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Abstract.

Objective: Although in heavy-ion therapy, the quantum molecular dynamics (QMD)

model is one of the most fundamental physics models providing an accurate daughter-

ion production yield in the final state, there are still non-negligible differences with

the experimental results. The aim of this study is to improve fragment production in

water phantoms by developing a more accurate QMD model in Geant4.

Approach: A QMD model was developed by implementing modern Skyrme interaction

parameter sets, as well as by incorporating with an ad hoc α-cluster model in the initial

nuclear state. Two adjusting parameters were selected that can significantly affect the

fragment productions in the QMD model: the radius to discriminate a cluster to which

nucleons belong after the nucleus-nucleus reaction, denoted by R, and the squared

standard deviation of the Gaussian packet, denoted by L. Squared Mahalanobis’s

distance of fragment yields and angular distributions with 1, 2, and the higher atomic
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number for the produced fragments were employed as objective functions, and multi-

objective optimization (MOO), which make it possible to compare quantitatively the

simulated production yields with the reference experimental data, was performed.

Main results: The MOO analysis showed that the QMD model with modern Skyrme

parameters coupled with the proposed α-cluster model, denoted as SkM∗α, can

drastically improve light fragments yields in water. In addition, the proposed model

reproduced the kinetic energy distribution of the fragments accurately. The optimized

L in SkM∗α was confirmed to be realistic by the charge radii analysis in the ground

state formation.

Significance: The proposed framework using MOO was demonstrated to be very useful

in judging the superiority of the proposed nuclear model. The optimized QMD model

is expected to improve the accuracy of heavy-ion therapy dosimetry.

1. Introduction

Heavy-ion therapy (such as carbon ion therapy) is currently regarded as one of the

most advanced clinical methods for cancer treatment because of its successful clinical

results (Schulz-Ertner et al. 2004, Komatsu et al. 2011, Habermehl et al. 2013, Kawashiro

et al. 2018). The efficacy of the treatment results from a high relative biological

effectiveness (RBE) close to the Bragg peak, followed by a low-dose profile in the distal

region beyond the Bragg peak, offering a more localized dose distribution to the tumor

than that in the photon therapy (Schardt et al. 2010, Torikoshi et al. 2007, Ando & Kase

2009, Elsässer et al. 2010, Karger & Peschke 2017). Calculating the dose accurately for

the tumor target and organs at risk is crucial to improve the delivery of carbon ion

therapy further. Ideally, the dose calculations should have an accuracy of ± 3%, with

a submillimeter spatial resolution, especially close to the distal edge, where organs at

risk may be set (Dudouet et al. 2013, Tran et al. 2018). In carbon ion therapy, where

the kinetic energy of carbon ions is between 50 and 430 MeV/u, approximately 15% of

the physical dose at the Bragg peak originates from fragments (Schardt et al. 1996,

Matsufuji et al. 2003, Haettner et al. 2006, Bolst et al. 2017).
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Nuclear fragmentation of both incident carbon ions and target nuclei in the human

body leads to the production of secondary fragments of lower Z, characterised by

larger ranges and wider angular distributions compared with carbon ions, affecting

the energy deposition laterally to the beam and after the Bragg peak, ultimately

affecting the radiobiological effectiveness. Therefore, the accurate simulation of nuclear

fragmentation reactions is important for the evaluation of the biological dose (Krämer

& Durante 2010, Schwaab et al. 2011, Inaniwa et al. 2014, 2020). Moreover, an accurate

modelling of nuclear fragmentation is essential to develop novel imaging applications

used for hadron therapy, such as positron emission tomography (Rahmim et al. 2013,

Bertolli et al. 2016, Chacon et al. 2019).

In carbon ion therapy, Monte Carlo (MC) simulations are extensively used

to perform dosimetric calculations and to develop associated quality assurance

technology. Among other general-purpose MC codes, Geant4 (Geant4 Collaboration

2020, Agostinelli et al. 2003, Allison et al. 2006, 2016) has been extensively used

in carbon ion therapy studies. Previous studies have shown that there is space for

improvement of the Geant4 quantum molecular dynamics (QMD) model (Arce et al.

2021, Chen et al. 2018, Bolst et al. 2017), which has led to developments aimed at

improving the inelastic nuclear interaction cross section (Sakata et al. 2020).

In the present study, an attempt was made to improve QMD nuclear fragment

reaction model implemented in Geant4 in response to the need to improve the accuracy

of this MC code for dosimetric and RBE calculations of interest for carbon ion therapy.

The QMD model provides the most fundamental description of nuclear fragmentation

available in Geant4 since release 9.1. It is a microscopic nuclear reaction model that

makes it possible to simulate the time evolution of each nucleon participating as a

Gaussian wave packet. In contrast to the other inelastic reaction model provided in

Geant4 of interest for carbon ion therapy (e.g. the Binary Ion Cascade, BIC (Folger

et al. 2004)), the propagation of each participating nucleon is simulated according to

the equation of motion (EOM) in a many-body system with a self-consistent mean
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field potential. This approach makes it possible to evaluate fragment production with

a more fundamental approach, because the QMD can calculate the formation of the

secondary nuclei by classifying the nucleon cluster as fragments at the end of the time

evolution. In past studies, many variations of the QMD model have been proposed.

They have been widely and successfully applied in the study of heavy-ion collisions in

the range from low to relativistic energies to understand nuclear phenomena, such as

the multi-fragmentation mechanism as well as collective flows, particle emissions and

fusion-fission phenomena (Zhang et al. (2020) and references therein). Thus, the QMD

model is considered a sophisticated approach for evaluating of fragments yields in hadron

therapy.

