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Since 2000s nuclear track emulsion is used to study clustering of
light stable and radioactive nuclei in the relativistic approach in
the BECQUEREL experiment at the JINR Nuclotron. The
features of the nuclei 7°Be, 810.11B, 10.11C, 1214N gppeared in the

probabilities of their dissociation channels. In dissociation of
isotopes 1°B, 1°C, and 'C, decays °B — 2Be are identified
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Currently, a research focus is on the theoretical concept of a-particle Bose-Einstein condensate (aBEC) -
the ultra cold state of several S-wave a-particles near coupling thresholds. The unstable 8Be nucleus is described as
2aBEC, and the 12C(0*,) excitation or Hoyle state (HS) as 3aBEC. Decays 8Be — 2a and '2C(0*,) — ®Bea can serve as
signatures for more complex aBEC decays. Thus, the 0%, state of the %0 nucleus at 660 keV above the 4a threshold,
considered as 4aBEC, can sequentially decay %O(0*;) — a!2C(0*,) or 1%O(0*;) — 28Be(0*). Its search is being carried
out in several experiments on fragmentation of light nuclei at low energies. Confirmation of the existence of this and

more complex forms of aBEC could provide a basis for expanding scenarios for the synthesis of medium and heavy
nuclei in nuclear astrophysics.
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The Hoyle state is the second excited state of 12C at 378 keV above the 3a threshold. The 8Be
nucleus inevitably appears among products of °B and Hoyle state decays.
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An isolated position of the Hoyle state. at the beginning of the 12C excitation spectrum and its width 9.3 eV render ita
3a analog of 8Be. The synthesis of *2C in the red-giant medium is possible via the fusion reaction 3a — a®Be —12C(0*,)
—12C (+2y or e*e~ with a probability of about 107%). A further synthesis via the fusion reaction a?C —%Qy through a
16Q level at an appropriate energy is forbidden in parity. This is the circumstance that determines the relative
abundances of 2C and 1%Q, as well as the survival of 2C under the astrophysical conditions of helium burning.
However, the synthesis of 10 is possible through the sequence 2C*2C —12C*?C(0*, ) —°0O8Be.
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Having been tested, this approach has been used to identify 8Be and HS and search for
more complex states of aBEC in fragmentation of medium and heavy nuclei. Recently,
based on the statistics of dozens of ®Be decays, an enhancement in probability of detecting
8Be in an event with an increase in number of relativistic a-particles was found. A
preliminary conclusion is drawn that contributions of °B and HS decays also increase. The
exotically large sizes and lifetimes of 8Be and HS allowing suggesting possibility of
synthesizing aBEC by successively connecting the emerging a-particles.
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Exposure of Nuclear Track Emulsion to *He Nuclei

at the ACCULINNA Separator
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IIpoBepuTh NPUHATHIC MPUOJIMKEHUS MO3BOJAIOT JAHHbIC, MOJY4YeHHbIE NMPH 00JyYeHUH
aapamu %0 ¢ sueprueii 2.4 I'B/uykion 1-MeTpoBoii BoA0OpoAHOii My3bIPEKOBOI KaMephl
Ousin (BIIK-100), momemaBmieiicsi B MarHuTHoe mojie. HaGop AaHHBIX BKJIIOYAaeT
M3MepeHHs B MOJIHOII reoMeTpuH BEKTOPOB MMMNYJILCOB NMPOAYKTOB peakmuu 0 + p B
11104 coynapenmsix Bcex BHAOB. B 3TOM ciyuae Tak:ke uMeeTcsl MK B HAYAJbHOI 4acTH
pacmpe/ieJieHUH 1O YLy pa3jiera 2a-nap ©,,, coorBercrByomuii pacnaaam 8Be. Coriacuo
M3MepPEeHHBbIM UMMYJIbcaM (pparmeHToB yciosue Q, (3Be) < 0.2 MaB ynaaser Bkiaan He, a
BKJIaJl MpoToHOB cocTanisieT 90% cpenu pparmentoB H.
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CranoBiienne B Hauvaje 70-Xx rogoB pessTHBUCTCKON siiepHOIi (])mmm ObLI0 NOAJEePKAHO
coo0uecTBaMu, UMEBIIMMHU 00Orarblii ONLIT HPUMEHEHHs SAEPHBIX IMY/IbCHIl. YCKOPUTEIH YaCTHL
OTKPbLIM BO3MO:KHOCTh M3y4YeHHSl B3aUMOACHCTBMII Pa3jIMYHBIX siA€P ONpPEAeICHHON JHEPruM, 4To
MO3BOJIMJI0O MCCIEA0BATL METOAOM HAEPHO JMYJIbCHM CHEKTPbl PEJIATHUBHCTCKHX (ParMeHToB.
SAnepuas dMmyabcus ol0iy4ajack siipaMu, BIepBble YCKOpABHIMMHCH Ha cuHxpogasorpone OUSAU,
BEBAJIAKe, a 3ateM, Ha yckopurteiaax AGS (BNL) u SPS (CERN).
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HUccaenoBanue siIepHOM CTPYKTYPHI B
PeNSITUBHCTCKOM IOAX0/AE B YCJOBHUSIX O4Y€Hb MAJbIX
nepeAady  JHePruM—HMMIIYJIbCA  HMeeT  BaiKHbIE
NPeuMylIeCTBA, MOCKOJbKY B KOHEYHBIX COCTOSIHUAX
(pparmMeHTOB [0/I2KHA Hau0oJiee TMOJHO OTPAKATHCH
CTPYKTYPA HAYAJIbHBIX COCTOSHUH sIAEP.

