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SiBeHue aucCONMANMM PEJATHBUCTCKUX fAep, Hal0n0gaeMoe ¢ YHHMKAJIbHOH IOJHOTOH B siIePHOM
mydabcuu ($3J), nmo3BojiieT U3y4arb aHCaAMOJIM HYKJIOHOB M Jierdyaillux siiep, npeacraBisiloliie MHTepec
njsa anepHoii pusuku u acrpopusnku. UnauBuayajibHbie 0CO0EHHOCTH HU3Yy4YaeMbIX siiep NMPOSABJIAIOTCH B
BEPOATHOCTAX KaHAJ0B Auccouuanuu. Jocromncrea Meroauku fJ BKIIOYAT peKOpAHOE pa3pellieHHe B
ompeJesieHUH YIVIOB BbLIETa PEISATHBHCTCKUX (PParMeHTOB M BO3MOKHOCTh HMIACHTH(PUKALMU Cpeld HHUX
u3oronos He u H nmyrem usmepennsi MHOrOKpaTHOTO0 paccestHUS.

Ha »s1oii ocnose B 3kcnepumente BEKKEPEJIb na nykiaorpone OUSM wusyuaercs KkJiacrepHasi
CTPYKTYpA JerKHX CTA0MJIbHBIX H PAMOAKTHBHBIX H30TONOB. B 4acTHOCTH, 10 MHBAPMAHTHON Macce map u
TPOEK PpeaaATHBHCTCKHX ¢parvmentoB He m H B jauccoumamuum wusoromoB °Be, 1B, C u UC
naeHTHQUIHPOBAHbLI HecTa0UIbHbIE siaApa 8Be u °B, a B quccounanuu 2C u %0 — cocrosnue Xoiiaa. Ipu
pelieHnd 3THX 32/a4 MOATOTOBJIEHBI MOJIOAbIE HCCJIEOBATEIH, OCOBPEMEHEHbI METOAbl AHAJIM3A M
BOCCTAaHOBJIEHO MPou3BoacTBO 9. [0 pesyiabraramM 3KCNEPUMEHTA MOATOTOBJIEHbI JOKTOPCKAs! {HCCEPTAIMS
U IeCTh KAHAMAATCKUX Aucceprauuii 1 omy0aukoBanbl 0030psl. Cienyroueii npodiaemoii ABJIsIeTCH MOUCK B
mucconuanun sizep N, ?Ne u 8Si cocrosinus Xoiiia, a Takike 0ojiee CJAOKHBIX SAEPHO-MOJEKYISIPHBIX
COCTOSTHHMH.

ImaBHOIi mepcHmeKTHBOM CTaHeT NMpUMeHeHUHe Meroaa D Nias u3yvyeHUs pa3peKeHHOH OAPHOHHOM
MAaTepHH, BO3ZHHKAKINE NpH AUCCONMALMH TsKeabIX sgep. Temmeparypa M IUIOTHOCTH 3TOIO
KOPOTKOKUBYIIIET0 COCTOSIHHSI ONpPeNe/silOTCA MO0 COOTHOLIEHHI0 peJATMBHCTCKHX u30TonoB H m He m
HelTPOHOB U yriiam ux ucnyckanus. Ciou 59, o0nyyennbie B myukax NICA mociay:kar ucciieoBareibCKuM
MATEpPHAJIOM, MO3BOJIMIIOIMM HCC/IeJ0BATh siAepHble aHcaMOau OecnpeneJeHTHONH MHOXKECTBEHHOCTH H
pa3HooOpa3zus.

J/isi MOHMMAHMS MeXaHM3Ma MHOKECTBEHHON JUCCONMALMHU siiep NpelJaraercs MpPOBeCTH AHAJIM3
(pparmeHTanMu faep U3 coctapa D BIJIOTH 0 MX MOJHOIO pa3pylieHUs MO AelCTBHMEM PeJsiTUBHCTCKHUX
MI0O0HOB. O0yuenus 9 mwonamu OynyT BoinojiHenbl B [IEPH.

dddeKTHBHOE pelIeHHe IOCTABJEHHbIX 33/7a4 TpedyeT HHBECTHLUMH B aBTOMATH3UPOBAHHbIC H
KOMIILIOTEPU3MPOBAHHbIe MUKPOCKOIIbI, 4 TAK/Ke COBeplIeHCTBOBaHUEe TexHooruu AJ. IlpoekT mocay:xur
OCHOBOI1 /1151 00HOBJICHHMS TPAAUILMOHHOIO COTPYIHMYECTBA M0 MCIMOJIb30BaHKI0 .
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dur. 7. Sapo asora CTOAKHYJIOCh C sAPOM 3MyabCHU. [IOBHAMMOMY, IPOH3OLLIO
CKOJIb3sIee CTOAKHOBEHHE, NMPH KOTOPOM 3apsl NEPBHYHOrO sipa yMeHbLUAercs
Ha enuHuuny. OCTATOK, NpeNCTaBAAMHA CO00H BO30YXK/IEHHOE SAPO yriaepola,
pacnajzaercs 3aTeM Ha 3 o-4aCTHIbl, KOTOpbie B 1a0OpPaTOPHOH CHCTEME HCMy-
CKAlOTCA B Y3KOM KOHyCE B HAmpaBJeHHUH IBHKEHHs MEPBHYHON YACTHI(bI
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dur. 6. Sapo u3 rpynubl Mg—Si CTOJIKHYJHOCH C sPOM SMYJbCHH.

[IpeanonaraioT, 4To y3KHii JHBEHb, COCTOAUINH H3 MPOTOHA H 5 a-uacTHl,

BO3HHK B PE3yJbTaTé HCNAPEHHs MEPBUYHOrO AJIpa, BO3OYKAEHHOr0 CTOJK-

HopenneMm. CCTajlbHBIE YACTHIB, HCHOYUIEHHbIE B 3Be3je, ABJIAIOTCHA, HOBH-
JIMMOMY, OCKOJKaMM siipa MHIICHH,
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Events of multiple fragmentation of relativistic nucler were observed as early asthe 40sin the NTE
exposed to cosmic rays in the stratosphere. Their photographs presented in the classic book by C. H. Powell,
P. H. Fowler and D. H. Perkins, among other fundamental observations can serve as a model of clarity in our
time. Our research 1s implemented in keeping with this tradition.



KosiekTHBHBIE CcTeNeHH CBO0OO/ABI, B KOTOPBIX I'PYNIbI U3 HECKOJIBKHX HYKJIOHOB BeIyT Cefsi KaK COCTABJISIIONIHE KJIACTEPHI, SIBJISIOTCS
O/IHMM M3 KJIIOUEBBIX ACHEKTOB S/IEPHOI CTPYKTYpbl. OCHOBHBIMH «CTPOMTEIbHBIMH KHPHHYAMI» KJIACTEPH3ALUN ABJISIOTCH Jeryaiinime sjapa, e
nMenne Bo30yKIeHHbIX COCTOSIHUIT — mpexIe Bcero 3To sapa ‘He (a-uactuusi), a Takke aeitpous (d), rpurons: (t) u sapa *He win 2eauonnt (h).
ITa 0C0GEHHOCTH OTYETIMBO MPOSIBJISIETCS B JIETKHX SIPaX, I7ie YHCJI0 BO3MOKHBIX KJIACTEPHBIX KOH(pUrypanuii HeBeinko. B kiacrepHoii kapTune
JIeTKHe fipa MPeICTABJISIOTCH KaK CYNEepHo3HMUUd Pa3IMYHbIX KOH(QHUIypauuii KJIacTepoB W HYKJIOHOB. MHTepec K TaKHM COCTOSIHHSIM HaJ
NMOPOraMu CBSI3M CBSI3aH € MPeJACKa3aHHEM HX CBOICTB, KAaK MOJIEKYISIPHO-TIO00HBIX.

PaccmarpuBaemMbie B MAKPOCKONMMYECKOM MacuiTade, KOrepeHTHbIe aHCaMOJIM KJIACTepPOB MOIYT
UrpaTh MPOMEKYTOYHYIO POJIb B HYKJIEOCHHTE3€, YTO NPUAAET U3YYEHHUIO SAIePHOM KJacTepu3auuu
3HAYEeHHe, CYILIeCTBEHHO BbIXOAsIee 32 paMKu mpodjiem siziepHoii cTpyKtypbl. Ha mepBblil B3risig
HCCJICI0BAHUSA SIACPHBIX CHCTEM MHOIHX TeJl KaKyTCH HEBO3MOKHBIMU B JIa00OPATOPHBIX YCJIOBHSIX.
Tem He MeHee, OHM MOTYT ObITH HMCC/IEIOBAHBI HENMPAMbIM 00pa30oM B MpoOLECCaX pa3BaJja siAep Nnpu
BO30YKIEHUH HECKOJIbKO BbIlIE COOTBETCTBYIOLIEro Mopora.
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Multifragmentation reactions and properties of stellar matter at subnuclear densities

A.S.Botvina! and 1. N. Mishustin??

