ISSN 0367-2026

OU3NKA OJIEMEHTAPHBIX

n ATOMHOI'O
A PA

1997 Ttom 28 Bbinyck 1






JOINT INSTITUTE FOR NUCLEAR RESEARCH

PHYSICS
OF ELEMENTARY
PARTICLES
AND ATOMIC
NUCLEI

PARTICLES & NUCLEI

SCIENTIFIC REVIEW JOURNAL

Founded in December 1970
VOL.28
PART 1
Six issues per year

DUBNA 1997



OBbLEAMHEHHbIA UHCTUTYT AAEPHbBIX UCCNEQOBAHUN

OU3HUKA
DJIIEMEHTAPHDBIX
YACTHUL
U ATOMHOI'O
AOPA

DYAA

HAYYHbI¥ OB30PHbIN XXYPHAJ

OcHoBaH B gekabpe 1970 ropa
TOM 28
BbINYCK 1
Bbixognt 6 pa3 B rog,

AYBHA 1997



[nasueiii pepakrop
AM.BAJIIUH

Penakuuonnas xomnerus:

BJI.AKCEHOB

(3aM. maBsHOro penaktopa),
II.LH.BOTOJIKFOB,
C.K.FPEIIHH,
B.B.BYPOB,
B.B.BOJIKOB,
I.A.BbLIOB,
I0.II.TAHTPCKHH,
B.I1.IKEJIENOB,
IL.LU.3APYBHH,
H.C.3JIATEB,
II.CHUCAEB

(OTBETCTBEHHBIN CekpeTaps),

B.IKAIBIIUEBCKHI

(3aM. maBHoOro penakTopa),
K.KAVH,

JA. KU1,
H.J.KPOO,
P.MJIEBEJIEB,
H.H.MHUXAHJIOB,
HI'YEH BAH XbEY

(3aM. maBHOrO pepaxkTopa),
10.II.OTAHECSH,
10.ILIIOIIOB,
A.H.CHCAKHAH,
B.I.COJIOBBEB

(3aM. mIaBHOTO pejakTopa),
A.H.TABXEJIH]3E,
A.A.TAINIKHH,
A.N.XPHIHKEBHY,
Y. K.IIIHUMAHE

Penaxropel E.K.ARcenosa, Ten. (09621) 65-165
3.B.HBamkenny

OOWSH, «Du3nka sneMEHTAPHBIX YaCTHIL H ATOMHOTO aapa», 1997



«®HU3HKA 3JIEMEHTAPHBIX YHACTHL H ATOMHOI'O AIPA»
1997, TOM 28,BbIIl1.1

YOK 539.1.074

MPOB/EMA COJTHEYHbIX HEUTPUHO
N PAAVNOXUMUYECKNW
NINTUEBLINA JETEKTOP

C.H [anvwun, I.T.3ayenun, A.B.Konwinos,
B.B.Ilemyxos, E.A.Anosuu

NHcTuTyT sipepHbix uccnenosannin PAH, Mockea

PaccMoTpena npobrieMa ColHEYHbIX HeHTPHHO MO HMEIOLIUMCS B HACTOAIIIEE BPEMS 9KC-
MEPUMEHTANIBHBIM JaHHBIM, U [MOKA3aHBl BO3MOXHOCTH PalMOXUMHYECKOTO JINTHEBOIO Ae-
TEKTOpa [UIS PELLeHUs ITOM npo6neMLx, B YaCTHOCTH, [71s1 ONpefesIeHs BKJIala OT HEUTPUHO
[IPOMEXYTOYHBIX JHEPIUH M OOPHBIX HEHTPUHO B XJIOPHOM H TaLIHEBOM IETEKTOpAX.
[puBegeHO KpaTKOe OMMCaHHUE MPOTOTHIIA JIUTHEBOTrO HETEKTOpA ¢ MHILEHBI0 U3 300 Kr
METALIMYECKOro JIUTHs, co3gaBaemoro B 'HLl «MSIU PAH».

The problem of solar neutrinos is considered on the basis of the available experimental
data and the possibilities of the radiochemical lithium detector for the solution of this
problem are shown, in particular for the determination of the effect from the medium
energy neutrinos and Boron neutrinos in chlorine and gallium detectors. Brief description
is presented of the prototype of the lithium detector with the target of 300 kg of metal
lithium, which is at the moment under construction at the INR RAS.

1.BBEJJEHHE

IMpownio 25 net ¢ MomeHra Hayaa paGoThl MEPBOTO AETEKTOPA CONHEYHEBIX
HEUTPUHO — XJIOp-aproHoBoro petekropa P.Jlssuca, KOTOpHii BnepBhie 3ape-
THCTPUPOBAJI CONTHEYHbIE HEWTPHHO H BIIEPBBIE MOKA3a/l, YTO Habnwopaetcs cyuie-
CTBEHHBIH NePUUMT HEATPHHO BHICOKMX dHeprHii (GopHbie HeiiTpuno) ot Conuua
[1]. Drtor pesynsraT mO3AHEE MOMYYHS TOATBEPXIEHHE HA YCTAHOBKE
KAMIOKANDE [2] B SmoHun. B nacrosiuiee Bpems paGoTaior 4YeTIpe ycra-
HOBKH, DErHCTPHPYIOLIME CONHEYHble HEHTPUHO, TPU PATMOXUMHYECKHX:
HOMESTAKE [3], SAGE [4] u GALLEX [5] u otHa 9/1eKTpOHHAasd — BOIHBIi
uepeHkoBckui getekrop KAMIOKANDE. B pa6orax [6—8] npuseneds! npes-
CKa3aHus TEOPHMH M0 CTAHAApTHOH COTHeYHOH Moaenu. Beino orMeueHo [6], uto
NpelCcKa3aHusl Pas3jMYHBIX aBTOPOB XOPOIIO COMIACYIOTCS JAPYr C APYrOM, €CiH
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NPUHUMATh OJWHAKOBBIE UCXOIHbIE fapaMeTphl. 3/1eCh Mbl 6y}1eM HCHOJIB30BATh
pe3ynstatel pabotsl [6].

CyMMHDpYs pe3ynbTaThl, MOJy4EHHbIE K HAaCTOSILEMY BPEMEHH, CIeIyeT OTMe-
THTb CJICOYIOLHE CYIECTBEHHbIE MOMEHTBI: BO-NEPBbIX, HAJEXHO YCTaHOBJIEH
caM hakT Gonee HH3KOro notoka GOpHBIX HEHTPHHO MO CPaBHEHMIO C MpelcKa-
3aHHSMH TEOPHM, BO-BTOPBIX, CyMMapHbiii 3(deKkT OT HEHTPHHO HHU3KHX (pp-

HEWTPHHO) U MPOMEXYTOUHBIX (pep-, TBe, CNO) sHepruit HHXe 0XHAAEMOro Mo
CTAHNApTHOH conHeyHod Moaend. Yucrto actpodusvueckoe pelieHHe 3TOH
npobseMbl BCTpedaeT Cepbe3Hble 3aTPyAHEHHs, KaK 3TO NOKa3aHO, Harpumep, B
pabortax [9,10]. IlpeanpuHUMaNUCh TIONBITKM HAHTH OOBSCHEHHE BO3HHMKILErO
NIPOTHBOpEYHs, NPUBJIEKas HEATPHHHbIE ocuWLIAUMH B Bakyyme [11-13] u peso-
HaHCHOe npespalleHue HeirpuHo B Beulectse (agpext Muxeesa — CMupHoBa
— Bonsgeniureiina) {14—16]. B nocnennee Bpems B psane pabor [17,18] npu-
BOJASATCS [OCTaTOYHO CEPbE3HBIE APTYMEHThl B TI0Jb3Y BO3MOXHOH KOppensiuHH
MeX1y MarHWTHbIM nosieM Ha ConHue B 061MacTH HH3KMX LIMPOT W Habnonae-
MbIM 3(heKTOM B XJIOp-aprOHOBOM 3KCHEPUMEHTE, YTO O3Haya1o Gbl CiMH-apo-
MaTHbIE OCUMJUISLIMY HEWTPHHO B MarHuTHOM nosne Ha Conuue [19,20]. OgHako
Mbl BCE €LUE HE B COCTOSHMM PEUIUTh NPobieMy CONMHEYHBIX HEUTPUHO, T.K. WIS
3TON0 HaM CYIIECTBEHHO HeNOCTaer AaHHBIX, KOTopbie no3osunu Obl onpe-
IeJUTb BKJIaX OT OTHE/IbHBIX UCTOUHHKOB HEHTPHHO.

[Monpo6yem cdopmynnpoBaTh OCHOBHBIE BOMPOCHI, HA KOTOpPblE HaM HeoO-
XOOMMO TMOJIYYHTh OTBET, YTOOBI MOXHO ObUIO OAHO3HAYHO WHTEPNPETHPOBATDH
UMeIolIHeCs JaHHbIE.

1. Kakoii Bknan nawot GopHble HEHTPHHO W HEHTPHHO OT "Be B CyMMapHbIH
pe3yJIbTaT XJIOP-aproOHOBOIO AETEKTOPA M KaKOH BKJad OT pp—pep HEWTPHHO H

HEHUTPHHO OT "Be B ramnmesom aerextope?

2. Ecnu Habniogaercs nopasieHde HEHTPHHO OT "Be, smnsercs nu takTop
NOJaB/ICHHsS OAMHAKOBBIM JUIS BCEX HEHTPHHO MPOMEXYTOUHBIX 3HEPrUit?

3. HabniogatoTcs v BapHalMi COJIHEYHLIX HEHTPHHO, CBA3aHHbIE C 22- JeT-
HuM uukioM ConHua M, BO3MOXHO, ¢ UIYKTyallHSMH MarHMTHOrO nojs Ha
Connue?

4. KakoB cnekTp 60pHbIX HEHTPHHO Ha 3eMiie O CPaBHEHHIO CO CNEKTPOM
reHepauuu?

5. NMeeTcs id npuMech HEHTPHHO APYTHX apOMAToOB, MOMHMO 3JIEKTPOHHBIX
HEHTPHHO, B MOTOKE COJIHEYHBIX HeiTpuHo Ha 3emne?

Ins pewieHus npoO6neMsl COJTHEYHBIX HEHTPHHO HeoOXOAMMO NOMYYMTDb
OTBETHl Ha 3TH Bompochl. IloaTroMy co3gaHue HOBBIX HAETEKTOPOB COJIHEYHBIX
HEHTPHHO HalleJleHO Ha peuieHHe 3Tod 3amaun. K 2000-My romy nnanupyercs
HayaTh W3MEPEHHUA ellle Ha ABYX KPYIHbIX YCTAaHOBKaX: GOJBLIOM BOXHOM YepeH-
koBckoM aerekrope SUPERKAMIOKANDE [21] B SinoHun u SNO — uepen-
KoBckoM aerekrope ¢ 1000 ToHH Taxenoi Bomel B Kaname [22]. Pesynbratsi,
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NOJydyeHHbIE HA STUX YCTaHOBKAx, MO3BOJAT, ecnu nmpobnembt doHa OynyT yc-
NEeUuIHO MpeoxoeHbl, OTBETHTh Ha 3, 4 W 5-i Bonpockl. [ToMUMO 3THX ycTanGBOK
B HACTOsILEe BpeMsl aKTHBHO BefeTcst paboTa no Co3AaHUI0 CUHHTHIISLIHOHHOIO
nerekTopa conHeuHbix HeidTpuHo BOREXINO [23]. Ha uam B3rnsa, Bonmpoce
(boHa Wis CUHHTULISLIHOHHOTO AETEKTOpa, KOTOphii He o0nagaeT crnocoGHOCTbIO
BbLIEJISATH, CHTHAJ 10 HANpPABIACHHIO MpPWJieTa HEHTPHHO, KaK MOXET, HalPUMED,
ycranoeka KAMIOKANDE, u Her BO3MOXHOCTH opranu3osarb «blank run»
(KOTOpBIiA, B ONpEACICHHOM CMbICTIe, ABISETCS KaK Obl H3MEPEHHEM C «BbIKJIIO-
yeHHbIM» COJIHLIEM W [103BOJISET Onpenenars (on is palHOXUMHUUYECKHX YCTa-
HOBOK), HeoObuaiHo coXHbl. Ham nipeactasnsercs, uto 6yuer ocobenno Tpyi-
HO GopoTbhcs ¢ POHOM OT PafHOAKTHBHBIX HPUMECEH ¢ HEPHOJAOM NoJypaciaga
OT HECKOJIBKHMX JIET 0 HECKOJIBKUX COTEH JIET, B 0COOEHHOCTH, €CIIH 3TO YUCTbIE

Gera-pacnaguuku ¢ opmoii bera-crnekTpa, HMHTHPYIOLLEH CUIHAN OT HEUTPUHO

7 113
or 'Be (B KauecTBe IpHUMEpPa MOXHO MPHBECTH M30TOll  Cd ¢ HEPHOLOM

noaypacnaga 13,6 roga). Cnoxuocts ¢ 3THM HcTouHHKoM oHa obycioriena

OueHb HU3KOH (Ha ypoBHE 1072 r/r) IONYCTUMOH KOHLEHTpaLUHeH TaKHX lipume-
ceit B pabouem Marepuasie IETEKTOpPa, 4TO 4YPE3BbIYAHHO OCJIOXKHAET 3ajauy.
Ounnako, ecnu npobnemsl dona O6yayr pewsennt, nerekrop BOREXINO cmoxer
[ats OTBET Ha nepBblii Bonpoc. [lanee, B KOHTEKCTE BCENO CKa3aHHOI'O, Mbl XO-
Tesid Gbl OlIpeaenuTh MECTO JIMTHEBOTO JETEKTOPA B IPEICTAaBJIEHHOW HAaMH CXe-
M€ W 110Ka3aTh €ro NnepcrneKTHBHOCTb.

2. JIATHEBBIA JETEKTOP COJHEYHbBIX HEUTPUHO

B pabote [6] npuBeneHbl pacyeTbl HOTOKOB COMHEYHBIX HEHTPHHO, NONYYEH-
Hble U3 cTangaprHoit Mogenu ConHua ¢ yuetoM audy3uH THXKENbIX JIEMEHTOB
U Tefus [UIs YTOYHEHHbIX NaHHbIX, 3aKjiafbiBaeMbix B Mogesb. CKOpoCTH 3axBara
COJIHEYHbIX HEHTPHUHO JUIS XJIOPHOTO M JIMTHEBOrO AETEKTOPA, COIIACHO AAHHBIM
aTo# pabothl, npencrasneHs B Tabn. 1.

Cnenyer 3aMeTuTh, UTO HEeiiTpHHO, poxiawiwnecs Ha ConHue U Jawolue
OCHOBHOIi BKJIaJl B 9THX JETEKTOpax, BBUAY OMH30CTH mopora perucTpauuu mis
aTuX aerektopoe — 0,8 MaB mns xnopuoro u 0,86 MsB mna nutueBoro —
MOXHO YCJIOBHO pa3fiejINTh Ha JBE IPYNIbl: HEHTPHHO BbICOKMX dHepruit (Gop-
Hble HEATPHHO) M HENTPHMHO TPOMEXYTOUYHBIX 2Hepruii ¢ 3¢deKTHBHONH dHEp-
rueit, gamouieid OCHOBHOH BKian Juls nuTus, B paiioHe 1 MsB. BecsMa aktyans-
HBIM, Ha Hall B3], B 0COOEHHOCTH IS BBIICHEHHUS, HACKOJIBKO PEaIbHBIM MO-
xer 6biTh 3¢dekT Muxeesa — Cmuprosa — Bonstpenwreitna (MCB) [16], a
TaKXe pEIUeHHs C BaKyyMHBIMH OCLMIUIAUMAMH HelTpuHo [13], asnasercs Bbisic-
HEHHUE CTENEHH IOJABICHM HEHTPHHO BBICOKMX M HH3KHMX 3Hepruii. ITo sroii
NpHYHHE MBI MOXEM NPOCYMMHpOBaTh 3((eKT OT HEHTPUHO MPOMEXYTOYHBIX
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Ta6mama 1. Cropoctn 3axmBara Helirpuno or CoiHua VIS XJIOpHOTO
M JINTHEBOIO JETEKTOPOB [0 CTAHAAPTHOH COJHEYHOH Mojean

Hcrounuk HeHTpHHO Xnop, SNU JIuruit, SNU
pep 0,22 9,2

"Be 1,24 10,2

8B . 7,36 25,2

13N 0,11 2,1

150 0,37 5,1

B cymme 9,3*1% 51,833

3HEPTHi VI STHX [IBYX NETEKTOPOB, M TOLAA Mbl IOJY4aeM CHCTEMY M3 JBYX
YPABHEHH C JBYMsl HEM3BECTHBIMU (ECNTH M3MEpeHAa CKOPOCTb 3aXBaTa COJHEY-
HBIX HEUTPHHO B JIUTHH):

7,36 - X+1,94 - Y=2,55+0,25 @
{25,2-X+26,4-Y=P.

3pecs P — cKOpoOCTh 06pa3oBaHus "Be s JuTHH, X — (akTop nogasieHus
GopHbIX HEHTPHHO, Y — (haKTOp MOAABIEHHS HEHTPUHO NPOMEXYTOYHBIX BHEP-
ruii. B ypaBHeHus BXONAT TONBKO OMMOKH H3MEPEHMs, HEONpENe]eHHOCTH
TEOPETHYECKHX MPEACKA3aHUH B OCHOBHOM B3aMMHO HOTAIIAIOTCS 3a CYET Iepe-
xoma B ¢haxtopsl X M Y. Ocraercs HeGosbluas HENnoramaeMas 4acTh 3a CUET
HEOAHOPOOHOCTH BEJIMYHH OT Pa3HBIX HCTOYHHKOB NPOMEXYTOYHbIX 3Hepruil. M3
NEPBOIO YpaBHEHHs STOW.CHCTEMBI, OMUCHIBAIOIIEH Pe3yJbTaT XJIOP-aproHOBOIO
9KCIIEpUMEHTa, MBI MMEEM OIpaHHYeHHMd Ha BenwuuHel X u Y: 12Y2>0;
0,402 X = 0,05.

Crnenyer OTMETHTH TakXe, YTO JJis XJIOP-aprOHOBOTO JETEKTOPA Mbl MpH-
HSTH CPEHIOIO BEJIMYHHY 32 BCe Bpems u3mepenus. Eciu yka3aHus Ha aHTHKOp-
pensuunio ¢ MarHMTHBIM noneM Ha ConHue HalioyT JaibHelllee NOATBEPXIEHHE,
HeoGxomnumo Gyner GpaTb cpenHue BelMuMHBI 32 GOnee y3KMe MHTEpBATHl Bpe-
MenH. OIHaKo, NOCKO/BKY 31€Ch. HAM BaXHO ONMCAaTh B LEJIOM MOAXOA K Mpob-
JIEME, Mbl CYNTACM MIIMUIHUM APUBOOMTH aHAIH3 B AETATIX.

Cucrema ypasnenuii (1) MMeeT TPUBHAILHOE pEILIEHHE:

X=0,4610,045-0,013- P @)
{ Y=0,05-P-0,44 £0,043.

Ha puc.1 n3o6paxeHnsr 061acTH, COOTBETCTBYIOILME STUM YPaBHEHHAM, OTKY-
fia BUIHO, YTO OXHIAEMbIA pe3ylbTaT JIMTHEBOIO AETEKTOpPA, KOTOPbI MOXHO
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Puc.1. ®axTophsl HoAaBICHUS O/

OOpHBIX HEHTPHHO U HEHTPHHO %
NPOMEXYTOYHBIX 3Hepruif (X, Y
— OTHOILIEHHE HM3MEDEHHBIX Be- -

1,5

JIMYMH TTOTOKOB K PAcYETHHIM) [ 10
COBMECTUTH C PE3yNbTaTOM 05 | X | o5
XJIOPHOTO JEeTeKTOpa, B pac- . T -

- { -

CMarpvBacMOM CLICHapHH Ha-
XOOUTCS B HHTEpBaie OT & 1o . e o0
38 SNU. Cnemyer 3aMeTuTh LIRS L A L LY N B B B
TAKXe, 4YTO MaKCHMaibHas o 4 8 12 16 20 24 2 32 36 P,SNU
BeJMYMHa X, mnonyyaemas

3nech, pasHa 0,4, uto B mpefenax 1G cosnamaer ¢ pesynpratroMm (0,45 +0,08),
nonyyeHHoiM Ha ycraHoBke KAMIOKANDE, npu 3TOM JIMTHEBBIA JNETEKTOP
nosxen garb 8—10 SNU oT coHeuHbIX HEHTPHHO. DTOT ciyyail, NO-BHAUMOMY,
npeacTasiaser ocoOblil MHTEpEC, T.K. O3HayaeT myboKoe NojaBleHHE HEHTPHHO
NPOMEXYTOYHBIX BDHEPTHil C BHITEKAIOUIEH OTCIONA BO3MOXHOCTbIO 3a(PUKCH-
poBaTh napameTpbl HEHTPHUHHBIX OCLIMJUIALUE.

Jlutuesniit geTexTop ¢ 10 TOHHAMM METAUIMYECKOTO JIMTHA, pa3pabarbisae-
Mblii HaMM B HacCTOsilLiee BPEMs, 110 OLICHKaM MO3BOJIUT IOJIyYUTh B OJHOM H3Me-
pennn 3¢dekTa OT CONHEYHBIX HEHTPHMHO TOYHOCTh nopsaxka 12%, ecnum npu-
HATh CKOPOCTb 3axBaTa COJIHEYHbIX HeiiTpuHO paBHoii 20 SNU. KoneyHo, aT10

CTaHeT BO3MOXHBIM, €c/ii OydeT yCHelHO pealu30BaHa PerucTpalus "Be ¢ no-
MOLIBI0 KPHOTEHHOTO JeTeKTopa. MBI paccuMThiBaeM Ha YCIEX 3TOM METOIMKH
perucTpaudy, uMmes B Bugy ObICTPbI nporpecc B 3TOH 0oOnacT nocie muo-
Hepckux pabor ®@uopunn [24]; Tak, HampuMep, yXe B HacTosllee BpeMs Ipyll-
noii npogeccopa Burane 8 I'enye (Mranusg) nokasauna [25] nagexnas perucrpa-

uus M-nuka Mn oT ucTounuka > Fe ¢ sHeprosoigenenueM 82 3B. 3a oguH rog
Ha JINTUEBOM JETEKTOpE Mbl IUTAHUPYEM BBIIOJIHUTD YETHIPE U3MEPEHHS, TAK YTO
B pe3yJabTaTe Mbl CMOXEM MOJyYUTh TOMHOCTh Ha ypoBHe 6%. Kak BumHo u3
puc.1, 70 MO3BOAMT BHIIETHTH BecbMa y3Kyo obsnacts o X u Y.

IMonyyeHHsI pe3ysasTaT MO3BOJIMT BHECTH ACHOCTH B BONPOC O KOPPEKT-
HOCTH COTIOCTaBJIEHHMs Pe3yNbTaTOB XJIOPHOrO IeTexTopa U ycranosku KAMIO-
KANDE, ogHO3HaYHO HHTEPNPETHPOBATh Pe3ysIbTaThl FAJUIMEBONO0 IKCIEPHUMEH-
Ta U, ecJIM K TOMy BpemeHH 3apaboraer ycranoska BOREXINO, nact Bo3Mox-
HOCTB, COIOCTaBJis pE3yJbTaTbl, MOJYYCHHbIE Ha 3TOH YCTaHOBKE M Ha
JIMTHEBOM JETEKTOpE, BBHIACHUTD, PaBeH JIM (PaKTOp NOJaBIEHUS HEHTPHUHO Mpo-

MEXYTOYHBIX 3HEpruii (paKTopy nomaBlieHHS HEHTPHUHO OT "Be. Takum o6pazoM,
IpHU ycremHoit paboTe yNOMSHYTBIX HAMH YCTaHOBOK MBI NOJIyYHM OTBETHI Ha
NiepeYHiCAEHHbIE BhIlIE BOMPOCH], YTO CYLIECTBEHHO IPOABUHET UCCIEAOBAHHS B
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3TOi 06nacTu. BT0 ele pa3s MOKa3bIBAET, YTO B U3YYEHUH COJIHEUHBIX HEHTPHHO
TNOJIy4aeMble pe3yJIbTaThl MMEIOT B3aUMHO JOTIONHSOIIEE 3HAYEHHE, U TOJIBKO YC-
nemHas paGoTa BCEX YCTAHOBOK MO3BONSET DPEWMTh MpPO6IeMy CONHEYHbIX
HEHTPHHO.

3. PASPABOTKA METOJHUKH
U TEXHHKH 3KCIIEPUMEHTA

B Hacroswee Bpems Ha cranuu oTpaGOTKM METOAMKH JIHTHEBOTO JETEKTOPA
HaMH CO3[aeTCs MPOTOTHII TUTHEBOTO AeTekTopa Ha 300 K MeTanjiu4yeckoro nu-
Ths. CxeMa yCTaHOBKM NpHBeneHa Ha puc.2. Ha 9Toii ycTaHOBKe, MOMHMO 3a1ay
YHCTO METOIMYECKOIO XapakTepa, IU1aHUpPYeTCs MPOBECTH CIIEAYIoLMe UIMEPEHHS.

1.M3meputs BBIXOA "Be or APOHOB KOCMHYECKHX JiydeH Ha ypoBHe MOps.
Bra pabora CTaHET AOKA3ATENLCTBOM OCYHMIECTBUMOCTH H3RIEYEHHS M3 MeTal-
JIMYECKOTO  JIMTHS  aToMOB  Gepuiuius,
o6pa3oBaHHBIX B MarepHale MHILIEHH TMOA
BO3JCHCTBHEM BHELIHEr0 MCTOYHHKA, a
TaKXe€ [MO3BOJIMT ONpPEAESIUTb ONTHMATb-
Hyl0 TIyOHHY pacrosnoxeHus 3TOH ycTa-
HOBKH [UIS TpOBEAEHHS MOCHeNYIOLIHX
H3MepeHHH. DTo OOBACHAETCS TeM, 4TO
YCTaHOBKa [oMXHa ObITh pacrnosioxeHa
A0CTato4yHo ry6oko, uToGel adpexT oT
KOCMHYECKHX JIyueH He noaasisin apgekr
OT MCKYCCTBEHHOrO MCTOYHHKA HEHTPUHO,
HO He CNUIIKOM my6oKo, YyTOoOB MOXHO
6b10 NONYYHTh KATHGPOBOYHYI0 TOUYKY C
XOpoLUeHd CTaTHCTHKOH Ui KpHBOH ¢oHa
OT MIOOHOB B 3aBHCHMMOCTH OT I1yOHHBI.

2.H3Meputh BBIXOO "Be or mwoHOB
KOCMHYECKHX Jlyueil Ha 31O riyGuHe.

Puc.2. YnpolieHHas cxeMa JMTHEBOTO NETEKTO-
pa: / — BHeluHsA o6onodka; 2 — HarpesaTeNy;
3 — BEHTWIH U9 PaCrUIaBIEHHOrO JHTHA, 4 —
JIOBYWIKH; 5 — 3MEEBHKH LIS TeIuioo6MeHa JIH-
THHl — BO3NYX; 6 — TEPMONIaTYHKH; 7 — Harpe-
BaTe/H; 8 — TepMoM30aSUMS; 9 — TPYOKH mna
BXOHa-BbIXO/la Bo3ayxa; /0 — ceKlMs IS JIMTHS;
1] — HHOHKaTOp YPOBHS; /2 — TEPMONATUHKH;
I3 — wuarpesatenu; I4 — pacruiaBneHHbIi
JIATHI; 15 — HEeHTPUHHBIA HCTOYHHK; /6 — Ha-
rpesarens; 17 — KaHaTBI Wi TEPMOLATIHKOB




[TPOBJIEMA COJIHEYHBIX HEWTPHHO 11

3.IlposecT KanuOPOBKY JMTHEBOH MHLICHH C TOMOLIbIO HCKYCCTBEHHOrO
MCTOYHHMKA HEHTPHHO HA OCHOBE 657n. 3nech CleayeT OTMETUTD, UTO JIUTHEBbIN
JETEKTOP BHITONHO OT/IMYAETCS OT APYTMX AETEKTOPOB COJHEYHbIX HEHTPHHO Ma-
70 Maccoil MHIUIEHH — BCETO JIMUIb A€CSTh TOHH. BTO 06CTOATENBCTBO AesaeT
€ro TaKXe BEChbMa IPHBIEKATENbHBIM JUIS NPOBEAEHHUS KaIMOPOBKH C MOMOLIbIO
MCKYCCTBEHHOTO MCTOYHHKA HEHTpHHO. Jlaxe Ha NMPOTOTHIIE YCTAHOBKW C Mac-
coil Bcero nuwb 300 Kr nuTHA TakoH SKCHEPUMEHT CTAHOBMTCH BO3MOXHbIM.
TIpy 3TOM TOYHOCTb M3MEPEHHs COCTABUT 5% UIA HCTOYHMKA € AKTHBHOCTBIO
scero nuib 37 kKu, KoTophiii MOXeT GbiTb nomyyen nyrem obnyvenus 3,5 kr
LIMHKA eCTeCTBEHHOTO M30TONMHONO COCTaBa IOTOKOM TEIIOBbIX HEHTPOHOB
3,2- 10'° n/cm? - ¢ B Teuenue 30 mueil. B Tabn.2 npuBeeHbl PacueTHbE XapaK-
TEPUCTHKH U1 KaJIMOPOBKH JIMTHEBOH MHLIEHH HA YCTaHOBKE M3 LIECTH CeKLUH,
W3 HHUX MSTh CEKLMH 3arnojHEHbl TMTHEM, OAHA CEKUMs HE 3aM0JIHEHA, YTO I103-
BONSET MOC/IEI0BATENbHbIM TEPENABIMBAHHEM JIUTUS M3 MOTHOW CEKUMK B 11yC-
Tyio, Uepe3 JIOBYIIKY, rae cobupaetcs Gepwini, NPOU3BOAMTL H3BJIEUCHUE.

TeomeTpuuecKuii  akTop, npuBeaeHHbl B Taba.l, ecTh BenMuMHA

G=4L1t I d—’;/, Npu 3TOM s CKopocTH 00pa3s’oBaHus HOyyaeM N =0onSG,

3gech G — rornepedHoe cedeHue (V, € )-peakuuu, n — KOJIMYECTBO aTOMOB

3
muuieHu B 1 cMm7, S — MOLUHOCTh HCTOYHHKA. Ycnewnoe [IpOBEI€HHE IKC-
MEPUMEHTA C HCKYCCTBEHHBIM HUCTOYHHUKOM HCﬁTpMHO, C YyYETOM 06CTOSATENBCTBA,

YTO perucTpauus Be 6yner npoBegeHa C NOMOUIbI0 KPHOIEHHOro AETEKTOpa,
CTaHET pElAOLIHM CBHAETENBCTBOM O NOTOBHOCTH METOAMKH I [IPOBEACHHS
[0JIHOMAcCIITAOHONO 3KCMEPUMEHTA MO PETHCTPALNM COHEYHBIX HEHTPHHO.

B Hacrtosuiee BpeMs paboTa HaxoauTcs Ha cTaguM cOopku npororuna
JIMTHEBOrO IeTeKTOpa. B KOHCTPYKTHBHOM IUTaHE HaMH NPEUIOXEH H OCYLIECTB-
AsieTcd BapHaHT CEKUHOHMPOBAHHOrO JIETEKTOpa B OJHOM KOpITyCe, T103BOJIA-
JOLLHil CYILIECTBEHHO YCKOPHTH NpOLECC W3RNeueHHs Geputus u HMelolmii psin

Tabauua 2. OcHOBHBIE XAPAKTEPHCTHKH KaNHOPOBKH

Macca MHILIEHH 300 xr METATUTHYECKOTO JIHTHA
[eomeTpHyeckHit dakTOp 42,2 cm

AKTHBHOCTb HCTOYHHKA 37 kKu

Ceuenue 2,25 - 1044 oM?
DdeKTHBHOCTb PETHCTPaLHH %

Bpemst 9KCTIO3HIMH 240(4 - 60) nnei

[Mo/IHOE KOMHYECTBO UMITY/IbCOB 400

CraTicTHYeCKad omnbka 5%
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MPEUMYLIECTB B YHCTO TEXHUUYECKOM ITaHe. Kak YX€ yIIOMHHANOCh BbILIE, CyHIE-

CTBEHHBIM MOMCHTOM 3/1€Ch TAKXeE SBISETCH YIyYllleHHe PErMCTpaluu "Be ¢ mo-
MOILBI KPUOTEHHOIO NETEKTOopa.

Hannas pa6oTa Gbu1a BHINONHEHA NP YaCTHYHOI NMOMIEPXKKE Mexnynapoa-
HOro HayyHoro ¢onna u Poccuiickoro npasurensctsa (rpant MSJ300).
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KYMYNATUBHOE POXOEHUE YACTUL,
HA MY4YKAX NMPOTOHOB N A0EP
(acnekTbl AeTanbHOro uccneaoBaHus)

B.K.bonoapes

OB6bennHEHHbI MHCTUTYT SnepHbIX Mccnenaosanmii, [lyoHa

B 0630pe 1peacTapieHbl SKCIEPUMEHTATBHBIE PE3YNBTATH CHCTEMATHYECKOTO HCCIIENO0-
BaHMS KyMYISATHBHOTO POXACHHA dacTui 70, K=, P, d Ha My4Kax IPOTOHOB, JAEHTPOHOB,
SIep refud W yriepona ¢ UMIylIbcamu Ha HykiioH 4,5 I'sB/c u nyuke nporoHos 8,9 I'sB/c.
HsmepeHa A-3aBUCHMMOCTb cedeHHit i uMnyisca 0,5 FeB/c u yria amuccun O = 120°. Ha
nydke npotoHos 8,9 ['aB/c M3MepeHb! SHEPreTHYECKas H A-3aBUCHMOCTH CEEHMUIT 1T -Me30-
HOB, NIPOTOHOB U IEUTPOHOB B MHTepBane uMrtynscos 0,3 + 0,7 I'sB/c Ha pa3eneHHbIX H30-
TOMNAX HUKE/s, UMHKA, 0JIOBA U CBUHIIA (ECTECTBEHHA! CMECh M30TOMOB). DparMeHTUPYIO-
wamn spamu ey D, He, °Li, Li, C, Al, Si, Cu, Ni, ®'Ni, Zn, "4sn, 124sp, Pb.
OGHapyxeHbl TOHKHE NETaNH B NOBENCHIU CEYEHHH B PA3THUHBIX 0GMACTAX SIEP. Monyyen-
HbIE NIaHHBIE CPABHHUBAIOTCA C pe3ynbTaTaMd APYTHX paboT M TEOPETHYECKHMH MONEIIMH
KYMYJITUBHOTO poXaeHus. IlpuBeneHs! Tabauupl MHBapHAHTHBIX AUpdepeHIHaTbHbIX Ce-
YEHHH M pEe3yNIbTaThl (PUTUPOBAHHMS SHEPIETHYECKON 32BUCHMOCTH CEYEHHIl B PasIHuHbIX
NPEACTaBICHUSX.

The review presents experimental results of systematic investigation of cumulative
production of ni, K i, p, d on proton, deuteron, helium, carbon beams with momenta per
nucleon 4.5 GeV/c and on 8.9 GeV/c proton beam. The A-dependences of cross sections
for momentum 0.5 GeV/c and emission angle of ¥ = 120° are measured. The energy- and
A-dependences of cross sections of n:i, protons, and deuterons within momentum range of
0,3+0,7 GeV/c on separated isotopes of nickel, zinc, tin, and lead (natural mixture of
isotopes) are measured for 8.9 GeV/c proton beam. Fragmented target were D, He, 6Li, Li,
C, Al, Si, Cu, 58Ni, 64Ni, 64Zn, 114Sn, 124Sn, Pb. The fine details are discovered in beha-
viour of cross sections for different regions of mass number. Obtained data are compared
with results of other papers and theoretical models of cumulative particle production. The
tables with invariant differential cross sections and fit parameters of energy dependence of
cross sections in different presentations are enclosed.

BBEJEHHE

CucremMaTuyeckue HCCNEOBaHHS [POLECCOB KYMYISTHBHOIO pPOXICHHS
HacTHL, T.C. YaCTHIl, POXJCHHE KOTOPBIX 3alpelieHO 3aKOHAMH COXPaHeHHs B
CTO/IKHOBEHHsIX CBOOOIHBIX HYKJIOHOB, GbuiM MHMUMMpOBaHb A.M.Banguusim
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[1]. BxcnepuMeHTanbHOE 0OHapYXEeHHE KyMY/ISITUBHOTO 3¢h(hexTa OCYIECTBIEHO
rpyrmnoii B.C.Crasunckoro Ha cuHxpotdazorpone JIBD OHSU B npouecce

D(10TeB/c)+Cu - (0°)+X [2]. B 39toM skcnepuMeHTe HabIIOIATNCH
NHOHBI C SHEPTHUEil, CYLWIECTBEHHO MPEBHILIAIIIEH SHEPrHIO, MPUXOAILYIOCS Ha
ONMH HyKJIOH AedTpoHa. CornacHo runorte3e npenenbHo# ¢parMeHtrauuu SHra
[3], B Takoif mocTaHOBKE YKCMNEPHUMEHTA HCTOYHHKOM BHICOKOIHEPIEeTHYECKHX
NUOHOB ABJNAIOTCA YCKOPEHHbIE aApa IeiTepHs, a BKJIa[ SApa-MHIIEHH He3Ha-
YMTEJIEH, YTO HaIWIO MOATBEPXKAECHHE B NATbHEHIIHUX KCIIEPHMEHTAX.

[lepBbIMH 3KCNEPUMEHTATbHBIMK YKa3aHMAMH Ha HeoObluHblE SBIECHHS B
npoueccax B3aHMOLEHCTBUS aJpOHOB C AApaMH ObUIM PE3YNBTAThl MO YNPYrOMY
pd-paccesHHI0 NPOTOHOB ¢ 3Heprueit 660 MaB [4] u kBazuynpyroMy BHIGHBaHHIO
JNECHTPOHOB M3 JIETKHX siep Ha Myyke npotoHoB 675 MaB [5]. Hdanubie obGenx
paboT BrOJIHE ONpeAc/ieHHO YKa3biBAIM HAa KOJUIEKTHUBHBI XapakTep CTOJKHO-
BEHHS, KOrAa [Ba WiK Gonee HYKJIOHOB MOIJIM HAaXOAMTBHCH HAa MAaTbIX PaccTo-
sHusX. Pesynprarel 3THX paboT NOCHYXHAH OCHOBOM IS THUIOTE3bl O CYLIECTBO-
BaHHMH B ApaxX KPaTKOBPEMEHHbIX TECHBIX CKOMJIEHHI HYKJIOHOB — (hryKTyauHii
IUJIOTHOCTH SIAEPHOTO BelecTBa, ctopmynuposanuoit [.U.BnoxunuesniM [6].
®nykTyauuyd noayywid B COBPEMEHHOR TEPMHMHOJIOrMHM Ha3BaHHs (IYKTOHOB
WY MaJIOHYKJIOHHBIX KOppensuui. '

PanHHuii 9Tan uccnegoBaHHii KYMYNSATHBHBIX [POLIECCOB, OXBAaThIBAIOILHIA 1e-
puon 1971—1982 rr., orpaxed B 0630pHbIX pabGorax [7—11]. B pa6ore [7]
cogepxarcs 060OCHOBaHHE H (PH3MUYECKas apryMeHTalMs HCCIIEROBaHHi C pes-
TUBUCTCKHMH s[IpPaMH, YCTAHOBJIEHb MaciiTabHO-WHBApHAHTHOE TMOBEJEHHE W
cneunduyeckas A-3aBHCHMOCTh CEYEHHH KyMylsiTMBHOIO 3¢dekTa, JaH Kpar-
KHii 00630p’ MporpaMMBl HCCIIEIOBaHHI C PENIATHBUCTCKHMH sigpamu B JlabGopa-
Topuu Bhicokux 3Hepruit OUSH. Pabora [8] cymMupyeT akcnepuMeHTanbHbie
JaHHbIE, MOJIyYEHHbIE B PAVIHYHBIX HAYYHBIX LEHTPAX, U XapaKTepHbIe YepTbl
KyMYJISTHBHOTO POXICHHA yYacTHU. Pu3dyeckas npupoaa GIIyKTOHOB KaK MHO-
NOKBapKOBBIX KOH(HIrypauHuil B sapax ¥ OLEHKa HX CYLIECTBOBAaHHA B MOIEJH
MEIIKOB paccMoTpeHa B pabore [9]. Moaens MaioHYKIOHHBIX KOPPEISLUMA U ee
NpUMEHEHHE K MpOLEccaM aipOH-SNEPHbIX H SAPO-AAEPHBIX CTOJKHOBEHHH
nsnoxensl B pabore [10]. KauecrBennoe comocraBneHHe pasniuyHbIX MOJENEH
KyMYJISITHBHOTO POXHEHHA YacCTHLl C 3KCNEPHUMEHTAILHBIMM JAaHHBLIMH [JaHO B
pabore [11]. Pe3yabrarel McCneqoBaHHIl MOCHEOHErO AECATHIETHS OTMEYEHBI
nonyyeHHeM Oosiee TOYHBIX IKCMHEPUMEHTAIBHBIX NAHHBIX M Pa3BUTHEM Teope-
THYECKHX Monenei.

K HacTogmieMy BpeMEHM HMeeTcs OOGIIHMPHBIA 3KCMEPUMEHTATbHBIH Ma-
TEPHAIT 110 H3y4EHHIO KyMYISTHBHOIO POXIEHHS yacTHl. B GonsmmHCTBE Clyya-
€B 9KCIIEPUMEHThI OpraHM30BaHbl TAKMM 00pPa3oM, YTO KYMYJISTHBHbIE YaCTHLIbI
pPETHCTPHpYIOTCS B ymioBOoM AMana3oHe 90° + 180° (3amusas nonmycdepa) B
HMHKJIIO3UBHBIX mpoueccax B+A —c+.... B 3ToM ciyyae HCTOYHHKOM KyMy-
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JISTMBHBIX YacCTHIl ABIAOTCH (pparMeHTHpyolMe sapa-Muwenu. Haubonee non-
HblE HWCC/IEIOBAHHS TPOBENEHBl Ha IydKax MNPOTOHOB B MHTEpBale YHEpruii
1+400 I'sB. Hapsgy ¢ 3TUM MMEIOTCS AAaHHBIE MO KYMYJISTHBHOMY POXIECHUIO

NPOTOHOB Ha Iy4kax ¥, V, V, t , K7, p v (bparmeHTapHbic JaHHBIE HA My4YkKax
+

spep D, He, C. CniekTp KyMyNSTHBHBIX YacTHL BKIIIOYAET t-Me3ombi, K F-Me30-

Hbl A, p, n, p ¥ auepHbie (pparMenTsl d, f, 3He, *He. dparMeHTHpYIOLIKE Aapa

MCCJIEAOBAHbl B IIHPOKOM AHANa3zoHe OT JeiTepus JO ypaHa, BKJ0Yas H30TONH-

YeCKM pasdesieHHbIe siapa nuTHA, 60pa, HUKeNs, LMHKA, 0/10Ba, CaMapus U BOIb-

¢pama. .
OTMETHM KPaTKO XapaKTEpHbie YEPThl ¥ OCHOBHBIE PE3YJibTaThl, MOJYYECH-

Hbl€ B HCCJICIOBAHHUAX KYMYJIATHBHBIX IIPOLECCOB, U BBCACM HeOOXOMMbIE onpe-
HACJIEHHA.

OCHOBHBIE 3AKOHOMEPHOCTH
KYMVJIATHBHOI'O POXIEHHUA YACTHUIL

DuepreTudeckan 3aBHCHMOCTh. TpagHUMOHHOE NPENCTaBlIEHHE pe3y/bTa-
TOB 110 3HEPreTHYECKOH 3aBHCUMOCTH CEYEHWH CBOAMTCS, B OCHOBHOM, K Ciie-
AYIOLIKM BbIPaXEHUAM:

1 . do T
AEdp—BTcxp —To} (N
1 _do X
LG =B.ex —XO], @)
1 .do o
4 Eoe=Baex —%]. 3)

B sTux BeipaxeHusx E, p u A 0603HaYa0T, COOTBETCTBEHHO, SHEPIUID, HUM-
NyabC BTOPUYHO#M YacTHLBI H MaccoBoe 4Mciao ¢parmentupyioumero aapa. T —
KMHETHYECKas 3Heprus Habnmiopaemol YacTHilb, To, X, M O —- MapaMeTphl

HaKJIOHOB cHeKTpoB. Macwitabnas mepeMenHas x, Kak H B npoueccax niy6o-
KOHEYNPYTOro paccesHus, spndercd nepeMeHHoi DbepkeHa, MonuGHLUPOBaH-
HOMl NPHMEHHTENbHO K YMEPEHHBIM HadanbHBIM 3HEPIHUIM [8] O6o03Hauas
HHKJIIO3UBHBI Npouecc B BHOe

[+ 14 ..., | )
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e CHMMBOJIbI COOTBETCTBYIOT NMEPBHYHBIM ITyuYKaM, parMEeHTHPYIOLIMM sIpam
U BTOPHYHBIM YacTHULIaM, HUMEEM BbIpaXeHHE Ul NEPEMEHHOH X:

(PP)+MM, +M]-MD) /2
X = .
(PIPII) - (PIPII) - MIMII - M2M11

®)

3pech Py PII — 4-uMNynbCH Ha HYKJIOH CHApAJa M MHUIUEHH COOTBETCTBEHHO,

P1 — 4-MMIyIbC H3MEPSAEMOii YaCTHI, Ml, MII’ M1 — COOTBETCTBYIOLIUE

Macchl; M, — NOMONHUTENBHAS Macca YacTHIIbl, HeOOXOAUMast LTS YLOBIETBO-
PEHHS 3aKOHaM COXpaHeHMs (IIPH BBIYHUCICHUAX MPUHHUMAETCH, YTO M, =0,
M, =M, —Mp, sz =—Mp H T.K.). B oTnnune ot MacmraGHbIX HEePEMEHHBIX

@eiinmana u BrepkeHa, 3HaueHus x usMensorcs ot 0 go A (A — Maccooe
YHCIIO A1pa) ¥ B NEPBOM NpHOIKMXKEHHH 0603HAYaAlOT YHUCAO HYKJIOHOB, HEOO-
XOAUMOE Ul POXAEHUS KYMYISTHBHOM YacCTHLBI C JaHHBIMM XapaKTEPUCTH-
KaMH (MMIyJIBC, Macca 4 T.1.).

IlepemenHas cBeTOBOro (hpoHTa O ONpeAesieHa BHIPAXEHHEM

_E~Pcost
M b

n

o

(6)

e E, P, 9 — 9TO0, COOTBETCTBEHHO, S3HEPIHs, UMIYJIC M YIOJ BBIIETA YACTHL,
Mn — Macca HyksioHa. OTMETHM cpas3y, 4TO HCHOJIb3yeMas HaMH NepeMeHHas

x, nepemeHnsie QeiliMana, brepkeHa U O COBNANAIOT NPU BHICOKMX HAYailb-
HBIX BHEpPTHsX.

Mist pUKCHPOBAaHHBIX YITIOB 3MHUCCHM 3HEPreTHYECKHE CIEKTPHI pa3iiYHbIX
4acTHLL NOJOOHBI Ha pa3HBIX sAapaX, CeYeHHs SKCIOHEHLHATPHO 3aBUCAT OT
KMHETHYECKOH SHEPIUH KyMYJISTUBHBIX 4aCTHIl IMGO APYIHX MepeMeHHBIX, mapa-
METPbl HAaKJIOHOB CIIEKTPOB B PAIIHYHBIX MPEACTABJICHUAX PAIIMUHBI A4 JETKUX
M TAXENBIX flep. YXe B PaHHMX MUCCIEZOBAHHSX KyMYJISTHBHOIO POXIEHHS
yactul [12,13] 6su10 ycTanosneHo, 9ToO IapaMeTp HakJioHa TO UMEET OIHHAKO-

Bble 3HaYeHus Wit pasnnuHbix saep (C, Al, Cu, Pb) u pased npubnusurensuo
60 MoeB mns nuonos mox yrmom smuccuu 180°. B nocnemymommx paborax
[8,14,15], rae uccnenosanus KyMyNSTHBHOIO POXIEHHs TIPOBOIIIMCH BO BCeil
3aHei nonycgepe, a CEKTP KyMY/ISTHBHBIX YacTHI AOTIOJHMIM KAOHBI, IPOTO-
Hbl 1 GapHOHHbIe (hparMeHTsl, BHISICHAIACH 0611asd 3aKOHOMEPHOCTD B MTOBEIEHHH
CEYCHMH, XapakTepu3yeMasi OfHUM I1apaMeTpoM HAK/IOHA xy =~ 0,14 qia cpennux

Y TSKENBIX sep. 3HAYMTENIbHYIO POJib B YCTAHOBIEHHH MacIuTabHO-MHBAPHAHT-
HOTO TIOBEJCHHS! CEYEHHH KyMYISTHBHOTO POXICHHS CHIrPaiM SKCIIEPUMEHTDI
HTD3® — ynusepcurer IencunsBanuu (CLLIA) Ha nyuke NPOTOHOB C
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sHeprueit 400 I'sB [16—18]. [lo pesynsraram pabot [12,13,8,14—18] Obino
CAEJIAaHO 3aKJI04YeHHe, YTO B [Hana3’oHe HauyanbHbIX 3Hepruit 4 +400 I'sB
pealu3yeTcsl PeXUM NpenenbHOH (pparMeHTanny sgep B GyHKUMHM MaclTaGHON
nepemenHoit x. Ilpu stoM 3HaueHus x wusMmensuimck ot 0,35 mo 3,5 B coor-
BETCTBMM C XapaKTepHCTHKaMH Hab/MogaeMblx 4HacTMIl (Macca, WMIYJIbC, Yroji
3MHCCHH, HayaipHad 9Heprus). B yKa3aHHOM HHTepBajle 3HA4Y€HHUIl X BEJIMUYUHbI
CEUEHMIi it TMOHOB M3MEHAIOTCA Ha JACBATH TOPSAAKOB BEJTHYUHBI.

BHyTpH OTMEYEHHOro AMana3oHa ®HEPruil NMEPBHYHBIX IPOTOHOB MMEIOTCS
9KCIIEPUMEHTAIbHBIE JaHHbIE, MOJyYeHHBIE B MocneaHue roapl. [lpu HavanbHOM
sHeprud 10 B sro umkn pabor [19—22], B auanasone sHepruii 15 + 65 I'sB

— panHble [23,24]. KymynsTusHOe poxzieHue NPOTOHOB Ha nmyykax © , K, p ¢
nmnynascoM 40 I'sB/c uzysanock B [25]. D1u paboThl MOATBEPXAAIOT XapaKTep-
HBI€ CBOHCTBa KYMYJIATUBHOTO POXICHUS YaCTHL M, €CTECTBCHHO, YTOYHSIOT
OTAenbHbIE MONOXeHus, crocobcTryomue 6onee y60KOMY NOHUMAHHIO U3y4a-
€MBIX IPOLECCOB.

ITocKonpKy CBOMCTBA KYMY/ISTHBHBIX 4acTHI] OKA3alMCh JOBOJILHO KOHCEp-
BATHBHBIMH OTHOCHTEJIBHO SHEPruil ¥ TUIOB MEPBUYHBLIX MYYKOB M BMaa (ppar-
MEHTUPYIOIUX $JEP, 3TO HAULIO OTPaXEHHE B BMIMMPHYECKH YCTAHOBJIEHHbBIX
daxrax. [IpubnusnrensHas He3aBUCUMOCTD (POPMBI CIIEKTPOB IIPOTOHOB, HOPMH-
POBaHHBIX Ha MOJIHOE HEYNPYToe CeYeHHe, OT IHEPrMH W BHHA MEPBHYHBIX
4acTHll, HEpapXHs BBIXOXOB Ha CKEJIMHT 110 MEpPe POCTa MacCOBOro 4ucia ¢par-
MEHTUDYIOILHX SAEP M3BECTHH KaK (peHOMEHONIOTHYECKas rUnoTe3a SEepHOro

- - 4 +
ckeiinuHra [26,27]. YHuBepcansHocTh (OpMBI CIEKTPOB p, p, T -, K -Me30-
HOB B mo6oil U3 MacTaGHBIX MepeMeHHbIX Ha3BaHa asropamu [22] cynmepckeii-
JIMHTOM.

AHaiu3 MpoLeccOB KYMYISTHBHOTO POXAEHUS YaCTHUU IIPHBESI K MOHSTHIO
KBapK-NIAPTOHHON CTPYKTYpHOU dynkuuu [28], xapakTepu3yollieil BepOSTHOCTh
KOHCTUTYSHTY SiApa HMETh UMMY/IBC, COOTBETCTBYIOIUIHI MMIIYNbCY IPYyIIbl HYK-
N0HOB. TToJ KOHCTHTY3HTOM sIpa MOHUMAETCH KBapK, a rPyNna HYKJIIOHOB B Ma- -
nom obbseMe TpaHCOpPMHpPYETCS B MYJBTHKBAPKOBYI0 KoH(urypaumio. Biaumo-
AEHCTBHE aPOHOB (M A7ep) BRIIAAMT KaK PEe3yNbTAT HHEMBHULYAIbHBIX CTOJKHO-
BEHMH KBapKoB (hparMEeHTHUpPYIOIIEro fApa C KBAPKAMHM M [II0OHAMHM MHUILEHH.
KBapk-criexkrarop, u30exaBIIMii CTOJIKHOBEHHS, HeceT MO0 uMiyiabca ¢par-
MEHTHPYIOILETO apoHa. AJPOHM3anus KBapKa CHUUTACTCS MSAIKOMH, U pacipene-
JieHHe agpoHOB-(PparMEHTOB NPENIONaraeTcs COOTBETCTBYIONIMM Ppaclpeneie-
HMIO KBapKa-CHeKTaTopa.

A-3aBHCHMOCTD. [IponopuMOHANBHOCTS CeYeHUSt KYMYNSTHBHOTO POXIEHHS
NHOHOB MacCOBOMY 4HMCIy siApa A ObUTa YCTaHOBJIEHA B CAMBIX MEPBBIX 3KCIIEPH-
MEHTax 10 HMCCIenoBanuio KymyiasrusHoro scpgekra [13]. Dror dakr nmomyunn
Ha3BaHHE YCHJIEHHOM A-3aBUCHMMOCTH CEYEHHi, MOCKONbKY THIIMYHAs 3aBH-
CHMOCTH CE€YEHUH POXIEHMS TMOHOB B aiPOH-SIEPHBIX B3aUMOIEHCTBUAX XapaK-



18 BOHIAPEB B K.

Tepu3yeTcs I[oKa3areneM creneHd n~2/3. JlanbHeHlune HCCIeIOBAHHUS
[29,30,16] BbIgBMAM, YTO MOKa3aTeab CTEMNEHH N TIPEBBIIIACT SAHHULYY B Cllydae
KyMY/ISTUBHOIO pOXIEHHst npoToHOB (n =~ 1,3) u eme Oonee BO3pactaer mis
6apHoHHbIX cHcteM Tuna d,t v 1.1. Kpome Toro, Gputo oGHapyXeHO, 4TO ce-
4YeHWe KYMYIATUBHOrO POXIEHHS MPOTOHOB HE 3aBUCUT OT YMC/Ia HEHTPOHOB
NpH OaMHAKOBOM 3apsie supa Z (mzoronuyeckuil 3ddekT). YKazaHHble 3Haye-
HUSt n OTHOCATCA K OOJIaCTH CpPeHUX W TSXesnsX saep. Ecnu paccMaTpuBaTh
A-33BHCMMOCTb CeYeHHil, HOPMHPOBAHHBIX HA MACCOBBIE YUC/IA ANEP, TO €€ T10BE- -
JeHHE XapaKTepU3yeTCsl Pe3KHM POCTOM CeueHuit B 00sacTH SIerkux sgep M Bbl-
nojlaxkuBaHHeM Mo Mepe Bo3pacTanust A. [lpuuem BBHIXOL HAa KOHCTaHTy s
PaVIMUYHBIX YACTHL NPOHCXOOMT B pasHbix obnacrsax saep. Tak, Wit NMOHOB 3TOT
pexXHM HacTynaeT B pailOHe 3HayeHWd A ~ 30, a s APOTOHOB U GapHOHHBIX
tparmenToB npu A ~ 100.

Ecnu xapakTepu3oBaTh 3aBMCHMOCTb CEYEHHMH OT MaccoBoro uucna A cre-

. . do  .» .
neHHoi dyHkuuei EE;I ~A" |, TO Ang NPOTOHOB, IEHTPOHOB U TPHUTHA MOKa-

3aTeslb CTENeHy n = 1,3, 1,6 n 2 coorBercrBeHHO. [10CKONBKY CEYEHHS POXAEHHUS
HE 3aBHCAT OT H3OLITOYHOrO COAEpXaHWs -HEHTPOHOB, TO Oosiee peryispHOi
ABNseTCS Z-3aBUCHMOCTb CedeHHid, re Z — 3apsan agpa. OTMeyeHHas perynsp-
HocTb B Z-3aBHcuMocTd [30] nposmnsercs B 001acTH Kak JIErKMX, TaK H TAXe-
nbix agep. Hanpumep, 418 NpOTOHOB M JENTPOHOB NMOKa3aresb CTENEHH n=2 U
2,6 B obnactu sagep or Li no Al. B nuanaszone sgep Al—U n=1,5 u 1,7 ansa
NPOTOHOB M NEHTPOHOB COOTBETCTBEHHO. DTa 3aBUCHMOCTb ObUla U3MepeHa Mis
20 sgep, BKJIIOYast H30TONHYECKH oboraieHHbIe.

[peBbliteHne 3HayeHUs n Hal eAMHULEH OOBIYHO CBA3BIBAETCA C Mpolec-
caMH nepepaccesiH1s POXIEHHBIX YacTHL Ha BHYTPUSIEPHBIX HYK/IOHAX, B3aUMO-
JCHCTBHEM B KOHEYHOM COCTOSHMH W JPyrMMH BTOPHYHBLIMH npoueccamu. Ipy-
ras TO4Ka 3peHHs COCTOMT B TOM, YTO, KaK H B Cllydae KyMY/ISATHBHOIO POXAEHHS
MHOHOB, Npouecc 06pa3oBaHHs NMPOTOHOB H APYTHX (PArMEHTOB PaBHOBEPOATEH
no sceMy o6beMy Apa, HO B 3TOM Clly4ae MOXET CKa3blBaThC BJIMAHHE IPaHHY-
Horo cnosi. Eciiv nepBUYHbINA aKT B3IaWMOAEHCTBUS TIPOUCXOOUT BOJIU3H SAepHOM
TOBEPXHOCTH, TO il 06pa30BaHUs MACCHBHOTO (hparMeHTa B 3TOM Cilyyae saep-
HOH cpenpl OKaspiBaeTcd HenoctarouyHo. Torna a¢ekTHBHO AeHCTBYET HE BeCh
obbeM sgpa, a oObeM, YMEHbIUICHHBIE Ha TOJNLIMHY MOBEPXHOCTHOINO ClOH,
NIPUYEM OYEBHAHO, YTO TOJLIHHA TOBEPXHOCTHOIO CJIOA [AOJIXHA KOpPpPEIHPOBATh
c Maccoii parmenra. KonuuecrseHHas olleHKa Je1a€TCS B MPEANIONOXEHHH, YTO
CceveHust poxnenus (pparMEHTOB NPOMOPLHOHATIBHBI

d - . 1/3 .3
Ey ~ (A 73— py. )
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3nxech r, 173 _ aguyc gnpa, r,= 1,2 oM. Beauuun MOXHO CBSI3aTh C
panuy pa, 1, y
pasmepamu obnacTu sMuccuu (pparmentos. Bsopsa napamerp §=(p/ ry) H

HMCITOJIB3YyA OTHOIUICHUA CeYeHul Ha pas/iMyHBbIX sApax K MacCOBOMY 4UCTY sapa
CBHHIla, W3 BbIPAXCHHUA

do
E“E(A)Apb 1_§ -1/333 ’
do T —ga-1/3 ®)
AE d_p— (Apb) Pb

MOXHO OINpenenauTh 3HaueHHe napamerpa &. [onyyennsie Takum oGpa3zom 3Ha-
YEHUS PaBHBI §P=0,9; E’;d= 1,6; §t=2. MoXH0 BWIETh, YTO, HEHCTBUTEJIBHO,

HabniogaeTcs KOppenauMs ¢ Maccoil pparmMenTos. Yuer napamerpa & npusogur
s paccMaTphBaembix (pparMeHTOB K A-3aBHCHMOCTH OOBEMHOIO TUNA B LIM-
POXOM HHTEpBajle UMIYJILCOB U YIJIOB 3MHCCHU KyMYJIATUBHEIX vyacTHl. [lox-
poGHast mpoileaypa u3ydeHus A-3aBHCHMOCTM Ha OCHOBE M3TOXEHHBIX Mpe-
craneHuii comepxurcs B [15].

B paGote [19] oGbeMHbIii XxapakTep A-3aBUCHMOCTH CEYEHMIl CBA3BIBANICH C
BIMSHHEM TIPaBOM KHMHEMAaTHYeCKOH rpanuust npouecca pA — p(n) X. O6o3na-
yasd uHBapuanTHoe muddepeHUHaTPHOE cedeHHe depe3 flx), MOXHO 3amHcaTh

fx)= fo(x)(l —x/A)", rne n — napamerp. DTO BHIPAXEHHE YIOBJIETBOPHTEIBHO

ONMKCHIBACT JaHHble ¢ napameTpaMu n=8 1 mng mpotoHoB U n=7*1 mia

%o

MpU  3HAYSHMSIX X, = 0,135+ 0,001 gns npPOTOHOB M Xy = 0,149+ 0,002 nnsa

X
nHOHOB. DYHKLWMS f; XOPOWIO ANNPOKCUMUPYETCS BbIPAXKECHHEM Cexp(—~]

MHOHOB. BenuyMHbI fO OKazanuch ONMM3KMMH JUIA JaHHBIX NpyH HAYalnbHBIX

sneprusix 10 u 400 I'sB u oguHaKOBBIMH [UTS Pa3HBIX SAEP.

Yriopas 3aBucuMoctb. CrieKTpbl KYMYISITUBHBIX YAaCTHL NOJ Pa3HbIMH Yr-
namu (3amusia nonycepa) usMepenn B paborax [14,15] B pA- u dA-B3aumo-
peiicTusix. ITapamerp Hak/ioHa cnekTpoB T; H3MEHSETCs B 3aBUCHMOCTH OT yI/ia

9MHUCCHHU YaCTHUL, a IMEHHO BO3pacTaet npubnusurensHo B 1,5 pasa B uHTEpBaie
yrios 180° +90°. M3Mepenus yrioBoi 3aBHCHMOCTH CeYeHHH npu ¢pHKCHPOBaH-
HBIX MMIIYIbCAX YacTHI MOKa3aiH MogoOHOE MOBENCHHE HA PadIMYHBIX f/pax, B
YaCTHOCTH, Ha g1pax rejus U CBUHIA {8], 4TO MOXET yKa3piBaTh Ha OTCYTCTBHE

WM HeCyLIECTBEHHBIH BKJIaA MpoleccoB nepepaccedHus. Ha dape oLi (uMIynsc
npoToHoB U AeiTpoHoB 0,7 I'sB/c) 3aBMCHMOCTH ceueHHH NMPOTOHOB U IEUTPO-
HOB TakXe NomoOHbl. B ymioBoil 3aBUCHMOCTH CeYeHHH B pA-B3auMMOIEHCTBHH
HabmioaeTcss SIPKO  BHIpAXEHHad CTPYKTypa B 00JIaCTH  YIJIOB  3MHCCHH
150° + 180°, B wacTHOCTH, MK B HampasieHud Hazal HeperymspHocTd B 3TOM
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obnactu yrmoB u3ydanuch Takxe B paGore [31]. B dA-B3auMOpeicTBHM NoBe-
AeHMe ceueHMH uMeeT uHoM Xxapakrtep. Kak B pA-, Tak u B dA-B3auMoneiicTBHAX
HHBAPHAHTHBIC CEYECHHS POXAEHUS KyMYJISTHBHBIX YacCTHIl HE CIICOYIOT JIMHEH-
HOH 3aBUCHUMOCTH OT cOs U B WUHTepBale ymioB aMHcchH 180° +90°. Yriosas
3aBUCHMOCTh CEYEHHH NMPOTOHOB U NETKHWX (PparMEHTOB AHATH3IUPOBANACh B pa-
Gote [32] ans pA-B3auMoOnNeHCTBHII NpU 3HepruM nportoHos 400 IB.

Hannune nanHeix ang pasHeIX yIIOB ®MHCCHH J2€T BO3MOXHOCTb H3Y4MTh

" 2 "
3aBUCHMOCTD CEYECHHH OT p_l.' B YaCTHOCTH, 1A NMHOHOB 6buta HanaeHa CJIeaylo-

was annpokcuMauus [14]:
@(p?) =09 exp (- 2,7p2) +0,1. ©)

C Y4€TOM 3aBUCHMOCTH OT p_zL AJaHHbBIE A1 IMHOHOB NPEACTABJIAIOTCA OIHHUM

napamMeTpoM HaKJ/IOHa B YIJIOBOM guanasone 90° + 180°,

YCIOBHSA 3KCHEPHMEHTA

Hecmotps Ha pasHoo6pasie mepBHYHBIX MYYKOB, JAHHBIE MO KYMYISATHBHO-
MY POXIEHHIO YaCTHLL Ha My4Kax siiep HOCAT PparMeHTapHbiil xapakTep. DKcne-
puMeHTanbHas Gasza JlaGopaTOpHM BBICOKHX 9HEPTHil MO3BOJMIAET BOCHOJIHHMTD
9TOT MpoGest ¥ MPOBECTH CHCTEMATHYECKHE W AETATbHbIE HCCIENOBAHHA HA SEP-
HBIX W MPOTOHHBIX MyYyKax CHHXpodasoTpoHa. B nporpamme skcnepumenta Ha
nyukax p, D, o-yactiu u C ¢ uMmnynscamu Ha Hykiod 4,5 T'sB/c 6bu1 caenau
aKLUEHT Ha JeTaIbHOM HM3YYECHHH A-3aBHCHMOCTH CedyeHMii KaKk Haubonee HHTe-
PECHOM CBOHCTBE KyMYJISTUBHbBIX NPOLECCOB. DHEPreTHYECKHE CTIEKTPHI H3Mepe-
Hbl Ha myyke npoToHoB 8,9 I'9B/c Ha H30TONAX HHKeENS, HUHKA, 0JIOBA M CBHHLA

(ecTecTBeHHasi cMeCh H30TONOB). B 060HMX cryyasx KyMy/ISTHBHbE YacTHLBI T,

K% p, d perucrpupoBatucs nog ymioM 9 =120°. Haubonee craTHcTHuecku
obecrieyeHHbIE NaHHBIE MOMYYEHBI Ul TMOHOB, IPOTOHOB H AEHTPOHOB. B 3Kc-

NICPUMEHTE HCHONb30BANHCh aapa-muiueHu D, He, 6Li, 7Li, C, Al Si, Cu, 58Ni,

64Ni, 64Zn, 114Sn, 124Sn, Pb. DkcrnepuMeHT OCylLeCTRAICS Ha YCTaHOBKE
AHUCK-2, npencrasnsiomieii co6oil ClIEKTPOMETP MO BpEMEHH NpONETa B Cove-
TaHWHM C MarHUTHBIM AHAIM30M BTOPHYHBIX YacTHL MO MMIynscam. CxeMa ycTa-
HOBKHM TNpeficTaBieHa Ha puc.l. TlepBuyHbIi My4yoK YCKOPEHHBIX 4acTHL TpaHC-
NOPTHPYETC MO BaKyyM-MPOBOLY M (DOKYCHPYETCS MArHMTHOH ONTHKOH Ha
muiieds (T) ¢ aucnepcueit u3obpakenus ~ 7 mM. Bropuunbie yacTHub (¢par-
MEHTH MHIUEHH) aHATM3HPYIOTCA 6O MMIYIbCY CEKTOPHBIM MarHutoM H
(2CI194), npoxomaT cyeTynk S,, tokycupyoTca Ky6IETOM KBaAPYIIOABHBIX JIHH3
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Q, 1 Q, (IMJI15 u 2MII15)

Ha CYETYHK S 4> TPOXOIS Tak- T(530MM) St
Xe uYepe3 CUYETYHKH Sz, S3, Se Se
. 0,01 r/cu? 0.5°

YEPEHKOBCKHE CYETIHKH Ha ’ 30°
TBEpOBIX pamuatopax C. 7
v P B 135° 9=180% 49°
CH M uepe3 ra3oBblii 4epeH- Ap=1°

v [o]
koBckuii cuetyuk C. Cuer- A0=0,3

v v

YUKH S4, CB, H CH KOHCT- Sy (40,5x90x1,6 uum' )

PYKTHUBHO BBINIOJIHEHBI B €U~
HoM Onoke u Ha puc.l He
NoKa3aHbl. MariuTHas onrTu-
Ka KaHana (H, Ql, Q2) H CYeT-

S2(81x50%2,6 MM )

S3(20x50%3,0Mm )

YUKHM BTOPUYHBIX YacTHL pas3- &(30x70%x30 um )

MEIIEHBl Ha MOBYX COCTBIKO-

BaHHBIX TOIABUXHBIX hepmax

c ofweii OChIO BpalEeHHUs, Puc.1. Cxema ycranosku JJUCK-2
HNPOXOIAIEH 4Yepe3 LEHTP

MHIIEHY, PacHoJOKXeHHOH B ¢oKyce nepBuuyHOro myuka. IloBopor KaHana
TIPOM3BOAMTCS AMCTAHIMOHHO C TOYHOCThIo 0,1° B AMamasoHe a3UMYTaJIbHbIX Yr-
noB 49° + 180° (ymoBoil 1Mana3oH yCTaHOBKH B MHTepBasle ymioB 49° + 90° npu
OrpaHM4YEHHBIX pa3Mepax HM3MEPHTENbHOH IUIOLIAAKH JOCTHIAETCAd Pa3sBOPOTOM
Mmaruuta H Ha cneumansHoii nnardopme BOKpYr cBoeii ocu Ha 180° coBMecTHO
C MEpECTHIKOBKOi thepm). MHTepBan UMIy/IbCOB, PErHCTPUPYEMBIX YCTAHOBKO,
cocrasnsger 0,15+ 1,6 I'sB/c s ogHo3apsaHbIX YacTULl. YCTaHOBKA MMO3BONSIET

+ —
BECTH OJHOBPEMEHHYI0 PErMCTPALHIO CJEAYIOIIHX YacTHILL: ni, K-, p,pdt
31y, 4 )
He, "He.

HCHOHb3yC_MbIC B SKCMNCPHMEHTE MHMIICHU Pa3fCciIAIOTCS HA JBa BHUIA. TBCP-

Apie MUIIEHH uMelT avametp 30 MM ¥ ronmuny 0,1 + 8 r/om?. Kpuorenusie
MULLleHn fuameTpoM 50 MM HMeloT pasMepnl 1o mydky 50 u 140 Mm. O6a Buna
MHLIEHEH KOHCTPYKTHBHO CMOHTHPOBAHHI B OGIIEM KOXYXe, CIIOCOGHOM nepeme-
IaThCsl B BEPTUKAIBHOM M FOPH30HTATbHOM HaNpaBIeHUsIX. YCTaHOBKA MHILEHH
Ha IyY0K HPOH3BOMMTCS OMCTAHLMOHHO M KOHTPOJIMPYETCH TENEBU3UOHHOM
CHCTEMOIi 110 uiropecuupyoieMy aKpaHy. OTHOCHTENIBHOE MOHHTOPHPOBAHHE
NEPBHYHOTO My4Ka OCYLUECTBIIACTCS TE/IECKOIIOM CHETYHKOB S, S¢, S, pacnosno-

XEHHBIM MOX YIJIOM 135° OTHOCHTENBHO HAaNpaBieHHs NEepPBUYHOTO IyykKa
(MoHMTOp Mp) Ha paccTosHMM 3 M oT MumieHd. Teneckon Mp perucTpupyer

YaCTULbI, BO3HMKAIOLIWE OT B3aUMONEHCTBUS MEPBHYHOrO MyYKa ¢ 3amTyLIKOH
BaKyyM-npoBoga (Maiinap). Teneckomn cueTYHKOB SS, Sg, Slo (MoHHTOD Mn) Ha-
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LEeJIEH HA MUIUEHb M CIIYXHMT KOHTposiem cbpoca nyyka. BennunHa M nocTosHCT-

M

BO OTHOLLUEHUA L B LMKIIC C6p0C3 CBHIACTC/IBCTBYIOT O IOJIHOM NPOXOXIACHHH

M

n
YacTHLL NEPBUYHOIrO My4ykKa yepes MulieHb. [paayupoBka rejeckona Mp OCHOBa-

Ha Ha HM3MEPEHUM HABENEHHON aKTUBHOCTH B peakuuH 12C(p, pn)”C. C sroit
UEJbI0 TMPOBORMTCH OOJIydeHHE MUIACTHYECKOTO CLUMHTHILUITOpPa B (POKyce
NIEPBHYHOrO 1lyuka ¢ NOCNICAYIOLMM H3MEPEHHEM HABEACHHOUW AKTHBHOCTH Ha
CHELHAIBHO CO3AAHHOH YCTAaHOBKE.

Cueruuk S| ycranosnen BONM3M MarHuTa Ha paccTOAHHK 2,4 M OT MHILICHH.
Paccrosiine Mexay cueTyHkKamu Sl H 53 cocrapaser 3,8 M, Mexuy 82 U S3 —
0,97 M. B cuerunkax S, + S, npumensiiotcs poroymuoxutenn XP1021, pexum

paboThl KOTOpBIX BHIOpAaH M3 YCIOBMS HAWIYYLLEro BPEMEHHONO pa3pelieHHs
(£ 50 11c) npy nMHERHON 3aBUCHMOCTH BBIXORHOIO CMIHANA MO 3apsigy OT YKuclia
hoToaNIeKTPOHOB. YepeHKOBCKHE CUETYHKH 65 ] éH MMEIOT paauaropbl U3 MOJIK-

STUIIMETAKpHWIATA CNEUHAIbHOH OYHMCTKH, HAKjeeHHble Ha (OTOYMHOXHTE/H
56DVP. B MoHuTOpHBIX Tejeckonax Mp u M_ npumensiotes goToymHoXHUTENH

PBY-87 u cuuHTHANATOPEl ¢ pasMepamu 50 X 10 % 0,8 Mm. Kanu6Gposka
MarHMTHOrO CHEKTPOMETPa OCYLIECTBIIIaCh METOLOM TOKOHeCywel HUTH [33] u
MO3BO/NM/IA ONPENESNTh LEHTPAIbHbIH MMITYJIBC YAaCTHL B 3aBUCHMOCTH OT TOKA B
MarHuTe WiH OT HanpsXeHHOCTH MarHWTHOrO nons no garuuky Xosna. Mm-
ny/bCHOE paspeulieHue cnexTpomerpa Ap/p = 8%. Benuuuna akcentanca ycTa-

HOBKHM cocTtasnser 3,4 - 10_Scp, abcomnoTHas HopMHpoaxa cedyennii 10—15%
(nocnennss uxcpa OTHOCHTCS K NYuKYy sep yrjiepoja).

BropuuHnele yacTHubl, BbUIESEHHBIE MarHuToM H 110 3apsigy ¥ umnynecy u
v
npoulenne cHeTIuk S, + S, C, HaeHTHOUUHPYIOTCS TTyTeM H3MEpEHHUs Crieny-

IOLMX XapaKTePHCTHK:

1) Bpemenn nposera yactuus Ha Gase S, - S, — (@)
2) BpeMeHH NpoJieTa HacTHLILI Ha Ga3e S,=8; — ()
3) MOHM3ALMOHHBIX MOTEPb YACTULl B CUMHTHJUIATOPAX Sz’ S3, S &

4) MHTGHCUBHOCTH YEPEHKOBCKOIO HMITydEHHs 4YacTHL B paadatopax
v
CYETYHKOB CB H CH.

DdpexTHBHEIM METONOM BBIAENECHUS MOMAE3HBIX COGHITHII ARNAETCA ANTOPHTM
T-kpuTepues. Mcmonb3ya nHHEHHY CBA3b BPEMEHM NPOJiETa 4acTHL Ha JABYX
BPEMSIPONIETHBIX 6a3ax f; U f,, MOXHO ONpENENUTh T-KOOPAMHATY:

T .=t - 2t2 + 260.
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Co6biTHA 10 3TOM KOOpAMHATE, He CBA3AHHEIE CO CIY4aiHBIMH CHTHAIaMH
CYETYHKOB, pacrpenesieHbl HE3aBUCHMO OT CKOPOCTH PETHCTPUPYEMBIX YaCTHLl
MMEIOT PacnpesesieHye no T,, ¢ OXHUM MaKCUMyMOM. 3alaHHe IPaHML Jii CO-

OTBETCTBYIOIUUX IOJE3HBIX COOBITHI MPHBONMT K IONABNEHHI0 (DOHOBBIX CO-
obiThil Gonee yem B 20 pa3. AH&IOIHYHO, PUMEHSST KPHTEPHIA

Taps =1 — 2,6t + 150,
HoJly4aeM pacipelesieHde, Ha KOTOpPOM Bce COOBITHS, HE CBS3aHHBIE CO CJly-
YaiHBIMH, Pa3Ae/ieHbl [0 3apsiy M B NEepBOM NPHOIUXEHWM HE Pasiu4yainTcs
no ckopocti. KpoMe pasfesieHus yacTuil N0 3apsay, M3MEPEHME HOHU3ALMOH-

HBIX TOTEPh MOBHIMIACT HANEXHOCTh HIACHTH(PUKAUMU 4YacTUU. YCTaHOBKa
pabGotaer Ha nuHUH ¢ DBM.