CoBpemMeHHBbIe JKCHEPUMEHTHI NPOBOAATCH €

PeIATUBUCTCKMMHM  PaJMOAKTHBHBIMM  siApaMU €
0oabIIMM H30bITKOM HEHTPOHOB HAa MATHUTHBIX
CIIEKTPOMETpPAX. Ounn OPMEHTUPOBAHBI Ha

perucTpauui (QparMeHTOB ¢ HA4YaJbHbIM 3apPsAIOM
KaK y MCCJIeyeMOro apa uin OJIU3KHM K HeMY.
OmpHako B TakOM  MOAXO0Ae  TePHIOTCH
NPUHIUINKAJIBHO Ba)KHble KAaHAJbI, COAepKANIUE
¢parmentsl He u H, u, coorsercTBenno, pacnaasl 2Be
°B. Bo03MOKHOCTH pa3pelleHdsi 3TOi MPoGIeMbl
METOA0M siiepHOM IMYJIbCHHU MOTHUBHPYET
skcnepumMeHT BEKKEPEJIb na nykiaorpone OUSAN.

22Ne — Sa

Al - -
.- e - - ar

LR N LR g *% :...:l:.o-..u

0--0'7“. sl ~.000“'. 0]
»
L s R o...J. L

- -
I a5 4 »

. - w o ®» e e mmee s ow e O~ > e N
.
» - ('
» :
s 9
. 5 -
F.-’..‘.T'.o .. '.'.0.:— ’l"o.-uo.o.“. ®e '.'-o ‘- -. . .- b Y .
- »
. - . - o - .... B.e .- S srem b S rer o .
L M
L)
[ X Td««-m LN A TN e
J4 °0 — 4a o
™ »
—— SRR e SR e “
! - : e e s seeed ...‘_._-A Q,..l- . -y e e s
Rk R LT S S
SR »u RN at, -—:P*v*-.w.; -w; bR --bu. % :u -l
""'""‘-——r\-v—- - -—.—-»- - — . .- .'
2 z . - L= e =
.——..‘-"* A AN e A E By ' ?
- - 1] i"m“s?..‘“

- V“‘.M*h
o 12C — 3(1, I' ’.'/"-l a.’ -

* s -

A o 2 TR T .

. ..

5 s.': 22 .



O-45-36-03-60l.avi
mg24-l.avi

Charge topology of “white” stars

Channel 2c 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 %) 0 (4 %) 6 (6 %)
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Example of restored directions in event '’B — 2He + H @ 1.2 4 GeV over vertical and planar planes.
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The gmund state of the B nucleus is higher than the 8Bep threshold by

N, / 0.1 MeV

10

-185 keV, and its width 0.54 keV, also indicates that it is a long-lived state.

