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MOZEJ1b KBAPK-TJIIOOHHbIX CTPYH:
MATKUE 1 NMONYXECTKUE

AJPOHHBbIE MPOLIECCHI
I'"U.Jluk cos

OObeaAVHEHHBbI MHCTUTYT SAEPHbIX UCCNenoB Hui, [yoH
I'.I'"Ap kenan
EpeB Hckuin dpumsnyecknin MHCTUTYT, EpeB H, ApmeHuns
M.H.Cepzeenko
NHcTutyT dmnaukm Ak aemun H yk Benopyccun, MuHck, Benopyccus

M3 1 1oTcd OCHOBHBIE NPUHLMIIEI MOJENU KB PK-IM0OHHBIX cTpyH (MKI'C), mpencr Bisromei
HerepTypO THBHBII MOIXOA B KB HTOBOM XxpomoauH Muke (KX]I) jis onuc HUS JPOHHBIX IPOLIECCOB.
TTox 3bIB €TCs CBSI3b S-K H JIBHOIO TOHONOTrHYecKOro 1/N-p 37M0XeHHs MIUIMTYAbl APOH- APOHHOTO
p ccesanus, rie N — 4YHCIO POM TOB WM IIBETOB KB PKOB, C €€ t-K H JIbHBIM D 3JI0XEHHEM IO
pemkeBckuM rnomoc M. T Koii IOIXox NpUMeHAeTcda K H JIU3y MATKMX JPOHHBIX npoueccos. I ercs
Kp TKMii 0030p MOMBITOK p cmmpeHus o6m ctu npumennmoctd MKI'C nms omuic HuS WMHKITIO3HB-
HBIX CNIEKTPOB PE30H HCOB, T KXKe€ IONYXKECTKUX JPOHHBIX TporeccoB. O6CyXa ercsd, B 4 CTHOCTH,
HoB 5 Momucuk st MKI'C, B KoTopoii 06MEH NMOMEpPOHOM p CCM TpUB eTcsi K K OOMeH JByms He-
nepTypOd THUBHBIMU IVIIOOH MU C JIMH MHYECKU I'€HEpUpYeMOW M cCoif; B p MK X 3Toil Bepcun MKI'C

H JIM3UPYIOTCA MATKME M IONYXECTKHE IIPOLECChl, T KX€ POXIEHHE OY POB HHBIX Y CTHIl B JPOH-
HBIX coyll peHusX. IToK 3 Hbl IPEUMYINECTB M HEJOCT TKH T KOTO IOAXON IO CP BHEHHIO C APYyrMMH
nepryp6 TuBHBIME MopensMu KXJI.

The basic properties of the quark-gluon string model (MQGS) are presented. It is a nonpertur-
bative QCD approach for the description of hadron processes at high energies. The relation of the
s-channel topological expansion over 1/N of the hadron-hadron scattering amplitude to its ¢-channel
one over Regge poles is shown, here IV is the number of flavours or colours. This approach is applied
to the analysis of soft hadron processes. The short review about the development of the MQGS for
the description of inclusive spectra of produced resonances and semi-hard hadron processes also is
presented. The new version of the MQGS is discussed where the pomeron exchange in t-channel
is considered as the exchange of two nonperturbative gluons in s-channel assuming the dynamical
generated gluon mass. Soft, semi-hard hadron processes and charm particles production are analyzed
within the framework of this new version of MQGS. The advantages and defects of this approach in
the comparison of other QCD models are discussed.

BBEIEHUE

Onpeznensonyo posb Wil COBPEMEHHOH Teopuu (hyHA MEHT JIbHBIX B3 HUMO-
JOEeHUCTBUHA WIp 10T ITyOOKOHEyNpyrue B3 MMOAEHCTBHA 4 cTMl. Eciam nentos-
JIPOHHBIE COYA PEHHUS HCIONB3YITCS I W3y4eHHd P CHpelesieHHd KB PKOB B
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JPOH X, TO et e~ -CTONKHOBEHMS CIIyX T JUId MCCIIEIOB HUS 3 KOHOMEPHOCTEN
APOHHU3 LM KB PKOB. AIPOH- JIPOHHBIE MPOLIECCH MPH OOJIBLINX MEpel 4 X M-
MyJIbC TIO3BOJISAIOT UCCIIENOB Tb IPUPOAY CHIBHBIX B3 UMOIEWCTBHII KB PKOB C
P 3TMYHBIME POM T MH K K OOMEH LIBETHBIMH KB HT MU — IJIIOOH MH.

Enunoro nogxon Juid onuc HUS JAPOH- JAPOHHBIX B3 UMOJEUCTBUI B H CTO-
sIee BpeMsl He CyIIeCTByeT. DTO CBSI3 HO C TeM, YTO JAPOHHbBIE B3 UMOJEIHCTBUA
OYEHb P 3HOPOIHBI 110 CBOMM CBOWCTB M K K B P 3HBIX DHEPIreTHYECKHX 00N CTSX,
T K ¥ B P 3HBIX KNHEM THUYECKUX MHTEPB J X. IIpobieM cocTouT eime B TOM, YTO
MBI FIMEEM JIEI0 C HECT THYECKOH CHCTeMOM, M JIr00ble NpecK 3 HUs MOBENEeHUS
T KOU CUCTEMBI CWJIBHO 3 BHUCAT OT €€ IPOCTP HCTBEHHO-BPEMEHHOU 9BOJIIOLUMU.

MHorue 3 KOHOMEPHOCTU POXACHUS [POHOB B JPOH- JPOHHBIX B3 UMOAEU-
CTBUSIX MOXXHO OOBSICHUTH KOJIMYECTBEHHO B P MK X IepTypO THUBHOI1 KB HTOBOIA
XPOMOJIMH MHUKH, KOTOP $1 IOOWI Cb 3H YHMTEJIbHBIX YCIIEXOB B OIMC HHUHU dIIEMEH-
T PHBIX IPOLECCOB B3 MMOJEHCTBUS LBETHBIX KB PKOB U IJIIOOHOB B YCJIOBHUSAX

cuMnroTnueckoi ceobompl. [Ipn 3TOM HMCHONB3yeTcd T K H 3bIB €MOE JININPYIO-

mee Jior pugmuueckoe npubmkenue (JIJIIT), koTopoe B IpOCTON MOIYKIT CCH-
yecKoi hopme copMyaupoB HO B Buie yp BHeHus AnsT pewtn — I1 pusu [1].
Ho npon mpexact Bisier coGoil 0OYeHb CIOXKHBII OOBEKT, HENPEPHIBHO M3MEHSIO-
M KOH(UTYP LUI0 K K IO YUCITY BO3HHUK IOIIUX U UCYE3 IOMMX ¢G-I P, T K U
M0 YHCITy TVIFOOHOB. YYECTh BCE BJIEMEHT pHbIE MPOLECCH B IPOHE HEOObY WHO
TpyaHo. bosieee TOro, npu BBICOKMX DHEPIUSIX OCHOBHYIO JIOJII0 BCEX JPOHHBIX
B3 UMOAEUCTBUI COCT BJIFIOT MATKME IPOLIECChl. B03MOXHOCTU TEOpUU BO3MY-
weHuid KX aig onuc HUS T KUX IMPOLIECCOB OYEHb OrP HUYEHBI; JOCT TOYHO
H TOMHHTH 00 M3BECTHBIX TPYJHOCTSIX, CBSI3 HHBIX C KOH() HHMEHTOM KB PKOB, B
OCHOBE KOTOPOTO JIeX T CHIIbHBIE HEMEepTypO THBHBIE 3(h(EKTHI.

OpnHoii u3 H uboJIee MOMY/ISIPHBIX MOJiesieil KOH( HWHMEHT KB PKOB SIBJISETCS
MOJIEJIb LBETHBIX TPYOOK, KOTOPbIe MOTYT H YMH ThCS M OK HYMB ThCS TOJIBKO H
KB PK X U HTUKB PK X WIM JUKB PK X. K X1 4T K 1 TpyOK p ccM TpuB ercs
K K pe JbHbIA (hH3HIecKUil 0OBEKT, NMMEIOIMNI KOHEUHYI0 SHEPTHI0 H eIUHHUILY
1nuHbl. [Tono6H s K pTUH OOYCIIOBJIMB €T JIMHEWHBIH POCT MOTEHIU J1 B3 MMO-
JIEeHCTBUS MEXy KB pK MH [2].

Kon¢ iiHMeHT B He OeleBbIX K JIMOPOBOYHBIX TEOPUSIX CHJIBHBIX B3 HMO-
JeUCTBU H uboliee OYEBHAHBIM OOp 30M TPOSBISETCS B P MK X IpPEIOXEH-
HOW BunbcoHOM (DOPMYIUPOBKM TEOPHMHM H IPOCTP HCTBEHHO-BPEMEHHOH pe-
werke [3]. Ilpumeu TenbHO, UTO H PpelleTKe B Ipenesie CUIIbHOM CBSI3U KOH-
¢ ¥WHMEHT mosmyd ercd BTOM THYECKH, U TEOPUS NPHBOJUT K K PTHUHE B3 HMO-
JEUCTBUS KB PKOB, H XOMALIMXCAd H KOHL X CTPYH C KOHEYHOM 3HEpruedl H
eauHully UIMHBL. IlocienHue ucciaenoB HUS U P CUETHl H PELIETKE CBA3 HBI C
JNEMOHCTp IIHMell COXp HEHHS DTOTro SIBIeHUs] B HENPEPhIBHOM Ipenese [4].

B H croduee BpeMs IIMPOKO HCHOJIb3YeTCd MOAXOX Ul OIKC HHSA B3 UMO-
JEUCTBHUS NPOHOB, AOIYCK IOMIMI MPOCTYI0 I P METPHU3 LUI0 IPOCTP HCTBEHHO-
BPEMEHHOU 3BOJIIOLUU JIOK JIBHO-D BHOBECHOH KB DK-INIIOOHHOM CHUCTEMBI, KOTO-
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P ¢ COAEPXUT TONIBKO NPOAOJIbHBIE MepeMeHHble. B T KoM moaxone B C.ILU. pe-

KUK (POHTHI CT JIKUB IOMIUXCS JPOHOB JBUXYTCA CO CKOPOCTBIO CBET , IpH-
4YeM B MPOMEXYTOYHOH OOJ1 CTH HCHONB3YeTCs] HEKOTOP S MHTEPHONISLMS MEXIy
aTuMU Tipezienn MU. T K S K pTHH SBJSETCA ZOCT TOYHO IPyObIM MPUOIMXKEHHEM.
OueBHIHO, YTO B ITIpOLECCE B3 MMOIEWCTBHS JIPOHBI p 3pyLI IOTCS, M HEO0OXO-
JMMO P CCM TPHUB Th CKOpee KB PK-IJIIOOHHBIE CTENEHH CBOOObI, HEXENU IPOH-
Hble. KB pK-IJIIOOHH 9 cucTeM B OOLIEM CIyd € Hep BHOBECH : JONYCK eTcs
IPEJACT BJIEHUE O HE3 BUCUMBIX CTPYH X, SBIISIOIIUXCS CUIIPHO HEP BHOBECHBIMU
CUCTEM MHU.

Msrkue B3 UMOJECTBUS HE MOTYT ObITh BbIUUCICHBI B p MK X KX]I; omH KO
Y CTO UTHOpHpPYETCs TOT () KT, YTO CYILECTBYIOT OYEHb yCHelIHble (heHOMEHOIIO-
rudeckue mojaxoabl (cM. [S]) mid omuic HUSL OPOH- OPOHHBIX, APOH-SAEPHBIX U
SAOpO-AIEPHBIX B3 MMOJEICTBUII B Ipelesie OYeHb BHICOKUX ®HEPIUil, OCHOB HHbIE
H Teopuu Pemxe. T Kue Mozmenu H XOAATCA IOJHOCTBIO B P MK X PEISTHBUCT-
CKOI KB HTOBOH TE€OpHH, NPUYEM HEKOTOPbIE OCOOEHHOCTH 3THUX MOZEeH MOryT
ObiTh Bocripon3sseneHbl B KX myreM u3ydeHus JECTHUYHBIX U TP MM.

T kuM 0Op 30M, B (pu3uKe JPOHOB BBICOKHMX DHEPIUil ecTh HE MeHee (pyH] -
MeHT JbHBIA, yeM ¢ M KX]I, nogxon — penxeoHH g Teopus. CylecTByeT He-
CKOJIBKO JIOCT TOYHO XOPOIIO P 3p OOT HHBIX MOJieJiei, OCHOB HHbBIX H 3TOM Teo-
pHUH: MOIeTh KB PK-TNIIOOHHBIX CTPYH [6], oy JbH S 11 pTroHH g Monens (IIIM) [7]
u moxens VENUS [5]. Bce sTé Mopmenu OK 3 JIUCh YCHEIIHBIMM IPU OIUC -
HUM 3KCHEPUMEHT JIbHBIX JI HHBIX, 1 OHU P CCM TPHB IOTCA B H CTOSIIEE BpeMs
K K H uboJiee pe JIMCTUYECKHIA MTOAXOM I OMUC HMSl JAPOH- JPOHHBIX U JPOH-
SIAEPHBIX B3 MMOJICHCTBUII IIPH BBICOKHX BHEPIHUsX; OHH SBJIAIOTCS OoJiee 4eM mpo-
CTO BKCTp MOJSIMEN W3BECTHOW (PM3MKH, K K Y CTO LUTHUPYETCs, MOCKOJIBKY B
MPUHLMIE 3TOT MOAXOJ BKJIIOY €T U Iepep ccesHue. BOoNbIIMHCTBO U3 3THX MO-
neneit (K X, H npumep, OIIM u VENUS) y4uThIB 10T NOJYXECTKOE p CCesHUe
U CHOCOOHBI BOCHPOU3BECTH [ HHbIe BILIOTH 10 sHepruil LHC. Bce atn Monenu
UJIEHTUYHBl B OTHOLIEHUH YIIPYTOTO P CCESHUS U BECOB OIPENESICHHBIX HEYIIPYTHX
IIPOLIECCOB, ONH KO C MM HEYNPYTHe IMPOLIECCH ONPENENSIOTCA MO-p 3HOMY.

HeobxomuMocTh  [€KB THOTO (C Y4eTOM 3KCIIEPUMEHT JIbHBIX YCIOBHH) U
TPYIOEMKOIO COIOCT BJIEHUSI OOJBIINX OOBEMOB DKCHEPHUMEHT JIbHOW HMHGOPM -
LUK C Pe3ylbT T MU TEOPHU NPUBET K CO3 HUI0O MHOTOYMCIEHHBIX Mojeneit
U MPOrp MM-T€HEP TOPOB CTOJKHOBEHWIl JPOHOB U TOMHbIX daep [8—11]. Ouu
OCHOBBIB I0TCSI H YCIIeX X CT HJI PTHOW TEOPUH CHJIBHBIX U 3JIEKTPOCH OBIX B3 H-
MOJEUCTBUI M P 3JIUYHBIX (DEHOMEHOJIOTMYECKUX MOAXOA X. Bce cymecTBylo-
IIMe B H CTOsIIee BpeMs MOIETH JAPOH- APOHHBIX B3 UMOJCHUCTBUI M U3BECTHBIE
MIPOTP MMBI-T€HEpP TOPBI MOXHO P 3IETUTh H TPH IPYIIIBI: MOJENH, OCHOB HHBIE
H Teopun I'pubos — Pemxe (MKI'C, OIIM, VENUS), Mozienu, OCHOB HHBIE H
ki1 ccudyeckoil teopun ctpyH (FRITIOF, SRM, ATTILA, SPM), Mmonenu, OCHOB H-
uele H meptyp6 tuBHOU KX (ISAJET, PYTHIA, EUROJET, COJETS/WIZJET,
FIELDAJET, HIJING, PCM) [5]. Cpenu mporp MM-TeHep TOPOB 0c000 HIMPO-
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Kylo u3BecTHOCTh nonydwnu nporp Mmsl ISAJET [8] u nmporp mwmsl JlyHackoro
yHuBepcuret , B 4 ctHoctd, PYTHIA [9] u FRITIOF [10].

HHTeHCHBHO p 3BUB I0TCA B H CTOSAIIEE BPEMS MOHTE-K PIIOBCKUE BEPCUU MO-
JIeJId KB PK-IJIIOOHHBIX CTPYH (cM. [11] 1 cchuiku B Hell). DT NpOrp MMBbI IIPETeH-
JyIOT H OIUC HHE BCceill 00J1 CTH Nepe HHBIX UMITYJIbCOB, OT XECTKOTO P CCesHUS
KB PKOB M IJIIOOHOB JI0 0Op 30B HHs U P CII | JIPOHOB, YTO OOBSCHSAET UX IO-
MY PHOCTb.

B Teuenue JOCT TOYHO JUIMTEIIBHBIX TIOMCKOB BBIICHHIIOCH, YTO OCHOBH I IIPO-
671eM TEOpHHM MHOXECTBEHHBIX MPOIIECCOB CBOOHUTCS K ONMC HUIO WX BHUPTY Jib-
HOM ¢ 3B, IPOCTP HCTBEHHBIE P 3MEPbl KOTOPOH MPEBHI 0T P 3MEPbl HYKJIOH
W BO3p CT IOT C DHEPrHeil CT JIKUB IOIUXCH Y CTHL. TO OOCTOSITENbCTBO, YTO
Tp HC(OPM 1M BUPTY JIBHBIX U CTHULl B P& JIbHBIE NPOMCXOAUT H P CCTOSHHUSX
HOpSOK P 3MEPOB TOMHBIX 4I€p, MO3BOJFET UCIIONB30B Th B3 MMOIEUCTBUE C

TOMHBIMU 4P MU K K MHCTPYMEHT [UIl M3y4eHUs IPOCTP HCTBEHHO-BPEMEHHOMU
K PTUHBl JPOHU3 LMU B IPOLECC X MHOXECTBEHHOIO POXAEHHA Y CTHL. B H -
cTosiieM 00630pe Mbl HE p CCM TPUB €M JpOH-siepHbIe B3 MMOIEUCTBUS, I10-
CKOJIBKY 3TO OTHEJIBHBIN M AOCT TOYHO 3H YMUTENbHBIA MpeaMeT HCCIEN0B HUs.

OnHOI U3 B XHBIX M M JIOU3YyYEHHBIX 3 1 4 (PU3MKH IPOHOB SBIAETCSI IpO-
HOpPOXIEHHE Y CTHUL, COAEpX IIUX TIXelble KB PKU. Pe ymcruyeckuwe OLEHKH
CEUYECHUIl POXIEHMS TSKEIBbIX KB PKOB B JPOHHBIX CTOIKHOBEHHSX HEOOXOIWUMBI
T KXe€ U1 IUT HUPOB HMSI DKCIIEPUMEHTOB H CYILIECTBYIOIIUX W OYAyIIUX YCKO-
PpUTENIX; OTPOMHBIE 3 TP Thl H CO3/ HHE YCKOpHUTENed M IeTeKTUPYIOIIUX YCT -
HOBOK TPEOYIOT TII TEeJIbHOTO MPOTHO3UPOB HMSI DKCIIEPUMEHT JIHOM CUTY LHWH.
OOBIYHO T KHE OLIEHKH Je I0TCS H OCHOBE I PTOHHOH MOJENU B P MK X TEOPHH
po3MymieHuii KXJI. OpgH KO U3BECTHBI PE3yJbT Thl ®KCIIEPUMEHTOB, IIPOTUBOPE-
Y [IMe 1T PTOHHOH MOJeNd, B P MK X KOTOPOil HEBO3MOXKHO JOOUTHCS OOJBIIETro
BBIXOJl OY POB HHBIX Y cTUI B K-Mydk X MO Cp BHEHMIO C 7-Mydyk Mu [12].
Kpome Toro, m pToHHBIE MOJEIN CHCTEM THYECKH 3 HMX IOT CEYEHUS POXKICHU
c- U b-XB PKOB IIpH Cp BHUTEJBHO HEOONBIINX MOMEPEIHBIX UMITYThC X [13].

Ilepexon TsKeNbIX KB PKOB B IPOHBI OIUCHIB JICS P 3HBIMHU MogesisiMu. B [12]
omuc HHUe OBUIO BHIMOIHEHO C MOMOINBI0 PEeKOMOWH HMUOHHOU Mopmenu [14-16],
YUUTBHIB IOLIEH B3 MMOJCHCTBUE BHOBb POXJIEHHBIX TSXKENBIX (J-KB PKOB C KB p-
K MU U3 H Y JIbHBIX JPOHOB; T KOH y4eT B3 MMOJEHCTBHUS C B JICHTHBIMH KB p-
K MU HO3BOJIWI OIUC Th POXJIEHHE JIMAUPYIOIIEH KOMIOHEHTHl 04 POB HHBIX U -
cruu. OyHKOMSI peKOMOMH MU B 9TON MOIENH BBIP XeH uepe3 uHTepcent ;(0)
JIMIMPYIOLIEN PeIXKEeBCKOW TP €KTOpUH, CBSI3 HHOM C KB pKOM ¢;. B npyroil ¢e-
HOMEHOJIOTUYECKOi Mozenu [17] caen H OIeHK BBIXOA OY POB HHBIX U CTHII B
PEIXeBCKOM IMOJXO/e U MOJIy4eHO JOCT TOYHO TOYHOE ONUC HUe poxiaeHus D- u
B-Me30HOB IIpU UCTIONB30B HUM (DYHKLUIH (p IMEHT LM, KOTOpbIE T KXE BBIP -
XK JIUCh Yepe3 NepeceueHus JIIUPYIoIuX Tp eKkropuii Pemxe.

VYcnemnoe onuc HUE p 37MUYHBIX X P KTEPUCTHK IPOLECCOB IPOHOPOXKJE-
HUS TSKENBIX KB PKOB MOXET OBITbh IOJyYEHO B P MK X IOAXOJ , OCHOB HHOIO
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H TtononorudeckoM 1/Ny-p 3moxennn Mmutys B KXJI [18-21] u TecHo cBs-
3 HHBIX C HUM MOJEJISIX CTPYHBI U IIBETHOU Tpyoku [22-24], T.e. B p MK X MKIC.

OCHOBHBIE COCT BIIFIONIME MOJENU KB PK-ITIOOHHBIX CTPYH — CTPYKTYpHbIE
(pyHKIIMU KB PKOB U (PYHKIMH (pp IMEHT LK KB PKOB B JIPOHBI — BBIP X IOTCS
B TEPMHUH X IepecedyeHuii Tp exropuii nomocos Pemxe. H nbonbin g Heonpene-
JIEHHOCTb P CYETOB CEYEHHil BBIXOJOB TAXKenblX poM ToB B p MK X MKI'C cBs-
3 H , B OCHOBHOM, C OTCYTCTBHEM H JI€XKHOIl MH(OPM LUK O MOBEICHUU PEIKEB-
CKHX Tp eKTOpHii TaxkenblX (Q(QQ-KB PKOHHEB. B IpPEmNoIoXeHHH O JTMHEHHOCTH
QQ-Tp exTOpHil MHTEPCENThl OK 3bIB IOTC HU3KMMHU oy (0) ~ —2,2, ay(0) ~
—16, noaTOMy BKJI [ IIepuhepuueckoro Mex HU3M OueHb ObICTPO YOBIB €T C poc-
TOM M CChl KB PK . B 9TOil CBS3M B XHOE 3H YCHHE NMPHOOPET eT oIlpeneicHue
MOBEJCHUST PEIKEBCKUX QQ-Tp exropuii B o6 ¢t 0 < ¢t < mQQQ U OLIEHK
MHTEPCENTOB ;3 (0) Tp exTopHii.

MKI'C ycriemHo mpUMEeHsUT Chb I OIKMC HHS MPOIECCOB 0Op 30B HHs IpO-
HOB, NPOMHTErPUPOB HHBIX IO IMONEPEYHOMY HUMITYIbCY POXI IOIIENHCS 4 CTHLBI,
COJiepX IIMX HE TOJIbKO JIeTKHe U-, d-, ¥ S-KB PKH, HO IO3BOJIWI OOBSICHUTH
MHOTHE X P KTepHBIE YepThl OPOHOPOXAEHUS OY POB HHBIX U CTHI (CM. 00-
30pel [25,26], T kxe p Gorel [27-36]). C wucnons3oB HueM Mmeron 1/Ng-
P 37OXEHHS M MOIENTH PeIXHU30B HHOTO OJHONMOHHOrO obMeH B p Oore [37]
OBbLTH BBIYKCIICHBI CIIEKTPBI A -0 PUOHOB B PP-CTOTKHOBEHHSIX.

B 1 HHOM 0630pe p ccM TpuB 1orcd Mopucduk umu MKI'C, yuuthiB 1omiue
3 BUCHMOCTh CHEKTPOB OT CIHH PpOXJ IOIIeicd 9 CTHIBl, HWMEHHO POXICHHE
Pe30H HCHBIX cocTosHui [32,35,36], T KXe 3 BIUCUMOCTD P CIIpEAeIeHUil 4 c-
THUI] TIO TOTIEPEYHOMY HMITYJIBCY POXA IOIIECS U CTHIBI C yIETOM MOMEPEIHOTO
JBIXKEHUS KB PKOB B CT JIKUB IOIIUXCS JApPOH X [38-45].

B iepBoM p 31€71e Kp TKO H31 T' FOTCSl OCHOBHBIE IIPUHLKIIBL 1 /N -p 31m0XeHust
B KXJI u ero cBs3pb ¢ teopueit Pemxe. I ercs 0630p p 60T, OTHOCSAIIMXCS K I10-
CTPOCHHUIO MOIENTH KB PK-ITIOOHHBIX CTPYH, OCHOB HHOWM H 9TOi cBsa3u. [IpuBo-
IIATCS CXEM TONTyJYeHHs pelke- CUMITOTUKH (DYHKIUH p CrpenesieHns KB pKOB B
CT JIKMB IOLIMXCS JAPOH X M (pyHKUMH ()p IMEHT LUM B OOp 3yIOIIUECs JPOHBL.
OT™ed 10TCs 0COOEHHOCTH B3 UMOJICHCTBHS CTPYKTYPHBIX OOBEKTOB IO Cp BHE-
HHUIO C P CCEJIHHEM TOYEUHBIX 4 CTHILl M BO3HUK IOIIME IPH 3TOM TPYAHOCTH OIHU-
C HHA IPOHHBIX MporeccoB. [l eTca Kp TK S X p KTEPUCTHK MITKUX IPOHHBIX
MPOIIECCOB M P CCM TPHB IOTCS HEKOTOpPbhIE MOAETH MepU(hepUIECKIX B3 UMOLICH-
CTBUM JIPOHOB.

Bo Bropom p 3nene MKI'C npumensercs ajasd H JIU3 MPOLECCOB POXACHUS
0O030HHBIX PE30H HCOB, COIEpPX IIMX Jierkue u-, d-, s-kB pku [32]. C ucmosn3o-
B HHEM MOIENTH pPelkeoH-(POTOHHOW H JIOTHH IMOTYYeHbI COOTHOIICHHUS, CBIA3bIB -
IOIIHE CIIEKTPHI ME30HOB C BBICIIUMHU CIIMH MU CO CIEKTP MH BEKTOpHBIX (p,K ™)
U 1ceBOOCK JIApHBIX (7,K) Me30HOB.
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Tperuii p 3nen noceauien Momuguk 1y MKI'C, onuceB omeil  JpoHOpo-
KIEHHE 4 CTHILl C OTKPBITBIM U PMOM C YYETOM BKJI JIOB OT P CII OB COOTBETCTBY-
I0LMX S-BOJHOBBIX pe3oH HCOB [35,36].

YetBepThlil p 371e NOCBAIIEH HOBoMy moaxony B p MK X MKI'C s omnu-
C HHS MATKHX M IIOJyXXKECTKHUX JAPOHHBIX IPOLECCOB, OCHOB HHOMY H JBYXIJIIO-
OHHOM Mopnenu noMepoH [44,45]. B npemiokeHHOH MOIENU MOMEPOH P CCM -
TpUB eTcd K K OOMEeH ABYMS IJIIOOH MU C JMH MWUYECKH I'€HepHpyeMoil M CcCoW,
T.e. B IIPOII T TOp IJIIOOH BBOAUTCSA I p MeTp oOpe3 Hus 1o k, , KOTOPBI Jior -
pucdmMuuecku ucyes et npu oonpiux k. [pemwtoxenn s sBepcust MKI'C npume-
HSeTCs T KOIMYECTBEHHON OLIEHKM CeYeHUI poxaeHus 7- u [D-Me30HOB B pp-
B3 UMONCWUCTBHUSAX IPU p 3NUYHBIX H U JIBHBIX dHepruax [44,45]. U3 cp BHeHud
P CYETOB WIS ABYX 3H YEHHil MHTepcenT pemxkeBckoit U-tp exropun auy(0) ~ 0
i ay(0) = —2,2 ¢ 3KCHEepUMEHT JIbHBIME JI HHBIMU [IpH dHepruu /s =27,4 TsB
MOK 3 HO, YTO XOpOIllee ONKIC HHUE CHEKTPOB K K IO (heiHM HOBCKOM IepeMeHHOI
TF, T K U 10 IONEPEeYHOMY UMIIYJIbCY P | AOCTUT €TCd IPU 3H YEHUU IepecedeHus
pemkeBckoit U-Tp ekropuu, OMU3KoM K Hyio, ag(0) ~ 0.

B 3 xioueHHu Kp TKO cpOPMYITHPOB HbI OCHOBHBIE PE3YNIbT Thl UCCIIEIOB HUS.

1. TONOJIOINYECKOE 1/N-PA3JIO2KEHHUE
M EI'O CBSA3b C TEOPUEN PEIKE

TpyaHocTH, cBa3 HHble ¢ pocToM KXJI-KOHCT HTBI cBA3M s(Q?) B MATKHX
npoLecc X, MPUBEIH K P 3BUTHIO JIBTEPH THUBHBIX CIIOCOOOB P CUET B3 MMOJEH-
cTBUd  JpoHOB. B K uectBe M JiblX II p MeTpoB B KXJI MOXHO p CCM TpUB Tb
Beuuunbl 1 /Ny u 1/N,, tne Ny — 4ucno poM TOB KB PKOB (u, d, s, ...), N
— yucyo useToB [18,19]. Bauszkum K AelCTBUTETBHOCTH SBJISETCS CIIyd i, KOIJ
orHomeHue Ny/N, dukcupo Ho (Nf/N, o< 1) 1 IpOBOIUTCS P 3T0XKEHHE IO
Beuuube 1/Ny win 1/N.. T Koil HOAXOI MOJYYMI H 3B HUE Iy JIBHOI TOIO-
sormyeckor yaur pu3 uuu (ATY) [20,21], T.K. OH ObUI NPEIOKEH HE3 BUCHMO
or KXJI ju1d yyeT ycOBUS YHUT PHOCTH B P MK X Iy JIbHOI'O IIOAXO[ ; IIO3/IHEE
ObUT ycT HOBIIeH ero cBa3b ¢ KX]I [20].

B nporecc x ¢ HEGONBIINMY Tiepe]] HHBIMU UMITYJIbC MH 3(()EKTUBHO Y4 CT-
BYIOT TONIBKO JIeTKHe KB DKM u, d, s, ¥ 4ucno Ny Onu3Kko K 3, T.e. I P METp
P 370XeHHs npuMepHo p BeH 1/3. OmH KO ¢ KTHYECKH VI MIUIMTYJ C Ofpeje-
JICHHBIMU KB HTOBBIMHU YHCII MU B t-K H JIe P 3J7I0KEHUE IIPOBOJUTCS T10 BEJIMYUHE
1/N%? ~0,1.

IIpu onuc HUM MHOXECTBEHHBIX IIPOLIECCOB T KOU IIOAXOJ II03BOJIIET YCT HO-
BUTh COOTBETCTBHE MeXy (DefiHM HOBCKHMH AU TP MM MH pe Kuuu a+b — c+X
W onpenereHHbIMH F€OMETPUYECKUMU 00p 3 MH — IUT H PHBIMH JU TP MM MH,
WWIMHAPUYECKUMH, U TP MM MH ¢ “pydk MU~ H Gojiee CJIOXHBIMH TOIIOJIOTH-
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a o

Puc. 1. [In H pH 4 14 Tp MM C BHEIIHHUMH “HOT MU~ (@) U 9KBUB JICHTH 5 eil (heiHM -
HOBCK 1 1 Ip MM (6)

M. CyMMHPOB HHME MO BCEM BO3MOXHBIM B K XKJIOM CJIyd € THII M U TP MM
HO3BOJISIET HOJIYYUTh MIUTHTYIbI MSITKHMX IIPOLECCOB B Buje psin 1o 1/N.

1.1. Tomonoru4eckoe 1 /N-p 3n0xenue B KXJI. Ipemnoxennsiii 't Xorom
noaxox [18] ucnonb3yeT Teopuio BO3MYILLEHMH, OfH KO HE IO XPOMOAMH MHUYe-
CKOIi KOHCT HTe (s, 110 1/N,. IIpu 9TOM mpeanon r ercs, 9to «; - N, = const,

yucino pom ToB Ny cukcupos Ho. JI rp mxu 0 KXJI 3 muceB jicsd B T -
KOM BHJE, KOTOPhIi H IISIAHO MOXHO IPOWUTIOCTPUPOB Th CIIEAYIOLIUM 00p 30M.
I'mooH p ccM TpuB ercd K K KB PK- HTHKB PKOB S CUCTEM , T.e. M300p X ercd
B BUJE [BYX IPOTHUBOIOJIOXHO H I BIEHHBIX KB PKOBBIX JUHUI. KB pK Toxe
n300p X ercs B BUIE IBYX JIMHUI (CIUIOLIHOM M IITPUXOBOM H puc.l,a), HO oou-
H KOBO H IIp BJIEHHBIX, OOH U3 KOTOPBIX COOTBETCTBYET OINpPEIEICHHOMY LIBETY,

apyr 1 — poMm Ty. Mcxond u3 aTux np Buil (beiHM HOBCKHE U TP MMBI TOXE
n300p X [OTCH UH dYe.

P 3mug 10T 1M rp MMBI "Ii1 H pHOro” M Hem H pHoro” tum . K nepBeM oOT-
HOCSTCS I TP MMBI BUI pHC.l,a, C BHEIUHUMH ITIOOHHBIMU JIMHUSAMMU. [I71d T KUX
IM TP MM BCE JIMHUM MOXHO 0€3 C MOIepeceueHus] p 3MECTUTb H IUIOCKOCTH
BHYTPU KOHTYp , OIp HHYEHHOIO KB PKOBBIMH JIMHHUSIMH, KOTOPBIE OIPEIEIIIOT
Ip HHULY I Tp MMbL. JI H DISAHOCTH H puc.l,0 NpuBEAeH 5KBHB JICHTH 5 i
00buH 51 heifHM HOBCK g o1 Ip MM KX]I, rne BOJIHHCTBIE JIMHUM H300p X IOT
[JIIOOHBI,  CIUIOIIHBIE — KB PKM M HTHKB pPKU. [Iu rp MM n-ro nopsiak G,
[JI€ N — YHUCJIO0 BHEIIHUX ~“HOI” WIH BHEMIHUX [VIIOOHHBIX JTUHUH, UCXOMIIINX U3
rp HULBI (H puc.l n = 4), NponOpLUMOH JIbH CIIEAYIOIIEMY BbIp XeHuto [3]:

Gy o (g2)2 210 (gNL) (¢ Ny)lY, (1)

e BBEJCHHI Cliefylolue 0003H 4eHus: g — KOHCT HT CBi3H, l., Iy — ducn
LBETOBBIX 1 POM TOBBIX IETeJb, h — YHCIIO “pydeK’”’, X p KTepHU3YIOIIUX CTENeHb
HeIl H PHOCTH AU TP MM, b — 4unciIo rp Hu,.

B noaxoze 't Xodr [18] npexnon r sock, uto g2N. n Ny (GUKCHPOB HbI
HEKOTOPbIMH MOCTOSIHHBIMU. B p 6ot X ke Beneuu no [19,20] men nock Gonee
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Puc. 2. Il1 H pHble 01 Tp MMBI U1 OUH PHOTO (@) U MHOXECTBEHHOTO (6) IPOLECCOB

CHIIbHOE Tpearionoxenue: pukcupos much g>N. u g>Ny. Torn B noaxome Be-

HEIU HO
1 2h+b 1 2h+b
2\2h+b L 1 2
G o (g7) O(<N6> °<<Nf> . @)

B rononoruueckom p 31moXeHnH BeHelM HO AW Tp MMBI K1 CCH(PUIMPYIOTCS
1o yuciy “pydek” u “rp HuL . YTOOBI MONYyYUTh MIUIUTYIY, H IpUMep, OUH p-
Horo mnporiece (n = 4, cM. puc.2), H JI0 IPOCYMMHPOB Th IO BceM h U b, T.e. 1o
BKJI I M, COOTBETCTBYIOLIIMIM P 3HBIM TOIOJIOTHAM: IUT H PHbIH, LHMIHHIPUYECKUI
v T.1. 3 MeTuM, 4To TpeGoB Hue g>Nj = const (HOPSAK EIMHMLBI) PUBOIUT
K TOMY, YTO TOPSIOK I TP MMBI 1. HE MEHSETCS, €CJI B Hee BKJIIOYUTb KB PK-
HTHKB PKOBYIO NeTsi0. [71 BHBI BKJT 1 TOIOJIOTMYECKOTO P 370XKEHHS YK 3 HHOM
BBIIIIE MILTUTYIBI OYAyT I B Th, cort cHO ( [18]), qu rp MMl c h =0 u b =1,
T.e. A4 TP MMbI “IUT H pHOro” tun 6e3 “pyyek” u ¢ omgHoWl “rp muueil”. Ilpu-
Mephl T KHX OU TP MM IpPHUBEAEHBl H PHC.2, JUI1 ME30H-ME30HHOIO P CCEesHUS.
P 3pe3 HuIO T KOl AU I'p MMBI B S-K H Jie T KX€ COOTBETCTBYeT “IU1 H PH 51
IM TP MM JUId  MIUTUTYBl MHOXECTBEHHOTO POXIEHHS 4 CTHIL, M300p XEHH 5
H puc.2,6 (30ecb U B 1 JbHEHIIEM g YIpPOIIEHHS PUCYHKOB BHYTPEHHHE JIH-
HUM KB PKOB M DIJIIOOHOB B OTIIMYHE OT PUC.2, HEe M300p XKEHbI). AMIUIUTYIbI
MOI0OHBIX OMH PHBIX MPOLIECCOB BedyT cebs K K

X —=— X —.

T e g ®)
Ny N
I'p ¢uku 6omee BricOKOM Tomosornd, Korm h = 0,b = 2, T X H 3bIB eMbIe
"HWIMHAPUYECKHE” I TP MMBI (IpUMEP T KUX U TP MM AJIS YIIPYIOro p CCEaHUs
npuBeieH H puc.3, ), BedyT cebd B 3 BucumocTd oT N, unn Ny crenylomum
00p 30M:

(h=0p=2) _ 1 1
Tab—)ab 0.8 N? X N—C2 (4)
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| C :

R

L
p— C

Puc. 3. LlwmHopuveckue AW TP MMBI: @) yOPYroro mpouecc (IIOMepoH); 6) MHOXECTBEH-
HOTO TIpOIIecC

P 3pe3 Huio T KOU AU Ip MMBI B $-K H JI€ COOTBETCTBYET ~LIMJIMHAPUYECK 57
IM TP MM MHOXECTBEHHOTO POXAEHMS 4 CTHUI, N300p XeHH s H puc.3,6. u -
[P MMBbl CHEIYIOLIEro MOPAAK TOIMOJOTMU — Ip (UKMU “JABOMHOrO LMIMHAD ~,
h=1wub=2, youB 1T yxe kK kK 1/N? = 1/N2. Jlpyrue mu rp mmbl ~uuaun-
JIPUYECKOro” THI MOXHO M300p 3UTh B BHae MHOrux ~tmnuHapos”. IMociennue
yOBbIB 0T K K 1/N6, 1/N8,..., TK. h = 2,3,..., T.e. K XIblil JONOJHUTEIbHBIN
OWIHHAP [ €T OAHYy ’pyduky’, YHCIIO Ip HHI[ HEU3MEHHO, b = 2.

B p 6or x [18-22] ObUT mpemIoXeH T K H 3bIB €Mblil Ay JIbHO-TOMOJIOTH-
YeCKHi MOAXOA, CYTh KOTOPOro COCTOUT B ciemytomeM. IIn H pHBIM au Tp MM M
ch=0ub=1 (puc.2, ) B s-K H Jie CT BSATCS B COOTBETCTBUE JIU TP MMbI OJIHO-
pexeoHHOro oOMeH B t-K H Jie, Ip (PUK M HWIHHApPHYecKoro Tun ¢ h = 0 u
b =2 (puc.3, ) — Au Tp MMBI OTHOIIOMEPOHHOTO OOMEH ISl YIIPYroro p cces-
HUd ab — ab B t-k H ne. [IpyruM 1 Ip MM M LIWIHHIPUYECKOTO TUI B S-K H JIe
ch=1,2,3,... ub= 2 cr BITCA B COOTBETCTBUE I'P (PMKH MHOTOIIOMEPOHHOTO
oOMeH I yrpyroro p ccestHust B t-K H je. T K, IUT H PHBIM I TP MM M p 3-
pe3 HHoro Tum (puc.2,0) COOTBETCTBYET IMPOLIECC MHOXECTBEHHOTO POXIAECHUS
NIPU CTOJIKHOBEHHH ME30HOB @ M b, COCTOSIIMX W3 B JICHTHBIX KB PKOB M H-
TUKB PKOB. JIMHMS, OIpenession] g JIEBYH ~Tp HHULY P 3pe3 HHOU U IP MMBbI
puc.2,6, COOTBETCTBYET HHHUIWISILUM B JICHTHBIX KB PKOB, HTHKB PKOB, IIPHH [-
JIeX IMIMUX CT JKUB IOUMMCS JIpoH M (Me30H M). IIp B & “rp HUIl ” AU TP MMBI
puc.2,6 n300p X er qg-1 pbl, KOTOpbIE 3 TeM (Pp IMEHTUPYIOT B IpOHBL. Mexiy
JIeBOW U Mp BOH “Tp HULl MM~ IO I'P MMBI pHC.2,6 H XOAUTCS ~CeTh” INIIOOHHBIX
JIMHUH W qg-TieTellb, K K H PHC.2, , Il OHU He M300p XKEHBI.

®duznuecku Ou Ip MMy pHC.2,6, p 3pe3 HHYI B S-K H JIe, MOXHO Tp KTO-
B Tb [6] cnexyoumm o6p 30M. IIpH CTONKHOBEHHM JABYX ME30HOB KB PK OIHOTO
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ME30H HHHUTWIMPYET C HTHKB PKOM ApPYIOro, Jpyr £ ¢g¢- p B3 UMOIEHCTBYET
Mexny coboit u p 37eT ercd (B C.IL.U. CT JIKMB IOIIMXCS APOHOB) B P 3HBIE CTO-
pOHBL. Mexny 3TUMH IByMsS KB PK MH B XPOMOCT THYECKOM IIoj1e 0oOp 3yercs
CTPYH [6], KOTOp £ 3 TeM pBETCs, B PE3yJIbT Te Yero B XpOMOANH MHYECKOM B KY-
yMe poXI 10Tcd gg-11 pbl. BO3HUK €T BOMpoc, K K MOXHO BBIYHCIHUTh AU TP MMY
puc.2, , KOTOp 1 B p 3pe3 HHOM BHIE B S-K H Jie TIpeACT BiIeH H puc.2,6. H
MOMOIIb MPUXOIUT BBIIIEYK 3 HHOE COOTBETCTBUE MEXAY S-K H JIbHBIM TOIOJIOTH-
YEeCKMM M ¢-K H JIbHBIM P 3JI0XEHHEM I10 TMoioc M Pexxe MmmnTynsl 6MH pHOTO
npouecc (T K H 3bIB €MbIi NPUHIMI Ay JbHOCTH). IIpH BBHICOKMX B®HEPrUsiX U
HEeOOJBIINX Hepel 4 X UMIYIbC MOBEeIeHHe M IP MM pHUC.2 B {-K H Jie oIpe-
JIeTsieTcsl ¢ MBIMHU TP BBIMH B j-IUIOCKOCTH Moyitoc MU Pemxe ¢ 1 HHBIMU KB H-
TOBBIMH yuCl MHU. IIpeanosn r ercs, 4To 3TH MOMIOCH C XOPOIIEH TOUHOCTBIO CO-
BN [ IOT C H OJIIOJ €MBIMH H OIBITE T K H 3bIB €MBIMH BTOPHYHBIMU HOJIIOC MU
Penxe (p, Az, f, w, ...). MHOXecTBeHHOEe pOXIEHHE JIPOHOB IPU CTOJIKHO-
BEHHH 4 CTHI a W b (puc.2,6) MPOUCXOOWT 3 CUYET MYJIbTUIEPUPEPHIECKOrO
MeX HU3M B t-K H jie [6]. CeuyeHue T KOro HMPOLECC YMEHbBIN €TCS C POCTOM
s K k (1/s'7*r() e unrepcent pemke-tp exropun agr(0) ~ 0,5. Tostomy
Ul H PHBIE U TP MMBI THII pHC.2 YOBIB 10T C S K K 1/4/s.

LyuHapuyeckye Xe I TP MMbI TUIT TPUBEJEHHBIX H PHUC.3 COOTBETCTBYIOT
rp Uk M momepoHHOro oOMeH B t-K H Jie, KOTOpbIE B TEOPUH H JKPUTHIECKOTO
nomMepoH He yObIB 10T, J ke p cTyT K K s2, e A = ap(0) — 1 > 0 [6,33].
HHrepcent H akputudeckoro nomepon ap(0) ~ 1,27 [6] BMecTo 0OOGBIYHOTO
nomepon «ap(0) = 1. TlosTOMy IVl BHBIA BKJI [ B MHOXECTBEHHOE POXJIEHHE

JOPOHOB B OMH DHBIX JAPOHHBIX p€ KUHAX [ 0T LWIMHAPUYECKHE OU TP MMBI
TUN TpPUBEAEHHBIX H puc.3. @Dusuuecku 3TH AU TP MMBI MOXHO TP KTOB Th
H JIOTMYHO IUT H PHBIM I'p UK M pHcC.2,6: T K, IPH CTOJIKHOBEHHH [BYX IPOTO-
HOB BBICOKHMX ®HEPIUil MEXIy KB PKOM OJHOIO HYKJIOH U JUKB PKOM JpPYIoro H,
COOTBETCTBEHHO, OCT BUIMMHCS AUKB PKOM U KB PKOM 3THUX HYKJIOHOB, K K MEXIY
TPUIUIETOM M HTUTPHILUIETOM IO HBETY, MOCIIE [IBETOBOIO B3 MMOIEUCTBHUI 00p -
3yIOTCSl JIB€ CHHIVIETHBIE IO LBETy CTPyHBI. IIpW yn JeHWM KOHIIOB CTpyH APYr
OT JIpyr TOCJEeIHUE PBYTCS, B PE3y/bT Te YEero U3 B KyyM o0Op 3yIOTCs gG-TI pBl,
(p r™MeHTHpYIOLIME 3 TEM B IPOHBI.

@Du3nyeck S TP KTOBK LWIMHAPHYECKUX AU TP MM, COOTBETCTBYIOIIMX MHO-
TOITIOMEPOHHBIM {-K H JIbHBIM OOMEH M, H JIOTHYH HPHBEICHHOH BBIIIE, TOJIBKO
BMECTO JIByX CTPYH 0Op 3YIOTCS 27 CHHIVIETHBIX IO LIBETY CTPYH MEXIY KB PK MH
U IMKB PK MU (OBE CTPYHbl) U MOPCKMMM KB PK MU U HTUKB pK MU (2n — 2
CTPYHBI), TI€ 12 — YUCJIO TIOMEPOHHBIX OOMEHOB B t-K H JIe.

M30XeHH 5 CBsI3b S-K H JIBHOTO TONOIOrHYeckoro 1/N-p 370XKeHHs MIUTH-
Tyabl OMH PHOTO Tpolecc ¢ ee t-K H JIbHBIM P 3JI0XeHHeM Mo Mojioc M Pemxe
MO3BOJISET, HCXOIS U3 NP BWJIBHON pelke- CUMITOTHKH, BBIYMCIUTD P CIIpesese-
HUS KB PKOB B JIPOH X M uX (pyHkuwmn pp rment umu. H »TOi OCHOBE OTKpHI-
B €TCS BO3MOXHOCTH PO H JIM3HPOB Th BCE MATKHE JAPOHHBIE NMPOLIECCHI MHO-
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KECTBEHHOIO POXIEHUS JPOHOB, T.. NPOLECCH C M JIBIMH Hepell HHbIMH UM-
MYJIBC MHU.

K prun cuIBHBIX B3 UMOIEWCTBHII JPOHOB, OCHOB HH 1 H TOIOJIOTUYe-
CKOM P 3/10XKEHUH, I03BONFET INOHATh MHOIUME CBOWCTB CWIIBHBIX B3 UMOJEN-
cTBUH npu BbicOKMX aHeprusx [18-20]. Opn ko oH sBnsgeTcd mNoxyceHoMe-
HOJIOTUYECKOM Teopuell. 3H YuTeIbHO OOJIBILIYIO MPEICK 3 TEeNbHYI0 CHILy TeOpHs
1/N-p 310XeHHs OpUOOPET €T, eCIU U TP MM M TOIMOJIOTHYECKOTO P 3II0XKEHHUs
COIIOCT BUTH OIPEJETIEHHYIO IPOCTP HCTBEHHO-BPEMEHHYIO K PTHHY B3 UMOJEN-
CTBUSI KB PKOB U IVIIOOHOB, MCIIONB3Ys I ONMUC HUS 3(eKTOB KOH( HHMEHT
MOJIEJH LBETHOI TPYOKU U CTPYHBI.

1.2. Monenb 1iBeTHOM TPYOKH U KB PK-IIIOOHHBIX CTPYH. OCHOBBI (Op IMEH-
T IMOHHOH MOJENHU LBETHOI TPyOKHM M370XKeHbI B p 6oTe [6] U cocTOAT B crenyro-
meM. B 0011 cTu cymiecTBOB HUS LIBETHOTO MOJISt KB PKOB (UIYKTY LIUM [TIOOHHOTO
HOJI MOJ BJIEHBI, HO ®HEPIUSd B KyyM IIPEMATCTBYET BBIXOAY LIBETHBIX CHJIOBBIX
JIUHUHA KB PKOB BO BHEILIHIOI Cpefy. BDTO NPHUBOIUT K XPOMOAMH MUYECKOMY
B KyyMy BOKpPYI' KB PKOB, U [JPOH P CCM TpPHUB €Tcd K K IIy3bIpeK B INIIOOHHOM
B KyyMe, 4TO OJHOBPEMEHHO O3H 4 €T U KOH( HHMEHT, T.K. BCE CHUIIOBbIE JIMHUU
MeXIy KB PK MHU 3 MKHYTBl BHYTPH IIy3bIpbK [22-24].

CTONKHOBEHHE ABYX JAPOHOB-IY3bIPHKOB @ W b, CONPOBOX] IoIleecss HHUIH-
JISIMe B JIGHTHBIX KB PKOB, B MOJIEIM LIBETHOW TPYOKHM IPEJICT BIISIETCS CIIEIy-
omyM o6p 30M. YUToGbl 1B KB PK ¢, § U3 P 3HBIX JAPOHOB HHUTHIMPOB JIH,
UX OTHOCUTEJIbHbIE UMITYJIbCHI JOJKHBI ObITh M JIbI. TOr TMpH BBHICOKOI DHEPrHU
CT JIKMB IOLIMXCS APOHOB HEOOXOIMMO, YTOOBI B HUX pe JIM30B JINCh peIKHE KOH-
¢puryp 1mm KB pKOB-II PTOHOB, KOTA P 3HOCTb OBICTPOT KB PK W HTHKB PK B
H Y JIbHOM JpoHe(Me30He) BeIMK . B TepMUH X OBICTPOT BTO O3H Y €T:

1 S

yq—yq—glnm—g, (5)
1

i

me m% = mi + ng, \/§ — 9HEprUs B C.ILH.; MOJHBIA UHTEPB J1 OBICTPOT,

3 HATHIA KB PK MH B CT JIKUB IOIUMXCS JPOH X, P BEH ITOJJHOMY KHHEM THYECKH
P 3PEIIEHHOMY MHTEPB JIY Ymax = In (s/m?).

1.3. P cnpenenenue KB pkoB B aApoHe. P crpenenenue kB pkoB B MKI'C
oIpenenseTcss U3 Np BUIBHOH peake- CHMITOTUKH IUT H PHBIX U IWIHHIPHYE-
CKUX 1M I'p MM 1Ipu & — 1 u  — 0, toe & npuOIMXEeHHO P BHIETCS H0Je Mpo-
JOJIBHOTO MMITYJIbC KB PK OT HUMIYIbC H 4 JIBHOTO JAPOH , T.e. T ~ Pq./Dh,
WIH, TOYHee, T — IepeMeHH g cBeToBoro GpoHt z = (Ey + pgz)/(En + Phz).
Ux ¢yskuuu ¢pp IMEHT MU T KXKe OMpPEHeNsoTCs Peike- CUMITOTHKOMN, HO MpU
3TOM H KJI JIbIB IOTCS €llleé HEKOTOphIe YCIOBUI. B IeHCTBUTENBHOCTH Pedb HIET
0 p crpejesieHHd KB PKOB H KOHII X ¢ — G-CTPYHbl. P ccMOTpUM BH 4 Jie 1T -
H PHYIO M TP MMY pHc.2,6 Iiit OMH PHOTO MPOLECC MHOXECTBEHHOTO POXXICHHS
ab — hX B cIlM. IBYX CT JIKUB IOIIUXCS JAPOHOB a W b, Korg 9 ctui h po-
X1 ercs ObICTPOH, T.e. mpoiecc ¢ 60abmuM x. B 3TOM ciiyd e npu x — 1 Mexuy
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Puc. 4. a) IIn H pH g 1 Tp MM Ui OOp 30B HUS JIMIUPYIOIIErO JPOH ; 6) ee BKI 1
B MHKJTIO3MBHOE CEYCHUE; 6) TPEXPEIKEOHHBI Ip (UK, COOTBETCTBYIOLMI a1 Ip MMe (6)
npu x — 1

APOHOM h M OCT JIBHBIMH Y CTHL[ MM BO3HHUK €T OOJIBLIOI HHTEPB J1 ObICTPOT Ay,
K K 3TO u300p XeHo H puc.4,a. COOTBETCTBYIOLI S U IP MM YHOPYIoro p c-
CesHUs NpUBEIeH H puc.4,6, MTPUXOB S JMHHUA MOK 3bIB €T P 3pe3 HUE 3TOH
g1 rp MMbl. COOTBETCTBYIOIIMII €if TpexpeIXeoHHBIH Ip (UK B ¢-K H Je NpH-
BeneH H puc.4,6. [logpoOHOe H3/IOXeHHEe TOW MPOoOJieMbl MpUBEIeHO B [6, 46],
3eCh MBI OCT HOBHMCS JIMIIb H OCHOBHBIX NPHMHIMI X MOCTPOEHMS] KB PKOBBIX
p cupenenenuii B 1poHe B p MK x MKI'C.

PoxieHrie GbICTPOI U CTUIBI h TPU CTOJIKHOBEHUU ME30HOB a U b, COOTBET-
CTBYIOIEE IUT H PHOIl 11 rp MMme puc.4, , PU3MYECKH MOXHO TP KTOB Tb CJEIy-
1o1KM 00p 30M. IIpH CTOIKHOBEHHMH 9THX ME30HOB, COCTOSIIUX U3 I1 P B JIEHTHBIX
KB PKOB U HTHKB PKOB (¢ — §), MEUICHHBI/I HTHUKB PK 9 CTHIBI @, 0003H YeH-
HBI K K ¢, HHUTWINPYET C MEUICHHBIM KB pKoM 4 cTuipl b. KB px ¢, B3 H-
MOJICHCTBYeT C HTHKB PKOM p, IIOCIIC YETO OHM P 3JI€T I0TCSA, U MEXIy HUMH
0o0p 3yercst T K H 3bIB €M s OeCLBETH S CTPYH , MOCKOJBKY ¢ U ¢ — TpHUILUIET
U HTUTpUIUIET UBeToBOM rpymmsl SU(3). [ nee T CTpyH pBeTcs 1Mo Mepe
p 37eT ee KOHLOB, U B XPOMOCT THYECKOM MOJe, COIT CHO MeX Hu3My llIBuH-
rep [22], oOp 3yloTcd KB pK- HTUKB PKOBBIE I PbI, (pp TMEHTHPYIOIIHE 3 TeM
B npoHsl. OOp 30B HHEe U CTUIBI h MOXHO TpEACT BUTHh cebe K K “HMOAXB T~
OBICTPBIM KB PKOM ¢, MEUVICHHOTO HTHKB pK Kk (cM. puc.4, ) U3 LENOYKHU KB p-
KOB M HTHKB PKOB, 0Op 3YIOIIMXCS TIPH P 3pbiBe cTpyHbl. T K K K ApoH h
OBICTPBIN, €r0 © — 1, TO OBICTPOTHBIA HHTEPB 1 Ay MeXIy HHUM U OPYTUMH

APOH MM JI0BOJIbHO Oosbiioil. [Toctpoenue p crpepeneHust ObICTPOrO KB PK B
ApOHE @ 3KBHB JICHTHO H XOXIEHHIO BEPOATHOCTH 3 MEUINTh APYrod HTHKB PK
% B3TOM JpoHe. T Kyl BEpOSITHOCTb MOXHO H WTHU U3 COOTBETCTBUS S-K H JIBHOU
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IVl H PHOW M TP MMBbI {-K H JIbHOH AW Ip MMe ¢ oOMeHOM peixeoHoM R [6]:

S _
w; ~ o4y’ ~ Im sé(t:0)~(5>“ﬂ<°> L (6)

rne ar(0) — UHTEpCEnT pemke-Tp €KTOPHU, COOTBETCTBYIOLIEH B I HHOM CIIyd €
oOMeHy KB pK- HTHKB PKOBOM I POH ¢; — @; B S-K H Jie, [I0O9TOMY €ro MOXHO
0003H 4nTh K K a;;(0). [Tepexomst K HepeMeHHOH , JoJIe MPOIOIBHOTO UMITYIThC
OBICTPOrO KB PK (4, U YYHTBIB s, 4TO 1 — x ~ 1/s, 9Ty BEpOSTHOCTH MOXHO
3 IHUC Tb B BHJIE

w; ~ (1 _ x)lfaig(o) = x;—aﬁ(o). (7

3pech ¥; = 1 — 2 — JI0719 NPOJOJBHOTO MMITYJIbC MEUIEHHOTO HTHKB DK G
B JpOHE a. AH JIOTUYHO H XOOUTCA BEPOATHOCTD 3 MEUIUTH KB PK ( HTUKB pK)
k npu o6p 308 HUM ApoH h (puc.4, ), YTO BKBUB JIEHTHO BEPOSTHOCTH H HTH
OBICTDBII KB PK G, C JOJIEH UMIIYIbC T H KOHUE ¢ — §-CTPYHBL, T K K K & =~
1 — xg, Te.

wg ~ (1 — x)l_akfc(o) — xllc*am;(o)

; @)

roe oy (0) — uMHTEepcenT pemXe-Tp €KTOPHH, COOTBETCTBYIOLIMI OOMEHY KB PK
ku wruks pk k. Tlepexomd B (7) u (8) OT &, T} K OBICTPOT M ¥;, Yk, Yik =
In (2paxi,k/Mgt), TOE Do — UMILYIC H 4 JIBHOTO OPOH @, Mg — MOMEPeUH
M CC B JICHTHOTO KOHCTUTYEHTHOIO KB PK (g, HOIYY €M Ul w; U Wy CIEHyHo-
ye BbIp XeHus [6]:

w;(Ay;) = C exp (—B;Ay;); wi(Ayk) = C exp (—BrAyk), 9

e Ay = Yo — Yi, AUk = Yo — Yk, Bi = 1 — 5(0), B = 1 — a3 (0); 3mech yo —
OBICTPOT ~ APOH G, Y, Yk — OBICTPOTHI KB PKOB ¢ U k (cM. puc.4,a), C — HeK 5
KOHCT HT . 3 METHM, 4TO B BBIp XeHHUIx (6)—(9) npenebper J10Ch MonepeyHbIMU
UMITYJIbC MU k;-KB PKOB. ECJIM XXe UX y4ecTb, TO B 9TU BbIP XEHHUS BOHIYT BMECTO
MHTEpCENTOB Tp ekTopun Pemxe, 3 Bucsime ot k2, 1.e. ag(—k?), Kotopbie npu
M sbix k7 moryr Gbith mpenct Biesl B Bume: ap(—k?) ~ agr(0) — kZa/z(0).
YuureiB 5 370 M nepexond B (9) B mMpoCcTp HCTBO NpPHULEIBHBIX I P METPOB b,
noiy4 em st pypbe-00p 308 w; (Ay;, b) u wi(Ayy, b) crenyioiiue Bolp KeHHS:

w;(Ay;,b) = exp (—fB;Ay;) exp (—b2/40/Ay1-), (10)

_¢
4ol Ay;

wy,(Ayk, b) = exp (—BrAyk) exp (=b? /40’ Ayy). (1)

C
4ol Ay,
3 merum, urto Ay;,Ayr >> 1, T K K K Mbl HHTepecyeMmcs p CIpelejieHueM
KB PK (o, H KOHIE CTPYHbI IPH OOJBIIUX X M, COOTBETCTBEHHO, M JIBIX I; U
T, T.e. ipu * — 1 (puc.d,a). T xum o6p 30Mm, Beip kenust (9) u (10), (11)
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J 10T H M BEPOSITHOCTb 3 MEUIMTh B JIEHTHBIN KB PK 4 ( HTHKB PK ) B JIPOHE @
(puc.4,a) U BepOSATHOCTb POXIEHHS MeUIEHHOTo KB pK Kk ( HTHKB pk k) mocrie
P 3pbIB  CTPYHBI B 3 BHCUMOCTH OT z (9) mmu Ay u b. Orcion Jserko onpeze-
JIUTh CHMITOTHKY KB PKOBBIX P CIPEIeJIeHH H KOHI[ X ¢ — g-cTpyHbsl. Ho npu
9TOM HeoOXxoauMo cBsi3 Th uHTEpcenT o7 (0) ¢ ay;(0) m oy (0), T K K K mocies-
HHUE 3H YeHus, K K OyleT MoK 3 HO HUXe, U3BeCTHbl. B [6] ObLT 000CHOB H T K
H 3bIB eMblii npuHuun ¢ xropus uuu B MKI'C  mmmTynel OMH pHOTO Iporecc

ab — cd, n300p XKEHHOTO H pHC.2: BEPOSITHOCTh OOp 30B HUS P 3JTUYHBIX KOHEU-
HBIX JPOHOB ¢, d 3 BUCHUT TOJIBKO OT THN KB PKOB K, BO3HHK IOIINX IPH P 3pbIBE
CTPYHBI U HE 3 BHCUT OT THI ~ HHUTWIMPYIOLUIMX KB PKOB” 7. BcnexcTBue atoro
MHUM S 4 CThb MIUIMTYIbl OMH pHOTO mpouecc ab — cd B b-ripoctp HCTBE OK -
3bIB eTcd ¢ KTOpU30B HHOU B S-K H Jie [6]:

Im fab%cd(§7b) ~ wZzb(§7b)wlc€d(§vb) (12)

_ i k .
3neck £ = In(s/sg), wl, U w7, — Te XKe BEPOITHOCTH, YTO U W;, Wi, HO I
6uH pHoro mpomecc ab — cd. Ing ympyroro p ccedaus ab — ab, UCTIONB3yS
YCIIOBUE YHUT PHOCTH, UMEEM

wik(&vb)wk’i(é.vb) ~ w1(§7b)wk(£7b)7 (13)

rie wig (£, b) — BeposATHOCTD 3 MEWIUTH 06 KB pPK 4 u k, cM. puc.4, ,6 C I HHbIM
npunenbHbiM 1 p MetpoM b. Toxer Bisis tenepnb Bbip xenust (10), (11) mig w;,
Wy, T KXE H JIOTMYHOE BBIp XeHue Wi w;r B (13), monyd em cienymoye
OYEHb B JKHbIE COOTHOIIECHHUS TSl HHTEPCENTOB PelKe-TP €KTOPHI U MX H KJIOHOB:

;3(0) + a5 (0) = 20x(0), (14)

(a3 (0) ™ + (g (0)) ™ = 2(a (0) (15)

e i (0) — MHTEpCeNT peKe-TP eKTOPMH, COOTBETCTBYMIIeH 0OMeHy I poid
KB pPK ¢ M HTUKB pK k B s-K H Je, cM. puc.4,0. 13 (14) umeem

—a5(0) = @;3(0) — 20, (0). (16)

Ternepp HEMOCPEICTBEHHO MEPeieM K IIOCTPOCHUI0 CUMIITOTUKH KB PKOBBIX P C-
MpefielieHuii H KOHIl X ¢ — g-CcTpyHsl ipu « — 0 mw = — 1. P cmpenenenune
B JICHTHOTO KB PK ¢(x) B jpoHe @ mpu & — 0 MOXHO CBS3 Th C BEPOSITHOCTHIO
H UTH B a MEIJIEHHBII KB PK ¢, onpeaesseMoi Boip XxeHueM (7):

ziq(w:) = wi(a;) ~ a0, (17)
Orcron momyd em npu £ — 0:

o () ~ 2= i(0) — —ar(0) (18)
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K k yk 3b1B s10ch BbiIe, ;;(0) = agr(0) — HHTEpCENT BTOPHYHON PEIKEOHHOM
Tp exTopuu. ACUMINTOTUK ¢(2) mpu  — 1 ompenensercss BEPOSITHOCTBIO POXKIe-
HUS MEJIEHHOTO KB PK & ( HTUKB PK k) TIOCIe p 3pBIB ¢ — G-CTPYHBI (pHc.4,6),
T.e. cor1 cHO (8) npu x — 1 umeem

wk(:z:k)

el Che z)~wx0), (19)

da(z) = qr(1 —2) =

WIH, UCTOJb3ysl cooTHouenue (16), Boip kenue (19) MOXHO eiie 3 MUC Tb B
CIIeflyIoIeM BHJE:

Ga(@) =~ (1 — ) (@720 (0), (20)

T kuM 0Op 30M, CHMNTOTHK P CIpeAeleHHs B JIEHTHbIX KB PKOB B JPOHE a,
TOYHEe, H KOHIl X KB PK- HTHKB PKOBOH cTpyHsl npu x — 0 m z — 1 ompe-
nensiercss BbIp keHusamu (18) m (19). Ecinum B K yecTBe IpOH @ B3STh, H -
MpUMEp, T-ME30H, TO (i, OYAET COOTBETCTBOB Th PEIKEOHHOH TP €KTOpPHH, T..
a;x(0) = ar(0). Tornx CUMOTOTHK KB PKOBOTO P CHPEJEEHUs B T-ME30OHE
npu £ — 0 1 x — 1 Gyer onpenensiTbesl BbIp KEHUIMU
npu x — 0
gr () ~ 27O = 712, 1)

mpu z — 1
gn(z) ~ (1 —2)7°rO) = (1 — z)71/2, (22)

ACHUMIOTOTHK KB PKOBOIO p CIIpeAeleHHus B HyKJIOHe npu x — 1 ompene-
JIIETCSl BEPOSITHOCTBIO 3 MEIIUTh JAUKB PK ¢q B HyKjoHe (puc.4, ), T.e. COINl CHO

(7):

1- q9)(qq (O)
Wqq(Tqq) ~ Tqq oD ) (23)

e Zgg = 1 — & — 079 MMIYIbC JIMKB PK B HYKJIOHE, (t(4q)(75)(0) — HMHTEp-
CeNT pejiXe-Tp eKTOPUH, COIepX INeld AUKB PK U HTUIUKB PK, KOTOP S yIOBJIe-
TBOpsAeT cooTHouienuio (14), T.e. [6]:

(qq)(qq) (0) + a5 (0) = 2a34(0). (24)

Torn , ucnosnesyq (23), umeeM npu x — 1:

qn(x) = W - Clx;qa(qq)(éé)(o) =01 - x)aw(o)*?%q(o). (25)
q

B atom ciyu e a,;(0) = ar(0), agq = ap(0) — ycpenueHusiit unrepcenrt 6 -
PUOHHOM Tp ekTopuH [6]. A moBenenue gy (x) npu © — 0 T KXe omnpeaessercs,
K K U Ui T-Me30H , BbIp XeHueM (21).
3 MeTHM elle P 3, YTO 3AeCh MPUBOISATCS JIKIIb IPUHIMUITBI OTyYEeHUs! peIxKe-
CHMIITOTHKU KB PKOBBIX P CIIPEJEICHUIl B JPOHE, B 4 CTHOCTU T-ME30HE U HY-
kione nipu © — 0 u x — 1. TlompoOHOe u3lIoXeHHe 3TOil MPOOIeMbl MOXHO H WTH
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B p 6ot x [6]. Eciu moxer Buth B (25) 31 4yenus unrepcentoB ap(0) = 1/2 n
ap(0) ~ —0,5, KOTOpbIE CICAYIOT U3 DKCIIEPUMEHT JIBHBIX 1 HHBIX, K K YK 3bI-
B ercd B [6], To ipu x — 1 umeem

an (z) ~ (1 —z)3/2. (26)

ACHUMIOTOTHK P CHpelesieHus B JIEHTHBIX KB PKOB B HyKJIoOHe npu x — 0,
B NIPUHLIUIIE, COBI J €T C H JIOTUYHBIM p CIpeleeHueM, H OJI0f eMbIM B IUIy-
OGoKOHEeynpyrom JienToH-HyKIoHHOM p ccesaud (THP). A mpu z — 1 corn cHO
(26) oH TPHUHIWIHK JIFHO OTJINY €TCS OT COOTBETCTBYIOIETO MOBENeHUs, H OIio-
1o emoro B [HP [47]. Dro moxer ObiTh cBA3 HO ¢ TeM, uytro B MKI'C kB pku
coct Bigomue, B I'HP — Toyeunbie unu TokoBbie, K K B KX]I.

1.4. ®p rMeHT 1UA KB PKOB M IUKB PKOB B JPOHBI. ACHUMITOTHK (PYHK-
Uil ¢p IMEHT LMK KB PKOB B JAPOHBI IpU & — 1 T KXe ompenensercs Tpex-
pelkeoHHBIM Tp (HUKOM B t-K H Jie (puc.4,6) WIM €ro H JIOTUYHOM S-K H JIbHOU
a1 rp MMOH puc.4,6. [TonpoGHOCTH BBIBOA T KON CHMITOTHKH IPHUBENEHBI B [6],
37€Ch MbI TOJIBKO BKP TLE M3JI0XKHUM IPUHLUI €€ MOJyYeHHUS.

[penmonoxuM, uTo B iporiecce a+b — c+X o0p 3yeTcsd TUONPYOIHNA OPOH
¢, T.e. C HOJIeil UMIYIbC 2z = P./Ps — 1. TOIN HMHKIIIO3UBHBIIA PENSITHBHCTCKHU-
VIHB DU HTHBIH CIIEKTp T Koro ApoH f. = E.do/d®p upu T koM z onpejensercs
TPEXPEAXKEOHHBIM TP (PUKOM B {-K H Jie, COOTBETCTBYIOL] U TP MM KOTOPOIO
npusegen H puc.4,6. K x xopomo m3BecTHO [6], 3TO z-moBeneHme mpu z — 1
MPEICT BJISETCS B BUIE

Fe(z,p1) ~ g(p?) (1 — 2)2i (O =20 (), 27)

tie g(p?) — Hek g yHKUMS, 3 BUCAUL S OT KB AP T MOINEPEYHOTO HMITYIbC
pox tomerocsi ApoH p2. C apyroii cTOPOHBI, CrieKTp (27) MOXHO HPEACT BUTH
B BUJIE

fe(z,p¢) = DS, (2,07)2, (28)

e Dga(z, p?) — T K H 3bIB eM s (yHKIMs (P TMEHT LHH KB PK ¢, B JPOH C.
B npenene z — 0 (yq, — ye >> 1) dynxumsa fe(2z,p?) He 3 BucHT OT 2, T.e. pHU
z—0

2
D¢ (2,p7) ~ g(ft). (29)

Cp BHuUB 4 (27)—(29), umeem

2 2
Dga (z,pf) = g(ﬁt)(l _ z)aﬁ(o)*?am(m)‘ (30)

Brip xenmne (30) — obuwmii Bun pyHkimu ¢pp rveHt mun (OPP) KB pK g, B ApOH
c. [Hng npocrorsl p ccmoTpuM DD, POUHTErpUPOB HHbBIE T10 pf. ITosenenue
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Puc. 5. Il H pHble au rp MMbl 06p 30B Hug 6 puonos B8 MKI'C B mpenene z — 1

D¢ (z) npu z — 1 MOXHO noyuuth u3 (30), p 310XKUB a;f B Psijl 11O p?, 3 MEHUB

p? H €ro cpeilHee 3H YeHHE P? U BOCIOJIB30B BIIMCH COOTHOIIEHUEM (14):
c 2 —a.7 (0)+ X
DE (2,p}) ~ (1 — 2) "k (O (31)

e A = 20[21517?. Boip xkenue (31) — cumnrotuk @@ npu z — 1 m1g p 3pe-
HICHHOH (Dp I'MEHT LUH, T.e. I CIYy4Y &, KO KB PK ¢ WM IUKB PK ¢q BXOIUT
B COCT B JIDOH C.

P ccMoTpuM HeckomnbKo nmpuMepoB mpH z — 1 [46]:

DI (2) = Dj (2) ~ (1 — 2) @+, (32)
DE"(2) = DK™ (2) ~ (1 — )@+ (33)
DP (2) = Dliy(2) ~ (1 — z) O+, (34)

B cnyu e o6p 30B HuI 6 PUOHOB KB PKOM MJIM ME30HOB JHKB PKOM (CM.
IM TP MMBbI pUC.5) B K 4eCTBE COCTOSHHA Kk BBICTYI €T IMKB DK, T.€. IB KB PK U
T K H 3bIB €Mblii [BETHOIi y3eJ1, 0003H UEHHBIH H PHC.5 NYHKTUPOM, BBEJICHHBIN B
[48] ipu onuc Hum 6 puonoB B KXI. Tp eKTOPUH (ryq(gq), CONEPXK IIME TUKB PK
U HTHIMKB DK, YIOBJIETBOPSIOT COOTHOIIEHHUIO (24).

B 4 CTHOCTH, HHTEpPCeNT TP EKTOPUH Qlgqq(0) st nerkux (u,d) KB pKOB
MOXHO 3 IIHC Tb B BUJIE

yaga(0) = 20w (0) — @, (0). (35)
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C nomompio (24), (31) u (35) MoxHO mnonyuuth @D KB pKOoB B 6 pUOHBI U
IVKB PKOB B Me30HBI pu z — 1. H mpumep [46],

Di(2) = Dij(=) ~ (1 = 2@ 72en (@52, (36)

DX (2) ~ DE[ (2) ~ (1 — 2)0 (@~ 2an O+, 37)

Bonee moapo6Ho o T kux @D, T kxke 06 cumnroruke @D npu z — 1 s
Cllyd €B, KOIl JIPOH C HE COAEpXHUT H 4 JIBHOTO KB PK WM JUKB PK , T K
H 3BIB €MOU 3 MpemieHHoi” ¢p IMEHT UM, MOXHO MpoduT Thb B [46]. Cyrb
noctpoernss cumnrotuku ®@ mpu 3 mpemeHHOH” (p TMEHT UM COCTOUT B
crepylomeM. B T Kux cinyd 49X OpPOH ¢ pOXK €Tcsd He cp 3y, HE B NEPBOM ¢ — -
LeNoYKe, B MOCIHEAYIOUIMX LENOuYK X, NMPH POXIECHUHM MEUIEHHBIX ¢ — §-TI P,
U nostoMy B cumnrotuke @@ npu z — 1 mossisercs, K K NMOK 3 HO B [46],
gonoauTesHbii ¢ krop (1 — 2)1~27(0) cpaz mmplil ¢ 3 MemieHMeM K XIOTO
kB pk . H npumep,

DT (2) ~ (1 — Z)*ap(0)+2(1*ap(0))+>\7 (38)

u

DE™ (2) ~ (1 — Z)—oz,,(O)+(1—oz,,(0))+(1—a¢(0))+)\. (39)

u

T xum 06p 30M, cumnrotuk DD npu z — 1 ompenensgercs HHTEPCENT MU
BTOPMYHBIX PeKe-TP €KTOPMii U UX MPOM3BOAHBIMU Npu p> = 0, 3H YeHHS KO-
TOPBIX MOXHO B34Th U3 ®KCIIEPUMEHT JIbHBIX [l HHBIX. 3 METHUM, 4TO T K S CHUM-
nrotuk  ®@ T KXe NPUHLMIIM JIBHO OTJIMY €TCd OT H JIOTMYHOTO HOBEHEHHS
DD, nonyyenHoro U3 'HP wiM XecTKMX JIPOHHBIX MPOLECCOB, K K U (PyHKLUHU
p cupeneieHusd KB pKoB B apoHe [47].

2. POKAEHHUE PE3OHAHCOB
B MOJEJIHN KBAPK-TTTIOOHHBIX CTPYH

B mocnenHee Bpems MOSBHIOCH OONBIIOE KOJIMYECTBO JI HHBIX 1O HHKIIIO-
3UBHOMY JPOHOPOXJIEHHIO PE30H HCOB C P 3IMYHBIMU KB HTOBBIMH YMCI MHU. B
9 CTHOCTH, UMEIOTCS OTHOCUTEIBHO XOPOIIO M3MEpEHHBIE [l HHbIE MO Z- U D] -
CHEKTP M BEKTOPHBIX ME30HOB, I3MEPEHBI T KXK€ HEKOTOphIE X P KTEPUCTUKH pPO-
XIEHHs Pe30H HCoB ¢ Bbicummu (J > 2) crmH Mu. [IJIs 1P BHJIBHOTO OIMC HUS
®THX JI HHBIX HeoOxomumo Oosiee JeT JIBHOE P 3BUTHE CYLIECTBYIOILIMX CXEM MSTI-
Koro B3 mMmozneicTsud. OnHOM M3 B XXKHEHIIMX NpoOJeM H 3TOM IIyTH SIBISIETCS
BKJIIOYEHHE CIIMHOBBIX IIEPEMEHHBIX B KB PK-II PTOHHbBIE MOJENIH, NMPHUMEHIEeMble
JUIs OTIMC HUSI TIPOLIECCOB MHOXecTBeHHOoro poxaenus [10,47,49].

P cocmotpum 0606menne MKI'C H ciayd il poxnenuss G030HHBIX pE30H H-
coB [32], mex muxXx H Bedylled Tp eKTOPUU BEKTOPHO-TeH30pHOIl VT-rpymmst
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(p, az, f, K* ...). Ilpean r eMblil OAXOX OCHOB HH T K H 3bIB €MOH peIXeOH-
(poToHHON H JIOTWMH, I IOUIEH BO3MOXHOCTh Y4ecTh CIMH J H OJIOH eMBIX pe-
30H HCOB. i1 TOr0 HEOOXOIMMO P CCMOTPETh (PYHKUUH (Pp TMEHT IIUU KB p-

KOB U IHUKB PKOB G;]I(qq) (Z) B 0030HHBIE PE30H HCBI C IPOU3BOJIBHBIM CIIMHOM

J. @yHKIUH Gg(qq) (z) mpu z—1 BBIp X IOTCS Yepe3 BHIYETHI BTOPHYHBIX PEl-

KEBCKUX TP €KTOPUM, COOTBETCTBYWOILMUX, B p MK X noxaxox MATY, Bkn gy i -
H pHbIX a1 rp MMm. HMcnone3yd npenck 3 Hugd MKI'C g ciMHOBOW CTPYKTYphI
VT H pHBIX J1 Tp MM [50], MOXHO MOSyYUTh COOTHOIIECHHS! MEXIY BbIUET MH Be-
gymux Tp ektopuil VT-rpynmel. Coml CHO ®THM HPEACK 3 HUAM B3 UMOJEICTBHE
perkeoHoB VT-rpyniel ¢ OpOH MU UMEET YHMBEPC JIBHBIA BMJ, H JIOTUYHBIN
CIly4 10 3JIEKTPOM THUTHOTIO B3 MMOAEWCTBUS. I[WmoTe3 JOMUH HTHOCTH B3 M-
MOZEUCTBUS JIEKTPOM THUTHOTO THII B IUI H PHOM Y CTH JPOHHBIX MIUIUTYJ
(WM peaXxeoH-(OTOHH S H JIOTUS) COBMECTHO C NPENCK 3 HHUAMU 1Yy JIBHOW MO-
nenu Beneuu Ho [S1] s BEpLIMH peIXeoH — Y CTHLL I103BOJIIOT (PUKCUPOB Th
BEJIMYHHBI Gg(qq) (z) npu z—1. B pesynbT Te MOJyY €TCs MPOCTOE COOTHOLICHHE,
ornpefensiouiee 3 BUCUMOCTb CEYEHUS! POXIEHUS Pe30H HC OT ero cnuH J.

Bbip XeHue V11 MHB PU HTHOTO MHKJIIO3MBHOTO crekKTp JIpoHoB B MKI'C
3 MHUCHIB eTcs B Bume (CM., H mpumep, [25,28]):

do" do ™ do
— = P — E— 2 — . h 4
dy ~ M / a5 Pt Zn:U (8)¢n (s, z), (40)

rie y — ObICTPOT , T = 2p, /+/S — (peiiHM HOBCK s MEPEMEHH 1, P, — MPOIOJIb-
HBIil UMITYJIbC POXKIEHHOTO [IPOH , /S — TIOJH s SHEPIHS ABYX CT JIKHB FOIUXCS
JPOHOB B C.II.U., 0y — CEUEHUE POXKIEHUS N-IIOMEPOHHOIO JIUBHA (WK 27 KB pK-
IJIIOOHHBIX CTPYH, P CII JI Iomuxcs H  1poHsl) [6,27], ¢! (s,y) — p cnpenenenue
JIPOHOB B N-TIOMEPOHHOM NHBHe, T = (22 +22)1/2, 22 = 4(< p? > +m?)/s;
Mp,< Pl > — M CC ¥ CPEOHHIl TONEPEYHbINl UMITY/IbC BTOPUIHOTO JAPOH CO-
orBercTBeHHO. CeueHusl o, MCMYCK HHSl T [IOMEPOHHBIX JIMBHEH BBHIYUCISUIUCH 110
dopmyn M (Moaens “KB 3udUKOH 11 ) [52]:

& k
- op e z
on=—|1-e ZF . n>1, (41)
k=0
20 A
p=— <i> , 42)
R% + a/p1n(s/s0) \ so
s A
op = 8myp (—) , (43)
50
rie op — BKI J [HOMepoH B nonHoe cedenue, A = ap(0) — 1 — mnpesbiiue-

HHE MHTEepCeNnT IIOMEepoH H 1 | (H AKPUTHYECKUI NOMEpOH), I P METPHl Yp U



836 JIBIKACOB I'M., APAKEJIAH I''T., CEPTEEHKO M.H.

RZ OnpesensiioT BeNMYMHY CBA3U [IOMEPOH C APOHOM, 11 p MeTp Cj, YUHTBHIB €T
OTKJIOHEHUE OT DUKOH JIbHOIO IpUOIMKEHMs; 3H YEHUS OCT JIbHBIX I P METPOB
OylyT IpUBEeIEHbl HIKE IIPU BBIYUCIECHMU CEYEHMI 111 KOHKPETHBIX pe KLUl
[Monuoe ceyenue B3 umopeiictusi npoHoB B MKI'C ecth cymm  cedeHHi oy, (S)
POXIEHHs JII0O0ro Yucl IIOMEPOHHbIX JIMBHEM:

Trot(5) = D _ an(s), (44)

Oin(s) = og’P + Z on(s oy ? = (1 =1/c)oo(s), (45)

oPP — ceuenne mucp KuMOHHON AMCCOUM LK.

