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High performance operation with Internal Transport Barrier (ITB) is effective to improve the core plasma
confinement in the future fusion reactor. Numerous plasma experiments with ITB were confirmed in the reversed
magnetic shear. It is considered that ITB formation could be controlled by external fueling. In this study, firstly,
the feasibility of pellet injection condition is simulated in tokamak reactor. Secondly, the effect of the pellet
injection on the core plasma profile and ITB formation is analyzed at tokamak and helical reactors. Simulations
are carried out using the toroidal transport linkage code TOTAL. In case of the operation with pellet injection from
high magnetic-field side (HFS), the feasibility of pellet injection condition for ITB formation is demonstrated in
the ITER-like tokamak reactor,TR-1. In both tokamak and helical reactors, it is shown that pellet injection depth
is not related to the position of ITB formation, but it has significant effect to the radial profile. In helical case,
wide-ranged ITB is formed when the pellet is injected centrally.
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1. Introduction
The improvement of core plasma confinement is one

of important topics for fusion reactor research and devel-
opment. In future reactors, it is difficult to control plasma
temperature and current density profiles only by exter-
nal heating and current drive methods since self-burning
mechanism is expected as a main process of plasma heat-
ing. Therefore, to optimize the core plasma condition, it is
important to control the plasma density fueling externally
through internal transport processes. In various tokamak
operations, it is confirmed that the internal transport bar-
rier (ITB) is formed by using the operation scenario with
negative magnetic shear. When ITB is formed, it is ex-
pected that plasma confinement will be highly improved
and temperature and density in the core plasma region will
be increased because the local high pressure gradient is
considered to be obtained by the suppression of ITG tur-
bulence due to E × B shear flow near zero-shear region.
Therefore, the operation with ITB formation is expected in
attractive future reactors. The ITB formation could be con-
trolled by the density control of the core plasma by fueling.
For understanding the mechanism of ITB, it is important
to study how density control has an effect on the ITB for-
mation. As a method of central fueling, pellet injection
from magnetic high-field side (HFS) is one of promising
methods. The ITB model based on Bohm and Gyro-Bohm-
like transport model with E × B shear flow effects has al-
ready been compared with the JET experimental ITB in
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tokamak systems [1] and with the LHD experimental ITB
in helical systems [2]. This model is introduced into the
toroidal transport linkage TOTAL code [3, 4], and is ap-
plied to the one-dimensional ITB formation simulation of
both 3-D equilibrium helical and 2-D equilibrium tokamak
plasmas.

Section 2 will describe the details of the transport
model and pellet ablation model. Simulation result will
be described in section 3, and the conclusion is given in
section 4.

2. Calculation Models
2.1 Transport model

The most widely accepted explanation for ITB forma-
tion relies on the suppression of ITG turbulence due to
E × B shear flow. The suppression of turbulence might
occur when the E × B flow shearing rate ωE×B exceeds the
ITG linear growth rate γITG. The shearing rate ωE×B is de-
fined as [5, 6]

ωE×B �
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where Er, Bθ and Bφ are the radial electric field, poloidal
and toroidal magnetic fields, respectively. In tokamak plas-
mas, the radial electric filed Er is not easily determined,
but can be calculated from the plasma radial force bal-
ance equation under the assumption that the toroidal and
poloidal velocities can be expressed according to the neo-
classical theory [7, 8]. However, in this paper, Er is de-
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scribed simply as
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in the H-mode tokamak condition [9], where ni and pi are
ion density and ion pressure, respectively. On the other
hand, in helical plasmas, the radial electric field Er is de-
termined by ambipolar condition [3]

Γi = Γe, (3)

where Γi and Γe are neoclassical ion particle flux and elec-
tron particle flux respectively. The ITG growth rate γITG is
defined as [10]

γITG =
(ηi − 2/3)1/2|s|ci

qR
, (4)

where ηi = Ln/LT, L−1
n = −∇n/n, L−1

T = −∇Ti/Ti, ci =

(Ti/mi)1/2 and q is the safety factor, s is the magnetic shear
which is defined as

s =
r
q

(
dq
dr

)
. (5)

In the present studies based on the E × B shear stabi-
lization, thermal diffusion coefficient χ is usually described
as

