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Thailand Institute of Nuclear Technology (TINT) is planning to develop Thailand Tokamak I from HT-6 M
tokamak. In the first phase of operation, the device will be equipped with two fueling systems: gas puffing (GP)
and supersonic molecular beam injection (SMBI). Since the SMBI system has never been used experimentally
with this device, this work, therefore, numerically studies the penetration features of SMBI in the plasma of
Thailand Tokamak I, based on the nominal parameters of HT-6 M tokamak. The interaction of the supersonic
molecules with the plasma has been computed by BOUT++ code which solves six-field fluid model of SMBI
model in the radial direction. The preliminary results demonstrate that the SMBI is an efficient method for fueling
the plasma and the beam can be delivered to the center of the plasma core.
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1. Introduction
Thailand Institute of Nuclear Technology (TINT) is

developing Thailand Tokamak I from a former tokamak
HT-6 M in the collaboration with Institute of Plasma
Physics, Chinese Academy of Science (ASIPP) [1, 2]. The
device will be located in the main campus of TINT in
Nakhon-Nayok province in Thailand. Several components
of the tokamak such as auxiliary heating systems, opti-
cal diagnostic, data acquisition systems, will be upgraded
and installed. For the fueling systems, the device will em-
ploy the gas puff (GP) [3, 4], and the supersonic molecular
beam injection (SMBI) [5]. Note that the pellet injection
(PI) system which can effectively deliver the fuel to toka-
maks [6–8] may be used in the future. Since the role of the
molecular gas at the edge of tokamaks has very complex
nature and involves with many atomic phenomena. The
SMBI technique has also never been used with this toka-
mak. The aim of this research is therefore to investigate the
feasibility of SMBI system on the plasma of TT1 based on
the nominal parameters of HT-6 M, see Table 1, by using a
simulation which is based on a fluid model.

The supersonic molecular beam injection is consid-
ered as one of the best schemes for fueling the plasma
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Table 1 Plasma parameters of TT1.

[9]. It is also experimentally and computationally demon-
strated to be more efficient than the GP method since the
fuels can be delivered deeper into the plasma [10]. In ad-
dition, the SMBI yields comparable penetration depth of
the deposited fuel as fueling scheme using the injection of
pellets. Nowadays the SMBI have been widely applied to
many tokamak devices such as HL-2A [11], KSTAR [12],
W7-AS [13], JT-60U [14], and EAST [15]. Furthermore,
the construction cost of the SMBI system is less than that
of the PI system. Therefore, it may be considered more at-
tractive than the PI system, especially for a small tokamak
such as TT1.

Previously, Wang et. al. used TPSMBI code to simu-
late the transport of the molecular beam to HL-2A toka-

c© 2020 The Japan Society of Plasma
Science and Nuclear Fusion Research

2403033-1



Plasma and Fusion Research: Regular Articles Volume 15, 2403033 (2020)

mak [16]. The results showed that the density peak of the
fueling particles was appeared at r/a = 0.8 and the temper-
atures in the fueling region [16]. However, the penetration
depth of the injection beam also depends several factors
such as the size of a tokamak, the injection direction and
speed, and the properties of the background plasma [17].
In this work, we attempt to computationally investigate the
effect of the injection speed of the molecular beam and the
density of the background plasma on the penetration depth
of the fueling beam in TT1 tokamak. The interaction of the
molecular beam and the plasma has been carried out by us-
ing the 1D SMBI model and numerically solve within the
framework of BOUT++code [18].

This paper is organized as follows. We first describe
the transport models, and relevant transport equations and
parameters in section 2. In the section 3we present the nu-
merical results for two cases: 3.1) the sensitivity of the in-
jection speed and 3.2) the impact of the injection in the low
and high plasma densities. Finally, section 4 summarizes
the present work.

2. Physical Model and Numerical
Method
The supersonic molecular beam injection delivers the

fueling gas, such as hydrogen or deuterium, into a tokamak
from the edge. Once these molecules reach the hot back-
ground plasma, they undergo many collisions and are sub-
jected to complex plasma phenomenasuch as atomic dis-
sociation, charge exchange, and ionization. In this work,
we simplify the fueling model [16, 17] with only domi-
nant atomic processes. Here four kinds of particle species
are considered in this model: hydrogen molecules, hydro-
gen atoms, ions, and electrons. By assuming the poloidal
and toroidal symmetries, a set of the transport equations
is reduced to one dimension in the radial direction. The
schematic picture of the beam injection along the radial di-
rection is illustrated in Fig. 1.

