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ABSTRACT 

 

Carbon materials are commonly found in both nuclear reactors and experimental systems. 

Various carbon structures occur in nuclear applications ranging from crystalline and nuclear 

graphite to the amorphous carbon seen in next-generation advanced reactor designs. 

Amorphous carbon is based on a randomized graphite-like structure and offers the unique 

ability to disperse impurities throughout the bulk composition. A graphite-like amorphous 

carbon system was modeled using the classical molecular dynamics (MD) code LAMMPS 

(Large-scale Atomic/Molecular Massively Parallel Simulator). An improved version of the 

temperature-dependent Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) 

potential was used to model the carbon-carbon atomic interactions for the temperature at 300 

K along with densities 1.60, 1.70, 1.85, and 2.23 g/cm3. From the normalized velocity 

autocorrelation function (VACF), the phonon density of state (DOS) was then calculated as 

the Fourier transform of the normalized VACF. This DOS was then used as the primary input 

for the evaluation of the thermal scattering law (TSL, i.e. S(α,β)) and associated neutron 

thermal scattering cross sections. The TSL was analyzed using the Full Law Analysis 

Scattering System Hub (FLASSH). The amorphous structure results in shifts of the phonon 

DOS to lower energy modes than typically displayed for ideal crystalline graphite. This impact 

on the DOS is directly reflected in the TSL. Furthermore, the typical features and the optical 

graphitic peak at 0.25 eV for the ideal graphite DOS disappear for graphite-like amorphous 

carbon, which shows good agreement with the expected structure.   

 

 

1. INTRODUCTION 

 

Carbon materials are vital moderators in a nuclear reactor and include numerous pyrolytic and reactor grade 

forms. The reactor grade graphite is made from petroleum or pitch cokes and comprises crystalline graphite 

granules embedded in an amorphous binder carbon matrix. As the name suggests, reactor-grade graphite is 

designed for use in nuclear power generation [1-2]. It also has crystalline regions that are embedded in 

amorphous carbon. The average density of amorphous carbon is typically 1.60 to 1.85 g/cm3 and is lower 

than that of perfect graphite [1,3]. All amorphous carbon has a disorder structure. However, numerous 

variations of the structure have been discovered, and the characteristics of these variants vary greatly 

depending on the manufacturing specifics. 

mailto:tahmed4@ncsu.edu
mailto:ncsorrel@ncsu.edu
mailto:ayman.hawari@ncsu.edu


 

 

 

The graphite-like (sp2) to diamond-like (sp3) binding ratio is used to classify types of amorphous carbon. 

The existence of any hydrogen in the system and the density are essential variables that affect the binding 

properties. The sp2 to sp3 binding ratio is, in fact, strongly linked to the density and stress of synthesis. A 

higher percentage of sp2 binding is correlated to a lower density and/or stress [4-5]. Therefore, for this study, 

densities of 1.60, 1.70, 1.85, and 2.23 g/cm3 were used at 300 K, which is lower than the density of ideal 

graphite (nearly 2.25 g/cm3) [1,6]. Some of the earlier research on amorphous carbon was investigated 

based on primarily tetrahedral (ta-c) or diamond-like carbon and amorphous graphene [7-9]. However, few 

atomic modeling investigations of low-density graphitic amorphous carbon phases have been conducted so 

far [1,10]. Those simulations were based on an in-house MD code at North Carolina State University 

(NCSU), explicitly developed for graphite and graphitic amorphous carbon studies and tight-binding 

molecular-dynamics (TBMD), respectively. 

 

While there have been many computational molecular dynamics (MD) investigations on carbon materials, 

comparatively few have been on amorphous carbon. However, because of its great fitting database and 

thorough consideration of coordination effects, the semiempirical many-body reactive bond order (REBO 

[11]) potential has proved very common for modeling carbon material structures. It is impossible to 

maintain the layered structure of graphite above the above-ground state. Therefore, the REBO potential 

needs to be supplemented by a supplemental expression reflecting nonbonded interplanar interactions. The 

adaptive interatomic REBO potential (AIREBO), introduced by Stuart et al. [12], incorporates a Lennard-

Jones potential into the REBO formulation to account for long-range forces. This Lennard-Jones (LJ) term 

in the carbon material’s potential increases the number of interacting pairs, significantly contributing to 

graphite interlayer interactions. This approach is taken into consideration in the papers [1-2, 12] for 

crystalline and amorphous graphite simulation. 