@Z(K)pﬁh(xF) = fg(ac+,n)f:(x_,n) + fél(ac+,n)f:q(x_,n) +
+ 2(77,—1) ;Lea(er? )fs}lea(van)? (46)
P M ar) = faglwe,n)fy(zo,n) + fi (@, n) fo (e n) +

+ 2(” - l)f:ea(x-F?n)fs}Lea(x—vn)? (47)

1

1 4 2 2
. [ my x%] cap ). 48)

2 s

Oyukuwan fl (z1,n), fH(zs,n), f2(ze,n), fL,(z+,n), KoTOpEE MOSBII-

10Tcd B (46) u (47), onpenensioT WHKJIIO3UBHbIE CIIEKTPbl BTOPUYHBIX Y CTHIl U
BBIP XK IOTCS YEpE3 CBEPTKU UMIIYIbCHBIX P CIIpeleSIeHUI IUKB PKOB, B JIEHTHBIX
U MOPCKHX KB PKOB( HTHKB PKOB) B CT JIKUB IOIIMXCS OPOH X, u(x), U (PyHKIHIT
¢p IMEHT MM IMKB PKOB M KB PKOB B POXI lommecsd aponsl GP(z). Bxi mbi
OT H Y JIbHOW Y CTHIIBI U MPOTOH MHUIIEHU 3 BUCIT, COOTBETCTBEHHO, OT Iepe-
MEHHBIX T4 U x_. JId CcIyd s pp-CTOJKHOBEHUI TH CBEPTKU MMEIOT BUA [25]:

Wil N

1
fheen) = 2 / a1, Gy (2 /1)y +

1 1
v 3 / (@1, 0)G" (s J21)da1, (49)

2 1
fram = 5 [ valermGles fmdn +
1
/Ud (z1,n)Gl (24 /21)d1, (50)
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1 ! Gizy/x1) + Gzt /21)
fshea(x:bn) = 5= / ug(x1,n)—>4 Y dxi+
2+0 |Juy 2
+ / UE(JJl;TL) d(xi/xl) d(xi/xl)dml =+
T4 2
1 h h
+ 5/ u;(xlan)GE(xi/xl);Gs /20 gy | (1)
Ty

IT p metp § ~ 0,2 — 0,3 onpenenser Mo BjieHHE CTP HHOTO KB PK B MOpe.
AH JIOTMYHO TS 7~ P-CTOIKHOBEHHIA

1
fileem) = [ o m)Glas foa)da,

+

1
fileem) = [ uslorn)Glle /o)dor (52)

+

Boip xenus ansg K p-B3 UMOIEMCTBUSI UIMEIOT Ty K€ CTPYKTYpY, 4To U B (52).
Cpoiict  ¢ynknmii ¢pp rmeHT uuu B p MK X MKI'C obcyxn muce B p 31.1

[6,46]. IToBenenue yHKLMI (Pp IMEHT LUH GZ(qq) (2) = zDg(qq) (z) BOBYX cuM-

NTOTHYECKUX mpenes X z — 0 U z — 1 Moryr ObITh OnpejelieHbl peKeBCKUMU

CHUMIITOTUK MMU:

Gatan (0) = 0", (53)
Gz = 1)~ (1—2)7. (54)

3mech ~y onpenensdeTcs WHTePCeNT MU COOTBETCTBYIOLINX PEIXKEBCKUX TP €K-
topuil. [Ing H mmX Ueneil H ubonee B XHO P CCMOTPEHHE KOHCT HTHI b", koro-

p 4 gBideTcd 3H YyeHueM (PyHKLUH Gg(qq) (z) npu z — 0 U He 3 BUCHT OT COPT

H 4 JIbHOTO KB PK ¢ (IMKB pK ¢q). KoHcT HT bt onpenendercd JUH MUKOU
(p T™™EHT Luu CTPYHBI, KOLA I P ¢¢ POXI €Tcd U3 B KyyM B LIEHTP JIbHOH
0611 cru criektp . H mpumep, u3 SU(3)-cuMMeTpur CIIefyeT, 9To o= =
=" =P ,09 = bP ... TlpsiMble BBIYMCIIEHHS] TUX KOHCT HT HE MOTYT OBITh
nposesieHbl B p MK X MKI'C. Huxe Mbl mpuBefieM OLIEHKH H OTHOLIEHHE DTHX
KOHCT HT, ITOJTy9eHHbIE B P MK X PeIXeOH-(pOTOHHOH H JIOTHH.

OCHOBHOE NPearoNoXeHHe, UCIIONb30B HHOE H MU, 3 KJIIOY €TCS B TOM, 4TO
thopM T p-CHEKTPOB Pe30H HCOB, POXI IOMIMXCA MPH P 3pbIBE KB PK-IIIOOHHOMN
CTPYHBI, HE 3 BUCHT OT cliuH .J H OJII0JI €MOro pe3oH HC , T.e. BCE COCTOSHMSI, Jie-
X IMEe H PEIKEBCKOH TP eKTOpUH cviy (M%), Ipy OZMH KOBBIX H Y JIBHBIX yCIIO-
BUSX MMEIOT OJAWH KOBYIO (hOpMY Z-3 BHCHUMOCTH. B p MK X cIes HHOTO Hpearno-
JoxXeHus (PyHKIUM ()p TMEHT LUM KB PKOB (IUKB PKOB) B P 37IMYHbIE PE30H HCHI
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p- 1 K*-cemeiicTB MOryT OBbITh BBIP KEHbI 4Yepe3 (PyHKUHMU (p IMEHT LU B p-
nn K*-me3onsl [32]:
K
Glgq () = RyGT (), (55)

a(qq)
rie BeuduH R He 3 BUCUT OT IMEPEMEHHOH x.
ITonnelii criucok (pyHKIMHA ¢p I'MEHT MM B BEKTOPHBIE ME30HBI IMpPUBEICH
B npwioxeHun A. B n p merpu3s nuu (55) BenuuuHbl R BBIp X I0TCA 4epe3
kouct urel b7: Ry = (b7 /bY)2 U3 H nu3 1 HHBIX 10 POXIEHHIO P-ME3OHOB B
wN-cronknoenn# B p MK X MKI'C [53] nomydens! 3H 4eHHs

W ~0,27, b5 ~0,15. (56)

Bepnemcs Teneps K p CCMOTpeHMIO (PYHKLUI (pp IMEHT IMU Ul COCTOSHUIA
¢ GonpiuMu ciuH MU. [TogpoOHbI BbIBOA OTHOWIEHUS Rj B p MK X PEIKEOH-
tpotonHOl H norum npuseneH B [32]. 3xmechk MBI TOIBKO KOPOTKO P CCMOTPHUM
OCHOBHbIE Pe3ynbT Thl H mnpumepe pe kuun 7N — JX. B TpexpemxeoHHOM
npejiesie MMeeM

J 14
dd%«(x — 1)/%@ —1)=Ry; =" /p")2 = (57)
J 1
= > 1g¥O P/ D> gV P,
A=—J A=-—1

1€ BECJIMYHHBI ggo;\vJ ABJIAIOTCA S-K H JIbHBIMH CIIUP JIbHBIMU BBIYET MU PEAKEB-

CKMX Tp exTopuil ay VT-rpynmel. ['unore3 pemkeoH-(pOTOHHONH H JIOTUH A €T
BO3MOXKHOCTb BBIYMCITMTH COOTHOIIEHHS MEXIY BEIYET MH g O;\V‘]. O6cyaum 60-
Jlee €T JIbHO 3Ty THIoTe3y. Brepsbie p-Me30H-(DOTOHH s H jorus ObUT Ipes-
soxeH CroponbckuM M C Kyp U [54] g onuc HUS X P KTEPUCTUK POXICHUA
A-u306 pol B pe kumsix mp — wA u Kp — KA. Tlpeanon r j0ock, 4TO CIHH-
HOB § CTPYKTYp ®THX IPOLIECCOB MMEET 3JIeKTPOM THUTHYIO (popMmy. Hekoropeie
Pe3yabT THI B MMOONEPXKKY P CCM TPHB €MOI TMIOTe3bl ObUTH MmoydeHsl B [50,55].
AH 5u3 BKJI I IUI H PHBIX AU TP MM B IOJIHBIE CEUEHHs JPOH- JPOHHOIO B3 H-
MOZEUCTBUS MOK 3 JI, YTO BBIYETHI JIMAUPYIOIIUX PEIXKEBCKUX TP €KTOPHIL yIOBIIE-
TBOPSIOT COOTHOIIECHUSIM, TUITUYHBIM [JI1 BEKTOPHBIX TOKOB [55]. B 4 ctHOCTH,
B3 UMoJeHcTBUE T-, K -ME30HOB U HYKJIOHOB C p-Tp €KTOpHeH H JIOTMYHO H30-
BEKTOPHON KOMITIOHEHTE 3JeKTPOM THHUTHOTO TOK . AH JIOTMYHO B3 MMOJAEHCTBUS
C W- U Y-TP EKTOPUSIMHU ITOJOOHBI, COOTBETCTBEHHO, HECTP HHOM M CTP HHOM KOM-
MOHEHT M M30CK JIIPHOTO TOK .

AMIUIMTYI KB PK-KB PKOBOIO B3 MMOAEHCTBHS M3y4 J Cb B P MK X MYJIbTH-
nepugepryeckoro Mex Hu3M B p 6ote [50]. DTOT MeX HU3M I €T BO3MOXHOCTh
OOBSICHUTD TONIOKEHUE B j-TNIOCKOCTH BTOPUYHBIX PEIKEBCKUX TP €KTOPHMA C p 3-
JIUYHBIMM KB HTOBBIMH YHCIT MM, T KX€ IPEACK 3bIB €T CIIMHOBYI CTPYKTYpY
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B3 UMOJEWUCTBUS DTUX TP €KTOpHil ¢ KB pK MHU. CIIMHOB § CTPYKTYp , OIKCHIB I0-
U1 s B3 UMOAEUCTBUE KB PKOB C TP €KTOpUAMHU VT-IpymlIibl, UMEET 3JEKTPOM I-
HUTHBIA X p KTeEp:
MyT ~ @y g1 Qg (58)
K xercd ectecTBeHHBIM OOOOIIUTH PEIXKEOH-(POTOHHYIO H JIOTHIO I CIIy-
Yy 4d HpOl/I3BOJ'le]>IX CIIMHOB. Mbl HpC}ll‘lOJ’l I €eM, 4TO B3 I/lMO)lCﬁCTBI/IC pe)ZL)KCOHOB
VT-rpynisl ¢ IPOU3BOJIBHBIMU IPOH MU OIIPEAEIISAETCH COXP HAIOLUMCI BEKTOP-
HBIM TOKOM. B CJIy‘{ (] Hepexoz[ i a# J 9TOT TOK HMEECT CJISHyIOH.II/Iﬁ BUJ:.

G = iFr e oy sy (b, Npskyg™ .. g, (59)

e p 1 kK — 4-UMIYJIbCHl H Y JIBHOTO IMOH W KOHEYHOIO PEe30H HC COOTBET-
creerno. B (59) ¢ = k — p, ¥Yav,..r,_,(k,\) — BOTHOB s (yHKLHMS pe30H HC
co cnuHOM J u criup JIbHOCTRIO A. B cucteme ¢ 6eckoHeunsiM numiynscoM (CBH)

p%3 — 0o, CIUp JIBHBII BHIYET 90 O;\"J(q) cBSI3 H ¢ TOKOM (59) cooTHOIIEHHEM
7657 (@e™ " = 123 (N /2", (60)

Hcnonesys Beip xerns (59) u (60), MOXHO MOTYIUTH

J

S @Y @ P = [Fr P+ =023 g @) 61
A=—J

O6cynuM 3 BUCHMOCTD BeUUUHBI F; oT crimH  J. [IIg 3TOro p ccMOTpuMm
P CII I pe30oH HC cO couMHOM J H TICEBHOCK JIAp U BEKTOp, T.€. BEpPIINHHYIO
¢yukuuio J — 7V H M ccoBoil noBepxHocT. Mcnomnbays dopmyny (59), jgerko
MOJTyYHTh CJIeyIolee Bolp XeHue s mmpussl Iy, v pen g J — 7V

Pt 1 ) .y
Tjsny = —s “(k, 7 _ 5
IOV T 8a M2 (27 + 1) ;'9 (B, N)&u(q, ) | (62)
27(J + 1)I(J = 1)! 5 oy
= F “+1 )
8m(2J +1)! | Es [P o

Cp BHenme (62) ¢ mpeacKk 3 HASIMH MOIETH p CI I pPe30H HCOB [56] mpuBOmUT
K CIIeQyIOIEMY pe3ylbT TY:

2J71

| Fy [>= — | Fv |, (63)

(J — 1! sy
e so = (af,) "t
OtmeTuM, 4TO NMOROOH 5 3 BUCHMOCTh BenWuuHbl F;y oT cnmH  J ciienyer u3
H JIMTUYECKOH 3 BUCUMOCTH Iy JbHOW MIuidTyasl Beneuu HO [51]. OxoHu -
TENbHO, IPEANON T s, 4To otHowenue | Fy [2 /| Fy |2 He 3 BUCHT OT monp BOK
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cxon C M CCOBOM IIOBEPXHOCTH, JIEIKO IIOJYUYHUTH BbBIPp XKCEHUE JId OTHOIUCHHSA

R, (t) B (57):

J 1
Ty Ty (J+ 1)' 4p2 —
R;(t) = A;J | 95 7(q) |? //\;1 | 95 V() I’= W(S_(:)J Lo(64)

[onyuennsie cootHomeHus (57),(64) MO3BONAIOT BHIP 3UTh BETUYHUHBI b/,
ONpe/Ie/IIoNIUe BEPOSITHOCTh (POPMHUPOB HUS PE30H HCOB CO CIMHOM J, depes
unrepcentsl ay (0) TP eKTOpUM, KOTOPOU HPHH IJIEXHUT Pe30oH HC J:

J+1)!

R;=R;(0) =0 /bV)? =07 /0" = ( ] (J — ay(0))771. (65)

B (65) yuutsis j10ch, uto J = ay (0) + of, M2 u pu? << M2
W3 coorHotenuit (65) ciemyer, uyTo

(b72)? = (b"2)* ~ 0,38(b°)?, (66)
(b2)% = (b")* ~ 0,21(b)?,
(b74)? = 0,13(b°)2.
AH JIOTMYHO T4 pe30H HcoB cemedcTB K * — K** nMeem
(b52)2 ~ 0,44(%)?, (67)

(b%3)% ~ 0,25(b%7)?,
(b%1)2 =~ 0,16(0%")2.
I nee, WCIONIB3Ys MPEACK 3 HUSL MOJAEIM JUid p CH J Pe30H HCoB [55,56],

MoJIyd €M COOTHOLICHHSA MEXAY BEPOATHOCTAMHU POXKACHHUA ICEBAOCK JIAPHBIX H
BEKTOPHbBIX ME30HOB!

(2 /b7)? =< k2 >, /4m2, (68)
O JF)? =< k2 > /am2,
rie mg = 0,415+ 0,015 I'sB — nonepe4yn 4 M CC KOHCTUTYEHTHOIO KB DK

[56]. VYuuteB 4, yTo < Ei >~ 0,12 ToB? u < Ef_ >g~ 0,21 TeB2, u
HCIIONB3Yys TIpUBENeHHbIe B (56) 3H uenus b” u b [53], monyu em

"~ 0,65  bX ~0,27. (69)

DTU 3H YeHHs XOPOIIO COIVI CYIOTCS CO 3H YEHUSIMH, MOJydeHHbIMU B [27,29] u3
H I3 ] HHBIX MO POXKIEHHUIO MCEBAOCK JIIPHBIX ME30HOB.
DKCHEepUMEHT JIbHBIE I HHbIE MO POXICHUIO BEKTOPHBIX ME30HOB B 7p-, U
PP-CTOJNIKHOBEHUSIX [57—61] cp BHUB I0TCSI C H IIUMU MPEACK 3 HUAMU H pHUC.6 U 7.
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Sx)

do/d|x|, M6

T TT

1071

102

=TT

T

n 1 n A A 1

1T

T

102

==
-

T

10!

T VT

-0,8

-0,4 0

0,4

n

0 0,2

0,4

0,6

Puc. 6. MHKTI0O3MBHEIE CTIeKTphI p°-Me30H B pPp-CTOIKHOBEHMSX npu a) pr, = 147 I'sB/c
[57] u 6) 405 TsB/c [58], f(x) = —2

do/d|x|, M6

TinV's

10’

100

T T T

T

T
/’
7
7/
4
I U,

0 0,1

0,2
Il

0,3 0,4

d? 2
/ Edzd:i dpl

do/dx, M0

T

T

101

100 £

0,4 -0,2 0

Puc. 7. Ilpeack 3 Hua MKI'C u 1 HHble [59] 110 POXIEHUIO 3 PSXKEHHBIX K** _me3onos
B T p- u pp-cronkHoBeHusix, 147 IsB/c: a) (o) pp — K*TX, crutomn g nuHust, (A)
pp — K*~ X, nyukrup; 6) (e) 7p — K*T X, cunommn g nunus, (A) 7p — K*~ X,

IYHKTHP
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(1/o;,)do/dx do/d|x|, M6

0 C
107¢ a 2 6
10k +/+_‘_\ 102f
10-2 101 AN

T
T TV

T
T

. VR U S T St PN N S
-0,8 -0,4 0 0,4 0,8 0 0,2 0,4 0,6
X

Ix]

Puc. 8. Cp BHeHHe H LIMX HPEICK 3 HUH C I HHBIMH 1O poxjeHuio f2(1270)-me3oH B
npouecc x a) 250 [aB/c, KTp — foX [60] u 6) 405 T'aB/c, pp — f2X [58]

T 6muy 1. CooTHOIIEHHA MeXKIY cedeHHsAMH IporeccoB pp — JX

o7 /oP | Teopma | DkcrepumeHt
f2/p° 0,38 0,38 +0,19
p5/n° 0,21 0,19 +£0,12
fa/p° 0,13 0,1740,12

K x BugHOo, MKI'C XO0poI0 BOCIPOM3BOAUT Z-CIEKTPbl BEKTOPHBIX ME3OHOB B
IIKPOKOH 001 CTH 2 mpH BBICOKHUX dHeprusx (pr, > 100 eB/c).

Yro K ¢ ercsl CIEeKTPOB COCTOSIHMM C BBICUIMMH CIIMH MH, TO 3/I€Ch 3KCIle-
PUMEHT JIbH S CUTY M4 3H 4YuTenbHO Xyxe. H puc.8 cp BHUB 10TCA H IIM BHI-
YUCJEHUS C ]I HHBIMH [0 POXJAEGHUIO pe30H HcoB co cnuHoM J > 2 [58, 60].
K K BHEHO, p CCM TpHB €MbIi MOAXON NPHUBOAUT K XOPOIIEMY OIMC HHUIO P C-
npexesiennii o x f2(1270)-me30H B Kp- U pp-CTONKHOBEHHUSX, XOTSI TOYHOCTh
CYLLECTBYIOIMX [l HHBIX HE MO3BOJISIOT YTOUYHUTh HEKOTOPBIE TEOPETHYECKHE Je-
T JIU.

B [61] mpenct BieHbl J HHble MO MHTerp nbHbIM ceyenusm p°(770)-,
f2(1270)-, p3(1690)- u f4(2050)-Me30HOB B Pp-B3 UMOAEHCTBUAX NP SHEPIHH
405 I'»B. B 1 671.1 mpuBeneHsl TeOpeTHYECKHE W DKCIIEPUMEHT JIbHbIE OTHOIIIe-

Hus cedenuii o’ /oP. Xopoluee corn cue H IMIUX MpencK 3 HUil H OJII0x ercs
BIUIOTH 10 criuH J = 4.
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3. AIPOHOPOXKIEHHUE YACTHUL C OTKPBITBIM YAPMOM
B MOJEJIHA KBAPK-ITTIOOHHBIX CTPYH

3.1. PoxpeHye 4 CTHIl C OTKPBITBIM 4 PMOM C y4eTOM BKJI JOB OT p cOl -
JOB Pe30H HCHBIX COCTOSIHMH. B aTOM p 37ene usnoxen momuguk mma MKI'C
IUIS BBIYUCIICHUS CIIEKTPOB OY POB HHBIX U CTHII C YYETOM P CII OB S-BOJHOBBIX
PE30H HCOB, T KHMX, K K 17 -Mesonsl (D* u D¥), 1/2% (3. u Z)- u 3/27 (3%,
2! u QF)-runeponst [35,36]. II p MeTpsl Momenu OUpENENSUINCh U3 CP BHEHUS
C 9KCIEPUMEHT JIbHBIMU A HHBIMH. BKJI Il OT p CH J0OB PEe30H HCOB B CIIEKTPHI
CT OWJIBHBIX Y CTHIL YYUTHIB JIMCh COIVI CHO MX Il PUM JIbHBIM LIMPUH M [62].

Bynem p ccM TpuB Th TONBKO CIIEKTpPBI, IPOMHTEIPUPOB HHBIE 1O IONEped-
HOMY MMITYJIbCY D) POXI IOLIedcs 4 CTHULBI. MBbl YUUTBIB €M p ¢l A S-BOJTHOBBIX
04 pOB HHBIX PE30H HCOB B CT OWJIbHBIC OY POB HHbBIE Y CTHILBI C UCITYCK HUEM
T KX€ 7T-MEe30HOB WIHM <y-KB HTOB [62]. KuHeM TMK T KuUX p CH AOB OIUCHIB -
7 cb corn cHo [63]. Ilpu caen HHBIX HPEINONOXEHUSIX UHB PU HTHOE CeYeHHe
poxnenus OpoH h

z*

da’h do.hdir / do‘R
+

—_— = — .
T T deCIIR (zr)dzr (70)

*

hdir R
3nech md"dl, — CceuyeHHe NPsSMOro POXIeHUus: OpoH h, R‘;‘;—R — ceueHue

poxueHust pe3oH He R. ®ynkumst ®(rp) OMMCHIB €T ABYXY CTHYHBIA P CII 1
pe3oH HC R B jpon h. Ilocie nHTErpupoB HUS IO MONEPEYHOMY MMITYIIbCY K K
apon h, T x u peson uc R ¢ynkuus P(xr) umeer Bug

Mg 1
C o 2prad

®(zr) (71)

B dopmyn x (70) u (71) zr gsnsietrcd peilHM HOBCKOH NEpPEeMEHHOW Pe30H HC

R:

miziMRJ} , x*,ziMRJ} , j:\/m’ Z'L:—Q Sl >—|—m27

(72)
m —M CC pOXHeHHoro npoH h, Mr —M cc pe3oH HC , E* u p* — sHeprus
U 3-MMIIyJIIbC JAPOH h B CHCTEME IOKOs Pe30H HC , < pi > SBJISIETCSI CPEIHUM
MOMEPEYHBIM UMIYIbCOM OPOH h. DOpMysBl 11 UHB PH HTHOTO CEUEHHS POXK-
JOeHus ApoH h mpuBeneHsl B p 34.2. 31eCh MBI TOJIBKO HMPUBEOEM BBIP XEHUS
i (pyHKUMN f;b(x,n) U1 X~ TMyYK , BBIP XEHHBIE Yepe3 COOTBETCTBYIOIIHE

dyskunn s- (fF(z,n)) u d- (f#(x,n)) kB pxos

- 1 - 2 n(s-
[ N @m) = A @) + 30 @n),
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2
3

= = 1 =
L& @n) = S @) + 5[ ). (73)
B p MK X UIMTHBHOI KB PKOBOH MOJENU JUKB PK B S-BOJHOBOM O pHOHE
moxer uMers cnmH(mzocnmH) 0 m 1. T xuM 06p 30M, AUKB PKOB 51 (pyHKLMA
h
7q(T) MOXeT ObITb BBIp XeH uepe3 cK napHyio (0) u BekTOpHYyIO (1) MUKB p-
KOBble (PyHKUIMH C Bec MH, ompepesseMbiMu SU(6) cHMMETpUYHBIME (DYyHKLIH-

amu [64]:

1 1, h
O = A ) 3D ) + 21D (o),
1 hs L h(s- h(2
fam ) = 3 4 )(x7n)+_f(<i(s)o)( n) + f(d(s)1)( ), (74)
fh(:* — fh(~ (z,n) + f(hd(;)o( n)+ = fh(“ (z,n).

Mbl Hpearon I eM, 4yTo (DYHKIMHU P CIPEe/IeHHs CK JISPHBIX M BEKTOPHBIX
JMKB PKOB Ugq(T,n), BXOAIME B KB PKOBble (DyHKUMH f/(z,m), OXMH KOBBI.
OmH KO p 37MHYHbIE OUKB PKH ()P TMEHTHPYIOT B 6 PHOHBI P 37IHYHBIM O0p 30M.
T x, H npumep, OpsaMoe poxieHHe A. B pp-CTOIKHOBEHHUSX OIPENEsIeTcs] CK -
JAPHON (M M30CK JIAPHOM) JMKB PKOBOM (byHKUMEH f(yq),, TPAMOE POXIEHHE
Y- ¥ X7 -TUIIEPOHOB ONPEIENSETCS BEKTOPHON NMKB PKOBOU (pyHKIMEH f(yq), -

MbI T KXe Mpednoi I eM, 9TO CIHH AMKB PK He BJIMSeT H P CLICIUIeHHe
IUKB PK . B ciyd e )p IMEHT LMH JIMKB PK B ME30HBI 9TO MPEAIONOXKEHHE PH-
BOOUT K P BEHCTBY féfq)o (z,n) = f&{m(x,n), u yp Buenms (74) cBomaTcs K
BBIP XKCHHSIM

fM®) (g,n) = fM<P><,> fM“”( n),

M) = ééﬁ“z’)(x,) SR @), 09)

FUE @) = FHE ) + S ),

KOTOpbIE COBIT [ 10T C [65] 171 AMKB PKOB B IPOTOHE U X~ -THUIIEPOHE.

IMonHsIi cincok OyHKIMN p cripesiesieHns KB PKOB U IMKB PKOB B T-ME30H X,
p-, X7 -, 1 &7 -THIEPOH X, MCIONb30B HHBIX B ] HHOM H JIn3e, IPUBEIEH B IIpHU-
noxenun b. ]I yjee Mbl mpeanosn r eM, uTo (yHKUMM p IMEHT MU KB PKOB
U JIUKB PKOB HE 3 BHUCST OT CIIMH IIOAXB ThIB €MOr0 KB PK (WM JUKB PK ).
W3 aTOro mpenmnonoxeHus cienyeT p BEHCTBO (DYHKLHI ()p IMEHT LM COOTBET-
CTBYIOLLIETO KB PK WIH IWKB PK B Y- U X%-, E/- u Z%-6 puon x, D- u D*-
Mme30H X. Crnocob6 nm p meTpu3 uM (PyHKUME (hp TMEHT MU, P CCMOTPEHHBIH B
I HHOM D 3[eNe, CJIeTK OTJINY eTCS OT P CCM TPUB BILIErocs p Hee crocod (cM.
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do/dx, M6 do/dx, M0
0,1¢ 10E
: ‘ : i
0,01 1E
e T
1,000E-03 0,1t
1,000E-04 E 0,01 E
1,000E-05 | 1,000E-03 ¢
1,000E-06 : : : : 1,000E-04 L L L .
0 0,2 0,4 06 0,8 1 0 0,2 0,4 0,6 0,8 1
X X

Puc. 9. Cp Buenue Bbruucienuit B MKI'C ¢ aKcriepuMeHT JIbHBIMU JI HHBIMHU 110 CHEKTP M
Ac B pe xkumsix a) 7 p — A X mpu P; = 230 IeB/c [79], 6) pp — AcX npu /s =
= 63 I'sB/c [66,67]

0630psl [25,26], T xxe [29,33]). Ml npenct BisgeM (pyHKUMIO (bp TMEHT LU
B BUJIE CYMMBI JBYX WieHOB. [1epBblil SBJsieTCS MPOU3BEICHUEM JIBYX MOJIMHOMOB,
K XIbI M3 KOTOPBIX COOTBETCTBYET CYMME BCEX BO3MOXKHBIX CHUMITOTHYECKHX
U TpeA CUMITOTHYECKHUX UWIEHOB BO ()p IMEHT HMUOHHOH (x — 1, p 370XeHue
no crenedsm (1 — xz)) u ueHrp abHO# (z — 0, p 3I0XEHHE MO CTEHEHIM I)
00 ctax. Bropoii mpenct Bmser coboit ciyd i, KOO HH LETUKOM, HU OOH U3
COCT BJISIIOIIUX (PP TMEHTUPYEMOro OOBEKT He BXOIHUT B POXKI HOIIMUACT O PUOH.
B cnyu e Henuoupymomieid ¢p IMEHT MU COOTBETCTBYIOIIME (PYHKLIMU COOEPXK T
TOJIBKO BTOpOU uiteH. [TomHbli cnmcok ¢yHKOWi ¢p IMEHT UM KB PKOB U IH-
KB PKOB B A., X¢, X, Ec, B, 2, Q¢, Q3-6 puonst u D, D*, Dy, D*-me30HsI
npuseneH B [35].

B p Mk x mpemtoxennoir Momuduk mmmu MKI'C 6bu10 onmc HO Gonblioe
KOJIMYECTBO DKCHEPUMEHT JIbHBIX ]I HHBIX 10 WUHKJIIO3UBHBIM CIEKTP M JPOHO-
POXIOeHHsS 04 pOB HHBIX ME30HOB U O pHOHOB [66—82].

Criektpsl A.-06 puoHOoB B 7 p-crojkHoBeHusix npu 230 T'sB/c [66] u
PP-CTONKHOBEHUIX Tpu /s = 63 [oB/c [67, 68] npuBeseHbl, COOTBETCTBEHHO,
H puc.9. IlyHKTHpHON KpuBOH H puc.9,6 MoK 3 H BKJ J NPAMOIO POXICHUSA
A.. K KX BUHO, COINI CHe C J HHBIMH 10 7~ p-p ccesHuio xoporiee. Yto K ¢ -
eTca I HHbIX [67,68] B pp-CTONKHOBEHHIX, TO BHIHO 3 METHOE P 3THYHE MEXIY
I HHbIMU Tpymnl [67] u [68]. DT HeonpenelneHHOCTh HE TMO3BOJIIET OJHO3H YHO
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np—D/DX np—D*/D°X
100 100
E a E 7
10¢ 0
E ‘} 10k
e Ll R
-~ 1E o L
- sl
g | N
0,1f r
[ 0,1¢
0,01; F
0,001 L L L L 0,01 L L L L
0 02 04 06 08 1 0O 02 04 06 08 1
X X
1 p—D /DX np—D*/D°X
100 ¢ 100 E
F E 2
10 r
i 10 ¢
1E F
S ER
< b =
< =
= 0,1E B 1E
S | f
0,01; [
i 0,1
1,000E-03
1’000E_04> i i L L 0’01 i i L L
0 02 04 06 08 1 0 02 04 06 08 1
X X

Puc. 10. Cp BHeHHe pe3yabT TOB MOJETBHBIX BBIYUCICHUH C 3KCIEPHMEHT JIbHBIMH 1 H-
HBIMH TI0 poxiaennio muaupyommx (D~ /D°) n wenmmpyomux (D' /DO) 04 POB HHBIX
ME30HOB B 7 p-B3 UMoAeucTsum: a) numupytoumid, 200 [3B/c [74], 6) Henumupyrommii,
200 I'B/c [74], ¢) mupupytomwmii, 360 I'3B/c [69], ¢) Hemmaupytomwmii, 360 '3B/c [69]

¢puxcupos T 1 p Merpbl Moxenu. H puc.10 skcnepuMeHT JjibHBIE 1 HHBIE I10
xp-3 Bucumocty nuaupyionmx (D~ u D) u nemuaupyromux (D u D) ou po-
B HHBIX Me30HOB B 7 p-B3 mMmopeiicteun npu 200 I'sB/c [69] u 360 [2B/c [70]
Cp BHHB I0TC4 C TEOPETUYECKUMH P CYET MH.
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St X TpoTe X
100 100 €
a ; ’
10 k J
; 10 ¢
F lo F
e SR
R | T
0,1 F
F \ 0,1E
0,01 ' :
0,001 1 1 1 1 0’01 1 1 1 1
0 02 04 06 08 1 0 02 04 06 08 1
X X
S poEL X
F T b e
o il o 10¢
= E = [
gon 2ol
i 0,1 E
0,01F E
: 0,01
1,000E-03 ¢ 1,000E-03 £
1,000E-04 : : ‘ : 1,000E-04 - ‘ ‘ ‘
0 02 04 06 08 1 "O00BE04TTo"04 06 08 1
x X

Puc. 11. Cp BHeHHUe pe3yJbT TOB MOJEIbHBIX BBIYMCICHUN C MPEAB PUTEIbHBIMU DKCIEPHU-
MEHT JIbHBIMU J HHBIMH [78] [0 WHKITIO3UBHBIM CHEKTp M: a) A. (KUpH s1 TUHUS — BCe
Ac, TOHK s — 1psaMble A. ¥ IyHKTHPH 5 — oT p el 1 X9), 6) X, ) EF (xupH s

uHES — BCe, TOHK 4 — ot Z:0), 2) DT + D™ B ¥~ p-cronkuopenusx npu 330 IsB/c

B T Gn1.2 TIpMBENEHbI i HHBIE 1O MOJIHBIM CEYEHUAM poxaeHus AT-6 puon
B pp- U TP-CTOJIKHOBEHHUSX U PE3yJbT Thl BBIYMCIICHHUS IO MOjenu, B T 61.3 —
ceueHus it D-me30HOB, B T 0.4 — mig D*-Me30HOB.

IMpenck 3 Hust Ui MEKTO3MBHBIX cnektpos A, ¥0, E4 u DT/~ 5 £ p-
CTOJIIKHOBEHMAX Cp BHMB I0TCd H puc.ll c mpens purenbHbIMU I HHBIME WA89
nipu 330 IsB/c [78]. Dkcnepument jbHble 1 Huple ALY u X0 (puc.11,a,6) 6buin
HOPMHUPOB HbI C HCIIOJIb30B HHEM ] HHBIX IO IOJHBIM CEUEHMSAM, NPUBEIEHHBIX
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T 6mun 2. Cp BHeHMe 3KCIIEDHMEHT JIbHBIX CEYEHHWiIl 1O poxaeHH0 A. B pp- u
Tp-B3 MMOJEHCTBHAX C Pe3yJabT T MU H IIUX BBIYUCIEHHIT

Pe xuusa CchIIK Pr,, I'sB/c osker, MKO Orteop, MKO
win /s, [»B
pp— Ac X 40 + 18
[67] 63 I'>B 204 +11 660
BCE T 2046 + 836
pp— Ac X [68] 63 I'>B 101 + 18 +26 84
|z| > 0,5
TN —=Ac X [66] 230 I'»B/c 4,94+1,44+0,7 6,8
xe >0

T omuny 3. Cp BHeHHE JKCIEPUMEHT JIbHBIX CEYEHHWIl MO POXKIAEHHI) [)-Me30HOB B
pp- U TP-B3 UMOJEHCTBHAX C Pe3yIbT T MU H IIUX BbIYHCICHHIA

Pe xuus CchUIK Pr,, I'B/c Osken, MKO Orteop, MKO
pp— DT X [74] 400 5,7+1,5 4,16
pp— D™ X [74] 400 6,2+1,1 5,54
pp— DO X [74] 400 10,54+ 1,9 7
pp — DO X [74] 400 7,9+1,5 12,3

pp— DY/D- X [75] 800 33+7 22,2
pp — DO/DO X [75] 800 26Jj§ 45,4
pp— DY /D~ X [76] 800 26 + 14 22,2
pp — D°/DO X [76] 800 22f3 45,4
pN - D/D X [69] 200 1,5+0,74+0,1 5,6
zp >0
_ _ +0,4
N — Dt/D- X [69] 200 L7005 0,1 3,5
K
_ 0,70 40,5
7~ N — DY/D° X [69] 200 3,3, £0,3 5,3
K
T N-D/D°X | [69] 200 2,3f8’§ 40,1 47
_ L /70 40,5
7~ N — Dt/D° X [69] 200 3,27, £0,2 4,2
m~p— DtY/D™ X | [70,71] 360 57+1,5 7,76
7~ p— DY/D% X [70,71] 360 10,14+ 2,2 11,0
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T 6mun 4. DKcnepuMeHT JibHbIE I HHbIE U Pe3yJbT ThI BBIYHCICHHUI 10 MOJETH I
poxaenuss D*- u D;-Me30HOB B Tp- M pp-CTOJKHOBEHHSX

Pe kuus Cchpuik Py, I'sB/c Osken, MKO Oreop, MKO
pp — D*t/D*~ X [74] 400 9,24+2,4 7,14
pp — D*0/D*0 X [74] 400 5,84+2,7 8,8
7~ p— D*t/D*~ X [72] 360 5, off’z 5,0
nm~p— D*0/D*0 X [72] 360 7,3 1’2, 9 4,5
7~ N — D*t/D*~ X [69] 200 2,4+0,4+0,2 2,6
pp— DT /D7 X [74] 400 <2,5 2,8

zp >0

T 6amy 5. DKcnepuMeHT JbHble 1 HHble [78, 79] no mnomHBIM ceuyeHHSAM B
3.7 p-CTOJKHOBEHUAX M Pe3YJIbT Thl H IIMX BbIMHCIEHHI

Y crun O6n ¢tb g Osken, MKO Oreop, MKO
D~ >0,1 2,94+0,84+0,6 2,18
AL > 0,2 9,3+4,3+2,5 10,0
9 > 0,2 4,84+2,6+1,5 5,2
=9 > 0,2 6,0
= > 0,2 0,9

T 6amy 6. Cp BHeHMe DKCHEPUMEHT JIBHBIX A HHbIX [78] Mo OTHOIIEHUAM ceyeHMil B
3.7 p-CTOJKHOBEHHAX € Pe3yJbT T MU H IIMX BbIYHCIEHHUI

OtHourenne | O61 ctb xp | Dkem. 30 yenwe | Ilpexck 3 Hus Mojenu
Ae/D™ > 0,2 11,34+ 7,1 12,5

st /s0 >0,2 < 0,52 0,001
$9/Ac >0,2 0,45 £ 0,31 0,52

Dt /D~ >0,1 0,47 £0,14 0,55

B [78]. [ns mopmuposku 1 HubiX D1/~ (puc.11,2) MbI Hcrionb3os ju aucde-
peHLu JIbHbIE p copeneneHud [79], 1 HHble O MOJIHOMY cedeHuto D™ u oTHolle-
nuto ceuennii D /D~ [78]. I cuekrpoB = (puc.11,6) 9KCepUMEHT JibHBIE
I HHble [78], BBHIY OTCYTCTBHS INOJIHBIX CEUeHMI, ObIM HOPMHUPOB HBI H TeO-
perudeckyo Kpusyo. Cp BHEHHE A HHBIX I10 IOJIHBIM CEYEHUSM M OTHOIIECHHUSIM
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A(XF)
1

o WARB2250TIB/c
= E769 340 I'sB/c
0,8 ® E791 500 I'3B/c

0,6

0,4 /,/;:«4;;;

L bl S | v b

[ P R
0,4 05 06 0,7 0,8

XF

Puc. 12. Cp BHeHHe TEOpeTHYECKHX BBIUUCIIEHUIl C 3KCIIEPUMEHT JIbHBIMU 1 HHbIMU [80,
81] 0 3 BHCHMOCTH CHMMETPHH poxieHus muupylomux (D7) u nemupupyommx (D)
ME30HOB OT F B 7 p-B3 umoneiicteuu nipu 340 I5B/c (mogpobHOCTH B TEKCTE)

CEUEeHHId JUTs TMIIEPOHHOIO MydK cjell HO B T 6.5 u 6. B T 0.5 T KXe mpuBe-
JIeHbl TIPEJCK 3 HUsl [JIs MONHBIX ceveHuii poxaenns =5 u =0,

3.2. lIpoonem BHyTpenHero 4 pm B MKI'C. [IpuBeneHHbie B Hpenbioy-
IIeM P 3eJie Pe3yabT Thl ObUTH BBIYMCIICHBI O€3 yueT BKJI A BHYTPEHHEIO 4 pM
B 7-Me30HE WM mporToHe. K K IMOK 3bIB 10T P CUETHl CHEKTPOB M IIOJHBIX Ce-
yeHuil B p MK X MKI'C (cMm., H mpumep, CChUIKM B [25]), cymiecTByoll g TOY-
HOCTh ®KCIIEPUMEHT JIbHBIX I HHBIX MO POXAEHHUI0 JPOHOB C OTKPBITBIM Y p-
MOM He TpeOyeT MpHBIEYCHUS DTOU THIOTe3bl. [wmore3 “BHYTpeHHEro 4 pMm ~
Oopu1  mpemtoxeH bBpomckum [83] g ommc HHS CIIEKTPOB POXICHUS TSAXe-
JeIX  ApoHOB mpH Gompmux x — 1. B p Mk x MKI'C c-kB pku MOryT OBITh
BKJTIOUEHbI TOJIBKO B BUJIE MOPCKUX IT p. BriepBbie aT0 ObUI0 cen Ho B p 6ote [26]
OpH ONMKC HUHU CHEKTPoB D-Me30HOB U A.-6 proHOB. OnH KO MOSIBUBIIMECS He-
Il BHO /1 HHbBIE [0 CHUMMETPHM POXICHUS JTUIUPYIOUIMX/HEIUAUPYIOIIUX APOHOB
B T~ p-CTOJIKHOBeHUU [80—82]

doP” Jdx — doP” Jda

A =
(@) = o7 Jdz + doP" Jda

(76)

cT 7 6onee KPUTHYSCKUMU IS OTIpeeIeHNs] KOJTMYECTBEHHOTO BKJI I BHYTpEH-
Hero ¥ pM B MKI'C. B p 6ote [84] moK 3 HO, 4TO H JIU3 ]I HHBIX 10 CHMMe-
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TpuM TpeOyeT W3MEHEHUs 3H YEHHid 11 P METpPOB, IIOJIyYeHHBIX P Hee NP CP BHe-
HHUHU TOJIBKO C J HHBIMH IO cedeHmsaM [33,34], u cien HO 3 KIOUEeHHe O M JIOo-
cTH BKJI I c-kKB pkoBoro mops B MKI'C. B p 6ote [85] moBenenne cumMeTpuu
A(z) 6put0 omuc HO B p MK Momuuk uun MKI'C, p ccMOTpeHHO# B I HHOM
p 31ese ¢ UCMONB30B HUeM (PYHKLMHA (hp I'MEHT IMM, NIPUBEIEHHBIX B MPUIOXKE-
HuM B. Pe3ynabpT ThI BRIYKMCICHUH Cp BHUB IOTCS C 9KCHEPUMEHT JIbHBIMU JI HHBIMHU
WAS2 [80], E769 [81] u E791 [82] u puc.12. CrutomHo#i guHueit H puc.12
MOK 3 H Pe3yiapT T p cyeT 0e3 ydeT BKJI J Y PMOB HHOTO MOpS, ITyHKTHPHON
— BKJI [l C y4€TOM MOPs c-KB pKOB. O4 pPOB HHOE MOpPE YYHUTBIB JIOCh H JIOTHYHO
BKI 1y cTp HHOTo Mops (b-m (51)) co 3u uenmamu nm p metpos a” = 0,0072,
a1 =24 d. = 0,005. HwMu Obul T KXKE p CCMOTPEH BO3MOXHOCTb IPYroi
n p mMerpus wuu dynkuun G5

GD (2) = (1 — 2)7 O 1 4 aP2). (77)

Pe3ynpT T BelUMCIIEHHS MOBedeHUS cUMMeTpuu ¢ ¢yHkuued (77) HoK 3 H
H puc.l2 mTpuxmyHKTHpHON nuHueld. K K BHAHO, BKJI 1 04 POB HHOIO MOpPS
CHJIBHO CBS3 H C I P MeTpu3 uueil (yHKIMU (p TMEHT MU U HEe MOXET OBbITh
OIHO3H YHO OIpEJEeNeH M3 CYMIECTBYIOIIMX [ HHBIX [0 POXACHUIO [)-ME30HOB.

4. TIOJYXKECTKHE AJPOHHBIE ITPOIIECCBI
N MOJEJb KBAPK-ITITIOOHHBIX CTPYH

4.1. OcHoBHo¥i ¢opmM mu3M. Markue OpOHHBIE MPOIECCH, K K MOK 3 HO, B
Y CTHOCTH, BbIIIE, BECBM YCIHEUIHO ONHUCHIB I0OTCI B P MK X OOBEIMHEHMS pell-
KEBCKON MOJIETH C KB HTOBO-XPOMOAWH MUYECKMMH IMPEACT BICHUSAMH.

B nocnepnue rogpl NpeANpUHUM IOTCS MHTEHCUBHBIE IHOMBITKU P CIIMPEHHS
00J1 CTH MPUMEHMMOCTHU 3TOTO HerepTypO TUBHOIO MOAXOJ JUIS ONKMC HUS IMOJY-
KECTKMX U XKECTKMX JPOHHBIX MpoueccoB. T K, yXe umeercd JByXKOMIIOHEHTH £
mozmenb ATY [86-88]. DT Momens COOepXHUT IBe KOMIIOHEHTHI: MSATKYIO, OCHO-
B HHYIO H TEOPUHU H JKPUTHYECKOrO NOMEPOH (’MArKMH” NOMEPOH), U XKECTKYIO,
OIUCHIB €MYI0 NepTypO THBHOM KB HTOBOIH XpOMOAMH MHKOH (XKecTKuii” mome-
poH), T Kxe audp KUUOHHBIE mpolecchl. B aToil Mogenu (T K ke, K K U B
MKI'C) p 3pe3 HHBIIi MOMEPOH MPEACT BISETCS B BUIE IBYX KB PK-IJIIOOHHBIX
LenoYeK (MM CTPyH), KOTOpBIE CBA3BIB I0T KOHCTUTYEHTHl JpoH . B mnepsom
NpUOIMXKEHUN NPOTOH COCTOMT M3 OJHOTO B JIEHTHOIO KB PK ¥ OJHOTO B JICHT-
HOTO VKB PK , B3 UMOJEHCTBHE MEXAY IPOH MU IMPUBOIUT K H TIXKEHHUIO IBYX
CTPYH MEXIy 3TUMU KOHCTUTYEHT MH. MHOXECTBEHHOCTH BTOPHYHBIX 4 CTHII BBI-
YUCIISIIOTCS B P MK X CXEMbl YHHT PH3 LIMM C UCIIOJIb30B HHEM np Bui AGp MOB-
ckoro — I'pubos — K wuemn (AT'K) [89]. UTo K ¢ eTcd KecTKOro moMepoH , TO
B ®TOM MOJENN OH IpPEJCT BISETCS ABYyMS NMepTypO THBHBIMH IIIOOH MU B XKECT-
KOM P CCEJHMHU KB PKOB 2 — 2. MeX HU3M XKECTKOIO P CCEedHUs BKJIIOY €TCs
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TOL] , KOIJl TMOMepeyHble UMITYJIbChI TIIIOOHOB Ooibiie 2 win 3 [9B/c; 3 Tem aTu
[JTIOOHBI P CLICIUISIOTCS B ¢G-11 pbl. I1 PTOHBI H KOHII X XECTKOW HJIH IOTyXKeCT-
KOH LIETIOYeK MMEIOT MONEepPEeYHbIe UMITYIIbCHI, MPEACK 3bIB €Mble MepTypO THBHOM
KB HTOBOI XPOMOJMH MUKOHU.

MHOXeCTBEHHOE POXIEHHE 4 CTHI[ SBJISIETCS HEenepTypO THUBHBIM IO CBOEii
NPUPOZE U, K COX JIEHHIO, B H CTOSIEe BpeMs He MOXET ObITh M3y4€HO B P MK X
teopur BosmylieHud KXJI. B IpoH- IPOHHBIX B3 UMOAEUCTBUAX IIPU BBICOKUX
SHEPIUsiX JOMHHUPYET OOMEH MOMEPOHOM; U B PEIKEBCKUX MOJEISIX MHOXKECTBEH-
HOTO POXIEHHUs HCIONb3yeTcsl KOHLENsd ooMeH mnoMepoHoM. OXwup ercs, 4To
9TH MOJIESI MOTYT ObITh 00BsICHEHBI ¢ IToMolbio neptypd TuBHoit KXI. B H cTo-
q11ee BpeMs CYLIECTBYET HECKOJIBKO IMOIBITOK BBIBECTU IOMEPOH, HCIIONB3Yd II-
n p 1 reopuu Bo3myieHnii KXJI [90-92]. Ilpu >ToM I BH s NpoOJeM COCTOUT
HE CTOJIPKO B BEIMYMHE KOHCT HTBI CBS3M, CKOJIBKO B MH(P KpP CHBIX CHHIYIISp-
HOCTSIX, BO3HHMK IOIIUX B IPOI T TOP X KB PKOB U IIIOOHOB.

OOMeH (peHOMEHOJIOTHYECKHM TOMEPOHOM MOXET OBITh HOHAT K K OOMEH
nByms m1ooH MU [90,92]. OpH KO p CUeThl MIUTMTYABl YIPYTOro p CCESHUS
KB PKOB II0 TeopuH BozmylueHuil KXJI NpuBOAAT K CUHIYJIIPHOCTU IIPU HYJIEBOM
nepen HHOM 4-umnysbce ¢ = 0. IlpoucxoxieHue 3TOH CHHIYISIPHOCTH 00YCIIOB-
JIEHO TIOJTIOCOM B TIPOM T' TOpE INI0OH TpH ¢ = 0, TI09TOMY SICHO, 4TO MOBEJEHHE
CEUYEHHs IIPU M JIBIX ¢ HE MOXET ObITh OOBICHEHO B P MK X TEOPHUH BO3MYIIE-
Huit KXJI. OnH KO CHHIYJISPHOCTb B JBYXINIIOOHHBIX P CYET X JAPOH- APOHHOIO
P CcesiHMs YCTp HSIETCs, eCJIU MPOI T TOp [MI0OH orp HuyeH 1pu ¢ = 0 [91].

TloBefieHne MpON T TOp IMIOOH HPH M NBIX g MeHee CHHIYIAPHOE, 4eM
MOJTIOC, IMEET MECTO MpH p ccMoTpeHud d(pdekToB B KyyM KX]I, KkoTopsie mpu-
BomAT K KoH( iamenty [91]. T x, B momemm JI wmmod — H xt™ B [91]
MOMEPOH KOHCTPYHpYETCs K K 0OMeH JByMsl HenepTypO THUBHBIMH INIIOOH MH; IIPU
9TOM MOJ1 HellepTypO THUBHBIM MOHUM €TCS [JTIOOH, IIPOII I' TOP KOTOPOTO HE UMEET
nomoc npu g% = 0. B gpyroii p 6ote [93] m1g Npon T TOp TMIOOH OGBLIO MOMTY-
4YeHo NpubnmxkeHHoe pemieHue yp BHeHud [| iicon — IlIBuHrep B KCH JIBHOM
K JMOPOBKe, MOBefeHHe KOTOPOro mpu q2 = 0 OK 3 JIOCh MEHEe CHHIYJISIPHBIM,
YeM IoMoC B 3Toi TOouke. Mcmonp3oB Hue atoro mpom r top [93] B Mopenu

JI somo — H XTM H OpUBOAMT, K K IOK 3 HO B [91], K XopolieMy COI CHIo
P CYETOB C ®KCHEPUMEHT JIbHBIMU JI HHBIMH.
Ipyroe npubmkenHoe peuienue yp BHenus | ficon — LlBuarep ObuT0

noay4eHo B [94]. B eToM peleHHH NpoIl I' TOp INIIOOH  PETYISpU3yeTcd IUH MU-
YeCKM TeHepUpyeMOi M CCO INI0OH . B oTyimume oT p Hee MOy4eHHOTO peleHus
yp BHeHud [l iicon — IlIBunrep [93] mpom r TOp ¢ IMUH MHYECKOH M CCOM III0-
OH CHMITOTHYECKH YIOBJIETBOPIET YpP BHEHHIO PEHOPMIPYIIIBI U AEHCTBUTEIBHO
orp HuueH mpu g2 = 0 (K K pe3yabT T H jiuuns 3pHeKTHBHOH M CChI TJIIOOH ).
Hcnonp3oB HUe 3TOro npom r top B p MK X mouenu JI vomodp — H xT™ H
MOK 3BbIB €T, YTO NMOMEpPOH 3(eKTHUBHO BemeT cebs H JIOTMYHO 0OMeHy hoTo-
HOM, IIpUYeM KOHCT HT CBS3M OIpeeNisieTcd M CCOM INMI0OH . DTOT MOAXO[ MO-
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3BOJIWJT BBIYMCJINTH TOJIHBIE U yIpyrue auddepeHin JibHble cedenust (do/dt) mis
Dp-p ccedHHd U IOIYyYUTh XOPOIIEE COITT CHE P CYETOB C DKCHEPUMEHT JIbHBIMU
I HHBIMH JUII M CCBI ITMIOOH Mg = 370 MeB u Agcep = 300 MaB [95].

B 1 HHOM p 31ene u3yd ercd Bo3MoxHocTh Moguuk mmmu MKI'C pig onuc -
HUS TIONTyXKECTKUX JAPOHHBIX mporeccos [44,45]. Ilnsg 3TOro noMepoH MpeacT B-
JisieTcss K K OOMEH JIBYMS INIIOOH MU C JTUH MHYECKU TeHepupyeMoil M ccoit [91].
ITpor r TOp COOTBETCTBYIOILETO HENepTYpO THBHOTIO INIIOOH HTEP THBHO HCIIOJIb-
3yeTcd B N-IIOMEPOHHBIX LEMOYK X JUIS BBIYHMCIEHUS P CIPENESICHHI KB PKOB I10
MONEPEeYHOMY HMITYJIbCY H KOHIl X KB PK-IJIIOOHHBIX CTPYH. DTOT IpoLecc Mo-
CIIEIOB TEJIbHOTO y4eT Bce OoJIblIero U OOJBIIEro YUCI MOMEPOHHBIX OOMEHOB
MIPUBOAUT K YBEJTMUYEHMIO PE3yJIbTHUPYIOILEro MONEePeyHOro MMIYJAbC BTOPUYHOTO

IpoH . BBeneHH s T KuM 00p 30M 3 BUCHMOCTh OT MONEPEYHBIX UMITYJIBCOB U -
crull He u3meHnsier ¢t HO prHoil MKI'C, onuceiB el p crpeneneHus 4 CTHLL 110
MPOROJIBHOMY HMIIYJIbCY, M, B TO X€ BpeMs, p CIIUpSAeT 001 CTh MPUMEHHMOCTH
MOZIeId [0 3H YeHWil nomepeyHoro uMmmyiasc 4 <+ 5 I'sB/c. Moaudunupos H-
H 9 MKI'C ucrnonp3yercs U1 ONUC HUS MHB PU HTHBIX CEYEHUI U P cIIpenene-
HUIi [0 NONEPEYHOMY MMITY/IbCYy BTOPUYHBIX ME30HOB IIPH P 3JIMYHBIX H Y JIBHBIX
SHEpIusX.

4.2. [ToMepoH K K 00MeH ABYMS [NIIOOH MU U NOINepeYHble HMITYJIbChI KB ]-
KoB. B moznenu JI vaomodp — H xt™™ H [91] 0OMEH moMepoHOM MeXy IBYMs
KB PK MU BeleT cebsi T K Xe, K K I TP MM ¢ oOMeHOM oHuM ¢oToHOM. KoH-
CT HT CBSI3U IIOMEPOH C KB PKOM ] €TCS BBIp KEHHEM

= 361#2 / #q[¢*D(@")]". (78)
rie D(g?) — npon r Top mooH . [IpeuMylIecTBOM MCIIOIb30B HUSl OTP HHYEH-
Horo npu g2 = 0 1pon r TOp ABJsAETCA TO, yTo MHTErp 1 (78) cxomurca. DTO
HEe MMeeT MecT Jyisl OOJbUIMHCTB peweHuil yp BHenus [l iicon — IlIBun-
rep , MOJIyYEHHBIX APYyrUMH BTOp MH [93,96]. DeHOMEHOMOrnYecK s BEIUYUH
Bo = 2 I'eB~! onpenensercs u3 NONHOTO CEYEHHs U COOTBETCTBYET M CCE TVIIOOH
mg = 1,2Agcp, Agep = 300 MeB [95]. [Ind T KuX 3H YEHUi I p METPOB OK -
3 JIOCh BO3MOXHBIM ONHC Th 3KCIEPUMEHT JIbHBIE 1 HHBIE O MPOTOH-NPOTOHHOM
p ccesanuu Briepen [95].

I'mooH ¢ romoil M ccoil NMPUBOIUT K H PYLIEHHIO YCIIOBHS YHUT PHOCTH U
K JTMOPOBOYHOH MHB PH HTHOCTH. DTy MpoOiieMy yi eTcst OOOMTH B CITyd € JUH -
MHYECKH reHepupyemoii M ccol Tmioon [95]. H To, 4ro miooH Bener cebst K K
M CCHBH 5 4 CTHII , YK 3bIB IOT T KXXe BbIYMCIeHUS H pemietk X [97]. Ilpubiu-
XeHHoe peuienue yp BHeHusi I iicoH — IIIBuHrep B 4 CTUYHOH K JIMOPOBKE
He TMPHUBOOWT K TeHep MW JUH MHYECKOW M cchl TmooH [93,96]. B 10 Xe
Bpems B [94] Obu1 onpeieneH K JTMOPOBOYHO-UHB DU HTHBIX H OOp oM TP MM UIs
yp BHenusi [ iicon — IlIBuHrep , KOTOpBIA I eT orp HUYeHHOoe mpu g2 = 0
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BBIp KE€HHUE JId NIPOIl I' TOPp IJIIOOH . D10 pemi€eHue UMEECT 1P BUWJIBHOEC CHUMIITO-
THUYECKOE MMOBEACHUE 1IPOII I' TOP IIpU GOJIBLINX q2 " yHOBJIETBOPACT Yp BHEHHIO

PEHOPMIPYIIIbL.
B ¢peitHM HOBCKOIi K JIMOPOBKE MPOI T TOP ITIOOH C JWH MUYECKOH M CCOM

I ercd BoIp XeHueM D, = —z'gWD(qQ) [94], e

D71 (g?) = bog?[g® + m?(¢?)]In (S%/A?), (79)
, [In((g? + 4m2)/4%)]
9 In(4m?2/A2)

5% = ¢* +4m*(¢?), m?(¢*) =m

B npusenenHoM BbIp keHuM (79) BEIMYHMH Mg €CTh M CC IMIOOH , by =
= (33 — 2ny)/487? — nuaupyoumii Koadduuuer (-QyHKUMM B yp BHEHUH
PEHOPMIPYIIIBI, TIOCTOSHH 4 CBSA3U g (PUKCUpPOB H . Pemenue (79) neiicTBUTENBHO
IIPY BBIIOJIHEHUU YCIIOBHS: mg > A /2.

OOp 30B HHE BTOPUYHOTO JPOH MpeicT BUM cienyomuM obp 3oM. H je-
T IOLIUI NMPOTOH M HYKJIOH MHUIIEHH P 3eNdI0Tcd H KB PK U JUKB PK C IIpO-
TUBOIIOJIOKHO H I BJIEHHBIMHU NONEPEYHBIMU MMIIYJIbC MH. B MOMEHT 11BeTOBOTO
B3 HUMOJEHCTBUSA MEXIy KB PKOM H JIET IOLIEro MNpOTOH M JUKB PKOM HYKJIOH -
MUIIEHA TPOUCXOOUT OOMEH ’MATKHMM~ M CCHBHBIM DI0OHOM. He3 BucmMO oT
3TOTO BO BTOPOH LIEMOYKE MPOUCXOAUT H JIOTUYHBIH OOMEH BTOPBIM M CCHBHBIM
[IIOOHOM. 3 TeM Tocjie T KOro oOMeH TINI0OH MM [Be 0Op 30B BIIHECS CTPYHEI
p cm x 10TCSd H BTOpUYHbIe ApPOHBL. IIpu pPOXIEHWH N HOMEPOHHBIX JIMBHEN
(WM 2n KB pK- HTHKB PKOBBIX IIEIIOYeK) T KOH MpoLecc Nn-Kp THO MOBTOPSETCA.
B pe3ynpT Te KB pK (IMKB PK) H KOHIl X K XHOH CTPYHBI IPHOOPET €T HE P B-
HbIE HYJII0 TIOTIEPEYHbIE UMITYJIbChI, TeM OOJIbIINe, YeM OOJIbIIe MPOUCXOIHUT IITI0-
OHHBIX OOMEHOB. M TeM THYECKM HpOLEdyp BBIYUCIECHUS P CIIPEASeHNS KB PK
(IMKB pK ) mocliie nepBoro oOMeH [ByMs IJIIOOH MU MOXET OBbITh NPEACT BIIEH
CIIE/IYIOIIIM 00D 30M.

IIpenct BuM ¢QyHKIMU P CIpefeNeHus KB PKOB (IMKB PKOB) B H 4 JIBHBIX
MPOTOH X B () KTOPH30B HHOM BHJE:

Fr(z, kL) = fr(x)go(kL), (80)

IJie p CIpenesieHnus] KB PKOB 110 HONEPEYHOMY HMITYJIbCY BBIOEPEM B BUJIE T' YCCOB-
CKOIO P CIIpEeieNeHNs, HOPMUPOB HHOTO H EIUHULLY:

go(lzzl) = %exp(—v%i). (81)

IToce o6MeH TIJIIOOHOM C OWH MHYECKOW M CCOM B IEPBOH LIETIOYKE p CIpere-
JIeHne KB PKOB Oy#eT WMETb BUJ

gu(Fry) = / go(F ) D2[(Fry — K 1)?)d%k, . (82)
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Bo Bropoii nenouke p crpejeneHie KB pKoB OyAeT UMETh H JIOTHYHBIN BHI.
ITociie 0OMEH BTOPBIM IIIOOHOM P CIIpejie/ieHne KB PKOB OyHeT BbIp X ThCA

yxe depe3 pyskumio g1 (ki ):

-

go(nr) = / G (L) D2((Ras — Ry )2)dher . (83)

HoBropsist 9Ty UTep LMOHHYIO IPOLEYPY, Mbl MOIY4 eM (PYHKLHIO p crpenesne-
HUSL KB PKOB B 7-il LIEMOYKE, BBIP KEHHYIO yepe3 (PYHKUHIO ¢p—1(kn—11), H, B
KOHEYHOM cueTe, yepe3 pyHKumio go(k):

gn(EnL) = /gn—l(En—ll)DQ[(EnL - En—lL)2]d2kn—1L = (84)
- / Pl D¥(Fys — Four))?) / Pl D[(Fyoy) — Fnon1 )]

X /d2kOLD2[(E1L - EOL)Q]QO(EOL)~

OueBHiHO, YTO B Nn-NIOMEPOHHOM IIeN0YKe KB PKOBblE (DyHKIMU T KXe OymyT
¢ KTOpHU30B HBI:

£ @, B ) = £ ()" (). (85)

IMepeiinem Tereph K MOCTPOSHHUIO MHB PU HTHOTO MHKJTIO3UBHOIO CIEKTP PO-
KIEHHBIX JPOHOB C YU4ETOM €ro 3 BUCHMOCTH K K OT Z, T K U OT MOIEePEeYHOro
UMITYJIbC  P;. BBIp XeHUE JUIs MHB PU HTHOIO WHKJIFO3UBHOIO CIIEKTP  JIPOHOB
MOXeT OBITh 3 IUC HO B cienymorieM Buje [38—41]:

do >
EG5~ ; on(s)en(z,pL); (86)

on(x,p1) — p crpejenenne JPOHOB IO (PeiiHM HOBCKON NEPEMEHHOU X U I10-
HEPEYHOMY UMITYJILCY P, OOp 30B HHBIX OT P CI JI T-TIOMEPOHHOMN LEMOYKH.
DyHKIMA P, (2, p) ) TpeacT Biasuuch B Buge [39,41]:

on(z,pL) = /1 dzy /1 dxoU, (x,py; w1, T2), (87)
2y .
rae
U, (2, 121, 22) = F (2g, P 2) B (v, s 22) /FM(0,5L) + (88)
+E™ 2y, L) F (oo, pus z2) /I (0,5L) +

+2(n — DEM (24, 5101 Fa (e, 7 20) [ FLY (0, 50);
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T1, T2 — KOOPIAMH Thl KB PKOB (IMKB PKOB) B CT JIKUB IOIIUXCS JPOH X, T4 =

= z4(n) = 0,5[/(22 +2%) £ x], 21 = 2¢/(mi +p2)/s; mp — M cc

BTOPUYHOI'O JPOH , \/g — IIOJIH S SHEpruvs CT JIKUB IOIMUXCA APOHOB B C.I.H.,

F (oy, f1iz12) = / Ph O @, K)o Fup), 69)

)

F™ (0 / da / @k F (2,51 ) G an(0,71) = Grn(0,51). (90)

P crpenenenue " (s,y) 3 BUCHT OT cmocoG JiesieHus H 4 JIbHOI 9Hepruu
MeXIy n HOMEPOHHBIMU JIMBHAMU. MBI p CCMOTPUM AB THPOCTHIX CIOcOO T -
KOro JeJieHHs. B mepBoM M3 HMX ®HEprusl JEJUTCS P BHOMEPHO, U poib (peiH-
M HOBCKOM IIEPEMEHHOU B M-IIOMEPOHHON LIEIIOYKE UIP €T BEIUYUH I, = NI.
P cnpenenenue " (s,y) B 3ToM ciyu e [27]:

ok (s,y) = npl (én, @), 1)
&n=£&6—2lnn, £=In(s/sg), so=1TsB.

Brop s Bepcust OCHOB H H IIOCJIENOB TEIbHOM HCITYCK HUM JIMBHEH JHAUPYIO-
UM JIPOHHBIM cocTosHueM. [Tostomy dynkumu ¢! (€, y) B 3TOM Cilyy € umeloT
BUIT

n
B (s,y) = D (&, ), (92)
k=1
¢ —g—2(k—1)1n# fhp=
b 1—1‘0’ ki(l—mo)k_l7

e ro — 0 p METp NOTepb dHEPruM; 1pu sHeprusax SPS zo ~ 0, 15.

AH JIOTUYHO 3TOMY NOIEPEYHbId UMIYIBC KOHEYHOIO IPOH p| TOXe MO-
KET JeMUTbCI MEXIy 71 KB PK-IIIOOHHBIMH HLENOYK MU IO-p 3HOMy. OpuH u3
T KHX CHOCO0O0B ObUT mpemyioxeH B [98], corl CHO KOTOPOMY P p BHOMEPHO
JEUTCS MEXIy dTUMU Lernodyk MU, K K U . Corn cHO BTopoMy crioco0y, Irpej-
noxeHHomy B [38,39], nmonepeuHblid UMITYJIbC JPOH P MOXKET IOCIEHOB TEIbHO
H p IIMB ThCS OT OJHOW LENOYKM K JAPYroi. DTOT crocob HeNieHus P MexXay
KB PK-IJIIOOHHBIMU CTPYH MM CT HOBHTCS OCOOEHHO NMOHSITHBIM B P MK X P CCMOT-
PEHHOTO IOAXOA , KOrJ Iepen oOp 30B HHEM KB PK-IJIIOOHHOM CTPYHBI KB PK
W JIUMKB DK WM KB PK M HTHUKB PK B3 MMOIEUCTBYIOT MeXay coboil. @ kruue-
CKM WTEp LIMOHH 4 NPOLEAYp BBIYHCIEHUS P CIpelesieHus] KB pK (OMKB pK )
9n(kn1) mo momepedHoMy uMITyNIbCy k,| MOCJA€ T DIIOOHHBIX OOMEHOB €CTh
OTp XEHHE MOCIIeOB TEeIBHOTO JEJIEeHHs IONePeyHOro MMITYJIbC MEXAY KB K-
[TIOOHHBIMH LIETIOYK MHU.
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JI nee Mbl B OCHOBHOM OyzieM UCIIONB30B Tb 3TOT CHOCOO MOCIE0B TEIBHOIO
JENeHNs £ U Py MEXIY NOMEPOHHBIMU JTUBHSIMHU.
@ynkuuu (p TMEHT LM MPEACT BISUINCH B Bupe [39-41]:

— ~

Gron(Zny kni:71) = Grosn (20, 1) 97 (knt ), (93)

9 (Rns) = 2 exp (—7ak20), 94)

kni =L — Znkni, Zn = z+(n) (95)
x1,2

Ioxcr BuB Teneps ynkmn (84)—(95) B (89), (90), mocne UHTErPHPOB HUA
1o d2k, wmr nonyd em i FC™ crenyiomee npocToe BHIp KEHHe:

N ~ r+L\n) = N
Fﬁ")(xi(n),pl;xl,z) = fﬁn)(xl’Q)GTah (#7]) ) In(zrwpl_)v (96)
B KOTOpPOM beHKLIl/ISl fn(zn,;ﬁ) CONCPXKUT 3 BUCUMOCTL OT IOIEPEYHOIO HM-
IyJIbC :

Iiny (20, 51) :/d2k¢/ﬂ?=1gif1(5if1,¢)><

}D?(Kix = G111 T exp [ (B = zka)) OD)

4.3. AH 143 pe3yJbT TOB M CP BHeHHe ¢ 1 HHbIMH. H puc.13 mok 3 H 3 -
BUCUMOCTB < pj > oT N, kotop 1 H jusupyercd B p MK X MKI'C ¢ BBeneHHOI
3 BUCHMOCTBIO KB PKOBBIX P CIIpeAelIeHU W (PyHKIU (p TMEHT MU OT IOIe-
PEYHBIX UMITYJIbCOB KB PKOB k) , IOAPOOHOCTU BBIYUCIICHUS 3TOW H OION eMoi
BeJIMYUHBI TipuBeieHbl B [45]. Mcnonp3yemblil B H Il MOENId MeX HHU3M JBYX-
DIIOHHOTO OOMEH [ €T pocT 3 BUCUMOCTH < p; > (N); OfH KO IJIsi IIOJIHOTO
OIUC HHS 3TOW X p KTEPUCTHKH HEOOXOAUMO P CIIMpeHHe OOJ CTU IMPUMEHH-
MOCTH MOJENW AT 3H YeHHWH IMOMepeyHbIX HMITYIbcoB, Oompmux 4 <+ 5 I'sB/c,
e BKJI [ MOJYXeCTKuX 3(peKTOB CT HOBUTCA Bce Oojiee cyliecTBeHHbIM. Kpome
TOTrO, (POPMYIBI IV CEYCHUU 0, TOIyYeHBl MPH y4eTe JIUIIb HEYCWICHHBIX TP -
¢puxoB pemxeoHHO Teopuu [52]. YueT au rp MM “yCHJIEHHOTO” THII IPUBOAUT
K MOSIBICHHIO WICHOB 1/ B p crpeeneHusix sl "MOPCKHX™ KB PKOB, BKJI 1 KO-
TOPBIX OCOOEHHO BeNUK mpu = ~ (), TOe poXI eTcs H HOOINbIIee YUCIO HPOHOB.
Kpome Toro, B 061 cTé GONBIINMX P | YBEIWYHB €TCS BKJI J HOBBIX MEX HH3MOB,
T KHX, K K X€CTKO€ P CCEdHUE II PTOHOB, KOTOPble HE YYUTHIB JIUCh B [ HHOU
MOJIEIH.

P ccMoTpuM Teneph p cripenesieHus m-Me30HOB ¢ O0JbIIMMU D, 0Op 30B H-
HBIX B pPP-CTOINKHOBEHMIX IPU BBICOKMX DHEpPrusx. Pe3yasT Tl p CYETOB MH-
B PU HTHBIX CHEKTPOB F'(x,|) W COOTBETCTBYIOLINE DKCIIEPHUMEHT JIbHBIE 1 H-
ueie [100, 101] mpenct Bmenst H puc.14 u 15. W3 puCyHKOB BHOHO, YTO P C-
cMoTpeHH 4 B aToM p 3ene Bepcus MKI'C n et xopolee onuc HUe 1 HHbIX IpU
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pr,I9B/c
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Puc. 13. Koppenduus cpeHero monepeyHoro UMIyabe < p: > U MHOXECTBEHHOCTH N 3 -
PSUKEHHBIX  JIPOHOB. DKCIEPUMEHT JIbHBIE 1 HHblE — U3 p 60ThI [99] npu /s = 63 TeB/c,
Nmax = 2. TeopeTuueck s KpuB 5 Beruucien B momuduk mmu MKI'C, mpuBeneHHoi B
p 3mene 5
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102 ¢ 3
-llLLJILII’LlLl P 1
0 0,5 . 1,0 1,5 2,0
pr.I2B/c

Puc. 14. VHB pu HTHBI MHKJIIO3UBHBIA CHEKTP 7 -ME30HOB B DP-CTOJIKHOBEHUM IIPH
Vs = 19,5 TI'eB/c [100]. TlpuBemeHbl p CHpeleieHHs O MONEPEYHOMY UMILYIbCY P |
qst 36 yennit x = 0, 0,3 u 0,6. Kpusble — p cuers! B Mopucduupos HHoit MKI'C



MOJEJIb KBAPK-TJIOOHHBIX CTPYH 859

L s o B B NS sz
10 & |
- pp —> X ]
1¢ E

—~ - ]

o

L2 r B

m 107§ 3

a g 3

= R 3

=) - N

% 102k E

("HQ E i

'3 F 3

“g 3» 1

SN

i N 3
10—45 \\ %

3 \

F ~ ;

i . ]
105 Lt b v Lo b

0 1,0 2,0 3,0 4,0 5,0
pr.IB/c

Puc. 15. IHB pH HTHbIH HHK/TIO3UBHEIH CIIEKTP 77°-ME30HOB B PP-CTOKHOBEHHH MPH /5 =
= 62,4 I'sB/c [101]. KpuB 4 — p cueT B p MK X Mopucdunupos HHoii MKI'C

p1 < 4,0 IsB/c. Imeercs BbiloN XKUB HUE clIEKTpoB ipu p > 1 I'eB/c, uro x -
P KTEpHO I MOTYyXECTKUX IPOLECCOB. 3 BhIIEHUE cedeHuil mpu p; > 3 [eB/c
CBS3 HO, BO3MOXHO, C T€M, YTO B MOJIEIH HCIOJIb3YIOTCS 3H YEHHS! PEIKEeBCKHX
TP €KTOPHH M UX NPOU3BOAHBIX 1pH ¢t = 0, TOrA K K JUIS IIPOABIKEHUS B 001 CTh
OOINBIINX 3H YEHHUH p; HEOOXOAMMO YUMUTHIB Th 3 BUCHUMOCTH TP €KTOPHH OT WH-
B DM HTHOI NepeMeHHOH t, a(t), mocKombky t = t(p1, ).

Pe3ynbT THI BRIYMCIIEHUS 3 BUCUMOCTH HHKJIIO3UBHBIX CHEKTPOB [)-MEe30HOB
OoT T U pi npuBefieHbl H puc.16 u 17 BMecTe ¢ 9KCHEPUMEHT JIbHBIMU [ H-
HbiMH [77]. I HHBIE IO 3 BUCUMOCTH CHMMETPUH POXIeHUs auaupyomux (D)
u Hemmmapylomux (D1) Me30HOB oT pf_ B Tp-croiikHOBeHUuu [80-82] cp BHU-
B I0TCS C NpEAcK 3 HuAMHU Mogenu H puc.18. B [39] H Mu u3yd 1 cb 3 BuCH-
MOCTb CEYeHHIl poxjaeHus [-Me30HOB OT MHTEPCENT PeIKEBCKOW TP €KTOPUHU
4 pMoHHS vy (0). B H CTOSIIMX p CYET X MCIIONB30B JIOCh 3H YEHHE MHTEPCENT
a(0) = 0 [102], 4TO CBUIETETBCTBYET O HEMHEHHOCTH PEIKEBCKHX TP €KTO-
puit a(t) mpu ¢ < 0 [103]. B p cuer X, mpUBEAEHHBIX B I HHOM p 3[€NE, HC-
TMOJIB30B JIUCh CIIEYIOIIME 3H YEHUS I P METPOB G, G1, BXONAMNX B (DyHKIMH
(p T™MEHT LUU c-KB PKOB: ag = 1074, a1 = 5 [34].
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[ E(doid’p)d?p |, mxG

0,2 04 X 0,2 0,4

Puc. 16. 3 BUCUMOCTh OT T MHB PU HTHOI'O MHKJIIO3UBHOIO CEUEHUS

1 pe kxuuu pp — DX
npu +/s = 27,4 [eB/c: a) DT ,6) D° 6) D, 2) DO [77]

4 T 1 7 7 1T 4

MKG/(T9B/c)?

2
1o

do/dp

pl . (IB/c)?

Puc. 17. 3 BucumocTb ot p2 audpepeHii TbHbIX CeYSHMIl pe KLHHA POXICHHS P 3IHYHBIX
D-me30HO0B B pp-cTOnKHOBeHHIX [77]. O603H yeHHS Te Xe, 4TO M H pHc.16
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Puc. 18. Cp BHeHHe TEOpETHYECKHX BBIUHCICHUI C 9KCIEPUMEHT JIbHBIMH 1 HHbIMH [80,
81] MO 3 BHCHMOCTH OT P> CHMMETPHH POXICHHs THANPYOIX (D) U HelTHIUPYIOLIHX
(D) me3oHOB B T~ p-B3 UMOJAEUCTBUU

3AKIIOYEHHUE

P ccmorpen Momucuk 1y Monesnd KB PK-IIIIOOHHBIX CTPYH, YUUTHIB IOII S
MOTIepeYHOe JIBUXKEHUE KB PKOB B CT JIKUB IOIIUXCSI JPOH X, T KX€ 3 BHUCU-
MOCTh (DYHKIMII (bp TMEHT UM OT MOMNEPEeYHbIX UMITYJIbCOB KB PKOB U BTOpPHUY-
HBIX JpoHOB. [Ipemmoxen crnoco® BBeAEHHS 3 BUCHMOCTH OT IMOIMEPEYHOTO HUM-
MyJIbC , OCHOB HHBI H TIPENCT BICHHH MOMEPOH K K OOMEH IBYMS IJIIOOH MU
C IMH MUYECKU I'EHEepUPYyEMON M CCOH IIIOOH . DTO MO3BOJIMIO ONPEAEIUTh P C-
npeneseHus 1Mo MOoNePeyHOMY UMITYJIbCY KB PKOB B KB PK-IJIIOOHHBIX IIETIOYK X U
p cuuputh 061 cth npumeHuMoctd MKI'C 10 3H YeHHMil MOTEPEYHbIX UMITYJIECOB
BTOPUYHBIX JpoHOB p; =~ 4 I'sB/c.

B p MK X Mozenu BbIYHCIICHBI Koppemsiuus < p; > (N) U UHB pu HTHbIC
UHKJTIO3UBHBIE CIIEKTPbl IPOHOB F'(x,17) ) IpH p 37MYHBIX H 9 JIBHBIX SHEPIHSX.
K k 6bUT0 10K 3 HO H Mu p Hee B [40], 3Tk X p KTEpUCTUKH IPOHHBIX IpPOIEC-
COB YYBCTBHUTEJIbHBI K P 3JIMYHBIM CIIOCOO M Jie/IeHHsI SHEPIUU U MONEPEYHOrO UM-
MyJIbC  MEXJy KB PK-IJIFOOHHBIMH 1Iero4K Mu. [IpemmoxeHHbIil criocod BBeneHUs
p1-3 Bucumoctd B MKI'C H jOrHyeH IOC/IEN0B TEJbHOMY NEJIEHUI0 SHEPIuH,
YTO, MO-BHAMMOMY, OJIM3KO COOTBETCTBYeT (pm3mke mpormecc . K K MOK 3bIB €T
BbIYUCI/IEHUE KOPPEJALUU CPEIHEro MOMEePEYHOr0 UMIYJAbC APOHOB < Py > U
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UX MHOXeCTBEHHOCTH N, NPEeVIOKEHHbIH cr1oco0 BBEAECHHS P -3 BUCHUMOCTHU d(h-
(heKTHBHO NMPHBOAWT K Yy4YeTy MOIMYXKeCTKHX 3(P(EeKTOB, O YeM CBHIETEIbCTBYET
pocr 3 Bucumoctd < p; > (N) or N. Ilposeienue sroro adpdexkr B MKI'C
[IO3BOJIMJIO UCHOJB30B Th NpemioxeHHyo Bepcuio MKI'C mns onuc Hust p cope-
neneHuit D-Me30HOB He TONBKO MO (peifHM HOBCKOW IMEPEMEHHOH T, HO T KXe
U 1O TonepedyHoMy MMIyibcy pi. Cp BHEHHE p CUETOB B P MK X INpedIoXeH-
ot Bepcuu MKI'C ¢ g HHbIMH O BbIXOA X [D-ME30HOB B pp-B3 UMOJAEHUCTBHSIX
CBHZIETENIbCTBYET B I0JIb3y INMEepUepUUEecKOro MeX HHM3M , YTO MOATBEPXKI eTcs
XOPOILKM COIJT CHEM P CYETOB C 1 HHBIMH.

IIpennoxenn g Bepcus MKI'C 1 er xopolee onuc HUE A HHBIX MU Pl <
4,0 I'sB/c. HMmeetcd BbIION XUB HUE CHEKTpoB mpu p; > 1 I'eB/c, uto X p k-
TEPHO I MOJIyXKEeCTKUX IpoueccoB. OfH KO MOJAEIb A €T 3 BBILIICHHBIE 3H Ye-
Hust updepeHiy JIbHbIX CeueHuil ds/ dpﬁ_ npu p; > 3 T'eB/c. Ing ymydmieHus
ONUC HHA P -P CHpPEAeNeHNI B 3TOil 0071 CTH HYXHO, ITO-BUANMOMY, BMECTO 3H -
YEHHI PEIXEBCKUX TP eKTopuil B Hyie, T.e. m p MetpoB a(0) u o'(0) B XB p-
KOBBIX (DyHKIHMSAX U (DYHKUUSAX (pp TMEHT LUM, UCIIOJB30B Th C MU PEIXKEBCKUE
Tp ektopun «(t) ¥ MX Npou3BoAHbIE (t), T.e. yUYUTHIB Th 3 BUCHMOCTb TP €K-
TOPUH OT MHB pH HTHOW rnepeMeHHOH ¢. Kpome Toro, HeoOXOAMMO yTOYHHTH
p crpeneneHus KB pPKOB ( HTUKB PKOB, JUKB PKOB) IO IONEPEYHOMY HMITYIIECY B
CT JIKMB IOLLIMXCA JPOH X, IOCKOJBKY B p ccM TpuB eMoil Moguduk 1mu MKI'C
HCIIOJIB30B HO I' YCCOBCKOE P CHpefesieHHe, CIIp BeUIMBOe, K K H3BECTHO, JIUIIb
1py HeOOJBUIMX NONEPEYHBIX UMITYJIBC X P .

T kxe p ccmorpen Momucpuk 1mss MKI'C, onuceiB 1omn g poxiaeHnue 6030H-
HBIX pe30H HcoB. [Tok 3 HO, uro couer HHMe MKI'C u penxeoH-pOoTOHHOH H JIO-
TUH TI03BOJISIET TTOIyYUTh COOTHOIIEHHS] MEXJy CIIEKTP MM POXIECHHS PE30H HCOB
C BBICIIMMH CIMH MHM. IIpesioxeHH S Mojenb [ €T XOpollee COINl CHe C 3KCIe-
PUMEHT JIbHBIMHU I HHBIMH.

JI71s onuC HUS CHIEKTPOB  JIPOHOPOXKIEHUS 04 POB HHBIX 4 CTHIL IPEATOXKEH
Momuuk 1w MKI'C, yunTsiB 1oy g T KXe BKJI [ B pOXICHHE OCHOBHBIX COCTO-
auuid (D-me30Hbl, Ac-, E.-, §2.-0 PHOHBI) p CI JIOB COOTBETCTBYIOILHX S-BOJI-
HOBBIX PE30H HCOB, T KUX, K K 17 -Me30mbl (D*), 1/27 (X, n E))- u 3/27 (XF,
E% u (1%)- runmepoHsl.

ABTOpBI BBIp X 10T 611 rox pHOocTh A.B.EdpemoBy u A.B.K iin joBy 3 mo0-
JIe3HbIe 00CYXIEeHNs.

P 6or mommepx H PoccuiickuM hoHIOM (DyHA MEHT JIbHBIX MCCIIENOB HUH
(rp arEr 98-02-17463, 99-02-17727). Opun u3z BropoB (A.I.I) 61 rom put
3 4 ctuyHyo nomaepxky INTAS (rp vt 93-0079), T xxke ApMsaHcKuil oHn
(pyHI MEHT JIBHBIX McclefoB HUil (rp HT 94-681).
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MNPUIOXKEHHE A

IMpuBenem momHBIN cnFicOK (PYHKUIWH (pp TMEHT MU KB PKOB U IWKB PKOB,
HMCIIOJIb30B HHBIX I ONMC HHA WHKJIIO3UBHBIX CHEKTPOB BEKTOPHBIX ME30HOB. B
Cclyd e poxieHus pt-mezon umeem [46]:

L (2) = G (2) = (1 —2) O+,
GE (2) = G% (2) = bP(1 — z)~or(O+A+2(1—an(0)
Gl (2) = GE (2) = GE (2) = G2 (2) = bP(1 — 2) or(OFA+L,
GO (2) = bP(1 — )R~ 208 O+, (A1)
GE,(2) = bP(1 — z)*r(O)—2an (OFAFL
GZ; (2) = GZ; (2) =b"(1 — z)O‘R(O)_QO‘N(O)"’A[l +(1- z)Q]/2,
e A~ 0,5, ar(0) = 0,5, ay(0) = —0,5, b° ~ 0,27 [35].
®yukuuy p IMEHT LUK KB PKOB U JMKB PKOB B p’-Me30H MMEIOT BHJI

G (:) = G5 (2) = 5167 () + G2 (=),

G2 (2) = GZ'(2) = G2 (2),
0 +
Gﬁd(z) = Gﬁd (z), (A.2)
G (2) = Ghy(z) = P (1 — 2)*r (@20 (OFX (1 _ z/9),

Yro k c ercs poxueHus w(783)-Me30H , B P CCM TPHB €MOM MOAXOJE
0
Gitan (2) = G (2): i
Corn cHO pe3ynsT T M [46], PyHKIMH Gf (z) 3 mHUCHIB OTCS B BHJIE
Gl (@) = G (@) =0 (1= ) O b ),
G (=0 =6 (=G () =6 "(») =
= GE () = (1) O,
GE (=02 GE () =G (), (A3)
*— * *+ .—
Gi (2)=G{ (2); GI (2)=Gq (2),

G (@) =GE () = Gf () = G (1) = b2 O (1 ) TenOFA
+bK*(1 _ Z)—GR(O)+A+2(1_O‘¢(O))7
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GE" (2) = GF(2) = G (2) = G (2) = b (1 2) Ton@O A0 00 (00,
g pyHKIMN ()p T™MEHT LUHM AUKB PKOB UMEeM

GE (2) = b5 (1 — 2)22r(@= a0 () =2an 0)FA(1 4 plz),
GE (2) = b5 (1 — 2)20m(0)=ap (0=20n (00X 4 pK 4 (1 — 2)2]/2,
Gl. ()= G (2) = Gl (2) = T (1 — z) 7w @ 2an kA2 (a4
GE (2) = GE"(2) = bX7 (1 — )0 =20m(01242(1 _ 49,

fod*o(z) _ bK*(l . Z)*%(O)*2QN(0)+/\+2(1 4 [)§<z/2)7

e a,(0) = 0, b5 ~ 0,15, b ~ 2, bi ~ 5, b~ 0,4.

