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In the future fusion reactor, plasma density peaking is important for increase in the fusion power gain and for
achievement of confinement improvement mode. Density control and internal transport barrier (ITB) formation
due to pellet injection have been simulated in tokamak and helical reactors using the toroidal transport linkage
code TOTAL. First, pellet injection simulation is carried out, including the neutral gas shielding model and the
mass relocation model in the TOTAL code, and the effectiveness of high-field side (HFS) pellet injection is
clarified. Second, ITB simulation with pellet injection is carried out with the confinement improvement model
based on the E × B shear effects, and it is found that deep pellet penetration is helpful for ITB formation as well
as plasma core fuelling in the reversed-shear tokamak and helical reactors.
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1. Introduction
The total fusion reactor power strongly depends on

the radial profiles of plasma temperature and density, and
density control is important to optimize reactor operation.
To control plasma density and pressure profiles, pellet in-
jection is considered a prospective technique. In JET and
other tokamak experiments, it was shown that the density
profile modifications disagree with pellet ablation theory,
which assumes that the pellet particles remain on the mag-
netic field lines where they are ionized [1–4]. The pel-
let penetration depth measured using pellet light emission
agreed well with pellet ablation theory. This suggested that
a fast outward major-radius drift may occur during the pel-
let ablation and toroidal symmetrization processes. To test
this hypothesis, the experiment of high-field side (HFS)
pellet injection was performed in ASDEX-Upgrade, and it
was shown that the fuelling efficiency and the penetration
depth of pellets are improved [5]. Similar results were ob-
served in DIII-D [6] and other tokamak experiments, and
HFS pellet injection is expected to be an effective tech-
nique of plasma core fuelling in future tokamak reactors.

Transport simulation studies have been carried out fo-
cusing on ITB formation in tokamak and helical plasmas.
When an ITB is formed in the plasma, it results in good
confinement and a significantly peaked pressure profile, so
that the operation scenarios with the ITB in tokamaks are
expected as enhanced performance modes such as high-βp

mode [7], reversed-shear mode [8], and pellet enhanced
performance mode (PEP) [9, 10]. In helical systems the
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ITB model based on Bohm and GyroBohm-like transport
with E × B shear flow effects has already been compared
with the LHD experimental ITB [11]; this model is in-
spired from the JET mixed-model [12]. This model is in-
troduced into the toroidal transport linkage TOTAL code
[13, 14], and is applied to the one-dimensional (1-D) ITB
formation simulation of both 3-D equilibrium helical and
2-D equilibrium tokamak plasmas.

Both, pellet injection and ITB formation, have great
influence on the density profile and the fusion power out-
put; therefore, we consider an operation scenario with ITB
formation by pellet injection density control in helical and
tokamak reactor plasmas using the TOTAL code. Section
2 will describe the details of the transport models and the
HFS pellet injection model included in the TOTAL code,
and simulation results will be shown in section 3. The con-
clusion will be given in section 4.

2. TOTAL Code
2.1 Transport model description

The Bohm and GyroBohm mixed transport model
with the E×B shear flow effect has already been compared
with helical and tokamak experimental ITBs [11, 12]. The
most widely accepted explanation for ITB formation 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 lin-
ear growth rate γITG. The shearing rate ωE×B is defined
as [15, 16]

c© 2008 The Japan Society of Plasma
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where ∆ψ0 and ∆φ0 are the correlation lengths of the am-
bient turbulence in the radial and toroidal directions, and
Φ0, Er, Bθ, and Bφ are the equilibrium electrostatic poten-
tial, radial electric field, and poloidal and toroidal magnetic
fields, respectively. In helical plasmas, the radial electric
filed Er is determined from the ambipolarity condition of
helical ripple-induced neoclassical flux, whereas in toka-
maks, Er is not easily determined, but can be calculated
from the plasma radial force balance equation under the
assumption that the poloidal velocities can be expressed
according to the neoclassical theory [17, 18]. However, in
this paper, Er is described simply as

dEr

dr
� − 1

en2
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in the H-mode condition [19], where ni and pi are ion den-
sity and ion pressure, respectively. The ITG growth rate
γITG is defined as [20]

γITG =
(ηi − 2/3)1/2 |s| ci

qR
, (3)

where ηi = Ln/LT, ci =
√

Ti/mi, and s is the magnetic
shear defined as

s =
r
q

(
dq
dr

)
. (4)

Most theoretical studies based on the E×B shear stabi-
lization adopt a thermal diffusion coefficient χ in the form

χe,i = χneoclassical + χanomalous, (5)

χanomalous =α1 × χGyrobohm

+α2 × χBohm × F (ωE×Bt/γITG) , (6)

or

χanomalous =
(
α1 × χGyrobohm + α2 × χBohm

)
,

×F (ωE×B/γITG) , (7)

where

F (ωE×B/γITG) =
1

1 + (ωE×B/γITG)2 . (8)

The coefficient χneoclassical is the neoclassical part of
the thermal diffusion coefficient, and χanomalous is the
anomalous part described in the Bohm and GyroBohm
mixed transport model [11, 12]. In this paper, equation
(6) is used in the tokamak case with fitting parameters
α1 = 0.5 and α2 = 4.0 obtained from ref [12], and equa-
tion (7) is adopted in the helical case with α1 = 5.0 and
α2 = 0.2 decided from the comparison between the LHD
experimental data and the simulation using TOTAL code.

