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The successful operation of a tokamak requires effective and appropriate methods of plasma fueling. In the
development plan for Thailand Tokamak-1 (TT-1), the use of supersonic molecular beam injection (SMBI) has
been proposed as a method that can more effectively and deeply deliver fueling gas compared to the gas puffing
method. In this study, we used 2D fluid simulation to investigate the impact of SMBI on plasma transport in TT-
1. Our model incorporated the continuity equations, energy balance equations, momentum equation, continuity
of fuel equations, and momentum equation of fuel. BOUT++ is then used to solve these equations by a finite
difference method with the field-aligned coordinates in the edge region of the tokamak. Our simulation results
showed that when hydrogen fuel gas is injected into the plasma via SMBI from the low-field side at the speed
in the range of 600 - 1200 m/s, the electron density in the edge region locally increases due to dissociation and
ionization in the region where the fuel gas meets the plasma. This subsequently leads to a decrease in the ion and
electron temperatures. The increased density then spreads throughout the plasma volume within approximately
10 ms. Increasing the injection speed leads to a deeper penetration length for the fuel deposition.
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1. Introduction
In order to achieve the necessary fusion power per-

formance at high density in next-generation devices like
ITER, it is essential to have plasma fueling with improved
efficiency and deeper injection. The supersonic molecu-
lar beam injection (SMBI) has been recognized as a highly
effective method for fueling plasma, and has been demon-
strated through experimentations and computational anal-
ysis to be more efficient than the gas puffing (GP) method
in terms of delivering fuel deeper into the plasma. The
SMBI method can penetrate to a similar depth as pellet in-
jection (PI) for fuel deposition, but it is more cost-effective
than the PI. SMBI has been implemented in various toka-
mak devices, including HL-2A [1], J-TEXT [2], KSTAR
[3], JT-60U [4], and EAST [5, 6].

Thailand Tokamak-1 (TT-1), the first small research
tokamak in Thailand, is operated by the Thailand Institute
of Nuclear Technology in Nakhonnayok province. It has a
major radius of 0.65 m, a minor radius of 0.20 m, a toroidal
magnetic field ranging from 1.0 to 1.5 T, and a plasma cur-
rent ranging from 60 to 150 kA [7]. Poloidal limiters are
also installed in this device and allows the plasma with a
circular shape. In the initial phase of the operation, TT-1
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will run the hydrogen plasma operation and can only be fu-
eled by the GP method. However, the SMBI technique will
eventually be designed, built, installed, and used in the TT-
1 tokamak. The primary objective of this work is to com-
putationally investigate the transport dynamics of the TT-1
plasma while fueling it using the SMBI method. While the
TT-1 successfully achieved the first hydrogen plasma op-
eration in early 2023, the device has not yet installed the
SMBI system. The SMBI system of the TT-1 is expected
to be operational within 1 to 2 years.

Numerous experimental studies have been conducted
to understand underlying physics mechanism and improve
the penetration depth and fueling efficiency of the SMBI
technique. In addition, this method has been shown to be
an effective tool for controlling plasma density [8], improv-
ing plasma confinement [9], and mitigating edge localized
modes (ELM) [10].

In order to computationally investigate the dynamics
of plasma and the fuel during the SMBI fueling, it is impor-
tant to understand its transport dynamics. The fuel gas of
SMBI is launched into the plasma at a high speed ranging
from 500 to 1200 m/s, but the gas is nearly at room temper-
ature. In contrast to the gas puff (GP) method, the trans-
port of SMBI is primarily driven by the convection process
rather than diffusion. Several codes, such as B2-EIRENE
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[11], EPIC [12], UEDGE [13, 14], and TPSMBI [15], have
been developed based on the classical fluid model of SMBI
and are able to simulate transport in a toroidal geometry.
For studying the SMBI in TT-1, a simple one-dimension
fluid model was developed [16]. The model includes trans-
port equations of three particle species (plasma, atom and
molecules of fuel gas) such as plasma, heat and momen-
tum transport equations, molecule density and radial mo-
mentum transport equations, and atom density transport
equation. This model only considers the transport along
the radial direction, while injection of the fuel gas breaks
the poloidal symmetry. The present work therefore devel-
opes the 2D fluid simulation for investing SMBI in the TT-
1 plasma.