Distribution of number of 2ap triples N,,, over
invariant mass Q,,, (< 1 MeV) in coherent
------ dissociation 1°C — 2He2H (solid) and dissociation
UC — 2He2H (dots) and °B — 2HeH (dashed).

O MeV



CrarucTuka co0bITHil, Coaep:KaIMX He MeHee OAHOro Kamauaara B pacmax °Be, HS wam °B wanm ue
menee aAByx °Be mpu ycaosuu Q,,(2Be) < 0.4 M»aB cpeau N, cobuiTuii pparmentamuu sizep °’Au ¢

MHOKECTBEHHOCTBIO i KYPCHMBOM Bbl/IeJICHAa CyMMapHasi CTaTUCTUKA KaHajoB N, > 11,

e NoaCBEIN,, Noo°B) Noa(HS) Npa(2Be)
(% Np,) (% N,,(°Be)) (% Ny, (°Be)) (% N, (°Be))

2 3/133(2 ¢ 1) - - -

3 14/162 (9 £ 3) 1(7) - -

4 25/161 (16  4) 7(28 £ 12) 2(8£6) -

5 23/135 (17 £ 4) 5 (22 + 11) - 1(4)

6 31/101 (31 £ 7) 9 (29 £ 11) 2(6%4) -

7 31/90 (34 £ 7) 6 (19 £ 9) 2(64) 3 (10 £ 6)

8 32/71 (45 * 10) 8 (25  10) 2(64) 2(7£5)

9 29/54 (54 + 13) 9(31+12) 3 (10 £ 6) 5(17  8)

10 22/39 (56 + 15) 4 (18 £ 10) - 5(23 £ 12)

11 10/15 (67 # 27) 3 (30 £ 20) 1(10) 2(20  16)
19/30 (63 # 19) 7 (37 * 16) 2(11 # 8) 6 (32 # 15)

12 2/5 1 - 1

13 2/4 1 - 1

14 3/3 1 - 1

15 11 - - -

16 1/2 1 1 1




3AKJIFOUEHHUE

IIpoext BEKKEPEJIb2023 na yckoputejibHoM komiuiekce HYKJIIOTPOH/NICA aas npoaoskut
HccieoBaHNsl mepudepuYecKuX B3aMMOAeHCTBHI PeJISITUBHCTCKUX siiep, B KOTOPBIX TOJbKO METO/
siIePHOI 3MYJIbCHHU o0ecnieunBaeT TpedyeMoe paspeiieHune, MoJHOTY U eInH000pa3ue HAOJIIeHUH.

IIpoekT chokycHpoOBaH Ha TMOHUCKEe (-4ACTHYHOro KoHJaeHcaTta Boze-Jiinmreiina (aBEC). /Ins
JIETKMX si/Iep, B TOM YUCJIe PaAHOAKTHBHBIX, aNIPO0MPOBaHA MIeHTU(UKANUSA 110 MHBAPUAHTHOI Macce
pacnajgoB 2Be — 2a, °Be — 2a u 2C(0*,) — ®Bea (coctosinme Xoiina). Tengenuus k pocty °Be ¢
YHCJIOM ¢-4acTHl, a Takke °B m 12C(0*,) , HexaBHO ofHapy:KeHHas JUIsl CPeIHHUX M TSLKEJBIX fiep,
yKa3bIBaeT Ha BO3MO:KHOCTHL cuHTe3a 40aBEC.

IIpoext BEKKEPEJIb2023 naunenen na ananu3 ¢pparmentanmuu *Kr mpu 950 M3B Ha HyKjoH
IS mposicHenus cBsizu °Be u cocrosinus Xoiijia 1 MHOKECTBEHHOCTLIO 0-aHcaMOJieli U MOUCKe Ha JTOi
ocHOBe pacmajgoB coctosHus °0(0*) — 12C(0*)a m 2®°Be kak kanmampara B 40BEC. IlomyTHO
OLIEHUBAETCH MHOKECTBEHHOCTH U MOINepeYHblie MMIYJIbChl CONPOBOKIAIONIUX HEHTPOHOB.