NPUWIOZKEHHME b. ®YHKIIMHU PACIIPEJEJIEHHNS KBAPKOB U
JUKBAPKOB B AIPOHAX HAYAJIbBHOI'O ITYYKA U MUIITEHHA

@DyHKLMK p crpeneneHus: KB PKOB (IMKB PKOB) B JIpOHE A I P METPU30B HBI
B CT HJ PTHOM BUIE

i (z,n) = Ciz® (1 — 2)% | (B.1)

e B = Bi+2(n—1)(1—a?). Koapuument C; B (B.1) onpenensercs ycnopuem

HOPMUPOBKH fol fM(x,n)dx =1up Ben

Frl+a)'1+p5)

Ci = T2+ a+f)

(B.2)

3mech ['() — r MM -(pyHKLIHS.

BenuuuHbl v 1 3 BBIP X IOTCS B TEPMUH X HMHTEPCENTOB PEIKEBCKUX TP €K-
TOpUIl U MPHUBOIATCS B T 01.7. MBI UCHONb3yeM 3H YSHHS ag = 0,59, ag =0,
a% = —0,5.

P crpenenenue c-KB pKOBBIX I P B T-ME30HE I P METPU30B JIOCh B BUIE

fc(z?) = Cé?e)aéc(g)x;a”’(o)(l )00 208 (O +(@r(O)—ayO)+n-1  (F 3)
i 21 — 10 UMIYIbC ¢(C)-KB PKOB M .(z) — BEC 04 POB HHBIX I P B KB p-

KOBOM MOpe.



n P ="
i o B a Jé] a B e} B
u —ozg ozg — 204?\, —ag ozg — 204?\, —ozg ag — 2(1?\,
+a2 — ag +2(a2 — ocg)
d —ocg —ag ocg ocg - 204?\, —ag ocg - 204?\, —ocg ag — 2a?\,
—042 +1 +a2 - a?, +2(042 - 042;)
[ —ocg —ag —ocg ocg — 204?\, —ag ocg — 204?\, —ocg ag — 2a?\,
+a2 — a& +2(a2 — )
d —ozg —ag —ozg ozg — 204?\, —ag ozg — 204?\, —ozg ag — 2(1?\,
+1 +a2 — a& +2(a2 — ozo(p
s —ozo(p —a& —ozo(p ozg — 204?\, —a& ozg — 204?\, —ozo(p ag — 2(1?\,
+a% — o +ap —af
3 —ocg, —ag —ocg, ocg - 204?\, —ag ocg - 204?\, —ocg ag — 2an
+o¢2 — ag +2(o¢2 — ag +3(a2 — ocg)
uu ocg — 204?\,
dd “+1 —ozg ozg — 204?\, _O‘?o
ud ozg — 204?\, —ozg
us ozg — 204?\, —ag ozg — 2(1?\, —a&
ds +a2 - ag +o¢2 - ag
ss ocg — 2ap —ag
+2(o¢2 — ocg

698 HAdLD XIIHHOOIII-MdVEY 90N
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MNPUWIOXKEHHUE B. ®YHKIINN ®PATMEHTAIIUU KBAPKOB U
JUKBAPKOB B D-ME30OHbBI

@yHKIMU (bp TMEHT LUHM KB PKOB U JUKB PKOB B 04 POB HHbBIE ME30HBI UMEIOT
BUJL

G?) = G =ao(1 -2 01 +a,2?),
G = ¢l =al=c} =cp =ay

= ap(l - Z)A—aw(0)+2.(1-—a3(0))’ (B.1)
GD = GD =Gl =cD =cl)

ao(l _ Z))\*Otw (O)+2.(OLR(O)701N(O))+1,

0 1 1 — 2)?
GD° = gyl — 2) (42 (ar(O)—an(0)( +2a122+( 22) )
0 1 1
Gf; = a1 _z))\faw(o)+2.(aR(O)faN(O))(5 I -;th 22)'

(B.2)

3H YeHWd I p METPOB IPHBEICHBI B COOTBETCTBYIOIUMX P 31e7 X. DyHKIUS
(p T™eHT muu c-KB pK B D-Me30HBI

D
a
D _7f .3 —agr(0)+A
Gio(2) = @Z (1—z)"orOF (B.3)
rae a,fD HOpH}lK CAUHULIBI.
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CEYEHNA BSAUMOOENCTBUA
N CTPYKTYPA JIETKUX BK3OTUHECKUX ALOEP
‘ O.M.Knasvko6 ‘
C HKT-MeTepGypreKkuit rocys PCTBEHHBIN YHUBEPCUTET
H.H.Kyxmun
OObeaAVHEHHBI MHCTUTYT SAEPHbIX UCCNenoB HuiA, [yoH
CAD anuc

PHL, "Kyp4 TOBCKWiA MHCTUTYT”, MOCKB

B 00630pe mpezcT BIIEHBI MOMy4eHHbIE 3 IIOCIeNHee BpeMsl dKCIIEPUMEHT JIbHbIE 1 HHbIE 11O ITON-
HBIM CEUeHHsIM pe KIMil U CeueHHsSM B3 MMOAESMCTBUS IS JIETKMX 3K30THYeCKHX spep. Il HbI omm-
C HUA P 3IMYHBIX HOOXONOB — (hEHOMEHOJNIOTUYECKUX M MOJTYMUKPOCKONUYECKUX — K BBIYUCIICHUIO
9THX BeMMYMH. [l GOJIBIIOI IPYIIIbI siIep IPOBOMUTCS H JIM3 CPEAHEKB NP THYHBIX P JIMYCOB P C-
npesie/ieHus] HEUTPOHOB, IIPOTOHOB U BEILECTB , M3BJIEK €MBIX U3 CP BHEHHUs C 3KCIIEPHMEHT JIbHBIMH
1 HHbIMH. OGCYXJ 10TCS BO3MOXHBIE K HAWI THI B AP C HEUTPOHHBIM WIHM IPOTOHHBIM T JIO. JI HBI
IPEIOKEHNs 110 IPOBEIEHUI0 HOBBIX dKCIEPHMEHTOB C JIETKUMH 9K30THYECKUMH SIP MH.

A review is given of the recently obtained experimental data on the total reaction cross sections
and interaction cross sections for light exotic nuclei. Microscopic approaches — both phenomeno-
logical and semi-microscopical — aimed to calculate these quantities are discussed. For variety of
the projectile-target combinations the root-mean-square radii of the neutron, proton and matter dis-
tributions extracted from the comparison of the calculated cross sections with the experimental ones
are analysed. Possible candidates to the neutron or proton halo nuclei are discussed. Some future
experiments in this field are suggested.

BBEJIEHUE

HHTeHcuBHOE UCIOIB30B HUE P OUO KTUBHBIX IIYUYKOB 3 mocjenHue 15 jer
MPUBENIO K YCT HOBJICHHUIO Pl HEOOBIYHBIX CBOWCTB JIETKUX DK30THUYECKHUX SIEp,
T.€. siep, YA JIEHHBIX OT JIMHUU [3-CT OWIBHOCTH, HO C X P KTEPHCTHK MH, PE3KO
OTJIMY IOIIMMHUCS OT OXHUJI eMBIX M3 CUCTEM THKH (CM., H mpumep, 0630psl [1-7]
U CChUIKM B HMX). OnHOHN U3 B XHEHWIIMX X P KTEPUCTHK B3 UMOJEHCTBUS Jer-
KHX DK30THYECKHUX SIEpP CO CT OWIBHBIMH SIP MH-MUIICHSIMH SBJISIOTCS CeYCHUE
B3 MMOIEWUCTBUS 07 WIM IOJIHbIE CEYEHUS! pe KUl or. IMEHHO ¢ u3MepeHus oy
B MHOHEPCKOH p 60Te [8] H U JIOCh ®KCIIEPUMEHT JIbHOE HCCIEHOB HUE JIETKHX
9K30THYEeCKUX fep. H oOcHOBE H /M3 M3MEPEHHbIX CEYEHUH B3 UMOJCIHCTBUS
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qs u3oronos He, Li u Be npu sHeprun 790 MaB/HYyKJIOH K K B P MK X 3MIIH-
PHYECKOTo MOAXOX , T K M B NI YOEpOBCKOM NpPHUOIIKEHUH ObLI CliesT H BBIBOL
[8—11] 0 3H yMTENPHON NPOTSIKEHHOCTU HEUTPOHHOU IUIOTHOCTH B HEHUTPOHOU3-
OBITOYHBIX M30TOI X BTUX SfIep, YTO MO3BOJIMIIO BBIABHHYTH TMIIOTE3y O BO3MOXK-
HOM CYIIIECTBOB HMU B HEKOTOPBIX M3 HMX T K H 3bIB €MOIr0 HEWTPOHHOIO T JIO.
JI 1bHeWnIMe UCCIENOB HUA IOK 3 JIM, YTO CUTY LU C HEUTPOHHBIM T JIO MO-
XKeT JIeHCTBUTEILHO pe JIH30BbIB Thes B aap x °He, ''Li u 1'Be. B p 6ore [12]
TOJy4eHO YK 3 HHE H CYIIECTBOB HHE H JIOTMMHOTO siBfeHus B B, B sjpe ¢
npoToHHBIM U30bITKOM. [ocnenyromue n3MepeHus o; MPOBOOWINCH K K C P C-
LIMPEHUEM DHEPreTMYecKOro AW M 30H Y CTHUI-CH PSJOB, T K U C P CIUUPEHHEM
H 60p HMX M ccoBbIX ynces. [loyHble ceueHus pe KUMH O R MPHU MPOMEXYTOYHBIX
sHeprusix (E/A < 100 MaB/nykioH) Gbutn u3Mepesl B [13—17]. Briepble T Kue
M3MEpPEHHs BBIIONIHEHB! B p 60Te [13], rme mosydeHsl MMOJHbIE CEYSHUS pe KLU
w1 8He, °Li u npyrux sKk30THYecKux suep npu sHepruu (30-+-40) MaB/nykioH.
Ina wzoronos 3111 ceyenus op 6bUM H3MepeHs! npu sHeprun 80 MaB/HykioH
B [14,15], B [16] u [17] — nna anep +58He, 6-911Li, 1Be u ®B npu sueprun
2060 MoB/uykion. M3MepeHus TIOJHBIX cedeHuii pe KUuil A SB B uHTEPB e
snepruii 10+40 MoasB/nyknon nposoguucek B [18]. IT p sensHO Mpomonx JHCh
WCCIIEIOB HUSl TIPH BBICOKMX 3HEPIUiXx 4 CTHL-CH psnoB. CeueHus: B3 UMopei-
creug ang OB, 91015C, 13N u 4150 npu sneprum 730 MaB/nykioH uzmepensl
B [19], B [20] mpoBeaeHbl MOBTOPHbIE M3MepeHMs o7 i SB mpu sHepruu
790 MaB/uykiion. B G0JIbIIMHCTBE C/Iyd €B U3MEPEHUS POBOIMIKMCH H  yIJIepPOJI-
HOU WM KPEMHUEBOU MUILEHU.

B mocnenHue rompl M3MepeHMs] CEYEHWH B3 MMOIEWCTBHS JIETKHX 3K30THYe-
CKHUX siIep CO cT OWJIBHBIMH SAp MM HE Orp HWYuB juch u3oton mu He, Li, Be n
B, Obutu p cummpensl H 6osee Tsaxenbie syip . B p 6ore [21] u3mepensl ceuenus
o s u3otonoB Na ¢ M ccoBbiMd uncia Mu A = 20 — 23 u A = 25 — 32. TIpose-
JCHHBI H JIM3 3TUX 9KCIIEPUMEHT JIbHBIX 1 HHBIX IO3BOJMI BBIABUHYTH THIIOTE3Y
[21,22] o cymecTBOB HUM HEHTPOHHOTO T JIO T KXe W B u3oTonm X Na, o0n 1 1o-
X GoJIBIIMM M30BITKOM HeliTpoHoB. Benen 3 sapom 8B B K yecTBe K HAMJ -
TOB B SIIp C MPOTOHHBIM T JIO P CCM TPHB JINCh HEUTPOHOAE(MPUIIMTHBIE U30TOIBI
thocthop . DKCIepUMEHT JTbHOE HcceNoB Hue u3otono 26:27P, pxmiou s usmepe-
HHE TOJIHBIX CeYeHHil pe Kuuil npu sHepruu 65 MaB/HykioH [23], K yecTBEHHO
MOATBEPAWIIO TUIOTE3y [24] O CyIIecTBOB HMM B ®THUX SIP X MPOTOHHOIO T JIO.
H3mepenus o Ui HEHTPOHOU3OBITOUHBIX HECT OWIIBHBIX sgep f — p-000J0YKH
npu sHeprun (50—70) MaB/HykioH 6bUTH mpoBeneHs! B [25]. AH U3 MOTy4YeH-
HBIX ®KCIIEPUMEHT JIBHBIX [l HHBIX IOK 3 JI CYIIECTBEHHYIO 3 BUCUMOCTb CEYEHUI
U, COOTBETCTBEHHO, p IMYCOB p CIpelesieHus M TepuH B 4Ap X OT COOTHOIIe-
HUS YUCJI HEUTPOHOB U IPOTOHOB. B 3TOM CBA3U IPEACT BIIMIOTCSA YPE3BbIY HHO
B XKHBIMH HW3MEPEHMS] CEeUeHMil B3 MMOJEHCTBUS s Lenodek suep-uzod p. B
p Gore [26] T Kue W3MepeHHs ObUTM BBINOJMHEHBI 114 H300 p ¢ A = 17 npu
sHeprun 700 MoaB/nykiion, B [27] — mig u306 p ¢ A = 20 npu sHepruu
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950 MaB/nykioH. Brllen3noxeHHoe nepeyucieHie orp HUYMB €TCS OCHOBHBIMU
®KCHEPUMEHT JIbHBIMU P OOT MM M HE NPETEHIyeT H HCYEPIBIB OIIYI0 TOMHOTY.

AH 53 3KCHEPUMEHT JIBHBIX [ HHBIX IO 07 (0R) OCYILECTBIICH, K K IIp -
BWIO, B P MK X TPEX OCHOBHBIX NOAXOJOB: ®MIIMPHUYECKOM, ONTHKO-MOJAEIBHOM
U ocHOB HHOM H Teopuu [11 ybep [28]. B aMmnupuyeckoM moaxope NnpuMeHs-
JIUCh JIMOO reoMeTpryecKue IPeACT BIEHHsS O B3 UMOIEWUCTBHU JABYX CT JIKHB I0-
IIMXCS S1ep NpPU BBICOKHX BHeprusx [8], nmubo MojeNnb CHWIBHOIO IMOIIOIIEHHMS,
B KOTOPOH I p METPU3 LU CEYEHWH MPOBOAWI Cb B COOTBETCTBHHU C (hOPMYIION
Kox [29] unu ee mogucuk musamu. Ct HE pTH 5 ontryeck 5 Moxeib (OM) ok -
3 J1 Cb B OOJIBLIMHCTBE CJIyd €B HENPUEMJIEMOW Ul OIUC HUS B3 UMOAEHUCTBHS
JIETKUX ®K30THYECKHX SIep CO CT OWIBHBIMU SIIP MU, M [ODTOMY HCIIOJIb30B JICS
nosymukpockonuueckuii B pu HT OM [30], B KOTOPOM BXOTHBIMH ]| HHBIMU IS
P CUET CEeYEHHH SABISINCH IUIOTHOCTH P CIpENENIeHHs BELIECTB B CT JIKHB I0-
muxcst Sap X U 3hpeKTuBHBIE HYKJIOH-HYKJIOHHBIE CHiibl. H nbornee momynsipHbIM
B H JIM3€ 9KCIEPUMEHT JIbHBIX JI HHBIX 10 CEYEHHSIM B3 UMOIEHCTBHS SBIAETCA
MOJIXOJl, OCHOB HHBII H D1 yOepoBcKOM mpubimxkenuu. IlepBelii T Kot H nu3
Obu1 mpoBeneH B p 6ore [9]. OcHOBH s MH(GOPM LS, M3BJIEK €M S M3 DKCIe-
PUMEHT JIbHBIX CEUEHMI, 9TO P IUYChl CHIBHOIO MONIOLIEHUS (B SMIIMPHYECKOM
MOAXOJIE) U CPENHEKB AP TUYHBIE P JUYCHI P CIPENEICHUs BEIIECTB , HEUTPOHOB
Y MIPOTOHOB B MOJIYMUKPOCKOIINYECKUX MOAXOJ X (B MOJETIH CBEPTKH M B I yOe-
POBCKOM NpHOJIMKEHUH). B TOM cllyd €, KOrjl IIOTHOCTH BBIYUCISIOTCS B P MK X
SJIEPHO-CTPYKTYPHBIX MOJEJIEH, MOSIBIISIETCS] BO3MOXKHOCTh TPO0 LIMHM T KHUX MOJie-
JIell IpU Cp BHEHHUH DKCIIEPUMEHT JIbHBIX CEYEHMI C TEOPETUYECKUMHU. P 31uuHbIe
MOAXOMBI MCIIOJIB30B JIUCh MPU P cYeTe ANepHBIX IUToTHOcTed. Cpean HUX OTMe-
TUM MeTOA (PYHKLMOH J1 IUIOTHOCTU [31], B p MK X KOTOPOIO H €IMHOH OCHOBE
BBIYUCIIAIOTCS HEHTPOHHBIE U NMPOTOHHBIE IUIOTHOCTH K K VIS SIp -MHUIIEHH, T K
U U1 4 CTULBI-CH DX .

H crosmmii 0630p MOCBSIIEH H M3y OCHOBHBIX dKCIIEPUMEHT JIBHBIX JI H-
HBIX IO CEYEHUSIM B3 MMOIEUCTBHS (TIOJHBIM CEUYEHUSIM pe KIMil) JIETKUX 9K30-
TUYECKHX f1ep. B mepBoM p 3zene mpeicT BIEHBI TEOPETUYECKHE MOAXOABI K
MOCTPOEHUIO CEYEHUI: SMIMPUYECKUI TOAXOM, BKJIIOY A I p MeTpu3 muo Kox ;
P 3IMYHBIE B PH HTHI MOIEJM CBEPTKH; 1 yOepoBCcKoe MPHOIMXeHue U 0COOeH-
HOCTH €r0 NPHUMEHEHHUS K H JIM3Yy DKCIEPUMEHT JIbHBIX I HHBIX MPU MPOMEXY-
TOYHBIX M BBICOKMX 9HEpPIrUsAX. Bo BTOpPOM P 3jene MpeicT BIEHBI 9KCIIEPHUMEH-
T JIbHBIE CeyeHusl B3 mMmopeiicTsua s m3otonoB He, Li, Be, B, Na u 300 p ¢
A=17u A=20,u 1 Hux H 3. O6cyX 10TCI 0COGEHHOCTH P CIIpeeIeHuUs
HEHTPOHOB U MPOTOHOB B 3TUX P X, T KXE BO3MOXHOCTH AAE€PHO-CTPYKTYPHBIX
Mozieneil. B 3 KJII0UeHHH MpencT BIIEHBI OCHOBHBIE PE3YJIbT Thl M BBIBOIBL, P CCMO-
TPEHBI J JIbHEHIINe BO3MOXHOCTU H3y4EHHs CBOMCTB JIETKMX 3K30THYECKHX SIep
C HCIONb30B HUEM 9KCIIEPHUMEHTOB 110 U3MEPEHMIO CEYEHHH B3 UMOJEICTBUA U
WCCIIEIOB HUIO SIIEPHBIX pe KLl C HecT OWIBHBIMU SAP MH.
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1. TEOPETUYECKHUE MOJEIN

1.1. II p merpu3 nmsa ceyeHmid. Vicxous M3 reoMeTpuyecKux cooOp KeHWit
0 B3 MMOJEHCTBUU JBYX CT JIKHB IOIIUXCS S€p NPU BBICOKOW 3HEpPIruH, cedeHue
B3 UMOJEWCTBUSA MOXHO 3 IUC Thb B CJEIYIOLIEM BHJE:

o1(p,t) = 7 [Ri(p) + Ri(t)]”. 1)

3nech M 1 jiee p U t OTHOCSATCS, COOTBETCTBEHHO, K 4 CTHULE-CH sty M SApy-
MULlleHd. 3H s BeJMuuHbl R (t) U3 onuc HUs B3 UMOJENCTBHUS CT OWJIBHBIX SLIEP,
H ocHoBe ¢opmynsl (1), cp BHUB % o(p,t) CO 3H YEHHUEM O, NOJIYYEHHBIM B
9KCIIepUMeHTe, MOXKHO orpenenuts Ry(p). T KuM cmocobom u ObUT0 00H PyXEeHO
BriepBbie [8,9] oTkioHenue moBenenuss Ry(p) Mt JMerkux 9K30TUYECKHUX siep OT
3 kou A!/3. TIpencr Bnenme (1) ecTb mpocreiiliee MPeACT BICHHE M 07, HE
YYUTHIB fOLIee MHOTHX (P KTOPOB.

Bonee pe nucTtudeck s m p METpHU3 IMsl CEYEHWH B3 MMONEGHCTBHSA, T K H -
3pIB €M s 11 p Merpu3 nus Kox , 6su1 mpemtoxen B [29]:

AT AT e P
A+ AP Eer

) (@)

or = 7TT’3(A11)/3 + Az/3 +a

3mecy A,, Ay — M ccoBble UHuCl , B — sHeprus KyJI0HOBCKOTO 6 peep , Eepy —
9HEprusd CT JIKUB IOLIMXC fA1ep B cucreMe LHeHTp M cc. IT p merp a, T kxe
uncienHbie 3H denust C(E) ompenensiorcs U3 H M3 B3 UMOIEHCTBHS CT OHITb-
HBIX SI€p B LIMPOKOM DHEPreTU4ecKoM AU 11 30He. KyJoHOBCckuii 6 pbep B IepBOM
NpUOINXKXEHUH MOXET ObITh P CCYMT H H OCHOBE P CCMOTPEHHS B3 UMOJEHCTBHS
IBYX 3 psikeHHBIX cep. Bomee rpomosnk s m p merpus mmsa mis B npenno-
xkeH B [32]. B ommuue ot (1), npu nocrpoeHun ¢opmyibl (2) HE UCHOIB3YETCA
npubnmxeHne cen p Geu3 UM 1O Y CTHLE-CH psioy M SIpy-MHUIIEHH, U B Hel
y4TEHBl KYTOHOBCKME 3(P(heKThl U DHEPreTHUecK $ 3 BUCUMOCTb. B cuny atoro
BBIp XeHue (2) HOcUT GoJiee YHUBEPC JIBHBIA X P KTEp, T K YTO €ro MOXHO IpH-
MEHSATh K K IIPU BBICOKMX DHEPruax, T K U Npu HU3KUX. Cp BHEHHE CEYEeHUS
OR, BBIYHMCIEHHOTO 1O hopMmyse (2), ¢ ®KCHEPUMEHT JIbHBIM 3H YEHHEM I03BO-
JIIET ONPENENIUTh BEJIMYUHY T, KOTOP f, B COOTBETCTBHUHM C MOJEJBI0 CHUIIBHOIO
MOIVIOLICHUS, UIMEET CMBICI I p METp P AUYC CHJIBHOro mnoriomeHus. T Kum
crocoO60oM ObUTH OIpejie/ieHbl BEIMUUHBI T( I MHOTUX JIETKUX 9K30THYECKHX
aaep.

IMomumo (2) ucmomnp3yroTcd U Oojiee TPOMO3AKHE I p METpU3 LMK o (CM.,
H npumep, [18]). B HuX y4uTBIB e€TCd P 3IMYME MEXIy P AUYC MU CHUIBHOIO
MOIVIOUICHUS VI 4 CTHLBI-CH PN U 4Ap -MHILEHU, BBOAUTCS AOIOIHUTEIBH S
3 BUCHUMOCTb OT BHEPIHH X Ec_nll/ T KXe 3 BHCHMOCTb OT YHCI IIPOTOHOB U
HEHTPOHOB B CT JIKMB IOLIUXCH AP X.
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AH 5U3 3KCHEPUMEHT JIbHBIX CEYEeHMH H OCHOBE I p MeTpu3 Iuil tunm (2)
MO3BOJIAET YCT HOBUTH OOIIME I€OMETPUYECKHE CBOICTB JIETKMX 9K30THYECKHX
sAep W MOTeHLH JIOB MX B3 UMOAEHCTBHS CO CT OWIBHBIMH SIIp MU, HO HE I €T
BO3MOXHOCTH OIIPENENINTh P CIpeIeleHNe BeIEeCTB B SApe U, B 4 CTHOCTH, BbI-
ABUTH P 37MYMS B P CIpelesIieHUH MPOTOHOB U HEUTPOHOB.

1.2. M Kpockonuyeck fi ontudecK f mMofedb. CT HI PTHHIA ONTHYECKHUI
norenuy J1 (OIl) deHOMEHOMOrNYECKONH ONTHYECKOH MOIEIH MMEET CIeqyIoIui
BUII

Uopt (1) = =Vrfr(r) — iW,Fi(r) + 4ia;Ws(d/dr) fr(r)+

1 .
+2(7r/m7rc)2;(d/dT)VLsfs(T)(LS) + Veoul(r), (3)
Ry =1 AY3, f; = (1 + exp((r — Ri)/a)) ", (3a)

i=R,ILS.
3,[[601) IEPBbIE CJI T EMbIC — LCEHTP JIbH 4 Y CTbhb BCHICCTBEHHOI'O IMOTCHLU JI ,
BTOpPOC€ U TPEThE — IIOTCHUU JIbl O6'I>CMHOI‘O U HOBEPXHOCTHOI'O IOITIOIICHUA,

clieflyrolee ¢ I eMoe — CHUH-OpOuT JbHbIA wieH. [locnennee ci r emoe B (3)
00BIYHO GepeTcs B BuJie KYJIOHOBCKOIO B3 MMOJEHCTBUS IBYX 3 PSKEHHBIX cdep.

H ocuose nmoteriu 1 Ugpt () MOTYT OBITH IOCTPOEHBI CT HI PTHBIM OOp -
30M DJIEMEHTBI S-M TPHIBI U MOJHOE CEYCHUE pe KIIHIi:

on=15 > @+ |5 ). (4)
l

CymMmupoB HUe B (4) MPOBOOUTCA 110 BCeM K H J1 M pe Kuuil. OTMETHM, 4TO NpU
BBICOKUX DHEPrHaX B DKCIIEPUMEHTE H3MepseTcs He Or, CEueHHe B3 HUMOJei-
ctBusl oy. P 3nmuums Mexny o M o OOYCIIOBJIEHBI BKJI JIOM HEYIPYIoro p cce-
sHps. 110 OUEHK M 9TW P 3IMYHS IIPU BBICOKHX 9HEpPrusix coct Bistior 5—10%.
Teopernuecku (K K B OM, T K U B IV YOEpOBCKOM NMPUOIMKEHHH) BBIYUCIISIOTCS
OR, UTO ClIefyeT UMEeTh B BUAY IIPU CP BHEHUM P CCUUT HHBIX CEYEHHUIl B3 MMO-
JEUCTBUS C 9KCNIEPUMEHT JIbHBIMU IPH BBICOKHX DHEPTHSX.

Boip xenue (3) comepXuT MHOIO I p METPOB (OT AEBATH IO JBEH IL TH),
MO3TOMY P CYETHl 0 B Makpockonudeckoir OM MoryTr o051 I Th MpPENCK 3 Tellb-
HOW CHJIOH TOJNBKO B TOM clyd e, ecnu 11 p metpsl OII ompenenensl u3 H 1u3
COOTBETCTBYIOILUX YIVIOBBIX P CHpeleaeHuil ynpyroro p ccednus. K cox nenuro,
K H CTOSIIIEMY BPEMEHHU BBIIOIHEHO M JIO U3MEPEHHil, B KOTOPhIX OJIHOBPEMEHHO
OblIH OBl MOJTY4YEHBl U O, U JU(QEpeHLH JbHbIE CEYSHHUs YIIPYroro p CCesHHs
JUIS JIETKUX 9K30THYecKuX suep. C Apyroil CTOpOHBI, g T KUX Alep MaKpo-
ckonmueck 1 OM pefko NpUBOJUT K YCHEIIHOMY OIUC HHIO DKCIEPUMEHT JIbHBIX
I HHBIX (CM. 0030p [7] ¥ CCBUIKH B HeM). DTO CBSI3 HO C TeM, 4TO B hopmyiie (3)
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P M JIBH S 3 BUCHUMOCTB BcexX popM KTOpOB (PUKCHUPOB H U ABIFETCH 3 BUCH-

mocTeio C kKcoH — Bync . OnH K0 yXe Ul HyKJIOHOB M (-4 CTHIl OBIIO TMOK -
3 HO [33,34], yTO (hOpPM MOTEHIM JT , TIOCTPOEHHOTO H OCHOBE 3(pheKTHBHBIX
cui, oy ercst or ¢opmbl C kcoH — Bync . B cuity ¢k 3 HHOro Makpocko-

nuueck 1 OM g H 7u3 oR VIS JIETKUX 9K30THYECKUX Sep HCIOJIb30B JI Chb
TOJIBKO B OTJENbHBIX cly4 ax [16,35-37].

1.3. [oryMuKpoCKONIHMYeCK s ONTHYeCK A Mojeidb. B psne p 6or [35,39—
41,18] ang H nU3 OpR NPUMEHSJIUCH MOTEHIM JIbl JBOMHON CBEPTKU B P MK X
MOJTYMHUKPOCKOITHMYECKOH ONTUYecKONd Monenu. T Kue MOTEHIH JIbl IS OIUC -
HUS B3 UMOIEWUCTBHS ABYX COCT BHBIX Y CTHI[ CTPOSTCS IO CIIEAYIOMIEH cXeme.
B nepsom mnopsiake 1o a¢peKTUBHBIM CHWJI M MOTEHIH JI B3 UMOIEHCTBUS JBYX
CT JIKUB IOLIMXCS siIep MOXET OBbITh MPEJACT BJICH B BUIE CYMMBI:

U(R) = U®(R) + UP(R), (5)

rie UP(R) — “npaMoil” moTeHIM 1 MOJENH JBOMHOM cBepTKH [42]:

UP(R) = / / PO (VP ()0 () dri drs. (6)

3nech VP (5) — npam g komnoneHT a¢eKTUBHOrO B3 UMOfeiicTBus, & =
ro — 11 + ﬁ, P (7}) — mmoTHOCTH CT NKMB fommxcs apep (i = 1,2). OCHOB-
HOii BKJI 1 B “06MenHblii” motenun 1 UF (é) I 10T 3(peKThl OJAHOHYKJIOHHOTO
00MeH , KOTOpbIE MOTYT OBITh OTHC HBI B (pOPM JIU3ME M TPHILBI INIOTHOCTH [43]:

—

UP(R) = / / oD (7,71 + ) Vs (3)p? (73,75 — 3) exp(ik(R)5/n)dridry. (7)

DTO ecTh JIOK JM30B HH g hopM 0oOMeHHOro wieH . 3aech Vi(§) — oOMeHH s
KOMIIOHEHT 3¢hheKTHBHOrO B3 mmoneiictsus, p(¥) (7,r") (1 = 1,2) — M Tpuust

- =

IUIOTHOCTH CT JIKMB fommxcs spep (¢ = 1,2): k(R) — JOK JIBHBIH MMITYJIbC,
OlIpeeNsaeMblil COOTHOILEHUEM

KA(R) = 2mn/B*)(E — U(R) = Ve(R)), (8)
e
 AA
77* A1+A27 (80’)
Ai(i = 1,2) — ™ ccobie uncin smep,  Ve(R) — KyTOHOBCKHIi MOTEHL II.

Tler nbhee cxem Boiuncienus UP (R) usnoxen , H npumep, B p 6ote [7].
K x cienyer u3 copmyn (6),(7), BXOOHBIMH 1 HHBIMH JUI1 p CUET MOTEH-
LM JIOB JABOWHOHN CBEPTKHU SBIAIOTCS d(eKTHBHbIE HYKJIOH-HYKJIOHHbIE CHJIbI U
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M TpHLBI IUIOTHOCTH CT JIKUB IOIMUXCH SiEp, MPUYEM IOCTEeJHUE, C UCIIONIb30B -
HUEeM (POpPM JIH3M P 3JI0KEHHS M TPHIBI ITIOTHOCTH [44], MOTYT OBITh CBEIEHBI K
JU TOH JIbHBIM, B KOOPOMH THOM IpPEACT BIEHUU, INIOTHOCTSIM.

B k uectBe 3(pheKTHBHBIX HYKJIOH-HYKJIOHHBIX CHJ OOBIYHO ITPUMEHSIOTCS
T K H 3bIB eMble M3Y acdekTrBHbIE B3 UMOAEHCTBHS, OCHOB HHbIe H (G-M TpHUY-
HBIX 3JIEMEHT X moTeHIM 1 Punx — Dmmor [45], nubo m pukKCKOro MOTeH-
u 1 [46]. g omuMc HMS B3 MMOIEWCTBUS CT OWJIBHBIX Siep NPHUMEHSUINCH
T xxe M3Y-B3 umopeiictsusd, 3 BUCAINME OT IUNIOTHOCTU P CHPEEIIEHHUS BELIECTB
B daap X (cM. 0030p [47] U CcCBUIKH B HEM), MIPH BTOM 3 BUCHMOCTH OT IUTOTHOCTH
YYUTBIB JI Cb B BUle ¢ KTOp

V(s,p) =VI(5)F(p). (9)

OnH KO0 BBIOOp 3TOrO (b KTOP OK 3bIB €T 3 METHOE BIMSHHE NP KTUYECKHU TOJIBKO
H YIJIOBBIE P CIIPENENIEHHs] YIPYTOro p CCEAHUsd MPH CPEeNHUX YII X. YIJIOBBHIE
p crpeneneHus I JIETKUX 3K30THMYECKUX sJep MOJydyeHBbl MoK , K COX JICHHIO,
JIUIIG B AWM T 30He 10 20°, U, K K MOK 3 HO B [48], 3TH YIJIOBBIE P CIIpeie/IeHHs
HeYyBCTBHTENbHBI K BBIGOpY F'(p). Kpome Toro, 3 BUCHMOCTb OT IUTOTHOCTU 9¢h-
thexTuBHBIX cui ci 60 Bimsier H opr. [losToMy, H 1 HHOM BT Iie, WId H JIHU3
OR JIETKMX 9K30THYECKHUX SIep HPEACT BISeTcs P 3yMHBIM HCIIOBb30B Tb B (6) 1
(7) appexTHBHBIE CHIIBI, HE 3 BUCSIINE OT IUIOTHOCTH.

ITpu sBHOM yuere ahpeKTOB OJHOHYKIIOHHOrO 0OMeH Oepercs nonnoe M3Y-
B3 MMOJICHCTBUE, T.€. OOMEHHBIE U MpPSIMbIE, U30CK JISPHbIE U M30BEKTOPHBIE KOM-
noHeHThl. CymecTByeT NpHOIMXEHH 1 BepCHs MCIONb30B HUust M3Y-cuil, B KOTO-
poii, ¢ nenbio adpexTrBHOro yuer npuHoun I1 yiam, BMecto OOMEHHOIO WieH ,
K npsamoii komnonente VP (5) 106 Bisercs NCeBIONOTEHIM 1 HYIEBOTO P JIHYC
neiictust [30] ¢ yuerom ¢ xrop F(p) 3 Bucumoctu ot miotHoctd [49]. Co-
OTBETCTBYIOLIlee B3 UMOJEHCTBHE MOMyywsao H 3B HUe DDM3Y-B3 umoneiicTBus.
AnbrepH TuBoii Kk DDM3Y-B3 uMoneiicTBuio sBiseTcd T K H 3bIB emMoe JLM-
B3 umopeiicteue [50], B KoTopoM acpcekTsl 3 mper II ymu T KXKe YIUTHIB I0TCS
HESBHBIM 00D 30M, U H PSy C 3THM OHO COAEPXKHUT MHUMYIO U CTb, YTO B MOJIEJISIX
cBepTKH npuBoguT K KoMiuiekcHoMy OIN. TIpuGivkeHHble BEpCHHM MOAENHU JBOIi-
HOW CBEPTKM UCIOJIB30B JIMCh U1 H JIU3 B3 MMOAEHCTBUS JIETKUX 3K30THYECKHX
sjep co ¢t OwibHbIMU Sap Mu B p 60T x [18,35,38].

IMomumo 3hheKTHBHBIX HYKIIOH-HYKJIOHHBIX CHJI B CXeMy P CUeT MOTEHIH-
JIOB BXOMAT HYKJIOHHBIE IUIOTHOCTH. [IJIi BBIYMCIIEHHMS IIOTEHLH JIOB B U30CK -
JIIPHOM M M30BEKTOPHOM K H JI X YIOOHO BBECTH M30CK JISIDHBIE M M30BEKTOPHbIE
IUIOTHOCTH:

) (7) = o () + ) (7), (10)
P (7) = pl(7) — ) (7). (11)

ITpoTonHble U HEIUTPOHHBIE IUIOTHOCTH MOLYT OBITH I P METPU30B HBI, TMOO BbHIYU-
CIIEHBl B P MK X SI€PHO-CTPYKTYpHbIX Mojeseil. Cp BHEHHE BBIYMCICHHBIX cede-
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HUMI O R C OKCIICPUMEHT JIbHBIMH JAaHHBIMU ITO3BOJIACT B IIOCJIIEAHEM CJIyd € IIpO-
OMpOB Th AAEPHBIC MOJEIH, ONUCHIB IOIIHE CTPYKTYPY JIETKHX dK30THUECKUX SIep.
[MonHbIiA ONTHYECKUI MTOTEHIM JI, KPOMe pe JIbHOM 4 CTH, JOJKEH BKITIOY Th
B ce0d M MHUMYIO U CTh, OTBETCTBEHHYIO 3 TIOIVIOIICHWE H JIET IOMIeH U CTHUIIBI
B Heynpyrue K H jibl. CyIIECTBYIOT TP OCHOBHBIX CIIOCOO Y4eT IOTeHLH JI
MOMIOINIeHUsl B NoJyMUKpockomudeckoi OM. B mepBoM ciiyd € UcCHoib3yercs
CT HA pTH 4 popm MHUMOH 4 cti OIl ¢ p 11 nbHOM 3 BUCHMMOCTBIO C KCOH —
Bync :
W (R) = Wws(R), (12)
Ie Ip B 9 9 CTh MOXET cOIepX Th K K OOBEMHBIH, T K U MOBEPXHOCTHBIN UJIeH
(cM. copmyity (3)). B aTOM ciyd e B cxeMe H JIU3 OKCHEPUMEHT JIbHBIX JI H-
HbIX BO3HHUK €T MHOI'O INOATOHOYHBLIX II p METPOB, YTO MOXET BHOCUTH HEOIIPEC-
JIEJIEHHOCTb B €ro pe3yibT Thl. Jpyroil moaxox COCTOUT B TOM, YTO MOTEHLH JI
MOTJIOMICHHUS BEIOMP €TCS MPOIOPIIMIOH JIBHBIM BBIYUCIICHHOM pe JIbHOW Y CTH:

W@ (R) = iNwU(R), (13)

rie Ny — eOUHCTBEHHBIH NMOATOHOYHBINA I p METP B IOTEHLH Jie MOITOLIEHHS.
OnmH xo ¢opmyn (13) 03H 4 eT, YTO reoMeTpus pe JIbHOM U MHUMOW 4 crei
MOTEHUM JI OOH W T XK€, YTO MOXET He OTBeY Thb (PU3MYECKOH pe JIbHOCTH.
ITosToMy mpeamnos r ercs Ucnob30B Tb A1 MHUMOUN 4 ctu OII Belp Xxenue [39]:

d
WO (R) = i(NywU(R) — aWR%), (14)
rne U(R) — norenuu 71 aBoiiHO# cBeptku (5), Ny U aw — I p MeTps,

X P KTEpU3YIOLINE, COOTBETCTBEHHO, OOBEMHYIO M ITOBEPXHOCTHYIO Y CTH NOTEH-
o 1 nomtomeHus. s Toro 4roObl p CUETHI CEYEHWH pe KUMi H OCHOBE I10-
TeHiwm JioB (5) u (14) obn x Jiu Mpeack 3 TeabHOM CUIIOi, HEOOXOOUMO, K K OT-
MeyY JIOCh B KOHLIE I1.1.2, onpenenuts m p MeTpsl Ny U ayy U3 H JIM3  YIJIOBBIX
P crpeneseHui yIpyroro p ccesiHus, 6o u3 cucreM TUK MHUMOU 4 ctu OIT no
COOTBETCTBYIOIUM COCEJHHM H30TOI M.

B p MK X MHOIOK H JIBHOW TEOPHHU SIEPHBIX p€ KLU MMOTEHLH JI MONIOLIE-
HUS ABJIAETCS 4 CThIO T K H 3BIB €MOrO JMH MHUYECKOro MOJSIpU3 LHOHHOIO MO-
tenuu 1 (OIIIT) [47]. Wmeetcd u pe abH o 4 cth AIIII, KOTOp § CylIECTBEeHH
JUIS OTMC HMA YITIOBBIX P CHpefesieHuil ynpyroro p ccesHud [51], HO OK 3bIB €T
HE3H YMUTENBHOE BIMSIHUE H OR, T K YTO B H JIM3€ IOIHBIX CEYEHUH pe KLU
pe mpHOH 4 cThio OI1 MOXHO MpeHebpeys.

1.4.Tn yGepoBckoe nmpuoanxkenue. [Ipy BbICOKHX DHEPIUSX B3 UMOIEHCTBUS
cyMM B (4) MoXeT ObITh 3 MEHEH MHTErp JIOM IO NpUIENIbHOMY I p MeTpy. B
pe3ysbT Te OylaeM MMeTh

—— /Ooo db - b1 — T(b)], (15)



878 KHA3BKOB O.M., KYXTHUHA WU.H., PAJHC C.A.

2

T@) =[SO (16)
[ TIPOMEXYTOYHBIX M BBHICOKMX DHEPIHil XOPOLINM IPHOJIVKEHUEM SBIISETCS
onTuYecKuil npexen r1 yoeposckoil Teopuu [28]. B atom ciyu e Bemmuun  T'(D)
MMeeT CIIeHYIOUIMI BUL:

T(b) = exp [~own - / o2b1 oD (5:1)p @ (| By B )], (17)
NN nn Z 7 NZ " NZ n
5’NN _ tO + tO'pZ‘f'A +0. p+ t (o2 p (18)
t
N - +oo
OF) = [ dep@ ) =12 (19)
—o0

®Dopmymer (15), (17)-(19) o 10T BO3MOXHOCTh P CCUUT Th O H OCHOBE HH(OP-
M i 00 YCpEOHEHHBIX CEUEHHSX HYKJIOH-HYKIOHHOTO P CCESHHS U SOCpPHBIX
IJIOTHOCTSAX. 3 BUCUMOCTb Opy U Opp (0pp=0py) OT DHEPTMU XOPOILIO U3BECTH U
1 p MeTpu30oB H . OOBIYHO MCIONB3YEeTCS 11 P METPHU3 LM, IPEIIOKEHH 5 B p -
6ote [52]. Ecnu mIOTHOCTH M p METPH30B HBI, TO U3 CP BHEHUS TEOPETHIECKUX
CEYeHMA C DKCIEPUMEHT JIbHBIMH MOXHO H3BIeYb WH(OPM LHUI0O 00 HCIOJIb3ye-
MBIX T p METp X. B ciyd e p cuer IIIOTHOCTEH MOXHO MPOBECTH MPOO IHIO
SIEPHO-CTPYKTYpHBIX Mozenell. @opmyssl (15), (17)—(19) He conepx T cBOOOAHBIX
I p METPOB, U1 B T KOM BHIE MMEIOT MPEUMYLIECTBO NEpes ONTUKO-MOJIETbHBIMU
opmynt mu it p cuer ogr. OmH Ko Belp XeHue (17) 1 er o B NPUOTMKEHUN
HYJIEBOTO p OUYC [OEHCTBHS HYKJIOH-HYKJIOHHOTO B3 UMOICWCTBHS U HE YIUTHIB €T
MHOTUX Apyrux ¢ KTopoB. P ccMoTpum aTH ¢ KTOPEL.

B p Gore [53] orMeu ercs1, uto Gomee pe nucrudeckuM it T'(b) sBma-
eTcd BBIp XKE€HMe, COfiepX Iee (PyHKIHMIO, OTBETCTBEHHYI0 3 KOHEYHBIH p AUYC
HYKJIOH-HYKJIOHHOTO B3 mMozeiictusi. C BBemeHuem a1oit dynkumu T'(h) npu-
0o0peT eT CIeIyIOUIiA BU:

T(b) = exp [-onN / d’by / d?ba f (| b1 — b2 )V (b1)pP (| by — b )] (20)

®yukums f(| by — by |) MMeeT T yCCOBCKYIO 3 BHCHMOCTh C I P METPOM a. B
COOTBETCTBUU C JIByXY CTUYHOM t-M Tpuueil [54] mwid nocneanero IIPUHATO B [53]
31 yenune a = 1 ¢m. B npexperne a — 0 (uyneBoii p auyc meiicteust) f (| by — by )
cT HOBUTCH O-(pyHKIme#, 1 Bbip xenue (20) mepexoaut B popmyiy (17). Vuer
KOHEYHOro p auyc aeictBus B (20) NPUBOIUT K YBEJIMUYEHUIO P CUETHBIX CEYSHUI
npumepHo H 8% [53].

@opmyinsl (17) u (20) cip BeIMBBI B IPEANIOIOXKEHUH, YTO MIUTUTYA HYKJIOH-
HYKJIOHHOTO P CCEsSHHs BIlepe]] YUCTO MHUM $I, YTO MOXET HE BBINOJHATHCS 1 XKe
IIPU BBICOKUX 3HEPrudx [55]. B cBd3u ¢ 3TUM HCIOJIB3yeTCs KOMIUIEKCHOE BBIP -
XeHue g oy N [56]:
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NN — NN (i + ann). (21)

3pech oy — I p METP, X p KTepU3YIOUIMIA OTHOIIEHUE pe JIbHOW U MHUMOM U -
creit mrmuutyasl N N-p ccesanus Brepen. K x ok 3 Ho B [57], ceueHue MeHseTcs
HEe3H 4YHUTeNnbHO (Bcero H 8 MO) IpH HCIIONB30B HUM 3H YeHHSI oy U3 [55].

JI71s IeTKux ®K30THYECKUX sAep ¢ mpeoli1 I HHeM HEHTPOHOB WM NTPOTOHOB
CYILLIECTBEHHYIO pOJIb UIp 10T 3(eKThI, CBSI3 HHBIE C P 3IUYUSIMHU B P CIIpejiesie-
HUM HEITPOHOB U NPOTOHOB B 41p X. B T koM ciyu e B dopmyny (17) wnu (20)
BMECTO YCPEIHEHHOIO CEYEHUs 0 N N HYXKHO HNOICT BIISITh Opy U Opyp IIPU COOTBET-
CTBYIOIEH ®HEPIUH U YYUTHIB Th P 3IMYMS HEUTPOHHBIX M MPOTOHHBIX IJIOTHO-
cTeil; mpu 9ToM BbIp Xenue it 1'(b) CT HOBUTCS HECKOJBKO GOJiee IPOMO3IKHM.
Ot mpomexnyp 0cobeHHO B XH TpH dHeprusax mopsgk 100 MaB/aykion, mo-
CKOJIbKY IIPU 3THX ®HEPIUAX Opp U Opp P 3IMY I0TCA IIOYTU B TPU p 3 . dpyroit
a(pheKxT, MPOSABIAIOMICS NPU HU3KUX DHEPIUsX, CBI3 H C KYJIOHOBCKHM B3 H-
MmopeiictBueM. B p Gore [52] ObUT NPOBEIEH COOTBETCTBYIOL] S MOAU(UK M
1 yOePOBCKHX CEUCHHIA.

Ho cux mop Mbl 00CyXI J1 ¢ KTOpPBI, yU4eT KOTOPbIX HE BBIBOAWI 3 P MKH
ONTHYECKOTO Ipeiest . Pemenue nemoro psag  mpoGiieM, B3 HHBIX C yYE€TOM P 3-
HOTo pon Koppemnsuuii (06ycioBneHHbIX NprHIUIOM I1 yiu, ABIKEHHEM LEHTp
M cC, B3 MOAEHCTBHEM HYKJIOHOB I' JIO U HYKJIOHOB OCTOB ), T KX€ C P CCMO-
TpPEeHHEM HEdHKOH JIbHBIX WIEHOB, TPeOyeT BBIXOI 3 P MKH ONTHYECKOro Mpe-
gen 11 yoeposckoro npubnuxeHus. Bce aTH npo6iembl ClIOXHbBIE U MOTYT OBITh
petieHs! uib npubnmxkeHHo. [lonp BKM H 1 ynueBckue 3ekTsl p ccM TpH-
B 1UCh B [58], rae ObUTIO MOK 3 HO, YTO OHH MPHUBOIAT K YMEHBIICHUIO CEYCHUI
H 5%. Onpegenenue ¢ KTOp KOppeasaUMil LEHTP M CC ISl HEr YCCOBCKUX
IUIOTHOCTEH B I1 YOEpOBCKUX P CYET X p cCM TpuB Jiock B [59]. lns aroii nenu
HCIOJNIB30B JICA MpeUIoXeHHbIH B [60] MeTox npsMoil OLIEHKH MHOTOKpP THBIX HH-
Terp joB Teopuu 71 yoep wmeromom Monte-K pio. Ok 3 70Ch, 9TO p 3IHYHBIE
npubmuxennuss B Teopun I yoep n 0T p 3mmuud B IuhepeHnd JIbHBIX Ce-
YEHUSAX YIPYroro p ccesHHsd 3 MNEPBbIM AWM KUMOHHBIM M KCHUMyMOM [59] u,
MO-BUIMMOMY, cl1 00 CK 3bIB I0TCS H TIOJIHBIX cedeHusix pe Kuuil. Koppemsuuu
HYKJIOHOB OCTOB M HYKJIOHOB T' JIO P CCM TpPHUB JIUCh B P MK X KJI CTEPHOTO IMOA-
X0 K [ ybepoBckoii Teopur [61]. BpUIO MOK 3 HO, YTO UX Y4eT HMPUBOAUT K
YMEHBIIEHUIO O R W, COOTBETCTBEHHO, K OONIBIIMM 3H YEHUSIM CPEIHEKB Ip THY-
HBIX P AUYCOB P CIIpPENeSIeHUusI M Tepuu R,.,s IPH Cp BHEHUH TEOPHH C DKCIEPH-
MEHTOM. DTO 0OCTOSTENBbCTBO 3 CT BWJIO BTOPOB p 60T [57], [61] nepecMoTpeth
oM BenuuuHbl. T K, 3H uenue R, ysemmumnoch ans 'Li u 'Be, coorser-
crendo, H 14% u 7% [57]. C npyroil CTOPOHbI, B H JIM3€ YIPYroro p CCesHUs
6He u ®He c sueprueii 0,7 ['sB/uykion H 1poToH X [62] He 6bLIO O6H PyXeHO
3 METHOTO BJIMSIHMS KJI CTEPHBIX KOPPENSIUMHA H H3BIEK eMble 3H YeHUS Ryps.

IMomBeneM HEKOTOpbBIE MTOIM MCIOJIB30B HUSI TeOpeTHYecKHX mopnesned. [Ipu
BbICOKHX 3Heprusix (E/A >100 MsB/HyK/IOH) ONTHYECKHI Hpedesl B HyTEBOM
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NpUOIMXEHUH 110 P UYCY B3 UMOJEHCTBHS SIBIISIETCS JOCT TOYHO P 3YMHBIM IIpH-
OmKeHneM IV yOepOBCKOM TEOpHHM Ul P CUeT TOJIHBIX cedeHui pe Kumil. He-
y4TeHHBbIE () KTOpBI, ACHCTBYS B P 3HBIX H NP BICHHUAX (KOHEUHBIH P IHYyC B3 -
MMOJIENCTBHI U KOPPENSLUN), KOMIICHCUPYIOT APYr ApPYr B (pOPMHPOB HUM Be-
JUYMHBl oR. [IpM HM3KMX DHEprusix HEOOXOAUMO YYUTHIB Th Oojiee KKyp THO
KOpPpeJsLuK, OCOOEHHO /IS ONMC HUS YIPYTOTO P CCEsHHs, T KXe HEedIKOH Jib-
Hble 9(pheKThl U KYJTOHOBCKHE MOIpP BKH.

2. DKCIIEPUMEHTAJIBHBIE JAHHBIE U UX AHAJIN3

2.1. U3otonsl He. M3mepenne ceueHnii B3 UMOOEHCTBUS 01 I JIETKUX 9K30-
THUYECKHX SiIep H Y JIOCh C MCCIIEI0B HUS U30TOMNOB refiud. B p 6ote [8] Brepsbie
OB U3MepeHsl ceyenus oy mid sagep 45 3He, B3 umoneiicTBylomux ¢ Muie-
Hamu Be, C u Al npu sseprun 790 MoeB/HyknoH. B 1 npHeillieM T Kue Xxe
n3MepeHus: ObUTH poBeaeHs! 11 m3oTonos Li, Be u B [9,10].

ITpoct i1 p MeTpu3 ums cedyenuit (1) ucnonp3os 7 cb B [8], B [9] Bepsbie
U1 H JIU3 CEeYeHMH B3 UMOJCHCTBHS JIETKMX 3K30TMYECKUX dAep NMPUMEH:T Cbh
1 yoeposck s Teopust [28] (cMm. T kke [63]). B T 6i.1 mpuBeaeHbl pe3ysbT Th
T Koro H ju3 s rpynmsl saep [10]. Bo BTopom cTonbie T Onuisl o HBI cpel-
HEKB Ap THYHbBIE P AWUYCHI P CIIPENENICHUS BEIECTB I I' YCCOBCKOTO IPEACT -
BIICHHS! IUIOTHOCTH, B cTOiOI X 3—-5 — s mpencT BJCHUS I' PMOHMYECKOTO
ocuwsuIATOp . B mocnexHeM cronble npuBeieHbl 3 PSIOBBIE P JUYChI, HOJyYeH-
HBIE CBEPTKOI NMPOTOHHBIX P CIpENeseHUil C P CHpEelesIeHHeM 3 psi B MPOTOHE
(rp = 0, 8 ¢m). OT™METUM OCHOBHBIE 3 KOHOMEPHOCTHU B IIOBEIEHUU R,y s, OOH PY-
’KEHHbIE B 9TOM H Ju3e. [I1d Bcex [ernoyeK U30TONOB H OJII0fl €TCsl 3H YMTETbHBIN
pocT R,pms C yBEIMUEHWEM M CCOBOTO YHCJ , OTKJIOHSIOIIMHCS OT 3 BHCHMOCTH
A'/3. B msoron x He sror poct u Gmox ercs npu nepexoge or “He x He u
8He, B m3oton x Li — ot SLi, "Li x °Li u, ocobenno, x ''Li, B u3oron x Be
— npu nepexozne X 'Be, “Be, npuueM R, n1a 'Be Gonbiue, uem misa Be.
B usoron x 6op H Omox eTcs 3H YMTENbHbIA pOCT R, NpH nepexone Kk 4B
u 1°B. Ormerum, urto mis asyx sgep ‘B u °B R, > R, upuuem mia 8B aro
npeBbllIeHUe 3H uyuTesabHeid. H 601 eMble 3 KOHOMEPHOCTH B IOBEIEHUH Ry,
K K cregyer u3 T On.1, He 3 BUCAT OT crnoco0 IPEACT BiIEHHs IUIOTHOCTH P C-
IIpefieNieHNs BelecTB B SAap X (I yCCOBCKOE WM MPeAcT BlIeHHE I' PMOHMYECKOTrO
ocuwsutATop ). [losydeHHbIe 1 HHblE CBUAETEBCTBYIOT O CHIIBHON M30TOIMMYECKOH
3 BUCHMOCTH p amycoB. B p 6orte [10] yk 3bIB ercs, 4TO Cp BHEHHE C p CYET MU
mo Merony X prpu — @Pok [64] MOATBEpXKA €T B KHOCTh y4€T 3 BUCHMOCTH
OT IVIOTHOCTH UCIIOJIb3yEMBIX B ®TOM MeTojie 9(D(PEeKTUBHBIX CUJI I OObSICHEHHs
H OJII0J] €MOTO MOBEJCHUs P JUYCOB 110 LIEMOYK M H30TOIOB.

I'n y6epoBckoe npubimxKeHne, OCHOB HHOE H KJI CTEPHOM IOIXOAE K CTPYK-
Type JIETKHX 3K30THYECKHX sJep, MCIIOIb30B JIoch B [57] mis H nu3 cedeHHi
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T 6mun 1. CpennekB Ap TW4HbIe p AMychl (M) p cnpeneieHHs NPOTOHOB, HEHTPOHOB
W BelecTB

G P N M C
S{Hpo ers ers ers ers ers

4He | 1,5940,04 | 1,5740,04 | 1,574£0,04 | 1,5740,04 | 1,7640,04
SHe 2,52£0,03 | 2,214+0,03 | 2,61£0,03 | 2,48+0,03
8He 2,55+0,03 | 2,154+0,02 | 2,64+£0,03 | 2,5240,03

6Li 2,35£0,03 | 2,324+0,03 | 2,32+0,03 | 2,3240,03 | 2,46+0,02
“Li 2,35£0,03 | 2,274+0,02 | 2,38+0,02 | 2,33£0,02 | 2,40+0,02
8Li 2,384+0,02 | 2,264+0,02 | 2,444+0,02 | 2,3740,02
9Li 2,32£0,02 | 2,1840,02 | 2,39+£0,02 | 2,3240,02
ML | 3,1040,17 | 2,8840,11 | 3,2140,17 | 3,1240,16

"Be | 2,33+0,02 | 2,36+0,02 | 2,25+0,02 | 2,31£0,02
"Be | 2,38+0,01 | 2,34+0,01 | 2,40+0,01 | 2,38+0,01 | 2,4740,01
10Be | 2,2840,02 | 2,24+0,02 | 2,34+0,02 | 2,30+0,02
HBe | 2,7140,05 | 2,63+£0,05 | 2,7840,05 | 2,73+0,05
12Be | 2,5740,05 | 2,49+0,06 | 2,65+0,06 | 2,59-+0,06
14Be | 3,11£0,38 | 3,004+0,36 | 3,2240,39 | 3,16+0,38

8B 2,39+0,04 | 2,45+0,05 | 2,2740,04 | 2,3840,04
12B | 2,3540,02 | 2,35+0,02 | 2,4240,02 | 2,39+0,02
BB | 2,4240,11 | 2,4140,11 | 2,50+0,12 | 2,46+0,12
4B | 2,4040,05 | 2,38+0,05 | 2,48+0,06 | 2,44-+0,06
5B | 2,4040,25 | 2,3740,26 | 2,49+0,28 | 2,45+0,27

2c 2,3240,02 | 2,35+0,02 | 2,354+0,02 | 2,354+0,02 | 2,48+0,02

B3 UMOICWUCTBHS C LENbI0 WM3BIeYeHUS R,,,s. ABTOpBI ®TOH p OOTHI MPOBETU
OB B pH HT P CYETOB: O6e3 y4eT KOppeJsluii HyKJIOHOB U3 KII CTepOB, COCT -
BIISIOINUX H JIET IOIIY0 4 CTUIY (T K H 3bIB eMOe IPHOJMXEHHEe CT TUYeCKOH
wiotHocTd — SD), u ¢ yueroM T KUX Koppensiiuil (IpHOIKeHne HEeCKOJIbKUX
Ten — FB). Pe3yabT Thl H JIM3 BMecCT€ C 9KCIIEPUMEHT JIbHBIMU 3H UYEHUSIMU O
w1st sHepruu 790 MaB/HyKioH 1ipefct Biaensl B T 651.2. Jlig saap -mumenu 2C Bo
BCEX CITy4 SX HCIOJIb30B JIOCh T YCCOBCKOE MpEeACT BieHue ¢ R, s=2,32 M [10],

B K YeCTBe 0N — cedyeHus cBobognoro N N-p ccesHus, I P METPU30B HHbIE
B p 6ote [52]. JIB HECKOJBKO P 3JTUYHBIX KJI CTEPHBIX OIKC HHS HCIIOJIB30B -
nuch ansg SHe u npusenyu mp KTUYECKH K ONMH KOBOMY PE3YNbT TY AN Ry
P smuume coct Bmio Meree 1%. W3 pesysnbT TOB, IPEACT BIEHHBIX B T OI1.2, Cile-
JyeT TOATBepXKAeHHe OOLINX 3 KOHOMEPHOCTEU B MOBeAEHUH R, s, TOIYICHHBIX
B [10].

B p Gore [57] otMeu ercsi HEOOXOAUMOCTh BBIXOI 3 P MKH OITHYECKOrO
npenen  (OL), T.e. SD-npubnikeHus Mpu HOCTPOSHUU IOJIHBIX CEUEHUH pe K-
OUA VI JIETKUX 9K30TUYECKHX saep. B p MK X MpOCTOi OWH PHOM K CTep-
HOU Mopenu [67] ObUTH MPOBEAEHBI p CUETHl 0 K K (PYHKIWH P AUYC 9 CTHIBI-
CH s . DT pe3y/bT Thl MPeACT BieHbl H puc.l. MoXHO BUIETb, YTO CEUEHUS B
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T 6auy 2. CpeaHeKB Ap TH4YHBIE P AMYCHI P CIpeleieHHs] BEIIECTB , BHIYHCIEHHbIE
B I yOepPOBCKOM MPHOIHKEHUN

Anpo | Rrms, ®M | or(ekem.), M6 | Ccbuik Merog
4He | 1,5840,04 50345 [8] SD
SHe | 2,7140,04 72245 [8] FB (a)
2,69+0,04 FB (b)
“Be | 2,31+0,05 73849 [9] SD [61]
8B 2,5040,04 798+6 [20] FB [61]
9Li 2,30+0,02 79616 [9] SD
Hii | 3,5340,10 1060410 [65] FB (a)
10Be | 2,2840,02 813+10 [9] SD
Be | 2,9040,05 94248 [10] FB (a)
12Be | 2,5440,05 927418 [10] SD
14Be | 3,2040,30 1109469 [66] FB (a)
Gp,MO0
1040 | A
,I
//
e
1000 | / i

960

920

880 [

840 — . 1
2,4 2,6 2,8 3,0 3,2

an’lS ? (I)M

Puc. 1. IlonHble ceyeHus pe KUMU OR, BblYMCIEHHble B onruueckoMm mpexene (OL) u
npubmkennn Heckonbkux Ten (FB) m1 y6epoBckoii Teopun

FB-npubnkeHuy MeHbIlle COOTBETCTBYIOIIMX 3H YEHUH o R, MOJydeHHbIX B SD-
npuOIMKEHUH. DTO P 3JIMYME B CEYEHHUSX P CTET C yBelMueHUeM R,n,s ¢ 2%
npu Ryrms=2,4 dM 10 8% npu R,ns=3,1 ¢M. XOTS 5TH p 37MYUsS U HEBEIMKH,
HO TOYHOCTh B W3MepeHHd oy mgoctur er 1 — 2% (cM. T 6:1.2), T K 9TO H OeX-
HOE U3BJIeYEHNEe P AUYCOB U3 U3MEPEHHBIX CEUeHUI o TPeOyeT COOTBETCTBYIOIIEH
TOYHOCTH P CYETOB.
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Gp,MO

T T T T T Y T T T
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RI'HIS ’ (bM

Puc. 2. TlomHBle cedeHWs pe KIMH OR, BBMUCIEHHBe s °He mpum 3Heprum
800 MaB/HyK/IOH B MpUOIKEHUH [T yOEpOBCKON TeopuH (IIOSICHEHUS B TEKCTE)

VYMeHblIIeHHEe CeYeHHUs B p CYET X IPU yueTe KOppersLuil HyKJIOHOB KJI CTe-
POB IPUBOIUT K YBEIMYEHHIO M3BJIEK €MBIX U3 CpP BHEHUS TEOPHH C 9KCIIEPHMEH-
ToM p auycoB spep. Ilostomy BrOphl [57] mepecMoTpenu pe3ynbT ThI CBOETO
HNPEABIYIIEro H JM3 I/ PAf JIETKUX 9K30THYecKHX suep. CooTBeTCTByOLIME
pe3ynsT Thl g SHe npu sHeprum 800 MsB/HYKIOH NpeicT BIEHBI H  puc.2.
Ceuenusi, BbIUMCIEHHbIe B SD-npuOIMxeHnu, n300p KeHbl KB Jp TUK MU BIOJb
IITPUXOBOM MHNK, B FB-npuOnmxeHnn — KB Ip TUK MM BIOJb CIUTOIIHOM JIH-
HUM, KB [P THKHU BIOJIb INTPUXITYHKTHUPHOU JIMHUM COOTBETCTBYIOT JPYrOMy CIIO-
coBy ONHMC HUS KI CTepHOM cTpyKTypbl He. TOPH3OHT JIbHbIE TMHUM OTIPEEISIOT
KOPHAOP MOTpeIIHocTell B 3H YEHUSIX Oy, U3MepseMbIX B aKcrepuMeHTe. MoxXHO
BUJETh, YTO YUeT KOpPEeIdLUil HYKJIOHOB B KJI CTEP X MPUBOAUT K YBEITHMUYEHUIO
p mayc SHe ¢ 2,38 0 2,71 dm.

K x u3BecTHO, pH mepexofie OT BBICOKHX 9Hepruil K 6osee HuskuM (E/A <
< 100 M»B/HyKIIOH), T.€. IPOMEXYTOYHBIM DHEPIUSIM, CEUEHHs HYKJIOH-HYKJIOH-
HOTO P CCedHUs YBEJUYMB IOTCS, M CEUEHHS] pe KUMU CT HOBATCS Oojiee 4yB-
CTBUTENIFHBIMM K P CIIPEENICHUIO BEIecTB B IepuepuitHoii obi cTu 4 CcTHl-
cH psamoB [17]. Kpome Toro, smepHble U KyJOHOBCKHE 3(¢eKThl Oojee JIerko
P 3HENSI0TCS MPU NTPOMEXYTOUHBIX DHEpPrusax [65].

H3mepeHus NOJHBIX CEUEHUH pe KIUMU oRr Ui OOJBLION TPYIIIBI JIETKUX
9K30THYECKUX sjiep MPU MPOMEXYTOUHBIX DHEPIUSX BIEpBble ObLIM IPOBEAEHHI
B p 6ore [13]. Ilpu 5TOM HCHONB30B J Cb KPEMHHEB S MHIIEHb W HOBBIH —
NpsIMOI — cIoco0 MOoJTydeHUs CeyeHnil. DKCIIepUMEeHTHI TPOBOIMINCH I DHEp-
ruid 4 ctuupl-cH padg  or 20 go 50 MaB/nykioH. [Ind H M3 9KCHEPUMEHT Jib-
HBIX JI HHBIX HCIIOJIB30B JI Ch MOJIENIb CUIBHOTO IOINIOIEHHS C I P METpU3 Luei
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Puc. 3. [TonHble ceueHus pe KUMU R, U3MEPEHHBbIE IPU COOTBETCTBYIOLICH DHEPrUU IS
saaep 46.8He, B3 HUMOIEHUCTBYIOLINX C 8Si, TEOpeTHYeCKHe MPEACK 3 HHUI M [ HHblE U3
JIpYyrux J 6op TOpHid

Kox (2). B wnenom pesyabpT Tbl, HOJTyYEHHBIE IPU MPOMEXYTOUYHBIX DHEPIHAX,
MOATBEPANIIA 3 KOHOMEPHOCTH, OOH pyXEHHbIe NP H JIM3e 9KCIEPUMEHT Jib-
HBIX ]I HHBIX 10 Oy TpU BbICOKUX 3Heprusix [8—10]. g 8He 6bu10 MOJIy4YEHO
3H yenue ro=1,33 ¢m [13], uyTO CylecTBeHHO OOJIbIIE CT HJ PTHOTO 3H YCHUS
ro ~ 1,10 M, UCTIOMB3YEMOTO NP OITUC HUU B3 MMOJEHCTBUS CT OWJIBHBIX SOEp.

Jlpyrue u3MepeHus op NPU TPOMEXYTOUHBIX BHEPrUSAX OBUIM IIPOBEIEHBI B
[16,17]. DxcnepumenT npHble 1 Huble ana 458He, B3 umoneiictyromux ¢ 23Si B
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uHTepB je sHepruit 20+ 60 M»B/HyK/10H, BMEeCTe ¢ TEOPETHUECKUMU HPEICK 3 -
HUSMH ¥ [ HHBIMH U3 Apyrux 1 6op topumit [13,68,69] npusenenst H puc.3. B
K 4YecTBe MHKPOCKOIHMYECKOro rnoaxojx B [16] mcronb30B jicsd onTHYECKHil Hpe-
nen 1 ybeposckoro npubmuxenus [53,70,71]. O6o3H venus R, T'u S v puc.3
OTHOCSTCS K BBIOOPY ONTHUKO-MOIEJbHBIX I P METPOB, COOTBETCTBEHHO, U3 P -
6ot [72-74]. W3 pucyHK BHUIHO, YTO TNl YOEpOBCKOE NPUOIMKEHHE B LIEIOM
HETIOXO BOCHPOM3BOMT 9KCIIEPUMEHT JibHble 1 HHble. OnH Ko ana SHe B akcre-
pUMeHTe He H OJIIofl eTcs MPEeJCK 3bIB MBI TEOpHeil CIl I CeueHuil pu yBennye-
HuM sHeprun. KpoMe Toro, sKCepuMeHT JIbHOe 3H YeHue o And SHe u3 p 60T
[13] nmexXuT cymecTBeHHO BbIIIE MPEICK 3 HUi [T YOepOBCKUX p cueToB. Mojernb
CHJIBHOTO TOIVIOIIEHUSI XYXXe OIUCHIB €T 9KCIIEPUMEHT JIbHbIE 3H YEHUS OR JUIS
BCEX TPeX M30TOMNOB Trefiusi, 0cobeHHo A SHe. ONTHKO-MOJIENbHBIE P CUETHI TS
“He 1 10T ylOBIETBOPUTEIBHOE ONUC HUE O'R TOJLKO C H GOPOM I p METPOB U3
p 6oter [73].

2.2. Uzoronbl Li. B pamy usoronos jnutus cymiecTsyeT sapo ‘'Li, o6m -
I Iolee, MoX JIyil, H nboyiee DK30THYECKUMHU CBOMCTB MU CPEJIH JIETKHX 9K30TH-
YeCKUX SIep: OYEHb M JIOW BHEpPIueil OTAEIEHUd ABYX IIOCJIEIAHUX HEUTPOHOB,
BECbM IIPOTSKEHHBIM T JIO, 3H YUTEIbHBIMHU P 3JMYMSIMU B P CHpEIETICHUH NPO-
TOHOB U HeWTpoHOB. IlepBbie usmepenus oy npu sHeprun 790 MaB/Hykion s
n3oronoB Li 6pum mpoBezneHsl B [9]. AH JIn3 ®KCHEPUMEHT JIbHBIX I HHBIX BbI-
MOJIHEH B P MK X I yOepoBcKoro npuoivxenus. Ero pesyast Thl 00CyXa JIMCh
B m.2.1 (T 61.1).

KoMrinekcHbli 9KcrepuMeHT nbHbli H 3 PLi u 'Li ocymecTsnen B p 6ote
[11]: 6bpUIM U3MEpEeHbI CEYSHUS B3 UMOICUCTBUS 07 H IPOTOHHOM U JieiiTepueBoi
muieHax, T kKxe H Be u C npu sHeprusax 400 u 800 MaB/HyKJI0H, H3BI€UYEHBI
P CHpesie/ieHus 10 MOTepeyHbIM UMIYJIbC M °Li M HelATpoHOB B pe Kimu ¢p I-
MeHT 1 '1Li, uccrienos Hbl KOppensiuy MMITY/IbCOB HEHTPOHOB T JI0. AH U3
MPOBOAMIICS B I1 YOEpOBCKOM NPHOIMXEHUU B IBYX B PU HT X: JUISi HEUTPOHOB
I JIO TIPEION T J1 Cb OpouT Jib 6O 1p, 1160 2s. i CpefiHeKB Jp THYHOIO P -
muyc M Tepuu Ry..,s(11Li) nomyueno 3n uenue (3,12+0,30) ¢m B ciyu e 1p- u
(3,05+0,30) M B cmyu e 2s-opbut au. T KuM 0Op 30M, p 3THYHBIE MPEOITOIOXKe-
HUS O X p KTepe OHOY CTHYHOTO JBMXKEHHS HEHTPOHOB I JIO TOJBKO B MpEien X
M cmT 6 2% BIUAIOT H BETMYUHY ers(llLi), U3BJIEK €MYI0 M3 H JM3 O].
ITnotHoCTSH BemiecTs B ''Li 6p 1 cb B BuzE

p(llLi) = Pcore T Phalos (22)

IJle B K YECTBE OCTOB P ccM TPUB JIoch 4apo “Li. [l Ry.ps(°Li) B 06cyxn emom

H JIU3e MOJIy4eHo, COOTBEeTCTBeHHO, (2,6140,10) ¢m u (2,5040,10) M, mis
R,.ms(halo) B o6oux ciyu six (4,8+0,8) M. AH 1u3 07, T KXe p CIpeae/eHHit
110 HMITYJIEC M M KOPPEJISIUIA MMITYJIbCOB HEHTPOHOB MPUBE  BTOPOB P GOTHI [11]
K BBIBOJY O CYIIECTBOB HuM B 1'Li HeifTpoHHOrO T JI0.
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T omun 3. P auychl CHIBHOTO MOIJIOIIEHH 11 U30TonoB Li, n3BiedeHHble 3 H JIu3
ceveHnii 0 (07), N3MEPEHHBIX NPH P 3IUYHBIX SHEPIUAX

E /A, MsB/uykion

Slnpo 30 80 790
8Li | 1,28240,010 | 1,17740,037 1,167+0,010
9Li 1,227+£0,010 | 1,058+0,017 1,151£0,007
Ui | 1,22240,029 | 1,42940,047 | 1,30040,0053

U3mepenus MojiHbIX ceveHuil pe Kumu o and °Li u 'Li u kpemHuesoii
MHUILIEHN TIPA PHEPTHIX, COOTBETCTBEHHO, 31,584 u 25,507 M»B/HyKJIOH cien Hbl
B p 6ore [13]. AH JM3 ®KCIIEPUMEHT JIbHBIX J HHBIX B P MK X MOJEIH CHIBHOIO
MOIVIOLIEHUS C UCIIOJIb30B HUEM I p MeTpu3 Iuu Kox mpuBen K 3H YeHHIM I -
p Merp p muyc 7o=1,168 dm mia °Li u 79=1,42 ¢m ana *'Li, uto HecKonbKo
TIPEBBII €T CT Hi pTHoe 3H yenue ro=1,1 ¢m wia °Li u cymectsenno Gosbiue
ero, IpeBbI 5 3H YeHue ro=1,33 M mia 8He.

Jpyrue u3MepeHus! py MPOMEXYTOUYHBIX DHEPrUsiX MPOBeJeHbI B p 6ote [14].
B 1 611.3 mpexmct BIeHBI pe3ynbT Thl H JH3 , cAeN HHOro B [14] mpu sHepruu
80 Mb»aB/nyknon, T kxe npu 30 MoaB/nyknon [75] u 790 MaB/nykion [9].
MOXHO OTMETUTb, YTO M3 MOJYUYEHHBIX PE3ylbT TOB HECKOJIBKO BBIN I €T 3H 4Ye-
nue 1,222 ¢wm g 1Li npu E/A = 30 MoB/HyK/IOH, B OCT JIbHOM PE3yIbT Thl
COOTBETCTBYIOT U3BECTHBIM 3 KOHOMEPHOCTSM: CYLIIECTBEHHOE YBEJTMUEHHUE P JIIyC
cunbHOTO nortomenus it 1Li mo cp suenmio ¢ 8°Li, poct ero npu sHepruu
30 MaB/uykion ana SLi u °Li otp X eT ¢ KT yBeluueHHs HyKJIOH-HYyKIOHHBIX
CEYeHMIA MPH YMEHBUICHUH dHeprur. ABTOpHI p 00THI [15] oT™Med 10T, YTO H3Me-
penus npu sHeprun 80 MaB/HYKIJIOH HOMOJHSIOT NMPOBEACHHbIE P HEEe W3MEPEHUs
npu 790 u 30 MaB/HYKJIOH U MOATBEPXI IOT BBIBOA O TOM, YTO TOJBKO p CIIpele-
JleHHe BEIeCTB C JIMHHBIM HEHTPOHHBIM “XBocToM” s ''Li, o6ycrosieHHbIM
B COOTBETCTBHM C KB HTOBO-MEX HMYECKMM OIIMC HHEM OYEHb M JIOH BdHeprueu
CBS3M TOCJIEIHUX JBYX HEHTPOHOB, OTBEY €T JEKB THOMY ONNC HHUIO 3KCIEpH-
MEHT JIbHBIX ]| HHBIX.

B p 6ote [16], kK K 0TMeu ITOCh B MpEAbIAYIIEM P 31eie, U3MEepeHHs MpoBe-
JeHsbl B uHTEpB Jie sHepruil 2060 MbaB/Hykion. H puc.4 npenct BieHsI pe3yib-
T 1o A saep 11Li u 1°Be BMecTe ¢ TEOpeTHUECKHMH P CYET MU U JI HHBIMH U3
Jpyrux 1 6op Topuil. Bunno, uto 1 ybepoBckoe npubinxenue (0003H yeHHOE

BTOP MM K K MMKPOCKOIHMYECKHUI MOAXOM) B LIEJIOM YIOBJIETBOPUTEIBHO OIHCHI-
B €T 3KCIEPUMEHT JIbHbIe [ HHble. OIH KO 3H YUTENPHOE P CXOXJCHHE MMeeTcs
CO 3H YeHHMeM O'R, HONy4eHHBIM TIpH sHepruu 80 MaB/uykiton mma °Li. Monens
CHJIBHOT'O MOIVIOUIEHUS XYX€ OIUCHIB €T 9KCIIEPUMEHT JIbHbIE CEeUCHMUS.

IToMuMoO BHIIEYTOMSHYTHIX p 00T o (0R) Mg u30TONOB Li H JIM3HPOB JTHCH
B psne npyrux p 6or. B [53] m1 ybepoBckue npuOIMKEeHUsS C HYIEBbIM M KOHEY-
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Puc. 4. To xe, uto u H puc.3, wig 911 iy 10Be

HBIM p AUyc MU B3 umopeiictsud (cdopmysisl (17) u (20) cOOTBETCTBEHHO) IpUMe-
HSUTHCh K p cueTy oy nipu aHepruu 800 MaB/nykion ajis uzoronos Li u Be. Ilpu
3TOM HCIIONB30B JIOCh 3H 4eHHne 40 MO Uil HyKJIOH-HYKJIOHHOTO CE€YeHMs 0NN U
1,0 ™M ansg p guyc B3 UMOIEUCTBHSA. BhIUMCIIEHHBIE O BMECTE C BKCIIEPUMEH-
T JIbHBIMU JI HHBIMU IIPEACT BJIEHBI H pHC.5. 31ech KB AP TUKH COOTBETCTBYIOT
KOHEYHOMY P IMYyCY B3 UMOJEHCTBHSI, KPYXKHM — HYJIEBOMY p AMUYCY; YEpHBIE
TOYKHM — BKCIIEPUMEHT JibHbIE I HHble. Buano, uro ana %7Li u 'Li gocturnyro
XOpOILEe COINT CHe C DKCHEPHUMEHTOM B MPUOIMXKEHHHM KOHEYHOIo p JIMyc , JUIs
8Li u 9Li aKcrepuMeHT JIbHBIE TOYKH JIEX T MEXILy TEOPETHYECKHMH 3H YeHH-
SIMH B JIByX B PH HT X. B 11060M ciIyd € p CXOXIEHHE TEOPHH C 3KCIIEPUMEHTOM
COCT BJISIET HECKOJIBKO IpOLEHTOB. B p Gore [53] T KKe mpoBeseHbl HEKOTOpbIE
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Puc. 5. TlonHple ceyeHus pe KIUU OR, BBIYUCICHHbIE B NMPUOIMXKEHHUSIX TN yOEpOBCKOI
TEOpHH IS U30TOTOB Li (MOosICHEHHs B TEKCTe)

MeToauYecKue p cueThl. IT0K 3 HO, 4TO IMpU yMeHbleHuu oy H 20% ceuenue
pe Kuuu or yMmMeHbll erca H 7%, yMEHbLIEHWE P JAUYC B3 MMOJIEHUCTBUS H

20% npuBOmUT K yMEHbIICHHIO o Bcero H 2,5%. s mOCTpOeHHs IUIOTHOCTH
11Li ucronw3os sicsa meron X prpu — Dok co B3 umoneiicteuem SGII [76], npu
9TOM BBOJWJICS KOB((PULMEHT IEPEHOPMUPOBKH JUIsl OIHOY CTUYHOTO IMOTEHLH JI

SGII, 3 Bucsaumit ot opout Jid. DTOT ¢ KTOP BHIOUP JICI T KUM, YTOOBI HOJIIYIUTh
9KCHEPUMEHT JIbHOE 3H YeHHEe DHEepPruu OTHeNIeHUs] HelTpoH . B pesynbpr Te mis
1T 6u10 MONMY4eHO Ryms = 2,846 ¢m, uro H 8% MeHbIe, yeMm B p Gote [11].

K crepHplii mogxom B I yOEpOBCKOM MpPUOMMXEHHH MPUMEHSIICT B [57]
K H musy og mig 'Li npu suepruu 800 MasB/uyknon. CxeM H IH3 T K 4
Xe, K K U i g1p 5He (cM. mpeaplnymiuii p 31es). Pe3yapT Thl npuBeieHbl H
puc.6. MoXHO BUIETh, YTO, K K U B ciayu ¢ 9He, IPOHCXOUT CylIecTBEHHOE
yBEJINYEHUE ers(llLi) MpU y4yeTe KOppPEeNdaluil HyKJIOHOB KJI CT€pOB, COCT BJISI-
romux 1Li. HoBoe 3H yeHue cpyaHeKB 1Ip THYHOIO p JUYC MOJYYMIOCH P BHBIM
Rims = (3,53 £0,10) ¢m, uro 1 14% Gosnblie HpeabIIyLIEro 3H YeHUs, I0-
JyyeHHoro B p 6ote [57]. Hpyroii pe3ynsT T [S57] BbITEK €T U3 H JIU3 BIUSIHUS
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Puc. 7. DkcrepuMeHT sbHBIE (TOYKHM) U BBIYHMCICHHBIE B I YOEpOBCKOM IPUONMXEHUH
TIOJTHBIE CeueHns pe KIHW or Wid ‘'Li, B3 nmoneiictsyomero ¢ '2C

BBIOOp cedueHHs oy H p cueT og. H puc.7 mpeact BiaeHbI AB p CYET opR IIA
cucrembl 1 Li+!2C BMecTe ¢ 1ByMsl SKCHEPUMEHT JIbHBIMH TO4K Mu. CIUIOMIH 5
JIMHUSI COOTBETCTBYET P CUYETY C O NN, B3ATHIMU U3 [52], IUTPUXOB $ JIUHUS —
ONN U3 CUCTeM THKHU B [55]. DKcHepUMEHT JibHblE J HHbIE, K COX JICHUIO, CY-
[IECTBYIOT TOJBKO IS OBYX 3H YEHHWIl ®HEPIWH, W JUIA 9TUX ABYX 3H YCHHUH Teo-
peTuuYecKre pe3ylbT Thl MOYTH COBII [ 0T MeXay coGoil. IB B pu HT p cuer
I 0T Oyiu3KKe pe3ysibT Thl Ipu dHepruu Oosbine 300 MaB/HyKJIOH, 1pu mpome-
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KyrouHbIX aHeprusix (~100 MaB/HykiioH) p cxoxneHust noxomsat 10 8%. AH ju3
or npu dHeprusgx Meapmmx 100 MeB/HyKkiTOH memnecoobp 3HO yXe MPOBOIAWUTH C
MOMOIIBI0 ONTHUKO-MOJEBHBIX P CYETOB. B CBSI3M C KJI CTEPHBIM MOIXOAOM OTMeE-
THM, 9TO eIe B p 6ote [77] ObUIO MOK 3 HO B KJI CTEPHOW MOIEJH, YTO P CUETHI
B ONTHYECKOM IIpejielie 11 yOepOBCKOW TEOPHH 3 BBIII IOT OR, U 9TO 3 BbILICHHUE
TeM OoJIbliIe, YeM MEHbILe DHEPrusl 4 CTHLI-CH psl .