For the background plasma, we assume the quasi-
neutrality condition. The radial transport equations of the

Fig. 1 The transport of the molecular beam along the radial di-
rection. The beam travels with speed Vrm into the plasma,
and subsequently dissociates into atomic gas.

electron density (ne), the electron temperature (Te) and the
ion temperature (Ti) can be written as follows [16]:
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where D⊥e, χ⊥e, χ⊥i are the radial diffusion coefficients of
the electron density, the electron and ion temperatures, re-
spectively. The particle source due to the atomic ionization
(S p

I ) is defined as

S p
I = nevI = nava

I , (4)

WI and Wdiss are the energy lost due to the ionization
and dissociation processes and are approximately equal to
WI = 20 eV, and Wdiss = 4.5 eV. The atomic ionization rate
(vI), and molecular dissociation rate (vdiss) are

vI = na〈σIVth,e〉, vCX = na〈σCXVth,i〉, (5)

vdiss = ne〈σdissVth,e〉. (6)

Note that the energy exchange between electrons
and ions is approximately calculated by the term
2me

Mi

(
Te − Ti

τe

)
.

The transport equation of the molecular beam (nm) is
dominated by the convective transport due to the injection
in the radial direction. It can be expressed as
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where Vrm is the radial velocity of the beam, S p
diss is

the particle sink due to the molecular dissociation, Pm =

kBnmTm and is the molecular pressure. Here we simply as-
sume that the temperature of the molecule is constant at
the room temperature of 300 K. After the dissociation, the
molecules separate into atoms and the transport of these
atoms can be written as
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where D⊥a is the radial diffusion coefficient of atoms. The
atom source due to dissociation (S p

diss) is computed by

S p
diss = nevdiss = nmvm

diss, (10)
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where the dissociation rate vm
diss = nm〈σdissVth,e〉 and vdiss

= ne〈σdissVth,e〉. Note that the rate coefficients are empiri-
cally given by [16]

〈σIVth,e〉 = 3 × 10−8 (0.1Te eV)2

[3 + (0.1Te eV)2]
cm3/s, (11)

〈σCXVth,i〉 = 1.7 × 10−8 + 1.9 × 10−8

× (1.5Ti eV)1/3 − (15 eV)1/3

(150Ti eV1/3 − (15 eV)1/3)
cm3/s, (12)

〈σdissVth,e〉 = 3 × 10−8 (0.1Te eV)2

[3 + (0.1Te eV)2]
cm3/s.

(13)

The boundary conditions for ne, Ti, and Te are chosen
to match with our previous simulations [19]:
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For the radial velocity of the molecular beam:
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The transport equations are numerically solved by nu-
merical techniques implemented in BOUT++. It is worth
noting that the convection term is treat by the WENO3
scheme [20] and the forth order central difference is ap-
plied to the first and second derivatives [18].

3. Simulation Results and Discussions
In this section, we simulate the plasma fueling by the

supersonic molecular beam injection in Thailand Tokamak
I by using the numerical scheme detailed in the previous
section. We note that TTI is a small machine whose major
and minor radii are 0.65 m and 0.20 m, respectively. The
device employs a poloidal limiter for limiting the plasma
and the shape of the plasma is nearly circular. In the ini-
tial phase of the operation, the hydrogen plasma will be
used, and its average density will be in the range of 1018 -
1020 m−3. The supersonic molecular beam of hydrogen gas
will be delivered to the tokamak plasma from the low-field
side (LFS) with variable injection speed. For simplicity,
we also assume that amount of other impurities is negli-
gible and are not considered in this work. The following
subsections report the numerical results of the SMBI as
the injection speeds and the densities of the background
plasma are varied.

Fig. 2 The graphs show the radial profiles of the electron tem-
perature (Te), the ion temperature (Ti), the hydrogen
atoms (na), the molecular density (nm), the electron den-
sity (ne), the molecular radial velocity (Vrm) at time of
100 µs after the injection with molecular radial velocity
of 300 - 1200 m/s.

