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Transport simulations using the integrated code TASK are performed on the PLATO tokamak to forecast
plasma performance. For transport simulations considering the experimental conditions, MHD equilibria are
obtained by taking into account the external coil current condition. Dependences of the plasma parameters on
externally controllable quantities in the experiment, such as the amount of particle fuel and values of the external
coil currents, exhibit an increase on the order of 10% in the ion temperature without direct ion heating.
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1. Introduction

PLATO at Kyushu University is a tokamak device
used to observe detailed spatiotemporal structures in
plasma turbulence with several diagnostic tools, such as
tomography systems with more than 1500 detectors and
three heavy ion beam probes[1,2]. The interaction be-
tween multiple instabilities is one of the targets for the
observations. PLATO is a rather small tokamak (plasma
major radius: R = 0.7 m; plasma minor radius: @ = 0.2 m),
and only ohmic heating is used for plasma heating. There
is no external heating mechanism for ions in the first phase
of the PLATO experiment; thus, finding ways to increase
the ion temperature is a problem that needs to be addressed
as the ion temperature is important for observing ITG tur-
bulence. Increasing the energy exchange from electrons to
ions and enhancing the plasma confinement are two possi-
ble strategies for increasing the ion temperature. The parti-
cle supply control, which is related to the magnitude of the
collisionality between ions and electrons, and the plasma
shape control, which is related to the confinement, are
among the external controls already applicable during an
experimental discharge. Quantitative evaluations obtained
through simulations are necessary. Since the plasma per-
formance is determined through the multiple physical pro-
cesses of the plasma equilibrium, transport, heating, etc.,
integrated transport simulations are useful to forecast the
temperature in the PLATO plasma parameter region. For
the performance evaluation of tokamak plasmas, many in-
tegrated codes have been developed [3-6]. In this study,
we perform 1.5-dimensional (1.5D) transport simulations
of the PLATO plasma using the integrated code TASK.
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The TASK code has been used to simulate the core plasma
transport and analyze heating via RF and NBI[7, 8]. Con-
ventional transport analyses with the TASK code have been
conducted through the combination of a fixed-boundary
two-dimensional (2D) equilibrium module, TASK/EQ, and
a one-dimensional (1D) transport module, TASK/TR. The
fixed-boundary module only calculates the equilibrium in-
side the last-closed flux surface. The confined plasma
shape in tokamaks is determined by the magnetic configu-
ration generated by the plasma current and the external coil
currents. Therefore, to evaluate the effect of the control on
the plasma shape, a free-boundary calculation of equilib-
ria is necessary to obtain the equilibrium condition, taking
the external coil conditions into account. For this reason,
in this study, we developed a data-transfer interface in the
TASK code to include the free-boundary 2D equilibrium
module TASK/EQU, which calculates the plasma equilib-
rium, taking into account the vertical field coils. This addi-
tion has made it possible to evaluate the dependence of the
plasma performance on the plasma volume under realistic
conditions. The TASK/EQU module has also been used for
the calculations of the MHD instabilities in PLATO [9].

In this work, we explain the results obtained from
transport simulations using the developed TASK code to
evaluate how much the ion temperature is expected to
increase by changing controllable parameters in PLATO.
The combinations of the transport processes are quantita-
tively clarified from the evaluation of the power balance in
the steady state.
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2. Transport Simulation Model

For transport simulations with the actual magnetic
configuration in tokamak devices, we have developed
a 1.5D transport simulation scheme linking the 2D
TASK/EQU equilibrium module with the 1D TASK/TR
transport module. The metrics evaluated in the 2D equi-
librium, which takes the external coil conditions into ac-
count, are transferred to the transport module through the
BPSD data interface. The plasma profiles obtained via the
transport simulations are also transferred to the equilib-
rium module. In the equilibrium calculation, the following
Grad—Shafranov equation is solved:

1 d I dl
VFV$=—4ﬂ2ﬂQ£—ﬁd—w. (1)

Here, ¢, p, I, R, and y denote the poloidal flux function,
plasma pressure, poloidal current, major radius, and per-
meability, respectively. In the free-boundary equilibrium
calculation in TASK/EQU, ¢ includes contributions from
both the plasma current i, and the external vertical coil
current ¢’ . according to ¢ = ¢, + X; ¢! . where i de-
notes the index number of the coils. In the equilibrium
calculation linked to the transport calculation, the pressure
profile obtained from the transport calculation is used as an
initial condition, and the poloidal current profile is derived
from the safety factor g in the right-hand side of Eq. (1). In
this study, the change in the current profile on the flat top
of the plasma discharges is considered to be small and is
not reconstructed in the evolution.