B p 6ot x [39,78] 6bu1 p 3BUT MOJYMUKPOCKOIUYECKHIA MOAXOJ C (PYHKIIHO-
H jjoM (IIMII®) mI0THOCTH K ONHC HUIO B3 UMOMACUCTBUS JIETKMX dK30THYECKHX
SAep co CT OWIBHBIMH SAP MM, OCHOBHBIMH IIOJIOXEHHSIMH KOTOPOTO SIBJISIOTCS
creyromye: 1) HeMTPOHHbIE M NMPOTOHHBIE INIOTHOCTH JUIA BCeX daep— K K Ui
4 CTUL-CH PSOB, T K M JUISl SiIep-MHIICHEeH— BBIYUCIISIOTCS C €IUHbIM H OOpoM
(pUKCHpPOB HHBIX I P METPOB B P MK X MeToA (PYHKUHMOH J1 IwoTHOcTH [31],
MDY BTOM B CXEMY P CUET He BHOCSTCS HOIOJHUTEIIbHBIE YCIIOBUS TUII HEOOXOIH-
MOCTH BOCHPOM3BEICHHs 9KCIIEPUMEHT JIbHBIX 3H UCHUI ®HEPIUil OTHENeHHs Hy-
KJIOHOB; 2) PH HU3KHX M IPOMEXYTOYHbIX sHeprusix (E/A < 100 MaB/uykiioH)
MIOJTHbIE CeYeHHd pe KIMU ORr P CCUUTHIB I0TCA B NMOJYMUKPOCKOINUYECKON ONTH-
YeCKON MOJIeId H OCHOBE IMOTEHIM JIOB JBOWHON CBEPTKU C SBHBIM Y4ETOM 3(p-
thexToB OnHOHYKIIOHHOTO 0OMeH m1d pe npHOI 4 ctu OIl, MHUM S 4 CTh IpH
aTOM (hOopMHpYeTCcsl U3 BEIIECTBEHHON B COOTBETCTBHH ¢ hopmynoii (14); 3) mpu
BbICOKUX dHeprusx (F/A > 100 MoB/HYKIOH) 0r P CCYHTHIB I0TCS B ONTHYE-
CKOM ripefiesie T yoepoBckoii Teopun. B p 6ote [79] aTOT momxon ObUT IpUMEeHEH
K H JIU3y NOTEHLH JIOB B3 UMOIEUCTBHUS HEHTPOHOM3OBITOUHBIX M30TONOB Li co
ct OGunbHbIME sip Mu. B [39,80] B p Mk x I[IMII® Gbut0 nosiyuyeHo p 3yMHOE OIH-
C HHUE KB 3MYNPYIOTO P CCESHMS JIETKUX K30THYECKHX SIep NPH IPOMEXKYTOUHBIX
DHEPrusix. AH Jm3 p ccesHus U300 p H syipe-muiuenu ¢ N # Z npuseneH B [81].
B [82,83] IMII® npumeHsyics K H JIU3y dHEPreTUYEeCKO 3 BUCUMOCTH OR, B
[84] — Kk ommc HMIO DKCHEPUMEHT JIBHBIX o VIS saep-u300 p ¢ A = 20 npu
aHepruu 950 MoaB/uykiioHn. U crTb pe3y/bT TOB U3 YK 3 HHBIX p 60T Oymer npen-
CT BIIEH B 3TOM HU IIOCJIEAYIOUIMX P 37el X.

B 1 611.4 mpenct BreHsl o g, BerurciaeHHble B [IMIID mpu BRICOKHX DHEPrUsIX
[84]. BugHo nOCT TOYHO XOpOLIee COIT CUE TEOPUM € dKcrnepumeHtoM. H puc.8
1300p KeHbI P CUeTHbIe (JIMHMM) U DKCIIEPUMEHT JibHbIe (TOYKU) 3H YEHHS OR
ana cuctemsl 'Li+!2C. P cuets! nposeaensl B [IMII®D H  0cHOBE IOTEHLH JIOB
nBoitHOH cBepTkH [82]. K K oTMed J1och B MmepBoOil 4 cTH 0030p , MPH HCIOIH30-
B HuM OM BO3HMK €T MPOMW3BOII, CBI3 HHBII C BBIOOPOM IT p METPOB MOTEHIH JI
MOIVIOMEHU. DTOT NPOU3BOI MOXET OBITh YCTP HEH, €CITM UMEIOTCS ISl OTHOU U
TOM Xe DHEeprUU U3MEPEHHbIE YITIOBBIE P crpefesieHus (KB 3U)yIpYyroro p ccesHus
U TIONTHBIE ceueHns pe Kuuil or. K cox menmo, wig ' Li+'2C yrossle p cripene-
JIEeHUs U3MepeHsl TObKO Mpu aHeprun 60 MaB/nyknon [38], or — npu apyrux
sneprusx. Kpussie og(FE) H puc.8 p ccuur Hbl Wi Tpex H GOPOB I p METPOB
nornomenus, npu 3ToM N, = 0,3, 3H YeHHS (i, NPEACT BICHBI H PHCYHKE.
TOUYKM COOTBETCTBYIOT ®KCHEPUMEHT JIbHBIM 1 HHbIM M3 [15,85]. MoxXHO BUOETH
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T 6mun 4. TlonHble ceyeHWA pe KUMH OR, BBIYHCIEHHbIE B IV Y0epPOBCKOM
NPHOTIIKEHUH ¢ IVIOTHOCTAMH MeTo[ ()YHKIHOH J1 IUIOTHOCTH

Cucrem E/A, MoB/nykion | og (teop.), M6 | o (9Kcr.), MO
8B+12C 800 838 79846 [20]
1y i4l2c 400 959 989421 [11]
Hyil2c 800 1050 105614 [11]
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20007 .
15001
] L +12¢
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I ——— —

10 100
E/4,MsB/nyxinon

Puc. 8. DKcriepuMeHT JibHbIe (TOYKHU) M BBIYHCIICHHBIC B MOJICNIN JIBOWHOU CBEPTKH IOJTHBIE
ceuenus pe KuuM o ana “'Li, B3 uMoneiicteyiomero ¢ 2C, a = 0, 02 (—), 0,035 (- — -),
0,05(----)

CWJIbHYIO 3 BUCHUMOCTh O OT ®HEPIUH, IPH OOJiee HU3KUX DHEPIUSIX IPOUCXOIUT
cn n op (H pucyHKe OH He n300p xkeH). [lomydeHo xopolee onuc HHUe 3KCIe-
PUMEHT JIbHBIX [ HHBIX NP P 3YMHBIX 3H YEHHSIX I P METPOB MOIIOLICHUS.
B cxemy p cueroB B IIMII® c ucnonb30B HUEM K K ONTHYECKOTO Npenes

1 yOepoBCKOIl TeopuH, T K U MOJENH ABOWHOH CBEPTKHM BXOIIT OTHEIBHO HEii-
TPOHHBIE U TIPOTOHHbBIE TIOTHOCTH. Bee p cuerst st 1Li nposoauiuck ¢ mwiot-
HOCTSIMU, IOCTPOGHHBIMH METOAOM (DyHKLIMOH JI IUIOTHOCTH, CO CPEIHEKB JIp -
THYHBIMH P IHYC MH Rypps(n) = 3,255 dM, Ryms(p) = 2,235 M U Ryms(m) =
= 3,011 ¢m [39]. Dror pe3ynbt T Wit Ryps(m) Bceron 3% ommuy ercs ot Toro,
yTo ormyyen st MLi [11] mpu H JM3e BHICOKO®HEPIeTHYECKHX SKCIEPUMEHTOB.
W3 npuBeseHHbIX 3H YeHUH P AUycoB creayet, 4to B [IMIID Ar,, = R, ps(n)—
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—Rrms(p) = 1,20 ¢m. T xum o6p 30M, H su3, npoegeHHsiil B IIMIID, nog-
TBEpPXK/ €T TUIOTE3y O CYIEeCTBOB HuM B ''Li HelTpoHHOrO T JI0.

B p 6ot x [35,40,41] T KXe NPUMEHSTUCH TOTEHIH JIbl ABOWHOW CBEPTKH
npu p cuere op mia 'Li. P cuer ama cucrempr 'Li+?8Si npu smeprum
29 MbaB/HyKJIOH ¢ T p METp MU MOTEHLH JI , U3BIEYEHHBIMU U3 OIUC HUS YIIpPY-
TOro p CCedHHUs, He MPHUBET K CONl CHI0O C DKCIEPUMEHT JIbHBIMU 1 HHBIMU IPU
sHepruu 25,5 MaB/HyknoH u3 [13]. OnHOBpeMeHHBII H JIM3 YIJIOBBIX p CIIpele-
Nlenuii 1 o r nposomunca g cuctemsl ' Li+2C npu snepruu 60 MaB/uykion B
p 6ore [40]. 3u uwenme orp = 1473 MO, 6MU3KOEe K 3H YEHUIO O, H HICHHOMY
u3 cucteM THUKH [38], mONMy4eHo MpU YBEJIMYEHUH p JUYC TOTEHLM J MOIVIOoNIe-
Hust B 10% W BKJIOYEHUM [OJISIPU3 [UOHHBIX 100 BOK H (PEHOMEHOJIOTHYECKOM
ypoBHe B BemecTBeHHyl0 1 MHUMYI0 4 ctu OIl. B [40] npuBoauTca T KXe cp B-
HEHHE TEOpPHM C DKCHEPHMEHTOM Ul oRr NPHU IBYyX 3H YEHHIX HEpruu: 75 u
87 MaB/uykion. OfH KO yITIOBBIE P CIIpeeNleHHs KB 3UyIpyroro p ccesnus *'Li
H '2C npu aTMX SHepruaxX MOK He U3MepeHbl. EIle OIMH COBMECTHBIH H -
JIU3 YIJIOBBIX p cripefeenuii U or s cucrembl 'Li+!2C nposenen B p 60te
[41]. B H nu3e UCIOIB30B JIUCh MOTEHLM Jibl ABOMHON CBEPTKH, MOCTPOCHHBIE
¢ JLM-B3 mmogeticteueM [50]. Bximiouenne B cXxeMy p cYeT MepeHOPMHUPOB H-
HBIX KO3(h(UIMEHTOB Ap M A; U1 pe JibHOW M MHUMOH 4 cteil OIl mo3sonuio
ONKC Th 3KCIIEPUMEHT JIbHBIE | HHble H IHpexHeM ypoBHe [38—40]. P cuersl,
NpOBeJICHHbIE B TOi Xe p 60Te [41] B 11 yOEpOBCKUX NMPHOIVKEHUSX, [ JIH 3H -
YeHUS OR, JeX IIUe HUXEe KCHEPUMEHT JIBHBIX TOYEK U 3H YEHHUH, MOTy4yeHHBIX
B MOJIETIH CBEPTKH.

2.3. H3otonsl Be u B. Ilenouku m3otomoB Be m B cpemn nerkux smep
BBIIEJIAIOTCS. TEM, YTO H HMX KOHII X P CIIOJIOXKEHBI SOp C MPOTHBOIOIOXHBIMU
CBOWCTB MM I10 OTHOILEHHIO K P CIpelesIeHUI0 IPOTOHOB U HEUTPOHOB: VI U30-
To110B Be — 910 "Be ¢ Rys(p) > Ryms(n) u 1Be u Be ¢ apko BbIp keHHbIMH
CBOMCTB MU HEUTPOHHOIO T JIO, [JId U30TONOB B — 31O 8B, KOTOpBIN SBJSETCA
TepBLIM K HIMI TOM B 4P C IPOTOHHBIM T Jlo, T Kxe sup °B, 1B u 9B ¢
NpU3H K MH HEUTPOHHOIO T JIO.

IepBble nM3MepeHus cedyeHMil B3 MMOIEWCTBUS Iy m30TOnoB Be m B mpo-
BegeHbl npu sHepruu 790 MaB/uykion B p 6ot x [9,10]. Pesyabt Thl H 113
npuBesieHbl B T 0.1 u 06cyxn nmuck B 1.2.1 H crosuiero 063op . B p 6ore [86]
ObLTM TIONMyYeHbl cedeHust or Tpu sHepruu 33 MaB/uykion mis ''Be, B3 umo-
peiictytomero ¢ mumensmu 2C u 27Al. COOTBETCTBYIOIIME JI HHbIE BMECTE C
pesyapT T MU UX H Ju3 , T Kxe A HHble [10] npu sneprun 790 MaB/nykiion
npuBeneHbl B T 01.5. MOXHO BUIETh, YTO IJT yOEPOBCKHE P CYETHl XOPOIIO BOC-
MPOU3BOAT O R NPH INPOMEXYTOYHBIX U Oy IPU BBICOKHX DHEPIUSX, B TO BpeMs
K K1 p Metpu3 1ud Kox NIpHUBOIMT K 3 HILKEHMIO CEYEHUI [0 Cp BHEHHMIO C dKC-
nepuMeHTOM. AH JIH3 p CHpeseNieHus BemecTs B ''Be npusomut BTopos [86] K
BBIBOJIy O TOM, 4TO s1po 11 Be, nono6Ho aapy ''Li, umeer Heiirpontoe r jio. B p -
6ore [10] B aByx B pu HT X wist 11 Be Gbu10 nosyueHo Ry.p,s = (2, 7140, 05) oM u
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T 6amuy 5. IlonHble ceueHns pe Kuuu or (0) U cedeHus B3 mumopeiicTBus o (0) aus
'1Be, sKcIIEpUMEHT M Teopus

Cucrem E /A = 33 MoB/uykion E/A = 790 MosB/Hykion
DKcr. I'm y6ep | Kox DKCIL I'm y6ep | Kox
1Be+!2C | 1,56+0,03 1,60 1,30 | 0,942+0,008 1,02 0,839
H1Be+27Al | 2,2740,05 2,25 1,76 | 1,38 40,03 1,46 1,227

T 6amy 6. Ceuenusi B3 umopeicTBus o; (M0), H3MepeHHbIE IS 5B

Snpo-muiens | E/A, MaB/nykiion oy, M6
Be 770 931£17
C 760 1000420
C 740 965+£15
Al 760 1384430

(2,52+0,03) pm, B u mmsze p 60teI [53] — 2,772 u 2,722 M. P cuer B p MK X
IIMII® ang ''Be g 1 30 ueHue Ry, = 2,517 ¢m, pu aToM Ar,,, = 0,411 M
[81]. H xonen, mpu mepecMoTpe BeTHYUH R,,,s B CBI3U C y4eTOM KOppems-
uMii HyKJIOHOB KJI CTEPOB ObLIO TOIydeHO OOnbuiee 3H ueHue: Ry,s(11Be) =
(2,90 +0,05) dm [57].

B p 6ote [13] npoBeneHbl n3mMepeHus: o g Ui OONBIION TPYNIIBI SIIEP, B TOM
yuciie U30TONoB B, npu npomexyTounbix sHeprusx. Ing 1°B B Mofenn cuibHOro
MOIJIOMIeHUsT Tomy4deHo ro=1,284 ¢, 4To cymiecTBeHHO OOJbIlle CT HA PTHOTO
ro=1,1 M. BosnpI1 4 rpynn Jerkux sK30THYECKUX SA€EpP, BKIIIOYU 51 HOBBIE 3€PK JIb-
HbIE I PbI 9C—9Li, 19C—19Be, 130—13B, unccnenos mnucs B [19]. B u crHOCTH,
W3MepeHbl CEYeHUs B3 MMOICUCTBUS o NpU Hepruu, 6dsmpieir 730 MaB/nykion
ana 5B, TlonydeHHble pe3yabT Thl MPUBENEHH B T 01.6. MOXHO BMIETh, UTO
CEUeHHd oy P CTYT C POCTOM M CCOBOI'O YHCT SIp -MHUIIEHU U HECKOJIBKO YBEIH-
yuB 1oTcs g Mumiend 2C ¢ yBeJMueHHeM SHeprud. AH JIU3 C MCIIOIb30B HHEM
1 yOepoBCKOro nmpuOmmxkeHus mpuses BTOpoB [19] K BBIBOLY O TOM, 4TO SAPO
158 gpngercsa K HIMA TOM B Ip ¢ HeiiTpoHHbIM T 110. Hell BHO mpoBeeHbl n3Me-
penust o npu sHepruu 740 MeB/uykinon aisa *Be, 1719B, B3 umoneiictByromux
¢ mumensio 12C [87]. AH nu3 npoBommicd B I1 yOGEPOBCKOM IIPHOIMKEHUH. AB-
TOPBI TMOATBEPXKI 10T BBIBOJ O TOM, 4TO P JIHYCHI SAep TeM OoJblie, YeM MEHbIIe
®HEPIUsl OTAENEHHs HyKJIOHOB. Jlen eTcst T KXe BbIBOJ O (hOPMUPOB HUHM HEHTPOH-
Hoit “my6er” B 1719B u 06cykn ercs CTpyKTYp BO3MOXHOIO HEHTPOHHOIO T JIO
B “Be u “B.

P cuersl B 1 yOepOBCKOM NPHOIIKEHNH C HYJIEBBIM U KOHEUHBIM P AUYC MU
B3 HUMOJEWCTBUS NMpOBeNeHHl Ul u3oTonos Be npu sHeprun 790 MaB/HyksioH B
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T 6mmy 7. IlonHble ceyeHus: pe Kuuu or (MO) must "Be u B, BeruncieHnble B p 31M4-
HBIX MOAXOA X

"Be+12C 8B+12C
JLM® 1026 1104
Kox? 1037 1186
Kox¢ 1062 1179
I'm y6ep® 1034 1111
1 y6ep® 1080 1130
ke, 73849 784414

*Monenb cBepTKH ¢ JLM-B3 UMOACHCTBHEM U OOOTOYEUHBIMU TLUIOTHOCTSIMH.
b1y p merpu3 must Kox ¢ momuduk umeit us [36].

°I1 p merpu3 must Kox ¢ 06omodeyHsIME p AUYC MH.

4T yGepoBckoe MPUOMIKEHHE C IOTHOCTAME Meton X prpu — MoK .
€I'nm ybepoBckoe NpHONIKEHHEe ¢ 000JIOUEYHBIMH TUIOTHOCTSIMIL.

f1on.

[53]. K x u B ciyd e uzoronoB Li (cM. puc.5), misg Gosee JETKUX H30TOIOB
(10-11,12Be) npubanxKeHue ¢ HyleBbIM P AUYCOM B3 UMOJEHCTBHUS JydIle BOCIIPO-
M3BOIMT 3KCIIEPMMEHT JIbHble 3H 4eHUs o7, B TO BpeMs K K mis ‘4Be myurme
p 6ot er npuOIIKeHUe ¢ KOHEYHBIM p AMYCOM B3 mMmopeiictBusi. B p 6Gore [36]
ObLTM U3MEPEHBI YITIOBbIE P CHIpesieNieHus ynpyroro p ccesanus 12Be u “Ben 12C
npu sHepruu 56 MaB/HYKITOH, U IpU  H JIU3€ ®TUX [ HHBIX OBUIH P CCUHT HBI OR
B P MK X M Kpockonmueckoit OM. JIna '?Be u *Be, coOTBeTCTBEHHO, HOMYy4EHO
1238 m 1900 M0. DTu pe3yabT ThI COI CYIOTCS C J HHBIMU 3KCIIEPUMEHT IpH
BBICOKUX 3Heprugx. CyIIeCcTBEHHO MEHBIIHE 3H YEHHs, COOTBETCTBEHHO, 911 u
1123 M6, nosrydeHsl U MEPECMOTPE ONTHKO-MOIEIBHOIO H JIM3 3TUX JI HHBIX
B p 6ore [37]. 3 Bepiu s1 0630p cUTy 1K ¢ Gojiee M CCUBHBIMH H30TOIl MU Be,
OTMETHM, 4TO B p Oore [16] MpoieMOHCTPHPOB HO XOpoOIlee ONHC HUE OR Ul
10Be nipu npoMeXyTouHbIX BHEPIUAX (CM. puc.4) B Il YOEPOBCKHX P CUET X, B TO
BpeMs K K MOJIe/Ib CUJIBHOTO IMOIVIOLIEHUS 3 HUX €T 3H YEHHUS OR II0 CP BHEHUIO
C 9KCIEPUMEHT JIbHBIMH.

Bonpimoe uncio p 60T nocesmeHo jerdy WmmM u3oton M Be u B, umenHo
a1p M "Be u 8B, ¢ 1esiblo onpesieNienus p 3MEpOB UX NPOTOHHOM LIyObl, T KXe
MCCIIeIoB HUs JIpyrux cBoiicts. Ilepsble uaMepenus o and 'Be u ®B npu Bbl-
COKHX BHEprusix, K K OTMeY JIOCh Bbillie, IpoBeaeHsl B p 6ot x [9,10]. B pe-
3ynbT Te H 3 and 8B nonydeno Ryp,s = (2,39 +0,04) ¢m. B p Gore [12]
M3MepeH IeKTPUYECKMii KB JAPYIOIbHBI MOMEHT SB, KOTOpHIA OK 3 Jics Cylle-
CTBEHHO OOJIBIIIE NPEACK 3bIB €MOro O0OOJIOYEYHBIMU P cYeT MH. B 3Toii cBi3M
BO3HUKJIO yTBEPXKIEHHE O fjpe °B K K O MepBOM K HIAMJ Te B AP C IPOTOHHBIM
T JI0.
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Gp,MO
2500 7
2000
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] 8B + 283 \\\\\
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PI/IC. 9. 3HepFeTI/I'{eCK g1 3 BUCHUMOCTH MOJHBIX CEYEeHUI P€ Kuu oRr Wid CUCTEMbBI
8B +28Si: a = 0,03 (—), 0,06 (- ——), 0,09 (- - -); (#) — BKCIEPUMEHT

B p 6ore [88] ObUTH M3MEpEHBI YITIOBBIE P CIpenesieHus KB 3UYIPYroro p c-
cesnust 'Be u 8B npu sueprun 40 MaB/uyknon u  mumenu 2C. B cBa3u ¢ 1o-
JIYMHUKPOCKOITMYECKHM H JIU30M BKCHEPHMEHT JIbHBIX JI HHBIX MOCTPOEHBI ILIOT-
Hocty B Metoge X®, u mia 'Be u B, cooTBETCTBEHHO, TONYYEHH! CIIEYIOIIME
3H 4YeHus Ryps(m): 0,075 u 2,207 ¢m [88]. 3H 4eHHss oRr, p CCUUT HHBIE B
P 31MYHBIX B pU HT X npu 3Hepruu 40 MaB/nykiion [88], BMecTe ¢ aKCIiepUMEH-
T JIBHBIMU JI HHBIMH TIPH BBICOKOM ®HEPrHH NMpPEACT BIeHHl B T 671.7. Bumno, 4ro
TEOpeTHYeCKHe CeYeHHs op OMU3KM OPYr K APYry M CYIIECTBEHHO IPEBBII [OT
9KCIIEPUMEHT JIbHbIE 07 IPU BBICOKOW dHepruu. IlocnenHee oOCTOATENHCTBO OT-
P X eT TOT ¢ KT, YTO NpPH INPOMEXYTOYHBIX 3Heprusax ceueHne N N-p ccesHus
Gosbliie, YeM MpPU BBHICOKHX.

AH M3 9KCHEPUMEHT JIbHBIX I HHbIX M3 [88] mpoBomwicd B p Mk x [IMII®
B p 6ote [39]. IloaydeHo p 3yMHOE OIMC HHUE YIJIOBBIX P CIIPEAENIEHUH C IUIOT-
HOCTSIMU MeTO[ (DyHKLMOH JI IUIOTHOCTH, IIPH 3TOM P CCUHMT HHbIE CPEIHEKB -
Jp TMYHBIE P AUYCHI M Tepud R, m1g 'Be u B oK 3 JMCh, COOTBETCTBEHHO,
p BabME 2,420 u 2,507 ¢m, T.e. cymecTBeHHO Oomblre, yeM B p 6ote [88]. P 3-
Mepbl IPOTOHHOM IyObI B 3THX p cyeT X nosyumauck 0,49 ¢ i 8B u 0,312 M
mna “Be. CeueHus og, BeYHUCIEHHBIE B [39] ¢ I p MeTp MU NOIIOIIEHHS, OIIpe-
JIeJIEHHBIMHM W3 OIMC HUS YIIPYrOro p CCesHus, OK 3 JiMch p BHbIMH 1102 MO ns
"Be u 1201 M6 a1 3B, uTo 10BONBHO GIM3KO K Pe3ynbT T M U3 T 611.7.

B p 6ore [17] 6buin m3MepeHsl or mId apep °B, B3 UMOJEHCTBYIOIIMX C
mutenbio 22Si B unteps e sHepruit 2060 MoB/HyKk/0H. XOpOLIEro Onuc Hus
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T 6onmy 8. IMonHble cedyeHus pe Kuuu or (0) mas "Be u ®B, B3 HMOZEHCTBYIOLIHX
¢ aapoM-MumeHpI0 2C npy MPOMEKYTOUHBIX SHEPIUsX

"Be 8B
E /A, MaB/uykiion oR, MO E /A, MaB/uykiion oR, MO
38,46+0,56 1491484 37,96+0,76 1642475
36,48+0,58 1476456 35,23+0,82 1698+70
31,8042,15 1597456 28,3443,23 1861167
23,4642,76 1603148 15,28+4,88 1940497

I HHBIX B [T yO€pPOBCKOM NPHOINAKEHUHN Y] JIOCh IOCTHYb C INTIOTHOCTSIMH 13 [12],
WIS KOTOPBIX Rpps(m) = 2,72 M u Arp, = —0,78 ¢, T.e. pu ewe 64N
TeOMEeTPUYECKUX I P METp X, uyeM nonydeHo B [39]. H puc.9 npencrt BieHsl oy,
p ccuut Huble B [IMII® [82] mna cuctemsl *B+23Si, BMecTe ¢ 3KCIEPUMEHT JIb-
HBIMH [ HHbIMM 13 [11]. YroBbie p cipenenenus ynpyroro p ccesaus SB u 28Si
MOK HE N3MEPEHBI, TO3TOMY B P c4eT X [82] UCIIoIp30B JIOCH HECKOJIBKO H GOPOB
I p METPOB NONIOLIEHUs. BupHO Xopoluee corl cue TEOpUH C 3KCIEPUMEHTOM
IIPU P 3yMHBIX 3H YEHHUSIX I P METPOB MOTEHUHU JI IOIVIOIIEHHS.

HoBble 3KCHEpUMEHT JIbHbIE J HHble qis 'Be u B monydens B [18], u B
CBSI3M C MX H JIU30M MpEACT BICHHS BTOPOB p OOTHI [88] 0 p 3Mep X MpPOTOH-
Hoii my6s B °B nepecmotpenbl. Cevenus op H MulleHd 28Si GbUTH H3MeEpEHb B
[18] nns "Be u 8B B unteps Jjie snepruii 10--40 MaB/uykion. CooTBETCTBYIOLIME
pe3ysbT ThI IpuBeAeHsl B T O1.8. s 00enx 4 CTHL-CH PSNOB OR YMEHbII IOTCH
C POCTOM BHEPIHH, TIPUYeM T B yenbHOe U3MEHEHHe O R, T.e. U3MEHEHUe, TIPH-
XOsIeecss H eIMHUYHBIA SHEPreTHYeCKUil HHTEPB JI, OOJblIIe, ITOCKONbKY H3Me-
penus Ui 8B 3 Tp IMB 10T 06 CTh ®HEPIHUIA, K KOTOPOH H MO0/ YyBCTBUTENBHBI
cedeHus pe KIUU 0. 3H YEHUs O R, U3MEPEHHbIe 11 SB, pu COOTBETCTBYIOMINX
DHEPrusx OK 3 JMb MEHbIEe, 4eM u3MepeHHsle B [17]. P auycel p cnpeneneHmii,
UCTIOJIb30B BIIUXCH B [18], BMecTe ¢ 1 HHbIMM ApPYrux p OOT mpuBesieHsl B T 0.9,
B3s10it U3 [18]. Tenepp 3H 4YeHUsT Ryp,s(m) mist 8B CYIIECTBEHHO OOJIbIIe, YeM
B [88], 3H uenme 0,487 ¢pM 119 NPOTOHHOI IIYyOBI OYeHb OJIM3KO (p 3MUYME
menbiie 1%) x 31 yenuo 0,49 ¢M, npeack 3 Haomy p Hee B [39].

DHepreTMYecK g3 BUCMMOCTh O R Ul 'Be u 8B BMecTe ¢ pe3yabT T MU I y-
OEpOBCKHX U ONTHKO-MOJENIBHBIX P CUETOB U300p XeH H puc.10, B3ITOM U3 p -
60ThI [18]. 31ech cBeT/IbIe (TeMHbIE) KPYXKH — 9KCIEPUMEHT JIbHBIE O R JId ' Be
(®B). MoxHO BueTh, 4TO i °B npu Golee HU3KUX PHEPTUAX JIyullle OIKCHIB eT
oRr molyMHKpockommueck 1 OM, B To BpeMs K K g ' Be npenck 3 mus OM u
1 yOepOBCKOTO IPHOIKEHNS C KOHEYHBIM P JHYCOM B3 UMOAEHCTBHS PUMEPHO
OJMH KOBBI B P CCM TpPHUB €MOM 3Hepretmueckom uHTeps jne. H puc.l1, T xxe
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T 6mun 9. CpenHekB Ap TWYHbIe p AMychl (M) p cnpeneieHHs NPOTOHOB, HEHTPOHOB
M BEIEeCTB I 7Be, 8B u 28Si

Anpo Tp Tn Tm Ty —Tn Monenb
"Be 2,369 2,155 2,280 0,214 HF Skl
8B 2,754 2,267 2,582 0,487 HF Skll+SM

2,759 2,155 2,549 0,604 HF Skll
2,790 2,247 2,600 0,543 WS, 8=0,6
2,74 2,25 2,57 0,49 RGM [10]
2,88 2,47 2,73 0,41 GCM [11]
285 3,061 3,025 3,043 HF Skil
Gp,MO
2400 |
2200 |
2000 |-
1800 |-
L
b
1600 |- [
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1200 F §
I
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Puc. 10. DHepreTudeck s 3 BUCHMMOCTb IOJHBIX CEYeHHil pe Kuuu or aii Be u °B B
Cp BHEHHUHM C [T yOEpPOBCKHMH U ONTHKO-MOJEIBHBIMU p cueT MHU. [71 yOepoBcK s Mopesb
(—) — bo =1 ¢m, (- - -) — bp =0 ¢m; onTryeck s Momemb (— — —)

B34TOM M3 [18], OK 3 HBI B LIEJIOM PE3YJIbT Thl IS "Be u 8B, BKJIIOY S I HHBIE
0 pe KIMU P 3B J1 , T KXe ceueHus og s SB+28Si, usmepennsie B [17] (Tem-
Hble TPEYroJbHUKM), M cedenus o7 i 'Be u 8B, B3 umogeiicTsyiommx ¢ Al npu
BBICOKOU 2Hepruu, usMepennsie B [10] (3Be3104KH).

Hen BHO cjienl Hbl M3MEpeHUs Op Ad aj1ep °B, B3 UMOJEHCTBYIOIIUX C MH-
mensmu Be, C n Al npu sHeprusix npumeprHo 40 u 60 MaB/nykion [89]. Dtu
I HHbIe BMecTe ¢ pe3yabT T Mu p cueros [IMII® [84] npusenenst B T 6:1.10. Pe-
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Puc. 11. IoHble cevenns pe KIMM M CeYeHHs p 3B 1 s cucteM SB+22Si m "Be+28Si

T omun  10. IMonHble cevyeHHs pe Kuuu or (MO) s 8B, BbIYHCJICHHbIE B MeTOAe
IBOMHOI CBEPTKH, U DKCIIEPHMEHT JIbHbIE ]I HHbIE

Snpo | E/A, MeB/uykiion | Ny, a OR oR (9KcIL)
9Be 40 0,5 | 0,02 | 1173 | 1306(13)
9Be 60 0,5 | 0,02 | 1058 | 1087(24)
12¢ 40 0,3 | 003 | 1200 1274(12)
12¢ 60 0,3 | 0,03 | 1080 | 1103(18)
27T Al 40 0,3 | 0,045 | 1730 | 1803(21)
27A1 60 0,3 | 0,03 | 1530 | 1621(35)

3ylbT ThI MOK 3bIB IOT HEIUIOXOE COINl CHE TEOPUH C IKCIIEPUMEHTOM, XOTS dKC-
NEPUMEHT JIbHBIE 0 MCIBITHIB 0T OOJIee CHIbHYIO DHEPIETHYECKYIO 3 BUCUMOCTb.
[MTo-BummMoOMy, 3TO yK 3bIB €T H B XHOCTb y4€T 3 BHCUMOCTH I P METPOB IO-
TEHLM J1 TIOIIOUIEHHs OT ®HEPrHu.

B p 6ote [90] m3MepeHsI MOTHBIE CEUYSHHS B3 UMOICHCTBHS IS "Be, 8B u °C,
cedenust oTpris mpoton i 8B u C, T Kxke ceyeHus OTpHIB JByX NPOTOHOB
g °C H MMINEHSX OT YIIepoj MO CBMHII IIpH Hepruu 285 MosB/uykion. Jlo-
TIO/THUTENIbHBIE M3MEPEHUs POBEIeHbl T KXe 1d °B 1ipu sHepruu 142 MaB/nyk-
JIOH. AH JIM3, NPOBEJECHHbIH B IV YOEpPOBCKOM NPUOJMXEHHH K K IOTy4eHHBIX

BTOP MU I HHBIX, T K U J HHBIX U3 Jpyrux p Oort, npusen K BeiBoay [90] o Tom,
YTO BCS COBOKYIHOCTH BKCIEPUMEHT JILHBIX PE3YJbT TOB Ul °B MOXeT ObITh
0ObsICHEH TOJBKO C MpHBJIeYeHHEM MpeicT BieHnii o B K K o sipe ¢ sApKo
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T 6mun 11. Cedyenns B3 umopneiicTBusA o7 (MO) M CpeJHEKB AP TH4YHBIE P auychl (M)
P chpejeleHHs NMPOTOHOB, HEHTPOHOB M BEIeCTB JUIA M30TonoB Na

A or cepik  [91] 6

Tp Tm Tn Tm Tn

20 | 1086(11) 2,806(15) 2,742(28) | 2,661(57) | 2,729(38) | 2,631(80)
21 1100(9) 2,862(12) 2,754(28) | 2,630(55) | 2,735(38) | 2,589(76)
22 | 1092(16) 2,829(11) 2,730(31) | 2,627(59) 2,67(6) 2,51(12)
23 1147(12) 2,829(9) 2,833(23) | 2,838(44) | 2,819(32) | 2,811(60
25 1185(9) 2,794(10) 2,891(14) | 2,965(25) | 2,874(18) | 2,936(32)
26 | 1211(16) 2,814(10) 2,934(25) | 3,020(45) | 2,921(40) | 2,998(71)
27 | 1229(18) 2,836(11) 2,965(32) | 3,051(56) | 2,946(44) | 3,020(77)
28 | 1265(10) 2,862(12) 3,027(15) | 3,129(25) | 3,021(12) | 3,120(30)
29 | 1281(22) 2,919(16) 3,053(34) | 3,133(57) | 3,046(53) | 3,121(88)
30 | 1318(15) 2,942(21) 3,117(24) | 3,214(38) | 3,11935) | 3,217(57)
31 1358(41) 2,982(14) 3,19(6) 3,29(10) 3,20(8) 3,32(14)
32 | 1395(61) 3,24(10) 3,36(16) 3,27(15) 3,40(19)

BBIP KEHHBIM NPOTOHHBIM T JIO C P 3MEp MH, MO-BUAUMOMY, MEHBUIMMH, YeM Y
I JIO B HEUTPOHOM3OBITOUHBIX SIIP X, B TO BpeMs K K HCIOJIB30B HHE ~CT HJ PT-
HBIX” IUIOTHOCTEH I03BOJISIET OMUC Th, B NpeAen X IOrPEeLIHOCTEH, 1 HHbIE Ui
"Be u °C.

[osropHoe usMepenue o7 it SB 1 mumenu 2C npu sneprun 790 MaB/nyk-
JIoH ObUT0 mpoBeneHo B [20]. B pe3ynbT Te HECKOJIBKO YTOYHUIIOCH MPEXHEe 3H -
YeHue o, MoydyeHHoe B [9], 1 CHU3WI Cbh DKCHEPUMEHT JIbH § MOTPELIHOCTh. DTO
3H YEeHHWEe TNPEACT BIeHO B T 01.4 H cTosimero 0630p . MOXHO BUIETh, YTO TEO-
peruueckuii p cuer B [IMII®D [84] xopouio BOCIPOU3BOOUT 3KCIIEPUMEHT JIBHOE
3H 4YeHue oy. B 3 KiloueHHne OTMETHM, YTO B KJI CTEPHOM IOOXOJE, pe JIM30B H-
HOM B P MK X I y6epoBckoro npubmakenus [61], mis 8B monydeno 3H denue
Ryms(m) = (2,50 £ 0,04) ¢M, 4to GIM3KO K COOTBETCTBYIOLUMM 3H UYEHHSIM,
00CYyXI BIIUMCS BBILIE.

2.4. N3oronbl Na. [lonHble ceyeHHs pe KUUM ORr IUIS TSXEIbIX M30TOINOB
Na 6sutn u3Mepens! npu sHepruu 40 + 50 MaB/Hykion B p 6ote [13]. AH mu3
9KCIIEPUMEHT JIBHBIX 1 HHBIX B P MK X MOJEIM CHJIBHOTO IOITIOUIEHUS IMpPUBEN
K OOH PYXXEHHIO 3H YUTENbHOH W30TONMYECKOH 3 BUCHMMOCTU p AMYC CHIIBHOIO
noriotenust, ot 1,035 ¢m mis 26Na no 1,159 ™M s 30Na.

Hzmepenus oy npu sHeprun 950 MaB/HyKIIOH H  yITIepoAHON MHIIEHU IIPO-
BEIICHBI JUTst OOJBIION rpymibl u30TonoB Na ¢ M ccoBbiMu yrcin Mu A =20+23 u
25+32 B p 6ore [21], wux H qu3 caen H B [22]. B T Gnuue 11 npenct BieHb
9KCIIEPUMEHT JIbHBIE JI HHbIE BMECTE C pe3ylbT T MM H Ju3 . CpeHeKB Ap THUY-
HBIE P AWYCHl P CIIPEAEIeHHs] MPOTOHOB (TpeTHil cTosnber) ObUIM M3BIEYEHBI U3
I HHbIX 110 M30TONMYecKUM casur M [91]. AH nu3 B [22] mpoBoawicd B I Y-
0GepOBCKOM NMPUOIMKEHHH C UCIIOIb30B HHEM (PEPMHUEBCKOrO IPEACT BIEHHS JUIS
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MIPOTOHHBIX ¥ HEUTPOHHBIX INIOTHOCTEN M yyeToM A HHbIX u3 [91]. B pu HTHI (a)
1 (0) B T OIUIIE COOTBETCTBYIOT HECKOJIBKO P 3HBIM CIIOCOO M BBIOOpP p CYUETHBIX
M p METPOB I IUIOTHOCTEH.

W3 T Gnumnpl BUAHO, YTO W3BICYEHHBIE W3 DKCIIEPUMEHT JIBHBIX 1 HHBIX P -
JIMYChl CJ1 60 3 BUCAT OT CIIOCOO I P METPU3 IMU IUIOTHOCTEH (M KCHUM JIbHOE
ommume okono 5% mig 22Na). B mszoron x ¢ A =20+22 Ryps(p) > Rpms(n),
JUIL BCEX OCT JIBHBIX M30TONOB Rypms(p) < Rpms(n), u mis 3'Na p 3mepsbl Heii-
TpoHHOU 1ry6sI cocT BisioT 0,305 ¢ B omHoit m p MeTpu3 mmu u 0,335 M — B
apyroit. T xuM oOp 30M, p 3Mepbl HEUTPOHHOH IIyOBI OK 3 JIUCh OONIee YyBCTBU-
TEJIbHBIMU K CIIOCOOY I P METPU3 1MW IUIOTHOCTH, TPH 3TOM HYXHO YUHUTBHIB Th
MOrPEITHOCTH B OMNpEIe/IeHUH P AUYCOB (OHU J HBI B CKOOK X B T Osuie 11).
Bemnunn  Aryp, K K HOK 3 HO B [22], KOppenupyer ¢ p 3HOCTbIO 9HEPIUil OTje-
JIeHWs TMPOTOH M HEHTPOH : 4eM OOJIbIlie BT P 3HOCTh, TeM OOJIbIle HEHTPOHH o
mry6 . T K o Koppensuus ObUT TMPEACK 3 H PEeNITHBUCTCKOM MOIETbI0 CPETHEro
nons [92]. Bmepseie B p 6ote [22] mOK 3 HO, 4TO H3MeHEHHE Ryps(m) mist
130TONOB Na B OCHOBHOM CBsI3 HO C M3MEHEHHEM Ry, s(n).

2.5. U306 pbic A =17 u A =20. Usmepenus oy w1 w306 pc A =17 (1"Ne,
17F, 17N, '"B) npu suepruu npumepro 700 MsB/uykion GbUlM HpOBeleHbI B
[93,94], npu sTOM OB OOH pyken HoM mus and “Ne u 1"B: usmepenubie
CeueHHd I 3TUX ABYX dAep H YIIEpOAHOH MHILIEHH OK 3 JIMCh CYLECTBEHHO
Gosbliie, YeM Juis JIBYX OPyrux u3ob p.

An nu3 ceuennit misg w306 p ¢ A =17, T xkke ¢ A =20 npoBeneH B p M-
K X I yOepOBCKOro MpHUOIKEHUs C HYJIEBBIM P AUYCOM B3 MMogpeiicTBus B [95].
ITpu aTOM, co ccputkoit H [96,97], oT™Meu eTcs, 4TO B MPOCTOM T yOEpOBCKOM MO-
JEMH H pylI eTCSl YHUT PHOCTh U UHB PU HTHOCTb IO OTHOLICHHIO K 0Op IIEHHIO
BpPEMEHU. YTBEpXJ €TCS, YTO 3TU IOINpP BKHM COCT BIISIOT HECKOJIBKO MPOLIEHTOB
B CJIyd € HYKJIOH-SI€PHOTO B3 UMOIEWCTBHS, U OHH MOTYT OBITH OOJIbLIE B SIAPO-
SIEpPHOM ciyd €. Pe3yipT Tel H jmu3 [95] nmpusenenst H puc.12. ITnotHOCTH, K K
YK 3 HO H PHCYHKE, P CCUHT HBI B c(hepuuecKoM M aeOpMUPOB HHOM O 3UC X
o meroxy X prpu—®ok . Beruncnenus ana 1"Ne (1'N) B cpepuueckom 6 3uce
IIPOBOJAWIMCH B JBYX B PU HT X B NPEMNONOKeHUH 1d5 - Wiu 281 /5-0pOMT s
U1 KOHGUTYp LIMH, 3 HATOW MOCIEIHUMHU MPOTOH MU (HEUTPOH MHU).

Pesynsr T Brumcnenuii [95] B cdepuueckom 6 3uce XD ¢ cmn mu SGII
npuBesieHsl B T Om.12. B mocrmegHux AByX cTonOI X JI Hbl ®HEPIUHM YPOBHEH
HOCJIEAHUX 3 HATBIX OpPOMT Ui HEHUTPOHOB (A,) W I HPOTOHOB (A,). VYuer
a¢exToB aeopM MU MPUBOAUT K YBEIMUYEHUIO P JUYCOB B COOTBETCTBUM C

dopmyioii:
5
<r? >px (1 + EﬁQ) < r? >B=0 - (23)

OnH KO0, K K BBISICHWIOCH, 3(pheKThI 1echopM IIMU HE3H YUTEIbHO BIMSIIOT H P -
JIMYChI, TIpe00T JI I0UIMM SIBJIsieTcs ¢ KTOp HEMTPOHHOIO U30BITK .
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Puc. 12. [TonHble ceyeHus: pe KUUKU O R, BBIMUCIEHHbIE C IUIOTHOCTIMU MeTol X pTpU—
®ok  mis 306 p ¢ A =17, U 9KCHEpUMEHT JIbHbIE [ HHbIE; MyHKTUP — CpepHIecKie
WIOTHOCTH X P, ToueuHble JTUHUK — Je(hOPMUPOB HHBIE IFIOTHOCTH

OO6cyaum pe3ylnbT Thl H JIM3 , NPEICT BJeHHble H puc.12. [lng spep ¢ uzo-
crunom T' =3/2 ucnonb308 HUe OPOUT JiU 281 /5 YBEJUYUB €T CEYEHUs H (4-6)%
10 Cp BHEHHIO CO CTyd eM opOuT Jiu 1ds 2, 4T0 00ycnoBneHo addekT MU Heid-
TPOHHOIO T JI0. B 11e1oM Teopernueckue pesysbT Thl, OIUCHIB S XOI CEYEHHUH C
n3MeHeHueM 1%, 1eX T HECKOJIbKO BbIIIE DKCIIEPUMEHT JIbHBIX 3H YeHHi or. AB-
Topbl p 6oThl [95] oTMeu 10T, 4TO yuer o(pheKTOB p 3B JI MOXET MPUBECTH K
YMEHBLICHUIO P CUETHBIX 3H YEHHH OR U, T KUM OOp 30M, K yBEJIMYECHHIO H3BIIE-
K €MbIX M3 3KCIIEPUMEHT P AUYCOB.

W3mepenus ceuenuid oy mis u306 p ¢ A =20 npu sHeprun 950 MaB/Hykiion
n mumenu 2C npusenens B [27]. B a10ii e p 60Te GbLT CIeN H NEPBBIA H U3
9THX ]l HHBIX B P MK X MOJEIH CHUJIPHOTO MOIVIOUIeHUS ¢ I p MeTpu3 muei Kox
U 1 yoepoBckoro npubnuxeHus. B 1 yOepoBCKHX p CYET X HCIIOJIb30B JI Ch I -
P MeTpu3 IMd IUIOTHOCTEH B MpPEACT BIEHHU I' PMOHMYECKOTO OCLUWLIATOP WU
B Buie (hepmueBckoro p cnpenesnenus. [lomydens! cnenyromme pe3yasT Tel. H u-
OompIl 4 p 3HMLl B p AMyC X, Kotop s coct BiusgeT 0,2 ¢wm, oOH pykeH Ui
3epk nbHbIX suep 2°0 u 2°Mg. Tossuiuch coo6p KeHMs O CYIIECTBOB HMM IIPO-
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T 6amy  12. CpeaHeKB Ap TUYHbIE P AUYCHI P CIpelesieHHs] HETPOHOB, MPOTOHOB U
BeuecTs Ui u300 p ¢ A =17 u A =20, Bpruuc/ieHHbIE B c(peprueckoM & 3mce MeTo
X prpu—®ok

Snpo Op6ur 116 Tn, OM | Tp, OM | T, OM | Ap, MaB | Ap, MaB
i"B12 2,976 | 2452 2,832 -2,85 -20,73
(1ds/2)k(x) | 3,064 | 2421 2,890 -0,695 -22,49
(251/2)2(x) | 3.623 | 2421 3315 -0,695 -22,49
701 2,847 | 2488 | 27726 -4,12 23,49
(1ds/2)3(x) | 2915 | 2,473 2,764 -0,729 21,94
(251/2)% (* 3,221 | 2473 2,979 -0,729 21,94
1"N1o 2,762 | 2,563 2,682 -5,67 -15,78
(Lds/2)2(x) | 2777 | 2,545 2,684 -4,19 -12,01
(2512)2(%) | 2902 | 2,545 2,760 -4,19 -12,01
470g 2,688 | 2,631 2,661 -7,23 -13,45
§7Fs 2,610 | 2,723 2,670 -16,85 -3,57
1TNe7 2,550 | 2,819 | 2,711 -18,72 -1,68
(Lds/2)2(x) | 2526 | 2,843 2,717 -15,03 -0,48
(2s12)2(%) | 2.526 | 3,105 2,880 -15,03 -0,48
20Cy4 2,993 | 2,526 2,861 -5,15 -28,14
20N13 2,926 | 2592 | 2813 -6,47 -20,94
20042 2,869 | 2,650 2,784 -7,85 -18,64
20Fy4 2,817 | 2,726 2,777 -9,10 -8,07
20Ne1o 2,764 | 2,795 2,779 -10,38 -6,36
20Nag 2,705 | 2,862 2,792 -11,70 -4,71
29Mgg 2,638 | 2931 2,818 -21,96 -3,11
20Al; 2,587 | 3,017 2,874 -23,73 -1,41
9Be 2343 | 2262 | 2307 -11,70 -12,62
12¢ (*%) 2,245 2,400 2,324 -27,26 -14,14
27A1 2,959 | 2,960 2,960 -14,48 -10,57

ToHHO# 1my6e 1 2°Mg u neiitponnoii — ang 2°N. H uGonsin g p 3Hun B
P AMyC X HEWTPOHHOIO M MPOTOHHOTO P CIpeAeNeHHd H IaeH s saep ¢ 6oib-
M u36bITKOM 1potonos (2°Mg, Ar,,, = —(0,5040, 28) ¢m) u Heiitponos (°N,
Ary, = (0,33+0,15) dm). BeiGop 1 p MeTpu3 LU IUIOTHOCTH (IIPSACT BIEHHE
I' PMOHHUYECKOI0 OCHMIIATOP WM (pepMHUEBCKOE P CIpelesieHne) He3H YUTESIbHO
(8B mpezent x 1,5-2%) Biusier H  pe3yJbT ThI.

AH nu3 1 HHBIX [27] mpoBommwica T Kxe B p 00T x [95,84]. PesymbT THI H -
JU3 TpeAcT BIeHbl B T O11.13 BMecTe ¢ 9KCHEepHUMEHT JIbHBIMH I HHBIMH m3 [27].
Bo BTOpoM M TpeTbeM CTONOL X I HBI pe3y/IbT Thl P CYETOB B C(HEPUUECKOM U
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T 6amy  13. IlonHble ceveHus pe KuuM or 1A u300 p ¢ A =20, BbIYHCIEHHbIE B
I71 y0epoBCKOM NPHOIIIKEHHH, H 9KCIIEPUMEHT JIbHbIE CeYeHNA B3 MMOJEHCTBHSA 01

SAnpo | Cdepuueckmii | Jedopmupos HHbIE | Merton yHKUMOH JI DKCIepUMeHT
6 3uc HF 6 3uc HF IUIOTHOCTH
20N 1145 1152 1227 1121(17)
200 1129 1138 1181 1078(10)
20p 1124 1147 1162 1113(11)
20Ne 1125 1168 1163 1144(10)
20Na 1131 1155 1172 1094(11)
20Mg 1145 1154 1207 1150(12)

negopmupos HHOM 6 3uc x X® u3 [95], B 4eTBEPTOM — CEUEHUS OR, P CCUH-
T HHble B [IMII® H ocHoBe m1 ybepoBckoro npubmkenus [84]. Mcmons3oB Hue
neopMUpoB HHOTo O 3MC HE3H YMTEJIbHO BIMSET H oR (M KCHM JIbHOE H3Me-
uenue okono 4% mna 2°Ne), mpu 9TOM CONN CHE C DKCHEPUMEHTOM OCT eTcs
T XuM Xe. O6 TeopeTHYecKHX MOAXOI [IOCT TOYHO XOPOIIO OIMCHIB 0T 3KCIIe-
PUMEHT JIbHBbIE 1 HHBIE; 3H Y€HHs O R, nojydyeHHble B [IMII®D, HecKobKO BbILIE,
HO U B ®TOM CIIy4 € CpelHee OTKJIOHEHHE TEOPETHYECKHX DEe3YJabT TOB OT 3KC-
NEPUMEHT JIBHBIX COCT BieT Bcero 6%. DKCIEPUMEHT JILHOE 3H YEHHE O JUIs
20Na, npenct BrenHoe B T 611.13, B npejies1 X MOTPELIHOCTH COBI JI €T C COOTBET-
CTBYIOLIMM 3H 4YeHueM u3 T 01.11.

3AKIIOYEHHUE

W3MmepeHus cedeHuii B3 UMOICUCTBHS JIETKUX DK30THYECKUX SIep CO CT Oulib-

HBIMH SIp MM OBLTH HPOBEAEHBl H C MOM H Y JIBHOM 3T € DKCIIEPUMEHT JIbHBIX
WCCIIENOB HUIl 3THX g1ep. B I JbHeiIIeM MonHble CeYeHUsl pe KUMU M CEeYEeHUs
B3 UMOJCHCTBHS OBUTH MOTy4YeHsl i MHOruxX mu3oronoB He, Li, Be, B, C u Na,
T KXxe 1300 pc A =17 u A =20 x x npu Beicokux (400, 700-950 MaB/HykI10H),
T K U IIpu npoMeXyTouHsix (10—80 MaB/HyK/I0H) aHeprusx. Yxe B IepBbIX U3Me-
peHusix ObUT OOH pYXEH CUJIbH S M30TOIHYECK 51 3 BHCUMOCTD P JUYCOB JIETKHX
DK30THUYECKUX SAEp, YTO MOCcye [ JIbHEUIINX UCCIeA0B HUM pe Kimid (p T™MEHT -
LMH, JUCCOLUM UMM, Iepel UM U Jp.) IPUBENO K (POPMHUPOB HHUIO NPEACT BIECHUMN
O CYLIECTBOB HHUH B 1P X HEHTPOHHOIO (nLi, 6He, 11Be) Y, BO3MOXHO, [IPOTOH-
noro (8B) r no. Jng MHOrMX siep OOH pyXeH 3H YMTENbH i HEHTPOHH s WM
NpOTOHH s my0 . MHTepecHble 3 KOHOMEPHOCTH B IMOBEICHUU P IUYCOB P CIIpe-
JIeJICHUs] BEIIeCTB BbIABJICHBI B m30Tom X Na, T kKxe u300 p x ¢ A =17 u
A =20.

[TosyyeHHble ®KCIIEPUMEHT JIbHBIE JI HHBIE H JIM3UPOB JIMCh B P MK X P 3-
JIMYHBIX TOAXOJ0B, CPEAN KOTOPBIX MOXHO BbIAEIUTb MOJIENIb CHJILHOTO MOIIOLIe-



904 KHA3BKOB O.M., KYXTHUHA WU.H., PAJHC C.A.

HUS, CT HJ PTHYIO ONTHYECKYI0 MOJEJb, MOJIyMUKPOCKONMYECKHUIl MOAXO0, OCHO-
B HHBI H MOJIENIN JABOWHOM CBEPTKM, U INT ybepoBcKoe mpuOmmkenne. Monemnb
CWIBHOIO MOITIOUIEHUS M CT HAI PTH { ONTUYECK 1 MOJENb HE COBCEM YCIIELIHO
OIKCBIB JIM DKCHEPUMEHT JIbHBIEC J HHbIE, U H JIU3 H HUX OCHOBE [ B JI JIUIIb
0011yl0 UHPOPM UKD O TEOMETPUYECKHX CBOHCTB X siiep. MCIOB30B HHE IO-
JIYMUKPOCKOIUYECKHX MOIXOI0B — ONTHYECKOH MOJETN C MUKPOCKOIHUYECKUMHU
MOTEHUM JI MU JBOWHOW CBepTKH M Teopuu [ ybep — Tpebyer mocTpoeHus: B
P MK X KOHKPETHBIX SIE€PHO-CTPYKTYPHBIX MOJENIEHl HEUTPOHHBIX M IPOTOHHBIX
IUTOTHOCTEH W, CIIeJOB TENbHO, ITO3BOJSIET MPOOMPOB Th T KHE MOJEIIM B H JIM3€
CEYEHMH.

P 31muuHble MOAXOIbl MPUMEHSUTUCh K P CYETY SIAEPHBIX IUIOTHOCTEW: 000I10-
4yeyH g Mopenb, MeTon X prpu—®Pok co cepuueckuM U 1epOPMUPOB HHBIM
6 3uc mu, Meron (PyHKIMOH JI IUIOTHOCTH, KJI cTepHbIi moaxox. Ilpenmct Bis-
eTcsl LesiecooOp 3HBIM MCIHONIB30B Th MOJENb, B OTOPOH B p MK X €IUHON p cYeT-
HOW CXEMBI BBIYHCIIAIOTCA HEWTPOHHBIE M IPOTOHHBIE ILIOTHOCTU K K JUIA SEp-
MUUIIEHEH, T K U I 4 CTUL-CH paoB. T K 4 cXeM B H CTO4Illee BpeMs pe JIU30-
B H H OCHOBE METO (PyHKLHMOH JI IUTOTHOCTH (KOTOPBIH ¢p KTHYECKH SIBIIETCSA
OIJHUM M3 B DU HTOB C MOCOINI COB HHOM TEOPHHM KOHEUYHBIX (DEPMU-CUCTEM).

Onrtuueckuil Tpefen ¢ HyIeBBIM P JMyCOM B3 MMOAEHCTBHS TN yOEpOBCKOM
TEOPHH TPEACT BIIETCS P 3yMHBIM NPHOIDKEHUEM Ul H JIM3 CEYeHUH B3 UMO-
JeUCTBHSl TIPH BBICOKMX BHEPIHSX, HO HPU MPOMEXYTOYHBIX dHeprusix, F/A <
<100 MaB/HyKk/I0H, HEOOXOAUMO YYUTHIB Th P 3JIMYHBIE MONDP BKU K HeMy (KO-
HEYHBI p AUYC B3 UMOAEUCTBUS, P 3JIMYHbIE HYKJIOHHBIE KOppPEIALUHU, HEDUKO-
H JIbHbIE U KYJIOHOBCKHE 3((QEKTBHI).

IIpu sHepruax go 100 MaB/HyKJIOH p 3yMHO MCIIOJIb30B Th HOJTYMHUKPOCKO-
MUYECKYI0 ONTHYECKYI0 MOJENb, B KOTOPOil BEIIECTBEHH 5 U CTh MOTEHLH J1 BBI-
YUCNIAETCSd B TOM WM MHOM B PH HTE MOJENHU JIBOWHON CBEPTKH, MHHM S Y CTh
n p Merpusyercd. Ilpu TOM p cuerhl cedeHMH pe KIMH B T KOH MOJEIH MO-
ryT oOJI I Th MpEICK 3 TEeNbHOW CHIOH TOJNBKO B TOM CIyd €, €CIIM I P METpEI
MOTEHIH JI THONIOWEeHUs (PUKCUPOB HBI THOO IMyTeM MOJO00p U3 M3BECTHBIX CH-
CTEM THK, JH0O Cp BHEHHEM TEOPETHYECKHX YIVIOBBIX P CIIPENETICHUI yIpyroro
P ccedHHsd C DKCIEPUMEHT JIbHBIMU, U3MEPEHHBIMHU IIPU TOH Xe€ ®HEepruu, 4TO U
nojHoe ceyeHue pe Kiuu. CHUCTeM THUKH I P METPOB IMOTEHIM JI IOIIOLICHUS
IS CT OWIIBHBIX Si7iep 1 JIEKO He BCerd TNPHUMEHHMBI K ®K30THYECKUM SIp M, MO-
9TOMY Kp HHE Xell TEIbHO OJHOBPEMEHHOE M3MEPEHHUE YINIOBBIX P CIIpeleIeHUi
YIPYrOro p CCESHMS M MOJHBIX CEYEHHI pe KLIWU I OJHOU M TOH Xe 4 CTHLBI-
CH P4l IIpU OJHOU U TOH Xe oHepruu. IIoKk T Kue 9KCIEPUMEHT JIbHbIE JI HHbIE
€IUHUYHBI.

Bbuto Gbl OYeHb B XKHO U3MEPUTH CEYCHUS OR B DHEPreTHYECKOM HHTEPB Je
100-+-200 M»B/nyksoH. B 3ToMm uHTEpB 1€ yxe p 60T er 1 ybepoBcKoe npubim-
KEHHE U B TO XK€ BpEMs €Ille BO3MOXHO IPUMEHEHHUE IOIyMHKPOCKOINHYECKOM
ONTHYECKON MOJeNu. AH JIU3 DKCIEPUMEHT JIBHBIX J HHBIX B YK 3 HHOM HHTEp-
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B Jie NO3BOJMMI Obl, C OJHOH CTOPOHBI, CP BHUTH AB HOJTYMHUKPOCKOIHMYECKUX
MOJXO] , C JIPyrOi—/IOMOMHNATD CYLIECTBYIOIIMIA H JIM3 ®HEPreTHYecKoi 3 BUCH-
MOCTH OR.

B 3 ximoueHne BTOpBI BBIP X IOT OJ1 TOf PHOCTh 3 TOJE3HOE W IUIOHO-
TBOpHOE obOcyxaeHue mpobieM, 3 TpoHYTHIX B o63ope, I'J.Anx 30By, A.A.Kop-
nieHuHHUKOBY, A.A.Omnmo6nuny, 0.9 Ilennonxkesuuy u H.K.CxobeneBy. Omun
n3 BTOpoB (C.A.®D gHC) npusH TeneH [.3 Bulille 3 HHTEpecHble TUCKyccuu. P -
60T BbINOJIHEH IpH 4 cTU4HOU nomuepxkke PODU, npoekr 98-02-16979 u He-
MeLKOoro uccieiaoB tejabckoro oodmects (DFG).
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The binary and ternary cold fragmentations of heavy nuclei are studied in the frame of a
deformation dependent cluster model where the final fragments are born to their respective ground
states and interact via a double-folded potential with M3Y forces. The deformation effects are taken
into account up to a multipolarity A = 4. We show that two regions of cold fragmentation arise. The
first one has large quadrupole and even hexadecupole deformations and mass number of the heavy
fragment ranging between 138 and 158. In the second region, the @-value principle dictates the
occurrence of a few spherical nuclei around the double magic 132Sn, similar to the case of heavy
cluster radioactivity, where the daughter nuclei are around 298Pb. This structure is similar for both
binary and ternary cold fission. We compute the cold fission yields for the binary fragmentation and
for the alpha-accompanied fission of 252Cf. For the ternary cold fission mode we derive the most
likely geometrical and dynamical characteristics of the fragments at the release moment of the light
particle and perform classical trajectory calculations, in order to compute the final kinetic energy of the
alpha particle. The recent observation of 1°Be in the cold ternary fission is discussed in conjunction
with the concept of giant nuclear molecule.

HccenenoB H [BOMH 5 M TPOWH S XONOAH s (bp TMEHT LMS TSKENBIX SIep B P MK X KJI CTEpHOM
Mozenu ¢ ydeToM fecopMm 1mu. [Ipearnorn r jock, 4To KOHEUHbIE ()p TMEHTBI POXJ I0TCS B COOTBET-
CTBYIOIIMX OCHOBHBIX COCTOSHMSIX M B3 MMOJEHCTBYIOT IPH MOMOINM ITOTEHLH JI JBOIHOI CBEepTKU
¢ M3Y -cun mu. Ddextsl 1eopM MU YyUUTHIB JIUCh BIUIOTH A0 MYyAbTHIIONBHOCTH A = 4. Tlok -
3 HO, YTO BO3HHK IOT fBE OOJI CTH XONIONHOW ¢hbp rMeHT Imu. IlepBoil 061 cTH OTBeY 10T OOJIbIINE
KB JpYIOJbHBIE U J K€ FeKC AeK IOJbHbIe AeopM LU U M CCOBbIe YUCI TSIKENbIX ()p TMEHTOB B
1 1 30He or 138 mo 158. Bo Bropoit 061 cTH BblmeseTcs CIyd i HeOGOJBIIOro YHCI  CepHIecKHux
Aep B OKPECTHOCTH JIB Kbl M rmueckoro 32Sn, momoOHmbIii p Il Iy H TAXesble K CTEHI, TpH
KOTOPOM JIOUepHHe SAp JeX T B okpectHoctr 208Pb. DT CTPyKTyp OIMH KOB s CTyd eB JBOW-
HOTO M TPOHHOTO XOMOIHOTO JeeHHsa. P CCUMT H BHIXOA XONMOgHOTO mefenus 252Cf mna 6uH pHOi
¢p I™MEHT LUK U COMyTCTBYIOLIEro Jib -p ci A . 1t TPOHHOI MOMIBI XOJIOAHOIO JENeHHs OTy4eHBI
H ubosiee BepOSTHbIE TeOMETPHUECKHE M JUH MUYECKHe X p KTEPUCTHKU (pp TMEHTOB IIPH BbIIENIEH-
HOM MOMEHTE JIETKOU Y CTHIBI M IPOBENEH P CYeT KJI CCHYECKOH TP €KTOPHU C LeIbI0 IOTydeHUST
KOHEuHO# 9Hepruu Jh( -4 cTHIbL. O6CYXA oTcA Hen BHHe H Omonerns OBe B XOMOTHOM TpPOiHHOM
JIETIEHUU B CBA3H C KOHLIENIMEN TMI HTCKHX SIEePHBIX MOJEKYIL.

1. INTRODUCTION

Rare decays ranging from the emission of heavy clusters having masses
between Ay = 14 and 34 [1,2], up to the cold (neutronless) fission of many
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actinide nuclei which produce fragments with ~ 70 to ~ 166 atomic mass units
were observed in the last decade [3-9]. All these fragmentation processes are
confirming the theoretical predictions based on the idea of the cold rearrangements
of large groups of nucleons from the ground state of the initial nucleus to the
ground states of the two or three final fragments [1, 10].

Milton and Fraser [11] were the first who noticed that a small percentage of
the fission fragments are produced predominantly at high kinetic energies so that
those nuclei are formed nearly in their ground-state. Later on, Signarbieux et al.
[12] confirmed the previous interpretation by determining the mass distributions of
the primary fragments for the highest values of the kinetic energy. They concluded
that even before the scission takes place we deal with a superposition of two
fragments in their ground state, from which the cold (neutronless) fragmentation
term emerged. In all these situations the final fragments have compact shapes
at the scission point and almost zero excitation energy. In the hypothesis that
the cold(neutronless) fragmentation is the tail of the fission mass distribution, it
has been shown that the transitions from the fission valley to the fusion valley
along the fission path can qualitatively explain the cold fragmentation of the
actinides [13]. On the other hand the deformation dependent cluster model for
cold fission, similar to the one for cluster radioactivity [1], where the ground state
deformations of the final fragments are a very important ingredient [14, 15], is
able to explain quantitatively the mass and charge experimental yields [16]. Thus
the cold fission is viewed as an extension of cluster radioactivity.

The first direct observation of cold (neutronless) binary fragmentations in
the spontaneous fission of 252Cf was recently made [5, 6] by using the multi-
ple Ge-detector Compact Ball facility at Oak Ridge National Laboratory, and
more recently with the early implementation of Gammasphere [7]. Also the first
evidence for cold (neutronless) ternary fission where the third particle is an « par-
ticle was very recently reported [17]. All these data were obtained in studying the
spontaneous fission of 252Cf with Gammasphere by using the triple coincidence
technique. We notice that the probability for neutronless fission is 0.0021£0.0008
for 252Cf.

Very recently, average angular momentum for primary fission fragments as
a function of neutron multiplicity were extracted for the first time for the Mo-
Ba and Zr-Ce charge splits of 2°2Cf [18]. It was found that for the major
part of fission events characterized by close to the average numbers of emitted
neutrons (v, = 2-5), bending oscillations are excited to the temperature of 2—3
MeV which implies a weak coupling between collective and internal degrees of
freedom from descent to the scission point.

In this review paper we present a deformation dependent cluster model for
the cold (neutronless) binary and ternary fission of 2°2Cf. We use only the
penetrabilities through the potential barrier and neglect the cluster preformation
factors. For the evaluation of the potential barriers between the final fragments
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we used the M3Y nucleon-nucleon forces. We found that the binary and ternary
isotopic yields are very sensitive to the deformations of fragments and especially
to the hexadecupole term.

Also we study the final characteristics of the light particle emitted in the
a-accompanied ternary cold fission of 252Cf.

A short section is devoted to the recent observation of °Be accompanying
the ternary cold fission.

2. DOUBLE FOLDING POTENTIAL BARRIER

In order to compute the cold fission barriers we employ a cluster model
similar to the one-body model used for the description of cluster radioactivity [1].
The initial nucleus is assumed to be already separated in two fragments or into
two heavier fragments and a light cluster, for the cold binary fission and the cold
ternary fission, respectively. Consequently we define the binary(ternary) fission
barrier as the sum of interaction energies V;; between the two(three) fragments

V=> ViRy) (0

i>]

The above heavy-ion interactions depend on the centre-to-centre distances, I2;;,
and on the relative orientation €2; and €5 as we shall see below. In the most
simple case, that of the binary fission, only one term will be involved in the
above definition whereas for a multifragmentation process, when more than two
nuclei are emerging from the reaction, some constraints should be imposed on the
relative positions R;. In the chapter devoted to the ternary fission this question
will be addressed in detail.

The advantage of such a model is that the barrier between the fragments can
be calculated quite accurately due to the fact that the touching configurations are
situated inside of the barriers. Moreover the shapes of the fragments are constant
at every stage of the fission. The @) values and the deformation parameters contain
all nuclear shell and pairing effects of the corresponding fragments.

We evaluated the interaction between two deformed fragments V(R) as the
sum of the short-range nuclear interaction Viy(R) and the long-range Coulomb
Ve (R) parts. It can be calculated as the double folding integral of ground state
one-body densities [19]

VR) = /drldrgpl(rl)pg(r2)v(r12). 2)

The ground state one-body nuclear densities of the fragments are taken as Fermi
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distributions in the intrinsic frame

-1

1
p(r) =po |1+ exp ol K Ry |1+ Z BrYxo(6,0) )
A=2,3,4

The constant pq is fixed by normalizing the proton and neutron density to the Z
proton and N neutron numbers, respectively. This condition ensures the volume
conservation. The radius Ry and diffusivity parameters were taken from the liquid
drop model [20]. Only static axial symmetric deformations were considered in our
calculations. However, possible triaxial configurations for the nuclei emerging in
the cold fission of 22Cf should not be discarded.

The double folded potential barrier for two final nuclei with orientation in
space given through the Euler angles 2, and {25 is computed by making a general
multipole expansion [21,22].

V(R, 1, Q) = Y VI (R) D (1) D;20(Q2) Yag s (R). “)

p20
Aishi

Here, Df‘&o(ﬂl) and Dﬁ;o(fb) are the Wigner rotation matrices describing the

relative orientation of the two fragments, whereas Y, ,,, (R) describes the orien-
tation of the axis joining the two nuclei with respect to the laboratory frame. For
the case with both final fragments aligned along the same symmetry axis ( R=
(0, 0), Q1 =095 = (0,0, 0)) we obtain

V(R)=> VY25 (R) 5)
Ai
with

2 2
Vit (R) = p (C(?IOA%AS) /deﬁrgd?b P (1) Prs (r2) Fxyaons (11,72, R),
(6)

where C3 § 0 is a Clebsch-Gordan coefficient. Above we have introduced the
double folding kernel

Fyxixong(r1,7m2, R) = / @*dq 5(q)jx, (qr1)dxs (qr2)irs (q73), (7

where ¥(q) denotes the Fourier transform of the effective interaction and j, are
spherical Bessel functions. The quantities p) are the multipole components of the
corresponding expansion of the nuclear densities

pr) = Y pa(n)Yao(#). ®)

2=0,2,3,4



912 SANDULESCU A., MISICU S., CARSTOIU F., GREINER W.

The selection rules for the angular momentum coupling give A1 + A2 +
A3 =even. When () # 0, A = 2,3,4 for both fragments, then the sum in (5)
involves 32 terms for a nose-to-nose configuration and Az < 6. Special care has
been payed to obtain numerically the integrals involved in expressions (6), (7).
For most of the fragmentation channels studied here, large quadrupole, hexade-
cupole, and occasionally octupole deformations are involved. Therefore a Taylor
expansion method for obtaining the density multipoles cannot be considered. On
the other hand, a large quadrupole deformation induces according to (8) non-
vanishing multipoles with A=4 and 6 even if (34=(4=0. Therefore for a correct
calculation of py, a numerical method with a truncation error of order O(h7) is
needed in order to ensure the orthogonality of spherical harmonics with A < 6.

Performing the integrals (6) and (7) we have used a numerical method with
a truncation error of the order O(hY). All short range wavelength (¢ < 10 fm~1)
have been included and particular care has been taken to ensure the convergence
of the integrals with respect to the integration step and the range of integration.

The asymptotic part of the barrier is determined essentially by the Coulomb
multipoles which are obtained also as double folding integrals involving charge
densities. For R >> ri + rg, the Coulomb kernel in (7) behaves as [22]

(23 + 1! 2

C _ 2
N ') W § 1 W § 1T W T e

6k3,k1+k2' (9)
If we introduce the moments of the charge density as

_ | Ar * 5 A
Q= 2)\+1/0 redrpx(r)r’, (10)

where ()9 = Z (atomic number), then the A3 = 2 component of function (6)
behaves for R — oo as

Z,Q3 + Z2Q;3 (11)
R3 )

First we have chosen the M3Y effective interaction [23] which is represen-
tative for the so-called local and density independent effective interactions [24].
This interaction is particularly simple to use in folding models since it is parame-
trized as a sum of 3 Yukawa functions in each spin-isospin (S,T") channel. The
spin-spin vyp and spin-isospin v;; components are disregarded since for a lot of
fragments involved in the calculation the ground state spins are unknown. The
spin-spin component of the heavy-ion potential can be neglected here, as it is
of the order of 1/A; As. Only the isoscalar and isovector components have been



COLD FISSION MODES IN 252Cf 913

retained in the present study for the central heavy ion interaction:
~ ~ 62
v(r12) = voo(r12) + Jood(r12) + (voi(riz) + Jo1d(r12))7i - 72 + o (12)
12

where
I'12:R+I‘2—I'1. (13)

The isoscalar component of the M3Y force is

e—4r —25 7
voo(r) = { 7999 el 2134 557 } MeV,
and the isovector part has the form
e—4r —25 7
vo1(r) = [ — 4885.5 ™ + 1175.5 5, } MeV.

The M3Y interaction is dominated by the one-nucleon knock-on exchange
term which leads to a nonlocal kernel. In Eq.(12) the nonlocal potential is reduced
to a zero range pseudopotential Jood (r12), with a strength depending slightly on
the energy. This is due to the fact that the range of the nonlocality behaves
as pu~1, where u = A;A3/(A; + As) is the reduced mass of the fragments.
We have used the common prescription [24] joo = -276 MeV-fm> neglecting
completely the small energy dependence. For example, the odd-even staggering
in the @ value for a fragmentation channel, which is typically of the order of
AQ = 2 MeV, leads to a variation Aj()o:-0.00S% MeV-fm? with p ~60. The

isovecor component in Eq.(12) with a strength jm = 217 MeV - fm3 for the
pseudoexchange term, gives a small repulsive contribution in the barrier region.

As we shall show later, employing M3Y NN effective interactions proved
to be satisfactory for the computation of the WKB penetrabilities for the binary
and ternary cold fission of 2°2Cf, when only the region in the vicinity of the
barrier is important. However, the M3Y double-folded potential is not taking into
account two major factors - the density dependence of the NV interaction and
the Pauli principle, which are important at distances corresponding to the overlap
of the nuclear volumes. This potential is characterized by a strong, unphysical
attraction of a few thousands of MeV inside the nucleus. To accomodate a
repulsive core which would prevent the reabsorbtion of the lighter fragment by
the heavier one we subsequently introduced a double folding potential based on the
effective Skyrme interaction. This is a good choice for a decaying giant molecule
or dinuclear system [25,26] in view of its similarities with the inter-atomic
potentials used in the physics of the molecule [27]. Thus the nuclear potential
between two ions contains an attractive part and a repulsive one. Neglecting the
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spin dependence, it can be written as

Vi (R) = Co { 2 (o 1 pa)(R) + (o1 p)R)) + iy pa)(R) .

(14)
where * denotes the convolution of two functions f and g, i.e., (f *g)(x) =
J f(x")g(x—x")dx’. The constant C and the dimensionless parameters Fj,, Fe,
are given in Ref.25. To solve this integral we consider the inverse Fourier
transform

Vn(R) = / e RV (q)dq, (15)

where the Fourier transform of the local Skyrme potential I7N(q) can be casted
in the form

~ F;, — F, =, o~ - ~ ~ ~
Vn(a) = Co {% (p?(q)pz(—q) + m(q)pé(—q)) + Feapr(a)pz(a) ¢ -

~ (16)
Here p(q) and p2(q) are Fourier transforms of the nucleon densities p(r) and
squared nuclear densities p?(r). Then [26]

pla) = Y PVa(00) [ (i (an) (a7)
A 0

A
/l ~ LA AN
Pa) = Viry, jYxo(Gq,O) D NN(CNY )P
A

AN\

X

/0 r2drpy (1) par (1) (qr). (18)

3. THE COLD BINARY FISSION

We start the study of the binary cold fission, by assuming that at scission,
the two deformed fragments are coaxial and their poles are almost touching like
in the tip model [15]. For quadrupole deformations we choose prolate spheroids
since the prolate shapes are favoured in fission. Also, it is known that in the
potential energy surfaces of nuclei with masses 100 < A < for each 130, oblate
minimum always corresponds another prolate minimum close in energy. For pear
shapes, i.e., fragments with quadrupole and octupole deformations, we choose
opposite signs for the octupole deformations, i.e., nose-to-nose configurations
(see Fig.1). For hexadecupole deformations we choose only positive signatures,
because they lead to a lowering of barriers in comparison with the negative ones
and consequently such configurations are much more favoured in fission (see
Fig.2).
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Fig. 1. Density plots of '°*Mo and '*®Ba fragments, placed at R=15 fm, considered
with quadrupole and octupole deformations. In the upper part are represented the prolate-
prolate, oblate-prolate positions and in the lower part two pear shapes — nose-to-back and
nose-to-nose. The penetrability is maximized for B2 > 0 configurations

In order to illustrate the influence of deformations on the barriers we displayed
in Fig.3 the M3Y-folding multipoles for °*Mo interacting with '#6Ba, with all
deformations included. The octupole component is large in the interior but gives
negligible contribution in the barrier region in contrast to the hexadecupole one.
Next, in Fig.4 we are illustrating for the same partners the cumulative effect of
high rank multipoles on the barrier.

In the laboratory frame of reference the z axis was taken as the initial
fissioning axis of the two heavy fragments, with the origin at their point of
contact. The potential barriers V. y — Qg between the two fragments are high
but rather thin with a width of about 2 to 3 fm. As an illustration, we show in
Fig.5 a typical barrier between 46Ba and %Mo, as a function of the distance
Ry i between their centres of mass. Here Q1 g is the decay energy for the binary
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Fig. 2. Same as for Fig.1. The influence of different signs of hexadecupole deformations on
106Mo and **®Ba densities in the presence of large quadrupole and octupole deformations.
The penetrability is maximized for 34 >0 configurations

fragmentation of 252Cf. For the two fragments, the exit point from their potential
barrier is at Ry typically between 16 and 17 fm which supports our cluster
model.

Note that in the cluster model, employed in this paper, the preformation
factors for different channels are neglected, i.e., we use the same assault frequency
factor v for the collisions with the fission barrier for all fragmentations. It
is generally known that the general trends in alpha decay of heavy nuclei are
very well described by barrier penetrabilities, the preformation factors becoming
increasingly important only in the vicinity of the double magic nucleus 2°Pb.
In the present approach to cold binary fragmentation of 252Cf the preformation
factors are taken to be constant. However in this case too, as we shall see
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later, around the double-magic nucleus '2Sn the preformation turns out to be of
capital importance. Eventually, as the experimental data become more accurate
one could extract some fragment preformation factors and discuss the related
nuclear structure effects.

The penetrabilities through the double-folded potential barrier between the
two heavy fragments were calculated by using the WKB approximation

P:exp{—%/ O\/Q,LL[VF(S)—QLH] ds}, (19)

where s is the relative distance, u is the reduced mass and s; and s, are the inner
and outer turning points, defined by Vg (s;) = Vr(so) = Qru-

The barriers were computed with the Liquid Drop Model (LDM) parameters
ap = ap=0.5 fm, rop = 1o, = (R—%)A~Y/3 fm with R = 1.28A4/3+0.8471/3—
0.76.

Accurate knowledge of ) values is crucial for the calculation, since the
WKB penetrabilities are very sensitive to them. We obtained the @) values from
experimental mass tables [28], and for only a few of the fragmentations the nuclear
masses were taken from the extended tables of Moller et al. [20] computed using
the macroscopic-microscopic model.

Let us consider for the beginning only the relative isotopic yields corre-
sponding to true cold (neutronless) binary fragmentations in which all final nuclei
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are left in their ground state. These relative isotopic yields are given by the
expression (A; = Ap, Ay = Ap)

B P(Ay, Zy)
Y(Alvzl) - ZAlzl P(Al,Zl) : (20)

As we mentioned above, the fragment deformations were chosen to be the
ground state deformations of Moller et al. [20], computed in the frame of the
macroscopic-microscopic model. In Fig.6 we represented separately these de-
formations for the light Ay and heavy Ay fragments for odd and even charge
Z. We can see that the light fragments have mainly quadrupole deformations
in contrast to the heavy fragments, which have all types of deformations. The
octupole deformations are nonzero in a small heavy fragment mass number region
141 < Ay < 148. The fragments with mass number Ay < 92 and Ay < 138
are practically spherical.

The computed M3Y-fission barriers heights, for different assumptions: no
deformations, including the quadrupole ones, including the quadrupole and oc-
tupole ones and for all deformations, together with the corresponding @ values
are represented in Fig.7 for odd Z and even Z separetely. We notice the large
influence due to the quadrupole deformations, but also the hexadecupole ones are
lowering the barriers very much. The octupole deformations in the mass region
141 < Apy < 148 have a smaller effect then we expected. This is an illustration
of the difference between cluster radioactivity, which is due only to the large @
values and the cold fission which is due mainly to the lowering of the barriers by
the fragment deformations. Both processes are cold fragmentation phenomena.
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Fig. 6. The assumed (2, (33, B4 ground state fragment deformations are represented by sym-
bols along an isotopic chain labelled by the charge number. The light fragments (Z1, A1)
have mainly quadrupole deformations in contrast to the heavy fragments (Z2, A2). The
octupole deformations are existing in a small mass region 141< A, <148, whereas the
hexadecupole deformations are important in the region 138< A, <158. The fragments
with masses A1 <94 and A2 <138 are practically spherical

The computed yields in percents, for the splittings represented by their frag-
ment deformation parameters in Fig.6 or by their barrier heights in Fig.7, are given
in Fig.8 for spherical fragments (3; = 0), for quadrupole deformations (32), and
for all deformations (8 + B3 + [4) at zero excitation energy. We can see that
when the fragments are assumed to be spherical the splittings with the highest
@ values, which correspond to real spherical heavy fragments(see Fig.6), i.e.,
for charge combinations Z;/Z2 = 48/50, 47/51, and 46/52 are the predominant
ones. This situation is encountered also in with the cluster radioactivity where the
governing principle is the ) value. Due to the staggering of () values (see Fig.7)
the highest yields are for even-even splittings. By including the (32 deformations
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few asymmetric splittings arise. For all deformations more asymmetric yields
appear. Now the principal yields are for Z; /Z2= 38/60, 40/58, 41/57, and 42/56
along with 44/54, 46/52, and 47/51. It is a direct consequence of the fact that the
influence of the fragment deformations on the yields overcome the influence of
@ values in the more asymmetric region. This illustrates the fact that cold fission
is a cold rearrangement process in which all deformations are playing the main
role and not the @ values. The staggering for odd Z fragmentations like Z1/Z>
= 39/59, 41/57, 43/55, 45/53, and 47/51 or odd N fragmentations is recognized
at first glance. However, by the introduction of the density levels this staggering
is reversed. The largest yields will be for odd Z and/or N fragmentations.