Despite successful applications of the QMD to explain nuclear phenomena thanks to

its fundamental reaction mechanism approach, the QMD model implemented in Geant4

(hereinafter, “G4QMD”) can be further improved to reproduce fragment yields with a

better accuracy. For example, the angular distributions of light fragments in thin targets

for 62- or 95-MeV/u and in liquid water for 400-MeV/u carbon ions obtained with the

G4QMD could not reproduce adequately the measured distributions, especially in the

forward direction (Napoli et al. 2012, Dudouet et al. 2014, Bolst et al. 2017). In this

study, three methods to improve G4QMD were considered: (i) updating Skyrme-type

nuclear interaction, (ii) forming a realistic initial state of the nuclei involved in the

collision, and (iii) finding the best model parameter set for the QMD model.

(i) Skyrme interaction: The first aim of this study is to assess the G4QMD

with modern Skyrme models for carbon ions propagating in a water target, using a

therapeutic beam energy. The G4QMD employs the relativistic JAERI QMD model

(JQMD), which is the Lorentz covariant version of JQMD employing the simplest

Skyrme-type interaction (Niita et al. 1995). Since the release of G4QMD, and even

before that, many versions of Skyrme interaction models have been proposed for heavy-

ion collisions using the QMD model following the available knowledge on nuclear
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states (Zhang et al. 2020). Therefore, it is an essential task for hadron therapy

applications to update the G4QMD with these improved Skyrme interaction models.

(ii) Initial state of nuclei: Establishing appropriate initial conditions for the

ions involved in the collision is of vital importance for correctly describing the ion

collisions (Zhang et al. 2020). In the G4QMDmodel, the nucleon positions and momenta

in the reaction system are firstly sampled according to the density distribution and the

Fermi momentum distribution of the projectile and target nuclei, respectively, then, the

nucleon positions and their momenta in the initial ground states are finely tuned by

solving the damped EOM in the QMD model as the calculated binding energy becomes

realistic (Niita et al. 1995, 1999). One shortcoming of this model is that it can provide

an unrealistic nuclear ground state owing to the random sampling in the phase space,

which enables identical particles to occupy the same phase space simultaneously, and

as a consequence, the nuclear ground state partially violates the Fermionic feature.

To compensate for this, the two-body Pauli potential has been introduced by several

authors to mimic the Pauli principle (Ohnishi et al. 1992, Huang & Ma 2021). Although

the Pauli potential successfully provides the α-cluster structure in the ground state, it

requires additional computing time to calculate the ground state. In this study, for the

first time, a ground state nuclear model was introduced to create an α-cluster structure

without additional computing by setting the regular tetrahedron formation as the initial

positions of the nucleons.

(iii) The best model parameter set: In this work, an attempt was made to improve

G4QMD with the modern Skyrme interactions by using the framework of the improved

QMD approach (ImQMD) (Wang et al. 2002, 2004). The main improvement in ImQMD

with respect to the current G4QMD is that the surface symmetry energy terms, which

are expected to be more important in such light nuclei as 12C, are introduced in the

potential energy part based on the Skyrme interaction. Furthermore, an ad hoc α-cluster

structure model was implemented for the initial positions of the nucleons that computes
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a realistic nuclei structure, as described above. The developed models also depend on

such model parameters as the width of the nucleon wave packet. However, the model

parameters in G4QMD were adjusted with the original QMD model (Niita et al. 1995),

which is not guaranteed to be the best parameter set for the developed QMD model.

Thus, in the present work, certain model parameters of G4QMD were optimized to

be consistent with the measured fragments yields and their angular distribution. For

the optimization, the multi-objective optimization (MOO) approach was applied, in

which two optimization parameters, the radius to judge a cluster formation after the

nucleus-nucleus reaction (hereinafter denoted by R) and squared standard deviation of

the Gaussian packet commonly used in the QMD model (hereinafter denoted by L) were

selected that can sensitively affect the fragment productions.

2. Materials and Methods

In this section, the QMD model developed in this study is described first. Subsequently,

the parameter optimization method is described. The Geant4 physics list used for the

simulation of hadronic interactions in this study is included in Appendix A, and the

developed code is found in Github,

https://github.com/hagaakihiro/G4QMDprojectV1/blob/main/README.md

for use. Geant4 10.7.p01 was used, and the new QMD model was then activated in the

Geant4 physics list.

2.1. QMD model

2.1.1. Skyrme nucleon-nucleon interaction: The basic assumption of the QMD is that

each nucleon state φi(r) is represented by a Gaussian wave function with squared

standard deviation L:

φi(r) ≡
1

(2πL)3/4
exp

(
−(r − ri)

2

4L
+

i

ℏ
r · pi

)
(1)
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where ri and pi represent the centroid of position and momentum of the ith particle,

respectively. The equations of the motion of the particle derived from the time

dependent variation principle are,

ṙi =
∂H

∂pi

, ṗi = −∂H

∂ri

, (2)

where H is the Hamiltonian with the Lorentz covariant form (Geant4 Collaboration

2020, Mancusi et al. 2009),

H =
∑
i

√
p2
i +m2

i + 2miVi (3)

where Vi is the effective potential felt by the ith particle, which essentially controls the

time evolution of the system. In the current work, the Skyrme model is used; adapting

Eq. (1) as a Hartree-Fock basis in the Skyrme interaction gives the following expression

for Vi:

Vi =
A

2ρ0

∑
j ̸=i

ρij +
B

γ + 1

1

ργ0

(∑
j ̸=i

ρij

)γ

+
g0
2ρ0

∑
j ̸=i

fsijρij +
gτ
ρη0

(∑
j ̸=i

ρij

)η

+
Cs

2ρ0

∑
j ̸=i

τ3,iτ3,jρij(1− κsfsij)