COBOKYITHOCTH BEJTUYHH 1, Am, AE3’ AE4, IC'B, IC: ofpasyeTr NpoCTpaHCT-

BO cobbitnit. OGnacTs B mpocTpaHcTBe COGBHITHH 3aJaeTcs yclIOBHEM ORHOBpe-
MEHHOTO Hab)IofeHHs 3HAYEHUH KOOpPIMHAT COOBITMS B 3ajaHHbIX MHTEpBalax
Kaxaoi u3 KoopauHar. OpraHu3auus MporpaMMbsl MHOTOMEPHOIO aHauu3a 1os-
BOJISIET B mpouecce 06paboTKH AaHHbBIX BHAENSATh COOBITUS B PA3THYHBIX MHOTO-
MEepHBIX 00JIaCTAX M CTPOUTh OOHOMEPHBIE U JABYMEPHBIE NPOEKLIUU COIEPKUMO-
ro 9THX 00NacTeil Ha OCH KOOPXMHAT IIPOCTPAHCTBA COOBITHI. AHATIM3 MOMY4EH-
HBIX  paclpefie/icHMil  JaeT BO3MOXHOCTb  OLIEHWTh  HHCJIO  COOBITHIA
OTpeIeNeHHOr0 COPTa, CTaTHCTHYECKHME XAPaKTEPUCTHKH CIEKTPOB, OLEHUTh
BKJIAJl CIIy4aiHBIX COBMAaAEeHHH npy OONBIIMX 3arpy3Kax PErHCTPUPYIOILEH ammna-
parypet. Kpome Toro, B pe3ynpraTe MHOTOMEPHOIO aHaTU3a Ui KaX[IO0ro copra
yactun ¢opmupyercss «OaHK MHTErpalnbHBIX XapaKTEPHCTHK TNOJE3HBIX CO-
GbiTHIi». [IIs KAXIOro COpPTa YacTHI CONEPXHMTCS MH(OPMALMs O 4HCle CO-
‘GbiTHi, 3p(PeKTUBHOCTH FPAHULL 10 KAXION U3 MCIIONB3YEMbIX KOOPIMHAT, Cpel-
Hell aMIUIMTYRe pacrnpezesieHus coObITHIA Mo Kaxmod koopauHare. Ilporpammel
3amosHeHus: 6aHKa ONTUMM3MPOBAHLI 110 BPEMEHH U MO3BOJAIOT MEXIY UHMKIaMH
yckoputenst o6pabareiBath Bech 00bEM MOCTynawued uHGbOpPMauUM s BCEX
COPTOB BTOPHYHBIX YaCTHL, PErHCTPHUPYeMBIX omHOBpeMeHHO. [locne kaxmoii
cepud u3MepeHuil nHGpopMalusa, coiepxauasca B 6aHke, 3anmuceiBaetcs B aiin
CYMMAapHbIX pe3y/ibTaToB, pa3MelieHHbIH Ha aucke. [Togpo6Hoe onmcanue ycTa-
HOBKH M NpOLiefypa BHIYUCICHHS CEYeHHIl MO M3MepsieMbIM BeJIMYMHAM COIep-
xarcs B paborax [34—36].

Hcnonp3oBaHHblE B JKCIIEpUMEHTAX MMIICHHU M3 pa3fiC/IEHHBIX H30TOIIOB
HMEJIU CIIEAYIOHINEe BEJIMYHHDbI oforauteHus (B IPOLICHTaX K OCHOBHOMY H30TO-

ny): %Li(90,3), "Li(99), *®Ni(99,7), ®*Ni(93,1), ®Zn(98,7), !'*sn(92),

124Sn (97,2). Nonpaska, cea3aHHas ¢ oT/iM4HbIM OT '100% oboramieHueM, cocTas-

JIZET B cpenHeM =~ 1%.
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YKCNIEPUMEHTAJILHBIE PE3YJIbTATHI

Ilporon-snepurie U Axpo-siepHbIe B3anmoneiicTeus. Ha puc.2—S5 npen-
CTaB/ICHBI laHHble 10 A-3aBUCHMOCTH CeYEHHil NeHTPOHOB, MPOTOHOB, NONOXH-
TE/IbHBIX M OTPHLATENbHBIX MHOHOB HAa My4KaX MPOTOHOB, ACHTPOHOB, sijiep re-
nus w yrepona [37]. Kak yxe ormeuanoch, HaGnwomaercs pe3koe yBenHYeHHE
ceueHHt B 06/1aCTH NErKMX sUiep M BHINONAXHBAHHE 110 MEPE BO3PACTAHMS Mac-
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Puc.6. A-3aBHCHMOCTh CEYEHMHl KyMylis- 10 p——

THBHBIX 4YacTMLl B 1npolecce D+A — §2 _3 _8

—c+... (9=120° [a * -7
— Fo
IK,. 1E

coporo uucna A. Takoe nosemenne ‘x|

XapakTEPHO U1 BCEX MCIONb3yeMBIX & [

nyykoB. OOpamaer Ha ce6 BHUMaHuE ° -

TOT aKT, YTO CEYEeHHs HA MydKax 10,1 3

JAeHTepHs U renus GMU3KM 110 BEIMUM- x :

HE, a CEYEHHs VIS PavIMuHbIX YacTH F |

noxo6Hel. JIpyras ocobeHHOCTE, KOTO-  ©

PYI0 MOXHO BHIETh Ha PHUCYHKAX, — 0.01 f—— it

5
NPOABICTCd Ha HM30TONAax HHUKENnd, A
LIMHKA M 0J10Ba. 311eCh HMEIOTCS HEpE-
TYIApHOCTH B I[IOBEAEHHM CEYCHMH,

nposiBIsIoMKecs cneuuduyeckum o6pa3oM st IPOTOHOB, '~ ¥ T -ME30HOB.

IoBenenne ceuennii B 3aBUCHMOCTH OT MAcCOBOTO yHcha A nogo6HO MoBe-
ACHMIO TaKHX XapaKTEPHCTHK SAep, KaK IUIOTHOCTh, DHEPIUs CBA3M, 3apsIOBbiE
panMycel. DTH CBOHCTBa silep XOpOIO M3BeCcTHBI (CM., HanpuMep, [38]). Umes B
BHAY YNOMSHYThI€ CBOHCTBA, PACCMOTPHM MO OTHENbHOCTH OGIACTH JIEIKMX U
TAXeNbIX spep. JlaHHbie mo A-3aBUCHMOCTH CcedYeHM#l B MHTepBale par-
MEHTHUPYIOILMX SOep OT AeHTepHs N0 yriepoia NOKa3aHbl Ha puc.6 B yBelUYeH-
HoM Macmrtabe [39]. CruomrHas JIMHMA Ha PHUCYHKE OTOOpaxaeT NOBEIEHHE
IUIOTHOCTH SIAEp, BBIYMCIIEHHON 1o opmyne

A
T 4/30(5/3 (P )

p(4) (10)

3HaYEHMs CPEIHEKBAAPATHYHBIX PAIHYCOB Sep (rz) 6panuce n3 pabors [40].
IIpencrasnsieTcs BNONHE OYEBHIHBIM, YTO MOBefeHUe CedeHHi (puc.6) Kop-
penupyeT ¢ noBedeHHEM SIEPHOM MIOTHOCTH. KoNMuuecTBeHHYI0 OlleHKY MOX-
HO TIOJYYWTb, CPABHHBAas OTHOIUEHMS IUIOTHOCTEH C OTHOLIEHUSIMM CEYEHUil.
Tak, yBenuuenuio mIOTHOCTH B 4,2 pa3a HpH Mepexope OT AeHTEpHs K TeNHIo
COOTBETCTBYIOT OTHOIIEHHS cevenuit 5,38+ 0,22; 3,90+ 0,13, cooTBeTCTBEHHO,

JUIS TIPOTOHOB, T'- H T -Me30HOB. B To Xe BpeMs YMEHBIHEHHIO [UIOTHOCTH B
2,5 pasa npu Hepexofie OT IefiHs K JIMTHI0 OTBEYAET PABEHCTBO CEYEHHi wis
Bcex vacrul. Ilepexom or nurus K ymepoAy BHOBb HEMOHCTPHPYET KOppe-
JALMIO: OTHOMIEHHIO TUIOTHOCTEH YIJIEpOAa W JINTHS, PAaBHOMY 2,25, OTBEYaloT

OoTHoweHus ceyennid 2,22+0,06 (p), 3,26£0,09 (d), 1,43%0,04 (1t+),

1,42£0,17 (n7). Kak BHOHO W3 NPHBEJECHHDBIX YHCIOBHIX JAHHBIX, KOPPESLUs
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10¢ Puc.7. A-3aBHCHMOCTb CeYEHHH KyMyns-

Lo —p THBHBIX 4acTHLl B TIpouecce p+A —

L& —d, —Sc+... (0=180°
o -

CEYEHHU C TJIOTHOCTBIO JEHCTBH-
TelbHO HMeeT Mecto. Ha puc.7
NOKa3aHbl JaHHbIE [ NEePBHYHBIX
npoToHoB ¢ uMnynscom 8,9 I'sB/c u
yrna amuccuu 180°, B3steie u3 pabor
(14,15]. TloeemeHue cedyeHHi 31€CH
Takoe Xe, KaKk M Ha puc.6, u naxe

4 4 .
obnacts spep He— "Li npossnsercs
nopoOHeiM  00pa3oM, 3a HCKIIOYe-
HHEM, BO3MOXHO, AEHTPOHHBIX HaH-

Hbix. Takum obpa3oM, paccMoTpenHas OONacTh JIEKHX si€p YKa3blBaeT Ha
KOPPENALHIO CEYEHHH KyMYISTHUBHBIX 4acTHL ¢ ALEPHOMN IJIOTHOCTHIO, KOTOPast
MaKCHMalbHO HM3MEHSAETCA Ha 3THX sapax. DTa KOppessuHs NposBIseTcs Ha
ny4yKax fpoOTOHOB M SEpP, HE 3aBUCHT OT YIJla 3MHCCHH U COPTa YACTHL M, 1O
BCEN BHAMMOCTH, HOCHUT OBOSBHO OOLIMIi XapakTep.

OcHoBbiBasCh Ha ganHbiX [41], rae npeacrasneHsl 3Ha4Y€HHUS WHBAPHAHTHBIX
nudgepeHLHaNbHbIX CEYEHMH WIS UCCEdOBaHHbIX B HACTOsLIEH paboTe yacTuu,
 [42], npeactaBuM psA COOTHOLICHHI, KOTOPBIE CBOHCTBEHHBI H3y4aeMbIM MPO-
ueccaM. OmHONH M3 HHTEPECHBIX XapaKTEPHCTHK B KYMYJISTHBHOM POXIEHHH

Tabmuna 1. OTHOImIEHHN cedeHHH T* /RN~ HA Pa3HBIX MYYKaAX

A, p+A, D+A, “He +4,
6L 1,21 £0,03 1,12+ 0,06 1,05 +£0,07
Pb 0,96 + 0,03 0,99 +0,04 1,05+ 0,03

Tabmmna 2. OTHomenus cedenmil p /n* Ha pasHBIX My4Kax

A, p+A, D+A, ‘He + 4, C+A,
6Li 253407 264108 27,6+1,2 26,01£0,9
Pb 1133 117£5 1105 82+4
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PHc.8. A-3aBHCHMOCTb CEUEHHH eHTPOHOB, MIPOTOHOB M TIHOHOB Ha MYYKe NMPOTOHOB

yacTHL SBNSETCS OTHOLIEHWE CedeHHit 7' /M. B Tabn.l comepxarcs Takue
OTHOLIEHHS HAa pavIMYHBIX My4Kax AJIs JIErKOro (6Li) u taxenoro (Pb) anep.

U3 nanupix Tabn.l BMAHO, YTO 3TH OTHOLIEHHS TIPAKTHYECKH paBHBI
eMHHLE B U3OTOINYECKH COMPAXKEHHBIX MPOUECCAX, YTO €CTECTBEHHO, U PABHBI
eAMHHULE /18 AApa CBHHLA, uMelouero 5osbmoil H3GpTOX HEHTPOHOB. 3aMETHM,
YTO OTHOLIEHHE CeYeHHHl T /W' B SNEMEHTapHEIX mpoueccax p+p— T M

p+p— n* cocraenser ~ 0,25. To xe oTHOmIeHHe B npouecce p + D — T pasHO
~ 1. BTOT BONpPOC CHiEUHATBHO U3ydancs B pabore [43]. B ciydae snepHbIX nmy4-
KOB MpENCTaBIseT HHTEpEC MpPOCNEAUTh OTHOIUCHMS CEYEHHH IPOTOHOB H
MONOXHTEIBHBIX MHOHOB. 1A cpaBHeHHs CHOBa BHIOpaHBI sipa JIMTHS U CBUHIIA,
pe3yNbTaThl NpeacTasieHs B Tabn.2. TTo xaHHBIM Tab/1.2 MOXHO 3aKJII0UHTh, YTO
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Puc.9. A-3aBUCHMOCTE CeueHHii NeHTPOHOB, TIPOTOHOB U HHOHOB Ha My4yKe JEHTPOHOB

OTHOILIEHHUS CEYEHHI p/7C+ NOCTOAHHBI JJIsI BCEX ITy4KOB, pasjiHyalTcsa I10
BCJINYUHE HPHGHHSHTCJILHO B HCTBIPE pa3a Ha CBUHLE U JIMTHH, a HA ny4Kke yrie-
poAa 3TO OTHOWCHHE 3aMETHO MajaeT. YMEHbHICHHe OTHOIUEHUSI CEYEHHH

p/m" B npouecce C + Pb MoxeT 6ITh CRSI3aHO C TIO[ABJICHUEM BBIXOJA IPOTOHOB
BC/IC[ICTBHE 9KPAaHHPOBKM HAIETAIOIUM SAPOM yriepofa. Bo3sMoxHocTs nposs-
neHust 3¢dexTa SKPaHHPOBAHHUS B SAPO-SAEPHBIX B3aMMOLEHCTBUSX OTMeuanach
B [44].

OG6patuMcst K 06acTH CPeHUX H TSXENbIX saep. B sroii obnactu spep
IVIOTHOCTh MPHOJIM3UTENIBEHO IMOCTOSHHA, OHAKO M3MEHSETCS 3apsaoBas IUIOT-
HOCTb. Briepsbie Koppensuus ceueHuil ¢ 3apsgoBoil IWIOTHOCTBIO A0ep UCCNeno-
BajlaCk Hamu B [37], X0OTa 9KCnIepHUMEHTaIbHBIE YKa3aHHUS HA TaKylo BO3MOXHOCTb



KYMYIBITUBHOE POXJIEHHE YACTHLL 29

8 14
'He+A-’d+X,/*‘ rHe + A » p + X
o 7r 7 o 13+ 4
o | < o L e
\ // \ s
b 6 < b 12+ e
ot A T} 4 .
—~ P —~~ P -,
< 5} e < 11F -7 v 7
~ |1 N L7 &
Ll ” () él
~ 4](“ \-’10—}‘
3t o — *zn 9r = *Zn
%0 90 130 ;170L21o 8 50 130 170 210
0,15 0,20
o :#He++A—>1r“+X I : He + A » = + X
_O =~ - \\\ L
} Foy 4( \\\\ }0’15 _J\\
g, % ~4 o - TS
~~ N L
<oof < [ 'SR R
Ll I W L
~ \/0)10 -
o — **Zn [ o — *Zn
9955590 '130A 170 210 0055550 130, 170 210

Puc.10. A-3aBHCHMOCTD CEYeHHit IEHTPOHOB, IPOTOHOB M NHOHOB Ha MYYKe SAEp rejus

UMENNCh 3HAYMTEJIbHO paHbiie [29,30], HO HemocTaTOYHas CTaTUCTHYECKas
00€cTIe4EeHHOCTh JaHHBIX HE MO3BOJIUIA CAENIaTh KOHKPETHBIE BHIBOMBL.
PaccmotpuM panmble [37,39]. ‘Onu npencrasienst Ha puc.8 (nepBHuHbIE
NPOTOHBI), pUC.9 (MepBuuHbie AeiiTpoHsl), puc.10 (myuok spmep renust). B Bbi-
OpaHHOM Ha pHCyHKaX MaciuraGe XOpoWO BHAHO HEPErylIsipHOE MOBEICHHE Ce-
YCHHH JUIA BCEX YaCTHLl M MEPBUYHBIX y4KoB. Takas HeperyJsipHOCTh MNPOSBIS-
€TCS Ha M30TOMMYECKH OCOraleHHBIX SOApaX HUKENs, LHHKA H 0yoBa. DTOT 3¢)-
ekt GbuT OTMedeH HaMu panee [29] M MOTYuKT Ha3BaHHE M30TONMYECKOrO. Ero
NIPOSIBTIEHHE CKa3aJI0Ch B TOM, YTO CEYeHHEe KyMYJISTHBHOIO POXAEHUS IIPOTOHOB
He 3aBUCHT OT HEUTPOHHOro M30BITKA B sapax. 3areM B paGote [45] Ha myykax
nporonos 7,5 I'sB/c M oTpuuarensubix MuUOHOB ¢ uMiymscoM 5 IsB/c m3o-
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Tabnuma 3. OrHowreHust ceuyenmii (He HOPMHPOBAHHBIX Ha A)
B pa3HBIX IHponeccax

TMpouecc 64Ni /58Ni 124gn /114gn 64Zn /54Ni

p 1,00 £ 0,03 0,97 +0,03 1,06 +0,03

p+A T 0,98 +0,03 0,98 +0,03 1,04 +0,03
- 1,22 40,03 1,17£0,03 0,90 £ 0,03

p 0,99 + 0,04 1,00 +0,03 1,12 £0,04

D+A— 1,00 +0,03 0,99 +0,03 1,07 £0,02
- 1,24 +0,06 1,12+0,05 0,88 +0,03

p 1,04 +0,03 0,99 +0,03 1,10 +0,03

YHe + A - 1+ 1,10 £0,05 1,01 £0,05 1,09 +0,05
v 1,40 0,12 1,14 £ 0,06 0,95 +0,09

TONHYECKHi athdexT ObU1 NOATBEPXAEH U OGHAPYXEH H30TOHHYECKHIA acpexr,
O3HAYAIOUWHH HE3aBUCHMOCTb CEYEHHS POXIEHHA HEHTPOHOB OT H3GHITKA NMPOTO-
HoB. [lanee, B Haweii paGote [46] Gbuta ycTaHORNEHA HE3ABMCHMOCTD CEYEHHMI OT

. +
HEHTPOHHOTO u36biTKa M T - u K *-me3omnos. Hacrosiune nauusie (cM. pu-

CYHKH WIS T', T, p) NO3BOJAIOT CAENATh 3AKTIOYEHME, YTO CEYEHHS MOJIO-
KHTEJ/IbHO 3apAXKEHHBIX YACTHLl YYBCTBHTE/IbHB K CONEPXKAHHIO MPOTOHOB (hpar-
MEHTHPYIOWLETO AAPa, OTPHLIATENBHO 3aPSAXEHHBIX — K COAEPXaHHUI0 HEWTPOHOB.
KonuyecTsennas xapakTepucTiika NOBeAEHHs CEYEHMIi HA M30TONHYECKH 060ra-
WEHHbIX MULICHSX NpeAcTasieHa B Tabnl.3, rie copepXarcs OTHOIEHHS CEYCHHIl
W1 UCCENOBAHHBIX YAaCTHI M ITy4KOB.

U3 nannbix Ta61.3 HeNoCpeacTBEHHO BHAHO, YTO

— OTHOUICHHS CEYEHHH Ha AAPax ¢ (PUKCHPOBAHHBIMH 3apANAMH M PaVIHy-

HEIM COLEPXaHHEM HEHUTPOHOB (64Ni / 58Ni, 1246 / 114Sn) paBHb! eMHHLE IS

HOJIOXMTENIBHO 3apsSKEHHBIX YaCTHIl B NPENEax 3KCIEPHMEHTATBHBIX OWHGOK;
— OTHOLICHHS CEYEHHH Ha TeX Xe spax IS OTPULATENBHO 3apsXKEHHBIX

HaCTHL MPEBBIIAIT eAMHHULY H OTC/IEXHBAIT HEHTPOHHBIN H3GHITOK sep;

— OTHOLUCHHA CeYeHWH Ha AIpax C PauIMYHBIMM 3apsaaMH (64Zn / 6“’Ni)
NPEBBIAIOT €OHHULY Ul TNOJOXHTENPHO 3apAXEHHBIX YACTHLl H HAXOHOATCH B
npefienax eMHULB HIH MEHEE IUIS OTPHUATENbHbIX;

— MacwTal HM3MEHEHMs BEMYMH CeYCHMHl HaxXOQMTCS B npenenax
OTHOCHTEJIBHOTO COAEPXKaHHUs MPOTOHOB M HEHTPOHOB B sipax. DTO HOBHIH M
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Tabauna 4. 3naveHus MOKA3aTeis CYeNeHHM 1 B Pa3HBIX Npoueccax

Tlpouecc d P n* n
pPt+A 1,45 +£0,02 1,16 £0,01 0,80 £0,01 0,84 £0,02
D+A 1,56 £0,02 1,23 £0,02 0,84 £ 0,02 0,85+0,11

‘He+A 1,64 +0,02 1,29 0,02 0,95 £ 0,05 0,99 +£0,07
C+A 1,61 0,02 1,30 £ 0,02 1,00 £ 0,06

HEOObIUHBIA pe3ynbTar Wis agpOH-AJEPHBIX W AAPO-SAEPHBIX B3aHMOACHCTBHI
BoOG1IE M JUTS KYMYISTHBHBIX NPOLECCOB B YACTHOCTH, TeM Gonee, 4To s sapa
cBHHLA (OTHOLIEHHE YMC/IA HEHTPOHOB K uMciy npotoHoB N /Z=1,5) ceuenus

+ —-—
T UN ﬂpH6HH3HTCJ‘IbHO PaBHbI. IMocnenunee 06CTOATENBCTBO NABHO M XOpoio
H3BECTHO.

HanoMuuM, ans ynoOGCTBa CpaBHEHMS, YTO OTHOCHTEJIbHBIE COHEPXKaHHs
HEHTPOHOB Ha W30TOMAax HHUKEN M ONOBa PaBHbI, COOTBETCTBEHHO, 1,2 u 1,16.

OtHolEHHE 3apAloB AAep 47n u **Ni pasro 1,07.

UMelolrecs aKcnepUMeHTaIbHbIE JaHHbIE HA MydKax [POTOHOB W saep na-
10T BO3MOXHOCTb HMCCNEHOBaTh A-3aBUCMMOCTE CEYEHHH OT MACCOBOrO 4Mcna
MepBHYHBIX TY4KOB HerocpeacTBeHHo. C 3Toit uesibio ObUIH OnpefesieHs! noKa-
JaTE/IH CTETIEHH N B A-3aBUCHMOCTH C€YeHHH NMHOHOB, NPOTOHOB M ACHTPOHOB Ha
KaxaoM u3 nyukos. [lokaszaTenb cTeneHd n ONpeUENUICS U3 BbIPAXCHHS

do do
2;"‘1’"535("2)]

In(4,/A,)

ln[E

n=

B xauectBe suep Al H A2 6panuce, coorsercreeHHo, Pb u Al. Hucnenvie

3HAUEHUA NMOKA3aTe/Iq CTCNCHH n NPUBECICHH B Tabn.4.

Ha puc.11 usobpaxeHa 3aBHCHMOCTb N1OKa3aTess CTENEHH n OT COpTa IyuKa.
Iannsie Tabn.4 u puc.ll nokasmiBaloT nogo6ue A-3aBHCHUMOCTH CEYEHHH Ha
PaVIHYHBIX MYYKaX JUIS MHOHOB, [IPOTOHOB M AEHTPOHOB. Bhixo Ha pexuM, rae
BEJIMYMHBI 71 IPHHAMAIOT NPAKTHYECKH MOCTOSHHBIE 3HAYEHHUS (CBOM VIS KaXI0i
¥3 4acTHML), HAYMHAETCA C My4Ka siiep renus.
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Puc.11. 3Hauenns mokasatens cTeneHu n Ha pasHBIX ny4-
Kax

IIPOTOH-ANEPHBIE B3AMMOIENCTBHUA
HA IIYYKE 8,9 I'sB/c

A-3aBHCHMOCTD. Pe3yibTaTbl, NMONyyeHHble B HCCIENOBAHMAX Ha MyyKax
IpOTOHOB M A1€p C MCNO/L30BAHHEM H30TONMYECKH OGOralleHHBIX MHUIIEHE],
CTHMYJIHPOBATIH MHTEPeC K Goslee NETATBHOMY M3ydeHHIO BTOH 06macTH anep. C
9TOH UeNnbl0 ObUIM NPOBEACHBI M3MEPEHMS A-3aBUCHMOCTH CeueHHil KyMy-

JIATHBHOTO POXIEHUS ni, K i, p v d (umnynsc 0,5 T'eaB/c, O = 120°) na myuke

“ - _+
TNPOTOHOB C UMIYNLCOM 8,9 I'9B/c U 9HEpreTHyecKoil 3aBUCHMMOCTH cevenmil 1T,
p v d B unTepBate uMmnyascos 0,3+ 0,7 TsB/c. DparMEHTHPYIOLUIMMH  SApaMH

SIBIISITTUCH 58Ni, 64Ni, 64Zn, 114Sn, 12'4Sn, Pb. Ha puc.12—14 noxasansl gaHHbIe
Mo A-33BHCHMMOCTH CEYeHMii WIS BCEX YacTHU STOF0 LUK/ usMepenuil. Ha
puc.15 npencrasnens: ganusie paborsi [15] ais yrna smuccun 180°. Kpusas Ha
puc.15 orobpaxaer noseneHue 3apsNOBOIi IIOTHOCTH HA 3THX sapax. OcobeHHo
3aMETCH CKaYOK MIOTHOCTH MEXIY S/IPaMU HUKEJIS M LMHKa, KOTOPHIH NpOSIBIS-
€Tcs MOCTOAHHO Ha 9TO# rpynne sgep. O6uias KapTHHA B MOBEAEHHH CeveHHil,
Kak MOXHO BHIETh W3 PHCYHKOB, aHAIOrHYHA PACCMOTPEHHOI B TpEIbIyLIEM
pasieiie M MOATBEPXKAACT HAIM NMPEXHHE Pe3yabTaThl [46] 0 He3aBHCHMOCTH ce-
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Puc.12. A-3aBUcHMOCTD ceYeHHi neiiT- Puc.13.  A-saBucuMoOCTE  ceueHHit
POHOB U NPOTOHOB MTHOHOB

YEHUI TMOJIOXHUTENBHO 3apAXCHHBIX YacTHL OT H36BITOYHOTO ConCpXaHusa HEeHT-
POHOB. K COXICHHUIO, HENOCTATOYHAsA CTATHCTHYECKas 00ece4eHHOCTD JaHHBIX

no K -Me30HaM He NMO3BOJSET CHENaTh ONpPENC/ICHHBIX BbIBOXOB.

Kosnuuecrennas unacopmanus B Buae OTHOMIEHHI ceueHuil (CeueHus 31ech
HE HOPMHPOBaHbI Ha A) VIS PasTMYHBIX (PPAIMEHTHPYIOLIMX SAEp M YAaCTHLL CO-
aepxurcst B Tabi.5. .

3neck, KaK M Ha MyJKe NPOTOHOB BIBOE MEHBIIENO MMITYIbCA, IIPOCIEXHBA-
I0TCA T€ X€ 3aKOHOMEPHOCTH. T100XUTENFHO 3apsiKeHHble YaCTHIBI OTCIIEXHBA-
10T COAEpXaHUe NPOTOHOB, OTPHLATENBHO 3aPSKEHHbIE — CONEpXaHue HeHTpo-
HOB. OTHOLUEHMs CeyeHMH [UId AEHTPOHOB 3aHUMAIT MPOMEXYTOYHOE I0JIO-
XeHue.

DHeprernyecKas 3aBHCHMOCTb. HCCleNoBaHuS KyMYNSTHBHOIO POXIAEHMS
HacCTHU Ha ApaxX C PAIHYHBIM COAEPXKAHMEM HEHTPOHOB HPH (PUKCHPOBAHHOM
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Puc.14. A-3aBUCHMOCTh C€4EHHH KaOHOB

3apsifie sapa (pa3fiesieHHble HW30TO-
Tbl) MMEIT JOBOJIBHO XABHIOK MCTO-
pUI0 W TpeciefoBald LENlb YCTa-
HOBHUTb CTElleHb BO3MOXHOIO BKJ1ala
Haubonee 3K3OTHYECKHMX ANEPHBIX
CHCTEM B KyMYJISTHBHBIE IPOLECCHI,
MOCKO/ILKY MCXOJHas TUIoTe3a Ky-
mynatusHoro s¢dekra [1] npearo-
jlarana HeCyIEeCTBEHHOCTb BJIMAHUA
agepHbiX GopMdaKkTOpOB B XKECTKOH
yacth cnektpos. [lepsble pe3ynbTa-
Thl H3MepeHuit [47] mnoxrsepaHiiK
ucxonHoe npegnonioxernde [1] Ha
yposie =~ 10-15%, nocienywolue,
LUMTHPOBAHHbBIE Bbillie, BbIABHIM 60O-
jiee TOHKHEe 0COOEHHOCTH.

B nacrosuieii paGore Bnepsbie
1IpOBEIEHO  JeTAIbHOE  H3yueHHE
uioronuyeckoro 3ddexkra B UM-
nynscHoM untepsaie 0,3 + 0,7 IN'aB/c.
OcHoBHble Pe3ybTaThl HIIO0XEHb B
paborax [37,48]. 3necs bl Gymem
nosib30BarTbcs TaOAMYHBIMH JaHHBI-
MH M pe3ylbTaTaMH MX amnmnpoKcH-
Mmauuu u3 [41], xoTopeie copepxar-
Csi B MPHUIOXEHHH.

DuHepreTHyeckas  3aBHCHMOCTDb
CeYEHHH KYMYNSATHBHOTO POXAEHHS
yacTHl noa gaHHbiM (O = 120°) wnu
ONU3KUMH  yIJTIaMH 3MHCCHH H3yda-
nach B Hamux [14,15] u gpyrux pa-
6orax. [16—22,45,49] na pa3HbIX
Apax M MpH pavIHYHbIX Ha4albHBIX
aHeprusx. s OZMHAKOBBIX KHHe-
MaTHYECKMX YCJIOBHH Hallli JaHHbIE

Puc.15. A-3aBUCHMOCTb CEYEHHH MPOTO-
HoB, p=0,5 I'B/c, ¥ = 180°
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Tabnauua 5. OrHOmEHHR éeqeﬂuﬁ (ste HOpPMHPOBAHHBIX Ha A)
HA W30TONMYecKMX sapax (p=90,5 IaBle, 8 =120°, P;=89 I9B/c)

Tpouecc &4Ni /38Ni 6470 / 84Ni 124gn /1148n
p+A—d 1,03 +0,03 0,98 +0,03 0,98 +0,03
p+A—p 1,05 £0,03 1,15+0,03 0,96 £0,03

p+A- T 0,99 +0,03 1,16 £0,04 0,99 +0,03
pHA—T 1,20 40,04 1,09 0,04 1,13£0,03
p+A—K* 1,07 £0,06 1,11 0,05 1,01 0,05

COIJIACYIOTCSt C pe3yjpTaTaMy Apy-
rux paboT B Npefesax sKCnepuMeH-
TanbHbix OIHOOK ¥ abCOMOTHBIX
HOPMHUPOBOK cevenuil. Kak ortme-
YaI0Ch  Bblle, 3IHEPrETHYECKHE
CTEKTPbl ClIEAYIOT SKCIOHEHLHAb-
HOM 3aBUCHMOCTH B PamIHYHBIX
NPEHCTABIEHHAX C COOTBETCTBYIO-
MMM NlapaMeTpaMH  HaKJIOHOB.
ITockoibKy CHOEKTPbl Ha Pa3HbIX
sgpax nogoOHbl, MPUBEAEM B HILTIO-
CTPATHBHBIX LIETSIX SHEPreTHYECKHE
CMEKTpbl TNPOTOHOB M NHOHOB Ha
agpe Pb, u3ydaswemcs Bmecte C
M30TONMHYECKHMH  sapaMH.  IJTH
cnexkTpbl W3o0paxeHsl Ha pHC.16.
JlaHHble 110 SHEPreTHHECKOW 3aBH-
CHMOCTH (PUTHPOBATIHCH IKCIOHEH-
uMansHbIMH BoipaxeHusamu (1)—(3),
npusesenHbiME Boiie. Ilapamerps
uTHPOBAHUA ANA  KOHKPETHBIX
sgep NpPUBEIEHBl B COOTBETCTBYIO-
wHux Tabnupax npwioxenus. B us-
MEPEHHOM HHTEPBAIE MMIYIbCOB

U4 NMPOTOHOB H T -ME30HOB HAaH-
Hbie JIy4Yylll€ OMNKCHIBAIOTCH HIBYMS

Puc.16. DuHepreTHyecKkas 3aBHCHMOCTB
CeyeHHii MHOHOB H MPOTOHOB
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Tabnnua 6. CpenHer3selieHHble 3Ha4eHHMs I1apaMeTPOB HAKJIOHA

YacTuibl Hurepsan, TO, Xo (e
T'sB/c M>sB
0,3+05 334104 0,097 £0,0012 0,081 + 0,001
=6 x*=9 x*=6
P
05+07 448 +0,3 0,114 £0,004 0,092 + 0,001
=13 =1 =1
03+0,5 © 789113 0,161 + 0,003 0,129 + 0,002
2=9 2=19 x2=17
-
0,5+0,7 72,5+04 0,153 £ 0,001 0,117 + 0,001
r=1 =1 =1
0,3+0,7 72,6 £0,2 0,150 + 0,005 0,118 +0,001
TE+
2= =1 =1
0,5+0,7 29,3+0,3 0,102 + 0,001 0,082 + 0,001
d
=2 X’ =2 x*=3

9KCIOHEHTAMH, TI09TOMY H3MEPEHHbIH HHTEPBal UMMNY/IBCOB pa3OuBaiCsS HA IBE
4acTd C YCJIOBHBIMH Hassanusmu Msarkoi (0,3+0,5 TaB/c) u xecrkoit
(0,5 +0,7 I'sB/c). O6061wennbie pesyibrarel puTa CBEAEHH B TaOI.6.

H3 padHeix Tab651.6 BMAHO, 4TO HMEIOTCH SBHBIC PA3IMYMi B NapaMeTpax Ha-

KJIOHa B MATKOH M XXecTKoil yacrax criekrpos. KpoMe Toro, Benmuunb x2, xa-
PaKTEpU3yIOIUE T1apaMeTPhl HAKIIOHOB B MSTKOH YacTH CHEKTPOB, JOBOIBHO
Gosbie. D10 MOXeT ObITh CBA3aHO C MAJIOH BEJHYHMHONH OMHUOOK M TOrIa 9KC-
NOHEHUMaTbHAs 3aBHCUMOCTb C TaKO# TOYHOCTBIO He UMeeT Mecra. [pyroit npu-
YHUHOM MOXET SBNIAThCH TOT (PaKT, YTO MapaMeTphl HAKJIOHOB Ha KOHKPETHBIX

sipax HECKOJbKO paiiuyHbl. B ciayyae mpoToHOB, Hanpumep, Ha sape 1248
MMEETCS yBEJIMUEHHE IIapaMeTpPa HaKJIOHA =~ 4% IO CPaBHEHHIO C APYIMMH

agpaMy. AHIOTHYHO VIS T -ME30HOB [1apaMeTp HAKJIOHA YBenudyeH Ha ~ 10%
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Ha sgpax Pb u 1243 (cM. npwioxenue). Nanusle Tabn.6 Ans JeHTPOHOB UMEIOT-
Csl JIMIIb B OJIHOM HMHTEPBale WMITYJIbCOB, MOCKOJBKY Hauya/lbHBIA MMHOYJILC MX
peructpanuu cocrasnstn 0,5 T'sB/c.

CpaBHenne JaHHBIX Ha My4kax nporoHos 4,5 n 8,9 I'aB/c. Ilpencrasnser
UHTEpPeC CPaBHUTh HEKOTOPBIE XapaKTEPHUCTHKH KYMYISTHBHOTO POXJCHHS Ha
OIHMX M TEX Xe SApax, KOTOpble HCHOIb30BAUIUCH B U3MEPEHHAX HA MEPBHYHBIX
MyyKax MPOTOHOB, BABOE PA3IMYAIINUXCS 110 UMILYIbCY. BO-NepBriX, 9TO OTHO-

LIEHHUS CeYeHHH TU'- M T -Me30HOB, MpeJCTaBIeHHble B Tabm.7.

Kax rmokassIBaloT JaHHBIE Ta6)1.7, 9TH OTHOLIEHHS NPAKTHYECKH COBMANAIOT
B Npefenax IKCHEPUMEHTATBHBIX OMHKOOK Ha 060oMX NyukKax U IEMOHCTPUPYIOT
elle OAMH BHJ NETAIBHOIO MOAO0Hs B KyMY/JISTHBHOM POXJAEHHM NHOHOB. Bropas
MHTepecHass BO3MOXHOCTb — HENOCPENCTBEHHO CPAaBHUTh CeveHMs Ha 00Ooux
MyJKax Ui BCeX (JOCTaTOYHO CTATHCTHYECKU 00ECNEUEHHbIX) YacTUIl Ha TeX Xe
snpax. Takue ganHsie cogepxarcs B Tabm.8.

Ta6nuua 7. OTHoweHus cedeHmit TV /7~ Me30HOB Ha PAaIIMYHBIX ITy4Kax

A Py=4,5 sBlc Py=8,9 I'eBlc
8N 1,21 0,03 1,21 +£0,04
64Ni 0,97 £0,03 1,01 £0,04
6471 1,13+0,04 1,27 +0,08

1145y 1,06 0,03 : 1,05+0,03

124g, 0,89 +0,03 0,91 +0,03
Pb | 0,97 +0,03 0,95 £ 0,04

Tabmuua 8. OTHOEHHA ceyeHMil Ha pa3HbIX NydkKax mnporoHoB (8,9/4,5)

A d D Tt o
58Ni 1,14 40,03 0,86 £ 0,03 1,31+0,03 1,30 £ 0,03
4N 1,15 +0,03 0,90 £ 0,03 1,32+0,03 1,27 £0,04
647n 1,13+0,03 0,98 £ 0,03 1,47 + 0,05 1,30 £ 0,06

1145 1,45%0,03 1,07 £ 0,03 1,42 +£0,05 1,43 +0,04
1245, 1,31+0,03 1,06 £ 0,03 1,42 + 0,05 1,30 £0,04
Pb 1,41£0,03 1,12 £ 0,03 1,54 £ 0,04 1,58 £0,05
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W3 Tabnuubl MOXHO BHAETH, YTO CEUYEHHS MpoToHOB Ha myuke 8,9 I'sB/c
Haubonee GIM3KH K CEYEHHSIM Ha BHBOE MEHbIIEM HMIIyJIbCE, CeYeHHs MHOHOB
BO3pACTalOT, CEYECHUs NEHTPOHOB BelyT cebs MONOBUHYATEIM 06pa3oM, IEMOH-
CTPHpys 3aMETHBIH POCT, HauWHad C sApa O0JIOBA. 3eCh MOTYT CKa3bIBATbCs
HHIHBHAY&IbHBIE OCO6eHHOCTH suep. OnHako HabmogaeTcs cBoeoOpa3sHas A-3a-
BUCHMOCTb OTHOLUEHHS CEYEHMH I BCEX YaCTHU: OTHOLICHHS CeYeHMii BO3pa-
CTalT NpubAn3NTENbHO Ha 20% OT sApa HUKENS K 5Py CBHHLA.

OBCYXIEHHUE 3KCNEPHMEHTAJIBHBIX PE3YJIbTATOB

Ilpexsapurensueie urorn. Kak cnenyer us PE3y/IbTAaTOB NPEABIAYIUHX pa3-
AENOB, A-3aBUCHMOCTH CEYEHHIl HA MyYyKax NPOTOHOB H SOAep OKa3aauch Mopob-
HbIMH JUTst BCex HaGronaeMbiX B JaHHO#H paboTe uactuu. Bonee Toro, 310 nogo6ue
TNPOABHJIOCH B TOHKMX AETAISX MOBEJACHHs cedyeHuii. B obGnactu nerxux snep
06HapyXHBaeTCs KOPPENALMA CEYEHHH C MIOTHOCTBIO sAep, KOTopas OIHMHAKO-
BbIM 00pa3oM BHINIAAMT KaK B pA-B3aHMOZEHCTBHIX (MMnNynBC MEpBUYHBIX HPO-
ToHoB 8,9 IeB/c, yron amuccuu 180°), tak u B DA-B3auMOneiCTBHIX (umnynbc
Ha HykJoH 4,5 T'sB/c, yron smuccuu 120°).

B obnactu cpenHux M TAXensix suep AeTalbHOE MOZOGHeE nposiBasieTcs B
MOBEACHHH CEYEHHI Ha pa3fe/eHHBIX H30TONAX HUKENS, HHHKA M 0i0oBa. Macli-
Tab M3MEHEHHS CeYEeHHil CPABHHM C OTHOCHTENbHBIM colepXaHHeM MPOTOHOB U
HEHTPOHOB B 3THX sApaXx, MPHYEM Hab/IONAETCH KOPPENALHS B CEUEHHSX pox-
ACHHUS TMOJOXHTENBHO 3aPAKEHHBIX YaCTHU C CONEpPXaHHEM MPOTOHOB HE3aBH-
CMMO OT HEHTPOHHOIO H30bITKA, a OTPHLATENBHO 3apSKEHHBIX (IHOHBI) — C
conepxaHueM HEHTpOHOB. OTmeuyeHHbie CBOHCTBa (M30TonMueckuii scpdexT)
MMEIOT MECTO H Ha MyuYKax NPOTOHOB, M Ha AEPHbIX Myykax. MiMeHeHue M-
NynbCa MEPBHYHBIX MPOTOHOB B [IBa pa3a He CKa3biBaeTcs Ha Macwitabe HiMme-
HEHMS BEJIMYHH OTHOLUCHHH CEYEeHHH BTOPHYHBIX YaCTHL, T.€. M30TONHYECKHI
3(exT B MOBENEHHH CEYEHHI COXPAHAETCH.

OTHOWeHHS CeueHuii T' /M Ha JErKOM M TAXENOM APax OIMHAKOBBIM
06pa3oM BHIIIAAAT HA MydKaX MPOTOHOB M SEp.

OTHouenns Cevenuil p/T Ha Tex Xe sapax W Ny4Kax HEMOHCTPHPYIOT
No0GHOE MOBENCHHE, OTIAYASCH JIMIUL BEJHYMHON OTHOILEHUS Ha JIEFKOM M
TSXKEIOM siIpax (6Li u Pb coorBercTBEHHO).

BHCPI‘CTH‘ICCKOC MOBEACHHE CEYEeHHH Ha Pa3NENICHHBIX H30TONax HHUKENd,
LU¥MHKa H OJIOBa CJICAYET IKCIIOHEHUHAIbHOM 3aBHCHMOCTH BO BCEX TNpeacras-
JIEHHSAX W, KPOME MOJIOXHTEIbHBIX MUOHOB, XapaKTepHU3YETCs NBYMSI DKCITOHEH-
TaMH, KOTOPBIE BBIACJIAIOT MATKYI0 H XECTKYK 4YacTH CIIEKTPOB. OnpHako no KpHu-

" TepHIO x2 9KCIIOHEHLHATIbHOC MpEeACTaBICHHE CHIEKTPOB B MSATKOH YacTH Ha Ta-
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KOM YPOBHE DKCHEPHMEHTATBHBIX OUOOK He ABIAETCA YAOBJIETBOPHTEILHBIM, B
0cOOEHHOCTH Uisl IPOTOHOB.

3HaueHUsd NoKa3aTesis CTENEHH A-3aBUCHMOCTH CEYEHHH ISl MUOHOB, MpO-
TOHOB W ACHTPOHOB UMEWT NOROOHOE TNOBEACHHE IIPU U3MEHEHHH MacCOBOro
YHCNIA CHapsaAa U BRIXOOAT Ha KOHCTAHTY (CBOK JUIS KaXAOH M3 YACTHL), HAYM-
Has C Myyka siep rejiud, T.e. MMeeTcs 3aBUCHMOCTb MOKa3aTelsl CTENeHH n OT
Macchl CHapsia INpH Nepexoie OT My4Ka NPOTOHOB K NYYKY JEHTPOHOB (Ha-
MIOMHHM, YTO NYYKH MPOTOHOB M SjI€P B JAaHHOM LIMKJIE 3KCMEPUMEHTOB MMEJIH
umnyinsc 4,5 I'sB/c Ha HYKITOH).

HenocpencTBeHHoe cpaBHeHHE ceueHHMid Ha Tiyukax nporoxHos 8,9 I'sB/c u
4,5 I'sB/c (B 0boux cnydasix umnynsc BTopHuHbiX yactuil 0,5 I'B/c) mna opnna-
KOBBIX SJ€p M BTOPHYHBIX YACTHL TMOKa3biBaeT cBoeobpasHylo A-3aBHCUMOCTD
OTHOLUEHMH CeYeHMit: OHH BO3pacTaloT Npuban3uTenbHo Ha 20% OT sapa HUKeNs
K aApy cBUHUA. AGCONIOTHbIE BEJIMYMHBI CEYEHWH Il NPOTOHOB OJM3KM Ha
000MX MEpPBHYHBIX NMYYKaX, CEUYEHHS MHOHOB BO3PACTAOT NPU yBEJIMUEHHUM Ha-
YILHOTO WMIYJIbCA.

Ornomienns CTPYKTypHbix Qynkumii. Kak 6bU10 OTMEYE€HO BO BBEICHHH,
3KCMEPUMEHTAIbHbIE PE3YIbTATHl N0 KYMY/IATHBHOMY POXAEHHUIO 4acTHL NpHUBeE-
JIM K MOHATHUIO KBApK-NMapTOHHOI CTPYKTYpHO#H dyHkuuu szep. CeueHne HHKIIO-
3MBHOTO npouecca (4) 3anuceiBaeTcs cnenywownm obpasom [28,50]:

Eiki“—c‘o'c x p?,) (11)
ldpl_ q % Y/ *Pry
3neck E, v p; —3HEprus W UMNYJIbC MHK/IIO3IUBHOH 4acTHLbI 1; Cql — KOH-

CTaHTa, XapakTepH3ylollas afpOHM3ALMIO KBapKa ¢ B aiapoH 1; 0‘; O3Hauaer
ceyeHHe mpouecca, B KOTOPOM KBapk ¢ M3 aapa Il npoHukaer yepe3 MHLIEHB
I, u3bexaB CTONKHOBEHHS. G" /q(x, pf _L) SIBJIAETCA KBapK-MapTOHHOH CTPYKTYp-
Ho# ¢yHxuueii sapa I, HMeloileit cMbic pacnpenesieHHs KBapKOB [0 MMITY/ib-
cam B sape. M3 npuBeAeHHOro BhIpaXEHMs VIS HHKJIIO3UBHOIO CEYEHHA CIIEHy-

€T, YTO OTHOLIEHHWE HHKIIO3MBHBIX CEYEHHIl pavIHYHBIX (PpPArMEeHTHPYIOLIUX
agep I’ u Il paBHO OTHOMWEHUIO HX CTPYKTYPHBHIX (DYHKLMIL:

it 11 2
5 do, /E dGI _ Gy /q(x, Py
! dpl ! dpl Gll/q(x’ pi‘_)

12)

CaoiicTBa CTPYKTYpHBIX (yHKuUMIi simep ObuiM u3ydens! B paGorax [14,15] B
ITHPOKOM JiMana3soHe parMEeHTHPYIOIMX SAEP M HaYanbHbiXx 3Hepruit. [Ipume-
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YaTCJbHBIM PE3YJIbTATOM B MCCIIEAOBAHUM KYMYJIATHBHOrO POXICHHSA 4acTHL
ObUTO YCTAHOBJICHHE COOTHOILIEHHUM

20 ()~ £, 4 (n)_E 9 (K*>> jl‘,’(m. (13)
1

1
dP dp1
DT COOTHOINEHHS CHPaBEUIMBBI MPH ONMHAKOBBIX 3HAYEHMSAX MAacIITabHOI
NEPEMEHHOH U1 BCEX YaCTHI M MOATBEpXualT npeanonoxenus [28,50]. Mo-
CKOJIBKY SIAPA HPEUMYIUECTBEHHO COHEPXAT BAJICHTHBIE U- U d-KBapKH, paBeH-

CTBO CE€YEeHHH K+- H TC+-MC30HOB MOXET pacCMaTpuBaThCad KakK CJIEACTBHE TOrO,

4TO UX CTPYKTYPHbie (DYHKIHH G" /u(x, pi) onuHakoBel. KpoMe TOoro, MoxHo

- + +
n K -
npeanonoxurs, yro C =~ ~ Cu" ~ C,~ . CymecTBeHHO MeHbulee ceuenue K -

ME30HOB €CTh CJIEACTBHE TOIO, YTO OHM HE COXEPXKAT BAJIEHTHBIX KBADKOB.
B paGore [48] BrnepBbie H3yueHb OTHOLIEHMS CTPYKTYpHBIX (DYHKUHil Ha
Afipax pasfesICHHbIX M30TONOB HHMKEJIA, HMHKA M OJIOBA JUIA IHOHOB U NPOTOHOB
B 3aBHCMMOCTH OT MacuTabHOH NepeMEeHHOH X MM, MOXHO CKa3aTb, Hepre-
THYECKast 3aBUCHMOCTb M30TONHMYECKOTo atexTa It 3THX vacTul. Pesynbrarhi
npencrasiensl Ha puc.17 (nuoHsl) U puc.18 (poToHsI). 4
O6paruMcs K MHOHHBIM HaHHHIM. OTHOLIEHHE CeyeHMHl WIT KoMOGMHauuu

4N / 8Ni NPaKTHYECKH PABHO €XMHHLE VIS T M NPEBBIIAET SAUHMILY HA YPOB-

He 1,2 i1 T BO BCceM MHTepBate X. DTH spa COAEPXKAT OAHHAKOBOE YHCIIO
NPOTOHOB Z =28 n pasjuyHble yucia HeNTpoHoB, N = 36 u 30 COOTBETCTBEHHO.

OTHolIeHUE CedeHuid T u T s KOMOMHALUU 12454 / gy, BeleT cebs aHa-
JoruyHbIM 06pa3oM. Bra napa gjep TakXe COIepXUT OHMHAKOBOE YUCIIO MpoTO-
HOB Z =50 1, COOTBETCTBEHHO, YHCIa HEUTPOHOB N =74 u 64. IMocneansis KoM-

Gunaums %Zn / 84Ni nokassisaer NPAaKTHYECKOE PABEHCTBO CEYEHUH Wid T - U

TpEBbIUICHHE Haj EAMHMUEH CEYeHMs T -Me30HOB. ConepxaHue NMPOTOHOB H
HEHTPOHOB B 3THX sapax cocrasiusger 30 u 34 (Zn) u 28 1 36 (Ni). B nocnequem
Cy4ae YHCa NPOTOHOB M HEHTPOHOB B AAPaxX pazIMYHBI IPH OJMHAKOBBIX Mac-
COBBIX 4YHC/IaX (M306apht), HO BHIHA MPEUMYIIECTBEHHAs POMb 3apsia sapa.

Te xe komOuHaUMH sjep IS OTHOLICHHs CedYeHMH NpOTOHOB (puc.18)
NOKAa3bIBAIOT HE3aBUCHMOCTh CEYEHHS POXACHHS MPOTOHOB OT HEWTPOHHOTO
u30BITKa HA M30TONAX HHMKENs BO BCEM MHTepBale W3MeHeHus x. Ha M3oTomax
0J10Ba IMPOCJIEXHBAETCH X-3aBUCHMOCTh OTHOIIEHMS CEYEHHI B MATKOil obyacTu
cnextpa. Ilocneasis koMOuHAUMS (M30TONMBI LIHHKA M HHMKENs) AEMOHCTPUPYET
ateKT BIMAHMS 3apsila SApa, CPABHAMBIA N0 BenMumHe ¢ 3¢hpeKTOM W1 MHO-
HOB, U yKa3aHHe Ha X-32BHCHMOCTb B MSATKO# 4acTH CIEKTpa.

Tecnas cBs3b KYMyNSTHBHBIX HPOLIECCOB M NPOLECCOB [NyGOKOHEYIPYroro
paccesHus JIENTOHOB Ha SApax NPOSBHIIACH €lle B PAHHHM NEPHOX MCCIIENO-
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Puc.17. OrtHouweHue cedeHuii tt/m B
3aBHCHMOCTH OT MaclITaGHOil nepemMeH-

HOM x

Puc.18. OtHouienue ceyeHuil MPOTOHOB B
3aBHCHMMOCTH OT MaclTabHO#! mnepeMeH-

HOM X

BaHHH. B 4acTHOCTH, Ha nogo6Hoe MoBedeHHe CTPYKTYPHBIX (DYHKLHI, H3yyae-
MBIX B KYMYJIATHBHOM DPOXIEHWHM M JIENITOH-SJEDHOM DPacCesHHHM CHEeLHATbHO
obpamanocr BHUMaHMe B pabotax [46,50—52]. YuuBepcaibHbll XapakTtep
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Puc.19. OrHotueHye cTpyKTypHBIX (yHKLMI IyGOKOHEYIpyroro pac-
cessHua B npouecce (W90 I'sB) + A u3 pabotst [56]

CTPYKTYPHBIX (DyHKUMi B afpOH-apOHHBIX M JIEITOH-aAPOHHBIX F1yGOKOHEYN-
PYrHX- Ipolieccax [PpH HamIeXalleM ydeTe CTPYKTYphl HEPBHYHOIO afpoHa Moj-
yepkupajcs B pabore [53], e cyMMUpYIOTCS pe3ynsTaThl MCCIIEHOBAHUM HHKITIO-
3MBHBIX NPOLECCOB 3a 6O/MBIIOH MPOMEXYTOK BPEMEHH.

Hccnenopanust mpoueccoB DIyGOKOHEYNPYroro paccesHHs JIENTOHOB Ha
sfipax, NPeANpPUHATHIE 3a NOCAENHEE JECATUIETHE B PAa3IMYHBIX HAayYHBIX LIEHT-
pax, oOHapYXHJIH HHTepeCHble OCOOEHHOCTH B TOBEJEHUH CTPYKTYPHBIX (PyHK-
UM, KOTOPbIE OKA3AIMCh PANIUYHBIMH JUIsi CBOOOIHBIX HYKJIOHOB H HYKJIOHOB B
spepHoi cpene. Hcropus sonpoca U pe3ynbTaThl, MOMYdEHHbIE PA3THYHBIMHU KOJI-
nabopauusMu, OTpaxeHbl B comepxareabHOM o63ope [54]. Kpaiine unrepec-
HbBIMH TIPEACTABJIAIOTC IOCJAEOHHE HaHHble Komnabopauuu BCDMS [55], no-
BHUIMMOMY, OKOHYATENIBHO MOATBEPAUBIIME OTIIHYHE OT HY/S CTPYKTYPHOUH (PyHK-

iezivl cm B obnacTu x 2 1 B npoliecce paccesHHs MIOOHOB ¢ sHeprueit 280 I'sB nHa
yriepoze.

HMosBuBHIMECS CPaBHUTENBHO HEJABHO SKCIIEpUMEHTANbHbIE JaHHbie HoBoil
MIooHHOH xomtabopauuu (NMC, LIEPH) [56] no paccesnuto mioonos 90 B Ha

sapax 6Li, 12C, 40cy YKa3plBAlOT Ha MHTEPECHbIE OCOOEHHOCTH B OTHOLIEHHUSIX
CTPYKTYpHbIX (yHKuUMIl. BriGpanHbie siipa OTAMYAOTCS pasMeEpaMH M 3Haye-
HUSIMH TUTIOTHOCTEH:

SLi: r=2,6 dm, p=0,04 pM™>,
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12¢. r=2,5 M, p =0,09 Ppm >,
40Ca; r=3,5 M, p=0,11 M.

OTHOLIEHUA CTPYKTYPHBIX (DyHKLHMH Ha 3TUX AApaX OKa3bIBAIOTCH YYBCTBH-
TeNbHBIMH K Pa3sMepaM M IUIOTHOCTH sAiep B unTeppane x =~ 0,008 +0,05. B ka-
YeCTBe WUTIOCTPAUHH Ha puc.19 npuBomuTCs onMH M3 pe3ynbraros pabotr [56].

CPABHEHHE C JIUMTEPATYPHBIMU JTAHHBIMH

TpuBenentbie B NPEAbIAYIIMX pa3ienax Pe3yibTarbl BIIUCHIBAIOTCS B pamKH
OBILMX 32aKOHOMEPHOCTE, CBGICTBEHHBIX KYMYISTHBHBIM NpoLieccam: abcostoT-
Hbie BelIMUMHB MHBAPHAHTHBIX AuddepeHIMaIbHbIX CeYeHHMi, NoBefeHHe HX A-
3aBUCHMOCTH, BKCIIOHEHUHATPHOE H3MEHEHHE CEYEHHMR B PaluIMUHBIX MPENCTaB-
nenusx. OOGHApyXeHHasd KOPPeJSLMs CEYEHHH C IIOTHOCTBIO AAep ABJdeTCH, Ha
Halll B3MIAA, MEPBHIM 3BKCHEPHUMEHTAIbHBIM (HaKTOM, YKa3biBAOIKM IPHUMHY
PE3KOr0 WIMEHEHHUs CEYEHHIl W MX HEPEryispHoe foBefeHHe B 00IaCTH JIETKHX
anep. Bo BcakoM citydae, 3TO 0OCTOATENBCTBO ONpeaesseT 3HaUYUTE/IbHYIO BEH-
YMHY CeuenMii Iis BCeX 4acTHl, HaGmonaeMbix B 3kcnepumerte. Hurepechas

. 4 6 .
0coBeHHOCTy B MOBEJEHHH cedenuit Ha sgpax He u Li (ceyeHHs Ha HYKJIOH
OIMHAKOBBI), BO3MOXHO, CBi3aHa C TEM, YTO B HHKJIIO3HBHOM NpoLecce Mbl NOJy-

4YyaeM YCpeIHEHHYI0 KapTuHY, B TC BpEMiA Kak aapce 6Ll B HEKOTOpbIX Ciiyyasax
MpeacTasisieTCs KaK OCTOB fApa rejiug ¢ ney“wpouom BHE 3aMKHyT0ﬁ 000104KH.

A NOCKONbKY A4p0 TLi uMeeT HeCKONBKO MeHbHIHI pamuyc, uem oLi [57], To 3Ta
obnacTh anep SBASETCH BECbMA MOAXOAAMM OOBEKTOM ISt NPOBENEHHS KOppe-
NSALHMOHHBIX 3KCNEPHMEHTOB, NIOCTAHOBKA KOTOPHIX BMOJIHE AOCTYNHA C MO3HUKH
BeI6OpA BUA YACTHL, UMITYJIBCHEIX M YITIOBBIX AHANa30HOB PETHCTPALIUH.

B ofnacTy NErKHX AREP MMEIOTCA MHTEPECHBE OCOGEHHOCTH, CBA3AHHAIE C
HOBEleHHEM CEYeHWH i KYMYIATHBHOIO POXAEHHS YaCTHIl Ha Pa3TMYHBIX MyuyXax.

B pa6ore [58] u3yuancs BbIXON NMPOTOHOB H HEHTPOHOB M3 snep 6Li, 7Li, Be,

10g, B, C ua MyyKax MpOTOHOB ¢ WUMyibcoM 7,5 TaB/c u W -Me30HOB C UM-
nyvascoM 5 I'sB/c, nox yrmom 120°. B A-3aBHCHMOCTH Ce4eHMil OTMEYCHO Hepe-
ryliapHOe MOBEJeHHe CevyeHHH Ha H30Tomax nuTuA M 6opa, BHIXOA NMPOTOHOB
YBEJIHUMBAETCH C POCTOM YHC/1a HEATPOHOB, 3aMETHO IIPOSBASETCA 3apajl HaleTa-
JOLLIEH YACTHLLI HA H3OCKANAPHHIX AApax: HeWTpoHoB Gonbine oGpasyetcs B 1T A-
B3aMMOIEHCTBHAX, B PA-B3aUMOACHCTBHAX yBelIHYHMBAETCA BBIXOX npoTonos. Ha
nyuxe nporoHoB 8,9 TeB/c (9= 180°, umnyasc 0,5 I'aB/c) [14,15] ong ortHoO-
[eHus CeYeHHit Ha M30TOnax AWTHA ObUIM nonydeHst 3Hauyenud: 1,75+0,53 (d),

1,24 +£0,04 (p), 1,02+ 0,09 (n+). H3 paunbix pa6otel [41] Ha nyuke suep ymie-
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pola OTHOIIECHHS CEYEHHMH Ha H30TONAX JIMTHS (7Li/ 6Li) COCTaBJISIOT:
1,4310,11 (d), 1,22+ 0,03 (p), 1,39 0,08 (n}), 3,2+ 2,4 (K™). Takum o6pasom,
M30TONHYECKHii 3(eKT Ha JIETKUX SAApax MpPOSBISETCS B pA-B3aHMOLEHCTBHSX
MWL Wi 11oHoB. B CA-B3auMOnefCTBHH Jyis BCeX 4acTHU HabmomaeTcss poct
CEYEHHIl C yBeJIMUEHHEM YHCTIa HETPOHOB B sape (CM. TaGIHLbl CedeHH B npu-
NIOXEHHH), T.€. U3OTONHYECKHH 5(eKT B CMBICTE HE3aBUCHMOCTH CedeHMil
TIOJIOXHUTENIPHO 3apAXKEHHbIX JaCTHIl OT HEHTPOHHOTO M30BITKA He HaGmogaercs.
31eCh MBI MM€EM BTOPYI0 OCOGEHHOCTb, KOTOpast MpOSKIAETCS Ha Hy4dKe sgep
yrnepona. B cBsa3u ¢ eTMM oTMeTHM pesynbratsl paborst [59] mo HM3MEPEHUIO
CIEKTPOB MPOTOHOB, AEHTPOHOB M TpuTHs B CA-B3auMopmeilcTBUAX (Yroa SMHC-
cun yactuy 160°). CpaBHeHME C NaHHBIMH pPA-B3aHMONEHCTBHS MOKA3IO0 yBe-
JIMICHHE MapaMETPOB HAKJIOHA CNIEKTPOB ACHTEPHS W TPHTHS Ha IyyKe sAep Yr-

nepopa. C gpyroii croponsl, B pabore [60] ucciexosanue CIIEKTPOB T -ME30HOB
B pC-, DC-, aC- u CC-B3auMOaeiicTBUAX He OOGHAPYXHIO M3MEHEHHs thopmsi
cnekTpos B mpepenax 10—15% norpemnocreit. Moxer okasarscs, uTo Gomee
TOYHBIC W3MEPEHHS B NMPOLECCAX CTOJIKHOBEHHS SUIPO-SAPO CMOTYT BBISBHTB CY-
IECTBEHHBIC JETAINM MeXaHW3Ma B3aumojeicTeus. PeHOMEHONOrHYECKH NOoj-
XOX K ONMCAHHIO NPOLECCOB KyMYIATHBHOIO POXIECHMS YacCTHI[ B CTOJKHOBE-
HUAX S1ep, KOIIa yIUTHIBACTCS HaIYHe GUIYKTOHOB CHapsia M MMIIEHH, Pa3BUT
B pabore [61] u XueT 3KCIEPUMEHTAIBHOIO BOIIOLIEHHS.

XapakTepHble CBOHCTBA KYMY/JISTUBHBIX MPOTOHOB, a MMEHHO A-3aBHCH-
MOCTb CeyeHHH M MapaMeTp HAKJIOHA CNIEKTPOB Ha PasHbIX SIpax, H3yYeHHbe Ha
y4Ke TOPMO3HBIX Y-KBAaHTOB C MaKCHMAaNbHOH sHeprueii ot 2 no 4,5 B [62],
OKa3a/lMCk TAKUMH XK€, KaK M Ha IyYKaX NpoToHOB. KMHeTHYeCKas SHeprus npo-
TOHOB M3MepeHa B uHTepBae 65 + 280 MsB nox yrnamu 45° + 280°,

WHKII103MBHbIE CHIEKTPH IPOTOHOB Ha CTaHZAPTHOM Habope ¢parMenTH-

pylomux suxep (Be, Al, Cu, Pb) usmepsnuce B pabore [25] na nyykax ©, K,
p ¢ umnynscoM 40 'sB/c. UnTepBan KHMHETHYECKHX 9HEPIUNl MPOTOHOB COCTAB-
msn 0,1 + 0,3 I'eB, cpenuuit yron perucrpaunu 157,5°. B atux 9KCIIEPHMEHTATb-
HBIX YCIOBHSX MPOSBIAIOTCA OOLIME 3aKOHOMEPHOCTH KYMY/ISTHBHBIX IPOLEC-
COB: 3KCIIOHEHIHANILHOE MOBECHHE CEeYeHU, MOJOOHOe NoBegeHHEe CEYeHHIT Ha
Pa3HBIX IydKaX, HE3aBHCHMOCTh NapaMeTpa HakKJIOHa CMIEKTPOB OT MAacCOBOTO
uMcIa pparmMeHTHpYIOIMX sAxep (Wi A > 27), OTIMYHE B NOBEIEHUH CEYeHHil Ha
JIETKOM sifIpe.

HHTEpeCHO OTMETHTH pe3ysbTaThl Ha IMydKax HeiitpuHo. B paGote [63] uc-
C/IEN0BANOCH B3aHMOICHCTBHE WIMPOKOMONOCHOMO Mydka Heiitpuno (FNAL) ¢
eHepruedt 10 +200 T'sB ¢ sapamu ortosmynscun ¢ HaGnozeHHEM KYMY/IATHB-
HbIX MpoToHOB. [lonyyenHbie faHHbIE MO MapaMeTpy HAaKNOHa CIEKTpa NPOTOHOB
M A-3aBHCHMOCTH CEYEHMil CDaBHUBAIMCH C JaHHBIMH Ha MyYykax aIpOHOB M
aHTHHEHTPHHO. B mpenenax sKcnepMMEHTaTBHBIX OMHOOK PE3y/IbTaTHl comIacy-
IOTCH Ha PAayTMYHBIX My4YKax H MOATBEPXIAIT OGLIME 3aKOHOMEPHOCTH KyMy-
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JATHBHBIX npoueccoB. Hapspy ¢ MHKII03MBHBIMH JaHHBIMH, B paGote [63] usy-
YaIHCh KOPPE/SIIHY MHOXECTBEHHOCTH B COOBITHAX C KYMYISATHBHBIMM IIPOTO-
HaMu. Cpelu M3ydeHHBIX B3aMMOLEHCTBHE aBTophl [63] oTMeyatn cobbitus Ges
KyMyIATHBHBIX YaCTHL, C ONHOH M 6oee KyMyASTHBHBIMH 4acTHLAMM (BCTpe-
yauch U Gonee Tpex). OKasanock, YTO CpEHEE YHMCIIO PENATHBHCTCKHX (s-4a-
CTHLI) HE 3aBUCHUT OT YHCJIA KYMYIATHBHbIX MPOTOHOB M HE 3aBHCHT OT MX HAIH-
ums. Cpempue MHOXECTBEHHOCTH b- M g-yacTHL (HPOTOHBI C HMMY/IbCAMH
250 + 1000 M3B/c) nponopuHOHaNbHbL YHCITy KyMYJISTUBHBIX TIPOTOHOB. AHA/IN3
JaHHBIX B paMKaX MoOfesedl MalOHYKJIOHHBIX KOPPENAlUMii M CpPERHEro mons,
TIPEJTIPHHSTBIA aBTOPAaMH, 110Ka3a/l OTCYTCTBHE KOPPEIALMil MEXTY (xa) — cpea-

HUM 3HaYeHHeM X U1 COOBITHIA C KyMyISTHBHBIMM POTOHAMH U {X) — CPETHHM
3HAYCHHEM X JUIS OCTaIbHBIX COOBITHIA, YTO NPOTHBOPEYHT HA3BAHHBIM MOMIEJISIM.

Ha ToM xe myuke Heiitpuno B pabote [64] HccrnemoBaiach 3aBHCHMOCTD
CpeaHero BhiXxona KymyastHBHbIX nmporonos (KIT) ot xBagpara nepegansoro

4-umMnynesca Q2 ana cobwitnii ¢ KIT u 6e3 nux. Brino oTMeuewo, uTo B WHTEpBa-
Jie 3Heprui HelTpuHo 10 < E, <30 I'sB senuunna (Q 2) HE 3aBMCHT OT HAJIMYHUs

B coObiTnsx KII. B unrepsaie 30 + 50 I'sB 3nauenue (Q 2) Gonbie a4 coObITHI
¢ KII, yem Ge3s nux. Ilpn E,>50 I'sB Bennuuna (Q 2) MeHbIlle B COOBITHAX C

KII, yem 6e3 KII. Ilpu E,>50 I'sB u Q2> 15 (I‘:aB/c)2 cpeauuit Beixon KII
pe3ko najaer (mpubnusuTenbHO B 4 pasa). Brot daxt npuBogMT aBTOPOB [64] K
3aKITIOYEHHIO, YTO C yBennuenueM E, u Q 2 YBEJIHYHBAETCS NEPENAaHHBI MapTOH-

HO# CTpye MMITYJIbC H B COOTBETCTBMHM C TMIIOTE30H O KOHEYHOM IIHHE tdopmu-
poBaHUs alpOHOB yMEHBINACTCS BKJIa[ MX BTOPHYHBIX B3auMmoneictsuid. [Ipu go-
CTaTOYHO GOJIBIIMX 3HAYEHHSX NEPEJAHHOTO MMITYJILCA AXPOHBI MOryT opMu-
poBaTbCS  BHE sApa, YTO TNPHUBOLMT K BHIMMPAHMIO BKJIAHA BTOPHMYHBIX
B3aMMOJIEICTBHIA.

ITonobne xapakTepHCTHK KyMY/ISTHBHBIX POTOHOB H HEHTPOHOB OTMEYEHO
B pabote [65], rie Ha GoNbLIOH Tpynne SuEp M3YYAIUCH BBIXOMbI MPOTOHOB U

HEHTPOHOB MO AeHCTBHEM MYy4KOB npotoHos (7,5 IaB/c) u TF-ME30HOB C MM-
nynecamu 1,4 u 5 T'oB/c. Kunetnuyeckue sHeprun BTOPUYHBIX 4aCTHII U3MEpEeHBI
B uHTepsane 60 + 200 MsB nox yrmom 120°. CieKTpbi IPOTOHOB H HEHTPOHOB
Ha pasHBIX sPax M MyyKax nogo6Hsl. OTHOUIEHHS CedYeHHil HEWTPOHOB M mpo-
TOHOB GJIM3KHM U151 TAXETIBIX SAEP HA PAVTHUHBIX [TYYKaX, HMEIT MOJo6HOE OBe-
ACHHE B 3aBUCHMMOCTH OT SHEPIMM BTOPHYHBIX dacTHL. [IpHMedaTenbHO, 4TO 5TH
OTHOIICHHS MEHbUIE BEIMYHHEI N /Z — OTHOCHTENBHOIO COEPXaHHS HEHTPO-
HOB H NPOTOHOB B MCCJIEHOBAHHBIX SAPaX.

CriexTpbl KyMyNSTHBHBIX 4acTill (IPOTOHBI M MHOHBI) B GIM3KHX K HACTOS-
Lie# paGoTe KMHEMATHYECKHX YCTIOBHAX M3Mepens! [19] B unTepBane HMITYJIbCOB
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sropuuHbix yactul 0,6 + 1,8 IsB/c (mporonst) u 0,6 + 1,6 IB/c (nmuons), yron
amuccud 119°. Dro Haubosnee MpOTAXEHHbIH MMIYIBCHBI MHTEpBal Ul Ha-
qansHO# aHepruu 10 I'sB. CpaBHeHHe HalIMX JaHHBIX C pesyasraraMu [19] mpo-
BefieHbl i 61u3kux 1o A saep Pb u Ta (ceueHHs Ha HYKJIOH parMEeHTHpYIOLLE-
ro sapa) ¢ y4etoM abConIOTHBIX HOPMHPOBOK AaHHbIX. PMTHpOBaHHE MPOTOH-
HBIX HgaHHbIX [19] paeT cpenHee 3HayeHue (xo) =0,134+£ 0,002 Bo BceM

nHTepBaie X. PUT OOBEAMHEHHBIX JaHHBIX MOKA3bIBAET ABE DKCHOHEHTHI C Napa-
meTpamn Haksona 0,136+ 0,002 u 0,08 £+ 0,006. AnanornussiM 06pa3oM HMeeM

I COBMECTHBIX JAHHBIX [0 NHOHaM: (x0)=0,14510,002 () wu

(xo) =0,150+ 0,002 (n"), onHako B MOC/HEAHEM Ciydae 3HAaYEHHe x2 sbie 30.

OpurnHaibHble 3HAYEHUs NapaMeTpPoB HakKJIOHa B [19] ans NHOHOB COCTaBRNAIOT

0,140+ 0,002 (x*) u 0,137 £ 0,002 (n"). [TapameTpsl HAKIIOHOB CIIEKTPOB HALINX
JaHHBIX JUIS TIHOHOB Pa3HbIX 3HAKOB 3apsla COBMAAIOT /s MMMYNbCOB Gonbuie
0,5 I'B/c ¥ npeBblLAIOT aHANOTHYHbE 3HauYeHUs [19] npubausutensHo Ha 10%.
Hanportus, mapamMerp HakjoHa CneKTpa NpOTOHOB NpuOAu3uTensHO Ha 15%
MeHbile, yeM B [19]. OTMeueHHOe HECOOTBETCTBKE ONpeAeseTCcs TEM, YTO napa-
METpbl HaKJIOHA MoJyyeHbl B Hauweil pabGore [41] nyreM pa3mensHOro UTHUpO-
BaHMs obnacteil ¢ yCIIOBHBIMH Ha3BaHHAMM MATKOH M XECTKOH yacTeil CeKTpoB,
YTO He BIOJIHE KOPPEeKTHO JiA HeGonbworo ydciaa Touek. Hawa nenp cocrosna
B Haubosiee TOYHOM OMpeHe/ieHHH MapaMeTPOB HAKJIOHA VIS HHIMBHIYAIbHBIX
sigep (CM. COOTBETCTBYIOLIME TaOMHLBI TIPHIOXEHHA).

OTHOMIEHHS CeYeHHii X'~ U T -Me30HOB B paboTe [19] onMHaKOBH M B Mpe-
fienax 9KCMepHMMEHTalbHbIX OwHGoK (10%) He 3aBHCAT OT MAcCOBONO YHCiIa
¢parmenTHpylouiero siapa. B unrepsane umnynscos nuoros 0,6 + 1,4 I'sB/c atu
oTHouleHus pactyt ot 1,1 no 1,3. BOIMOXHBMH MPHYHHAMH OTVIHYHA OT €H-
HMIBI OTHOLIEHHH CeYeHH#l MHOHOB PA3HOIO 3HaKa Ha3BIBAIMCH BIMSHHE 3apsaa
HAIETAOILIEH YACTHLIbI, KYJIOHOBCKOTO TOJS Aapa, H3GbiTKa HEHTPOHOB B SApax,
pavIMvMe CTPYKTYPHBIX (YHKUMHA 4- H d-KBapKOB B H30TON-HECHMMETPHUHBIX
agpax. Bce TH npuuMHBI MO-Pa3’HOMY MOTYT BIHATH Ha OTHOLUEHHS CCYEHHH,
OIHAKO YNORJIETBOPHTENbHOE OOBICHEHHE OTCYTCTBYET.

Mo ganuwnM pabotsl [24], cymmupyioiuei 60JbLI0H LUK HCCENOBaHHH aB-

TOPOB, 3aBHCHMOCTh OTHOLICHHI CEHEHHH T /X' OT MMNY/IbCA MHOHOB MOKA3bl-
BAeT, YTO OTKJIOHEHHE OTHOIIEHHH OT eAMHHLH He npesbinaer 20%, cyiecTBeH-
Hasl 3aBHCHMOCTh OT HMIIYJbCa MOXeT GBITh OTMEUEHa NHIIb IS #Apa BONbY-
pama.

Pag MHTEpecHBIX pe3yNbTaroB NonydeH B pabore [66] mpu M3ydeHHH mpo-
mecca p+A -—)nt(180°)+X Ha sgpax C, Al, Cu, Sn, Pb. H3mepenus nposo-
JWIKCH Ha MyuKe npoToHoB ¢ sHepruamu 0,8; 1,05; 2,1; 3,5 u 4,89 I'sB. Bo-nep-

BBIX, OTHOLIGHHE CedeHHH T /T’ pacTer ¢ yBeMYeHHEM IIEPBHUHON SHEPTHH H
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JOOCTHUIaeT eJUHHMIBI B 00JacTH HayalbHOH sHeprud ~ 5 I'sB. AHanoruuHsiM
obpasom BeaeT cebs mapaMeTp HAaKJIOHa CHEKTPa MUOHOB T, B 3aBUCHMOCTH OT
SHEPrUM My4YKa MPOTOHOB, AOCTHIras MOCTOSIHHOrO 3HaueHus ~ 60 MaB mns sxep-
TUH NIEPBHYHOrO IyYKa NpoTOHOB ~ 5 I'sB.

INoBepenne mnokasatens CTeNeHM A-3aBUCHMOCTH CEYEHHMH NHOHOB HUMeeT
CBOHM XapaKTepHbIe YepThl IIPU PaNTNYHBIX HAYAIBHBIX YHEPIUAX IPOTOHOB. Ind
suepruii 0,8 u 1,05 I'vB oH uUMeer MOCTOAHHOE 3HAYEHHE, PaBHOE NMPHOIU3M-
TEJIBHO 2/3, 3aTeM BO3pacTaeT N0 €IMHMLBI NIPH 3HAYEHUM MCIONAb3yeMoH B [66]

v an max max
= P
macraGHOi nepemennod K=T /T ™ 2 1 (xymynstusHas obnacts), rae T,

O3Ha4YacT MaKCUMAaJIbBHO BO3MOXHYIO BCIIHIHHY KHHETHUYECKOH QHEPruu poxne-
HHs1 MHOHA B CTOJIKHOBEHHUH HYKJIOHOB. SHCPI‘CTI/I‘ICCKHe CHEKTPh! MTHOHOB UME-
10T 3KCNMOHCHIHATBbHYIO (pOpMy B 3aBUCHMMOCTH CEYEHHH OT MacimTabHOMR nepe-

s c.m. c.m.
MenHoi x'=p " /(p,"") max. [lapaMeTpbl HAaKJIOHOB CMEKTPOB Pa3THYHbI It
KaXIOH OSHEpPruH MepBHYHBIX NPOTOHOB. CKEHNUHroBOE MOBENEHHE CEeYeHUi

OTPHIIATENIBHBIX MHOHOB B (PyHKIMM nepemeHHOH (1 —x’)N , ClenyloIinee U3 Mo-
ACIH XECTKOro pacCcesHusA, HE TNOATBEPXAACTCH IKCNEPUMEHTAIbHBIMU OJaHHBI-
mu. Pesynbrarsl paGotsl [66] moaTBepXaalOT OCHOBHbIE CBOHCTBA KYMYISTHBHO-
T0 POXAEHHS W, B TOM YHC/e, JEMOHCTPHPYIOT HACTYIUIEHHE aCHMIITOTHYECKOTO
pexuMma ¢ HayanbHOU Hepruu 4—S5 @B, B cornacuu ¢ [13] u [7].

