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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 μm. 



1974 JINR Synchrophasotron12C @ 3.65 A GeV 

Exposures of stacks of nuclear track emulsion (NTE) to light nuclei were performed in the 70-80s at the JINR 

Synchrophasotron and Bevalac (LBL, USA). The use of NTE to study the interactions of the gold and lead nuclei 

continued in the 80-90s at the AGS (BNL, USA) and SPS (CERN) accelerators. Observations in NTE of tracks of 

charged particles in a full solid angle and practically without a threshold made it possible to determine the contours of 

a complex picture of the collision of relativistic nuclei. Special attention was paid to central nuclear collisions. The 

subsequent development of this area on the basis of large-scale electronic experiments is widely known. At the same 

time, the results obtained by the NTE method as well as the irradiated layers themselves and the files with 

measurement results retain their uniqueness with respect to the structure of nuclear fragmentation. 



24Mg → 6α 

22Ne → 5α 

16O → 4α 

12C → 3α 

In peripheral interactions of nuclei, in which the charge 

of the incident nucleus is distributed between its fragments, the 

individual features of the incident nuclei are reflected. They are 

observed in NTE as often and completely as central collisions, 

so there is a fundamental possibility in the cone of relativistic 

fragmentation to study the nuclear structure. 

 

The intense “tracks” in the photos  splits into the He 

track pairs with the opening angles of about 210-3 rad 

corresponding to decays of the unstable 8Be nucleus. Their 

observation testify to the completeness of observations across 

the spectrum of cluster excitations. 

 

In the aspect of relativistic fragmentation, the use of 

traditional spectrometers was extremely limited. The 

difficulties encountered are of fundamental nature. They are 

caused by a dramatic decrease in the ionization of relativistic 

fragments in an extremely narrow fragmentation cone, and, 

often, by an approximate coincidence in the magnetic rigidity 

of fragments and beam nuclei. For these reasons, 

measurements were carried out with the registration of single 

relativistic fragments with charges close to the charge of the 

studied nucleus. 



Relativistic fragments are concentrated in the cone sinθfr = pfr/p0, where pfr = 0.2 GeV/c is 

the measure of the nucleon Fermi momentum in the projectile nucleus, and p0 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 Pi,k of the fragments M*2 = ∑(Pi∙Pk). 

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 Pi,k are determined in the 

approximation of the p0 conservation.   



For the 12C nucleus at an energy of 3.65 A GeV there 

are measurements of emission angles of α-particles made 

in the groups of G. M. Chernov (Tashkent) at 72 and A. 

Sh. Gaitinov (Alma-Ata) in 114 “white” stars 12C → 3α. 

The left figure shows the distribution over the invariant 

mass of α-pairs Q2α. In the Q2α < 0.2 MeV region, the 

contribution of the 8Be decays is 17 ± 1%.  

<Q2α> (RMS) =109 ± 11 (83) keV  

(Q2α < 200 keV) 

The distribution Q2α for all 2α combinations in 641 

"white" stars 16O → 4α presented in the right figure. As 

in the case 12C → 3α, for Q2α < 0.2 MeV there is a 

contribution of 8Be decays which manifests itself in 15 ± 

1% of events.  

641 “white” stars 16O → 4α 186 “white” stars 12C → 3α 







7Li 92.5 % 

 

7Be 53.3 d 

 

8B 0.769 s 

 

10B 19.8% 

 
11B 80.2 % 

 

12C 98.89 % 

 
11C 20.38 m  

12N 11.0 ms 

 

9Be 100%  

9C 0.1265 s 

 

10C 19.2 s 

 

8Be 6.8 eV 

9B 540 eV 

6Li 7.5 % 
The pause in obtaining data on the structure of relativistic fragmentation 

motivated further exposures at the JINR Nuclotron to the light nuclei including 

radioactive ones. In the early 2000s, the BECQUEREL experiment aimed at 

systematic study of peripheral interactions of relativistic nuclei by the NTE 

method has been started. The analysis of peripheral interactions in longitudinally 

irradiated NTE layers allowed one to study cluster features of a whole family of 

light nuclei, including neutron-deficient ones, in the unified approach.  
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Channel With target fragments «white» stars 

Li + Не 21 (5%) 5 (4%) 

Li + 2Н 32 (8%) 5 (4%) 

Не + 3Н 120 (32%) 18 (13%) 

2Не + Н 182 (48%) 103 (76%) 

5Н 24 (6%) 2 (1%) 

Ве + Н 1(< 1%) 2 (1%) 



Example of restored directions in event 10B → 2He + H @ 1.2 A GeV over vertical and planar planes. 