Fig. 1 Schematic of calculation of HFS pellet injection. The ab-
lation profile is calculated using the standard NGS model;
if is shifted toward the direction to the center by ∆R cal-
culated using the mass relocation model (∆ne is density
deposition, ρ is normalized radius).

2.2 HFS pellet injection
HFS pellet injection is described as two processes:

pellet ablation and mass relocation. We simulate HFS in-
jection using the pellet penetration model combined with
the ablation and mass relocation models. A schematic di-
agram is provided in Fig. 1. Pellet ablation models have
been investigated by many authors, e.g., neutral gas shield-
ing (NGS) model [1–4], neutral gas plus plasma shield-
ing (NGPS) model [21–26], and two-dimensional lentil
model [27] with current acceleration. Here, we use here
the most widely adopted ablation model, NGS, which is a
one-dimensional approach with a monoenergetic electron
heat flux model based on steady-state approximations and
on the assumption of spherically symmetric hydrodynamic
expansion. 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 , (9)

where N, ne, Te, rp, and Mi, are the number of particles in
a pellet, the electron density, electron temperature, pellet
radial size, and pellet mass respectively.

The mass relocation width from the ablation point
with the plasmoid drift in the major-radius direction ∆x
is described as [28]

∆x = −0.5qβBtB−1
p (1 + qLe/a)−1

×a−2r2
0δn (n + 〈δn〉)−1 .

(10)

Based on the above, the deposition by the HFS pellet
injection is described as

∆ne,HFS (ρ) = ∆ne,NGS (ρ + ∆x) . (11)

3. Simulation Results
3.1 Demonstration of HFS pellet injection

The reactor machine parameters used in this paper
are shown in Table 1; they were typical designs opti-
mized using the reactor design system code PEC (Physics-
Engineering-Cost) [14]. These parameters are derived
from two 1-GW electric power fusion reactor designs:
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Table 1 Reactor machine parameters used in this paper

Helical reactor Tokamak reactor
(LHD-like) (ITER-like)

Rp [m] 12.5 5.2
ap [m] 2.2 1.7
κ - 2.0
δ - 0.5
Bt [T] 4.6 7.1

Fig. 2 Model prediction for the HFS pellet injection in a toka-
mak reactor. Ablation profiles are shown by a, b, and c,
and HFS injection simulation results are given by d, e,
and f depending on the pellet injection velocities. The
profiles d and e are in the normal shear case, and f is in
the reversed-shear case (pellet size = 5 mm).

high-field, high-β compact tokamak reactor TR-1 and
high-beta helical system HR-1.

Typical results of simulation of HFS pellet injection
in a tokamak reactor are shown in Fig. 2. The pellet abla-
tion densities are shown for different pellet injection ve-
locities. Here, the radial parabolic temperature and flat
density profiles are assumed as T (x) = T0(1 − x2)3 and
n(x) = n0(1−x2)0.5, with T0 = 30 keV and<n>= 1020 m−3.
This figure shows that HFS injection could provide sig-
nificantly deep fuelling in reactor-grade tokamak plasmas,
and further increase in the injection velocity improves cen-
tral fuelling. For assumed temperature and density pro-
files, HFS injection with a pellet velocity of 1 km/s could
provide density increase at the normalized radius ρ ∼ 0.1.
Moreover, it shows that the reversed-shear mode improves
central fuelling for HFS injection based on the mass relo-
cation model of equation (10).

3.2 ITB simulation in tokamak reactors
In the previous subsection, we show that pellet injec-

tion could provide deep fuelling in tokamak reactors us-
ing HFS injection. Here, we consider an operation sce-
nario with ITB formation in the deep penetration case (us-
ing HFS injection) and shallow penetration case (using
medium-field side injection) in reversed-shear ITB plas-
mas.