χe,i = χneoclassical + χanomalous, (6)

χanomalous = (α1 × χGyrobohm + α2 × χBohm)
×F(ωE×B/γITG),

(7)

where stabilization factor F(ωE×B/γITG) is described as

F (ωE×B/γITG) =
1

1 + τ (ωE×B/γITG)γ
. (8)

The coefficient χneoclassical is the neoclassical part of
the thermal diffusion coefficient, and χanomalous is the
anomalous part described in the Bohm and Gyro-Bohm
mixed transport model described in ref [1,2]. In this study,
we used α1 = 0.5, α2 = 4.0, τ = 2.0 and γ = 4.0 in toka-
mak case, and α1 = 5.0, α2 = 0.2, τ = 15.0 and γ = 2.0 in
helical case. These parameters are decided from the com-
parison between simulation results using TOTAL code and
the experimental data of JT-60U and LHD [11–13].

2.2 Pellet Injection Model
The pellet injection consists of two processes; pellet

ablation and mass relocation. In this study, the pellet injec-
tion from the high-field side (HFS) is simulated by com-
bining the pellet ablation model and the mass relocation
model. For ablation model, we used the neutral gas shield-
ing (NGS) model, which most widely adopted in ablation
models. The pellet ablation rate is described as

dN
dt
= 1.12 × 1016n0.333

e T 1.64
e r1.333

p M−0.333
i V−1

pel, (9)

where N, ne, Te, rp, Mi and Vpel are the number of particles
in a pellet, electron density, electron temperature, pellet ra-
dius, particle mass in pellet and injection velocity, respec-
tively.

For mass relocation model, width from the ablation
point with plasmoid drift in the major-radius direction δx
(x = r/a is the normalized minor radius) is described as
[14]

δx = δr/a ∼ δψΔψ, (10)

where ψ is poloidal flux. The poloidal flux perturbation δψ
scaling is described as

Δψ = qβBtB−1
p (1 + qLe/a)−1

× a−2r2
0δn (n + 〈δn〉)−1 .

(11)

3. Simulation Results
3.1 Feasibility of pellet injection condition

In this study, we used the reactor parameters obtained
from the reactor design system code PEC (Physics Engi-
neering Cost) [4] as shown in Table 1. These parameters
are derived from two 1-GW electric power fusion reac-
tor designs; high-field, high-beta compact tokamak reac-
tor TR-1 and high-beta helical system HR-1. The required
alpha particle power in tokamak reactor should be greater
than that in helical one. This is because the current drive
power is required in the tokamak reactor.

An effectiveness of pellet injection from high mag-
netic field side (HFS) as shown in Fig. 1, has already been
analyzed in the tokamak reactor [15]. Since HFS injec-
tion is a method of injecting a pellet from inner wall of
reactor, it requires the use of curved guide tube to route
the pellets from acceleration device. Therefore, the pellet
speed is limited to ensure pellet survivability. An experi-

Table 1 Reactor parameters obtained from PEC code.

Fig. 1 Schematic of HFS pellet injection. Curved guide tube is
required to route the pellet from pellet injector to inner
wall of the torus equipment.
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Fig. 2 Required Vpel and size for ITB formation. From the ITER
curved guide tube experiment, Vpel < 0.3 km/s is reason-
able value at 5 mmφ pellet.

ment of the ITER guide tube installation for inner side pel-
let launch has been carried out at ORNL [16]. As a result
of the experiment, it is shown that the pellet speed must be
limited to 0.3 km/s for 5 mmφ pellet, which size is assumed
as maximum size in ITER [17]. In this subsection, the fea-
sibility of pellet injection condition for ITB formation is
simulated in tokamak reactor.

Figure 2 shows the pellet speed required for ITB for-
mation on tokamak reactor, TR-1. Pellets with size of
3.5 mmφ, 3.8 mmφ 4.0 mmφ and 5.0 mmφ are simulated.
Required pellet injecting frequency for each pellet size is
also described. ITB could be formed at Vpel < 0.3 km/s
(limited speed of inner-side pellet injection in ITER) at
4 mmφ and 5 mmφ pellet. As for injection frequency,
10 Hz operation for 1,000 s has already been achieved
with screw extruder type pellet injector used in LHD [15].
Therefore, from these results, in TR-1 class reactor, ITB
can be formed under conditions of feasible pellet velocity,
size and injection frequency.

