moo “onepanuio”. ITo xony fAena Mbl oOMeHMBaeMcs
KOMMEHTapHsIMH KaK 110 TIOBOAY KIlellelf, Tak u “3a »u3He”. HakoHen “IHBepcaHT” U3BNEUEH,
U % BBIAAIO YKe “Tedarnoe” BeIpakeHHe: “OX, U mobar xe Teba kinemu!” Ha yro monyuaio
MTHOBEHHBIH OTBET: “Jl106oBb OHa, NOHMMAaelllb, pa3Has OBIBACT: YTO OJHOMY — CTpacTh,
JIPYTOMY — OJIHH CTpaJlaHU... ” Y1 Benp npaB, He BO3pa3UIIL!

X, MHOToe Gnllo, MHOTOE TIpolno. Y 5T Kiemy — fajieko He ToclejHee HCIBITAHMUE,
BHINABIIEE HA €To fo1I0... MHuoroe Care nipuiunocs BetHecTH. U Bee-ke OH J{o MoCTIeJHUX CBOMX
IHEH LeHWI yIbIOKy. YK NPOCTHTE, €CIIH KOMY-TO MOY “‘Gaifiki” IOKaXKyTCs ETKOBECHEIMHU, —
cMelo Hagearhes, Canra BcrioMuHal Gbl 00 3TOM TOXe ¢ YNBIOKOH.

3ameyaresbHas apyxb6a

Tepxapa u Upmrpayn Bedepunr
Innenvxaiiv, Iepmanusn

6 ner naszan agMmunucrpanus HHceruTyTa TeopeTndeckoit Gusnxu Ieiinensbeprckoro yHA-
BepcHTeTa obpaTHiack K HaM C BONIPOCOM, He COITIAaCHMCS JIM MBI CHaTh BHaeM KBapTHpPY B
HameM coGCTBEHHOM flome Anekcanapy Tapacosy u ero sxene Onsre BockpeceHCKol, npH-
exaBHM u3 PoccuH ans paGoThi HAJl COBMECTHEIM C WHCTHTYTOM HpPOEKTOM. MBI OXOTHO
COIIIACHIINCH, TaK KaK BCera pajibl 3HAKOMCTBY ¢ HOBBIMH JIIOJLMH M HOBO# LTI HAC KYJIETYpoit
IpYroi CTpaHBl.

Korzia 3Ta ceMbs Nepeexana kK HaM, MBI TOTYAC e MPOHHKTHCH K Hel CHMIIaTHel 1 cTamy
BMecCTe TIPOBOAMTL MHOTHe Bedepa. MEl oTMedann BMECTE JHY POKICHHS, TIPOBOTMIN BpeMs
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B becefax Ha Hauleli BepaHjle, BMECTE YJAaCTROBANY R TOPOACKUX Npa3fAHecTBAX, NpHUiallalin
JpYT IpyTa B TOCTH MO3HAKOMUTLCA ¢ YHCTO HEMEIKOR HIIH JKe YHCTO pycckoif KyxXHei.
SI3BIKOBEIX GaphepoB HE CYIIECTBOBANO: Mbl MOIIM OOIATHCA Kak Ha AHIMIHHACKOM, TaK H
Ha HeMelkoM s3bIKax. 3a 5 1eT 3HaKoOMCTBA c 3Toll ceMbell y Hac BOZHHKIIA 3aMedaTellbHast
. Apyx0a, KoTopas NpPOAOIKACTCS ¥ TENEPb.
Mui mry6oko ckopGHM, 9To AnekcaHp TaK paHo ymen H3 ku3HU. Ero HemaMeHHas no6po-
.. KeJaTeNbHOCTh, CMEX, €T0 JII0OHMEIC BRIpaXkeHHd, TPYOKa, KOTOPYIO OH IIOCTOAHHO KypPHJI, CHAS
Ha OaikoHe B HallleM cajy, 0 4eM-TO BCE BpEMs pa3MbINLISs, — HAIY JTI06HMBIE BOCTIOMHHAHHUS
o HeM. OH HaBcerqa ocTaHercs B Halleil MaMsTH.

2011 rox

OcteiBaromas Becejlenuan

JA.B. AuToHoB
Hremumym meopemuneckoi pusuru letidensbepzecrozo ynusepcumema, Ietidenvbepe

He yxnapriBaniock B co3HaHuH, 4To Cain Oonblle HET Cpeii HAac, KOTAA NPHIII0 coobme-
HHe 0 ero Oe3BpeMeHHoi koHuHHe. TakuM aGCOMIOTHO KUBHIM YETIOBEKOM OH HABEYHO ocTascy
B HauIeil raMsaTH.

OH NOKHHYI HAC CITHIUKOM GHICTPO W HEOXKUIAHHO IS MHOTHX, BITIOUAs MEHA H MOIO ce-
Mbio. Kaxercs, 4To BOT ellie Toibko Buepa Camia cHOBa BECENMII MOCTO CHIHMILKY, pacCcKa3bIBast
eMY KaKylo-To HeTcKyio nosmy. HaM c sxeHoili Becerzia ofico3HaTeILHO AyMAloch MpH 3TOM, 4TO
B obmem-to Oonbilie MBI ¥ HE BCTpedany ojeil ¢ Takoll peHOMeHANbHOH MaMATHIO H TaKUM
PSAKMM YYBCTBOM PYCCKOTO S3bIKA.

Calua 3anloMHHUJICA HaM YUBHTEIBHO PKUM U 00asTeNILHBIM HeI0BEKOM, C KOTOPBIM BCeraa
XoTenoch NOOBITH MopoiblIe. IIoMHMO YHHKANBHEIX 4elIOBEUECKHMX KA4ecTB, NPHTATHBABIINX
K Hemy mofeii, Cama obnajfain NoUCTHHE HeHcCUepllaeMbIMH 3HAHUAMH He TOIbKO B (u3MKe,
Ho, HallpHMeEp, Bo BceMHpHO# HcTopuu U reorpadun. He ToBops yke 0 ero BeYHO IOHOIIECKOM
3310pe N GecYNCICHHOM MHOXCECTBE IIYTOK, AHEKJOTOB M UeTBEPOCTHIIHH, KOTOPRIE KAKUM-TO
YOUBHTEIIBHO €CTECTBEHHBIM 00pa3oM BcrioMUHaIHCh Carueil B MOTXORAIIHIT 1 3TOT0 MOMEHT.

- Jlpyroe 3anoMuuBIlieecs CallHHO Ka4eCTBO — €T'0 IOpa3sHTEIbHAA CKPOMHOCTD — BBIITIAIETIO
OpraHMYHOH YacTHI0 HAKOMIEHHOM UM OrpoMHOi KU3HEHHOH MYAPOCTH.

Korna Taxne HeopauHApHEIEe THYHOCTH, Kak Callla, yXOAAT, TO IOHMMAEIIE, 9To Beenennas
JeHCTBUTEIIBHO OCTHIBACT, HO M3NYYCHHEII MU CBET €lle JONro OyAET 03apsATh CBOUM CHSHHEM
H TENIIOTOMH TeX, KOMY MOCYaCTIUBUIOCE C HUMIU CONPHKOCHYThecA. Beunas mamars Canie.

2011 roxg
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Henousras apyxoa

M.H. Muarnakanosa, 10.C. Bepnon
Hucmumym sdepnoii pusuxu um. J{B. Crobenvyvina, Mocxea
Hucmumym adepuvix uccaedosanuti Poccutickoii akademuu Hayx, Mockea

Tsokxo mHcaTh o Oe3BpeMEHHO YIUEHIIeM CBETIOM ueJIOBeKe, CTABHIEM HaM ONH3KUM B
nocnexHue TOOEL. ‘

Paszymeercd, Te, 10 paboTan ¢ AsekcanapoM BacunbeBuveM M 3HaN ero JONTHE TOIbL,
CMOTYT paccKa3aTh 0 HeM ropasjo Gombie. O paGorax Ayexcanzipa BacuineBuua pacckaxyr
€ro COAaRTOPH M yueHUKH. Ham NHIL XO4eTCs OTMETHTD, 4TO, HAXOMACH y Hac fioma (yxe
o4yeHEs GONBHEIM), OH HOYTH BCe BpeMs pabotal. Ve mocie yxoda Ajiekcanpa BacumbneBuda
MBI ¢ GONBINNM HHTEPECOM CIYINANK Ha KoHepeHuun B Eperane noknan Cepres PybGeHoBuua
T'eBopksiHa O COBMECTHOM pa60Tc ¢ Anexcanzipom BacunsesuueM 1 Oneroit Onerosnoit. Cepreit
Py6GeHOBNY OTMETHN pellIaloIIUid BKIan AJeKcaHapa BacHIkeBHYa B NONYUeHHe TOTOKEHHEIX
pesyneTaroB. M3 goknama 6bno BHAHO, KaK TECHO IEperlIeNuch B TROPHECTBE Arexcanfpa
BacuibeBnaa MareMaTuka U dusuka.

OniHako, BOIMOXKHO, 3TH KOPOTKHE BOCIIOMHUHAHMA J106ABIT HEKOTOpHIE YEPTOUKH K Xa-
paKTepy O4eHb SPKOTO, IIMPOKO MBICIANIETO, OYEHD HETPHBHANBHOIO YeloBeKa, KakuM Gbli
Aunexcanp BacunbeBHY ¥ KaKMM OH OCTaHETCA B HallleH aMATH.

3HAKOMCTBO C 3TOi 3aMeUaTelIbHOI ceMbeil y Hac Hayanock ¢ Onbry Oneroanm Bockpecen-
CKoif IIpH PAJIOCTHEIX I HaC 06CTOATENLCTRAX — BMECTE C COTPYRHHUKAMMU OTJENA, B KOTOPOM
paGoTaeT Hall CHIH, NPA3THOBAIM €TI0 XCHHTHOY. K TOMYy BpeMeHH MBI yKe 3HAJIH, KaKylo
BaxHyI0 poiib chirpami Onera Onerosna u Anexcanjip BacumseBuu B cyfnbe sxeHbl HALIETo
celHAa ExaTepHHHL, 17151 KOTOpOi OHU CHeNalli OYCHb MHOTO, ONlEKasd M HACTaBIAd c¢ B HAayKe H
B XM3HH 33JI01ITO JIo TOTO, Kak ¢ Heil mosHaxoMuics Ham cuiH. Ilocne npasanopanus Onbra
OneroBHa, €CTECTBEHHO, OCTANACH Y HAC, MBI 04€Hb J0Mro beceloBany, cpa3y IPOHHKHYBIIHCH
K Hel my601cou cuMnatueii. Beuo ato ocensto 2008 rona, Tak 4ro Hamia Apy:xOa HDpuminach
Ha caMoe TsDKeJIoe BpeMs B JKH3HH 3TOH CEMBU.

C AneKcaxmposz BacuibeBHYEM MBI TO3HAKOMHITHCE HECKOJBKO M103)K€ — CYNPYTH NPHEXaH
B KIMHHKY Ha KoHCynbkTauuto. Ileppoe BreyamieHde ObUIO TakMM: B JIOM BOLIEN PYCCKHH
GoraTelpp — UM 5TO YAUBHTEIBHO, TaK KaK B 3TO BpeMs AJekcaHip BacunbeBHu yxke He Mor
nepenBUraThes 6e3 nomouy nanok. Ho Hukakue ajky He MOIIM IOBIHATHL Ha TO OIIyHICHHE
MOIIH, KOTOpOE UCXOJIMNIO OT Hero. BnpodeM, OyKBaNsHO cpasy Mbl GBUIH OKOPEHEI €T0 HHTEN-
JIEKTOM, OCTPOYMHEM, ITHTHPOBAHMEM K MECTy CTHXOB, ocobenHo miobuMoro uMm I'yGepmaHa.
Kasxetcs, ¥0puro Cepreesudy yaanoch BCIOMHHTb JHING OJHO CTHXOTBopeHHe I'ybepmaHa,
HeusBecTHoe ATiekcanipy Bacunbeuyy.

Crenyroliasi Halna BCTpeda npousonuia B JlyOHe, Ile Halla HeBecTKa 3alUINANa KaHIH-
JarcTKylo mauccepraiuio. Ilo npuesne B J[yony Met Obuu obnackansl B jome Onsru Ojeros-
HBl # Anlexcanjpa BacunbeBuua, a 3aTeM Ha 3al{ATE 3Ta 3aMevaTeNbHas CYNpyKeckas napa
pasfenia ¢ HaMH BOJIHEHHE M pajJlocTh IIPH OIMAIlleHMH Pe3YNIBTAaTOB IONOCOBaHHA. XodeTcs
TIORTOPHTS, YTO 3TOH PAJIOCTHIO BCs HAIA ceMbsi BO MHOToM o0s3ana uMenHo Onwre OlnieroBre
U Anekcanlipy Bacuneesuuy.

A panbiie Bce crano rpyctHo. Onsra OneroBHa U Asnekcauap BacunneBuu crany yacto
OLIBATH B HallleM JIoMe U3-3a OoNe3HH Anekcansipa Bacunnesnua. TAKKo BCIOMMHATD BCE 3TAITEL
ero Gome3nn. Heckolbko pa3 HaM Kasanock, Y4To Xy/ilee Mo3aji, Ho Gone3Hs IeMOHCTPHpORaa
CBOE KOBApCTBO. Xo4eTcs cKa3arh, YTO TONBKO YeHOBEK OYEHb GONBILOTO MYXKECTBA MOI' BECTH
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cebf B TAKHX TKKHX 0OGCTOATENBCTBAaX Tak, Kak AnexcaHnp Bacumhesuuy. Kaszamocs, Gyaro
HUKAKOTO TPY3a COMHEHMUI1, HUKAaKOro cTpaxa HeT B ero Aymie. U, Oyaydn B TakoM COCTOSHHH,
OH He HepecTasall TporarelbHO 3a00THThCs 06 Onbre ONieToBHE U BONHOBATHLCSA, €CIIM OHA
3aJiepXKUBaIAch.

Bonsiyio panocTs npHHec Allekcanapy BacunbeBidy Hepee3sl Ha HOBYIO KBapTupy. Ham
yHanoch NOOBIBATHL B 3ToH KBapTHpe NpH ero xu3H. 14 okrabps 2010 roga 8 OMSH BecnioMn-
sanu Anexcea Hopaiiposuua Cucakgna. My, cBs3asnsie ¢ AniekceeM HopaiipoBrieM Hoiarumu
-roaMH ApyxOrl, npuexanu B JlyOHy U, KoHedHo, noexaH k Onere OseroBHe H AIlEKCaHJIPY
Bacunneruuy. Anekcanp Bacunsesud 6511, Kak HaM Kasanoch, TOJOH CHII (HJIK HAM XOTEN0Ch,
4ToOBI 3TO OBUTO TaK), KaK Bcernda, SpoK M ocTpoyMcH. HeBo3MOXKHO OBLIO NMpeACTaBHTb, UTO
MeHbIIe YeM Yepe3 MOoNrofa ero He CTaHeT. B To, 4To KoHell OIM30K, HE BEPUIIOCH H TOcCIe

BTOpoOli onepauun. Menuta HukonaeBHa Obila y HETO B OHKOLEKTPE, TOROPUTE OH €Ilie HE MOT,
' HO NpHHEC TeTpajb M Hamucall 1Ba YeTBepocTUIHs ['y6epMaHa, KOTopkle Tak ropbko Temephb
TIEPEYUTHIBATH ¥ KOTOPHIE XOYETCS 37eCh IPUBECTH!

Mol pasyM BepHO cepAlly CIYXKHT,
Bcerna menua, 4ro mosesno,
Yro Bce MOIJIO OBITH MHOTO XyXe€,
Eme xpeHoBeit 65ITE MoOTTIO.

Ha cBere xuTh ¢ a3apToOM Tax OIACHO,
JlioBble Tax PUCKOBAHHHEI ITyTH,

YTO MOHSAI 51 OJHAXK/BI OUEHB ACHO,
JKuBBIM U3 5TOM XKM3HM He YHTH.

Ha npomanbe oH kpernko obnsn Menuty HukonaesHy, ¥ NogyManock ¢ Haaexo#, 4To Bce
Gyzer xopomo, ecnu 9enoBeK COXPaHUI CTOIBKO CHIL. ‘

Bot u Bce. PajgocTHo, 4To %U3Hb CBENa HAC C TAKUM 3aMedarelIbHO SIPKUM YelIOBEKOM, KaK
Anexcangp BacuneeBuY, HO O4eHB TPYCTHO, UTO Ipyx0a Hamla Oslna cTONb KPaTKoi.

Iocnennsana yueHauna

K.O. Ilo3neeBa
Hucmumym aoepnoii pusuxu um. JI.B. Crobenvyvina, Mockea

Anexcanap Bacuibesnu TapacoB siBisiicsi GakTHYeCKHM PYKOBOIMTENIEeM Moelt muccepra-
IUOHHOH paboTHI M MOMOT MHe cjienaTh 3Ty paboTy mucceprabenpHoi. S mocTosHHO e311ia B
Hy6xy u sxuna Henensamu B goMe y Onbru OneroBHH 1 Allekcanapa BacuibeBuda. B To BpeMst
OHM XWJIM B WHCTHTYTCKo# KkBaprupe Ha Kypuarosa, 4. Kaxoe yrpo y Hac 6nur “Mopckoii”
nombeM: Hac Oymun TpOMKHI 3BYK TOHTA, JOHOCHBIIMHCA € KYXHH, W MOUIHEIR ronoc Ha
BCIo KBapTHpy Bo3Beman: “Tloasem!” K 5ToMy MOMEHTy Ha KyxHe, KaK MpaBWJoO, HAac yxXe
KIANH 3aMedaTelbHbie TBOPOKHHKY CO CMETAHOH M BapeHbeM. TaKue uylecHEIe TBOPOXKHHKH
yMeJl TOTOBHTH TofIbKo Aslekcannp BacumbeBuu! OH cuuran, 4ro ONpeeNIEHHEIH "THIT JIMETH

YBEIIMYUBAET YMCTBEHHYIO aKTHBHOCTh. YTpPOM HONIarajoch €CTh TBOPOI, Be4epoM — phiGy
‘(enarenbHO cenenxy).
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Onsaxnsl, npuexas B JlyoHy, B kBapTHpe Onbru OneroBHul U Anekcanjgpa Bacunbernda
s yBUIENa MOIONYIO CUMIIATHUHYIO AeBYMIKY. MHe cranmo MHTepecHo: kTo oHa? IlepBRIM
Mpe/IoJIoKEHHEM OBLIO TO, YTO B TOCTH NpHexana BHyuka. OKa3alnoch, YTo HOYBIO AJek-
canap BacunseBuu ¢ Onproif OneroBHoii BosBpalianuchk B J{yGHY 3NMEeKTpHUKOM, Ile K HAM
¢ BOIIPOCOM 00OpaTuiach JeBYHIKa, IBHO 00cCIIOKOCHHA cKiIanbiBaBiielica curyanueii. [Tocme
pasroBopa BRISCHHIIOCH, UTO OHa efieT B JIyOHY K CBOMM coOTeucCTREHHHKaM M3 MonxaBuy,
[pUIIACHBIINM ce paboTaTh BMecTe ¢ HUMH Ha cTpoiike. Fx azpeca eif GhUIM He M3BESCTHH,
HX MOOWIBHMK He oTBeqal. I ee HUKTO He BeTpedal.. J[eBymika ocraBajiack B HOYM OIHA B
He3HakoMoM ropojie:. HemHoro nocosemasmucs, Anekcanap Bacunserud un Onbsra OneroeHa
TIpUITIAaCHIIN e¢ K cebe. 3a BpeMsa ee NpeObIBaHMA Y HUX C MOMOIIELIO Ipy3cil, MocelaBIIuX HX
JIOM, OHH ITOMOTJIH JEBYIIKE CleNaTh NyOHEHCKYI0 PETHCTPALHMIO U MONYUIUTh pa3pemex-me Ha
paboty. Curyanus paspenuinack.

IToMHI0 AnexcaHapa BaciibeBHYa NOCTOSHHO CUASIIMM Ha KyXHe 32 OTPOMHEIMH *“THCTHH-
ramu’”, KHUTaMH, CTaThsMH, KypsIUM TPyOKy H IIOCTOSHHO O YeM-TO JYMAIOLUIHM, MHIIYIHM.
BeuepoM B JOM TIPHXOIWIH IIOOH — COABTOPHI, YUEHHKH, ACTH, BHYKH, JpPY3hS M HPOCTO
3HakoMble. HeKoTOpEIM JIeTKO OAETHIM 3HAKOMEIM AJlekcaHp BacuibeBid HaXxoAull 1 HACOBCEM
OT/AaBaJl TEIUTYIO OAEX]Y, UTO COBCEM HETPUBHANILHO NpH 3apIulaTe HAYWHOTO COTPYIHHKa
OHAU. Korma npuXoIuin y4eHHKH, BUHO, KaK NIPaBUIO, THIOCH peKoil (MHe Toxe HEMHOXKKO
JOCTaBajlock — B OCHOBHOM B BMJe MIHHTBeiiHa). MHorma B moMe ObUTM mpa3mHMKM, AN
KOTOpBIX Anekcanip BacHibeBHY roTOBHI CBOU chpMeHHLIe TIJIOB, MAaHTH MM nuuiy. Kakas
3TO Obina nuuual..

Kpynuaa ¢urypa u mieTHHa Ha JuIe, Ha MO B3IIIAM, HE COOTBETCTROBAIIH BHYTPEHHEMY
cofiep’KaHMIO 3TOro ueioBeka. Jlymaro, 4to B Aynie Anekcauap BacumbheBud ObLT peGeHKOM
HEeOOBIKHOBEHHOTO yMa U J0OpOTHl, NoHUMa AeTel, yMel YTELUTh U pa3BeceNuTh [UIAYyIIuX.
OH Mor yuTarh JUIMHHbIE CTHXM M CKA3KM Ha NaMsTh, CAyIIAd KPacHBYIO KJIACCHYECKYIO
MY3BIKY, 9UTal HHTePECHEIE XYIoXKeCTBEHHbIe KHUTH. Ero ITHIo0 NPUHUMAJIO HEOOLIKHOBEHHOES
BRIpaXkeHMe, KOra Mo TelleBH30opy OH BHAeN ropsl. [opel — 3T0 GRLIA €ro cTpacTk.

Ilepen MonMM BHYTPEeHHHM B30pPOM pHcyeTcsl (aHTacTHYeckas KapTUHA. Anekcannp Bacn-
JILEBUY JIETKOH MOCTYILIO ABHXKETCA TIO 3EICHOMY CBEXEMY JIyTy BMECTe C GesIbIM IYIIHCTHIM
KOTOM B COJIHEYHYIO HE 3KapKylo morofay. IIocTeneHHO JIYT NpeBpallacTcs B 3eJEHYIO ropy, KOT
— B Oenoro meaBesis. BMecTe oHM HabUpaIOT BRICOTY U BOT yike OIu3Kku k oGmakaM. Teneps B
MeaBeZie NPOCTYNAloT YEPTH OrPOMHOTO CBETIIOTO FoIy00IIa30ro MyKYMHEI C KpYNHO#i ToJI0BO
— v onu oba yxomar 3a obnaka... M Tonsko ny4u cBera, NpoOUBAsCh CKBO3hL BHICOKHE 0ONaKa,
JIBIOTCS HA 3€JIEHYIO TOpY...

2011 ron

O Came TapacoBe

T.B. Beaepnnkona
Tomckuii zocyoapemeentvili yHugepcumem, Tomck

Xouy cka3arbh Heckonbko cnoB o Came. [la-na, uMeHHo — o CAIIIE. IToroMy YTo uMeHHO
Tak €ro 3ke¢Ha, a Mos OAHOKIIacCHUIA B nofipyra Ong BockpeceHckas IO3HaKOMINA MEHS C HHM.
Korna sriepsric Ha nopore Hamel kBapTHphl B ToMcke nossunach conuanas ¢urypa Camm,
a nogymana: “Oit! Kak sxe npasuibHo ¢ HUM obmarbea?” Ho yxke Hocne HeckodbKuX $pas,
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KOTOPBIMH MBI OOMEHSUIHCH C HHM, KaK B IIHHT-IIOHTe, MHE Ka3aJlOCh, YTO 5 3HAKOMA ¢ HHM
IaBHEIM-TaBHO, H HE HaJI0 AeNaTh “KHHKCEHOB”, BRIAYMBIBATE H NOAOHPATE 0060 AeHKATHEIX
obpamennii! TIpocro Hano GHITE coboii.

Cama ToHKO wyBCTBOBan M mo6un JXXU3Hb. Jio6un u uemm 1omop. A xak xe! Bens
9elIoBeK, CIHIIKOM CEPhE3HO OTHOCAIIHICA K KH3HH, HE YMEIOIIHH HOCMEATECA Hajl CHTYalHei,
B KOTOPOH 0Ka3ajics, JOCTOHH COXAICHHS. :

B o6meM Cama — 3ameqarensHeiii cobecennuk! (Jlaxe ne xouerca noGaerrL — ©Onu1.)
A ckonsko OH 31N cTHXOB! S GepeXHO XpaHIO LENbIil CBUTOK PYKOINHCHBIX, HA IIAMATH MM
3allMCaHHBIX, CTHXOB Jrobumoro I'yGepmana.

Cruxu, KOTOPEIE MBI TIOGHM, MOTYT MHOTO pacckasarh o Hac. Ouu Tak co3Byuns CammuHoMy
MHpOOIIYIIEHHIO: ‘

Brnaronapio Te6s, BeeBbimHmi,
3a Bce, K 4eMy s IIPHBA3ATICH,
3a To, WTO 5 HH pa3y JHUIIHUM
B xpyry apyseii He oka3saics.

<. o>

Y onnoMy TeGe cnacubo,
UYto fepXxHIIL MEPY TEMEI M CBETA,
Yro B MHpe ABABOIIECKH KPacHBO,

- Y1 Mue fjocTynIHO BHAETH 3TO.

VIMeHHO B 3THX YeTBEPOCTHIIHSX, KOTOPEIE Bceraa GELTH C HAM, OTKpLIBAETCH TOHKAA M TyTKAA
Jyma Gonpmoro genopeka:

M cnpocur Bor: HukeM He cTaBIIMii,
3ageM TH xun? UYto cMex TBOMH 3HAYHT?
— 51 yreman paboB yCTaBIIUX, — OTBETY .
W Bor 3annager.

Ms=e, T'ocnions, Heyio6HO HPOCHTS,
Ho, xons scen TeOe yenosek,
ITomorx MHE NOHATH H MPOCTHTH
Momux 6muskux, Apy3eii # koiler.

A Bor 310 — KaK GymTO OH cam Mpo ceOsA HamMcall, ¢ NPHCYIIHMH eMy YYBCTBOM IOMOpa H
MYX€ECTBOM CHIIBHOTO Ye/IoBeKa:

C a3aproM XHTh Ha CBETE TaK OIAcHO,
Jlio6b1e Tak pUCKOBaHHEI ITYTH,

YTO MOHST A ONHAXK/EI OYEHD SCHO:
JKuBeIM U3 3TOH XKM3HHM — HE YHTH.

duHaN KHHO: CTOHUT KOJBILIOM
Jecarok GMU3KAX HajJ My>4UHHOH,
A 5 MeX HHX JISXKY C JIHIOM,
UyTh oneganeHHBIM KOHIHHOH.
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51 coBceM He Gulma 3HaxoMa ¢ TapacoBEIM AnekcaHApoM BacunbeBHYEM — BEIHAIOHIMMCS
GU3MKOM-TEOPETHKOM, paboTa KOTOporo OBIIA TECHO CBA3aHA C SKCMEPHMEHTaMH, IPOBOIH-
MBIMH B MHpPOBBIX (u3udeckpx LeHTpax. B 2010 roxmy Bo Bpems ero Busuta B TOMCK OH
BBITIOJIHSAN KaKHe-TO PacueTsl JUT COBMECTHOTO NPOEKTa ¢ YueHBIMH K3 Uy, Ons monpocuna
MEHs IiepecliaTh “‘CKaHbl” JIMCTOB C pacyeTaMM Mo 3JeKTpoHHoH mourte B Yunu. Ha mucrax
OBUIM KaKHe-TO KpacHBble (OpMYNEI ¢ 3a6aBHBIMHE 3HAYKaMH-‘“‘CHKapamikaMu™. B OTBeT MEHI
nomyawmn: “It’s wonderful!” TaxoBa 65ina olieHKa ero Tpyna 3apyOe:KHEIME KoJTeraMu. B aToM
HET COMHEHHUH.

I'pyctHoO, YTO IIIOAM, KOTOpBIE elle MHOro MOIMM JaTh MHpY, yXoadr. Ho M 3mech MOXHO
65110 OBl 3aKOHYHTH MO0 KparTKylo 3aMeTKy o Caie crpodamu us ['ybepmara:

VTyuyHseTCA IJI0Th, HCHApAeTCs MbUL.
Tonp! BHIINM HAa MEATICHHBINA YXKUH.

U npuaTHO nogyMars, YTO BCe-TaKH ObLI
Y xoMy-To GbIBAT 4 HYXEH.

Mb1 nocrie cMepTH — Beplo B 3TO —
Ongrh CTAaHOBUMCS HETIEHHOIM
YacTHIiei MBICISIIIETO CBETA,

Kotopetit nbetcst mo BeenenHoi.

5 mons 2012 rona eMy ucnonaunock 681 70 ner. Ceernas namars Canle Tapacosy.
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MN3BPAHHBIE HAYYHBIE TPYJbI

YAK 639.172.5

KOFEPEHTHOE U
HEKOMEPEHTHOE POXOEHMUE
YACTUL, HA ATOMHbIX

S0PAX B TEOPUU
MHOIOKPATHOIO PACCESIHUS™

A. B. Tapacos

OGbeAHHEHHDbIH MHCTUTYT RAEPHbIX
HcenepoBanni, AyGua

IIpefcraBileHHl OCHOBHHE pe3YJILTATH TEOPHM MHOTOKPATHOTO pacCefARHs
OTHOCHTENIFHO pPEaKIEif KOrepPeHTROT0 N HEKOTEPEHRTHOro pOKAEHAS YacTHI
(% pesoHAHCOB) Ha aTOMHHX sfpax. B dacTHOCTR, noapobHo ofcyxpatores addex-
TH, CBA3ANHNE CO COMHOM POKAANIEXCH YacTHL.

The main results of the multple scattering theory of coherent and inco-
herent particle and resonance production off nuclei are presented.
4 Iln particular, the spin effects of the produced particles are discussed in
etai

BBEJEHME

B mociessme rofi pasHHME JKCHEPEMEHTANBHHME IDYNIaME
HOBOJBHO MHTEHCHBHO HCCAGLYIOTCH IPOLECCH POKAGHHSA HeCTabHiIb-
HHX YaCTHL (peaonancos) Ha aroMuHXx anpax [1—20]. Ocmosmas
mels 3THX MCCIefoBaHMA — MoJyYeHnme HHQOPMAnEA O XapaxTepH-
CTHKAX B3aUMOMeHCTBHA HecTaGHIBPHHX TACTHI ¢ HYKIOHAMI, HOHO-
CTYIHHX H3y9eHHWIO B IKCIEPAMEHTAX C BOKOPONHHME MATICHAMH, VN
'M3MepeHHe PafIMaIuoHHHX IIMPEH pacmaga pesoHaEcoB. Teopermue-
CKHM anmaparoM, HCHONb3yeMHM IPH aHAIH3Ee DKCIEPHMEBTANIBLHEIX
NaHAHX, ABIAETCA TEOPHA MEOTOKparHOTro paccesmma (TMP), passm-
tas mepBoHazansHo B paborax I'mayGepa [21—24] npmmenmrensuO
'K ODMCAHHI IPONECCOB YIPYTOro X KBAsHyOPYTOTO PACCeAHMA TacTHIY
BHICOKHEX YHEPTHH ANpaMH, a 3aTeM o6o6mennas B paborax HECKOILKHX
rpyou asTopoB [25—54] ¢ meanlo ommcamms mpomeccon pomnemm
JacTHI] Ha SACDHHX MAMEHAX,

Hacroampmit 0630p mpencraeiaser coGoil MOOHTRY cnc-reuamanpo—
BAHHOFO HM3JOKEHHA Hamfollee CYMECTBOHHHIX DE3YIHTATOB TEOPHR
KOTePEHTHOr0 M HOKOT@DEHTHOI'0 POKMICHHA JaCTHI, B aAPOH-ANeDHEIX
CTOIKHOBEHHUAX, HOJYICHHHX B TAK HassBaeMoM npmbimuxernan Liray-
6epa. IIpn6amuenne 'nay6epa skraBaienTHO ClenylImeMy NPOCTOMY

*du3nka MeMEHTapHLIX YacTHI{ M aTOMHOTO siapa, 1976, ToM 7, Bum. 3, . 771.
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A. B. TAPACOB

IPeNoNOKeHmMI0 0 (u3mueckoli KapTHHe® B3aMMONEHCTBHA OHCTPHX
gacTnx ¢ aapamu. Bpema mpoXoskmeHUs: GHICTPHX 9ACTHAI Yepe3 sXPO
HaMHOTO MEHBIIe XaPAKTePHHX BPEMeH, B TEYEHHE KOTODHX HYKIOHH
fIIPa MOTYT 3aMETHO CMECTHTHCH M3 TOTO IONOKEHHS, B KOTOPOM OHH
HaXONHINCh B MOMEHT CTOJIKHOBEHHS YacTEOH C aapom. llosToMy
B3aUMOJIeHCTBEE IPOHCXOMUT KAK OH ¢ CACTEMON HEIOJBIKHEIX IEHT-
poB (HYKJIOHOB), BOPOATHOCTD TOW MM WHOK KOHQHTYyparmuy KOTOPHX
ompefieigeTcsi BOJNHOBHIMH (YHKIHAME HAYATIHLHOTO H KOHETHOTO
COCTOAHHAA SAPA-MUIICHU. _

Coenmdmueckan uepra AWHAMAKE CHIBHHX B3aEMOJCACTBEA mpm
BHICOKMX 3HOPTHAX — KO/IMMADOBAHWE IPOAYKTOB pacmajga B Y3KOM
YIiI0BOM KOHYCE BOKPYT HAUPABJIEHH [ABIKEeHAA HAJeTAINIe YacTANb!
ofecmeunBaeT NPaKTHICCKA NPAMOJHMEHEHHOE pacmpocrpaHeHue OHICT-
PHIX 4acTAI depes AAPO, YTO LO3BOIHET MCIONB30BATH IS HX ONHACA-
HEAA SWKOHANBbHOE UPHOIMKEHHe W COOTBETCTBYIOIIYI0 eMY TeXHEKY
OpHOEIBHEX unapamerposB. Ecaim GH pagAyc CHIBHOrC B3amMOHei-
CTBHES IPH BHICOKHX DHEDPIHAX rp OB HAMHOTO MEHBIIS CpPeIHHAX
MEKHYKIOHHHX DACCTOAHHE B sIApe, TO IPAMOIAHEAHOCTH PACIpPOCT-
paseEna ofecneumBania Gk He (0Xee ONHOIO CTOMTKHOBEHHS GHICTDPOMH
YACTHIOH C KAaKEM-THGO HYKIOHOM SAOpA, IPHAIEM CAMH 3TH CTOIKHO-
BEHHA ONMCHBAIHMCH OH AMIJATYAaME H& MACCOBOM IHOBEPXHOCTH.
Opnako [0 CAX HOP HESICHO, KAKOH W3 IapaMeTpoB ¢ PasMepPHOCTHIO
ANHEN B TEODHMH CHIBHHX B3AMMONEHCTBHH CIEXYeT OTOMIECTBHTH
C BeIHIEEOH I',. Y ecim B KagecTBe OMEHKE ee KBafpaTa B3ATH mapa-
MeTp HaKJIoHa AuddepeHnralbHOr0 COUeHHA YOPYToro afpoH-aXpoH-
Horo paccesigma B = 8 - 10 I'se~? = 0,3 = 0,4 fepmu 2, ro oxa-
JRETCA, ITO OH TOTO KO MOPANKA, ITO U CPeJHMH KBAAPAT PACCTOAHMI
MeKIY HYKIoHaMH Axpa. Ilostomy mpemefpeskeHEe BHEMaCCOBHIMY
aPpexrraMn B AMOIATYHAAX BHYTPHEANEPHHIX CTOJKHOBEHHHE SBIACTCH
HEOUPABIaHHLM ¥ BOBHWKAET 3a4a9a KOPPEKTHOIO Yyuera dTux addex-
ToB. B 370l cBs3HM B amTEpaType Harke o6CYKRANCI BOLUPOC O BOZMOK-
HOCTH HCIOIH30BAHAA ANEPHEX MHEMEHeH NJd A3yIeHUA HEACAMOTOTH-
9eCKuX (BEPTYQJIBHHX) COCTOAHMIN JaCTAL (HIM CHCTEM JACTHN) € HYK-
xoHamm. OpfHako KO CHX mOpP 3aBEPHIEHHONA TEOPETHYECKOX CXEME,
KOPPeKTHO Y4WTHBaIOmel BHeMaccoBHe 3DPPEKTH X ABITIOMEHCH
OCHOBOH JIf aHAIM33 DKCOOPHMEHTANBHHX JAHHKX B [YX6® BHCKAa3aH-
HHIX mfe#t, e cymecTnyer. IloaToMy moka ¢ HEOGXOIAMOCTBI0 HCIONb-
syercs Iilay0epoBCKas CcXeMa ONHMCAaEHAS B3aEMONEHCTBHAA 9acTHI]
¢ sagpamu. [lsa oGcrofTeNbCTBA MOTYT CIHYKHTH STOMY HEKOTOPHM
ompaBsfianmeM. Bo-mepBHX, B TeopmM IOTEHHHAIBHOrO paccesHds
B SAKOHANBEOM IPUCIWKEANHE IPORCXONAT NOJNHAA (TOYHAA) KROMIEH-
camua BEeMaccoBHX 3dderron [25] m Tex spdexToB KpaTHHX CTONK-
HOBEHHIl BHYTPH SAPa, B KOTOPDHX KAaKOH-IA00 HYKIOH Y4IaCTBYET
Gomee oxmoro pasa (TakHe CTOIKHOBeHHS BOSMOKHE, €CIH, HAPAMEP,
ABa HYKJIOHA HAaXONATCA Ha PAaCCTOAHHY, MOHBIIEM paauyca B3auMo-
Ae#cTBHA daCTHOH C HyKJIoHamu). Bo-Bropmx, Teopma [aayGepa,

‘
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HOCTPOGHHAA B IPONIOJIO0MKEHAR, IT0 UOMOGHAS KOMIEHCAUEA HMeerT
MécTo B B o0IMeM ciaydae (HeloTEHIMANLHOE PACCEAHHE), ONHCHRAET
BCI0 COBOKYITHOCTEL YKCIEPHMEHTANBHEHX HAHHKX 06 yOPyroM M KBa-
BEYIPYTOM DPaccesHmM dacTur Bricoxmx sHeprmit (I' >1 I'sg) arom-
prma axpama [26]. Iloka re gorasamo ofparHoe, €CTECTBEHHO IPEIO-
JIOKATH, YTO IOCTPOEHHAsA B MOXOOHHX IPHGIMKEHEAX TEODHA IPO-
1eccoB DPOKACHUA dacTWI B afPOH-ANGPHHX CTOJIKHOBEHHSX IIpa-
BUJIBHO OHMCHBAET 3TH HPOIECCHL.

1. OBIIAA CTPYKTYPA AMILIHTYJX M CEYEHHH
HOPOIIECCOB PORIEHHA YACTHII HA AXPAX
B TEOPHH TJAYBEPA

O6cymaM CTPYKTYDPY AMINIETYJ PAcCMATPHBAEMHX HIDKE pearmmi
BAMA ’

atA;—>b+ Ay, (1)

rae a (b) — saneraomas Ha Axpo (popmsmascs) wacruua; A; (4;) —
ANpPO-MAIIEHH B HAYANBHOM (KOHETHOM) cocrosHmH. ficHo, 4T0 B omm-
CaHHOH BHIME ¢XeMeé TeOPHH OCHOBHRMY COCTABIAIOIIAMY DIEMEHTAMHA
HOMKHH GHTH S-MATPHIHEE 3XEMEHTH HOCIENOBATENBHHX CTOIKHO-
BeEAH# OGHCTPOH YACTHNH € EYKIOHAMHM SADA, B3 KOTODHX Pe3yIbTH-
pyomui S-MaTpEIHELE 3emMenT pearman (1) B npefcTaBIeHRn NPROEAH-
Horo mapamerpa b crpomTca MYIBTHITHKATHBHO.

IIpn obCy;kneHEA CTOIKHOBOHME OHICTPHIX JACTHI ¢ HYKJIOHAMM
ANpPa OTPAHMYIEMCA PAcCCMOTPEHHEM TOIBKO GHHADHEIX peakmuil BEAA

z+N—>y+N, (2)

rae z (y) — 9acTEOE WJIA PE30HAHCH, MOCKOIBKY B IPOLECCAX DO~
Aemmsa dactan b Komeunoir macen mj < S (S — xBaapar monmoi
PHEPrEH B CHACTEM® IEHTP2 MA&CC CTAIKHBAIOIIUXCS YACTHI) HMEHHO
TAKHE CTOJKHOBEHHA ArPAT OCHOBHYIO POJIb. .

Iycrs fry — ammiaryna upomecca (2) Ha HOKOAMEMCA B HAJAIe
KOOPIHHAT HYKJIOHO, HOPMAPOBAHHAA YCAOBHEM

da/dQ =| sy [2.

B ravecTEe HE3aBHCHMHIX KMHOMATAYECKHX NEDPEMEHHHX pearnmit (2)

ynoOuo BHOMpPATH BMIOYJIbC k& Haleraoniel YacTAOE ¢ M HOOGPEeUHRHiA,
T. €, JeXKAMMA B IIOCKOCTH, OPTOrOHATHLHOE MMOYILCY Xk, Hepeman-
HHHA HyKIOHY HMIYIEC qr, OpEYEM r =% k€, rie 0 — yrox pacceanms.
Hamenenne mMmynarca k& GHCTPDRX 9acTHI UPH CTOTKHOBEHHAX
Oo0RIHO HHAYTOKHO MAJN0 O CDABHEHHMI0 C ' CaMOM BReIW4YmHOR k
H UM MOKHO IpeHeOpeds, Tak 9To k sBIserca o0meil sHepreraYecKo
XapaKTePHCTAKON BCEX IOCIEHOBATOIBHHEX CTONKHOBEHUH, M M03TOMY
8aBUCHAMOCTh AMOAHTYAH fry OT k BCoORY 6ymer omycKarhCd.
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S-marpmasni sueMenT peakmmm (2) Ha HYKJIOHe, HAXONAIMCS
B TOYKE C PalAyC-BEKTOPOM r, CBA3AH C AMINIHTYNOH f., 3TOH peax-
TuE COOTHOMEHHEM

Sy () =[21k5P (ax) + lfxy (q)] exp (iqr), 3)

e ( — TPeXMEPHHH BEKTOD MMOYILCa, NEPENAHHOTO HYKIOHY
B pearknuu (2), mpmYeM ero IPOXOILHAA COCTABIAIOMAS NPH MATHX
yraax paccesHHA O MoKeT CIMTATHCH HE3ABACAMEA OT 3TOrO yria
%4 onpen;enﬂe'rca B OCHOBHOM DA3HOCTBI MACC YACTHI ¥ H Y

L = (my —mz)/2k. ' (4)

DasoBHE MHOKETETE exp (iqr) 3 (3) ecrr pesynsrar pHeitcTBEA
omeparopa CHBHra.

Hepexon or npencraBieRds OmepegasHOro mMuyixsca () K mpef-
craBleHnI0 NpumearHore mapamerpa (b) ocymecrsiserca ¢ moMOmMbio
Q)ypse-npeo6pasonannﬂ

Sk, r)= 2nk S S (qr, r) exp (— igqzb) d%q,. (5)
Brops npo@nnnpymmm‘i orepaTop OGHMHEM COOTHOIICHHEM
v(B) =5z | 7(a2) exp (— igeb) s, ®)
moJy1aeM ,
Sxy (b, r) =exp i (QL)?W 2] [Bxy — Yxy (b—3)], (7

Ife Z 4 § — COOTBETCTBOHHO NPONONEBHAA (BRONL mMIynbca k) m mo-
nepednas COCTABIAIIAE PamEyc-BeKTOpa I.

Buecro mupexca zy B (7) ynobuo mcnoxs308aTh MOPAAKOBHLL (B Xpo-
HOJIOTHYECKOH II0CIe0BaTeIbHOCTH) HOMED 7 CTOIKHOBEHHA, B Pe3YIb-
TaTé KOTOPOro Ha OHOM M3 HYKJIOHOB AApa mporekaer peaknmsa (2).

V4aETHBaA YIOMARYTYIO BHOIE MYJIBTHILIZKATABHOCTE S-MaTpHI-
HHX 3J€MEeHTOB IOCIEeZ0BATeIBHNX CTOIKHOBEHAN M NPHHEIAN CyHmep-
NOSHOUE KBaHTOBOE MEXAHWKA, HOTPYAHO BHAETh, 49TO B TEODHHA
Tnay6epa pesyasrapyomumit S-mMarpHumbii onemert peaxmum (1)
HaeTcA BHPAKEHHEM
\

A .
SY == m uf(ry ... ra) ZT [[ Sa(b, xs,) %

n={

4 (8)
Xup(ry ...r A) exp (1q.,b) d® 1] d°r».
h=t1 -

3mecs ujy) — BONHOBHE q:ynxmm BadaJIbHOTO (KOHEYHOTO) COCTOA-
HuA AfRpa; k, — HOMED HYKIOHA, MCOHTABIEro 7-6 COyJNapeHHe;
A — aromuaniii HoMep. CaMBon T 03Ha9aeT XPOHOJNOrHIECKOe ymopdA-
NOYeHre BEeJIHYEH S, MO 3HAKOM IPOM3BEJIeHMs, MOCKOJIbKY B 00IeM
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clydJae OHE HE KOMMYTADYIOT MEKAY coGoif. Haxomen, cymMmpona-
pHe (8) OCym{ecTBIAETCA KAaK IO BCEM BO3SMOKHEM KoMOMBEammam
MPOMEKYTOUHNX Bo30y:KReHm# GHCTPHX WACTHI, TaK M IO BCEM Iepe-
CTaHOBKaM HYKIOHOB Ha BPEeMEHHOR OCH, COBHANAIOIIEA C OCBIO
Z-HAUPABIEEAA ABICKOHHS GHCTPHX YacTHI.

Xorda IpH CTONKHOBEHMAX OBICTPHIX YACTHI[ ¢ EYKJIOHAMEH fApa
mocilegHEEe MOTYT TarKe Bo30Y:ROaThCA (IPeBPAMATECH B HYKIOHHKIE
u300apH), TAKEE COORTHA 3Hech He OyNeM PacCMaTPHBATH, HOCKONBKY
370 HaAMHOTO pacmmpmio On kracc ofcymmaemmx pearmuit. Bygmem
MCXORATH W3 TOTO, ITO HOPH JOCTATOYHO XOPOIIEM SHEPreTHISCKOM
Pa3spemIeHAN JKCICPHAMEHTA PeaKknudm ¢ Bo3Gy:feHreM HYKIOHOB
AApa MOKHO OTASIMTE OT Peakmuit 6e3 mX Bo30YKIOEHAS, U TONBKO
ux OymeM obCcymuars paiee.

Crnenudwieckne I HOYNPYTEX pearnmit (z 5= y) ocHmaampyio-
mue mMEoxmTenn exp (i (qL)m,z,:l 18 (7) npm KoHEYHHX DHEPTHAX HORAB-
JIAIOT BRIAJH IPOMEKYTOYHEIX CTOIKHOBEHHI ¢ GONBIIAM H3MEHCHASM
maccH OHCTpOf JacCTHNH, TO IO3BOJAET YIATHBATH JIHME OrPAHH-
YEHH0® YHCIO0 BHAOB IPOMEKYTOYHHX pearmmir (2).

OfniuE0 SHEPreTHYECKOe pazpemeHHe DKCIEePUMEHTAIBHHX YCTa-
HOBOK B GOJBIIMHCTBE ONHTOB N0 H3Y4YEHEIO IPONECCOB POMIEHMS
YACTHN, HAa AAEPHHX MHIIEHAX.He MO03BONAET BRAeNATH peaxmum (1)
€ mepexooM AAPA B ONPENeIeHHO0e KOHEIHOe COCTOSHHE Lj. I/IaMepne-
MH€ B DKCHEPIMEHTe BEIHIANSl IPEACTABIAINT CYMMY COYeHMI MEOTAX
BosOyuermiE sapa

do/dQ= 3} | FiL 25 iFY = 5% — 2nk8,567 (g2). (9)
!

Yuemo TaKEX BO30YKACHHA 3aBHCAT OT SHEPreTHYECKOTO PA3PEIICHAS
anmaparypsl, ®M ecid 3To paspemenme He jyume 50 <- 100 Mas,

0 BOSOYHISHHLE COCTOAHHA AApPa C XODOMeH TOYHOCTHIO HACHINAIOT
YVCIOBH® UOJIHOTH '

. 2’} usus=1, (10)

OT0 m03BOIfieT ACKIOIATS BOIHOBHE PYHKIAA KOHOTHOI'O COCTOAHESM
AAXPA 3 BHPRKEHHER AIA waMepaoMuX cegennit (9). B mpenebpeskennn
afdberramMn, CBA3AHHHMYW C TOMAEGCTBEHHOCTHI0 HYKIOHOB, KOTODHS
HEeCKOIBKO mogpoGmee Gyayr ofcymarecsa Hmke, maa Bernmdma (9)
NOJAYIMM CHeNyIee Mpe/CTABICHHE:

T—ﬁﬁ_msu:s(h,ri ...rA..)S"‘(b',.rl ""rA.)uiX
- . o
X exp (igs (b— b')) dbdb’ I] dr.. SEERNTT

i=1
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Ha nepBruii B3raAx HEZOCTATOYHO TOYHO® 3HAHHNE TAKWX BOIHINH, KAK
BOJHOBHE (YEKONA U; OCHOBHOTO COCTOSHAA AADPA, [EAAeT PE3yib-
TAaTH TEOPeTHIeCKAX pacdueToB cedeHmit (11) MomenrHO 3aBHCAMHMH.
Ha camom ke Jjelie 0Ka3KHBAeTCH, ITO TOJIBKO HEONpefleIeHHOCTH B 3HA~
HUHM ONHOYACTHIHHX IUIOTHOCTOH pACHpefeleHEA HYKIOHOB B HApe

p(r)=ASv|u,(r, Ty »e.Ta)2dry ... dry, (12)

MOrYT 3aMETHO CKa3aThCA Ha PeSYJLTATAX TAKAX pacueroB. UyBcTBHE-
tenpHOCTh ceuenmit (11) x Gomee CAOKHEM XapakTEPACTHKAM CTPYK-
TYPHL APA, TAKAM, KAK KOPPOIANMNOHHEE YHKIEA Pa3HHX DAHTOB,
HACTOJNBKO HASKA, YTO IPH OPAKTHYECKHEX pacyeTax B mpomecce ofpa-
GOTKE SKCIEePEMEHTAJABHHX MAHHKHX CYIIECTBOBAHME Koppexamait
MOKHO HIH BOOOIIe MrHOPHPOBATH, KM B JYJIOIEM CIyYae YIATHBATh
B KaKo#-TO JocTaTogHo mpocroit mopenm [27].

Yro xe xacaercs sexwuns (12), To oHM HOCTATOYHO XOPOMIO M8Y-
YEeHH B SKCIePHEMEHTAX IO YOIPYTOMY PACCOAHMIO SIEKTPOHOB Ha Apax.
IIpeneGpexenne KoppensnusMm HYKIOHOB B Afpe OOHYHO BHIpa-
JKAeTCH B MCIOJB30BAHWE COOTHOMIEHHS (AaKTOpPH3AIAH:

A
Jui(ry oop ra) lz=‘l;l1 p(r;)/A. (13)

Iipa neoGXoaEMOCTH yUeTa CUHHOBOK (IO COMHY HYKIOHA) CTPYKTYPH
aMILIATYN pearnmit (2) M COMHOBOW 8aBHCHMOCTH BOMHOBHX (YHKIMIL,
a raxKe 9QPeRTOB TOMKAECTBEHHOCTA HYKIOHOB AApPAa, COOTHOINEHHE
(13) momxHo GHTH 3ameneno Goxee oOIMM

A
up(ry ... v, 0)ud (@’ ... ra, 0) =iH1 p (ry, T, 03), (14)

rmge p (r;, ri, ) — OAHOYACTHYHAA MATPHNA NJOTHOCTH HYKIOHOB
Anpa, HOPMEPOBAHHASN YCIOBHEM

S Spp(r, T, 6)dr/2=A. 15)

B Bupamenme Ais cedeHus (141), me yumrmBaromiee 3dexToB TOIK-

JIeCTBEHHOCTHE, BXOJAT Belwdmaxl o (r, r, 0), IMArORANBHHE IO IIpo-
CTPARHCTBEHHNM NepeMeEHHM. VI3 o6mux coobpaskeHnmit 09eBHIHO, UTO
CTPYETYPa HX CHeAyIomas:

p(r, r, 6)=[Ip (r)+io [(s)/A] 1 (r)}/2, (16)

npmaem S p () dr = ‘- p (r) dr = A. 3necs (s) cpegmee 3HaYeHHe

COEHA ANpPa B JAHHOM COCTOAHMM; A — ero aroMHEHH HOMeD.

ITockoNpKY yHeNBbHHA CHEH HYKJICHOB B Afpe s/A HAYTO}KHO MAJ
OPaKTHIeCKA [JIA BCeX SAXEPHHX MHENIeHeW, O0HYHO HMCHOAB3YEMHX
B DKCIePDHMEHTaX, BTOPOE ClaraeMoe MOKHO OIYCTHATE.
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Taxms 06pa3oM, OCHOBHKIME CTPYKTYPHEIMY JE€MEHTAMH B BHIpa-
srenAm Aua cegenmit (11) oxasmBanTes BeIHIHAH

~iVs, (5)=5p | vy (b—s, 0) p(s, 2) d's/2 (17)

ny, up (b’ b’v z) =
=3p | vx, (' —s, ) ¥l (b—s, 0) 0 (5, 2) d%/2. (18)

2. ONITHYECKUN NOTEHIMAJ

Caavama paccmorpmM Goxee moxpo6HO cTpyrTypy Beamumu (17),
Ha3HEBAEMHX ONTHYSCKEME DoTempmmanamm npouneccos (2). Ipessnme
BCEro BHAHO, YTO OHH KOHCTPYHPYIOTCH H3 GMIIHTYJ TAKHX IIPOLIEC-
COB, YCPeIHEeHEHX 0 CHAEY HYKJIOHA, T. €. 9pJeKTHBHO H3 aMIIATY]
PO'KRIOCHAA WIH PACCEAHMSA TacTHN HA 0SCCHMHOBHX HYKIOHAX. 3aBH-
CHMOCTBIO 9THX AMIUIATYHX OT COHHOBHX XapPaKTePHCTHK OHICTPHEX
YJacTHN, UpeHeGperaTh HEIb3sA, HOCKOJIBKY CHEH (GOMHNIAHCTBA YACTHIL
{ocobeHmHO pPEBOHAHCOB) OTIHYCH OT HYyJId. IlIpm yuere aToif 3aBm-
cEMoCTH YAOGHO 1ONB30BATHCA NPENCTABIGHHEM CHHPATBHOCTEI
B nabopaTOpHOH CHCTEM® KOOPAWHAT. JaKOHOM COXPAHEHHA IION-
HOTO MOMEHTA OIPEJeIAeTCS NOBECHAe CHEPANBHHX aMIUIH-
TyA upomeccos (2) mOX MaJHMHE YIVIaMH, YCPeJHEHHHX 0 CIHHY
HYKIOHOB: , :

haw (@) =1"Ct...191xGhr -+« P (9), @ (0)=1, 19

IO Cjp...; — CHAMMETpHIECKHi TeHaop paEran = | Ay — Ay |, cBepTKa
KOTOpOro mo JNo0of mape MEAEKCOB PAaBHA HYNO; Ay, Ay — COApAIB-
HOCTH YacTHO Z X Y.

TIpencrasum onrtmueckmit moremmman (17) B cnegyromem Bume:

Vi (1) =gz | T2 (@) S (ts, 2) P exp (i:b), (20)
e )

S(qq, 2) = S p (r) exp (ig.b) d%b.

Dopm-parrop S(g,, z) OrpanEIABAET CYmECTBEHHYI 00JACTH HMHTET-
PHEPOBAHHA SHAYEHUAME ¢, ~ R-1, rne R — papmyc aapa. YunrHBasn,
9TO CKOPOCTh H3MEHEHUWs CRAIAPHHX ¢ysxmumi ¢ (g) ompepensmercsa
pajuycoM BIEMEHTADHOTO BaamMofeicTBma r, ="V B, MEoro MeHH-
mEM pagayca Axpa, MOKHO B NepBoM NpEOAmKenmm npenebpeun
¢ — 3aBHCHMOCTBI0 BenmumH @ (¢). ro mprbImKenme SKBEBAJIEHTHO
HCIOIH30BAHMI0 NPOPHIAPYIOMHAX ONEPATOPOB BHAA:

Voehy (B—8)=cir. . /ViVy ... V,§? (b—s5), (21)
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rae- Vi = (0/0%b);. Ilpm sroM ouTHYeCKHir NOTERIEAN OKASHBACTCH
XPONOPIHUOKAISH NPOH3BOXHHM OT AACPROH INIOTHOCTH

Vay (¥) =cin...,(8/0b; ... 8/3b;)p (b, 2). (22)

VY4er KOHeUHOCTH pafiiyca dIEMEHTAPHOTO B3aHMOJEHCTBHA IPABOIHAT
K HERoTOpoi 3QPeKTHBHOR ImEPEHOPMUPOBKE LIAPAMETPOB, XapaKTe-
puU3YIOIAX pacupefieleENe HYKJIOHOB B safpe. Vs amanusa skcmepn-
MEHTAIBHHX JAaHHHEX 0 YOPYroMYy PAcCeSHMIO IEKTPOHOB Ha AAPAX
CJIeflyeT, YTO HYKIOHH B SINDPe PAacupelielieHH B OCHOBHOM PABHOMEDPHO
BHEYTPE cepH pagmyca R ¢ HEKOTOPOif pasMasroii BONHSHE I PAHHIE
aroit cdepr. OGETHO 2T0 OGCTOATENBCTBO YUMTHIBAETCA HCHONB30BA-
uueM (EHOMEHOIOTEYeCKON INIOTHOCTH CIeIYIOI(ero BHAA: .

p (r)=po {1+ exp [(r— R)/al}; } 23)
R= roA“s_: ro=1,06.-1,12 gepmu; a = 0,545 gepru. (

Opaaxo BecsMa GIH3KHEe PEBYABLTATH NONYIAOTCHS IPH HCIOAB30BA-
‘HAH NIOTHOCTE BHAA ‘

o= o1 r—1) pa () dr’;
{ormar=a; |p(yar=1, (24)

Tae p; (r) = 0 (R? — ) [34/4nR®]; p, (r) — mexoTopas GrcrpoyOH-
BAOMAA THaIKas QYHKIUA, POIb KOTOPOH CBOAHTCA K PASMAasHBAHMIO
OHHODPOIHOrO PacmpeRereHMs BOJIMSH IDAHMIE AXpa.