A o o
PaccMOTpHUM OTHOLIEHHS CedeHMit T /T C NO3ULHUI H30TOMHYECKON HHBa-
PMAaHTHOCTH CHJIBHBIX B3auMopeiicteuii*. O6o3Hauas uHBapHaHTHOE HUddepeH-

do
HUAJIBHOE CC‘!CHH&,E“E =f; A BJICMeHTapHOFO aKTa MOXHO 3aIlhCarTh.
+ -
fp>nX)=f(n - wpX)=f,

fe=>mAN=f(n>T"A)=f,,

fo—- n+A°)=%fA,

f—A=§<< 1 ~0,1 -0,01).

y

B cnywae sanep 38Ni u %Ni ¢ wucnamu NPOTOHOB U HEHTPOHOB Z, N u Z,
N+ AN coorBercTBeHHO MMeeM y = AN /N =0,2. AHIOTHYHO Ui 0apul suep

* Asrop npusHarenen C.B.I'epacumoBy 3a o6cyxXieHue 9TOif TeMBbL.
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no pasnuyHeiM MognensMm [40). INostomy Gbuto BHIOpaHO cpenHee 3HaYEHHE
pamuyca, KOTOpOe MOINIO HUBenHpoBark pe3yaprar. CaM (pakT HanH4YMA TakKo#
KOppeNndlUHH, ONMHAaKOBOH MO BENMYHHE A 4YaCTHL C pPadIMYHBIMM KHHe-
MaTHYEeCKMMH M KBAaHTOBHIMH XapaKTEPHUCTHKaMH, MpPECTaBiseTcd O4YEHb WHTe-
pECHBIM JUIS OHUMaHHY NPOLecca B3IaUMONEHCTBHS pelsaTUBMCTCKUX suep. [lon-
YepKHEM cliefyioliee o6CTOATENBCTBO: 10 YC/IOBHAM SKCNEPUMEHTOB MapamerTp
CTOJIKHOBEHHMS HE KOHTPONUpPOBACH.

Kak MOXHO BHIETh, OCHOBHBIE XapakTEPHUCTHKH KYMYJIATHBHOTO POXICHHS
YaCTHLl JOBOJBHO YCTOWYMBBI K BHAY M DHEPrHH MEPBUYHBIX IMyYKOB YacCTHLL.
JanHele Hacrosueil paGoThl AEMOHCTPHPYIOT 3TY YCTOHYMBOCTh Ha SAEPHBIX
nyukax, pHyeM B psie cydaes geTalbHbiM oOpa3om. Tlpexae yem cyMMupoBaTh
pe3y/bTaThli, paccMOTpUM Hauboliee MoNyspHbie MOAEIH KYMYISTHBHOIO POX-
JEHHs, HE MPETEHAYS Ha MOJIHOTY M3/I0XEHHS M HE BXOAS B ACTAIH OPHIHHAb-
HbIX paboT. OTMETHM JIHILbL OCHOBHBIE MOMEHTBI, KOTOPBHIE MOXHO HENOCPENCT-
BEHHO COMOCTaBHTb C 9KCNEPHMEHTAIbHBIMH PE3Y/bTaTaMHU.

BO3MOXHBIE MEXAHH3MBbI
KYMYJIATHBHOIO POXIEHHA YACTHIL

Heu3bexHbIMM CIyTHHKaMH TPOLECCOB C yyacTHeM siep SBIAIOTCS
thepMueBckoe ABMXEHHE HYKJIOHOB W MepepaccesHHe POXIEHHBIX YacTHL Ha
BHYTPHSAACPHBIX HYKJIOHAaX, €C/IH OHH poxnaiorcs B oObeMe sapa. EcrecTBeHHoO,
YTO B CBSI3H C MEPBbLIM PE3YNbTATOM MO OOHAPYXEHHIO KYMYISATHBHbIX MHOHOB

{2] B npouecce D+ Cu — 1~ (0°) Bo3HHK BOnpoc O BKjage (pepMHUEBCKOTO JBM-
xeHus. Pacuetsl, BoinonHeHHble B paGote [67], nokaszanu, yto HabnogaeMbie Ha
OnbITe ceyeHusu NPHONU3UTENBHO Ha [ABa MOPSAAKA MPEBOCXOLAT BO3MOXHBIH
Bian ¢epMu-aBuxeHus. HenocpeacTBeHHBIH pacyeT 3KCHEPHUMEHTAILHOTO
crieKTpa NMUOHOB M3 snep [68] mokasan, yto B XecTKo#l yacTH cnextpa addekT
ot BKJIana pepMH-IBUXEHHS MeHble HabmomaeMoro Ha 4—5 nopsakoB. 3mecsh
YMECTHO 3aMETHTh, 4TO B pabore [69] 6bul, nO CyTH, BOCHPOM3BEHEH 3KC-

nepumeHT [2]. H3ydanach ¢rparMeHTalIls HATETAIOWIEro ASHTPOHA B T Ha 4apax
C, Al, Cu, Pb c uenbio BbISCHEHHSI 3aBUCHMOCTH ceueHus (pparMeHTalMy cHaps-
Ja or Buna MumeHd. Ilokasarens crenenu n=0,27 10,09, uro yka3siBaeT Ha
nepucepHyeckuil XapakTep B3aUMOAEHCTBHS. AHAJIOIMYHBIA BBIBOX CHENaH B
pabote [70] npu H3ydeHHM thparMeHTALMH NMyuyka suep requs B T (NoKasaTesb
crenend o =0,4).

Bxnan nocnegosatenbHbIX NepepaccesHHi HA HYKJIOHAX Afipa pacCYMTHIBAI-
cs B pabore [71] mis KyMynsTHBHOIO POXAEHHS IPOTOHOB, H OTMEYAIOCh Ka-
YECTBEHHOE COMIACHE C 9KCIHEPUMEHTOM. XapaKTepHbIMH OCOOEHHOCTSIMH MeXa-
HHM3Ma MHOTOKPATHBIX B3aHMOACHCTBHH SABJISIOTCA HaJW4yue HYKJIIOHOB OTHAYM H
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NoJispU3alMsl KOHEYHBIX MPOTOHOB, KOTOpas MOJMXHA HaKaIUIMBaThCd B MOCHeE-
OyloIWKX aKkTax paccesHud. [locnenHee CBOHCTBO He MOATBEpXAAeTCs B DKCIIE-
pumente. Ha myyke mpotonos 1 I'sB u3sMepenus nonspu3auud NPOTOHOB Ha
paziM4HbIX SIpax Jajd B CpelHeM HyneBoil pesynbrar [72]. Ilongpuzauns KyMy-
JIATUBHBIX NPOTOHOB B PA-B3aMMOJICHCTBUAX B HHTEPBAJIEe 3HEPrHil MEPBUYHBIX
fpoToHoB 16 + 64 I'sB mMeer HesHauwTenpHylo BenuuuHy (=~ 10%) [73]. Pomp
00pa3oBaHHs GONBIIMX MacC B MPOMEXYTOYHOM COCTOSSHHH B TIPOLECCE HEYIPY-
roro nepepaccesHusi Ha HyKJIOHax NeHTpOHAa, NPHBOOIIIAT K POXIEHHIO KyMy-
JSTHUBHBIX [HOHOB BO BCEH KMHEMATHYECKHM HOCTYNHOMN 06/IacTH, OLEHMBAIACh B
pabote [74]. ABTOpBI NOKa3aiH, 4TO B TAKOM MOJXOHAE MOXHO HOCTHYb 3KC-
nepUMeHTaNbHO HabmogaeMoil BenmuuHbl u3 paborst [12]. Hurupyemsie paGotsl
[71,74] oTHOCATCA K paHHEH CTaluM MCCCIOBAHMIH KYMYJISTHBHBIX MPOLECCOB U
COBCEM HE OYEBHAHO, BIMILYTCSA JIH B JIOTMKY 3THX paboT cBoitcTBa momoOwud,
JETATPHOTO MOAOOMS WIIK CYIIepCKEMIMHIA, KOTOPblE XapaKTEPH3yIOT COBPEMEH-
Hbl€ SKCIIEPHMEHTAJIbHBIE PE3YNbTaThl M0 KYMYJISTHBHOMY POXIEHHIO.

B pabore [75] BriepBble ObUI IPEMIOXEH MEXaHHU3M POXIEHUS KYMYISATHB-
HbIX aJPOHOB, AHAJIOTMYHBIA POXIEHHIO ANPOHOB C GOJBIIMMH IMOIEPEYHBIMU
UMIIyJIbCaMH Ha sfpax [76]. Snpo paccMaTpuBaeTca KaK TaXesias 3JeMEHTapHas
4acTHLA, COCTOsIIAs M3 1, KBapkoB. HaneTalomas yacTHua pacnanaercs Ha map-

TOHBI-KBapKM, ONHH M3 KOTOpHIX (Miu Gosnee cioxHoe o6pa3zoBaHuE KBApPKOB)
CTalIKMBAETC C MapToHOM (WM 06pa3oBaHHEM KBapKOB) sipa M POXHaeT Imap-
TOH Cc GonpuION mepenayeil MMIY/IbCA, BHUIETAIOMH B 3auHiol0 monycdepy u
aIpOHMU3UPYIOIUMHCI B PErMCTPUPYEMYyI0 4YacTHHy. Ins Haneraiomied 4acTHIbI

0Ka3pIBAlOTCS KOTEPEHTHBHIMH KBapKH, MoNaBmiie B 00beM paguyca r, ~ mgl. B

CHCTEME MOKOs sApa 3TOT 06beM pacTArHBaeTCs Y-(PaKTOPOM U IPH HOCTATOYHO
Gonbmoi HayaisHOH sHeprud E, xorma Y> R /r,, Bbipe3aeT u3 sapa TpyOky. Be-

POSTHOCTh NONajaHHs ONHOrO KBapkKa B OOBEM KOFEpEeHTHOCTH paBHa OTHO-
HIEHUIO IUIOHmIafel cedeHWi TpyOKu W sampa: g ~ (r0 / R)2 << 1, a BepOATHOCTb
cobpaTb B 9TOT 00BEM BCe 3A KBapKOB paBHa (q2)3A 1 (haKTOPHAILHO MaJaer C
pocToM A. Bonee BepoSTHBHIM OKa3HBAETCA MPOLIECC HA KOFePEeHTHBIX (UIYKTOHAX

C MEHBIUMM KBapKOBbIM cofepxanueM. Ceuenne pOXICHHS KyMYISITHBHBIX aj(po-
HOB B nponecce B+ A — C+ X umeer Bug

€y
Al/3

3 o0) -1 o(e
d—9~(5] 42/3 %) cll. we

exp| —€,B| In
p € gkt 1 )

3neck E, €, ¥ 0603HaYal0T SHEPIHI0 HAJIETAIOLICH YACTHLbI, SHEPTHIO Habio-
naeMoro agpoHa M yron sMuccuu, 0(0) — MHTEpCenT BeaylIed TPacKTOPUM

Penxe B Kanane BB, @(€y) — HeKOoTOpasl cTeneHHas pyHKuMS € g C — HOCTO-
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sAHHBIH mapamerp, k=n +n, +n — 2, tie n; — KBapKOBOE COJE€pXaHHe

B3aMMOEHCTBYIIMX 06pa3oBanuii GuyKTOHA HaneTaolleH YacTuubl 1 Halio-
[aeMoro agpoHa cootseTcTBeHHO. Dynkumnsa B(L) MOHOTOHHA B obmnactu L >0,
B(0)=0, u B~L npu L —> o. Konkpernsiii BUI 3TOH (PYHKUHH 3aBHCHT OT
KJIACTEpU3alMK B sape, T.e. OT TOro, CKOJb OONbUINMM NApTHAMK BXOOST
KBapKH B KorepeHTHsie GIyKTOHH. IIpuBeneHHOe BhIpaXKEHHE ONMUCHIBAET Xa-
pakKTepHbie 4epPTHl KyMYISTHBHBIX npoueccos: npu o(0) =1 ceyenue me
3aBHCHT OT HAYaIbHON BHEPIHH, C POCTOM A CEYEHHE PacTeT NpUOIU3UTENBHO

2 .
kak A", e n= 3 +€ 1;/ 3 (B/L). C pocTOoM Macchl BbUIETAIOLIEH YacTHIBI (E,)

"M yMEHbIIEHHEM A HaKJIOH B pacrer, ceueHue U30TPOITHO NPH MAJIbIX UMIYJIb-
cax (p/e<<1) u namaer mpu p ~ €. KonnuecrseHHOE OMUCAHUE 3aBUCUT OT
Mozend oGpa3oBaHus (UIYKTOHOB.

KBapk-naproHHasi MOLENb POXACHHSA Ha sApax NPH BHICOKMX BHEPrUsX pa3-
BuTa B pabore [77] ¥ XOPOINO BOCTIPOM3BOAMT IKCHEPHMEHTAILHEIC PE3YNbTaThI
10 MIyGOKOHEYNPYIOMY PacCEsHHUIO JIENTOHOB Ha SIPax, POXIACHUIO JIENTOHHBIX
map, KyMyJISTHBHOMY POXIEHHMIO ITHOHOB M JUld TPOLECCOB ¢ GonpluMMy 3Ha-
YeHHSMH X U MATHIMU p | . MOZIenb onepupyeT C NOHATHEM (parMeHTalyu rpyn-

16l HYKJIOHOB, JIEXALIUX BHYTPH TPYOKH ceueHHeM O, HanpamleHHON MO TpacK-
TOpMHM HaneTalomei yactuubl. HyK/noHb BHE TPYOKHM CUMTAIOTCS HEAKTHBHBIMH
BO BpeMsl CTO/IKHOBEHHS M SBJSIOTCS CNIEKTaTOpaMU, B3aMMOIEHCTBHEM KOTOPHIX
npeneGperaercs. Heynpyroe ceuenne Ha siipe uMeeT BUJ

o, & ‘
Sula—b)=-= Y, P(i,A)oa—>b), a7
i=1
e o, /0 — 3hSKTHBHOE YUCIO HYKJIOHOB TPYOKH, P(i, A) — BEpOATHOCTD
TOrO, 4TO TPYOKa COAEPXHT B TOYHOCTM i HYKJIOHOB M Gi(a — b) — ceueHue

(bparmMenTauuu Takoil TpyGku. HykioHHOe conepxanue TPYOKH MOXHO 3ame-

HUTh Ha KBApKOBOE B NPEANONOXEHUH, 4TO d = w, MU= dp U1 copepxa-
muxcs B Tpyoke (Z/ A); IPOTOHOB U [(A-2)/ A), HEHTPOHOB. Torma B cucteme

6onbLIOro UMITYJIbCA SJipa BAJICHTHBIE KBAPKH HYKJIOHOB B pr61(e HMCIOT CJie-
AyOIHEe X-pacnpenejeHus .

u ()= (Z/A) i@ +[A-2)/Al d ), (18)

d(x)=(Z/A) d(x)+ (A -2) /Al i(x). (19)
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B paGore [77] npuBomutcs Bum ynkumii da, a, u, ﬁi, HCIIOJIB3yEMBIX B
KOHKPETHBIX pacyeTax, U YHKLHMH peKOMOMHALMH KBAPKOB B afpOHBI.

B paGore {11] B pamkax ¢parmentauronHoil Mogenu [77] caenana oueHka
M30TONHYECKOro 3¢dexra WIS NPOTOHOB U TL'-ME30HOB, KOTOPBbI# HMEET MECTo
. Gnaronapsi MaNnoCTH OTHOLIEHHS d / Ei =~ 0,1. Kpome Toro, npeackasan u3oronu-
yeckuil athbext wis K *-Me30HOB M M30TOHMHECKuil apdexT AN T -ME30HOB M
HEHTPOHOB. DTH NpeiCKa3aHHus AEHCTBUTENBHO ONPABIATHCH Ha OMBITE, N0 Kpaii-
Hell Mepe Ha KaYeCTBEHHOM YPOBHE, H 31€Ch HHTEPECHO GBUIO GbI HMETb aKKy-

pathbie pacuersl. Kak nokasano B [11], ¢parmenTannonsas monens BnonHe yc-
NEUHO BOCNPOW3BOAMT IKCIEPUMEHTAIBHBIC PE3Y/IbTATHl [UIS YacTHL, COCTOS-

WMX M3 BAIEHTHBIX KBapkoB. OjHako mis oOTHOweHus cevenwii K* /K~
BBIYHC/IEHHs 1al0T akTop =~ 600, 4TO Ha MOpAOK GONbLIE IKCIEPUMEHTATIBHBIX

3HauYeHUH. Pesynbratel HacTosimeidt paGotel mis ortHomenus K'/K™ pawor
esninuuHy 401+ 20%, x ~ 1,2 B guanasoHe aaep Ni—Sn. B monenu xectkoro

paccesiuus [11] otHowenune K+ /K~ coctasnser sennunny =~ 80 mis saapa TaH-
Taa (HavaibHas sHeprus 400 B, x ~ 1). Mogens xecTkoro paccesHus NpHBO-
AUT K CIIHIIKOM GBICTPOMY MaleHHI0 CEHEHHS KYMYJSTMBHOIO MpPOLIECCa C Poc-
TOM X ¥ COMHHTE/IbHOH BO3MOXHOCTH ONHCAHHS YEPE3 MEXAHU3M KBAapK-KBapKO-
BOTO pacCesiHHs POXICHHA TAXeNbiX ¢parMeHTOB (p, d, f), NOCKOJbKY HaxXe B

npoueccax ¢ GonbIHMH MOBEAEHHE MPOTOHHOIO CeYeHHsd (~ 12 CHJIBHO
Pr Pr

OTJIMYAETCS OT ME3OHHOIO (~ p}g).

Hexonnas unes o duiyktyaunn mwiotHocts sgepHoro BelecTsa [6] 6pina pas-
pa6orana B [9] Ha ypoBHE COBPEMEHHBIX MPENCTARNEHMiA. CDnyxTyauux 10T

HOCTH NPOMCXOAMT B MaloM o0beMe Koppessuuu V 4/3) nrg, rae ry —

panuyc Koppensuuu. HauansHbiii npotoH Moxer naaumoncucnosan ¢ Koppe-
JISLHMEH KaK C eAHHBIM 06BEKTOM MACCOit M, =km, 1.e. Maccoit ¢utykToHa. Bepo-

ATHOCTb TAKOro COGBITHS MO KJIACCHYECKON TEOPHH HICTLHONO ra3a (HOPMHPOB-
Ka Ha A HyKJIOHOB sipa) OLIEHHUBAETCA KaK

B =(2 )(vé A RV B Y T A (20)

npu A >> k. 3xecs AV, — obbem snpa, Vo=04/3) nrg — 06BbeM HYKJIOHA C

3 EeKTHBHBIM PaTHyCOM ro=1,2 M. Takas nykryauns umeer BpeMs XKU3HH

A
Tk » MAJIO€ MO CPaBHCHHIO C NMEPHOLOM ABUXEHHA HYKJIOHa Mo 0p6HTC t”. Be-
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POATHOCTB B‘::‘tk/ t4. Ceuennue peakuun u ¢dopMdakTopsl paccesHHS Ha

sppe A OonpenendoTcs B BUIC

o= kBio,; F=2 kBl F,, 1)

e O, u F| — cedeHns u ¢popMpakTOph! B3aNMONEHCTBHS NANaIOLel YaCTHLbI

¢ ¢yKTOHOM (kK — 4HCNO HYKJIOHOB (nykToHa). X BblYMCIIEHHS TPOBOAATCS
160 (EeHOMEHONIOrHYeCKH W3 aHalH3a HE3aBUCHMBIX JKCIIEPHUMEHTOB, MO0
MHKPOCKOIIMYECKH, HA OCHOBE KBapK-NapTOHHBIX MPEACTABJICHHA O MeXaHU3-
Me aJlpOH- WU JenTOH-(IYKTOHHOrO B3aUMONEHCTBHS.

Hcxons u3 NPEAINIONOXECHHUA, YTO HYKJIOHBI Aipa TEPAIOT CBOX0 MHIAMBUIAYAIb-
A
HOCTh B o0yacTu KOppeIsiuuM r < ré, BEPOSATHOCTDH Bk nepeonpenenaeTcsa Coor-
HOILLIEHHEM

A _ A
B; = b'D,, (22)

e b‘: — BEpPOATHOCTh HAXOXAEHHUS B sape A 0oObIYHOrO (He CXaroro) Kiacre-
pa u3 k HYKJIOHOB, D, — BEpOATHOCTb HaXOXAEHUs ITOTO KjacTepa B COCTOS-
HMM (PIyKTYalMOHHOTO CXaTHS M, MO CYIUECTBY, €CTh BEPOATHOCTh (ha30BOro
nepexosna k HyKJI0HOB B cocTOSHHE 3k KBapKOBOro oGbekTa. Pacuer BeUYHHBI
b’: BBINOJIHAETCS OOBIYHBIMM MeETOZAaMH siepHO#l (u3uKu. BeposTHOCTH Dk
PacCYMTBIBAETCS HAa OCHOBE ONHOM U3 MOAe/eH KBAaHTOBOH XPOMOAMHAMHKH.
Pacyer BeposTHOCTEH! MHOroGapHOHHBIX KOH(UrypauMii MOKa3biBAET, YTO D,
CUIBHO YOBIBaeT C poCcTOM k M, Hanpumep, wist k =4 COCTaBIgeT BETHYMHY

_4 . N
~ 10 ". BepossTHOCTb 1ByX6apHOHHOMH CHCTEMbI B AEUTPOHE cocTaniiseT 8—9%
B COIJIACHH C JaHHBIMH 10 [IyGOKOHEYNPYroMy PacCesiHHIO.

Pacuer ceyenuil KyMyISTHBHOTO POX/IEHHS IMHOHOB M IPOTOHOB Ha OCHOBE
NpeICTaBIeHHH O (UIyKTOHAX BOCIIPOU3BOAHT SKCIEPHMEHTAIBHBIE PE3YJIBTATHI
npu p, =0. [Ipy 3TOM AOCTATOYHO BBOAMTH QUIYKTOHBI C k =4, NpuueM B

00JIaCTH KHHEMATHYECKOro mpefena s k-ro (UIYKTOHA BKJal B CEUCHHE JaeT
cnepyomui, (kK + 1)-it dnykron B obnacti cpefHMX 3HAYEHHMII CBOEH NepemeH-
HOi. BO BCex paccMOTpeHHBIX ciyyasx (pasHbie k 4 A) paguyc KOppessiuu re

BO ¢QuiykTone Haxomurcs B mpemenax 0,5 + 0,7 ¢M, T.e. CpaBHMM C paaMycoM
kopa NN-cun. CrpykTypa cedueHHii pA — p u pA — T oguHakosa. OTHOIIEHHE
CEYEHHH IPOTOHOB W IIMOHOB B KOHKPETHOHW CHTyallMH (P, =89 TIsBlc,

¥ = 180°, ummnynsc sropuunsix uyactuy 0,5 T'eB/c, supo Pb) cocranser Benu-
yuHy 30 + 150, 4TO HAaXOAUTCH B KAYECTBEHHOM COIJIACHH C 9KCIIEpUMEHTOM. B
npoueccax ¢ GONBLIMMH NOMEPEYHBIMH MMIYJIbCAMH, B OTJIHYHE OT PEaKUHii



54 BOHIIAPEB B K.

00pa3oBaHHs 4acCTHLl Ha3ajl, B MEXaHHW3Me PEaKUMM HACTYNAaeT CMEHA pPeXHMa,
KOorjga MapTOHbl, COCTaBAAIIHE HYKINOH M (UIYKTOH, HCHBITHIBAIOT XECTKHE
coynapeHus ¢ GonbILOH Nepenayeil UMIyIbCa.

B pa6orax {78—81] pa3Bura u npuMeHeHa K Pa3MYHBIM NPOLECCAM IPH
BBICOKHX SHEPrHAX MOMEIb MaTOHYKIOHHBX Koppensauuid (MHK), ocHosanHas
Ha TUNOTE3€e SIEPHOTO KOpa, CYIIECTBOBAHHE KOTOPOTO MPHUBOAMT K 3aMETHOM
BeJIMuMHE KOH(GHrypauHii, Koraa n HyKJIOHOB HAXONSITCH HA MaJIbIX OTHOCHTEb-
HBIX paccTosiHusaX. BeposarHocTs Takoil KoHurypauuu s AeHTpoHa OLEHHBa-

ercs BelWuYuHOu (4 + 8)-10°2 Y yBEJIMYMBAETCH C POCTOM aTOMHO# MaccChl sfpa.
TMocnenoBatensHO PaccMOTPEB NIPOCTPAHCTBEHHO-BPEMEHHYIO KapTHHY TpoLecca
paccestuss Y+ D— p + X, aBTOpnl NPHUUIM K PAaCCMOTPEHHIO afpOH-sIEPHBIX
NPOLECCOB, OCHOBBIBAACH HA C/IEAYIOIUHX JONYLIEHHSX.

[Ipeanonaraercs, 4To JOCTATOYHO OBICTPBIH aTpoH h NpH NPOXOXAEHUHU Ye-
pe3 aapo BhIOMBAET MeJIEHHblE HYKJIOHBI, JIEXaliHe Ha OQHOM IPHLEIbHOM Tia-

paMeTpe C HaleTaloluM aJpOHOM. YUCA0 TaKHX HYKJIOHOB ~AY3 Ecnu na
nytu 6bICTPOTO anpoHa h BCTpeuaeTcs KOPPenUpoBaHHas Napa HYKJIOHOB, YHCIIO
KOTOPBIX ~ A'3 haneraowwmit alpoH pa3bMBaeT 3Ty napy U HyKJIOH-CIEKTATOp
BbUIETAET Ha3al ¢ 6onbIMM MMIynIbcoM. B pesynbrate MHKITIO3UBHBIA CHEKTp

KYMYJSTHBHBIX HYKJIOHOB NPOMNOPLHOHANEH A1/3O’ hA ~ AG hA nns po-
y y y p p NOJH NMOoNnH

CTaTOYHO TAXEJOrO SAPa, e HeCyLIeCTBeH bl 3(EKTbl ANEPHOIH MOBEPXHOCTH.
TMpouecc pa3GuBaHHs KOPPENTHPOBAHHO# Napbl OMUCHIBAETCH, KAK M IS AEHTPO-
Ha, C YY4eTOM 9KPaHUPOBKH. [IpHHUMaETCs, YTO anpoH A OIMHAKOBO B3aHMOME-
CTBYET C MPOTOHOM M HEHTPOHOM, KOTOpHIE PacTpele/ieHsl PABHOMEPHO B LIEHT-
pe snpa, T.e. KoppensuuonHsie pynxunu pif u p}" pasuri. B pamkax reomerp-

YECKOH KapTHHbI CEYEHHE B3aUMONEHCTBMA alpoHa h ¢ sgpoM O, hA =

2
= ACGhN / Naqr rue N3¢ — CPellHee YMCNIO HYK/IOHOB B TPYOKe IU1owwansio mp;, B
NMPEANOIOXEHHH, YTO MONEPEYHbIH pasMep alpoHa P, MEHblle XapaKTepHbIX

PacCTOsHHit MEXIY HYKJIOHamMH B snpe. HamsaHo#l peann3aiiHet 3Toi KapTHHBI
ABNIAETCS maybepoBCKas KapTHHA, B KOTOPOH HAeTaloUuil afpoH B3aHMOIEHCT-
BYET C KaXIbIM M3 Naq; HYKJIOHOB TPyO6KkHM He3aBHCHMO. BeposiTHOCTh HailTH B

AIpe HYKJIOH, KOPPEIHPOBAaHHLIH C m00bM U3 N4 HyKIOHOB TPYGKH, paBHa

1
5 Ph (M) /2 - ), 23)
a CECYEHUE UHKJIN3HBHOIO npouecca

d’c 1 Py M) K, Py (M)
Ed3p=cnmm 311); 2—-0 Khzonomi 2 -0 : 24
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Nm? + p* - p,

3mece O = ———————— — CKelluHrosas nepeMeHHas. I[lpu 3aMeHe
m

O /N Ha O; hN napaMeTp K, YYHTHIBaeT BO3MOXHYIO 9KPaHMPOBKY Npw

B3aUMOJEHCTBUM C napod M HeGONbLIOE MOJABJIEHHE BCIIENCTBHE B3aMMO-
JeHCTBHS B KOHEYHOM COCTOSHHMH. IIpuBeseHHOE BbIpaXeHHe M CeyeHUs
CHPABEINBO W JUIS TAXENOro s4pa, KOFAa C 3aMETHO# BEPOATHOCTHIO MOXET
BbIOHBATBLCSH HECKOMBKO TMap. YC/IOBHEM ero NpUMEHUMOCTH SBJIAETCA HepaBeH-
CTBO Eh/Na¢ > E, , me E, — 3Heprus, HaunHas ¢ KOTOPOH ceuenue BbGH-

BaHWA HYKJIOHA ¢ UMNYNbCOM M3 JieiiTpoHa cnabo 3aBHCHT OT 3HEPTrMM Ha-
N

netawiueil yactuubl. I pealbHOro sipa MMeEeTCs CPaBHUTENBHO WHPOKOE
pacnpesieieHHe MO YUCIYy COyRapeHHil W BbIXOJ HAa CKEMJIHHTOBHIH PEXHM 3a-
TAruBaetcs. [IpuBefeHHOE YpaBHEHHE [IPUMEHHMO # B CITydae POXIACHHUS KyMy-
NATHBHBIX T, K, A.

B cnyuyae of6pasosanus c¢parmenTos (d, ¢, ...) CUMTAETCH, YTO HAIETAKOILMH
alpOH B CPeHEM pa3pyLIaeT HECKOJIbKO KOPPEIMPOBAHHBIX Map HYKJIOHOB, pac-
NOJIOKEHHBIX C HHM Ha OfHOM NpHUENbHOM mNapaMmerpe. KyMynsTHBHbiE HYKIIO-
Hbl OT 3THX nap obbvenuHsilorcs B Habnionaemble (hparMeHThl B CpeHeM Iojie
aapa. DTOT MEXaHH3M MPHBOAHT K COOTHOLIEHHIO MEXAY CEYEHHUAMH POXIEHHs
(pparMeHTOB, KOTOpbie BBHIPAXKAIOTCA YEpe3 CeYEHUS POXAEHUS [POTOHOB.
Hanpumep, nns obpazosaHus AefTPOHOB HMEETCA BblpaxeHue:

d3c 2
, . E, FEN wp/2)
do _>»|__“Ffp N
Ey- 3= Ao’?n : 25)
d’pp  Pp A":zv

310 cooTHOUIeHHe cripaBeanuso wig ¥ = 180°. MHoXuTenb E,D HMEET MOPALOK
Benuumunbl 1072, AHatoruuHOe BbipaXeHHe 3anuchiBacTcs s (PparMeHTOB
TPHTHA.

B npoueccax cTonkHoBeHHs saep [44] yHHBEPCAIBHON BENHYMHOM ARIAETCS
(xak u B YA-, hA-B3aMMOIEACTBUAX)

£3/Me k) = GA ™Mo k) /0, i Ky (26)

3necs x; — thaxTop 3KpaHHpOBKM NpH B3aumoxeiicTsun NN-napbi sapa A ¢
sapoMm B,

+A->N+X
GA N, x )Ead"B K @7
B i 2 B°
dod kl
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Benuuuna KB 3aBHCHUT TOJIPKO OT MacCOBOro 4ucCia sapa B, HO He or A.

Hukiio3uBHOE ceyeHne BHIOMBaHUS HYKJIOHA U3 Maphl (TPOHKH) MPAKTHYECKH HE
33BUCUT OT B3aUMOJEHCTBHS A1pa B ¢ HYKJIOHaMH, He NPHHALIEXAIUMH KOppe-
nsuud. KavecTBeHHO 3aBUCHMOCTb Kp OT B ompegmensercst ycnoBMeM, 4TOObI

B3auMofeicTBUe sipa B ¢ napoii (Ho He ¢ sapoM A) 610 neputepudeckum, T.e.
MaJIOHYKJIOHHAs] KOPPemsIus J0KHAa B3aHMOIACHCTBOBATh TONMBKO C KpaeM sapa
B. B npoTHBHOM CiTyyac CIEKTATOPH He 00pa3yloTCsi, OCKOJIBKY OHM HOTEPSIOT
CBOI0 SHEPIUIO BO B3aMMOICHCTBUU C HYKJIOHaMHu supa B. Tak kxak Tonmmuea
NOBEPXHOCTHOTO cNos cjaabo 3aBHCMT OT MaccoBoro umcnaa supa B, To

G;/N(pN) ~ Bl/3 npu Gonsiux B.

KOHKpETHBIM BbIPAKCHHEM YHHMBEPCAJIBHOCTH KYMYIATHBHOTO POXICHHSA
4aCTHLl 1IpH CTOIKHOBEHHH sgaep sBisierca (opMynHpOBKa 3aKoHa nonodus [44]:

G/ P(p) /G P(p)= 0 (A, A, (28)

T.€. OTHOLIEHHE MHKJIIO3UBHBIX CIEKTPOB HE 3aBHCHT OT COpTa HaleTarolueH
4acTHIbl (OTMETUM, YTO HE3aBHCUMOCTb XapaKTEPUCTHK KYMYJISTHBHBIX MpPO-
LIECCOB OT BHJAa CTAIKHBAKINHXCA OOBEKTOB Mpemoiaraiach B HCXOOHOM
runoTese KymyastuBHoro agpexra). Ilonb3ysce BbpaxeHHeM i 3aKOHa
nono6us, MoXHO 00pa30BaTh OTHOIUEHUS CEYEHUH CIIEQYIOLIEr0 BUAA:

_He+A-p+X _He+A-op+X
Ry D+A->p+X’ Ry He+C—Hp+X’ (29
3nece He u D o3nauawor nepsuunsie mydkd, A 1 C — cparMeHTHPYIOLHE

anpa. Takue oTHomenHs moxasaHel Ha puc.20. U3 paccMoTpeHus pHUCYHKOB
BUIHO, YTO OTHOUIEHHS R, s MPOTOHOB, AEHTPOHOB M MHOHOB NPAKTHYECKH

He 3aBUCAT OT MaccoBOro Yucia ¢parMeHTUpYIHUX saep (Mckiodas o6nactsk
JIETKMX siiep B ciydyae NHoHOB). OTHOLIEHUS R2 IS ITHOHOB SABJASIOTCS KOH-

CTaHTOM, IS NPOTOHOB M ACHTPOHOB — pacTylluMH (YHKUHAMH A,
padiIMYHbBIMKH B CHMJIy padiMuMs HX A-3aBMCHMOCTeid. MOXHO cka3aTe, uYToO
NOJNYYEHHBIE PE3yJbTaThi HAXOAATCd B Pa3syMHOM CODIACHH C MPEATiono-
XEeHUsAMHU paboTsl [44].

B paGote [82] paccMOTpeHbl HHKITIO3MBHBIE CEYEHHS B SIPO-SIEPHBIX CTONK-
HOBEHHUSAX NPH BBICOKMX BHEPIHMAX B PaMKaX T€OPHH MHOIOKPAaTHOIO pacCesiHus
I'maybepa ¢ yueToM MHOrOHYKJIOHHBIX CTOJKHOBeHMi. IIponecc AA-B3auMmoneii-
CTBHS TIPEJCTABNAETCA KaK COBOKYITHOCTB Psifia B3aUMOJEHCTBHE OMHOTO WM He-
CKOJIbKHX HYKJIOHOB CHapsja OJHOBPEMEHHO C OJHHM WJIH HECKOJIbKMMH HYKJIO-
HaMH MMIUEHH. B HepessITUBMCTCKOM cilydyae Takas COBOKYIHOCTb MOXET OBITh
npencTaBlieHa Kak IOCIEeAoBaTeNbHblE B3auMonelcTBui. B oGmacT cBepxBbi-
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0~ Ry=(He+A—p)/(D+A>p)
7 Fo— R2=(He+A—>d)/(He+C—»d/)¢
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Puc.20. OtHOIIeHNS CeYeHMH Ui PAVIMYHBIX YaCTHI COIVIACHO 3aKOHY MOfo6Ms

COKHMX DHEpIrdii CKOpee BCEro OCYILECTBASIOTCS Hapajuie/ibHbie B3aMMOIEHCTBHS,
KOIJa OJMH WIM HECKOJIbKO HYKJIOHOB CHapsla pacrnajaloTcs Ha BHPTyalibHbIe
cocTapnsAomMe (IapToHBI) 3aH0JIN0 A0 B3aUMOAEHCTBHSA, KOTOPhIE M B3aUMOJCH-
CTBYIOT C O[IHMM WJIH HECKOJbKMMM HYKJIOHAMH WM I1apTOHAMHM MHUILIEHH, obpa-

1
3yd 3aTEM HaGHIO}laCMbIC KOHEeYHble YacTHnel. UHK/IIO3UBHOE CeueHHe ]( ) piujict
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1
AA-CTONKHOBEHHS BbIPQXaEeTCs Yepe3 HHKIIIO3UBHBIE CEUEHUI Gt('k) CTONKHOBCHHA

{ HYKJIOHOB CHapsja cpa3y ¢ k HyKJIOHAMH MHMILEHH:

A A’
1) (1 1) r_ (1) ’ 2(i + &k —2)
10=3 Y1 1788 = Pww @my , (30)
i=1k=1

rae Wi HMEET CMBICHI BEPOSITHOCTH HaUTH | HYKJIOHOB CHapsaa B OHOH TOYKE:

Aw, = 1€} m> 1 =D [ @i, @1

AHQIOrHYHOE BbIPaXEHHE 3aMUChIBAETCS A1, MUILIEHH (W), ®Popmyna (30) pas-

1
ACNAET IUHAMHKY MpoOUEecca Ha MaJlbix PacCTOSIHUAX MMOCPEACTBOM O'Ek) H reo-

METPHUYECKYIO KapTHHY €ro pa3BHTHs, CBA3aHHYIO C SAEPHOH CTPYKTYpoOi, KO-
TOpYIO OTPaxaloT BEPOATHOCTH W, H KOTOPBIMH ONpENeNAeTcss A-3aBUCHMOCTD

. R . 1
cedyeHHH. YHCTO KuHemaTHuecku obnacts CNEKTPOB CEYCHHH O'Ek) Mnpu pas-

JIM4HBIX [ W k paziuuHa. O6nacTe, rae GS;) #0, a 0'5:) = 0, Ha3bIBAaETCH KyMy-

JATHBHOH. Ecnu cuutath i = 1, a k — MUHMUMaIbHO JOIMYCTHUMBIM B 3aaHHOH
KUHeMaTHKe (NpHOTHXEHHE MaTOHYKJIOHHbBIX KOppesilMi), TO B KYMYTSTHB-
HOi o6slacTu hparMEHTALMM MMILEHH

1M~ 10 = AA'GY) w/(@my® D), (32)

T.e. B A pa3 60iblue HHKJTIO3UBHOTO CEYEHHS POXIEHHS KyMYISTHBHBIX YacTHL
Ha sipe A" ONMHOYHBIM HYKJIOHOM. B axcnepumenTe (cM. puc.2—S5 u Tabnauuml
CedeHHH B MpHIOXeHHuH) ceyenns CA-B3aMMONENCTBHS NPEBOCXOMAT CeYeHHs
pA-B3auMoneicTBus NnpubnusmTensHo B 4,5 pasa.

Mukpockonuyeckas KapTHHa npoiecca 06pasoBaHUs JErKUX (parMeHTOB B
alpOH-SNEPHBIX B3aHMOAEHCTBHAX paccMoTpeHa B pabore [83] B ueHTpanbHOI
obnactu U obnacti parmexrauuu Mumenn. Ulydancs WHKIIO3MBHbI npouecc
h+A — F + X, e F o6o3nauaeT maccosoe uncio dparmenta (F =2 + 4). B
Cly4ae, Koraa HMImyisc obpasylomerocs ¢ppamvenTa p r = Fk vanpasnen B nepex-

HIol0 ToMycepy (HeKYMyNSTHBHast 0G/1acTh), KaX/abiii MApTOH B3aMMOJEHCTBYeT
JIMIIb C ONHHM HYKJIOHOM Alpa-MuuieHd (n = 1). B xyMmynstusHoi obnactu B
CHJly KMUHEMAaTHYECKHX OrpPaHHYEHHH HEBO3MOXHO POXIEHHE HYKJIOHA (hparMeH-
Ta C HYXHBIM UMIY/ILCOM k Ha €IHHHYHOM HYKJIOHE, TOSTOMY YUHTHIBAETCH B3au-
MOJEHCTBHE KaX/IO0I0 HANETAIOWIErO NapTOHa KaK MHHUMYM C IByMs HYKJIOHaMH
sapa-Mumiesd (n 2 2). Tlpy CTONKHOBEHWM NApTOHA C N HYKIOHAMM aapa-
MHLICHH BO3MOXHO POXICHHE HYK/IOHA ()parMEHTa C MMIY/IbCOM K, NMpHHajIe-
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XallUM KMHEMATHYECKO O0IaCTH, IPaHKLibl KOTOPOU 3aNal0TCS COOTHOLIEHHEM
2

k /m=n, the m — wMacca HyKJOHa, k_= kO - kz, ko = (k" + m2)]/2,

kZ = k cos U. PopMmyaa cripaBeyiuBa TP YIbTPAPEIATHBUCTCKMX BHEPrHAX Ha-

neraoiiero agpoxa. Ilpu n =2 gig cnydyas poxaeHus dparMeHTa TOYHO Hazan
M3 Hee CJleyeT, YTO UMIYIsC (pparMeHTa orpaHHyeH BelM4MHOI 3 /4m Ha HyK-
JIOH.

B pa6ore noayuenst dopmynst aisi koatppuumentos cnuguus (KC) B uenr-
payibHOH 06nacTH (HYKJIOHBI POXAAITCH ¢ GOMbUIMMH MMNYIBCAMH TIOJL MAILIMK
yiamMi, n=1) u ofnact ¢parMeHTaLUuH MHIIEHH (YMEPEHHbIE HMINYNbCHI,
obnacte yros 90° + 180° n = 2). Ina obeux obnacreit cogepxarcsd npeicka-
338HUS OTHOCHTESILHO TioBeneHus KC npu M3MeHenun MaccoBbiX YHcen (parmen-
TOB M MHILUEHEH, YIIOBOH W UMMy/NbCHOM 3aBucumMocteit. 3asucumocts KC tosb-
KO OT k_ aBTOMaTH4€CKH BO3HHKAET NPH BbHIUKCIEHHM (PEHMAHOBCKON qHarpam-

MBI TIpoOLIecca, IPHYEM, KpoMe xapakTepa 3asucumocti KC ot k_, nonydyena ero

aGconoTHas BenuvnHa Ge3 cBoboaHbix napamerpos. OnHaxo OTMEuaeTcs, 4tTo
pacuerHble 3HaueHHs KC KpHTHUHBI K XapaKkTepy paciipelieleH1s SIepHON NaoT-
HOCTH ¥ 3Ha4YeHWsM paauycos ¢parmedtoB. B Gonee paunneii pabore {84] npo-
nopuroHansHocts KC Benuuune 1 /k_ B geATpoHe nonyyeHa U3 YHUCTO reoMeT-

puueckux coobpaxeHHH NpH aHaIM3e NPOCTPAHCTBEHHO-BPEMEHHOH KapTHHbI
aIpPOH-IAEPHBIX B3aHMOLCHCTBHH.

B paGore [85] paccMoTpen npouecc 00pa3oBaHHA KYMYAATHBHBIX HPOTOHOB
B aJpOH-AJEePHBIX B3aWMOMACHCTBHAX M BbIYHMCIEHbI BKJIAAbl PAMIMUHBIX MeEXa-
HHM3MOB (CTIEKTATOPHOIO, MPAMOrO M NepepaccesHus) B HHKJIIO3UBHBIE CEYEHHS.
KuHerHuecke aHepruuM npoToHOB paccuuTaHbl B MHTepBasie 70 + 230 MaB nns
yrnos 90°, 120° u 160°. PesynstaThl YMC/EHHBIX PacyeTOB MOKa3aiH, YTC B Ce-
4eHWH nog yriom 90° 1 npu Tp < 160 M»B poMuHMpyeT nepepaccesHue, CBhille

9THX DHEPIHil HauKWHAaeT NOMHHUPOBATh NPAMOI MEXaHM3M, BKJIaJ CMIEKTATOPHO-
ro MexaHu3ma npenebpexumo Man. [loa ymom 160° ocHoBHOM BKJIan faeT ciek-
TAaTOPHBIA MEXAHW3M, BKJIAJIOM NPAMOTO MEXAHW3Ma MOXHO npeHebpeds. Cuty-
auus s yrna 120° He cronbs ACHa BCAENCTBHE CYLIECTBEHHOrO BKJ1ala BCex
MEXaHH3MOB, HCKI04as NPAMOH.

OTHOCHTENIBHO KyMYJISTHBHOTO POXACHHS TIPOTOHOB CHENAeM HEKOTOpbIC
3ameyaHus. Hanpumep, no naHupiM Hacrosiuedl paGorsl MacumiTabHad nepeMeH-
Has x JUId TIPOTOHOB B M3yuYeHHOM WHTepBale HX umnyascos (0,3 + 0,7 T'sB/c)
u3MeHseTcs or 3HadeHus 1,2 no 1,7. B ToM Xe MHTEepBale HMIYILCOB st
NUOHOB 3HaYeHUs MaciTaGHO# NepeMeHHO# H3Mensiotca B npepenax 0,6 + 1,4,
CeyeHus: NPOTOHOB CYIECTBEHHO MPEBOCXOHAT CEYEHHS MHOHOB MPH OXMHAKO-
BBIX 3HAYEHHAX MacIiTabHOH mepeMeHHOMH. B TO Xe BpeMs mapaMeTpsl HAKJIOHOB
CTEKTPOB MPOTOHOB M ITHOHOB ONM3KH B XECTKOH 4acTH cuekTpoB. IIpoTOHBI
H3HAYaJIbHO NPHUCYTCTBYIOT B SApPE KaK €ro CTPYKTYPHBIE SJEMEHTBHI U MOIYT
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noJiyyars JOCTATOUHYIO BHEPIUIO BCIEACTBUE Pa3IHYHbIX, YIIOMSIHYTHIX BBIIE Me-
xaHu3MOB. CyLIecTByeT YCTOSBIIAACS TOYKa 3pPEHHs, KOTOpas ImojaraeT Kymy-
JISITUBHBIMH TIPOTOHBI, UCHYLIEHHBIE B 3aAHIOK Monycdepy ¢ MMIYICOM BbILIE
300 MsB/c, T.e. npeBOCXOAAMMM CPEeAHUI UMIyIbC (hepMu-aBuxeHus. U3Bect-
HO TaKXe, YTO B PHEPreTHUECKOM CIEKTpe NPOTOHOR MMEETCs 110 KpalHel mepe
IBa 3HaYEHWs MapaMeTpa HakjoHa (Wi yros, omiM4HbIX OT 180°). Pesynsrathl
HacTosiei paboThl yKa3bIBAIOT, YTO 9Ty IPAHULY CJEAYET OTOABHMHYTH g0 500
MoaB/c, 4To6bl OTCTPOUTHCA OT CIOXHOIO MEXAHH3MA TCHEPALMH MATKHX [POTO-
HOB.

B pabote [86] maercs Gosiee XecTKoe onpenesicHHE TEPMHHA «KYMYJISTHB-
Has YacTHLia», OCHOBAHHOE Ha BBIREJICHHHM KHHEMaTH4eckKod o6nacTH mnepeMeH-
HBIX, KOLJAa KBa3sMYacTHLIAMH, XapaKTEpPHU3YIOLIMMH JHHAMHMKY B3aUMOBEHCTBMS,
CTaHOBATCA KBapKu. KpuTepueM BbigeieHHs SBISIOTCS YCIOBHS b,25x>1,

rac
b, =—| k| (33)

Benuuuusl b, ABIATCS KBajpaTaMH pasHOCTH 4-CKOPOCTEH, p; — 4-umnyins-
Chl YaCTHIl C MacCO# m, , y4acTBYIOIUX B peakuuu. B cucteme dparmenraropa,
comtacHo obOo3HaueHusM (4), b” 1= 2T1/m1, rae T1 — KHMHETHYecKas DHep-

r''ud 4aCTHUUBI. FpaHHHLI 1o KHHCTH‘!CCKOﬁ SHCpFI/IH pa:mwmmx YaCcTUL paBHbI
Tn > 0,358, TK > 1,23 I'sB, Tp > 2,34 I'sB. Ycnosue b" ;> 5 o3Havaer, 4To

SHEprus Ha HYKJIOH B3aWMOIEHCTBYIOHMIMX AP AOJXHA MPEBBILATh BEJTHYHHY
4 T'sB, HaunHas ¢ KOTOpOIi HacTynaeT npeneibHas PparMentauus. Kax sugHO
U3 NPHUBEJECHHBIX OLIEHOK, KMHETHYECKAass 9HEPTHs NMPOTOHOB, YAOBIETBOPSIO-
was 060MM yCJIOBHSIM, He GbUTa JOCTHIHYTa B MMEIOLUIMXCS K HACTOSILIEMY Bpe-
MeHH dKcnepuMeHTax. OTHOLIEHHS HOPMHPOBAHHBIX Ha A HHKJIIO3MBHBIX Ce-

YeHMii B 3aBUCHMOCTH OT X Ui pasnuuneix wactun (K /m, K*/K~, 7" /p)
[87] pasnuyarorcs B 06nacTax x < 1 ¥ x > 1, B mocjiegHeM ciiyyae BHIXOAAT Ha
KOHCTaHTy (CBOI0 IJIS KaXIOro BHAA OTHOWIEHMH ceuenuii). OTHOWIEHUS ce-
4eHHUH p /T NEMOHCTPHPYIOT POCT BO BCEM MHTEpBale MaMeHeHHs x: oT 0,3 10
2,5. Takum 06pa3oM, CHTyalHs C KyMY/ISSTHBHBIM POXICHHEM IPOTOHOB HyX-
JaeTcsd, Ha Hall B3MIAA, KaK B TEOPETHUYECKOM OCMBICJIEHUH, TaK M B Jallb-
HEHIIUX H BEChbMa HE MPOCTHIX BKCIEPUMEHTAX.

B pa6orax [88—92] pa3suTa KacrepHas MOJENb KyMY/STHBHOTO POX/IEHHS
yactull (Moliens spepHoro ailepbona). Takas cucrema 06pasyeTcs B IEPBOM
-AKTE€ CTOJIKHOBEHHsS MNEPBUYHOH YacTHUBI C SAPOM, NpuueM o0pasoBaBiLascs
CHCTEMA He SIBJSIETCS COBOKYMHOCTBIO CBOGOAHBIX YaCTHLl, a B TEYEHHE HEKOTO-
poro BpeMeHH T BefieT ce0s Kak equHas agpoHHas cucTeMa. B cucreMe mokos
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Kacrepa Bpema T~ 1/m_. [locnenyioume CTOIKHOBEHHsS KiacTepa C HYKIO-

HaMM sAapa INpUBOMAT K €10 B036}’)KIICHHOMY COCTOSIHUIO, BPEMS XKU3HU KOTOPOro
B CHCTCME IIOKOd si/ipa TH&II' BpeMSl MEXy HNBYMsS IMOCJIEAOBAaTC/IbHBIMH COyda-

penusMu At =\ /v, tme A — cpeanss miMHa csoGonxoro mpobera kiacrepa B
siipe, v — CKOPOCTb KilacTepa. YCIOBHE TOro, YTO Kjactep He Oyner usiay4aTb
YaCTHLBI MEXIY ABYMS TIOCNEOBATENbHBIMH CTOJIKHOBEHHSIMHY, T, > Af WM

m >A/v. (34)

U3jiyyeHHe KJIaCTEPOM BTOPHYHBIX YaCTHL BHYTPH sipa OYymET HPOMCXOMHUTSH
TOrJa, KOIJa €ro CKOPOCTh 32 CYET COYAAPEHMH C HYKNOHaMH sApa yMeHb-
HIMTCH JO KPUTHYECKOM BEJIHYHHBI Vep = (1 +‘cmn/ A 172, CrieKTp NHOHOB,
HU3JTy4aeMBIX TAKMM KJIACTEPOM, ONpPENENseTCs BhIPaXEeHUEeM

E-pv._cos ¥
— _Kp

flp, ®) = const - exp | — (35)

T

2.1/2
o1 =2

mep=lpl, O = 19(1;\v), T, — yHuBepcasibHasi aipOHHas TeMIepaTypa =~ 160 MaB.
XapakTepHas «TeMIiepaTypa» CIEKTpa MHOHOB

T, = Ty[(1 = v,) /(1 + v 1%, (36)

KOTOPYI0O MOXHO OLIEHHTH, BbIGHpas 3Hauenue A ~ (1 + 2)m;1. DTO COOTBETCT-
BYET CKOpPOCTH va ~ 0,7 + 0,8 u, cnegoBaTeNnbHO, JAcT 3HAYECHUE TC =67+

+ 53 MsaB B xopouem cOrlacHH ¢ 3KCIEPUMEHTOM.

JUiss BMHCCHH BTOPMYHBIX MPOTOHOB MPEANONAraeTcs, YT0 MX TOsSBICHHE B
KyMY/ISTHBHO#M obnactu cBsizaHO ¢ (hOpMHpOBaHHEM H pacnaioMm cakiepGona ¢
OTJIMYHBIM OT HyJIsl 6apHOHHBIM YHMCIOM. ClieKTp IPOTOHOB, HCITYCKaeMbIX Gapu-
oHHbIM (paiiepbosioM, onpeaenseTcs Kax

Afp, ¥) = const - exp [ WE ~ vp cos ©)/ Tyl 37

rae E, p, Kak ¥ paHee, €CTb NOJIHAS DHEPrUd M HMIIYJIbC BTOPUYHBIX YacTHI,
vy=(1- v2) -/ 2, T, — Temneparypa daitepGona. Bennuunsl v, T, onpenensd-

J0TCS U3 SKCIIEPUMEHTAIbHBIX CIIEKTPOB NPH P3NUYHBIX (PHKCHPOBAHHBIX YI-
nax. B uyactHOCTH, M3 mannbix no peakuusm Ne + U (400 MasB/Hykion) u
Au+ Ar (500 MoaB/Hyk/noH) cnegyloT 3HauEHHMS TBz40+7O MbaB,

v =0,06 + 0,1. Boipaxenuem (37) ObulM OMHCaHBl JaHHBIE, MOJy4YEHHBIE B
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npouecce Y+ A — p+ X. AHanu3 DaHHBIX [UIS [IMOHOB M MPOTOHOB MPH Ha-
YanbHOH sHepruu 400 I'sB npueen x NByM 3HaueHusM mapametpos T H v,
XapakTepU3YIOIHX CueKTphl. [Ind NMHOHOB M3 sapa TaHTana T =148 MsB u

v, = 0,63. Ins nporoHoB Tp =91 MsB u vp = 0,3. PasnuuHble 3HaYeHHs I1apa-

METPOB [/I1 MUOHOB U MPOTOHOB MOTYT CBHAETENbCTBOBATh O CYIECTBOBAHHH
IBYX MCTOYHHUKOB BMHCCHM YaCTHL.

Paccmotpenue cpaitepbonia Kak TepMOOMHAMMYECKOH CHCTEMBI HAEATbHOIO
rasa KBapKOB, aHTHKBApKOB M IJIIOOHOB (KBAPK-IMIOOHHAs Iia3Ma) NPUBOMHT K
Crledyo1eMy BLIPAXEHUIO IS CNIEKTPOB alpPOHOB NpPH pacmaje (aiiep6ona B ero
CHCTEME NOKOS:

m* +p)' 24,

O=exp| - T , (38)

rae XMMHYECKHH NOTEHUHWAN aApoHa h paBeH CyMMe XHMHUYECKHX MOTEHLHAI0B
COCTaB/IAUINX €ro KBapkKoB. [ Me30HOB My = My = My HIns Gapuonos
My =Hy + Wy + 1. JUIS A0epHOH MaTepHUH C PaBHBIM YHC/IOM MPOTOHOB M
HEHTPOHOB, CONEPXAlUHX - W d-KBapKH, H,=H,=l H um=0 (Me30HBI),
H, = 3 (Gapuonst). M3 (38) BumHO, 4TO BAMSHHE GONBLIOH MAcChl NpOTOHA
KOMMNEHCHPYETCA OT/IHYHBIM OT Hynd 3HaueHHeM W,. COracHo npeaoxeHHok

MOZE/H aapOH-AAEPHbIE CTOJKHOBEHHsS MAYT uepe3 oGpasosanue caiiepbona,
COAEpXaILUEro YaCTh HyKJIOHOB TPYOKH SNEPHOH MaTepuH, Jiexaiei Ha nmyTH
CHaps/ia, H 06/1ajialoero CPEAHUMH 3HAYEHHMH NapaMETPOB T, nv,, u Heko-

Toporo (aitep6ona ¢ HyneBbiM GapHOHHBLIM YHCIOM C napamMeTpamu Tm Hy .
B 3TOM noaxome npeackasbiBaeTcs pa3iiMuHOE MOBEEHHE CNEKTPOB KyMyJd-
tuBHbIX K ~- u K *-Me3on0B. KBapkosas crpyktypa K “-Me3oHa (4, ), K *-Me-
30Ha (4, 5), 1 K “-Me30H MOXeT poxnaTscs B nape ¢ K *_ME30HOM, HMCTOY-
HHKOM KOTOpBIX siBigercs ¢aiiepbon ¢ MakCHMaIbHOI TeMneparypoi T u Hy-

neBbiM  GapuoHHBIM uHcnOM. [na  poxamenus K *-mezonos CYLIECTBYET
AOTONHUTENBHBIH HCTOYHHMK H3-32 aCCOLMATHBHOIO DOXMAEHHS CTPAaHHBIX Ga-

pHoHOB (A, Z u 1.4.). [lpu atom poxaenne K *-mesonos onpenensercs napa-
metpamu T, W v,. JlaHHbIC 9KCHEPHMEHTA CBHIETENbCTBYIOT 06 YCHJIGHHH Bbl-

xoma K *-me30H0B M 61m30CTH HX A-3aBHCHMOCTH K NPOTOHHOI [14,45].

B paGorax mocnennux ner [93—97] orpaxen COBPEMEHHBIH B3MIA] Ha
npo6sieMy rTyGOKOHEYNpyruX MpOLECCOB Ha SApax C y4aCTHEM Kak JIENTOHOB,
TaK M aJPOHOB. DKCHEPUMEHTATLHEIM MaTEPHATOM ARISIOTCS PE3Y/IBTaThl 110 Ky-
MYJISTHBHOMY POXJIECHHIO 4acTHIl M I1yOOKOHeynpyromy paccesiHuio (3¢pexThi
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BCDMS u EMC). Kak orMeueno B [93], ob6napyxeHHble 3¢phexThl POTHBOPE-
var J1oObIM (HEPENATHBUCTCKHMM) MPEACTABICHUAM O SApE KaK CHCTEME HYKJIO-
HOB, CBS3aHHBIX KaKUMH-TO MOTEHUHATBHBIMU cHlaMi. Ho oKa3biBaloTCs BRonHe
€CTECTBEHHBIMH, €CIIH paccMaTpUBaTh AlPO KaK PENSTUBHCTCKYI0 KBAHTOBO-IIO-
JIEBYI0 CB3aHHYI cHCTeMy. I71aBHas OCOOEHHOCTb TaKO#i CHUCTEMbI COCTOMT B
TOM, YTO M3-3a MOSPH3ALMM BAKYYMa SAPO MPEACTaBiseT cobOit He TONbKO CH-
CTeMy A B3aUMOJEHCTBYIOLIMX HYKJIOHOB, HO H MOpE€ 4acTHL-aHTHYacTHL, He-
CYLIMX B cHCTeMe OeCKOHEYHOro MMITY/IbCa HEKYI HOJI0 HOJIHOTO UMIMY/bCa Sil-
pa. [Ipu 3TOM [07s UMNyNbCa HYKJIOHOB JOJXHA yMmeHbwarbca. Ha xBapkosom
s3bIKE 3TO O3HAYaeT yMEHbUIEHHE CPeAHEH JONM HMMYIbCa BAIEHTHbIX KBapKOB
A/lpa B CPaBHEHUHM C CUCTEMOW CBOOOAHBIX HYKJIOHOB. AHAIM3 KBAPKOBbIX MOJiE-
neit oOpasoBanus KyMynsTHBHbIX YacTHU U EMC-adipekra conepxurcs B paGore
[95].

U310XHM OCHOBHBIE MOMEHTHI, crienys 3Tod pabote. MHBapuaHTHOe ceue-
Hue npouecca AB — hX wis yactHusl h 8 obnactH parmenTaudu sapa A npu
MaJIOM MONEePeYHOM HMIYIbCce U B NpeHeOpeXeHUH BHYTPEHHUM MOINEpPEYHbIM
IBHXEHHEM KBapKOB BHYTPH spa UMEET BHJL

A

do B X

PA_,,,(x.y,pl)EEd—%—=J'fh (a,y,pL]FA(a)doc, (39)
h x

rae F, — cTpykTypHas (yHKUHS A1pa, noaeneHHas Ha GapHOHHOE 4HMCIIO A,

th — HEKOoTOpas beHKuHﬂ, BHUO KOTOpOﬁ 3aBUCHT OT KOHKPETHOI0O M€XaHH3Ma

obpa3oBaHHs afpoHa h, HO He 3aBMCHT OT sijpa. [lng MexaHu3ma npeaenbHOM
¢parmenraunn  [1,3,8] ceuyenmue mnpocto nponopunoHanbHo F,(x), T.e.

th(x/a) ~8x/a—1).3pecb x=—u/s,y=—1t/s.

B knaccuueckoi MOTeHUMATBHOH KapTHHe aipa mobas cTpykTypHas (pyHK-
UM BBIPAaXaeTCs Yepe3 pacnpefeseHue HykioHos B supe T, (onpenensemoe

ONHOHYKJIOHHO# BOJMIHOBOH (byHKLHEH) U CTPYKTYpHYI0 (DYHKLHIO HYKJIOHA

Fp(x): ‘

A
Fx 09 =]T,© FN(é, 0? ]da. (40)

Pacnpeneneuue TA HOPMHUPYETCH Ha COXpaHCHHE 6apuomxoro YKCcIia, Koraa
B KaQ4YCCTBE FA 6CPCTCH pacnipeaec/iCHHE BAJICHTHBIX KBApKOB, U Ha COXpaHCHHUE

SHEPTHH-HMIY/bCA, ecnu Gepercs CyMMapHOe pacnpefeieHHe BCEX KBAapKOB,
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aHTHMKBapkoB ¥ rmooHoB. [loxcranoska (40) B (39) maer cBsA3b ceyeHHi npouec-
COB Ha f/ipe U HYKJIOHE

A
b p) =T @py_, (ﬁ P ]doc, 1)
P

CIIpaBeUIUBYI0 M JJI% KyMYIATHBHOH ob6mactu x > 1. ManoHyk/ioHHble KOppe-
NAUMH AT BKJIal B BBHICOKOHMMMYNbCHylO YacTh (ot > 1) ¢ynkuuu T,, moc-

KONbKY (pepMu-IBUHXEHHE HE OIMCHIBAET 3TY YacTh CIEKTPa KYMYASTHBHBIX
yactul. MccnegoBanus riryGoKOHEYNpYroro paccesiHus Ha sSApPax IMOKA3bIBAIOT,
4TO CTPYKTypHas (hYHKIMS Spa HEe CBOJUTCS K CTPYKTYpHOH (PyHKUMH HYKIIO-
Ha B TOM CMBICIIE, YTO HE CYWIECTBYET CBA3M THna (41) c emuHoi dyHKIimei
T, nnst mo6oro pacrnpenesieHust KBapKkOB HIIH IIIOOHOB.

Kak moxasano B [93], ang sppa A M HyKJIOHa B OOLIeM ciyuae HUMEKOTCS
cBs3u TUna (41) ¢ TpeMs He3aBUCHMBIMHU PACIIPEACIICHUSMH: OHO JUIA HECHH-

S
DIETHOIO KaHala (BAIEHTHBIX KBapKOB F) TAN U ABa JUIS CMHIVIETHOrO KaHaia
+ .
T, (wist CyMMBI pacnipeie/IeHHii BCeX KBAPKOB U aHTHKBApKOB F, u mooHoB G).

+_p—_7S N NS
B npennonoxenuu, 9ro T, =T, =T, nuro T, u T, MHTerpalbHO paxinya-
10TCsl Ha 4—6% U1 CPEAHHX M TAXKENbIX saep

A
j @ -1V do= A, = 0,04 +0,06, (42)
0

yIaeTcs MOMy4HTh NPEKPACHOE KOJMYECTBEHHOE ONHCAHUE OTHOLIEHHS CTPYK-
TYPHBIX (PYHKUMIi BO BCeil DKCIEpUMEHTANBHO M3BeCTHOH obnactu x. O6ecne-
YeHHe Toi xe BenuuuHbl 3tgexra EMC g BaleHTHBIX KBapkoB B obnactu
x> 0,4 Tpebyer ycnosus

A A .
I (1 - o) T, (o)dor = J oT (o) = T,"(0)) do = A, (43)
0 0

T.€. 4TOOBI TMOMHBIH UMIYIBC «BAJEHTHBIX» HYKJIOHOB OBUI MEHbIUE MMIIYJIbCa
anpa. PasHoctu (42) n (43) npuBomsr K TOMy, YTO B sape Hapsay C gq M
[JIIOOHHBIMH MOPSIMH, 3aKJIIOYEHHBIMH B BAJIEHTHBIX HYKJIOHaX, HJOJKHO Cylle-
CTBOBaTh HEOONBIIOE MO BeMHYHHE (~ A,), HO CTONb Xe XeCTKOe, KaK M pac-

npefesieHHe BaJICHTHHIX KBAPKOB, «KOJUIEKTHBHOE» MOpE gg-map.
N. .
Pa3nnune mexnmy TAS uTl, § NPUBOIUT K HOBOMY DJIEMEHTY SHEPHOH CTpPyK-

Typbl — AOIMOJIHUTEIPHOMY KOJUIEKTUBHOMY SAXEPHOMY KBapK-aHTUKBApKOBOMY H
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[JIDOHHOMY MOpIO. Hes3npaa Ha MaJIOCTh NapaMeTpa AA’ OHO HMECT Ty XK€ XCCT-
KOCTb CIICKTpa pacnpeneneﬂuﬁ, KaK H B&JICHTHbBIC KBapKH, YTO MOXET HUrpaTh

OMpPENENAOUIYI0 POJIb Ul CHEKTPa KYMYASTHBHBIX K ~ M p, He copepXalux Ba-
JICHTHBIX KBApKOB sigpa. B obmactu x > 1 X CHEXTp LEIMKOM HOJIXEH onpefe-
JIATBCS TONOJHUTENLHBIM MOPEM BBHIY 0osiee GbICTPOrO BHIMMPAHHS HYKJIOHHO-
ro. MsydeHnue TakuxX YacTHL OTKPHIBAET MHTEPECHYID BO3MOXHOCTD I IOHH-
MaHus TPHPOAbI PAMIMYMs CTPYKTYPHOH (PYHKUMH sIpa M HyKJIOHa. DTo
padiiiyue MOXET BO3HHMKATh 3a CYET Mepepacnpelie/eHds BAICHTHHIX B MOPCKHMX
KBapKOB B MHOTOKBAapKOBbIX (IyKTOHAX, TOrAa B 06acTv x ~ 1, rme BKjiam MHO-
TOKBapKOBOH KOMIIOHEHTH! B pacnpeAc/icHHEe BaJIGHTHbIX KBRPKOB €LUE HEBEIHK,
a BKJIaJ{ aHTMKBAPKOB KOJUIEKTHBHOTO MOPSl IOMHHHMPYET, OTHOIIEHHE BBLIXOHOB

KY/K ~u () /u,(x) Gyner cnaGo 3aBHCETb OT X M COCTaBNSTb BETHUMHY
~2/A, =30 + 40 m1a cpeanux M TAXENbIX sgep. B obnactu x ~ 2, rae Hauu-

HaIOT JOMHHHPOBaTh MHOTOKBAapKOBble (IYKTOHH W B BAIEHTHOH 4acTH, 9TO
OTHOUIEHHE JOJKHO majath A0 Benu4nHsl 2 /A, ~ 4 + 6. Ecnu nepepacnpene-

JieHHe BAIEHTHBIX H MOPCKHMX KBapKOB IPOMCXOMMT MO BCEMy sapy 1160 3a cuer
MX MepepacrpejiesieHusl B KaX/I0M HYKJIOHE, JIH60 3a CYeT nepeKaykH 4acTH UM-
nyJsCca HYKJIOHOB B HEKHE ME30HHYIO WM NN-KOMNOHEHTHI, TAKOTO MajeHHs He
IOJIXHO OBITS.

CoracHo TakoMy NOAXOY, KyMYISTHBHOE POXIEHUE aHTHIIPOTOHOB MOXET
AaTh CBEJCHHS O BOIMOXHOHM YIIaKOBKE KO/UIEKTHBHOTO Mops. Ecnu oHO ymako-
BaHO B NN-naphbl, OCHOBHbBIM MEXaHH3MOM 0Gpa30BaHUs aHTUHYKJIOHOB JTONXHA
ObiTh (pparMeHTalMsi aHTHAMKBAPKOB, M CIEAYET OXHIATh OONBIIEH BeMYMHBI
OTHOLIEHHUs p/p = A 4 /2. Eclu Takoil ynakoskd HET, OCHOBHBIM MEXaHH3MOM

CTaHeT (bpamemauuﬂ AHTHKBapKa SACPHOro MOps B aHTHNPOTOH, YTO MPUBELET
K JXONOJIHUTEC/IbBHOMY MOAABIICHHIO BhIXOJA aHTHIIPOTOHOB.

HoBplil OOX0J K OMHCAHHIO KYMYNSTHBHOIO POXAEHHS HACTHI{ Ha OCHOBE
MOJENH KBapK-IOOHHLX ¢TPyH (QGSM) copepxurcs B pabGorax [96,97]. Mo-
nens faet Gosee yfauHoe OMHCAHHE SBICHUS (parMeHTAaUMH OOBIYHBIX aIpOHOB
B NPEANONIOKEHAH CYLIECTBOBAHHA THKEIBIX MYIbTHKBADKOBbIX COCTOSHHI B
(parMeHTHpYIOLMX sapax. InasHas npoGnema COCTOHT B OOBSCHEHMH KyMy-

TIATHBHOTO POXJEHHs YacTHLl THNA K ™ M p, KOTOpHIE CONEPXAT TOILKO MOPCKHE
kBapkd. HHTepecHblit SKCIEPHMEHTATBHBIN (aKT, YIOMHHABIIMICS BbILIE, CO-
CTOMT B TOM, 4YTO OTHOLICHWS BHIXOHOB ®THX YACTHL K MONOGHBIM, HO COmEp-
XallluUM BJICHTHBIE KBADKH SMIPa, HE 3aBUCAT OT x i x > 1. B cnyuae dparmen-
TalUH HYKJIIOHOB HabniogaeTcsl pe3koe MajeHHe OTHOUIEHHS BHIXOJOB B 3aBH-
cumoctd OT X. Takoe mosenenne He Moxer GbITh OOBSICHEHO B NMPOCTEMIUMX
MOE/IAX (PparMEHTALUH, HCTIONB3YIOIMX Paclpeae/ieHHs BAIEHTHBIX H MOPCKHX
KBapKOB, M3MEPEHHBIX B IIYGOKOHEYNpPYroM pacCesHWH, W B MONENSX siep,
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COCTOSIIMX M3 HYKJIOHOB. IlpuunHa 3axsiioyaercs B ObICTPOM NMaXeHMHU pacnpee-
JIEHHs MOPCKHMX KBAapKOB B HYKJIOHE 110 CPaBHEHMIO C BaICHTHBIMU. Padninuue B
oTHX pacnpenelieHusx 8 QGSM muoro mesbiue. B paborax [96,97] mpomemon-
CTPHPOBAHO, YTO PalIMuYME CIIMILKOM Mo, YTOOH MONYYHTh NPHOIM3UTENILHO

+ —_—
nocTosiHHOe moBegeHHe orHomeHus K /K = B 3aBHCHMOCTH OT X, HE BIajias B
NPOTHBOPEYHE C IKCIIEPUMEHTAIBHBIMHU JaHHBIMH B HYKJIOH-HYKJIOHHOM pacces-

+ -
HUM. AHaIU3 CNIEKTPOB KYMYJIATHBHbBIX K "- u K -Me30HOB nokasai, 4TO OHH
nogoOHb M HAXOOATCH B COINIACHHM C UMEIOLIMMHCS IKCNECPUMEHTAIBHBIMUA 1aH-

HeiMH [21,24]. B Monenu mpemckassisaeTcs poCT OTHOWweHus soixona K~ /p B
3aBUCHMOCTH OT X B aJPOH-SAEPHBIX B3aHMOACHCTBHUSAX.

PaccMOTpeHHbIE TEOpETHYECKHE MOAXOAb! K NpobneMe KyMyIATHBHOTO poX-
JEHHs YACTHLL MOXHO YCJIOBHO pa3le/uTh Ha TOpsSYHe H XoJomHble. CMBICT 3THX
TEPMHHOB OTPAXaeT YC/IOBHS BO3HHKHOBEHHS HCTOYHMKA KYMYISATHBHBIX YaCTHLL
(dbnykTOH, MaTOHyKIOHHAs Koppeaauus, ¢aitepbon, xnactep M 1.10.). Fopaume
MOJZIEJIH MCXOAT U3 NPEMITONIOKEHUS, YTO TAKOH OOBEKT BO3HHMKAET B MpPOLIECCE
B3AUMOMIEMCTBHA H 3aTEM paclalacTcs HA 4acTHLb C OOYCIIOBIEHHBIMH Xapak-
TepuUcTHKaMH. XOJNOIHbIE MOIETH MPEeArnoaraloT CyUIeCTBOBaHHE 3TOT0 00beKTa
B HCXomHOM ((parMeHTHpYIOLIEM) sipe BHE 3aBUCHMOCTH OT Haneralulex
YacCTHLIbI.

Kak BMIHO, HCYeprnibiBawilero oObSCHEHHS BCEi COBOKYMHOCTH XapakTe-
PHCTHK KYMYISTHBHOIO POXAEHHs 4acTHL, TeM GoJiee pala TOHKHX AeTaneil B
NOBEJEHHH CEYEHHil, He HaeT HU OQHA W3 pacCMOTpeHHbIX Mogencih. Tem He
MEHEee BCE OHH C Pa3HOM CTETeHblo ycrexa OObICHAIOT OCHOBHBIE CBOWCTBA KY-
MyJSTHBHOTO poxieHus. He Bce mpeackasanus Mofesed COmacylTcs ¢ HMelo-
IIMMHCS IKCTIEPUMEHTANbHBIMM JaHHBIMH, HEKOTOpBIE M3 HMX TpeOyloT aomnon-
HHTEJIbHOM dKCepUMEeHTaNBHON HHpopmauny. OGILHMM MOMEHTOM TEOPETHYEC-
KHX [OOXOHOB HBJISETCS NpPUBIEYEHHE HEHYKIOHHBIX CTeneHell cBoOOMbI,
0cOOEHHO U1 4acTHll, COCTOSAIIMX H3 MOPCKHX KBAapKOB.

OCHOBHBIE PE3YJIbTATHBI

1. B paMKax egHHOH 9KCIMEPHMEHTANBHOH MPOUEXYPH BIEPBbHE HCTAILHO
HCClleloBaHa A-3aBUCHMOCTh CEYEHHH KYMYISTHBHOTO POXIEHHS YacTHL Ha nyy-
Kax MPOTOHOB M sep B IIMPOKOH obnact ¢pparMEeHTHPYIOLHX Afep OT HeH-
TepUs 1O CBHHUA W MOKa3aHO, YTO 3TH 3aBMCHMOCTH nonobue. Bonee Toro,
0GHapyXxeHO feTaibHoe mogobue B NMOBEIEHHH CEYEHHH Ha W30TOMHYECKH 060-
rauieHHbIX SApax, KOTOpPOe MPOABIAETCS Ha BCEX HCMO/Ib3OBAHHBIX NMyuKax.

2. BriepBbie feTaIbHO MCCIENOBaHA dHEpreTHdeckas 3aBHCHMOCTb CEUEHMid
Ha M30TONHYECKH OOOrallleHHBIX AOpax HHUKEJIA, IHHKAa H OJI0BA HA My4Ke Ipo-
ToHOB ¢ uMmnynscoMm 8,9 I'sB/c, onpenenensl 3Ha4yeHHd NapaMeTpOB HaKJIOHA B
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NpeACTaBNEeHHAX, TPAOULIMOHHBIX IPHU H3YHEHHU KYMYJISTHBHBIX MPOLIECCOB.
Cronp Xe AeTalbHO M3ydeHa A-3aBUCUMOCTb CEYEHMH BTOPHYHBIX YaCTHLl C
umnyibcamu B untepsaite 0,3 + 0,7 FeB/c. Ilupokuit Habop dparMeHTHPYIOWHX
sep MO3BOJIMJ BBHISBUTh XapaKTepHble OCOOEHHOCTH, NPHCYLIHE PalIUYHbIM
obnactam sinep.

3. B obnacru nerkux sgep (D, He, ®Li, "Li, C) obHapyxeHa KoppensuHs
CedeHHH C IIOTHOCTHIO sirep. UIMEHHO € 3THM, B OCHOBHOM, CBSI3aH PE3KHMH pOCT
¥ HEperyJsspHOCTH B MOBEACHWM CeueHWil B yKa3aHHOH obmactu anep. JlaHHbie
mis yra smuccun 180° NMOKa3biBAlOT Takoe Xe MOBEAeHHE CeueHUi B 3Toi 06-

. - + .
nactu aaep. OTHOLIEHHS CEYEeHMH 1t+/1t -ME30HOB H p/T  Ha JIErKoM (6L1) H
taxenoM (Pb) sgpax He 3aBHCAT OT MaccoBOro 4Mcna sapa-cHapsga. [lpuuem

-
OTHOLUEHHs CeYEHHH T /T -Me30HOB OJIM3KHK 110 BEJIMYMHE HA JIETKOM H TsXe-
7IOM SapaXx, B TO BpeMs KaK OTHOLIEHHe HEHTPOHOB ¥ npotoHos B sape Pb
paBHO 1,5.