+
αℏc
2

∑
j ̸=i

cicj
|ri − rj|

erf

(
|ri − rj|√

4L

)
, (4)

where index j runs on all participating particles (nucleons) except for the ith particle,

and fsij =
3
2L
−
(ri−rj

2L

)2. The quantitiesA,B, g0, gτ , Cs, κs, γ, and η are the parameters of

the Skyrme-QMD interaction, and the last term indicates the Coulomb interaction (Niita

et al. 1995, 1999) with ci =
1+τ3,i

2
(ci = 1 for proton and ci = 0 for neutron), where the

fine-structure constant α = 1/137. Here, ρij is defined as,

ρij =

∫
drρi(r)ρj(r) =

1

(4πL)3/2
e−

1
4L

(ri−rj)
2

, (5)

for the overlap between the ith and the jth nucleons. The third term on the right-hand

side of Eq. (4) is the symmetry potential, where τ3,i = 1 when the ith particle is a proton

and τ3,i = −1 when the ith particle is a neutron. The parameter sets considered in this
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study are shown in Table 1, which shows that the original G4QMD (Niita et al. 1995) is

regarded as one of the Skyrme-type interactions neglecting the terms with parameters

g0, gτ , and κs, in which g0 and κs are related to the surface energy, and gτ is the ρτ term

obtained from the momentum-dependent term of the Skyrme potential by applying the

Thomas-Fermi approximation, which gives η = 5/3 (Wang et al. 2002). The parameters

shown were validated with the saturation density ρ0 [fm−3], the binding energy BE

[MeV], and incompressibility K0 [MeV] based on the nuclear matter properties (Dutra

et al. 2012). In particular, the parameter sets SLy4 and SkM* have been demonstrated

to describe the heavy ion collision relatively well (Zhang & Li 2006, Zhang et al. 2014)

as well as the nuclear structure (Dobaczewski et al. 2003, Bayram et al. 2014, Kean

et al. 2020). In this study, the Skyrme parameter sets were applied for carbon ion beam

simulation using Geant4.

2.1.2. α-cluster model: Another development is the involvement of the α-cluster

structure in the initialization of the nuclei. The cluster structure may be important

for the production of α particles during/after collisions for a carbon interacting with an

oxygen nucleus of the target in water, of which the ground states are known to partly

form a 3-α cluster and 4-α cluster, respectively. However, the normal QMD is not anti-

symmetrized and therefore, identical particles can exist in the phase space where Pauli’s

exclusion principle is broken. This makes it lose the cluster structure in the ground

state nuclei, which has been successfully reproduced in the anti-symmetrized molecular

dynamics (AMD) (Ono 2019, Kanada-En’yo et al. 2012), although AMD requires the

additional computational effort owing to the inclusion of the exchange process among

identical particles. Approximating the Pauli blocking phenomenon by introducing an

effective potential has also been attempted (Ohnishi et al. 1992, Huang & Ma 2021).

The inclusion of the effective potential, however, still increases the simulation time

significantly to obtain the appropriate initial nuclear state, because the initial state

created is frequently wasted because of the violation of the initial condition. Therefore,
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Table 1. Parameters in the Skyrme-QMD model.

JQMD1 (G4QMD) SLy42 SkM*2 SIII2

A[MeV] −219.4 −297.82 −318 −122.921

B[MeV] 165.3 219.21 249.5 55.343

g0[MeVfm2] – 24.569 21.86 18.286

gτ [MeV] – 9.70 5.9357 6.439

Cs[MeV] 25 32 32 32

κs[fm2] – 0.08 0.08 0.08

γ 4/3 7/6 7/6 2

η† – 5/3 5/3 5/3

ρ0[fm−3]† 0.168 0.160 0.165 0.1452

BE[MeV]† −16.00 −15.97 −15.77 −15.83

K0[MeV]† 237.8 230.2 216.8 355.9

† Resulting from nuclear matter simulation: η = 5/3, which is given by the Thomas-Fermi

approximation in the momentum-dependent term of the Skyrme potential, the saturation

density ρ0 [fm−3], the binding energy BE [MeV], and incompressibility K0 [MeV].

1. Niita et al. (1995)

2. Kean et al. (2020)

a simpler approach was introduced to form the α cluster within the QMD model by

sampling with the α structure in ground state nuclei. In this method, the nucleons in

an alpha particle are first located at:

Rα
1 =

a√
3
(1, 1, 1),

Rα
2 =

a√
3
(−1,−1, 1),

Rα
3 =

a√
3
(1,−1,−1),

Rα
4 =

a√
3
(−1, 1,−1), (6)
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where the center-of-mass (COM) is the origin. The distance between the particles can

be controlled by a (a = 0.5 fm was used in this study). Then, the Euler rotation matrix,

R(θαθβθγ) =
cos θα cos θβ cos θγ−sin θα sin θγ − cos θα cos θβ sin θγ−sin θα cos θγ cos θα sin θβ

sin θα cos θβ cos θγ+cos θα sin θγ − sin θα cos θβ sin θγ+cos θα cos θγ sin θα sin θβ

− sin θβ cos θγ sin θβ sin θγ cos θβ

 ,

(7)

with the Euler angles (θα, θβ, θγ) randomly sampled from the uniform distribution is

operated to Rα
i .

rC12
1 = (

b√
3
, 0, 0), rC12

2 = (− b

2
√
3
,
b

2
, 0), rC12

3 = (− b

2
√
3
,− b

2
, 0), (8)

and the location of the four alpha particles are:

rO16
1 =

b

2
√
2
(1, 1, 1), rO16

2 =
b

2
√
2
(−1,−1, 1),

rO16
3 =

b

2
√
2
(1,−1,−1), rO16

4 =
b

2
√
2
(−1, 1,−1), (9)

where rC12
j and rO16

j are also randomly rotated with an Euler angle. The quantity b is

a parameter to control the distance between the α particles, and it was sampled from

the range of [2.1,2.9] fm. Thus, the nucleons of the projectile (12C) and the target (16O

in water) are set in the initialization of the hadronic collision as,

rij = R(θjαθ
j
βθ

j
γ)R

α
i +R(θ′αθ

′
βθ

′
γ)r

C12
j , i ∈ (1, 2, 3, 4), j ∈ (1, 2, 3), (10)

rij = R(θjαθ
j
βθ

j
γ)R

α
i +R(θ′αθ

′
βθ

′
γ)r

O16
j , i ∈ (1, 2, 3, 4), j ∈ (1, 2, 3, 4), (11)

respectively. Note that the Euler angles here and the b distances in (8) and (9) are not the

same for carbon projectile and oxygen target (although the same symbols are used). The

distribution of the initial nucleons by this method may not reproduce the experimental

binding energy of the ground state nucleus. After the α-cluster configuration, therefore,

the nucleon locations are finely tuned by solving the damped EOM to agree with the

total binding energy within 1 keV. Those prepared nuclei are expected partly to keep
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an α-cluster structure with good ground state properties and less computational effort

than the AMD and the inclusion of the Pauli potential.