This paper is organized as follows. Section 2 presents
the physical model and numerical method that is used in
this work. Then we discuss the simulation results in Sec. 3.
Section 4 summarizes this study and future prospective
about the work is discussed.

2. Methodology
When fuel gas is introduced into a tokamak plasma by

SMBI, a variety of collision reactions occur between parti-
cles of molecules, atoms, and the plasma. These reactions
include molecular dissociation, atom ionization, charge ex-
change, and electron-ion recombination, among others. To
simplify the analysis, we assume that the fuel gas is suc-
cessfully delivered to the edge of the plasma. In order to
model the transport physics of the fueling process, four
particle species are considered: hydrogen molecules (fuel
gas), hydrogen atoms, hydrogen ions, and electrons. The
model used in this work is based on the Braginskii equa-
tions and consists of six equations [17, 18]. The equations
are derived to incorporate the basic transport physics dur-
ing the fueling process and provide a comprehensive un-
derstanding of the underlying processes.

This research utilizes the finite difference method and
the BOUT++ code framework to solve the transport equa-
tions [19–21]. This approach is particularly advantageous
as it allows for the solution of the equations in a field-
aligned coordinate system, which are closely related to
the standard flux coordinates and are widely used in toka-
mak turbulence simulations [22, 23]. The selection of this
method and framework ensures an accurate and efficient
solution of the transport equations. In this coordinate sys-
tem, the radial-like coordinate is represented by x, and x =
constant corresponds to a fixed flux surface. The poloida-
like coordinate is represented by y, and z refers to the
toroidal-like coordinate in the bi-normal direction.

In the current study, the charge quasi-neutrality con-
dition of the plasma is applied, i.e. ni ≈ ne. The continuity
of the plasma density is expressed as follows:

∂ni

∂t
+ ∇∥(V∥,ini) − Dc

⊥,i∇2
⊥(ni) = S p

i − S p
rec, (1)

where ni, V∥,i, Dc
⊥, S p

i and S p
rec are plasma density, the

ion parallel velocity, perpendicular diffusion coefficient of
density, the atom ionization rate, the atom ion and elec-
tron recombination rates, respectively. The parallel (∥) and
perpendicular (⊥) subscripts refer to the parallel and per-
pendicular directions to the magnetic field lines.

The equation for the electron temperature is formu-
lated as follows:

∂Te

∂t
+

2
3ni
∇∥(κc

∥,eTe) − 2
3
χc
⊥,e∇2

⊥(Te)

= νrecWrec − νI(Te +
2
3

WI)

−2
3
νdiss(Wdiss +Wbind) − 2me

Mi

Te − Ti

τe
, (2)

where Te, κc
∥ and χc

⊥,e are the electron temperature, paral-
lel thermal conductivity coefficients of electron and diffu-
sion coefficient of electron temperature, respectively. Re-
action rates νI , νrec and νdiss are referred to the atom ion-
ization, plasma recombination, and molecular dissociation
rates, respectively. While WI and Wdiss are electron en-
ergy lost due to the ionization and dissociation, and Wbind

is the binding energy between the two hydrogen atoms in a
molecule. The equation for the ion temperature is written
as:

∂Ti

∂t
+ V∥,i∇∥,iTi +

2
3

Ti∇∥,iV∥,i −
2

3ni
∇∥(κc

∥,i∇∥Ti)

−2
3
χc
⊥,i∇2

⊥Ti = (νrec − νI)Ti

−2me

Mi

Te − Ti

τe
, (3)

where Ti and κc
∥,i are the ion temperature and parallel ther-

mal conductivity coefficients of ion respectively. χc
⊥,i is

perpendicular diffusion coefficient of ion density. The val-
ues of the transport coefficients are generally non-uniform
and depend on several factors [24]. For simplicity, this
work, however, assumes uniform values as follows: Dc

⊥
= 1.0 m2/s, χc

⊥ = 2.0 m2/s and χc
⊥,e = 1.0 m2/s.