Distributions of fragments He (solid) and H (dotted) over dip and planar angles α and φ in events 
10В → 2Не + H @ 1.2 A GeV. 



Distribution of errors in determining dip (α) and planar (φ) angles for fragments He (solid) and H (dotted) in 

events 10B → 2He + H.  

Distributions of residuals Δy and Δz of fitting of coordinates of H and He tracks in events 10B → 2He + H. 

<Δα> (RMS) =  

0.08 ± 0.02 (0.8) mrad 
<Δφ> (RMS) =  

0.06 ± 0.01 (0.4) mrad  



9Be 

Jπ = 3/2- 

8Be 0+ 

8Be 2+ 



≈ 10 mrad ≈ 5 mrad 

   



Charge topology of “white” stars 



The distribution of 68 “white” stars 10С → 2α + 2p over Q2α and Q2αp is shown in Figures a and b. The 

distribution Q2α with an average <Q2α> = (63 ± 30) keV allows concluding that the 8Ве formation is 

observed. In turn, the distribution Q2αp indicates that the dissociation 10С → 2α + 2p is accompanied by 

the 9B formation. The average value <Q2αp> = (254 ± 18) keV corresponds to decay 9В → 8Ве + p. A 

complete correspondence Q2α to Q2αp points to the cascade 10С → 9В → 8Ве. The 9B nucleus manifests 

itself with a probability of 30 ± 4 % in the 10C structure.  



“White" stars 10B → 2He + H @ 1.6 A GeV/c  

“White" stars 11C → 2He + 2H @ 2.0 A GeV/c 

 9B + n     
9Be +p 
 

≈ 6 

9B → 8Be (66%)  

9B → 8Be (50 %)  



Dependence of calculated invariant masses of α-pairs Q2α over opening angles 

in them Θ2α in events of dissociation of 12C, 11C and 10B nuclei; momentum values 

are indicated in parentheses (A GeV/c). 



Nucleus 

(P0, A GeV/c) 

<Θ2α> (RMS), 10-3 rad 

(Q2α < 300 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) 
11C(2.0) → 9B → 8Be  94 ± 15 (86) 
10B (1.6) 5.9 ± 0.2 (1.6) 101 ± 6 (46) 
10B(1.6) → 9B → 8Be  105 ± 9 (47) 
12С (1.0) 10.4 ± 0.5 (3.9) 107 ± 10 (79) 

Nucleus <Q2αp>, (RMS)  

keV 
10B 249 ± 19 (91) 
10C 254 ± 18 (96) 
11C 273 ± 18 (82) 

Mean values of <Θ2α> and <Q2α> (Q2α < 300 keV) 

Mean values of <Q2αp>  (Q2αp < 400 keV) 



Distributions over energy Q2α2p of all “white” stars 10C → 2He + 2H (dashed) and the ones with the 

presence of 9B (solid). The distribution Q2α2p for the 10C stars containing 9B decays features the distinct 

peak with a maximum at 4.1 ± 0.3 MeV at RMS of 2.0 MeV. The peak statistics present 17 ± 4% of the 

total number of the 10C “white” stars or 65 ± 14% of those containing 9B decays. 

       



                

 

 

 

 

 

 

 

                

                

                

                

                

                

15.0 025    
7Be + 3He 

 2.903   

2α + 2p 



An analysis of peripheral interactions in the NTE layers irradiated at the JINR Nuclotron 

made it possible to study in a unified approach the cluster features of the nuclei 7,9Be, 8,10,11B, 
10,11C, 12,14N and establish the contribution of unstable 6Be, 8Be and 9B nuclei to their dissociation  

The important conclusion is that the absence of stable ground states of 8Be and 9B does not 

prevent their participation in the nuclear structure. In nucleosynthesis chains, they can serve as 

necessary “transfer stations” the passage of which became “imprinted” in the nuclei formed. Until 

now, such participants are recognized only in the famous chain 3α → α8Be → (Hoyle state) → 12C.  