IIpu 00 paboTKe HEKOTOPHX SKCIePAMEHTAIPHEIX KAHHKX II0 ¢A-pac-
ceAnmio p, (r) Gpamace B rayccoBoii ¢opme

Po (r) ~ exp (—r%/2g%); g~ 0,9 +1 pepmu. ' (25)

Ilpm 3TOM yRaBanoCch OOKCATH PKCOEPHMEHTAIBHEE NAHHKS C TAKOM Ko
TOYHOCTHIO, KaK W HOpH mcmoib3opanmm (Depmu-pacupenenernsa (23).

Acnao, uro napamerp g B (25) mponopnmoRalieE TOMIAHEe HOBEPX-~
HOCTHOTO CNOA sAupa T = 4aln 3. Ecium npm MailX ¢ anopoxCAMAPO-
Barh ¢ (g), Kak OOKYHO, BHIpasKeHHAEM BHAA

@ (q) ~ exp(— Bq?/2), B=8 10 I's¢2=0,32 = 0,4 depmu?,

a p (r) suGpars B Buge (24), (25), To B coorromenun (17), onpenensio-
IeM ONTAYECKAA NOTeHIEA), 9TO SKEHBANEATHO HCHONE30BARAI0 PyHK-
mmit npoduas wyunesoro pagmyca (21) m spdexrusnoit dyrxnmm pas-
MasKA (P, (r) C NEPeHOPMMPOBAHHEIMM B3HAYCHWAMH NADPAMETDPOB:

Pz (r)ere ~ exp {—b/[2 (g2 + B)]—2%/2¢%. (26)

VumriBas naiee, 4To eHOMEHONOTAIECKH ITOTHOCTH BuAa (24) comep-
»Kar B cebe 3 eKTH dIIeKTPOMATHUTHOR CTPYKTYPH HYKAOHA, ANNPOK-
CAMHDYS IPE MalHX ¢ BJIeKTPHYeCKAA $opm-PaxkTop mporoma rayc-
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conoil dopmoit
G(q)=exp(— (re. m) g%/6), re.m. = 0,64 depmu?

® BaunTasn 5TH dddexra ns onrmveckux norernuanos (17) anpor-anep-
HHX B3aUMONEACTBHIA, mojyuaeM, 9TO UAPAMETPH pPasMasHBan@d g
B 3¢$eKTHBHEX INIOTHOCTAX, OMECHBAOIEX ANPOH-ACPHHE ¥ IEKT-
POH-AJEDHE® CTOTKHOBEHHA, CBA33HH CIENYIOIHM COOTHONICHHEM:

. gh=g5 m. +B—(re. m)/3, (27)
TAE fe.m. = £- IIONCTABIAA IHUCICHERE® 3HAYEHUA g, B, re. ., mony-
waeM, 910 g, Bcero mHa 7—10% Goxpme ge.

COOTBETCTBEHHO  Tp & Te. m. 11 + (0,07 i 0 1)] Pasymeercs,
<TpPOTO TOBODA, 3dderT KOHEUHOCTH pagmyca 2AeMeHTaPHOTO B3aWMO-
neilCcTBEA rp HE CBOTHTCH K TaKO# MpocToir mepeRopMuEpoBKe 3dder-
THABHHX NapaMerpoB sfepHoi mmotHOoctTH. OfHAKO ApPYrme IeTaim
CLIQKABAIOTCA IPH BHYHCICHEN CEIeHME HPONECCOB, KOTOPHEe JAOTCA
MHETETPAaMK OT BHPA)KEHEH, COUSP/KAMAX ONTHISCKHE IOTeHIHAIH
{cM. HmXRE).

OTMmermM, YTO € BEYRCAHMTONHHOM TOYKE 3peHusa Hambomxee ymoOHO
WCIONBH30BATH IIIOTHOCTH BHAA (24) ¢ ¢ymrnuweil pasmaskm

P2 (r) ~ 1/(r*+ )", n>3. (28)

zy

Tlpn sTOM HETETPajH BHIA 5 p (b, z') dz’ exp (ig.2’), sBasmIOmMEecs
. 21

OCHOBHHM COCTABHHIM deMenToM B dopmyne fus cegenus (11), Brrame-

JAOTCA B YKA3aHHEHX MOJENAX B ABHOM BAJE, ITO COKPAIaeT KPATHOCTE
MHTErPANOB XM YIOPOINaeT IHCIGHHEE PacieTsl OpE o6paloTxe skcme-
PUMEHTATHFHHX JAHEHX HAM DDA UPOBEIEHAE TEOPETHYECKHX pacye-
ToB. Hapnemamum BHCOPOM mapamerpos ¢, R W IOKA3aTels n IIOT-
Hocrs (24) ¢ dymrmmeii pasmaskm (28) MOMKEO CKOIB YLOAHO TOIHO
npu6anasnaTh K Pepmuencroi (23) B o6racrn smagennit r, rae ofe mwioT-
HOCTH- CYIIECTBEHHO OTIMYHE OT HYJIA.

Bosppamaschk K ONTHYECKHM HOTeHN@AalaM, obcymmm Goxee mox-
poGHO Te W3 HEX, KOTODHE OTBEYAT YOPYroMY PAcCeAHRI0 TacTum,
He CONPOBOKAMEMYCS H3MeHOENEM HX CINPANbHOCTH. Jlerko sumeTs,
9TO OHHE HAATCA BHPAKEHHEM

Vashe (r) = 1028 (A2) 0 ()12, (29)
e oy (M) = mt N (Ax) (1 — i Re fxpy (0)/Im frx (0)); OtOt () —
TOJTHOE CeIeHHe B88.KMOJIGHOTBHK ¢ HEUOJAPHU30BAHHHMYA HYKIOHAME
wacTHL (PE30HAHCOB) 2, HAXOJAMAXCA B COCTOARNA € IPOSKIMe cImaa
AxHA HAUDABJICHAS (BIKEHHL. B cnny coxpanenus P-9eTHOCTH B CHIIb-
HHX BaamMmofeicTeEAX ¢’ (A,) = o' (—A,) H IACIO HE3aBHCHMHIX CIOH-
PAIBEHX COCTABIAIOH[EX WOJAHHX cesenmit x (N ) B3amMmopeiicTBHA
({(N) — HemonapusoBaHEHI HYKTOH) OKAa3HBAETCA PABHEIM s, + 1],
Tie s — cnmH Facruns z. Tawmm oGpasom, mpm s, > 1 mia xapax-
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repactEkE z (N )-B3amMOJIeHCTBHA HELOCTATOYHO BBEJEHHA ONHOTO

mapaMerpa ouy, KaK 9To 9acTo mojaraercs. HampmMep, mpm o6cysx-
JleHAH B3aHMOJefiCTBAA BEKTOPHHX (ICEBNOBOKTOPHHX) HaCTHI] ¢ HYK-
JIOHAMU CJeXyeT pPasimwqarh IOJHHE CeUeHWd B3aMMONEHCTBHA IpO-
RonbHO-IONAPA30BAHHKX (A = () n romepeaIHO-NONAPUIOBAHKMEX (A =
= ;{:1) 9acTHI[ ¢ HENOJAPH3OBAHHEMHK HyKJIoHamu. Ommcanue B3am-
MopeiicTBAA gacTun cumHa 2 (HanpmMmep, A, ;-Me30HOB) € HEIOJ APH-
30BAaHHHMA HYKIOHAME TpPe0yeT BBOJEHMA TPEX (IOTHHIX CEIeHHII»,
COOTBETCTBYIOI[AX COCTOSIHAAM C DAasJINYHEIM 3HATCHMEM CHAPalib-
HOCTH, H T. A.

Koporro obcynam CTPYKRTYPY Benuame (18), GHIMHeANNX MO aMII-
nmryne. B nanbHefimeM B ABHOM BHUJE OHE GYAYT BCTPETATHCA ML
opr. obcymuesnn 9dhdeKTOB MHOTOKPATHEX HEKOTeDEHTHHX Iepepac-
ceAHAHA B mpomeccax mepesapsanaky it (K)-mesoHoB Ha axpax. [Hoatomy
OIYCTHM 31eCh BCe YCIOKHEHWSH, CBA3aHHEE €O CHMPAJILHOH CTPYK-
rypoit ammanryn. Hpome Toro, paccmowpnM crysait, kKorga o0a mpo-
¢urupyrommx omeparopa y (b — s, o) m y* (b — s, o) B {18) orHO-
CATCA K ORHOMY H TOMY K€ HPOIECCY (2) IlepenncuBas BHpaxe-
mue (18) B Buzme

Sp | ZIL 1oy (a—'12, 0) Fy (@-+ 012, 0) S (g2 3) X
X oxp [iq (b—b)+iq’ (b+B)/2)2 (30)

H ¢ y9eTOM pPAa3HOH CKOPOCTH M3MEHeHWs aMOauTyx f., m dopm-dar-
ropa S (q, z), mpoBelleM NUpPHGIMKEHHO® HMHTErPHPOBAIHHE o d*q”
B (30), BHHOCA aMIUIHTYNH M3-TOX 3HAKA HETErpaia B Touke ¢ = 0.
B pesyasrare momyuaem

Sp | ,;%—{Zf,%fxy (a—q'/2,0)foy (@+4a/2, ) S@, 9% )

X exp [ig (b—b') +iq’ (b+1')/2))/2 =
ey (—B)p (0+B)12);
oy (B) = | 2L exp (iaf) 2. J

3ameTEM, uTO B onpejenenne ermaaEH © (f) BxomAr Takxe @ cocraB-
amomue aMuauryy f (g, 0), 3aBmcAmMEe 0T CONHA HYKIOHA.

@30

3., AMIVIRTY AbI IIPOIIECCOB KOTEPEHTHOI'O
POKAEHAA YACTHI] B ONITHYECKOM HIPEXEIIE

Ecnnm 3apsanopsie XapaKTepuCTAKE (3apAJ, CTPAHHOCTH, GaPHOHHKA
8apAf) 9acTHL ¢ ¥ b COBHAfAOT, TO BO3MOKHHK HIPOIECCH

at+A4—>b+ A (32)
6es BosOYRIEHHAA ANDA-MHIOICHH, HA3HBAeMEE KOTEPeHTHHIMA.
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Ilpm 3HageRMAX NepefaHHOTO HMIOYAbCA (7, GAH3KHAX K HYIIO,
BKJAJl KOTePEeHTHHIX NIPONECCOB B HMaMmepsiemMoe ceuenme (J) moMmHHA-
pyer. OnEako oH ROBONBLHO OHICTPO YOHBAaeT ¢ POCTOM IEPeAaEHOTO
MMOYJABCA, TAK 9TO UPH gy > R ~! 0CHOBHEIM ABJIAETCA BKJIAN OT LPO-
HeccoB © B036Y}KII9HKBM ¥ PasBaloOM AApPa, Ha3HBAeMHX HEKOTOPEHT-
HEIMA.

Tarum o6pasoM, m3MepAaeMoe Ha ONHTE CEICHAS pomnenml TACTHI]
B peaxnmax (1) ¢ Temm jxe B3apANOBHIMHE XapAKTEPHCTHKAMHA, dTO
M y ZaCTUI OY9IKa, COCTOMT U3 ABYX KOMIOHEHT: OHcTpoMeRAKIeics
(upEMepHO Kaxk KBagpar sApepHoro ¢opm-parTopa) — KOTepPEeHTHOM
¥ MEIJIeHHOMOHAIMPEHCH (Kax cedende pOKICHHS JACTHI, Ha CBO-
GONHEEX HYKIOHAX) — HEKOTePeHTHOH#. Ha BO3MOMHOCTH pasfeleHns
9THX KOMOOHEHT H OCHOBAaH METOH DKCIEPHEMEHTAJIBHOTO nayqenna
TPOIECCOB KOrepenTHOTo porxpeHEa (32).

CedeHns Tak@Ax TPONECCOB AAIOTCH KBAAPATOM MONYJIA aMIIHTYE
{8), B roropoit cuenyer nonomurs U; = U;. B npenebpe:xenmna rop-
peNALMAMA HYKJIOHOB B fiipe AMIIHTYAH W, CIEXOBATENBHO, CCICHUSA
3TAX IPONECCOB BHIPAKAWTCH TOJBKO qepes .OUTHYIECKAS MOTEH-
amanu (17).

Ha nepBuil B3rIAN BHPAUKEHUA IH ammn'ryn HOBOJBHO CIOKEE,
TWOCKOABKY BKI0OYANT 9§POKTH BOZMOKHEX NPOMEHYTOTHRX BO30 Y-
JeHAl OHCTPHX TACTHI, MOTYIIAX CBS3HIBATH AX HAYAJIHHEE d B KOHOT-
Hue b cocTofHmAA.

Opmrako ynoMmHABImeEeCH BHIIE IOAABIEHAE MIPOMEKYTOYHHX BO3-
Oy;xneHnii Gonbmoi MaCCH M MAJIOCTh HaPHHEANBHEIX CedeHmit mponec-
COB POJKIGHHA YaCTAI KOHSIHOX MACCH, IO CPABHEHHID ¢ CEYCHAAMU
YODPYroro aJpoH-HYKJIOHHOI'O PAaCCesHHsA, IO3BOJSIET PaccMaTPHBATH
HPONEecCH HEYUPYrHX B3aMMOMEHCTBHI TacTHN BHYTPHE ALPa Kak
BO3MYIIERWe® W YIATHBATHL KX B HE3MEX HOpAAKax. B GoxbmmucTBe
CIyJaeB OKA3HBAETCA AOCTATOYHEIM YI€CTh TOJBKO HOYHODPYroe CTOJK-
HOBEHHE

4+ N b+ N, (33)

TPHBOAAIILE CPa3y K UPEBPANICHHI0 YACTHIE ¢ B YacTAmy (pesoHanc) b
¥ BCEBO3MO)KHHE yIpyrue nepepaccesaus Jactur a (b) go (mocie) mpo-
Tmecca PpoKNeHHsa. B 9TOM ciyuae rosopar 0f onnoc'rynenqa'rom Mexa-
HE3Me peaknuu pomfenws. Kcam peaxknmsa

at+A4A—>b+ A
OpoTeraerT mo cxeme ’
a4t Ny—c+4 Ny;
¢4 Ny—sb+ N, } (34)
MII0C BCEBOBMOKHHE YIDYTEe LiepepacCesHmA dYacren a, b, ¢
HA OCTANBHHX HYKIOHAX, TO NpOoNecc HA3HBAETCH IBYXCTYHEHIATHM
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m T. X. HeoGxouumocts B yuere Goiee c.no;mmx MEXaHH3MOB [0 CHX
IOp He BO3HAKAIA.

IIponeccrt yupyroro pacceanma ¢ nepenopo'rom compa GHCTpOI
gacTanH (H3MEHEHME COHpAIBLHOCTH) YNOOHO TPAKTOBATH TAKIKE KAK
HEeYIpyTHe, 10 UPAYNHe MX Mol HETEHCHBHOCTH (10 Kpaiiuelt mepe
IpH MAIHX NEePENAaHHHX AMOYIbCAX, XaPAKTEPHHX IS KOT6PEHTHHX
TIIPOTECCOB), K MOTOMY, ITO OHK IEPEBONAT TACTHLY B JIPYroe CIEpaIb-
HOe COCTOAHHE, B KOTOPOM Yyupyroe pacceanue (Ge3 nepesopora crnuHa)
ee HYKIOHOM, B COOTBeTCTBHH CO CKA3aHHHM BHINE, MOMKET OHTL
HMHBIM. :

Torja, HaUpEMep, TAKOH npomece, B KOTOPOM LEpexof a —r b
mpomcxonuT o cxeme (34), Ho sareM wacTEma b B pesyabraTe CIOHH-
$IEnoBOro nepepaccesHHA MEHAET CBO® CHHDAILHO® COCTOSHHE,
a CIefIOBATENLHO, MOHET WSMEHHTH B XaPAKTODUCTAKE CBOETO B3AAMO-
neiicTsus ¢ HyrkiTomamm, SPPeKTHBHO ABIAETCA RBYXCTYNEHIATHIM.
B srom caywae ¢ m b B (34) — He pasHHe YACTHIH, a PA3HEHe CHEPATb-
HHEe COCTOAHWA ONHOM M TOR >KE JACTHIHL.

W3 o6mero nupencranenns (8) HeTPYAHO DOXYIATH BHIPKCHAE I
AMIOATYX ORHO- ¥ J[BYXCTYUEHYATHX KOTEPEHTHHX IepPexofios,
DOCKOJBKY SaNadYa CBONATCH K HCIONL30BAHUIO onmon KoMOmHA-
TOPUKH:

F'=Foup =5 | Var(b, 2 exp (-4 (g2)ev7) X

X €XPa, ¢ (i § Vea (b, 2')dz' +1 30 Vs (b, 2') dz') dzd?h;  (35)

FU=Foen=pe 220 [ Vo (b, 20 Voo (b 22)
X exp [ig;b 4 i (QL)ac 2o+ 1(gL)eb25] X

2

2
X €XPa, 2 (i S Vae(b, 2°)dz’ + i S Ve (b, 2')dz" 4
p43

- 00

+i S Voo (b, 2') dz' ) 8 (23— 2,) dz, 2o, (36)
z2
. Tne

A-

expy p 2 =(1+z/4)* *=exp (z) 4+ 0 (1/4).
C TouHOCTBIO MO MCYe3AMUX B onTHIecKoM npefere (4 — oo)
BeIPAH BHPOKEHHEe A aMILIATYOH OJHOCTYIEHJaToro Nepexofa
MOKHO TIPEACTABATHL B BHME:

F'=Foy= o S % (£) Van (r) ¥ (r) dr, @37)
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KOI'EPEHTHOE I HEKOTEPEHTHOE POXXJAEHHE YACTHI[

rie i (Pz) IpeRcTaBAAOT cXxofamumecs (PacXoXANIAEc) MCKAKCHHEES
BOJHHE yacTr b (@), pacupocTpaHAImEXCA B Cpele, B3aHMOACHCTBHE
¢ KOTOpoii onmerBaercs apfexTusHAME (ONTHIECKAMA) TOTEHNHATAMK
Vep B Vgo, a mepexopsl a — b — morennuanoM Vg,. AHalormynyo,
XOTA HECKOIBKO GoXee CAOMKAYI0, HATEPOPETANAI JONYCKaeT M BHpa-
JKEHHe HJIA aMIUIATYX ABYXCTYHEHYATHX nponeccoB. Ilepexox k ontu-
gecxkoMy mpemeay B (35), (36) momxmo ocymecTBATH yKe HAYHHAK
¢ A > 10 ¢ morpemmocrsio mopsaaxa 2 - 3%.

4. CTPYRTYPA CHORPAJBHBIX AMILIATYJ
IPOITECCOB KOI'EPEHTHOI'O POKNEHNA
B OJHOCTYUEHUYATOM NOPHBJIMKEHNH

PaceMoTpEM CTPYRTYPY COMPANBHEX aMIIHATYH POARIHAil KOTeperAT-
HOTO POKNIEHAS B ONHOCTYNEHIATOM DPHOIIKeHHA., YYHTHBAS CBASH
OUTHIECKAX MOTERIHANOB ¢ MIOTHOCTHI0 M BRIOMHSAS HATETPAPOBAHHE
o YIAY @ MERY HAWPAaBNEHAAMY HONEePeTHOro Hepeanaoro IMIyIsca
¥ IPANeTBHOro IapameTpa, IoNydaeM, npeEefperas ¢-3aBECEMOCTHIO
ckanapanx Gysxnmit] @ (g), cregyomme COOTHOMERMA:

Fa g = Frgty () 5™ (4o, 0z, O (A)y 05w (Aa)); — (38)
Jn(®) jnuy (10 ' i |
s [ Dol oot (22N p (b, exp [ T (b 1) —
~ ST, (b, ) +igus | db ds, (39)

e
F A [
n=|Aa—Asl; T-(b,2)= S pb 2)de's T, (b, )= [ p (0, 2)dz.

-—00

Benmumny S Gymem nasmBarh 0606meHHEM ANepHHM $opM-parro-
POM n-TO MODPHAAKA.

B GopuonckoM npabamwxenny (0, = 0 = () Bce OHH PABHE MEKAY
coboit ® cornamawoT ¢ Popm-Paxropom smpa S (g), xoropuit ompene-
agerca kax Qypre-npeoGpaszopanme SAASPHOHE IIOTHOCTH

S(@)= | o (r) exp (iar) dr.

BaanmopeitcTepe vacTun ¢ ¥ b B HAYAIFHOM M KOHEIHOM COCTOAHHEAX
¢ ANePHELIM BemecTBoM npx Bucoknx spepruax (Re f (0)/Im f (0) — 0),
CBOJAMmMEeCH DPAKTHYECKH TOJLKO K [OINIOMEHWIO, IPABONET K pas-
amamo  popm-pakTopoB S™. Opwoil M3 OPHIAH ITOr0 PaSIHIMSE
ABJIAETCA BO3MOKHOE HOPABEHCTBO ceuenmi b/V-p3amMOneiiCTBEA B pas-
HHX CUEPaJBHHX COCTOAHEAX. Jlpyras npmiupa — pasindme B CAMOMNE
crpykrype Benmama S, Ilockoxpky crabmibunie wacTunu @, myT-
KaM¥@ KOTOpHX ofaygamorca sapa, mmewnr cour wiaum 0, mim 1/2,
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T0 Gan (Ag) = const (A,) (¢ TogHOCTHIO K0 HECYMECTBEHHHX 30HEKTOR
‘caabKX B3amMoNelicTBmi, HAPYMAKIMUX coXpaHeHme P-JeTHOCTH)
H B JanbHelimeM B HeXsX yOopomenus (OPMYI HHHOKC A, Y BeIHIHH
Gqn Oynmer omyckarbed.

B mpeane mporpamma mccuefoBaHAA PeaKNBit KOT@PEHTHOTO POK-
JeHAs HOJKHA COCTOATH B H3MEDEHHHE BCeX DPasIMIHEX AJIA RAEHOTO
uporecca ¢opM-parkropoB S™ m B onpenenennu (B OCHOBEOM HOJX-
TOHKOH A-3aBACMMOCTE BeXmYME S) BCOX CHEPANBHEX KOMIOHEHT
Oy n (Ay) monmEIX cewemmit DN-B3ammopeiictsmsa. lIamepennme e Bcex
dopm-daxropor S™ mpemmonaraer; HAPSALY ¢ H3MOPEHHEM CEICHHS
nponecca (32), mpoBejeHEe. Taxk:Ke LONAPHSANAOHHHX H3MEPEHHH,
T. €. H3MeDEeHMe DJIEMEHTOB MATPHIH HIOTHOCTH TacTHON b, ompe-
ReJIAEMHX COOTHOMEHHMEM:

x 4
0o = % Fy p F " /7%1,, Fy a2 (40)

Iocnenume xe, Kak HBBOCTHO, ONPENEIAIOTCA W3 AHAIA3A YIIOBHX

pacnpefieeHEA IPONYKTOB pacmajga HCCIENYEMOTO PE30HAHCA.
OcHoBHAsA TPYAHOCTE HA HYTH OCYIIECTBIGHHSA STOH MPOrpaMMEl

COCTOXT B MAJIOCTH CHMH-PIUIOBHX aMILTHTYR F , (A = Ap) B 0bina-

CTH nepenad HMIOYJIbCa, I/le CeédeHrde NPOIEecCoB KOTePEeRTHOr'0 POXK-
HeHAA 3aMeTHO OTJAHYHO OT HYJIA:

Frpy/Fap, ~ (a/m)" ™™, m m 14 I'oa, g~ 2R ~ 0,13 0,2 I'ss. (41)

Taram o6pasom, Tums HabII0aeMKe BeAMIARN, GAIMHEORANE IO aMII-
JATYRaM nepexonos Ge3 mameneHus cumpanbuocT (AA = 0) m amuei-
HEI6 II0 5TAM BEJIMTAHAM W aMIUIUTYAAM mepexomoB ¢ AL = 1, mo:xxHO
peaTbEO H3MEDATL C MOCTATOYHO XOpomred ToYHOCTHEO. pyrmmm
CIOBAaMH, 3TO 03HAYAET, ITO MOKHO HANAEATHCA Ea M3MEPEHHE TOIBKO
dopum-paxropoB SO m S,

5. CBONCTBA OBOBIIEHHBLIX AEPHLIX GOPM-BAKTOPOB

Hua mpocrora pacemorpmm S@ m SY B BHCOKOIHEPreTHYECKOM
npegene k—- oo, g — 0. B srom cinygae mmrerpmposamme mo dz

B (39) mna SO m S Mommo Bumoamrmrh sABHO. Vcmomesys sarem
COOTHOIEHUE

2T (2) = (2], () @

M HRTETPEPYA 10 db mo qacTaM, MOMKHO HpegerasmtTs S@ B BARE
JaHefinoil KoMOmEammme Beamumn SO ,
S (g, 0, 0y, 03) = (03— 0y)* [025D (gr, 0, 0y, O) —
—0,8Y (q,, 0, 0y, G)]. (43)
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PacecmorpaM g-3aBACEMOCTD BeIHMIHH

" Jy(gb ar (b
s~ —2a ( 2 Tl oxp(—370)) b, (44)

rae
T (b)= 5 o (by 2) dz.

Ha puc. 1 npencrasinena sermaana—b? %g-'- éxp [~— % T (b)], BHYHC-
nenHan pus apep ¢ A = 64, 125,216 u ¢ = 30 m6apn ¢ THOTEOCTHIO

(23). Bugao, 9ro oma 3aMeTHO
OTIHYHA OT HYJIS JHMb UDHA
smaueHmax b, Gmmskux K R.
ITosromy upm gR ~ 1 Benmauny
J, (gb)(gb) ¢ mocratogmoi
CTeNEHDbI0 TOYHOCTH MOKHO BHI-
HECTH H3-IIOJ] BHAKa HETerpaira
B Touke b = R. B pesyabrare
TAKOT0 NPHOIWKEHHOTO HHTE-
IPEPOBAEAA HONYYAEM

S (Q'h 01 g, U) ~ 2"1 (qTR) X
x 89 (0, 0, 0, 0)/(g.R). (45)
Vuprusan (43), umeem ¢ Toit
e TOYHOCTBHIO
S0 (g4, 0, 0, 05) =2J (¢ R) X
X 8@ (0, 0, 04, 65)/(g-R). (46)
Haxonen, owesmago, 4To
S® (gy, 0, 0y, 05) & 27 (9. 1) X
x 8 (0, 0, 04, 0,)/(g=R). (47)
Taxum obpasom, npm me
O9eHb GONBMUX Wepenasax q.-
3aBACAMOCTH SIAEPHHX (opm-
daxrtopoB S um SY rarasm e,
KaK -y aMIIATY pPacCesHus
AIPOHOB HA alCOIIOTHO YSPHOM
Anpe, 9TO BHONHE €CTECTBEHHO
BBUAY ofme# AmdpaRNHOEHOH .

I PAPOIH BCEX IPONECCOB aXPOH-
ANePHOr0 B3aEMOJNEHCTBHS.

14

12+

%T), @epmu™!
3
—

-52% exp(j

0 I !
2 4 6

1
8, pepmu

Pue. 1. 3aBUCEMOCTL  BeaWmIME —
5297 o .
%P | — —2-7‘ (b) | or mpmEmemnHOTO

mapamerpa, paccYATaHHAsg ¢ AdepHOR
WROTHOCTRIO (23) - JaA sHayemmit o =
= 30 u6apn m A = B4, 125, 216

YanTHBAA, 9TO OCHOBHOM BKIaX B CEYEHMe IPOIECCOB KOrEPOHT-

HOTO POMKMOHEA BHOCAT MEDeXONH Ge3 HUBMEHEeHEA CHEPANBHOCTH
(B ToM cyuae, KOHETHO, €CIIE OHE HE BAIpEmeHH MPABAIAME 0T60pA
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A. B. TAPACOB

0 COHH-YeTHOCTH, CM. HIDKe), M HCHONB3YA (46), MomHO oueHATH
foNI0 17 COGHTHE KOrePeHTHOro DOMMNCHHS B HHTepBaie mepefal
0 HepBOTO zmq)paxunonnoro MHHEMYMa ¢; =~ Z,/R, rne z; — nepnmn
Hedcdesalommit Kopems oymrmun J; (z).

IIJm 'q J6TKO IOJYYHRTH

S l.h(qR)l d/_HJi(qmlqd§=1—J§(x1)=O,85. (48)

Bupmuo, uro B aroM HATepBANe mepefad HEMIYILCA, I'{6 BRAAK HpO-
I[ECCOB KOTePEHTHOTO POKIGHAA ele JOMHEHPYEeT Hal HeKOTePeHTHHM
«poHOM», B CaMOM Jele CKOHIEHTPHPOBAHO IOXABIAAIINEe (oM bIIHH-
¢T80 COOHTHII RorepenTHOro poknenma. Cpeamee B 3TOM HHTEpBale
SHauYeHHEe NePeJAHHOr0 MMIYABCa ¢, KOTOPOMY NIPOLOPHAOHANL-
HEl JIOCTYIHHE H3MEDEHAI0 KETeDQEepPeHNHONHEEe XapaKTepPUCTAKE
Fy 2, (@) -Fr,+1 (9), mpEMepHO pasmO 2R-1.

Bakuoit xapakrepmcrarod oGofmenEmx dopM-dakropor S
ABNAeTCs BX A-3aBUCHMOCTH, Kortopas coriacao (45) — (47) ompe-
nexnercAa A-3aBmcEMOCTHIO X 3Havenmit upm ¢ == 0. Hax yxe orme-
qanoch, B GOpHOBCKOM npuGamwrenmn (0; = 05 = O)

S™ (g=0)= A. (49)

Tlornomenue wacTun ¢ m b AmepHHM BENIECTBOM HADYIMAET KAK
caM JHHeAHH 3aKoH w3MeHeHU GopPM-PARTOPOB C H3MOHEHHEM ATOM-
noro HoMmepa A (49), Tax ® paBeHCTBO BX MGKAY co6oif. ITO JErkKo
BHETh HA OpHAMEpe YACTHOT'O CIydYad 0, = Jp = 0. B arom caygae
uMeeM:

5% (0, 6, 6) = N, (6/2) = S T (b) exp [ —o/2T (b)] d%b =
=N (0/2, 0/2); (50)
84 (0, 0, 6)= N (0, 6/2) =2 S {1 —exp [—0/2T (b1} d%/o,

rjae

1\((0-h 02)_,: S a2b exp [—oyT (I:Zi__‘:ip[ d2T (b)] (51)

— TaKk Ha3MBaeMHe d(P@exTUBHLIEe UHCIA HYKIOHOB, OIpEeTeHHHS
B pabore [31].

Ha pumec. 2 mpencrasnema A-sasmcmmocts Bermumr N (0, o/2)

2 N (0/2, ¢/2). Bagso, 9To moINIOmeHAeM YacTHI B BEMECTBe MHTEH-

CHBHOCTE IEPexofoB Ge3 maMenenns coApanbuocTH (AL = A, — Ap | =

= () nogasaserca GorLme, YeM HATOHCUBHOCTDh CHMH-PARIIOBHX Hepe-

xo108 ¢  AA = 1. 310 €BABAHO C TEM, 9TO ONTHISCKHEN HOTEHIHUAT,

COOTBOTCTBYIOMMY CONH-(PIAIOBKEM HePeXonaM, HPOHOPIHOHANEH ILPO-

HBBOMHON OT sfepuodl miaornoct: dp (r)/dr, Koropas B ciydae HOYTH
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ONHOPOJHOTO pacHmpefielleHAsA ANEPHOTO BEIECTBA 3AMETHO OTAHYHA
oT HyJA Jumb BOJHE3E rpapdns sAgpa r = R, rae caMa IUIOTHOCTE
yxe Maua H, CIe[IOBATeNBHO, MAI0  ¢n,
norsiomernme. Orciona ciexyer, 410 .
H YYBCTBHTEIBHOCTE oPM-DAKTOPOB :
S x penaurHaM Opy (A =Aq = 1) - N(0,6/2)
JOMKEA GHTH HisKe, 4eM wyBcrBm- J0T !
rensaocTs gopu-axropos SO x me- No/2,0/2)
JHYEEAM O i (A= Ap).

PaccmorpmM aTor Bompoc Goxee
nonpo6ro. B o6miem ciyqae 6, =40, . 20

S©(0, 0,4, 0p) =N (ca/2 05/2); (52)

SH (0, 04, 0p) = [N (0, 0./2)+ 0 . . .
+ N (0, 55/2))/2. 53 20 50 100 A

Puit. 2.\CpaspnTennHas A-sasucu-
CooTHomenme (53) ABIACTCH TOS- wmocts 3gaqeuzu (bopu-(})awropon

HHM B CIyYae OfHOPONHOro pacmpe- S (a = 0, gy = 0) =
nenesns p ~ 0 (R —r). B obmem =& ‘;’2_) » S°,§‘! —/g) 0 =
CIIy720 OHO BEUIONHAETCA G TOWHO- o < Pop’ yoof (0/2, of2) ‘man
CThI0 [0 BEJIIMYNH nopﬂm:a (& —

— I)*?, roe I, = (po0x)~! — nnmmEa croGomuoro mpobera qacmnm z
B fAfpe; T — TOJIMAHA ©r0 DOBEPXHOCTHOLO CIOA.

6. PEAJLHO HM3MEPUMBIE BEJIMYMHEI OPOLECCOB
ROTEPEHTHOTI'O POKIEHNA B UX YYBCTBATEJIBHOCTD
KHHTEHCUBHOCTH NOTJICIHEH A POKIAEMBIX HACTHIY

Wcnonsayem (52) m (53) IS ONERKE TyBCTBETEIBHOCTH nsuepae-
MHX B SKCIGPHMEHTE BeIWIHH

dojdQ=|fa™" 2| S (g, 0a, cbw» F+O(@m; | (54)
=t g, oy, op (Mg 1)) R
_pli‘-ﬁ! = fAA:O SO (qs Oq, Op (;'a)) +0 (———) (55)

K SHAYCHHAM MO[JIOKANEX ONPE[EICHHIO cnnpamnux xomnonen'r
HONHHX cedenmit bN-B3amMoNeHCTBHA.

TlockonbKY BedmImHH fop B cooTHomenmax (54) m (55) mmmorcn
HO SaBECANEME OT CHEHA HYKIOHA JACTAME aMIIETYR mpébecca
aN — bN, BX Hens3A HAMTH M3 aHATH3a SKCUEPEMEHTANLHEIX NAH-
HHX O PeaknuaAx Ha Bonoponnon (metirepmeBoit) Mumenk 6e3 CIOMKHEEX
DONAPASANAOHHLX HIMODeHTEit, #, TakuM o6pasoM; oHy GYAYT Aomoir-
HATeTHHKEME IapaMerpaMy, Ho/UIeamuMy onpeferenao. s Kerio-
YeHMA WX OPA AHAIU3E NAHHHX O KOTOPEHTHOM pOMKICHEE JaCTHI
Ha sAApax ¢ HeNhio HONYYeHHs CeUeHEE Cp,y NPAXORmTCH GpaTh oTHE-
menns pexmamH (54) w (55) nis pasEmx mmmeneit. Taxmm oGpasom,
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BEIHYAHH Oy (Ag == Ap) OLpefensioTcs W3 aHaimsa A-3aBECEMOCTH
OTHOIMEHMit :

— S5 (q0 Ogy Obs A) 2 '
= |50, 0:' oy Ay) | ? (56)

& BeIMIMHH Opy (Ap = Ay &= 1) — m3 amammsa A-3aBECEMOCTH OTHO-
ImeHmE

St (g, 04, 0p, 4)
M2= St (Qi Gay Ob,y Al) ! (57)

rae A; — aTomunif HoMep OmHOro u3 siep (06HYHO CaMOro JErKoro),
HCHONB3YeMEIX B DKCOOPAMEHTe B KavecTse Muminenm. [ad memoncrpa-
OUE YYBCTBHTEIBHOCTH BEJIWYHH 1);,, K SHAYCHUAM CeYGHHHR Oppy
5, Ha pmc. 3 m 4 IpeNiCTaBIeHa A-
3aBHCEMOCTS OTHONMEHHH

—_ M0 0) . g __ N2(%, Ob)
oh=10mapi | 8= e =00 B R (000 =0
1,5+ -
’ ! Gy =10MoapH
1,10(
‘1,05'- 20

10k /
’ \\30.

» 1’00 3 N

40

50 095+ 40
. . 50
0 ' ’ 0,90 ' r
’520 50 00 A 20 50 100 A
Pme. 3. 3ansucmiocts &) (0, Op, Prc. 4. 3asmemmocts &, (G,, 0y
A;, A) or aTtomHOTO HOMEpA Aq4,A) oT aToMHOrO HOMepa A pmuA
A mna o, = 25 wbapn, Ay = 0, = 25 mbapn, 4; = 20 pasmma-
= 20 pa3syHMIHHX 3HAYCHmH Oy HHX O

i o, = 25 Mmbapn, A, = 20 m pasnwUHEHX 3HAYEHEH ¢p. Bupso,
YTO BeJIMYAEA §, AOBOJIHHO B3aMETHO MEHAET CBOK A-3aBACHMOCTH
IPE W3MEHEHAM IAapaMeTrpa Oy, Jero Helb3s CKasaTh O BenmymHe E,.
W3menenme nmapamerpa g, 6onee, ueM B ABa pasa, IPHBOAKT B JyIIIeM
caxygae K 10%-my #mamenenmio Benmamus §,. Takxas Hm3kas gyBcTBH-
TEIBHOCTh HONADASANMOBHHX XAPAKTEPHCTHK K SHAYCHHEIO BEJHINH
Op N, YCYTYOIsieMan obCcy;KIapmeiica BHIE MATOCTHIO HOLAATOHAJb-
HHIX 9I€MOHTOB MAaTpPENE INIOTHOCTH 0P, NeIaeT IpaKTHIECKH
HEBO3MOKHEM OLIDefGIeHNe BeININH Oy y (AL = 1) n3 amannsa moxs-
PH3ANMOHHEKX XapaKTePHCTHK NPOUECCOB KOTEPEHTHOTO pPOXKIEHMS.
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KOTEPEHTHOE ¥ HEKOI'EPEHTHOE POKAEHME YACTHI]

PeansHo K6 H3 aHayW3a JAHHHX O KOIePEeHTHOM DOK/CHHEH YacTHI|
B peaknuax (32) MOKEHO ONpeNeNHTH JHIb BEIHIARY Opy (AL = 0),
P YCIOBHE, KOHEYHO, YTO mepeXomu ¢ AA = 0 paspemesw mpa-
puaaMa or0opa HO cOEHY-gyerHocTH. Ha camom fene cymecrByer
nenni xirace peakmmd (32), B KOTODHX TaKWe HEPEXOML 3AUPEMCHEL. .
JTO0 OTHOCHTCS K DEaKnusAM POXKICHNA ME30HHHMH H (GOTOHHRIMHE
OyIKaME YAaCTHIL, IJAA KOTODHX HE BHIOAHAETCHA COOTHOIICHHE
P, = P, (—1)¥~%l,  Haopmmep, = mpomecest pA4 — x° (%) 4,
nt (K¥) 4 — p* (K*%) A, "4 — A;A |1 T. O. HAYT HCKIOTATEILHO
3a cyer comg-QamMOOBOTO  BaauMmopeiicTsmsa. Cedemns JTHX mpomec-
€OB, KOTOPHE HA3HBAOT HeINGPAKImOHALIMA B OTIAHIHE OT OORIIHEIX
(nudpaKEOHENX), TPONOPHEONAIBHH - KBAAPATy MOAYHAA PopM-Pax-
ropa SU) m COOTBOTCTEEHHO TYBCTBHTOABHOCTh MX K IOJNHEEM CEUS-
mEam bN-B3amMmoneificTeHs BABOE BHINE, Y6M Y NIOAAPAZANUOHHELX
XapaKTePECTHK AEGPAKOAOHHKNX LPOLECCOB, HO 3HATHTENLHO HIIKE
JyBCTBHTOILHOCTH ceuennit nudpaknAOHHKX HponeccoB. Ilosromy nus
ONpPENCIIEHAs], HAOPAMED, UOJAHKX CEeYeHHMA B3aEMONECTBHA IOIe-
peuno-nonApu3oBagEHXx K* (p)-Me30HOB ¢ HYKIOHAMEH H3 aHAJIH3A
A-3aBACAMOCTH CeyeHmil peaknuit KorepenTHOTO pokaennd t (K) A —
— p (K*) A ¢ T0it K¢ TOTHOCTBW), ¢ KAKOK ONPeJeNent COYeHEs BIad-
MOREHCTBRSA HPOOALHO-TOIAPASOBAHAKX 4 ;-ME30HOB U3 3HAAA3A AaH~
HHX O CEYeHWH Imponecca AuPPaKIEOEHOR macconmamanm nd —- A;4
uorpebyerca HaGop ropasmo GONBIISH CTATHCTHEH.

7. POJIb JBYXCTYNEHYATBIX MEXAHH3MOB

o cux mop obcympanca BKIAJ JHIMb OXHOCTYIEHTIATOr0 Mexa-
HE3Ma B aMIIHTyRy peaxnmda (32). B nekoTopux caysasx BRI ABYX-
CTYIEHYATOTO MEXaHE3MA B aMIVIATYAY paccMarpABaeMoOro Ipomecca
MOJKeT OKAsaThCA CPABHAMHIM CO BKIafoM ofHocrymenuaroro. OGey-
ZEM nBa HawGoxee HHTOPECHHIX IpuMepa NoxobHOro poxa mpo-
TECCOoB. ~ : :

Bo-neperx, 310 nponeccs (GoroposkEeHAs Me3onoB M Ha Appax
IpH BHCOKEX 2HEpTHAX YA — MA. B arom cnyuae EapAny ¢ MEXaHW3-
MoM upsimoro goroposrnenusa YN — MN Baken yder Takske BRIANA
AByXcTyneHdaroro mexammsma yN, — VON,, V°N,—~> MN, (V,,
N, — myknomsn anpa), roe V° (0°, ©, @) — HeliTpaibHEe BEeKTOPHEE
Me30EH. JIOMEEEDYIOT IpH 3TOM OGHYHO Iepexomsr ¢ —- p° - M.
a2 BRIAAH ¢ NPOMEKYTOUHHME ® H ¢ MAJH.

Bo-nropux, 370 00CY:KAaBmMecs BHIN® B OJXHOCTYHOHYATOM HpH-
6NMKeEAN CHEE-QIMIOBHE HepeXofu B RKEfpPaKOAOHHHX IpoNeccax
aA — bA. Hapany ¢ npaMuM comg-¢gammoBuM mepexonoMm aN — bN
IPH STOM MOKET.0Ka3aThCA BA;KHHIM BKJIAN CHEIYIOIer0 MeXaHA3Ma
M3MEHEHUA CUHPATLHOCTH: B CAMOM AKTO DOKAGHHH CHHPANBHOCTH
OnicTpoit TYACTHOE He MeHSeTCHd, 4 €6 M3MeHeHAe OPOMCXOJHT B IIPO-
necce yupyroro cumu-gamnosoro bN-nepepacceanus. IT0T MEXaHUIM
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apnsaerca >PPeKTEBHO ABYXCTYNEHIATHM, MOCKOJIBKY HAKAKNE APYrHe
QacTHIH OIOMMMO.¢ B b He MOABAAITCA B HPOMEKYTOYHEX COCTOAHAAX.

B o6orx ynoMAHYTHX clIydadax NepBHiA uepexogalN — cN aBiagerca
nepexojoM: 663 M3MeHEHHMS CnHpanbHOCTH (B ciydae peaxmum yN —
— p°N 3r0 ofecneyuBaerca cmenumdmUecKAM NpaBEIOM orGopa —
COXPAHGHHEM S-KQHAJBHOH CHOAPANTBHOCTH, HPAKTHUECKH COBIANAN0-
[1ell OpA BHCOKHX- SHEPrHAX €O cCOHpanbHOCTHIO B xaboparopHoit
cucreme).. [109TOMY COOTBETCTBYIOIHII OUTHYECKMI HOTEHOHAI IPO-
NOPHUOHANEH NPOCTO ARSPHOE MIOTHOCTH

Ve (r)=2nfo: (0) o (r)/k. ~ (58)

‘Een OrPAHUTATHCA PACCMOTPEHHEM PEAKIMH KOT@PEHTHOTO doTo-
POIKIEHAA TONBKO HeATPANBHEX NCEBIOCKANAPHHEX M€30H0B (n°, 1, z°%)
Ha Apax B IEPBOM CIYyIae H cnm{-qmlmonmx mepexoaos ¢ AA =
BO BTOPOM, TO B 06OmX CIy7afAX ONTHYECKHl MOTEHNHAT BTOPOil CTY-
IIeH OPONOPOHOHANEH I'DARNMEHTY OT AAepHOL I0THOCTH

t Veo (r) =cVep (b, 2), c= const (59)

Torpmac yqe'rom (36) ms BrIaa ABYXCTYIEHIATOr0 MEXAHH3MA B AMILIH-
TYRY paccmarpnnaemmx nponeccon JIeTRO lIOJIy‘IHTb caenymee
BHpasKOBHe:

F @)= 025 foe ) | 0 (ea—20) %
x 202 o o, z,)exp[——-T (b, 23) —

— % (T (b, 2)—T- O, z'z))—Tb T, zz)] %

x Ja(a), (q ) exp (ig%°z, -+ ig$°2,) b db dz, dz,. (60)
B Ipefielle BEICORMX aneprrm k— o0, g%, ¢ —0 dopmyra (60)
ynpomae'rcn

F7(0) = s (0) o5 (59 (0,0, 04, 9054 (4,0, 0, 0w}, (6)

24 CyMMa BKJIAZI0OB ORHAOCTYNEHYATOr0 M [ABYXCTYNEHYATOr0 MeXaHHa-
MOB [3eTCA BHPAKEHHAEM

F=F'4 F" = fo, (g) (1 — W) S® (g, 0, 0, 03) +
: WS (g, 0, ac, )], (62)

W fcb (‘I) fac (0)/{fab (q) {fee (0) —faa (0)1} . (63)

B Moenn BeKTopEOM fommuanTaocTd W = 1 nas npomeccos goro-
popennsa. B sToM ciayuae kKaprHEa B3aMMOREHCTBHA HOPH BHCOKHX

rae
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PHePTrUAX TAKOBA, Kak ecx®m O mpomecc Qoropomaenna G oXHO-
CTynenyaTuM, HO (OTOH IOTIOmaics OH AAePHHM BEMECTBOM, Kak
p-meson. Ilpr He owens Bucokmx amepruanx (gFl, > 1, I = (pyo,n)1
B[ JABYXCTYHCHIATOT0 MEXAHH3MA- B PEAKNEAX qso'ropomnennx
moNaBleH ¥ JOMUHHDYIOT ONHOCTYLNEHYATHe NEePeXONH!, B KOTOPHX
$OTOHK HE MOTIOMATC ANEPHHM BEIIECTBOM.

B cayuyae comE-QIMOOBHX HEpeXoXOB B AMPPAKIMOHHHX LIPOHEC-
cax BenwamHa W ABIACTCA XapPAKTEPMCTHKOM MHTEHCHBHOCTH yOpY-
roro bN-mepepaccedHHsi ¢ HSMEHOHMEM CHOHHA. BBHEIY 0OTMEYeHHOX
BHINE HEBKOH YyBCTBHTOABHOCTH (QopM-ParrTopor SV r 3mavenmam
TmoJiHOro ceyeHHMA bN-B3amMofefiCTBEA MOKHO 3a(HKCHPOBATH BEIH-
quHY Opy (Ap = A &= 1) RaRAM-TEGO pPasyMHLM 3HAYEHHEM H ONpe-
JeJNHATH M3 AHANA3A HOAAPH3ANMOHHHX ABICHAN B POaKOHEAX Kore-
PEeHTHOro AEPPAKIEOHHOrO POKAEHHA dacrun Bemmammy W. Ianee
AMILIETYAa YOpyroro bN-paccessHs C IIOPEBODPOTOM CIHHR fonbN
CBASHBAaErcs ¢ APYIAME AMUJIMTYRAME CIERYIOIEM COOTHONICHAEM

_ . OgN — A=2X -
fé‘&r:én (@)= 1k faN BN (Q)A[,:N o ( a)l . (64)
fan=bn )

Omnpepgenenne (64) Tax:ke, Kak ¥ DONHWX cedeHmir bN-B3ammoneit-
CTBHA NPE/ICTABIACT HETOPEC C TOUKM 3PEHHA HBYICHHA nnnamnxn
R3AMMONICACTBAA HECTAGMIBHLIX YACTHL, ¢ HYKIOHAMHE.

B nmreparype paccmMaTpEBAaIMCE X JpyTHe nprmepm IBYXCTYIEH-
FaTHX OPONECCOB, TAKAX, KAK aN; — ANy, A;N,— AN, B pean-
nuaX KorepentHol mmccomumanme nd — A4 [31], #3 amammsa xoro-
PLIX, B OpEUOANE, MOJKHO M3BIEKaTH HHPOPMATHIO 06 HHTEHCHBHOCTH
A; - Agnepexomos. B aroM caywae B ofenx CTyleHAX XOMEHUDYIOT
mepexomsl ¢ AM = 0 m pe3yrsrEpyOmas amvmiruryaa (B mpemeine
BHCOKHX SHEPruit k — oco) gBIsercA JIAHeHHOH CymepIosunueir Beau-
qpH, TPOUOPUHOHANBHKX (opMm-parkropam S©,

8. 9HEPI‘ETI/I‘IECIQAH 3ABI/ICHMOCTB CEYEHUN
KOTEPEHTHLIX HNPOIIECCOB .

Koporko ofcynmM 3HePreTMIECKYI0 3aBHCHMOCTH aMILIHTY/ KOTE-
perTHOro pomerdsa. OHA ompenenseTcda CACAYIOMEMEA (QakTopaMH:
DHEPreTHYEecCKO# 3aBHCHMOCTHIO aMIIATY peannmit alN — b u anepre-
THYecKof  saBmcmmocThi0  Gopm-Ppaxropor  S™ (g5, qr, Oa, Op).
ITocenuas B cBOI 0YGDEAH ONpPEENACTCA 3ABACEMOCTBIO OT DHEPTHM
cegenuit aN- m bN-psamMoneiicTeng H 3aBECAMOCTHI0 (opM-ParTopa
OT MAHEMAJLHOIO IePONAHHOr0 UMIYILCA ¢y, = (mp — mZ)/2k. B o6xa-
CTH PHePTH# B HECKONBKO I'MTadTEeKTPOHBOILT W BHIIe, Ie OGHYHO
H3VYAOTCA PEaKOUA POMOCGHAA YACTAN HA NMPaX, JHEPreTHICCKON
3aBHCHMOCTHIO IOJIHHX CEICHHHA O,y B Op ) NPAKTHIECKH MOKHO Ipe-
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Hebpeun, m GopM-PaKTOPH OKASHBAKNTCA 3ABHCANEMHE OT SHEPIHH
JIAOIb 96DPe3 (¢r-3aBHCAMOCTH. [{IA KavecTBERHOro BHACHEHHH 3TOM
3aBHCHMOCTH MOQ}KHO HCIONb30OBATL MOKEIH OHODPONHOTO pacupeneie-
HuA sfepHOro Bemiecrea. OTpPaHHYEMCA IS IIPOCTOTH aHATH3OM
gr-3aBECEMOCTE PopM-parTopoB S (0, ¢r, o, 6) mw SV (0, qr, 0, 0).
C rouHocThi0 X0 BenmumH mopsaaxa exp (—R/l), rme R — pammyc
sappa, I = (pyo)™! — numma cBoﬁoJmoro upoGera gacTaoe B AApE,
AMEEM:

8°(¢x, q1, 0, 0)=8°(gr, 0, 0, 0) (1 +qil2)'2- } o
Sd) (q'r: qr, O, 0') S (q'r’ 0 @ 0) [(1+qLIZ)-1+0(llez)] ( ‘ )

Taxam o6pasoM, sHeprermuecxkas 3aBmcaMocTh HopM-$aKTOpoB
S » SV orasnBaerca pasauuHoi (Gonee cnaboit y SV), a xapakrep-
HHIM JHEPTeTHIECKHEM IIapaMeTpOM, ONpeNesollaM 5TY 3aBACHMOCTE,
OKa3nBaeTcsa BexmumHa ko = (mj — m?) l/2. Ilpm k> k, dopm-pax-
TOPH JOCTUTAOT CBOHX ACHMUTOTHYOCKHX 3HadeHmit, 6ojee moapobHO
PACCMOTPEHHHX BHIWIE. v

Canbrasg oHepreTmyecKas B3aBHCEMOCTh QopM-paxropor SO
ABNSIeTCHA TIABHHIM (bamopom, OLNPENeNAIOMEM 33aBHCEMOCTE OT 3HEp-
THE CeYeHHMH pPEaKnHid KOTePEHTHOTr0 POKEEHHA JacTHI Ha AApax
B IRQPAKIAOHHHX HPONECCAX, IOCKOMBKY K-3aBHCHMOCTH AMIIHTYN,
fan-by B] 9TOM cayuae ropasmo ciaabee, BBALY NOMEHHPOBAHMA
B TAKHX DeaxkIAAX BKJIANa, COOTBETCTBYOHEro 00OMEHY mOMEPOHOM.

B nmemmdparnmonnnx nponeccax tana KA —~ pA OMEHAKOBO CyIie-
CTBEHHH KaK SHEPreTHMIecKas 3aBHCAMOCTH aMINIETYX Peaknun HA HyK-
aoge nNV —> pN, B KOTOPo# HOMHEMDYET BKIAJ, COOTBOTCTBYIOIMMIA
o6GMEHY (-MEe30HOM, TAK H ¢r-3aBHCHMOCTH QopM-PakTtopa SV.

9. 0 HEOBXOIMMOCTH MCCJIENROBAHMA
HEKOTEPEHTHBIX IIPOLECCOB

Hax caegyer us mposenensoro BHme 00CY:KIEHHA, HCCAEKOBAHME
IPOMECCOB KOTEPEHTHOTO POKACHES YACTHI HA AAPax MO3BOJSET Ompe-
HeJIATH M3 HeCKOJBKHEX (B 00IEeM ciydTae) KOMIOOHEHT Op x (Ap) MONHEIX
ceuennmit b/N-B3amMONeHCTBAA IPAKTHYECKH TOJIBKO OXHY.

Tax, B kKIacCHIECKAX _OKCIIGPAMEHTAX 10 HCCIE/OBAHMIO KOFePeHT-
Horo ¢oToposk/eHAs HeHTPANBHHX BEKTODHHX ME30HOB Ha AAPax
{1—3] onpepensnmch monmne cevemms B3aEMONEHCTREA HOIEPETHO-
TIONADHE30OBAHHKX V(-ME30HOB € HEIOJSAPA30BAHRHNME HYK/IOHAMH
0%y = Oyoy (b = 1). U3 amanmsa sce TaHHAKX 0 KOrepenTHOH FAPPAK-
ImoRROH muccommanmu [4, 5] m-MesomoB A — A;A MBBIEKATHCH
RaHHEE O B3AHMOJEACTBAM IPONONBHO-HOIAPHIOBAHHNX A ,-ME30HOB
¢ HykaoEHamm 0% v = oaw (A = 0). Hecommemmmii marepec mpel-
CTaBJIAET OLpefelleHNe [PYIrAX KOMIOHEHT NIOJHHIX ceqemm VON-

n A.N-psamMone#icTBES, a MMeHHO of;oN = Opoy A = 0) m GA,N =
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= 0 a,N(A=1). 3TO BaiKHO NI KMCKPEMHHALAM NPENCKAa3aHHA pas-
AWIHHEX [WHAMEYIECKUX MOofeNeil, ACHOAH3YEeMHX A OOACAHAS CHIb-
HRX B3amMopeiicrmit. Tak, B Mogenm anre6pEl TOKOB € C-YHCIOBHIME
IMBUHTePOBCKAMHA WIEHAMHU CEICHUS B3aUMONEHCTBAA IPOXOIER0-NOA-
pH30BAaHHHX V'-ME30HOB ¢ HYKJIOHAMH DABHO TOKAGCTBOHHO HYIIO
[32], B To BpeMs Kak B KBapKOBHX MOHEIAX B MMIYIHCHOM IPHGIN~
JMeHWM BeNHUMBH 0%, # ol . copmagaior. STo OTHIONH He O3HAYAET,
4YTO KBapKOBAasA MOReJAb HepepHa. CKopee BCEro He ONPaBAa=O IPH-
MEHEHN® MMIOYJBCHOIrO IPUGIMKEHHSA K PACCMOTDEHEAI0 TAKMX CHIAb-
HOCBA3AHHKX CHCTEM, KaK 3IeMeHTaPHIe JacTAns. T0, 9r0 HOUPaBRY
K AMOYJIBCHOMY HpuGimxenmio (Haopmmep, ahPeKRTH ABYKpATHOTO
mepepaccesHAA) MOryT UPHBECTH K pasiIudmio Beiwgan of m ol,
BHIHO Ha IpEMepse Me30H-feiiTonHOro Md-psammoneiicteusa. I'rayGe-
POBCKas NOINPAaBKA K HOJHHM cedeHuaM M d-B3amMONEACTBEA 3aBH-
CHT OT BHCTDOCHHOCTE JeHTOHA, €CJIHM Me30H-HYKJIOHHOE B3AMMO-~
meficTBHe 3aBHCHT OT cnEHa HykiaoHa [61]. B aroi amamormm Md-
n V°N-BzamMopeficterit pois JefiTOHA, COCTOAINEr0 M3 HYKJIOHOB,
mrpaer V (4,) -Mesom, cocroAmmit M3 KBapPKOB, a POAH ME30HA —
«GeccnmuOBHI EYKIOH ARpa (V). TaraM 06pasoM, pasiTudye BeTATHE
0% agn B Op(4,y MONKET XapaKTePH30BATh KAK PONE §0766 CIOKHEIX
IepepaccesHMIt HAa KBapKOBHIX cHCTeMaX (ecidm BepUTh B MOZEND
KBapKOB), TAK H MHTCHCUBHOCTH B3AUMO/IeACTBHA, 3aBACAINEr0 OT CIMHA
KBApKOB. .