2.2. Simulation configuration

Figure 1. Simulation setup. (Left) three-dimensional graphic in the current

simulation, where a box located in the center is the water phantom, whereas the

red hemisphere shows the detector area, and (Right) its projection illustration. Seven

different thicknesses of the box (width × height of 50 cm × 50 cm) in the direction of

the beam were tried: 59, 159, 258, 279, 288, 312, and 347 mm. The images are not in

scale.

The geometrical simulation configuration is shown in Fig. 1, where the experimental

setup adopted by Haettner et al. (2013) is reproduced. This configuration is the same

as that used by Bolst et al. (2017). In this section, the simulation setup is described

briefly. More details can be found elsewhere (Haettner et al. 2013). A mono-energetic

400-MeV/u 12C pencil beam with a full width at half maximum (FWHM) of 5 mm and

energy sigma of 0.15% representing an FWHM of 1.4 MeV/u was incident on a box

water phantom with a lateral size of 50 by 50 cm. Seven independent simulations were

run, with box thickness of 59, 159, 258, 279, 288, 312 and 347 mm. The fragments

produced in the water phantom were tallied when traversing a hemisphere with a radius

of 2.94 m corresponding to the distance from the mid target to the detector, imitating

the experimental setup. Fragment yields of Z = 1 − 5 emerging from the phantom in
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the forward direction were scored within a 10-degree cone. The angular distribution was

calculated as the number of fragments at a ring-shaped solid angle to compare with that

in experimental data. The experimental data for the fragment yields and the angular

distributions were used as references in the QMD model parameter optimization. The

fitting parameters and the method for the model comparison will be described in the next

subsection. Although the experimental data includes the kinetic energy distribution of

fragments at each solid angle, it was not used in the fitting process but rather in the

verification of the optimized model parameters.

2.3. Parameters for QMD model optimization

In spite of a large number of parameters, the parameter tuning in the QMD model has

rarely been performed in hadron therapy simulations. In this context, a study was done

in order to achieve a better description of prompt-gamma yields for hadron therapy

monitoring (Dedes et al. 2014), where two quantities, the square of the width of the

Gaussian wave packet denoted as L in Eq. (1) and the maximum distance criterion in

the fragment cluster judgement denoted as R,

R̃
2

ij = (ri − rj)
2 + γ2

ij((ri − rj) · βij)
2 ≤ R2 (12)

between the ith and jth particles using

βij =
pi + pj

Ei + Ej

, γij =
1√

1− βij
2
, (13)

were independently optimized.

As described by Dedes et al. (2014),
√
L in fm, which may be realistic in the range

of [0.8, 3.0] fm, controls the effective interaction range of the nuclear potential, and thus

can influence the final states of the collision sensitively. Ideally, L should be dynamically

changed depending on the nucleon state during the collision, or, at least, it should be

optimized for certain configurations for each projectile/target nucleus, as proposed by

Wang et al. (2002). The default value of L in the G4QMD model (JQMD as well) is 2

fm2. This value seems to be too large for light nuclei, such as 12C and 16O, as verified
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in a later section. Furthermore, no study has been conducted to optimize the L and

R parameters simultaneously; therefore, L and R were chosen as the parameters for

the QMD model optimization. These two parameters were determined for each Skyrme

parameter set using the optimization process described in the next subsection.

2.4. Optimization criteria and model comparison

First, parameters L and R in each Skyrme parameter set were optimized by fitting the

experimental data of fragment yields and their angular distributions in water phantoms,

as denoted in Section 2.2. The loss function used in the fitting was defined by the

squared Mahalanobis’s distance (Bishop 2006) for each fragment (Z = 1− 5) as,

F Y
Z (L,R) =

Nthicknesses∑
i

(SimY
i,Z(L,R)− ExpY

i,Z)
2

2(σY
Exp,i,Z)

2
, (14)

where the superscript Y means the total yields and SimY
i,Z and ExpY

i,Z are the yields of the

atomic number Z in the ith phantom thickness considered in the MC simulation study

and experiment, respectively. Here, Nthicknesses is the number of phantom thicknesses

under study, which depends on the utilized experiments (in this study, Nthicknesses = 7).

Moreover, σY
Exp,i,Z is the standard deviation of the nuclear fragment yield experimentally

observed for a specific Z and phantom thickness with index i. For the angular

distributions, the function

FA
i,Z(L,R) =

Nangle∑
j

(SimA
i,j,Z(L,R)− ExpA

i,j,Z)
2

2(σA
Exp,i,j,Z)

2
, (15)

was defined for each thickness case i, and its mean value over all the phantom thicknesses

is

FA
Z (L,R) =

Nthicknesses∑
i

FA
i,Z(L,R)

Nthicknesses

, (16)

where the superscript A means the angular distribution and SimA
i,j,Z and ExpA

i,j,Z are

the yields at angle with index j for a fragment with atomic number Z, obtained with

phantom thickness with index i, for MC simulation and the experiment, respectively.