Our observations suggest the possibility of expanding the scenarios of light isotope synthesis 

involving the unstable states. It is possible to consider the role of more complex nuclear molecular 

systems. In particular, in the coherent dissociation of the 10C nucleus, an indication is obtained of 

the resonance in the 9Bp channel at 4 MeV. Its study continues on a 4-fold increase in statistics. 

Since 2016, the possibility of observing the Hoyle state in the relativistic dissociation of the light 

nuclei is under scrutiny. 



The successful reconstruction of the 8Be and 9B decays allows one to take the next step — to search 

in relativistic dissociation 12C → 3α for triples of α-particles in the Hoyle state (HS). This state is the 

second and first unbound excitation 0+
2 of the 12C nucleus. The HS features such as isolation in the 

initial part of the 12C excitation spectrum, lowest decay energy and its narrow width (378 keV and 8.5 

eV) indicate its similarity with the 2α-particle nucleus 8Be (91 keV and 5.6 eV). 8Be is an indispensable 

product of HS decays. It can be assumed that HS is not limited to 12C excitation but it can also appear 

as a 3α-partial analog of 8Be in relativistic fragmentation of heavier nuclei. 
 

Interest in HS is motivated by the concept of α-partial Bose-Einstein condensate. As the simplest 

forms of such a condensate the ground state of the unstable 8Be nucleus and, after it, HS are under 

consideration. Continuing the 8Be and HS branches, it is assumed that the next condensate state of 4α’s  

is the 6th excited state 0+
6 of the 16O nucleus, located 700 keV above the 4α threshold. Then, the 

condensate decomposition could go in the sequence 16O(0+
6) → 12C(0+

2) → 8Be(0+
2) → 2α. 



The distribution Q3α for all 510 stars is shown in Figure. The region Q3α < 10 MeV covering the 12C excitations 

below the nucleon separation thresholds is described by the Rayleigh distribution with the parameter σQ3α = (3.9 ± 0.4) 

MeV. There is a peak in the region Q3α < 1 MeV (51 stars) where the HS signal is expected. For events at 3.65 A GeV 

contributed to this peak the average value〈Q3α〉 (RMS) is 397 ± 26 (166) keV, and at 420 A MeV, 346 ± 28 (85) keV, 

respectively. According to the condition Q3α < 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 12C 

→ 3α dissociation is 10 ± 2%. 

Recently, in collaboration with the group of N. G. Peresadko 

(FIAN), data on 238 3α-stars, including 130 "white", have been added. 

In addition, there are NTE layers irradiated in the 12C  beam of the 

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 3α-events 

found, including 36 "white" stars. 



HS decays can manifest themselves in the dissociation 16O 

→ 12C* (→ 3α) + α. The left figure shows the Q3α distribution of all 

3α combinations. As in the 12C case, its main part with Q3α < 10 

MeV is described by the Rayleigh distribution with the parameter 

σQ3α = (3.8 ± 0.2) MeV.  

It also has a peak at Q3α < 700 keV. The condition Q2α < 200 

keV meaning at least one 8Be decay in a 4α event does not affect 

the statistics in this Q3α range. The contribution to the peak of the 

combinatorial background estimated at 8% is excluded. The 

remaining 139 events have an average value of 〈Q3α〉 = (349 ± 

14) keV corresponding to HS and RMS 174 keV. In 9 events of 

them more than one 3α-combination corresponds to the condition 

Q3α < 700 keV. In sum, the contribution of HS decays to the 

coherent dissociation of 16O → 4α is 22 ± 2%. 

 

HS can arise as a decay product of the excited state 0+
6 of 

the 16O nucleus (by analogy with the decay of HS into 8Be + α). In 

the 641 “white” star, the full distribution of α-quartets over Q4α 

(right figure) is described mainly by the Rayleigh distribution 

with the parameter σQ4α = (6.1 ± 0.2) MeV. The condition for the 

presence in the 4α-event (αHS) of at least one α-triple with Q3α < 

700 keV shifts toward the low-energy direction the Q4α 

distribution (Fig. 6) and the value of the parameter σQ4α = (4.5 ± 

0.5) MeV. It can be assumed that in the decay of an integral 

object, HS and α will be correlated in directionThe condition 

ε(αHS) < 450 identifies 9 events that satisfy Q4α < 1 MeV with an 

average value of 〈Q4α〉 = (624 ± 84) keV with RMS 252 keV . On 

their basis, the assessment of the contribution of the 0+
6 state is 7 ± 

2%. 

