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Fragmentation of relativistic 16O in nuclear emulsions and in future runs at the LHC was sim-

ulated with the Abrasion-Ablation Monte Carlo for Colliders (AAMCC) model. The calculated

probabilities of production of specific elements as spectators in 16O–Em collisions were found

in general agreement with measurements. However, the calculated multiplicity distributions of

4He fragments have demonstrated the underestimation of channels with single 4He and, especially

with two and three 4He. Such a deficiency of multiple production of 4He can be attributed to

U-clustering in initial 16O. The cross sections of production of given numbers of spectator neutrons

and nucleons as well as certain spectator nuclei were also calculated with AAMCC for 16O–16O

collisions at the LHC.
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1. Introduction

It is planned to study 16O–16O collisions in future runs at the LHC [1]. Due to U-clusterisation

of nucleons in 16O an admixture of a tetrahedral state in the ground state of this nucleus is considered,

see, in particular [2]. It was found much earlier [3] that U-core bound state in 16O impacts U-transfer

and knock-out nuclear reactions involving 16O. However, it was shown only recently that the initial

collision eccentricity [4], collective flow [5, 6] and the production of D-mesons [7] in relativistic
16O–16O collisions are partially affected by clustering. At the same time, the influence of the

clusterisation in 16O on the spectator matter produced in 16O–16O at the LHC energies was not

considered so far and has to be investigated. In this work we made the first step in this direction.

The composition of spectator matter in collisions of 16O with 16O and other nuclei was modelled

by means of the Abrasion-Ablation Monte Carlo for Colliders (AAMCC) [8] model with two

parameterisations of nuclear density distributions in 16O without accounting for cluster effects. The

probabilities and cross sections for the production of specific elements along with the probabilities

to obtain one, two or three spectator U-particles in 16O–Em (AgBr+CNO) collisions were calculated

and compared with data [9, 10] to validate the model. The composition of spectator nuclei from
16O–16O collisions at

√
BNN = 6.37 TeV the LHC as well as multiplicity distributions of neutrons

and nucleons were calculated. These results can help to evaluate the performance of Zero Degree

Calorimeters in experiments at the LHC and the impact of secondary nuclei on LHC components.

2. Abrasion-Ablation Monte Carlo for Colliders

In this work we supplemented our AAMCC model [8] with a pre-equilibrium decay mecha-

nism based on the Minimum Spanning Tree (MST) clusterisation algorithm. Modelling of each

event is proceeded via several stages. Firstly, the sizes and shapes of spectator prefragments from

both colliding nuclei are defined at the abrasion stage using Glauber Monte Carlo (Glauber MC)

model [11]. There are two options in Glauber MC to sample positions of nucleons in initial 16O [12]:

according to the density distributions based on the harmonic oscillator (HO) and direct (DW) wave

functions. Two- and three-nucleon interactions are taken into account in DW distribution [4], but

both distributions neglect U-clustering. Secondly, the excitation energy of the prefragments is cal-

culated with a hybrid approach: Ericson formula [13] is used for peripheral collisions (with less than

15% of nucleons removed from 16O), while ALADIN parameterization [14] is involved otherwise.

Thirdly, the MST-clustering algorithm is applied to both prefragments at the ablation stage to define

secondary clusters with their excitation energies depending on their size. Finally, cluster decays are

simulated via the evaporation and Fermi Break-up models from Geant4 toolkit [15].

3. Spectator nuclei from 16O–Em collisions

3.1 Production of specific elements

The calculated probabilities to obtain spectator He, Li, Be, B, C or N in collisions of

200 GeV/nucleon 16O with light nuclei (CNO) in nuclear emulsion are presented in Fig. 1. As

seen, the data [9] on the production of He and Li are described well by AAMCC with DW

parametrization of nuclear density. The data on production of Be, B and N [9] are in a reasonable
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agreement with calculations with DW as well as with HO parameterizations. However, the produc-

tion of carbon fragments is underestimated in both cases. A similar underestimation of secondary

carbon nuclei is seen for the charge-changing cross section measured in 16O–12C collisions [10],

while the production of nitrogen is described well by AAMCC with DW parametrization, see Fig. 1.

The underestimation of carbon production can be explained by neglecting the existence of U-12C

bound state [3] in initial 16O. Nucleons from the U particle can be abraded in collisions, thus leaving

the 12C core intact.
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Figure 1: Left panel: calculated probabilities (circles and squares) of production of specific elements in

collisions of 200 GeV/nucleon 16O with light elements (CNO) of nuclear emulsion compared with data [9]

(triangles). Right panel: Calculated charge changing cross sections (histograms) for 60 GeV/nucl. and

200 GeV/nucl. 16O projectiles on carbon target compared with data [10] (points). DW and HO nuclear

density distributions were used in calculations.