3.1 Sensitivity study of the injection speed
Injection speed of the beam is one of the critical quan-

tities which subsequently determines the penetration depth
and the fueling efficiency. This section studies the ef-
fect of the SMBI on the tokamak plasma at different injec-
tion speeds. Here the line average density of the hydrogen
plasma of 6.3 × 1018 m−3 is assumed before the injection.
When the SMBI system is triggered, the beam of the hy-
drogen molecules are launched into the plasma with the
injection speed.

Figure 2 shows the radial profiles of the electron tem-
perature (Te), the ion temperature (Ti), the hydrogen atoms
(na), the molecular density (nm), the electron density (ne),
the radial velocity of the injected molecules (Vrm) at t =
100 µs after the beam of the supersonic molecule is in-
jected at the different injection speeds. When the beam
of the hydrogen gas reaches the edge of the plasma, it dis-
sociates into hydrogen atoms and results in the increase of
the density of the hydrogen atoms (na), see Fig. 3. Then
the atoms are ionized and finally become part of the back-
ground plasma. We note that the radial speed of the molec-
ular beam is strongly driven by the pressure gradient. At
the edge, the speed is equal to the injection speed of the
beam. It then rapidly increases at the propagating front
of the molecular beam where the density of the molecular
particles significantly decreases due to the dissociation of
the molecules. Such decreasing density of the molecules
also leads to the decrease of the molecular pressure (Pm).
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Fig. 3 The evolution of the density profile of the atomic gas and
the injected molecules at different times. Note that the
injection speed is 900 m/s.

Fig. 4 The penetration depth as a function of the injection speed.

In the inner core (r/a < 0.6), the molecular density is zero.
Thus, the radial speed keeps the value at the lower edge of
the density front. Furthermore, we can see that the electron
and ion densities have peaks near the edge at the normal-
ized radius around 0.7 to 0.8. These graphs also show that
the electron density peak is shifted towards the center as
the injection speed increases.

In order to compare the impact of the injection speed
on the penetration depth of the injected fuels, we define
the penetration depth as the distance from the edge of the
plasma density peak which was taken 100 µs after the in-
jection. Figure 4 plots the penetration depth versus the in-
jection speeds. This graph clearly shows that the faster
injection speed yields the deeper penetration depth.

3.2 Comparison of the beam injections in
the plasma with low and high densities

This section compares the effect of the SMBI after the
beam was launched with constants speed of 300 m/s into
the plasma with low plasma density (n̄e = 6.3 × 1018 m−3)
and high plasma density (n̄e = 1.4 × 1019 m−3). When
the SMBI is applied to the low-density case, it causes the
density peak around the normalized radius about 0.7, see
Fig. 5. However, the density peak is shifted radially out-
ward for the plasma with higher density. This clearly sug-
gests that faster injection speed is required for the higher
density plasma for deeper deposition.

Fig. 5 The graphs show the radial profiles of the electron tem-
perature (Te), the ion temperature (Ti), the hydrogen
atoms (na), the molecular density (nm), the electron den-
sity (ne), the molecular radial velocity (vrm) as the beams
are injected with speed of 900 m/s. Two cases of the
background plasma density is compared: low density
ne = 6.3×1018 m−3, and high density ne = 1.4×1019 m−3.
These plots were taken at t = 100 µs after the SMBI is
triggered.

4. Conclusion
In this work, we numerically study the SMBI in TT1

using a 6-field fluid model. The transport equations are
numerically solved by the finite difference method from
BOUT++ code. The model is simply treated by a slab
geometry and the hydrogen plasma is assumed. The sim-
ulation shows that as the molecular beam of hydrogen is
launched from the low-field side, the density of the hy-
drogen molecule increase. The atomic density is then in-
creased due to the dissociation process. Consequently, the
electron density rises due to the ionization, and the ion and
electron temperatures continually drop. The density peak
at the edge then slowly diffuses to the core. The faster
injection speed yields the deeper penetration depth. It is
found that, if we require the penetration depth about 6 cm,
the minimum injection speed of 600 m/s to the plasma
with average density of 1019 m−3 is required. However,
the faster injection speed must be used if the tokamak is
operated with higher plasma density.
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