 



Distribution of all α-triples over invariant 

mass Q3α in dissociation  
12C → 3α (424 events, dashed) and  

16O → 4α (641 events, solid)  

at 3.65 A GeV. 



Among the 641 "white" stars 16O → 4α, 33 events were selected, in which two 8Be 

fragments (Q2α < 0.2 MeV) are present. The directions of expansion along the azimuth angle ε 

(28Be) show anti-correlation (left) which indicates the binary formation of these fragments. In 

31 events 28Be there are no triples of α-particles that satisfy the condition HS (Q3α < 700 keV) 

which gives an estimate of the contribution of the 16O → 28Be channel is equal to 5 ± 1%. The 

distribution of pairs to their full transverse momentum PT(28Be) is described by the Rayleigh 

distribution with the parameter σPT (28Be) = (161 ± 2) MeV/c. The right figure shows the 

distribution over Q4α for 28Be events for which the Rayleigh parameter is (4.3 ± 1.2) MeV. The 

number of events in the channels 16O → αHS and 16O → 28Be has a ratio 4.5 ± 0.4 which means 

that the first of them is clearly leading. 



In general, the HS feature as a universal and sufficiently long-lived object similar to the 

unstable 8Be nucleus is confirmed.  

The closest source for verifying the HS universality is the 14N dissociation in which the 3He + 

H channel leads, with the 8Be contribution of 25%. Analysis of the NTE layers exposed in the 

early 2000s to relativistic 14N nuclei at the JINR Nuclotron is resumed in the context of the HS 

problem.  

A similar analysis will be carried out in the NTE layers which were exposed relativistic 

nuclei 22Ne and 28Si at the JINR Synchrophasotron in the late 80s and used for overview analysis. 

Despite the past decades this experimental material has retained the necessary quality. 

3.65 A GeV  28Si  along track paths 61.3 m 6252 stars 

Among them 6α (12), 5α(67), 4α (170), 2 fragments (101), 14H (2) 



Lebedev PI (FIAN) 

50-ies…. 



160A GeV Pb 

10A  GeV Au 

1A  GeV U 





The phenomenon of peripheral dissociation of relativistic nuclei has the latent potential of a “laboratory” 

for testing advanced concepts of nuclear physics and nuclear astrophysics. The nuclear matter similar in 

thermodynamics and isotopic composition with a supernova can be re-created in dissociation of heavy nuclei.  



The mechanism of dissociation of relativistic nuclei in peripheral interactions remains unclear. It is possible that 

there is a multiple photon exchange between the nuclei of the beam and the target. The alternative is to exchange 

virtual mesons. As a critical test, fragmentation of nuclei of the NTE composition under the action of relativistic 

muons can serve. In this case, fragmentation may occur as a result of the transition of exchange photons into pairs of 

virtual mesons. This combination provides long-range action at effective destruction of nuclei and can be extended to 

peripheral interactions of relativistic nuclei. In this regard, it is necessary to carry out a search for the fullest possible 

destruction of heavy nuclei of the NTE composition (Ag and Br) under the action of relativistic muons.  



The stated fundamental tasks and the accumulated methodical culture deserve an update on the basis of the Olympus 

BX63 motorized microscope. Under the lens, a NTE layer on a glass support is placed which is irradiated 

longitudinally by krypton nuclei. A part of aт image of a 1 mm marking grid deposited on the NTE layer is displayed 

on the monitor. A horizontally oriented trace of the krypton nucleus and the fragments generated by it are visible on 

the screen. On the BX63 microscope, it is possible to automatically search for the vertices of peripheral dissociation by 

the effect of an ionization stall (“step”). Changing the lens is done by turning the revolver at the same point without 

operator intervention. Further measurements of the coordinates are made automatically when visually tracing the 

tracks of the fragments. To work on such a perfect instrument, a new generation of researchers must be trained. 