Unstitute for Nuclear Research, Russian Academy of Sciences, RU-117312 Moscow, Russia
2 Frankfurt Institute for Advanced Studies, JW. Goethe University, D-60438 Frankfurt am Main, Germany
3Kurchatov Institute, Russian Research Center, RU-123182 Moscow, Russia

{Received 20 June 2005; published 24 October 2005)

We point out the similarity of thermodynamic conditions reached in nuclear multifragmentation and in
supernova explosions. We show that a statistical approach previously applied for nuclear multifragmentation
reactions can also be used to describe the electroneutral stellar matter. Then properties of hot unstable nuclei
extracted from the analysis of multifragmentation data can be used to determine a realistic nuclear composition

of hot supemova matter.
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CoBpeMeHHBIII HHTEpPEC K 3TOIl TeMe MOTHBMPOBAH KOHIENIMEH ¢-4aCTUYHOIO KOHAeHcaTa bo3e-JiiHiTeiinal.
B kauecTBe Haubo/Iee MPOCTHIX GOPM TAKOI0 KOHIAEHCATA MPEII0KEHO 0CHOBHOE COCTOsSIHNE HecTa0uabHoro saapa 8Be
u, Bcaen 3a muM, HS. B mpopoakenue BerBm °Be m HS mpeamosiaraercsi, 4ro KOHAEHCATHBIM 40-COCTOSTHHEM
aBjsieTcs 6-¢ Bo3Gy:xkaenHoe cocrosiuue 0 sapa %0, pacnonoxennoe Ha 700 k3B Bbime 4a-nmopora. Torna pacmnaj
KOHJIeHcaTa Mor Obl WATH B mocienoBareabnoctu %0 (0*) — ?C (0*,) — ®Be (0*,) — 2a. Bo3uukaer Bompoc, a
BO3MOKHO JIM CylleCTBOBaHUeE ellle 0ojiee CI0KHBIX S1ePHO-MOJIEKYJIAPHbIX cucTeM?
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Colloquium: Status of a-particle condensate structure
of the Hoyle state
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While the size of the individual a-particles remains very close to their free space value
(b~ 1.37fm), the variationally determined B parameter takes on about three times this
value. This entails a quite enhanced value of the rms radius of 3.83 fm of the Hoyle state
with repect to the one of the ground state (2.4 fm). This gives a volume (density) of the
Hoyle state about a factor 3—4 larger (smaller) than for the ground state. In such a large
volume the a’s have space to develope themselves which is not the case in the ground
state where they overlap strongly:.



Yxke ABa JeCATWICTHS PAa3BUBAKTCH TeOpPeTHYECKHE KOHLENUUHN O Pa3peKeHHON O0apUOHHOM
MaTepHH, BO3HUKAKLIEH B pe3yjbTare K/JIACTEPU3AUUM HYKJOHOB B Jler4yaMiuue siipa B YCJIOBHAX
IpeaejbHO HU3KOM SIIEPHOM IUIOTHOCTH M TeMieparypbl. Kak aHajaor aroMHbIX KBAHTOBBIX I'a30B
paccMaTpuBaeTcsl O-4aCTHYHbIM KoHAeHcar bose-JiiHmureiitHa. JTH pa3pad0TKM BbIABHUIAKOT
npodjieMy HU3y4YeHUS Pa3HOOOpPa3HBIX KJACTEPHbIX aHcaMOJjiell W HECBA3aHHBIX sAep Kak
(pyHIaAaMEHTAJBHBIX KOMIIOHEHT HOBBIX KBAaHTOBbIX cpea. B acrpodusumueckom macmrade 310
KOPOTKOKHMBYILlEe COCTOSIHME MOXKET CJHYKUTh HEeO0XOAMMbBIM JTAallOM Ha IYTH CHHTE3a CaMbIX
THKEJIBIX fiiep. AKTHBHOE pa3BUTHE TEOPMH B 3TOM HANPABJICHUM 32 MOCJIEAHHE IBa JeCATUICTUSA
npociaexuBaercsa nmo padoram C.J. Horowitz, G. Ropke, P. Schuck, A. S. Botvina, I. N. Mishustin i nx
coaBTopoB. KitacTepusanus sigep TpaaullHOHHO PACCMATPUBAECTCH KaK NpeporaruBa GU3MKu sAAePHbIX
peakuuii Hu3kux JHepruid. I[Ipennaznayenuem mnpoekrta BEKKEPEJIb sBasercssi npuMeHeHue
MOTEHIHAJA OJHOI0 U3 pa3lesioB (PU3MKHU BBHICOKUX JHEPIrMHM — PEJATUBHUCTCKON SAIEPHOM (PU3MKHU —
NJIA pasBUTHA KOHUENIHUN AAEPHON KIacTepU3alMHu.

SABienue nepudepuyecKon AMCCOUMANUMN PEIATHUBUCTCKUX fAEP HMeeT CKPLITHIA NOTEHUHAJ
«1a0opaTropumw» AJIs1 NPOBEPKH COBPEMEHHBIX KOHUENUUN AAepHOH (PU3UKH U SAACPHON acTPOPUIUKH.
B nucconuanyum TAKeNbIX AIeP MOKET BOCCO3AABATHCA SAAePHAd MaTepUs, CXOAHAs 10 TEPMOIUHAMMKE
U U30TOIMYECKOMY COCTABY C B3pbIBaMU CBepXHOBbIX. Ilyuku sizep, popMupyemsbie 1 KoJLIaiaepa
NICA, OTKpOIT NepcrneKTUBY CHUCTEMATHYECKHX HCCJIEJOBAHUII B JITOM HANPABJEHMH METOIAOM
saepHoil dmyabcuu (S3). IIpoekT HanpaB/ieH HA BbISIBJICHHE COCTABAa (PparMeHTHBIX aHcaMOJield, a
TaK/Ke BKJIA/1a HEHMTPOHOB NPH (pparMeHTAlMH THAKENbIX saep. biarogaps yHuKajabHOMY paspelieHUI0
1 YYBCTBUTEJIBbHOCTH MeToAa S, OynyT oOecnedeHbl HauboIee TOYHbIC H3MEPEHH S YIJIOB HCIYCKAHUSA
PeJATUBUCTCKUX HM30TONOB H m He, maeHTMdUUMpPyeMBbIX METOAOM MHOIOKPATHOIO pacCesiHHsl, a
TaK:Ke HEeMTPOHOB, MACHTH(UUHMPYEMbIX 10 BTOPUYHBLIM BeplIMHaM. byxy4yu mosy4deHbl B 00paTHOM
KMHEMATHUKe, [JaHHbIE O BbIX0AAX HEHUTPOHOB IOCJIYKAT OPHMEHTHPOM MNPH MNPOEKTUPOBAHUH
THOPUIHBIX CHCTEM «PEAKTOP + YCKOPUTEIb).
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IxcnepumMeHT BEKKEPEJIb onupaercs Ha KyJasTypy npuMeHeHus 51D B mpo0iaemMax (pM3UKH BbICOKHX JHEPIuii, pa3BMBABIIYIOCS C Ha4YaJIa
50-X Ir. ¥ He YTPATHBUIYI0O HEHHOCTH MOHbIHE. O0ayyeHusi SID Bo BnepBble CO3AABABIIMXCH MYYKAX PeJSITUBHCTCKHUX siiep Havaauch B 70-X Ir. Ha
cunxpodazorpone OUSAN u Bepanaxe (LBL). B 90-e rr. mogooubie odayuenusi npoaoskuauck na BNL AGS u CERN SPS. B nyxe Tpaauumii,
BO3HMKIINX ellle B MHOHEPCKHI Mepro] HCCIeJOBAHMA KOCMUYEeCKHUX Jy4eil, cronku caoeB 3, nposisassmuxcs B JI®BD OUSU, nepenaBanuch Bo
MHOIMe Hay4YHble HEeHTPbl M YHHBEPCHTETBI, CIMOCOOCTBYsi IIMPOKOMY ycmexy HoBoro Hampasjenus. Ilonnora naOnrogenuss B A9 ciaenos
3apsiKeHHBIX YACTHII JerJa B OCHOBY KJaccH(puKaANMU siAPO-siAePHBIX CTOJKHOBeHHUIl. Oco0oe BHUMaHNe NMPHUBJIEKJIN HauboJiee pa3pymiuTeabHbIe
coyapeHHs, KaK OTBevyaoue Hau0oJbIIeil KOHIeHTpauun MaTepuu U 3Hepruu. [locienyroniee pasBuTie B 3TOM HANPABJEHUH HIHPOKO U3BECTHO.
Bmecte ¢ Tem pe3yabrarsl, moaydyeHnble B 70-90-x rr. meromom 1D, Kak M camMu 00JiydeHHbIe CJIOHM, W COOTBETCTBYIOLIUE (paijbl JaAHHBIX,
COXPAHAKT YHHKAJIBLHOCTh B aCHEKTe (PparMeHTAlMU HAJIETAKIKNX fAep. B MakcuMaibHO JOCTYIIHOM CTENEHH 3TO HAYYHOE HAcCJIeJue COXPAHEHO U
poctynio B JI®BD. Ha caiite mpoekta BEKKEPEJIb HakanimBaercsi KoOJUIEKHHMS MAaKpO-BHAeo3alucell H3y4YaBIIMXCA HNepupepuYecKHX
B3aMMO/AEHCTBUH PEISATHBUCTCKHUX fep .
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The foundations of required methods of measurements on microscopes in exposure NTE
layers were laid at the beginning of studies on the physics of cosmic rays and, then, used
widely when beams of relativistic nuclei became available. For these purposes three
microscopes KSM-1 manufactured by Carl Zeiss (Jena) about half of century ago and still
functioning well are applied in JINR. Each microscope is equipped with apochromatic and
achromatic lenses providing an increase of 15 and 50x, two eyepieces 12.5x and a tube lens
2x which together give an image magnification 375-1250x. The maximum error due to
manufacturing tolerances does not exceed 0.05 pm.
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CoObiTust mnepudepuueckoil AUCCONMALNM,