Hsmepenne Beiudnn dgN B ¢} y TPeJCTaBiseT HHTePeC A ¢ APYLOk.
TOUKH 3pennsA. VspecTHNiT IHK B pacipeieIeEAN 10 MAccaM Ji-CACTEME
(opm mg, = 1,1 I'sg), obpasymomeiics B peaxnuax AUPPAKOUOHHOK
mucconmanmn N — 3nN MoreT mMeTh He TONBKO Pe30HAHCHOe Ipo-
ucxomnesne nN — A, (1,1 I'ss) N, no Mosker Tax:xe 6HTE o0yciopaen
krnemarmaeckam apdexrom (Deck-effect) B pearumax oGpasoBavmsa
pr-cucteMn BOImsE mopora N — (pn— 3n) N. B momssy mepeso-
HAHCHOMH IIPHPOJEL 3TOT0 MEK3 BPojie ORI CBRAETEILCTBYIOT Pe3YALTATHE
IIAPIUOHAIHLHO-BOJIHOBOT0 aHAMX3a pearmmé st/V'— 3nN, mpoBemeH-
soro Ackonm m np. [63, 64). na pasnmueHms 5TEX OBYX BO3MOKHO-
cTeit B ¢BO® BPeMs GELIO IPEIOIKEHO H3YIHTH HOTNoIoeHue 06pasyo-
meiica 3n-CHCTeMH ANEPHOA Marepmed, MCCHOAYSA PeaKHhi0 KOrepesT-
Hoil mEfpaxmmonHo# accommammu HA Ampax nd — 3xA [4]. Ocmoz-
HaA Hied 3aKI09anach B TOM, 9TO COYeHHE B3aMMOIESHCTBHA ¢ HYKJIO-
HaMa A,-Me30HA — pe3oHaHca H3 o00mmX coO0paKEHHE KOIKHO OHITHL
6JIX3K0 K NHOH-HYKIOHHOMY IOJHOMY ceuenmioo. Kcanm sxe A;-Me30H —
HEKODPeIADPOBAHHAA PN-CHCTEMA, TO COOTBETCTBEHHO IPHGIM:KEHHO
NOJGKHO BHINOJHATHCH YCIOBAE ANATHBHOCTH CeYeHHN

Opmn = Opy - Oy — Ac. ' , (66)

IlonpaBxa Ac Ha B3aRMHOE SKPAEWPOBAHAE B TOM CiIydae, KOTAa
cpeHee PACCTOSHW® MEXKIY P ¥ JT HAMHOIO MeHbIIe DasMepoB Axpa
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[aerca . CHefyIOIHM BHDAKEHHEM , _
AG =0 NGO ny/(80B), - (67)

e B — napaMerp nakaona guddepernmansmoro cexemma piN (nlV)-
pacceanns. B coorromenun (66) cregyer eme paccTaBuTh COEPAIBHES
HAEKCH (y1ecTh COUH PT-CECTEME B p-Me30Ha). [J0CKOABKY pri-cucrema
paccMarpaBaercaB S-cOCTOAHUA BOINSK IOPOTa, TO BETHIAEA M HAMPAB-
JeHHe CIHHA PR-CHCTEMH! COBHANAIOT C BeJIWIMHOE H HAIpaBlieHAEM
cuEHA -p-Me30HA. VICIONB3YA SKCIGDPEMEHTAIEHO® 3HATCHHE GoN A
~ Oqy = 27 mbapn [1—3} m coornomenme (66), monaras mpm sroM
B = 10 (I's¢/c)™2, MOXHO NONYIATH ONEHKY:

K coxalenmio, 3Ty BeIMIHHY IOKA He C 4eM .CpaBHEBaTh. OLeHHTH
JKe 3HAYCHHe cf{,N.—-—-— O, WN HEBO3MOKHO, IIOCKOJIbKY HET HPSAMOR

3KCIEPAMEHTAThHOE HEPOPMATHE O df,’&-ﬁonnbu COUeHMU B3AUMONIeH-
CTBEA € HYKIOHAMH NPOROJIBHO IOIAPH3OBAHHHX -ME30HOB.

MoXHO WATH OGpPATHHM IyTeM; OTOKTECTBIAA G4 C 0o mNs
NOIY4HTh, ITO of,‘N 6IU3KO K HYIO WId, M0 KpaiiHeil Mepe, HAMHOLO
MEHBIIE Gy, ITO HAXOMUTCHA B COTIACHH ¢ KOCBOHHHMH 3aKTIOUOHEAMA
) G,I,’N, noJyYeHHHIMH Ha OCHOBAHAE MofeAbHOro (B paMrax VDM-Mo-
IelH) amalE3a [aHHHX o riayboxomeyupyroM ep-paccesmmu [37].
Taxmm ofpasoM, 0o TeX mop, HMOKa He HOAYIeHA HENOCPOACTBeHHAA
nedopManusa o oﬁ‘N, MOKHO CYHTaTh, 9TO JAHHHE O IOTJIOHICHAN
3n-cucreMur ¢ Maccoit ma; =~ 1,1 I'se B ‘cocrosmmm J? = 1~ ‘anepHnM
BEI[eCTBOM HE IPOTHBOPEYAT HA OJHOH H3 OGCY:KNABOIEXCA TOIEK
spenma: A,-Meson — pesonanc mim A,-Me3on — Deck-effect. Yacro
oﬁ,N n oﬂ,N‘ H3-3a HEYYeTa COHHOBOH CTPYKTYPH IOJHHX CedeHHi
A;N- m pN-psammopeficTBAA omuGOTIHO OTOMKAECTBIANTCA. [lanee
HA QCHOBQHEM 38KII0I6HHs aBTopoB paGor [63, 64] o Tom, aro 4,-Mes0H
He ABJIAGTCA DE30HAHCOM, A TAK/Ke HECOBIANEHHA PaCCIATAHHOIO
B DAMKAax IJayGepOBCKOH TEODMH BeIMYAHH G4,y C HBMEPEHHEIM
BKCHEPAMERTATBHO 3HAYEHHEM O4,y NeTAeTcs BHBOJ, UTO IIayGepos-
CKafA CXeMa ONMHCAHWA ILPONECCOB POKACHAA HECTACHIBPHHX qaCTHI
WIK CHCTEM, HTHOPHPYIOHIas BHeMaccoBHe 3dderTr, HesepHa. Taxasa
TOYKA BPEHAA ANPHOPH HE JMUIEHA CMHEICIA ¥ JaKe NPeHCTABIAETCH
OUYEHE €CTECTBEHHOR; eCIH YIeCTh COOTHOIICHME MEKIY XapaKTODHEIM
BHYTDHSAICPHEM PACCTOAHAEM MEKIY HYKJIOHAMHE M TaK HasHBaeMod
«ITAHOM pereHepanmmm\», HA KOTOPO# BHPTYaNbHAS CHCTEMA IIpeBpa-
maerca B PeaJbHY0, MW, WHAYE, PAAAYCOM DIEMEHTAPHOL'O B3AMMO-
neitcrean. OnEaxo, oHa He 00BACHAST PAX HarTOB.

Bo-mepBHX, raay0epoBCKas TEOPHA PACCEAHAS IPEKPACHO ONMCH-
BaeT JaEAHE O OOJHKX CeYeHHAX AafPOH-ANEPHHX CTOIKHOBEHHR
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¥ 'yOpyroM ajgpoH-SA6PHOM DACCEAHHH BINIOTH N0 SHEPIEE HAIETalo-
mux agponor 70 I'sg. Ecam 6W BUpTyaabHEe agPOHK, KAKOBHIME OHH
ABAAIOTCA BHYTPH Apa, B3AaAMOJEHCTBOBRANH HHAYS, T6M DPEATLHHS,
TAKOIO COBHIAJeHHA TEOPHH ¢ 3KcIepmMenToM He Grnio 6. [lamee,
(OTOpOK/IeRNe 3aPSUKEHHHX IHOHOB HA JNEPHHX MHUIMEHHX NP
E, = 2; 3; 8 16 I'ss [9, 10] rarme xopolro OmmCHBaeTCH TeopHeH
Mnoronpa'rnoro paccesans (e3 BHECeHHS B Hee HOUPABOK HA BHEMAC-
coBue addexrn. Haxonen, peayabraril mapnualbHO-BOIHOBOTO aHA-
7u3a NAHHKX O PEAKIHAH nA — 3nA [8] npEBonAT K 3HAYEHHIO NN
COYeHUS B3AMMONEHCTBEA 3R-CHCTOMH ‘B cocrosmmM JP = 0~ ¢ Hyk-
JIOHaMH, paBHOMY mpmMepHo 50 xGapH, KoTOPOE GIABKO K 3HAYCHMIO

Osmn & 30y — 30anOxy/(87B) = 205y: (69)

Tpynao npmayMars Jormyeckoe o6BACHEEME TOMY, YTO B ORHHX
cayJasx BHEEeMAcCOBHO 9PPerTH CKa3HBAIOTCA TAK CHIBHO, B TO BpeMs
KaK B APYIEX OHN COBEPIIGHHO HE IPOABIsioTcA. BosaMmokuoe 00bac-
HEHAe, KAK CI6Nyer A3 CKA3aHHOIO BHINE, MOKET 3aRII0TATHCA B MAIO-
CTH BENHVMHH Oby IDHE COXDAHEHHH riayGepoBckod cxemrl. Taxmm
ofpasoM, oupeneleHne af,‘N n oﬁ,N BKHO IJIA HW3ydeHmsa -JeTaneit
AMHAMHUKE CHABHHX BBAHMOMEHACTBHI H IS OPOBEPKHE CaMOCOIriIa-
COBQHHOCTH rna'yﬁeponcxoﬁ TeopNHA anpon—anepn’mx CTOJIKHO-
BOHAM.

QuesnyHO, ITO WA AOCTATOIHO TOIHOTO onpenenenm YIOMAHYTHX
BEJITIHH eI aTeNbHO M3YYaTh TRKAE MPOIeCCH PoxkieHns p- 1 4 1-Me30-
HOB HA ANCPHHX HYKJIOHAX, B KOTOPHIX IPOJOILHO-IOIAPH30BAHHLE
P-ME30HH X IONEPEYHO-NOAAPA3OBABHES A ;-ME30HH POMIAAOTCH NOCTA-
TOYIHO MHTEHCHBHO. UTto Kacaercs A,-Me30HOB, TO MOYTE COXPAHOHW®
t-KaHANBHOH CUEPANBHOCTE B PeaknmaX NEPpaxkimEoHHOR AmcConmA-
man . 1N — A N ofecletmpaer SHAYMTENBHYI0 AONI0. 06pasoBam@s
(mopsmka 30 < 40%) IONePEeTHO-NOJLAPH3OBAHHKX B TaGopaTopEok
cACTeME KOODARHAT A,-M€30HOB IPH SHATCHUAX IHePeJaHHOro HMIYIILCA
0,1 = 0,3 (I'ss/c)?, . e. B CYIIECTBEHHO HEKOT@DPEHTHOR IS ANePHHX
peaxnuit o6racTa. 10 JErKo BEALTH H3 TOro akra, aro KOOD[IMHATHEL®
ocu JnaboparopHoi CECTeMH cnnpanr.nocm (L-czc'reMa), B . KOTOPOi
OCh KBAHTOBAHHA Z B CHCTEM® IOKOA DOMMBIICHCA TACTHLE OPHOHTH-
poBaHa OPOTHB HANPABIGHHAA HMOYIbCAa OTAAYM HYKIOHA MHIICHH
B OSToit chcreMe, pasBepEYTH Ha yrox O = arctg (g/m) (m =
= (mj — m3)/2m;) BOKPYT HOPMAJIX K MIOCKOCTH POKIEHH IO OTHO-
IWeHNI0 XK KOOPAMHATHRM OCAM CHCTEMH (-KaHAIBHOH CHEPaIbHOCTH,
Tak HasHBaemas «cmcrema I'orrdpmaa — JxexcoHa, m TPH BHCOKHX

sreprasx (k —- 0o) NPaKTAYECKHE COBHIANAeT (C TOYHOCTHIO 10 IOBOPOTA

Ha yron B ~ ¢/V' S) ¢ ocaME KoOpHHAT CHCTEME S-KAHATBHOM CHE-
parsuocTE. Heo6xomumocrs paborars B L-cAcreMe, a HO MHOM, HaIpH-
Mep, I-KaHAJBPHOR WIN s-KaHAJIBHOM, 00ycioBlIeHA TeM 0GCTOATONB-
CTBOM, UTO TOJBKO B 3TOM NPEACTAaBIEHEM aMmiuTyfaa bl-paccesmmsa
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Ha HYJeBOi yrox REAaroHaNbHA IO CIOHPAILHEM HHEEKCAM
10 (0) = ik8, 08¢ (h) (L —ict (Ao)/dm) (70)

¥ COOTBETCTBEHHO TOJIBKO COCTOSHAA TACTHI[E, OTBEUAOIINE O Pefie/ eH-
HOMY 3HAYCHHI0 L-CIEDATIBHOCTH, HMEIOT ONpPEfeIeHHYI0 HHTEHCHB-
HOCTh HOIVIOIIEHWS SNEPHEIM BEIIECTBOM.
I1pomonpEO-NOIsIPE30OBAHHEIE P-ME30HEH ¢ (0N BIIOH AETEHCHBHOCTEIO
POKEAIOTCA B PEAKIHAX ‘
’ aN —pN (71)

IIOf MANHIMHA yriamd, TAEe JAOMEHAPYET MEXaHmsM ozmonnom{oro
ob6Mena. OnHako B aMIIMTY[e KOT@PEHTHOro IMPONEcca

nEd - prA (72)

BKJIQJH ONHONMOHHEEIX aMIUIMTY/ peaxmmit (71) ma pasnmx HyrRIOHaX
AApPa COKPAMAITCA H B peaknu® (72) pOKAAI0TCA TOABKO MONEPETHO-
NONAPH30BAaHHEE {-ME30HH  (CM. BEHIE).

Taxmum 06pasom, B NHOH-AOPHHX CTOIKHOBEHHAX POKIACHHE IPO-
ROJNBLHO-TIONAPASOBAHHKIX P-MEe3CHOB BO3MOKHO TONBLKO B HEKOTEPEHT-
HEX pearmuax. IIpm s1oM ¢ sKCHepEIMeRTANBHOM TOUIKHE 3peHHs Goiee
YROOHHM fABIAETCA HCCIOKOBAHWE IIPOIECCOB ¢ IIepesapANKol

axN —>p'N’, N=p, n; N'=n, p (73)
Ha sepHHEX HYKJIOHAaX.

Cpens nponeccos poskACHHs P-ME30HOB B DeKTPOMArHATHHX B3aH-
MOAEHACTBHAX TOABKO B pEaKIay

eN —> ep°N | (74)

MoKkeT 00pasoBATHCA BHAYMTENBHAS RONSA Pr-ME30HOB, BBHAY COXpa-
HeHHWA S-KaHANBHOH COMPANBHOCTH B IPONECCAX POAJLEOr0 W BHPTY-
ansHEOro ¢oroposrnerna. OnHaKo SKCIEPUMEHTAILHO HCCICNOBAHHE
HPOIECCOB DIGKTPOPOKICHMSA P-ME30HOB HA ANPAX CONPIKOHO CO 3HA-
YNTeNBHO GOMBIIAME TPYIHOCTSAMH, 9eM McclefoBanme pearknmit (73).

Ns Bcero crasaHHOro ciegyer, 4To, 0 KpaiiHe# mepe, ¢ TOUKH
SpeHHA WHTCHCHBHOCTE O0GpAa30BaHMA NONEPETHO-IOJAPH30BAHHEIX
A,-M€30HOB ¥ IPONIONBHO-IIONAPHIOBAHHKIX O-ME30HOB HEKOTOPOHTHEE
Iponeccun npennom'renbnee 9eM KOTrepEeHTHLIe.

JpyrEM BaKEHM acCHeKTOM ONPENeNeHHS Gpy ¥ Oa,N SBJIACTCH
YyBCTBETEIBHOCTh CEUCHHA (MM JDYTHX M3MEPAEMHX BEJIMIHH)
K MHTeHCABEOCTE IOINIOMEHNA pORAamuxcs yactun. CHoBa B OTIHA-
YHE OT KOFePEHTHHX PeaKndii, B KOTODHX CHHH-(IROOBHE IE6PeXONL
Rake B 60PHOBCKOM IPHGIMKEHHN NPOHCXOAAT HA MOBEPXHOCTH AAPA
B CHIY cuenaduIecKoif CTPYKTYPH COOTBETCTBYIONIX ONTHICCKHX
IOTeENHANOB (CM. BHIIE) M CTPYKTYDPH caMoro sagpa (mourda ogHOPOJ-
HOe pacumpefeleHHe BemecTBa B SAPe), B CBASH C 4eM MOTJIOICHHE
YacTHO B BEHIECTBe HEe TAK CKASKBAGTCA HA MHTEHCHBHOCTH COMH-
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$IANOBHIX IEPEXoioB, B HEKOTEPEHTHHX PEAKIUAX IPONECCH ¢ H3Me-
HOHUEeM COOPANBHOCTE ¥ IPOmeccil $e3 M3MOHOHHMS COHAPAIBHOCTH -
YT PABHOMEPHO 110 BeeMy o0BeMy sSiApa B IPA PABHOA MATOECABHOCTH
HOrJAOMENrAA JACTAN B PA3HHX CONHOBHX COCTOAHHAAX 0CIabamorcs
TaKke IPMMEPHO ONEHAKoBO. B orom sarirogaercs ogEO U3 mPeEMY-
MeCTB MCCIeOBAHAA IIPONECCOB HOKOIePEHTHOT'O DOKICHAS TacTHI|
¢ NMENb0 M3YUEHHSA B3AUMONEHCTBHA HX C HYKJIOHAMHE IIépeJ HMCCIeNo-
BAHMEM NPONECCOB KOTEPEHTHOTO pORICHHS. ,

Crenyer Takmke OTMETHTH, YTO MHOTHE H3BECTHHO DE30HAHCH
(mampmmep, A-wsobaph) He MOryT POMRIATHCA B KOTEPOHTHHX pPeaK-
NAAX HYyIKaMA CTAOMIBHHX YaCTHL.

10. CTPYKTYPA CEYEHHNN OPOIECCOB PORIAEHUA
YACTHI C OEPE3APANKON
Bupasxesne Ki1a HEKOTeDEHTHON TacTH CedeHHA POAKIHE
atA->b4+ A

monydaerca BudeTagmeM w3 (11) Bkuapma, cooTBercTBYMOIEro cede-
HAK KOTepeHTHOro mpomeccd a + A — b -+ A, ecam nocaegEait
He 3alPeIeH 3aKOHAMH COXDAHEHH:A 3aPANa, CTPAHHOCTH Br. 1 Mas
peakumit ¢ mepe3apAAKO# GHCIPHX 4WACTHN, (Z, 5%2Z,) KOTepeHTHAS
cocraBnAomas B Bupamenun (11) orcyrcrByer, 8 HOKOrepeHTHAA
9aCTh HMEeT CPABHUTEIBHO HPOCTYI0 CTPYKTYDPY BBEAY TOro, 9Yro
cuaraeMue B ammagryne (8), COOTBETCTBYIOMING POKIACHAI0 YaCTHI
Ha DPasHHX HYKIOHAX He WuTepdepHpyoT MeKAy coboff, ecam mpe-
re6peus »PPeRTaMK TOMIECTBOHHOCTE HYKJIOHOB ANpa. YUeT IOCieN-
HUX IPUBOJHAT K ONPABKAM K CeUeHAAM (M IPYTEM B3MeDPsSeMEM BOIH-
qUHAM) HOKOTEPEHTHHX HPONECCOB, CYIECTBeHHNM DA OTHOCATENLHO
MAIHX 3HAYeHUAX NEPeJAaHHHX EMOYJILCOB ¢ ~ kp, rae kp — dep-
MUEBCKHNA WMMIYABC HYKIOHOB sapa. OOcy:kpenme STHX IOUDPAaBOK
Oyner NaZo HECKOAbKO HIKe. IIoKa ke NIpA BHACHEHWH OCHOBHEIX
fertajiefl CTPYKTYDH CeUeHMIT IPOLECCOB POKNACHHA JacTHI, ¢ Iepe-
3apsAAKON HA ANPaX HYKJIOHH ANPa 6yaeM CIHTATEH HETOKIeCTBEHHEIMH.
Kpome roro, urobm msbermars RSIMIIHEX YCHAOKHEHHH BPEMOHHO
qacransl ¢ 1 b Gynem camTath GeccnmmoBHMA. TOrRa TOYHOE BHIpa-
SKeHme Ui CEYeHHH 0GCYmMIaeMEX peaxnuii Ha mporoHax (HefTpo-
Hax) AApa HAMeeT BHI:

= (%) S Uab. ab (b, b, 7)exp [ig (b—Db")] X

9 4n A

%6504, { = | Wenraa 0, b, 2) —iVia b, )+

+iV&a (b, )12 + | Wen, o0 b, b7, 2)—

—iVes (b, 2') -+ iV (b, 7)) dz'} dbdb’ dz', (75)
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rpe V r U Gruim onpepenersl pagee [em. (17)m (18)], Z (N = A — Z)—
YACAO TPOTOHOB (HEHTPOHOB) B AJpe.

Hcnonssys opmbamuenns (29) u (31) mna V u U, nepexoas
K OUTHIECKOMY Ipefeny (4 — oo) m BBOASA HOBHE mepeMEBHHe MHTEr-
pupoaEug B = (b + b')/2 uw § = b — b’, npeacraBEM BHIPAKEHHE
(75) mxs ceueHHA B HECKOIBKO HHOM BHE:

£k 2 () [ {oa®o® emiad

X exp [-5"2—'“1'_ (B+B/2, 2)—Z-T_(B—B/2, 2) +

+@ua (B) T- (B, ) — 2T, (B+B/2, 2)—

& T (B+B/2, 2+ ow () To (B, )| x #BBdz} . (76)

Qopumyas (75) u (76) moMaMo caMoro aKTa HOKOrepeHTHOTo (¢ 6oahb-
ey - -1 -
moi Neperavell EMOYIbCAa HYKIOHY ¢ ~ (B) ") posnmenns yamTH-
BAJOT CONYTCTRYIOMAE €My HOPOMecCH MHOFOKPATHHX KOTeDPEeHTHHX
(ga yram mopaaka 0 ~ (kR)™') m HexorepeHTHHX (Y 0 ~
5\-1 .
~ (kVB) ) nmepepaccesnmit wactan a m b. ITo DPHBOJET K HEKO-
TOPOMY pPa3sMasHBAHMIO YIIIOBHX PacIpeesaennii 9acTull, PONUBIAXCH
HAa H7ePHOH MMIIEeHH, M0 CPaBHEHHI0 ¢ YIMIOBEHIME DPacipefeleHHIMHI
B PeaKndAsaX HA HYKJIOHAX.

1. BAUAHKUE KOTEPEHTHHIX IEPEPACCESHAN
HA YTIOBYI0 3ABACHMOCTH CEYEHMH HPOLECCOB
HEKOTEPEHTHOI'O PORHAEHHA

Pacemorpmy ceauana sPHeKTH KOrepeHTHHX mepepaccosHuil, Iisa
9ero OLYCTHM B IOKAa3aTele SKCOOHERTH B BHp&KeHHEA (76) BeaaanHLL
Ugzs, zx ( = a, b), ONECHBAKIEe HEKOrePEHTHHE IepepaccesHHs.
B srom npmbamKkennn BHpakenme IaA REDPEPEHNAAIBLEOTO CEIEHRST
HEKOTOPOHTHOTO IPOHECCA MOMKHO IIPEACTABHTH B BHJIE:

':—gi'=% (—1;:;) S p(s, 2)|o(q, s, z)|*dsdz;
P (q’ s, z) =exp (iqs) [fab (Q) -
— [ exp(—iq's)f (a—a') F(q', 2) da'/2mi; (77)
F(q, 5= S ab exp (igh) X
x {1—exp[ -2 T, b, z)—--‘-g’—'T_(b,z)]}. (78)
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I'Ipn 0, =0y, =0 Bennyupa F (¢’, z)=F (¢’) cosnagaer ¢ amnam-
tyno# ympyroro a (b) A- -paccesnus H, CIIeNOBATENHO, CYMECTBEHHO
OTNHIHA OT Hyns nums npu ¢’ ~ R~1. To ke caMoe MOXKHO CKasaTh
a o F(¢, 2). Ho:—nouy 1Oof 3HAKOM HHTerpana B BupaskeHH: (77)
‘aMnarTyny f (g — g'), xoropas MeEsierca ropasno MO[ICHHES, TeM
ammrrryna F (¢, 2), MOIKHO PAsiOMKETh B PAX MO q

fla=q)=1f(@—qVf (). (79)

Bunonnss wETerpEponasme mo dg’, moXydIaeM B 3TOM NIPHOIH-
JKeHAN;

=L (I @PN (o, 00)+| VF @FL (00, 1), (80)
rae N (04, 0p) = S p (s, 2) | E (G4, O, 8, 2) [Pdsdz;
1 a 2
L (Ga, Ob) == 3 p (s, 2) l'a?E(o“' Oy, S, 2)| ds dz;

E(s, z)==exp | —0,T_(s, 2)/2—0,T (s, 2)/2). ' (81)

~ Tlepsoe caaraemoe B (80) mpomopnuoHANTBHO CEYEHHIO NEPE3apPARKA
HA HYKIOHE

(5), =7 @P. (€2

Koadpummenr npomopmmo-
sansHOCTR (Z/A)(N/A)N(G,,03)
npepcraBiaser co6oi adderTrs-
HOE YACHO IPOTOHOB (HEHTpO-
HOB) ANPA, YIACTBYIOIUX B Pe-  Pye. 5, Cpexwmit KBAKPAT MMUYALCA, HOpe-
AKOAH H OTJIHY3I0O[eeCA OF jampaeMOro B Pe3yJbTaTeé KOLEPEHTHEIX
Z (N) — umcna mpoToHOB (Hefi- MepepaccesHuil B HEXOTEPEHTHKX IpPOmec-
TPOHOB) B sfipe m3-3a BaamMo- ¢X» Q7 (G, = 0p = 25 u6apn)
[eACTBAA dYACTHI B HATAIb-

HOM W KOHEYHOM COCTOHHHSX.

JJ15 OXeHKH POXE NONPABOTHOrO CJIAraeMoro, TPONOPIEOHAILHOrO

|vi(g) I* 3 (80), nepermmem ero B BmHe:

=2 () N e 00 [ SR +[V1 @ P (0o 00) ], (83)

roe 02 = L (0,, Ub)/N (00, 0Op). . .
Ha pmec. 5 npercraBnesa Benrmdmpa (2 xax (YHKIHA AaTOMHOTrO
nomepa A, paccamranran B Mofean Qepmu upu g, = o = 25 nbapn.
Vumrupas CKOPOCTh M3MEHEHHSA amum'rynu SJIEMEHTAPHOTO IPO-

yecca
fav(g) ~ exp (—Bg%/2), B =810 (I's6/c),

JerKo BHJETH, 9TO faske B PEaKUEAX HA TAKENIKX ANDAX H3MOHOHH
yraosoit saBmcmmocTE cedenmsa (80), oﬁycnomenuoe KOTePeHTHEIM
nepepacceAndeM, HE3HAYHTEABHO.

il ]

L
20 50 100 A

@ 10%ra6/0)?
LR R

S
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12. POJIb MHOTI'OKPATHHIX HEKOIEPEHTHBIX
NEPEPACCEAHAN

Paccmorpam Temeps 9QdeKTH HeKOTepeHTHHIX TepepaccesHmit,
Tperefperas N3MeHEHWOM HANPABIGHHA ABMKEHUA GLICTPHX YacCTHIL,
0O0YCIOBIGHHEM KOTEPOHTHHM IepepaccesHUeM, YT0 COOTBETCIBYeT
samene T.(B 4 B/2, 2) > T. (B, z) B (76). B srom npmGrumueran
WHTErPAPOBANHE HO dz BHIOAHAGTCH B SABHOM BH® M BHPUKGHHES
IJIA CeYeHHS HEKOTePEHTHOTO IIPONECcCa, YIMTHBAIIIEE BCOBO3MOK-
HHe HOKOTepenTHLe Nepepaceesiims, IPeNCTaBiHercA B CPAaBHATONLHO
TOpPOCTOM BHIE:

otz (_f{.) j ©ab,ab (B) N (Ga (B), G5 (B)) Jo (aB) BB, (84)

rae 0x (B) = 0x — @z (B), z =a, b.

Q®opmyna (84) ymobma pmnas IpPOBeeHAA YUCIEHHHX DPAacueToB.
Dnanueckyit ke cMHCI 6olee OIeBANEH H3 HIPENCTABIEHAS BHIPAKe-
"usa mias cedenud (84) B BAIOe pasioKeHWs B PAR OO CTeHEHAM Kpart-
HOCTH HOKOTEPEHTHHX CTOIKHOBEHHH ¢ COOIIOMCHHOM HX XPOHOJOTH-
YEeCKO# IOCIeA0BATEIBHOCTH:
do _ < v 490 () doab () 11 400 (a8)

o Oaa (§i) 80gb (9 Obb (qr
2 2 S {H dt dt g]i @ %

-

m, n=90
m n d , m d n d
x8® (q—q' — D a— X @) - [T H T2} x
=1 k=1 fe=q h=1

x{ § TLo @, 2)-06, ) I 0.0, 20) E (i 05, 2) x
. i=1 k=1

m n
x T JJ dzid2'T ] da } - (85)
k=1

i=1

Cumsoau T1Idz;, T11dz, osragaior, 4T0 IPH HHTErPAPOBAHUA IO «BPe-
MEHHOi» NepPeMeHHO0M 2 HEKOTePEHTHRX CTOIKHOBOHHH JOIIKHA €060~
[aThCA X XPOHOJOTHIECKAs IOCHeJ0BATEILHOCTE.
OnesnM pollh HEKOTOPEHTHHX CTOJMKHOBeHWH, IOMOKHEB [IA IPO-
CTOTH
O = Op = 0} ©gq== 0pp = Oce eXp (—P?/4B), (86)

©gp =0 exp (—p?/4B),

9TO COOTBOTCTBYeT OOKIHON HapaMeTpPH3aNAd ¢-3aBHCAMOCTH aMIn-
JIATYR 9N6MEHTAPHHX IpPOIecCoB

f (@) =1 (0) exp (— Bg*/2)- 87
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BeJHYHEH G, B G, IPEJICTABIAIOT COG0H COOTBETCTBEHHO MOJIHOE Cede-
gue yupyroro a (b) N-pacceanna m nponecca alV — bN. Beona addex-
taBHO 4McIa Ny (0) cooTHomenmeM

N, (0)= S (6T (B)* exp (—aT (B)) dB, (88)

_ mosy4aeM IpejcTaBieHme Nid cedeHMs (84) B BHIe PAXA IO CTEMEHAM
KPATHOCTH HEKOTEPEHETHHX CTOJIKHOBOHWIL:

o
89 G5 D, Nuss(0) " exp[ — Be¥/(n+ )], ®9)
n=0 )
THe & == Ggi/Otot = Ot/ 16nB.

A-3aBucaMocts Benndun /Ny (0), paccumramnas B monerm Pepmm
s g = 25 méapu, k =1, 2. . .5npexncrannena na puc. 6. Buauo, 910
3QdeKTH KpPAaTHHX HEKOIePEeHTHHX N
mepepaccesHAE AENA0T ¢-3aBHCH- L k=1
MOCTh CEYEHHR HEKOTEPEHTHHIX IPO-
neccoB Ha sAnpax Goxee HoJoroif,
geM COOTBETCTBYNINAA 3aBECHMOCTD
peaxknmit Ha CBOOONHHX HYKIOHAX
¥ BechMa CYINecTBEeHNH I DH (oXbmuAx
3naqe1max NEePeJARHOT0 HMIYIBCA
¢* > B! B pearmusAx Ha TMKEIHX
agpax. Meorna mas ouenxu addex-
TOB KPATHHX HEKOTEPeHTHEIX CTONK-
gopenmit BMmecto (89) mcmons3yroT

0, 2 1
BLPAHEHHO Y20 - 50 100 A
- Puc. 6. 3anucmmocTs 5QeKTHBHRX
=0 z ::’; iu) X umcen  k-KPaTEHIX CTONKHOBEHHI
o : Nk (o) or aroMHOro HOMepa &IA

= 25 Mmbapr H Pa3MIBLIX k =

x expl — Bg?/ (n+1)], (90) —1 2,8,4,5

noJyueHnEoe B Teoprn [1ayGepa AA NPONMeccoB KBR3UYINPYTOTo paccesd-
HEA 9acTHI HA AXPAX, YTO OPHBOJAT K 3aHWKEHHHM OIGHKAM DTHX
adderToB.

B nonpsy npannnnnocm dopmya (75), (76) m (84) CBHIETENLCTRYET
COOTHOMIEHR® Me/Ty IONHKMH COTCERAMA POAKIH HA ANPe ¥ HA HYK-
JoHe

g -_—-‘ZI (%—-) o,N (ag, Ob), (91)
e Go = OUN — Gon = 0°0%, NONYdYeHHO® WHETErPEDOBAHEEM 0GEHmX
gacreit pasencrs (75), (76) u (84) mo dQ = dg/(nk?), m3 xoroporo
clemyer, 9TO YMEHBIIEHAe IONHOTO BHXOAA YaCTHI H3 DPeaKnuu
aA —» bA' 06yCIOBIEHO TOIBKO neynpyrmvm Iporeccamu, Kax ¥ JoJIH-
HO ORITEH.
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- 13. IIOJAPUSAITHOHHDBIE - XAPAKTEPUCTHKHA
HOPOIECCOB POKIEHMSA YACTHIT C IEPE3APAOKON
N HMX YYBCTBUTEJIBHOCTh K MHTEHCHBHOCTH
HOOTJIOIEHUA POKIEHHBIX YACTHII B PA3HBIX
CIONPAJIBHBIX COCTOAHUAX

IlepefineM k oGCY;KISHHIO peaxnHil HEKOTEePEHTHOLO - POKICHAA
YacTHI €O CHHMHOM, npmdeM OyJeM ONATH PACCMATPHABATH IIPOLECCH
¢ nepesapAnkof,-T. €. Z; =2, AA OPOCTOTH OTrpAaHMYAMCHA pac-
CMOTDEHHEM IIPONecCoB, MHAYIHMPOBAHHEX GECCHMHOBHME YaCTHIAME
(rt, K-mesonn). Ecam raxsxe orpanmumThesi OONACTBIO HE OYEHB
GorsmEx 3HAUeHHH nepefnau mmoyabca ¢>B < 1, 10 ¢ Xopomeit ToU-
HOCTBI0O MOKHO IIpeHebpeds BIMAHHEEM KpPaTHHX mHepepacceaHuit
Ha YTIOBYIO 3aBHCHMOCTH HalaonaeMuX BeamauH. B sToMm mpubimxe-
HUA-CBA3H MEK/Y H3MEDPAEMEMA BeNAInEaMy — aaddepennuanrbHHME
CEIEHUAME ¥ IIEMEHTAMHE MATPHUIH INIOTHOCTH POXUBIICHCA JaCTHI(E —
peaxnmit HA Ajxpe W HA HYKIIOHE OKABHIBAGTCA OUCHB IpoCToiA:

. © o (Ao (A
Srom () (o ) W (oo BEHED) e

| (92
Ws cooTHOmeRHs (92) cxmemyer, 4TO eciM IOIJIOIEHHE POAUBIIMXCS
YaCTHL B COCTOAHMAX ¢ PA3NIWYHHIMA 3HAYCHWAMA BeIHINHE! CIAPATL-
HOCTH ojuHaKoBO [0 (A) = const (A)l, To auemenTH MaTpuus IIOT-
HOCTH PeaKIAH HAa fAApe, a CIef0BATENBHO H YIIOBHE pacmpesemxe-
HHSA NPOXYKTOB pAaCHafia JACTANH b, OKASHBAOTCH HE3ABACAMAME
or aromuoro Homepa A snpa-mumesn. OGEapyxerue A-3aBHCAMOCTE
STHX XapaKTePHCTHK B IPONECCaX POMIOSHUA JaCTHI C Nepe3apsaAKoi
ABWIOCH OH YKA3aHMEM Ha CYMEecTBOBAHMS A-33BUCEMOCTH BeJNINH
opy (A). (B mpomeccax HexorepeHTHOTO pOKieHNA (€3 Iepe3aPANKE
CHTYaI#sA HECKOJBKO CIO)KHEe, 0 1eMm (olee MOXPOGHO cM. HHMKE.)}
Kparxo ofcynEm 9yBCTBHTENLHOCTh HM3MEDAEMHX BeJIMYHH IIPOIEC-
coB ad — bA’' K 3naueHHAM BeIWIAHH Oy (A). [Ipe:ne Bcero 3ame-
THM, 9T0 B OpaByio 9acth (92) BXomAT XapaKTepUCTAKA dIeMEeHTaPHEIX
IIPONeccoB POKACHEA dwacrtal B na HYKIOHe, CKOHCTPYHPOBAHHEE
N3 SMIUIATYH, BKIOYAIOMUX 3aBMCHMOCTE OT COMHA HYKIOHA

(5 #),=Spfb (@ o) /4" (@ )2, (93)

T. €. BeNIHMHE], TOCTYIHHE H3MEPEHHI0 HA BOXOPOAHEX (AefiTepHEBEIX)
mumensx. [losroMy Her HEOOXOMEMOCTH MCKIIOUATH HX H3 CQOTHOIMIO-
Hm# (92), Gepst oTHOMeEREe HAGAIONAGMEX BEINYNH, COOTBETCTBYIOMEX
ABYM pasHHM fAAEPHHM MEIICHAM, KaK 3T0 JeIaJoCh LPH aHAIH3E
KOTepeHTHHX PEaKmuil, 8 MOYKHO HeMOCPeICTBEHHO H3AMEPATD BOIAIAHEL

2o [ (4 0%), =% () (o 2BFE) o)

u Hccaenys HX A-saBAcEMOCTh onpenenars (0py (A) 4+ osv (A')/2.
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Jisa mamocTpanyy IyBCTBETEIbHOCTH BeamuuH N (0;, O;) K 3Ha-
qeHHAM O, Ha PHC. 7 IpefcTaBieHa A-3aBACEMOCTh OTHOIIEHWX

» t= N (04, O3, A)/N (ay, 04, A) » (95)

nug o, = 25 mbapn, ¢, = 10, 20, 30, 40, 50 m6apr.
W3 cpasmenusn ¢ puc. 3 BUHO, 5
3

9T0 TYBCTBHTENBHOCTh H3Mepse- 6, =10 MBapH

MEIX BeIRYAH IPONECCOB HEKO-

TepeHTHOTO DPOKNCHHS K MHTeH- ;i

CHBHOCTH HOTVIOIEHHS POKIAI- 7

MEXCH YaCTAN TAKAd jKe, Kar 20
maddepenqAATEHEX cedenmi e 30

IpONECCOB KOTEPEHTHOro pomme- ' : :

HHSA, T. €. JOBOJALHO BHICOKAA. 310 — @?)

BECEMa BAKEO I HPOOIEMHE Om- 05 ! y

pefieleHNA WOJHHX cevemmit bN- 20 50 100 A

B3aMMOJEHCTBHA U3 al -
MCUCTBNA U3 AHANH3A JAL Puc. 7. 3aBucumocts §; (6,4, Gp, A) OT

HBEIX 0 Oponeccax HEeKOrepeRTHOTo aToMBOTO HOMePa AIA O, = 25 MGGPR
pomnenns. o o PasIAIHBEIX O .

14. DOOEKTHI TOMRNECTBEHHOCTH HYKJOHOB
B OPOIECCAX IIEPE3APAJKH

Jo cux mop ofcy:xnerne CTPYKTYPH HaOMOTAE€MEX BOIHIHH IPO-
IeccOB HEKOT@PEHTHOTO POKeHHS JacTHN ¢ mepe3apAnKoil IPoBojH-
Jocs B npenebpexennn sQdekTaMu TOXRICCTBOHHOCTA HYRIOHOB AAPA.
M 3BecTHO, 9TO 38UpET TOMAECTBEHHKM HYKJIOHAM HAXOJUTHCHA B OXHOM
H ToM ke cocroamvy (npmumun Ilayidm) DPHBOAMT K UDONABJIECHAID
Ce4eHMII IPOIECCoB ¢ MAXIOH mepefadeil AMOYABCA HYKIOHY, HA KOTO~
POM DPOXCXONAT PeaKuusd nepesapanaxa. GopManbHO TOKTECTBEHHOCTE
HYKJIOHOB IPOABJISIETCH B OOPENEICHHHX CBOMCTBAX CAMMETDEU BOJ-
HOBHX YHKIEA HAJAAHFHOr0 ¥ KOHSTHOr0 COCTOAHME Agpa. Y4er sTAX
CBOWMCTB, & TAKKe CBOACTB CHMMETPHM aMINIATY/H IPOI{ecca MO3BOIAeT
B npEOnmwxenwr (14) momyumTh 3aMKEYTOE, HO BECHMA T'DOMO3JIKOS
BHpayKeHHWe JJiA MONpaBoK K dopMyIaM [ CeveHHdil, a TAKKS APyrux
H3MepAEMHX BeIwdnH, o6ycnosnennnx npuanmmoM Ilaymm, » yaara-
Batomee 3¢dexTH MHOrOKPATHHX CTOIKHOBEHHH JACTHI, ¢ B b B sAxpe.
B sroM BHpaKeRWM IOMEMO OCHOBHOTO LONPABOTIHOrO LIEHA, CYIe-
CTBEHHO OTIMYHOTC OT HYJXA JAMb LOPH BHAYEHAAX OepeJaHHOIo
EMIYIbCca ¢ <5 kp W OPHBOIANETO K YMEHLUICHAN Pe3yJALTAPYIOMETO
ceueHAA B 9TO# 06iaacTH, comepKaTCA TAK:Ke CIaraeMee, OTIHYHHE
OT HYIA IIPA CKOJb YrOAHO GOJbIKX 3HATCHAAX HOPOAAHHOr0 EMIYIIHCA
X OPABOAAIIAE K HEKOTOPOMY (0YeHDb He3HAUMTeNbHOMY, Hopaaxa 5%)
YBEJINYEHUI0 CEeYCHHS. JTH CIAraeMele OTCYTCTBYIOT B OODHOBCKOM
UpHOIAKOEAY, a NOABICHEe X IPX y4YeTe B3AaNMOCHCTBAA B HAJallb-
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HOM B KOHETHOM COCTOAHHH, IO-BHAHAMOMY, OTPaKAaer TOT (axT, 4TO
B pe3yJibraTe YUPYIHX KOTEPOHTHEIX CTOJKHOBOHMI HYacTHN @ X b
€ HYKJTOHAMH ANPA MOCJIeNHEE 0CBOGOIa0T 3aHNMAaeMEe IME YPOBHA
H T€M CaMHIM YACTHIHO CHEMAIOT 3aPeT HA HOABIEGHAO HOBOro HYKJIOHA,
KOTOPHIii 00pasoBanicsa B Pe3YAbTaTe NePesapsiKd, Ha 3aHATHX PaHee
yrosHAX. Beupy mamoctm artoro sddexra me Gymem obcy:aaTh ero
6omee mogpoGHO, a PaccMOTPEM JHIN CTPYKTYPY OCHOBHOTO IOIpa-
BouHOro yiena K (92).
B rex sxe mpubnmxernax, B Koropux noxydvesa (92), mia ocHos-
HOTO HOIPABOYHOIO WIEHA WMOJYYIAETCH BHPAKEHAE
do . ZN 1 A ~
A( aQ pM' )— - A2 S '2—Spf (Q1 U) pZ(Sh Sy 24, 29, 0) X
A+ . .
X f (Q7 0) pN (SZv 843 290 2y, 0) €XP 1qy (51—52) X
X expiqL(Zi—'Zz) E (6:1, O'i), Sy, Zi) X
X E* (0g, Oh, Ss, 2,)ds;ds,dz, dz,, ~ (96)

rne Pz (1, T3y O) — ONHOYACTHYHAH MATPHIA IIOTHOCTH  pac-
IpeNeeHAs TPOTOHOB (HeATPOHOB) B sApe.
Oua GeccuwmoBoro spmpa

plry, 12y 6)=py (r, rz)+i0-%;r-z—92 (e, T2); } (97)
py(r, r)=p(r).

Huraxoit sKcnepuMeHTaJIbHOE HHPOPMALHEKE O Py (g, (ry, ') — OPH
r; =T, HOKa HO CYNICCTBYeT ¥ II0ITOMY IIPH ONEHKe 3PPeKTOB TOIK-
eCTBeHHOCTH - IPUXOJKNTCA NPHBIEKATh MOMEGIbHHE NPeCTABICHH
0 crpyxrype anpa. Ilpm paccmorpemmm peanmmit ma Jerkmx Aapax
VIl TOCTPOGHAS P MOMKHO C XOPOIIeH TOYHOCTHIO HCIONH30BATh BOJ-
HOBHEO (YHRIAE rapMOHHYECKOro ocmmiuiaropa. Ilpe srom onasm-
Baercda, Wro MAs HEROTODHX afep, Hampmmep G, p, (ry, ry) #0
# xomGmmanmm ammwreryq f* (¢, ¢) B mpaBoit wacta cooTHomenmst (96)
OTANIAIOTCH OT KOMOMHAMH AMIJIATYX B IIPABOH YACTH COOTHONIOHNS
(92) m BHpaKaoTCA Yepe3 TaKHe XaPAKTOPHCTHKE IIpomeccos alN —-
~» bN, pus OIpeNeNeHust KOTOPHX He0OXO0AEMO IPOBEJEHAe DOJAPH3a-
OHOHHKX A3MEPEHMi C MOJAPASOBAHHHMY HYKIOHHKMH MANICHAMH.
B cayuae Ta)KeNHX sAAep-MuIIEHeH, MCIONH30BAHWE KOTOPHX Goiee
OPeANOYTATENBHO IS U3YIeHWH IOTAOMEHAS PORIAOMAXCA JACTHI,
Oonee npmemieMmoif gBIfeTCA MOAETh BHPOKACHHOTO depMu-rasa,
B KoTOpoOit

P,Z(N) (re rz)= pEM ((ry 4 r9)/2) jy (k FW |ry—ral);
is (z) = 3 [sin z — z cos z]/z3; ' (98)
P2=05 p(r)=ped (R—r); (KEM™)3 = 3%p, (Z/A) (N/A).
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TlocKoNBKY HPAKTHYECKHE A BCEX TMRENHX sigep Z<CN, To kr, =
= ky<krpy = k,. Vumtusas 370, mpesicrasem (96) mocie mpose-
JeHEsA TPHOIMKOHHKHX HHTECPHPOBAHEE C HCIONbL3OBAHHEM yc:xonnx
(kF}i’)‘1 & 1 B cuexyomem BHpe:

A (S o) = =5 (22 ), N (00 =3 2) F ), <9s§>‘

e
1 0ol —ky;
F(g)=4 *(9) by—ky <q<hp Koy
0 q>ky - ky.

= () 4 (B () (L= )

P [(Eoge)s (2],

qky gky ,
g=V i+l C . (100)

Cymuupysa supakenns (92) z (99), noxywaem mus cBssz Habmio-
RAeMHYX BEJIWIAH NIPOMECCOB Ha AXpe M Ha HYKIOHE C yt:erom npnn-
nRna I'Iay:m.

:%PM'= (_E'%p;.x-)oN(oa’ Ub(x)"“;db(?) ) x ‘
(2 (-2 ra)- o

Tarkum o6pasoM, NP MaAHX SHAYEHHAX ¢ XPOMCXONHT IPAKTHICCKH
noNHOe NOAABJAGHAE peaKnu|it, CONPOBOKAAIAXCA NOpesapsagxol
IPOTOHOB ANpa, ¥ HEmOIHOE, XOTA B SHAYATENBHOE, OAABIEHHEe POaX-
nmit ¢ mepes3apANKoil HEATPOHOB. JTOT pPe3yJAbTAT BIOIHE €CTECTBOH
¢ TOUKH 3peHHEA Mofienu (epME-rasa: NpespalleHne B IPOTOHE HEATPO-
HOB ¢ HMIIYILCAMH, NPEBHNIQIOMUMA FPaHATHAHE epMU-HMIYIBC pac-
TpefeNeHns IpoTonos kp, = k,, He sanpemaerca npuanunom Iaysw.
WnTerpapya obe wactym pamerncrsa (101) mo yray Brurera gacTans b,
MOKHO OL€HHThH CTeNEHE OB EHUA OIHOTO BHXOAA TaCTHI, 00yCI0B-
JIEHHYH) IPHAHIAIOM Ha'ynn [Tonarasn

&0 exp (—B),

dQ ( ) =
B = 10 (I's6/c)~2, monyguaem, ato IOJIHO® COTeHUe 06PABOBAHAA TACTHIY
b B peaknuax Ha ANPAX, COCTOAINUX H3 TOKAECTBOHHNX HYRJIOHOB,
npemepEo Ha 25—30% MeHbIIe CEYOHMA AHATOTHYHHIX pEaKIHiA
Ha ANpax, COCTOAIGEX U3 HETOKAECTBOHHHX HYKIOHOB. :Heywer
3}PEKTOB TORAECTBOHHOCTH IIPH AHAIK3e IKCIEPAMEHTAIBHEX JAHKHX
MO’KeT IPHBOCTH K HEBEPHOMY (3aBHIICHHOMY) SHAYEHHIO Op .
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15 CTPYKTYPA CEYEHMN HEKOTEPEHTHOIO
* POMNEHHA YACTHI BE3 UEPESAPANKH

Cymec'mye'r JIOBOIBLHO PacIpOCTPAHEHHOe. yﬁemnerme B TOM, 10
CBASH MEOMIY HaONIONAeMHMH BeIHYAHAME JIOGOT0 HEKOTEPEHTHOTO
rponecca Ha Anpe h: 4 3NeMEHTapPHOro Iporecca Ha HYXIOHe OHHAKOBA
KaK A IPONeccOB ¢ IepPe3apAAKoN, TAR M A mpomeccoB Ges mepe-
sapaAxkd. B feficTBATENLHOCTH 3TO He TAK KM, 10 KpaitHed mepe,
ge Bceraa Tak. IIpoféMoECTDHEPYEM TAKYI0 CBASH CHA4YalIa HA IpHMepe
HEKOTePeHTHHIX , IPOReccos aAd —-. bA' ¢ 6ecCOMHOBHIMH TACTALAME
a u b, 3apAnoOBLIE xapamepncmxn KOTODHIX COBIIafdIOT. CymecrseHaoe
OTIWYHEe OTHX UPOMECCOB OT IPONECCOB THUA HOPe3APAAKH COCTOHT
B TOM, 9T0 B AufdepeHrmanbHOM CEYeHHH HEKOTGPEHTHOTO IIpoIecca
IOMHEMO Kna,'npa'ron MOJiyneil aMIDINTYHR, ONHCHBAKIIAX POXKNEHHE
qacTHNH b Ha. PAa3HHX HYKIOHAX AMPA, CONSP/KATCH MHTepdepenmms
TAKEX AMIVIATYA. OTH ‘HETEPHEepeHIAOHHKEE CAAraeMHE OTCYTCTBYIOT
R GOpPHOBCKOM npnﬁnmxermn (0o = 0y = 0) m mosBNAOTCH NTHIB
npn ydyeTe B3aWMMOHEHCTBEA B HAYAJBHOM M KOHETIHOM COCTOAHUAX.

-OrpaHEYEBaAsCH PACCMOTPEHNEM PearIMil B 06:1a0TH 3HATOHMIE Iepe-
naq HMIYJIECA BEYTPE,JEQpaKnuoHHOro kKomyca ¢B << 1, rme moxmo
npere6peas 3gPexTaMe KPATHHX HOKOTePEHTHRX IEPOPaCCOARHi, IOMY-
qaeM A CeUeHHs paccma'rpnnaemoro mporecca Caeaymee IpeAcTas-
JIeBHe: :

o

&={e® e b 2 Fdb dz, (102)
rpe ,
" ? (@ b; 2)=fas () E(02, 03, b, 2)exp(igrz) —

@ 100(0) | 00, £V E (ks 05, b, ) %

of

N

x oxp (102') &5’ — oo (0) 22 fo (0) X
X S p (b, 2')E (04, Ob, b, z) exp (igrz’) dz'. (103)

Tlepsoe cuaaraemoe B (103) onmcmiBaer, eclIm CIeZOBATh TePMUHO-
aormm paborm [40], mpomecc HekorepeRTHOro pPOMKEHHA YACTHALH b,
TOTJa KAK BTOPOE M TPeThbe OTBEYANT KOrePEHTHOMY POsKIeHHI0 (IOITH
HA HYJIEBOH Yroi) ¢ TpefmecTBYOMuM (BTOPOe ClIaraeMoe) HiIx mocie-
AyomuM (TpPeTbe CIaraeMos) HEKOTSPEHTHHM pacceanmeM (Ha yrox
9 ~ g/k) wacran a u b. Ilpm oTHOCATEIBPHO BH3KHX SHEPraax qrl > 1
MEXAHH3M - KOTePEHTHOr0 DOMKIACHAS ¢ HOKOTEDEeHTHEIMM Iepepacces-
HHAMHA CYHIeCTBEeHHO IOMAaBJIE€H H HONAYyIaeTCA MPOCTafH CBA3H MEXNAY
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ceqenmum ITPONecCOoB Ha ANpe ad - bA' m Ha HYKJIOHE aN —-bN:
‘ do/dQ = (do/dQ)o N (Ga, 1), = (104)

KoTOpas oOHIHO cumTaercs cnpanezmnnon ‘mpH Jno6mx anepmax.
Ha camoM ferre npm focraTo9HO BHICOKHX sHepruax (grl «{ 1) Bruaap
BTOpOI‘O ¥ Tperhero ciaraemux B amuauryAy (103) secrma cymec'rnen,
9TO 3aMETHO CKA3HIBaercd Ha Pe3yIETEPYIOMEM BHpaO)KEHAR 1A Cede-
HAA (102) Ilpeskme Bcero samermm, 910 B CeYeHHe HEKOTEPEHTHOLOQ
PpoEeHEd yacTHIT b Ge3 Tlepesapafkd BXOAT aMmrTyzs aN-n bN-pac-
cesRHs He TOJBKO HAa HYNeBO# yroax (B BHXe CTaHAAPTHHX KoMOGHHA-
mHii Ox = 27nfz. (0)/(ik), =z = a, b. Ho;m.nezme s (102, 103) Benm-
qaH fbb (¢) B OpmAnMme MO3BOMIET CTABHETH Bonpoc o6 nccnenonalmn
yIJI0BOM 3aBHCAMOCTH cedeHmit bN-paccesHms, IpH YCIOBHH, YTO
HM3BECTHA ¢-3aBHCAMOCTE BEJIWIRH f,, (g) ¥ f,p (¢) B3 3KCHEpEMERTOB
na csobomanx nyxaorax. OfEaKo, Ha OCHOBAHHE COBDEMEHHEIX HpeJI-
CTaBJACHWH O /IMHAMHAKe CHIBHEIX B3aHMOJCHCTBHE MOMKHO OKEIATh,

9ro ¢ -BABMCHMOCT: Beex aMunwmryn f.y (¢) (z, ¥y = a, b) npmumepHO
OMHAKOBA, T. ©.

fab (@)/fab (0) = faa (@)/faa (0) = f55 (a)/fo5 (0). . (105_)

B npenene Brcokmx smepruii (£ — co) ¥ B IPEANOI0HKEHAN O CIpPa-
pegmsoct® (105) serxo monygmTs '
~da/d9=(da/dsz)oﬁ(o;,- o), (106)
I‘)le J : - | -l o
| o, exp(—0,T (b)/2)—(0}/2) eXP(——G T (b)/2)
W (i )= 7@ T :

|ao=

AL

=1 0g |2V (04, Og) +| 0'b lz N (6y, 0b)—20,0uN ((04~+0p)- / 2 (Ua_Ub)/m (107)
lop—og 2 -

Paccmorpam nBa wacTHHX caygam: 1) 6, = 0, 0 = o3 2) Gy =

= 0} = 0. IlepBHIii cooTBeTCTBYET, HaOpAMep, rbo'ropomp;eumo Vo-me-
gomoB Ha sgpax. B arom caysae N (o, oi) = N (0, 0) ¥ TakmM
obpazom doropoxnenue VO-Me30H0B HA AAPax OPH BHEOKHEX SHOPTHAX
BHTIAAMAT TaK:Ke, Kak Hx o0pasoBan@e IpH HUBKAX DHEPrAAX agpo-
HAMH C COUCHHEM Ogy = Oyoy. B JaHHOM CIydIae roBOpPAT 06 -agpoHO-
TO0R0GHOM NOBEICHUH ¢doronon B peaxqux PR BEICOKHX DHOPTHAX.
Bo Bropom crytae N (0:, 03) = N, (0)'—"2N; (0) + 3N; (0)/2 7 paa
peaxnAil HA TAKEIHX AXpPAX TAKKE 3aMETHO 0TiamIaercA or sddex-
THABHOTO YHCIA HYKJIOHOB, COOTBETCTBYIOINEr0 HE3KOIHEPTeTHIECKOMY
pexxamy lcp., manpumep, ¢ (104)]. Taxmy o6pasom, marmyme mHTOP-
(epeHIEORHLIX - CTATACMEX B’ COYCHEN HEKOr6peHTHOIO POIeHNA

qacrarn 6e3 mepesapAaKd B o0meM cirydae npnnomzrr X yuenmnenmso
STOTO CEUEHHA.
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Hayuam <noporoBoe» (upz g = 0) moBefenue ceveHmit HEKOrepEHT-
HHX nponeccos 6e3 nepesapanka. IIpuanan Ilaymrw un » sTom crxyzae
NOIKEH HONABIATH COY6HHMO DEaKIndil IPH MAIHX 3HAYCHHAX Hepeaad
mmnynsca, OfEAKO HCIOTBE30BAHAS TONBKO CBOHCTE CHMMETPHHA BOJIHO-
BHX QYHKIHI HAZaAbHOTO H KOHEYHOTO COCTOAHHN AAPa M AMIIATY kI
mponecca OTHOCHTENBHO HEPeCTAHOBKH HYKJIOHHKX IE@PEMEHHEIX
COBMECTHO ¢ HPHGIMKeHdEM. HEKOPPeJHPOBAHHHX HYKXoHOR (13)
u (14) mpEBoRMT NHIL K pesyabraTaM, obcy:xmasmmmcn srame. Dop-
maxsHO npurnEn Ilayam Oymer IpOABIATHCA Uepe3 CYNIECTBOBAHHE
NapHHX KOPPONANHI B PacHPeAeNeHHAX TOKIECTBEHHHX HYKJIOHOB
(TouHee mpoTOHOB M HeiATPOHOB B OTHeIbHOCTH), OmyCcKas AAA mpo-
CTOTH CIEHOBHE IEDeMEHHHe, ONpeHeNdeM KOPPeIANAOHHYKO (YHEK-
OHI0 BTOPOTO PAHTA COOTHOMIEHWOM

elri T =p2 (e, T —p (r) p ()i (108)
pe(rs = | 0, o 5, ooy ra)drsdr L dra. (109)

B monenu mezaBmcHMEX gacTHL (060109eInasd MOENL MIH MOLEIE
BHpOKAeHHEOTO depMr-raza) upa Z, N, A — oo

ez (r1s r2) = — Pz (4s T2) Pz (2, To)s (110)

re p — BBefEeHHAA PaHee OHOYACTHYHAS MaTpUna miaorHocra. Hemu-
HaMAYeCKAe KODpPeJNANME pACHDPeAeIeHHA IPOTOHOB W HEATPOHOB,
pasymeercs, OTCYTCTBYOT. He BHOMCHBag 0OOIEro BRPAKEHHA IR
CcedeHAY HEKOTEePEHTHHX HPONECCOB C YYeTOM HApPHHX KOoppenanuiy
BBHJY €ro YPe3BHYANHOI I'PDOMO3AKOCTH, IPHBENEM JHIHb OKOHIATENIb-
HH pe3ynbTaT, YIHTHBAOIAA 0CHOBHOA 3¢dexT — mopaBienne cede-
HU# HEKOTOPEHTHHX IPONECCOB IPH MAJNLX 3HAYEHUAX HEpPeJaHHHX
AMITYJIBCOB:

20 —farl@) P M, (03, 05, q2) 1 —F(V AF R+
+2Re (fas (g) f2a (@) M3 (02, 0%, qu)+Tav (9) fib (g) M3 (02, b, 4x)) x
x U —F(V @&+ @2 +{ | faa @) 2 Mo(0%, 06, a) +
+|fov () 2 M5 (0a, 0b, qz)+ A
+ 2Re [foa (9) f3 (@) M5 (00, 05, q)} (1 —=TF (g)1},  (111)

rme My (k =1, 2, ..., 6) — Ko3QdATEEATH OPH COOTBETCTBYIOMHAX
xomOEBanmax amoauTyjd B Bupakendan (102), ne yaurnsanmem sgdex-
TOB TOJECTBEHHOCTH.
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®opu-daktop F (¢), nprbamxerHo yuynTHBaOmMEA 3TH 3PHEKTH,
AAeTCH CHeOYIONEM BH PAa;KEHHEM:

Fo=4{t—T %+ (&) ]ecu-a+
+a [t -+ (%) ]e@—a} (112)

rae k,_ = kpz; kz = kFN'

Ogesupno, T0 BeXUINEH 3¢§eKToB, 06YCIOBIEHRNX TOHAECTREH-
HOCTHI0O HYKIOHOB, B IIPONECCaX HEKOLOPOHTHOr0 POKASHAS TACTHI]
6e3 mepesapANKA M B IIPOIECCAX C Iepe3apAnKoil OHOr0 HOPAAKA.
OTMeTHM, 970 yKa3aHHOe M3MeHeHHe HOBEJCHHS CeYeHAHA HEKOrepeHT-
HHX IPONECCOB HPH MAJKX 3HAYCHHAX IepefRad MMUYJILCa eCTh HAH-
Goree CyINECTBEeHHOES IPOABJICHAC HAIMIAS KOPPeJAANHA B pacupefeie-
HHEHA HYKJIOHOB B sAnpe. B ocransHoM 3PdeKTH KOppeIAnmi OPABOXAT
K paBHOMepHOMY (BO BCeM HHTEpBaJe MEPefaT HMIYILCA) YBeIMICHAIO
maddepeHIHATEHHX CeUeHHE Ha Beamdmay nopapka 5—10%.

