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The efficiency of pellet injection and the relationship between D/T fuel ratio and plasma parameters were
analyzed numerically using the TOTAL (toroidal transport analysis linkage) simulation code, which consists of the
equilibrium calculation code and a one-dimensional transport simulation model. The simulation which included
scanning the pellet penetration depth and the pellet D/T ratio was performed for a D-T fusion reactor designed like
ITER. Deep penetration of the pellet was confirmed to be effective for suppressing anomalous transport and for
forming the internal transport barrier. The operational region of temperature and density varies with the D/T ratio

in the pellet.
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1. Introduction

The deuterium/tritium fuel ratio is a key parameter to
determine fusion energy reactor- characteristics such as
plasma density and temperature or the output power. To
control the D/T fuel ratio, several methods using the fuel
supply of a nuclear fusion reactor, such as pellet injection,
neutral beam injection, or gas puffing, have been proposed.

To analyze the efficiency of pellet injection and the
relationship between the D/T fuel ratio and plasma
parameters numerically, we apply the TOTAL (toroidal
transport analysis linkage) [1] simulation code for the
modeling of fuel supply in the D-T burning plasmas. The
2-dimensional or 3-dimensional equilibrium calculation
using APOLLO [2] or VMEC [3] code, and the
one-dimensional transport simulation model, are combined
in the TOTAL code.

2. Simulation Methods
2.1. Transport Model

We have employed a transport model considering the
suppression of turbulence by £ X B shear and the resulting
improvement of confinement [4]. This model focuses on
the ion temperature gradient (ITG) mode [5] as the
representative turbulence. The thermal diffusion coefficient
x is determined as

X=Xne t Xan XF(@p, 57 116) (1)

where yyc and y4y are the neoclassical and anomalous
thermal diffusion coefficients, respectively. Neoclassical
components were calculated using the formula including
the effect of the finite aspect ratio suggested by C. S. Chan
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and F. L. Hinton [6]. In the present study, the Bohm and
Gyro-Bohm mixed model [7] is employed to express y4n,
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Each proportional coefficient for ygom, and ¥Gyro-somm
was determined by a comparison with the experimental
data of the reversed shear discharge of JT-60U tokamak [8].
Discharges including ITB formation were used as
reference data (#29728, #32423). The factor [(T, (o=
0.8)-T,(p=1.0))/ T, (p=1.0)] is multiplied to ¥, to
express the edge effect of H-mode behavior in this
calculation.

F(wecp/7ir6) in Eq. (1) is the improvement factor [9]
defined as
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Wgyp 18 the EX B flow shearing rate [10] defined as
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and 7 is the linear growth rate of the ITG mode defined
as
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where 7; = L, / Ly is the ratio between ion density scale
length L, and ion temperature scale length Lz, s is the
magnetic shear defined by

r(d
gor(da),
g\ dr
and ¢; = (Tymy)" [5]. From Egs. (1) and (5), we can
understand that the anomalous transport is suppressed
when @g,p exceeds y7c.

The anomalous part of the particle diffusion
coefficient D,y is calculated as
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For the impurity transport, neoclassical components were
calculated using the NCLASS code [11] and anomalous
components were given as input values. Carbon and
tungsten are included as the species of impurity.

2.2. Pellet Injection Model

It is widely recognized that the pellet injection from
the high-field-side (HFS) is effective for injecting pellets
deep into the core region of tokamak plasma [12]. To
simulate HFS pellet injection, we apply the "neutral gas
shielding (NGS) model" [13], which describes pellet
ablation, and the "mass relocation model" [14], which
describes the drift of plasmoid generated by pellet ablation.

The NGS model gives the ablation rate along the
pellet path / as
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where N is the number of atoms in a pellet, M; is the pellet
mass, and V), is the pellet injection velocity.
The mass relocation model gives the displacement ox
(x = r/a, normalized minor radius) of plasmoid in the
major-radius direction as
x=orla~oy /Ay, (11)
where w, oy, and Ay are the poloidal flux, the polodal flux

perturbation, and the total poloidal flux, respectively. oy
is obtained by the scaling

oy =qpBB,(1+qL, /a)” 51’15}11’02 (n+ <5n>)71 ,(12)
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and Ay is

Ay =y(a)=y(0)~ [rdr/q, (13)

where 7y and L, are the radius and height of the cylindrical
plasmoid, respectively.