4. B 061acTH CpeHHX H TXeNbIX suep o6HapyxeH n3oTonuueckuit acdekr
B NOBEAEHHH CEYEHHH — HE3aBHCHMOCTDb CEUEHHS POXAEHMS MOJIOXHUTENLHO 3a-

paxennsix wactuu (n', K ¥, p) or uibwTouHOrO ComepxaHusi HEHTPOHOB npH

(hUKCHpOBaHHOM 3apsiie saapa. HanpoTuB, ceueHHe POXIEHHS T -ME30HOB KOp-
pesupyeT ¢ H3GBITOUHBIM conepxaHieM HeiiTpoHoB. Oba adihekTa MMEIOT MeCTO
Ha NyykKax NPOTOHOB, AEATPOHOB M saaep renus. Ilo macuitaby BenHYMHBI OTME-
YyeHHble CBOWCTBA CPaBHHUMBbI C OTHOCHTENbHBIMH COAEPXAHWAMH MPOTOHOB M
HEATPOHOB (PParMEHTUPYIOIHX AAEP.

5. Ha nerxux sagpax SLi u "Li usoronuyeckwuii adexkT nposBiseTcs JUIIb

1A T -ME30HOB B MPOTOH-AAEPHBIX B3auMopeiicTeusx. Ha nyuke sgep ymepona
M30TONHYECKHI 9¢peKT OTCYTCTBYET — CEYEHH POXACHHS MOJOXHMTENIbHO 3a-

+ gt :
psXeHHbIX yacTHu T, K ', p BO3pacTaloT MpH Nepexone oT sapa OLi k
a0py "Li.

6. OTHOwWeEHMS CTPYKTYPHbIX ¢hYHKLHH (OTHOIIEHHS HHKJIIO3MBHBIX cede-
HHMI) Ha M30TONHMYECKH OBOralleHHbIX SAAPaX B 33BUCHMOCTH OT MaciuTabHOi
NepeMeHHOM X JIEMOHCTPHPYIOT CHMMETPHYHOE NOBEAEHHE U1 MHOHOB Pa3’HOIo
3HaKa 3apsfa, o6ycNoBieHHOEe OTHOCHTENbHBIM COEPXaHHEM MPOTOHOB H HEMT-
POHOB B sgpax. AHaJIOTHYHbIE OTHOIIEHWA CEUYeHHH IS MPOTOHOB HA TEX Xe

Adpax MOKa3bIBAIOT 3aMETHYI0 X-3aBHCMMOCTb B MaArkoil (mo 0,5 I'sB/c) wactu
criekTpa, 0cOOEHHO B Clly4ae H30TONOB OJIOBA.

7. CpaBHCHHC CEYECHHH TMOJIOXHTEIIBHO H OTPHLATEIBHO 3apsIXCHHBIX

yacTull Ha (pparMEHTHPYIOIIMX AApax, ABASIOIMXCA H300apamu (“Zn H 64Ni),
NOKa3biBaeT NPEHMYIIECTBEHHYIO POJib 3apsfia Aapa B 06pa3oBaHUM MOJOXHTENb-
HBIX YacTHL.
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8. H3oronuyeckuii 3¢heKT B MOBEAECHMH CeYeHHil WA yacTun T, T, p
OIMHAKOBBIM 00pa30M NpPOABISAETCS HA MEPBHYHBIX MyYKax MPOTOHOB C UMITY/b-
camu 4,5 I'sB/c u 8,9 I'aB/c.

9. INokasarenu crenen A-3aBHCHUMOCTH CEYEHMil [UIs NMOHOB, HPOTOHOB H
HeUTpOHOB B (DYHKILIMH MacCOBOTO YMCJ/IA NIEPBUYHBIX NYYKOB UMEIOT Nomo6GHOE
NOBEJICHHE, BO3pacTas MO BEJHYMHE C M3MEHEHHEM BUIA MYYKa, a HauMHas C
DydyKa sjlep rejids NPHHHMAIOT TMOCTOSHHBIC 3HAYEHMs, CBOM Il KaXmol H3
4acTHLL.

3AKIIOUMEHUE

Mui paccmoTpenu npouecch KyMyJISTHBHOTO POXIEHHS YacTHIl [PU B3aUMO-
ACHCTBHH SIEPHBIX TYYKOB ¢ GONBIION Ipymnioi pparMeHTHPYIOIMX sep, OXBa-
THIBAIOLIMX, 110 CYTH, BCIO NEPHOTHYECKYI0 Tabmuuy sneMenToB. ConocrasieHUe
C pe3y/lbTaTaMM MCC/eJOBaHHH Ha IyykaX pPa3IMYHBIX YaCTHL C Pa3TMYHBIMH
SHEPrUsIMH IOKa3bIBAET, YTO OCHOBHBIE YEPTHl KYMYISITHBHOIO POXIEHHs B 3Ha-
YMTE/IPHOM CTENEHN COXPAHSIOTCS U, B PsJie CITydaeB, JeTanbHbiM 06pasoM. Ipu
9TOM 0Ka3aJloCh, YTO IJis M3ydeHHs TOHKHX HeTaneif B MOBENEHUH CEYEHHil Ky-
MYJIITUBHBIX 4acTHLl HaubGonee 4yBCTBHUTEIBHOH XapaKTEPMCTHKOH SBIIAETCS
A-32BUCMMOCTb CEYEHMH, KOTOpas Cnelu(HYeCKH NPOSBISETCA B PajTHUHBIX
obnacTax ()parMEHTHPYIOWHX SIEp.

A-3aBUCMMOCTH CEYEHMH Ha NMyYyKax MPOTOHOB M SAEP WU3MEPEHB B JAHHO
paboTe npu 3HaYEHHHM MMIyNIbca BTOpuYHBIX yactuy 0,5 ['sB/c, KoTopoMy coort-
BETCTBYET 3HaueHWe MacwTaGHOH mepeMeHHOM x ~ 1 mis nuoHos. B paborax
[45,98] A-3aBucuMOCTb CeyeHHHl THOHOB M3yyalach NMPH 3HAaYeHMIX x = 1,3 u
2,1. H3mepeHuss OTHOCWIHCh K padIM4HBIM ymiaM aMmuccuH -(90° u 168°) ¢
ucnosb3oBaHueM Gonee 20 saep W nokasaid Nogo6HOe MOBENEHHE CEUEHHUI.

Pesynbrarel HacTosuleii paGoOTHl NOSyYeHBl Ha OCHOBE HM3Y4EHHMS HMHKIIIO-
3HUBHBIX MPOLECCOB C MAKCHMATIbHOH 110 BO3MOXHOCTH KOHKPETH3AIMEH Hayamnb-
HOTO COCTOAHHMS, YTO OTHOCHUTCA K BUNY BHIOpaHHBIX (pparMeHTHpYOLIUX spep.
Craructvueckne omMOKH B M3MEpPEHHH CEYEHMIl COCTABIAIOT B GOJIBLIMHCTBE
ciydaeB 2—5%. HUMeHHO 3TH 0OCTOSTENbCTBA ONPENEUIH TEPMUH «IETATHHBIE
uccnenosanus». JletanbHoe nopobue B MOBEAEHMH CEYEHHH Kak MO pe3y/bTaTaM
A-3aBUCHMOCTH Ha Ny4KaX NPOTOHOB U fleP, TaK U IO PHEPreTUYECKOH 3aBHCH-
MOCTH CEYEHHH Ha Iy4Ke NPOTOHOB BIBOE GONBLIETO MMIY/bCA MPEACTARIAETCS
BECKHUM apIryMEHTOM, CBHUAETENbCTBYIOIMM O €AMHOM MEXaHU3ME Pa3sBUTHS IPO-
Hecca B3aUMONEUCTBHS, BCJIEACTBHE KOTOPOrO BOHHUKAIOT KyMYJISTHBHBIE YaCTH-
Libl, 10 KpaiiHe#H Mepe, B KHHEMAaTHYECKUX YCIOBHAX HAHHOM paGoThl. A-3aBHCH-
MOCTh CeYeHHH, M3MEpeHHas /i1 (PUKCHPOBAHHOrO MMMynbca HabITIOKAaEMBIX
YaCTHL, IOKa3biBaeT Noao6HOe MoBeJeHHEe B 3aBHCMMOCTH OT SIAEPHOl ILIOT-
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HOCTH B OGJIACTH JIETKMX SJEp, HE 3aBUCslIee OT 3HAKa 3apama dactuu. B o6-
JIaCTH CPENHHUX sAep UMeeTcs KOppeNsAlMs 3HaKa 3apsla 4acTdll C OTHOCHTENlb-
HBIM COJEPXaHHEM IIPOTOHOB U HelTpoHOB. Ha TaXenom sjpe dTa KOppensauus
ucuesaetr. Takum 00pa3oM, BBUIENSIOTCS TPH NO-CBOEMY MHTEPECHBIX obnactu
dparMeHTHpPYIOIHX sgep. ONMHAKOBBIH. HMIlY/IbC YaCTHL B M3YYCHHH A-3aBHCH-
MOCTH SIBJISI€TCS eJMHCTBECHHOM 0OIle s HUX XapaKTepUCTHKOM. PasnnuHbie
MO MaccaM BTOPHYHBIE YacTUIBI 00NafaloT pasjM4HbIMM KUHETHYECKHMH 9HEp-
TMAMH M COEPXAT YKa3aHWe HAa COXPaHEHHE CBONCTB JIETAIBHOTO nogo0ust npu
W3MEHEHHH X KMHETHYECKMX SHEpPIuil MM Ha4anbHBIX MMNyNbcoB. Ha nepsuy-
HEIX Iy4KaxX IIPOTOHOB (BABOE Pa3iMYAOLUXCA MO MMIYABCY) 9TO OKAa3alnoch
CIpaBeIJIHBBIM.

COBOKYNHOCTh Pe3y/IbTaToB, MOJIydEeHHBIX B HacTosuleid paGore, npegcras-
NISIET HOBBIN KCIEPHMEHTAIBHBIH MaTepuai 110 HCCAENOBAHHIO MPOUECCOB KYMY-
JISTMUBHOrO POXIEHMS YaCTHI HA My4yKax NPOTOHOB U sjep. CeKTp BTOPUYHBIX
4acTHIl COAEPXHT KaK CTPYKTYpPHbIE BJIEMEHTH AJep, TaK U CTPYKTYPbl, BO3HHKA-
jolMe B Oponecce B3aumoneicTaus. JeTanbHoe nogobue B NOBEAECHHU CEYEHUH
CTOJIb Pa3THYAIOIIMXCA N0 KHHEMAarTWyecKHM M KBAHTOBbIM XapaKTEPHCTHKaM
4acTUl MOXeT GBITh CBA3aHO cO crieluhHYECKHM [TOBEJCHUEM STIEPHOM Cpelbl B
CJIyyae W30TONMUYECKH OOOTallleHHBIX SIEP UK C BO3JEHCTBHUEM 3JIEKTPOMArHMUT-
HOTO TMOJIS HAlETAoLIEH YacTHLbl Ha UCXOXHOE COCTOSHHUE (hparMEeHTHPYIOIIErO
anpa. He uckmoueno u BusHue 06oux ¢akTopOB.

Koppensiuust B poXIEHUH KYMYISTHBHBIX YacTHll C SHEPHOH IUIOTHOCTHIO,
KOTOpasi MakCHMMalbHO HU3MEHSeTCsl Ha JIETKHX SApax, MOXET ObITh Onpenessio-
el IPHUYKMHOM, OTBETCTBEHHOM 32 CyLIECTBOBaHHE KOH(Urypalui, KOTOpbIE re-
HEPUPYIT KyMYISTHBHbIE 4acTMupl. B obmactu sgep, rae IIOTHOCTh NMpHOIH-
3UTEJILHO MOCTOSHHA, TAKOro MacuIraba Koppensuuii, eCTeCTBEHHO, He HaOmona-
ercsi. Usmensiomeiics BeIMYMHOM B 9TOd 0ONacTH spep sgBiseTcs 3apamoBasd
IWIOTHOCTH, OOYC/IORIEHHas W3MEHEHHEM 3apsioBeIX panuycos auep. [lpusenen-
Hbie BbIIIE OLEHKH YKa3bIBAOT HA BO3MOXHYIO KOPPEISLMIO CEYEHMH C 3apsio-

BO# MIOTHOCTBIO. ITOCKONBKY B POXJIEHMH T -Me30HOB HaOnmiomaeTcs Koppes-
LU C CONEPKAHUEM HEATPOHOB, MOXHO OBUIO OBl NPEANONOXUTE, KaK M IUIi
TMIOJIOKMTENIBHO 3apAXEHHbIX YaCTHIL, CBA3b CEYEHUH C INIOTHOCTBIO HEHTPOHHOTO
pacnpenenenus. Ho B 9ToM ciiydae OTCYTCTBYET TaKas 9KCIMEPUMEHTAIBHO M3BE-
CTHas XapaKTEPHCTHKA, KaK CPEeIHEKBAIPaTUYHBIA PafiHyC, U MOXHO TOJIBKO Cle-
JIaTh THIIOTeTHYecKoe mpexnonoxenue. C Apyroi CTOpOHBI, MOXHO TPEANoso-
XKHTh, YTO MPOTOHB ¥ HEHTPOHBI Sipa HEPABHOMPABHbLI C TOYKH 3PEHHS HajleTa-
Jomel 4YacTUIBI, KOTOpasi CBOMM O3JICKTPOMArHHTHBIM IIOJIEM paHblle M C
Gosiblliell CHJIOW MOXET B3aMMOICHCTBOBATH C 3apSXEHHBIMU MPOTOHAMHU (TOY-
Hee, ¢ 00MacThI0, 3aHHMAaeMOl 3apsiIoM sfipa, TIOCKONBKY B (DOPMHUPOBAaHHHU 3TOM
obnacTi 06s13aTeNbHO yJacTBYeT HEKOTOpoe YHCio HelTpoHOoB). Takas cutyaums
MOXET BBI3BaTh HOJIIPH3ALHIO SIEPHOH Cpedbl, YTO, B CBOIO OYEpPEdb, MOXET
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NPDHBECTH K IPOCTPAHCTBEHHOMY pa3feleHHI0 HCTOYHHKOB, HCIYCKAIOLIMX
YaCTHUB C IEKTPUYECKUM 3apANOM Pa3HOro 3HaKa. :

H3 daxra paznuyHoro noseseHus cedeHuH KyMy/ISTHBHBIX YacTHL Ha sApax
C Pas/TM4HbIM COAEPXKAHUEM HEHTPOHOB MPH OXMHAKOBBIX 3apsiiax (paBHBIX 4HMC-
Jlax TPOTOHOB) BUAHO, YTO MCXONHBIE COCTOSHHS SAEP BHOCST ONpedcAeHHBIH
BKJIall B MPOLIECC B3aUMONEHCTBHS, a BKJIAJl HANETAIOLINX YACTHL HUBEJIHPYETCH,
NOCKOJIbKY M3OTONHYECKHI 3¢pdexT onMHAaKoB Ha pa3HbiXx myykax. Ho Bo Bcex
ClyyasaX Mbl HMEEM MYYKH 3apAXEHHBIX YAaCTHH, H NPEICTABIAETCH UHTEPECHBIM
SKCMEPHMEHT 110 M3YYeHHMI0 3THX 3(PexTOB HAa MEPBHUUHBIX NMyYyKax HEHTpalb-
HBIX YaCTHL, HAallpUMEP HEHTPOHOB OT CTPHUIIIKMHIA AEHTPOHOB.

Ha naw B3m1sia, 6p110 661 HHTEPECHO M3YYMTH NOBENEHHE CEYEHUI MOPCKHX

yactull (K~ u p) Ha rpynne sgep 58Ni, 6“Ni, %47n laxe B MHKJIIO3HBHOM OIBITE,
ytobbl OnpemeniuTh MacwTa® BEMMYHHBI M30TOMMYECKOTO atddekra unu ero
OTCYTCTBUE IJI TAKHX YacTHll.

TpakTHyeckoe paBEHCTBO CeYeHHil W' - U T -ME3OHOB Ha snpax ¢ couep-
XaHHEM HEHTPOHOB, 3HAYHTEILHO MPEBBILIAIOUINM COfEpPXKaHHe NIPOTOHOB, ARNA-
€TCH XOpOLLO YCTAHOBJIEHHHIM (hAKTOM; OHO OTMEYAIOCh B LIMTHPYEMBIX ‘BbiliE
paborax. Bo3MOXHO# npuuuHOl, o6bacHsomEeil 5T0 06CTOATENLCTBO, ARIAETCS
MPEANONIOKEHHE O CYLIeCTBOBAHHH HEHTPOHHOrO raio Ha nepudepuu sapa, rae
MOXeT GbITb COCPENOTOYEHO 3HAYHTENBHOE YMCA0 HEHTPOHOB, YTO CKa3blBAETCS
Ha pacnpele/ieHHH HX MIOTHOCTH. Ha aToT cuer B HacTosliee Bpems HMeeTcs
MHTEpecHas WHGOpMauMs, MOJyYyeHHas B IKCMNEPHMEHTAX C PaIHOAKTHBHBIMH

nyukamu [99]. Hanpumep, obpasyioiunecs B 3kCriepuMeHTax sapa ML umeror
pasMep, cpaBHMMBIH C pa3MepoMm supa Pb, U TeM He MeHee Takoil 06BEKT OKa3bl-
BacTCs CBA3aHHOH CHCTEMOM, B KOTOPOH «IHILHHE» HEHTPOHBI BHITECHEHB Ha
nepudeprio sapa. B artux sKkcnepumeHtax obHapykeHbi HHTepecHbie 0COGEH-
HOCTH B CTPYKTYpe sl€p, CBA3aHHblE C H3OBITOYHBIM COJIEPXAHHEM HEATPOHOB
NPOTOHOB.

Pesynbrathl Hactosuedi paGoTel ARlOT BMNOJHE ONpedENEeHHbIE OPHEHTHPbI
. W15 TIpOBENEHHS KOPPEIALUMOHHBIX 3KcnepuMewtos. [IpH sToM pocTaTouHo
TIPOH3BOJIBHBIMK MOTYT GbiTh 06n1acTh (h)pParMEHTHPYIOWKX siiep, BUA U SHEPrus
NEPBHYHBIX NYYKOB H BTOPHHYHBIX YacTHL, YIJIBI HX 3MHCCHH. COOTBETCTBEHHO
MOXHO BHIGHpaTh pasfiMyHble OCNACTH 3HAYEHWHl MaCWITaGHBIX MEPEMEHHDIX.
Tun xoppensuuii MOXeT 6HTh AOCTATOYHO Pa3HOOOPA3HBIM, HAYMHAS OT M3Me-
peHus aJPOHHOIO CONMPOBOXIACHHSA VI8 KOHKPETHO BBIGDAHHON KyMyJSTHBHOI
YacTHIIBI, KO HU3ydeHHs MHTepQEPEeHUHH TOXICCTBEHHBIX YaCTHL, KaK 3TO gelia-
ercs, Hanpumep, B paborax rpynnsi UTD® [100] Ha ampax ¢ ecTeCTBEHHBIM
COEepXaHHEM H30TOMOB.

B unkne pa6or [101—107] pa3suT 1 npuMeHeH K 06UPHOMY KCIIEPHMEH-
TAIbHOMY MaTepHasy peisTHBHCTCKH-HHBAPHAHTHBIHM MOAXON K ONMUCAHHIO MHO-
XECTBEHHBIX MPOLECCOB B MPOCTPAHCTBE OTHOCHTENBHBIX YETHIPEXMEPHBIX CKO-
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pocrei bik == (u, - uk)z. 3nech u; = Pi/mi — 4-uMnyasc apoHa, OTHECEHHBIH
K ero Macce. Ungekcs i, k npunumMarot 3Havenus I, II, 1,2,... npu obo3navyeHuu
HMHKJII03UBHOTrO mpoutecca B Buae 1+ II — 1, 2... + X. HHBapuaHTHOE ceyeHue
o0pa3oBaHus n 4acTHLl PacCMATPUBAETCS KakK (hyHKLiMs pacrnpelesieHduss B MpocCT-

paHcTBe bik: F(bI I bI v bI gree bII v bII gree b1 2,...). B atHX nepeMeHHBIX

dyskuust F MOHOTOHHO M ROCTAaTOMHO GbicTpo yObiBaer npu b, — co. Takoe
cBoiictBo F mpepactaBnsiercs KaK APUHUMI ocnableHUs KOppesnsuuid, no3sons-
IOLLHIA ONPEAE/IHTh aiPOHBI KaK KJ1aCTEPHl MAPTOHOB C MIBIMH OTHOCHTE/IbHBIMH
CKOPOCTAMM b, , a NeKOH(AHHMEHT — Kak MpOLECC, B pe3yabTate KOTOPOro

BO3HHKAIOT YaCTHLH C bik >> 5.
HoBblii MOIXOX K HCCIEAOBaHHIO KOPPEIALUHOHHBIX SBJIEHUIH B MHOXECTBEH-

HbIX rpoleccax npennoxet B pabore [102]. Hanpumep, BoipaxeHue wis Koppe-
asTopa mobeix Tpex yactul 1, 2, 3, BLITASAMT Cllegylommum obpazoM:

C W(bIZ’ 13° b23) - W(bIZ) W(bw) W(bza)'

3nech W(b ), W(b ), H W(b23) 0603HaYalT OAHOMEPHbIE pacHpeae/eHUs Mo

12 D13 ¥ bz @ Wby by, b)) —
no TeM xe l'ICpCMCHHblM. H te u apyrue pacnpenenenus Gepyrcs U3 3Kcne-
puMmenTa. B [102] onpeneneHsl KOHKpeTHbIE BIpaXEHHUS U1 pa3jiIM4HOrO BHAA
KOppEeNsTOpOB.

nepeMeHHbIM b TPEXMEPHOE pacrpese/ieH’e

AHa/IH3 MHOXECTBEHHOIO POXIEHHS YaCTHL B NMPOCTPAHCTBE OTHOCHTENb-
HBIX CKOpoOCTe#l npoeaeH mns npouecca ®© (40 I'sB/c) + C > o+ X (npona-
HOBad Kamepa). PacnpenesieHus nap MHOHOB 10 BeIMYMHE b, OKa3aIMCh OMHA-
KOBbIMH B 0OnacTax ¢parMeHTauuy Ny4yKOBOTO NMHOHA M sApa yriepofa. AHa-
NOTHYHBIE 3aBUCHMOCTH [UIS T°-ME30HOB H npoToHOB B 06nactu parMeHTauum
MHILEHH CYIIECTBEHHO Pa3/M4alOTCH MO BeNHYMHAM b, , B 4aCTHOCTH, 3Haye-

HUAMH by, ;. CBOWCTBA MMOHHBIX CTPYH, BHIPAKEHHbIE B 3THX NEPEMEHHBIX, OKa-

3anuch nopob6HeiMH B T C-B3auMopeiicTBusx kak B obsiacTd ¢parmeHTauuy
NHOHA, TaK H B obnacTu parMeHTauny sapa-mumesd. [Ipy W3yyeHHH MPOTOH-
HbIX pacnpenenenHii B npoueccax pC-, dC-, CC-, pTa-, dTa-B3aumoneicTBuii
(4 T'sB/nyxnion) u m C-s3aumopeiicteuii (40 TaB/c) [103] 6bun oGHapyXeHbl
4-MepHbie GapHOHHEIE KJTaCTEPHI, CBOHCTBA KOTOPHIX HE 3aBUCAT OT THIIA CHAps-
Aa u ero sHepruu. I10KasaHO TakXe, YTO B PENATHBHUCTCKHX SAEPHBIX B3aUMO-
OEACTBHAX CYLIECTBYIOT [Be OONacTH, XapakKTepu3yeMble paiIMYHbIMH 3Haye-

_2 "
HusmH by, . 3nadenus b, ~ 107" cOOTBETCTBYIOT NIPOLIECCaM KJIaCCHYECKOH siep-
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HOU (PU3UKH; nepexonHoi 06JIacTH, rie BKIIYAKTCS KBAapK-IIIOOHHBIE CTENEHH
—1
cB00OIbI, OTBEYAIOT 3HAYEHHS bik ~ 10 .

Mbi 0603HaunIy Nup o61mKe KOHTYpHI npobieMsl. B uuTHpyeMbix paborax
¢ HeoOXOOUMbIMHU JeTansiMU (OTpefeNieHHe OCH CTPYH, LIEHTpa KjiacTepa H T..O.)
AEMOHCTPHPYIOTCS BO3MOXHOCTH NPUMEHEHHs MPOCTPAHCTBA MEPEMEHHBIX b, ,

00G0CHOBaHbI aBTOMOIEIBHOCTS U MPUHUMN oClablieHns Koppessilyii B rpouec-
cax B3aMMOMEHCTBHS paxIH4YHBIX OOBEKTOB C SOpaMH B IIHPOKOM HHANa3oHe
sHepruil. Hanbonee rmonHo u mociexoBaTesIbHO 5TH BOIPOCH UITOXEHH B pabo-
te [107].

[lepcriexTHBBI JaIBHEHIIKX UCCIIENOBAHUN CBS3aHbI C POrpaMMoi paboT Ha
ycranoBke HoBoro moxosneHuss COEPA [108], npegna3sHaueHHO# U1s U3ydeHHs
NpOLECCOB MHOXECTBEHHOTO KYMY/ISITHBHOTO POXJEHHS vacTHL B OnM3KOH K
4n reometpum. IlepBoouepenHpiMN 3afauaMH SBISIOTCS:

— Hccnepoanue peakumii o6pasoBanHuss aByx U Oonee wactun (T, K,
p, D, -..), 0Opa3oBaHus BEKTOPHBIX ME3OHOB (P, 0, ®) B KyMYJISTHBHOM 00NacTH.
IMouck y3KMX pe30HaHCOB, OOYCNIOBJIEHHBIX SIBJICHHEM CKPHITOIO L(BETa, COCTO-
SSHUH KBapKOBOH 9K30THKH, PE30HAHCHBIX KBapKOBHIX (MY/IbTHKBapKOBBIX)
cucteM. M3yyenne THX peakuuii JaeT BO3MOXHOCTb MCC/IEAOBATh ABYX- H, BO3-
MOXHO, TPEX4aCTHYHbIE CTPYKTypHble (PYHKLHUH.

— Hzyuenue crnmHoBBIX 3(h(peKTOB B peakuusx ¢ OOJNBLIAMH Mepeqayam,
0COGEHHO B peakUHsX C MOISPU30BaHHBIMU JAEHTPOHAMH.

— Hccnenosanue o6pazoBaHHs MIOOHHBIX Map MPU CTOJNKHOBEHUAX peJisi-
THBUCTCKHX S[€p U aAPOHHOTO CONPOBOXIAEHUS MIOOHHBIX map.

— H3yueHne nMHAMMKM NMPOLECCOB MHOXECTBEHHOH reHepauMH YacTHIl Ha
OCHOBE H3MEPEHMH KOppeNIITOpa, a3sMMYTIbHBIX KOppensudi MpH pOXICHUH
YacTHLl Ha JIETKMX M TAXENBIX AIpax -C LENbI0 BHUIEJICHUS «3JIEMEHTAPHOIO aK-
Ta», COOTBETCTBYIOLIETO JIOKATPHOMY B3aHMOAEHCTBHIO.

— Hccnenosanue x-3aBUCUMOCTH CTPYKTYPHBIX (DYHKLHH sfep pasienbHO
W1 BAIEHTHBIX M MOPCKHMX KBAapKOB B KYMY/JISTHBHOH H HEKYMY/JISTHBHOH KuHe-
MaTHKax pOXIeHHs MIOOHHpIX nap. H3menss wusoronmyeckuii cocras ppar-
MEHTUPYIOLMX sfep (comepXaHHE NMPOTOHOB H HEHTPOHOB), MOXHO IMOJYYHTh
narHble 06 X-pacnpelesIeHHH MOPS Pa3feNbHO UTH NPOTOHA M HEWTPOHA.

Kpome Toro, npemycMaTpuBaeTcs MPONO/IKEHHE MCCIEIOBAHHI HA BHYTPEH-
HEH MMIIEHH HYKJIOTPOHE, YTO MO3BOMUT HU3ydaTh MEPEXONHYI0 06J1acTh OT HyK-
JIOHHBIX CTeneHell cBOOONB! siep K KBapK-IIIOOHHBIM NpPH U3MEHEHMH Hayanb-
HOM SHEPIHM MYYKOB. DTH 3a0a4Hd U BO3MOXHOCTH YCKOPHTEJIBHOTO KOMILIEKCA
Jla6oparopuu Beicokux 3Hepruit OMSU nocratouno nonpo6HO paccMOTpeHBI B
paborax [109,110].
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Hacrosumii 0630p seinonHeH B Jlaboparopuu Beicoxux sHepruk OUSH, rae
6bUT0 TOJIOXEHO Hayalo paboTaMm 10 PesSTUBMCTCKOI saepHOH ¢usuke. ABTOp
my6oko 6naromapen akagemuky A.M.Baimuny, xortopeiii o6ocHOBan Mccieno-
BaHUs B 9TOM 00JIACTH U OKA3BIBAET UM AKTHBHYIO MOMIEPKKY.

B pafortax 1o sKChyaTauuu yCTaHOBKH Ha MyyKax CHHXpodasoTpoHa, Ha-
Gopy cratucrukd, oOpaGOTKe H aHanHM3y SKCICPUMEHTATBHBIX PE3Y/IbTAaTOB
yuactsoaim Mou komtern [.C.Asepuues, H.I'mopmemecky, I1.W.3apyGun,
0.10.Kynenuna, H.C.Mopos3, 10.A .TTane6parues, M.Ilenus, B.I'.Tlepeso3uuxos,
A.H.Xpenos. BceM uM aBTOp mpMHOCHT riybokyio OnaromapHocTs. OcoGyio
NPHU3HATEILHOCTD 5 Bhipaxao A T.JIMTBUHEHKO 3a MHOTOYMCIIEHHBIE H TJIOAOT-
BOpHBIE 0OCYXJeHHs BOIpPOCOB, BO3HUKABIUKX B mpouecce paGotsl. 5 6naroma-
pen GesppeMeHHO yuiemmeMy u3 XusHu npogeccopy B.C.CraBunckomy, KOTO-
phlit 06Magan SCHHIM TIOHAMAHHMEM CBsI3aHHBIX ¢ paGoToii pobnemM u Bcerna Gbut
TOTOB TOAEUTHCS CBOMMH 3HAHHSAMH.

Ipunoury mybokyio Gnarogaprocts A.W.Manaxoy 3a Gonpliyio U pasHo-
o6pasHyl0 moMollb B mpouecce paborbl. MHe NpUATHO moGIarogapuTh MOMX
komer no komnabopaunu COEPA  10.C.Anucumona, C.B.Adanacsesa,
AJO.Hcynosa, B.W.Konecuukosa, I'.JI.Menkymopa, U.U.Murynuny, C.I'.Pes-
nukoBa, A.I0.Cemenona.

Pa6ora BeImONHeHa npu nopuepxke Poccuiickoro onaa byHaaMeHTAIbHBIX
uccnenosanuil (rpaurst 95-02-050070, 96-02-17207).

MMPHIOXKEHHE

3gech IpUBOAATCS TaGIMYHBIE JaHHbIE 0 HHBAPUAHTHBIM AuddepeHIralb-
HbIM CeYeHHSIM UCCIIeJOBaHHBIX MPOLECCOB

1,.ds_1E d’c 2 3 -1
AEa'p_Ap2 dp dQ (M6 -T®B " ¢’ cp™ - HYKIOH ).

Tabnuusr 9—12 comepxaT AaHHBE 10 A-3aBUCHMOCTH CEYEHHMH Ha MydykKax
IPOTOHOB, JEHTPCOHOB, Telusd U yriepoja ¢ UMAyIbcaMu Ha Hyknou 4,5 I'sB/c.

B 1a61.13 npencraBneHsl cedeHus poxaeHus K *_Me30HOB Ha TeX Xe MyyKax.
Ilanee cnenyioT IaHHBIE Ha MydKe POTOHOB ¢ ummynbcoM 8,9 I'sB/c. Tabnuua

14 comepxuT gaHHble MO A-3aBHCHMOCTH ceueHuil K *. n K T-Me30HOB C MM-
nyiascoM 0,5 I'sB/c. DHepreTHyeckast 3aBHCUMOCTb CEYEHHI B MHTEpBAIE WUM-
nynecos 0,3 + 0,7 T'sB/c mnpexpcrasnesa B Tabn.15—19. Ilapamerps an-
NMPOKCHMAIIMK CEYEeHHIl MPOTOHOB, MHOHOB U JEHTPOHOB B PA3NHYHBIX Mpel-
cTaBleHusx comepxarcsa B Tabn.20—37. '
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Tabmuua 9. p 4,5I5B/c) + A, 8 =120°p=05 BB /¢

A d p nt- (1071 - (107h
oLi 0,212 * 0,004 1474£003 . | 0,58 +0,012 0,48 + 0,01
C 0,67 £ 0,02 3,02 + 0,06 0,65 + 0,013 0,66 + 0,013
Si 1,25 + 0,03 4,63 + 0,09 0,85 + 0,017 0,73 +£ 0,014
38N 2,04 £ 0,04 6,23 £ 0,13 0,85 £ 0,017 0,70 £ 0,014
64N 2,10+ 0,04 568+ 0,11 0,76 * 0,015 0,78 + 0,016
647Zn 2,08 + 0,04 6,02 £ 0,12 0,79 + 0,016 0,70 + 0,014
l4gy, 2,39 + 0,05 6,37 £ 0,13 0,69 + 0,014 0,65 £ 0,013
124gp 2,39 + 0,05 5,66 £ 0,11 0,62 + 0,012 0,70 £ 0,014
Pb 3,18 £ 0,06 6,43 10,12 0,57 0,011 0,59 + 0,012
Ta6mua 10. D (4,5I%B /c) +A, 9= 120°, p = 0,5 B /¢
A d P nt- (107 - (107)
D 0,42 + 0,012 0,228 + 0,006 0,241 + 0,006
4He 0,334 + 0,009 2,26 £ 0,07 0,890 + 0,018 0,93 1 0,02
6L 0,344 + 0,007 2,24 + 0,05 0,848 + 0,017 0,76 + 0,04
C 1,12 £ 0,02 497 +0,1 1,21 £ 0,02 1,08 + 0,12
Si 2,05 + 0,04 6,99 £ 0,14 1,29 + 0,03 1,28 0,12
38Ni 3,74 £ 0,07 9,8+0,2 1,27 + 0,63 1,17 £ 0,04
64Nii 3,73+ 0,12 8,87 +0,3 1,16 + 0,02 1,31 £ 0,03
47n 3,92 + 0,08 99102 1,24 + 0,02 1,15 + 0,03
l4g, 4,72 + 0,09 10,5 + 0,2 1,08 + 0,02 1,10 £ 0,02
124g, 4,90 £ 0,09 9,67+ 0,19 0,98 + 0,02 1,13 £ 0,05
Pb 6,32 + 0,13 11,0 £0,2 0,94 0,03 0,95 + 0,02
Ta6miua 11. He (4,55B /c) + A, 9 =120°% p =05 5B /¢
A d p nt- (1071) - (107D
6Lj 0,302 + 0,016 2,16 £ 0,05 0,783 £ 0,029 0,746 * 0,041
C 1,17 £ 0,02 6,08 + 0,12 1,63 + 0,04
Si 2,13+ 0,06 7,24 10,14 1,30 + 0,06 1,13 0,07




KYMVYIIITUBHOE POXIEHHUE YACTULL 75

Tponomxenue Tabnuupt 11

A d p = - (107 - (107
58N 3,65 + 0,07 10,2 £ 0,2 1,41 £ 0,05 1,05 + 0,08
64N 3,95 + 0,08 9,6+ 0,2 1,41 0,05 1,33 £0,10
4Zn 3,98 + 0,08 10,6 £0,2 1,54 £ 0,05 1,26 + 0,07
l14g, 562+ 0,11 11,6 £0,2 1,32 + 0,04 1,22 £ 0,05
1245, 551+0,11 10,6 £ 0,2 1,23 £ 0,05 1,28 £0,05

Pb 7,6+ 0,3 129403 1,17 + 0,02 1,11 £0,03

Tabmuua 12. C@,5MB/c)+A,3=120°,p=051B /¢
A d p n+ (107 K+ (107
6Li 0,66 + 0,02 4,77 £ 0,09 1,84 £ 0,05 0,104 + 0,061

Li 0,81 £ 0,06 4,97 + 0,09 220+ 0,11 0,28 +0,13

C 1,81 + 0,04 10,21 0,42 3,18 + 0,04 0,15 + 0,04

Al 3,42+ 0,08 14,08 + 0,28 3,45 + 0,06 0,160,034

Cu 7,84 10,14 223+ 1,0 3,89 + 0,06 0,35 + 0,05
l4g, 10,6 £ 0,3 25,22 40,35 34102 0,29 £ 0,17
1195y 10,6 + 0,24 24,6 £ 0,5 3,43 + 0,07 0,52 + 0,08

Pb 11,9+0,5 25,91 £ 0,35 3,17 £0,12 0,39 + 0,04

Tabmuua 13. B+A -5 K*...,0=120°,p=05T3B /¢
A B
p- (1073) D- (1073 “He- (1073 C- (1073

D 0,16 + 0,08
“He 0,91 0,22

6L 0,53 £ 0,19 1.0+0,3 2,0+1,3 1,0+06

TLi 28+13

c 0,70 + 0,22 22103 30409 1,5+£04

Al 1,6 +0,3

Si 3,0+0,5 43+07 39120
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Ipopomxenne tabmuust 13

A B
p- (1073) D- (1073 “He- (1073) C- (1079
58N 2,7+0,7 74+ 1,0 32+19
64N 2,0+09 72+12 8,0 +3,7
64Zn 3,0+0,5 6,5+09 9.9 +3,0
Cu 3,5+05
N4gy 3.0+0,5 6910 11£3 29+1,7
119g, 52+08
1245, 3,7+08 82+09 136
Pb 26+08 12+4 1242 3,9+ 04
Tabmmua 14. p (8,9 I'B/c)+A,9=120°,p=05I5B/c
A K+ (102 K~ (107
58Ni 1,22 + 0,05 2,9+0,7
64N 1,19 £ 0,05 3,6+1,0
6471 1,32 + 0,03 32407
l4g, 1,59 + 0,05 3,9+ 04
1245, 1,48 + 0,06 3,0+0,5
Pb 1,25 + 0,18
Tabmmua 15. p 8,9 3B /c) + A, 9 = 120°, p = 0,3 B /¢
A p - -
38Nj 61,0+ 1,2 1,43 £0,06 1,05 + 0,02
64N 57,6 1,2 1,30 + 0,04 1,10 + 0,02
%4Zn 59,7+1,2 1,49 + 0,03 1,09 + 0,02
N4gy 69,3+ 1,4 1,38 + 0,03 0,985 + 0,020
1245, 57,3+ 1.2 1,22 + 0,02 0,971 * 0,020
Pb 773+ 15 1,20 + 0,04 0,907 + 0,019
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Tabmmma 16. p (8,9 B /¢) + A, 9 =120°p=04IHB /c

A p . (1071) T (1077
38Nj 188+04 4,30 + 0,10 3,03 £ 0,07
64N 17,1+ 0,3 3,81 40,12 3,27 £0,07
647 19,3 £ 0,4 430+0,10 3,24 £ 0,06
114g, 222+04 3,75 + 0,09 3,06 £ 0,06
1245, 189+ 04 3,44 + 0,08 2,91 + 0,06
Pb 25,0+ 0,6 3,35+ 0,07 2,90 + 0,06

Tabmana 17. p (8,9 B /c) + A, 9 =120°,p=0,5%B /¢

A d | 4 nt (107h - (1071
58Nj 2,33 £ 0,05 5,39 £ 0,11 1,11 £ 0,03 0,91 £ 0,03
64N 2,41 + 0,05 5,12+0,10 1,00 + 0,02 0,99 + 0,03
6471 2,36 + 0,05 5,88 £ 0,12 1,16 + 0,03 0,91 + 0,05
l4gy 3,46 + 0,07 6,82+ 0,14 0,98 + 0,02 0,93 + 0,02
1245, 3,13 + 0,06 6,03 £ 0,12 0,88 + 0,02 0,97 + 0,02

Pb 4,50 + 0,09 7,22+ 0,14 0,88 + 0,03 0,93 + 0,02

Tabmuuna 18. p 8,95B /c) + A, 0 =120°p=0,6 5B /¢

A d p T+ (1072) - (1072
58N 0,82 £ 0,02 1,73 £ 0,04 3,00 £0,07 2,41 £ 0,06
64N 0,84 % 0,02 1,60 + 0,03 2,75 + 0,06

647 0,86 + 0,02 1,78 £ 0,04 2,95 +0,07 2,61 £0,07
14g, 1,24 £0,03 2,05 £ 0,04 2,84 0,12 2,51 0,06
1245, 1,15 0,03 1,82 + 0,05 2,50 £ 0,06 2,57 £ 0,06

Pb 1,69 + 0,04 2,25 £ 0,05 2,66 = 0,08 2,60 + 0,06
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Ta6ma 19. p 89B /¢) +A,03=120°%p=0,7I9B /c

A d (1071 p (1071 nt (1073) - (1073)
58N 2,85+ 0,06 4,97 + 0,11 7,30 £ 0,30 595 + 0,24
64Ni 2,87 £ 0,06 4,68 + 0,09 6,34 + 0,21 6,58 + 0,25
%47n 6,36 + 0,25
145y 4,53 +0,11 6,22 0,12 6,92 + 0,25 6,20 + 0,20
1245 4,07 + 0,08 544 £ 0,11 594 £0,16 6,40 £ 0,20

Pb 590 + 0,15 6,60 £ 0,10 6,30 + 0,20 6,56 + 0,21

Ilapaue'rpu ANMPpOKCHMAINH 3Hepre'mqecxoﬁ
3aBHCHMOCTH CEeYeHHH NMPOTOHOB
Ta6nuua 20. p B uHTepBane mmmyiscos 0,3 + 0,5 aB/c

A T, B, x%cr.ca.
58N 32,3+ 04 252+8 13
64Nj 32,504 23138 30
64Zn 33,8+ 04 2318 14
14gq 33804 267 +9 18
1245, 349 10,4 2117 17

Pb 33,0+ 0,4 313+ 10 6

Tabmuua 21. p B HurepBane nmmyascor 0,5 + 0,7 I'sB/c

A Ty B, x2/cr.cB.
58N 45,0 £ 0,6 86+ 4 1,0
64Ni 449105 81t4 2,4
%4Zn 423110 11310 1,0
l4gp 4501 0,5 1075 10
1248n 44,7+0,5 97+5 5

Pb 4491 0,5 115%5 2,4
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ITapamMeTpsl anmpoKCcHManMM 33BUCHMOCTH Ce4YeHHii IPOTOHOB (p)
OT KYMYJATHBHOTO YHCJIA X

Tabmmua 22. p B waTepBaie ummyiascos 0,3 + 0,5 I™B/c

A X B, x¥cr.ce.
58N 0,093 £ 0,001 781 + 36 1,4
64N 0,094 + 0,001 718 + 33 8
647n 0,098 + 0,001 681 * 3] 2
Hagy 0,098 £ 0,001 788 *+ 36 3
124, 0,101 * 0,001 605 + 28 3

Pb 0,096 £ 0,001 941 + 43 10

Tabauua 23. p B uHrepsare ummyascos 0,5 + 0,7 MB/c

A %o B, x/er.cB.
58N 0,115 + 0,001 313 4 21 1,0
64N 0,114 + 0,001 300 + 19 1,0
64Zn 0,110 + 0,003 408 + 50 1,0
1145 0,114 + 0,001 394425 4,6
124g 0,114 + 0,001 359 + 23 2,0

Pb 0,114 + 0,001 422 +27 1,0

ITapameTps! annpokcHMam#H 3aBHCHMOCTH Ce4YeHHMH MHPOTOHOB
OT nepeMeHHOH cBeToBOro ¢ponra (o)

TaGauua 24. p B untepsane ummyiascos 0,3 + 0,5 IB/c

A o, B, x2/cr.cB.
S8Ni 0,078 + 0,001 872 + 41 1,0
64N 0,078 + 0,001 802+38 6.0
6471 0,082 + 0,001 756 + 35 1,0
114gy 0,082 + 0,001 875 + 41 2,0
124g 0,084 + 0,001 671 % 32 2,0

Pb 0,080 + 0,001 1047 £ 49 1,0
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Tabmmua 25. p B unrepsane ummyiascos 0,5 + 0,7 I'»B/c
A a, Ba‘ x2cr.cB.
58Nj 0,093 % 0,001 398 + 28 1,0
64Ni 0,092 + 0,001 381+25 1,0
647n 0,090 + 0,002 501 + 64 1,0
4gy 0,092 + 0,001 502 + 34 3,0
124g,, 0,092 + 0,001 457 £ 30 1,0
Pb 0,092 + 0,001 537+ 35 1,0
ITapameTps1 annpoxcrmamfn 3nepre'mqecxoﬁ
3aBHCHMOCTH CEYEHMil T -ME30HOB
TaGimua 26. n* B uHTepBane mmmyascos 0,3 + 0,7 IsB/c
A T, By x2/cT.cB.
58N 72,4+ 0,6 21,0+ 0,1 1,6
64N 72,5+0,5 18,8 £ 0,8 3,6
%47Zn 72,84 0,5 21,0+ 07 1,1
14g, 72,4 £ 0,5 19,0+ 0,6 1,8
1245p 72,3+ 0,4 17,3+ 0,5 2,7
Pb 73,6 £ 0,5 16,0 + 0,6 3,0
Tabmmua 27. n~ B uHTepsBate mmmyabco 0,3 + 0,5 I'sB/c
A T, B; xcr.c.
58Ni 76,5+ 1,0 12,7+ 0,7 1,6
64Ni 78,0 £ 1,0 12,8 £ 0,6 1,0
647n 758+ 1,0 13,712 0,7 1,0
114gy 79,6 £ 1,0 11,0 £ 0,5 24
1248n 86,6 £ 2,0 7,8 £0,7 1,0
Pb 82,7+ 1,0 9,1+04 1,0
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TaGnuua 28. = B uHTepBasie mwmmyiabcoB 0,5 + 0,7 I'B/c

A T, By x2/cr.cB.
58N 71,5+ 1,0 19,0 £2,0 1,0
64N 71,8+ 1,3 19,0 + 2,0 1,2
647 74,0+ 1,3 16,0+ 1,7 4,7
l14gy 72,4+ 1,0 180+ 1,5 1,7
1245, 71,8+ 1,0 190+ 1,6 1,0

Pb 73,8+ 1,0 16,0 £ 1,4 2,3

ITapamMeTpnl aNNPOKCHMALMH 3aBHCMMOCTH CE4eHHH n*-Me30HOB
OT KYMYJIATHBHOIO YHMCIA X

Tabnuua 29. n* B uHTepBane mmmyiscos 0,3 + 0,7 I'sB/c

A X B, x2/crt.cB.
38Ni 0,149 + 0,001 78 4 1,0
64N 0,150 * 0,001 69 +3 1,8
647n 0,149 + 0,001 82+4 1,0
l4g, 0,149 + 0,001 7343 48
124gp 0,149 + 0,001 65+2 32

Pb 0,152 + 0,001 57+3 3,3

Tabmiua 30. n~ B mHTepBate HMAOyascos 0,3 + 0,5 IB/c

A Xy B, x?/cr.cB.
58N 0,155 + 0,002 48 £ 4 2,5
64N 0,157 + 0,002 48 +3 1,7
647n 0,153 + 0,002 53+ 4 1,5
114g, 0,161 + 0,002 39+2 1,0
124gn 0,176 £ 0,002 24+3 1,0

Pb 0,167 £ 0,002 31+2 1,1
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Tabmuua 31. n~ B mHTepBase mmmyascos 0,5 + 0,7 IB/c

A X B, x2/cr.cB.
58N 0,150 + 0,003 609 1,0
54Ni 0,151 £ 0,003 62%8 1,0
647Zn 0,155 + 0,002 50+ 6 3,0
14gp 0,152 + 0,002 57+6 1,0
1245, 0,151 + 0,002 626 1,0

Pb 0,155 + 0,002 50+5 1,0

ITapaMeTps!l anNpoKcHMamHMH 3aBHCHMOCTH CEYeHHH 't -Me30H0B
OT nepeMeHHOH cBetoBoro ¢ponTa (o)

Tabauua 32. nt B mnepmeﬁunynbcon 0,3 + 0,7 IM'B/c

A o) B, x2/cr.cB.
38Ni 0,117 £ 0,001 1217 2,0
64N 0,118 % 0,001 106 + 6 4,0
647n 0,118 + 0,001 1s+s 1.8
i4gy 0,117 £ 0,001 1075 1.4
1248y 0,117 £ 0,001 97+ 4 3,0
Pb 0,119 + 0,001 88 + 4 3,1

TaGnmuua 33. n~ B uHTepBane wmmyascos 0,3 + 0,5 BB/c

A o) B, x2/cr.cB.
38N 0,125 + 0,002 6315 1,1
64Ni 0,127 + 0,002 62+ 4 1,0
64Zn 0,124 £ 0,002 69%5 1,0
ldg, 0,130 % 0,001 51+3 1,0
124gp 0,140 + 0,003 3314 1,0

Pb 0,135 + 0,002 403 1,0
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Tabnuua 34. n~ B uuTepmane ummyiascos 0,5 + 0,7 IMB/c

A 0 B, x2/cr.cB.
38N 0,115 £ 0,002 112+ 1 1,0
64N 0,116 + 0,002 17+1 1,0
4Zn 0,119 + 0,002 90+ 1 49
14gp 0,117 % 0,002 104 + 1 19
1248p 0,116 + 0,001 115 1 1,0
Pb 0,119 + 0,002 91 %1 2,5

IlapaMeTpsl anNNpOKCHMAaNMH 3aBMCHMOCTH CEYEHHH [eHTPOHOB
B PAxIHYHBLIX NpPeICTABJICHHAX

Tabnuua 35. d B unrepsane ummyascos 0,5 + 0,7 I'sB/c.

A Ty B x/cr.cB.
58Nj 29,0+ 0,4 220+1 7,0
64N 28,6 + 0,4 23,0+ 1 6,0
84Zn 27,9+ 09 2502 1,0
l4gn 298 +0,5 300+ 1 9,0
124gp 29,9 + 0,4 28,0+ 1 4,0

Pb 29,91 0,5 40,0 £2 2,0

Tabmuma 36. d B murepmane umnyascos 0,5 + 0,7 IaB/c

A %o B, x2/cr.cB.
58N 0,101 + 0,001 1118 1,0
64N 0,100 £ 0,001 121 £ 8 7 1,0
647 0,101 £ 0,003 1131 1,5
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INpononxelue Tabnuib 36

A Xy B, x2/cr.cB.
114gn 0,104 £ 0,002 146 £ 1 3,0
12450 0,104 £ 0,001 134+ 9 1,0
Pb 0,104 i 0,002 191 %1 1,0

Taommua 37. d B wHrepBane mmmyiascos 0,5 + 0,7 IB/c

A O B, x2/cr.cB.
58N 0,081 + 0,001 139+ 1 1,0
64N 0,080 + 0,001 1511 ' 1,0
471 0,082 + 0,003 135+ 1 1,0
114, 0,084 + 0,001 181 £ 1 2,0
1245, 0,084 + 0,001 166 + 1 1,0

Pb 0,084 + 0,001 236+ 1 1,0
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THERMODYNAMICS OF STRONG INTERACTIONS
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The state of art in studying thermodynamic properties of hot and dense nuclear matter is reviewed
with the special emphasis on the confinement—deconfinement transition between hadron matter and
quark-gluon plasma. The most popular models used for describing deconfinement are analysed,
including statistical bootstrap models, pure phase models, the model of clustered quarks, and the
string-flip potential model. Predictions of these models are compared with the lattice numerical
simulations. It is concluded that precursor fluctuation effects must be taken into account in order to
get a realistic description of deconfinement transition. The existence of precursor fluctuations is in
line with the dynamical confinement scenario and suggests that deconfinement cannot be considered
as a transition between pure hadron and quark-gluon phases. All this supports the concept of
cluster coexistence advocated by the authors of this review: Quark—gluon plasma and hadron clusters
are different quantum states of the same system, so that any statistical model pretending to treat
nuclear matter under extreme conditions must incorporate into itself the probability of these different
channels. The ways of constructing statistical models with plasma-cluster coexistence are discussed
and thermodynamic properties of such models are analysed.

B 0630pe M3/10XeHb! IOIXO0AbI K OMNHCAHHIO TEPMOIMHAMMYECKUX CBOWCTB Iropsueil M IUIOTHOI
sllepHoil Matepun. Ocoboe BHMMaHHE yaensercs nepexoly KoH(ailHMeHT-1eKoHbaitHMERT, IPOHCXO-
IAlEMY MeX[y alpOHHOH MaTepHed M KBapK-ITIOOHHOH Miasmoil. IlpoaHanusuporamsl HauGonee
M3BECTHBIC MOJIE/TH OMUCaHUs AeKOH(paHHMeHTa, BKII0Yas MOJIE/IH CTATHCTHYECKOro GyTCTpana, Mojienu
YHCTBIX (ha3, MOENh KI1aCTepH30BaHHBIX KBAPKOB 1 CTPYHHbIE NOTEHUMATbHbIE MOjeTH. [TpecKasaHus
3THX MOJe/eH CPaBHUBAIOTCS C PEHIETOYHBIMH BHIYHCICHUSAMH. [e/1aeTCst BHIBOML, UTO TSl PEATHCTHYEC-
KOTO ONHCAHHs ACKOH(AHHMEHTA HEOOXONMMO Y4HTBIBATH MPEANEPEXOAHble (UIYKTYAIHOHHBIE 3¢h-
texThi. CyllecTBOBaHHE MEPeXOAHBIX (IIyKTyalHil COLacyeTcs O CHEHAPHEM JTMHAMHYECKOIO KOH-
(halfiHMCEHTa M MOKA3bIBAET, YTO ACKOH(AHMEHT Heslb3S PACCMATPHBATL KaK MEPEXO MEXTY YMCTBHIMH
aIpOHHON M KBaPK-IIIOOHHO# thasaMy. Bee 3TO MOMIEPKUBAET KOHUENIMIO COCYLIECTBOBAHUS K1acTe-
POB, NPONAraHIHpyeMyl0 aBTOPaMH JIaHHOMO 0630pa: KBAapPK-IMI0OHHAsS UIA3Ma M aiPOHHBIE KIACTEphI
— 9TO payIHYHbie KBAHTOBBIC COCTOSHMS OAHOW CHCTEMBI, MO3TOMY J1100as CTATHCTHYECKAS MOLETD,
TIpETEHAYIOLAs HAa ONUCAHHE ANCPHOH MAaTEPHU B 3KCTPEMATBHBIX YCIIOBHAX, JOIKHA BKIIOYATh B ce6s
BEPOATHOCTb 3THX PadTHYHbIX KaHanos. O6cyxIaiTcs cnocoGbl HOCTPOSHHS CTATUCTUYECKHX MoJeeil,
YYMTBIBAIOLIUX COCYILECTBOBAHHE TUIA3Mbl M KJIACTEPOB, U aHATH3MPYIOTCH TEPMOAMHAMUYECKME CBOM-
CTBA 9THX MOJeNeH.

1. INTRODUCTION

One of the most intriguing problems of high energy physics is the possibility
of transforming the nuclear matter composed of hadrons into the phase consisting
of their fundamental constituents, quarks and gluons. This phase, because of the
apparent analogy with the electron—ion plasma, is called the quark—gluon plasma.
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The transformation of the hadron matter into the quark—gluon plasma is named
deconfinement; the inverse process, respectively, being called confinement. The
deconfinement transition is somewhat similar to the ionization of atoms. The
literature devoted to this phenomenon is so numerous that, not to overload the list
of references, we shall cite here mainly review papers, when these are available,
and in which the reader can find thousands of references to original works. The
specific feature of the present review is that we concentrate on the statistical
models of strongly interacting systems under extreme conditions, when non-—
hadronic degrees of freedom become important and deconfinement occurs.

The possibility that quark degrees of freedom can come into play in the
process of relativistic nuclear collisions at already achieved accelerator energies
was advances by A.M.Baldin [1] who predicted and explained the commulative
effect as a manifestation of the formation in the colliding nuclei of multiquark
droplets.

In order that quark-gluon degrees of freedom would be essential, special
conditions are necessary, like high temperature or density. From quantum chro-
modynamics it is known that at asymptotically high temperature quarks and gluons
are really deconfined forming the quark—gluon plasma [2-6]. We also know that
at zero temperature and at the normal density of nuclear matter there is complete
confinement so that only hadrons exist. But where is the intermediate region
in which quark-gluon degrees of freedom become relevant? The characteristic
parameters for this region can be estimated as follows.

Nuclear matter in the normal state has the baryon density nog = 0.167/fm?3 .
The corresponding normal quark density is py = 3ngp = 0.5/fm3.  The
characteristic quark interaction energy in the normal state can be presented as
Eo = h/71o, with the interaction time o = ag/c, where ag = po'l/3 is the mean
interquark distance in the normal state. Accepting the system of units in which
h = ¢ =1, with the conversion constant fic = 197.327 MeV/fm, we have

Eo = p/® = 157 MeV.

Note an interesting relation between this interaction energy and the characteristic
baryon energy density e = muyngs , in which my = %(mp +my,) =
939 MeV is the average nucleon mass. Since cg = 157 MeV/fm3 , therefore
Eo =ep fm? . Thus, the normal nuclear matter should start to decompose being
heated up to the temperature equal to the quark interaction energy FEp , that is
up to O, ~ 160 MeV . ,

If one wishes to destroy the hadron matter by compression, one has to reach
a density of about the density of quarks inside a nucleon. This characteristic
density is p. = 3/uy , where vy = (471'/3)r?V is the nucleon volume. Taking
for the nucleon radius 7y = 0.9 fm , we get vy = 3 fm3 . From here

Pc = 2po = l/f"L3~
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This tells us that the hadron matter should start desintegrating being compressed
up to the density p. = 2pg .

As we see, the expected critical temperature and density are fairly low. Such
conditions certainly existed in the early Universe about 107° = 10 %sec after
the Big Bang and are likely to exist in the interior of neutron stars {7].

More important is the common belief that such conditions can be created in
the process of relativistic heavy ion collisions, even with existing accelerators,
thus opening the path for experimental observation of the quark-gluon plasma in
the laboratory [8-14]. Analogous relativistic nuclear collisions can also be studied
in cosmic ray experiments [8]. The density of matter inside a fireball formed by
two collided ions can reach 10pg .

All models of the formation of the quark—gluon plasma in nuclear collisions
require the information about its rate of thermalization. Does the matter inside
a fireball thermalize sufficiently fast, so that a thermodynamic description makes
sense? For this, the thermalization time must be shorter than the fireball lifetime
75 ~ 107?2sec . The thermalization time, or the time of local equilibration,
Tioe » can be estimated as follows [13-15]. The local equilibrium time writes as
Tiee = AJc, in which A = (po)~! is the mean free path of a particle in a
medium; p = a3, the density of matter; «a , average interparticle distance;
o ~ b% , cross section; b, interaction radius. Accepting the values a ~ b~ 1fm
typical of nuclear matter, we have A ~ 1fm and 75, ~ 107%3scc . Because
of the inequality 7, <« 7 , the thermalization inside a fireball is likely to be
reached.

The possibility of speaking about the thermodynamics of strong interactions,
separately from electromagnetic and weak interactions, is based on the fact that
it is just this type of interaction which in many cases plays the dominant role.
Really, the dimensionless coupling constant of strong interactions ag = 1 is
much larger than the coupling constants of electromagnetic interactions, a, =
1/137 ~ 1072 | and of weak interactions, a, ~ 107% , to say nothing of the
coupling constant of gravitational interactions, «, ~ 107'? . The corresponding
interaction times, at the energy 1 GeV characteristic of high-energy physics,
are 7, ~ 107 2%sec for strong interactions, 7. ~ 10%'sec for electromagnetic
interactions, and 7, ~ 1071%sec for weak interactions. Therefore, during the
lifetime of a fireball 7; ~ 10~?2sec electromagnetic and weak interactions do
not play any role. In the interval of time 7, <t < 75 inside a fireball there
may exist an equilibrium state of strongly interacting particles.

The sole consistent way of calculating thermodynamic characteristics in the
frame of quantum chromodynamics is perturbation theory, which is quite similar
to that of quantum electrodynamics [16,17]. However, the effective coupling pa-
rameter of strong interactions becomes small only at asymptotically high temper-
atures. In the most interesting region of temperatures around ©. =~ 160 MeV ,
where deconfinement occurs, the coupling parameter is large and perturbation the-
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ory does not work. For describing the whole range of thermodynamic variables
several statistical models have been suggested .

2. STATISTICAL BOOTSTRAP MODELS

The usefulness of applying statistical methods for considering the heated and
compressed nuclear matter has been understood long time ago. Let us mention,
e.g..Fermi [18].

The first statistical model of nuclear matter under extreme conditions, such
as being realized inside fireballs, has been proposed by Hagedorn [19] (see also
[20]) and called the statistical bootstrap model. In this approach it is assumed
that, at zero baryon density np = 0, various hadrons can be generated from
vacuum with the mass distribution

p(m) = Pdis (m) + Peon (m)7 me [07 00),

in which the first and the second terms correspond to discrete and to continuous
mass spectra respectively,

pdis(m) = ZQ m—m;) [l — O(m —mgp)],

Peon(m) = O(m — mo) 5 eXp <g; )

where O(-) is the unit-step function; (; , a degeneracy number for spin—isospin
states; and the parameters are

mo = 1000 MeV, ag =6.5x 10° MeV32, Oy = 160 MeV.

The pressure for the ideal hadron gas is written in the classical Boltzmann ap-
proximation,

p= @/p(m) exp (—B\/ k2 + m2> ﬁd

where © is temperature in energy units, and 3 is inverse temperature, O =1 .

As can be easily checked, the pressure in this model diverges forall © > Qg .
From here it was concluded {19] that ©¢ is the limiting temperature of the
Universe. The concept of the existence of a maximal temperature of the Universe
is, of course, quite artificial, therefore another interpretation of this divergency of
pressure has been proposed [20] treating Oy as the deconfinement temperature.
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After Collins and Perry [21], the geometrical scenario of the deconfinement
became popular [22]. According to this, the increase of temperature or baryon
density leads to the rising number of hadrons. The latter are assumed to have
finite volumes [23]. When the number of hadrons becomes so high that their
close packing occurs, then they fuse into one gigantic hadron occupying the whole
system. The Hagedorn temperature ©g is interpreted as the fusion temperature,
and the gigantic hadron cluster is identified with the system in the quark—gluon—
plasma state. This geometric scenario reminds the percolation transition [24].

Following the geometric interpretation, the bootstrap model was modified
[20] invoking the excluded—volume approximation. In this; one considers N

particles having the volumes wvy,v2,...,vy as moving in the free volume
N
V=V - E vy,
=1

where V' is the total volume of the system. The pressure in the excluded-volume
approximation becomes

S S |
p=yn NZ=1 OV

5 N
VN /p(m) exp (—ﬂ\/ k2 + m2) (;l—ﬂl%dm} ,

where again the Boltzmann approximation is also used. The mass distribution
for discrete spectrum is taken in the same form as above, and for continuous
spectrum it is slightly modified as

a m
Peon(m) = O(m — mo)a% exp (6—0) ,

with 2 < a < I. Now, the pressure is everywhere finite and positive becoming
zero at the same temperature ©4 = Oy . The temperature O, , where p(©,) =
0, is interpreted as the temperature of hadron fusion into a gigantic cluster.
However, the thermodynamics of the system at © — oo has nothing to do with
that of the ideal quark-gluon plasma.

To overcome the latter deficiency of the model, it has been argued that taking
into account hadron compression can save the situation. This can be done [25]
by complicating the mass distribution writing its continuous part as

Peon(m,v) = O(m — bov — mp)O(v — vg)ag(m — bov)* x

xv7 exp {% (aov)l/4 (m — bov)3/4} ,

which contains now seven fitting parameters: mg, ag, @, bg, vo, ¥, 0 -
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Now, in accordance with the geometrical scenario, the number of hadrons
at low temperature © < ©, is proportional to the free volume, and at high
" temperatures © — oo this number tends to one symbolizing the formation of a
gigantic cluster. However, at the Ist order transition temperature ©4 the number
of hadrons N(O4, V) diverges for any finite volume V , which is unreasonable.

The bootstrap models, in addition to the arbitrariness in postulating the mass
distribution, contain internal deficiencies leading to the existence of instabilities
contradicting the necessary stability conditions for statistical systems [26,27].

3. PURE PHASE MODELS

An evident idea would be to follow the standard Gibbs prescription for
considering phase transitions between two phases. Treating the deconfinement
as such a phase transition, one assumes the existence of two types of pure
phases. At low temperatures and baryon densities this is a pure hadron phase
with features typical of the normal nuclear matter [28], and at high temperature
or baryon density this is the quark—gluon phase described by perturbative QCD
[17]. Let 9, be the grand potential of the quark—gluon plasma, and €2, ,
that of the hadron matter. According to the Gibbs rule, a phase transition occurs
when Q,(0,ug) = 2:(0,up) , where pup is the baryon chemical potential.
This equality gives a transition line O, = ©O,(up) . Expressing here the
baryon potential pp = ppg(npg) through the baryon density, we may write
O, = @d(nB) . )

The possibility of using perturbation theory for.the high—temperature quark—
gluon plasma is based on the property of asymptotic freedom. According to this
property, the running coupling constant

~ 61 511nln(q/A)
as(g) =~ (11N, — 2Ny)In(g/A) _m 7

in which N, and Ny are the number of quark colours and fiavours, respectively,
A =~ 200 MeV is a scale parameter, and ¢ is momentum, tends to zero as
g = oo . In the integral over momenta, defining the grand potential, the main
contribution, when © — oo , comes from ¢ =~ O . Hence, it is possible to
get an expansion in powers of a,(©) = ¢%(0)/4r with the effective coupling
parameter
2472
(11N, — 2N§)In(©/A)°

As a result of this expansion {29], neglecting quark masses, one has for the grand
potential

9*(©) ~

T
5 = —A0'+B,
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in which a nonperturbative term B is included and the notation
A= Ao+ Az2g” + Asg® + Asg'Ing

is used, where

2 ‘2 2
_T 2 Ky
Ao—:l—g N —-14 -~ NNf+15N E 2@2 <1+27r2(—)2) ,

N2 -1 2 llizf
A = — € N N 9 1 )
2 144 tgvrt Z:2 292 ( torez
3/2

NZ-1 (1 1 T
Ay = =< -N.+ =N - CYEY )
3= x| 3776 f+3};-:27r2(—)2

N2 -1 1 1
= = c "Nr -
Ag=~e5 N | 3 ,+6Nf+2;

f
27202 |°

s being the chemical potential of an f-flavour quark. Note that the term
O(¢®) cannot be calculated by perturbation theory because of unrenormalizable
infrared divergences.

Take into account that the number of quark colours is N, = 3, and consider
for simplicity the case of zero baryon density ng = 0, so that py = 0. Then
the pressure of the quark-gluon plasma is

— Ql_ 4
plz—v—A@ B,

with the expansion coefficients of A being

8m2 21 1 5
= —— —_ =——11 .
Ag 5 (1+32Nf>, As 6 ( + 12Nf),

2 1.\? 3
-2 - 1+=-N
Az 3W<1+6Nf> , Ay = 22(4-6 f)

The low—temperature hadron phase is often modeled [4,7,30] by a gas of
massless noninteracting pions, which for the grand potential yields

2
D _ 7

vV T30
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The corresponding pressure is

- QQ _ 7T2
=773

Equating Q; with €3, or p; with ps , one obtains the deconfinement
temperature

o

—-1/4
@d:’yBl/4’ Y= 14—-7T—2 ! .
’ 30

To check the phase transition order, let us find the latent heat at the transition
temperature.
Define the energy density

e=s0 —-p+upng

__90 (9N _op
ST e \vV) T se

Agg = €1 —E2 = @dASd (@ B @d),

and the entropy density

The ‘latent heat density is

where Asy = s; — s is the entropy density jump at © = @ .
For the considered case we have

2
s1= (44 +C)03, sy = 31%93,

with the notation

A 33-2N; , 3 1 )
=0—=-—r = = |
C 966 5529 A2+2A3g+2A4(1+4 ng)g-|,

where the equation
99>  33-2N;
90~ 24r%0 Y
is taken into account. The energy densities are

e1=0BA+C)0* + B, e =—0%
Thus, for the latent heat one gets

Neg =4B (1 + %74> .
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The nonperturbative term B is usually treated as the bag constant, with
B'/* ranging in the interval (150 = 300) MeV . For estimates, we may accept
the value B/4 = 225 MeV from the middle of this interval.

One often assumes that the quark—gluon plasma is an ideal gas of free quarks
and gluons, that is ¢ = 0 . If this is so, then for Ny =2 wehave v=0.72.
The deconfinement occurs at ©, = 162 MeV being a first-order transition with
the latent heat Aey = 4B = 1 GeV/fm? . The found deconfinement temperature
Oq almost coincides with the characteristic energy Eg = 157 MeV discussed
in Introduction. This picture would seem quite reasonable if it would not be
absolutely wrong. Really, the effective coupling ¢(©) — oo for temperatures
© close to the scale parameter A = 200 MeV . Therefore, the assumption that,
in the vicinity of the deconfinement point, the quark—gluon plasma is an ideal
gas of quarks and gluons is senseless. This would happen only at temperatures
at which ¢?(©) < 1, that is, when

2472
0> A _AT Y
> A exp (33 - 2Nf)

The latter inequality becomes valid only at very high temperatures © >
108 MeV .

In this way, nonperturbative effects around the deconfinement transition are
very strong, and it is not correct to try taking account of them by the simple
addition to the grand potential of a term B .

Some nonperturbative effects can be included into consideration by resorting
to the effective-spectrum approximation [31,32], when one postulates for the
spectra of quarks and gluons the form ¢;(k) = \/k2 + m? + U, , in which &
is the modulus of momentum; m; , a mass; U; , an effective mean field; and
t = ¢,g enumerates quarks and gluons. This approximation yields the results
similar to the ideal gas picture: the deconfinement is a first-order transition
occurring at © =~ 160 MeV .

The reason why the effective-spectrum and ideal-gas approximations are
close to each other can be understood as follows. The effective—spectrum ap-
proximation may be interpreted as a result of a renormalization of perturbative
series. As an example, we may use the self-similar renormalization [33-36] dif-
fering from other resummation techniques by the possibility of checking its range
of applicability at each step. Consider the coefficient A in the grand potential
1 of the quark-gluon plasma as an effective limit of the sequence {fr(9)}
with the initial approximation fo(g) = Ao + Asg? , the first approximation
fi(g) = fo(g) + Asg® , and so on. The simplest variant of the self-similar
renormalization [33-36] gives the renormalized coefficient

4439°

A = Ag+ — 221
0T (39 — 24,)?
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This quantity, as A; < 0, is finite for all ¢ including g — oo . In the whole
diapason of ¢ € [0,00) the deconfinement temperature does not change much:
for ¢ =0, with Ny =2, itis Oy = 162 MeV , while for g — oo it
is O4 = 176 MeV . However, the renormalized value A* is truthful only
when the self-similar renormalization is stable [37-40]. For this we need that the
corresponding mapping multiplier M;(g) and the Lyapunov exponent A;(g)
would satisty the stability conditions: |M;(g)] < 1 and A(g) < 0. In the
considered case

343

Mi(g) =1+ Ai(g), Ai{g) = Eg‘

The Lyapunov exponent, since A, < 0 and Az > 0, is always negative. The
~ condition |M] (y)|< | holds only for g < 4|A4,|/3A43 , thatis for g <1.

Thus, the renormalization of the grand potential, starting from the perturbative
expression, does not essentially change the results. And it is clear why: Really, the
ideal-gas picture, which makes the basis of the perturbative expansion, contains
no information on bound states that should appear as the coupling constant g
increases. The situation with the quark—gluon plasma is somewhat similar to that
of the electron—ion plasma in which there can exist bound as well as free electron
states [41].

The value of the deconfinement temperature obtained in pure—phase models
can be quite reasonable, in the same way as the simple estimate of Introduction
is such. However, it would be hard to believe that these models can correctly
describe the character of the deconfinement transition and the behaviour of ther-
modynamic functions. :

4. LATTICE NUMERICAL SIMULATION

The idea of using a discrete space-time lattice to regularize quantum field
theories opened the entire repertory of statistical physics for the analysis of non-
perturbative properties of these theories. The application of Monte Carlo sim-
ulation techniques turned out to be a powerful approach allowing to perform a
quantitative study of nonperturbative aspects of quantum chromodynamics. The
lattice reformulation of QCD has been described in several surveys (e.g.,
[4,29,42]), therefore below we only slightly touch the principal points of this
approach. We shall mainly discuss the predictions of the lattice QCD and its
simplified variants for the deconfinement transition.

The first step towards the finite temperature study of QCD consists of
introducing the imaginary time ¢t = —i7 and of rewriting the partition function
as a path integral of the exponential of the Euclidean Lagrangian density over all
fields in the problem. The second step defines the cubic four—dimensional lattice
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with the sites z = {;,T} , Where ?E Z3 is a real-space lattice vector and
T € Z; is conventionally called the temporal variable. The lattice spacings in
the spatial and temporal directions are denoted by a, and a- , respectively. If
Ny and N, are the number of sites in the corresponding directions, then the
volume V' and the temperature © of the system are given by V = (N,a,)?
and 8= N.a,, where =01,

A gauge-invariant theory on the lattice is usually formulated in terms of link
variables UY and site variables 1 (z) and ¥(z) . The link variable UK s
associated with a link leaving site z in a direction =1,2,3,4 anditis a
matrix U} € SU(N.) in the space of colour indices, N, being the number of
colours. The site variables v (x) and Y(x) are associated with each site x
of the lattice and they carry colour, flavour and spin indices. Also, (z) and
U(z) representing fermion fields, are treated as Grassman variables. The link
and the site variables satisfy the periodicity conditions

UL =US L 6(E,0) = —p(Z. ).

Then, in terms of these variables, the partition function is written in the form
of a path integral

Z= / HHHe-SdU;dw(a.-')dz/?(z’),

in which the action
S =S, ¢(")(z')) = S¢ + Sp

consists of a gauge action Sg and a fermionic action Sr . The partition
function and other thermodynamic functions are calculated by using the Monte
Carlo procedure on a finite lattice of Ng x N, sites, the maximal number of
sites in each direction being around N, = 24 and N =24,

The deconfinement transition has been studied, in the frame of the lattice
QCD or its pure gauge variants, by many authors. Here we cite only some
review—type papers [43-52]. Note, that, in addition to the confinement transition,
another transition related to the spontaneous breaking of chiral symmetry can
occur. The mechanisms leading to these transitions are seemingly unrelated
and it thus has been speculated that QCD may undergo two separate phase
transitions. However, the Monte Carlo data for pure gauge models and for the
variants with massless quarks suggest that these two transitions coincide. And
if the finite masses of quarks are taken into account then the chiral symmetry,
strictly speaking, happens only in the limit © — oo . In what follows we shall
speak solely about the deconfinement transition. One of the main discoveries of



100 YUKALOV V.1, YUKALOVA E.P.

the lattice simulation has been the fact that the deconfinement can be of quite
different character for different systems.

SU(2) Pure Gauge Model

The common convention is that the deconfinement for such quarkless models
is a second—order transition occurring at ©4 = 210 MeV . The errors in
calculating the pressure and energy density, related to the finiteness of the used
lattice, are around 5% above and 30% below ©, .

SU(3) Pure Gauge Model

The deconfinement has been found to be a first—order transition at Og4 =
225 MeV  with the latent heat Aey ~ %51(&1) . The errors of calculating the
pressure, energy density and entropy are about 10% above and 30% below
Q4.

SU(3) Model with Quarks

In the presence of dynamical fermions the situation is by far more complicated
as it is difficult to perform high statistics analysis of full QCD on large lattices
that would allow a detailed finite size study as it has now been done in the pure
gauge sector. Monte Carlo simulations for full QCD with dynamical quarks
have by now been performed only for the case of zero baryon density. The
transition has been found to be rather sensitive to the choice of quark masses
and the number of flavours. It seems that for N; > 4 the transition is first
order for all quark masses. For Ny < 4 the situation is still to some extent
uncertain. Nonetheless, there are strong indications that for physical quark masses
and Ny = 3 the transition is likely to be a continuous crossover, occurring at
©4 =~ 150 MeV . However, one should once again stress the uncertainties in
the determination of the order of the transition in Monte Carlo simulations, with
quarks, even at zero baryon density.

What has been found in the lattice simulations with certainty [52,53] is
that nonperturbative effects are quite strong around the deconfinement transition
persisting till about 20, . Also, as is seen, no statistical bootstrap or pure phase
model is able to describe the variety of different transition orders discovered
in the lattice simulations, since these models always predict a sharp first—order
transition.

5. DYNAMICAL CONFINEMENT SCENARIO

Correlation functions and related susceptibilities are one -of the key tools used
for investigating phase transitions [54]. This concerns as well QCD correlation
functions [55]. The latter have been intensively studied in lattice numerical
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simulations [56-60]. The results of these studies revealed nontrivial effects in
the high temperature phase connected with strong quark—antiquark correlations,
which was interpreted [56-60] as the existence of hadronic modes, even at high
© > ©4 . De Tar [56] proposed that the high temperature phase might be
dynamically confined, in the sense that the long range fluctuations are colour
singlet modes, and that the poles and cuts in the linear response functions of
the hadronic phase go over smoothly into those of the high temperature one.
This scenario of dynamical confinement presupposes that, actually, there is no
transition at all, and that there is only a smooth crossover between hadronic
matter and the quark—gluon plasma.

It is conjectured [56] that the characterization of the plasma as a weakly
interacting gas of quarks and gluons is valid only for short distances and short
time scales of the order 1/© , but that at the scales larger than 1/ %0
‘where g¢? is the running QCD coupling, the plasma exhibits confining features
similar to that of the low—temperature hadronic phase. The confinement scale, for
instance, at © =~ 200 MeV | is expected to be of order 1 fm and 10~ 24gec .

