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Structure of the Hoyle state
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Earlier observations were made in NTE exposures with the nuclei 12C, 16O, 22Ne, 6Li and 7Li

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: 6He, 7,9Be, 8,10,11B, 9,10,11C and 12,14N. 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 μm) 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

Distributions of fragments He (solid) and H (dotted) over dip (α) and

planar (φ) angles in events 10В → 2Не + H

Fragments of a relativistic nucleus

are contained in a narrow cone of

the polar angle θ, which is

estimated as: sin
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Distribution of errors in determining dip (α) and planar (φ) angles for

fragments He (solid) and H (dotted) in events 10B → 2He + H.



〈Θ2α〉 = 5.9 ± 0.2 mrad 〈Q2α〉 = 107.1 ± 6.6 keV

24% decays of 8Beg.s.

10B →2He+H  (1 A GeV/c) 

Reconstruction of decays by invariant mass

𝑸𝟐𝜶 = 𝟐 ∙ [𝒎𝜶
𝟐 + 𝑬𝜶

𝟐 − 𝑷𝜶𝟏 ∙ 𝑷𝜶𝟐] − 𝟐 ∙ 𝒎𝜶



〈Θ2α〉 = 6.6 ± 0.5 mrad

11C →2He+2H (1.2 A GeV/c) 

〈Q2α〉 = 80.2±7.4 keV

23% decays of 8Beg.s.



〈Θ2α〉 = 5.3 ± 0.5 мрад 〈Q2α〉 = 97.1±9.1 кэВ

19% decays of 8Beg.s.

11C → 3He (1.2 A GeV/c) 



〈Q2αp〉 = 299.1 ± 21 keV

10% decays 9Bg.s.

〈ΘBe + H〉 = 12.3 ± 0.9 mrad

10B →2He+H 



〈Q2αp〉 = 263.6±14.6 keV

24 decays (15%) of 9Bg.s.

〈ΘBe + H〉 = 11.3 ± 0.9 mrad

11C →2He+2H 



A medical beam of 12C nuclei in IHEP, used at the initial stage,

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 103

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.





Incoming beam density of 12С nuclei



Distribution of incoming tracks of 12С nuclei
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Sample of event 12С + Em→3α

C12_Protvino_450MeV_ev194_WS

x45



Sample of event 12С + 12C

C12_Protvino_1 A GeV/c_ev1923_widecone_3a

x45



Measurement of emission angles of α tracks

σθα = 6.5 ± 0.4 (4.5 A GeV/c)

σθα = 27 ± 3 (1 А GeV/с)

𝒄𝒐𝒔𝜽 = 𝒄𝒐𝒔𝜶 ∙ 𝒄𝒐𝒔𝝋



Distribution over angle between 2α-particles

<θ2α> (< 20 mrad) = 11.4 ± 0.7 (4.8) 

mrad

<θ2α> (< 20 mrad) = 11.4 ± 0.7 (4.8) 

mrad

1 A GeV/c 4.5 A GeV/c



〈Q2α〉 (<200 keV) = 116 ± 12 (75) keV

𝑸𝟐𝜶 = 𝟐 ∙ [𝒎𝜶
𝟐 + 𝑬𝜶

𝟐 − 𝑷𝜶𝟏 ∙ 𝑷𝜶𝟐] − 𝟐 ∙ 𝒎𝜶

Distribution over excitation energy of 2α system



Nucleus

(P0, А Gev/c)

〈Θ2α〉 (RMS), mrad

(Q2α < 200 keV)

〈Q2α〉 (RMS), keV

12C (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)

10C (2.0) 4.6 ± 0.2 (1.9) 63 ± 7 (83)

11C (2.0) 4.7 ± 0.3 (1.9) 77 ± 7 (40)

10B (1.6) 5.9 ± 0.2 (1.6) 101 ± 6 (46)

12C (1.0) 10.4 ± 0.5 (3.9) 107 ± 10 (79)



〈Q3α〉 = 443 ± 52 (186) keV, P0 4.5 A GeV/c

〈Q3α〉 = 348 ± 32 (75) keV, P0 1 A GeV/c

Distribution over invariant mass of α-triples

𝑸𝟑𝜶 = 𝟑 ∙ 𝒎𝜶
𝟐 + 𝟐 ∙

𝒊≠𝒋

(𝑬𝜶𝒊 ∙ 𝑬𝜶𝒋 − 𝑷𝜶𝒊 ∙ 𝑷𝜶𝒋) − 𝟑 ∙ 𝒎𝜶



Distribution over PTsum of 3α-particles

Distribution of α-triples of HS like decays (Q3α < 1 MeV) over total

transverse momentum 〈PTsum〉 in dissociation 12C → 3α

〈PTsum 〉 190 ± 19 MeV/c



Conclusion

In the early 1970s, a nuclear emulsion was irradiated by 12C nuclei with energy of

3.65 A GeV at the JINR Synchrophasotron. Later, stacks of layers of nuclear emulsion

impregnated 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+
2 of

the 12C nucleus in new irradiation which was carried out at accelerator complex U-70 in

IHEP (Protvino) are in progress now.

In dissociation 12C → 3α at 4.5 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%.



Thank you for attention!