3. Simulation Results

The plasma parameters of an ITER-like tokamak
reactor with reversed shear configuration as simulation
targets are determined using the reactor design system PEC
(Physics-Engineering-Cost) code [15]. The main plasma
parameters are shown in Table 1. These parameters refer
to the 1GW electric power generated by the D-T reaction.
In this simulation, pellet injection frequency and auxiliary
heating power are feedback-controlled such that the
density and temperature increase in the initial state, and
then the alpha particle heating power keeps a value of 600
MW during the steady state.

Table 1. Plasma parameters of the tokamak
reactor used in the present study.

major radius R, [m] 5.29
minor radius a, [m] 1.25
toroidal field B, [T] 7.11
plasma current I, [MA] 13.0
a heating power [MW] 600.0
ellipticity 2.0
triangularity 0.5

At first in this section, we investigated the condition
of pellet injection to form ITB. We then examine the
of parameters the burning plasma
accompanying the variation in the D/T ratio in the pellet.

behavior n

3.1. Effect of pellet injection depth

Figure 1 shows the simulation results of the reversed
shear tokamak reactor with pellet-injection fuelling.
The pellet is penetrated up to p = 0.4 (a "deep penetration
case"). It corresponds to the normalized penetration
length A4,,; = 0.6. The left-hand side of Fig. 1 shows the
temporal evolutions of (a) the alpha heating power P,
auxiliary heating power P, the radiation power loss
P,.., (b) averaged electron density <nu, >, -electron
temperature <7,>, and ion temperature <7>. At the
steady state after 60 sec, <n,> ~2 X 10 m? and <7.>
~<T>~20keV. Figure 1(c) shows the radial profile of
electron density n,, electron temperature 7, ion
temperature 7;, and pellet deposition 4n,. One can see
that both the density and the temperature profile have a
steep gradient at p = 0.55~0.7. The pellet ablation
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profile shows that the pellet penetrated up to p = 0.4.
Now we include the value 4,; as an indicator of the
penetration depth measured from the plasma edge, which

is normalized by the plasma minor radius. Namely, 4

pel
=1 indicates that the pellet has reached the plasma center.
The case shown in Fig. 1 corresponds to A,; = 0.6.
Figure 1(d) shows the growth rate of the ion temperature
gradient mode y7; and the £ x B shearing rate wg,sp.
wEyp €xceeds yrg at p = 0.55~0.7, which corresponds to
the region of ITB formation.

On the other hand, ITB is not formed if the pellet
penetration depth is shallow. Figure 2 shows the result
of simulation in a case where the pellet is penetrated up to
p = 0.7, corresponding to A,,; =0.3.
2(d), 51 is larger than @gp at almost all regions.
suppression of turbulence
confinement is not improved. The temperature increase
is not sufficient, as shown in Fig. 2(b), <T',> ~ <T;> ~ 10
keV. Therefore, high density is required to achieve
ignition. However, <n,> in the steady burning state of
about 4 X 10* m™ exceeds the Greenwald density limit
0f 2.65 X 10 m™ calculated using I,=13MAand a, =
1.25 m.

As shown in Fig.
The
not and

does occur

Therefore, one can see that this operation
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Simulation results of the reversed shear
tokamak reactor with the fuelling by the

pellet injection.

Fig.1

The pellet is penetrated up
to p = 0.4 ("deep penetration case"). It
corresponds to the normalized penetration
length A, = 0.6.
temporal evolutions of (a) the alpha heating

Left figures show the

power P, auxiliary heating power Pj.., the
radiation power loss P,,, (b) averaged

electron density <n,>, electron
temperature<7,>, and ion temperature <7>.
Right figures show the radial profiles of (c¢)
electron density #,, electron temperature 7,
ion temperature 7}, pellet deposition An,, (d)
the grouth rate of the ion temperature
gradient mode @7, and the £ x B shearing

rate @g,p.
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scenario is not feasible.