In the next figure we represent the mass yields Ya, = >, Y (Asz, Z2) (Fig.9)
for spherical fragments (3;=0), for quadrupole deformations (32 #0), and for all
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deformations (3; #0). We can see in the spherical case that the main mass
yields are centered around As=132. All these heavy fragments are spherical
or nearly spherical (with a small prolate deformation) and have high-Q values.
Since other spherical fragments do not arise in the yields diagram it occurs that
in the spherical case the @ value is the dictating principle. When we turn on the
quadrupole deformation a rearrangement in this spherical region takes place. The
yield corresponding to A;=132 is still important, but the one for A;=134 takes
over, although the maximum decay energy of the first mass split Q4. 1S larger
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Fig. 9. The mass yields Y4, = ZZH Y (An, Zg) in percents, as a function of heavy frag-
ment mass computed with LDM parameters. Calculatio ns without deformations (32,3 4=0)
enhance only the spherical region A < 136; the inclusion of quadrupole deformations
(B2 #0) enhances the yield with Ay =134; for all deformations there are two main mass
yields regions, i.e., 132< Ay <136 and 138< Ay <156

than that of the former. In this case the larger quadrupole deformation of the
light partner decides the augmentation of the A;=134 yield. When we include the
higher multipole deformations, i.e., octupole and hexadecupole deformations, the
yields diagram will change drastically over the whole mass range. First of all, in
the spherical region the mass-splittings yields A2=132, 134 are lowered whereas
their odd neighbours are augmented. This is a consequence of the fact that the
hexadecupole deformations of the odd light partners are slightly larger. But the
most important change occurs in the mass region A;=138-+156 where a whole
bunch of splittings show up with yields greater than 0.01%. This is, beyond any
doubt, an effect due to the hexadecupole deformations. As can be inferred from
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Fig.6 the above-mentioned mass region is characterized by noticeable values of
the hexadecupole deformation. Before adding the hexadecupole deformation, this
region has very low yields whereas after the inclusion of 84 the most pronounced
peaks are Ao= 142, 144-147, 150, and 154. It is the right place to mention that
these two mass regions obtained by us employing a deformation dependent cluster
model of cold fission were also reported by the Tbingen [29-31]. The ranges are
almost identical. However in order to reproduce completely the experimental data
we have to underline the elements that have to be supplied further in our model.
First, in the spherical region, the experiment claims a mass region of cold fission
centered around A,=132, instead of A,=134 as we obtained. However this misfit
was to be expected since we didn’t include the preformation factors. In the case
of the doubly magic nucleus '32Sn this assumption proves to be unsatisfactory.
As has been advocated by the Tiibingen group [30] this is a possible manifestation
of heavy-cluster decay. Therefore it is very likely that in this case the prefor-
mation factor, which multiplies the penetrability, is larger for 32Sn than for the
neighbouring nuclei, which could then account for the discrepancies between our
calculations and experimental data. However, an encouraging experimental point
which supports our calculations is the fact that the even masses 134 and 136 are
accompanying the leading yield for 132. In Fig.10 we compare the total yields
for 132 (left side) and 134 (right side). We see that the Z-splitting corresponding
to the spherical 134Te dominates in all the three cases, because, as we mentioned
earlier its light partner has a sensitive quadrupole deformation and a nonvanishing
hexadecupole one. Its Z partner '3*Sn has a smaller hexadecupole deformation.
The same reasoning apply to A3=136. Therefore it could be possible that in the
case of these nuclei the deformation dictates the yield magnitude rather than the
magic number in protons or neutrons. The experimental determination of the
double fine structure in this region will, hopefully, clarify the situation.

The hexadecupole deformed region, extending from 138 to 156, obtained
in the frame of our cluster model, presents also some discrepancies compared
to the experimental findings. The main problem that we faced here concerns
the odd-even effect which seems to be very strong in this region according to
the Tiibingen group [29-31]. The things can be understood as follows: In the
vicinity of the ground state, the level densities of odd mass nuclei are much larger
than for even nuclei and consequently it will be more probable to observe cold
fission for odd-odd mass splits in comparison to even-even mass splits. Since in
our present calculations the level density of fragments is not taken into account,
our results point to an enhancement of even-even mass splits with respect to the
odd-odd mass splits. In a preceding paper [32] the effect of level density was
incorporated in the calculation of yields by means of the Fermi Back-Shifted
Model valid also for small excitation energies. In order to get a rough idea of
how the odd-even effect influences the yields, we simply shift the decay energy
by the fictitious ground-state position A taken from the global analysis of Dilg
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Fig. 10. The yields for the Z splittings of Ax=132, 134 in percents computed with LDM
parameters

et al. [33], @ = @ — A. In Fig.11 we represented the same thing like in
Fig.10 but with the above-mentioned shift in the () value. It is obvious from
the inspection of this figure that the odd splittings are enhanced. It is worthwile
to stress once again that in our view, in the mass region extending from 138 to
156, the hexadecupole deformation is the leading mechanism responsible for the
cold fragmentation of 2°2Cf. The lowering of the barriers due to hexadecupole
deformation increase dramatically the penetrabilities and eventually the yields.

In Fig. 12 we represented the yields for the Z-splittings of A;=143. Compar-
ing the first two cases we see that the yields are almost unsensitive to quadrupole
deformation. When the hexadecupole deformation is included, the distribution
changes all the yields being increased almost uniformly (in the log scale). It is
worthwhile to notice that the octupole deformations are not inducing the tremen-
dous changes that the hexadecupole do.
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Fig. 11. The mass yields Y4, = ZZH Y (Am,Zm) in percents, as a function of heavy
fragment mass computed with LDM parameters with the decay energy modified Q* =
Q — A. The odd-odd mass splittings are this time favoured

The main result obtained through these calculations is the theoretical confir-
mation of the existence of two distinct regions of 22Cf cold fission. The results
indicate two different mechanisms. In the heavy mass region situated between 138
and 156, the hexadecupole deformation gives rise to a large number of splittings.
Here the shell closure in neutrons or protons seems to not be involved. Although
the shell effects should play an important role in the odd-even differences by
enhancing the odd-odd mass splits with respect to the even-even ones, our result
comfirms that the fragments are emitted with very compact shapes. We should
discard deformations much larger than those calculated for the ground state. For
such deformations a large part of the excitation energy should be allocated for
deforming the fragments. It is not the case for the cold fission system, where
one encounters an acute absence of excitation energy. In the spherical region our
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Fig. 12. The yields for the Z splittings of Ax=143 in percents computed with LDM
parameters. Calculations without deformations and with the inclusion of quadrupole defor-
mation give nearly the same yields. The inclusion of hexadecupole deformation increases
uniformly by 4 orders of magnitude the yields

results give only a hint of the importance of the magic nucleus '2Sn which is
susceptible to be produced in a heavy clusterization process, similar to that for
light clusters [1]. Here the decay mechanism should be similar to the light cluster
radioactivity, the daughter nucleus '32Sn being traded for 2°®Pb and the heavy
cluster 12°Cd for 32Si.

4. THE COLD TERNARY FISSION
A. The a-Accompanied Ternary Fission. The first direct evidence of cold

(neutronless) alpha ternary fission yields was reported in [17]. Using the triple
gamma coincidence technique, only the correlations between the two heavier
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fragments were observed unambigously. This new phenomenon is equivalent to
cluster radioactivity during fission. Such cold ternary decays produce all the three
fragments with very low or zero internal excitation energy and consequently with
very high kinetic energies. Their 7K E will be close to the corresponding ternary
decay energy ;. In order to achieve such large T K E values the three final
fragments should have very compact shapes at the scission point and deforma-
tions close to those of their ground states, similarly to the case of cold binary
fragmentations [34].

Below, we develope a coplanar three-body cluster model consisting of two
deformed fragments and a spherical « particle for the description of cold (neu-
tronless) alpha accompanied fission of 2°2Cf. This model is an extension of the
cluster model used for the description of cold binary fission that we presented in
the preceding section.

In what follows, we apply a semiclassical approach to the tunneling process
in a many body system. The system consists in n bodies interacting via a potential
V' ({¢:}) which is the sum of two-body components. This assumption is not very
restrictive and may be relaxed. Let {g;} be a set of N generalised coordinates.
The total available energy for the system is identified with the decay energy Q.
We assume that in the classically forbidden region (V' > Q) the usual WKB
conditions are fulfiled and the semiclassical many body wave function is given
by

¥ o exp(—So/h), @1

where Sy is the reduced action between the entrance point and the current
point [35]. The action satisfies the Hamilton-Jacobi equations. Consequently
the equations of motion ( in imaginary time ) are the (modified) Euler-Lagrange
equations. For a Lagrangian

Z aijdig; — V({a}) (22)

3,j=1

the reduced action may be written

So = / V20V = Q) ayjdaida (23)
and the trajectory is obtained by extremizing Sp with respect to all possible paths

in the coordinates g;. Parametrizing the path by one of the coordinates, say qi,
we obtain a set of coupled equations:

ov. 1 ,
qu M <V+Za qk)
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(Q V) ( (Zalqu +Zaqukql> —Zaikq;C’), (24)
k

where i,k,l =2+ N and f' = 0f/0q;. The quantity b; is defined by

bi = ai+ Y aidj,
k

and the effective mass of the system by
M=an+2» aug+ Y andd, - (25)
i ik

To the first order of the WKB approximation, the penetrability is given by the
square of the wave function (21) with the reduced action calculated on the path
satisfying (24) and the boundary conditions

V({Qin,out}) = Q (26)

In the particular case N = 1 this condition uniquely determines the penetration
path. In the general case, the condition (26) does not specify all the necessary
conditions for integrating (24). In principle we should solve (24) for all solutions
satisfying (26) and choose the path ¢;(g;) which minimizes the reduced action

out
So = / V2M(V - Q) da, (27)

where
M = M(q¢i(q1),q1), V =V(g(qr),q1) - (28)

This will give the upper bound for the penetrability. In the particular case of a
diagonal mass tensor a;x = u;d;x, Eq.(24) gets a much simpler form:

)%
Bq — Ml ( + Z Qk> +20(Q — V) (M > kg — qz> (29)
and the effective mass reduces to

M=+ m(g)? - (30)
k

M

We stress that the system of Egs. (26) — (30) does not represent a trivial
generalisation of the tunneling problem in one dimension. The main difference
stems from the fact that Eq.(26) has in general many solutions and the integration
of the highly nonlinear coupled equations (29) cannot be started without imposing
additional constraints on physical trajectories.
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To fix the ideas, let us discuss in some detail the specific features of the
tunneling process in the case of cold alpha-accompanied ternary fission. We
assume that all three fragments are preexisting in a quasi-bound molecular state.
Since the process is cold, the heavy fragments have very compact shapes with
deformations close to their asymptotic values. Strong polarisation effects are
expected in the initial stages of the tunneling process. One may include such
effects by introducing effective deformations. In order to grasp the penetrabilities
for the most probable processes one may consider only axial deformations with
symmetry axis oriented along the fission axis. For simplicity the problem is
reduced to a planar one and therefore we have to deal with six coordinates.
Requiring the c.m. to be at rest, we are left with four independent coordinates.
Let (z;,v:, @ = 1,2) be the fragment coordinates and (z,y,) the coordinates
for the « particle. The corresponding masses are denoted by m;, ¢ = 1,2, . The
usual transformation to relative coordinates R = x2 — 1 and y = yo — y1 leads
to

—MaTo — MR —MaYao — M2Y

rH=—>, y=—"°
m1 + mo m1 + mg

—MaTa + MR —MaYa + M1y

To=——"—02—— | Y= ——""
my + ma my + ma

The kinetic energy and the third component of the angular momentum in terms
of these coordinates are

1 . . . .
T = 3 (2B +5%) + pa(@ +32)) (31
L. = p2(Ry — Ry) + pa(Taa — aya), (32)
where
mi1meo My
== = 1+ —2—).
p2 my +mso’ fa ma< +ml+m2>

Since the a-particle mass is small compared to the fragment masses, we further
assume y ~ 0 on the penetration path. This assumption may lead to a noncon-
servation of the angular momentum (32). However, we expect a very smooth
a-particle trajectory, and to a good approximation the second term in (32) is
vanishingly small. Next, requiring L, = 0 implies y ~ const.R. In the initial
configuration one can always choose the heavy fragments along the x axis and
therefore const = 0 and the angular momentum is conserved. Similar consider-
ations lead to the conclusion that even the kinetic energy (31) is well evaluated
along the trajectory. Since y ~ 0 seems to be a reasonable approximation, one
further assumes y; ~ y2 =~ 0.

We are finally left with the problem of finding the «-particle coordinates
(Za, Yo ) as a function of the interfragment distance R, which is a natural candidate
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for the variable ¢;. A close inspection of Eq.(31) readily identifies the necessary
mass parameters and the action integral reads:

Rout 8-'17a 2 8ya 2
So = 2 T\l 55 ) T\ 55 V —Q:)dR 33
0 /R {Mm I <<8R> <8R> )}( Q1) (33)

with V' = V (24(R),ya(R), R). The above formula shows that under well
justified approximations the penetrability for the three-body system is similar
to the well-known WKB expression for two body systems with an important
correction in the effective mass arising from the a-particle trajectory. The one
dimensional case is reproduced in the limit u, — 0. The magnitude of this
correction can be determined by solving the nonlinear coupled equations (29).
Subsequent numerical calculations with selected trajectories showed that the most
important contribution arises from the variation of y, with the interfragment
distance.

The total interaction potential is obtained as the sum of two-body potentials
between the o particle and the fragments and between the light and heavy frag-
ment. An advantage of this approach is that the barrier between the two fragments
and the barrier between the « particle and the fragments can be calculated quite
accurately due to the fact that the touching configurations are situated inside the
barriers. An important requirement for the interaction potential is that the system
should enter the penetration path very close or beyond the touching configuration.
This point will be checked carefully in the following.

The data base for the present calculation includes 78 different splittings for
alpha ternary fission and 87 splittings for binary fission of 252Cf. Each splitting
is defined by charge and mass numbers, experimental binary and ternary decay
energies and a set of geometrical and deformation parameters which characterize
the one-body densities.

In order to understand the landscape of the three-body potential we first
represent the potential at different interfragment distances R (Fig.13) with heavy
fragments in a nose-to-nose configuration, for the splitting *He +92Kr+'%Nd with
deformed fragments. The potential for a splitting with a spherical fragment looks
quite similar. In the equatorial plane we distinguish a saddle configuration which
results from the interplay of the strong repulsive (Coulomb) forces acting on the
« particle and the attractive (nuclear) forces. The saddle trajectory is obtained by
numerically solving the equation

oV
o 0

for fixed interfragment distance. Along the saddle trajectory there are two inter-
esting extrema: one is situated on the symmetry axis and another one at the top of
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Fig. 13. The three-dimensional ternary potentials for the splitting *He+°?Kr+'°°Nd at
different interfragment distances R = 14, 15,16, 17 fm between the colinear fragments in
a nose-to-nose configuration. We can see the two wells corresponding to the light and
heavy fragment and in the equatorial plane a ridge which grows up with the interfragment
distance R between fragments. This ridge has a minimum on the symmetry axis and
a maximum at the equatorial alpha barrier height. This minimum disappears at large
interfragment distances R ~ 20 — 21 fm

the maximum of the equatorial alpha barrier ridge where all classical forces acting
on the « particle are equilibrated. This last point is denoted in the following as the
Lagrange point and the ensemble of such points for different interfragment dis-
tances — the Lagrange trajectory. As can be seen in Fig.13 the minimum situated
on the symmetry axis disappears at large interfragment distances R = 20 — 21 fm.
Following Radi et al. [36], we assume that the position of the « particle is gov-
erned by the well the potential has in the perpendicular direction. If the motion
is not very fast, the a should adiabatically adjust to a stationary state in this
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Fig. 14. The ternary potential minimum in the equatorial plane for the splitting
“He+%?Kr+'°°Nd at different interfragment distances R. The corresponding zero point
energies in an harmonic oscillator approximation are indicated. As can be seen at large R
this minimum disappears

potential. To get the position of the « particle we approximate this potential with
an harmonic oscillator potential

1
V() = Vinin + 5Cv7, (34)
where the stiffness coefficient C' depends on the interfragment distance and is

obtained by numerically differentiating the potential around the minimum. Then
the eigenvalues are given by:

1 c
E, = <n+—>h —. (35)

2 Mg

A convenient measure of the spread of this position is given by:
E
2 n

<Y >a=— 36
¥ >n= 5 (36)

In Fig.14 the saddle potential and the zero point energies are represented as
a function of R for the splitting *He+?2Kr+'%6Nd with deformed fragments. The
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Fig. 15. The ternary potentials V (2, yo = 0, R) for the splitting “He+°?Kr+'°°Nd as a
function of z, for different interfragment distances R. The two wells and the two polar
barriers corresponding to the light and heavy fragment are clearly seen. At R > 17 fm
the polar barriers are below the ternary )3 value. The interfragment ridge situated in the
equatorial plane is very narrow

zero point energies are consistent with the previous estimation of Radi et al. [36].
In Fig.15 we represented, for the same splitting at different interfragment distances
R, the polar alpha barriers, i.e., the potential V (24, yo = 0, R). We can clearly
see the two wells corresponding to the light and heavy fragments which are
separated by a very narrow interfragment ridge. Also we can see that the polar
barriers disappear at the interfragment distance R ~ 17 fm that is much earlier
than the equatorial barriers. We must stress that the semiclassical approximation
for the penetration factor requires the penetration path be localized in a region,
where V' > @Q;. This is the most economic way to localize the position of «
particle during the penetration path in the present model. In Figs.16a and 16b, for
the above splitting with deformed fragments and the splitting *He+''"Pd+'3!Sn
with a spherical fragment, we represented the three-body potential V (24, Yo, R)
in the plane (z4,y.) at different interfragment distances by only one equipotential
line Q;. At small interfragment distances the uncertainty in the « particle position
is rather large but it reduces drastically as R increases. We can see that by
increasing R the ;-value contours are reduced practically to a single point. One
remarks also that at the exit points the y coordinate of the « particle has the rather
large values, of the order of 5 fm for two deformed fragments and slightly larger
(6 fm) when one fragment is spherical. Such high values, are consistent with
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Fig. 16. The ternary potentials V(zqa, Yo, R) represented in the plane (Za,ya) by a sin-
gle equipotential line @); at different interfragment distances R for the splittings: a)
4He+°2Kr+°°Nd with deformed fragments and b) *He+!'"Pd+!3!Sn with a spherical
heavy fragment. At large R the exit points are quite different for such splittings. This
suggests different energy and angular distributions of the « particle for the two regions

Eq.(36) only if the « particle is placed in a rather high excited state in the saddle
potential. Also one can remark that the penetration path terminates much earlier
in the case of one spherical fragment as compared to the deformed-deformed
case. Based on this observation one may conjecture that the angular and energy
distributions of the « particle which are largely determined by the configuration
at the end of the penetration path will be rather different in the two cases.

Other possible characteristics of the three-body potential are given in Figs.17a
and 17b. Here we represented in the plane (x4, y,) for the above two splittings
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the fragments with all deformations included and the two ridges: the equatorial
one defined by the equilibrium of the classical forces acting on the a particle
in the x direction and the « particle ridge defined by the top of the « barriers
situated around the two fragments. The intersection of these two ridges gives the
Lagrange point where no forces are acting on the « particle. We also represented
the centres of the o particle obtained from the geometrical condition that the o
particle is in touch with each fragment. We define a touching point such that
the densities of the two bodies in contact are half of their central value. We see
that the intersection of the two touching configurations of the « particle and the
two fragments is not situated on the equatorial ridge. Due to the fact that this
ridge is very narrow (see Fig.15) we have to impose the condition that the «
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Fig. 17. Schematic representation of the two fragments for the splittings mentioned in
Fig. 16. The fragment shape is defined by the the half-density surface. The dashed line
represents the locus of the centre of the « particle in touching with one of the fragment.
The thick continous line represents the « particle ridge while the thin line is the equatorial
ridge. The intersection of the two continous lines gives the Lagrange point (see text for
details)

particle is in equilibrium on the ridge, in order to exclude the cases of subsequent
disolution of the « particle in one of the fragments. This condition together with
the touching condition with one of the fragments defines the adiabatic trajectory
when the interfragment distance is varied. We recall here that the Lagrange
trajectory which explores the maximal values of the interaction potential gives
a lower bound of the penetrability while the more physically intuitive adiabatic
trajectory gives an upper bound.
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One possible physical choice of the a particle initial position is situated on
the interfragment ridge and above the touching curves as previously defined. On
the other hand, if we allow the a particle to overlap the fragments, we can
consider different scenarios which could be related to the excited quantum states
defined in the equatorial ridge well.

In our static description of the alpha accompanied fission, the alpha ternary
yields depend essentially on the « particle trajectory. This limits considerably
the number of possible scenarios. In the following we shall consider only few
scenarios.

The first one is the adiabatic scenario. This assumes that the « particle is
situated on the interfragment ridge, satisfying one of the two « particle touching
configurations, i.e., at the lowest y9 value. By increasing the interfragment
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Fig. 18. Fission barriers and a-particle trajectories for the splittings mentioned in Fig. 16.
Left panels: ternary barriers calculated along selected trajectories and binary barriers for
the cold fission of the daughter nucleus 2**Cm leading to the same fragments. The
corresponding ternary and binary reaction energies are indicated by thin lines. Right
panels: The «-particle trajectories (za,yo) versus the interfragment distance R. The
inner and outer turning points are indicated by arrows

distance R, the « particle is getting closer to the fragment symmetry axis. The
corresponding « particle trajectory together with the ternary and binary barriers
are plotted in Figs.18 for the above two splittings: a)*He+"2Kr+'56Nd and b)
4He+!'"Pd+'31Sn. Also we represented the intersection of the barriers with the
Q@ values, i.e., the corresponding inner and outer turning points. Note that the
system crosses the ternary barrier before the « particle becomes colinear with the
fragments.
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The second scenario is the Lagrange scenario. In this case we assume that the
« particle is situated at the Lagrange point were all forces acting on the « particle
are in equilibrium. The « particle trajectories and the corresponding barriers
are represented also in Figs.18. Also we plotted the binary barriers of 24Cm
for the same splittings. Clearly the ternary barrier is higher than the binary one
and shifted to larger R distances. As previously discussed the o particle motion
in the transversal well is taken into account by substracting from the @Q; value
its energy (35). This procedure does not provide for a ternary barrier the Q)
value when considering the ground and first two excited states. Therefore we
consider only the third and fourth excited states scenarios. In the same Figs.18,
the « particle trajectories and the corresponding ternary barriers for the third and
fourth excited states are represented by including the E,, (R) values in the barriers.
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Fig. 19. The cold alpha ternary yields of >52Cf for the Lagrange, adiabatic, second, third,
and fourth state scenarios, corresponding to different initial positions of the alpha particle
on the interfragment ridge, as a function of fragment mass. Also the cold binary yields of
248Cm are given. With the exception of ternary yields obtained in the Lagrange scenario,
which are very similar with the cold binary yields of 28Cm, all scenarios strongly favour
the splitting “*He+''6Pd+'32Sn with one spherical fragment

Obviously, for these scenarios the 39 initial values of Eq.(36) are smaller than for
the Lagrange configuration, which assumes the maximum y° values at the top of
the « barriers, and even smaller than the values for the adiabatic scenario which
is based on the lowest energy configuration.

Knowing the barriers and @, values, the relative alpha ternary yields are
given by the same formula like in the binary case (see Eq.(20)).

The preformation factors for an « particle at the surface of a deformed frag-
ment differs by orders of magnitude as compared to the spherical case. Neverthe-
less, in this case, like in the binary case, no preformation factors are considered.



COLD FISSION MODES IN 252Cf 941

103 - 103
| — | =— . . *
:_Zl X E Adiabatic
1 Ee35 042 & 1E e
Fmso 043 } = .
103 e 36 wds Y 103 o
-039 %46 F x*xe, ¢ oz—] 4
s SR W 105E e -
- L2 Lagrange E o« ,,* * 0y '?i‘? gt
b= [ oF [
1090 o 00l 0% 1 gk B
10-° 106 10-3 1 103 10-° 106 103 1 103
103 103 -
X I * = .
5 1 = 2nd excited state . 1 E 3rd excited state
(] F =
= 3 F A E &
;10 - ***a-* 103i ”,,g w
;5106:_ x Xo ¥ 106; *ﬁxﬁ %
= = o o
g L oooﬁ Oo E LT o g O@&ﬁv@
= 9 F * * 13 = * A
109, T P kB 10%E g S
10° 106 103 1 108 102 106 1038 1 103
248Cm binary yield, %
103 -
[~ 4th excited state *
1 rs
3 E ~
10 :: xf , OAO\%
f— * v
10° E: N 90‘: ¢ wmy?@@
oo Rl
10 ) 0 f 0 Pan Bl o0l
10-° 106 103 1 103
28Cm binary yield, %

Fig. 20. Scatter diagram of the cold alpha ternary yields of 2°2Cf for Lagrange, adiabatic,
second, third, and fourth state scenarios versus the cold binary yields of 2¥Cm. Only the
ternary yields of 2°2Cf obtained in the Lagrange scenario are strongly correlated with the
cold binary yields of the daughter nucleus *®Cm. For all other possible scenarios only
the splitting with *32Sn is favoured

Once again, as fragment deformations we choose the ground state deformations
computed in the framework of the macroscopic-microscopic model. These defor-
mations play a very important role on barrier penetrabilities, i.e., on ternary yields.
The light fragments have mainly quadrupole deformations in contrast to heavy
fragments which have all kinds of deformations. The octupole deformations exist
for a small heavy fragment mass region 141 < Ay < 148. The fragments with
mass numbers Ay, < 92 and Ay < 138 are practically spherical. In the following
we shall include all deformation up to A = 4 with positive values, i.e., oblate
shapes (B2 < 0) are transformed to prolate shapes ($2 > 0) and neck shapes
(B4 < 0) to shapes with positive hexadecupole deformations (84 > 0).
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The ternary fission yields for different scenarios: Lagrange, adiabatic, second,
third and fourth excited states, corresponding to different initial positions of the «
particle on the interfragment ridge are represented in Fig.19. Also the cold binary
yields for 248Cm are given. With the exception of the Lagrange scenario yields,
which are very similar to the cold binary yields of 24Cm, all other scenarios are
strongly favouring only the spherical splittings.

In Fig.20, for the same scenarios, the ternary yields versus binary yields of
the daughter nucleus ?43Cm leading to the same splittings are displayed. Only
in the Lagrange scenario the alpha ternary yields are strongly correlated with the
cold binary yields of the daughter nucleus. Such a possibility is consistent to the
fact that binary barriers are very thin (with only 2-3 fm width) [34]. For the
other scenarios, adiabatic, second, third and fourth excited states, only the ternary
yields for spherical splittings, which are dominated by the Q-value principle
become important. This fact is not consistent with the existing experimental data
on cold alpha ternary yields [17], which indicate cold alpha ternary yields for
both regions.

B. Observation of 1°Be Emission in the Cold Ternary Fission. Preliminary
data for the cold (neutronless) °Be-accompanied and '#C- accompanied ternary
fragmentations of 2°2Cf were obtained [37,38] using the Gammasphere with 72
Compton suppressed Ge detectors.

Contrary to a-ternary fission whose first excited state is located very high in
energy (>20 MeV), 1°Be has an excited state (21) at an energy of 3.368 MeV.
Therefore we cannot expect cold fission to the first excited state of the « particle.
Instead, '°Be and other heavier ternary fragments are more easily polarizable
and thus collective effects can be enhanced. The possible excitation of relative
vibrations and rotation modes of the three fragments will alter significatively the
angular distribution of the emitted fragments.

In order to detect directly °Be, two complementary partners, °°Sr and '45Ba,
were chosen, which are situated near the peaks of the mass distribution of 252(f,
Clearly the missing third particle is °Be [39]. The coincidence spectrum was
obtained by gating on the 2© — 0% transition of energy 181.1 keV in '46Ba
and on the 4 — 2% transition of energy 977.5 keV in %6Sr. The transitions
4% — 2%, with energy 332.6 keV, in '46Ba and 2+ — 0% with energy 814.7keV
in %6Sr, were clearly observed [39].

Further, it was checked that the missing third fragment is really °Be. Ex-
amining the high energy region of the same coincidence spectrum, a peak with
energy 3368 KeV was observed and assigned to the 2+ — 07 transition in '°Be.

Recently, the Darmstadt group [40] reported evidence that °Be nuclei, in a
rather high excited state of 3.37 MeV, are produced in ternary fission. A puzzling
fact was that a part of the v quanta with this energy are apparently emitted from
rest. Since the flight time of Be nuclei to the detector(= 2ns) is much longer
than the lifetime of the 3.37 MeV level (180 fs), we face a huge delay in the
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emission of the ternary particle, if we suppose that the emission takes place in
the detector. In other words the v quanta seems to be emitted rather from a
quasi-bound trinuclear state, which has a lifetime much larger than the estimated
time of acceleration in the Coulomb field of the fissioning system. This possible
quasi-bound state arises in the potential pocket produced by the mutual interaction
of the three fragments.

C. Trajectory Calculations for the Alpha-Accompanied Ternary Cold Fis-
sion. In order to get a hint on the configuration and the dynamics of the fissioning
nucleus at scission a large number of studies were devoted in the past to the tra-
jectory calculation, specially for « particles emitted from the neck region [41-46].
The authors who considered the finite size and the deformation effects [36,47,48]
showed that these geometrical factors are influencing sensitively the angular dis-
tributions of the « particle.

Making a good selection for the initial parameters of the trajectory calcula-
tions is a difficult task. This is due to the fact that probing various combinations
of assumed initial conditions and then computing the trajectories for comparison
with the available experimental data, similar results are often obtained. In the
hot alpha accompanied ternary fission the initial conditions are taken in various
combinations. For example the initial kinetic energy of the two main fragments
and of the « emitted in the spontaneous ternary fission should be around 0.5 MeV
according to the statistical theory and the equipartition principle [44,45]. On the
contrary, in the dynamical theory of fission [49] the nascent fragments at scission
are predicted to be moving with appreciable kinetic energy (20-50 MeV).

As we showed in the previous section, for the cold ternary fission the initial
conditions are better known. We have to establish the following initial conditions:

a) The Shape of the Fragments. The determination of the shape of the
fragments in the ternary cold fission is facilitated, up to a certain extent, by the
peculiar characteristic of the process, i.e., the fragments should have very compact
shapes at the scission point and deformations close to those of their ground states.
One may next suppose that the shapes of the fragments will not be modified when
the fragments move away in the Coulomb field of each other.

b) The Tip Distance d. Naturally, d should correspond to the configuration at
which the « particle is released. As can be inferred from Fig.13, the light particle
should stay between the two heavy fragments in a position which should avoid
its absorbtion by any of the fragments. We see in Fig.21, that for tip distances up
to 7 fm, the « is facing a thick barrier in the transversal direction. Eventually as
the distance between the fragments increases, the pocket in which the « is located
becomes more and more shallower until it disappears around d = 8 fm. Therefore
one may conclude from these qualitative arguments that the initial tip distance
between the two main fragments should not be larger than that corresponding to
the disappearence of the pocket.
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Fig. 21. The one-dimensional potential well of the « particle for three different tip dis-
tances: d = 6 fm (full line), d = 7 fm (dashed line), d = 8 fm (dotted line)

¢) Initial Geometric Configuration of the o Particle. We invoke a receipt
proposed by Boneh et al. [42] considering as a possible choice for the « position,
the point of minimum potential energy (the saddle point of the potential energy
surface) that we mentioned in the first section of this chapter. In the case of our
deformation-dependent cluster model, where the nuclear forces are introduced
via the M3Y potential, this saddle point corresponds to the position where the
combined Coulomb and nuclear forces exerted by the heavy fragments on the o
particle cancel each other, and the potential surface will have a relative minima
at this point. The method by which this point is determined was explained earlier
so we will not return to it.

d) The Kinetic Energy of the o Particle E°. As we already noted above the
potential energy of the a positioned at the electro-nuclear saddle point will have
a minimum in the y direction. It is clear that the o particle has no component of
its velocity along the x axis since this would result in a possible absorbtion by
the deep potential wells of the two heavier fragments instead of being emitted(see
Fig.13). The only chance for the « particle to not be reabsorbed during the
descent of the decaying system from scission to the release point is to have a
momenta directed only along the y axis. Taking sections of the potential surface
along the y axis at x corresponding to the saddle point, the resulting potential slice
will look similar to a one-dimensional harmonic potential well (see Figs. 14 or
21). When the tip distance increases, the well becomes more and more shallow
until it vanishes completely. Using the ideas outlined in the first subsection
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of this chapter we approximate the potential V,, with an harmonic potential in
the y direction, centered at the saddle-point(see Eq.(34)), and eventually get an
estimation for the initial kinetic energy of the o supposing that it can be identified
with the zero-energy in this harmonic potential well, i.e.,

Eo = ~hiy)—, (37)
2 Me
where the stiffness constant is given by the expression

B 1 WVaoa(Rai) | AA+1) Vaoa(£22,)
= Y ¥ (Tt AOEIReGR))
=L, H A>0

where R?; is the distance from the fragment i to the « located at the saddle point:

D D
Ry =—+——, (39)

[z’ z
1+4/2E 1+ 7
where D is the interfragment distance. For increasing tip distance the kinetic
energy of the o decreases. One might suppose that in the range 6-8 fm, for the
tip distance, the light particle has the possibility to escape by tunneling or by the

disappearance of the barrier. Further the velocity corresponding to this kinetic

2F,
Ma

axis, according to the above discussion.

e) The Kinetic Energies of the Two Main Fragments EY, E?. Usually in
trajectory calculations for the spontaneous fission different choices are taken for
the initial kinetic energies of the fragments emitted in the process. The initial
velocities of the heavy fragments are considered to have nonzero components only
along the x axis. The initial velocity of the light fragment vy, (0) is related to the
initial velocity of the heavy fragment v (0) in such a way that the total momentum
of the two fission fragments is zero along the z axis, i.e., vz (0) = i—’sz(O).
Although this assumption violates the conservation of linear momentum, the error
introduced is usually negligible. In order to determine the kinetic energies of
the two main fragments we make use of the considerations derived from the
deformed cluster model that we employed in a previous paper for the study of
the ternary cold fission [34]. We strongly rely on the conclusion that we drew
earlier and which states the existence of a strong correlation between the cold
alpha ternary yields of 252Cf and the cold binary yields of the daughter nucleus
248Cm. For the binary cold fission of 248Cm, the exit point from the potential
barrier is at a tip distance d around 3 fm, as can be seen in Fig. 22, for the
splitting 248Cm — 19*Mo + #4Xe. This barrier is much thiner than the barrier
between the « particle and the heavier fragments, and thus in our model the first

0 _
RaL*

energy, v, = will have a nonzero component only with respect to the y
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Fig. 22. The barrier between the two heavier fragments

two heavier fragments penetrate the potential barrier between them and later on
the light particle is emitted.

On ground of the cold fission characteristics mentioned above one may con-
jecture that at the exit point (second turning point) of the two heavier fragments,
their potential energy is equal to QQrx and their kinetic energy is equal to zero.
When the fragments move apart, i.e., their tip distance increases, their kinetic en-
ergies increase, too. In order to estimate the total kinetic energy of the fragments
we have to find out at which tip distance the release of the « is likely to occur
and compute at that point the potential energy, i.e.,

TKE(d)=TKEp +TKEy = Qry — Vou(d). (40)

Using the conservation of linear momentum invoked above we have
A
TKE, = “2TKEy 1)
AL
and the individual kinetic energies in terms of the total kinetic energy reads

A,
TKE; = —~ __TKE i =L, H,i+# 7). 42
1ot AL (d)  (i,j=L,H,i#}j) (42)

If we choose d = 8 fm for the splitting considered in Fig.22, then we get
for the total kinetic energy of the two main fragments T K F=46.21 MeV which
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is much larger than the corresponding kinetic energy in the spontaneous fission.
For d = 6 fm the kinetic energy will drop to T K E=28.78 MeV. Repeating this
calculation for other mass splittings we conclude that the kinetic energy of the
main fragments is ranging in the broad interval 25 — 50 MeV, but as we shall
see bellow it is correlated to the kinetic energy of the « through the tip distance.

After determination of the configuration at the release point we have to
establish the forces acting between fragments in order to write down the equations
of motion. The forces are central, and the initial velocities are confined in the x—y
plane. Thus the problem is simplified by a two-dimensional approximation. There
will be required six coordinates and six velocities, which are governed by a system
of twelve first-order ordinary differential equations. Contrary to other works we
take into account the forces exerted by the o on the fragments. We proceed to
the calculation of the trajectories by considering only the Coulomb forces. Since
the kinetic energies of the fragments are rather high, this approximation is good
even in the point-charge approximation.

In what follows we consider that the symmetry axes of the fragments are lying
in the same plane. Using the formalism presented in chapter 1, the interaction
between two heavy ions with orientation 21, Q22 of their intrinsic symmetry axes
with respect to the fixed frame, is given by Eq.(4). In the present study the « is
spherical and thus the interaction between the a and one heavy fragment (=L, H)
will get a simplified form

ZU 000 (Ravi ) P (cOs B (43)

The following approximation can be applied for the two heavy fragments : Since
their relative orientation does not change significantly at the beginning of the
quasi-classical motion, one can neglect the relative orientation of the heavy frag-
ments:

RLH Z Ugl())\zo)\g RLH)P)\3(COSQLH). (44)
A1A2A3

The force acting between a pair of fragments can be written:
F,; = —-VV(Ryj). (45)

The equations of motion of the three nuclei are:

Miir, = Frpg—Fra, (46)
Myity = —Fry—Fpa, (47)
mai:a - FLa + FHa' (48)

Here we assumed that the two heavy fragments have the same multipolarity
in deformations. Presently we consider only quadrupole deformations.
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Fig. 23. The trajectory of the three fragments for the splitting a) °°Kr + '°2Nd, b) %Mo
+ %Xe, and c) **%Pd + 328n

After solving numerically the above system of ordinary differential equations
we are able to compute relevant quantities from the experimental point of view
like the final angular distribution and final kinetic energies of the three fragments.

In Fig.23 we present the trajectories of the three fragments for the two ex-
treme initial conditions (with high and with low kinetic energies of the heavier
fragments) in a sequence of 10 time steps. The time scale is divided into incre-
ments of At = 1.8x 10722, In Fig.23a we display the trajectories of one of the
most asymmetric splittings, recorded in experiment, i.e., 'Nd + 92Kr. Since
in this case the « feels a stronger repulsion from the heavy fragment, it will
be deflected at a larger angle in the direction of the light fragment. In the case
of the splitting 14*Xe + °*Mo this deflection will be less pronounced (Fig.23b)
and for the more equilibrated splitting, i.e., 32Sn + '16Pd, the a will be only
slightly deflected (Fig.23c). We thus observe that in all the cases the « particle is
deflected in the direction of the light fragment, but with a larger angle when the
initial kinetic energy of the heavier fragments is higher. This fact should be at-
tributed to the low energy of the o (< 1MeV) which makes it to feel for a longer
time the repulsion coming from the heavy fragment. In Ref.50 we computed the
final kinetic energies Eé and the asymptotic angles 05 for the three splittings
mentioned above when we employ point-like and size dependent forces. In all
cases we observe the decreasing of EZ with increasing tip distance d. Apparently,
the phenomenon of «-particle energy amplification in the cold fission seems to
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follow the same pattern like in normal fission. This effect should be attributed
solely to the predominant effect of the electric field lenses and less to deforma-
tion or finite size effects. It should also be remarked the near constancy of the
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final « kinetic energy for different mass splittings at the same tip distance, a fact
already remarked long time ago in spontaneous fission [43]. In what concerns the
angles at which « particles are emitted, their dependence on the mass splitting is
obvious. Deviations from the axis perpendicular to the fission axis increase with
the mass ratio. The difference observed between the two sets of data points to an
important influence of the geometrical factors, which however does not alter the
general trends of the process.

There are available experimental data on the « (and other particles) spectra,
as a function of the total excitation energy, reaching T X E' = 10 MeV within the
experimental accuracy performed by the Darmstadt group with the DIOGENES
set-up, and in a more recent work at the MPI Heidelberg [51]. These data do
not contain special effects in the alpha spectra, when the cold fission regime is
approached, except that the mean energy of the « increases nearly linearly with
decreasing T X E. This would mean that if the linear dependence is extrapolated
to TXE = 0 MeV, the average kinetic energy of the o« will approach the value
(= 18.7 MeV) [52]. The fact that the experimental value is slightly higher than
in hot fission (15.9 MeV) is a sign that the « is emitted earlier in cold fission,
according to the uncertainty relation for energy AFE - At = h.

According to the calculations presented above, a range between 12 to 20 MeV
should be expected for the final kinetic energy if we consider that the « particle
occupies the lowest states in the pocket formed from the interaction with the two
heavier fragments.

The experiment can be reconciled with our calculations if we suppose that
the « is emitted before the pocket disappears, i.e., if the emission takes place
between 6 and 7 fm tip distance.

As has been pointed by Halpern [43], there is no reason to believe that the
third-particle ejection rates should be independent of the initial angular momen-
tum. In our case, the spin of the parent nucleus (2°2Cf) being zero, the angular
momentum is imparted to the fragments and their relative angular momentum is
mainly due to the creation of a molecular configuration at the scission point [53].
In the model presented above, we did not took into account the influence of col-
lective molecular excitations, like bending or wriggling, nor the torques exerted
between the fragments during quasi-classical motion [47].

5. DISCUSSION AND CONCLUSIONS

In the frame of a cluster model which includes quadrupole, octupole and
hexadecupole deformations, we studied the spontaneous binary and ternary cold
fission of the nucleus 2%2Cf.

The calculations carried out for the binary cold fission confirmed the existence
of two distinct regions where this process is enhanced. The results indicate two
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different mechanisms. In the heavy-mass region situated between 138 and 156,
the hexadecupole deformation gives rise to a large number of splittings. Here
the shell closure in neutrons or protons seems to not be involved. Although
the shell effects should play an important role in the odd-even differences by
enhancing the odd-odd mass splits with respect to the even-even one, our results
emphasize that the fragments are emitted with the deformations corresponding to
those of the ground state. In the spherical region our results give only a hint of
the importance of the magic nucleus '32Sn which is susceptible to be produced
in a heavy clusterization process, similar to that for light clusters. Here the
decay mechanism should be similar to the light cluster radioactivity, the daughter
nucleus 32Sn being traded for 2°%Pb and the heavy cluster 12°Cd for '4C.

Based on a three-body cluster model, we studied the alpha ternary cold
(neutronless) fragmentations of 2°2Cf. Two regions of cold fission yields were
obtained: one corresponding to large fragment deformations and another one to
spherical fragments, like in the case of binary fragmentation. It is worthwhile
to mention that based on the existing experimental data on cold alpha ternary
yields [17] we expect that the first region contains the main cold fission yields
and that the second region represents only few percents of the whole process.
From the structure of the three body potential only few scenarios are possible all
of them related to the initial position of the « particle in the equatorial plane.
Only for the Lagrange scenario which corresponds to the alpha particle situated
on the top of the alpha barrier, we found that the cold alpha ternary yields of
252Cf are strongly correlated with the cold binary yields of the daughter nucleus
248Cm. For all other considered scenarios, adiabatic and some excited states
in the interfragment ridge well, the alpha ternary cold fission yields are existing
mainly for the splittings with one spherical fragment. Due to the fact that there are
experimental data for both regions, we conclude that only the Lagrange scenario
can describe the cold alpha ternary process. We should mention also that the
cold fission yields depend dramatically on some parameters like diffusivity a. If
we choose larger a values for the deformed nuclei than for spherical ones, we
can enhance drastically the corresponding yields. Also by choosing larger values
for diffusivity for odd-even fragmentations than for even-even fragmentations,
we obtain a larger odd-even effect. We expect the largest yield for odd-even
and odd-odd fragmentations. Evidently, such effects must exist for excited states
when the level density is important. Further experimental data are necessary in
order to clarify such effects.

We computed the final kinetic energies of the fragments emitted in the «
accompanied cold fission of 252Cf taking into account the ground state quadru-
pole deformation and the finite-size effects of the fragments and integrating the
equations of motion for a three-body system subjected only to Coulomb forces.
The comparison with the available experimental data points to an earlier emission
of the light particle in the cold fission.
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A striking feature of the cold fission yields close to the highest T K E values
permitted by the @-values is the fact that many odd-odd splittings have values
larger than the neighbouring even-even fragmentations. This feature of cold
fragmentations suggests that either the cold fission yields are strongly influenced
by the level density of the fragments or that the deformations of odd-dd fragments,
possibly the triaxial ones, are larger than those corresponding to even-even ones.

The recent observation of 1°Be accompanying the ternary cold fission of 2°2Cf
opened the interest to search for possible molecular states in cold fragmentation
processes. The possible occurence of such collective excitations is supported by
the fact that cold fission is just a natural extension of cluster radioactivity to heavy
nuclei.
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A few topics of the transport theory of quark-gluon plasma are reviewed. A derivation of
the transport equations form the underlaying dynamical theory, is discussed within the ¢* model.
Peculiarities of the kinetic equations of quarks and gluons are considered, and the plasma (linear)
response to the color field is studied. The chromoelectric tensor permeability is found and the plasma
oscillations are discussed. Finally, the filamentation instability in the strongly anisotropic parton
system from ultrarelativistic heavy-ion collisions is discussed in detail.

P ccMoTpensl HeKoTOpBIe U30D HHbIE BOIIPOCHI TP HCIIOPTHOM TEOPUM KB PK-ITIIOOHHOM ILT 3MBL
BriBozt (popMBI TP HCIIOPTHBIX yp BHEHHH, JIeX IIMX B OCHOBE JMH MUYECKOH TEOpPUH, OOCYXH eTcs
B p MK X Mouenn ¢, P ccMOTpeHBl 0COGEHHOCTH KHHETHYECKHX Yp BHEHHil KB DKOB M LITIOOHOB
U M3y4eH IUT 3MEHHBINH (JIMHEWHbINH) OTKIMK LBETHBIX moseil. H iineH XxpomosnekTpuueckuil TeH30p
IPOHULl eMOCTH U 00CYyXI I0TCS IUT 3MEHHble OCLHWUIILUU. B 3 KiloyeHue geT jabHO 0oOCyXI I0TCS
HeCT OMJIBHOCTH, CBSI3 HHbIE C H TPEBOM CHJIBHO HH30TPOIHOI CHCTEMBI, 00p 3yIOIleics MpH Coyx -
PEHUAX TAXKENBIX HOHOB.

1. INTRODUCTION

The quark-gluon plasma (QGP) is a macroscopic system of deconfined quarks
and gluons. The very existence of QGP at a sufficiently large temperature and/or
baryon density is basically an unavoidable consequence of the quantum chro-
modynamics (QCD), which is a dynamical theory of strong interactions (see,
e.g., [1]). The plasma has been present in the early Universe and presumably
can be found in the compact stellar objects. Of particular interest however is the
generation of QGP in relativistic heavy-ion collisions, which has been actively
studied theoretically and experimentally [2] for over ten years. The lifetime of the
plasma produced, if indeed produced, in these collisions is not much longer than
the characteristic time scale of parton processes*. Therefore, QGP can achieve,

*The word parton is used as a common name of quarks and gluons.
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in the best case, only a quasi-equilibrium state and studies of the nonequilibrium
phenomena are crucial to discriminate the characteristic features of QGP.

The transport or kinetic theory provides a natural framework to study systems
out of thermodynamical equilibrium. Although the theory was initiated more than
a century ago — Boltzmann derived his famous equation in 1872 — the theory
is still under vital development. Application of Boltzmann’s ideas to the systems,
which are relativistic and of quantum nature, is faced with difficulties which have
been overcome only partially till now. For a review see the monography [3]. In
the case of the quark-gluon plasma specific difficulties appear due to the non-
Abelian dynamics system. Nevertheless, the transport theory approach to QGP is
in fast progress, and some interesting results have been already found.

The aim of this article is to review a few topics of the QGP transport
theory. The first one is how to derive the transport equations of quarks and
gluons. Since QCD is the underlying dynamical theory, these equations should
be deduced from QCD. However, the kinetic theory of quarks and gluons has been
successfully derived from QCD only in the mean-field or collisionless limit [4,5].
The derivation of the collision terms is still an open question. We discuss here
the issue within the dynamical model which is much simpler than QCD. Namely,
we consider the self interacting scalar fields with the quartic interaction term.
Then, one can elucidate the essence of the derivation problem.

In the third chapter we present the transport equations of quarks and gluons
obtained in the mean-field limit. The equations are supplemented by the collision
terms which are justified on the phenomenological ground. We briefly discuss
the peculiarities of the transport theory of quarks and gluons and then consider
the locally colorless plasma*. The dynamical content of QCD enters here only
through the cross sections of parton-parton interactions.

The characteristic features of QGP appear when the plasma is not locally
colorless and consequently it interacts with the chromodynamic mean field. The
plasma response to such a field is discussed in the fourth chapter, where the color
conductivity and chromoelectric permeability tensors are found. We also analyse
there the oscillations around the global thermodynamical equilibrium.

The parton momentum distribution is expected to be strongly anisotropic at
the early stage of ultrarelativistic heavy-ion collisions. Then, the parton system
can be unstable with respect to the specific plasma modes. In the fifth chapter we
discuss in detail the mode which splits the parton system into the color current
filaments parallel to the beam direction. We show why the fluctuation which

*We call the plasma locally colorless if the color four-current vanishes at each space-time point.
It differs from the terminology used in the electron-ion plasma physics, where the plasma is called
locally neutral if the electric charge (zero component of electromagnetic four-current) is everywhere
Zero.
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initiates the filamentation can be very large and explain the physical mechanism
responsible for the fluctuation growth. Then, the exponentially growing mode
is found as a solution of the respective dispersion equation. The characteristic
time of the instability development is estimated and finally, the possibility of
observing the color filamentation in nucleus-nucleus collisions at RHIC and LHC
is considered.

Presenting the QGP transport theory we try to avoid model dependent con-
cepts but a very crucial assumption is adopted that the plasma is perturbative,
i.e., the partons weakly interact with each other. As known, QGP becomes per-
turbative only at the temperatures much greater than the QCD scale parameter
A =200 MeV, see, e.g., [6]. However, one believes that many results obtained in
the framework of the perturbative QCD can be extrapolated to the nonperturbative

regime.
In the whole article we use the units where ¢ = k = h = 1. The metric
tensor is diagonal with ggg = —g11 = —¢g22 = —¢g33 = 1.

2. DERIVATION OF THE TRANSPORT EQUATION IN ¢* MODEL

The transport equations can be usually derived by means of simple heuristic
arguments similar to those which were used by Boltzmann when he formulated
the kinetic theory of gases. However, such arguments are insufficient when one
studies a system of complicated dynamics as the quark-gluon plasma governed by
QCD. Then, one has to refer to a formal scheme which allows one to derive the
transport equation directly from the underlying quantum field theory. The formal
scheme is also needed to specify the limits of the kinetic approach. Indeed, the
derivation shows the assumptions and approximations which lead to the transport
theory, and hence the domain of its applicability can be established.

Until now the transport equations of the QCD plasma have been successfully
derived in the mean-field limit [4,5] and the structure of these equations is
well understood [4,5,7-10]. In particular, it has been shown that in the quasi-
equilibrium these equations provide [5, 8] the so-called hard thermal loops [11].
The collisionless transport equations can be applied to the variety of problems.
However, one needs the collision terms to discuss dissipative phenomena. In spite
of some efforts [12—-15], the general form of these terms in the transport equations
of the quark-gluon plasma remains unknown. The QCD transport equations
should also take into account the particle creation and annihilation which are
entirely absent in the nonrelativistic atomic systems described by the Boltzmann
equation. The particle production can occur due to the particle collisions or the
presence of the strong fields as in the Schwinger mechanism [16]. The latter
phenomenon has been actively studied in the context of the quark-gluon transport
theory, see, e.g., [17-22]. However, one has had to refer to the simplifying
assumption, as the (quasi-)homogeneity of the field, to get a tractable equations.
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The so-called Schwinger—Keldysh [23,24] formulation of the quantum field
theory provides a very promising basis to derive the transport equation beyond
the mean-field limit. Kadanoff and Baym [25] developed the technique for non-
relativistic quantum systems which have been further generalized to relativistic
ones [14,26-35]. We mention here only the papers which provide a more or less
systematic analysis of the collision terms.

The derivation of the complete QCD transport equations appears to be a very
difficult task. In particular, the treatment of the massless fields such as gluons
is troublesome. Except the well-known infrared divergences, which plague the
perturbative expansion, there is a specific problem of nonequilibrium massless
fields. The inhomogeneities in the system cause the off-mass-shell propagation of
particles and then the perturbative analysis of the collision terms appears hardly
tractable. More specifically, it appears very difficult, if possible at all, to express
the field self-energy as the transition matrix element squared and consequently we
loose the probabilistic character of the kinetic theory. The problem is absent for
the massive fields when the system is assumed to be homogeneous at the inverse
mass or Compton scale. This is a natural assumption within the transport theory
which anyway deals with the quantities averaged over a certain scale which can be
identified with the Compton one. We have developed [36] a systematic approach
to the transport of massless fields, which allows one to treat these fields in a very
similar manner as the massive ones. The basic idea is rather obvious. The fields
which are massless in vacuum gain an effective mass in a medium due to the
interaction. Therefore, the minimal scale at which the transport theory works is
not an inverse bare mass, which is infinite for massless fields, but the inverse
effective one. The starting point of the perturbative computation should be no
longer free fields but the interacting ones. In physical terms, we have postulated
existence of the massive quasi-particles and look for their transport equation.
We have successfully applied the method to the massless scalar fields [36], but
the generalization to QCD is far not straightforward due to the much reacher
quasi-particle spectrum.

To demonstrate the characteristic features of the transport theory derivation
we discuss in this chapter the simplest nontrivial model, i.e., the real massive
fields with the Lagrangian density of the form

_9
4!

The main steps of the derivation are the following. One defines the contour Green
function with the time arguments on the contour in a complex time plane. This
function, which is a key element of the Schwinger—Keldysh approach, satisfies
the Dyson—Schwinger equation. Assuming the macroscopic quasi-homogeneity of
the system, one performs the gradient expansion and the Wigner transformation.
Then, the pair of Dyson—Schwinger equations is converted into the transport and

£(w) = 50"6()0,0(a) — 5 (x) — L' (@) e
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mass-shell equations both satisfied by the Wigner function. One further computes
perturbatively the self-energy which provides the Vlasov and the collisional terms
of the transport equation. Finally, one defines the distribution function of stan-
dard probabilistic interpretation and finds the transport equation satisfied by this
function.

2.1. Green Functions. The contour Green function is defined as

def |7

iAz,y) = (To(x)(y)) ,

where (....) denotes the ensemble average at time ¢y (usually identified with —o0);
T is the time ordering operation along the directed contour shown in Fig. 1. The
parameter t,,4, is shifted to 4+oco in the calculations. The time arguments are
complex with an infinitesimal positive or negative imaginary part, which locates
them on the upper or on the lower branch of the contour. The ordering operation
is defined as

To(z)p(y) & O(zo,y0)d(x)d(y) + O(yo, 20)d(y)d() ,

where ©(xo,yo0) equals 1 if 2y succeeds yo on the contour and equals 0 when x
precedes yg.

If the field is expected to develop a finite expectation value, as it happens
when the symmetry is spontaneously broken, the contribution (¢(z)){(é(y)) is
subtracted from the right-hand side of the equation defining the Green function,
see, e.g., [30,31]. Then, one concentrates on the field fluctuations around the
expectation values. Since (¢(x)) is expected to vanish in the models defined
by the Lagrangians (2.1), we neglect this contribution in the Green function
definition.

We also use four other Green functions with real time arguments:

def

= (¢(z)0(y)) »

def

= (p(y)o(z))
iN(z,y) (T p(z)(y))

iA(z,y) (T(2)(y))

where T°(T%) prescribes (anti-)chronological time ordering:

iA” (x,y)

iAS(x,y)

def

T p(z)¢(y) = O(zo —yo)d(x)d(y) + O(yo — o)p(y)dec(z) ,

def

T¢(z)p(y) = O(yo — z0)d()d(y) + (0 — Y0)d(y) () -
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min max

Fig. 1. The contour along the time axis for an evaluation of the operator expectation values

These functions are related to the contour Green functions in the following man-
ner:
Af(z,y) = A(z,y) for xg, yo from the upper branch,

A%(z,y) = A(z,y) for xg, yo from the lower branch,

A~ (z,y) = A(x,y) for x¢ from the upper branch and

yo  from the lower one,

A<(z,y) = A(z,y) for xp from the lower branch and

Yo  from the upper one.

It appears convenient to introduce the retarded (4) and advanced (—) Green
functions

AE(z,y) def i<A>(ac, y) — A< (x, y))@(ixo Fyo) - (2.2)

One easily finds several identities which directly follow from the definitions and
relate the Green functions to each other.

A¢(z,y) describes the propagation of disturbance in which a single particle is
added to the many-particle system in space-time point y and then is removed from
it in a space-time point . An antiparticle disturbance is propagated backward
in time. The meaning of A%(x,y) is analogous but particles are propagated
backward in time; and antiparticles, forward. In the zero density limit A¢(z,y)
coincides with the Feynman propagator.

The physical meaning of functions A~ (z,y) and A<(z,y) is more transpar-
ent when one considers the Wigner transform defined as

AS(X,p) & / drue A (X + %U,X - %u) . (2.3)

Then, the free-field energy-momentum tensor averaged over ensemble can be
expressed as

) —q00l) 80 o) = [ Gt ().
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One recognizes the standard form of the energy-momentum tensor in the kinetic
theory with the function iA<(X,p) giving the density of particles with four-
momentum p in a space-time point X. Therefore, iA<(X,p) can be treated
as a quantum analog of the classical distribution function. Indeed, the function
1A<(X, p) is Hermitian. However, it is not positively definite and the probabilistic
interpretation is only approximately valid. One should also observe that, in
contrast to the classical distribution functions, ¢A<(X,p) can be nonzero for the
off-mass-shell four-momenta.

2.2. Equations of Motion. The Dyson—-Schwinger equations satisfied by the
contour Green function are

[833 + mQ}A(ac,y) = 6B (z,y) +/ d*2'T(z, 2" ) A2, y) , 2.4)
c

[02 + m?] A(z,y) = —6W (z,y) + / d*a'A(z, 2" )II(2',y),  (2.5)
C

where II(z,y) is the self-energy; the integration over zf, is performed on the
contour and the function §(*)(z,%) is defined on the contour as

§W(z —1y) for 1z, yo from the upper branch,
B (z,y) = 0 for o, yo from the different branches,
—0W(z —y) for o, yo from the lower branch.

Let us split the self-energy into three parts:
H(J}, y) = H5($)6(4) (Z’, y) + H>(J}, y)®($07 yo) + H< (J?, y)@(y07 Z'()) .

As we shall see later, II5 provides a dominant contribution to the mean-field while
IIZ determines the collision terms of the transport equations.

With the help of the retarded and advanced Green functions (2.2) and the
retarded and advanced self-energies defined in an analogous way, the equations
(2.4) and (2.5) can be rewritten as

(02 +m? — Ts(z)]A%(z,y)

= [ [ e a)a @) + I @AWy L 20

)] A% (x,y)

[8; + m? H(;(y
= /d4x' [Az(ac,x')ﬂf(ac',y) +A+(m,m')Hz(ac',y)} , 2.7)

where all time integrations run from —oo to +oo.
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2.3. Towards the Transport Equation. The transport equations are de-
rived under the assumption that the Green functions and the self-energies depend
weakly on the sum of their arguments and that they are significantly different
from zero only when the difference of their arguments is close to zero. For
homogeneous systems, the dependence on X = (z + y)/2 drops out entirely due
to the translational invariance and A(z,y) depends only on u = x — y. For
weakly inhomogeneous, or quasi-homogeneous systems, the Green functions and
self-energies are assumed to vary slowly with X. We additionally assume that the
Green functions and self-energies are strongly peaked near v = 0, which means
that the correlation length is short.

We will now convert the equations (2.6), (2.7) into the transport and mass-
shell equations by implementing the above approximation and performing the
Wigner transformation (2.3) for all Green functions and self-energies. This is
done by means of the translation rules such as:

/d4x’f(:c,x’)g(a:/,y) —  f(X,p)g(X,p)

i [0f(X,p) 9g9(X,p) Of(X,p)Ig(X,p)
2| Op,  0Xn oxr ap, |’
i Oh(X) 0g(X, p)

h(z)g(z,y) — WX)g(X,p) - 5555 ooy

Pfley) — (=ip"+ 5 f(X.p).

+

Here 0 = 6%,‘, and the functions f(z,y) and g(z,y) satisfy the assumptions
discussed above. The function h(x) is assumed to be weakly dependent on z.

The kinetic theory deals only with averaged system characteristics. Thus,
one usually assumes that the system is homogeneous on a scale of the Compton
wave length of the quasi-particles. In other words, the characteristic length of
inhomogeneities is assumed to be much larger than the inverse mass of quasi-
particles. Therefore, we impose the condition

INEHOIES ‘%82A2(X,p) , 2.8)

which leads to the quasi-particle approximation. The requirement (2.8) renders
the off-shell contributions to the Green functions A< negligible. Thus, we deal
with the quasi-particles having on-mass-shell momenta.

Applying the translation rules and the quasi-particle approximation to Egs. (2.6),
(2.7), we obtain

1
[P0, — SOL(X)9|A%(X,p)
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(I (X, P)A= (X, p) T (X, p) A (X, )

=N s,

{n?(x,p), At (X,p) + A*(X,p)}

1 >
- Z{H+(X7p)+n_(xvp)7 A<(X7p)} ) (29)

(- + m?—T(0)]A%(X,p)
1

= (T (AT (Xp) +A7(X,p)

+ (I (X,p) + 11 (X,p)) A% (X, p)
i< >
(), A% (X p) f2.10)
where we have introduced the Poisson-like bracket defined as
_ 0C(X,p) 9D(X,p) 9C(X,p) dD(X,p)
{C(Xap)7 D(Xap)} = 8]7# oxXH OXH 817# '

One recognizes Eq. (2.9) as a transport equation, while Eq. (2.10), as a so-
called mass-shell equation. We write down these equations in a more compact
way:

v o), a(xop)

{P'=m?+5(X) + Rell"(X.p), A%(X.p)}

= i(IP (X, p)AS (X, p) ~ TI<(X,p) A (X, p)

{1IF(X,p), ReA™ (X, )} , @.11)

[p? = m? & T(X) + Rell* (X, p)| A%(X,p) = ~II* (X, p)ReA ™ (X, )

_ i{l‘P(X,p), A<(X,p)} + %{H<(X,p), A>(X,p)} (2.12)

The gradient terms in the right-hand sides of Egs. (2.11), (2.12) are usually
neglected [30,31].
We introduce the spectral function A defined as
def . .
A(z,y) = ([6(), d(y)]) = iA~ (z,y) — A~ (x,y)

where [#(z), #(y)] denotes the field commutator. Due to the equal time commu-
tation relations

[B(t:x), 6t y)] =0, [d(t,x), ¢(t,y)] = —i6® (x —y)
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with the dot denoting the time derivative, the Wigner transformed spectral function
satisfies the two identities

dpo B dpo _

From the transport and mass-shell equations (2.11), (2.12) one immediately
finds the equations satisfied by A(X,p) which are

{p2 —m? +I5(X) + Rell ™ (X, p), A(X, p)} - 2{1mn+(x, p), ReA+(X,p)} ,

(2.13)
[p? = m? + T5(X) + Rell* (X, p) | A(X, p) = 2TmIT* (X, p) ReA* (X, p) .
(2.14)
One solves the algebraic equation (2.14) as
2ImIT* (X, p)
A(X,p) = 5 - (2.15)

(p* = m? + 115(X) + Rell+(X, p))” + (ImIT* (X, p))

Then, it is shown that the function of the form (2.15) solves Eq. (2.13) as well.
The spectral function of the free fields can be found as

Ao(X,p) = 210 (p* — m2)(®(p0) — @(—po)) )

Since Rell™ determines the quasi-particle effective mass and ImII™ its width,
the spectral function characterises the quasi-particle properties.

2.4. Perturbative Expansion. As discussed in, e.g., [28,29,37] the contour
Green functions admit a perturbative expansion very similar to that known from
the vacuum field theory with essentially the same Feynman rules. However, the
time integrations do not run from —oo to 400, but along the contour shown in
Fig. 1. The right turning point of the contour (¢,,4,) must be above the largest
time argument of the evaluated Green function. In practice, ty is shifted to —oo
and t,,4, to +00. The second difference is the appearance of tadpoles, i.e., loops
formed by single lines, which give zero contribution in the vacuum case. A
tadpole corresponds to a Green function with two equal space-time arguments.
Since the Green function A(z,y) is not well defined for x = y we ascribe the
function —¢A<(z,z) to each tadpole. The rest of Feynman rules can be taken
from the textbook of Bjorken and Drell [38].

The lowest-order contribution to the self-energy, which is associated with the
graph from Fig. 2, equals

1
U(z,y) = — 29 (@,y)A7 (@,2) .
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Fig. 2. The lowest-order diagram of the self-energy

a

b
Fig. 3. The second-order diagrams of the self-energy
giving
_ W A<
IIs(x) = —EAO (z,z) , (2.16)
and

I (2, ) = 1<(2,y) = 0.

The one-particle irreducible g2 contributions to the self-energy are shown in
Fig. 3. The contribution corresponding to the diagram 3a can be easily computed.
However, it is pure real and the only effect of this contributions is a higher order
modification of the mean-field term. Thus, we do not consider these diagrams but
instead we analyse the contribution 3b which provides a qualitatively new effect.
It gives the contour self-energy equal to

2
e(z,y) = & Aoz 9) Aoy, 7)Ao (a,y)
and consequently

2
I (2,y) = A5 (2,185 (49,2) 5 () @.17)
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2.5. Distribution Function and Transport Equation. The distribution func-
tion f(X,p) is defined as

@(pO)ZA<(X7p) = @(po) A(va) f(X7p) 3
where A(X,p) is the spectral function (2.15). Then, one finds [36] that

iA”(X,p) = O(po) A(X,p) (f(X,p)+1) —O(—po) A(X,p) f(X,—p),2.18)

iAS(X,p) = O(po) A(X,p) f(X,p) — O(=po) A(X,p) (f(X,-p) +1).2.19)

There is a very important property of A% expressed in the from (2.18), (2.19).
Namely, if the Green functions AZ satisfy the transport equation (2.11) and the
spectral function solves the equation (2.14), the mass-shell equation of A<, i.e.,
Eq. (2.12), is satisfied automatically in the O-th order of the gradient expansion.
Let us note that the quasi-particle dispersion relation is found as a solution of the
equation

p? —m? +T5(X) + Rell " (X,p) = 0. (2.20)

The distribution function f satisfies the transport equation which can be
obtained from Eq. (2.11) for A~ or A<. After using Eq. (2.13) one finds

AXp) {p* —m? + Rell*(X,p). f(X.p)}
iA(X,p) (I (X, p) £(X,p) = II¥(X,p) (F(X,p) +1))
+ if(Xp) {T (X, p), ReA* (X,p) |

— i(f0p) +1) {IF(X,p), ReAT(X,p) ), @2D)

where po > 0. We have also used here the following property of the Poisson-like
brackets:
{A,BC}={A,B}C+{A, C}B.

The left-hand side of Eq. (2.21) is a straightforward generalization of the drift
term of the standard relativistic transport equation. Computing the Poisson-like
bracket and imposing the mass-shell constraint one finds the familiar structure

%@(po) {p2 — m? + R6H+(X7p)7 f(va)}

- E(aaﬁvv)f( p) — VRell (X, p) - V, f(X,p) ,

where the velocity v equals 0F,/Op with the (positive) energy E, being the
solution of the dispersion equation (2.20).
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Let us now analyse the right-hand side of Eq. (2.21). The collision terms
are provided by the self-energies (2.17). Since the quasi-particles of interest
are narrow (m? + ReIlt > ImII*), we take into account only those terms
contributing to I1< which are nonzero for the on-mass-shell momenta. The other
terms are negligibly small [36]. Then, the first term in r.h.s of the transport
equation (2.21) is very similar to the standard collision term [3] of the Nordheim
[39] (or Uehling—Uhlenbeck [40]) form. Indeed,

II<(X,p) (f(X,p)+1))
A e

2/ @2mt @2m)t (2n)

i<H>(X,p)f(X,p)

@2n)* 6D p+qg—k—r)

X

Qﬁ+Mﬂ+Dﬁﬂ—ﬁﬂW#DW#D)

where A = O(ko) A(X,k) and f* = f(X,k). The last two terms from r.h.s
of Eq. (2.21), which are neglected in the usual transport equation, are discussed
in [36].

3. TRANSPORT EQUATIONS OF QUARKS AND GLUONS

In this chapter we introduce the gauge dependent distribution functions
of quarks and gluons. Then, we discuss the transport equations satisfied by
these functions. Finally, a very useful notion of the locally colorless plasma is
considered.

3.1. Distribution Functions. The (anti-)quark distribution function
Q(p,z)(Q(p, x)) is a Hermitian N, x N, matrix in color space (for a SU(N,)
color group) with p denoting the quark four-momentum and z the space-time
coordinate [41-43]. The function transforms under local gauge transformations
as

Q(p,z) = U(x)Q(p,2)U(x) . 3.1)
The color indices are here and in most cases below suppressed.
The gluon distribution function [44] is a Hermitian (N2 — 1) x (N2 — 1)
matrix [7] which transforms as

G(p,z) = M(z)G(p,z)M' (), (3.2)

where
Map(z) = Tr[1,U(z)7 U'(z)],

with 7,, a = 1,..., N?—1 being the SU(N,) group generators in the fundamental
representation. One sees that, in contrast to the distribution functions known from
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the physics of atomic gases, the distribution functions of quarks and gluons have
no simple probabilistic interpretation due to the gauge dependence. This is,
however, not surprising if one realizes that the question about the probability
to find, let us say, a red quark in a phase-space cell centered around (p,z) is
not physical since the color of a quark can be changed by means of a gauge
transformation.

It follows from the transformation laws (3.1), (3.2) that the traces of the
distribution functions are gauge independent, and consequently they can have
a familiar probabilistic interpretation. Indeed, the probability to find a quark of
arbitrary color in a cell (p, x) is of physical meaning since it is gauge independent.
The quantities, which are color (gauge) independent like the baryon current b* or
the energy momentum tensor t*¥, are entirely expressed through the traces of the
distribution functions

@) = 5 [ ety me.] - Q)]

3) (2n)3E
ve) = [ ey P (B0 + TR o) + TG .a)]

with E being the quark or gluon energy. Both quarks and gluons are assumed to
be massless and their spin is treated as an internal degree of freedom. The spin
structure of the distribution functions and the respective transport equations have
been discussed in [9, 10].

The color current, which is a gauge dependent quantity, is expressed not only
through the traces of the distribution functions but also through the functions
themselves. In the N, x N, matrix notation the current reads

3
(@) =39 [ g P[00~ Qpx) — Q) ~ Qo.o)]

+ 2iTafachbc(pax)} , (3.3)

where g is the QCD coupling constant and fg;. are the structure constants of the
SU(N,) group. In the adjoint representation the color current (3.3) is

, d’p . .
]g(m) = _g/ 3 pl‘« [Tr[Ta(Q(pv J?) - Q(p;x))}‘i‘lfachbc(p, J?):| y
(2m)3E
where we have used the equality Tr(747) = 30ab.
3.2. Transport Equations. The distribution functions of quarks and gluons
satisfy the following set of transport equations [4,7,41-44]:

0 R, Q) = 10,06,

p"D,Q(p,x) + gp" 9.
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VDR ) — g L (Fl@). Q) = CQ.Q.C

Ipy
L 01 =
where {...,...} denotes the anicommutator; D,, and D,, are the covariant deriva-
tives which act as
Dy =0y —iglAu(z),..],  Du =0y —iglAu(x),..],

where A,, and A, are the mean-field four-potentials defined as
A(a) = Af(@)Ta s Agy(®) = —ifanc Al (2) -

F,, and F,, are the mean-field stress tensors with a color index structure anal-
ogous to that of the four-potentials. The mean-field is generated by the color
current (3.3) and the respective equation is

D, F* (x) = j"(z) . (3.5)

C, C and C, are the collision terms which vanish in the collisionless limit,
i.e., when the plasma evolution is dominated by the mean-field effects*. As
already mentioned, the collision terms of the QGP kinetic equations have not
been systematically derived yet and their structure remains obscure. The situation
simplifies in the case of the colorless plasma discussed in the next section. We
note that the set of transport equations (3.4), (3.5) is covariant with respect to the
gauge transformations (3.1), (3.2).

3.3. Colorless Plasma. Evolving towards thermodynamical equilibrium the
system of quarks of gluons tends to neutralize color charges. It is expected [13]
that after a short period of time the plasma becomes locally colorless, the color
current and the mean-field F'*¥ vanish. Then, the distribution functions of quarks
and gluons are proportional to the unit matrices in the color space. Specifically,

1 L
Qij(p7 {17) = ﬁ 61] q(pv ZZI) , L] = 17 '“,Nc )
c
~ 1
Qij(p,z) = A i q(p, ) ,
1
Gaw(p,x) = NP1 Sabg(p,x), ab=1,..,N>—1.

c

As is seen, the distribution functions of the colorless plasma are gauge invariant.

*This occurs when the characteristic mean-field frequency is much greater than the parton
collision frequency.
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The transport equations of the colorless plasma are essentially simplified.
Indeed, taking the trace of Eqgs. (3.4) one finds

p"ouq(z,p) = clg,q,9],
p'ouq(z,p) = ¢lg,q.9),
ploug(z,p) = c¢4lq,q,9], (3.6)

where ¢ = TrC, ¢ = TrC and ¢, = TrC,. Because the trace of a commutator is
zero, the covariant derivatives reduce to the normal ones in (3.6).

In the case of a colorless plasma the color charges can be treated as internal
degrees of freedom of the quarks and gluons, and it is sufficient to operate with the
color averaged quantities which are gauge independent. Then, one can imitate the
dynamics of the colorless plasma with a nongauge field theory model such as ¢*.
Then, the collision terms are of the Nordheim [39] (or Uehling—Uhlenbeck [40])
form as discussed in the previous chapter. Therefore, even not knowing the
collision terms C, C, and Cy, we expect that the respective terms of the colorless
plasma c, ¢, and cg4, which represent the binary collisions, are

4.3,q] = / Ppy  dPps dPpy
ALIN= | o3 E, (2n)3Es (21)3Ey

{ 5 |3ea(1—q)(1 = q2) — q1g2(1 — g3)(1 = q4)|Waq4q(P3, Palp1, P2)
+ 301 — 1)1 = 3@2) — @132(1 — g3) (1 — G4) | Wog—qq(p3, Palp1, P2)
4+ [a394(1 — 1)1 + 92) — q192(1 — g3)(1 + 94)| Wyg—sq9 (3, Pa|P1, D2)
+ (93941 = @1)(1 = @2) — —q1q2(1 + g3)(1 + g4)] qu»gg(pa,mlphpz)}

3.7

with the analogous expressions for ¢[g,q, g| and ¢,4[g,q,d,]. We have used here
the abbreviations ¢1 = q(x,p1), ¢2 = q(z, p2), etc. Furthermore p; = p. The co-
efficient % in the first line of the r.h.s. of Eq. (3.7) is required to avoid the double
counting of identical particles. The quantities like Wg_,qq(p3, pa|p1,p2), which
correspond to the quark-gluon scattering, are equal to the square of the respective
matrix element multiplied by the energy-momentum conserving § function. We
note that the collision terms have to satisfy the relations

/%{C[M’g]—é[q,@g]} - 0,

3
/%p" [C[q,q,g] + ¢lg, 4, 9] +Cg[q,@,g]} = 0,

in order to be consistent with the baryon number and energy-momentum conser-
vation.



970 MROWCZYNSKI S.

In the variety of applications one uses the collision terms in the relaxation
time approximation, i.e.,

c = Vpuu”(x)(qeq(p,m)—q(p,m)), (3.8)
¢ = wpat(@)(¢(p.2) — alp2)) |
cg = Vgp;m“(x)(geq(p,x)—g(p,m)),

where v, v, and v, are the collision frequencies and u* is the hydrodynamic
four-velocity which defines the local rest frame of the quark-gluon system. The
equilibrium distribution functions are

eq( ac) _ 2NfNC
T (B (@)p — B (@) 11
_eq( :1:) 2NfNC
e exp (B (2)p, + Bl@)p(z))+1
¢“i(p,z) = 2(N; — 1)

exp(ﬁl‘(m)pﬂ)—l ’

where 8#(z) = B(z)ut(x), B(x) = T~(z); T(x) and u(x) are the local tem-
perature and quark chemical potential, respectively; N is the number of quark
flavours. Spin, flavour and color are treated here as internal degrees of freedom.

4. PLASMA COLOR RESPONSE

In this chapter we discuss how the plasma, which is colorless, homogeneous
and stationary, responses to the color small fluctuations.

4.1. Linear Response Analysis. The distribution functions are assumed to be
of the form

Qij(p,z) = n(p)di; +Qi;(p, ),
Gab(p; J}) = ng(p)(sab + 6Gab(p7 J?) )

where the functions describing the deviation from the colorless state are assumed
to be much smaller than the respective colorless functions. The same is assumed
for the momentum gradients of these functions.

Substituting (4.1) in (3.3) one gets

3
P = = 30 [ Gegrewe) - aw.0) 2

S Tr[Q,2) ~ 60, 2)] 42 faned G, 7))
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As is seen, the current occurs due to the deviation of the system from the colorless
state. When the system becomes neutral, there is no current and one expects that
there is no mean field. Therefore, we linearize Eq. (3.5) with respect to the four
potential to the form

O (x) = j*(2)

with F# = gFAY — 9” A*. Tt should be stressed here that the linearization
procedure does not cancel all non-Abelian effects. The gluon-gluon coupling,
which is of essentially non-Abelian character is included because the gluons con-
tribute to the color current (4.2). Let us also observe that in the linearized theory
the color current is conserved (due to antisymmetry of F*¥) ie., d,j* = 0.
Finally we note that, as shown in [5], the semiclassical QCD transport the-
ory effectively incorporates the resummation over the so-called hard thermal
loops [11].

Now we substitute the distribution functions (4.1) to the transport equations
(3.4) with the collision terms (3.8). Linearizing the equations with respect to 6@,
5Q, and §G, one gets

(P9, + vpa)oQ(p.) (43)
= o Fu @) 5+ vp (n°1(p) ~ n(p))
(p“au + EPHU“)@(p,x)
on(p)

= gp'Fu(z) o

v

(p“@u + l/gpuu“) dG(p, x)

8”9 (p)
Opy

= —gp"Fu(x) + vgpuut (ngd (p) — ng(p)) :

Performing the linearization one should remember that A* is of the order of Q).
Treating the chromodynamic field as an external one, Eqs. (4.3) are easily solved

5Q(p,x) = -—g / d*z' Ap(z — o) 4.4)
< [P Eule) G2 v (105) — ()]

Q(p,x) = g/d4x/Ap(x—x')
< P Fua) B ot (590) - 1lp))]
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$Glp.o) = g [d'a'Bya— o)

8”57 (p )
Opy

P @) I — vpa (n () —ny(0) )|

where A, (z) is the Green function of the kinetic operator with the collision term
in the relaxation time approximation,

Ap(z) = E7'O(t) e 16O (x — vi)

with ¢ being the zero component of z, z# = (¢,x), v = p/FE and V' = vphu,;
in the plasma rest frame v/ = v.

Substituting the solutions (4.4) in Eq.(4.2) and performing the Fourier trans-
formation with respect to x variable we get

3*(k) = " (k) Fpa (k) 4.5)

with the color conductivity tensor expressed as

§ ¥ FpP on(p)
P\ _ .9 d°p pt'p n(p
" (k) "3 / (2m)3E [p"(k‘c, +ivus) Opa (4.6)

pip?  On(p) 2Np'p?  Ong(p)
o (ka + iﬁua) 317)\ o (ka + ngua) 317)\

+

If the plasma colorless state is isotropic, which is the case of the global equilib-
rium, one finds that o#°* (k) = o#*(k)u* and Eq. (4.5) gets more familiar form
of the Ohm law, which in the plasma rest frame reads

(k) = o7 (K)EP (k) ,

where the indices o, 3,7 = 1,2,3 label the space axes and E*(k) is the «
component of the chromoelectric vector. The conductivity tensor describes the
response of the QGP to the chromodynamic field. Within the approximation used
here it is a color scalar (no color indices) or equivalently is proportional to the
unit matrix in the color space. In the next sections we will extract the information
about QGP contained in o#* (k).

4.2. Chromoelectric Permeability. Let us introduce, as in the electrodynam-
ics, the polarization vector P(x) defined as

AvP(a) = —pla), S P() =i(x), 47

where p and j are the time-like and space-like components, respectively, of the
color induced four-current, j# = (p,j). The definition (4.7) is self-consistent,
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only when the color current is conserved, not covariantly conserved. This is just
the case of the linear response approach. Further, we define the chromoelectric
induction vector D(x),

D(z) = E(z) + P(x) 4.8)

and the chromoelectric permeability tensor, which relates the Fourier transformed
D and E fields,
D(k) = e*P(k)EP (k) , (4.9)

where o, = 1,2,3. Since the conductivity tensor (4.6) is a color scalar the
permeability tensor is a color scalar as well.
Using the definitions (4.7), (4.8), (4.9) one easily finds that

1

(k) = 50 — L0200 (k) — (k76" (k) — K10 (k) 4.10)

w w
with 0®78(k) given by Eq.(4.6); w is the time-like component of the wave four-
vector, k* = (w,k). For the isotropic plasma the two last terms in Eq. (4.10)
vanish. Substituting the conductivity tensor (4.6) into Eq. (4.10) we get the
permeability tensor in the plasma rest frame

2 d? v on(p)

aB (L) — §oB 9 b 4.11

(k) i 2w ) (2m)3 [w —kv +iv Op, 41D
v on(p)

w—kv+iv Op,

e | LA

+

In the case of the isotropic plasma the permeability tensor can be expressed as
B (k) = er(k) (5&5 — kKB /k2)+eL(k) ko kP k2

with the longitudinal and transversal permeability functions equal to

2 3
g d°p kvkY  9In(p)
=1 4.12
e (k) + 2wk? / (2m)3 [w —kv+iv Op, (412)
kvkY  0n(p) kvkY  Ong(p) }
w—kv+iv Opy w—kv+iv, Opy
2 3
B 9 d*p 1 on(p)
er(k) =1 + 2w ) (2m)3 Lu —kv +iv Op, (4.13)
. 1 on(p) 1 f)ng(p)} [v” kv k”}
w—kv+iv dpy,  w—kv+iy, Op, k2 |-
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Because the QCD equations within the linear response approach coincide (up
to the trivial matrix structure) with those of the electrodynamics, the dispersion re-
lations of the plasma oscillations, or of plasmons, are those of the electrodynamics
and they read [45,46]

det | K25%P — k2kP — w2e*P (k) |= 0 . (4.14)
The relation (4.14) gets simpler form for the isotropic plasma. Namely,
er(k) =0, ep(k)=k*/w?. (4.15)

The dispersion relations determine the plasma waves which can be propagated
in the medium. Specifically, the plane wave with w(k), which satisfies the
dispersion equation (4.14), automatically solves the sourceless Maxwell equations
in a medium. Using the ‘quantum’ language, the dispersion equation gives the
relation between the energy and momentum of the quasi-particle excitations. In
the case of plasma these are the transverse and longitudinal plasmons.

There are three classes of the solutions of Eq. (4.14). Those with pure real
w are stable — the wave amplitude is constant in time. If the imaginary part of
frequency is negative, the oscillations are damped — the amplitude decreases in
time. Of particular interest are the solutions with the positive Imw correspond-
ing to the so-called plasma instabilities — the oscillations with the amplitude
exponentially growing in time.

The permeability tensor in the static limit (w — 0) provides the information
about the plasma response to constant fields. Computing ez (w = 0,k) for the
equilibrium collisionless plasma one finds

2

eL(w:O,k):l—i—%,
where mp is the Debye mass which for the baryonless plasma of massless quarks
and gluons equals
g*T?*(Ny¢ + 2N,)
— 6
The chromoelectric potential of the static point-like source embedded in the
plasma, which equals [46,47]

mh = (4.16)

Ap(x) = exp(—mp | x|),

_9
4 | x|
is screened at the distance 1/mp.

Since the parton density is ~ T3, one finds from Eq. (4.16) that the number
of partons in the Debye sphere (the sphere of the radius equal to the screening
length) is ~ 1/g3. It is much greater than unity if the plasma is perturbative,
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i.e., when 1/g > 1. A large parton number in the Debye sphere justifies, in
particular, the use of the mean-field to describe QGP. Let us also mention that
the ultrarelativistic perturbative plasma is automatically ideal, i.e., the average
parton interaction energy, which is ~ g2/(r), with (r) ~ T~! being the average
interparticle distance, is much smaller than the parton thermal energy which
equals ~ T'. This is not the case for the nonrelativistic electron plasma. Then,
the screening length is (see, e.g., [46,47])
m2, = 62% :

with n. being the electron density*, which is independent of the temperature.
As is seen, the smallness of the coupling constant does not guarantee that the
nonrelativistic plasma is ideal. This occurs when the number of electrons in the
Debye sphere is large, i.e., when T3/2 > e3ni/2.