Here, Nangle is the total number of angle bins considered.
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Parameter fitting could be done by only using Eq. (16) for the objective function,

because the yield can be calculated by integrating over the angular distribution

multiplied by 2π sin θ. Due to this multiplication factor, however, the contribution

to the total yield of larger angles to the loss function Eq. (16) is smaller. Consequently,

the yield is not optimized as intended, if only Eq. (16) were employed. To reproduce

the yield and angular distributions, Eqs. (14) and (16) are combined:

FZ(L,R) = F Y
Z (L,R) + FA

Z (L,R). (17)

For this combination, one must determine the relative weights of the two terms. In this

study, F Y
Z (L,R) and FA

Z (L,R) had the same order of magnitude for some parameter

values. Consequently, Eq. (17) was used in the objective function of the parameter

optimization. The objective function planes for L and R were determined by linear

interpolation after the polynomial fitting for the data obtained from grid searching in the

ranges of 0.5 ≤ L ≤ 2.25 fm2 with a constant spacing of 0.25 fm2 and of 2.0 ≤ R ≤ 8.0

fm with a constant spacing of 1.0 fm. In each grid search, 104 carbon ion histories were

simulated.

The comparison among the Skyrme models listed in Table 1 was performed after

optimizing the parameters L and R. In general, it is difficult to judge the superiority

in a model-to-model (or version-to-version also) comparison, particularly, when some

objectives are in a trade-off relation, because the result depends sensitively on the

definition of the objective function. In the present case, the fragment yields and angular

distributions for each element under study emerges from a trade-off relationship; for

example, while the yields of Z = 1 particles are overestimated, the yields of Z = 2

particles are underestimated and vice versa, depending on the specific parameters

adopted. To overcome this difficulty, a MOO scheme was adopted to compare

quantitatively the different models. Many solutions, called “Pareto optimal solutions”,

are a result of MOO, and a set of Pareto optimal solutions can form the so-called “Pareto

optimal front” in the objective function space (Deb 2011, von Lücken et al. 2014). The

Pareto optimal front can be formed by MOO, in particular, with trade-off relations. By
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visualizing the Pareto front, called “Pareto optimal”, the best model can be determined

easily. In this work, three objective functions in MOO were employed:

G1 = FZ=1, G2 = FZ=2, G3 = FZ=3 + FZ=4 + FZ=5, (18)

where three objective functions for fragments H (G1), He (G2), and the others (G3) are

defined. Reducing the objective functions to three makes it possible to visualize the

Pareto front in the objective function space. Total number of fragments is comparable

in each objective function, which is also another reason for the choice of Eq. (18). That

is, L and R were optimized in each Skyrme model using MOO criteria, where the two-

dimensional parameter space was discretized, and three objective values from Eq. (18)

were evaluated. This method was used to identify the best model for describing the

fragment production in the water phantom experiment used as a reference, based on

the formation of the Pareto front. Platypus (Hadka 2017), a framework for evolutionary

computing in Python with a focus on multi-objective evolutionary algorithms for MOO,

was used, and OMOPSO (Sierra & Coello Coello 2005) was selected as an algorithm for

parameter optimization. For this problem, it showed excellent performance in forming

a Pareto front efficiently compared with other algorithms available in Platypus. The

parameters of OMOPSO were set as follows; population size, 100; swarm size, 100;

leader size, 100; mutation probability, 0.1; mutation perturbation, 0.5; and number of

function evaluations, 104. In the present study, the best solution was also defined as that

providing the minimum value of the L1 norm of the objective function vector. Owing

to the nature of the sampling algorithm, variations in the solution can be observed.

Therefore, 10 independent optimization trials were performed, and the mean value of

solutions was adopted as the final best solution.

2.5. Evaluation of model parameters

In this study, the experiment is used for two purposes: a) the extraction of model

parameters and b) the validation of results. For a), the experimental data of the total
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fragment yield and of the angular distribution were employed, and the pareto front

of three objective functions in Eq. (18) as well as its L1 norm were evaluated in the

model comparison. For b), the experimental data of the energy distribution and the

charge radius of the ground state nucleus were employed. For energy distributions, the

normalized difference (ND) defined in Appendix B was used with the evaluation,

FE,A
i,j,Z =

Nenergy∑
k

(SimE,A
i,j,k,Z − ExpE,A

i,j,k,Z)
2

2(σE,A
Exp,i,j,k,Z)

2
, (19)

where the superscript E,A means the energy distribution with a specific angle and

Nenergy is the number of energy bins used to plot the energy distribution (equal to the

number of data in the bottom row of Fig. 6). SimE,A
i,j,k,Z and ExpE,A

i,j,k,Z are the fragment

yields for phantom-thickness index i, angle index j, and energy bin k, for atomic number

Z, for simulation and experiment, respectively. σE,A
Exp,i,j,k,Z is the respective experimental

standard deviation. For the charge radius, the absolute difference between simulation

and experiment is used to judge which models are reproducible.

3. Results

3.1. Comparison among Skyrme models

Figure 2 shows a comparison in the objective function space using Eq. (18) among the

Skyrme models with the JQMD, SLy4, SkM*, and SIII parameter sets, where the (a)

G1-G2 plane, (b) G2-G3 plane, (c) G3-G1 plane, and (d) the three-dimensional (3D) plot

are depicted. The scattered data (in magenta, cyan, green, and yellow) represent the

Pareto fronts obtained using MOO. Then, the parameters L and R giving the minimum

value of the L1 norm of the objective functions (G1 +G2 +G3) with 10 trials of MOO

are chosen, which are indicated by circular markers with error bars for each Skyrme

model in Figure 2. The corresponding optimized R vs. L plots are shown in Fig. 3,

where the circular markers indicate the best parameters in each model that minimize

the L1 norm. Note that the circular marker in SLy4 overlaps with that in SkM*.

