
The spontaneous formation of structures is a uni-
versal characteristic of nonequilibrium and nonlinear
systems such as plasma syatems and soft matter sys-
tems. We here investigate structure formation in am-
phiphilic systems in order to explore the universal self-
organizing properties of nature. Amphiphilic molecules
such as lipids and surfactants are composed of both hy-
drophilic and hydrophobic parts. In aqueous solvents,
amphiphilic molecules often self-assemble into various
structures such as micelles, hexagonal structures, and bi-
continuous structures1). Although numerous computer
simulation studies have so far been conducted on self-
assembly of amphiphilic molecules, each of which con-
sists of a hydrophilic head group and a hydrophobic tail
group, there have been few theoretical and simulation
studies on self-assembly of bolaamphiphilic molecules,
each of which contains a hydrophobic stalk and two hy-
drophilic ends. The purpose of this study is to clarify
the effect of hydrophilicity on self-assembly in bolaam-
phiphilic solutions. With a view to investigating the
self-assembly processes in bolaamphiphilic solutions at
the molecular level, we carry out the molecular dynam-
ics (MD) simulations of coarse-grained bolaamphiphilic
molecules with explicit solvent molecules and analyze the
self-assembly processes.

The computational model is the same as the one used
in our previous work2). A bolaamphiphilic molecule is
modeled as a semiflexible chain that is composed of a
hydrophobic stalk with three particles (denoted by B)
and two hydrophilic ends (denoted by A and C), each of
which consists of one particle. A solvent molecule is mod-
eled as a hydrophilic particle (denoted by S). As bonded
potentials, we consider the bond-stretching potential and
the bond-bending potential. The interaction between a
hydrophilic particle and a hydrophobic particle is mod-
eled by a repulsive soft core potential and all other inter-
actions are modeled by the Lennard-Jones (LJ) poten-
tial. Numerical integrations of the equations of motion
for all particles are carried out using the velocity Ver-
let algorithm at constant temperature with a time step
of 0.0005. We apply the periodic boundary conditions
and the number density is set to 0.75. The total number
of particles is 5832. Initially, we provide homogeneous
bolaamphiphilic solutions with the amphiphilic concen-
tration of cs = 0.5 at high temperature (T ∗ = 10) for var-
ious values of the hydrophilic interaction parameter ε∗CS

between a hydrophilic end particle C and a solvent parti-
cle S (0.5 ≤ ε

∗

CS ≤ 5.0). The system is then quenched at
T

∗ = 1.3 and MD simulations of t∗ = 2.5×104 (5.0×107

time steps) are performed for each simulation run.
In Fig. 1, we show the snapshots of self-assembled

structures formed by bolaamphiphilic molecules for
ε
∗

CS=1.0, 3.0 and 5.0 at cs = 0.5. In this figure, isosur-
faces of the density of the hydrophobic particles, which
are calculated by Gaussian splatting techniques, are de-
picted. This figure shows that the lamellar structure
changes to the bicontinuous structure, and then to the
hexagonal structures at cs = 0.5 as the hydrophilic in-
teraction parameter ε∗CS increases.
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Fig. 1. Snapshots of self-assembled structures formed
by bolaamphiphilic molecules at cs = 0.5: (a) the lamel-
lar structure (ε∗CS = 1.0), (b) the bicontinuous structure
(ε∗CS = 3.0) and (c) the hexagonal structure (ε∗CS = 5.0).
Isosurfaces of the density of the hydrophobic particles,
which are calculated by Gaussian splatting techniques,
are depicted to show the structures clearly.
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interpretation, is assumed to Xl ~t (v == 0). Rotational
distribution is fixed to that for temperature of 300 K
through the trace of molecules. Relative emission inten-
sity of hydrogen species obtained by the transport code
is normalized to the measured absolute intensity at the
wavelength of the Balmer a. In calculating the line pro-
file of the Balmer a, Doppler broadening and Zeeman
splitting are considered.

Fig. 2: (a) Measured and (b) calculated line-of-sight
emission spectra at z== -0.026 m .
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We are constructing a collisional-radiative model of
molecular hydrogen in which the electronic state, the
vibrational state v, and the rotational state J are con-
sidered. This model is used to deal with molecular pro-
cesses whose cross sections depend strongly on the initial
vibrational and rotational states, e.g., the dissociative at-
tachment. The number of 4133 levels for the principal
quantum number n < 7 are considered. In the present
study, we included this model into our neutral transport
code for LHD plasmas.

A particle released from the divertor plate penetrate
the divertor plasma around the plate. However, infor-
mation on atoms and molecules released at the divertor
plate and the electron temperature Te and density n e of
the divertor plasma, which are necessary for the neutral
transport code, are not well known. In addition, infor-
mation on atoms and molecules released from the vessel
wall after collision of atoms with the wall is not well
known. We investigate these source and wall conditions
which reproduce the line intensity of atoms (Balmer a)
and molecules (fulcher band), and the profile of Balmer
a emission of atoms (Shot Number 123334, Time 3 s,1-0
port) measured by Fujii and Hasuo (Kyoto Univ.). Fig-
ure 1 shows poloidal cross section of the spectroscopic
measurement. Figure 2(a) shows a line-of-sight emission
spectra measured by an echelle spectrometer at z== -0.026
m. Figure 3 shows line profiles of the atomic Balmer a
measured by a high-resolution spectrometer.
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Fig. 1: Poloidal cross section of the spectroscopic mea-
surement. The line-of-sights are shown.

The divertor plasma is not set in the model because
data for Te and n e are not available. In the present
model, a particle released from the divertor plate should
be interpreted as one released from the surface of the di-
vertor plasma. Initial state of the molecule, under this

Fig. 3: Measured (solid) and calculated (dotted) line
profiles of the atomic Balmer a.

Figures 2(b) and 3 show a result which reproduces
the measured data relatively well among results for the
various conditions. The flux ratio of atoms and molecules
released at the source is 1:1, and that for the release at
the vessel wall after the collision of the atom is 1:1. At
the vessel wall, it is assumed that molecules have energy
corresponding to 300 K and atoms have the same energy
as that before colliding to the vessel.

In Fig.2(a), in the wavelength region below 500
nm, emission lines except large intensity atomic lines are
thought to be originated from molecular hydrogen. The
calculated molecular emission line intensity is smaller
than the observed one. We will investigate this discrep-
ancy.
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