In the transport calculation, the following particle and
heat transport equations are solved for s plasma species:
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Here, ng, Ty, S5, Ps, and p denote the plasma density,
plasma temperature, particle source, heat source, and nor-
malized minor radius, respectively, and V' = dV/dp de-
notes the radial derivative of the plasma volume. Assuming
particle supply by gas puffing, the electron and ion sources
are given by the following equation:

2
S, =SOCXP[—(r_rO) ] )

r'w
where S denotes the intensity of the particle fueling, and
the function shape is defined by the radial position ry and
radial width ry. The heat sources for electrons and ions
are given by
P, = Pon — Pkyg, ®)
P; = Pgg, (6)

where Ppy denotes the ohmic heating power expressed as
follows:

Pon = nj7, (7)

and Pgy is the collisional energy transfer from electrons to
ions expressed as follows:
3 1T.-T;
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Here, n denotes the plasma resistivity, j denotes the plasma
current density, and
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is the electron-ion collision time. The particle flux I'y and
heat flux Q; are given by the following equation:
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where V denotes the particle pinch velocity; Dy, the parti-
cle diffusivity; Vg, the heat pinch velocity; y, the thermal
diffusivity; and ( ), a magnetic flux surface average. Quan-
tities regarding the plasma shape, metric, and magnetic—
surface averages are obtained from the equilibrium cal-
culations to yield V’, (|Vpl), and {|Vp|*) in the transport
equations. In the particle transport equation, the quasi-
neutrality condition is assumed. Transport coefficients in-
clude neoclassical and turbulent contributions. For the
neoclassical transport model, the NCLASS module [10] is
utilized to obtain the diffusion coefficients and convection
velocities of particles and heat. The plasma resistivity is
also obtained using the NCLASS module. For turbulent
transport, the CDBM model [11] is utilized to obtain the
thermal diffusivity, which is expressed as follows [12]:

A v,

3
XCDBM = F(S’ a, K)CZz )
pe 4R

12)

where, ¢ denotes the speed of light; w,., the electron
plasma frequency; v, the Alfvén velocity; g, the safety
factor; s = (r/q)(dq/dr), the magnetic shear; o =
—(2uoq*R/B?)(dp/dr), the normalized pressure gradient;
and k = —(r/R)(1 — g~?), the magnetic curvature. The fac-
tor F(s, @, ) is represented as a function of s — @ with ap-
proximation for ¢ > 1. The stabilizing effect of the £ X B
flow shear is not considered in this study. The transport
coefficients are the sum of the neoclassical and turbulent
thermal diffusion coefficients according to the following

Xs = Xsncrass + Cxcpaums (13)

where, C = 12.0, which is the correction between the
CDBM confinement time and the 745“* confinement scal-
ing.

By exchanging data between the equilibrium and
transport calculation modules, the time evolutions of the
plasma quantities are solved with the TASK/TOT time evo-
lution control module.
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3. Transport Simulation with PLATO

Parameter

The developed scheme (EQU-TR combination) that
includes the models presented in the previous section is
used to forecast plasma performances and transport prop-
erties with the PLATO plasma parameters. The toroidal
magnetic field (B;) and plasma current (/,) were kept con-
stant at 0.3 T and 40 kA. The PLATO device has three main
pairs of vertical field coils, namely dipole (D), quadrupole
(Q), and hexapole (H) coils, and two pairs of feedback
coils, the F1 and F2 coils, as presented in Fig. 1. The ohmic
heating coil in the center solenoid is divided into two pairs,
namely, the OH and OHC coils [13]. In this calculation,
only the D, Q, and H coils are considered for control, and
the following coil currents are used:

OH/OHC coils : —67.2 KA turn,
D coils : —23.3 KA turn,
Q coils : +38.4 KA turn,
H coils : —10.8 kA turn,

where the values are positive when the direction of the
current is the same as that of the plasma current. Fig-
ure 1 presents the poloidal cross section of the flux con-
tours of the equilibrium condition in the case of the EQU
calculation. The obtained equilibrium is characterized by
R =0.7m, a = 0.18 m, an ellipticity (k) of 1.9, and a trian-
gularity (6) of 0.4. The density at the magnetic axis is set to
ny = 1.0x 10" m~3 by fueling electrons and hydrogen ions
by the particle source terms in Fig.2 (a). The gas-puffing
method is the main particle supply in PLATO; thus, this
time-constant source profile is assumed to peak near the
plasma edge at p = 0.7. The plasma profiles in the steady
state are obtained as in Fig.2 (Case A). The electron and
ion temperatures are T, = 130eV and T;o = 35¢eV, re-
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Fig. 1 Equilibrium magnetic configuration of the PLATO toka-
mak obtained using the TASK/EQU module. The respec-
tive positions of the vertical field coils and ohmic coils
are also shown.

spectively, at the magnetic axis; therefore, T} is less than
T.0/3. There is no direct ion heat source; hence, the ion
temperature is determined by the competition between the
energy transfer from electrons and the heat fluxes. As pre-
sented in Fig. 2 (e), the neoclassical convection is directed
inward, but the diffusion contribution is much larger. The
turbulent diffusion is dominant with the exception of close
to the magnetic axis, where the density and temperature
profiles are rather flat, as presented in Fig. 2 (f).

For the comparison, the conventional transport anal-
ysis method (EQ-TR combination) is also employed us-
ing the same shaping parameters. Similar results are ob-
tained with EQ and EQU, but the electron temperature in
the EQU-TR case is higher than that in the EQ-TR case
as the ohmic heating power is different, as presented in
Fig.2 (d). In the EQU-TR case, the current is larger near
the magnetic axis for the same total plasma current.

4. Particle Fueling Rate Control

A large difference between 7; and T,, similar to that
observed in the previous section, is expected in PLATO;
thus, evaluations are made with regard to how much 7; can
be increased. One possibility is that of increasing the en-
ergy transfer from the electrons, which depends on the den-
sity. Transport simulations are performed in the PLATO
plasma parameter region to obtain the density dependence
by changing the particle fueling rate. Here, the plasma pa-
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Fig. 2 Radial profiles of (a) the density and particle source,
(b) electron and ion temperatures, (c) current density,
(d) ohmic heating power, (e) electron heat flux, (f) elec-
tron thermal diffusivity. The cases for EQU-TR and EQ-
TR are shown.
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Fig. 3 Relation between the volume-averaged temperature and
density, when the particle fueling rate is changed.
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Fig. 4 Radial profiles of the ohmic power, equipartition power
and electron heat transport term. The cases with ny = 0.5,
1.0 and 1.5 x 10" m™3 are shown.

rameters and coil currents are set to be the same as those
in the previous section. The intensity of the particle fuel-
ing is adjusted from Sy = 6.0 to 17.7 x 10*! m3sec™! to
increase the density at the magnetic axis from ny = 0.5 to
1.5 x 10" m=3. The particle transport demonstrates that
ng is almost proportional to S¢. Figure 3 indicates that
the electron temperature decreases as (T,) o (n)™%3, and
the ion temperature increases as (7;) o (n)""!, in accor-
dance with the density increase. The ion temperature can
be increased to T;o = 45eV with (n) = 0.66 x 10! m=3,
thus, it is 30% higher than that in case A with (n) =
0.47 x 10 m™3. This temperature can be explained in
terms of the power balance between electrons and ions.
As can be seen from Eq. (3), the power balance is satis-
fied when the ohmic heating power, energy transfer from
electrons to ions and heat fluxes in the steady state obey
the following relationships:

1 o(V'Q,
Electron - 7% + Pouy — Pgp =0,
(14a)
1 o(V'Q;
Ion —ﬂ + Pgo = 0. (14b)

v ap
Figure 4 presents the radial profiles of the three terms in
Eq. (14a) with ng = 0.5, 1.0, and 1.5 x 10" m™3, and the
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Fig. 5 Density dependence of the terms in Eq. (14a) at p = 0.3,
which satisfies the power balance condition.

values at p = 0.3, where the temperature gradient is large,
are selected in Fig. 5 for the explanation. These results sat-
isfy Eq. (14a). A larger density leads to an increase in the
electron flux and Pggo. Equations (8) and (9) give

Prg o n*T,; (T, - T)). (15)