To investigate the relationship between the pellet
penetration depth 4, and the formation of ITB, simulation
with scanning A,.; was conducted. The open circles in
Fig. 3 show the maximum values of normalized electron
temperature gradient R/Ly, for various A,.,. Larger R/Ly,
corresponds to clearer ITB formation. As the figure
shows, ITB is formed in the cases that 4,, > 0.35. The
filled circles in Fig. 3 show the normalized minor radius
p where R/L7, becomes the maximum value. In cases
where ITB is formed, the normalized minor radius having
the maximum R/Lz, is around 0.65 and does not vary
significantly. At p = 0.65, the magnetic shear is almost
zero and y7c is small. Therefore, if there is large
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injection.
0.7
corresponds to A,y =

The pellet is penetrated up to p =
("shallow penetration case"). This
0.3. The left figures
show the temporal evolutions of (a) Py, Phrear
P, (b) <n>, <Tp>, and <T>. The right
figures show the radial profiles of (c) n,, T,
T;, An,, (d) w6, and wg,p.
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Fig.3 Maximum values of normalized electron

temperature gradient R/Ly, (open circles) and
normalized minor radius p where R/Lz, peaks
(filled circles) for various pellet penetration
depths A,
Aper > 0.35.

ITB is formed in cases where
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electric field shear at p = 0.65, wg, becomes much larger
than y;7, and this results in the effective improvement of
confinement. = This condition can be satisfied by
penetrating pellets deeply and by increasing density at the
regions inner than p = 0.65, which determines the
threshold pellet penetration depth to form ITB as shown
in Fig. 3.
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Fig.5 Simulation results of the reversed shear
tokamak reactor with fuelling by pellet
injection. The pellet composition is 50%
deuterium and 50% tritium. (a) Temporal
evolutions of <n>, <T,>, and <T>. (b)
Radial profiles of deuterium ion density #p,

trittum ion density nr, n,, T,, and T;.
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Fig.6  Simulation results of the reversed shear
tokamak reactor with fuelling by pellet
injection. The pellet composition is 80%
deuterium and 20% tritium.
evolutions of <m,>, <T,>, and <T>.
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3.2. Effect of D/T ratio in the pellet

In the previous section, we decided that a pellet
consists of 50% deuterium and 50% tritum. Now we
perform a simulation while scanning the density ratio of
D/T in the pellet. In this simulation, A, is controlled at
about 0.7, which satisfies the conditions for forming ITB.
Figure 4 shows <n,>, <T,>, and <T> in the steady state in
the reversed share tokamak reactor plotted against the
trittum ratio in the pellet. As the D/T ratio becomes
asymmetrical, temperature decreases and higher density
is required.

Figure 5 shows the simulation results with the
symmetry D/T ratio in the pellet. Both density and
temperature have clear ITB. The density profiles between
deuterium and tritium are identical. On the other hand,
Fig. 6 shows the simulation results with the asymmetry
D/T ratio (80% D and 20% T) in the pellet. Although
ITB can be observed, the density profiles between
deuterium and tritium are quite different. In this case, the
short supply of tritium is compensated by increasing the
deuterium. Namely, there is a possibility to obtain the
required product of deuterium density and tritium density
with the operation of a high-density regime, even if the
pellet composition is asymmetrical. This suggests it is
possible to save the amount of tritium to be used in the
reactor by applying appropriate density and temperature.

4. Summary

The efficiency of pellet injection and the relationship
between the D/T fuel ratio and plasma parameters were
analyzed numerically using the TOTAL (toroidal transport
analysis linkage) simulation code. The simulation target
was the ITER-like tokamak reactor with the D-T burning
plasmas. Deep penetration of the pellet was confirmed to
be effective for suppressing anomalous transport and for
forming the internal transport barrier. The simulation in
which the D/T ratio in a pellet is scanned has revealed that
the operational region of temperature and density varies
with the D/T ratio. This suggests it is possible to save the
amount of tritium to be used in the reactor by using the
appropriate operational region.
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