Hatsuda and Kunihiro [61-64] considered the density—density correlation
functions of quarks for the Nambu-Jona-Lasinio model with a QC D —motivated
effective Lagrangian. They found precursory collective excitations existing in
the high-temperature phase and corresponding to correlated ¢g pairs. This
means that meson modes do exist above as well as below transition temperature.
Really, all poles and cuts of the correlation functions in the momentum—energy
representation are the same at all temperatures. Thus, quarks, antiquarks, and
gluons should also exist in the low-temperature as well as in high-temperature
phase. Such precursor effects are analogous to pretransitional fluctuations in
superconductors [65] or superfluid He3 [66].

The gradual change of the excitation spectrum from hadronic states to quarks
and gluons, and the survival of hadronic modes above the transition temperature,
have been confirmed for QCD in the instanton-liquid approach [67] and in the
magnetic—current approximation [68]. In the latter case, quarks are assumed to
interact at high temperature solely through magnetic current—current interactions,
the electric ones being screened.

The following picture [68] may serve as an intuitive illustration of the dynam-
ical confinement [56-60]: The current—current interactions persist above ©4 and
force any quark-antiquark pair (and, maybe, every three—quark state) to correlate
into colour singlets. As the quarks are moving in the heat bath, the strings con-
necting them for colour neutrality are constantly breaking and reforming, which
can be interpreted as hadrons going in and out of the heat bath.

If the transition between the hadron matter and the quark—gluon plasma is
a gradual crossover, as follows from the dynamical confinement scenario, then
why in many lattice simulations this transition is found to be of first order? The
answer to this question was suggested by Kogut et al. [69] explaining the first
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order of this transition merely as due to the finite size of the lattice. Calculating
thermodynamic characteristics, such as energy densities, and correlation functions
for several lattices with the sizes 83 x 4, 123 x 4, 128 x 6, and 163 x 4, it
has been found [69] that the quark—gluon plasma transition becomes less abrupt
as the lattice size increases and the evidence for a first order transition becomes
weaker. Lengthy runs for N, = 16 showed no evidence for metastability, so
that Kogut et al. [69] concluded that their results suggest that there is no abrupt
transition at all, but only a smooth crossover phenomenon.

To describe the coexistence of gluons and glueballs above ©, for a quarkless
SU(2) system, De Grand and De Tar [57,58] proposed to write the grand
potential as the sum

0= Q[ + QQ,

0 = —(—)VC—I/I»'2 Inf1 + 711(7;))](lk,
272
ko
ko
e 2 1.
-0V ﬂ?/k In[1 + ny(k)]dk,
0

Q2

where ), corresponds to gluons and Q-zr, to glueballs; (; is a degeneracy
—

factor; the Bose distribution n;(k) = [exp{ﬂsi(Z)} —1]7! contains the spectrum
—

ei(k)= VK2 4+ m? with the mass m; = 0 for gluons and the mass m, =~
1000 MeV for glueballs. The cut-off momentum ko is postulated, to fit lattice
data, to be ko = 0o below Oy and kg = 2.860,4(04/(0 —0,4)]°3 above O, .
This phenomenological model describes only the second—order transition in pure
SU(2) systems. The temperature dependence of the cut-off momentum kg
is too arbitrary to permit a straightforward generalization to systems containing
quarks as well as various hadrons.

The main value of the dynamical confinement scenario is the clear under-
standing that hadron and quark-gluon degrees of freedom, generally, coexist.

6. CLUSTERED QUARK MODEL

A model in which quarks could coexist with three-quark clusters, that is,
nucleons has been suggested by Clark et al. [70] for zero temperature and con-
sidered by Bi and Shi [71] at finite temperatures. Nucleons and quarks in this
model are intermixed inside the same system. This kind of mixture should be
distinguished from the Gibbs mixture, in which different phases are separated in
space having only a common interphase boundary (see [15]). The quark-nucleon
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mixture is rather similar to a binary liquid mixture [72]. A two-component sys-
tem can, generally, stratify in space if there are no chemical reactions between
components. The quark—nucleon mixture does not stratify because of the possi-
bility of formation and decay of nucleon clusters, which is taken into account by
the relation py = 3y, between the nucleon, pw , and quark, pg, , chemical
potentials. Since it is assumed that inside a nucleon bag and outside it the QC'D
vacuum is different, the nonstratified mixture corresponds to nonuniform, or un-
homogeneous, vacuum. In some sense it reminds the twinking vacuum discussed
with respect to the instanton-liquid picture of the QCD vacuum [29]. A nucleon
can be interpreted as a droplet of a denser phase inside the rarified plasma phase.
Nucleons among quarks are alike fog drops in air. Another analogy is magnetic
bubbles in magnets [73].

Clark et al. [70] used the excluded-volume approximation when particles
move not in the whole volume V' but only in the free volume Vo =V —Nyvy
where Ny is the number of nucleons of the volume vy each, defined
by the bag model. This renormalizes the volume V' — £V by the factor
E=V/V =1-pyvn , where py = Ny /V is the nucleon density. Then,
e.g., the baryon density takes the form

—

1 20, N — 1k
= [ [50 (1= 5 mli+ o] G5

in which, in addition to the geometrical interaction taken into consideration by
the factor &, the perturbative quark—quark interaction is simulated by the factor

— —
1 — 2a./m . The Fermi distributions n;(k) contain the free spectra w;(k) =
k2 + m? — p; . The energy density reads

e=¢,+en+ B,

20, 5 o dk
=6 (1-22) [ e (Rrhs
EN =§<N/5N(z)nN(z)£}%v

where the nonperturbative energy is given by a bag constant B .

Comparing the grand potentials for this model with B!/ = 171 MeV and
those of pure quark and of pure nucleon phases, it was found that the mixed
clustered matter is more profitable at npg > 8ngg and © < 50 MeV . Of
course, one should not take too seriously the numerical predictions of this model
which is too oversimplified to be realistic. For instance, pions and gluons are not
considered here although they should play an important role in the deconfinement
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transition. Thus, pion fields make a nucleon bag unstable at quite moderate
density and temperature [74,75] close to those discussed in Introduction.

The most valuable in the clustered quark model is the idea of nonuniform
vacuum containing such local fluctuations that nucleons can be formed

floating in the surrounding quark matter.

7. STRING-FLIP POTENTIAL MODEL

An extreme realization of the dynamical confinement scenario is given by the
string—flip potential model [76-81] based on the quantum-mechanical Hamiltonian

— — N V? — —
H(rl,...,rN):Z(— ) + V(7L TN

=1
of nonrelativistic quarks. In the interaction term

—

V(ry,..,Ty)=min S ®(ry)  (ry=|7T— 7))

<ij>

the minimum is taken over all ways to group N quarks into hadrons, so that
the summation actually goes only over < z,7 > pertaining to the same hadron
consisting of 2,3,6,9,12 or 15 quarks. Using the variational wave function

N
TN),

U(71,..., T n) = exp{—BV(T1,..., TN)}D(T1,...,
in which 3 is a variational parameter and D(...) is a free Fermi gas Slater
determinant, one minimizes the energy E(8) = (¥, HV)/(¥,¥) with respect
to 3. This gives = B(p) as a function of density.

Variational Monte Carlo calculations for this model have been accomplished
with the harmonic, ®(r) = imw?r? , and linear, ®(r) = or , confining
potentials. The wave function has been symmetrized with respect to all of the
quark coordinates, including these pertaining to different hadrons. This takes
into consideration the exchange quark energy which is found [82] to be about
100 MeV .

The results show that the quarks always coalesce into the lowest energy
set of flux tubes, which is characteristic of an adiabatic approximation to the
strong coupling limit of QCD . At low densities p < py quarks cluster into
isolated hadrons. As the density increases, the value of B(p) decreases, first
slowly, but at p ~ 1.5p; exponentially. For p > 2p, the wave functions
of separate hadrons strongly overlap, which may be interpreted as a transition to
the quark matter, although formally all quarks are yet confined. The complete
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deconfinement occurs at asymptotically high densities, when 3(p) — 0, and the
wave function becomes that of a free Fermi gas of quarks.

The quark--quark pair correlation function was calculated [76,79] using Monte
Carlo techniques and the longitudinal response function, using molecular dynam-
ics simulations [83]. At low densities these functions have the properties typical
of a set of isolated hadrons. For instance, the pair correlation function has a
sharp peak displaying strong correlations between quarks. The form of this func-
tion is similar to that of liquids {84,85]. As the density increases, the peak in
the pair correlation function relaxes smoothly to that of a Fermi gas of quarks,
disappearing completely as p — 0o .

Thus, the string—flip model demonstrates a smooth transition from hadron
matter at low densities to a free Fermi gas of quarks at high densities. Quarks at
all densities are to some extent confined becoming an absolutely free gas only in
the limit p — oo .

The main difficulty in dealing with this model is the necessity of the mini-
mization of the Hamiltonian interaction term over all strings connecting quarks,
which involves complicated Monte Carlo calculations. This procedure is neces-
sary for eliminating colour van der Waals forces between colour singlet hadrons.
These forces are present in confining two-body potentials and, if not eliminated,
produce large spurious energies in nuclear matter.

However, in a consistent statical approach this kind of divergence can be
automatically cancelled if one takes into account the corresponding correlation
functions, called smoothing or screening functions, which smooth the interaction
potentials in the regions of their divergence [86-88]. It is possible, starting with
divergent interaction potentials, to construct regular iterative theory [35,89] for
Green functions, whose each step involves only smoothed potentials containing
no divergencies. In the lower orders of this correlated iteration theory [35]
the situation is such that could be obtained by replacing from the beginning the
bare interaction potential by a smoothed one, that is by defining an effective
Hamiltonian with a pseudopotential instead of the initial potential [86]. Such a
replacement is an approximation neglecting some double and all triple correlations
[35].

The Hamiltonian of the string—flip model including the minimization over
strings is an effective Hamiltonian, in which this minimization plays the role
of smoothing. In lieu of this complicated minimization requiring Monte Carlo
techniques, it is equivalent to replace the confining potential by a smoothed one.

Ropke et al. [90-93] have developed a many-body approach to quark—nuclear
matter generalizing and simplifying the string-flip model. This approach starts
with an effective Hamiltonian

— N Vv? 1

g i —

Heff(Tl,-H,TN):Z(mi— >+-2—Zveff(7“ij),
1]

Qmi

=1
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in which m; stands for the quark masses, and the effective interaction Veff(7
) = s(r)®(r) is screened by a function s(r) defining the probability that two
quarks at distance r are next neighbours. The screening function is to be found
from some additional equations. In the case of independent particles with density
p , one has s(r) = exp(—%prﬁ) . Inside a hadron, when r < a , where
a = p~'/3 is an average interquark distance in the system, we have s(r) ~ 1,
so quarks interact through a bare confining potential. For the quarks pertaining
to different hadrons, i.e,, when r > a, we get s(r) ~ 0, which is called the
saturation property [91].

The many-body approach to clustering quark matter [90-93] makes it possible
to give a unique description of both the clustered hadrons as well as the free—
quark phase in the same way as it has been done for the nuclear matter whose
nucleons could form the deuteron, triton , and « --particle bound states [94,95].
The total density of clustering matter is a sum p = >, zp; , in which z; is
a compositeness factor and p is the density of an ¢ —component of clusters
composed of =, particles each.

In the many-body approach the quark system may contain both quasifree

quarks (scattering states) and various clusters (bound states). At zero temperature,
nucleons start dissolving at np = 4.3ngp . At zero baryon density the transition
of hadron matter to free-quark phase starts at Q4 = 200 Mel’ , where some
of meson states are already dissolved. But other bound quark states do exist yet
at this temperature. The dissolution of the bound states occurs gradually with
temperature. Some mesons survive up to O &~ 20, . The gradual dissociation
of bound states above ©, is in agreement with the dynamical deconfinement
scenario. - .
Although the many-body approach provides the principal possibility of treat-
ing bound states together with quasifree ones, it has the following technical
obstacles. Each bound state is described by a Bethe-Goldstone-type equation
for a two— or three—particle Green function, depending on the compositeness of
this bound state. This type of equations, as is known, is very difficult to deal
with. When there are many bound states interacting with each other as well
as with unbound particles, then one has to deal with a system of many interre-
lated Bethe—Goldstone equations, in addition to several equations for one—particle
Green functions. In such a case the problem becomes practically as difficult as
chromodynamics itself.

8. CONCEPT OF CLUSTER COEXISTENCE

As follows from the previous Sections, there is need of such a statistical
model that could provide a realistic description of clustering matter being at
the same time treatable. One almost evident simplification would be, instead
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of suffering with a system of Bethe-Goldstone equations, to consider bound
clusters as separate objects. This can be understood as a kind of renormalization
by integrating out the internal degrees of freedom corresponding to the motion
of particles inside each of clusters, so that only the center-of—mass degrees of
freedom are left.

Enumerate all possible cluster states, including those of unbound, or free,
particles, by the index 7 . Let wl(?) = [wﬂ?)] be the field operator of
an ¢ —cluster; this operator being a column in the space of quantum degrees of
freedom indexed by «a . The quantum degrees of freedom include spin, isospin,
colour and flavour indices. The field operators satisty the commutation relations.

— —!

L~ s f —! - -
o (r)]F =0, [ ()] (7)]F = 6,;00,00r = 1),

—
r

e

where the upper sign stands for Bose and the lower, for Fermi statistics.
Take an effective Hamiltonian in the form

HZE——ZN{J\A&, (1)
in which the energy operator
E=YE+Y B, @
1 1.)
consists of the single—cluster energies
~ o e 2 — —
Ei= [ 9/ (r)K{(V)i(r)dr, 3)

N
where K (V) is a kinetic—energy operator, and of the interaction energies

4t
r

By =5 [0 )07 - T at @
with the interaction potentials <I’,-]~(7) having the symmetry property
q’ij(?) =®,;(- T) = ‘I)ji(?)~ &)
In the second term of (1), u; is the chemical potential of ¢ -clusters and
N; = / Wi (Fyu()d T ©)

is a number—of—cluster operator.
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The grand potential
Q=-0InTre?H @)

defines the pressure

2 o
V:‘—/-lnTre‘ﬁH. (8)
The energy density is given by

m
i

1,4
V<E>’ ®)

where (...) denotes the statistical averaging.
For each kind of clusters we may define their density

pi(F) = (1 (P (7)), (10)
the number of clusters
N; = (N;) = /pi(?)d T, (11)
and the average density
pi = ]TV,— = %/pi(?)d v (12)

The number of constituents of an ¢ —cluster is called the compositeness factor
z; . The total number of elementary particles is

N=>"uN, (13)
so that the average density of the system can be written as
N
P= ;=2 wp | (14)

The chemical potentials g; can be defined from the conservation laws
accepted for the given system. For example, if the numbers N; for each sort of
clusters are fixed, then (12) gives (0, p;) . If the total number of constituents
(13) is fixed, then from the equilibrium condition 52 =0 we have

Bl (15)
Z; 25
which, together with (14), defines u;(©,p) . When neither N; nor N are
fixed, then u, =0.
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fiem l

Fig.1. Tllustration of a cluster fusion

An important quantity is the cluster probability

pi N;
w; = 2 P iy (16)
enjoying the conditions
0<w; <1, > wi=1, (17)
following from (14). With (12), we may rewrite (16) as
wi =2 [ p(TNdT (18)

If the system of particles can form a number of bound states, then how
could we define numerous interactions between clusters? The number of such
interactions can be drastically reduced for those clusters whose interaction poten-
tials @ij(7) have the same type of behaviour at large distance, for example,
diminishing as r increases. Consider such clusters with a similar behaviour
of (Pij(?) . Let two clusters, m and n , coalesce into one, %, so that the
compositeness numbers involved in the reaction m + n — 1 satisfy the obvious
relation z,, + 2, = z; . And let aside be another cluster—spectator, 7 , as
is shown in Fig.1. Assume that the coalescence of the cluster—actors does not
influence the cluster—spectator, in the sense that its interaction with the initial two
clusters is the same as with that one formed after the coalescence:

©,j (7) + By (1) = @35(7). (19)

From this assumption, using the conservation law 2z, + z, = z; , we find the

relation
- —

@5,(7) _ Ba(7)

Zizj Zin Zn

; (20)

permitting to express the interaction potentials of different clusters through one
calibration potential.
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9. SCREENING OF INTERACTION POTENTIALS

The interaction potential &;;(7) may be divergent for some regions of
r However, it would not be correct to replace this potential by a smoothed,

or screened, one just in the Hamiltonian (1). Such a screening appears in the
process of decoupling of binary propagators with taking account of interparticle
correlations, as is done in the correlated iteration theory [35]. If one wishes to
write an effective Hamiltonian corresponding to a given correlated approximation,
it is not sufficient to merely rearrange the operator terms of the Hamiltonian, but
a nonoperator correcting term must be added.

Let us illustrate this for the correlated mean-field approximation [35] when
the Hamiltonian (1) may be presented in the form

H:ZHiJrCV,

H, = / 1\(v +Ui(7 )—,t,] Pa(T)d T, 20

in which the correlated mean field
7 }:/ i ( p](r )d l (22)

contains the screened potential
@iy (7) = 55,(7)25(7) 23)
smoothed by the smoothing function having the symmetry property
5i;(T) = 554(T) = si5(= 7). (24)

The nonoperator correcting term in (21) is CV , and this cannot be put zero, as
will be shown below.
Since the exact Hamiltonian (1) does not depend on cluster densities, varying

the grand potential (7) with respect to p,-(?) we have

N 6Q—+ = < 6H—+ > =0. (25)
opi(T) dpi(7)

In order that the exact Hamiltonian (1) would be correctly represented by the
approximate Hamiltonian (21) requires that the latter must satisfy (25), which

yields
0. 26
5/)('”) VZ<5/&T)> 0
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0H; 5[/']-(?,) NN
= J(r)d
<6p1-<?)> / o)

Substituting here

transforms (26) into

VZ/JU () p(FYd 7 = . 27)

If the smoothing function s,-j(;}) does not depend on /)l(?) , then (22)
gives
7. g _ . !
5L1(rl) S
—
dp;(r )

and Eq.(27) becomes

4 —! > —3!
VZ/(I)U ro—= ), (F)d T = 0.
The solution of the latter variational equation, up to a constant that can be omitted,
s '
1 = — —/ — —/ !
C = _-2-‘—/-2/(},5 {(r —r)pi(r)p; (v )d rdr .
)

Note that the Hamiltonian (21) with the obtained correcting term could be derived
from (1) with the substitution

(5/)1

el (P! (7w (7 (7)) —

! I !
=557 = T {RlF@os (@) + p(wl (e, () = pi(F)es ()}
corresponding to the correlated Hartree approximation [35].

In general, the smoothing function sij(?) is dependent on p,-(?) . There-
fore, the correcting term is to be found from Eq.(26) or (27). In any case,
the correcting term depends on thermodynamic variables through the densities
pi(?) . Thus, neglecting this term would disfigure the correct statistical de-
scription, and the behaviour of thermodynamic functions could be completely
spoiled. ,

Let us pass to a uniform system when pi(?) = p; . In principle, a mul-
ticomponent system can display a variety of nonuniform states related to the
solidification of one or several components. For example, an ensemble of fully
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ionized nuclei can form a crystalline lattice immersed in a uniform electron back-
ground, which models the high—density matter of white dwarfs [96]. It may be
that some heavy cluster components crystallize while others are liquid-like as it
happens in superionic conductors [97]. It also may be that heavy clusters form
an amorphous solid while light ones move in a conduction band as in glassy
metals [98]. In the cores of neutron stars a Gibbs mixture can exist when in
some volumes of space a lattice structure appears while others are filled by a
liquid—like nuclear matter [99]. We leave aside all these possibilities considering
in what follows only uniform systems.
In the uniform case, the mean field (22) becomes

J
with the interaction integral
o, = / By (1) T . 29)
Instead of (25), we have
0H
< >:0 (30)
dp;
The correcting equation (27), defining the correcting term, changes to
6C oU;
gp~+zj:5—mpj_0. 31)

The field operators, for a uniform system, can be expanded in plane waves,
- 1 - T - -
B = = Y a®eF s ald) = [a2(D)].
V2D

Then an ¢ —cluster Hamiltonian in (21) transforms to

Hi= 3" wi(k)al(k)ai(k), (32)
k
with the effective spectrum
— — — -
wi(k) = eilk) — s, gi(k) = Ki(k)+U. (33)

The number of clusters (11) reads

N Z a1 k) szni(;;)v (34)
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where (; is a degeneracy factor, i.e., the number of quantum states, and

-

ni(K) = {oxp [Bn(®)] 1} G5)

is the Bose (upper sign) or Fermi (lower sign) momentum distribution. The
cluster density (12) is

/m@&ﬁ@ (36)

For the grand potential (7) one gets

Q=Y o+cCv,

N
— d Lk
Q= ;evg,-/ln [1 in,»(k)] G 37)
The pressure (8) writes
p=) pi—C,
iz
=
The energy density (9) is ‘
€= Z e+ C,
A
— —
ei=¢ [ ei(k)ni(k) (39)

dk
-:—Q/I(M%P (40)

An additional simplification comes for isotropic systems, which is usually
— — —
assumed, when ¢;(k) = e;(k) , where k=] k |. Then w;(k) = w;(k) and
—
ni(k) = ni(k) . If the spectrum w;(k) is such that the asymptotic properties

Bhw(k) -0 (k- 0),

w;(k) = 00 (k — o0)
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hold true, then the cluster pressure and the cluster energy density reduce to

G /oo 3.1 (k\m
Pi= s A ke (k)ni(k)dk,

(i < 2 ]
57 /0 K2e;(k)n; (k)dk

Il

&i

where ¢i(k) = de;(k)/dk .
These are the basic formulas which we shall use in what follows.

10. COEXISTING MULTIQUARK CLUSTERS

The concept of cluster coexistence has been applied first to nuclear matter
consisting of different multiquark clusters. The interest to this problem was
motivated by the A.M.Baldin cumulative effect [1] and the related discussion of
the possible existence of multiquark clusters in nuclei [100,101].

Since at high density or temperature relativistic effects play an importam
role, the kinetic term of the cluster spectra is taken in the relativistic form I (k
) = VK% + ml , where m; is the cluster mass. A system of 3-, 6-, 9-, and
12-quark clusters has been considered in the excluded—volume approximation
[102-106]. The 3- and 9-quarks are Fermions, and the 6- and 12-quarks are
Bosons. The Bosons with the lowest mass, that is the 6-quarks, can drop down in
the Bose-Einstein condensate, when wg(0) =0, which fixes pg . The chemical
potentials always satisfy (15).

In the excluded-volume approximation the interaction between clusters is
considered geometrically by putting ®,; zero, but replacing the total volume V
by the free volume Vj ,

V—)VOEV—ZNivi, 41)

where v; are cluster volumes. This reduces the volume
V=&V, 5———1—21)11}1, (42)

by a factor £ € [0, 1] . Equivalently, this can be interpreted as a reduction of the
degeneracy factor

GG =EG. (43)

The reduction factor in (42) and (43) can also be written as

£—<1+Zp(°)> ;o A0 = i/ ()((2“;3-
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Thus, for the density of clusters, pressure, and energy density one has

Pi=§i/ 1(k)(2 ER

p= :t@zcl/ln 1+ n;(k)] (217:;3,

Ik
E—Zéz/ &i( ((27{ (44)

The volumes of clusters are supposed to be related by the equation

LY (45)

m; m;

This permits to express all cluster volumes v, = m,v3/my through the 3-quark
volume v3 = 47rr§'/3 with the radius r3 = 0.4 fm of the nucleon core.

The used multiquark parameters are given in Table 1. The 3-quark is a
nucleon. The 6-quark mass me = 1944 MeV corresponds to an average value
over the masses of several light narrow dibaryons that are claimed to be observed
in experiments [107]. The mass mg = 2163 MeV s taken from the bag-model
calculation of Jaffe [108] and the 9- and 12-quark parameters are elicited from
the bag model of Matveev and Sorba [109].

The 6-quark probability depends on the value of the mass mg as is
illustrated in Fig.2. The results for other cluster probabilities are displayed in
Figs.3 and 4, where mg = 2163 MeV . The probabilities of heavy clusters are
always very small: wg < 0.1, wiz <0.01.

As far as we limited here by the length of this review, we shall not discuss
in detail the results of our calculations, which can be found in the cited papers.
We think that the presented figures speak for themselves: it is better to see once
than to listen hundred times.

The coexistence of nucleons with 6-quark clusters has been considered as
well in the mean—field approximation [110] with the effective interaction potential

Qij(?) = 2%—9—15(?) - exp (—mqr) .
mqy T
The first term here is the Fermi pseudopotential for the core interaction with
the scattering length a;; = %(ai + a;) , where a; = a;; , and the reduced
mass m;; = m;m;/(m; + m;) . The second term is caused by the one-pion
exchange; ar = 0.08 being the pion coupling parameter and m, = 140 MeV ,
the pion mass. Again, to reduce the number of model parameters, the relation
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Table 1. Multiquark parameters

Mass Compositeness Degeneracy
m; (MeV) number z; factor ;
939 3 4
1944 6 9
2163 6 3
3521 9 4
4932 12 1
10
1
'
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5
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Fig.2. 6g-probability vs. the mass of a 6g- Fig.3. Cluster probabilities as functions of
cluster at ® =0 and p = Po the relative density at © = 200 MeV
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Fig.4. Nucleon probability as a function of Fig.5. 6g-probability vs. relative den-

the realtive density at different temperatures sity at ©@ = 0
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a?/m; = a3/m; , similar to (45), is accepted. Then, all scattering lengths a; =
az(m;/m3)'/? are expressed through the nucleon scattering length a3 = 1.6 fm .
The 6q-probability is shown in Fig.5.

Note that the mean—fieid approximation is valid if |U;| < m; , which is true
for the densities up to about 10pg .

The models of this Section serve rather as a qualitative illustration of cluster
coexistence. They can have sense only at temperatures and densities much lower
than those characteristic of deconfinement, as unbound quarks are not included
here.

11. BARYON RICH MATTER

Include into consideration unbound (quasifree) quarks that can, in principle,
coexist with multiquark clusters. Whether and when quasifree quarks really
coexist should be determined in a self-consistent way from the conditions of
thermodynamic advantageousness and stability. To compare the results with
those of the previous section, consider again the case of baryon rich matter, when
p = 3np , that is when the generation of particles from vacuum can be neglected.

Denote the chemical potential of a quark by p = pg . Then relation (15)
yields p; = z;p .

The strengths of characteristic interactions between baryons and between
quarks are of the order of or higher than the expected deconfinement temperature,
so these interactions must be taken into account. The mean field acting on quarks
may be written in a bag-model-motivated form [32] as U, = BV/N = B/p.
This gives for quarks the spectrum

sq(k)z,/k2+mg+§ (46)

The mean-field term in (46) contains the total quark density p , which means
that each quasifree quark interacts in the same way with other unbound quarks
as well as with quarks entering into bound clusters. The interaction potentials
between different baryons can be expressed, basing on relation (20), through the

. . . —
nucleon—nucleon interaction potential ®35(7) ,

Z2iZj

9

— —

(I).,;j(’f')z ‘1)33(7')A (47)
There are several such effective potentials obtained from nucleon—nucleon scat-
tering experiments [111] or from analysing the deuteron properties [112]. We opt
for the Bonn potential [113]. The common consensus is that thermodynamics of
nuclear matter does not depend on the mutual orientation of spins of interacting

nucleons. Averaging over spin directions nullifies the spin terms of the interaction
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potential. The so—called cut-off terms of the Bonn potential can be neglected,
since they start playing an essential role only for very short distances < 0.1fm ,
which would correspond to the baryon density ng > 10%ng5 . We assume that
the interaction between any pair of nucleons is the same, because of which in
the isospin term of the Bonn potential we put the total isospin I, + [, = 1
describing the interaction between protons or neutrons. The so-obtained radial
part of the Bonn potential [113] reads

4

@;;;;(7) = Z % exp (—y;r) (48)

1=1

with the parameters
ap =167, =27, a3=-78, «a4=-27,

3 =T38 MeV, 4y =769 MeV, 4y = 550 MeV, 4 = 983 MeV

The interaction potential (48) is integrable, thus, it does not necessarily require
the smoothing procedure [35,88,114]. For the interaction-energy density (29) we
have

&4y = /¢:;:5(7)(1 L8 (49)

which yields ®33 = 4.1x 107% MeV =2 = 315 MeV/ fin® . Note that $43p =
164 Mel”, hence ®33p0 = Eop = 0(1)/3 , from where @33 ~ /’0_2/3 .

For the spectra of baryons we take

silk) = /R 4 md 4 2 (= p,) s, (50)

where p, is the quark density and i enumerates multiquark clusters: 3¢. G¢, 9¢
12q , and so on. The masses of bound clusters up to z; = 12 are taken from
Table 1, with the six—quark mass mg = 1944 MeV . For =; > 15 we use the
formula m; = (z;/3)m3 for the masses of heavy multiquark clusters [22].

For quarks we accept the mass m, = 7 MeV and the degeneracy factor
Gq = 12 corresponding to spin 1/2, N, =3, and N; = 2. The bag constant
B'/* =235 MeV .

The results of numerical calculations [115-119] are presented in Figs.6-13.
At © =0 and p = po, the G6g-probability is we = 0.18 , which agrees
with the estimates of the 6g-admixture in nuclei [120]. The heavy-multiquark
probabilities are always small: wy < 1073, wyy < 107%, and wy5 < 1077 . At
zero temperature, only the Bose—condensed 6g-clusters exist, the probabilities of
heavier ones being strictly zero. Unbound quarks, at © = 0, are absent below
the density pg“c ~ 2po when they start appearing. This is why the characteristic
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Fig.6. Nucleon, 6g—cluster, and unbound quark probabilities as functions of the relative
density at © = 0
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Fig.7. Probabilities of unbound quarks and of bound clusters vs. relative density at
© =30 MeV
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Fig.8. Cluster probabilities vs. relative density at © = 50 MeV
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Fig.9. Cluster probabilities at © = 100 MeV
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Fig.10. Cluster probabilities at ® = 200 MeV. Dashed lines show the points of first order
phase transitions. Between these points the matter is a stratified gas-liquid mixture
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Fig.11. Nucleon, 6g-cluster, and quark probabilities as functions of temperature in MeV at
the normal density p = p,,
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density pp“c may be called the nucleation density. As we see, the value of the
latter agrees with the corresponding estimates from Introduction. '

The stability of the quark-baryon mixture is controlled by checking the
minimum of the free energy F = Q+ ) p;N; whose density can be written as

f

Hi

F Q
vyt Zﬂ'ipi = —p+up,

and also by requiring the validity of the stability conditions [54]

o f >0, dp

-0 = P
902 dp

> 0.

The probability of unbound quarks increases, with temperature or density
monotonically showing that the deconfinement is a gradual crossover but not
a sharp transition. This is in agreement with numerical simulations [121] on
16% x 24 lattice, for Ny = 2, which has demonstrated that quark—quark
correlation functions at © =~ 1.58; are very similar to the zero-temperature
wave functions of the corresponding particles.

12. ZERO BARYON DENSITY

The case opposite to that of the previous section is when the baryon density is
zero, ngg = 0, and all particles are generated from vacuum. Then p; = 0. in
this case, we can compare our calculations with the lattice numerical simulations
that are available only for ng = 0.

The spectra of gluons and quarks are again taken in the form

wg(!c):k+—§~, wqlk) = \//I.72+771;2]+§ Sn
with the bag-motivated mean fields.

The interaction of hadrons is considered in the excluded-volume approxima-
tion. The cluster volumes w; = m;vs/mo , according to (45), are expressed
through the volume vy = 47r3 /3 of the lightest cluster with z; = 2. The bag
constants for the SU(2) and SU(3) systems are to be different [122] with the
relation BSU(?) ~ O~4BSU(3) .

The presentation of results is convenient to perform in relative quantities
reduced to these of a reference system. The role of such a system is naturally
played by the Stefan-Boltzmann quark—gluon gas. The latter, by definition, is
an ensemble of free massless quarks, antiquarks, and gluons. The pressure and
energy density of the Stefan~Boltzmann quark—gluon plasma are, respectively,

pse =P + 0 +p0,  esp =@ 4+l 4O (52)
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where

) = 200, /ln [12200)] G

., ) 4k
“gl/kni (k) (277)37 (53)

the index 7 = ¢,G,9 enumerates quarks, antiquarks, and gluons with the mo-
mentum distribution

n{? (k) = {exp [B(k — )] F 1377, (54)

in which the upper sign is for Bosons (gluons) and the lower one, for Fermions
(quarks and antiquarks); the chemical potentials being

Bg=—pg =u,  pg=0. (55)

Eqgs. (54) and (55) permit to write down (53) as

© _ G /°° K dk £© _ 3,0 56)
Py explBk - )] F U &

An exact integration yields

4
0 0y _ Cq 4 202 M
ey = (306 @~+§ﬁ)’

12
2
P = 550,0". (57
Thus, the Stefan—Boltzmann pressure is
2 7 Cq 2 e
bsB = %0 (Cg + ZCq) ,u ’e <1 + 2®2> (58)

This is to be compared with the QCD pressure corresponding to the QCD
grand potential, given in Section 3, for zero coupling ¢ =0,

PQcpb = Zg 1202

7 NN, 2
<1\/2—1+4Nf1v)@4 ’;3 §©202 <1+ a ) (59)
Due to the relations for the degeneracy factor of gluons, (, = 2 x (N2 — 1),
and for that of quarks, ¢q = 2x Ny x N, , and antiquarks, ¢q = (5, we see that
(58) and (59) coincide with each other. Therefore, the Stefan—Boltzmann plasma
is the asymptotic high—temperature limit of quantum chromodynamics.
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The baryon density for the Stefan-Boltzmann plasma is

=5 (00— o) = 3 [ Ing(h) = ng(] 2. (60)

Either calculating (60) directly or using the derivative ng = dp/dup , with
uB = 3u we have

— H 2 .202
B"<§18w2(“ +720?). (61)
From here, one gets the equation
1 2
u +720% — 87TnBzo (62)

q

defining 1 = p(ng) . At zero baryon density np = 0, as is clear from (62),
one has u=20.
When the chemical potential is zero, the density of quarks becomes

303
%:@ZE“& (b =0), (63)

where ((3) = 1.20206 . For gluons, the chemical potential is always zero, so

their density is
3

(S]
Py =Gg 71,_24(3) (64)

Finally, for the specific heat of the Stefan-Boltzmann plasma we find

_Oesp  2n? 3 9p 12— 20?2
CSBé-a@ =I5 (Cg-i- Cq>9 + CqH S 32 5 707 (65)

The results of numerical calculations [123-125] for the mixed system, con-
sisting of the quark—gluon plasma with the spectrum (51) and of hadrons in
the excluded-volume approximation, will be presented below for three different
situations.

12.1. SU(2) Quarkless System. The system consists of unbound gluons and of
glueballs that are bound gluon clusters. The experimental status of glueballs is yet
uncertain, though there are suggestions [126,127] to interpret a narrow resonance
appearing in proton—proton collisions as a scalar glueball. Pure gluodynamics is
often studied because it is easier, than the full chromodynamics, for Monte Carlo
lattice simulations.

Glueball masses have been computed in the lattice gauge theory for both
SU(2) [43,46] as well as for SU(3) [128-130] cases. The lattice results
are close to the bag-model calculations [131-133]. Here we accept the glueball
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masses found in the bag-model approach [132,133]. The corresponding glueball
characteristics are given in Table 2. The radius 7o of the lightest glueball with
my = 960 MeV is a fitting parameter which is taken as ry = 1.2 fm . The
constant B in (51) is chosen to be B = (165 MeV)* . The gluon degeneracy
factor is (, =6 for the SU(2) case.

The results of our calculations are displayed in Figs.14-18, where the glueball
probability w¢ and the giuon probability w, are defined by

glueballs

_ i — Pg
wg = E Zi—, wy = — =1—-wg.
g P

i

The relative energy density is compared with the lattice data [134,135]. The
reference Stefan-Boltzmann plasma here corresponds also to the quarkless case,
Ny = 0. Deconfinement occurs at ©, = 215 MeV as a second-order transition,
which is in agreement with the lattice simulations.

12.2. SU(3) Quarkless System. The glueball parameters are taken from
Table 2. The constant B in spectra (51) is B = (235 MeV)* . The gluon
degeneracy factor for the SU(3) case is (, = 16.

Varying the radius 7, of the lightest glueball, we have three possibilities:
(1) ry < r., where r. = 0.8fm ; then deconfinement is a gradual crossover.
(it) ry = rc ;in this case deconfinement is a 2-order transition. (iii) ry, > e s
then 1-order transition occurs. These possibilities are illustrated in Figs.19-23,
where the entropy density at wu; = 0 is s = 3(s + p) and the reference
Stefan-Boltzmann entropy density is ssp = B(esg + psp) = 48psp . The
relative entropy density is compared with the lattice numerical simulations [136].
The latter agrees with our results if 75 > r., so that deconfinement becomes a
1-order transition at about O, = 230 MeV .

Emphasize the importance of taking into consideration glueball interactions:
When these are absent, that is r; = 0, the behaviour of the system is unphysical.

12.3. SU(3) System with Quarks. The constituents of the system are taken
as follows. Consider quarks of two flavours, ¢ = {u,d} , and the corresponding
antiquarks ¢ = {@,d} with the masses m, = my; = 7 MeV . The degeneracy
factor for each pair of up and down quarks is (; = 2 x Ny x N, = 12,
and the same for antiquarks, (; = 12 . Gluons have the degeneracy factor
(g =2x (N2 —1) =16 . From the long list of the known hadrons, we include
only those with the lightest masses, which mainly contribute to thermodynamics.
These are unflavoured mesons (Table 3), strange mesons (Table 4) and light
baryons (Table 5).

For the radius of the lightest hadron, that is of a pion, we take 7 = v, =
0.56 fm . The radii of all other clusters are expresses through 7, using (45).
For the mean-field parameter in (51), we accept B'/4 = 210 MeV . The results
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Fig.14. Glueball probability for the SU(2) quarkless system as a function of temperature
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Fig.15. Comparison of glueball and gluon probabilities for the SU(2) quarkless system
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Table 2. Glueball parameters

Mass Compositeness Degeneracy
m; (MeV) number z; factor &;
960 2 6

1290 2 6

1590 2 6

1460 3 11

1800 3 39

E/esg
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¥
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Fig.16. Relative energy density for the SU(2) quarkless system (solid line) as
compared with the lattice Monte Carlo data (Engels et al., 1981)
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Fig.17. Relative energy density for the SU(2) quarkless system (solid line) com-
pared with the lattice numerical simulations (Engels et al., 1989)
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Fig.18. Reduced specific heat for the SU(2) gluon-glueball mixture. At
the deconfinement temperature, specific heat diverges
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Fig.19. Glueball probability for the SU(3) quarkless system at several values of the
lightest glueball radius: (1) r,=0;(2) r, =05 fm; (3) r,=0.7fm; (4) r, =038 fm
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Fig.20. Relative energy density for the SU(3) quarkless system at:
(1) ry=0,(2) ry =05 fm; (3) r, = 0.7 fm; (4) r, = 0.8 fm; (5) r,=1fm
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Fig.21. Relative entropy density for the SU(3) quarkless system at
r, = 0.82 fin compared with the lattice numerical data (Brown et
al., 1988)
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Fig.22. Reduced specific heat for the SU(3) gluon-glueball mixture at
r, =08 fm
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Fig.23. Relative energy density for the SU(3) quarkless system at
B1/%=210 MeV and r, = 0.6 fin
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Table 3. Unflavoured meson parameters

Mesons Mass m; (MeV) Compositeness number z; Degeneracy factor {;
nt 140 2 1
o 140 2 1
° 135 2 1
n 548 2 1
p+ 770 2 3
p- 770 2 3
po 770 2 3
(O] 782 2 3

Table 4. Strange meson parameters

Mesons Mass m; (MeV) Compositeness number z; Degeneracy factor {;
Kt 494 2 1
K~ 494 2 1
k© 498 2 2
x0° 498 2 2

Table 5. Baryon parameters

Baryons Mass m; (MeV) Compositeness number z; Degeneracy factor Q
N 939 3 4
N 939 3 4
A 1232 - 3 16
A 1232 3 16

1.0
0.8
0.6
0.4}
02¢
0 PP T vad rerwrarerere r
0 100 200 300 400 500 ©

Fig.24. Hadron cluster probability for the mixture of quark-gluon
plasma and hadrons at zero baryon density
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Fig.25. Relative energy density for the mixture compared with the lattice
numerical calculations (Gelik et al., 1985)
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Fig.26. Reduced specific heat for the mixture of quark-gluon plasma and hadrons
at zero baryon density



134 YUKALOV V.., YUKALOVA E.P.

of calculations are shown in Figs.24-26, where the hadron cluster probability is
defined as

clusters

b

Deconfinement is found to be rather a continuous crossover-like transition at
04 = 166 M eV, which is close to lattice data [137].

13. THERMODYNAMIC RESTRICTION RULE

Invoking this or that approximation, one gets an effective thermodynamic
potential, for instance, an effective grand potential 2 = Q(0,V, u, ¢) , involving
some auxiliary functions ¢ = {y;} depending on thermodynamics parameters,
temperature © , volume V , and a set pu = {u;} of chemical potentials.
Thus, effective spectra in (51) contain the mean field ¢ = B/p . In the
excluded-volume approximation, the free- volume of the system is factored with
the quantity £ = 1 — Ei pivi , as is seen from (42). Both p and p; are
functions of ©,V,u . In the cut-off model of Section 5, the effective cut—off
momentum kg is a function of © .

Effective thermodynamic potentials are to be handled with great caution.
Really, if one calculates, e.g., the pressure

= —— = - — = — 6
p FT% v v In Tt e (66)
in two different ways, as the derivative (—90Q/9V) or as the ratio (-Q/V),
then the answers can be different when 2 includes auxiliary functions depending
on V . This would mean that the relation (66) breaks. The same concerns the
energy density, entropy density, and the cluster densities, respectively,

e—@——p+2u1p1—

S—ap—ﬂ(6+p ZHth)v

7] 1,
pi= 2 = (N, (67)
i 14
which may be defined in two ways, as first derivatives of pressure or as the
corresponding statistical averages. Definition (67) can also become broken when
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auxiliary functions depend on thermodynamic variables. This kind of inconsis-
tency occurs as well for the second derivatives, such as the specific heat

_ 09 B, fy 2
Oy = 55 = 5 ((B) - (B)?) (68)
or the isothermic compressibility
1o\ B 2 1\ 2
= —— _— = — p— 9
wr=—3 (5%) = (099 - (7). (69)

These inconsistencies in defining thermodynamic characteristics in two ways,
thermodynamic and statistical, of course, are not pleasant. Moreover, the differ-
ence between these two ways is not only quantitative, but can also become drastic,
especially for systems with phase transitions. It is even possible to give examples
when the definition through the derivatives yields unphysical divergencies in the
energy and entropy densities at the phase transition point. This, for instance,
happens, as is easy to check, for a pure gluon model in the effective spectrum
approximation.

The simplest procedure for avoiding the described troubles can be formulated
as follows. Let = be any of the thermodynamic variables O,V or pu. If Q
is an effective grand potential including auxiliary functions depending on these
thermodynamic variables, then

o0 _(a0\ o0 o
dr  \ 9z o Op Oz

It is just the second term here which causes all unpleasant problems. So, the
decision is evident: the derivatives 9dQ/9x are to be understood in the restricted

sense as

on - (QQ) . (70)
oz ox /

The consent (70) may be called the thermodynamic restriction rule. We al-

ways employ this rule dealing with effective thermodynamic potentials. If the

derivatives in (66)-(69) are understood in the sense of (70), then both ways of

calculating thermodynamic characteristics yield the same answers.

Although with the restriction rule (70) we avoid the appearance of spurious
terms so that all relations (66)-(69) become self-consistent, another problem
can arise when dealing with effective thermodynamic potentials. This is the
occurrence of instability regions around a transition point, where either the specific
heat Cy or the isothermic compressibility k7 are negative. Below we illustrate
this for the SU(3) quarkless system of subsection 12.2 with the mean—field
parameter B = (225 MeV)* . The results are shown in Figs.27-34. The
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Fig.27. Total density as a function of temperature for the SU(3) gluon-glueball mixture
at different values of the lightest glueball radius: (1) ry=06 fm; (2) r, =08 fm;

(3)72= 1 fm
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Fig.28. Gluon probability vs. temperature for the values of r, as in Fig.27
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Fig.29. Pressure of the gluon-glueball mixture vs. temperature for the same values of r
as in Fig.27
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Fig.30. Relative energy of the mixture for the values of r, as in Fig.27



138 YUKALOV V.1, YUKALOVA E.P.

20.00
1o [1e” mev ]
10.00 4
0 [Mev]
2.29 . , . r
2¢00.00 250.00 300. 00 350. 00

Fig.31. Smoothing of pressure in the unstable crossover region at r, = 0.7 fm

20.09
10.00
0. 00 4 ® [M e V]
'200.20 T 260.00 ’ 300. 20 ) 350. 00

Fig.32. Smoothing of pressure in the region of first-order phase transition at r,=1 fm
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Fig.33. Relative smoothed pressure for the gluon-glueball system at r, = 0.9 fin (solid

line) as compared with the lattice simulation data (Engels, 1991)
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Fig.34. Relative smoothed energy at r, = 0.9 fin (solid line) compared with the lattice

data (Engels, 1991)
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unstable solutions appearing in the vicinity of transition points are related to
the loss of convexity of pressure. To restore the convexity, we may resort to
the Maxwell construction smoothing the corresponding thermodynamic potential
[138]. Such a smoothing is shown in Figs.31 and 32. The behaviour of the
resulting pressure and energy density is in a reasonable agreement with lattice
simulations [50]. Nevertheless, a slight dissatisfaction rests with the fact that
instability regions occur not only around a 1-order transition, where this would
be more or less natural, but also in the vicinity of a continuous transition.

" Instead of relying on the restriction rule (70), it would seem rational to define
an effective thermodynamic potential, from the beginning, in such a way that all
necessary thermodynamic relations would be automatically valid. This goal can
be achieved [139] by redefining thermodynamic characteristics with the help of
the shifts of the chemical potentials, u; — p; —u; , pressure, p — p+p', energy
density, € — €+ ¢’ , and entropy density, s — s+ s’ requiring that the shifting
functions wu;,p’,€’ , and s’ guarantee the validity of (66) and (67). The latter
then are named the self-consistency conditions [139]. In this case, (66) and (67)
is a system of nonlinear differential equations, for the functions u;, p',e and s,
in partial derivatives with respect to the variables ©,V and p; . Such a system
has no unique solution, especially when boundary conditions are not known. To
extract a solution from the self—consistency equations needs several additional
heuristic assumptions and fitting parameters. Some simplification comes from the
guideline prescribed by mean—field approximations [140-142].

14. PRINCIPLE OF STATISTICAL CORRECTNESS

In this section we present a new principle allowing a correct construction
of effective thermodynamic potentials. This principle, as compared to the self-
consistency conditions, is: (i) more general, yielding these conditions but not
conversely; (ii) much simpler to deal with; (iii) unambiguous, providing a unique
solution.

Let an effective thermodynamic potential Q.5r = Qess(p) include a set
¢ = {pi(z)} of auxiliary functions depending on arbitrary variables x . The
latter, in particular, may incorporate space and thermodynamic variables. First of
all, it is necessary to understand that not any effective potential can have sense,
however reasonable it may look. Each thermodynamic potential, to be accepted
as such, must have the properties formulated below.

Property 1. Statistical Representability:

An effective thermodynamic potential Q.f¢ represents an equilibrium sta-
tistical system if and only if it has the Gibbs form

Qessp) = Q[Heps ()], (71)
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where
Q[H] = -OInTr e PH, (72)

depending on auxiliary functions only through an effective Hamiltonian Hepr =
Hcf¢(¢) . Such a thermodynamic potential is called statistically representable.

In this way, if one invents an effective thermodynamic potential, even pro-
nouncing seemingly plausible words, this does not mean that the invented potential
describes some statistical system. If the potential is not statistically representable,
it represents no equilibrium statistical system. For example, a thermodynamic
potential in the excluded—volume approximation is not statistically representable.
Although the latter approximation may occasionally give a reasonable descrip-
tion, but in general it is not trustworthy. The excluded—volume approximation
may be used, because of its simplicity, as a first attempt of understanding the
qualitative behaviour of a system, but it should be always followed by a more
reliable approximation.

Property 2. Thermodynamic Equivalence:

A statistical system described by a given Hamiltonian H,;, is thermody-
namically equivalent to a system modeled by an effective Hamiltonian H,s; if
and only if their thermodynamic potentials are statistically representable,

Qgiv = QHgiv],  Qesr = QHess), (73)
and are equal to each other,
QHgiv] = Q[Heys]. (74)

The corresponding Hamiltonians are called thermodynamically equivalent.

For the case of infinite matter, such as nuclear matter, the equality (74) can
be softened by requiring the validity of the asymptotic, in the thermodynamic
limit, equality

. 1
Vh—lynoo v (Q[Hgiv] - Q[Heff]) =0.

Property 3. Statistical Equilibrium:

The necessary condition for an equilibrium statistical system modelled by an
effective Hamiltonian H.sf(yp) to be thermodynamically equivalent to a given
statistical system with Hg,, is the equilibrium condition

)
<5;Heff(w)> - 07 (75)
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where the variation over ¢ implies a set of variations with respect to each ¢;
and

<A> —_ ’I‘r/i exp(_ﬁHeff)
= Trexp(~BH.ys)

The proof of (75) is straightforward basing on the statistical representability
(71), thermodynamic equivalence (74) and the fact that 1,;, does not depend
on .

Now we can formulate the central notion:

Principle of Statistical Correctness:

An effective thermodynamic potential is statistically correct if it is statisti-
cally representable with an effective Hamiltonian satisfying the condition (75) of
statistical equilibrium.

As is evident, the self—consistency conditions for the first-order derivatives
(66) and (67) immediately follow from (75). Moreover, the self—consistency
conditions for the second—order derivatives (68) and (69) also follow from (75)
as well as such conditions for the derivatives of arbitrary order. While if one
finds the shifting functions from the first-order self—consistency conditions (66)
and (67), the second-order conditions (68) and (69) are not necessarily fulfilled.

We shall also say that an effective Hamiltonian .is statistically correct if it
satisfies (75). The same can be said about an approximation leading to a statisti-
cally correct Hamiltonian. For instance, the correlated mean—field approximation
of Section 9, involving conditions (26} or (27), or (31), is statistically correct.

15. CLUSTERING QUARK-HADRON MATTER

To obtain a statistically correct description of the quark—gluon plasma clus-
tering into hadron states, let us use the correlated mean—field approximation [35]
leading to the Hamiltonian

H=Y H,+CV,

-

H;, = Z wi(k)a:-f(z)ai( k),
k

wi(k) = \/k2+mf+Ui—u,- (76)

discussed in Section 9.
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Consider the case of the conserved baryon number Np = 3. NB  with

NiB = B;N; , where B; is the baryon number of an ¢ —cluster. For an
equilibrium system, the relation

pi = Biup )

holds between the chemical potential j; and the baryon potential 3 . The
latter may be defined as a function pp(ng) of the baryon density

_ Np
ng = A = Z Bip:. (78)

The index ¢ enumerates the constituents. The total set {i} of these indices
consists of two different groups, {i} = {i}!J {¢{}er . The first group {i},
corresponds to the plasma constituents, quarks, antiquarks, and gluons, which are
elementary particles, thus, having the compositeness number =, = 1. The second
group {i}. enumerates hadron clusters that are bound states with compositeness
number z; > 2. Respectively, the total density of matter

P = Z <ifr = Ppl + pei, (79)

H

consists of two terms

Ppl = Z Pis Pel = Z <ifa

{1}1'1 {i}d

corresponding to the plasma density p, and the cluster density p.; .
Define the plasma mean fields U, , when i € {i}, , as

—

U, =Ulp) = p / V(r)s(r)d 7, (80)

where V(r) is a confining potential and s(r) , screening function. Before
substituting into (80) a concrete confining potential, let us emphasize the general
properties which the plasma mean field U(p) must satisfy to. These properties
are

Ulp) >0 (p—0),

Ulp) 50 (p— o0). (81)

The upper line in (81) means that quarks and gluons cannot exist as unbound
particles at low density, that is, the colour confinement must occuras p — 0. Or
one may say that quarks and gluons cannot exist as free particles outside dense
nuclear matter. The lower line in (81) reflects the phenomenon of asymptotic
freedom.
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There are different types of confining potentials, linear, quadratic, logarith-
mic, and with noninteger powers. For example, the interaction between a heavy
quark and its antiquark is usually taken in the form of the Cornell potential
[143,144] with the linear confining term. This form of the potential is confirmed
by QCD calculations [145] and by lattice simulations [146]. The quadratic
confining potential is also quite popular [77,80,91]. In addition, the intensity of
mutual interactions between three plasma constituents, quarks, antiquarks, and
gluons, is different [145,147]. The confining potential V(r) in (80) is assumed
to be an averaged potential of the form

Vir) = Ar¥ 0<v<2). (82)

The screening function s(r) = ¢(r/a) is usually [91] scaled with the mean
interparticle distance a = p‘1/3 . Therefore, the plasma mean field (80) with the
confining potential (82) can be written as

Up) = J'p~1/3, (83)

where -
JHr = 47rA/ c(x)x* T de.
0

We can calculate the constant J if A and c(z) are known. Alternatively, we
may treat .J as a free parameter. The value of J can be estimated as follows.
Accept that at the normal quark density pg the plasma mean field (83) becomes

U(po) = 3Eo = 3p3/°, (84)

where the factor 3 stands for the three plasma constituents. Then from (83) and
(84) we obtain
J= 31/(1+u)p(1)/3. (85)

Thus, for the linear confinement, v =1, we get J = 272 MeV , while for the
quadratic confinement, v = 2, we have J = 226 MeV .
For the mean field of an ¢ -cluster we may write

Ui= Y ®ip;+ 2 [Up) — Ulpa)] (86)
{j}cl

where the first term describes the interaction of the given cluster with other
clusters, and the second term corresponds to the interaction of this cluster with
the quark—gluon plasma. The interaction potentials between clusters can be scaled
according to (20), which permits to express the interaction integrals (29) through
one scaling integral as

‘b,‘j = Z,Z](I) (87)
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Taking into account (83) and (87) reduces (86) to

Ui = 2:®pa + 24 (p=/ = 3/ )). (88)

cl

In the effective Hamiltonian (76) with the mean fields (83) and (88) the
role of auxiliary functions is played by the densities p and p. . So, for the
equilibrium conditions (75) we have

OH oH
92N o, ~0. 89
< o > <apd> )

From (89) we have two variational equations of the type (31), whose solution, up
to a constant, is easy to find:

C_

— VJ1+V (pl—u/S _ pil—u/a) _ %%31- (90)
In this way, the effective Hamiltonian is completely defined and we can pass to
particular calculations.

15.1. Pure Gluon System. Imagine an extreme situation when only gluons
can exist. This case may be obtained from the general model by putting all
degeneracy factors zero except that of gluons, g #0. Then p = p, and
pce = 0 . Employing the Boltzmann approximation, we find [148] that there
occurs a first order transition vacuum-gluon plasma-at

v vy [72\"/? )
@d:J[?’_Vexp(l—g)(g) ] '

Below ©, there is exactly vacuum, empty space, with zero energy density
€ = 0. Gluons appear at ©; with a jump. The relative latent heat at ©, is

Aegy 1+v ( 3)
— = expl|1l——].
E£SB v v

The degeneracy of gluons for the SU(3) case is ¢ = 16 . For the linear
comfinement with v = 1, we get ©4 =248 MeV and Aeglesp = 0.27 .
For the harmonic confinement, when v = 2 , the vacuum-—gluon transition
happens at a higher temperature ©, = 285 MeV and the latent heat is larger,
Aegfesp = 0.91 .

15.2. SU(2) Gluon—-Glueball System. The gluon degeneracy factor for the
SU(2) caseis ( = 6. As the scaling integral we take & = ®y5/4 . So
that the interactions between glueballs are found from (87). We consider the
glueballs listed in Table 2. There are two fitting parameters for which we accept
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Fig.35. Gluon probability for the corrected SU(2) quarkless model
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Fig.36. Relative energy and pressure for the corrected SU(2) gluon-glueball model. Circles
and squares are lattice simulation data (Engels, 1989)
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Fig.39. Relative energy and pressure for the corrected SU(3) quarkless model
compared with the lattice Monte Carlo calculations (Brown et al., 1988; Karsch,
1989; Engels, 1991; Petersson, 1991)
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Fig.49. Dimensionless compres- K’T
sibility coefficient
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Fig.50. Dimensionless compres-
sion modulus as a function of
temperature and baryon density
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J =175 MeV and &, = 38.42 GeV/fm® , so that & = 9.61 GeV/fm3 .
The results of our calculations [148-151] are shown in Figs.35-37 for the quadratic
confinement, v = 2. Actually, the results do not change much in the interval
1.5 < v < 2. We have mainly used v = 1.86 . Deconfinement is a second—
order transition at ©4 = 210 MeV . As is seen, the agreement with the lattice
simulations [135] is beautiful.

15.3. SU(3) Gluon—Glueball Mixture. For the gluon degeneracy factor we
have (; =16 . The power v of the confining interaction is, as in the previous
subsection, close to quadratic.. But the fitting parameters are J = 225 MeV
and ® = 3.84 GeV/fm?® . The glueball characteristics are again taken from
Table 2. Calculations show [148,149] that a first—order transition occurs at O4 =
225 MeV with the relative latent heat Aeg/esp = 0.23 . The agreement with
the Monte Carlo lattice simulations [50,51,152] is also very good (Figs.38,39).

15.4. Mixed Quark-Gluon-Meson System. Consider the case of zero baryon
density, ng = 0. Take the quarks of two flavours, v and d, and the related
antiquarks, @ and d . Assume, for simplicity, that all their masses are
equal, m, = my =7 MeV . The degeneracy factor for each kind of quarks
18 ¢, = (4 = 2N. = 6 . This factor for gluons is (, = 16 . Hadrons are
represented by mesons from Tables 3 and 4. Following Section 11, we accept
P33 = 315 MeV/fm® , so that & = ®33/9 = 35 MeV/fm® . The plasma
interaction parameter J = 225 MeV is the same as in the previous subsection,
as well as v = 2 corresponding to quadratic confinement. So, here we do not
add any new fitting parameters.

Our calculations [148,149] displayed in Fig.40 prove that there is no sharp
phase transition but there is a gradual crossover. The deconfinement transition
can be attributed to the temperature ©,; = 150 MeV where the relative specific
heat Cy/Csp has a maximum. The latter is finite and look rather as a Schottky
anomaly [153] than as a narrow divergent peak typical of a second—order phase
transition. The agreement of our results with the lattice—simulation data [137]
is again quite good. The lattice results [137] indicate that the deconfinement
transition is really continuous. From the point of view of QCD this can be
understood as follows. The role of the quark term in the QCD Lagrangian
is similar to that of an external magnetic field applied to a spin system. In the
presence of a magnetic field, the ferromagnet-paramagnet transition in simple
spin systems becomes a continuous crossover.

15.5. Finite Baryon Density. Here we extend the consideration to nonzero
baryon density. The parameters J and @ are the same as in the previous
subsection. Again, we study the two-flavour case with the same characteristics.
We take mesons from Table 3, protons and neutrons from Table 5, and multi-
quarks from Table 1. For a six—quark cluster we accept mg = 1944 MeV .
The Bose-Einstein condensate of six—quarks occurs when wg(0) = 0. Then, the
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baryon potential is

1 : —v/3
kB = 5Ms + 3®pc + 3T (p_”/" +p /i) )

cl
and the density of six—quarks consists of two terms:

>
pe = (QCTG)B /ns(k)d k +0g -

We have analysed the behaviour of several probabilities [154-157] as func-
tions of temperature © and relative baryon density ng/nop . This is demon-
strated in Fig.41 for the plasma probability

1
Wpp = ; (pg + pu + pa+pa+pi),
in Fig.42 for the pion probability
2
Wy = — (p1r+ + pr- + pro),
P
in Fig.43 for a summarized, excluding pions, probability of other mesons
2 —
Wypw = ; (pﬂ + Pp+ + Pp- F ppo + /)w) = Wines,
in Fig.44 for the nucleon probability

w3 = —(pp+ps+ pPn+ Pa),

—(
P
in Fig.45 for the six—quark probability

-6
we = ;(Pe*l'l)é),

and in Fig. 46 for the probability of condensed six—quark clusters

In addition, we present here some other thermodynamic characteristics per-
mitting to better understand the features of the deconfinement transition. The ratio
of pressure over energy density, which has the meaning of the effective sound
velocity squared,

2 p
Cesf = 20
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is given in Fig. 47. At np =0 the temperature dependence of cif agrees with
that reconstructed from the lattice data [158]. The reduced specific heat

oo = 20
V=00

and the dimensionless compressibility coefficient

_(ng 9p \
T (J4 anB)
are depicted in Figs. 48 and 49, respectively. The transition line can be ascribed
to the maximum of the inverse compressibility coefficient m;l which can be
called [111] the compression modulus (see Fig.50).

We shall not discuss in detail the peculiarities of the calculated thermody-
namic functions. This is because, as we think, the presented figures already
give a good visual demonstration, and also in order not to make this review too
long. Let us only emphasize that the deconfinement transition is a continuous
crossover becoming smoother and smoother with increasing baryon density. The
deconfinement at a fixed low temperature and rising baryon density is due to
the disintegration of hadrons into unbound quarks. When both temperature and
baryon density increase, the deconfinement is a result of the hadron disintegration
as well as of the generation from vacuum of quarks and gluons.

Concluding we may state that taking into account the coexistence of hadrons
and of the quark—gluon plasma is vitally important for constructing a unified ap-
proach being in agreement with the lattice-simulation data. The gradual character
of the deconfinement transition, occurring through a mixed hadron—plasma state,
rules out those predictions that have been based on a sharp first—order phase tran-
sition. This concerns the interpretation of signals of the quark-gluon plasma at
heavy ion collisions [8-14,159] and the hadronization scenario related to the evo-
lution of early universe after the Big Bang [4]. The quantitative predictions of our
approach can be improved in several ways, for instance, by including more kinds
of particles or by invoking more elaborate interaction potentials [160]. However,
we do hope that qualitatively the picture will remain the same.
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«®H3HKA DJIEMEHTAPHBIX YACTHL H ATOMHOI'O 4PA»
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YAK 530.145

APOXALLEE OBVOXKEHUE
N HEONPEAENEHHOCTb CKOPOCTH
N YCKOPEHUA B TEOPUU OUNPAKA

C.B.Boncoesckuii
NHCTUTYT duamku metannos YpO PAH, ExkaTepuHbypr
M.C.Csupckuii
locynapcTeerHniv neparoruieckuin yuuasepcurer, HenabuHck

O630p NOCBALICH PACCMOTPECHHIO PE3y/IbTATOB, MOMYYEHHBIX aBTOPAMH HAa OCHOBE TE€O-
pux [lupaka, B KOTOPHIX IJIaBHYIO POIb MIPAIOT HEONPENEIEHHOCTH CKOPOCTH M YCKOPEHHMs!
cobonHo aBMXyluesica yactuupl. [Tokasano, YTO 3TH HEONPENEIEHHOCTH SBIFIOTCA HEOTD-
€MJIEMBbIM CBOWCTBOM PDENIATHBHCTCKOH KBaHTOBOH MEXaHHKH YacCTHUBI CO CnuHOM 1/2.
O6cyxnaercs MarHMTHas aHAOTHS APOXKALIETO JBHXEHHS.

The review is devoted to the description of results, obtained by the authors on the basis
of Dirac theory, in which the main role play the velocity and acceleration uncertainities of
a free moving particle. It is shown that these uncertainities are an inseparable property of
relativistic quantum mechanics of a particle with spin 1/2. The magnetic analogy of
«Zitterbewegung» is discussed.

*

1. BBEXEHHE

[Ipumenenne ypasnenus [Iupaka [1] npuBeno Kk pesynbrataMm, KOTOpHIE
OTpefeNIWIM Pa3BHTHE PENATHBHCTCKOH KBAaHTOBOH Teopuu. Bmecre ¢ Tem May-
YeHHe raMuIbTOHHana [Iipaka npuBOAKT K BBIBOAY, KOTOPHIH 0OMYHO KBan(H-
LMPYETCH KaK «IOBOJIbHO HEOXHZAHHbI» [2, c.361], «pu3nuecku nHecocTos-
TenbHbl» [3, c.60], «Hemouer Teopun Hupaka» [4, ¢.311]. Dror BBIBOL 3aKITI0-
4aeTcs B TOM, YTO, B OTIHYHE OT KJIACCMYECKOW TEOpHM, & TaKxe
HEPEJIITUBHCTCKOM KBAaHTOBOH MEXaHHKH, CKODOCTb HE MPONOPUHOHAILHA
umMiyscy. Oneparop CKOPOCTH W OKa3bIBaeTCH CBA3AHHBIM HE C MMIYJILCOM, a C
MarpuuamMH Jlipaka o paBeHCTBOM

u=ca, 8y
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rae ¢ — ckopocth ceera. U3 (1) cieayer, 4To nmpoekius CKOpOCTH Ha Jitoboe
HafpaejieHHe UMeeT 3HayeHue * ¢. DTo, Ha nepBblii B3I, NPOTHBOPEUUT TO-
My, 4TO HabmlofaeMbie 3JIEKTPOHBI UMEIOT CKOPOCTh MEHbLIE CKOPOCTH CBETA.

IMo muenuto Qupaka [2, c.361—362}, yka3aHHOe IpOTHBOpEYHE SIBISETCA
KaXyIIUMCS, TaK Kak coOCTBEHHble 3HayeHus oneparopa u u3 (1) sBnsiorcs
«TEOpeTHYECKUMU» 11 (PUKCHPOBAaHHOIO MOMEHTA BpeMeHH. B orsinune oT HHX
HabmoaeMble 3HAYEHHUS CKOPOCTH SIBNAIOTCA CPEJHMMH BEIMYMHAMM, KOTOpPbIE
ONpeNesnsTcS NyTeM AeJEeHHs W3MEHEHHsS KOOPAMHATH B TEYEHHE MAoro Mnpo-
MEXYTKa BpeMEHH Ha 3TOT HHTepBal. YtoOsl nonyuurs xopoluee npubanxeHue
K MFHOBEHHOMY 3HaY€HHI0O CKOPOCTH, ClelyeT B3siTh GECKOHEUHO Manoe u3Me-
HEeHWe KOOpAHMHAThl. DTO MPHBOIMT, COITIACHO COOTHOLIEHHIO HEONMPEAE/NEHHO-
CTel, K MOJHOH HeOonpelesieHHOCTH HMMITYJIbCa M, CJIEHOBATE/IbHO, K BO3MOX-
HoctH GeckoHeuHoro umnynsca. Cornacio CTO, 310 Bo3MoxHO npu u =c. [lo-
3TOMY MFHOBEHHBIE 3HAYEHWS CKOPOCTH B COOTBETCTBHM C (1) paBHb mnO |
BEJIHYHHE C.

D10 MHeHHe GbUlo noaBeprHyTo Kputke @okoM (cM. [2, npum. Ha ¢.362]).
B [2] oTMeueHO, YTO B OTCYTCTBHE OOBIMHOI CBS3H MEXAY CKOPOCTHIO HACTHLIbI
M €€ MMIMY/IbCOM HENb3s NPUMEHSATb JUIS ONpele/ieHHs! CKOPOCTH COOTHOLLEHHE
HEONpeJeNIeHHOCTEH MeXAy MMNYyAbCOM M KoopaxHaroi. Kpome .toro, ecnu
npumeHuTh paccyxuenne lupaka k Teopun Llpenuurepa, To oHo npuseno 6bl K
HENPaBUJIBHOMY BbIBOLY O TOM, YTO CKOPOCTb 3JIEKTPOHA Bcerna spnsercs 6ecko-
HEYHOH.

Hpyroii nogxon 6bun npemnoxen Hlpenunrepom {5] 8 1930 r. [lpounTerpu-
pOBaB M0 BPEMEHH ypaBHEHHE ABHXEHMs Wi u, (OCb Z HampasjieHa BIO/b WM-

nynsca), LlpeauHrep nokasan, 4To onepatop NpoOROJbHOH HMITYJIBCY CKOPOCTH
MoxeT ObITb MPEACTARIEH B BUAE CYMMbl

2iHt

u =%ih(az)oe " H“+c2sz“‘, )

4

rie nepBoe cjiaraeMoe B MPaBOH YacTH OCLUMWIIMPYET C TeueHHeM BpeMeHH. B
(2) (az)0 — omnepaTtop NPOXOJILHOA HMIMYJbCY NMPOEKUHH YCKOPEHHS YaCTHLBI

npu t=0, i — nocrosHHas Ilnanka, H — ramMuibTOHMaH, p — HMIYJBC
yactuusl. LllpenuHrep BBen NOHATHE O ApoxauieM ABUXeHuu (Zitterbewe-
gung).

CoriacHo (2) B CTallMOHapHOM COCTOSHHHM CpefHee 3Ha4YCHHE OCLUIUIH-
pyloLUeil YacTH u, PaBHO HY/IIO, a CPElHEe 3HAYEHHE ITOCTOAHHON YacTH U, onpe-

JEACTCA BBIDAXKEHHEM

u =
z

2
sz
ot 3)
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TIE 9HEPrUsl YaCTHIbI
E=% [mgc4 + 02p2]1/ 2, 4)

mo —- Macca NnoKost 4aCTHIbI.

Beipaxenue (3) cornacyercsa ¢ paeHCTBOM

(:2pZ
w=—F &)
K KoTopoMy npusonur CTO.

B HecrauuonapHoM cocTosHuM, npeacTaBnsomeM coGoil CYIIEPIO3ULIHI0
cocrosinuil ¢ E> 0 u E <0, cpennee 3HaueHue CCLHIUIMPYIOINEH YacTu u, u3 (2)

OTJIMYHO OT HYAS M COHEPXKHT exp[ + l_ZIﬁE_IE:, (cm., HampuMep, [6, c.547]). Dro

COOTBETCTBYET HpoxauieMy ABHXEHHUIO C 4YaCTOTOM

2| E|

o =——, ©)

KOTOpPO€ HaKNaAbIBACTCd Ha MNOCTOAHHYIO YacTh uz .

Cnemyer oTMeTHTh, YTO, KaK ykasan Ilaymu [6, c.548], B COCTOSIHUSIX, B KO-
TOPBIX COAEpXKATCH COOCTBEHHBIE (DYHKLMH, COOTBETCTBYIOIUME TONBKO ONHOMY
3HaKy SHEPIUH, 3TO «IPOXAHHE» OTCYTCTBYET.

Tem He MeHee npemnaranuce paztnynbie IIYTH UCKJTIIOYEHHUS APOXALUETO ABU-
KCHU, paccCMaTPUBAEMOIO KaK HEXe/aTesIbHOe CleACTBHe Teopuu Jupaxa.

Bruto, nanpumep, BrisunyTo TpeGoBanue NpeCTaRIeHUs BceX (PU3HYECKHX
BEJIMIHH TONIBKO METHOH YaCThi0 COOTBETCTBYIOUIMX MM OMEPATOPOB (CM., Hanpu-
mep, [6,7] u mp.). Ilpu stoM 6BUIO yuTeHO, uTO onepatop L ¢usuyeckoi
BEIMIMHbl MOXHO MPEICTABUTD B BHJE CYMMBI €10 YeTHO#H vactu [L] (npespama-
IoWEeH COCTOSHME C JAaHHBIM 3HAKOM BHEPIMH B COCTOSHME C TeM Xe 3HaKOM
SHEPIHH) M HEYETHOH yacTu {L} (npeBpamarouieii COCTOSHHE C JaHHBIM 3HAKOM
SHEPIUH B COCTOSHHME C NIPOTHBONONOXHBIM 3HAKOM BHeprum). Tak Kak cOCTO-
AHWA C MPOTHBOMOIOXHBIMU 3HAKAMH 9HEPTHH B3AMMHO OPTOrOHAIBHBI, TO JUIS
BCEX COCTOSHMMH C JaHHBIM 3HAKOM BHEPIMM CpENHEe 3HAYCHHE {L} obpamaercs
B HYJb.

I[lpuBnexarensHoCTs Takoro momxona OTIPEAENSCTCS. TEM, YTO NPH STOM B
PENITHBUCTCKON KBAHTOBOH TEOPHH COOTHOILEHHS MeXny oneparopamu (u3M-
HECKMX BEJIUUHH OKA3HIBAIOTCS AHAIOTMYHBIMH COOTHOLIEHHSM MEXIy COOTBET-
CTBYIOIUMMH (DU3HYECKMMH BEJIHYUHAMM B KJIACCHYECKOM TEOPHH.

10T noxxox obnanaer, oAHaKO, KaK HaMm TNIPEICTABIIAETCS, CEAYIOIMMHU He-
moctatkamu. I1pu BhluMCIeHHH cpeHero 3Hauenus L B COCTOSHUM C onperesieH-
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HBIM 3HAKOM 3HEPTHH JCHCTBUTENBHO jAaeT BKJam Tonbko [L]. Ecnu xe Heo0-
2
XOIMMO ONPENEUTh CpeaHee 3HaueHue L° (HampuMep, NpH BBIYHMCIEHHHU CPEl-

HEKBaJIpATUYHON HEONPEAEIEHHOCTH [(AL)Z]l/ 2, YTO BaXHO ISl KBAHTOBOH Me-

XaHHKH), TO, TOCKOJIBKY {L}? sBnsercs wetHBIM ONepaToOpOM, BHINOJIHAETCA pa-
BEHCTBO

2=+ (L) @

Takum 00pa3om, B L2 MOSAB/IAETCS BKJIAJ HE TOJILKO OT 4eTHOH 4yactH [L] ome-
paropa L, HO Takxe BKJIai OT ero He4eTHOH yacTH {L}. DTO NpUBOIMT K BbI-
BOAY O TOM, uTO TpeGOBaHHE OCTABUTh B OMNepaTopax BceX (M3MYECKHUX Be-
JIMYMH TOJIBKO MX YETHBIE YacCTH He Bcerha SBJsSETCS NMPaBOMEPHBIM.

CylecTByeT TakXe MHEHHE, YTO JpOXalliee IBHKEHHE MOXHO YCTPAHUTh 3
teopun [upaka myreM yHutapHoro npeobpasosanus. Tak, Hanpumep, B [8] Gbut0
NpemIoXeHo KaHOHHYecKoe Tpeobpa3oBaHue, Lesbl0 KOTOPOro SBASETCS HCKITIo-
YeHHe W3 raMwibrToHMaHa Jlupaka MaTpull (I, CBA3BIBAIOIIMX [BE «BEPXHUE» U
ABe «HHXHHE» KOMIIOHEHTHl BOJIHOBOH (pyHKUHH VY, H ofpalieHue B HyJIb ABYX
ee KOMIIOHEHT (CM., Hanpumep, [3,7,9] u ap.). IIpu arom ramunsronuan [dupaka
TPHHST BUJ

Hiy= KB, ®
rlie MOIYJIb 3HEPTHH

K=[mlc* +*p'/?, ©)
B — yeTBepras Matpuua [lupaka. HckioueHue Matpuil o 3 (8) wunTep-

NpeTHpyeTCs KaK «yCTPaHEeHHe IHPeJUHFepOBCKOrO ApPOXaHUS»  (CM.,
HanpuMep, [3, c.160] unu [10, c.256]).

Cnenyer, onHako, y4ecTs, YTO NpH nepexome K npexacrasiesuio FW u3 [8]
MEHseTcs BUI HE TOIbKO raMwibTOHWaHa [Mpaka, HO TakXe oneparopa CKo-
POCTH, KOTOpHIi, B oTiiune oT (1), mpuHMMaet comtacHo Tabin.l [8] cremyomuii
BH:

2 3
c’p, myc
uZ,FW=—K—B+TaZ' (10)

COOTBETCTBEHHO B NpeacTaBICHUH [8] B omepaTtope CKOpPOCTH COOEPXKHUTCA
OCHWUTHpYOITad 4acTh

3 I2HFWI

%

mgc -
X (()tz)0 e
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TakuM obpa3oM, B npenctasieHuu [8] mpoxaiuee ABHXEHHE HE YCTpaHseT-
csi. DTO coryacyercs ¢ TeM, YTo (PU3HYECKHE CIEACTBUA HE NOJIXHBI 3aBUCETh OT
npencrasienus (cM. [13, ¢.246]).

YuuTsiBass MII0XKEHHOE BbIllle, NPEACTABISETCS, YTO ApOXallee ABHXEHHE
clelyeT paccMarpuBaTh Kak, MOXeT OblTh, HEOObIYHOE C TOUKH 3pEeHHs
K/IaCCHYECKHMX TNPENCTaBlIEHUi, HO BCE XE HEOTBHEMJIEMOE CBOWCTBO TEOPHH
Hupaka.

B manHoM 0030pe NMpHBOAATCS pe3ynbTaThl UCCIIEAOBAaHHI, MPOBEACHHBIX C
TakoW TOYkM 3pedus. OCHOBOH 3THX McCCledoBaHHil aBuIack Hawa pabora [11],
B KOTOPOH MOKa3aHo, 4T0 BuiTekaloulee 13 (1), Ha nepBblil B3I, NapajoKCalb-
HOe paBeHCTBO Moay/eH COOCTBEHHBIX 3HAYEHHI ONepaTopoB NPOEKUHH CKO-
POCTH 4acTHLIbl H CKOPOCTH CBETa He ClIeJYEeT paccMaTpuBaTh M30JHPOBAHHO OT
XapakTepHOH [ Teopud upaka HEONPENEIEHHOCTH CKOPOCTH 4YacTHUbI C
s=1/2. B crauMOHapHOM COCTOSHHMM 4acTHUbl C m,# 0 BONHOBad (YHKUMS

npencrasnser coboi, cornacho [11), cynepnosuuuio AByX COCTOSSHHH, B OAHOM
M3 KOTOPbIX MPOXOJIbHAS WMIYIbLCY MPOEKLUMS CKOPOCTH paBHa ¢, a B JAPYroM
~ c. Ilpu aTom cpenHee 3HaYeHHE EZ onpenenseTcs paBeHCTBOM Buaa (3), a He-

ONnpeneNeHHOCTb l'lpOIIOJIbHOﬁ UMNYNbLCY MPOCKUHHU CKOPOCTH — PABEHCTBOM

3

m.c
N == (1)

K

Takum o6pa3om, B OTIMYHE OT KMINYNbCA, KOTOPbIH SBJISETCA B CTaLMOHAp-
HOM COCTOSIHHH CBOOOIHOM YacTHLbI ONpeleseHHbIM, CKOPOCTb YacTHLbl B Ta-
KOM COCTOSIHHM ABJISIETCS HeornpeaeneHHoi. OTMeueHHas Bbllle TPYIHOCTH, CBA-
3aHHas ¢ paBeHCTBOM (1), pa3peiiaercs B TOM CMbIC/IE, YTO KBaApaT cOGCTBEHHO-
o 3HauYeHHs OrnepaTopa NMPOEKUHH CKOPOCTH, PaBHBIH KBalpaTy CKOPOCTH CBETa,
onpenesnsiercs B COOTBETCTBUH € (7) CyMMO# KBaapaTa CPEIHEro 3HaueHHs Mpo-
eKLIMM CKOPOCTH M KBagpata ee HeonpenenenHoctH. [Ipu 3stom HaOmionaemas
CKOpOCTb, PaBHad CPEMHEMY 3HA4EHHIO CKOPOCTH, MMeeT NpH my # () 3HaueHHe,

MEHBIIEE CKOPOCTH CBETA.