The electron-ion collision is responsible for the energy
exchange between electrons and ions, which makes the
temperature difference between electrons and ions smaller.
The increases in n? and T; 15 and the decrease in (7, — T)
determine the magnitude of Pgg, as indicated by the red
dashed line in Fig. 5. Including the dependence on temper-
ature, the density dependence is Pggp o n'®. Therefore,
the ion temperature increases, as Pgop increases. In addi-
tion, the larger plasma resistivity results in a Py increase.
Equation (7) and the plasma resistivity

M

ne ——, (16)
ne“Tei
give the following relation:
Poy o< T, 19 72, (17)

The deviation from this relation indicated by the green
dashed line in Fig. 5 results from the density dependence
of the neoclassical resistivity determined by the NCLASS
routine. Despite the change in Ppy, a larger density leads
to an increase in the electron flux and Pgg, which results
in a lower electron temperature.

5. Coil Current Control

The second transport calculation is performed with
variation of an external coil current. The plasma shape
is related to the plasma confinement; therefore, the depen-
dence on the plasma volume V, is investigated by changing
the external coil currents. The D-coil current is changed in
the range from —18.8 to —23.3 kA turn, whereas the other
plasma parameters and coil currents are previous sections.
The intensity of the particle fueling is set to yield the con-
stant total particle fueling rate [SdV,. The equilibrium
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Fig. 6 Equilibrium magnetic configurations with D-coil current
of (a) —28.8, (b) —23.3, and (c) —18.8 kA turn.
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Fig. 7 Relation between the volume-averaged density, ion and
electron temperatures and the plasma volume. This is the
case when the D-coil current is changed.
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Fig. 8 Radial profiles of the ohmic power, equipartition power
and electron heat transport term.

magnetic configuration is changed as in Fig. 6. In the trans-
port model in the TR module, the effect of the plasma
shape is introduced by the plasma volume, metric (|Vpl|)
and (IVpIz). As can be seen from Fig. 7, the density slightly
decreases with the increase in the plasma volume. The par-
ticle source S (r) decreases, whereas the total particle fuel-
ing rate remains constant; however, the density the same
as those in the variation is limited due to the decrease in
the particle fluxes. Conversely, the larger the plasma size,
the lower the electron temperature, and the higher the ion
temperature.

The ion temperature is increased to T;o = 41eV for
V, = 1.10 m?; therefore, it is 15% higher than that in case
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Fig. 9 Plasma volume dependence of the terms in Eq. (14a) at
p=0.3.
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Fig. 10 Plasma volume dependence of the energy confinement
time.

A with V, = 0.75m’.

The temperature change can be explained in terms of
the power balance. Figure 8 presents the radial profiles of
the terms in the power balance of the electrons. The values
at p = 0.3 are also selected in Fig. 9 for explanation of this
dependence. Since the plasma current is kept constant, the
current density decreases in accordance with the increase
in the plasma volume. The ohmic power Poy is expressed
as follows:

Poy o< T;'PA 2, (18)

where A, denotes the size of the plasma poloidal cross-
section, and V, ~ 2nRA,. Therefore, Poy decreases de-
pending on A, as can be seen from Fig.9, which results
in a decrease in the electron temperature. Pgy slightly de-
creases due to the small density decrease as A, increases,
but the energy confinement time increases (Fig. 10) as a re-
sult of the small change in the thermal diffusivity and the
increase in the plasma minor radius. Therefore, the ion
temperature increases due to the improvement of confine-
ment.

6. Conclusions
In this study, the transport simulations were conducted
using free-boundary condition equilibria, considering the
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external vertical field coils in the PLATO experiments. The
plasma performance was forecasted in PLATO. The de-
pendence of the plasma performance on the particle fu-
eling rate and vertical field coil current, which are ex-
ternally controllable parameters in the experiments, were
evaluated for the estimation of the ion temperature. A tem-
perature increase was forecasted from these two different
methods, namely, changing the energy transfer from elec-
trons to ions, and the energy confinement time. In the ini-
tial phase of the PLATO experiments, there is no direct
ion heating method; therefore, these indirect methods rep-
resent possible strategies to increase the ion temperature.
Conversely, the electron temperature is decreased; thus,
appropriate plasma parameters must be selected to obtain
the optimum conditions.

In the present code, the toroidal current profiles ob-
tained via the transport calculation are not taken into ac-
count in the equilibrium calculation; thus, it is necessary to
introduce the data-transfer process for self-consistent cal-
culations. In addition, the transport prediction accuracy
will be improved through comparisons with experimental
results in future works.
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