The parallel velocity of ions (V∥,i) can be determined
using the parallel momentum equation

∂V∥,i
∂t
+ V∥,i∇∥V∥,i −

4
3niMi

∇∥(η0
i ∇∥V∥,i)

= − ∇∥P
niMi

− (νCX + νI)V∥,i, (4)

where νcx and νI are the ion-atom charge exchange rate and
atom ionization rate respectively. η0

i is the ion viscosity
and equals η0

i = 0.96nikTiτi.
The following are the definitions of quantities associ-

ated with the sources and rates resulting from particle col-
lision reactions. These definitions are essential in order to
fully comprehend the underlying processes taking place in
the collisions of the tokamak plasma and fuel gas.

S p
rec = neνrec, S p

I = neνI = naν
a
I ,

S p
CX = naν

a
cx, S p

diss = neνdiss = nmν
m
diss,

νdiss = nm⟨σdissVth,e⟩, νcx = na⟨σCXVth,i⟩,
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νa
cx = ni⟨σcxVth,i⟩, νa

I = ne⟨σIVth,e⟩,
νrec = ne⟨σrecVth,e⟩, νm

diss = ne⟨σdissVth,e⟩.

In the transport of neutral gas due to SMBI, we assume
that the gas molecule is conveyed by a speed of Vxm in the
radial direction as it enters the confined plasma volume.
The gas molecule then undergoes dissociation and ioniza-
tion processes. The continuity equations for fuel molecules
and atoms can be written as follows:

∂nm

∂t
+ ∇x(Vxmnm) = −S p

diss, (5)

∂na

∂t
− ∇∥(Dc

∥,a∇∥na) − Dc
⊥,a∇2

⊥na = −S p
I + S p

rec

+ 2S p
diss, (6)

where Dc
⊥,a and Dc

∥,a are perpendicular and parallel dif-
fusion coefficients of the fuel atoms, and have the form:

Dc
⊥,a = Dc

∥,a =
Ta

Maν
a
cx

, where Ma is the mass of hydrogen

atom, where S p
diss = neνdiss = nmν

m
diss is molecular dissoci-

ation source rate. The hydrogen plasma is also assumed in
this work.

The following is the equation for the momentum of
the molecular density, which describes the motion of the
molecular density in the plasma:

∂Vxm

∂t
+ Vxm∇xVxm = −

∇xPm

nmMm
, (7)

where the molecular pressure Pm = knmTm, and the
molecule is assumed for having the room temperature
(Tm = 300 K).

The reaction rate coefficients (ν) in the reaction rates
are a function of the ion and electron temperatures and
can be accurately represented by empirical formulas [25].
These formulas, which are derived from experimental data,
provide a reliable way to calculate the reaction rates in the

Fig. 1 (a) The cross-section of the magnetic flux surface mesh of TT-1 used in the study is presented. The computational domain
encompasses the region between ψ = 0.4 and 1.2. The separatrix is indicated by the blue dashed line, while the limiter is depicted
in black at the bottom. (b) Simple diagram representing typical profiles of the electron density (ni), the fuel gas molecule (nm), and
the ionization region.

tokamak plasma and are given as follows (provided in the
unit of cm3 s−1) [15].

⟨σIVth,e⟩ = 3 × 10−8 × (0.1Te)2

3 + (0.1Te)2
,

⟨σcxVth,i⟩ = 1.7 × 10−8

+ 1.9 × 10−8 × (1.5Ti)1/3 − (15)1/3

(150Ti)1/3 − (15)1/3
,

⟨σdissVth,e⟩ = 3 × 10−8 × (0.1Te)2

3 + (0.1Te)2
,

where Te and Ti in the above formulas are given in the
unit of eV. Note that the parallel thermal conductivities
of ions and electrons are expressed as κc

∥,i = 3.9nikTiτi/Mi

and κc
∥,e = 3.2nekTeτi/me.