16. MOJAPUSAIINOHHBIE XAPAKTEPACTHKH
HOPOITECCOB HEKOTEPEHTHOI'O PORNEHHA
BE3 IIEPE3APAJRKH

O6cymaM, HAKOBEN, CTPYKTYPY HOAAPH3aNHOHEKX XapPaKTePACTAK
B OpOUECCaX HOKOTOPEeHTHOIO DORNCHEA dacTeN. b co comHoM Gez
nepe3apaAnkH. (I8 TPoCTOTH TacTARE a GyAeM carTaTh GecCHMHOBRIMA.

B npr6amxeHHR ONHOT0 HEKOIePEHTHOTO CTOJIKHOBEHWS W3MODHAe-
MH€ BEIHIHHE chymnaemmx IpPONEeccoB HATCA BHPAKEHHEM:

S ov={ 00, )5pe @ b 2 0) ¥ (g, b, 7, 0)dbdz, (113)

B KOTOpOM CUHpPaJbHEE aMIIATYNH @ EMeIoT B ofmeM Taryn ke
CTPYKTYPY, Kak ammimryna ¢ [cm. (103)] B mporneccax POMKIEHAsS
6eCCOIMHEOBHX YAaCTHI, T. €. COJep:KAar HApAXY ¢ WIGHAMH, OIHCHIBAIO-
IMEMHA <HOKOTOPEHTHOE» DOKACHHME, TAKKE WIEHH, ONHCHBANIHe
CKROTOPEHTHOEY» DOKMEHWE ¢ MPeIIeCTBYIONAM MIH NOCIONYIOIEM
HEKOrePeHTHHIM mepepaccegHumeM. IIpm aToM, omEaxo, AONKHO Y4IH-
THBATBCA CHEAYIOMee BaKHO® 06CTOATENBCTBO: Korepeumoe pox-
JleHAe ONHCHBAETCH CIMPATLHRMH aMILIATYRAME fab @=0, a =0)
nponecca alN — bN, ycpemHeHHKRIMW L0 CHHHY HYRJIOHA, KOTODHS,
coraacuo (19), pasEH myaro, ecam A £ 0. Takem o6pasoM, B amuanm-
rynax ¢* ¢ A 5£0 cuaraeMsie, ONECHBAIONAE ¢KOTEPEHTHOE PO~
fleEMe» ¢ E3MEHCHHEM CIMPANbHOCTE OWICTPO YACTHIN, aHAJIOrHIHEIE
BTOpOMY u TperhemMy ciaraemuM B (103) orcyrcrsyior. B aeficrBm-
TEJIHHOCTE, KOHEUHO, TEPMAH (KOTPPEHTHOS POMICHHE» HE O3HATIAOT,
MTO HACTALA b POMKITAETCA CTPOro NOJ HYIEBLIM YIIOM B COOTBETCTBEHHO
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0Gcy:KIaeMEIe CaraeMee He PaBHH cTporo mymio. OXHAKO MANOCTh
XapaKTePHEIX (KOTODEHTHHIX» YIWIOB pacCessHAA. [Ogon ~ (KR)™1]
RelaeT BKIAJ MEXaHU3MA KOTEPEHTHOro posienma ¢ AA =40 mma-
Ton0 MaxuM. JlonpaBky K HaOMOZaeMHM BEIMIAHAM, BOSHAKAOIIHE
npm Gonee CTPOroM yduere BKJIaga OSTOTO MEXAHH3MA, OKA3HBAIOTCH
TOTO e MOPAAKA, IT0 X 3PPEKTH KOrePeHTHHX nepepaccesHni ¢ Hame-
meameM HaupaBieHnsa [umuenna B (80).

Jlpyroe BaxHOE 0GCTOATENBCTBO, KOTOPOE NOJIKHO YIHTHIBATHCA
OpH DPRCCMOTPEHMH IPONECCOB DPOKAGHHA YacTHN CO CHHHOM,— 3TO
_BOBMO}KHOGTI: HéPEeBOPOTA: CHHHA TACTHIH b B nexorepenmmx yupy-
rix ﬂepepaccemmax bN — bN, cOmpOBOKIA0MAX TPOLECC KOIePEHT-
HOr0 POKJEHWA, B KOTODPOM, COIIACHO CKASAHHOMY BEIIE, MOLYT
'pomna'rscx TONBKO YACTHIH HYIeBOH CHEPATBHOCTH (ech CIRH
9aCTANHE 4 PaBeH’ ‘myawo). Ilo cymecTsy sTo osmauaer, YTO NOMKHH
yqn'rmnamca BRIANH B , QMILTATYRY OT cnoeoﬁpaamx KBYXCTYHeR-
gaTHX HPOHECCoB (cxt. pasz. 7),’B KOTODHX HIOMEMO aKTa' POsKIeRns
BTOPHM HEOYHPYIAM 8KTOM SBIACTCH _yapyroe cunn—clmnnorsoe ‘paccesn-
mme. AlcHO, 4TO' B IPHONEKEENY OHOTO HEKOTSPEHTHOTO CTOXKHOBEHU
STOT MEXAHASM MOXKeT JaBaTh BRIAM JWMEb B avmiaryny ¢* ¢ A ==0.

G yueToM 3THX 3aMETAHAHR JIETKO BEAETH, 9T0 amuaaTyaa ¢ s (113)
Jaerca CIeXYIOIEM BHDAKEHHOM:

P (0, 0, b, 9=15" @ D E (., 05, b, 2)exp (igez)—
_;T_ j";,,‘i“ (0 0) faa (g, o) S'E(oa, O, b,- 'z') exp (iq}_z.’) dz’ —

z

-

— 21500, 0) 1% (g, 0) S E(0s, 03, b, %) exp (igut) 42, (114)

a gaa As20
(PL (q’ G», b9 z)=f2b (Qa G)E(Gm Op, br z) oxp (iqLZ)—

2 10 0, O (@, ) | E(0e 02 (h=0), ,2)x

- 00
. 4 - 4 =
x exp (ige?) exp [ = 2OTHEZD 1 6, 2. (a15)
Bropoit wier B (145) coorBercrsyer BEIamy ABYXCTYIIEHYATOTO
mexamnnsma. Ilpm otHocHTenhHO HusKux smepraax (g.l > 1) omars
MEXaHW3M KOTeDEHTHOTO POJKICHAS OKA3HBAETCA MONABISHHEM 060Nb-
JoAM 3HAYeHHEM MHHMMANLHOLO - IEePEeaBaeMoro . EMOYJAbca gL
7 B pesyasrare (113) npmoGperaer mpocroit BHA:

28 o = (92 ) IV (o, 2BER G ) (116)

‘@opuyna (116) cobmanaer ¢ coorercrByromeit popmynoit (92) Ana
HEeKOrePEeHTHHX NPONECccoB ¢ repesapsnkoi. Kpome Toro, oma sepHa
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K OpPE JIO0HX SHEPTEAX, €CIW. L0 KaKko#-Iw00 IPAYAHE 3almpemensl
(exn -049eHH . CEILHO  IONABJGHH) Iepexofsl & — b Oe3 -maMenenms
cuEpansgoctTd. Takas curyauus, HO-BHEMMOMY, MMEET MECTO B npo-
geccax pommeHEs A ,-Me30HOB f-MezoHamm [64].

B npyrom npenensmom cayqae gl € 1 B (113) MoxHO BHIOIEATH
BCe HHTerPHDOBAaHHA N0 dz m dz. Bupaskemma Iua BEabIogaeMex
seamann (113) opz aToM comeprxar GurnEeHANE KOMOHHANER AMILIATY XN
fxy (@5 @), KOTOPHE He MOTYT BHpAasKAaTHCA Yepes HalilromaeMue Beiu-
quEH ‘nponecca aN —- bN Ge3 npuBIeUeHHs AONONHHTEILHEX IPOX-
TONOYKEHHUH O ¢- A C-3aBACHMOCTH 3THX aMuiaaTyA. Ecim B paccMarpr-
BaeMoM uponecce poxaenas alN — bN, Kak H B yOPYroM paccesnrd,
AoMEAADYeT O0MOH UOMEDPOHOM, TO IPEANOIoMeHHe -06 OXAHAKOBOM
g~ B C-3aBHECHAMOCTH COOTBETCTBYIOINEX AMIUIETYX IePeXOHOB C HaMe-
AeHHeM WX 6e3 H3MeHEHHs CHAPAIBHOCTH HOBOILHO . €CTECTBEHHO.
B aroM Crywae mMeer MeCTO TPOTOPIEOEATBHOCTD nenntxmx (do/dQ) pW
JAIA OpOIeCCOB' HA ARPe W HA RYKAOHe

o= () M e 0, (), (). (117)

B ‘upefiere BHCOKEX anepmn (k — oo, L —> 0) BONHTHHE N”'
naxo'rcn cnenymnmun BRPAKOHAAMI:

N _ {6y (A=0)— oal'z{ozN (e Oa)+-
+0’b(3. O)N[O'b(l. 0) Gb(}» 0)]—-
'—'26an(’~ O)N[ °'a+°'b(k 0) , 0a+°b0v 0) ]}

='[0'b(7\-=0)-z—da]-ib{0"a (1—W")N[ n Gaﬂ-;b(k)]+
+ oW [_am M%Qi@.]_

——cb(h—-O)(i—-W")N[ “a+°b<*=0) , Sol= 0%+obm

oy (A= O)WxN[% ob(x 0)+r:bm]} A2 0

W =W (A=W N [0, LHERE) T,
+ W’vW’v'N [0a, 05 (A=0)]14
+(,1 Wh) Wh N [o_a’ Op (3\. 0)+Gb (K) ]+
’ o (A== o ()
+(1*W}')W;'N[Ua, g, . ?Z+0‘b ]'_. -
A, A0, (118)
rne W*=12 (g, 0)1% (0, OV{f% (g, 0)1fos (0, 0)—faa (0, O)I}.
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Benmaman W' xapaxrepmsymor OTHOCHUTENFHY!0 UHTEHCHBHOCTH
cOEE-INNOBOro B3amMoneficTBHA B Ipomeccax yupyroro bN-pacces-
HAA W ABIAIOTCA JONOJHHATEABHHMHU NIapPaMEeTPaMH, HONIEKANIIMME
OUpeJedeEHI0 W3 DKCOHOPHMEHTA, HAPARY ¢ Opy (A). Undopmamusa

o W*=i rax ormeuaiocsr Bume (cM. pasp. 7), MoKer M3BIEKAaTHCA
H3 aHATHA3A4 DOJIAPDU3ANHOHHKX ABICHUHE B IPoTeccaX KOrepeHTHOro
POXKIGHHA WacTHN B peaxknmum ad — bA.

Coornomenns (116) m (117) pasymeercs, me yaurmpalor addexTon
roxnecrensocrn.] Pesynbrarst pasp. 14 mnossonsmior 6es Tpyna
y4ecTs mX.

- 17. 9OOEKTHI, CBASAHHBIE C HECTABMJIBHOCTBIO .
PORHMAIOINXCA PE3OHAHCOB

HKparxo obcymmm sdderTs, cBazaHHEE ¢ HECTAGHIBHOCTBIO Pe30-
mancoB. OueBmano, YT0, MO KpaiiHeit Mepe, IPA AOCTATOYHO BHICOKMX
SHEPrAfX, KOrRA pacmajHas MImHA pesomanca l, = k/(myI'p), rae
m, I'-macca pesoHanca ®H ero INADHHA, MHOr0 0OJbmE €ro IINHH
csofonnoro mpofera B sAjape, HPaKTHYECKH BCe 4acTEOE b pacma-
NATCH 34 HpejellaMy AJpa W IPH PACCMOTPEHHH HPOXOKJACHHA Iepes
ANEepHOEe BEIIeCTBO MX MOMKHO PaccMarpuBarh Kax cra0mibuee. Taxkum
o6pasoM, TONHKO NIIPH AHAJNHZE HPONECCOB POKIEHHNA, ¢ ONHOA CTO-
POHH, HAOCTAaTOYHO IIXPOKHX, & C APYro# —— ciaabo MOIIOMIAEMEIX
SAIePHEIM BeIECTBOM DPE30HAHCOB HPM He O4eHb BHICOKHX DHEPrHAX
MOJKeT BOZHEKHYTH HeoOXonmmoctb ydera 3¢¢exToB HeCTaGHIABHOCTH.

OrpanaunMes paccMorpenneM BIEAHHA 3PdeKkToR HecTabMIBHOCTH
PE30HAHCOB B IIPONECCaX HEKOTePEHTHOro poskaeHus (e3 ywera cumHa.

Pacopenenenme no xsappary s$@exTEBHOM MAacCH m? HPOZYKTOB
pacumafa pesaoHaHca b Haerca CIeRYIOMHM BHPaKeHNIOM:

d dag T = ' ~ )
m%:{&_g‘_; S o (b, z)IE(b, Z, Ga, Oy, Ov, m?, T)/2dbdz;

0o

~

E=E(b, z, 64, 03) Sdz exp{ bT(b )= _Z)} :

y:[rbmb—i—i (m,‘;—mz)]/Zk J
(119)
3necs 0, — CeueHme B3AXMOIGHCTBES IPOLKTOB PAcHaja pesoHanca b

¢ pyknopama. Ecxm Ou mpOXYKTH pacmafa Pe30HAHCA IOrI0H[ANTHACH
¢ TaKoi ke HHTEHCHBHOCTHIO, KAK M CAMH PE30HAHCH (0, = Op),
To Bech 30PerT HecTaOMIBHOCTH CBONMICA OH K OONYHOH GpeiiT-BHr-
Heposckoit 3asmcuMmoctE ceuenmii. IIpm srom (119) mpmmamaer Bmn:

do 1 dog T'my
dQdm? T ® dS; N (0q, ob) i+ (me—mde ~ - (120)
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Pasnwame Bennmdma 0, ® 0, NPEBOZUT K ABOAKOMY CJIGICTBHIO.
Bo-nepBrx, momMmmo oO0wHYHOT0 OGpeHAT-BUrHEPOBCKOIO CIAraeMoro
B Bupaxensn (119) nossusmorcs npyrme, ¢ Goxee moxoroit 3aBECH-
MOCTBIO OT KBa#paTa 3ddexTHRHOM MACCH UPORAYKTOB pacuaja, ¥, Cie-
JIOBaTeNLHO, HMHTHPYOmMEE HaXAIAe «(oHA» B mpomecce POKACHUA
pesoHAHCA. Ha fifipe, JaiKe €CIE B HpOINECCe POKJGHHA Ha HYRIOHE
TakoBOH orcyTrcrByer. Bo-Bropmx, Ko3ddmmment nmpm GpeiiT-BHrme-
POBCKOH JacTH CeYeHHA OKa3NBaercA HHHM, YoM N (0,, Tp).

B mogenn O[IHOPOJIHOrO PacupeelenAs HYKIOHOB B Aape u3 (120)
TWONYUAeTCA CASRYOINUE pe3yabTar:

da do 1 T'm
aodmz (7{2‘) 0 [? Tem? F (me—miE
X N (0'0, Op, 8'bv AG) + (bOKly (121)

rae Ao =Tm/(kpy); N upencraBusier crepyomyo KoMGunanuio sddex-
THBHAKIX YACEN:

I’V=((’;:(,-—0’(;.—-2A0’)_1 {(Eb—-—()'b) N(O’a, ap -+ AO’)——
—2A0N (G, (05 T6)/2)]. (122)

Benguuna 0, G1A3Ka K CyMM® IOJIHHX CEUeHWH B3aHMONSACTBAN
© HYKJIOHAMHE UPORAYKTOB pacmana pesomanca b (¢ TouHOCTHIO A0 mOMpa-
BOK HAa B3aHMHO© 3KPAaHAPOBAaHHe) H OGKIHO CYmecTBeHAo 60abIme, oM

0. Mpr o, > 0y, Ac npubamxerHo HMeeM:
N(O’a, b, Op AG) = N (0q, 05+ Ao). (123)

Taxum oﬁpaaom, HECTAaGMABHOCTS PEe30HAHCE MMATHDPYST YBOJIHYe-
HUe COYCHNA B3AEMONEHCTERHMA €ro ¢ HYKJIOHAMH. Yuer atoroe oGcros-
TEIBCTBA HOBBOJAET COracoBars mamame paGor [15, 16] o ceuemmm
peagnum A — p°4’ npu p, = 3,5 — 4,5 I'se (Ao = 8—10 xb6apn)
C TpeIOTOKEHAEM 0 MANOCTH BONHIHHE Oy [65).

®opuyna (119) coorsercrByer HpeRmONOKEHAI0 O TOM, ITO BCE
NPOAYKTH paclafa pesoHaHCA ABMKYTCA BJONh HAOPABICHAS 6ro
aowxennd (oCh 2), T. .€. YIVIOBOH PasGpoc B HANPABIEHHAX [BMKEHES
NPOAYKTOB pacmana maux. Tawoe mpepmonokesye Moixer OHTL copa-
BEINBO IIDH OYEHL BHCOKEX DHEPTrHAX, KOrJa JacTHna b IpaxkIm-
9YecKH He pacuafiaercd BHYTPH Ajxpa. B Tex ke ciywasx, KOTAa cyme-
crBeHHH BPPORTH HecTaGHABHOCTH (CPAaBHHUTEILHO HM3KWE JHEPrHH),
yron pasiera IPOLYKTOB pacmafa B JI. C. MOMKeT OHITh 3aMETHRIM,
# TOTJIa HOIMIOMEHNe KKEOTO M3 HHEX CleqyeT YIATHBATH ome.nhno
BAOAL TPaeKTOPMA ero Apmwxemasa. O6GoGmenme q)opr«ry.nm (119), yam
THBawmee a1oT 3didexr, 'rpmmanbno.
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3AKRJIOYEHUE

‘Ormm sasepmaerca obcysxaenne rauGonee CymeCcTBOHHHX, HA HAIT
B3rIAN, Pe3YIbTATOR TEOPHH KOTEPEHTHOTO W HEKOT@PEHTHOTO PO~
fleRnA HOCTAOMIBHHX WACTHI HA ANEDHHX MUIICHAX B MPEGIMKEHHR
T'nay6epa, KOTOpHE MOryT ‘GHITh HONE3HH 3KCHEPHMEHTATOPaM, IPO-
BONAIMM WM IVIAHWDPYION[EM COOTBETCTBYIOINHE HCCIEXOBAHHA.

‘IIposenienre OGMUPHEIX PKCIEPHMEHTANBHHEX HCCIOTOBAHMIA 1pO-
IeCCOB POKICHMs TACTHI[ Ha AXPAX BAKHO [UIA WBYICHWS IHHAMAKE
B3AUMOJISHCTBHSA PE3OHANCOB ¢ HYKJIOHAME X [7Is IPOBEPKA OCHOBHHIX
TONOMKEHNIT TeOPHE anpon—xnepnoro B33EMONEHCTREA, OTHEM 3 BOZMOMK~
HHX BAPAAHTOB KOTOPOH ABAAETCA TEOPHS MHOTOKPATHOTO PaCCesHHA.

IIpm arom, urobu mONyIETH Gojiee moARYy mEdOpMAnumic o6 aMmi-
JATYAaX PEe3OHAHC-HYKJIOHHOTO DPACCeAHHS HA MAJNHe YIJiH, Heol-
XORHMO HAPALY C PEAKIHAMHA KOTEePEHTHOTO POKACHHA HEeCTabWIBHHIX
YACTHI[ Ha ANPAX H3YIaTh TAK:Ke HPONECCH MX HOKOTepeHTHOTO POsK-
AeHHA -4 0coGeHHO LmOMSIPE3ANMONHEE ABIEHWA B HEX. HoBme mepc-
IEeKTHBH B HCCIEIOBAHAA AWHAMHKE DE30HAHC-HYKJIOHHHX B3amMO-
neficTBHil, IO-BAIIMOMY, CBA3AHE ¢ HM3yUEHHEM IIYOOKO-HEYHDPYrOro
(RERII03EBHOTO) PORICHAN HECTAOMIBPHHX YACTALN HA AZEDHHX MEMNIES-
HAX. OvesnaHO, 9TO B ITHX Ipomeccax AOKHH KakAM-TO oGpasom
IPOABIATECA CBOMCTBA IIYGOKOHEYNPYTOro DACCOAHHS PE3OHAHCOB
Ha HyKIoHAX. TeM CaMHM HOABIAETCHA BO3MOKHOCTD,OT OIPeNeIeHNs
NONHHX COYeHHH pPe3oHAHC-HYKIOHHOTO B3aHMONCHCTBHA H3 aHANH3A
JAHHHX O -KOTePEHTHOM 1. HEKOTePEeHTHOM DOMKISHHH HECTAGMIBHEIX
YJaCTHN Ha AAPaX HepeiiT K M3yIeHNI0 CTPYKTYPHHX GYHKIUI (HHRIIO-
SHBHOrO PACCeAHEA» PE30HAHCOB HA HYKIOHAX. OAHAKO TEOPHA 3THX
ABJIGHAH HAXOZHUTCHA ITOKA B 3aYaTOYHOM COCTOAHHMM, d HMX JKCIOPH-
MeHTAIBHHE HCCIEOBAHHA [Ke He Hadmpanucb. Ilosromy Goiee
noxgpobnee oGCY;KIleHHe 9THX M CBABAHBHIX C HEMH BOIDOCOB IEJe-
€006 PasHo OTJIOKATE R0 HOSABIEHAS B HEX XOTA OH JaCTHYHOH ACHOCTH.
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Elastic form factors of hydrogenlike atoms in nS-states *

L.G. Afanasyev and A.V, Tarasov

Laboratory of Nuclear Problems, Joint Institute for Nuclear Research,
Head Post Office. P.O. Box 79, 101000 Moscow Russia.
E-mail: afanasev@jinr.ru

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: ete™ atom from decay of
70 [4-6]; wu atom from decay of K¢ [7-9]; #t 7~ atom from p Ta interaction at 70 GeV [10].

Interaction of such atoms with ordinary atoms is an essential part of those experiments. Es-

pecially for the 7t~ 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. [11],[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 of hydrogenlike 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. Fdrmulas

Form factor of hydrogenlike atoms is written as

Fu(@) = [ 1en@Pemar RN

here 7 is the transferred momentum and ¥,,(7) is the atomic wave function. For the nS—states
(principal quantum number n and zero numbers I, m) the wave function is

*JINR Preprint, E4-93-293, Dubna, 1993.
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0a(F) = = 2 e (o )L (), ®

Here L _; is the Laguerre polynomial, « is the fine structure constant, y is the atomic reduced
mass (A = ¢ = 1). Then the form factor is written as

Fug) = exp (~2ar/n) (L% (2apr/n))? q"’” rldr. 6)

0

~ For S-states form factor dose not depend on a choice of the quatization axis. Using the
- following substitutions

2aprfn=z A=qnf2ap qr = Az, O]
one has the expression
oo
Fu@) = 5oz [ o0 (=3) (Tha (@) 5o oo, ®

0

To evaluate the improper integral one should use the following relations for the Laguerre
polynomials (see for instance [14]).

2 n'&GAT(k+1/2)0(n—k—
(Lha(@)” ST TR+ITm-F)

Y2 12 (o) ©

=0

7exp (-)L2, (x) sinAz P2dr — cos;(lq;/fZ)
x [(k +1)sin ((2k +1)¢) + (k+1/2)sin ((k+ 2)¢)] G

Here tan (¢/2) = A.
After substitution of (6) and (7) into (5) the form factor has the form

cos?($/2)

2n sin ¢

5 ["i T(k+1/2)T(n—k~1/2)

F.(q)

T+ O F) o (2K +18) +

=rk+3/2)T(n-k—1 /2)
TR DGR in (2 +2)9) | ®

k=0

~ Nothing is changed if one begins the second sum from —1 and then increases index & by unity.
. After replacing the sin function by the exponential one has
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_ cos2(¢/2)
Fulo) = Onmsing
n—1

x1m| 3 T ;(;/i)f)(;(; - 2)1/2) exp (i(2k +1)6) +

k=0
T(k+1/2)T(n—k+1/2) .
+ kg T+ )Tn—k+1) P (2i%8) |- ©)
The sums in (9) may by expressed via hypergeometric function o F}.
_ cos (¢/ 2)
Fu(q) = 2nrsing
x Im LA/2)0(n—1/2) e 2F1(1/2,1 — n;3/2 — n; €%) +
I'(n)
r(1/2)'(n+1/2) ) . _2i¢
I‘(n+1) ] 2F1(1/2’ n’1/2 n;e ) (10)
After using the following relation for the Legendre polynomial
I(n+1/2) e—ind e . 2ip
Pn(COS¢) f—W_Z)fm 2F1(1/2, n; 1/2 n; e ), (11)
one has the expression
cos?(¢/ 2) —ing —ingp
Fn(q) _2_7.1—S—¢ [ | Pn(COS ¢) +e Pn_]_(COS d))] . (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

Fu(g) = cos (¢/2) sin nqS

—n [P,,( cos @) + Pr—1(cosP)] .- (13)

Or it may be expressed via the Jacobi polynomial P,(&i)

Fala) = =D TB 01 o), (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.

92



- References

[1] Nemenov L.L. et al., Yad. Fiz. 15 (1972) 1047
[Sov. J. Nucl. Phys. 15 (1972) 582].

[2] Nemenov L.L. et al., Yad. Fiz. 16 (1972) 125
[Sov. J. Nucl. Phys. 16 (1973) 67].

[3] Nemenov L.L. et al., Yad. Fiz. 41 (1985) 980
[Sov. J. Nucl. Phys. 41 (1985) 629].

[4] Alekseev G.D. et al., Yad. Fiz. 40 (1984) 139
[Sov. J. Nucl. Phys. 40 (1984) 87].

[5] Afanasyev L.G. et al., Yad. Fiz. 50 (1989) 7
[Sov. J. Nucl. Phys. 50 (1985) 4].

[6] Afanasyev L.G. et al., Phys. Lett. 236B (1990) 116.
[7] Coombes R. et al., Phys. Rev. Lett. 37 (1976) 249.
8] Aronson S.H. et al., Phys. Rev. Lett. 48 (1982) 1078.
[9] Aronson S.H. et al., Phys. Rev. D33 (1986) 3180.
[10] Afanasyev L.G. et al,, Phys. Lett. 308B (1993) 200.
[11] Mréwczyﬁski S., Phys. Rev. D36 (1987) 1520.
[12] Denisenko K.G. and Mréwczynski S., Phys. Rev. D36 (1987) 1529.
[13] Barut A.O. and Wilson R., Phys. Rev. A40 (1989) 1340. '

[14] Prudnikov A.P., Brychkov Yu.A., Marichev O.L,, Integrals and Series. Speczal Functions.,
(Nauka Publ., Moscow, 1983).

[15] Abramowitz M. and Stegun LA., Handbaak of Mathematical Functions, (National Bureau
of Standards, Applied Mathematics Series 55, 1964).

93



Breakup of relativistic 7*7~ atoms in matter*

L.G. Afanasyev and A.V. Tarasov
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Abstract

Relativistic motion of atoms formed by 7 and 7~ 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 777~ 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 7+ 7~ 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 7t~ atom (Azy)
has been observed in pTa interaction at 70 GeV [2]. Az, decays dominantly through the
charge-exchange process 7tn~ — 7%7° (annihilates). An accurate measurement of the As,
lifetime 7 will allow to check the high precision prediction of the Chiral Perturbation Theory
and therefore a low energy limit of QCD [3].

Interaction of 717~ atoms with ordinary atoms is an essential part of that experiment, as
observation of 717~ atoms bases on the atom breakup (ionization) while passing through the'
target where they are produced [1]. In the experiment [2] yield of 7t 7~ pairs from the Ag,
breakup was measured. To obtain the 7* 7~ 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 A, with atoms

Being produced in hadron-nucleus interaction, A2, 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? so that the interaction of Ay, 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 A, with magnetic fields that arise
due to the Lorentz transformation. However, for example, for the interaction of relativistic Az,
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 Ag, 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 MAUK Hayxa/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 (Z1/3a)? 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 Az, in 18 state with Ta this difference 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]:

oo
1 |
o = = [P Em ) - FmanPad )
0
[o o]
1
ot = o [ VP (-2 @) df . ®
0 -

Here § is the velocity of Az, (A = ¢ = 1); m, i, my and ng, Iz, my denote the quantum
number of the initial and final states of Ay, ; F,’:l’fl’,’:l’ () is the transition form factor of Ag,;
V(q) is the potential energy of interaction with target atoms; q is a transfer momentum.

The Moliére parametrization of the Thomas-Fermi potential (T.F.M.) [9]} was used for the

potential energy V(g).

V(q) =47rZa( 0.35 0.55 0.10 )

3
- FiE PR PR ®
0.321/3
ﬂl=m, Bo =40, ﬁ3=5ﬂ2 and ao=0.529-10"8cm

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 A, 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 Ay, ground state and slightly
more for exited states. ,

For the Az, form factors F:fllf"’?f (g) there were employed exact analytic expressions dis-
cussed below. S .

Thus the transition and total cross sections for interaction of A,, 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 Ao, 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 A, breakup in the target one
need to take into account an evolution of the atom state population during A, passing through
the target. , :
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Table 1: Total cross sections (05%) of Azx nS state interaction with Ta are shown for different
principal quantum number n. The ratio 3 Uf;s Joi% gives a probability of transfer from
0

na2s
nS state to any other discrete state f with the principal quantum number n; < 10. The ratio
Y. olg/0%% gives a probability of transfer to any discrete state f with the principal
n<ny, <10 ‘ :
quantum number ny obeying n < ny < 10 that is the probability of excitation.

n| o3, em’ Y ols/otd | ¥ ofg/otd
na<10 n<n2<10
1 | 3.468 .10~ 0.619 0.619
2 | 3.128-10719 0.887 0.887
3 | 1.038.10718 0.940 0.935
4 | 2240-10718 0.957 0.946
5 | 3.812-10718 0.960 0.944
6 | 5.597-10718 0.958 0.937
7 | 7.448.10718 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

F::zl:::f (‘T) = / w:"?lzmz (ﬂeiﬁ"rl)nlhml (F) dF (4)

for various initial (;l3m;) and final states (nzlamz) have been obtained in numerous papers
(see for example [12, 13, 14, 15]). A general solution of the problem for arbitrary (n;l3m;)
and (nglamg) 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

Sm
Frpma@) =N AL, ‘ 5)
=0
where ‘ ’ 1
Li+1 I2+1 . 1 T 1 :
N = (2a) 7 (2h) [/\1 X (n., +1) (nro +1) ] ’ ©
ny +ng F(n,l + A+ 1) I‘(n,z + A2+ 1)
a= 12 , b= e , a+b=1,
ny + Ny n + ng

M=2l1+1, AM=2L+1, naga=m-L-1, ngo=ny—1bk-1,
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gy - 4m ,
Ay =i [t Oty = malt ) 0,0, 0,01,0) Yin{ ) )

L=hL+lL, Il=L-2s5, m=my—ms, 8p=min(h,l),

and

I, = / zt%? ji_s,(Az) e "L (2az) L2 (2bz) dz, ®)
Q

_r(ny+ny) A= 37BN
~ rpmny T omtnp
Here 7 is a distance between particles in the atom, rp = 1/au is the Bohr radius of the atom (i
is the reduced atomic mass, ¢ is the fine structure constant), j; is the spherlcal Bessel function
and LZ is the Laguerre polynomial.
The spherical Bessel function jz,_o, in (8) can be decomposed into a sum (see for example

[18]):

. 2\,
JL—2s(A$) = ZBps <_A_E> JL*p(AfE) : . ’ %)
p=0
- L- 1/2
] [ G (10)
| v/ p
The product of the Laguerre polynomials in (8) can be expanded in a sum also:
km
L) (2az) L) (2bz) = > Hp L3e(2z) Coan
k=0 ' :
-1
— - k+m m + n m + n (nr'z, nrl) (nr1+A1,ﬂ‘rz+)\2)
B = (0t (T () gferer g (12)

where

km =11 +1r2, k=04 +n2—k, Qﬁf"”) = Péujn,u~n) (a - b) .

: Here P,(,“’ﬁ)(z) are the Jacobi polynomials. The derivation of (12) is given in the Appendix A.
~ Functions Qﬁf‘ *) can be easy calculated using recurrence relations

(n+1)Q¥Y — [(u—n)b— (v —n)a) QP+ (u+v —n+1)ab Q¥ =0,  (13)

- where a + b = 1 and starting values Q(“"’) =0 and. Q("‘”) =1
: After substitution of (9) and (11)in (8) the calculatxon is reduced to the mtegral having the

5 form: -

o ,
IP(8) = f 2P jpp(An) TP LY (22) do =
= (L -p+2) 28) P w2 (G () 1 ol (2)) (14)
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Here w = 1/(1 + A?%), z =1 — 2w and
AP () = T'(k+2X) —kk+2\,2-p|1—-2
k T T(k+1)T(2)) 22 A+1/2,2 2
is the generalized Gegenbauer polynomial which obey the following recurrence relations (see -
[19D)
(k+2)COD(2) = [k +1+2p+22(k+ A —p+ 1)) COP(2) + (15)
+lk+22 =20+ 22(k + A+ )| COP(2) — (k+ 22— 1)COP(2) =0,
with starting values CP(z) = C4P)(2) = 0 and C{*P(z) = 1. The derivation of (14) is

given in the Appendix B.
Finally for the transition form factors one has

kv Pm
Fram(@) = NY_Hi) Dy A2 w74 (o2 0(5) 4 ot (2)), (1)
k=0 =0

where p,, = s,, and

Sm
D, =2"""T(L—p+2))_ By 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
q is virtually normal to the quantization axis [5] and A; in (7) becomes

278/ Tl+m+1)T(I—m+1)
AT TTEE T (R @

X COS [-g—(ll -—my— s+ mz)] eim¢a (ll, lo,mq, —mgll,m) (ll,l2,0, 0|l,0> ,

where ¢, is the azimuth angle of the transfer momentum §'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. Ao, 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 A,, annihilation. Yield of 7+~ pairs from the Ay, breakup
inside the target (named further the probability of the Ay, 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)"=™ are permitted [8] (! and m are the orbital and magnetic quantum numbers). The Aoy
atoms are produced in 7S 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:

dpy(s) _ = 18
s = > aip;(s). (18)
=1 ;
Here. p;(s) is the probability of Ay, to be in the state i after travelling a distance s in the

matter, a;; is the matrix of inverse lengths of the transition from the state j to the state 4. For
i # j ay; is written

ot pN
a;j = ai °. : | (19

Here p and A are the density and atomic weight of the target, respectively, Ny is the Avogadro
number. For i = j a;; describes the total decrease of the population of the state i:

tot
_ 0i%pNo [ Mus/pacr, for nS states
Qi = A { 0 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.) M4 and p4 are atom mass and momentum correspondingly, 7, = 7n% is
- the lifetime of Ay, 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
5 target [1].
' The initial condition for the set of equations (18) is given by the probability of Ay, produc-
tion with different quantum numbers which proportional to n~2 for nS states and zero for all
~ other [1]. The lifetime and momentum of A, are parameters of equations (18). Its solution is
- teduced to calculation of eigenvalues and eigenvectors of matrlx ai; and then to decomposition
. -of initial conditions over the set of eigenvectors.
Since As, can get excited or deexcited at the interaction, the matrix asj 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 mcludmg
* only states with the principal quantum number 1 < Tipax.
: The transition cross sections obey the equality af = af and so the matrix a;; is symmetric.
© The cross sections depend on the magnetic quantum numbers of initial and final states m; and
' 'my as |ma ~ my|. 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 haverequal 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 npax = 7 the dimension of the matrix a;; reduces from 84 to 50. However the
- resulting matrix a,; becomes asymmetric.
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The solution of equations (18) has been found for all states with n < nypa.x = 7. The
uncertainty in solution of equation (18) caused by this limit has an influence on states only
with n close to nmay, 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 As, annihilation. Points of A, 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
Pyse with . < npyay is known with precision much better than 1% and the summed population:
P, 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 Pia;1 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 {1]. The population of the first few states is known
with high accuracy so the probability of Ay, annihilation Py, is calculated with the same
accuracy.

Thus one has calculated the probability of As, stays in discrete state or annihilates while
passing through the target. The remainder is the probability of the Ay, breakup Py,:

Pbr::l“"Pdsc'"Ptail_Pa.nh- 21

The following values of probabilities were obtained with 7 = 3.7 - 10715 s, the average
momentum of Ag, in the experiment (p4) = 2.9 GeV/c and the target thickness of 8 ym Ta. -

" Pase = 0.421, P,y =0.006, P,p, =0.159 and B, =0.414 (22)

To illustrate the validity of the limit 1., used in these calculations, the value of Py,
obtained with ny. = 5 differs from the above one obtained with . = 7 by 0.36%. From
an analysis of the “tail” one can conclude that the accuracy the Py, 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 P, 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 [ that differ by Al = ‘
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 As, 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. 1.
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* Figure 1: Probability of the Ay, breakup in the target as a function: (a) of the target thickness
for average momentum of Asy (pa) = 2.9 GeV/e; (b) of the atom momentum for the target
thickness § = 8 pm; (c) of the Ao, lifetime, averaged over the spectrum of observed atoms.
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In Fig. lc the Ay, 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 P, = 0.40 & 0.09 [2] one obtains estimation of the Ay, lifetime in the ground state

T =(297%)-10" ¢ (23)

or limitation for the lifetime at 90% confidence level

T>06-10"1%. (24)

v
This result agrees with the theoretical value of 7 = (3.7 2 0.3) - 10715 5 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. RFQ000 from the Inter-
national Science Foundation.

Appendix A
Coefficients Hy, of the expansion
n+m
L2(azx) LB (bz) = Z Hy, L) (2), 25)
for a and b > 0, are given by expression
Tk+1) [ 5 |
= * L Ly . 26
Hy Th+7+ D) zY e® L% (az) Ly, (bx) L) (z) dz (26)
0
The Laguerre polynomials can be written as
L%(az) = D(") [(1 + t)a+n atz]
LB (bo) = D™ [(1+u)ftmebua) @27
where 1 & £(2) '
AE) £(z) = z
D@ = 17 "a o
and "
z77e* d
L7 y+k o~z
M=y @ @)

After not complicated integration over z and differentiation with respect to parameters tand u
one has

R . k a+n B+m
H, = Dﬁ"’DE{"’ [(at+bu) T+ +uw) ] _ 28)

(1 + at + bu)k+r+1

-1 m—1\ ' .
—Z< )(p+n )(a—k; 1>apbk—PF2(w,—-ﬁ,-m; p,0; a,b),
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where

n=n—-p, Mm=m+p—k, p=a+p+1,
o=f+k—-p+1, w=k+vy+1. (29)
Here F; is the Appell function [20]

— (W)ir; (=7); (—M); o'
Fw, -7, -m; p,o; a,b) = - - . 30
2 P15 @:0) ZJ (0)i(0); TG+ 1T +1) o
If parameters g, b, o, 8 and v obey relations
a+b=1 and y=a+4, 31

then the analytic structure of (28) becomes much-simplified. Using a transformation formula
for the functions F5 [20] and assuming that

a<b and a+b=1

one has
Fy(w,~7,~m; p,0; a,b) =

= (1-0)“"F2(w,p—ﬁ,—‘rﬁ; p oy —— b ) =

a—1'1-a »
=b‘”F2(w,p—ﬁ,—'7ﬁ; py0o; —%,1) = (32)
— (~1) e Mo)(w—0o+1) P wp+Mltw=—0o| a) -
- To+ml(w—oc-m+1)°> 2\ l4+w—c-m,p| b/’

The relation -y = a+- leads to a change in the arguments of the function 3 F5: 14+w—0o = p.
So the following transformations can be done.
-2
b

a\ _ w,pt+n,p
b)~3F2< p—T,p

=F(w,p+7;p—M;—a/b) = (33)

1

(%p+nl+w—a
3F, __
l+tw—0o-m,p

=y Ry~ 7, p ~ M — wi p ~ T —a/b)

Substituting (29) one can see that no arguments of the function 2 F; 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 Hj, ‘
*

-1 - -
Hy = (~1)k+m (m :: n) (m ’—: n) Pm=kn=R) g, _ o) P_k(?m+a—k, B0y (34)

 Here k = m+ n — k and P is the Jacobi polynomial.

103



Appendix B

To calculate the integral

*

Il(cL’p) — /xL—p+2 (A.’I:) e—zL2L+2(2m) dx
1]

it is convenient to use the representation of the Laguerre polynomials in the form
-~ -2z
L2 (22) = DIV [(1 - )22 5] |

and the tabular integral [20]

oo ;
_ _ 20(28)T'(p + 2)
w2 s ox

/:z Ju(Az) e dz (AT fa2)pt?

0
here L+t

p=L—p and a= =%
Introducing variables
1 ' 9 41
=1—n—2', u=1-« Z—W and z=1-2w

one obtains

IEP(A) = 20(L — p +2) 2A) 7 w742 (G429 (3) 4 01 2) ).

Here C{""27)(2) is defined as

APy _ k) 1
G (@) =D [(l—t)”(l—uw)*“’]’

where A = L + 2.
Using the identity

! VP - p)Ptdy
(1- uw)'\ P B(/\ p,p) (1 — uvw)* ’

the definition of the Gegenbauer polynomial for Z = 1 — 2vw

A (k) 1 — )
D [(1—2t§+t2)>‘] =Ci(@) =

_ r(k+2,\) 1 1-
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G7
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(39

(40)
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and the representation of the 3 F;, function in the form [19]

1
1 - —u~ o, B, p
- u=—17q1 _ \Ww—pu—1 e — .F ) 4
B([_L, v—p) ([IU (1 v) 2F1(O‘a 657’”7-0) dv=3F, ( _y ’w> s 43)
finally one has for c*?) in (40)
(AP) (L) — [(k +2)) -k k+2)\A-p 1—z> a4
GO = roren P A+iza |2 (44

- The polynomials C,(j"p ) obey the recurrence relations (15).
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HoJHble ceueHus B3aNMOJEHCTBHS BOJOPOAONION0OHBIX
aTOMOB C aTOMaMH BellecTBa *

0.0. Bockpecenckasn!, C.P. Tepopksn® u A.B. Tapacosn!

1 JTabopamopus adepuuix npobnem, Obvedunennviii Hncmumym Adepnwix Hecnedosanui,
Llybua, Mockoeckas obracms, 141980, Poccus
2 Epesancruii @usuueckuii Hucmunym

AHHOTAIHA

B pamkax >fKOHaIBHOTO IIPHONIDKEHHS MONYYEHHO AHANUTHYECKOES BEIpAXEHHE s
TIONHBIX CeYeHHI KYyNOHOBCKOTO B3aUMONEHCTBHA BOJOPONOMIONOOHEIX ATOMOB € arOMaMu
mumerH. [TokasaHo, ITo 771 KOMIAKTHEIX aTOMOB(pa3Mephl KOTOPHIX MHOTO MEHEIIE pasMe-
POB aTOMOB MUIIIEHHU) NIONMpPaBKU K GOPHOBCKOMY NPUOIIKEHUIO IO CBOEH CTPYKTYPE CXOXKH
¢ ¢opmynoit Bere—bnoxa Ans MOHH3aUHOHHBIX ITOTEPh B BellecTBe M dopmynaMu Bere—
MakcuMoHa IS TOpMO3HOTO H3NYyUeHHS W 0Opa3oBaHUs NMap B KYJOHOBCKOM MOJE aTroMa.
ITpu paccesHuu Ha MHLIEHAX ¢ GOMBUIMMH Z 3TH IONPABKH CTAHOBATCA CYLIECTBEHHBIMH,
W UX YHeT SBJ/IAeTCS HEOOXOMMMBIM TIpH ONpefielIeHHH BPEMEHHU JKU3HH BOOPOIONIONOOHBIX
aTOMOB M3 3KCIIEPHMEHTOB Ha SJIEPHEIX MHIICHAX.

3anaya cHCTeMaTHYECKOTO aHANM3a XapaKTepHCTHK B3aUMOJICHCTBUA 31eMEeHTapHEIX BOJO-
POAONONOGHEIX aTOMOB C BEIIECTBOM NpHoGpeTaeT 0cobylo akTyalbHOCTE B CBA3M C MPEATIO-
nmaracMbIM nposeficHMeM Ha SPSLC CERN skcnepuMenTa [1] o u3MepeHnio BpeMeHH XKH3HU
MUOHHUS To B OCHOBHOM 1S-COCTOSHMM C TOWHOCTBIO ~ 10 mpomenToB. OcoGoc BHMMaHUE
ROMKHO OBITH YAENEHO TIIATENEHOMY pacueTy TONHBIX cedeHHi B3aHMOXEHCTBHS NHOHHA B
1.5-cocTosHIH ¢ aTOMaMH MUIIEHH 0335, TIOCKOIBKY HEONpe/IeIeHHOCTD B 3HAYEHUH JTOi Belu-
YHMHBI HAIIPSIMYIO BXOJUT B OIIUOKY H3MepsieMOro BpeMeHH JH3HHU [2] noActdy = A[l/(movy))
(no — 4HCII0 aTOMOB MHIIEHH B eAUHHIE 06beMa, ¥ U Y — CKOPOCTh U JIOPEHI-(HAKTOp aTOMOB
TIHOHMUS). - _

B GopHOBCKOM NpHOTIKEHMM BEIHUMHA 0195 paccuuThiBanach B paborax [3,4], mpudem B
nocliefHel aHaNKM3HpOBaIach YyBCTBHTENLHOCTh 3HAYEHUS 3Toif BEJIMIUHEI K BEIGOpY Mozeiu
aTomHoro dopmepakropa MunenH (Mosers Tomaca—Depmu, Moaens Xaprpu—Doxa). [Tockoms-
KY B 3KCIIEpHMCEHTE NIpeAnonaraeTcs Helolb3oBaHie MunIeHeli ¢ Z > 1, BaxHoe 3HaU¢HHe NpH-
o6peTaeT yueT NONPABOK K Pe3yNsTaTy GOPHOBCKOTO NpUGMIDKEHHS A 0i%%, 06ycIoBRNeHHEIX

100>
BKJIAJIOM MHOTO(OTOHHBIX 0OMEHOB. JTa 3a1aya MoXeT OHITH pellleHa B paMKaX dHKOHANEHOTO

TIPHOITIKeHUA.

CornacHo [5], nonHble cedeHus B3aMMOJICHCTBHA aTOMOB ITHOHHS C aTOMaMH BEHIECTBA B
3TOM NPUOIHKEHNH JAIOTCS BRIPAXKEHHEM:

old, = 2Re / &odr| Uy (F)PT (3, 3), | M
I'(5,8) =1 — exp[i(x+ — x-)I,

> e [® 2Ze? [ b
= y(by) = — U/ b2 24f — +
x+ = X(bs) o /_w (y/ b5 +£2dE -~ /;i In p n(p)pdp,

———s

T - o 70 *
be = fBel, Bu=Basj2, s=7-T05 [ nlopdp=1
0

*fnepnan Pusnka, 1998, . 61, Ne 9, ¢, 1628-1630. © 1998 MANK Hayxa/Interperiodica Publishing,
Tlevaraerca ¢ paspemenns Axanemuzaaruentpa “Hayka” PAH.
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B atoMm BepaxkeHHH U — d9KpaHHPOBAHHEIR KYNOHOBCKHH MOTEHIHAN aToMa MHIICHH; n(p)
— IJIOTHOCTh PacHpefielieHHs MIEKTPOHOB B IUIOCKOCTH NPUIENBHOrO Napamerpa (IOCKOCTH
OPTOTOHANBHOI CKOPOCTH THOHUA ¥); b U § — TpoEKUUM PajMycoB BeKTOpos R (pacctosmnue
MeXJy HEeHTpPaMH TSXKECTH aToMa MHIIEHH M ITHOHHS) U 7 (paccTosHHe MexIy 7+ M 7~ Ha
IWIOCKOCTH MPHIUENBHOTro napamerpa); U, ,,-BosiHoBast pYHKIHS MHOHNA B COCTOSHHH nim.
Jns npoH3BONBHLIX nlm pacueT BedHYHHBI 09t CONpSXEH C JOCTATOYHO TPYAOEMKH-

ni

Mu pacyetamu Ha OBM. Opnpako momnpaBky K pea;rgmary OopHOBCKOTO NpHOMKEHHA It
0%t MOryT GbITh BEIYHCIICHBI AHANIUTHYECKH C JOCTATOYHO BHICOKOH CTENEHBIO TOUHOCTH.
310 00ycNOBNEHO TEM, YTO XapaKTepHBIE pasMephl aToMa NHOHHA B OCHOBHOM COCTOSHHU
(Br ~ 1/(mga) = 2 x 107! cM) MHOTO MeHBIIE XAPAKTEPHEIX pa3MEPOB aToMa BeIleCTBA
(R~ 1/(meaZ'/3) ~ 5 x 10-2Z~1/3 cm).

JU1g noNydeHHd aHANMUTHYCCKOTO BRIpaxeHus U3 (1) Heo6xommo BRIYHCIICHHE HHTErpalloB
BHIA

27 oo
I(5) = / (b, 5)d%b = / do / bdbT'(b, 5, cos ¢), 2)
0 ]

rae cos ¢ = b5/ (bs). YnobHO pa3buth 06NACTH MHTETPHPOBAHUS TO BENMUMHE NPHIEILHOTO
napameTpa b Ha ABe JacT:

1) by < b < 0o (coynapenus ¢ GONLMUME IPHUCTILHLIME NIapaMeTpaMi),
2) 0 £ b £ by (coynapeHus ¢ MaBIMK IPHLETLHEIMHA I1APAMETPaMH).
- Ilpu sToM BenuuMHa by npuHagnexutT untepsary R, < by <« R.
PaccMoTpuM cHayana o6nacTs GONBIIHX MPUUENLHEIX NapameTpoB. Pasnaras B paj pas-
HocTh ¢a3, Bxomsmyso B (1), monyuum:

x+—x- = x(b+8/2)—x(t~35/2)
d 2
= §Vx(b)+O0 (b2) = sagcosqS-FO (b"’)
2 o0 w82
/ do bdbI'(b, s,co8 ) = — / bdb|——=
0 2 bo

52
o)
bo + ( b3 )
*db| [ 2 2
27rs2n2 — / n(p)pdpy + O 8—2
bo b b3

= 2ms’p [ln£(1+0(}b;)>] 3)

- B atoM Bripaxkenuy R = vR, a BelMuMHR v onpejendercs U3 ycIoBHs

i

I] (S)

Tdb

® R oo ‘ 2
/ In —n(b) / n(p)edpbdb =0, v~1, n= Ze
0 b b hv

»

.. Tepeiinem Temeps K pPacCCMOTPEHHIO BKAANa GNU3KMX coyinapeHnii. OueBHIHO, UTO B 3TOM
~ ofnacTh npuHeNbHEIX napaMeTpoB (b < bo) MoxHO NpeHe6peus 3(pdeKTaMU 3KPAHUPORAHYA
~ KyTOHOBCKOTO TONA AApa He3HAuMTeHbHEM (~ b3/R?) umcnoM aleKTpOHOB, HAXOAALIMXCA
B HENMOCPEACTBEHHOH GNH30CTH OT Apa, M CUMTaTh, 4TO X4 — X~ = 271lnfby /b_]. Torna
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BEIpaKeHHe IS GYHKUHH Npoduns B 3Tol obnacTH MpHHUMAET CIeAYIOUHH BU:

. b 2in
I'es = 1—(—+> = —tunp F1(1 — in; 1;2; —u)

b_
___iL /1 dxx_in(l — x)i"'l (4)
T —i)i2 Jo 1+ uzx’
e -
. bR . 2b8 .
o p-s/2R

Hcnons3ysa npexacraslienue (4), MOKHO TIPOMHTETPHPOBAThH BrIpaskeHHe (1) B 06I1acTH OMU3KHX
cOyIapeHHit 110 Iy H NPUIeNbHOMY IapaMeTpy:

T bo
L(s) = /0 ’ do /0 bdbI'(b, §) = TF(T— / drz™"(1 — 2)"\(bo, 5,2), (5)

bo 2 2b5
Abo, 5,2) = / bdb | dep—
0 0 (b—5/2) + 2b5z
_ & 1 3 1 +in V(0,s,t)
- V(0,s,t) V{(bo,s,t) V(bo, s, t)
_w+ (w? + 231 - b?))1/2 o2 52
Vibst) = $2(1— 5) W= s oy

t=2z—-1.
TIpene6peras B A(bo, 5, ) BeNMUHAAMH, HeuesaromuMU B npefene (s2 /bZ) — 0, momyunm:
i 2

B pesynstate BennauHy [ (s) MOXKHO NPENCTaBUTh B CIEAYIONIEM BUJE:

I(s) = 2ws’n? [lnb?O + 1~ Re[¢(1 +in) — 1,[;(1)]] . (6)

TaxuM 06pa3oM, CyMMapHEI BKJIaf OT COYAapeHUil ¢ GIU3KUMH U HaTIeKAMH TPULENLHEIMI
napamerpamu I(s) = I1(s) + Iz(s) nmeer Bun:

I(s) = 2msn? [ln—? + 1 — Re[¢p(1 +1in) — 1/1(1)]} , (7

rae Y(z) = dinI'(z)/dz. Jns HaxoxJeHNs MOIHOTO cedeHHs o33 HeoGXomMMO, COrmacHo

BEIpaxkeHUIo (1), ycpenHUTH BeIpakeHUE (7) HO BOTHOBBIM q)yHKuuaM OCHOBHOTO COCTOSHHS
aToma:

tot

ol = 416" o0 I 7 — Rel(1 +in) — w1 ®
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2)100 = /l P(M100 Izs2d3r, R.=wvR, v~1.

Hompaeka K GOPHOBCKOMY NPUONKKEHHIO 33 CYeT MHOro(GOTOHHLIX 00MeHOB (BTOpOE Clla-
~ raemoe B (8)) no cBoeif cIpyxType cxoxa c (bopMyJ]aMu Bere—bioxa AN WOHH3AUHOHHBIX
noteps [6] n bopmynamn Bere—MakcuMmoHa I TOPMO3HOTO H3Ny4eHHS H POXKICHHUA IIap B
- KyIIOHOBCKOM Tlone aroma [7]. M3 ee nmpeacTasienus B BHAC paja

Re[y(1 +in) —y(L)} =1 2Zk(k2+n°’)

BHJTHO, 4TO B (8) yuTeHk! Bce BOSMOXKHbIe MHOTO(QOTOHHEIE 0OMEHB1. THCIIEHHO 3TH MONPaBKH
He Manbl. Tak, HanpuMep, ecli B KaueCTBE MHIICHH HCIIO/Ib30BaTh TaHTan (Z=73), KaK 3T0
TnaHupyeTcs B 3KcnepuMenTe [1], To BKiaj B (8) oT MHOrOQOTOHHEIX OGMEHOB COCTaBISET
BEJIMYHHY ~ 7 POLEHTOB, TaK YTO UX YUET ABINACTCA HEOOXOXUMEIM IpH ONpe/ieSICHNY BPEMEHN
KH3HU BOZOPONONONOOHBIX aTOMOB I3 DKCIIEPMMEHTOB Ha SACPHBIX MUIICHSX.

Bripaxenue (8) sABngeTcs OCHOBHBIM pe3ylIbTaToM HacTodiled paboTel. OHO ciipaBeAIHBO
He TONBKO [ IONHBIX CeYeHHIl BIaHMOJICHCTBHA aTOMOB NMHOHHS B OCHOBHOM COCTOfTHMH C
aToMaM¥l MHIIEHH, HO H JUIA TONHEIX CEUCHUIl B3AMMONCHCTRHS MOGHX BOXOPOAOTOTOGHEIX
aTOMOB U UX BO3GYXK/IEHHBIX COCTOAHMNH ¢ AaTOMAMHI MHUILIEHH, IPH YCIOBHH, YTO pa3Mephl BOXO-
ponononoﬁuux aTOMOB I'opa3sfio MeHbIE Pa3sMEPOB aTOMOB MHILEHH. TIpHMepoM TAKHX CHCTEM
- MOTYT CIy)XHTb aTOMBI cocrosmue u3 KK~ u PP, pasMephl KOTOPEIX TOpasfo MeHbLue
| Pa3sMEpOB aTOMOB ITHOHHUS, YTO TO3BONAET UCIONE3OBATH NONYUEHHOE BHILE BRIPAKEHHE IS
" pacyeToB HE TONHKO OCHOBHBIX COCTOSAHHI STHX aTOMOB, HO H MX BO3OYXICHHBIX COCTOSHHI.
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Abstract

Nuclear shadowing in DIS at moderately small z 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 shows 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 z [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 gg pairs
from the sea. The lifetime of the ¢g fluctuation (called coherence time) is given by

2v

R M

tc
where v is the photon energy, Q? its virtuality and M is the effective mass of the ¢7 pair.