oTpa:kauuMe WHAMBHUAYAJbHbIE 0CO0CHHOCTH
HAJIeTAOIIMX sAep, HaOmopawrcs B D Takike
4acTo U MOJIHO, KAK M HEHTPAaJIbHbIe COyIapeHM .
Ounu YKa3bIBaKOT Ha NPUHUUITHAJIBHY IO
BO3MOKHOCTb H3Yy4YeHHSl SAJAEPHONl CTPYKTYpPbl B
KOHYCe peJATUBUCTCKOM (pparmenTanuu. OaHaxko
B TAKOM acleKTe IpPUMEHEHHe TPaJUuUNOHHBIX
MATrHUTHBIX CHEKTPOMETPOB ¢ KOOPAUHATHHIMH M
CHUHTH/UVISIMOHHBIMUA JIeTEKTOPAaMHU 0Ka3aJ10Ch
BeCbMAa OrpaHM4YeHHbIM. BoO3ZHUKIIME CJI0KHOCTH
00ycCJIOBJIEHbI  pPaMATH4eCKOM  pasHuUEed B
HOHM3AaUMM sep MNy4Yka M PeIdaTHBUCTCKUX
(pparMeHTOB NpHM HMX KpaWHe MaJIOil YIJIOBOH
pacxoaMMocTH, W, 3a4YacTyl, HNPUMEpPHbIM
COBNA/JICHHUEM [0 MArHUTHOM KecTKOCTH. 1o YTUM
NpUYUHAM OCYIIeCTBJIAJIACH IOCTAHOBKA
U3MEpPeHul ¢ perucrpagued peasaTUBUCTCKUX
(pparMeHTOB MAaKCHMMAJIbLHO OJU3KHUX MO 3apaay K
H3y4aeMomy siapy.
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Relativistic fragments are concentrated in the cone sin@;, = p;/p,, where p;, = 0.2 GeV/c is
the measure of the nucleon Fermi momentum in the projectile nucleus, and p, is its
momentum per nucleon. The invariant mass of the system of relativistic fragments is
defined as the sum of all products of 4-momenta P;, of the fragments M™ = Y (P;:P)).
Subtracting the mass of the initial nucleus or the sum of the fragments Q =M™ - M is a
matter of convenience of presentation. The components P;, are determined in the
approximation of the p, conservation.



316 “white” stars 12C — 3a

641 “white” stars 10 — 4q
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For the 12C nucleus at an energy of 3.65 A GeV there
are measurements of emission angles of a-particles made
in the groups of G. M. Chernov (Tashkent) at 72 and A.
Sh. Gaitinov (Alma-Ata) in 114 “white” stars 2C — 3a.
The left figure shows the distribution over the invariant
mass of a-pairs Q,,. In the Q,, < 0.2 MeV region, the
contribution of the 8Be decays is 17 + 1%.

The distribution Q,, for all 2a combinations in 641
"white" stars 10O — 4a presented in the right figure. As
in the case 2C — 3a, for Q,, < 0.2 MeV there is a
contribution of 8Be decays which manifests itself in 15 +
1% of events.
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AHaiu3 nepudepuyecKkux B3auMoAeicTBHH B ciaoax A, o0ayvyaBmimxca Ha
HyKJoTpoHe OHUSAU, mno3BoaMJ HM3YyYHNTh B €IMHOM MOAXO0Ae KJIACTEPHbIE
ocobennoctu saep °Be, 81011B 101C 1214N g ycranoBuTh BK/I2J HECTAOMIBLHBIX
agep °Be, 8Be m °B. OrcyrcrBHe cTa0MIBHBIX OCHOBHBIX coctosinuii 8Be u °B me
NPEeNnsATCTBYET HX Y4YacTHIO B sIePHOI CTpPyKType. B HyKjJIeocMHTe3e OHM MOIYT
CJIYKHTH «TepecaiouHbIMu CTAHIUAMM, MPOXOKIEHHE KOTOPBIX
«3aneyariieBaercs» B o0pasyomuxcs sapax. /[0 cux mop mogo0HbIe YYaCTHHKH
HNPHU3HAKIOTCH TOJLKO B i nenouke 3o — alBe — (cocrosnue Xoiiaa) — 12C.
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Channel With target fragments «white» stars P)
Li+ He 21 (5%) 5 (4%)
Li+2H 32 (8%) 5 (4%) o
He + 3H 120 (32%) 18 (13%)
2He + H 182 (48%) 103 (76%0) @ %
SH 24 (6%) 2 (1%) o
Be + H 1(< 1%) 2 (1%)




Charge topology of “white” stars

Channel 12c e ¢ °C

B+H 6 (5 %) 1 (0.4 %) 15 (14 %)
Be + He 18 (13 %) 6 (2.6 %)
Be + 2H 16 (15 %)
3He 100 (100 %) 25 (17 %) 12 (5.3 %) 16 (15 %)
2He +2H 72 (50 %) 186 (82 %) 24 (23 %)
He + 4H 15 (11 %) 12 (5.3 %) 28 (27 %)
Li+He+H 5 (3 %)

Li+3H 1 (0.4 %) 2 (2 %)
6H 3 (2 %) 9 (4 %) 6 (6 %)
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The secondary Be beam was obtained by fragmentation of accelerated '’B nuclei.
When scanning the exposed emulsion 500 events “Be — 20 in a fragmentation cone of 0.1
rad have been found. About 81% a-pairs form roughly equal groups on 0,,: “narrow" (0 <
®, <10.5 mrad) and “wide” (15.0 < O, <45.0 mrad) ones. The @, pairs are consistent with
*Be decays from the ground state 07, and pairs O, - from the first excited state 2" The 0,
and O, fractions are equal to 0.56 = 0.04 and 0.44 + 0.04. These values are well
corresponding to the weights of the *Be 0" and 2* states @wo+ = 0.54 and ®2: = 0.47 in the
two-body model n - *Be, used to calculate the magnetic moment of the “Be nucleus.
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The distribution of 68 “white” stars °C — 2a + 2p over Q,, and Q,,, is shown in Figures a and b. The
distribution Q,, with an average <Q, > = (63 * 30) keV allows concluding that the ®Be formation is
observed. In turn, the distribution Q,,, indicates that the dissociation °C — 2a + 2p is accompanied by
the °B formation. The average value <Q,,,> = (254 + 18) keV corresponds to decay °B — °Be + p. A
complete correspondence Q,, to Q,,, points to the cascade °C — °B — ®Be. The °B nucleus manifests
itself with a probability of 30 = 4 % in the 1°C structure.
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Bo3Mo:kHO paccMoOTpeHne u posium 0ojiee CJI0KHBIX HACPHO-MOJICKYJISIPHBIX CHCTEM.
Hanpumep, B KorepeutHoii aucconuanuu aapa °C moayueHo ykazaHue HA Pe30HAHC B
kaunaJje °Bp npu 4 MaB. Ero uzyuyenune npoao/ikaercs Ha 4-KpaTHo Bo3pociieii CTaTHCTHKE,
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YceroiiuuBbIE MHTEPEC K TeMe MOXKHO IPOCHeIUTh MO YHCIAY 3arpy3oxk 003opa, CyMMHPOBaBHIEro
pe3yabrarbl mepBoro rama jxcnepuMenta. Ilo-cymecrtny, sxcnepument BEKKEPE/Ib, onupasice Ha
(pparMeHTAUMI0O PENATHBMCTCKUX siAep B D, ylep:KuMBaeT «MHPOBYI0 MOHONOJIMIO» B YacTH
AeTaJbHON MH(pOpMaLMU 0 MHOrOYacTHUYHBIX aAepHbIX ancamOanx. C 2016 roga moa mpucTajbHBIM
BHUMaHHEM HAXOAUTCH BO3MOKHOCTL Hal/onenusi cocrosnus Xoiaa (HS) B peasTuBucTCKOI
AUCCONMALMY JIETKUX f/ep.