Figure 2 reveals that the Pareto solutions in SLy4 (cyan) and SkM* (magenta) are
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Figure 2. Pareto front in the objective function space: (a) G1-G2 plane, (b) G2-G3

plane, (c) G3-G1 plane, and (d) the three-dimensional plot of the Pareto fronts, for

each Skyrme parameter listed in Table 1. The circular markers and the error bars show

the mean and the standard deviation of 10 independent multi-objective optimization

trials to give the minimum L1 norm (G1 +G2 +G3) for each Skyrme parameter. The

“×” indicates the G4QMD result (JQMD with default parameters). If not visible, the

error bars are within the markers.

closer to the origin (black arrow) in the objective function space than those in JQMD

(green) and SIII (yellow), suggesting that the SLy4 and SkM* parameter sets could

reproduce the experimental data for water phantoms better than those JQMD and SIII.

The optimized L and R in SLy4 and SkM* were similar, whereas those in JQMD and

SIII were significantly different from the other two. Reasonably, the best L in JQMD

was almost the default value (2 fm2, see Table 2).
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Figure 3. The R vs. L space corresponding to Fig. 2. The colors in marker are

the same as in Fig. 2. The circular marker of SLy4 overlaps with that of SkM*. The

“×”, which overlaps with the circular marker of SIII, indicates G4QMD (JQMD with

default parameters). If not visible, the error bars are within the markers.

3.2. Effect of inclusion of the α-cluster model

The effect of the inclusion of the α-cluster model described in Section 2.1.2 in the

fragmentation model was investigated using the SLy4 and SkM* parameter sets as

shown in Fig. 4. The inclusion of the α-cluster model produces better solutions in

the objective function space. In other words, the solutions with the α-cluster model

(blue for SLy4α and red for SkM*α) are distributed more closely to the origin than

those without the α-cluster model (cyan for SLy4 and magenta for SkM*). The SkM*α

performed better than the SLy4α, although the models were almost comparable. The

parameters L and R which giving the minimum value of the L1 norm in each model are

shown in Fig. 5 and Table 2. The optimized values with and without the α-cluster model

are similar to each other in SkM* ((L,R) = (1.50, 5.00) for SkM*, and (1.26, 3.99) for
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Figure 4. Pareto front in the objective function space for SLy4 and SkM* parameter

sets with α-cluster model: (a) G1-G2 plane, (b) G2-G3 plane, (c) G3-G1 plane, and (d)

the three-dimensional plot. The circular markers and the error bars show the mean

and the standard deviation of 10 independent multi-objective optimization trials to

give the minimum L1 norm (G1 + G2 + G3). If not visible, the error bars are within

the markers.

SkM*α), whereas they are slightly different in SLy4 ((L,R) = (1.50, 4.98) for SLy4, and

(1.00, 6.03) for SLy4α), although both Skyrme parameter sets with the α-cluster model

can drastically reduce the objective values from the original G4QMD (JQMD with the

default parameter setting).

With the estimated best parameters in L and R, fragment simulation was performed

by increasing the number of incident carbon ions to 106 to reduce the statistical error

in the simulation. The representative distributions of the fragment yield with Z = 1−5

for some specific models are shown in Fig. 6, where the top, middle, and bottom rows



Development of a more accurate Geant4 QMD model for hadron therapy 20

Figure 5. The R vs. L space corresponding to Fig. 4. The colors in marker are the

same as in Fig. 4. The circular marker of SLy4 overlaps with that of SkM*. The “×”

indicates G4QMD (JQMD with default parameters). If not visible, the error bars are

within the markers.

Table 2. Best parameter set and the corresponding objective value with L1 norm

(G1 +G2 +G3) for each model.

Model L[fm2] R[fm] L1 norm

SkM∗ 1.50 5.00 1009.9

SLy4 1.50 4.98 1016.1

SkM∗α 1.26 3.99 730.7

SLy4α 1.00 6.03 781.0

JQMD 2.01 4.98 1385.4

G4QMD† 2.0 4.0 1428.9

†: JQMD with default parameter setting.

indicate the total yield, the angular distribution in the water phantom with a thickness

of 258 mm, and energy distribution in the forward direction (angle = 0 degrees) for
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the same water phantom, respectively. The simulation results for G4QMD (JQMD

with default parameters (L,R) = (2.0, 4.0)), the SkM*α(default) (the SkM*α model

with default parameters (L,R) = (2.0, 4.0)), and the SkM*α(Best) (the SkM*α model

with the parameters (L,R) = (1.26, 3.99)) are compared with the experimental data.

It should be noted here that the two different experimental results are plotted in the

total fragment yield distribution of Z = 5. In the experiment using a time-of-flight

measurement by Haettner et al. (2013), the incident carbons contaminated the signals of

the B-fragments, resulting in the black circle data with larger errors in the plot. Haettner

et al. conducted the direct measurement of B-fragments independently, which produced

the results represented by the open-circled markers in the plot. Data from a time-

of-flight measurement were used for parameter optimizations. Nevertheless, the direct

measurements are more appropriate for comparison with the simulation results. These

distributions show that the nuclear model (orange) is somewhat effective in improving

the fragment production in water phantom and for further improvement, the tuning of

the QMD parameters (L and R) is required.

3.3. Validation in energy distribution

In this study, the energy distribution was excluded in the objective functions, because

the statistical error was relatively large in the simulation for the grid searching of the

objective plane, when 104 histories were used. Nevertheless, the energy distribution was

reproducible using the SkM*α model well. All comparison results between JQMD with

default parameters (G4QMD result) and SkM*α with the best parameters are shown

in Figs. 8-12 in Appendix B, where the total yields, angular distributions, and energy

distributions for each Z are compared. Although the comparison shows that the different

models reproduce some results better in some specific cases and less well in others,

overall the SkM*α seems to reduce the discrepancy with the experimental data; i.e., the

number of positive (negative) values in ND is 82 (70), meaning that SkM*α(Best) is

better than G4QMD to reproduce the experimental energy distributions. All the results
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Figure 6. Fragment distributions for simulation and experimental data. The top,

middle, and bottom rows indicate the total yield, the angular distribution in the water

phantom with a thickness of 258 mm, and energy distribution in the forward direction

(angle = 0 degrees) in the same water phantom, respectively. The results for each

atomic number are shown in the columns. For the total yield in Z = 5 (B-fragments),

the experimental data of the time-of-flight measurement (the black circles) and the

direct measurement (the open-circles) are plotted (Haettner et al. 2013).

of the fragment distributions, as well as the comparison of the depth dose curves, are

given in the Supplementary Information, where the results obtained with both Skyrme

QMD model and the BIC model are included and again, it is found included, and it is

shown that the experimental data, including energy distributions, can be reproduced by

the SkM*α very well.