The phenomenon of dissociation of relativistic nuclei observed with a unique completeness in the 

nuclear track emulsion (NTE) makes it possible to study ensembles of nucleons and lightest nuclei of 

interest to nuclear physics and nuclear astrophysics. Individual features of the nuclei under study are 

manifested in probabilities of dissociation channels. The advantages of the NTE technique include the 

unsurpassed resolution in determining emission angles of relativistic fragments and the possibility of 

identification of the He and H isotopes among them by multiple scattering measurements.  

 

Оn this basis the cluster structure of the light stable and radioactive isotopes is examined in the 

BECQUEREL experiment at the JINR Nuclotron. In particular, by the invariant mass of relativistic He 

and H pairs and triples in the dissociation of the isotopes 9Be, 10B, 10C and 11C the unstable 8Be and 9B 

nuclei are identified, and in the 12C and 16O dissociation — the Hoyle state. The next problem is 

searching in the dissociation of the nuclei 14N, 22Ne and 28Si the Hoyle state and more complex nuclear-

molecular states. 

 

The main perspective will be application of the NTE technique to study the low-density baryonic 

matter arising in the heavy nucleus dissociation. The temperature and density of this short-lived state 

are determined by the ratio of relativistic isotopes H and He and neutrons and their emission angles. 

NTE layers exposed to the NICA beams will serve as the research material allowing investigating 

nuclear ensembles of unprecedented multiplicity and diversity. To understand the mechanism of 

multiple dissociations of nuclei it is proposed to analyze fragmentation of the NTE down to their 

complete destruction of composing nuclei by relativistic muons. NTE irradiation by muons will be 

performed at CERN. 

 

Effective solution of the assigned tasks requires investments in automated and computerized 

microscopes, as well as improvement of the NTE technology. The project will serve as the basis for 

updating the traditional cooperation on the NTE use. 



1. Zarubin P.I.: “Tomography” of the cluster structure of light nuclei via relativistic dissociation. Lect. Notes in Physics, Clusters 

in Nuclei, 875(3), 51(2014), Springer Int. Publ.; https://arxiv.org/abs/1309.4881. 

2. Artemenkov D.A., Zaitsev A.A., and Zarubin P.I.: Unstable nuclei in dissociation of light stable and radioactive nuclei in 

nuclear track emulsion. Phys. Part. Nucl. 48, 147–157(2017); https://arxiv.org/abs/1607.08020. 

3. Artemenkov D.A. et al.: Nuclear track emulsion in search for the Hoyle-state in dissociation of relativistic 12C nuclei. Rad. 

Meas., 119, 119(2018); https://arxiv.org/abs/1812.09096. 

4. Zarubin P.I.: Recent applications of nuclear track emulsion technique. Phys. At. Nucl, 79 1525(2016); 

http://becquerel.jinr.ru/text/Papers/PHAN1525.pdf.  

5. Bradnova V. et al.: Experimental Exposure of nuclear emulsion by Xenon nuclei at the JINR Nuclotron. Phys. Part. Nucl., 

Lett., 8, 562(2011); http://becquerel.jinr.ru/text/Papers/Xe_PHPL562.pdf. 

6. Artemenkov D.A. et al.: Toward ternary fission accompanied by the 8Be nucleus. https://arxiv.org/abs/1902.04407. 

7. Freer M., Fynbo H.O.U.: The Hoyle state in 12C. Prog. Part. Nucl. Phys., 78, 1(2014); 

https://www.sciencedirect.com/science/article/pii/S0146641014000453?via%3Dihub.  

8. Tohsaki A., Horiuchi H., Schuck P. and Röpke G.: Status of α-particle condensate structure of the Hoyle state. Rev. Mod. 

Phys., 89, 011002 (2017); https://arxiv.org/abs/1702.04591. 

9. Schuck P.: Recent theoretical advances and open problems in nuclear cluster physics. https://arxiv.org/abs/1811.11580. 

10. Belaga V.V., Benjaza A.A., Rusakova V.V., Salomov D.A., Chernov G.M.: Coherent dissociation 12C → 3α in lead-enriched 

emulsion at 4.5 GeV/c per nucleon. Phys. Atom. Nucl., 58, 1905 (1995); https://arxiv.org/abs/1109.0817. 

11. Andreeva N.P. et al.: Coherent dissociation 16O → 4α in photoemulsion at incident momentum of 4.5 GeV/c per nucleon. Phys. 