I1aBHOe 3aTpynHeHHe, y:Ke B 3HAYUTEJbHON CTENEeHH MPEOJ0JIeHHOe, COCTOAJI0 B TOM, 4TO
NPOU3BOACTBO ¢JjioeB 1D, B TeueHHe 4eThbIpex AecATHIeTHH Beameecs B MockBe, mpepBajioch B
cepenune 2000 rr. Tem cambiM ucropusi Metoaa I ka3zajnach 3aBepumieHHoOli. OqHaKko, oTBeYasi Ha
3anpoc 3kcnepumMenTa BEKKEPEJIb, komnanus "Caasuu" (r. [lepecaasiab 3anecckuii) BO300HOBHIA
¢ 2012 r. npousBoacTBo cjaoeB A Toamunoi or 50 1o 200 MmxkM Ha cTekJaHHON ocHOBe. O0pa3usbl A
HCIMOJIb30BAJINCh B JKCIIEPUMEHTAaX, B KOTOPbIX MMEJOCHh BCe pa3HooOpa3ue cJjiel0B MOHM3AIMUA — OT
MeJIEHHBIX TSKeJbIX HOHOB 10 PeJIITUBHCTCKUX 4YacTull B HacTosiniee BpeMsi BOCCTAHABJIMBAETCH
Npou3BoACTBO cja0eB A Toammunoi 500 MkM 6€3 MOAI0KKH.

Takum o0pa3zom, mnpumenenue I He ocranoBwiock. Hamporus, ObLT mNpoBeaeH
HCCJIe0BATEIbCKUI HUKJI MO CTPYKTYpe 1eJIOr0 ceMeiicTBa JIerkKuXx sijiep, 0COBPeMEeHEeHAa TeXHOJIOTHs,
MeETOAbl U3MEepPEeHMid W MOATOTOBJIEHbI MOJIOAbIe HCC/enoBareau. PasBuThlii moaxoa K MCCIEI0BAHUIO
MHOK€CTBEHHBIX fI/IEPHBIX aHCaMO0Jieli UMeeT UCCIeN0BATEIbCKYI0 MEPCNEeKTHBY B OTHOIIEHUH JIETKHX
U CPeJIHUX siep.



KauecTtBo 519, mpousseaennoii uexom MHUKPOH OAO «Kommanus Caasuw» (L.
IlepecaaBib 3ajiecCKuii) MCNBITHLIBAJIOCH B CEPHM IKCIIEPHMMEHTOB, poBeaeHHbIX ¢ 2012 1.

Ilpu u3MepeHusix pacnagoB saep °He, umMmianTupoBanHbix B $ID, ObLIM NpPOBEPEHbI BO3MOKHOCTH (-
CIEKTPOMETPHH 1 ObLT ycTanoBjeH Y deKT apeiidpa aromos SHe.

KoppeJsinuu ¢-4acTHYHBIX TPOEK H3y4eHbI B pacienenusx siep 2C u3 cocrasa SID HeliTpoHamMu ¢ dHepruei
14.1 M»aB.

YrioBble koppenasinuu sixep ‘Li u “He, poxkaennbix B passaje siiep °B TemioBbiMH HeliTpOHAMHM M3Y4YeHbI B
A3, odoramenHoi 6opom.

ITpoanaM3upPoOBaHbI H0CTATOUYHBIE MIomann 19, o6ayuentoi ucrounnkom 2°2Cf ¢ moaxoasimeii MI0THOCTHIO
CJI€/I0B (-4ACTHIl U OCKOJIKOB CIIOHTAHHOTO JeJ/IeHH .

B HacTosiliee BpeMsi pa3BUBAaeTCH MCCJIEA0BAHNE TPOMHOIO J1ejieHHsl, BO30YK/1aeMOro Tenja0BbIMA HEHTPOHAMU
B 3MYJ/ILCHH, MIPONUTAHHON COelMHEHHEM YpaHa.

O6pazunl 9 kaaubpoBauauch Ha B JISAP na myukax uono Kr u Xe ¢ yneprueii 1.2 u 3 A MaB.

Iporpamma ImagelJ, mupoxo ucnojibiyeMasi 1Jisi paclo3HaBaHus 00bLEKTOB Ha OLM(POBAHHBIX H300paKEHUAX,
NPHMEHSJIACH /1JIsi MACCHPOBAHHOIO CYETA U ONpe/ie/ieHns HANPaBJIeHUuii u JJIMH CJIe/l0B

Jasa ucciaenoBanus sigepHoii myastudgparmentanuu A obayuanacr mwonamu ¢ 3Heprueii 160 I'?B B IEPH
(maii 2017 r.) u oxosio 2.5 I'B B «<Mi00oHOoM daxkesie» yckopurteis Y-70 OB (Bech ceanc anpedsi 2018 r.).

B nexadpe 2013 r Bo BropuuHoM nyuke penasTuBucrckux saep 1C nykiaorpona OUSN BoinoiHeHo o0nyueHune
cepuM ONBITHBIX 00pa3uo0B, M3roTaB/IeHHbIX MyTeM mojauBa D caosimu okojio 200 pMm HA cTeKIAHHBbIE MOMI0KKH
pazmepom 9 x 12 em?,

C 2016 r. npoBoasiTcst o6ayuenus 519 sixpamu 2C ¢ suneprueii 450 A M>B B U®B)D.

B nexaGpe 2018 cuaou D mpomoibno obayuajauch B 3KkcmepumMente NAG1 B myuke BTOPHYHBIX siiep ¢
OTHOIIIEHHEM Beca K 3apsay paBHOM 2. JToT my4ok (opmupoBajics nyreMm pparmentanuu siaep Pb, yckopennbix na
SPS HEPH no >uepruum 13 A I':B. Kpome Toro, ciiou 19 ofuyuanuchs Ha 00/ibiol MomepevyHol NJIOMAAH 3a
ycranoBkoii NAGL, uro mo3Bo/inji0 ompeneJuTh 00J1aCTh BbIXOAAa MY4YKa, a TakKkKe 00/1aCcTh KOHUEHTPAUUH
PeJATHBUCTCKUX HEHTPOHOB, PO:KAEHHBIX HPU GparMeHTAlUM fi/iep HA MUILIEHMU,

Takum o00pa3zoM, NPOIOJILHO U MONEPEYHO 00ayUeHHbIE C10M D MOryT HMPUMEHATHCH
nas opg-aain auarnocTuku nyukoB HUKA, naunnasi ¢ uH:KeKTOpa.
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7,65 MeV

14.08 4* E, in 12C T T Lo, Decay
13.35 (27) (MeV + keV) (keV)
12.71 " s 00 - stable
[1.83 2-
|O_847‘/‘;‘/§’}’/y‘ 7“’7 7=
O3, (0%
9.641 3-
76542 o*l.
s
4.4389 - 4.43801 +0.31 270 (10.8 +0.6) x 107
r
|2 JT0%, 7.6542 +0.15 0+ 0 (85 +1.0) x 1073 v, T,
C T=0

Yenemnas pexoHCTpykunus pacnaaoB °Be u °B  mossouasier
caeaTh CJAeAYIOIUi mar — BLIMOJHUTH MOMCK B PeJSTHBHCTCKOIM
aucconuanuu °C — 3a Tpoek o-uyactui B cocrosinuu Xoiima (HS).
IT0 COCTOsIHHE SIBJSIETCS BTOPbIM (M MEPBBLIM HECBA3AHHBLIM)
Bo30y:knennem 0, sgpa 2C. Slapo °Be siBiasieTcsi HempeMeHHBIM
npoaykrom pacmagoB HS. Taxkue ocodenHocTu HS kak
000C00JIEHHOCTh B HAYAJbHOI YacTH cmeKkTpa Bo30y:Kaenus 2C,
npeaeabHO MaJjible 3HAYEHHs JHEPruM M WHUPHHBI pacnaaa (378 kB
u 8.5 3B) yka3biBaloT Ha ero cxoacrso ¢ sapom 2Be (91 k3B u 5.6 3B).
0O0a oHM MOryT OBITH OTHECEHbI K KBAa3UCTA0U/IbHBLIM COCTOSHUAM
SIEPHO-MOJIEKY/ISIPHOI0 THIIA.



Recently, in collaboration with the group of N. G. Peresadko
(FIAN), data on 238 3a-stars, including 130 "'white", have been added.
In addition, there are NTE layers irradiated in the 2C beam of the
20 W booster of the Institute of High Energy Physics (Protvino) at 420 A
MeV, which allow using an approach based on a variable invariant
mass. In the latter case, emission angles are measured in 86 3a-events

E‘u"r

15 ﬁ found, including 36 "white" stars.
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10 f oo
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The distribution Q,, for all 510 stars is shown in Figure. The region Q,, < 10 MeV covering the !2C excitations
below the nucleon separation thresholds is described by the Rayleigh distribution with the parameter 6,, = (3.9 + 0.4)
MeV. There is a peak in the region Q,, <1 MeV (51 stars) where the HS signal is expected. For events at 3.65 A GeV
contributed to this peak the average value (Q,,) (RMS) is 397 * 26 (166) keV, and at 420 A MeV, 346 * 28 (85) keV,
respectively. According to the condition Q,, < 0.7 MeV 42 of 424 events at 3.65 A GeV can be attributed to HS decays,
and 9 at 420 A MeV (out of 86) including 5 ""white" stars (out of 36). As a result, the contribution of HS decays to 2C
— 3a dissociation is 10 + 2%.
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641 “white” stars %0 — 4a
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HS decays can manifest themselves in the
dissociation QO — 2C* (— 3a) + a. The figure
shows the Q,, distribution of all 3a combinations.
As in the 12C case, its main part with Q,, < 10 MeV
Is described by the Rayleigh distribution with the
parameter 6y, = (3.8 £ 0.2) MeV.