 

In nuclear research, the neutron scattering cross sections are needed to describe neutron thermalization. To 

evaluate the thermal scattering cross section, the material density of states (DOS) is required, and this can 

be developed directly from MD simulations [1-2]. From the normalized velocity auto correlation function 

(VACF), the phonon DOS was calculated as the Fourier transform of the VACF. This DOS was then used 

as the primary input for the evaluation of the thermal scattering law (TSL, i.e. 𝑆(𝛼, 𝛽)) and associated 

neutron thermal scattering cross sections. In this paper, we present an atomic model of graphitic amorphous 

carbon at the above-mentioned densities at 300 K temperature using LAMMPS [13-14] MD package in 

combination with VMD [15] and FLASSH [16] software. This methodology allows for direct validation of 

the material simulation and therefore a high fidelity TSL. 

 

2. COMPUTATIONAL METHODOLOGY 

 

Rather than the original AIREBO [12] potential, this MD model is based on a temperature dependent 

improved AIREBO potential initiated by Hehr [1].  

 

In general, the AIREBO potential adds the following three terms:  

 

𝐸 =
1

2
∑ ∑ [𝐸𝑅𝐸𝐵𝑂 + 𝐸𝐿𝐽 + 𝐸𝑇𝑂𝑅𝑆𝐼𝑂𝑁]𝑗≠𝑖𝑖             (1) 

 

where 𝐸𝑅𝐸𝐵𝑂 , 𝐸𝐿𝐽 , and 𝐸𝑇𝑂𝑅𝑆𝐼𝑂𝑁  describe the REBO [11], LJ contributions, and torsional influences, 

respectively. The REBO potential is expressed as:   

 

    𝐸𝑅𝐸𝐵𝑂 = 𝑓𝑐(𝑟𝑖𝑗)[𝑉𝑅(𝑟𝑖𝑗) + 𝑏𝑖𝑗𝑉𝐴(𝑟𝑖𝑗)]            (2) 

 



 

Where 𝑉𝐴 and 𝑉𝑅 describe the attractive and repulsive force, respectively. For crystalline graphite atomic 

modeling [1], a temperature-dependent expansion coefficient, 𝐶(𝑇), was used to modify the magnitude of 

the attractive and repulsive contribution to the REBO potential described as:  

 

    𝑉𝑅(𝑟𝑖𝑗) = 𝐴 [1 +
𝑄

𝑟
] 𝑒

(−𝛼(𝑟𝑖𝑗−𝐶(𝑇)𝑇))            (3) 

 

    𝑉𝐴(𝑟𝑖𝑗) = ∑ 𝐵𝑛𝑒
(𝛽(𝑟𝑖𝑗−𝐶(𝑇)𝑇))3

𝑛=1                 (4) 

 

Inside the LAMMPS [13-14] implementation, the temperature-dependent 𝐴(𝑇), and 𝐵(𝑇) are assigned at 

300 K. The value of 𝑄 is 0.3363743908992296 Å such that the potential correctly predicted the phonon 

density of crystalline graphite.  

 

The 𝐸𝐿𝐽 the term was considered to have a weak temperature dependence and 𝐸𝑇𝑂𝑅𝑆𝐼𝑂𝑁 term is omitted 

because it describes an explicit 4-body potential that defines various dihedral angle preferences in 

hydrocarbon configurations. Finally, the improved AIREBO potential was implemented on crystalline 

graphite to produce the best quality density of state at 300 K. Furthermore, and the improved AIREBO 

potential has been implemented on the graphitic amorphous carbon model along with densities 1.60, 1.70, 

1.85, and 2.23 g/cm3 at 300 K temperature. The initial configuration of this amorphous carbon atomic model 

has been generated from a cubic box that randomly contains 27,000 simple cubic carbon atoms. The box 

dimensions maintain the input density of the model. With a timestep of 0.5 fs, the model was heated to 