Provided that the coherence time is much longer than the nuclear radius, /. >> R4, the total
cross section on a nucleus reads [13],

oI A@QY) = 2 / &b / Pr G (Q%7) {l—exp [—%U(T)T(b)]}

2 / &b {1——<exp'[—%a('r)T(b)]>} : @

Here G- (Q?,7) characterizes the probability for the photon to develop a ¢g fluctuation with
transverse separation r. The condition ¢, > Rj4 insures that the r does not vary during
propagation through the nucleus (Lorentz time dilation). Then the gg pair with a definite
transverse separation is an eigenstate of the interaction with the eigenvalue of the total cross
section o(r). Therefore, one can apply the eikonal expression (2) for the interaction with the
nucleus. The nuclear thickness function T'(b) = f_c_’:o 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 o(r) introduced in [13] vanishes like 7 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 shating of the longitudinal momentum carried by the g and
G {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 o(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, t. ~ R4, one has to take into account the variation of r during the
propagation of the g 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),

o ~1_ L) 2
J:”mN -1 G0 T)/d bF2(g,b) + . 3)

~ or in hadronic representation [18],

Utot / 2/ s do(y*N —» XN) 2
Aol — — (T d*b [ dM Fi(g,b)+ ..., (4
O'totN AT tOtN < ) dM2 dt 10 A(q ) ( )
where the mean nuclear thickness and the formfactor read,
1 2} 2
= : 5
: / EbT(b) )
Fa(@.5) = 7 7dzp (b,2) e, ®)
A\4,9) = 7¢ ALD, 3
@ J

- with longitudinal momentum transfer ¢ = 1/t, given by (1). In the case of (3) the uncertain
- fluctuation mass is fixed at M2 = Q2, g = 2myz. Two expressions (3) and (4) are re-
 lated since the integrated forward diffractive dissociation cross section y*N — XN equals to
{o?)/16m.

o 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 z, so the need of the higher order terms is obvious.

e Even for the double scattering term in (3) it is still unclear which argument should enter
the formfactor. Indeed, the effective mass of the g7 fluctuation needed for the coherence
time in (1) cannot be defined in the quark representation with a definite g7 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 gg 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 z. 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 approach
are presented in section 3.

2. The Green function of a gg pair in nuclear medium

We start with the generalizing of eq. (2) for the case [, < Ry,

atot (37 Q2 /d2 /daatot (=, Q2 b,ar) , N
where

L Ma,@%ba) = T() / Pr |V (7, ) o (r)

2Re / dz1 pa(b, z1) /dzz pa(b, z2) A(z, 22, ) . (8)

-0 21

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). U,.(, ) is the (non-normalized) wave function of the ¢g 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, 22, &) in (8) reads,

A(z1,22,0) = i /d27"1 d*rg Ul (72, @) W(F2, 22571, 21) Uoye (71, @) o(r2) 0(11) gimin(za=21)
®
with 201 5
Qoll—a)+my (10)
2va(l — a)
This expression was first suggested in unpublished paper [20].

The second (shadowing) term in (8) is illustrated in fig. 1. At the point z; the photon
diffractively produces the gg pair (y* N — ¢GN) with transverse separation ;. The pair
propagates through the nucleus along arbitrarily curved trajectories (should be summed over)
and arrives at the point z; with a separation 75. The initial and the final separations are
controlled by the distribution amplitude ¥.,« (7). While passing the nucleus the g pair interacts
with bound nucleons via the cross section o(r) which depends on the local separation 7. The
function W (7,, 29371, z1) describing the propagation of the pair from z; to 2y 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.

Qmin =
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Wir,z,51;,2))

Figure 1: A cartoon for the shadowing (negative) term in (8). The Green function
W (72, 22; 71, 21) results from the summation over different paths of the qq pair propagation
through the nucleus.

The propagation function W (73, z9; 71, 21) in (9) satisfies the equation [20],

. aW(’I_"z, Zz;Fl,zl) _ A('r'g) - o
? 622 - 27)&(1 - a) W(T27 225 Tl’ Zl)
i o —
- 50’(7‘2) PA(b, 22) W(r2’z2;rlazl) 3 (11)

with the boundary condition W (7, z1;71, 21) = 8(f2 — 71). The Laplacian A(r3) acts on the

coordinate 7. The full derivation of (11) will be given elsewhere. Here we only notice that it

looks natural like Schrodinger equation with the kinetic term A/[2va(1 — a)] which takes care

of the varying effective mass of the ¢g pair and provides a proper phase shift, and z3 plays the

role of the time. The imaginary part of the optical potential describes the absorptive process.
In the “frozen” limit v — o¢ the kinetic term in (11) can be neglected and

22
” . I, 1
W(’I‘g,Zz;’l‘l,zl) = 5(’!‘2 - 1‘1) eXp —50'('!‘2) /dsz(b, Z) . (12)

Z1

‘When this expression is substituted into (8) - (9) and with g,,;,, — O one arrives at result (2)
. 1 .
with G- (Q%,7) = [, da |U.-(F, a)|”.
We can also recover the approximation (3) - (4) if one neglects the absorption of the ¢g
pair in the medium. Then W becomes the Green function of a free motion,

- - 1 e k2 (20 —
s W, 20571, 21 )l g = o /d2k exp [lk(rz - 7))+ %;%21—_—2—))‘] ) (13)

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,

1 = k7
faalk) = 7 / Pr T (7, 0) o(r) 57 | (14)
Therefore, (9) can be represented as,

Q*a(l — o) + m2 + k?
2wa(l - o) (15)

Az, 29, 0) = 51; / 2k faa(B)? exp [(22 — )

Taking into account that M% = (m2 + k?)/a(l — «) is the effective mass squared of the g
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 gg-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 formfactor.

We approximate the cross section by the dipole form o(r) = Cr?, C = 3, which is a good
approximation at r > 0.2 — 0.3 fm [21]. However, we calculated the proton structure function
Fy(z, Q?) perturbatively (we fixed the quark masses at m, = 0.3GeV, m, = 0.45GeV and
m, = 1.5GeV) what leads to an additional logarithmic r-dependence at small r. This is
important since results in the double-log Q? dependence of F. 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, ps = 0.16 fm™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],

W (7y, 22371, 21) = mexp {—-;— [(r% + 7}) coth (wAz) — gl—j}%ajz—z)]} ;
where
Az = 22—z
C
a? = —iCparva(l—a). a7

This formal solution properly accounts for all multiple scatterings and finite lifetime of hadronic
fluctuations of the photon, as well as for fluctuations of the transverse separation of the g pair.
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Figure 2: Nuclear shadowing for calcium and lead. The dotted curve is calculated in the
..’ standard 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 o2 and ¢ are calculated using the same
qq distribution functions [19, 9] as in (9) and the intermediate state mass is fixed at M? = Q2.
At low z < 0.01 shadowing saturates because g = 2myx < 1/R 4. 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 kinefic term in (11) taking into
account the relative transverse motion of the qg pair, correctly reproduces the phase shift. The
difference between the curves is substantial. The thin solid curve does not show saturation
even at z = 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 z 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 ¢g 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 z-dependence of the
dipole cross section o(r, z) (correlated with 7 [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 p 4 (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 7"7-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 7+~ -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 7+ 7~ -atom.

PACS numbe;s: 34.50.-s, 36.10.-k, 11.80.Fv

Hydrogen-like atoms consisting of 7t and 7~ 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 7+~ -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 wr-scattering lengths. An interaction
of the relativistic 7+ 7~ -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 77~ -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 m+n~-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 w7~ -atom.

In the eikonal approximation the total cross sections of the coherent interaction of 7t7~-
atom with ordinary atoms could be written [7] as:

ot = 2Re/d2b Er|nim (r))? {1 — explix(b — 5/2) —ix(b + 5/2)]} . 0% :

Here s = r_ is the projection of the vector 7 on the plane of the impact parameter b, Ynim(r)
is the wave function of 7t 7~ -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
of IOP Publishing Ltd. .
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numbers n, [ and m, respectively. The phase shift x(b) is expressed via the screened Coulomb
potential of the target atom:

x(b):%/U(\/b"’—}-z?)dz. )

Here v is the velocity of dimesoatom in the lab frame.
Let us write (1) in another form taking into account the following relations:

exp (ix()) = 1 = (b)), €)
— o [ fayexo (—iay) a2, @
5@ = 5= [ 11— cxp (x(®)] exp (ba) &0 =1 [ [1-exp (xB)] Jalablob. )

Here f(g) is the amplitude of the elastic Coulomb :rA-scattering normalized by the relations:
0! = 47 Im f(0), | (6)
d"’”‘ = |f(@I*. Y

Then it is easy to get the total cross section in the form

ot =2 [ 1@ 1 = Sun(@)] s, ®
Suim(@) = [ Wnim(r)P? exp (i) & ©

Here S,im(g) is the elastic form factor of the 7+ 7~ -atom in the state with the quantum
numbers n, [ and m.

The expressions (8) and (9) together with the results obtained in the paper [6] for the
transition form 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:

okt = 5 Zaf:;tn- | (10)
The wave function of 717~ can be written as a product of the radial and angular parts:
Yrum(r) = Rp(r) Yim (6, ) . (11)
Taking into account the normalization
o — me«a o =1, (12)
we have *
ot = 4n [ 150 (1= Sula)) ada, (13)
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1 :
Sai(a) = 577 3 Saim(@ = [ 1Rl exp (ir) o

oo . 4 oo
= 47r/ |Rn|? sn;qr rdr = % Im/ |Rp1|? exp (igr) 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]:

/exp( bz) z® LS (Ax) L, (ux)dz
0

Tim+n+a+1) (b= Nb—pw™ b(b— A — p) |
T T DTt 1) e ["”""’ e 7 AJ -

_Finally for the form factor we have

sin 2n¢ (cos @) +4
n sin2¢

¢:arctan( g )
amg

_ For the numerical calculation we use the Moliére parametrization of the Thomas-Fermi
potential [10] :

Sni(q) = Fl+1—-n,l+1%4n;1;sin?g), (16)

7o Zc,exp /\r) ' a7

whlch allows one to obtaln the exact expression for the phase Shlft x(b)

X0 =255 kan), o

D=1
cp = 0.35, ¢y =055, c¢3= 0.1;
A1 = 0.3Xg, A2 = 1.2X¢, A3 = 6Xo, Ao = m.aZ'/3/0.885.

The numerical results were calculated for the Titanium (Z = 22) and Tantalum (Z = 73)
targets. The velocity of wT 7~ -atom was taken as v = 1. 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 Z and 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 cross sections. Thus, account of the multiphoton 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 7+ 7~ -atom interactions in nS states with Tantalum (Z = 73)
versus the principal quantum number n in the Born and Glauber approximation.

_O
(WY
'

Z=73

—
()

e o @

p— —

bt [\
]l_rlll1ll|'lllllllllllllllﬁll'l

(Born-Glauber)/Born

e
[y

0.09

0.08

—
o
whe
N
-
oL
N~
oo
O

!
10
n

Figure 2. Relative difference between the total cross sections of 77— -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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»
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 kr,
but enhancement for kT > 1GeV. Any nuclear effects vanish for kr > 10 GeV. Our results
allow also to calculate the kr dependent nuclear effects in prompt photon, light and heavy
(Drell-Yan) dilepton and hadron production.

PACS numbers: 12.38.Bx, 12.38.Aw, 24.85.4p, 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, N )

coshy 2w
tf - kT ~ k% 3 (1)

where y, w and kr 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 <
E,. 1tis 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 applies 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 Er.
* This is presented in section 3. As one might have expected, nuclear shadowing, i.e. suppres-
sion of radiation, is most pronounced at small kr. An unexpected result is antishadowing, i.e.
- enhancement of radiation for kr > 1 GeV, which, however, vanishes for still larger kr.
: 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 cqyer 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

(13D,
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| 3
Figure 1: Feynman graphs for bremsstrahlung.

doN (g — -
LD — [ vy gl )l o) @

Here ¥, 4(a,77) is the wave function of the v — ¢ fluctuation of the projectile quark which
depends on ¢, the relative fraction of the quark momentum carried by the photon, and rr, the
transverse separation between v and ¢ (¥ is not normalized). oz4(p) is the total interaction
cross section for a gg pair with transverse separation p and a nucleon. og,(p) depends also
parametrically on the total collision energy squared s, 2 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 gg 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 §q 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 — g fluctuation in the transverse plane.
The distance to the quark in the quark-gluon Fock-state is then arp 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]),

— A\ Qe A |
‘I’fifl‘(rT, a) = —2—7-Tr—n' X5 OT’L Xi Ko(GTT) 3)
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Here x, are the spinors of the initial and final quarks. Ko(x) is the modified Bessel function.
The operators O~ have the form,

OT =imya? & - (Aix &) +ae*-(FxV)—i(2—a)é -V, 4)
O =2m,-(1 - a), )

where
e =a’m? + (1= a)m?. . 6

€is the polarization vector of the photon, 7 is a unit vector along the projectile momentum, and
V acts on 7r. For radiation of prompt photons Mye =0,

Eq. (2) can be used for nuclear targets as well. We consider hereafter formation times given
by the energy denominator,
2F;a(l — a)

r= €2 +m2

> Ry, ' )

which substantially exceed the nuclear radius. In this limit the transverse 4* — ¢ 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
O N (arr) by oqq(arT)

e, Eb [ drr Wy, {1-ew|-joutemTo)} . ®

where oo
T(b) = f dzpa(b,z). %)

Here pa(b, z) is the nuclear density which depends on the impact parameter b and 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
- 04q(arr)T(b)/2 < '1 since oz5(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 o4,(crr)T(b)/2 > 1 one can neglect the exponential
for b < R4 and the cross section (8) is proportional to A2/3, 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 rp, one could expect that the limit
of maximal coherence is reached for small k7, and the Bethe-Heitler limit for large k. The
situation is, however, more complicated 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 of Egs. (2) - (8)

dO'A | 1
————-—_——d(gn:)gq) =2 /d2b/d2rT I\Ilgq(a,FT)|2 {1 — exp [—-2' quq(Fl, F2) T(b)j‘} , (10)

. where U .(a, ) is the wave function of a quark-gluon fluctuation which has the same form as
in Eq.(3), but with the replacements v* = g, Gtem => 40t,/3 and my« = m,. We keep the gluon
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L
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.
0454 is the interaction cross section of a colorless ggq system with a nucleon {17],

Lo 9 1 .. ‘
Ogqq(T1,72) = g{aqq(rl) +<T«7q(’"2)}—§ 0gq(F1 — T2) (11

where 7 and 7, are the transverse separations gluon — quark and gluon ~ antiquark respectively.
In the case of gluon radiation, i.e. Eq. (10), 7y = 7 and 7 = (1 — )7

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

31 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),

d®a (g - 1 o g L
d(lnc(xq)dzk‘:?) = PE /d2r1 d*ry exp [ikr (71 -—rz)] U2 (e, 1) Wayg(a, rz)a.,(rl,rz,a)-,;

(12)

where 1 A
07(771,1_“2, Ol) = '2—{0'5,1(017‘1) + qu(OZT‘Q) - qu[a(’f“l - ‘Fz)]} . (13)

By integrating over k7 one obviously recovers Eq. (2), since o, (7, 7, &) = ogq(ar).

For & <« 1 one can use the dipole approximation for the cross section, i.e. one can set
034(p) = C p%. 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

07(1?1,7_'.2,a) ~ Ca2 71+ 7 ) (14)
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and we can explicitly calculate the kr distribution (12),

Bl (g~ ¢v?) 0em Ca?

d(lna) d2kr T e (k2 + €2)1 {2 ms ot kf + [1+ (1 - )®] (k7 + 64)} (15)
Folg>qv) _ 4aemCo’(l—a)’mi. ki ”
d(lna) d2kr 72 (k2 + )2 :

Note that for small o (15) and (16) vanish like o2, 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),

3 A
d (lniyq);::) (27r /d2r1 d?ry exp[sz(m—rg)] S0, 7)Y Uy, 72) By (1, 72, 0)
a7

‘where
: o i . o
2, (f1,72,0) = d°bs1+exp [—5 ogqla(f1 — 72)] T(b)]

exp {—% ogq{ary) T(b)] —exp [—% Ozqlars) T(b)] } (18)

:The fluctuation wave functions in (17) can be represented using (3) in the form

* - o,
Z Ul (7,a) T (Fa,0) = -2-;"—2’ {m3 a* Ko(ery) Ko(erz)
in, f .
| + [l+(1-0)?]e ﬁTiKl(erl)Kl(em)}, (19)
T1T2
* - 2&,,: .
> UL, (7, 0) UEL (7, 0) = W;" m2. (1 — @)? Ko(er1) Ko(ers) , (20)
in, f

where we average over the initial quark polarlzatlon and sum over the final polarizations of quark
and photon.

At first glance, one could think that the k7 distribution is not modified by the nucleus in the
case ty > R, 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 gg dipoles surviving
propagation through ¢he 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 pr
of the final quark integrating the differential cross section over the photon momentum kr. The
- result turns out to be the same as (12) and (17) with the rcplacément a=>l—qa
We also calculated the nuclear dependence of the differential cross section (17) - (18) using
the dipole approximation for o5,(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 A™-dependence. The power n is
then defined by

d {ln [d3aA(q - qv)/ (d(lna) dsz>] } ‘
d(inA)
This power can also be A dependent. We performed calculations for A = 200. To simplify
these calculations, we used the constant density distribution, p4(r) = pe®©(Ra — r) with po =
0.16 fm~3.
First of all, we calculated n(kr, «) for Drell-Yan lepton pair production at m.. = 4 GeV.

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

n(kr,a) = @21

1.4
Drell-Yon transverse Drell-Yan longitudinal
1.2
(e
S 0.5 YA
: 0.5
& 0.8 0.8
0.8 1
o=1 =1
0.6 .
0.1 1 0.1 i 10
kr (GeV) o ' kr (GeV) ‘

Figure 3: The exponent (21) of the atomic number dependence parameterized as A™ versus kr
and « for transversely (left figure) and longitudinally (right figure) polarized virtual photons.

n < 1for kr < 1GeV, ie. the Drell-Yan pair production is shadowed by the nucleus. The
shadowing is stronger for larger o [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 > 1GeV. 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 k7 ~ 1.5 — 2 GeV.
Color filtering in nuclear matter changes the angular distribution of Drell-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 k7 = 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 = 1, because the proton cross-section at k7 = 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 Bethe-Heitler regime, i.e:. t; <« Rj4. 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 turn out to be quite different for real photons. Qur results are shown in Fig. 4. In order

1.4 . .
1 Prompt photons

r\' A ]
o 1.2 | v
\-t 1'0
< 1030508/ /a=1

0.8 -

0.6 v I v R

0.1 1 10
kr (GEV)

Figure 4: The same as in Fig. 3, but for réal 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 o (proportional to a2, see (15) -
- (16)), the convolution effectively picks out large values of a where the nuclear effects are in turn
expected to be largc Dctallcd calculations and comparisons with data are postponed to a later
- publication.

3.2 Gluon radiation

Now wa can discuss bremsstrahlung in the non-Abelian case. Summing up the diagrams in
Fig. 2 we get in impact parameter representation

d*oN(g—q9) _ L N -
d(Ine) 2k (27r / dry dryexplikr(Ry — 7)) V(00 7) Ygqla 73) 04 (71, 72, 0)

(22)
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where (see Appendix A)

0g(F1, 72, 0) = 5 {agqq 1,71 — 012) + Oggq(Ta, T2 — ary) — 0gq[a(Fy — T2)] = 0gg (71 ~72) t -

(23)

Here 044(r) = § 044(r) is the total cross section of a colorless gg dipole with a nucleon.
Note that (23) reproduces several simple limiting cases:

1) oy (71, 72, @) vanishes if either of ry or ro goes to zero, which expresses the fact that a
point-like quark-gluon fiuctuation cannot be resolved by any interaction. To show this limiting
behaviour one simply has to insert e.g. for 7 = 0 the two relations oyg4(71,71) = ggg(rl) and
0434(0, —aF1) = 044(—af) = 0g4(F?). (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 &« — O the quark-antiquark separation vanishes and (23) takes agam the same form
as (13), except that the gq pair is replaced by a gluon-gluon dipole.

I 1 L 9 Lo
ag(rl,rg,a)|a 1 = 51999(T1) +04g(r2) — Tgg[(F1 — 72)] = ~ Oy» (71,72, @) 2%
< 2 4 a=1

We use the dipole approximation o, (r7) = Cr2, which is well justified in this case since
the mean transverse quark-gluon separation is small at small ¢v. In this case (23) and (11) lead to

og(F1,72,0) = [oﬁ + %(1 - a)] C7 -7 (25)

This expression coincides with (14) up to the factor [1 +9(1 — &) /(4a2)]. Therefore, we can use
the results (15) - (16) obtained for photon bremsstrahlung which for @ — 0 lead to

d*a¥ (g — q9) _6Ca, kp+mg

(26)

d(na) kr |4, 7 (k2 +m2)t
Sofla—aqg)| . 12Ca,mgkt @n
d(na) d?kr |,y - w2 (K2 + m2)

In contrast to photon bremsstrahlung this cross ‘sections do not vanish for & — 0. This is a
consequence of the non-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,

d3o4(q — qq) 1 e ol w g w e
d(Ine) d?kr - (2m)? /d2r1 d*ry exp ['LkT(?"l - 7"2)] .‘I’gq(a, 71) ¥gq(ax, 72) By (1,72, ) )
T (28)
where

5 (71 7y ) = / dzb{exp[—%aqq[a(f"l‘— )| ;l-exp’[—%ogg(ﬁ - ) T)]

1 oo 1 .
— exp [—Eagqq(rl, 71— arg) T(b)] — exp [——2-09@(7'2, T2 — ary) T(b)] } (29)

132



- Inthe limit & < 1, which is of practical interest at high energy (23) transforms to the form
- of (24) and Eq. (29) simplifies to

1 i
Z}_q('r'-'l,7"’2,04)[01<<1 = /d2b{1 + exp[—aogg(ﬁ - rg)T(b)]

exp [— %agg(ﬁ) T(b)] —exp [— %agg(fa) T(b)} } (30)

- Note that the transverse momentum distribution for gluon radiation was calculated previously in
~[11]in the limit & — 0 and mg = my, = 0. Our results (28), (30) agree with that in [11] in this
limit.
- In (30) we make use of the fact that at zero gq separation a ggq-system interacts like a pair
of gluons, 0g4q(T,7) = 0gg(r) = (9/4)044(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 = 0. We assign an effective mass to the gluon,
either of the order of the inverse confinement radius, m, =~ 0.15GeV, or-in accordance with
the results of lattice calculations for the range of gluon-gluon correlations [22] of size my =
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 S
Gluons

“~ a=0
o 1.1
]
g 1.0
By
<09
g my=0.75GeV

0.8 1 my=0.15GeV

0.7 e

0.1 i 10
kT (GQV)

~Figure 5: The same as in Fig. 3, but for gluons at o. = 0 for different effective gluon masses.

o

small and antishadowing at large kpr. 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 kr 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.

o The factorized light-cone approach [12] for the analysis of radiation cross sections was
extended to treat the k7 dependence, and was applied both to photon (real and vigfual) and
gluon bremsstrahlung.

o The effects of coherence which are known to suppress radiation at long formation times, is
only effective for small kp. At kr > .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 k7 > 10 GeV. This was also observed in
hadroproduction . ~

e ,suppressiog‘l and enhancement of radiation by the effects of coherence are qﬁite 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 og4(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
rp. Therefore, the parameter C(s) can be parameterized as

s A(rr) : ' | |
C(s) = Co (—) . 31

S0

where 83 = 100GeV?2, Cy = 3. The power A(rr) grows with decreasing rp. 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, -
ty > R4 is poorly satisfied at present fixed target accelerators, but are well justified at RHIC or

LHC. Indeed, if sy is the total NN collision energy squared, for a gluon(photon) radiated-at. -
central rapidity,

o= Skr (32) 
V3NN ‘
e | o
t S mnkrp -

We conclude that at RHIC or LHC energies o < 1 and that gluons w1th a few GeV transverse
momentum are radiated far away from the nucleus, i.e. £; > R4. Thus our calculations should
be directly applicable.

134



+ Acknowledgements: We are grateful to Jorg Hiifner for many stimulating and fruitful dis-

cussions and to Vitali Dodonov for help with numerical calculations. We are especially thankful

to Urs Wiedemann whose questions helped us to make the presentation more understandable. He

also found a few misprints in Appendix A. The work of A.V.T was supported by the Gesellschaft

fiir Schwerionenforschung, GSI, grant HD HUF T, and A.S. was supported by the GSI grant OR
SCHT. A.V.T. and A.S. greatly acknowledge the hospitality of the MPI fiir Kernphysik.

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(Z), where Z is a three- dlmensmnal vector.
The dlffcrcnnal cross scctlon reads,

- d°c _ Qem
i d(ne) d?pr Pkr ~ (2m)*

|Myl? (A1)

where ET and pr are the transverse momenta of the photon and the electron in the final statc.'
-The radiation amplitude for a transversely polarized massive photon v* (w? = k? + m2.)
 has the form,

-

Mf, = /daz\r“(f,pa) a-& e R Ut (z 5), (A.2)

where & = +07 are the Dirac matrices, and the wave functions W(Z, py o) of the initial and final
electron, are solutions of the Dirac equation in the external potential U(Z),

[61,2 =U@)-mpB +i5z“7] ¥U(Z,P1,2) =0. (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, €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 (¢ = €1,2),

o0
(&) =Y Un(Z,7),
n—0

o(Z,0) ~ ™. (A4)

. Note that in the case of radiation of a longitudinally polarized photon it is sufficient to take
into account only the main (¥g) which has a form,

Uo(Z, ) = €7 f(&, ") 1\4}1)2 | (A.5)

where u(P1,2) is the 4-component spinor corresponding to a free electron with momentum 3 2,
and the scalar function f(Z, p) is a solution of the equation,

(A-+2iﬁﬁ—2eU(f)) f(@5) =0. (A
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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, ¥ ¢ [27]

Tt == ( wV) 1.2) 6@ (A.7)"', ,

One can estimate the accuracy of the Furry approximation using the following relations,
¥ — \I’F =60 = &' B(Z, ;5‘) , (A8)

where CI’(m D) satlsﬁes the equation,

[A+2zp ¥ — 2 U(F) + id@ - VU(x)] &(Z, p)_v—le (a vv(m)) (az-ﬁ f(:E,;b‘)) (A.é)‘

It turns out that this correction to the Furry approximation for the electron wave function is
of the order of U /e 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 ¥ (Z, 1) and 4
U~ (Z, ) in the form, '

Lo, ; - RN 71 (7 ‘
\I’;(mvpl) = e'1® Dl F+(.’L‘,p1) (523 ) (AIO)
V5 (Z, P2) = €'P2% Dy F~(Z, ) u(p2) , (A.ll’)‘ '
\/262
where
Dy = 1-iLY P2 (A12)
’ 2€12 2€19
i k.
=
z = f-Z;
D2 = lﬁl,zl-

In this case the functions F(Z, p) and f(Z, p) are related as,

F(Z,p) = exp(ipZ — ipz) f(Z, D) - (A13) .
Therefore, F(Z, ) = F* (&, p) has to satisfy the equation,

<A+2ip§--—2eU( )) F(Z,p). _ (A.14)

'Thc characteristic longitudinal distances in the problem under consideration x;, ~ ¢/m? are
much longer than the typical transverse distances 1 ~ 1/m [26]. Therefore, in the Laplacian
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‘A = d?/dz? + (d/d%)? one can drop the first term d2/dz2. Then (A.14) takes the form of the
two-dimensional Schrodinger equation,

. d Ar
— F(&,p) = |—— T)| F(& ) A.l5
i F@En = |-55 +U@| F@, (a15)
“whc‘rc p = |p]. We define F'* in accordance with the asymptotic behavior,

F+(5,51)|Hz s gmrt ©(A.16)

=—00
F- (5”32)L_,Z+=+°° — gPTT (A.17)

Here we introduced new notations for transverse, ©* = Zr, and longitudinal, z = 1, coordinatc;s.
It follows from (A.15) - (A.17) that these functions can be represented in the form,

FY(&p) = / d°r1 G(z, 7 2., 7 |p1) €977 (A.18)
F~'(%,p2) = /d3r2 G(z4,72; 2, F|fa) €727 72 | (A.19)
where G (22, Fa; 21, 71|D) is the retarded Green function corresponding to Eq. (A:15),
d A,
-d—z— + 3p U(Z2,'f'2) G(22,72; 21, 1|P) = 16(22 — 21) 6(72 — 71) (A.20)

and satisfying the conditions,

G(szz;zhﬁlﬁ)iz = 6&(ry — 1)

1=22

G(Zz,’f"'z;z1,f'1|ﬁ)L o 0. (A21)
N . 1 2

It is convenient to chose the axis z along the momentum of the radiated photon. Then

nr = o )
o » l-a -
Do = - kr, (A.22)

- where kr and pr are the transverse components of the photon and final electron momenta relative
to the direction of the initial electron; « is the fraction of the light-cone momentum of the initial
electron carried by the photon.

- Wearrive at the following expression for the radiation amplitude (A.2),

M}»: = -2—-(1—_—— /d2r1d2r2d2rd exp(—if)’zqwf"z)G(z+,r2;z,rlﬁ2)

exp(i gmin 2) T G(z, 75 2-,m11p1) exp(i Pr v 71) , (A.23)
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where ,
. am? N m2.
fmin = 90 = a)E,  2aE,;’
and E,, mg are the energy and the mass of the projectile quark. It the approximation considered
in this paper when the fluctuation time substantially exceeds the interaction time, ¢ << 1/R4
and can be neglected.
The vertex function in (A.23) reads,

r = \/l—au*(ﬁg)ﬁga'-e_;f)lu(pl)
x4 [ima(r’ix&')-e7‘+a(oxﬁT)-ve_“—i(Q—a)ﬁT-e_“‘] x1- (A25)

(A.24)

i

The operator Vi = d/ dr acts to the right. x1,2 are thc 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(F,z) =, Uo(F— 7,2 — 2) (A.26)

and the bremsstrahlung cross section should be averaged over the positions (7}, z;) of the scat-
tering centres.

The averaged matrix element squared takes the form,

(naE)

o0 o 0]
2Re / dz; / dz / d*ry &7, dPry d2rly dPr & 2p d2p

X exp [ifar (rh — 73) = iPi7 (7 = 71) = itmin(22 ~ 21)]

X <G(Z+,F2;Zz,ﬁlpz)G*(Zh?‘;;zz,ﬁ|P2)>

x I <G(Zz,ii;zl,F!pz)G*(me’;zl,ﬁ"|p1)>

x T <a(zl,ﬁz_,ﬂ|p1)G*(z1,;?;z_,r“1|p1)>‘ : (A27)

where TV differs from T in (A.25) by the replacement

d g/ _d

The following consideration is based on the representation of the Green function & in thc
form of a continuous mtcgral [28],

. =2 LWy 2 2 —
G(z2,F2;z1,F1|p)=/DF(z)exp 1—213 /dz (fdfd(zi)) —z’/dzU(F(z),z) , (A28)

where

mlz1) =71, M(z2) =72,
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and the relation

22

/dz Z Uo(F(z) — Tz — 2;) = Zx(f"(z,-) —73) O(2z2 — ) O(z; — 21) , (A.29)

Z1

where x(7) = [ dzUg(F, 2).
~ The mean value of the eikonal exponential is,

<6XP {1 Z [x (7(2:)) — x (F'(2:))] ©(22 ~ 2:)O (2 ~ 21)}> =

exp {_% / dzn(z,b)o [f(z) - 7'(2)] § (A.30)

“ where
‘ o= 7") =2 [ @pll - exp (ix( - §) — ix(7" = )] (A3D)
and n(z, b) is the density of scattering centres.
Using these relations and performing integration by parts in (A.27),
do.T oo o0
Qem 2
= d d d? d?
d(Inc)Pprdky G iR (a2 / “ / “2 / bd pdp
= 21

22

o o] 2]
X  exp |:iaﬁ2T p2 —iapir pr — /dz_ V(z,p2) — / dz V(Z,ﬁl):l
-0

X A W(za, 2321, P1 | D) - (A32)
The variables in this equation are related to those in (A.27) as,

I S ks
= Py

L Ti—T
p2 = o

b = l(7‘~” +7)
= 3\ 1) -

Other variables in (A.27) are integrated explicitly.

Matrices 7 are related to I' in (A.25) by replacement m = am and d/d7 = d/dp.
Absorptive potential V' in (A.32) reads,

=0
V(zp) =n(zb)5(a-p),
and W is the solution of either of the equations,

_a_.w(z 5 2 -‘|)—LA('5‘2)__€2_]_W(2 5o 2 ".|)—V("z)W(z 52s 21,51 | D)
822 2,02;21,P1|P) = 2&(1—(!)]) 2, P2, 21,01 | P P2, 22 2:P2: 21,01 |D),

(A.33)
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C 2 Wamma i lp) = AP =] e BB = V(o) W i, 1 1)
d21 1 P23 21, 2a(1— a)p 2 P25 21, P1 P1, 21 22, P25 21, M1 ’

(A.34)
with the boundary condition

W (22, p2; 21, P1 | P) =8(p2 — p1).- (A.35)

22=21

Using these equations and the relation,

[A(P) — %] Ko (e15]) = —275(p) - (A.36)
simple but cumbersome calculations lead to a new form for Eq. (A.32),

oo

do” _ o Re/d/d"’bdz d?po &2
d(lna) @pr d2ky ~  (27)* i prap &P

— 00

X exp [iaﬁzT paiopin i~ [ @V ) - [ az V(z',ﬁl)]
x Wt - 5) [2V(z5) = V(=) = Vizm)| ¥ - P

— 2Re / dz / dz, / d?b d2 prd® pod® pl d2 ply

—00 21
o 2
X exp l:iaﬁztr p2 —tapir pr — /dz V(z,p2) - / dz V(z,fﬁ)}
z22 -0
x Wk (B = ) [V(20, 32) = V (22, 9) | W (2, i 20, % | )
X [V(Zl,ﬁl) - V(Zl,ﬁf)] (1 — 51')} ; (A37)
where
vV Qem 5

In the ultrarelativistic limit (p — co) we have

Za
W (za, p2; 21, P | 00) = 8(f2 — pr) exp [— / dzV(z, ﬁz)} . (A39)
21

The integrations over z, 21, 22 in (A.37) can be performed analytically, and we arrive at the
expression

do™ o? 2. 2. 02 7 -
d(Ina) &pr dkr = By /d r1d*ra d°rexp [iaF(ﬁT+kT) +i (7 — ) kT]

X wT ('Fl) 1/’;‘ (F2) 2’7 (F, 7?13 F2a a) H (A40) ‘
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where

(7,71, 72, a) = Z(a(i"+ Fl)) +E(Q(F— Fz)) —X(af) — E(OA('I—"-}' 1 — 1?2)) , (AA41)

" 2(p) = / d*b {1 — exp [—912’2 T(b)]} . (A42)

The derivation of the correspondent expressions for gluon bremsstrahlung is done analo-
gously. We skip the details and present only the results.

EQ(F: F11F21 a) = zl(Fa 'F‘la'FZaa) + 22(F, 7_"1:?21‘1) - 23(F: 77"1,?2,0) - 24(7-"1 Fla F’h a) ’

(A.43)
where
SR T ) = / b {1 — exp [—% o377, 2 ) T(b)]} : (A44)
L 9 . ., ., |
o (7,1, T2,0) = 3 [a('r +(1- a)rg) + 0(7'1)] - -8-0(7' +af); ' (A.45)
. 9 . ., . 1.
ao(F, 71, Ta,@) = 3 [cr(r -(1- a)m) + O'(’!‘z)] - -8-0'(7' + afy); (A.46)
o3(7,7,72,0) = o(aF); (A.47)
Lo, . . 9 9
ou(\ 7, 0) = off—alf — 7)) + 7o (F+ (L - )i - 7)) + 5 [oF) + ()
- a(i"-l- (1-arf + arz) - a(r - (1 — oy + arl)] . (A48)

This expression simplifies and gets the form of (29) if one integrates in (A.40) over transverse
momentum pr of the quark. Note that the last cross section o4(7, 1,72, @) is the total cross
section for a colorless system of two gluons, quark land antiquark interacting with a nucleon
(compare with (11)). Here 7 and 75 are the transverse separations inside the gg and gg pairs and
7'is the transverse distance between the centers of gravity of these pairs.

Appendix B

In order to calculate Eqgs. (17) - (18) in the dipole approximation 6,5 = C r2, we need to
evaluate integrals of two types:

1 . -~
L = (27)5 /d2r1d2r2 exP [zk:q- (r1v— 7‘2)]

1 I
X Ko(erl)bKo(erz) exp {— 1 (f'rf + h'rg - 2gr1r2)} H (B.1)
- and
L, = 2 )2 /d2r1d2r2 exp [zlcT (7 — 1'2)]
X (—:i?z—)- Ki(er1)Ki(ers) exp {— 1 (fr? +hr} - 291"‘17"‘2)} . (B2
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Here we use the notation,

o5 1 .
iz(”—) T®) = 5 (fr + hr3 — 2g717) . (B.3)
We use the integral representation for the modified Bessel functions, which reads
o0
1 [adt g%r?
=2 | = -\ B.4
Koer) = 5 [ 5 owf- 4t}, ®.4)
0
1K@)—1m“w i etr? (B.5)
1LET) = t2 P 4t . .

Aftcr substitution of (B.5) and (B.7) into (B 1) and (B.2) and making use of the following
obvious relations,

I; = 4(2 )2 /d2r1d2r2 exp {ZkT(Tl — 73)
- % (ar?+cr} - 2bF1F2)} (B.6)

_ k2 (a+c—2b))
BRCELR) e"p{" @) }

‘ 1 ’ L P
I, = m /d2r1d2r2 (7172) exp {sz(rl - a)
- -}I (a‘(‘% + C’I“% - 2b'f"1’l_°'2)}
1 bk2(a+c—2b) k2(a + c — 2b) ,
: - e Te Sl By
[(ac —b?)? (ac — b2)3 X exp ac — b? ®.7)
one arrives at,
L = @ ﬁd_ff exp(—u—1t) Iz, (B.8)
t u »
dtdu
I, = &2 o exp(—u —1t) Iy
where
&2 £2
=?+f, c=;‘+_h, b=g. (B.9)

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=9g=0, h= 2c02T(b); :
h=g=0, f= 2c®T(b); - (B.10)
f=h=g = 2c?T(®).

in this case Egs. (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 g 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 ¢ < 10™2 shadowing of quarks. Gluon shadowing tums out to
be nearly scale invariant up to virtualities Q% ~ 4 GeV? 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-ghuon fluctuation and the interaction cross section of a §gG 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 [1] 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 §g fluctuations of the photon in the

- mixed (g, o) representation, where g is the transverse gq separation and « is the fraction of
the light-cone momentum of the photon carried by the quark (antiquark). For transversely and
~ longitudinally polarized photons it reads [1, 2,

- Vem _ A
V3t (F0) = —Z‘FXOT’LXKO(GP) . 1

' Here x and ¥ are the spinors of the quark and antiquark respectively. Ko(ep) is the modified
Bessel function, where ’

; _ €=al-a)Q®+m2. Q?)
~ This is a generalization of [1, 2] to the case of virtual photons [3, 4].
The operators OTL have the form,

-~

OT =m,G-&+i(1—2a) (G -7) (E-V,)+ (@ x &) -V,, 3)

*Phys. Rev. D62 (2000) 054022. Copyright © 1999 The American Physical Society. Reproduced by permission
- of the APS.
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L =2Qo(1-a)é 7, 6))

where the dimension-two opérator 6 acts on the transverse coordinate g; 7i = §/p is a unit
vector parallel to the photon momentum €'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 welghted
by the probabilities of these Fock states [5, 3, 6]. The flavor independent color—dxpole CTOSS
section o, first introduced in [5] as dependent only on transverse gq separation p. It vanishes
quadratically at p — 0 due to color screening,

og(pss))  =Clp,s)p”, . )
p—0

where C(p, $) is a smooth function of separation and energy. In fact, C(p, s) also depends on
relative sharing by the 7 and ¢ 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
assummg 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 gq separation in a virtual photon,

1
a(l - a)Q?4+m2

(0% ~ (6)
Thus, even a highly virtual photon can create a large size gq fluctuation with large probability
provided that a (or 1 — @) is very small, aQ? ~ m2. This observation is central to the aligned
jet model [2]. At.small Q2 soft hadronic fluctuations become dominant at any . 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 §g pair. In Section 2.1 we introduce a
nonperturbative interaction between the quark and antiquark into the Schrédinger type equation
for the Green function of the gq 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 §gq fluctuations of a photon, which coincide
with the known perturbative ones in the limit 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 dlssoclatlon of aphoton
into a gq pair. ‘

For gluon bremsstrahlung we expect the transverse separation in a quark-gluon ﬂuctuatlon
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 ¢ — G separation is smaller than the §gq one we expect
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. 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 gq 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, g 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, NN — XN
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 v* N — ¢§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].! The source of

- error in [18] is the application of Eq. (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 z.
Calculations for many hard reactions on nuclei (DIS, high pr jets, heavy flavor production, etc.)
. desperately need the gluon distribution function for nuclei which is expected to be shadowed
at small z. 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 GG —
-G in the infinite momentum frame of the nucleus, should be interpreted as usual nuclear

tIn 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 z in contrast to shadowing
of quarks. In Section 3.2.1 we find quite a steep z-dependence of gluon shadowing at Q% >
4 GeV? which is rather weak compared to what have been estimated in [30, 31]. Shadowing
starts at smaller values of z < 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 k
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 z-< 0.01. We conclude that gluon shadowing is nearly
scale independent up to @ ~ 4 GeV?2. f
The nonperturbative interaction of the radiated gluons especially affects their transverse
momentum distribution. One can expect a substantial suppression of radiation with small
kr 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 kr = 0 compared to the perturbative QCD predictions. The difference remains
quite large up to a few GeV of momentum transfer.. Especially strong nonperturbative effects
we expect for the kp-distribution of gluon bremsstrahlung by a quark propagating through a
nucleus. Instead of 2 sharp peak at k7 = 0 predicted by pQCD [36] now we expect a minimum.

2 Virtual photoproductlon of quark pairs

2.1 Green function of an intéracting quark-antiquark pair

Propagation within a medium of an interacting gg pair which has been produced with
initial separation p = 0 from a virtual photon at a point with longitudinal coordinate z, and
developed a separation g at the point z2 (see Fig. 1) can be described by a light-cone Green "
function Ggq(21,51 = 052,02 = p). The evolution equation for this Green function was .
studied in [12]-[14T,

. d . . e-A, . .
z;lz—chq(zl,pl;zz,pz)= W+%q(zz,p,a)] Gz, P15 22,02) . (7)

tour Green function is related to that in [12] by
‘Ggq(21,p1 = 0; 22, 2 = p) = exp[—ie*(za = 21)/2pa(l — )] W(z1, 1 = 0; z2,p2 = p)

148



Gaq( Z29 _p>;Z1 b O)

i p
Zl' 'q | . Zz}

Figure 1: Ilustration for the Green function Ggq(z1, P = 0; 29, §o = p) for an interacting Gq
fluctuation of a photon, as defined by Eq. (7).

The first term on the rA.s. is analogous to the kinetic term in a Schrédinger equation. It takes
~ care of the phase shift for the propagating gq pair. Indeed, the relevant phase factor is given by
 expli [, :l ? dz g1.(z)), with the relative longitudinal momentum transfer gp,. The latter is defined
by : ;

M2(2)+Q? € +K2 ®

2p 2pa(l-a)’

~ Here p is the photon momentum; M is the effective mass of the §g pair (which varies with
- 2) and Q? is the photon virtuality. It depends on the transverse momentum kr of the quark
(antiquark) which is replaced by the Laplacian, k2. = —A,,, in the coordinate representation

o

qr(z) =

, The imaginary part of the potential Vz,(22, §, &) is responsible for absorption in the medium
- which is supposed to be cold nuclear matter.

Im Vig(z2,70) = =12 5 (25) ©)
Here p4 () is the nuclear density and we omit the dependence on the nuclear impact parameter.
- 0g¢(p, s) is the total interaction cross section of a colorless gg 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 of perturbative 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 g 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 gg 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 o according to

Ty (5, a) = f(a)exp [—% 2(a)52] . (10)
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In order for this to be a solution of (7) the real part of the potential should be,

atla)5? .
ReVj; g,a) = ——— .
e QQ(Zzipi a) 2pa(1 _a) (11)
Unfortunately, no reliable way to fix the form of a(e) is. known. A parameterization popular in

the literature is a(a) = 2a v/a(1 — a), which results from attempts to construct a relativistic
approach to the problem of a §g bound state ( see [37] and references therein). In this case,

however, the mean gg separation p x 1 / va(l — a) increases unrestrictedly towards the
endpoints oo = 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()
may be quite different, but so far data allow only for a simple two parameter fit),

a*(a) =ai+4a2a(l - a). (12)

One can roughly evaluate ag by demanding that even at a = 0, 1 the transverse gg separation
does not exceed the conﬁnement radius,

a0 ~R;' = Agep (13)

i.e. ag =~ 200 MeV. Comparison with data (see below) leads to a somewhat smaller value.
In what follows we study the consequences of the interaction between g and 7 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 gq pair propagating in vacuum (Im V' = 0) as
Ggq(21, 1; 22, p2). The solution of (7) has the form [38],

- - a*(a) id*(e) 2, 2 P
Golz, P13 22,P2) = 3 7 ism(wAz) P {sin(w Az) [(p‘ +p3)cos(w Az) -2 'pz]
i€ Az
2pa(1—a)} a4
where Az = 23 — z; and 2(a) ,
a*(a -
w — w(a) = m .o (15)

The normalization factor here is fixed by the condition Gg4(z1, fi; 22, P2)|z3=2, = 62(P1— P2)-

Now we are in the position to calculate the. distribution function of a gg fluctuation of a
photon including the interaction. It is given by the integral of the Green function over the
longitudinal coordinate z; of the point at which the photon forms the §q pair (see Fig. 1),

TL - ) . zZ \/aem / TL
‘IJ ( ) 47rpa(1 — le X o™ ) qQ(thl,zZ,P2) Pl"—‘o; f"2=ﬁ°. (16)

The operators OT'L are defined in (4)-(6). Here they act on the coordinate p;.
If we write the transverse part as

xOTx=A+B-V,, , 17
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then the distribution functions read,

V5(5,0) = Zyv/aem [Ao(e,p,N) + B E1(e,0,0)] (18)
VL (B,0) =2Z;\/0em Qo1 —a) X & - i x Bo(e, p, A) , 19)
- where
A= o) =220 20)
The functions ®o ; in (18)(19) are defined as
1 7. A Ae2p?
2-' A 2 /\62 2
0

; Note that the g— g interaction emerges in (18)(19) through the parameter A defined in (20).
. In the limit A — 0 (ie. Q%> — 0, a is fixed, a # 0 or 1) we get the well known perturbative
i expressions (1) for the distribution functions,

Bo(ep )|, = 5= Koler), @3)
Biep V)|, = P Ky(ep) = — 2 T Kofep) - 24)

T =0 T 2mp 27

- In contrast to these relations, in the general case, i.e. for A # 0
B1(e,p,\) £ =V Bo(e,p, \) - 25)

7 In the strong interaction limit A 3> my (or if both (Q2, m, — 0)) which is appropriate
particularly for real photons and massless quarks, the functions ®g,; acquire again simple
analytical forms, '

‘I’O(G,P,/\)L_’ —KO[ 2(01)17] ; (26)

&1(c, p, ’\)l o= 5 p2 exp [—— a*(a)p ] : @7

*. The interaction confines even massless quarks within a finite range of p.

2.2 Absorption cross section for virtual photons

For highly virtual photons, @? >> a(c), according to (20) A — 0 and the effects related
to the nonperturbative gq interaction should be gone. Although for very asymmetric config-
urations, ol — a) < 1, see (2) the transverse gq 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.
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Thus, our equations show a smooth transition between the formalism of perturbative QCD
valid at high Q? 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,

o
- 2
e =2 Ne 3 Ziaem [ da [ dpong(o,s) {m 3(e,p, )+ 0"+ (1 -] [Bnten W]}
F 0
(28)

1
ok, =8Q% N, Zzgaem /daa(l - a) /dzpaqq(p, 5) ®2(e, p, \) . (29)
F 0

Here N, is the number of colors, and the contributions of different flavors F' are summed up.

According to (5) the dipole cross section vanishes o4(p, 5) o p? at small p < 1 fm. 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 > 1fm. Therefore, the approximation og,(p) o p? is
quite crude for the large separations typical for soft reactions. Even the simple two-gluon
approximation [39, 40] provides only a loganthmw 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].

2

P
o5¢(p,s) = 00(s) [1 —exp (———)} , (30
0a(p,5) = o0(s) | £ )
where po(s) = 0.88 fm (s0/5)°1* and so = 1000 GeV2. In contrast to {10] all values depend
on energy (as it is supposed to be) rather than on z and we introduce an energy dependent °
parameter go(s),

2(s :
ao(s) = tot(s) ( 83(;:'%,(1)1) ) : (31')

otherwise one fails to reproduce hadronic cross sections. Here (r2,), = 0.44 £ 0.01 fm? [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,

o7l (s) = 23.6 (s/50)%%®m (32) k

where 5o = 1000 GeV?2. We fixed the parameters comparing data with the proton structure.
function calculated using Eqs. (28)-(29) and the cross section (30) Agreement is reasonablyki
good up to @? ~ 20 GeV? sufficient for our purposes.

To fix from data the parameters ag; of the potential we concentrate on real photoabsorptlon .
which is most sensitive to nonperturbatlve corrections. The photoabsorption cross section with
free quark fluctuations in the photon diverges logarithmically at mgq — 0, e

ag;tzaoln( ! ) @3)

Mg Po
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Inclusion of interaction between the quarks in the photon makes the photoabsorption cross
section finite at mq — Q.

emNc
ol = 009'1—2;— EFZZ;" [‘25(501) - ¢($2)] , &)
vhere _ledd s
Ty = a¥p(2) y T2 = Eg’ 3 ( )
d
o (T \/1+:z:+1
¢(x)—41n(z) ~2z+(4+2)VItzn =) (36)

In this case the cross section of photoabsorption is independent of the quark mass in the limit
mg / ag1 K 1.

We adjust the values of ap and a; to the value of the photoabsorption cross section o}%;, =
160 ub at /s = 200 GeV [44, 45]. Eq. (34) alone does not allow to fix the two parameters
ao and a; completely, but it provides a relation between them. We found a simple way to

parameterize this ambiguity. If we choose

@@ = v'15(112MeV)?

a2 = (1-v)15(165MeV)?, £Y))
the total photoabsorption cross section, turns out to be constant (within 1%) if v varies between
0 and 1. This covers all possible choices for ap and a;.

In order to fix v in (37) one needs additional expenmental information. We have tried a
comparison with the following data:

(i) The cross section of forward diffraction dissociation YN — ggN (the PPR graph in the
triple-Reggeon phenomenology [46]),

1 / 2
=— [ dad®p|¥
t=0 16w

(ii) The total photoabsorption cross sections for nuclei (high-energy limit),

al —2/d2b/dad2p

do(yN — gqN)

2
y o*(p) . (38)

ﬁq(av P)

{1—ezp[ 00| S
where ’ '

T0) = [ dzpalt) @

is the nuclear thickness function and the nuclear density p (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 between 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 0 and 1. Thus, we were unable to constrain the parameters g and a; any further.

We have also calculated the effective interaction cross section of a §q pair with a nucleon,

2
. Jdad?p|Tgq(e, p)| *(p,5)
ag?f = . ) = (41)
fdadzp ‘I’ﬁq(aa P) U(p) S)

which is usually used to characterize shadowing for the interaction of the gq fluctuation of a
real photon with a nucleus (e.g. see in [30, 31]). We got at q}fN = 30mb at /s =200 GeV.
This well corresponds to the pion-nucleon cross section (32) os; = 31.7mb at this energy.
This result might be treated as success of VDM. On the other hand, A calculation [47] using
VDM and o35 =~ 25mb instead of g/, 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 approximation of frozen fluctuations (reasonably good at very small
z) reads [5, 30, 31],

¥ A

Acf;ot - % /d2b <1 — exp [—%T(b)D , (42)

Expanding the exponential up to the next term after the double scattering one (1/4)ger;
one gets (1/24) (0®) /(o). This is 1.5 times larger than (1/24) 02;/(0) if to use the dipole
approximation o o p? and a Gaussian distribution over p for color triplet (7 — q) or color octet
(G — gg) dipoles.

3 Gluon bremsstrahlung

3.1 Radiation of interacting gluons

In processes with radiation of gluons, like

g+N — ¢+G+X 43)
Y+N - g+§+G+X, @4

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 2 quark-nucleon collision in
the factorized light-cone approach [36]

do(qg — qG) _ P
d(lna) 2kr (27)2 /d r1 dryexp[ikr (71 — 72)] U5e(a, 71) Yaqla, 72) 06 (71, 72, 0) :
(43)
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~ where

; UG(Tl,Tz,Ol) = -{Uqu(Tl,ﬁ—aT2)+0’qu(7‘2,T2 —ar))—0ogla(f1 —72)]|~oce(F1—72) ¢ -

(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 Ggq system with a nucleon oggq(71,72) is expressed in
terms of the usual gg dipole cross sections,

. 9 . 1 I
OGye(T1,72) = '8-{0¢7q(7”1) +U«7q(7’2)}—§ 0gq(T1 — 72) , @a7)

ri and 7 are the transverse separations gluon — quark and gluon - antiquark respectively. In
o (46) 0Ga(r) = § o44(r) is the total cross section of a colorless GG dipole with a nucleon.
"The cross sectlons of reactions (44)—(44) integrated over kr have simple form,

d?fi'l(l';a‘)lc) @ / d r'\Ile(a 1"')| ogge I (1 — a)f} , (48)
do(y* — 94G) _ . 2
dllnag) o« —--o/daq/dzR |‘I’}tz (R, aq)l

/er{"l’qc(.ﬁ + ’f_", aa)lzﬂga(ﬁ + 'F) + l‘I’qG(ﬁ aG)rUgG(T)
~  Re¥o(F,ac) Yoa(R +7,a0) [o}(B+7) +ofy(r) - agG(R)]} . (@9)

~ Here ag is the fraction of the quark momentum carried by the gluon; R and 7 are the quark-
antiquark and quark-gluon transverse separations respectively. The three terms 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 ¥ge(a,7) of the
. -quark-gluon fluctuation, where « is the fraction of the light-cone momentum of the parent
- quark carried by the gluon, and 7 is the transverse quark-gluon separation. This function has a
form [36, 52, 53] similar to (1),

1
W), =2y Fx T xKolrrr) (50)
; ‘\}Yhere the operator T'T is defined in [36],
| BT =imga? & - (ix ) +aé - (Fx V) -i2-a)é*- ¥, 1)

-We treat the gluons as massless since we incorporate the nonperturbatxve interaction explicitly
, and do not need to introduce any effective mass.
The factor 7 differs from € as defined in (2),

™ =a’m?. (52)
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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 Ggg(z1,51; 22, p2) for the propagation of a
quark-gluon pair, in analogy to (16),

¥iolie) = ol / & (X 7x) Goalen iz )| . (D

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 gG system and an individual g. This is how oy, has to be interpreted and this is why one
should only take the ¢ — G nonperturbative interaction into account.

The evolution equation for the Green function of an interacting ¢G pair originating from
the parent quark at the point with longitudinal coordinate z; with initial transverse separation
p1 = 0 looks similar to (7) with the replacement € = 7 and Vy4(22, 5, &) = Ve (22,5, ). We
parameterize the quark-gluon potential in the same way as in (11) for quark-antiquark,

bi(a) 5

Relaoln i) = el -)

(54)
where b?(a) = b + 402 a (1 — a). ,

The solution of the evolution equation for the quark-gluon Green function in absence of -
absorption (Im Vi = 0) looks the same as (14) with replacement a(a) = b(a).

The following transformations go along with (16) — (27). The vertex function in (53) is
represented as, R Lo =
. xTTx=D+E -V, , ‘ G3)
then the result of integration in (53) is,

V6(F,a) =z,/(33i) [beo('r, p A+ E-8.(r, p, ,\)] , ”(56)

The functions ®o(7, p, A) and &, (7, p, ) are defined in (21) - (22). However, X is now defined -

by

25 (a)
2

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 s is related to a’p, the slope of the

A= 67
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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
Kg = omal, ~4GeV/fm. (58)
Here o = 0.25 GeV 2. Thus, the value of kg is in fact four times larger than the well known
gq string tension, k3 = 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 g dipole (such a consideration led
some authors to the conclusion that gluons are shadowed at small z 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 by and b;. '

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, gN — gGN. We assume the diffractive
amplitude to be proportional to the gluon density G(z, Q%) = z g(z, Q?) [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],

2Im Ay = Y AgcAl, (59)
c

where Ay is the amplitude of the process @ — b and a, b denote all the particles in initial
and final states respectively. In the case under discussion a = {q, N}, b= {¢,G,N}, and c
denotes either ¢; = {q, N§} or c2 = {q,G, Ng}, where N3 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 §r = 0. In this case the diffractive amplitude reads,

—n) — i izﬁ ikrp ~
Flobrar =0) = = [ S2 57 ¥a(e, 957, (60)
where kr is the transverse momentum of the radiated gluon and

50) = 5w - 6D

. 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.l. A more formal derivation based
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Figure 2: Feynman diagrams for diffractive radiation of a gluon in a quark-nucleon interaction,
gN — qGN.

on a direct calculation of Feynman diagrams and the Cutkosky rule (59) is presented in Ap-
pendix B.1.

The relation (60) is valid for any value of «. In contrast to the inclusive cross section
for gluon bremsstrahlung the diffractive cross section depends on o only via the distribution
function. ;

The amplitude (60) is normalized according to,

2

do(gN — ¢qGN) ~
= |F
The distribution for the effective mass squared, M? = k2 /a(1 — a) =~ ki /o, at g7 = 0
has the form,
do(gN — gGN) " 2
gV —q T o
T dMZdg =2r° f dk%. |F (e, kr, Gr) (63)
T gr=0 SO

0

158



which transforms in the limit M2 — oo into

2

M2 do(gN — qGN 1 =
a(q —4q ) ‘I’qG’(aaﬁ)a(p, §) 4 (64)

=—li d?
dM? dgZ 16m amo ) &7

qr=0

where 5 = MZ/€, where M2 = 1GeV2and { =zp =1 — zp ~ M?/s.

Since dissociation into large mass states is dominated by the triple-Pomeron (3P) graph the
value on the Lh.s. of (64) is the effective 3P coupling G3p(¢gN — XN) (see definition in
[46]) at gr = 0. It can be evaluated using G3p(pp — Xp) = 1.5 mb/GeV? as it follows from
measurement by the CDF Collaboration [59] (according to [61] 3 we divided the value of G3p
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 G3p even in the energy range of the CDF experiment [59].

Assuming the additive quark model (AQM) to be valid one can write,

AQM 1 N mb
GEIM(gN — XN) = 3 Gsp(NN — XN) ~ 0.5 Geve (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),
2705 (00\2 tt
AQM =22 (20 Az
GBM(aN — XN) = = (SW) ln( t§) , (66)

where t; = 5%(0)/2, t2 = t1 + 1/p3 and t3 = 2t1t2/(ty + t2). The parameters g and pg are
defined in (30). We use here a fixed value of o, = 0.6 which is an appropriate approximation
for a soft process.

Comparison of Eq. (66) with the value (65) leads to a rough evaluation of the parameter bg
of our potential (we are not sensitive to by since keep a small),

bAPM(0) = 570 MeV . (67)

Thus, a typical quark-gluon separation is ~ 1/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 — 3¢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 (|3¢)1) converts into a color-octet final state (|13q)s). There are two independent
octet |3¢q) 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 — |3¢)sGN
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 difiractive gluon
emission in NN collisions. Six additional graphs resulting from the pemlutatzon {1 =2}and
{1 = 3} have not been plotted. :

The contribution to the amplitude of the first graph in Fig. 3 reads,

f abc
\/_.