It also has a peak at Q,, < 0.7 MeV. The
condition Q,, < 0.2 MeV meaning at least one 8Be
decay in a 4a event does not affect the statistics in
this Q,, range. The contribution to the peak of the
combinatorial background estimated at 8% is
excluded. The remaining 139 events have an
average value of Q) = (349 t 14) keV
corresponding to HS and RMS 174 keV. In sum, the
contribution of HS decays to the coherent
dissociation of 10 — 4a is 22 + 2%.




12C — HS (Q,, < 0.7 MeV)

CcV

il

o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0,, (HS), MeV

N 2C - 30 (Q,, > 0.7 MeV)

ev

20-J—L

00l 02 03 04 05 06 07
Qm (noHS), MeV

160 — HS (Q,, < 0.7 MeV) + a

ev

40-‘|J_|_|_|7

20F

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0,, (HS), MeV

ev

100

180 — 4a (Q,, > 0.7 MeV)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
chr (noHS), MeV






cv

15

10

6

10

12

HS can arise as a decay product of the
excited state 0%, of the %O nucleus (by analogy
with the decay of HS into Be + a). In the 641
“white” star, the full distribution of a-quartets
over Q,, (right figure) is described mainly by
the Rayleigh distribution with the parameter
Go4, = (6.1 = 0.2) MeV. The condition for the
presence in the 4a-event (aHS) of at least one
a-triple with Q,, < 700 keV shifts toward the
low-energy direction the Q,, distribution (Fig.
6) and the value of the parameter 6y, = (4.5 £
0.5) MeV. It can be assumed that in the decay
of an integral object, HS and a will be
correlated in directionThe condition g(aHS) <
459 identifies 9 events that satisfy Q,, < 1 MeV
with an average value of (Q,,) = (624 + 84)
keV with RMS 252 keV . On their basis, the
assessment of the contribution of the 0%, state is
7+ 2%.
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Among the 641 "white" stars %O — 4a, 33 events were selected, in which two ®Be

fragments (Q,, < 0.2 MeV) are present. The directions of expansion along the azimuth angle €
(28Be) show anti-correlation (left) which indicates the binary formation of these fragments. In
31 events 28Be there are no triples of a-particles that satisfy the condition HS (Q,, < 0.7 MeV)
which gives an estimate of the contribution of the %0 — 28Be channel is equal to 5 + 1%. The
distribution of pairs to their full transverse momentum P(28Be) is described by the Rayleigh
distribution with the parameter o, (2%Be) = (161 + 2) MeV/c. The right figure shows the
distribution over Q,, for 28Be events for which the Rayleigh parameter is (4.3 + 1.2) MeV. The
number of events in the channels %O — aHS and 1*O — 28Be has a ratio 4.5 + 0.4 which means
that the first of them is clearly leading.
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Distribution over Q,, for 22Ne — 4a. In the
region Q,, <1 MeV (Q,,) = (557 + 51) keV
and RMS 195 keV close to the HS value. The
number of candidates for HS decays (and their
share) in the 3a, 4a and 5a channels is 3 (1.2 £
0.7%), 12 (15 = 4%) and 1 (10%). Thus, only in
the 4a-channel there is a significant indication
of HS. The shift (Q,, compared with cases

of 12C and %O requires better accuracy.

]
]

8 10 12 14 16 18 20
Qm,MeV

Distribution over Q,, for 22Ne — 4a and
5a.. In the 4a channel there is a single
event with the value Q,, = 791 keV in
which all a-triples meet the condition
HS Q;, < 1 MeV. This a-quartet can
correspond to the decay of the *O 0%,
state.



Cocrosinue Xoija B JUCCONMALIUNM JIETKHUX sep
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o QO

© o - 3.65 A GeV' #Si along track
84 Ly *) aths 61.3 m 6252 stars
M St ;
o ;g ('%o! o> Among them 6a (12), 5a(67), 4a
(170), 2 fragments (201), 14H (2)

IIpumenenune >TUX HaO/I0AeHHIl COCTOMT B NMPOBepKe YHHBepcajbHOCTH HS u momcke 0oJiee TsKeJbIX -

KOH/ICHCATHBIX COCTOSHMH B MMeWIIHX cjaoax I, o0jydyeHHBIX cocelHMMH sigpamMu. B 3TUX ciaydasix MOKHO
uaenTuguuupoBaTth pacnmaasl °Be m, caegoBareanno, HS. Hecmorpsm Ha mnpomieamme AecATHIETHS, 3TOT
IKCNEPUMEHTANbHbIH MaTepuaJj npekpacHo coxpanuica. bamkaiimum ucrounukom HS siBiisierca nepudepuyeckas
aucconuanus aapa “N, B koropoii auaupyer kanaia 3He + H ¢ Bkiaagom pacnagos Be okono 25%. Anaaus cjioes
SID, 06aydYeHHBIX peJsiTHBHCTCKHMEH sapavMu “N, B0300HOBJIeH B KOHTeKcTe mpoGiembl HS, a Takike poum
HectabuabHoro sapa °B. IlomoOublii amaam3 Oyzer ocymiecTBieH B ciaoax I, Kotopbie 00Jy4aanch

peasituBucTckuMu siipavu 2?°Ne u 28Si u ucnoib30BaMCh /1715t 0630PHOI0 aAHAIHM3A.

Kpome TOro, cymecrByeT A0CTaTouHOe KoJauuecTBo ciaoeB 1D, obayuyennbix ma CERN SPS sapamm 32S
sneprueii 200 A GeV. U B 3ToM ciyuae Bo3Mo:xkHA uaeHTuukanus pacnanaos Be, a, smauut, m HS. Crarucruka
COCTABHUT JeCATKHU COObITHI, B KOTOPBIX MOI'YT MPUCYTCTBOBaTh pacnaabl HS. IlorenunanbHo, pelieHue Bonpoca 06
yHuBepcajabHocTH HS oTkpoer ropuzonT moucka GoJiee CJI0KHBIX cucreM ¢ yuactuem HS u 8Be. Panee, o6paszoBanue
8Be Obl10 ycranoBjeHo npu obaydenun SID sapamu Pb ma CERN SPS. B 3r10ii cBsi3um mpeacraBisieT MHTEpeC
u3y4eHue BO3MOKHOCTH oOpa3oBaHus HS u B ciiyyae qucconuanum TsKeJIbIX sijep.
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CocraB qucconanym TKeJIbIX Aaep

UlA I»B
Aul0OAI»B

Pb 160 I'>B

HccnenoBanus JIETKHX saaep ABJIAIOTCHA
CTyNEeHSIMU K M3YyYeHHMI0 CJIOKHeHmux ancamoOiei He —
H — N, BO3HMKAKOIIMX B AMCCONMAIMN TSKEJIbIX siep.
IIpumepbl COOBITMM MHOKECTBEHHON KOI'ePEeHTHOM
AMCCOUMALMM TNPEACTABJICHHbIX Ha (ororpadusx,
YKA3bIBAlOT HA CTYNEHYATBHIH «CPbIB» HWOHU3ALMH.
HNmenHo Takue coObITHA B SO HalOgromaroTcs
HAMJY4YIIMM 00pa3oM, a MX pacnpeaejeHue 10
PA3IMYHBIM  KAHAJIaM  3aps’KeHHbIX  (parMeHToB,
HHTepnpeTupyercss Haubosee moaHo. CTouT 3a7aThCS
BOINPOCOM, Kakasi (pU3MKA JIEKUT B OCHOBE KCOOBITHIA
«KaracTpouiecKkoro» paspylieHus TSKeJbIX sAep,?




CoObiTUs MHOKEeCTBEHHOM
¢pparMenTanMu  PeJATHBHCTCKHUX  fi/iep

2) BIUIOTH /10 MOJIHONO Ppa3pyulieHusi Ha
Jervyaiimuge siApa MW HYKJIOHbI  0e3

| | BHAMMOI0 BO30Yy:KIeHHsi sijlep MUIIEHH
@ HAKEKHO HAOIOZAAMCL B SiIEPHOI

1)

IMyJdbcun Aas aaep Au u Pb u paxe U.
CymiectBoBaHue 3TOr0 sfIBJICHHSI He
BbI3bIBA€T COMHEHHS. 3apsiibl THKeJIbIX

- sijep AenarT BO3MOKHbIMH
f‘;ﬁ” ) o,: o’ g Y mHorogoToHHbIe 0GMEHbI W mMepexoabl B
3f§ s 228 Z °'° g° MHOTI04aCTHYHbIE COCTOSTHUSI.
8 o & o Eﬁ & . @ % AJIbTEepHATHBHBIN CleHApHii KOrepeHTHOM
@ : ooo" %3 ;3 "\0“’?« 2o AUCCONMALIMH COCTOMT B o0meHe
y L o o  BHPTyaJbHbIMH Me30HaMH. Bo3MmoxkHa
o @ Juo Oy e uHTEeppepeHuus 3SIEeKTPOMArHUTHOIO |
e CHJILHOIO B3aHMO/ielicTBHL.