B npono/kenne uccaeI0BaHuii ¢ JerkuMu sigpamu B aucconuanun °Be um °C Begercs momck
n300ap-aHajoroBeix cocrosinmii Be m °B. Bo d¢parMenTamuu sgep M3 €OCTaBa IMYJLCHH IO
JAeiiCTBMEM PeJATHBUCTCKUX YaCTHIl OCBAMBAETCA MeETOAMKA HAeHTUUKANUM 10 HHBAPHAHTHOI
Macce ancam0Jiell OCTAHOBUBIIMXCH (-YACTHIL.

B nexaGpe 2022 r. ciou simepHOil dMyJabcuu 06Jaydenbl siapamu 24Xe ¢ smeprueii 3.8 I'’B Ha
HYKJIOH. TeM camMbIiM, MOJIydyeH MaTepHaj Jis AHAJIM3a MHOKECTBEHHBIX COCTOSIHUI O-4acTHIl M
HYKJIOHOB NpH oONnTHMaJbHOH »3Hepruu OnpeneseHue cpeaHero pa3BoOpoTa IMYYKOBBIX CJI€0B
yKa3bIBaeT HA BO3MOKHOCTh HAeHTU(UKANNM PeasaTUBUCTCKUX u3oTonoB. Ilpumenenue CR-39
MO3BOJINJIO MOJTHOCTHI0 PEKOHCTPYMPOBATH NPO(PMJIb U MHTEHCHBHOCTH MCIOJIb30BAHHOIO MyYKa.

B 1nesioM, coueTaHue KJAACCMUYECKHUX fAIEPHBIX METOAUK U YCHeElIHOe 0CBOeHHE MOTOPH30BAHHOIO
MHKpoOcKona mno3poJisier pa3Buth B OUSU uccienoBanus ¢ peJATHBUCTCKMMHU PaAUOAKTUBHBIMU
U30TONAMM, NPUBJIEKAsl K HUM MOJIOBIX HCC/Ie0BaTeJIeN.
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Dissociation of 1°C Nuclei in a Track Nuclear Emulsion
at an Energy of 1.2 GeV per Nucleon
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Abstract—The charge topology in the fragmentation of °C nuclei in a track nuclear emulsion at an
energy of 1.2 GeV per nucleon is studied. In the coherent dissociation of 1°C nuclei, about 82% of events
are associated with the channel 1°C — 2a + 2p. The angular distributions and correlations of product
fragments are presented for this channel. It is found that among 1°C — 2a + 2p events, about 30% are
associated with the process in which dissociation through the ground state of the unstable ?Beg s nucleus
is followed by ®Begs. + p decays.
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NuBapuanTHas mMacca CHCTeMbl PeJIITUBHCTCKHX (PPAarMeHTOB ompenessieTcsi Kak CymMMa Bceex
npousBenenui 4-umnyiabcos P, ¢parmenTos M*2 = Y (P;:P,). BelunTanne Macchl HA4aJbHOIO SApPa
uam cymmbl Macc ¢parmentoB Q = M® - M sBasercs BOmpocoM yIo0CTBa NpeACTABJIEHHI.
Kommonentsl P, ompenensiiorcs B NpudIMKEeHNH COXpaHeHHsI (pparMeHTaMi HaYaabHOr0 HMMYJIbCa
HA HYKJOH. PeKOHCTPYKIHMS M0 MHBAPHAHTHON Macce pacmaaoB HecTadmabHbIX suaep °Be m °B,
ocBoeHHas B 3kcnepuMente BEKKEPEJIb, noarBepan/ia cnpaBeiiuBoCTb 3TOr0 NPUOJIHKEeHHS.
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In continuation of the study of the fragmentation of light nuclei, searches for decays of isobar-
analogue states (IAS) including excitations 8Be* and °B* has begun. Manifesting at high excitation
energy, but also having very small widths, 1ASs serve as “beacons” for structural rearrangement in the
direction of similarity with their less stable isobars. In the context of naBEC and IAS, the analysis of
NTE exposed to °Be and °Cnuclei will continue.
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Distribution of humber of 2a-pair combinations N,, over the invariant mass Q,, in coherent
dissociation of 12C — 3a (solid) and QO — 4a (dashed) at 3.65 A GeV; inset shows enlarged
part of distributions Q,, <1 MeV (step 40 keV).



