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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



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.
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2. Materials and Methods
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Table 1. Parameters in the Skyrme-QMD model.

1 2 2 2

A �219:4 �297:82 �318 �122:921

B 165:3 219:21 249:5 55:343

g0
2 24:569 21:86 18:286

gτ 9:70 5:9357 6:439

Cs 25 32 32 32

�s
2 0:08 0:08 0:08


 4=3 7=6 7=6 2

�† 5=3 5=3 5=3

�0
−3 † 0:168 0:160 0:165 0:1452

BE † �16:00 �15:97 �15:77 �15:83

K0
† 237:8 230:2 216:8 355:9

y 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)

�

�

Rα
1 =

ap
3

(1; 1; 1);

Rα
2 =

ap
3

(�1; �1; 1);

Rα
3 =

ap
3

(1; �1; �1);

Rα
4 =

ap
3

(�1; 1; �1);



a a = 0:5

R(�α�β�γ) =0BBBB@
cos �α cos �β cos �γ�sin �α sin �γ � cos �α cos �β sin �γ�sin �α cos �γ cos �α sin �β

sin �α cos �β cos �γ+cos �α sin �γ � sin �α cos �β sin �γ+cos �α cos �γ sin �α sin �β

� sin �β cos �γ sin �β sin �γ cos �β

1CCCCA ;

(�α; �β; �γ)

Rα
i

rC12
1 = (

bp
3

; 0; 0); rC12
2 = (� b

2
p

3
;

b

2
; 0); rC12

3 = (� b

2
p

3
; � b

2
; 0);

rO16
1 =

b

2
p

2
(1; 1; 1); rO16

2 =
b

2
p

2
(�1; �1; 1);

rO16
3 =

b

2
p

2
(1; �1; �1); rO16

4 =
b

2
p

2
(�1; 1; �1);

rC12
j rO16

j b

�

12 16

rij = R(�jα�jβ�jγ)Rα
i + R(�′α�′β�′γ)rC12

j ; i 2 (1; 2; 3; 4); j 2 (1; 2; 3);

rij = R(�jα�jβ�jγ)Rα
i + R(�′α�′β�′γ)rO16

j ; i 2 (1; 2; 3; 4); j 2 (1; 2; 3; 4);

b

�



�

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.
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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.
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