Jucconmanus THKeJAbIX fep BeleT K TMOSBJEHHUI) MHOIOYACTHYHBLIX COCTOSHHE ¢
KHHEMATHYeCKHMHU XapaKTePHCTUKAMM, KOTOPble NPEACTABIAIOT fi/IePHO-aCTPOPU3N1eCKHili UHTEpeC
W KOTOpble HEBO3MO:KHO chopMuUpOBATH B APYrux JjadoparopHbix ycjaoBusx. O0pameHnue «CTpelibl
BPpeMEHW» B TaKMX COOBITMAX HABOAUT HA MAE0 0 CHHTe3e JIeMEHTOB 4epe3 a3y HYKJIOHOB M
Jervaiimmx saaep. Macmirad 3Hepruu (parMeHTOB B CHCTEME POAMTENbCKOI0 siipa OXBAThIBaeT
temneparypy 10210 K or kpacHoro ruranra 10 CBepXHOBOii. B Takmx paspe:KeHHBIX HYKIOHHBIX
aHcaMOJIIX PpaaMKAJAbHO ocjaadufercs KYJIOHOBCKoe OTTajkuBanue. byiyum paccMmorpeHa B
MaKpOCKONMYeCKOM Macmrade, Takas “sjepHasi YHAKOBKA” MOKET CJHAYKHTbh HCTOYHHUKOM
rPaBUTAIMOHHBIX BOJIH.



Ilpeanaraercst HCNOJIB30BATH YHHKAJIbBHBIC M, BMECTE ¢ TEM, XOPOLIO NPOBEPEHHbIE BO3MO:KHOCTH METOAA
D nas yriy0JieHHOro nccjieloBanus nepudepuvueckoii JUCCONMALMU THAKEAbIX f/iep ¢ JHeprueil Heckoabko 1B Ha
HYKJIOH. /Il XapaKTepuCTHKH BOZHUKAKOIIEr0 COCTOSIHUN ONpee/ifieTCsl COOTHOILIEHUe PeJATUBUCTCKIX HeliTPOHOB
u uzoronoB 23H m 34He, a mo ymiam 3MHcCcHE MX TONEpeYHbie MMMYJbLChI. Bylyun BO3MOKHBIM B NpHHIUNE,
TPYAOEMKHII aHAJIM3 U30TONMUYECKOI0 COCTABA PEJATUBUCTCKUX (PPAarMeHTOB METOAOM pPAacCCesiHHsl He MPUMEHAJICH B
90-e roanl nmpu nuoHepckux obayveHusx sapamum Au mpu 10 A I'3B. Xors o0pazoBanne BTOPUYHBIX 3Be3/
HeliTpOHAMM B KOHYCe (parMeHTauuMu ObLIO 3aMe4eHO, 3aJa4M MX HMCCAeJOBAHUS MOCTABJEHbI He ObLIM.
IkcnepumenT BEKKEPEJID Oyner cocperoroyen Ha 3TUX BONPOCaXx.

B peasiTHBHCTCKON AMCCONMANMM TSKeJAbIX fi/lep NPOMCXOAUT oOpa3oBaHuMe JIerKUX (pParMeHTOB ¢
00ILIIMM OTHOLIEHHEM 3apfila K MACCOBOMY YHCJHY, YeM Yy HEePBHMYHOIO #Apa, 00ycjaB/iMBasg BO3HHKHOBEHUE
accouMUPOBAHHbIX HeliTpoHoB. Cpenuuii mpolGer HeliTponoB B 9 okoo 32 cM. T HEHTPOHBI JOJIKHBI
o0napyxuBaTh ce0s B KOHyce ¢pparMeHTalluM 1O BTOPUYHLIM 3Be3/1aM, He Colep:KaluM Bxoasimero cjaexa. Yacrora
TAKUX «HEHTPOHHBIX» 3Be3/] JOJIKHA PAcTH € POCTOM YMCJA Jervaiimmx sigep B Konyce ¢pparmenranuu. locruras
AeCATKOB, MHO:KECTBEHHOCTh HEliTPOHOB B COOBLITMM MO:KeT ObITh OLlEHEHA MO MPONOPUHOHAJIBLHOMY YMEHbIICHUIO
cpeaHero mnpodera 10 o0pa3oBaHMs «HEHTPOHHBIX» 3Be3] Ha NIMHAX MNOPHAAKA HECKOJIbKHX CaHTHMETPOB.
Koopaunarbl BeplinHbl B3aMMO/A€iiCTBHsI ONMpeNesiioTCs ¢ TOYHOCTHIO XapakTepHoii 1s D (e xy:xke 0.5 pm), uro
M03B0JIsIeT BOCCTAHOBUTDH YIVIbI IMHCCUM HEHTPOHOB C HAWJY4llleld TOYHOCTHIO, i3MepeHnuns coceIHUX CJIeJ0B MOIYT
ObITH HCHOJIb30BAaHbI VI KOMIIEHCALMH BO3MOXKHOI Aucropcuu. B cayvyae moiHoil AucCONMAanMu THKEJION0 #APa
YHMCI0 HEWTPOHOB MOKET OHEHUBATHCH IO H30TONHMYECKOMY COCTaBY peJATHBHCTCKHX ¢(parmentoB H m He,
3HavyuTe/IeH 1M BBIXOA JAeHTPOHOB M TPUTOHOB, CBA3BLIBAIOMIMX HEHTPOHbI? OTBET HA 3TOT BONPOC MOKET MMETh
TaKKe ¥ HPUKJIAJHOEe 3HAYECHUe.

Ha nauajabHoM 3Tane aHAJAu3upy0Tca umeromuecs caou A roamunoii 500 pm Ha cTaTHCTHKE 1ECATKOB
nepudepuueckux B3anmoneiicremii sgep Kr (2 A I'B, GSI), Au (10 A I'B, BNL) u Pb (159 A I'3B, HEPH) ¢ ueabio
ompeae/ieHUs 3aBHCMMOCTH BKJIQ/a HEWTPOHOB OT CTeNEeHH AUcCCOMAuMu 3TUX saep. B mepByro ouepenn Oyaer
BECTHCh JETAJIbHBIH aHAMU3 «30JI0THIX» COOBITHII KOrepeHTHOH auccoumanuu TaKeabix aaep. O0ocHOBaHHOCTH
BbIBOOB OyleT ONpeleIATHCH YUCIOM HAlJeHHbIX HEHTPOHHBLIX BEPHIMH, A TAKKe YHCIOM H3MEPEHHBbIX W
uaeHTH(GUUNPOBaAHHBLIX cjienoB H u He.



(I)paFMeHTaIIHH BbI3BaAaHHasA MIOOHaAaMu

Mexanu3M JUCCOMANMM PEJATHBUCTCKHX siiep B
nepudepuvecKux B3auMoJAeHCTBUAX 0CTACTCH He MPOSICHEHHBIM.
Bo3Mo0:xkHO, YTO NPONABJIAETCH MHOroO(QPOTOHHLIIE 00MeH MeKAy
siApaMu Ny4YKa M MUIIEHU. AJILTEPHATHBA COCTOMT B O0MeHe
BUPTYaJIbHbIMH Me30HaAaMH. B KayecTBe KPUTHYHOIO TeCTa
MOKET CJAYXKMTh (parMeHTauus sjgep u3 cocrasa I moxa
AeificTBHEM PpeJATHBHCTCKUX MIOOHOB. B 3tom caydae
(pparmMenTanus MO:KET BO3ZHHMKATh B pe3yJbrare mnepexoaa M
00MeHHBIX (POTOHOB B Mapbl BHPTYaJbHbIX Me30HOB. Takas
KoMOuHauusa odecrnevuBaeT AajabHoAeiicTBHE NPU 3PPeKTUBHOM —>»
paspylieHuM fJep M MOkKeT ObITh PpacHpoOCTPaHEHA Ha
nepugepuvecKkue B3aMMOJACHCTBHH PEJATUBUCTCKUX saep. B
ITOM CBH3M CJIe[lyeT NMPOBECTH NMOMCK BO3MO:KHO 0oJiee MOJIHOIO
paspyuieHusi TsKeJbIX siiep u3 cocraBa S19 (Ag m Br) mon
AeHCTBHEM PeIITUBHCTCKUX MIOOHOB,

IZC

dparMeHTanusa sAep MUIIEHH HAa Tpu D-yacTuubl HaunGosee BeposiTHa Nis pasBana 2C — 3a. B atux
coOBITHAIX HA OCHOBE KOOPAMHATHBIX M3MEPEHMIil CJIel0B ONpeNeJsOTCH Npolderu M yYribl 3MHCCHMH (-MaCTHIL,
3HavYeHHsl JHEPruM ©¢-YaCTHL M3BJICKAITCH W3 CIVIAHMH-UHTEPHNOJSIUM pacyera JHeprusi-mpoder mo H3BECTHOM
moaesun SRIM. Ha 3Toii ocHoBe MO:KHO MOJIYyYUTh pacmpeaejieHusi 10 MHBAPUAHTHON Macce, a TaK:kKe MO MOJTHOMY
HMEYJILCY HMap U Tpoek a-vyactull. IlpeaBapure/ibHO YCTAHOBJIEHO, YTO pacHpele/IeHUI0 10 MOJHOMY HONEPeYHOMY
HMIOYJAbCY TPOEK O-4aCTHIl, POKIAEHHBIX, pacuienjeHusnx sizep °C orBevaer He WIEKTPOMATHHTHAs, a fAepHAN
AuppaKuua.