FI(NN — 3¢GN) = 222 (30)51r 7)|(39),) 5(51) 2({F, a}, iy 06) - (69)

The second and third graphs in Fig. 3 give correspondingly,

F'(NN — 3¢GN) = “:/“? ((39)s|m) 72](3)1) [&(pz)—&(ﬁ—rz>] o({7,a}, pr,ac) ;
(69) -

and

FU(NN — 3¢GN) = f,f ((3a)slry” 71(3)1) [&(ps)—am—r*s)] 2({f, a}, i, q)

)
Here {7"‘, a} (Fl, 72,73; 1 (g, 03); 7; are the positions of the quarks in the impact parameter
plane; p; = g5 — 73, where gis the position of the gluon;

O({7,a}, fi, ac[os) = UN_34({F, a}) Yao(Fi; o) ; .

3 ,7

Jfabc is the structure constant of the color group, where is the color index of the radiated
gluon, and we sum over “b” and “c”. The Gell-Mann matrices A, = 2% act on the color index
of i-th quark.

Using the relation,

Fave i 780 1Bah1 = fabe () 780 + 7 7V) [3)1 M
one can present the sum of the amplitudes F/, F™ and FIT in the form,

FO(NN — 3¢GN) = FI + FIT + p117
"'f abc

7

where 3;; = 5(p — 1) + 5(F — 7j) — 5(; — 7). The index “1” in FO(NN — 3¢GN) .
indicates that the gluon is radiated by the quark ¢; in accordance with Fig. 3. :

(7, i, 5 — 71, a6) (B0)slr® 7 Tz + 180 70 13 (3q)1) ,  (13)
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The amplitudes F(® and F(® is obviously related to F(1) by replacement 1 — 2,3. Note
that the color structure fopc 7(2) 7(3) which is not present in (73) is not independent due to the
relation,

Fabe (T(l) 7@ 412 3 4 ) T(l)) 3g)1 = 0. (74)

Thus, we are left with only two independent color structures, as was mentioned above.
The full amplitude for diffractive gluon radiation squared |F(NN — 3¢GN)|? = |[F) +
- F® 4 F®)|2 summed over all color states of the 3¢G system, reads,

2

Y |F(NN —3¢GN)| = I‘I’N—»sq({r a})| {Z ¥ e6(5i ac)l* AP ({7}, 5)
f
— Re Y ¥yc(pi, ac) Uec(pr, ac) BEO ({7}, ﬁ)} , (75)
2k
where
AV P = B+ 3% + ks, ' (76)
BYD({r}, ) = 253, 4+ T12(Z13 + B23) — T1a¥ea an

The expressions for A®), A®) and B(1:3), B(23) are obtained by simply changing the indices.
The effective triple-Pomeron coupling results from integrating (75) over phase space,

1
Gsp(NN - NX) = Tom /d2r1 d*r od*rs d?pda; doy das (7L + 72 +73)

2

X 6(1—a1—a2—a3)2
f

F(NN — 3¢GN) (78)

To evaluate Gsp(NN — NX) we use (19) for ¥,¢(p, ) and a Gaussian parameterization
for the valence quark distribution in the nucleon,

I‘I’N—>3q({r’a} l o<exp[ (Zrt )/ ch)p] ’ (79)

where (r2,), & 0.79 £ 0.03 fm? is the mean square radius of the proton [62]. At this point
one has to introduce some specific model for the o; 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, F}¥ (a1, a2, as) o« []8(a; — 1/3) which allows to continue our calculations

analytically. The details of the intezgration 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) = 570 MeV,
(estimated using the result of the additive quark model G3p(gN — X N) =~ 0.5mb/GeV?)
we arrive at Gap(NN — XN) = 2.4mb/GeV?2. This value is substantially higher than the
experimental value G3p(NN — XN) = 1.5mb/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 of Gap(NN — NX) after the contributions of the second and third graphs in Fig. 3 are
included we should use in (78)

4(0) = 650 MV . @0
With this value (66) gives,
Gap(gN — XN) =03 2~ 1g |
3p(gN — )~0~3‘§5,—2~‘5 sp(NN — XN), @1

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 y(M) N — ggG N is described by the
four diagrams depicted in Fig. 4. The first two diagrams correspond to the AQM. In this

q

=210

Z

200

Figure 4: Diagrams for the diffractive radiation of a gluon in photon-nucleon interaction,
~*N — GGN. ' ‘

approximation the forward (gr = 0) amplitude y N — (qu N reads,

FARM(yN — §qG N) = Ug,(a, 51 — f2) [F(qNﬁqGN)—F(tiNﬁciGN) »
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- = ag L\ ~ ac L\ ~
= Ygla, 1 — F2) [‘I’qc (—;,m) 5(p) - ¥4c (1 — a,pz) U(Pz)] : (82)
where p; = p— 7; (i=1,2). p, 712 are the radius-vectors of the gluon, quark and antiquark
respectively. The limit g — 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),

FN = 2GN) = Voo =) W0 (%.51) - Yoo (2. ) ]
x [a<p1)+a(pz)—3(ﬁl —52)]. ®3)

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(a) = 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 footnote!). 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 S-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,

1
=m/d2/’1d2p2da

do 2

— 3qG
d(inag) dgz F(yN — g¢GN)

(84)

gr=0

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 gg 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, = 100GeV [63]. At this
energy, however, there is no true triple-Regge region which demands s/M?2 >> 1 and M? >
1GeV?. 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 /5 = 200 GeV'
where a triple-Regge analysis taking into account four graphs was performed. The result for
the effective triple-Pomeron coupling

GI2(0) = (8.19 % 1.6 & 1.34 + 2.22) ub/GeV? (85)

should be compared with our prediction G35(0) = 9 ub/GeV2. To estimate the mean energy
for the dipole cross section 5/M? GeV? we used the mid value M2 = 250 GeV? of the
interval of M? measured in [64] which corresponds to zp = 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 Rp = 4/(r%;), po and 1/b(0). In the limit Ry > po, 1/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 R, ~ 1 fm the “additive” and “non-
additive” contributions are of the same order and the latter becomes dominant for small Ry,.
Particularly, this explains why the factorization relation,

G3p(hN — X N) ) .
sp(h N — ) vee (A1) Const , (86)
i.e. independent of h, is substantially broken. We expect,
As3p(NN - XN) = 0.025GeV~?,

Asp(tN = XN) = 0.031GeV~2,
Asp(KN - XN) = 0.042GeV~2,
Asp(YN - XN) = 0.052GeV~2. 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 kr,
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. In
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 internucleon distances, are
subject to Lorentz contraction. Therefore the nucleons are spatially well separated. However,
the longitudinal spread of partons at small & 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 §q pair leads to shadowing of sea
quarks. If two gluons fuse to a single gluon it results in shadowing of gluons. S

The same phenomenon looks quite differently in the rest frame of the nucleus, as shadowmg
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 Fy(z,Q?). 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 §g one may conclude
that the effective absorption cross section providing shadowing is 9/4 times larger than for a ggq
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 gq fluctuations with o —
0, 1. Therefore, the transverse separation of the gq pair is small ~ 1/Q? 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],

;
o4 (r7,2) ~ %= as(@) Gn(2,Q%) , (88)

~ where G (z,Q?) = z g(z, Q%) is the gluon density and Q% ~ 1/r%. Thus, we expect nearly
the same nuclear shadowing at large Q2 for the longitudinal photoabsorption cross section and

for the gluon distribution,
Uﬁ((v, QZ) ~ GA(m, Qz)

0']](7(.’17, Q2) a GN(:L'> Q2)
The estimate for nuclear shadowing for longitudinally polarized photons follows.
: 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 Ao(y*A) =
otot(y*A) — Ao(y*N) representing shadowing in the total photoabsorption cross section is
proportional to the diffractive dissociation cross section v* N — X N [33, 69], considered
above. In the lowest order in the intensity of X N interaction the shadowing correction reads,

(89

d’0(y*N — XN)
Ao(y*A) =87 Re / d’b / dM?%
( ) X dM)z( dq% 4r0
o0 o0
X / dz; / dz2 8(z2 — z1) pa(b, 1) pa(b, z2) exp [—-i qr (z2 — z1)] , (90)
-0 —o00
where Q% + M2
_ "+ My
g =% 1)

Here v is the photon energy; 23 and z, are the longitudinal coordinates of the nucleons N} and
N,, respectively, participating in the diffractive transition v* Ny — X N, and back X N, —
vy *N: 2.

The longitudinal momentum transfer (91) controls the lifetime (coherence time ¢.) of the
hadronic fluctuation of the photon, ¢, = 1/gz. 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
= |dq), |39G), ,|@g2G), .... 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/M? 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 |gg) one can write,

d?g(y*N — XN)
dM?% dg2.

87rRe/dM)2(

exp [—i qr (z2 — zl)]
qr=0

1
1 N
= ERe/d2kT0/da|F7'_"7q(kT’a)| exp[ 21/601(1 )(zz zl)]

il

1
1 ., o o o,
3 Re / d?r, d%r, / da F,;'._,qq(rg, a) Ggq(rz,zz;rl,zl)F.,*_,qq(rl,a) , (92)
0

where € was defined in (3).
The amplitudes of diffraction 4* N — X N in the transverse momentum and’ coordinate
representations are related by Fourier transform,

- 1 7 e
Fyesgo(kr, 0) = o /dzr Fyeoqe(f1, @) €577 93)
This amplitude in the coordinate representation has a factorized form,

Fys1qq(F1, @) = Wgq(T, @) 0g4(r) - %4)

Ggq(i"z, 22,71, z1) in (92) is the Green function of a free propagation of the gq pair between
points z; and zo. It is a solution of Eq. (7) without interaction.

0 (= . .= 1 /2 T =y ik (z2—2)]
qu(T2,221T1,21)———(27r)2 d*kr exp | —ikr - (f2 — 71) 2vali=a) ]’ ©5)

The bdundary condition for the Green function is,

= 6(fp —71) - | (96)i

Ggq(F27 22; Fl: zl) I

In Eq. (95) the phase shift on the distance z3 ~ 2, is controlled by the transverse momentum
squared as one could expect from Egs. (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 absorptlon of
the intermediate state X into (92) one should replace the free Green function qu(rz, 22371,21)
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.. by the solution of the Schridinger 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 § as it
is described in Section 2.1. This is important only for nuclear shadowing of transverse photons
and and low Q? longitudinal photons and is beyond the scopes of present paper. Therefore,
we skip further discussion of nuclear shadowing for the |gq) pair and switch to the next Fock
component |ggG).
For the intermediate state (44) X = §gG Eq. (92) is modified as,

d?c(y*N — XN)
2 —
87 /dMX Z I o cos(gr (22 — z1)]

= %Re/dza:z d*y, &z, d*y, /daq din(ag)

X Fl_0c(@2, 2, 09, 06) Gaoa(E2, 2, 22 81,51, 21) Fye agqa(&1, 11, g, @) {97)

where a4 and ag are the fractions of the photon light cone momentum carried by the quark and
gluon respectively. The amplitude of diffraction v* N — X N depends on the g-§ transverse
separation Z and the distance 7 from the gluon to the center of gravity of the gq pair (we switch
to these variables from the previously used py » for the sake of convenience, it simplifies the
expression for kinetic energy).

The Schrodinger equation for the Green function Gz, describing propagation of the ggG
system through a medium including interaction with the environment as well as between the
constituent has the form,

. d — - = g
o Gygc(Z2, 72, 22, %1, 41, 21)

Q agtog .. 1 . I
= {—-—-A__TA e o —— v
{ v 2vagog (%2) 2vag(l - ag) AlG) +V (@2 b2, 220 26)
X  Ggc(Z2, 2, 22; 21,1, 21) , (98)
with the boundary condition,
quc(fz,ﬁz,22;51,?71,21)|z L= 8(Z2 — %1) 6(42 — i) - 99)
2=21

The imaginary part of the potential V'(Z2, %2, 22, &g, @) in (98) is proportional to the
‘interaction cross section for the §gG system with a nucleon,

2ImV(§:‘2,i/'2,Z2, Qyq, O‘G)

1 w9 - 7 S . (o 7
(1008 (- 72557) o (5= 285 o o

The real part of this potential responsible for the nonperturbative interaction between the quarks
and gluon is discussed below.

If the potential ImV (&2, ¥2, 22, ag, ag) is a bi-linear function of & and ¥ then 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 §g Fock component of the
longitudinal photon, i.e.

: Q? > 4C (Ta) ~1GeV?, (101):

where C is the factor in Eq. (5) and (T'4) is the mean nuclear thickness function.

" As different from the case of transversely polarized pliotons which distribution function (1)
- (3) contains gq pairs with large separation (@ — 0, 1) even at large Q?, in longitudinally
polarized photons small size (~ 1/Q) gq pairs always dominate [1, 2]. This property suggest a
few simplifications for the following calculations.

1. One can neglect at large Q? the nonperturbative g interaction and use the perturbative -
photon wave function (1) — (4).

2. One can simplify the expression for the diffractive amplitude y* N — §q G N introduced
in (97) relying on smallness of the typical ggq separation |Z| ~ 1/Q in comparison with
the distance between the gg and the gluon | ~ 1/bo = 0.3 fm.

3. One can also simplify the equation (98) for the Green function G, fixing £ = 0 in the
expression (99) for the nonperturbative potential ImV (2, 7: §2, 22, aq, 0G). This leads in
(98) to a factorized dependence on variables Z and . '

As a result of these approximations and ag — 0 we arrive at,

Fyeqq6(Z, ¥, 0g,0G) = —\Ilé'q(:i', 0g) T - v Voc(i)ogc(®, (102) -
where
Yec(¥) = alérﬂo Vec(ac, ) , (103)
and 9 .
oce(r,s) = i Ogq(ry8) . (104)

As soon as we neglect the size of the color-octet §g pair, it interacts a gluon, this is why one

can replace 044 by the dipole cross section 0. The latter is larger than o, by the Casimir

factor 9/4. '
In this case the tree-body Green function factorizes to a product of two-body ones,

Gaec(F2, T2, 22; 1,91, 21) = G4g(@2, 22; %1, 21) Gaa(¥2, 22; 41, 21) (105)

where Ggq(Z2, 22; %1, 21) is the “free” Green function of the gq pair, and Gga (¥, zz;g‘l,z}l'):
describes propagation of the GG dipole which constituents interact with each other, as well as
with the nuclear medium. '

A(#2)

m +V(y2,22)] GGG(ZU2,32;?(/1;ZI)" (106) :

. d = =
i in Gcc(yz,zz;yl,zl) = [_

where ‘ o
2ImV(§, 2) = —oca(i) pa(b, 2) - (107)
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On analogy to (11) we assume the real part of the potential has a form

54 y2
ReV(§,2) = ———————
e V(¥ 2) 3vac(l—ag)’ (108)
where b ~ by.
To simplify the estimate we assume that ogg(r, s) = Cge(s) r?, where Cgg(s) =
“dogg(r,s)/dri_,.
The solution of Eq. (106) has a form,
. . _ A
Gee(¥2, 22341, 21) = 2msmh(157)
Ali2, 2 2 - 92
X exp { 2 [(y1 + y3) coth(2 Az) smh(157)| ] ° (109)
where
A \/M—Zac(l—ag)VCGGpA,
1A
i aa(l - ag) v’
Az = 20—21. ' (110)

The quark-gluon wave function in (102) has a form similar to (27),

2 e b2
\Ilqc(g')=;1/— yzyexp [——2-y2] : (111)

Now we have all the components of the amplitude (102) which we need to calculate the
nuclear shadowing correction (97). Integration in & 5 and #) 2 can be performed analytically.

d*o(y*N — XN)
8T / dM3% 2 cos(qr Az)
dM?% dg. =0
, 16aem (3 Zg)aS(Qz)Cg:G ‘
—Re / day dln(ag) R T [(1 = 2¢ = )e¢ + (23 + OEx(0)]
t . sinh(RAz) 12 2t3  tsinh(QAz) 44
x[a**t—l"<l‘$)+uwz+ Wz T W) (112)
where
{ = itzmyAz;
t = 2,
= i
u = tcosh(RAz)+sinh(RAz);
w = (1+1t2)sinh(RAz)+2tcosh(RAz) . (113)
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Figure 5: Ratio of the gluon distribution functions in nuclei (carbon, copper and lead) and
nucleons at small Bjorken x and Q? = 4 GeV'? (solid curves) and 40 GeV? (dashed curves).

The rest integration in (112) can be performed numerically. We calculated the ratio
R§ v =G a(z, Q%) /aGn(z,Q?) for the gluon distribution functions for small values of

Bjorken 107* < z < 10~" and high Q* = 10 GeV2. We found Ry almost independent of

Q? 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 z ~ 10~2. This is because the photon fluctuations containing gluons
are heavier than gq fluctuations. Correspondingly, the lifetime of such fluctuations. is shorter
(or gy, is smaller) and they need a smaller z to expose coherent effects like nuclear shadowing.
One can expect an antishadowing effect at medium z ~ 0.1 like in Fy(z, @%) which should
push the crossing point G4(z,Q?)/Gn(z,Q%) = 1 down to smaller z. 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 z < 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{gzAz) which controls
the onset of shadowing in (97), (112) is neglected in [30] assuming that z is sufficiently small.
However, nuclear shadowing for gluons does not saturate even at very small z because of
the 1/M? form of the mass dependence of diffractive radiation of gluons (triple-Pomeron
diffraction). The smaller the z = Q2/2myv is, the higher masses are allowed by the nuclear
form factor (g1 = (@2 + M?2)/2v < 1/R,) to contribute to the shadowing.

Our results also show that R /n steeply decreases down to small z 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 0455 < 00t 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 of unitarity 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 z.

Note that quite a strong nuclear suppression for gluons GA(z, Q%) /GN (z, Q2) <
Ff(z,Q%)/F) (x,Q?) 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 o5. 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
Q?, 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 H1 [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 z = 1073 and Q? = 4GeV? we expect G4/AGy ~ 0.9,
while a much stronger suppression G4/AGn =~ 0.6 [27], even G4 /AGN =~ 0.3 [29, 30] was
predicted for A ~ 200 at Q? =4GeV2.

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
Q?, 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 z. 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
Q?) 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 of nuclear 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 z; for soft gluons.

Let us model this situation in eigenstate representation with two Fock states for the projectile
hadron,

|h) =1 -w) |k} +wlh)e, (114)

where |h), and |h)¢ 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 o, and o¢ 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],

ol =g, +wAc, (115)

where Ao = og — oy, and

13 s { [ (420)] o o (370 o )]

(115)
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, ;

Calz,b) _ T())
Gn(z,b)  TE) -

‘(117‘)‘ :

Thus, nuclear shadowing for soft gluons can be evaluated comparing the total cross sectlon
(116) with the modified Glauber approximation, o

ot =2 / % [1 - exp( 5 b T(b))] (118)
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Expanding both expressions in small parameters Ao T and o, AT, where AT(b) = T'(b) —
T(b), (they are indeed small even for heavy nuclei) we get,

w4(Ah¢va) T2(b) [1 _1 AcT(b) +O((AJT)2)] : (119)

tot

AT(b) =

s We left here only the leading terms and omltted for the sake of simplicity the terms containing
~higher powers of w.

According to relation (A. 10) w (Ao‘)2 /16 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,

(Ad)

tot

2
=167 Asp(hN — XN)In (AA;’;““‘) ; (120)

min

Oeff =

~ where M2,, ~ 2+/3s/(my Ra) is the upper cut off for the diffractive mass spectrum im-
posed by the the nuclear formfactor. The bottom cut off depends on M2-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 Mmm is quite small. We fix My,,;, =2GeV.

Within an approximate Regge factorization scheme Asp(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 v

Data on diffractive reaction pp — p X 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 Azp varies from 0.075GeV 2 at medium high energies to 0.025GeV~2 at
Tevatron energy (see (87)). Correspondingly, the effective cross section for A = 200 ranges as
Oegs = 3.5 — 5.5mb. This is an order of magnitude smaller than the value used in [30] at high
Q2. 1t is very improbable that . can grow (so much!) with Q2.

1t 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])

Gale) _ . _ It °°dM§<7 7’ o _
m =1 87!' A3P(I7p - pX) Re d“b . M}"( le de 6(22 - Zl)
Mizniﬂ > )
_ 1. 7 |
X pals,51) pa( ) exp i s (22 = 20)| exp = o [ d2a(5,2)] (121

Z1

where o5, = Ao, and we exponentiated the express1on 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 < z;) and final (z > z3) 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 o445 = Ao in intermediate state (zl > z > 23) is much smaller than am and
is related to the amplitude of diffractive gluon radiation (see (A.10)). One can estimate o p,
assuming Regge factorization. In this case oz 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 gz — 0. This needs
Oabs = Oejf, as wWas actually guessed in [30].

However, the discussion following Eq. (42) shows that aﬁer it is averaged over the quark-
gluon separation the absorptive cross section gains an extra factor, oaps = 1.5 0fy.

We performed numerical estimates for A = 200, 64 and 12 assuming a constant nuclear
density pA(r) po O(Ra — 1) with pg = 0.157 fm~3 and R4 = 1.15 A1/3 fm. In this case
integration in (121) can be performed analytically and the result reads,

Ga(z) 1 3 v
Aeh@ =~ SPGB m,n){[3‘5”2+“3‘3(“”)6 ]

x [ln (mNRA( inm"m?v)) —'y] + [3-— ;vz +v3] [’y—{-lnv—Ei(—v)]

+ [gvz——lzl+ (11 +2v v2) e—v]} . (122)
where v =3 5 Oeff po R4, v = 0.5772 is the Euler constant, and Fi(z) is the integral exponen-
tial functlon The value of z can be evaluated as z = 4 (k?) /s, where (k?) ~ 1/b2 is the mean -
transverse momentum squared in the quark—gluon system. *

The results of numerical calculations with Eq. (122) for gluon shadowmg are deplcted in-
Fig. 6 by thin solid curves for lead, copper and carbon (from bottom to top) as function of
z. 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 formabsm i
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,yy, 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 gg
fluctuation of a photon. For this reason one can neglect in (49) the interference between the.
amplitudes of gluon radiation by the ¢ and g. Since the gluon contribution to the cross section’
corresponds to the difference between total cross sections for |§gG) and |Gg) 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 diffraction 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
ot = / deg / d*b P(ag,b) , C(123)
ag
where
- T . 2
Plag,b) = /dsz(b,z)/dzrl\Ilqc(r,ac)l oca(r,s)
- %Re / dz1 dz2 (22 — z1) pa(b, z1) pa(d, zz)/dzrl d?ry 124)

x  Via(f2,ac)oca(rz, 8) Goc(fa, 22,71, 21) oca (T, ) Yea (P, ac) -

Here the energy and Bjorken z are related as s = 2mpyv = 4b3/z. The explicit solution for
the Green function Ggg (72, 22;71,21) in the case of oge(r,s) = Cge(s)r? and a constant
nuclear density is given by Eq. (65). Note that the 72 approximation for the dipole cross section
is justified by the small value of (r?) = 1/b3 =~ 0.1 fm?.

Integrations in (124) can be performed analytically,

P(ag,b) = %Re In(W) , (125)
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where
A%+ b3
S A

Az=2,/R -12. (127)

We use here the same notations as in Egs. (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 z < 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 @ = 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 gq pair is squeezed to a size ~ 1/Q much smaller than the transverse separation between
the gluon and the §g. On the contrary, radiation of soft gluons is dominated by configurations
with a distant g and § surrounded by small gluon clouds. The fact that shadowing appears to
be the same is a result of existence of the semihard scale b2 (which should be compared with

2 15 < Q?/4). At larger virtualities shadowing decreases as one can see from comparison of
Q? = 4GeV? with 16 GeV? in Fig. 5.

w - ch(NAz) + sh(QAz), (126)

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 (ag < 1) reads [36],

d(lnai‘;dquv = 3 (2 B /d2r1 d*ry \Iqu(rl,ag) ¥o6 (2, ac) exp [z kr(7 — rz)]

X

[aac(rl) +oge(re) — oca(ty — 1'2)] . (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 dxstnbutlon function including nonperturbatlve effects we get,

” e das . 0 (.2 , .2 e
\IIqG(rl, ac) ‘I’qG(’I‘z, a(;') = W Ty -T2€Xp [— 7 (’I‘1 + ’I‘2) . (129)

The cross section ogg(r) in (128) has the form (104).
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We performed calculations for-the transverse momentim distribution of gluons for two
parameterizations of the dipole cross section,
_ (I) one which is given by (30) which is constant at p* > p3. For the sake of convenience we

‘change the notation here, 52 = 2/p2 = 0.125GeV —2

- (II) the dipole approximation (5) with C' = gq s2/2. Only this parameterization is used for
‘nuclear targets because it allows to perform 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,

da}v _3a,00
d(lnag) d2k/1' w2 F(kT b (130)

where

F(K2, b2, s )—2k291(91 20,)
+ 413 [El(zk%z)—in(zi%— )+Ex(-’%zz)] (131)

k2
2 = l-—exp b2 )
0

Q = 1—exp[—i—];

2 (B + s2)
b2 b2
T Ry2 TRtz

- 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 form,

034(r) = 00 5% — d [1 — exp (-—l s r2)] . (132)
ds? 2 32=0
Then the differential cross section reads,
‘ dol% _Bas008% 12 43 o
d(lnag) 2kr =~ w2 Fi(k1,b5,5%) , (133)
where
d
2 2 2 po - 2 2 2
Fl(kT’boys ds2 F(kT,bo,s o
= A% — A1 A2+ % Ag ; 134
1 ’ 1 k2
e e o)
Kz K 202

1 K2,
Ao = goo (‘afg) '
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-The results of calculations for variants I and II are depicted in Flg 7 by solid and dashed
curves respectwely
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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 I
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 full 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-, 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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 NA50 experiment at CERN SPS. The found strong suppression of gluon bremsstrahlung by the
nonperturbative interaction relevant only to small o < 1. However, it may substantially reduce
. the influence of prompt gluons on charmomum production if is important at large o as well.
This is to be checked.

3.3.2 Nuclear targets
In the case of nuclear targets Eq. (128) holds, but og¢/(r) has the form,

oha(r) =2 / d’B {1 —exp [— g 04q(T) T(B)] } , (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,

dafl 8a, 2 2
d(nag) @k 372 / d*BF(k,5,5%(B)), (136)
where
S*(B) = —aos >T(B) . (137)

For numerical calculations we use the approximation of constant nuclear density, pa(r) =
34/(4wR3)©(R4 — 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 kr 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 kr.

This manifestation of the nonperturbative interaction implies that gluon saturation whlch
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 k7.

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 g 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 gq pairs.
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Figure 8: The differential cross section per bound nucleon of soft glﬁon bremsstrahlung in
quark-copper collisions. The solid and dashed curves correspond to calculations with and
without the nonperturbatlve effects respectzvely

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 resuits as
direct calculations of Feynman diagrams. Both approaches lead to the same diffractive cross
section which in the limit of perturbative QCD coincides with the result of a recent calculation”
[19] for the process 'y*N ~— qqG'N. We conclude that the prekus analogous calculatlons [18]
are incorrect. R

We adjusted the quark-gluon potentlal to data for the diffractive reaction pp — X p which -
have the best accuracy and cover the largest range of energies and masses. We predicted thei :
single diffractive cross sections for pions, kaons and photons and find a substantial violation of
‘Regge factorization. E
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Figure 9: The same as in Fig. 8, but for a lead target.

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 §gG 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 = 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 GeV2. Such a scale invariance
at low and medium high virtualities is a consequence of the strong nonperturbatwe interaction
of gluons which introduces a semihard scale ~ 4 62 = 1.7 GeV2.

7 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 kr 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 concemn the gluons radiated with ac — 0, it might also suppress gluon bremsstrafifung’
at larger a which is predicted-[78] to conmbute to the break up of charmonia produced in"
relativistic heavy ion collisions.

This effect is especially strong for nuclear targets where the nonperturbative interaction of
radiated gluons creates a forward minimum inthe 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”
calculations presented in Figs. 8, 9 include both phenomena. ;

Nuclear shadowing for small transverse momenta of the radiated gluonsis the same effect !
as the saturation of parton densities at small z 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

Al vGeneral 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 |k) {74, 83],

Iy =3 CkIk), | A1)
' k
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where C}! are the amplitudes for the decomposition which obey the orthogonality conditions,

> () et = dus

k

Yt = . | (A2)
h

We denote by fi = i0%/2 the eigenvalues of the elastic amplitude operator f. We as-
sume that the amplitude is integrated over impact parameter, i.e. that the forward scattering
elastic amplitude is normalized as |fx|? = 47 doy /dt|;—0. We can then express the hadronic
amplitudes, the elastic fe;(hh) and off diagonal diffractive fy4(hh’) amplitudes as,

fa(hh) =2i 3 |CE|® 0k = 26 (o) ; (A3)
k

faa(hh') =2 (CF) CLox . (A4)
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 fi are identical
the interaction does not affect the coherence between the different eigen components |k) of the
projectile hadron |k). Therefore, off diagonal transitions are possible only due to differences
between the fi’s. For instance, in the two channel case,

faa(hh') = 2i (C})! CF (01— o) - A3)

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],

-Yietta- (Tlaf n) seh-=0r, 0

This formlil_a is valid only for the total (forWard) diffractive cross section and cannot be used
for exclusive channels. . .

h
da'dd

167
T dt

t=0

A.2 Diffractive excitation of a quark, g — qG

In this case we can restrict ourselves to the first two Fock components of the qua:k, a.
bare quark |g) and |¢G). Therefore, we can use Eq. (A.5). Thus, we arrive at the following -
expression for the forward amplitude of diffractive dlssocmtlon into a gG pair with transverse -
separation g, ‘

faa(g — ¢G) =i¥qc(a, p) [UqG(P) - Uq] . (A 7)
. qr=0 L

Both cross sections, o4¢ and oy are infra-red divergent, but this d1vergence is obvlously the :

same and cancels in (A.7).

~ To regulate the divergence we can introduce a small gluon mass me, which will not enter
“the final result, and impose that for separations r > 1/m¢ the dipole cross section is given by
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the additive quark limit, o44(r > 1/mg) = 20,. To find the convergent part of g,c(p) — g,
we can make use of Eq. (47). Let us choose in (47) ry <« 1/mg and r2 > 1/mg. Then the
Lh.s. of (47) saturates at oq + 04c(r1). Here o,c(r1) is different from oy due to the color
dipole moment of the ¢G system, i.e. due to r; # 0. Then (47) is modified to,

‘ 9 2
oq+04c(r1) = 3 {aqq(n) +20q} —5%:- (A.8)
From this relation we obtain the combination of cross sections at the zA.s. of Eq. (A 7) which

takes the form,

failg — qG) =1 ¥yc(e, p) 3 qu(P) . A9

. qr=0
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 gq pair

The diffractive amplitude of gluon radiation by a gq pair, §¢ — §¢G, can be easily derived
in this approach. We restrict ourselves to two Fock components |gq) and |§gG). Then the dis-
tribution amplitudes C}* get the meaning of distribution functions for these Fock states, namely
W gq(F1 — 72, @) and ¥ gq(F1, P2, @, ac), Where the transverse coordinates are defined in (82).
Summation over k in (A.1) — (A.4) now means integration over the transverse separations and
summation over the Fock components. According to (A.4) - (A.5) the diffractive amplitude
faa(3q — qG) reads,

 faa(2g — 39G) = 2/112/71 d>p2 ¥g46(P1, P2, @, 0G) [0Gge(B1, F2) — 034(P1 — 2)] -
- (A.10)
Here we make use of the obv10us relation C%(7) = §(7). The total cross sections for the two
Fock components gq and Gggq are introduced in (9) and (47).

The distribution amplitude for the G@q fluctuation in the limit of g — 0 is easﬂy guessed.
Indeed, in this limit the impact parameters of the g and § are not affected by gluon radiation.
Therefore, the ¥4, should be a product of the gg distribution function in the projectile hadron
(photon) times the sum of the gluon distribution amplitudes corresponding to radiation of the
gluon by g or g,

- - - - - O Y ¢ 7
\Iltqu(php%a; aG) = ‘I’ﬁq(pl - P2,a) [\Iqu (Pl, _—G') - ‘I’qG (sz T:_G—a)] ’ (A'll)

where ¥4, and V¢ 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 (§) + p2) in (A. 10) the amplitude of diffractive gluon radiation
turns out to be proportional to the difference Ao () — p2) between the cross sections of the
colorless systems Ggg and §q. 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 — §qG N.
At first glance presence of a third channel, the photon, may change the situation and gluon
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radiation amplitude may not be proportional to Ag. This is not true, however, since the
relative weights of the gg-and §gG components of the photon are the same as above as soon as
they are generated perturbatively.

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 (Ac)?, 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
gqG by gy,

faa(g — ¢v*) =1 Ugy(a, p) I:aq - aq] =0. (A.12)
qr=0
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 w1thout 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 —->qGN

For the example of diffractive excitation of a quark
gN =¢GN, . @B

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.1): kr and B Pr are the transverse
momenta of the final gluon and quark resgectxvely, « is the fraction of the initial light-cone
momentum carried by the gluon; ¢r = kr + pT is the total transverse momentum of the .
final quark and gluon and By = (1 — a)k/r apr appears further on, when the transverse'_"
separations g = b+ (1 - a)f and 7, = b+ op are inserted: kr-fo+pr- 7y = (kr +pT)
b+ ((1 —a)kr + apT) b

We normalize the amplitude of (B.1) according to

dU(qN—»qGN) _ l

2
([.l,ll) e 2
dlnadzﬁ'/]‘ dqu E IAS »(vqTih"Ta a)

pnu,s
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1 o - o
= § Z'I‘I' [AI (qT:K'T,a) A, (QTanTaa)] ’ (BZ)
s

where X
AP = () A,q”, (B.3)

- and g™ 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.1). Then one can apply the generalized optical theorem (Cutkosky
rules [58)),

Ala—b)= % S At da— o). B.4)

here 3 includes not only a sum over intermediate channels, but also an integration over the

[+4
intermediate particle momenta.
To simplify the problem we switch to the impact parameter representation,

AL 1 r N — .- 1 o~ =y
A(b,p) = -(27)2- /dzq d’kr A(gr, Rr) exp (—z Grb— znTp) . (B.5)

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 a,, for the sake of clarity, and
generalization is straightforward. In this case and for a = {gN}, b = {¢GN} only two
intermediate states are possible in (B.4): ¢1 = {¢ N3} and ¢, = {¢ G N§}, where N§ = |3g)s
is the octet color state of the 3g system produced when the nucleon absorbs the exchanged
gluon.

One should sum in (B.4) over all excitations f of the Nj,

AfaN —qGN) = Y [AlGGN — aNg) AN — aN3)
!

+ Y Al,(¢GN — qGNg) Ay(gN — qGNg)] . (B6)
3'
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.A.s of (B.6)
and present only the results.

A(gN — qN3) =17 <f

W@l ®.7)

Afs(qN_' qGNg) = [Ta’ Tr <f '71'(51)|7'> — TrTs <f ")",.((-)‘2)|1>
= iy (£ |3 (B)| )] ? Vyo(e7) ; (B3)

187



AeCN - qN7) = [rom (f &T(Bnlz')-rsn( 7|3 @)| )
ooty (£ 3 59)] )] 2 Wl (B9)
Au (40N = 0ONg) = by 77 (f [ Ba)|6) i fowr (F[e)]i) . B10)

Here by = b; b =b—a p are the impact parameters of the projectile and ejectile quarks in
reaction (B.1), respectively; by =b+ 1- a) g is the’ 1mpact parameter of the radiated gluon;
p'is the transverse separation inside the ¢G system, and b is the distance from its center of
gravity to the nucleon target; ¥,c(c, p) is the distribution function for the ¢G pair; A, = 27,
are the Gell-Mann matrices; f,, is the structure constant for the SU(3) group. The matrices
4(bx), (k =1,2,3) are the operators in coordinate and color space for the target quarks,

. |
Folbe) => TP (b~ 5), - (®.11)
= , |
w1 2 a,(q)exp(iq’Tﬁ) :
x(B) =5 [ g DRI ®.12)

where 5; is the transverse distance between the j-th valence quark of the target nucleon and its-

center of gravity; the matrices 7, {9 act on the color indices of this quark. The matrix elements
(£ |5+ (bx)|i) between the initial i = N and final f = N 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,

"~ i N - e d - d .

As(qN - qGN) = 5 {Ts Ty Ty l@rr'(bl: bl) — Ty Ts Ty’ I<I)rr' (b2; bl)
+ @ frsp Tp Tr I‘I)rr' (53, gl) + Tr Ts Tyt |¢rr’ (gla 32)
= TgTr Ty |‘I)rr’(52782) - ifrsp Tp Tyt Iq)rr'(g2;53)

.= 1 fsaty [Ts' Ty |q>rr'(gla83) — Ty Tg! |‘I)rr’(52a63)

. Ly V3 |
- zfs’r’p‘rp ¢7‘7j’(b.':hb.'3)]} X T \I’qG(a:ﬁ) ’ (B13) :

- (Bk, gl) = Z <1
v

We sum in (B.13) over all excitations of the two color octet states of the 3¢ system. To
have a complete set of states we have to include also color singlet and decuplet |3q) 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,

where

w(®)| ) (f

w®|i) . B14)

O (gka El) = <z

e B Yo (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,

@ . 74" - Jm G =3)
<T’ r >|3q>1 { w0 (G #5) ®.16)
. Then, Eq. (B.15) can be represented as,

- 3 I
q)rr'(bk,bl) = Z Orpps S(bkybl) ’ (B.17)

~ where S(by, by) is a scalar function of two vector variables,

S(br,br) = g /d{s} [Z x(bx — ) x(Bi — §5) — 5 Z x(bx — 55) x(br — 5y )] |@34({s})I?

J#J
(B.18)
This function is directly related to the gq dipole cross section (5),

oralfi =) = [ 0 [SE+ .5+ ) + B+ 7B+ )~ 256+ B+ )]
(B.19)
Accordmg to (B.17) and (B.18) the function ‘I>(bk, by) is symmetnc under the replacement
by = by Therefore, the terms proportional to <I>(b1, b2) and ®(By, by ) in (B.13) cancel, as well
as the terms proportlonal to ®(by, bs) and (b3, b;). At the same time, the terms proportional
to ®(by, b3) and (b3, by) add up.

Making use of the relations,
‘ w1y = 4/3
fsstr farrp = 30sp
—ifrapTpTr = ;Ts ) (B-20)

we arrive at the final result for the amplitude of diffractive dissociation of a quark (¢ N —
g¢G N) in impact parameter representation,

AGpa) = ’31;/_ —— {% [561,52) — 5(62,52)]
+ 3 [S(u,B) - S(Ba,Ba)] } - (B21)

The diffraction amplitude in momentum representation reads,
Ay(Gr,Rr,a) = (2 E /dzbdsz (b, 7, @) exp (z Grb+1i K,Tp) . (B.22)

Using (B.19) and the above mentioned symmetry of S(gy,p2) we obtain a very simple
expression for the forward (gr = 0) diffraction amphtude which is related to the dipole cross

section,
o (0 - ) 1,9‘/— / 2 I G’( _ (—)eik':rﬁ. 23)
As(0,Rr, @ 32 (271')2 Ts [ d°p q a,p)qu P B
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Eventually, the forward diffractive dissociation cross section of a quark reads,

d&

= L e ST A0, B o) A0 R
d(ln o) &2qr = 3 / d KT;TrAs(OaKT,a)As(O,NT,a)

= o | #

We should emphasize that all above calculations are done for an arbitrary a.

gr=0

2
ool ) 3 0P| - ®24)

B.2 Diffractive gluon radiation by a gq pair

Gluon radiation is an 1mportant contribution to the dlffractlve dissociation of a (virtual)
photon
¥*N —->qgqGN . (B.25)

In analogy to the previous section we make use of the generalized unitarity relation,
2 - - 1 X (= = Al % L *
As(Y'N = @GN) = 5 > [As(quN — @aNg) A(y*N — qqNg)
f
+ Y A (8GN — §aGN3) Ay (y*N — §aGNg )] ,(B.26)
o8 ) , ) . ] e e o
where the amplitudes are defined as follows,

A ®0)|6) + 7 (£ ]3®)] )] 2aelBr ~a) ) s ®27)

'7r(b1)' > <

AN - qang) = [ (7

Ay(y*N — GqN3) = 1\/_ fotrp {Tp [<f

30(8)|1)| Tec(p)

+ 7 [ ppeBa)| i)~ (1 %<b3)|z>] Vo) } VglP— 2,0) lda)y 5 (B28)
AoV - 1) = -2 (o (s 3(B)| 1) = (£ 38| 1)) Tac()
+ 5 [(f 7,(b2)|> (‘ %(83)|i>] ‘I’qc(ﬁz)}; (829)
Aw (@GN — 2GN;) = 7 (f w(bl)l )6,3'+rr (£ [3@2)] i) b
+ifur (@8 @30

Here by = b+, b2 = b+, bs = b+ pare the lmpact parameters of the quark, anthua:k andt-
gluon respectively; b is the photon impact parameter; ph,2 = p — 71,2; g, and |Gg) are spatlal o
‘and color parts of the gg-component of the photon wave function, respectively. The matrices
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Tr = Ar/2 and 7, = A7/2 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 |gg) leads to the relation,

(7w +7) lgg) =0. (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(')"N — §gGN) = 1‘3\/—

{ (i Forp o e+ 7075] [3(B0,B1) = (B, )
i forp [rp e + 7o 5] [5(61,82) — 5(53, )]

+fsstr forep Tp [3(53731) - 5(53,33)]) Poc(h1)

+ (i Forp o Tr + 7 T [s(l?z, b2) — s(ba, 33)]

+1 fsrp [’fp Tr+ 7r 'T'p] [S(BZai;l) - 3(53’ El)]

+ Sorr forp Ty [5(Bs,B2) = 5(53, )] ) oc(B2)} 100); Wao(Br - 2y r) , B32)

. where we made use of the completeness condition, 3 7 I{fl =1 (see Appendix B.1).

In order to simplify Eq. (B.32) we apply a few relations as follows. Since forp = — fopr
~ we find

S forp [rp T + 7r ] = forp [ r + 7 Tp] = 0. (B33)
Then, relying on the condition (B.31) we find,
(TpTr +7r7p) |T@), = 277 ld0),
= —277 |39), ; B34)
(Tprr+7rTp) |0a), = 277 ldg),
= =277 |‘7‘I>1 . (B.35)
We also use the relations
. 3
4 fsrp TpTr = 5 Ts
. _ - 3 _
"'farprTr = 57'3;
fss'r fs’rp = 36.91) ’ (B36)

~ and the symmetry condition, s(bx,b) = s(b1, bx), and eventually arrive at a modified form of
Eq. (B.32)

9f

fis('Y*N — gqGN) [7s qG(Pl) + 75 qG(Pz)] |‘IQ)1 qq(ﬁl - p2,a)

[s(bz,bs) +5(0,8) = s(bu,B) — sBaba)] . @37)

X
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The last factor in square brackets can be represented as,
P(B1, B2 B5) = 5(Ba, ) + 5(B1, ) — 5(B1, B2) — s(bs, bs)
{[5051,81) + (B2, B2) — 2561, B2)] — [5(B2, Ba) + 5(Bs, bs) — 282, )|
' - [5(51, B1) + s(Bs, b3) — 2 s(By, 63)] } . (B39

L
2

Then, the forward diffraction amplitude (gr = 0) in impact parameter representation has the
form,

% /dzb/is(gaﬁlﬁé)
= —ﬁ X(p1, ) [\/— 7s Yoc(P1) + i—7'3 qa(pz)] |3a), Ygq(P1 — P2, )(B.39)

where 3(p1, p2) is introduced in (73).
From (B.39) one easily gets the forward diffractive cross section,

do(y*N — GqGN)
d(ln ac) qu

‘I’l?q (ﬁl - /-;21 a)

1 .
=0 = ———(471_)2/d2p1d2p2da

ag—0
2

X

(B.40)

[‘I’qc(ﬁl) - ‘I’qa(ﬁz)] %(p1, P2)

B.3 Diffractive photon radiation, g NV — yqN

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,

. i . R .
AN —qN) = 53 [Af(qu — gNg) A(gN — gN3)
7

+ AN(gyN — eyNg) AaN — ¢v3)] @1
turns out to me much simpler.

AN - aNg) =1, (f

5 )|4) ; ®2)

A(qYN — qyN3) =17 <f

3(B2)| ) ; ®3),

A(gN — qyN3) A(gYN — qyN3)

7 [{£ |3-B0)| i) - (1
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Here by = b, b, =b—a p are the impact parameters of the quark before and after radiation

of the photon; g is the transverse separation between the quark and photon in the final state;

and « is the fraction of the quark light cone momentum carried away by the photon. ¥4 (g, &)

~ is the distribution function for the ¢y fluctuation of the quark. The initial, |4), and final, |f),

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.1) we get,

. i . - . .. ..
A(gN — qYN) = 5 {Tr Tyr [‘I’rr'(bl,bl) — O, (b1, b2) + Bprr (b2, 01) — ‘I’rr'(bz,bz)]}

(B.5)
Here the functions ®,,+(bx,b;) are defined in Appendix B.1 Then, the amplitude in impact
parameter representation reads,

AG.p) = % [5(61,51) — s(Ba, )] = % [sG.5-sG-easb-ap) . @6

After Fourier transform to the momentum representation we get for the forward diffractive
* amplitude of photon radiation,

- 1 co i N Ay o
AT Rr)lgp=0 = (27?)—2 /dzbdzpexp igrb+iRkr p) A(gr, Rr) =0. (B7)

qr=0

' Thus, the direct calculation of Feynman diagrams confirms our previous conclusion (Appendix
7. Ad)thata quark does not diffractively emit electromagnetic radiation if the momentum transfer
* with the target is zero (as dlfferent 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 oc ®; which has the form (27). Bi-linear combinations of this
wave function averaged over final polarizations can be represented as follows,

, 1T
R i ©p
b()? .
(o o] [o o]
Bi(Fa) @) = PPk du dt e~tPi—uel (C2)
lp‘H 1pk - (27")2 . .

¥ (a)/2  b2(a)/2

This together with (30) and (79) allows to integrate analytically over the coordinates of the
" quarks and the gluon in (78). Finally integrating over ¢ and u we arrive at,

Gap(NN — XN) = ¢ = s (9 00)2 [Fl(x, 2) - Fy(z, z")] : €3)
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where z = b%(0)p8, z = 2y = 2(r?),/p}, and

F(z,7) = In [M] +2slln[(z+1)(x+sl)]

z(z +2) z(1 +z + 51)
+ _2_32 [2ln<slz+sz)_ln(x+252)]
3 8 T
4 goae [oln (BEERM) _p (2E2)] (C4)
3 s T :
Here
51 = 1 52 = 1 s3 = 2
1 1+Z, 2 1+2Z’ 3—2+z’
2 4
S84 2132 S5 = (C.S)
<Pl Z)=§“‘:g(z) [ 5()1(4) ] 6
L BE)  L8() () - B
where
i= g=2/3 B=1/z+2 y=6=z/2+0
i=2 g=2 . B=1/z+1 y=d=2z/2+p
i=3 g=-10/3 B=1/z+1 d=z/2+8 y=6+1
i=4 g=1 B=1/z y=8=z/2+p
i= g=—4 B=1/z §=z/24p y=6+1
i=6 g=>5/3 B=1/z+2 y=6=z/2+0+1
i=7 g=2 B=1/z d=z/2+p y=64+2
i= g=84/3 B=1/z+1/2 y=0=z/2+p
i=9 g=-285/3 [B=1/z+35/4 d=z/2+p y=6+1
i=10  g=2s/3 pf=1/z+1+3s5/4 vy=6=z/2+0
i=11 . g=—34/3 B=1/z—34/2 vy=0=z/2+4+P+ s
i=12 g=-2s5/3 B=1/z+1—35/4 y=6=z/2+B+35/2
i=13 g=-235/3 B=1/z—35/4 §=x/2+B+s5/2 y=6+1
i=14 g=234/3 B=1/z d=z/2+8+1/2 vy=1z/24 0+ s4/2.
%))

The effective triple-Pomeron coupling G3p(MN — X N) for diffractive dissociation of a
meson M can be calculated in a similar way assuming a Gaussian shape of the quark wave
function of the meson,

1 _2/p2
rr—g (P = gz €/, (&)

where R? = 8(r%,).1/3. The triple-Pomeron coupling is smaller by a factor 2/3 (different
number of valence quarks) and has a form similar to (C.3), ‘

Gap(MN — XN) = 7725 (900) [P o) - M|, €9

but zps = R?/p} # zn and the functions F{} are dlfferent too. The expression for FM (z, z)
results from Fj (z, z) via the replacement s3 — 1, s4 — s2 and z — 2. ‘
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« The expression for Fo(x, zp) follows from Fy(x, z) after moderate modifications in (C.7):
g(1) =1, g(3) = —4, g(6) =2, all g(i) =0 for i > 8 and z — zp-

' 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,

1/a?(a)

- 2 Oem N E 2?2 dR? 1 —r2/R2 -
(e = Smg st [ (e ) L oy

Then, the effective coupling G3p(yN — X N) takes a form similar to (C.3) and (C.9),

20emas N Y 22 (9

2
Gar(ol¥ — XN) = 2t B (200 ) [z - Hlmz)| - €an

where z, = [a®(a) p2]™! and
2y
dv .
Flo(x,29) = / TF%(:E., v) . (C.12)
0
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Abstract

Recent data from RHIC for high-pr hadrons in gold-gold collisions raised again the long
standing problem of quantitatively understanding the Cronin effect, i.e. nuclear enhance-
ment of high-pr 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-pr 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-pr 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 [1] that high-pr hadrons are not suppressed in proton-
nucleus collisions, but produced copiously. This effect named after James Cronin demonstrates
that bound nucleons cooperate producing high-pr particles. Indeed, it has been soon realized
that multiple interactions which have a steeper than linear A-dependence lead to the observed
enbancement. An adequate interpretation of the Cronin effect has become especially important
recently in connection with data from RHIC for high-pr 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

le= V8

" mykr

)
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where k7 is the transverse momentum of the parton produced at mid rapidity and then hadroniz-
ing into the detected hadron with transverse momentum pr.

For a coherence length which is shorter than the typical internucleon 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 R4, 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 z overlap and are no longer associated with any individual nucleon.
Small z corresponds to a long I, ~ 1/(zmy). Again, factorization applies, but the nuclear
parton distribution is modified. The mean transverse momentum of gluons increase [8) since
their density saturates at small k7 [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 T4(b) = ff°°o dz pa(2) (the nuclear density integrated along the parton
trajectory at impact parameter b) has the form [11],

dN. i K (-7 o
d2k;~ = /d2r1d2r2ek’“(‘ 2) 08 (7, 72)

% 3 Oaq(F1—F2,2) Ta(b) )

Here QF (1,73) is the density matrix describing the impact parameter distribution of the quark
in the incident hadron,

k2 '
Qf,(71,7) = <—7;’>e-%<’?+’3><’“3> : )

where (k2) is the mean value of the parton primordial transverse momentum squared.

The central ingredient of Eq. (2) is the phenomenological cross section agfl (rr,z) for the
interaction of a nucleon with a gg dipole of transverse separation r at Bjorken z. In what
follows we use the simple parametrization [12]

0g4q(rT,T) = 00 [1 —e i Qf(x)] , @

the parameters of which were fixed by DIS data: Q,(z) = 1GeV x (zo/z)*? and 0¢ =
23.03mb; X = 0.288; o = 3.04 - 104,

Note that the k7 distribution of quarks from a single g— N scattering process is not singular
at kr — 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 Q,(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 o, = %Jé\g.

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 AE to a mean value corresponding to the
mean path length calculated in [15] and a rate of energy loss dE/dz = —2.5GeV/ fm.

For the cross section of pA — hX at high pr we use the standard convolution expression
based on QCD factorization [17],

ol ¥ (pr) = " Fyyp ® Fjju ® Gijrs ® Dayi )
ikl

where F;;,, and F;, 4 are the distributions of parton species 4, j in Bjorken z1 2 and transverse
momentum in the colliding proton and nucleus respectively. However, to describe the nonfac-
torizable multiple interactions the beam parton distribution F” is modified by by the transverse
momentum broadening Eq. (2) and by shifting z; to &, = x1 +AE /(z1Ep). For (k3) 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, F}, 4, is unchanged compared to a free nucleon, except at
large xo 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
- mg = 0.8GeV and my = 0.2 GeV 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, Dy 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. Ry, g.(pT)
is the ratio of the tungsten and beryllium cross sections at 200 — 400 GeV [22] and 800 GeV
- [23] as function of pr. '

Long coherence length. In the limit of I; > R4 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 2o < 1,

d PR (pr) = Fup ® 9(GA — G1G2X) @ Dy, - (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 lr)eryllium‘
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 — G1G2X)

d%prdy, - / d2b/ Eridiry P

X Ueg(f1, 0)¥ee(T2, @) [1 — ¢~ 5o (maTA)

_ e-%”évc(rzyz)TA(b) +e—%0§’c(Fl—Fz,z)TA(b)] . N i

Here a = p4(G1)/p+(G) is the momentum fraction of the radiated gluon; oll,(r, ) is the
dipole cross section for a three-gluon colorless system, where 7 is the transverse separation of
the final gluons G and Gj. It can be expressed in terms of the usual g dipole cross sections, = :

o(r) = 3 {o0a(r) + oag(r) + ogql(1 ~ )]} . ®
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The light-cone wave function of the Gy — G2 Fock component of the incoming gluon
including the nonperturbative interaction of the gluons reads [20],

V8o,

. 2 - .
Veo(fa) = exp [__2?} [a(e1 <€) (e - 7)
0

Tre’
+ (1-a)E 8@ M- a(l - )& - E)E)
&)

where rg = 0.3 fim 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, &, and summed over the final ones, €} 5.

Expression (7) with the exponentials expanded to first order in the nuclear thickness also
provides the cross section for gluon radiation in pp collisions. 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 Egs. (6)-(7) for mid rapidity at the energy of LHC,
/8 = 5.5 TeV are shown by curve in Fig. 2.

1?2 —mmm— T

1.1

= 1.0
a
N’
Q.
S 09
<
@
0.8 i
0.7 | .
Vs = 55 Tev |
0'6 1 1 L 1 | B Y L L L 1 1 L i L L Al 1 R,
0.0 2.5 5.0 7.5 10.0
pr (GeV)

Figure 2: Ratio of p— Au to pp cross sections as function of transverse momentum of produced
- pions at the energy of LHC 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 |3G), |[4G), etc. lead to additional corrections called gluon shadowing. These
fluctuations are heavier than |2G), 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 Rg(z, @2, b) due to gluon shadowing was derived. Here we make use
of those results replacing the dipole cross sections in (7), 03¢ by R¢g 03g. 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 pr.

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, [, ~ 5 fm, within
the pp-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 F4(qg., b)
[30, 15],

oualor) = [ @ {[1- (F3(a 0] o4 (or 1
+ (F3a, ) ok 4 (pr, b)) - (10)

Here 0,4 (pr, b) is the unintegrated g—dependent contribution to the cross section opa(pr),
1 7 |
Fa(ge,b) = =—— | dzpa(b,z)e??, 11
Maeb) = s [ dzoatha)e ay
-0

where g, = 1/1.. The formfactor is averaged weighted with the cross section at fixed pr and
varying initial and final parton momenta.

Expression (10) interpolates between the cross sections a;‘fR" (1), (5), and ak? Ra(pp),
(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-Heitler regime.

Our prediction for /s = 200 GeV calculated with Eq. (10) is depicted by the solid curve
which nearly coincides with the [, <« R4 one at pr < 2GeV and is rather close to it at .
higher pp. I, > R4 regime at higher pp. Eventually, all three curves approach 1 at large
pr > 10GeV. :

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 [ for single gluon radiation as given by (1).

Summary: the mechanism of high-pr hadron production has two limiting regimes. At
lc € R4 a high-pr 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 I. >> R4 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 /s = 200 GeV

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-pr pion production at RHIC and LHC.
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Contribution of a? 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 a® order for the total interaction cross sections of elemen-
tary hydrogenlike atoms with target atoms, found in the previous paper [S. Mréwczynski,
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
a? 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 7+ and 7~ mesons (Az,) with
accuracy of 10%. The interaction of 7+~ atoms with matter is of great importance for the
experiment as Aj, dissociation (ionization) in such interactions is exploited to observe Agr
and to measure its lifetime. In the experiment the ratio between the number of #¥7~ pairs
from A,, 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*, 7%, u*, K* were considered in
different approaches [4-16]. In this paper we reconsider corrections of a? order to the EA total
interaction cross sections obtained in [7]. (Through this paper « 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 A,, = (Ao, A) with
components related to its rest Coulomb potential U(r):

Ao=U, A=98U. 0]

Here B = v/c, v is the target atom velocity in the EA rest frame and 7 is its Lorentz factor.

*Phys. Rev. D65 (2002) 096001 (1-6). Copyright (© 2002 The American Physical Society. Reproduced by
permission of the APS.
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The timelike component Ag 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 spmless particles (, K mesons, etc.)
which are of interest for the DIRAC experiment. In the Born approximation the amplitudes of
transition from the initial state 7 to the final f due to the interaction with A,, can be written as:

Api =U(Q)asi(q) , @
W®=2/Wﬂ

sin Qr

€)

ari(@) = pria) - Bige). @)

The transition densities py; (q) and transition currents j 1i(q) are expressed via the the EA
wave functions 1); and 17 for the the initial and final states:

Pfi(Q) = /Pji('l‘) (eztn‘f‘ — eszzr) d31‘ , (5)
S 2s = : B oigir | B igar ) 3 ’ i
Jri(@) /th("') (mie e ) d’r, ©)
o) = (), o
. i . .
Jri(r) = 2 [Wi(r) VY3 (r) — P3(r) Viu(r)] o (@8)
The EA wave functions 1); ; and the binding energies ;,y obey the Schrodinger equation

A , -
_' H= —'2—# + V(T)

with the Hamiltonian H. It is worth noting that the explicit form 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; » are masses of EA components, ¢ = (go,q) is the transfer
4-momentum, and all other kinematic variables are related by the following equations:

g M mimeo .
¢I1=—n;;q, ¢I2=,%q, P= 27 M=m +my,

g9=1(q0,9), gq=1(a,9r),
@ _ |
@ =wpit+gr=Bg=pq, wri=¢e—&i, (10)

Q=vQ@, Q@=-g=ar+q(1-)."
The differential and integral cross sections of the EA transition from the initial state 1 to the

final f due to interaction with the electromagnetic field of the target atom are related to the :
amplitudes (2):

daf,

|Aft(Q)l )

o= g / |Asi(g)fPd*aqr .- (1) |
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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 calcu\lated as the sum of all partial cross sections:

ot =) o5 (12)
f

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:

Azi(a) = (F)A(g)l5) (13)

.. where the operator ;f(q) does not contain an explicit dependence on the EA final state variables
(for example its energy €y, see bellow). Then using of the completeness relation

doIA=1, " 4
f .
the sum (12) can be written in the form:

ot = % [ax @A (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 7 (through the timelike go and
longitudinal g7, components of 4-vector g), 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 8 = 1 is that Q? = gZ. Thus
U(Q) = U(qr) [see (10)] and only Ay; in (2) depends on e through the exponential factors
exp (ig1r) and exp (—igar) in (5) and (6)

u

u
— — 16
q1,2T = 12 qr = 5 (QLZ + QT"'T) ’ _ (16)

 where g, =wyi +¢%/2M if = 1.

Now let us take into account that the typical value of z in these expressions is of order of
the Bohr radius rp = 1/pc and the typical gz, ~ wy; ~ po?, thus the product gz z is of order
of a. Then it seems natural to neglect the g, dependence of ay;:

asi(q) = agi(gr) - 7
~ 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:

;f(q) — U(QT) [eimT"‘T - e—iqzr‘r’r_

(eilh'rf'r /,,n1 + e~ iTTT /mz)ﬂ'ﬁ] .