4.3. Oscillations Around the Global Equilibrium. Substituting the equilib-
rium distribution functions, Fermi-Dirac for quarks and Bose—Einstein for gluons,
into Egs. (4.13) and (4.14) one finds the permeability functions €7, and e, which
for the collisionless (v = ¥ = v, = 0) and baryonless (u = 0) plasma of massless
partons can be computed analytically as

3wd w k4w .
€L_1+k—;[ —ﬂ[ln|m |—27r@(k—w)” 5 (417)

_ 3w w k k4w .
r=1-9p 1‘(%‘5)[1“'m"”@<’“—@”v (“-18)

where k =| k | and wy is the plasma frequency equal to

g*T?*(Ny +2N.)

2
Yo = 18

(4.19)

One sees that for w > k the dielectric functions (4.17), (4.18) are purely real, i.e.,
there are no dissipative processes.

Substituting (4.17), (4.18) into (4.15) one finds the dispersion relation of the
longitudinal mode (the chromoelectric field parallel to the wave vector)

) wg + %k’Q , for wo >k
W= k2(1 +4exp(—2— 2k2/3w§)) , for wy <k

*We use the units, where the fine structure constant oo = 82/47'('. In the Gauss units, which are

traditionally used in the electron-ion plasma physics, a = e? .
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and
2 wg—i—ng, for wo >k

v _{ 3w+ k?, for wy<k
for the transverse one (the chromoelectric field perpendicular to the wave vector).
Because the longitudinal and transverse oscillations are time-like (w? > k2), the
phase velocity of the waves is greater than the velocity of light. For this reason
the Landau damping is absent. As known, the Landau damping is due to the
collisionless energy transfer from the wave to the plasma particles, the velocity
of which is equal to the wave phase velocity [47].

The oscillations of the collisionless QGP around global equilibrium have
been studied by means of the transport theory in several papers [7,48,51-53].
The problem has been also discussed in [49,50] using a specific variant of the
QGP theory with the classical color [41,54]. In the above presentation we have
followed [7]. The dispersion relations given above agree with those found in the
finite-temperature QCD within the one-loop approximation, see, e.g., [6,55-57].

Let us now consider the dielectric function with nonzero equilibration rates.
As previously, the partons are massless and the plasma is baryonless which
imposes v = v. Then, one easily evaluates the integrals (4.13) and (4.14) for
w>k, w>vand w > v,. The results read [7]:

3
5

1

P = CHIF R, =1

for the longitudinal mode and
3 6 1
2 2 2 2 2
= — — —k = —
w wO C + 4¢ + 5 ) Y 2¢7

for the transverse one; w and ~ denote the real and imaginary part, respectively,
of the complex frequency; ¢ and ( are parameters related to the equilibration
rates,

Ny . 2N,
=v v
Ny +2N, ' YN;y+2N,.’
N 2N,
=12 ! +v? ; .
Nf+2Nc ng-l-QNc

¢

(4.20)

CQ

One sees that, when compared with the collisionless plasma, the frequency of the
oscillations is smaller and the oscillations are damped. To find the numerical value
of the damping rate — the plasma oscillation decrement v — the equilibration
rates (v and v,) have to be estimated.

If v or vy is identified with the mean free flight time controlled by the binary
collisions, the equilibration rate is of the order of g*lnl /g. However, in the
relativistic plasma there is another damping mechanism which is the plasmon
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decay into quark-antiquark or gluon-gluon pair. It is easy to observe that, even in
the limit of massless quarks, the decay into gluons is much more probable than
that into quarks [7,57]. Let us consider the decay of plasmon of zero momentum.
The phase-space volume of the decay final state is proportional to

(1 ¥ neq(wo/Z))Q , @21

where the upper sign refers to quarks while the lower one to gluons. Since the
plasma frequency (4.19) is much smaller than the temperature in the perturbative
plasma, the factor (4.21) can be expanded as

(1 — 4 (wg /2))2

(1—|—n‘°’q(w()/2))2 > 4T /Wi .

I

1/44 wo /8T,

One sees that the decay into gluons is more probable than that into quarks by a
factor of order g2 [57].

Using the standard rules of finite-temperature field theory, one easily finds
(see, e.g., [7]) the width of the zero-momentum plasmon due to the decay into
gluons

2

g-Ne 2 gN.T
T, — (1 €q 2) ~ ,
d 243 wo +n (WO/ ) 23/27T(Nf+2Nc)1/2

which is the same for longitudinal and transverse plasmons. However, I'; cannot
be identified with the plasmon equilibration rate I', because the plasmon decays
are partially compensated by the plasmon formation processes. As shown in [58],
see also [57], the formation rate I'y is related to I'g as

Ty = exp(—wo/T)Ta 2 (1 — wo/T)Tu
Since the equilibration rate of the plasmon I' = I'y — Iy [58], one finds [57]

2
re? 1];[ T (4.22)
s

We note that I'; and Ty are of the order of g, while T' is of the order of g2
Since there is a preferred reference frame — the rest frame of the thermostat —
the plasmon decay width is not a Lorentz scalar. Therefore, the result (4.22) is
valid only for the zero-momentum or approximately long-wave plasmons.

Substituting v, equal (4.22) and v = 0 into Eq. (4.20), one estimates the
decrement of the oscillation damping as

9 N
127 Ny + 2N, =~

IR

vy (4.23)
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Although v = 0 the damping rate depends on the number of quark flavours. This
seems to be in agreement with the physical intuition. When the number of quark
flavours is increased the inertia of the system is also increased, and consequently
the time needed to damp the oscillations is longer. However Eq. (4.23) disagrees
(by a factor of 2N./(Ny + 2N.)) with the result from [57], where 7 equals
(4.22). Unfortunately, the discrepancy cannot be resolved within the relaxation
time approximation and a more elaborated analysis is needed.

5. FILAMENTATION INSTABILITY

In the near future the nucleus-nucleus collisions will be studied experimen-
tally at the accelerators of a new generation: Relativistic Heavy-lon Collider
(RHIC) at Brookhaven and Large Hadron Collider (LHC) at CERN. The collision
energy will be larger by one or two orders of magnitude than that one of the
currently operating machines. A copious production of partons, mainly gluons,
due to hard and semihard processes is expected in the heavy-ion collisions at
this new energy domain [59,60]. Thus, one deals with the many-parton system
at the early stage of the collision. The system is on average locally colorless
but random fluctuations can break the neutrality. Since the system is initially far
from equilibrium, specific color fluctuations can exponentially grow in time and
then noticeably influence the system evolution. While the very existence of such
instabilities, similar to those which are known from the electron-ion plasma, see,
e.g., [61], is fairly obvious and was commented upon long time ago [62], it is
far less trivial to find those instabilities which are relevant for the parton system
produced in ultrarelativistic heavy-ion collisions.

A system of two interpenetrating beams of nucleons [63,64] or partons
[65-69] was argued to be unstable with respect to the so-called filamentation or
Weibel instability [70]. However, such a system appears to be rather unrealistic
from the experimental point of view. Then, we have argued [71-73] that the
filamentation can occur under weaker conditions which are very probable for
heavy-ion collisions at RHIC and LHC. Instead of the two streams of partons, it
appears sufficient to assume a strongly anisotropic momentum distribution. We
systematically review here the whole problem.

5.1. Fluctuation Spectrum. We start with the discussion on how the unstable
modes are initiated. Specifically, we show that the fluctuations, which act as
seeds of the filamentation, are /arge, much larger than in the equilibrium plasma.
Since the system of interest is far from the equilibrium, the fluctuations are not
determined by the chromodielectric permeability tensor discussed in the previous
section. The fluctuation-dissipation theorem does not hold in such a case. Thus,
we derive the color current correlation function which provides the fluctuation
spectrum.
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QGP is assumed to be on average locally colorless, homogeneous and sta-
tionary. Therefore, the distribution functions averaged over ensemble are of the
form

<Qz](t7 X, p)> = (an(p) ) <Qij(tvx7 p)> = (Vjﬁ(p) )
(Gab(t,x,p)) = §"ny(p) ,

which give the zero average color current.

We study the fluctuations of the color current generalizing a well-known
approach to the fluctuating electric current [61]. For a system of noninteracting
quarks and gluons we have derived (in the classical limit) the following expression
of the current correlation tensor

v def . v
ME(t,x) = (G (t1, x1); (t2, X2))

1 *p  ptp”
= gY 5ab/(27rl))3 pEz; f) 6P (x—vt), (5.1

where the effective parton distribution function f(p) equals n(p) + n(p) +
2Ncngy(p) and (t,x) = (t2 — t1,%x2 — x1). Due to the average space-time homo-
geneity the correlation tensor depends only on the difference (to — t1,x2 — x1).
The physical meaning of the formula (5.1) is transparent. The space-time points
(t1,x1) and (t2,x2) are correlated in the system of noninteracting particles if the
particles fly from (¢1,%1) to (t2,x2). For this reason the delta (5(3)(x — vt) is
present in the formula (5.1). The momentum integral of the distribution function
simply represents the summation over particles. The fluctuation spectrum is found
as a Fourier transform of the tensor (5.1), i.e.,

1 d’p p'p
uv _ 2 b
MY (k) = 5 g* 8" / G g [P) 2w k) 62)
When the system is in equilibrium the fluctuations are given, according to
the fluctuation-dissipation theorem, by the respective response function. For f(p)
being the classical equilibrium distribution function one indeed finds the standard
fluctuation-dissipation relation [61] valid in the g2order. For example,

K2 T
M%(w, k) = 5“"% - Imez (w, k) ,

where T' is the temperature and e, represents the longitudinal part of the chro-
modielectric tensor (4.13).

5.2. Parton Distributions. We model the parton momentum distribution at
the early stage of ultrarelativistic heavy-ion collision by two functions:

1
pLchy’

F(p) = 5:O¥ ~ )Y +y) h(p.) 53
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and
£(B) = 550(P ~p)OP +py) hips) (54

where y, p, and p denote the parton rapidity, the longitudinal, and transverse
momenta, respectively. The parton momentum distribution (5.3) corresponds to
the rapidity distribution which is flat in the interval (—Y,Y"). The distribution
(5.4) is flat for the longitudinal momentum —P < p; < P. We do not specify
the transverse momentum distribution h(p_ ), which is assumed to be of the same
shape for quarks and gluons, because it is sufficient for our considerations to
demand that the distributions (5.3), (5.4) are strongly elongated along the z—axis,
ie,e¥ >1and P> (p.).

The QCD-based computations, see, e.g., [59,60], show that the rapidity distri-
bution of partons produced at the early stage of heavy-ion collisions is essentially
Gaussian with the width of about one to two units. When the distribution (5.3)
simulates the Gaussian one, Y does not measure the size of the ‘plateau’ but
rather the range over which the partons are spread. If one takes the Gaussian
distribution of the variance o and the distribution (5.3) of the same variance, then
Y =3o0.

As already mentioned, the parton system described by the distribution func-
tions (5.3), (5.4) is assumed to be homogeneous and stationary. Applicability of
this assumption is very limited because there is a correlation between the parton
longitudinal momentum and its position, i.e., partons with very different momenta
will find themselves in different regions of space shortly after the collision. How-
ever, one should remember that we consider the parton system at a very early
stage of the collision, soon after the Lorentz contracted ultrarelativistic nuclei
traverse each other. At this stage partons are most copiously produced but do
not have enough time to escape from each other. Thus, the assumption of homo-
geneity holds for the space-time domain of the longitudinal size, say, 2 — 3 fm
and life time 2 —3 fm/c. As shown below, this time is long enough for the
instability to occur.

5.3. Seeds of the Filamentation. Let us now calculate the correlation tensor
(5.2) for the distribution functions (5.3),( 5.4). Due to the symmetry f(p) =
f(—p) of these distributions, the tensor M*" is diagonal, i.e., M*” = 0 for
u # v. Since the average parton longitudinal momentum is much bigger than
the transverse one, it obviously follows from Eq. (5.2) that the largest fluctuating
current appears along the z axis. Therefore, we discuss the M ** component of the
correlation tensor. M#*(w, k) depends on the k-vector orientation and there are
two generic cases: k = (k;,0,0) and k = (0,0, k). The inspection of Eq. (5.2)
shows that the fluctuations with k = (k,,0,0) are much larger than those with
k = (0,0,k,). Thus, let us consider M**(w, k). Substituting the distributions
(5.3), (5.4) into (5.2) one finds after azimuthal integration that M7 (w, k) reaches
the maximal values for w? < k2. So, we compute M7 at w = 0. Keeping in
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mind that ¥ > 1 and P >> (p, ) we get the following approximate expressions
for the flat y- and p distributions:

zz _ _1 2 cab i <p>

ab(wfo,km)fgg 1) v k] , (5.5)
1 P (p)

Fw=0k;) == g? 0% — 2L (5.6)

b ) =890 B Tkl

where (p) is the effective parton density given for N, = 3 as

3 00
(p) = /((217?;3 f(p) = ﬁ/o dpip1 h(py) = % (P)ag + % (P)g

with (p)qg denoting the average density of quarks and antiquarks, and (p), that
of gluons. For the flat p case we have also used the approximate equality

/000 dpy h(pL) = <pil) /000 dpipi h(pL)

to get the expression (5.6). It is instructive to compare the results (5.5), (5.6)
with the analogous one for the equilibrium plasma which is

M w=0k) = 1 g7 2
16 L

One sees that the current fluctuations in the anisotropic plasma are amplified by
the large factor which is €Y' /Y or P/{p,). With the estimated value of Y 2.5
for RHIC and 5.0 for LHC [74], the amplification factor e¥ /Y equals 4.9 and
29.7, respectively.

5.4. Filamentation Mechanism. Following [75] we are going to argue that
the fluctuation, which contributes to M77(w = 0, k), grows in time. The form
of the fluctuating current is

ja() = ja €, cos(k,x) (5.7

where €, is the unit vector in the z direction. Thus, there are current filaments
of the thickness 7/|k,| with the current flowing in the opposite directions in the
neighboring filaments. For the purpose of a qualitative argumentation presented
here the chromodynamics is treated as an eightfold electrodynamics. Then, the
magnetic field generated by the current (5.7) is given as

B.(z) = i:—a é, sin(k,z) ,
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Fig. 4. The mechanism of filamentation. The phenomenon is, for simplicity, considered in
terms of the electrodynamics. The fluctuating current generates the magnetic field acting
on the positively charged particles which in turn contribute to the current (see text). ®
and ® denote the parallel and, respectively, antiparallel orientation of the magnetic field
with respect to the y-axis

while the Lorentz force acting on the partons, which fly along the beam, equals

F(2) = a v x Ba(e) = = — ga v 3 o sin(ksa)
€T

where g, is the color charge. One observes, see Fig. 4, that the force distributes
the partons in such a way that those, which positively contribute to the current in
a given filament, are focused to the filament centre while those, which negatively
contribute, are moved to the neighboring one. Thus, the initial current grows.

5.5. Dispersion Equation. We analyse here the dispersion equation which
for the anisotropic plasma is of the form (4.14). The plasma is assumed to be
collisionless, i.e., the mean-field interaction dominates the system dynamics and
v = i0T. The assumption is correct if the inverse characteristic time of the
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mean-field phenomena 7! is substantially larger than the collision frequency v.
Otherwise, the infinitesimally small imaginary quantity 40" from (4.12) should
be substituted by iv. Such a substitution however seriously complicates analysis
of the dispersion equation (4.14). Therefore, we solve the problem within the
collisionless limit and only a posteriori argue validity of this approximation.

As already mentioned, the solutions w(k) of (4.14) are stable when Imw <
0 and unstable when Imw > 0. It appears difficult to find the solutions of
Eq. (4.14) because of the complicated structure of the chromodielectric tensor
(4.12). However, the problem simplifies because we are interested in the specific
modes with the wave vector k perpendicular and to the chromoelectric field E
parallel to the beam. Thus, we consider the configuration

E=(0,0,E,), k=(k;0,0). (5.8)
Then, the dispersion equation (4.14) gets the form
H(w) =k — 0’ (w,ky) =0, (5.9)

where only one diagonal component of the dielectric tensor enters.

5.6. Penrose Criterion. The stability analysis can be performed without
solving Eq. (5.9) explicitly. Indeed, the so-called Penrose criterion [76] states
that the dispersion equation H(w) = 0 has unstable solutions if H(w = 0) < 0.
The meaning of this statement will be clearer after we will approximately solve
the dispersion equation in the next section.

Let us compute H(0) which can be written as

H(0) =k —x*, (5.10)
with ) 8 2 0f(p)
2 _ 2 9 p v p
= —wj — — = 5.11
X =TT / 2n)® v, Opy (5.11)
where the plasma frequency parameter is
2 3
o_ 9 [ dp  Of(p)
=_ZL . . 5.12
“o 2 / (2m)3 Y Op- (5.12)

As we shall see below, wy gives the frequency of the stable mode of the config-
uration (5.8) when k; — 0.

Substituting the distribution functions (5.3), (5.4) into Egs. (5.11) and (5.12)
one finds the analytical but rather complicated expression of H(0). In the case
of the flat y distribution we thus take the limit e¥ > 1, while for the flat D)
distribution we assume that P > (p, ). Then, we get for the flat y distribution

Y Y
9 Qg € dh(pl) Qs € min min
g — - = — — .1
X yp /dpL (h(pL)‘FpL dp. Y pTh(PT™) . (5.13)
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and for the flat p|| distribution

dh(pl) Qg B
min 14
) ~ ir P h(pT™) , (5.14)

-2 [ap,
4
where a; = g?/4n? is the strong coupling constant and pT" denotes the minimal
transverse momentum. The function h(p, ) is assumed to decrease faster than
1/p, when p; — oo.

As seen, the sign of H(0) given by Eq. (5.10) is (for sufficiently small k2)
determined by the transverse momentum distribution at the minimal momentum.
There are unstable modes if pT™h(p?i™) > 0 for the flat y distribution and if
h(p™™) > 0 for the flat p|| case. Since the distribution h(p_ ) is expected to be a
monotonously decreasing function of p, the instability condition for the flat pj
distribution seems to be always satisfied. The situation with the flat y distribution
is less clear. So, let us discuss it in more detail. We consider three characteristic
cases of h(p, ) discussed in the literature.

1. The transverse momentum distribution due to a single binary parton-parton
interaction is proportional to pj_ﬁ [77] and blows up when p; — 0. In
such a case pTimh(pim) > 0, there are unstable modes and p™™ should be
treated as a cut-off parameter reflecting, e.g., the finite size of the system.

2. The transverse momentum distribution proportional to (p; +m_ )~ %% with
m, = 2.9 GeV has been found in [74], where except the binary parton-
parton scattering the initial and final state radiation has been taken into
account. This distribution, in contrast to that from 1), gives pRith(pin) =
= 0 for pM» = 0 and there is no instability. Although one should remember
that the finite value of m | found in [74] is the result of infrared cut-off.
Thus, it seems more reasonable to use the distribution from 1), where the

cut-off explicitly appears.

3. One treats perturbatively only partons with p; > p™™ assuming that those
with lower momenta form colorless clusters or strings due to a nonpertur-
bative interaction. It should be stressed that the colorless objects do not
contribute to the dielectric tensor (4.12), which is found in the linear re-
sponse approximation [7,66]. Thus, only the partons with p; > p™" are of
interest for us. Consequently p"h(pTi") is positive and there are unstable
modes. As shown in [72], the screening lengths due to the large parton
density are smaller than the confinement scale in the vacuum. Therefore,
the cut-off parameter p™" should be presumably reduced from 1 — 2 GeV
usually used for proton—proton interactions to, let us say, 0.1 — 0.2 GeV.

We cannot draw a firm conclusion but we see that the instability condition
is trivially satisfied for the flat p distribution and is also fulfilled for the flat
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y distribution under plausible assumptions. Let us mention that the difference
between the instability conditions for the flat y and p) distribution is due to a very
specific property of the y distribution which is limited to the interval (—Y,Y"). The
point is that y — oo when p; — 0 and consequently, the limits in the rapidity
suppress the contribution from the small transverse momenta to the dielectric
tensor. For this reason we need for the instability the distribution h(p, ) which
diverges for p; — 0 in the case of the flat y distribution, while the instability
condition for the flat p distribution is satisfied when h(0) is finite. If we assumed
the Gaussian rapidity distribution instead of (5.3), the instability condition would
be less stringent. In any case, we assume that the Penrose criterion is satisfied
and look for the unstable modes solving the dispersion equation (5.9).

5.7. Unstable Mode. The dispersion equation (5.9) for a cylindrically sym-
metric system is

as [ > dp)pj
k2 —w?4+wi — 4—7:2/ dpl/ R
0 —00 /p” —|—pl
of [ d¢ cos¢

X e
Op1 Jo a—cosp+i0t

=0, (5.15)

with the plasma frequency wq given by Eq. (5.12) and a denoting

2 2
w VP TPL
km b1l .

We solve Eq. (5.15) in the two limiting cases |w/k;| > 1 and |k, /w| > 1.
In the first case the azimuthal integral is approximated as

27
/ d¢ cosp _ T +OY).
0

a — cosg + 10T a?

a

Then, the equation (5.15) gets the form

k‘2
ki —w’+wp+n°—=2 =0, (5.16)
w

where 7, as wy, is a constant defined as

2.2
o PpL  of(p)

—— | dpyd

47r/ P pL(pﬁ_‘_pi)a*/Q op.

We have computed wq and 7 for the flat p- and y distribution. In the limit
e¥ > 1 and P> (p.), respectively, we have found

g

wp = g—;,/dplh(m), (5.17)
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2 ~ As
~ __° [ d h 5.18
wo = 55 [ APLPL (p1), (5.18)
and
2 ~ Os 1 dh(pl)
o d ~h - 5.1
"= ey / pL <4 (pL) —p1 . | (5.19)
2~ Qs P / 5 dh(p.1)
&~ In| — d . 5.20
n AxP <<pl>> PLD | dpl ( )
The solutions of Eq. (5.16) are
1
2 _ 1[92 2 2 212 21.2
Wi =5 (k tud (k2 wd)? 4 4n i) (5.21)

One sees that wi > 0 and w2 < 0. Thus, there is a pure real mode w,, which
is stable, and two pure imaginary modes w_, one of them being unstable. As
mentioned previously, w; = wp when &k, = 0.
Let us focus our attention on the unstable mode which can be approximated

as
W2 { —z—gkg , for k2 < w?

B -n?, for k2> wi
One should keep in mind that Eq. (5.21) holds only for |w/k,| > 1. We see
that w_ can satisfy this condition for k2 < w3 if n* > w? and for k2 > w3 if
n? < w?. To check whether these conditions can be satisfied, we compare n? to
w?. Assuming that h(p,) ~ plﬁ, one finds from Egs. (5.19), (5.20)

1+4
g s W, (5.22)

2&@ i 2
n° = 21n<<pL>>wo .

Since 3 = 6 [74,77] we get n? > 3w?. Therefore, the solution (5.21) for k2 < w?
should be correct.

Let us now solve the dispersion equation (5.15) in the second case when
|kz/w| > 1. Then, the azimuthal integral from Eq. (5.15) is approximated as

2 d¢ cosg
/0 a —cosp +i0T —2m+0Oa),

2 ~v

n

and we immediately get the dispersion relation

w?=k2—x?, (5.23)
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0 x> k?

Fig. 5. The schematic view of the dispersion relation of the filamentation mode

with x2 given by Eq. (5.13) or (5.14). As previously we have assumed that
e¥ > 1 and P > (p.). Eq. (5.23) provides a real mode for k2 > x? and
two imaginary modes for k2 < x2. Since the solution (5.23) must satisfy the
condition |k, /w| > 1, it holds only for k2 > |k2 — x2|.

The dispersion relation of the unstable mode in the whole domain of wave
vectors is schematically shown in Fig. 5, where the solutions (5.21) and (5.23)
are combined. Now one sees how the Penrose criterion works. When x? = 0,
the unstable mode disappears.

5.8. Time Scales. The instability studied here can occur in heavy-ion col-
lisions if the time of instability development is short enough, shorter than the
characteristic time of evolution of the nonequilibrium state described by the dis-
tribution functions (5.3), (5.4).

Let us first estimate the time of instability development which is given by
1/Imw. As is seen in Fig. 5, |[Imw| < 1. Thus, we define the minimal time
as Tmin = 1/1. To find 7y, we estimate the plasma frequency. We consider
here only the flat y distribution which seems to be more reasonable than the flat
p|| distribution. Approximating [dp h(p.) as [dpipih(pi)/(pL) the plasma
frequency (5.12) can be written as

QT
6YT8A2/3

1%

9
wy (Ng+ Nz + =Ny) , (5.24)

4

where N, = 3; N4, Ng, and N, are the numbers of quarks, antiquarks and gluons,
respectively, produced in the volume, which has been estimated in the following
way. Since we are interested in the central collisions, the volume corresponds to
a cylinder of the radius roAY/? with 7o = 1.1 fm and A being the mass number
of the colliding nuclei. Using the uncertainty principle argument, the length of
the cylinder has been taken as 1/(p, ), which is the formation time of parton with
the transverse momentum (p ).
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Neglecting quarks and antiquarks in Eq. (5.24) and substituting there N, =
570 for the central Au—Au collision at RHIC (Y = 2.5) and N, = 8100 for the
same colliding system at LHC (Y = 5.0) [74], we get

wo = 280 MeV for RHIC, wo = 430 MeV for LHC

for a; = 0.3 at RHIC and oy = 0.1 at LHC. Using Eq. (5.22) with 8 = 6 one
finds

Tmin = 0.4 fm/c for RHIC Tmin = 0.3 fm/c for LHC .

The plasma has been assumed collisionless in our analysis. Such an assump-
tion is usually correct for weakly interacting systems because the damping rates
of the collective modes due to collisions are of the higher order in ay than the
frequencies of these modes, see, e.g., [61]. However, it has been argued re-
cently [78] that the color collective modes are overdamped due to the unscreened
chromomagnetic interaction. However it is unclear whether these arguments con-
cern the unstable mode discussed here. The point is that the paper [78] deals with
the neutralization of color charges which generate the longitudinal chromoelectric
field while the unstable mode which we have found is transversal and conse-
quently is generated by the color currents not charges. Let us refer here to the
electron-ion plasma, where the charge neutralization is a very fast process while
currents can exist in the system for a much longer time [76]. In any case, the
above estimates of the instability development should be treated as lower limits.

Let us now discuss the characteristic time of evolution of the nonequilibrium
state described by the distribution functions (5.3), (5.4). Except the possible
unstable collective modes, there are two other important processes responsible
for the temporal evolution of the initially produced many-parton system: free
streaming [79-81] and parton—parton scattering. The two processes lead to the
isotropic momentum distribution of partons in a given cell. The estimated time to
achieve local isotropy due to the free streaming is about 0.7 fm/c at RHIC [81].
The estimates of the equilibration time due to the parton scatterings are similar
[82,83]. As is seen the three-time scales of interest are close to each other.
Therefore, the color unstable modes can play a role in the dynamics of many-
parton system produced at the early stage of heavy-ion collision, but presumably
the pattern of instability cannot fully develop.

5.9. Detecting the Filamentation. One asks whether the color instabilities
are detectable in ultrarelativistic heavy-ion collisions. The answer seems to be
positive because the occurrence of the filamentation breaks the azimuthal symme-
try of the system and hopefully will be visible in the final state. The azimuthal
orientation of the wave vector will change from one collision to another while
the instability growth will lead to the energy transport along this vector (the
Poynting vector points in this direction). Consequently, one expects significant
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variation of the transverse energy as a function of the azimuthal angle. This
expectation is qualitatively different than that based on the parton cascade simu-
lations [59], where the fluctuations are strongly damped due to the large number
of uncorrelated partons. Due to the collective character of the filamentation in-
stability the azimuthal symmetry will be presumably broken by a flow of large
number of particles with relatively small transverse momenta. The jets produced
in hard parton-parton interactions also break the azimuthal symmetry. However,
the symmetry is broken in this case due to a few particles with large transverse
momentum. The problem obviously needs further studies but the event-by-event
analysis of the nuclear collision seems to give a chance to observe the color
instabilities in the experiments planed at RHIC and LHC.
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EpeB HCkuin rocyn pCTBEHHbIN yHUBepcuTeT, EpeB H, ApmeHus

B 0630pe npeact BIeHsI Pe3ylbT Thl UCCIENOB HHIA, MOCBSIICHHBIX OIMKMC HHIO KPYHHOM clT O-
HBIX JABWXKEHMIl AIEpHOM M TepUM HEHTPOHHBIX 3Be3i. B OCHOBE U371 I €MOro Mojxoj JIEXKHT Hpef-
CT BJICHHE O 3BE3[HOI SIepHOH M TepUH K K YNIpyroM (epMU-KOHTHHYyMe, OO J IOIIeM CBOMCTB MU
CKOMIIEHCHPOB HHOM M THHTO KTHBHOH IUT 3Mbl. B K uecTBe (pyHI MEHT JIBHBIX JUH MHYECKHX Yp B-
HEHUH ABIKEHHsS C MOTP BUTHUPYIOIIEH SIEpHON cpelbl MCIOJb3YIOTCS yp BHEHHS SIEPHOIM 371 CTO-
IUH MHKH, COpMYIUPOB HHbIEe B M KPOCKONUYECKOH TEOpPUM SIEPHBIX KO/UIEKTHBHBIX IPOILIECCOB.
Ipencr BieH B pu LMOHHBIA METOI BBIYMCIEHUS 4 CTOT IP BUT LIMOHHO-YNPYruX chepous JIbHBIX (s-
MOJl ) M TOPCHOHHBIX (t-MOA ) K0je0 HMIl HEeWTPOHHOMW 3BE3[bl M MCCIENOB H €€ YCTOHYMBOCTH OT-
HOCHUTENBHO JMHENHBIX JedopM muil. DdeKTHBHOCTh 371 CTOAMH MUYECKOTO METOX  HMPOWULICTPH-
pPOB H P CYET MU NEpUONOB II00 JIBHBIX IP BHT LMOHHO-YIPYrHX Koie® HUil B p MK X CT HJ PTHOH
OIIHOPOIHOII MO#enH, T KXe pe JIUCTUUECKHX MoJesiell HEHTPOHHBIX 3Be3]l, IOCTPOSHHBIX H OCHOBE
PENSTUBUCTCKOTO Yp BHEHUS TP BUT LIMOHHOTO P BHOBECHS U Yp BHEHUIl COCTOSIHUSA SIEPHOU M TEpUH,
YYUTBIB IOLIUX reTepod) 3HOCTH SIEPHOTO CT TUCTHYECKOro p BHOBecHs. [IIs omuc HHS OBIXKEHUH 3 -
M THHYEHHOH Ae-(p 3bI BELIECTB HEHTPOHHBIX 3BE3 MCHOJIB3YETCS M THUTOTHAPOIMH MHYECKHIl TTOJI-
XOlI, H OCHOBE KOTOPOIO IPOBEJEHBbI P CUETHI U CTOT TOPOUM JIBHBIX U IOJIOUM JIBHBIX JIb(PBEHOBCKUX
ocuwuranmii. [Toquepkus ercs, 4YTO M THHTOIUT 3MEHHbIe Koje® HUsS MOTYT OK 3bIB Th CYyIECTBEHHOE
BIIMSHUE H OJIEKTPOM THHTHYI0 KTHBHOCTb ITyJIbC POB.

The review is devoted to studies of large-scale motions of nuclear matter of neutron stars.
The stadies are based on the idea of star nuclear matter to be an elastic Fermi-continuum with
properties of a compensated magnetoactive plasma. Fundamental dynamyc equations of the motion of
a self-gravitating nuclear matter are the equations of nuclear elastodynamics formulated in the theory
of nuclear collective processes. A variational method is presented for computing the frequencies
of gravitation-elastic spheroidal (s-mode) and torsion (¢£-mode) vibrations of a neutron star and its
stability with respect to linear deformations is investigated. Efficiency of the elastodynamic method
is demonstrated by calculations of the periods of global gravitation-elastic vibrations within the
standard homogeneous model and realistic models of neutron stars based on the relativistic equation of
gravitational equilibrium and equations of state of nuclear matter with the nuclear statistic equilibrium
being heterophase. Motions of magnetized Ae-phase of matter of neutron stars are described in
the framework of the magnetohydrodynamic approach which is used in calculating the frequencies of
toroid and poloidal Alfvén oscillations. It is emphasized that magnetoplasma vibrations can essentially
influence the electromagnetic activity of pulsars.
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1. BBEIEHUE

s spepHoOl (PU3MKU IV BHOE 3H Y€HHE OTKPBITHS HEUTPOHHBIX 3Be3n [1]
COCTOHT B TOM, UTO Yy Hee MOSBHJI Cb YHUK JIbH s CcTpodm3ndeck s 11 60op Topus
JUIS U3y4eHHsd P BHOBECHBIX M JMH MUYECKHX CBOWCTB M KPOCKOIUYECKOH duep-
HoW M Tepuu. K H crogimemy MoMeHTy B I' 1 KTHKE 3 perucTpupoB HO CBBILLIE
500 HeWTpoHHBIX 3Be3n [2], 0OH pyxuB Iommx cebs K K H30JMPOB HHbIE HC-
TOYHHUKH IYJbCUPYIOIIETO P AMOU3NYy4YeHUS (P AMOIYIBC PBI), T KXe K K HC-
TOYHHKH IyJIbCUPYIOLIET0 PEHTTEHOBCKOIO U3Ny4eHus (PEHTTEHOBCKHE ITyJIbC PbI)
JBOMHBIX CHCTEM, BO3HHUK IOIIETO M3-3 KKPELUUH BEILECTB -KOMII HbOH H M I-
HUTHBIE MOJIIOC Bp I IOHIEWcS HEWTPOHHOH 3Be3ibl. JIoCT TOYHO IMOJIHOE Mpen-
CT BJICGHHE O P 3BUTHUHU (DU3MKM HEHTPOHHBIX 3Be3[ 3 MPOILIEAIINe TPUIL Th JIET
MOCJIE OTKPBITUS IYJIbC POB MOXHO TMOJYyYUTh NO p OOT M M MOHOIp pusiM
[3—13].

B Teopetnyeckux HCCIENOB HHAX IMOCIENHUX JIET, 3 TP TMB IOIIUX SAEpHbIE

CHEKThl (PU3NUKN HEHTPOHHBIX 3BE3[, LEHTP JIBHOE MECTO 3 HUM JI p OOTHI, MO-
CBSIICHHbBIE M3yYEHHIO P BHOBECHBIX CBOWCTB ®THX M CCHBHBIX KOMIT KTHBIX 00B-
€KTOB KOHEUHO! CT UM 3Be3[HON 3BOJIOLMHU (CM., H mpumep, [14—22] u mpu-
BeIEHHYI0 T M OuOiuorp ¢uio). DTH HCCIENOB HUS B 3H YUTENBHOH Mepe YIy-
O6unu p HHHE TpeAcT BJIEHHS 00 yp BHEHHM COCTOSIHHUS SIIEPHOM M TEPUH M OCHO-
B TEJIbHO NPOABUHYIIM ITOHUM HHE TEPMOOWH MHYECKHX () 30BBIX IEpEeXOioB B
3BE3IHOM SIIEPHOM BELLECTBE I10 IUIOTHOCTH, TEMIIEP TYpe, XUMUYECKOMY COCT BY
U MHTEHCUBHOCTU M THUTHOTO 1ojisi [21,22]. P 3p GOT HHbIe K H CTOSIIEMY Bpe-
MEHH METOJbI 3BOJIIOIIMOHHOTO H JIU3 TO3BOJISIOT C BHICOKOH CTEMEHBIO H JIEX-
HOCTH CYOWUTh O JeT JIIX CTP THU(HUIMPOB HHOI CTPYKTYPbl HEHTPOHHBIX 3Be3l U
C BBICOKOH TOYHOCTBIO P CCUUTBHIB Thb NPOGUIN IUIOTHOCTH, [ BIEHUS, TEMIIEP -
TYpBl M JIPYyTMX BEIMYUH, ONpPEAEISIONNX [M00 JIbHBIE P BHOBECHBIE I P METPhI
HEUTPOHHBIX 3Be3l, T Kue, K K M cc M, p nuyc R, MOMeHT uHepuuu J, Kpu-
THYeCK s (KEeIUIepOBCK $) 4 CTOT TP BUT LMOHHO-YCTOWYMBOro Bp IueHust (A,
WHTEHCUBHOCTb M THUTHOTO MoJid B u apyrue*.

Mexay TeM 0COOEHHOCTH AWH MHYECKOTO IOBEAEHMS SIIEPHOM Cpelsl B Hel-
P X 3®THX KOMHI KTHBIX OOBEKTOB M3y4EeHBI B MEHbILEH crereHu. IIpexne Bcero

*B H crosiiee BpeMs H3y4eHHE D BHOBECHBIX CBOICTB CKOJI IICHPOB BIIHX 3Be3ll CPOKYCHPO-
B HO H THI TEJbHOM H JIM3€ TUIIOTE3bl O CYHIECTBOB HMM M CCHUBHBIX I'D BHT LMOHHO-YCTOIYMBBIX
KOH(Uryp LMl ¢ 3 METHBIM COJEpX HHUEM CTp HHOW M KB pPKOBOW M Tepuu [23—25]. Opnum u3
H ubosiee NMpUMeY TENbHBIX CIICACTBHIl 3TOH TMIIOTE3bl SBUJIOCH NMPEACK 3 HHUE JABYX HOBBIX BETBEH B
ceMelicTBe KOMIT KTHBIX CTPO(U3NYECKUX OOBEKTOB — CTP HHBIX 3BE3M M CTP HHBIX K PIHUKOB [21,22].
Kpome Toro, p cueTsl p BHOBECHBIX KOH(HUIYp LIMii CO CTP HHOM M TepHeil IOK 3bIB I0T BO3MOXHOCTh
CYILECTBOB HUS HEKOMIT KTHBIX IUT HET PHONONOOHBIX 0O0BeKTOB [26] (¢ M Joit M ccoit Tun IOmm-
Tep , M ~ 1072 — 10~% M), mpesicT Bisounx ocobblit MHTepec 7T COBPEMEHHOH CTPO(HU3NKH B
CBETE M3BECTHON MPOOIEMBI CKPHITOM (TeMHOI) M Tepuu [27], H TyTH pemeHus KOTOPOi H MeTHIICS
3 METHBIH IPOrpecc B CB3H C UHTCHCHBHBIM P 3BUTHEM TEOPUM U TEXHHKU H OJIOJEHHII MeTOmoM
MUKPOJIMH3UPOB Hus [28,29].
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9TO CB3 HO C OTCYTCTBHEM SICHBIX IPEACT BIEHUH O 3 KOH X, yIpP BISIOIIUX KOH-
THUHY JIbHOM MeX HUKOH ¢ MOrp BUTHpYMIOILLEH suepHodl M Tepuu. Hemoct TouHO
UCCIIENOB HHOH OCT €TCd M KPOCKOIHUYECK f JEKTPOJUH MHK BOIJIHOBBIX IIPO-
LIECCOB, CIIOCOOHBIX MOMIEPXKUB ThCS CHJIBHO 3 M THHMYEHHOH SIIEpHOIl cpemo.

B 1 crosimeM 0630pe MbI IIPEACT BUM PryMEHTbI, CBUIETEIBCTBYIOIUE O TOM,
4TO M KPOCKOIHMYECK S SAEPH s M Tepus o0l I €T CBOWCTB MH yIPYroro M TepH-
JIbHOTO KOHTUHYYM U CKOMIICHCUPOB HHOM CWJIBHO 3 M T'HUYEHHOH IUI 3Mbl. B
Y CTHOCTH, MBI IIOK X€M, YTO B K 4eCTBE (PyHI MEHT JIbHBIX yp BHEHHUH KOH-
THUHY JIBHOW MeX HHUKHU SIEPHOW CIUIOIIHOM Cpempl MOTYT OBITh HCIIOJIB30B HBI
yp BHEHHS SJIEPHOW 3J1 CTOAWH MMKH, YCT HOBJICHHbIE B J1 OOp TOPHOU siIepHOI
(pu3uKe NpH M3y4EeHUH CUIBHO KOJUIEKTHBU3MPOB HHBIX IPOLIECCOB, T KHX, K K
[UI HTCKME PE30H HChl U JEJIEHUE,  JIEKTPOAMH MUK BOJIHOBBIX IIPOLECCOB,
CIIOCOOHBIX MPOUCXOIUTh B Ae-( 3¢ BelecTB HEHUTPOHHBIX 3BE3l, MOXET OBITh
UCCIIENOB H H OCHOBE yp BHEHUI M THUTOTHAPOAUH MHKU.

Mbl H YHEM ¢ NEpevucleHus] psf H ONogeHWi, SBHO JEMOHCTPHPYIOIINX
HE JEeKB THOCTb OTOXJECTBJICHHS HENPEPHIBHOM SNEpHONW M TEpUH C HECKUM -
eMOil XMIKOCTbI0. H KormieHHble 3H HUSL 00 SBOJIOLMOHHOM ITyTH M CCHBHBIX
3B€3l HE OCT BJAIOT COMHEHHMS B TOM, YTO TOJBKO H P HHUX U 3pEIBIX CT -
JUAX 9BOMIOLUM 3BE3JHOE BEIECTBO MOXHO P CCM TPHB Thb K K BBICOKOTEMIIE-
p typayo i1 3my [30,31], xpymHOM ciuT OHBIE DBUXKEHUS KOTOPOH MOTYHHS-
I0TCA 3 KOH M T 30BOH IUH MHKHU. IIpencT BiaeHHe O HOpPM JIBHBIX 3Be3] X K K
0 chepUyYEeCcKUX C MOTP BUTHUPYIOLIMX I' 30BBIX M CC X YOEAUTENBHO MOATBEPXKI -
€TCsl MHOTOUYUCJIEHHBIMU MCCJIEOB HUSIMU IIEPEMEHHBIX 3BE€3J IV BHOU IIOCIENO-
B TEIBHOCTH (TIpexje Bcero nedeun), B KOTOPOil MEpHOIMYECKUE U3MEHEHHS HX
67eck  (CBETUMOCTH) XOPOLIO OMHCHIB IOTCS TMUAPOAWH MHYECKOH Teopuer p Iu-
JIbHBIX Myibe Ui [32—37]. OmH KO T 30JMH MHYECK $ KOHIIETIHUS MOBEICHUS
3BE3IHOM Cpejbl MEPeCT eT ceOsl ONp BIOBIB Th IS 3BE3I 3 KJIIOUUTENBHOM CT IUU
9BOJIIOIMU — OENBIX K PJMKOB U HEHTPOHHBIX 3Be3l. TeopeTHyecKue p CueThl U
H ONofeHus MoK 3bIB 0T, YTO II0 MEpe BHIFOp HUS SIIEPHOTO TOIUIMB IIPOMC-
XOUT 3 METHOE YIUIOTHEHHE BEUIECTB CHJI MU IP BUT LIMOHHOIO CX TS, B pe-
3yJIbT T€ KOTOPOTO B KOHEYHBIX MPOAYKT X 3BE3AHON DBOJIIOLIUK OHO MPUOOpET eT
CBOICTB Kp i#HEe XECTKOro M TepH JI , MOJOOHOro TBepaoMy Teldy. B H cTos-
1Iee BpeMs TBEPIO YCT HOBJIEHO, YTO IEPEMEHHOCTh M3ITy4eHHsl OeNbIX K PIIMKOB
00YCJIOBJIEH HX CABHIOBBIMH C(HEPOHA JIBHBIMH U TOPCHOHHBIMHU (KPYTHIIbHBIMH)
CYIIECTBEHHO Hep I JIbHBIMH KolleOd HusIMu [37-41], KOTOpble COMpOBOXA IOTCS
3 METHBIMH HU30TPOINHBIMU (CABUTOBBIMH) UCK KEHUSMU BHYTPEHHUX H IpsXKe-
HUH B 3Be3je. M3 pU3MKU KOHJAEHCHUPOB HHBIX COCTOSHUN W3BECTHO, YTO T KHUE
KosieO HHsl CHOCOOHBI MOIEPXKUB ThCsl TOJBKO TBEPHOTENBHO-YIIPYTUMH CPell MH,
HO HE T' 30BO-XUAKOCTHBIMHU. YOeIUTETbHBIM CBUAETEIBCTBOM B IOJIB3Y TOTO, YTO
SAEPH SI M Tepusl HEUTPOHHBIX 3Be31 OO 11 €T CBOMCTB MU TBEPHOil (IIp KTHYECKH
HECKUM €MOH) Cpefipl, CIIyXUT (PeHOMEH 3BE3NOTPSCEHMI, PETHCTPUPYEMBIH K K
BHE3 ITHBIN cOOii B PEryNsipHBIX MYJIbC LUAX P JAUOUIYYEHHUS MyJabc poB (cM. [3],
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c.71). B 1ByXKOMIIOHEHTHOI MOJIE/Id Bp 1 IOIIEHCS H M THUYEHHON HeHTPOHHOM
3Be30pl H Omof eMblii cOOil CBSI3bIB €TCSl ¢ BOBHUKHOBEHHEM KPUTHYECKHX YIPY-
TUX H NPSXEHHUI B XECTKOW NepugepuitHoOi Kope, B pE3YJIbT TE YEro TepseTcs ee
YCTOUYHUB ¢ CBSI3b C BHYTPEHHUM OoJee IIOTHBIM ocTOBOM [42] (eM. T kxe [8,13]).
BBICOK s cTereHb HECXKHUM €MOCTH SIIEPHO M TepuH, 3 TPYIHSION s BO30YXje-
HHE P JU JIbHBIX IyJIbC LM, YK 3bIB €T H TO, YTO KPYIMHOM cuIT OHble (ceiic-
Muyeckue) (pIyKTy LIMM BEUIECTB B HEIp X HEHTPOHHBIX 3Be3l, T K Xe, K K U
B OETIbIX K PJIMK X, JOJIKHBI HOCUTh HEP A JIbHBIA 37 CTOAMH MUYECKHH X P K-
tep [111—115]*. B H crosmem 00630pe MBI MPENCT BIISIEM OIUH M3 BO3MOXHBIX
MOXO/IOB K 9TOM mpobeme.

Ocoboe BHMM HHE Mbl OOp Il €M H BBIBOABI CP BHHUTENIBHO HEJl BHUX HC-
CIIENIOB HUii, POBEICHHbIX B JI OOp TOPHOH siiepHON (pHU3MKE, Liellb KOTOPhIX CO-
CTOSIT B OODBSICHEHHU PETYJISPHBIX SMIIMPUYECKU YCT HOBJIEHHBIX 3 KOHOMEPHO-
CTEeH B CUCTEM THKE J HHBIX [0 TMT HTCKHUM pP€30H HC M U jenenuto. Ilpu omnm-
C HMU PE30H HCHOTO OTKJIMK  TOMHOIO SIp , MOIEIHPYEMOIO M JIOH 4 CTHLEH
CIIOIIHON cpefibl, OBUTIO OOH PYXEHO, YTO OHO TPOSIBISIET CBOMCTB , NMPHUCYILHE
YIPYIOMy I Py, HE K IUIE HECKUM €MOM XMIKOCTH, K K IIOJI T JIOCh P Hee.
B coBpeMeHHOI M KPOCKOIHWYECKOH TEOPUU SJEPHBIX KOJUIEKTUBHBIX [IBUXEHUUI
TUT HTCKHE 3JIeKTPHYECKHE W M THHUTHbBIE PE30H HCBI TP KTYIOTCS K K OBICTpBIC
(mn © THYeckme) mpouecchl BO30YXIEHHS, COOTBETCTBEHHO, YIIPYIUX chepousl Jib-
HBIX M TOPCUOHHBIX KB 3UCT THMYECKUX BOJIH (WJIM, APYTMMH CJIOB MH, JUIMHHO-
BOJTHOBBIX HEp M JIbHBIX 37 CTOIMH MHUYEeCKHX KojeO Huil) [46-56]. Ens nu
HE IV BHBIM JIOCTMIKEHHEM 3TOro H Ip BJEHHUs J1 OOp TOPHOI siepHOH Teopuu
ABIAETCS CTPOT 4 (hOPMYIUPOBK (PYHA MEHT JIBHBIX Yp BHEHHI, MOIETUPYIOLIIX
YHOPYronofiloOHEI X p KTep MOBEIEHHS SIICPHOM CIUIOMIHOW Cpeibl — yp BHEHHWH
aIepHOU 211 cTofuH MUKU. IToydyeHHOE B 3TOH TEOpUU BBIP KEHUE JUId TOTEHLH-

JILHOW ®HEPrUU BJ1 CTOAUH MUYECKUX KoyeO HHM sIepHOH M KpOY CTHIBI MMEET
BUJ M KPOCKOITHMUYECKOH dHEpPruM ynpyrux aecopM LU, MOTIMHSIIOIIUXCI K C-
CUYECKOMY 3 KOHY 'YK , XOT MUKPOCKONHUYECK $1 IPUPOJ 3TOU DHEPIUU UMEET
CYILIECTBEHHO KB HTOBOE NPOMCXOXJAEHNE, 00YCIIOBIEHHOE HU30TPOIHBIMHU HCK -
XeHuaMu epMu-cepsl (cM., H mpuMmep, [54,56]). OmuH U3 OCHOBHBIX Pe3YiIb-
T TOB ®]1 CTOAWH MHYECKOTO MOJXOJ COCTOHUT B MPO3p YHOW (pu3mMuecKol Tp K-
TOBKE M TOYHOM KOJIMYECTBEHHOM OIMC HUM CKEHIMHIOBBIX 3 KOHOMEpPHOCTENH™™,
OTUYETJIUBO IIPOCJIEKUB €MBIX B 9KCIIEPUMEHT JIbHBIX J HHBIX 10 UHTEIP JIbHBIM

*Oco0eHHOCTH p A JIbHBIX KOIeO HUil HEWTPOHHBIX 3Be3n OOCYXH Juch B p 60T X [43—45].
OnH KO 0 UMEIOIMMCS H CErOJHAIIHUN JeHb I HHBIM MOXHO 3 KJIIOUHTH, YTO HEHTPOHHBIC 3BE3MIBI
He OOH PYXHB IOT IPU3H KOB P M JIbHBIX IysbC 1uil. ClemyeT MogYepKHyTh, YTO METOIbI OIHC HUS
Hep 1Y JIbHBIX TP BUT LIHOHHBIX Koye® HHIl 3Be3X OCT I0TCS MeHee NPOABHHYTHIMH IIO CP BHEHHUIO C
TEOpUel p 1M JIbHBIX mynabc umii [111—115].

**Ilox CKEHIMHIOBBIMH 3 KOH MH IOHHM IOT IJI IKHE CHCTEM THYECKHE 3 BUCHMOCTH DHEPIUH,
TIOJTHOW BEPOSTHOCTH BO30OYXHEHHs M IIMPUHBI TUT HTCKOTO Pe30H HC OT M CCOBOTO YHCH .
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X p KTEPUCTMYECKHUM I P METP M TMI' HTCKMX pe30H HCoB. KocBeHHble cBHIE-
TENBCTB B I0JIb3Yy YHPYTONOAOOHOTO MOBEAEHHS M KPOCKONHNYECKOH SINEPHOM M -
TEpUH HOJIy9eHbl B UCCIEN0B HUAX [ O THYECKUX (MEIJIEHHBIX) KOJJIEKTHBHBIX
MPOLIECCOB, T KUX, K K gaepHoe ciusgHue [5S7—S59] u nenenHue smep TSKENIbIX U
CBEPXTSIKeJbIX d1eMeHTOB [60].

IMockonbKy HEMTPOHH § 3Be3l SBIISIETCS] OOBEKTOM KPYITHOM CIIT OHOrO p -
MIpefieNIeH s aAepHOIl M TepUH, TO MPEACT BJSETCS COBEPIIEHHO €CTECTBEHHBIM HC-
CIIelOB Th KOHTHMHY JIbHYIO MEX HHKY SIEPHOTO BEIECTB B COOCTBEHHOM ID BH-
T IMOHHOM IOJIe H OCHOBE yp BHEHHH SIIEPHOM 371 CTOAMH MHKH, IPEAIon T ,
T KUM OOp 30M, YTO 3 KOHBI JBUXEHHs SIEPHOM CIUIOIIHOM Cpeibl, YCT HOBJICH-
Hble B J OOp TOPHBIX ®KCIIEPUMEHT X H  TOMHOM SIpe, COXP HSIOT CBOIO CHILY
VISl €0 THI' HTCKOTO KOCMHUYECKOro ABOWHMK . T Kue uccienoB Hust ObLIH ITpoBe-
IeHbl B p 00T X [61—66], cucTeM THYECKOMY H3IOXEHHIO KOTOPBIX MOCBSIIEH
1eps s MOJIOBUH H CTOSIIEro 0030p .

Her HUK KHMX COMHEHHWi B TOM, YTO ®JIEKTPOM THHUTH 5 KTHUBHOCTbH ITyJIb-
CP CBI3 H C HOM JIBHO BBICOKOM H M THHYEHHOCTBIO BEIIECTB B €ro Hej-
p x [67,68]. IIpsiMbiM H G110/l €MbIM CBHAETEIbCTBOM H JIMYMSI M THUTHOTO TOJIS
B HEHTPOHHOU 3Be3Jle SIBJISIETCS CHIIBH § JIMHEHH S MONSpHU3 LM P AUOU3ITyYEHHS
myabc poB. PU3MYECKyI0 MPUYNHY CBEPXMOIIHOTO H M THUYWB HHS HEHTPOHHBIX
3Be3]I MOXHO OOBSICHUTD, Mpearnonoxus [69,70], uto o xe ci1 60 3 M THUYECHHOE
3BE€3/IHOE BEILECTBO B MIPOLIECCE DBOMIIOIMU OCT €TCS B MOHU3MPOB HHOM (IUT 3MEH-
HOM) COCTOSIHHM, KOJUT TIC 3BE3M IPOTEK €T C COXP HEHHEM M THHUTHOIO MOTOK .
X P KTEpHbIM JUH MHYECKHM CBOWCTBOM 3 M THMYEHHOU U CKOMIIEHCUPOB HHOU
IUT 3MBI SIBIISIETCSI CIOCOOHOCTH TMOAAEPKHUB Th M THUTOIUT 3MEHHBIE ( JIb()BEHOB-
CKHe) OCLMIUIALMK, H BO3MOXHOCTh P CHPOCTP HEHMSI KOTOPBIX B HEHTPOHHOMN
3Be3Jle, BUWIMMO, BIepBbie ObUIO YK 3 HO B p 6ot X [71,72]. B [71] Gbuto MOK -
3 HO, YTO dHepreTuKy Kp GOBHIHON TyM HHOCTH MOXHO HOHSTH, IPEAINONIOXUB,
4TO B €€ LEHTPE H XOIMUTCS HEUTPOHH s 3BE3l , BBICBOOOXI IOII S M THUTHYIO
®HEPIUIO0, 3 I1 CEHHY B KOHTP KIHMOHHBIH NEPUOA €€ POXICHUS, ITOCPEACTBOM
npeoOp 30B HUSI BHEPTUH OCT TOYHBIX (IIOCJIE B3PBIB CBEPXHOBO) I'MIPOM THUT-
HBIX KOJIeO HMIl B DHEPIHIO 3JIEKTPOM THUTHOTO n3imydeHus. OOH KO, K KH MK -
XeTcsl, 3T uied He MOJMYYWI JIOJIKHOTO KOHCTPYKTHMBHOTO p 3BUTHA. B 1 HHOM
0030pe MBI HPEICT BJISEM CHUCTEM THYECKOEe H3JI0XEHHE TEOpPUH Hep AU JIbHBIX

TH()BEHOBCKUX KOJIeO HHUIl B HEHTPOHHOW 3Be3ie, cpOpMYyITHPOB HHOH B [73—
76], 1 IpUBOANM TOAPOOHBIN P CYET NMEPHUOAOB HEpP M JIBHBIX M THUTOTHAPOIM-
H MHYECKHX KoyieO HHMil, HOCAIINX CYIIECTBEHHO 3JI CTOAMH MHYECKHMH X P KTep.

Jl ee Mbl IPUAEPKUB €MCd CJICAYIOLIEro U1 H U3jlokeHus. Bo BTopoi 4 -
CTH BBEJICHHS NPHUBOIIATCA Kp TKHME CBEJCHUS O HEWTPOHHBIX 3Be3l X. B p 3m. 2
NpEeICT BJAGH ®J1 CTOAWH MHUYECK S MOIEJb INI0O JIbHBIX IP BUT LIMOHHO-YIIPYIUX
Hep 1M JIbHBIX KO0J1e0 HUH HEUTPOHHBIX 3BE3M, KOTOPBIE MOTYT WHAYLIMPOB ThCS
M CCHBHBIM KOMIT HPOHOM B JIBOMHOI cucTeMe, MO0 COXp HATHCI K K OCT TOY-
HBII 3(p(heKT UMITIO3UHHOrO POXAEHU myasc p . B p 31. 3 MBI mpoBogUM KOH-
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BremHsAs kopka

Puc. 1. CxeM Tuyeck d K PTUH CEYSHMS HEUTPOHHOM 3Be3Ibl C p AuycoM 11 KM U M ccoit
1,4 M. CreneHb 3 TEMHEHHS OTP X €T CTP TU(HLUPOB HHBI X P KTEpP p CIpENe/IeHus
BEIIECTB B HEIP X HEUTPOHHOU 3Be3[bl. BHYTPEHHSISI U4 CTh — M CCHBHBII KOp C P AUYCOM
9 KM, BEIECTBO KOTOPOTO MpPEACT BIsieT co0Oil sIepHy0 (B OCHOBHOM HEHTPOHHYIO) M Te-
puIo co cpeaHell IWIOTHOCTBIO 1,5 pn (PN — HOPM JIBH § IUIOTHOCTD SI€PHOTO BELIECTB ).
B nepucepuiinoii 061 CTH 3Be3[bl BEIIECTBO H XOAUTCS B COCTOSHHU CUIIBHO BBIPOXKIEH-
HOU 2JIeKTPOH-siiepHO#t T 3MbI (Ae-¢ 3 ), mpuYeM BHYTPEHHsST KOPK TOJIIHHONW OKOJIO
1,5 kM 06p 30B H TOMHBIMHU SApP MH, epeo6or IMEeHHBIMH HEHTPOH MU (C HE3H YHTEllb-
HOU TIPUMECHIO BBIPOXICHHBIX 37IEKTPOHOB). BHem s KOpK rmyOuHoit 0,5 KM COCTOUT u3
CBOOOIIHBIX BIEKTPOHOB U 00p 3YIOLIMX KB 3UKPUCT JUIMYECKYIO PEIIETKY Suep Xeies

CTPYKTHBHOE Cp BHEHHE TMAPOIMH MHYECKOIO M 31 CTOOMH MHYECKOIO IOIXOMO0B
K OIKC HUIO C MOTP BUTUDYIOLIEH SIEPHOM M TEpPUU U OOCYXJ €M IpOSBICHUS
Hep M JIbHBIX TP BHUT IIMOHHBIX KOyieO HU HEHUTPOHHBIX 3BE3] B AIIEKTPOM I-
HUTHOM KTHBHOCTH IylbC POB. M37T0XEHUIO TEOPUM M THHUTOIUT 3MEHHBIX KB -
3UCT TMYECKHX BOJIH B HEHTPOHHOH 3Be3ze mocesmeHsl p 31. 4 u 5. Ilomuep-
KHUB S 3J1 CTOAMH MHYECKYIO IIPUpPOIy JIb(hBEHOBCKUX KOJIeO HUii, Mbl IIPHBOAUM
JET JIbHBIE BBIYMCIICHHS! IEPHOJOB M THUTOIUT 3MEHHBIX OCIWIIALMHA. B 3 Kimode-
HHUM ClIeST HbI BBIBOIbI U3 MPEICT BIEHHOTO H JIU3 .

Heiitponnsie 3Be3apl. CchopMupoB BII sicsi HEWTPOHH g 3Be3A  (MyNbC P)
NpencT Bisercd chepuuecKuM 3 M THUYEHHBIM KOMII KTHBIM OOBEKTOM C p ANY-
coM R ~ 10 — 15 xm (uisa cp BHeHus R = 695980 xm) u M ccoii 0,3 — 2,5 Mg
(Mg = 1,989 - 1033 1), B Hep X KOTOPOTO BEIIECTBO CKOHAEHCHPOB HO CHI MU
COOCTBEHHOI'O TATOTEHHUS 10 IUIOTHOCTEH, OJIM3KMX K HOPM JIBHOU SI€PHOM ILIOT-
HocTH p ~ 2,8 - 10 r/cM3. MoOMeHT MHepIMH HEHTPOHHOH 3Be3/Ibl COCT BISET
J = (2/5)MR? ~ 10* — 10% r-cm?. H uGonee x p KTepHOii 0COGEHHOCTHIO
SAEPHON Cpebl HEWTPOHHBIX 3BE3/ SIBIAETCS CBEPXMOIIH S H M THUYEHHOCTh U
BBICOK $I CTENEHb MPOBOAMMOCTH. MHTEHCUBHOCTh M THUTHOIO MOJIS H IIOBEPX-
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Puc. 2. [Ipodunu 1ioTHOCTH U A BieHUs (B €JUHULl X IUNIOTHOCTH DHEPTUU SIIEPHON M Te-
pun o = 140 MosB/dm®), p ccunt HHble H OCHOBe yp BHEHHS p BHOBecHs TOMMEH —
Onmnenreiivep —BOMKOB M pe MHCTHYECKHX Yp BHEHHH COCTOSHHS SIEPHOW M TepUH
(T 671. 3) 11 MojieNeil HeWTPOHHBIX 3BE3/I C YK 3 HHOH M ccoi

HOCTH 3Be3/bl JOCTUT eT BenuuuHel B ~ 1011 +10%3 I'c [67]. Beauuun Cpe/iHero
M THMTHOTO MOMEHT P BH puns ~ 1039 I'c-cm3,  cpennss Benmuun  koahuim-
EHT BJIEKTPONPOBOIHOCTH cOCT BiseT o ~ 6-10%2 ¢~1. TIpoctp HcTBeHHOE P C-
npenesieHue MyJabC POB OOH PYXMB €T YETKO BBIP XEHHOE CTyLIEHHE K IIOCKOCTH
I 1 KTHYECKOIo JUCK TOmmuHOM okomno 500 mc, cpegHuil BO3p CT KTHUBHOCTH
B p JAUOAM I 30HE OLEHMB eTcs BenumumHoil 7 ~ 10% — 108 ner [8,13]. ITo coBpe-
MEHHBIM OIIEHK M HEHTpPOHH f 3Be3l poxa ercd K xapie 15-20 net [9]. X p k-
TEpHbIE NEPUOIBI P AUOU3IYYEHHd MYyIbC POB JIEX T B UHTEpB Jie oT 1,6 mc (PSR
1937421 — ¢ ™Mbl ObICTpBII H A HHBII MOMEHT myiibc p) 10 4,3 ¢ (PSR 1845—19
— ¢ MbIid MemieHHblid). OOH pyxenue nynsc p Kp 6, B OKpecTHOCTH KOTOPOro
OTYET/IMBO MPOCM TPHB IOTCA MPU3H KU P CIBUIEHHOIO B3PHIBOM BEIIECTB , MOA-
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Puc. 3. Cp BHeHue npocusieil IIOTHOCTU U JI BJEHUS 1/ HEHTPOHHOI 3Be3/lbl C M CCOIi,
P BHOH ONHOM COIHEYHOH M CCE, CO CPENHEU IUIOTHOCTBIO, P BHOU IBYKP THOU SHEPHOMN
IUIOTHOCTH, B OQHOPOIHOM Mofenu (IIp B 4 Y CTh PUCYHK ) U B HEOIHOPOLHOU MOZIENH,
[IOCTPOEHHOW H OCHOBE p€ JIMCTUYECKOTO Yp BHEHHUSI COCTOSHUS SIIEPHOU M TEpUU

tBepawio runoresy b e m LBukku [77] 0 reHeTHueckoil CBA3M HEHUTPOHHBIX
3BE3]] CO BCHBIIIK MU CBEPXHOBBHIX [5]. K dUecTBeHHyI0 K PTHHY POXIECHHS 3TOTO
MyJAbC p OOBSICHAET M THUTOPOT LMOHHBIA CIIEH PHH MMIUIO3UHHOIO POXAEHHS
BO BeIIblIKe cBepxHOBOH B 1054 1. [31,78,79]. B xpuTudeckuii MOMEHT UcCYepIl -
HUS 3 11 COB SIEPHOTO TOIUIMB TP BHUT LMOHH $ HEYCTOWYMBOCTH, BO3HUK IOII 4 B
¢ 60 H M THHYCHHOW MEJICHHO Bp II[ FOLIEWCS 3Be3le-IPeaIIeCTBeHHUIIE™, P 3-
BUB €TCSI T KUM OOp 30M, YTO CTPEMUTEJIbHOE I JICHHE BEIIEeCTB H ILEHTP (UM-
IUTO3USI — B3PBIB BOBHYTPH) COIPOBOXI €TCS €r0 YINIOTHEHHEM JI0 TeX I0p, MOK
CHWJIBI P BUT LMOHHOTO CX THS He OYIyT NPUBEACHbI B P BHOBECHE [l BIICHUEM BbI-
POXIEHHOTO HEUTPOHHOTO (hepMHU-KOHTHHYYM . OOp 3yroluiicss B LEHTPEe CUIIBHO

*CorlT CHO TEOPUH 3BE3IHOIl 9BOJIOLUU HEHTPOHHBIMH MOTYT CT Th M CCHBHBIC 3BE3[IbI [T BHOI
MOCJIEN0B TENBHOCTH ¢ M ccoil M ~ 4 — 8M, HO He BbILIE JECATH COMHEYHbIX M cc. KoHewyHoit
CT JIUeil BOJIIOLMHU 3Be3[ C M cC MH, npesbill ommMu 10 Mg, asigiorcd yepHsle abipsl [80].
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T 6mun 1. IT p merpsl yp BHeHwmid coctosnus (YC) sinepHoii M TepuH, HCHOJIb3yeMble
npu noctpoernu (H ocHoBe yp BHeHmid OTO) pe nmcTHYecKHX Mozaeseil HEUTPOHHBIX
3Be3q [22]

yC E/A,MsB n,pv > K, MeB m*/m asy, MaB

GZoo -15,95 0,145 200 0,80 36,8
HV -11,5 0,175 202 0,79 29,3
UVII -15,98 0,145 285 0,77 36,8
E/A — sHeprus cBI3M H HyKJIOH IIPU CPEIHEH IUIOTHOCTH 4 CTHI 7,
K — xoo(HuUEeHT CXUM eMOcTH, m* /m — oTHoueHHue 3(heKTHB-

HOW M CChl HYKJIOH m™ B Se€pHOil M TepHU IPU YK 3 HHOM IUIOTHOCTH
H CBIIIEHNS K M CCe CBOOOIHOTO HYKJIOH 1M, Gy — DHEPIUS CHMMETPUH

H M THUYEHHBIH U OBICTPO Bp I IOMIMICSA KOMI KTHBIH OOBEKT B KOHEUHOM UTOTE
thopMupyeTcs K K HEUTPOHH 4 3Be3 — mynbce p [81], ocCT JbH 5 (3H YHTETHHO
66mbLr s, mopstak 2 — 6 M) 9 cTb M CCBI IEPBOH Y JIBHOM 3Be3[bl OTOP CHIB -
€TCsl M THUTHBIM JI BJIEHHEM B OKPYX IOIlee IPOCTP HCTBO B BUIE OBICTPO OCTHI-
B IOLIEH p AMOM3IYY IOLIeH TyM HHOCTU. B mpouecce ¢opMUPOB HUS HEUTPOHH £
3Be31 p 30rpeB ercd jo Temnep Typsl 101 K (10 MaB) u 3 TeM GBICTPO OCTHIB €T
o Temnep Typsl T ~ 107 — 108 K (10—100 ksB) [82].

H puc.1 cxem Tuecku n300p XKeH MOAEIb HEUTPOHHOH 3BE3MIbl, HOCTPOCH-
H 9 H OCHOBE PEISTHBHUCTCKOIO yp BHEHMS I'P BUT ILIMOHHOTO p BHOBecHsl Toi-
MeH —OmnneHreiiMep —BOJKOB ¢ TUNMYHBIMU I P METP MH Yp BHEHHUS COCTO-
SHUS SIEPHOM M TEpHM, NMPUBEAEHHBIMH B T OJ. 1, p CCUUT HHBIMU C YYETOM
rerepo 3HOCTH SIAEPHOTO CT THCTHYecKoro p BHoBecus. IlompoOHoe obcyxne-
HUE yp BHEHMi coctosHus A ercd B [8,21,22]). H puc. 2 u 3 npencr BiaeHsl
npoiIM IJIOTHOCTH M [ BIGHMS, P CCUMT HHble MeTogoM X pTpu—Pok , st
MePeYUCIICHHBIX BbIIE Yp BHEHWH cocToSHUS [22].

2. BJIACTOOIUHAMHUKA CAMOI'PABUTUPYIOIIEN SAAEPHOM
MATEPUU

YrBepxnuenue o6 ynpyronojoOHOM MOBEAEHHHM M TEPH JIBHOIO KOHTHHYYM
HEUTPOHHBIX 3Be3]] KOHCTPYKTHBHO BBIP X €TCSl B TOM, UTO €r0 JBUXEHMS OIHUCHI-
B I0TCSl yp BHEHHMAMH SAEPHOH 3J1 CTOAMH MUKHU [56,63]:

dp oV;
2 _ 2.1
AV, 9P, U
L 22
P&t "o Pom — 22)
P;j j i
Py p iy p, g M 2.3)

dt ik 3—xk oxy, J 3—%
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Ie p — IVIOTHOCTh SEPHOI cpesbl, V; — KOMIOHEHTBI MONS CKOPOCTH YNPYTHX
cMelleHuii ¥ P;; — TeH30p ynpyrux H NpsKeHHi (110 NOBTODPAIOLIMMCH MHIEK-
¢ M 1ojap 3yMeB ercs cyMmMupoB Hue). [lepBoe u3 yp BHenuid, (2.1), npeacrt Biser
co00if XOpOIIO M3BECTHOE yp BHEHHE HEMPEepBHIBHOCTU. Yp BHEHHUE (2.2) OMHCHI-
B €T ABUXEHHE MOTOK SJEpHOro BewecTB . Yp BHeHue (2.3) KOHTPOJUpYeT Iu-
H MUKY BHYTPEHHHMX H IpsxeHuil. T K § TepMUHOJIOTUS CBSI3 H C 1 HHBIM BbIILIE
OIpeesieHHeM M CCOBOM IUIOTHOCTH p, TPEX KOMIIOHEHT CKOpPOCTH NMOTOK V; u
JAEBATUKOMIIOHEHTHOTO TEH30p YNPYTMX H NpskeHuit FPj; K K, COOTBETCTBEHHO,
HYJIEBOTO, TIEPBOTO W BTOPOTO MMITYJIbCHBIX MOMEHTOB OfHOY CTHYHOH (DyHKIMH
p crpenesneHuss B ¢ 30BOM IPOCTp HCTBE. MBI p ¢CM TpPHUB €M JBIKEHMS Sfep-
HOM cpefibl H T KHMX M CIIT O X, IJie JOMHUHUPYIOLIYIO POJib UIpP 10T OOBeMHbIE
CHJIbI COOCTBEHHOrO (HBIOTOHOBCKOIO) TsroteHus. Ilostomy B yp BHeHuu (2.2)
nox U MOHUM eTcCsl Tp BUT LIMOHHBIN MOTEHNH JI, YAOBJIETBOPSIOUINN Yp BHEHHUIO
Ily ccon :

AU = —4nGp, (2.4)

e G — Ip BUT LIMOHH $1 NOCTOSIHH . B pe3ylipT Te NMpUXoauM K 3 MKHYTOM
cucteme yp BHeHUH (2.1)—(2.4), onuchB OIIEH OUH MUKY MIE JIbBHO YIpPYrou
CIUTOIIHON cpenpl (3heKThl 37 CTOINT CTUYHOCTH MTHOPHUPYIOTCS) B HoOne cob-
CTBEHHOTO TITOTEHHsA. B mocnenyomeMm H3I0XEHHM 9TH Yp BHEHUS P CCM -
TPUB I0TCA K K (PYHI MEHT JIbHbIE yp BHEHHUS 37 CTOJMH MHUKH C MOIP BUTHPY-
IoIel simepHoil M Tepun. Beenenue yp BHeHus (2.3) oOecrieduB eT BO3MOXHOCTb
ONMUC HMA K K THAPOAMH MUYECKHMX, T K M 3J1 CTOAMH MHUYECKHUX CBOWCTB Sjiep-
HOW cpelsl B p MK X €JUHOH CXEMBbI, IIPOSBIEHHE KOTOPBIX CBA3 HO C X P KTe-
POM JIOK JIBHBIX HMCK XEHHMH p BHOBECHOro (pepMu-p crmpenesieHus. B x uyectse
KOHCTPYKTUBHOM JEMOHCTP LU IOCJIEIHEIO YTBEPXKIEHUS P CCMOTPUM IIPOLIECC
P CIPOCTp HEHUS IUIOCKOBOJIHOBBIX BO3MYILEHMI B OJHOPOIHOM U HU30TPOIIHOM
(hepMU-KOHTHUHYYME.

Hynb-Temniep TypHble BOJTHBI B M30TPONHON AaepHoil M Tepuu. [lon on-
HOPOOHOW HM30TPOITHOM HEWTPOHHOW M TEpUEW NOHHM €TCd CIUIOLIH S Cpen , B
KOTOPOH p CIpejielleHie BHYTPEHHHUX H NpsKeHui F;; Npu HyneBoil Temnep -
Type 3 A eTcd A BleHHeM P IOJHOCTBIO BBIPOXAEHHOIO 10 CIMHY M H30CHHHY
thepMu-T 3 , CKOHIEHCHPOB HHOIO O HOPM JIBHOH SiepHOIl IUIOTHOCTH p. B
npubnuxennn Tom ¢ —®epMu p BHOBECHBIE 11 P METPbI T KOW CpeJibl 3 JI I0TCS
CIIEYIOIMU 3KBUB JICHTHBIMU BBIP XEHHAMU:

2 3
pY hkp . k
Pij:&-jP, P:_5F’ VR = o p=nm, n:ﬁ7 (2.5)
2 3 1
pP= ggj\[, En = TR, €F = Em*v%. (2.6)

Bonee momHoe omuc HHUE P BHOBECHBIX CBOWCTB HYKJIOHHOM M TEpUH C y4eTOM
HEOIHOPOJHOCTH P CIIpefesieHus ITIOTHOCTH I HO B [51].
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B uMITy/IbCHOM MIPOCTP HCTBE M30TPOIHOMY P CIIPEIENICHUIO H IIPSKeHUH OT-
BeY eT ChepHIECKU-CHMMETPUYHOE 3 MOJHEHHE HYKJIOH MU OIHOY CTHYHbBIX Op-
6ut neit (yp BHeHue (2.5), mepemuc HHOe B BHIE p%/m”‘2 = 5P/p = const,
ectb yp BHeHHe (pepmu-cepsl). Chepuuecku-CUMMETPUIHOMY CX THIO H P CTS-
XKeHHIo hepMU-chepbl B UMITYJIbCHOM IPOCTP HCTBE COOTBETCTBYIOT W30TPOIHbIE
W3MEHEHUs H IpsKeHWid B 00beMe Cpejbl:

B wume 7mpHOM XHAKOCTH WIM T 3¢ BO3MYLICHHS P CIIPOCTp HSIOTCS Oe3 p 3py-
LIEHUS U30TPOIMHU P BHOBECHOI'O M30TPOIHOTO P CIPEAESIEHUd H MPAXEHUM, T.€.
6e3 BO3HHMKHOBEHHS K C TENIbHBIX H MpskeHuid. M TeM TUYeCKH 3TO CBOHCTBO OT-
P X ercs ycimoBueM chepUYHOCTH TEH30p H mpsikeHwid (2.7) (Bce HOPM JibHbIE
H IPSXKEHUS B Cpelie BhIP XEHbl Uepe3 OAHY CK JIAPHYIO BEJIMYUHY — J BJIICHHE).
B ominume oT XMOKOCTH BO3MYIIEHHE U30TPOIHOM TBEPHOTENbHO-YIIPYIOM Cpelbl
COMNPOBOXI €TCS BOBHUKHOBEHHEM HHU3OTPOIHBIX H npsixkenuil. T kue Bo3Myle-
HUS OIUCBHIB I0TCS TEH30POM

AHM30TPOIIHOCTD BBIP XE€H TEH30poM 0P, KOTODBIH CONEPXKHUT HEHy/IEBbIEe He-
I TOH JIbHBIE 3JeMEHThl. B HMIYJbCHOM IpPOCTpP HCTBE MOACT HOBKE (2.8) OT-
B€Y €T HU3OTPOIH 4 KB JPYNOJBbH 5 AepopM IMd P BHOBECHOTO (hepMH-p CIIpe-
JIeTIeHUs] WJIM, TOBOP MH 4Ye, KB JAPYNOJbH 5 necopM Lus hepMu-chepsl.

Cor CHO COBPEMEHHOH TEOPUU CIUIOLIHBIX CPEl PEONOTUS M TEPU JIBHOTO
KOHTUHYYM OIpEeNsaeTcd JUH MHUKOW BHYTPEHHUX H IPSXEHUH, KOTOpBIE IIPO-
SBJISIOTCSl B CIIOCOOHOCTH Cpeibl MOIIEPKHUB Th P CIIPOCTP HEHHE BO3MYILUEHHUI B
BUJE BOJIH, crenu(uyeckux i 1 HHOro Tum cpenpl. [Iok keM, 4TO NpH JH-
HEHHBIX BO3MYIICHUSIX TOM C-(hepMUEBCKONH HEHTPOHHOW M TEpUH, KOTOpBIE CO-
MIPOBOXJ I0TCS HCKIIIOUYUTENIBHO U30TPOIHBIMU (KOMIIDECCUOHHBIMM) MCK XEHH-
MU (hepMH-p CIpeleNeHus B MMITyIIbCHOM NPOCTP HCTBE, OH HPOSBIISIET CBOM-
CTB , NpUCYyIINE HIE JIbHOH (PepMH-XHIKOCTH, T.€. Cpele, CIHOCOOHOW moamep-
XHB Th P CIIPOCTP HEHHE TOJBKO IIPOAOJIBbHBIX Koiie® HHMi ¢ ¢ 30BOil cKOpo-
cThi0 ¢, = vp/ V3. Mexjy TeM IpH BO3MYILIEHHSX, BBI3BIB IOIIMX HehOPM -
LU0 P BHOBECHOTO (PepMH-P CHPENENIEHUS HEUTPOHOB B UMILyIIbCHOM IPOCTp H-
CTBE, HEUTPOHH I M TepHsd NPOSBIAET CBOHCTB ynpyroro (epMH-KOHTHHYYM ,
T.€. Cpelibl, CIOCOOHOI MOAIEPKKUB Th 31 CTOAWH MHYECKHE HyJIb-TEMIIEp TypHBIE
BOJIHBI, = HMMEHHO MpPOAOJIBHYIO, P CIPOCTP HAIINYICI ¢ ¢ 30BOH CKOpPOCTHIO
c1 = (3/5)Y%vp, u nonepeunyio ¢ ¢ 30B0ii cKOpocThio ¢; = v /V/5.

Tuopooun muueckuii Hyn€601 36YK 6 GblPOKOCHHOU AdepHOU M mepuu. P c-
CMOTPHM JIMHEMHBIE BO3MYLIEHHU CKUM €MOU HEUTPOHHOU M TE€pUH, H XOAAILEHCS
B ITOKOE, ITPU KOTOPBIX (hepMu-chep mpeTeprieB eT U30TPOIHbIe UCK XeHud. [Ipu
9TOM MBI P CCM TPHUB €M TOJIBKO BO3MYLICHUS, HE NPUBOAAIIUE K IIEPECTPOIKE
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UCXOOHOTO (hepMU-p CIIpeeNIeHus, CTPYKTYp KOTOPOIO OINpEAesIeTcs CPeJHUM
nonem U. @ KTHYECKH 3TO O3H U €T, YTO IPU 3TUX ABMKEHUSIX MOTEHLH JI CPel-
Hero noss He MeHsercs, T.e. 0U = 0. Ipu a1Hx ycnousx yp BHeHus (2.1)—(2.3)
JIUHE PU3YIOTCA MOACT HOBKOW BUJ
PUF
pptép,  VisVi=0)+oVi, Py [P(: T) +6P} 5.

(2.9)
B pe3ynbr Te IpUXOOUM K 3 MKHYTOW CHCTEME yp BHEHMM JIMHEUHOU I'MAPOAUH -
MHKH BA3KOW (hepMU-KHIKOCTH

ddp av;

o +p 9m = 0, (2.10)
o6V,  06P
p ot + oz, =0, (2.11)
o6P 5 _00Vi
9t + 3 Do 0. (2.12)

Ecnmu npomuddepentmipo 16 yp BHeHHe (2.11) mo BpeMmenu, To ¢ yuetom (2.12)
Cp 3y NOJIy4 €M Yp BHEHHE MPOMOJIBHON THAPOIMH MHUYECKOW BOJIHBI

5P _ wp
3p V3

BBIP X IOLIEE OfIUH U3 INI BHBIX BBIBOLOB T€OPUU (PepMH-KHUIKOCTH, KOTOPBIH CO-
CTOMT B TOM, YTO MJie JIbH S (PepMHU-KHMIKOCTh CIIOCOOH MOJUIEPXHUB Th P CHPO-
CTp HEHME IPOJIOJIBbHBIX 3BYKOBBIX BOJIH (K — BOJIHOBOI BEKTOp) IpPH HYJIEBOU
temnep type. K K BunHO u3 yp BHeHus (2.13), npodonibH s HyJb-3BYKOB S BOJIH
X p KTepusyercsl Oe3IiCIepCHbIM 3 KOHOM p CHPOCTP HEHHs C ¢ 30BOH CKOpO-
ctbi0 cr,. CyllecTBEHHO KB HTOB § NpUPOX HyneBoro 3ByK JI HO y cocTouT B
TOM, YTO OH MOXET BO30YXH ThCS IIPH HYJIEBOH TEMIIEp Type, T.e. B HOJHOCTbHIO
BBIPOXAEHHOM (hepMHU-KOHTHHYYME. B KJ1 cCHYecKkoM Hpie JILBHOM T 3e p CHpOCTp -
HEHHE 3BYKOBBIX BOJIH HEBO3MOXHO, ITOCKOJIBKY P BHOBECHOE J BIIEHHE IpOIop-
uoH JbHO 1" (yp BHEHHE COCTOSHES KJI CCHYecKoro muae JpHoror 3 P = nkgT,
rge kg — KOHCT HT bBosabim H ).