B mioonnom myuke sxcmepumenta COMPASS mpumech aaponoB nHe mpesbimiaer 10, u Bo3MoxkHO
Kparkoe o0JiyueHue HnpuemMJjieMoOii IIOTHOCTH B JAedoxkycupoBannHoMm myuke. lasa 3¢dexTuBHoro nHadaw0aeHUn
BTOPHYHBIX ¢j1el0B ofayuaemas cronka Oyaer cocTofuTh U3 fecnoasiokeuHbix cjioeB Tomuuoii 500 pm. O0ayvyenne
OyzeT BbINOJHEHO COIacHO ImIaHaM 3Kkcnepumenta COMPASS,

Omnpenenenue ceveHus 3¢-pacuienjieHusi HMeeT 3HA4YeHUHe I TFeoU3MKH, NOCKOJLKY MNO3BOJIUT
NPOBEPHUTH MMIIOTE3y O FeHepaliy reJius B INIyOMHAX 3eMHOMH KOPbl KOCMHYeCKUMU MIOOHAMH



OOHoBJIEHUEe MUKPOCKOIIOB U TeXHOJ0ruu 49

IIpoexT HanpaBjieH Ha MHTeHCH(HKAUMIO B NPHMEHEHHH aNPOOHPOBAHHOIO MOAX0JAa HA OCHOBE aBTOMATH3allMH M3MepPeHHii,
ol0ecreynBaeMoOli MMKPOCKOIIaMH COBPEMEHHOI0 ypoBHsi. OIHAKO, TaKHe MHKPOCKONbI SBJIAIOTCH BeCbMa JgoporocrosimuvMu. B atom
aclmeKTe COCTOMT OCHOBHOII 3ampOC 0I01KeTa MPOEKTA.

KoopannarHbie u3mepennsi B SI9 BeayTcsi Ha Tpex NMpenu3MoOHHbIX MuKpockonax KSM, mpou3BeneHHbIX moiiBeka Ha3aj Carl
Zeiss, Jena. Biarogapsi kBaJupuIIPOBAHHOMY 00C/IYKHBAHUIO, 3TH YHHKAJIbHbIE PUOOPLI HAX0OAATCsE B padoyem cocrosinuu. Takue
MuKpockonbl nMmewrcs B Kaupe, Byxapecre m Ilpare. Haspena HeoOxoamMocTh MX MOAEPHHM3ALMM B 4YaCcTH ABTOMATH4Y€CKOI0
CYMTBHIBAHMA TPeX HM3MepseMbIX KOOpaMHAT. JTa paspaborka Beaercsa B Otaene paguanmonHoii nosumerpum (IIpara) mo mpoexry
«fnepnass 3mynabcus B npukiaagHbeix 3agauax» (IIpoext bekkepeasn) B pamkax mnporpammbl corpyaHuydectBa OUSHN-Yemckas
pecnyoumka. Ee croumocts cocrasisier okosio 5000 $, TupakupoBanue 3Toro u3eins Tpedyer nepBoovyeperHoro GUHAHCHPOBAHHUS .

IlocTraBiieHHbIe 3a1a4¥ W HAKOIJICHHAs
MeTOoANYecKast KYJbTYypa 3aCJIy:KUBAIOT
O0OHOBJIEHHMSI Ha OCHOBE MOTOPH30BAHHOIO
Mmukpockona BX63 ¢upmbl Ouaummnyc. Takoii
npudop MokKeT ObITh CPEACTBOM KOJJIEKTHBHOIO
HCNojib30BaHusa. Ero opueHTHpOBOYHAS IeHA —
80000 $. lnsm padoThl HA CTOJbL COBEPIIEHHOM
npudope Heo0XoAuMa  MNOATOTOBKA  HOBOIO
nokojeHuss  uccjaenosaresei. Ilpeacrasiaena
¢ororpadus 310r0 MUKpOCKONa, padoTaero B
HNucruryre ’naoxkpunosoruun (r. Mocksa). Iloa
00beKTHBOM YCTaHOBJIEeH cJjoii 1D Ha crTekie,
KOTOPbIil NPOA0JILHO 00JIy4eH siipaMu KPUIITOHA.

Ha monuTop BbiBeJeHAa 4YacTh H300pa:keHuss 1 MM MapKUpPOBOYHOM CeTKH, HAaHeCeHHOM Ha cJoil 1. Ha axpane
BH/ICH TOPU30HTAJIbHO OPUEHTHUPOBAHHBIN CJie]l Aipa KPUNTOHA U (parMeHThbl, NOpoxkAeHHble M. Ha Mukpockomne
BX63 Bo3Mo:keH aBTOMAaTH4YeCKHii MOMCK BepHIUH nMepudepuveckoil quccomuanuu mo 3PpPexkry cpbiBa HOHU3ANUHN
(«ctynmenbke»). CMeHa 00beKTHBA /1€JIaeTCs MOBOPOTOM PEeBOJIbBEPA B TY Ke TOUKY 0e3 BMelIaTe/IbCTBa Oleparopa.
JlaabHeilline HW3MepeHHs] KOOPAMHAT [1eJATCH AaBTOMATHYECKHM MPH BH3YaJbHOM MPOCJEKUBAHUU CJIe/I0B
(¢pparmenToB.
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O:xuaaemMbie pe3yjabTaTbl U MX 3HAYMMOCTD

HenaBuue poctuxenuss ydactHukoB JIKcnepuMenta BEKKEPEJIbD B uccieioBaHusix ¢ JIerKUMHU
PeNSTHBHCTCKUMM SAPAMHU M COXPAHEHHAS] MUKPOCKONHAS U XMMHKO-TEXHOJIOIMYeCKas OCHOBA J1al0T OCHOBAHUA
0:KU/JATH B MEPCHEKTUBE 0KOJIO TPeX JeT CJAeAYIHX GU3n4eCKUuX U MeTOANYeCKUX Pe3yibTaToB!

Jleckue adpa Byaet nojiyueH oTBeT Ha BONPOC 00 YHMBEPCAJILHOM XapaKTepe 00pa3oBaHUfA TPOEK O-4aCTHIl B
cocroguun Xoiisa B aucconuanuu  axep “N. 22Ne u 28Si Gyxer ucciaeqoBaHa BO3MOKHOCTE CyIleCTBOBAHHUS 0oJiee
CJIOKHBIX (-4ACTHYHBIX COCTOSHHI A1€PHO-MOJIEKYJISPHOI0 THIIA.

Taoucenvie adpa B umeromuxcs ciaosnx 19, obaydyennnix siapamu Kr, Au m Pb Gyayr oroOpaHbl u
AOKYMEHTHPOBAHbl HECKOJBKO JeCATKOB COObITHH MHOXKECTBEHHOHl jauccoumanuu. B  oro0paHHBIX
B3auMMoOJeiCcTBUAX OyleT YCTAHOBJIEHO pacmpeaejieHHe IO 3apsi0BOl TOMOJOrMM Jerdaimmux ¢parMeHTos,
CONPOBOKAAEMOe UX MACHTH(HUKALMEH, BOCCTAHOBJICHO pacipene/ieHle N0 NonepevYHoMy UMIYJIbLCY HEMTPOHOB U
OLICHEHO WX YHCJIO.

Mioonst Byner BbINOJHEHO 00gy4deHue cTomok $I19 B umcrom nmyuke mMo0oHoB B LIEPH um nauar ananus
(¢pparmenTanuu aaep u3 cocrasa A9.