In this study, the focus is on the transport of the SMBI
in TT-1. The magnetic flux surface in TT-1 has a nearly
circular geometry, with a limiter that extends from the wall
into the plasma volume, as depicted in Fig. 1 (a). The blue
dashed line in the figure represents the separatrix, which
separates the confined plasma from the open field lines.
The innermost flux surface has radial boundary conditions,
with fixed-gradients applied to the ion density (ni) and the
ion and electron temperatures (Ti, Te) as determined from
experiments or simulations. These conditions represent
continuous inflows of particles and heat from the core. All
other variables are subjected to Neumann boundary condi-
tions at this boundary.

At the outermost magnetic flux surface, fixed values
are applied as boundary conditions for the ion density (ni),
ion temperature (Ti), and electron temperature (Te) using
Dirichlet boundary conditions. For the transport of the fuel
gas, it is launched at the midplane on the low-field side
and the molecular density (nm) and radial velocity (Vxm) at
this surface are determined through a Gaussian distribution
over the poloidal angle, specified by Dirichlet boundary
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conditions:

nm,edge = nm0 e−(θ−θ0)2/σ2
θ , (8)

Vxm,edge = Vxm0 e−(θ−θ0)2/σ2
θ , (9)

where θ0 denotes the central angle along the poloidal plane
of the injection path, σ specifies the width of the SMBI
in the poloidal direction, and nm0,Vxm0 are constants that
set the values of the molecule density and radial velocity,
respectively, at the outermost flux surface. In order to sim-
ulate the sequence of gas injection, we apply the boundary
values of nm0 and Vxm0 as follows: for the events before
and after the injection, nm0 and Vxm0 are set to zero. When
the fuel is introduced into the plasma, nm0 and Vxm0 take
on non-zero values. Here, we assume that nm0 is equal
to 2 × 1017 m−3, whose value strongly depends on the
beam pressure. The values of Vxm0 are within the range
of −500 m/s to −1200 m/s, with negative values indicating
the inward direction.

3. Simulation Results and Discussion
BOUT++ is a modular, object-oriented framework

that is utilized to study the physics of the boundary plasma
[19]. It covers the separatrix and includes boundary con-
ditions for both closed magnetic flux surfaces and open
field lines. In this study, the 4th order central differ-
encing method is used for first and second order deriva-
tives, and the third-order WENO (weighted essentially
non-oscillatory) scheme is applied for convective terms
[26]. To accurately solve the partial differential equations
present in the BOUT++ framework, a method-of-lines ap-
proach is employed in conjunction with an implicit back-
ward differencing scheme. The implicit backward differ-
encing scheme utilizes the Newton-Krylov solver PVODE
to provide a robust and efficient solution to the equations.
This approach ensures that the solutions obtained are ac-
curate and computationally efficient.

This study aims to simulate the plasma response dur-
ing the SMBI in the Thailand Tokamak-1 (TT-1) device. It
is essential to note that TT-1 has a major radius of 0.65 m, a
minor radius of 0.20 m, a plasma current of approximately
100 kA, and a toroidal magnetic field at the magnetic axis
assumed to be 1.0 T. The device is equipped with a limiter
that extends into the plasma volume and the plasma is as-
sumed to have a nearly circular shape. In our simulations,
the resolutions in the x and y directions are set at 64×64
grids. The cross-section toroidal equilibrium used in this
work is based on the TT-1 configuration computed by the
FreeGS code. The radial domain of the normalized mag-
netic flux ψ is defined as ψ = 0.4 - 1.2, with ψ = 1.0 located
at the separatrix, which is defined as the tip of the limiter,
see Fig. 1. Our simulations consider the scenario where
hydrogen gas is injected into the tokamak via SMBI, and
it is assumed that this injection takes place at the midplane
of the tokamak on the low-field side (LFS). The initial
profiles for the plasma density and temperatures are ob-

tained from a CRONOS integrated predictive simulation
that numerically investigates the Ohmic phase of the TT-1
plasma [27]. The electron density near the magnetic axis
is estimated to be approximately 2 × 1019 m−3, while the
temperatures of the electrons and ions at the core are ap-
proximately 2500 eV and 750 eV, respectively.