At. Nucl., 59, 102(1996); https://arxiv.org/abs/1109.3007. 

12. El-Naghy A. et al.: Fragmentation of 22Ne in emulsion at  4.1 A GeV/c. J. Phys. G, 14, 1125 (1988); 

https://iopscience.iop.org/article/10.1088/0305-4616/14/8/015. 

13. Shchedrina T.V. et al.: Peripheral interactions of relativistic 14N nuclei with emulsion nuclei. Phys. At. Nucl., 70, 1230 (2007); 

https://arxiv.org/abs/nucl-ex/0605022. 

14.  Adamovich M.I. et al.: Multifragmentation of Gold nuclei in the interactions with photoemulsion nuclei at 10.7 GeV/nucleon; 

Z. Phys. A 359, 277 (1997); https://link.springer.com/article/10.1007%2Fs002180050403. 

15.  Cherry M.L. et al.: Fragmentation and particle production in interactions of 10.6 GeV/N gold nuclei with hydrogen, light and 

heavy targets. Eur. Phys. J. C, 5, 641 (1998) http://becquerel.jinr.ru/text/reprints/EXM7D72VX94PRXAM.pdf. 

16.  Adamovich M.I. et al.: Critical behaviour in Au fragmentation at 10.7A GeV. Eur. Phys. J. A, 1, 77 (1998); 

https://link.springer.com/article/10.1007%2Fs100500050034. 

17.  Adamovich M.I. et al.: Fragmentation and multifragmentation of 10.6A GeV gold nuclei. Eur. Phys. J. A, 5, 429 (1999); 
https://arxiv.org/abs/hep-ph/9809289. 

18. Kirk J.A., Cottrell D.M., Lord J.J. and Piserchio R.J. Inelastic muon interactions in nuclear emulsion at 2.5 and 5.0 GeV. Il 

Nuovo Cim., XL, 523(1965); https://link.springer.com/content/pdf/10.1007%2FBF02721042.pdf. 

19. Jain P. L., Sengupta K. and Singh G.: Nucl. Phys. B, 301, 517 (1988); 

https://www.sciencedirect.com/science/article/pii/0550321388902751?via%3Dihub.   

20. Artemenkov D.A. et al.: Study of nuclear multifragmentation induced by ultrarelativistic µ-mesons in nuclear track emulsion. 

J. Phys.: Conf. Series, 675, 022022 (2016); https://iopscience.iop.org/article/10.1088/1742-6596/675/2/022022.   

https://arxiv.org/abs/1309.4881
https://arxiv.org/abs/1607.08020
https://arxiv.org/abs/1812.09096
http://becquerel.jinr.ru/text/Papers/PHAN1525.pdf
http://becquerel.jinr.ru/text/Papers/Xe_PHPL562.pdf
https://arxiv.org/abs/1902.04407
https://www.sciencedirect.com/science/article/pii/S0146641014000453?via%3Dihub
https://arxiv.org/abs/1702.04591
https://arxiv.org/abs/1811.11580
https://arxiv.org/abs/1109.0817
https://arxiv.org/abs/1109.3007
https://iopscience.iop.org/article/10.1088/0305-4616/14/8/015
https://iopscience.iop.org/article/10.1088/0305-4616/14/8/015
https://iopscience.iop.org/article/10.1088/0305-4616/14/8/015
https://arxiv.org/abs/nucl-ex/0605022
https://arxiv.org/abs/nucl-ex/0605022
https://arxiv.org/abs/nucl-ex/0605022
https://link.springer.com/article/10.1007%2Fs002180050403
http://becquerel.jinr.ru/text/reprints/EXM7D72VX94PRXAM.pdf
https://link.springer.com/article/10.1007%2Fs100500050034
https://arxiv.org/abs/hep-ph/9809289
https://arxiv.org/abs/hep-ph/9809289
https://arxiv.org/abs/hep-ph/9809289
https://link.springer.com/content/pdf/10.1007%2FBF02721042.pdf
https://www.sciencedirect.com/science/article/pii/0550321388902751?via%3Dihub
https://iopscience.iop.org/article/10.1088/1742-6596/675/2/022022
https://iopscience.iop.org/article/10.1088/1742-6596/675/2/022022
https://iopscience.iop.org/article/10.1088/1742-6596/675/2/022022