Hynv-memnep mypHoie 51 CMOOUH MUHECKOE BOJIHbL 6 GbIPOIKOCHHOU HEUMPOH-
Hott M mepuu. Tenepb p cCMOTPUM JIMHEWHbIE BO3MYIIEHUS B CXKUM €MON HEUT-
POHHOM cpejie, IPU KOTOPBIX (hepMu-chep MpeTeprneB eT HU30TPOIHBIE UCK -
keHus. B atom ciyd e yp BHenud (2.1)—(2.3) nuHe pu3yloTCs MOACT HOBKOU
BUJ

V—cEASV =0 — wp=cpk, cp= (2.13)

p—ptdp, Vi Vi(=0)+dV;, Pijﬁp(:”TF)aijMPij, 2.14)
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KOTOp $I MPUBOIMT K CIIAYIONICH CUCTeMe Yp BHEHUUN OE3UCCUIl TUBHBIX JIMHEWH-
HBIX (PITYKTY MM

dsp AV,
i = 2.1
5 TP Bz, 0, (2.15)
95V; 08P
=0 2.16
arn oz, ; (2.16)
A5 P sV, sV, A8V,
P Sii =0. 2.17
ot + 8a:j 8{171‘ + J 8a:k ( )

B 1 HHOM ciiyd e ymoGHO mepeilTd K momo cMeuteHuil D(r,t), CBI3 HHOMY ¢
noseM ckopoctd 'V (r,t) COOTHOIEHHEM

8Vi(r,t) = —Dy(r,t). (2.18)

IMonct Bngs (2.18) B (2.17), noayuum

(9D  9D; . 9D
5Py =P < 5z, * o + 01 ) : (2.19)

Cp BHHB $ Ji HHOE BBIP XEHHE Ul H MPSKeHUl B HEUTPOHHOU M Tepuu (MHIY-
LUMPOB HHBIX UCK XEHUSMU (PepMHU-p CIpEeICHUS B UMITYJIbCHOM MPOCTP HCTBE)
C BbIp XKCHUEM IJId H Hpﬂ)l(eHPlﬁ, NMOAYUHAIOIIUXCA 3 KOHY Fyl( IJ1l U30TPOITHOI'O
ujie JIbHO yIpyroro M tepu j [85]:

oDi | 9D; > + g, 2Dk (2.20)

5P, = Bt
H <8acj + ox; 7 Oy,

MOXHO 3 KJIIOYUTb, YTO HEUTPOHHBIN (hepMHU-KOHTHHYYM BesleT cebsl K K ujie JIbHO
YOPYT s Cpel , B KOTOPOH MOJYJb YIIPYTOCTH A U MOIY/Ib CABHT (i (I P METPBHI
JI M3) p BHBI ApYr Apyry, 1O OCOIIOTHOW BEJIMYMHE 3TH MOMYIH COBH 1 IOT C
I BiendeM A = pu = P. Bonee Ttoro, moxct Bisag (2.18) u (2.19) B yp BHeHHe
JBUXEHUST JUIS TI0JIsl CKOpOCTH ynpyrux aecopm tmii dV; (2.16), H xomuM, 4TO
9TO Yp BHEHHE

pD = 2Pgrad divD + P AD (2.21)
COBII I €T C Yp BHEHUEM JI Mo

pD = (A + p)grad divD + p AD, (2.22)

OIKCHIB IOUIMM JIMHEHHYI0 3J1 CTOOUH MHKY W€ JIbBHO YIPYrod W30TPOIHOMN
CIUTOIUHON Cpefbl. YCT HOBJIEHH 4 H JIOTMS MEXJAy yp BHEHMAMH [BHXEHUS
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HEUTPOHHOTO (pepMU-KOHTUHYYM , BO3MYILEHHSI KOTOPOTO COIPOBOXI I0TCS HH-
30TPOITHBIMU UCK XEHHSMHU (PepMH-p CHpenelieHus, U yp BHeHUsIMH JI Me 1o3Bo-
JII€T BOCIIONB30B ThCS KJI CCU(PMK LIMEl BOJHOBBIX JIBUXEHUI, IPUHATOHN B JIMHEH-
HO#l Teopur ynpyroctd. Cor CHO MoclieHel B Hjie JIbHO YIPYroil cpeie MOXeT
P CHpPOCTp HAThCS K K NPOJOJIBH S, T K W IIONEPEYH S BOJIH YIPYIUX CMelle-
Huit [85]. Ilpouenyp p 31eieHHs 371 CTOAMH MHYECKUX BOJH H TPOAOJIBHYIO U
MONEPEYHYIO JIOCT TOYHO NOAPOOHO ONKMC H B JIUTEP Type, IIO9TOMY MBI OIp HH-
YHUMCS JIULIb OCHOBHBIMH PE3YJIBT T MU T KOIO P 3IeNIeHHUs, KOTOPOE BBITEK €T H3
NPEACT BJICHHs BEKTOPHOTO IOJIS YIPYIUX CMEIICHUI B BHIE CYMMBI

D =D; + Dy (2.23)
D; noguuHgeTcs yp BHEHMIO NMPOAOJIBHOIN BOJTHBI
D, - AD; =0, rotD; = 0, (2.24)

KOTOp $ p CHPOCTpP HAeTcs ¢ ¢ 30BOM CKOPOCTBIO

A+2
o= U——’_ £ = \/E’UF. (2.25)
p 5

Yp BHCHUEC nonepeqﬂmx BOJIHOBBIX )lel/I)Keﬂl/Il;'I UMeeT BUJI
D; — c;AD; =0, divD, = 0. (2.26)
DT BOJH P CHOPOCTP HSETCS CO CKOPOCTHIO

= B =2E (2.27)
P V5
ITonepeuH s BOJH HE CO3[ €T CX TUU U P 3PAXKEHUI U II09TOMY MOXET P CIIPO-
CTP HATBHCS B HECXKUM €MOU HEHTPOHHOH (41epHoii) cpexe.
Cr HA PTH 4 MoJeJIb HEeIITPOHHOM 3Be3/Ibl. DBPUCTHYECK s LIEHHOCTh CT H-
[l PTHBIX 3BE3IHBIX MOJIENIEH COCTOUT B TOM, YTO OHH IO3BOJIAIOT B H JIUTUYECKON
thopme MOTydInTH OLIEHKM P BHOBECHBIX M AWH MHYECKHX I p MeTpoB 3Be3n [34].
B cr HOo pTHOU Moaenu HEWTPOHH S 3Be3 Wje JU3Upyercs: chepruyecKou oj-
HOPOJIHOM M CCOW HECXHM €MOrO BEIeCTB , OOJI JI IOIIEro CBOWCTB MU Hepes-
TUBHCTCKOTO BBIPOXIEHHOIO HEUTPOHHOTO (hepPMHU-KOHTHHYYM , CKOHIEHCHPOB H-
HOTO CHJI MM COOCTBEHHOTO TSTOTEHHS AO IUIOTHOCTEH, ONMM3KMX K HOPM JIBHOW
SAIEepHOU IJIOTHOCTH.
P BHOBecHOe p crnpenesieHue Mo COOCTBEHHOM Ip BUT LIUM BBIP X €TCS XO-
POLIO U3BECTHBIM pEelIeHHeM yp BHeHus (2.4):

. 2
Ui = —?” G po(r® — 3R?), r< R, (2.28)
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47 R3
3 G po, r> R, (2.29)
[Jie MHIEKCOM HYJb IOMEUYEHbl P BHOBECHBIE X P KTEPHCTHKH.
CrectBueM cepryecKoil CHMMETPUH TP BUT LHOHHOTO B3 UMOJIEHCTBHS SIB-
JISIETCSl U30TPOITHOE P BHOBECHOE P CIIpele/ieHre H MpsKeHHi (1 BieHus) B 00b-
eMe 3BE3JIbl:

exr __
UO —

P2 (r) = Py(r)di;. (2.30)

P ou 5pH 9 3 BHCHMOCTB [ BIGHMSI ONpEAENseTcs W3 yp BHEHHS P BHOBECHS C
TP HUYHBIM YCJIOBHEM, COITI CHO KOTOPOMY I BJICHHE B LIEHTPE 3BE3bl ONpeness-
eTCsl BHyTPEHHHMM [ BJICHUEM simepHoro Bewmects Py (po):

VPy(r) = poVUF(r), Po(r = 0) = Pn(po)- (2.31)
Pemmenue sToro Yp BHCHUA UMECT BUJ
Py(r) = Pn(po) — (271/3) G par?. (2.32)

OrmernM, 9to Py (pg) €cTb OCHOBH 51 X P KTEPUCTUK , HECYLI sI MH(OPM LIHIO
00 yp BHEHHH COCTOSIHMS SAEPHOW M TepUH M, T KMM OOp 30M, CBSI3BIB IOI
sSaepHyl0 (GU3MKY C (PU3NKOW HEHTPOHHBIX 3Be3A. B cT HE pTHOI Momenu mon
Pn(po) MOHUM eTcst /I BIIGHHE BBIPOXKICHHOTO HEWTPOHHOrO Bemects [8]:
2(9.212/3

Pr(po) = (2/3)En(po) = Kpy/*,  po = m*S%k%, K= %'

(2.33)
Cp BHeHHe puc.2 ¥ 3 1 eT IpeICT BJICHHWE O CTEeNeHH JOCTOBEPHOCTH MpHUOIIH-
KEHUs Pe3KOro Kp 5 uisl Npoiis IUIOTHOCTH, JIEX IIEro B OCHOBE CT HA PT-
HOIM Mojenu HeWTpoHHOU 3Be3nbl. [lpu 3 o HHOH MmioTHOCTH M3 (2.32) Jerko
[IOJIyYUTh OLEHKY P AUYC HEWUTPOHHOM 3BE€3/lbl, KOTOPBIA OLpEIeseTcd K K p -
auyc cBOOOIHOM OT H mpsikeHHi cepuueckoil nosepxHoctu Po(r = R) = 0,
TO €CTh HNOBEPXHOCTH, TI€ YIpPyrde H INpspKeHus, 00yCIOBJIEHHbIE COOCTBEHHOMN
TP BUT IM€H, yp BHOBELIMB IOTCS BHYTPEHHUM [ BIICHHEM HEHTPOHHOIrO (hepMmmu-
KOHTHHYYM . M3 ycnosus

Py(R) = Pn(po) — (2m/3)GpgR? =0 — Py = %” Gpo®R?,  (2.34)

H XOJIUM, YTO P BHOBECHBII P JAUYC U M CC HEUTPOHHOH 3B€3bl B CT HJ PTHOU
MOJIENIH OIIPENENAIOTCS BBIP XKEHUSMH

3Py ,
=4 — M= (4 . 2.35
R o Gp(g) ) ( 7T/3)p0R ( )

B T 651.3 npuBoasTCa uncieHHsle 3H yeHus mid M u R, p ccuuT HHbBIE MO 3TUM
opmyn M, H puc.2 u300p XeHbl NPOPUIM IUIOTHOCTH U J BIeHHS. DTH
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T 6amy 2. Iepuonsl Pr, Hep AM JBHBIX P BUT LIMOHHBIX c()epor] JbHBIX (S-MOX ) H
TOPCHOHHBIX ({-MOX ) 371 CTOAMH MHYeCKHX Ko0J1e0 HHWi JUId pe JIMCTHIeCKUX (HeOTHO-
POIHBIX) MoJieJIeli HEHTPOHHBIX 3Be3/1, IOCTPOEHHBIX H OCHOBE YP BHEHMSA I'MIPOCT TH-
yeckoro p BHoBecus Toimen —OmnmeHreiivep —BoIKoB H Tpex B PH HTOB Yp BHe-
HHH COCTOSTHMI1 AI€PHOM M TEPUM ¢ T P METP MM, MPeACT BIEHHBIMH B T 011.1

Heonnoponn g monens I'p BUT 1IMOHH 4 $-MOJ I'p BUT 1MOHH 4 t-MoOn
Vp Buenue cocr. M/Mg R, kM Pamc  Psmc  Pgmc  Pomc  PsMc PyMc
HV 1,0 14,38 0,41 0,30 0,25 0,60 0,44 0,36
HV 1,2 14,23 0,37 0,27 0,22 0,54 0,39 0,33
HV 1.9 11,28 0,14 0,11 0,09 0,21 0,15 0,13
GZoo 1,2 11,95 0,26 0,19 0,17 0,39 0,29 0,24
GZpo 1,3 11,59 0,23 0,17 0,15 0,35 0,26 0,22
GZoo 1.4 11,03 0,20 0,15 0,13 0,30 0,22 0,18
UVII 2,1 9,20 0,09 0,07 0,06 0,14 0,10 0,08

T 6mmy 3. Ilepuogst P, Hep IW JBHBIX TP BHT IMOHHO-YNPYTHX cdepona JIbHBIX
(s-MOA ) ¥ TOPCHOHHBIX ({-MOJ ) MyJbC LW, BbIYMCJIEHHbIE H OCHOBE CT HJA PTHOM
OJHOPOAHOW MOJeJH HEHTPOHHOU 3Be3[bl (C MOrp BUTHpYHIOLIell cepuyeckoil M ccbl
BBIPOJKJICHHOI HEHTPOHHON M TepHH)

OnnoponH g Monenb Ccbeponn 16H 9 MOI Topcuonn s mMoxn
M/Mg Rxm | Po,mc  Ps,mc  Py,mc | Po,mc  P3,mMc Py, Mc
0,89 12,34 0,14 0,11 0,08 0,20 0,14 0,12
0,95 12,10 0,13 0,10 0,08 0,19 0,13 0,11
1,00 11,89 0,13 0,09 0,07 0,18 0,13 0,10
1,04 11,70 0,12 0,09 0,07 0,17 0,12 0,10
1,09 11,54 0,12 0,08 0,07 0,16 0,12 0,09
1,14 11,38 0,11 0,08 0,06 0,16 0,11 0,09
1,18 11,24 0,10 0,08 0,06 0,15 0,11 0,09
1,22 11,12 0,10 0,07 0,06 0,15 0,10 0,08
1,26 11,00 0,10 0,07 0,06 0,14 0,10 0,08
1,30 10,89 0,09 0,07 0,06 0,14 0,09 0,08
1,34 10,78 0,09 0,07 0,05 0,13 0,09 0,08
1,37 10,69 0,09 0,06 0,05 0,13 0,09 0,07
1,41 10,59 0,09 0,06 0,05 0,13 0,09 0,07
1,44 10,51 0,09 0,06 0,05 0,12 0,09 0,07
1,48 10,43 0,09 0,06 0,05 0,12 0,09 0,07

OLIEHKH YHOBJIETBOPUTEIBHO COIMT CYIOTCS C PE3yJIbT T MH P CYETOB M CCBHI M P -
IMYC , TIOJYYEHHBIMH B PEIATHBUCTCKUX MOJENISIX HEHTPOHHBIX 3BE3 M MPEACT B-
JICHHBIMU B T 011.2.

B nutep Type HEOAHOKpP THO oTMeu Jiochk [13], 4TO MOCKONBKY p AMYC HEW-
TPOHHO 3Be3/bl R COU3MEPUM C €€ TP BUT LMOHHBIM p juycoM Rg = 2G M /c? ~
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3 KM, TO H JeXHbIe Pe3yJbT Thl MOTYT OBITh IOJIYYCHBI JIIIb C y4eToM Bdek-
TOB OOIIel TEOPUH OTHOCUTETPHOCTH. TeM He MeHee BBIIIeTIPUBEICHHbIC OLIEHKU
yOexXI 0T B TOM, YTO CT HI PTH S MOIETb, OCHOB HH S H HBIOTOHOBCKOH Tp -
BUT LIMM U MCIIOJIB3YIONI g B K YECTBE YP BHEHUS COCTOSIHMS SIEPHOrO BELIECTB
yp BHEHHME YUCTO HEUTPOHHOM M TEpHUU, MPHUBOIUT K 3H YEHHSIM WHTErp JIbHBIX
P BHOBECHBIX I P METPOB (M CChl, p IUYC , MOMEHT HWHEPIIMH), XOPOIIO COIT CYy-
IOIIMMCSl C TIPEICK 3 HUSMH Pe JIMCTUYECKHUX MOJIeeil HeUTpOHHbIX 3Be3n [21,22].
DTO0 MO3BOJISIET H AEATHCS, YTO UCIOJIb30B HUE YP BHEHHS HEPEJIITUBUCTCKOH Te-
OpHWH TP BHUT IIMU HE MPUBEIET K CEPhe3HBIM OIIMOK M W IPH BBIYHCICHUU TEPH-
OIIOB HEP JM JIbHBIX TP BUT LIUOHHO-YIIPYTUX MOJ.

Hep au jabHBIE TP BUT IHOHHO-YNPYTHe KoJ1e€0 HUS HEHTPOHHOH 3Be3]bl.
B HecxuM eMoi yrpyroii cpefic Hep Ad JIbHbIE JJIMHHOBOJIHOBBIE KOJIeO HUs (KB -
3UCT THUYECKHE YIPYrHe BOJIHBI) SIBJISIOTCS €UHCTBEHHO BO3MOXHBIM THUIIOM JU-
H MUYeCKOH KTHBHOCTH. DyHI MEHT JIbHbIE U CTOTHI HEp M JIbHBIX KOJeO HUi
MOTYT OBITh BBIYHCIICHBI H JIUTUYECKH H OCHOBE DHEPreTUYEeCKOr0 B pU IIMOH-
Horo npuHuun [84]. Ilpennosn r s, 9YTO MOTOK M CChl B p BHOBECHOM COCTOSIHUU
OTCYTCTBYET, U MCIIOJIb3ys CT HJ PTHYIO MPOLEAYPY JUHE pU3 LUU

p— po+dp(=0), Vi—=V2=0)+0V;, Py — 0;jPo+0 Py, U — Upt+dU,

yp BHeHus (2.1)—(2.4) MoxHO npeoOp 30B Th K BHY

ooV,
i 0, (2.36)

00V,  00P;; aoU
POy oz, — po oz, 0, (2.37)

0 P;; o0V, 08V 0P, B
ot + Py ( 8$j 9z, ) + (SZJ <5Vk 8$k> = 0, (2.38)
AU = 0. (2.39)

Il nee, yMHOX s cK JisipHO yp BHeHue (2.37) H &V, W uHTerpupys 1o oobemy
3BE3/Ibl, IIOJIyd €M yp BHEHUE DHEepreTH4eckoro O J HC :

gt / ~podV3dr — / 0P~ dT - ?{ [po SUSV; — 6P, 6V;]do; =0, (2.40)
S

KOTOpOe KOHTPOJIMPYET COXp HEHWE 3HEepruM B Ipouecce Komed Huil. Diykry-
LMK CKOPOCTH BO3MYLUEHHOTO MOTOK d&V; M MOTeHUM J1 ¢ MOrp BUT 1mu 6U
NpeicT BUM B BUIE

Vi(r,t) = —¢f(r)ac(t),  8U(r,t) = ¢*(r)ar(t), (2.41)
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rae L — MyJIbTHIIONBHBIA TOPsIoK Kosie® Hust. Hopwm JibH s kKoopauH T« (t)
onpefendeT 3 BUCUMOCTb OT BpeMEHH (PIyKTyHpyloIuX InepeMeHHbIX. UYepes
£L(r) 0003H YeHO IMoJie MTHOBEHHBIX yrpyrux cmerienuil. [logcr Bisas (2.41) B
(2.38), H x0ommM, yTO (PIIYKTYy IMH B H MPSKEHUSIX OMPEAEIIIOTCS TEH30pOM

Ly O¢E(r Py(r
0P;j(r,t) = | Po(r) 8%3}(] ) n %x(l ) + 6: ({%(r)%) ar(t).
(2.42)
Jluneiin s CBA3b TEH30p YNpPYIUX H NpsXeHui 0F;; (IBIIomerocda OUH MUYe-
CKOH X p KTEpPHCTHKOW YIIPYTOCTH M TEPH JI ) C TEH30POM yIpYyrux aecopM LUl
U;; (kunem THYECKOH X P KTEPUCTUKOM 1 CTOAMH MUYECKMX CMELIEHMIA):

_1(ogk  ogf
0P;; ~2P(r)U;;, U= 5 | s, + i ar(t) (2.43)

TOBOPHT O TOM, YTO P CHPOCTP HEHHE YIIPYIHX UCK XEHHWH B SAEpHOI cpee MOoA-
yuHsgercs 3 Kony ['yk [85]. Bn rog ps p 3aeneHuio mpocTp HCTBEHHOH U Bpe-
MEHHOM 3 BUCUMOCTH (PJTyKTYUPYIOIUX IIepEMEHHbIX, IOACT HOBK (2.41) u (2.42)
B yp BHeHHe dHepretmdyeckoro 6 i He (2.40) npeobp 3yeT ero K Buiy:

dH

at _ 1Y — ML(i% ICLCY%
dt ’

2 2 7

(2.44)

rae 1 p MeTpbl uHepuun M, U XectkoctH Kz, onpenerneHbl CeAyomuM o0p 30M:

2

L o L

L. L 1 0&; 13
My = [ po&~ & dr, K== [ P + — | dr. (2.45)

2 81‘]' 8.131

v v
[Tpu BbIBOZE BBIP XEHMS I KeCTKOCTH Kp, Mbl IpeHeOperi MOBEepXHOCTHBIMU
acppekT Mu. JI HHOe NpUOIIMXKEHHE MOXHO TP KTOB Th K K ®J1 CTOJAMH MUYECKHI
H JIOr ruipoauH Mudeckoro npubnuxenus K ynuur [36]. KoHcrpykTuBHO npu-
6mkenue K ynuHr Moxxer ObITh BBIP KEHO COOTHOILIEHUEM

or|
[PO‘I’ =&k a—xJ R =0, (2.46)

KOTOpOE B J JIbHEHUIIEM UCHOJIb3YEeTCd B K YECTBE [P HUYHOIO YCJIOBUS IS H XO-
KIACHHUA TPOU3BOJIbHBIX KOHCT HT UHTETPUPOB HHUA ITPU BBIYUCICHUU 1TOJI YIIPYTHUX
CMeEIIeHUH.

W3 BeIp XeHwuid i uHepimu My, U xectkoctd K, Clienyer, YTo Mojie MIHO-
BEHHBIX cMelleHnit &(r) SIBseTcs] eNMHCTBeHHON MOMTeX el ONpele/ieHHI0 Be-
JIUYUHON, HEOOXOMUMOM I BBIYHCIEHUS Y CTOT COOCTBEHHBIX I'p BHT IIHOHHO-
yOPYTMX Hep AW JIbHbIX Koj1eO6 Huil. B p Gore [83] ObUIO0 MOK 3 HO, 4TO MOJA
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MTHOBEHHBIX CMEIICHUH, BO3HUK IOIIUX IPU HEep JU JIbHBIX KojieO HHsX chepu-
YECKOM M CCHI YIPYTOW M TEpUH, ONPENesSioTcs K K pelleHs BeKTOPHOTO Yp B-
Henus JI 11 ¢

A&(r) =0, div&(r) = 0. (2.47)

B cootBercTBuu ¢ Tp kToBKOU JI MO [86] COOCTBEHHBIX MOA A€ JIBHO YIPYTOro
I p OHHU MOTYT OBITh KJI CCU(PHLIUPOB HbI K K CHEepOUsl JIbHbIE MOJIBI, OITUCHIB -
eMble MOJIOU]1 JIbHBIM pellieHueM yp BHeHus (2.47):

N,
£(r) = T _:1 rotrotrr’ Pr(u) = N, gradr™ Pr(u), w=cosf, (2.48)

U TOPCUOHHBIE MOJIbI, COOTBETCTBYIOLINE TOPOUI JIbHBIM PELIEHUSIM BUL
£(r) = Nyrotrrl Pp(p). (2.49)

3nech uepe3 Pr (1) 0003H 4eHsl HOIMHOMBI JIEX HAP MYJIBTUIIONBHOTO MOPSAK
L. H uboree B KHOH 4epToil ChOPMYTUPOB HHOTO B PH IIMOHHOTO METON SIBIIS-
ercs To, uTo 4 cToThl w? = K1 /My o6eux BerBeil cchepoun MbHBIX (S-MOI )
U TOPCHOHHBIX (¢-MOJ ) K0JieO HUil MOTYT OBbITh BBIUHCJCHBI C EIUHBIX MO3MIIUI
K K COOCTBEHHbBIE MOJIbl OCIWJLIITOPHOTO I' MIWIbTOHH H (2.44). OTMeTuM, 4TO
B npubmikeHu K ymuMHr KOHKPETHbIN BUI NPOU3BONBHBIX KOHCT HT N, U Ny
HEMPUHLUIN JIeH, MTOCKOJIBKY OHU BXOISIT KB AP TUYHBIMH MHOXHUTETSIMH K K B
Mp, TtxusKp.
Iepuonsl ceporn JABHBIX IP BUT IHOHHO-YIPYTHX HEP TU JIBHBIX KoOJIe-
0 Humii: s-Mox . [Ipu cpeporjt JTbHBIX MYJIBTUIIONBHBIX KOJIEO HHSX MPOU3BOJIbH S
cthepuyeck $ MOBEPXHOCTh B 0ObeMe 3Be3/bl IPUOOpeT eT (hOpMbI I' PMOHMYECKUX
cthepousioB, 3 1 B €MBIX B CHCTeMe KOOPIHH T ¢ (PUKCHPOB HHOW MOJISIPHOM OCHIO
yp BHEHHEM
r'(t) = r[1 + ar(t)Pr(cos)]. (2.50)

3pech r — p JAUMYC HEBO3MYIIEHHOU cepuueckoil mosepxHoctu. H puc.4
MOK 3 HbI cepoun JbHbIE KB OPYMOJIbHBIE U OKTYIOJbHBIE KOJeO HHUS (HOPMBI
3Be3ibl. YTOOBI 3 (PUKCHPOB Th IIPOM3BOJIBHYIO KOHCT HTY [V}, B BBIP XE€HUM JUIL
MOJIOU], JIPHOTO MOJISi MTHOBEHHBIX CMelleHuil (2.48), Mbl H JIOXUM cienylolee
(IMH MHUYecKoe) Ip HUYHOE YCJIOBUE:

[mﬁL—érL%] =0, (2.51)
or r—Ro

B KOTOPOM €IMHCTBEHHOH HEM3BECTHON BEJMYMHON MOK OCT eTcsl (yHKIms ¢r,
OMpeeNsion] g HOBEPXHOCTHbIE (OIYKTYy LM IP BUT LIMOHHOIO MOTEHIM 1 (2.41).
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L=2 _L=3

CdepounnanpHas moaa

Puc. 4. CxeM THueckoe M300p XeHHEe NBIKEHUIl SNEPHOH M Tepud B HEHTPOHHON 3Be3je
npu ee ccepoun JbHBIX KB APYNonbHbIX (L=2) W oKTynosipHbIX (L=3) Hep AW JIBHBIX
TP BHUT LIMOHHO-YIIPYTHX KOJeO HHSX

B pu uus 6U, ynomineTBOpsOINL s yp BHeHHIO JI IUT C , ONpemensercs Clenyro-
UMH PEHICHUAMM TMOCIICAHETO:

SU™ = Byl Pp(cosf)ay,  r<R, (2.52)

SUS* = Oy r~ LD Py (cosO)ay, r > R. (2.53)

[TpousBosbHble KOHCT HTBI Br, U Cr, (PUKCUPYIOTCS CT HI PTHBIMU P HUYHBIMH
YCITOBUSIMU:

Ug”(r/) + (SUln(r/) — Ugw(r/) + 6U€m(’r,)|r’:R',(T:R), (254)
8Uin(7’/) 8(5Uin(7'/) ous® (T’/) asuUe (T’)
37"/ N or'! - %7«/ + or' =R (r=R)- (2.55)

IMonct Bnss (2.52) u (2.53) B (2.54) u (2.55) U ynepXuB 51 4YieHbl HE BHIIIE
MEPBOro MOPSAK MO «f,, MOIYd €M

in dr  Gpy
6U = —mmr PL(COS 9)04[, (2.56)
" G L+3
4 poR _
sues = T —(I+1)p Nar . 2.57
U GL+1) r 1 (cos 0)ay, (2.57)
B pesynbT Te H XOIUM, 4TO ¢T H TOBEpPXHOCTH 3Be3MIbl JI €TC BHIP KEHHEM
47 GpoR?
L
=———P . 2.58
¢ L+ 1) (1) (2.58)

IMonct Basa (2.58), (2.48) u (2.32) B (2.51), H xonuM

3

Ny=— 2.
P~ L(2L+ 1)RL2 (2:59)
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KomnoHeHThI IIOJIOHUA JIBHOI'O IIOJId B CCbCpl/I‘{CCKOP‘I CUCTEME KOOpPAUH T HUMEIOT
BU

dP,
& = Ny Pulp), 0=~y (1) L o )

IMonct HoBK (2.60) B yp BHeHue (2.45) U UHTErPUPUPOB HUE IO MOJTHOMY Tejec-
HOMY YITy TIPHBOIUT K CIIEAYIOUINM (Kp WHE IOJIE3HBIM B JI JIbHEHIeM) BBIp Xe-
HUSM [UT MHEPIUH U XKEeCTKOCTH:

Ro
Mg = 47rLN§/ po(r) 2t dr,
0

Ro
Kp =8rNZL(L—1)(2L—1) [ Py(r)r**~2dr. (2.61)
0
JleT 7y BBIYMCIIEHMH 3TUX HMHTErp JIOB BhIHECEHBI B npuwioxeHue A. OKOHY -
TeNbH 4 (OPMYyT I p CYET Y CTOTHI I'P BUT LIMOHHO-YIPYrOMl S-MOIBI UMEET
BUJ

o 1/2
202L — 1)(L — 1) [ Py(r)r*t=2dr
ws = " : (2.62)
[ po(r)r2Ldr
0

MOXHO JIETKO 3 METHUTh, 4TO MOHOIONBH 5 (L = 0) u aumoneH s (L = 1) Momsl
B OJHOPOIHOW MOJENH OK 3bIB IOTCS MCKJTIOUYCHHBIMH. BO030yXIneHne MOHOMOIb-
HBIX (4UCTO P JIM JIbHBIX) MYJIbC LUN HEBO3MOXHO U3-3 HECKUM €MOCTH 3Be3I-
HOH d1epHOu cpeabl. Bo3myllieHHe QUIOJIBHOTO MO0Jid CKOPOCTH YIPYTHX CMellle-
HU MOXET MPUBOIUTDH JIUIIb K JIBIKEHHIO IIEHTP M CC 3Be3/ibl 0e3 H3MEHEeHUs
ee BHYTPEHHEIro COCTOSHHS, MOCKOJBbKY KOd(h(pHuueHT XecTkoctd mpu L = 1
0o0p 11 ercs B HYJIb .

*I/IHTepeCHO OTMETUTH, YTO MOIEITb OIIHOPOI[HOﬁ C MOrp BHTpr}OLLIei;I M CCBbI UAE JIBHO YIPYIroro

KOHTUHYYM C I BJICHUEM

2
Po= % Gp3(R? —r?) (2.63)

MPUBOAUT K AUCKPETHOMY CHEKTPY 4 CTOT s-Mofbl BUx [61]:
w2 =2w%(L—1), w% = (4n/3)Gpo, (2.64)

e wg — GYHI MEHT JIbH S 9 CTOT TIp BHT IIMOHHBIX K0je® HH B OJXHOPOIHBIX MOZEIIX. B T KoM
MPEICT BICHUM S-MOJ HEp AW JIbHBIX I'P BUT LIMOHHO-YHIPYIHX Kone® Huii 1o ¢usmdeckoMmy comep-
X HUIO H JIOTHYH TUIPOAMH MHYecKoi f-mome KenbBUH Hep Iy JIBHBIX KoneO HHUM chepuuecKoit
M CCBl HEBSI3KOW HECKUM eMOW KHIKOCTH.
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Cr HI PTH S OXHOPOAH S MOJAENb INPUBOAUT K CJIEAYIOIIHUM BBIP KEHMSIM:

27TM R?
Me = L(2L +1)3’
B L—-1 (L—1)(2L —1)
Kr = 36En TOL 1P 45Eq TS (2.65)
rae 3
Eq¢ = (3/5)GM?/R, Ex=E&nV, En= l—opv% (2.66)

— COOTBETCTBEHHO MOJIH s [P BUT LMOHH s U BHyTpeHHss aHepruu (M — M cc ,
V' — obObem 3Be3mpr). Beip Xenue Juid XecTKOCTH B (2.65) SBHO OTp X €T KOH-
CTPYKTHBHBII BKJI JI 9HEpruu ynpyrux aedopm nuii (poropuuon JibHoi Ey) u
JeCTPYKTHBHBINA BKJI JI ®HEPTHMU TP BUT LIUOHHOTO CX THS (MIPOMOPIMOH JIHHOM
E¢) B XeCTKOCTh TP BHUT I[MOHHO-YIPYruX Kojie® Huid. SICHO, 4TO T KO€ COYeT -
HHE MOXeT MPHUBECTH K HeCT OWIBHOCTH, POBOLIUPYIOIIEH 3Be3noTpsiceHus. He-
P A4 JibHBIE KOJIeO HHSl OCT I0TCS CT OMJIBHBIMHU JIO T€X IOp, MOK JOMUHHPYIO-
LM BKJI /I B ®HEPIUIO JiehOpM IIMH 3Be3[bl BHOCUT DHEPrHsl YIIPYrUX MCK KEHHii
(hepmu-chepbl HEUTPOHHOTO BELIECTB , IPOTUBOACHCTBYION] S BHEPTHU COOCTBEH-
HOU rp BUT IMu. OKOHY TEIbHOE BHIP XEHHE JJIS 4 CTOTHI S-MOIbI MOXET OBbITh
3 MHC HO B BHUIE

S

w? =wi(2L +1)(L - 1) {1—F5(2L_1)] :

4(2L+1)

3EN _ Eg

R T Ey (2.67)

IT p merp I' saBnsercd Mepoif BUOp IMOHHOM YCTOWYMBOCTH HEUTPOHHOM 3BE3MBI.
HeycroitunBoCTh 3BE3bI OTHOCUTENBHO CHEepPOU] JIBHBIX [P BUT LHOHHO-YIIPYTHX
nedopM il Bo3HUK eT, kKorn Kp—o = 0. T Koe BO3MOXHO, TOJBKO KOLI OT-
HOLIEHUE TP BUT LHOHHON 9HEPIUM K BHYTPEHHEH NOCTHUT €T KPUTHYECKOW BEJH-
unnbl I'c, = 4/3. B pe3ynpT Te NpUXOOUM K CISAYOLUIEMY YCIOBUIO YCTONYHBOCTH
cthepount THBIX KONeO HUH HEHTPOHHOU 3BE3IbI:

w(L=2)>0 — T<-. (2.68)

LWl

g Bcex Mojiesnieil HEUTPOHHBIX 3BE3J, MPEJACT BJIEHHBIX B T OJ. 2, 3TO ycioBHe
BBITIOJTHSIETCS.

CobcTBeHHBIE Y CTOTHI ChepOoud JIBHBIX MO B CT HA PTHOM Monenu (rae
Py = pov% /5) MOXHO HPEACT BUTh B HHOU (9KBHB JieHTHOH (2.67)) dopme:

= Wl %(2L+ (L —1)—wi QL—1)(L—1) =
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- w%§(2L+1)(L—1) {1—&%] . B= (i—i) . (2.69)

T Koe HpeacT BIeHHE MOIYEpPKUB €T X P KTePHOEe OTJIMYME Y CTOTHI KB HTOBBIX
yIpyrux Kone6 Huil w% = v%/R? oT Ip BAT UMOHHOH 4 cTOTH w2 = 47Gpo /3,
KOTOpOE COCTOUT B TOM, YTO Wp 3 BHCUT OT P AUYC U IUIOTHOCTH 3BE3MIbl, B TO
BpeMs K K wg — TOIIBKO OT ee IVIOTHOCTH. B 1 HHOM mpenct BieHun (3 sBisgercs
I p METPOM BHOp IIMOHHON CT OWJIBHOCTH TP BHUT LIMOHHO-YIPYIHMX KOJe0 HUii.
OOp TUM BHUM HHUE H TOT ) KT, 4TO IepBoe CJI T emMoe B (2.69) TOYHO COBI [ €T
C BBIP XEHHEeM I Y CTOTHI (CBSI3 HHOHM C 3Heprueil 2 = hw) sIepHBIX TUT HT-
CKHX 3JIEKTPUYECKHX PE30H HCOB MYJIBTHIIOIBHOTO MOPIAK L > 2, MOMydyeHHBIM
B 3JI CTOAMH MHYECKOI KOJUIEKTHBHOU spepHoit Monemnu [47,54,56]. K x MbI yxe
OTMeY JId, B 3TOHM MOJIENH 2IEeKTPUUECKHe TUT HTCKHE PEe30H HCBI TP KTYIOTCH K K
nposiBlieHHe c(hepous JIbHBIX Hep AU JIbHBIX KoJieO HUU SNepHOl M KpOY CTHLbI,
IIPU KOTOPBIX BOCCT H BIMB IOLI § CWJI YHOPYrux Ae¢opM LUl (TOYHO COBH I -
oIl 5 ¢ cwioil ['yK JUHEHHOW TeopHH yIpyroctu) oOYCJIOBIEH pe KuueH sap

H HHU30TPOINHBIE MCK XeHHs (epMu-ccepel. B aToM H OmogeHun mpocM TpH-
B €TCS CXOJICTBO MEXJy HEHTPOHHOH 3BE3NOH M THI' HTCKHMM SIIPOM C M CCOBBIM
yuciom A ~ 1057,

B 3 ximoueHne »TOro p 3mel HEOOXOAMMO CHEN Th OAHO B XKHOE 3 Med HHeE,
K C omeecsd MOTEHLH JbHBIX BO3MOXHOCTEH C(OPMYIHPOB HHOTO B PH LIMOH-
HOro MeTojt . B ocHOBHOI hopMysie Tt 4 cTOTHI Chepousl JIBHBIX TP BUT LIMOHHO-
YIPYTUX Hep I JIbHBIX KoneO Huil (2.62) npoduiiy mIOTHOCTH po(r) U JI BICHHUS
Py (r) npuCcyTCTBYIOT K K BXOAHBIE IT P METPbI p BHOBECHOU KOH(HIyp wuu. MMes
9TO B BUIY, OIP HMYEHHE, CBSI3 HHOE C MCIOJIb30B HUEM HBIOTOHOBCKOIO IPHOIIH-
KEeHUs, T KXe MPearnojoxXeHne 00 OJHOPOAHOCTU P CIPENENICHHUS M CChl MOTYT
ObITh OCn OseHBI. [Is MOJydeHUs H JEXHBIX OLEHOK 4 CTOTHI S-MOJBI 3TH JIO-
K JIbHBIE X P KTEPHCTHKH P BHOBECHSI MOTYT ObITh 3 MMCTBOB HBI U3 P& JIMCTHYE-
CKMX MOJeJieil HeHTPOHHBIX 3Be3/1. Pe3ynpT Thl p cueT nepuoaoB chepous JIbHBIX
MOJI [Tl HECKOJIBKUX pe€ JIMCTUYECKUX MOjieNlell HEHTPOHHBIX 3BE3[ MPEICT BIICHBI
B T 6. 2. Cp BHEHHE ®THUX P CUETOB C MPEICK 3 HUSMH CT HI PTHOW MoOAenu
(eM. T 671. 3) TIOK 3BIB €T, YTO OLEHKH IOCTEAHEH ONpeNesaioT HUXKHIOW IP HUILY
3H YEeHWH Nepronos cepons JbHBIX Koiled HHi.

Ileproabl TOPCHOHHBIX TP BUT IUOHHO-YNPYIHX HEP IU JbHBIX K0Jed -
HMii: t-Mox . CBOWCTBO JMH MMYECKOH YIMpPYrocTH HEHTPOHHOTo (hpepMH-KOHTH-
HYyM YK 3bIB €T H TO, YTO HEMTPOHH £ 3B€3Jl MOXET COBEpUI Tb I1OIEPEYHO-
CIBUTOBbIE, KPYTHJIbHBIE (TOPCHOHHBIE) KoneOd Hud. [eoMmeTpuuyeckylo K pTHHY
TOPCHOHHBIX KOJIeO HH HPOSCHAET CIemykollee MpPeacT BJICHHE TOPOUI JIBHOTO
10JI1 CKOPOCTH YIIPYTUX CMEILEHUN:

6V = Nyrotr L Pp(cos)dy(t) = [Q(r, t) x 1], (2.70)
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e
Q(r,t) = Nygrad v’ Pp(cos 0)a (t)

— TI0JIe YIVIOBOHM 4 CTOTHI AudphepeHLr JIbHO-BP LI TeJIbHBIX Kosed Huil. Hop-
M JIbH $1 KOOpIUH T < (t) B 9TOM CiIlyd € UMEET CMBIC] MH(PUHUTE3UM JIbHOTO
YOI KPY4YeHHs I0JId yHPYTHX CMELIeHHHd BOKPYT MOJSpHOM ocu. B ceprueckoit
cucTeMe KOOPAUH T KOMIIOHEHTBI TOPOM JIBHOTO IOJIS YIPYTUX CMEIIEHUI UMEIOT
BUJ

dP
&=0, &=0, &=-NorFQ1-p*)? % (2.71)
I'p HuuHOE ycnoBue, huKcHpyoliee IPOU3BOIBHYI0 KOHCT HTY Ny
. 1
o0V (r,t) T Qo xr] , Qo=adr(t)gradPr(p) — Ne= -
a (2.72)

Oct HOBUMCA ToApOoOHEe H CIyd € KB OPYMOJbHBIX TOPCHOHHBIX KOJeO HHIA.
KoMIOHeHTbl TOJNs CKOPOCTH DTHUX ABUXEHUH [ I0TCS BBIp XeHusMu: 0V, =
—Qy, 0Vy = Q,x, §V, = 0. DopM 1pbHO 3TO MHOJE COBH J €T MO BUIY C
MOJIEM CKOPOCTU TBEpHOTENbHOro Bp mieHus. OmH KO IpH KB JPYIOJIbHOM KpY-
YEHHHU YIJIOB S CKOpPOCTb {2 He SIBJISIETCSl OCTOSIHHBIM BEKTOPOM, —IIPEACT BIISIET
co0oil BeKTOpHOe moje ¢ KOMHOHeHT Mu 2, = 0,Q, = 0,, = az. [e-
K PTOBBI KOMITOHEHTHI TOPOWI JIBHOTO TOJNS KB APYIOJBHOTO KpydeHHSI: &, =
—yz, & = 2z, { = 0. CoOTBETCTBYIOLIME T KUM CMEIUEHHSAM KoyeO TesIbHble
JBUXEHUSI TIPEICT BISIOT COOOM KCH JIbBHO-CUMMETPHYHBIE OCLMIUISILUKA BOKPYT
OCH 2z B IIPOTUBOC) 3¢ CEBEPHOrO M I0KHOTO IOJIYII pHii 3Be3abl. CXeM THYecK
K PTHH YNPYTMX CMELIECHUi npu auepeHiy JIbHO-Bp Il TEIbHbIX KB APYIOJIb-
HBIX U OKTYIOJBHBIX HEP JU JIBHBIX KONeO HUSX HEHTPOHHOM 3Be31Ibl M300p XKeH
H puc.S.

IMoxcr Bnsa (2.71) B (2.45) u uHTErpUpyd MO MOJHOMY TEJIECHOMY YINy, H -
XOIUM

L(L+1) [Fo
=4n NP~ 2L+2
My = 4n N{ (2L—|—1)/0 po(r)r dr,

Ro
Kr = 4nN? L(L* - 1)/ Py(r)r*t dr.
0
(2.73)

CHoB IMMOAYEPKHEM, YTO T KOE€ MNPEACT BJICHUE IIO3BOJIET P CCUUT Th 4 CTOTY
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L=2 // L=3 //

TOpCI/IOHHaH MoJa

Puc. 5. Cxem THueckoe M300p XeHUE TOPCUOHHBIX KB JPYNOIbHBIX (L=2) U OKTYIOJIBHBIX
(L=3) Hep ;¥ JIBHBIX P BUT LMOHHO-YHPYIUX KO1e® HUH HEHTPOHHOU 3BE3[bl

t-MOJIbI

Ro 1/2
(2L +1)(L—1) [ Py(r)r?Edr

W = 0 (2.74)

Ry
[ polr) 22 dr
0

H OCHOBe Ipouiiel IIOTHOCTH ¥ J BICHHS, 3 UMCTBOB HHBIX W3 pe JIUCTHUYE-
CKHUX Mojiesieil HeUTPOHHBIX 3Be31”.

Bbruncnenus M CCOBOro I p METP U I p METP KECTKOCTH B CT HJ PTHOU
MOJE/IM HEUTPOHHOM 3BE3/bl [ 10T:

L(L+1)
(2L+1)(2L +3)’

My, =3MR}

*B Mozmenu OIHOPOZHOW M CChI MJIE JIBHO YIPYrOd M TEPUM C J BICHHEM

2
Py = % G p2(R? —r?) (2.75)

U3TOKEHHBII BbIIIE HEPreTHYECKU B PU IIMOHHBIH NPUHIMI HPHBOIUT K CIIEIYIOLIEMY BbID KEHHIO
JUISE 9 CTOTHI t-MOmbI [62]:

w?=wiH(L-1), wi=GM/R?, (2.76)

e wg — (YHI MEHT JIbH S eIUHHUIl 9 CTOTHI IP BUT LMOHHBIX KONeO HHIl B OOHOPOIHBIX MOJEISX.
CrieyeT OTMETHTD, YTO TOPCHOHHbBIE TP BUT LHOHHBIE KOO HHs 3Be3I U3yd JIUCh P Hee B p 0OT X
[87,88], B KOTOpBIX BIepBble ObUT ChOPMYIMPOB H MPOOIEM JHCKPETHOTO CIEKTP Y CTOT 3THX
kone6 Huit. B [62] ObUTO BOEpBBIE MOK 3 HO, YTO MPHMEHEHHE B PU LMOHHOTO OpHHUMO Pames K
Yp BHEHHUAM 31 CTOAMH MHKH HO3BONSET H JIMTUYECKH P CCUMT Th AUCKPETHBIN CIEKTP TOPCHOHHBIX
xone6 Huit (cM. T ke [83, 99, 115]).
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L(L*-1) 5 L(L?*-1)
2L+1) 2 “(2L+3)"

K =2EN 2.77)
IIpu L = 1 M ccOBBIil 11 P METP COBII JI €T C MOMEHTOM HHEpLUH OCONIIOTHO
tBepaoro w p Jo = (2/5)M R3. V3 Bblp XeHUs ISl KECTKOCTH SBHO CIIEIYET,
YTO JIUIOJIbHOE KPYTHIbHOE BO30YXIEHUE He SBIISIETCS] COOCTBEHHON MOJION TOPCH-
OHHBIX K0j1e0 HHUil HEUTPOHHOM 3Be3Mbl (IIOCKOJIBKY B 3TOM CIIyd € Kod(uImeHT
KECTKOCTH 00p I eTcs B HyJb), COOTBETCTBYET TBEPHOTEIBHOMY Bp MICHHMIO.
T kUM 00p 30M, MbI NPUXOIUM K 3 KJIIOYEHHIO, YTO MYJIBTHUIIOIBHOCTh HUX M-
el ycTOW4MBON TOPCUOHHON Moabl L = 2. B cT HO pTHOI MOIeNu 4 CTOT
t-MOJIbI TVIOO JIBHBIX TP BUT LIMOHHO-YIPYTHX HEp 1M JIbHBIX KOJIeO HHUH HEHTpOH-
HOW 3BE3[BI [ €TC BBIP KEHUEM:

(2.78)

W? = %wg(QL +3)(L—1) {1 T M] ,

4(2L +3)

e wo ¥ [' 6buti onpenesiensl Boiie (cM. yp BHeHue (2.67)). HeiirpoHH s 3Be3n
OCT eTcd YCTOMYMBOI OTHOCUTESIBHO KB JPYNOJBbHOW KPYTUIBbHOW JAecopM LU
TOTJ U TOJIBKO TOTH , KOII

we(L=2)>0 W I <1,15. (2.79)

[IpuBenem eme OmMHO KBUB JICHTHOE MpeACT BieHHe GopMmyisl (2.78):

W = WL 1) WAL+ (I 1) =
= w%%(2L+3)(L—1) [1—5%], (2.80)

re epMHEBCK S 4 CTOT Wp, TP BUT LIUMOHH S Y CTOT Wwg U I p METp BUOp -
UOHHOU ycToi4yuBOCTH (3 ObLTH OomnpenesieHs! Boiie. B (2.80) mepsoe ci r emoe
TOYHO COBII J €T C BBIP XEHHWEM 11 4 CTOTHI SAEPHBIX M THHUTHBIX THUT HTCKHX
PE30H HCOB, KOTOpPBIE B SIIEPHOM 371 CTOAMH MHKE [56] OnmChIB 10TCS B TEPMUH X
KB 3UCT THYECKUX TOPCHOHHBIX BOJIH, BO30YXI €MbIX B 00beMe sap , MOIEIHpPY-
€MOro M Kpod cTuuei suepHoil M Tepud. OTMEYEHH $ H JIOTH4 elle p 3 CBUIe-
TEJIbCTBYET O CXOACTBE HEHTPOHHOM 3BE3/Ibl C €6 MHUKPOCKONMYECKUM JBOHHUKOM
— TOMHBIM aapoM. Eme p 3 mopuepkHeM, 4To TOpCHOHHBIE (anddepeHiy JbHO-
Bp Il TeNbHbIE) KOjeO HUS HEHTPOHHOW 3Be3abl OOYCIOBJIEHBI HCKITIOYUTETIHHO
JMH MHYECKOH YIPYroCThIO BBIPOXAEHHOIO (hepMU-KOHTHHYYM . B r 30Boii cpene
3Be3/ IV BHOH MOCJIEOB TEIBHOCTH, OIKCHIB €MOIl yp BHEHMSMH I'MAPOAMH MHKH,
T KM€ MOJBI HE BO3HUK IOT.

B 1 61. 2 u 3 npuBeseHbl YUCIEHHbIE 3H YEHHS! NEPUOOB II00 JIBHBIX He-
P AU JIBHBIX TOPCHOHHBIX IYJIbC LM HEWTPOHHOH 3BE3/bl IS TPEX HILK HIINX
MYJIBTUIIONBHOCTEH, P CCYUT HHBIE K K B CT HI PTHOI, T K U B pe JIUCTUYECKHUX
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HEOIHOPOAHBIX Mojensax. K K BUAHO U3 Cp BHEHMS YMCICHHBIX 3H YEHUH, MpU-
BEIEHHBIX B 3TUX T OJMIl X, OLEHKM CT HJ PTHOH MOJEIH ONPEIETIioT HUXHIOW
TP HHILy [IEpPHOJIOB TOPCHOHHBIX P BUT LIMOHHO-YNPYrux Kone® Huil. Cp BHEHUE
YHUCJICHHBIX 3H YEHWH MEepHOOB HMXK HINMX KPYTHIBHBIX MOJ C MEpHOR MU cde-
POMI JIBHBIX MOJ TIOK 3bIB €T, YTO KPYTWIbHbIE HEP M JIbHbIE KOJeO HUd 3 Mel-
JIEHBI 110 CP BHEHHUIO €O c(hepous JIbHBIMU. 3 METHM, YTO PETHCTPUPYEMBbIi Iie-
puon nyiasc p Kp 6 P = 33,3 mc, nynee p Ben 89,3 mc u mynec p T'emuHr

273,1 mc. Ilepuonsl BCceX M3BECTHBIX H CErOJHSAIIHUI JI€Hb IYJIbC POB JIEX T
B uHTepB JIe P ~ 1,6Mmc + 4,3 ¢, B TO BpeMs K K H I OIEHKH NEPUOMOB
TP BUT LIMOHHO-YIPYTUX Hep AU JbHBIX Mo A 10T P ~ 0,01 + 0,1 c. U3 sroro
Cp BHEHHMSI CJIEJIyeT, YTO Hep IM JIbHbIE IP BUT LIMOHHBIE KOJeO HUd, T K Xe, K K
U p Hee U3ydeHHbIe p AU JIbHblEe K0jeO HUs, He MMEIOT OTHOLUEHHUS K ITyJIbCH-
pyoIIEMy p AWOW3ITyYEHHI0 HEUTPOHHBIX 3Be3d. OmH KO 3TH Komed HHs MOryT
WUMETb OTHOLIEHHE K TOHKHM JET JISIM CIIEKTPOB T K H 3bIB €MbIX CJIOXHBIX HIIH
C-niynbe poB [7]. X p KTepHOH 0COOEHHOCTBIO MOCIISIHUX SBISIETCS TO, YTO CPe-
HUI TPOHIIb UMITYJIBCOB DTHX IYJIbC POB OOH PYXHB €T MOACTPYKTYpPbI, IPUPOA

KOTOPBIX IOK OCT €TCs HEeBBIACHEHHOH. B u CTHOCTH, H psOy ¢ XOpOUIO p CIO-
3H B €MbIM WHTEPUMIIYJIbCOM, JIOK JIN30B HHBIM MPUONM3UTENPHO MEXIYy MUK MU
OCHOBHBIX MMITYJIbCOB, SICHO OTCII€XHUB I0TCSI CTPYKTYPbI, H 3bIB €Mbl€ CyOUMITYITb-
¢ MM, ¢ nepuoauuHocThio mopsk  10™%4 ¢ [7,13]. K K BUmHO M3 pe3yibT TOB
P CYETOB, MpEICT BJICHHBIX B T OJI. 2 ¥ 3, Mepuojbl HEp U JIbHBIX KOJjeO Huii
OK 3bIB I0TCS TOTO Xe mnopsiak . [lostomy, K K Brepsble ObU10 oT™MeueHo B [111],
B PU IIMM MHTEHCHBHOCTH P AWOU3IYYEHUS, PETUCTPUPYEMblE H BPEMEHHOM HH-
TEpB Jie MUKPOMMITYJIbCOB, MOTYT OBITh ITPUIIMC HBI OCT TOYHBIM I'P BUT LIMOHHBIM
Kone® HIM HEeHTpOHHBIX 3Be3nm [111—115].

3. HEPAJIUAJIBHBIE KOJEGAHHUS B THAPOANHAMHYECKOM
MOJEIN: f-MOJA KEJIBBUHA

UToOBI MPOCIEAUTD P 3THYMS MEXAY 7 CTOOWH MUYECKOW U TMAPOIUH MU-
YECKOM Tp KTOBK MM JBUXKEHMI SIEPHOU M TEpUU HEHTPOHHBIX 3BE€3M, IPUBELEM
BBIBOJI CIIEKTP COOCTBEHHBIX KOJIeO HHUil c(pepHuecKOil OQHOPOTHONH M CChI He-
CXKUM €MOM HEeBA3KOW XHIKOCTU, MUCIOJIb3Ys W3JIOXKEHHBIM BbIIIE B PU LIMOHHBIN
MeToa. [IBUKEHHsT HEBSI3KOM XHAKOCTH B IOJIE COOCTBEHHOTO TATOTEHHUS OIMKCHIB -
I0TCSl yp BHEHMUSAMHU

dp aV;

Vi 0Py U
pdt Oxy, p@xi

AU

= 0, 3.1)

= 0, Pix= P, (3.2)

47 Gp. (3.3)
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I'1 BHPIM OTJIMYMTENBHBIM NPU3H KOM THUIPOIUH MHYECKOTO OIUC HUS OT 3 -
CTOOMH MHUYECKOIO SIBIISIETCSl TO, YTO P CIpele/ieHHe BHYTPEHHUX H IMPSKEHUid B
SKMAKOCTU M30TPOIHO, MOITOMY OHO OITUCBHIB €TCS CK JIIPHOW (PyHKILIMeU 1 Biie-
Husg P, He TeH30pOM, K K B CIIyd € YIIPYyroro KOHTHHYyM (T.e., B XHIKOCTU
Bcern Pj; = Pd;;). X p KTepHO# 0COGEHHOCTBIO IUH MMYECKOTO IMOBEICHMS
KHMIKOCTH SIBJISIETCS COXpP HEHHME BTOr0 CBOWCTB B IpOIECCe P CIPOCTP HEHUS
BO3MYyIlleHUi. MIH Ye roBOps, BHEIIHHE BO3MYILNEHHS HE P 3pYII IOT H30TPOIUU
P BHOBECHBIX BHYTPEHHUX H MpsikeHuii. [09TOMy HpH JIMHE pU3 MU Yp BHEHUA
THIPOIMH MUKH UCIONb3yeTcs 3 MeH : P;; — (P + 0P)d;;, U IDH M JIBIX BO3MY-
HIEHUSIX IBYKCHUS XUIKOCTH MOAYHHSIOTCS JIMHEHHBIM Yp BHEHHSIM

A0V
o =0 (3.4)
o8V, 95P 95U
P T - + po oz, =0, (3.5)
ASU = 0. (3.6)

Crnenysq U3710KEHHOMY BBILIE B P LIMOHHOMY IPUHIIMITY, YMHOXHM CK JISIPHO
JIMHE PU30B HHOe yp BHenue Diinep (3.5) H 0V, u npouHTEerpupyem pesyibT T
1o oObeMy 3BE3[pbl:

0 %
\4 S

I nee, HUCITIOJIB3Yd NPpOLUEnypYy Cb KTOpU3 HHUH Panes, IOJIy4 €M CT HJ PTHOEC yp B-

HEHUE HOPM JIbHBIX Kone® HUIi:

Mpé2 +Kpa2 =0, (3.8)

e M CCOBBIA I p MeTp My U 11 p MeTp XecTKOcTH K, ONpenessioTcs BhIp Xe-
HUSMH:

Mu= [mgbebar, K= § o8+ mot) ehdo G9)
v s

P cuer ¢umykry umii ckopoctu JV; B0o30yXJ €MOro Nmorok M MOTEHUM JI COO-
CTBEHHOTO TAroTeHus 0U MpPOBOAUTCS IO CXeMe, OIKMC HHOHM B MPEAbIIYIIEM P 3-
gene. OgH KO B P CCM TPHUB €MOU TMAPOIMH MHYECKOU MOIENH IO CMELICHHUI
3 1 eTcd NOTeHUM JIbHOH dynkumeii £& = grad, v*. T koe npenct Bienue sBns-
€TCsl CIICACTBHEM TOTO, YTO HE3 TyX IOIIHME BO3MYIUCHHS B XKHIKOCTH P CHPOCTP -
HAKTCA B BUAC IMPOAOJIbHBIX 3BYKOBBIX BOJIH. HOD,CT BJId4 OTO IIOJIE B Yp BHEHUE
HECKHUM EMOCTH, MONyd eM

AyE =0, YL = NPy (p). (3.10)
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Koncr HT Np, chukcupyercs XOpoIo U3BECTHBIM I'P HUYHBIM yciaoBueM HeiiM H

1

oV (r') =]y —r (r=r), — N= IRI 2

(3.11)
OKOHY TeJbHOE BBIP KEHUE IS MOJIs CMEIIEHUI TPH C(PEepPOU JIbHBIX THAPOIH-
H MUYECKHX Ko0jieO HHsIX MPUOOpET eT BUI:

1
L _ L
EnuHCTBeHHOW HEW3BECTHOM IMepeMEHHON OCT eTcs B pu Lus ja BieHus 0 P. [leii-
CTBYd OIlep TOPOM AuBepreHIMu H yp BHeHue (3.5) u yuutwiB 51 (3.4) u (3.6),
H XouuM, 4to § P nojpuunsercs yp BHeHuio JI 11 ¢ , KOTOpOe HOMOHIETCs YCIo-

BHEM OTCYTCTBUS H NPSKEHUH H BHOPHPYIOILEH MOBEPXHOCTH:
ASP =0, Po(r') + 6P(r") =g (r=r) = 0. (3.13)

Pewenue yp Buenus (3.13) umeer Bun:

47
SP=pl(r)ar(t), p(r)= SRI=3 GpirlPr. (3.14)
Jnst MHepUUU U KECTKOCTH H XoauM [62]:
dmpo R 32 5 4 5 ps (L—1)
_ === . 3.15
Me=Tor+y 3T O R Gy (3-15)

B pe3ynbT Te nmosiyd em xopoio uzBecTHyo dopmyny Kenssun [62,84,86,89]:

L 2L(L 1)

2 _ 3
=wo oy 0 Y GM/R°, (3.16)

(wr)?
X P KTEpH3YIOIIYI0 COOCTBEHHbIC 4 CTOTBI f-MOJBI TP BUT LIMOHHBIX HEP OU Jib-
HBIX K0j1e0 HU 3Be3/bl, MOIEINPYEMOil cheprHUecKH-OMHOPOJHOW C MOTP BHUTH-
pylOLIEH M CCOM HEBA3KOW HECKHMM €MOH XHIKOocTU. PU3nyecKoe colmepxk HHUe
MOJIYYEHHOTO H MU BbIp XeHus (2.64) misg coOCTBEHHBIX c(hepous JIbHBIX MOJ C -
MOTp BUTHPYIOLIETO yIpyroro Il p BO MHOTOM H JIOTW4HO hopmysne KenbBuH
(3.16). B 4 crtHOCTH, HUX HIiee KoieO HHE B OOEMX MOIENSIX HMeeT MYJIbTHU-
nonpHeIA mopsinok L = 2. IlogyepkHeM, 4TO OTHOLIEHHE Y CTOT S-MOOBI HEp -
IM JIBHBIX K0J1e0 HUii ¢ MOrp BUTHpYIOLIEro ynpyroro mr p (2.64) K 4 ctor M
KeJIbBUHOBCKOM f-Monbl (3.16) Hep au JbHBIX Kone® HHUHl chepuuecKoid M CChI
HECXKUM eMOH HEeBSI3KOH XHAKOCTH MOJUUHIETCS HEP BEHCTBY:

w? (2L+1)

S = 1 L>2 3.17
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T 6amy 4. Y cTOTBHI KB JPYNOJIBHON w2, OKTYNOJIBHON w3 M TeKC J€K MOJBHON wi
Hep ¥ JbHBIX cepon JbHBIX IP BHT IHOHHBIX MOX B OMHOPOTHOM MOENIH HEHTPOH-
Hoii 3Be31bl. M ccbl M (B exuaun X M ccbl ConHny Mo ) u p auychl R BbIMHCIEHbI
no ¢opMya M cT HA PTHOI OTHOPOTHOW MOJEIH H OCHOBE YP BHEHHS COCTOSHHSA 1A
YHCTO HEHTPOHHOW M TEPHH CO CPEXHEH IUIOTHOCTBIO po, MPEICT BJIEHHOH B XOJIAX HOP-
M JIBHOH A/1epHOM IUIOTHOCTH p N

I1 p MeTpBI MOIeIn H}IepH d 9J1 CTOOUH MUK KJI CCHUYEeCK 4 I‘I/IIIpOL[I/IH MUK

po/pn M/Mg R, w2, ws, w4, w2, ws, w4,
KM 10%c—!  10%c=!  10%c=! | 10 ¢! 10%* ¢! 10%ct

1,0 1,00 11,90 1,48 2,11 2,60 0,79 1,16 1,44
1,2 1,09 11,54 1,62 2,32 2,85 0,87 1,27 1,58
1.4 1,18 11,25 1,75 2,50 3,08 0,94 1,37 1,71
1,6 1,26 11,00 1,87 2,68 3,29 1,00 1,47 1,83
1,8 1,34 10,79 1,99 2,84 3,49 1,06 1,55 1,94
2,0 1,41 10,60 2,09 2,99 3,68 1,12 1,64 2,04
2,2 1,48 10,43 2,20 3,14 3,86 1,17 1,72 2,14
2,4 1,54 10,28 2,29 3,28 4,03 1,23 1,79 2,24
2,6 1,60 10,15 2,39 3,41 4,20 1,28 1,87 2,33
2,8 1,67 10,02 2,48 3,54 4,36 1,32 1,94 2,42
3,0 1,72 9,91 2,56 3,66 4,51 1,37 2,01 2,50

13 KOTOPOIO CJEeNyeT, 4TO ws — ﬁwf npu L — oo. T xkum o6p 30M, Ipu OmH-
H KOBBIX L U pg 4 CTOTHI c(pepona JIbHBIX HEpP AU JIbHBIX KOJieO HHif C MOTp BH-
THUPYIOLLETO YIPYroro I p BCErH BBILLIE Y CTOT HEP OM JIbHBIX IP BUT LIMOHHBIX
Kosne6 Huil cepuueckoil M cchl XKUIKOCTH. [jisi cp BHeHMs B T O. 4 mpuBeIeHbI
YUCIICHHbIE 3H YEHUS 4 CTOT, MOJIYYEHHBIX B P MK X SJEPHOW 31 CTOAUH MHKHU
(2.67) u ki ccuueckoil ruapoauH Muku (3.16). BuaHOo, yTO 00 TOAXOX BBI-
SIBJIIIOT OIMH KOBBIA X p KTEP POCT Y CTOTHl C YBEJIMYEHHEM MYJbTHIIOIBHOIO
mopsaaK Koied Hud (Meproabl MEHSIOTCS IPU 3TOM MPUOIH3UTENBHO 10 3 KOHY
Pr, ~ 1/L) — 4em M CCUBHee 3Be3M , TeM BbIIIE 4 CTOTHI [P BUT LIHOHHBIX KO-
J1e6 Huii (1epuojibl, COOTBETCTBEHHO, KOpOUe).

I[pwiBHble Koned Huga. CoBpeMeHHbIC SBOJIIOLMOHHBIE P CYEThI, OCHO-
B HHbIE H p€ JIUCTUYECKUX YP BHEHUAX COCTOSHMS, SIBHO CBUAETEJLCTBYIOT O
CTp TH(HUIUPOB HHOM X p KTepe p CIIpeAeleHUs IPOHHOTO BEIIeCTB B HEAp X
HEHTPOHHBIX 3Be3d. [ITOTHOCTh BHYTpeHHEN 007 CTH MPHUOTU3UTENHHO H TPH MO-
psanK  Bblule, yeM nepudgepuiiHoil. IlosToMy Bo3MylLEeHUs!, UHIYUUPOB HHbIE, H -
MpUMEpP, OCT TOYHBIMU (DIYKTY IIMSMU BEIIECTB IOCJE B3pPbIB CBEPXHOBOIA, Be-
posiTHee Bcero, OYIyT COXpP HATHCS TOJNBKO B MepuepHiiHOM ciioe 3Be31bl. B aToii
CBSI3U MOXHO ITOCT BHUTBH BOIIPOC O TOM, H CKOJIBKO 4 CTOTHI KOJIeO HHUI MOBEepX-
HOCTHOTO CJIOSl OTJIMY IOTCS OT 4 CTOT Hep AW JIbHBIX KoJieO HHil Bcero oobeM
HEUTPOHHOU 3Be3bl. T K S MOAEIb MOXET OK 3 ThCd IOJIE3HOH NpU A JIbHEMH-
IIeM M3y4eHHH NPWIUBHBIX K0jieO HHil B HEHTPOHHOW 3Be3le, KOTOp S SIBJISETCS
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0OBEKTOM JABOWHON CHUCTEMbI, IIPHUIIMBBI BBI3bIB I0TCS OPOMUT JIbHBIM ABHXXEHUEM
M CCHBHOTO KOMHI HbOH . Huke MBI MpPHBOAMM BBIYMCIIEHWS COOCTBEHHBIX MOJ
chepons JIbHBIX K0JIe0 HUi TOBEPXHOCTHOTIO CIIOS B P MK X THAPOIMH MUYECKON
TEOpUH.

P 6nosecHbie n p mempui Mooenu. B MOIenu IUH MHYECKOTO CJIOS CTp TH-
(pupoB HH 4 CTPYKTYp HEHTPOHHOII 3BE3/Ibl TP KTYETCs YIPOILIEHHO K K XKecCT-
KU1 HHEPTHBIA KOP IVIOTHOCTH P, OKPYKEHHBIN TUH MHYECKUM CII0€M INTIOTHOCTH
p < pc. Huxe p muycel Kop U Bcel 3Be3ibl 0003H 4eHbl R, U R COOTBETCTBEHHO;
AR =R — R, — tiyOMH BHeIIHEH 000I0YKH.

B p MK X HEpeIsTUBUCTCKOM MOJENU P CIPEAEICHUE HBIOTOHOBCKOM IP BU-
T MU B 3BE3/I€ OIPEAENIeTCs yp BHEHUSIMU

AU, = 4nGpe, r < R, (3.18)
AU = 4rnGp, R.<r <R, (3.19)
AU, = 0, r> R. (3.20)

HCHOHLSyﬂ CT HA PTHBIC I'P HUYHBIC YCIIOBUA

Ur =Ulr=r. U =Us|r=r, (3.21)
dU; aUu dU  dU,
— = — = 3.22
dr dr lr=R,’ dr dr lr=r’ (3.22)
H XOIUM
27T 2 2 QRE 47'(' Rg
U=—0Gp|r*—-3R"+ — ) ——Gp.—=. (3.23)
3 T 3 r

Jlerko nposeputs, yto B mnpenene R. — 0 (Bmecte ¢ p. — 0) U3y4 eM g Mo-
JeMb BOCTIPOM3BOOMT TOTEHLH J1 OJHOPOAHOW Mopenu. JIOK JIbHO p BHOBECHOE
1 BieHne P B nepugepuitHoM ciioe MOXeT ObITh BBIYHMCIEHO M3 Yp BHEHHUS TH-
JIPOCT THYECKOTO P BHOBECHS C I'P HUYHBIM YCIOBUEM CBOOOIHOW OT H TSKEHHI
MOBEPXHOCTH:

VP =-pVU, P(R)=0, (3.24)

e U = Us — moTeHnyn J1 BHYTPH BHEILIHEro ciod 3Be30pl. Pemenne (3.24) umeer

BU

27 4T RS R—r
P(r) = 5-Gp* (R =) + — G = p(pe = p)——— (3.25)

OtMeTuM CHOB , uTo nipu R, = 0 noiy4y em I BiieHUe B OMHOPOJHON MOJEH.
Iepuodsr npunugnsix kone6 Huil. NS H XOXAeHHS COOCTBEHHBIX MOJA HOp-
M JIBHBIX KOJIeO HUil npeacT BUM (OIyKTYHPYIOIIKE IIepeMeHHbIe B cell p OelbHOI
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dopwme:
0Vi(r,t) = EiL(r)dL(t), dP(r,t) = pL(r)aL(t), oU (r,t) = (bL(r)ozL(t).
(3.26)
[Tone MrHOBEHHBIX cMelleHuii £ (T) TIOMYUHSIETCS YP BHEHHUIO
divgé; =0, (3.27)

peuieHue KOToporo 6yﬂ,eM HCK Tb B BUIC MOJIOUA JIBHOTO BEKTOPHOI'O I1OJIA:
1.L | A2 ,.—L-1
&, =rotrotrxp, xp=[Apr” +ALT ] Pr(1)- (3.28)

19 H XOXIOEHUS KOHCT HT, BXOIIMX B BBIP KEHHUS /ISl CKOPOCTH HOTOK MU
Hep [ JIbHBIX K0Jie0 HMSAX IOBEPXHOCTHOIO CJIOS, BOCIIOJIb3yeMcs YC/IOBHEM He-
HPOHUL] EMOCTH KOp )

Vilr—r, =0,  R.=0, (3.29)
OTp X IOIMM T KX€ ero MHepTHOCTh. H TOBEepXHOCTH 3BE3/bl H KII [IbIB €M
CT HJ PTHOE rp HWYHOe ycrnosue Heiim H :

8Vrlr=r = R(t) = Ray(t) Pr(p), R(t) = R(1 +ar(t) PL(p)). (3.30)
U3 (3.29) u (3.30) u xonuM sBHBIA Bua KoHeT HT A} u A%:

Ar Ar REF3
Al = —= A2 - % _RAF A - — (331
L L(L—Fl)’ L L(L+1) c ) L R2L+1—R2L+1 ( )
Ccpepuueckue KOMIIOHEHTBI MOJSI MTHOBEHHBIX CMeEIeHHi &£ MPEACT BISIOTCS B
BUIC

p2L+1 _ R2L+1

gr = AL T PL(/‘)? (3.32)
_ Ap (L4 1)r*b+t 4 LRZA 2\1/2 dPp(p)

§0 - _L(L+1) rL+2 (l_lj“ ) T? (333)

£ = 0. (3.34)

B u3yd eMOM Ciyd € B P IS NOTEHIM 1 ¢ H HOBEPXHOCTH 3BE3BI JI €TCA
o0mmM peirieHrieM yp BHeHus JI w1 ¢ [65]:

L+3
47 pe—p [ Re
L 2 c
=— 1 — P . .
1) 2L+1pGR + p (R) (1) (3.35)
Jns pIyKTyupyromero NoBEpXHOCTHOTIO 1 BJI€HUS uMeeM [65]:
4m Pc— P R, °
L 2 2 c
=—p°GR" |1 — P . 3.36
=g += ( 7 ) (1) (3.36)
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IT p MeTpbl MHEPLMHM W KECTKOCTH M JIbIX KojieO HUil 000JIOYKH HEeHTpOHHOU
3BE€3/IBI [ I0TCS BBIP KEHUSMHU:

47p RO
L CYAY [1 *

2L+1
2L +1 R ] 7 (337)

L+1 R2L+1 _ RzLJrl

L — R

162G 505 [20L-1)  pe—p (R\*(,_ 3 (R\"
32L+1)" 211 | (R) 2L+1< )

(3.38)
IMpuBeneM 4YMCIIeHHBIE OLEHKM COOCTBEHHBIX 4 CTOT Koie® HHMH BHeIIHe#d 000-
JIOYKH JUISl TUIIMYHOW HEUTPOHHOM 3Be3ubl p auyc R ~ 10 kM. ['myOGuny nosepx-
HOCTHOU KOpBI, Y4 CTBYIOIIEH B KoyieO HUsX, MOJ0XuM p BHOM AR =~ 0,5 KM,
IUIOTHOCTh BEIECTB BHYTPEHHErO OCTOB p. ~ 2-10* r-cM~3,  BHemmHero cios
p ~ 4,310 r-em™3. U3 (3.37) u (3.38) mosyd em OleHKY IepHOIOB (B CEeKyH-
I X) IPWIMBHBIX KOJeO HUii:

P, =7,9-1073, Py, =1,9-1073, P;=1,1-10"3, Py =0,9-1073.
(3.39)

IIpumeu TenbHBIM CIEACTBHEM HEOTHOPOMHON IBYXKOMIIOHEHTHOM Mofenu (Ipu
YCIIOBHH, YTO M CCHBHBIIl KOp OCT €TCS HEBO3MYILEHHBIM) SIBJISETCS BBIBOL O TOM,
4TO HUX HIN 9 MOJ OK 3bIB eTcsl AUNOJNIbHOM. OOp 11 eT H cebs BHUM HHE TOT
¢ Kr, yTO OCOIOTHBIE 3H YEHMS Y CTOT HEep AU JIbHBIX KoyieO HHil nepudepuii-
HOTO CJI0S HUXE, YeM Y CTOTHI B ONHOPOIAHOM MOJEH 3Be3/1bl. Bin30cTh Nepruonos
NPWINBHBIX KOJ1e0 HUHM K HEepHoI M 3JIEKTPOM T'HHUTHOTO M3IIy4eHHs IYJIbC POB
MOK 3bIB €T, YTO NPUWIMBHBIE TP BUT LMOHHBIE (PIIYKTy LU BELIECTB B nepude-
PUIHOM C€J10€ HEUTPOHHOM 3BE€3/lbl MOTYT OK 3bIB Th BIMSIHHME H €€ BJIEKTPOM I-
HUTHYIO KTHBHOCTb.

ITonmyyeHHble H JUTHYECKHE PE3Y/IbT ThI MO3BOJIAIOT CAEN Th CICAYIOIIUE BbI-
BOJBL.

(i) IpenensHsrii ey it R, — 0 cooTBeTcTBYeT KOJIeO HMSAM IOJIHOM M CCHI
3BE3/IBL:

47tp R® 32 5 4 5 (L—1)
My, =——7F—< Kp=— — 3.40
L= T@L+1) =Tl O G e G40

U MBI CHOB NPUXOAUM K crieKTpy KenbBuH :
2L(L-1) 4m
(i1) B mpenene M ot myounsl AR = R — R, << R, uMeem
2L(L2 —1) A

2 2 2L( )—R. (3.42)

YLTYeTHI T R
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(iii) B cayu e, xorn p. = p:

2 p2LL-1) [ 2L+l REH -
“LTYeTor L+1 R2L+1 _ R2L+1

(3.43)

W3 (3.43) cnenyer, 4TO MmpW OTHOPOAHOHM IUIOTHOCTH 3BE3IbI U CTOTHI KONEO -
HUI niepuepritHOrO CJ10si KOHEYHOH IIyOMHBI HHMXE, 4eM 4 CTOThl Koied HHii
Bcell M ccbl. Ilpencr BieHHOE cp BHEHHE OJHOPOAHOM U HEOAHOPOAHOHU Mojelen
HEHTPOHHOH 3BE3/IBI IIOK 3BbIB €T, YTO X P KTEPHBIM JAUH MUYECKUM IPOSBICHHEM
HEOJHOPOJHOCTU B P IU JIbHOM P CIIPENENIEHHU M CChI BEIIECTB SBJSETCA H JIH-
YHe B CIIEKTpPe TP BUT LMOHHBIX KOO HME 3BE3/Ibl JUIOJIIBHOU f-MOIbI, KOTOD 4
MOSIBJISIETCS TONBKO OJI TOJ psi HEOAHOPOTHOCTH MPOUIIS TFIOTHOCTH U SIBJISETCS
HUX el ycroiuuBoil mMomoil. K kK mok 3 HO B [66], 1 HHBIN BBIBOI HE 3 BU-
CUT OT KOHKPETHOIO BUA HEOTHOPOIHOCTH MPO(UId INIOTHOCTU. DTO MO3BOJISIET
3 KJIIOYUTh, YTO NPUCYTCTBUE IUIIOJIBHON MOJIBI SBIISIETCA IT1 BHOW OTIMYUTENb-
HOM 4YEpTON HEOOHOPOAHOM IBYXKOMIIOHEHTHOM MOIEIHM OT OXHOPOAHOW MOZENN
KenbBuH , B KOTOpOH HUX HINEH YCTOMYMBOU MOJOU SIBIETCS KB APYIOJBH .

PestomMupys npoBeneHHOE Cp BHEHUE TMAPOAUH MUYECKOIO M 311 CTOIUH MH-
4eCKOro MOAXOM0B, OTMETUM ciefyoiee. U CTOThl, IPEACK 3bIB €MBbIE 3J1 CTOAU-
H MHYECKOH MOJIEIbI0, TPUOIU3UTENBHO B 1,5—2 p 3 BBIlIE Y CTOT, ITOJYYEHHBIX
B TMAPOAMH MHUYECKOM MOAXOfe. DTO p 3IUYHE UMEET UCKJIIOYUTENBHO AUH MU-
YecKoe MPOMCXOXAEeHNE 1 00YCIIOBIEHO TEM, YTO BOCCT H BJIMB IOWI 51 CHJI KOJIe-
6 HUil cheprdecKoil M cChl KUIAKOCTH B I0jie COOCTBEHHOTO TSATOTEHHUS Ompere-
JIieTCd TOJBKO TMOBEPXHOCTHBIMU (PIIYKTY LIMSMHM MOJIS TP BUT LMK U TP BUT LH-
OHHOTO [ BJIEHUS, B TO BPeMs K K B 3J1 CTOAMH MHYECKON MOJETH YCTOMYMBOCTh
P BHOBecHOI (hOpMbI HEUTPOHHOH 3BE3/Ibl U BOCCT H BJIMB IOLI g CHI KoJseb -
HUI onpenensorcs O 1 HCOM CHJI ypyrux aeopm Liuii B BEIPOXIECHHOM (hepMH-
KOHTHHYyME M CHJI COOCTBEHHOTO TSTOTEHHS. DTO JEKB THO OTP X €T TBEPHO
YCT HOBIICHHBIH ( KT, YTO YCTOWYMBOCTh HEHTPOHHOM 3BE3[[bI OTHOCHUTENBHO Jie-
opM 1wii M JIOH MIUIATYIBI (T K Xe, K K U OCOJIIOTH S YCTOHYUBOCTH P B-
HOBECHON KOH(UTYp IIMM) OIpeAendeTcs KOHKypeHLUEeH MexXay AeCTPYKTHUBHBIM
Il BJICHHEM TP BHUT IIMOHHOTO CX THS 3Be3[bl U KOHCTPYKTHUBHBIM JI BIIEHHEM BbI-
POXIEHHOH {IepHOM M TEpPHHU, MPEMATCTBYIOLIMM KOJUI IICY 3B€3bl. DTO OIH
U3 IIPUYHH TOTO, OYEMY 3JI CTOAUH MHUYECK S MOJENb KOHTHHY JIbHOM MEX HHKU
npenct Bisercs 6ojiee Mp BAONOZOOHON U IMOAXOMSIIEH I OMUC HHsl COOCTBEH-
HBIX [IBUXKEHUU ¢ MOIP BUTHUPYIOLLEHU SIEPHON M TE€PUM, YEM IMAPOJUH MHUYECK .
BMecTe ¢ TeM IpUBeIeHHBIE BbILE TMAPOAUH MUYECKHE OLEHKU MOTYT OK 3 ThCS
MOJIE3HBIMHU NIPU  H JIM3€ CEHCMOJIOTMHM KOMI KTHBIX OOBEKTOB.

B 3 KiI04YeHHe Mbl XOTeJIH Obl OTMETHTH OHO H OJI0JIeHUE, HEIOCPEICTBEHHO
CBSI3 HHOE C ®]I CTOAUH MHUYECKOH TP KTOBKOU JBHXKEHUS M TEPUU B HEUTPOHHBIX
3Be3 X. JIByXKOMIIOHEHTH g MOJEIb HEUTPOHHOU 3Be3Nbl (KECTK s nepucepHii-
H s 000JI0YK , COBEpUI IOL s yIpyrue Koie® HHs OTHOCHTENBHO 60Jiee MIOTHOTOo
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OCTOB ) NO3BOJISIET B3IVISIHYTh H COOW B p AMOW3IIyYEHHMH IYILC P K K H 3BE3-
JOTPSICEHHE, BbI3B HHOE IMPOXOXAEHUEM KOMII HbOHOM II€pU CTP ABOMHOW CH-
cTeMbl. B T KOil CHUTy UMM NPWJIMBHOE BO3MYIIeHUE NepuepuitHOH 000I0YKH
HEHTPOHHOHN 3Be30bl, BBI3B HHOE MPUOIIKEHWEM KOMIT HBOH , JOJIKHO, BEpOST-
Hee BCero, MPUBOAUTD K OBICTPO3 TYX IOIIUM HEp M JIbHBIM TOPCHOHHBIM KOJIe0 -
HUSM BHEIIHEH KOpbl OTHOCUTENBHO OCTOB . He MCKI04eHo, YTO MOBTOPSIONIMEc
cOoM MyNIbCUPYIOLIETO P IMOM3Iy4eHUsS HEUTPOHHBIX 3BE31 K K P 3 CBUIETEIb-
CTBYIOT O TOM, YTO 3THU IYJIbC Dbl SBJISAIOTCS KOMIIOHEHT MU JIBOMHBIX CHUCTEM.

4. MATHUTOILUTIABMEHHBIE KOJIEFAHUSA HEHTPOHHBIX 3BE3/]]

Tun36ypr [69] u Bonerhep [70] ele 10 OTKPHITHS MYJIbC POB MOK 3 JIH, YTO
(pr3HYecKyo MPUIUHY CHJIBHOTO H M THHYUB HHUS HEUTPOHHOM 3BE3IbI MOXHO MO-
HSTb, JOIYCTHUB, YTO MPOIECC KOJUT MIC ¢ 600 H M THHYCHHBIX M CCHBHBIX 3BE3]l
o1 BHOIH nocneoB TefbHocTH (¢ B ~ 1 — 103 I'c) ¢ p 3Mep MU HOpPAIK COJHEY-
Horo (R ~ 10% — 10° km) npoTek eT ¢ coXp HEHMEM M THUTHOTO MOTOK . B aToM
Clly4 €, IIPU YCJIOBUH MOJTHON BMOPOXKEHHOCTH CHJIOBBIX JIMHUN M THUTHOTO IOJIS
B BEILIECTBO 3BE3/Ibl, K T CTPOHUUECKOe YMEHbIIEHUEe P 3MepoB 0 10 KM I0JIKHO
COTIPOBOX/ ThC YCHJIGHHEM M THUTHOTO Mojis 10 38 yenuii 10! — 1013 I'c [67].
[punsaTtre 3To0i rUMOTE3bl () KTHIECKH O3H U €T, YTO SAEPHOE BEIecTBO cop-
MUPOB BILIEUCS HEUTPOHHOM 3BE3/bl JOJKHO OCT B ThCS MOHU3UPOB HHBIM (XOTS
Obl 4 CTMYHO), T.e. OOJI JI Th CBOWCTB MH 3 M THUYEHHOH CKOMIIEHCHPOB HHOU
wi 3Mbl. OIOHUM M3 X P KTEPHBIX NPU3H KOB IOCJEIHEH sBIseTCs ee Crocoo-
HOCTb IOJUIEPXUB Th HE3 TyX IOIIME€ M THUTOrMApoauH muueckue (MII) BoHBI
Anpdsen [84,90]. B ¢uznke HEHTPOHHBIX 3B€3 H 3TO OOCTOSITENBCTBO BIIEPBbIE
00p tumu BHUM Hue Xoitn, H pmuk p u Yunep [71]. B sroii p 6ote mox 3 HO,
YTO M THUTH § ®HEprus, 3 11 CEHH § H CT OMU KOJUI IIC , mocje (POpMHUPOB -
HHsl HEUTPOHHOI! 3Be3/bl JOJLKH BBICBOOOXJ ThCS NOCPENCTBOM NPeoOp 30B HUM
®HEPIHU OCT TOYHBIX M THUTOIUT 3MEHHBIX OCUMUISLMI BHYTPH 3BE3/Ibl B 9HEPIUIO
3JIEKTPOM THUTHOI'O M3JIyYEHHs B OKPYX IOIlee IPOCTP HCTBO. BO3MOXHOCTh BbI-
CBOOOXKIECHUS M THUTHOM ®HEPIHH MOCPEACTBOM HM3TydeHHsS ObUT T KXe YK 3 H
IT yunm [91]. O Ko mo3aHee 3T wuies, K K otMed ercd B [92], ObuT HeE3 city-
XKeHHO 3 ObIT . B 1 HHOM p 31ene Mbl NpUBENEeM B PH LIMOHHBIH METOJ p CUET
U YUCIIEHHBIE OLEeHKU nepuonos MITI-Mod, H OCHOBE KOTOPBIX MOXHO CHEN Thb
BBIBOJ O HEMPOTHUBOPEYMBOCTU I'MIIOTE3bl M THUTOIUI 3MEHHOIO MEX HM3M 3JIeK-
TPOM THUTHOM KTHBHOCTH HEUTPOHHBIX 3BE3.