3.2 ITB formation in tokamak and helical
reactor

In this subsection, we made a comparison on ITB for-
mation and core plasma profile between tokamak and he-
lical reactors. For tokamak reactor, HFS injection using
4 mmφ or 5 mmφ pellet is simulated. In the helical case,
since the effectiveness of HFS injection has not been ob-
served so far [18] due to magnetic structure, we applied
only NGS model as a pellet ablation model.

Figure 3 shows the radial profiles during steady state
period of tokamak reactor using different pellet condition.
The pellet size and Vpel for figures (a)(b), (c)(d) and (e)(f)
are 4.0 mmφ - 0.3 km/s, 4.0 mmφ - 2.5 km/s and 5.0 mmφ -
0.3 km/s, respectively. Left figures show profiles of Te, ne,
q and pellet density deposition Δne. Right figures show the
improvement factor F(ωE×B/γITG), ωE×B and γITG profiles.
In each case, difference in the position of ITB formation
did not appeared. ITB is formed at r/a ∼ 0.6, where q-
profile takes the minimum value. According to equation
(4), the growth rate γITG decreases at the q minimum posi-

Fig. 3 Simulation results of tokamak reactor. Pellet size and
Vpel for (a)(b), (c)(d), (e)(f) are 4 mmφ - 0.3 km/s, 4 mmφ -
2.5 km/s and 5 mmφ - 0.3 km/s, respectively. Left figures
show electron temperature, electron density, pellet depo-
sition and safety factor profiles in each cases, and figure
right shows the improvement factor F(ωE×B/γITG), ωE×B

and γITG profiles.

tion (r/a ∼ 0.6), and the reduction of F(ωE×B/γITG) occurs.
This process leads to the ITB formation. Therefore, the
position of ITB formation is notrelated to the penetration
depth of the pellet injection. When the pellet is injected
deeper up to r/a ∼ 0.2, as shown in Figs. 3 (c) and (e), the
electron density ne in the plasma core is increased. There-
fore, pellet injection has significant effect on the plasma
radial profile in the tokamak reactor.

Figure 4 shows the simulation results during the
steady state period of helical reactor. Profiles of Te, ne,
Δne and Er are shown in right figures depending on pel-
let size and velocity Vpel. In helical reactor case, ITB is
formed more widely than that in tokamak reactor case at
r/a ∼ 0.1 - 0.3, where large Er gradient locates. The ne

gradient increases where pellet ablation occurs. When the
pellet is injected centrally as shown in Fig. 4 (c), compared
with the case of pellet injection with shallow penetration as
shown in Figs. 4 (a) and (e), the ne gradient locates widely
at the core region (r/a ∼ 0.2 - 0.8). Negative electric field
in helical plasma is created by the ambipolar neoclassical
flux, different from electric field formation mechanism in
tokamak. These processes increase the ωE×B, and leads to
the F(ωE×B/γITG) reduction in a wide range. This is the
reason why ITB formed widely in helical reactor. In ad-
dition, in case of deeper pellet injection, average density
value decreases due to the peaked ne profile in a core region
and central Te increases. However, even the pellet injection
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Fig. 4 Simulation results of helical reactor. Pellet size and Vpel

for (a)(b), (c)(d) and (e)(f) are 4 mmφ - 10 km/s, 4 mmφ -
250 km/s and 5 mmφ - 10 km/s, respectively. Right fig-
ures show radial electric field, ωE×B and γITG profiles.

to core region is effective to form the wide-ranged ITB, it
requires unrealistic velocity (250 km/s at 4 mmφ pellet) in
the present technology.

4. Summary
The feasibility of pellet injection condition from high

magnetic field side is clarified at the 1 GW-electric class
TR-1 tokamak reactor. The plasma profile and ITB forma-
tion are simulated by changing pellet injection condition.
The simulation results are compared with tokamak and he-
lical cases. In both cases, it can be said that the depth of
pellet injection has an effect to the radial density profile. In
helical case, deep pellet injection makes the density gradi-
ent widely at the core region, and this leads to the forma-
tion of the wide-ranged ITB.
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