We first present the results of simulations that investi-
gate the SMBI at a constant injection velocity of −500 m/s
in Sec. 3.1. These results provide a baseline for under-
standing the behavior of the plasma under these conditions.
We then proceed to explore multiple cases in which the in-
jection speed is varied between 600 - 1200 m/s in Sec. 3.2.
This allows us to understand the effect of varying the in-
jection speed on the plasma response and behavior during
SMBI.

3.1 Simulations with a constant injection
speed

TT-1 is a small tokamak that operates with hydrogen
plasma. In this work, it is assumed that SMBI is delivered
into the device from the low-field side (LFS). The simu-
lation further assumes that hydrogen gas is injected with a
speed of 500 m/s at the midplane for a period of 1.00 ms
(between t = 1.00 - 2.00 ms). After t = 2.00 ms, the SMBI
valve is closed and no more fuel gas is introduced to the
confined plasma volume. The simulation is run until t =
3.00 ms to observe the evolution of the plasma profile.

Figures 2 and 3 illustrate the evolution of the poloidal
profile of the plasma density and electron temperature be-
fore, during, and after the SMBI. In these figures, the sep-
aratrix location is plotted as a dotted line and the limiter is
shown at the bottom of each subfigure. Before t = 1.00 ms,
the plasma has not yet been fueled by the SMBI, as seen
in Figs. 2 (a) and 3 (a). The fuel gas is then launched into
the plasma between t = 1.00 - 2.00 ms for a duration of
1.00 ms. As the gas molecules collide with plasma parti-
cles, they undergo dissociation and ionization processes.
This is evident in the immediate increase in plasma den-
sity along the injection path, as shown in Fig. 2 (b). Addi-
tionally, Fig. 3 (b) shows that the electron temperature also
decreases along the injection path. This is due to the fact
that the dissociation and ionization processes require en-
ergy from the colliding particles, resulting in a reduction
of the ion and electron temperatures. After t = 2.00 ms,
the SMBI valve is turned off, however there are still hydro-
gen molecules and atoms present in the confined volume.
These particles continue to dissociate and ionize until they
become a plasma. This can be observed in Figs. 2 (e), 2 (f),
3 (e), and 3 (f), where an increase in plasma density and a
decrease in temperature can be seen, see also Figs. 2 and
3. Furthermore, we observe that this increase and decrease
extends beyond the injection path, which is a result of the
diffusion and convection processes of the plasma and fuel
particles. As time goes on, the density is gradually dis-
tributed throughout the poloidal cross-section of the toka-
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Fig. 2 The change in the plasma density profiles before (a), during (b, c, d), and after the SMBI (e, f) is illustrated. It’s worth noting that
the gas is introduced to the plasma between t = 1.00 - 2.00 ms. The dotted line represents the separatrix location.

Fig. 3 The illustration shows how the electron temperature profiles change before (a), during (b, c, d), and after the SMBI (e, f). It is
important to note that the gas is introduced to the plasma between t = 1.00 - 2.00 ms. The dotted line represents the separatrix
location.
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mak. We note that large amount of the fuel injection may
result in significant drop of temperature, and finally lead to
disruption. However, this work does not include the dis-
ruption event. The local increase of the density and the
drop temperature are temporary. In the future work, one
should conduct this analysis.