2. HEOIIPEJEJIEHHOCTD IPOEKIIHIA CKOPOCTH
U OHU3UYECKHUH CMBICJI YETBEPTOH MATPHIIbI JTHPAKA

TamunsroHHaH [Jupaka B cayyae cBOGOAHOTO ABHXEHHS HMEET ClEAYIOLMM
BHUI:

H=c(ap) + Bmocz. - (12)
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CornacHo teopeme I'enpMaHa — PeitHmana [12] BeInonHs0TCS paBEeHCTBa

W_o W_or W_oE F_E
ap, op,’ apy apy’ 8pZ apz’ om, om;’

H3 (13), c yuerom (12) u-(4), cnenyer

cp, cp cp
e S e
“=EF HTE %TE ()
mC2
a 0
B=—p. (15)

CpenHue 3HaYeHUS TPOEKLMH CKOPOCTH Olpenensiorcs, cornacHo (1) u
(14), paBeHcTBamMu

2 2 2
cp, c’p cp
= _ = __Ty - __"z
“W=E > BWSTE > WTTE (16)

wo=u =u =c". a7

M3 (17) u (16) nonyyaeM BbipaxXeHHs M1 CPEAHEKBaJPaTHYHBIX HEONpPEAE/IEH-
HOCTEH NMPOEKLUUH CKOPOCTH:

[ 5]

2_c” 1/2
Au)® =5 lmy o +p +p]
N 1/2
(Au ,) [moc +p;+p17%,
— 2
2_¢C 1 2 ‘
V (@u)? =5 e+ p2+ P/ (18)

B yactHOM ciydae, Koria HMNyabC HanpasieH BAONbL OCH Z (T.e. pP.= py=0,

~~

p,=p), u3 (18) cnenywor pasencTsa

Vdu)? =V (au)? =c (19)

n paserctso (11). M3 (19) BumHO, YTO HEONMpPENENEHHOCTH MOMEPEUHBIX
HMITYJIbCY MPOEKLHI CKOPOCTH ABMAIOTCH JIOPEHU-HHBAPHAHTHBIMH.
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B cucreme nokos (CII), 8 kotopoii p=0, u3 (19) u (11) cnenyer
V@) | o=V @u)? | oy =V @u)? | oy =c. (20)

Ipu nepexome B MHepuManbhyo cuctemy orcdera (MCO), asuxyyiocs
orHocutensHo CII, ¢ yBenuuenueM p (CnegoBaTenbHO, cOMIacHO (4), ¢ yBenu-
YeHHEM MOJIY/IS YHEPIHH) HEOIIPEREIEHHOCTh NPONOJbHONR UMITY/IbCY MPOEKLUH
ckopoctH, cornacHo (11), ymeHsImaercs.

Cornacro (1) cpeaHde 3HaueHus nepBbix Tpex Marpuu Hupaka o, o, o

OonpeaensioT B CTAUMOHAPHOM COCTOAHHH CPEAHHE 3HAYEHHA TPEX HpOCKllHﬁ

CKOPOCTH U, U, U, . ®du3nyeckuit cMbICI YeTBEpTOMl MaTpuubl Jupaka B ocra-

eTcs mpH 3TOM HesicHBIM (cM., Harpumep, [13, ¢.256]). U3 (15) u (11) cnenyer

B=+V (Au)’. Q1)

Dro nposcuser ¢usuyeckuii cMbicn yeTBepToil MaTpuubl Jlupaka. Cpennee
3HaueHHe YETBEPTOH MaTpULBI OnpefelisieT OTHOCHTENBHYIO (110 OTHOIIEHHUIO K
¢) CpeaHeKBapaTHYHYI0 HEONpPeNeeHHOCTh NPOLOIbHON HMIY/IbCY NPOEKLHU

ckopoctH. Tak Kak Bz= 1, To ¢ yuetom (15) cpepHekBagpartuyHas Heompene-

neHHocts B paBna
VP =c

ITo Tpetbemy paBeHCTBy u3 (16) MoxHO nipeacTaButh (22) B BHAE

w[—z 1= ,
@ap?=—lgl. (22)

. (22)

P,
E

Takum 06pa3oM, CpefHEKBaIpaTHYHAs HEONPENEIEHHOCTh P paBHa MOYNIO
OTHOCHUTENPHOTO (B YKa3aHHOM BBILIE CMBICIIE) CPEIHEr0 3HAYCHMs NPOXOJIb-
HOM HMIIYbCY MPOEKUHUH CKOPOCTH. B CBA3M ¢ yCTaHOBIEHHBIMH HeEoOIpene-
nennoctsmu (11) u (19) cneayer OTMETHTD, YTO OHH OGYCIOBIIEHB HEYETHHIMU
4acTiAMH oneparTopos o u B. JledcTBUTENBHO, YeTHAs YacTs oneparopa L onpe-

JeJisieTcsl paBeHCTBOM [L]=-;-(L+ALA), rae A=% — 3HaKOBBIH OIEparop

cp m0c2
(cM., nanpumep, [27, ¢-na (62)]). Ilpu 31om [a] = X A u [B] =—I—<——A. Tax

kak AZ=1 (cM., Hanpumep, [6, ¢-na (20.22)]) u A=%1 [7, c.268]), To cpen-
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HeKBaJipaTUYHEIE HeompenenedHocTH [a] u [B] pasum Hymio. HeueTHas yacTs

omeparopa L onpepenstercss pasedctsom {L} =-;—(L—ALA) [27, d-na (63)].

2
c
IIpu 3ToM {a} =a —%A u {B} = ﬂ——%—A. [To3TOMy BHIMONHSKTCS paBeH-
CTBa
{a} =—5 [K %~ plap) — myc> ppl,
2
B =;5 [p*B - myc(@p)]. (23)

CooTBETCTBEHHO CpeNHEeKBaIpAaTHYHBIE HEONpPEESEHHOCTH HEYEeTHBIX YacTeil
o u P onpexensiorcs BhipaXeHHIMH

Vato =g V2 -2, Va7 =1VEr -2,

1
K

Nata?=iVe2-?, V- (24)

4yTO M cornacyercs ¢ (18) u (22).

Heuernas yacts {L} oneparopa L ocuwmmmupyer [27, c.49] ¢ TeyeHHeM Bpe-
MEHH C 4acToToi (6). DTO NPUBOAUT K BBHIBOLY, YTO YCTAHOBJCHHBIE HAMM HEOI-
pelesieHHOCTH W M B 1 Ipoxallee JBHXEHHE COOTBETCTBYIOLIMX HM onepaTopoB
06yC/IOBIEHbI OQHOM U TOM Xe IPHYHHOM — HATHIHEM y 9THX ONeEepaTopoB He-
YETHOH YacTH.

C yuerom (1), (7), (14) u (23) BBIIOAHSIOTCA paBEHCTBA
(@)"+(@Bu)’=c% ()" +(Au Y= (@l +@u)i=E (1)

Sru xe paseHcTBa cienylT u3 (16) u (18). Cornacho (7’) u (17) KBagpar
COOCTBEHHOrO 3Ha4Y€HHMs ONEpaTOpa NPOEKLUMH CKOPOCTH, paBHBIN KBaJpaTy CKO-
POCTH CBETa, MPEACTaBiseT COOOH CyMMy KBaipaTOB CPEJHErO 3HAYEHMS MpO-
€KLHH CKOPOCTH, ONpPENeIseMOro 4€THOH 4YacThi0 ONeparopa NPOEKLHH CKO-
POCTH, M KBajpaTa HEONpPedCACHHOCTH MPOEKLnH cKopocTH. Takum obGpasom, B
COOCTBEHHBIE 3HAYEHHs OnepaTopa ckopocTH (1), paBHbie IO BENMYMHE C, AT
BKJIAl KaK CpeHee 3HaYeHHe NMPOEKUHH CKOPOCTH, TaK U €€ HEONPENeIEHHOCTS.
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3. CBA3b MEXNY DHEPI'HEH YACTHIIBI
U HEONPEIEIEHHOCTBIO IMPOIOJIBHONH HUMIYJILCY
HNPOEKIIHH CKOPOCTH

H3 (11) ¢ yuetom (21) nonyyaem cneaylouly1o CBsI3b MEXAY SHEPrUel YacTH-
Ubl ¥ CPEeNHEKBAJAPATHYHON HEONPENE/ICHHOCTHIO NIPOJOIbHON €€ HMITYJIbCY MPO-
eKLIHU CKOPOCTH, a TaKXe CPEHHM 3HauyeHueM 4YeTBepToil Marpuupl dupaka B:

mc3 mC2

|E|_ 0 0

Va1l

Cornacto (25) 8 CIl, 8 koTopoit Beinonusiercs (20), sHeprus 4acTHLIbI UMEET

(25)

HauMEHbLLIECE MO MOAY/IK 3HA4Ye€HUE IEOI =m0c2. anl nepexone B Apyryio

HUCO, psuxyuywocs orhocutensno CII, ¢ yBennuenueMm p HeonpeneaeHHOCTb
HPOROJIbHOM UMOY/NbCY IPOEKLMH CKOPOCTH (CM. pa3f.2) ymeHbLIAeTCs, U COr-
slacHo (25) Moaynb 9HEPruM yBeJIMUMBAETCH.

Conocrasnenne (25) ¢ u3sectHoit u3 CTO cBia3bl0 MEXAY 3HEprHeil yacTu-
Libl, €€ MacCOii NOKOs U CKOPOCThIO

2

mOC

E= 77— : 26
\/l-—vz/c2 (20

nokaspiBar, 4ro (25) MOXHO paccMarpuMBaTh KaK KBaHTOBO-MEXaHWYECKHH
ananor (26). Ilpu 3TOM BBINOMHAETCS PABEHCTBO

%\/(Auz)z =B=V1-+%/2 @7

D10 cornacyercs ¢ CONOCTaBJIEHHEM cKandpa V1 _vi/ci, XapaKTepU3yILIEero
NIOPEHLEBO COKpaLleHHe, U yeTsepToi Marpuust Hupaka P {3, ¢.139].

CornacHo (12), () u (21) sHeprMs yacTHUB B CTAHOHAPHOM COCTOSHUM
MOXeT ObITh MpeACTaRIeHa B BUIE CYMMbl

E=u ptmygc N (Auz)z. 4)

3ro PaBEHCTBO TAKX€ YKa3blBacT Ha BaXHOCThH yU€Ta B TCOPDHH llupaxa HE
TOJIBKO CpPE€AHEro sHa4eHHusA CKOpPOCTH, HO H €€ CpCIIHCKBa.IIpaTH'{HOﬁ Heorpe-
HOCJIICHHOCTH.
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4. OIIEPATOP YCKOPEHHSA YACTHIBI
H EI'O COBCTBEHHBIE 3HAYEHUA

Hanuuue B ocumnnupyomeit yactH nonyuennoro Ulpeauurepom [5] suipa-
xeHHus (2) onmepaTopa yCKOpeHHs yKa3biBaeT Ha LienecoobpasHocTh bosnee ae-
TAILHOIO PacCMOTpeHust 3Toro oneparopa. CornacHo (1) W BbipaxeHus s
do./ dt, npusenennoro B [7, d-na (60.30)], oneparop yckopenus a onpenensercs

PaBEHCTBOM

2 i2mc3

2 0
rie & — oneparop ciidHa, a
¥=Ba. 29)
B cnyuae, xorna och z HanpasneHa BIOJb uMnyinbca, U3 (28) cneayer
. 3 . 3
2 2m c i2m.c
. 2p bemg _ Pemy
a=-—2 Zy+ 7 Y. @,= e A
. 3
_ 26‘2p z2moc 22
a,= ” Zx + p Yy » aa, -aa =i 2c 0, Zz . 30)

Tak kak yi:yi:yf:—l H
nyy+yy):x=2yyx+yx2y=0,

TO M3 (29) cneayor paBeHcTBa

2
a§=a§=(2~;§] : 31

5 2m0¢:3 2
Q= 2| (32)

Cornacno (31) u (32) onepatops! npoekuuili yCKOPEHHS HMEIOT COGCTBEHHBIE
3HaYEHHA

4 =+
a =% o a =% P (33)
2moc3
a=t% (34)
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TakuM 0Opa3oM, Mbl MPHXOOMM K BHIBOAY O TOM, YTO YIBOEHHE COCTOSHHH,
XapakKTEPHOE IS YacTHl co cnuHoM 1/2, pacmpocTtpanserca B Teopun [u-
paKa He TOJIBKO Ha COOCTBEHHBIE 3HAUYEHHs NMPOEKLUUHM CKOPOCTH, HO TAKXKe Ha
TAKOBBIE [Vl ONEPATOPOB NPOEKLIUH YCKOPEHHUS.

KonuuectsenHo coOGcTseHHble 3HaYeHUs (33) MOMepeuHbiX HUMIIYIbCy Npo-
eKLMH YCKOPEHHsE OTIIMYAIOTCH OT COOCTBEHHBIX 3HAYEHHH I10MIEPEUHbIX MMILYJIb-
Cy NPOEKLHi CKOPOCTH U, H U, MHOXHTEJIEM, PaBHbIM YacToTe M), U3 (6). Cob-

crBeHHble 3HayeHus (34) oneparopa NPOXOABHON HMMYIBCY TPOEKHHH YCKOpe-
HHUA OTVIHYAIOTCA OT TAKOBBIX [UIS ONepaTropa MPOAOAbHON HUMITYJIBCY IPOEKIHH
CKOPOCTH 4, MHOXHTEJIEM, PaBHBIM 4acToTe

9 2
mc
Wy="73 - (35)

Cornacno (34) u (35) BHNOITHAIOTCS paBEeHCTBA

a,= T wyc. (36)

KauecTBeHHOE OTiiMuMe COOCTBEHHBIX 3HAYEHHi1 ONEpaTOpOB MPOEKLHUH yc-
KOpPEHHUs OT TAKOBBIX Ul MPOEKIMI CKOPOCTH 3aKJTI0YAETCA B TOM, YTO B IPABBIE
yacti (33) u (34) Bxomur nocrosuHas Ilnanka. TakuM 06pa3oM, Mbl MPUXOINM
K BbIBOjY: COOCTBEHHbIE 3HaYE€HUs] ONEPATOPOB MPOEKLHU YCKOPEHHS SBISIOTCS
HE TOJBKO PEATHBUCTCKUMH, HO ¥ KBAaHTOBBIMHU BeJIMUMHAMH. B 3T0i CBsA3M
OTMETHM, YTO MEepecTaHOBOYHOE COOTHOIIEHHE I NPOEKUUH yCKOPEeHH s, nore-
peunsix umnyiascy M3 (30), taxxke 3aBHCHT, B OTJIMYHME OT I€PECTaHOBOYHOIO
COOTHOILIEHHS Ul MONEPEYHBIX UMIYJbCY MPOEKHHI CKOPOCTH (CM., HalpuUMep,
[10, ¢p-na (4.197)]

wu —uu =2 T, (37)
Xy y x 4

HE TOJIBKO OT C H Zz, HO M OT nocrosHHou IlnaHka.

CornacHo (34) coGcTBeHHBIE 3HAYECHHS a, YBEJTHUHBAIOTCS TIO MOJYIIO IIPAMO
[OpONMOPLUMOHATBHO Macce MOKOst 4YacTHubl. Tak, Hanpumep, Ui 3J€KTPOHa

|azi ~5-10! CM/CZ, U1 MIOOHA Iaz| ~ 10 CM/Cz, U1 NpPOTOHA Iaz| ~

2 o .
~10% cemic?. Mopyne coOGCTBEHHBIX 3HAUCHUH a, u3 (34) cei3aH C KPUTHYECKOM

HanmpAXEeHHOCTbIO IJICKTPHYECKOTO NOJdA

3
mc
eh
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(eM. [27, c.6], [40, m.6], [41, c.382]), IIpH KOTOPOH BakKyyM CTaHOBUTCS He-

CTaGM/IBHBIM 1O OTHOLIEHMI0 K POXIEHHIO 9JIEKTPOH-NMO3UTPOHHBIX Tap,
PaBEeHCTBOM

2e£k=m0|az|. (38)

Ha nepsuiit B3misn, seipaxenus (33) u (34) nportusopeyar MEPBOMY 3aKOHY

AvHamuku HpioTOHa, comacHo KOTOpoMy cBOOONHAsS YacTHLA ABMXETCH IO

uHepuuu 6e3 yckopenus. Crenyer, oqHaKo, y4eCTb, 4TO OIepaTop YCKOPEHHS a,

onpeneneHHbin B (28), sBnseTcs HeueTHHIM. JIeHCTBUTENBHO, HETPYNHO YGe-
AUTBCA, YTO B CIlydae p, = p BbINOJHAIOTCS PaBEHCTBA

A'YxA=EIE[(CP m c )y —2im cpE],
1 .
AyyA:;(—2 [(c2p2—mgc4) Y+ 21moc3p z 1
AnA:—n,

1 .
AZxAz——K 2 [(- czp2 +mgc4) - 21moc3 'yy],
_1 22,24 .3
AZyA— P [(=cp +myc )2y+21moc gAas (39)

Tak xak [yz] =% ('yz+A'yz A) (cM. pa3n.2), TO ¢ y4eTOM TPETHErO M3 PaBEHCTB

(39) BumonHsetcs ycnosue ['yz] =0. CnepoBatensto, cornacHo (30),

a = {az }. (40)
Ananornuno u3 (39) u (30) cnenywor paBeHCTBa
a=la )}, a-={a). 40')

TakuMm 06pa3om, ornepatop yCKOpEHHS SBIAETCS HEYETHBIM.

Tak Kak B CTAaUHOHAapPHOM COCTOSIHMM C OIPENEIEHHbIM 3HAKOM SHEpPruu
CpeaHee 3HayeHue HeueTHOH vactd {L} oneparopa L oGpamaercs B Hymb (CM
pasn.1), To ¢ yuerom (40) u (40") BHIMONHSIOTCS paBeHCcTBa

ax=ay=az=o. 41)

W3 atux paseHCTB ciieniyer, uTo B Teopuu JMpaka nepeblil 3aKOH TMHAMHKH

HbioTOHa BRIMONHSETCS B CpeHEM.
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C yyeTOM YETBEpPTOro M IATOr0 paBeHCTB (39) HEUeTHbIe YacTH ONepaTopoB
Zu Ey ONpenensoTcsl BhPpaXeHUIMH

(z, )= ;LZ @p I +imcv), {E,)= —;—2 (@px,—imc’ ).  (42)

HerpynHo y6eauThcs, 4TO 3TH BbIPAXeHHs YIOBJIETBOPAIOT ypaBHeHHUIO (64) n3
[27] mna opoxaiero ABUXEHUS CIIMHA.
Cornacuo (42) u (30) a, a,u {Zx 1, {Zy } cBSI3aHBI paBEHCTBAMH

=t -_ T
{Zx } _2K2 y? {2)’}——21(2‘14" (43)

H3 (33), (34) u (41) cnenyer, 4TO CpeAHEKBaJpaTHYHbIE HEONPEAETEHHOCTH
NPOEKUHil YCKOPEHHS OMPEENsOTCS PABEHCTBAMH

—— = 2m
2cK
\[(Aay)2= = Vea) =——. (44)

v (Aa)’ =

DTO NPUBOLHT K BBIBOAY O TOM, YTO, XOTH B CTAlMOHAPHOM COCTOSHHH YCKO-
perne CBOOOAHON YacCTULBI B CPEOHEM OTCYTCTBYET, CPEAHEKBAJApAaTH4HAs He-
OnpeaeNieHHOCTh ycKopeHus orianuHa ot Hynd. Cornacuo (44) B CII umeem

z ICﬂ ’ (45)

DTH paBeHCTBA OTPaXaloT, KaK HaM IPEACTABJSETCs, CBA3b MacChl MOKOSA
YacTHLB C ee BHYTPEHHHM ABHXECHHEM.

Kak u3BeCTHO, HauKHas ¢ nepeoix pabor [1] no pensITHBHCTCKOM KBaHTOBOH
MexaHuke, JlipaK HEONHOKPATHO BHICKA3biB&/I MHEHHE, YTC MATPHLLI ¢ H B onu-
CHIBAIOT HEKOTOPOE BHYTPEHHEE ABHXECHHE TOYECYHOrO 3apsKEHHOrO 3JieKTPOHa,
CBSI3aHHOE C €I0 CIHHOM, CYIIeCTBOBAaHHE KOTOPOro MOCTYJIHPOBANOCh MPEX-
HHMM TeopusMM (cm., Hanpumep, [28, c.113 u 129], [2, c.351]). PeiinMan
orMerun [38], yro Jlupak cHavasa fpeanosaral KiIlOYeByl0 Poib COHHA (WM
BHYTPEHHEIO YITIOBOIO MOMEHTa), BHITEKAIOIIEro M3 €ro ypaBHeHMs, OQHaKoO ca-
MBIM CYIIECTBEHHBIM OKa3al0Ch HaJH4He OTPHLATE/IbHBIX SHEPIMH U CyLIECTBO-
BaHME aHTHYacTHL. Bompoc O BHYTPeHHMX CremeHsX cBOOOMBI 3EKTPOHA, CBS-
3aHHBIX C €r0 CITHHOM M OTPHLATENbHBIMHM SHEPTUAMH, OOCYXMIANCs TaKXe B Pjie
apyrux pa6or [4, §12, mi.1, 4.V], [36, §7, m,14]. YcraHoBNeHHbe HAMU HeOll-
PELENEHHOCTH CKOPOCTH M YCKOPEHMsl IO3BOJIIOT COIOCTaBHUTh BHYTPCHHEMY
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ABHKCHHIO TOYEYHOTO B/IEKTPOHA BUPTYAIbHBIE MEPEXOAB M3 HAaYaILHOIO CO-
CTOSIHMS B NPOMEXYTOYHOE M OOpaTHO, CONPOBOXIAEMble W3MEHEHHMEM 3HAKA
®HEPrHH Nokos. ledcTeuTenbHO, coracuo (12), 8 CII CTallHOHAPHbIE COCTOSIHUSA
ABJISIOTCA COOCTBEHHBIMU COCTOSHHSMH Matpuusl B. UM coorsercTByloT cober-

2
BCHHBIC 3HAYC€HHUsS SHEPTHH, paBHbIC imoc . B CII yernas yacte oneparopa o,

paBHas QKRA [27, c.49], obpawaerca B Hynsb. T[lostomy B CIT oneparop a sBns-

CTCH HEYETHLIM H NepeBOIUT cobCTBenHYI0 dhyHKumio onepatopa 3, cooTBeTcTBY-
IOUIYyI0 OMpPENEIeHHOMY 3HAKY SHEPrHM MOKO#, B APYyl0 COGCTBEHHYIO (DYHKLHMIO
oneparopa B, cooTsercTBylouIyIO NPOTHBOTIONOXKHOMY 3HAaKy YHEPIMM [OKOS.
Ipu aTOM, HanpuMep, as HeoNpeaeNeHHOCTH U, BBITIOJIHAETCS PAaBEHCTBO

Au)?| =cmlo k) kleln),

rae B MPOMEXYTOUYHOM COCTOAHHH Ik) 3HaK 3HEPTHH MOKOS NMPOTHBOMOIOXEH
3HaKy SHEpPrMM MOKOA B KOHEYHOM W HaYalbHOM CTAUMOHAPHOM COCTOSHHH
n). llns HeonpenmeneHHocTei U M U B [IPOMEXYTOYHOM COCTOSHUH lk) H

HayaJIbHOM COCTOSHHH |n) NPOTUBONONOXHbI HE TOJNILKO 3HAKH IHEPIHH, HO
TaKXe MpoeKuHH cniHoB. OTMETHM, YTO aHAOrHYHbIE MaTpHYHBIE 3JTEMEHTHI,
OMHCLIBAIOLKE BUPTYa/lbHbIE NMEPEXOAbI, NIPH KOTOPBIX HMITYJIbC COXpPAHSETCH,
@ 3HaK 3HEPriH MEHAETCH, pacCMaTPHBAIOTCH, HANIPHUMED, NIPH BBIBOIE tdopmy-
asl Kneitna — Huwuunt [39, §49].

CornacHo (28) u (29), 8 CII OrepaTop ycKopeHus NponopuuoHaieH Pa.
ITosToMy Takoe Xe «BHYTpeHHee mBHXeHHe» COOTBETCTBYET CpPENHEKBA-
PaTHYHOH HeonpeneneHHoCTH ycKopehus B CIT. U3 (45) ¢ ydyetoM (20) u (35)
CJIeyIoT paBeHCTBa

Ny | o= agNiany? |

cme

Vta) | = oNdu? . Vaay | p=oNaa?. s

TIPEAEIIEHHOCTH  TIPOEKLHI - CKO-

Takum o6pasom, cpeane
ero asuxenus B CIT oka3siBaloTcs

POCTH, YCKOPEHHS M YaCTOTa |
B3aHMOCBA3aHHBIMH. =~ -7
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5. HEOIIPEJEJIEHHOCTH CKOPOCTH H YCKOPEHHA
YACTHIIBI C MACCO# IOKOS, PABHOH HYJIIO

Ipu m= 0 nony4aem u3 (16), (19), (20), (30) n (44)

u =
X

V(Au ) =c, V(Au” )2 =0,

\<=!

=0, u-=x=c,
Z

40
-_xp _p -
a=-"F%, a="2"%, a=0,
26%p 2c%p
(ax)c 3= x PN ( y)c.3 =% I (az)c 3 0,
2 26‘2 ~— 2 202 — 2
Vit =3P, Na)?==E, Ny =o, @)

e Y4TeHo, 4TO, comacHo (4), npu m, = 0 BBHIIOJIHAETCS PaBEHCTBO

|E| =cp.

H3 (47) BugHO, YTO npu m0=0 B CTAllHOHAPHOM COCTOSHUH HEOIpEeAesieH-

HOCTH CKOPOCTH M YCKOPEHHs MONHOCTBI0 He KcyesaT. IlonepeyHsie UMIYb-
Cy MpOEKLMH CKOPOCTH (IIYKTYHPYIOT OKOJO HYJIEBOTO CPERHEro 3HaueHHs.
IIpu 3TOM CpeqHEeKBapaTHUHbIE WX HEONPENEIeHHOCTH PaBHblI CKOPOCTH CBe-
ta. Comtacuo (47) QAyKTyMpYIOT TaKkXe MONepeuHbie UMIYJIBCY NMPOEKIHH yC-
Kopenus. 3/1eCh BHINOMHAETCA aHAIOTHYHOE (46) paBeHCTBO

Va)? =opNAu) . 46)

DTO NO3BOMAET CUATATh, YTO HEONPEAECIEHHOCTH CKOPOCTH H YCKOpEHHA
UMEIOTCS B CTALIHOHAPHOM COCTOSSHHM 1O Teopud Jlupaka He TONBKO Y 3JIEKTPO-
HA WM JPYrHX 4acTHLl CO CIIMHOM 1/2 ¥ OTIMYHOMN OT HyJs Maccoil MOKOsl, HO
y Yactul ¢ my =0 ¥ crHOM 1/2, B 4acTHOCTH, y HEUTPHHO H AHTHMHEHTPHHO.
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6. CBAA3b HEOIIPEIEIEHHOCTH CKOPOCTH
C MOAPHU3AIIMOHHBIMH CBOHCTBAMH YACTHIL
B TEOPHH IHPAKA

Kak u3BecTHO, MOJISPU3ALUOHHBIE COCTOSHHS YACTHLBI XapaKTEPH3YIOTCS B
teopnu Jlupaka [4] mceBnoBEeKTOpOM MOJSIpH3alMM C KOMIOHeHTamu {14, ¢-na

(29,8)1

- P _ __E
a. = &, a =(, a = g ., (48)
07 myc I L7 8 mocz l
rae § — TpexMepHhiil BexTop nonsapusanuu B CII, ungekco || u L osnauaior

cllaraeMbie BEKTOPOB, NapajUiejbHbIX U MEPHEHAUKY/IAPHBIX HUMIynbcy p. U3
(48) c yuerom (11) nonydaem

g
I A
“ V(Au ) C” B @

CornacHo (49), cooTHOIIEHUE MEXMIY a u C’ll OnpefessieTcs OTHOCHTENBHOM

CPEIHEKBapaTHYHOH HEOMNpPENeIeHHOCThIO MPONOIbHOH HMIOYJIBCY NMPOEKLHUH
CKODOCTH WJIM CPEJHHM 3Hauy€HHEM 4eTBepToit Marpuusl [upaka. B aTom npo-
ABJISAETCS CBS3b IOJIAPU3ALMOHHBIX CBOMCTB ABHXYILEHCA YaCTHLBI C HEOMpee-
JIEHHOCTBIO €€ CKOPOCTH.

IIpu Ky/JIOHOBCKOM paccesiHUH MEPBOHAYABHO IOJTHOCTHIO MPABOMONSPH30-
BaHHBIX 3JIEKTPOHOB IOC/IE pacCesHUs MOJSIpU3aLiUs ONpeaesseTcs, KaK M3BeCT-
HO, paBeHCTBOM [9, ¢-nma (7.97)]

om2ct
mc
PR=1T 0 o (50)
Efctg 5+m0c
C yuerom (11) ero MoxHO mpeoGpa3oBars K BHIY
28u, )
pe=1- : (51)

(Au|| )2 +c? ctg2 g

Takum o6pa3oM, ¥ B 3TOM ciiyuyae MOJISPH3ANMOHHBIE CBOMCTBA OKAa3bIBAIOTCS
CBSI3aHHBIMH C HEOMNPENEIEHHOCTBIO MPOAONBHON HMMITYIbCY NPOEKLUHH CKO-
poctu. U3 (49) u (51) cregyer, uto HeonpeaeNneHHOCTh CKOPOCTH MOXET OBITh
BBIYHCJ/IEHA NYTEM HCCIICAOBaHHUs NOJIIpU3aliHOHHBIX CBOMCTB.
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7. IPEOBPA3OBAHHUE IPOEKIMII CKOPOCTEMH
M UX HEONPEJIEJIEHHOCTEH B TEOPHH JIHPAKA

Penarusucrckoe npeobpazoBaHue YeThIPEXMEPHOIO BEKTOpA IJIOTHOCTH TO-
Ka-3apsaa [29, ¢.300], BeiTexaiolee W3 JIOPEHI-KOBAPHAHTHOCTH ypaBHEHMs He-
NPpEPbIBHOCTH, MPHUBOAMT K CNEAYIOLUEH TeOpeMe CIOXEHHUS CPeJHMX 3HaueHWi
npoekuuii ckopoctu B Teopuu [dupaka:

ux’o\ll-—vz/c2 u‘OVI—V2/02

U =—"—""""", u = R (52)
* 1+L Y 1+—v—
2 %0 2 %0
C c
u + v
0
U, =t (53)
‘ l+v
7]
6‘2 z,0

rae uHgekcom 0 oTMmeueHbl 3HadeHus npoekudii ckopoctu 8 HCO K, nBuxy-

weicst orHocurenbHo HCO K ¢ nocTosHHON cKOpPOCTbIO v BOO/bL OCH 2. Pasex-
ctBa (52) n (53) cornacyiores ¢ (1), (14) u peasTuBicTcKMM npeobpazoBaHreM
4eThIPEXMEPHOIO BEKTOPA MMITY1bCa-3HEPTHH.

Cornacho (52), (53) u (17) HeonpenesieHHOCTH NpPOEKLMH CKOPOCTH Mpeos-
pasyloTcs ClenyliiM o6pasom:

V (Au ) = v (Bu ) =c, v (Au ) = vV (Au, ) =, (54)
— [, _.2,2

N (au)? = l—vv—if— \ (Au, ) (55)
1+ ? .0

Takum 06pa3oM, HeOnpeldeNeHHOCTH NONCPEYHBIX HUMIYNbCY NpPOEeKUUil CKO-
pOCTH HABIAIOTCS JOPEHL-HHBapHaHTHhIMH. HeonpeseneHHocTs mponosibHOM
HMIYJIbCY NMPOEKUHH CKOPOCTH npeolpa3yeTcs Kak CpefiHee 3HadeHue Iorie-
PEUHOi MMMYJIBCY MPOEKUHH CKOPOCTH.

8. IPEOBPA3OBAHHE BEPOATHOCTEH COCTOSSHHM
C MPOIOJIBHOM HMIVYJILCY NPOEKIHMEH CKOPOCTH,
PABHOH IO BEIHYHHE CKOPOCTH CBETA

BeposTHOCTHas UHTEpIpeTalyd, XapakTepHas Ul COBPeMEHHOM KBaHTOBOH
MEXAHUKH, NIPUBOIMT K 11eJ1eco00pa3sHOCTH pacCMOTpeHHs mpeoGpa3oBaHHil Be-
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poaraocreit W(c) u W(— c) cocTosiuuii C IPOXONBHON UMITY/IBCY IPOEKLMEN CKO-
POCTH, PaBHOH € U, COOTBETCTBEHHO, — C.
Cornacho (9) u (10) u3 [11] cnenyioT pasencTsa

sz
W(ic)=—[li?]. (56)

C yuerom (16) paBeHcTBO (56) MOXHO NpPEACTaBUTH B BHIE
W= c)-l 1 +Z (57)
20 T e ) ‘

U3 (57) c yyetom (53) nonyuaeMm pisd npeobpa3oBaHus BEpOSATHOCTEN
(o), (58)

rae, cornacHo (57), HHAEKCH K0 u K coorsercTByoT crictemam otcuera CIl u
HNCO:

( EzO
WK(:tc)= kli*c-’-). (59)
(]

1
2
BepoarHocTH WK (¢) u WK (~c) ynosnerBopsaoT no (59) yciaoBHIO HOPMH-
(i} 0
POBKH
WKO(c) + WKO(- c)=1. (60)

[pu BoinonHenuu (60) sepodTHOCTH WK(C) H WK(— ¢) 13 (58) Takxe ynosier-

sopstoT B HCO K-ycnoBuio HOPMHUPOBKH

WLc)+ W (-c)=1. (61)

CornacHo (58) u (59), npH v=c BBINOAHAIOTCS PABEHCTBA W c)=1 u
WK(— ¢)=0, a npn v=-c¢ —paBeHcTBa Wlc)=0 un W (-c)=1. Pasencrsa
WK(c)=1 u WK(—c)=0 BBLINIOJIHAIOTCA TaKXe NpH EZ 0=C> a paBeHcTsa

W lc) = Ou Wi(-c)=1npu Fiz 0 =—C. DTO ABNSETCH KBAHTOBO-MEXaHHYECKHM
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BEPOSTHOCTHBIM BbipaxeHueM, BoiTekKawmum U3 TCC CTO pasencTsa u=c

Ipyd v =C HWIH uz =C W PABCHCTBA uz=-c IpHu v =— C WIH uzo=—c.

0
Taknum o6pazom, npeobpa3oBaHus BeposTHOcTeil (58) comacyrorcs c mpe-
IebHBIM XapaKTepoM CKOPOCTH CBETa.

9. CBA3b IMPEOBPA3OBAHHA CPEJHUX 3HAYEHHH
IMPOEKIINA CKOPOCTH B TEOPHM [TUPAKA
C TEOMETPHEN JTOBAYEBCKOI'O

Ilpu yyere mpemesbBHONO XapakTepa CKOPOCTH CBeTa yJ0OHO HCIIONB30BaTh
He CKOpOCTb, a Obictpory (cM. [15, ¢.249], [16, c.105], [17, ¢.82; 18 ], [37, c.32]
u 1p.). Ilonaraga

u,=cthe, uz,0=cth(p0, v=cthy, (62)

e ¢, ¢, U Y — OBICTPOTSI, ONpEnEsIomue U, , U V, MOXHO, KaK M3BECT-

u
2,0
Ho, npeacraButs TCC u3 CTO B Buge NpsiMOrO CIOXEHUS OBICTPOT

=0, +V. (63)
AHanoruyHo, nonaras B Teopus Jlupaxa
u =cthe, ﬁw:cth(po, v=cthy, (64)

nonyyaeM u3 (52) u (53) npeobpa3oBaHHs CpeHUX 3HAYEHUI NMPOEKUHHA CKO-
pOCTH B BHIE

th @, cos o) +th y
th(p'cosom1+th\uth(pocos0t0’ 65)
) th @, sin o,
th“()'Smm:ch\y+sh\4;th(poc:osoco’ (66)

e oL — yroj Mexmay p ¥ oceio z. Mcnosns3ys (65) u (66), HeTpynHo ybenuThbces,
YTO JIOpEeHU-Ipeobpa3oBaHue CpeOHUX 3HAYEHUH Mpoekimil ckopocTH (52) u
(53) cornacyerca (tak Xe, kak Teopema cnoxenus ckopocreit 8 CTO) c reo-
pemamu [19, ¢.1162] cunyca u KocuHyca B mockoct Jlo6aueBckoro.
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10. CBsA3b MEXKNY CKOPOCTBIO U CIIMHOM
Kak u3BecTHO, B CTyyae 4aCTHILl C MAaccOi I0KOs, PaBHOM HYITIO, ypaBHEHHE

Hupaka [yist 4eTHIPEXKOMIOHEHTHOH BOTHOBOM (PYHKUMH MOXeET ObITh TpeNCTaB-
JIEHO B BHUJE [IByX ypaBHeHuit Beitnsa [20]:

H vy, =Evy,, Hpy,=Evy, (67)
U1A IByXKOMITOHEHTHBIX BOJTHOBBIX (DYHKIIMIi YV, H Yy, rae
H, =—c(op), H,=c(op), (68)

6 — cnuHoBble Matpuusl [aynu [21, ¢-ne1 (7.140), (7.141)]. B mByxkomro-
HEHTHOH TEOpHMU HEATpUHO [22—24] raMuIBTOHHaHBI HEHTPUHO H, u

aHTHHCﬁTpHHO H_ ONpeHensdaTCa paBCHCTBaMU
v

H =HL’ H‘7=HR. (69)
C yuyeroM ypaBHEHHsi JBMXCHHUS
u=—[rH]_, (69')
ih -

rae r — paauyc-BEKTOp, noiydaeM B ciyyae H, u3 (68) cnenyiowee Bhipa-

XEHHE il ONEparopa CKOPOCTH:
u=-—cCo. (70)

B cnyuae Hy n3 (68) oneparop ckopocTH onpenensercs 1o (69°) Tak:

u=co. an
W3 (70) u (71) BugHO, YTO B Cilydae YacTHI C m0=0, TaK Xe, KaK B ClIydyae
yactil ¢ my #0 (cM. (1)), oneparop cKOpocTH W (B OTIMYME OT CKOPOCTH B
CTO) ne casan ¢ umnyiscom. Ipu aToM B caydae yacTul ¢ my = 0 onepatop

CKOpPOCTH, B OTIHYMe OT (1), mpsAMO NpPONOpLHOHAIEH ONEpaTopy CIHHA.
Otciona cneyet, 4To CBOMCTBA NPOEKIHil CKOPOCTH Uy s Uy, U, OTIPENESIOTCS

CBOMCTBaMH CIHHOBBIX ONEPATOPOB S,.0,,0,. Tak, Hanpumep, U3 PaBeHCTB
‘ 0’)26 =0’§ = Gf =1 cnenyer, YTo B ciyyae 4acTHU C my =0 Takxe BHIONHAOTCS

paBeHcTBa (17), 10 KOTOPBIM U_, ¥ W U_UMEIOT COBCTBEHHBIE 3HAYEHHUS, pas-
x’ Ty z
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Hele +c¢. U3 nepecTaHOBOYHBIX COOTHOUIEHHUH s Gx, Gy , GZ CJIeAYyI0T aHa-

TIOTMYHbIE NEPECTAHOBOUHBIE COOTHOWEHHS 1S U, , U ,
aenenHoctu (cM. (47)) monepeyHbIX UMMYIABCY NMPOEKIMH CKOPOCTH OKa3blBa-
I0TCSl HEMOCPENCTBEHHO CBA3aHHBIMH C HEONpEIEeIeHHOCTAMH O U (Sy B ClIyyae

u,. [Tpu sTom Heonpe-

ONpeneJIEHHOro COOCTBEHHOIO 3HAYEHUS GZ .

U3 ypaBHEHUS ABHXEHHA

do 1 .

ar = oA 72
n (68) cnenyer

do _ 2

=t eol (73)
rAe BEpXHHil 3HAK IS raMWibTOHWaHa H, , HHXHHMH — s ramMwibTOHHaHA

Hg. Vpasuenue (73), ¢ yuetoM BhiTekawomero u3 (71) paBencrsa

do
a=c—-, (74)

cornacyeTcs ¢ ypaBHenueMm (28) npu my= 0.

Ecnu ock z HanpaBuTh BAOJb P, TO U3 (73) nonayuum

do,
et

b,
dt -:Fﬁ PG,
do

—2_
7 =0 (75)

Toraa no (75) npoekuust O, MMEeT OMpefieieHHOe 3HaueHHe (4TO COOTBETCTBY-

eT Olpee/IeHHOM CIUPATIBHOCTH YacTHLL ¢ m, =0, B 4aCTHOCTH, 1 HEHTPHHO

1 aHTHHEHTpHHO). [IpH 3TOM M3 NEPECTAHOBOUYHBIX COOTHOLICHHH VIS CTHHO-
pbix MaTpuil layin mojy4yaloTcs paBeHCTBa 3x=6y=0. MosTtomy no nepsbM

nByM paBeHcTBaM (75) nmeeM

(76)

-

s | &
| &
<H=
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) _ad , (7
, a ) g2 P
H3 (76) u (77) cnenyer
do 2 2
N (A—dﬂ =5 P (78)

uro ¢ yyetoM (74) cornacyercs ¢ (47). Takum obpasom, npu my = 0 Heomnpene-

JIEHHOCTb MOMEPEYHOH HMMITYJIbCY NMPOEKLHH YCKOPEHUS OKAa3bIBAeTCs HENoc-
PEACTBEHHO CBA3aHHOW C HEONMpPEAE/NCHHOCTBIO MPOU3BOLHON 1O BPEMEHH OT
MONepevyHoN UMMYIbCY NPOEKUHH CIMHA. )
BT0 NO3BOJSET CYUMTATH, YTO B C/IyYae YACTHIL C m, =0 HeoObI4HbIE C TOUKH
3PEHHUs KJIACCHYECKHX MPEACTABIEHUH HEONpeNENeHHOCTH CKOPOCTEH M YCKO-
peHHi CBA3aHbl C CTIMCAHHEM B Teopuu Jupaka yacTvl, 0OnafgaloMX CHHHOM.
B cnyyae yacthu ¢ mO;eO BMecTO (70) u (71) BRIMONIHAETCA PaBEHCTBO

[2, ¢-nb1 (24) u3 §69 u (9) u3 §67]:
u=cp L, (79)

rae

0010
o001
Pi=l 1000 |
0100

2=[° OJ, @81)

(80)

0o

Takum 06pasom, 31ech OnepaTop CKOPOCTH U CBS3aH HE TONBKO C ONEPATOPOM
cniMHa X, HO Takxe ¢ MaTpuueii p,. Tak kax P, KOMMYTHDYET C YeThipexmep-

HOA MaTpHled cnHHa Z ¥, KPOME TOro, pf =1, TO NepecTaHOBOYHBIE COOTHO-
LICHA MPOEKUHi CKOpoCTH Ug» Uy, U, ONPENENSIOTCH, TAaK Xe, KaK M JIx
YacTHIL C m0=0, NePECTaHOBOYHBIMH COOTHOLIEHUIMM [UIS Zx , Zy , EZ. Co6-
CTBEHHBIE 3HA4YEHHA U , 4y, U, OCTAlOTCH, TaK Xe, KaK B ciydae C m0=0,
PaBHBIMH 110 BEJHYHHE CKOpocTH cBeta ¢. OnHako, Tak Kak MaTpHia P,

aHTHKOMMYTHDPYET C 4YeTBepToii Matpuueii Jupaka B, To g wacTui c my#0
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BO3HMKaIOT, B coorsercTsum ¢ (11), (30) u (44), saBucaiube OT m, 4ieHbl B

HEONpEAETEHHOCTH NPOJOIbHOH MMIY/IbCYy NMPOEKUMH CKOPOCTH, OnepaTopax
YCKOpEHMS M WX HEONpeJeTIeHHOCTIX.

11. MATHUTHAS AHAJIOTHA JPOXKAINEI'O IBHXKEHHUA

"‘Oneparope Tlaynu Gbuiv BrepBble IPHMEHEHbl B MUKPOCKONHYECKO# Teo-
puu ceepxnposogumoctd H.H.Boromo6ossim [30] B 1958 r. Bru oneparopsl
CBS3aHBI, KaK W3BECTHO, CO CIIMHOBHIMM MaTpuuamu Ilaynu. Meron ncesgocnuHa
W MCEBIOMArHUTHOTO noNisl GBUI 3aT€M MCIOJNIB30BaH HPU PACCMOTPEHHU TEOPHU
ceepxnposogumoctu BKIII [26] — Boromo6Goea [31,32] B psine mapyrux pabor
(cM., Hanpumep, [25,33~—36]). B [11] HaMu OTME4EHO, YTO TOT METON NpHMeE-
HHMM TakXe B TeopuH Jlupaka.

B sTOM Clly4ae COCTOSHMIO TNICEBAOCIHHA IT) CllelyeT COMOCTaBHTh BOJIHO-
ByI0 (byHKUHMIO f1(C) COCTOSIHMA C U, = C, @ COCTOSHHIO NCEBAOCNHHA ) — Bon-

HOBYI0 (byHKumMIO cocrosnus f(—c¢) ¢ u,=-c. DTH GYHKIUN ONPEAEIAIOTCs,

comtacHo [11], cnenyromum oGpa3om:

1 1
110 1] 0
fT(C)—‘\fz—’ (1) s f¢(—c)-‘\/§ _g) (82)

JIBHXeHHe MardHUTHOTO MOMEHTa J = g6 B MAarHMTHOM II0jI€ C HampsXeH-
HOCTBIO B=in+sz, me B u Bz HE 3aBHCAT OT BpPEMEHM, OMNpeleNsercs

raMuJIbTOHHAaHOM

H=—g(oB) (83)

B IUIOCKOCTH (X, 2).

B cranuoHapHOM COCTOsiHMH cobcrBenHbie (DYHKIMH H COOCTBEHHBIE 3HA-
4eHUs raMuwibToHHaHa (83) MMeloT BHI

_1 \/ o \/ o ] _

“’-‘@[ 1+K1 I Ty + 1—K1 |Ly|, E =-gB,

—I—[Vl—%lﬂ—\]n—;—z—lli)], E =gB,
1 1

W+=\/-2— +
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NP 2
0)1=ng, co2=ng, K1= 0] + ,. (84)

. H
Hcnone3ys 3nakoBhIil onepaTtop A=—B , tie H — ramunsronnan u3 (83),
b4

HETPYOHO y6C}.IHTl>CH, YTO YCTHBIE U HCYCTHBIEC YACTH Gx , Gy s O'Z OIpeacfoTCs

paBeHCTBaMH
B
[6=-7% A, {0, }=—2[Ba],
[o1=0, {c}=0y,
B B
[o)=-F A (0.} ==~ Ba],. (85)

CoOTBETCTBEHHO CpeaHHUE 3HAYCHUSA Gx’ Gy, GZ H HMX CpeIHEKBaApaTHUYHBIC

HCONpPEACSIEHHOCTH AAI0TCA BbIPAXECHHUIMH

_ I 0)2 _ _ I + .
=+— = =t
o, =% kl , cy 0, =T 1 .
p— W —— [6))
V (40, =?‘, N (4 =1, Vo) =22, (86)
' 1 1

CornacHo (86) B CTaUMOHApHOM COCTOSHHM TNpeleccHsi («IpoXaliee MIBU-
KEHHE») MarHUTHOTO MOMEHTa OTCYTCTBYET. B 9TOM COCTOSHMH MMEIOTCH He-
OTpe/e/IEeHHOCTH NMPOEKUHil CHHA, 00YCIOB/IEHHBIE HEYETHBIMU YaCTSIMHU CO-
OTBETCTBYIOIIMUX MM OTEPATOPOB, OOANAIOIKMX OTVIHYHBIMHE OT HYJI HEIHAro-
HAIbHBIMH MaTPHYHBIMM 39JIEMEHTAMH MEXIY CTALHOHAPHBIMH COCTOSHUSIMU
Y, 1 Y_ u3 (84), c paBHBIMH 10 BEIMYUHE W MPOTHBOMONOKHBIMU 11O 3HAKY

SHEPTHIMH.

Cpasnenne (83) u (12) nokassiBaet, YT0 NEPEXOX K TEOPUU Jdupaka MOXHO
OCYLUECTBHUTD IYTEM CJIEAYIOIIETO COMOCTABEHHS:

‘ 2
8B, > —cp, gB —-my",
0,0, © - B. 87

Ilpu sTOM BOnHOBBIE hyHKuuu (84) nepexonar B BonHosble GyHKLHH (7) U3
[11], HeueTHble Beipaxenus us (85) {o,} u {o'z} B {B} u {ocz} u3 (23) npu
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p,=p, a (86) — B Buipaxenns (15), (41) u (16) wis B, Ziz, Ez M B BbIpaXeHus

@2), @4y n (1) ans N @7, \ (aa)? u V (A )2,

B HecraunoHapHBIX COCTOSHMAX BO3HMKAaeT, KaK M3BECTHO, npeueccus
(«mpoxaliiee ABUXEHHE») MATHUTHOrO MOMEHTa BOKDYT pe3y/IbTHPYIOLIEH Harps-
KEHHOCTH B MaruuTHOrO noss. Eciu wis onpeneneHHOCTH NpHHATH HayanbHOE
ycliosue Y I (=0= IT ), To BonHOBas GyHKkumua Gyaer paBHa [42]:

O i,
Y= cosK1t+1ZsmK1t IT)+-K—lsmK1t|l). (88)

B cocrosuun (88) cpennue 3nauenus NPOCKLHH CNHHA [AIOTCS BbIpa-
KEHHSIMH

202
c,= 1- —22 sin? Klt,
K;
20, ® (89)
0, =—=2sin? Ky,
K

1

@,
C =—-sin2K.t.
y K 1 1

Mo ananoruu ¢ (89) ¢ yuerom (87) sonmosas hyHKLNS HecTauHOHapHOrO
COCTOAHMA ONPENENsETCs, COMMAcHO Teopur Jlupaka, seipaxenuem (¢ K u3 (9)):

mcz

K 0 . K
- v sin Y t ] fT(— c). (90)

icp . Kt .
\;;T=(cos 7 t—*l%SXn*h*JfT(c)—l

AN

B srom cocrosguuu BBINIOJIHAOTCS paBEHCTBA

K2 A
2m0c3p 2 K
B= 3 sin it,
25
g - 2K ©1)
2 hK h
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i;xzﬁy:O, \/(Aux)2 =\/(_Au—y)2 =c,

=z o Ve 2K
a,=a,=0, V’(Aax) _\/(Aay) =5

Takum 06pasom, apoxailleMy JBUKEHHIO B HECTALIMOHAPHOM COCTOSIHHM CO-
OTBETCTBYET, COMMacHo Teopuu [lupaka, npeueccus Bexropa if + jEz + kﬁz B Mpo-

crpanctee (B, a,,u).
B HecTalMOHApHOM COCTOSHHM Y4 u3 (90) cpennee 3nauenue oneparopa
-1
cszH  onpenensiercs BuipaXeHHEM

—_ 2 \2
czsz'l= [E.EP_] 92)

a f—

Takum o6pa3oM, Mbl IPUXOAHM K BBIBOAY, YTO B HECTALIHOHAPHOM COCTOSIHMH,
B KOTOpOM HMEETCS JpoXalluee ABHXEHHE [5], CXOACTBO HEOCUH/UTHPYIOLIEH
4acTH OrnepaTropa CKOpOCTH u, u3 (2) c cooTBeTCTBYIOIMM BhIpaXeHHEM (5) U3

CTO sBnsercs TOJbKO BHEWIHHM H A1 CPEIIHEro 3Ha4Y€HUs 3TOro oneparopa
HE BBINOJIHAECTCA.

12. 3AKIIOYEHHE

Bce nanoxenHoe Brille NPHBOMMT K BHIBOLY O TOM, YTO HEOMNpPEAENEHHOCTH
CKOPOCTH M YCKOPECHHS AB/ISIOTCA HEOTBEMIIEMBIMM CBOHCTBaMH TeopuH [upaka,
ONMHCHIBAIOLIEA YacTHUbI cO cnuHoM 1/2. Heonpenenennoctu Beimuud o u B u
Apoxalliee NBHXEHHE COOTBETCTBYIOUIMX UM OMepaTopos 06yCJIOBIEHL OTHOM M
TOH Xe MPHYHHOA — HATMYHEM Y ITHX OMEPATOPOB HEYETHON YACTH, NpeBpaLa-
IoLeH COCTOSIHHE C IaHHBIM 3HAKOM 3HEPTHU B COCTOSIHHE C MPOTHBOMOIOXHBIM
3HaKOM 3dHeprMH. B coGCTBeHHbIE 3HAaYEHHS ONEPATOPOB MPOEKLHil CKOPOCTH,
PaBHBIC 110 BEJIHYMHE CKOPOCTH CBETA, JAIOT BKIa] KaK CpefHee 3HaueHHe Mpo-
EKUHH CKOPOCTH, OOYC/IORNIEHHOE 4YETHOH YacThi0 ONEpPaTopa MPOEKLHH CKO-
pOCTH, TaK M HEOIPENEJICHHOCTh NPOEKUNUH CKOPOCTH, 0OYC/IOBIEHHAs HEYETHOMH
4acTbi0 ONEPATOpPa NPOEKLUMH CKOPOCTH.
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Cpennue 3HayeHus MePBHIX Tpex Marpull [upaka B CTalMOHAapHOM COCTO-
SHUM ONpEdeNsiOT CpefHHe 3HAYEeHHs TPONOIbHOH W MONMEPEYHOH MMITYIILCY
npoekumii ckopoct. Cperee 3HaueHHe YeTBEPTOH Marpuubl [lupaka onpenens-
€T OTHOCHMTENBHYI0 CPEIHEKBaPATHUHYI0 HEONPENSEHHOCTh NMPOXONbHOH HM-
MyNbCy NPOEKLMH CKOPOCTH YaCTHLbI CO CIIHHOM 1 /2 ¥ OTIMYHOM OT HyJIs Mac-
coit mokost. OHa Xe onpelesseT CBS3b PHEPTMH TAKOH YacTHIBI C €€ DHEprueu
NOKOS.

- VIBOEHHE COCTOSHMH, XapaKTepHOe /Ul YacTHLl CO CIIHHOM 1 /2, pacnpocr-
pansercs B Teopud [lMpaka He TONBKO HAa COOCTBEHHbIE 3HAYEHHUs TPOEKUMH
CKOPOCTH, KOTOpble paBHbl GO ¢, MHOO — ¢, HO TaKXe Ha COOCTBEHHbIE 3Ha-
yeHHs NPOEKNUIi oneparopa ycKopeHus. IIpu sToM coOCTBEHHbIE 3HAUEHHS Of1e-
PaTOpOB NPOEKLHIi YCKOPEHHs OKa3bIBAIOTCH HE TONBKO PEIITHBUCTCKHMH, HO U
KBAHTOBBIMH BETHYMHAMH.

B craupoHapHOM COCTOSHHMH CpeJHHE 3HaYeHHs NPOEKLMH YCKOPEHHs pas-
Hel Hym0. COOTBETCTBEHHO MeEpBHIi 3aKOH AMHAMUKHM HrploToHa BeIMONHsETCH B
teopuu Jlupaka B ciydae cBOGOZHOro ABHXeHus B cpenneM. Ilpu 3TOM B cTa-
LIMOHAPHOM COCTOSHMHM CPEIHEKBaJpaTHYHbie HEONPENEACHHOCTH NMPOEKIHUHA yC-
KOpEHHs! OTJIMYHBI OT Hyssi. OHH CBsi3aHBI C Maccoii mokos yactull. Takum o6pa-
30M, BBISIBJISETCS CBA3b MAacChl MOKOSl YACTHLBI C €€ BHYTPDEHHMM [BHXCHHUEM,
XapaKTepH3yeMbIM HEONpPeeeHHOCThI0 ee yckopenus B CII. Moaynb coGcTBeH-
HBIX 3HAYeHH#l omnepaTopa MPOAOIbHOH UMITYJIbCY MPOEKUMH YCKOPEHHUsS CBsA3aH
C KPUTHYECKO#H HANMpSXEHHOCTBIO DJIEKTPHUECKOrO MMOJIs, NPU KOTOPOH BaKyyM
CTaHOBUTCS HEYCTOHUYMBBLIM MO OTHOMLICHHIO K POXICHMIO ICKTPOH-MO3UTPOH-
HOM Maphl.

-JlopeHu-tipeo6pa3oBaHue CpeJHHX 3HAYECHHH NPOEKLHN CKOPOCTH HUMEET B
teopuu [upaka BHellHe TaKOH Xe BHJ, KaK TeopeMa CJIOXEHMS CKOpOCTed B
CTO. COOTBETCTBEHHO yKa3aHHOe npeoOpasoBaHue obGnamaeT TaKMMHM Xe CBOM-
CTBaMH, KaK CIOXEHHE ONpENE/IEHHBIX 3HaYeHni npoekuun ckopoctu B CTO.

HeonpeaeneHHOCTH NONEPEYHBIX WMNYNLCY NPOEKLHH CKOPOCTH SBJISIOTCS
JIOpeHU-HHBapHAHTHEIMM. HeomnpeaeneHHocTh NpOfOIbHOM HMIY/IBCY MPOEKIHU
CKOpOCTH mpeofpa3yeTcss Kak CpefiHee 3Ha4deHHE MOMEPEYHOH HMITYJIbCY Mpo-
eKI[MH CKOPOCTH.

HeonpeneieHHOCTH NMOMEPEUHBIX HUMIYABCY IPOEKLMH CKOPOCTH M YCKO-
peHMsl UMEIOTCH TAKXKe Y YacTHI CO CITHHOM 1/2 ¥ Maccoil MOKOsi, paBHOM HYJIIO.
BTO CBA3aHO C TeM, YTO TaKMe YacTHLl 0ONafaleT aKCHAIbHON CHMMETpHEH
OTHOCHTEJIbHO HalpamieHusi ummnyabca (cM., HanpuMep, [14, c.138]). TIpu sToM
NpoeKlMs CIIMHA HAa HampaBlieHHe MMIY/IbCa WMEET ONpEJENEHHOe 3HA4YeHHeE, a
TofnepeyHble UMITY/IbCY NPOEKLHH CIMHA SBIAIOTCS (B COOTBETCTBHM C MEpeCTa-
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NPELUN3NOHHBIE
MWKPOBEPLLUNHHBLIE JETEKTOPGI

H.M.Hukumiox
Ob6beanHeHHbI MHCTUTYT apepHbIX nccnefosaqiin, [ly6Ha

B 0630pe paccMOTPEHO COBPEMEHHOE COCTOSHHE M TIePCNEKTHBbI PA3BUTHS BHICOKOIIpe-
LUM3HOHHBIX MHKPOBEPILUHHHBIX AeTEKTOPOB. ONKUcaHbl XapaKTEPHCTHKH, PUHUMIIBI JAEHCT-
BHS M METONBlI CUHTBIBAHHS CHIHAIOB OT MHKPOBEPILUMHHBIX JETEKTOPOB, CO3MaBAEMbIX Ha
OCHOBE MOJYIPOBOOHHKOBOH TEXHONOIMH M METOAMKH CBETOBbIX BOJIOKOHHO-ONTHYECKHX
cBeToBof0B. [IpuBoasTCa TabnuLb! C RapaMeTpaMH Hanbosiee H3BECTHBIX MUK POBEPLUMHHBIX
IETEKTOPOB, HCIONb3YEMBIX B 3KCHEPUMEHTAX ¢ (PUKCHPOBAHHON MHULLEHBIO M Ha KOJUIaiige-
pax. OnHcaHbl CrEUHATH3IHPOBAHHbIE NPOLECCOPHI, NPHUMEHsEMBIE A GLICTPONO BbIYMC-
JIEHHS TIPMUEILHOTO napaMerpa H oT6opa coObITHI, COpepXalliX BEpLIMHBI pacniaja.

The present-day status and prospect for the development of microvertex detectors are
considered. The characteristics, operation methods and data reading way from silicon and
scintillation fibers are described. The tables with parameters of the most well-known micro-
vertices detectors are given. Special purpose processors used for impact parameter calcu-
lation and event selection having vertex decays are described.

BBEJEHHE

IMonynposoaHuKOBbIE AeTEKTOPBI H3BeCTHH Gonee 40 ner. B 1951 r. B onHo#
u3 nuoHepckuii pabot [1] nokasaHo, 4TO (-4aCTHMLBI, MPOJETAIOLIME CKBO3b
06paTHO CMELUEHHBIH pn-Nepexoi B repMaHuM, 1OPOXAAT 3aMETHBIA CHIHAI.
Ha srom npunuune daxtHyecku yHKUHOHHPYIOT BCE COBPEMEHHBIE [1OJYNIPO-
BOIAHHMKOBBIE AeTeKTOphl. ORHAKO, Kak oTMeuvaercs B [2], BIOTh A0 KOHUA
70-x IT. NONYNPOBOAHHKOBBIE AETEKTOPH! UCIIONB30BAIMCH IS M3MEPEHHS DHEp-
I'MHM NPOXOAAIIMX 4acTHL. Beencrere Takoro noioXHUTEIbHONO KauecTsa, KaK BO3-
MOXHOCTb paboThi MPH KOMHATHOH TEMIEpaType, B 3KCIEPHMEHTaX M0 (DH3HKe
BHICOKHMX 3HEPIMH, 3a HeOONBLIMM HCKITIOYEeHHEM, ObUIO OTHAHO HpEXHOYTEHHE
KPEMHMEBBIM JETEKTOPaM, CO3AaBAEMBIM METONAMH COBPEMEHHOM TEXHOJIOTHH Ha
OCHOBE BBICOKOPE3HCTHBHOIO xpeMHux‘(nopsmKa HecKoNbko KOM/cM). Jlanbueii-
LI¥e UCCNIEeNOBaHHs, HANPABIIEHHbIC HA MOBHILIEHHE pa3pellalolieil CrioCoGHOCTH
TPEKOBBIX JAETEKTOPOB, NPHBE/IH K pa3paboTke MHKPONONIOCKOBBIX MOJIYIIPOBOA-
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HUKOBBIX JeTekTopoB. Huxe Oymer man Kparkuil 0630p pabot, NMOCBSIIEHHBIX
N0JIyIPOBOAHUKOBBIM AETEKTOPaM H HX IPHMEHEHHUIO.

B [3] npusemen 0630p nuTepaTyphl MO MONYAPOBOAHHKOBBIM JETEKTOPAM,
HauuHasi ¢ 1951 u Brnors 1o xonua 70-x rr. B cOOTBETCTBHH C KilaccuuKauuei
[4] nonynpoBOAHHKOBBIE AETEKTOPHI PasAe/AIoTCs Ha ABE IPYIIbL:

1. Knaccuueckue perexropbl: ¢hOTOMMOMBI, AETEKTOPH PEHTIEHOBCKOIO
U3JIy4EHHs, MOMYNPOBOIHUKOBbIE CYETYMKH, MUKDPONONIOCKOBBIE HETEKTOPHI, a
TaKXe HEKOTOPhIE THOb ABYMEPHBIX HETEKTOPOB.

2. Herexropsl ¢ namatbio: I13C-maTpuiipi, KpeMHUEBbIE IpeiichoBbIe KaMephl
U JByXKOOPHMHATHEIE JETEKTOPHl C 3alIOMMHAIOILAMH 3JIEMEHTAMHU.

B manHOM 0630pe Mb GyneM paccMaTpHBaTh BOIPOCH IIPUMEHEHHS B KauecT-
BE BEPIUMHHBIX AETEKTOPOB MONYNPOBOAHHKOBBIX CYETUYHKOB, MHKPOIMOIOCKO-
BbIX jgerekropoB U I13C-MarTpui, nosjyduBIIMX IHHPOKOE NPUMEHEHHE B DKC-
nepumenTax. Ilo cpaBHeHMIO C ra3oBbIMH JI€TEKTOpaMH KPEMHHEBBIE MONYINpO-
BOJHUKOBbIE MHKPOIIOJIOCKOBbIE JAETEKTOPH HMEIOT Ha MOPSANOK JIYYIIYHo
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TOYHOCTb, OT/IHYAIOTCHS BHICOKHM OBICTpOmEiiCTBHEM, a MX H3rOTOBIeHHe 6Ga3u-
pyercs Ha XOpowio OTpaGOTaHHOH MIAHAPHOH TEXHONIOrMM (TOYHOCTH JIyuIle
1 MKM), 4TO MO3BOJIIET HA OJHOM KPHUCTAJIE M3TOTOBUTh COTHH U G0jlee KaHAIOB
peructpauuu. B 0630ope [5] meranbHO paccMOTpeHB! BONMpOChl (PU3HMKH, TEXHO-
JIOTHM M OMHCAHbl Pa3/IHYHbIE TUIBI KPEMHHUEBbIX IOJIYTPOBOAHHUKOBBIX HETEKTO-
poB. THIIMYHAs CTPYKTypa M F€OMETPHS 3/IEKTPOXOB OHOIO M3 MEPBHIX MHKpO-
TOJIOCKOBLIX ETEKTOPOB MpuBencHs! Ha puc.1 [6]. On usrorasnuBaercs Ha non-
HOCTBIO OGEIHEHHOM KPEMHHEBOM KPHCTALIE C AUOIHON CTPYKTYPOI M BBICOKMM
yaesnsHsIM conporusnennem (Gompite 10 kOM-cM). OHa CTOPOHA ITIOBEPXHOCTH
KpHCTalIa pasfenseTcss HPOBOJSAIIMMHU TONOCKaMHu (CTPHMIAMM) C IIArom
20-50 MxM, KOTOpBIE MCIIONB3YIOTCH [ cGOpa 3apsanoB. THIHYHOE BpeMs cbopa
9JIEKTPOHOB paBHO 4 HC. YTeHMe CHTHANIOB OCYMIECTBIISIETCS KaK OT KaXIoii
MHKDOTIONIOCKH, TaK H OT ONpejesieHHbIM 00pa3oM COSMHHEHHBIX IPYII CTPHIIOB.
C Lesbio NOBBIIEHHS TOYHOCTH PETHCTPALMH KOOPAMHAT COOBITHI M yMEHbLue-
HHS KOJIMYECTBA MCIIONb3YEMbIX YCHITHTENEH LHPOKO HCIONb3yeTCsl METON Aejie-
Hus 3apsna. [IpumeHeHHe 3TOrO MeToma MO3BOJIAET UCHONb30BATh METON HHTEp-
NOJIANMU NPH BBIMUCIIEHHH 3HAYEHHS KOOPIMHATH 3apAXEHHOH 4YacTHULEl. B
Gosnee COBEpIIEHHBIX MHKPOIOJIOCKOBbIX HETEKTOPAX HMEETCS BO3MOXHOCTH
CUHTHIBAT CHUTHANIBI OT IIPOTHUBOMOJIOKHBIX IUIOCKOCTEH AerexTopa [7]. Crnenyer
OTMETUTH, YTO KPEMHHEBbIE NETEKTOPHI HEe 00/NamaloT CBOWCTBOM BHYTPEHHETO
YCHJIEHHS CUTHAJIOB, M MO3TOMY K PETHCTPHPYIOLIEH 31E€KTPOHUKE IPEqbsBISIOT-
ca XecTKHe TpeGOBaHMs, MpeXe BCErO IO TAaKOMY MapaMeTpy, KaK MOMeXo-
YCTOHYHUBOCTbD.

HonynposonnukoBbie cyeTyHKH. CYETYHKM HCTIONB3YIOTCS B KadecTBe
aKTHBHBIX MulieHed. B okcnepumentre NA14 (LIEPH) [8] nepsas . Bepcus
MHUIEHH COCTOUT 3 43 ToHkHX (300 X 100 X 100 MKM) MIacTHH C PacCTOSHHEM
200 MKM MexXTy HUMH. Manbie pasMepsl MHLIEHH MTO3BOJISIOT MOJIyYHTh BBICOKYIO
TOYHOCTh PETHCTpaUMM COOBITHH. PeKOHCTPYKUHS TPEKOB OCYIIECTRISETCS
NyTeM aHajIu3a NOTEPh HAa MOHH3ALMIO B PAIMYHBIX CYETYHKAX MHIIeHH. U3me-

PEHHOE BpeMs XM3HM OYapPOBAHHOIO ME30HA COCTABUIIO 9,5-10_13 c. C uensio
TIOBBILIEHMS YYBCTBUTENBPHOCTY K YaCTHILIAM C MEHBIIHUM BPEMEHEM XH3HU Obuia
Cco3J1aHa KOMOMHHPOBaHHAs MHIUEHD, COCTOSIIAY U3 MUHUATIODHO répMaHHeBOi
MHUILIEHH H TEJIECKOMNA, H3OTOBJIEHHOTO H3 TOHKHX KPEMHHEBBIX CYETYMKOB [9].
C Lenbio yMEHbIIEHHS BXOIHOH €MKOCTH KPEMHHEBbIE CYETUMKH pasieleHbl Ha
CekTopel. [IpuMeHeHHWe MHMINEHM M3 IepMaHHs TO3BOJIIO  YBETHYHTDH
YYBCTBHTEJILHOCTb B 06NacTH NMEpBHYHON BEepLIMHBI pacnana B 2,5 pasa. OcobeH-
HO 3(pPEeKTUBHO aKTHBHBIE MHUIIEHH HCIIONB3YIOTCS B COMETAHHMH C MMUKDOIIONOC-
KOBBIMH leTeKTOpaMH. OCHOBHOM HENOCTAaTOK aKTHBHBIX KPEMHHEBBIX JETEKTO-
POB — TPYRHOCTH, BO3HMKAIOIIHE NP MAECHTH(HKALMH MHOXECTBEHHBIX MPO-
ueccos. Hapsiny ¢ nomynposonnukosbiMu getektopamu i I13C-marpuuamu ais
NOCTPOEHUS NMPEUH3HOHHBIX MMKPOBEPUIMHHBIX NETEKTOPOB HAXOMAT MPHUMEHE-
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HHE TaKXe MHKPOIOJOCKOBBIE Ia30Bble AETEKTOPH M AETEKTOPHI, CO3[AaBaeMble
Ha OCHOBE BOJIOKOHHO-ONTHYECKHX CUMHTWUISLHOHHBIX cBeToBogoB (BOC).

Lenp panHoro o630pa COCTOMT B TOM, YTOOB B KpaTKOH hopMme HITOKHUTDH
COBPEMEHHOE COCTOSSHHE METOAMKH M TNIEPCNEKTHBB Pa3BUTHS U NPHMEHEHUs
NPEeUM3HOHHBIX BEPIUHHHBIX JeTeKTopoB. IlepBble TpH pasdena NOCBAIEHbI
NOJIyNpOBOXHUKOBBIM MHKPOBEPIUHHHBIM JeTeKTopaM. B nepBoM pasgene pac-
CMOTPEHBbI NapaMeTpbl W METONB NOCTPOEHHS HPELUM3HOHHBIX BEPIIHHHBIX
NETEKTOPOB [UIf IKCMEPUMEHTOB ¢ (PUKCHpPOBaHHOH MuiLeHblo. Bropoii pasmen
0630pa COAePXUT ONUCAHHE CTEHHANTH3IUPOBAHHBIX HPOLECCOPOB, MPUMEHAEMBIX
A1 BOCCTAHOBJIEHHA BEPLUMH pacnafga. B TpetbeM pa3sgene paccMOTpPeHb! BOIPO-
Cbl TIOCTPOEHHS H [1apaMeTPbl NPEUH3UOHHBIX BEPILIHHHBIX AETEKTOPOB, IpeaHa3-
HauyeHHBIX U1 MPOBEACHHS 3KCIIEPUMEHTOB Ha Ko/naiifepax. B uerBepTom pas-
aene o6CyXaaeTcs MCMOJIb30BaHHE MUKPOIOIOCKOBBIX A30BBIX AETEKTOPOB WIS
MOCTPOEHHS MHKPOBEPIUHHHBIX JETEKTOPOB H, B YaCTHOCTH, is Oymyuiero ne-
tektropa CMS. CeoHcTBa KPEMHHEBBIX IBYMEPHBIX PErHCTPaTOPOB KParKo OIH-
caHbl B MATOM pa3fiedie. B 1IecToM pasnene paccMaTpUBAlOTCS BOMPOCH MCHOJMb-
30BaHHS CBETOBBIX BOJIOKOHHO-ONTHYECKHX CBETOBOOB IS MOCTPOEHHUS MHKPO-
BEPILHHHBIX JETEKTOPOB.

1. IIOJYIIPOBOJHHUKOBBIE MHKPOIIOJIOCKOBBIE
MHKPOBEPIHHHHBIE JETEKTOPbLI
VI DKCHEPUMEHTOB C ®UKCHPOBAHHONW MHIIEHLIO

Kak ormevaercs B [10], npu u3ydeHuH (HU3HKH NMpENECTHHIX YacCTHL IKC-
MEPUMEHTH C (PUKCHPOBAHHOH MHILEHBIO UMEIOT HEKOTOPbIE NMPEHMYLIECTBA MO
CPaBHEHHIO C 9KCIIEpHMEHTaMH Ha KoJulainepax: 1) npenecTHbie 4acTHLBI pa3ie-
TAlOTCA BIlepel OT MHUICHH, [I€ PacroioXeH IeTekTop; 2) Gonee mpocTo Boc-
CTaHAaBIHMBAETCH NMEPBHYHAsd BEpLIMHA pacnaga. Briepseie MHKPONONIOCKOBLIE fie-
TEKTOPbl HaYald MCHOJB30BAThCS HayvHas ¢ 80-X roZoB B 3KCNEpHMEHTaX C
¢dukcuposannoi MumeHslo. Huxe 6ynyr paccMoTpens! xapakTepucTHKH Hanbo-
Jic€ M3BECTHBIX NPELU3HOHHBIX JETEKTOPOB, KOTOpPbIE HCIOJB30BATHChH B 3KC-
NepUMENHTax C (PHKCHPOBAHHOH MHILIEHBIO.

MukposepmuHHLIHA AeTeKTOp Ans cniekTpomerpa ACCMOR. B [10] onu-
caH MHKPOBEDIIMHHBIA JETEKTOP, C MOMOLIBI0 KOTOPOIO MOJY4€HO pa3peuieHHe
5 MKM H paspeuieHHe IByX TpekoB 60 MKM. JIeTeKTOp COCTOMT M3 MYyYKOBOIO
TEJIECKONA U aKTHBHOH MHuieHH. TIydKOBbIH Teneckon HMeeT WeCTh MHKPOINOJIOC-
KOBbIX IiockocTed. [lomocku B mepBbIX yeThipex IUIOCKOCTAX ¢ maroM SO MKM
PacrnosyoXeHbl TOPH3OHTaBHO W OObeMHEHH B Mapsl. MHKpPONOJIOCKM C LIaroM
20 MKM B IpYrHX IUIOCKOCTAX HAKJIOHEHbI K TOPH30HTATH nox ymiamu + 14°. Tene-

CKOI HCIIQVIB3YeTCS VIS OTIpENeNICHHs MOJIOXEeHHs Iyuka 7T ¢ dHeprueit 200 I'sB.
AxTHBHas MHIIEHb cOCTOMT U3 10 nerekropoB TomuuHOM 280 MKM, pacroIOXeH-
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HbIX Ha paccTosHud 500 MKM apyr oT gpyra. 3a MHILEHBIO MMEETCH HECKOJIBLKO
AerektopoB ¢ mwaroM 400 MKM, KOTOpBIe HCIONB3YIOTCS 1S BBIpAOOTKM TpHITEp-
uMIy/bca. BepluiMHHbIN TesiecKon (aKTHBHAs MHILEHb) COCTOMT M3 LIECTH JeTeK-
TOPOB, HMMeLWMX TomuMHy 280 MKM M aKTHBHYIO MOBEPXHOCTh 24 X 30 MmM.
CurHansl, perHCTPUpyeMbie OT BEPIUMHHOIO TEJIECKOMNA, CYMTHIBAKTCH 3KOHO-
MHYHBIM METOHNOM ME/IEHMs 3apsfa H MCIIONB3YIOTCH VIS H3MEepPEeHHUs MpPHLENb-
HOro napamerpa ¢ peKopaHbiM paspeiieHHeM. C NOMOLILIO TAKOrO AETEKTOpa

3aperuCTpUPOBAHO 4-10° cobbrtuii ¢ YKa3aHHEM Ha HAIHMYME OYAPOBAHHBIX
4acTHLL.

MuxpononockoBsiii BEpIIMHHBIN JETEKTOP IS 3KcnepumenTa E687. Mlerek-
TOp 6bU1 CO30aH I H3MEPEHHS BPEMEHM XH3HH TAXENbIX MPEJECTHBIX YACTHIL
B 3KCIEPUMEHTE 10 ()OTOPOXIAEHHIO Ha yckopuTesne B JlaGopartopuu um.Pepmu
(barasus, CLLIA) [11]. OH no3BonsieT peKOHCTPYHPOBATH TOMOJOTHH TAKHX CO-
GbiTHii M unenTHUUMPOBaTL BepLIMHBI pacnana. Ha puc.2 npusenena cxema
MHKPOBEPIUIMHHOIO AETEKTOPA, KOTOPHIH COCTOMT H3 réepMaHHeBOil MHIIEHH, CO-
aepxaiuei 40 MUKpONONOcoK H 12 MHKPOMOJIOCKOBBIX KPEMHHEBBIX MI0CKOCTEI
C BO3MOXHOCTBIO YTEHHMS CHIH&IOB OT Kaxioil MHKpononockd. [lognoxka
MHKPOIMOJIOCKOBOIO ieTekTopa uMeeT TonmuHy 300 MKM M mutomans 5 X 5 oM.
[lapameTpbl OTAENBHBIX TIPYNN MHKPOMOJOCKOBBIX HETEKTOPOB NPHUBEACHBI B
1a651.1. B kaxnoii rpynne nepssie TpH getektopa faiot X-, Y- u U-KOOpAMHATHI.
Ipu aToM mnockoct X, ¥ u U nosepHyTbl OTHOCHTENBHO MOPH3OHTANBHOI MJ10-
CKOCTH Ha — 45°, — 135° u — 90° coorsetcrBento. Hapsany ¢ cobeTusmu, conep-
XaUKMH TIpEeJIeCTHbIE YaCTHLbI, C MOMOLUBIO TAKOrO TEJECKONa 3aperucTpupoBa-
HO CBblille MWUTHOHA COOBITHH C OYapOBaHHBLIMH YaCTULIAMM.