(18)
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Here p = —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” ¢! and “magnetic” c™2& cross sections:

o,tot =' a.el +Umag , ) ' (19)

o= [UanMan)dar, o)
M(qr) =2(1 - S(qr)) ,
S(ar) = / k() 2efamddr ;
o8 = /UZ(QT)K(QT)dZQTa (1)

1 2 . )
K = = + ——— (" — V 1; 3r.
(@)= [ |5+ e - 1] IV ) ar

These results differ from the sum rules used in [2] by the additional term c™2. 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:

ur) = 22 =e, A~meaz'l?, @)

where m, is the electron mass and Z is the atomic number of the target. The pure Coulomb -
wave function can be used for 1; (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 . B
hi(r) = B | (23)

Under such assumptlons for the ground state the followmg results can be easy obtained:
822 2 3] i
1 :
ol = 2 [ln<Zl/3me)_Z] , 24 |
, 2 ;

oo 4 (22)° oy,

4 Z4/3 2 B Cor
—-%r +0(a%%) . @)

(]

It is seen that in spite of a? in the numerator of c™2& 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 premsely repeated the calculatlons made in [7] :
More accurate presentation of the target atom potential, namely, the Moliére parameterization
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~ of the Thomas—Fermi potential [18] was used as in [7]:

i

3
U(r) = ZQZ c,'er
i=1

¢y =035, ¢,=0.55 c¢3=0.1;
)\1 = 0.3/\0, /\2 = 1.2)\0, A3 = 6A0, /\o = meaZ1/3/0.885.

(26)

. The values of “electric” (el) and “magnetic” (mag) total cross sections (in units of cm?) 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 0™2€ 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 ™28 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 A. It is also easily to
see that the origin of such unnatural dependence is in the behaviour of the factor K(qr) at
small values of gr in (21). This factor, contrary to M (qT) in (20), does not approach to zero
- at g — 0. But at # = 1 such behaviour of K(gr) is in contradiction with some general
- properties of the transition amplitudes (4), which follow from the continuity equation:

wsipsi(q) — qisi(g) = 0. @7

‘~ (The later can be derived from the Schrodinger equation (9)). 'Indeed, rewriting the continuity
equation in the form:

wyipri(q) — qLBisi(q) — arisi(a) =

28
wrilpgs — Bir@)] — ¢2Bisi(a)/2M — qrisi(a) =0, 28)

it is easily obtain, that
ari(q) = pri(q) — Biri(a)

29
= wih [9%831i(a)/2M + grisi(q)] - @9
That is all transition amplitudes become zero at gr = 0. It follows, that any transition cross
section (11) can depend on the screening parameter A 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 A 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 gr.:

> d»
= Epff':) ) pff’:) = (dq Pf:)

n=0

y o G0

grL=0
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TABLE I: The “electric” (el) and “magnetic” (mag) total cross sections in units of cm? and their ratio

(mag/el) in % for EA consisting of 7 and K mesons (Az,

atomic number Z. The values published in [7] are given in the parentheses.

Ark, A2k) and target materials with the

Z Azn Arx Ak
6 el 3.03.10%2 1.37.10"22 3.08-10-%
(3.1-107%) (1.4-1072%) (3.0-107%%)
6 mag 6.73-107%4 6.73-10~%* 6.73-107%#
(2.5-1024) (1.3-10724) (0.3-10724)
6 mag/el 2.22% 4.90% 1 21.9%
13 el 1.33.10"% 6.08 - 10722 1.37-107%2
, (1.3-1072) (6.2-10722) (14-107%2) .
13 mag. 1.89.10"% 1.89.10~23 1.89-10"% .
(0.96 - 10723) (0.55-107%3) (0.15- 1072
13 mag/el 1.41% 3.10% 13.7%
29 el 6.17-10"% 2.84-10"% 6.48:107%2
- (6.1-10~%%) (2.9-10~%) (6.7-10722)
29  mag 5.50 - 10~ 5.50 - 10~ 5.50-107%
’ o (3.6-107%3) (2.3-10"%%) (0.68-10%) .
29 mag/el 0.891% .. 1.94% 8.49%
47 el 1.55.107%° 7.15.107% 1.64-107%
(1.5-10729) (7.3-107%) (1.7-107%)
47 mag 1.05-107% 1.05-10722 1.05-107%2
(0.79 - 107%2) (0.52 -10722) (0.17-107%2)
47 mag/el 0.676% 1.46% 6.37%
82 el 4.46-10"% 2.07-107%° 4.81-107%
(4.4-107%9) (2.1-10~%) (5.1-107%)
82 mag 2.20-10722 2.20- 10722 2.20-107%
‘ (1.9-107%%) (1.3-107%?) (0.48 - 107%2)
82 mag/el 0.493% 1.06% 4.58%
) ) _GE (4 )
iri= ;J , dp = ( )| G1)
1t is easily shown that terms of these expansions obey the following estimation:
A o, i ocamtt, _ (32)

The addmonal power of a in the current expansion coeﬂicxents in comparison with the densxty '
one, reflects the ordinary relation between the values of current and density in the hydrogenhke
atoms.

Expanding the value (4) and taking into account (32) it seems reasonable to group terms
with the same order of o rather than gz, as it was done in [7]. Then the successive terms of the
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ay; €Xpansion over o powers are

afi = Zas,’:) ,

o = p(f’? gi%Y.

(33)

From above it is clear that in the “natural” approximation (17) includes a( ) and the only

()

ope part of the term a.” of the expansion (33), namely:

ﬁj} =““/¢fE(QT,TT)——d3r 34)
While the second one
p‘(flz) =iQL/¢jE(QT;TT)Z’(/)id3T (35)

was omitted according to the reasoning of the approximation (17). In the late equations (34),
(35) E(gr, rr) denotes:

E(gr,rr) = -T;L“—le‘m'f + -n‘:—ze-"mrr . (36)

~ Let us consider this neglected part in detail. As it is proportional to gz, = wy; + ¢2/2M and
. therefore explicitly depends on &4, 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).

/ 3 (r)Ear, rr)ats(r)dr =
[ 410 (esBlar, rr)z - eiBar rr)a} wir)a'r =
/ $3(")H, Elgr, rr)2ds(r)dr . (37)

- The commutator in this relation is easily calculated and after simple algebra we get the follow-
" ing result:

@ = [vir)Ban ) D+ 0w, )
Ap$(a) =

i / W) [__m_l inrrr ) 4 mLZ e-—ian-paz] (P, (39)

512=222—:i-:—22§ p=-iV. (40)

2m1,2
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It is seen, that “large” (nonvanishing at g7 = 0) parts of two terms (34) and (38), contributing

to a .), 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 gr:
1 1 -
af) =4 2pf)(a) .- @4y

The same is valid for any a(") Applying the Schrdinger equation (9) to exclude one power
of gz, from the expression: '

PP(a) = (qu) /zp,( )[( )" garrr

ENS (—“—) ) e"'q”"‘] (), “2) ’} |

mg

one can represent it in the form:
pP(a) = aaf, V) + 86 (0), “3)

APf,)( )_z(qu) / V() [( ) enTrT O, 4 (44)::

n
+ (L) e""’”""az} z"¢,-(r)d3r .
ma
So that :
af? =ApP(@). | @5)

That conﬁnns the quahtatxve result (29), derived with help of continuity equation (27). o
The remaining e; dependence of right side of (44) can be removed by repeated applying:
of the Schrddinger 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(Zk) = 0 for the

odd values of Almy;, and a(fzkH) = 0 for even Almy; , where Almy; = (I — l,) (mg—my),

and l;, Iy, m;, my are the values of the orbital and magnetic quantum numbers of the initial

i and final f states (the quantization axis is supposed to be z-axis). Thus “odd” and “even”"
terms of the expans1on (33) do not interfere and therefore in the expansion of the o*°* over the

powers of &

oo o
ot — Zd(") , o™ xa® » (46) 

only even powers are present.

The structure of the zero order term of this expansion is well establlshed [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 a2-term to the total cross section which 1ncludes'

|a f’)l term and the interference term agg) a(f"?;
o® = - [U(ar)W(ar)ar +0(*), “n

214



Wiar) = 7 / 2 [ s(r) P

~ 12qrpi(r)[*] 7

4m1m

The “correct” gr dependence of the last integrand excludes a possibility of arising some extra
A dependence, that could dramatically enhance the contribution of this term (like it happened to
o™2E 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):

; 8n(Za)? 2u 4
@ _ _ _4
o S [m ( ) 5| - @8)

Because numerical smallness of the value o2 this term can be successfully neglected compared
to (24) in the practical applications.
This result warrants the usage of the simple expression:

o' =2 [ U%(ar) 1 - S(ar)] dPar 49)

for the total cross section calculation in Born approximation in [2] and for the Glauber exten-
sions in [15].
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A quantum-Kinetic treatment for internal dynamics of
multilevel atomic systems moving through a target matter*

A Tarasov and O Voskresenskayat
Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

Abstraét

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 of hydrogenlike EA consisting of 7% and 7~ mesons (A2, atoms) one needs to have
the accurate theory for the description of internal dynamics of the Ay, atoms moving through
a target matter.

During their passage through the target A, (pionium atoms) interacts with the target atoms
that causes the excitation, deexcitation or ionization of the As,. To describe these variations of
Ay, 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 Az,
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 Kkinetic 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
Bom approximation is performed in [7].

2. Derivation of a quantum Kkinetic equation for. the densnty
matrlx '

At the EA rest frame the target moves with the velocity ¥, and the electromagnetic field :
produced by target atoms is described by 4-vector potential Ay = (2, A), A= (Tp)c)®. . .

The scalar potential ® interacts with the charges of mesons and the vector potential A,, with’
their currents. Because the typical velocities of the particles forming EA are of order ac < ¢
(« is the fine structure constant), we will neglect the term proportlonal to the current in the ,,
Hamiltonian (see [8]). '

*arXiv:hep-ph/0301066 v4, Jul 2011. 7 p. ) s o :
t0n leave of absence from Siberian Physical Technical Instltute Electromc address voskr@erru o
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Then the internal dynamics of relativistic EA (later, for definiteness, “of pionium atoms™)
is described by the Schrddinger equation

R N
with the Hamiltonian of the form
H=Hy+V(#t), Ho=T+ W) )
and
T = —A/2u = —(d/dr)?/2n. @

Here, Vp(7) are the potential energy of a pion-pion interaction and V(7,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() = eZ[<I> (7)) — 7/2) — @ (Fi(t) + 7/2)), “
7i(t) = 7i(to) + Dot — o), &)

B(R) = y®o\/ B2 + (5o R)?, (6)
R=rit) F7/2, v=1/y/1-v}/3. ™

<" Here, ®¢ 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 7;(to)
of the target atoms

$(7 1) = ¥(7, 6 {Filto)}) -

The density matrix of pionium is defined as follows:

o7, 75t) = (w(t (Filto)}) (7, 6 {Filto)}) ) ®

{Fi(to)}’

- where (){#(¢,)} means the averaging over all possible positions of target atoms.
Let o be the point of time when moving target meet the pionium atom, and (7, £o) is the
value of pionium wave function at this time. Then at £ > #g

11’(??, L5 {ﬁ(to)}) = / G(F, 703 ¢, to; {Fz‘(to)})%(f‘o, t0)dro, ®

~ where G is the Green function of Eq. (1).
According to [9], it can be expressed in terms of the path integral

GI(F, st to; {73 (t0)}) = / Dr(t) exp(iS), (10)
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with
S= SO +Sla

t

Sp = / dt’Lo(U(t’),F(t’)), S = / dt'v (F (t') t’)

Lo(3(t),7(¢)) = po*(t)/2—Vo(F(t)),

(") = dF(t')/dt’ .
It can be shown (see [12]) that

si = =3 {x(B+st2) —x (B - stw/2) b

X ’19(t— ti),

where

o0
x(b+) -_—;v% / ® (\/51 +z2) dz,

—oo
e ¢
-:l:,=bi:h8(1), —tO-"’v0 ’rl(O)"
2 v3
L . B - 7i(to) -
bi = ri(tO)J_ = 'ri(to) —_ __9-_—_%&-0_). . vo,
L)
. . L To - Tilto) .
) = r(ti)J_=r(ti)——9—1—]§u—2-vo,
‘ v W

the Heavyside step function #(¢) is 0 for £ < O and 1 for ¢ > 0.

(11)-
(12)

13) -
(14): ‘

s

16y, |

an -

a

Substituting (10)-(18) into (8) and performing the averaging over the “frozen” positions -
of the target atoms with the help of the prescription of [10, 11], one can get the followmg

representation for the density matrix:

p("?vf, /G(’l" 7 ;Fo,Fé;t,to)
X Tl’z(ro, to)w: (7_‘3, to)dFodFé ,

with
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G(7, 7,7ty t0) = [ DADF (1) expliBo = W),

(19)

(20) |



/ dt {Lo(3(t'), 7(t))~Lo(3'(¢)), ()} , @1)

t
W = wyne / d'Q(5(), 5'(2)) , 22)

Q@) 5()) = / d*b {1 ~ exp (i<I> (5, 5(t'), §"(t’)))} : 3)

®(5,5(t),5'(¢)) = x(b+35(t)/2)-x(b-5(1)/2)
- x(b+5' ) /2)+{E-5(t)/2). (24)

. Here, ng is the number of atoms in the umte volume of target at it’s rest frame 5 and 37 are
. the transverse parts of the vectors 7 and 7’

From Eqs. (19)-(22) it easily derive (see [9]) the following equation for the density matrix:

QAT Ho(r ol 75) = Hal ol 30

—ivoynofd(, 8" p(F, 7 1), 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 V,,4(5, 5") = kQ(5, "), where k = —ivgryng, we can represent this term as V. p(t).

i The form of Eq. (25) is similar to the form of Eq. (116) in Ref. [13] describing the internal
. dynamics of multilevel atoms in laser fields, where the last term T'p describes the contribution
- of the spontaneous relaxation.

The equations of motion for the dcnsxty matnx clements

i = [ V(W )o(5 ) 26)
looks like as follows:
Opir(t) _ . A Q 7
—5 = tBikpik(t) — vormo > Qukimpim(2) @7
Im

where
Ay = & — €5,

Qi = [ B OO Wi (), 5 28)
the EA wave functions 4;(xy and the binding energies €;(x) obey the Schrédinger equation

Hovixy = giryicy - (29)
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Taking into account the lifetime 7; of the EA, we can obtain

Apir(t : 1 xl
—!%{(—) = [l(ﬁk - &) — ‘2‘(Fi + Fk)} pir(t)
—v07YNo Z Qikimpim(t) (30)
ILm

where T'yx) = 1/7y() is the EA levels width (for details see [5]).
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*

L Afanasyev$, C Santamarinat A Tarasov} and O Voskresenskaya®

t Institut fiir Physik, Universitit Basel, 4056 Basel, Switzerland
§ Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

Abstract. The evolution of pionium, the wt7— 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: 34.50.-5,32.80.Cy,36.10.-k,13.40.-f

1. Introduction

The evolution of pionium, the hydrogen-like atom formed by a wtx~ 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 7+#~ 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]:

da ) 2 E da
—q—P/2

* 1. Phys. B: At. Mol. Phys. 37 (2004) 4749. Copyright (© 2004 IOP Publishing Ltd. Reproduced with kind
permission of JOP Publishing Ltd.
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where the rightmost term accounts for the production of #F and 7™ pairs at equal momenta
F=3. 3 |

The state of pionium is defined by the center of mass momentum P and the eigenstate
guantum numbers, n;, I; and m;, 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 |1/;(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

0 ifl; #0,
OO =4 (eata/y

1

if1; =0, | @

we see that only S states are created following the 1/n3 law.

The atom moves in a fixed thickness target disposed in the Oz axis and considered infinite
in the transverse (z,y) coordinates. The target is made of a chemically pure material like -
Nickel, Platmum or Titanium. Our goal is to know the populatlon 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 otet and transition between two discrete states o ; cross sections fora
plomum-target atom scattenng and apply the probabilistic evolution equatlon

‘”;iz) = —EI;I‘,-Pi(z) ~ng ; ciaPi(z), e

where P;(z) is the classical probability for the atom to be in the i state, 3y = 16.48 the Lorentz
center of mass to laboratory factor for P = 4.6 GeV/c, no is the number of target atoms per
unit of volume and c;; are the transition coefficients.
The value of g is a functlon of the density of the target p, the Avogadro number, No,
and the atomic mass of the target atoms, A:
N :
2, - BN

whlle the transition coefficients depend on the pionium-target atom cross sections as:

g —

ciy = 6,105 — 0y . . ’ (5)

The pionium decay is strongly domlnated (BR > 99% [10]) by the atn = 1r°1r0
reaction. Taking this into account, the width of the ¢ state is proportlonal to the isospin 0 and
isospin 2 pion-pion scattering lengths dlfference [14]:

ilei " @-drara oo, o

Tl‘

where M, and M o are the masses of the charged and the neutral pion and ér = 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 T'; = T,i_l where 7; 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:

Tnoo = n3r. 0
~ 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 af — a? = 0.265 % 0.004 which leads to the lifetime value
o of 7=(29+0.1)-107% 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 of Voskresenskaya [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]:-
6g;k = 2317)’ [i(sk —&)— %(Pi +Fk)] pir(z) — mo ?;Qik,lmplm(z) » (8)

where €; indicates the bounding energy of the k state and Qj; 3, stands for the transition
coefficients matrix. This equation reduces to (3), identifying p;;(2) = P;(z), if the Qi 1m
crossed terms obeying i # k or [ # 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 ¢; ; and Q; 1., 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 Bomn
approximation, used in the classical picture, was obtained by S. Mrowczynski time ago [1]:

ot = 5 [ WGP [ - Fi@) ¢, | ©

ou=gz [w@i|r (L) - (-])

where g 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

2
d*q, (10)
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target atom potential U(q) to be the Moliére parameterization for the solution of the Thomas-
Fermi equation [16]:

0.35 0.55 0.10 0.321/3
Ulq) = 4% 2. n=——— (11
() = 4nZe (q2 + q¢ * q? + 16g2 + g+ 400q§> % 0.885a’ an

being ag = 0.529 x 10~28 cm the Bohr radius of Hydrogen, « the fine structure constant and
Z the atomic number of the target atoms. The F}(g) are the pionium form factors:

@) = [wi @™, | a2)

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 € ;,,, elements in the density matrix formalism is given by:

Qik, lm = sz Im Qgi Im? 13)

where: ‘ '

. 5 ™ N
lelc)lmz ;_@/W(QNZ [26;, — F}(@) — F}(-@)] d®q +

e [W@F 26 ~ Fr@ - FR(-DN e, 09

plays the role of the total cross section, while

0@, =5 [0 |7 (1) -7 (-)] x
e @-m (e o

would be the analogue of the transition cross section. In fact Q( m becomes the total cross

section if i = k = ] = m and Q( thc transition cross section 1f i=kandl= :
Equations (14) and (15) are our main tool for the numerical calculatlons 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 parlty
transfonnatlon the Qi 1m coefﬁcwnts are different from zero only if: :

m; mk—m1+mm-—0 L—le— U+, =25, (16') 

where we should remember that m;( ; ;) and l;(x,1m) are the magnetic and orbital quantum .
numbers of the states [i(k,[,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 I —m will
be populated since pionium is produced in S states only. This, together with (16) means that:

pi(2) #0 if my=my, [ =I;+2s an
This rule could be broken by the complex coefficient in (8):
o ,’:(Ek — &)
By
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Figure 1. The plots shows the solution of (8) for pj100)(200|, oscillating with high frequency
around 0, and pigooy (700> constantly aver 0 in a much larger range.

whlch produces an oscillatory term in the solutions. However, for the ground and lowest excited
~states the condition:
lex — &

By

~holds and the p;x(2) solution oscillates many times in a small interval, compared to the
clectromagnetic transition range (given by ng |[Q;x,:x]) and can be considered to average as

10 |Qik,ix] <

. Zero:

pir(2) = 0.
There is an exception if the ¢ and & 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
ex — &; = 0. Hence, for the low energy states, we can complete relation (17) as:

pi(2) #0 if g =¢ei(ny=nk), mi=my, =l +2s. (18)

On the other hand, if the principal quantum numbers of the ¢ and k states hold n; ; 2 6,
then

lex — €
By

and the solution for p;;(z) is not zero even though 7 and k are not states from the same shell.

In figure 1 we can sce that whereas pj300y(200)(2) oscillates more than six times in 0.1 ym
Pleoo) (70| does not oscillate at all in a wide range.

As an example of the matrix elements we consider the subspace formed by the |211),
|300) and [320) states. The Q matrix restricted to this subspace is shown in table 1. We can
. see that at least for the |320)(300| mixed state the matrix elements are of the same order of

magnitude as for the same shell pure states.

1o |Qig, ik | ~

| 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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“Table 1. {2 matrix elements in the [211), |300), |320) subspace. Units are 10~2° barn.
Qlﬂ(kl,ll)(ml | |211){211] |300)(300] 320)(300| |320) (320]

[211)(211] | —4.66 0.044 ~0.083 0.234
300)(300] | 0.044 -18.2 2.41 0.
|320)(300| | —0.083 2.41 -13.7 2.41

320)(320| 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:

‘Lk ik = Z |sz lm| ’ (19)

Im#ik

We have considered a Nickel 95 pm target and a monochromatic 46 GeV/c atom sample.
The lifetime of the ground state of pionium was supposed to be [~ = 2.9.10~1 s according
to the theoretical prediction [15]. The initial conditions are given by:

P(0) = pu(0) =n;%/¢(3)  ifli=0,
P;(0) = p;;(0) =0 otherwise, (20)

here {(3) = 3" n~3 ~ 1.202. The system has been restricted to the bound states with n < 7.
This means 84 mixed states and 353088 () 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"%,1:10"3,0.5-1073, 0.25-1073, 0.1- 1073 [um)]

and made a polynomial extrapolation to the limit A = 0 [18].
As we will explain below we are mainly interested in the averaged integrals of p;;(2) and
P;(z) over the target thickness W:

fow pi,i(z)dz (21)‘

The P picture in this equation is restored by changing p;;(z) — P;(z). In table 2 the Py, ::
results are shown as a function of the principal and angular quantum number summed over the
magnetic quantum number m for a 95 um 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 [320) state

i
Pdsc_

5 1. Obtaining the Break-up Probabzltty

Our goal is to obtain the break-up probability (P,,) of pionium 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 ¢;; and €2 ;,, accounting for transitions between discrete -
and continuum states are more difficult to compute than the discrete-discrete ones since the
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T.able 2. Summed P;:c =3 P‘;‘S’;" results in the probabilistic (P) and density matrix (p)
pictures. The average is over W = 95 um and the target material is Nickel.

prd

w1 P/p | =0 = =2 =3 =4 =3
=1 | P | 0072854
p | 0.072860
=3 | P | 00050676 _ 0.008500
o | 00050878  0.008538
n=3 | P | 000087163 _ 00016366  0.0020617.
p | 000086909 00017234  0.0020250
w4 | P | 000024899 00004803 0.0006270 __ 0.0007326
: p | 000024620 00005242  0.0006445  0.0007028
n=$ P 0.000092377 0.00018015 0.00023838 0.00028247 0.00031200
P 0.000089072  0.00019899 0.00025137 0.00027925 0.00029343
n=6 P 0.000038357 0.000075133 0.000099834  0.00011906 0.000131889  0.00014113
p | 0000034640 0000079850  0.000102429  0.00011493 . 0.000121041 000012520
= P | 0.000015300 _0.000029939 _ 0.000039634 _ 0.000047316 _ 0.000052490 _ 0.000057376
- p | 0000013706 0.000031028  0.000039316  0.000043479  0.000048089  0.000045044
-2
x10
035 | .
L p|320> (320! '
03 F ! ’
e 025 7/ N\~ = -
02
0.15
0.1
0.05 -
0 llII'[IIIlllIlIl'llIIJJI'J;JII‘II.I..I--.I|
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Figure 2. The solution of (3) and (8) for the |320) 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 < 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 (Pg,s.) and the probability of annihilation

227



(Pyn1) and make use of the relation:
1= Pyr + Pasc + Pan- (22)

As both Py, and Pg,p, 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 P7>7.

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:

w w ,

Jo pi(W = 2)dz I piilz)dz

Pase =3 =X 23)
where W stands for the target thickness (of 95 um in our case).

The annihilation probability is a little bit more difficult to calculate.  If the atom is created

in zp, the probability that it flies to z and annihilates is given by I';p;;. But z can be any value

between zp and the target end W. Meanwhile, the atom is randomly created between 0 and W
with uniform distribution, then the annihilation probability is given by:

Poon = W / / pii(z — zp)dzdze = W / (W = 2)pii(z)dz. (24)

Of course the probablhstw picture is restored by substltutmg pu(z) by P;(z) in (23) and (24).
As we did in (21) for the P_ probability we can define the annihilation probability from
a certain state as: '

anh = / (W Z)Pu(z)dz ’ C (25) -

where again the replacement p;;(z) — P;(z) recovers the P picture. Of course P:_, = 0 for
any state with [; # 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 Py, in table 2.
In figure 3 we can see the dependence of PJ, . and Py, ;, on the principal quantum number.
The results have been summed over every shell bound states. We can check that whereas
quickly converges to zero, and can be neglected for n; > 4, P}, diminishes more slowly. This -

leads to introduce an extrapolatlon for P327 [2]:

>7 a b .
P;:sc = n3 + Ega (26) .
where a and b are obtained by fitting PJ,  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"<7 and P,mh, '
subtractcd to one to calculate the break-up probablhty

Py =1~ Pap — PS" — P27 , (27)

dsc . . dsc

obtammg, for out particular example of 2.9 x 1071° s lifetime atoms in a N1 25 uym target
Py, = 0.459254 in the probabilistic picture and P, = 0.459268 in the density matrix
formalism. The other probabilities are shown in table 4.
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Table 3. P , results in the P and p pictures. The average is over W = 95 ym and
the target material is Nickel. The lifetime of pionium was assumed to be 2.9 x 10~15 5,

n :nh P/p
n=1 P 0.072854
p 0.072860
n=2 P .0.0050676
P 0.0050878
n=3 P 0.00087163
p 0.00086909
n=4 P 0.00024899
p 0.00024620
n=>5 P} 0.000092377
p 0.000089072
n==6 P 0.000038357
P 0.000034640
n=7| P |0.000015300
p 0.000013706
E
— pn
— dsc
- . P"
é_ - anh
E N p" 27
‘ dsc
7!\‘1!1!‘IJ|I‘])I|‘llJ_LLIJ_Ll\L?::L::LL\IJ_LJ‘_I_LII‘lI
1 2 3 4 5 6 7 8 9 10

n

Figure 3. Dependence of P} . and Pi nn @veraged 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 pm and
the target material is Nickel. The lifetime of pionium was assumed to be 2.9 x 10715 s,

- <7 n=>7
Picture Py, Ponn P ;sc P dsc

P 0.459254 0.444536 0.0947916 0.001418
p 0.459268 0.444575 0.0949106 0.001245
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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 |320), the effect of interference can significantly change the population of the state up
to 20% levels. However, the most affectcd 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 |300) 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 [ and m in one unit, free of
interference with the father state.
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Appendix A. The  matrix elements in the First Born Approximation

Let us show how to obtain the discrete matrix elements of the Q matrix in the first Born
approximation from the original equations of [9]. The §2 operator is originally defined as a

function of the transverse position of the atom wave functions 5} ». If we split the operator in
two:

Q(si, ) = QW(s1, ) + Q3 (s1, $), Al
its definition will be given by: o v
QW(s1,83) = / | [F(E, §)+ (6, 53)| %, a2
O(s,8) = - / T(b (b, 53) . : (A3)
In the case of the 7+ 7~ -atom the interaction operator of the Glaubef theory is given by: k
T'(5,5) =1 — exp [ix(ii — 5/2) —ix(B+ 5/2)] ,' ) (A4)

where
x(B) = % / U(v B2 + 22) dz, (A;S) |
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'bemg U (r) the potential of the target atoms given by the inverse Fourier transform of (11).

First of all we are going to re-write {1 (g7, §3). For that we split I'(b, 5) into its real and
*‘imaginary part: :

F(b, _'1(2)) = Re F(E, 51(2)) +iIm F(g, g](g)), (A.6)

ReT(5, 51) = 1 - cos [x(5— 5/2) - x(B + 5/2)|

1 . T =
= 516, 512)) I" (b, 51(»)), (A7)
Im T'(B, 512)) = —sin [X(B —5/2) — x(b+ 5/2)] , (A8)
where the integral over the imaginary part goes to zero: ,
/ Im I'(b, 51(2)) d%b = 0, (A.9)

_ due to the odd nature of the sin function and the even nature of x(b + 5/2). Taking this into
account we can have:

QM (sy, $) = % / [r(b‘, §)T*(b, 5,) + ['(b, 5)I™* (5, s"z)] d%.  (A.10)

Our final goal is to obtain the matrix elements ka 2z)m defined as:
Q12

Qi im = /ﬂ) FO(F R (WL (R)QD (51, 53) dfy dfy. (A1)

I particular we can define the profile-function Iy (B):

ra) = [ w069 o7 (A12)
~ and its Fourier transform, the amplitude:
4@ = 5 [ EFTal) @, (a13)
Tau(b) = 2% / e~ A, (q) d2q. (A.14)
. Itis easy to check that:
U=~ [Ta® i@ = - [ 4@ M@ e (a19)
To obtain an analogue of (A.15) for Qs,lc) 1m We have to work a little bit. Of course, by

. definition:

o =22 [ [wtomorE oG9 e
+ EI / { / Y (F)m (P (5, 5) T* (5, 5) df‘} d2b. (A.16)

To achieve the final result we will need the completeness equation in the form:

§(F =17y = (P (), (A.17)
J
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which allows to express the inner integrals in (A:16) in terms of the profile-function I';; (5):

[ ArEH 6.8 8 = [ 4166~ PINEH 6. drer

=S| [uerG.anm e | [6ErE.ome o] - R rs@ e, o
J J

where of course we can make the substitution:
[Erdm® @ = [T As@4@ ¢ *19)
5 -
to obtain: J
0D =2 [ S A @@ 0+ Y [ S am@4,@F0 h20
In the Born approximation

Au((n: %U(q) [F,.’ (g) —F! (—g)] , | (A.zi)

where we find the form factors defined in (12).
Let us try to perform the sum:

s asosio- Sl -l (979
=3 | [uio (7 - o] |6 (= 7w o]

fll’ (F) ""/2 e”‘"/z) ( —iqF/2 _ e’qr/2) ¢l(1") dr

= /‘ll’, (7 (2~ e—tqr - ezq1/2) Y (F) dF = 265 — F,l((j) — F}{(~9). A (A,22)’ ,

From equatlons (A.15), (A.16), (A.18), (A.19), (A 21) and (A.22) one can derive the final:
expressions in the Born approximation:

ik, tm = ng) im T Qgi) Im> (A23)
2 = ;—[';;‘ [W@P (25,0~ Fi@ - Fi-a) &%+ |
+ 22 [ 0P Rem - FP@ - FR-D) 0, ()

sz)lm‘_ > /|U( 2 [F’( ) Fl( g)] X g
| [ @)-w (e o
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Lepton pairs production in peripheral collisions of relativistic
ions and the problem of regularization -
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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 nucleti 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 Z; and Zs

Zy+Zy —nlete”)+ 21+ 2y 6

is aroused mainly by operation of heavy ion colliders as RHIC (Lorentz factor v = % = 100)
and LHC (v = 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
o i.e. Born approximation [2, 3, 4]. On the other hand in the heavy ions collisions the relevant
parameter Z o is 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 P,(b) at
given impact parameter b6, 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 P, (b) in the process (1) is completely
determined by the Feynman scattering matrix T in presence of the two nuclei [8]). Using infinite -
Watson series the matrix T can be expressed through the scattering matrices T3, Ty 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.
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the probabilities P, (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.!
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 chargc and mass; f‘(p) is
the electromagnetic vector potential created by nucleus; «,, are Dirac matrices and v+ = yo+7,.
We use the light-cone definition of four momenta and coordinates k. = ko 2 k,, 24+ = 2o ;.
Throughout the paper the transverse components of momenta and coordinates are defined as
two dimensional vectors. For instance, b are the impact parameters of ions whereas Z;, k are
transverse coordinates and momenta of leptons The index j = 1,2 is reserved for quantities
attached to relevant ions Z;, Zs.

2. Scattering matrix in the presence of two nuclei

As was shown in [8] the probability of n lepton pairs production in the process (1) P, (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 Ty, 75
and free Feynman propagator G r with the help of Watson series.? In short notation the Watson
series for scattering on two centers reads

T = M+TLh-T1QRGrTL, —-Th3Gr®T)
1N QRGr@ T Gr N1 +Th GrRTI QGr Ty +... )
In Fig. 1 we depicted the possible exchanges in lepton pair production in accordance with various

terms of the Watson expansion.> The thick lines attached to ions Z;, Z, represent the full set of
photon exchanges between the lepton (electron or positron) and the ion.

1The 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 [8].

3Later on we begin the numbering from the third term in (2), because in process (1) 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 T};(p, p) satisfy the well-known (see e.g. [18]) operator equations
T; =V; = V;®GoTy; Vi(p,p) = evuAl(p — /) 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,pr) = (2m)28(py — p13)[0(D+) T (B~ D) — 8(—p4)FT (B = v+ 5
To(p,pr) = (2m)8(p-~ — p1-)[0(p-)fF (B~ 1) — O(—p)f5 (B—Pv-3 (@

F@ = % / dPze' (1 - SE(z,b;)); SF(4,b5) = exp(Eix(Z,5;)) ;
G(EE) = e / ;(/(@—5;)2 + 2)dz . )

Substituting 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 Zq, 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 x; 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) !, which goes to zero in the final expressions

im eZ; exp (—A;r) .

®;(r) = i, - (6)
The relevant Coulomb phases reads
X8 = e / &,(vVB ¥ B)dz = 22Z,0Ko0(b);) — —2Z;a(ln(br;) + C) . %

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

N .

SHE)S; (&) = exp <2z'z,-a1n %”é’%%’) . 8)
Z =05

I'The 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 A;, 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 Zs,
is light so that one can expands the amplitude in the parameter Zsc. 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 %; and the transverse
momenta of exchanged photons by g; (see Fig.1) it is convenient to introduce the following
notations:

Q;(q,@) = Gy / d*zd*zr exp (ig% + i@31) (1 — S} (£)S; (&) ;
= f7@F; (@) —2mis(9)f; () — 2mid(an) f; (a); ©)
o= —g%l-fjf"f; f; = g%ﬁf}"’; = 10)
Mmo= 517—( /vd2:reiﬁx“(52—§;’). ‘ (11

The expressions (10) are nothing else as the expansion of amplitudes from (5). Notice that the
combinations (2;(§, ) are independent from regularization parameters.

To obtain the sum of terms from Watson expansion (2) relevant to the first order exchangein

Zsa and all exchanges with Z;, one has to calculates the terms which are linear in 75. These -
terms correspond to the first three diagrams of Fig.1, with obvious replacement of the thick line
attached to the ion Z, by a single photon exchange.

. Using the above expressions after a lengthy, but well known algebra, we get:

L oo .
W T(l)z_l_/ VV=2204 D) (0N (a1, g) ARy dP ks -
Zl n 8 ) aps + papis 1377 (22) (a1, g3)d“k1d“ k2

vi = m-FEy; m=miiR2. a2

This matrix does not depend on the regularization parameter Ay, 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 A, independence we consider the set of terms from the Watson series -
corresponding to two photons attached to the ion Z, and any number of exchanged photons with
Z,. This contribution is provided by the first four diagrams of Fig.1, with obvious replacement -
of a set of photon exchanges attached to ion Z by one and two photon exchanges. The result of
our calculations can be cast in the form

7@ @) — ] / Y+NY-V2¥+ (D, \0) ,gs)In (ﬂp_+> Lk d2ks
; T (@2 ) wpy o+ peply (@0, o) paply )"
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_ V+U1Y-V2 Y+ V3Y- (1) D (40 ’
(41r)3/ [i1 i3 + paplyp— f2 ' (@2)f2 ' (9) (a1, 4s)

x [hl (—ﬂ”—“"—) +i1r] dkyd?kad2ks — — 5 / Y=-V17+Voy-V3¥+
Uapl+D— (47) pap3 + pop!-py

X fz(l)(fh)fz(l)(QLJ.)Ql((Iz,Q4) [ln (—M) + i7r] dkyd*kad?ks . 13)
papl_p+

As in the previous case this expression does not depend on the regularization parameter A;.

We do not cite here the next sets of Watson terms corresponding to three and four photons
attached to the ion Z3 in view of their inconvenience, but we verified that they also do not depend
on the regularization parameter Ay.

It is obvious that operating in the same way one obtains the independence from A, choosing

" the sets relevant to finite number of photons exchanges with ion Z;.

To investigate the problem of regularization in the general case, we consider the first six terms
of Watson expansion (2) (diagrams a-f in Fig.1). This set consists of the infrared stable term T
and the term T}, depending on A;

> TP =T.+T, ' (14)

n,m=1
We calculated the stable part T, with the following result
_ips 1
ln( #2PI’+:— ) o
H1p3 + poplip-

7
T, = W/fkldzkzdzkz [’Y+V1’Y—V2’Y+V3’Y—Q1(Q1,43)92(42,Q4)

H2p!-p+
MH1p43 + p2pl -py

+y-v1y4V2y-vay+ Qa(q1, g3)21 (g2, 1) (15)

n (—E—“—l 3 ) + i7r]
- As to the unstable part Ty, it turns out to be of order (2122a2)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 Z; Z>o? 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.
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Electromagnetic corrections to final state interactions in
K — 37 decays-

S.R. Gevorkyan, A.V, Tarasov, and O.0. Voskresenskaya
Joint Institute for Nuclear Research, Dubna, Moscow Region, 141980, Russia

Abstract

The final state interactions of pions in decays K — nt#%z® 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 M. = 2m. The electromagnetic corrections are
given as evaluated in a potential model.

During the last years essential progress has been achieved in 7w 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 (ChPT) predicts their values with very high
accuracy [4].

The high quality data on K* — 7% 7%7° 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 M? = (py + p2)? reveals a promment anomaly (cusp) at the threshold relevant to the
production of two charged pions M2 = 4m? (see Fig.1).
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Figure 1: Distribution of M2, the square of the 7% invariant mass. The insert is an enlargement
of a narrow region centered at M2 = (2m.,.)? (this point is indicated by the arrow).

*Phys. Lett. B649 (2007) 159. (© 2007 Elsevier B.V. Reproduced by permission of Elsevier B.V.
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The phenomenon 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 7%7°% — 7070 this anomaly at the 77~ threshold
was firstly discussed in the framework of ChPT in [8].

The theoretical investigations of the decays

K% — a¥q070, m

K* - n¥gta- ‘ )

have been carried out many years ago [9, 10, 11]. 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 777~ — 7970 in the decay (2). He proposed
a simple re-scattering model [12], in which the amplitude of decay (1) consists of two terms

T =Ty + 2ika, T, | 3)

where Tg, Ty are so called [12, 13] “unperturbed” amplitudes for decays (1) and (2), which
are functions of kinematic invariants of corresponding decays and k = -12-\/ M?2 — 4m? is the
momentum of the charged pion. The second term in (3) is proportional to the difference of
scattering lengths a; = (ao — a2)/3 and flips from dispersive to absorptive at the threshold
M,. As a result the decay probability under the threshold linearly depends on a, allowing this
difference to be extracted from experimental data with high accuracy.

The next important step was done in [13], where the amplitude T was 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 — ag 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
case!. We obtain compact expressions for the amplitude * of decay (1) with regard to the
electromagnetic corrections, which are valid below and above the charged pions production
threshold M, = 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 (1).

TThe effects of radiation of real photons are beyond the scope of our consideration and will be treated elsewhere.
1 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
of N. Cabibbo [12] can be generahzcd accounting the 77 scattering to all orders in scattering

lengths

T = To+2kfTs, fo=as/D,

D = (1—ikyRu1)(1 —ikoRas) + k1koR3, . @
Here k1 = %\/M 2—dmiky =k = %\/ M?2 — 4m? 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] a; = (as —a0)/3; ago =

(@0 + 2a2)/3;a+- = (2ag + a2)/6 corresponding to inelastic and elastic pion-pion scattering
as
Ri2 =V2a;; Rii =ago; Ry =2a4_. &)

The expression (4) is relevant to the sum of all simple sequential loops,therefore the depen-
dence of “unperturbed” amplitudes T, T';. on kinematic variables is the same as in the one-loop
approximation [12].

The replacement a; — f; has a small numerical impact on the results of the prekus
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
formation of bound states (7+ 7~ atoms) take place.

Due to the fact that our consideration of higher order terms is confined to the case relevant
to simple sequential loops the scattering lengths dependence on the invariant mass M? 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 rg i.e.

e dlog[co(k:i)r +iFo(kn)l| ®

T=T0

Here Fy, Gy are the regular and irregular solutions of the Coulomb problem. In the region
krg < 1 where the electromagnetic effects can be significant the above replacement gives

T = ik — am[log(—2ikro) + 2v + ¥(1 — i§)]

= Rer+ilmr,
Rer = -—-am [lOg(QkTo) + 27+ Rep(l — i)},
Imr = kA?, A=exp (%g)ll‘(l +i€)), €= % ™

where v = 0.5772, a = 1/137 are the Euler and fine structure constants, whereas ¥(§) =
‘“—°§£(—Q is the digamma function.

'fo go under the threshold, it is cnough to make the common replacement k — ix in the
above expression

mo

"r =—Kk—am [log(2l€r0) +27+9 (1 - E)] . ®)
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At Kk, = am/(2n), where n is an integer, 7 goes to infinity, which corresponds to Coulombic
bound states in the considered approach. On the other hand, the product xf, defining the am-
plitude behavior under the threshold, remains finite due to dependence on T 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 xf, possesses a resonance structure placed at the positions

=2

K oam
M‘n = 2m — __7_"'., Fr = ,
S Ty
1 k2R11R2
6§ = —arctanA, A=oam [R22— 1 12 ©)
T 1+ kiR,
with the relevant width
47I'k1R12i_€, )
" m(l+ k2RZ) ‘ (10)

The physical reason of resonance origin is transparent. Due to the charge exchange process
7r+;r‘ — 7070 the‘ Coulombic bound states of the '7r+7r system (Ag7r atoms) becomes unsta-
ble -

The considered effect of the creation of A27|- 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 7 values calculated with electromagnetic
corrections and without them. In particular, the nonzero contribution of the Coulomb correc-
tions to the Re T 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 scattermg lcngths 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

Ty — To(1 + ik1 foo), 11
where foo is the full amplitude of %7 scattering.
It can be shown that

1—TR22

1+ik = - - .
1f00 (1 - ’Lk1R11)(1 - TR22) - 'lleR%z

(12)

These higher order corrections to “direct” term are numerically small, but taking in account the
precision of experimental data, have to be included in the fit procedure.

To estimate the contribution from clcctromagnetic effects to the decay rate of process (1),
we introduce the ratio R(%) = JL%T—;IL where the amplitude T is given by expression
(4), while the amplitude T, 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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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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CTpyKTypa aMILINTYbI Hpouecca 7,7y — 171~ 7,7,
BHE PaMOK OOPHOBCKOIro MpUOIHKeHHS *

0.0.Bockpecenckasn, A.H.Cncaksan, A.B.Tapacos, I.T.Topocsan

Obvedunennvii Hucmumym }Ibepublx Hccneoosanuii, [Iybna, Mocxoeckas obnracme, 141980,
Poccun

AHHOTANMS

ITpoBeneHO pecCyMMHpOBAHHE PAJIa TEOPHH BOIMYLICHHI JUIA aMIIHTYAs! 06pa3zosaHus
JIENTOHHKIX Nap B AApO-sACPHBIX COYNAPEHUIX HA OCHOBE TeopeMBbl BarcoHa H rMMoTe3sl
nndpakpacoit crabunsrocTy. Tlonyueno ABHOE BHIPAXEHHE VIS ITOH AMILTHTYIH, clipa-
BEINTHBOE ¢ TOYHOCTBIO O BENIMYHH JEBATOTO MOPAIKA MO MOCTOAHHOI TOHKOM CTPYKTYpHL.

PACS: 12.20-m, 13.85.Lg, 25.75.Dw

HabmosaeMeiif B mocniefHee BpeMsi pocT HHTepeca K Npolleccy 00pa3oBaHHs NENTOHHBIX
nap B SApo-siepHBIX COyHapeHHAX B 3HA9MTEIBbHON Mepe CBA3aH ¢ BBOAOM B JAeicTBHE YCKO-
pHTEABHOro KoMmilekca Tsxkenblx HoHoB RHIC # oxugaeMsIiM Bckope BBosiom LHC.

H3gecrtHo [1,2], uTo npu BRICOKHX 3HEPTHAX OCHOBHOI BKJIaJ B HONHOE ceUeHHE B3aUMO-
IeHCTBHA TAOXENHX P BHOCHT IpoLiecce

Z1+Z2—>Z1+Z2+C++e_‘, 8))

olcaHKe KOTOpPOro BHE PAMOK GOPHOBCKOTO MPUOIIMEHUA OCTa&TCA ONHOH U3 BaxHeHmmMX
HepeueHHBIX 3aad KOJI. ITonbITKkaM pelMTh 3Ty IpodlieMy NOCBAMEHA cepHs paboT HECKONIb-
KuX rpymn aeropoB [3-18]. OxHako, HecMOTps Ha 3HAYMTEIbHEIE 3aTPAIeHHBIE YCHITHA, IOCTHT-
HyTHI B 370}t 06IacTH Nporpece ABiieTca bonee, 4eM CKPOMHBIM.

Tlpexxne Bcero, okasanmch Oe3yCHEIIHBIMH IIONMBITKY MOMHOCTBIO HEMEpTypOaTHBHOTO pe-
IIEHHA TpoOiIeMEl, IpeANPHUHATHIE aBTopaMH [3-6]. [TocnemoBaTenbHEIIt e aHAIIN3 TONPaBOK K
pe3ynsTaTaM GOpHOBCKOro HpHOMMKeHHA B paMkax neprypbarnBroii KOJ| HauaThli aBTOpaMH
[14-18], HaxomuTCs MOKA UTO B HauanbHO#H cTajuu. [IpudanHoil ToMy ABisdeTcs HeoOXOIUMOCTh
CHCTEMATH3AIINH H pacyeTa OrPOMHOTO YHcia GpelfHMaHOBCKUX auarpamM (MDJ) B paMkax 3TOro
nogxona.

Hamuoro Gonee 3KOHOMHBIM C BHIMUCIUTENBHON TOUKH 3pEHHS ABIsIETCS “onyneprypba-
THBHBIN™ noxxox [19], onuparomuiics Ha BaTCOHOBCKOE Ipe/icTaBlICHHE OIlepaTopa paccesHus

T 3anaum JBYX HEHTPOB B TEPMHHAX ONEPAaTOpPOR paccesHUs T} ) ONHOLEHTPOBhIX 33124

T = +TL-TieGRTL -T2 GRT) +
T1eCGRTRGOTI+T,8CGRTI®COT;. .., @)

Ty =Vi-Vi®G®Ty, k=12 . 0

B pa3sBepHYTOM BHJIE MOCHIEAHAE YPaBHEHUA [ePENMCEIBAIOTCS CISAYIONIUM 00pasoM:

Ti(2, 21) = Vilze, 21) — /d4fv§d4m'2Vk(m2,z’2)G(m'2 — 1) Tk (z},21), “4)

*Phys. Part. Nucl. Lett. 4 (2007) 18-21; Pisma Fiz. Elem. Chast. Atom. Yadra 4 (2007) 36-41.
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e o - }
Vi(@2,@1) = evudp, (21)0(z2 — 21), - )

Ay, — 4-NIOTEHLMAN SIEKTPOMATHUTHOTO NONs, co3niaBacMoro HoHoM Zy (k.= 1,2), G(z — ')
— cBoGoaHasi IPUYMHHAS GYHKIMA PACTIPOCTPARERASL qxcpmnm{a
Ammmryna M mporiecca (1) cBa3ana ¢ oneparopoM paccesinus (2) COOTHOMEHHEM

M = a(ps) / d*z d*z; exp(ip1 21 + ip2x2) T (22, 71 )v(p1) (6)

rze u(pz), u(pz) — — GHCTIIHHOpHL, onncmBaxoume COCTOSIHUS CBOOOIHEIX EKTPOHA H NO3HTPOHA
¢ 4-MMITyBCaMH Do U D) COOTBETCTBEHHO.

Pemenns ypaBHenuii (4) 6onee npocto Bmmﬂm B HMHynLCHOM npencrannenun: !
Ti(p,p') = / d*zd*s’ exp(ipz — ip'z') Ty (z, ') M
= (2m)26(p+ - B [0(p+)f1(f) (bor - p;) —10‘(—p+f1(')(pr - pr);
Ta(p,p) = [ dea explipa — iz (e, o

= (21)%8(p- — 2 Yr_10_) P (B - Pp) — 6(=p_) £ (B — D),

@=L [Eeonfie) (5], k-2 o
C 53(x) = expixe(x - be)l, ' (10)
Xk(b)ze/@k (\/b2+zz)dz,e=\/5- , | 11)

. —0oQ .

Brime by, — npHIensHle NapaMeTphl CTAIKMBAIOINXCA HOHOB B HX CHCTEMe LIEHTpa Mace
(CUM), ®1(r) — uX KynoHOBCKHeE MOTEHIMAIE! B CHCTEMaX T10KosA. CBeTOBLIC KOMIIOHEHTEHI a4
4-pexropa a, = (g, a;,ar), (@ = v, p,p), onpeaencHb! OGBIMHBIM o6pa30M (ax = ap £ a,),
oCh z BEIOpaHa B HaNpaBIICHHH ABIOKCHUA 1pa Zo. :

Coornomennamu (2)-(11) pemaercs npobieMa HaCTHYHOTO PECYMMHPOBAHHUS (3nxoﬂa1m-
3alH) psAda TEOPHH BO3MYIIEHHI, o6cyxaaBmerocs B paborax [14-18]. ITockonsky dasoBbie
capury (11), oTBeyaroNue He3KPAHHPOBAHHBIM KYTIOHOBCKHM MOTEHIHANAM, GeCKOHETHE, To,
CKOHCTPYHpPOBaHHEIE M3 HUX BemwuuHs! (7)-(10); cTporo. roBopsi, 6eccMEICICHHEL.

Jl1d mpHAaHUA UM CMBICIA HA MPOMEACYTOYHOM 3Talle PACCMOTPEHHA 3a/1a9d HeoOXoanMo
BBECTH “nﬂq)paxpacny}o perynspusaimio” BeanuuH Py () ¥ paccMaTpUBaTh HX KAK NpeIeIbHbE
3HAYEHUs “‘Clierka” SKpaHHPOBAHHAIX NOTEHIHANOB

<I>k(r)— hm Zy-e- exp( Ak - 'r)/r (12) -

TBupaxenns (7), (8) ClpaBe/THBE B YIETPapelsTHRUCTCKOM TIpeetie 1,2 — 00 (71,2 — JlopeHu-daxtopst -
crankusarommxcs saep B ux CI{M) npn BrinonHesun yciiosuii py (Pl:t) << m#y1,2, TO CTh B OONACTH NMHOHM3AIM. .

248



. TIpu sToM .
xk(b) = 2ZxaKo(Ax - b) 2 —2Z,a [In(Axd) + C] . (13)
: Ota nponenypa abcolloTHO HIEHTHYHA HH(paKkpacHoil perynspusauui GOTOHHEIX IIpona-
* TaropoB (lyTeM BBejieHHs (PHKTHBHOH OeCKOHEYHO Malloif Macchl ¢oToHa )), 06LYHO Npen-
npuHAMaeMol s obecneyeHNs KOHEYHOCTH BKIAIOB OTAENbHBIX HeTieRbIX B B aMmmuTyay
- mponecca (1) (paBHO Kak M JPYIHX 3NIEKTPOAHHAMHUYECKHX IPONECCOB) B NEpPTYpOATHUBHOIM
K93/I. ,

HaGirrofaeMele BeTHUHHEL, TIPONIOPLUHOHAILHEIC KBaApATaM MOAYNeR aMIUTHTYH, TpeiCcTaB-
' IMeMBIX cyMMo# GeckoHeuHoro 4ucia auarpamMMm (eifHMaHa, He MOJDKHA 3aBHCEThH OT BeJH-
4iHEl Hedusnueckol “Macchl dotona” A. IIpin A — 0 OHU JOJKHBI CTPEMHTBCS K KOHETHBIM
U ORHO3HAYHBEIM NpelenbHbIM 3HadeHHsM. Takoe cBolicTBO PH3HYECKHX BEMYMH Ha3bIBaeTcs
“nHpakpacHoii crabuisHocTRIO” (UKC).

MexannsM uHbpakpacHoit “cTabunmzanuu” GU3HYecKHX BeNHYMH pa3HooGpaszen. Hanbo-
Jee W3BECTHBI U3 HHX COCTOMT B TOM, 4TO HH(paKkpacHBIE pacXogUMOCTH OTAeNbHBIX O]
CKIafbiBaroTcad B oOmHii ¢azoBEt MHOXMTENb (C pacXomsmumca opH Ar — 0 3HadeHHeM
¢aser) nepe UH(pakpacHOCTAGUIIBHOH YacThIO AMIUIMTYHBI, HE BIHSICHICH HAa 3HAYEeHHE Ha-
GmonaeMoii BEIHYHHEL

Takum cBoiicTBoM B neprypbaruBHoit KOJI o6Nanaror, HanpuMep, aMIUTMTYIBI YIpPyro-
TO paccesHUS 3apsSXCHHBIX HacTHL. OTHM e CBOMCTBOM o6NlafiaeT W aMIUTHTYHa mpolecca
eZ1Zy — eZ1Z,, KpOCCHHI-CONpshKeHHOTO npoueccy (1).

Amiumityaa xe npouecca (1) caMa o cebe (BMecte ¢ ha30BLIMH MHOKHTEIIAMH) SBIAETCS
VKC Benmuunoif. B neprypbarusnoit K] ato obecnieunsaercs MONHLIM B3aWMHEBIM CoKpamie-
HHeM norapudMuyecku pacxomimuxcs (IpH Ax — 0) BKJIaIOB OTACIBHEIX IETIIEBLIX AHATPAMM
B aMILTHTYIY 3TOro mpouecca.

B pamkax Hamero IIOJIYIICpT}’pGaTPIBHOI‘O nofxofa aHanoramu nerieBbix O sBAIOTCA
“napuuanbHsle” aMIUTHTYbI, 10 KOTOPEIMH MBI GyieM IToJjpa3syMeBarh BeNW4HHBL, Oy4acMbIe
TIOZICTAHOBKOIL B MIPABYIO YacTh COOTHOIIEHHS (6) OTHENBHBIX WICHOB ONEPATOPHOrO pasiioike-
Hus (2).

Xors npu A — 0 5TH BeTMUHHE! OCTRIOTCS KOHEHEIMH (orpaHHYeHHBIMH 10 MOJYIIIO)
OHH Bce Xe He CTpeMATCA K olpelieNIeHHBIM NpeNelIbHBIM 3HAUCHHAM, a4 CTAHOBATCH OEcKo-
HEYHOOCHMIUTHPYIOIUMH GYHKIMAMI CBOMX apryMeHTOB (I0JoOHO, HalpHMEp, aMILTHTYIaM
eZ-paccesiHus).

BenwunHs! Takoro poxa 6yneM Hasbisats nHpakpacHoHecTabwibHpME (MKHC). ITpocreii-
LIHE U3 HUX — 3To S-oneparopk e Zj-paccesaus S(i) (), HBJIHIOH.[HCCS{ Hapsxy ¢ q)ynxnuxMu
pacnpoctpaeHus G(x — '), OCHOBHEIMH CTPYKTYPHBIMH JIEMEHTAMH “MAPIHANBHBIX" aMILIH-
Tya. Iocnenune xe, OYeBHIHO, MPeACTaBHMBI B BHE CYNEPIO3HLHH NMPOU3BEACHUI BeIHIHH
55 (x).

IlopaBasiomee GONBIIHHCTBO STUX IPOU3BENCHUIL, KaK H caMH S-OIepaTophl S,(ci)(a':'), SIB-
nsrorcst UKHC pennunnamu. Hexmmouente COCTARIAIOT JIMINb POU3BENEHHS BUA

ISR RICA] | ECHE AR (14)
i J
senstouecs UKC B city cooTHOLIEHUH
im S0 (x)SO) () = exp [2iZea-1n (X2 )| = I
AI:TO S5,7(x)S, (x') =exp [QZZka In ( Tx— b | const(Ag) . (15)
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B cuny croiictea UKC ammurtyast (6) B nenoM, MKHC KoMIIOHEHTH! OTASTBHBIX “TIapiu-
ANBHEIX” aMILTHTYA B3aHMHO COKpaIllaioTcs, NpHBOAs K okoHdaTensHoMy VIKC pesynbrary mius
3TOH aMIUTHTYbL. Hpocnezzmb 5TO COKpaUICHHE YAAETCA JIMIL TIOCTIE ABHOTO BLIIONHEHHS HH-
TErpHpOBaHMUIA 10 CBETOBBIM KOMIIOHEHTaM BCEX [IPOMEXYTOUHEIX 4-HMITYNIBCOB B BEIPAKEHHSX

Ana “HapIHaILHBIX™ aMILTHTYA.
_ l'Iocxonbxy BKJIafiBl untbpaxpacnonecm@nmoro GONBIINHCTBA” AHHYIHPYIOTCS, OKOHYa-
TenpHOE BHIpaXeHMe JUIS aMILTUTYAH (6), BOIpeKH NPOrHO3aM aBTopoB [14-18], oka3mBaetcs
CPABHUTENBHO MPOCTHIM 1 oﬁnanaromnm CTeAYIOUHMH cnoncrnaxvm

@) amnnmyna (6) ABIASTCA (hyHKIMOHATOM cleyIomei I/IKC K0M6m1auun BEJTUYHH S(i) (x):
Q1a(x1,%x]5%2,%5) = Ql(xl,xl)ﬂg(x2,x2) (16)
Quiox) = 1- SISO, k=12
(ii) oHa npencramﬁé B anxé beckoHeyHO} cyMMLI

M=) M,{Qw}, ~an

n=1

)21’1—1.

crnaraeMele KoTopoii mpu Zya < 1, Zaa < 1 nponoplHOHaNbHH (Z1 Zaa? ;

(iii) Bemmumunusl My {Q;2} aBnsiorcs “nonmuHoMaMu” -0 cTenenn ot {212, He COEPKAIUMH
CcBOOOHEIX YIEHOB.