3.4. Validation of optimized L

The nuclear charge radius is one of the most obvious and important observables that

provides information about the nuclear model and the influence of effective interactions

on the nuclear structure (Angeli & Marinova 2013). Because the charge radii in
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Figure 7. Nuclear charge radius of 12C (a) and 16O (b) as a function of L. The

gray horizontal line is the experimental value with the standard deviation as a vertical

width. The dashed vertical lines show a default value (L = 2) and an optimized value

for SkM*α (L = 1.26).

the ground state nucleus can be varied by sensitively changing the squared standard

deviation of the Gaussian distribution L in the QMD model, here, the optimized value of

L in SkM*α as compared with JQMD is validated. Figures 7(a) and (b) show the nuclear

charge radius for 12C and 16O, respectively, simulated 100 times with the QMD model

as a function of L, where the experimental data were obtained from Angeli & Marinova

(2013). With both models, it has been resulted that L should be approximately 1.0

to reproduce the charge radii. The optimized L in SkM*α (L = 1.26) seems to be a

reasonable parameter value compared with the default one (L = 2.0) and the optimized

one in JQMD (L = 2.01), also implying that the SkM*α is superior to JQMD.

4. Discussion

In this study, SkM* and SLy4 parameter sets of the improved QMD produced physical

distributions of secondary fragments closer to the reference experimental results than

JQMD and SIII. In addition, SkM* was slightly superior to SLy4 in the L1 norm as seen

in Table 2. The SkM* has a refined model that includes the nuclear surface tension,

introduced to improve the incompressibility modulus of nuclear matter, whereas SIII

gives an incompressibility that is too high (K0 ∼ 365 MeV) (Bartel et al. 1982, Beiner
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et al. 1975). The advantage of using the ImQMD model is that the model parameters

are obtained directly from the well-established Skyrme interaction. In addition, the

effects emerging from the terms with g0, gτ , and κs in Eq. (4) were introduced. Because

these parameters are related to the surface energy density (g0 and κs) and the kinetic

energy density (gτ ), including the derivatives of density, the improvement obtained

by using SkM* suggests that the surface-related terms are significant in the fragment

simulation for the light projectile/target system. Although it was not the best model in

the present analysis, SLy4 is also one of the refined parameter sets in the Skyrme model,

characterised by a greater emphasis on the isospin degrees of freedom. A series of sets

of SLy parameterizations was proposed to reproduce the properties of the nuclei from

the β stability line to the drip lines (Chabanat et al. 1998). The results of the present

analysis reflects the experimental situation in which the fragment products were not

distinguished by isotope but rather by the atomic number, so that the isospin properties

in the fragmentation would be weakly observed. In addition to the importance of the

nuclear surface potential, the fact that the Pareto front obtained by MOO using SkM∗α

(the SkM parameter with the α-cluster model), was closer to the origin than without

using it, implies that the α-cluster structure in the ground state of the projectile and

the target is non-negligible in the fragmentation. Thus, we can say that the modern

Skyrme parameters combined with the α-cluster structure can significantly improve the

performance in describing the fragmentation process in carbon ion therapy. However,

there remains a trade-off among objective functions for fragments with Z = 1, 2 and for

those with Z ≥ 3. This indicates that it remains difficult to reproduce the experimental

results in all fragments simultaneously, although this difficulty might be solved by

additional tuning of the parameters in Skyrme model shown in Table 1.

The QMD parameters, including the squared standard deviation L of the Gaussian

distribution that describes the nucleons and the threshold of the cluster radius R, were

optimized for each nuclear model. Whether the optimized values are reasonable for the

analysis of other physical properties should be verified. For L, in the present work,
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the charge radii for the ground state in 12C and 16O formed by QMD simulation with

each nuclear model were checked. It was confirmed again that the charge radii using

optimized parameters in SkM* and SLy4 were more realistic than those in JQMD and

SIII. It should be noted that this result is aligned with the modifications made by Dedes

et al. (2014), who found that L = 0.8 fm2 gave a significant improvement to prompt

gamma yields. A confirmation of this will require our future study. In contrast, all

nuclear models yielded the similar optimized values, implying that the cluster radius is

model independent. This was expected, because R can directly affect to the fragment

formation at the end of the time evolution in inelastic collisions, without the knowledge

of the nuclear interaction. However, R could be isospin-dependent, as proposed for

neutron-rich nuclei such as the neutron skin or neutron halo effect and a Coulomb

effect, for example, Rnn = Rnp = 6 fm and Rpp = 3 fm (Zhang et al. 2012). It is

difficult to optimize the iso-R in the current study, where only fragments with different

Z were distinguished. Isotope analysis with a heavier target nucleus provides the isospin-

dependent radius for the cluster recognition.

The present work showed that the appropriate nuclear model with optimized QMD

parameters reproduces not only the properties used in the optimization (yield and its

angular distribution) but also the properties in the verification (energy distribution and

charge radii). Therefore, the best model can be selected through verification analysis.

Even so, it would still be difficult to determine with certainty whether the selected

model is superior to the others without any indicator. In this study, using MOO to

identify the best QMD models under study was proposed. From the visualization in

the multi-objective space, as shown in Figs. 2 and 4, one can confidently conclude that

SkM* and SLy4 are better models than JQMD and SIII. In addition, MOO showed

that SkM* with the α-cluster structure model is superior to the others. One can also

conclude that MOO can be useful for further model tuning in G4QMD.