SUMMARY

The BECQUEREL experiment is aimed at nuclear clustering physics. The nuclear track
emulsion (NTE) makes it possible to study multiple final states arising in dissociation of
relativistic nuclei. A current focus is on the theoretical concept of a-particle Bose-Einstein
condensate (aBEC).

Owing to extremely small energies and widths, the 8Be and HS decays, as well as °B —
8Bep, are identified in fragmentation of light nuclei by an upper constraint on the
invariant mass. This approach has been used to identify 8Be and HS and search for more
complex states of aBEC in fragmentation of medium and heavy nuclei.

An enhancement in probability of detecting 2Be in an event with an increase in number of
relativistic a-particles is found. Contributions of °B and HS decays also increase. The
exotically large sizes and lifetimes of ®Be and HS allowing suggesting possibility of
synthesizing aBEC by successively connecting the emerging a-particles.

The main task of the forthcoming stage of the project is to clarify the relation between the
appearance of 8Be and HS and a-ensemble multiplicities and search on this basis for
decays of the 1*O(0*;) state in 3Kr fragmentation below 1 GeV per nucleon.

Searches for aBEC lead to the study of nuclear matter with temperature and density
ranging from red giants to supernovae. In this respect NTE layers exposed to heavy nuclei
at several GeV per nucleon of the NICA accelerator complex will make it possible to study
relativistic ensembles of H and He isotopes of unprecedented multiplicity under optimal
conditions.



CuHxpodazorpoH 1986 r. °Si 3.65 MIB Ha HYKNOH
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HS can occur as a result of a decay of the 0*; excitation of the %0 nucleus. The distribution of “white” 60O
— 4a stars over the invariant mass of 4a-quartets Q,, (Left) is described by the Rayleigh distribution with ¢4, = (6.1
+ 0.2) MeV. The condition Q,, (HS) < 700 keV shifts the Q,, distribution and indicates 9 events Q,, <1 MeV (Q,,)
(RMS) = 624 + 84 (252) keV. The contribution of %0 (0*;) — a + HS decays is estimated to be 7 + 2% for
normalization to HS. It can be concluded that the direct dissociation of @ + HS dominates in the formation of HS.

33 events were identified O — 28Be, which is 5 + 1% of the “white” stars O — 4a. Then, the statistics of
coherent dissociation for the %0 — 28Be and aHS channels has a ratio of 0.22 + 0.02. The distribution over the
invariant mass Q,, < 1.0 MeV of events *O — 28Be (Right) indicates two candidates 'O (0*;). Thus, the estimate of
the probability ratio of the %O (0*;) — 28Be and a + HS channels is 0.22 + 0.17, which is unsatisfactory. At the same
time, the increase in the statistics of events 0O — 4a can be considered exhausted. There remains the possibility of
studying (3-4)a-ensembles in the fragmentation of heavier nuclei.
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MeV. The first reflects the °Be excitation at 2.43MeV and the second one the 2Be,, state.

17 0% £+ 7 i 5 i ~omomod o




B P By
_‘-' :‘7—' AL e ° } - 2 3 _l‘m. ~ '.,l'i:'. : -’
-—'lf)C -_‘7,‘.; ks ':' e i e Pt 2l e - .;:'.'.‘_: & o :.',.
"B LY M BEFNE L - " - - s ® et &
. .- .- a ;e m=s. . . The ground state of the
pi ' Py e, il s : o o
b e ‘/ - o rered- .“i °B nucleus is higher than
‘\ . "- .-‘ » . : '2. » ."“ 7 .V.. ot " "’ : 8
E e agtig t gt l _— i ' the °Bep threshold by 185

il it o qp, . k" He~: ‘keV, and its width 0.54
e R RRER e %"?‘-‘3"‘"‘"‘ keV, also indicates that it

s - .0.. =+ %4 - ,;, !"’ gt .V-He,
R ST W SRR D Rl 207 s along:-lived state.
Nev Nev
Ney 100
6ot "
(a)
10
. 40 F
O C T o
i 20 0 | 4(')0 | S(I)O |
{ Osy. keV
0 4 8 12 0 30 60 90

Q2. MeV Os4 4 - MeV



