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Structure of the Hoyle state

a. linear chain b. Bose—Einstein condensate
c. compact triangle e

d. bent arm

BB

RMS radii (fm) of 2C (HS) nucleus, predicted by various theoretical works
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KOTEPEHTHAS JUCCOUMAIIUSA 2C — 3a ITPH 4.54 I'aB/c
HA AIPAX OIMYJbCUU, OOTAIIEHHOU CBUHIIOM

©1995r. B.B. Benara, A. A. Benka3a?, B. B. Pycakosa, [Ix. A. Canomos”, I'. M. Yepnos
O6veduHenHblli uHcmumym adepHbix uccaedosaruil, [Iybna, Poccus
IMocrynuna B pefakuuio 16.05.94 r.; nocne nopa6orku 06.03.95 r.

M3yuanuch pacupejesieHns o nonepeyHbIM UMIYJIbCaM M KOPPEISALUMOHHBIE XapaKTEPUCTUKH PEIATH-
BUCTCKMX O-UaCTHI[ M3 PEaKLUMH KOrepeHTHO! JUCCOLMAUMH A/ipa yrlepoAa Ha TpH O-4aCTHLbI MPH po =
=4.5A IB/c B aMynbcun, oboraueHHo# cunuoM. [Tposeen CPaBHUTEJIbHBIN aHAJIU3 JAaHHBIX, NOJNYYEH-
HBIX B OGBIYHBIX ¥ 000ralleHHbIX CBHHIIOM 3MYJILCHOHHBIX cTonKax. [Toka3aHo, YTO CTaTHCTHYECKas MO-
feb GbICTPOl (PpParMEHTALMH HE ONKMCHIBAET HMIYJIbCHbIE H KOPPEJIALUMOHHBIE XapaKTEPUCTHKM (-4ac-
THIL B C.1L.1. siipa yraepopa. Ouenena pacnajHas TeMneparypa sapa 12C, koTopas ci1abo 3aBUCUT OT MACChl
syipa-muieHn. [Tokazano, 4To (hparMeHTHpYIOIEE SAPO yriepoaa npuoGpeTaeT B COylapEeHHH yIrIIOBOM

MOMEHT.
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BECQUEREL

Beryllium (Boron)
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Earlier observations were made in NTE exposures with the nuclei 1°C, %0, %°Ne, °Li and "Li
and were carried out at the JINR Synchrotron in the 70-90s. Within the BECQUEREL
Project the peripheral interactions were analyzed in NTE exposed to the following set of
nuclei: ®He, "°Be, 81011B, 9101C and 1214N. These experimental results allow to present a
comprehensive picture of clustering for a family of nuclei at the beginning of the isotope
table.



Photo emulsion technique

The project is based on the method of nuclear track emulsions (NTE) providing unrivaled
spatial resolution (0.5 pm) and a sensitivity range for measuring tracks of charged particles,
starting with highly ionizing short-range ions and up to singly-charged relativistic particles. The
use of NTE in newly created beams of relativistic nuclei accelerators makes it possible to make
analysis that can not to be reach by electronic detection methods. The accuracy and
completeness of the measurement of the angles of emission of fragments generated in

peripheral interactions of relativistic nuclei provides unique opportunities for studying the
nucleon clustering of light nuclei.



Angular measurements

Microscope KSM-1 for measurement

of angle emission of charge fragments

Fragments of a relativistic nucleus

are contained in a narrow cone of

the polar

estimated as:

angle 0,
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Distributions of fragments He (solid) and H (dotted) over dip (o) and
planar (¢) angles in events 1°B — 2He + H
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Distribution of errors in determining dip (o) and planar (¢) angles for
fragments He (solid) and H (dotted) in events 1°B — 2He + H.



Reconstruction of decays by invariant mass
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(©,,)=6.6+0.5mrad

N
ev N
30F 15F
10F
-
[ |
20(l] S | S
| - =1 =
' ! 1 ||I'|:I'_r|_l-
] 0 2 4 6 8 1012 14
1ok i_l'i i‘_l 0,;» 107 rad
e
L e
L N x 141 a1
0 20 40 60 80 100

©,,,., 10”° rad

cv

40

30

20F

10f

(Q,,) = 80.2+7.4 keV

N o
I -1
| 15H1
| |
[ 10
|
| 5
| i JT
g oLLLdh o e
0 200 400 600 RO0O 1000
i'l 0, .keV
I 20
| Ly il
—l la |l — =
[ ) T— -
: L
0 2 4 6 8 10 12
Q:a’ MeV

11C —2He+2H (1.2 A GeV/c)

23% decays of °Be, g



Ny
N,
4 - -
15F N
B
10} I {L
ol 1, ﬂﬂ
|I 02468101714
107 * rad
St I
-l
] il
. .,
0 50 100

(©,,) =5.3+0.5 mpan

(Q,,) = 97.129.1 kB

®,,,., 10” rad

11C — 3He (1.2 A GeV/c)

19% decays of °Be, ¢




Quary = 123 43 +2- Y (BB =i p,)) — 2 my —m,

N (Oge+ ) =12.3+£0.9 mrad (Qy,p) =299.1 £ 21 keV
v RS | Nev
- | Vol
P ' |
. 4of 4 1o
10F I | J7._| | 1
I l 7
r— I l"" 00 200 400 600 800 100(
| | 0, keV
5| e 20% s ~
I _ L |
T /‘ I N
/ . / / %-‘ By
0 5 15 20 25 30 35 40 0 10 20 30 40
@« s 107 rad Q"O(p MeV
108 —2He+H

10% decays °B, ¢



N,  (Oee.n)=11.3+0.9mrad Ney (Qy,y) = 263.6£14.6 keV
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IHEP, Protvino
12C 450 A MeV —354 GeV___

ensures the required uniformity of irradiation. It has an |
energy corresponding to the maximum of the cross section of :
electromagnetic dissociation. Its working intensity, which is
not less than 108 nuclei per cycle, must be at least reduced 102
times to avoid overexposure and to provide beam monitoring.
The solution of this problem is not simple, since high intensity
provides feedback for the tuning of the accelerator.