In this study, three methods to improve G4QMD were considered. As seen in

Table 2, the introduction of the modern Skyrme-type interaction reduced the L1 norm
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(G1 + G2 + G3 in Eq. (18)) to be 1009.9 for SkM* and 1016.1 for SLy4 from the

default G4QMD (1428.9). The introduction of the α-cluster model reduced it further,

1009.9 → 730.7 for SkM*α and 1016.1 → 781.0 for SLy4α. The effect of the parameter

optimization was obvious; The SkM*α model with the best parameters reproduced

the experimental data better than that with the default parameters, as shown in Fig. 6.

Therefore it can be said that all of three methods are effective to improve the discrepancy

between the simulation and the experiment.

The proposed improved QMD model was developed in Geant4, and it improved

the fragmentation simulation in water phantoms as described. However, other tasks

remain; in this study, only carbon ions incident at 400 MeV/u on a water target were

investigated. For application in hadron therapy, the developed model should be verified

in target materials of interest, e.g. calcium and other tissues. For this purpose, the

comparison with experimental fragmentation data would be useful. This study should

also be repeated for the entire energy range of the carbon ions of clinical interest. Other

parameters of the QMD model (and not only L and R that were chosen here) should also

be tuned. These include the maximum time to simulate the inelastic collision by QMD,

the threshold for the violation of energy conservation during nucleon-nucleon and/or

nucleus-nucleus collision, the sampling radius of the b-value, and new parameters such

as the isospin dependence of cluster judgement. For the nuclear model, the relativistic

mean field approach has been developed recently in the QMD model (Nara & Stoecker

2019, Nara et al. 2020). Because the nuclear force is essentially different from that of

Skyrme model, drastic changes can be expected when tuning these extra parameters.

5. Conclusion

Geant4 QMD model was expanded to make it possible to use various Skyrme parameter

sets. In addition, an ad hoc α-cluster model was implemented to describe the formation

of the ground state nucleus. After the parameters L andR were optimized, the developed

models considerably reduced the discrepancy with the reference experimental data. This
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work highlighted that MOO can be a powerful method for improving physical models.

The potential of the QMD model to describe the nuclear fragmentation

satisfactorily was demonstrated. To improve this further, optimizing the remaining

parameters of the QMD model using additional experimental data as a reference is

planned, as well as further developing the model within the MOO framework.
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Appendix A

Geant4 models used in the current work are listed in Table. 3. It should be noted

here that we adopted the QMD model in hadron inelastic process even for the proton

projectile, which is treated as a secondary particle in the present simulation.

Table 3. Geant4 models used for the simulation of hadronic interactions.

Interaction Projectile Energy range G4Model

Radioactive Decay GenericIon – G4RadioactiveDecayPhysics

Hadron Elastic GenericIon 0 – 100 TeV/u G4HadronElasticPhysics

d, t, 3He, α

p, n 0 – 100 TeV G4ChipsElasticModel

Hadron Inelastic GenericIon 0 – 100 MeV/n BIC∗

100 MeV/u – 10 GeV/u QMD∗∗

p, d, t, 3He, α 0 – 100 MeV/n BIC∗

100 MeV/u – 10 GeV/u QMD∗∗

n 0–20 MeV G4NeutronHPInelastic

20 MeV – 6 GeV BIC∗

Fission n 0 – 20 MeV G4NeutronHPFission

20 MeV – 100 TeV G4LFission

Capture n 0 – 20 MeV G4NeutronHPCapture

20 MeV – 100 TeV G4nRadCapture

∗: “BIC” means binary cascade, binary ion cascade, and binary light ion cascade, for neutron, proton,

and the other particles, respectively.

∗∗: The Geant4 built-in or the developed QMD in this study is used.
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Appendix B

In this section, instead of plotting all the fragment distributions (these are provided

in Fig. 6 and in the Supplementary Information), we show the results of quantitative

comparisons between G4QMD and SkM*α(Best) using the normalized difference (ND):

ND =
FG4QMD − FSkM∗α(Best)

FG4QMD + FSkM∗α(Best)

, (20)

where Fmodel is given by Eq. (14) and Eq. (15) for fragment yield and angular distribution

analysis respectively. For energy distribution analysis, Fmodel is evaluated in each panel

of the distributions represented in Fig. 6 by using Eq. (19).

The results are shown in Figs. 8-12, where the labels attached to the bar charts

are used to identify the corresponding figures (Fig. 6 and the ones provided in the

Supplementary Information). For example, “Y-1” means a total fragment yield for

Z = 1, “A-1-59” means an angular distribution of Z = 1 with phantom thickness of

59mm, “E-1-258-0” means an energy distribution of Z = 1 with phantom thickness

of 258mm at 0-degrees emission angle, etc. The positive (negative) ND means that

SkM*α(Best) is better (worse) than G4QMD. For total yields and angular distributions,

which are used in the parameter optimization, the number of positive (negative) values is

26 (14), whereas for energy distributions, which are used in the validation, the number of

positive (negative) values is 82 (70), meaning that SkM*α(Best) is better than G4QMD

to reproduce comprehensively the experimental data. Note that above counts are given

with the time-of-flight measurement for Z = 5 fragment, and it is expected that the

number of positive values are increased if the energy and angular distributions in the

direct measurement are applicable.
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Figure 8. Normalized difference (ND) in total yield, angular distribution, and energy

distribution for Z = 1. G4QMD and SkM*α(Best) are compared.

Figure 9. Same as in Fig. 8 except for Z = 2.
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Figure 10. Same as in Fig. 8 except for Z = 3.

Figure 11. Same as in Fig. 8 except for Z = 4.
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Figure 12. Same as in Fig. 8 except for Z = 5, where the different color bars indicate

the different sets of experimental data used as a reference (Haettner et al. 2013)

.
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