In Fig. 4, the top row of figure illustrates the radial
profiles at several different times along the injection path
(θ = 3π/2 rad), including (a) the plasma density ni, (b)
the atom density na, (c) the molecule density nm, and (d)
the ion temperature Ti. The bottom row of figures shows
the same quantities as in the top row, but plotted along the
poloidal direction at the separatrix (ψ = 1). The similar
graphs are also plotted in Fig. 5 for the ionization rate S P

i ,
the dissociation rate S P

diss, the radial velocity of molecule
gas Vxm. It is worth noting that the separatrix, which sep-
arates the confined plasma from the open field lines, is
marked at ψ = 1. The limiter is located at the bottom
which corresponds to the poloidal angle of θ = 0 rad, and
the injection path is at θ = 3π/2. Figure 5 (a), the ioniza-
tion rate near the edge increases after t =1.0 ms due to the
increase of the plasma density (Fig. 4 (a)), since the rate is
related to the density as follows: S p

i = neνi = naν
a
i .

Initially, the density and temperature profiles exhibit a
monotonic increase from the edge to the core, with no fuel
molecules or atoms present inside the chamber, as seen in
the red lines in Figs. 4 (a) and 4 (c), which correspond to
t = 0.90 ms. After that, the fuel is delivered along the ra-
dial direction at θ = 3π/2 rad during t = 1.00 - 2.00 ms,
mainly due to convection. The molecule density imme-
diately increases, reaching its maximum at the edge, as
shown in Figs. 4 (c) and 4 (g). These molecules then dis-

Fig. 4 Top row: the time evolution of radial profiles along the injection path (θ = 3π/2 rad), including (a) the plasma density ni, (b) the
atom density na, (c) the molecule density nm, and (d) the ion temperature Ti. The separatrix, which separates the confined plasma
from the open field lines, is located at ψ = 1. Bottom row: the same quantities as in the top row, but plotted along the poloidal
direction at the separatrix (ψ = 1).

sociate at a rate dependent on the molecule density and
the electron temperature, as seen in Figs. 5 (b) and 5 (e).
The number density of fuel atoms gradually increases, as
evidenced in Figs. 4 (b) and 4 (f). As the atom density in-
creases, the ionization rate also rises. The atoms subse-
quently turn into plasma through the ionization process,
resulting in an increase in the plasma density. This increas-
ing plasma density spreads to other regions through diffu-
sion and convection processes. Furthermore, the injection
of the fuel causes a reduction of electron temperature as
seen in Figs. 4 (d) and 4 (h).

3.2 Simulations with varying injection
speeds

The SMBI injection speed greatly influences the pen-
etration depth and efficiency of the fueling process in a
tokamak. This section explores the effect of different in-
jection speeds on the plasma state of the tokamak. In order
to understand the impact of different injection speeds on
the plasma, we compare the radial profiles of several key
parameters such as the ion density (ni), electron tempera-
ture (Te), ion temperature (Ti), molecule density (nm), atom
density (na), and the radial velocity of the fuel molecules
(Vxm) at different injection speeds. Here, we assume that
the value of the molecular density at the edge (nm0) is
2 × 1017 m−3, and the SMBI is launched between t = 1.00
and 2.00 ms. The data presented in this section were taken
at t = 1.50 ms, which is 0.50 ms after the start of the fuel-
ing.

In Fig. 6, we vary the injection velocity (Vxm0) over
a range of values, from −600 m/s to −1200 m/s, and ob-
serve the resulting changes in the plasma. By comparing
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Fig. 5 Top row: the time evolution of radial profiles along the injection path (θ = 3π/2 rad), including (a) the ionization rate S P
i , (b) the

dissociation rate S P
diss, (c) the radial velocity of the fuel molecule Vxm. Bottom row: the same quantities as in the top row, but

plotted along the poloidal direction at the separatrix (ψ = 1).