Mepoupusitusi, ocymecrBjleHHble B JexkaOpe 2016 r., mo3BoJmIH KOHTPOJHpPYEMbIM 00pa3zom
00yunTh cjion 9 Ttonmmmao 500 mkM. IIpom3BoacTBO TaKHX Cl10eB BO300HOBJIEHO KOMIAHHEH
“Caasuu” (r. Ilepecaasiapb 3anecckuii). /i odecnmevyeHns: MIIOTHOCTH YacTHIl B MecTe 00/1yUeHHs
2000-4500 smt—:-p/CM2 ObLI1 H3MEHEH Pe:KUM MeJJIeHHOI0 BbIBOJA, CHIKeHA 3(P(PeKTHBHOCTH BbIBOJA,
TOuKa o0ayvyenuss $ID) mepeHeceHa [JOMOJHHTEILHO Ha 8 MeTpOB MO HANpaBJeHHI0 MY4YKa,
NJHTEIBHOCTH BbIBOa corpaleHa ¢ 600 1o 400 mc.
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0CTaB MYYKa siep yriepoaa MeIHIHHCKOro Kanaaa Y-70 12
B MecTe 00J1yueHHsI siIePHOIi IMYJIbCHI MoaenupoBanne npoxoxaenns ~C mo KaHamy

Jlnst kKoHTpoast 00JIy4eHHsI siIEPHBIX 3MYJbCHII OBLIH HCHOJb30BaHbl TPH CYETYHKA: HA OCHOBe
CHUHTHLIIATOpPOB mnpou3BoacTBa HPBI (mmacruveckmii moaucTupodabHblii THHa CII-301)
pasMepom 10x10 mm® ¢ Tonmmuoii 1 MM m ®DV-85. IIpn o06ayueHHH CTONKH cloeB 51D
yCTaHABJIHBANHCh Hepel cuérumkamu. Ha pmc. 6. mpeacraBieH cocTaB NmMy4YKa siiep yriepoaa
MeIHIHHCKOro KaHaja Y-70 B mecte odayuenus 9. Joas agep ¢ 3apsaaoM 6 coctaBHiIa 0KOJ0
78%,5 -2%,4-2%,3 -2%,2 —14%, 1 — 2%. Takas cMech sIBJIsieTCS O:KHIaeMbIM cJIeJCTBHEM
OTCYTCTBHSI BAKYYMHOI0 HOHONPOBOJA H CeNMAapHPYHIIHX MArHUTOB. DTOT (AaKT He 3aTpyAHAET
oTOOop “OenbIX” 3Be31. HampoTns, BO3HHKaeT BO3MOKHOCTh MONMYTHBIX KaJHOPOBOK MO 3apsay H
MHOTOKPATHOMY pacCesiHHIO.






Distribution of incoming tracks of *2C nuclei
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Sample of event “C + Em—3a




Sample of event 12C + 12C
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Measurement of emission angles of a tracks
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Distribution over angle between 2a-particles

1A GeV/c 4.5 A GeV/c
Ny N,

A h

0 2I0 4I0 6I0 SIO ](IJO 12IO 00 é IIO IIS 2I0
@, 10” rad ®,,, 10” rad
<0,,> (<20 mrad) = 11.4 + 0.7 (4.8) <0,,> (<20 mrad) =11.4+ 0.7 (4.8)

mrad mrad



Distribution over excitation energy of 2a system
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Nucleus (0,,) (RMS), mrad (Q,,) (RMS), keV
(Py, A Gev/c) (Q,, < 200 keV)
12€C (4.5) 2.1+0.1(0.8) 109 + 11 (83)
14N (2.9) 2.9+0.2(1.9) 119.6 + 9.5 (72)
9Be (2.0) 4.4+0.2 (2.1) 86 + 4 (48)
10€C (2.0) 4.6+0.2 (1.9) 63 + 7 (83)
11€C (2.0) 4.7 0.3 (1.9) 77 + 7 (40)
10 (1.6) 5.9+0.2 (1.6) 101 + 6 (46)

12€ (1.0)

10.4 + 0.5 (3.9)

107 + 10 (79)




Distribution over invariant mass of a-triples
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Distribution over P, Of 3a-particles
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Distribution of a-triples of HS like decays (Q;, < 1 MeV) over total
transverse momentum (P} in dissociation ?°C — 3a



Conclusion

In the early 1970s, a nuclear emulsion was irradiated by 2C nuclei with energy of
3.65 A GeV at the JINR Synchrophasotron. Later, stacks of layers of nuclear emulsion
iImpregnated with lead salts were irradiated. We carried out an additional analysis of these
irradiations of the nuclear emulsion. As a result, 9 events were found in which the total
transverse energy of the alpha particles in the dissociating nuleus system corresponds to the
excitation energy of the 12C nucleus to the level of 7.65 MeV (Hoyle state).

Search for production of alpha-particle triples from the second excited state 0*, of
the °C nucleus in new irradiation which was carried out at accelerator complex U-70 in
IHEP (Protvino) are in progress now.

In dissociation ?C — 3a at 45 and 1 A GeV/c in nuclear track emulsion
production of the Hoyle state is identified by using approximate invariant mass
representation. Contribution of HS is estimated to be about 11%b.



Thank you for attention!