3.2 Production of 4He

Another indication in favour of U-clustering in 16O can be seen in Fig. 2, where the calculated

probabilities of multiple production of U-particles in interactions of 16O with different energies

in nuclear emulsion are presented along with data [9]. The probabilities of production of one,

two and three of U-particles at 3.7 GeV/nucl. calculated with HO and DW options of AAMCC

underestimate the data. As one can also see from Fig. 2, calculated and as well as measured

multiplicity distributions of U-particles demonstrate a very weak dependence on collision energy,

from 2 GeV/nucl. till 200 GeV/nucl. However, the calculations systematically underestimate the

data especially on 2U and 3U production, while the channel with single U is overestimated. Such a

discrepancy can be attributed to neglecting virtual multiple-U cluster states in initial 16O [2].

4. Spectator matter from 16O–16O collisions at the LHC

Two pairs of Zero Degree Calorimeters (ZN and ZP) are available in the ALICE experiment

at the LHC on each side of the interaction point for detecting, respectively, forward neutrons and

protons [16]. In this experiment ZN were used, in particular, for estimating centrality in 208Pb–208Pb
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Figure 2: Left panel: calculated multiplicity distributions of 4He spectator fragments from collisions of

3.7 GeV/nucl. 16O with light nuclei (CNO) in nuclear emulsion. Right panel: calculated multiplicity

distributions of 4He from collisions of 2–200 GeV/nucl. 16O with nuclear emulsion. Data from Ref. [9] are

shown in both panels.

collisions. Therefore, it is necessary to estimate the performance of ZN also for future 16O–16O

runs. Moreover, it is important to estimate the cross sections of production of specific secondary

nuclei. Those of them which have their charge-to-mass ratio //"� close to 16O will propagate in

the LHC magnetic field far from the interaction point and potentially impact collider components.

4.1 Free spectator neutrons and nucleons

The calculated cross sections of production of given numbers of spectator neutrons and nucleons

(neutrons + protons) in 16O–16O collisions at
√
BNN = 6.37 TeV are presented in Fig. 3. Calculations

were performed with HO and DW parameterizations of density distributions in 16O. As seen, higher

spectator multiplicity is predicted with DW option in comparison to HO. This is caused by the

extension of the DW density distribution to larger radii. In contrast to 208Pb–208Pb collisions which

always accompanied by the emission of spectator neutrons, 16O–16O events without neutrons or

even without nucleons are most probable. In such events all spectator nucleons remain bound in

fragments and neither ZN nor ZP will be suitable for centrality determination.

4.2 Spectator nuclei

The cross sections of production of spectator nuclei with given charge / and charge-to-

mass ratio //"� in 16O–16O collisions at
√
BNN = 6.37 TeV were calculated with HO and DW

parametrizations of nuclear density in 16O. These cross sections are presented in Fig. 4. Calculations

with HW and DW predict the production of same spectator nuclei in 16O–16O, namely, 13−15O,
13−15N, 10−14C, 10−13B, 7,9,10Be, 6−8Li, 3,4,6He, 1−3H, but with different cross sections. As predicted

by AAMCC, the most abundant spectator nuclei are 2H and 4He. Deuterons and U-particles along

with other nuclei with their magnetic rigidity close to that of 16O, in particular, 6Li, 10B, 12C, 14N,

have to be separated from 16O beam by the LHC collimator system in order to avoid collisions of

nuclei other than 16O and also to reduce possible impact of secondary nuclei on sensitive collider

components.
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Figure 3: Calculated cross sections of production of given numbers of spectator neutrons (left) and nucleons

(neutrons + protons) (right) in 16O–16O collisions at
√
BNN = 6.37 TeV at the LHC. The cross sections were

obtained with HO and DW parametrizations of nuclear density in 16O.

Figure 4: Calculated cross sections of production of spectator nuclei with given charge / and charge-to-mass

ratio //"� in 16O–16O collisions at
√
BNN = 6.37 TeV at the LHC. The cross sections were obtained with

HO (left) and DW (right) parametrizations of nuclear density in 16O. Red circles denote initial 16O.

5. Conclusion

The cross sections of the production of certain spectator nuclei (Li, Be, B and N) in interac-

tions of relativistic 16O in nuclear emulsion are described in general with AAMCC. However, the

underestimation of production of carbon and especially events with multiple helium nuclei indicates

the importance of taking into account U-clusterization in initial 16O. Such effects are planned to be

considered in the further development of the model. According to AAMCC, in a part of 16O–16O

collisions at the LHC all spectator nucleons remain bound in nuclear fragments and thus can not be

detected by Zero Degree Calorimeters to determine collision centrality.