Pe3dyabrarhl HAa4YaAbLHOI0 3TaNa MO3BOJAT NPEACTABUTH CTPYKTYPY AMCCOUMALUMM fleP € YHMKAJIbHOM
AeTAJbHOCTBIO, 2 TAK/Ke YTOUYHUTH NpeNioKeHns mo npuMenenun merona 19 na nyukax HUKA. Ha 3toii ocHOBe
OyleT mNOABEpPrHyTa NpOBepPKe THIOTEe3a 0 BO3MOKHOCTH HCCJICHOBAHUN Pa3peKEHHOH $fA/epHOIl MaTepuu B
AUCCONMALNMHU TsKeNAbIX f/iep. Pe3yibrarbl 3KCIEPUMEHTA MO3BOJAT CAeJaThb BbIBOJA 00 M30TONHOM COCTaBe M
TeMIeparype pa3pe:;KeHHOl fAJepHO MaTepUul, BOZHHKAKOIIEeH B MOMEHT AMCCONUALMH TSKeJA0ro sapa. U3mepenus
YIVIOB JMUCCUM HEHTPOHOB MO3BOJIAT OLEHUTH MX NMPOCTPAHCTBEHHbIE paclpene/ieHus HA nepudepun TAKeIbIX
siiep (HeHTPOHHAN «KO0Xka»). B 0oJsiee MIMPOKOM IJIaHE, 3TH Pe3yJbTAThI BA’KHbI JJIf IPOBEPKH B BA)KHOM CEKTOpe
MO/EJIbHBIX MPEACTABJICHUN 0 B3aMMOACHCTBUAX PEJIATUBUCTCKHUX sIAEP.

BasKHbIM aprymMeHToOM B NO0JIb3y MeToAa 1D AB/feTCH BO3MOKHOCTh «(PHU3NKH HA PACCTOAHMW, T.e. AHAJIN3A
00/Iy4eHHbIX W TNPOSIBJIEHHBIX CJI0EB B HHCTUTYTaX, OOJAaJAIIUX MNOAXOAAINMMH MHKPOCKONAMH H
NMOATOTOBJIECHHbIM mNepcoHaioM. IIpoekT Oyner cmoco0cTBOBATH COXpaHeHHIO MeToaa 1) M MOArOTOBKE MOJIOABIX
YYEHbIX /JJifi IIMPOKOI0 NPHMEHEHHsi B MNPAKTHKE SJAEPHOr0 JKCIHEPHMEHTA, A03UMETPUH, PAAMANMOHHOMH
MeaMUIUHe W JIKogoruu. Oco0eHHO BaXKHO AKTHMBHOE NPHMEHEHHE 3TOr0 METOAAa B CBA3M C NEPCHEKTHBHLIM
pa3BUTHEM AaBTOMATHYECKHUX MHKPOCKONOB M TMPOrpeccoM MNPOrpaMM pacmo3HaBaHus H300pakeHMi
(MCKYCCTBEHHOI0 MHTE/JIeKTAa). B OTHOIIEHNM fIEPHOTO IKCIEPHMMEHTA TaKoe pa3BuTHe OyleT 0a3MpoOBaAThLCH HA
KJIaccu4eckoMm mMertone 3.
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Light clusters in nuclei and nuclear matter: Nuclear
structure and decay, heavy ion collisions, and astrophysics e

2-6 September 2019
ECT* - Villa Tambosi

Nuclear systems are important examples for strc;nglxy interacting quantum quuids.: New experiments in
nuclear physics and observations of compact astrophysical objects require an adequate description of
correlations, in particular the formation of clusters and the occurrence of quantum condensates in low-
density nuclear systems. Alpha clustering is an important phenomenon in light 4-n self-conjugated
nuclei (Hoyle state). New results have been obtained for such nuclei with additional nucleons (e.g. the
9B and (9-11)Be nuclei). Collective excitations show also effects of a-like clustering. In addition,
clustering is of relevance for radioactive decay, alpha preformation and the life-time of heavy nuclei.
Cluster formation is essential to investigate nuclear systems in heavy ion collisions. Transport codes
have to be worked out to describe the time evolution of correlations and bound states for expanding hot
and dense matter. An interesting issue is the BEC-BCS transition in nuclear systems.
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Dr. Pavel Zarubin

zarubin@lhe.jinr.ru
Dear Pavel

Thank you for sharing your proposal with me. | think it clearly demonstrates that your techniques for studying
fragmentation of relativistic nuclei using nuclear emulsions offer some significant possibilities to explore a number of
phenomena of current interest. Certainly, tracing the possible existence of condensed states analogous to the Hoyle
state in heavier nuclei is an exciting current topic and your method would seem to be ideal for an initial survey of such
alpha-clustered states. That you can compete with very highly sophisticated (and very expensive) spectrometers and/or
time projection chambers is quite impressive. Given your ability to study a wide range of such light nuclei, this project
appears to me to be particularly well motivated.

The multi-fragmentation problem is one with a long history. Here again systematic investigations may reveal new
correlations not previously recognized. To me the most interesting possibilities reside in the studies of the peripheral
collisions and the possibility to observe the multi-fragmentation in the absence of a very complex collision dynamics. For
the same reasons the muon induced fragmentations appear to offer some real advantages and comparing the peripharal
interaction results with the muon inducad results may offer some new insights into these processes.

It is abundantly clear from your discussion that this endeavor is a labor intensive one and that the requested upgrades to
your technical capabilities are well motivated. 1 certainly hope that you will receive a positive response to this research
proposal and that we will see some stimulating new results in the near future.

With best regards,

i

I. B. Natowitz
University Distinguished Professor, Emeritus
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Veasaemeni [Tagen

Cnacudo, 9TO MOJSTHIHCE CBOHM INpeNIoASHHEM co MHOH I myMaw, 9T0 3TO HAlIAJHO
OEMOHCTPHDPYET, YO0 BallH METONEl HIVIEHHY QpParMeHTADHH PeIfTHBHCICKHX SIEp C
HCHOMBI0BAHHEM ATEPHEIX 3MYIBCHI MPeaTaraloT HEKOTOPEIE 3HATHTENEHEIE BOIMOKHOCTH 105
HIVUEHHA pAEJa ABICHHH, NPelCTARIAIONIHEX TekKyITHH HHTepec. KoHewHo. OTC/IeEHBaHHE
BOIMOMKHOIO CYIIECTBOEAHHA KOHISHCHPOBAHHEIX COCTOAHHH, AHAJTOTHYHEIX COCTOAHHID
Xofina, B Domes TAAEILX SIPaX ABIASTCA HHTEPECHOH aKTYATRHOH TeMOH, H Balll METOJ MOKET
[I0KA3aThCA HICANBHEIM [UI4 [EPEOHAYANBHOIO 0030pa TaKHX adb(a-KIacTepHI0BaAHHBIX
coctoguuii. To, 9T0 BE MOMETE KOHEYPHPOBATH C OYEHEB CIOEHEIMH (H OY€HB JOPOTHMH)
CHEKTPOMETPAMHE H / HIH KaMepaMH IPOSKIHOHHOrO EPEMEHH, BecbMa BIEUATISeT. Y IHTHIBAS
Bally CIOCOOHOCTE H3VYATE IMHPOKHH CHOEKTP TAKHX JICTKHX ZOEpP, MHE KAHETCA, 9TO 3TOT
IPOEKT OCOOEHHD XOPOIIO MOTHEHPORAH.

TIpobaeMa wHOKecTBeHHoH GparMeHTAIHH HMeeT JOITVI0 HCTOPHIO. 37ech CHOBa
CHCTEMAaTHYeCKHE HCCIEeT0BAHHA MOTYT BEIAEHTE HOBEHE KOPPE/ANHH. PaHee He IIPH3IHAHHEIE.
Ina MeH® Hambolee HHTEpecHBE BOIMOKHOCTH CBH33HEl C HIVIeHHEM NepH(EpHIECKHX
CTONKHOBEHHH H BOIMOEHOCTBI HAOMIONATH MYIBTHODPATMEHTAIHIO NIPH OTCYICTEBHH OYEHB
CI0AHOH JHHAMHKH CTOIKHOBeHHH. ITo TeM ke IPHYHHAM MIOOHHAA HHIVEIHA. NO-BEHIHMOMY.
OAeT HEKOTOPEIE peadbHBIE NPEeHMYIIecTBd, H CPABHEHHE Pe3yIBTaTOB NepHbpepHIeckoro
B33HMOACHCTEHA ¢ Pe3yIBTATAMH, HEIVIHPOEAHHEIME MEOOHOM, MOXET JaTk HEKOTOPOE HOBOE
MOHHMAHHE 3THX MPOIIECcCOB.

H3 pamefl JHCKYCCHH COBEPINEHHO OYEBHIHO. UTO 3Ta paloTa ABMAETCA TPYICEMEOH H ITO
33NPOIICHHEIE OOHOBISHHE EBAallHX TeXHHYECKHX BO3MOXKHOCTeH MOTHEHDOBAaHEL Jl.
De3yCIOBHO, HANEKOCh, 4TO BEH IOMYYHTE MOMOXHTETBHEIH OTEET HA 3T0 NpeANOXEHHE 00
HCCISOOBAHHAX, H IO ME VBHIHM HeKOTOPEIE CTHMYIHPYIONTHE HOBEIE pe3YVIBTATEL B
DmmEaHmeN OV IyIIeM.

C HAHTY "IIEMH TOESTAHHAME,

O#. b. HaToBHI

3acTymeHHEH oMeTHIH Mpodeccop YHEBEPCHTETA
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