OnH Ko, Ipexje yeM 00CyXa Thb (PU3MKY M THUTOILUI 3MEHHbBIX HEpP AU JIbHBIX
KosieO HHl B HEHMTPOHHBIX 3BE3I X, MbI XOTeNId ObI 0COO0 OTMETUTh H OJIIOICHUS,
coen HHbIe B p 00T X [93,94]. B HuX mpuBeneHsl PryMeHTHI B MOJIb3Y TOTO, YTO
HEHTPOHH g (pp KM BEIIECTB IIyIbC P H XOOUTCH B (heppoM THUTHOH ¢ 3e.
B u crtHOCTH, B [93] MOK 3 HO, YTO CIIOHT HH S OPUEHT UM M THUTHBIX MOMEH-



BIIACTOIUHAMUYECKHUE CBOMCTBA SIEPHOU MATEPUM 1027

TOB HEUTPOHOB MOXET C(HOPMUPOB Th CT OWJIBHYIO H M THHYEHHOCTb cthepuye-
CKOH M CChl HEUTPOHHOW M TEPUM C BEJIMYUHOM MOJTHOTO M THUTHOTO MOMEHT ,
JOCT TOYHOH Uil 00BbICHEHNS (DEeHOMEH ITyJIbCHPYIOIETO W3ITy4eHHs] M THUTOIM-
MOJIBHBIM P JUOU3IYYEHUEM Bp I IOLIEWCS HEUTPOHHOH 3BE3[bl B MOJENIU M 4K
[7,11,12,95-97]. B Hen BHeit p 6ore [94] mpuBeneHbI JOMOJHUTENbHBIE Pry-
MEHTHI B MOJIb3y M THUTOYHOPSIOYEHHOIO COCTOSIHHA, IJT BHBIM M3 KOTOPBIX CIy-
KHUT C MOCOIJI COB HH $ OLEHK CpefHel H NPsSKEHHOCTH M THUTHOTO MO U
IUIOTHOCTU HEUTPOHHOU 3Be3dbl. ONHUM U3 MpPHUMeY TEJIbHBIX CIIEICTBUI STOH
TUIIOTE3Bl SABIAETCA NPEACK 3 HUE BIIEKTPOM THUTHOM KTHBHOCTH HEUTPOHHOI
3Be3/Ibl, OOYCJIOBJIEHHOW CIUHOBbIMU KoyieO Husimu. [lo omeHK M p 6oThl [94],
Neproabl dTUX KojieO HUE 1ON A I0T B MUUIMCEKYHIHBIA AW II 30H IYJIbC PHOU
IIK JIBl BPEMEHHU.

YMmecTHO T KXe 100 BUTh, YTO, COITT CHO COBPEMEHHBIM P CUET M CTPYK-
Typbl HEUTPOHHOI 3BE3[bl, TOJIBKO NEPUGPEPUNHBIA CIIOH MOXHO CCOLUMUPOB Tb
¢ Ae-¢ 30ii, B TO BpeMsi K K CTPYKTYpHOE coOjiepX Hue Oosiee riryOoOKux o0 -
CTeii, BUIUMO, TIPEJICT BJICHO HEWTPOHHBIM BEIIECTBOM, OOJI JI FOILIHM CBOWCTB MU
B-d 3u1* cBepxrekyuero *He. X p KTepHOil 0COOEHHOCTBIO CBEPXTEKYYErO Bp -
LIEHUs] SIBJISIETCSl TO, YTO OHO MOXET COIPOBOXI ThCsl OOp 30B HUEM KB HTOBBIX
Buxpeil [98]. B nommepXKy T KOro IpeicT BIE€HUS CBUIETENBCTBYIOT BbIBOJBI
KB HTOBO-M KPOCKONHYECKOH Teopun cOOeB p OHOM3IydeHHs IyJIbC POB, Hpen-
JIoXeHHO B [99], com1 CHO KOTOpOi pe3Kue BCIUIECKU B 4 CTOTE€ P JUOU3IY-
YeHHsT MOXHO OOBSICHUTH IOTE€pPEel YCTOHUYMBOIO CLEIUIEHHS BUXPEBOW pEILETKH
Tx uyeHko (0Op 30B HHOH 3 M T'HMYEHHBIMH BUXPEBBIMH HUTSMH, BHICTPOESHHBIMU
BIOJIb OCH Bp IEHH4), WM, APYTHMMH CJIOB MM, OTK JIBIB HHEM 3 M THUYEHHBIX
BUXPEBBIX HUTEH OT nepugepuiinoii kopsl [100].

Hep mu apnbie MI'JI-Kos1e0 HUSA HEHTPOHHOH 3Be3Ibl B OXHOPOIHOH MO-
Jeqd. B H crodmiem p 3gene Mbl p ¢CM TPHB €M JIBHXEHHMS HOHU3UPOB HHOTO
BEILIECTB HEHTPOHHBIX 3Be3/l, OOYCIOBJICHHBIE NMPHUCYTCTBUEM B €€ HEeIp X CHIIb-
HOTO M THUTHOTO 1oJisl. B ocHOBE p ccM TpHUB €MOI MOJENH JIEXKUT IPENOoNoxKe-
HHE O TOM, 4T0 Ae-p 3 00I J €T CBOWCTB MU CKOMIICHCUPOB HHOW M THUTO K-
TUBHOH 1T 3Mbl. K K W3BECTHO, AMH MUK BELIECTB B IUI 3MEHHOM Iper THOM
COCTOSIHUM OIUCBIB €TCS yp BHEHUSIMM M THUTHOHM THMOPOIMH MUKU: [84]

av 1 B2
== — (BV)B =P+ — 4.1
P VW+ —(BV)B,  W=P+_—, (4.1)
B
divB = 0, %—t:rot [V x B], (4.2)

*CBepXTeKydecTh HEHTPOHHOH M TepHH, BEPOATHEE BCEro, MOXKET ObITh OOYCIIOBIEH CIT PUB -
HMeM HeHTPOHOB B 3 Pz-coctosnmu. DT ¢ 3 H jorudH  HusorponHoii B-¢ 3e >He.
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e p — IUIOTHOCTh, V — CKOPOCTh Cpefibl, B — H NpsXeHHOCTb M THUTHOIO
nonst i W — M rHuTOrmapoct tudeckoe A Bienue (d/dt — cyOCT HIMOH JIbH S
MIPOU3BOIH ).

IIpu ycnosuu HeckuM emocTu JIuHe pu3oB HHble MITI-yp BHEHus, couepx -
IMe pelleHue, OTBeY IOIlee P CIIPOCTP HEHUIO OOBIKHOBEHHOW M THUTOTHAPOIM-
H MHYECKOH BOJIHBI, MOTYT OBITh IIPEACT BIIEHBI B BUIE

Vi _, 9B

= =0 4.3
81'7: ? 81'](3 Y ( )
00V; By 00B;
_ Dk = 0 4.4
P~ ot dm Oz ’ 4
00B; ooV
—— —B = 0 4.5
5 L , 4.5)
rne 0V u 6By — KOMIOHEHTHl (UIyKTy LMl CKOPOCTH U H IPSKEHHOCTH M I-

HUTHOTO Tond. [lpm momydenwn yp BHeHuil (4.3)—(4.5) ObBUIO HCIOIB30B HO
TpuBHU JibHOe pernenue yp BHenus JI w1 ¢ AOW = 0 mis duykTy umit o Bie-
Husg: W = 0. DrTo coOTBETCTBYET Ciyd 10, KOTJ TP BUT LIMOHHBIE KOned HHs
He BO30YXJ I0TCSI, © M THUTOIUI 3MEHHbIE OCLMJUISALWK SBJISIOTCS €IMHCTBEHHOU
CTEINIeHbI0 KTHBHOCTH IUT 3MEHHOI Cpefpl.

Y Hap cexkx p u @epmu [101] ok 3 i, 4TO MPUCYTCTBHE OAHOPOJHOTO MOJI
B 3Be3Jle IPOM3BOIUT T KOH Xe 3p(ekT, K K ee Bp ILIeHHe, T.e. IPUBOIUT K CILIIO-
IIMB HMIO 3Be3[bl B H NP BJICHUU MOIOCOB. [IJI1 OMHOPOIHOI ¢ MOIp BUTHPYIO-
meil cpepudeckoit M ccel ¢ p auycoM R u M ccoit M, ¢ OmHOPOOHBIM BHYTpH
3BE3[pl II0JIEM C H MPSKEHHOCTHIO B cTeneHpb CIUTIOCHYTOCTH 3BE3/Ibl OLIEHUB eTcs
OTHOUIEHNEM € ~ Fpag /By, i€ Erag ~ B2R3 — M rauth s u Egp ~ GM?/R
— TP BUT UMOHH s ®Hepruu. s HeHTpoHHBIX 3Be3d € ~ 1077, mostomy Mbl
npeHeOpexeM HechepHYHOCTHIO, BbI3B HHOM HPUCYTCTBHEM M THUTHOTO MOJS, U
nposeneM BbraucieHus 4 cror MITI-xone6 Huil i cepudeckoil p BHOBECHOM
KOH(UIYp LHH.

Mbl MHTEpecyeMcsl CHEKTPOM COOCTBEHHBIX Y CTOT HEp AW JIbHBIX JIb(hBe-
HOBCKHX KoJieb Huit*. CoOCTBEHHBIE U CTOTHI 3TUX KOJIeO HHUIl MOTYT OBITh BBI-
YHUCIIEHBl H OCHOBE ®HEPreTHYECKOro B PH LIMOHHOTO MPUHLMI IO CIIEIYIoIIeH
cxeme. Ck nsspHoe ymHOXeHue (4.4) H 0V, U UHTErpupOB HuUe M0 00bEMy 3BE31IbI
(H TOBEPXHOCTH 3Be3bl IPUHUM eTcsl, 4T0 0B |,—p = 0) IPHBOAKT K yp BHEHHUIO

*P mu IpHBIE M THHUTOIUT 3MEHHbIE KOTeO HHS 3BE3Ibl C Hie JIU3UPYeMOil chepruecKoi M cCoi
uje JIbHO MpOBOAAIIEN KuakocTu usyd jguck M. 1B puumnsaom [103] (em. T kxe [34]) 3 ponro xo
OTKPBITHS ITyJIbC POB.
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9HEepreTUYEcKoro 6 J1 HC :

d oV 96 B;
o pT T — ﬁ/avi Byt dr =0, (4.6)
174

v

M 5bie OTKIIOHEHUS CKOpPOCTHU MOTOK U H TNPAXKEHHOCTH M THUTHOT'O ITOJIA yﬂO6HO
MpeacT BUTH B BUAE

3Vi = &(r)a(t),  0B; = hi(r) a(t). 4.7)

IMoxct Bnsisa (4.7) B (4.5), H X0IUM

h; = By gi . (4.8)
IMoact HoBK (4.7) B (4.6) 1 eT
Mpa+ Kra =0, (4.9)
rne M — wraepuusd U K — XeCTKOCTb THAPOM THHUTHBIX KoneO Huit [73]:
My = /p&fi dr, K= ﬁ/hi h; dr. (4.10)
v v

U3 npuBeieHHbIX (OPMyYJI CIIEyeT, YTO [Jis ONpeesienus 4 crothl w? = K, /M,
HEoOXOIMMO 3H Thb TOJIBKO I10J1€ cMelleHnid. Huxke Mbl p cCcMOTpHUM ciyd i, KOrj
H NPSKEHHOCTh OJHOPOAHOTO BHYTPH 3BE3[bl M THUTHOTO ot B H mp BieH 1o
OCH 2:

B,=uB, By=-(1-p*Y?B, By=0, p=cosh. (411)

3 MeTuM, 4TO MMEHHO T K S KOH(HIYp LM OIS BHYTPH 3Be3[bl ObUT P CCMO-
TpeH B p Gore [101].

An cmooun mudeckuti x p kmep MII-kone6 nuii. IIpu u3yueHUM nNporeccon
p cupoctp HeHusd MIJI-BOJIH B M THUTO KTUBHOM IU1 3M€ 4 CTO MCIIOJIb3YETCS Me-
X HUYECK 1 H JIoTH4, YK 3 HH g AjnbdseHoM [90], Mexmy M THUTOIUT 3MEHHOI
(cymiecTBeHHO IOIIEpeyHOil) BOJTHOM, Oeryeil Biosb CUIIOBBIX JIMHUM M THUTHOTO
0JIs1, BMOPOXKEHHBIX B HJIE€ JIbHO IIPOBOIAILYIO CPEMy, M ONIEPEYHO BOJTHOM yIIpY-
TUX H NPSKEHUH, p CIPOCTP HAIOIIEHCS BAOIb H TIHYTOH CTPYHBI. DT H JIOTUS
MOAYEPKUB €T TOT ¢ KT, YTO MPHUCYTCTBHE OJHOPOJHOTO M T'HHUTHOTO MONS BHY-
TpU GECKOHEYHO IPOBOJISILEH CKOMIIEHCUPOB HHOM IT 3MbI IIPHA €T el CBOHCTB
YIPYroro KOHTHHYYM , B TOM CMBICIIE, YTO P CIIPOCTP HEHUE IIOINEPEYHON BOJIHEI
CIly’kKMT OCHOBHBIM JUH MHYECKUM IIPU3H KOM YIPYrOW CIUTOIIHON cpensl [84,90].
[TpunepxuB $iCh ®TOHM H JIOTHH, MBI TIOJI T €M, YTO 'MIPOM THUTHBIE KOJIeO HUS B
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cheprueckoM o0ObeMe 3Be3Ibl C MOCTOSHHBIM M THUTHBIM I0JIEM BHYTPU P 3BHUB -
10TCS 1IOI0OHO 971 CTOIMH MHUYECKHM KojeG HusIM cpepruyecKoil M CChl yIPYroro
KOHTHHYYM . JIpyrUMHU CJIOB MM, MBI [IOJI T €M, YTO MOJsS CMEIeHUd B 3Be3jie
npu ee MII-kone® HUSX OMUCHIB IOTCS MOJOU] JIbHBIM U TOPOUJ JIbHBIM MOJISIMU
CMEIICHUH, T KUMH Xe, K K U B CJIyd € cpepOr JIbHBIX U TOPCHOHHBIX TP BUT -
LIMOHHBIX KOJIeO HUii™.

Honouo nen s MI-m00 . P ccMOTpUM BO3MYIIIEHHS, CBSI3 HHbIE C BO30y-
KIEHUEM TOJIOU] JIbHOTO TOJISi CKOPOCTH:

N,
5§V, = T _:1r0tr0trrL Pr(p)ay(t) = Ny gradr” Pr(p) ar(t),

1
CdpequeCKHe KOMITOHEHTBI I10JISI MTHOBEHHBIX CMEILIEHUH MUMEIOT BUJI
L-1 L-1
r r 1/2 OPL(1)

& =g i), &=-7pr5 - 1) o £, = 0. (4.13)

ITpocTp HCTBEHH 513 BUCHMOCTb (PIIYKTY LM M THUTHOTO IOJIS ONPEeNessIeTcs Bbl-
p xeHusmu (cM. npuwioxenue b):

Brb—2 —Brl—2 OPr,_1 (1)
hy = (L — 1)WPL—1(N)7 he = W(l — u?)? oy
hg = 0. (4.14)
Ioact Bnstsa (4.13) u (4.14) B (4.10), H XOOUM
47p RP 93 L—1
M, =——67"_ Ky, =B*R°—. 4.15
L= TeL+1y o 2L — 1 (4.15)
B pesynbr Te g 4 croTsl nojoun JbHOW MITI-Moasl nonyu em
2L +1 2 B?
W2 = QA L(L - 1)22 02 = Vi _ (4.16)

2L -1’ A7 R2 T 4npR2’

rie 14 — eCTeCTBeHH s eMHHUI[ Y CTOTHI JIb()BEHOBCKUX M THHUTOILT 3MEHHBIX
OCLMJLUTSALIUMN.

*DTH pryMeHTHl ObUIH HEJl BHO HCIIONIB30B HbI IIPH IIOCTPOSHUH MOJEIHM M THHTHOTO Xelle, Ipel-
JoXeHHOU B [102], 114 onuc HUS ®MEKTPOM THUTHOTO OTKJIMK 3 M THHYEHHbIX C(PepUYECKUX Y CTHIL
(KJI CTEpOB) MOJNYMET JUIOB U HEM THUTHBIX IMUBJIEKTPUKOB B TEPMHUH X JIb()BEHOBCKUX HEP U JIbHBIX
KoNe6 HUil CKOMIIEHCHPOB HHOU ®JI€KTPOH-IbIPOYHOI TBEPAOTEIBHON IUT 3MBL.
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Topouo nvn a MI'/[-m00 . OT™MedeHH 4 Bbllle (PU3UYECK S H JIOTHS MOBeje-
HHS 3 M THUYCHHOM IUT 3Mbl U YIIPYroro KOHTUHYYM YK 3BIB €T H BO3MOXHOCTb
BO30YXIEHHS TOPOMI JIbHOH IMAPOM THUTHOM Moabl. H mOMHHMM, 4TO TOpPOHA Jib-
HOE T0JIe CKOPOCTH YIPYIHX CMEIIeHUI B cHCTeMe ¢ (PUKCHPOB HHOH IMOJISPHON
OCBIO TIPEICT BIISETCS B BHJIE

6V = Nyrotrrl Pp(u)ar(t) = [Q(r,t) x 1], (4.17)
rae
1
RLfl
— TIOJIe YIVIOBOM Y CTOTHI JIOK JIbHBIX KPYTHIbHBIX Kome6 Huil. Cdepudeckue

KOMIIOHEHTbI TOPOMWJ JIbHOTO ITOJIA CMEIIEHUN 3 MHUCHIB HOTCI CJICAYIOIM 06p -
30M:

Q(r,t) = N, grad r¥ Pp(p) a,(t), N; = (4.18)

L
- _ RN LA D)
67' - 07 g@ - 07 £¢ - RL,1 (1 12 ) 8/14 3 (4’19)

COOTBETCTBYIOLIINE (bJIyKTy I UHTCHCUBHOCTHU M THUTHOI'O IIOJIA P BHBI

rtt 1/2 OPL—1(p)
o

h, =0, hy =0, hy = B (L + 1)RL_1 (1—pu?) . (4.20)

BbrumciieHnss M CCOBOrO I p METp W I P METp KECTKOCTH TOPOUI JIBHBIX
MI'I-xose® HHil I 0T:

L(L+1 L(L —1)(L+1)?

( + ) , KL — B2 R3 ( )( + ) .

(2L +1)(2L +3) (2L +1)(2L—1)

My = 4np R® 4.21)
B pe3ynapT Te AUCKpETHBIN CHEKTP 4 CTOT Toporn JbHbIX MIII-K0ne6 Huil MOXHO
MpPeICT BUTh B BUJIE

2L +3

2L -1’
rie Jib(BEHOBCK 51 4 cTOT {24 ObUI OmpeneseH BbIlLE.

Crnektp spHble popMmyibl (4.16) u (4.22) IBAAIOTCS [T BHBIM PE3YJIbT TOM
p 3BuUTOI Teopuu. M3 aTUX BBIp XEHH CIJEOyeT, YTO COOCTBEHHBIC U CTOTHI I'H-
JPOM THUTHBIX MOJ HEHTPOHHOM 3BE€3/1bl POIOPLUOH JIbHBl UHTEHCUBHOCTU M TI-
HUTHOTO TOJIS BHYTPH 3Be3lbl B M 00p THO MPOMOPLHOH JIbHBI ee p muycy R.
Iepuoapt MI'I-kone6 Huii P, (K K HOJOUI JIBHBIX, T K U TOPOHI JIbHBIX) MO-
HOTOHHO YOBIB 0T C POCTOM MYJIBTHIIOJIBHOTO HOpsiaK L K K Phy ~ 1/ L.

B 1 6. 5 mpuBegeHbl YHCICHHbIE OLEHKH MEepuogoB Pr = 27 /wy M THH-
TOIUT 3MEHHBIX IOJIOU] JIbHBIX U TOPOMA JIbHBIX OCLMJUIILMN HUX HILEro MyJib-
TUIIOJIBHOTO MOPSIIK , P CCYUT HHBIE Uil CEMEUCTB ONHOPOIHBIX MOJENEl Heil-
TPOHHBIX 3Be3/l C IMpocTeliiell KOH(UTYp LHeld MMOCTOSHHOTO M THUTHOTO IOJIS

wi=0%(L?-1) (4.22)
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T 6amy 5. Ilepuonst Pr, 1106 JbHBIX HEP TU JIbHBIX MOJIOH] JIbHBIX H TOPOH] JIbHBIX
M rHUTOruaAponuH Mudeckux (MI'/I) Koied Huii, BbIYUC/IEHHbIE B PUOINKEHHH ITOCTO-
SIHHOTO TOJIAL VISl CeMEMCTB OXHOPOIHBIX MOJejlell HEMTPOHHBIX 3Be3] C I P MeTp MH,
VK 3 HHbIMH B IepPBbIX Y€TbIpeX KOJOHK X T OIHLIbI

IT p merpsl Mozenu ITonoun nen s MI'JI-mMon Topoun s 51 MI'JI-Mon

M/Mg R,xv p/pn, B,1013 Ic Py, c Ps,c Py,c | P,c Ps,c Py,c
0,1 31,70 19,40 14,20 | 20,80 14,70 11,50

2,0 1,51 0,93 0,68 0,99 0,70 0,55

0,5 9,8 0,9 4,0 0,77 0,47 0,35 0,51 0,36 0,28
6,0 0,52 0,32 0,23 0,34 0,24 0,19

8,0 0,39 0,24 0,18 0,26 0,18 0,14

0,1 35,60 21,80 15,90 | 23,30 16,50 12,90

2,0 1,70 1,04 0,76 1,11 0,79 0,61

0,7 11,0 0,9 4,0 0,87 0,53 0,39 0,57 0,40 0,31
6,0 0,58 0,36 0,26 0,38 0,27 0,21

8,0 0,44 0,27 0,20 0,29 0,20 0,16

0,1 40,60 24,90 18,20 | 26,60 18,80 14,70

2,0 1,93 1,18 0,86 1,27 0,90 0,70

0,9 10,6 1,3 4,0 0,99 0,61 0,44 0,65 0,46 0,36
6,0 0,67 0,41 0,30 0,44 0,31 0,24

8,0 0,50 0,31 0,22 0,33 0,23 0,18

0,1 46,00 28,20 20,60 | 30,10 21,30 16,60

2,0 2,19 1,34 0,98 1,43 1,01 0,79

1,1 10,6 1,6 4,0 1,12 0,69 0,50 0,74 0,52 0,41
6,0 0,75 0,46 0,34 0,49 0,35 0,27

8,0 0,57 0,35 0,25 0,37 0,26 0,21

0,1 53,20 32,60 23,80 | 34,80 24,60 19,20

2,0 2,53 1,55 1,13 1,66 1,17 0,92

1.4 10,2 23 4,0 1,30 0,80 0,58 0,85 0,60 0,47
6,0 0,87 0,53 0,39 0,57 0,40 0,32

8,0 0,66 0,40 0,29 0,43 0,30 0,24

BHYTPHU (M AWIIONBHOTO BHE) 3Be3/bl. IlepHoapl MONTONA JIBHBIX M THUTOIUT 3MEH-
HBIX OCLWUISLMI BCErN OK 3bIB I0TCS HECKONBKO Gomblue (B cpeaHeMm P, /P~
1,2 — 1,6) nepuosoB TOPOMJ JIbHBIX Jib()BEeHOBCKUX MoA. ITo 1 HHBIM T 6i1. 5
T KX€ MOXHO HpOCIEIUTh O0IIMe TeHACHIIMN U3MEHEHHs MepHOIOB B 3 BUCHUMO-
CTH OT I1 P METPOB MOJAENH 3Be3/1bl. [ 06eMX MOA JUTNTEIbHOCTh IEPUO P CTET
NIpY YIJIOTHEHWH BEIECTB 3Be3ibl. MHBIMU CIIOB MM, 4eM TSKesee 3Be3l , TeM
Gospllie IIepHObl €€ TMAPOM THUTHBIX OCUWUIIUMA. 71 BHBIM 0Op I IOIIMM H
ce0si BHUM HHUE PE3yJIbT TOM SIBJISIETCS TO, YTO IPH WHTEHCUBHOCTH TOJISI BBILIE
10* Tc mepuosel  Th(HBEHOBCKUX OCLIMJLIALMIL TIEPEKPHIB 10T HHTEPB J1 MIEPHOJIOB
p auousznydeHus myasc pos: 0,016 < P < 5 ¢ [67]. C ymensinennem B nepu-
onsl MIT-ocuwuisdumii YIUIMHAIOTCA (4 CTOTBI, COOTBETCTBEHHO, YMEHBLI IOTCH).
Wn e roBopsi, nepuossl JIb()BEHOBCKUX OCLWUISILMI JIOJKHBL P CTH 110 Mepe Jie-
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MpeCcCu M THUTHOI'O IIOJIA 3BE3MbI. T kue BBIBOJbI CJICAYIOT W3 IPEAIIOJIO0KEHUA,
YTO MHTEHCHUBHOCTh M THHUTHOTO ITOJISI JOCTUT €T 3H YeHHH, YK 3 HHBIX B T OI. 5.
Ilng MeHsLmx 36 denuii B ~ 1012 Tc (T Kue noJs Npednoa r ITCS B MOJEIU H -
KJIOHHOTO POT TOp ) MEPHOIbl JIb(PBEHOBCKUX OCIIJUISAIMNA MO [ IOT B HHTEPB JI
5 < P < 50 c. Uznyyenue, 0OyC/IOBIECHHOE M THUTOIUT 3MEHHBIMH KOJieO HUSIMU
C T KUMHU IIEpUoOA MU, H KJT ObIB 4Cb H M THHUTOAUIIOJIBHOC U3JTy4CHUE U3-3 Bp -
MIEHUA, MOXKET HPOABUTHCA B MOAYIALUMAX MIUIUTYAbI MTOCJICAHETO. Henp3g T KXe
3 OBIB Th, YTO J HHBIC BBIBOIBI ITOJyYEHBI B MOJIETH OXHOPOAHOTO P CIIpeaene-
HHUS CKOMIICHCHPOB HHOM IUT 3MBI IO BceMy cpepuvecKoMy oO0beMy HEHTpPOHHOM
3Be30bl. Mex)ly TeM U3 p CYETOB CTPYKTYPbI 9TOI0 KOMIT KTHOTO OOBEKT CJIedyeT,
uto Ae-p 3 JIOK JM30B H IJ1 BHBIM OOp 30M B MepH(PEpUHON KOpe 3Be3Mpl,
IJle IVIOTHOCTb BEILECTB HIKe, 4eM B Oolsiee m1ybokux obm crax (cM. puc.l). B
DTOH CBS3M MPEACT BISAETCS IIeJIeco00p 3HBIM MPOBECTH MepeoneHky 4 ctot MII-
KoJe® HUif B p MK X MOIEJIH, YIUTHIB IOIIEN 3TO MOCIeAHee 0OCTOATENbCTBO.

5. AIB®BEHOBCKUE KOJIEFAHUS B IEPUG®EPUITHON KOPE
HEWUTPOHHOI 3BE3/bI

B aTOM p 37mene Mbl NPUBOOUM B PU LIMOHHBIA P CYET W YUCIICHHbIE OILIEHKU
4 cToT cobcTBeHHbIX MIJI-KOe6 Huid, JIOK JIM30B HHBIX BO BHEIIHEH Kope Heil-
TPOHHOM 3BE3MIBl, T.€. B H MOOJee BEepOSTHON 00 CTH CYIECTBOB HUS 3JIEKTPOH-
SAepHON T 3Mbl. HEHTpPOHH 5 3Be31 Wae JU3HpYeTcs IBYXKOMIIOHEHTHBIM 00B-
€KTOM, B IIOJIHOM H JIOTMM C YHNOMSIHYTOW Bbille Mogenbplo beiim —Iletuk —
IT finc —Pynepm H [42] (cM. T kxe [8, 13]), oObsicHstomEH cOOM MyJabC POB
CIIBUTOBBIMU CEHCMHYECKUMHU KOJIeO HUSIMH BHEIIHeW (MeHee IUIOTHOM) KOpbI OT-
HOCHTENIbHO OoJiee TJIOTHOTO KOp . MBI T kKXe OyneM OmMp ThCsS H  PryMEHTEI
p GotsI [94], mpeanon T 4, YTO MepeodOr LIEHH S HEHTPOH MU SIEPH S M Tepus
M CCHBHOTO KOp H xomuTcsl B peppoMm rauTHOU ¢ 3e. [lo Kp iiHeir mepe, 3TO
JIe7T €T MOHATHBIM (PU3MYECcKOe MPOUCXOXAESHHE CUIBHOTO M THUTHOTIO TOJIA B T10-
BEPXHOCTHOM CKOMIIEHCUPOB HHOM 3JIEKTPOH-SIEpHOH IUT 3Me, H (hOHE KOTOPOTro
W MOTYT P 3BHB TbCSl JIb()BEHOBCKHE KOJyieO HUS.

Honouo nen 2 Moo . B m3yd emom ciyd e monoun jJpHbIX MIT[-kome6 Huii
UL H XOXIEHUs MOJ CKOPOCTH YIPYTMX CMEIIEHMH H IOBEPXHOCTH BHYTPEH-
Hero Kop p auyc R, H JOXUM yclIOBHE HEIPOHHIl EMOCTH:

Vily—r, =0,  R.=0. (5.1)

H TIOBEPXHOCTHU 3BE3AbI H JI T €M CT HIO PTHOE I'P HAUYHOE YCJIOBHUE:

oVrlr=r = R(t) = R Pr(u) ar(t), (5.2)
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rie R(t) = R [1 + ar(t) Pr(p)], L — My/nbTHIONBHBINA HOPSIOK CHepors JIbHBIX
VCK KEHUH MOBEPXHOCTHU. ISt TOJIOM)] JIBHOTO BEKTOPHOTO MOJIS:

&, =rotrotrxrn, xr=[ALrE+ A2 LT PL(p). (5.3)
U3 (5.1) u (5.2) H X0oOUM SBHBIN BUJ IPOU3BOJBHBIX KOHCT HT A}: u A2L:

AL Ap RL+3
-2 2 _ AL p2L+41 R
A = L(L+ 1)7 AL L(L+1) R , Ar Ll RgL_H. 5.4

KOMITOHEHTBI 1107151 MTHOBEHHBIX CMelleHHi £, B chepHYecKoil cucTeMe KOOpIH-
H T IPEICT BJSAIOTCA B BUIE:

p2L+1 R3L+1

ST = Ay —TL+2 PL(/L), (5.5)
_AL (L + 1)T2L+1 + LR2L+1 L
= <P 5.6
&o L(L—l—l) rL+2 L(:uf)v (5.6)
£ =0, (5.7)
P
e Pr(u) = (1 —p?)Y QddLi(M) — MPUCOEAUHEHHbIN MOaUHOM Jlex Hip mep-
i
Boro nopsak . IT p merp unepuuu M, p CCUUT HHBIHA C 3TUM IOJIeM, p BeH [65]:
dmp 2 p2L+1 L or1 2L
M=—""__ A2 2Ll 11 4 — _x2+1 (1 — x20+t X =R./R
L(2L+1) * "I ( ) /B,

(5.8)
rne X mendgercd B npefen x 0 < X < 1. TloquepkHeM, 4To 31eCh p — IUIOTHOCTh
BMEKTPOH-siAepHOM 1T 3Mbl (Ae-¢ 3bI), IOK JU30B HHOM B NepuepuiiHoOil Kope
3BE3[pbI.

I nee, nonct Bass (4.11) u (5.3) B (4.8), H XOIUM, UTO KOMIIOHEHTHI (IIyK-
TY LMW H MPSXEHHOCTH M THUTHOTO MHOJISI PHOOPET 10T BHA

ALB

hy = —TLL+3 (L= 1)r*2 Py () + (L + 2)R2F T Pria(p)] , (5.9)
ALB

ho = o5 (PP P () — R PLL ()] he =0, (5.10)

TOFZ[ JUIA KECTKOCTHU T’MAPOM T'HUTHBIX ITOJIOUJ JIBHBIX KOJI€6 HUAU IIOJIy4 €M CJIe-
AyHoHiee BbIp XKCHUEC!:
L—1 oL +1 a1 _ LH2 anr

K:AQBQRQL—l X _
L 5L 1 2L+3)2L-1) 5L 13

(5.11)
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Jlerko Bunets, yto B npegene X — 0 Mbl BOCIPOM3BOIUM PE3yJIbT T OJHOPOAHOM
MOJEIU

2L +1
2L —1°

w2=04L(L-1)

2 (5.12)

Topouo snvnw 2 mo0 . P ccMOTpuM Temepb Hep 1M JIbHBIE TOPOMI JIbHBIE
MII-xone6 Hus. B cucreme ¢ (pUKCHPOB HHOM MOJSIPHOM OCHIO 2z TOPOHH JIb-
HOE I10JIe CKOPOCTH MMEEeT BUI

0V =rotrxy ar(t), xz = [ALrE + A2 r= LT Pr(p). (5.13)

[IpousBonbHble KOHCT HTBI A} u A2 puKCcHpYIOTCS D HUYHBIMH YCIIOBHSIMH,
H JIOTHYHBIMU KCIIOJIb30B HHBIM BbIIIE NMPH M3y4eHHH cepors JIbHBIX Koieb -
uuid. [lpy muddepeHIm THHO-Bp I TeTBHBIX KOJTeOG HHSIX MCK KXEHHs OBEPXHO-
CTH 3Be3bl 3 1 Hbl yp BHeHueM: R(t) = R[1+ay(t)PE(u)], mostomy npu r = R
CITeiyeT MONOXHTH

Vlr=r = R(t) = R P} (1) éur (). (5.14)
IIpenmon r eM, 4TO BHYTPEHHSA I'P HUIL OCT €TCH B IIOKOE:
Vylper, =0  R.=0. (5.15)
B pe3ynbr Te nonyd em

RL

1_ 2 _ 2L+1 _
A} =Ap, A3 =-—Ap R*H AL—W-

(5.16)
Hcnonp3ys mid mons CKOpPOCTH KPYTWIBHBIX Koned Huit (5.14) cem p OempHOe
npenct BiaeHue (4.7), H XOAUM KOMIIOHEHTBl TOPOMJ JIBHOTO IIOJII MIHOBEHHBIX
CMELIEHUN:

R2L+1
& =0, & =0, o= AL [rL — ﬁ} P} (p). (5.17)

Ionct HoBk (4.11) u (5.17) B (4.8) NIpUBOIUT K CIELYIOLIMM BbIp KEHHUAM HJIS
KOMIIOHEHT (IIYKTYUPYIOIIEH H MPSKEHHOCTH M THUTHOIO MO (CM. T KXe IpH-
Joxenue B):
L—1 pl RZMH 1

b=, ho=0, o= AL B (L + Dr P + L P )]

(5.18)
Brruncnenus Koa((pULIUEeHTOB HHEPLMH U XKeCTKOCTH Topoun jJbHbIXx MITI-Komne-
6 HMii 1 10T:
4mpL(L + 1)R2L+3

M= A2
L 2L+ 1)(2L + 3)
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x {1 _ap 4 gxepn y QLEDIXR 2L 3) X2<2L+”}

2L — 1 C 201
2L+1
K = A%BQW
(2L +1)
2 2L+1
ozt X _LE+Y) v (5.19)
2L—1 (L —1)(2L+3) 2L+3

K k u cnenos o oxun b, pu X (= R./R) — 0 NpHXOmUM K Pe3yibT Ty
onHOpoAHON Monenu [73]:

2L +3

wi = Q4(L* - 1)m7

(5.20)
e OCHOBH s ( JIb()BEHOBCK $1) 4 CTOT €4 OIpEedeseH BBIIIE.
JIByXKOMIIOHEHTH I MOJEJIb IO3BOJISIET MOYYUTh HUXKHIOI U BEPXHIOIO Ipe-
JieIbHbIe OLIEHKH 4 CTOT COOCTBEHHbIX Jib(hBeHOBCKUX MIJI-K0s1€06 HUii HEUTPOH-
HOW 3Be3nbl. IIpuBomuMBIE B TUTEP Type I P METPbl HEWTPOHHOI 3BE3BI, IONY-
YEHHBIE C HCIIONIb30B HHEM P 3IMYHBIX Yp BHEHUIl COCTOSHMSA SIEPHOH M TEpHH,
JIEX T B CIEAYIOUIHNX Mpejen X:
i) my6un nepudepuiiHoit koppt AR = R— R, = R(1 - X): 0,3 < AR <
0,8 km;
ii) cpeaHss MIOTHOCTL MOBEpXHOCTHOM Kophl 108 < p < 10! r/em?;
iii) MOBEPXHOCTH 5 H MpsikeHHOCTh M THUTHOTrO nons 1010 < B < 103 Te.
Pe3ynbpT THI YMCIEHHOTO H JIM3 MOJIENH NpeAcT BieHsl H puc.6 u 7. H
puc.6 u300p XeH (4 CTO mpuBOAMM 51 B jurep Type [67,92,104]) mu rp MM
MepUuoJ — HHTEHCUBHOCTb M THUTHOIO MOJd. P cyeTel mepuonoB Hep Ou Jb-
HBIX IOJIOUJ JIBHBIX U TOpouA JbHbIX MITI-ocunmigdiuil B MOBEPXHOCTHOM KOpe
onyounon AR = 0,5 KM u300p XeHbl H pHC.7 JIMHUSIMH, HyMep LK KOTOPBIX
COOTBETCTBYET P 3JIMYHBIM 3H YEHMSIM IUIOTHOCTH BEIIECTB B 00J CTH JIOK JIHU-
3 uuu Ae-¢ 3b1. BujgHO, YTO NpeacK 3 HUS MOJETH NOBOJBHO XOPOLIO BIIUCHI-
B I0TCS B KB Jp T, KOTOPbIM 00O3H 4eH OOJI CTh IyJIbC POB H [ HHOH IH -
rp mMMe. H puc.7 npuBeneH 3 BUCHMOCTb P CCUMT HHBIX IEPUOIOB OT INIyOUHBI
CII0s, B KOTOPOM BO30YXJ I0TCS Jib(hBEHOBCKHE KOJIeO HMSI HUX HIIUX MYJIbTH-
nonpHocTel. [IpencT BieHHbIE OLEHKH JEMOHCTPUPYIOT OJMM30CTh P CCUUT HHBIX
nepuonos MI'JI-ocuwyutauuii K NEpUOA M 3JIEKTPOM THUTHOTO U3ILy4eHUS P AUO-
MyJIbC pOB. MBI CKJIIOHHHI TIOJT T Th, UTO COBN AeHHe mnepronoB MITI-kone® Huil ¢
OCHOBHBIMU IIEPUOJL MU P IUOILY/IbC LU HEUTPOHHBIX 3BE3[ HE SBJIAETCA CIIyd U-
HBIM U TMOMEPXKUB €T yHOMSAHyTyIo runotesy Xoitn —H pauk p —Yunep [71]
0 TOM, YTO HHU3KOY CTOTHbBIE T'MIPOM THUTHBIE OCUWUIILMHU, BO3HHUK IOIIHE K K
OCT TOYHBIN 3((EKT B3phIB CBEPXHOBOH BTOPOrO THI , MOTYT OK 3 Thcsl dhhek-
TUBHBIM HCTOYHUKOM 3JIEKTPOM THUTHOH KTHUBHOCTU HEHTPOHHBIX 3Be3A. AH U3
DBOJIIOLIMH MYJIBC POB MOK 3bIB €T, YTO MEPBOH 4 JIBHOE M THUTHOE MOJIe JOIKHO
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10142 T T T T T T T T :..m;
1013 4 -
o ]
— 4
Q 1012_:
TLL0 [ S
1 TlonoupmanbHas Moja E
1010 e
1073 5
(]
—~ 1012_:
<
10115
] Topounanbuas moaa
1010 T
0,001 0,01 0,1 1 10
P,c
Puc. 6. Iu rp MM 1epuojl — HMHTEHCUBHOCTb M THUTHOro nojsa: P — B. P ccuut H-

HbIe TIEpHOIbI KB APYHONIBHBIX IMOJOHA JIBHBIX U Topoua jbHBIX MITI-xo1e6 Huit mpen-
CT BJICHBI JTMHUSMH, COOTBETCTBYIOIIUMH P 3JMYHBIM 3H YEHHMSM IUIOTHOCTH BIIEKTPOH-
siiepHOit 1 3MbI (Ae-¢ 3b1), JIOK JIM30B HHOM BO BHEIIHEN Kope ryounoit AR = 0,5 km:
1-p=10% 2-p=10° 3-p=10'° 4 - p=10" r/em®. KB ap TOM 0603H UeH
0011 cTb 3H yeHnid P u B pe 7pHO H OMI0A €MBIX MYyJIbC POB

P 3Py Thesd 3 BpeMsl MOPAIK T, ~ 2 - 105 jer [104]. TlockonbKy nepuobl
TUIPOM THUTHBIX OCHWUISINUNA OOp THO MPOMOPLMOH JIbHBI MHTEHCHBHOCTH M TI-
HUTHOTO 1OJS (Phy, ~ 1/B), TO au 6 THYECK s AempeccHs HOCIEqHero I0/IKH

MPUBOOUTH K YBEITMUEHUIO NMEPHOOB JIb(pBEHOBCKHMX Komed Huid. [TosTomy Kore-
PEHTHBIM X P KT€P M T'HUTOILUT 3MEHHBIX OCLIUIALMNA BHYTPU HEUTPOHHOU 3BE3/IbI
JIOJIKEH TPOSBISITh ceOsl BHE 3BE3Abl B BHJIE UMIIYJIbCOB, P CIIPOCTP HSIOLIMXCS
BIIOJIb CHJIOBBIX JIMHUII M THUTHOTO MOJIS U MOPOX[ IOUIMX IyJbCUpYIOIIee 3JIeK-
TPOM THHUTHOE M3JTy4E€HHE CTYCTK MM 3 PSDKEHHBIX U CTHI, BBIOD CBIB €MBIX C I10-
BepxHOCTH 3Be3mbl. M3BectHO [105,106], 9TO M THUTOTHAPOAUH MHYECKHE BOITHBI
B MEX3BE3/IHOM IIPOCTP HCTBE MOTYT YCKOPSTDH 3 PSIKEHHbBIE U CTULBI BIOJb CHJIO-
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P, c

] L=1 1

4 - ]
2,07 .

] [MTonounanbHas Moaa 1
1,54 ]

] L=2 ]
1,01

] L=5
0.57 L=10
0,0 +-————————++r—r]
0‘3: ]
0,2 ]
0,11
0,0 ]

0,0 0,2 0,4 0,6 0,8 1,0

AR, KM

Puc. 7. Ilepwonsl mojoun JbHBIX M TOPOHUI JIBHBIX MyNbTUNONBHBIX MITI-K0ne6 Huii,
BO30yXx1 embix B Ae-(p 3e, p CCYMT HHbIE B 3 BHCHMOCTH OT TOJIIMHBI BHEILIHEH KOPBI
AR = R — R., npu cpenueii miotHoctH BemecTB Ae-¢ 361 p = 4,3-10' t/em® n
H TIPSXEHHOCTH M THHTHOTO mona B = 0,5-10"3 Tc

BBIX JIMHUI 11071, U, T KM O0Op 30M, MOPOX Th U3JIy4eHHe (CHHXPOTPOHHOE WU
M3ruOHOE).

ITo H 1IeMy MHEHHIO, OIHHMM M3 pell IOIUX PryMEeHTOB, HOATBEPXKI IOMINX
rurnoTesy O TOM, 4YTO M THUTOIUT 3MEHHBIC OCHWUIALUN HeﬁTpOHHOﬁ 3BE31bI MO-
IyT ObITh CTONb Xe 9(pPEeKTUBHBIM, K K M Bp LIEHHE, UCTOYHHKOM IYJIbCUPYIO-
IIEr0 p AMOU3IYYEHHS] B OKPYX IolIee IMPOCTP HCTBO, MOINIO OBl CT Th H OJIIO-
JEeHHEe IOJITOXMBYIIMX CBEPXOBICTPBIX MMYJIbC POB C IEPHOIOM Iyibc muit P <
0,5 mc. IIpu yK 3 HHBIX 3H YEHHSIX INEPHOJOB P OHOIMYJIbC LU 4 CTOT H3JIyde-
HMS 3 METHO IIPEBOCXOMUT KEIUIEPOBCKYIO IPENEIbHYI0 U CTOTY, OIPEAEIISIOILYI0
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TP BUT LIMOHHO-BP LI TEJBHYI0 YCTOHUYMBOCTb 3Be31bl”. IloaTOMy cyiiecTBOB Hue
T KHX IyJIbC POB MCKIJIIOY €TCA MOJIEJIbI0 YHUIIOISIPHOIO I'eHEP TOp , B KOTOPOW
H M THUYEHH S HEUTPOHH ¢ 3B€3Jl IOPOXJ €T M THUTOMUIIONBHOE P JUOU3Iyde-
HHE C TEepHoIoM, p BHBIM mepuony cobctBenHoro Bp menud [81,107,108]. B
9TOH CBS3U H MOOJIee B KHBIMU H M IIPEJCT BJISIOTCS MPOBOAMMBIE B H CTOsIIIEE
Bpemsi H Omonenus 1o nporp mMe MAHUMS (MHOTOK JIbHBIH H JIM3 H HOCEKYHI-
HBIX U3MEHEHMI SIPKOCTH), OMHOU U3 Liejieil KOTOPOil SBJsieTCs TMOUCK IYJbC POB
C HepeMeHHOCThIO u3Tydenus 3 Bpems 1077 — 1072 ¢ [109].

6. SAKJIIOYEHHUE

B mpencr BieHHOM 0030pe M370XKEH TEOpWs IP BUT ILMOHHBIX M M THHUTO-
IUT 3MEHHBIX HEp U JIbHBIX KOeO HHUI HEeWTPOHHBIX 3Be€3, OCHOB HH S H IIpen-
CT BJIEHHMH O SIICPHOM BeLIECTBE K K yIpyrom ¢epMU-KOHTHHYyMe, OOJI [ IolleM
CBOWCTB MM CKOMIIEHCHPOB HHOH M THUTO KTHBHOH IUT 3Mbl. B K 4ecTBe ¢pyH-
J MEHT JIBHBIX JIUH MMYECKMX Yp BHEHMM, MOIEJIUPYIOIUUX IBUXEHUS BEILECTB B
HEeOp X HEUTPOHHBIX 3BE3[, UCIONB3YIOTCA yp BHEHHUS SIIEPHOM 9] CTOAUH MUKH,
NpeUIoKEeHHbIe B M KPOCKOITMYECKOH TEOPUH KOJUIEKTHBHBIX HPOLIECCOB J1 6op -
TOPHOM SINepHOM (PU3UKHU, T KUX, K K JE/IeHHEe U THI' HTCKHE PE30H HCBHI.
IIpoBeneHO KOHCTPYKTHBHOE Cp BHEHHME BBIBOJOB TI'MIPOAMH MHUYECKOU U
91 CTOIMH MHUYECKOU MOJEJIEU IOBEIEHUS IJEPHOM CIUIOIIHON CPeAbl C I HHBIMU
cTpouznyeckux H OmogeHuid. B p MK X IMApPOIMH MHYECKOro MOAXOA TOK -
3 HO, 4TO IPHUCYTCTBUE AUIOIBHOM MOMBI SABIAETCA X P KTEPHBIM IPH3H KOM He-
OJHOPOIHOCTU MPOGHIA INTOTHOCTH 3Be3/bl. ONH KO I'MAPOIMH MHYECK S MOJIEb
HE TO03BOJISIET OIUC Th IV BHbIE (PU3MUYECKHE () KTOPHI, YIpP BISIONIME COOCTBEH-
HBIMU KOJieO HUSIMA HEWTPOHHBIX 3Be3i. BHOp LMOHH $ YyCTOWYMBOCTH HEHTPOH-
HOW 3Be3/Ibl ONpeleNsieTcd KOHKYpeHIUEl KOHCTPYKTHBHBIX CHII YIIPYTHX Jedop-
M LM BBIPOXIEHHOTO (DePMU-KOHTUHYYM U HECTPYKTUBHBIX CHJI TP BUT LIMOH-
HOro c¢X THs. JI HHOe 0OCTOSTEIhCTBO COBEPIIEHHO OTYETIMBO OTP KEHO B 31 -
CTOOMH MHUYECKOW TEOpUU Hep 1M JIbHBIX KoJieO HMH U OCOJIOTHO OTCYTCTBYET
B TUJPOJUH MMYECKOU TEOPHUM, YTO CBUJETEIILCTBYET O HE JIEKB THOCTH T'MIPOAU-
H MUYECKOH I p JUIMBI SIIEPHOMN CIUTIOIIHON cpensl. OfHUM M3 INT BHBIX BBIBOJOB
P 3BUTOH 911 CTOAMH MUYECKON MOJENU HEP AU JIbHBIX ITYJIbC LU SBIISETCA BBI-
BOZ O TOM, YTO BHOp IIMOHH g JUH MUK HEHTPOHHOH 3BE3[bl X P KTEpU3YeTCs
JIByMsl BETBSIMU COOCTBEHHBIX TP BUT LIMOHHO-YIIPYTHX HEP M JIbHBIX KoJieO HUIL:

*ITo coBpeMeHHBIM oLeHK M [110], mpenensHOe 3H YeHHE Y CTOTHI BP LIEHHUS BOKPYI CBOEH OCH
chOpMHUPOB BIIIEHCST HEATPOHHOIA 3Be3/bl oneHuB ercst K K 1800 06/c. C Mble ObICTpbIe H CErOmHsII-
Huil aens mynse pel PSR 1937 n PSR 1957, cornm cHO Mozenn XecTKOro poT TOp , JOJIKHBI Jel Th
npubmusutensHo 600 060pOTOB B CEKYHIY.
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cthepount JIbHOH (s-MOA ) U TOPCHOHHOH (t-Mox ). TopcuoHHbIe AU epeHIH Tb-
HO-Bp 1I TeJIbHbIE KOO HHI HEHTPOHHOH 3Be3[bl 0OYCIOBIEHBI HCKITIOYUTEIBHO
JIMH MHYECKOH YNPYrocThIO BBIPOXIEHHOTO (hepMHU-KOHTHHYYM . B r 30B0ii cpene
3B€3[l IV BHOW IOCIENOB TEJIbHOCTH, JBUXEHUS KOTOPOH INOJYUHAIOTCA Yp BHE-
HUSAM TMIPOIUH MUKH, T KUE MOJIBI OTCYTCTBYIOT.

H ocHoBe »HepreTMyeckoro B pud LUMOHHOIO HNPUHLMI P 3p OOT H MeTox
BBIYMCIICHUS 4 CTOT (IIEPHOIOB) 3THX Ko0jeO Huid. DPPeKTUBHOCT METOH IPO-
WUIIOCTPUPOB H  H JINTUYECKUMH P CYET MM NEPUOOB II00 JIBHBIX HEp AW JIb-
HBIX TP BUT LHOHHO-YIIPYTHX MO B P MK X CT HJ PTHOH MOIEIU HEUTPOHHOI
3Be3/Ibl (MOJenupyeMoil cchepryeckoil M CCOil ONHOPOAHOIO HEHTPOHHOTO (hepMu-
KOHTUHYYM , CKOHIEHCHPOB HHOTO CHJI MU COOCTBEHHOIO TSTOTEHHUS 10 IUIOTHO-
CTel MOpSIOK HOPM JIBHOM SIEepHOM IIIOTHOCTU). Pe JucThuuecKue OleHKU Mepu-
010B c(epou] JBHBIX U TOPCHOHHBIX I'P BUT IIMOHHBIX MOJ IOJIy4€HBl B P MK X
Mozenell HEWTPOHHBIX 3Be3l, MOCTPOEHHBIX H OCHOBE PEISITUBUCTCKOIO Yp B-
HEHHSI P BHOBECHS C HCIONB30B HUEM YP BHEHUI COCTOSHHUS SIEPHOH M TEpHH,
YYUTBIB IOLIUX reTepod 3HOCTh SAEPHOrO CT THCTHYECKOro p BHoBecus. IIpose-
JEeH H JIu3 BUOpP ILIMOHHOHM (CeiicMMYecKOoil) yCTOWYMBOCTH HEUTPOHHOI 3BE3JIbl
OTHOCHTEJIBHO YNIPYIHX AeOpM LM, CONPOBOXA IOMIMX [IOO JIbHBIE TP BUT M-
OHHbIE KOoyileb HHs, M MOK 3 HO, YTO ITIPH JIMHEWHBIX AeOopM LUSIX, MOTUMHSIO-
muxcd 3 KoHy I'yK , He BO3HHK €T HEYCTOMUYMBBIX H IPSXEHHI, KOTOPBIE MOIIIU
Obl CIIPOBOLIMPOB Th 3Be30TpsiceHus. [loyydeHHble OLEHKH MEPUOIOB IP BUT LH-
OHHBIX HEp M JIbHBIX MOJ J IOT OCHOB HUS MPEIINOJOXHUTh, YTO 3TH Koned HHs
MOTYT OBITh OTBETCTBEHHBI 3 B PHU MM MHTEHCHBHOCTH MHUKPOMMITYJILCOB, H OITi0-
Il eMble B MIJUTMCEKYHIHOM U II 30HE CIIEKTpP IIyJIbC POB.

ITposeneHo feT npbHOE M3ydeHUE HEP OU JIBHBIX M THHUTOIUT 3MEHHBIX OCLHJI-
JSIIMH, TPENIIoNIOKUTEIbHO HHAYLHMPYeMbIX B Ae-( 3¢ BCIBIIIKOH CBEpXHOBOW
NIPU POXJICHUH ITyJIbC P WJIM KOMII HHOHOM B JBOiiHOU cucteme. [Ipu aTOM 0OH -
PYXEHO, YTO JUTUTESIbHOCTh JibhBeHOBCKMX MIIl-Kosie® HUIl NepeKpbiB €T Iylib-
¢ pHyIo WK 1y BpeMeHu. COBII IeHHE P CCUUT HHBIX NEPUOJOB M THUTOIUI 3MEH-
HBIX K0JIeO HMii ¢ H OO0 eMbIMH NEPUOA MU P AHUOU3IYYEHUS IyJIbC POB MHTEP-
InpeTupyercd K K MOATBEpXAeHHe runore3sl Xoimn —H pnmuk p —Yunep o toM,
4ro ¢/l 603 TyX IOIIME M THUTOIUI 3MEHHbIE KOJIeO HUS MOTYT OBITh UCTOYHUKOM
MyJBCUPYIOLIETO (JIMHEHHO MONSIpPU30B HHOIO) M3JIydeHHs, KOTopoe (hopMHUpYeTCs
B OKPYX IOLIEH 3Be3ly M rHuTtocdepe. B p MK X M THUTOIUI 3MEHHOH MOJENIU
BIIEKTPOM THHUTHOM KTUBHOCTHU HEMTPOHHBIX 3BE€3Jl PETHCTPUPYEMOE YIIIMHEHUE
MEepHOIOB P ANOUMITYJIbCOB MOXKHO OOBSICHUTH K K PE3y/IbT T MEUVICHHOW Aerpec-
CHUHM M THHUTHOTO IOJ4 MYyJIEC POB. DTOT BBIBOA SABIAETCS €lIe OMHUM PryMEHTOM B
MOJIb3Y TOTO, YTO M THUTOTHIPOOMH MHUYECKHH MEX HHU3M IpeoOp 30B HUS DHEp-
TUM JIb(PBEHOBCKHUX KOJIeO HHIi B 9HEPTHIO BJIEKTPOM THUTHOTO H3JIy4eHHS] MOXET
ObITh 3((PEKTUBHBIM NCTOYHUKOM MYJIbCHPYIOIIETO P IHOM3Iy4eHUS HEHTPOHHBIX
3B€3[] H ps/ly C YHUIIOJSIPHOM MHAYKIMEH, MOPOXI IOIIeld IreoMeTpu4ecKuil ag-
(heKT T KOro u3Iy4eHus.
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T kuM 00p 30M, H KOIUIEHHblE H CETOAHSIIHHUN JIEeHb Il HHble CTPO(U3M-
4YecKuX 00cepB TOpHWil 00 BJIEKTPOM THUTHOW KTHUBHOCTH HEHTPOHHBIX 3BE3[,
T KX€ 3KCIEPUMEHT JIbHble | HHble J1 OOp TOpHOH siepHON (pM3MKM CBUIE-
TENBCTBYIOT O TOM, UTO SIIEpPH 1 CIUIOLIH I Cpel  sBideTcd YNpyrum epmu-
KOHTHHYYMOM, ABMXKEHHSI KOTOPOTO B COOCTBEHHOM Ip BUT LIMOHHOM W M THUT-
HOM TOJNFX JAEKB THO OINHUCHIB IOTCS yp BHEHMSIMM 4AE€PHOH 3J1 CTOAWH MHUKU U
M THUTOTUIPOIUH MHKH.

P 60T BBITOTHEH B p MK X JOroBOp O coTpygHuuectBe Mexmy JIBTA
OUAU (Oyon ), Epes uckum yruBepcutetoM (Apmenus), C p TOBCKHM TOCyHH-
BepcuteroM (Poccus), MHcTUTyTOM Teoperuueckoil puznku YHusepcurer JlionBu-
r M kcumunu H (MrioHxeH, I'epM HHUS) U U CTUYHO NMOMIEPX H TP HTOM IPO-
rp Mmbl [eiizenbepr—I1 v y JIT® OUSIN.

INPUJIOZXKEHHUE A

B »TOM npuioXeHWH MBI NPUBOAWUM CBOJKY MOJE3HBIX (hOPMYII, HCIIOIB30-
B HHE KOTOPBIX 3H YMTEIBHO OOJIerY €T H JIMTHYECKHE BBIYMCIICHHUS IepHOJIOB
COOCTBEHHBIX HEP JIM JIbHBIX TP BUT LIMOHHO-YNpYrux kosne6 Huii. H umenee tpy-
JOEMKO BBIYMCIIEHHs MOTYT OBITh BBITIOJIHEHBI B C(hepPUUECKON CHCTEME KOOPAUH T
¢ (PUKCHPOB HHOM MOJSPHON OCBIO 2.

ITpousBonHbIe MO CMELIEHNH B TEH30pe YIPYIUX H MPSKEHUH MMEIOT BHA

o0& 0, 0 (1= p)Y20¢ | & B 0
T o T ety ATt
O _ 1 0% & & m

grs L@ 206 v (1B

96 _ _(1_'“2)1/2%_5_‘9 06 _ 0% (A.1)
dzs r ou r’ dxry  Or’ )
% 1 9 & 08 06y

oxs  r(1—pu2)1l/2 9¢ r’ dx,  Or’

% L 0% & om0 (1-p)'?0%
oxs  r(l—u)V2 09 v (1 —pu2)/2" 0zg r ou’

BeIp kenue 11 KeCTKOCTH YIIPYruX Hep M JIbHbIX KojieO HHii, HeIOCPEeACTBEHHO
MOUIEX Illee WHTETPUPOB HHUIO, MPEACT BISETCS CIENYIOIIUM 00p 30M:

1 o& 0\ o& 0\ &
C 5/P(r)<8xj+a—ai_> dV—/P(r)<axj+a—gLfi>a—xjidV—

06\  [0&\: (08
/P(T) 2 (8—$1> +<8—$2> +<8—$3> +
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06 | 96\, (06 | 9&\?, [(0& | 0&)\°
<8J}2 * 8$1> + 8.133 + 81‘1 * 81‘3 * 8.132 dv.

B BbIUMCIEHMAX UCIIOIB30B JIOCH CIIEAYIOLIEe NPEACT BIICHUE MO0 JIBHOIO OISt
YIPYTUX CMEILEHUN:

+

(A2)

N,
& = —L-rotrotrr“Pr(u) : & = LN, " 1 Pp(p),

L+1
€= —Np(1 — u%“%“l—dpgg”), & =0, (A.3)
1 UX MPOU3BOIHBIX
% _y, L(L = 1)r" 2Py (p)
8.131 P ’
082 - L—2 dPr(u) 2
o U et ¥ Pr(p)]|
9&3 _ L—2 dPr (1)
81133 - NpT LPL(M) 1% d,u )
% _  1\.L—2/7 _ ,2\1/2 dPr(p)
b = Mo (L= D21 =) PR (A4)
06 L—2 2\1/2 dPr(w)
81’1 - NP (L 1)7“ (1 1% ) d,u )
oG, a0 _, & _,
Oxs o ory o O3 - 0xs -

Cdpepuyeckrie KOMIOHEHTHI TOPOUT JIBHOTO MOJS YIPYTUX TOPCUHOHHBIX CMELIeHUI
U UX IIPOU3BOLHBIX UMEIOT BUJL

§ = L]\jflmt”LPL(“) D& =0, &=0, &=Ner" (1—u2)1/2%ﬁiu),
(A.5)

G = N1 e,

g_i — LN, T,L71(1 B sz/z%}iﬂ)’
g—i = —N,rl! u%ﬁiu) — L(L+1)Py(p)| . (A.6)
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NPUIOXKEHHUE b

HpI/I BBIYMCJICHUHW B pPU UM M THUTHOTO IOJIA IIPU M THUTOIUT 3MCHHBIX OC-
HWIEAOUAX CIIEAYCT UMETh B BUAY, YTO KOMIIOHEHTBI IIPOU3BOAHBIX noJieu yupyrux
CMEIIEHUH 1Mo H IIp BJICHUIO IOCTOAHHOTO M THUTHOI'O IIOJI BHYTPU 3BE3[bI

h; = By, 0% (B.1)
8Z‘k
B chepUUECKUX KOOPAUH T X MPEACT BISIOTCS B Cleyollel sBHO (opme:
[0 By d By 0] By &o + By &y
hr = |B, — —| ¢ - 22
"or i r 89+ sinf 0¢ | ¢ r
[ 0 By 0 B¢ 0] By & — By &y ctgh
he — 20 - B.2
f "or +r89+rsin08¢_ S+ r » (B2)
[, 0 By By 0] By & + By &g ctgh
he = " or +r%+rsin08_¢)_ b0+ r ’
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PE®EPATHI CTATEH, IOMEIIEHHBIX B BBIITYCKE

VJK 530.145; 583.3

Mozeib KBAPK-IJIIOOHHBIX CTPYH: MSITKHE U MOIY:KeCTKHe aJpPOHHbIe Mpouecchl. //oi-
xacos I'U., Apaxensn I'I., Cepeeenxo M.H. ®u3nka 371€eMEHTApHBIX YaCTHIl U aTOMHOTO
sanapa, 1999, Tom 30, B4, ¢.817.

B 0030pe mpencraBieHs! OCHOBHBIC MPUHIMIBI MOJAENH KBapK-TIIOOHHBIX CTPYH
(MKTI'C), npencrasnstomeii HenepTypOatuBHbIil mogxox B KXJI s onncanust aipoHHBIX
nponeccoB. [Toka3aHa CBA3b s-KaHATBHOTO TOTIOJIOTHIECKOTO 1/N-pa3noKeHHs aMITHTY/bI
aJipOH-aIPOHHOI0 paccesiHus, rae N — 4HiCciI0 apoMaToB UJIH LIBETOB KBAapKOB, C €€ f-KaHaJIb-
HBIM Pa3lI0KEHHEM 0 PEKEBCKHIM ITOJI0CaM. Takoi MOAX0/ MPUMEHSETCS K aHAIIM3Y MsT-
KX aJpOHHBIX IpoleccoB. PaccMoTpeH crocod pacumpeHus: o0IacTé HPUMEHHMOCTH
MKI'C nist onrcaHus HHKITIO3UBHBIX CHEKTPOB PE30HAHCOB,COCPIKAIIIX JIETKHE KBapku. B
paMKax MOJEJNH, yYUTHIBAIOIIEH BKJIaJ OT paciafa COOTBETCTBYIOIIUX S-KaHAJIbHBIX PE30-
HAHCHBIX COCTOSTHHH, PAaCCMOTPEHBI HPOIECCHl apOHOPOKACHHS 0apHOHOB C OTKPHITHIM
gapmom.O6cyxnaercs takke Moaupukanus MKI'C, B koTopoii 0OMeH IOMEpOHOM paccMa-
TpUBAeTCsl KaKk OOMEH JByMsI HEeepTypOAaTUBHBIMU IIIOOHAMH C MHAMUYECKU TeHEepHpye-
Mo# Maccoli; B pamkax 3Toi Bepcun MKI'C aHanu3upyroTcs MATKHE U MOJYKECTKHE MPOo-
LIECCHI, a TAKXKE POXKICHHE 0YaPOBAHHBIX YaCTHII B JIPOHHBIX coyapeHusx. [loka3aHsl mpe-
UMYIIECTBA U HEOCTATKH TAKOTO TOJIXO/Aa 10 CPAaBHEHUIO C JAPYTUMHU MepTypOaTHBHBIMU
moxensimu KXJ1.

Tab6un. 7. Wa. 18. bubnuorp.: 103.

VJK 539.17

Ceyenus B3aMMOJEHCTBHS H CTPYKTYpPa JerKUX IK30THYeCKHuX siaep. Kuazvkos O.M.,
Kyxmuna U.H., @aanc C.A.Duznka s3neMeHTapHbIX YaCTHIl M aTOMHOTO s17ipa, 1999, Tom 30,
BbI.4, ¢.870.

Crnenan 0030p MOTYYSHHBIX 3a MOCIEAHUE TOABI SKCIEPHUMEHTAIBHBIX TAHHBIX T10 MOJI-
HBIM CEUEHHAM PEaKIUii U CEUSHUSIM B3aUMOAEHCTBUS TSI IETKUX YK30THUECKHX siziep. Pac-
CMOTPEHBI Pa3IIMYHbIe — (PEHOMEHOJIOTHYECKUE U MOITyMUKPOCKOITNIECKUE — TOIXOABI K
aHaJIM3y SKCIIEPUMEHTANBHBIX JaHHBIX. B yacTHOCTH, 06CYkKIat0TCSl MOJEIh CUIBHOTO I10-
mIoIeHus ¢ mapamerpu3anueil Koxa u ¢penomenonorndeckas onrnueckas Mmozaeinb. Ocoboe
BHUMaHHE YJENAETCS MOIYMHKPOCKOTHUECKHM MOAX0AAaM: MOJEIH JBOMHON CBEPTKHU C SB-
HBIM y4eToM 3()()eKTOB OTHOHYKJIIOHHOTO 0OMeHa 1 TeopuH [ J1aybepa. AHanusupyercs poib
MOTIPaBOK K ONTHYECKOMY Ipezeny riayOepoBckoro mpubmmkenus. O0cykaaoTces Haubo-
Jiee CyIIeCTBEHHBIC ACIIEKTHI SIAEPHOH CTPYKTYPHI, KOTOPBIE MOTYT OBITh BEISIBJIEHBI C ITOMO-
LIBI0 U3MEPEHUH MONHBIX CEUEHUN peaklMil U CeYeHUH B3aUMOJENHCTBUS U UX TEOpEeTHYE-
cKoro aHanusa. Mccnenyercs M30TONMUYECKAs 3aBUCUMOCTb CPEIHEKBAJPAaTUYHbBIX pajuy-
COB JIETKUX YK30THYECKHX Siep W MPoOIeMbl HEHTPOHHOTO M MPOTOHHOrO rano. Kparko
00CY)KIAI0TCSl TEOPETHIECKHE MOJISITH, UCIIONb3YEeMBbIe JJIsl IIOCTPOCHHSI HYKIOHHBIX IIJIOT-
Hoctei. ChopMyTHpOBaHEI TPEUIOKEHHS IO IPOBEACHUIO HOBBIX AKCIEPHMEHTOB C JIETKH-
MH 9K30THYECKHMH SIAPAMHU.

Tab6mn. 13. Un. 12. bubauorp.: 97.
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VJK 539.17; 539.16.01

Moab! X0JI0HOTO JeJICHHS 2¢y, Conoynecky A., Muwuxy L., Kvipemoity @., Ipaii-
Hep B. du3uka 37€MEHTapHBIX YaCTULl U aTOMHOTO sizipa, 1999, tom 30, Beim. 4, ¢.908.

HccnenoBana 1BoiHAS W TpOiHAs XOJMIOMHAS (parMEeHTAIHS TSHKEINBIX sep B paMKax
KJIacTepHOIT Mojienu ¢ ydaeToM aedopmanun. [Ipeamnonarazocs, 9To KOHEUHbIE (PAarMEHTHI
POXIAIOTCSI B COOTBETCTBYIOMINX OCHOBHBIX COCTOSHHUAX U B3aUMOJCHCTBYIOT IIPH TIOMOIIH
MOTEHIIMaNla JABOMHON cBepTKH ¢ M 3Y-cunamu. DQextsl aedopManuy yIUTHBAIHCH
BIUIOTH [0 MYJIBTHIIONBHOCTH A=4. Tloka3aHO, Y4TO BO3HHKAIOT JBE OOJIACTH XOIOIHOMN
¢parmenTanun. [lepBoif 0061acT OTBEYarOT OONBINIKE KBAIPYIOIbHBIE H JaXKe TeKCaaeKa-
MoNbHBIE 1e()OPMALIUU U MACCOBBIC YHCIIA TSDKENBIX (parMeHTOB B Iuama3oHe oT 138 1o
158. Bo BTOpOii 00macTH BBIAEISETCS Clydail HEOONBIIOTO YHCIa CHEPUIECKHX sIep B
OKPECTHOCTH JBA/IBI MATHYECKOTO >SN, MOT0GHEIN PacIaiy Ha TAKEIbIC KIACTEPhI, IPH
KOTOPOM JI0YCPHHUE AAPA JIEKAT B OKPECTHOCTH ~°Pb. JTa CTPYKTypa OMMHAKOBA [T CITy4a-
¢B JIBOMHOTO ¥ TPOMHOTO XOMOZHOTO AC/ICHMS. PaccunTan BBIXOM XOMOAHOTO Aesenns - Cf
Ut OMHAPHOM (PparMeHTAIH U COMMYTCTBYOMIETO anbda-pacnana. s TpoiiHOW MOABI XO-
JIOHOTO AENEHHs TOMydeHbl HanboIee BepOITHBIE TeOMETPUIECKHAE U JUHAMHYIECKHE Xa-
PaKTepUCTHUKN ()PArMEHTOB IIPU BBIJICICHHOM MOMEHTE JIETKOH JaCTHIIBI U POBEEH pacyeT
KJIACCHYECKOH TPACKTOPHUH C IO MOMydeHHs KOHEUHOU HEprun anbda-gactumsl. O6cy-
KIAIOTCA HEIaBHHE HAGMIONCHHs ' 'Be B XOTOIHOM TPORHOM JCICHHH B CBA3H C KOHI[CIIIH-
el THTAaHTCKUX SACPHBIX MOJEKYIL.

Wn. 23. bubnuorp.: 53.

VK 939.1.01
Hexoropble BOIpPOCHI TPAHCHOPTHONH TEOPHH KBAPK-IIIOHHOI IIasmbl. Mpoguun-
cxu C. @u3uka 31eMeHTapHbIX YaCTHIl U aTOMHOTO siapa, 1999, Tom 30, Boi. 4, ¢.954.
PaccmoTpensl HeKOTOpBIe N30paHHBIE BONPOCHI TPAHCTIOPTHON TEOPHH KBAPK-IIFOOH-
HOMW ma3mbl. BeiBoa (OpPMBI TPaHCIOPTHBIX YPaBHEHHH, JeKAIUX B OCHOBE JUHAMUYE-
CKOH TeopuH, 00CykaaeTcs B paMKax Mozpenu ¢ . PaccMoTpeHbl 0COOEHHOCTH KMHETHYE-
CKUX ypaBHEHHI KBapKOB H [IFOOHOB U M3YYCH TUIa3MEHHBIN (JTMHEHHBIIN) OTKIUK IIBETHBIX
roneil. HaiiieH XpoMO2JIeKTpUIECKUI TEH30p MPOHUIAEMOCTH U 00CYKIAI0TCS TIA3MEH-
HBbIC OCHWIISAIHA. B 3akitoueHre IeTanbHO 00CYKIAI0TCS HECTAOMIBHOCTH, CBA3aHHBIC C
HarpeBOM CHIJIbHOAQHH30TPOITHOM CUCTEMBI, 00pa3yIOMICHCs IPH COyAapeHHX TSKEIBIX HO-
HOB.
Wn. 5. bubauorp.: §3.

VK 524.354.6; 359.14

JyacToiMHAMHMYECKHEe CBOIiCTBA siIepHON MaTepuM HEHTPOHHBIX 3Be3a. bacmpy-
xoe C.U., Monooyosa U.B., [loozatinwiii /[.B., Bebep @., Ilanosn B.B. ®usuka snemMeHTap-
HBIX YaCTHII U aTOMHOTO siapa, 1999, rom 30, BeIm. 4, ¢.992.

B 0030pe u3maraercs Teopus TPaBUTALMOHHBIX U MarHUTOIUIA3MCHHBIX HEpaauallb-
HBIX KOJIeOaHWH HEHTPOHHBIX 3BE3], OCHOBAaHHAsI HA TPEICTABICHUH O SIEPHOW MaTepHu
KaK ynpyrom GpepMHu-KOHTHHYYME, 001aJaroIeM CBOHCTBAMU CKOMIIEHCHPOBAHHON MarHu-
TOAKTUBHOW MIa3Mbl. B KkadecTBe (hyHIAaMEHTANbHBIX ypaBHCHHU TUHAMUKU SOCPHOU
CIUTOITHOHN Cpe/Ibl MPEIIOKEHO HCIIOIB30BaATh YPABHEHHUS SICPHOI AIaCTOMMHAMUKH, 3aHM-
CTBOBaHHBIC M3 J1a0OpaTOPHOH siIEepHOH (HU3KMKU. DTH ypaBHEHHUS JIe)KaT B OCHOBE COBpE-
MEHHBIX METOJOB MaKpOCKOIHMYECKOTO OMHUCAHMUS CHIIBHO KOJJICKTHMBU3MPOBAHHBIX S/EP-
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HBIX TPOIECCOB, TAKMX, KaK JENeHHe U THTaHTCKKe pe3oHaHCHl. [logpo6Ho obcyxkmaeTcs
npo6yiemMa TI00anbHBIX HEPaIUaNbHbIX TPABUTALUOHHO-YIIPYTUX KoJdeOaHU HEUTPOHHOMN
3Be3/bl. [loguepkuBaeTcs, 4To BUOpAI[MOHHAs AWHAMUKA HEUTPOHHOH 3BE€3/1bI XapaKTepH-
3yeTcsl ABYMsI BETBSIMH COOCTBEHHBIX CPeponaambHBIX (S-MOJIa) M TOPCHOHHBIX (7-M0/1a) He-
paaualIbHBIX AJIAaCTOJMHAMUUYeCKUX Kosiebanuid. CHopMyIMpoBaH BapHALMOHHBII METOA
BBIYHCIIEHHS YaCTOT U MPOBEJICHBI IETANbHBIE AHATUTUYIECKUE U YUCIICHHBIE PACUeThl TepH-
0J10B T1100aNbHBIX HEPaAUalbHBIX TPABUTAI[MOHHBIX KOJIeOaHMH Uil ceMelcTBa OHOPOA-
HBIX MOJieNel, MOCTPOSHHBIX HAa OCHOBE HEPESITUBIUCTCKOTO YPAaBHEHUS IPaBUTAIlMOHHOTO
paBHOBecCHUs JUIsl BBIPOXKIACHHON HEHTPOHHOW MaTepHM, a TakK€ HEOJHOPOAHBIX MOeNel
HEUTPOHHBIX 3B€3J, IOCTPOSHHBIX Ha OCHOBE PENATHBUCTCKOrO ypaBHeHHs TommeHna —
Omnnenrelimepa — BonkoBa ¢ ydeToM rerepo(a3HoCTH epHOTO CTATHCTHUECKOTO PABHO-
BECHs B YPaBHEHUH COCTOSHUSA saepHON marepuu. VccnenoBana BuOpannoHHas (ceiicMu-
yeckas) yCTOHYMBOCTb HEUTPOHHOM 3BE3/1bl OTHOCHTEIBHO YNPYTHX AepOopMaruii, conpo-
BOJKJIAIOIUX T700anbHble HEpaauanbHble KoJdeOaHus, ¥ MOKa3aHo, YTO MPU JINHEHHBIX Je-
(bopmaiuax, MOJYMHSAIONMXCSA 3aKOHY ['yKa, HE BO3HMKACT HEYCTOMYMBBIX HAIPSOKCHHMH,
KOTOPBIE MOTJIN OBbI CITPOBOIMPOBATH 3Be3A0Tpsicenus. [lokazaHo Takke, UTO 3aMarHUUYEH-
Hast Ae-daza crocobHa moaaepKuBaTh ciabo3aryxariire anb()BEHOBCKHE BOIHBI, XapaK-
TEpHOI 0COOEHHOCTBIO KOTOPBIX SIBIISIETCS CXOJCTBO C 37ACTOAMHAMUYECKHIMHU BOJTHAMH B
ynpyroi cpezie. B Hecokumaemoit siiepHOi cpejie HEWTPOHHBIX 3B€3/1 HEpaAHallbHbIE MarHU-
TOIIa3MEHHBIE OCHHUIAIMY MOTYT MHAYyLHUPOBATHCS BCIIBIIIKON CBEPXHOBOW MM KOMTMa-
HBbOHOM B JIBOITHOH crcTeMe. PaccunTaHbl 4aCTOTHI TOPOUIATIBHBIX M MTOJIOMIATBHBIX AJb(-
BEHOBCKHX MOJ, M HailIeHO, YTO MEPHOABI 3TUX KOJIeOaHWH MEepeKphIBAIOT MyNbCapHYyIO
KAy BpeMEHHU. DTO HaOMI0ICHIE HHTEPIIPETUPYETCS B MOJIB3Y TUIoTe3bl Xoitna — Hap-
IMKapa— Yuiaepa o TOM, 4To caabo3aTyXarolllie MarHUTOIUIa3MEeHHbIE KOeOaHuss MOTYT
CIYKUTb 3 PEKTUBHBIM HCTOYHUKOM ITyJIbCHPYIOLIET0 U3ITy4eHNsI HeHTPOHHBIX 3Be31. OT-
MeJaeTcs, 4YTO B paMKaX MarHUTOIUIa3MEHHOW MOAENM 3JIEKTPOMArHUTHOH aKTHBHOCTU
HEWTPOHHBIX 3BE3]] PETUCTPUPYEMOE YATHHEHNE TEPHOI0B PaJHOUMITYIbCOB MOKHO 00b-
SCHUTBH MEJIEHHOI! JieTpeccueil MarHUTHOTO MOJIsl My TbCapoB.
Tabmn. 5. Un. 7. bubmuorp.: 115
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K CBEJIEHUIO ABTOPOB

B xypraie «Pu3nka 31eMEHTapHBIX YaCTHI] U aTOMHOTO sizipa» (DYAS) neuararorcst 0630pbl 110
aKTyaJIbHBIM MTPOOJIeMaM TEOPETHYECKOH M 3KCIICPUMEHTAIbHON (DM3MKM 3IEMEHTapHBIX YaCTUIl
aTOMHOTO s/pa, MpobaeMaM CO3JaHHsl HOBBIX YCKOPHTEIBHBIX U 9KCIIEPUMEHTAJIBHBIX yCTaHOBOK, aB-
TOMAaTH3alUK 00pPabOTKH KCIEPHMEHTANbHBIX JAaHHbIX. CTaThby I1€4aTaloTCs HAa PYCCKOM M aHIVIHMM-
CKOM si3bIKaX. Pelakiius npocuT aBTOpoB NP HANPaBIECHUH CTaThU B MIEYaTh PyKOBOJICTBOBATLCS U3I10-
JKCHHBIMH HUIKE TTPaBUIIaAMH.

1. TexcT cTaThby DO/DKEH OBITH HAalleYaTaH Ha MAIIMHKE Yepe3 JBa HHTEPBaIa Ha OTHOU CTOpOHE
nucta (00s3aTebHO MPEACTAaBISIeTCS MEePBhI MAITMHONUCHBINA dk3eMmsp). [lomst ¢ oqHOH CTOPOHBI
JOJDKHBI OBITH HE yxkKe 3—4 cM, PyKOIHCHBIC BCTABKH HE JOIYCKAIOTCS. DK3EMIUIIpP CTaThbH JODKECH
BKJIIOYATh AHHOTALMH U HA3BaHUE HA PYCCKOM M aHIIMICKOM s3bIKaX, pedepaT Ha PYCCKOM S3bIKE,
VYK, cBenenus 06 aBropax: GpaMuins 1 HHUNUAIIH (Ha PyCCKOM U aHITMHCKOM SI3BIKAX ), Ha3BaHHE UH-
CTHTYTa, afpec U TenedoH. Bee cTpaHHIBI TeKcTa JOKHBI OBITH IPOHYMepoBaHEL. CTaTbs JODKHA
OBITH IIOJIIMCaHA BCEMH aBTOpaMU. TeKCT CTaThbH MOXKET OBITH HalleyaTaH Ha IPUHTEpPE C COONII0ICHIEM
TeX 7K€ MPaBUIL.

2. ®opMyIbl U 0003HAYCHUS JIOJKHBI OBITh BIIMCAHBI KPYITHO, YETKO, OT PyKH TEMHBIMU YEPHHU-
naMu (Jin0o HareyaTaHbl Ha IIPUHTEPE U 00s13aTENIbHO pa3MeueHbl). JKenareabHo HyMepoBaTh TOJIBKO T€
(opMyIIb, Ha KOTOPbIE UMEIOTCSI CChIIKU B TekcTe. Homep opMyiibl ykasbIBaeTCst CpaBa B KPYIIIbIX
ckoOkax. Ocoboe BHUMaHUE clielyeT 00paTUTh Ha aKKypaTHOE U300pakeHUE MHAECKCOB U IIOKa3aTeaeh
CTEIeHeH: HIDKHUE NHIEKCHl OTMEUalOTCs 3HAKOM MOHIDKSHHS N, BEPXHUE — 3HAKOM IOBbILICHH [1;
LITPUXU HEOOXOAMMO YETKO OTJIMYATh OT SAMHHIBI, @ SAMHHUIY — OT 3amsaToi. ClienyeT, 1o BO3MOX-
HOCTH, u30erath TPOMO3/JKHX 0003HAUYCHHUN M ympoiars Habop GopMmyi (HampuMmep, MPUMEHSs exp,
JIpo0b uepes KoCyro 4yepry).

Bo u36exanue HeOpa3syMeHHI H OIIHOOK CIIEyeT eIaTh ICHOE Pa3iIMiie MEeXK/Ty IIPOIHCHBIMHI
M CTPOUHBIMH OyKBaMH, ofinHaKoBbIMHE 110 HadepTanuto (Vuv, Unu, Wuw,Ouo,Kuk,Sus,Cuc,
Pup, Z uz), npomnucHble IOJYSPKHBAIOTCS OByMS YepTaMM CHHU3Y, CTPOYHBIC — IBYMs YepTaMu
cBepxy (Sus, Cu c). Heobxonumo aenars 4eTKoe pa3indue Mex 1y OykBamu e, /, O (60ubIoii) u o (Ma-
10it) u 0 (Hyaem), st yero OykBbl O M 0 OTMEUAIOT ABYMs YePTOYKAMU, @ HYJIb OCTaBILIIOT O€3 moxdep-
kuBaHus. ['pedeckne OyKBBI OTUYEPKUBAIOTCS KPACHBIM KapaHIAIIOM, BEKTOPBI — CHHUM, JHOO 3Ha-
KOM cHM3y uyepHWIaMu. He pekoMeH1yeTcst HCII0Ib30BaTh Uil 0003HAYEHHS BEIMUUH OyKBBI TOTH-
YEeCKOIo, PyKOIMCHOTO U IPYTHX MaJIOYHOTPEOMMBIX B )KYpPHAIBHBIX CTAThsX MIPU(PTOB, OTHAKO €CIIU
TaKyio OyKBY HEJIb3s 3aMEHHTH OYKBOH JIATHHCKOTO MITH IPEYeCKoro ajdasura, TO €¢ pa3MeyaroT Ipo-
CTBIM KapaHjamom (00BOAAT KpyKKoM). B cirydae, eciii HarnucaHue MOXXET BbI3BaTh COMHEHHE, HE0O0-
XOJIMMO Ha HOJISIX JIaTh MOSCHeHNE, Hanpumep, { — «a3era», § — «Kkcn», k — nar., K — pycck.

3. PUCYHKU IpPEACTABISAIOT HA OTJACJIBHBIX JIUCTAX 0ol Oymaru wim KajbKu C yKa3aHUEM Ha
00opoTe HOMEpa PUCYHKa U Ha3BaHUS CTaThbH. TOHOBbIE (GoTOrpaduu TOHKHBI ObITH MPEACTABICHBI B
JIBYX 9K3EMIUIIpax, Ha 000pOTe KapaHAalIoM yKa3aTh: «BEPX», «HU3». [paduKkn TOKHBI OBITH TIIA-
TEIBHO BBIMOIHEHBI TYIIBIO MM YCPHBIMH YCPHUIAMHU: HE PEKOMEH/IYCTCs 3arPOMOXKIATh PUCYHOK He-
HY)KHBIMH JICTQJISIMU: OOJBIIMHCTBO HAJAMHCEH BBIHOCUTCS B IOAIMCH, @ HA PUCYHKE 3aMCHSACTCS
uudpamu wim Oyksamu. JKenarenbHo, 4TOObI PUCYHKH OBLIM FOTOBBI K IPSMOMY PEHPOAYILIUPOBAHUIO.
IMoanucu K pUCyHKaM MPEIACTABISIOTCS HA OTACIBHBIX JIHCTAX.

4. TaGJ’II/IL{LI JIOJIKHBI OBITH HalleYaTaHbl HA OTACIBHBIX JIUCTAX, Kaxaasa Ta6J'H/[LIa JOJI)KHA UMETH
3aroJioBOK. Cnez{yeT YKa3beIBaTh €AUHUIIBI U3BMEPEHUS BEJINYNH B Ta6nm{ax‘
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