To4HOCTE ycTaHOBKH NeTEKTOPHbIX Miockocred 3 MkM. Ocobwiii HHTEpec
NpeicTaB/iseT OpraHu3aLus TPUITEPHO# cucTemsl (puc.3). C uenbio ynpoliueHHs

N

Mupens . N

12 ™M

Puc.2. Cxemarnyeckoe u3o6paxenne teneckona E687
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Ta6muua 1. Ilapamerpnl MHKpononocKoBoro jaerekropa E687

Homep rpymmsi 1 23n4
O61mas wiowaas, cM> 25%x35 5%x5
O6uiee YKCIO MEHKPOHOIOCOK 8400
1+2+3+4)
HenrpansHas o6sacTb:
udj (0)116:V1) CMZ 1x 3,5 2x5
HIar, MKM 25 50
BHemnss o6nacts:
wiowamb, cm? 0,75 x 3,5 1,5%x5
Iar, MKM 50 100
m 2
p—
/ o —
—
N~
I Puc.3. Anroput™ pa6GoThl IPOCTOrO TPHI-
X repa: II1, II2 — perekropHbIEe ILIOC-

Koctd. LI1 — uenrp npoekunu, TB —
BEepLIMHa pacrana

NPUHAT MPOCTOi AITOPUTM, MO3BOJIAIOMIKI BCEro JTULIb 0OHAPYXHBATh HATHIHE
B 3apErMCTPUPOBAHHOM COOBITHH XOTH OBl OHOM BepwiMHb pacnana. [locne 3a-
TOMMHAHMS CUTHAIOB HAa TPHMITEPHBIX PETHCTpax JaHHBIE OT NepegHel Imioc-
KOCTH 3alMCHIBAIOTCS (HAKJIalbIBAIOTCS) HA PETHCTP, OTHOCAIIMHACA KO BTOpOiA
IVIOCKOCTH. 3aTeM ¢ MOMOIIbI0 MaXOPHUTAPHEIX CXeM COBMAZEHHH ONpenelsercs
HaJIM4YMe BEpPIIMHBI paciaja.

MHKpPONONOCKOBbIA AeTeKTOp A1 >KcnepuMenta Beatrice (WA92). Jle-
TEKTOp pa3paboTaH WIS MPOBEICHUS SKCIIEPUMEHTOB C NPEAECTHBIMU YaCTHHAMHA
B LHEPH [10]. On no3Bosiser TOYHO BOCCTAHABIMBATH COOBITHA ¢ B-pacmamamu.
JlerexTop cocrout H3 16 MHKpPOMOJIOCKOBBIX HIOCKOCTeH ¢ maroM 10 MKM u
umeer oburyo Tonmuny 3,2 cM Brons ocu. Ilepsrie 13 Z-1nockocTeii, pacmoso-
XeHpl OGnumxe K MueHd. H3 HUX wecrs AETEKTOPOB HMMEIOT TOJNIIMHY
150 MKM, M OCTaIbHBIE IUIOCKOCTH MMeloT tomuHy no 300 mxm. YersipHan-
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Puc.4. Obwnit BHA MHKPOBEPLIMHHOIO AETEKTOpa: A — aKTHBHais 06/acT,
B — nevarHbie npoBonHHKH; C — NPOBOXHHKH, COEAMHSIOIME MHKPOIIOIOCKH
M KepaMH4ecKy10 NOwIoxKy; D — npoBomHHKH, pacnionoXeHHble HAa KEPAMHKE;
E — cBa3H Mexiy KepaMHUecKoi NOLI0XKoil U rubkum kabenem; F — cBasb
MeXIy KEPaMHYECKOH MOVIOXKON H 3/IEKTPOHHOH CHCTEMOH CUMTHIBAHHA

uaras Y-1u10CKOCTh moBepHyTa Ha 90° NO OTHOWEHMIO K MPEbIAYUUM MJIO-
ckocTaM. [lnockoctu 15 u 16 (U u V) nosepuyrn Ha 10,14°, C nomombio
TaKkoOro TeJIECKONa AOCTHIHYTO PpEKOPAHOE IPOCTPAHCTBEHHOE pa3spelleHue
3 mxM. Ha puc.4 npuseneH oOwiuil BUA AETEKTOPa, CMOHTHPOBAHHOIO Ha
KepaMHyecKoil noanoxke. Jing maHHOro skcnepuMeHTa paspaboran adex-
THBHBIA MPOLECCOP, KOTOPBI OMHCAH B CHEAYIOINEM pa3fiene.

2. TPHITEPHBIE CHUCTEMbI
A BEPHIMHHBIX JETEKTOPOB

B pa6ore [12] npusenen opurkHanbHbiil A1ropuT™ 0T6Opa COOBITHIL C OYa-
pOBaHHBIMH YaCTHLIAMH, COYETAINHUIA B cebe KaK anmapaTHbie, Tak M IpOrpaMM-
Hble CPeACTBa (PUIbTPaLHH CIOXHBIX cOObiTHH. CyTh anropuTMa 3aKJII0YaeTCs B
crepyiomeM. MHKPONONOCKOBbe AETEKTOPHl PACONAraloTcss B MPOCTPAHCTBE
TakuM 06pa3oM, YTOGbl OTHOLIEHHE WIMPHHBI CTPHIA K PACCTOSHHMIO OT MHIIEHH
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Puc.5. Teneckon, ucnos3yeMelii 1% BEIPaGOTKH TPHITEPA B BKCIIepuMeHTe WAS2:
M — muinens; n(a), n(b), n(c) — HeTeKTOpHBIE TUIOCKOCTH

MEXAYy COCEAHHUMH MHKPOMNOJOCKaMH OBLI0 MOCTOAHHON BEJTHUHHOIA. Torga mst
BCEX TPEKOB, HCXOOAIIMX U3 TOYKH 0, i€ HaXOIMTCA BEpUIMHA MEPBHYHOIO
B3aMMOJECHCTBHS, BHIIOJIHIETCS YCJ10BME

n(a) = n(b) = n(c),

e n — HoMep cpaGoTasuei MuKpononocku (puc.5). Ecin xe Tpek He «CMOT-
pum B TOuky 0, TO B Npefienax TOYHOCTH HMEET MECTO COOTHOMIEHHE

n(@) # n(b’) # n(c).

[IpakTHyYeCKH BTO 3HAYMT, YTO MOCIIE PETHCTPALHHM COOBITHS B MAMSITH HOCTATOY-
HO CTEpETh BCE KOOPAMHATHI, UMEIONIME ONHHAKOBBIE aNpeca, OTHOCSIMECH K
NEPBBIM TPEM AETEKTOPaM, W MO OCTABLUIMMCS ZAHHBIM MOXHO BHIYHCITMTH 3HAYE-
HHE TMPHULEJIBHOTO NapaMeTpa U BOCCTAHOBHTH TPEKH 4yacTHu. [locKosbKy 4acTh
MH(OPMALIMK B TaKOH TPUITEPHOI CHCTeMe 06pabaThiBaeTCs IPOrPAMMHBIM CHIO-
coBOM, TO OCTaRNISET XKEeTaTh JIYULIEr0 CKOPOCTh orbopa coGbiruii. B pa6ore [13]
omucaHa OBICTPOJEHCTBYIOINAs TPUITEPHAS CHCTEMA, C MOMOIIBIO KOTOpO# co-
ObiTis, CONepXalliHe BTOPHYHbIE BEPUIMHBI pacriana, ot6upaiotcs 3a 10 Mkc. B
9TOH CHCTEMe MCIONb3YeTcs ABYMEpHBIH TPEKOBBI Mpoueccop, paspaGoTaHHbiil
s yeranosku DELPHI v netansho onucanmsiii B paGore [14]. Anropurm paGo-
Thl TPUITEPHOH CHCTEMBI, IO CYIIECTBY, SBISETCH YCOBEPLISHCTBOBAHHBIM
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Puc.6. a) Ilpumep cobuitus ¢ a . Z(i)
IBYMsl TIEPBMYHBIMU BEpILIMHAMH M §
pacnana; 6) 270 Xe coObITHe %
nocne TpaHctopManuu " : o Zéz)

Z' Zi Z=Q1X+Z +h4

Z, 8
8™y 5@

7@ _Z=Uzx+Zg+he
BapHaHTOM AITOPHTMA, OIH- 70
canHoro Beime. CyTh €ro 3a- 8

KJII0YaeTcs B  CJEAYIOMEM ¥
(puc.6). O6oznauum (X, -
Xp

Y ) — KoopauHaThl BEpLIHH

7@
WAL S S R B o
Xi X2 X3 X4 Xs X8

U Xi,Zi(i)) — KOOpPAHMHATHI

6 Z',M
TPEKOB,  3apErHCTPUPOBAH- - ~—t
HBIX C IOMOUIBIO MHKPOIIO- '2‘14 . N \ * \ Z=Zém~ h‘xsy-)g
JIOCKOBBIX JICTEKTOPOB:  X; s Z=Zém

(i=1,2,..6 — uucno ne-
TEKTOPOB) — €CTb TO3HULIHS
i-TO MHKPOIIOJIOCKOBOTO Jie-

X=X
2.2 %

TEKTOpa H Zi(’) — J-1 Xoop- 7@ z=7/@

. ] / (]
AMHaTa NaHHOro IEeTeKTOopa. 4 3 2 % 2 24(cM)
Torma B miockoctH XZ 9o , ‘ , ) ‘
(puc.6,a) ypaBHEeHHE MPSMO- B X X2 X3 Xa X5 Xg

ro Tp€Kka UMECT BHI

Z=bX+Z +h, 1)

e Z, — NpeacTasnseT coboi Z-KOOPAMHATY BepIUMHBI M h — NpHUETBHBINA
napameTp, KOTOPhI i BCEX TPEKOB, MCXONAIIMX H3 NIEPBHYHOI BEpIUMHBI pac-
naja, paBeH Hymo. PeKOHCTPYKIHS TPEKOB BHIIONHAETCS B YETHIpE sTana.

Iar 1. Tpanctopmanus koopaunat. [ljis Bcex Touek X;, Zim) BBIMIOJTHSAET-

cq TpaHcopMalus THnA

X
s
z0 = a 2V -z). %))

1]
Torma ypasaenue (1) MOXHO npeacTaBuTh B BUE

-X X —X

X
6 =Z6(’)+h

z=20-27 +h 3)
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CnenyeT OTMETHTD, YTO C MOMOLIBIO TpaHctopMauuu (2) npsMble TPEKH, Y KO-
TOPHIX MPHUEbHBIA NapaMerp A = 0, npeBpaliaTcs B MapauviebHble IpsMbie
(cM. pHc.6,6), a TPEKH, OTHOCHLIHECS K BTOPHYHBIM BEPILUHAM B3aUMONEHUCTBU,
CTaHOBATCA runepGonamu.

lllar 2. Kak cnepyer u3 ypaBHeHus (3), mepBHUYHbIE TPEKH UMEIOT MO IECTh
TOYEK C pPaBHbIMHM abLMCCaMH, MTO3TOMY 9TH KOOPIHHATSI, 3alIMCAHHbIE B MAMSATH,
CTHPAIOTCS, U TeM caMbiM 00/er4aeTcss MPOUECC BhIMHC/IEHUS TPHLETBHOTO Hapa-
MeTpa.

Illar 3. Casur u onpegeneHne npuuensHoro napamerpa. Ecnu xo Bcem 3Ha-
YEHHSIM Z,.(’) 100aBHTH BEJTHYHHY

X, - X,
ni(h)w =h X 4)
rme w — mar MHKpOMNoOJIOCKOBOTO ACTEKTOpaA H ni — YHCIO, 3aBHUCALIEEC OT h,

KOTOpOe JiydLIHM 00pa3oM annpoKCUMHpYeT ypasHenue (4), To Nociie Takoi TpaHc-
topmaLnH TpekH, HMEIOLHE OTIHYHBIH OT Hy/IA PHLIEJIbHDII NapaMeTp, CBOISIT-
¢ K MmocTtosHHOH (pyHkuuu or X. Tlocne HaxoxXAeHUs TakKUX TPEKOB MOXHO
BbIYMCJIMTh 3HAYEHHE MPULENILHOrO MapaMerpa nyTeM MOACYETA YMC/Ia CABUIOB B
NIEPBOM J€TEKTOPE

Xl

hi=nllm-, rme [ =25 Mkm.
1 6
lar 4. HaxoxaeHne KOOPAMHAT COOTBETCTBYIOLMX BepiiMH pacnaga. Kak

yX€ OTMEYanoch Bbillle, Iji BOCCTAHOBJIEHHS TONONOrHi COOBITHH HCNONb3YIOTCS

. e s 12
[ ] . L4 11
. .« 10
. v e 9
. . 8
. N
. s e 6
. .« + 5
. . + 4
. .+ 3
. . .2
- o 1

123456 7 8

0

101112 13141516

Puc.7. ANropuTM HENpepHIBHOH MacKu
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OBICTpBIH annapaTHO-NPOrpaMMHPYeMBIi npoueccop, pabora KOTOPOro OCHOBA-
Ha Ha Tak Ha3bIBAEMOM AITOPHTME HempepbiBHOI Macku [15]. CyTs anroputMa
NOSICHAETCH € NOMOHIBI0 pHC.7. JlaHHBIE C AETEKTOPOB 3aMOMMHAIOTCS Ha TPHUT-
repHeix perucrtpax. IlporpamMmupyemas namsiTh B NEpBOM NPHONHXEHUH Npen-
cTaBinseT cOOOH MaTpHlly, COCTOSILIYI0 M3 FOPH3OHTAIBHBIX M BEPTHKAIBHBIX
KJII0Y€ed, KOTOPbIE 3aMBIKAIOTCS TEMH TPHITEPaMH PErdCTPOB, Ha KOTOPHIX 3aliu-
caHbl eIMHHULBL. Bojee neransHO MOAEPHU3HPOBAHHBIH BapUAHT CHELMAIH3HPO-
BAHHOTO MPOLECCOPA, HCIONB3YeMOro B dKcrepumMeHte WA92, onucan B [16].
IIpameneHHe acCOIHATHBHOM NAMATH M AHAJIOrOBOM HeHpPOHHOM ceTH. B
TPUITEPHOH CUCTEME, NpedHa3HaYeHHON Ans ObicTporo orbopa cobbiTui, comep-
XallluX TAXE/ble LBETHBIE KBapKH, HCMONb30BaHbl MOOY/JIH acCOLMATHBHOMN
namati eMkocTbio 4096 siueexk B Kaxaom monyne [17]. B Gonee cospemeHHOM
BapHaHTE TPUITEPHON CHCTEMBI HCMOJB3YETCH aHAIOroBas HeipoHHas cers [18].
Heo6x0omMMOCTb B TNPHMEHEHHM TAKHX CJIOXHBIX [POLECCOPHBIX YCTPOHCTB
OOBACHACTCH TeM, YTO HaXOXAEHHE BEPLIHHB BTOPMYHONO pacnafia Jaxe B
pexume «od-nailH» npeacrasnser cobOi LOBOJIBHO C/IOXHYIO npoGnemy. Ha
puc.8 npuseneHa 610K-CXeMa MHKPOBEPLIHHHOTO AeTekTopa. OHa COCTOMT M3
MHUILEHH M, BOCBMH MHKPOMONIOCKOBBIX AETEKTOPOB, MOBEPHYTHIX APYr OTHO-
CUTENbHO apyra Ha 90°, 3/1eKTPOHHOH CHCTEMbl CYMTHIBAHMs, MOMYJeEi acco-
unatusHoi namatH (A3Y) u ananoroBoit HelipoHHO# cet. [Mouck BropuyHOI
BEpLUIMHBI pacnajga NPOMCXOOMT B ABa arana. Ha mepBom stane B moaynu A3Y
NpeaBapHTEILHO 3aHOCATCH JaHHbie O Haubosiee BEPOSTHLIX MMOJIE3HBIX COObI-
THX. TakHMH HaHHBIMH MOTYT ObITh, HaNIpUMeEp, KOJIHYECTBO TPEKOB B COOBITHH,
MX HakjoHbl M T.A. KpoMe Toro, u3 o6immnx coobpaxeHnii U3BECTHO, YTO TPEKH
(B MoeanbHOM clyvae), HCXO-
OSlME W3 NEepBHYHOH Bep- }"_C_"d
WUMHBI pacnaja, NpencTaslis- XY X ¥ X ¥ XY
I0TCS KaK MHOXECTBO TOYEK
Ha TFOPH3OHT&IbHOH MNpPAMOH,
a_ BTOPHYHBIE BEPIIMHBI pac-
naga ortoOpaxaioTcs B BHIE
MHOXECTBa TOYEK Ha HAaKJIOH-
HOH npAMO#, XoTopas nepe-
cekaer 3Ty npaMyio. [ocne
pErucTpauMH AaHHBIX MPOHC-
XOOMT NapauieSbHbI MOUCK

TpekoB ¢ nomouwsw A3Y B

TEYEHHE HECKOJIbKHX MHKPO-

CEKYHI, W B CIlydac MOJNOXKM-  p,. 8 Bnok-cxema BEPILHHHOTO netekropa: A3Y —
TEJBHOrO OTBETA JAHHBIE ME-  accoppaTHBHOE 3aMOMMHAIONIEE YCTPOHCTBO; P —
pelalTCs Ha BXOUBI aHAIOTO-  pyyok; BB — BropuyHas BepiiMma pacmaga; M —
BOH HEHPOHHOMH ceTH. MHILEHS

TPEKK 3APQ-
KEHHUX uACTUlL
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Puc.9. BoiuncnuTtenbHas wiaTa ¢ aHalnoropoi HEHPOHHOM CeThIo

AHanoroBas HeHipOHHas CETh MpeEICTaBIsAeT co00i GONBLIYI0 UHTEPATHHYIO
MHKpOCXeMy, paspabotannyio ¢upmoii «Intel». Ona umeer 64 Bxoma, 64 Heii-
POHHBIX 3JIEMEHTa B CKPHITOM cjoe U 64 Beixoma. Jis TOro uto6bl HelpoHHas
CETh MOIVIA HCIOJIb30BAaThCSl HENOCPEACTBEHHO B 3KCIEpHUMEHTE, B CTaHIapTe
VME co3pnan rubpunnsiii npoueccop, oOIIHil BUI KOTOPOro NpuBefeH Ha puc.9.
Ha nnare pacnonoxens! uudposas Mukpo-3BM 68070, aHanorosas neilpoHHas
cers 80170, Momynu HamsiTH M cooOTBeTCTBYlOLIHe WHTepdeiicsi. Kpome Toro,
C uenpio OOMeHa JaHHBIMM MEXAY MPOLECCOPaMH Ha IUIaTe UMEIOTCS TaKXe MO-
aynu AUIT u HATIIL. B nenom ru6punHeiil poueccop ynparisercs ¢ MOMOUIbIO
NepCOHATBHOTO KoMAbTepa. OOHOM M3 TPYAOEMKHX NpPOLEXYP, CBA3AHHON C
UCIMOJIb30BAHNEM HEHPOHHOH CeTH, sBiseTcd ee 0oOydeHHe C IOMOUIBIO Crle-
LMaNbHO# nporpammel. Micrionp3oBaHue aHaIorosoit HEHPOHHOM CETH MO3BOIHIO
CYIIECTBEHHO YJIYYIIUTH OTOOP MONE3HBIX COOBITHIA

3. BEPIIMHHBIE JETEKTOPDI,
CO3JABAEMBIE IS DKCIEPUMEHTOB HA KOJUIAMIEPAX

BepuinHHbIE IETEKTOPH, CO3MaBaeMbie I BKCIIEPMMEHTOB Ha KoJUtaiigepax
MMEIOT HE TOJIBKO CBOe0Opa3Hyi0 KOH(Hrypaluio B BHAE WWIMHAPA, B LEHTPE
KOTOPOTO NMpoXogur HoHonposop (puc.10), HO Takxke Gojee CHOXHYIO Mexa-
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»l

88 mm

|

Puc.10. Cxemarnueckoe H306paxeHMEe MHKPOBEPUIHHHOIO gertektopa Mark 11 ¢
HOHOMPOBOIOM: | — BHYTPEHHSA CTEHKa BepiiMHHOW apeiidoBoil KaMepwl;, 2 —
KPEMHHEBBIE AETEKTOPbI, 3 — HOHONPOBOX

HHYECKYI0 KOHCTPYKUHMIO M 6oJiblliee YHMCIO KaHAI0B perucTpaumu (Mopsaxka

10%). C uenbio NOBbILLEHHS TOYHOCTH PErucTpaLMH KOOPAHHAT BEpIIHH pacraja
THIHYHBIA JETEKTOP MMEET HECKOJIBKO CJIOEB, MOKPBITBIX MHUKPOIMOJIOCKOBLIMH
AETEKTOPaMH WJIH APYrHMH THIIAMH MOJIyNPOBOAHHUKOBBIX AeTeKTOpOB. s
YNPOLIEHHON NETEKTOPHOH CHCTEMBI, COCTOSILEH M3 ABYX CJOEB, PAacrojioXeH-
HBIX Ha pacCTosHUAX L u L, OT TOuKM pacnana, ¢ COGCTBEHHBIM pa3pelleHHEM

01 H 02 BE/IHYHHA pa3pellCeHHs MPHULICJIBHOIO napaMeTpa 0"- MOXeET OBbITh BBIYHC-

JieHa M3 ciefyioutero Beipaxenus [19]:

_ 2 2
o'f—of+R (xms+R O rack’

e G, — NPOCTPAHCTBEHHOE padpeulenue Gnuxailei AETEKTOPHOMN TUIOCKOCTH,
R — paccTosHue OT nepBoi METEKTOPHON IUIOCKOCTH OO LEHTpa IydKa, o

orpaxacT 3(pQeKT MHOIOKPaTHOIO pacCessHHs H O, TOYHOCTH MO YINIy Tpe-

rack
KOBO#H cucTeMbl. C LeJIbIO YNPOLIEHHS BEIUIECTBO HOHOIPOBOAA PacCMaTPHBAETCS
KaK 4acTb BHYTPEHHEro c/os fieTekropa. OCHOBHbIE TPEOOBAHUS K BEPIIMHHBIM
ACTEKTOpaM, CO3JaBaeMbiM Ijisl IKCNEPUMEHTOB Ha Bonpiom agponHoM Kosnaii-
Aepe, 3aK/IOYaloTCs B CiefylolieM: 1) TOYHOCTD BHYTPEHHErO IETeKTopa
(6nmxaiiiuero K KOHONPOBOMY) AOMIXHA GHITH BECHMA BHICOKA (NIOPAAKA HECKOJIb-
KHMX MHKPOMETPOB); 2) HeobXoaumo obecriednTs MHHUMYM BEIECTBA ETEKTOpA
¥ HOHOTIPOBO/A; 3) YIJIOBOE pa3pelleHHe BCeil TPEKOBOH CHCTEMBI HOIXHO GbiTh
nopsgka 100 Mkpan.
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Tabmuua 2. MHKDOIIOJOCKOBbIe BepIIMHHBIE XeTeKTopsi [20]

DKcnepUMeHT Komnaitnep Dueprus Ko/naiigepa, ['sB
MARK I SLC (e*e) 94/2°
DELPHI LEP (e'e) 94/2°
ALEPH LEP (¢*e)) 94,29
. OPAL LEP (e*e) 94/2°
CDF TEVATRON (pp) 1800
L3 LEP (') 94/2°
ARGUS DORIS-II (e*e) 10/Y(4S)
CLEO-TI CESR (¢*e") 10/Y(4S)
KEDR VEPP-4 (¢*e") 10/7(4S)

Z°, (4S) — wacuueL

B [19] npuBeneno xpaTkoe onmucaHUe H [IAPaMETPhl BEPLIMHHOIO JETEKTOPa,
cosmaBaeMoro s Koytabopaunu ATLAS. Paccmarpusaercs Bonpoc 06 MConb-
30BaHHM ABYXKOOPHMHATHBIX (pixel) mETEKTOpPOB MiIs BHYTPEHHHX CJIOEB
BepLIMHHOTO geTekTopa. B [20] nmpuBeneHo onMcaHne KOHCTPYKUMI U MapaMer-
pbl Haubosnee U3BECTHBIX MHKPOIOJIOCKOBBIX JETEKTOPOB, 3JIEKTPOHHBIX CHCTEM
CYMTHIBAHUA W PETUCTPALMH JaHHbIX. B Taby.2 NpHBeReHsl YCTaHOBKH, TIpeqHas-
Ha4YeHHbIe JIs NPOBEACHUA SKCIIEPUMEHTOB Ha KOJUaiiiepax. BOJBIIMHCTBO U3
9THX JIETEKTOPOB yX€ HCHONb3YeTCs B 9KCIIEPUMEHTaX.

Bonee nonpo6nas uxopMalni 0 AETEKTOPAX COREPXKHUTCSH B COOTBETCTBYIO-
IMX JIKTEpaTYpHbIX ccoikax. Huxe Oymyr onmcansi HanGonee H3BECTHbIE
MUKPOBEPUIHHHBIE JETEKTOPHIL.

Muxposepmnnneni nerekrop Mark II. MuxposepuwivnHbiii geTekTop
Mark II Gsu1 ipeasioxeH w1 9KcnepuMenTa B 1985 r. Ha JIMHEHHOM Kostaiinepe
SLAC u navan ucnons3osatsca ¢ 1990 r. [21]. lo sTOro usMepeHus BpeMEHH

KM3HH T -JIeNTOHOB M cpeaHee BpeMs XW3HH B-aIpoHOB INPOBOOWIOCH C
MOMOIIBI0 BEPIIMHHBIX ApeiicoBbix Kamep. ITOMMMO OXHEZA€MOrO TMOBBIMICHHS
TOYHOCTH PErHCTPalMH KOOPHAMHAT YAaCTHII A0 5 MKM, HCHONb30BaHME MHKpO-
BEPUIHHHOTO AETEKTOPA MO3BOJIMT TAKXKE YBEJIHYHTH HA MOPSAIOK TOYHOCTh H3Me-
PEHUS NPHLEIbHOTO NIapaMETPa M YIy4IUMTh TaKOH BaXHbIA IapameTp, Kak pai-
pelueHHe ABYX TPEKOB 10 5 Mpan. CxemaTuyeckHii BUL ieTekTopa n3obpaxeH Ha
puc.10. OH COCTOMT M3 TpeX KOHUEHTPHYECKHX LMIMHIPHYECKHX MOBEPXHOC-
Tei, Ha KOTOPbIX CMOHTHPOBaHO 36 Monyeii (ladders) ¢ OMHOCTOPOHHMM CUHTHI-
BaHHeM. Bonbluoe BHMMaHHe GBUIO yAENEHO TOYHOCTH YCTAHOBKH BEPLIHHHOTO
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AETEKTOpa U OTACJIbHBIX ero yacTei. Tak, JUIs MoNyYyeHHs TOYHOCTH YCTAHOBKH
40 MKM HCIIO/Nb30BANICS TPEXMEPHbIH MHKPOCKOI. [IjIsl OPHEHTAIIMM MHKPOIIOIO-
CKOBBIX ICTEKTOPOB C TOYHOCTHIO 2 MKM HPHMEHSUICS KOJUIMMHPOBAHHBIH My4OK
PeHTreHOBCKO# Tpybxu. Kpome Toro, B mpouecce sKcrniepUMeHTa TOMOTHHTENBHO
HCIOJIB30BAICH eMKOCTHBIH NPOOGHHK C LE/BI0 YCTPAHEHH OTKIIOHEHHI BHEIIHE-
IO CJI05l IETEKTOpa C MEAHBIMH IHMHAMH «3E€MJTH», IPHHAUIEXAIMMH APEeiOBOi
BEPIIMHHON Kamepe, OKpYXalouled MolynpoBOAHHKOBYIO MUKPOBEPIIKHHYIO Ka-
mepy. B cBolo ouepens, Kaxublii geTeKTOp (MOmY/B) COnepXHT mo 512 MHKpO-
[O0JIOCOK C NepeMeHHBIM wwaroM 25, 29 u 33 MKM IS BHYTPEHHETO, CPEHErO H
BHEIIHErO CJ10S1 COOTBETCTBEHHO. [JINHA CTPHIIOB TOXE NEepeMEHHAs, YTO MO3BO-
JIE€T NOJIyYHTh pa3Max MOKPHIBAEMOro AETEKTOPAaMH HOMSpHOro ymia go 40°.
MuKpOMONOCKM OpHEHTHPOBaHbI NAPAUIENBHO MydKy (OCh Z), YTO MO3BONSET H3-
MEpATh KOOPAMHATEI B NIIOCKOCTH r@. Ha puc.11 npusenen oGmuii BUA OTHOTO
MOZy/ii MHKDOTIOJIOCKOBOIO [eTeKTopa. Kaxslii MOAYIb COCTOMT M3 MHKpO-
TI0JIOCKOBOTO A€TEKTOpa ¥ ABYX MukpocxeM H1 u H2, BemonnenHsix no ruGpun-
HOH TEXHOOrHH. DTH yCTPOHCTBA OGECTIEYHBAIOT NEpenayy CHTHATIOB OT MHKPO-
TOJIOCOK K BXOHAM YCHIIMTE/IeH 4reHHus. B cBOlo ouepenp, KaXaoMy HETEKTOPY
COOTBETCTBYIOT 110 JBe napbl GonblinX 128-KaHanbHbIX GOJNBUIMX HHTETPATBHBIX
MHKpocxeM Tuna «Microplex» (cM. Ta6mn.3). Takue MUKpPoOcXeMbl 06ECIIEYHBAIOT
YCHIIEHHE M 4TeHMe CHrHanoB ot 18432 muxpononocox. Ha puc.12 npuseneH
CHUMOK C IHCIJIes PEKOHCTPYMPOBAHHOIO C IOMOLIBI0 MHKPOBEPLIMHHOTO

nerekropa Mark II psyxcrpyiinoro Zo-pacnana. Tpexu 3apsKeHHBIX 4acTHL,

Puc.11. O6wmii BN MEKPOTIONOCKOBOTO MOIyNs: A — MHKPOIOJIOCKH; B — Mukpo-
cxemsl; C — Gydepusie 6moku; D — Toukwit Kabemns; E — cranpHas [iacTHHKa
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Puc.12. a) PekCHCTPYHPOBaHHBIA ¢ MOMOLLBIC MHKPO-
BepluHHHOrO nerexropa Mark 11 Z2 o-pacna)l; 6) Gonee
ACTabHAs 4acTh KapTHHbI

TIPOXOASHIUX Yepe3 JAETeKTOop,
0603HauUeHsl KaK  [psiMbie
JIMHWHY, UCXOOSLIME M3 TOYKH
B3aUMOHEHCTBH.
MuxkpoBepiIHHHEIH Ae-
rektep DELPHI. [Jerexrop
DELPHI sasnsiercs onHoN U3
YEeThIPEX YHHBEPCAIbHBIX YC-
TZHOBOK, HCMONB3YEMBIX Ha
yckoputene LEP u nipennas-

+ —
HauyeHHBIX 1% H3YyuYeHHd € € -
B32UMOACHCTBHI NPH 3HEp-

ruax, Onu3KUX K Mmacce z0
6o3ona.  Oxkosnoc 130000
aJpoHHBIX cobbiTHii  3ape-
ructpuposakbl B 1990 r. u
Basce Gossiize B 1991 . B yc-
TaHoBke DELPHI [22] wuc-
NOb30BAIMCH ABE MOAHDHU-
KaLiH BEPUIMHHBIX JETEKTO-
poB.  YcTaHORIEHHbIA  Ha
ny4ke LEP B 1989 r. nerek-
TOP COCTOSJI M3 [BYX KOH-
LEHTPHYECKHX TUIOCKOCTEH C
panuycamu 9 u 11 cM, Ha KO-
TOPHIX CMOHTHPOBaHbi MMK-
POTIOJIOCKOBBIE  AETEKTOPHI.
Patiee aHaTOTHUYHBIC JAETEKTO-
Pbl HCTIOJIB3CBAIHCH B 2KCIIE-
pHMEHTE C (PUKCHPOBAHHOMH

MHILIEHBIO. MHKDPONONIOCKOBBE HETEKTOPhl € IMaroM 25 MKM pacnoioXeHbl
NapauIeNbHO MydKy W MarHuTHOMY nonwo. [lnockoctu comepxar no 24 monyns,
KaXIblil U3 KOTOPHIX, B CBOI0 OYepe/lb, COCTOUT K3 YETHIPEX MHKPONONIOCKOBBIX
HeTeKTOpOB. BepliuHHbA JeTEKTOp NOKpHIBaeT yron + 45° u cogepxut B obieM
165888 Muxpononocox. TPyAHOCTH 3aKJIIOYA0TCA C TOM, 4YTO 3AECh HCIIONB3YIOT-
Cs OHOMEPHBIC JETEKTOPbl CO CYHTHIBAHHEM CHTHAIOB TOJNIBKC OT OAHOM mio-
ckocTH. B Oonee coBepmieHHOM BapHaHTE MHKPONOJIOCKOBOIO AETEKTOpa Iiar
MHKDOMNOJIOCKH paBeH 16,6 MKM, YTO MO3BOJWIO NOJIYYHTh BHICOKOE MPOCTPaH-
CTBEHHOE pa3pellieHHe NOpAAKa 5 MKM H pa3pelueHHe ABYX Tpekos 100 MkM.

VYMenblieHue paguyca HoHonposona B 1991 r. mo3BoiMMIO YCTAHOBUTDH €l
IOTOJIHUTENBHBIH BHYTPEHHHH IMIMHAP C pagnycoM 6,3 cM npu miuHe 24 cM.
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Puc.13. OGiuuii BUI NOTOBUHBI MHKpOBepmuHHofo nerexropa DELPHI

ITockoneky panmuychl KOHueHTpuﬁecmx IJIOCKOCTE! padInyHBl, TO aKTHBHAs
IJIMHA MOAY/EH BEPIIMHHOIO AETEKTOPa TaKXe NepeMeHHas W HaXOAUTCS B Ipe-
aenax or 1,92 no 3,20 cM. XapaKTepHCTHKH OKOHYATEIBHOIO BAPHAHTA JETEKTO-
pa onucans! B [22]. Ha puc.13 npusenen obummii BUI OHOH MOIOBHHBI MHKPO-
BEPIIMHHOTO ieTeKTOpa. Mcronb30BaHue TpeTheil IIOCKOCTH MO3BO/ISET MPOBO-
OUTh M3MEPEHMS KOOPAMHAT 4YaCTHL HENOCPENCTBEHHO y HOHOmpoBopa. [Ipu
3TOM YAQI10Ch MOBBICUTh HEONPENENIEHHOCTh B BBHIYHCIEHHH MpPHIEIBHOIO mapa-

1/2

MeTpa OT ((80 MKM)2 + (120 mMxm/ pt)z) no (24 MKM)2y+ (69 mMxm/ p) ms

TPEKOB C MMIYIBCOM p,, U3MEPEeHHHIM B emunuuax ['sB/c. IMpubnusutensHas

OLIeHKa JAeT paspelIeHHe s NPHLENbHOTO NapaMmerpa Juis Gb(u+},t_) =21 MEM.

Ha puc.14 npusegen cHHMOK ¢ mucIUled, rie u300paXeH KaHOWAAT B COGBITHE
A — bb.

PaccMOTpUM KpaTKO mapaMeTpbl MHKPOMOJIOCKOBOro aerexrtopa. Lllupuna
merextopa mMensercs ot 19,2 (384 mukpomnonocku) 10 32 mm (640 Mukpomnoso-
COK) s BHemHero cjiod. Cpennuit cnoii umeer 512 MMKPONOJIIOCOK NPH K-
pune 25,6 MM. HMcrnione3yercs nonynpoBOJHMKOBBINH AETEKTOpP C HHTETPMPOBAH-
HOW €MKOCTHOH CBA3bI0 H CMellaiomuM pesuctopoM. Ha pwuc.15,a npusenen
obmuii BHI MOOYIs MHKPOMNOIOCKOBOIO - AETEKTOpA. DIEKTPOHHAs - CHCTEMa
YCHIICHHS M 4YTeHMS npHuBefeHa Ha puc.15,6. Ilnata, Ha KOTOPOH MOHTHPYIOTCS
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Puc.15. a) O6wuii BUI BHeliHero Moayns ae-
tekTopa. 6) Moflyib CUMTBIBAHUS JaHHBIX

Puc.14. CHAMOK ¢ AHCIUIES KaHIMaTa B
cobuite Z 0 — bb, 3aperucTpHpoBaHHONO

C NOMOLUBI0 MHKPOBEPLIMHHOIO AETEKTOPA
DELPHI

MukpocxeMbl MX3, omHOBpEMEHHO SBJISETCS YacCThio MEXaHMYECKOH KOHCT-
PYKLUHH MHKPOBEPIIMHHOTO AeTeKTopa. ITocie noctymieHss o6Iuero TpHITepHo-
r0 CHTHajla WMHYIbCHl C BBIXOJOB JETEKTOpa MOCIENOBATENBHO CUHTHIBAIOTCH C
nomouipio cucreMsl Mopyneid FASTBUS, ouudpossiBaloTcs u o6pabatsiBaioTcs

C NOMOILUBID CHTHAJIBHOIO mpoiueccopa

DSP56001.

B T1a0n.3 mnpuBeneHsl mapaMerpbl YeThIpEX THNOB Haubollee H3BECTHBIX
MMKPOBEPIIHHHBIX AETEKTOPOB, HCNOMb3yeMbIX Ha yckoputensx LEP u SLC.
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Ta6nanna 3. IlapaMeTpsi MOMYNpPOBOAHMKOBBIX MHKDOIIO/IOCKOBBIX J(ETEKTOPOB

Ycranoska Mark II DELPHI ALEPH OPAL L3
JIureparypa [21] [22] [23-26] [27,28] [29-31]
Konunyectso
crnoes 3 3 2 2 2
Panuycsi, cm
r 2,9 6,3 6,3 62 . 6,1
r, 34 9,0 — — —
ry 3,8 11,0 10,7 7,7 7.8
ToxkpeiBaembiit
yron, % 0,65 0,86 0,87 0,82 0,92

0,65 0,80 — — —

0,65 0,73 0,75 0,76 0,88
IepexpriTue
wiockocreu, % —_ 14 4 — 12
Konunuectso
JETEKTOPOB 36 288 96 75 96
IMnowanp kpem-
Hus, M2 0,05 0,42 0,25 0,15 0,30
Konuyectso
BUC yTteHus 144 576 1152 . 125 576
Konuuectso
KaHAIOB YTEHUS 18432 73728 73728 16000 73728
OtHoweHune
CHIHa/LIyM 18 14 17 22 —
CobcTBeHHOE - 7 '
pa3speLeHHe, MKM 7 7-9 12(ro) 5 7(ro)

12(rz) 14(rz)
IpunensHwrii
napamerp, MKM 25F5 15 (re)
25 (r2)

— Her undopmaunn.

. Urenne H(OpMalHH OpraHH30BaHO TaKuM 06pasOM, YTO JAHHBIE CYMTHIBA-
10TCst yepe3 kaxuble 50 MKM (TPH MHMKPONONOCKH HA OQMH YCWIMTEND), a 3Ha-
HCHW KOOPAHAT BBIYMCIIAIOTCH METONOM Aenenns 3apsna. IIpu sToM ucronb3y-
ercs Gonbiuas MHOTOKaHAIBHAjA MHTErpalbHas MHKpocxeMa MX3, napamertps
KOTOpPO# npuBeneHs! B Tabn.4.
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Tabmua 4. Hapamerps:r BHC,
HCIIO/Ib3YEMBIX B IONYIIPOBOXHHKOBBIX BepIIMHHBIX HerekTopax [20]

Okcnepument| Mark 11 DELPHI ALEPH OPAL L3
BUC Microplex MX3 CAMEX64A MX5 SVX-H3
Tun 5 MKM 3 MKM 3,5 MKkM 1,5 Mxm 3 MKM
NMOS CMOS CMOS CMOS CMOS
Konunuectso
KaHanoB 128 128 64 128 128
\ [TosepxHoOCTD,
MM 6,3 x 54 6,5 x 6,8 6,4 x50 6,5 X 6,8 6,3 x6,8
Crpun, MKM 475 50 100 550 48
(4 paaa) (2 pana) (2 pana) (2 psna)
MowHocts
paccesitms,
MBT 14 0,75 1 2 1,3
ENC, e~ 280 + 97CBX SSO(CBX + 3‘5)'/2 335 + 35CBX 325 + 23C,, 350 + 58CBX
Pagnaunonnas
CTOHKOCTB,
Kpan 20 15 12 5 20

bornee neransno xapakrepuctuku paga BUC, paspaGoratHbix o1s MHKpPONO-
JIOCKOBbIX JE€TEKTOpOB, npuBeneHb B [20]. '

Muxposepmunnnsiii nerextop ALEPH. 310 nepsbiii MUKPOBEpUIMHHBIH
AETEKTOp C ABYCTOPOHHMM CYHTHIBAHHEM, KOTOPHIH HCHOb3YETCS B 9KCIEPH-
menTe Ha komwaigepe ¢ 1991 r. O6wmnii BUA meTekTopa NpuBefeH Ha pHc.16.
Hns merektopa ALEPH [23] no cneunanbHoii TeXHOMOrMM pa3paboraH MHKpO-
MOJIOCKOBbIH JIETEKTOP C ABYCTOPOHHHMM YTEHHEM, YTO IO3BOJIRET C MOMOLLBIO
ONHOH HETEKTOPHOH MIIOCKOCTH PErHCTPUPOBATH JBE KOOpAHHATH — X U Z [24].
Hlerektop ALEPH cocTOMT M3 IBYX KOHLIEHTPHYECKHX IUIOCKOCTEN C paiuycamu

6,3 u 10,7 cM, NOKPHITHIX MUKPOMNOJIOCKOBEIMH JETEKTOPaMH Iuiomansio 0,25 M2,
KepaMH4ECKHX fepXaTe/icH M 3IEKTPOHHOH CHCTEMBI CYMTBIBAHMS, CONEPXALICH
74000 xaHan0B perucTpauHi. B MHKpPONOTOCKOBOM HETEKTOpE C ABYCTOPOHHHM
YTEHHEM HIEANbHO pewaercd npobjeMa PErHCTPaUMH BTOPOH KOODAHHATHI.
Takoe pelieHHe N03BOJSET ONTHMH3HPOBATH BEIHYHHY CHTHAIA TIPH MHHHMATb-
HOHM TOJNIMHE MaTepuana ¥ OCYLIECTBHTh KOPPEISALMIO AMIUIHTYX WMIIYbCOB,
NOJTy4aEMBIX OT COOMpaeMBbIX 3apAiOB C ABYyX CTOPOH MHKPOMOJIOCKOBOIO JETEK-
Topa. EcTeCTBEHHO, YTO HCIONB30BaHHE ABYCTOPOHHENO CYMUTHIBAHMS MPHBOIUT
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Puc.16. O6muit Bua MuXpoBepuMHHOTO AeTekTopa ALEPH, CMOHTHPO-
BaHHOIO Ha IpaguTOBOH nofcraske. OKOMO TOPLOB BHAHb IHOKUE MeyaT-
Hbie IPOBOXHUKH

K CYWECTBEHHOMY YNPOIUCHHIO BEPIUHHHOIO AETEKTOPA M YMEHBUIECHHIO 3¢b-
(hexTa MHOTOKPATHOTO pPacCesHHS YaCTHIL. IlosToMy BepMHHBIA KeTeKTOp MI
HaHHOH YCTaHOBKH COMEPXHT BCEIO HBE KOHIEHTPHYECKHE IOBEPXHOCTH, IIO-
KPBITBIE MOIY/IIMH M3 MUKDOIIOJIOCKOBBIX AeTeKTOpoB. Ha puc.17 cxemaTuuecku
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CAMEX 64

Z-TUIOCKOCTh

Puc.17. CtpykTypa NOMIOXKH MHKDPOINOJIOCKOBOIO Je-
tektopa ALEPH ¢ [ABYCTODOHHHMM CUHTLIBaHHEM.

CAMEX 64 — Mukpocxema

CAMEX 64

1I0Ka3aHa CTPYKTypa HOI-
JIOXKH MHKPOIIOJIOCKOBOTO
getexktopa. Ona uMeer
pa3Mepsl . 5,12 X 5,12cMm 1
rormuuny 300 mxm. Iog-
JIOXKA BHIOJIHEHA M3 BbI-
COKOOMHOIO KPEMHHS, B
KOTOPOM -~ Ha  -IUIOCKOC-

TH HMIUTAHTHPOBAHbHl p -
MHKPOMOJIOCKH €  IIaroM
25 kM. Ha nporusono-
JIOXHOHU
OpHEHTHPOBAHHON HEpIIEH-

Z-TNIOCKOCTH U

UKYIISIPHO n"  muxpono-
JIOCKH MMIUIQHTHPOBaHbl C
maroM 50 MkM. CurHan Ha
(-TUTOCKOCTH  CYHMTHIBACTCs
OT = Kaxmgod  4YeTBepToi
MHKPOMHOJOCKH, a Ha Z-TUI0-
CKOCTH — OT KaXIOH BTO-
poH, Tak 4Yro lHar Cyu-
THIBaHHUS HA KaXA0H M3 CTO-
poH cocraringer 100 Mkm.
MHEKpPOBEPIINHHBINA JETEK-
TOp COCTOHMT 3 28 mojny-
Jied, paclloNOXEHHbIX B
IByX cnosix. B cBow oue-

peab, Kaxaeld — MOIYJb

COCTOUT M3 ABYX MUKPONOJIOCKOBBIX RETCKTOPOB C JABYCTOPOHHUM CUUTBIBAHHEM

curHanos. Ha p+—m10cxocm HOJAOCKH 00OUX AETEKTOPOB COEAMHEHBI TOCIIEN0Ba-
TeNbHO. JIIMHA MONOCOK Ha 3TOM cTropoHe 46,1 MM, YHCIIO KaHaIOoB paBHO 483
Ha Kaxnwli nerektop. [ToNHOE YKMCIIO KAaHATOB CYMTHIBAHHS C OOHOro 6a3oBoro
Monyis pasHo 1442, a ofliee KONHYECTBO KAHANOB PErHMCTpalMM COCTaBIAET
81000. Bonpias unTterpanpuasx cxema CAMEXG64, ucnons3yeMas Uil YTeHUs
U pEerucTpaliy JaHHbIX, uMeeT 64 He3aBUCHMBIX KaHalla, KaXIblH U3 KOTOPBIX
CONEPXMT 3apsANOYyBCTBUTEJIbHBIH NpeAyCUIHTENb C YNpaBiseMoil oOpaTHOH
CBA3bI0, BTOPOii YCWJIMTENb BMECTE C MEPEKIIYAeMbIMH KOHAeHcaTopaMu obec-
NeYMBAET BHITOJIHEHHE JABOWHOM KOPPENILUHOHHON BHIOOPKH U JIOMOIHUTENBHOE
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Puc.18. Pacnan Z 9-6030ma Ha mapy T-NenToHOB, cofepXaluii ofHo-
nyyeBble W TpexityueBbie Moabl. CineBa BUOHBI B pa3pese MHKpPOBeEp-
IIMHHAsA, BHYTPEHHS U BPeMANpoeKLHoHHas Kamepsl. CripaBa BBepXy
npuBefeHsl Gornee OETANbHO TPeKH, MPOXONALUME Yepe3 MHUKPO-
BEPLUMHHBIN IETEKTOP B IocKocTH xy. CrpaBa BHU3Y TO Xe COOBITHE,
HO B ILIOCKOCTH rZ

ycunenue. B 1991 r. ¢ nomomsio BepmmuHoro gerekropa ALEPH 6buto 3a-
peructpuposano okono 300000 anponHbIx Z O—pacnaaon. Ha puc.18 npusenens

0
TUIIMYHBIE aJPOHHBIE COOBITHS OT Z -pacnafa B mpoexuusix r, ¢ u r, z. Koop-
JAMHATBl YaCTHIl ONPERENAIOTCS METOAOM [eJIeHHS 3apsiaa.

MukposepmnnHbiii  gerekrop OPAL. HseectHm nBe MoaubuKauuu
MHMKPOBEpIIHHHBIX JeTekTopoB OPAL. B nepBoit Mogudukanuy UCIoNb3yoTCs
MUKPOIIOJIOCKOBBIE AETEKTOPbl C OXHOKOOPAMHATHBIM uTeHHeM. Bo BTOpOM
BapuaHTe, Gnarogaps CHELHANBHON TEXHOJIOIMM, CTANO BO3MOXHBIM CO3NaHHE
ABYXKOODAMHATHOIO feTeKTopa. PazpaGoTka BBICOKONPEUH3HOHHOTO MUKPOBED-
WIMHHOIO JIETEKTOpa neppoi Moaudukamyy [27] cdBnajia co BpeMEHEM PEKOHCT-
PYKUMH HOHONpPOBOAA Ha yckoputene LEP, B pesynerate yero paguyc MOHONpo-
Bofa B 1991 r. 6pu1 ymeHbiieH ¢ 8,5 no 5,5 cm. OOume napamMeTpbl MHKpO-
BEPIIMHHOIO JETEKTOpa MpuBedeHbl B Tabn.3. [leTeKTOp COCTOMT M3 IBYX
KOHLEHTPHUYECKUX TOBEpXHOCTEH c paguycamu 6,2 u 7,7 cM. Mukpormnonocku
OpUEHTHPOBAHbI IO a3uMyTy (B @-Hampasienuu) ¢ waroM 50 Mkm. ITo sroii
NPUYHHE BO3MOXHA PErMCTpalHa TOJIBKO OJHON KOoOpauHaThl cpaboTaBiuei yac-
tribl. OcOGEHHOCTEI0O MHKDPOMOIOCKOBOTO AETEKTOPA ARISETCS HCIOJb30BAHHME
MOJIEBOTO TPAH3UCTOpa B KAayeCTBE HCTOYHMKA CMELIEHWS JUIS OTHENbHBIX
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MMIUIZHTMPOBaHHBIX MuKponoyniocok (FOXFET-ctpykrypa) [28], uro mo3Bomsier
MEHATh QuHaMHu4eckoe conpotumienue ot 10 go 40 MOwm u ynyymurs oTHO-
WeHHe CUrHan/mwyM 10 22:1. MUKpONonocKoBbli MORYIb AETEKTOpPA COCTOMT U3
TPEX MOJIYNPOBOAHUKOBBIX JETEKTOPOB AJTMHOH 6 CM, COEMMHEHHBIX B BHIE INO-
C/IE/I0BATE/IBHON LENOYKH, NPHYEM KaXkIblil TAaKOH AETEKTOp COCTOMUT u3 629
MHKDOIIONIOCOK. BBIXO/BI MHKDPOMOIOCOK COEQMHEHDI ¢ BXONAMH YCHIMTENEH MO
nepeMeHHOMY TOKy. O6Lige YHCA0 KAHA0B CUHTHIBAHHS AHATOTOBBIX CHIHAIOB
cocrasnser 16000. Peructpauns curHaaoB BHINONHAETCS ¢ NMOMOL{bI0 |28-Ka-
nanmso BUC MXS (cm. 1abn.4), sninonnensoi no 1,5 K-MOTII-TexHonorxu.
KaxXnbiii KaHal MHKDOCXEMbl MMEET Ha BXOJE 3apsiOYYBCTBHTE/IbHDIH YCHITH-
TEJlb, BHIXOA KOTOPOro NOJK/IOYEH K 3alOMHUHAIOLIEMY KOHIeHcaTtopy. CurHaibl
OT KOHACHCATOPOB BCEX KAHAIOB CYMTHIBAOTCA C MOMOWIBI 128-paspsnHoro
CABMIOBOrO peructpa. [lapameTpel MukpoBepunHHOro getektopa OPAL npuse-
nensl B Ta6n.6. B 1991 r. ¢ nomowpio BepinHHOIO aetekTopa Gbulo 3aperucr-

pupoBaHo nopsaaka 250000 agpoHHbix Z O-pacnauoa. Tony4yeno Beicokoe paspe-
IIEHHE NPHLEIBHOIO napaMerpa nopsgka 15 Mkm.

B [28] onucan MoangHunpoBaHHbiii BApHaHT MHKPOBEPLIMHHOIO HETEeKTopa
OPAL c #ByXKOOpAMHATHBIM CUMThIBaHHeM. OIHaKO HCMonb3yeMas cucrema
CYHTBIBAHUS NIPHHLHIHATIBHO OT/IHYAETCH OT CHCTEMBI, IPUMEHSEMON B HETEKTO-
pe ALEPH. Otyacth 370 06bscHseTcs TPYRHOCTAMH TEXHOJIOFMHECKOro Xapax-
Tepa. [loaToMy ans uTenus BTOPOil z-KOOPAMHATB GBUIO RPHHSTO npocroe
PCLICHHE MyTEM CKJIEHBAHHA NBYX IUIOCKOCTEH MHKPOMNOJOCKOBBIX AETEKTOPOB,
OpHEHTHPOBAHHLIX B (- H Z-HANPaBJIEHHUAX COOTBETCTBEHHO. [UI MPOXOXICHHSA
CHFHa/OB, COOTBETCTBYIOLUNX Z-KOODAMHATE, K YCWIHTENISIM, PAaclOSOXEHHbIM B
TOH Xe 06/1acTH, Iie HaXOMATCH YCWIMTENH CUHTHIBAHHS, COOTBETCTBYIOLIHE -
KOOpAHHATaM, MCTIONB3YIOTCH MEYATHbIE 30/I0YEHbIE KOHTAKThI, PACMONOXEHHbIE
Ha CTEK/IAHHOH NoWIoxXKe. B Tabn.5 npuseneHb napameTpsl MUKPONONOCKOBOIO
MOZYJNS.

Tabnuua 5. Tlapamerpsi MHMKpOIIONOCKOBOTO MOLYIN
MoanpuunposanHoro aerexropa OPAL

IMapamerp -IUIOCKOCT Z-TUI0CKOCTh
TonimHa KpeMHHUs, MKM 250 250
[Ilar MEKPONONOCKH, MKM 25 25
Lllar MHKPOHOIOCKH UTEHHS, MKM 50 100
CobcTBeHHOE paspelieHHe, MKM 5,0 13
Yucno kaHanoB yTeHus 629 584
OrtHoluenune curaan/mym 24 20
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Tabauna 6. Ilapamerpsl MHKpoOBeplIHHHOTO XerekTopa OPAL

IMapameTtp Benuuuna
Yucno cnoes 2
Konu4yecTBo MHKPOIIOIOCKOBbIX JETEKTOPOB:
BHYTPEHHHUH CIOH 11
BHELIHUH CIION 14

DddekTUBHBIA panuyc Clos, MM:

BHYTPEHHHI 61
BHELIHUI 75
(P-aKCelNTaHC!

BHYTPEHHHH CIIOR 88%
BHELLUHUH C10¥ 91%
KonnyecTBo KaHanos 30325
CHCTeMa OXNaXAEHHS Bonsxas

Puc.19. O6wmit BUR KoHcTpykuuu nerektopa OPAL: I — onopHoe KoJbLIO,
2 — 6epuivenas obonoyka, 3 — ONMOPHOE U OXJ1aXAawLlee Konbla, 4 — onop-
HOE KOJIBbLO, 5 — BHYTPEHHHE JIETEKTOPHBIE IU1aThi, 6 — INy4KoBast GepwuineBas
TpybKa, 7 — BHEIIHHE RETEKTOPHBIE UIaThl, 8§ — MHKPOCXEMBI, 9 — cHcTeMa
oxnaxneHus, 10 — tpybku gasnenus, /] — IUIaThl JUIS PETHCTPUPYIOLLEH 3/TeK-
TPOHHKH, 12 — omopHoe Konbuo, /3 — Hanpasisiomue 11 Kabeneit
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Bmecto BUC MXS5 B MoauduipoBaHHOM BapHaHTE JETEKTOPa UCIIONb3yeT-
cq Gonbplias WHTErpanbHas MHKpocxema MX7, rie, B YaCTHOCTH, CYLIECTBEHHO
NOBbIIIEHA pagMalHOHHast CTOHKocTs M Ha 20% NOBbILIEHA [OMEXOYCTOHYH-
BoCTb. [lonyyeno cobeTBeHHOe KOOpAUHATHOE paspeieHue 5 U 13 MKM no Koop-
AUHATaM @ ¥ Z COOTBeTCTBeHHO. OOIme mapaMeTpsl MUKPOBEPUIHHHOTO JETEK-
topa OPAL npusenens B Tabi.6.

Ha puc.19 npusenesa ¢otorpadus mukposepmuHHOro gerekropa OPAL,
YCTAHOBJICHHOIO BOKpPYr MOHOMpoBoza Ha yckopurene LEP.

Mpuxposepumnaasii getekrop L3 [29-—31). BroT netexrop Obin BBEdEH B
SKCIIEPUMEHT CPaBHUTENBHO HenaBHO (B Hadate 1993 r.). B nenom pmerexrop
COCTOMT M3 [ABYX KOHHEHTPHYECKHX CJIOSB LMJIMHAPHYECKOH (OpMBI C pamuy-
camu 6,1 u 7,8 cM cootBercTBeHHO. B xaxmom crioe cogepxurcs mo 12 MUKpo-
NONOCKOBBIX MoxyJiedl TomuuHoi 300 Mxm ¥ mwromansio 7 X 4 cM. Mopayns, B
CBOIO OYEpENb, COCTOUT M3 ABYX MMKPOINOJOCKOBBIX JETEKTOPOB C ABYCTOPOHHUM
CYMTBIBAHHEM, YTO IMO3BOJISIET M3MEPSTH ABE KOOPOMHATHI YacCTHLBI: Z H 1, Q.
OxupaeMoe paspelieHHe IS OQHOTO TpeKa cocTaeiseT 7 U 14 MKM B IUTOCKOC-
TAX rQ) U rZ COOTBETCTBEHHO. OCOOEHHOCTHIO KOHCTPYKUMH MMKPOBEPLIMHHOIO
aerexTopa L3 siBAsieTcs CABUI BO BHEIHEM C0€ MOAY/iei MO OTHOLIEHHIO K OCH
Z Ha crepeoyron 3°, 4TO MO3BONISET WICHTH(UUHUPOBATH MHOTOTPEKOBBIE CO-
6bITHa. Bonee mogpoOHO KOHCTPYKLMS M XapaKTEPUCTUKH MOMYJEH OMMCaHbI B
[29]. MukpoBepLuMHHEIi 1eTeKTOp 06GeCneynBaeT PEKOHCTPYKLMIO TPEKOB dac-
THIL B NoJgpHOM yrie 22° u 158° u mo asumyry 360°. Bonswas uHTErpanbHas
128-xananpHas MEUKpocxeMa SVX, ucnonb3yeMasi I CYMTHIBAHMS JAHHBIX, CO-
JepXUT BCe HeOOXOmUMbIE CXEeMbl, MO3BOJIAIOLIHE YCHIMBATb, 3allOMUHATh M
MyJIbTHIUIEKCHPOBATH IaHHBIE HA OJWH BBIXOOHOH KaHas, KOTOPHI MOAKITIOUEH K
BXOIy ONTHYECKOrO nepenaryvka. (PyHKLUMOHANBHAS IUIaTa C ONTHYECKOH pas-
BI3KOM CONEPXHT Takxe 8-paspsmubiii napauensHsiii AL, ¢ nomomsio korto-
pOro OLM(POBHIBAIOTCA CHTHAIBI, MOCTYNAIOLIME OT JNETEKTOpa, W 8-paspsaHbie
HAII, ucnonssyemsie mis ycranoBku nopora AL u xanuGposku monyns SVX.
Brixonsl pyHKIHOHAMBHBIX IUIAT C ONTHYECKON pa3BI3KOM MOOKJIIOYEHBI K BXO-
JaM CHCTEMHBI c6opa u 06paboTky naHHBIX B craHgapre VME Ha 0CHOBE MHKpO-
npoueccopa TSM 99105.

Mukposepuinnanbiii gerekrop CDF [32—34]. MukposepiuuHHBI JeTeK-
top CDF npennasHaueH Wi NPOBEJCHHS SKCIEPUMEHTOB Ha pp-KOmnaiimepe B
Jlaboparopuu um.@epmu. On Gbin BBefeH B sKciutyaraumio 8 1992 . 3amaua
COCTOAa B TOM, YTOOb OOECIeYHTh TOYHOCTh PErHCTPAlMM TPEKOB IOPSHKA
10 mMxm. O6muii Buy getekTopa npusedeH Ha puc.20. OH COCTOUT M3 yeThIpex
KOHUECHTPHYECKUX CJIOeB. BHyTpeHHUil M BHEMIHHH CoH uMeoT pamuycsl 3,005
u 7,866 cM cooTBeTCTBEHHO. [IETEKTOp IOMEILEH BHYTPH BEPIIMHHON BpEMs-
NPOEKUHOHHOM Kamepsl. B Tabn.7 npuseneHsl HapamMeTpbi MHKPOBEPUIMHHOTO
- AeTeKTopa.
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Puc.20. O6wwit Bun KoHcTpykumu aerektopa CDF

Tabmnua 7. IMapamerps MuKpoBepmHHHOrO nerextopa CDF

IMapamerp 3HayeHHe
Konuuectso cnoes 4
BHyTpeHHuﬁ/BHémHnﬁ panuyc, cM 3,005/7,866
MHKPOIIONOCKH, MKM 60, cion 0-2; u 55 — cnoit 3
AKXTHBHag JUTHHA, CM 51 (2 x 25,5)

Paspemrenne, MKM
TexHonorus
OrHowenue curnan/mym
Yucno xananos
Konnuectso Mukpocxem

‘MousocTs paccesHus, MBT/MuKpocXeMa

O6uias MomHOCTE paccesHus, Bt
Bpems cumtsiBanus, mc
Oxnaxnenne

Teprox BCTPEYH NyYKOB, MKC

10 (npuuenbHbIi napaMeTp)
OIHOCTOPOHHEE CYHTHIBAHHE
9—10

46080

360

175

100

1-2

poggnoe, 14°C

3,5
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Herextop CDF COCTOMT M3 YETHIPEX C/IOEB MHMKPOIOIOCKOBBIX JETEKTOPOB
C ONHOCTOPOHHHM cuuThiBaHHeM (nopsaka 40000 kananos). Pasmep mukporno-
NIOCKH 25 MKM, LIar MeXiy MHKpPONONOCKaMM 60 MKM y BHYTPEHHEro CJIos M
110 MkM y BHewHero, muHa 8,5 cM, TomumuHa 300 Mxm. Monyiu MHKpOIO-
JIOCKOBBIX NETEKTOPOB HMEKT MAaKCUMalbHYI MIHHY 510 MM; Kaxmsiii Momyib
COCTOHT M3 TPEX MHKPOIOJIOCKOBBIX JieTexTOopoB. B [32] npuBomsatca takxe xa-
PAKTEpHCTHKHM 128-KaH&IbHOH MHKPOCXEMbI, MCMONL3YEMON IS yCHIEHHS M
peructpaumu curHanos. Ha onHo coBeitue npuxoaurcs 60-100 K6aiit gaHHbIX.

MHKpOBepIIHHHbIE NONYNPOBOIHHKOBBIE AETEKTOPHI /I KCIIEPHMEHTA
ATLAS [35]. ins Gynywero akcniepumenta ATLAS npemiaraercs clIOXHast CHC-
TEMA TPEKOBbIX AETEKTOPOB, BKJIIOYAIOWIAs HECKOIbKO THIIOB MOMYHPOBOIHHKO-
BbIX MMKPOBEPUIMHHBIX AeTeKTOpoB. Ha puc.2]1 npuseneHa cxema TpekoBoii cHc-
TEMbl, NMPHYEM PaCCMATPUBAOTCS [ABE KOHLENMLMU YCTAHOBKH, KOTOPbIE HaXO-
AATCA B CTaOMH HCCNENOBAHMA. 30eCh MBI PAacCMOTPHM KpaTKOe ONMHCaHUe
MHKPOBEPLIMHHBIX MOMYIIPOBOAHHKOBEIX JeTeKTOpoB. OCHOBHblE Tpe6oBaHUs K
BHYTPEHHEMY MHKPOBEPIUMHHOMY NETEKTOPY 3aKJIIOYAIOTCA B CIIEAYIOLIEM.

1. BbicoKO€ NpocTpaHCTBEHHOE pa3spelleHHe nopsaka 5—10 MKM.

2. Boicokoe GbicTponeiicTBHe: MOHOE Bpems c6Opa 3apAloB HOIKHO COC-
TamiATh 20-30 HC 118 nerekTopos TonmuHoNH 300 MKM.

3. BeicokOe paspelueHue ABYX TPEKOB: THIMYHAs BelHUMHA — 150 MKM.

4. Boicokas paguaLMOHHas CTOMKOCTb.

BHyTpeHHHIT MHKPOBEPUIMHHBIA [ETEKTOP COCTOMT M3 TPEX KOHUEHTPH-
YECKHMX IUIOCKOCTEH, pacrojoXeHHbIX Ha paccTosHuU oT 10 + 30 cM OT HOHO-
nposoxa. [Ipeanonaraercs, yto 6yayT MCHONB30BaHBI MHKPOMOIOCKOBBIE HETEK-
TOpbI C IBYCTOPOHHUM CUMTBIBAHHEM WIIM BYXKOOpAHHATHbIE (pixel) nerexTopsi,

n=029

Puc.21. Crcrema TpekoBsiX netekTopos ycraHoBkn ATLAS B paspe-
3e: ] — MHKpOMNONOCKOBLIE [a30BbE CYETYHKH, 2 — HOHOMPOBOL,
3 — nonynpoBOJHMKOBHIE NETEKTOPHl Ha OcHoBe GaAs, 4,5 —
TI0yTIPOBOJIHHKOBBIE AETEKTOPHI
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KOTOpbI€ MO3BOJIAIOT U3MEPUTH BEJIMUMHY NPHLENBHOIO MapaMeTpa ¢ TOYHOCTHIO
J0 25 MKM.

MukpononockoBslif  metekTop Ha oOcCHOBe GaAs [103BOIMT YAYYLIHTB
UMIyJIBCHOE paspelieHHe B o6nactu ¢ Gonbiumm ypoHem pamuaumu. Tperwii
BHEIIHHH TIONYIIPOBOIHHKOBBIH HETEKTOP B COYETAHHM C BHYTPEHHHUM [ETEKTO-
poM ofecnieyHBaeT TOYHOE M3MepeHHe HMIYJIBCOB 3apAXEHHBIX YacTHL B LIEHT-
PaIbHON 06N1acTH TPEKOBOH CHCTEMbl M BHIPAaGOTKY HaHHBIX iIs TpUITEPA BTO-
pOro ypoBHs.

MuKpoBepIIHHHEBIH NOIYNPOBOXHUKOBLIH AETEKTOP AId 3KCIEePHMEHTA
CMS [36]. Crpykrypa umunuuapuyeckoii yactu aerektopa CMS, coctosueii B
OCHOBHOM M3 MHMKpOIIOJIOCKOBBIX Tra30BBIX [ETEKTOPOB, OyHeT paccMOTpeHa
Huxe. OCHOBHbIE TPeGOBAHHS K MHKPOBEPIIMHHOMY JETEKTOPY 3aKJIIOYAIOTCH B
TOM, YTOOB! 0GECnEYHTh NMPOCTPAHCTBEHHOE pa3pelleHue r, (p-KOOpAHMHAT C TOY-
HOCTBIO 10 25 MKM M BBICOKOE pa3spelleHHe no uMnynbcy. JleTanbHble Hccneno-
BaHHUA MOKa3alH, YTO MHUKPOIMOJOCKH HIMHOH 125 W ¢ warom 50 MkM obec-
NEYHBAIOT KAYECTBEHHOE BOCCTAHOBJIEHHE TPEKOB H  YIOBIETBOPHTEIbHOE
uMIynbCHOE paspeluenue. Takoil BaxHbiif napaMerTp, Kak eMKOCTb AETEKTOPa,
RIMSIOWMKA Ha YPOBEHb LIYMOB, H0JXeH ObTh MeHee 10-20 nd.

TpeGoBaHHS K 21EKTPOHHKE MHKDOBEPIIHHHBIX 1€TeKTOPOB. KpemHue-
BBIH JICTEKTOp He 06/1anaeT CBOHCTBOM BHYTPEHHEIO YCWIEHHS, NI03TOMY Ha BXOX
YCHIHTENS MOCTYyNaeT 3apsi, PaBHbIA YMCHY 3NIEKTPOHHO-ABIPOYHBIX Map, BO3-
HUKAIOWHX TpH  MPOXOXIEHHM 3apaXeHHO# wacTuupl. OT cTaHgapTHOro
Kpuctauia ToniuuHOR 300 MKM MOXHO NOJYYHTh CHTHAN, SKBHBAJIEHTHBII

25-10° anekTpoHaM. [T03TOMY U1 KpEMHHEBBIX JETEKTOPOB HEOGXOAUMBI BBICO-
KOKayecTBeHHbIE Manowymsune ycuaurenu. B [37] nokasano, uto cpeau Tpex
CXeM NpefyCHInTeNeH (3apsaaouyBCTBUTENbHBIA, YCHIIMTENN TOKA M HANPAXEHUs)
M1 9KCMEPUMEHTOB B (DU3MKE BLICOKHX DHEPruil Haubonee NpeanoYTHTEbHbIM
ABJIAETCS YCHIHTENb HanpsixeHusa. Beneacrsne cTabuibHOCTH BBIXOOHON eMKOC-
TH JETEKTOPa HMEETCs BO3MOXHOCTb BBIMOIHATL WHTEIPHPOBAHHE BBIXOIHOIO
CHrHa/a HEMOCPEACTBEHHO Ha Bxole ycwintens. Kpome toro, ycunurens Hanps-
KEHHA HUMEET JIYYillyl0 NMOMEXOYCTOHYHBOCTh MO CPABHEHHI) C 3apsNOvyBCTBH-
TEbHBIM yCHiHTeNieM. OGbIYHO yCWIMTENH [UIS MUKPOIOJIOCKOBBIX JETEKTOPOB
BBIMOJIHAIOTCA MO THOpUAHOIE TexHONMOrMKM. B manHo# paGore PaccMOTPEHBI TaK-
xe cnocobsl opMHPOBaHHS M CTPOGHPOBAHHS CHMIHala, HEOOGXOMHMBIE s
¢duibTpauuyu myMoB H ouudposky ¢ nomomsio AL,

Bonsioe 4ucio xananos perucrpaunn B BepIIHHHDBIX HETEKTOPax HPHBOXMUT
K HEOOXOIHMOCTH CO3IaHHA IKOHOMUYHOH CXEMBI CUHTHIBAHMS JAHHBIX OT Je-
TEKTOPHBIX MiockocTeit. [Ipo6iemMa cOCTOMT B TPYRHOCTH COMIACOBAHHS MHHMH-
MAIBHBIX pa3MEPOB KPHCTalla JETEKTOpPa C PealbHBIMH PasMeEpaMH DerHCTpPH-
pylowieii NMeKTPOHHKH. [ToaToMy TakMe ycTpOMiCTBa BHIMONHSIOTCS B BUIE
OTHENBHBIX MHKPOCXeM. D(pheKTHBHAA MOHONMTHAT MHUKDOCXeMa OMMCAHA B
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pa6ote [38]. Ona Brinonuena no K-MOII-texHonoruu u conepxut 128 KaHanos
perucrpauuu. C UENbIO NOBBILEHHS TOMEXOYCTOHYMBOCTH B CXEME NpPEMYCHITH-
TeJs MCHNONB3YeTCs MeTod BHIOOPKH C IBOHHOM Koppensuued. Momyns umeer
OfIMH BBIXOJ OT CABUTOBOIO perucTpa. BaxHo, uto morpeGnsemas MOLIHOCTD Ha
KaHal He npespiaer 1,6 MBT. B paGote [39] omncana IBYXMOAyJbHasd 64-xa-
HalbHas cucteMa ¢ Gyceproii namarteio Tuna «FIFO», 4To no3sonser cymect-
BEHHO MOBBICHTE CKOPOCTh CUMThIBaHHA uH(GopMauuu. B nepsoM monyne comep-
XKaTCs yCHIIUTENIM M KOMIApaTrophl, a BTOpas MHKpOCXeMa NpeiHa3HayeHa st
XpaHeHus 1aHHbIX. [TamaTh paGoTaeT B peXHMe «NEpBBIA 3aMHCAaH — IEPBbI
CUHTaH», YTO NMO3BOJET IO MEPE MOCTYH/IEHHS TPHUITEPHBIX CHUTHANOB PETUCT-
PHMPOBATh TOJIBKO IOJIE3HBIE COOBITHSI.

BecbMa nepcrnieKTHBHBIM HaIIPaBieHHEM B 9JIEKTPOHHBIX CHCTEMAX CUMTHI-
BaHUS I MHKPOIOJIOCKOBBIX JETEKTOPOB SABJIETCA HCIIOJB30BAaHHE KOHIEHCA-
TOPOB, MEPEK/IIOYacMbIX C MOMOLUBID TPAH3HUCTOPHBIX KIOYEH, paboTaolux B
KOHBEHEPHOM pexume. B Takofi maMaru curHan nepegaercsi (COBHraercs) OT
OJJHOrO KOHJEHCAaToOpa K ApyroMy ¢ Gonbluoii ckopoctsio. CyTh npo6nemsl 3a-
KJIIOYaeTCst B TOM, YTO I OyTymiux SKCIEPUMEHTOB Ha KOJUIaiiepax, Ijie YHCII0

KaHANOB CYMTHIBAHUS B MHKPOBEPIIHHHBIX IETEKTOPAX MOXET cocTasnsts 10° u
Gonee, TpebyeTcs co3maHNE TOMEXOYCTOMYMBBIX MHKPOCXEM C MOl OTpe6ise-
Moi MowHOCTBIO. Kpome TOro, CymecTBEHHBIM HELOCTATKOM HCHONb3YEMbIX
MHMKPOCX€M, NapaMeTpbl KOTOPBIX NEPEYUCIEHb! B Tabi1.4, IBISETCS TO, YTO OHHU
He NpHCHocobeHbl i paboThl B KOHBEHEPHOM PEXHUME, XapaKTEPHOM IS 9KC-
NEPUMEHTOB Ha KOJUIaiifilepax ¢ MajibiM NEPHOIOM BCTPEYH CrycTKoB (GaHueii)
vactul. Kak u3sectHo, 310 Bpems (16 + 96 HC) HaMHOTO MeHbLIe, 1O CpaBHe-
HMIO C BpeMeHeM paGOThl TPUITEPHOH CHCTeMbl NEPBOrO YPOBHS (MOpAAKa
1-2 wmkc). B [40] onmcana aHamorosas 3agepxka-6ydep, BHIIOJIHEHHas [0
1,2 Mkm K-MOII-TexHONOrMH ¥ npefHa3sHaYeHHas VIS PETHCTPALMH JaHHbIX OT
N0JyNpOBOAHUKOBBIX AeTeKTOpoB. Ilocie ycuneHMs ¢ MOMOIIBIO 3apsmOBO-
YYBCTBHTEJIBHOTO YCHJIHTENS CHUTHaTH rnocTynaiot Ha Bxog CR-RC ¢opmuposa-
TeJIs C HHKOBBIM BpeMeHeM 45 nc. Jasnee cthopMEpOBaHHbIE CUFHAHI CIBUTAIOTCS
B aHa10roBbIi Oydep, obecneunsarommii 3anepxky 1,2 mkc. ITocne nocrymnenus
TPHITEPHOTO CHIH/IA NIEPBOTO YPOBHS aHATOTOBbIE BHIGOPKH MOCTYIIAIOT Ha Clie-
AYIOWMH YpOBEHb KOHBeHepa, Iie CHrHamst o6pabaThIBAlOTCE C 4acTOTOM
100 xI'n.

[TockonbKy aHamoTOBbIE 3aMOMHHAIOIINE YCTPONCTBA MCTIONB3YIOTCS TAKXKE
B IByXKOOPAMHATHBIX HETEKTOpax (CM. HMXE), PACCMOTPHUM KPaTKO MPUHIHUI
AedcTBus Takoro ycrpowcrsa [41]. Ha puc.22 mpusenena 6oK-cxema OZHOTO
KaHalla aHaI0roBO NMaMsTH Ha NMEPEKII0YAeMbIX KOHIEHCATOpax. AHANTOrOBBIi
CHIHl1 MOCTYNaeT Ha BXOX MaMsTH depe3 HU3KooMHb kmou K1. 3anomunaro-
Was A4eHKa COCTOMT U3 KOMIUIEMEHTAPHOTO KilioYa (M3 n- U p-KaHATBHBIX TpaH-
3UCTOPOB, CTOKM KOTOPbIX BKJIIOUEHBI MapalielbHO) W ABOHHOIO IOTHKDEM-
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Puc.22. Kanan aHanoroBodl mamaT Ha nepeKiiouaeMblX KOHIEH-
caropax: K1 + 1(256 ~— xmoun; TH1, TU2 — rakToBhIE HMITYJIbChI

HHEBOTO KOHAEHCaTopa eMKocTelio 1,5 nd ¢ tonumuoii ausnekTpuka 700 A.
CaBUr BXOIOHBIX CHTHAIOB NPOHCXOIMT B MOMEHT MOCTYIUICHHS TaKTOBOTO HMM-
mynsca Ha oba TpansucTopa (Ha puc.22 KiIIOYH n300paxeHsl yNpOIIEHHO).
BHeunee HanpsikeHHe CMeUIEHHs NMPHKIANbIBAETCA K HUXKHHM IUTACTHHAM KOH-
AieHCcaTopoB ¢ noMoulpio Kmoya K,. B pesynbrare HanpsikeHue, 3anoMuHaeMoe B

KaXJ0OM KOHAEHCATOpe B MOMEHT CHBUra, COOTBETCTBYET pa3HHLE MEXAY Hamps-
XKE€HHUEM BXOJHOIO CHrHajia u HaMpsIXeHUEM CMEUIEHUA. Hepe;( YTCHHUEM 3aKpbl-
BAIOTCs KIJIIOYH Kl Hu K2 TeM cambiM OT BXOJa MaMATH OTKJIIOUAETCA BXOIHAas

MarucTpasjab U HHXHUE IJIaCTHHBI KOHJI€HCaTOpOB, X C IOMOLLUBI0 KJII0Ya K4 noa-

KJTIOY3ETCs BBIXOAHOM YCHIMTEND. YacToTa 3a0MCH CHUTHANOB MOXET COCTABIISTh
100 MT'u. KoHuenuus nepeksoyaeMsix KOHIEHCATOpOB 9GeKTHBHO MCIONb3Y-
€TCS TAKXe IPU CO3AaHUH 32-KaHIBHOH aHaNoroBoit mamaru [42].