9000 K for 100,000 timesteps (50 ps). The system was then cooled at a rate of 0.40 K/timesteps to the target 

temperatures at 300 K. Again, the system was equilibrated for another 50 ps using an NVT ensemble at the 

target temperatures at 300 K. The normalized velocity autocorrelation function (VACF) was then calculated 

over 2.5 ps. A total of 5,000 ps (2000 loops of 2.5 ps) was evaluated to obtain an accurate time averaged 

normalized VACF. In all the simulations, the periodic boundary condition (PBC) was used during the 

calculations to keep the particle number constant and eliminate the boundary effect. The atomic 

hybridizations are evaluated from the coordination number of each atom considering 1.825 Å cutoff and 

recorded at the end of a loop in the trajectory file. The radial distribution function (RDF), and the angular 

distribution functions (ADF), are calculated at every 50th timestep and averaged over each loop. The final 

RDF, ADF, and atomic hybridization are considered over the loop average. An in-house code is still under 

development to obtain the atomic hybridization for every timestep. The procedure is summarized in Fig. 1 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Summarized procedure of calculation process. 
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3. RESULTS AND DISCUSSIONS 

 

The amorphous carbon constructed by the above-mentioned quenching method along with the density of 

1.60, 1.70, 1.85, and 2.23 g/cm3 at 300 K temperature is shown in Fig. 2. In this figure, it is visually clear 

that the system is well unstructured, which is created from the perfect random configuration. The 

visualization was done by VMD [15] software.  

 

    
Figure 2. Atomic snapshot of a simulated configuration of the equilibrium graphitic amorphous 

carbon at a density of 1.60 g/cm3 at 300 K. 

 

In a system of atoms, the radial distribution function 𝑔(𝑟) describes how density varies as a function of 

distance from a reference particle. The radial distribution function, 𝑔(𝑟), is defined, 

 

    𝑔(𝑟) = lim
𝑑𝑟→0

𝑝(𝑟)

4𝜋(
𝑁𝑝𝑎𝑖𝑟𝑠

𝑉
)𝑟2𝑑𝑟

             (5) 

 

where 𝑟 is the distance between a pair of particles, 𝑝(𝑟) is the average number of atom pairs found at a 

distance between 𝑟 and 𝑟 + 𝑑𝑟, 𝑉 is the total volume of the system, and 𝑁𝑝𝑎𝑖𝑟𝑠 is the number of unique 

pairs of atoms.  

 

The first coordination number can be defined using the radial distribution function 𝑔(𝑟):  
 

𝑛1(𝑟) = 4𝜋𝜌𝑛 ∫ 𝑟2𝑔(𝑟)𝑑𝑟
𝑟1
𝑟0

             (6) 

 

where 𝜌𝑛 =
𝑁𝑝𝑎𝑖𝑟𝑠

𝑉
 is the number density, 𝑟0 is the rightmost position starting from r = 0 Å whereon g(r) is 

zero, 𝑟1 is the first minimum position which is at r = 1.825 Å for the amorphous carbon atomic model for 

all densities at 300 K.  

 

Fig. 3 shows the MD generated radial distribution function, 𝑔(𝑟), in black and the first coordination number 

𝑛1(𝑟) in red for graphite-like amorphous carbon in above mentioned four densities at 300 K. The position 

of the first peak of radial distribution function (RDF) is approximately 1.435 Å, which is consistent with 

the carbon bond length (1.421 Å) of crystalline graphite [17]. It is also noticed that the first peak height 

decreases with the increase of density, indicating the carbon atoms are well packed in the comparison of 

low density to high density. The area under the first peak of radial distribution function (RDF) is also 

presented in Fig. 3 for all densities at 300 K temperature. It is the measurement of the first coordination 



 

number, 𝑛1(𝑟) that indicates the number of neighboring atoms of a reference atom. In this atomic model, 

the average first coordination number is around three, which corresponds to the number of nearest 

neighboring carbon atoms of a reference carbon atom, indicating the sp2 hybridization of the carbon atom 

dominates in this graphite-like amorphous carbon model for all densities at 300 K. This behavior is 

exceptionally dependent on the way of the amorphous carbon preparation procedure, especially on 

temperature and pressure. 
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Figure 3. The radial distribution function and the coordination number of the equilibrium 

graphitic amorphous carbon at 300 K. 
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Figure 4. The angular distribution function of equilibrium graphitic amorphous carbon at 300 K. 