Fig. 6 Comparison of the radial profiles of the ion density (ni), electron temperature (Te), ion temperature (Ti), atomic density (na),
molecular density (nm), and the radial velocity of the fuel molecules (Vxm) at different injection speeds. The data were taken at
t = 1.5 ms (0.50 ms after the injection).
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the radial profiles of various parameters, we can under-
stand how the injection speed affects the penetration depth
and efficiency of the fueling process. Increasing the injec-
tion speed of the fuel results in a higher molecular influx
(see Fig. 6 (e)). This, in turn, leads to higher plasma and
atom densities for the increased injection speed. When
more molecules and atoms of the fuel gas are present in
the inner region, more energy is required for the dissoci-
ation and ionization processes. Consequently, this further
reduces the electron and ion temperatures, as illustrated in
Figs. 6 (b) and 6 (c).

It is noteworthy that the radial speed of the fuel
molecule is dominantly influenced by the pressure gradi-
ent and the molecular density, as indicated by Eq. (7). At
the edge, the speed equals the injection speed of the beam.
Subsequently, it experiences a rapid increase at the ad-
vancing front of the molecular beam, where the density of
molecular particles significantly decreases due to the disso-
ciation of molecules. This reduction in molecular density
also results in a decrease in molecular pressure, thereby
lowering the radial speed in the inner region, as illustrated
in Fig. 6 (f).

The simulation in this section clearly demonstrates
that an increased injection speed tends to deliver a greater
amount of fuel towards the center. In this part, the molec-
ular density at the edge (nm,edge) is assumed to be 2 × 1017

m−3. Assuming a valve radius (rval) of approximately
0.1 mm for producing the supersonic molecular beam and
a beam cross-section at the plasma edge (redge) of about
15 cm, along with the conservation of particles between the
valve and the plasma edge and considering the temperature
of the fuel to be near room temperature, we can estimate
the density at the valve to be nm,val = nm,edger2

edge/r
2
val ≈

2×1024 m−3 and the pressure of the beam to be 104 Pa [28].
This should be considered as a minimum level of the beam
pressure for the fueling interval of 1.0 ms with an injec-
tion speed of 1200 m/s since higher speeds lead to a fur-
ther drop in temperature, which may terminate the plasma
discharge. For a higher beam pressure, the fueling time
interval should therefore be reduced.

4. Summary
In this study, we use a simulation model based on fluid

dynamics to investigate the behavior of the edge plasma
of TT-1 during fueling with the SMBI. The simulation
is built using the Braginskii equations, which cover vari-
ous aspects such as the conservation of electron density,
the temperatures of ions and electrons, and the momen-
tum of ions and fuel molecules. The equations are out-
lined in Eqs. (1) to (7). To solve these nonlinear equations,
we employed the BOUT++ code, utilizing the finite dif-
ference method, in a field-aligned coordinate system that
accurately represents the geometry of TT-1 in 2D. It goes
beyond traditional 1D simulations by providing a more in-
depth examination of plasma and neutral gas interactions

in the edge region. Upon fuel injection by the SMBI, the
gas quickly interacts with the tokamak plasma, causing the
density of fuel molecules to increase near the edge due to
convection. As the molecules dissociate, the density of
fuel atoms increases and ionizes, resulting in an increase
in electron density. This increase can be observed shortly
after injection and the electron density spreads throughout
the plasma after approximately 10 milliseconds.

Furthermore, we studied the impact of varying the in-
jection speeds of the SMBI between 600 and 1200 m/s on
the dynamics of the plasma in the edge region of TT-1.
The simulation results suggest that a greater amount of
fuel can be delivered into the plasma with an increased in-
jection speed, leading to a reduction in temperature at the
edge. We also estimate that, for a fueling time interval of
about 1.0 ms, the beam pressure should be approximately
104 Pa with an injection speed of 1200 m/s. The fueling
time interval should be reduced if a higher beam pressure is
used. The SMBI has been demonstrated as an effective fu-
eling method for long pulse discharges in tokamaks such as
EAST [6] and has the potential to mitigate edge-localized
modes [10]. In future work, one should also conduct these
analysis for TT-1 plasma.
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