In this simulation, pellet injection flux is assumed con-
tinuous, and for burning control, alpha particle power and

Fig. 3 (a), (b), and (c) show the operation scenarios of TR-1
(reversed-shear) with HFS pellet injection. The improve-
ment factor F(ωE×B/γITG), which is defined in equation
(8), is the value at ρ = 0.4. Figure (d) and (e) show the
time evolution of the electron density and temperature ra-
dial profiles.

plasma density are feedback-controlled by adjusting both
heating power and fuelling. The q-profile is the input pa-
rameter (qaxi = 2.5, qmin = 2.4, qsur = 3.2), and the total
plasma current is fixed (Itotal = 14.7 MA). The bootstrap
current is calculated by the NCLASS code [30] part in the
TOTAL code. The required externally driven current den-
sity jexternal is described as

jexternal = jtotal − jBS. (12)

Figure 3 shows the operation scenarios of the tokamak
reactor (reversed-shear mode) in the deep penetration case
using HFS pellet injection. In this scenario, ITB is formed
at 15 sec and plasma is ignited at 100 sec.

Figure 4 shows comparisons with radial profiles in the
steady state (time = 200 sec) in deep (same as Fig. 3) and
shallow cases. We can see that there are clear differences
between both cases. In the deep penetration case shown on
the left of Fig. 4, an ITB is formed at ρ ∼ 0.4, but in the
shallow case on the right, it is not.

The reason is shown in the bottom two figures in
Fig. 4. In this simulation, ITB formation is determined by
two parameters, ωE×B and γITG. In both cases, γITG is re-
duced at ρ ∼ 0.4 where the magnetic shear s ∼ 0. Sup-
pression occurs when ωE×B exceeds γITG; therefore an ITB
tends to be formed at a low γITG position. However, in the
shallow penetration case, the shearing rate ωE×B is small
at ρ ∼ 0.4, because the gradient of the radial electric field
dEr/dr is small depending on the term dni/dr in equation
(2). The transient density profile and relevant clear ITB
formation depend on the pellet penetration depth. Deeper
pellet penetration results in a steeper gradient of Er and a
larger shearing rate ωE×B at the position of small γITG, so
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Fig. 4 ITB simulation results with pellet injection in the
reversed-shear tokamak reactor. Figures on the left de-
note the deep pellet penetration case (using HFS), and
figures on the right are the shallow penetration case (us-
ing the medium-field side injection). The upper figures
(a) and (c) show ion and electron temperatures, electron
density, and pellet deposition profiles, and the lower fig-
ures (b) and (d) show ωE×B and γITG profiles.

that an ITB is formed there. We can say that deep pel-
let penetration plays an important role in ITB formation,
and HFS pellet injection is considerably effective as a tech-
nique for confinement improvement as well as core density
fuelling in the reversed-shear tokamak reactor.

3.3 ITB simulation in helical reactors
Figure 5 shows the results of ITB simulation in a heli-

cal reactor with the operation scenario similar to the toka-
mak reactor (ignition at time = 80 sec and Pα = 450 MW
in the steady state). In this simulation, which is different
from the tokamak case, the method for achieving the cen-
tral fuelling (pellet penetration depth λpellet < 0.1) corre-
sponds to high-speed pellet injection and not to HFS in-
jection, because the effectiveness of HFS injection has not
been observed so far in a helical system [29]. This might be
because the field connection length between the high-field
side and the low field side is quite short in comparison with
the tokamak case.

In Fig. 5 (b), we can see that the improvement factor
F defined in equation (8) is reduced at ρ < 0.2, and it
causes improvement in anomalous transport, resulting in
the formation of ITB. Moreover, from Fig. 6, it can be seen
that the peaked density profile with deep pellet penetration
tends to cause strong reduction in the improvement factor
F. Therefore, these results show that deeper pellet penetra-
tion is more effective for ITB formation in helical reactors.
However, in order to attain central fuelling (λpellet < 0.1),
a pellet injection velocity of about 50 km/s is required (at

Fig. 5 ITB simulation results with pellet injection in helical re-
actor. Temperature, density, and deposition profiles are
shown in figure (a), and ωE×B, γITG, and improvement
factor F(ωE×B/γITG) defined in the equation (8) are shown
in figure (b).

Fig. 6 Comparison of peak and flat density profile cases. ωE×B,
and γITG are shown in (a), and improvement factor F is
shown in (b).

pellet size = 4 mm), which is an unrealistic value. In or-
der to realize the scenario in which an ITB is formed with
peaked density profile by central fuelling, methods other
than pellet injection may be needed in a helical reactor.

4. Conclusion
We investigated the relationship between ITB forma-

tion and pellet injection in tokamak and helical reactors.
HFS pellet injection in a tokamak reactor was analyzed
and its effectiveness was clarified. In a tokamak reactor
with a reversed-shear profile, it was shown that the pellet
penetration depth plays an important role in ITB formation,
and HFS injection would be an effective technique for con-
finement improvement as well as plasma core fuelling. In
addition, we showed that deeper pellet penetration is more
effective for ITB formation in a helical reactor. However,
very-high-speed pellet injection is required in order to re-
alize central fuelling. Therefore, for ITB formation in a
helical reactor, other fuelling techniques, such as HFS pel-
let injection in tokamak, may be needed.
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