5



P
o
S
(
E
P
S
-
H
E
P
2
0
2
1
)
3
1
0

Secondary nuclei from 16O fragmentation at the LHC Aleksandr Svetlichnyi

References

[1] J. Brewer, A. Mazeliauskas and W. van der Schee, Opportunities of OO and ?O collisions at

the LHC, 2103.01939.

[2] X.B. Wang, G.X. Dong, Z.C. Gao, Y.S. Chen and C.W. Shen, Tetrahedral symmetry in the

ground state of 16O, Phys. Lett. B 790 (2019) 498.

[3] N.S. Chant, P.G. Roos and C.W. Wang, Is there specific alpha clustering in light nuclei?,

Phys. Rev. C 17 (1978) 8.

[4] S.H. Lim, J. Carlson, C. Loizides, D. Lonardoni, J.E. Lynn, J.L. Nagle et al., Exploring new

small system geometries in heavy ion collisions, Phys. Rev. C 99 (2019) 1 [1812.08096].

[5] Y.A. Li, S. Zhang and Y.G. Ma, Signatures of U -clustering in 16O by using a multiphase

transport model, Phys. Rev. C 102 (2020) 1.

[6] W. Broniowski, P. Bożek, M. Rybczyński and E.R. Arriola, Flow in collisions of light nuclei,

Nucl. Phys. A 1005 (2021) 2019 [2001.10260].

[7] R. Katz, C.A. Prado, J. Noronha-Hostler and A.A. Suaide, System-size scan of D meson '��

and E= using PbPb, XeXe, ArAr, and OO collisions at energies available at the CERN Large

Hadron Collider, Phys. Rev. C 102 (2020) 41901.

[8] A.O. Svetlichnyi and I.A. Pshenichnov, Formation of Free and Bound Spectator Nucleons in

Hadronic Interactions between Relativistic Nuclei, Bull. RAS: Physics 84 (2020) 911.

[9] M.S. El-Nagdy, A. Abdelsalam, B.M. Badawy, P.I. Zarubin, A.M. Abdalla, M. Nabil Yasin

et al., Channels of projectile fragmentation of 16O nucleus in nuclear emulsion,

J. Phys. Commun. 2 (2018) .

[10] C. Brechtmann and W. Heinrich, Fragmentation cross sections of 16O at 60 and

200 GeV/nucleon, Z. Phys. A: At. Nucl. 330 (1988) 407.

[11] C. Loizides, J. Kamin and D. D’Enterria, Improved Monte Carlo Glauber predictions at

present and future nuclear colliders, Phys. Rev. C 97 (2018) [1710.07098].

[12] C. Loizides, J. Nagle and P. Steinberg, Improved version of the PHOBOS Glauber Monte

Carlo, SoftwareX 1-2 (2015) 13 [1408.2549].

[13] T. Ericson, The statistical model and nuclear level densities, Adv. Phys. 9 (1960) 425.

[14] A.S. Botvina, I.N. Mishustin, M. Begemann-Blaich, J. Hubele, G. Imme, I. Iori et al.,

Multifragmentation of spectators in relativistic heavy-ion reactions,

Nucl. Phys. A 584 (1995) 737.

[15] J. Allison, K. Amako, J. Apostolakis, P. Arce, M. Asai, T. Aso et al., Recent developments in

Geant4, Nucl. Instrum. Meth. A 835 (2016) 186.

[16] G. Puddu, R. Arnaldi, E. Chiavassa, C. Cicaló, P. Cortese, A. De Falco et al., The zero degree

calorimeters for the ALICE experiment, Nucl. Instrum. Meth. A 581 (2007) 397.

6

https://arxiv.org/abs/2103.01939
https://doi.org/10.1016/j.physletb.2019.02.001
https://doi.org/10.1103/PhysRevC.99.044904
https://arxiv.org/abs/1812.08096
https://doi.org/10.1103/PhysRevC.102.054907
https://doi.org/10.1016/j.nuclphysa.2020.121763
https://arxiv.org/abs/2001.10260
https://doi.org/10.1103/PhysRevC.102.041901
https://doi.org/10.3103/S1062873820080110
https://doi.org/10.1088/2399-6528/aab17a
https://doi.org/10.1007/BF01290126
https://doi.org/10.1103/PhysRevC.97.054910
https://arxiv.org/abs/1710.07098
https://doi.org/10.1016/j.softx.2015.05.001
https://arxiv.org/abs/1408.2549
https://doi.org/10.1080/00018736000101239
https://doi.org/10.1016/0375-9474(94)00621-S
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2007.08.013

	Introduction
	Abrasion-Ablation Monte Carlo for Colliders
	Spectator nuclei from 16O–Em collisions
	Production of specific elements
	Production of 4He

	Spectator matter from 16O–16O collisions at the LHC
	Free spectator neutrons and nucleons
	Spectator nuclei

	Conclusion