 



 

 

The angular distribution function (ADF) is defined for angles between nearest neighbors carbon atoms in 

the amorphous system. In Fig. 4, the angular distribution function is shown for all densities at 300 K 

temperature. In this model, the bond angle of the carbon atom is around 116.55 degrees, close to the crystal 

graphite bond angle 120 degrees , indicating the sp2 domination behavior. In Table I, the percentages of 

carbon atom hybridization are shown with previous published literature [18].  

 

Table I. Percentage of sp1, sp2, and sp3 hybridization  

 

 1.6 g/cm3 1.6 g/cm3 [18] 1.7 g/cm3 1.85 g/cm3 2 g/cm3 [18] 2.23 g/cm3 2.50 g/cm3 [18] 

sp1 13.1% -- 10.8% 8% -- 2.7% -- 

sp2 83% 89% 84.9% 86.5% 91.7% 87.8% 92.2% 

sp3 3.9% 1.8% 4.3% 5.5% 2.7% 9.5% 5.2% 

 

The phonon density of state (DOS) describes the number of excitation states which the system may occupy. 

The VACF directly correlates the atomic motion in the graphitic amorphous carbon model to the available 

energy states. In this MD simulations, the general VACF is calculated from LAMMPS [13-14]. The 

normalized velocity autocorrelation function 𝐶(𝑡), is calculated as:  

 

𝐶(𝑡) =
〈𝒗(𝑡)𝒗(0)〉

〈𝒗(0)𝒗(0)〉
,                               (7) 

 

where 𝒗(𝑡) represents the velocity at time 𝑡 of carbon atom in the graphitic amorphous carbon. The density 

of state is the Fourier transform of the velocity autocorrelation function, 𝐶(𝑡) as: 

 

    𝜌𝑠(𝜔) = ∫ 𝐶(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
∞

−∞
,                                      (8) 

 

where 𝜔 is phonon frequency (i.e. energy, 𝐸 = ℏ𝜔) [19].    

 

Figure 5 represents the Normalized velocity autocorrelation function (VACF) for the equilibrium graphitic 

amorphous carbon along with the density of 1.60, 1.70, 1.85 and 2.23 g/cm3 at 300 K temperature. It is 

noticed that in all cases, the normalized VACF is  similar and shows few oscillation that confirm the low 

diffusion of carbon atom in this graphite-like amorphous carbon. The initial general VACF of this graphitic 

amorphous carbon is 〈𝒗(0)𝒗(0)〉 =
3𝑘𝐵𝑇

𝑚
≈ 62.30 Å2/ps2 which is the static limit in both cases, where 𝑘𝐵 

is the Boltzman constant, 𝑇 is the system temperature, and 𝑚 is the mass of carbon atom.  

 

The average self-diffusion of the carbon atom in this atomic model, 𝐷 =
1

3
∫ 〈𝒗(𝑡)𝒗(0)〉𝑑𝑡
∞

0
 is close to zero. 

This trivial diffusion process is indicative of solid materials. The phonon DOS of this atomic model of 

graphitic amorphous carbon is shown in Fig. 6 compared to MD model [1] and a set of neutron spectroscopy 

measurements on sputtered and glassy carbon samples [20] with the ideal crystalline ENDF/B-VIII.0 

graphite [21]. The typical features of the phonon DOS of graphite-like amorphous carbon disappear from 

the optical graphitic peak at 0.25 eV shows good agreement with the expected structure [1,20]. The phonon 

DOS of sputtered amorphous carbon is comparatively dissimilar to the other DOS because it is dominated 

by sp3 hybridization [22], where the glassy carbon is not dominated by the sp3 hybridization. The glassy 

carbon, on the other hand, has a density of roughly 1.47 g/cm3 which is lower than the average density of 

nuclear graphite and much lower than the density of the crystalline form [21]. When the graphitic 

amorphous carbon density is reduced from 2.23 to 1.6 g/cm3, the DOS is significantly impacted which will 

directly translate into determining the cross sections of this system. 

