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Abstract—The Geant4 software package is used to calculate hadronic and electromagnetic inelastic
cross sections of interactions of relativistic heavy nuclei as functions of the center-of-mass energy per
nucleon. It is shown that in the energy range of the NICA accelerator complex, inelastic collisions
result from electromagnetic dissociation of colliding nuclei.
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Studying collisions of heavy atomic nuclei at high energies is of fundamental interest for investigating
processes in the early Universe. One of the tasks of the Nuclotron-based Ion Collider fAcility (NICA)—
the recently launched Russian accelerator complex—is an experimental study of collisions of heavy atomic
nuclei at center-of-mass energies per nucleon   5–11 GeV [1]. At these energies, the integral cross
section of electromagnetic dissociation becomes comparable to or larger than the inelastic hadronic cross
section.

In this paper, use is made of the Geant4 software package [2‒6] to calculate integral inelastic
hadronic and electromagnetic cross sections of collisions of relativistic heavy nuclei for characteristic
NICA energies.

To describe hadronic nucleus‒nucleus cross sections, we follow the simplified Glauber model with the
Gribov corrections for inelastic screening [7, 8]. The model provides a simple analytical form for the inte-
gral cross sections:

(1)

(2)

(3)

with the definitions

(4)

where  and  are the total and inelastic cross sections of the reaction;  is the cross section for

the production of new hadrons; and  and  are the elastic and inelastic cross sections, respectively.
The atomic weights of the incident nucleus and the target nucleus are  and ,
respectively. The notations Z and N correspond to the number of protons and neutrons in the nuclei, and

 are the total/inelastic nucleon‒nucleon cross sections:
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Parameters  and  depend, respectively, on the atomic weights  and  [9]:

(6)

where  is the proton radius, equal to ~1 F.
At low energies, total and inelastic cross sections are corrected for the Coulomb barrier, :

(7)

where  is the kinetic energy of the incident nucleus in the center-of-mass system,  and
 is the electron charge.

The simplified Glauber‒Gribov model predicts a weak relativistic increase in cross sections with
increasing center-of-mass energy compared to nucleon cross sections. This prediction has been recently
confirmed experimentally using the ALICE setup [10] (see Fig. 1).

The integral cross section of electromagnetic dissociation of a nucleus is expressed in the form [9]

(8)

where the integrals of the dipole and quadrupole giant resonances can be approximately estimated as [11, 12]:

(9)

(10)

with  for heavy nuclei at Ap > 100. In relations (9) and (10), use is made of the measurement units
of MeV mb and μb/MeV, respectively.

The energy dependence of the number of equivalent photons corresponding to the dipole field is given
by [11]:
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Fig. 1. Inelastic hadronic integral cross section for lead nucleus collisions as a function of the center-of-mass energy per
nucleon. The curve is the calculation according to the Glauber‒Gribov model. The dots are the experimental data [10].
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where  is the fine structure constant;  is the velocity of the incident nucleus in the laboratory frame of
reference in units of the speed of light c in vacuum; γ is the Lorentz factor of the incident nucleus in the
laboratory frame of reference;  is Planck’s constant;  is the energy of equivalent photons; and  and

 are the modified Bessel functions of the second kind of the zeroth and first orders, respectively. Use is
also made of parameters

where  is the reduced mass of the incident nucleus and the target nucleus and xd = 0.25 (  in F).
The energy dependence of the number of equivalent photons corresponding to the quadrupole field on

the energy is given by

(12)

The energies of dipole and quadrupole resonances are, respectively, expressed in the form:

with parameters:

where , Q = 17 MeV, J = 36.8 eV, r0 = 1.18 F, , and mN = 938.95 MeV is the
nucleon mass.

For heavy nuclei, the proton production cross section is

(13)

for  14. The neutron production cross section is determined by the difference:

Relation (8) is valid under the assumption of sharp peaks of the dipole and quadrupole resonances [11].
The simplified Glauber‒Gribov model for nuclear collisions in the Geant4 software package is imple-

mented in the G4ComponentGGNuclNuclXsc class, and the electromagnetic dissociation model is imple-
mented in the G4EMDissociationCrossSection class. The nucleon cross sections are parameterized in the
G4HadronNucleonXsc class.

Figure 2 shows the dependences of the inelastic collision cross sections of gold, lead, and uranium
nuclei on the center-of-mass energy per nucleon. The solid curve illustrates inelastic hadron integral cross
section according to the Glauber‒Gribov model, and the dashed curve demonstrates the total cross sec-
tion of electromagnetic dissociation. In the calculations we used relations (2) and (8) for the inelastic had-
ron cross section and the electromagnetic dissociation cross section, respectively.

The dependences of the inelastic cross sections of the nucleus‒nucleus interaction on the center-of-
mass energy per nucleon calculated using the Geant4 software package show that, for the characteristic
energies of the NICA accelerator complex, the cross section of electromagnetic dissociation is several
times greater than the hadronic inelastic integral cross section. The general reason (not only for
nucleus‒nucleus collisions) for the excess of the electromagnetic cross section over the hadronic cross
section is a wider spatial action of electromagnetic forces. The constant of electromagnetic interaction is
small, and the electromagnetic field decreases more slowly; in addition, in the accelerator vacuum there

α β

� γE 0K
1K

γ παξ + +
γβ γ�

min 0
min= , = (1 ) ,

2d c
E b

b x b
c

( )− − α + − + μβ

2
1/3 1/3 1/3 1/3

0 2 2= , = 1.34 0.75 ,p t
c p t p t

Z Z e
b A A A A

c

μ cb

( )

γ
γ

α − β ξ + ξ − β
πβ 

ξ β× ξ ξ − ξ − ξ 


2
2 2 2 2

2 14

2 4
2 2

0 1 1 0

2( ) = 2(1 ) ( ) (2 )

( ) ( ) ( ) ( ) .
2

t
E

ZN E K
E

K k K K

( )
−

 + ε ++ − ε + ε + 
�

1/22 2
0

1/3
* 1 3 63= 1 , = ,
8 1GDR GQR

p

m c R uE c u E
J u A

−

′
1/3 1/3

0 0
3= , = ,p p

Ju A R r A
Q

ε = 0.0768 * = 0.7 Nm m

 
σ σ − 

 
, = min ,1.95exp( 0.075 ) ,p

ED p ED p
p

Z
Z

A

≥pZ

σ σ − σ, ,= .ED n ED ED p



468

BULLETIN OF THE LEBEDEV PHYSICS INSTITUTE  Vol. 51  No. 11  2024

BAGULYA et al.

is practically no limitation on the growth of the electromagnetic cross section, which is characteristic
of shielding by matter. The general observation is that electromagnetic interactions generally dominate
over hadronic ones when a relativistic charged particle passes through matter. Moreover, this effect does
not depend on the accelerator facility, but is determined only by the energy and atomic number of the col-
liding nuclei. This means that in the final state, nucleons (and light fragments) and nuclei of the residue
will be observed, and the hadronic inelastic cross section (its quasi-elastic part) with the same signature
of the final state will be a background process. This is the main conclusion of this work.

Note that relations (8) and (13) describe only the production of nucleons. An extension of the electro-
magnetic dissociation model of the Geant4 software package to the production of hydrogen isotopes,
helium, and other light fragments is under development.
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Fig. 2. Calculated dependences of the inelastic collision cross sections of (a) gold, (b) lead, and (c) uranium nuclei on the
center-of-mass energy per nucleon. The solid and dashed curves show the inelastic hadronic integral cross section accord-
ing to the Glauber‒Gribov model and the total electromagnetic dissociation cross section, respectively.
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