_SIBuEie Bhpaxerns Anst M {Q2}, M2 {Q12} cnenyromue:

. : 3 :
My = (4;)317(1?2) l:/gd2kiRl] v(p), (18)

i=1

My = (—4#11(102) [/Hdzk Rz] v(p1)+( s 70(p2) [/il;lld?ki Rz] v(pl)’,(19)v:

R = 'Y+V1"Y—V2'Y+V3’Y—QI(QI; Q3592(q2; aa)(Le +im)(a + b)* 20)
+ Yoy vey-vsy+ Qa(an, Q3)u (a2, a4)(Le +im)(a +¢) 7,

Ry = yimy-vavever-Qu(ar, aa)Qa(az, aa)(Ls/3)( L} +7°)(a+ D)™~ (1)
+ Yo Yevey-vay+ Qa(ar, a3) (a2, qa) (Le/3NLE + 7)) (a +¢) 71, ‘

=In(a/b), L.=In(a/c), (22)
a=pip3, b= popaypP1-, €= paP2-Pi4, (23).
q =pr—ki, q=k;—ky, gz=ky—k3, ai=kat+pir, (24)_'
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Ry = y4n1y-vey vsy-vav Vs Y-V Y4 vy
x 1 (q1,93)R2(q2, 94)Q1(qs, 47)Q2(q6, s)
x(LE + 7?)(L/3 + im)(@ + b) ! : (25)
TA-VLV4 VY- VaY4 VoY Vs Y4 Ve Y- V7Y +
xQa(q1,q3) (a2, 94)22(as, 97)Q1(qs, qs)
x (L% + 7% (Ls/3 +im)(a+ byt

L; =n(a/b), L:=1n(a/é), (26)

vi=m—yrk;, p;=m?+ k,z, | 27

&= pipspsitr, b= papiapieParPi—, €= piapallePa-P1+ » (28)

Q1 =por — ki, q2=ki—ky, aq3=ky—ks, qq=ks—ky, (29)
as =ks—ks, as=ks—ks, ar=ks—ks, aqs=kr+pir,

Q(q,q') = (271r)2 /d2:rd2.i' exp (igx + iq'x") Q;(x,x’), i=12, (30)

IZie m — Macca 3JeKTpoHa.

Bripakenue a1 M3 yxke JOCTAaTOMHO TPOMO3NKO M [03TOMY He npuBoautcs. K ToMy Xe,
B 3TOM HeT IPaKTHYECKOi HEOOXONMMOCTH, ITOCKONEKY IIPOCTHIE OLEHKH IOKA3LIBAIOT, YTO
OTHOCUTENLHBIN BKIAX HHTepdepeHUUN aMumutya My u M3 B ceueHue niponiecca (1) sBnsgercs
BETHYHHOM HOpAIKA (Z1Z2a2)4L"1, L = Inv; - Invy,, uTo gaxe MpH “HU3KUX™ SHEPTHAX
vy ~ 73 ~ 10 Hamuoro Mensute 1% npyu peanucTHUHEIX 3HadeHUsX Zi, Zo.

TakuM obpa3oM, npHBeeHHBIE BHIE BhIpaxeHUs 1A amruutyg My u M, pemator (c
OTOBOPEHHOMH BHIIlE TOYHOCTHIO) NpoGNieMy BEIXOAA 32 paMKu GOpPHOBCKOTO TIPUCHYMXEHHSA B
olnHcaHMH npoliecca (1).

IMpobnema yHUTapHHIX (TO €cThb CBA3MHHEIX C MHOXMECTBEHHBIM OOpa3zoBaHueM nap) mo-

IPaBOK K 3TOMY pe3ynbIary, a TAkXke BOIPOCH! COOTHOUICHHS MEXY aMIUIHTYIaMH KPOCCHHT-
CONPXKEHHBIX TIPOLECCOB

Zl+Zg—+Zl+Z2+6++6_,

e+ 21+ 2y — eT + 71 + 2o

6yRyT OCBSILEHH OTAENBHO.
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The isospin-symmetry-breaking effects in K4 decays *

S.R.Gevorkyan, A.N.Sissakian, A.V.Tarasov, H.T.Torosyan and O.0.Voskresenskaya
Joint Institute for Nuclear Research, 141980 Dubna, Russia

Abstract

The final state interaction of pions in K4 decay allows one to obtain the value of the
isospin and angular momentum zero ww 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 K 4 decays.

1. Introduction

For many years the decay
K* - atp~ety 0}

was considered as the cleanest method to determine the isospin and angular momentum zero
scattering length ag [1]. At present the value of ag 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 K 4 decays.

The common way to get the scattering length ag from the decay probabxhty 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:

Gpsin0
V2

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,! the hadronic form factors can be written in the following form:

A= (ntm™ | Tl K ¥ ) (€T vel 1710). @

F = fseié'g(s) +fpei6{'(s) COSO-,” ‘
G = gpe"‘s{("); H=hpei‘;;("). ?3)

Here s = M2, 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 f;, fp, gp, hp can be parameterized as functions of pion momenta
q in the dipion rest system and of the invariant mass of lepton pair s, in the known way [8].

* Physics of Atomic Nuclei, 73:6 (2010) 961-964. © 2010 MAMK Hayxa/Interperiodika Publishing.
Reproduced with kind permission of Pleiades Publishing, Ltd.
}As was shown in |7], the contribution of higher waves are small and can be safely neglected.
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The phases é] relevant to isospin I and orbital momenta [ of the dipion system due to Fermi—
Watson thcorcm [9] coincide with the corresponding phase shifts in elastic 77 scattering. From
the other hand the phases can be related to the scattermg 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* — a¥g07% As N. Cabibbo pointed [12, 13, this is a result of isospin breaking in
the final state due to the dlfference of masses of neutral and charged pions in the reaction 2
B Jut .

The final state interaction of pions in K4 decay is usually considered using the Fermi—
Watson theorem valid only in the isospin symmetry limit i.e. at m, = mg. According to [16],
the distinction in masses of neutral and charged pions leads to breaking of this theorem® 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 ap extracted from K.4 decay rates.

2. Isospin symmetry breaking due to pions mass difference

The phase shift 83 relevant to scattermg length aJ, has an impact only on hadronic form
factor F', whereas the form factors G and H depend only on p-wave phase shift 6. “If to
consider only S and P waves, the inelastic process 7° 9 — 7wt~ and the reversed one are
forbidden due to identity of neutral pions in [ = 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
1sosp1n I=0 ;

It can be shown that in one loop approx1matxon of nonperturbative effective ﬁeld theory -
(see e.g. [19]), the decay amplitude M relevant to dipion in the state with I = =

M= M1(1 + ’l:k204+._) +ikjaz My, “)

Here M,, M, are the so called “unperturbed” amplitudes [12] corresponding to the decays with
charged and neutral dipions in the ﬁnal state; k1 = /M2, — 4m2/2and ky = /M2, — 4m2/2
are the relative momenta in the 7%7% and #+7~ systems with the same invariant mass My,
and a_,a, are the s-waves amphtudes of the elastic scattenng 1r+7r — 7t~ and charge
exchange reaction 707° — 7t7—. :

As discussed in [19], these amphtudes are related with scattering lengths ao, a2 through :
the following relations*:

2a0 + a "

o = odug g,
5 ‘ 2 __ 2 f’
Ay = —\g——(ao—ag)(1+e/3); € = T—O’—r-nTE. . (5) " ’

(4

2The possibility of cusp in 7970 scattering due to different pion masses in charge exchange reaction 7+~ —
70 was firstly predicted in {14].

3The 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]. ‘

70
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A simple relation between the “unperturbed” amplitudes M; = v/2M,, follows from the rule
AI = 1/2 for semi-leptonic decays. Thus, in the isospin symmetry limit (mg = m) ° : ‘

M = My(1 +ikao) = My/1 + k2a2e™S. (6)

This equation is nothing else than the Fermi—Watson theorem for the 7 interaction in the final .
states.

The considered picture can be generalized to higher orders [17]. Summing all subsequent
loops of 77 scattering, we obtain the following:

Ml(l — 'l:klaoo) +tk1a; Ms .
D b
(1 — ikyaoo)(1 — ikaay_) + ki1kaa2, )

M
D

I

where the 7% elastic amplitude ago = (ao + 2a2){1 — €)/3.
It is convenient to rewrite this equation in the following form:

M = MiViItEn=a)/V2 i,
Dl
k1aoo + ko4 -
1+ kik2(a2 — agoa4—) "’ )
arctan k; (aoo —az/ \/5) . 8)

65 = arctan

Thus, unlike to isospin symmetry limit the decay amplitude also depends on a,.

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 77 scattering.

Another effect which can be important in the procedure of the scattering lengths extraction
- from the experimental data on K4 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

27w a

=i YTy ®)

G

Here v is the relative velocity in the dipion system and o = €2 /(4r) 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 83, whose difference
is extracted from experimental data.

3. Electromagnetic interaction in 77 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,

SIn this limit the scattering lengths ay corresponding to mr states with isospin I = 0, 2 are connected with elements
of K-matrix by the relation €241 = (1 + ikay)/(1 — ikar).
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one has to replace the charged pion momenta k; by a logarithmic derivative of the pion wave
function in the Coulomb potential at the boundary of the strong field r:

d 10g[Go(k1‘) + ZFo(kT)]
= . (10)

r=rg

ikl-—PT'—‘

Here Fy and G| 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 — om[log(—2ikre) + 2y + ¥(1 — i£)]
= Rer +iImr,
Rer = —amllog(2kro)+ 2y + Rey(1 — i€)],
am .42
£ 2% Imt = kA”, » ,
A = exp (%é) [T(1 + i), k ‘ (11)

where Euler constant v = 0.5772 and digamma function ¥(£§) = dlogI'(§)/d&.
Substituting these expressions in (8) one can express the modified phase for 7wt~ state
(I =1 = 0) 63 through the standard phases [15] 63, 52 relevant to exact isospin symmetry limit.
Dividing the modified phase as a sum of strong é; and electromagnetic J.,, terms, we
obtain:

&3 8s + bc;
8, arctan(Atan 6y + Btand3);
o Vv1—-4v

6 = arctan (—B) 7 B= T3
A = 2G(1+€) +M(1+¢€/3)

= 3 ;
B — G(1+¢€)—M1+¢€/3)

- 3 . ]

_ [T—4uy _m2 _ mj ;
A = T—4u.’ Ue = S,uo— et (12):

Let us note that, whereas the electromagnetic phase d.,, has a common textbook form [18], -~

the strong phase is essentially modified by electromagnetic effects (the Gamov factor in J,) 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:

- 2 B e
8} = arctan [G (1 + %) tan 5}] . a3

In the limit of exact isospin symmetry (m, = mg; o = 0) the above expressions become
well known , whose values can be obtained by using the Roy equations [10].
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Figure 1: The dependence of § = 63— 6} 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 aq = 0.225 and using the relevant phases 63,8} from
Appendix D of [1], we have calculated the modified phases differences § = 63 — 6} as a
function of the invariant mass of dipion My,.

Fig. 1 shows these dependencies in the two limiting cases. The dashed line corresponds to
exact isospin symmetry limit mg = m.;a = 0. To get & = 83 — 6} we use the phases values
from Appendix D of work [1]. 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 1 we cite 6 as a function of dipion invariant mass My, 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 §. Their contribution is the largest near the threshold, but even far from it, they are
essential.
The K4 decay amplitude if to take the isospin symmetry breaking effects into account depends
on scattering length a; 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 & = 63 — 6}: 1)
standard case [1] with ag = 0.225;a; = —0.037; 2) with charge exchange process
A = /(1 —4uo)/(1 — 4uc); 3) with parameter € (expression (5)); 4) with electromagnetic
interaction; 5) with the additional Coulomb phase (13)

Myr 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 | 0274 | 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. v
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Formation of 7y atoms in K4 decay -

S.R. Gevorkyan, A.V. Tarasov, and 0.0. Voskresenskaya
Joint Institute for Nuclear Research, 141980, Dubna, Russia

Abstract

We have derived the decay rate of 7p atom formation in' K,4 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 Kt — wtvis.

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 [1] allows
one to get information on 77 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* — w%7%20 also depends on the effects caused by a
possibility of 77 bound state formation [4, 5]. The production of positronium atoms in 7°
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 wu
atom was discovered [10, 11] in the decays of neutral kaons Ky, — ntu~v .

In the present work we show the importance of investigations of the 7y atom formation in
the decay

Kt sgt4n +ut+v M)

(K4 decay). The motivation of this is follows. Recently great efforts have been done [12] for
the experimental study of the rare decay K+ — ntvi aimed at determining the value of Vi,
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 decay!.

Below we will calculate the probability of x4 atom formation in the K4 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

Kt - ntup. )

As a result the process of the 7u 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 of Elsevier 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 71 atom formation
To obtain the decay rate of the my atom formation in K .4 decay
Kt ot + A, +v, 3)

we begin from the well known [17, 18] matrix element of the decay (1) written in the form of
the product of the lepton and hadron currents

M= f ViadaJ? = TVJsu(h)%(l = 1)u(ka) (V2 — A%), “

where the axial A* and vector V* hadronic currents:
)
AN = ~e ((pr +p2)*F + (p1 — p2)*G + (k1 + k2)*R) ;

V'\

H
—-;rl-a—f)‘ypa(kl + k2)u(p1 + p2)P(p1 - p2)a'- (5)
K

Here and later on k, py, ps, k1, ko are the invariant momenta of kaon, pions, muon and neutrino;
mg, Mg, m, are the relevant masses.

Confining as usually by s and p waves and assuming the same p-wave phase §,, for different
form factors, one has

F=Fe + e,  G=Gpe; H=Hye"; R=R,. (6)

The main goal of the experimental investigation [19, 20, 21] is to measure quantities F, Fy,
Gp, Hp, Ry, and § = 6, — 6, as functions of three invariant combinations of pions and leptons
momenta s = (py + p2)?, 81 = (k1 + k2)? and A = —k(p; +p2) [18].

From the other hand, to make up the 7y atom in the decay (1), the negative pion and muon
should have similar velocities. For such kinematics only two variables are at work, which we
have chosen as s, s;.

Since the binding energy of the ground state of 7y atom is small [22] € = 1.6 K€V, 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

MKt = ntA,v) = MM Kt s atr ptv)y, —,. @)
g V2u e

The square of the Coulomb wave function evaluated at the origin and summed over the principal
quantum number [11]

¥ =0) P= T 1 0alr =0) = (o ®

i =L = Mmamy
with the fine structure constant a = 155 and reduced mass y = e
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Using the well known rules for the decay rate of (3) we obtain

1 :
FT=——— | T(r=0 2 + S+ _ 2
@rmamr | (r } / | M(KT™ - 7t~ p Vog=v, |“ dE,dE. )]
Integrations in this expression are going over neutrino E,, and positive pion E, 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 2,3 = jqo ] 5 can be written in the well known form (see e.g.

(23D
tB =8 (k“k‘* + kS kL — (kik2)g™® + ze"‘"""kak") (10)
This expression has to be contracted with the relevant form of hadronic current Thp. 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)

D 1T = (2(P1k1 + p2k1)(prka + poka) — (p1 +p2)(kik2)) | F 2. (1D
mik

Accounting that the muon and negative pioh which compose this atom should havé equal
velocities, let us express their momenta through the atom momentum p, and mass m,: p2 =
%ﬁ-pa; ki = —:'r—:‘:pa, and introduce the foliowing Lorentz invariant combinations:

@ = 2piky = mr‘,’{ + mZ - mf, —2mikE,;
@ = 2p1pa= m3< m2 —m2 — 2mgE,;
g = 2pak:2 = mK m + m —2mgFE,. (12)

As the atom energy in the kaon rest frame is E = mg — E, — E,, the decay (3) is described
by two independent varlables which'in our case are the positive pion energy E and neutrino
energy E,.

The expression (11) can be rewritten by means of the above invariants:

dm o ‘ )
) T = — n:‘%(ql (g2 + 2mamg) | F 2. 3 (13)
Mg ‘

CaIculdting'al'l terms in the 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)

GLVZ 120343

+ ot
(K T Arp?) gy P

/ ®(Ex, E,)dExdE,,

&(Er, Ey) = qlga+2mama) | F |? +a1(g2 — 2mr.m,) | G |2 +m2q3 | R ?
+ 2(q1g2 — 2m72,q3)Re(FG*) + 2m,,(meg1 + myrq3)Re(FR")
2
+ 2myu(meq1 — mrqs)Re(RG™) + %’2'- (4E,Exq: —- g} — 4m2E?)
x (‘1—32 | H |2 22 Re(GH* +FH*.)) . (14)
m My

kig
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The integration here is going in the following limits:

m§<+m,2,—m§—2mKE,,< . mi +m2 — m? — 2myE,
2mg ~Er+VEZ—m2) = 7 T 2(mk — Bx — /B2 —m2)’
<m§(+m3,—m§
- 2my ’

my < En (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 K4 decay, but also the differential decay rate aEf+E,,’
whose knowledge is important to estimate the background in the basic decay K+ — 7t uvb.

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 K n4 and K4 decays are the same,
for three form factors F, G and H we take the standard parametnzatlon [19, 20, 21] with
parameters? from [20].

The axial hadronic form factor R can not be extracted from the experimental data on K,
decay 3. For this quantity we use the theoretical prediction from [24, 25]. Substituting these
parameterizations in (14) and using the value of K, decay rate from ([26], we obtain for
the probability of atom formation in the K4 decay I'(K+ — 7% + A, + v)/T(Kt —
7t + 7~ + ut +v) = 3.7 x 106. This probability could be compared with the probability of
mu atom formation in K3 decay [11] ~ 4 x 107 and 77 atom formation in the non-leptonic
decay [27] Kt — ntrtr~ ~ 8 x 1076,

As it is mentioned above, the atom formation in K4 decay can serve as background to the
rare decay K* — 7t wb in the relevant kinematical region. For the branching decay rate (see
e. g. [28]) the Standard Model predicts Br(K+ — ntvp) =~ (0.85 £ 0.07) x 10710, whereas
the branching ratio for the 7u atom formation considered in the present work, turns out to be
Br(K+ — ntAgzuv) = 0.5 x 10710, Thus, the branching ratio of the decay (3) considered
in this work is comparable with the branching ratio of the basic decay Kt — ntvp 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, confined by
threshold condition M2 = (k — p1)? = m% + m2 — 2mgE, > m2. 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* — 37 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
7y atom production threshold up to the threshold of three charged pion production in the
decay K+ — ntntx~. 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-leptonic decay K+ — nt 7070, 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 K4 decay rate is proportional to the square of the electron mass and can be neglected.

263



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. Madlgozhm 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™®

| Alexander Tarasov | and Olga Voskresenskaya?
§ Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

Abstract. A general formalism of the Glauber theory for elementary 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 CERNs [1], aims to observe the relativistic
hydrogen-like EA [2]f consisting of 7% and/or n7 /K7 mesons (‘dimesoatoms’) and
measure their lifetime with a high precision. The interaction of relativistic dimesoatoms
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 pioniumn (Az.) 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 intermediate- 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(1s?) 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 atorms Agp are the Coulomb bound states of two elementary particles. One can enumerate
here Aze, Ae;u A2y; Aery A;nr, A21r, Ark, 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
dimesoatoms {(Aa;, Ark, Axk) 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 theory is essentially based on
the assumption 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

azgfl within this ‘potential’ approximation, has been identified with the total cross sections
tot
g .

The incoherent part of the total cross sections oot . in the context of the DIRAC
experiment, correspond 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 required (typically on the order of MeV) that
exceeds the energy range relevant for the application to the dimesoatom-atom scattering
8, 9].

Some estimations of the ratio of2% , /%% 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 approximation 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 terms 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 approxnna.tlon for the amplitude A,+ I—f+ p(«i’) of the EA-TA
interactions ‘may be given by :

Asrroger(@® = = [ &b exp(i ) Tip 1 1+5(), @

where § is the three dimension mémentum transverse to the target; the mtegmtlon is
carried out over a plane perpendxcula,r to the direction of incidence; bis an nnpacr-
parameter vector in this plane; T';y 7 . I+ p(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 7y, 7%,... , 7,1 and the projections
on the plane of the impact parameter &, §,...,8z.

If we introduce the configuration spaces for the EA wave functions v;(7), ¥¢(F) and
the wave functions ¥;({7}), ¥r({#x}) of the TA constituents in the initial 4, and the
final f, F states, we may write the profile function as

Terreper(® 50 = [ @rog@n® f I Envr@amhuid
) k=1

xIEE{EY, (2)
with the interaction operator :
(5,5 (5) = 1-epli®(,5 (5))] )
and the phase-shift function
855, {5:}) = 28x (0,9 - Ax(B.5. (7)), @

in which the total phase difference for two EA constituents may be written as a sum of
the form

AX(b 9’{7'&}) ZAX(b_3k1*§71 . ) (5)

and the simple phabe difference Ax(b, 5) in (4) one can represent as follows:
Ax(ﬁ) =2 / e [+l - 72, ©
=(2), F=@E2), = Gom) ' (@)

Here, Z denotes the TA nuclear charge, « is the fine structure constant, 8= v/c=1, v
is the velocity of the scattering EA in the labortory frdme, z is the direction of mmdence,
R is the radius-vector from the center mass of the target atom to the center mass of EA,
7 is the radius-vector from one EA constituent to another.

The amplitude A; 47— 7+r(q) (1) is normalized by the relations:

A8 As1—ir1(0) = 06, 0),  |Aiprpar(@P = doisroper/day, (8)
where

0%t (i, I) = atoh (i, 1) + olpton (1) = D Y Oiprpirs 9
t F

1 For the energy range relevant to the dimesoatom-atom scattering, 7 (k=1,2) is the posmon vector
of an electron in the TA.
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ol I) = Z"'z-f—!—’f—i-lv Tineon (B 1) = Z D GikimgiFs (10)

F#1

Cir I f+F = / d?q doir1gir/day. (11)

To find the total cross sections for all types of collisions in which EA and TA begins
in the states ¢ and I, we must sum (10) over all states f and F. The summation is easily
carried out by using the completeness relations:

YU (PWi(F) = 6(F - ), (12)
s

Z Yr({THDPF({7%}) = H 6(7k — 7%)- (13)
Taking into account the expression

1 o\ % -
Z ‘2‘;/szlAix+11—-*f+F(QI)Ai2+]2-f+F(QI +§)

LF
= ~i [An+n—io+ R (@) — b iy 41-1 (- )] (14)
and abbreviated S = exp[i®], so that we find:
ot (i 1) = 2R / (1~ s ), - (15)
oD = [ #o(1- 2R () + IS, (16)
altaiD) = [@6(1- @), (an)

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:

(7) = [ ermm@rie, (18)
-~ Z -~
(7)) = [ TI&nlw:@rprR@s. (19)
k=1
The relation defining the {(S)) can be in abbreviated form written down as
((S)) = exp(i®), (20)

where ®(b, 3) is an effective (‘optical’) phase-shift function in the optical model for the
complete version of the Glauber theory.
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3. Second-order approximation for the complete version of the theory

In the so-called optical-model perturbative approximation of the Glauber theory, the
expansion, which we find for the optu,al phasc—shlft functlon (I’(b) may be written as

< (bv;) = Z T(I)n, , ) » (21)
n=1 ‘

where

By = (@), B2=(((@-8)2), @

By = (((2-1)%)), a={(((®-2)")) -3,

o n

The first order of the expression for @(5, 5) is the double average of the phase-shift
function ®(b, 5, {5 }) over all configurations of EA and TA in i- and I-states. The second-
order term of ‘i)(g, §) is purely absorptive in character and is equal in order of magnitude
to the Za?. '

When in the expansion (21) the sum

(I)tml(b S) Z

n=3

()

7

it seeins natural to neglect the 4 (b §) and consider the following approxunanon
85,8 ~ 1(b,5) + ‘I’z(b 5) (29)
with -
‘ . d2q
,(5,: Z_F ]
6.9 = 5 [ 7 [2-Fw

. [ﬁ(mg)'}_exp (5~ 2]} @)

d?q,d? "-‘_,"_ 1. =
®,(b,5) = ( %) /% [F((h - @) - ‘Z‘F(m)F((h)]

<fenfi (i -8)]How (57) o (S5}
(o () o (). o

The last term in (24) correspond to incoherent scattering.
Accounting the relations

Teon(t: 1) = (023h(8)) s oineon(is 1) = (Tincon(3)) (27)

tot ('L I) <o,tot 5))
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. E i : ‘e . oo copd] o' Lot , o H "
we found for. all type of the dxpole total cross hec.txonb‘ ool inmh)(s‘), depending only
from properties of a target matter, the following expressions:

o =2 / d*b (1 — cos &, e~/ 2) : (28)
ol () = / d*b (1 —2cos®e” /2 4 e“"*) ; (29)
otn(® = [ (1= ). (30)

4. ‘Potential’ approximation for the second-order optical model and its
accuracy

The eikonal approximation for EA-TA scattering neglecting effects of the intermediate
excitations of TA (‘potential’ approximation) [7] one can represent as follows:
tot . ~ t(s ~ . .
[o3eon(Es D] e 0, [0, 1)) ,,, = [ot0h (0, D)), - . (31)
If we define the absolute correction to this approximation as )
Baggh(i, 1) = 0gdh (i, 1) = [oloh (5, 1)) ., = (A0l2h(3),

tot _ _tot tot — .
Ocoh =0 = Oincon = Z Zaz+l~>f+F - Z Z TiglofaF
f F

f F#i

with

[0k 6 D] oy = [0 D]y = 3 0t1 (32)
!

we get in terms of total dipole cross sections within the second-order perturbation theory
the following expression for its calculation:

Ao’zt:gfl (3) = a,égﬁl 8~ [0’23‘;“, ‘;)] pot
= /tl2b (e""’2 —1+4+2(1-cos <I>1)e"q’2/2) ) (33)
To estimate the relative correction, we use the given bellow evaluation formulae:

/ 82(5,) & ~ (Za)? 2 L, / 8% (5,3) d?b ~ (Za)*s?,  (34)

- 4
/ B,(5,3) d®b ~ (Za?) s2 L, / ®3(5,5) d®b ~ (Za?)? I—:— L2, (35)

2
+
- ) 4
[#36.9 2.6, o~ (2%1) o (36)
Y 4
[ 6D 2269 P~ (200 (207 S 1 (31)
+ .
with
2 . o=
L:lll%, R+=R+g, kZ]. (38)
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Using also the definition
R \ |
L=In—,
752) (39)
we finally obtain the following estimation for the relative correction to the dipole total
cross sections of the coherent scattering:

iggz(_) O-‘t«‘gt (_') — [O'(t.g% §)]P0t =01\ Za 2 <82 . (40)
[ f‘gz(;")}pot [ 225}(@];)(” RZ
For the cross sections of a ‘elastic scattering’ ,
o1t D) = [ EalAssrirn@P, (a1)
where C '
i
Air1inr(@) = 751 [ocoh (6, 1) + atot o (i DS2D)] (42)
- 1 - . o ‘
$:(@ ~ 5 F(@), (43)
we also obtain the following relation to its ‘potential’ apprcximation:
1)
Ofhrmisr = [0 i1 pot (1 tz R2 : (44)
Similarly, for the cross sections of EA inelastic scattering, we get:
. : 1 <s2> —
nel { . =
Uzl'-{’—}—-*f‘i‘l - [ :Z}—’f+1];>()t (1 -Z —R—?L : (4'3)

The relative correction to the ‘potential’ approximation for the elastic and inelastic cross -
sections can be then estimated by:

l el
Ge, - [ae’ ]pot — Ao’f—i—l—»i-{—l 1 <52>
{061];1ot [afj-l—»i-(»l] pot Z R2
a.inel - [a.incl]pm 3 Aatiz‘}l-’f—t‘l B 1 <S2> B . ‘
— = == 1f (46)
[0""6'},)“ . mel zZ R+
. z+1—»f+1 pot

Finally, we find the following relation between the total cross sections of incoherent
scattering in the Glauber and Born approximations:

1+0 (Zoz2 (s 2+> )] , . (47)

[l o = < [#vast, *)) (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],

tot — tot
Tincoh = [GiTIC()h] Born

where

is given by ‘
’ tot ‘A Lot o 2
Tincoh 1= Aoin.coh =0 Za 2 < ( 49)
[atot ] - [otot RZ :
incohlBorn incohl Born
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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

tot tot tot [
g coh + Tincoh ('*)0)

in terms of the interaction operators I‘mh(,-,,c,,h,(a 5), according to [10]:

T eoh(incoh) = / 1|31y (AP Teon(incon) (B, 5), (51)

where ot oh(m coh) BT€ the total cross sections of EA-TA interaction without or with

excitation of the target atom.
In (51), we used the abbreviation [[[Z_, d®r¢ [T ({fx})]? = [ |¥;(7)|? and
operators who are looking like:

Teon(F, ) = 1~ 2cos [Ax(E, ] exp [-2(5.5)/2) + exp [-2(5. 3], (52)

znrr)lz(b ;) =1- exp[ @(b 5‘)] . (53)
For Ax(i;, 3) = ®, and <I>(b 3) = ®,, the following expressions take place:
AxG,5) = 2—23 / % (e — =) [1 - 5,(a)]. (54)

- 1Zo? [ dPq g ( x5 o o o
3(b,3) = = / (Tgl (72‘;2 (ethb+ _ e1qxb_) (e-—zng+ _ e-—zq;b_) (55)

xW(¢i,q2),

where by = b+ 5/2, the form factor S;(§) can be given by
$@= [EreTum, [dErm@m=1, ()

and the function W is characterized by the equations:
W(a, @) = 5141 — &) — S1(@)S1(@) + (2 - 1)

x [S2(q1, 2) — S1(q1)S1 (@), (57)
W(‘T; q_) = Sincoh ((D . (58)
For the last expression, S2(qy,42) can be calculated through the formula
AR / d3r1d3reet BN T g, (7 1), (59)
in which
/d37‘2P2 7,72) = ;m(f1), (60)

and py, p2 are the one-particle and two-particle electron densities of the target atom
The function <I>(b §) in the above equations accounts the target atom exitation both
in the intermediate and in the final states. If one put ® = 0, then egs. (50)-(53) turns
to the corresponding relations of refs. {7}. In particular, in this limit oipeon = 0.
From (36), it follows that a full relative correction to a2% (¢, 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? « 1, and can be successfully
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 Za®%. More precisely, they
can be presented in the form:

<92)
Zao? 61
( ) (61)
or, which is equivalent, in terms of radii of the interacting objects:
ga? {EA, ()ra (62)

D14 (pa’

where ('rz) Ea and (7'2) T 4 are the average constituent-to-constituent distances in EA and
TA, correspondingly.

The results of the performed a,ndlyms can he 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 Moliére-Fano multiple
scattering theory- t

l Alexander Tarasov ] and Olga Voski'esenskayai
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 Moli¢re-Fano 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 Moliére multiple scattering the-
ory instead of the approximate one obtained in the original paper of Moliére. 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 Moliére-Fano multiple scattering theory of charged particles’ [1-3] 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 Moligre [1, 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 Moliére 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 O to 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
gfel(o) = Z;Utot = E(Uel + o'in)

* ArXiv:1107.5018 [hep-ph] v2, Jun 2012, 27 p.
YThe given work is dedicated to the 70th Anniversary of Alexander Tarasov.
10n 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 (x2)

xa = (x2)°y/1+3.34(Za)?

obtained in the original paper Moliére [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 Moliére-Fano theory, resulting from a reconstruction of the unitarity in the particle-atom
scattering theory, and found that they are of order Za?. We have also received rigorous relations
between the exact and first-order parameters of the Moliére multiple scattering theory, instead
of the approximate one obtained in the original paper by Moli€re. Additionally, we evaluated
absolute and relative accuracies of the Moliére 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 theoi'y

2.1 Small-angle approximation

Let all scattering angles are small § < 1 so that sind ~ 6, and the scattering problem is
equivalent to diffusion in the plane of §. Now let o,;(X) be the elastic differential cross section
for the single scattering into the angular interval ¥ = 6— &, and W,, (6,t)0d8 is the number
of scattered particles in the interval d@ after traversing a target thickness t. Then the transport
equation is

| aW,gEB,t) = —ngW(0,) / o1 (X)d*x + 1o / W0 — X, )oa(X)d*x, )

where g = N4 /A is the number of the scattering atoms per cm3, N4 is the Avogadro number,
and A is the atomic weight of the target atoms. _ , B

Moliere solved this equation for the determination of the spatial-angle distribution function
Wy, (8,t) by the Fourier-Bessel method and gets to her a general expression

We(0,1) = / Jo(6m)g(n, tyndn, @
0
in which
a(n,2) = exp[N(n, ) — No(0, )], ®)

9 is the polar angle of the track of a scattering particle, measured with respect to the initial
direction z; 7 is the Fourier transform variable corresponding to &; and the Bessel function Jp
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of order 0 is an approximate form for the Legendre polynomial appropriate to small scattering
angles [2, 15].
In the notation of Moliére

oo
N(n,t) = 2ot [ 000 (xnxax, @
2 v
and Np is the value of (4) for n = 0, i.e. the total number of collisions
. ‘ ‘ .
No(0,8) = 2mnegt / T (X)xdx. S )]
2 S

The magmtudc of Np — N is much’ smaller than Np for values 17, which are important, and may
be called the ‘effective number of collisions’.
Irlscrtmg Eqs. (3)- (S)l)ack into (2), we have

W (0;t) = / ndnJo(6n) exp [—%not / oa(x)xdx[1 - Jo(X’?)]} : ©)
This equation is exact for any scattermg law, provxdcd only the angles are small compared with
a radian.

At g(n,0) = 1 for all 7y the expressxons (2)—(5) can be rewritten as follows

W0, = [ T(on)e | ™
0 .
where

[o o]

Qulm =27 [ 700l - Tbemlxdx. ®
0

This result is mathcmaﬁcally identical with result of Snyder and Scott for the distribution of
pro;ected angles (16].

2.2 Approximate solution of the transport equa'tidn

One of the most important results of the Moliére’s theory is that the scattering is described
by a single parameter, the so-called ‘screening angle’ (X, or x.):

= V1.167 x5 = [exp (Cx — 0.5)] xo ~ 1.080 X, 9

where C; = 0.57721 is the Euler’s constant. :
More precisely, the angular distribution W),,(6)0d6 depends only on the ratio of the ‘char- :

acteristic angle’ x., which describes the foil thlckness, to the ‘screening angle’ which describes -

the scattering atom:

2 o
be,=1n(x—f> _1n(x°) 4+1-2C; ~InNg. a0y
. Xa Xa
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The screening angle x, can be determined approximately by the relation

X~ X3 (113 +3.76 a?) = (x2)* (1 +3.344?) an
with the so-called ‘Born parameter’

Ze? Za

The second term in (11) represents the deviation from the Born approximation. If the value of
this term is 0, the value of the scrcemng angle is Xo = X2 = x0v1.13.
The angle xo is defined by

Zom, D oma 13)
37p ~ 0.885p

where p = mev is momentum of incident particle and v is its velocity in the laboratory frame.
The characteristic angle is defined as

' Za ’
=4 .
ot ( ﬁp) 19

Its physical meaning is that the total probability of single scattering through an angle greater than
Xc 1 exactly one.

Putting x.n = y and setting 6/x. = u, for the most important values of 1 of order 1 / Xe» WE
get Moli¢re’s transformed equation -

* ‘ 2 2
W (0)0d8 = udu / ydyJo(uy) exp {—-%— {be, —In (yz)] } , (15)

0

which is very much simpler in form than (6).
In order to obtain a result valid for large all angles, Moliére defines the new parameter B by

the transcendental equation
B—-IlnB=%,. (16)

The angular distribution function can be written then as
% (O.B)‘ = 3-7 dyJo(Oy)e=v" /4 (2 an
M 1 - 52 y y 0 y € exp 4B 4 .
0

The presented expansion method is to consider the term [y? In(y?/4)]/4B as a small parameter.
Then the W), is expanded in a power series in 1/B:

Wi(0t) = ) —5zWal0,t) (18)

n=0
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with

0

1 T 9 T2 (P\]"
W,.(0,t) = g—z-/ydy.fo (E.y) e~v'/4 [%ln(%)] , (19)
92 =x2B = 47m0t(Z°‘) B(t).
pv

This method is valid for B > 45and §2 < 1.
The first function Wy (8, t) have simple analytical form:

2 62 '
Wo(0,t) = 7 exp( 02) (20
62 't':oo tInt. : S ’ @1

For small angles, i.e. 8/8 = 0/(x.vB) = © less than about 2, the Gaussian (20) is the dominant
term. In this region, W1(6,t) is in general less than Wy(8,¢), so that the corrections to the
Gaussian is of order of 1 / B, i.e. of order of 10%.

2, 3 Bom apprommanon ’

On the one hand Mohere writes the elasnc Born cross section for the fast chargcd partxcle
scattering in the atomic field as follows:

7160 =60 (1~ 2220)" 2 o309 grc0 2

For angles x small compared with a radian the exact Rutherford formula has a simple approxi-
mation:

2 : -
B . Xc B '
Uct(X) P 47mot(1' cos x)2 qel(X) | : . (23)

2 (x)- (24)

~

™m tx4

Here, F, is the atomic form factor and ¢7}(x) is the ratio of actual to the Rutherford scattering
cross sections in the Born approximation
Then the screening angle x7 in the Bom approx1mat10n one can represent via F, or ¢5(x)

by the equations
[ Fam\Pdx 1
~ln(x?) = lim /(1—~‘—ZX—) —)—(X-+§,—1nc] 25)
_o , .
= _ lim /qel (X)dx 4= 1 ln{l (26)
© g—oo X 2
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with an angle ¢ such as

Yo €5 < 1/n~Xe @n

and the angle xo ~ meaZ'/3/p.
Moligre approximation for the Thomas—Fermi form factor Fr._(g) with momentum trans-
fer q can be written as

3 Y
Fr_e(g™ = ; Fa (28)
in which
¢1 =035 ;=055 c3=0.10,
A1 =030, Ay =4A;, A3 =5As.

In the case where the Born parameter a = 0, the equation (25) for the screening angle can be
evaluated directly, using the facts that g(0) = 0 and Cli)m g(¢) = 1. Then with use of (22) and
00

(28) can also be obtained the following approximation for (x.)” [1, 16]: .
A
(xa)” = lexp(Ce - 05)] 7 A= VILITA x0 4, 29)

where A = m.aZ1/3/0.885. We should note that in Refs. [1, 16] admitted a misprint, namely,
the factor A = 1.0825 in Eq. (29) should be replaced by A = 1.065 = /1.13.
On the other hand, Moliére writes the nonrelativistic Born cross section in the form

2
o]
o300 =K | [ pdods (260 sin ) 227 (30)
0
where the Born phase shift is given in units of s = ¢ =1 by
82 (5) = / U*(T)Td’" = —% Us(r=v@P+22)dz. 31)
—00

Here, k is the wave number of the incident particle, the variable p corresponds to the impact
parameter of the collision, and U, (r) is the screened Coulomb potential of the target atom

Ux(r)=%Z — A(/\r) (32)
with a screening function A(Ar). The screening radius A~! = r,, is frequently taken to be the
Thomas—Fermi (T-F) radius rs. = 0.885/m.aZ'/3,

Snyder and Scott [16] have used the simplest form of (32) with a pure exponential factor
A(Ar) = exp(Ar):

Us(r) = 2 % . (33)
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Moliére in his detailed study of single scattering [1] approximated the T-F screening function by
a sum of three exponentials:

AAr) =~ 01782 4 0.55¢7 122 4 0.35¢~0-30T, (34)
For the Born target-elastic single cross section have a place the following relations:

dor

= |fa(0)[%, (35)
k k
Sfa(0) = v o8 47ra£,t (36)

The Born approximation result for the amplitude f,; of elastic scattering of charged particle by
atom reads

fa(0) =ik / Jo(pg)[L — en@]pdp, 1)
S | |

qg=ko.

2.4 Approximate relation for the quantities x, and xz

In order to obtain a result valid for large a (i.e. not restricted to the Born approxunanon)
Molitre uses in his calculations of the screening angle a WKB technique.

The exact formulas for the WKB differential cross section oe;(x) and corrcspondmg ger(X)
in terms of an integral are given in Moliére’s paper [1] as follows:

oo 2
7u() = | [ pdo akxe){1 - exp ida(2] 68)
0
. 4] ’ v ' 2
k
ga(x) = (42 / pdpJo(kxp){l — exp [@M(ﬁ)]} (39)
| J |
with the phéSé 'shift. given by
8,,(5) = / [k,(r) — K]dz, | 40)

where k,(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 k,(7) is expanded as a series of powers of Uy(r)/k, then the first-degree term yields
the same expression for ®,,(F) 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 05 (x), g5(x), and xZ remain valid also for
ael(X)v Qel(X)v and Xq.

Despite the fact that the formulas (38), (39) are exact, evaluation of these quantities was
carried out by Moliere only approximately.

To estimate (39), Moliére used the first-order Born shift (31) with (32) and (34), what is good
only to terms of first order in a, and found

ga(x) =1 — %{—o.suzm[-m[w(mn

1 1 X 2
T 1o +%+lgé};]}

Here, 9 is the so-called ‘digamma function’, i.e. the logarithmic derivativc of the I'-function
¥(z) = dInT'(z)/dz. :
He has fitted a simple formula to the function R [1(ia)] in Eq. (41)

@n

1 2
R{y(ia)] ~ 7 lg (a“ + % + 0.13) . (42)
Using (42) in Eq. (41) and expanding with neglect of higher orders in a? and (x/x0) 2, he got
8.85 7.2-10~4(x/x0)* '
~1— ——o |1+ 2.3034%] .
qel(X) 1 (X/X0)2 [1 + alg (04 ¥ a2/3 + 013) (43)

Moliére has calculated g.;(x) for different values of a and as a result has devised an interpolation
scheme, based on a linear relation between (x/x0)? and a? for fixed q.;:

(x/x0)* = Aq +a®B,. @4
Calculating the screening angle defined by

< 1
1 d 1
~In (xa) = 5 + lim [/%—x-—lnc] =§—1nxO—/dqln(%) (45)
0 0

oo

and assuming a linear relation between x2 and a2, Moliére writes finally the following interpo-
lating formula: '

Xa = XoV'1.13 + 3.76 a2. (46)

Critical remarks to his conclusion see in the review of V.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? with the sum of the squares of the nuclear and electronic
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charges Z(Z +1) in basic relatxons (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

o(x) = ger(x) + oin(x)- )

For the inelastic components of the single scattering differential cross sections, the Fano
approximation reads

doin _ dof
dQ aQ ’
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 o2, () to the exponent of the Goudsmit—
Saunderson distribution! [18] for total scattering angle:

W= (143 3) POe {-not [P 00smxaxt - RGO}, @)

(48)

where P, is the Legendre polynomial. If we replace in (49) the sum over ! by an integral over
n (I+ 2) by 7, P, by the well-known formula P(8) = Jo( (I + 1) 6), and sin by x, the
expression (49) goes over into small-angle distribution (6) of Molitre and Lewis.

To achieve the mentioned goal in the small-angle approximation, we determine in accordance
with [15] and [9] sumlarly to (23) and (25) the correspondmg expresswns for the inelastic cross
section

X2

o200 = () 800 =

B
4rnot Z (1 — cos x)? 7in(X) 0
2
~_ Xe B
N T (51)
and the ‘inelastic cut-off angle’ x2, _
FamGodx 1
qin\X)0X
—ln(Xm)=cll{§° [/74’5—111(} . (52)
0
. Then, with the use of (23) and (50), angular distribution (17) can be rewritten as follows
1T g
Wier(®,B) = 3 / ydyJo(By)e™"/ exp (Ve + Y;n) 63)
0

IThe Goudsmit—Saunderson theory is valid for any angle, small or large, and do not assume any spec1a1 form for the
differential scattering cross section.
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with

2 2 2 7
v (Y _ % _ -3
Yel 4B In ( ) 3 Yin - (Z + 1)B /[1 JO(e)]e dea (54)
. .

where the parameter B is defined by equation

_1wB=b,+b,, (55)

in which -

1 B\ 2
be,_ln(;cg) +1-2Cs, bin—.:-Z—_ﬁln(;(;) : (56)

Numerical estimation of the —u,,,=—In (x2,)? value from the T-F model yields (—%in)r—F
= 5.8 for all Z. The value of —u,,, 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 (8, t) may be estimated according to the formula

Weorr(8,8) = W(0,8) [052act () /07 (X)), (57)
as suggested Bethe [15] and Fano [3].

3 Animprovement of the M-F theory

3.1 Glauber approximation

The Glauber approximation [19] for the amphtudc F;4(q) of the multiple scattering at small
angles is given by

. )
Fu(@) = 3= [ 0 explid® Tu(d), (58)

where I';¢(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 7, 72, ... , 7z and the projections
on the plane of the impact parameter 51, 52, ... ,5z. Then we may write the total phase shift as
a sum of the form
z
X(B, %1, &, &2) = ) Xk(P— 5%)- (59)
k=1

If we introduce the configuration space of the wave functions 1; and 15 for the initial and final
constituents states, we may write the profile function as

Z .
Ly@ = [T énwiAhudanre 6 @
k=1

285



with the interaction operator

I'(5,{5k}) = 1 — exp[i®(7, {5k })] (61)

and the phase-shift function

z ‘ : ‘
o(5,{&}) = ZX(P) — _ X(F— 5)- (62)
k=1
When the interaction is due to a potential V (7), the phase function X(/) is given by
- 1T
%3 = -1 / v (VAT ) da. ©63)
-—00

with the potenﬁal of an individﬁal constituent’s
V() = £lim e, A~ meaZlB. - (64)
A0 T

The multiple-scattering amplitude F; #(@) (5 8) is normalized by the relations:

4nSF;i(0) = 0(d)tot, |Fif(D)|* = dois/dgr, - (65)

where ‘
0ot = o)t + 0 035 = [ ldoss/daslP, )
o ()0t = ch ;- : (1))

In terms of €'®, where the phasc-shlft functlon 3 = &(p, {sk}) is given by (62), the cross
sections a(z)tat, a(z)e;, o(%):n could be written as follows: '

a(z)m = 2R / <1 - "">>d2p, - | | | (68)
o(3)er = / <1 p <ei‘3>,+ |<e""f’>|2>d2_p, (69)
0 (1)in = / <1 "’ >d2p.‘ } B (70)

The brackets <e"‘i’> 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 Moligre theories, we introduce the
abbreviation :

(816) — eiTIS (71)

and consider for the effective (‘optical’) phase shift function ®() the expansion
_ o g1
®(p) = Z -n—|‘1’m 72
n=1

where
®=(B), ®=((®-21)%)),

B3 =((2~®1)°),..., 20 ~ Za"/B. (73)

The first order of the expression for () is simply the average of the function & (7, {5%})
and correspond to the first-order Born approximation. The second order term of (/) is purely
absorptive (i.e., positive imaginary) in character and is equal in order of magnitude to the Za?/8.

When in the expansion (72) ,

’I:"'_l
- o, <1, 4

o0
-q;tail (l_)) = Z
n=3

!
it seems natural to neglect the ®;4;;(5) and consider the following approximation:

= i

®(p) = :1(p) + 5‘1’2(/—’), 75)
in which we let ®;(p) = ®,,(5) and D2(p) = 2®;,(p5). 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 Moliére—Fano theory:

‘I’M(f") = @M(ﬁ) + iéin(m ; (76)
with
2
20:n(7) = lim Z { [ 5= )l erer - | [ a5 et } . an
where
%P = —% / W(VPH2)dz Vi) =F2e™, (78)
o(7) = P3P (F). (79)
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For the cross sections

Utof. = (U(i)tot) y Oin = (U(i)z‘n) y Oel ='<U(i)e1) y k . (80)
takes place the unitarity condition
. k k
\ffel(o) = Z;‘Ta'tot = '4—7F(0'el + a'in) (81)
with
k
1al0) =Ful@, 3Ful0) ==Y [1Fs(@P an, &)
"
do; ik [ o -
o = S IR @F, Fy@ =5 [ ool Tu(a), )
f#i
Lif(P) = 1 — exp(-2%in), 84
o ‘ q= k0
Using (81), we found for the cross sections the following expressions:
Otot = 47r/ (1 —cos®,,(p) e‘q"'f(m) pdp, (85)
Oin = 27 / (1 - e‘zq’""(’-’)) pdp, (86)
el = 27r/ (1 —2cos®,,(p) e~ %n(A) 4 e—zq>,-,,(,7)) pdp. 87

3.3 Unitarity corrections to the Born approximation

'With the use of the evaluation formula
[era@N o~ 22/ (88)

and the exact contributions have been calculated in [20], we obtain the folloWing unitarity relative

correction (Gynit = 6,(‘2,2“) to the first-order Born cross section of the inelastic scattering o2 :

Aoy  Oip — U,B Cin
Ounit = B = = B ="B ~ 1~ Zaz/ﬂ (89)
in Oin Oin '
with
Oh = < / Qin(md2p> - (90)

288



The corresponding angular distribution reads

Win(0) = 21 [ Jo(0me@=tolnan, o1)
0
Qunn) =21 [ Gun(6)(1 = Jo(6m)oas. ©2)
Inserting Eq. (92) back into (91), we get the equation of the form:
Win(0) = 27r/17dn Jo(0n) exp [—271'/0,-,,(0')0'd0'[1 — Jo(6'n )]] . 93)
0 0
With the use of
1
[ naonsaomyin=gs0-07=0 04
and
i el i ,
dnn Jo(fn) = 2a O 0, [ dnnJo(fn)Jo(6'n) =0, 95)
) 0

according to [21], the integration of Eq. (93) yields the following result:

[o o]

Win(0) = —(21r)2/nJo(0n)Jo(0'n)dn - 0in(0")0'd0’ = —(27)? 0in (6). (96)

0

In Egs. (94) and (95) ¢ is the Dirac delta function and I 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):

o = AWin(0) _ Win(6) | _oin(0) | _ gin
unit = W,ﬁ(@) = Wzﬁ(g) - 0-15;1(0) T B

in

-1~ Zad?/B. 97
3.4 Rigorous relations between the exact and Born results

. . . I\B . .
To obtain an exact correction to the Born screening angle (x.) " in small-angle approxima-
tion, we will carry out our analytical calculation in terms of the function Q.i(7) (8):

o0
Qu(n) =2 [ oa(0ll - hlxmixdx = [ &1 - cosfae@i),] 69
0
where the phase shift is determined by the equation
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A2(p,77) = ®(p+) — (p-), Px=p+1i/2p. 99)

Substituting the expression for the cross section

gel(x) = el (x) (100)

mnot x4
into (98), we rewrite it in the form:

[o o]

not Qu(n) =2 [l = Jbeml GO 101)

0

For the important values of 5 of order 1 /Xc or less, it is possible to split the last integral at the
angle ¢ (27) into two integrals:

1) = [ = JoGen)l aaox~ix
=)

= / 1 — JoOn) g O)x3dx + / (1= Jo(xm)] ga(x)x 2 dx
0

= I1(sn) + I2(sn) - : (102)
For the part from 0 to ¢, we may write 1 — Jo(xn) = X?7n?/4, and the integral I reduces to a
universal one, independently of 7: '

<

2 |
Lim =1 / get(X) dx/x- (103)

0

For the part from ¢ to infinity, thc quantlty qez(X) can be replaced by unity, and the integral I
can be integrated by parts. This leads to the following result for Io: :

Ia(sn) = %— [1 — In(sn) + In2 - Cyg + O'(s"r))]. , (104)

Integrating (103) with the account (45), substxtutmg obtamed solunons back into (101), and also
using definition

In (Xc/Xa) + 1- ZCE =In (Xc/Xa) ’
as a result for Qel(n) we obtain:-

Qaln) = ,—%‘fnZ—r lln (%”—2) ~In (%)2] (105)

__Gen? <n2<x;)2> _

2ngt 4
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Finally, considering definition of . (14), we can represent Q.;(17) by the following expression:

Za\* 2 (x4’
=21 — 2In [ L 22el 1}
Qet(n) s <ﬂp) n°ln ( 1 (106)
Then, the screening angle ., can be determined via Q.;(n) by a linear equation:
! -1
2 2 Za\?
—~In(x,)" =In (%) + {2mn® (m) Qa(n)- (107)
Let us present the quantity Q.;(n) in the form:
Qer(n) = Qar(n) + Acc[Qe(n)]- (108)

Then, on the one hand, using (106), the difference Acc[Qe1(77)] < 0 between the Born approxi-
mate Q5 (n) and exact in the Born parameter values of the quantity Q,;(n) can be reduced to a
difference in the quantities In (x/) and In (x2)°:

~AcclQu(m)] = = [Qu(n) — Q5(n)] | (109)

=4mz(zﬂ;) in ()~ In (x))”] = den? (;g) Acolin ()}

On the other hand, this difference can be reduced to a difference Age; (x) = qa(x) — a5 (x):

AcolQu(n)] =27 /xdane, GOIL = Jolxem)] = % / is—que,(x)[l — TG,
0 0

and for (39) with (99), as a result of integration, (109) becomes
2
Za 1 VA
42| =—1] |=
i (ﬂp) [2”’(. 5 av(i ) vw)
5 .
Zao Zo
@7 (ﬂp) { Y1414 3 + (110)

Ry (1 +ia)) =R (1 —ia)] = R[Y (ia)] = R[¢ (~ia)]

—Acc [Qel("’ )]
n—0

where

ad 1
= —Cg + a? Zl ) = —Cx + f(a), 111)

-0 <a< o0,

$(1) = ~Cl, and f(a) = a® Y, [n(n? + a2)] " is an ‘universal function of a = Za/B’.2
n=1

2This 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 betwecn the quantities In ()
and In (x/)”:

n(x) ~In(x})° = R[YQ+ia)—p()], (112)
Acolin (x;)] = a2_z;'l°=1[n(n?+a2)]'1. (113)

We point out that the relations (110), (112), and (113) are mdependent 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

In[g(n)] = —not Q, we get:

Accllng(n)] = Ing(n)] —In[g”(n)] (114)

= 47 not(g ) f(a).

For the specified value of n? = 1/x2, using the definition of x. (14), we can evaluate this
correction:

‘ 2
Bcollnglxe)] = 5% 7 f(a) = f(a). 1)

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—Heitler 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 c0111s1ons [25, 26] and the spectrum of bremsstrahlung
[27, 28].

Specificity of the exprcssxons received in the present work is that they define the CC to the
screening angle (xa) the exponential part g(n, ) of the distribution function W, and the angu-
lar distribution. A charactenstlc 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 fo the Born approximation

Let us write (113) in the following way
B Z
(xa) = (xa) exp [f (733)] : (116)

The exact (Coulomb) relative corrections to the Born screening angle (xa) can be then repre-
sented as follows

Foo(d) = X @()B) Ac(cx(a,x)“) —ew|r(F)]-1 am
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The relative CC to the exponent g°(n) at n2 = 1/x?2, as follows from (115), is also determined
by this quantity: 5oc(x2) = cc [9(xc)]. Moreover, because :

AW (xe 1) = Wy — W2 = / Jo(6m) B g(xe)ndn, (118)
[1]

accounting [~ dnnJo(6n) = 0, we get

o= G0 88 s ()]

Thus,
dce = boc (Xé) = bcc [9(Xc)] = doc [Wa(Xe, 1)) -

To compare the second-order relative corrections to the first-order results, which correspond
to Egs. (116) and (11), respectively, we first present these equations in the following approximate

form: _
(x2) ~ (x})°® (1+1.204 (%)Zo ((Zﬂa) ) ', (120)

(xa) = (xa)” -1+1-670 (%)2+0 ((Zﬂa) ) : (121)

The last expression follows from

werifosn (5) e () w0 ()]

where x, = (x.)/1.080 and xZ = (x.)°/1.080. Then, (120) and (121) becomes

52 (x!) = (2(;())~1204(Z;) +0((Zﬂa) ) (122)
6&3)()(;) - A_(Z%stm(zﬁa) +0((Zﬂa) ) (123)

Additionally, in order to assess the accuracy of the Moliére theory in deteﬁmmng the screen-
ing angle x/, we also define the absolute and relative differences between the values of 6(2) (x2)

and 62 (xs) as well as between the 5 (xs) and 8 (x.) by the relations

@), () = Acoul) 8082 _ |32
a

cCcM 61(3) it 61(3) =1-= EI(E)’; (124)
A AN AR 5
dcem (Xé) = CCIzlnga) =M o) €€ =1- %s)- . (125)
¥ Oxr Ox
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_ Table 1 presents the Z dependence of the second-order corrections to the first-order results.

It shows that the values of the relative corrections 6223 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, (xa) of the Moliere’s theory in determining the screening angle X, increases

to approximately 16%, and the correspondmg relative error 6, ((322 (xZ) does not depend on Z and
is about 28%.

Table 1, The Z dcpendcnét; of the second-order and exact corrections defined by Egs. (97), (113), (117),
: (122)-(125), and (129) forf =1

M Z 106umi 62 68 A8 2. f(Za) bcc Dcom  boom

Be 4 .0002 0001 0001 0000 028 0001 0.001 0.000 0.286
Al 13 0007 0015 0011 0004 0280 0011 0.011 0004 0.280
Ti 22 0.012 0043 0031 0012 028 0031 0.031 0012 0.280
Ni 28 0015 0070 0050 0020 028 0.049 0050 0020 0287
Mo 42 0022 0157 0.113 0044 0280 0105 0.110 0.047 0.297
Sn 50 0.027 0222 0.160 0062 0279 0.144 0.154 0068 0.306
Ta 73 0039 0474 0342 0132 0278 0276 0318 0157 0.330
Pt 78 0041 0541 039 0.150 0279 0307 0359 0.182  0.336
Au 79 0.042 0554 0400 0154 0278 0313 0367 0.187 0.337
Pb 82 0044 0598 0431 0166 0279 0332 0393 0205 0.342

To estimate the exact (‘Coulomb’) corrections Acc [In (x2)] = Acc [Ing(x.)] = f(a) >0

and dce = Sec(X]) = doc [9(Xe)] = dco [Wh(Xe,t)] > 0, according to the formulas (113)
and (117), we must first calculate the values of the function f(a) = R[¢(1 + ia)] + Ch.
From the digamma series [29]

Y(l+a)=1-Cs - +E( 1)”[<(n D]a™t, al <1, (126)

n=2

where ( is the Riemann zeta function, leads the corresponding power series for R[y(1 + za)]

R[4(ia)]

R[$(ia)] =1~ Cs - + Z( 1)+ [¢(2n+ 1)]a2" la] < 2, (127)

1+a2

and the function f(a) = q2 S  [n(n? + a?)]~! can be represented as follows:

1 °° +1 2n
fla) = 1—m+‘;(—1)" [K@n+1)e®, lal<2, (128)
= 1- 1+1 —— +0.2021 % - 0.0369 6" +0.0083a° —...  (129)
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Corrections [%)]

o
i

Figure 1: The dependence of the relative Coulomb (dcc) and Moliére (& ,.(f )y corrections and also their
difference (Accar) from nuclear charge Z.

The calculation results for Z dependence of (128), the exact corrections and their difference
with the Moliére correction 6,(3) as well as the unitarity correction (97) are also presented in Table
1. Some results from Table 1 jllustrates Figure 1.

The Table 1 shows that while the values of relative unitarity corrections dynit = Ounit(o) =
dunit(W) for heavy atoms of the target material does not reach 0.5%, the maximum value of the
difference Acc [In (x1)] = f(Za) is close to 33%, and the magnitude of the corresponding
relative Coulomb correction doc 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, 652 (x4) > dcc(xZ), and this discrepancy increases approximately to 10% for the
heavy elements with Z ~ 80.

From Table 1 and Figure 1 is also obvious that the absolute inaccuracy A o, 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 dcc ) is about 34 percent.
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Thus, in the case of scattering on targets with large Z the such corrections as Accar and dgcpr
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 Moli¢re—Fano multiple scattering theory.

2. We have estimated the relative unitarity corrections to the parameters of the M-F theory
Ounit = Ounit(0) = dunit(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 Za?.

3. We have also received the rigorous relations for the exact and the Born values of the

quantities Qe1(n), In [g(n)], 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 Ace = Ace [In (x)] = Ace {Ing(xc)]

and relative Coulomb corrections dce = dcc(Xs) = Occ [9(Xe)] = doc (Wa (X, 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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