 



 

0.0 0.5 1.0 1.5 2.0 2.5

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.00 0.02 0.04 0.06 0.08 0.10

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 r=1.60 g/cm3

 r=1.70 g/cm3

 r=1.85 g/cm3

 r=2.23 g/cm3

N
o
rm

al
iz

ed
 V

A
C

F
 (

--
)

Time (ps)

 
Figure 5. The normalized velocity autocorrelation function of the equilibrium graphitic amorphous 

carbon at 300 K. 
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Figure 6. The density of state of the equilibrium graphitic amorphous carbon at 300 K. 

 



 

 

The thermal neutron scattering cross sections were computed using the FLASSH code based on the phonon 

density of states provided above [16]. In this case, the double differential scattering cross section is 

expressed as:  

 

𝑑2𝜎

𝑑Ω𝑑𝐸
=

𝜎𝑐𝑜ℎ

4𝑘𝐵𝑇
√
𝐸′

𝐸
𝑒−

𝛽

2𝑆𝑠(𝛼, 𝛽),                        (9) 

 

where 𝜎𝑐𝑜ℎ is the bound atom coherent scattering cross section, 𝐸 and 𝐸′ represent the  initial  and  final  

energies,  respectively,  of  the  neutron, and 𝑆𝑠(𝛼, 𝛽) is the incoherent (or self ) scattering law, which is 

directly dependent on the density of states 𝜌(𝜔)  (see Ref. [6]). In addition, 𝛼  and 𝛽  represent 

dimensionless momentum and energy exchange variables respectively, and are given by 𝛼 =
𝐸+𝐸′−2√𝐸𝐸′𝜇

𝐴𝑘𝐵𝑇
 

and 𝛽 =
ℏ𝜔

𝑘𝐵𝑇
, where 𝐴 is atomic weight, and 𝜇 is the cosine of the scattering angle in the laboratory frame. 

 

The resulting TSL for each density was evaluated at 300 K with only inelastic scattering contributions 

considered in the evaluation. An example of the TSL generated for the data with ρ=1.6 g/cm3 is given in 

Fig. 7.  

 

 
Figure 7. TSL for graphitic amorphous carbon at 300 K with a density of 1.6 g/cm3.  

 

Just as the features of the DOS are smoothed, the resulting TSL demonstrates a smooth surface without 

sharp features, reflecting the smooth structure seen in the DOS. Further, because amorphous carbon does 

not have a defined, regular crystalline structure, in the cross section elastic scattering will be minimized 

and only inelastic scattering will have significant contribution. The resulting scattering cross sections are 

given in Fig. 8. With increasing density, the cross sections decrease and approach that of the ideal crystalline 

ENDF/B-VIII.0 graphite. In the lowest energy region in particular, the impact of the graphite density is 

clearly seen. At higher energies, the disordered amorphous structure results in a consistently lower cross 

section than the ideal graphite [23]. Because of the higher energy modes and increased structure in ideal 

graphite, the inelastic cross section will more sharply increase to the free atom asymptote. For the 

amorphous structures, the DOSs are compressed to lower energies and as a result will have a lower cross 

section in the energy range from 1e-2 to the 5 eV asymptote.  
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Figure 8. The thermal scattering cross sections of graphitic amorphous carbon at 300 K for various 

densities and compared with ideal crystalline graphite. . 

 
4. CONCLUSIONS  

 
A classical molecular dynamics simulation has been employed to compute the radial and angular 

distribution function, coordination number, atomic hybridization, velocity autocorrelation function, density 

of state, and the thermal neutron scattering cross section of graphitic amorphous carbon with the density of 

1.60, 1.70, 1.85, 2.23 g/cm3 at 300 K temperature. It is noticed that the density is significant in determining 

the structure and resulting cross sections for nuclear grade carbon. The thermal neutron scattering cross 

sections were estimated using the predicted phonon density of state and compared to other published data 

with a good agreement. The produced data may now be used in reactor physics benchmarks to improve 

neutronic simulation and quantify the reactivity impact.  
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