4. MHKPOIIOJIOCKOBBIE T'A30BBHIE JETEKTOPBI

Brieperie MHKpONONOCKOBbIE Fa3oBble AetekTopnl 6bUiH onmcansl B [43,44].
IlporoTHnamn Takux [eTEKTOpOB SIBIAIOTCSH MHOTONPOBOJIOYHEIE  MPONOP-
LMOHATbHBIE KaMePbl U MUKDPOIIOJIOCKOBbIE NOJIYHPOBOIHHKOBbIE feTeKTOphi. Ha
puc.23 npuseneHa cxema nerektopa [45]. OH umeer MOWIOXKY M3 M30JISILMOH-
HOTO Marepuana, Ha KOTOpOH cpOpMHpPOBaHbl TOHKHE METATHYECKHUE aHOLHBIE
M KaTOIHBIC MOJIOCKH TOIMHOH HECKOJIBKO MHKPOMETPOB. THIMUHbIE pasMepsl
AHOMWHBIX H KaTOMHBIX MUKPONOIOCOK cocTaraoT 10 u 80 Mxm. OnM pacnono-
XeHbl ¢ waroM 100 MkM. Pa3HOCTs NMOTEHUMATOB MEXIy aHOZHBIMH M KaTOJ-
HBIMH 9JICKTPOAMH CO3NAET BIEKTPHUECKOE TONE OKOJIO aHOAHBIX MHKPOMOIO-
COK B IOCTaTOYHOH CTeNeHH, YToObl 0GeCHeunTs ra30B0e YCHICHHE 3JIEKTPOHOB.
Karonusie anexTpoms! pacnonaralorcs Ha pacCTOAHHH B HECKONbKO MHJUTHMET-
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2-5 MM /|

Puc.23. Cxema MMKPOIMOOCKOBOIO ra30Boro perexropa: I — Tpex
3apSKEHHOM YacTHIBl, 2 — KaTo[Has IUIOCKOCTh, 3 — MOMIOXKKA,
4 — 3neKTpOll, 5 — BHICOKOBONBTHOE HanpsxeHue, 6 — uugposoit
BBIXOf1, 7 — aHAIOIOBBI BbIX0A, 8 — aHOIHbIE MONOCKH, 9 — mone-
Bble nonocky. TonuuHa nowioxkd 150 + 500 Mkm

POB Hal MOBEPXHOCTHIO JUIA TOTO, YTOGHI rapaHTHPOBATh Apeid) IEKTPOHOB B
' HaNpaBJIEHHH AHOMHbIX MHKPONONOCOK U obecneunTs GOPMHPOBAHHE 3aMETHOTO
curHata. Tak xe, Kak U B OGBIYHON MHOrONPOBOJAOYHOH MPONOPUHOHANLHOH
Kamepe, Hapsmy C OTPHLATENIbHBIM CHTHATIOM, KOTOpbiil Gopmupyercs B o6nactu
ofnaka 3MeKTPOHOB, HAa COCEJHHX KATONHBIX 3JIEKTPOAAX HABOAWTCH HMMIIYJIbC
HOJIOXUTENBHOM MOJISPHOCTH, YTO NMO3BOJAET YNYYIIHTh MPOCTPAHCTBEHHOE pa3-
pelleHHe HEeTeKTOpa ¥ NaeT BO3MOXHOCTh PETHCTPHPOBATh BTOPYI0 KOODAMHATY
YacTHLIb.

Meronuka MUKPOIIOJIOCKOBBIX Ta30BbiX ACTCKTOPOB pacCMaTPHBACTCA Kak
OOHO K3 NMEPCHEKTHUBHBIX HaﬂpﬂBﬂCHﬂﬁ s 6y)1yI.IIHX IKCHNECPHUMEHTOB Ha KOJI-
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Puc.24. 3arpy3ouHas xapakTepucTHKa MHOIOIIPOBOJIOYHOH NPONOPUHOHAILHOM
Kamepbl

nainaepax. OTMEYAIOTCA CNEQyIOLUHE NTOOXKUTENbHBIE KAYeCTBA HOBBIX AETEKTO-
POB: OTHOCHTE/IbHAs MPOCTOTA KOHCTPYKLMH, HH3Kas CTOMMOCTb, BbICOKAS
PallHaLHOHHA’ CTOHKOCTh, W, YTO BEChMa BaXHO, HAIMYHE Ta30BOTO YCHICHHS
[O3BOJIIET YNPOCTHTDH IEKTPOHHYID CHCTEMY CUMThIBAHMA. Ellie OOHHM BaXXHbIM
KaueCTBOM TaKHX [ETEKTOPOB siBiseTcs Oosiee BHICOKOE ObICTPOMEHCTBHE 10O
cpasienuio ¢ MIIK. Ha puc.24 npusenena kpusas, xapaKTepH3syiowas OTHO-
CHTEJIbHOE YCWIIEHHWE B 3aBHCHMOCTH OT CKOPOCTH cyera. [Uisi cpaBHEHMS Ha
PpHC.25 NpHBENEHb 3HAYEHHS ITOTO XK€ 1apaMeTpa JUTA MHKPOIIONOCKOBOTO ra30-
BOro fierekTopa [46]. Takum 06pa3oM, MHKpOMNOJIOCKOBas ra308as Kamepa MOXer

paBoTaTb B YCNIOBHSIX IOTOKOB, MPEBHILAIOLIMX 10° vactuu na MM 2 - ¢,

B nocnentee Bpems BeneTcs GosbLIOe KOJTHYECTBO HCCNEZOBAHMIA, Hanpas-
JIEHHBIX HA COBEPIICHCTBOBAHHE MHKPOTIONIOCKOBBIX ra3’oBbix AETEKTOpoB. Tak,
pa6ora [45] noceslueHa HCCNENOBAHUIO BIMSHHS Pa3TUYHBIX Ta30BBIX CMecei Ha
XapaKTEPUCTHKH Kamepsl. [Toka3ano, 4To ¢ Lesbio JOCTHXEHHS BBICOKOIO paspe-
LWIEHHS BECbMA MEPCMIEKTHBHBIMM SBJIAIOTCS [BE ra3oBbiE CMECH: Xe/DME/CO2

30/30/40 u DME/CO, 60/40 (DME — mumerunagup). Ionydena xopouas ac-

thexTHBHOCTL M paspenienne 30 MKM B ra3oBoM ofbeme TonuuHod 2,8 MM. B
[47] omucaHO yCTPOHCTBO M KOHCTpyKuHS MHKPOINOJIOCKOBOM ra3oBOH KaMephl,
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Puc.26. Bun coneHoupansHoro gerektopa (CMS) B iockoctH rz:
1 — MHKpPOTIONIOCKOBHIE FA30BBIE CUETYHUKH, 2 — KPEMHHEBBIE e~
TEKTOPHI

omuyaoiecs 6onbinoi nopepxHocTsio (10 X 10 cM), ¢ BOMOXHOCTBIO YTEHHS
CHTHTOB KaK OT aHOXHBIX MHUKPOIIONOCOK, TaK U OT Karoaubix. B [48] 0606ma-
I0TCSl OCTHXeHUs B 00/IaCTH METONMKM TaKHX HAETEKTOPOB: TOYHOCTH Olpede-
JIeHMs KOOpAMHATHl WISl MHHHMAIbHO MOHM3MPYIOLIEH YacTHIBl COCTaBJISET
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Puc.27. Bun coneHoMpanbHOro JerekTopa
(CMS) B mitockocTH r: | — BHELIHHE MEKPO-
TIOJIOCKOBBIE Ia30BbIE CYETYHMKH (KaMephbl); BCero
uMeerca 68 cueTyMKkoB Ha OmMH cnoii; 2 —
BHYTPEHHHE MHKPOIOIOCKOBBIE Ta30BblE CYET-
YHKH; Bcero umeercd 40 CYETYMKOB Ha OOUH
CI0#; 3 — NOMYIMPOBOAHUKOBbIE MUK POTIONOC-
KOBBIE IETEKTOPbI

30 MKM, YTO syulue, YeM TOYHOCTb ApeidOBBIX KaMep, M NpubIMXaeTcs K TOY-

HOCTH MOJYNPOBOAHUKOBBIX MHKPOIOJIOCKOBbIX AETEKTOPOB, BbICOKas CKOpOCTBb

cuera (cebime 108 mm~2 'c_l) H Xopoilee 3HepreTHYeckoe paspelueHue. B [49]

MPHBEACHbI PE3Y/IbTaThl IPUMEHEHHS MUKDPOTIONIOCKOBbIX Ia30BbiX AETEKTOPOB B
akcnepuMente NAI12. Bbulo ucrons3osaHo BoceMb IUIOCKOCTEH ¢ OBIIMM
uucioM KaHanos cuutsiBanus 1100. B [50] onucan npoekT npumeneHus B Ka-
YECTBE LIEHTPAIBHONO AETEKTOPA MHKPOMOIOCKOBBIX a30BbIX MJIOCKOCTEH B KOM-
NaKTHOM MIOOHHOM conieHouae (CMS). Tpekosas cucrema cocToTH M3 IBYX ya-
CTeii: NepefHel CEKUMH U MHOTOC/IOHHOIO AETEKTOPA UHIHHAPHYECKOI topmsi,
BHJL KOTOPOTO B pa3pese B IUIOCKOCTH 1Y MOKa3aH Ha puc.26. Llentpanbhbiil cioii
YCTaHOBKH MpeAcTaBiseT co6oi nomynpoBOAHHKOBbI MHKPOMONIOCKOBbIi eTeK-
TOp, Ii€ NETEKTOPHBIC 3JIEMEHTHI PACMO/IOXEHb MapaLIebHO OCH NMyyka. Bro-
POH W TPETHii CIIOM COCTOST M3 MMKPOMONIOCKOBbIX [a30BbIX JETEKTOPOB, HMe-
I0IKX JiMHeiiHbie pa3Mepsl 100 X 100 MM 1 TonmmuHo# 2-3 MM. B cBolo odepenp,
KaxIblil ClI0H pa3sfesieH Ha OTAENbHbIE CYNEPCHOH, KaK 3TO BHIHO M3 puc.27.
ToyHOCTb pervcTpalMM KOODAMHAT NpPH CYMTHIBAHWM THCKPETHBIM CIIOCOGOM
AOMXHA COCTaRNATh 40 MKM, a NPH CYMTBIBAHHH C KATOAHBIX MHKPOIMOIOCOK —
He MeHee 30 MkM. B nepenneii yacTH MHKpONONOCKOBOrO ra3oBOro etekTopa
CMS neTekTOpHbIE MEMEHTbI PACMONOXEHH PANMATBHO 110 OTHOUIEHHIO K OCH
nyuka. Mcnons3osanue ferekTopa ¢ GoMbLIOH AHCKPETHOCTBIO IO BCeMy obbemMy
MO3BOIUT TOBBICHTh MMMYIBCHOE H3MEPEHHE 3apSKEHHBIX YACTHIL, YIydLIHTH
TOYHOCTh PErMCTPAUHH KOOPAMHAT YaCTHL M YNPOCTHTh KOHCTPYKLHIO JETEK-
Topa B uenoM. Ha puc.27 npusesena cxema perexropa CMS s pa3pese B
TUIOCKOCTH rZ.

JIByXKOOpAHHATHBIE MHKDOBEPIIHHHbIE AETEKTOPbI. JIByXKOOPAMHATHBIIH
(nuKcenp) JeTeKTOp mpeactasiser coboi NONYNPOBOAHUKOBLIA npHOOp ¢ Gonb-
MM KOTMYECTBOM IETEKTOPHBIX 3/IEMEHTOB, PACHONOXEHHbIX Ha AByMEPHOI
IUTOCKOCTH. JIByXKOOpIMHATHbIE MHUKPOBEPIUMHHBEIE HETEKTOPH HMMET Gonee
IIMPOKHE MEPCNCKTHBE PA3BHTHA 110 CPABHEHHIO C ONHOKOOPAMHATHBIMHU JETEK-
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topamu. Tak, B mpouecce onpeae]eHAs KOOPAHHAT A YacTHL C MOMOILUBIO OIHO-
KOOPIOMHATHOM JETEKTOPHOH IUIOCKOCTH MOPOXIAIOTCS CTOJIBKO Xe Heolpese-
neHHocrel («ayxos»). Ecnu ke MHUKPONOJIOCKOBbI JETEKTOP MMEET JBe ILIOC-

KOCTH, TO TPH PEKOHCTPYKLMH TPEKOB YaCTHIX IOJYyYaeTCs n* «ayxoB». s
OIHO3HAYHON PEKOHCTPYKLMM MHOTOTPEKOBbIX COOBITHH TpeGyeTcs AETeKTOp,
coctosimit u3 mecty mockocteil [S1]. Takoit moaxox ABAIETCA HEIIPUEMIIEMbIM
BCIEACTBUE Clenyounx (hakTopoB: TOJMILIKMHA MaTepHala, MOUIHOCTD paccesHus,
BpeMsi CuMThiBaHMS M T.1. [losToMy Oonee nepcrneKTHBHBIMM SBIATCA JBYX-
KOOpAMHaTHBiE feTekTopsl. Hanbosnee mupoKoe NMPHMEHEHHE B KAYECTBE TaKMX
netekTopos HaxomsaT [13C-MaTpulLibl M KPEMHHEBBIE HETEKTOPBI.
Jleyxxoopounamnsie demexmopsi, co3oasaemvie na ocnose II3C-
mampuy. TInoHepckue ucciefioBanus mpuOopoB ¢ 3apsjoBoit cesseio (I13C)
[52] nokaszanu, yro [13C-MaTpunbi MOXHO YCIEIIHO HCIIOAb30BaTh /I CO3MaHU
NPELM3MOHHBIX AETEKTOPOB BJIEMEHTAPHBIX 4acTHIl, B TOM YMCIIE U B KaueCTBe
BEPIIUHHBIX AETeKTOpoB. THIHYHbIE
. II3C-marpuibl, Ucnonb3yeMble B Ka-
‘_{ CP4 J 4ecTBE AETEKTOPOB, HUMEIT CIEmyHo-
’ 1 l T T f ' 1 l iK€ XapaKTepUCTHKH: MPOCTPAHCT-
BEHHAs! TOYHOCTh COCTABIAET 3 MKM;
on paspewieHde ABYX TpekoB 60 MKM;
o |t BpeMeHHOe paspemienne 500 Hc;
o2 s BpeMsi uTeHus 4-5 Mc U panua-

LHOHHAsA CTOMKOCTH 3.10° pan, 4TO
SKBHUBAIEHTHO paboTe B TeueHUe
roga Ha Iy4ke € HHTEHCHBHOCTHIO

% AP
1 0B

10% B Ganue. Tak xe, Kak 1 MHKPO-
. 7 nonockossie perektophl, I13C-mar-
pHLBl HCHONB3YIOTCE Kak B 3KC-
3e nepUMeHTax ¢  (PUKCHpPOBAHHOM
MHLIEHBIO, TaK M Ha KOJUlaiizepax.
Nyyok ~ [ on  IompoGHoe omucaHHe TpUHLMNA
i peiicreus [13C-marpun comepXurcs

N

Puc.28. Meron coBMeLIeHHS perucTpauuu
3 o 3aMIOMHHAHMS JaHHBIX, MPUMEHAEMBIH B
MHKPOBEPIIMHHEIX JETEKTOPaX Ha OCHOBE
M3C-marpun: CP1 u CP2 — caBurossle
l l l l l l l L perucrpel; OIl — obnmacte namaTH;

J_’ OB — o6nacrs gerexTopa; / + 4 — cpa-
6oTaBuIMe SYEHKH
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B 0030pe [53]. AKTHBHasi MOBEPXHOCTh MaTpHibl 06BYHO paBHa | CM2, a pa3Me-
PBI OOHO#M A4edkd — 22 X 22 MkM. B akcnepumenrte NA32 BepuinHHbIi aeTek-
TOp, Hapsagy ¢ I13C-matpuuaMH, COEEPXMUT TaKXe BOCEMb MMKPOIOJOCKOBBIX
nerextopoB. Ilockoneky IT3C-marpunsl Moryr paborats 1pu Gosbluel mior-
HOCTH TPEKOB, TO OHHM NoMewatTca Onuxe K MulieHH. TOYHOCTH perucTpauuu
NEepPBUYHON BEPUIMHBI PAcHafa B TAKOM JETEKTOpE COCTaBisieT 2 MKM [54].

B skcnepumenTax ¢ MKCHpOBaHHOH MHLIeHbl0 Teseckon u3 [13C-marpuu
UCIONb3YeTCsl COBMECTHO € AKTHBHOW MHLIEHbIO. MHHUMAIbHO MOHM3UPYIOLIAs
YyacTHUa Mopoxnaer B Agetrekrope 3apsaa, pasHbiid 1000 snektponam, u ans
YMEHBIIEHUs YPOBHS LIYMOB JETEKTOP IIOMEIIAETCS B KPHOCTAT NP TEMMepary-
pe azora. U3sectunl Ba MeToaa uteHus navusix ot [13C-matpuu, ucnonb3yeMbix
B KadecTBe AeTekTopos. B nepsoM metone [55] mee M3C-marpuust pacnonara-
I0TCSl TaK, YTO OHHM TOJIBKO YaCTHYHO nepekpbiBaloTes (puc.28). B pesynsrare
10/1y4aTcs aBe 30Hb. O6Ias 30Ha HCHOMB3YeTCS KaK JETEKTOP, a OCTAaBILAsCS
4acTh -— B KauyecTBe naMaTH. [IpHyeM cunTbIBaHHE BHINIOAHAETCS C 4YACTOTOI
I MI'u ¥ B NPOTHBOMOJIOXKHBIX HANPABAEHHSIX, YTO YIIPOILAET UAEHTUDHKALMIO
Tpekos. Bo Bpems Ganua pmaHHble casuraiorcs B 00/1acTh NaMSTH W HOCHe 110-
CTYIJICHHSI TPHITEPHOIO CHMTHANA 110a4a TAaKTOBBIX MMIIY/IBCOB IIPEKpallaercs.
Hasiee BhImonHseTCS yTeHue MHGOPMaLUWH BO BHELIHIOW NaMsaTh. [Ipumensercs
TaKXe CXema OTAe/IeHHs TPEKOB, HE CBS3aHHBIX C TPUITEPHBIM CUrHaloM [56].
Hantbie ¥3 YETHBIX M HEYETHBIX MATPHLL CYMTHIBAIGTCS B IIPOTHBOMONOXHBIX Ha-
npasieHusx. B npouecce peKOHCTPYKUMH TPEKOB MPEANONAraeTcs YTO CUTHAIbI,
MOCTYNHBILUME OT HYXHOH YacCTHUbI, HMEIOT papHOEe BPeMs YTeHHWs (B eqMHMLAX
TaKTOBOH 4actothl). B nannoit pabore [13C-marpuua, uMenlas TakToOBYIO Yac-
tory 6,75 MI'u, dyHKUMOHHpYET NpH KOMHATHOH TeMIepaType W CONEPXHT

2,3-105 aueek (576 cronbuos no 385 sueex B KaxaoM cronbue).
Muxposepuunnsiii demexmop SLD. [lerexTop npenna3HayeH LIS HCHOMb-
30BaHMs B IKCMEpHMEHTaX, MPOBOAMMBIX Ha JIHHEHHOM Komiaiaepe [S1]. B ua-
CTOsILee BPEMst M3BECTHBI ABE MORM(HUKALNH AETEKTOpPA, KOTOPbIE YCIOBHO Ha-
soeem SLDI [51] u SLD2 [57]. O6wumit Bug HByX NOJOBMHOK perektopa SLDI
npuseded Ha puc.29. [leTeKTOp COCTOMT W3 YeThipeX KOHUEHTPHYECKMX CIIOEB,
MOKPbIThIX ¢ 06enx cropor [13C-marpuuaMu. Panuycsl BHEIHErO ¥ BHYTpEHHe-
ro cnoes pasHet 41,5 1 29,5 mm. Beero cmontuposano 480 I13C-marpun, conep-

)aumx 120-10° nuxcenei. H3C-maTpuuel cMOHTHpPOBaHb Ha 60 MOIYISX MO 8
[T3C-marpun Ha xaxaoM Momyne. Momymu CMOHTHPOBAaHB Ha IBYX IOMy-
UMIMHApPAX, M3rOTOBAEHHBIX M3 Gepwuiua. YUTo KacaeTcs HeNoOCpPEACTBEHHO
IT3C-Marpuubl, TO OHa M3TOTORNEHA HA MOWIOXKKE M3 KPEMHHS U HMEET pasMep

nukcens 20 MkM2. Beero na NOIJTOXKKE PacHONIOKEHO 16-10° nuxcenei. bynyuu
Ha MOpsALOK TOHbLIE MMKPOMOJIOCKOBOIO Aerextopa, SLD, usrorasnusaeMsiii Ha
ocrose I13C-matpuLi, naet syumee paspeuieHHe HaKJIOHHBIX TPEKOB (nopsinka
5 mxm). C LeNblo ONTHMH3ALMK PAXHALMOHHBIX TIOTEPh H YMEHBIICHHS LIYMOB
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Puc.29. O6muii BUI ABYX MOJOBHH MHKPOBEPLIMHHOTO AeTekTopa SLD
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Puc.30. Pacnipenenenue NpUUEIsHOrO [apaMeTpa B IIOCKOCTAX Xy W rZ JUIS TPEKOB, IPH-
Hamiexauux anponHoMy Z O-pacnany: / — npuUENBbHBIA NapaMeTp B IUIOCKOCTH xy,
2 — nIpULENBHBINA NapaMeTp B HAIIPABIEHHH 77

NETEKTOp TMOMELIEH B KpHOCTAaT npu Temneparype 180°K. Ortmeuaorcs cremy-
IOLMEe MOJIOXKMTE/IbHBIE KaueCTBa TaKUX JeTeKTopos [57].

1. Boicokas MMCKPETHOCTb SYEEK M OTCYTCTBHE BBICOKOTO HAIpPSXEHHS
NUTAaHUA HIM KaKoro-iubo crnocoba yMHOXeHHs 3apsiioB. Kak ciemcteue 3Toro,
HETEKTOP UMEET BBICOKYIO NMOMEXOYCTOHYHBOCTS.
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2. IlpakTiyeckoe OTCYTCTBHE KIacTepoB o/erdaeT (puTHpOBaHHe TPEKOB.

3. Ha kaxayio TOuKy TpeKa NoJjydaetcs no Be KOOPAMHATSI.

4. DKcnlyaTauus B TEYEHHE TPeX JIET MOKA3aia, 4To AETEKTOP OTNHYAETCS
BBICOKOH CTaGWIBHOCTBIO BO BPEMEHH.

Ha puc.30 npuseneno pacnpenesienue npuuensHOro napamerpa B IIOCKOC-

TAX Xy U rZ A TPEKOB OT Z 0—pacrlana. [onyuensr cnenyiomme ocHOBHbIE Napa-
METpBI: IPOCTPAHCTBEHHOE pa3peiIeHHe 5 U 6 MKM B IUIOCKOCTH Xy H B Harnpas-
JIeHHH z COOTBETCTBEHHO. Bennunna npuuensHoro napametpa usmepsnach wis
ABYX TPeKOB ¢ GonbLIoi KpuBH3HO#. [IpH 5TOM HCrONBL30BaNACh MIOOHHAs napa

or Z 0-pacna,ua. layccoBckoe ¢uTupoBanue nano Takue BenuuMHBI WIS paspe-
WIeHUs ogHOro Tpeka: 11 MM ans xy u 38 MM st rz.

B Ta6n.8 npuBenentl cpaBHUTENbHbIE NapaMETPbI MHKPOBEPIIMHHBIX IETEK-
Topos SLD1 u SLD2 [57].

MukposepunuHelii getektop SLD2 nonxen Gbith BBEneH B 9KCINIEPHMEHT B
1995 r. Kak BuaHo w3 tabn.8, wis co3manus JeTexTopa ObUIK HCNOJNIb30OBaHbBI
cneuuansHo paspabotanbie I13C-maTpuubl GONBIIMX PAa3sMEPOB M C MOBbILIEH-
HbIMH BPEMEHHBIMH NapaMeTPaMH, YTO MO3BOJNMIO YMEHbLIMTh BPEMS CUMThIBa-
HUS W YIYYlWHTH pa3pelieHHe NMpHUENbHOro napamerpa. [lockonbky Ha ycko-
putene SLAC uacrtora Bcrpeun Ganueit cocrasnser Bcero 120 I, To Gosblioe
BpeMs CYMTBIBAHHS CHTHAIOB OT AeTeKTopa nopsaka 160 Mc He ckassiBaeTcs Ha
adextusHocTH paboTsl [T3C-MaTpu.

Tabnuua 8. CpasnurensHsie napamerpsi nerexropos SLD1 u SLD2

IMapamerp SLDI SLD2
Konuuectso coes 4 3
Konuuectso monyneii 60 48
Konuuectso M3C-marpun 480 96
Konuuectso nukceneii 110-10° 307-10°
AxTuBHbIe pa3mepbt [13C-MaTpuub, cM 1,309 8,0-1,6
AKXTHBHas auHa (z), cM 9,2 15,9
KonmuecTso nukceneit Ha Tpek 2,3 3,2
YactoTta cuutsiBang, MI'u 2 10
Bpems cunThiBaHHd, Mc 160 100
IpuuensHblit napaMeTp (xy), MKM 11 + 70/p 9+ 29/p
Ipunenshblii napameTp (rz), MKM 39 + 70/p 14 + 29/p

3HaK + 03HAYACT CNIOKEHHE B KBapare; p — MMITynbe, [on/c.
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5. KPEMHHUEBBIE JTBYMEPHLIE PEIrHCTPATOPBI

3anaya craButcsa TakuM 06pa3oM, 4ToOwl pa3paboTaTh AByMEPHBIH PETUCTPA-
TOp, COYETAWLIMI OTHOBPEMEHHO BCE NMPEUMYILECTBA MUKPOMOIOCKOBHIX KPEM-
HUEBbIX AeTekTopoB M [13C-maTpunl ¥ comepXaliuil HE TONBKO YCHIIUTENIH, HO

Hwlwialuie
-

—|w || ajuiaf

et -L\-'—{

<

Puc.31. IlpumMeHeHHe NaMATH KOHBEHEPHOTO THIA
IJ1sl CYMTBIBAHMS CHUTHAIOB C JBYXKOOPAHHATHOIO
perekropa: | — JABYXKOODAMHATHBIR HAETEKTOD,
2 — 3anoMMHalIee YCTPONCTBO KOHBeHEepHOro
THNa, 3 — MyJbTAIUIEKCOp, 4 —— onTuYecKas
CBA3b, 5 — HAKOMMTENbHOE 3alIOMHHAIOIIEE YCT-
POIiCTBO

npeobGpazoBaresii  MHGOPMaIHY.
Bo3Hukawiyue npu 3TOM TEXHO-
JoTHYECKUe MpobsieMbl 00Cyxna-
iorca B pabote [58]. Hcnonb3ys
COBPEMEHHYI0 TEXHOJIOTHIO, He-
TPyIHO c(pOPMHPOBATH HA OJHOM

KpHCTaIe 10° IHOMOB, pacnoso-
KEHHBIX B BUAE MaTpuubl. I1po6-

JieMa 3aKjoJacrca B CO3JaHUH

ageKBaTHOH 1O pa3MepaM W
obnagamollei BHICOKMM ObICTPO-
IeiCTBHEM perucTpupyoen
9NIEKTPOHUKH TPH Majlod pac-

. cerBaeMoit MomHocTH. Onucas-

Heiii B [59] mporoTHn KpemHue-
BOTO PErHCTpaToOpa UMeeT JeTeK-
top, comepxauwwmii 1024 auona
(32 x 32), napannensubiii ALII
u mwmdparop koopauHar. Llud-
parop KOOpIMHAT TMOCTPOEH Ha
KOMIIapaTopax U MO3TOMY BO3HU-
KalOT HEOIpPEAEIeHHOCTH 1pH
mupaud MHOXECTBEHHBIX CO-
6uiTait. B 6onee cnoxxoii paspa-
6otke s BeiGopku cpaboraB-
MHX CTOMOLOB U CTPOK C MOCHe-
oyonied mindpanneil KOOpaHHaT
cpaboTaBIIUX SYEEK HUCIIONIB3YeT-
¢ TpHOpUTETHHH mmuparop
[60]. B paGore [61] mpobiema
OBICTPOH U DKOHOMHYHOH CHCTe-
MBI CYHThIBAHUS CHUTH&IOB pelila-
eTcd MyTeM TIIpUMEHEHUs Mar-
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PHLIbI EPEKITIOYAEMBIX KOHAEHCATOPOB, paboTalOIMX B KOHBEHEPHOM peEXHME.
Takas maMsTh, N0 CyMECTBY, NpeAcTaBnseT coBO MHUKDPO3IEKTPOHHEIH aHanor
0ObI4HO# cxeMbl 3a1epxKH. TIpu 5ToM paGoTa Takoi MamMaTH pasfeseTcs Ha IBe
dasbi: yyBcTBMTENBHYIO a3y, BO BpeMs KOTOPOH AeTeKTOp obnyuaercsi, u chasy
yTeHus gaHubix. Ha puc.31 npusenena Gnox-cxemMa ABYXKOOPAMHATHOIO JeTeK-
TOpa C NaMATbI0 Ha NEPEKITIOUAEMbIX KOHIeHcaTopax. JlaHHble B TaMATh 3aMUChI-
BAlOTCS [0C/IE MPOLECCa PKCTO3HUMH AETEKTOPHON 4acTH MoAyiA. 3aruch Bbl-
TMIOJIHYETCS MO KOJIOHKaM, B TO BpeMsl KAaK CYHTbIBaHHE WAET MO CTPOKAM C vac-
totoii 100 MI'u ¢ nomoutpio MynsTHIUIeKcopa. Haree Mo OnTHYECKOH JAMHMM
cB3M MH(OpMauKs nepenaeTcs B O6GUIYI0 NAMATh.

B nocnennee spems Gbul pa3paboraH psa MOAYNed ABYXKOOPAMHATHBIX
NONYNPOBOAHUKOBBIX JETEKTOPOB C XOpOLIMMH Napametpamu. B [62] onucan
TMOpHAHBIA IBYXKOOPAMHATHBIA IETEKTOp, colepXaluuii Marpuuy u3 96 x 378
(36288) 4yBCTBUTE/IBHBIX NIEMEHTOB, PACIIOIOXEHHBIX Ha riowagn 75 X 500 Mkm.
Monyns npegnasHauen ans sxcnepumenta WA97 (LIEPH). Ha puc.32 npusenen
o6wHii BUA IECTH MOJy/eil BMECTE C NPOLECCOPHOli TUIATON M COOTBETCTBYIO-
IIHMH -COEAMHHTE/IbHBIMH NPOBOAHKKAaMH. B onHOH MHKpocxeMe comepxHTcs

Puc.32. Marpuua u3 wecru monmyneil, conepxamas 32288 neTeKTOpHBIX e-
MEHTOB, BMECTE C TNPOLIECCOPHBLIMH IUIaTaMH
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Puc.33. ducnneiiHad KapTHHa IIPOXOXIE-
HHUS 3apsKeHHOM YacTHIbl CKBO3b YETHIPE
TUIOCKOCTH JBYXKOODOMHATHBIX JETEK-
TOPOB

uiectb Matpuil. [lonydeno paspelue-
HHE JIByX TPEKOB He Xyxe 10 MKM.
KaXaplii 4yBCTBUTEJIbHBIA 3JIEMEHT
HUMEEeT CBO#l KaHal YCWIEHHS, OHC-
KPUMHHAIUK U 3aTIOMHHAHHS! CUTHA-
soB. C moMoisio puc.33 WimoCTpH-
PYIOTCS METOOMYECKHE BO3MOXHOC-
TH JBYXKOODIHWHATHBIX MOJIYIIPOBOJI-
HHKOBBIX JETEKTOPOB B MPOLECCE
BOCCTaHOBJIEHHS TpeKa YaCTHLbI.
Jlnst TOYHOrO OnpenesieHUss KOOPIH-
HaT YacTHUL NPH HATUYHH KI1aCTEPOB
HCIIONIB3yeTCs W3BeCTHas opmyna
omnpefesieHuss KOOPAMHAThl METONOM
BBIUMCJIEHUS LEHTPa TSIXECTH CHI-
Hana [62,63].

6. BEPHIIMHHBIE NTETEKTOPEI,
CO3JABAEMBIE HA OCHOBE CHHUHTHWLUIAIIHMOHHBIX
BOJIOKOHHO-OIITHYECKNX CBETOBOIOB

Passutie TexHOMOTHH OOBIYHBIX BOJIOKOHHO-ONTHYECKHX CBETOBOIOB
(CBOC), MUKpO37IeKTPOHHKH M OIITO3/IEKTPOHHKH CO3[aJI0 NPEANOChUIKH IS
pa3paboTKH OBICTPOREHCTBYIOILNX U MPELM3UOHHBIX BEPUIMHHBIX ICTEKTOPOB HA
ocaose CBOC. [leteKTOpHI 3JIEMEHTApHBIX YaCTHILl, MCIONb3YIOHE MYYKH TOH-
KHMX CHMHTWUISTOPOB, BIEpBbie UCMOJb30BaNUCh B KoHle 50-x rr. [64]. Onnako
OHM He TOMYYWIM IIMPOKOTO MPHMEHEHHsS BCIeOCTBHE pa3paborku Gonee 3d-
(heKTHBHBIX TPEKOBBIX JETEKTOPOB, TAKMX KaK My3HIPBKOBBIE M HCKPOBbIE KAMEPBI.
B o63opax [65,66] paccMOTpeHbl BOIPOCH TEXHONOTHH M pa3IMYHbiC acCEKThI
npumenenuss CBOC B xayecTBe AETEKTOPOB 3JIEMEHTAPHBIX YacTHIl, aKTHBHBIX
MUlIIeHeH, TPEeKOBbIX JETEKTOPOB, a TakXe Ul CO3JaHHs KalOPUMETPOB M Mp.
Otnensubtit CBOC (puc.34) coctonT U3 cepAedyHUKa, BBHIIIOMHEHHOrO Ha OCHOBE
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Puc.34. Teomerpuueckue u Bropuynas

OITHYECKHE napamerpsl 1\ aMHCCHA 4

TanyHoro CBOC: 1 — Tpek  / 7
YacTHURl, 2 — [epBUYHald e

OMHCCHS, 3 — BrOpUYHas
sMuccus, 4 — KPHUTHYECKHMil =

YIOJI OTPAXEHHS, 5 — BHEIHAA \/
obonouka, 6 ~— BHYTPEHHASA
0060s104Ka, 7 ~— CepueysHK

IMepsuunas
aMUCCUS

IIACTHYECKOIO WM CTEK/ISHHOIO CUMHTWILIATOpPA, MOKPHITOTO MATEPUATIOM C
MEHBLINM K03¢puuuenToM npenomienus ceera. Kpome toro, CBOC umeer eie
BHEIUHIOW TOHKYI0 000JI04KY U3 4epnoro crekia. Ilnactuueckue CBOC umeroT
crenyiomue npeuMyiiectsa oo cpasHeHnio co CBOC u3 crekita: Gosiee BRICOKHIA
(4-5 pa3) CBETOBBIXON; Ha MOPSNOK MeHbLIEE BPEMs BhICBEUMBaHMS (3 HC W
55 HC COOTBETCTBEHHO); Goslee BHICOKaAs pajHauMOHHas CTOAKOCTb; POCTOTA U3~
rororinends. OgHako ucnons3yemsie B skcnepuMenTax CBOC Ha ocHoBe cTekna
MMEIOT BHYTPEHHHMii nuamertp mopsaka 10 MxM npotus 50 + 500 MKM y nac-
THKOBbIX. Paspa6oransl mnacrukossie CBOC ¢ muamerpom 30 mxm [67]. Bonee
noapoGHO CpaBHHTENbHBIE XapaKTepUCTHKH o6oux tnos CBOC mnpuseneHs! B
[68]. TTokasano, uTo, HCIIONB3Ys B KauecTBe aKTHBHON Muienu CBOC muamer-
pom 30 MKM, MOXHO TOJTy4HTh paspelleHHe ABYX TPEKOB mopsika 20 MKM.

B nonepeunom paspese CBOC MOryT uMeTh Kpymiylo, NpPSMOYTOJBHYK H
Aaxe wecTuyronsHylo dopmy. ITocneanue gsa tuna CBOC mo3Bonsior cosma-
BaTh NETEKTOPHI ¢ GOBIIONH TIIOTHOCTHIO CUMHTHIUIMPYIOLIETO MaTepuana [69].
JU1s MOCTpOeHHS aKTHBHON MHIIEHH oTmeiabHbie CBOC coOUpaTCs B MyYykKH

LWIMHAPHYECKON WIM NPSIMOYroJibHO# hopMbl cevenneM 15-20 Mm> u miuHOI
HECKOJIBKO CaHTHMETPOB. B 3aBucuMocTH oT usukn usydaemeix cobuituii (yria
pasnera yactun) nydok CBOC pacnonaraercs 6o NepNeHgUKyIsIpHo, TH00
napajiensio nydky (puc.35,6,6) [70]. Tlpu stoM ceeroBoe HiobpaxeHue co-
ObiTHs KaK GBI NPOELMPYETCS Ha BHIXOIHYIO CBETOYYBCTBUTEJIBHYIO IOBEPXHOCTb
TIEpBOTO Kackana ONTOBIEKTPOHHOM CHCTEMBI, IJle OHO YCHIIMBAETCH U MepeaacT-
Csl Ha CHCTEMy CUMTBIBAHHs. B KayecTBe npuMepa pacCMOTPMM HCIIOb30BaHMe
CBOC B cocraBe MpeLM3HOHHOrO BEPLIMHHOIO IETEKTOpa B 3KCIEPUMEHTE
WAS84 (UEPH) [71]. 3amaua coctouTt B HU3MEPEHHH BPEMEHM XHU3HH 3apsiKeH-
HBIX M HeHTpanbHBIX B-Me3onoB (puc.36). Pacnagmas minHa B-Me30Ha
L =400 mxm. CloXHOCTb TOMOJIOTMH H3Y4aeMBIX COOBITHI M KOpPOTKO€ BpeMms
KH3HU YaCTHL CTaBAT CIEAyloLMe TPeGOBaHU K BEPIIMHHOMY HETEKTOPY: 3(h-

exTHBHas paGoTa B HHTEHCHBHOM MyuKe KaK MUHHMYyM 10° wacTuw/c; BricoKas
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Tyuox

pagvaluoHHas CTOMKOCTb; TOY-
HOCTb  PErHCTpalUH  TPEKOB
S MkMm; paGora B TpUITEDHOM
pexXuMe; BO3MOXHOCTh H3Mepe-

HHSl KPMBU3HbBI TPEKOB.

OnucbiBaeMblii  BEPUIMHHBIN
ZETeKTOp YHOORJIETBOPSET STHUM
YCJIOBUSIM, TaK KaK OH BBITIOJIHEH
Ha ocHose CBOC co crpobu-
pPYEMOH OMNTO3JIECKTPOHHOH CHC-
TEMOU YCHJIEHHS W CYMTHIBAHUS
naHHeix ¢ nomouiso I13C-mar-
puusl. Kpome TOro, B cocras
BEPLUMHHOrO JETEKTOpa BXOIMT
TaKXe TeJIECKON M3 MHKPOINOJOC-
KOBBIX TOJIYIIPOBOIAHHKOBBIX Je-
TEKTOPOB, C MOMOLIbIO KOTOPOro
6onee 3pekTHBHO BOCCTaHABNH-
BAIOTCA TONONOMHH cOObITHI. H3-
3a cnaboro cseroBbIXO#a, MOJYy-
4aeMOro OT aKTHBHOH MHILIEHH,
mexny nocneaved u  [13C-
MaTpuleldl noMelaercs cCHcTeMa
YCWIEHHUsS CBETa, CXeMaTHYecKoe
usobpaxeHue KOTOpOH npusee-
HO Ha puc.37. BonblKHHCTBO
ycwiuTenei csera He MoryT ag-
tpexTuBHO paboTaTh B MarHuT-
HOM TI0Jie, T09TOMY aKTHBHas MHUILEHb PaclosaraerTcs B nepeiHeil 4acTH Mar-
HHUTHOTO criekTpoMerpa. OHa cocTouT W3 mapanensHoro xryra CBOC auamer-
poM 30 MKM, pacno/loXeHHbIX BIOJIb MyYKa yacTHl. BepTukansHas cocrasisio-
Iass MarHUTHOrO Mnojs B ob6nactH MuuieHH pasHa 1,8 T, nHo3ToMy naTHKackam-
Hasi ONTOYIEKTPOHHAA CHCTEMa pa3lieficeHa Ha ase yacTu. [lepBas yacth cucTeMbI
c xoadduunentoM ycunenus 20 pacronoxena okono MumieHd. C NOMOLLBIO
CBETOBOJR IUIMHOM 2,5 M cBeToBOE H300paxeHHe coObITUA nepenaeTcs B 06s1acTh
¢ marauTHbIM nionieM 0,1 Tn. Bropas wacTb cucTeMsl, NOMEIIEHHAs B MATHHTHBIMH

flponomuoe
#300paxeH He

Tlone pewroe
waoGpaxeHne

Puc.3S5. CUMHTHWUISIIMOHHbIE MULLEHH: a) TBEPAbIH
CUMHTWLIATOP; 6, 6) MHLIeHH Ha ocHoBe CBOC,
PacroIOKEHHbIE NEPIEHANKYASPHO H NapaLIeb-

HO TyuKYy

9KPaH, HCIIONIb3yeTCs M1 YCHICHUS U300paxeHus cOOBITHS MPUMEPHO B 10 pa3
4 nepepaud ero Ha [13C-marpuny. Kak 3710 cnexyer u3 puc.37, MuileHb ONTH-
YEeCKH COEAMHEHAa HENOCPEACTBEHHO C ONTOBOJIOKOHHBIM CBETOBOIOM, 3a KOTO-
PBIM CJIENYET Tapa 3MEKTPOHHO-OITHYECKUX YCWIMTENEH C 3JIEKTPOCTaTUUECKOM
tokycuposkoii. Bropas 4acTh CHCTEMBI YCHIEHHS COCTOMT M3 TPEX MHKPO-
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KaHIbHBIX MJIaCTHH, KOTOpbIe paboTaloT B cTpobupyeMoM pexume. 3akaH4MBa-

eTcd onrosnekTpoHHas cucrema I13C-Marpuueil eMkocTbio 16-10* quyeeK, KOTo-
pasi pasjiesicHa Ha ABe 30HbI: 30HY H300paxeHHs M 30HY namsaTH. TpurrepHas
CHCTEMA BEPUIMHHOIO JETEKTOPa COCTOMT M3 IBYX ypoBHeii. Ha mepBoM yposhe
€ NOMOUIBI0 CUMHTHILIILLMOHHOrO Teneckona opMupyercss cTpo6-UMNyJsC wist
ONTONEKTPOHHOH CHCTEMBL. DTOT CHrHA nossiseTcs yepe3 80 He nociie B3auMo-
meicTeus. TPUITEPHBIH CUTHAT BTOPOro ypoBHs, mocrynawuiuid yepes 400 Hc,
BBIPA0aTHIBAETCA C MOMOILUbI) CUHHTWUISLUHOHHBIX TOZOCKOMNOB M HCMOIb3yeTCs
KaK CTapTOBbIH UMIYJIBC J1s1 yTeHus AaHubiX U3 [13C-Matpuusl. YyBcTBUTENBHAS

nosepxHoctb [13C-marpuusl pasHa 1 M2 u II03TOMY XOPOLIO COrlacyeTcs ¢ pas-

ge ~pacnag
-+

p- ~pacnag

P

[ d J

o
—

2 MM

Puc.36. O6uimit Bux BB ~-nponyKToB pacnaga B [I0CKOCTH, TIonepey-
HOM IMy4Ky YacTHl, NONy4eHHBI NyTEM MOMNETMPOBAHHS METOIOM
Monre-Kapno. Hapsany ¢ nepeuuHoil BepluvHO# pacriana BUIOHBI TaK-
XK€ YeThiPe BTOPHYHBIE BEPLIHHbI
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CeeroBon
2,5m)
3
CTpo6 = 4
3

e

BuneocCurnanu

Puc.37. Cxemarnyeckoe u306paxenne akTHBHOM
MHIIEHH BEPLIMHHOIO JeTektopa WAS84: AM —
AKTHBHas MHMINEHb; [ +5 — 3JIEKTPOHHO-
ONTHYECKHE YCHITHTETH

MepamMH aKTHUBHOH MHIIEHH. AHa-
JIOTHYHOE COINIACOBAaHHUE HMeEET
MecTo Mexny otaenpHsiMH CBOC
u YeHKaMu M3C-marpuup
(20 x 20 MkmM).

Paspa6oraunsiii  BepLIMHHBI
nerektop Ha ocHoBe CBOC Gbin
NpPOTECTUPOBAH HA MYyYKe YCKOPH-
Tes. Beinu nomydeHs ciieqyiomue
JaHHbIE: CpeHsid IIOTHOCTh 3ape-
TUCTPUPOBAHHBIX TOYEK COCTABIS-
na 0,7 na MM; pa3speuteHue AByX
To4eK 33 MKM; Ha (poHe MOoJEe3HBIX
COOBITHH HMeeTcsl CyIeCTBEHHBIi
¢OH, KOTOpHIl BO3HUKAET OT BCEX
COCTaRMAIOLINX BEPIIHHHOTIO JAETEK-
Topa [72].

B pabore [73] nposenen ae-
T&IbHBIA AHATU3 LIYMOB, BO3HHKA-
IOUMX B BEPHIMHHBIX AETEKTOpaXx,
co3nasaeMblx Ha 6aze CBOC,Kak ¢
TEOPETUYECKOH TOYKU 3PEHHS, TaK
U C y4€TOM JAaHHBIX 3KCIIEPHMEH-
Ta. OCHOBHBIMH MCTOYHMKAMH LIY-
MOB SIBJISIIOTCS ONTHYECKHE Iepe-
KPECTHBIE CBSI3M B MMLIEHM, pac-
CesiHUE INIEKTPOHOB B YCHIITHTENSIX
csera U nomexu or I13C-marpu-
upl. Ha puc.38 npusenedo coGwl-
THE, 3aPETMCTPHPOBAHHOE B IMy4YKe
yacTMl ¢ 3Hepruei 200 I'sB:
a) 6e3 ¢unprpauuun u 6) ¢ obpa-
6OTKOH C IOMOLUBIO TIPOTPaMMBbl,
YYUThIBaIOUIEH 3HaueHHE rMopora u
nsenectana B [13C-marpune.

CoBeplueHCTBOBAHHE NAPAMETPOB ONTOBAEKTPOHHOM CHCTEMBI MOXET ObITh
AOCTHIHYTO NYTEM KaK MNOBblEHHs cBeToBhixoga CBOC, t1ak M ynyuurenus
KBAHTOBOH  5((IeKTMBHOCTH  BJIEKTPOHHO-ONTHYECKMX  npeoGpasosareneit.
B onucannom B [74] TPEKOBOM A€TEKTOpe MOJYYEHO pa3pelieHHe OBYX TPEKOB
Ha YpOBHE 52 MKM M TOYHOCTb H3MEPEHHs NPHUEIBHOTO mapaMeTpa 9 MKM.
@uibTpauus ¥ PEKOHCTPYKUMS COOBITHIA BLIIONHAETCS B CEAYIOLIEH MOC/IEN0Ba-

TEJIBHOCTH:
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1) Boccranosnenue Haubonee
BEPOSATHBIX TOYeK TpeKa. Hampu-
Mep, TOYKH, aCCOLIHHPOBAHHBIE
MeHee 4eM C TpeMsi OMHaMH, OT-
6packiBaoTCs.

2) Yepe3 LEHTPH BOCCTAHOB-
JIEHHBIX TOYEK [POBOIATCH KaH[u-
HaThl B TPEKH COOBITHI.

3) Hcnonb3ys 3amaHHble KpH-
TEPHH, BOCCTAHABJIUBAIOTCS TOJIE3-
HBIE TPEKH U TOTOJIOTHH COOBITHIA.

Ecnu cpaBHMBaTh BeplIMHHEIE
HOETEKTOPHI, CO3OaBacMble Ha Oase
CBOC, ¢ MHKpPONONOCKOBBIMH
TIOJIYIIPOBOJHHUKOBBIMH IETEKTOpA-
MH, TO IPH NpPaKTHYECKH OAMHA-
KOBOM pa3spelleHHH MNepBhIA THI
IETEKTOpa MMEeeT BCEero OHy IU1oc-
KOCTb CYMTBIBAHHS, YTO CYLIECT-
BEHHO YNPOILIAET CHCTEMY PErHCT-
pauuu uHpopMauud. ExuHcTBEH-
HbIM, noxanyd, crnabeiM MecToM
OCTaeTcsd BpPeMs CUMTHIBAHMS JaH-
HbIX. OIHAKO B CBS3M C GypHBIM
Pa3sBUTHEM M COBEPLIEHCTBOBAHHUEM
MyJIbTHAHOAHBIX M IO3ULHOHHO-
4yBCTBHTENBHBIX DDY ¢ paboueii
vyactoroit go 100 MTIu [75-77]

S

MM
F-N

MM

Puc.38. Tononorns coGsitus: a) 10 GuILTpaLuu
LIyMOB; 6) nocne QUIbTpauuy

OIITOIJIEKTPOHHBIC BEPINUHHBIE AETEKTOPHI IIOJYYAIOT elie Gonee HIMPOKOE

NpUMEHEeHHe, OCOOEHHO B BKCHEPUMEHTaxX Ha Kosulaiimepax. Co3jaBaeMbiil uis

TaKHX SKCIICPMMEHTOB BEPUIMHHBINA geTekTop Ha ocHoBe CBOC wumeer uu-

JTHHAPHYECKYIO (l)OpMy C YETHIPbMA KOHLICHTPHYECKUMH AETEKTOPHBIMH TLTOCKOC-

TAMH. HpeunonaraeTCﬂ, YTO TOYHOCTE U3MEPEHHA IPHLEIBHOIO napameTpa

Gynet ne xyxe 20 mxm [78]. llennnte kauectsa CBOC CTHMYJIUPYIOT AasbHE-

lINe HCCIIENOBAHUS, HANpaBICHHBIC Ha YAYYIIEHHE TAKOro BaXHOro napamerpa,

KaK JJTHHA 3aTyXaHHs A — BCJIMYHUHA, TIPH KOTOpOﬁ aMIUIMTYla CUrHaJIa YMEHb-

waetcst B e pa3. B [79] onucana paspaGorka mwiactukosoro CBOC ¢ A = 2,8 M.

Takoe mocTixenue cymecTseHHO paciupsier 061acTh npumenenuss CBOC B ¢u-

3UKE BBICOKHX :»)Hepmﬁ.
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3AKIHYEHHUE

MonynpoBoRHHKOBbIE AETEKTOPbI 06ECTIEUMBAIOT TOYHOCTh PErHCTPALIMH KO-
OpAMHAT COGHITHI B MMKPOMETPOBOM JMAalNia3oHe W C Y4ETOM XOpomo paspabo-
TAHHON TEXHOJOIMH MMEIOT LIMPOKHE MEPCNEKTHBb MAaCCOBOTO U3rOTOBJIEHUS W
NPUMEHEHHS B KAYECTBE BHICOKOTIPELM3HOHHBIX BEPUIMHHBIX NeTeKTOPOB. Onna-
KO MHKpOTMOJIOCKOBBIE KDEMHHEBBIE IETEKTOPbI C UTEHHEM NAHHBIX C OQHOM CTO-
POHBI KPHCTA/LIA UMEIOT TAKOH Xe HEN0CTarToK, YTO M MHOTOMNPOBOMOYHBIC NPO-
NOPLUMOHANBHBIE KAMEPbl — TPYLHOCTh PEKOHCTPYKIMM cOObITHH C Gombuioi
MHOXECTBEHHOCTDIO, M HX HCIONb30BaHUE B 3KCNepUMeHTax Tpebyer Gobuioro
KOJIMYECTBA 3/EKTPOHUKH U YCIOXHAET KOHCTPYKUHIO BEPLIHHHBIX JIETEKTOPOB.
ITosToMy pa3paboTka KPEMHHEBBIX MUKPOIIOJIOCKOBBIX JIETEKTOPOB C ABYCTOPOH-
HUM CUHTbIBaHHEM oDecreyuBaeT JalbHeHlce Pa3BHTHE M HCIMOJIb30BAHUE 3TOr0
THMa AETEKTOPOB B OyAyLIMX KCNEPHMEHTAX.

M3C-MaTpulbl KJIaCCHYECKOr0 THMA OKa3aIWCh BO MHOrMX OTHOLIEHHSIX
OTJIHYHBIMH JIByMEPHBIMH PETHCTPATOPaMK ¢ nmamaThio. Kpome Toro, Manelie pas-
Mepbl YYBCTBHTE/IBHOM sueiiku xopoo cornacywotes ¢ pasmepamu CBOC. Tlo-
sroMy [13C-MaTpHLbl IIMPOKO MCNONB3YIOTCS B KayecTBE MOHHWTOPA CBETOBBIX
u300paxeHHil B NPELM3HOHHBIX HETEKTOPAxX, CO301aBaEMbIX Ha OCHOBE CBOC.
EAMHCTBEHHBIH, ToXanyil, Hepoctatok npumensembix [13C-matpun — Manas
CKOpOCTb CYMTBIBAHHSA (IECATKH MHJJIMCEKYHA).

HoBbIM 3TanoM B pa3sBUTHU ABYMEPHBIX PETHCTPATOPOB CllEdyeT CHHTATh pa3-
paGOTKy NByXKOODAMHATHbIX KPEMHHEBbIX IETEKTOPOB, B KOTOPbIX Ha OJHOM
TIOUTOXKE Hapsily C YYBCTBHTE/IBHBIMK SUEHKaMH M3rOTaB/IMBAETCS KaK PETHCT-
pHpYIOLLasl 3/EKTPOHHKA, TAK M YCTPOHCTBA OUM(POBKH M WH(PALUK JaHHBIX.

MHKpOﬂOHOCKOBblC razoBbi€ JE€TEKTOPbI, KOTOPBLIE YXE HaA4YaIH HCIOJ1b30-
BATbCA B IKCIIEPUMEHTAX, HMEIOT IIHPOKHE NEPCNEKTHBbI NPHUMEHEHHA B 6)’11}"
KX IKCIIEpUMEHTAX.

Pa3paGoTKa NpeuM3HOHHBIX BEPIIHHHBIX AeTekTopos Ha ocHose CBOC ne-
cer B cebe HOBOE KauecTBa: NpMMEHEHHE [UIS ACTEKTHPOBAHUS CJIOXHBIX CO-
ObITHIl ONTHYECKHX METOHNOB. B pe3ynbTate B BEPLIMHHOM AETEKTOPE HCMOMB3Y-
eTcsi TOJBKO OfHAa ITUIOCKOCTh CuMThiBahMs HaHHbix — [13C-martpuua. Kax
CIIEACTBHE, PE3KO YMEHBLIAETCS YHCIO KaHalOB CUMThIBaHui. B cBoio ouepens,
paspaboTka MynastHaHomHbix ®BDY, comepxammx a0 1024 IHCKPETHBIX CBETO-
YyBCTBUTEJILHBIX SY€EK, MO3BONMT B GYTYLIEM PE3KO MOBbICHTH OBICTPOAEHCTBHE
BEPLIMHHBIX IETEKTOPOB, CO3JABaEMbIX Ha OCHOBE CBOC [80].

B Gymymux SKCIepUMEHTax B Ka4eCTBE BEPLUIMHHBIX JETEKTOPOB MpEANoa-
raeTcs WCIOJIb30BaTh TAKXKE MHKPOHOJIOCKOBBIE Fa30BBIE NETEKTODBI. ‘
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BypHoe pa3BuTHE METONMKH NpPELM3HOHHBIX BEPLIMHHBIX AETEKTOPOB CTH-
MYJIUpYET pasBUTHE CMNELMAM3MPOBAHHBIX MHTETPAJILHBIX MHKPOCXEM H METO-
AWKH PErHCTpauMH MOJIE3HBIX COOBITHH U PEKOHCTPYKLMH TPEKOB B PEATbHOM
Bpemend. Hapsany co cneuMati3npoOBaHHBIMHM NPOLECCOPaMH, pa3pabaTbiBaeMbl-
MM HENOCPENCTBEHHO [UIS AAHHOrO THINA JETEKTOpa, HaMETH/IAch TEHJCHLHS B
CO30aHHM TPEKOBBIX NMPOLECCOPOB YHHBEPCATLHONO THIA HA OCHOBE GbicTpoueiicT-
BYIOIMX TPOTPAMMHPYEMBIX JIOTHYECKHX MATpHIL.
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PE®EPATBHI CTATEH, IOMEIIEHHBIX B BBINIYCKE

YIK 539.1.074 .
ITpoGnema coTHedHBIX HEHTPHHO M PATHOXHMHYECKHIT IHTHeBbIH nereKkTop. Janswun C.H.,
3ayenun I'T., Konvinos A.B., Ilemyxoe B.B., Anoeuu E.A. ®du3nka 3j1eMeHTapHBIX 4acTHLL
M aToMHoro aapa, 1997, tom 28, Bein.1, c.5.

PaccMoTpena npo6nema COMHEYHBIX HEHTPHHO MO HMEIOWIMMCS B HacTosllEe BpeMs
9KCNIEPHMEHTAIbHBIM AaHHBIM U [OKa3a8HbI BO3MOXHOCTH PaIHOXMMHYECKOTIO JIHTHEBOTO e-
TEKTOpa JUIA PeIleHUs 3To# NPobieMBl, B YaCTHOCTH, IS OfIpefie/leHHs BKJIa[a OT HEHTPHHO
MPOMEXYTOYHBIX SHEPrHit U GOPHBIX HEHTPHHO B XJIOPHOM M ra/lIMeBoM jerekropax. [1pu-
BEIEHO KPaTKOe ONMCaHWE NPOTOTHNA JIMTHEBOro JeTeKTopa ¢ MuileHbio W3 300 kr me-
TauTMyeckoro nurus, coznaraemoro B HIL «MSIHU PAH».

Tabn.2. Un.2. bubnuorp.: 25.

YIK 539.172.1; 539.172.8

KyMyISTHBHOe pOXJeHHe YACTHII HA NIyYKaX NPOTOHOB M slep (acreKThl XeTANbHOIO
MmccaenoBanns). bonoapes B.K. dusnka aneMeHTapHBIX YacTHL M aTOMHoro sapa, 1997,
Tom 28, Bhin. 1, c.13.

B o630pe npencras/ieHb! 9KCEPUMEHTAIbHBIE PE3Y/bTaThl CHCTEMATHYECKOTO UCCeno-
BaHWA KyMYTATHBHOrO poxnewns uactiu n°, K* p, d B uHKmo3uBHOM npouecce
B+A — c+X. Ilyukamun B gBIsSIHCh NPOTOHBI, QEHTPOHBI, AApa reius M yriepoaa ¢
MMIY/IbCAMH Ha HyKJIoH 4,5 '9B/c. Ha 3THX nyykax uimepeHa A-3aBHCHMOCTb CEYEHHH LA
¢ukcHpoBaHHOTO UMNy/bca BTOpHYHEIX YacTuy 0,5 IB/c 1 yrna smuccuu 9 = 120°. Opar-
%%HTupylomuMH anpamu A cayxwm D, He ,%L Li, C, Al, Si, Cu, ®Ni, 5N, 6x)Zn,

Sn Pb. Ha nyyke nporonos 8,9 I'sB/c mmepeﬂa 3HepreTHyeckas 3aBHCHMOCTb
ceqeuun t-Me30HOB, npo’ronos H HCHTPOHOB B HHTepBale ummyascoB 0,3 + 0,7 I'aB/c
(0 =120°) Ha sulpax Sn Pb. O6HapyxeHbl TOHKHE AETaIH B
NoBeEHHH CEYEHHH B paannquux oGnacnx q)pamemupyxoumx agep. M3ydeHo noseneHue
10Ka3aTels CTENEeHH A-3aBHCHMOCTH CEYeHHH NPOTOHOB, AEHTPOHOB H MTHOHOB OT MacCoOBO-
ro YHCna sgep NepBHYHbIX MYYKOB. Pe3ynbTaThl CPaBHEBAIOTCA C HMEIOLLIMMHUCS JIHTEpaTyp-
HbIMH JaHHBIMH. PaccMOTpeHbI paxuTH4HbIE MOMENH KYMYIATHBHOTO DOXJEHMS 4YacTHIl B
npoueccax B3aHMONEHCTBHA alpOHOB W SAEP C AAPaMH NPH PaVIMYHBIX IHEPrUAX MY4KOB.
TpuBeneHbl Tabnuubl WHBAapHAHTHBIX AHG(pEPEHUHAILHBIX CEYEHHH W pe3ynbTaThi
(pUTHPOBaHHA 3HEPreTHYECKOH 3aBHCHMOCTH CEYEHHH B PAVIMYHBIX MPEACTABIECHUAX.

Ta6n.37. Un.20. Bubauorp.: 110.

YIK 539.12.01
TepmonuHaMHKa CHIBHBIX B3auMoaelcTeuii. Okaros B.H., IOxanrosa E.Il. ®usuka ane-
MEHTAapHBIX YacTHL H aTOMHOIO Aapa, 1997, tom 28, Beimn.1, c.89.

B 0630pe H310XKEHb MOAXOAbl K ONMHCAHHIO TEDMOOWHAMHYECKHX CBOMCTB ropsyeii u
IUI0THOM AnepHO MatepuH. Ocoboe BHUMaHUE YOeNnseTca nepexony KoHpalHMEeHT-IeKOH-
¢afiHMeHT, MpOHCXOAfIIEMY MEXAY aIPOHHOI MaTepHeil U KBapK-IIIIOOHHOM IuTa3Moii. ITpo-
aHaNM3HPOBaHbl Haubonee H3BECTHBIE MOMCTH OMMCAHUA NeKoHdailHMeHTa, BKIOYas MoO-
HENH CTAaTHCTHYECKOTO GyTCTpana, MOIENH YHCThIX (ha3, MOZEJb K1aCTEPH30BaHHBIX KBap-
KOB M CTPyHHbIE MOTEHUHANbHBIC MoaenH. TIpenckasaHus 3THX Mofeneit CpaBHHBAIOTCA C
peLIETOYHBIMH BbMHCIEHHAMH. Jlenaercd BbIBOA, YTO WA PEATHCTHUECKOTO OMMCAHMSA Jie-
KOH(paiiHMEHTa HEOGXONMMO YUHTBLIBATH NpelnepexoaHbie GIyKTyauHoHHbIe a¢dexTrr. Cy-
IECTBOBaHHE NpEMePeXoaHbIX (IyKTyaluid coriacyercd cO CLUEHapHeM IMHAMHYECKOro
KOH(paHMEHTa M MOKa3bIBAET, YTO NeKOHGARHMEHT HENb3s PaccMaTpUBaTh KaK NEPEXofl
Mex/y YHCTBIMH aIPOHHON M KBapK-ITIoOHHO# (azamu. Bee 310 nonepXupaeT KOHLEMIHMIO
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COCYILIECTBOBAHMS KJIACTEPOB, MpPOINaraHIMpyeMyl0 aBTOpaMH JaHHOTO 0630pa: KBapK-Iiio-
'OHHAs- [U1a3Ma ¥ aApOHHBIE KJIACTEpPhl — 3TO PaIMuYHbBIE KBAHTOBBIE COCTOSHUS OHHOM
CHCTEMBI, M03TOMY mobad cTaTHCTHYECKas MOMENb, NMPEeTeHAYIoIas Ha ONMCaHue SAepHO
MaTepUH B 9KCTPEMATBHBIX YCIIOBHSX, A0OJDKHA BKJIIOYATh B ce6d BEPOSTHOCTb 3TUX Pa3THY-
HbIX KaHanoB. O6cyxnaloTcs crnocobel OCTPOSHHUS CTATHCTHYECKHX MOZENei, y9UThIBAIO-
IIMX COCYIIECTBOBAHME INIa3Mbl U KJIACTEPOB, U aHAIM3UPYIOTCH TEPMOAMHAMHYIECKHE CBOM-
CTBA 3TUX MOLEJICH.
Tabn.5. Un.50. bubnuorp.: 160.

YIK 530.145

Jpoxaimee JBHIKeHHe H HeonpeaeJieHHOCTH CKOPOCTH M YCKopeHns B Teopun Jdnpaka.
Boncoesckuit C.B., Ceéupckuit M.C.PH3MKa aneMEHTapHbIX YacTHLI U aTOMHoOro sapa, 1997,
TOM 28, BhIN. 1, €.162.

B 0630pe paccMaTpuBaloTC pe3yNbTaTHl, NMOMYYEHHBIE aBTOpaMH Ha OCHOBE TEOPUH
Jlupaxa, B KOTOPHIX INIABHYIO POJIb MIPAIOT HEONPENEIEHHOCTH CKOPOCTH U YCKOPEHHUS CBO-
60OIHO ABUXYIIEHCS YaCTHIBI CO CMMHOM 1/2. YCTaHOBNEHO, YTO HEONMPEHEIeHHOCTH CKO-
POCTH M YCKOPEHHS W ApoXaliee OBHXEHHE COOTBETCTBYIOLIMX UM omnepatopos mno Illpe-
JAMHrepy oOycIOBIEeHBI OHOM M TON Xe NPUIMHON — HaTMYMEeM Y 3THX OIepaTOpOB HeverT-
HOH yacTu, NpeBpalalolieidl COCTOAHHE C HaHHbBIM 3HAKOM BHEPIHH B COCTOSHHE C
MIPOTUBOIOIOXHBIM 3HAKOM 3Hepruu. BrisicHsaeTcs pU3HUecKUit CMBICT YE€TBEPTOM MaTPHLIBI
Jlupaka, cpenHee 3HaueHHE KOTOPOH OKa3blBAaeTCH CBA3aHHBIM C HEOINpPEAeeHHOCTHIO MpO-
JOJIBHOH HMIYTbCY NMPOEKLHH CKOPOCTH. YCTaHOBIEHA CBA3b MONYis COOCTBEHHBIX 3Ha-
YEeHUH onepaTopa NPOROJILHON UMITYIbCY NMPOEKUUH YCKOPEHHS ¢ KPUTHUYECKOH HampsiKeH-
HOCTBIO 3/1EKTPHYECKOrO MO, MPH KOTOPOH BaKyyM CTAHOBUTCS HeCTaGHIBHBIM IO OTHO-
IIEHHI0 K  pealbHOMY IIpouieccy 00pa3oBaHHMsS  9/IEKTPOH-TIO3UTPOHHBIX  Hap.
PaccmarpuBaeTca apoxailiee OBHXEHHE YacTHLL cO CUHOM 1/2 M Maccoit Mokosi, paBHOH
Hymo. KpoMe Toro, o6cyxaaercss MarHMTHas aHaJIorHs ApoXaluero AsixXeHus. Takum o6pa-
30M, Apoxallee ABHXeHHe, oTkpeitoe Lpenunrepom B 1930 r., ecTb aelicTBUTENBHOE CBOI-
CTBO PENATUBUCTCKOH YacTHLBl CO CIHHOM 1/2 B HEeCTaLlHOHapHBIX COCTOSHHAX. A B CTa-
LIMOHAPHBIX COCTOSHUSX MMEET MECTO HEOIIPEeNiesIeHHOCTE CKOPOCTH, KOTOpas, B OTJIMYHE OT
COOTHOILIEHHI HeonpeaenaeHHocTeii IeitseH6epra, He cBi3aHa C HEONpeeleHHOCTbIO COMpsi-
KEHHOIO C Heil mapamerpa.

Bubnworp.: 42.

YIK 681.518.3
IIpenn3HoHHbIE MUKPOBEPIIMHHBIE AeTeKTOPbI. Hukumiok H.M. ®u3uka 3leMeHTapHbIX
4yacTHLl M aTOMHOTO aapa, 1997, tom 28, Buimn.1, ¢.191.

B 0630pe paccMOTPEHO COBPEMEHHOE COCTOSHHE M IMEPCIEKTHBBI PAa3BUTHS BBICOKO-
NIPELM3HOHHBIX . MUKPOBEPIIMHHBIX 1eTeKTOpoB. OnucaHbl XapaKTePUCTHUKH, TPHHIIUIIBI
NeHCTBUA U METObl CYHTHIBAHMS CHTHAIIOB OT MHKDOBEPIIMHHBIX AETEKTOPOB, CO30aBAEMBIX
Ha OCHOBE TIOJNYNPOBOAHHMKOBOM TEXHOMOTMH W METONHKHM CBETOBHIX BOJIOKOHHO-OMNTH-
yeckux cseroBonos. IIpuBeneH®! Tabnuubl ¢ Mapamerpamu Haubonee M3BECTHBIX MHKPO-
BEPLIMHHBIX NETEKTOPOB, IIPUMEHSEMBIX B BKCIIEPHMEHTAX ¢ (PUKCHPOBAHHON MHILUEHBIO U
Ha KoJutaijepax.

OnHcalbl CneLHATU3HPOBAHHbIE TIPOLIECCOPHI, PUMEHAEMBIE 11 OBICTPOTO BhIYHCIE-
HMS IPULETBHOTO NapamMeTpa H o16opa cOOBITHH, COAepXallMX BeplUMHbl pacnana. [Ipuso-
JTCsL KPaTKHE XapaKTepUCTHKM BHOBB co3fiaBaeMblx nerektopoB ATLAS u CMS s akc-
nepumeHToB Ha LHC.

Ta6n.8.Mn.38. Bubauorp.: 80.
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K CBEINEHHIO ABTOPOB

B xypHane «(DU3MKa 3MEMEHTAPHBIX YaCTHIL H aTOMHOTO snpa» (DYAS) nevaratorcs 0630pHI 1O
AKTYATLHEIM MpPOG/IeMaM TEOPETHYECKOR M 9KCTIEPUMEHTAIBHOH (M3HKH - 3NIeMEHTAPHBIX YaCTHIL
ATOMHOTO S7Ipa, MPoGieMaM CO3/aHH HOBBIX YCKOPHTEIBHBIX U SKCIIEPUMCHTANBHEIX YCTaHOBOK, aBTO-
MaTH3auMK 06pabOTKH IKCHEPMMEHTATHHEIX AaHHBIX. CTaThH MEYaTaloTCs HA PYCCKOM U aHIIIHIACKOM
g3piKax. Peflakiys MPOCKT aBTOPOB MPH HANPABICHHH CTaThH B MeYaTh PYKOBONCTBOBATHCH M3NOXEH-
HBIMH HHXE TPABHIaMH.

1. TeKcT cTaThi ZOMXEH OBITh HANeuyaTaH Ha MaillMHKE Yepe3 JBa MHTEpBaia Ha OJHOM CTOPOHE
nvcta (06s3aTeNbHO MpPECTARIAETCA NEPBHI MalIMHOMMCHBIH Kk3eMIuiap). TTons ¢ neBoi CTOPOHbI
JOIXHbI GbITh HE yXe 3—4 CM, PYKONMCHBIC BCTaBKM HE JIOIMYCKAIOTCH. DK3EMIUISP CTaThi HOMXEH
BKJIIOYATh AHHOTALMM M HA3BaHME HAa PyCCKOM ¥ aHIIMICKOM S3bIKaX, pedepar Ha PYCCKOM s3biKe,
VIK, cBeneHus o6 apropax: (aMwiMs M HHMLMATsl (HA PYyCCKOM M aHUIMICKOM s3bIKax), Ha3BaHHE
MHCTHTYTA, afpec M TededoH. Bee CTpaHHIbI TEKCTa NOKHBE GbITh NpoHyMepoBaHbl. CTaths JOIXHA
6BITh NO/IKCAHA BCeMH aBTopaMH. TeKCT CTaThM MOXET ObITh HalleYaTaH Ha MPUHTEPE C COOMIOACHHEM
TEeX Xe MpaBui.

2. @opMyab ¥ 0GO3HaYeHHs NOMXKHb GHITH BIMCAHBI KDYNHO, YETKO, OT PYKHM TEMHBIMH
yepHwiaMi (MO0 HaneyaTaHbl Ha MpUHTEpe M 06s3aTe/BHO pasmedeHbl). XKenateJlbHO HyMepOBAaTh
TOIBKO Te (GOPMYIBI, HA KOTOPBiE HMEIOTCS CCBUIKM B TekcTe. Homep dopMybl yKashiBaeTCA Cripasa B
KpymIbix ckoGkax. Ocofoe BHMMaHMe cleiyeT o6paTHTh Ha aKKypaTHoe M300paXeHHe MHICKCOB H
noKasaTtesieil CTeleHeil: HUXHHME MHIEKCHI OTMEYAIOTCA 3HAKOM MOHMXEHHS M, BEPXHHE — 3HAKOM
TOBbILLEHHS U; LITPUXH HEOOXOMMMO YETKO OTIMYATh OT eMHHLBL, @ CIMHHLY — OT 3ansToil. Crenyer,
MO BO3MOXHOCTH, H30€raTh rpoMO3IKUX 0603HAYeHHUI U ynpowars Habop GopMys (HanpuMep, IpHMe-
HAsL exp, Apobb Yepe3 KOCylo YepTy).

Bo u3bexanne HeIOpasyMEHHIl H OIMGOK CIEyeT AesaTh CHOE PadiuyHe MEXIy TPONHCHBIMA
1 CTpO4HbIMH GyKBaMH, OXMHAKOBEIMH TI0 HayepTaHuio (V u V, Unuy Wuw,Ouo, Kuk, Sus,C
uc, Pup, ZH z), NpONMCHHE NOYCPKUBAIOT ABYMS YEPTAMH CHH3Y, CTPOUHBIC — JBYMS HCpTaMi
CBEPXY (§ us, C u ©). Heobxonumo genarb ‘ICTKOC pazinume Mexay Gyksamu e, I, O (6onbwoi) u o
(Manoii) u 0 (HyneM) As Yero 6yKBbl Q u § orMeyator IBYMSl YEPTOUKaMH, a Hylb OCTaBIsoT Oe3
nonyepkusanus. I'peyeckue GyKBhi l'lOIl‘lel(PlBalOT KPacHBIM KapaHJaiioM, BEKTOPHl — CHHHUM, 1160
3naxkoM (.J CHH3y uepHwiamu. He pekoMeHIyeTCsi MCTIONB30BATh A4 0GO3HAYEHHS BENWIHH GyKBBI
TFOTHYECKOTO, PYKOMMCHOTO M NPYTHX MAIOYMOTPeOUMBIX B XYPHANBHEIX CTaThAX WPHQTOB, ONHAKO
€CIIM TaKylo GYKBy HeJb3s 3aMeHUTh GYKBOH JIATHHCKOTO WM IPEeYecKoro aihaBuTa, T0 €6 PasMeyaroT
npocTeiM KapaHjamom (06BOAAT KPYXKoM). B ciyyae, eciM HamMcaHHE MOXET BHI3BaTb COMHEHMC,
HEOOGXOIMMO Ha NOJSX AaTh MOSCHeHue, HanpuMep: § — «a3era», & — «kcu», k — nar., K — pycckK.

3. PHCYHKH NpPEACTAaBIAIOT Ha OTACNBHBIX JIMCTaxX Gesofi Gymaru WM KalbKH C YKa3aHHCM Ha
06opoTe HOMEpa PHCYHKA M Ha3BaHuA crarbd. ToHOBbC (hOTOTPathMM NOMKHBI OBITH TPEACTARICHHI B
JIBYX 3K3eMIUIApax, Ha 000pOTe KapaHNaUloM yKasarh: «BEpX», «HH3». [pauku JOMKHbI ObITh Tia-
TEJIBHO BBITIONHEHBI TyUIBIO WIH YePHBIMH YEPHIIAMH; HE PEKOMEHIYETCS 3arPOMOXNIATh PHCYHOK He-
HYXHBIMH JleTalsMi: GONbIIMHCTBO HANMCEH BHIHOCHTCS B MOMMHMCh, 3 HA PUCYHKE 3aMEHSETCH
uncdpamu wid Gyksamu. XKenarenpHo, yro6bl puCyHKH GbiT TOTOBBI K NPAMOMY PENPORYIIMPOBAHHIO.
TTOANMMCH K PHCYHKaM NPEJCTABNAIOTCA Ha OTAE/IBHBIX JIMCTaX.

4. Tabnunsl AOTXHBI OBITH HanevaTaHb! Ha OTHEBHBIX JINCTAX, Kaxuas TabnKLa J0MXHa UMETh
3arojioBoK. CJ’ICH)’CT YKa3piBaTh €IMHHALIB H3MECPECHHS BEJIHYHH B TabauLax.

5. CnuMcOK JHTEpaTyphl MOMeIIAeTcs B KOHIE cTaThH. CCHUIKH B TEKCTE HAKTCA C YKa3aHHEM
HOMEpa CCHUIKH Ha CTPOKE B KBAJPaTHbIX CKOOKax. B nmrepaTypHo# cchulKe AOMXHbE GbITh yKa3saHbi:
U151 KHUT — (haMWIHK aBTOPOB, MHHLMATB], HA3BAHHE KHHIY, TOPO]I, H3ATENLCTBO (WIM OpraHH3aLms),



TO M31aHHs, TOM (4acTb, [1aBa), UATHPYEMAas CTPAHMLA, eClH HYXHO; [U1f CTaTed — (aMuUIMH aBTO-
POB, MBMLMATEL, HAa3BAHKE XYPHAIA, CEPHsl, TOX M3JAHHS, TOM (HOMep, BBIITYCK, €CITH 3TO HEOGXOMMMO),
Tiepsad cTpaHMU@ cTated. Ecin asropos Gonee nstu, To ykasats Tonbko niepBbie TPH haMuIHM.
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